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I. ZUSAMMENFASSUNG 

Die PII-Proteine sind bemerkenswerte Mitglieder einer großen und alten Protein-Familie, die an der 

Signalübertragung beteiligt sind. Diese Moleküle sind in allen lebenden Organismen zu finden und sind 

hauptsächlich für ihre Fähigkeit bekannt, Metaboliten wie ATP, ADP und 2-Oxoglutarat (2-OG) zu erkennen. Wenn 

die Effektormoleküle eine Bindung eingehen, führt dies zu mehreren strukturellen Veränderungen in den PII-

Proteinen, insbesondere in ihren flexiblen T-Schleifen, die als dynamische Module für Protein-Protein-Interaktionen 

dienen. Die Interpretation der von PII gesendeten metabolischen Daten hängt vom Bindungszustand der Metaboliten 

und der resultierenden Konformation der PII-Rezeptoren ab. Um die komplexen Interaktionen zwischen PII und 

Zielproteinen gründlich zu untersuchen, sind analytische Methoden erforderlich, die das natürliche zelluläre Milieu 

aufrechterhalten. Angesichts der Einschränkungen bei alternativen Methoden wie der Immobilisierung auf 

Sensoroberflächen in der Surface-Plasmonen-Resonanz (SPR) und der Biolayer-Interferometrie (BLI) sowie der 

Verwendung großer Fluoreszenzproteine beim Förster-Resonanz-Energieübertragung (FRET) konzentrierten sich 

unsere Forschungsbemühungen auf die Entwicklung eines innovativen NanoBiT-Sensors. Der Schwerpunkt dieses 

Sensors liegt auf der Interaktion des PII-Proteins aus Synechocystis sp. PCC6803 mit dem PII-interagierenden 

Protein X (PipX), der N-Acetyl-L-Glutamat-Kinase (NAGK) und dem PII-interagierenden Regulator der 

Argininsynthese (PirA). Mit der NanoBiT-Technologie haben wir ein fortgeschrittenes Verständnis erlangt, das die 

Berechnung von KD-Werten für die PII-NAGK- und PII-PipX-Komplexe ermöglicht, die zuvor nicht beschrieben 

wurden. Der Test zeigte auch ein erhöhtes Maß an Empfindlichkeit, was die Erkennung von Interaktionen mit 

geringer Affinität ermöglichte, wie sie zwischen der PII-S49E-Variante und NAGK beobachtet wurde. Die Studie 

erbrachte auch erstaunliche Beweise dafür, dass die Bildung des PII-NAGK-Komplexes durch die Anwesenheit von 

ADP beeinflusst wird, welches die Affinität verringelt. Zusätzliche Analysen durch die NanoBiT-Methode und 

enzymatische Assays lieferten weitere Belege dafür, dass der PII-NAGK-Komplex spezifische Feed-Forward-

Aktivierung zeigt, die auf steigende Konzentrationen von NAG reagiert. Diese beiden Sensoren wurden ebenfalls 

eingesetzt, um die metabolischen Schwankungen in Echtzeit in Reaktion auf Stickstoffanhebungs- oder 

Stickstoffentzugsbehandlungen zu untersuchen. 

Unsere Forschung erstreckte sich auch auf ein kleines Protein, das vom ssr0692-Gen in Synechocystis sp. PCC 

6803 codiert wird. Dieses Protein reguliert den Fluss in den Ornithin-Ammonium-Zyklus (OAC), einen 

entscheidenden Mechanismus für die Anreicherung und Umverteilung von Stickstoff in Cyanobakterien. Die 

Regulation in diesem Kontext ergibt sich aus der Verbindung zwischen dem PII-Protein und dem OAC-Zyklus. PII 

reguliert traditionell das Schlüsselenzym NAGK, das die Produktion von Arginin katalysiert. Das Ssr0692-Protein 

konkurriert mit NAGK um die Bindung an PII, was zu einer Hemmung der NAGK-Aktivierung und einer daraus 

resultierenden Verringerung der Argininsynthese führt. Aufgrund seiner Funktion haben wir es als den PII-

Interagierenden Regulator der Argininsynthese (PirA) benannt. Die Interaktion zwischen PirA und PII hängt von 

der Anwesenheit von ADP ab und wird durch Mutationen in PII, die die Struktur der T-Schleife beeinflussen, 

behindert. Daher schlagen wir vor, dass PirA als wichtiger Vermittler wirkt, der den Fluss in Stickstoffspeicher-

Verbindungen lenkt, indem er sowohl die Verfügbarkeit von Stickstoff als auch den Energiezustand der Zelle 

berücksichtigt. 
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II. SUMMARY 

The PII proteins are notable members of a vast and ancient protein family involved in signal transduction. These 

molecules are found in all living organisms and are primarily recognized for their ability to sense metabolites such 

as ATP, ADP, and 2-oxoglutarate (2-OG). When the effector molecules are non-covalently bound by PII, they 

cause several structural changes in PII proteins, particularly in their flexible T-loops, which serve as dynamic 

modules for protein-protein interactions. The interpretation of metabolic data sent by PII is dependent on the 

binding state of metabolites and the resulting conformation of PII receptors. To thoroughly investigate the complex 

interactions between PII and target proteins, analytical methods that maintain the natural cellular milieu are 

needed.  

In light of the limitations inherent in alternative methodologies such as immobilization on sensor surfaces in 

Surface-Plasmon-Resonance (SPR) and Biolayer Interferometry (BLI), as well as the reliance on sizable 

fluorescence proteins in Förster Resonance Energy Transfer (FRET), our research endeavors focused on the 

development of an innovative NanoBiT sensor. The focus of this sensor is on the interaction of the PII protein 

derived from Synechocystis sp. PCC6803 with the PII-interacting protein X (PipX), N-acetyl-L glutamate kinase 

(NAGK) and the PII-interacting regulator of arginine synthesis (PirA). Using the NanoBiT technology, we have 

attained an advanced comprehension, enabling the calculation of KD values for the PII-NAGK and PII-PipX 

complexes, which have not been previously reported. The test also demonstrated an increased level of sensitivity, 

allowing for the detection of low-affinity interactions, such as the one seen between the PII-S49E variant and 

NAGK. The study also highlights astounding proof indicating that the development of the PII-NAGK complex is 

impacted by the presence of ADP, which reduces the complex affinity. Additional analysis by the NanoBiT 

method and enzymatic assays provided further evidence that the PII-NAGK complex exhibits specific feed-

forward activation in response to increasing concentrations of NAG. These two sensors were also applied to 

investigate the real time metabolic fluctuations in response to nitrogen upshift or nitrogen depletion treatments.  

Furthermore, our exploration extended to a small protein encoded by the ssr0692 gene in Synechocystis sp. PCC 

6803. The protein regulates the flux into the ornithine-ammonia cycle (OAC), a pivotal mechanism for the 

accumulation and redistribution of nitrogen in cyanobacteria. The regulation described in this context arises from 

the connection between the PII protein and the OAC cycle. PII traditionally regulates the key enzyme NAGK, 

which catalyzes arginine production. The Ssr0692 protein competes with NAGK for PII binding, resulting in the 

inhibition of NAGK activation and a consequent reduction in arginine synthesis. In light of its function, we have 

identified it as the PII Interacting Regulator of Arginine Synthesis (PirA). The interaction between PirA and PII 

depends on the presence of ADP and is hindered by mutations in PII that affect the structure of the T-loop. 

Therefore, we propose that PirA serves as a crucial mediator, directing flux into nitrogen storage compounds by 

considering both the availability of nitrogen and the energy level of the cell. 
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IV. INTRUDUCTION 

 

1. PII Signal Transduction Proteins 

Protein PII was discovered in the late sixties of the last century by Bennett Shapiro (Stadtman, 2001), when 

Escherichia coli glutamine synthetase (GS), the central enzyme of bacterial nitrogen metabolism, was found to 

be regulated by the adenylylation and deadenylylation of one tyrosine residue per GS subunit. Through gel 

filtration to purify the enzyme that participated in the deadenylylation of GS, two components, PI and PII, were 

identified (Shapiro, 1969). PI interacts with the bifunctional enzyme adenylyltransferase (ATase), which is 

responsible for adenylylates or deadenylylates GS while the activity of the ATase is controlled by the PII subunit 

(Jiang et al., 2007).  

We now know that PII proteins are one of the most widely distributed signal transduction proteins in nature and 

are applied to transduce energy, carbon, and nitrogen abundance signals in all domains of life (Kinch & Grishin, 

2002; Sant’Anna et al., 2009).  

The proteins of the PII family have been classified into three main subgroups based on two criteria: genetic 

linkage and similarity of amino acid sequence. They include glnB, glnK, and nifI (Arcondéguy et al., 2001). The 

glnB and glnK, two paralogous genes with diverse functions in E. coli, show rather common homologues. glnB 

genes are found under the control of GS, and glnK genes are linked to the ammonia transporter protein (amtB) 

(Leigh & Dodsworth, 2007). In archaea and certain anaerobic bacteria, nifI is associated with nitrogenase genes, 

namely nifH, nifD, and nifK (Ehlers et al., 2002). There is also an uncharacterized group of PII subfamilies called 

the PII-New Group (PII-NG). These groups of PII might be involved in the regulation of heavy metal 

transporters, but PII-NG proteins up to date have not been more explored (Sant’Anna, et al., 2009).  

By binding PII proteins to target molecules, including channels, enzymes, or molecules responsible for gene 

regulation, and through functional modification of these targets, PII proteins enable monitoring of ammonia 

entry, nitrogen metabolism, and gene expression (Forchhammer, 2008; Llácer et al., 2008). 

The cyanobacterial PII protein was first discovered in the non-diazotrophic strain S. elongatus PCC 6301 

(Harrison et al., 1990). The biochemical properties of the PII proteins in cyanobacteria are about 50–65% the 

same as those of the PII proteins in Proteobacteria. There is only one gene that encodes a PII protein in most 

cyanobacterial genomes, which is the glnB gene (Forchhammer, 2004). Although the similarity of PII 

homologues is high in some strains, their physiological function should still be still explained (Laichoubi et al., 

2011). On the other hand, the genomic studies of PII proteins revealed the availability of these proteins in a 

multitude of prokaryotes, including bacterial and archaeal genomes and plasmids, while studies of 2783 Genbank 

files displayed 291 bacterial species and 36 archaeal species that do not encode PII proteins at all (Huergo et al., 

2013). 
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1.1 The structure of PII-mediated Signal Transduction 

The X-ray crystallography of bacterial PII proteins revealed a unified picture with a homotrimeric structure of 

112 amino acids. Each monomer contains two-helices and four β-strands that construct a double βαβ motif linked 

by a large loop of 19 amino acids (Son & Rhee, 1987). The loop was designed as the T-loop first identified in E. 

coli with the site for post-translational modification (Cheah et al., 1994). Another loop with a smaller size, which 

is placed between the second α-helix and fourth β-strands, is named B-loop. The third loop, which is entitled the 

C-loop, is located at the C-terminus of amino acids. The combination of the T loop and B loop from one 

monomer with the C loop from an adjacent monomer makes the inter-subunit cleft, which is well-known as a 

ligand binding site. The T loop's flexible structure is suited to the binding of effector molecules and interaction 

with PII target proteins. The stability of PII trimers, with a melting temperature ranging from 60 to 70 °C, makes 

them robust molecules. Consequently, purifying PII is made simpler due to this heat stability (Moure et al., 

2012). 

 

1.2 Binding of effector molecules to PII proteins 

The PII trimer has three effector nucleotide binding sites that are characterized by binding to the effector 

molecules ATP, ADP, and 2-oxoglutarate (2-OG). These effector molecules bind to the intersubunit clefts of the 

PII protein, with ATP and ADP competing for the same site. Generally, in the presence of Mg2+-ATP in the 

binding pocket, up to three 2-OGs can bind to each trimer. However, in Arabidopsis thaliana the PII protein can 

bind to 2-OG in the presence of ADP (Smith et al., 2003). The Mg2+ ion is coordinated by three phosphate 

oxygens of ATP together with 2-oxo moiety of 2-OG at the base of the T loop (Radchenko et al., 2013). 

Furthermore, 2-OG is able to create a salt bridge to a Lys residue placed at the posterior end of the T-loop. The 

binding of 2-OG leads to a conformational change in the T-loop of the proteins by making them more tightly 

folded. This conformational change favors or disfavors the PII's binding to its target proteins (Schubert, 2021).  

 

1.3 Post translational modification of PII Proteins 

The interaction between PII and its targets is not solely determined by bound metabolites; a second layer of 

regulation occurs through covalent modification of PII. The important layer of PII regulation takes place by post-

translational modification at the T-loop that was first recognized in many Proteobacteria, like E. coli, in the 

regulatory cascade of the GS as uridylylation of Tyr51 under nitrogen-deficient conditions. Thus, in the GS-

regulating cascade, PII is uridylylated with low glutamine concentrations and deuridylylated with high glutamine 

concentrations. The uridylylated PII (PII-UMP) activates the GS deadenylylating activity of ATase (Grau et al., 

2021; Jiang, et al., 2007). This uridylylation has also been reported in Proteobacteria, Actinobacteria, and an 

Archaeon (Merrick, 2015; Pedro‐Roig et al., 2013). Cyanobacteria with the conserved Tyr51 are not 

uridylylated, whereas under nitrogen starvation, the serine 49 region in the T loop is phosphorylated in S. 

elongatus PCC 7942 and Synechocystis sp. with an unknown mechanism (Forchhammer & Tandeau de Marsac, 
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1994). However, the phosphorylation has not been reported in other cyanobacteria, such as Prochlorococcus and 

Anabaena (Forchhammer, 2004). In addition, there is also no data for post-translational modification of PII in 

plants (Smith et al., 2004). Nevertheless, when modification takes place, it significantly impacts the regulation of 

PII's targets by inhibiting its interaction with the majority of them. 

 

1.4 Regulatory Targets of PII 

As mentioned earlier, PII proteins can control targets such as transcription factors, membrane transporters, and 

enzymes, contingent on the availability of specific metabolites. These interactions can activate, inhibit, or 

prevent the targets from interacting with other proteins, and ongoing research continues to identify new PII 

targets. This section provides an overview of some extensively studied PII interaction partners. 

