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I. Abbreviations 

 

2-OG 2-oxoglutarate   LED Light-emitting diode 

3-PGA 3-phosphoglycerate   MS Mass spectrometry 

Å Ångström  MSX L-methionine-d,l-sulfoximine  

AC Adenylate cyclase   NADPH Nicotinamide adenine  
dinucleotide phosphate 

ACC Acetyl-CoA carboxylase   NAGK N-acetylglutamate kinase  

Ac-Glu N-acetylglutamate   NTA Nitrilotriacetic acid 

Ac-Glu-P N-acetylglutamyl-phosphate  OD750 Optical density at 750nm 

ADP Adenosine diphosphate  OGDC 2-oxoglutarate decarboxylase 

AMP Adenosine monophosphate  OGDH 2-oxoglutarate dehydrogenase  

ATP Adenosine triphosphate  OPLS Orthogonal projections to  
latent structures 

BCCP Biotin carboxyl carrier protein   ORF Open reading frame 

BSA Bovine serum albumin  PAA Poly(α-L-aspartic acid) 

CA Carbonic anhydrase   PAGE Polyacrylamide gel  
electrophoresis 

cAMP Cyclic AMP  PCA Principal component analysis 

CCM CO2-concentrating-mechanism   PCC Pasteur culture collection 

CCR Carbon catabolite repression   PCE Photo conversion efficiency  

CD Circular dichroism  PHA Polyhydroxyalkanoates 

CDM Cell dry matter   PHB Poly-β-hydroxybutyrate  

CoA Coenzyme-A  PTS Phosphotransferase system 

CRP cAMP receptor protein  RubisCO Ribulose-1,5-bisphosphate  
carboxylase/oxygenase  

Crp cAMP receptor protein  RUs Response units 

DTT Dithiothreitol  SDS Natriumdodecylsulfat 

EI Enzyme I  SPR Surface plasmon resonance 

GDH Glutamate dehydrogenase  SSADH Succinic semialdehyde  
dehydrogenase 

GOGAT Glutamine 2-oxoglutarate 
aminotransferase  

 TCA Tricarboxylic acid 

GS Glutamine synthetase  Vmax Maximum reaction rate 

kDa Kilo dalton  w/v Weight per volume 

Km Michaelis constant  w/w Weight per weight 
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II. Summary 

Cyanobacteria are one of the deepest branching bacterial phyla on earth. Today, 

cyanobacteria occupy almost all illuminated habitats, where they utilize various nitrogen 

sources. Nitrogen assimilation strictly depends on carbon and nitrogen availability and 

requires a fine-tuned regulatory network involving the PII signal transduction protein. In the 

present study I focused on the regulation of the carbon/nitrogen storage polymer 

cyanophycin by the PII signaling protein. Cyanophycin is a non-ribosomal synthesized 

polyamide consisting of arginine and aspartate. Cyanophycin accumulation depends on the 

arginine availability. PII controls the rate limiting step of arginine biosynthesis by regulating 

the key enzyme N-acetylglutamate kinase (NAGK). A PII variant with a single point mutation 

(I86N) was previously identified as a NAGK super activator in vitro. By introducing PII(I86N) 

in Synechocystis sp. PCC 6803, we created a strain which strongly overproduces cyanophycin 

up to 57 % of the cell dry mass. Since cyanophycin is a bio-polymer with high industrial 

interest, we performed several process optimization studies. During these studies, we 

observed that Synechocystis sp. PCC 6803 harboring the PII (I86N) variant showed impaired 

ammonium utilization. By analyzing this behavior, we could clarify that PII regulates 

ammonium uptake by interacting the with Amt1 ammonium permease. We could further 

demonstrate that PII mediates the light and ammonium dependent inhibition of nitrate 

uptake by interacting with the NrtC and NrtD subunits of the nitrate/nitrite transporter 

NrtABCD. During this study, we could also identify the UrtE subunit of the ABC-type urea 

transporter UrtABCDE as novel PII target. The interaction of PII with the UrtE subunit 

regulates the urea uptake in cyanobacteria.  

The occurrence of cyanophycin in cyanobacteria was known for more than 100 years; 

however, the biological function remained largely uninvestigated. During localization 

studies in Synechocystis sp. PCC 6803, we could show that the cyanophycin synthesizing 

enzyme CphA resides in an active and inactive state. When CphA was inactive, it localized 

diffusely in the cytoplasm. When cyanophycin synthesis was triggered, CphA first 

aggregated into foci and was later localized on the surface of the cyanophycin granules. 

During degradation, CphA dissociates from the granule surface. Under standard laboratory 

conditions, the ability to synthesize cyanophycin did not confer a fitness advantage, however 

with a fluctuating and limiting nitrogen supplementation in combination with day/night 

cycles, the accumulation of the polymer provides a clear fitness advantage. Furthermore 

cyanophycin acts as a temporary nitrogen storage which allows nitrogen assimilation during 

the night. The accumulated cyanophycin can be subsequently used as an internal nitrogen 

source during the day.  
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III. Zusammenfassung 

In der Domäne der Bakterien bilden die Cyanobakterien eine der ältesten Abteilungen und 

sind heute in nahezu allen lichtzugänglichen Habitaten angesiedelt. Cyanobakterien können 

eine Vielzahl organischer und anorganischer Stickstoffquellen verstoffwechseln, wobei die 

Stickstoffassimilation über die intrazellulare Kohlenstoff- und Stickstoffbalance reguliert 

wird. Das PII Signaltransduktions-Proteins erfüllt hierbei eine zentrale Rolle. Die vorliegende 

Arbeit befasst sich mit der Regulation des Kohlenstoff-/Stickstoff- Speicherpolymers 

Cyanophycin durch das PII Protein. Cyanophycin ist ein nicht-ribosomal synthetisiertes 

Polyamid bestehend aus Arginin und Asparaginsäure. Die Akkumulation von Cyanophycin 

ist von der Argininverfügbarkeit abhängig. Das PII Protein reguliert die Argininbiosynthese 

durch die Interaktion mit der N-Acetylglutamat Kinase (NAGK), dem Schlüssel-Enzym der 

Argininbiosynthese. Vorangegangene Studien zeigten, dass eine Punktmutation (I86N) in PII 

die aktivierende Wirkung auf NAGK in vitro deutlich verstärkt. Folglich konnten wir durch 

das Einbringen dieser PII (I86N) Variante in Synechocystis sp. PCC 6803 einen Stamm 

kreieren, der eine erhebliche Überproduktion von Arginin und ein Cyanophycinanteil von 

bis zu 57 % zur Zelltrockenmaße aufwies. Da Cyanophycin von industriellem Interesse ist, 

wurden verschiedene Prozessoptimierungsstudien angefertigt. Im Zuge dieser Studien 

stellte sich heraus, dass die PII (I86N) Variante die Ammoniumverwertung von Synechocystis 

sp. PCC 6803 negativ beeinflusst. Bei näheren Untersuchungen zeigte sich, dass PII die 

Ammoniumaufnahme durch die Interaktion mit der Amt1 Ammoniumpermease reguliert. 

Wir konnten ebenfalls demonstrieren, dass PII die licht- und ammoniumabhängige 

Nitrataufnahme-Inhibition durch die Interaktion mit der NrtC und NrtD Untereinheit des 

Nitrit/Nitrat Transporter NrtABCD vermittelt. Darüber hinaus konnte nachgewiesen 

werden, dass PII mit der UrtE Untereinheit des ABC-Typ Urea Transporter UrtABCDE 

interagiert und hierdurch die Ureaaufnahme reguliert. 

Das Auftreten von Cyanophycin in Cyanobakterien wurde bereits vor mehr als 100 Jahren 

beschrieben, jedoch blieb bis heute dessen biologische Funktion ungeklärt. 

Lokalisationsstudien in Synechocystis sp. PCC 6803, bei denen das Cyanophycin 

synthetisierende Enzym CphA mit eGFP fusioniert wurde, ergaben, dass CphA eine aktive 

und inaktive Form aufweist. In seiner inaktiven Form ist CphA diffus im Zytoplasma 

verteilt. Wird die Cyanophycinakkumulation induziert, aggregiert CphA zunächst in Focis 

und ist später an der Oberfläche der Cyanophycingranula lokalisiert. Während dem Abbau 

dissoziiert CphA von der Granulaoberfläche und geht wieder in die inaktive Form über. 

Überraschenderweise hatten Cyanophycin freien Zellen unter Standard-Laborbedingungen 

einen Wachstumsvorteil gegenüber dem Wild-Typ. Um die Situation eines natürlichen 
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Habitats zu imitieren, kultivierten wir beide Stämme bei schwankender Stickstoffversorgung 

zusammen mit Tag/Nacht-Zyklen. Unter diesen Bedingungen hatten die Cyanophycin 

akkumulierenden Zellen einen klaren Vorteil. Darüber hinaus konnten wir vorweisen, dass 

Cyanophycin als temporärer Stickstoffspeicher dient, der die Stickstoffassimilation in der 

Nacht ermöglicht. In der Nacht akkumuliertes Cyanophycin kann während des Tages als 

Stickstoffquelle genutzt werden.  
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V. Introduction 

1. Cyanobacteria 

The biologically induced enrichment of oxygen in the atmosphere marks one of the most 

important steps in earth history. This change in the redox-state of the atmosphere, called 

"great oxidation event" was triggered by the emergence of oxygenic photosynthesis by 

ancestors of present cyanobacteria, at least 2.3 billion years ago [1]. 

Cyanobacteria are photoautotrophic prokaryotes, classified in the phylum Cyanophyta in the 

kingdom of Bacteria [2]. In six known phyla of photosynthetic bacteria, only cyanobacteria 

are able to perform oxygenic photosynthesis [3]. Cyanobacteria occupy almost all 

illuminated habitats, together they represent one of the quantitatively most abundant 

organisms on earth [2]. As primary producers, cyanobacteria play a key role in the global 

carbon cycle. Furthermore, diazotrophic cyanobacteria are the dominant N2 fixers in the 

ocean, introducing combined nitrogen into the global nitrogen cycle [4].  

Cyanobacteria can be classified in five sections, each distinguished by particular patters of 

structure and development [5]. Section I contain unicellular cyanobacteria, which divide by 

binary fission or budding. Cyanobacteria of section II are also unicellular; however, they 

divide by multiple fissions of the mother cell to smaller daughter cells, named baeocytes. 

Section III contains multicellular filament forming cyanobacteria without specialized cells. 

Section IV includes filamentous cyanobacteria, which are able to differentiate specialized 

cells, including heterocysts (specialized cells for N2 fixation), akinetes (resting spore-like 

cells) and hormogonia (short and motile filaments). Branched filamentous cyanobacteria of 

section V are multicellular and divide in more than one plane and differentiate specialized 

cells [5]. 

2. Carbon metabolism 

2.1 Carbon fixation 

Cyanobacteria play a key role in the global carbon cycle, mainly through their autotrophic 

carbon dioxide (CO2) fixation coupled to oxygenic photosynthesis. Cyanobacteria use the 

energy and reducing equivalents (NADPH) obtained from photosynthesis to fix CO2 through 

the Calvin-Benson-Bassham cycle [6]. Key enzyme of the Calvin-Benson-Bassham cycle is the 

Ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO), which is responsible for CO2 

fixation. RubisCO fixes CO2 by carboxylation of Ribulose-1,5-bisphosphate to yield two 

molecules 3-phosphoglycerate (3-PGA) [6].  
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However, the affinity of RubisCO to CO2 is low compared to molecular oxygen (O2). When 

RubisCO react with O2, this leads to the formation of phospoglycolate, a toxic component 

which has to be recycled in a process called photorespiration [7]. The photorespiratory 

metabolism allows cyanobacteria and plants to tolerate high concentrations of O2. To avoid 

photorespiration, cyanobacteria have evolved a CO2-concentrating-mechanism (CCM) that 

improves photosynthetic activity and survival under CO2 limiting conditions [8]. In CCM, 

both, CO2 and hydrogencarbonate (HCO−3), are taken up; however HCO−3 represents the 

predominant species of inorganic carbon in the cytoplasm [8]. Cytoplasmic HCO−3 diffuses 

through the proteinaceous shell of micro-compartments called carboxysomes. The latter are 

polyhedral bodies featuring high amounts of RubisCO molecules covered by a protein shell 

[9]. Inside the carboxysome, HCO−3 is converted into CO2 by the carbonic anhydrase (CA). 

The protein shell of the carboxysome represents a gas diffusion barrier, which enables a high 

local concentration of CO2 around tightly packed RubisCO molecules, leading to an efficient 

carboxylation reaction. Molecules like Ribulose-1,5-bisphosphate, 3-PGA and HCO−3 are able 

to pass the protein shell. 5/6 of 3-PGA is converted in the Calvin-Benson-Bassham cycle to 

regenerate Ribulose-1,5-bisphosphate and 1/6 is used in the central metabolism [9]. 

2.2 The cyanobacterial TCA cycle 

The tricarboxylic acid (TCA) cycle is a fundamental metabolic pathway among all aerobic 

organisms. Generally, the TCA cycle has two functions: First, it oxidizes two-carbon units 

derived from acetyl coenzyme-A (CoA), producing CO2 and reduced NADH to provide 

electrons for the oxidative phosphorylation. Second, the TCA cycle provides precursor 

metabolites that are required for other anabolic pathways, like non-essential amino acid 

synthesis or fatty acid synthesis [10].  

In 1967, Smith et al. and Pearce et al. reported the absence of the 2-oxoglutarate 

dehydrogenase (OGDH), an enzyme that converts 2-oxoglutarate (2-OG) to succinyl-CoA in 

several cyanobacteria [11, 12]. Due to these observations it became common knowledge that 

cyanobacteria possess an incomplete TCA cycle. The glyoxylate shunt and aspartate 

transaminase reactions are believed to permit the recycling of TCA cycle metabolites and 

thereby complete the cycle (for review see [13]). In 2011, Zhang et al. reported the presence of 

two other enzymes, which functionally substitute the OGDH and succinyl-CoA ligase to 

generate succinate from 2-OG and closing the TCA cycle. Here, 2-OG is converted to succinic 

semialdehyde by the 2-OG decarboxylase and is subsequently oxidized to succinate by the 

succinic semialdehyde dehydrogenase (figure 1). This alternative TCA cycle is highly 

conserved in the majority of cyanobacteria, with the exception of Prochlorococcus and marine 

Synechococcus species [10]. 
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2.3 Carbon storage polymers 

The most common carbon storage polymers, which are widely distributed among 

microorganisms, are glycogen and poly-β-hydroxybutyrate (PHB). The unicellular and non-

diazotrophic cyanobacterium Synechocystis sp. PCC 6803 is able to synthesize both, glycogen 

and PHB, in contrast to most other microorganisms, which mostly produce only one of these 

carbon storage compounds [14]. 

2.3.1 Glycogen in cyanobacteria 

Glycogen is a highly branched homopolymer of glucose which serves as energy and carbon 

storage in most organisms. Glycogen is composed of α-D-glycosyl units connected by α-1,4 - 

glycosidic linkages and branched by α-1,6 glycosidic linkages [15]. The accumulation of 

glycogen occurs in form of cytoplasmic granules, with a homogeneous size of less than 50 

nm [16, 17]. In the first step of the biosynthesis in bacteria, the ADP-Glucose 

pyrophosphorylase (GlgC) catalyses the syntheses of ADP-Glucose by using ATP and 

glucose 1-phospahte [15]. Afterwards, the glycogen synthetase (GlgA) catalyses the 

successive addition of α-1,4 - linked glucose to the non-reduced end of glycogen by using 

ADP-Glucose [18]. The glycogen branching enzyme (GlgB) introduces α-1,6 glucosidic 

branches into the growing polymer [19]. During glycogen degradation, the glycogen 

phosphorylase (GlgP) transfers an orthophosphate to the non-reduced end and thereby 

releases glucose 1-phosphate. This process continues until the glycogen phosphorylase 

reaches the last four glucose moieties left on each branch [20]. The glycogen debranching 

enzyme (GlgX) catalysis the hydrolysis of the α-1,6 glucosidic linkage [20, 21]. 

Accumulation of glycogen occurs under adverse growth conditions, which provide carbon in 

sufficient amounts. Here the exact physiological role of glycogen differs from strain to strain. 

Depending on the microorganism, glycogen accumulation can be beneficial in survival of 

macronutrient starvation, symbiotic performance, colonization or virulence [22, 23]. In 

cyanobacteria, the ability for glycogen synthesis is highly conserved [24]. It was shown that a 

glycogen-deficient mutant of Synechocystis sp. PCC 6803 shows a reduced viability during 

light-dark transitions. Furthermore, glycogen accumulation seems to be crucial for survival 

of nitrogen starvation [22]. Recently, glycogen was also identified to play a fundamental role 

during resuscitation from nitrogen starvation in Synechocystis sp. PCC 6803, by providing 

energy and carbon for anabolic reactions [25, 26]. 

2.3.2 Polyhydroxybutyrate in cyanobacteria 

Polyhydroxybutyrate (PHB) is a carbon and redox storage compound, widely distributed in 

Eubacteria and Archaea. PHB is a bio-polymer with high industrial interest, due to its 
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potential use as biodegradable plastic substituent [27, 28]. Therefore, several PHB-

accumulating cyanobacteria, like Synechocystis sp. PCC 6803, come into focus of PHB 

research [29]. 

PHB accumulation is triggered by several adverse growth conditions, which lower the 

growth rate. For Synechocystis sp. PCC 6803, nitrogen and phosphate starvation have been 

described as reliable and strong trigger for PHB accumulation [30, 31]. In the first step of 

PHB synthesis, two molecules of acetyl coenzyme-A (CoA) condensate to acetoacetyl-CoA, 

catalyzed by the enzyme PhaA. Subsequently, PhaB reduces acetoacetyl-CoA to 3-

hydroxybutyryl-CoA by utilizing NADPH [32]. Finally, 3-hydroxybutyryl-CoA is 

polymerized to PHB by the PHB-synthase. The latter can be divided into four subclasses 

[33]. Synechocystis sp. PCC 6803 possesses a type III PHB synthase, containing two subunits, 

both with a size of around 40 kDa, called PhaC and PhaE [34]. The PhaEC heterodimer is 

attached to the PHB granule surface. PHB granules, also named carbonosomes, contain a 

PHB polymer core and a surface layer of structural and functional proteins [35]. Based on in 

vitro analysis of isolated PHB granules, it was suggested that the surface of these granules 

contain a phospholipid membrane. However, a recent study refuted this suggestion and 

concluded that the PHB granule surface is exclusively composed of proteins [36]. Next to 

PHB-synthase and PHB-depolymerase, a third class of PHB associated proteins is known, 

called phasins. The functions of phasins are manifold, ranging from activation of the PHB-

synthase, over equally distribution of the PHB granules during cell division, to the 

regulation of the PHB granule surface to volume ratio [37-39]. 

3. Nitrogen metabolism 

3.1 2-oxoglutarate as regulatory metabolite 

Cyanobacteria can assimilate several different nitrogen sources. Nitrogen assimilation is 

tightly regulated by the carbon and nitrogen availability. The interconnection of the carbon 

and nitrogen metabolism relies primarily on the glutamine synthetase / glutamine-2-

oxoglutarate-aminotransferase (GS/GOGAT) reaction. 2-OG, an intermediate of the TCA-

cycle, provides the carbon skeleton for inorganic nitrogen incorporation by the GS/GOGAT 

cycle. The GOGAT converts one molecule of each, 2-OG and glutamine, in two molecules of 

glutamate, by using reduction equivalents. Subsequently, the GS catalyzes the assimilation of 

ammonium though amidation of one glutamate yielding glutamine. The net balance of the 

GS/GOGAT cycle includes one ammonium per TCA cycle derived 2-OG for the synthesis of 

two molecules of glutamate, whereas one glutamate stays in the cycle to regenerate 

glutamine (figure 1) [4, 40]. Due to this mechanism, 2-OG is not only the link between carbon 

and nitrogen metabolism, but also an indicator for the intracellular carbon/nitrogen balance 
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[41-43]. In case of nitrogen limitation or carbon excess, the GS/GOGAT cycle runs out of 

ammonium, leading to an elevated 2-OG level. In contrast, under nitrogen excess or carbon 

limitation, the 2-OG level declines to a minimum [40-43]. The transient 2-OG level 

fluctuation in dependence of nitrogen and carbon supply occurs within a short time and has 

been reported in various microorganisms [42, 44-48].  

Due to its role as indicator for intracellular carbon/nitrogen ratio, several 2-OG sensing 

proteins have evolved. The regulation of nitrogen metabolism mainly depends on the global 

transcription factor NtcA, which regulates the expression of genes involved in nitrogen 

metabolism, and the signal transduction protein PII, which controls a high variety cellular 

processes by direct protein-protein interaction. Both, NtcA and PII, can bind 2-OG and 

thereby modulate there regulatory functions [49-51], as further described in chapter 3.4 and 

3.4.2, respectively.  

Another example of a 2-OG dependent regulation is the carbohydrate phosphotransferase 

system (PTS) in E.coli. The PTS is responsible for phosphorylation and subsequent uptake of 

several sugars [52]. The first protein of the phosphorylation cascade, called enzyme I (EI), is 

regulated by the 2-OG / phosphoenolpyruvate ratio [53]. Furthermore, the PTS has 

regulatory influence to the activity of the adenylate cyclase (AC) [54]. The AC is responsible 

for cyclic AMP (cAMP) formation, which acts as coactivator of the important global 

transcription factor CRP (cAMP receptor protein). Together, cAMP and CRP regulate the 

expression of many catabolic enzymes, as part of a process called carbon catabolite 

repression (CCR) [55, 56]. Due to its involvement in PTS regulation, 2-OG is also indirectly 

involved in CCR regulation. Overall, 2-OG is involved in manifold cellular regulatory 

circuits and has been proposed to be a "master regulatory metabolite" in many organisms 

(for further review see [57]). 
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Figure 1 Connection of the carbon and nitrogen metabolism by 2-OG in cyanobacteria. 

Carbon derived from catabolic reactions like degradation of proteins, fats or polysaccharides 

and fixed carbon from the Calvin-Benson-Bassham cycle flow into the TCA cycle (left). 

Cyanobacteria possess an alternative TCA cycles (shown in blue) characterized by the 

presence of two other enzymes. Here, 2-OG is converted to succinic semialdehyde by the 2-

OG decarboxylase (OGDC) and is subsequently oxidized to succinate by the succinic 

semialdehyde dehydrogenase (SSADH). The 2-OG acts a carbon skeleton for nitrogen 

assimilation by the GS/GOGAT cycle (right) and thereby connects both pathways. The 

GOGAT converts one molecule of each, 2-OG and glutamine, into two molecules of 

glutamate. The GS catalyzes the ATP-dependent amidation of glutamate to glutamine and 

thereby assimilates ammonium. The green arrows indicate the release of glutamate into the 

metabolism as precursor of various biosynthetic processes. Abbreviations: OGDC: 2-OG 

decarboxylase; SSADH: succinic semialdehyde dehydrogenase; GS: glutamine synthetase; 

GOGAT: glutamine 2-oxoglutarate aminotransferase; GDH: glutamate dehydrogenase. 
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3.2 Nitrogen starvation response 

Nitrogen is an essential macronutrient for all living organisms and therefore constitutes an 

important growth limiting factor in many natural habitats [58]. Cyanobacteria can utilize 

several organic and inorganic nitrogen sources, including ammonium, nitrate, nitrite, 

dinitrogen, urea and several amino acids. These nitrogen sources are utilized in a 

hierarchical order, in which ammonia represents the preferred nitrogen sources [2, 59, 60]. In 

absence of a suitable nitrogen source these cyanobacteria face nitrogen starvation; a situation 

which results in the repression of anabolic metabolism and finally leads to dormancy [61]. 

This process of nitrogen starvation is called chlorosis, which describes the color change from 

a typical blue-green to yellow; comparable to the color chance of trees in autumn.  

During the process of nitrogen starvation, genes involved in transcription, translation and 

biosynthetic processes are down-regulated [62]. Due to an elevated intracellular 2-OG 

concentration, the NtcA regulon is activated, which influences a large number of nitrogen 

starvation associated genes, including nitrogen uptake and assimilation involved genes [63]. 

The phycobilisomes are proteinaceous light harvesting complexes, which can constitute up 

to 50 % of the total soluble protein mass of a vegetative cell [64]. The degradation of 

phycobilisomes leads to the noticeable color change from blue-green to yellow and frees a 

large pool of nitrogen to maintain essential cellular functions. The Clp protease-associated 

adaptor polypeptide NblA plays an essential role in phycobilisome degradation [65]. The 

expression of nblA triggers the phycobilisome degradation and is therefore tightly regulated 

by NtcA and the Nbl-System, involving the two-component system NblS/ RpaB and the one-

component system NblR [66-70]. While the phycobilisomes are degraded, the cells commit a 

last division and start to accumulate carbon storage biopolymers, like glycogen or PHB [25, 

71]. When the nitrogen starvation is prolonged, the cells start the degradation of 

photosystem I and the associated chlorophyll a [72]. As shown for Synechococcus elongatus, 

the cells degrade the majority of their cellular proteins as well as their thylakoid membranes 

until they reach the final chlorotic stage, with a residual photosynthetic activity of ∼0.1 % of 

the initial capacity [73, 74]. These non-pigmented and dormant cells are able to survive long 

periods of starvation and they are still able to return to their vegetative cell cycle after the 

addition of a suitable nitrogen source [25, 74]. 

3.3 Resuscitation from nitrogen starvation 

Recently, the process of resuscitation from nitrogen starvation was comprehensively 

investigated in the unicellular cyanobacterium Synechocystis sp. PCC 6803 [25]. The addition 

of a suitable nitrogen source to nitrogen-starved chlorotic cyanobacteria initiates a 

genetically determined program, in which the cells resuscitate their pigmentation and return 
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to vegetative growth. The re-greening of fully chlorotic cells, with a complete restoring of the 

vegetative cell cycle, takes 48 h and can be divided into two phases. In the first phase the 

cells respire to gain energy. The carbon storage polymer glycogen has been identified as 

main source of energy and carbon during this process, while PHB plays a minor role [25, 26]. 

According to a transcriptome study in this early stage of resuscitation, the cells re-install 

their translational machinery to enable de novo protein synthesis [25]. In the second phase of 

resuscitation, around 12-16 h after the addition of nitrogen, the cells start to reassemble their 

photosynthetic apparatus and re-green. In this phase the cells switch from oxygen 

consumption to oxygen production. After 48 h, the cells regain full photosynthetic capacity 

and enter the vegetative cell cycle [25]. 

3.4 PII signal transduction protein1 

PII signal transduction proteins are widely spread in all domains of life, were they represent 

one of the largest and most ancient family of signaling proteins. PII proteins are involved in 

the regulation of various carbon and nitrogen metabolism related processes [43, 49, 75]. 

PII proteins can be classified in three groups based in their sequence and phylogeny: GlnB, 

GlnK and NifI [76]. GlnB can be predominantly found in proteobacteria, cyanobacteria and 

plants. Homologues of glnB are often genetically organized in an operon together with glnA 

(glutamine synthetase I) or nadE (a gene encoding ammonia-dependent NAD synthetase). 

GlnK homologues are more widely distributed and often genetically associated with the 

ammonium channel AmtB. NifI proteins are associated with the nitrogen fixing genes (nif-

cluster) and can be found in nitrogen fixing archaea and anaerobic bacteria [76].  

PII proteins are highly conserved homo-trimeric proteins with three characteristic loop 

regions. These loop regions, called B-, C- and T-loops are located near the inter-subunit clefts 

and play a major role in ligand binding and protein-protein interactions [49, 50, 75, 77-81]. 

Canonical PII proteins sense the energy status of the cell by binding ATP or ADP in a 

competitive way [77]. Binding of ATP and synergistic binding of 2-OG allows PII to sense the 

current carbon/nitrogen status of the cell [50]. Besides metabolite binding, post translational 

modifications represent a second level of regulation. Depending on the nitrogen supply, the 

cyanobacterial PII can be phosphorylated at the apex of the T-loop at position Ser49 [82, 83]. 

In other prokaryotes, like E.coli, PII is uridylylated, instead of phosphorylated, at Tyr51 in 

dependence of nitrogen availability [84]. Furthermore, in Actinobacteria adenylation of Tyr51 

has been reported [85]. 
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PII acts as a central information processing unit: binding of metabolites as well as post 

translational modifications enable PII to integrate different signals. Based on these inputs, PII 

triggers a specific output signal by interacting with other proteins. Binding of the effector 

molecules ATP, ADP and 2-OG as well as post translational modifications lead to a 

conformational rearrangement of the large surface-exposed T-loop, PII's major protein-

interaction structure [86]. These conformational states direct the interaction of PII with its 

various interaction partners and thereby regulate the cellular carbon/nitrogen balance [75].  

In cyanobacteria, PII regulates the global nitrogen control transcription factor NtcA, through 

binding to the NtcA co-activator PipX [87]. In common with other bacteria, the 

cyanobacterial PII protein can interact with the biotin carboxyl carrier protein (BCCP) of 

acetyl-CoA carboxylase (ACC) and thereby control the acetyl-CoA levels [88]. Plant and 

cyanobacterial PII proteins control arginine biosynthesis by regulating NAGK [89-91]. 

Furthermore, PII is involved in nitrate assimilation, since a PII deficient mutant shows 

ammonium-insensitive nitrate utilization [92]. The following sections provide a selection of 

some well-studied PII interactions. 

3.4.1 NtcA coactivator PipX 

NtcA is a homodimeric DNA-binding protein that belongs to the CRP family (cAMP receptor 

protein) of bacterial transcription factors [63]. NtcA is responsible for activation or repression 

of several genes involved in nitrogen metabolism, in dependence of nitrogen availability (for 

review [93]). PipX, a protein uniquely found in cyanobacteria, can interact with both, PII and 

NtcA, acting as a co-activator of the latter [87].  

In case of nitrogen excess conditions, indicated by a low 2-OG level, the sequestration of 

PipX by PII leads to a decreased NtcA-PipX complex formation [94, 95]. Crystal structures of 

the PII-PipX complex show that one PII trimer binds three PipX monomers at the base of the 

T-loop [81]. The interaction of PII and PipX is highly sensitive to the ATP/ADP ratio. Complex 

formation with PipX increases the affinity of PII for ADP [77]. ADP stabilizes the PII-PipX 

complex, while the addition of ATP and 2-OG leads to its dissociation [95, 96]. PII-PipX 

complex formation is impaired under low nitrogen availability, due to the elevated presence 

of ATP and 2-OG [95]. In consequence, free PipX can bind and activate NtcA, which leads to 

an activation of the NtcA regulon [95] (Figure 2) 

The 2-OG mediated partner switch of PipX provides the link between PII signaling and the 

NtcA dependent gene expression [94]. In vivo, PipX interaction with NtcA is required for 

NtcA mediated gene expression under nitrogen limiting conditions [87, 94, 97]. 
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Figure 2 Nitrogen depending regulatory network of PII, PipX and NtcA. Under nitrogen 

excess conditions, indicated by a low 2-OG level, no NtcA mediated gene expression occurs 

due to the strong sequestration of PipX by PII. Rising 2-OG concentrations trigger the 

dissociation of the PII-PipX complex. In consequence free PipX can bind and activate NtcA, 

which leads to an activation of the NtcA regulon under nitrogen depletion. Simultaneously, 

PII becomes phosphorylated due to the low nitrogen availability.  

 

3.4.2 N-acetylglutamate kinase1 

Bacteria produce arginine from glutamate in eight steps. The first five steps involving 

N-acetylated intermediates lead to ornithine. The conversion of ornithine to arginine 

requires three additional steps [98]. The second enzyme of ornithine biosynthesis is the 

N-acetylglutamate kinase (NAGK), which catalyses the phosphorylation of N-acetyl 

glutamate to N-acetylglutamyl-phosphate. This is the controlling step in arginine 

biosynthesis [99], since NAGK activity is subjected to allosteric feedback-inhibition by 

arginine and is, moreover, positively controlled by the PII signal transduction protein [91, 99].  

If sufficient energy and nitrogen is available, indicated by a high ATP and low 2-OG level, 

non-phosporylated PII forms an activating complex with NAGK. The PII-NAGK complex 

consists of two PII trimers and one NAGK homohexamer (trimer of dimers) [80]. Each PII 

subunit contacts one NAGK subunit [80]. Two parts of PII are involved in the interaction with 

NAGK. The first structure, called B-loop, is located on the PII body and interacts with the C-

domain of a NAGK subunit, involving residue Glu85. The interaction of the B-loop is the 
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first step in complex formation. Second, the T-loop must adopt a bent conformation and 

insert into the interdomain cleft of NAGK [100]. This enhances the catalytic efficiency of 

NAGK, with the Vmax increasing 4-fold and the Km for N-actylglutamate decreasing by a factor 

of 10 [89]. Furthermore, feedback inhibition of NAGK by arginine is strongly decreased in 

presence of PII [89]. During mutational analysis of the PII protein, a variant was identified 

that binds constitutively NAGK in vitro. This PII variant exhibits a single amino acid 

replacement, Ile86 to Asn86, hereafter referred as PII(I86N) [100]. The crystal structure of 

PII(I86N) has been solved, showing an almost identical backbone than wild-type PII. 

However, the T-loop adopts a compact conformation, which is a structural mimic of PII in the 

NAGK complex [100, 101]. Addition of 2-OG in presence of ATP normally leads to a 

dissociation of the PII-NAGK complex, however PII(I86N) no longer responds to 2-OG [101].  

 

 

Figure 3 Regulation of the arginine and cyanophycin biosynthesis by PII. The conversion of 

N-acetylglutamate (Ac-Glu) to N-acetylglutamyl-phosphate (Ac-Glu-P) is the rate-limiting 

step in the arginine (Arg) synthesis catalyzed by NAGK. NAGK activity is controlled by 

complex formation with PII. If sufficient energy and nitrogen is available, indicated by a high 

ATP and low 2-OG level, non-phosporylated PII forms an activating complex with NAGK. 

Increasing 2-OG levels in presence of ATP lead to a dissociation of the complex. Unbound 

NAGK has low activity (dashed line) and is highly susceptible to arginine feedback 

inhibition, whereas NAGK bound to PII has high activity (solid black line) and is much less 

sensitive towards arginine feedback inhibition. When excess arginine (Arg) is produced 

cyanophycin is synthesized. Abbreviations: Ac-Glu: N-acetylglutamate; Ac-Glu-P: N-

acetylglutamyl-phosphate; Arg: arginine. 
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3.4.3 Ammonium Channel AmtB 

The ammonium transporter family (Amt) is ubiquitous among all domains of live [102]. The 

AmtB protein from E.coli has become the paradigm for studies on the biology of Amt-

proteins [103]. AmtB forms a homotrimer located in the cytoplasmic membrane. Each 

monomer of the trimeric AmtB forms a mainly hydrophobic and ∼20 Å long pore, which 

enables bidirectional flux of ammonia [104-106]. The E.coli PII homolog GlnK regulates AmtB 

by direct protein-protein interaction to prevent uncontrolled influx of ammonia. When the 

cells experience an ammonia excess, the intracellular 2-OG level decreases rapidly and GlnK 

become deuridylyated. In its ADP bond and deuridylyated state GlnK can block the 

ammonia influx by inserting the tip of its large surface exposed T-loops into the cytoplasmic 

exits of the pores [103]. AmtB-Glnk complex responds to the ATP/ADP ratio. While ADP 

stabilizes the complex, ATP and synergistically bound 2-OG promote its dissociation in 

response to nitrogen limitation [107-109]. The subsequent complete uridylylation of GlnK 

under nitrogen depletion prevents the re-association with AmtB [109]. Also, partially 

uridylylated PII trimers can interact with AmtB in the presence of ADP. It was suggested that 

fluctuating environmental ammonia concentrations lead to partially uridylylated PII trimers. 

Such forms of PII can bind to AmtB and can probably allow partial AmtB activity, while fully 

uridylylated PII is unable to bind AmtB. The physiological significance of this behavior is fine 

tuning of AmtB activity under fluctuating environmental ammonia availability [109]. 

4. Cyanophycin a carbon/nitrogen storage polymer1 

Cyanophycin, is in addition to poly-γ-glutamic acid and poly-ε-lysine the third polyamino 

acid known to occur in nature [110]. It serves as a nitrogen/carbon reserve polymer in many 

cyanobacterial strains as well as in a few heterotrophic bacteria. Cyanophycin consists of the 

two amino acids aspartate and arginine, forming a poly-L-aspartic acid backbone with 

arginine side chains. The arginine residues are linked to the β-carboxyl group of every 

aspartyl moiety via isopeptide bond [111]. 

Cyanophycin was discovered in 1887 by the botanist Antonio Borzi during microscopic 

studies of filamentous cyanobacteria [112]. He observed opaque and light scattering 

inclusions by using light microscopy and created the name cianoficina. Early electron 

microscopic studies showed a strong structure variation of the cyanophycin granules, 

depending on the fixatives and poststains used during electron microscopic examinations 

[113, 114]. This led to a controversy about the ultra structure of these inclusions until the 
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70ies. Later electron microscopic studies described cyanophycin granules as membrane less, 

electron dense and highly structured cytoplasmic inclusions [115, 116].  

With a carbon/nitrogen ratio of 2:1, cyanophycin is extremely rich in nitrogen and 

consequently an excellent nitrogen storage compound. During the degradation of 

cyanophycin and subsequent degradation of arginine, a function as energy source was also 

proposed [117]. 

4.1 Natural occurrence of cyanophycin1 

Most cyanobacteria, including unicellular and filamentous, as well as diazotrophic and non-

diazotrophic groups are able to accumulate cyanophycin. In non-diazotrophic cyanobacteria, 

the amount of cyanophycin is usually less than 1 % of the cell dry mass during exponential 

growth. Cyanophycin accumulates conspicuously under unbalanced growth conditions 

including stationary phase, light stress or nutrient limitation (sulfate, phosphate or 

potassium starvation) that do not involve nitrogen starvation [118, 119]. Under such 

unbalanced conditions the amount of cyanophycin may increase up to 18 % of the cell dry 

mass [119]. During the recovery from nitrogen starvation by the addition of a usable 

nitrogen source, cyanophycin is transiently accumulated [25, 120].  

In the unicellular diazothrophic cyanobacterium Cyanothece sp. ATCC 51142 nitrogen fixation 

and photosynthesis can coexist in the same cell, but are temporarily separated. The nitrogen-

fixing enzyme, nitrogenase, is highly sensitive to oxygen. Nitrogen fixation occurs in dark 

periods and the fixed nitrogen is stored in cyanophycin. In the light period, when 

photosynthesis is performed, the cyanophycin is degraded to mobilize the fixed nitrogen 

[121]. Transient cyanophycin accumulation during dark periods was also reported in the 

filamentous cyanobacterium Trichodesmium sp., which has a high abundance in tropical and 

subtropical seas and is an important contributor to global N and C cycling [122].  

Furthermore, in heterocysts of diazotrophic cyanobacteria of the order Nostocales, polar 

nodules consisting of cyanophycin are deposited at the contact site to adjacent vegetative 

cells [123]. The heterocystous cyanophycin seems to be involved in transport of fixed 

nitrogen to the adjacent photosynthetically active vegetative cell. Cyanophycin catabolic 

enzymes are present at significantly higher levels in vegetative cells than in heterocysts. 

Moreover, cyanophycin could serve as a sink for fixed nitrogen in the heterocyst to avoid 

feedback inhibition from soluble products of nitrogen fixation [124, 125]. In Anabaena sp. 

PCC 7120 and Anabaena variabilis, mutational studies have shown that strains lacking 
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cyanophycin synthetic genes are little affected in diazotrophic growth under standard 

laboratory conditions [123, 126]. However, a growth defect was observed under high light 

conditions [123]. Moreover, diazotrophic growth is significantly decreased in strains which 

are unable to degrade cyanophycin [124, 126]. 

Akinetes are resting spore-like cells of a subgroup of heterocyst-forming cyanobacteria for 

surviving long periods of unfavorable conditions. During akinete development, the cells 

transiently accumulate storage compounds, namely glycogen, lipid droplets and 

cyanophycin [127, 128]. Cyanophycin granules also appear during germination of dormant 

akinetes [129]. Anabaena variabilis akinetes lacking cyanophycin granules were also able to 

germinate. This behavior agrees with early observations that cyanophycin is not the direct 

nitrogen source for protein biosynthesis and therefore not essential for akinete germination 

[129, 130]. 

Cyanophycin was previously thought to be unique in cyanobacteria. In 2002 Krehenbrink et 

al. and Ziegler et al. discovered through evaluation of obligate heterotrophic bacteria 

genomes, that many heterotrophic bacteria possess cyanophycin synthetase genes [131, 132]. 

Genes of cyanophycin metabolism occur in a wide range of different phylogenetic taxa, and 

not closely related to cyanobacteria [133]. 

4.2 Biochemical characteristics of Cyanophycin1 

In 1971, Robert Simon isolated cyanophycin granules for the first time, by using differential 

centrifugation. Along with this study, cyanophycin has shown its special and unique 

solubility behavior [134]. Cyanophycin is insoluble at physiological ionic strength and at 

neutral pH, but soluble in solutions which are acidic, basic or highly ionic. In non-ionic 

detergent such as Triton X-100, cyanophycin is insoluble, however in ionic detergents like 

SDS it is soluble [115]. Present-day cyanophycin extraction methods are based on its 

solubility at low pH and insolubility at neutral pH [135].The chemical structure of 

cyanophycin was proposed in 1976 by Simon and Weathers [111]. According to this model, 

cyanophycin has a polymer backbone consisting of α-linked aspartic acid residues. The α-

amino group of arginine is linked via isopeptide-bonds to the β-carboxylic group of every 

aspartyl moiety. Because every aspartate residue is linked to an arginine residue, 

cyanophycin contains equimolar amounts of aspartate and arginine [111]. This structure has 

been confirmed via enzymatic degradation studies. Cyanophycin degrading enzymes (see 

below) release β-Asp-Arg dipeptides [136]. CD spectroscopy data suggest that the acid-
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soluble and neutral insoluble form of cyanophycin have similar conformations. Both forms 

contain substantial fractions of β-pleated sheet structure [137]. 

Cyanobacterial cyanophycin has a molecular weight and polydispersity ranging from 25 to 

100 kDa [134]. In contrast, the native cyanophycin producer Acinetobacter sp. ADP1 

synthesizes cyanophycin with a lower molecular weight ranging from 21 to 28 kDa [138]. 

Recombinant bacteria or genetically engineered yeast harboring heterologous expression of 

cyanobacterial cyanophycin synthesis genes, also show a lower molecular weight of 25–

45 kDa [135, 139]. From transgenic plant-produced cyanophycin also shows a reduced 

polydispersity between 20 and 35 kDa [140]. A possible explanation would be that 

cyanophycin synthesis in the native cyanobacterial background involves additional factors 

contributing the polymer length. These additional factors should be also absent in 

Acinetobacter sp. ADP1. 

Native cyanophycin is exclusively composed of aspartate and arginine. By contrast, in 

cyanophycin isolated from recombinant E. coli expressing cyanophycin synthetase (see 

below) from Synechocystis sp. PCC 6803, besides aspartate and arginine, lysine has been 

found [141]. The amount of incorporated lysine in cyanophycin influences its solubility 

behavior. Recombinant cyanophycin with a high lysine amount (higher than 31 mol%) is 

soluble at neutral pH [142].  

4.3 Cyanophycin metabolism1 

4.3.1 Cyanophycin Synthetase1 

Cyanophycin is nonribosomally synthesized from aspartate and arginine by cyanophycin 

synthetase (CphA1) (Figure 4). In 1976, CphA1 was enriched and characterized for the first 

time by Simion [143]. The enzyme incorporates aspartate and arginine in an elongation 

reaction, which requires ATP, KCl, MgCl2 and a sulfdryl reagent (β-mercaptoethanol or 

DTT). For its activity, CphA1 needs a so far unknown cyanophycin primer, as a starting point 

of the elongation reaction [143]. By using synthetical primers, Berg et al. could show that a 

single building block of cyanophycin (β-Asp-Arg) does not serve as an efficient primer for 

CphA1 elongation reaction in vitro. The primers need to consist of at least three Asp-Arg 

building blocks (β-Asp-Arg)3 to detect CphA1 activity [144]. Other peptides, like cell wall 

peptides, have been suggested to serve as an alternative priming substance for the CphA1 

reaction [145]. This could be an explanation for the functionality of cyanophycin synthesis in 

recombinant bacteria, without the ability to produce native cyanophycin primers [146]. 
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Interestingly, the CphA1 of Thermosynechococcus elongates strain BP-1 shows primer-

independent cyanophycin synthesis [147]. 

Today, CphA1 enzymes from several bacteria including cyanobacteria and heterotrophic 

bacteria have been purified and characterized [141, 147-150]. The molecular mass of the 

characterized CphA1 enzymes ranges from 90 to 130 kDa. The active form of CphA1s from 

Synechocystis sp. PCC6308 and Anabaena variabilis PCC7937 is most likely homodimeric [141, 

149], while the primer-independent CphA1 from Thermosynechococcus elongates strain BP-1 

forms a homotetramer [147]. The primary structure of cyanobacterial CphA1 can be divided 

into two regions [141]. The C-terminal region shows sequence similarities to peptide ligases 

that include murein ligases and folyl poly-γ-glutamate ligase. The N-terminal part of CphA1 

shows sequence similarities with another superfamily of ATP-dependent ligases that 

includes carboxylate-thiol and carboxylate-amine ligase. Since the C- and N-terminal part 

show similarity to different superfamilies of ATP-dependent ligases, two ATP-binding sites 

and two different active sites have been predicted [144]. In vitro experiments revealed that 

arginine is probably bound in the C-terminal and aspartate in the N-terminal active site 

[151].  

The mechanism of cyanophycin synthesis by CphA1 has been suggested by Berg et al. in 

2000, by measuring the step-wise incorporation of amino acids to the C-terminus of the CGP 

primer. The putative cyanophycin elongation cycle starts at the C-terminal end of the poly-

aspartate backbone. First, the carboxylic acid group of the poly-aspartate backbone is 

activated by transfer of the γ-phosphoryl group of ATP. In the second step, one aspartate is 

bound at the C-terminus of the growing polymer by its amino group, forming a peptide 

bound. Subsequently, the intermediate (β-Asp-Arg)n-Asp is transferred to the second active 

site of CphA1 and phosphorylated at the β-carboxyl group of the aspartate. Finally, the α-

group of arginine is linked to the β-carboxyl group of aspartate, forming an isopeptide 

bound [144]. 

Various CphA1 enzymes have been characterized with respect to their substrate affinity and 

specificity. For CphA1 of Synechocystis sp. PCC 6308, apparent Km values were determined to 

be 450 µM for aspartate, 49 µM for arginine, 200µM for ATP and 35 µg/ml for cyanophycin 

as priming substance. The lower Km of arginine compared to aspartate indicates a higher 

affinity of CphA1 towards arginine. During the in vitro reaction, CphA1 converts per mol 

incorporated amino acid 1.3 ± 0.1 mol ATP to ADP. The optimal reaction conditions of this 

enzyme were at pH 8.2 and 50°C [149, 152].  
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CphA homologues are widely distributed in eubacteria. In silico analysis proposes ten 

different groups of cyanophycin synthetases [133]. In cyanobacteria cyanophycin synthetases 

of group I - III (CphA, CphA2 and CphA2') can be found.  

Recently, the function of a cyanophycin synthetase of group II (CphA2) has been 

characterized. Most non-diazotrophic cyanobacteria use a single type of cyanophycin 

synthetase (CphA1). However, in many nitrogen-fixing cyanobacteria, an additional version 

of CphA1 is present, termed CphA2. In 2016, Klemke et al. resolved the function of CphA2 

[153]. Compared to CphA1, CphA2 has a reduced size and just one ATP-binding site. CphA2 

uses the product of cyanophycin hydrolysis, β-aspartyl-arginine dipeptide as substrate to re-

synthesize cyanophycin, consuming one molecule of ATP per elongation reaction. A mutant 

lacking CphA2 shows only a minor decrease in the overall cyanophycin content. However, a 

CphA2-deficient mutant displays similar defects under diazotrophic and high light 

conditions than a CphA1 mutant [123, 153]. This observation suggests that the apparent 

"futile cycle" of cyanophycin hydrolysis and immediate re-polymerization is probably of 

physiological significance in the context of nitrogen-fixation [125]. 

4.3.2 Cyanophycinase1 

Since 1976 it is known that cyanophycin is resistant against hydrolytic cleavage by several 

proteases or arginase [111, 154]. This resistance is probably due to the branched structure of 

cyanophycin [146]. Therefore, the presence of a highly specified peptidase for cyanophycin 

hydrolysis was suggested.  

In 1999, Richter et al. reported a cyanophycin hydrolyzing enzyme from the unicellular 

cyanobacterium Synechocystis sp. PCC 6803, called CphB [136] (Figure 4). During this study, 

CphB was purified and studied in detail. CphB is a 29.4 kDa C-terminal exopeptidase, 

catalyzing the hydrolysation of cyanophycin to β-Asp-Arg dipeptides [136]. Based on 

sequence analysis and inhibitor sensitivity to serine protease inhibitors, CphB appears to be 

a serine-type exopeptidase related to dipeptidase E (PepE) [136]. According to its sequence, 

CphB contains a serine residue within a lipase box motive (Gly-Xaa-Ser-Xaa-Gly). The serine 

residue together with a glutamic acid residue and a histidine residue forms the catalytic 

triad, which is typical for serine-type peptidases [136]. In 2009, the crystal structure has been 

solved at a resolution of 1.5 Å, showing that CphB forms a dimer. Site-directed mutagenesis 

confirms that CphB is a serine-type peptidase, consisting of a conserved pocket with the 

catalytic Ser at position 132 [155]. Structure modeling indicates that the cleavage specificity 

occurs due to an extended conformation in the active site pocket. The unique conformation 
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of the active site pocket requires β-linked aspartyl peptides for binding and catalysis, 

preventing CphB from non-specific cleavage of other polypeptides next to cyanophycin 

[155]. 

Next to CphB, which catalyzes the intracellular cleavage of cyanophycin, other versions of 

cyanophycinases exist, catalyzing the extracellular hydrolysis of cyanophycin. In 2002, Obst 

et al. isolated several Gram-negative bacteria from different habitats, which were able to 

utilize cyanophycin as a source of carbon and energy [156, 157]. One isolate was affiliated as 

Pseudomonas anguilliseptica strain BI. In the supernatant of a Pseudomonas anguilliseptica 

culture, a cyanophycinase was found and purified, called CphE [156]. CphE exhibits a high 

specificity for cyanophycin; however proteins were not or only marginally hydrolyzed. 

Degradation products of CphE are β-Asp-Arg dipeptides. Inhibitor sensitivity studies 

indicated that the catalytic mechanism of CphE is related to serine-type proteases. CphE 

from Pseudomonas anguilliseptica strain BI exhibits an amino acid sequence identity 27-28% to 

intracellular CphB enzymes of cyanobacteria [156]. Today, extracellular cyanophycinases has 

been found in a high variety of bacteria including Gram-positive, Gram-negative, aerobic 

and anaerobic strains. This indicates that the extracellular cleavage and utilization of 

cyanophycin as carbon, nitrogen and energy source is a common principle in nature [156-

162]. 

In 2007, in silico analysis have shown that CphB homologes are widely distributed in 

eubacteria, proposing eight different groups including intracellular and extracellular 

cyanophycinases. Cyanophycinases from cyanobacteria belong to group I, II and partially 

group III (CphB1-3). Group IV - VIII, including CphE, are present in a large variety of non-

photosynthetic bacteria [133]. 

4.3.3 Aspartyl-arginine dipeptidase1 

The last step in catabolism of cyanophycin is the cleavage of β-Asp-Arg dipeptides to 

monomeric amino acids arginine and aspartate (Figure 4). In 1999, Richter et al. found β-Asp-

Arg dipeptides hydrolysing activity in extracts of Synechocystis sp. PCC 6803 [136]. In 

Synechocystis sp. PCC 6803, the ORF sll0422 as well as ORF all3922 from Anabaena sp. PCC 

7120 are annotated as "plant-type asparaginase", because of sequence similarities to the first 

cloned asparaginase from plants [163]. During characterization of plant-type asparaginase in 

general, including Sll0422 and All3922, Hejazi et al. were able to show that these enzymes are 

able to hydrolyse a wide range of isoaspartyl dipeptides [164]. Isoaspartyl peptides arise 

from two biological pathways: First, proteolytic degradation of modified proteins containing 
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isoaspartyl residues and second, as primary degradation product of cyanophycin cleavage 

from cyanophycinases. Thus, the plant-type asparaginases Sll0422 and All3922 have not only 

a function in asparagine catabolism but also in the final step of cyanophycin and protein 

degradation [164]. 

The mature isoaspartyl dipeptidases of Synechocystis sp. PCC 6803 and Anabaena sp. PCC 

7120 consist of two protein subunits that are generated by auto-cleavage of the primary 

translation product between Gly172 and Thr173 (numbering according to Synechocystis sp. 

PCC 6803) within the conserved consensus sequence GT(I/V)G [164]. The native molecular 

weight of approximately 70kD of this enzyme suggests that it has a subunit structure of α2β2 

(α derived from the N-terminal part and β form the C-terminal part of the precursor) [164].  

In Anabaena sp. PCC 7120, all genes involved in cyanophycin metabolism as well as the 

isoaspartyl dipeptidases All3922 are expressed in vegetative cells and heterocysts but in 

different expression levels. Both, cyanophycin synthetases and cyanophycinases are much 

higher expressed in heterocysts than in vegetative cells [165]. However, asparaginase All3922 

is present in significantly lower levels in heterocysts than in vegetative cells [124]. A deletion 

of All3922 in Anabaena sp. PCC 7120 causes an increased accumulation of cyanophycin and 

β-Asp-Arg dipeptides. Furthermore, a deletion mutant shows an impaired diazothrophic 

growth similar to the phenotype known from CphB deletion mutants in Anabaena sp. PCC 

7120 [124, 126]. This observation implies that the first step of cyanophycin catabolism, the 

cleavage catalyzed by CphB, takes place in the heterocyst. The released β-Asp-Arg 

dipeptides are transported to the adjacent vegetative cells. Isoaspartyl dipeptidase All3922, 

present in the vegetative cells, cleaves the β-Asp-Arg dipeptides and release monomeric 

aspartate and arginine [124]. When cyanophycin synthesis is not possible, due to a deletion 

of CphA, arginine and aspartate might be transferred directly from heterocysts. This 

explains the minor effects on diazothrophic growth in a CphA deletion mutant [123]. These 

results identified β-Asp-Arg dipeptides as nitrogen vehicle in diazotrophic heterocyst 

forming cyanobacteria, next to glutamine and arginine alone or with aspartate [124, 166, 

167]. A benefit of β-Asp-Arg dipeptides as nitrogen transport substance is avoiding the 

release of amino acids back in the heterocyst. This suggests that cyanophycin metabolism 

may have evolved in multicellular heterocyst-forming cyanobacteria to increase the 

efficiency of nitrogen fixation [124]. 



V. Introduction 

28 
1 Paragraph adapted from Watzer, B. & Forchhammer, K. (2018) Cyanophycin, a nitrogen-rich reserve polymer. 

Cyanobacteria, ISBN: 978-953-51-6243-8 
 

 

Figure 4 Schematic illustration of cyanophycin metabolism in cyanobacteria. Cyanophycin is 

synthesized from aspartate and arginine by cyanophycin synthetase (CphA1) in an ATP-

dependent elongation reaction using cyanophycin primers, containing of at least three Asp-

Arg building blocks. Intracellular cyanophycin degradation is catalyzed by the 

cyanophycinase (CphB). The β-Asp-Arg dipeptides resulting from cleavage of cyanophycin 

are further hydrolysed by isoaspartyl dipeptidase, releasing aspartate and arginine. In many 

nitrogen-fixing cyanobacteria, an additional cyanophycin synthetase is present, termed 

CphA2. CphA2 can use β-aspartyl-arginine dipeptides to re-synthesize cyanophycin. Figure 

adapted from publication 5 Watzer, B. & Forchhammer, K. (2018). Cyanophycin, a nitrogen-

rich reserve polymer. Cyanobacteria, ISBN: 978-953-51-6243-8  

 

4.4 Regulation of cyanophycin metabolism1 

4.4.1 Genetic organization of CphA and CphB1 

Usually, genes involved in cyanophycin metabolism are clustered. The organization of these 

clusters can be different, depending on the respective organism [133]. In Synechocystis sp. 

PCC 6803, cphA and cphB are adjacent, however there are expressed independently [168]. A 

hypothetical protein named slr2003 is located downstream of cphA and is transcribed in a 

polycistronic unit with cphA [168]. However, the function of Slr2003 is unknown. In the gene 

of CphB (slr2001) a small antisense RNA was detected (transcriptional unit 1486) [168].  
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In Anabaena sp. PCC 7120, two clusters containing CphA and CphB were identified [126]. In 

Cluster cph1, cphB1 and cphA1 were expressed under ammonia and nitrate supplemented 

growth, but the expression of both genes was higher in the absence of combined nitrogen in 

heterocysts and vegetative cells. In the cph1 operon, cphB1 and cphA1 were co-transcribed. In 

addition, cphA1 can be expressed from independent promoters, of which one is constitutive 

and the other regulated by the global nitrogen control transcriptional factor NtcA [126]. 

In cluster cph2, the cphB2 and cphA2 genes were found in opposite orientation and both genes 

were expressed monocistronically. The genes were expressed under conditions of ammonia, 

nitrate or N2 supplementation, but the expression was higher in absence of ammonia. 

