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Abstract 

A physiological connection between polyhydroxybutyrate (PHB) metabolism and the 

formation of polyphosphate (polyP) granules is known in form of the "enhanced biological 

phosphate removal process" (EBPR) and is used to expurgate phosphate from waste-water. 

Unfortunately, EBPR bacteria such as candidatus Accumulibacter phosphatis cannot be 

cultivated in pure cultures. In this work the question of a potential link between PHB and 

polyP metabolism in Ralstonia eutropha H16, an easy to cultivate β-proteobacterium that is 

well-known for its ability to synthesise PHB and polyP and that is taxonomically related to 

candidatus Accumulibacter phosphatis, was addressed. R. eutropha was used to simulate the 

EBPR process as a model organism and the adaptation to EBPR conditions was monitored. It 

could be shown that despite its similarities to c. A. phosphatis, R. eutropha is not an 

appropriate model organism for the EBPR process due to its inability to adapt to anaerobic 

conditions and to metabolize carbon sources during oxygen depletion.  

Nevertheless R. eutropha remains a model organism for the accumulation of the intracellular 

carbon and energy storage compound PHB.  PHB helps to survive under starvation and stress 

conditions. Over the past three decades different laboratories demonstrated the PHB 

synthesising enzyme PhaC1 and the PHB degrading enzyme PhaZa1 are constitutively 

expressed. Consequently a different regulation for the activity of PhaC1 and PhaZa1 is 

necessary to avoid a futile cycle of simultaneous PHB synthesis and PHB degradation.  

Previous reports suggested a connection between players of stringent response and the 

regulation of the PHB metabolism but alarmones were never quantified. In this work a 

method to extract and quantify (p)ppGpp from  R. eutropha was established. This enabled to 

study the relationship between (p)ppGpp concentrations and PHB accumulation in the wild 

type and in different mutants of genes involved in stringent response.  Single-, double-, and 

triple-gene deletion strains of R. eutropha in (p)ppGpp synthase/hydrolase (spoT1), (p)ppGpp 

synthase (spoT2) and polyhydroxybutyrate (PHB) depolymerase (phaZa1 or phaZa3) genes 

were constructed. Absence of ppGpp in a ∆spoT1 ∆spoT2 double deletion strain correlated 

with elongation of the cells and enhanced degradation of PHB due to PhaZa1-mediated 

depolymerisation of PHB. In line, the overproduction of ppGpp by treatment with amino acid 

analogues or over-expression of SpoT2 in absence of SpoT1 correlated with reduced growth 

and significant overproduction of PHB. Data on a previously constructed ∆spoT2 strain 

(Brigham et al., 2012) was identified as an experimental error. 
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Post-translational modifications were identified as a further adjusting screw of the PHB 

metabolism. PhaC1 and PhaZa1 were screened for the presence of phosphorylated residues. 

Ten different phosphorylations of PhaC1 were identified under PHB degrading conditions (at 

residues S10, T11, S16, T30, T94, T109, S149, S178, T191, S196, T198 and T373). T30, T94 

and T109 were identified reproducibly in two different experiments while T373 was identified 

in all experiments. Site directed mutagenesis revealed that T373 influences the activity of 

PhaC1 in vitro, but that a combined mutagenesis of different residues is necessary to have a 

detectable impact in vivo. The residue S35 of PhaZa1 was phosphorylated at all stages of cell 

growth and detected in three independent experiments. Phosphorylations at the residues T26 

and T28 were identified in one experiment. Modification of the residues T26 and S35 of 

PhaZa1 strongly reduced the PHB degrading activity. 
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Zusammenfassung 

Der “enhanced biological phosphate removal” (EBPR)-Prozess dient dazu überschüssiges 

Phosphat aus dem Abwasser zu entfernen. Der EPBR-Prozess ist von Interesse, weil er eine 

physiologische Verbindung zwischen dem Polyhydroxybutyratstoffwechsel (PHB) und dem 

Polyphosphatstoffwechsel herstellt. EBPR-Bakterien, wie zum Beispiel candidatus 

Accumulibacter phosphatis, können derzeit nicht als Reinkultur isoliert werden. Ralstonia 

eutropha H16 ist ein in der Forschung bekanntes, einfach kultivierbares β-Proteobakterium, 

das mit candidatus Accumulibacter phosphatis auf Genomebene verwandt ist. Diese Arbeit 

befasst sich mit der Frage, ob es einen Zusammenhang zwischen der PHB-Speicherung und 

der Polyphosphatbildung in R. eutropha gibt. Mithilfe von R. eutropha wurde ein EBPR-

Prozess nachgestellt. Es wurde hier untersucht ob R. eutropha als Modellorganismus für 

PHB-Synthese unter EBPR-Umständen fungieren kann, indem es sich an die EBPR-

Bedingungen anpasst. R. eutropha erwies sich trotz seiner Gemeinsamkeiten mit 

c. A. phosphatis nicht als passender Modellorganismus für den EBPR-Prozess unter den 

gegebenen Bedingungen. Es fand keine Anpassung an die anaeroben Bedingungen statt und 

Acetat wurde unter sauerstofflimitierenden Bedingungen nicht verstoffwechselt.  

Trotzdem bleibt R. eutropha weiterhin ein wichtiger Modellorganismus für die 

Akkumulierung von PHB als Kohlenstoff- und Energiespeicher. PHB ermöglicht es den 

Zellen unter limitierenden und Stress-Bedingungen zu überleben. Während der vergangenen 

drei Jahrzehnte haben verschiedene Arbeitsgruppen u. a. gezeigt, dass das PHB-

synthetisierende Enzym PhaC1 und das PHB-abbauende Enzym PhaZa1 konstitutiv 

exprimiert sind. Daraus lässt sich schließen, dass die Aktivität dieser Enzyme regulatorischen 

Mechanismen unterliegen muss, um einen simultanen PHB Auf- und Abbau zu vermeiden. 

Frühere Studien wiesen auf einen Zusammenhang zwischen stringenter Kontrolle, d.h. der 

Alarmonsynthese, und der Regulation des PHB-Stoffwechsels hin. Allerdings war die  

Detektion und Quantifizierung von Alarmonen aus R. eutropha bisher nicht möglich. In dieser 

Arbeit wurde eine Methode etabliert um Alarmone aus R. eutropha zu extrahieren und zu 

quantifizieren. Dies bot die Möglichkeit den Zusammenhang zwischen intrazellulären 

(p)ppGpp-Konzentrationen und PHB-Speicherung im Wildtyp und in verschiedenen 

Mutanten der Gene der stringenten Kontrolle zu untersuchen. Die Gene der (p)ppGpp-

Synthase-Hydrolase (spoT1), der (p)ppGpp-Synthase (spoT2) und der PHB-Depolymerasen 

(phaZa1 und phaZa3) wurden in R. eutropha deletiert. Die Abwesenheit von (p)ppGpp in 

einer ∆spoT1 ∆spoT2 Doppeldeletionsmutante führte zu einer Elongation der Zellen und zu 
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verstärktem PhaZa1-vermittelten PHB-Abbau. Zugabe von Aminosäurenanaloga zu R. 

eutropha-Kulturen und die Überexpression von SpoT2 in Abwesenheit von SpoT1 führten zu 

deutlich erhöhten (p)ppGpp-Konzentrationen. Die Konsequenz daraus war eine bedeutend 

erhöhte PHB-Speicherung. Zuvor veröffentlichte Daten einer amerikanischen Arbeitsgruppe 

über einen   PHB-negativen Phänotyp einer ∆spoT2 Deletionsmutante (Brigham et al., 2012) 

erwiesen sich als experimenteller Fehler.  

Darüber hinaus wurden post-translationale Modifikationen der PHB-Synthase PhaC1 und der 

PHB-Depolymerase PhaZa1 als weitere Stellschrauben des PHB-Stoffwechsels identifiziert. 

Es konnte in dieser Arbeit gezeigt werden, dass in R. eutropha PhaC1 und PhaZa1 an 

mehreren Aminosäureresten spezifisch phosphoryliert werden. Unter PHB-

Abbaubedingungen ließen sich Phosphorylierungen an über zehn verschiedenen Resten der 

PhaC1 detektieren. Phosphorylierungen an den Resten T30, T94 und T109 wurden 

reproduzierbar in unterschiedlichen Experimenten beobachtet; insbesondere der Rest T373 lag 

in allen Experimenten phosphoryliert vor. Es konnte gezeigt werden, dass die zielgerichtete 

Mutagenese dieses Restes (T373) die Aktivität von PhaC1 in vitro stark beeinträchtigt. In vivo 

konnte nur die Kombination phosmomimetischer Mutationen der Reste T30, T94, T109 und 

T373 die PHB-Speicherung beeinflussen. Dies lieferte Hinweise darauf, dass PhaC1 

möglicherweise durch mehrfache Phosphorylierung reguliert wird. Außerdem lag der Rest 

S35 der PHB-Depolymerase PhaZa1 zu allen Zeitpunkten des Zellwachstums phosphoryliert 

vor, sowohl während der PHB-Synthese als auch während des PHB-Abbaus. Weitere 

Phosphorylierungen der PhaZa1 befanden sich unter bestimmten Versuchsbedingungen an 

den Resten T26 und T28. Die Mutagenese der Reste T26 und S35 reduzierte den PHB-Abbau 

in vivo signifikant.  

Zusammenfassend hat diese Arbeit gezeigt, dass: 

1.  R. eutropha kein optimaler Modellorganismus für den EBPR-Prozess ist. 

2.  Die intrazellulären (p)ppGpp-Konzentrationen die PHB-Speicherung beeinflussen. 

3. Die PHB-Synthase PhaC1 und die PHB-Depolymerase PhaZa1 phosphoryliert 

vorliegen und die Mutagenese der phosphorylierten Reste die Aktivität dieser Enzyme 

beeinträchtigt. 
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1 Introduction 

Polyhydroxyalkanoates (PHA) such as polyhydroxybutyrate (PHB) are storage compounds in 

many prokaryotes  helping the bacteria to survive under stress conditions (Anderson and 

Dawes, 1990; Dawes and Ribbons, 1964; Jendrossek and Pfeiffer, 2014; Lemoigne, 1926; 

Madison and Huisman, 1999; Prieto et al., 2016; Shively et al., 2011). PHB is of industrial 

interest for the production of medicinal components (Wu et al., 2009; Zonari et al., 2015) and 

bio-degradable plastic (Riedel et al., 2015). Ralstonia eutropha H16, a Gram-negative 

facultative chemolithoautotrophic β-proteobacterium, is the model organism for PHB 

metabolism. R. eutropha became famous for two reasons: firstly it was able to grow 

chemolithoautotrophically with hydrogen and carbon dioxide as electron donor and acceptor, 

respectively (“Knallgasbakterium”) (Bowien and Schlegel, 1981) and secondly it was able to 

store significantly high amounts (>86 % of its cell dry weight) of polyhydroxybutyrate 

(Reinecke and Steinbüchel, 2008; Schlegel et al., 1961). PHB produced by R. eutropha or 

related species is meanwhile a commercially available biopolymer (Chen, 2009; Dinjaski and 

Prieto, 2015). Formation of polyhydroxyalkanoates (PHAs) was studied in the past decades by 

many groups.   

1.1 Accumulation of PHB by R. eutropha H16 

PHAs are formed in R. eutropha in the presence of an excess of carbon source or at otherwise 

imbalanced culture conditions. The first discovered and therefore best studied PHA is PHB 

(Lemoigne, 1926; Madison and Huisman, 1999).   

In the cells, PHB forms water-insoluble granules of approximately 200 to 500 nm in diameter 

designated as carbonosomes (Jendrossek, 2009; Jendrossek and Pfeiffer, 2014). Carbonosomes 

are composed of a polymer core and have a surface layer of up to 16 proteins with different 

functions (Bresan et al., 2016; Jendrossek and Pfeiffer, 2014; Sznajder et al., 2015a). In 

R. eutropha, the proteins of the PHB surface layer are divided into functional groups 

comprising PHB synthases (PhaCs) (Anderson and Dawes, 1990; Rehm, 2003), PHB 

depolymarases (PhaZs)  (Eggers and Steinbüchel, 2013; Jendrossek and Handrick, 2002; 

Sznajder and Jendrossek, 2014; Uchino et al., 2008), phasins (PhaPs) (Hanley et al., 1999; 

Mezzina and Pettinari, 2016; Mezzina et al., 2015; Neumann et al., 2008; Pfeiffer and 

Jendrossek, 2011, 2012; Pötter et al., 2005; York et al., 2001), regulatory proteins (PhaR) 

(Maehara et al., 2002; Pötter et al., 2002; York et al., 2002), activating enzymes (PhaM) 

(Bresan and Jendrossek, 2017; Pfeiffer and Jendrossek, 2014; Pfeiffer et al., 2011; Ushimaru 
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and Tsuge, 2016; Wahl et al., 2012) and proteins of unknown or hypothetical functions such as 

PhaX (Sznajder et al., 2015b). 

Over the last decades, the genes necessary for the formation of PHB, as well as the genes 

responsible for regulation and degradation of PHB under carbon limiting conditions have 

been identified and biochemically characterized (Jendrossek and Handrick, 2002; Mezzina 

and Pettinari, 2016; Rehm, 2010, 2003; Rehm and Steinbüchel, 1999; Stubbe et al., 2005). In 

R. eutropha, PHB is synthesised in a reaction composed of three steps.  In a first step, a β-

ketoacyl-CoA thiolase (PhaA encoded by phbA) condensates two acetyl-coA molecules to 

acetoacetyl-CoA. Acetoacetyl-CoA is subsequently reduced to hydroxybutyryl-CoA by a 

NADPH-dependent acetoacetyl-CoA dehydrogenase (PhaB encoded by phbB). 

Hydroxybutyryl-CoA is then used as a monomer to be polymerised to PHB by the PHB 

synthase (PhaC1 encoded by phbC)  (Anderson and Dawes, 1990; Dennis et al., 1998; 

Haywood et al., 1989; Peoples and Sinskey, 1989; Schubert et al., 1988, 1991). Only the 

presence of the (R)-3-hydroxybutyryl-CoA substrate and PHB polymerase is required for 

synthesis of PHB (Gerngross and Martin, 1995). R. eutropha is able to produce PHB in 

absence of PhaA and PhaB but never without PhaC1.  

The PHB synthase PhaC1 is the most essential enzyme for PHB synthesis in R. eutropha. 

PHB synthases are grouped in four classes depending on the substrate specificity and subunit 

composition: class I and II synthases consist of one subunit (PhaC1 for class I or PhaC2 for 

class II), whereas class III and IV synthases are heterodimers (PhaC and PhaE for class III, 

PhaC and PhaR for class IV) (for more details about all four classes see the reviews Rehm, 

2003; Zou et al., 2017). The PHB synthases of all classes are hypothesised to have a 

conserved active site and a shared catalytic mechanism (Jia et al., 2000, 2001; Rehm, 2003; 

Rehm et al., 2002; Tian et al., 2005; Yuan et al., 2001). The best studied synthases are the 

class I and class III PHB synthases. These share the substrate specificity for 3-(R)-

hydroxybutyryl-CoA (Gerngross and Martin, 1995; Jia et al., 2001; Stubbe and Tian, 2003; 

Stubbe et al., 2005; Yuan et al., 2001). Class I PHB synthases, such as PhaC1 from R. 

eutropha, are composed of a single polypeptide chain and contain a N-terminal domain of 

unknown function and a C-terminal catalytic domain (Gerngross et al., 1994; Shiming Zhang 

et al., 2000; Wodzinska et al., 1996). When comparing the amino acid sequence of 26 

different PHA polymerases from distinct organisms only 15 fully conserved residues between 

these 26 enzymes could be identified. This is noteworthy, because these 15 residues represent 

less than 3 % of the sequence of these enzymes (Madison and Huisman, 1999). A multiple 
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alignement of 59 different PHA synthases from 45 different bacteria resulted in an overall 

identity of the primary structure of 8-96 % with only 8 strictly conserved residues (Amara and 

Rehm, 2003; Rehm, 2003). Meanwhile the crystal structures of the catalytic domain of 

different class I PHB synthases are available (Chek et al., 2017; Kim et al., 2017a; Wittenborn 

et al., 2016). Although PHB synthases have different amino acid sequences, the secondary 

and tertiary structures of the catalytic domains of PHB synthases have a relatively high 

resemblance.  