 

1.4.1 Ammonium Channel AmtB 

AmtB, one of the targets of PII regulation, is a stable homotrimeric ammonium channel in the cytoplasmic 

membrane that is conserved in all domains of life (Forchhammer et al., 2022; Javelle et al., 2004). The three 

hydrophobic pores in AmtB are used for the transportation of ammonia gas into the cell (Khademi et al., 2004; 

Zheng et al., 2004). To regulate an undesirable overflow of intracellular ammonium, the E. coli PII homolog 

GlnK makes a membrane-bound complex with AmtB (Javelle & Merrick, 2005). In addition, the function of 

GlnK is defined by the localization of its gene in one operon with amtB, a gene encoding an ammonium 

transporter (Thomas et al., 2000). Hence, GlnK in the form of a complex with AmtB inactivates it under 

nitrogen-excess conditions (Coutts et al., 2002; Javelle, et al., 2004). 

The mechanism is applied by inserting the tips of non-uridylylated T-loops of the PII protein into the ammonium 

channels to block the pores of the transporter (Conroy et al., 2007; Gruswitz et al., 2007). In this complex, ADP 

is bound to the nucleotide binding site of GlnK. In contrast, 2OG inhibits GlnK binding to the ammonia channel 

due to the occupation of the binding sites with Mg2+-ATP plus 2-OG. It leads to the bending outwards of the T-

loops, avoiding their topographical correspondence with the three holes of the trimer associated with ammonia 

channels and uridylylation of GlnK’s Tyr51, which prevents the complex formation with AmtB (Forcada-Nadal 

et al., 2018). In addition, the T-loops of PII protein in complex with Mg2+-ATP/2OG displayed different flexed 

conformations, so binding 2OG alone does not determine a particular T-loop conformation (Forcada-Nadal, et 

al., 2018). In cyanobacteria, the Amt1 permease is predominantly responsible for ammonium uptake. The 

interaction of this protein with PII is similar to the studied interaction of GlnK from heterotrophic bacteria with 

AmtB (Watzer et al., 2019). 

 

1.4.2. N-Acetyl-Glutamate Kinase 

N-acetyl-glutamate kinase (NAGK) was first discovered as a PII interacting protein in S. elongatus PCC 7942 

through yeast two-hybrid analysis (Burillo et al., 2004; Heinrich et al., 2004). NAGK is an enzyme that controls 
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the ornithine/arginine pathway and is encoded by the argB gene. NAGK catalyzes the rate-limiting step in 

arginine biosynthesis by converting N-acetyl-L-glutamate to N-acetyl-L-glutamyl phosphate. A high intracellular 

arginine level is also used as N-storage in the form of the polymer cyanophycin in cyanobacteria and 

plants (Maheswaran et al., 2006; Uhrig et al., 2009). NAGK activity is subject to strong feedback inhibition by 

arginine. Under high nitrogen and energy supply conditions, represented by low 2OG and high ATP 

concentrations, the regulatory protein PII interacts with NAGK. In the PII-NAGK complex, two PII trimers at 

the poles can sandwich one NAGK hexameric (Llácer et al., 2007). Each PII subunit interacts via its T and B 

loops with each NAGK subunit. This interaction increases the activity of NAGK and relieves it from arginine 

feedback inhibition. When there is not enough energy or nitrogen, however, and there are high levels of ADP or 

2OG, the PII proteins bind ADP or ATP+2OG, which change the shape of PII and breaks up the PII-NAGK 

complex. NAGK alone is feedback inhibited by arginine; thus, at spare energy or nitrogen supplies, no excess 

arginine is produced as N-storage. The phosphorylation of the T-loop in the PII-S49E variant strongly blocks the 

PII-NAGK interaction (Llácer, et al., 2007; Lüddecke & Forchhammer, 2013a), whereas the PII-I86N variant, as 

a hyperactive NAGK binder, overproduces arginine and cyanophycin (Fokina et al., 2010a; Watzer et al., 2015). 

 

1.4.3. The Transcriptional Coactivator PipX 

PII-interacting protein X (PipX), a small protein with 89 amino acids, interacts with both PII and the global 

transcription factor NtcA (Espinosa et al., 2006; Espinosa et al., 2007). NtcA is a homodimer with around 50 

kDa subunits that belong to the CRP/FNR family of transcriptional regulators and consist of N- and C-terminal 

domains. NtcA has been found to be the key element for the regulation of nitrogen-controlled gene expression in 

all cyanobacteria. Therefore, it competes with PII to bind to PipX (Domínguez-Martín et al., 2018; Llácer et al., 

2010; Luque & Forchhammer, 2008; Weber & Steitz, 1987). In the PII-PipX complex, three PipX monomers 

bind to the extended T-loops of one PII trimer that is close to the core of the protein (Llácer, et al., 2010; Zhao et 

al., 2010). This complex is stabilized in vitro by ADP, while it is dissociated in the presence of Mg2+ ATP and 

high 2-OG (Fokina et al., 2011; Llácer, et al., 2010). In contrast, under N-limiting conditions and high 2-OG 

concentrations, one active NtcA dimer binds to two PipX monomers (Espinosa et al., 2006, Muro-Pastor et al., 

2001). On the other hand, the phosphorylation of the T loop’s tip, which has a significant role in many 

interactions, does not affect the PII binding to PipX or NtcA. Hence, the S49 phosphorylation site of the PII 

protein does not hinder the PII-PipX interaction, which explains the importance of the adenylate energy charge 

for binding (Espinosa, et al., 2006; Fokina, et al., 2011; Llácer, et al., 2010). 

 

1.4.4. Glutamine synthetase 

1.4.4.1 E. coli 

GS was originally identified as the first target of PII regulation in Escherichia coli (Stadtman & Ginsburg, 1974). 

The protein involved in GS regulation in E. coli  and other gram-negative bacteria is termed GSI, which consists 
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of two hexameric rings with 12 active sites and corresponds to the glnA gene (Haskett et al., 2022; Jiang & 

Ninfa, 2007). A bifunctional enzyme named GlnE controls GSI at both the transcriptional and post-

transcriptional levels. The adenyltransferase (AT) activity is at the C-terminus of GlnE, and the adenyl-removing 

(AR) activity is at the N-terminus of the nucleotidyl transferase domains (Haskett, et al., 2022; Jiang & Ninfa, 

2007). In E. coli, the regulation of GlnE is under the control of GlnB and GlnK, but the participation of GlnB is 

much more efficient than that of GlnK in vitro (Atkinson & Ninfa, 1998, 1999; Van Heeswijk et al., 1996; van 

Heeswijk et al., 2000).  

When there is not enough nitrogen, the amount of ammonium outside the cell goes up, and the form of GlnB that 

is uridylylated and bound to Mg2+
 ATP/2-OG interacts with the AT domain and makes the adenylyl-removing 

(AR) activity stronger. This leads to the activation of GS. On the other hand, when there is enough nitrogen, the 

deuridylylated form of GlnB that is mainly bound to ADP interacts with the AR domain. This makes the AT 

domain more active and turns off adenylylated GS (Ninfa & Atkinson, 2000; Reitzer, 2003). Furthermore, the 

interaction of GlnE with GlnB is mediated by the PII T-loop region (Jiang & Ninfa, 2007; Jiang et al., 1997a). 

Additionally, one T-loop in the trimer is needed for interaction since heterotrimers, including one wild-type 

subunit, and two T-loop deleted subunits are able to regulate GlnE (Jiang et al., 1997b). 

 

1.4.4.2 Cyanobacteria 

The GS pathway in cyanobacteria has unique characteristics. The functioning of GS is regulated by its 

interaction with the protein inhibitors IF7 and IF17, encoded by the gifA and gifB genes, respectively (García-

Domínguez et al., 1999; García‐Domínguez et al., 2000; Saelices et al., 2011). The transcription of these genes is 

orchestrated by NtcA, a transcriptional regulator that is conserved globally. In contrast to the regulatory 

mechanism seen in glnA, NtcA has the opposite effect on the expression of gifA and gifB (Herrero et al., 2001; 

Reyes et al., 1997). NtcA, a member of the CRP/FNR regulator family, exhibits dual functionality as an enhancer 

or suppressor, depending on its binding location relative to the transcriptional start site (TSS) of the genes it 

regulates (Herrero, et al., 2001). In conditions characterized by a lack of nitrogen, the protein NtcA plays a role 

in promoting the simultaneous upregulation of many genes associated with nitrogen metabolism, such as glnA 

and ntcA itself (Ohashi et al., 2011; Vázquez-Bermúdez et al., 2002). The activity of NtcA is further enhanced by 

its interaction with the transcriptional auxiliary protein PipX, which 2-OG modulates (Espinosa, et al., 2006) 

(Forcada-Nadal et al., 2014). Increased levels of 2-OG, in conjunction with the coactivator protein PipX 

under nitrogen limitation, enhance the DNA-binding ability of NtcA (Espinosa, et al., 2006). Nevertheless, under 

conditions of low 2-OG, PipX exhibits a preference for binding with PII, resulting in the inhibition of PipX-

mediated activation of NtcA (Klähn et al., 2018). Simultaneously, in the presence of limited nitrogen, NtcA 

facilitates the transcription of the glnA gene, increasing the levels of glutamine synthetase (GS) and enhancing 

the rates of ammonium assimilation. Concurrently, increasing the affinity between NtcA and DNA leads to the 

suppression of gifA and gifB transcription, resulting in decreased production of IFs: IF7 and IF17 
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(García‐Domínguez, et al., 2000). This mechanism guarantees a harmonious equilibrium between the nitrogen 

requirements and the metabolic demands associated with the ATP-intensive glutamine synthetase (GS) process 

(Bolay et al., 2018). Cyanobacteria exhibit an additional level of glutamine regulation facilitated by a diminutive 

regulatory RNA known as NsiR4 (nitrogen stress-induced RNA 4), which is subject to regulation by NtcA. The 

interaction between NsiR4 and the 5′UTR of gifA mRNA is responsible for regulating the expression of 

glutamine synthetase inactivating factor IF7. Through a comprehensive analysis, it was determined that this 

particular interaction had a detrimental effect on the synthesis of IF7 protein, hence resulting in an adverse 

influence on GS activity (Bolay, et al., 2018). Additionally, the presence of the glutamine binding aptamer 

located in the 5’UTR of gifB gene has an impact on the production of IF17. The process of glutamine binding 

elicits conformational alterations in the RNA element, enhancing protein synthesis and characterizing it as a 

riboswitch. Hence, non-coding RNA plays a crucial role in regulating nitrogen assimilation in cyanobacteria 

(Klähn, et al., 2018). 

In addition to gifA and gifB, NtcA also negatively regulates a number of other genes. Upon additional 

investigation in the unicellular model of Synechocystis sp. strain PCC 6803, the gene ssr0692 was identified as a 

possible target of NtcA suppression (Giner-Lamia et al., 2017). The gene encodes a small protein consisting of 

51 amino acids. This protein is characterized by its high content of nitrogen and positively charged residues, 

which are crucial for facilitating protein interactions, as shown by observations in GS IFs (Saelices, et al., 2011) 

(Figure 1). Like well-known GS IFs, this entity has unique properties that suggest it plays a big role in 

controlling nitrogen as a modulator of metabolic pathways. 

 

Figure 1. Regulatory network of GS in Synechocystis sp. PCC 6803. Picture was taken from (Bolay, et al., 

2018) 
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1.4.5. Phosphoenolpyruvate carboxylase (PEPC) 

Phosphoenolpyruvate carboxylase (PEPC), a catalytic enzyme that carboxylates phosphoenolpyruvate to deliver 

oxaloacetate, (Chollet et al., 1996; Forchhammer, et al., 2022; Svensson et al., 2003) is another target of PII 

regulation. Like most of PII's interacting partners, the flexible structural element, T-loop, is responsible for PII-

PEPC interaction (Scholl et al., 2020). In addition, phosphorylation of the T-loop attenuates the binding of PEPC 

to PII. ATP and, to a lower degree, ADP can inhibit the activity of PEPC, while PII in the form of a complex 

with PEPC can relieve the inhibitory effect of ATP and stabilize the enzyme by making a stable complex. In 

comparison, PII is not capable of relieving PEPC from ADP inhibition. In contrast, in the presence of 2-OG, 

PEPC stays in the bound form of PII. Therefore, it leads to the conformational modification of the complex, 

which moderates the activation of PEPC (Forchhammer, et al., 2022; Scholl, et al., 2020).  

In nitrate growth cells, when CO2 supply is high, PII is phosphorylated (Forchhammer & Tandeau de Marsac, 

1995), while at low levels of CO2 supply, when PII is almost non-phosphorylated, PEPC is activated by binding 

to PII. (Burnap et al., 2015). As PEPC is a key component in the carbon fixing reaction, its significant boosting 

activity could assist the CO2 concentrating mechanism (CCM). On the other hand, in cells with low nitrogen 

concentrations, 2-OG amounts grow, and then PII gets phosphorylated. Hence, the completely phosphorylated 

PII simply leaves the PEPC in a non-activated state. As a result, the carbon stream towards the tricarboxylic acid 

(TCA) cycle should decline (Qian et al., 2018). Further, in non-phosphorylated PII conditions, ATP can 

stimulate PEPC. This condition correlates to a nitrogen-sufficient status that accelerates the growth rate. In these 

conditions, PEPC activation could contribute to speeding up anabolic reactions, which lead to the fixation of up 

to 25% of the carbon in Synechocystis by the synthesis of 2-OG (Yang et al., 2002).  