Generally the expression of the cph2 is lower compared to cph1 [126]. In addition to these two 

gene clusters, a third set of ORFs containing putative cphA and cphB genes were found in 

Nostoc punctiforme PCC 73102 and Anabaena variabilis ATCC 29413 [133]. 

4.4.2 Influence of arginine to the cyanophycin metabolism1 

Generally, cyanophycin accumulation is triggered by cell-growth arresting stress-conditions, 

such as entry into stationary phase, light or temperature stress, limitation of macronutrients 

(with the exception of nitrogen starvation) or inhibition of translation by adding antibiotics 

like chloramphenicol [118, 119, 169]. All of these cyanophycin triggering conditions result in 

a reduced or arrested growth. In exponential growth phase, the amino acids arginine and 

aspartate are mostly used for protein biosynthesis with the consequence of a low 

intracellular level of free amino acids. Under growth-limiting conditions, protein 

biosynthesis is slowed down, which yields an excess of monomeric amino acids in the 

cytoplasm, triggering the cyanophycin biosynthesis [119]. Cyanophycin accumulation also 

requires an excess of nitrogen. For the filamentous cyanobacterium Calothrix sp. strain PCC 

7601, it was shown that cyanophycin accumulation occurs preferably in presence of 

ammonia [170]. The addition of amino acids to the media further increased cyanophycin 

formation [171]. During process optimization studies for heterotrophic cyanopycin 

production in the strain Acinetobacter calcoaceticus ADP1, it was shown that addition of 

arginine to the medium as sole carbon source increased cyanophycin accumulation 

drastically. When in A. calcoaceticus strain ADP1, cyanophycin synthesis is induced by 

phosphate starvation, it accounts to 3.5% (w/w) of the cell dry matter (CDM) with ammonia 

as nitrogen source. Additional supply of the medium with arginine increases the 

cyanophycin amount to 41.4% (w/w) (CDM). Notably, a combined supply of arginine and 

aspartate has a much lower stimulating effect to cyanophycin accumulation than arginine 

alone [138].  
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A potential link between regulation of arginine biosynthesis and cyanophycin metabolism 

was suggested in many previous studies. In a transposon mutagenesis study in the 

filamentous cyanobacterium Nostoc ellipsosporum, an arginine biosynthesis gene, argL, was 

interrupted by a transposon. This mutation partially impairs arginine biosynthesis, but does 

not strictly result in L-arginine auxotrophy. Without arginine supplementation, heterocysts 

failed to fix nitrogen, akinetes were unable to germinate and cyanophycin granules did not 

appear. However, when both nitrate and arginine are present in the media, the impaired 

arginine biosynthesis is bypassed. Under this condition the mutant could form cyanophycin 

and was able to differentiate functional akinetes, which contained cyanophycin granules 

[172].  

In metabolic engineering studies of the cyanophycin production strain Acinetobacter 

calcoaceticus ADP1, several genes related to the arginine biosyntheses or its regulation were 

modified to yield higher amounts of arginine. As a consequence, significant higher 

cyanophycin production was observed [173]. 

The nitrogen-regulated response regulator NrrA has also influence on arginine and 

cyanophycin biosynthesis. An NrrA-deficient mutant in Synechocystis sp. PCC 6803 shows 

reduced intracellular arginine levels and consequently, reduced cyanophycin amount [174]. 

Maheswaran et al. showed that arginine production and the following cyanophycin 

accumulation depend on the catalytic activation of NAGK by the signal transduction protein 

PII [90]. In a PII-deficient mutant of Synechocystis sp. PCC 6803, NAGK remained in a low 

activity state, which caused impaired cyanophycin accumulation [90]. 

All these results and observations point towards arginine as main bottleneck of cyanophycin 

biosynthesis, while aspartate plays a minor role. Cyanophycin accumulation occurs as a 

result of arginine enrichment in the cytoplasm. Reasons for increased arginine content in the 

cell are lowered protein biosynthesis as a result of various growth limiting conditions. 

Furthermore, an excess of nitrogen and energy, sensed by PII leads to NAGK activation and 

thereby, increased arginine biosynthesis.  

4.5 Industrial applications1  

Industrial applications for cyanophycin have previously mainly focused on chemical 

derivatives. Cyanophycin can be converted via hydrolytic β-cleavage to poly(α-L-aspartic 

acid) (PAA) and free arginine. PAA is biodegradable and has a high number of negatively 

charged carboxylic groups, making PAA to a possible substituent for polyacrylates [157, 159, 
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175]. PAA can be employed as anti-scalant or dispersing ingredient in many fields of 

applications, including washing detergents or suntan lotions. Furthermore, PAA has 

potential application areas as an additive in paper, paint, building or oil industry [157, 159].  

Cyanophycin can also serve as a source for dipeptides and amino acids in food, feed and 

pharmaceutical industry. The amino acids arginine (semi-essential), aspartate (non-essential) 

and lysine (essential) derived from cyanophycin have a broad spectrum of nutritional or 

therapeutic applications. Large scale production of these amino acids, as mixtures or 

dipeptides, is established in industry, with various commercial products already available on 

the market (reviewed by Sallam et al. 2010) [176]. 

Potential applications of non-modified cyanophycin have been discussed, but remain so-far 

largely unexplored. This can partially be explained by the lack of research being conducted 

on the material properties of cyanophycin. Recently in 2017, the first study regarding 

cyanophycin material properties has been published. In this study, Khlystov et al. focused on 

the structural, thermal, mechanical and solution properties of cyanophycin produced by 

recombinant E. coli, giving new insights in the nature of this polymer as bulk chemical [175]. 

They describe cyanophycin as an amorphous, glassy polyzwitterion with high thermo 

stability. The dry material is stiff and brittle. According to these properties cyanophycin 

could be used to synthesize zwitterionomeric copolymers or as reinforcing fillers [175]. 

4.6 Biotechnological production of cyanophycin1 

Previous ventures to produce cyanophycin in high amounts were mainly focused on 

heterotrophic bacteria, yeasts and plants as production host. These recombinant production 

hosts heterologously express cyanophycin synthetase genes, mostly from cyanobacteria. In 

this way, heterotrophic bacteria, which are established in biotechnological industry including 

E. coli, Corynebacterium glutamicum, Cupriavidus necator (previously known as Ralstonia 

eutropha) and Pseudomonas putida, were used for heterologous production of cyanophycin 

[177]. 

Strain E. coli DH1, containing cphA from Synechocystis sp. PCC6803, was used for large-scale 

production of cyanophycin in a culture volume of up to 500 liter, allowing the isolation of 

cyanophycin in a kilogram scale. During process optimization, the highest observed 

cyanophycin content was 24 % (w/w) per CDM. However, the synthesis of cyanophycin 

strongly depends on the presence of complex components in the medium (terrific broth 

complex medium). In mineral salt medium, cyanophycin accumulation only occurs in 
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presence of casamino acids [135]. An engineered version of CphA from Nostoc ellipsosporum, 

transformed in E.coli, shows a further increase in cyanophycin production, up to 34.5 % 

(w/w) of CDM. However, this production strain also requires expensive complex growth 

media to yield such a high amount of cyanophycin [178].  

Cupriavidus necator and Pseudomonas putida are known as model organisms for the industrial 

scale production of polyhydroxyalkanoates (PHA). Therefore, they have been considered as 

candidates for large scale cyanophycin production [177, 179]. Metabolic engineering and 

process optimization studies of Cupriavidus necator and Pseudomonas putida harboring cphA 

from Synechocystis sp. PCC 6803 or Anabaena sp. PCC 7120 were performed. Accumulation of 

cyanophycin depended on the source of the cphA gene, on the accumulation of other storage 

compounds like PHA as well as the addition of precursor components like arginine to the 

medium [180]. PHA-deficient mutants of Cupriavidus necator and Pseudomonas putida 

accumulate in general more cyanophycin compared to the PHA containing strains [180]. 

During genetic modification of cphA expression in Cupriavidus necator, cyanophycin 

accumulation turned out to be strongly affected by the expression system. A stabilized multi-

copy cphA expression system, using the KDPG-aldolase gene (eda)-dependent addiction 

system, allows cultivation without antibiotic selection. The multi-copy cphA expression 

results in a cyanophycin yield between 26.9 % and 40.0 % (w/w) of CDM. The maximum 

amount of 40.0% (w/w) of CDM was observed in a 30 and 500 liter pilot-plant. In the absence 

of the amino acids arginine and aspartic acid in the medium, the cyanophycin amount was 

still between 26.9% or 27.7% (w/w) of CDM [181].  

The industrial established host Saccharomyces cerevisiae has also been used for cyanophycin 

production, by expression of cphA from Synechocystis sp. PCC 6803. S. cerevisiae harboring 

cphA accumulated up to 6.9% (w/w) of CDM. Two cyanophycin species were observed in this 

strain: water-soluble and the typical water-insoluble cyanophycin. Furthermore, the isolated 

polymer from this transgenic yeast contained 2 mol % lysine, which can be increased up to 

10 mol % when the cultivation occurs with lysine in the medium [139]. During metabolic 

engineering studies, several arginine biosynthesis mutants have been analyzed concerning 

their cyanophycin accumulation abilities. Surprisingly, strains with defects in arginine 

degradation accumulated only 4 % cyanophycin (w/w) of CDM; however, arginine 

auxotrophic strains were able to accumulate up to 15.3 %. Depending on the cultivation 

conditions, between 30 and 90 % of the extracted cyanophycin was soluble at neutral pH. In 

addition to arginine, aspartate and lysine, further amino acids, like citrullin and ornithine 

have been detected in isolated cyanophycin from different arginine biosynthesis mutants 
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[182]. Furthermore, it was also possible to produce cyanophycin and cyanopycin-derivates in 

Pseudomonas putida and the yeast Pichia pastoris [183, 184]. 

Cyanophycin and cyanophycin-derivates are important sources for β-dipeptides for several 

applications. A large-scale method was developed to convert cyanophycin into its 

constituting β-dipeptides by using CphE from Pseudomonas alcaligenes. This allows the large-

scale production of customized β-dipeptides, depending on the composition of the 

cyanophycin-derivates [176, 185]. 

Production of cyanophycin has also been attempted in several transgenic plants. Here, 

ectopic expression of the primer-independent CphA from Thermoynechococcus elongates BP-1 

leads to an accumulation of cyanophycin up to 6.8% (w/w) in tobacco leafs and to 7.5 % 

(w/w) of CDM in potato tubers [186, 187]. Cyanophycin production and extraction in plants 

can be coupled with the production of other plant products like starch [187]. The 

peculiarities and challenges of plant-produced cyanophycin have been reviewed by Nausch 

et al. [140]. 
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5. Research objective 

Previous research on cyanophycin mainly focused on its production by using heterologous 

expression systems with heterotrophic bacteria, genetically engineered yeast or plants 

harboring a cyanobacterial CphA gene [135, 139, 140, 179, 182]. However, future industry has 

to cope with manifold challenges to counteract environmental pollution and climate change. 

The use of cyanobacteria in biotechnological industry provides an environmentally friendly 

alternative to conventional approaches. 

The present study aimed to explore the possibilities of a cyanobacterial cyanophycin 

producer strain. To realize this producer strain we used a novel metabolic engineering 

strategy by manipulating the PII signaling protein. A PII variant carrying a single point 

mutation (I86N) was previously shown to be a NAGK super activator in vitro. Since NAGK 

catalyzes the rate limiting step in the arginine biosynthesis, an over-activation leads to an 

increased production of arginine. Cyanophycin accumulation depends on the arginine 

availability. Therefore, a replacement of the native glnB gene by a modified glnB gene 

carrying the I86N mutation in the unicellular cyanobacterium Synechocystis sp. PCC 6803 

leads to a strong cyanophycin production. To further increase the cyanophycin yield of the 

engineered producer strain, several process optimization studies have been performed. In 

order to gain new insights about the physiological impact of the PII(I86N) variant, we 

investigated if the PII(I86N) variant maintains the ability to interact with outer PII interaction 

partners, namely PipX, Amt1, NrtABCD or UrtABCDE.  

The presence of cyanophycin in cyanobacteria is known for more than 100 year. Previous 

research mainly focused on biotechnological purposes. However, the cell biology of 

cyanophycin remained largely uninvestigated. In order to gain new insights in the 

physiological role of cyanophycin we compared wild-type cells with cyanophycin deficient 

cells of Synechocystis sp. PCC 6803 under different conditions. To study the cellular 

localization of the cyanophycin-synthesizing enzyme CphA during cyanophycin synthesis 

and degradation, we fused it to green fluorescent protein and performed localization studies. 
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VI. Results 
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1. The PII(I86N) regulatory network 

1.1 PII(I86N) variant, a super activator of NAGK 

The PII signal transduction protein regulates the arginine biosynthesis by its interaction with 

the arginine controlling enzyme N-acetylglutamate kinase (NAGK). The NAGK (R233A) 

variant was previously shown to be unable to bind wild-type PII in vitro [80]. To gain further 

insights in the nature of NAGK - PII interaction, a screening for PII variants with altered 

NAGK binding characteristics was performed. During this study two PII variants were 

identified, both containing substitutions at position 86 (I86N and I86T). These two PII 

variants are still able to interact with NAGK (R233A). Biochemical studies suggested that 

PII(I86N) represents a super active NAGK binder. Dissociation of the PII-NAGK complex is 

normally triggered by the addition of 2-OG in presence of ATP; however, PII(I86N) no longer 

responds to 2-OG [100]. Determination of the three-dimensional structure of PII(I86N) shows 

an almost identical backbone compared to the wild-type PII. However, the T-loop adopts a 

compact bended conformation similar to that of wild-type PII in NAGK complex [100]. 

The accumulation of the carbon/nitrogen storage polymer cyanophycin mainly depends on 

the availability of arginine. A PII-deletion in Synechocystis sp. PCC 6803 leads to a low active 

NAGK, which caused impaired cyanophycin accumulation [90]. We expected the opposite 

phenotype if we replace the wild-type PII with the NAGK super activator PII(I86N). Strain 

BW86, containing the PII(I86N) variant, showed an increased in vivo NAGK activity under 

different nitrogen supplementations (nitrate, ammonia and without nitrogen source) (figure 

2 Publication 1). To determine the metabolic changes, which are caused by the elevated 

NAGK activity, a metabolom study with focus on primary metabolism was performed. 

According to PCA and OPLS-DA analysis, the only changing metabolites were arginine, 

citrate/isocitrate, succinate and glycerate-3-P. Remarkably, the arginine content in strain 

BW86 was more than tenfold higher compared to the wild-type. On the other hand, the pools 

of citrate/isocitrate, succinate and glycerate-3-P were decreased (figure 4 Publication 1). A 

possible explanation for this could be the accelerated metabolite flow into arginine, which 

drains the pools of metabolites from TCA cycle and carbon fixation.  

Due to the high intracellular arginine concentration, the cyanophycin accumulation was 

highly increased. Under balanced growth conditions with nitrate as nitrogen source, strain 

BW86 accumulated up to 15.6 ± 5.4 % cyanophycin relative to the CDM, i.e. on average 

almost six times more than the wild-type cultivated under the same condition (figure 5 

Publication 1). Surprisingly, strain BW86 showed impaired growth and cyanophycin 

production when cultivated with ammonia as only nitrogen source. This phenomenon is due 

to ammonia toxicity and will be discussed later in the paragraph "1.2 PII(I86N) and Amt1 
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ammonium permease". Appropriate starvation conditions further increased the cyanophycin 

content of strain BW86 up to 47.4 ± 2.3 % of the CDM under phosphate starvation and 

57.3 ± 11.1 % per CDM under potassium starvation (figure 5 Publication 1).  

Furthermore, the cyanophycin produced by strain BW86 showed a high polydispersity 

ranging from 25 to 100 kDa, similar to the polydispersity of cyanobacterial wild-type 

cyanophycin (figure 6 Publication 2). Recombinant strains using heterologous expression 

systems with heterotrophic bacteria, yeasts or plants, produce cyanophycin with a size 

ranging of 25 - 45 kDa [135, 139, 140]. The higher polydispersity of cyanophycin produced by 

strain BW86 represents the most significant differences to other published cyanophycin 

producer strains. 

Compared to bacteria which are used in biotechnological industry, cyanobacteria are unique 

as they use sunlight and CO2 as energy and carbon source. Obviously, the importance of 

environmentally-friendly production processes increases. Hence, cyanobacteria are expected 

to play a major role in future industry. Synechocystis sp. PCC 6803 strain BW86 is the first 

reported bulk chemical producing cyanobacterial strain in the literature. Cyanophycin 

production in Synechocystis BW86 does not require organic carbon or cyanophycin-precursor 

substances, which enable low cost production of cyanophycin. With an amount of 

57.3 ± 11.1 % cyanophycin per CDM, strain BW86 represents the cyanophycin producer 

strain with the highest observed cyanophycin content reported in literature so far.  
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Figure 5 The strategy of metabolic engineering of the PII(I86N) protein in Synechocystis sp. 

PCC 6803 for arginine/ cyanophcin overproduction. The conversion of N-acetylglutamate 

(Ac-Glu) to N-acetylglutamate-phosphate (Ac-Glu-P) is the rate-limiting step in the cyclic 

arginine synthesis pathway and is catalyzed by NAGK. NAGK activity is controlled by 

complex formation with the PII protein, which senses the nitrogen status by 2-oxogluterate 

(2-OG) binding. In the wild-type, unbound NAGK has low activity (dashed line) and is highly 

susceptible to arginine feedback inhibition, whereas NAGK bound to the PII protein has high 

activity (solid black line) and much less sensitive towards arginine. The PII(I86N) variant of 

strain BW86 (in orange box) permanently binds to NAGK, whereby its activity strongly 

increases (solid orange line) and the arginine feedback inhibition relieves. When excess 

arginine (Arg) is produced, cyanophycin is synthesized from arginine and aspartate (Asp in 

red). (Figure taken from Watzer et al. 2015 (Publication 1)) 

 

1.1.1 Strain BW86 process optimization 

Strain BW86 demonstrated the potential of metabolic pathway engineering by using a 

variant of the central regulatory PII signal transduction protein. However, to verify the 

industrial applicability of strain BW86, several process optimization studies have to be done. 

Previous characterization studies were performed under standard laboratory conditions 

using Erlenmeyer flasks with a maximal volume below one liter. In a first up-scale approach, 

it was possible to cultivate strain BW86 in flat plate photobioreactors (Midi-plate reactor 

system [188] and the similar Mini-plate reactor system). Both homologue reactor systems are 

smaller pilot constructions of industrial used flat plate photobioreactors. The cultivation 

compartment of the midi-plate reactor allowed a maximum volume of 1.2 liter, while the 

mini-plate reactor allowed a volume of 0.2 liter (setup shown in Figure 6). 
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In order to determine the optimal growth conditions of Synecheocystis sp. PCC 6803 in flat 

plate photobioreactors, light kinetics were measured using warm‐white LED illumination 

[189]. The maximum growth rate of 1.32 d− 1 was observed at photon flux densities of 

150 µmol photons m−2 s− 1. However, transition from photo-limitation to photo-saturation 

already occurred at 46 µmol photons m−2 s− 1. The growth rate was directly proportional to 

the irradiance under light limited conditions (below 46 µmol photons m−2 s− 1). Light 

intensities above 46 µmol photons m−2 s− 1 increased the growth rate slower and reached the 

maximum at 150 µmol photons m−2 s− 1 (figure 1 publication 3).  

Strain BW86 produces 15.6 ± 5.4 % cyanophycin relative to the CDM under balanced growth 

conditions with nitrate as nitrogen source. Several growth limiting conditions, like 

phosphate or potassium starvation, increased the cyanophycin accumulation. However, 

growth limiting conditions also lower the overall biomass production. Therefore, it is 

necessary to find an optimal balance between enhanced cyanophycin production by stress 

factors and biomass production. According to our previous results (figure 5 Publication 1), 

we suggested phosphate limitation as best compromise between biomass and cyanophycin 

production. For this purpose, different initial phosphate concentrations were tested in batch 

cultivation approaches. Progressive phosphate limitation resulted in an increased 

cyanophycin accumulation. Phosphate quotas ranging from 1 to 4 mg phosphate per g CDM 

increased the cyanophycin production (figure 5 Publication 3). According to calculations of 

the photo conversion efficiency (PCE), Synechocystis sp. PCC6803 wild-type was more 

efficient in generating biomass from received light-energy than strain BW86. This behavior 

can be explained by the increased, high energy consuming cyanophycin production in strain 

BW86 (table 1 publication 3). Initial phosphate concentrations below 1 mg per g CDM led to 

a breakdown of the PCE. During these studies, BG-11 medium according to Rippka et al. [5] 

was used. Quantification of nitrate and sulfate consumption of strain BW86 in batch 

cultivation showed that both macronutrients are available in sufficient amounts over the 

whole cultivation procedure (figure 3 publication 3). In summary, to enable an increased 

cyanophycin production with a minimum impairment of the cell growth in flat plate 

photobioreactors, initial phosphate amounts of 1 to 4 mg per g CDM is required. Under these 

optimal conditions, the highest amount of cyanophycin was around 40% of CDM with a total 

yield of 340 mg cyanophycin per liter culture in 9 days.  
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Figure 6 (A) Front and (B) side view of the Midi- and miniplate photobioreactor system. The 

Midiplate reactor (height, width and depth: 350 x 200 x 20 mm) allowing 1.2 liter volume, 

while the Miniplate reactor (height, width, depth of 140, 100, 20 mm) allowing 0.2 liter 

culture. (Figure taken from Trautmann et al. 2016 (Publication 3)) 

 

1.2 PII(I86N) and Amt1 ammonium permease 

In order to find the best nitrogen source to maximize the cyanophycin yield of strain BW86 

several nitrogen sources have been tested. It surprisingly turned out that strain BW86 is 

impaired in ammonium utilization (figure 5 and supplementary figure 2, Publication 1). In 

E.coli it is known that the PII homolog GlnK regulates the ammonium influx by direct 

protein-protein interaction with the ammonium permease AmtB [103]. The observation 

regarding the impaired ammonium utilization of Synechocystis sp. harboring the PII(I86N) 

mutation implied a similar regulation in cyanobacteria. The PII(I86N) variant exhibits a 

modified T-loop structure while the PII backbone appear almost identical with the PII wild-

type structure [100]. Therefore, the impaired ammonium utilization of strain BW86 could be 

caused by the altered T-loop structure.  

To verify this suggestion, we tested the ammonium utilization of different PII mutant strains, 

including a PII deletion mutant (ΔPII) [190]. To complement the PII deletion, a Synechocystis sp. 

shuttle vector containing a PII–Venus fusion was transformed in the PII deletion mutant. To 

avoid steric hindrance of the T-loop we fused the Venus protein to the C-terminus of PII. 

However, fusion to the C-terminus could instead lead to a steric hindrance of the B- and C-

loop.  
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Growth experiments of Synechocystis sp. wild-type, ΔPII, strain BW86 and a ΔPII + PII-Venus 

complementation strain have been performed to investigate the relation between PII 

signaling and ammonium utilization (figure 1 and 2, publication 7). Both, the Synechocystis 

sp. ΔPII mutant and strain BW86 showed impaired growth in presence of high ambient 

ammonium concentrations (≥10 mM ammonium) (figure 1, publication 7; supplementary 

figure 2, Publication 1). Quantification of ammonium utilization confirmed an uncontrolled 

influx of ammonium in the ΔPII mutant and strain BW86, which led to intoxication in 

presence of high ambient ammonium concentrations. In contrast, Synechocystis sp. wild-type 

and the ΔPII + PII-Venus complementation strain maintained normal growth and ammonium 

tolerance (figure 1 and 2, publication 7).  

Ammonium uptake in Synechocystis sp. mainly depends on the Amt1 permease [191]. In 

order to verify a possible interaction between PII and Amt1 we performed pull down assays, 

using a C-terminal 3xflag-tagged PII as bait. The fusion protein and its interacting proteins 

were purified by immunoprecipitation and subsequently identified by mass spectroscopy 

(MS). Since protein identification by MS is extremely sensitive, we performed a negative 

control using Synechocystis sp. wild-type, processed in the same way as the Synechocystis sp. 

PII 3xFlag strain, to identify unspecific purified proteins. With this approach, we identified 

the known PII interacting protein PipX and the Amt1 ammonium permease, supporting our 

suggestion that Amt1 represents a PII target in cyanobacteria (table 4 and 5, publication 7). 

Surprisingly, besides Amt1 we also observed an enrichment of the NrtABCD nitrate/nitrite 

transporter as well as of the UrtABCDE urea transporter (table 4 and 5, publication 7).  

To further confirm these interactions, bacterial two-hybrid assays were performed using the 

wild-type PII and PII(I86N) variant against Amt1, NrtC, NrtD, UrtD and UrtE. In agreement 

with our pull-down results, the wild-type PII showed interaction with Amt1, while the 

PII(I86N) variant showed no interaction. Concerning the ABC-type transporter NrtABCD and 

UrtABCDE, we could confirm an interaction of the wild-type PII with NrtC, NrtD and UrtE 

(table 6, publication 7). The PII(I86N) variant was unable to interact with NrtC or NrtD but 

showed interaction with UrtE. 

1.3 PII localization changes under different nitrogen supplementations  

Since all these transporters are plasma membrane associated, we characterized PII 

localization under different conditions of nitrogen supplementation. Nitrate-replete 

Synechocystis sp. cells showed PII-Venus fluorescence heterogeneously distributed in the cell. 

The majority of cells exhibited a strong fluorescence signal in their center and the cell-

periphery (figure 3, publication 7). The PII-Venus fluorescence in the cell periphery co-

localizes with the plasma membrane where Amt1, NrtABCD and UrtABCDE are located.  
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After one week of nitrogen starvation, the PII-Venus signal was more evenly distributed in 

the whole cell and its localization on the plasma membrane was not as distinct as during 

nitrate supplemented growth (figure 4, publication 7). Immediately after the addition of a 

suitable nitrogen source a change in PII-Venus localization became apparent. The majority of 

cells showed distinct plasma membrane localization of PII-Venus, while the remaining 

cytosol showed homogenously distributed fluorescence. The migration of PII-Venus to the 

plasma membrane appeared more clearly by the addition of ammonia compared to nitrate or 

urea (figure 4 and 5, publication 7). One hour after the addition of ammonium or two hours 

after the addition of nitrate, PII started to dissociate from the plasma membrane and moved 

back to its cytoplasmic localization. In contrast, urea addition induced a constant migration 

of PII towards the plasma membrane without dissociation in the first four hours (figure 5, 

publication 7). 

1.4 PII(I86N) and the NrtABCD nitrate/nitrite transporter 

In the last decades, several physiological studies suggested an involvement of PII in 

regulation of nitrate/nitrite uptake [92, 192-194]. Our pull down experiments and bacterial 

two-hybrid assays supported the suggestion that PII regulates the NrtABCD nitrate/nitrite 

transporter by interacting with the NrtC and NrtD subunits (table 4, 5 and 6, publication 7). 

A characteristic phenotype, which has been described for a PII deletion mutant grown in the 

presence of nitrate, is the excretion of nitrite in the medium [194, 195]. The reduction of 

nitrate requires two electrons whereas six electrons are needed for the reduction of nitrite to 

ammonium. Due to the lower costs of nitrate reduction, the nitrite reduction becomes 

limiting in case of an uncontrolled nitrate influx. In consequence nitrite accumulates and gets 

excreted. Since the PII(I86N) variant showed no interaction with NrtC and NrtD in the 

bacterial two-hybrid assay we asked if strain BW86 also excretes nitrite when nitrate is 

provided. 

By measuring the nitrate consumption rate of the PII-signaling mutants we could confirm 

that a PII deletion or a replacement with the PII(I86N) variant caused an uncontrolled nitrate 

influx. The uncontrolled nitrate influx indeed led to nitrite excretion (figure 6 and 7, 

publication 7). 

In wild type cells active nitrate uptake requires photosynthetic CO2 fixation as well as the 

absence of ammonium [92, 196]. We tested if our PII signaling mutants still display the 

ammonium- and light-induced nitrate uptake inhibition by measuring the nitrate 

consumption in presence of ammonium and in absence of light. Synechocystis sp. wild-type 

and the PII–Venus complementation strain inhibited nitrate uptake in an ammonium- and 

light-dependent manner. However, the PII deletion mutant and strain BW86 were impaired 
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in ammonium- and light- promoted nitrate uptake inhibition (figure 7, publication 7). 

Accordingly, we conclude that NrtABCD is directly regulated by the interaction of PII with 

the NrtC and NrtD subunits and its interaction is T-loop dependent. The interaction of PII 

with the NrtC and NrtD subunits also mediate the ammonium and light dependent nitrate 

uptake inhibition. 

1.5 PII(I86N) and the UrtABCDE urea transporter 

Our pull down experiments and bacterial two-hybrid assays indicated a regulation of the 

urea transporter UrtABCDE by the interaction of PII with the UrtE subunit. In order to 

analyze the biological significance of this interaction, we monitored the urea utilization 

abilities of our PII signaling mutants under different conditions.  

By measuring the urea consumption of the PII-signaling mutants, we observed that a PII 

deletion caused an uncontrolled urea influx (figure 8, publication 7). In cyanobacteria, urea is 

hydrolyzed to CO2 and two molecules of ammonium by the enzyme urease [197]. Due to the 

uncontrolled urea influx in the ΔPII strain, we observed an excretion of ammonium in the 

medium (figure 8, publication 7). The addition of ammonium causes an inhibition of the urea 

uptake. However, in the ΔPII mutant the ammonium-induced urea uptake inhibition is 

impaired (figure 8, publication 7).  

The interaction of PII and the UrtE is likely independent of a flexible T-loop, since our 

bacterial two-hybrid assay showed interaction between the PII(I86N) variant and UrtE. In 

agreement, Synechocystis sp. harboring the PII(I86N) variant behaved like the wild-type 

regarding the urea utilization properties (figure 8, publication 7). In contrast, Synechocystis 

sp. harboring the PII-Venus fusion exhibited an impaired regulation of the urea utilization. 

The ΔPII + PII-Venus strain showed an elevated urea uptake and a slightly impaired 

ammonium induced urea uptake inhibition (figure 8, publication 7). However, the ΔPII + PII-

Venus strain excreted no ammonium when urea was provided as only nitrogen source. The 

Venus fusion on the C-terminus of PII could lead to a steric hindrance of the B- and C-loop 

while the T-loop remains unaffected. According to this data we strongly suggested an 

involvement of the B- or C-loop in the interaction of PII with the UrtE subunit. 

1.6 Additional research 

1.6.1 PII(I86N) and PipX 

Since PII(I86N) mimics the structure of PII in the NAGK complex, we previously suggested 

that this variant is unable to interact with other PII interaction partners. In a bacterial two-

hybrid assay, the PII(I86N) variant, thought to be a negative control, showed surprisingly 
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interaction with the PipX protein [198], therefore we analyzed the formation of PII-PipX 

complexes by SPR spectroscopy, using a indirect assay, as described previously [96]. 

Monomeric His6-PipX showed a weak transient binding to a Ni-NTA sensor chip due to low 

affinity of the single His6-tag. Therefore, the response units (RUs) upon binding of PipX 

alone rapidly reached a plateau and after the end of the injection phase, they decreased due 

to dissociation of the protein from the sensor chip surface (figure 7 A, red curve). When PipX 

was incubated with PII in the absence of effector molecules, wild-type PII increased the 

binding of His6-PipX to the sensor chip by approximately 17 %, due to complex formation 

(figure 7 A, black dotted line). Strikingly, the addition of the PII(I86N) variant [119] led to 

much stronger increase of PipX binding and to less dissociation during the dissociation 

phase (figure 7 A, straight black line). To compare the effect of PII proteins on the dissociation 

of the complexes from the sensor chip (which is a good indicator of the efficiency of PII-PipX 

interaction), the dissociation curves were normalized to the RUs at the end of the injection 

phase (taken as 100 %) (figure 7 B). The percent RUs remaining bound to the chip after 400 s 

of dissociation were then taken as a proxy for PII-PipX interaction and used to quantify the 

effect of different effector molecules (figure 7 B-E). 

The result from the first experiment, performed in the absence of effector molecules, showed 

that under these conditions, PII(I86N) very strongly interacted with PipX, clearly much more 

than wild-type PII. In the following experiments, the effect of different effector molecules on 

PII-PipX complex stability was analyzed. Previous studies showed a strong positive effect of 

ADP on the interaction of wild-type PII with PipX, due to a stabilization of the PipX-

interacting conformation of PII by ADP [96]. The same result was obtained here (figure 7 D,E). 

In comparison to wild-type PII, binding of the PII(I86N) variant to PipX was negatively 

affected by ADP (figure 7 C,E). As expected from previous analyses, ATP showed for the 

wild-type PII protein a slightly lower stability of the complex than in the ADP-complexed 

state. By contrast the PII(I86N) variant interacted more stable with PipX in the ATP state than 

with ADP (figure 7 C,D,E). As expected, in presence of ATP, 2-OG was a strong inhibitor of 

wild-type PII-PipX complex formation [96] (figure 7 D). An inhibitory effect of ATP and 2-OG 

on the PII-PipX complex was also visible with the PII(I86N) variant, however, not as strong as 

in the case of wild-type PII protein (figure 7 C,D,E). This is in agreement with the impaired 

ability of the PII(I86N) variant to bind 2-OG [101]. 

Taken together, this study demonstrated that the PII(I86N) variant is very efficient in complex 

formation with PipX and that this binding does not require positive stimulation by ADP as is 

the case with wild-type PII. Therefore, the PII(I86N) might tune down PipX-mediated NtcA 

response in vivo. 
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Figure 7 PII-PipX complex formation and dissociation in presence and absence of effector 

molecules. (A) His6-PipX (500 nM) was injected to the chip in absence of PII (red line) and in 

presence of 100 nM Strep-PII wild-type (black dashed line) or 100 nM PII(I86N) (black line), 

without effectors. Injection phase takes 200 s, followed by 400 s dissociation. (B) shows the 

dissociation of His6-PipX (red line) alone and in presence of Strep-PII wild-type (black dashed 

line) and PII(I86N) (black line). The response signal at the end of the injection at t: 200 s is 

normalized to 100%. (C) and (D) show the dissociation of PII-PipX complex in presence of 

effectors, there for response signal at the end of the injection at t: 200s is normalized to 100%. 

In (C) PII(I86N) and in (D) PII  wild-type was pre-incubated without effectors (black line), 

1 mM ADP (green line), 1 mM ATP (blue line) and 1 mM ATP/ 1 mM 2-OG (orange line). 

PipX without PII, was used as control (red line). (E) shows the response signal in % at t:600s 
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(400s after the end of the injection) of PipX in complex with PII  wild-type and PII(I86N) in 

presence and absents of effectors. The residual signal at t:600s is an indicator for the stability 

of the complex. 

 

1.6.2 PII(I86N) and nitrogen starvation response 

Our previous SPR spectroscopy study demonstrated a strong complex formation of the 

PII(I86N) variant with PipX. Under insufficient nitrogen supplementation, the PII-PipX 

complex dissociates, due to the elevated presence of ATP and 2-OG [95]. Free PipX can bind 

and activate NtcA, which leads to an activation of the NtcA regulon. A stronger 

sequestration of PipX by PII(I86N), also in presence of elevated 2-OG levels, could lead to a 

delayed activation of the NtcA regulon. Therefore, we suggested a slowed down nitrogen 

starvation response in Synechocystis sp. harboring the PII(I86N) variant. To investigate a 

possible delayed nitrogen starvation response, Synechocystis sp. wild-type and strain BW86 

cells were grown to an OD750 of 0.4 to 0.6, washed, and resuspended in BG-11 lacking a 

nitrogen source. This treatment induces nitrogen chlorosis, which gets visible due to the 

degradation of the photosynthetic apparatus (figure 8 A). Here both strains Synechocystis sp. 

wild-type and BW86 behaved similarly during chlorosis and no differences in the 

degradation of pigments became apparent (figure 8 A). After 8 days both strains completed 

the chlorosis process and appeared yellowish. 

Dormant Synechocystis sp. cells are able to survive long periods of nitrogen starvation. After 

the addition of a nitrogen source, they can re-green and resume growth [25]. To test the 

viability of the chlorotic cells we performed a drop plate method every week. For the drop 

plate method, chlorotic Synechocystis sp. cultures were adjusted to an OD750 of 1. 

Subsequently the cultures were diluted 10-fold in series. Drops of five dilutions (100 to 10-4) 

were placed on BG-11 agar plates containing standard nitrate concentrations. In the first 

three weeks of chlorosis, Synechocystis sp. wild-type and strain BW86 showed the same 

viability according to the number of colony forming units (figure 8 A). After the fourth week, 

the number colony forming units of strain BW86 was reduced compared to the wild-type. 

This difference became more apparent when the nitrogen starvation was prolonged to six 

weeks. Here strain BW86 showed a clear lower number of colony forming units, indicating a 

decreased viability under long term nitrogen starvation (≥ 4 weeks). 
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Figure 8 Nitrogen starvation and resuscitation of Synechocystis sp. wild type and strain 

BW86. (A) Changes in pigmentation during nitrogen starvation of Synechocystis sp. wild type 

and strain BW86. Nitrogen starvation was induced by resuspending washed, exponentially 

growing cells in BG-11 medium lacking nitrogen to an OD750 of 0.5. Shown is the change in 

pigmentation of three independent cultures within 8 days of nitrogen starvation. (B) Drop 

plate method of resuscitating wild-type and PII(I86N) mutant cells on BG-11 agar plates 

containing 17.3 mM nitrate. Cultures were adjusted to an OD750 of 1.0, diluted in a 10-fold 

dilution series, and dropped on agar plates. Cultures were previously starved for nitrogen 

between 1 and 6 weeks. Assays were performed using three biological replicates per strain. 
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1.6.3 PII(I86N) causes decreased PHB accumulation 

PII regulates a multitude of carbon and nitrogen metabolism associated processes and 

thereby controls the cellular carbon/nitrogen ratio. The accumulation of the carbon-storage 

polymer PHB depends heavily on the carbon/nitrogen ratio [199]. Previous studies 

documented a relation between PII signaling and PHB accumulation [200, 201]. A PII deletion 

mutant contains a significantly reduced acetyl-CoA level due to the derepression of the 

acetyl-CoA carboxylase activity [88]. This reduced acetyl-CoA level leads to an impaired 

accumulation of PHB [200, 201]. Phosphorylation of PII is not a major factor regulating PHB 

accumulation, since phosphorylation mimicing mutants of PII could complement the low 

PHB phenotype. We wondered if the Synechocystis sp. strain BW86, harboring the PII(I86N) 

variant, also shows an impaired PHB accumulation. 

Since PHB accumulation takes place under growth limiting starvation conditions, we tested 

the PHB accumulation properties under phosphate and potassium starvation. For this 

purpose, Synechocystis sp. wild-type and strain BW86 were grown to an OD750 of 0.4 to 0.6, 

washed, and subsequently resuspended in BG-11 medium, lacking either phosphate or 

potassium. Under phosphate starvation, the strain BW86 accumulates significantly lower 

amounts of PHB than the wild-type. Here only residual amounts of PHB below 0.5 % to the 

CDM could be detected in the BW86 strain (figure 9 A). In contrast Synechocystis sp. wild-

type accumulated up to 3 % to the CDM at the same condition. Surprisingly, under 

potassium starvation the PHB accumulation of strain BW86 was similar to the wild-type 

(figure 9 B).  

 
Figure 9 PHB accumulation under phosphate starvation (A) and potassium starvation (B) in 

Synechocystis sp. wild-type (white bars) and strain BW86 (gray bars). Phosphate starvation was 

induced by resuspending washed exponentially growing cells in BG-11 medium lacking a 

phosphate source to an OD750 of 0.5. After 3 days, the cultures were diluted with fresh 

phosphate-free medium to an OD750 of 0.2. For potassium starvation, exponentially growing 
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cells were washed and resuspended into potassium-free medium. Values are means of three 

biological replicates. The PHB amount is plotted against the cell dry mass (CDM). Note the 

different scales on the axes.  

 

2. Cell biology of the nitrogen storage polymer cyanophycin 

2.1 CphA localization changes during cyanophycin accumulation and 

degradation 

To investigate the intracellular localization of CphA, we fused cphA to the gene encoding 

enhanced green fluorescent protein (eGFP) (yielding GFP fused to the C terminus of CphA) 

and inserted cphA-eGFP under the control of the native cphA promoter into the Synechocystis 

sp. shuttle vector pVZ322. The resulting pVZ322-cphA-eGFP plasmid was transformed into 

Synechocystis sp. This strain, termed Synechocystis sp. strain CphA-eGFP, was used to 

investigate the cellular localization of CphA using comprehensive statistical analysis of 

microscopy images. 

In the mid-exponential growth phase, when no cyanophycin accumulation occurs, the 

majority of cells (87% ± 3%) showed GFP signal uniformly distributed in the cytoplasm. The 

remaining cells (13% ± 3%) contained distinct foci (figure 1, publication 6). Accordingly, the 

cyanophycin content during exponential growth is usually less than 1 % of the CDM, and 

visible cyanophycin granules were absent [71, 119, 202]. 

The cphA gene is constitutively expressed in different nitrogen regimes [25]. To reveal the 

localization of CphA during periods of cyanophycin accumulation or degradation, we 

monitored CphA-eGFP localization after the addition of nitrate to Synechocystis sp. cells 

which were nitrogen starved for 4 days. These conditions are known to induce transient 

cyanophycin accumulation [25, 120]. In nitrogen-starved cells, the GFP signal was almost 

exclusively found as a diffuse signal in the cytoplasm (98% ± 2% of the cells) (supplementary 

figure 1 publication 6). Immediately after the induction of cyanophycin synthesis by adding 

nitrogen to the starved cells, CphA aggregated in foci that were randomly distributed in the 

cell (figure 2, publication 6). Compared to the appearance of CphA-eGFP foci, the 

appearance of the cyanophycin granules was delayed. Six hours after nitrate addition, the 

number of cells containing cyanophycin granules increased drastically, reaching a plateau of 

87.8% ± 4.2% of the cells. Eighteen hours after the addition of nitrate, both, the number of 

cells with visible cyanophycin granules and the diameter of the foci decreased (figure 2, 

supplementary figure 2, publication 6). As the cyanophycin granules degraded, the cells 

simultaneously started to grow. 
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During recovery from nitrogen starvation, cyanophycin is produced transiently, and the 

maximal level of cyanophycin is relatively low compared to other conditions that trigger 

cyanophycin accumulation. Potassium starvation subjects an intense and immediate stress, 

which results in massive cyanophycin production [119]. This motivated us to analyze CphA 

localization under potassium starvation. Upon induction of potassium starvation, CphA re-

localized from an initial diffuse cytoplasmic localization into distinct foci and later clearly 

localized on the surface of the cyanophycin granules, forming a halo-like structure 

(supplementary figure 3, publication 6). As cyanophycin accumulates, the numbers of foci 

and granules per cell continuously decreased, possibly as initial granules fuse to form larger 

aggregates (supplementary figure 5, publication 6). This behavior would explain the 

amorphous structure of large granules that we observed when the cellular cyanophycin 

content was high (supplementary figure 3, publication 6) and which we also observed 

previously in electron micrographs of the cyanophycin-overproducer strain BW86 (figure 8, 

publication 1).  

Transferring the potassium-starved cells back to BG-11 medium containing a potassium 

source restored the growth within approximately 24 h, concomitantly with the degradation 

of the cyanophycin granules. During cyanophycin degradation, it appeared in some cases 

that CphA-eGFP no longer co-localized with the cyanophycin granule surface 

(supplementary figure 3, publication 6). The proportion of cells with cyanophycin granules 

and CphA-eGFP foci decreased accordingly, while the proportion of cells with exclusively 

cytoplasmic distributed CphA-eGFP signal increased (supplementary figure 4, publication 

6). Furthermore, the average size of the granules decreased, while the number of granules 

per cell increased (supplementary figure 5, publication 6), indicating that the granules 

disaggregated into smaller particles. 

2.2 Physiological function of cyanophycin in non-diazotrophic cyanobacteria 

2.2.1 Cyanophycin-deficient mutant has a growth advantage under standard 

laboratory conditions 

The ability to synthesize cyanophycin is widespread among cyanobacteria and other 

eubacteria. With a carbon/nitrogen ratio of 2:1, cyanophycin is perfectly suited as a nitrogen 

storage compound. However, the physiological significance of cyanophycin for non-

diazotrophic cyanobacteria remained largely unknown. To analyze the physiological role of 

cyanophycin in the non-diazotrophic cyanobacterium Synechocystis sp., we generated a cphA 

deletion mutant by replacing the slr2002 (cphA) open reading frame with a kanamycin 

resistance gene. The resulting Synechocystis sp. ΔcphA strain and the wild-type responded to 

nitrogen starvation similarly. The only difference that becomes apparent was a reproducible, 
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slightly higher residual pigment content in the chlorotic state of the ΔcphA mutant. However, 

the reason for the higher residual chlorophyll amount remains unknown (figure 4, 

publication 6).  

To investigate the physiological role of cyanophycin, we focused on transient accumulation 

of cyanophycin during resuscitation from nitrogen starvation. To determine whether 

cyanophycin synthesis influences the resuscitation, we first compared the resuscitation of 

Synechocystis sp. wild-type and the ΔcphA mutant under standard laboratory conditions 

(nitrogen-rich medium and continuous light). Surprisingly, under standard laboratory 

conditions with continuous light and nitrogen excess, the ΔcphA mutant showed a clear 

growth advantage over the wild-type both in liquid medium and on agar plates (figure 5, 

publication 6). 

2.2.2 Cyanophycin accumulation is beneficial under natural conditions 

The growth advantage of the cyanophycin-deficent ΔcphA cells during resuscitation from 

nitrogen chlorosis was puzzling. We questioned whether this disadvantage was due to 

artificial laboratory conditions (nitrogen-rich medium and continuous light). Therefore, we 

nitrogen-starved Synechocystis sp. wild-type and ΔcphA mutant and compared their 

resuscitation with fluctuating and/or limiting nitrogen supplementation by using a modified 

drop plate method. To enable fluctuating nitrogen supplementation, cell suspensions of 

Synechocystis sp. wild-type and ΔcphA mutant were dropped onto a transfer membrane, 

which was periodically moved to another plate containing a different nitrogen concentration. 

This method allows changing nitrogen supplementations without imposing additional stress 

to the cells that occur with harvesting, washing, and resuspending cells in another medium. 

The modified drop plate method of Synechocystis sp. wild-type and the ΔcphA mutant 

confirmed our hypothesis that the unnatural laboratory conditions caused the growth 

disadvantage of the cyanophycin accumulating wild-type cells. The ability to store nitrogen 

in the form of cyanophycin was beneficial during resuscitation under fluctuating or limiting 

nitrogen supplementation and the cells showed a growth advantage over the cyanophycin-

deficient mutant (figure 6, publication 6). When nitrogen fluctuation and limitation are 

combined, the cyanophycin-deficient mutant was not able to fully recover from chlorosis and 

remained in a semi-chlorotic state. To determine whether the growth advantage under 

fluctuating nitrogen concentrations of wild-type cells over the ΔcphA mutant could also be 

observed in liquid culture, we provided nitrogen-starved liquid cultures of Synechocystis sp. 

wild-type and the ΔcphA mutant with nitrate for 4 h per day. In agreement to our modified 

drop plate method, Synechocystis sp. wild-type obtained a clear growth advantage against 

the ΔcphA mutant (figure 7, publication 6). 
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To further mimic natural conditions, we tested the impact of day/night cycles in addition to a 

fluctuating and/or limiting nitrogen supply. Nitrogen-starved liquid cultures of Synechocystis 

sp. wild-type and the ΔcphA mutant were exposed to nitrate but no light. After this dark and 

nitrogen supplemented period, the cells were washed and resuspended into fresh medium 

containing a small amount of nitrate and exposed to light. Under this condition the 

resuscitation of Synechocystis sp. wild-type cells proceeded as fast as in continuous light, with 

growth restoration after 48 h. In contrast, the cyanophycin deficient ΔcphA mutant was not 

able to resuscitate in this time period (figure 8, publication 6). We further analyzed the 

growth behavior with a modified version of the drop plate method, in which nitrogen 

starved Synechocystis sp. wild-type and ΔcphA mutant cells were grown on plates with 

fluctuating nitrogen supply and with day/night cycles. A small amount of nitrate was 

provided only during the night phase. In agreement with our observations in liquid culture 

the wild-type also showed a clear growth advantage over the ΔcphA mutant (figure 8 

publication 6). 

2.3 Additional research 

2.3.1 Extraction of an unidentified polymer from a cyanophycin-deficient mutant 

CphA is the only known enzyme involved in the synthesis of cyanophycin in Synechocystis 

sp.. Therefore, a deletion of the cphA gene causes the inability to synthesize cyanophycin. 

However, the elongation reaction of CphA requires cyanophycin primer, provided by the 

non-identified cyanophycin primase. We hypothesize an enrichment of cyanophycin primers 

if we delete cphA in the arginine-overproducing strain BW86. To test this hypothesis, we 

replaced the slr2002 (cphA) open reading frame with a kanamycin resistance gene in 

Syechocystis sp. strain BW86, harboring the PII(I86N) variant. 

The inability of the mutant to build cyanophycin granules was confirmed by microscopy 

(data not shown). However, by using the common cyanophycin extraction method, we 

extracted a substance from the Synechocystis sp. BW86 ΔcphA strain. Extraction of 

cyanophycin is based on its solubility at low pH and insolubility at neutral pH. By applying 

this acid treatment, cyanophycin can be extracted with high purity with only residual 

amounts of proteins or other cell components [135]. 

The amount of this unknown substance was quantified by measuring the dry weight under 

different growth conditions. During exponential growth (OD750 0.7 - 0.9) with nitrate as sole 

nitrogen source Synechocystis sp. BW86 ΔcphA accumulated up to 20.8 % ± 6.9 % of this 

substance relative to the CDM. As the cells entered the stationary phase (OD750 1.1 - 1.3) the 

amount decreased to 12.4 % ± 1.4 % of the CDM (figure 10 A). As comparison we also 
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quantified the amount of cyanophycin of strain BW86 under the same conditions. 

Remarkably, the quantified cyanophycin amounts of the strain BW86 was similar to the 

amounts of the unknown substance produced by Synechocystis sp. BW86 ΔcphA (figure 10 A). 

Cyanophycin accumulation is triggered by conditions of reduced growth rates, such as entry 

into stationary phase or unbalanced cultivation conditions. To test the effect of growth 

limitation on the accumulation of the unknown substance of the Synechocystis sp. BW86 

ΔcphA strain, we starved cells for potassium. The substance content in potassium-starved 

Synechocystis sp. BW86 ΔcphA cells rapidly increased in the first 2 days and reached a peak of 

39.8 % ± 12.9 % of the CDM (figure 10 A). In course of the potassium starvation the amount 

decreases over time, probably as consequence of a stress response in the decaying cells, 

caused by the harmful lack of potassium. In comparison, the cyanophycin amount of 

Synechocystis sp. BW86 behaved similar. Here the maximum amount of cyanophycin reaches 

46.9 % ± 15.8 % of the CDM after 2 days of potassium starvation (figure 10 A).  

To gain further insights in the nature of the cyanophycin-like substance, the isolated 

polymers were solubilized in SDS sample buffer and analyzed by SDS-PAGE. Cyanophycin 

isolated from Synechocystis sp. BW86 showed its typical polydispersity with a size range of 

25 to well above 100 kDa (figure 10 B). However, the extracted cyanophycin-like substance 

showed district bands mainly ranging from below 10 to 20 kDa.  

Cyanophycin is resistant against hydrolytic cleavage by several proteases. This resistance is 

due to the unique structure of cyanophycin. The arginine side-chains, which are linked by 

isopeptide-bonds to every aspartyl moiety, permit the resistance against several proteases. To 

test if the cyanophycin-like substance shows the same resistance against proteases, we 

incubated the isolated polymers with proteinase K and analyze the resulting degradation 

products. Since our SDS-PAGE analyses showed district bands mainly ranging from below 

10 to 20 kDa we changed to a tricine-PAGE to gain higher resolution in the area of low 

molecular weight. As expected, the incubation with proteinase K didn’t led to a degradation 

of cyanophycin. In contrast the district bands of the cyanophycin-like substance completely 

disappeared, indicating susceptibility against proteases (figure 10 C).  
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Figure 10 (A) Quantification of cyanophycin and the cyanophycin-like polymer from 

Synechocystis sp. BW86 and Synechocystis sp. BW86 ΔcphA under different growth conditions. 

Cells were cultivated with nitrate as nitrogen source. The quantification occurs at the 

exponential growth phase (Exp.) and in the stationary growth phase (Sat.). For potassium 

starvation (-K), exponentially growing cells were washed and resuspended into potassium-

free medium. Values are means of three biological replicates. Amounts of cyanophycin and 

the cyanophycin-like polymer are plotted against the cell dry mass (CDM). (B) SDS-PAGE 

determination of the molecular weight of cyanophycin and the cyanophycin-like polymer 

isolated from Synechocystis sp. BW86 and Synechocystis sp. BW86 ΔcphA, respectively. Shown 

are three biological replicates of each strain. Per lane, 40 µg cyanophycin or cyanophycin-like 

polymer was loaded. (C) Tricine-PAGE of cyanophycin and the cyanophycin-like polymer in 

presence (+) and absence (-) of proteinase K. Isolated polymers were incubated with 

proteinase K overnight. Bovine serum albumin (BSA) was used as a control to confirm the 

functionality of the assay. Per lane, 40 µg cyanophycin or cyanophycin-like polymer while 10 

µg BSA was loaded.  
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VII. Discussion 

1. Metabolic engineering using custom- tailored PII 

signaling proteins 

In the last six decades several bacterial strains have been generated to improve the 

biotechnological production of arginine and its derivates. Model organisms such as 

Corynebacterium glutamicum, Escherichia coli or Bacillus subtilis were used as production hosts 

[203]. A common metabolic engineering strategy to improve the production of arginine is the 

reduction of the feedback inhibitory effect of arginine to NAGK. By using site-directed 

mutagenesis, it was previously possible to create a feedback-resistant NAGK variant. 

Introduction of this modified NAGK variant led to a strongly increased arginine production 

[204]. 

In this thesis we present an alternative way to improve NAGK activity in unicellular 

cyanobacteria by manipulating the PII signal. Complex formation of PII with NAGK enhances 

its catalytic efficiency, with the Vmax increasing fourfold and the Km for N-acetylglutamate 

decreasing by a factor of 10 [89]. Furthermore, feedback inhibition of NAGK by arginine is 

strongly decreased in complex with PII [89]. The PII(I86N) variant is a structural mimic of PII in 

the NAGK complex. As a consequence of this special T-loop folding, this variant has a high 

affinity for NAGK and responds no longer to 2-OG in vitro [101]. Due to the increased 

arginine content, strain BW86 accumulated almost six-fold more cyanophycin than the wild-

type under balanced growth conditions with nitrate as nitrogen source. Synechocystis sp. 

BW86 is the cyanophycin producer strain with the highest abundance of cyanophycin 

described in literature. The large amount of cyanophycin with high molecular weight gives 

the opportunity for investigations regarding the material properties of this polymer.  

Furthermore, engineered variants of the PII signaling protein could also be used for other 

metabolic engineering strategies in bacteria. PII controls a multitude of other cellular 

activities in various autotrophic and heterotrophic bacteria. A possible target for metabolic 

engineering is the interaction of PII with the biotin carboxyl carrier protein (BCCP) of the 

acetyl-CoA carboxylase (ACC) [88]. The reaction of the acetyl-CoA carboxylase represents 

the first and committed step in fatty acid and PHB biosynthesis. A PII deletion mutant 

obtains a significant reduced acetyl-CoA level due to the deregulation of the acetyl-CoA 

carboxylase [88]. The reduced acetyl-CoA level leads to an impaired production of PHB [200, 

201]. PII variants which permit an activation of the acetyl-CoA carboxylase could lead to an 

increased acetyl-CoA level. High availability of acetyl-CoA is a requirement for fatty acid 

and PHB biosynthesis.  
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1.1 Is the Synechocystis sp. BW86 an economical alternative to heterotrophic 

cyanophycin production? 

Compared to other biotechnologically established bacteria, cyanobacteria possess a relative 

low growth rate. The slow growth represents the main bottleneck for the use of 

cyanobacteria in biotechnological industry. Conventional cultivation methods of 

cyanobacteria reach a biomass of roughly 1 g CDM per liter culture. The growth limitation is 

mainly due to insufficient light and CO2 supplementation, especially at high cell densities 

[205] (figure 2, publication 3). Recently, a new cultivation method was developed to 

overcome this limitation, by using a two-tier vessel with membrane-mediated CO2 supply. 

This cultivation method enabled rapid growth of Synechocystis sp. and Synechococcus sp. PCC 

7002, with a final cell density up to 30 g CDM per liter [206]. Most recently, Lippi et al. used 

Synechocystis sp. wild-type and strain BW86 in this high-density cultivation system. During 

this study, a cyanophycin amount of 1 g per liter was reached in 96 h [207]. This is 

approximately four times more compared to the maximum cyanophycin yield observed by 

Trautmann et al. (publication 3) after 12 days cultivation.  