Two different PHB synthases are encoded by the genome of R. eutropha but only the class I 

PHB synthase PhaC1 is responsible for PHB accumulation. PhaC2 is expressed in R. eutropha  

and associated to PHB granules (Sznajder et al., 2015b) but assumed to be catalytically 

inactive (Peplinski et al., 2010; Pfeiffer and Jendrossek, 2012). Several different studies point 

out a constitutive expression of the key enzymes of PHB synthesis (PHA synthase, PhaC1) 

and PHB degradation (PHB depolymerases, PhaZs) (Brigham et al., 2012; Lawrence et al., 

2005; Peplinski et al., 2010; Pötter and Steinbüchel, 2006a). This raises the question how 

synthesis and mobilisation of PHB are regulated to avoid a futile cycle of simultaneous 

synthesis and degradation. PHB accumulation has previously been studied in pure cultures but 

also in mixed cultures such as cultures performing the enhanced biological phosphate removal 

process (EBPR). 

1.2 The role of PHB in the EBPR process 

Municipal wastewater is abundant in diverse salts, volatile fatty acids, ammonia, phosphate 

and many other compounds which could be used as nutrients by bacteria. Microorganisms 

present in wastewater take up the minerals as nutrients and use them to generate energy and 

synthetise biomass. The average phosphate content in wastewater is not growth-limiting 

(above 15 mg/L) and even much higher than necessary for synthesis of nucleic acids and other 

phosphate-containing components of microorganisms. Wastewater engineers described that 

microorganisms in wastewater could take up more phosphate than they consume (Srinath, 

1959). In particular, after repeated changes between anaerobic and aerobic phases these 

phosphate-accumulating organisms (PAO) became strongly enriched. This property can be 

used to avoid eutrophication of rivers caused by phosphate-containing effluents of wastewater 

facilities. Phosphate can be removed from wastewater by the so-called enhanced biological 

phosphate removal process (EBPR).  In this process PAO store the phosphate in form of 

insoluble polyphosphate (polyP) granules. PolyP is a polymer composed of several phosphate 

residues linked by phosphoanhydride bonds. It is the oldest polymer on earth (Kornberg, 
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1995). Biosynthesis of polyP is assumed to be ubiquitous in every organism (Kornberg et al., 

1999; Kulaev and Kulakovskaya, 2000; Rao et al., 2009). The amount of phosphate 

accumulated by biomass can become considerably high. The phosphate concentration in 

wastewater can thereby be reduced to 0.1 mg/L simply by mechanically removing phosphate 

containing biomass (Blackall et al., 2002; Crocetti et al., 2002; Kulakovskaya et al., 2014; 

Seviour et al., 2003; Tian et al., 2013). However, the molecular events in PAO that lead to 

polyP accumulation are not understood.  

 

Figure 1: Summary of the major features of the biochemical models for EBPR. The changes thought to take 
place during the aerobic and anaerobic stages are shown. In the anaerobic phase (left) the cells take up fatty acids 
to produce PHB and degrade polyP while in the aerobic phase (right) PHB is degraded to allow phosphate 
uptake and polyP synthesis (Yuan et al., 2012) 

Previous studies described an accumulation of PHB and simultaneous release of inorganic 

phosphate (Pi) during the anaerobic phase switching to PHB degradation, Pi uptake and polyP 

accumulation in the aerobic phase of EBPR (Fig. 1). It has been shown that fatty acids such as 

acetate or propionate that are regularly present in wastewater could be taken up by bacteria in 

the anaerobic phase and were stored in form of PHB or copolymers of 3-hydroxybutyrate and 

3-hydroxyvalerate (HB/HV). Glycolysis or slowly operating tricarboxylic acid cycle provided 

the reducing power necessary for PHA synthesis (Forbes et al., 2009; Jena et al., 2015; Vargas 

et al., 2011; Wilmes et al., 2008; Zeng et al., 2013; Zhou et al., 2008, 2009, 2010). Previously 

accumulated polyP was used for energy production or hydrolysed to Pi to generate 

chemiosmotic energy during the anaerobic phase. Secretion of Pi allowed to generate a H+-

gradient (Van Veen et al., 1994). In the subsequent aerobic phase PHA was reutilised (after 

consummation of fatty acids in the anaerobic phase) and used for energy generation and 

growth while superfluously up-taken phosphate was stored in form of polyP (so-called 

“luxurious Pi uptake”) (Fig. 1) (Kulakovskaya et al., 2014; Rao et al., 2009; Wilmes et al., 

2008).  
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The microorganisms performing the EBPR process in sewage plants have been intensively 

studied to identify species responsible for phosphate removal and many attempts have been 

made to isolate them. In several earlier studies the isolation of bacterial strains such as 

Acinetobacter sp., Moraxella sp., Acinetobacter johnsonii, Acinetobacter wolfii, 

Acinetobacter caclcoaceticus and species of Pseudomonas and Paracoccus or Gram-positive 

strains from EBPR sludge was described (Akar et al., 2006; Barak, Y., & van Rijn, 2000; 

Fuhs and Chen, 1975; Van Groenestijn et al., 1989; Nakamura et al., 1995; Santos et al., 

1999; Tanaka et al., 2003; Van Veen et al., 1993, 1994). However, these species contributed 

only to a small fraction of microorganisms in EBPR sludge as was revealed by fluorescence in 

situ hybridization (FISH) experiments. The majority of bacteria in active EBPR sludge were 

β-proteobacteria and γ-proteobacteria but unfortunately could not be cultivated in pure culture 

in the lab (Hegermann et al., 2008; Hesselmann et al., 1999; Kong et al., 2005; Liu et al., 

2001; Seviour et al., 2003). 

In bioreactors which were performing a well operating EBPR process under lab conditions by 

application of a feast/famine acetate feeding regime coupled with alternative 

anaerobic/aerobic cycles, the community consisted of 89 % β-proteobacteria dominated by 

Rhodocyclus-related species. No evidence that these Rhodocyclus-like bacteria could perform 

anoxic photosynthesis was detected. A new genus and species called candidatus 

Accumulibacter phosphatis was therefore suggested by Hesselmann et al. in 1999 

(Hesselmann et al., 1999). Although c. A. phosphatis could be reproducibly enriched and 

detected in bacterial communities of EBPR sewage treatment plants, all attempts to culture 

c. A. phosphatis as pure culture in the lab failed (Hesselmann et al., 1999). The impossibility 

to cultivate c. A. phosphatis in pure culture strongly complicates or even prevents a detailed 

molecular biological analysis of the EBPR process. This is one of the reasons why the 

molecular events that couple acetate metabolism, PHB synthesis and reutilisation to 

phosphate uptake and polyP synthesis are poorly understood. Unfortunately, no species has 

been isolated until today that had all features of the EBPR process as described above. 

However, much knowledge is available in the field of PHB synthesis and PHB regulation 

(Anderson and Dawes, 1990; Grage et al., 2009; Jendrossek and Pfeiffer, 2014; Madison and 

Huisman, 1999; Pötter and Steinbüchel, 2006b; Schlegel et al., 1961).  
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1.2.1 R. eutropha resembles an EBPR model organism 

A model organism for PHB research, R. eutropha, is used for industrial production of PHB as 

a biodegradable “bioplastic” (biopolyester) and for fundamental research in several academic 

laboratories. Remarkably, R. eutropha – like c. A. phosphatis – is a β-proteobacterium and 

shares several properties with c. A. phosphatis such as accumulation of PHB/HV from acetate 

and propionate and accumulation of polyP. Examination of the R. eutropha genome sequence 

(Pohlmann et al., 2006) revealed the existence of polyP kinases (PPK), the key enzymes for 

the biosynthesis of polyP. Actually, the formation of polyP granules in R. eutropha was 

already demonstrated by members of the Hans G. Schlegel laboratory over 40 years ago 

(Kaltwasser, 1962; Walther-Mauruschat et al., 1977). Recent cryo-tomography experiments 

confirmed the presence of PHB granules and other granules that most likely were composed 

of polyP in R. eutropha (Beeby et al., 2012). Several polyP kinases and an 

exopolyphosphatase have been described (Tumlirsch et al., 2015).  

Remarkably, when polyP granules and PHB granules were present simultaneously in 

R. eutropha, both granules were often located close to each other  (Tumlirsch et al., 2015, 

own  observations). In a previous two-hybrid screen using PhaZa1 and PhaP2 as bait, the 

protein encoded by the gene H16_A2274 was identified as prey in eight independent clones 

suggesting a connection between H16_A2274 and the PHB metabolism. The gene product of 

the H16_A2274 gene was called PhaX to indicate a so far not understood link to the PHB 

metabolism. PhaX is annotated as a hypothetical putative phosphate transport regulator 

indicating the possibility of a relationship between PHB metabolism and phosphate 

metabolism via PhaX. Indeed, phaX knock-out cells showed an increased polyP content 

combined with an inhibition of PHB mobilisation in the stationary growth phase (Tumlirsch et 

al., 2015). PhaX was therefore hypothesised to create a link between the PHB metabolism and 

the polyP metabolism of R. eutropha.  Analysis of the c. A. phosphatis genome showed that 

this strain harbours three repetitions of phaX-orthologous genes and two repetitions of the 

pitA-gene (low affinity Pi transporter). R. eutropha has one copy of the phaX-pitA-operon 

(Fig. 2).  

The frequent changes from aerobic conditions to anaerobic conditions represent a stressful 

environment for bacteria involved in the EBPR process. Therefore it can be hypothesised that 

stringent response is involved in the regulation of PHB and polyP metabolism during the 

EBPR process.  
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Figure 2: Genetic organisation of the pitA-phaX operon in R. eutropha and c. A. phosphatis. c. A phosphatis 
has 3 repetitions of phaX-orthologous genes (designated as protein of unknown function DUF47) and 2 
repetitions of the pitA-gene (low affinity Pi transporter). R. eutropha has one copy of a phaX-pitA-operon. 

1.3 Stringent response and its influence on PHB and polyP metabolism 

The regulation of PHB synthesis and mobilisation is still not completely understood. One 

possibility would be a regulation of PHA synthesis and mobilisation by signal molecules. 

Pivotal signal molecules in prokaryotic species are the alarmones ppGpp and pppGpp, which 

when present in high concentrations induce the stringent response. Alarmones are intracellular 

signalling molecules composed of guanosine and phosphate occurring in plants and bacteria. 

The number of studies demonstrating a role of (p)ppGpp for survival of bacteria under 

stringent environmental conditions is steadily increasing.  

Stringent response is a complex reaction to different stress conditions such as amino acid 

starvation, carbon, nitrogen or phosphate limitation, increase in osmolality or oxidative stress 

(Cashel et al., 1996). It controls the cellular anabolism depending on the available nutrients 

and was initially discovered as a reaction to amino acid starvation and a related inhibition of 

ribosome and rRNA synthesis (Borek et al., 1956; Sands and Roberts, 1952). An Escherichia 

coli mutant produced stable tRNA and rRNA under nutrient shortage conditions under which 

the wild type was unable to produce stable RNA. This mutant was designated as “relaxed” 

and the gene responsible for this mutation was called relA (Alföldi et al., 1962; Stent and 

Brenner, 1961). The principal mediators of stringent response are the alarmones.  
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Alarmones were described to be the messenger inducing stringent response upon nitrogen 

starvation (Brown et al., 2014; Potrykus and Cashel, 2008; Villadsen and Michelsen, 1977). 

They were shown to regulate gene expression at a transcriptional level in different bacteria 

(Cashel et al., 1996; Eymann et al., 2002; Ross et al., 2016). Furthermore (p)ppGpp 

accumulation could be stimulated by the PTS (phosphotransferase) system aiming to respond 

to metabolic signals. Thereby it could control cell cycle progression and cell growth in 

C. crescentus (Ronneau et al., 2016). In E. coli, ppGpp could bind RNA polymerase and 

thereby modify its promoter preference. ppGpp was responsible for rRNA and ribosome 

degradation and regulated transcription of genes involved in amino acid biosynthesis 

(Artsimovitch et al., 2004). Interestingly, ppGpp was also involved in the formation of 

antibiotic persisters, that is to say phenotypic variants exhibiting extreme tolerance toward 

antibiotic stress (Amato and Brynildsen, 2015).  

Over time the genes involved in stringent response in E. coli were identified. Two different 

ATP-dependent GTP-pyrophosphotransferases: RelA ((p)ppGpp synthase I) and SpoT 

((p)ppGpp synthase II) were described. Two theories about the production of ppGpp are 

discussed. The first possibility would be that RelA and SpoT transfer a pyrophosphate from 

ATP to the 3’ OH group of the ribose of guanosine-5-triphosphate (GTP) to generate pppGpp. 

A pppGpp-phosphohydrolase in turn dephosphorylates pppGpp to ppGpp directly after 

synthesis (Somerville and Ahmed, 1979). Another possibility would be that GTP or 

guanosine-5-diphosphate (GDP)  are converted to 5-triphosphate-3-diphosphate (pppGpp) or 

directly to 5-diphosphate-3-diphosphate (ppGpp) respectively under stringent conditions 

(Hara and Sy, 1983; Kari et al., 1977; Steinchen et al., 2015). The only enzyme able to 

hydrolyse both signalling molecules is the (p)ppGpp-5’-phosphohydrolase SpoT which 

degrades ppGpp to GDP and pyrophosphate or pppGpp to GTP and pyrophosphate (Mechold 

et al., 2002). 

Sequence alignments of SpoT and RelA over the complete protein sequences showed that 

both proteins are significantly interrelated (Metzger et al., 1989). This can explain the 

common synthase activity of both proteins. SpoT proteins differ from RelA proteins by a 

Mn2+-dependent hydrolase activity and a conserved His-Asp (HD)-domain (Aravind and 

Koonin, 1998). Besides, RelA and SpoT proteins show a similar structure of their conserved 

motifs and therefore could be paralogues (Fig. 3). RelA may have lost its phosphohydrolase 

activity by an amino acid exchange in the N-terminal region, more precisely in the HD-

domain. The functions of the different motifs are still not fully understood. The N-terminal 

region and especially the HD-domain was described as the catalytically active part while the 
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C-terminal region is expected to have a regulatory function influencing the catalytic part 

(Potrykus and Cashel, 2008). The TGS-domain- and the ACT-domain are localised in the C-

terminal part. The TGS-domain was named after threonyl-tRNA synthase, GTPase and SpoT 

because it can be found in GTPases, RelA and SpoT proteins. Therefore this domain is 

expected to be responsible for ligand and nucleotide binding (Wolf et al., 1999). 

ACT-domains (aspartate kinase, chorismate and TyrA) are described generally with a 

regulatory function and can be found in several metabolic enzymes whose activity depends on 

the amino acid concentration (Aravind and Koonin, 1998; Schuller et al., 1995). Because of 

its inactive HD-domain RelA was described as pure synthase while SpoT is a hydrolase with a 

weak synthase activity (Potrykus and Cashel, 2008). The SYNTH domain was described as 

the (p)ppGpp-synthase domain active as well in SpoT as in RelA (Atkinson et al., 2011). 

Depending on the conditions SpoT is assumed to undergo a conformational change switching 

between synthase or hydrolase activity (Potrykus and Cashel, 2008). 

 

Figure 3: Schematic structure of the conserved domains of RelA and SpoT proteins. NTD: N-terminal 
domain, CTD: C-terminal domain, (Aravind and Koonin, 1998). The HD-domain is a predicted 
phosphohydrolase domain named HD as the conserved predicted catalytic residues.  The SYNTH domain is a 
(p)ppGpp synthetase domain present and conserved in RelA and SpoT proteins. The TGS domain is a regulatory 
domain named after the threonyl-tRNA synthetase, GTPase and SpoT occurring in RelA, SpoT and GTPase 
(Atkinson et al., 2011). The ACT-domain (aspartate kinase, chorismate and TyrA) is a conserved domain found 
in metabolic enzymes regulated by the amino acid concentration (Aravind and Koonin, 1998). 

In E. coli cell extracts RelA is bound to ribosomes (Haseltine and Block, 1973; Justesen et al., 

1986). Amino acid starvation causes a lack of aminoacyl-tRNAs leading to a different ratio of 

the available charged and uncharged tRNAs in the cytoplasm. Thereby the probability of 

binding of an uncharged tRNA to the entry site of a ribosome is increased.  The tRNA gets 

stuck in the aminoacyl site of the ribosome and the transit through the ribosomal sites 

necessary for protein elongation becomes impossible. RelA is able to recognize the situation 

and to remove the uncharged tRNA and to synthesise (p)ppGpp simultaneously. In this way, 

protein biosynthesis is blocked and (p)ppGpp is generated (Haseltine and Block, 1973; 

Wendrich et al., 2002). A conformational change of RelA upon binding to ribosomes could 
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stimulate the (p)ppGpp synthesis (Arenz et al., 2016). RelA was able to produce (p)ppGpp 

during amino acid starvation but not under carbon stress conditions (Metzger et al., 1989; 

Xiao et al., 1991). 