 

1.4.6. PII-interacting regulator of carbon metabolism (PirC) 

Another novel PII interactor, PII-interacting regulator of carbon metabolism (PirC), is a protein of 112 amino 

acids encoded by the sll0944 gene. This protein regulates the carbon flux in cyanobacteria through interaction 

with either PII or 2,3-phosphoglycerate-independent phosphoglycerate mutase (PGAM), the enzyme that 

changes the direction of newly fixed CO2 into lower glycolysis. The binding of PirC to PII is weak in the 

absence of effector molecules, while it greatly increases in the presence of ATP and ADP. The metabolite 2-OG, 

which accumulates in nitrogen starvation, is in charge of tuning the binding of PirC to PII or PGAM. In the case 

of sufficient nitrogen supply, when 2-OG levels are low, PII can interact with PirC, but it is not able to bind to 

PGAM. The active PGAM is responsible for catalyzing the conversion of 3-PGA to 2-PGA to guide the newly 

fixed carbon in the direction of amino acid and fatty acid synthesis. Only a minor amount of fixed carbon is 

applied to the glycogen pathway. On the other hand, in nitrogen-starved cells, 2-OG binds to PII, which leads to 

the dissociation of PII–PirC (Forchhammer, et al., 2022; Orthwein et al., 2021). Consequently, PirC binds to 

PGAM and inhibits its enzymatic activity. The blocked activity of PGAM suppresses the conversion of 3-PGA 

to 2-PGA and increases the quantity of 3-PGA to work in the glycogen direction. As a consequence of adapting 
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the cellular metabolism to a restricted nitrogen supply, the flux in the direction of amino acid synthesis is 

reduced. In addition, 3-PGA activates the GlgC enzyme, which is responsible for catalyzing the preliminary and 

regulated steps of the glycogen pathway  (Preiss, 1984). Thus, PirC regulates PGAM inhibition by reducing 

lower glycolysis and inducing glycogen accumulation through the activation of GlgC. The increase in glycogen 

is followed until up to 50% of the dry weight of chlorotic cells is filled with it (Klotz et al., 2016). The 

accumulation of glycogen reaches its maximum right after 24 hours of nitrogen starvation and the amounts stay 

high during chlorosis (Koch et al., 2019). 

 

2. Protein-protein interactions 

Proteins are essential components for the main physiological processes of living cells by making interactive 

networks that are responsive to evolving conditions such as environmental circumstances, the activity of drugs, 

stress, or pathological situations. The interactions are affected by a complicated interplay of structural 

conformations, associations with effector molecules, and microenvironmental surroundings  (Dixon et al., 2016). 

Considering the significance of PII in adjusting metabolic activities by binding to numerous targets, analytical 

methods are required that do not disrupt the native cellular framework. In order to provide an overview, a 

selection of well-studied analytical methods is explained in the subsequent sections. 

 

2.1 Surface plasmon resonance (SPR) 

Surface plasmon resonance (SPR) is a remarkably effective technology that allows for the determination of the 

entire process associated with the target molecules’ binding reaction in a label-free environment. Accordingly, 

the development of SPR sensors was rapidly promoted. These sensors are potent instruments for real-time 

supervision of molecular interactions in the fields of chemistry and biology analysis (Bedford et al., 2012; 

Shalabney & Abdulhalim, 2011; Wang et al., 2017). 

This technique is broadly applied as a transducer for affinity-based biosensors, which consist of receptor 

molecules or ligands immobilized at the metal surface of a SPR transducer. Once the target molecules or analytes 

within the solution phase bind to the receptor molecules, changes take place in the refractive index close to the 

metal surface. These changes lead to a shift in the SPR angle, which can be applied to gain information like the 

binding quantity and the rate of association and dissociation constants (Wang, et al., 2017; Wei et al., 2022). 

As already reported in earlier literature, the PII-PipX and PII-NAGK complex formations in cyanobacteria were 

analyzed by SPR. To do these, NAGK and PipX with an attached His6 tag were immobilized on a Ni-NTA 

sensor chip, while PII variants were injected sequentially (Selim et al., 2019a). 

Although this technique has numerous advantages, such as a label-free environment, real-time and continuous 

measurement of interactions, high sensitivity, and quick testing, it also has some disadvantages, like 

immobilization effects of ligand on binding, non-specific binding to the sensor surfaces, mass transport 

limitations for nonspecific surface sites, and the existence of low affinity. 
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2.2 Biolayer interferometry technique 

Another way to study the PPI is with the biolayer interferometry (BLI) technique. It is an optical biosensing 

technique that measures interference patterns from white light reflected by an internal reference layer and a 

biomolecular layer at the tip of a disposable biosensor (Petersen, 2017). Thus, it screens the interaction of two 

molecules of interest in real time while one ligand is immobilized on the surface of the biosensor and another 

molecule, the analyte, is in the solution. Any change in the amount of attached molecules to the biosensor tip 

makes a wavelength shift corresponding to binding, which can be analyzed in real-time (Barrows & Van Dyke, 

2022; Petersen, 2017; Wallner et al., 2013). Since the required sample amount is in the range of nanomolar, BLI 

is an efficient method for challenging proteins to isolate. Additionally, it is capable of performing large numbers 

of experiments in parallel, which confirms it as a time-efficient technique. It is also effective to measure protein 

concentration in a heterogeneous crude lysate; thus, it does not impact the shift in the interference pattern. But 

the immobilization of the ligand on the sensor tip makes this approach less precise as well (Martin, 2011).  

 

2.3 Förster resonance energy transfer 

Another path to studying protein-protein interactions opened up with the discovery of Förster resonance energy 

transfer (FRET). FRET is a radiationless method that transfers energy from a donor to an acceptor fluorophore 

according to the dipole-dipole coupling process and causes the reduction of the donor while also enhancing the 

acceptor fluorescence (Wang & Wang, 2012). 

FRET is a complex method that needs numerous requirements to take place, such as overlapping the emission 

and excitation spectra of the donor and acceptor fluorophore, energy transfer over a distance of 1–10 nM, and a 

suitable angle between the fluorescent proteins. These features enable FRET to be a proper system to study PPI 

dynamics and also intra-molecular conformational modifications in vitro and in vivo (Wang & Wang, 2013). 

Although some disadvantages are inherent in the physical activity of FRET, especially the technologies 

employed for measurement, For instance, the changes in fluorescence properties of many proteins are sensitive to 

alterations in the local environment like changes in ionic concentrations, temperature, pH, refractive index, and 

oxidation. To measure FRET, some fluorescent labels or even proteins are applied, and any of them may 

represent diverse sensitivities to alterations in environmental factors. Consequently, FRET measurements could 

be deviated by unrecognized changes in the local environment (Piston & Kremers, 2007). 

 

2.4 NanoLuc Binary Technology 

A significantly better technique to analyze dynamic protein-protein interactions is the use of NanoLuc Binary 

Technology (NanoBiT), which is based on the smallest luciferase enzyme, termed NanoLuc. NanoLuc (Nluc) is 

an engineered luciferase derived from a deep-sea luminous shrimp. The enzyme is small, with a size of 19 kDa, 

stable, and emits bright and sustained luminescence. The NanoLuc luciferase is split into two subunits, a Large 

Bit (18 kDa polypeptide) and a Small Bit (1.3 kDa peptide), which only weakly associate, so that their assembly, 
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which restores luciferase activity, depends on the interaction characteristics of target proteins onto which they 

are fused (Figure 2). To engineer the complementation reporter, the first dissection site from 90 candidate sites of 

the Nluc sequence was identified. It led to an N-terminus 18 kDa fragment and a C-terminus 13-amino acid 

peptide with a dissociation constant of 6 μM between the fragments. While the low affinity was appropriate for 

the protein-fragment complementation assay (PCA), the low stability of the N-terminal fragment hindered the 

use of the system. The problem was solved by optimizing an N-terminal fragment from a library containing 

15,000 variants. It caused a 300-fold increase in luminescence signal by interacting with two fragments. It also 

increased the affinity between the N and C terminal fragments (KD = 900 nM). Optimization of the C-terminal 

peptide from 350 variants created an 11-amino acid peptide with low intrinsic affinity for the N-terminal 

fragment (KD = 190 μM) (Dixon, et al., 2016; Ohmuro-Matsuyama & Ueda, 2019). Therefore, the weak 

association between the N-terminal fragment (termed LargeBiT, LgBiT) and the C-terminal fragment (termed 

Small BiT, SmBiT) should not affect the binding affinity of target proteins. Luminescence restoration is 

contingent upon the interaction between candidate proteins fused with LgBiT and SmBiT fragments.  This 

method was applied to analyze various protein-protein interactions in mammalian cells. It was first displayed to 

verify the interaction between SME-1 β-lactamase and a set of inhibitor binding proteins in vivo. The remarkable 

functionality was achieved when LgBiT was attached to the C-terminus of SME1 and SmBiT was attached to the 

C-terminus of inhibitor binding proteins (Dixon, et al., 2016). 

In addition, the system was validated in vitro by characterization of the interaction between bacterial 

transcription factors NusB and NusE and also the interaction between RNA polymerase with σA from the gram-

positive organism Bacillus subtilis. These configurations evidently imposed minor steric constraints and easily 

approved the integrity of the NanoBiT method for analysis of protein-protein interaction (Tsang et al., 2019). 

 

Figure 2. Structural collaboration of the two optimized subunits during the interaction between protein A 

and protein B in NanoBiT system 
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3. Aim of this work 

As already mentioned, PII proteins are extremely significant sensors for the metabolic state of cells and 

regulators that interact with numerous target proteins. The interaction of PII with its target proteins has been 

investigated by different methods during the last few years. Surface plasmon resonance spectroscopy (SPR) was 

applied to analyze the complex formation of PII-PipX and NAGK-PII within the effects of different metabolites. 

Subsequently, the interaction of two various molecules in real time was screened by the biolayer interferometry 

technique while a ligand was immobilized on the biosensor tip surface and an analyte was in the solution. 

Another path was followed by the discovery of the radiationless technique of Förster resonance energy transfer 

(FRET), which transfers energy from a donor to an acceptor fluorophore. The first PII protein was used for the 

measurement of the ATP:ADP ratio. Then, after the evaluation of the 27 kDa FP-tags effect on the small PII 

protein, the PII-NAGK interaction and 2-OG FRET sensor were analyzed by FRET technique. 

Unfortunately, all these methods have restrictions and could represent a part of PII interactions stories. For 

instance, in SPR and BLI methods, the ligands must be immobilized on the surface of biosensors. While it is 

broadly identified in the FRET sensor, the sensitivity of fluorescent proteins to changes in the local environment 

and the low signal-to-noise ratio. Additionally, FRET analysis for cyanobacterial samples reveals high 

background fluorescence from the pigments. Therefore, the NanoLuc Binary Technology (NanoBit), a novel 

interaction method that does not affect the native cellular context, is demanding to study protein-protein 

interactions. In this study, the NanoBiT sensor is developed based on the interaction of the signal transduction 

protein PII from Synechocystis sp. PCC6803 with the PII-interacting protein X (PipX), N-acetyl-L-glutamate 

kinase (NAGK), and the PII-interacting regulator of arginine synthesis (PirA) to gain information that is not 

achievable by other approaches. The efficient binding affinity is observed when Large BiT is attached at the C-

terminus of the PII protein and Small BiT is attached at the C-terminus of target proteins with appropriate linker 

sequences. The system demonstrates remarkable sensitivity and accurate results compared to other methods such 

as BLI and SPR. These studies additionally represent further information regarding superior PII network 

interactions and read out the metabolite responses in real time.  

Transitioning our attention to another aspect of this research, it is generally acknowledged, based on an extensive 

review of the scientific literature, that cyanobacteria hold a crucial position in the process of global oxygen 

synthesis and exhibit significant involvement in biogeochemical cycles, particularly as primary producers. The 

photosynthetic capacities of these organisms have attracted considerable interest due to their potential for 

sustainable fuel and high-value chemical synthesis. However, the extensive use of microbial cell factories is 

hindered by our inadequate understanding of metabolic flux control in these organisms. In our investigation, we 

have identified a novel regulatory protein, PirA that modulates nitrogen flow, particularly in arginine 

biosynthesis. The dual role of arginine as a proteinogenic amino acid and a precursor for cyanophycin, a storage 

compound for fixed nitrogen in cyanobacteria, suggests that this finding has significant implications for 

biotechnology. As a result, our research outcomes not only enhance our understanding of flux control in 
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cyanobacteria but also provide fundamental information for accurate metabolic engineering, thereby facilitating 

the development of novel photosynthesis-driven biotechnological initiatives.  
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IV. RESULTS 

 

1. Advancement of the NanoBiT sensor system 

NanoBiT has supplied a system to evaluate protein-protein interactions in real time (Dixon, et al., 2016; Schwinn 

et al., 2018; Yano et al., 2018). The initial step to generate the NanoBiT sensor was performed by a hybrid 

construct of PII fusion protein when the LgBiT fragment was fused at the C-terminus and the SmBiT fragment 

was on the tip of the T-loop with different sizes of linker peptides (24-aa linker, 16-aa linker, and 8-aa linker). To 

develop the construction, we utilized the information obtained from creating the hybrid PII-FRET sensor, as 

explained in Lüddecke et al.'s 2017 research (Lüddecke et al., 2017). This sensor, which merges the PII protein 

with FRET technology, provided useful insights into the potent interactions of biomolecules. By utilizing the 

knowledge acquired through its development, we were able to design and build our experimental setup with a 

high degree of accuracy and assurance.  

During the construction of various constructs involving different size of linkers, only the one with a 16-aa linker 

displayed a 30% drop in NanoBiT upon effector molecule addition, which indicates that the two parts of the 

NanoBiT sensor moved away from each other. As a result, we decided to divide the NanoBiT fragments into two 

distinct polypeptides, one on the PII protein and the other on a PII-receptor protein.  In our initial experiments, 

the SmBiT fragment was attached using a 16 amino acid linker at the C-terminus of PipX, and the LgBiT 

fragment was attached to the PII Strep-tag purification linker at the C-terminus (Figure 3). It's important to note 

that this purification linker had already been used successfully in PII-VENUS FRET construct tests (Lüddecke & 

Forchhammer, 2013b), giving our strategy a strong foundation. The C-termini were selected to fuse the NanoLuc 

proteins since they are easily available and placed in the same direction. PASK-Iba3 and pTEV5 expression 

vectors were used, respectively, to clone the genes for the PII-LgBiT and PipX-SmBiT constructs for the in vitro 

experiments. While the pACYCDuet-1 expression vector with two cloning sites for PII-LgBiT and PipX-SmBiT 

was used for the in vivo experiments. 