1 In comparison, the recombinant E. coli strain DH1 harboring cphA from Synechocystis sp. 

produces between 6.7 and 8.3 g CDM per liter culture in 16 h. The cyanophycin amounts 

during fed-batch fermentations using this production strain, were between 21 % and 24 % of 

the CDM [135], resulting in a cyanophycin production rate of 87.9 to 124.5 mg per liter and 

hour. This exceeds the production rate of strain BW86 according to Lippi et al. by a factor of 

10. However the recombinant E.coli requires terrific broth complex medium, while 

Synechocystis sp. strain BW86 is cultivated in simple mineral medium and additionally 

sequesters the hazardous greenhouse-gas CO2. Considering these super ordinate factors, the 

production of cyanophycin with cyanobacteria may in fact become an alternative to 

heterotrophic bacteria.  

1.2 Further physiological impact by the PII(I86N) 

1.2.1 PII(I86N) and the NtcA co-activator PipX 

The crystal structure of PII(I86N) shows an almost identical backbone as wild-type PII. 

However, the T-loop adopts a compact conformation, which is a structural mimic of PII in 

NAGK complex [100, 101]. Therefore we previously suggested that this variant is unable to 

interact with other PII interaction partners. However, our results indicate a more complex 

influence of the PII(I86N) variant to the physiology of Synechocystis sp. 
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SPR spectroscopy studies confirmed that the PII(I86N) variant can bind PipX. Moreover, in 

absence of effector molecules, the PII(I86N) variant sowed stronger interaction with PipX 

than wild-type PII. Furthermore, the PII(I86N) variant did not require positive stimulation by 

ADP to form a stable complex. It was previously shown that the PII(I86N) variant did not 

respond to 2-OG in complex with NAGK [100]. However, an inhibitory effect of ATP and 2-

OG on the PII-PipX complex was also observed for the PII(I86N) variant, although not as 

strong as in the case of the wild-type PII protein. 

Taken together, the interaction of PII(I86N) and PipX is deregulated, but the complex stability 

is generally higher compared to wild-type PII with PipX. Due to the stronger sequestration of 

PipX by PII(I86N) we suggested a delayed nitrogen starvation response in a Synechocystis sp. 

harboring the PII(I86N) variant. However, Synechocystis sp. wild-type and strain BW86 

behaved similar during chlorosis. The only observable difference was a decreased viability of 

the BW86 strain when the nitrogen starvation was prolonged for more than four weeks.  

As a future perspective, a transcriptome study could confirm an influence on the NtcA 

regulon by the PII(I86N) variant. Moreover, resuscitation experiments could be performed to 

further investigate the influence of the PII(I86N) variant.  

1.2.2 PII(I86N) influences PHB accumulation 

Synechocystis sp strain BW86 accumulated significantly less PHB under phosphate starvation 

and slightly less PHB under potassium starvation compared to the wild-type. The PII(I86N) 

variant causes an imbalanced metabolism, with a more than tenfold higher arginine content 

and slightly reduced pools of citrate/isocitrate, succinate and glycerate-3-P. During our 

metabolom study of Synechocystis sp. BW86 we were not able to detect acetyl-CoA; however 

it is most likely that the accelerated flux into arginine could drain the acetyl-CoA pool. PHB 

accumulation depends on the availability of acetyl-CoA.  

Another explanation of the reduced acetyl-CoA level is the altered signaling of the PII(I86N) 

variant. Previous studies document an relation between PII and PHB accumulation [200, 201]. 

PII can interact with the biotin carboxyl carrier protein (BCCP) of acetyl-CoA carboxylase 

(ACC) [88]. The reaction of the acetyl-CoA carboxylase represents the first and committed 

step in fatty acid and PHB synthesis. Due to the deregulated acetyl-CoA carboxylase, a PII 

deletion mutant exhibits a reduced acetyl-CoA level [88]. The reduced acetyl-CoA level leads 

to an impaired accumulation of PHB [200, 201]. The PII(I86N) variant could be also impaired 

in regulation of the acetyl-CoA carboxylase. 
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2. The signal transduction protein PII controls nitrogen 

uptake 

2.1 PII regulate ammonium uptake 

Binding of the PII homolog GlnK to AmtB homologues represents a widely conserved 

function of PII proteins in prokaryotes [49]. Our results revealed a similar involvement of 

GlnB in regulation of the Amt1 permesase in the unicellular and non-dianzotrophic 

cyanobacterium Synechocystis sp. 

Pull-down and bacterial two-hybrid assays identified Amt1 as an interaction partner of PII in 

Synechocystis sp. Examination of the binding properties of PII-signaling mutants by bacterial 

two-hybrid assays gave strong evidences that the PII interaction with the Amt1 permease is 

T-loop dependent, similar to the GlnK - AmtB interaction. The bended T-loop conformation 

of the PII(I86N) variant led to an impaired interaction with Amt1. In agreement, Synechocystis 

sp. BW86 showed a similar impaired regulation of the ammonium uptake as a PII deletion 

mutant. However, Synechocystis sp. BW86 showed a higher ammonium tolerance than the 

ΔPII mutant. In a PII deletion mutant, NAGK remains in a low activity state [90]. The high 

NAGK activity of Synechocystis sp. BW86 could promote faster ammonium assimilation and 

therefore protect the cell from an intracellular accumulation of toxic ammonium [119]. 

The GlnK - AmtB interaction in E.coli strongly responds to the ATP/ADP ratio. While ADP 

promotes a complex stabilization, ATP and synergistic bound 2-OG leads to its dissociation 

[107-109]. Nitrogen depletion induced dormancy is marked by a high 2-OG and low ATP 

level [208]. Under nitrogen starvation PII is normally highly phosphorylated, however the C-

terminal Venus fusion of the PII-Venus variant could lead to an impaired phosphorylation 

[ref. Philipp Spät personal communication]. Providing ammonium to nitrogen starved cells 

induced a rapid drop in the 2-OG level and induced the translocation of PII-Venus towards 

the plasma membrane. When the Amt1-channels are closed, no further ammonium can enter. 

In consequence the 2-OG level increased, which led to a dissociation of the PII-Venus-Amt1 

complex. This would explain the dissociation of PII-Venus from the plasma membrane. 

(Figure 11 provides a hypothetical overview of the nitrate transporter regulation by PII) 

2.2 PII regulates nitrate uptake  

Several previous studies documented an involvement of PII in regulation of nitrate/nitrite 

uptake [92, 192-194]. Our data showed a direct regulation of NrtABCD by the interaction of 

PII with the NrtC and NrtD subunits. This interaction appears to be T-loop dependent, since 

the PII(I86N) variant could not complement the impaired nitrate utilization phenotype of a PII 
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deletion mutant. A PII deletion or changed T-loop conformation led to the inability to control 

the nitrate influx. In consequence, those mutants excreted nitrite into the medium. 

Previous studies already showed the dependence of PII and the C-terminal domain of NrtC 

on ammonium-induced inhibition of NrtABCD [92, 193]. The NrtC and NrtD subunits show 

the typical sequence motifs of the ATP-binding components of ABC-transporters [193, 209]. 

Our bacterial two-hybrid assays showed an interaction of PII with both, NrtC and NrtD. 

Although bacterial two-hybrid assays allow only qualitative statements, the very weak 

interaction of PII with NrtC and strong interaction with NrtD could indicate that NrtD 

represents the primary PII target. Since the C-terminal domain of NrtC and PII are necessary 

for regulation, Kloft et al. 2005 performed SPR spectroscopy to test if PII interacts with NrtC 

in vitro. However, no interaction could be observed, supporting the suggestion that NtrD 

represents the primary PII interaction partner [210].  

PII interaction with NrtC and NrtD mediates the ammonium and light dependent inhibition 

of nitrate uptake. The ammonium induced inhibition of nitrate utilization occurs 

independently from the PII phosphorylation status [192, 194]. Therefore, we suggest that the 

rapid decreasing 2-OG level, which occurs due to the addition of ammonium, induces the 

nitrate uptake inhibition (figure 11). In agreement, the presence of L-methionine-d,l-

sulfoximine (MSX) or azaserine (both inhibitors of the GS/GOGAT pathway) lead to an 

accumulation of 2-OG which causes an impaired ammonium dependent nitrate uptake 

inhibition [211].  

Next to the ammonium dependent nitrate uptake inhibition, nitrogen assimilation is also 

tightly regulated by light/dark transitions [92, 196]. A transition from light to dark causes an 

immediate inhibition of nitrate uptake and an inhibition of the ammonium assimilating GS 

[196, 212]. Therefore, the increased ADP level, which is caused due to a low photosynthetic 

activity in the dark, could mediate the light dependent nitrate uptake inhibition. Accordingly 

it can be suggested that ADP stabilizes the interaction of non-phosphorylated PII with NrtC 

and NrtD. However, nitrogen starved cells can utilize nitrate also in the absence of light 

(figure 8, publication 6). This could indicate that non-phosphorylated PII interacts with NrtC 

and NrtD in higher affinity than phosphorylated PII. Light-dependent nitrate uptake 

inhibition is only permitted by non-phosphorylated PII, therefore the PII phosphatase PphA 

plays an important role in this regulatory network. PphA permits the transition from 

phosphorylated to no-phosphorylated PII which is required for light-dependent nitrate 

uptake inhibition (figure 11).  
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2.3 PII regulate urea uptake  

The cyanobacterial PII protein is involved in the regulation of different ABC-type 

transporters like the bispecific nitrate/nitrite transporter NrtABCD and the bispecific 

cyanate/nitrite transporter CynABC [213]. Next to this known PII targets, our data identified 

the UrtE subunit of the ABC-type UrtABCDE transporter as a novel PII interaction partner.  

According to sequence homologies, urtA encodes the periplasmatic binding protein, urtB 

and urtC the transmembrane protein and urtD and urtE the ATP-binding protein [214]. PII 

regulates the UrtABCDE transporter by interacting with the UrtE subunit. Since bacterial 

two-hybrid assays showed interaction of the PII(I86N) variant with the UrtE subunit, this 

interaction is most likely T-loop independent. The PII(I86N) variant enables a tightly bend T-

loop conformation, which influences the T-loop dependent interactions with the Amt1 

permease or the NrtC and NrtD subunits. However, the PII(I86N) variant possess an almost 

identical backbone to that of the wild-type PII [101]. In agreement, Synechocystis sp. harboring 

the PII(I86N) variant showed the same urea utilization properties as the wild-type. In 

contrast, Synechocystis sp. harboring the PII-Venus fusion-protein showed the same impaired 

regulation of the urea utilization as a PII deletion mutant. The Venus fusion to the C-terminus 

of PII could lead to a steric hindrance of the B- and C-loop while the T-loop remains 

unaffected. This observation further supports the suggestion that the interaction of PII with 

UrtE appears T-loop independent, while the B- and C-loop play an important role.  

Surprisingly, we could observe ammonium excretion of the PII deletion mutant in response to 

the uncontrolled urea uptake. This ammonium excretion could be causal to limited 

ammonium assimilation by the GS/GOGAT cycle. The ΔPII + PII-Venus complementation 

strain also obtained an impaired urea uptake regulation, but showed no ammonium 

excretion. A possible explanation for this behavior is the deregulated Amt1 ammonium 

permesase, which can operate in both directions [106]. The PII-Venus variant interacts with 

Amt1 and could therefore avoid the ammonium excretion, while the PII deletion mutant is 

unable to seal the Amt1 permease. 

Urea is hydrolyzed by the enzyme urease to CO2 and two molecules ammonium [93, 197]. 

The absence of ammonium excretion of the PII-Venus complementation strain could also 

indicate a lower urease activity. Several unpublished pull down experiments with PII as bait 

identified the urease as possible interaction partner of PII in cyanobacteria [ref. Philipp Spät 

personal communication]. A high urease activity in the PII deletion mutant could lead to an 

accumulation of ammonium and therefore causes an excretion. The PII-Venus variant could 

regulate the urease. If this would be the case, a lowered urease activity would prevent an 

accumulation of ammonium. 
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Figure 11 Hypothetical model of Amt1, NrtABCD and UrtABCDE regulation by PII in 

Synechocystis sp. PII can be present in four different forms: non-phosphorylated, 

phosphorylated, non-phosphorylated with ATP/2-OG and phosphorylated with ATP/2-OG. 

According to our data, we could confirm that non-phosphorylated can interact with Amt1 

and the UrtE subunit, the latter in a T-loop independent manner. NrtABCD is regulated by 

both, non-phosphorylated and phosphorylated PII. Non-phosphorylated PII has a higher 

affinity towards NrtC and NrtD and allow the light dependent nitrate uptake inhibition. 

Phosphorylated PII shows a lower affinity towards NrtC and NrtD and do not permit light 

mediated nitrate uptake inhibition. ADP probably stabilizes the complex of PII with Amt1, 

NrtC/NrtD and UrtE. Binding of ATP/2-OG leads to a dissociation of PII with Amt1, 

NrtC/NrtD and UrtE independently of its phosphorylation status.  
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3. Cell biology of the nitrogen storage polymer cyanophycin 

3.1 CphA localization change indicates active and inactive forms 

In order to gain new insight in the synthesis of cyanophycin we monitored the localization of 

CphA under cyanophycin accumulating and degradating conditions. Cyanophycin is a 

highly dynamic nitrogen storage component. The cphA gene is constitutively expressed 

under different nitrogen regimes to allow short term accumulation of cyanophycin [25]. In 

agreement, a quantitative proteomics study of resuscitating nitrogen-starved Synechocystis 

sp. cells showed only minor changes in the abundance of CphA [215]. We observed 

upcoming cyanophycin granules only six hours after the addition of nitrogen to fully 

chlorotic cells, supporting the results that CphA availably remains sufficient even under non-

cyanophycin accumulating conditions. 

According to our microscopical observations regarding the CphA localization, we designed a 

model how cyanophycin accumulation occurs (figure 12). Under conditions without 

cyanophycin synthesis, such as exponential growth or nitrogen starvation, CphA is inactive 

and mainly located in the cytoplasm. Immediately after the induction of cyanophycin 

synthesis, CphA aggregated in foci that were randomly distributed in the cell. The location 

of these foci could be determined by providing agglomerations of cyanophycin-primers by 

the still unknown cyanophycin-primase. CphA, in its cyanophycin bound active form starts 

to elongate the primers. During this elongation process, the CphA foci increase their size and 

become visible as granules. During cyanophycin accumulation the number of foci and 

granules per cell continuously decreased. This effect could be explained by fusion of 

growing cyanophycin granules to larger aggregates. This behavior would also explain the 

amorphous structure of big granules, which can be found under conditions of high cellular 

cyanophycin content. The ring-like appearance of the fluorescence signal around the 

granules suggests that during cyanophycin accumulation, CphA-eGFP covers the surface of 

the granule. During cyanophycin degradation, CphA-eGFP changes from the granule surface 

localization to a cytoplasmic localization. This indicates that CphA dissociates from the 

granule surface during degradation and switches to the inactive cytoplasmic localized form. 

3.2 CphA biochemical properties 

CphA requires cyanophycin-primers, arginine, aspartate, MgCl2, KCl, ATP and sulfdryl 

reagent for activity in vitro [143]. A removal of one of these components results in a strong 

decreased enzymatic activity. By immunoblot detection of CphA, we could show that Mg2+ is 

strictly required for the localization on the cyanophycin granule surface. Accordingly, Mg2+ 

may stabilize the active conformation of CphA which is able to bind the C-terminus of the 



VII. Discussion 

63 
 

cyanophycin substrate. In absence of Mg2+, CphA cannot maintain its enzymatic activity, 

which leads to a release from the granule surface. 

The synthesis of cyanophycin is induced by the high cellular arginine level, which increases 

under growth-limiting conditions due to a lowered protein biosynthesis. High 

concentrations of arginine surpass the Km of CphA for arginine and could trigger cyanophycin 

biosynthesis [90].  

Whether CphA is subjected to additional activity control remains unclear. A phosphor-

proteomic study of Synechocystis sp. grown in presence of nitrate, found evidences for a 

phosphorylation event of CphA near the C-terminus at Ser808 [216]. This phosphorylation 

event could be responsible for the CphA activation and inactivation. However, a later 

phosphor-proteomic study of resuscitating Synechocystis sp. could not confirm this 

phosphorylation event [215]. Therefore, whether CphA is subjected to additional activity 

control by phosphorylation remains to be elucidated.  
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Figure 11 Hypothetical cycle of transient cyanophycin accumulation during resuscitation 

from nitrogen starvation. t0, when cyanophycin does not accumulate, CphA (green dots) is 

equally distributed in the cytoplasm; t1 2 to 6 h after the addition of a nitrogen source, CphA 

aggregates in foci; t2, 6 to 15 h after the addition of nitrogen, the first cyanophycin granules 

(red dots) appear, with CphA localized on their surface; t3, 15 to 18 h after nitrogen addition, 

adjacent growing granules merge when they collide, building amorphous granules with 

CphA on their surface; t4, 21 h after nitrogen addition, when cyanophycin starts to degrade, 

CphA dissociates from the granule surface; t5, 21 to 27 h after nitrogen addition, the granules 

become smaller, and CphA pass over in a cytoplasmic localization; t6, after the cell completes 

the resuscitation process after more than 48 h, they start to divide, with CphA mainly 

distributed in the cytoplasm but still forming a few foci. Veg, vegetative. (Figure taken from 

Watzer et al. 2018 (Publication 6)) 
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3.3 Physiological role of cyanophycin in cyanobacteria 

The ability to synthesize cyanophycin is wide spread among cyanobacteria and other 

prokaryotes. With a carbon/nitrogen ratio of 2:1, cyanophycin is perfectly suited as nitrogen 

storage.  

In filamentous and diazotrophic cyanobacteria, cyanophycin has the function to increase the 

efficiency of nitrogen fixation [124]. In Anabaena sp. PCC 7120, all genes involved in 

cyanophycin metabolism are expressed in heterocysts and vegetative cells but at different 

expression levels. CphA and CphB are much higher expressed in heterocysts than in 

vegetative cells [165]. However, the expression of the isoaspartyl dipeptidases All3922 is 

significantly lower in heterocysts [124]. Cyanophycin deficiency in the filamentous 

cyanobacteria Anabaena variabilis ATCC 29413 shows no disadvantage in growth in presence 

of combined nitrogen or under diazotrophic and low light conditions. Only in combination 

of high light and diazotrophic conditions, the cyanophycin-deficient mutant shows a 

reduced growth [123]. Deletions of either CphB or the asparaginase All3922 in Anabaena sp. 

PCC 7120 showed a similarly impaired diazothrophic growth [124, 126].  

These observations imply that the first step of cyanophycin catabolism, catalyzed by CphB, is 

localized in the heterocyst. The released β-Asp-Arg dipeptides are transported to the 

adjacent vegetative cells. Isoaspartyl dipeptidase All3922, present in the vegetative cells, 

cleave the β-Asp-Arg dipeptides and thereby releases aspartate and arginine [124]. When 

cyanophycin synthesis is impaired, due to a deletion of CphA, arginine and aspartate might 

be transported directly from heterocysts, which explain the normal growth of a CphA 

deletion mutant under standard diazotrophic growth.  

Cyanophycin synthetase of group II (CphA2), present in filamentous nitrogen-fixing 

cyanobacteria, uses β-Asp-Arg dipeptides to synthesize cyanophycin [153]. Under 

diazotrophic growth in presents of high light, a CphA2-deficient mutant showed similar 

growth defects as a CphA1 mutant, although the overall cyanophycin content in this mutant 

was only slightly lowered [153]. This suggests the operation of a futile cycle, in which 

cyanophycin hydrolysis and immediate re-polymerization is probably of physiological 

significance in the context of high light and nitrogen fixing conditions [125].  

3.3.1 Growth advantage of cyanophycin-deficient mutant under standard 

laboratory conditions 

We showed that the deletion of CphA, which goes along with the inability to produce 

cyanophycin, has no impact on the nitrogen starvation response in Synechocystis sp. Both, 

wild-type and the ΔcphA strain behaved similar during chlorosis. However, the ΔcphA 
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mutant retains slightly higher residual pigment content in the final chlorotic state. Merritt et 

al. reported a cyanophycin-like polymer containing glutamic acid instead of arginine in 

nitrogen limited cells of Synechocystis sp. [217]. The bulk of proteins are degraded during 

chlorosis, which releases free amino acids. The cyanophycin-like polymer could act as a 

temporary storage compound for sequestration of the released amino acids. CphA could be 

involved in the biosynthesis of this polymer, since CphA shows a broad substrate spectrum 

next to arginine and aspartate in recombinant bacteria and yeast [182-184]. In the absence of 

this cyanophycin-like polymer, the chlorosis reaction in the ΔcphA mutant might be slowed 

down. The remaining pigments could assume the storage function of the cyanophycin-like 

polymer. 

Since cyanophycin transiently accumulates during resuscitation from nitrogen starvation [25, 

120], we focused on this process to investigate the physiological role of cyanophycin in 

Synechocystis sp. Surprisingly, under standard laboratory conditions, meaning continuous of 

light and nitrogen excess, the ΔcphA showed a clear growth advantage over the wild-type in 

liquid medium or on agar-plates. This result can be explained by the energy consuming 

cyanophycin synthesis. CphA from Synechocystis sp. converts 1.3 ± 0.1 mol ATP to ADP per 

mol incorporated amino acid into cyanophycin in vitro [152]. Without need of cyanophycin 

as a nitrogen storage compound, the synthesis of cyanophycin is only a burden to the cells, 

and consequently, the cyanophycin-deficient ΔcphA mutant has an advantage over the wild-

type. 

3.3.2 Cyanophycin accumulation provides fitness advantage under natural 

conditions 

We hypothesized cyanophycin accumulation to be a cellular strategy to overcome temporary 

environmental nitrogen limitations. Our growth and resuscitation experiments of 

Synechocystis sp. wild-type and ΔcphA confirmed this suggestion. The ability to store 

nitrogen in form of cyanophycin provided a fitness advantage during resuscitation under 

fluctuating or limiting nitrogen supplementation. When nitrogen fluctuation and limitation 

was combined, the cyanophycin deficient mutant is not able to fully resuscitate from 

chlorosis.  

The unicellular diazothrophic cyanobacterium Cyanothece sp. ATCC 51142 and the 

filamentous cyanobacterium Trichodesmium sp. use cyanophycin as temporary nitrogen 

storage to enable the coexistence of nitrogen fixation and photosynthesis in the same cell 

[121, 122]. These cyanobacteria perform nitrogen fixation in the night and store the fixed 

nitrogen in cyanophycin. During the day, when photosynthesis is performed, the 

cyanophycin is degraded to mobilize the stored nitrogen. Based on this behavior in 
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diazotrophic cyanobacteria we hypothesized a similar role of cyanophycin in non-

diazotrophic cyanobacteria. When we combined fluctuating nitrogen supplementation and 

day/night cycles, the resuscitation of Synechocystis sp. wild-type cells proceeded as fast as in 

continuous light, with growth restoration after 48 h. In contrast, the cyanophycin deficient 

mutant was not able to resuscitate. 

Interestingly, artificial laboratory conditions are not providing any fitness advantage for 

cyanophycin accumulating cells, whereas in a fluctuating environment, cyanophycin 

accumulation becomes beneficial. CphA is constitutively expressed in Synechocystis sp. and 

therefore, the cells are programmed to overcome fluctuating nitrogen supply and transient 

periods of starvation.  
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4. Final conclusions 

Cyanophycin is a highly dynamic nitrogen storage polymer, whose metabolism is regulated 

by the PII protein. The constitutive expression of CphA allows an immediate cyanophycin 

synthesis to overcome transient periods of starvation in a constantly changing environment. 

Thereby, CphA is most probably regulated by the intracellular arginine level. High 

concentrations of arginine surpass the Km of CphA and could trigger cyanophycin 

biosynthesis. Accordingly cyanophycin could act as a sink for arginine to optimize nitrogen 

utilization.  

The PII protein controls the committed step in the arginine biosynthesis and is therefore 

significantly involved in the regulation of cyanophycin. The PII(I86N) variant represents a 

highly potent NAGK activator, causing a strongly increased arginine level. The high arginine 

content of Synechocystis sp. BW86, harboring the PII(I86N) variant, leads to a strongly 

enhanced cyanophycin synthesis. Synechocystis sp. BW86 is the cyanophycin producer strain 

with the highest abundance of cyanophycin described so far. This exemplifies the 

possibilities of using custom-tailed PII proteins as a novel approach of metabolic engineering.  

In summary, the PII(I86N) variant simulates the situation of high energy and nitrogen supply. 

Additionally, we could confirm that the PII(I86N) variant binds PipX. Moreover, the complex 

formation of PII(I86N) and PipX is more stable compared to the complex of wild-type PII with 

PipX. However, this deregulation has only minor effects on the nitrogen starvation response. 

Furthermore, we observed a reduced PHB accumulation of Synechocystis sp. strain BW86, 

which can be explained by the accelerated carbon flux into the arginine biosynthesis. The 

impaired ammonium utilization of Synechocystis sp. harboring the PII(I86N) variant implied a 

relation between PII signaling and ammonium uptake in cyanobacteria. In order to analyze a 

possible regulation of the cyanobacterial Amt1 permease by PII we found further evidences 

for an involvement of PII in regulation of the nitrate/ nitrite transporter NrtABCD and the 

urea transporter UrtABCDE.  
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Metabolic pathway engineering using 
the central signal processor PII
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Abstract 

Background: PII signal processor proteins are wide spread in prokaryotes and plants where they control a multitude 

of anabolic reactions. Efficient overproduction of metabolites requires relaxing the tight cellular control circuits. Here 

we demonstrate that a single point mutation in the PII signaling protein from the cyanobacterium Synechocystis sp. 

PCC 6803 is sufficient to unlock the arginine pathway causing over accumulation of the biopolymer cyanophycin 

(multi-L-arginyl-poly-L-aspartate). This product is of biotechnological interest as a source of amino acids and polyas-

partic acid. This work exemplifies a novel approach of pathway engineering by designing custom-tailored PII signaling 

proteins. Here, the engineered Synechocystis sp. PCC6803 strain with a PII-I86N mutation over-accumulated arginine 

through constitutive activation of the key enzyme N-acetylglutamate kinase (NAGK).

Results: In the engineered strain BW86, in vivo NAGK activity was strongly increased and led to a more than tenfold 

higher arginine content than in the wild-type. As a consequence, strain BW86 accumulated up to 57 % cyanophycin 

per cell dry mass under the tested conditions, which is the highest yield of cyanophycin reported to date. Strain BW86 

produced cyanophycin in a molecular mass range of 25 to >100 kDa; the wild-type produced the polymer in a range 

of 30 to >100 kDa.

Conclusions: The high yield and high molecular mass of cyanophycin produced by strain BW86 along with the low 

nutrient requirements of cyanobacteria make it a promising means for the biotechnological production of cyano-

phycin. This study furthermore demonstrates the feasibility of metabolic pathway engineering using the PII signaling 

protein, which occurs in numerous bacterial species.
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Background

Cyanophycin (multi-l-arginyl-poly-l-aspartate) is a 

nitrogen/carbon reserve polymer present in most cyano-

bacteria [1, 2] and in a few heterotrophic bacteria [3, 4]. 

It consists of a polyaspartic backbone with arginine resi-

dues linked via isopeptide bonds at the free carboxylate 

groups of the aspartic backbone [5, 6]. Cyanophycin is 

nonribosomally synthesized from arginine and aspartate 

by cyanophycinsynthetase (CphA) in an ATP-dependent 

elongation reaction using unidentiied primers [6–8]. 

Cyanophycin accumulates in the cytoplasmic space as 

opaque, membrane-less granules [9]. Isolated cyanophy-

cin has a molecular weight widely ranging from 25 to 

100 kDa [5] and is insoluble at physiological pH, but solu-

ble in diluted acids or bases [10].

In cyanobacteria, the amount of cyanophycin is usu-

ally less than 1  % of the cell dry mass during exponen-

tial growth. When cells experience certain unfavorable 

conditions other than nitrogen starvation, such as sta-

tionary phase or unbalanced growth conditions owing 

to nutrient limitation, e.g., sulfate or phosphate star-

vation [11], light stress, low temperature [12], or pres-

ence of chloramphenicol [13], the cyanophycin content 

may increase to 18 % of the cell dry mass. Cyanophycin 

also can accumulate transiently during the recovery of 

nitrogen-starved, non-diazotrophic cyanobacteria upon 

addition of a usable nitrogen source [14]. Furthermore, 
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in heterocysts (specialized cells for nitrogen ixation) of 

cyanobacteria of the order Nostocales, polar nodules con-

sisting of cyanophycin are deposited at the contact site to 

adjacent vegetative cells [15].

he cyanobacterial PII protein is a member of the 

widely distributed family of PII signal transduction pro-

teins present in bacteria, plants, and some archaea [16]. 

PII proteins are largely involved in the regulation of 

nitrogen assimilatory metabolism. For this purpose, PII 

senses the cellular energy level by binding ATP or ADP 

competitively [17] and senses the state of central carbon/

nitrogen metabolism by binding or lack of binding of 

the status reporter molecule 2-oxoglutarate (2-OG) [18, 

19]. Efector molecule binding results in structural rear-

rangements of the large surface-exposed T-loops of PII, 

its major protein-interaction determinant. In the unicel-

lular freshwater cyanobacteria Synechococcus elongatus 

PCC 7942 and Synechocystis sp. PCC 6803 during nitro-

gen starvation, which corresponds with high 2-OG levels, 

the PII protein binds 2-OG and is phosphorylated at the 

apex of the T-loop at position Ser49; when nitrogen is in 

excess, which corresponds to 2-OG paucity and therefore 

no binding of the PII protein to 2-OG, Ser49 is dephos-

phorylated [16, 20].

Depending on the bound efector molecules and the 

phosphorylation status, PII interacts and inluences 

many target proteins, including enzymes, channels, and 

regulatory proteins [18, 21, 22]. One of the major PII 

target proteins is the enzyme N-acetylglutamate kinase 

(NAGK) [23], which catalyzes the committed step in the 

cyclic arginine biosynthesis pathway [24]. Under nitro-

gen excess, PII in its non-phosphorylated form binds to 

NAGK [25], there by strongly enhancing its biosynthetic 

activity as well as relieving the feedback inhibitory efect 

of arginine on NAGK activity [18]. In a screening for PII 

variants with altered NAGK binding properties, our labo-

ratory previously identiied a variant of the S. elongatus 

PCC 7942 PII protein with a single amino acid replace-

ment, Ile86 to Asp86, hereafter referred to as PII(I86N), 

that constitutively binds NAGK in vitro [26]. he variant 

is a structural mimic of PII in the NAGK complex, with 

its T-loops in a kinked conformation; as a consequence of 

this special T-loop folding, this variant has a high ainity 

for NAGK and no longer responds to 2-OG but can bind 

citrate in vitro [27].

For in vivo studies of the role of PII in arginine metabo-

lism, strain Synechocystis sp. PCC 6803 ofers the advan-

tage over S. elongatus that it produces cyanophycin. In a 

PII-deicient mutant of Synechocystis sp. PCC 6803, not 

only does NAGK remain in a low activity state, but also 

the transient accumulation of cyanophycin that normally 

occurs after exposing a nitrogen-starved culture to excess 

ammonia is impaired [23]. We tested whether the oppo-

site phenotype in Synechocystis sp. PCC 6803 would be 

possible if we replaced the wild-type glnB gene (encod-

ing PII) with a glnB variant with codon alteration Ile86 to 

Asp, thereby generating a PII variant that constitutively 

activates NAGK, which could lead to the accumulation 

of cyanophycin not just transiently, but in high amounts. 

his metabolic pathway engineering via manipulation of 

the PII signal indeed resulted in a strain that excessively 

overproduces cyanophycin (Fig. 1).

Results and discussion

Expression of the PII(I86N) variant in Synechocystis sp. PCC 

6803 causes a strong in vivo activation of NAGK

Previous biochemical studies have shown that the 

PII(I86N) variant of S. elongatus PCC 7942 constitutively 

binds to NAGK in vitro [26]. To test whether this PII vari-

ant afects the in vivo activity of NAGK, we constructed a 

genomic mutant of Synechocystis sp. PCC 6803 in which 

the glnB gene was replaced by a glnB gene carrying the 

mutation for I86N together with a spectinomycin resist-

ance cassette via homologous recombination. Complete 

segregation of the mutation in the polyploidy Synechocys-

tis sp. strain, named strain BW86, was conirmed via PCR 

(Additional ile 1: Figure S1).

To determine in  vivo NAGK activity during growth 

with different nitrogen sources, we cultivated the wild-

type Synechocystis sp. PCC 6803 and strain BW86 in 

BG-11 medium containing either nitrate, ammonia, or 

no nitrogen source (Fig. 2). NAGK activity was higher 

in strain BW86 than in the wild-type in all cases; the 

activity was 2.3-fold higher after growth with nitrate 

and 3.2-fold higher after growth with ammonium. 

The nitrogen source, i.e., nitrate or ammonium, did 

not strongly affect NAGK activity. However, under 

nitrogen starvation, NAGK activity strongly increased 

in strain BW86 and decreased in the wild-type, such 

that the activity was 19.2-fold higher in strain BW86. 

The low activity of NAGK in the wild-type under 

nitrogen starvation could be explained by the full 

phosphorylation of PII under these conditions [28] 

since this prevents PII-NAGK interaction and thus, 

the NAGK enzyme would be in an inactive state 

[25]. Transcriptome studies of Synechocystis show an 

induced expression of the glnB and argB (encoding 

NAGK) genes under nitrogen starvation [29]. Such 

an induced expression would lead to increased levels 

of PII(I86N) and NAGK. Provided that phosphoryla-

tion of PII(I86N) is impaired, this could be the cause 

of the high NAGK activity shown in Fig. 2, since PII in 

its non-phosphorylated state interacts with NAGK and 

strongly enhances its activity [25].
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The PII(I86N) variant has a reduced phosphorylation

To test the assumption that the high activity of NAGK 

in strain BW86 is due to impaired phosphorylation of 

PII(I86N), we analyzed its phosphorylation status using 

non-denaturing PAGE followed by immunoblotting using 

PII speciic antibodies [30] (Fig.  3). Each phosphoryla-

tion event increases the negative charge of the PII pro-

tein and, therefore, leads to three isoforms of increasing 

electrophoretic mobility corresponding to one- two- and 

threefold phosphorylated forms (P1
II, P

2
II, P

3
II). he mobil-

ity of non-phosphorylated PII(I86N) and wild-type PII 

slightly difered due to the replacement of isoleucine 

with asparagine at position 86. In nitrate-grown cells, 

wild-type PII was in the non-phosphorylated state (P0
II) 

and in the mono-phosphorylated state (P1
II), whereas 

PII(I86N) was only in the non-phosphorylated state. As 

expected, both PII proteins were non-phosphorylated 

when the cells were grown with ammonium as nitro-

gen source. Under conditions of nitrogen starvation, PII 

Fig. 1 The strategy of metabolic engineering of the PII(I86N) protein in Synechocystis sp. PCC 6803 for arginine/cyanophycin overproduction. 

The conversion of N-acetylglutamate (Ac-Glu) to N-acetylglutamate-phosphate (Ac-Glu-P) is the rate-limiting step in the cyclic arginine synthesis 

pathway and is catalyzed by NAGK. NAGK activity is controlled by complex formation with the PII protein, which senses the nitrogen status by 

2-oxogluterate (2-OG) binding. In the wild-type, unbound NAGK has low activity (dashed line) and is highly susceptible to arginine feedback inhibi-

tion, whereas NAGK bound to the PII protein has high activity (solid black line) and much less sensitive towards arginine. The PII(I86N) variant of strain 

BW86 (in orange box) permanently binds to NAGK and strongly increases its activity (solid orange line) and relieves arginine feedback inhibition. 

When excess arginine (Arg) is produced cyanophycin is synthesized from arginine and aspartate (Asp in red)

Fig. 2 NAGK specific activity in extracts of Synechocystis sp. PCC 6803 

(wild-type) and the engineered strain BW86 incubated with nitrate 

(NO3
−), ammonium (NH4

+), or no nitrogen source (–N) until the late 

exponential phase (OD750 of about 0.8). For nitrogen starvation (–N), 

cells were incubated in nitrate-supplemented BG–11 medium to an 

OD750 of 0.5 and were then transferred to BG-11 medium without a 

nitrogen source and incubated for 2 days to an OD750 of 0.8

Fig. 3 Analyses of PII phosphorylation of wild-type PII and PII(I86N) 

from cells grown on nitrate, ammonium, or without a nitrogen 

source. Native PAGE and western blotting with anti-PII antibodies. 

10 µg of protein crude extract per lane
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in wild-type cells was strongly phosphorylated with the 

two-and three-fold phosphorylated forms (P2
II, P3

II) pre-

vailing. By contrast, phosphorylation of PII(I86N) was 

severely impaired, with absence of the fully phosphoryl-

ated form P3
II but dominance of the non-phosphorylated 

(P0
II) and mono-phosphorylated form of PII. Furthermore, 

due to the induced expression of glnB during nitrogen 

starvation [21], the bands of wild-type PII and PII(I86N) 

from nitrogen-starved cell are more intensive compared 

to non-starved cells (Fig. 3). hese data conirm that the 

strikingly high activity of NAGK under nitrogen starva-

tion in strain BW86 (Fig. 2) is due to impaired phospho-

rylation of PII(I86N).

The high NAGK activity of the PII(I86N) variant leads to a 

high intracellular arginine level

NAGK represents a key enzyme in the regulation of argi-

nine biosynthesis and as such its activity is feedback-con-

trolled by the cellular arginine levels, the inal product of 

the pathway. Importantly, in vitro analysis demonstrated 

that complex formation of NAGK with PII not only acti-

vates the enzyme, but strongly relieves feedback-inhibi-

tion by arginine [26]. To reveal the metabolic changes 

that are caused by the replacement of wild-type PII by 

the PII(I86N) variant in vivo, we determined the metab-

olome of the two strains with a focus on metabolites of 

primary metabolism, i.e., of the TCA cycle, CO2 ixation, 

amino acid biosynthesis, and glycolysis (Fig.  4). For the 

comparison an untargeted metabolomics approach was 

chosen. According to PCA and OPLS-DA analysis (see 

“Methods”), the only changing metabolites are arginine, 

citrate/isocitrate, succinate and glycerate-3-P. Remark-

ably, strain BW86 accumulated on average 15-fold more 

arginine than the wild-type. his increase relects the 

constant activation of NAGK by the PII(I86N) variant, 

which maintains NAGK in a state that is highly insensi-

tive towards arginine-feedback inhibition. On the other 

hand, the pools of citrate/isocitrate, succinate and glyc-

erate-3-P were decreased. he pools of citrate/isocitrate 

and succinate were just slightly (p value >0.05) lower in 

strain BW86 whereas the amount of glycerate-3-P was 

signiicantly lower in strain BW86 (p value 0.0107). he 

reason for the decreased level of glycerate-3-P is not 

known, but it indicates a yet to be explored connection to 

the increased metabolite low into the arginine pool, e.g. 

by accelerated glycolytic lux that could drain the glycer-

ate-3-P pool.

The PII(I86N) mutation leads to cyanophycin accumulation

Previous studies have shown a relationship between a 

lack of PII-dependent NAGK activation and a lack of 

cyanophycin accumulation. It has been suggested that 

the lack of PII-induced arginine accumulation disables 

the accumulation of cyanophycin [23]. As shown above, 

strain BW86 displays enhanced NAGK activity due to 

constant NAGK activation by the PII(I86N) variant and 

in consequence, over produces arginine. It was, therefore, 

intriguing to elucidate how this afects the accumula-

tion of cyanophycin. Preliminary analysis indicated, that 

indeed the cellular cyanophycin content was strongly 

increased. Next, we systematically determined the rela-

tionship between nutritional conditions and cyanophy-

cin production (Fig.  5). With nitrate as nitrogen source 

(Fig. 5a), wild-type cells accumulated about 1.1 ± 0.5 % 

cyanophycin relative to the cell dry mass (CDM) in the 

irst 4 days. As the cells entered stationary phase on day 

6 up to day 12 (Fig. 5Ai), cyanophycin slightly increased 

up to 3.6 ± 0.8 % of the CDM. By contrast, strain BW86 

accumulated up to 15.6 ± 5.4 % cyanophycin relative to 

the CDM, i.e., on average almost six fold more than the 

wild-type. Remarkably, upon inoculation of a fresh BW86 

culture with stationary cells, the cyanophycin content 

was initially very high, but the level transiently decreased 

in the following days, corresponding to the exponen-

tial growth phase. After entry into stationary phase, the 

cyanophycin content increased again.

With ammonium as nitrogen source (Fig.  5b), wild-

type cells accumulated cyanophycin similarly as with 

nitrate as nitrogen source, whereas strain BW86 pro-

duced less cyanophycin than in nitrate-supplemented 

medium, but still considerably more than the wild-type. 

he cyanophycin level increased up to 9.6 ± 1.7 % of the 

CDM in the irst 4 days but began to slightly decrease on 

Fig. 4 Concentration of metabolites of strain BW86 relative to that 

of wild-type Synechocystis sp. PCC 6803. Only those metabolites are 

shown whose levels in the two strains differed. Cells were grown in 

BG-11 medium with nitrate to an OD750 of 0.8; n = four independent 

replicates. The method does not distinguish between citrate and 

isocitrate. Note that the x-fold differences in concentration are on a 

log 10 scale
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day 6. Quantiication of the amount of ammonium in the 

medium supernatant of the two strains indicated that 

strain BW86 consumed ammonia more slowly than the 

wild-type (Additional ile 2: Figure S2). In the irst 2 days 

of cultivation, ammonia consumption of the wild-type 

and the BW86 strain was similar (Additional ile 2: Figure 

S2). Subsequently, ammonia consumption in strain BW86 

ceased. It is conceivable that the initial uptake of ammo-

nium allowed initial cyanophycin accumulation, resulting 

in a peak of cyanophycin amount at day 2 and 4 (Fig. 5b). 

However, since after 4 days the strain BW86 stopped to 

consume ammonia and to grow (Fig. 5Bi), the cells might 

have degraded their cyanophycin reserves and used them 

as internal nitrogen source. he impaired ammonia con-

sumption of strain BW86 could indicate a possible role 

of PII in ammonium utilization, which might be afected 

in the PII(I86N) variant. In Escherichia coli and many 

other heterotrophic bacteria, the PII homologue GlnK 

regulates the membrane-localized ammonia transporter 

AmtB [18]. Although an involvement of cyanobacterial 

Fig. 5 Cyanophycin accumulation in Synechocystis sp. PCC 6803 wild-type (white bars) and strain BW86 (gray bars) cultivated a with nitrate, b with 

ammonium, c under phosphate starvation, and d under potassium starvation. Ai–Di Growth curve of Synechocystis sp. PCC 6803 (WT) (circles) and 

strain BW86 (squares). Y -axes in log 10 shows the OD750. Cells of each strain exponentially growing in BG-11 medium were inoculated into 800 ml 

of the respective BG-11 medium and incubated with an influx of 2 % CO2 in air. For phosphate starvation, washed cells were grown in phosphate-

free medium and were diluted with fresh phosphate-free medium after 2 days of cultivation; this time point was day 2. For potassium starvation, 

the cells of the inoculum were washed and inoculated into potassium-free medium. In c and d, the nitrogen source was nitrate. Cyanophycin was 

quantified every second day; the concentration is plotted against the cell dry mass (CDM). Note the different scales on the y-axes
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PII in the regulation of Amt homologues has not yet been 

clearly demonstrated, such a function seems possible 

[28]. he phenotype of impaired ammonia utilization 

observed here could indicate a direct involvement of PII 

in ammonia uptake in Synechocystis sp. as well.

As nitrate-grown cells had higher cyanophycin con-

tents than ammonium-grown cells, we used nitrate as the 

nitrogen source in the following studies. In some cyano-

bacterial species, the cyanophycin content can increase 

up to 18 % of the CDM [11–13, 31] under certain stress-

conditions. Generally, cyanophycin accumulation is trig-

gered by conditions of reduced growth rate, such as entry 

into stationary phase or unbalanced cultivation condi-

tions, whereas during exponential growth, the amino 

acids arginine and aspartate are mostly used for protein 

biosynthesis. To test the efect of growth limitation on 

cyanophycin accumulation, we starved cells for phos-

phate or potassium (Fig. 5c, d, respectively).

To induce phosphate starvation cells were washed and 

inoculated in phosphate free BG-11 medium. Since the 

internal phosphate pools are only slowly depleted, the 

cell growth in phosphate free medium is initially not 

afected. In order to avoid growth into stationary phase 

without full induction of phosphate starvation, after 

2 days, the cultures were again diluted 1:5 in phosphate 

free medium. After two more days, growth ceases due to 

phosphate starvation. Accordingly, the cyanophycin con-

tent of both strains on day 0 and day 2 (Fig. 5c) is compa-

rable to that of non-starved cells (Fig. 5a). In agreement, 

the growth rate at this early stage was not afected 

because of a suicient internal phosphate pool (Fig. 5Ci) 

[32]. On day 4, the cyanophycin content in both the wild-

type and strain BW86 strongly increased, correlating 

to the onset of the phosphate starvation. After 12  days, 

the accumulation of cyanophycin was maximal, with the 

wild-type exhibiting 16.2 ± 1.9 % of the CDM and strain 

BW86 47.4 ± 2.3 % of the CDM.

Potassium starvation is a very strong and immediate 

stress for cyanobacterial cells [33] because it is not buf-

ered by internal pools and stringently afects the growth. 

In the absence of potassium, the growth rate of both 

strains was nearly zero [33] (Fig. 5Di). To test the efect of 

potassium starvation on cyanophycin production, expo-

nentially growing cells of both strains were washed and 

inoculated into potassium-free BG-11 medium (Fig. 5d). 

In contrast to phosphate starvation, the cyanophycin 

content in potassium-starved cells rapidly increased 

in the irst 2 days, due to the rapid arrest of growth. As 

long as the metabolism is in an active state, growth arrest 

allows the eicient synthesis of reserve materials. In 

agreement, cyanophycin accumulation in the wild-type 

reached a peak of 15.8 ± 0.5 % of the CDM after 4 days. 

In strain BW86, a peak of 57.3 ± 11.1 % cyanophycin per 

CDM was already reached on day 2. hereafter, the cyan-

ophycin content of both strains slowly decreased, prob-

ably a consequence of a stress response in the decaying 

cells, caused by the harmful lack of potassium.

Strain BW86 produces cyanophycin of high molecular mass

To test the inluence of the PII(I86N) mutation on the 

cyanophycin polymer length, we isolated cyanophycin 

granules from cells during the course of a phosphate 

starvation experiment. We used an extraction method 

that prevents hydrolyzation of the polymer that nor-

mally occurs during the usual acid extraction protocol 

(see “Methods”). he isolated polymer was solubilized 

in SDS sample bufer and analyzed by SDS-PAGE 

(Fig.  6). Cyanophycin isolated from strain BW86 had 

a size range of 25 to well above 100  kDa; the lowest 

molecular mass was slightly lower than that of the wild-

type (range 30 to >100 kDa). Like in the wild-type, the 

time point at which samples were taken had no inlu-

ence on the size distribution of the polymer. he high 

molecular weight of cyanophycin produced in strain 

BW86 is one of the main diferences to other recom-

binant cyanophycin productions strains using heter-

ologous expression systems with heterotrophic bacteria 

or genetically engineered yeast or plants harboring a 

cyanobacterial cyanophycin synthetase gene [34–36]. 

hose strains produce cyanophycin with a size range 

of only 25–45 kDa, but why they fail to produce higher 

molecular mass cyanophycin has not been elucidated 

so far. A possible explanation would be that cyano-

phycin synthesis in the native Synechocystis PCC 6803 

background (as is provided in the presently engineered 

strain BW86) involves additional factors contributing 

to the polymer length. Further work on the molecular 

biology of cyanophycin granule synthesis is required to 

solve this question.

Microscopic examination of cyanophycin production 

in strain BW86

he above experiments showed that cells of strain BW86 

massively overproduced cyanophycin during exponential 

growth and even more, under growth-limited conditions, 

whereas wild-type cells under both conditions produced 

very little amounts of cyanophycin. To gain insight into 

the distribution of cyanophycin production in the popu-

lation of cells of strain BW86, we attempted to micro-

scopically visualize cyanophycin. In previous studies, 

cyanophycin granules have been recognized by their 

appearance as light dense granules in bright-ield images. 

Consequently, clear identiication of granules is diicult 

and only large granules could be recognized. he Sakagu-

chi reaction is a colorimetric reaction for identifying and 

quantifying arginine [37]. To use the Sakaguchi reaction 
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in unicellular cyanobacteria, we developed a ixation pro-

tocol that maintained the structure of cells and cyano-

phycin granules (Fig. 7).

he cytoplasm of exponentially growing wild-type 

cells stained light red due to the arginine content of cel-

lular proteins. Dark red dots were visible only in very 

few cells. he intense color of these particles arises pre-

sumably from the high arginine content, and they would 

thus correspond to cyanophycin granules (Fig.  7a). 

Accordingly, the cytoplasm of cells of strain BW86 was 

clearly stained darker red due to the higher arginine 

content as well as more and larger cyanophycin gran-

ules, and the granules were heterogeneously distributed. 

During phosphate starvation, almost all cells, both from 

the wild-type and strain BW86, produced cyanophycin 

granules recognizable as dark red dots (Fig.  7b). he 

granules in strain BW86 were clearly larger than those in 

the wild-type; i.e., strain BW86 accumulated a few large 

cyanophycin granules compared to the small granules 

in the wild-type. We resolved the granule size in greater 

detail by examining phosphate-starved cells of wild-

type and strain BW86 by transmission electron micros-

copy (Fig. 8). Cells of strain BW86 contained huge ovoid 

granules with a scar-like sub-structure (Fig. 8b). To our 

knowledge, these are the largest cyanophycin granules 

observed to date. In agreement with the above results, 

the cyanophycin granules of the wild-type were consid-

erably smaller.

Conclusions

his work demonstrated the possibility of metabolic 

engineering using the PII(I86N) variant of the PII signal 

transduction protein to strongly increase arginine levels 

due to the PII dependence of the key enzyme of arginine 

biosynthesis, NAGK. As a consequence, cells of the engi-

neered strain, strain BW86, overproduced arginine and 

over-accumulated cyanophycin of high molecular weight. 

his direct link further supports our previous assump-

tion that cyanophycin synthesis is primarily controlled 

Fig. 6 SDS-PAGE determination of the molecular weight of cyanophycin isolated from Synechocystis sp. PCC 6803 wild-type (WT) and strain BW86 

at the indicated time points (in days) from phosphate-starved cultures. Per lane, 40 µg cyanophycin was loaded

Fig. 7 Cyanophycin stained in a exponentially growing and b 

phosphate-starved cells of Synechocystis sp. PCC 6803 wild-type 

and strain BW86 using the Sakaguchi reaction. The intensity of red 

indicates the amount of arginine. The dark red to purple dots are 

cyanophycin granules
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by cellular arginine levels [23]. Taken together, the Syn-

echocystis sp. strain described in this study, strain BW86, 

is the most potent cyanophycin producer described to 

date and is, therefore, a promising option for photoau-

totrophic production of arginine as well as cyanophy-

cin. he large amount of cyanophycin of high molecular 

weight that can be produced with this strain opens the 

possibility of investigating novel applications of this poly-

mer for biotechnological purposes.

In addition to the speciic beneit of arginine and 

cyanophycin production obtained with the PII(I86N) 

variant, this study demonstrated the feasibility of using 

engineered variants of the PII signaling protein for 

metabolic engineering in bacteria. In addition to argi-

nine synthesis, PII controls a multitude of other cellular 

activities in various autotrophic and heterotrophic bac-

teria. herefore, metabolic pathways that are under con-

trol of this versatile regulatory protein could similarly 

be engineered.

Methods

Cultivation of bacteria

Standard cloning procedures were done in E. coli XL1-

Blue (Stratagene) grown in Luria–Bertani medium at 

37 °C with constant shaking at 300 rpm.

Cyanobacterial stains were grown photoautotrophi-

cally in BG-11 medium [38] containing nitrate or ammo-

nium as nitrogen source and supplemented with 5  mM 

NaHCO3. Cultures were incubated in 50 or 200  ml 

medium in 100 or 500 ml Erlenmeyer lasks, respectively, 

at 28  °C with constant shaking at 120  rpm and illumi-

nated with 50  µmol  photons  m−2  s−1. Larger cultures 

were grown in illuminated cylinders containing 800  ml 

medium supplemented with 5 mM NaHCO3, 5 mM TES/

NaOH pH 8.2 (Roth). he cylinders were constantly aer-

ated by bubbling 2 % CO2 in air through the liquid with-

out additional shaking. Antibiotics were added to the 

media when required. Growth rates were monitored by 

measuring the optical density of the cultures at 750 nm.

Fig. 8 Transmissionelectron micrographs of ultrathin sections of phosphate-starved a Synechocystis sp. PCC 6803 wild-type and b strain BW86. Red 

asterisks indicate cyanophycin granules
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Starvation conditions were induced by harvesting, 

washing, and transferring exponentially growing cells 

(OD750 0.4–0.5) into BG-11 media lacking a speciic 

nutrient, i.e., no nitrogen source for nitrogen starvation; 

K2HPO4 replaced by KCl for phosphate starvation; and 

K2HPO4 replaced by Na2HPO4 for potassium starvation. 

In the case of phosphate starvation, after 2 days cultures 

were diluted again in phosphate-free BG-11 medium 

to an OD750 of 0.15 to avoid entry into stationary phase 

before cellular phosphate reserves were exhausted.

Construction of a PII(I86N)mutant

To construct a genomic PII(I86N) mutant of Synechocys-

tis sp. PCC 6803, the PII-encoding gene glnB was geneti-

cally modiied with the I86N mutation [Ile (5′ATC) at 

codon postion 86 to Asp (5′AAC)]. he entire cloning 

procedure is shown in Additional ile  3: Figure S3. To 

incorporate the corresponding ATC to AAC mutation 

in the glnB gene, two amplicons of glnB were made using 

oligonucleotides PII(I86N)_rev (containing the ATC to 

AAC mutation) and PII_prom_for as well as PII_ter_rev 

(containing SacI restriction site) and PII(I86N)_for. Both 

glnB amplicons were fused by fusion PCR resulting in the 

mutated glnB amplicon. he genomic region downstream 

of glnB was ampliied using slr0402_rev (containing NdeI 

restriction site) and slr0402_for primers. he mutated 

glnB amplicon was fused with the slr0402 fragment by 

fusion PCR and the resulting product was cloned in pJet 

1.2 (Fermentas). Subsequently, a spectinomycin resist-

ance cassette and a terminator sequence were inserted 

between the mutated glnB gene and the slr0402 fragment 

for later selection. A spectinomycin resistance cassette 

was irst ampliied using oligonucleotides specr_for (con-

taining SacI restriction site) and specr_rev and was then 

fused with a terminator sequence that was, ampliied 

using oligonucleotides Ter_rev (containing NdeI restric-

tion site) and Ter_for. he product was inserted between 

the SacI and NdeI restriction sites of the glnB-slr0402 

fusion product, resulting in pJet PII(I86N). See Additional 

ile  4: Table S1 for a list of all oligonucleotides used to 

generate constructs.

Synechocystis sp. PCC 6803 was transformed with pJet 

PII(I86N) via natural competence [39]; transformants were 

selected on BG-11 agar plates supplemented with 25 µg/ml 

spectinomycin. Transformants were screened for complete 

segregation via PCR using oligonucleotides PII_prom_for 

and slr0402_for (Additional ile 1: Figure S1).

In vivo NAGK activity assay

Cells (20 ml of a 50-ml culture at an OD750 of 0.8) were 

rapidly harvested by centrifugation and resuspended 

in a bufer consisting of 50 mM Tris/HCl pH 7.4, 4 mM 

EDTA, 1 mM DTT, and 0.5 mM benzamidine. Cells were 

lysed using FastPrep®-24 (MP biomedical) with 0.1 mm 

glass beads at a speed of 6.0 m/s for 20 s ive times. he 

lysate was separated into soluble and insoluble fractions 

by centrifugation at 25,000×g for 25 min at 4 °C. he pro-

tein concentration of the soluble fraction was determined 

using the Bradford assay [40]. NAGK activity of cell-free 

extract was measured according to Heinrich et  al. [25] 

using 100 µg/ml protein for each measurement.

Determination of PII phosphorylation via western blotting

For non-denaturing electrophoretic separation of pro-

teins, a native Gel was used according to Forchhammer 

et  al. [30]. Per lane, 10 µg of crude protein extract was 

loaded; after electrophoretic separation, the gel was blot-

ted onto a PVDF membrane [41]. he membrane was 

blocked with TBS blocking bufer (25  mM Tris/HCl pH 

7.4, 75  mM NaCl) containing 1  % (v/v) Tween 20 over-

night at 4  °C. he membrane was washed three times 

with TBS containing 0.1  %  (v/v) Tween 20 (TBS-T) and 

afterwards incubated in TBS-T containing the anti-PII 

antibody [20] for 1  h at ambient temperature. Unbound 

antibody was removed by washing three times with TBS-

T. Anti-rabbit IgG secondary antibody conjugated to 

horseradish peroxidase (α-rabbit polyclonal goat antibody, 

Sigma-Aldrich) diluted 1:10,000 in TBS-T was applied to 

the membrane and incubated for 30 min at ambient tem-

perature. Unbound antibodies were removed by three 

washes with TBS-T. Bound antibodies were visualized 

using the Lumi Light detection system (Roche Diagnos-

tics). Luminograms were taken with the Gel Logic 1500 

imaging system (Kodak) with the associated software.

Metabolite extraction and quantiication

For the extraction of metabolites, cells in 50  ml of cul-

ture at an OD750 of 0.8 were shock-cooled by mixing 

with crushed ice, rapidly harvested by centrifugation, 

and immediately frozen in liquid nitrogen. After freeze-

drying, 5.0 mg lyophilized cells were homogenized with 

tungsten carbide beads in a Retsch Mill MM 200 (Retsch). 