SpoT from E. coli was first known as a (p)ppGpp-3-pyrophosphohydrolase (Laffler and 

Gallant, 1974) but a (p)ppGpp-synthase activity was later proved by biochemical assays. 

E. coli spot/relA double mutants were never able to produce detectable levels of (p)ppGpp 

(Xiao et al., 1991).  Contrary to RelA, SpoT is soluble in the cytosol and is activated by 

carbon, nitrogen or phosphate limitation and osmolarity stress (Gentry and Cashel, 1995). In 

short, RelA is bound to ribosomes and responsible for amino acid starvation while SpoT is 

soluble in the cytoplasm and responds to starvation of different metabolites except amino 

acids.  

Analogously R. eutropha has two enzymes able to synthesise (p)ppGpp called SpoT1 

(H16_A0955; orthologous to SpoT in E. coli) and SpoT2 (H16_A1337; orthologous to RelA 

in E. coli). SpoT1 from R. eutropha is expected to be an alarmone synthase and hydrolase 

able to catalyse the reaction from GDP to ppGpp and from GTP to pppGpp or to hydrolyse 

these nucleotides back to GDP and GTP respectively (Brigham et al., 2012; Karstens et al., 

2014; Pohlmann et al., 2006). SpoT2 from R. eutropha is assumed to be only an alarmone 

synthase unable to hydrolyse (p)ppGpp as described for RelA in E. coli (Fig. 3, Fig. 4).  

 

Figure 4: Schematic overview of the presumable cellular (p)ppGpp metabolism in R. eutropha. Only 
physiologically relevant reactions are shown. The involved enzymes are the ATP-dependent GTP-
pyrophosphotransferase SpoT2 (corresponding to RelA in E. coli) and the combined ATP-dependent GTP-
pyrophosphotransferase and (p)ppGpp-5’-phosphohydrolase SpoT1 (corresponding to SpoT in E. coli) (adapted 
from (Brigham et al., 2012; Cashel et al., 1996; Karstens et al., 2014)). 
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1.3.1 Link between stringent response and polyP 

A study by Al-Najjar et al. showed that the ppGpp concentration correlated with the 

concentration of phosphorous per biomass and with the intracellular cycling of phosphorous 

in reactors of the EBPR process (Al-Najjar et al., 2011). Further publications described a 

connection between ppGpp and polyP. Kuroda et al. demonstrated that high levels of ppGpp 

and pppGpp, generated in response to amino acid starvation in E. coli, led to massive 

accumulation of inorganic polyP (Kuroda et al., 1997, 2001). The activities of the principal 

polyP kinase and exopolyphosphatase only fluctuated slightly. Therefore the increased polyP 

accumulation was attributed to the inhibition of the exopolyphosphatase (PPX) by pppGpp 

and/or ppGpp. This resulted in a prevention of the hydrolytic breakdown of polyP, thereby 

hindering the turnover of polyP (Rao et al., 1998). Alarmones had thus been shown to be 

connected to the polyP metabolism and could be therefore create the link between polyP and 

PHB accumulation.  

1.3.2 Link between stringent response and PHB metabolism 

A microarray study by Brigham et al. 2012 showed that neither phaCAB, the PHB 

biosynthesis gene cluster of R. eutropha, nor the transcriptional regulator PhaR or the granule 

associated factor PhaM (Pfeiffer et al., 2011) exhibited significant changes in expression level 

under PHB production or utilisation. This suggests that the regulation of PHB production in 

R. eutropha may not be achieved by the control of phaCAB expression alone. The same study 

indicated that PHB biosynthesis is regulated by stringent response. Brigham et al. claimed that 

a ppGpp synthase (SpoT2) deletion mutant (deletion in the H16_A1337 gene (Re2411)) did 

not accumulate PHB while chemical induction of stringent response by addition of the amino 

acid analogue norvaline caused an augmented accumulation of PHB in the presence of 

ammonium. These results suggested that the stringent response is required for PHB 

accumulation in R. eutropha (Brigham et al., 2012) rising the question of the role of SpoT1 

and SpoT2  in the PHB metabolism.   

Two further publications describe this link more in detail: a member of a nitrogen-related 

phosphotransferase (PTSNtr) system called EIIANtr serves regulatory functions and can be 

found in many Proteobacteria in addition to the sugar transport PTS. In R. eutropha, an 

EIIANtr knock-out mutant accumulated substantially more PHB than the wild type (Kaddor 

and Steinbüchel, 2011a). Karstens et al. demonstrated that PHB accumulation was connected 

to the stringent response and was induced under conditions of nitrogen deprivation. The 
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intracellular PHB content could be increased by EIIANtr knock-out. In contrast, the absence of 

enzyme I or HPr, which deliver phosphoryl groups to EIIANtr, had the opposite effect. EIIANtr 

might integrate information about nutritional state into the stringent response by its 

phosphorylation status, thereby controlling cellular PHB content in R. eutropha (Karstens et 

al., 2014; Pohlmann et al., 2006). Another study describing essential functions of the spoT 

gene for PHB accumulation has been published for Rhizobium etli. An insertion mutant in the 

(only) spoT gene (ppGpp synthase/hydrolase) of R. etli had lost the ability to accumulate PHB 

(Calderón-Flores et al., 2005). Therefore it was hypothesised that a correlation between the 

intracellular concentration of (p)ppGpp and the accumulation of PHB in R. eutropha exists.  

1.4 Aims of the study 

The protein PhaX was recently discovered by our group (Tumlirsch et al., 2015). From this 

discovery a new research field investigating polyP granules arose in our group (Tumlirsch et 

al., 2015).  The phenotype of a phaX deletion mutant showed that the formations of PHB and 

polyP granules share a common regulation. The link between PHB and polyP accumulation 

had previously been addressed in diverse studies focused on EBPR. Unfortunately, no species 

has been isolated until today that has all features of the EBPR organisms described above. 

However much knowledge is available in the field of PHB synthesis and PHB regulation for 

the model organism R. eutropha (Anderson and Dawes, 1990; Grage et al., 2009; Jendrossek 

and Pfeiffer, 2014; Madison and Peoples, 2008; Pötter and Steinbüchel, 2006b; Pötter et al., 

2004). As R. eutropha shares several properties with c. A. phosphatis the question if 

R. eutropha could perform the EBPR process arose. Therefore, the first aim of this work was 

to study if the easy-to-culture well-studied organism R. eutropha could become a model 

organism for the EBPR process in order to understand more about the regulation of PHB 

production.  

The frequent changes between aerobic and anaerobic cycles during the EBPR process imply 

stress conditions for bacteria. Stress conditions are accompanied by the accumulation of 

alarmones. Therefore alarmones were hypothesised to be involved in the regulation of polyP 

and PHB accumulation. Depending on the growth medium and on nutrient availability PHB 

accumulation of R. eutropha is regulated differently but the mechanism deciding whether 

PHB is synthesised or degraded remains unknown. As the key enzymes for PHA synthesis 

and PHA mobilisation are constitutively expressed (Brigham et al., 2012; Lawrence et al., 

2005; Sznajder et al., 2015a), the question how it is regulated whether the cells synthesise or 
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degrade PHB can be raised. The main objective of this work was to address the question how 

the PHB metabolism of R. eutropha is regulated.  

One possibility would be that PHA synthesis and mobilisation are regulated by signal 

molecules such as the alarmones ppGpp and pppGpp. Previous reports suggested that 

stringent response in Rhizobium etli and in R. eutropha is involved in regulation of the PHB 

metabolism (Calderón-Flores et al., 2005; Karstens et al., 2014). However, the levels of 

(p)ppGpp and the influence of (p)ppGpp levels on PHB accumulation and PHB mobilisation 

have not yet been determined for any PHB-accumulating species. Therefore, a target of this 

project was to optimise a (p)ppGpp extraction procedure and an HPLC-MS based detection 

method for the quantification of (p)ppGpp from R. eutropha. This allowed to study the 

relationship between the concentrations of (p)ppGpp and the accumulated levels of PHB in 

the wild type and in several constructed mutant strains.  

Another possibility would be allosteric regulation of the key players of the PHB metabolism 

(PHB synthase and PHB depolymerase) by post-translational modifications. Covalent 

modification of proteins such as phosphorylation of specific residues is a well-known cellular 

tool to modify the activity of enzymes. So far, the phosphorylation status of PHB synthase 

and PHB depolymerase had not been investigated. The final part of this work should address 

the questions whether accumulation and mobilisation of PHB could be influenced by 

phosphorylation of PHB synthase and PHB depolymerase. 

Altogether, combining the study of PHB accumulation under oxygen-limited conditions, in 

presence or absence of alarmones and after post-translational modifications should provide an 

improved understanding of the PHB metabolism in R. eutropha.  
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2 Materials and Methods 

2.1 Organisms, plasmids and primers 

2.1.1 Conservation of strains 

All used microorganisms were stored on agar plates with the appropriate complex medium 

and antibiotic at 5-10 °C for up to 4 weeks.  

2.1.1.1 Glycerol stocks 

For longer storage E. coli strains were stored as glycerol stocks (800 µL glycerol (98 %) und 

800 µL cell suspension) at -70 °C. To reactivate the cells an aliquot was stroke out to an LB-

agar petri dish and incubated for 24 h at 37 °C or inoculated to liquid LB-medium and shaken 

overnight at 37 °C. 

2.1.1.2 Filter paper discs 

For long term storage of R. eutropha the cells were lyophilized. Therefore densely grown 

cultures on NB-agar plates were suspended in 1.5 mL of a sterile 10 % (w/v) skim milk and 

5 % myo-inositol solution. The solution was absorbed by 15 - 20 sterile filter paper discs 

(0.5 mm diameter), transferred to sterile glass tubes, frozen at -20 °C and subsequently 

lyophilized. The strains were stored in screw cap tubes with glass padding and dried silica gel 

at -70 °C. For reactivation one filter paper disc was transferred to and incubated in 10 mL of 

NB-medium shaking at 30 °C overnight.  

The bacterial strains, plasmids and primers used for this study are listed in Tab. 1, Tab. 2 and 

Tab. 3. In this work, R. eutropha always refers to Ralstonia eutropha H16.  
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Table 1: Strains used for this study 

Bacterial strain Relevant charateristics Reference 

Escherichia coli BL21 
(DE3)/pLys 

Protein expression Novagen, 4512 

Escherichia coli BTH101 
∆cya 

Two-hybrid-strain with adenylate cyclase deletion Lydia Warth, 3656 

Escherichia coli JM109 
(SN528) 

For cloning and plasmid storage DSMZ 3423 

E. coli TOP10 (SN5931) For cloning and plasmid storage (Beyer et al., 2015) 

E. coli S17-1 (SN490) For conjugation (Kovach et al., 1995)

E. coli XL1-blue  For site directed mutagenesis Stratagene, 4505 

Ralstonia eutropha H16 
(SN1342) 

R. eutropha H16 wild type strain DSMZ 428 

R. eutropha H16 ∆spoT2 
(SN5351) 

R. eutropha H16 with knock-out of spoT2 (Juengert et al., 
2017) 

R. eutropha H16 Re2411 
(SN5784) 

See results (Brigham et al., 
2012) 

R. eutropha H16 
∆spoT1 ∆spoT2 (SN5991) 

R. eutropha H16 with knock-out of spoT2 and spoT1 (Juengert et al., 
2017) 

R. eutropha  H16 
∆spoT1 ∆spoT2 ∆phaZa1 
(SN6171) 

R. eutropha H16 with knock-out of spoT2 and spoT1 
and phaZa1 

(Juengert et al., 
2017) 

R. eutropha H16 
∆spoT1 ∆spoT2 ∆phaZa3 
(SN6172) 

R. eutropha H16 with knock-out of spoT2 and spoT1 
and phaZa3 

(Juengert et al., 
2017) 

R. eutropha H16 spoT1-eyfp 
(SN6476) 

Chromosomal integration of eyfp downstream of spoT1 (Juengert et al., 
2017) 

R. eutropha H16 spoT2-eyfp 
(SN6477) 

Chromosomal integration of eyfp downstream of spoT2 (Juengert et al., 
2017) 

R. eutropha H16 ∆phaC1 
(SN6525) 

R. eutropha H16 with knock-out of phaC1 (Schlegel et al., 
1970) 

R. eutropha H16 
∆phaC1 ∆phaM (SN6506) 

R. eutropha H16 with knock-out of phaC1 and phaM Stephanie Bresan 

R. eutropha H16 ∆phaZa1 
(SN6167) 

R. eutropha H16 with knock-out of phaZa1 (Juengert et al., 
2018b) 

R. eutropha H16 ∆H16_B0700 
(SN6658)  

R. eutropha H16 with knock-out of H16_B0700 This study 

R. eutropha H16 ∆ppk_all 
(SN5908) 

R. eutropha H16 with knock-out of all seven polyP 
kinases 

(Tumlirsch et al., 
2015) 

SN refers to strain number i.e. the number of the vial in the strain collection of our laboratory. 
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Table 2: Plasmids used in this study 

Plasmid Relevant charasteristic Reference 

Cloning vector   

pBluescriptSK(+) Standard cloning vector (phagemid excised 
from lambda ZAP). Used for blue-white 
screening. Ampr 

Stratagene 

Expression in R. eutropha   

pBBR1MCS2 Broad host range vector; Kanamycinr (Kovach et al., 1995) 

pBBR1MCS2-pphaC-eyfp-C1  

 

Universal vector for construction of fusions C-
terminal to eyfp under the control of the 
phaCAB promoter 

(Pfeiffer et al., 2011) 

pBBR1MCS2-pphaC-eyfp-N1 Universal vector for construction of fusions N-
terminal to eyfp under the control of the 
phaCAB promoter 

(Pfeiffer et al., 2011) 

pBBR1MCS2-pbad-eyfp-N1 Universal vector for construction of fusions N-
terminal to eyfp under the control of the araBp 
promoter 

(Pfeiffer et al., 2011) 

pBBR1MCS2-pphaC-dsRed-N1 Broad host range vector with phaC promoter 
and N-terminal dsRed fusion; Kanamycinr 

Daniel Pfeiffer 

pBBR1MCS2::padh :A2425 Acetate transporter H16_A2425 under control 
of the alcohol dehydrogenase promoter 

This study 

pBBR1MCS2::padh:B1337 Acetate transporter H16_A1337 under control 
of the alcohol dehydrogenase promoter 

This study 

pBBR1MCS2::padh:B1355 Acetate transporter H16_A1355 under control 
of the alcohol dehydrogenase promoter 

This study 

pBBR1MCS2::padh:eyfp eyfp under control of the alcohol dehydrogenase 
promoter 

This study 

pBBR1MCS2_pphaC_spoT1_eyfp
_N1 

N-terminal fusion of SpoT1 to eYFP (Juengert et al., 2017) 

pBBR1MCS2_ pphaC _spoT2_ 
eyfp _N1 

N-terminal fusion of SpoT2 to eYFP (Juengert et al., 2017) 

pBBR1MCS2_ pphaC_ eyfp _ 
spoT1_ C1 

C-terminal fusion of SpoT1 to eYFP (Juengert et al., 2017) 

pBBR1MCS2_ pphaC _ eyfp _ 
spoT2_ C1 

C-terminal fusion of SpoT2 to eYFP (Juengert et al., 2017) 

pBBR1MCS2_ pphaC _spoT1 Complementation of SpoT1 (Juengert et al., 2017) 

pBBR1MCS2_rrnB _pbad_spoT2 spoT2 under control of the pbad (arabinose 
inducible) promoter 

(Juengert et al., 2017) 

pBBR1MCS2_rrnB 
_pbad_spoT2_eyfp_N1 

N-terminal fusion of SpoT2 to eYFP under 
control of the pbad (arabinose inducible) 
promoter 

This study 

pBBR1MCS2_ pphaC _phaC1_ 
eyfp 

N-terminal fusion of PhaC1 to eYFP (Pfeiffer and 
Jendrossek, 2012) 

pBBR1MCS2_pphaC_phaC1_ 
T30A_eyfp 

N-terminal fusion of PhaC1 (T30A) to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_ 
T30D_eyfp 

N-terminal fusion of PhaC1 (T30D) to eYFP (Juengert et al., 2018b) 
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Plasmid Relevant charasteristic Reference 

pBBR1MCS2_pphaC_phaC1_ 
T373A_eyfp 

N-terminal fusion of PhaC1 (T373A) to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_ 
T373D_ eyfp 

N-terminal fusion of PhaC1 (T373D) to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_ 
T373N_ eyfp 

N-terminal fusion of PhaC1 (T373N) to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_ 
T373E_ eyfp 

N-terminal fusion of PhaC1 (T373E) to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_ 
T94N_ eyfp 

N-terminal fusion of PhaC1 (T94N) to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_ 
T94D_ eyfp 