 

 

 

       

 

Figure 3. Schematic representation of PII-LgBiT and PipX-SmBiT fusion proteins (A, B) 

 

    PII-LgBiT 

               PipX-SmBiT 

(A) (B) 
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When we looked at the purified individual Nanoluc sensor part, we noticed a very tiny background luminescence 

that measured around ~ 1 × 10− 5 RLU. We removed this background light from the signals produced during 

complex formation in order to obtain precise measurements. This correction made sure that background noise 

was not affecting our data and that it accurately reflected the specific interactions and responses of the sensor.  

 

1.1.  PII-PipX NanoBiT sensor 

In the in vitro preliminary tests to study the binding of PipX-SmBiT and PII-LgBiT in optimal conditions in the 

presence of 2 mM ADP, increasing concentrations of PII-LgBiT, starting at 0.33 pM, were systematically titrated 

with 10 nM PipX-SmBiT. The recorded luminescence signal was plotted against the respective PII-LgBiT 

concentration. Low concentrations of PII-LgBiT showed a linear increase in luminescence signal reaching up to 

1×107 RLU, which is equivalent to a 10 pM PII concentration. The luminescence curve, however, started to 

plateau as the PII-LgBiT concentration increased beyond this point, indicating a saturation effect at higher PII-

LgBiT concentrations (Figure 1b, Publication 1). This finding indicates that higher concentrations of NanoLuc 

cannot be detected by the assay's linear detection range. To ensure that the measurements stayed within the 

assay's precise detection range, we limited the concentration of PII-LgBiT to 10 pM in all subsequent tests. 

Next, the impact of different effector molecules on PII-PipX complex formation was investigated by 

continuously measuring the luminescence. In the absence of effector molecules, an extremely small increase in 

luminescence signal was recorded, while by adding the adenyl-nucleotides, the luminescence signal was 

immediately increased. Consequently, it monitored the stimulation of PII binding to the PipX protein (Figure 2a, 

2b, Publication 1). 

Additionally, to find out the kinetics of PII-PipX complex formation, raising concentrations of PipX-SmBiT 

were titrated to the fixed concentration of PII-LgBiT (10 pM trimer) in the presence of 2 mM ATP or ADP. 

Subsequently, the dissociation constants in both conditions were determined by plotting the RLUs against the 

PipX-SmBiT concentrations. It was calculated to be 5.7 ± 0.78 nM in the presence of ADP and 52.4 ± 0.92 nM 

in the presence of ATP (Figure 2C and Table 1, Publication 1). 

The ratio of ATP to ADP plays a pivotal role in regulating cellular energy metabolism by affecting the amount of 

free energy released during ATP hydrolysis and facilitating numerous biochemical activities. The maintenance of 

cellular energy balance is essential for both cell health and the regulation of signaling processes (Tantama et al., 

2013). In order to find out its effect on binding of PII to PipX through NanoBiT analysis, the increase in 

luminescence signal was recorded at diverse ATP/ADP ratios, while the final concentration for ADP+ATP 

stayed constant at 2 mM. It was shown that in the presence of 0.5 mM ADP and 1.5 mM ATP, the luminescence 

signal almost reached the level of 2 mM ADP alone. This signifies the powerful effect of ADP on the PII-PipX 

interaction and its dominance over ATP (Figure 2d, Publication 1). 

2-OG is the main signal of the carbon/nitrogen balance in cyanobacteria and is sensed by the PII protein (Zhao, 

et al., 2010). It is considered a significant indicator of the binding of PipX to the PII protein  (Espinosa, et al., 
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2006). Hence, in the following step, the impact of different 2-OG concentrations on the PII-PipX interaction was 

analyzed in the presence of 2 mM ATP. Initially, the combinations of PII-LgBiT and PipX-SmBiT were 

incubated with different amounts of 2-OG in the absence of ATP. Then 2 mM ATP was added to the mixture 

after a 5-minute incubation period, allowing complexes to form, and this process proceeded until saturation was 

attained after 15 minutes (Figure 3a, Publication 1). To figure out how big the effect was, the maximum RLU 

values were plotted against the concentrations of 2-OG in the assay, which ranged from 0 to 5 mM. In the PII-

PipX interaction, the increasing 2-OG concentrations gradually prevented the complex formation that was 

previously revealed by other methods like SPR analysis. The IC50, for the inhibition by 2-OG was 25 µM (Figure 

3b, Publication 1). This value is 40% less than the average KD of 39 μM for 2-OG binding to all three binding 

sites, while the KD value for 2-OG binding to the first binding site with highest affinity in the PII trimer is around 

5 µM. This implies that when 2-OG only binds to the highest affinity site, PipX can still bind to other free 

subunits. Only in cases of complete occupation of trimeric PII by 2-OG is PipX unable to bind PII. 

Therefore, in order to investigate how 2-OG disrupts the PII-PipX complex using NanoBiT technology, 2-OG 

was added at different times in time-course experiments while the effector molecules were included sequentially. 

The complex was completely dissociated in two minutes in the presence of 2-OG and 2 mM ATP. While the 

dissociation took longer when 2-OG was present with 1 mM ATP and 1 mM ADP (Figure 3c, Publication 1). 

The result indicated that it takes only 45 seconds to dissociate half of the complex when 2-OG and ATP are the 

only factors present. By contrast, when 2-OG was coexisting with 1 mM ATP and 1 mM ADP, the dissociation 

process was significantly slowed down, indicating a strong mitigation of dissociation. Under these conditions, 

approximately half of the complex was dissociated for around 340 seconds, which was 7-8 times longer 

compared to the time during which ADP was absent.  

PII-PipX NanoBiT sensor was also applied to monitor the metabolic fluctuation in the cells. To investigate this, 

first the response of the sensor was analyzed to ammonium upshift. The maximum response occurred at 40 mM 

ammonium and remained high during the measurement. In contrast, the RLU signal for 4 mM ammonium stayed 

consistent between 1 mM and 40 mM ammonium treatment. This sensor was also treated to two concentrations 

(0.1 and 1 mM) of L-Methionine sulfoximine (MSX) which inhibits the nitrogen assimilation but minimal 

response was observed. The response of sensor to the nitrogen starvation was characterized by the immediate 

decrease in RLU signal, followed by subsequent increase again to near the initial RLU ratio (Figure 5, 

Publication 3). 

 

1.2.  PII-NAGK NanoBiT sensor 

To study the interaction of the purified proteins PII and their main interacting partner, N-acetyl-L-glutamate 

kinase (NAGK), by NanoBiT technology, the SmBiT fragment was fused by a 16-amino acid flexible linker to 

the C-terminus of NAGK (Figure 4). The formation of the PII-NAGK complex is primarily controlled by two 
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factors: the ratio of ATP to ADP and the occupancy of PII by Mg2+-ATP-2-OG (Fokina, et al., 2011; Lapina et 

al., 2018a; Selim, et al., 2019a).  

 

 

 

 

 

 

Figure 4. Schematic representation of PII-LgBiT and NAGK-SmBiT fusion proteins (A,B) 

 

To find out how effector molecules affect the PII-LgBiT–NAGK-SmBiT complex formations, the NAGK-

SmBiT fusion protein was titrated to the fixed quantity of PII-LgBiT (10 pM). These experiments were carried 

out under three different conditions: in the presence of 2 mM ATP, 2 mM ADP, or in a condition where no 

effector molecules were included (Figure 4b, Publication 1). The most successful complexes were formed in the 

presence of ATP and in the absence of any effector molecules, as reported previously by other methods such as 

SPR and BLI. The NanoBiT technology displayed complex formation even in the presence of ADP with lower 

affinity. This data indicates the remarkable sensitivity of this method compared to the SPR method, which was 

only able to detect weak and transient PII-NAGK complexes when ADP was present. 

The next step was to find out the effect of 2-OG on PII-NAGK complex dissociation with NanoBiT technology. 

To follow this, the interaction of PII-LgBiT and NAGK-SmBiT was performed in the presence of ATP and 

different concentrations of 2-OG. The obtained data was plotted against the 2-OG concentrations (Figure 4c, 

Publication 1). The application of curve fitting led to an IC50 of 0.15 mM, which was perfectly aligned with 

previous data provided via diverse experimental methods such as FRET with an IC50 of 0.1 mM and SPR and 

enzyme assays with an IC50 of 0.12 mM for 2-OG. 

The PII- NAGK NanoBiT sensor was also applied to monitor the metabolic changes in the cells. In the initial 

perturbation experiment, the response of the sensor was examined toward ammonium upshift treatment. The 

rapid luminescence increase was observed in 40 mM ammonium reaching an almost two fold increase after two 

minutes. This was followed by addition of 4 mM ammonium resulted in higher luminescence compared to 

untreated control. To conclude, the ammonium treatment led to the rapid reduction in 2-oxogulatarate levels 

which established the favourable intracellular conditions for the formation of PII-NAGK complex (Figure 3a and 

3b, Publication 3). In the second perturbation experiment, the effect of two concentrations of MSX as an 

inhibitor of glutamine synthetase was tested. The addition of 0.1 or 1 mM MSX prompted a rapid decrease in 

(A) 

NAGK-SmBiT 

PII-LgBiT 

PII-LgBiT 

(B) 
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RLU signal, indicating a reduction of PII-NAGK NanoBiT complex formation (Figure 4a and 4b, Publication 3). 

In the third perturbation experiment, the investigation focused on the response toward nitrogen starvation. Upon 

nitrogen downshift, the RLU signal immediately decreased and reached the basal level, corresponding to the 

dissociation of PII-NAGK complex and an increase in the level of 2-oxogulatarate (Figure 4c and 4d, Publication 

3). All these three treatments were performed on the PII-FL sensor as a part of control experiment, and the 

results indicated almost negligible or very minor responses (Figure 3c and 3d, Figure 4e and 4f, Publication 3). 

 

1.3. The proteins PipX and NAGK engage in a competitive binding interaction with the protein PII 

Based on the findings derived from a previous study using ultrafiltration, it became evident that PipX is able to 

disrupt the interactions between PII and NAGK (Llácer, et al., 2010). Hence, we further explored this experiment 

using the NanoBiT system to monitor the feasibility of the method in competition assays. The PipX was applied 

as a competitor against NAGK for PII binding. To achieve this, increasing PipX amounts were added to a fixed 

concentration of PII-LgBiT and NAGK-SmBiT in the presence of 2 mM ADP. It was shown the addition of 

PipX completely suppressed the luminescence signal of the PII-LgBiT–NAGK-SmBiT complex, which was 

verified by previous data with ultrafiltration. In contrast, titrating NAGK to the fixed concentration of PII-LgBiT 

and PipX-SmBiT in the presence of ADP had no effect on the luminescence signal of the PII-LgBiT–PipX-

SmBiT binding complex (Figure 5a, Publication 1). 

According to previous data, PII has a higher affinity for PipX in the presence of 2 mM ADP despite the presence 

of NAGK. This was also verified by the NanoBiT system when the addition of PipX completely suppressed the 

luminescence signal of the PII-LgBiT–NAGK-SmBiT complex. The other way around, NAGK was titrated to 

the fixed concentrations of PII-LgBiT and PipX-SmBiT in the presence of ADP. Surprisingly, even with 

increasing concentrations of NAGK, no significant change was observed in the luminescence signal of the PII-

LgBiT–PipX-SmBiT binding complex. It was obviously demonstrated that in the presence of ADP and both 

partners, PII prefers to bind to PipX rather than NAGK. The challenging condition was noted by performing the 

two previous experiments in the presence of ATP. Titration of PipX to the constant concentration of PII-LgBiT 

and NAGK-SmBiT led to a slowly reduced luminescence signal (Figure 5b, Publication 1). This result indicated 

that even though the affinity of PII for NAGK is higher than that of PipX in the presence of ATP, the ratio of a 

1:1 stoichiometric amount of PipX to NAGK significantly decreases the luminescence signal to around 50%. 

Increasing the amount of PipX can even reduce the luminescence signal. On the contrary, with the addition of 

increasing amounts of NAGK, even in excess amounts, to the constant concentrations of PII-LgBiT and PipX-

SmBiT, the luminescence signal was only partially reduced. Albeit, it was expected that at these high NAGK 

concentrations, the PII would preferentially bind to NAGK. The probable evidence might be the poor interaction 

of PipX-SmBiT protein with PII-LgBiT–NAGK complexes. This diminished interaction might be detected by 

the NanoBiT sensor as a consequence of the substantial sensitivity of the reporter system. 
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1.4. Interaction of NAGK with two PII variants in the presence of different effector molecules  

In order to analyze the complex formation of NAGK with PII variants, NAGK-SmBiT was titrated to a constant 

concentration of PII-S49E and PII-I86N variants in the presence of 2 mM ATP and 2 mM ADP and without 

effector molecules (Figure 6a-c, Publication 1). It was previously investigated that seryl residue 49 plays an 

important role in complex formation; therefore, impaired T loop by S49 phosphorylation abolishes interaction 

with NAGK (Heinrich, et al., 2004). Conversely, the PII-I86N variant with a single substitution of IIe86 to 

Asp86 in the B loop was recognized as a superactive NAGK binder. Although no complex formation for NAGK 

and PII-S49E was detected by SPR analysis, the sensitive NanoBiT assay was able to expose the low residual 

interaction of the PII-S49E variant with NAGK in the presence of ATP, ADP, or without effector molecules. 

However, the complex formation in these conditions was about 10–20 fold lower than that of wild-type PII. 

Further, the result from PII-I86N-LgBiT was also in agreement with the previous data for ATP conditions. 

Notably, it also revealed high affinity to NAGK even in the presence of ADP. 

 

1.5. Influence of arginine on PII – NAGK complex formation  

Arginine is an amino acid with a pivotal role in protein synthesis and nitrogen storage in cyanobacteria (Llácer, 

et al., 2008). The synthesis of arginine is controlled by the PII protein by activation of the N-acetyl glutamate 

kinase (NAGK) reaction. Furthermore, arginine, with its feedback inhibition effect, binds to allosteric sites in 

NAGK and inhibits its activity. Hence, arginine interferes with the formation of the PII-NAGK complex. PII 

interaction with NAGK tunes down or down regulates the arginine feedback inhibition. Probably the PII 

complex reduces the affinity of Arg for the allosteric binding sites of NAGK. To discover the negative effect of 

Arg on NAGK-SmBiT–PII-LgBiT complex formation by the NanoBiT system, increasing Arg amounts were 

added to PII-LgBiT–NAGK-SmBiT complexes. Arginine in extremely small concentrations could gently 

increase complex formation, but raising the arginine concentrations in the presence of 2 mM ATP or 1 mM 

ATP/1 mM ADP reduced the luminescence signal slowly to reach a constant line more than half of the initial 

value. While in the presence of 2 mM ADP, the luminescence signal was increased at low arginine 

concentrations, and it returned later to the initial value by enhancing the arginin levels. The complex reacted 

differently in the absence of any effector molecules; the luminescence signal could not be enhanced even at low 

concentrations of arginine (Figure S1, Publication 1). 