Metabolites were extracted with 400  µl methanol, fol-

lowed by a second extraction of the cells with 400 µl 20 % 

methanol with 0.1  % formic acid. he two supernatants 

were combined; solvents were removed using a vacuum 

concentrator. Metabolites were re-dissolved in 60  µl 

20  % methanol with 0.1  % formic acid. A 5  µl aliquot 

was injected on a Waters UPLC/Synapt G2 LC/MS sys-

tem equipped with a Waters Acquity 2.1 mm × 100 mm, 

1.8  µm particle size HSS T3 reversed phase column. 

Metabolites were separated in a gradient from 20  % 

methanol with 0.1 % formic acid to 100 % methanol with 

0.1 % formic acid in 10 min. he mass spectrometer was 

operated in ESI-positive and -negative modes with a scan 

range from m/z 50 to 2000 and a dwell time of 0.5 s. Data 
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were evaluated using the MarkerLynx Software (Waters 

Cooperation, Milford, MA, USA) in combination with 

Simca-P (Umetrics AB Umea, Sweden). Compounds 

(based on formula and MSE fragmentation pattern) that 

difered between the diferent samples were identiied 

by principal component analysis (PCA) and Orthogonal 

projections to latent structures (OPLS)—discriminant 

analysis (DA). From the entire metabolome, this proce-

dure therefore identiies only those compounds, whose 

abundance difers between the two analyzed samples.

Cyanophycin extraction and quantiication

Cyanophycin was extracted as described by Elbahloul et al. 

[42] with some modiications. Briely, cells in 20–50 ml of 

culture at an OD750 of 0, 1–4 were harvested by centrifu-

gation, resuspended in 100  % acetone, and incubated for 

30 min with constant shaking at 1400 rpm. Cells were col-

lected by centrifugation at 25,000×g for 15 min. he pellet 

was resuspended in 1.5 ml 0.1 M HCl and incubated for 

1 h with constant shaking at 1400 rpm at 60 °C to solubi-

lize cyanophycin. To remove debris, the sample was cen-

trifuged at 25,000×g for 15 min. Cyanophycin in the clear 

supernatant was precipitated by adding 300 µl 1 M Tris/

HCl pH 8.0 and incubating the mixture for 40 min at 4 °C. 

he mixture was then centrifuged at 25,000×g for 15 min 

at 4  °C. he supernatant was discarded, and the pelleted 

cyanophycin was dissolved in 500  µl 0.1  M HCl. Cyano-

phycin was quantiied by determining arginine using the 

Sakaguchi reaction according to Messineo [43].

Cyanophycin isolation and determination of molecular 

mass

To determine the molecular mass of native cyanophycin, 

we modiied the procedure of Ziegler et  al. [3] to avoid 

hydrolyzation of cyanophycin by acid extraction. Cells 

were harvested and washed three times in bufer consist-

ing of 50 mM Tris/HCl pH 7.4, 150 mM NaCl, and 5 mM 

EDTA. he cell pellet was resuspended in B-Per™ bufer 

supplemented with 100 µg/ml lysozyme and 5 U/ml DNase 

I. Cells were lysed using FastPrep®-24 (MP biomedical) with 

0.1 mm glass beads at a speed of 6.0 m/s for 20 s ive times. 

he lysate was separated into soluble and insoluble fractions 

by centrifugation at 25,000×g for 25 min at 4 °C. he insol-

uble fraction was washed three times with the same bufer 

and resuspended in B-Per™ bufer supplemented with 

200 µg/ml proteinase K, which does not degrade cyanophy-

cin, and incubated at 50 °C overnight. Cyanophycin granules 

were collected by centrifugation at 25,000×g for 25 min at 

4 °C and washed three times with water. Cyanophycin was 

quantiied as described above. To determine the molecular 

mass, cyanopycin granules were solubilized in SDS-loading 

bufer and separated by SDS-PAGE on a 12 % polyacryla-

mide gel according to Sambrook and Russell [44].

Microscopy and cyanophycin staining

Cyanophycin granules in bacterial cells were visual-

ized microscopically using a newly developed stain-

ing method based on the Sakaguchi reaction. Cells of a 

500 µl culture at an OD750 of 0.1–1.0 were collected via 

centrifugation and washed with 2.7  mM KCl, 1.5  mM 

KH2PO4, 137 mM NaCl, 8.1 mM Na2HPO4, pH 6.5 (PBS 

bufer). he cells were ixed by resuspending them in 

500  µl PBS bufer containing 2.5  % (v/v) glutardialde-

hyde and incubated for 30 min at 4 °C. After ixation, the 

cells were washed with PBS and collected by centrifuga-

tion at 3000×g for 8 min at 4 °C. hen, cells were gently 

resuspended in 80 µl 5 M KOH and 10 µl of 1 % (w/v) 

2,4-dichloro-1-naphthol dissolved in absolute etha-

nol was added; the mixture was incubated for 2 min at 

ambient temperature. Subsequently, 10 µl of 4–6 % (v/v) 

NaClO was added, and the mixture was incubated for 

2 min. Finally, the cells were collected by centrifugation 

at 3000×g for 5 min, resuspended in 100 µl PBS bufer, 

and viewed under a Leica DM2500 microscope with a 

100 ×/1.3 oil objective. Photographs were taken with a 

Leica DFC420C color camera.

Transmissionelectron microscopy

Samples for transmissionelectron microscopy were 

prepared as described in Fiedler et  al. [45]. Briefly, 

samples were fixed and post-fixed using glutaral-

dehyde and potassium permanganate. The samples 

were embedded in EPON, and ultrathin sections were 

stained with uranyl acetate and lead citrate. The sam-

ples were examined with a Philips Tecnai electron 

microscope at 80 kV.

Additional iles

Additional ile 1: Figure S1. Complete segregation of the mutation in 

the polyploidy Synechocystis sp. BW86. The replacement of all genomic 

copies of glnB (ssl0707) confirmed via PCR with isolated genomic DNA of 

Synechocystis sp. BW86, and, as controls, the wild-type Synechocystis PCC 

6803 and the pJet 1.2 pJet PII(I86N) construct. Wild-type glnB produces 

a PCR fragment of approximately 1,300 bp, whereas the glnB (I86N) 

construct in both pJet 1.2 and strain BW86 produces a PCR fragment 

of approximately 2,600 bp with no observable wild-type background 

fragment.

Additional ile 2: Figure S2. Ammonium concentration in culture 

supernatants of the wild-type Synechocystis sp. PCC 6803 (WT) and strain 

BW86 grown in BG-11 medium with ammonium.

Additional ile 3: Figure S3. Cloning schemes for generation of the 

gene encoding PII(I86N) in Synechocystis sp. PCC 6803 showing all primer 

binding positions and restriction sites used in the construction. A) Spec-

tinomycin resistance cassette (specr) fused with a terminator sequence 

(Ter). B) PII-encoding gene glnB and downstream open reading frame 

slr0402. C) Engineered construct encoding PII(I86N) with spectinomycin 

resistance cassette inserted downstream of the variant glnB gene.

Additional ile 4: Table S1. Oligonucleotides used in this study.

http://dx.doi.org/10.1186/s12934-015-0384-4
http://dx.doi.org/10.1186/s12934-015-0384-4
http://dx.doi.org/10.1186/s12934-015-0384-4
http://dx.doi.org/10.1186/s12934-015-0384-4
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Closing a gap in
cyanophycin metabolism

Cyanophycin is a bacterial polymer that

consists of the two amino acids aspartate

and arginine, forming a poly-L-aspartic

acid backbone with each carboxyl group

linked to an arginine residue

(multi-L-arginyl-poly-L-aspartic acid)

(Simon, 1971). Cyanophycin was identified

as a constituent of granular inclusions in

cyanobacteria (Allen et al., 1980) and was

therefore referred to as cyanophycin

granule polypeptide (CGP). CGP is

synthetized by a single enzyme,

cyanophycin synthetase, CphA1, in a

two-step reaction from L-aspartate and

L-arginine, with one ATP used per step.

The first step in cyanophycin formation is

an aspartate ligase reaction, where the

C terminus of the growing chain is

phosphorylated and then an aspartate

residue is attached via peptide bond

formation. Second, the b-carboxyl group of

the newly added aspartate residue is

phosphorylated and then ligated to the

a-amino group of an L-arginine residue

(Berg, 2003; Ziegler et al., 1998). By these

consecutive reactions, an Asp–Arg

co-polymer is formed with a chain length

of 100–500 Asp–Arg building units. With a

C/N ratio of 2 : 1, this polymer is extremely

rich in nitrogen and an excellent nitrogen

storage compound (Carr, 1988; Obst &

Steinbüchel, 2006). In agreement, CGP

accumulates in many cyanobacteria under

conditions of unbalanced growth (Allen

et al., 1980), when nitrogen is still available

in abundance. The ability to form CGP is

widespread among cyanobacteria and is

found in both non-diazotrophic and

diazotrophic strains. Meanwhile, CphA

homologues were also identified in some

heterotrophic bacteria (Krehenbrink et al.,

2002; Ziegler et al., 2002).

As shown in the non-diazotrophic strain

Synechocystis sp. PCC 6803, the

accumulation of CGP depends on the

cellular arginine level, which itself is

controlled by the PII signal transduction

protein in response to the cellular nitrogen

supply and energy supply (Maheswaran

et al., 2006;Watzer et al., 2015). This ensures

that CGP is produced only when nitrogen

and energy are in abundance. Under

conditions of nitrogen limitation, CGP can

be rapidly metabolized and used as an

internal nitrogen source. For this, CGP is

first hydrolysed by cyanophycinase CphB,

releasing the dipeptide b-aspartyl-arginine,

which is subsequently cleaved by isoaspartyl

dipeptidase, yielding the free amino acids

Asp and Arg for further metabolic use

(Fig. 1). In unicellular nitrogen-fixing

cyanobacteria, CGP serves as a transient

depository of fixed nitrogen that

accumulates during active nitrogen fixation

in the dark and is consumed during the day,

when nitrogenase is switched off (Li et al.,

2001). In heterocystous filamentous

cyanobacteria (order Nostocales), CGP

appears to play an additional role.

Heterocysts, specialized cells for nitrogen

fixation, contain at their contact sites with

the adjacent vegetative cells large CGP

bodies, so-called polar nodules. This

heterocystous CGP seems to be intimately

involved in transfer of fixed nitrogen from

heterocysts to the photosynthetically active

vegetative cells (Burnat et al., 2014). CGP is

synthetized from the Asp and Arg pools of

the heterocyst as a result of active nitrogen

fixation, and simultaneously CGP is

degraded by CphB to yield the b-aspartyl-

arginine dipeptide, which is transported to

the neighbouring cells and provides them

with fixed nitrogen. At the same time, CGP

could serve as a sink for fixed nitrogen in the

heterocysts to prevent potential inhibitory

feedback effects from soluble products of

nitrogen fixation (Burnat et al., 2014).

However, Anabaena PCC 7120 mutants

deficient in CGP synthesis showed no

diazotrophic growth defect (Picossi et al.,

2004), whereas diazotrophic growth of an

Anabaena variabilis CphA1 mutant was

impaired at high light intensities (Ziegler

et al., 2001).

In many nitrogen-fixing cyanobacteria,

a truncated version of CphA1 is present,

termed CphA2, whose function was

enigmatic up to now. A deletion of the

cphA2 gene resulted only in a minor loss

of total CGP and thus CphA2 was

considered to be of minor importance

(Picossi et al., 2004). In the paper by

Klemke et al. (2016), the authors

identified a distinct function for CphA2

that closes an unrecognized gap in

cyanophycin metabolism. They

demonstrate that CphA2 acts as a

cyanophycin synthetase that uses the

b-aspartyl-arginine dipeptide as substrate,

consuming one molecule of ATP per

reaction. Thus, CphA2 enables a direct

recycling of the b-aspartyl-arginine

dipeptide into CGP (see Fig. 1). Although

a loss of CphA2 results in only a minor

decrease of the overall cellular CGP

content, the reaction performed by

CphA2 could be of considerable

physiological relevance. The CphA2-

deficient mutant displays a similar

diazotrophic growth defect under high

light conditions as compared to the CGP-

free CphA1 mutant. This implies that the

apparent ‘futile cycling’ of CGP by

hydrolysis and immediate re-

polymerization (Fig. 1) has functional

importance. Despite the fact that CGP is

present in CphA2 mutants, this polymer,

in the absence of CphA2 function, seems

to provide no benefit to the nitrogen-
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fixing heterocystous filaments under high

light conditions. Recycling CGP via

CphA2 consumes less ATP than recycling

via de novo synthesis from arginine and

aspartate. However, if energy saving were

the reason for the observed phenotype, as

suggested by Klemke et al. (2016), an even

stronger impairment would be expected

under low light conditions, where the cells

are really energy-limited. As this is not

the case, the observation of Klemke and

colleagues points towards another, as yet

unknown requirement for dynamic

remodelling of CGP in filamentous

cyanobacteria. CphA2-mediated re-

polymerization of the dipeptide could, for

example, set an upper limit to the cellular

concentration of b-aspartyl-arginine and

thereby control its cleavage by isoaspartyl

dipeptidase. Such a mechanism could

enable different cells in the multicellular

cyanobacteria to optimize and fine-tune

their arginine or aspartate budget,

depending on their position in the

filament. Intriguingly, CphA2 homologues

are only present in cyanobacteria that fix

nitrogen, including unicellular strains.

In non-diazotrophic strains, where CGP

functions only as a transient nitrogen

reservoir, CphA2 is dispensable. The

CphA2-mediated recycling of the

b-aspartyl-arginine dipeptide seems,

therefore, to be related to a specific

function of CGP in unicellular and

filamentous nitrogen-fixing cells, which

deserves further investigation.
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Steinbüchel, A. (2002). Evaluation of non-
cyanobacterial genome sequences for
occurrence of genes encoding proteins
homologous to cyanophycin synthetase and
cloning of an active cyanophycin synthetase
from Acinetobacter sp. strain DSM 587. Arch
Microbiol 177, 371–380.

Li, H., Sherman, D. M., Bao, S. & Sherman, L. A.

(2001). Pattern of cyanophycin
accumulation in nitrogen-fixing and
non-nitrogen-fixing cyanobacteria. Arch
Microbiol 176, 9–18.

Maheswaran, M., Ziegler, K., Lockau, W.,

Hagemann, M. & Forchhammer, K. (2006).

PII-regulated arginine synthesis controls
accumulation of cyanophycin in Synechocystis
sp. strain PCC 6803. J Bacteriol 188,
2730–2734.

Obst, M. & Steinbüchel, A. (2006).
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The cyanobacterial wild-type strain Synechocystis sp. PCC 6803 and its engineered strain BW86 were cultivated

under defined conditions in photobioreactors to investigate the effect of phosphate availability on cyanophycin

accumulation. Cyanophycin, multi-L-arginyl-poly-L-aspartate, can be deployed as amino acid source or can be

chemically converted into polyaspartic acid, a biodegradable polymer. In previous studies it was demonstrated

that a single point mutation in the PII signaling protein from the Synechocystis wild type is sufficient to unlock

the arginine pathway causing an over accumulation of the biopolymer cyanophycin in BW86. One process strat-

egy to evoke cyanophycin synthesis in Synechocystis is nutrient starvation. Therefore, different phosphate con-

centrations from 17.5 to 175 μM were tested. Progressive phosphate starvation resulted in an increased

cyanophycin accumulation. The highest obtained cyanophycin amounts in g cyanophycin per g cell dry mass

were 18% and 40% for Synechocystis sp. PCC 6803 wild type and BW86 respectively, demonstrating that phos-

phate starvation is an effective route for biotechnological cyanophycin production. By evaluating cyanophycin

and phosphor quotas per cell dry mass, it was possible to determine the specific required amount of phosphor

to accumulate cyanophycin and to initialize stationary growth phase. Phosphor quotas in the range of 4 to

1mgphosphor per g cell drymass triggered cyanophycin biosynthesiswhile Synechocystis entered the stationary

phase at phosphor quotas of 1 mg phosphor per g cell dry mass or less. Additionally, light kinetics was deter-

mined. Photon flux densities exceeding 46 μmol photonsm−2 s−1 result in a maximum growth rate of 1.32 d−1.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cyanobacteria are photosynthetic gram-negative prokaryotes. Be-

sides their ability to obtain energy by oxygenic photosynthesis, they

are known to synthesize reserve substances like cyanophycin,

polyhydroxybutyrate (PHB) [1] and glycogen [2]. The accumulation of

cyanophycin or multi-L-arginyl-poly-L-aspartate, a nitrogen and carbon

reserve polymer, is unique for cyanobacterial metabolism and a few

other heterotrophic bacteria [3–7].

Extracted cyanophycin can be chemically converted to polyaspartic

acid, a biodegradable substitute for polyacrylic acid which can be used

for many technical and medical applications [8,9]. Furthermore,

cyanophycin could be used as a possible amino acid source for arginine

and asparagine. Cyanophycin-derived dipeptides as natural alternatives

to the widely applied amino acid mixtures are under discussion [10].

Cyanophycin consists of a polyaspartic acid backbone, its β-carboxyl

groups are linked via amid bonds to the α-amino group of L-arginine.

Aspartic acid and arginine are usually present in equimolar amounts

in cyanophycin. The molecular masses of the polymer range from 25

to 100 kDa [11–14]. Cyanophycin is located in the cytoplasm in form

of optically opaque granules. It is soluble under acidic, pH b 2, or alka-

line, pH N 9, conditions and insoluble at physiological pH [15,16].

Cyanophycin is non-ribosomaly synthesized by the cyanophycin syn-

thetase (CphA) and can be degraded by the enzyme cyanophycinase

within the cell (CphB) or extracellularly by the cyanophycin hydrolyz-

ing enzyme CphE, which is excreted by other bacteria like Pseudomonas

anguilliseptica [17]. It has to bementioned that other proteases like pep-

sin, leucine aminopeptidase, chymotrypsin or α- and β-carboxypepti-

dases are not able to degrade cyanophycin [18–21].

The cyanophycin content of Synechocystis sp. PCC 6803 (from now

on Synechocystis 6803) and other cyanobacteria varies depending on

the growth phase and environmental conditions. During exponential

growth, a cyanophycin content of roughly 1% per cell dry mass (CDM)

is reported while higher contents up to 18% per CDM are synthesized

under unbalanced conditions, as there are nutrient starvation e.g. of

phosphate or sulfate, adverse light intensities and low temperature
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[22,23]. Simon [5] showed that chloramphenicol, a broad-spectrum an-

tibiotic which inhibits protein synthesis, stimulates cyanophycin syn-

thesis in Anabaena cylindrica. Cyanophycin contents up to 46% (w/w)

were achieved in cultivations of Acinetobacter calcoaceticus by using a

phosphate-limited medium spiked with arginine and chloramphenicol

[24]. Generally, cyanophycin accumulation is depending on the avail-

ability of arginine [25].

It is also possible to obtain increased cyanophycin concentrations by

genetic engineering. The key enzyme of the arginine pathway, acetyl

glutamate kinase (NAGK), is controlled by the global carbon-nitrogen-

energy-status sensing PII signaling protein, which is a member of the

widely distributed family of PII signal transduction proteins, present in

bacteria, plants and archaea [26]. PII proteins are involved in the regula-

tion of nitrogen assimilation. Therefore PII senses the cellular energy

level by binding ATP or ADP, as well as the carbon/nitrogen availability

by 2-oxoglutatate [27–29]. Depending on the bound effector molecules

and phosphorylation status, PII changes its conformation leading to a

structural rearrangement of the T-loops,which are themajor protein in-

teraction structures [30]. Under nitrogen excess conditions, PII binds to

NAGK [31] and strongly enhances its activity. A PII variant with a single

amino acid replacement, Ile86 to Asp86, is responsible for a constitu-

tively in vivo activation of NAGK, which leads to the accumulation of

cyanophycin in high amounts in this strain, named BW86. Under phos-

phate-limited conditions this engineered strain accumulated an ex-

tremely high cyanophycin content per CDM, which is 57% [32]. To our

knowledge this is the highest cellular cyanophycin content in a bacterial

cell reported so far.

Here the engineered strain Synechocystis BW86 is used to investigate

the quantitative effect of phosphate availability on cyanophycin accu-

mulation. Experiments were carried out in photobioreactors under de-

fined cultivation conditions. The wild-type strain Synechocystis 6803

was cultivated using the same process parameters as benchmark. Fur-

thermore, light kinetics were determined for the wild type.

2. Materials and methods

2.1. Strain, medium and culture conditions

Liquid cultures of the strains Synechocystis 6803 and BW86 [32]

were cultivated for 2 weeks in shaking flasks and incubated at 25 °C,

100 rpm, pH 7.5 and a photon flux density (PFD) of 135 μmol m−2

s−1 (PAR photons, photosynthetic active radiation) supplied by

warm-white LED illumination. The culture medium was BG-11 [33]. In

shaking flask cultures, 10 mMHEPES buffer was added to the medium.

Phosphate concentrations in the photobioreactor experiments varied

from16.65, 8.32, 4.16, 3.33 and 2.08 to 1.66mg L−1. Reduced phosphate

concentrationswere achieved by using lower amounts of K2HPO4 in the

culture medium. To prevent potassium starvation, KCl was added in

equimolar amounts. To attain equal starting conditions for the respec-

tive experiments, the inoculumvolumeswere slightly adjusted depend-

ing on the optical densities of the precultures. All chemicals used were

of analytical grade (p.a.) and purchased from Carl Roth, Sigma Aldrich,

VWR Chemicals and Merck.

2.2. Photobioreactor system

Experiments to investigate cyanophycin accumulation were carried

out in flat plate photobioreactors (Midiplate reactor, Fig. S2 in the sup-

plementary material) with a working volume of 1 L and a temperature

of 28 °C. This reactor system was described earlier by Dillschneider et

al. [34]. Light kinetics were determined in flat plate photobioreactors

(Miniplate reactor) with a working volume of 0.2 L. The basic design is

analogous to the Midiplate reactor with inner reactor dimensions for

height, width, depth of 140, 100, 20 mm. Gas flow was adjusted to

0.33 and 0.25 vvm for Midi- and Miniplate reactors, respectively. Prior

to inoculation the reactor system was saturated with 2 to 5% CO2 for

24 h. In Miniplate reactors temperature was controlled by a climate

chamber (25 °C, MKK1200, Flohr Instruments) and pH was buffered

with 10 mM HEPES, while 1 M NaOH was used for pH adjustment in

Midiplate reactors. The pH value was set to 7.5. For experiments in

Midiplate reactors, the amount of CO2 and O2 in the exhaust gas was

measured by the gas analyzer M610, Maihak AG. PFD (PAR photons)

was adjusted with a planar light sensor (Li-250, Li-Cor) by measuring

the PFD directly behind thefirst glass platewhere photons enter the liq-

uid suspension. The amount of transmitted photons was measured be-

hind the second glass plate. Illumination was supplied using warm-

white LEDs.

2.3. Cyanophycin extraction and quantification

Cyanophycin extraction was carried out as described in the protocol

from Elbahloul et al. [24] with somemodifications. A sample volume of

15 mL was centrifuged (Rotina 420R, Hettich Zentrifugen) for 15 min

with 11,000 rpm and 4 °C and supernatant discarded. The remaining

pellet was dissolved in 1 mL absolute acetone and incubated at room

temperature for 30 min at 900 rpm (orbital shaker KS 501 digital,

IKA). After a second centrifugation step (10 min, 11,000 rpm, 4 °C) the

acetone supernatant was discarded again, the pellet was resuspended

in 1.2 mL 0.1 M HCl and incubated for 60 min at 60 °C and 900 rpm. A

third centrifugation step (10 min, 11,000 rpm, 4 °C) was performed to

remove cell debris as pellet. The supernatant contains the solubilized

cyanophycin. Addition of 720 μL 0.1 M Tris/HCl, pH 8.0, to the superna-

tant and following incubation at 4 °C for 40min leads to precipitation of

cyanophycin. A further centrifugation step (15 min, 11,000 rpm, 4 °C)

was carried out to obtain a cyanophycin pellet. The described precipita-

tion step was repeated once more with the obtained pellet to ensure a

higher purity of the product. After disposal of the supernatant, the pellet

was resuspended in 500 μL 0.1 M HCl. Cyanophycin quantification was

carried out according to Messineo [35] by using the Sakaguchi reaction,

a detection method for arginine. L-arginine was used to generate a cali-

bration curve. Each cyanophycin sample was measured in duplicates.

2.4. Ion chromatography

Concentrations of nitrate (NO3
−), phosphate (PO4

3−) and sulfate

(SO4
2−) were determined by ion chromatography (Metrohm 882 Com-

pact IC plus) equippedwith aMetrosep A Supp 5 column 150/4.0, filling

material polyvinyl-alcohol with quaternary ammonium groups, as sta-

tionary phase and a conductivity detector (Metrohm). The limit of

quantification was 1.0 mg L−1. Mobile phase was an elution buffer

consisting of 3.2 mMNa2CO3, 1.0 mMNaHCO3 and 12.5% (v/v) acetoni-

trile in water. Cyanobacterial samples were centrifuged (10 min,

11,000 rpm, 4 °C) and the supernatant was used for subsequent analy-

ses. An autosampler unit (Metrohm Professional Sample Processor

858) diluted and injected the samples automatically. The phosphor con-

centration was calculated through the determined phosphate concen-

tration by the particular molar mass of phosphor and phosphate,

30.97 g mol−1 and 94.97 g mol−1.

2.5. Determination of cell dry mass concentration and cell density

For CDM determination, duplicates of 20 mL cyanobacterial samples

were taken, centrifuged (15 min, 6000 rpm, 4 °C, Rotina 420R, Heraus),

washed and incubated in a drying chamber (48 h, 80 °C). The resulting

pellets were cooled down to room temperature and weighed on an an-

alytical balance (Kern & Sohn GmbH ABJ 320-4). A synchronous mea-

surement of the optical density at 750 nm (spectrophotometer

Lambda 35, Perkin Elmer) enabled the generation of individual calibra-

tion curves for each experiment. A reproducible correlation factor of

0.179 g CDM L−1 per OD750nm for wild type (R2 = 0.997) and 0.177 g

CDM L−1 per OD750 nm for BW86 (R2 = 0.999) was determined. Cell

density was measured via flow cytometry (Guava EasyCyte 6–2 L,
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Merck Millipore). Cyanobacterial cells were counted by gating RED/

RED2 fluorescence; RED = red laser, filter bandpass 690/50; RED2 =

red laser, filter bandpass 661/19. The cell density of each sample was

measured in triplicates.

2.6. Calculation of specific growth rate

The specific growth rate μ in d−1wasdetermined from the initial ex-

ponential phase according to eq. (1) where cX,2 is the cell concentration

on time point t2 and cX,1 the cell concentration on time point t1. Using

the optical density at 750 nm instead of cX would also be applicable.

μ ¼ ln
cX;2
cX;1

� �

∙

1

t2−t1
ð1Þ

2.7. Calculation of photo conversion efficiency

Photo conversion efficiency (PCE) was calculated as the quotient of

EX, the captured biomass energy, divided by Eabs,light, the absorbed

light energy (Eq. (2)).

PCE ¼
EX

Eabs;light
∙100 ð2Þ

According to Dillschneider et al. [34], by assuming an average pho-

ton energy Ephoton of 210.48 kJ mol−1 for the illumination device and

an combustion enthalpy of cyanobacterial biomass ΔHX of 22 kJ g−1

[36], EX and Eabs,light can be defined as follows (eq. (3)):

PCE ¼
Px ∙ΔHX

Ephoton∙
AF

VR
∙ I0−Itransð Þ∙Δt

∙100% ð3Þ

with PX as the volumetric CDMproductivity in g L−1 d−1, AF in m−2 the

illuminated surface area of the liquid reactor volume VR in L, I0 and Itrans
in mol m−2 d−1 represents the incident and transmitted PFD. Start and

end time of the PCE calculation interval is defined as Δt [d]. It has to be

mentioned that ΔHX can change with biomass composition [34]. The

measurements for I0 and Itranswere performed in triplicates using a pla-

nar light sensor (Li-250, Li-Cor).

2.8. Calculation of cyanophycin and phosphor quota

The calculations of cyanophycin and phosphor quota are given in Eq.

(4). Either cyanophycin cCP (w/v) or phosphor concentration cP (w/v) is

used for ciwith reference to themeasured CDM concentration cX (w/v).

qi;X ¼
ci
cX

ð4Þ

By the evaluation of quotas (w/w), it is possible to determine the

specific content of the investigated substance within the produced bio-

mass. Quotas can be seen as an expression for theoretical balance

boundary of cells.

2.9. Statistical analysis

One representative photobioreactor experiment was performed for

each initial phosphate concentration and light intensity. The measure-

ment of cyanophycin, optical density and cell density were conducted

in duplicates, while PFD was measured in triplicates. A correlation

curve enabled the determination of CDM in triplicates from optical den-

sity measurements. The software Microsoft Excel 2013 was used to cal-

culate average and standard deviation values as well as one-way

analysis of variance (ANOVA) with a statistical significance of p =

0.05. For IC analysis, an absolute analytical error of 10% was applied.

3. Results

3.1. Growth rates in dependency of photon flux densities

A light kinetics curve for the strain Synechocystis 6803 was deter-

mined in Miniplate photobioreactors to identify the reasonable irradi-

ance for maximum growth (Fig. 1). Therefore, PFD were adjusted to

15, 25, 50, 100, 160, 250 and 450 μmol m−2 s−1. For each irradiance

used, one batch experiment was performed and specific growth rate μ

in d−1 was determined according to Eq. (1). The particular growth

curve for each light intensity applied can be found in Fig. S2 in the sup-

plementary material. Since low biomass concentrations b0.125 g CDM

L−1 were used to study the effect of PFD on growth rate, the formation

of a light gradient can be neglected. In our experiments the maximum

growth rate was 1.32 d−1, resulting in a generation time of 0.52 d−1

(=ln(2)/1.32 d−1) or a cell division rate of 1.91 d−1 (=1.32 d−1/

ln(2)). We observed that growth rate increased strongly when PFDs in

the range of 15 to 50 μmol m−2 s−1 were applied, while in the range

of 100 to 450 μmol m−2 s−1 μ showed only a slight increase. The point

of intersection between the dashed lines in Fig. 1 represents Ik, the tran-

sition from photo-limited to the photo-saturated region. Ik was deter-

mined to be 46 μmol m−2 s−1. This means that in the light-limited

region, lower than 46 μmolm−2 s−1, growth rate is directly proportion-

al to irradiance whereas in the light-saturated region, above 46 μmol

m−2 s−1 this relation is no longer valid and the growth rate reaches

its maximum at around 150 μmol m−2 s−1. However, for future exper-

iments it would be reasonable to use a PFD slightly higher than Ik to

achieve high growth rates with the lowest possible light intensity

supplied.

3.2. Cultivation of Synechocystis BW86 under phosphate starvation

Batch experiments in Midiplate reactors were performed with dif-

ferent concentrations of phosphate in the culture medium in order to

investigate the potential of Synechocystis BW86 to accumulate the bio-

polymer cyanophycin. Initial phosphate concentrations varied from

16.65, 8.32, 4.16, 3.33 and 2.08 to 1.66 mg L−1 (corresponding to 5.43,

2.71, 1.36, 1.09 and 0.68 to 0.54 mg L−1 phosphor). Furthermore, the

wild-type strain Synechocystis 6803 was cultivated under same condi-

tions as benchmark. Since the phosphate availability affects both

cyanophycin accumulation and metabolism maintenance, we were

able to evaluate how the concentration of the internal cellular

Fig. 1. Growth rate of Synechocystis 6803 in dependence on light intensity (photon flux

density, PFD) at 25 °C, pH 7.5 and 5% CO2. The point of intersection of the dashed lines

represents the transition from the photo-limited to the photo-saturated range, Ik =

46 μmol m−2 s−1; maximum growth rate was 1.32 d−1. Error bars represent the

standard deviation of one representative batch cultivation.
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phosphate, i.e. the phosphor quota qP,X (in mg initial phosphor per g

CDM), specifically influences the cyanophycin concentration, i.e. the

cyanophycin quota qCP,X (in g cyanophycin per g CDM), as well as the

transition to stationary growth phase. I0 was manually adjusted to

70 μmol m−2 s−1 prior to each experiment in accordance to Ik (fig. 1)

and in order to facilitate the comparability with Watzer et al. [32]. The

initial biomass concentration (CDM) for all experiments was 0.03 g L−1.

Fig. 2 shows exemplarily a batch cultivation with an initial phos-

phate concentration of 3.33 mg L−1 (corresponding to 1.09 mg L−1

phosphor). Concentration gradients of CDM cX, phosphor cP,

cyanophycin cCP and the PFD of transmitted photons Itrans are given in

Fig. 2A. Fig. 2A can be defined as the balance boundary “cell suspension”,

showing volumetric quantities. Fig. 2B shows the cell concentration

ccells, phosphor quota qP,X and cyanophycin quota qCP,X and therefore

can be defined as the balance boundary “cells”, showing specific quanti-

ties. During the first 4 days cells were growing exponentially while Itrans
decreased to 19 μmol m−2 s−1, corresponding to a decrease of 67%.

From day 4 to 8 growth extends linearly and merges into the stationary

phase from day 8 to 9. Due to the increasing biomass concentration,

Itrans decreased below 6 μmol m−2 s−1 until cultivation day 13. The cul-

tivationwas finished at day 13with amaximum biomass concentration

of 1.1 g L−1. Concerning the low amount of transmitted light at the end

of this experiment, the cells are light limited at this point. As can be seen

in Fig. 2 light limitation usually leads to linear growth. Hence, with

phosphate as the only depleted nutrient, stationary growth phase was

induced due to phosphate limitation. The predetermined amount of

phosphor was consumed within the first 24 h of cultivation as con-

firmed by ion chromatography (Fig. 3). Incident and transmitted PFD

were measured to calculate the photo conversion efficiency (PCE,

Table 1). The calculation of PCE was performed according to chapter

2.7 and yielded a value of 5.5% for this exemplary batch cultivation.

Cyanophycin concentration increased 8.5fold from 40 to 340 mg

L−1, resulting in a cyanophycin quota qCP,X of 0.14 and 0.34 g

cyanophycin per g CDM, respectively. After entering the stationary

phase, cCP did not increase anymore. By considering the progression of

qCP,X in Fig. 2B an increase in cyanophycin content was observed during

the linear phase. During the stationary phase, qCP,X decreased slightly

from 0.34 to 0.32 g cyanophycin per g CDM. This decline can be attribut-

ed to the increase in cX from 1.0 to 1.1 g L−1 despite steady cell concen-

trations ccells, which indicates that cyanobacterial cells increase their

weight, probably by accumulating proteins or storage compounds like

lipids, PHB or glycogen. The amount of initial phosphor per CDM qP,X

Fig. 2.Batch cultivation of Synechocystis BW86 under phosphate starvation independence of cultivation time tc. A: cell drymass (CDM) concentration cX, media phosphor concentration cP,

cyanophycin concentration cCP and PFD of transmitted photons Itrans, B: cell concentration ccells, phosphor quota qP,X [mg initial phosphor per g CDM] and cyanophycin quota qCP,X [g

cyanophycin per g CDM]. Cultivation parameters: I0 70 μmol m−2 s−1, 28 °C, pH 7.5–8.0, 2% CO2. Except for qP,X no error bars are given since no significant difference regarding the

standard deviation (b1%) was observed.
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showed a reverse progression compared to ccells. At the end of exponen-

tial phase, qP,X was already reduced to 4.1 mg/g and reduced further to

1.2 and 1.0 mg/g at the end of linear and stationary phase, respectively.

The data presented in Fig. 2B show that the highest increase in

cyanophycin content occurred in the range of 4.1 to 1.2 mg phosphor

per g CDM and that the stationary phase was initiated at 1.0 mg phos-

phor per g CDM. This value corresponds to a phosphor content of

5.5 ng phosphor per cell. Thus, according to the determined values for

qP,X and under consideration of the growth curves, the entry to the sta-

tionary phase presumably occurs at phosphor quotas of 1.0 mg phos-

phor per g CDM or 5.5 ng phosphor per cell. The accumulation of

cyanophycin occurs between 4.1 and 1.2 mg phosphor per g cell or

16.6 to 6.0 ng phosphor per cell. The nutrients nitrate and sulfate were

sufficiently available since their final concentrations at the end of the

cultivation were estimated as 0.86 g nitrate L−1 and 12.1 mg sulfate

L−1 (Fig. 3).

It was furthermore possible to evaluate the specific cyanophycin for-

mation rate rCP in d−1, and the specific growth rate μ in d−1. rCPwas cal-

culated according to Eq. (5) where ci,2 is the cell concentration on time

point t2 and ci,1 the cell concentration on time point t1.

rCP ¼
cCP;2−cCP;1

t2−t1
∙

1

cX;2
ð5Þ

A linear stoichiometric correlation between rCP and μwas observed.

The slope of the estimated specific rateswasdetermined to be 0.33 (cor-

relation coefficient R2 = 0.999, Fig. 4).

3.3. Cyanophycin accumulation of Synechocystis 6803 and BW86 under

phosphate starvation

The engineered strain Synechocystis BW86 and the wild-type strain

were used to investigate the effect of phosphate availability regarding

cyanophycin accumulation. Therefore, several cultivations with differ-

ent initial phosphate concentrations in BG-11mediumwere performed,

using Midiplate photobioreactors. A representative batch process for

Synechocystis BW86 is illustrated in chapter 3.2. The combined results

of all performed batch cultivations regarding the cyanophycin quota

qCP,X in dependence of initial phosphor concentration cP,initial (applied

as K2HPO4 in the medium) and in dependence of phosphor quota qP,X
are shown in Fig. 5. With the reduction of the initial phosphate concen-

tration in themedium (cP,initial ˂ 2.71mg L−1), an increased cyanophycin

quotawas observed in the stationary phase (qCP,end,X). From2.71 to 0.54

mg L−1 a linear increase in qCP,end,X for both Synechocystis 6803 and

BW86 was detected. A maximum of 0.40 and 0.18 g cyanophycin per

g CDM was achieved for mutant and wild-type cultures, respectively

(Fig. 5A).

The diagram in Fig. 5B, representing phosphor quotas to correspond-

ing cyanophycin quotas for Synechocystis BW86 and 6803, reveals that a

certain amount of phosphor should not be exceeded to induce

cyanophycin accumulation. For phosphor quotas higher than 4 mg per

g, no increase in qCP,X was found. In contrast, as soon as qP,X falls

below 4 mg phosphor per g CDM, cyanophycin accumulation occurs.

For qP,X values b1 mg phosphor per g CDM no further increase of qCP,X
was observed because the stationary phase was usually reached at this

point, most likely due to the ongoing decrease in qP,X and the related

Fig. 3.Nutrient consumption during Synechocystis BW86 batch cultivation under phosphate starvation in dependence of cultivation time tc. The nutrient concentrations of nitrate (cNO3),

phosphate (cPO4) and sulfate (cSO4) were determined. Error bars mark an absolute analytical error of 10%.

Table 1

Initial phosphor concentrations cP,initial, calculated from applied K2HPO4, and corresponding final biomass concentrations cX,end, cell densities ccells,end, cyanophycin quotas qCP,end,X and

photosynthetic conversion efficiencies (PCE) for the photoautotrophic cultivation of Synechocystis BW86 and 6803. Data are means of at least two measurements. Standard deviation

for cP,initial and qCP,end,X represents an absolute analytical error of 10%. The respective columns for BW86 and 6803 are significantly different (p b 0,05) according to cP,initial.

cP,initial cX,end [g L−1] ccells,end [mL−1] qCP,end,X [g g−1] PCE [%]

[mg L−1] BW86 6803 BW86 6803 BW86 6803 BW86 6803

5.43 ± 0.54 2.1 2.3 4.0 × 108 4.3 × 108 0.156 ± 0.016 0.002 ± 0.000 5.8 7.3

2.71 ± 0.27 2.2 2.4 n.a. 4.5 × 108 0.159 ± 0.016 0.016 ± 0.002 5.7 7.1

1.36 ± 0.14 1.6 2.0 n.a. 3.4 × 108 0.250 ± 0.025 0.110 ± 0.011 5.7 6.6

1.09 ± 0.11 1.1 1.7 2.0 × 108 2.9 × 108 0.331 ± 0.033 0.135 ± 0.014 5.5 7.0

0.68 ± 0.07 0.7 1.1 1.5 × 108 1.9 × 108 0.360 ± 0.036 0.156 ± 0.016 3.1 4.9

0.54 ± 0.05 0.7 0.6 1.5 × 108 8.2 × 107 0.402 ± 0.040 0.180 ± 0.018 2.8 2.6

n.a. = not available
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inability of synthesizing nucleic acids. The breakdown of the cell metab-

olism is attributable solely to phosphate limitation, not to light deficien-

cy, as confirmed by the PCE data presented in Table 1. By reducing

cP,initial lower than 1mgphosphor L−1, PCE is reduced aswell. Therefore,

based on the data presented here, it is assumed that firstly, cell growth

of Synechocystis enters the stationary phase at phosphor quotas below

1 mg phosphor per g CDM and secondly, cyanophycin accumulation is

triggered at phosphor quotas between 4 and 1mg phosphor per g CDM.

The volumetric cyanophycin productivity PCP in Fig. 5D follows an

analogue pattern compared to the cyanophycin quotas of Fig. 5B. For

phosphor quotas higher than 4 mg per g, no increase in PCP was found

whereas lower values for qP,X result in higher productivities up to

38.7 mg cyanophycin per L per day for Synechocystis BW86. However,

low initial phosphor concentrations can lead to a reduction of the volu-

metric cyanophycin productivity in batch mode as shown in Fig. 5C.

A summary of the batch experiments from Fig. 5 regarding final bio-

mass concentrations cX,end, cell densities ccells,end, final cyanophycin

quotas qCP,end,X aswell as PCE to the corresponding initial phosphor con-

centrations cP is given in Table 1. cX,end was determined gravimetric as

indicated in chapter 2.5. Phosphor concentrations were calculated

based on applied K2HPO4 in the culture medium. The wild type

Synechocystis 6803 generally showed higher values for cX,end and

ccells,end, indicating a higher conversion of incorporated phosphor to bio-

mass. In return, qCP,end,X in the wild type was lower compared to the

strain BW86, suggesting that the engineered strain preferably uses the

available resources for cyanophycin synthesis with an negative effect

on biomass production. By considering the calculated PCE results, it is

obvious that the wild-type strain is more efficient in converting

absorbed energy to biomass. Except for the two lowest phosphor con-

centrations, the maximum PCE was between 6.6 and 7.3% for the wild

type and between 5.5 and 5.8% for the mutant, indicating that

Synechocystis BW86 is less effective in the conversion of photons, prob-

ably due to the introduced mutation. The calculation of PCE is given in

chapter 2.6.

4. Discussion

The growth rate of Synechocystis 6803 in dependence on PFDwas in-

vestigated in Miniplate photobioreactors (Fig. 1). Maximum growth

rate was determined as 1.32 d−1. A former study investigated the

growth rate of Synechocystis minima at different PFD in light/dark cycles

and different temperatures. Cultivation conditions of 32 °C and

125 μmol m−2 s−1 resulted in a similar maximum growth rate of 1.32

d−1 [37]. Though Synechocystis minima and Synechocystis 6803 belong

to the same genus, the maximum growth rates are not directly compa-

rable. Bland and Angenent [38] cultivated Synechocystis 6803 at differ-

ent light regimes and room temperature. White light did not induce

photoinhibition even at high PFD up to 1000 μmol m−2 s−1. Photo-sat-

uration occurred at 200 μmol m−2 s−1 with growth rates between 1.2

d−1 and 1.44 d−1 [38]. Hence, the data presented here confirm previous

studies since maximum growth rates and the photo-saturated area are

in the same order of magnitude although different temperatures, i.e.

25 °C and 32 °C, were applied. Since temperature presumably affects

the growth rate, it would be worthwhile to investigate this impact on

light kinetics in future studies.

To investigate the ratio of the energy output that can be obtained

from the produced biomass to the supplied light energy, PCEwas calcu-

lated for batch cultivations with Midiplate photobioreactors, using dif-

ferent initial phosphate concentrations (Table 1). A theoretical

maximum PCE value of 12.4% is described in literature. In real cultures

the PCE is lower depending on the photobioreactor system or cultiva-

tion environment. Values between 1.5 and 5.0% are cited although

higher PCEs can be reached by means of favorable light distribution

[39]. Touloupakis et al. [36] reported PCE values between 7.7 and

11.9% by growing Synechocystis 6803 in continuous cultures. The com-

parably high PCE levels were achieved in particular by applying high di-

lution rates, indicating that the reduction or avoidance of dark zone

formation in the reactor can lead to an increased PCE. Regarding the

PCE information from literature, we assume that the utilized

photobioreactor system is adequate for the cultivation of Synechocystis.

PCE values between 5.5 and 7.3% as achieved in this study for initial

phosphate concentrations between 16.65 and 3.33 mg L−1 (corre-

sponding to 5.43 and 1.09 mg L−1 phosphor) are common and have

no adverse effect on phototrophic cells. In order to achieve higher PCE

values continuous grown cultures might be an option.

In chapter 3.2 an exemplary growth curve was shown for a batch

cultivation of Synechocystis BW86 under phosphate starvation (Fig. 2).

We observed that cell growth proceeds despite phosphor depletion.

For that reason we assume that polyphosphate granules were enriched

within the first 24 h and supplied the organismwith phosphor until the

stationary phase was reached. Moreover, it is likely that the cells de-

graded their phycobilisomes. Bleaching of the culture from a blue-

green to a yellowish color was observed during process time (unpub-

lished data). This effect was already described earlier for Synechococcus

sp. PCC 7942 grown under nitrogen, sulfur and phosphor deprivation in

50 mL culture tubes, bubbled with 3% CO2 in air [40]. Nutrient depriva-

tion of cyanobacterial cells leads to degradation of phycobilisomes after

sulfur or nitrogen deprivation. Collier andGrossman [40] also reported a

partial degradation of light-harvesting phycobiliproteins in

cyanobacteria after phosphor deprivation. Hence, it is reasonable to

run a cyanophycin production process at phosphor quotas qP,X in

which a high PCE value is reached despite the fact that phycobilisomes

are degraded, i.e. between 1 and 3 mg phosphor per g CDM (see

Table 1 or Fig. 5B). Of course, nitrogen and sulfur deprivations have to

be avoided. A further degradation of phycobilisomes due to nutrient

deprivation would result in lower PCE values.

Nutrient consumption of Synechocystis BW86 revealed a linear de-

crease of NO3
− and SO4

2− concentrations (Fig. 3) until stationary growth

phase was reached. In terms of cultivating this strain under phosphate

starvation, the use of lower amounts of these nutrients in the medium

would be feasible regarding the fact that only 26% of the available

NO3
− and 50% of the available SO4

2− in the BG-11 medium were con-

sumed. The linear correlation between rCP and μ in Fig. 4 point out

that considered phosphate depletion has no adverse effect on the

growth efficiency of cells as additionally confirmed by the comparably

high PCE (Table 1). Progressing phosphate starvation force the cell to

Fig. 4. Stoichiometric correlation between the specific cyanophycin formation rate rCP and

the specific growth rate μ of Synechocystis BW86 cultivated under phosphate starvation.

No error bars are given since no significant difference regarding the standard deviation

(b1%) was observed.
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cease nucleic acid synthesis. Consequently, cell division stops (see Fig.

2). The subsequent increase in CDM indicates that the remaining nutri-

ents are used to form proteins or storage compounds.

The main focus of this research was to understand how phosphate

availability affects the production of cyanophycin. Previous studies al-

ready described a relation between phosphate concentration and

cyanophycin accumulation [24,32,41]. However, there was a lack of

quantitative information regarding the suitable phosphate concentra-

tion, phosphor quota as well as corresponding PCE so far. The engineer-

ing approach and quantitative data of this work can consequently

contribute to improve cyanophycin production with Synechocystis.

Elbahloul et al. [24] characterized phosphate limitation as the most ef-

fective nutrient limitation for promoting cyanophycin biosynthesis

and accumulation in Acinetobacter calcoaceticus. For small phosphate

amounts of 42 μM, which corresponds to a phosphor concentration of

1.30 mg L−1, higher cyanophycin contents were reported. This value

corresponds to our results for Synechocystis (Fig. 5A). Stevens and

Paone [41] describe the accumulation of cyanophycin granules as a re-

sult of phosphate limitation in Agmenellum quadruplicatum (now

renamed as Synechococcus sp. PCC 7002). So far, heterologous expres-

sion systems like heterotrophic bacteria, genetically engineered yeast

or plants harboring a cyanobacterial cyanophycin synthetase gene

(CphA) were used for cyanophycin production in bench scale [3]. The

resulting heterologous cyanophycin differs from native cyanophycin in

the length of the polymer, amino acid composition and solubility. The

unicellular cyanobacterium Synechocystis 6803 can accumulate native

cyanophycin in response to unbalanced growth conditions.

Thework ofWatzer et al. [32] and the results presented here confirm

an enhanced cyanophycin accumulation in cyanobacteria due to defi-

ciency of the element phosphor, in particular for Synechocystis 6803

and the engineered strain BW86. Therefore, phosphate starvation can

be an effective strategy to produce cyanophycin in high yields using

photobioreactors. Theflat plate reactorswe used are geometrical similar

to larger flat plate production systems and allow a scale-up to higher

volumes. For open pond or bag systems the geometric differences

should be considered. In terms of productivity, the applied phosphate

concentration and production strategy such as batch or fed-batch is im-

portant to achieve a sufficient volumetric cyanophycin productivity (fig.

5C and fig. 5D).

Based on the data of this work it is furthermore possible to develop a

cultivation process, preferably a fed-batch or continuous process, where

the phosphate availability is controlled to induce an ongoing

cyanophycin production with high cyanophycin yields. Genetic stabili-

zation of the engineered production strain BW86 might be an issue in

Fig. 5. Effect of phosphate availability on cyanophycin accumulation and productivity in Synechocystis 6803 and BW86; A: cyanophycin quota in the stationary phase qCP,end,X [g

cyanophycin per g cell dry mass] in dependence of initial phosphor concentration cP,initial [mg L−1]; B: cyanophycin quota qCP,X in dependence of phosphor quota qP,X [mg phosphor

per g cell dry mass]; C: volumetric cyanophycin productivity in the stationary phase PCP,end [mg cyanophycin per L per day]; D: volumetric cyanophycin productivity PCP [mg

cyanophycin per L per day]. The dashed line shows the trend of the respective quota and productivity. Cultivation parameters: I0 70 μmol m−2 s−1, 28 °C, pH 7.5–8.0, 2% CO2. For

reasons of clarity no error bars are shown in 4B and 4D, the absolute analytical error in 4A and 4C is 10%.
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biotechnological applications, especially for continuous processes. Al-

though Guerrero et al. [42] reported that an engineered Synechocystis

6803 strain for ethylene production was stable for N6 months in liquid

culture, it has to be considered that the BW86 strain harbors solely a

point mutation in the PII gene.

5. Conclusion

Aquantitative regulation of phosphate availability in termsof different

initial phosphate concentrations affect the cyanophycin accumulation.

The engineered strain Synechocystis BW86 showed higher cyanophycin

yields compared to the wild type due to the increased NAGK activity.

However, the total produced biomass and PCE values were lower com-

pared to cultivations of thewild type, indicating a less effective conversion

of absorbed photons. The essential amount to induce cyanophycin accu-

mulation is between 1 and 4 mg phosphor per g CDM, while stationary

growth phase was reached around 1 mg phosphor per g CDM. To our

knowledge, this is the first study analyzing the specific necessary phos-

phor quota to trigger cyanophycin accumulation and to initialize station-

ary growth phase of Synechocystis. A maximum growth rate of 1.32 d−1

was found by applying a photonfluxdensity of 150 μmolm−2 s−1where-

by the transition from photo-limited to photo-saturated region already

occurred at 46 μmol m−2 s−1. The quantitative statements of this work

allow a scale-up to larger production systems.
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pII protein-Derived FRet sensors 
for Quantiication and Live-Cell 
)maging of -Oxoglutarate
Jan Lüddecke , Liliana Francois , Philipp spät , Björn Watzer , tomasz Chilczuk , Gernot 

poschet , Rüdiger Hell , Bernhard Radlwimmer  & Karl Forchhammer  

The citric acid cycle intermediate -oxoglutarate -OG, a.k.a. alpha-ketoglutarate  links the carbon and 
nitrogen metabolic pathways and can provide information on the metabolic status of cells. )n recent 
years, it has become exceedingly clear that -OG also acts as a master regulator of diverse biologic 
processes in all domains of life. Consequently, there is a great demand for time-resolved data on -OG 
luctuations that can’t be adequately addressed using established methods like mass spectrometry-
based metabolomics analysis. Therefore, we set out to develop a novel intramolecular -OG FRET 
sensor based on the signal transduction protein PII from Synechococcus elongatus PCC 79 . We created 
two variants of the sensor, with a dynamic range for -OG from .  µM to .  mM or from  µM to 

 mM. As proof of concept, we applied the sensors to determine in situ glutamine: -oxoglutarate 
aminotransferase GOGAT  activity in Synechococcus elongatus PCC 79  cells and measured -OG 
concentrations in cell extracts from Escherichia coli in vitro. Finally, we could show the sensors’ 
functionality in living human cell lines, demonstrating their potential in the context of mechanistic 
studies and drug screening.

he emerging ield of metabolomics has the potential to accurately describe the physiological state of a cell at the 
time of measurement1, 2. Technological improvements during the last decade have led to more rapid and precise 
metabolite identiication3; however, state of the art HPLC-MS based analyses require extraction of the metabolites 
from the cells, making the study of detailed temporal metabolite luctuations a challenging task. Additionally, 
certain metabolites are not stable under commonly used extraction conditions or their recovery rates are low4. 
To overcome these drawbacks, a variety of genetically encoded, protein-based sensors were developed. hese 
in vivo/ex vivo sensors allow real-time measurements of high temporal resolution without disrupting the cell. 
To date, there are hundreds of sensors available, not only for metabolites, but also for cellular aspects like ion 
concentration, mechanical stress, enzyme and kinase activity, redox potential, etc. (http://biosensor.dpb.carne-
giescience.edu/)5. he majority of these sensors utilize the growing number of optimized luorescence proteins 
(FPs) to create a Förster resonance energy transfer (FRET) readout6, 7. FRET occurs when donor and acceptor 
luorophores with overlapping emission and excitation spectra come in close proximity. Following excitation of 
the donor, energy is transmitted to the acceptor in a non-radiative manner by means of intermolecular long-range 
dipole–dipole coupling and emitted by the acceptor. Ligand-binding-induced conformational changes in the sen-
sors containing both, donor and acceptor luorophres, results in altered FRET eiciency, which can be monitored 
under a luorescence microscope or in a luorimeter8.

One central metabolite of high interest is 2-oxoglutarate (2-OG), which links the carbon and nitrogen meta-
bolic pathways in all domains of life. 2-OG is used as the carbon skeleton for nitrogen assimilatory reactions and 
has been proposed as a master regulatory metabolite9. It has been shown that the 2-OG pool reacts to changes 
in extracellular nitrogen availability within minutes and its half-life has been estimated as 0.5 s10–13. Apart from 
the regulatory PII proteins (see below) 2-OG is sensed by a number of transcription factors9. Furthermore, 2-OG 
acts as a starvation signal in eukaryotes like S. cerevisiae or the metazoa C. elegans14, 15. Competitive inhibition of 
2-OG-dependent DNA and histone demethylases by the oncometabolite and 2-OG analogue 2-hydroxyglutarate 
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have been shown to be the cause of cancer-speciic epigenome and gene expression alterations in glioma and 
acute myelogenous leukemia16–18. Furthermore, 2-OG levels were proposed to regulate the epigenome of dif-
ferentiating human pluripotent stem cells19 and embryonic stem cells20, 21. In mice it has recently been shown, 
that 2-OG acts as a systemic signal providing protection from cardiac ischemia22. In bacteria, the sugar-uptake 
phosphotransferase system (PTS) in E. coli is regulated by the 2-OG/phosphoenolpyruvate ratio23, 24. he PTS not 
only promotes sugar transport but is also responsible for activation or inhibition of the adenylate cyclase which 
produces cyclic AMP, a very important signaling molecule that afects the expression of a vast range of genes25, 

26. hese examples demonstrate the importance of 2-OG as a regulatory metabolite and underline the need for a 
functional sensor in living cells, which allows investigations of 2-OG luctuations with high spatial and temporal 
resolution.

he small trimeric regulatory protein PII, which is widely distributed in prokaryotes and chloroplasts, is known 
as a sensor of cellular 2-OG levels27. Binding of 2-OG leads to conformational changes in the protein structure 
in a concentration dependent manner27–30. hese conformational changes modulate the interaction of PII with 
its regulatory targets31. In previous studies, these interactions have been utilized to create inter-molecular FRET 
sensors employing cyanobacterial PII proteins and their targets N-acetyl-L-glutamate kinase (NAGK) and PipX. 
hese sensors have successfully been used to expand the knowledge about the 2-OG dependent mode of inter-
action between PII and its targets32–34. However, FRET sensors using protein-protein interactions have disadvan-
tages, especially for applications in living cells, where diferent expression rates and protein half-lives have to be 
taken into account, as well as the increased chance of unwanted side reactions, e.g. by NAGK enzymatic activity. 
Berg et al. have constructed a PII-based intramolecular FRET sensor to read out luctuations in ATP/ADP levels, 
ater having inactivated the 2-OG binding site in PII

35. his motivated us to create an enhanced intra-molecular 
2-OG FRET sensor making use of the high speciicity of PII proteins towards 2-OG.