N-terminal fusion of PhaC1 (T94D) to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_ 
T109N_ eyfp 

N-terminal fusion of PhaC1 (T109N) to eYFP (Juengert et al., 2018b) 

 pBBR1MCS2_pphaC_phaC1_ 
T109D_ eyfp 

N-terminal fusion of PhaC1 (T109D) to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_ pphaC_phaC1_ 
T94N_T373N_ eyfp 

N-terminal fusion of PhaC1 (T94N, T373N) to 
eYFP 

(Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_ 
T94N_T109N _T373N _ eyfp 

N-terminal fusion of PhaC1 (T94N, T109N,  
T373N) to eYFP 

(Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_ 
T94D_T373D_ eyfp 

N-terminal fusion of PhaC1 (T94D, T373D) to 
eYFP 

(Juengert et al., 2018b) 

 pBBR1MCS2_pphaC_phaC1_ 
T94D_T109D _T373D _ eyfp 

N-terminal fusion of PhaC1 (T94D, T109D,  
T373D) to eYFP 

(Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_T30
D_T94D_T109D_T373D_ eyfp 

N-terminal fusion of PhaC1 (T30D, T94D, 
T109D,  T373D) to eYFP 

(Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaC1_T30
N_T94N_T109N_T373N_ eyfp 

N-terminal fusion of PhaC1 (T30N, T94N, 
T109N,  T373N) to eYFP 

(Juengert et al., 2018b) 

pBBR1MCS2_phaZa1(P150A)_
WT_ gfp  

C-terminal fusion of PhaZa1 to eYFP, unknown 
plasmid map, sequence contains (P150A) 
mutation  

This study 

pBBR1MCS2_phaZa1(P150A)_ 
S35D_ gfp 

C-terminal fusion of PhaZa1(S35D) to eYFP, 
unknown plasmid map, sequence contains 
(P150A) mutation 

This study 

pBBR1MCS2_phaZa1(P150A)_
S35A_gfp 

C-terminal fusion of PhaZa1 (S35A) to eYFP, 
unknown plasmid map, sequence contains 
(P150A) mutation 

This study 

pBBR1MCS2_pphaC _phaZa1_ 
eyfp 

N-terminal fusion of PhaZa1 to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaZa1_ 
S35D_ eyfp 

N-terminal fusion of PhaZa1 (S35D) to eYFP (Juengert et al., 2018b) 

 pBBR1MCS2_pphaC_phaZa1_ 
S35N_ eyfp  

N-terminal fusion of PhaZa1 (S35N) to eYFP (Juengert et al., 2018b) 

 pBBR1MCS2_pphaC_phaZa1_ 
T26D_ eyfp 

N-terminal fusion of PhaZa1 (T26D) to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaZa1_ 
T26N_ eyfp 

N-terminal fusion of PhaZa1 (T26N) to eYFP (Juengert et al., 2018b) 
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Plasmid Relevant charasteristic Reference 

pBBR1MCS2_pphaC_phaZa1_ 
T28D_ eyfp 

N-terminal fusion of PhaZa1 (T28D) to eYFP (Juengert et al., 2018b) 

pBBR1MCS2_pphaC_phaZa1_ 
T28N_ eyfp 

N-terminal fusion of PhaZa1 (T28N) to eYFP (Juengert et al., 2018b) 

Fusions to His6-tag   

pET28a His tag expression vector; Kmr Novagen 

pET28a_phaC1 plasmid for expression of His6-PhaC1 (Pfeiffer and 
Jendrossek, 2014) 

pET28a_phaC1(T30A) Plasmid for expression of His6-PhaC1(T30A) This study 

pET28a_phaC1(T30D) Plasmid for expression of His6-PhaC1(T30D) This study 

pET28a_phaC1(T373A) Plasmid for expression of His6-PhaC1(T373A) (Juengert et al., 2018b) 

pET28a_phaC1(T373D) Plasmid for expression of His6-PhaC1(T373D) (Juengert et al., 2018b) 

pET28a_phaC1(T373E) Plasmid for expression of His6-PhaC1(T373E) (Juengert et al., 2018b) 

pET28a_phaC1(T373N) Plasmid for expression of His6-PhaC1(T373N) (Juengert et al., 2018b) 

Deletions   

pLO3 Suicide vector; Tcr (Lenz and Friedrich, 
1998) 

pLO3_∆phaZa3 Deletion vector for phaZa3; fragments upstream 
and downstream of the gene were connected via 
overlap PCR and cloned between SacI and XbaI 
sites of pLO3 

(Juengert et al., 2017) 

pLO3_∆phaZa1 Deletion vector for phaZa1 (Juengert et al., 2017) 

pLO3_∆spoT1 Deletion vector for spoT1 (Juengert et al., 2017) 

pLO3_∆spoT2 Deletion vector for spoT2 (Juengert et al., 2017) 

pLO3_spoT1_eyfp Vector for chromosomal insertion of eyfp 
downstream of spoT1 

(Juengert et al., 2017) 

pLO3_spoT2_eyfp Vector for chromosomal insertion of eyfp 
downstream of spoT2 

(Juengert et al., 2017) 

pLO3_∆B0700 Deletion vector for H16_B0700 This study 

Bacterial two-hybrid   

pUT18C BACTH vector designed to express a given 
polypeptide fused in-frame at its N-terminal end 
with the T18 fragment; ColE1 ori; Ampr 

(Karimova et al., 
2001) 

pKT25 BACTH vector designed to express a given 
polypeptide fused in-frame at its N-terminal end 
with the T25 fragment; p15 ori; Kmr 

(Karimova et al., 
2001) 

pUT18C-zip, pKT25-zip Derivatives of pUT18C and pKT25 with a 114 
bp DNA fragment encoding a leucine zipper 
(positive control for two-hybrid assays) 

(Karimova et al., 
2001) 

pUT18C_spoT1 SpoT1 fused to T18 This study 

pKT25_spoT1 SpoT1 fused to T25 This study 

pUT18C_spoT2 SpoT2 fused to T18 This study 

pKT25_spoT2 SpoT2 fused to T25 This study 

pUT18C_B0700 Serine kinase H16_B0700 fused to T18 This study 
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Plasmid Relevant charasteristic Reference 

pKT25_B0700 Serine kinase H16_B0700 fused to T25 This study 

pUT18C_phaC1 PhaC1 fused to T18 (Pfeiffer and 
Jendrossek, 2011) 

pKT25_ phaC1 PhaC1 fused to T25 (Pfeiffer and 
Jendrossek, 2011) 

pUT18C_phaZa1 PhaZa1 fused to T18 (Pfeiffer et al., 2011) 

pKT25_ phaZa1 PhaZa1 fused to T25 (Pfeiffer et al., 2011) 

pUT18C_A1212  H16_A1212 (PPK2C) fused to T18 Tony Turmlirsch 

pKT25_A1212  H16_A1212 (PPK2C) fused to T25 Tony Turmlirsch 

pUT18C_A1271 H16_A1271 (PPK2D) fused to T18 Tony Turmlirsch 

pKT25_A1271  H16_A1271 (PPK2D) fused to T25 Tony Turmlirsch 

pUT18C_A1979 H16_A1979 (PPK2E) fused to T18 Tony Turmlirsch 

pKT25_A1979  H16_A1979 (PPK2E) fused to T25 Tony Turmlirsch 

pUT18C_B1019 H16_B1019 (PPK1B) fused to T18 Anna Sommer 

pKT25_B1019  H16_B1019 (PPK1B) fused to T25 Anna Sommer 

pUT18C_A2437  H16_A2437 (PPK1A) fused to T18 Anna Sommer 

pKT25_A2437 H16_A2437 (PPK1A) fused to T25 Anna Sommer 

pUT18C_ppx  PPX fused to T18 Anna Sommer 

pKT25_ ppx PPX fused to T25 Anna Sommer 
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Table 3: Primers used in this study 

Primer name Primer sequence 

Control primers  

H16_Hox_1_Fwd gccacatccttaggactgggaccttcc  

H16_Hox_1_Rv cggcggcagcacataagccttgg  

H16_Full_PhaC1_1_fwd gcagagagacaatcaaatcatggcgaccg  

H16_Full_PhaC1_1_Rv gcacgccggcactcatgcaagc 

H16_Seq_PhaC1_fwd ccattcggatagcatctccccatgcaaagtgccg 

pBBR1MCS2_acetate_fwd gggcaaatattatacgcaaggc 

pBBR1MCS2_acetate_rev gttgtaaaacgacggccagtg 

SpoT1_+500 fwd cacattccgaatcgcttcgagc 

SpoT1_+500 rev gtcgtgggcggcctcc 

SpoT2_+500 fwd gacctttgtcgatccggcgc 

SpoT2_+500 rev catccggcagcgtgattgc 

SpoT1_+500 fwd cacattccgaatcgcttcgagc 

SpoT1_+500 rev gtcgtgggcggcctcc 

p_YFP_n1_seq cagctcctcgcccttgctca 
Knock-out  

A1150_PhaZa1_upstreamF cgatcagagctcgtcaaggcgcagcgcggcatgttctcgtactc 

A1150_PhaZa1_upstreamR gccgttaattaagccggcctgggtctagctaagaggtacgtactaccaagtactaatgtactgac 

A1150_PhaZa1_downstreamF cggcttaattaacggccgcccgcgattgcgggcgtttcttcttg 

A1150_PhaZa1_downstreamR gctctagactaatttccgcgccgacgaggagcagctgcac 

B1014_PhaZ5_upstreamF cgatcagagctccgaatgatcccgcaaaggttccttcgttgccaaggacg 

B1014_PhaZ5_upstreamR gccgttaattaagccggcgattcccgcctttttgaattggttggtgtgttgttctggcg 

B1014_PhaZ5_downstreamF cggcttaattaacggcgcgctccgtcgccttggcgaggc 

B1014_PhaZ5_downstreamR gctctagacacgctgatacaggcgaccgcgtagtacgccac 

B0700_upstreamF cgatcagagctcgtggtgcacgcagcagaactgccag 

B0700_upstreamR gccgttaattaagccgcctcactcccgtcagagttcacgtccga 

B0700_downstreamF cggcttaattaacggccggcgccgcggaacaggtctctc 

B0700_downstreamR gctctagaagctcgcgcaggcgcttctgg 

Knock-in   

pLO3_BB_fwd gagctcgaattaaaaggatc 

pLO3_BB_rev tctagagtcgactgtttaaac 

SpoT1_eYFP_fwd gatccttttaattcgagctccgctgctggcggcggtgc 

SpoT1_eYFP_rev gaacggcctcttacttgtacagctcgtccatgccgagagtg 

down_SpoT1_fwd gtacaagtaagaggccgttctaggacggc 

down_SpoT1_rev tttaaacagtcgactctagatgtcgtgggcggcctcca 

SpoT2_eYFP_fwd gatccttttaattcgagctcctgagcgaggaagacgct 

SpoT2_eYFP_rev aagtatagcattacttgtacagctcgtccatg 

down_SpoT2_fwd gtacaagtaatgctatacttgcggcttcgctag 

down_SpoT2_rev tttaaacagtcgactctagaaaactcgcggcgggaccc 

Mutagenesis  
PhaC1_T30A_fwd gccattcgatccagccgcatggctggaatggtcc 

PhaC1_T30A_rev ggaccattccagccatgcggctggatcgaatggc 

PhaC1_T373A_fwd  ttgcgcgaggccgcgctgggcggc  

PhaC1_T373A_rev gccgcccagcgcggcctcgcgcaa 

PhaZa1_S35A_fwd ctcagcccgctcgcgctggttcccggcgc 

PhaZa1_S35A_rev gcgccgggaaccagcgcgagcgggctgag 

2_PhaZa1_S35A_fwd tcagcccgctcgcgctggttcc 
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Primer name Primer sequence 

2_PhaZa1_S35A_rev ggaaccagcgcgagcgggctga 

3_PhaZa1_S35D_fwd ctcagcccgctcgatctggttcccggcgcac 

3_PhaZa1_S35D_rev gtgcgccgggaaccagatcgagcgggctgag 

2_PhaC1_T30D_fwd cattcgatccagccgattggctggaatggtcc 

2_PhaC1_T30D_rev ggaccattccagccaatcggctggatcgaatg 

2_PhaC1_T373D_fwd gtgcagttgcgcgaggccgatctgggcggcggcg 

2_PhaC1_T373D_rev cgccgccgcccagatcggcctcgcgcaactgcac 

2_PhaC1_T30D_Fwd cgatccagccgattggctggaatggtcccgc 

2_PhaC1_T30D_Rev aatggccccggcgtgacc 

4_PhaZa1_S35A_fwd cagcccgctcgcgctggttcc 

4_PhaZa1_S35A_rev agggggttggtgaaggtcttg 

5_PhaZa1_S35D_fwd cagcccgctcgatctggttcccg 

5_PhaZa1_S35D_rev agggggttggtgaaggt 

PhaC1_T373E_fwd gcgcgaggccgagctgggcggc 

PhaC1_T373E_rev aactgcacatggccctcgtc 

2_PhaC1_T373E_fwd cagttgcgcgaggccgaactgggc 

2_PhaC1_T373E_rev cgcaactgcacatggccctcgtcgacaaag 
PhaC1_T373N_fwd gcgcgaggccaatctgggcggcg 

PhaC1_T373N_rev aactgcacatggccctcgtc 
2_PhaC1_T373N_fwd gtgcagttgcgcgaggccaacctgggc 

2_PhaC1_T373N_rev gcccaggttggcctcgcgcaactgcac 
3_PhaC1_T373N_fwd cagttgcgcgaggccaacctgggc 

3_PhaC1_T373N_rev cgcaactgcacatggccctcgtcgacaaag 
PhaC1_T30N_fwd atccagccaattggctggaatg 

PhaC1_T30N_rev cattccagccaattggctggat 

2_PhaC1_T30N_fwd gccattcgatccagccaattggctggaatggtcc 

2_PhaC1_T30N_rev ggaccattccagccaattggctggatcgaatggc 

3_PhaC1_T30N_Fwd cgatccagccaattggctggaatggtcccgc 

PhaZa1_T26N_F accgccaagaacttcaccaaccccc 

PhaZa1_T26N_R cgcctgggcccacgcggt 

PhaZa1_T26D_F gaccgccaaggacttcaccaaccccctcagcc 

PhaZa1_T26D_r gcctgggcccacgcggtc 

PhaZa1_T28N_F aagaccttcaacaaccccctcagcccg 

PhaZa1_T28N_R ggcggtcgcctgggccca 

PhaZa1_T28D_F caagaccttcgacaaccccctcagcccgctctcg 

PhaZa1_T28D_R gcggtcgcctgggcccac 

PhaZa1_S35N_F cagcccgctcaatctggttcccg 

PhaZa1_S35N_R agggggttggtgaaggtc 

PhaZa1_S35D_F cagcccgctcgatctggttcccg 

PhaZa1_S35D_R agggggttggtgaaggtc 

PhaC1_T94N_F gccgaggccaacggtccgctg 

PhaC1_T94N_R cttgccctcggccatggcc 

PhaC1_T94D_F ggccgaggccgacggtccgctg 

PhaC1_T94D_R ttgccctcggccatggcc 

PhaC1_T109N_F gcatggcgcaacaacctcccatatcg 

PhaC1_T109N_R gtcgccggcgaagcgccg 

PhaC1_T109D_F cgcatggcgcgacaacctcccatatcgcttcgctgc 

PhaC1_T109D_R tcgccggcgaagcgccgg 
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Primer name Primer sequence 

Cloning for 2 hybrid  

2h_B0700_F (XbaI) gctctagagatggacatttttggccattacgctacgcgcttcgaag 

2h_B0700_R (KpnI) ggggtacctcacgatgactttcttacgcgcagataccactccacc 

2h_spoT1_F (XbaI) gctctagagatgatgcaggatgtggcgccggc 

2h_spoT1_R (KpnI) ggggtacctcagccgtcgttgcggtcgcgg 

2h_spoT2_F(XbaI) gactctagagatggtgacgtccaccgacctgaccg 

2h_spoT2_R (EcoRI) gccgaattctcactttcttttcgcctgcaacaccccc 
BB_pKT25_R   ggatcctctagagtcgaccctgt 
BB_pKT25_F ggtacctaagtaactaagaattc 
2_pKT_B0700_F gggtcgactctagaggatcctatggacatttttggccattac 