To quantitatively realize the binding affinity of the PII-NAGK interaction in the presence of 2 mM Arg and 2 

mM ATP, increasing NAGK-SmBiT amounts were added to the fixed concentration of the respective PII-LgBiT 

variants (Figure 6d, Publication 1). The presence of Arg reduced the affinity of PII around 2-fold, which was in 

harmony with the decreasing luminescence signal detected in the experiment of Arg titration. Apparently, 

complex dissociation is not the reason to suppress the activity of enzymes. Instead, it appears that PII can indeed 

bind to fully saturated NAGK by Arg, but the complex probably undergoes conformational variation that hinders 

the activity of NAGK catalytic sites by PII. 
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Remarkably, the effect of Arg on the binding of NAGK to PII variants was different. In wild-type PII, the 

affinity was gently reduced, while in the PII-S49E variant, the reduction was even stronger. Interestingly, the 

PII-I86N variant demonstrated substantial affinity for NAGK and much greater efficiency in relieving NAGK 

from arginine inhibition (Figure 6d, Publication 1). This is in agreement with the potent stimulation of arginine 

synthesis and accumulation of cyanophycin in Synechocystis strains with the PII-I86N mutation. 

 

1.6. The impact of substrate, N-acetylglutamate (NAG), on PII–NAGK complex formation  

We know from previous studies that the formation of the PII-NAGK complex boosts the affinity for the substrate 

NAG (Selim et al., 2020). Hence, the influence of NAG on the interaction of NAGK with PII was investigated 

for the first time, with the importance of discovering its relevance for in vivo situations. Increasing 

concentrations of NAG were titrated to the constant concentration of NAGK - PII complex binding in the 

presence of 2 mM ATP (Figure 7a, Publication 1). To allow the sensitive detection of changing affinity, NAGK 

was used at a concentration equal to half of its Km value. The result demonstrated that increasing concentrations 

of NAG induced a tighter PII-NAGK complex formation that was revealed by an increasing luminescence 

signal. 50 mM NAG, the highest substrate concentration in the luminescence assay, boosts the binding affinity of 

PII and NAGK under any conditions. In the presence of ATP, 50 mM NAG increases the affinity of complexes 

more than 10-fold compared to the same condition without NAG (Figure 7c, Publication 1). Conversely, Arg 

with a negative impact on PII-NAGK affinity alleviated the potent stimulating effect of NAG, as NAG could 

only mildly enhance the affinity of the complex in the presence of 2 mM Arg (Figure S2,Publication 1).  

Surprisingly, the S49E PII variant, which is not able to relieve NAGK from arginine feedback inhibition, can 

bind firmly to the PII protein in the presence of 50 mM NAG (Figure 7c, Publication 1). Therefore, the 

interaction of PII with NAGK is insufficient to relieve the enzyme from the inhibitory effect of Arg.  

The binding affinity of NAGK to PII increases due to enhanced substrate concentrations. This leads to elevated 

kinetic activation. Hence, the coupled NAGK assay was performed with NAG titration (0–2 mM) in the presence 

of 1 mM ATP, 1 mM ADP, and 0.1 mM Arg, which shows the sigmoidal curve. In contrast, the standard assay 

was applied with increasing concentrations of NAG (0–50 mM) in the presence of 10 mM ATP (Figure 8, 

Publication 1). The findings displayed the strong effect of increasing concentrations of NAG on NAGK activity 

to enhance the binding affinity to PII. 

 

2. The Novel PII-Interacting Protein PirA Controls Flux into the Cyanobacterial Ornithine-

Ammonia Cycle 

Nitrogen, a vital element for sustaining life, is subject to sophisticated regulatory mechanisms inside bacterial 

organisms, with a particular focus on the enzyme glutamine synthetase (GS). This regulation is primarily 

mediated by the proteins NtcA and PII. The discovery of the pirA gene, which bears resemblance to inhibitory 

components of GS, presents a novel dimension. PirA, a component of the NtcA regulon, is subject to intricate 
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transcriptional regulation including putative NtcA binding sites. The present study sheds light on the 

involvement of PirA in the process of nitrogen adaptation, hence offering valuable insights into the nitrogen 

metabolism of cyanobacteria and its potential implications for engineering purposes (Krysenko & Wohlleben, 

2022; Luque et al., 1994; Saelices, et al., 2011). It is worth mentioning that PirA demonstrates increased 

expression in response to ammonium upshift, resulting in a decrease in the production of arginine. This study 

examines the relationship between this mechanism and PII, as demonstrated by the influence of PirA on the 

enzymatic mechanism of NAGK. 

2.1. The dependence of PirA–PII complex formation on ADP metabolites 

In recent experimental studies, the protein PirA, which was found by pulldown assays of the signaling molecule 

PII, (Watzer, et al., 2019) was observed to engage in direct interaction with PII. In order to validate this 

interaction, in vitro binding studies were performed utilizing biolayer interferometry. The immobilization of 

recombinant PII protein onto a sensor tip was conducted, followed by the use of GST-tagged PirA as the analyte. 

This analysis was performed in the presence or absence of different effector molecules (Figure 5A, Publication 

2). The findings demonstrated a distinct, concentration-dependent correlation between PirA and PII in the 

presence of ADP. However, no correlation was observed in the presence of ATP, ATP/2-OG combinations, or in 

the absence of effectors (Figure 5B, Publication 2). 

Further experiments with PII variants revealed that PirA interacts with PII through the T-loop structure, which 

exhibits a high degree of flexibility. One variant of PII (PII(I86N)) that has a preference for constitutive binding 

with NAGK (Fokina et al., 2010b; Zeth et al., 2012) did not show any binding with PirA. On the other hand, a 

phosphomimetic variant (PII(S49E)) which does not interact with NAGK (Burillo, et al., 2004; Forchhammer & 

Selim, 2020), still formed complexes with PirA without any noticeable effects (Figure 5D, Publication 2). This 

suggests a potential relationship between the conformation of the T-loop, interaction with NAGK, and binding 

with PirA. These findings, in conjunction with the dysregulated production of arginine in the ∆pirA mutant, 

suggest that PirA disrupts the control of NAGK by interacting with PII. This provides insight into the 

involvement of PirA in the complex regulatory system that governs nitrogen metabolism. 

 

2.2. PirA antagonizes PII-dependent activation of arginine-inhibited NAGK 

In a detailed enzyme assay, PirA's interaction with the PII-NAGK complex was investigated. The results 

obtained from the standard NAGK assays, in which ADP concentrations were kept at zero indicated that PirA 

did not have any effect on the PII-mediated activation of NAGK. In order to evaluate the impact of PirA in 

situations when ADP addition is permitted, a coupled assay was employed. This experiment involved linking 

NAG phosphorylation to the subsequent reduction of NADPH-dependent N-acetyl-g-glutamyl-5-phosphate 

(Fokina, et al., 2011; Selim et al., 2019b). In this experimental configuration, the protection of PII from arginine 

inhibition was observed, hence enabling the differentiation between unbound NAGK and NAGK complexed 
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with PII (Figure 6A, Publication 2). When the experimental procedure involved the inclusion of 0.1 mM arginine 

and 1 mM ATP, it was observed that varying doses of PirA did not provide any discernible impact. Nevertheless, 

when exposed to a concentration of 1 mM ATP and 1 mM ADP, the activity of NAGK was shown to be 

inhibited in a manner that was dependent on the concentration of PirA. This inhibition reached a maximum of 

50%, which is consistent with the need for ADP in the interaction between PII and PirA (Figure 6B, Publication 

2). As a result, PirA causes disruption of the PII-NAGK complex, resulting in the inhibition of NAGK by 

arginine. 
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V. DISCUSSION 

 

1. Split NanoLuc technology for investigating PII's interactions with its partner proteins 

PII proteins are widely present members of the signal transduction family within the prokaryotic domain. These 

prototypical PII signaling proteins determine the cellular metabolic status by attaching to metabolites such as 

ATP, ADP, and 2-oxoglutarate. PII proteins have the ability to modulate the activity of different target proteins 

based on their particular binding to effector molecules (Fokina, et al., 2010a; Lüddecke & Forchhammer, 2015; 

Shen et al., 2023). In order to comprehensively explore the complex associations between PII and its respective 

target proteins, it's vital to use analytical techniques that maintain the natural environment of the cell. In this 

work, we utilized the NanoBiT method to explore the interactions between the PII protein from Synechocystis sp. 

PCC6803, PipX, and NAGK. 

 

1.1 The effect of metabolites on PII–PipX interactions  

A review of the results obtained from the pull-downs and SPR tests, it can be inferred that the formation of a 

complex between the transcriptional co-activators PipX and PII is more likely to occur in the ADP-bound state. 

Conversely, the presence of ATP had little or no discernible impact on the binding between these two molecules 

(Llácer, et al., 2010; Llop Estevez et al., 2023; Selim, et al., 2019b). According to our research, the NanoBiT 

system has shown that the interaction between PII and PipX is also stronger when ADP is present compared to 

ATP. This is evident from the lower dissociation constant in the presence of ADP. It is noteworthy that the 

luminescence signal remains almost similar to that produced by 2 mM ADP alone, despite the simultaneous 

presence of both ATP and ADP. This discovery underscores the significant impact of ADP on the relationship 

between PII and PipX and its superiority over ATP, which is consistent with previous findings. The enhanced 

accuracy of this methodology further facilitates a detailed understanding of the binding strengths between PII 

and its specific target, PipX. 

 

1.2 Dissociation of PII-PipX complex in the presence of 2-OG 

Nevertheless, it is crucial to acknowledge that the limited association between LgBiT and SmBiT, characterized 

by a KD value of up to 190μM (Dixon, et al., 2016), does not seem to influence the higher affinity of the partners 

they interact with. The uniqueness of the interaction between PII and its partner, PipX, becomes apparent by the 

rapid dissociation of their complex upon exposure to 2-OG. The binding mechanism between the PII protein and 

2-OG follows a sequential approach, whereby the binding of 2-OG to one subunit leads to a reduction in its 

binding affinity to the remaining subunits (Fokina, et al., 2010a). It is worth mentioning that 2-OG only interacts 

with the binding sites that are already occupied by magnesium-adenosine triphosphate (Mg2+-ATP) in PII 

proteins. In the presence of elevated ATP concentrations, the binding sites of all PII proteins become occupied 
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by Mg-ATP, resulting in the formation of PII-ATP3 complexes. This enables the binding of a maximum of three 

2-OG molecules to each PII-ATP3 complex. This particular arrangement optimizes the level of detection 

sensitivity shown by the effector. The dominance of the PII-ATP2-ADP1 population is seen with the increase in 

ADP levels. The accumulation of the PII-ATP1-ADP2 population occurs only when the concentration of ADP 

exceeds that of ATP, which may be attributed to the comparatively lower binding affinity of ADP compared to 

ATP. In a broad sense, the mixed populations consisting of PII-ATP2-ADP1 and PII-ATP1-ADP2 have a lower 

number of binding sites for 2-OG in comparison to PII-ATP3. The findings from calorimetric titration studies 

indicate that when the ATP:ADP ratio is 1:1, just a single molecule of 2-OG binds (Fokina, et al., 2011). The 

absence of identification of two 2-OG binding sites in this experimental setup implies that PII-ATP2-ADP1 has 

the capability to bind just one 2-OG molecule. Alternatively, while less probable, it is possible that PII-ATP1-

ADP2 is selectively produced in the presence of equal amounts of ADP and ATP (Zeth et al., 2014). 

Previously, it was noted that the KD value for the binding of 2-OG to PII was lower in the presence of 2 mM 

ATP compared to the KD value obtained in the presence of 1 mM ATP and 1 mM ADP (39 μM vs. 180 μM, 

respectively) (Fokina, et al., 2011). Using the NanoBiT method to assess the PII-PipX complex, the results 

showed that the disassembly of half of the complex occurred more rapidly when exposed to a concentration of 2 

mM ATP, in contrast to the conditions of 1 mM ATP and 1 mM ADP. Consequently, the moderately rapid 

dissociation of the PII-PipX complex is consistent with PII's decreased binding affinity for 2-OG when exposed 

to 1 mM ATP/ADP. The observed quick dissociation further substantiates the notion that LgBiT and SmBiT 

fragments have little effect on binding affinity. Therefore, the intrinsic low affinity does not modify the affinity 

constants of PII with its targets. Furthermore, NanoBiT technology offers the advantage of enabling interactions 

within a solution, distinguishing it from other techniques like SPR or BLI analysis. 

 

1.3 The sensitivity of NanoBiT technology  

The NanoBiT sensor has remarkable sensitivity, enabling it to detect the formation of the PII-NAGK complex 

even in the presence of ADP, which exhibits a lower affinity. Previous methodologies, such as SPR, were limited 

to the detection of transient complexes between PII-NAGK complexes in ADP's presence (Fokina, et al., 2010b). 

It was also demonstrated by the NanoBiT assay a high level of accuracy in detecting subtle residual contacts 

between the PII-S49E variant and NAGK, irrespective of the presence or absence of ATP, ADP, or any other 

effector molecules. Nevertheless, this particular interaction exhibited much lower strength, perhaps 10-20 times 

less potent than the typical PII. Conventional techniques such as SPR and BLI failed to detect these nuanced 

interactions, but only FRET analysis successfully identified the weak interaction of PII S49 variant (PII-S49G) 

(Lüddecke & Forchhammer, 2013b, 2015; Scholl, et al., 2020). Previous research had hinted at this "encounter 

complex" between PII and NAGK mutants (Fokina, et al., 2010a). The use of NanoBiT has provided valuable 

insights into the affinity of this complex and has shown that the formation of the complex is not facilitated by 

adenyl-nucleotide binding to PII, as evidenced by the observed variations in dissociation rates in the presence of 
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different effectors. The PII-S49E variant exhibits characteristics similar to those of a phosphorylated form of PII. 