As a irst application we used the 2-OG sensor for an in situ glutamine:2-oxoglutarate aminotransferase 
(GOGAT) assay. GOGAT catalyzes the reductive transfer of the amide group from glutamine to the carbon back-
bone of 2-OG, which yields two molecules of glutamate. his is a key reaction in nitrogen assimilation in bacteria 
and plants36, but studies on GOGAT activity regulation are scarce37, due to the lack of a simple assay. Using the 
PII-based 2-OG speciic FRET sensors, we present here the determination of the in situ fdGOGAT activity in the 
unicellular cyanobacteria Synechococcus elongatus PCC 7942 (hereater designated as S. elongatus). Furthermore, 
we used the sensor to determine 2-OG concentrations in cell extracts from E. coli. Finally, we conducted the irst 
application of a real-time 2-OG sensor in mammalian cells to measure 2-OG luctuations in human glioblastoma 
brain-cancer cells and other cell lines. hese experiments provide the proof of principle that PII-based 2-OG spe-
ciic FRET sensors could become useful tools for studying cancer patho-mechanisms and as functional readouts 
in metabolic-drug screening.

Results and Discussion
Development of the FRET Sensor. On our attempt to construct a 2-OG sensor that employs the confor-
mational change of PII upon 2-OG binding, we made use of the knowledge gained during the development of the 
PII-NAGK FRET sensor32 and crystal structures of S. elongatus PII

28. Diferent sensor variants were constructed, 
most of which use the monomeric (m) cyan FP mCerulean as the FRET donor and the yellow FP Venus as accep-
tor. he simplest approach was to fuse these FPs to the N and C-terminus of PII. Crystal structures of PII with 
Mg2+-ATP + 2-OG bound display a conformational change in the C-terminus28: in the ligand free state (PDB: 
1QY7) or while interacting with NAGK (PDB: 2V5H), the PII C-terminus adopts a stretched conformation, point-
ing away from the trimer. By contrast, upon binding of Mg2+-ATP + 2-OG, the C-terminus retracts and folds over 
the metabolite binding site of the inter-subunit clet (PDB: 2XUL). With the irst variants, we aimed to asses if this 
conformational change in the C-terminus could be used to create a change in FRET.

To achieve this goal, we had to overcome a problem associated with modifying the N-terminus of bacterial 
PII proteins. he N-terminus of S. elongatus PII is hidden within the protein and a direct fusion to the buried 
end leads to misfolding and degradation (data not shown). To solve this problem, we used the non-conserved 
extended N-terminus of Chlamydomonas rheinhardtii PII that protrudes from the protein38 and fused these six 
N-terminal amino acids (S-A-F-P-G-V) to the N-terminus of S. elongatus PII. his indeed led to a stably expressed 
protein. On top of that, we added lexible (FL; L[SGGGG]nSAAA) or stif helical (HL; A[EAAAK]nA) linkers 
of 20 or 25 amino acids (Fig. 1, PII-NC1 to 4)39. he Venus FP was fused to the C-terminus of PII via the 12 
amino acid long streptavidin ainity tag (Strep-tag), as has been done previously32. he Strep-tag should enable 
the transfer of the proposed C-terminal movement to the FP and was also used for protein puriication. While 
PII-NC1 and NC3 could be puriied in good quantity and quality, PII-NC2 and NC4 were not expressed in E. coli. 
Probably the helical linker led to misfolding and degradation of these proteins.

In other variants, we aimed to use the conformational change of the T-loop upon Mg2+-ATP + 2-OG bind-
ing to obtain a change in FRET. As shown in the crystal structures mentioned above, the stretched T-loops of 
ligand-free PII are retracted and folded upon binding of Mg2+-ATP + 2-OG. his folding also prevents the inter-
action of PII with other receptor proteins like NAGK or PipX30. We devised eight variants to test this approach. In 
the irst two variants (Fig. 1, PII-TC1 and TC2) we inserted mCerulean with its natural C- and N-terminus into 
the tip of PII’s T-loop between amino acids 44 and 45. Venus was again placed at the C-terminus using either the 
Strep-tag, or a four amino acid linker (LAAA). FRET is not only inluenced by the distance between donor and 
acceptor, but also by their angle towards each other40. With that in mind, we also used circularly permuted (cp) 
versions of mCerulean, by connecting its native C- and N-terminus with a short lexible linker (GSGGTG) and 
using other positions for the fusion into the T-loop, similar to the approach described by Berg et al. for the con-
struction of a PII-based ATP/ADP sensor35. Topell et al. showed that circular permutations of GFP to positions 
Y145-N144, K158-Q157 as well as G174-D173 yielded correctly folded FPs41. We used these locations for fusion 
with the T-loop and again varied the linker between the PII C-terminus and Venus (Fig. 1, PII-TC3 to 8).
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All tested variants showed strong initial FRET signals, indicating that the FPs were correctly folded and in 
close proximity. Subsequently 0.1 mM ADP, 0.1 mM ATP or 0.1 mM ATP together with 1 mM 2-OG were added 
to the solution and the FRET change was measured (Table 1). Most variants showed only small FRET changes, 
either slightly increasing or decreasing the FRET upon efector molecule addition. Only PII-TC3 showed an 18% 
drop in FRET. he decreased FRET indicates that the FPs move away from each other, which is consistent with the 
crystal structures, where the T-loop folds downward upon 2-OG binding, away from the C-terminus.

Since PII-TC3 showed the strongest FRET change so far, we tried further modiications of the PII-TC3 variant. 
GFPs have the tendency to dimerize. To allow the C-terminally attached Venus more lexibility in movement, 
we added the monomer mutation A206K42 and also elongated the linker between PII and mVenus by ive or ten 
amino acids (Fig. 1, PII-TC3-mV, -L1 and -L2). Even though PII-TC3-mV showed a higher initial FRET value, the 
relative FRET drop upon addition of ATP + 2-OG was lower compared to PII-TC3. Also the modiied linkers did 
not increase the sensors signal (Table 1). Next, we tried to enhance the TC3 sensor by replacing mCerulean by the 
advanced mTurquoise2, which shows exceptional quantum yield, brightness, photostability and a fast maturation 
rate and is thus proposed as an optimal donor for FRET systems43. Additionally, we created two versions with 
partially deleted T-loops (PII-TC3-mT1 to 3). PII-TC3-mT1 and -mT3 showed lower signal changes than PII-TC3. 
Interestingly, PII-TC3-mT2, with T-loop amino acids 43 and 44 deleted, showed increased FRET upon addition of 
ATP + 2-OG. his indicates that the small deletion in the T-loop alters the orientation of the attached FP, demon-
strating once again that subtle changes can have a dramatic and unpredictable impact on the signal output of a 
FRET sensor. A detailed analysis showed that PII-TC3-mT2 was only reacting to high 2-OG concentrations and 
was not as sensitively responding towards 2-OG as PII-TC3 (data not shown).

Figure 1. Schematic representation of the FRET-sensor constructs. Red: PII; Blue: mCerulean; Yellow: 
mVenus; White: linker regions. Flexible (FL) or stif helical (HL) linkers or short linkers (SL) of diferent length, 
Chlamydomonas reinhardtii PII N-terminus (CrNT) or streptavidin ainity tag (Strep-tag). All Domains are 
presented to scale.
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Ater all, PII-TC3 appeared to be the most promising sensor variant for sensitive 2-OG detection. To biochem-
ically characterize PII-TC3, the ainity-tag isolated protein was further puriied by size-exclusion chromatogra-
phy to remove degradation products containing only one of the two FPs. We also optimized the bufer conditions 
and the worklow to improve TC3’s signal to noise ratio and to be able to use a 96-well plate setup and a small 
reaction volume. As previously described for PII-NAGK interactions, the proteins can be unstable when bufer 
conditions are quickly changed32. When the sensor, stored in a 50% glycerol bufer at −20 °C, was quickly mixed 
with the measurement bufer, it showed a lower signal to noise ratio and sensitivity, possibly due to dissociation of 
the trimer. To circumvent this problem, we tested a variety of reaction-bufer setups and came up with a mixture 
containing 15% glycerol, which not only stabilized the sensor and enabled easy preparation of a master mix for 
96-well plate application, but also lead to a increase of the signal-to-noise ratio to 25%. Figure 2A shows the 2-OG 
induced FRET change under these optimized conditions. PII-TC3 displayed a Kd for 2-OG of approximately 3 µM. 
his is close to the binding constant of the high ainity 2-OG binding site in wild-type PII protein, showing that, 
despite the insertion of mCerulean into the T-loop, PII-TC3 acts similar to PII-wildtype. However, for possible in 
vivo applications, where one- to two orders of magnitude higher 2-OG concentrations are expected, this response 
is too sensitive. herefore, we constructed a variant of PII-TC3 with a mutation in the vicinity of the 2-OG bind-
ing site. Previously, it was shown that mutation of Arg9 reduces the ainity of 2-oxoglutarate binding28. Here, a 
mutation of arginine 9 to proline (R9P) decreased the ainity of PII for 2-OG 35 times, resulting in a Kd of 91 µM 
(Fig. 2A). With a dynamic range of the FRET response from 10 µM to 10 mM, this sensor seems to be ideally 
suited to span the physiological relevant range of 2-OG concentrations. Because ATP and ADP compete for the 
same binding site on the PII protein, but only ATP enables the binding of 2-OG, we also measured the competi-
tive efect of ADP on the signal output. As shown in Fig. 2B, physiological ATP/ADP ratios (ATP > ADP) do not 
inluence 2-OG sensing.

In the next step, we tested the sensitivity and speciicity of TC3 and TC3-R9P. All metabolites of the tricarbo-
xylic acid (TCA) cycle and the 2-OG analog dimethyl-2-OG (dm2-OG) were tested. As shown in Fig. 2C, TC3 
is about 460 times more sensitive for 2-OG than for dm2-OG, which gave the second strongest signal. he third 
strongest signal was induced by oxaloacetate, with a 900 times reduced sensitivity. All other tested metabolites 
were even less interfering than oxaloacetate, demonstrating the high speciicity of the sensor towards 2-OG. 
Interestingly, increasing NaCl concentrations also lead to a decrease in FRET. Most of the tested compounds were 
sodium salts or had to be titrated with NaOH to adjust the pH, and therefore might give a stronger response than 
pure compounds. Similarly, TC3-R9P was also highly speciic for 2-OG. It showed an 85 times decreased sensi-
tivity for dm2-OG and responded to other metabolites only at non-physiologically high concentrations (Fig. 2D).

Establishing an in situ fdGOGAT assay using the -OG FRET-sensor. One possible application 
of a 2-OG FRET-sensor is the in situ determination of GOGAT activity. In contrast to previously described 
approaches, in which the formation of glutamate or consumption of glutamine were measured using HPLC-based 
amino acid quantification methods44, the FRET sensor based 2-OG quantification is much faster and cost 
eicient.

he in situ GOGAT assay was established for S. elongatus, which only possesses a ferredoxin-depending 
GOGAT. he method developed in the present study is based on experiments from Marqués et al. and Kameya et 
al.44–46. In short, the cells were permeabilized by toluene, the GOGAT substrates 2-OG, glutamine and reductant 
were added and the mixture incubated at 32 °C. he eiciency of cell permeabilization was tested via luorescence 

Sensor

% FRET change ater addition of

ADP ATP ATP + 2-OG

PII-NC1 n. d. 0.3 4.4

PII-NC3 n. d. 3.1 3.1

PII-TC1 −2.0 −1.1 −1.7

PII-TC2 −1.1 1.0 5.7

PII-TC3 0.8 −0.8 −18.3

PII-TC4 −0.4 0.8 −2.5

PII-TC5 −6.1 −0.1 −3.1

PII-TC6 1.0 0.2 3.4

PII-TC7 −0.6 −0.8 −2.3

PII-TC8 6.2 0.8 0.9

PII-TC3-mV n. d. n. d. −15.1

PII-TC3-L1 n. d. n. d. −15.4

PII-TC3-L2 n. d. n. d. −15.6

PII-TC3-mT1 n. d. n. d. −8.3

PII-TC3-mT2 n. d. n. d. 25.8

PII-TC3-mT3 n. d. n. d. −13.3

Table 1. FRET change ater addition of metabolites. FRET of the puriied senor proteins was measured before 
and ater addition of 0.1 mM ADP, 0.1 mM ATP or 0.1 mM ATP + 1 mM 2-OG and the relative FRET change 
was calculated. (n. d., not determined).
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microscopy using a live/dead staining kit for bacteria, revealing a very eicient permeabilization (Fig. S1). In 
our experimental setup, the natural reductant ferredoxin was substituted by methyl viologen as electron donor, 
which was reduced by addition of sodium dithionite. To avoid air-oxidization of the dithionite, we covered the 
reaction mix with parain oil. Samples were taken in 5 to 10 minutes intervals and the reaction was stopped by 
aeration through intense vortexing and cooling on ice, which is quick and easy to apply. Aterwards, the cells were 
separated by centrifugation and the supernatant was used for 2-OG quantiication via FRET measurements. he 
components of the GOGAT-reaction mixture itself had no inluence on the FRET measurement, since addition 
of the reaction mix to a 2-OG standard curve did not afect the read-out (Fig. S2).

When all components, including permeabilized cells, glutamine, 2-OG and the electron donor were present 
in the reaction mix, a decrease of the 2-OG concentration over time could be detected (Fig. 3). Preliminary 

Figure 2. Properties of FRET-sensor PII-TC3. (A) Relative NFRET response of PII-TC3 and PII-TC3-R9P to 
increasing 2-OG concentrations. (B) Inluence of diferent ADP/ATP ratios on the NFRET response of PII-TC3 
upon addition of 0.1 mM 2-OG. (C and D) Relative NFRET response of PII-TC3 (C) and PII-TC3-R9P (D), to 
diferent metabolites of the TCA cycle. Error bars: ±s.e.m., n = 4.

Figure 3. fdGOGAT assay with complete and incomplete reaction mix. S. elongatus cells were grown to 
an OD750 of 0.3 in nitrate-supplemented medium. he 2-OG concentrations in the reaction mixture was 
determined by FRET over time. Results are shown for a complete reaction mix (black squares and black dashed 
line) and the blank mix lacking glutamine (white squares and red dashed line). Error bars: ±s.e.m., n = 3.

http://S1
http://S2
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experiments indicated a linear decline in the irst 20 min of the reaction (data not shown) when using 4 * 108 cells 
(≙6.7 mL of culture at OD750 = 0.3). When glutamine was omitted from the reaction mix, the concentration of 
2-OG remained constant (Fig. 3), which indicates the absence of background 2-OG consuming side reactions.

Characterization of fdGOGAT in S. elongatus using the in situ fdGOGAT Assay. he glutamine 
synthetase (GS) - GOGAT cycle represents the connection between the carbon and nitrogen metabolism in bac-
teria and plants. Whereas GS activity is easy to measure, established GOGAT activity assays are highly elaborate. 
To determine the fdGOGAT activity with the newly developed FRET-based assay in situ, we used, as a test case, 
S. elongatus cells grown in presence of nitrate or ammonia and cells that had been shited to medium without 
nitrogen sources (Fig. 4). Samples were taken at three diferent phases of growth.

With nitrate as nitrogen source, the in situ fdGOGAT activity increased by approximately 40% from the early 
exponential (t1) to the late exponential growth phase (t2, Fig. 4A). Ater the cells entered the stationary phase, 
fdGOGAT activity decreased to approx. 70% of the initial value, probably in response to the reduced growth rate 
and declining metabolic activity in the stationary phase. Under ammonium supplemented growth conditions, 
the fdGOGAT activity was generally 40–50% higher as compared to nitrate conditions (Fig. 4A). Like in the 
nitrate-supplemented medium, a 47% increase in activity occurred from early exponential to late exponential 
growth phase.

he higher in situ fdGOGAT activity under ammonium-supplemented growth shows that fdGOGAT is reg-
ulated diferently to GS. In cyanobacteria and many other prokaryotes, GS is subjected to tight regulation36. In 
Synechocystis sp. PCC 6803, GS activity is tuned down by addition of ammonia, both at the transcriptional level 
via the NtcA regulatory system47 as well as post-translationally by interaction with two inactivation factors IF7 
and IF1736. Inhibition is reversed by ammonia depletion within 10–20 min. he ammonium-triggered short-term 
GS inactivation is essential for maintenance of glutamate homeostasis48. When ammonium is in abundance, 
although GS activity is decreased, more glutamate can be converted to glutamine. Under these conditions, a 
higher fdGOGAT activity could keep the glutamine/glutamate balance in equilibrium.

Under nitrogen starvation conditions (Fig. 4B), the fdGOGAT activity remains at a constant level. his level 
is kept constant even ater 8 days of starvation, when the cells became chlorotic. his basal activity could ensure 

Figure 4. In situ fdGOGAT activity with diferent nitrogen sources. (A) In situ fdGOGAT activity of S. 
elongatus cultivated with nitrate (grey bars) or ammonium (white bars). Corresponding growth curves are 
shown on the right. Stationary cells were cultivated for 9 days to an OD750 of 5.5 to 6.0. (B) fdGOGAT activity 
of S. elongatus cultivated with nitrate and ater shit (s) into nitrogen free medium (t1-3) with corresponding 
growth curve on the right. Error bars: ±s.e.m., n = 4.
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suiciently high nitrogen assimilation capacity via the GS-GOGAT cycle, enabling the chlorotic cells to immedi-
ately assimilate any ammonia that becomes available in the environment.

Determination of -OG Concentrations in Cell Extracts. Another possibility to use our sensor is to 
estimate the concentrations of 2-OG in cell-extracts. Metabolite concentrations in living cells are prone to luc-
tuations and can change very quickly during cell treatments, such as cell harvesting. To extract physiologically 
relevant quantities of metabolites form cells, the quenching of cellular activity before metabolite extraction is 
required2. here are several established metabolic inactivation methods. he use of −40 °C cooled 70% methanol 
rapidly freezes the cells, but also leads to metabolite loss49. Fast centrifugation and subsequent freezing works 
for heterotrophically growing cells, but is problematic for autotrophically growing cyanobacteria, which quickly 
adapt their metabolism to darkness. Fast iltration with illumination can solve this problem50. Ater quenching of 
enzymatic activities, the metabolites are immediately extracted from the cells. here are several established meth-
ods, but not all of them are suitable for 2-OG4: classical methods use mixtures of chloroform, methanol and bufer 
with 53% 2-OG recovery51, boiling ethanol with 58% recovery52 or pure −40 °C methanol with 82% recovery4. 
hese protocols all include lyophilization of the extracts.

Our irst approach was to rapidly ilter the cells and immediately freeze the ilters in liquid nitrogen. For this 
purpose, we used 2.5 cm diameter polyether sulfone (PES) membrane ilters with a 0.45 µm pore size. he il-
ters were immediately frozen in liquid nitrogen and aterwards briely grounded. 2-OG was extracted with pure 
−40 °C methanol or with a mixture of methanol, chloroform and bufer. However, the organic solvents extracted 
unidentiied compounds which interfered with the luorescence measurements, showing high background luo-
rescence of more than 50% of the signal. herefore, we used toluene to permeabilize the cells, ater iltration and 
freezing as above, and measured 2-OG directly in the supernatant using PII-TC3. he cells were vortexed with 
1400 rpm for 8 min at 25 °C in the presence of 1% toluene and 4% EtOH (v/v), similar to the protocol described 
above46. However, the standard deviations were still high. herefore, we tried an even milder approach with-
out freezing, by sampling the cultures into ice-cooled medium and thus immediately cooling the cells to 0 °C. 
he cells were then harvested by centrifugation and thereater quickly permeabilized by toluene/EtOH, yielding 
reproducible results. he calculated intracellular 2-OG concentrations are shown in Fig. 5. In parallel to the FRET 
measurements, we determined the 2-OG concentrations by gas chromatography - mass spectrometry (GC-MS), 
revealing in general 20–30% lower values (for technical detail see Supplementary Information). his is likely due 
to losses during lyophilization and sample preparation for the GC-MS analyses. he measured intracellular 2-OG 
concentrations for E. coli cells are around 100 µM, using M9 medium with 19 mM NH4Cl (Fig. 5). hese concen-
trations are in the same range as reported earlier for E. coli growing with high nitrogen supply10, 11. Despite this 
progress, quantiication of cellular 2-OG levels from cell extracts remains problematic due to uncertainties in the 
extraction method13. he ultimate goal is therefore in vivo detection of cellular 2-OG levels in single cells. For this 
purpose, the TC3-R9L variant seemed promising and in the following, we applied this sensor to human cell lines, 
for which microscopic detection of metabolite FRET sensors is documented53.

Ex vivo Measurements of -OG Fluctuations in (uman Cell Lines. As a proof of concept, we 
tested the TC3-R9P sensor (with a dynamic range between 10 µM – 10 mM) in the human glioblastoma cell line 
U87-MG. Deregulation of 2-OG metabolism in glioblastoma and other gliomas previously has been shown to be 
responsible for the aberrant epigenetic gene regulation that characterizes many of these tumors16. While healthy 
brain cells show 2-OG concentrations in the range of 1–3 mM, brain cancer cells contain drastically reduced 
concentrations ranging from 100–300 µM16, 54. Accordingly, we transiently transfected these cells with plasmids 
expressing TC3-R9P under the control of the cytomegalovirus (CMV) promoter. We measured the FRET change 

Figure 5. Intracellular 2-OG concentrations of E. coli 20 mL of exponentially growing E. coli culture were 
rapidly cooled to 0 °C and harvested by centrifugation. Two E. coli cultures (A,B) were used and two samples 
were taken per culture (1, 2). 2-OG was extracted and intracellular concentrations determined by FRET-sensor 
(grey; error bars: ±s.e.m. with n = 4) or GC-MS measurements (white; error bar denotes the standard error of 
the 2-OG calibration curve).
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ater adding either dm2-OG, citrate or glutamine in diferent concentrations to the cells. he cell-permeable com-
pound dm2-OG is converted into 2-OG inside the cells55. As shown in Fig. 6, the FRET dropped within minutes 
ater addition of the compounds, in a concentration-dependent manner. For example, with 20 mM dm2-OG, 
a 10% drop in FRET was observed (Fig. 6A; Supplementary Video 1 and 2). heoretically, this drop could be 
explained by the direct efect of dm2-OG on the sensor; however, since TC3-R9P has an almost two orders of 
magnitude lower ainity for dm2-OG than 2-OG (Fig. 2D), and dm2-OG furthermore is rapidly demethylated by 
esterases in the cell, this FRET change likely represents the accumulation of 2-OG in the cells.

Even more pronounced than dm2-OG, addition of citrate rapidly induced a 15% FRET drop, which is close 
to the maximal observable FRET change (Fig. 6B). As the sensor is 3600 times less sensitive for citrate than for 
2-OG, the strong drop in FRET can only be generated by the fast conversion of citrate to 2-OG by the TCA 
cycle. To estimate the absolute changes in 2-OG, we harvested cells 5 minutes ater addition of citrate and deter-
mined 2-OG amounts by ultra-performance liquid chromatography. Relative to control cells which contained 
56.12 ± 4.08 pmol/105 cells (mean ± s.e.m.), addition of 5 mM and 10 mM citrate increased the 2-OG contents 
to 59.84 ± 1.95 (7%) and 67.77 ± 1.28 pmol/105 cells (21%), respectively. In contrast to dm2-OG addition, 
the response towards citrate is more dynamic: addition of 10 mM citrate results in a rapid but transient FRET 
response. his indicates that citrate is actively taken up and rapidly metabolized to 2-OG leading to a peak in 

Figure 6. Efect of TCA-cycle metabolites on the FRET signal of TC3-R9P in cultured human cells. (A–D) 
Various concentrations of the compounds were added to the cell culture media of U87-MG glioblastoma cancer 
cells at time point zero. 10 to 50 cells were evaluated in each experiment. Average values ± s.e.m. are shown. (A) 
2-OG analogue dm2-OG; (B) Citrate; (C) Glutamine; (D) Glutamine following pre-incubation with 100 µM of 
the glutaminolysis inhibitor epigallocatechin gallate (EGCG). (E) Embryonic kidney cells (HEK293T) treated 
with dm2-OG. (F) Retinal pigment epithelium cells (RPE1) treated with dm2-OG.

http://1
http://2
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intracellular 2-OG levels. Subsequently, the 2-OG concentrations inside the cells return back to equilibrium, 
as revealed by the sensor. By contrast, in the case of dm2-OG, the FRET signal remains at a decreased steady 
state level over the measuring time. his indicates that the difusion of dm2-OG into the cells and subsequent 
demethylation to 2-OG leads to increased 2-OG levels, which remain constant, since passive dm2-OG difusion 
maintains the novel steady state level of 2-OG.

he growth of glioblastoma and many other cancer cell lines is dependent on the uptake of glutamine, which 
is converted to 2-OG by glutaminolysis. his process involves the enzyme glutamate dehydrogenase 1 (GLUD1), 
a potential target for anti-cancer therapy, whose activity can be suppressed by the small molecule inhibitor epi-
gallocatechin gallate (EGCG)56. To test whether the TC3-R9P sensor could detect the intracellular increase of 
2-OG level due to increased glutamine uptake and conversion to 2-OG by glutaminolysis, we added 5 mM or 
10 mM glutamine to U87 MG cells that were cultured in low-glutamine conditions (0.5 mM instead of 2 mM). 
Immediately following glutamine supplementation we observed a concentration-dependent drop of the FRET 
ratios suggesting elevated uptake of glutamine by the cells and its conversion to 2-OG (Fig. 6C). Ater an initial 
transient over-accumulation, 2-OG levels returned to a new steady state within a few minutes. When glutami-
nolysis was blocked by pre-incubation with 100 µM EGCG for three hours, no change in FRET was observed 
(Fig. 6D) indicating that the additional intracellular 2-OG that accumulated in the inhibitor-free condition 
(Fig. 6C) indeed was derived from glutamine. hese data show that our PII-protein-derived FRET sensors poten-
tially could be used to detect phenotype-relevant changes of 2-OG concentrations in cancer cells, making them 
useful tools to monitor readout during metabolic drug screening. To test whether the 2-OG sensor also could 
be used in other types of cells, we measured FRET changes in cell lines that have been derived from embryonic 
(human embryonic kidney; HEK293T) and diferentiated (retinal pigment epithelium; RPE1) tissues. In both 
cell lines FRET ratios decreased following the addition of dm2-OG (Fig. 6E and F) suggesting that the TC3-R9P 
sensor can be used to analyze 2-OG changes in various types of cells.

In summary, with these various applications we could demonstrate the functionality of our FRET based 2-OG 
sensor for diferent applications. he TC3 sensor performed very well for in situ GOGAT activity determina-
tion. For determining cellular 2-OG concentrations, the inal goal was to create a sensor that sensitively reports 
luctuating 2-OG concentration in living cells. For this purpose, the R9P variant of the TC3 sensor seems to be 
a very good starting point. his sensor variant allowed real-time live-cell imaging of 2-OG in cancer, embryonic 
and diferentiated cells, and potentially could also be used as a readout assay in high-throughput drug screening.

For even more sensitive in vivo experiments, the maximal signal change of 25% upon 2-OG addition should be 
further improved by protein engineering of the FRET sensor, to achieve a more robust signal. As seen in the sen-
sor development, small alterations can have a drastic, unpredictable inluence on the FRET output. Accordingly, 
we suggest a directed evolutionary approach to further improve the FRET sensor. It has been shown before, that 
a random mutagenesis approach with a well-designed selection mechanism can strongly enhance the capabilities 
of a FRET sensor57, 58. In view of the emerging importance of 2-OG as efector molecule for central cellular pro-
cesses, monitoring in vivo luctuations of 2-OG will lead to a deeper understanding on the role of the metabolism 
on cell functions.

Material and Method
Cultivation of bacterial and human cell lines. Cyanobacterial strains were cultivated photoauto-
trophically at a constant illumination of 50 µmol photons m−2 s−1 in BG-11 medium59 supplemented with 5 mM 
NaHCO3 at 28 °C in lasks shaking at 120 rpm. As nitrogen source, either 17.65 mM NaNO3 or 5 mM NH4Cl, with 
5 mM TES/NaOH; pH 8.2 (Roth), was added.

Escherichia coli K-12 substrain MG1655 cells were cultivated in M9 minimal medium containing: 48 mM 
Na2HPO4, 22 mM KH2PO4, 8.5 mM NaCl, 19 mM NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2, 0.4% (w/v) glucose, 
0.0001% (w/v) thiamin. Cultures of 100–200 mL volume were grown in 1 L wide-neck lasks at 180 rpm, using 
silicone sponge closures to ensure aerobic growth. Optical density was measured at 600 nm.

Human glioma cell line U87-MG was cultured at 37 °C, 90% air/10% CO2 in Dulbecco’s Modiied Eagle’s 
medium (DMEM Sigma D5921) without phenol-red, 1000 mg/L glucose, supplemented with 10% FCS (Biochrom 
#S0115), 2 mM glutamine and 1% penicillin/streptomycin mix. HEK293T cells were cultured in RPMI 1640 
Medium, 4500 mg/L glucose, supplemented with 10% FCS, 2 mM glutamine and 1% penicillin/streptomycin mix. 
hTERT-RPE1 cells were cultured in DMEM/F12 Medium, 4500 mg/L glucose, supplemented with 10% FCS and 
additional 1% glutamine. All cell lines were transfected with 0.8 µg/mL plasmid DNA using TransIt-LT1 reagent 
(Mirus). Dimethyl-2-oxoglutarate (dm-2OG, Sigma), citric acid (AppliChem) and glutamine (Gibco 25030) were 
diluted in DMEM bufered with HEPES solution. For GDH inhibition, cells were pre-incubated 3 h with 100 µM 
(−)-Epigallocatechin gallate (Sigma E4143).

Cloning and Protein puriication. Plasmids were constructed by PCR ampliication of PII and FP genes 
with primers containing overlapping regions. he PCR products were fused with an XbaI and HindIII double 
digested pASK-IBA3 vector (IBA GmbH, Göttingen, Germany) via isothermal, single-reaction DNA assembly 
following the protocol by Gibson et al.60. he sensor genes were ampliied by standard PCR and cloned into the 
mammalian expression vector pcDNA3.1 using the BamHI and HindIII restriction sites. he complete sequences 
of the sensor genes are provided in the Supplementary Information.

PII protein variants were overexpressed in E. coli RB9060 and puriied as described earlier using Strep-tag 
ainity chromatography28. To remove contaminating proteins and degradation products the sensor proteins were 
further puriied by size exclusion chromatography, using an Äkta puriier and a HiLoad 26/600 Superdex 200 prep 
grade column (GE Healthcare GmbH, Solingen, Germany). he running bufer contained 30 mM Tris (pH 7.5) 
and 175 mM NaCl. he proteins were stored in a bufer containing 50 mM Tris-HCl pH 7.8, 100 mM KCl, 5 mM 
MgCl2, 0.5 mM EDTA, 1 mM DTT and 50% glycerol (v/v) at −20 °C.
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In situ fdGOGAT Assay. In situ Fd-GOGAT activity was determined according to Marqués et al.44 and 
Kameya et al.45, with some modiications. For assaying the in situ Fd-GOGAT activity in S. elongatus, 4*108 
cells were collected and washed twice with PBS bufer containing 2.7 mM KCl, 1.5 mM KH2PO4, 137 mM NaCl, 
8.1 mM Na2HPO4, pH 7.5 at 4 °C. he cell pellet was resuspended in 200 µL reaction bufer containing 20 mM 
Na3PO4 pH 7.2, 10 mM glutamine, 1 mM 2-OG and 5 mM methyl viologen. Cells were permeabilized by addition 
of 4.4 µL toluene and constant vortexing at 1400 rpm for 5 min at 32 °C. To insulate the reaction from atmospheric 
oxygen, the reaction mixture was covered by 500 µL parain oil. he reaction was started by addition of 5 mM 
sodium dithionite, gently mixing and incubating at 32 °C. Reaction aliquots (30 µL) were removed in regular 
intervals and the reaction was stopped by intensive shaking until the blue color disappeared, indicating oxidation 
of the electron donor methyl viologen. Aliquots were then centrifuged at 15,000 × g for 10 min at 4 °C and the 
2-OG concentration in the supernatant was determined as described below. One unit of activity was deined as 
µmol 2-OG consumption per min.

Cell Extraction for FRET Measurements. E. coli cultures (20 ml aliquots) were harvested at an optical 
density (OD600) of 0.5 by pipetting directly out of the shaking culture and mixing with 30 mL of the correspond-
ing culture medium and 30 g ice for rapid quenching of the metabolism. Cells were pelleted by centrifugation at 
15,000 × g for 8 min at 0 °C. he cell pellet was resuspended on ice with 94 µL 20% (v/v) ethanol. he cell sus-
pension was transferred into a 2 mL sample tube and 406 µL MilliQ water was added to a inal volume of 500 µL 
with a inal ethanol concentration of 3.75% (v/v), as well as 6.25 µL toluene for membrane permeabilization, as 
described by Gomez Casati et al.46. he mixture was incubated for 8 min at 25 °C under shaking at 1,400 rpm and 
subsequently quickly cooled on ice and centrifuged at 14,000 × g for 5 min at 0 °C. he clear supernatant was 
transferred into a fresh tube and centrifuged as before. he supernatant was either directly used for FRET meas-
urements or stored at −20 °C.

Ultra Performance Liquid Chromatography UPLC  analysis. For determination of intracellu-
lar 2-OG content in human glioblastoma cell line, 1 × 105 cells were extracted with 200 µl cold 1 M perchloric 
acid. Insoluble material was removed by centrifugation for 10 min at 25.000 × g. For derivatization with DMB 
(1,2-diamino-4,5-methylendioxybenzene), 30 µl extract were mixed with 30 µl DMB derivatization reagent 
(5 mM DMB, 20 mM sodium hydrosulite, 1 M 2-mercaptoethanol, 1.2 M HCl) and incubated at 100 °C for 
45 min. Ater 10 min centrifugation, the reaction was diluted with 240 µl 10% acetonitrile. he derivatized ketoac-
ids were separated by reversed phase chromatography on an Acquity HSS T3 column (100 mm × 2.1 mm, 1.7 µm, 
Waters) connected to an Acquity H-class UPLC system. Prior separation, the column was heated to 40 °C and 
equilibrated with 5 column volumes of solvent A (0.1% formic acid in 10% acetonitrile) at a low rate of 0.55 ml/
min. Baseline separation of DMB derivates was achieved by increasing the concentration of acetonitrile (B) in 
bufer A as follows: 2 min 2% B, 4.5 min 15% B, 10.5 min 38% B, 10.6 min 90% B, hold for 2 min, and return to 2% 
B in 3.5 min. he separated derivates were detected by luorescence (Acquity FLR detector, Waters; excitation: 
367 nm; emission: 446 nm) and quantiied using ultrapure standards (Sigma). Data acquisition and processing 
was performed with the Empower3 sotware suite (Waters). 2-OG data were globally normalized relative to the 
mean of all analyzed derivatized metabolites.

In vitro FRET Measurements. FRET measurements were conducted in a bufer containing 50 mM imida-
zole (pH 7.5), 50 mM KCl, 20 mM MgCl2, 15% glycerol (v/v), 0.5 mM DTT and 5 mM ATP. he sensor protein 
was carefully added to a inal concentration of 100 nM (monomer). For blank measurements the master mix was 
prepared by adding water instead of the sensor protein. Without mixing, the solution was incubated for 15 min 
on ice to allow the protein to adapt to the bufer. Ater that, the solution was mixed by inverting the tube several 
times and 70 µL (extract measurement) or 90 µL (GOGAT measurement) aliquots were dispensed onto a black 
non-binding 96-well plate (Greiner Bio-One, Frickenhausen, Germany). 30 µL of the cell extracts or 10 µL of the 
GOGAT assay supernatant and a 2-OG standard solution were added to the plate. he plate was sealed using an 
adhesive foil to prevent evaporation. Subsequently the plate was placed in a Tecan Spark 10 M microplate reader 
(Tecan, Männedorf, Switzerland) at 37 °C. he plate was shaken for 80 s and incubated for 20 min. Ater the incu-
bation, the plate was again shaken for 20 s, the foil was removed and the FRET signal was measured. Each well 
was measured in three channels (each 20 nm bandwidth): Venus, excitation: 485 nm, emission: 530 nm; Cerulean: 
excitation: 435 nm, emission: 480 nm; FRET: excitation: 435 nm, emission: 530 nm. Blank values were subtracted 
from the measurements in each channel. Following the NFRET formula developed by Xia and Liu61 corrected FRET 
values were calculated. he correction factors a and b were determined in separate measurements containing 
only Venus or Cerulean. Each plate contained a standard curve of known 2-OG concentrations and the samples. 
Using GaphPad Prism 6 (GraphPad Sotware, San Diego, USA) the unknown concentrations were interpolated 
from the standard curve. For the calculation of intracellular 2-OG concentrations the intracellular volume of 
glucose grown E. coli MG1655 was assumed to be 3.3 µL per mL of OD600 = 1 culture, as determined by Volkmer 
and Heinemann62.

Life-Cell )maging. Fluorescence measurements were performed in a Leica TCS-SP5 laser scanning confocal 
microscope equipped with resonant scanners and hybrid photon detectors (HyD) and using a 40x objective (HCX 
PL APO, NA 1.25, oil-immersion). Cells were excited with a UV diode (405 nm) and emission was detected at 
450–490 nm (CFP) and 520–590 nm (FRET). Pictures were acquired every 60 sec. Ater a baseline of 5 min, media 
containing metabolites or not were added and changes in luorescence were recorded for 15 minutes. During 
imaging, cells were maintained at 37 °C and 5% CO2. Image processing was performed with ImageJ (http://iji.
sc/). Ater background subtraction and registration, single cells were segmented by threshold and mean intensity 
was measured for each channel at every time point. he ratio was calculated by dividing the mean intensity of 

http://fiji.sc/
http://fiji.sc/
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the acceptor (FRET) by the intensity of the donor (CFP). Ratios calculated from every cell were normalized to 
baseline measurements.

References
 1. Aretz, I. & Meierhofer, D. Advantages and Pitfalls of Mass Spectrometry Based Metabolome Proiling in Systems Biology. Int J Mol 

Sci 17, doi:10.3390/ijms17050632 (2016).
 2. Schwarz, D., Orf, I., Kopka, J. & Hagemann, M. Recent applications of metabolomics toward cyanobacteria. Metabolites 3, 72–100, 

doi:10.3390/metabo3010072 (2013).
 3. Bingol, K. et al. Metabolomics beyond spectroscopic databases: a combined MS/NMR strategy for the rapid identiication of new 

metabolites in complex mixtures. Anal Chem 87, 3864–3870, doi:10.1021/ac504633z (2015).
 4. Villas-Boas, S. G., Hojer-Pedersen, J., Akesson, M., Smedsgaard, J. & Nielsen, J. Global metabolite analysis of yeast: evaluation of 

sample preparation methods. Yeast 22, 1155–1169, doi:10.1002/yea.1308 (2005).
 5. Jones, A. M. et al. In vivo biochemistry: applications for small molecule biosensors in plant biology. Curr Opin Plant Biol 16, 

389–395, doi:10.1016/j.pbi.2013.02.010 (2013).
 6. Newman, R. H., Fosbrink, M. D. & Zhang, J. Genetically encodable luorescent biosensors for tracking signaling dynamics in living 

cells. Chemical reviews 111, 3614–3666, doi:10.1021/cr100002u (2011).
 7. Hochreiter, B., Garcia, A. P. & Schmid, J. A. Fluorescent proteins as genetically encoded FRET biosensors in life sciences. Sensors 

(Basel) 15, 26281–26314, doi:10.3390/s151026281 (2015).
 8. Kaper, T., Lager, I., Looger, L. L., Chermak, D. & Frommer, W. B. Fluorescence resonance energy transfer sensors for quantitative 

monitoring of pentose and disaccharide accumulation in bacteria. Biotechnol Biofuels 1, 11, doi:10.1186/1754-6834-1-11 (2008).
 9. Huergo, L. F. & Dixon, R. he Emergence of 2-Oxoglutarate as a Master Regulator Metabolite. Microbiol Mol Biol Rev 79, 419–435, 

doi:10.1128/MMBR.00038-15 (2015).
 10. Yuan, J. et al. Metabolomics-driven quantitative analysis of ammonia assimilation in E. coli. Mol Syst Biol 5, 302, doi:10.1038/

msb.2009.60 (2009).
 11. Radchenko, M. V., hornton, J. & Merrick, M. Control of AmtB-GlnK complex formation by intracellular levels of ATP, ADP, and 

2-oxoglutarate. J Biol Chem 285, 31037–31045, doi:10.1074/jbc.M110.153908 (2010).
 12. Dodsworth, J. A., Cady, N. C. & Leigh, J. A. 2-Oxoglutarate and the PII homologues NifI1 and NifI2 regulate nitrogenase activity in 

cell extracts of Methanococcus maripaludis. Mol Microbiol 56, 1527–1538, doi:10.1111/j.1365-2958.2005.04621.x (2005).
 13. Yan, D., Lenz, P. & Hwa, T. Overcoming Fluctuation and Leakage Problems in the Quantiication of Intracellular 2-Oxoglutarate 

Levels in Escherichia coli. Applied and Environmental Microbiology 77, 6763–6771, doi:10.1128/aem.05257-11 (2011).
 14. Brauer, M. J. et al. Conservation of the metabolomic response to starvation across two divergent microbes. Proc Natl Acad Sci USA 

103, 19302–19307, doi:10.1073/pnas.0609508103 (2006).
 15. Chin, R. M. et al. he metabolite alpha-ketoglutarate extends lifespan by inhibiting ATP synthase and TOR. Nature 510, 397–401, 

doi:10.1038/nature13264 (2014).
 16. Dang, L. et al. Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature 462, 739–744, doi:10.1038/nature08617 

(2009).
 17. Gross, S. et al. Cancer-associated metabolite 2-hydroxyglutarate accumulates in acute myelogenous leukemia with isocitrate 

dehydrogenase 1 and 2 mutations. J Exp Med 207, 339–344, doi:10.1084/jem.20092506 (2010).
 18. Cascella, B. & Mirica, L. M. Kinetic analysis of iron-dependent histone demethylases: alpha-ketoglutarate substrate inhibition and 

potential relevance to the regulation of histone demethylation in cancer cells. Biochemistry 51, 8699–8701, doi:10.1021/bi3012466 
(2012).

 19. TeSlaa, T. et al. α-Ketoglutarate Accelerates the Initial Diferentiation of Primed Human Pluripotent Stem Cells. Cell Metabolism 24, 
485–493, doi:10.1016/j.cmet.2016.07.002 (2016).

 20. Carey, B. W., Finley, L. W. S., Cross, J. R., Allis, C. D. & hompson, C. B. Intracellular α-ketoglutarate maintains the pluripotency of 
embryonic stem cells. Nature 518, 413–416, doi:10.1038/nature13981 (2015).

 21. Hwang, I.-Y. et al. Psat1-Dependent Fluctuations in α-Ketoglutarate Afect the Timing of ESC Diferentiation. Cell Metabolism 24, 
494–501, 10.1016/j.cmet.2016.06.014.

 22. Olenchock, B. A. et al. EGLN1 Inhibition and Rerouting of alpha-Ketoglutarate Suice for Remote Ischemic Protection. Cell 165, 
497, doi:10.1016/j.cell.2016.03.037 (2016).

 23. Doucette, C. D., Schwab, D. J., Wingreen, N. S. & Rabinowitz, J. D. alpha-Ketoglutarate coordinates carbon and nitrogen utilization 
via enzyme I inhibition. Nat Chem Biol 7, 894–901, doi:10.1038/nchembio.685 (2011).

 24. Venditti, V., Tugarinov, V., Schwieters, C. D., Grishaev, A. & Clore, G. M. Large interdomain rearrangement triggered by suppression 
of micro- to millisecond dynamics in bacterial Enzyme I. Nat Commun 6, 5960, doi:10.1038/ncomms6960 (2015).

 25. Gorke, B. & Stulke, J. Carbon catabolite repression in bacteria: many ways to make the most out of nutrients. Nat Rev Microbiol 6, 
613–624, doi:10.1038/nrmicro1932 (2008).

 26. Park, Y. H., Lee, B. R., Seok, Y. J. & Peterkofsky, A. In vitro reconstitution of catabolite repression in Escherichia coli. J Biol Chem 281, 
6448–6454, doi:10.1074/jbc.M512672200 (2006).

 27. Huergo, L. F., Chandra, G. & Merrick, M. PII signal transduction proteins: nitrogen regulation and beyond. FEMS Microbiology 
Reviews 37, 251 (2013).

 28. Fokina, O., Chellamuthu, V.-R., Forchhammer, K. & Zeth, K. Mechanism of 2-oxoglutarate signaling by the Synechococcus 
elongatus P(II) signal transduction protein. Proceedings of the National Academy of Sciences of the United States of America 107, 
19760–19765, doi:10.1073/pnas.1007653107 (2010).

 29. Truan, D. et al. A New PII Protein Structure Identiies the 2-Oxoglutarate Binding Site. Journal of Molecular Biology 400, 531–539, 
doi:10.1016/j.jmb.2010.05.036 (2010).

 30. Forchhammer, K. & Lüddecke, J. Sensory properties of the PII signalling protein family. FEBS Journal 283, 425–437, doi:10.1111/
febs.13584 (2016).

 31. Forchhammer, K. P. II Signal transducers: novel functional and structural insights. Trends in microbiology 16, 65–72, doi:10.1016/j.
tim.2007.11.004 (2008).

 32. Lüddecke, J. & Forchhammer, K. From PII Signaling to Metabolite Sensing: A Novel 2-Oxoglutarate Sensor hat Details PII - NAGK 
Complex Formation. PLoS ONE 8, e83181, doi:10.1371/journal.pone.0083181 (2013).

 33. Chen, H. L., Bernard, C. S., Hubert, P., My, L. & Zhang, C. C. Fluorescence resonance energy transfer based on interaction of PII and 
PipX proteins provides a robust and speciic biosensor for 2-oxoglutarate, a central metabolite and a signalling molecule. FEBS J 281, 
1241–1255, doi:10.1111/febs.12702 (2014).

 34. Lüddecke, J. & Forchhammer, K. Energy Sensing versus 2-Oxoglutarate Dependent ATPase Switch in the Control of Synechococcus 
PII Interaction with Its Targets NAGK and PipX. PLoS ONE 10, e0137114, doi:10.1371/journal.pone.0137114 (2015).

 35. Berg, J., Hung, Y. P. & Yellen, G. A genetically encoded luorescent reporter of ATP:ADP ratio. Nat Methods 6, 161–166, doi:10.1038/
nmeth.1288 (2009).

 36. Muro-Pastor, M. I., Reyes, J. C. & Florencio, F. J. Ammonium assimilation in cyanobacteria. Photosynth Res 83, 135–150, 
doi:10.1007/s11120-004-2082-7 (2005).

http://dx.doi.org/10.3390/ijms17050632
http://dx.doi.org/10.3390/metabo3010072
http://dx.doi.org/10.1021/ac504633z
http://dx.doi.org/10.1002/yea.1308
http://dx.doi.org/10.1016/j.pbi.2013.02.010
http://dx.doi.org/10.1021/cr100002u
http://dx.doi.org/10.3390/s151026281
http://dx.doi.org/10.1186/1754-6834-1-11
http://dx.doi.org/10.1128/MMBR.00038-15
http://dx.doi.org/10.1038/msb.2009.60
http://dx.doi.org/10.1038/msb.2009.60
http://dx.doi.org/10.1074/jbc.M110.153908
http://dx.doi.org/10.1111/j.1365-2958.2005.04621.x
http://dx.doi.org/10.1128/aem.05257-11
http://dx.doi.org/10.1073/pnas.0609508103
http://dx.doi.org/10.1038/nature13264
http://dx.doi.org/10.1038/nature08617
http://dx.doi.org/10.1084/jem.20092506
http://dx.doi.org/10.1021/bi3012466
http://dx.doi.org/10.1016/j.cmet.2016.07.002
http://dx.doi.org/10.1038/nature13981
http://dx.doi.org/10.1016/j.cmet.2016.06.014
http://dx.doi.org/10.1016/j.cell.2016.03.037
http://dx.doi.org/10.1038/nchembio.685
http://dx.doi.org/10.1038/ncomms6960
http://dx.doi.org/10.1038/nrmicro1932
http://dx.doi.org/10.1074/jbc.M512672200
http://dx.doi.org/10.1073/pnas.1007653107
http://dx.doi.org/10.1016/j.jmb.2010.05.036
http://dx.doi.org/10.1111/febs.13584
http://dx.doi.org/10.1111/febs.13584
http://dx.doi.org/10.1016/j.tim.2007.11.004
http://dx.doi.org/10.1016/j.tim.2007.11.004
http://dx.doi.org/10.1371/journal.pone.0083181
http://dx.doi.org/10.1111/febs.12702
http://dx.doi.org/10.1371/journal.pone.0137114
http://dx.doi.org/10.1038/nmeth.1288
http://dx.doi.org/10.1038/nmeth.1288
http://dx.doi.org/10.1007/s11120-004-2082-7


www.nature.com/scientificreports/

1 2Scientific RepoRts | : 1437  | DOI: . /s - - -w

 37. Luque, I. & Forchhammer, K. In he Cyanobacteria: Molecular Biology, Genomics and Evolution (eds A. Herrero & E. Flores) Ch. 13, 
(Caister Academic Press, 2008).

 38. Ermilova, E. et al. PII signal transduction protein in Chlamydomonas reinhardtii: localization and expression pattern. Protist 164, 
49–59, doi:10.1016/j.protis.2012.04.002 (2013).

 39. Arai, R., Ueda, H., Kitayama, A., Kamiya, N. & Nagamune, T. Design of the linkers which effectively separate domains of a 
bifunctional fusion protein. Protein Engineering 14, 529–532, doi:10.1093/protein/14.8.529 (2001).

 40. Muller, S. M., Galliardt, H., Schneider, J., Barisas, B. G. & Seidel, T. Quantiication of Forster resonance energy transfer by monitoring 
sensitized emission in living plant cells. Front Plant Sci 4, 413, doi:10.3389/fpls.2013.00413 (2013).

 41. Topell, S., Hennecke, J. & Glockshuber, R. Circularly permuted variants of the green luorescent protein. FEBS Lett 457, 283–289 
(1999).

 42. Zacharias, D. A., Violin, J. D., Newton, A. C. & Tsien, R. Y. Partitioning of Lipid-Modiied Monomeric GFPs into Membrane 
Microdomains of Live Cells. Science 296, 913–916, doi:10.1126/science.1068539 (2002).

 43. Goedhart, J. et al. Structure-guided evolution of cyan luorescent proteins towards a quantum yield of 93%. Nature Communications 
3, 751, doi:10.1038/ncomms1738 (2012).

 44. Marqués, S., Florencio, F. J. & Candau, P. Ammonia assimilating enzymes from cyanobacteria: in situ and in vitro assay using high-
performance liquid chromatography. Anal Biochem 180, 152–157 (1989).

 45. Kameya, M. et al. A novel ferredoxin-dependent glutamate synthase from the hydrogen-oxidizing chemoautotrophic bacterium 
Hydrogenobacter thermophilus TK-6. J Bacteriol 189, 2805–2812, doi:10.1128/JB.01360-06 (2007).

 46. Gomez Casati, D. F., Aon, M. A., Cortassa, S. & Iglesias, A. A. Measurement of the glycogen synthetic pathway in permeabilized cells 
of cyanobacteria. FEMS Microbiol Lett 194, 7–11 (2001).

 47. Luque, I., Vazquez-Bermudez, M. F., Paz-Yepes, J., Flores, E. & Herrero, A. In vivo activity of the nitrogen control transcription 
factor NtcA is subjected to metabolic regulation in Synechococcus sp. strain PCC 7942. FEMS Microbiol Lett 236, 47–52, 
doi:10.1016/j.femsle.2004.05.018 (2004).

 48. Kustu, S., Hirschman, J., Burton, D., Jelesko, J. & Meeks, J. C. Covalent modiication of bacterial glutamine synthetase: physiological 
signiicance. Mol Gen Genet 197, 309–317 (1984).

 49. Young, J. D., Shastri, A. A., Stephanopoulos, G. & Morgan, J. A. Mapping photoautotrophic metabolism with isotopically 
nonstationary (13)C lux analysis. Metab Eng 13, 656–665, doi:10.1016/j.ymben.2011.08.002 (2011).

 50. Krall, L., Huege, J., Catchpole, G., Steinhauser, D. & Willmitzer, L. Assessment of sampling strategies for gas chromatography-mass 
spectrometry (GC-MS) based metabolomics of cyanobacteria. J Chromatogr B Analyt Technol Biomed Life Sci 877, 2952–2960, 
doi:10.1016/j.jchromb.2009.07.006 (2009).

 51. de Koning, W. & van Dam, K. A method for the determination of changes of glycolytic metabolites in yeast on a subsecond time 
scale using extraction at neutral pH. Anal Biochem 204, 118–123 (1992).

 52. Gonzalez, B., Francois, J. & Renaud, M. A rapid and reliable method for metabolite extraction in yeast using boiling bufered 
ethanol. Yeast 13, 1347–1355, doi:10.1002/(SICI)1097-0061(199711)13:14<1347::AID-YEA176>3.0.CO;2-O (1997).

 53. San Martín, A. et al. A Genetically Encoded FRET Lactate Sensor and Its Use To Detect the Warburg Efect in Single Cancer Cells. 
PLoS ONE 8, e57712, doi:10.1371/journal.pone.0057712 (2013).

 54. hirstrup, K. et al. Endogenous 2-oxoglutarate levels impact potencies of competitive HIF prolyl hydroxylase inhibitors. Pharmacol 
Res 64, 268–273, doi:10.1016/j.phrs.2011.03.017 (2011).

 55. Carey, B. W., Finley, L. W., Cross, J. R., Allis, C. D. & hompson, C. B. Intracellular alpha-ketoglutarate maintains the pluripotency 
of embryonic stem cells. Nature 518, 413–416, doi:10.1038/nature13981 (2015).

 56. Lecumberri, E., Dupertuis, Y. M., Miralbell, R. & Pichard, C. Green tea polyphenol epigallocatechin-3-gallate (EGCG) as adjuvant 
in cancer therapy. Clinical Nutrition 32, 894–903, doi:10.1016/j.clnu.2013.03.008 (2013).

 57. Litzlbauer, J. et al. Large Scale Bacterial Colony Screening of Diversiied FRET Biosensors. PLoS ONE 10, e0119860, doi:10.1371/
journal.pone.0119860 (2015).

 58. hestrup, T. et al. Optimized ratiometric calcium sensors for functional in vivo imaging of neurons and T lymphocytes. Nat Methods 
11, 175–182, doi:10.1038/nmeth.2773 (2014).

 59. Rippka, R., Deruelles, J., Waterbury, J. B., Herdman, M. & Stanier, R. Y. Generic Assignments, Strain Histories and Properties of Pure 
Cultures of Cyanobacteria. J Gen Microbiol 111, 1–61 (1979).

 60. Gibson, D. G. et al. Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat Methods 6, 343–345, doi:10.1038/
nmeth.1318 (2009).

 61. Xia, Z. & Liu, Y. Reliable and global measurement of luorescence resonance energy transfer using luorescence microscopes. 
Biophysical journal 81, 2395–2402, doi:10.1016/S0006-3495(01)75886-9 (2001).

 62. Volkmer, B. & Heinemann, M. Condition-dependent cell volume and concentration of Escherichia coli to facilitate data conversion 
for systems biology modeling. PLoS ONE 6, e23126, doi:10.1371/journal.pone.0023126 (2011).

Acknowledgements
his work was funded by a grant from the Deutsche Forschungsgemeinschat (Fo195/9-2) and in part by a grant to 
B.R., provided by the Heidelberg CellNetworks cluster within the framework of the German Excellence Initiative. 
We’d also like to give special thanks to the National Council for Science and Technology (CONACYT-Mexico) for 
the inancial support provided to Liliana François (CVU 468797). We would like to thank Dr. Joachim Kilian for 
kind help in GC-MS analysis and to acknowledge the support of the German Cancer Research Center (DKFZ) 
Light Microscopy Facility.

Author Contributions
J.L. and T.C. developed the FRET sensor. J.L. and P.S. characterized the sensor variants and performed in vitro 
assays in bacteria. B.W. and J.L. performed in situ fdGOGAT assays. L.F. transfected human cell lines and 
performed live-cell imaging assays. G.P and R.H performed the UPLC analysis, B.R. and K.F supervised the 
experiments. J.L, L.F., P.S. and K.F. prepared the manuscript.