2_pKT_B0700_R ttcttagttacttaggtaccttacgatgactttcttacgc 

2_pKT_spoT1_F gggtcgactctagaggatcctatgcaggatgtggcgccg 

2_pKT_spoT1_R ttcttagttacttaggtaccctagccgtcgttgcggtc 

2_pKT_spoT2_F gggtcgactctagaggatcctatggtgacgtccaccgac 

2_pKT_spoT2_R ttcttagttacttaggtacctcactttcttttcgcctgc 

BB_pUT18C_F gggtaccgagctcgaattc 

BB_pUT18C_R atcctctagagtcgacctgc 

2_pUT_B0700_F caggtcgactctagaggatatggacatttttggccattac 

2_pUT_B0700_R tgaattcgagctcggtacccttacgatgactttcttacgc 

2_pUT_spoT1_F caggtcgactctagaggatatgcaggatgtggcgccg 

2_pUT_spoT1_R tgaattcgagctcggtacccctagccgtcgttgcggtc 

2_pUT_spoT2_F caggtcgactctagaggatatggtgacgtccaccgac 

2_pUT_spoT2_R tgaattcgagctcggtaccctcactttcttttcgcctgc 

AQUA and Gibson cloning with pBBR1MCS2 
pBBR1MCS2_adh_fwd gtcggcagaatgcttaatgaattacaacagtttttatgcacggcttgatctggataaacc 

adh_A2425 rev cgaaagcgcgactgggcttcaggcatgcgttgctcccagggaag 

adh_A2425 fwd ctctgcgccttccctgggagcaacgcatgcctgaagcccagtcgcg 

A2425_pBBR1MCS2_rev cgaattggagctccaccgcggtggcggccgctctagaactagccccattcgccctaccccttgcg 

adh_A1337 rev catggaaatggcctggagattcatgcgttgctcccagggaag 

adh_A1337 fwd ctctgcgccttccctgggagcaacgcatgaatctccaggccatttccatgttcctgctc 

A1337_pBBR1MCS2_rev gcggtggcggccgctctagaactaggcgccaggggtcagtggctgg 

adh_A1355 rev cacaggtaacggttggcgggtttcatgcgttgctcccagggaag 

adh_A1355 fwd ctgcgccttccctgggagcaacgcatgaaacccgccaaccgttacctgtgc 

A1355_pBBR1MCS2_rev cgaattggagctccaccgcggtggcggccgctctagaactagcgcggccctgccccccg 

adh_eYFP rev gaacagctcctcgcccttgctcaccatgcgttgctcccagggaag 

adh_eYFP fwd ctctgcgccttccctgggagcaacgcatggtgagcaagggcgaggagctgttc 

GFP_pBBR1MCS2_rev gaattggagctccaccgcggtggcggccgctctagaactagggcggccgctctagaactag 

PPBAD-eyfp-n1-Fwd1 ggcgaccggtggatcccgggcc 

PPBAD-eyfp-n1-Rv1 accatggtgagcaagggcgaggagctgttc 

ppBAD_n_SpoT2_fwd1 cggtaccgcgggcccgggatccaccggtcgccatggtgacgtccaccgacct gac 

ppBAD_n_SpoT2_rev1 gtgaacagctcctcgcccttgctcaccatggtactagttcactttcttttcgcctgcaacac 

ppPhaC_eyfp_n1_Fwd ggtggcgaccggtggatc 

ppPhaC_eyfp_n1_rev actagttctagagcggccgc 

ppPhaC_n_SpoT1_fwd1 gggatccaccggtcgccaccatgcaggatgtggcgccg 

ppPhaC_n_SpoT1_rev1 gcggccgctctagaactagtctagccgtcgttgcggtc 

pBBR_pBad_Seq_F gctagaaataattttgtttaactttaagaaggagatatac 

pBBR_pBad_eY_Seq_F gctcctcgcccttgctcaccat 

AQ_pBBR_BB_YFP_n1_R ggcccgcggtaccgtcga 
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Primer name Primer sequence 

pBBR1_ins_SpoT1_n_F agtcgacggtaccgcgggccatgcaggatgtggcgccg 

pBBR1_ins_SpoT1_n_R gtggcgaccggtggatcccgactagtgccgtcgttgcggtcgcg 

AQ_pBBR_BB_YFP_n1_F actagtcgggatccaccggtcgcc 

pBBR1_ins_SpoT2_n_F agtcgacggtaccgcgggccatggtgacgtccaccgac 

pBBR1_ins_SpoT2_n_R gtggcgaccggtggatcccgactagtctttcttttcgcctgcaacac 

AQ_pBBR_BB_YFP_c_R catatgtctagatccggtggatcc 

pBBR1_ins_SpoT1_c_F cgggatccaccggatctagacatatgatgcaggatgtggcgccg 

pBBR1_ins_SpoT1_c_R tagaactagttgatcagttactagccgtcgttgcggtc 

AQ_pBBR_BB_YFP_c_F taactgatcaactagttctagag 

pBBR1_ins_SpoT2_c_F cgggatccaccggatctagacatatgatggtgacgtccaccgac 

pBBR1_ins_SpoT2_c_R tagaactagttgatcagttatcactttcttttcgcctgc 

Gibson cloning with pET28a 
BB_pET28a_rev tggctgccgcgcggcacct 

BB_pET28a_fwd gatccgaattcgagctccg 

PhaC1_pET_Fwd ctggtgccgcgcggcagccatatggcgaccggcaaaggc 
PhaC1_pET_rev acggagctcgaattcggatctcatgccttggctttgacgtatcg 

2.2 Nutrient media 

Liquid and solid nutrient media were always autoclaved for 20 min at 121°C for sterilisation. 

The solid nutrient media were supplement with 1.5 % agar (w/v). 

2.2.1 Complex media 

2.2.1.1 Nutrient broth (NB) 

Nutrient broth  8 g 
H2Obidest.  Ad. 1 L 
 

2.2.1.2 Lysogeny Broth (LB) as described by  Sambrook et al., 1989 

Trypton   10 g  
Yeast extracts  5 g 
NaCl   10 g 
H2Obidest.  Ad. 1 L 
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2.2.2 Mineral media 

2.2.2.1 Trace element solutions SL6 as described by Pfennig, 1974 (10.000 x concentrated) 

ZnSO4 x 7 H2O  1 g 
MnCl2 x 4 H2O  0.3 g 
H3BO3   3 g 
CoCl2 x 6 H2O  2 g 
CuCl2 x 2 H2O  0.1 g 
NiCl2 x 6 H2O  0.2 g 
Na2MoO4 x 2 H2O  0.3 g 
H2Obidest.   Ad. 1L 

2.2.2.2 EBPR-B Medium           

    %  mg/L  100x (g/L) mL stock/L Medium 
H2Obidest.         910 
NH4Cl    0.010  100  10  10 
MgSO4 x 7 H2O  0.015  150  15  10 
CaCl2 x 2 H2O  0.002  20  2  10 
Fe(NH4)-Citrate  0.0005  5  0.5  10 
KH2PO4   0.01  100  10  10 
NaHCO3   0.01  100  10  10 
Yeast extract   0.002  20  2  10 
SL6 (trace elements)  0.00002                           20 µL 
Tris    0.04  400  40  10 
pH (HCl)     7.2 
Potassium-acetate    0.05  500  50  10 
NB    0.04                 400                                         0.4g 
 
100 mL stock solutions for each substance were prepared and autoclaved separately as described 

above. 910 mL of H2Obidest. were mixed with 10 mL of each stock solution except potassium acetate 

and SL6. pH was adjusted to 7.2 with HCl. The medium was autoclaved. After autoclaving 

potassium-acetate and SL6 were added under sterile conditions. 

2.2.2.3 Mineral salts medium (MSM) as described by Schlegel et al., 1961 (modified) 

Solution A 
Fructose   2 - 20 g 
H2Obidest.  Ad. 500 mL 
 
Solution B 
Na2HPO4 x 2 H2O  4.47 g 
KH2PO4  1.5 g 
NH4Cl   1 g 
H2Obidest.  Ad. 200 mL 
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Solution C 
Agar    15 g (for solid medium, only H2Obidest. for liquid medium) 
H2Obidest.  Ad. 300 mL 
 
Solution A, B and C were autoclaved separately to avoid precipitation of salts and were mixed 

after autoclaving. Stock solutions were prepared and autoclaved separately and added to the 

mixture under sterile conditions.  

Stock solutions:  

1. MgSO4 x 7 H2O  0.2 g  1 mL from 1000 x stock (20 g in 100 mL) 

2. CaCl2 x 2 H2O  0.01 g  1 mL from 1000 x stock (1 g in 100 mL) 

3. C6H8FeO7·H2O  0.005 g 100 µL from 10.000 x stock (5 g in 100 mL) 

4. SL6 (10.000 x)   100 µL from 10.000 x stock (as described above) 

2.2.3 Antibiotics 

Antibiotic stock solutions were dissolved, sterile-filtered (Sarstedt, Filtropur non-pyrogenic 

sterile-R 0.2 µm), aliquoted and stored at -20 °C. The antibiotic stocks were added to the 

media after autoclaving and cooling to approximately 50 °C according to Tab. 4.  

Table 4: Antibiotics 

Antibiotic Stock solution Final concentration 

Ampicillin (Na-Salt) Amp(100) 100 mg/mL in H2Obidest. 100 µg/mL 

Chloramphenicol Cm(20) 20 mg/mL in 96 % ethanol (v/v) 20 µg/mL 

Kanamycin sulfate Kan(50) 50 mg/mL in H2Obidest. 50 µg/mL 
Kan(150) 150 mg/mL in H2Obidest. 150 µg/mL 
Kan(350) 350 mg/mL in H2Obidest. 350 µg/mL 

Tetracycline Tet(15) 15 mg/mL in 70 % ethanol (v/v) 15 µg/mL 

2.3 Bacterial cultivation 

2.3.1 Cultivation of Escherichia coli  

For the cultivation of E. coli, LB-medium with the respective antibiotics was filled to a sterile 

reaction tube or Erlenmeyer flask and inoculated with a single colony. The culture was 

incubated shaking at 150 rpm and 37 °C overnight. 

2.3.2 Cultivation of Ralstonia eutropha H16  

R. eutropha was grown in two subsequent pre-cultures. For the first pre-culture, 10 mL of 

NB-medium with the respective antibiotics was filled to a sterile 100 mL shaking flask and 

inoculated with a single colony. The first pre-culture was incubated shaking at 150 rpm and 
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30 °C overnight. For the second pre-culture, 10 – 50 mL of NB-medium with the appropriate 

antibiotics was inoculated with 10 % of its volume of the first pre-culture. The second pre-

culture was shaken for at least 24 h at 30 °C and 150 rpm. The main culture was inoculated 

1:10 or 1:20 with the pre-culture 2. Cells used to inoculate the main culture contained ≤ 3% of 

PHB (% of cell dry weight). For experiments on mineral salts medium (MSM), the pre-culture 

2 was centrifuged for 10 min at 5000 rpm and 30 °C and the pellet was resuspended in the 

MSM.  

2.4 Counting of cells using a haemocytometer 

To count the number of R. eutropha cells per mL of culture, 10 µL of a culture were pipetted 

under the cover slip of a Neubauer improved haemocytometer. If necessary the cells were 

diluted 1:10. The cells were visualised using a Zeiss Axioplan fluorescence microscope 

(objective: Plan-Neofluar 40x, phase contrast Ph2, Carl Zeiss, Göttingen). The number of 

cells in at least 9 squares was counted. The number of cells per mL of culture was calculated 

using the formula below. 

�������������	�
	�����	�����/��� = �	 ������	�
	�����	�������
������	�
	�������� ∗ ������	�
	�������� ∗ ���������� 

2.5 Viability experiments on solid media 

To test the effects of spoT1 knock-out in presence of SpoT2, NB-agar solid media with 

150 µg/mL kanamycin and 0 or 1 % arabinose were used. R. eutropha ∆spoT1 ∆spoT2 

harbouring pBBR1MCS2_rrnb_pbad_spoT2 and R. eutropha WT harbouring 

pBBR1MCS2_rrnb_pbad_spoT2 were inoculated to 10 mL of NB-medium with 150 µg/mL 

kanamycin in presence or absence of 1 % arabinose and grown overnight shaking at 30 °C 

and 150 rpm. When the stationary phase was reached (constant OD600) the cells were diluted 

in 10-1 steps with 0.9 % saline. Then 2 µL of each dilution were dropped on an NB-agar solid 

media and grown at 30 °C. Growth was monitored over 3 days.  

2.6 Chemical induction of stringent response 

Stringent response was induced by addition of 1.5 mM serine hydroxamate (from 150 mM 

stock solution (Wright, 1996) or 0.1 % norvaline (wt/vol) (Brigham et al., 2012) to a bacterial 

culture. 
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2.7 Growth under EBPR conditions 

R. eutropha was grown on an optimised mineral medium similar to EBPR conditions as 

described in section 2.2.2.2.  The medium was prepared freshly regularly from 100 x stock 

solutions as described in 2.2.2.2. 50 mL of the culture were shaken overnight for 16 h under 

aerobic conditions in a 500 mL shaking flask at 30 °C. To simulate anaerobic conditions the 

cells were centrifuged for 10 min at 5000 rpm and 18 °C. The pellet was resuspended, split to 

half and one half was filled up to 50 mL with fresh medium containing 0.05 % acetate in a 

sealed Falcon tube. Thereby the cells were grown under oxygen-limited conditions. In this 

work, the word “anaerobic” describes oxygen-limited conditions. The anaerobic culture was 

incubated at 30 °C for 8 h (Fig. 5).  

 

Figure 5: Procedure of the EBPR cultivation. Cells were incubated in a sealed Falcon tube at 30 °C for 8 h, 
transferred to a 500 mL shaking flasks and shaken at 30 °C for 16 h. Then cells were centrifuged and split half. 
Medium was replaced by fresh medium and the procedure was repeated again.  

2.8 Molecular biological methods 

2.8.1 Preparation of devices and solutions 

Heat-stable solutions and equipment were autoclaved (20 min, 121 °C) to inactivate nucleases 

and sterilise them. Non-heat-stable materials were rinsed with 80 % ethanol and solutions 

were sterile filtered (Sarstedt, Filtropur non-pyrogenic sterile-R 0.2 µm).  

2.8.2 PCR 

Polymerase chain reaction was used to amplify DNA in vitro. Taq-polymerase (Genaxxon 

bioscience) or PrimeSTAR™ HS DNA polymerase (TaKaRa BIO INC.) were used for colony 

and control PCR or for cloning and site-directed mutagenesis respectively. Both are 5’�3’ 

polymerases and PrimeSTAR™ HS DNA polymerase additionally has a 5’�3’ DNA 

exonuclease proofreading activity. Primers used for PCR are described in Tab. 3. 
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Table 5: PCR mixture for one reaction  

Taq-polymerase PrimeSTAR™HS DNA polymerase 

≤ 2 ng plasmid DNA / ≤ 100 ng genomic DNA ≤ 200 ng template DNA 

50 pmol forward primer 0.2 pmol forward primer 

50 pmol reverse primer 0.2 pmol reverse primer 

2.5 µL buffer E + MgCl2 1 µL 10x PS buffer 

1 µL dNTP mix (2.5 mM each) 0.8 µL dNTP mix (2.5 mM each) 

0.5 µL Taq DNA Polymerase 0.2 µL PrimeSTAR™HS DNA Polymerase 

1.5 µL DMSO 0.5 µL DMSO 

Ad. 25 µL H2Obidest.    Ad. 10 µL H2Obidest.    

PCR reactions were prepared as master mix when several reactions were performed.  

Table 6: PCR program 

 Taq-Polymerase PrimeSTAR™HS DNA Polymerase 

 3-step 2-step 3-step 
Denaturation 94 °C 3 min 98 °C 2 min 98 °C 2 min 
Denaturation 94°C 30 s 98 °C 10 s 98 °C 10 s 
Annealing 50 - 68 °C 30 s   50 - 70°C 5 – 15 s 
Elongation 72 °C 1 min/kb 68 °C 1 min/kb 72 °C 1 min/kb 
Elongation 72 °C 5 min 72 °C 5 min 72 °C 5 min 
Storage 4 °C ∞ 4 °C ∞ 4 °C ∞ 

 
The PCR products were run on an agarose gel as described in section 2.8.5. Changing factors 

such as annealing temperature, elongation time, primer and template concentration allowed 

optimising the yield.  

2.8.3 PCR clean-up 

After a successful PCR the product was purified using the PCR clean-up protocol of the 

NucleoSpin Exctract II Kit from Macherey-Nagel (Düren, Germany) according to the 

instructions of the manufacturer to remove excess dNTPs and primers. Alternatively gel 

clean-up was performed as described in section 2.8.6. 