Under situations of limited nitrogen availability, the canonical PII protein undergoes phosphorylation at residue 

S49. The altered version under consideration does not possess the capability to activate NAGK; hence, it is 

reasonable to hypothesize that phosphorylated PII may exhibit the same behavior. However, the research 

conducted by NanoBiT suggests that the intricate structure of the complex stays partially intact, suggesting that 

phosphorylation of PII leads to a loose connection between the proteins. Under certain conditions, the 

dephosphorylation of PII might lead to the rapid reformation of the PII-NAGK complex. In contrast, PII-I86N-

LgBiT exhibited significant affinity for NAGK in the presence of ADP, while the previous data by SPR only 

detected the PII(I86N)–NAGK binding complex in the low concentration of ADP (25 Mm) (Fokina, et al., 

2010b). 

 

1.4 The calculation of KD value for the interactions between PII and its interacting partners 

In previous studies on cyanobacterial PII protein interactions using SPR, no KD values were reported for the 

interactions between cyanobacterial PII protein and NAGK, as well as PII and PipX. These tests were focused on 

investigating the comparative influence of effector molecules on PII interactions (Fokina, et al., 2010b; Zeth, et 

al., 2014). The KD value for the PII-NAGK complex was determined only by ultrafiltration experiments, which 

were carried out in a setting characterized by significantly elevated NAGK concentrations. This indicates that the 

equilibrium was mostly shifted towards the complex. From the minimal quantity of free PII, a KD of around 73 

nM was derived (Llácer, et al., 2007). The resultant KD value obtained from our NanoBiT system (KD = 12.9 

nM) shows a roughly six-fold reduction, though within a similar range. The discrepancy might perhaps be 

attributed to the different buffers used in these tests. In more recent times, biolayer interferometry has been used 

for the evaluation of PII interactions. The evaluation of the PII-NAGK interaction was conducted as a prominent 

illustration of the approach. As a result, we proceeded to review the binding curves and reassess them, using the 

Octet data analysis HT software (ForteBio) to analyze the association and dissociation kinetics. The further 

assessment resulted in a calculated KD value of 11.7±0.005 nM (Supplementary material in Scholl et al.) (Scholl, 

et al., 2020), which closely corresponds to the KD value of 12.9±0.65 nM obtained from the NanoBiT sensor 

data. This simultaneous agreement enhances the credibility of the NanoBit sensor's results. 

In the case of PII-PipX complex affinity, an approximate KD value was reported in a previous study in the range 

of μM (6.8±0.7 μM) (Llácer, et al., 2010) which is several orders of magnitudes higher than the KD value that we 

determined by NanoBiT in the range of nM. However, this previous determination of KD was carried out by 

determining the amount of non-binding PII after removing PII-PipX complexes on Ni-NTA columns. The entire 

experiment was performed in the absence of effector molecules. Without effectors, only a very weak interaction 

between PII and PipX was detected by NanoBiT system and the high affinity complex only formed after addition 

of ATP or ADP. So the weak association between PII and PipX in the absence of adenyl-nucleotides is in perfect 

agreement with the previous data. 
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1.5 The competition involves PipX and NAGK vying for binding to PII 

The NAGK and PipX proteins compete for binding to PII, with their affinity dependent on the metabolic state. 

The results of the ultrafiltration experiments demonstrated that the introduction of PipX had a detrimental effect 

on the interaction between PII and NAGK, leading to a weakened binding (Llácer, et al., 2010). In the context of 

a SPR competition test, the attachment of NAGK to a sensor chip was observed. The analyte utilized in this test 

consisted of a combination of PII and PipX. It was observed that the creation of the PII-NAGK complex 

exhibited a slower rate in the presence of PipX compared to its absence. It is worth mentioning that the addition 

of 1 mM ADP resulted in the total inhibition of PII-NAGK binding by PipX (Zeth, et al., 2014). The results 

obtained from FRET analysis provided further evidence that, under conditions of high ATP/ADP ratios, PII 

exhibits a greater affinity for NAGK compared to PipX. As the levels of ADP increase, the competitive 

advantage of PipX becomes more pronounced, resulting in the displacement of NAGK in terms of PII attachment 

(Lüddecke & Forchhammer, 2015). The use of the PII-focused NanoBiT toolbox in investigating the competitive 

binding of several PII receptors has shown that PII exhibits the highest affinity towards PipX in the presence of 

ADP (5.7 nM), while displaying a comparatively lesser affinity towards NAGK (30.8 nM). This implies that 

NAGK was unable to outperform PipX in terms of PII binding in the presence of ADP. Nevertheless, in the 

presence of ATP, the affinity of PII for PipX decreases to 52.4 nM, but its affinity for NAGK increases to 8.8 

nM. In the given conditions, the introduction of additional NAGK resulted in a reduction of the interaction 

between PII-LgBiT and PipX-SmBiT, mostly as a consequence of effective competition. Interestingly, despite 

the presence of a large quantity of NAGK, the PII-LgBiT˗PipX-SmBiT signal was not negated, despite the 

expectation that NAGK would have mostly controlled the signal. This lingering luminescence may suggest a 

close proximity between PipX-SmBiT and PII-LgBiT when they are connected to NAGK. However, more 

research is required to fully understand the precise mechanism behind their connection (Figure 5). 
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Figure 5. Schematic representation of competition among PII interaction partners to bind to PII in the 

presence of 2 mM effector molecules: (A) Competition between NAGK-SmBiT and PipX for PII-LgBiT 

binding in the presence of 2 mM ADP. (B) Competition between NAGK and PipX-SmBiT for PII-LgBiT 

binding in the presence of 2 mM ADP. (C) Competition between NAGK-SmBiT and PipX for PII-LgBiT 

binding in the presence of 2 mM ATP. (D) Competition between NAGK and PipX-SmBiT for PII-LgBiT 

binding in the presence of 2 mM ATP. LgBiT are shown in circle. SmBiT are shown in moon shape. 

 

1.6 Role of arginine in modulating the PII-NAGK interaction 

NAGK serves as a crucial enzyme throughout the arginine production process. Operating as a hexameric 

enzyme, it carries out the pivotal step within this route and is subject to regulation through feedback inhibition 

mediated by arginine (Vlasova et al., 2023). The interactions between the T-loop of PII and NAGK play a crucial 

role in defining the catalytic activity of the enzyme. When the binding of PII to NAGK occurs, it not only 

increases the activity of NAGK, but also mitigates the inhibitory effect provided by arginine via feedback 

inhibition. Nevertheless, when the cellular nitrogen levels are depleted, leading to high 2-OG concentrations, PII 

proteins form complexes with Mg2+, ATP, and 2-OG effector molecules. The binding induces a conformational 

change in the T-loop, making it unfit for interactions with NAGK (Lüddecke & Forchhammer, 2013b). 

The investigation conducted using the NanoBiT sensor provided insights into the impact of arginine on the 

interaction between PII-LgBiT and NAGK-SmBiT. It has been shown that the saturation of NAGK with arginine 

leads to a decrease in its binding affinity for PII. Remarkably, upon binding to its first allosteric site, arginine 
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exhibits a transient increase in its affinity for PII. At a dose of 2 mM, arginine significantly inhibits NAGK. 

It halts the enzymatic activity of free NAGK and inhibits the activity of NAGK when it forms a complex with 

PII by 90%. The results, mainly when combined with the luminescence data obtained from the titration studies, 

indicate that the decrease in enzyme activity is not attributable to the dissociation of the complex. It appears that 

PII may still bind to Arg-rich NAGK. However, the resultant complex may adopt a unique shape. The distinctive 

morphology of this structure has the potential to impede the catalytic activation of NAGK by PII. 

The difficulty is further compounded by the behavior shown by the PII-I86N variant. This variant has an 

increased affinity for N-acetyl-L-glutamate kinase (NAGK) in the presence of arginine. The increased affinity 

mentioned above may explain the notable increase in arginine synthesis found in a particular strain of 

Synechocystis. In this experimental setup, the standard PII protein was replaced with the PII-I86N mutant, 

resulting in increased arginine synthesis and a significant accumulation of cyanophycin (Watzer, et al., 2019). 

This discovery strengthens the existing understanding of the complex and precise interplay between PII, its many 

forms, and NAGK in the control of arginine synthesis. 

 

1.7 Effect of N-acetylglutamate (NAG) on the formation of the PII-NAGK complex 

The PII proteins possess a significant evolutionary lineage associated with controlling the ornithine pathway, 

ultimately resulting in the synthesis of arginine and polyamine. One pivotal stage within the arginine production 

process is the transformation of N-acetyl-L glutamate (NAG) into N-acetyl-L-glutamyl 5-phosphate (NAG-P). 

The conversion method is assisted by the enzyme NAGK, whose genetic code encoded by the argB gene. The 

excessive presence of arginine has been seen to impede the activity of NAGK. However, it has been found that 

the unaltered PII protein, in its natural state, functions as a counteractive agent against this inhibitory effect 

(Heinrich, 2004; Maheswaran et al., 2004). 

Our research into how NAG affects the interaction between PII and NAGK revealed that NAG acts as a 

stimulant, enhancing the PII-NAGK interaction regardless of the presence of ATP and ADP. Nevertheless, 

including Arg adds a certain level of complexity to the issue. The inhibitory effects of Arg on the affinity 

between PII and NAGK were seen to offset the beneficial influence of NAG, notably when the concentration of 

Arg reached 2mM. This suggests that the simple interaction of PII with NAGK is not enough to liberate the 

enzyme from the suppressive effects of Arg. 

Upon further examination at the molecular level, it becomes evident that there exists a complex and complicated 

interaction of several forces in operation. The hydroxyl group located at position S49 forms a substantial network 

of hydrogen bonds, which directly interacts with the catalytic core of NAGK (Llácer, et al., 2007; Scholl, et al., 

2020). The aforementioned network plays a crucial role in the modulation of NAGK's enzymatic activity. 

Therefore, the observed decrease in interaction between the S49E PII variant and NAGK do not affect the 

enzyme activity. Upon careful examination of previous metabolome data, it is evident that NAG exhibits a 

relatively low abundance, possibly in the low millimolar range, within the context of in vivo settings. This 
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observation suggests that NAG's significant stimulatory impact on the PII-NAGK complex has physiological 

significance. 

A notable finding was seen during the analysis of the binding dynamics: increased substrate concentrations led to 

a corresponding increase in the binding affinity between NAGK and PII, resulting in enhanced kinetic activation. 

The observed activity, dependent on the substrate, exhibits a sigmoidal pattern that aligns well with a Hill slope 

of 1.76 ± 0.032. The significant impact of increasing NAG concentrations on enhancing the affinity between PII 

and NAGK highlights a distinct regulatory mechanism known as feed-forward regulation. This mechanism 

involves the substrate, NAG, facilitating the formation of the PII-NAGK complex. The aforementioned finding 

has unveiled new opportunities for comprehending the intricate control inside the arginine production pathway. 

 

2. Metabolite fluctuation in real time experiments 

The effect of 2-OG on in vivo interaction of PII-PipX NanoBiT or PII-NAGK NanoBiT sensor  was also shown 

by different treatments. The results for ammonium upshift treatment were consistent for both sensors, with an 

increase in the RLU signal. The previous metabolomic analysis of E. coli cells with 10 mM NH4Cl to nitrogen-

limited cells revealed a rapid decline of 2-oxoglutarate levels, accompanied by a swift increase of glutamine 

levels (Yuan et al., 2009). Since the cyanobacterial PII and NAGK proteins don’t respond to glutamine 

(Forchhammer & Lüddecke, 2016), it is reasonable to conclude that the  observed increase in NanoBiT signals is 

indeed attributed to the reduction in 2-oxoglutarate levels, consequently increasing the interaction of PII-PipX or 

PII-NAGK.  

The assessment of metabolic fluctuations in sensors, through the inhibition of nitrogen assimilation imposed by 

MSX and nitrogen starvation revealed that only PII-NAGK sensor exhibited a response to the changes. Due to 

the rapid increase in 2-OG levels, the dissociation of PII-NAGK occurs, leading to an immediate decline in RLU 

signal. However the PII-PipX NanoBiT sensor did not show any distinct decline. Prior studies demonstrated the 

PII-PipX interaction is remarkably sensitive to even minor changes in ADP levels. In fact, an increase in ADP 

levels enhances the interaction between PII and PipX (Fokina, et al., 2011; Zeth, et al., 2014). Therefore the 

limited dissociation efficiency of PII-PipX NanoBiT sensor may be attributed to a gradual increase in ADP 

concentrations, hindering the dissociation of PII-PipX complex.  

 

3. PirA function in regulating the arginine synthesis pathway  

As we have already talked about, NAGK plays a crucial role in the conversion of N-acetyl-L-glutamate (NAG) 

to N-acetyl-L-glutamyl-phosphate in plants and cyanobacteria. This enzymatic reaction serves as a pivotal step in 

the biosynthesis of ornithine and arginine (Llácer, et al., 2008; Selim, et al., 2019b). The activity of this enzyme 

is inhibited by feedback from Arg, but is augmented by its interaction with PII (Forcada-Nadal, et al., 2018; 

Forchhammer & Selim, 2020). Typically, PII teams up with NAGK to form a complex that effectively 

counteracts the inhibitory influences of Arg, thereby facilitating the synthesis of the desired final product (Lapina 
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et al., 2018b; Llácer, et al., 2007). Additionally, it has been acknowledged that the arginine metabolic process 

encompasses a specific dynamic loop called the ornithine-ammonia cycle (OAC). This cycle converts arginine 

into ornithine, and serves a crucial function in regulating nitrogen storage and remobilization machinery. This 

mechanism plays a crucial role in facilitating the adaptation of cyanobacterial cells to fluctuations in nitrogen 

concentrations within their surrounding environment (Zhang et al., 2018). 