Additional )nformation
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01440-w

Competing Interests: he authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional ailiations.

http://dx.doi.org/10.1016/j.protis.2012.04.002
http://dx.doi.org/10.1093/protein/14.8.529
http://dx.doi.org/10.3389/fpls.2013.00413
http://dx.doi.org/10.1126/science.1068539
http://dx.doi.org/10.1038/ncomms1738
http://dx.doi.org/10.1128/JB.01360-06
http://dx.doi.org/10.1016/j.femsle.2004.05.018
http://dx.doi.org/10.1016/j.ymben.2011.08.002
http://dx.doi.org/10.1016/j.jchromb.2009.07.006
http://dx.doi.org/10.1371/journal.pone.0057712
http://dx.doi.org/10.1016/j.phrs.2011.03.017
http://dx.doi.org/10.1038/nature13981
http://dx.doi.org/10.1016/j.clnu.2013.03.008
http://dx.doi.org/10.1371/journal.pone.0119860
http://dx.doi.org/10.1371/journal.pone.0119860
http://dx.doi.org/10.1038/nmeth.2773
http://dx.doi.org/10.1038/nmeth.1318
http://dx.doi.org/10.1038/nmeth.1318
http://dx.doi.org/10.1016/S0006-3495(01)75886-9
http://dx.doi.org/10.1371/journal.pone.0023126
http://dx.doi.org/10.1038/s41598-017-01440-w


www.nature.com/scientificreports/

13Scientific RepoRts | : 1437  | DOI: . /s - - -w

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. he images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© he Author(s) 2017

http://creativecommons.org/licenses/by/4.0/


IX. Appendix 

 
 

5. Accepted publication 

 

 Watzer, B. & Forchhammer, K. (2018).  

 Cyanophycin, a nitrogen-rich reserve polymer. 

 Cyanobacteria, ISBN: 978-953-51-6243-8 

 

 

  



Chapter 5

Cyanophycin: A Nitrogen-Rich Reserve Polymer

Björn Watzer and Karl Forchhammer

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77049

© 6 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/ . ), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

Björn Watzer and Karl Forchhammer

Additional information is available at the end of the chapter

Abstract

Cyanophycin is a nitrogen/carbon reserve polymer present in most cyanobacteria as well 
as in a few heterotrophic bacteria. It is a non-ribosomally synthesized polyamide con-
sisting of aspartate and arginine (multi-l-arginyl-poly-l-aspartic acid). The following 
chapter provides an overview of the characteristics and occurrence of cyanophycin in 
cyanobacteria. Information about the enzymes involved in cyanophycin metabolism and 
the regulation of cyanophycin accumulation is also summarized. Herein, we focus on the 
main regulator, the PII signal transduction protein and its regulation of arginine biosyn-
thesis. Since cyanophycin could be used in various medical or industrial applications, it 
is of high biotechnological interest. In the last few years, many studies were published 
aiming at the large-scale production of cyanophycin in diferent heterotrophic bacteria, 
yeasts and plants. Recently, a cyanobacterial production strain has been reported, which 
shows the highest so ever reported cyanophycin yield. The potential and possibilities of 
biotechnological cyanophycin production will be reviewed in this chapter.

Keywords: cyanophycin, cyanophycin synthetase, cyanophycinase, nitrogen reserve, 
polyamide, l-arginine, l-aspartate, PII protein

1. Introduction

Cyanophycin, abbreviated CGP cyanophycin granule peptide , is next to poly- -glutamic 
acid and poly-ε-lysine, the third polyamino acid known to occur in nature [1]. It serves as 
a nitrogen/carbon reserve polymer in many cyanobacterial strains as well as in a few het-
erotrophic bacteria. CGP consists of the two amino acids, aspartate and arginine, forming a 
poly-l-aspartic acid backbone with arginine side chains. The arginine residues are linked to 
the -carboxyl group of every aspartyl moiety via isopeptide bond [2].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



CGP was discovered in  by the botanist “ntonio ”orzi during microscopic studies of ila-
mentous cyanobacteria [3]. He observed opaque and light scatering inclusions by using light 
microscopy and created the name cianoicina. Early electron microscopic studies showed a 
strong structure variation of the CGP granules, depending on the ixatives and poststains used 
during electron microscopic examinations [4, 5]. This led to a controversy about the ultrastruc-
ture of these inclusions until the 1970s. Later, electron microscopic studies described CGP 
granules as membrane less, electron dense and highly structured cytoplasmic inclusions [6, 7].

With a C/N ratio of 2:1, CGP is extremely rich in nitrogen and consequently an excellent 
nitrogen storage compound. During the degradation of CGP and subsequent degradation of 
arginine, a function as energy source was also proposed [8].

2. CGP occurrence

Most cyanobacteria, including unicellular and ilamentous, as well as diazotrophic and non-
diazotrophic groups are able to accumulate CGP (Figure 1).

In non-diazotrophic cyanobacteria, the amount of CGP is usually less than 1% of the cell dry 
mass during exponential growth. CGP accumulates conspicuously under unbalanced growth 
conditions including stationary phase, light stress or nutrient limitation (sulfate, phosphate or 
potassium starvation  that do not involve nitrogen starvation [9, 10]. Under such unbalanced 
conditions, the amount of CGP may increase up to % of the cell dry mass [10]. During the 
recovery from nitrogen starvation by the addition of a usable nitrogen source, CGP is tran-
siently accumulated [11, 12].

In the unicellular diazotrophic cyanobacterium Cyanothece sp. “TCC , nitrogen ixation 
and photosynthesis can coexist in the same cell, but temporarily separated. The nitrogen-
ixing enzyme, nitrogenase, is highly sensitive to oxygen. Nitrogen ixation occurs in dark 
periods and the ixed nitrogen is stored in CGP. In the light period, when photosynthesis is 
performed, the CGP is degraded to mobilize the ixed nitrogen [13]. Transient CPG accumula-
tion during dark periods was also reported in the ilamentous cyanobacterium Trichodesmium 
sp., which has a high abundance in tropical and subtropical seas and is an important contribu-
tor to global N and C cycling [14].

Furthermore, in heterocysts of diazotrophic cyanobacteria of the order Nostocales, polar nodules 
consisting of CGP are deposited at the contact site to adjacent vegetative cells [15] (Figure 1). 
The heterocystous CGP seems to be involved in transport of ixed nitrogen to the adjacent pho-
tosynthetically active vegetative cell. CGP catabolic enzymes are present at signiicantly higher 
levels in vegetative cells than in heterocysts. Moreover, CGP could serve as a sink for ixed nitro-
gen in the heterocyst to avoid feedback inhibition from soluble products of nitrogen ixation 
[16, 17]. In Anabaena sp. PCC 7120 and Anabaena variabilis, mutational studies have shown that 
strains lacking CGP synthetic genes are litle afected in diazotrophic growth under standard 
laboratory conditions [15, 18]. However, a growth defect was observed under high light condi-
tions [15]. Moreover, diazotrophic growth is signiicantly decreased in strains that are unable to 
degrade CGP [16, 18].
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“kinetes are resting spore-like cells of a subgroup of heterocyst-forming cyanobacteria for 
surviving long periods of unfavorable conditions. During akinete development, the cells tran-
siently accumulate storage compounds, namely glycogen, lipid droplets and CGP [19, 20] 
(Figure 1 . CGP granules also appear during germination of dormant akinetes [21]. Anabaena 

variabilis akinetes lacking CGP granules were also able to germinate. This behavior agrees 
with early observations that CGP is not the direct nitrogen source for protein biosynthesis and 
therefore not essential for akinete germination [21, 22].

Figure 1. Light and electron microscopic pictures of CGP accumulating cyanobacteria. In light microscopic pictures, 
CGP was stained using the Sakaguchi reaction [10]. The intensity of the red color indicates the amount of arginine. 
Dark red to purple dots are CGP granules [CG]. “  and ”  Phosphate starved Synechocystis sp. PCC 6803 in light 
and transmission electron microscopy, respectively. (C) Cyanothece sp. PCC 7424 cultivated in presence of nitrate and 
continuous light. (D) Filament of diazotrophic growing Anabaena sp. PCC 7120 with terminal heterocyst containing polar 
bodies [P”]. E  Transmission electron micrographs of a heterocyst and adjacent vegetative cell from Anabaena sp. PCC 

, showing a GCP consisting polar body [P”]. F  Oscillatoria sp. cultivated with nitrate supplementation, showing 
small CGP granules. (G) Phosphate starved Anabaena variabilis ATCC 29413 under nitrate supplemented growth.  
(H) Nostoc punctiforme ATCC 29133 under phosphate starvation and nitrate supplementation. I  and J  Mature akinetes 
of Anabaena variabilis ATCC 29413 and Nostoc punctiforme ATCC 29133, respectively.
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CGP was formally thought to be unique in cyanobacteria. In , Krehenbrink et al. and Ziegler 
et al. discovered through evaluation of obligate heterotrophic bacteria genomes that many het-
erotrophic bacteria possess CGP synthetase genes [23, 24]. Genes of CGP metabolism occur in a 
wide range of diferent phylogenetic taxa and not closely related to cyanobacteria [25].

3. CGP characteristics

In , Robert Simon isolated CGP granules for the irst time by using diferential centrifuga-
tion. “long with this study, CGP has shown its special and unique solubility behavior [26]. 
CGP is insoluble at physiological ionic strength and at neutral pH, but soluble in solutions 
which are acidic, basic or highly ionic. In non-ionic detergents such as Triton X-100, CGP is 
insoluble  however, in ionic detergents like SDS, it is soluble [6]. Present-day CGP extraction 
methods are based on its solubility at low pH and insolubility at neutral pH [27].

The chemical structure of CGP was proposed in  by Simon and Weathers [2]. According 
to this model, CGP has a polymer backbone consisting of -linked aspartic acid residues. The 

-amino group of arginine is linked via isopeptide bonds to the -carboxylic group of every 
aspartyl moiety. ”ecause every aspartate residue is linked to an arginine residue, CGP contains 
equimolar amounts of aspartate and arginine [2]. This structure has been conirmed via enzy-
matic degradation studies. CGP-degrading enzymes see below  release -“sp-“rg dipeptides 
[28]. CD spectroscopy data suggest that the acid-soluble and neutral insoluble forms of CGP have 
similar conformations. ”oth forms contain substantial fractions of -pleated sheet structure [29].

Cyanobacterial CGP has a molecular weight and polydispersity ranging from  to  kDa [26]. 
In contrast, the native CGP producer Acinetobacter sp. ADP1 synthesizes CGP with a lower molec-
ular weight ranging from  to  kDa [30]. Recombinant bacteria or genetically engineered yeast 
harboring heterologous expression of cyanobacterial CGP synthesis genes also show a lower 
molecular weight of –  kDa [27, 31]. Transgenic plant-produced CGP also shows a reduced 
polydispersity between  and  kDa [32]. A possible explanation would be that cyanophycin 
synthesis in the native cyanobacterial background involves additional factors contributing the 
polymer length. These additional factors should also be absent in Acinetobacter sp. ADP1.

Native CGP is exclusively composed of aspartate and arginine. By contrast, in CGP isolated 
from recombinant E. coli expressing cyanophycin synthetase (see below) from Synechocystis 
sp. PCC , besides aspartate and arginine, lysine has been found [33]. The amount of incor-
porated lysine in CGP inluences its solubility behavior. Recombinant CGP with a high lysine 
amount higher than  mol%  is soluble at neutral pH [34].

4. CGP metabolism

4.1. Cyanophycin synthetase

CGP is non-ribosomally synthesized from aspartate and arginine by cyanophycin synthe-
tase (CphA1) (Figure 2 . In , Cph“  was enriched and characterized for the irst time by 
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Simion [35]. The enzyme incorporates aspartate and arginine in an elongation reaction, which 
requires ATP, KCl, MgCl2 and a sulhydryl reagent -mercaptoethanol or DTT . For its activ-
ity, Cph“  needs a so far unknown CGP primer, as a starting point of the elongation reaction 
[35]. ”y using synthetically primers, ”erg et al. could show that a single building block of 
CGP -“sp-“rg  does not serve as an eicient primer for Cph“  elongation reaction in vitro. 
The primers need to consist of at least three “sp-“rg building blocks -“sp-“rg 3 to detect 
Cph“  activity [36]. Other peptides, like cell wall or other cellular components, have been 
suggested to serve as an alternative priming substance for the Cph“  reaction [37]. This could 
be an explanation for the functionality of CGP synthesis in recombinant bacteria, without the 
ability to produce native CGP primers [38]. Interestingly, the CphA1 of Thermosynechococcus 

elongatus strain ”P-  shows primer-independent CGP synthesis [39].

Today, CphA1 enzymes from several bacteria, including cyanobacteria and heterotrophic bac-
teria, have been puriied and characterized [33, 39–42]. The molecular mass of the character-
ized Cph“  enzymes ranges from  to  kDa. The active form of Cph“ s from Synechocystis 
sp. PCC6308 and Anabaena variabilis PCC  is most likely homodimeric [33, 41], while the 
primer-independent CphA1 from Thermosynechococcus elongatus strain BP-1 forms a homotet-
ramer [39]. The primary structure of cyanobacterial CphA1 can be divided into two regions 
[33]. The C-terminal region shows sequence similarities to peptide ligases that include murein 
ligases and folyl poly- -glutamate ligase. The N-terminal part of Cph“  shows sequence 
similarities with another superfamily of ATP-dependent ligases that include carboxylate-thiol 

Figure 2. Schematic illustration of CGP metabolism in cyanobacteria. CGP is synthesized from aspartate and arginine 
by CGP synthetase (CphA1) in an ATP-depending elongation reaction using CGP primers, containing of at least three 
“sp-“rg building blocks. Intracellular CGP degradation is catalyzed by the CGPase Cph” . The -“sp-“rg dipeptides 
resulting from cleavage of CGP are further hydrolyzed by isoaspartyl dipeptidase, releasing aspartate and arginine. In 
many nitrogen-ixing cyanobacteria, an additional CGP synthetase is present, termed Cph“ . Cph“  can use -aspartyl-
arginine dipeptides to resynthesize CGP.
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and carboxylate-amine ligase. Since the C- and N-terminal parts show similarity to diferent 
superfamilies of “TP-dependent ligases, two “TP-binding sites and two diferent active sites 
have been predicted [36]. In vitro experiments revealed that arginine is probably bound in the 
C-terminal and aspartate in the N-terminal active site [43].

The mechanism of CGP synthesis by CphA1 has been suggested by Berg et al. in 2000, by mea-
suring the step-wise incorporation of amino acids to the C-terminus of the CGP primer. The 
putative CGP elongation cycle starts at the C-terminal end of the poly-aspartate backbone. 
First, the carboxylic acid group of the poly-aspartate backbone is activated by transfer of the 

-phosphoryl group of “TP. In the second step, one aspartate is bound at the C-terminus of 
the growing polymer by its amino group, forming a peptide bound. Subsequently, the inter-
mediate -“sp-“rg n-Asp is transferred to the second active site of CphA1 and phosphory-
lated at the -carboxyl group of the aspartate. Finally, the -group of arginine is linked to the 

-carboxyl group of aspartate, forming an isopeptide bound [36].

Various Cph“  enzymes have been characterized with respect to their substrate ainity and 
speciicity. For Cph“  of Synechocystis sp. PCC 6308, apparent Km values were determined 
to be 450 μM for aspartate, 49 μM for arginine, 200 μM for ATP and 35 μg/ml CGP as prim-
ing substance. The lower Km of arginine compared to aspartate indicates a higher ainity of 
CphA1 towards arginine. During the in vitro reaction, CphA1 converts per mol incorporated 
amino acid 1.3 ± 0.1 mol ATP to ADP. The optimal reaction conditions of this enzyme were at 
pH .  and °C [41].

Cph“ homologs are widely distributed in eubacteria. In silico analysis proposes  diferent 
groups of cyanophycin synthetases [25]. In cyanobacteria, cyanophycin synthetases of group 
I–III (CphA, CphA2 and CphA2’) can be found.

Recently, the function of a cyanophycin synthetase of group II (CphA2) has been charac-
terized. Most non-diazotrophic cyanobacteria use a single type of cyanophycin synthetase 
Cph“ . However, in many nitrogen-ixing cyanobacteria, an additional version of Cph“ is 

present, termed Cph“ . In , Klemke et al. resolved the function of Cph“  [44]. Compared 
to CphA1, CphA2 has a reduced size and just one ATP-binding site. CphA2 uses the product 
of CGP hydrolysis, -aspartyl-arginine dipeptide as substrate to resynthesize cyanophycin, 
consuming one molecule of ATP per elongation. A mutant lacking CphA2 shows only a minor 
decrease in the overall CGP content. However, a Cph“ -deicient mutant displays similar 
defects under diazotrophic and high light conditions than a Cph“  mutant [15, 44]. This 
observation suggests that the apparent “futile cycle” of CGP hydrolysis and immediate repo-
lymerization is probably of physiological signiicance in the context of nitrogen ixation [17].

4.2. Cyanophycinase

Since , it is known that CGP is resistant against hydrolytic cleavage by several proteases 
or arginase [2, 45]. This resistance is probably due to the branched structure of CGP [38]. 
Therefore, the presence of a highly speciied peptidase for CGP hydrolysis was suggested.

In 1999, Richter et al. reported a CGP hydrolyzing enzyme from the unicellular cyanobacterium 
Synechocystis sp. PCC , called Cph” [28] (Figure 2 . During this study, Cph” was puriied 
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and studied in detail. Cph” is a .  kDa C-terminal exopeptidase, catalyzing the hydrolyzation 
of CGP to -“sp-“rg dipeptides [28]. Based on sequence analysis and inhibitor sensitivity to 
serine protease inhibitors, CphB appears to be a serine-type exopeptidase related to dipeptidase 
E PepE  [28]. According to its sequence, CphB contains a serine residue within a lipase box 
motive (Gly-Xaa-Ser-Xaa-Gly). The serine residue together with a glutamic acid residue and 
a histidine residue forms the catalytic triad, which is typical for serine-type peptidases [28]. In 
2009, the crystal structure has been solved at a resolution of 1.5 Å, showing that CphB forms a 
dimer. Site-directed mutagenesis conirms that Cph” is a serine-type peptidase, consisting of a 
conserved pocket with the catalytic Ser at position  [46]. Structure modeling indicates that the 
cleavage speciicity occurs due to an extended conformation in the active site pocket. The unique 
conformation of the active site pocket requires -linked aspartyl peptides for binding and cataly-
sis, preventing Cph” from non-speciic cleavage of other polypeptides next to CGP [46].

In addition to CphB, which catalyzes the intracellular cleavage of CGP, other versions of cya-
nophycinase exist, catalyzing the extracellular hydrolysis of CGP. In 2002, Obst et al. isolated 
several Gram-negative bacteria from diferent habitats, which were able to utilize CGP as a 
source of carbon and energy [47, 48]. One isolate was ailiated as Pseudomonas anguilliseptica 
strain BI. In the supernatant of a Pseudomonas anguilliseptica culture, a cyanophycinase was 
found and puriied, called CphE [47]. CphE exhibits a high speciicity for CGP  however, 
proteins were not or only marginally hydrolyzed. Degradation products of CphE are -“sp-
Arg dipeptides. Inhibitor sensitivity studies indicated that the catalytic mechanism of CphE 
is related to serine-type proteases. CphE from Pseudomonas anguilliseptica strain BI exhibits an 
amino acid sequence identity – % to intracellular Cph” enzymes of cyanobacteria [47]. 
Today, extracellular CGPases has been found in a high variety of bacteria including Gram-
positive, Gram-negative, aerobic and anaerobic strains. This indicates that the extracellular 
cleavage and utilization of CGP as carbon, nitrogen and energy source is a common principle 
in nature [47–53].

In 2007, in silico analysis showed that CphB homologs are widely distributed in eubacteria, 
proposing eight diferent groups including intracellular and extracellular CGPases. CGPases 
from cyanobacteria belong to group I, II and partially group III (CphB1–3). Groups IV–VIII, 
including CphE, are present in a large variety of non-photosynthetic bacteria [25].

4.3. Aspartyl-arginine dipeptidase

The last step in catabolism of CGP is the cleavage of -“sp-“rg dipeptides to monomeric 
amino acids, arginine and aspartate (Figure 2 . In , Richter et al. found -“sp-“rg dipep-
tides hydrolyzing activity in extracts of Synechocystis sp. PCC  [28]. In Synechocystis sp. 
PCC 6803, the ORF sll0422 as well as ORF all3922 from Anabaena sp. PCC 7120 is annotated 
as plant-type asparaginase,  because of sequence similarities to the irst cloned asparaginase 
from plants [54]. During characterization of plant-type asparaginase in general, including 
Sll0422 and All3922, Hejazi et al. were able to show that these enzymes are able to hydrolyze a 
wide range of isoaspartyl dipeptides [55]. Isoaspartyl peptides arise from two biological path-
ways  First, proteolytic degradation of modiied proteins containing isoaspartyl residues and 
second, as primary degradation product of CGP cleavage from CGPases. Thus, the plant-type 
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asparaginases, Sll0422 and All3922, have not only a function in asparagine catabolism but also 
in the inal step of CGP and protein degradation [55].

The mature isoaspartyl dipeptidases of Synechocystis sp. PCC 6803 and Anabaena sp. PCC 7120 
consist of two protein subunits that are generated by autocleavage of the primary translation 
product between Gly-172 and Thr-173 (numbering according to Synechocystis sp. PCC 6803) 
within the conserved consensus sequence GT I/V G [55]. The native molecular weight of 
approximately kD of this enzyme suggests that it has a subunit structure of 2 2  derived 
from the N-terminal part and  from the C-terminal part of the precursor  [55].

In Anabaena sp. PCC 7120, all genes involved in CGP metabolism as well as the isoaspartyl 
dipeptidases “ll  are expressed in vegetative cells and heterocysts but in diferent expres-
sion levels. Both, CGP synthetases and CGPases are much higher expressed in heterocysts 
than in vegetative cells [56]. However, asparaginase “ll  is present in signiicantly lower 
levels in heterocysts than in vegetative cells [57]. A deletion of All3922 in Anabaena sp. PCC 

 causes an increased accumulation of CGP and -“sp-“rg dipeptides. Furthermore, a 
deletion mutant shows an impaired diazotrophic growth similar to the phenotype known 
from CphB deletion mutants in Anabaena sp. PCC  [18, 57]. This observation implies that 
the irst step of CGP catabolism, the cleavage catalyzed by Cph”, takes place in the heterocyst. 
The released -“sp-“rg dipeptides are transported to the adjacent vegetative cells. Isoaspartyl 
dipeptidase “ll , present in the vegetative cells, cleaves the -“sp-“rg dipeptides and 
releases monomeric aspartate and arginine [57]. When CGP synthesis is not possible, due to 
a deletion of CphA, arginine and aspartate might be transferred directly from heterocysts. 
This explains the minor efects on diazotrophic growth in a Cph“ deletion mutant [15]. These 
results identiied -“sp-“rg dipeptides as nitrogen vehicle in diazotrophic heterocyst form-
ing cyanobacteria, next to glutamine and arginine alone or with aspartate [57–59]. “ beneit of 

-“sp-“rg dipeptides as nitrogen transport substance is avoiding the release of free arginine 
and aspartate in the heterocyst. This indicates that CGP metabolism has evolved in multicel-
lular heterocyst-forming cyanobacteria to increase the eiciency of nitrogen ixation [57].

5. CGP regulation

5.1. Genetic organization of CphA and CphB

Usually, genes involved in CGP metabolism are clustered. The organization of these clusters 
can be diferent, depending on the respective organism [25]. In Synechocystis sp. PCC 6803, 
cphA and cphB are adjacent  however, they are expressed independently [60]. A hypothetical 
protein named slr2003 is located downstream of cphA and is transcribed in a polycistronic unit 
with cphA [60]. However, the function of Slr  is unknown. In the gene of Cph” slr , a 
small antisense RN“ was detected transcriptional unit  [60].

In Anabaena sp. PCC , two clusters containing Cph“ and Cph” were identiied [18]. In 
the cph1 cluster, cphB1 and cphA1 were expressed under ammonia and nitrate supplemented 
growth, but the expression of both genes was higher in the absence of combined nitrogen in 
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heterocysts and vegetative cells. In the cph1 operon, cphB1 and cphA1 were cotranscribed. In 
addition, cphA1 can be expressed from independent promoters, of which one is constitutive 
and the other regulated by the global nitrogen control transcriptional factor Ntc“ [18].

In cluster cph2, the cphB2 and cphA2 genes were found in opposite orientation and both genes 
were expressed monocistronically. The genes were expressed under conditions of ammonia, 
nitrate or N2 supplementation, but the expression was higher in the absence of ammonia. 
Generally, the expression of the cph2 is lower compared to cph1 [18].

In addition to these two gene clusters, a third set of ORFs containing putative cphA and cphB 
genes was found in Nostoc punctiforme PCC 73102 and Anabaena variabilis “TCC  [25].

5.2. Dependence of CGP metabolism on arginine biosynthesis

Generally, CGP accumulation is triggered by cell growth arresting stress conditions, such as 
entry into stationary phase, light or temperature stress, limitation of macronutrients (with the 
exception of nitrogen starvation  or inhibition of translation by adding antibiotics like chlor-
amphenicol [9, 10, 61]. All of these CGP triggering conditions result in a reduced or arrested 
growth. In exponential growth phase the amino acids arginine and aspartate are mostly used 
for protein biosynthesis with the consequence of a low intracellular level of free amino acids. 
Under growth-limiting conditions, protein biosynthesis is slowed down, which yields an 
excess of monomeric amino acids in the cytoplasm, triggering the CGP biosynthesis [10].

CGP accumulation also requires an excess of nitrogen. For the ilamentous cyanobacterium 
Calothrix sp. strain PCC 7601, it was shown that CGP accumulation occurs preferably in the 
presence of ammonia [62]. The addition of amino acids to the media further increased CGP for-
mation [63]. During process optimization studies for heterotrophic CGP production in the strain 
Acinetobacter calcoaceticus ADP1, it was shown that addition of arginine to the medium as sole 
carbon source increased CGP accumulation drastically. When, in A. calcoaceticus strain ADP1, 
CGP synthesis is induced by phosphate starvation, it accounts to 3.5% (w/w) of the cell dry mat-
ter (CDM) with ammonia as nitrogen source. Additional supply of the medium with arginine 
increases the CGP amount to 41.4% (w/w) (CDM). Notably, a combined supply of arginine and 
aspartate has a much lower stimulating efect to CGP accumulation than arginine alone [30].

“ potential link between regulation of arginine biosynthesis and GCP metabolism was sug-
gested in many previous studies. In a transposon mutagenesis study in the ilamentous cya-
nobacterium Nostoc ellipsosporum, an arginine biosynthesis gene, argL, was interrupted by a 
transposon. This mutation partially impairs arginine biosynthesis but does not strictly result 
in l-arginine auxotrophy. Without arginine supplementation, heterocysts failed to ix nitro-
gen, akinetes were unable to germinate and CGP granules did not appear. However, when 
both nitrate and arginine are present in the media, the impaired arginine biosynthesis is 
bypassed. Under this condition, the mutant could form CGP and was able to diferentiate 
functional akinetes, which contained CGP granules [64].

In metabolic engineering studies of the CGP production strain Acinetobacter calcoaceticus ADP1, 
several genes related to the arginine biosyntheses or its regulation were modiied to yield higher 
amounts of arginine. “s a consequence, signiicant higher CGP production was observed [65].
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”acteria produce arginine from glutamate in eight steps. The irst ive steps involving N-acetylated 
intermediates lead to ornithine. The conversion of ornithine to arginine requires three addi-
tional steps [66]. The second enzyme of ornithine biosynthesis is the N-acetylglutamate kinase 
(NAGK), which catalyzes the phosphorylation of N-acetyl glutamate to N-acetylglutamyl-
phosphate. N“GK catalyzes the controlling step in arginine biosynthesis [67]. NAGK activity is 
subjected to allosteric feedback inhibition by arginine and is, moreover, positively controlled by 
the PII signal transduction protein see below  [67, 68]. Maheswaran et al. showed that arginine 
production and the following CGP accumulation depend on the catalytic activation of NAGK 
by the signal transduction protein PII [69]. In a PII-deicient mutant of Synechocystis sp. PCC 6803, 
N“GK remained in a low activity state, which caused impaired CGP accumulation [69].

The nitrogen-regulated response regulator Nrr“ also has inluence on arginine and CGP bio-
synthesis. “n Nrr“-deicient mutant in Synechocystis sp. PCC 6803 shows reduced intracel-
lular arginine levels and, consequently, reduced CGP amount [70].

“ll these results and observations point towards arginine as main botleneck of CGP biosynthe-
sis, while aspartate plays a minor role. CGP accumulation occurs as a result of arginine enrich-
ment in the cytoplasm. Reasons for increased arginine content in the cell are lowered protein 
biosynthesis as a result of various growth limiting conditions. Furthermore, an excess of nitrogen 
and energy sensed by PII leads to NAGK activation and thereby increased arginine biosynthesis.

5.3. P
II
 regulation of arginine metabolism

The PII signal transduction proteins are widely distributed in prokaryotes and chloroplasts, 
where they play a coordinating role in the regulation of nitrogen assimilatory processes [71–
73]. For this purpose, PII senses the energy status of the cell by binding ATP or ADP in a com-
petitive way [74]. Binding of ATP and synergistic binding of 2-oxoglutarate (2-OG) allows PII 
to sense the current carbon/nitrogen status of the cell [75]. -OG is the carbon skeleton for the 
GS/GOG“T reactions and thereby links the carbon and nitrogen metabolism in all domains of 
life [76, 77]. The pool size of -OG reacts quickly to changes in nitrogen availability, wherefore 
2-OG is an indicator of the carbon/nitrogen balance [78, 79]. Depending on the nitrogen sup-
ply, PII may be phosphorylated at the apex of the T-loop at position Ser  [80, 81]. Binding of 
the efector molecules “TP, “DP and -OG as well as phosphorylation leads to conformational 
rearrangements of the large surface-exposed T-loop, PII’s major protein-interaction structure 
[82]. These conformational states direct the interaction of PII with its various interaction part-
ners and thereby regulate the cellular C/N balance [83].

In cyanobacteria, PII regulates the global nitrogen control transcriptional factor NtcA, through 
binding to the Ntc“ co-activator PipX [84]. In common with other bacteria, cyanobacterial PII 
proteins can interact with the biotin carboxyl carrier protein (BCCP) of acetyl-CoA carboxyl-
ase “CC  and thereby control the acetyl-Co“ levels [85]. Furthermore, PII controls arginine 
biosynthesis via regulation of N“GK [68, 69, 86].

PII proteins form a cylindrical-shaped homotrimer with –  kDa per subunits. The T-loop, 
a large and surface-exposed loop, protrudes from each subunit. The efector binding sites are 
positioned in the three inter-subunit clefts [87, 88]. If suicient energy and nitrogen are available,  
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indicated by a high ATP and low 2-OG level, non-phosphorylated PII forms an activating 
complex with NAGK.

The crystal structure of the PII-NAGK complex from Synechococcus elongatus strain PCC 7942 
revealed two PII trimers sandwiching a N“GK homohexamer trimer of dimers  [88]. Each PII sub-
unit contacts one N“GK subunit [88]. Two parts of PII are involved in interaction with NAGK. The 
irst structure, called ”-loop, is located on the PII body and interacts with the C-domain of NAGK 
subunit, involving residue Glu . The interaction of the ”-loop is the irst step in complex forma-
tion. Second, the T-loop must adopt a bent conformation and insert into the interdomain cleft of 
N“GK [89]. This enhances the catalytic eiciency of N“GK, with the Vmax increasing fourfold 
and the Km for N-acetylglutamate decreasing by a factor of  [86]. Furthermore, feedback inhibi-
tion of NAGK by arginine is strongly decreased in the presence of PII [86].

During PII mutagenesis, a PII variant was identiied that binds constitutively N“GK in vitro. This 
PII variant exhibits a single amino acid replacement, Ile86 to Asn86, hereafter referred as PII(I86N) 
[89]. The crystal structure of PII I N  has been solved, showing an almost identical backbone than 
wild-type PII. However, the T-loop adopts a compact conformation, which is a structural mimic 
of PII in the N“GK complex [89, 90]. Addition of 2-OG in the presence of ATP normally leads to a 
dissociation of the PII-NAGK complex, however PII I N  no longer responds to -OG [90].

The PII(I86N) variant enables a novel approach of metabolic pathway engineering by using cus-
tom-tailored PII signaling proteins. By replacing the wild-type PII with a PII carrying the mutation 
for I86N in Synechocystis sp. PCC , it was possible to engineer the irst cyanobacterial CGP 
overproducer strain. Strain BW86, containing the PII(I86N) version, shows an increase of NAGK 
activity, which causes a more than -fold higher arginine content than the wild-type [10]. 
Under balanced growth conditions with nitrate as nitrogen source, strain BW86 accumulates up 
to 15.6 ± 5.4% CGP relative to the CDM, i.e., on average almost sixfold more than the wild type. 
Appropriate starvation conditions can further increase the CGP content of strain BW86 up to 
47.4 ± 2.3% per CDM under phosphate starvation and 57.3 ± 11.1% per CDM under potassium 
starvation, without addition of arginine to the medium [10]. Furthermore, the CGP, which is 
produced by strain ”W , shows a high polydispersity ranging from  to  kDa, similar to 
the polydispersity of cyanobacterial wild-type CGP, which contrasts CGP from recombinant 
producer strains using heterologous expression systems with heterotrophic bacteria, yeasts or 
plants [10]. CGP isolated from those strains have a size ranging of –  kDa [27, 31, 32].

6. Industrial applications

Industrial applications for CGP have previously mainly focused on chemical derivatives. CGP 
can be converted via hydrolytic -cleavage to poly -l-aspartic acid) (PAA) and free arginine. 
P““ is biodegradable and has a high number of negatively charged carboxylic groups, mak-
ing P““ to a possible substituent for polyacrylates [48, 50, 91]. PAA can be employed as anti-
scalant or dispersing ingredient in many ields of applications, including washing detergents 
or suntan lotions. Furthermore, PAA has potential application areas as an additive in paper, 
paint, building or oil industry [48, 50].
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CGP can also serve as a source for dipeptides and amino acids in food, feed and pharmaceuti-
cal industry. The amino acids arginine (semi-essential), aspartate (non-essential) and lysine 
(essential) derived from CGP have a broad spectrum of nutritional or therapeutic applica-
tions. Large-scale production of these amino acids, as mixtures or dipeptides, is established 
in industry, with various commercial products already available on the market reviewed by 
Sallam and Steinbuchel [92]).

Potential applications of non-modiied CGP have been discussed but remain so far largely unex-
plored. This can partially be explained by the lack of research being conducted on the material 
properties of CGP. Recently in , the irst study regarding CGP material properties has been 
published. In this study, Khlystov et al. focused on the structural, thermal, mechanical and solu-
tion properties of CGP produced by recombinant E. coli, giving new insights in the nature of 
this polymer as bulk chemical [91]. They describe CGP as an amorphous, glassy polyzwiterion 
with high thermostability. The dry material is stif and britle. “ccording to these properties, 
CGP could be used to synthesize zwiterionomeric copolymers or as reinforcing illers [91].

7. Biotechnological production

Previous ventures to produce CGP in high amounts were mainly focused on heterotrophic 
bacteria, yeasts and plants as production host. These recombinant production hosts heterolo-
gously express CGP synthetase genes, mostly from cyanobacteria. In this way, heterotrophic 
bacteria, which are established in biotechnological industry including E. coli, Corynebacterium 

glutamicum, Cupriavidus necator formally known as Ralstonia eutropha) and Pseudomonas 

putida, were used for heterologous production of CGP [93].

Strain E. coli DH1, containing cphA from Synechocystis sp. PCC6803, was used for large-scale 
production of CGP in a culture volume of up to 500 liter, allowing the isolation of CGP in 
a kilogram scale. During process optimization, the highest observed CGP content was % 
(w/w) per CDM. However, the synthesis of CGP was strongly dependent on the presence 
of complex components in the medium terriic broth complex medium . In mineral salt 
medium, CGP accumulation only occurs in the presence of casamino acids [27]. An engi-
neered version of CphA from Nostoc ellipsosporum, transformed in E. coli, shows a further 
increase in CGP production, up to 34.5% (w/w) of CDM. However, this production strain also 
requires expensive complex growth media to yield such a high amount of CGP [94].

Cupriavidus necator and Pseudomonas putida are known as model organisms for the industrial 
scale production of polyhydroxyalkanoates PH“ . Therefore, they have been considered as 
candidates for large scale CGP production [93, 95]. Metabolic engineering and process optimi-
zation studies of Cupriavidus necator and Pseudomonas putida harboring cphA from Synechocystis 
sp. PCC 6803 or Anabaena sp. PCC 7120 were performed. In these organisms, the accumula-
tion of CGP is mainly depending on the origin of the cphA gene, the accumulation of other 
storage compounds like PH“ as well as the addition of precursor components like arginine to 
the medium [96]. PH“-deicient mutants of Cupriavidus necator and Pseudomonas putida accu-
mulate in general more CGP compared to the PH“ containing strains [96]. During genetic 
modiication of cphA expression in Cupriavidus necator, CGP accumulation turned out to be 
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strongly afected by the expression system. “ stabilized multi-copy cphA expression system, 
using the KDPG-aldolase gene (eda)-dependent addiction system, allows cultivation without 
antibiotic selection. The multi-copy cphA expression results in a CGP yield between 26.9% 
and 40.0% (w/w) of CDM. The maximum amount of 40.0% (w/w) of CDM was observed in a 
30- and 500-l pilot plant. In the absence of the amino acids arginine and aspartic acid in the 
medium, the CGP amount was still between . % and . % w/w  of CDM [97].

The industrially established host Saccharomyces cerevisiae has also been used for CGP production, 
by expression of cphA from Synechocystis sp. PCC 6803. S. cerevisiae harboring cphA accumulated 
up to 6.9% (w/w) of CDM. Two CGP species were observed in this strain: water-soluble and the 
typical water-insoluble CGP. Furthermore, the isolated polymer from this transgenic yeast con-
tained 2 mol% lysine, which can be increased up to 10 mol% when cultivation occurs with lysine 
in the medium [31]. During metabolic engineering studies, several arginine biosynthesis mutants 
have been analyzed concerning their CGP accumulation abilities. Surprisingly, strains with 
defects in arginine degradation accumulated only 4% CGP (w/w) of CDM; however, arginine 
auxotrophic strains were able to accumulate up to 15.3%. Depending on the cultivation condi-
tions, between 30 and 90% of the extracted CGP was soluble at neutral pH. In addition to arginine, 
aspartate and lysine, further amino acids, such as citrulline and ornithine, have been detected in 
isolated CGP from diferent arginine biosynthesis mutants [98]. Furthermore, it was also possible 
to produce CGP and CGP derivates in Pseudomonas putida and the yeast Pichia pastoris [99, 100].

CGP and CGP derivates are important sources for -dipeptides for several applications. “ 
large-scale method was developed to convert CGP into its constituting -dipeptides by using 
CphE from Pseudomonas alcaligenes. This allows the large-scale production of customized 

-dipeptides, depending on the composition of the CGP derivates [92, 101].

Production of CGP has also been atempted in several transgenic plants. Here, ectopic expres-
sion of the primer-independent CphA from Thermosynechococcus elongatus BP-1 leads to an 
accumulation of CGP up to 6.8% (w/w) in tobacco leafs and to 7.5% (w/w) of CDM in potato 
tubers [102, 103]. CGP production and extraction in plants can be coupled with the production 
of other plant products like starch [103]. The peculiarities and challenges of plant-produced 
CGP have been reviewed by Nausch et al. [32].

Compared to bacteria that are used so far in biotechnological industry, cyanobacteria are 
unique as they use sunlight and CO2 as energy and carbon source. Cyanobacteria have been 
identiied as rich source of various biologically active compounds, biofertilizers, bioplastics, 
energy, food and feed [104]. Obviously, the importance of environmentally friendly produc-
tion processes increases more and more. Hence, Cyanobacteria are expected to play a major 
role in future industry. Synechocystis sp. PCC  strain ”W  is the irst reported bulk chemi-
cal producing cyanobacterial strain in the literature. CGP production in Synechocystis BW86 
does not require organic carbon or CGP precursor substances. Growth limiting conditions like 
phosphate and potassium starvation can further increase the CGP production up to 47.4 ± 2.3% 
and 57.3 ± 11.1% per CDM, respectively. The studies of Trautmann et al. showed that strain 
”W  can be cultivated in lat plate photobioreactors Midiplate reactor system [105]). During 
this optimization study, the optimal light intensity as well as the phosphate concentration was 
determined to maximize CGP synthesis. Under optimal production conditions, highest amount 
of CGP was around % of CDM with a total yield of  mg CGP per liter in  days [106].
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The main botleneck of CGP production in Cyanobacteria is the relatively slow growth rate, 
which is much lower than in biotechnologically established bacteria. Conventional cultivation 
methods of cyanobacteria reach a biomass of roughly  g dry mass per liter [107]. To over-
come this limitation, a new cultivation method was developed, using a two-tier vessel with 
membrane-mediated CO2 supply. By using this cultivation setup, it was possible to enable 
rapid growth of Synechocystis sp. PCC 6803 and Synechococcus sp. PCC 7002 up to 30 g CDM 
per liter [108]. Synechocystis sp. PCC 6803 strain BW86 was also used in this high-density cul-
tivation setup. During this study, CGP amounts up to 1 g per liter were reached in 96 h. This 
is approximately four times higher compared to the maximum CGP yield observed during 
conventional cultivation after  days [106, 109].

In comparison, the recombinant E. coli strain DH1 harboring cphA from Synechocystis sp. PCC 
6803 produces between 6.7 and 8.3 g CDM per liter culture in 16 h. CGP amounts during 
this fed-batch fermentations were between  and % of the CDM [27], resulting in a CGP 
production rate of 87.9 to 124.5 mg/l and hour. Although this exceeds the production rate 
in Synechocystis sp. PCC 6803 strain BW86 by a factor of 10, the recombinant E. coli requires 
terriic broth complex medium, while Synechocystis sp. PCC 6803 strain BW86 is cultivated 
in simple mineral medium and additionally sequesters hazardous greenhouse gas CO2. 
Considering these super ordinate factors, production of biopolymers with cyanobacteria may 
in fact become an alternative to heterotrophic bacteria.

8. Conclusions

CGP is well researched and its occurrence in cyanobacteria is known for more than  years. 
However, many questions are still open. Most obviously, the cell biology of the CGP granules 
remains largely unknown. In the last decades, research on CGP mainly focused on biotech-
nological purposes, like strain or process optimization. Most work has been carried out with 
short-chain CGP from recombinant producer strains; however the biophysical properties of the 
long-chain native CGP remain largely unexplored. So far, heterotrophic bacteria were mainly 
used to produce industrial biocompounds including CGP. In this chapter, we discussed the pos-
sibility of a cyanobacterial CGP production strain. The main disadvantages of cyanobacteria, their 
slower growth and the low abundance of product can be compensated using genetic engineering 
together with appropriate production processes. Future industry has to cope with the manifold 
challenges to counteract environmental pollution and climate change. The use of cyanobacteria in 
CGP production and, more generally, in biotechnological applications for bioproduct synthesis 
provides an environmentally friendly alternative to conventional biotechnological approaches.
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Cyanophycin Synthesis Optimizes Nitrogen Utilization in the
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ABSTRACT Cyanophycin is a carbon/nitrogen storage polymer widely distributed in

most cyanobacterial strains and in a few heterotrophic bacteria. It is a nonribosomal

polypeptide consisting of equimolar amounts of aspartate and arginine. Here, we fo-

cused on the physiological function and cell biology of cyanophycin in the unicellu-

lar nondiazotrophic cyanobacterium Synechocystis sp. strain PCC 6803. To study the

cellular localization of the cyanophycin-synthesizing enzyme CphA during cyanophy-

cin synthesis and degradation, we fused it to green fluorescent protein. When CphA

was inactive, it localized diffusely in the cytoplasm. When cyanophycin synthesis was

triggered, CphA first aggregated into foci and later localized on the surface of cya-

nophycin granules. In the corresponding cell extracts, localization of CphA on the

cyanophycin granule surface required Mg2�. During cyanophycin degradation, CphA

dissociated from the granule surface and returned to its inactive form in the cyto-

plasm. To investigate the physiological role of cyanophycin, we compared wild-type

cells with a CphA-deficient mutant. Under standard laboratory conditions, the ability

to synthesize cyanophycin did not confer a growth advantage. To mimic the situa-

tion in natural habitats, cells were cultured with a fluctuating and limiting nitrogen

supplementation and/or day/night cycles. Under all of these conditions, cyanophycin

provided a fitness advantage to the wild type over the mutant lacking cyanophycin.

During resuscitation from nitrogen starvation, wild-type cells accumulated cyanophy-

cin during the night and used it as an internal nitrogen source during the day. This

demonstrates that cyanophycin can be used as a temporary nitrogen storage to un-

couple nitrogen assimilation from photosynthesis.

IMPORTANCE We clarified the elusive biological function of cyanophycin in the

nondiazotrophic cyanobacterium Synechocystis sp. PCC 6803. Cyanophycin is a dy-

namic carbon/nitrogen storage polymer (multi-arginyl-L-polyaspartate) that is condi-

tionally present in most cyanobacteria and a few heterotrophic bacteria as cellular

inclusion granules. Here, we show that the cyanophycin-synthesizing enzyme CphA

in the nonactive state localizes diffusely in the cytoplasm. When cyanophycin syn-

thesis is triggered, active CphA first aggregates into foci and then covers the surface

of mature cyanophycin granules, which in vitro requires Mg2� as a cofactor. Cyano-

phycin accumulation enables Synechocystis sp. to optimize nitrogen assimilation un-

der nitrogen-poor conditions, in particular when the nitrogen supply fluctuates and

during day/night cycles, by allowing continuous nitrogen assimilation and storage.

Therefore, cyanophycin provides the wild-type cyanobacterium with a clear fitness

advantage over non-cyanophycin-producing cells in natural environments with fluc-

tuating nitrogen supply.

KEYWORDS CphA, cyanobacteria, cyanophycin, nitrogen storage, nitrogen

utilization, synechocystis

Received 29 May 2018 Accepted 9 August

2018

Accepted manuscript posted online 17

August 2018

CitationWatzer B, Forchhammer K. 2018.

Cyanophycin synthesis optimizes nitrogen

utilization in the unicellular cyanobacterium

Synechocystis sp. strain PCC 6803. Appl Environ

Microbiol 84:e01298-18. https://doi.org/10

.1128/AEM.01298-18.

Editor Claire Vieille, Michigan State University

Copyright © 2018 American Society for

Microbiology. All Rights Reserved.

Address correspondence to Karl Forchhammer,

karl.forchhammer@uni-tuebingen.de.

PHYSIOLOGY

crossm

October 2018 Volume 84 Issue 20 e01298-18 aem.asm.org 1Applied and Environmental Microbiology

 o
n
 O

c
to

b
e
r 2

4
, 2

0
1

8
 b

y
 g

u
e
s
t

h
ttp

://a
e
m

.a
s
m

.o
rg

/
D

o
w

n
lo

a
d
e
d
 fro

m
 

https://doi.org/10.1128/AEM.01298-18
https://doi.org/10.1128/AEM.01298-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:karl.forchhammer@uni-tuebingen.de
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.01298-18&domain=pdf&date_stamp=2018-8-17
https://aem.asm.org
http://aem.asm.org/


One of the most important steps in evolution on Earth was the appearance of

oxygen in the atmosphere. This dramatic change in the redox state of our planet,

called the “great oxidation event,” was triggered by the emergence of cyanobacteria

capable of oxygenic photosynthesis (1).

Some of the cyanobacteria acquired the ability to fix atmospheric nitrogen, which

allowed them to spread throughout the illuminated biosphere and fertilize it (2).

Nitrogen is a necessary macronutrient for all life and therefore constitutes a growth-

limiting factor in many terrestrial and aquatic ecosystems (3). Nondiazotrophic cyano-

bacteria can use a variety of combined nitrogen sources, such as nitrate or ammonia.

In the absence of a usable nitrogen source, these cyanobacteria face nitrogen starva-

tion, a situation that arrests anabolic metabolism, followed by a process known as

chlorosis, which finally results in a state of dormancy (4). Chlorosis is characterized by

the degradation of photosynthetic pigments, which leads to a color change from

blue-green to yellow (5). Together with the degradation of light-harvesting phycobili-

somes, the cells accumulate carbon-reserve polymers, e.g., glycogen or polyhydroxy-

butyrate, and arrest the cell cycle (6–8). When nitrogen deprivation is prolonged, cells

further reduce their bulk of cellular proteins until they reach a final chlorotic stage,

where they maintain a low residual level of photosynthetic activity. In this state, cells

are able to survive long periods of starvation. After the addition of a nitrogen source,

they are able to regreen and resume growth (9).

The process of resuscitation from nitrogen-starvation-induced chlorosis has been

investigated in detail in the unicellular and nondiazotrophic cyanobacterium Syn-

echocystis sp. strain PCC 6803 (here, Synechocystis sp.) (7, 10, 11). The addition of a

usable nitrogen source triggers a tightly coordinated resuscitation program, which

results in the restoration of the vegetative cell cycle within 48 h. This process can be

divided into two major phases. First, the cells turn on glycogen catabolism, which

provides energy and carbon skeletons for nitrogen assimilation (10); this is used to first

reinstall the basic anabolic machinery, in particular, the translational apparatus (7, 12).

After 12 to 16 h, transition to the second phase occurs, where the cells reassemble their

photosynthetic apparatus. The cells regreen and engage oxygenic photosynthesis (7).

After reaching full photosynthetic activity, the cells enter the vegetative cell cycle.

During resuscitation from nitrogen starvation, the carbon/nitrogen storage polymer

cyanophycin transiently accumulates (7, 13). Cyanophycin (also known as cyanophycin

granule polypeptide) is present in most cyanobacterial species and in a few hetero-

trophic bacteria (14). It is a nonribosomal polypeptide consisting of equimolar amounts

of arginine and aspartate. Every aspartyl moiety of the polyaspartate backbone is linked

with an arginine residue via an isopeptide bond (15). In nondiazotrophic cyanobacteria,

cyanophycin accumulates when excess nitrogen is supplied and during unbalanced

growth that lowers the growth rate (e.g., during sulfate, phosphate, or potassium

starvation) (16, 17).

With a C/N ratio of 2:1, cyanophycin is extremely rich in nitrogen and is therefore

used as a nitrogen storage compound. This plays an important role in nitrogen-fixing

cyanobacteria, in particular in those that differentiate heterocysts to fix nitrogen during

the day. The heterocysts accumulate large cyanophycin structures at the contact sites

to the vegetative cells, termed the polar nodes; these nodes play a role in nitrogen

trafficking between the nitrogen-fixing heterocyst and the vegetative cells of the

filament (18). Nonheterocystous strains, such as Cyanothece sp. strain ATCC 51142,

synthesize cyanophycin at night during nitrogen fixation, where in the absence of

photosynthetic activity, nitrogenase is protected from harmful oxygen. During the day,

nitrogen fixation is arrested, and cyanophycin is degraded to mobilize the fixed

nitrogen (19, 20).

Cyanophycin synthetase (CphA) builds cyanophycin from arginine and aspartate in

an ATP-consuming elongation reaction that requires KCl, MgCl2, and a sulfhydryl

reagent (dithiothreitol [DTT] or �-mercaptoethanol) (21). The elongation reaction re-

quires an unknown cyanophycin primer that must consist of at least three Asp-Arg

building blocks (22) as a starting point. The primary structure of CphA consists of two
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regions; both regions contain an active site and an ATP binding site (22, 23). The

putative cyanophycin elongation cycle starts at the C terminus of the cyanophycin

primer. First, the carboxylic acid group of the polyaspartate backbone is activated by

phosphorylation with the �-phosphoryl group of ATP. Subsequently, one aspartate is

bound at the C terminus by its amino group, forming a peptide bond. The intermediate

(�-Asp-Arg)n-Asp is then transferred to the second active site of CphA and phosphor-

ylated at the �-carboxyl group of aspartate. Finally, the �-amino group of arginine is

linked via an isopeptide bond to the �-carboxyl group of aspartate (22). Cyanophycin

accumulates in the form of opaque and light-scattering granules in the cell (6). CphB,

an intracellular cyanophycinase, catalyzes the degradation of cyanophycin to �-Asp-Arg

dipeptides (24). The last step in cyanophycin catabolism is the cleavage of the �-Asp-

Arg dipeptides to monomeric arginine and aspartate, catalyzed by isoaspartyl dipep-

tidases (25).

Several previous studies have indicated that arginine availability is the main bottle-

neck of cyanophycin biosynthesis (17, 26–29). The committed step in arginine biosyn-

thesis, the N-acetylglutamate kinase (NAGK) reaction, is regulated by the signal trans-

duction protein PII (30). PII senses the energy status and the C/N ratio by binding

2-oxoglutarate and ATP (31, 32). Binding of PII enhances the catalytic efficiency of NAGK

and decreases its feedback inhibition by arginine (33), resulting in increased arginine

production, followed by the accumulation of cyanophycin (17, 29).

In the last decades, research on cyanophycin has mainly focused on its potential use

in different biotechnological and industrial applications, whereas the biology of cya-

nophycin, in particular in nondiazotrophic cyanobacteria, remains largely uninvesti-

gated. Previous studies revealed an unexplained transient accumulation of cyanophy-

cin during the outgrowth of dormant Synechocystis sp. cells from nitrogen starvation (7,

13). Here, we aimed at identifying the role of cyanophycin synthesis in the recovery of

Synechocystis sp. cells from nitrogen starvation and, more generally, at clarifying its

function during fluctuating ambient nitrogen supply.

RESULTS

CphA localization changes during resuscitation from nitrogen starvation. To

investigate the intracellular localization of CphA, we fused cphA to the gene encoding

enhanced green fluorescent protein (eGFP) (yielding eGFP fused to the C terminus of

CphA) and inserted cphA-eGFP under the control of the native cphA promoter into the

Synechocystis sp. shuttle vector pVZ322 (34). The resulting pVZ322-cphA-eGFP plasmid

was introduced into Synechocystis sp. by triparental mating (34). The resulting strain,

termed Synechocystis sp. strain CphA-eGFP, was used to investigate the cellular local-

ization of CphA using comprehensive statistical analysis of microscopy images.

In the majority of nutrient-replete cells (87% � 3%; n � 486) in the mid-exponential

phase of growth (optical density at 750 nm [OD750], approximately 0.6), the GFP signal

was uniformly distributed in the cytoplasm and did not colocalize with the fluorescence

signal of the thylakoid membranes near the cell periphery (Fig. 1A to D). In the

remaining cells (13% � 3%), distinct foci formed. Accordingly, the cyanophycin content

during exponential growth was usually less than 1% of the cell dry mass, and visible

cyanophycin granules were absent (6, 17, 35).

To reveal the localization of CphA during periods of cyanophycin accumulation or

degradation, we monitored CphA-eGFP localization after the addition of nitrate to

Synechocystis sp. cells that had been starved for nitrogen for 4 days. These conditions

are known to induce transient cyanophycin accumulation (7, 13, 29). The cphA gene is

constitutively expressed in different nitrogen regimes (7). In agreement, a recent

quantitative proteomics analysis of resuscitating nitrogen-starved Synechocystis sp. cells

revealed minor changes in the abundance of CphA. It increased by about 10% from

cells starved of nitrogen for 21 days to fully recovered exponentially growing cells (11).

In nitrogen-starved cells, the GFP signal was almost exclusively found as a diffuse signal

in the cytoplasmic space (98% � 2% of the cells) (see Fig. S1 in the supplemental

material). Three hours after the addition of nitrate, the CphA-eGFP strain formed
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distinct foci in almost half of the cells (Fig. 2). After 6 h and up to 27 h after nitrate

addition, the majority of cells contained CphA-eGFP foci (83% � 7%). As the foci

appeared, their number per cell simultaneously increased, with a maximum between 6

and 12 h after nitrate addition (Fig. 2 and S2A); thereafter, the number of foci gradually

decreased. The apparent diameter of the CphA-eGFP foci reached a maximum between

12 and 21 h after nitrate addition (Fig. S2B). To correlate the appearance of the

CphA-eGFP foci with the occurrence of cyanophycin granules, we stained the granules

FIG 1 Localization of CphA-eGFP during exponential growth (OD750 of 0.6) of Synechocystis sp. (A) Bright-field

image of cells. (B) GFP fluorescence; white arrows point to cells with CphA-eGFP foci. (C) Autofluorescence of

thylakoid membranes. (D) Overlay of GFP and thylakoid membrane fluorescence images.

FIG 2 Number of CphA-eGFP foci and cyanophycin granules during 27 h of resuscitation of Synechocystis

sp. cultures that were nitrogen starved for 4 days. Cells were resuscitated by adding 17.3 mM nitrate to

starved cultures. Measurements are means of three biological replicates. Filled circles, percentage of cells

with visible CphA-eGFP foci (n � 200 cells per time point); open circles, percentage of cells with

cyanophycin granules visualized with the arginine-specific Sakaguchi stain (n � 150 cells per time point);

filled squares, growth curve.
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with the arginine-specific Sakaguchi stain. In bright-field images, the granules are

opaque; the Sakaguchi stain enables a sensitive and clear identification of cyanophycin

granules (17). Compared to the appearance of CphA-eGFP foci, the appearance of the

cyanophycin granules was delayed. Six hours after nitrate addition, the number of cells

containing cyanophycin granules increased dramatically, reaching a plateau of 87.8% �

4.2% of the cells at 15 h after nitrate addition. Eighteen hours after the addition of

nitrate, both the number of cells with visible cyanophycin granules and the diameter of

the foci decreased (Fig. 2 and S2B). As the cyanophycin granules degraded, the cells

simultaneously started to grow again (Fig. 2).