2.8.4 Determination of DNA concentration by NanoDrop® 

For determination of a DNA concentration and purity of the sample, absorption spectra in a 

range from 220 to 350 nm were recorded using a spectrophotometer (ThermoFischer 

NanoDrop-2000). DNA concentration was calculated from the absorption at 260 nm and an 

extinction coefficient of 50 ng*µL-1*cm-1 for double stranded DNA. The quotient of the 

absorptions at 260 and 280 nm (A260/A280) was considered as an indicator for potential 

impurities. Above a value of 1.8 the sample was considered as pure DNA.  
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2.8.5 Separation of DNA-fragments by agarose gel electrophoresis 

For identification and isolation of DNA-fragments these were separated by horizontal 1 % 

agarose gel (w/v) electrophoresis. As running buffer and for the preparation of agarose gels 

TAE-buffer (40 mM Tris, 20 mM acetic acid and 1 mM EDTA) was used. The agarose was 

dissolved in TAE-buffer by boiling in a microwave. When cooled down to 60 °C the gel was 

poured in the chamber and an appropriate comb was inserted for formation of wells. After 

polymerisation, the gel was covered with TAE buffer and the DNA samples previously mixed 

to 10 x loading dye (0.25 % (w/v) xylene cyanol, 0.25 % (w/v) bromophenol blue, 50 % (v/v) 

glycerol, 0.25 mM EDTA, pH = 8.0) were loaded into the wells. The DNA samples were 

migrated by applying a constant voltage of 90 – 140 V for 20 to 60 minutes. A DNA ladder 

(Gene Ruler Mix, ThermoScientific, MA USA) was enclosed on every gel. For staining and 

visualisation of the DNA-bands, the gel was placed in an ethidium bromide bath (10 µg/mL 

H2O) for 10 min, de-stained in a water bath for 1 min and examined with an UV-

transilluminator (ULTRA LUM, Ultra Lum Ins., USA). 

2.8.6 Preparation of DNA fragments from agarose gel  

For isolation of DNA-fragments from PCR amplification or restriction digest, DNA was 

separated as described in section 2.8.5. The DNA-band of interest was cut from the gel and 

extracted using the NucleoSpin Extract II Kit from Macherey-Nagel (Düren, Germany) 

according to the instructions of the manufacturer.  

2.8.7 Enzymatic modification of DNA-fragments 

Necessary enzymatic DNA modifications for cloning of new constructs or for analytical 

verification of DNA fragments viz. restriction digest, 5’-dephosphorylation (Antarctic 

phosphatase), 5’-phosphorylation (T4 polynucleotide kinase) and ligation (T4 DNA ligase) 

were performed using enzymes from New England Biolabs (Ipswich, MA USA) following the 

instructions of the manufacturer.  

2.8.8 Conventional molecular cloning 

For conventional cloning, the insert was amplified from genomic DNA or from an existing 

plasmid by PCR using primers with a short overhang containing the restriction site of interest. 

The backbone vector and the insert were digested with the same enzymes (2.8.7) and purified 

via PCR clean-up (2.8.3) or agarose gel purification (2.8.6). Vector and insert were then 
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mixed and ligated (2.8.7) overnight at 16 °C or for 1 h at room temperature. The ligation 

product was transformed to E. coli JM109. When many re-ligated vectors were obtained, the 

backbone was dephosphorylated and the insert was phosphorylated before repeating ligation 

(2.8.7). 

2.8.9 Gibson cloning 

Gibson cloning is an isothermal, single reaction method to assemble multiple overlapping 

DNA molecules by the concerted action of a 5’ exonuclease (T5 from NEB), a DNA 

polymerase (Phusion from NEB) and a DNA ligase (Taq from NEB). PCR primers were 

designed with a 20 - 40 bp overhang complementary to the fragment to be assembled with. 

Partially overlapping DNA fragments obtained by PCR or restriction digest (with molar ratios 

of 3:1 (insert: vector) and 12 ng of linearized vector per 1 kb vector size) were mixed together 

in a total volume of 5 µL. The DNA mixture was pipetted into 15 µL of assembly master mix. 

The assembly master mix contained T5 exonuclease, which digests the PCR products from 5´ 

to 3´, Phusion polymerase which fills the gaps and Taq ligase, which seals the single stranded 

nicks. The mixture was incubated at 50 ºC for 60 min (Gibson et al., 2009). Subsequently the 

mixture was cooled down to room temperature (RT) over 3 min and then incubated at 4 °C for 

3 min before being transformed to 25 µL of E. coli TOP10. Not more than 5 µL of Gibson 

mix were transformed as efficiency may be reduced.  

Reagents 

1. 5 x isothermal (ISO) reaction buffer 

2. T5 exonuclease (Epicentre) 

3. Phusion DNA polymerase (New England Biolabs, (Ipswich, MA USA)) 

4. Taq DNA ligase (New England Biolabs, (Ipswich, MA USA)) 

5 x ISO buffer (6 mL) 

1 M Tris-HCl pH 7.5  3 mL 
2 M MgCl2   150 µL 
100 mM dGTP  60 µL 
100 mM dATP  60 µL 
100 mM dTTP  60 µL 
100 mM dCTP  60 µL 
1 M DTT   300 µL 
PEG-8000   1.5 g 

 100 mM NAD   300 µL 
H2Obidest.     Ad. 6 mL 
 

100 µL aliquots can be stored at -20 °C 



 Materials and Methods  

31 
 

Assembly master mixture 

5 x ISO buffer   320 µL 
10 U/ µL T5 exonuclease  0.64 µL 
2 U/µL Phusion polymerase  20 µL 
40 U/µL Taq ligase  160 µL 
H2Obidest.     Ad. 1.2 mL 

Aliquots of 15 µL in PCR tubes ready to use were stored at -20 °C. Gibson reaction can easily 

be performed in a thermocycler (Program: Janina � Gibson) 

2.8.10 AQUA cloning 

PCR primers are designed with a 20 - 40 bp overhang complementary to the fragment to be 

assembled with (exactly as for Gibson cloning). For AQUA cloning as described by Beyer et 

al., 2015, all DNA fragments were mixed in a total volume of 10 µL H2Obidest. with molar 

ratios of 3:1 (insert: vector) and 12 ng of linearized vector per 1 kb vector size. DNA mixtures 

were incubated for 1 h at room temperature and were subsequently transformed to 25 – 50 µL 

of chemically competent E. coli TOP10 cells.  

2.8.11 Subcloning with pBluescript SK (+) 

In case cloning was abortive using conventional molecular cloning or Gibson cloning, the 

vector pBluescript SK (+) was used for sub-cloning. The multiple cloning site of this vector is 

located in a lacZ-gene providing a blue coloration when expressed on X-gal solid media. If 

the lacZ-gene is disrupted by insertion of the DNA of interest, the colonies exhibit a white 

coloration in blue white screening facilitating to distinguish successful recombination from re-

ligated backbone vector. pBluescript SK (+) was digested with EcoRV (blunt ends) (2.8.7). 

The undigested insert (PCR product flanked by the restriction sites used for conventional 

cloning) and the digested vector were purified from an agarose gel (2.8.6), ligated (2.8.7), 

transformed to E. coli XL1-blue and plated on LB-solid media with ampicillin (2.2.3) and 

0.1 % X-gal. White clones were picked, inoculated to 5 mL of LB-medium with ampicillin 

and grown overnight at 37 °C. The plasmids were isolated (2.8.15) and the inserts were 

digested from the pBluescript SK (+) with the restriction enzymes used for conventional 

molecular cloning. Restriction digest with enzymes producing sticky ends was possible 

because the required restriction sites were present on the primers used to amplify the insert 

(before ligating it into pBluescript). Conventional molecular cloning was proceeded as 

described in section 2.8.8 using the insert obtained from sub-cloning.  
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2.8.12 QuikChange mutagenesis 

Two primers, complementary to one strand of the DNA to mutate each, with the mutation in 

the middle of the oligonucleotide were added to the plasmid to mutate. A PCR reaction with 

PrimeSTAR™HS DNA polymerase (Takara BIO INC) was run as described in section 2.8.2. 

The template DNA was degraded by a DpnI-digest after the PCR reaction to leave only the 

newly synthesised mutated DNA. This enzyme degrades only methylated DNA, thus the in 

vitro synthesised DNA remains. The DpnI-digested DNA was transformed to E. coli XL1-

blue cells.  

2.8.13 Preparation of competent E. coli cells  

2.8.13.1 One-step preparation of competent cells 

Competent E. coli JM109, XL1-blue, S17-1, BTH101 and BL21 were prepared as previously 

described (Chung et al., 1989). 100 mL of LB-medium were inoculated 1:100 with an 

overnight culture and shaken at 37 °C for 1 – 2 h (until OD600 ≈ 0.4). The culture was 

centrifuged at 4 °C and 5000 rpm for 10 min. The pellet was resuspended in cold TSS. After 

1 min incubation on ice the cells were ready for transformation. For storage aliquots of 100 – 

200 µL were frozen in liquid nitrogen and stored at -70 °C.  

TSS-medium:  

LB-medium     89 mL 
Polyethylene glycol 6000   10 g  
Dimethyl sulfoxide (DMSO)  4.72 mL  
MgCl2 (2 M)     2.5 mL 

2.8.13.2 Preparation of competent cells for AQUA cloning 

Competent E. coli TOP10 cells (Invitrogen) were prepared as previously described (Beyer et 

al., 2015). To this end 250 mL of LB-medium was inoculated 1:100 with an overnight culture 

and shaken at 37 °C for 2 - 3 h (until OD600 ≈ 0.5). The cultures were cooled down on ice for 

5 min before being harvested by centrifugation in a sterile container at 4 °C and 4,000 g for 

15 min. Cell pellets were resuspended in a total volume of 20 mL of freshly prepared sterile-

filtered ice-cold TBF1 buffer. Cells were centrifuged again at 4 °C and 4,000 g for 15 min and 

supernatant was discarded. Cells were resuspended in 2 mL sterile-filtered ice-cold TBF2 

buffer and incubated on ice for 15 min. Aliquots of 25 and 50 µL were prepared, shock frozen 

in liquid nitrogen and stored at – 70 °C.  
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TBF1 buffer 

H2Obidest.     34.4 mL  
300 mM potassium acetate 8 mL  pH 6.0 (adjusted with KOH) 
500 mM CaCl2  1.6 mL 

500 mM MnCl2  8 mL 

500 mM RbCl   16 mL 
Glycerol     12 mL 

TBF2 buffer 

H2Obidest.    4.72 mL 
100 mM MOPS    0.8 mL  pH 7.0 
500 mM CaCl2  1.2 mL 
1 M NaCl   80 µL 

   Glycerol    1.2 mL 

2.8.14 Bacterial transformation 

Ligation reactions, Gibson reactions, AQUA reactions, plasmids and QuikChange reactions 

were transformed to competent E. coli cells by heat shock. 1 µL of plasmid DNA or 5 – 20 µL 

of ligation or QuickChange reaction were mixed to 25 – 200 µL of competent E. coli cells, 

incubated for 30 min on ice, for 45 sec at 42 °C and again for 2 min on ice before adding 

500 µL of LB-medium. The sample was shaken for 1 h at 37 °C and 105 rpm before being 

plated to a LB-agarose petri dish with the corresponding antibiotic according to section 2.2.3. 

Single colonies were selected after 16 h and analysed for correct assembly either by 

restriction digest or by analytical colony PCR using the Taq DNA polymerase (2.8.2) 

according to the instructions provided by the manufacturer. Clones positive by PCR or 

resctriction digest were confirmed for correct assembly by comprehensive sequencing. 

2.8.15 Plasmid isolation 

Plasmid DNA was purified from E. coli cells using the innuPREP Plasmid Mini Kit 2.0 from 

AnalytikJena (Jena, Germany) according to the instructions of the manufacturer.  

2.8.16 DNA sequencing 

Sequencing of isolated plasmids and PCR products was conducted by the company LGC 

Genomics GmbH (Berlin, Germany). The obtained sequencing results were analysed using 

the programs ApE (A plasmid Editor v.2.0.47), NCBI blast 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and MUSCLE (https://www.ebi.ac.uk/ 

Tools/msa/muscle/). 
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2.8.17 Conjugative transfer of plasmids to R. eutropha  

2.8.17.1 Conventional conjugation 

Donor (E. coli S17-1 with the plasmid of interest) and recipient (R. eutropha H16) cells were 

grown in 10 mL LB-medium and NB-medium with the appropriate antibiotics as in Tab. 4 

respectively. The cells were centrifuged (10 min, 5000 rpm, 4 °C) and resuspended in 1 mL of 

NB-Medium. 0.5 mL of each culture was mixed and 0.5 mL per mixture was dropped on a 

“thick” NB-agar petri dish. As controls 0.5 mL of the pure donor or recipient cultures were 

dropped on NB-petri dishes. The petri dishes were incubated overnight at 30 °C. Grown 

bacteria were suspended in 1.5 mL of 0.9 % saline and diluted 10-1, 10-2, 10-3 and 10-4. 100 µL 

of each dilution were plated on selection plates (MSM with 2 % fructose (w/v) + appropriate 

antibiotic).  

2.8.17.2 Rapid conjugation 

One colony of the donor (E. coli S17-1 with the plasmid of interest) was picked with an 

inoculation loop and streaked out to a fresh selection plate (MSM with 2 % fructose (w/v) + 

350 µg/mL kanamycin) in parallel lines. The recipient (R. eutropha H16) colony was streaked 

out in a right angle to the donor lines. The inoculation line was drawn through all donor lines. 

The selection plate was incubated for 2 days at 30 °C, then single colonies on the crossings 

between donor and recipient inoculation lines could be struck out to a fresh selection plate. 

2.8.18 Generation of knock-out and knock-in R. eutropha strains 

Precise chromosomal deletions or insertions in the R. eutropha genome were achieved using 

the sacB-based selection system (10 % saccharose) and the pLO3 plasmid as deletion vector 

as previously described (Lenz and Friedrich, 1998). Primers used to generate the pLO3 

plasmids with the homologous regions are listed in Tab. 3. The pLO3 plasmid with the 

corresponding homologous regions of 500 bp upstream and downstream of the modified 

DNA region was transferred to R. eutropha by conventional conjugation to allow homologous 

recombination of the plasmid with the DNA of the recipient (2.8.17.1). A selection plate with 

MSM with 2 % fructose (w/v) + 15 mg/mL tetracycline was used. The grown colonies were 

streaked out on fresh selection plates using an inoculation loop. The integration of the pLO3 

plasmid to the genome was tested by PCR. A positive clone was inoculate to 5 mL of NB-

medium, grown overnight shaking at 150 rpm and 30 °C and then plated on a NB-petri dish 
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with 10 % saccharose. The genotype of the resulting deletion or insertion mutant was verified 

by PCR and by DNA sequencing. 

2.9 Analytical methods 

2.9.1 Fluorescence microscopy 

The localisation of eYFP fusion proteins, DNA or polyP granules stained with DAPI or PHB 

granules stained with Nile red or the viability of cells stained with propidium iodide were 

visualised by fluorescence microscopy. Therefore the cells were mixed with the 

corresponding dyes in a ratio 1:5 (stock solution DAPI 0.1 mg/mL in H2Obidest., Nile red 

10 µg/mL in DMSO, propidium iodide 30 µg/mL in PBS [8 g NaCl, 0.2 g KCl, 1.44 g 

Na2HPO4, 0.24 g KH2PO4, ad. 1 L H2Obidest., pH 7.4]).  

The stained cells were dropped on a glass slide with a 150 µL agarose pad (1 % (w/v) in 

H2Obidest.) and dried for ≈ 1 min before placing a cover slip on the cells.  The emission 

maximum of DAPI-DNA complexes is in the blue range (Ex: 358 nm/Em: 461 nm) and in the 

yellow range (Ex: 415 nm/ Em: 545 nm) for DAPI-polyP complexes. The fluorescence of 

Nile red bound to PHB and of propidium iodide is in the red range (Ex: 560 nm/ Em: 

>590 nm). 

The samples were visualised using either a Zeiss Axioplan fluorenscence microscope 

(objective: Plan-Neofluar 100x/1,30 Oil, phase contrast Ph3, Carl Zeiss, Göttingen) and a 

F41-007 Cy3 as well as a  F41-54 Cy2 Filter while pictures were recorded using a black and 

white camera (CoolSnapCF, Photometrics, Tucson, USA) or a Nikon Ti-E Microscope 

(MEA53100) with an ApoPro objective (100x/1.4 Oil) equipped with DIC (Differential 

interference contrast) and different fluorescence filters such as a DAPI-DNA-filter 

(Ex: 387/11 nm/ Em: 447/60 nm); a DAPI-polyP-filter (Ex: 415/20 nm/ Em: 520/60 nm); an 

eYFP-filter (Ex: 500/24 nm/ Em: 542/27 nm); a propidiumiodid-filter (Ex: 562/40 nm/ 

Em: 594 (long pass)). Micrographs were recorded with a digital camera from Hamamatsu 

Orca Flash 4.0 sCMOS (Ammersee, Germany) and edited with the Nikon imaging software as 

described previously (Juengert et al., 2018a). 
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2.9.2 Quantitative analysis of polyP content  

2.9.2.1 By fluorescence spectroscopy 

For fluorescence spectroscopy cells were grown for 24 h on NB-medium in 50 mL cultures.  