 

Figure 6. Predicted framework illustrating the role of PirA (from Bolay et al., 2021) 

 

This study successfully found a novel factor that plays a role in the control of nitrogen metabolism in 

Synechocystis sp. PCC 6803. This component is a small cyanobacterial protein named PirA. This protein serves 

as a novel and critical regulator within the cyanobacterial arginine synthesis pathway and, consequently, the 

OAC. Recent findings indicate that PirA has a significant impact on the synthesis of arginine by engaging in 

competitive binding with NAGK for PII binding. The relationship between NAGK and the PII protein is shown 

to reduce the effectiveness of feedback inhibition. PirA, conversely, impedes the buildup of arginine and acts as 

an indirect inhibitor of NAGK (Figure 6).  

 

3.1 The way PirA interferes with the formation of the PII-NAGK complex 

In the presence of abundant amounts of ADP, the tiny protein PirA engages in competition with NAGK for PII 

binding, hence indicating a cellular state characterized by low energy levels. The interaction between PirA and 

PII is subject to substantial modulation by the levels of ADP, so establishing a link to the cellular energy status. 

The observed behavior resembles that of another protein, PipX, which exhibits interaction with PII and 

demonstrates a greater propensity for such interaction under elevated ADP concentrations (Fokina, et al., 2011; 

Zeth, et al., 2014). PipX enhances the functionality of the transcription factor NtcA and plays a crucial part in the 

process of 2-OG-driven DNA binding and subsequent activation of genes (Espinosa, et al., 2006; Espinosa, et al., 
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2007; García‐Domínguez, et al., 2000). When there is an excess of ADP, the regulatory protein known as PipX 

has a greater affinity for binding to the protein PII. The inhibition of NtcA activity leads to the indirect 

upregulation and increased expression of the pirA gene, resembling the reported pattern in the gif genes that 

encode the GS IFs (García‐Domínguez, et al., 2000). 

Fundamentally, the association between PII and NAGK is not only reliant on the presence of ATP; it may also 

take place in the presence of ADP, although with a lower degree of affinity. The findings of the NanoBiT 

research suggest that the creation of complexes occurs with both ADP and ATP. However, the strength of these 

complexes is comparatively less with ADP than with ATP (Figure 4b, Publication 1). The transient PII-NAGK 

complex was also shown in surface plasmon resonance (SPR) assays using ADP. Even though the presence of 

ADP contributes to the disengagement of NAGK from PII (Fokina, et al., 2010b; Fokina, et al., 2011). A 

comprehensive investigation highlights that ADP's impact on the connection between NAGK and PII is very 

insignificant in the presence of ATP. The critical aspect of their interaction is predicated upon the amounts of 2-

OG (Fokina, et al., 2011; Lüddecke & Forchhammer, 2013b). 

As has been discussed in earlier literatures, PII proteins serve the purpose of sensing the state of specific 

metabolites and transmitting these signals to diverse target proteins linked with PII (Selim, et al., 2020). Based 

on the available evidence, PirA can potentially enhance the energy-dependent signal in the PII-mediated 

activation of NAGK. In situations when there is a decrease in 2-OG levels and an increase in ADP levels, PirA 

binds to PII, perhaps causing a shift in the equilibrium of the PII-NAGK complex towards a state where NAGK 

is not bound to PII. This phenomenon is particularly evident when the cell experiences temporary limitations in 

energy availability. Given that bacteria use GS-GOGAT mostly when energy is abundant (Helling, 1998), it is 

plausible to suggest that the increased consumption of ATP by GS, resulting from the inflow of ammonium to 

nitrate-grown cells, could lead to energy deficiencies. This possible energy limitation may require the 

implementation of a restriction on the ATP-dependent conversion of NAGK into arginine. The coordination of a 

regulatory system in conjunction with the internal ADP levels inside a cell is of utmost importance, particularly 

considering the significant use of ATP. 

NAGK is significantly influenced by the phosphorylation state of PII, which has a crucial position in the analysis 

of the complex structure of these components. The phosphorylation site S49 in PII establishes a hydrogen bond 

network with specific residues of NAGK, therefore guaranteeing the stability of their interaction (Forcada-Nadal, 

et al., 2018). Modifications at the S49 residue, whether induced by phosphorylation or genetic mutation, impede 

the collaborative interaction between NAGK and PII protein (Heinrich, et al., 2004; Lüddecke & Forchhammer, 

2013b). It is noteworthy that the presence of S49 site in PII does not seem to impact its interaction with PipX. 

This is supported by the observation that the phosphomimic versions of PII, namely S49D, still retain their 

association with PipX (Espinosa, et al., 2006; Llácer, et al., 2010). 

The PII variant S49E demonstrated a somewhat enhanced affinity for PirA compared to the wild type. The 

association between PII and PipX remains unaffected by any modifications at the Ser49 site. However, it 
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depends on the T-loop (Espinosa, et al., 2006). The binding site of fundamental importance is situated near the 

initiation point of the T-loop, whereas the terminal residue Ser49 does not participate in this binding interaction. 

The interaction mode between PirA and PII, being independent of Ser49, implies that PirA retains its ability to 

bind to a phosphorylated form of PII that is not associated with NAGK. Essentially, PII can't 

interact concurrently with NAGK and PirA due to their need on the T-loop, although in different conformations. 

This statement elucidates the in vitro effect of PirA on the activity of the PII-NAGK complex at inhibitory 

concentrations of arginine. When PirA competes for PII binding, it leaves NAGK free which is highly sensitive 

to arginine feedback inhibition. The competitive performance of NAGK and PirA is contingent upon the cellular 

equilibrium between ATP and ADP. 

The interaction between PirA and PII, especially when NAGK is involved, is investigated by observing that PirA 

cannot attach to the PII (I86N) mutant despite the tremendous binding affinity of this variant towards NAGK. 

The T-loop demonstrates a higher degree of structural compaction when combined with NAGK, facilitated by 

forming a recently created hydrogen bond. The interaction between these two components results in the 

displacement of the front segment of the T-loop towards the core of PII. The presence of a salt bridge serves to 

reinforce the dense arrangement of atoms inside the T-loop (Fokina, et al., 2010b; Selim, et al., 2019b; Zeth, et 

al., 2012). Therefore, the failure of PirA to establish a complex with PII (I86N) is consistent with the observed 

activation of NAGK in vivo caused by this particular variant. The enhanced functionality of NAGK is attributed 

to its association with the non-phosphorylated variant of PII (PII (I86N)) (Heinrich, et al., 2004; Watzer, et al., 

2015). To get a comprehensive understanding of the mechanisms through which PirA impacts PII signaling, it is 

essential to conduct thorough biochemical investigations and structural analyses. 
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VIII. ADDITIONAL RESEARCH 

 

1. Investigating the interaction between PII and the PII-interacting protein PirA using NanoBiT 

technology analysis 

 

1.1.Introduction 

The goal of our sensor development was to examine the intricate nature of interactions between PII and target 

proteins in the presence of bound metabolites and inside the cells. PirA, a protein involved in the modulation of 

flux into the ornithine-ammonia cycle (OAC) (Zhang, et al., 2018), has been identified as an additional 

interaction partner of the PII protein. The PirA protein specifically engages in competition with NAGK for PII 

binding, resulting in the inhibition of NAGK activation. Consequently, this leads to a reduction in the 

biosynthesis of arginine. In our attempt to study the PII-PirA interaction using the NanoBiT technique, we 

employed the insights acquired through the construction of the PII-NAGK NanoBiT sensor (Figure 1A). 

 

1.2.Result and discussion 

To monitor the kinetics of PII-PirA complex formation in vitro by measuring luminescence, increasing 

concentrations of PirA-SmBiT were titrated to the fixed amounts of PII-LgBiT (10 pM trimer) in the presence of 

various PII effector molecules. The luminescence background from PII-LgBiT and PirA-SmBiT alone was 

subtracted from the luminescence signal of the PII-LgBiT˗PirA-SmBiT complex formation. Then the 

luminescence was plotted against the PirA-SmBiT concentrations (Figure 1B). The data indicates that PII and 

PirA readily form complexes when ADP is present (KD value: 2.4 ± 1.2 µM), In the presence of a mixture 

containing 1 mM ATP and 1 mM ADP, the formation of complexes occurred, but with reduced affinity (KD 

value: 8.3 ± 3.4 µM). With ATP present, the affinity of the complex decreased even more. While in the absence 

of effector molecules, a minimal increase in luminescence was observed (KD value: 17.88 ± 1.1 µM in the 

presence of ATP and 36.3 ± 2.6 µM without metabolites) (Figure 1B and Table 1). In biolayer interferometry 

(BLI) experiments, complex formation was only detected in the presence of ADP, and no interaction was 

observed in the presence of ATP or in the absence of effector molecules (Figure 5B, Publication 2). This 

indicates the high sensitivity of the NanoBiT method. 

To find out the effect of 2-OG on PII-PirA complex formation, a 10 pM PII-LgBiT trimer was incubated for 10 

minutes with 300 nM PirA-SmBiT in the presence of 2 mM ATP and different concentrations of 2-OG. The 

result indicated that the luminescence signal gradually increased as the concentration of 2-OG went up (Figure 

1C), but no binding was seen with the BLI method (Figure 5B, Publication 2). Therefore, 2-OG has a supportive 

effect on PII-LgBiT˗PirA-SmBiT complex formation. 
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(A) 

 

 

 (B) 

 

 

 

Figure 1. Fusion protein constructs and PII-LgBiT – PirA-SmBiT complex formation in the presence of effector 

molecules. (A) Schematic representation of PII-LgBiT and PirA-SmBiT fusion proteins. Flexible linkers in constructs fused to 

LgBiT and SmBiT. (B) Titration of PirA-SmBiT (0,0.04, 0.1, 0.2, 0.4, 1, 2, 3 µM) to PII-LgBiT (10 pM) in the presence of 

2mM ATP, 2mM ADP, 1mM ATP/1mM ADP and without effector molecules. (C) Interaction of PII-LgBiT (10 pM trimer) and 

PirA-SmBiT (300 nM monomer) in the presence of: 0, 0.05, 0.2, 1, 2, 5 mM 2OG and 2mM ATP. Data are the means ± SD 

from triplicate measurements.  

 

Next, we studied the effect of different ADP and ATP concentrations on PII-PirA complex formation. The time-

course luminescence assay was followed by mixing 10 pM PII-LgBiT trimer and 1000 nM PirA-SmBiT 

monomer. First, PII-LgBiT and PirA-SmBiT were pre-incubated without adenyl nucleotides. After three minutes 

of measurement, different concentrations of ADP (0, 0.01, 0.05, 0.1, 0.25, 0.5, 1, 1.5, 2 mM) or ATP (0, 0.1, 1 

(C) 
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mM) were added to allow complex formation. The rise of the luminescence signal indicated that the subsequent 

addition of ADP from 0.05 mM upwards immediately stimulated the interaction. In the presence of ADP, the 

increase was much steeper, and it reached a plateau after 3 min. The maximum interaction occurred at a 

concentration of 1 mM ADP (Figure 2, left panel). While at different ATP concentrations, the affinity of the PII-

LgBiT˗PirA-SmBiT complex was low and almost in the same ranges (Figure 2, right panel). 

To find out the impact of the ATP-to-ADP ratio as an indicator of cellular energy state on PII-PirA complex 

formation by the NanoBiT sensor, the luminescence signal was recorded at diverse ATP/ADP ratios while the 

total concentrations of effectors were kept at 2 mM. Figure 2B demonstrated that ATP acted as an inhibitor of 

the ADP effect. The data in Figure 2A indicated that 1 mM ADP exhibited the strongest interaction between PII-

LgBiT˗PirA-SmBiT. However, in the presence of ATP, the addition of 1 mM ADP partially elevated the 

luminescence signal (Figure 2B). This implies that in the presence of ATP, the effect of ADP is simply 

mitigated. Consequently the interaction is not able to reach the maximum binding. The formation of the PII-PirA 

complex remains unaffected at low ADP concentrations, in contrast to the PII-PipX complex where even a small 

amount of ADP has a significant impact on complex formation. For PirA, a favorable increase is observed only 

when a 1:1 ratio between ATP and ADP is achieved, requiring an equal proportion of both nucleotides (Figure 

2B). On the other hand, in the case of PipX, a 1:1 ratio between ATP and ADP results in luminescence close to 

the maximum, indicating that the addition of ATP has a less pronounced effect (Rozbeh & Forchhammer, 2021). 

 (A)                               ADP titration 

           

             

                                   

                            

ATP titration 

(B) ATP/ADP ratio 
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Figure 2. Effect of ATP or ADP concentrations and ATP/ADP ratio on PII-LgBiT - PirA-SmBiT complex formation. (A) 

Interaction of PII-LgBiT (10 pM trimer) and PirA-SmBiT (1000 nM monomer) in the presence of different concentrations of 

ADP (left panel) and different concentrations of ATP (right panel). (B) Interaction of PII-LgBiT (10 pM trimer) and PirA-

SmBiT (1000 nM monomer) in ATP/ADP ratio.  

 

To verify the association kinetics of PirA-SmBiT with two mutant PII-LgBiT variants, the purified PirA-SmBiT 

fusion protein was titrated to 10 pM PII (S49E)-LgBiT and PII (I86N)-LgBiT in the presence of 2 mM ATP or 2 

mM ADP. As shown earlier through the BLI method, complex formation was observed in the presence of ADP, 

and PII (S49E) exhibited same complex formation as PII (WT). The NanoBiT sensor also supported this 

conclusion. The complex formation of PII (S49E)-LgBiT˗PirA-SmBiT was much more detectable in the 

presence of ADP. The affinity of the complex for PII (S49E) revealed by the NanoBiT experiment (KD value: 2.1 

± 1.5 µM) was approximately four times higher than the BLI result. (KD value: 9 ± 3.1 µM) (Figure 3A and 

Table 1). In BLI experiments, interactions between PirA and PII variants were not detectable in the presence of 

ATP (Figure 5B, Publication 2); however, low affinities were observed in NanoBiT analysis (Figure 3B and 

Table 1). 