During recovery from nitrogen starvation, cyanophycin is produced transiently, and

the maximal level of accumulated cyanophycin was relatively low compared to other

conditions that trigger cyanophycin accumulation (13, 17). Potassium starvation sub-

jects cyanobacterial cells to an intense and immediate stress, which results in massive

cyanophycin accumulation (17). This motivated us to analyze CphA localization under

such conditions. Upon induction of potassium starvation, CphA relocalized from an

initial diffuse cytoplasmic localization into distinct foci and later clearly localized on the

surface of the cyanophycin granules, forming a halo-like structure (Fig. S3). Cyanophy-

cin granules of larger diameter were amorphous and not spherical (Fig. S3). The

proportion of cells with cyanophycin granules and CphA-eGFP foci increased during

potassium starvation (Fig. S4A). Shifting the potassium-starved cells back to standard

BG-11 medium restored the growth within approximately 24 h, concomitantly with the

degradation of the cyanophycin granules. During cyanophycin degradation, it ap-

peared in some cases that CphA-eGFP no longer colocalized with the granules (Fig. S3).

The proportion of cells with cyanophycin granules and CphA-eGFP foci decreased

accordingly. After 24 h, only about 20% of the cells contained cyanophycin granules.

Simultaneously, 70% of the cells contained CphA-eGFP foci, while the remaining cells

show the CphA-eGFP signal exclusively distributed in the cytoplasmic space (Fig. S4B).

Furthermore, the average size of the granules decreased, while the number of granules

per cell increased (Fig. S5), indicating that the granules disaggregate into smaller

particles.

CphA localization on the cyanophycin granule surface requires Mg2�. The

above-mentioned results showed that CphA is homogenously distributed in the cyto-

plasm as long as no cyanophycin synthesis occurs, and when cyanophycin accumula-

tion is triggered, CphA relocalizes into foci and subsequently attaches to the surface of

growing cyanophycin granules. In vitro, the elongation reaction of CphA requires

cyanophycin primers, arginine, aspartate, MgCl2, ATP, and a sulfhydryl reagent (�-

mercaptoethanol or DTT) (21). To determine how these components affect the local-

ization of CphA-eGFP in cell extracts, we analyzed cell lysates using anti-eGFP antibod-

ies and immunoblots. Cell extracts were prepared from potassium-starved Synechocystis

sp. cells that produced CphA-eGFP and separated into soluble and insoluble fractions,

with the insoluble fractions containing the cyanophycin granules. We determined

whether CphA remained associated with granules in the presence of different buffer

components.

In potassium-starved Synechocystis sp. cells, CphA-eGFP appeared to be localized on

the surface of the cyanophycin granule in vivo (Fig. S3). When these cells were lysed in

a buffer containing 50 mM Tris-HCl (pH 7.4) and 4 mM EDTA, CphA was detected only

in the soluble fraction (Fig. 3A). In contrast, when cells were lysed in a buffer containing

50 mM Tris-HCl (pH 8.2), 20 mM MgCl2, and 20 mM KCl, CphA appeared in the insoluble

fraction, which indicated that it remained granule associated, because cyanophycin

granules remain in the insoluble fraction, owing to their insolubility at neutral pH (Fig.

3B). To test whether MgCl2 is responsible for the persistent association of CphA with

granules in cell extracts, cells were lysed in the same buffer containing different MgCl2
concentrations (Fig. 3C). In the absence of Mg2�, only residual amounts of CphA were

detected in the insoluble fraction. Increasing amounts of Mg2� led to increased
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amounts of CphA in the insoluble fraction, with an apparent optimal concentration of

10 mM Mg2� for in vitro association with cyanophycin granules (Fig. 3C).

Lack of CphA has no influence on the response to nitrogen starvation. To gain

further insights into the physiological role of cyanophycin, we generated a cphA

deletion mutant in which the slr2002 (cphA) open reading frame was replaced with a

kanamycin resistance cassette. Complete segregation of the mutant was confirmed by

PCR (Fig. S6). The inability of the mutant to accumulate cyanophycin granule peptide

(CGP) was confirmed by microscopy and cyanophycin extraction (data not shown). To

investigate a possible influence of cyanophycin deficiency on the nitrogen starvation

response, Synechocystis sp. wild-type and ΔcphA mutant cells were grown to an OD750

of 0.4 to 0.6, washed, and resuspended in BG-11 lacking a combined nitrogen source.

This treatment induces nitrogen chlorosis, which is visible as the degradation of the

photosynthetic apparatus (9). We monitored the degradation of pigments during

chlorosis by recording the UV-Vis spectra of the cells. In the course of chlorosis, the

absorbance at 630 nm (phycobiliproteins; Fig. 4A) and at 680 nm (chlorophyll a/b; Fig.

4B) decreased in wild-type and ΔcphA mutant cultures similarly. After induction of

nitrogen starvation, wild-type and ΔcphA mutant cells divided one more time, as

indicated by the doubling of the OD750 of the culture (Fig. 4C). After prolonged nitrogen

starvation for 13 days, cells of both the wild type and the ΔcphA mutant completed

chlorosis, and the cultures appeared yellowish (Fig. 4E). However, the pigment composition

of long-term starved cultures of the ΔcphAmutant and wild type slightly differed; the peak

heights at 440 nm and 680 nm in UV-Vis spectra in the ΔcphA mutant were higher, which

indicated a higher residual amount of chlorophyll a/b (Fig. 4D).

Cyanophycin synthesis delays resuscitation from nitrogen starvation under

standard laboratory conditions. As cyanophycin transiently accumulates during re-

suscitation from nitrogen starvation (7), we focused on this process to investigate the

physiological role of cyanophycin. To determine whether cyanophycin synthesis influ-

ences the resuscitation process, Synechocystis sp. wild-type and ΔcphA mutant cells

were first nitrogen starved for 2 weeks, and then resuscitation was initiated by the

addition of 5 mM nitrate, adjusting the cultures to an OD750 of 0.5. The cultures were

incubated under continuous light with shaking. The time course of regreening was

monitored by recording the UV-Vis spectra of the cultures.

Twelve hours after the addition of nitrate to the chlorotic cultures, the absorbance

at 630 nm (phycobiliproteins; Fig. 5A) and at 680 nm (chlorophyll a/b; Fig. 5B) began to

increase. The wild-type and ΔcphA mutant cultures regreened similarly (Fig. 5A to C).

However, the ΔcphA mutant had a growth advantage over the wild type in liquid

medium (as revealed by the optical density of the culture; see Fig. 5D). Thirty-six hours

FIG 3 Immunoblot detection of CphA-eGFP using anti-GFP primary antibodies. Cell extracts of

potassium-starved Synechocystis sp. cells were fractionated into soluble and insoluble fractions. (A) Cells

lysed in a buffer containing 50 mM Tris-HCl (pH 7.4) and 4 mM EDTA. (B) Comparison of potassium-

starved Synechocystis cells lysed in the presence of 4 mM EDTA (same buffer mentioned above) (lane 1)

and a buffer without EDTA containing 50 mM Tris-HCl (pH 8.2), 20 mM MgCl2, and 20 mM KCl (21) (lane

2). (C) Insoluble fraction of cells lysed in Tris-KCl buffer containing different MgCl2 concentrations.
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after the addition of nitrogen, the difference in the optical density amounts to 0.07

OD750 units. After 46 h, the ΔcphAmutant reached an OD750 of 0.747 � 0.045 compared

to the wild type, with 0.64 � 0.036, which is a significant difference (P � 0.0329). This

growth disadvantage of the wild type turned out even more clearly on solid medium

(as revealed by the drop plate method; see Fig. 5E). In the drop plate method, the area

of the ΔcphA mutant was green already after 2 days, which indicated a return to the

vegetative cell cycle and growth; the wild type lagged behind in the regreening

process. This growth advantage of the ΔcphAmutant over the wild type continued until

day 8 of recovery, at which time the two strains showed a similar degree of recovery.

Cyanophycin accumulation helps overcome a fluctuating or limiting nitrogen

supply. The growth disadvantage of the cyanophycin-forming wild-type cells during

resuscitation from nitrogen chlorosis was puzzling. We questioned whether this disad-

vantage was due to unnatural laboratory conditions (nitrogen-rich medium and con-

tinuous light). Therefore, we nitrogen starved Synechocystis wild-type and ΔcphA

mutant cells for 9 days and compared their resuscitation with a fluctuating and/or

limiting nitrogen supplementation by a modification of the drop plate method (Fig. 6),

which allows nitrogen supplementation to be changed without imposing additional

stress to the cells that occurs with harvesting, washing, and resuspending cells in

another medium.

When chlorotic cells were exposed under continuous light to 6-h periods of nitrogen

excess (17.3 mM nitrate) per day (6 h on BG-11 with nitrate and 18 h on nitrogen-free

BG-11), the ΔcphA mutant grew slightly faster than the wild type during the first 3 days

(Fig. 6A). After the fourth day, the wild type and ΔcphA mutant reached the same

culture density. After 7 days, the wild type displayed a slight growth advantage. After

9 days, the wild type clearly had a growth advantage over the ΔcphA mutant.

FIG 4 Changes in pigmentation and growth during nitrogen starvation of Synechocystis sp. wild type and a ΔcphA mutant under continuous light. Nitrogen

starvation was induced by resuspending washed exponentially growing cells in BG-11 medium lacking a nitrogen source to an OD750 of 0.5. The degradation

of pigments during chlorosis was monitored by recording UV-Vis spectra, which were normalized to cultures of the same optical density at 750 nm. Shown are

the means of three biological replicates. (A) Course of absorbance of phycobiliproteins at 630 nm. (B) Course of absorbance of chlorophyll a/b at 680 nm. (C)

Growth curve (OD750) of Synechocystis sp. during nitrogen starvation. (D) UV-Vis spectrum of Synechocystis sp. wild type and ΔcphA mutant cells that were

nitrogen starved for 13 days. Spectra were normalized to cultures of the same optical density at 750 nm. (E) Three biological replicates of cultures of

Synechocystis sp. wild type and ΔcphA mutant starved of nitrogen for 13 days.
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To test resuscitation with continuous but low nitrogen supplementation, chlorotic

cells were exposed under continuous light to only 1.73 mM nitrate (10% of the standard

concentration) and transferred to fresh plates containing 1.73 mM nitrate every day.

Colonies of green cells of both strains appeared after 3 days (Fig. 6B), but the wild type

showed a clear growth advantage over the ΔcphA mutant throughout the experiment

(Fig. 6B).

In the next experiment, we combined nitrogen limitation and fluctuating nitrogen

availability. A limiting amount of nitrogen (1.73 mM nitrate) was available for only 4 h

per day under continuous light. Under these conditions, the wild type showed the

clearest growth advantage over the ΔcphA mutant (Fig. 6C). Furthermore, a difference

in the colors of the cultures of the two strains became apparent. Cultures of the ΔcphA

mutant were more yellow than those of the wild type, which indicated that the ΔcphA

cells could not fully recover their photosynthetic pigments and remained in a semi-

chlorotic state.

FIG 5 Resuscitation from 2-weeks-nitrogen-starved Synechocystis sp. wild-type and ΔcphA cultures in BG-11

liquid medium and on agar under continuous light. (A and B) Absorbance of phycobiliproteins at 630 nm

(A) and absorbance of chlorophyll a/b at 680 nm (B) during regreening. Values shown are the means of

three biological replicates. (C) Cultures of resuscitating wild type (WT) and the ΔcphAmutant; 0 h, induction

of resuscitation. (D) Growth curve (OD750) of wild-type and the ΔcphA mutant cultures during resuscitation.

Values shown are the means of three biological replicates. (E) Drop plate method of resuscitating wild-type

and ΔcphA mutant cells on BG-11 agar plates containing 17.3 mM nitrate (standard concentration in BG-11

medium). Cultures were adjusted to an OD750 of 1.0, diluted in a 10-fold dilution series, and cultivated under

continuous light. Photos were taken starting after 2 days of cultivation. Assays were performed using three

biological replicates per strain. d, days.
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To determine whether the growth advantage under fluctuating nitrogen concen-

trations of wild-type cells over the ΔcphA mutant could also be observed in liquid

culture, we provided nitrogen-starved liquid cultures of Synechocystis sp. wild-type and

the ΔcphAmutant with 10 mM nitrate for 4 h, followed by 20 h with no nitrogen source;

this cycle was repeated for 4 days (Fig. 7). After 2 days, both strains began to regreen,

but the wild type regreened faster than the ΔcphA mutant (Fig. 7A and B). After 4 days,

the growth advantage of the wild type was clearly visible, since the optical density of

FIG 6 Synechocystis sp. wild-type and ΔcphAmutant cells starved of nitrogen for 9 days and resuscitated under continuous light on BG-11 agar plates supplying

fluctuating or limiting nitrogen levels. Chlorotic cultures were adjusted to an OD750 of 1.0 and diluted in series. To enable fluctuating nitrogen supplementation,

each cell suspension was dropped onto a transfer membrane, which was periodically moved to another plate containing a different nitrogen concentration.

Photos were taken starting after 2 days of cultivation. Assays were performed using three biological replicates per strain. (A) Cells were exposed to 17.3 mM

nitrate for 6 h per day and to no nitrogen for 18 h. (B) Cells were continuously exposed to a low concentration of nitrate (1.73 mM); to avoid nitrogen starvation,

the transfer membrane was moved daily to a fresh plate containing 1.73 mM nitrate. (C) Both nitrogen limitation and fluctuating nitrogen availability were

combined by exposing the cells to 1.73 mM nitrate for 4 h per day.

FIG 7 Synechocystis sp. wild-type and ΔcphA mutant cells starved of nitrogen for 9 days and resuscitated under continuous light in liquid medium supplying

fluctuating nitrogen concentrations. Values are the means of three biological replicates. Chlorotic cultures were adjusted to an OD750 of 0.5. Resuscitation was

induced by adding 10 mM nitrate. After 4 h of nitrogen availability, the cells were washed and resuspended in nitrogen-free BG-11 medium. This routine was

repeated over 4 days. The progress of regreening was documented by measuring the absorbance of phycobiliproteins at 630 nm (A) and chlorophyll a/b at

680 nm (B). (C) Growth curve of the two strains.
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the wild-type culture increased 3-fold, whereas that of the ΔcphA mutant increased

only 2-fold (Fig. 7C).

Cyanophycin accumulated in the night can trigger resuscitation during the

day. Photosynthetic organisms in nature have to deal with day-night changes and a

fluctuating and limiting nutrient supplementation. We hypothesized that cyanophycin

that accumulates in nondiazotrophic cyanobacteria in the night could be used as an

intracellular nitrogen source during the day. To test this hypothesis, we combined

nitrogen limitation and fluctuating nitrogen supplementation with day/night periods.

Nitrogen-starved liquid cultures of Synechocystis sp. wild-type and the ΔcphA mu-

tant were exposed to 5 mM nitrate for 20 h without light. After this dark period, the cells

were washed and resuspended into fresh medium containing a small amount of nitrate

(0.5 mM) and exposed to light. After the 20-h dark period, the wild type accumulated

cyanophycin to 3.7% � 0.6% of the cell dry mass, but the pigmentation of the wild type

and ΔcphA mutant was still at its initial low level (Fig. 8A and B). Shortly after light

exposure in low-nitrate medium, the wild type started to synthesize pigments, but the

FIG 8 Synechocystis sp. wild-type and ΔcphAmutant strains starved of nitrogen for 1 week and resuscitated in liquid medium and on agar plates with fluctuating

nitrogen supply and day/night cycles. Starved cultures of wild-type and the ΔcphA mutant were adjusted to an OD750 of 0.5, and resuscitation was initiated

by adding 5 mM nitrate in the absence of light. After 20 h of nitrogen availability in the dark, the cells were washed and resuspended in BG-11 medium

containing residual amounts of nitrate (0.5 mM) and placed in the light. The progress of regreening was documented by measuring the absorbance of

phycobiliproteins at 630 nm (A) and chlorophyll a/b at 680 nm (B). (C) Growth curve of the two strains. Gray areas in panels A to C indicate the night phase

with nitrogen availability; white areas indicate the day phase with nitrogen limitation. Values are the means of three biological replicates. (D) Three liquid

cultures of resuscitating Synechocystis sp. wild-type and the ΔcphA mutant. (E) Modified drop plate method of Synechocystis sp. strains starved of nitrogen for

1 week, with three biological replicates per strain. Starved cultures were adjusted to an OD750 of 1.0 and diluted 10-fold in series, and the dilutions were dropped

onto a transfer membrane. The cells on the membrane were exposed to a small amount of nitrogen (1.73 mM) once per day for 8 h in the absence of light.
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ΔcphA mutant was not able to regreen (Fig. 8A, B, and D). Forty-seven hours after the

first addition of nitrate, wild-type cultures appeared green and cultures began to grow

(Fig. 8C and D), whereas the ΔcphA mutant was still chlorotic. We further analyzed the

growth behavior with a modified version of the drop plate method, in which Synechocystis

sp. wild-type and ΔcphAmutant cells starved of nitrogen for 1 week were grown on plates

with fluctuating nitrogen supply and with day/night cycles (16-h day/8-h night). A small

amount of nitrate (1.7 mM) was provided only during the night. Under these conditions, the

overall growth of both strains was very low. Nevertheless, the wild type showed a clear

growth advantage over the ΔcphA mutant; growth of the wild type and mutant was

detected after 8 and 12 days of cultivation, respectively (Fig. 8E).

DISCUSSION

CphA localization switch indicates active and inactive forms. Our results re-

vealed different localizations of the inactive and active forms of CphA in cells of

Synechocystis species. Under conditions in which no cyanophycin synthesis occurs, such

as during exponential growth or nitrogen starvation, CphA is inactive and mainly

located in the cytoplasm. Immediately after the induction of cyanophycin synthesis,

CphA aggregated in foci that were randomly distributed in the cell. Formation of the

CphA foci may be a consequence the priming of the CphA enzyme. The primers could

induce self-aggregation.

CphA in its primed state is ready to elongate the cyanophycin primer. During this

elongation process, the CphA foci increase in size and become visible as cyanophycin

granules. As cyanophycin accumulates, the numbers of foci and granules per cell

continuously decrease, possibly as initial granules fuse to form larger aggregates. This

behavior would also explain the amorphous structure of the large granules that we

observed when the cellular cyanophycin content was high and which we also observed

previously in electron micrographs of a cyanobacterial cyanophycin-overproducer

strain (17). The observed ring-like appearance of the fluorescence signal around large

cyanophycin granules in our study suggests that during cyanophycin accumulation,

CphA-eGFP covers the surface of the granule.

Previous studies have shown that CphA activity in vitro requires cyanophycin

primers, arginine, aspartate, MgCl2, ATP, and a sulfhydryl reagent (21). Our results

indicate that Mg2� is strictly required for the association of CphA to the cyanophycin

granules. The primary structure of CphA is composed of two regions (23), both of which

show sequence similarities to ATP-dependent ligases of two superfamilies. Sequence

alignments of the D-alanine–D-alanine ligase DdIB with cyanobacterial CphA show that

key residues involved in binding of the ATP-Mg2� complex are conserved in CphA (22).

Accordingly, Mg2� may stabilize the active conformation of CphA which is able to bind

the C terminus of the cyanophycin substrate. In the absence of Mg2�, CphA cannot

maintain its enzymatic activity, which could lead to dissociation of the substrate and

consequently to release from the granule surface.

Cyanophycin accumulation is triggered in the presence of combined nitrogen

sources by several growth-limiting conditions that lead to growth arrest, and cyano-

phycin degradation can be triggered by restoring the growth of the arrested cells.

During cyanophycin degradation, the localization of CphA-eGFP changed from the

surface of the cyanophycin granule to the cytoplasm. This suggests that as cyanophycin

degrades, CphA dissociates from the granule surface and distributes in an inactive form

throughout the cytoplasm, where it remains silent until cyanophycin synthesis is

triggered again by growth-arresting conditions. A model of the cyanophycin accumu-

lation and degradation cycle during nitrogen-induced chlorosis and resuscitation is

depicted in Fig. 9.

Our previous transcriptome study of nitrogen-depleted Synechocystis sp. cells has

shown that the transcript levels of cphA in cells starved for nitrogen and of exponen-

tially growing cells are very similar (1.2-fold upregulated during 14 days nitrogen

starvation compared to nitrogen-supplemented cells). However, during resuscitation

from nitrogen starvation, the cphA transcript level 24 h after the addition of nitrogen
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is approximately 1.7-fold higher than in exponentially growing cells (7). In agreement,

quantitative proteomics revealed that the level of CphA after 21 days of nitrogen

starvation is slightly reduced compared to nitrate-supplemented cells and goes back to

initial values during recovery (11).

The synthesis of cyanophycin is probably tuned by the cellular level of arginine,

which increases under growth-limiting conditions because of lowered protein biosyn-

thesis. High concentrations of arginine surpass the Km of CphA for arginine and could

therefore trigger the biosynthesis of cyanophycin (29). Whether CphA is subjected to

additional activity control remains to be elucidated.

Cyanophycin-deficient mutant has a growth advantage under laboratory con-

ditions. The ability to synthesize cyanophycin is widespread among cyanobacteria and

other eubacteria. With a C/N ratio of 2:1, cyanophycin is perfectly suited as a nitrogen

storage compound. However, the physiological significance of cyanophycin for nondi-

azotrophic cyanobacteria remained largely unknown. Here, we showed that in the

nondiazotrophic unicellular cyanobacterium Synechocystis sp., the deletion of cphA,

which causes the inability to produce cyanophycin, has no impact on the nitrogen

starvation response. The wild type and the ΔcphA mutant responded to nitrogen

starvation similarly, namely, with chlorosis. However, the ΔcphA mutant reproducibly

retained slightly higher residual pigment content in the chlorotic state. Merritt et al. (36)

reported in nitrogen-limited cells of Synechocystis sp. the presence of a cyanophycin-

like polymer that contains glutamic acid instead of arginine (36). Such a compound

could be synthesized by a side-reaction of CphA and could affect the degradation of

pigments in a so-far-unknown manner.

Several earlier studies have reported the transient accumulation of cyanophycin in

cyanobacteria during resuscitation from nitrogen starvation (7, 13). Allen et al. (1980)

reported an immediate synthesis of cyanophycin with a peak of 5 to 6% of the cell dry

FIG 9 Hypothetical cycle of cyanophycin accumulation and degradation during resuscitation from

nitrogen starvation. t0, when cyanophycin does not accumulate, such as during nitrogen starvation,

CphA (green dots) is distributed in the cytoplasm; t1, 2 to 6 h after the addition of nitrogen, CphA

aggregates in foci; t2, 6 to 15 h after the addition of nitrogen, the first cyanophycin granules (red) appear,

with CphA localized on the surface of the growing granules; t3, 15 to 18 h after nitrogen addition,

adjacent granules merge when they collide, building amorphous granules with CphA on their surface; t4,

21 h after nitrogen addition, when cyanophycin begins to degrade, CphA begins to dissociate from the

granule surface; t5, 21 to 27 h after nitrogen addition, the granules become smaller, and CphA is

distributed in the cytoplasm; t6, after the cell completes resuscitation after more than 48 h, it starts to

divide, with CphA mainly distributed in the cytoplasm. Veg, vegetative.
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weight 8 to 12 h after the addition of NaNO3 to nitrogen-starved Synechocystis sp. PCC

6308 cultures (13). Here, we show that under standard laboratory conditions with

continuous light and nitrogen excess, the ΔcphA mutant showed a clear growth

advantage over the wild type both in liquid medium and on agar plates. The synthesis

of cyanophycin costs 1.3 � 0.1 mol ATP per mol incorporated amino acid in vitro (37).

Without using the benefit of cyanophycin as a storage compound, the synthesis of

cyanophycin is only a burden to the cells, and consequently, the cyanophycin-deficient

ΔcphA mutant has an advantage over the wild type. This is the case under artificial

laboratory cultivation conditions, which provide an excess of nitrogen and light.

Cyanophycin is beneficial under natural conditions. In nature, microorganisms

have to deal with a fluctuating and limiting nitrogen availability (3). We hypothesized

that cyanophycin accumulation is a strategy to overcome temporal limitations in

nitrogen availability. Growth and resuscitation experiments of Synechocystis sp. wild-

type and the ΔcphA mutant confirmed this hypothesis. The ability to store nitrogen in

the form of cyanophycin was beneficial during resuscitation under a fluctuating or

limiting nitrogen supplementation, and the cells have a growth advantage over the

cyanophycin-deficient mutant. When nitrogen fluctuation and limitation are combined,

the cyanophycin-deficient mutant was not able to fully recover from chlorosis.

To further mimic natural conditions, we tested day/night cycles in addition to a

fluctuating and/or limiting nitrogen supply. In the unicellular diazotrophic cyanobac-

terium Cyanothece sp. ATCC 51142 and the filamentous cyanobacterium Trichodesmium

sp., cyanophycin acts as temporary nitrogen storage to enable the coexistence of

nitrogen fixation and photosynthesis in the same cell (19, 20). These cyanobacteria fix

nitrogen in the night and store the fixed nitrogen in the form of cyanophycin. During

the day, when cells carry out photosynthesis, cyanophycin is degraded to mobilize the

fixed nitrogen. Based on this behavior in diazotrophic cyanobacteria, we hypothesized

that cyanophycin is involved in nitrogen storage also in nondiazotrophic cyanobacteria

at night. Indeed, when we combined fluctuating nitrogen supplementation and day/

night cycles, the resuscitation of Synechocystis sp. wild-type cells proceeded as fast as

in continuous light, with growth restoration after 48 h. In contrast, the cyanophycin-

deficient mutant was not able to resuscitate in this time period.

The first phase of resuscitation from nitrogen chlorosis occurs in a light-independent

mode, where the cells catabolize glycogen using the parallel operating Entner-

Doudoroff and oxidative pentose phosphate pathways (10). Only when the photosyn-

thetic apparatus is reinstalled after approximately 12 to 16 h does metabolism switch

back from the heterotrophic mode to a mixotrophic mode and finally to the fully

autotrophic mode. Our data suggest that most of the nitrogen that is required for

regreening can be assimilated in the initial heterotrophic phase and stored as cyano-

phycin. The stored cyanophycin makes internal nitrogen available to the cells during

the second phase of resuscitation, which can then proceed, even if the ambient

nitrogen supply is again low.

Nitrate assimilation by cyanobacteria is tightly regulated at both the transcriptional

and posttranslational levels (38, 39). Nitrate uptake is mediated by the bispecific

nitrate/nitrite transporter encoded by the nrtABCD genes. This operon is only expressed

in the absence of ammonium, and the nitrate/nitrite transporter is rapidly and revers-

ibly inhibited by the addition of ammonia (38–40). The PII signal transduction protein

appears to be involved in this process, since a PII-deficient mutant shows no

ammonium-responsive inhibition of nitrate and nitrite uptake (41). In vegetative grow-

ing cells, in addition to the requirement for ammonium absence, the operation of the

nitrate/nitrite transporter also requires CO2 fixation, because the inhibition of photo-

synthetic CO2 fixation results in the simultaneous inhibition of nitrate uptake (42).

Newly assimilated nitrogen is incorporated in the central metabolism via the glutamine

synthetase (GS) and glutamate synthase (GOGAT) cycle. GS activity is tightly regulated

by light/dark transitions; induction of the inhibitory factor 7 (IF7) and IF17 in the dark

causes GS to switch off (43–45). This leads to the inhibition of nitrogen assimilation in
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the dark, both at the level of nitrate transport and by inhibition of the ammonium-

assimilating GS. Our results showed that cyanophycin accumulates upon nitrate addi-

tion to chlorotic cells in the dark, which requires active nitrate assimilation. This

contradicts the dark switch-off nitrate assimilation in vegetative cells. It is possible that

the PII signaling protein is directly involved in this behavior. Nonphosphorylated PII
mediates a light-dependent inhibition of nitrate utilization (41, 46). However, during

nitrogen starvation, PII is highly phosphorylated and remains in the highly phosphor-

ylated state during the first period of resuscitation (11, 47). In this state, PII is probably

unable to inhibit nitrate uptake. In agreement, Reyes et al. (48) have shown that the

inactivation of GS in the dark is attenuated under nitrogen depletion, which allows the

cells to utilize nitrogen in the dark after a nitrogen starvation period (48). The GS

inhibitory factors IF7 and IF17 are regulated by the global nitrogen control transcrip-

tional factor NtcA, which is in turn controlled by 2-oxoglutarate levels and the PII-PipX

network (49–51). Apparently, during nitrogen starvation, where NtcA is activated by

elevated levels of 2-oxoglutarate and by binding PipX, the nocturnal derepression of

the gifA and gifB genes appears to be abrogated (52, 53).

The occurrence of cyanophycin in cyanobacteria has been known for more than 100

years. However, fundamental questions on its biological function or the benefit of

cyanophycin accumulation remained largely uninvestigated. Altogether, our study

sheds new light on the process of cyanophycin accumulation and reveals new insights

into the biological function of cyanophycin in nondiazotrophic cyanobacteria. Interest-

ingly, artificial laboratory conditions do not provide any fitness advantage for

cyanophycin-producing cells, and in a fluctuating environment, CphA becomes bene-

ficial. As the cphA gene is constitutively expressed in Synechocystis sp., the cells are

programmed to overcome fluctuating nitrogen supply and transient periods of starva-

tion in a constantly changing environment.

MATERIALS AND METHODS

Cultivation conditions. Standard procedures for cloning in Escherichia coli NEB 10-beta (NEB) and E.

coli XL1-Blue (Stratagene) were followed. Strains were grown in LB medium at 37°C with constant shaking

at 300 rpm.

Synechocystis sp. strains were cultivated photoautotrophically in BG-11 medium supplemented with 5

mM NaHCO3 (54) at 27°C with constant shaking at 120 rpm and illumination at 40 to 50 microeinsteins.

Growth wasmonitored bymeasuring the optical density at 750 nm. BG-11 agar plates contained 1.5% (wt/vol)

Bacto agar (Difco), 0.3% (wt/vol) sodium thiosulfate pentahydrate, and 10 mM N-tris(hydroxymethyl)methyl-

2-aminoethanesulfonic acid (TES)-NaOH (pH 8) (Roth). Antibiotics were added to the medium when required.

For the induction of starvation conditions, cells of exponentially growing cultures (OD750, 0.4 to 0.6)

were harvested, washed, and resuspended in BG-11 medium lacking a specific nutrient. For nitrogen

starvation, the cells were resuspended in BG-11 medium without a nitrogen source. For resuscitation

from nitrogen starvation, chlorotic cultures were adjusted to an OD750 of 0.5, harvested, and resuspended

in BG-11 containing a nitrogen source. To introduce potassium starvation, cells were harvested, washed,

and resuspended in BG-11 medium containing Na2HPO4 in an amount equimolar to that of the K2HPO4

it replaced. Regeneration from potassium starvation was induced by harvesting, washing, and resus-

pending cells in BG-11 medium containing a potassium source.

For the drop plate method, Synechocystis sp. cultures were adjusted to an OD750 of 1. The cultures

were diluted 10-fold in series in BG-11 medium lacking nitrogen. Drops (5 �l) of five dilutions (100 to

10�4) were placed on BG-11 agar plates containing specific nitrate concentrations. When cells were to

be shifted to different solid media, the drops were placed on mixed-cellulose ester transfer membranes

(pore size, 0.45 �m; HATF; Merck Millipore). The transfer membranes were placed on different BG-11 agar

plates at the intervals specified in the figure legends. To minimize carryover of the residual nitrate from

the initial plate, the transfer membranes were placed on nitrogen-free BG-11 plates for 10 min. The plates

were incubated at 27°C with illumination at 40 to 50 microeinsteins.

Construction of a �cphA mutant and a cphA-egfp fusion. PCR fragments were generated using

high-fidelity Q5 polymerase (NEB) and oligonucleotides with overlapping regions. Genomic Synechocystis

sp. DNA or plasmids served as the templates. The primers, plasmids, and strains used in this study are

listed in Tables 1, 2, and 3, respectively.

To generate a ΔcphA mutant, 500-bp upstream and downstream genomic regions of slr2002 (cphA)

were amplified using the oligonucleotides up_for/up_rev and down_for/down_rev. The kanamycin

resistance gene (816 bp) was amplified from pVZ322 (34) using primers kan_for and kan_rev. Upstream

and downstream fragments and the kanamycin resistance cassette were fused and incorporated into the

linear pJET1.2/blunt cloning vector (Thermo Scientific) by isothermal single-reaction DNA assembly,

according to Gibson et al. (55). The resulting construct (pJET ΔcphA) was introduced into competent E.

coli NEB 10-beta by transformation. The correct length (1,816 bp) of the insert was confirmed via colony
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PCR using the primers provided in the CloneJET PCR cloning kit (pJet_seq_for and pJet_seq_rev) (Thermo

Scientific). Synechocystis sp. was transformed with pJET ΔcphA via natural competence (56). Transfor-

mants were selected on BG-11 agar plates supplemented with 50 �g/ml kanamycin. Complete segre-

gation was confirmed via PCR using primers seg_for, kan_for, and down_rev (Fig. S6).

For the cphA-egfp fusion, cphA including its promoter region was amplified using primers cphA_for

and cphA_rev. Subsequently, the enhanced green fluorescent protein gene egfp derived from plasmid

pCESL19 (57) was amplified using oligonucleotides gfp_for and gfp_rev. The cphA and egfp amplicons

were fused and incorporated into XbaI-digested pVZ322 via DNA assembly according to Gibson et al.

(55). The resulting plasmid, pVZ322 cphA-egfp, was introduced into competent E. coli XL1-Blue (Strat-

agene) cells by transformation. The sequence integrity of the plasmid was verified by sequencing using

primers pVZ322_seq_for and pVZ322_seq_rev. Synechocystis sp. was transformed with pVZ322 cphA-egfp

by triparental mating (34), and transformants were selected on BG-11 agar plates supplemented with 50

�g/ml kanamycin and 5 �g/ml gentamicin.

Microscopy and staining. Cells were observed by fluorescence microscopy using a Leica DM5500B

microscope with a �100/1.3 oil objective. The GFP signal was detected with a BP470 40-nm excitation

filter and a BP525 50-nm emission filter. Cyanobacterial autofluorescence was detected with a filter cube

with excitation filter BP535/50 and suppression filter BP610/75. Images were acquired with a Leica

DFC360FX black-and-white camera. Captured black-and-white pictures were colored using the Leica

Application Suite Software (LAS AF) provided by Leica Microsystems. Bright-field images were exposed

for 5 ms, and fluorescence images were exposed for 100 ms. Images, including those for counting

fluorescent foci and measuring the diameter, were evaluated with the Leica Application Suite Software.

Cyanophycin granules were visualized using a staining method based on the arginine-selective

Sakaguchi reaction, according to Watzer et al. (17). Photographs were taken with a Leica DM2500

microscope using a �100/1.3 oil objective. Images were acquired with a Leica DFC420C color camera and

Leica Application Suite Software.

During all microscopy studies, microscope slides covered with a dried 2% (wt/vol) agarose solution

were used to immobilize the cells.

Protein extract preparation. Potassium-starved Synechocystis sp. cells were harvested by centrifu-

gation and resuspended in a buffer containing 50 mM Tris-HCl (pH 7.4), 4 mM EDTA, 1 mM DTT, and 0.5

mM benzamidine, or optionally in a buffer containing 50 mM Tris-HCl (pH 8.2), 20 mM MgCl2, 20 mM KCl,

and 1 mM DTT (21). Cells were lysed using FastPrep-24 (MP Biomedicals) with 0.1-mm glass beads at a

speed of 6.0 m/s for 20 s with five repeats and 5 min of resting after every repeat. Soluble and insoluble

fractions were separated by centrifugation at 25,000 � g for 25 min at 4°C. The protein concentration was

determined using the Bradford assay (58).

SDS-PAGE and immunoblotting. Proteins were separated by SDS-PAGE on a 12% polyacrylamide

gel according to Sambrook and Russell (59). Total protein (10 �g) was loaded on each lane. For

immunoblot detection of CphA-eGFP, proteins were blotted onto a methanol-activated polyvinylidene

difluoride (PVDF) membranes, as described previously (60). Membranes were blocked with 10% (wt/vol)

milk powder in TBS buffer (50 mM Tris-HCl [pH 7.4], 75 mM NaCl) overnight. Afterwards, the membranes

were transferred in 1% (wt/vol) milk powder in TBS buffer containing 1:2,500 diluted rabbit anti-GFP

antibody (chromatin immunoprecipitation [ChIP] grade ab290; Abcam) and incubated for 2 h at ambient

TABLE 1 Oligonucleotides used in this study

Primer Sequence (5=¡3=)

Up_for GATGGCTCGAGTTTTTCAGCAAGATCGCTGGTGGATATGGCGGTG

Up_rev TCCCGTTGAATATGGCTCATGATCTGTGTCAGTCAAGAAC

Down_for TGCTCGATGAGTTTTTCTAAAGGTTTTCTTCCCCCTTGCT

Down_rev ATTGTAGGAGATCTTCTAGAAAGATGGGAAATTGTTCCGTTAACT

Kanr_for GTTCTTGACTGACACAGATCATGAGCCATATTCAACGGGA

Kanr_rev AGCAAGGGGGAAGAAAACCTTTAGAAAAACTCATCGAGCA

pJet_seq_for CGACTCACTATAGGGAGAGCGGC

pJet_seq_rev AAGAACATCGATTTTCCATGGCAG

seg_for CCATTGAGTTAATTAAAGCCC

cphA_for GCTTTGCTTCCAGATGTATGCTCTTCTGCTCCTGCAGGTCGACGTGCCGGAAATTGTGGTGGATCAGC

cphA_rev GAATTGGGACAACTCCAGTGAAAAGTTCTTCTCCTTTACTCATACCAATGGGTTTACGGGCTTTAATTAAC

gfp_for GCTTTGCTTCCAGATGTATGCTCTTCTGCTCCTGCAGGTCGACGTGCCGGAAATTGTGGTGGATCAGC

gfp_rev GAATGTTCCGTTGCGCTGCCCGGATTACAGATCCTCTAGAGTCGACTTAACAATATTTTGAAAAATTGCCTACTG

pVZ322_seq_for GAGCGCTGCCGCACAGCTCCATAGGC

pVz322_seq_rev GCGCTGCGCAGGGCTTTATTGATTC

TABLE 2 Plasmids used in this study

Plasmid Description Reference or source

pJET1.2 Cloning vector Thermo Scientific

pVZ322 Broad-host-range vector 36

pJET ΔcphA cphA (ORF slr2002) knockout plasmid This study

pVZ322 cphA-egfp eGFP fused to the C terminus of cphA This study
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temperature. Unbound primary antibodies were removed by washing the membranes three times with

TBS buffer. Anti-rabbit IgG secondary antibody conjugated to horseradish peroxidase (anti-rabbit poly-

clonal goat antibody; Sigma-Aldrich) diluted 1:1,000 in 1% (wt/vol) milk powder in TBS buffer was applied

to the membranes and incubated for 30 min at ambient temperature. Afterwards, the membranes were

washed three times with TBS buffer to remove unbound secondary antibodies. Bands were visualized

using the Lumi-Light detection system (Roche Diagnostics). Luminograms were taken with the Gel Logic

1500 imaging system (Kodak) with the associated software.

Cyanophycin extraction and quantification. Cyanophycin was extracted according to Watzer et al.

(17) and quantified by determining the amount of arginine in the extracted sample using the modified

Sakaguchi reaction, according to Messineo (61). The determined amount of cyanophycin was normalized to

the cell dry mass. The cell dry mass was determined by centrifuging 10 ml of culture and washing and drying

the pellet for 4 h at 60°C in a rotational vacuum concentrator. The dried pellets were weighed on an analytical

balance.
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Abstract 12 

PII signal transduction proteins are widely spread among all domains of life where they 13 

regulate a multitude of carbon and nitrogen metabolism related processes. Non-diazotrophic 14 

cyanobacteria can utilize a high variety of organic and inorganic nitrogen sources. In recent 15 

years, several studies demonstrated an involvement of the cyanobacterial PII protein in 16 

regulation of ammonium, nitrate/nitrite and cyanate uptake. However, information regarding 17 

the involvement of the PII protein in nitrogen uptake are largely scattered in literature. In this 18 

study, we concretize the dependence of PII for nitrogen uptake regulation in the unicellular 19 

and non-diazotrophic cyanobacterium Synechocystis sp. PCC 6803. By using biochemical and 20 

physiological approaches we could demonstrate that PII regulates ammonium uptake by 21 

interacting with the Amt1 ammonium permease; similar to the regulation of the PII 22 

homologue Glnk and the ammonium permease AmtB described for E. coli. We could further 23 

clarify that PII mediates the light and ammonium depending inhibition of nitrate uptake by 24 

interacting with the NrtC and NrtD subunit of the nitrate/nitrite transporter NrtABCD. Both 25 

interactions, with the Amt1 permease and the NrtC/D subunits, require the large surface 26 

exposed T-loop structure of PII. In course of this study we further identified the ABC-type 27 

urea transporter UrtABCDE as novel PII target. We could demonstrate the involvement of PII 28 

in regulation of the urea uptake by interacting with the UrtE subunit in a T-loop independent 29 

manner. The deregulation of urea uptake in a PII deletion mutant causes an ammonium 30 

excretion when urea is provided as nitrogen source. Furthermore, we found evidences for a 31 

regulation of the urea hydrolyzing urease by PII. Overall, this study underlines the great 32 

importance of the PII signal transduction protein in the regulation of nitrogen utilization in 33 

cyanobacteria.  34 
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1 Introduction 35 

Around 2.3 billion years ago, the biologically induced accumulation of oxygen in earth’s 36 

atmosphere represents one of the most important turning points in the development of life and 37 

enabled the evolution of our present flora and fauna. This change in the redox-state of earth’s 38 

atmosphere were triggered by the emergence of the oxygenic photosynthesis by ancestors of 39 

present cyanobacteria (Soo et al., 2017). Down to the present day, cyanobacteria occupy a 40 

high variety of illuminated habitats, were they represent one of the quantitatively most 41 

abundant organisms (Whitton, 2012). As primary producer, cyanobacteria are essential 42 

contributors to the global carbon cycle. A part of the cyanobacterial strains acquired the 43 

ability to fix atmospheric nitrogen. These diazotrophic cyanobacteria are the dominant N2-44 

fixers in the oceans, making them key players in the global nitrogen turnover (Herrero and 45 

Flores, 2008). Nitrogen represents a necessary macronutrient for all living organisms and 46 

therefore constitutes an important growth limiting factor in most ecosystems (Vitousek and 47 

Howarth, 1991). The regulation of the nitrogen metabolism in cyanobacteria mainly depends 48 

on the fine-tuned network of the signal transduction protein PII, the global nitrogen 49 

transcription factor NtcA and the NtcA co-activator PipX (Vegapalas et al., 1992; Espinosa et 50 

al., 2006; Espinosa et al., 2007; Forchhammer, 2008; Espinosa et al., 2014).  51 

PII signal-transduction proteins are widely spread in all three domains of live, where they 52 

represent one of the largest and most ancient families of signaling proteins in nature 53 

(Chellamuthu et al., 2013; Forchhammer and Luddecke, 2016). PII proteins are involved in the 54 

regulation of various nitrogen and carbon metabolism associated processes (Forchhammer, 55 

2004; 2008). Canonical PII proteins are homo-trimeric with three characteristic loop regions, 56 

designated as B-, C- and T-loops. The B- and T-loops of one subunit form a binding pocket 57 

for adenylnucleotides in the inter-subunit cleft together with the C-loop of the neighboring 58 

subunit (Cheah et al., 1994; Xu et al., 2003; Forchhammer, 2004; Llacer et al., 2007; 59 

Forchhammer, 2008; Fokina et al., 2010a; Zhao et al., 2010; Zeth et al., 2014). Canonical PII 60 

proteins can sense the energy status of the cell by the competitive binding of ADP or ATP 61 

(Zeth et al., 2014). Binding of ATP and synergistic binding of 2-oxoglutarate (2-OG) allows 62 

PII to sense the current carbon/ nitrogen status of the cell (Fokina et al., 2010a). 2-OG is an 63 

intermediate of the TCA-cycle that provides the carbon skeleton for inorganic nitrogen 64 

incorporation by the GS/GOGAT cycle. Due to this, 2-OG represents the link between the 65 

carbon and nitrogen metabolism and therefore acts as an indicator for the intracellular 66 

carbon/nitrogen balance (Muro-Pastor et al., 2001; Fokina et al., 2010a). Besides effector 67 

molecule binding, post translational modifications of PII represent a second level of 68 

regulation. Depending on the nitrogen availability, the cyanobacterial PII can be 69 

phosphorylated at the apex of the T-loop at position Ser49 (Forchhammer and Tandeau de 70 

Marsac, 1995; Forchhammer and Hedler, 1997). In cells grown in presence of ammonium, PII 71 

is completely non-phosphorylated. In nitrate growing cells, an intermediate level of 72 

phosphorylation can be observed, while the highest phosphorylation level occurs under 73 

nitrogen starvation (Forchhammer and Demarsac, 1995). In other prokaryotes, like E.coli, PII 74 

is modified by uridylylation in dependence of nitrogen availability instead of phosphorylation 75 

(Jiang et al., 1998). Binding of ATP, ADP and 2-OG as well as post translational 76 

modifications lead to conformational rearrangements of the surface-exposed T-loop. 77 

Depending on the conformational state, PII can interact with a variety of interaction partners 78 

and thereby regulate the cellular C/N balance (Radchenko and Merrick, 2011; Forchhammer 79 

and Luddecke, 2016). In cyanobacteria, PII regulates the global nitrogen control 80 

transcriptional factor NtcA through binding of the NtcA co-activator PipX (Espinosa et al., 81 
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2007). In common with other bacteria, the cyanobacterial PII protein can control the acetyl-82 

CoA levels by interacting with the biotin carboxyl carrier protein (BCCP) of acetyl-CoA 83 

carboxylase (ACC) (Hauf et al., 2016). Furthermore, PII regulates the arginine biosynthesis by 84 

interacting with the enzyme N-acetylglutamate kinase (NAGK), which catalyzes the key rate-85 

limiting step in the arginine biosynthesis (Caldovic and Tuchman, 2003; Heinrich et al., 2004; 86 

Llacer et al., 2007; Watzer et al., 2015). If sufficient energy and nitrogen is available, 87 

indicated by a high intracellular ATP and low 2-OG level, non-phosporylated PII can interact 88 

with NAGK (Heinrich et al., 2004). This complex formation enhances the catalytic efficiency 89 

of NAGK and relieves the feedback inhibitory effect of arginine to its reaction (Heinrich et 90 

al., 2004; Maheswaran et al., 2004; Llacer et al., 2007). The accumulation of the 91 

carbon/nitrogen storage polymer cyanophycin (multi-l-arginyl-poly-l-aspartate) is mainly 92 

depending on the availability of arginine. Therefore, PII regulates directly the arginine 93 

biosynthesis and indirectly the cyanophycin synthesis via NAGK regulation (Maheswaran et 94 

al., 2006; Watzer et al., 2015). In PII mutagenesis experiments, a PII variant was identified 95 

with a single amino acid substitution, Ile86 to Asn86, hereafter referred as PII(I86N), that 96 

binds NAGK constitutively in vitro (Fokina et al., 2010b). By replacing the wild-type PII with 97 

a I86N variant in Synechocystis sp. PCC 6803 (hereafter Synechocystis sp.), it was previously 98 

possible to generate a strain which strongly overproduces arginine and cyanophycin (Watzer 99 

et al., 2015). Since cyanophycin is of high commercial interest, process optimization was 100 

performed to further increase the total cyanophycin yield of the PII(I86N) strain. In 101 

experiments to define the best nitrogen source, it surprisingly turned out that strain PII(I86N) 102 

is impaired in ammonium utilization (Watzer et al., 2015).  103 

Non-diazotrophic cyanobacteria can utilize a high variety of organic and inorganic nitrogen 104 

sources, including ammonium, nitrate, nitrite, urea and several amino acids (Labarre et al., 105 

1987; Flores and Herrero, 1994; Whitton, 2012; Esteves-Ferreira et al., 2018). These nitrogen 106 

sources are utilized in a hierarchical order, in which ammonia is the preferred nitrogen 107 

sources. As a consequence, when ammonia is provided together with other suitable nitrogen 108 

sources, ammonia will be utilized primarily (Muro-Pastor et al., 2005). At high pH, a major 109 

fraction of ammonium is present in form of ammonia, which is able to diffuse passively 110 

through biological membranes at high concentrations (Kleiner, 1981). However, in most 111 

natural habitats, the ammonia availability is low, what leads to the necessity of high affinity 112 

ammonia permeases (Rees et al., 2006). In the unicellular and non-diazotrophic 113 

cyanobacterium Synechocystis sp., the Amt1 permeases are mainly responsible for ammonia 114 

uptake (Montesinos et al., 1998). The ammonium transporter family (Amt) is widely spread 115 

among all domains of life (Wirén and Merrick, 2004). In E.coli, the PII homologue GlnK 116 

regulates the ammonium permease AmtB by direct protein-protein interaction. In case of an 117 

ammonia excess, the intracellular 2-OG level decreases rapidly and the GlnK T-loop becomes 118 

de-uridylyated. In its ADP bond and non-deuridylyated state, GlnK blocks the ammonia 119 

influx by inserting the apex of the T-loop into the cytoplasmic exits of the AmtB pores to 120 

prevent uncontrolled influx of ammonia (Conroy et al., 2007). 121 

Nitrate and nitrite are the most abundant nitrogen sources for cyanobacteria in their natural 122 

habitat (Guerrero et al., 1981; Rees et al., 2006). For the assimilation of nitrate, an active 123 

nitrate transporter, a nitrate reductase (NR) and a nitrite reductase (NiR) are required (Ohashi 124 

et al., 2011). Two types of nitrate transporter were found among cyanobacteria, a high-affinity 125 

nitrate/nitrite permease NrtP and the ABC type transporter NrtABCD (Omata et al., 1993a; 126 

Luque et al., 1994; Sakamoto et al., 1999; Ohashi et al., 2011). NrtABCD is a bispecific 127 

nitrate and nitrite transporter showing high affinity for both substrates (Maeda and Omata, 128 
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1997). Intracellular nitrate is first reduced to nitrite by NR and subsequently reduced to 129 

ammonium by NiR. The reduction of nitrate requires two electrons whereas six electrons are 130 

required for the reduction of nitrite. Afterwards, ammonium is directly assimilated in the 131 

GS/GOGAT cycle (Flores and Herrero, 1994). Both, NR and NiR, use photosytem I reduced 132 

ferredoxin as an electron donor, indicating a coupling of photosynthesis and nitrate 133 

assimilation (Manzano et al., 1976; Flores and Herrero, 1994). Since ammonium is the 134 

preferred nitrogen source, the addition of ammonia to nitrate adapted cells result in an 135 

immediate inhibition of nitrate uptake and a repression of proteins involved in nitrate 136 

assimilation (NR and NiR). The ammonium induced inhibition of NrtABCD is regulated by 137 

the PII protein and the C-terminal domain of NrtC (Kobayashi et al., 1997; Lee et al., 1998). 138 

The ammonium depended regulation of NrtABCD by PII occurs independently of its 139 

phosphorylation since phosphorylation mimicing mutants of PII showed ammonium promoted 140 

inhibition of nitrate uptake like the wild-type (Lee et al., 2000). Furthermore, ammonium 141 

induced inhibition of nitrate utilization was not effected in a PII phosphatase deletion mutant 142 

(PphA), which exhibits a continuous high phosphorylated PII. In contrast, a PII deletion mutant 143 

shows an impaired regulation in nitrate uptake (Kloft and Forchhammer, 2005). Both PII 144 

signaling deficient mutants, the PII deletion mutant and the PphA deletion mutant, excrete 145 

nitrite in the medium under conditions of limited photosytem I reduced ferredoxin (low light). 146 

The excretion of nitrite is due to an excess of reduction of nitrate along with an impaired 147 

reduction of nitrite (Forchhammer and Demarsac, 1995; Kloft and Forchhammer, 2005). This 148 

effect can be restored by increasing the level of photosytem I reduced ferredoxin (high light). 149 

This behavior indicates that non-phosphorylated PII regulates the utilization of nitrate in 150 

response to light intensity and the coupled redox-state of the cell (Kloft and Forchhammer, 151 

2005). 152 

The ability to utilize urea as nitrogen source is wildly distributed among bacteria, fungi and 153 

algae (Baker et al., 2009; Solomon et al., 2010; Esteves-Ferreira et al., 2018). Urea is usually 154 

present at ambient concentrations below 1 µM in aquatic ecosystems (Mitamura and Saijo, 155 

1980; Antia et al., 1991). Generally, the urea concentrations in aquatic ecosystems are lower 156 

than those of nitrate or ammonium; however, urea concentrations may occasionally exceed 157 

the concentrations of these inorganic nitrogen forms (Solomon et al., 2010). In common with 158 

other bacteria, the cyanobacteria Synechocystis sp. and Anabaena sp. PCC 7120 process a 159 

high affinity urea ABC-type transporter, which is capable of urea import at concentrations 160 

lower than 1 µM (Valladares et al., 2002). The gene cluster urtABCDE, encoding all subunits 161 

of this ABC-type urea transporter, are transcriptional controlled by the global transcription 162 

factor NtcA (Valladares et al., 2002). 163 

The impaired ammonium utilization of Synechocystis sp. which harbors the PII(I86N) variant, 164 

implied a relation between PII signaling and ammonium uptake in cyanobacteria. This 165 

observation goes in line with several other studies which document a connection between PII 166 

signaling and utilization of different suitable nitrogen sources. To analyze a possible 167 

regulation of the cyanobacterial Amt1 permease by PII, we found further evidence for an 168 

involvement of PII in the regulation of the nitrate/ nitrite transporter NrtABCD and the urea 169 

transporter UrtABCDE in Synechocystis sp.  170 
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2 Materials and Methods 171 

2.1 Cultivation conditions 172 

Standard procedures for cloning were performed in Escherichia coli NEB 10-beta (NEB). 173 

Strains were grown in LB-medium at 37°C with constant shaking at 300 rpm. 174 

Synechocystis sp. strains were grown photoautotrophically in BG-11 medium supplemented 175 

with 5 mM NaHCO3 and nitrate, ammonia or urea as nitrogen source (Rippka et al., 1979). 176 

BG-11 agar plates were produced by adding 1.5 % (w/v) Bacto-agar (Difco), 0.3 % (w/v) 177 

sodium thiosulfate pentahydrate and 10 mM TES-NaOH pH 8 (Roth) to liquid BG-11 178 

Medium. Antibiotics were added when required. Cultivation of liquid cultures occurs in 50, 179 

100 or 500 ml Erlenmeyer flasks, at 28°C and with constant shaking of 120 rpm. Cultures 180 

were continuously illuminated with a photon flux rate of 40–50 µE. Growth rates were 181 

determined by measuring the optical density at 750 nm. 182 

For induction of nitrogen starvation conditions, exponentially growing cells (OD750 0.4–0.8) 183 

were harvested by centrifugation (3000 x g for 10 min at room temperature), washed and 184 

resuspended in BG-11 medium lacking a suitable nitrogen source.  185 

For drop-agar assays, Synechocystis sp. cultures were adjusted to an OD750 of 1. A dilution 186 

series to the power of 10 was made using BG-11 medium lacking nitrogen. 5 µl of every 187 

dilution step (10
0
–10

-4
) were dropped on BG-11 agar plates. Plates were cultivated at 28°C 188 

with constant illumination of 40–50 µE. 189 

 190 

2.2 Bacterial two-hybrid assay 191 

Plasmids were constructed by PCR amplification using high-fidelity Q5 polymerase (NEB) 192 

and oligonucleotides with overlapping regions. Genomic Synechocystis sp. DNA or plasmids 193 

served as the templates. PCR fragments were inserted in linearized bacterial two hybrid 194 

vectors pUT18 and pKT25 containing the either the T18 or T25 subunit of the adenylate 195 

cyclase CyaA (Karimova et al., 2001) by isothermal, single-reaction DNA assembly 196 

according to Gibson et al (Gibson et al., 2009). Since the multiple cloning site of pKT25 is 197 

located downstream of the T25 subunit, allowing only N-terminal localization of the tag, we 198 

constructed plasmid pKT25n to achieve a C-terminal fusion of the tag to the gene of interest. 199 

Therefore plasmid pKT25 was linearized using PCR and the gene of interest was fused 200 

upstream of the T25 subunit. Primers, plasmids, and strains used in this study are listed in 201 

Tables 4, 5, and 6, respectively. 202 

E.coli BTH101 cells were co-transformed with plasmid pUT18 and plasmid pKT25 or 203 

pKT25n (table 5). Plasmid pKT25 or pKT25n encodes a possible PII interaction partner fused 204 