All cultures had the same OD600 of 2.5. 12.5 mL of the cultures were harvested by 

centrifugation for 10 min at 5000 rpm and resuspended in 1 mL of HEPES buffer pH = 7.4 

without phosphate.  

HEPES buffer without phosphate 

Reagent Final concentration 
NaCl 115 mM 

CaCl2 1.2 mM 

MgCl2 1.2 mM 

HEPES 20 mM 

H2Obidest. Ad. 1 L 
 

Cells were frozen for 2 h at -20 °C and thawed rapidly at 37 °C again. Subsequently 10 µL of 

cells were mixed thoroughly with 10 µL of DAPI (1 mM) and 980 µL of H2Obidest. in a quartz 

cuvette and directly placed in the spectrometer (FP-8500,  Jasco, Germany). A fluorescence 

emission spectrum from 425 nm to 650 nm was recorded. The excitation wavelength was 

415 nm. The excitation and emission bandwidth were set to 2.5 nm, the scan speed to 

500 nm/min, response time to 1 sec, sensitivity to high and data interval to 0.5 nm. Data were 

analysed with the analysis software from Jasco. The intensity of the fluorescence signal was 

divided by the OD600 of the analysed sample. 

2.9.2.2 By colorimetry 

450 µL of culture were incubated with 50 µL of sulfuric acid for 15 min at 95 °C to disrupt 

cells and polyP chains. Total phosphate was quantified using the kit from Hach LANGE 

Lck348 (Düsseldorf, Germany) based on photometric quantification with the 

phosphormolybdenum blue method following the instruction of the manufacturer. 

2.9.3 Quantification of PHB by gas chromatography 

Cells were harvested by centrifugation for 20 min at 4 °C and 5000 rpm, frozen at -20 °C 

overnight and lyophilized for 24 h. The pellets were disrupted with a spatula and 

approximately 8 mg of freeze-dried cell pellets were weighed on an analytical balance into 
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culture tubes with screw-caps. In order to generate a PHB calibration graph 2 mg, 4 mg, 6 mg 

and 8 mg of pure PHB were weighed into culture tubes with screw-caps, respectively. For 

acidic methanolysis as described previously (Brandl et al., 1988), 1 mL of chloroform and 

1 mL of methanol supplemented with 15 % (v/v) H2SO4 were added to the weighed dried 

cells and mixed. The tubes were incubated for 2 h 30 min at 100 °C in a thermostat-equipped 

oil bath. Subsequently samples were cooled down on ice for 5 min. 1 mL of distilled water 

and 1 mL of chloroform containing 0.2 % (v/v) methyl benzoate as internal standard were 

added to the mixtures. Tubes were vortexed for 30 sec. 150 µL of the organic (bottom) phase 

were pipetted into 0.3 mL limited volume inserts in GC glass vials. For GC analysis an 

injection volume of 1 µL, a split mode with a split ratio of 1:8 and an injection temperature of 

250 °C were set. A DB-WAX column (Agilent, Santa Clara, USA) was used as stationary 

phase and the inert gas helium as mobile phase for the separation of the methyl esters. A flow 

rate of 0.7 mL/min was programmed. A temperature program to separate the methyl esters 

was run with an initial temperature of 80 °C for 2 min hold time followed by a ramp to 245 °C 

with an increase rate of 10 °C/min. The total run time was 19.5 min. Detection was performed 

with a flame ionisation detector (FID) at 275 °C. More details are described in a bioprotocol 

(Juengert et al., 2018a). 

2.9.4 Quantification of nucleotides by HPLC-MS 

Extraction of nucleotides was adapted from Ihara and co-workers (Ihara et al., 2015). Cells 

were grown in 100 mL of NB-medium with or without addition of 0.2 % (wt/vol) of sodium 

gluconate or MSM (with 2 % fructose and 0.1 % (wt/vol) NH4Cl if not indicated differently) 

shaking at 150 rpm and 30 °C. 100 mL of culture was harvested in Falcon tubes half filled with 

ice by centrifugation for 7 min at 5000 rpm and 4 °C. Centrifugation time was as short as 

possible. The pellets were flash-frozen in liquid nitrogen and stored at -70 °C until extraction. 

For extraction, the pellets were resuspended in 3 mL of 2 M formic acid while thawing on ice. 

Samples were incubated for 30 min on ice before adding 3 mL of 50 mM ammonium acetate, 

pH 4.5.  Oasis WAX 1 cc Vac Cartridges (60 mg sorbent per cartridge, 30 µm particle size) 

were equilibrated with 3 mL methanol first and then with 3 mL 50 mM ammonium acetate by 

centrifugation in a 15 mL Falcon tube (5 min, 5000 rpm, 4 °C). The samples were loaded onto 

the equilibrated cartridges and centrifuged (5 min, 5000 rpm, 4 °C). The cartridges were 

washed first with 3 mL 50 mM ammonium acetate, then with 3 mL methanol. Samples were 

eluted in 1 mL methanol/H2O/NH4OH (20:70:10) solution, transferred to a fresh Falcon tube 

and lyophilized overnight.  
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Lyophilized samples were dissolved in 100 µL of water, centrifuged (5 min, 14000 rpm, 4 °C). 

5 µL of sample were injected for liquid chromatography-mass spectrometry (LC-MS) analysis 

using an UltiMate 3000 HPLC system (Dionex, Germering, Germany), coupled to an 

electrospray ionisation-time of flight (ESI-TOF) mass spectrometer (MicrO-TOF II, Bruker) 

operated in negative ion mode. Sample separation was achieved using a SeQuant® ZIC®-

pHILIC column (Merck, PEEK 150 × 2.1 mm, 5 µm) at 30 °C. The gradient and flow rate was 

run as previously described (Kästle et al., 2015). Data Analysis Program (Bruker) was used to 

present the nucleotide masses as extracted ion chromatograms and the peak areas were 

calculated and quantified with Prism 6 (GraphPad) with a baseline set to 100. Dilution series of 

commercial ATP (m/z, 505.99), GTP (m/z, 521.98), ppGpp (m/z, 601.95) and pppGpp (m/z, 

681.92) nucleotides were used for calibration to quantify the amounts of nucleotides.  

2.9.5 Quantification of acetate 

The acetate content of the medium was quantified using the acetate quantification kit from 

Roche and r-biopharm, Darmstadt (Germany) (Nr. 10148261035) according to the 

instructions of the manufacturer. 

2.9.5.1 Measurement of oxygen consumption 

The oxygen content of oxygen-limited R. eutropha cultures was quantified using the 4-

channel optic fibre oxygen transmitter “oxy-4 mini” from PreSens, Regensburg (Germany).  

2.10 Biochemical methods 

2.10.1 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

2.10.1.1 Gel production, sample preparation and electrophoresis 

For SDS-PAGE as described by Laemmli, 1970 proteins were separated in vertical mini-gel 

chambers (Biometra, Göttingen, Germany) under denaturating and reducing conditions. The 

gels were composed of stacking and separating gel and had a size of 100 x 100 x 1 mm. 

Buffers were prepared as described below and gels as described in Tab. 7. 

Protein-denaturation buffer:  SDS 20%  15 mL 
    Glycerol (98%) 15 mL 
    2-mercaptoethanol 1.5 mL 
    Bromophenol blue 75 mg 
    H2Obidest.  Ad. 50 mL 
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SDS-running buffer:   Tris   12.1 g 
    Glycin   7.5 g 
    SDS   1.0 g 

H2Obidest.  Ad. 1000 mL 
 

Table 7: Recipe for 2 SDS-gels 

Solutions Stacking gel (4 %) Separating gel (12 %) 

H2Obidest. 2.975 mL 3.2 mL 
0.5 M Tris-HCl, pH 6.8 1.5 mL - 
1.5 M Tris-HCl, pH 8.8 - 2.6 mL 
10 % SDS-solution 50 µL 100 µL 
Acrylamide/bis-acrylamide (30 % / 0.8 % w/v) 670 µL 4 mL 
10 % (w/v) Ammonium persulfate  50 µL 100 µL 
TEMED  5 µL 10 µL 

All ingredients of the separating gel were mixed and poured between two tight glass plates. 

The gel was stratified with isopropanol. After polymerisation the isopropanol was removed 

and the stacking gel was poured on top of the separating gel. A comb was inserted between 

the glass plates before polymerisation to form the wells. The polymerised gels were placed in 

an SDS-PAGE chamber filled with SDS-running buffer. The protein samples were mixed 1:3 

with protein-denaturation buffer, boiled for 5 min at 95 °C and loaded into the wells of the gel 

which was subsequently migrated at 25 mA per gel until the buffer front reached the end of 

the gel. The „Precision Plus Protein Standard” from Bio-Rad (Munich, Germany) was used as 

molecular weight ladder.  

2.10.1.2 Colloidal Coomassie staining of SDS-gels 

For the preparation of colloidal Coomassie solution, 100 mL of H2Obidest. was mixed to 59 mL 

of phosphoric acid (10 % v/v) before dissolving 50 g of ammonium sulfate (10 % w/v) and 

0.6 g (0.12 % w/v) of Coomassie Brilliant Blue G-250 in the mixture. 250 mL of H2Obidest. and 

100 mL of methanol were added to the solution (Candiano et al., 2004). Gels were incubated 

overnight covered by colloidal Coomassie solution and then de-stained with H2Obidest. for 2 h.  

2.10.1.3 Silver staining of SDS-gels 

For gel staining according to Wray et al., 1981 the gel was incubated for 10 min in fixing 

solution, washed twice with H2Obidest. for 5 min, incubated for 1 min in Na2S2O3 solution, 

washed 3 times for 20 sec in H2Obidest. and developed in developing solution until the protein 
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bands became visible. Finally the reaction was stopped by replacing the developing solution 

by stop solution. All solutions were prepared as described below. 

Fixing solution:   Methanol     10 % (v/v) 
Formaldehyde solution (37 %)  9 % (v/v) 

 
Na2S2O3 solution:   Na2S2O3     0.02 % (w/v) 
 
Silver nitrate solution:  AgNO3    0.1 % (w/v) 
 
Developing solution:    NaCO3     7.5 g 

Formaldehyde solution (37 %)  125 µL 
Na2S2O3-Solution (0.02 %)   200 µL 
H2Obidest.     Ad. 0.25 L 

 
Stop solution:    EDTA-Na2    18.6 g 

H2Obidest.     Ad. 1 L  

2.10.2 Protein quantification 

Protein concentrations were determined according to the instructions of the PierceTM 

bicinchoninic acid (BCA) Protein Assay Kit from Thermo Scientific (Rockford, IL USA). 

OD652 was measured using an EON photometer (BioTek, Bad Friedrichshall, Germany). 

2.10.3 Purification of His-tagged proteins 

E. coli BL21 (DE3) cells with pET28a_phaC1* (N-terminal hexa-histidine-tag) and different 

mutations in the phaC sequence were inoculated to 20 mL of LB-medium with 50 µg/mL 

kanamycin and shaken overnight at 150 rpm and 37 °C. After at least 14 h, 400 mL of LB-

medium with 50 µg/mL kanamycin were inoculated with the 20 mL pre-culture and shaken at 

30 °C and 150 rpm for 3 h (OD600 ≈ 0.6) before adding 0.1 mM IPTG to induce protein 

expression. The cells were shaken for further 6 h at 30 °C and 150 rpm. The cells were 

harvested by centrifugation at 8000 rpm and 4 °C for 20 min and pellets were frozen 

at -70 °C. The pellets were resuspended in 7 mL of buffer A with 20 mM imidazole and 

0.05 % hecameg prepared as described below.  

Buffer A (0.5 L):     NaCl    8.77 g 
NaH2PO4 x 2 H2O  3.9 g 
Glycerol (98 %)  25.5 mL 
H2Obidest.   Ad. 0.5 L 
pH 8.0 (with NaOH) 
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Buffer A with imidazole (0.2 L)  NaCl    3.5 g 
NaH2PO4 x 2 H2O  1.56 g 
Glycerol (98 %)  10.2 mL 
Imidazole   6.8 g 
H2Obidest.   Ad. 0.2 L 
pH 8.0 (with HCl) 

Buffer A with hecameg (10x):  9 mL of buffer A with 45 mg of hecameg per sample 

Table 8: Required buffer volumes for one protein purification 

Imidazole 
concentration 

Required 
volume 

Buffer A  Buffer A with 
hecameg (10x) 

Buffer A with 
0.5 M imidazole 

20 mM 60 mL Ad. 60 mL 6 mL 2.4 mL 
50 mM 10 mL Ad. 10 mL 1 mL 1 mL 
100 mM 2 mL 1.4 mL 200 µL 400 µL 
200 mM 2 mL 1 mL 200 µL 800 µL 
250 mM 4 mL 1.6 mL 400 µL 2 mL 
400 mM 4 mL 400 µL 400 µL 3.2 mL 

The cells were disrupted by three rounds in a pre-cooled French press (Aminco, Silver Spring, 

Maryland, USA) with a pressure of 1000 psi. The lysates were centrifuged for 90 min at 

35000 rpm in a Beckmann vacuum ultracentrifuge (TFT-Rotor) to separate cell debris and 

membrane fragments from proteins (supernatant). The supernatant was loaded on a Ni-NTA-

column with a bed volume of 1 mL (equilibrated with 10 mL of buffer A with 20 mM 

imidazole and 0.05 % hecameg before) a first time and the flow through was loaded on the 

column a second time. The column was washed 3 times with 5 mL buffer A with 20 mM 

imidazole and 0.05 % hecameg, then 2 times with buffer A with 50 mM imidazole and 

0.05 % hecameg before eluting the protein in fractions collected separately: first with 2 mL of 

buffer A with 100 mM imidazole and 0.05 % hecameg, next with 2 mL of buffer A with 

200 mM imidazole and 0.05 % hecameg, next two times with 2 mL of buffer A with 

250 mM imidazole and 0.05 % hecameg and finally two times with 2 mL of buffer A with 

400 mM imidazole and 0.05 % hecameg. Finally a SDS-PAGE of the different fraction was 

run to identify the fractions containing the protein of interest.  

2.10.4 Protein pull-down  

The genes of interest were fused to eyfp and expressed in R. eutropha. For protein pull-down, 

R. eutropha cells with either a chromosomal integration of eyfp fused to a gene or with the 

pBBR1MCS2_gene of interest_eyfp plasmid were grown in a first 10 mL NB-medium pre-

culture for 12 h at 30 °C and 150 rpm, inoculated 1:10 to a second NB-medium pre-culture 

and grown for 24 h at 30 °C and 150 rpm and finally to a 200 mL (NB-medium or MSM) 
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main culture. The main culture was harvested at the time points of interest by centrifugation at 

5000 rpm, 4 °C for 15 min. Pellets were frozen in liquid nitrogen and stored at -70 °C.   

For the pull-down magnetic beads from ChromoTek (Planegg-Martinsried, Germany) with a 

binding affinity for eYFP (GFP-Trap®_MA for immunoprecipitation of GFP-fusion proteins 

from mammalian cells) were used. Pellets were resuspended in 3 mL pull-down buffer (25 

mM sodiumphosphate buffer, 5 % glycerol, 50 mM NaCl, 5 mM MgSO4, 5 mM KCl, 

20 mM imidazole, pH 7.5). When phosphorylations were studied, phosphatase inhibitors 

(5 mM β-glycerophosphate, 5 mM NaF, and 10 mM sodium vanadate) were added to the pull-

down buffer. The cells were disrupted by three rounds in a pre-cooled French press (Aminco, 

Silver Spring, Maryland, USA) with a pressure of 1000 psi. 500 µL of lysate were mixed to 

20 µL of magnetic beads preliminarily equilibrated three times with 500 µL of pull-down 

buffer and shaken for 1 h on ice. Subsequently the beads were washed 5 times with pull-down 

buffer and transferred to fresh low-bind tubes (Eppendorf, Hamburg, Germany). The samples 

were eluted in 40 µL of 2.5 % SDS and denaturated for 5 min at 95 °C.  

2.10.5 Fast protein liquid chromatography (FPLC) 

For in vitro experiments with His6-PhaC* the buffer was exchanged by buffer A without 

imidazole after protein purification. Gel filtration was carried out on an Äkta purifier system 

equipped with a HiPrep-26/10 desalting Sephadex™G-25 fine column (GE Healthcare) 

(geometric column volume [Vc] of 53 mL; equilibrated with buffer A [2.10.3]; operated at a 

flow rate of 0.5 mL/min). The complete purified His6-PhaC* solution was loaded onto the 

column and eluted with equilibration buffer (detection at 280 nm). The fractions containing 

the protein were collected and pooled.  