 

 

 

 

(A) 

(B) 
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Figure 3. complex formation between PII-LgBit variants and PirA-SmBiT in the presence of ADP or ATP. (A). Titration 

of PirA-SmBiT (0, 0.04, 0.1, 0.2, 0.4, 1, 2, 3 µM) to 10 pM PII-LgBiT variants (WT, S49E, I86N) in the presence of 2mM 

ADP. (B) Titration of PirA-SmBiT (0, 0.04, 0.1, 0.2, 0.4, 1, 2, 3 µM) to 10 pM PII-LgBiT variants (WT, S49E, I86N) in the 

presence of 2mM ATP. Data are the means ± SD from triplicate measurements.   

 

  

Protein complexes 

Effector molecules condition and KD (nM) of protein complex 

2mM ADP 2mM ATP 1mMATP/1mM ADP No effectors 

PII(WT) - PirA 2.4 ± 1.2 17.88 ± 1.1 8.3 ± 3.4 36.3± 2.6 

PII(S49E) - PirA 2.1 ± 1.5 16.7 ± 5.8 nm nm 

PII(I86N) - PirA 9 ± 3.1 41.2 ± 3.8 nm nm 

Table 1. Dissociation constants of PII fusion variants with PirA-SmBiT in the presence of different metabolites. Data are the 

means ± SD from triplicate measurements. The raw data was fitted using one site-specific binding with hill slope. nm: not 

measured 

 

1.2.1. Competition assay  

PirA plays a pivotal role in the arginine pathway by interfering with the PII - NAGK complex formation in the 

rate-limiting step of arginine synthesis (Figure 6B, Publication 2). To validate this concept, a competition assay 

was conducted using the NanoBiT sensor, employing NAGK-SmBiT and PirA with a GST tag to compete for 

binding with PII-LgBiT. The experiment involved 10 pM PII-LgBiT trimer, 120 nM NAGK-SmBiT monomer, 

and escalating concentrations of PirA in the presence of 1 mM ATP, 1 mM ADP, and 0.1 mM arginine. When 

NAGK-SmBiT was mixed together with PirA in the ratio of 1:20, the luminescence signal decreased to 

approximately 20%. Further addition of PirA resulted in a more significant decrease in the signal (Figure 4A). 

These findings suggest that PirA has the potential to disrupt the PII-NAGK interaction by binding to PII, thus 

affecting the signaling cascade. 

As demonstrated previously, ADP increases the dissociation constant of the PII – NAGK interaction. The 

binding level of PII to NAGK decreases with increasing concentrations of ADP (Fokina, et al., 2010b). In 

competition assays for NAGK-SmBiT and PirA to PII-LgBiT binding with increasing concentrations of ADP, 10 

pM PII trimers were utilized along with a fixed amount of NAGK (120 nM monomer) and PirA (2.4 µM 

monomer). Increasing concentrations of ADP could successfully affect the PirA-PII interaction and reduce the 

binding of PII to NAGK (Figure 4B and Table 2). 

 In the experiment, arginine was titrated to PirA-PII-LgBiT-NAGK-SmBiT complexes, and luminescence levels 

were recorded to investigate how arginine affects the binding ability of NAGK-SmBiT and PirA to PII-LgBiT. 

As expected, PirA could compete more effectively with NAGK for PII binding by increasing the arginine 

amount. This is in agreement with the reduced luminescence signal observed at Arg concentrations (Figure 4C 

and Table 3). 
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Figure 4. Competition between PII interaction partners to bind to PII in the presence of effector molecules. (A) 

competition between 120 nM NAGK-SmBiT and different concentrations of PirA (1.2, 2.4, 12.2 and 24.4 µM) to bind to 10 pM 

PII trimer in the presence of 1mM ATP, 1mM ADP and 0.1 mM arginine. (B) competition between 120 nM NAGK-SmBiT and 

2.4 µM PirA to bind to 10 pM PII trimer in the presence of 1mM ATP, 0.1mM arginine and different concentrations of ADP 

(0.5, 1, 1.5 and 2 mM). (C) competition between 120 nM NAGK-SmBiT and 2.4 µM PirA to bind to 10 pM PII trimer in the 

presence of 1mM ATP, 1mM ADP and different concentrations of arginine (0, 0.05, 0.1, 0.2 and 0.5 mM). Data are the means ± 

SD from triplicate measurements.   

 

(C) 

(B) (A) 
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ADP (mM) 0 0.5 1 1.5 2 

∆RLU 194.435 1.318050 1.273.409 1.308.070 1.397.013 

% reduction 1.5 20.7 22.3 25.9 30.1 

              Table 2. The effect of ADP concentrations on competition of NAGK-SmBiT and PirA to bind to PII-LgBiT 

 

 

 Arginine (mM) 0 0.05 0.1 0.2 0.5 

∆RLU 1.253.861 1.006.439 1.387.940 1.349.433 1.543.857 

% reduction 14.5 17 24.4 25.3 28.8 

              Table 3. The effect of arginine concentrations on competition of NAGK-SmBiT and PirA to bind to PII-LgBiT 

 

1.2.2. Observing metabolic changes through PII-PirA sensor 

The genetic construct depicted in Fig. 5 was employed to express the PII-PirA NanoBiT sensor in E. coli.  

Figure 5. Expression vectors and fusion protein constructs.  Schematic overview of PII-LgBiT – PirA-SmBiT sensor for in 

vivo experiment. Flexible linker with 8 amino acids (8aa) fused to LgBiT and flexible linker with 16 amino acids (16aa) fused 

to SmBiT in constructs. 

 

The initial assay aimed to examine the response of the sensor to ammonium upshift treatment. Previous studies 

indicate that the PirA molecules strongly accumulated in response to 10 mM ammonium addition. This 

accumulation disrupts the complex formation between PII and NAGK as PirA binds to the PII protein (Bolay et al., 

2021). In the present case, the addition of 4 mM ammonium resulted in a slight initial increase in RLU signal when 

compared to the untreated control with 1 mM ammonium. Whereas the noticeable increase in RLU signal was 

observed with 40 mM ammonium treatment. Subsequently the response of PII-PirA sensor to inhibition of nitrogen 

assimilation by MSX was examined. Addition of 0.1 or 1 mM MSX resulted in a slight increase in the formation of 

PII-PirA NanoBiT complex, evidenced by an increase in RLU signal. However this increase returned to the basal 

level after around 5 min. Finally, the sensor’s response to nitrogen starvation was investigated. An immediate 

decrease in RLUs was noted, but this subsequently increased to nearly the initial RLU ratio. This demonstrates the 

PII-PirA NanoBiT sensor effectively read out the metabolic perturbation in a manner akin to the PII-PipX sensor, 

where both interactions are significantly influenced by the presence of ADP. 
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Figure 6. Luminescence response of the PII-PirA NanoBiT sensor towards ammonium upshift, MSX addition and 

nitrogen starvation treatments. A) Time course of the luminsescence signal (RLU) after addition of luminescence reagent in 

untreated sample (1mM NH4Cl), and to samples, where the NH4Cl concentration was increased to 4 mM or 40 mM. B) 

Normalization of the RLU response curve to the RLU response curve of the reference sample (untreated, 1 mM NH4Cl). C) 

RLU time course of PII-PirA NanoBiT sensor in the absence and presence of 0.1 mM and 1 mM MSX. D) RLU response 

curves of (C) normalized to the reference sample. E) RLU time course of PII-PirA NanoBiT sensor following nitrogen 

depletion. F) RLU response curves of (E) normalized to the reference sample. 
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1.3.Materials and methods 

 

1.3.1. Cloning and purification of fusion proteins 

Generation, cloning, and purification of PII-LgBiT were performed as previously described (Publication 1). To 

make the PirA-SmBiT construct, synthetic genes with overlapping sequences for Gibson assembly were ordered 

from Integrated DNA Technologies (a biotechnology company in Leuven, Belgium). The pirA-SmBiT gene was 

cloned into the Xhol and EcoRI sites of the pGEX-4T3 vector (GE Healthcare Life Science, Freiburg, Germany) 

with an N-terminal-fused GST tag. The plasmid was overexpressed into electrocompetent E. coli Lemo21 cells. 

The purification of PirA-SmBiT with a GST tag was followed as described in Harper et al. (2011). 

 

1.3.2. Bioluminescence assay for protein-protein interactions 

The time-point luminescence assay was performed with 10 pM PII-LgBiT tirmer and increasing concentrations 

of PirA-SmBiT (0–3 µM) in 500 µl of experimental buffer containing 50 mM Tris/HCl (pH 7.6), 100 mM KCl, 

10% glycerol, 2 mM MgCl2, 0.1% BSA, and respective concentrations of metabolites (ATP, ADP, and ATP/2-

OG). After 10 minutes of incubation of the complex at 30˚ C, 0.5 µl of Nano-Glo® Luciferase substrate 

(Promega, Walldorf, Germany) was added to each reaction tube, and incubation was followed for another 5 

minutes at room temperature. Then luminescence was measured in a luminometer (Sirus Luminometer, Berthold 

Detection System, Germany) for 10 s with a 10 s delay. The luminescence background from every single protein 

was subtracted from the recorded luminescence of complex formation. 

The time course luminescence assay was done with 10 pM PII-LgBiT tirmer and 1000 nM of PirA-SmBiT 

monomer in 500 µl of the above experimental buffer without effector molecules. After 5 minutes of incubation 

of 0.5µl of Nano-Glo® Luciferase substrate with the protein mixture, luminescence was measured continuously 

via FB12 Sirius software with 20-s intervals in the Sirus luminometer for 4 minutes. Then the respective amounts 

of metabolites were added to each reaction tube, and measurement was continued for another 10 minutes to reach 

the plateau. 

 

1.3.3. NanoBiT-based competition assays  

10 pM PII-LgBiT trimer was incubated with different concentrations of PirA (1.2, 2.4, 12.2, and 24.4 µM) 

monomer for 10 minutes at 30˚ C in the presence of 1 mM ATP, 1 mM ADP, and 0.1 mM arginine. Next, a 

constant concentration of NAGK-SmBiT (120 nM) was added to each reaction tube, and incubation was 

followed for another 30 minutes at 30˚ C. By adding 0.5 µl of Nano-Glo® Luciferase substrate to each tube, 

incubation was continued for another 5 minutes at room temperature. Then luminescence was quantified in a 

luminometer for 10 s with a 10 s delay. 
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To investigate the effect of ADP and arginine concentrations on the competition of NAGK-SmBiT and PirA to 

bind to PII, 10 pM PII trimer, 120 nM NAGK-SmBiT monomer, and 2.4 µM PirA monomer were applied. The 

rest followed as described above. 

 

1.3.4. Cloning of NanoBiT sensor for in vivo assay 

To create the split NanoLuc sensor for in vivo study, pACYC-Duet vector with two multiple cloning sites (MCS) 

were applied. PII-LgBiT gene was cloned in the linearized vector with NcoI in the first cloning site. PirA-SmBiT 

was cloned into NdeI site in second cloning site for pACYC-Duet vector following the Gibson cloning protocol 

(Cloning, 2024). The amplification and extraction of plasmid were conducted in accordance to previously 

described methods (publication 3). Subsequently, the verified plasmids were incorporated into E. coli BL21 cells 

that are electrocompetent, paving the way for the expression of recombinant proteins.  

 

1.3.5. Expression of proteins: The cells obtained from LB agar plates containing the relevant NanoBiT 

constructs were cultivated in LB broth supplemented with the chloramphenicol antibiotic at 37 °C with ongoing 

shaking over night to facilitate the production of recombinant proteins. The following morning, cells with an 

optimal density of 0.07 at 600 nm (OD600) were transferred to 10 ml of M9 media in a 100 ml flask. They were 

then allowed to grow until they reached an OD600 between 0.9 and 1 at 37 °C with shaking. Subsequently, cells 

with an OD600 of 0.1 were placed into 5 ml of M9 media, enriched with the chloramphenicol antibiotic, in a 50 

ml flask. After incubating at 37 °C for several hours, the cells reached the exponential growth phase with an 

OD600 between 0.5 and 0.6. These cells were then utilized for luminescence testing.  

 

1.3.6. Development of the bioluminescence measurement in live cells. In order to evaluate the effect of 

various substances and inhibitors on live E. coli cells through real-time bioluminescence measurement, a mixture 

was prepared by combining 20 µl of the selected concentration of the substances with 10 µl of Nano-Glo® Live 

Cell Reagent (formulated by combining 1 part of Nano-Glo® Live Cell Substrate with 19 parts of Nano-Glo® 

LCS Dilution Buffer) (Promega, Walldorf, Germany) in a luminescence reaction tube. Subsequently, 500 µl of 

the bacterial culture was added to this mixture. The resulting luminescence was then assessed for 5 sec. with 

5 sec. delay using a Sirus Luminometer (from Berthold Detection System, Germany) operated through FB12 

Sirius software. Measurement commenced promptly upon closing the luminometer's door. 
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IX. APPENDIX 

 

1. Publication 1 (Accepted)  

 

Research article 

Rokhsareh Rozbeh & Karl Forchhammer 

Split NanoLuc technology allows quantitation of interactions between PII protein and its receptors with 

unprecedented sensitivity and reveals transient interactions 

2021. Scientific Reports. 11, 12535. 

 

 

 

 

 



57 
 

 



58 
 

 

 

 



59 
 

 

 



60 
 

 

 



61 
 

 

 



62 
 

 

 



63 
 

 

 



64 
 

 

 



65 
 

 

 



66 
 

 

 



67 
 

 

 



68 
 

 

 

 



69 
 

 

 

 



70 
 

2. Publication 2 (Accepted) 

  

Research article 

Bolay, P., Rozbeh, R., Muro-Pastor, M. I., Timm, S., Hagemann, M., Florencio, F. J., . . . Klähn, S. 

The Novel PII-Interacting Protein PirA Controls Flux into the Cyanobacterial Ornithine-Ammonia Cycle 

2021. Mbio. 12, 10.1128/mbio. 00229-00221 
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3.  Publication 3 (submitted) 

  

Research article 

Rokhsareh Rozbeh & Karl Forchhammer 

In vivo Detection of Metabolic Fluctuations in Real Time Using the NanoBiT Technology Based on PII 

Signaling Protein Interactions 

2024. International Journal of Molecular Sciences. doi.org/10.3390 
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