N- or C-terminal to the T25 subunit. Plasmid pUT18 encodes a fusion of the PII-encoding 205 

glnB gene or a genetically modified glnB gene containing the I86N mutation [Ile (5′ATC) at 206 

codon postion 86 to Asn (5′AAC)] with the T18 subunit. The glnB gene and the modified 207 

glnB gene containing the I86N mutation were always fused N-terminal with the T18 subunit, 208 

since the C-terminus of PII is necessary for interactions. Co-transformants were plated on LB-209 

plates (supplemented with 100 µg ml
-1

 ampicillin and 50 µg ml
-1

 kanamycin) and cultivated 210 

for 2 days at 30°C. 211 
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To achieve a reasonable level of heterogeneity 5 clones from each plate were picked to 212 

inoculate 5 ml LB- medium (containing 100 µg ml
-1

 ampicillin and 50 µg ml
-1

 kanamycin). 213 

Cultures were cultivated overnight at 37°C. Overnight culture were diluted 1:100 in 3 ml 214 

fresh LB-medium (containing 100 µg ml
-1

 ampicillin and 50 µg ml
-1

 kanamycin) and grown to 215 

an OD600 of 0.7. 3µl of each culture were plated on X-Gal (containing 100 µg mL-1 216 

ampicillin, 50 µg mL-1 kanamycin, 1mM IPTG, 40µg mL-1 X-Gal) and MacConkey 217 

(containing 100 µg mL-1 ampicillin, 50 µg mL-1 kanamycin, 1mM IPTG, 1% maltose) 218 

reporter plates. Reporter plates were incubated for 3 days at 25°C. 219 

Table 1 Oligonucleotides used in this study 220 

Primer Sequence 

glnB_fw TGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTATGAAAAAAGTAGAAGCGATTATTC 

glnB_rev  CTCGCTGGCGGCTGAATTCGAGCTCGGTACCCGGGGATCAATAGCTTCGGTATCCTTTTC 

pipX_fw TTCACACAGGAAACAGCTATGAGTAACGAAATTTACCTTAAC 

pipX_rev  GATGCGATTGCTGCATGGTAAAAGTGTTTTTATGTAACTTTG 

pipX_pKT25n_fw  AAGTTACATAAAAACACTTTTACCATGCAGCAATCGCATCAG 

pipX_ 

pKT25n_rev 
TAAGGTAAATTTCGTTACTCATAGCTGTTTCCTGTGTGAAATTG 

amt1_pKT25_fw  CTGGCGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGATGTCTAATTCGATATTGTCTAAAC 

amt1_pKT25_rev   AAAACGACGGCCGAATTCTTAGTTACTTAGGTACCCGGGGATCTTATTCAGGGACAGTGG 

amt1_fw  AACAATTTCACACAGGAAACAGCTATGTCTAATTCGATATTGTCTAAAC 

amt1_rev  TGATGCGATTGCTGCATGGTTTCAGGGACAGTGGCACCG   

amt1_pKT25n_fw TCTCCGGTGCCACTGTCCCTGAAACCATGCAGCAATCGCATC 

amt1_pKT25n_ 

rev 
ACAATATCGAATTAGACATAGCTGTTTCCTGTGTGAAATTGTTATCCGC 

nrtC_pKT25_fw CGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCCCCTTCATTGAAATTGATCATGTTG 

nrtC_pKT25_rev  AGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTATTGATTAACTTGATCAATTTGGTCGATGAG 

nrtC_fw AATTTCACACAGGAAACAGCTATGCCCTTCATTGAAATTGATCATG 

nrtC_rev CTGATGCGATTGCTGCATGGTTTGATTAACTTGATCAATTTGG 

nrtC_pKT25n_fw AAATTGATCAAGTTAATCAAACCATGCAGCAATCGCATCAG 

nrtC_pKT25n_rev TCAATTTCAATGAAGGGCATAGCTGTTTCCTGTGTGAAATTG 

nrtD_pKT25_fw CGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCCAAACAATGAATGTCAATGACCCTATCC 

ntrD_pKT25_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTAAGACCCTTCCATGGATTCCACTGAGGGGGTAG 

nrtD_fw  AATTTCACACAGGAAACAGCTATGCAAACAATGAATGTCAATGACCCTATC 

nrtD_rev CTGATGCGATTGCTGCATGGTAGACCCTTCCATGGATTCCACTGAG 
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nrtD_pKT25n_fw TGGAATCCATGGAAGGGTCTACCATGCAGCAATCGCATCAG 

nrtD_pKT25n rev ATTGACATTCATTGTTTGCATAGCTGTTTCCTGTGTGAAATTG 

urtD_pKT25_fw CGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATCCCACCAGCAAAATCTTAGAAATTCAAG 

urtD_pKT25_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGCTAATCTCCATCCTCATCAAC 

urtD_fw ACACAGGAAACAGCTATGACCAGCAAAATCTTAGAAATTCAAGAC 

urtD_rev GATGCGATTGCTGCATGGTATCTCCATCCTCATCAACACTG 

urtD_pKT25n_ fw AGTGTTGATGAGGATGGAGATACCATGCAGCAATCGCATCAG 

urtD_pKT25n_rev TTCTAAGATTTTGCTGGTCATAGCTGTTTCCTGTGTGAAATTG 

urtE_fw  GCGCGCACGCGGCGGGCTGCAGGGTCGACTCTAGAGGATGCTATGTTATCCTTTCCCCCATTCTTG 

urtE_rev CCCAGTCACGACGTTGTAAAACGACGGCCGAATTCTTAGTTATACTGCCAAAAATTTTTGGATAAC 

urtE_fw ACAATTTCACACAGGAAACAGCTATGGCTATGTTATCCTTTCCC 

urtE_rev TGATGCGATTGCTGCATGGTTACTGCCAAAAATTTTTGGATAACC 

urtE_pKT25n_fw TATCCAAAAATTTTTGGCAGTAACCATGCAGCAATCGCATCAG 

urtE_pKT25n_rev GGGAAAGGATAACATAGCCATAGCTGTTTCCTGTGTGAAATTG 

 221 

Table 2 Plasmids used in this study 222 

Plasmid 
Tag  

localization 
Discription Refernce 

pPD-CFLAG 
 

Encoding the 3×FLAG tag 

(Chidgey 

et al., 

2014) 

pKT25 
 

Encoding T25 fragment of adenylate cyclase 

CyaA (amino acids 1–224) 

(Karimova 

et al., 

2001) 

pKT25n 
 

Derived from pKT25. Upstream of the T25 

fragment 
This study 

pUT18   
Encoding T18 fragment of adenylate cyclase 

CyaA (amino acids 225–399) 

(Karimova 

et al., 

2001) 

pUT18 glnB N-terminal Derived from pUT18. Encoding glnB This study 

pUT18 glnB  

(I86N) 
N-terminal 

Derived from pUT18. Encoding glnB 

containing the I86N mutation  
This study 

pKT25n pipX C-terminal 
Derived from pKT25. Sequence encoding 

pipX. Positive control 
This study 
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pKT25 pipX N-terminal 
Derived from pKT25. Sequence encoding 

pipX. Positive control 
This study 

pKT25n amt1 C-terminal 
Derived from pKT25. Sequence encoding 

amt1 
This study 

pKT25 amt1 N-terminal 
Derived from pKT25. Sequence encoding 

amt1 
This study 

pKT25n nrtC C-terminal Derived from pKT25. Sequence encoding nrtC This study 

pKT25 nrtC N-terminal Derived from pKT25. Sequence encoding nrtC This study 

pKT25n nrtD C-terminal Derived from pKT25. Sequence encoding nrtD This study 

pKT25 nrtD N-terminal Derived from pKT25. Sequence encoding nrtD This study 

pKT25n urtD C-terminal Derived from pKT25. Sequence encoding urtD This study 

pKT25 urtD N-terminal Derived from pKT25. Sequence encoding urtD This study 

pKT25n urtE C-terminal Derived from pKT25. Sequence encoding urtE This study 

pKT25 urtE N-terminal Derived from pKT25. Sequence encoding urtE This study 

 223 

Table 3 Strains used in this study 224 

Strains Discription Refernce 

E.coli NEB 10-beta Cloning strain NEB 

E.coli BTH101  Bacterial two-hybrid host strain Euromedex 

Synechocystis sp. PCC 6803 Wild type 

Pasteur 

Culture  

Collection 

Synechocystis sp. PII(I86N) Genomic PII(I86N) mutant  
(Watzer et al., 

2015) 

Synechocystis sp. ∆PII Chromosomal deletion of glnB 
(Hisbergues et 

al., 1999) 

Synechocystis sp. ∆PII + PII-

Venus 

Synechocystis sp. ∆PII transformed  

with pVZ322 encoding a PII-Venus 

fusion 

(Hauf et al., 

2016) 

 225 

2.3 Construction and cultivation of the Synechocystis sp. PII-3xFLAG tag strain 226 

The previously described pPD-CFLAG plasmid was used to construct a PII fusion protein 227 

with a C-terminal 3×FLAG tag and insert it together with a kanamycin resistance cassette in 228 

the Synechocystis sp. PCC 6803 wild-type genome by homologous recombination, replacing 229 

the psbAII gene (Chidgey et al., 2014). Transformants were selected and segregated by 230 

kanamycin resistance. For pull down experiments, 2 L batch cultures were inoculated to an 231 

optical density at 750 nm (OD750) of 0.2 in BG11 medium (Rippka et al., 1979) and 232 

propagated photoautotrophically under constant illumination with 60 µmol photons m
−2

 s
−1

 233 

and magnetic stirring at 120 rpm at 26 °C. Cultures were bubbled with ambient air, 234 

supplemented with 2% CO2 v/v. For growth on urea (5 mM) as exclusive nitrogen source, 235 

NaNO3 (17.7 mM) was substituted in BG11 medium. Cell harvesting was performed at an 236 

OD750 of 0.6 by mixing the cultures with ice in a 2:1 ratio for rapid metabolic inactivation and 237 

centrifugation at 7,477 × g for 10 min. Cell pellets were subsequently washed with nitrogen-238 

free BG11 at 4 °C and snap frozen in liquid nitrogen. For experimental controls, the wild-type 239 
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strain was similarly cultivated and subjected to pull down assays followed by MS analyses as 240 

described below. Two independent replicates were prepared per condition. 241 

 242 

2.4 Preparation of cell extracts and Anti-FLAG Pull down  243 

Frozen cell pellets were resuspended in 5 mL IP buffer, containing 25 mM MES/NaOH; pH 244 

6.5, 5 mM CaCl2, 10 mM MgCl2, and 20 % glycerol for washing and subsequently in 3 mL IP 245 

buffer, including protease inhibitors (c0mplete EDTA-free; Roche) for cell lysis. Therefore, 246 

an equal volume of glass beads was added and cells were broken using a FastPrep24 247 

Ribolyser (MP Biomdicals) with five 20 s cycles at 6.5 m s
−1

 and 4 °C. After centrifugation 248 

for 5 min at 3,314 × g and 4 °C, the supernatant was transferred and adjusted with IP buffer to 249 

a final volume of 6 mL. For membrane protein solubilization, 1.5% w/v 250 

dodecyl-β-D-maltoside (DDM; Carl Roth) was added and incubated under agitation for 1 h at 251 

4 °C, before insoluble cell debris was removed by centrifugation for 20 min at 20,000 × g and 252 

4 °C. Obtained supernatants from 2 L culture were subjected to the PII-FLAG pull down 253 

procedure: for this, 400 µL of resuspended anti-FLAG-M2-agarose (Sigma) was added into 254 

empty SPE-columns and washed twice with each 1 mL IP buffer, supplemented with 0.04% 255 

w/v DDM, before the supernatants were incubated for 5 min and removed by gravity flow. 256 

Repeated washing steps with each 5 mL DDM supplemented IP buffer were performed 257 

similarly, until the flow through appeared colorless. Elution of coupled proteins from the anti-258 

FLAG resin was performed by incubation in 600 µL DDM supplemented IP buffer containing 259 

3 mg/mL FLAG peptide (Sigma) for 5 min. 260 

 261 

2.5 Proteomics workflow, nanoLC-MS/MS analysis and data processing 262 

Eluates from pull downs were subjected to acetone/methanol precipitation and resulting 263 

protein pellets were resuspended in denaturation buffer for subsequent tryptic digestion as 264 

described elsewhere (Spat et al., 2015). Resulting peptide mixtures were subjected to stage tip 265 

purification (Rappsilber et al., 2007). Qualitative MS for protein identification was performed 266 

as described previously (Spat et al., 2015): in brief, purified peptides were loaded on an 267 

EASY-LC system (Proxeon Biosystems) onto a 15 cm reversed-phase C18 nanoHPLC column 268 

and separated in a 90 min segmented linear gradient. Eluted peptides were ionized in the on-269 

line coupled ESI source and injected in a LTQ Orbitrap XL mass spectrometer (Thermo 270 

Scientific). MS spectra were acquired in the positive-ion mode with, per scan cycle, one initial 271 

full (MS) scan followed by fragmentation of the 15 most intense multiply charged ions 272 

through collision induced dissociation (CID) for MS/MS scans. The scan range was m/z 300–273 

2000 for precursor ions at resolution 60,000 and sequenced precursors were dynamically 274 

excluded for fragmentation for 90 s. The lock mass option was enabled for real time mass 275 

recalibration (Olsen et al., 2005). All raw spectra were processed with the MaxQuant software 276 

(version 1.5.2.8) (Cox and Mann, 2008) at default settings. Peak lists were searched with the 277 

following database search criteria against a target-decoy database of Synechocystis sp. PCC 278 

6803 with 3,671 protein sequences, retrieved from Cyanobase (Nakao et al., 2010) (July 279 

2014), and against 245 common contaminants: trypsin was defined as a cleaving enzyme and 280 

up to two missed cleavages were allowed; carbamido-methylation of cysteines was defined as 281 

a fixed modification and methionine oxidation and protein N-terminal acetylation as variable 282 

modifications. The experimental design template is described in supplementary Information 283 
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XY. False discovery rates retrieved from MaxQuant of peptides and proteins were limited to 284 

1%, each. Raw data acquired by mass spectrometry was deposited at the ProteomeXchange 285 

Consortium via the Pride partner repository (Vizcaino et al., 2013) under the identifier XYZ. 286 

 287 

2.6 Determination of nitrate, nitrite, ammonium and urea in cell-free culture medium 288 

To determine the nitrate, ammonium or urea uptake, exponentially growing cells (OD750 0.4–289 

0.8) were harvest by centrifugation (3000 xg for 10 min at room temperature) and washed 290 

twice with BG-11 medium lacking nitrogen. Subsequently, the cultures were adjusted to an 291 

OD750 of 1 with nitrogen nitrogen-free BG11 medium. The assays were started by adding 292 

either 200 µM NaNO3, 200 µM NH4 or 150 µM Urea, respectively. Cells were cultivated 293 

under constant shaking of 120 rpm and illumination of 40–50 µE. 1 ml aliquots of the cell 294 

suspensions were taken and subsequently centrifuged (13,000 xg for 5 min at room 295 

temperature) to remove the cells.  296 

For nitrate quantification the absorbance at 210 nm was measured in the cell-free medium. 297 

Since both nitrate and nitrite absorb at 210 nm, the apparent nitrate values were corrected for 298 

the presence of nitrite (Kloft and Forchhammer, 2005). Nitrite concentration of the cell-free 299 

medium was determined using the modified Griess reaction according to (Fiddler, 1977).  300 

The ammonium concentration of cell-free medium was measured by using the Nessler 301 

reaction (Vogel et al., 1989). Urea was quantified by using the urea nitrogen (BUN) 302 

colorimetric detection kit (Invitrogen). 303 

 304 

2.7 Microscopy procedures and Image evaluation 305 

Fluorescence microscopy was performed using a Leica DM5500B microscope with a 306 

100 ×/1.3 oil objective. For the detection of Venus fluorescence, an ET500/20x excitation 307 

filter and an ET535/30m emission filter were used referred as YFP-channel. To detect 308 

cyanobacterial autofluorescence, an excitation filter BP 535/50 and a suppression filter BP 309 

610/75 were used. Image acquisition was done with a Leica DFC360FX black-and-white 310 

camera. Captured images were colored with the Leica Application Suite Software (LAS AF) 311 

provided by Leica Microsystems. Bright-field images were exposed for 6 ms, Venus 312 

fluorescence images for 150 ms and autofluorescence images for 100 ms. Microscope slides 313 

covered with dried 2 % (w/v) agarose solution were used to immobilize the cells during all 314 

microscopical examinations. 315 

Image evaluation including fluorescence intensity measurements were performed using the 316 

open-source software ImageJ (Fiji) (Schindelin et al., 2012). To compare the fluorescence 317 

intensities in different cell compartments, a linear profile of the gray values across the plasma 318 

membrane and cytoplasm were determined. The maximum gray levels of the plasma 319 

membrane were normalized to the average gray levels of the cytoplasm. An example of this 320 

profile data quantification is given in supplementary figure 1. 321 

 322 

 323 



The signal transduction protein PII controls ammonium, nitrate and urea uptake in 

cyanobacteria 

11 

 

3 Results 324 

3.1 PII signaling mutants show ammonia toxicity 325 

 326 

In E. coli, it is known that the PII homologue GlnK regulates the ammonium influx by direct 327 

protein-protein interaction with the ammonium permease AmtB. The observation of impaired 328 

ammonium utilization of Synechocystis sp. harboring the PII(I86N) mutation indicated a 329 

similar regulation in cyanobacteria. The PII(I86N) variant exhibits a modified T-loop 330 

structure, while the PII backbone appears almost identical with the PII wild-type structure 331 

(Fokina et al., 2010b). Therefore, the impaired ammonium utilization of a PII(I86N) mutant 332 

could be attributable to the altered T-loop structure. In order to proof this suggestion, we 333 

tested the ammonium utilization of different PII signaling mutants, including a PII deletion 334 

mutant (∆PII) (Hisbergues et al., 1999) and a complementation strain (∆PII + PII -Venus) 335 

(Hauf et al., 2016). The complementation strain was previously generated by introducing a 336 

Synechocystis sp. shuttle vector (pVZ322) encoding a PII–Venus fusion, in the PII deletion 337 

mutant (∆PII) (Hauf et al., 2016). To avoid sterical inhibition of the T-loop, the Venus 338 

fluorescent protein was fused to the C-terminus of PII. However, fusion to the C-terminus 339 

could lead to a sterical inhibition of the B- and C-Loop. The recombinant PII-Venus is 340 

transcriptonaly controlled by the native glnB promoter of Synechocystis sp. 341 

When grown in presence of 5 mM ammonium in liquid medium, the Synechocystis sp. wild-342 

type, the ∆PII and the ∆PII + PII-Venus complementation strains show similar growth rates and 343 

ammonium consumption (figure 1 A, B). However, with an elevated ammonium 344 

concentration of 10 mM, only the wild-type and the ∆PII + PII-Venus complementation could 345 

maintain normal growth, while the ∆PII mutant is unable to grow (figure 1 C). The ammonium 346 

utilization of the wild-type and the ∆PII + PII-Venus complementation is similar under this 347 

condition (figure 1 D). In contrast, the ∆PII mutant shows a similar ammonium utilization rate 348 

as the wild-type and the ∆PII + PII-Venus complementation within the first 24 h. After 48 h, 349 

the ammonium consumption of the ∆PII mutant decreases over time (figure D). Similar 350 

observations haven been documented for Synechocystis sp. harboring the PII(I86N) variant. 351 

When grown at 10 mM ammonium, the PII(I86N) mutant utilizes ammonium in a similar rate 352 

as the wild-type in the first 48 h. Afterwards, the utilization rate of the PII(I86N) mutant 353 

reduces and its growth is impaired (Watzer et al., 2015).  354 

Although ammonium represents the preferred nitrogen source, it becomes toxic for many 355 

photosynthetic organisms at higher concentrations (Drath et al., 2008). Our observation 356 

implied an intoxication of the ∆PII and PII(I86N) mutant by ammonium, while the wild-type 357 

and the ∆PII + PII-Venus complementation maintain a higher tolerance. To confirm that the 358 

reduced growth and impaired ammonium utilization occurs in response to ammonium 359 

intoxication, we performed a drop plate method with increasing amounts of ammonium 360 

(figure 2). Over a rage from 5 mM to 40 mM ammonium, the wild-type and ∆PII + PII-Venus 361 

complementation show similar growth and ammonium tolerance. However, the PII(I86N) 362 

mutant shows impaired growth at 25 mM and the ∆PII mutant already at 5 mM ammonium 363 

(figure 2). Both mutants show reduced ammonium tolerance while the ∆PII mutant is more 364 

sensitive than the PII(I86N) mutant.  365 
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 366 

Figure 1 Ammonium supplemented growth and ammonium utilization of Synechocystis sp. 367 

wild-type, ∆PII and ∆PII + PII-Venus. Values are the means of three biological replicates. (A) 368 

Growth curve in presence of 5 mM Ammonium. (B) Ammonium concentration in culture 369 

supernatants of Synechocystis sp. strain grown in BG-11 medium with 5 mM ammonium. (C) 370 

Growth curve in presence of 10 mM Ammonium. (D) Ammonium concentration in culture 371 

supernatants of Synechocystis sp. strain grown in BG-11 medium with 10 mM ammonium. 372 

 373 

Figure 2 Drop plate method of Synechocystis sp. strains with three biological replicates per 374 

strain. Starved cultures were adjusted to an OD750 of 1.0 and diluted tenfold in series. The 375 

dilutions were dropped onto BG-11 agar plates containing increasing concentrations of 376 

ammonia (5 mM to 40 mM).  377 
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3.2 Pull down method identifies novel PII interaction partner 378 

The uncontrolled influx of ammonia and following intoxication of the ∆PII and PII(I86N) 379 

mutants grown in presence of high concentrations of ammonia suggested an involvement of 380 

PII in the ammonium uptake. The ammonium uptake in Synechocystis sp. is mainly depending 381 

on the Amt1 permease (Montesinos et al., 1998). In order to verify a possible interaction 382 

between PII and Amt1, we performed pull down assays using a C-terminal 3xflag-tagged PII 383 

protein as bait. The PII 3xFlag fusion protein was under control of a strong psbA promoter, 384 

which was transformed in the Synechocystis sp. wild-type background. The resulting 385 

Synechocystis sp. PII 3xFlag was grown in presence of nitrate as nitrogen source. The fusion 386 

protein and its interacting targets were purified by immunoprecipitation and subsequently 387 

identified by mass spectrometry (MS). As a negative control, we used the Synechocystis sp. 388 

wild-type and processed it in the same way as the Synechocystis sp. PII 3xFlag strain to 389 

identify unspecific binding proteins. 390 

As proof of principle, we were able to identify PII and the known PII interacting protein PipX. 391 

Both proteins show a higher sequence coverage (SC) and intensity in the flag-tag pull down 392 

compared to the wild-type control in both replicas (Table 1). A similar enrichment in both 393 

replicas can also be documented for the ammonium permease Amt1, supporting our 394 

suggestion that Amt1 represents a PII binding target in cyanobacteria. Surprisingly, besides 395 

Amt1, we could also identify subunits of the NrtABCD nitrate/nitrite transporter and the 396 

UrtABCDE urea transporter in our pull down experiment. All subunits of both transporters 397 

are enriched in the flag-tag pull down compared to the wild-type control, instead of the 398 

periplasmatic substrate binding protein NrtA and UrtA (Table 1). To further validate the 399 

enrichment of UrtABCDE subunits, we performed a similar experiment with cells grown on 400 

urea as unique nitrogen source. In agreement with the previous pull down experiment, we 401 

were able to document an enrichment of the PII target PipX, the ammonium permease Amt1, 402 

the nitrate/ nitrite transporter NrtABCD and the urea transporter UrtABCDE (Table 2). 403 

 404 
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Tabel 4. Pull down assay of nitrate supplemented Synechocystis sp. wild-type (control) and Synechocystis sp. PII 3xFlag (Flag-tag Pull down). SC, 405 

Sequence coverage [%]; R1 and R2, replicas 1 and 2, respectively. 406 

  
  Control 

Flag-tag 

Pulldown 
Control 

Flag-tag  

Pulldown 

Protein IDs   
Mol. weight  

[kDa] 

SC R1  

[%] 

SC R2  

[%] 

SC R1  

[%] 

SC R2  

[%] 

Intensity  

R1 

Intensity  

R2 

Intensity  

R1 

Intensity  

R2 

ssl0707 
PII/PII-

FLAG 
15,425 59,1 82,5 98,5 98,5 1,2E+08 2,6E+08 6,2E+10 4,3E+10 

ssl0105 PipX 10,448 0 0 22,7 22,7 0 0 1,2E+08 2,5E+08 

sll0108 Amt1 53,58 0,0 8,1 9,7 9,7 0 7,6E+06 4,4E+09 2,4E+09 

sll0374 UrtE 27,424 0 0 25,7 22,1 0 0 1,2E+08 2,5E+07 

sll0764 UrtD 41,194 0 0 30,3 29,0 0 0 2,6E+08 2,6E+07 

slr1201 UrtC 45,084 0 0 18,3 13,2 0 0 6,8E+07 1,1E+07 

slr1200 UrtB 41,681 0 0 2,8 2,8 0 0 1,9E+07 5,3E+06 

slr0447 UrtA 48,359 22,2 13,9 8,3 4,0 1,2E+08 7,4E+06 5,7E+06 6,8E+05 

sll1451 NrtB 29,72 0 0 12,0 4,0 0 0 6,2E+07 2,6E+07 

sll1453;slr0044 NrtD 36,564 11,1 3,9 57,2 54,2 1,9E+07 1,5E+05 1,9E+09 1,7E+08 

sll1452 NrtC 75,1 0 0 46,1 45,5 0 0 1,2E+09 3,5E+08 

sll1450;slr0040 NrtA 48,966 14,8 14,8 18,2 8,7 1,0E+08 7,7E+06 1,6E+07 2,4E+06 

 407 

  408 
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Tabel 5. Pull down assay of urea supplemented Synechocystis sp. wild-type (control) and Synechocystis sp. PII 3xFlag (Flag-tag Pull down). SC, 409 

Sequence coverage [%]; R1 and R2, replicas 1 and 2, respectively. 410 

 411 

  
  Control 

Flag-tag 

Pulldown 
Control 

Flag-tag  

Pulldown 

Protein IDs   
Mol. weight  

[kDa] 

SC R1  

[%] 

SC R2  

[%] 

SC R1  

[%] 

SC R2  

[%] 

Intensity  

R1 

Intensity  

R2 

Intensity  

R1 

Intensity  

R2 

ssl0707 
PII/PII-

FLAG 
15,425 60,6 31,4 91,2 60,6 2,5E+08 1,3E+07 3,2E+10 2,4E+08 

ssl0105 PipX 10,448 0 0 22,7 0 0 0 1,8E+08 0 

sll0108 Amt1 53,58 1,6 2,0 10,1 2,0 1,7E+06 1,2E+07 4,9E+09 2,4E+07 

sll0374 UrtE 27,424 0 11,6 70,7 21,7 0 2,6E+06 3,3E+09 4,8E+07 

sll0764 UrtD 41,194 0 2,9 59,5 23,6 0 3,8E+05 8,0E+09 4,5E+07 

slr1201 UrtC 45,084 0 3,4 21,7 12,0 0 1,1E+05 1,0E+09 1,0E+07 

slr1200 UrtB 41,681 0 0 8,5 5,4 0 0 6,1E+08 1,2E+06 

slr0447 UrtA 48,359 10,8 4,0 6,7 6,3 6,4E+06 6,1E+04 1,3E+07 5,0E+05 

sll1451 NrtB 29,72 0 3,6 11,6 3,6 0 1,1E+05 1,8E+07 1,2E+06 

sll1453;slr0044 NrtD 36,564 3,9 0 61,1 15,1 6,3E+06 0 5,6E+08 7,3E+05 

sll1452 NrtC 75,1 0 0 58,8 0 0 0 1,6E+09 0 

sll1450;slr0040 NrtA 48,966 0 0 2,5 0 0 0 1,2E+06 0 

 412 
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3.3 Bacterial two-hybrid assay 413 

To further confirm the interaction of PII with the identified nitrogen transports we performed 414 

bacterial two-hybrid assays. Next to wild-type PII we also included the PII(I86N) variant to 415 

test how the altered T-loop conformation influences the interactions. Due to their localization 416 

on the cytoplasmic site of the plasma membrane we tested the ATP-binding proteins of the 417 

ABC-type transporters (Omata et al., 1993b; Valladares et al., 2002). Interactions for Amt1, 418 

NrtC, NrtD, UrtD, UrtE have been tested for possible interactions, while the PII - PipX and 419 

leucin zipper interaction were used as a positive controls. In case of a positive interaction 420 

cAMP is formed within a cAMP deficient E.coli host cells. This can be detected on X-Gal and 421 

MacConkey reporter plates. Table 3 shows the observed interactions in the bacterial two-422 

hybrid assays.  423 

Both, wild-type PII and PII(I86N) show interaction with the known PII interaction partner 424 

PipX. While the wild-type PII shows interaction with the Amt1 permease, the PII(I86N) 425 

variant loses this ability, in agreement with our previous observations regarding the impaired 426 

ammonium utilization of Synechocystis sp. PII(I86N). We could further confirm an interaction 427 

of wild-type PII with the ATP-binding proteins NrtC and NrtD for the nitrate/nitrite 428 

transporter as well as UrtE for the urea transporter. However, interaction of wild-type PII and 429 

the NrtC subunit appear very weak. Therefore the interaction of PII and NrtC cannot be fully 430 

confirmed but also not negate. The PII(I86N) variant doesn't show interaction with NrtC and 431 

NrtD, but maintain the ability to interact UrtE. Accordingly, the nitrate utilization could be 432 

impaired while the urea utilization could be unaffected in Synechocystis sp. PII(I86N). 433 

Table 6 Bacterial two-hybrid interactions observed for wild-type PII and PII(I86N). +, 434 

interaction; - no interaction; (+), weak interaction. 435 

 436 

 437 

 438 

 439 

 440 

 441 

  442 

Interaction partners Wild-typePII PII(I86N) 

PipX (pos. control) + + 

NrtC (+) - 

NrtD + - 

UrtD - - 

UrtE + + 

Amt1 + - 

   



The signal transduction protein PII controls ammonium, nitrate and urea uptake in 

cyanobacteria 

 
17 

3.4 PII localization changes upon addition of nitrate, ammonium and urea 443 

Our previous pull down experiments and bacterial two-hybrid assays clearly show interaction 444 

of PII with Amt1, NrtABCD and UrtABCDE in Synechocystis sp. Since all these transporters 445 

are plasma membrane associated, we tried to monitor PII localization on the plasma 446 

membrane. The Synechocystis sp. ∆PII + PII-Venus complementation was used to investigate 447 

the cellular localization of PII under different nitrogen supplementations. 448 

Nitrate-replete Synechocystis sp. cells in the mid-exponential growth phase (OD750 approx. 449 

0.5) show PII-Venus fluorescence heterogeneously distributed in the cell. The majority of cells 450 

harbor a strong fluorescence signal in the center and periphery (figure 3 A). The intense signal 451 

in the center corresponds to the cytoplasm where several metabolic reactions are located. PII 452 

localization in the cytoplasm indicates an interaction with different soluble proteins, like 453 

NAGK. The PII-Venus fluorescence in the periphery corresponds to the plasma membrane, 454 

where Amt1, NrtABCD and UrtABCDE are located. The areas with low Venus fluorescence 455 

are occupied by thylakoid membranes (figure 3 C). 456 

To monitor the PII localization under nitrogen depletion, cells were grown to an OD750 of 0.4 457 

– 0.6, washed, and resuspended in BG-11 lacking a combined nitrogen source. After one 458 

week of nitrogen starvation, the PII-Venus signal is more evenly distributed throughout the 459 

whole cell and its localization on the plasma membrane is not as distinct as during nitrogen 460 

supplemented exponential growth (figure 4 A). To test the localization during resuscitation 461 

from nitrogen starvation, one week nitrogen starved Synechocystis sp. cultures were 462 

resuscitated by adding 5 mM NO3, 5 mM NH4 or 5 mM Urea, respectively. Immediately after 463 

the addition of a combined nitrogen source a change in the PII localization becomes visible. 464 

The majority of cells show distinct plasma membrane localization, while the remaining 465 

cytosol shows homogenous fluorescence intensity. The migration of PII to the plasma 466 

membrane turns out more clearly by the addition of ammonia compared to nitrate and urea 467 

(figure 4 A,B,C).  468 

In order to quantify the movement of PII towards the plasma membrane, a linear profile of the 469 

fluorescence intensities across the plasma membrane and cytoplasm was determined. The 470 

maximum intensity of the plasma membrane was normalized to the average intensity value of 471 

the cytoplasm. Under nitrogen depletion, the majority of the cells show a slightly higher 472 

cytoplasmic PII-Venus localization than plasma membrane localization (figure 5). The 473 

addition of a nitrogen source directly induces a translocation of PII towards the plasma 474 

membrane. Thereby the addition of nitrate and urea show similar translocation of PII in the 475 

first two hours (figure 5 A, C, D). Two hours after the addition of nitrate, PII starts to 476 

dissociate from the plasma membrane and goes back in its cytoplasmic localization (figure 5 477 

A). In contrast, urea addition induces a slow and constant migration of PII towards the plasma 478 

membrane during the whole four hours (figure 5 C). Ammonium addition induces migration 479 

of PII to plasma membrane in the first hour much stronger than nitrate or urea (figure 5 B). 480 

After the immediate translocation towards the plasma membrane, PII starts to dissociate and 481 

migrates back into the cytoplasm after two hours.  482 
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 483 

Figure 3 Localization of PII-Venus during exponential growth (OD750 of 0.5) of Synechocystis 484 

sp. (A) Phase contrast image of cells. (B) Venus fluorescence. (C) Autofluorescence of 485 

thylakoid membranes. (D) Overlay of Venus fluorescence and phase contrast images. 486 

 487 

Figure 4 PII-Venus localization under different nitrogen supplemented conditions. (A) PII-488 

Venus fluorescence of one week nitrogen starved Synechocystis sp. cultures. (B-D) PII-Venus 489 

fluorescence of Synechocystis sp. during resuscitation from nitrogen starvation. One week 490 

nitrogen starved Synechocystis sp. cultures were resuscitated by adding 5 mM NO3 (B), 5 mM 491 
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NH4 (C), or 5 mM Urea (D). Fluorescence images were taken 1 hour after addition of the 492 

nitrogen source. 493 

 494 

 495 

Figure 5 Quantification of the PII-Venus migration towards the plasma membrane in response 496 

to the addition of different nitrogen sources to nitrogen starved Synechocystis sp. cultures. A 497 

linear profile of the fluorescence intensities across the plasma membrane and cytoplasm were 498 

determined. The maximum intensity of the plasma membrane was normalized to the average 499 

intensity value of the cytoplasm. Fluorescence intensity values < 0 indicate a stronger 500 

cytoplasmic localized signal, while values > 0 show a stronger plasma membrane association. 501 

Resuscitation of one week nitrogen starved Synechocystis sp. cultures were induced by adding 502 

either 5 mM NO3 (A), 5 mM NH4 (B), or 5 mM Urea (C). 50-60 cells were measured per time 503 

point. Dots indicate single cell measurements; whiskers showing the standard-deviations; 504 

thick black lines show the arithmetic mean. (D) Direct comparison of the mean ∆ 505 

fluorescence intensities from NO3, NH4 and Urea induced resuscitation.  506 
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3.5 PII deletion mutant and PII(I86N) mutant secret nitrite  507 

Our previous results showed an involvement of PII in regulation of nitrate utilization by direct 508 

protein-protein interaction with the NrtD and NrtC subunit of the NrtABCD nitrate/nitrite 509 

transporter. This regulation has also been suggested by several previous studies which 510 

documented altered nitrate utilization properties of PII deletion and signaling mutants 511 

(Kobayashi et al., 1997; Lee et al., 1998; Lee et al., 2000; Kloft and Forchhammer, 2005). 512 

One characteristic phenotype which has been described for a PII deletion mutant grown in the 513 

presence of nitrate is the excretion of nitrite in the medium (Forchhammer and Demarsac, 514 

1995; Kloft and Forchhammer, 2005). The reduction of nitrate requires two electrons whereas 515 

six electrons are needed for the reduction of nitrite to ammonium. Due to the lower costs of 516 

nitrate reduction, the nitrite reduction becomes limiting in case of an uncontrolled nitrate 517 

influx. As a consequence, nitrite accumulates and is excreted. In agreement, this nitrite 518 

excretion phenotype can be restored by increasing the light intensity due to the elevated level 519 

of photosytem I reduced ferredoxin (Kloft and Forchhammer, 2005). We wondered if the 520 

Synechocystis sp. PII(I86N) strain shows a similar phenotype when grown on nitrate and if the 521 

PII-Venus complementation is able to restore the nitrite excretion phenotype of a PII deletion 522 

mutant. 523 

When grown with nitrate as only nitrogen source and constant illumination of 40–50 µE, 524 

Synechocystis sp. wild-type, PII(I86N), ∆PII and the ∆PII + PII-Venus complementation obtain 525 

the same growth rate (figure 6). Under this condition, both, the PII(I86N) and ∆PII mutant, 526 

secrete nitrite into the medium. However, the PII(I86N) mutant excretes much lower amounts 527 

than the PII deletion mutant. The Synechocystis sp. wild-type and PII-Venus complementation 528 

doesn't secrete nitrite, indicating that the insertion of PII-Venus in the ∆PII mutant restores the 529 

wild-type phenotype.  530 

 531 

Figure 6 (A) Nitrite excretion of Synechocystis sp. wild-type, PII(I86N), ∆PII and the ∆PII + 532 

PII-Venus complementation grown in BG11 medium supplemented with Nitrate and 533 

illuminated with illumination of 40–50 µE. (B) Corresponding growth curve. 534 

  535 
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3.6 PII is responsible for nitrate utilization inhibition 536 

Excretion of nitrite by the PII(I86N) strain indicates an uncontrolled nitrate influx similar to 537 

the PII deletion mutant. To gain further insights in the PII depending regulation of nitrate 538 

uptake, we measured nitrate consumption rates of the PII-signaling mutants under different 539 

conditions. For this purpose, exponential growing cells were washed and subsequently 540 

incubated in BG-11 Medium, containing 200 µM NO3 as nitrogen source. Nitrate utilization 541 

was quantified by determining the nitrate concentration in cell free culture supernatant over 542 

time. Under constant illumination of 40–50 µE, Synechocystis sp. wild-type and the ∆PII + PII-543 

Venus strain show low nitrate consumption while the PII(I86N) and ∆PII mutant show similar 544 

higher nitrate utilization (figure 7 A). In agreement with our previous results, we observed 545 

excretion of nitrate by the PII(I86N) and ∆PII mutant (figure 7 B). Interestingly, while the 546 

nitrate utilization rate of the PII(I86N) and ∆PII mutant appear almost identical, both mutants 547 

differ in their nitrite excretion rate. While the course of nitrite excretion of the ∆PII mutant 548 

appears progressive, the course of nitrite excretion of the PII(I86N) appears digressive.  549 

Since ammonium is the preferred nitrogen source, the addition of ammonia to cells grown on 550 

nitrate leads to an immediate inhibition of the nitrate uptake (Lee et al., 1998). This 551 

ammonium dependent inhibition of nitrate uptake is regulated by the PII protein (Lee et al., 552 

1998). Since the PII(I86N) mutant behaves similar as the ∆PII mutant in case of nitrate uptake 553 

and nitrite excretion, we tested if the PII(I86N) mutant maintains the ammonium depending 554 

nitrate uptake inhibition. For this purpose, we determined the nitrate consumption by 555 

measuring the remaining nitrate concentration in the culture supernatant in presence of 2 mM 556 

ammonium. Both, Synechocystis sp. wild-type and the ∆PII + PII-Venus mutant, show a 557 

complete inhibition of nitrate utilization by the addition of ammonium (figure 7 C). In 558 

contrast, the PII(I86N) and ∆PII mutant maintain the nitrate utilization. Here the PII(I86N) 559 

mutant utilizes lower amounts of nitrate compared to the ∆PII mutant (figure 7 C). The 560 

uncontrolled nitrate uptake of the PII(I86N) and ∆PII mutant leads to an elevated excretion 561 

nitrite. Due to the lower consumption of nitrate by the PII(I86N) mutant, the nitrite excretion 562 

is also lower compared to the ∆PII mutant (figure 7 D). 563 

Next to the requirement of ammonium absence, active nitrate transport also requires 564 

photosynthetic CO2 fixation (Romero et al., 1985). Nitrogen assimilation is tightly regulated 565 

by light / dark transitions. A transition from light to dark causes an immediate inhibition of 566 

nitrate uptake and an inhibition of the ammonium assimilating GS (Romero et al., 1985; 567 

Marques et al., 1992). To test if the PII(I86N) mutant maintains the light dependent inhibition 568 

of nitrate utilization, we measured the nitrate consumption without light. In the dark, the 569 

overall nitrate consumption is low in all tested mutants (figure 7 E). However, the PII(I86N) 570 

and ∆PII mutant show slightly higher nitrate utilization rates compared to the wild-type and 571 

the ∆PII + PII-Venus mutant, which maintain a constant nitrate concentration in the medium. 572 

Furthermore, PII(I86N) and ∆PII mutant excrete similar small amounts of nitrite, supporting 573 

the suggestion that the PII(I86N) and ∆PII mutant are unable to fulfill light depending nitrate 574 

uptake inhibition.  575 
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 576 

Figure 7 Nitrate utilization and nitrite excretion of Synechocystis sp. wild-type, PII(I86N), ∆PII 577 

and the ∆PII + PII-Venus complementation. Exponentially growing and nitrate supplemented 578 

Synechocystis sp. cells were washed and resuspended in a medium containing 200 µM nitrate. 579 

Shown are the means of three biological replicates. (A) Nitrate utilization and (B) nitrite 580 

excretion under constant illumination of 40–50 µE. (C) Nitrate utilization and (D) nitrite 581 

excretion in presence of 2 mM ammonium and under constant illumination of 40–50 µE. (E) 582 

Nitrate utilization and (F) nitrite excretion in the dark.  583 
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3.7 PII signaling mutants show impaired urea utilization 584 

Our previous results showed an involvement of PII in regulation of nitrate and ammonium 585 

utilization. Both interactions of PII with the Amt1 permease and the nitrate transporter are T-586 

loop depending, since the PII(I86N) mutant, which exhibits an altered T-loop conformation, 587 

shows a similar behavior than a PII deletion mutant. We could also confirm that the impaired 588 

ammonium and nitrate utilization can be restored by inserting the PII-Venus variant, which 589 

exhibits not effected T-loop conformation. Next to Amt1 and NrtABCD we could also show 590 

an interaction of PII with the UrtE subunit of the urea transporter UrtABCDE. In order to 591 

analyze the biological significance of this interaction we monitored the urea utilization 592 

abilities of our PII signaling mutants under different conditions. For this purpose exponential 593 

growing cells were washed and incubated in BG-11 Medium containing 150 µM Urea as 594 

nitrogen source.  595 

Under constant illumination of 40–50 µE the Synechocystis sp. wild-type and PII(I86N) 596 

mutant utilize similar amounts of urea (figure 8 A). In contrast, the ∆PII and ∆PII + PII-Venus 597 

mutants consume similarly higher amounts of urea compared to the wild-type and PII(I86N) 598 

mutant. Unlike the utilization of ammonium and nitrate, the ∆PII + PII-Venus cannot 599 

complement the PII deletion while the PII(I86N) variant behaves like the wild-type (figure 8 600 

A). This could indicate that the interaction with UrtE is T-loop independent. The PII-Venus 601 

variant which exhibits a native T-loop conformation is unable to block the UrtABCDE 602 

transporter. The C-terminal Venus fusion could interfere with the B- and C-loop by sterical 603 

inhibition, leading to the suggestion that PII - UrtE interaction is B- and/or C-loop dependent. 604 

In cyanobacteria, urea is hydrolyzed to CO2 and two molecules of ammonium by the enzyme 605 

urease (Mobley and Hausinger, 1989; Esteves-Ferreira et al., 2018). Since uncontrolled nitrate 606 

influx leads to an excretion of nitrite, we wonder if an uncontrolled influx of urea could lead 607 

to an excretion of ammonium. To test this, we measured ammonium concentrations in culture 608 

supernatant of cells which are incubated with urea as the only nitrogen source. Indeed, we 609 

were able to detect ammonium excretion of the ∆PII mutant proportional to its urea utilization 610 

(figure 8 B). In contrast, only minor amounts of ammonium could be detected in the culture 611 

supernatant of the Synechocystis sp. wild-type, PII(I86N) mutant and ∆PII + PII-Venus mutant 612 

(figure 8 B). 613 

Synechocystis sp. utilizes available nitrogen sources in a hierarchical order. In presence of 614 

ammonium the uptake of outer nitrogen sources is blocked (Muro-Pastor et al., 2005). To test 615 

the inhibition of urea utilization, we determined urea consumption in presence of 2 mM 616 

ammonium. The Synechocystis sp. wild-type, PII(I86N) and ∆PII + PII-Venus strain show a 617 

clear inhibition in urea utilization by the addition of ammonium. While Synechocystis sp. 618 

wild-type and the PII(I86N) mutant behave very similar, the ∆PII + PII-Venus strain showed 619 

slightly higher urea consumption. In contrast, the ∆PII mutant shows the complete 620 

consumption of 150 µM urea in 100 min with and without the addition of ammonium (figure 621 

8 A, C), indicating the complete inability to block the urea utilization.  622 
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  623 

Figure 8 Urea utilization and ammonium excretion of the Synechocystis sp. wild-type, 624 

PII(I86N), ∆PII and the ∆PII + PII-Venus strain. Exponentially growing and nitrate 625 

supplemented Synechocystis sp. cells were washed and resuspended in a medium containing 626 

150 µM urea. Shown are the means of three biological replicates. (A) Urea utilization and (B) 627 

ammonium excretion under constant illumination of 40–50 µE. (C) Urea utilization in 628 

presence of 2 mM ammonium and under constant illumination of 40–50 µE.  629 

 630 

3.8 PII influences urea supplemented growth 631 

Our previous experiment indicates a regulation of the urea transporter UrtABCDE by the 632 

interaction of PII with the UrtE subunit. This interaction is properly T-loop independent, since 633 

the PII(I86N) variant show the same behavior in UrtE binding than the wild-type PII and 634 

mediate the same urea utilization properties than Synechocystis sp. wild-type. The PII-Venus 635 

variant is partially unable to complement the impaired urea utilization phenotype of the PII 636 

deletion mutant, since ammonium still inhibits urea uptake. We wanted to test how this 637 

impaired regulation of the urea utilization effects the growth of Synechocystis sp. in presence 638 

of urea. In order to analyze the growth behavior, we performed a drop agar method with 639 

increasing urea concentrations. 640 

Under low urea concentrations of 2.5 to 5 mM, Synechocystis sp. wild-type and ∆PII + PII-641 

Venus mutant show similar growth, while the PII(I86N) and ∆PII mutant show impaired 642 

growth. Here the PII(I86N) mutant grew slightly faster than the ∆PII mutant at concentrations 643 

of 2.5 to 10 mM Urea. Surprisingly, under higher concentrations of urea (> 15 mM) the wild-644 

type shows similar growth rates as the PII(I86N) and ∆PII mutant. In contrast, the ∆PII + PII-645 

Venus complementation strain maintains a high growth though all concentrations. In our 646 

previous experiments the ∆PII and ∆PII + PII-Venus complementation strain showed impaired 647 
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regulation in urea uptake, therefore the high urea tolerance and growth rate of the ∆PII + PII-648 

Venus complementation strain was unexpected. However, these opposing results indicate that 649 

urea tolerance and utilization do not only depend on urea uptake.  650 

 651 

Figure 9 Drop plate method of Synechocystis sp. strains with three biological replicates per 652 

strain. One week nitrogen starved cultures were adjusted to an OD750 of 1.0 and diluted 653 

tenfold in series. The dilutions were dropped onto BG-11 agar plates containing increasing 654 

concentrations of urea (2.5 mM to 30 mM). 655 

 656 

4 Discussion 657 

4.1 PII regulates ammonium uptake by interacting with the Amt1 ammonium 658 

permease in Synechocystis sp. 659 

In E. coli, the PII homolog GlnK regulates AmtB by direct protein-protein interaction to 660 

control the influx of ammonia. Our results revealed a similar function of GlnB by regulating 661 

the Amt1 permesase in the unicellular and non-dianzotrophic cyanobacterium Synechocystis 662 

sp.  663 

Pull-down and bacterial two-hybrid assays identified Amt1 as an interaction partner of PII in 664 

Synechocystis sp. Examination of the binding properties of PII-signaling mutants by bacterial 665 

two-hybrid assays give strong evidence that the PII interaction with the Amt1 permease is T-666 

loop depending, similar to GlnK - AmtB interaction in E. coli. In E. coli GlnK can block the 667 

ammonia influx by inserting the tip of its T-loops into the cytoplasmic exits of the AmtB- 668 

pores (Conroy et al., 2007). The structure of the PII(I86N) variant exhibits a tightly bended 669 

conformation of the T-loop, which mimics the T-loop conformation of the PII - NAGK 670 

complex (Fokina et al., 2010b). This bended conformation leads to an impaired interaction 671 

with Amt1. In agreement, Synechocystis sp. harboring the PII(I86N) variant show similar 672 

impaired regulation of the ammonium uptake as a PII deletion mutant, which leads to 673 

intoxication at high ambient ammonium concentrations. However, Synechocystis sp. PII(I86N) 674 

exhibits a higher ammonium tolerance as the ∆PII mutant. In a PII deletion mutant, NAGK 675 

remain in a low activity state (Maheswaran et al., 2006). In contrast, Synechocystis sp. 676 

PII(I86N) shows a highly enhanced NAGK activity followed by a high intra cellular arginine 677 

and cyanophycin content (Watzer et al., 2015). The high NAGK activity of the Synechocystis 678 

sp. PII(I86N) strain could promote faster ammonium assimilation and therefore protect the cell 679 

from a toxic intracellular ammonium accumulation. 680 
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The E. coli AmtB-Glnk complex responds to the ATP/ADP ration. While ADP exhibits a 681 

complex stabilization, ATP and synergistic bound 2-OG promotes its dissociation (Durand 682 

and Merrick, 2006; Gruswitz et al., 2007; Rodrigues et al., 2011). According to our data we 683 

suggest a different regulation in nitrogen starved Synechocystis sp. Under nitrogen starvation, 684 

phosphorylated PII shows a homogenous localization in the cytoplasm. Nitrogen starvation 685 

induced dormancy is marked by a low ATP (Doello et al., 2018) and high 2-OG level. Only 686 

one hour after the addition of ammonium PII shows a strong migration to the plasma 687 

membrane. Simultaneously in this first hour of resuscitation the ATP level increases two fold 688 

(Doello et al., 2018). Providing ammonium to nitrogen starved cells also triggers a rapid 689 

decrease of the 2-OG levels. Therefore, the immediate rise of ATP and drop of the 2-OG level 690 

could trigger the translocation of phosphorylated PII. Once the Amt1-cannels are closed, no 691 

further ammonium will enter the cell. As a consequence, the 2-OG level increases, which lead 692 

in combination with the elevated ATP level to a dissociation of the PII-Amt1 complex. This 693 

would explain the dissociation of PII from the plasma membrane after one hour of nitrogen 694 

availability. Since PII remains a highly phosphorylated state during the first 24 h of 695 

resuscitation from nitrogen starvation, this model is only valid in case of highly 696 

phosphorylated PII.  697 

 698 

4.2 PII regulate nitrate uptake by interacting NrtD and NrtC 699 

Several previous studies documented an involvement of PII in regulation of nitrate/nitrite 700 

uptake. Our data provide new insights regarding the regulation of the NrtABCD transporter 701 

by PII. NrtABCD is directly regulated by the interaction of PII with the NrtC and NrtD 702 

subunit. This interaction is T-loop depending, since the PII(I86N) variant (exhibiting an 703 

altered T-loop conformation) shows impaired regulation of NrtABCD. A PII deletion or 704 

changed T-loop conformation leads to the inability to control the nitrate influx. In 705 

consequence, those mutants excrete nitrite in the medium due to excess reduction of nitrate 706 

along with impaired reduction of nitrite. 707 

PII interaction with the NrtC and NrtD subunit permit the ammonium and light induced 708 

inhibition of nitrate uptake. Under nitrogen starvation PII obtain a highly phosphorylated state. 709 

After the addition of nitrate, phosphorylated PII migrates to the plasma membrane. 710 

Simultaneously in this first hour of resuscitation the ATP level increases (Doello et al., 2018) 711 

leading to the suggestion that phosphorylated PII interacts with NrtC and NrtD in an ATP-712 

bound state. Two hours after addition of nitrate, PII begins to slightly dissociate from the 713 

plasma membrane. This dissociation could occur in response to a temporary increased 2-OG 714 

level, which appears due to the initially closed NrtABCD transporters. Kloft and coworkers 715 

observed an uncontrolled influx of nitrate in a PII phosphatease (PphA) deletion mutant under 716 

low light conditions (Kloft and Forchhammer, 2005). This mutant exhibits a high 717 

phosphorylated PII. High light conditions, which generate a high ATP level, could restore the 718 

uncontrolled nitrate uptake and nitrite excretion (Kloft and Forchhammer, 2005). 719 

Furthermore, nitrogen starved cells are able to utilize nitrate in absence of light (low ATP) 720 

(Watzer and Forchhammer, 2018), while exponentially growing cells inhibited nitrate 721 

utilization in the dark (Romero et al., 1985). According to this data we conclude that 722 

phosphorylated PII interacts with NrtC and NrtD in an ATP bound state, while ADP or 723 

ATP/2-OG leads to a dissociation of the complex. Additionally, non-phosphorylated PII can 724 

block nitrate utilization even in an ADP bound state, since exponentially growing cells close 725 

the NrtABCD transporter in absence of light.  726 
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The ammonium induced inhibition of nitrate utilization occurs independently from the 727 

phosphorylation status (Lee et al., 2000; Kloft and Forchhammer, 2005). We suggest that the 728 

rapid drop in 2-OG level induces the ammonium dependent nitrate uptake inhibition. In 729 

agreement, the presence of L-methionine-d,l-sulfoximine (MSX) or azaserine (both inhibitors 730 

of the GS/GOGAT pathway) lead to an accumulation of 2-OG followed by an impaired 731 

ammonium induced nitrate uptake inhibition (Flores et al., 1980).  732 

 733 

4.3 PII regulate urea uptake by interacting the UrtE subunit 734 

Cyanobacterial PII is verifiable involved in regulation of different ABC-type transporters like 735 

the bispecific nitrate/nitrite NrtABCD transporter and the bispecific cyanate/nitrite CynABC 736 

transporter (Chang et al., 2013). Next to this two known PII targets, our data identified the 737 

ABC-type UrtABCDE transporter as a novel PII target. Regulation of the UrtABCDE Urea 738 

transporter is depending on the interaction between PII and the UrtE subunit. The interaction 739 

of PII and the UrtE is likely T-loop independent, since our bacterial two-hybrid assay showed 740 

interaction between the PII(I86N) variant and UrtE. In agreement, Synechocystis sp. harboring 741 

the PII(I86N) variant behaves like the wild-type regarding the urea utilization properties. The 742 

PII(I86N) variant enables a tightly bend T-loop conformation; however, the PII(I86N) 743 

backbone is almost identical with that of the wild-type PII (Fokina et al., 2010b). In contrast, 744 

Synechocystis sp. harboring the PII-Venus fusion is impaired in regulation of the urea 745 

utilization. The ∆PII + PII-Venus strain shows elevated urea uptake and a slightly impaired 746 

ammonium induced urea uptake inhibition. The Venus fusion on the C-terminus could lead to 747 

a sterical inhibition of the B- and C-loop while the T-loop remains unaffected. According to 748 

this data, we strongly suggest an involvement of the B- and C-loop in the interaction of PII 749 

with the UrtE subunit.  750 

Surprisingly, the PII deletion mutant excretes ammonium in response to the uncontrolled urea 751 

uptake. This ammonium excretion could be causal to limited ammonium assimilation by the 752 

GS/GOGAT cycle. The ammonium excretion only occurs in the PII deletion mutant. 753 

Interestingly, the ∆PII + PII-Venus complementation strain, which also obtain an impaired 754 

urea uptake regulation, shows no ammonium excretion. This inconsistency can be explained 755 

by the Amt1 ammonium permesase, which probably operates in both directions. The PII-756 

Venus variant maintains the ability to interact with Amt1, while the PII deletion mutant is 757 

unable to block the Amt1 permease. Due to this behavior, the PII-Venus version could block 758 

the Amt1 permease and therefore avoid the ammonium excretion, which occurs in response to 759 

uncontrolled urea influx. The absence of ammonium excretion of the PII-Venus 760 

complementation strain could also indicate a lower urease activity. Our pull down 761 

experiments identified the urease as possible interaction partner of PII. A high urease activity 762 

in the ∆PII mutant could lead to an accumulation of ammonium and therefore causes an 763 

excretion. The PII-Venus variant could maintain the ability to regulate the urease. 764 

Accordingly, a reduced urease activity in the ∆PII + PII-Venus strain could prevent an 765 

ammonium accumulation and no excretion occurs. 766 

Quantification of urea consumption showed impaired regulation of urea uptake in the ∆PII and 767 

the ∆PII + PII-Venus strain. According to this we expected impaired growth of the ∆PII and the 768 

∆PII + PII-Venus strain when urea is provided as only nitrogen source, while Synechocystis sp. 769 

wild-type and the PII (I86N) strain should grow normally. Surprisingly, Synechocystis sp. 770 

wild-type enables a growth advantage against the PII (I86N) strain at low urea concentrations 771 

(<10 mM Urea), while both strains behave similar at higher urea concentrations. The PII 772 

deletion causes a growth disadvantage against the wild-type and the PII (I86N) strain also only 773 
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at low urea concentration. This observation supports the importance of PII regulation of the 774 

UrtABCDE transporter, especially at low concentrations, while urea tolerance is only minorly 775 

influenced by PII. Furthermore, our drop plate method showed an unexpected high growth rate 776 

and urea tolerance of the ∆PII + PII-Venus strain. The high urea tolerance of the ∆PII + PII-777 

Venus strain could be due to the increased copy number of the plasmid encoded PII-Venus, 778 

which cases a slight over-expression. The slight over-expression of PII-Venus could somehow 779 

compensate the impaired urea uptake regulation and therefore result in an increased growth. 780 

All together this unexpected result indicates that urea tolerance and utilization do not only 781 

depend on urea uptake regulation. Regulation of the urease activity and ammonium 782 

assimilation rate of the GS/GOGAT cycle also strongly influence the urea tolerance and urea 783 

supplemented growth. 784 
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