2.10.6 Proteome analysis 

The samples prepared by protein pull-down were migrated 1 cm in the separating gel of a 

12 % SDS-PAGE and the gel was stained with 0.12 % (wt/vol) colloidal Coomassie 

(2.10.1.2). Proteome analysis was performed by the proteome core facility of the Life Science 

Center, University of Hohenheim (Stuttgart, Germany) as described by Poudel et al., 2015 or 

by the Proteome Center Tuebingen. In Hohenheim samples were digested with trypsin and 

extracted with acetonitrile (10 min). The supernatants were vacuum-dried and dissolved in 

formic acid (15 µL; 0.1 % [v/v]). 5 µL were injected to a LC-tandem MS (MS-MS) for 

analysis. Data were analysed using Scaffold proteome software (version 4.8.4). Only proteins 
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that were identified by at least two peptides and that had a protein probability of > 99 % were 

considered. Label-free quantification was performed by calculating the ion intensities using 

Progenesis LC-MS software 3.1. Protein abundance was calculated by summing up the 

abundances of all peptides assigned to a given protein. In Tübingen a tryptic in-gel digestion 

(above the thick blue running front) was performed before running the samples on a Proxeon 

Easy-nLC coupled to a QExactive HF mass spectrometer, method: 60 min, Top7, HCD. Data 

were processed using MaxQuant software (version 1.5.2.8. with integrated Andromeda search 

engine). The spectra were searched against a Ralstonia eutropha H16 Uniprot database (6,615 

entries). Data was processed with a setting of 1 % for the FDR (False Discovery Rate), i.e. 

with an estimation that 1 % of all identifications are false-positive. The PEP (Posterior Error 

Probability (Käll et al., 2008)) was calculated for each peptide.  

2.10.6.1 Normalisation among bio-samples with Scaffold  

The program Scaffold allows normalising MS/MS data. Abundances of a protein between 

distinct bio-samples can be compared. The normalisation scheme works for common 

experimental situations where individual proteins may be up- or down-regulated but the total 

amount of all proteins in each bio-sample is comparable. It is not appropriated between bio-

samples with different total protein amounts.  

The software uses two levels of summarisation. The MS level showing the samples run 

through the mass spectrometer and the bio-sample level, where bio-samples contain one or 

more MS samples. Biological samples are fractionated into multiple MS samples (in this 

study MS samples are distinct proteins). The software uses a normalisation scheme adjusting 

the sum of the selected quantitative value for all proteins in the list within each MS sample to 

a common value: the average of the sums of all MS samples present in the experiment. A 

scaling factor for each sample to each protein or protein group is applied to normalise the 

selected value to a relative “quantitative value”. 

2.10.7 PHB synthase activity assay 

PHB synthase PhaC1 is the key enzyme of PHB synthesis. The precursor 3-hydroxybutyryl-

CoA (3-HB-CoA) is polymerised to polyhydroxybutyrate and the release of coenzyme A can 

be monitored in vitro. Coenzyme A reacts with DTNB to yellow-coloured nitro-thiobenzoate 

(NTB). The formation of NTB can be measured spectroscopically at 412 nm by using the 

molar absorption coefficient for NTB of 14.150 M-1cm-1 (Fig. 7).  For the DTNB-assay 
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protein concentration was determined (2.10.2) and adjusted for all enzymes (PhaC and 

PhaM).  PhaC assay buffer (150 mM KH2PO4, 0.2 % glycerol, pH = 7.2), 0.5 mM 3-HB-CoA 

racemate and for some experiment 30 – 150 nM His6-PhaM were mixed in a total volume of 

200 µL in an Eppendorf tube incubator at 30 °C. The reaction was started by the addition of 

PHB synthase PhaC1. Aliquots of the reaction mixture (20 µL) were taken at different time 

intervals and immediately terminated by mixing with 40 µL of 10 % (wt/vol) trichloroacetic 

acid. Samples were centrifuged to remove precipitated protein and 145 µL of 1 mM DTNB in 

0.5 M potassium phosphate (pH 7.8) were added to 55 µL of assay mixture. The concentration 

of formed NTB (i.e., the absorbance at 412 nm) was determined after 10 min incubation at 

room temperature with a microplate reader (Eon, BioTek, Bad Friedrichshall, Germany). The 

reaction was limited by the amount of substrate (3HB-CoA) (Pfeiffer and Jendrossek, 2014).  

2.11 Circular dichroism 

Circular dichroism (CD) spectra were measured using a J-815 circular dichroism 

spectrophotometer (Jasco, Gross-Umstadt, Germany).  10 µL of protein solution (in buffer A 

without imidazole and hecameg) with a concentration of 11 mg/mL were mixed with 30 µL of 

200 mM KCl. 39 µL of this protein solution were pipetted in a 0.2 mm cuvette. The spectra 

were collected in a wavelength range between 185 nm and 260 nm with a standard sensitivity 

and a bandwidth of 1 nm. Spectra recorded with buffer only were used as a baseline and 

subtracted from the protein spectrum. For each sample 50 scans were collected, averaged and 

divided by the concentration.   

2.12 Protein cross-linking 

For in vitro cross-linking experiments, 1.5 µM His6-PhaM and 1.5 µM His6-PhaC1* were 

mixed in 20 mM potassium phosphate buffer (pH 7.5) containing 5 % (vol/vol) glycerol 

(pH 7.5) and incubated on ice for 30 min before 0.5 µL of a freshly prepared 2.5 % 

glutardialdehyde solution was added. The mixture was subsequently incubated at 37 °C for 

5 min, and the reaction was stopped by addition of 1 µL of 1 M Tris-HCl (pH 8). Samples 

were mixed with SDS loading buffer and analysed by SDS-polyacrylamide gel 

electrophoresis and subsequent staining with colloidal Coomassie brilliant blue G-250 

overnight 
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2.13 Bacterial adenylate cyclase two-hybrid system (BACTH) 

Plasmids used for BACTH experiments are shown in Tab. 2. The E. coli strain JM109 was 

used for cloning. The two-hybrid experiments were adapted from previous studies (Karimova 

et al., 2001; Pfeiffer and Jendrossek, 2011).  

2.13.1 Media and solid media for BACTH experiments  

M63-minimal medium (5 x):  

(NH4)2SO4   10 g  
KH2PO4   68 g  
FeSO4 x 7 H2O  2.5 mg  

Ingredients were solved in 500 mL H2Obidest. and pH was adjusted to 7 with KOH before 

filling to 1 L with H2Obidest.. 

M63-minimal solid medium:  

M63-minimal medium (5 x)  200 mL  
MgSO4 x 7 H2O   0.2 g  
Maltose (20 %)   10 mL 
Thiamine (0.5 %)   1 mL  
Ampicillin (100 mg/mL)  1 mL 
Kanamycin (50 mg/mL)  1 mL 
IPTG (1 M)    0.5 mL  
X-gal (2 % in DMF)   2 mL 

The constituents were mixed and heated to 50 °C before addition of the pre-autoclaved agar-

solution (15 g/ 800 mL) and pouring into the petri dishes.  

MacConkey solid medium: 

MacConkey-agar  40 g     
Lactose   10 g 
Ampicillin (100 mg/mL)  1 mL 
Kanamycin (50 mg/mL)  1 mL  

LB-X-gal-IPTG-Amp-Kan-solid medium:  

IPTG (1 M)    0.5 mL  
X-gal (2 % in DMF)   2 mL 
Ampicillin (100 mg/mL) 1 mL  
Kanamycin (50 mg/mL)  1 mL  

The components were added to 1 L of LB-agar, mixed and poured into petri dishes. 
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Z-buffer:  

Na2HPO4 x 2 H2O   10.7 g  
NaH2PO4 x H2O   5.5 g  
KCl     0.75 g  
MgSO4 x 7 H2O   0.246 g  
β-mercaptoethanol  2.7 mL  (to be added freshly) 
H2Obidest.    Ad. 1 L 
pH 7.0  

 

ONPG-solution:  
4 mg/mL ONPG in Z-buffer (without β-mercaptoethanol)  

2.13.2 Two-hybrid interaction experiments with known proteins 

The full length genes of interest were cloned into pKT25 and pUT18C. The plasmids were 

transformed in all necessary combinations to E.coli BTH101 cells and plated on LB-solid 

medium with 50 µg/mL kanamycin, 100 µg/mL ampicillin, 0.5 mM IPTG and 40 µg ·mL−1 X-

gal. Four independent clones from each petri dish were used for the quantitative β-

galactosidase assay and for the qualitative plate tests.  

Four colonies per plasmid combination were grown in 96-deep-well plates containing 1 mL of 

LB-medium with 0.5 mM IPTG, 50 µg/mL kanamycin and 100 µg/mL ampicillin per well. 

The plate was covered by a gas permeable film and shaken at 30 °C and 90 rpm overnight. 

Before measuring the β-galactosidase activity, OD600 was determined. Therefore 40 µL of 

culture were combined with 160 µL of 0.9 % saline (1:5 dilutions) and measurement occurred 

in a microplate photometer (Eon, Biotek, Bad Friedrichshall, Germany). 160 µL of 0.9 % 

saline mixed to 40 µL of LB-medium was used as blank.  

2.13.2.1 Miller assay 

Permeabilisation of cells in 96-well deep-well plates 

For the permeabilisation of the cells 920 µL of Z-buffer with β-mercaptoethanol mixed with 

20 µL 0.1 % SDS per sample was placed in each well of a 96-well deep-well plate. 100 µL of 

the 1:5 diluted cells were added to the mixtures. Each well was supplemented with 20 µL of 

toluene and mixed by pipetting up and down. The plates were covered by a gas permeable 

film and shaken at 37 °C for 40 min.  
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Quantitative β-galactosidase-test 

150 µL permeabilised cells was transferred from the deep-well plates to wells of a standard 

transparent 96-well plate. 150 µL of Z-buffer was used as control.  The plate and the ONPG 

solution were incubated at 28 °C for 30 min. The reaction was started by addition of 30 µL 

ONPG-solution to each well and the extinction at 420 nm was measured. The increase of A420 

was recorded in a microplate photometer (Eon, Biotek, Bad Friedrichshall, Germany) over 40 

min.  

Calculation of the β-galactosidase activity  

To calculate the β-galactosidase activity the modified Miller equation (Thibodeau et al., 2004) 

was used.      

                      β − galactosidase	activity = )	∗	*+++	∗	,-*
./++	∗	,-0	∗	123.563.67	82339 

V: Reaction speed (A420/min)  

 

CF1: Correction factor converting A420 values of the 96-well plate photometer to A420 values 

of a standard cuvette photometer. The optical density at 420 nm of different ONPG-solution 

concentrations was measured in a 96-well plate photometer and in a standard cuvette 

photometer to generate a calibration curve. CF1 is the slope of the function.  

 

CF2: Correction factor for A600 as described for CF1.  

 

rel. vol. of cells = Volume of the cells  

2.13.2.2 BACTH qualitative tests 

For the solid media tests each liquid culture grown overnight in a 96-deep-well-plate with 

1 mL of LB-medium with 0.5 mM IPTG, 50 µg/mL kanamycin and 100 µg/mL ampicillin per 

well was diluted 1:5 (40 µL of culture were combined with 160 µL of 0.9 % saline). 2 µL of 

each diluted culture was dropped on a McConkey- and a M63-mineral medium square shaped 

agar petri dish. Cell growth and coloration were recorded over 3 days. 
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3 Experiments and Results 

3.1 The EBPR process with R. eutropha  

3.1.1 Optimisation of the EBPR medium 

R. eutropha, a well-studied model organism, and c. A. phosphatis, the most studied EBPR 

organism, have several common traits such as the accumulation of PHB and the production 

polyP and the phaX gene creating a link between PHB and polyP biosynthesis. As 

c. A. phosphatis cannot be cultivated in pure culture, this study aimed to test if R. eutropha 

could be a model organism, cultivatable in pure culture, for the EBPR process. Therefore a 

growth medium similar to wastewater and adequate for an EBPR process performed by 

R. eutropha was optimised. The EBPR process was performed with different media to find 

out under which conditions R. eutropha produced most PHB during the anaerobic (oxygen-

limited) phase and most polyP during the aerobic phase. The EBPR-B medium (described in 

the materials and methods section 2.2.2.2) was prepared either without MgSO4, with 50 mg/L 

MgSO4·7H2O or with 150 mg/L MgSO4·7H2O. Furthermore, different carbon sources were 

compared. The medium was prepared either with 250 mg/L propionate, 250 mg/L D,L-

hydroxybutyrate, 200 mg/L Na-gluconate, 250 mg/L K-acetate or 500 mg/L K-acetate. In all 

media, PHB containing cells (Nile red staining) and polyP containing cells (DAPI staining) 

were counted at the end of several aerobic and anaerobic phases by microscopy (data not 

shown). It was finally decided to use a medium with 150 mg/L MgSO4 and 500 mg/L K-

acetate as the cultures behaved the most similar to EBPR conditions. Adding more MgSO4 

boosted the polyP production under aerobic conditions. The addition of 0.04 % NB also 

improved the production of polyP (data not shown). The optimised medium is described in the 

materials and methods section (see 2.2.2.2). The aim of this project was to force R. eutropha 

adapt to EBPR conditions and thereby to evolute towards becoming an EBPR organism. After 

adaptation of R. eutropha to the EBPR conditions, the genomic, transcriptomic and proteomic 

adjustments compared to R. eutropha cultures which never faced EBPR conditions could be 

studied. 

3.1.2 Comparison of R. eutropha under aerobic and oxygen-limited conditions 

Before starting the EBPR process, the behaviour of R. eutropha under oxygen-limited (here 

designated as anaerobic) and aerobic conditions was compared. The aim was to understand 

cell growth, PHB content and polyP production of R. eutropha under anaerobic and aerobic 
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conditions without the influence of EBPR cycles. Therefore R. eutropha was grown for 56 h 

either in shaking flasks (aerobic conditions) at 30 °C and 90 rpm or in sealed completely filled 

Falcon tubes (anaerobic conditions). The PHB content was determined by gas 

chromatography (Fig. 6) and by microscopy of Nile red stained cells (Fig. 7). As a further 

parameter, cell growth was followed by determination of the optical density at 600 nm 

(Fig. 6). R. eutropha grew slowly on the EBPR-B medium under aerobic conditions but was 

almost unable to grow under anaerobic conditions. Under aerobic conditions the PHB content 

of the cells first increased but was then degraded again. In contrast, it was high under 

anaerobic conditions and was not degraded over 56 h. The polyP content of the same cultures 

was measured by fluorimetry and microscopy of DAPI stained cells (Fig. 7). No consistent 

results were obtained from the fluorimetry experiments for polyP quantification (data not 

shown). Under anaerobic conditions fewer cells tended to produce polyP granules than under 

aerobic conditions. Under aerobic conditions the number of cells with polyP granules 

increased with the time of cultivation. To investigate if carbon can be taken up, the acetate 

concentration in the medium over time was also determined. The acetate concentration in the 

medium decreased only under aerobic conditions; therefore it could be concluded that acetate 

uptake by the cells was only possible in presence of oxygen (data not shown). 

 

Figure 6: Cell growth and PHB content of R. eutropha under aerobic and anaerobic conditions. 
R. eutropha was inoculated to EBPR-B medium from NB-medium grown pre-cultures in the stationary growth 
phase. OD600 was measured using a photometer and the PHB content was determined by gas chromatography. 
Aerobic cultures were grown as 50 mL cultures in 500 mL flasks (13 flasks per biological replicate) shaking at 
30 °C and 90 rpm (represented in grey), anaerobic cultures were grown in sealed 50 mL Falcons tubes 
completely filled with medium (13 Falcon tubes per biological replicate) at 30 °C. At each time point a complete 
flask and a complete Falcon tube were harvested for GC analysis.  
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Cell morphology was followed over 48 h (Fig. 7) by microscopy. Under aerobic conditions 

relatively short R. eutropha cells elongated within 2 h but then shortened up again correlating 

with the PHB production. In the presence of acetate the cells elongated and produced PHB. 

When the carbon source was consumed the cells started shortening again and degrading 

accumulated PHB. Under anaerobic conditions the cell morphology did not change. The cells 

seemed to be completely inactive.  

Thus before submitting R. eutropha cultures to EBPR conditions, the cells were not able to 

take up acetate and to accumulate PHB under anaerobic conditions as would do 

c. A. phosphatis during the anaerobic phase of the EBPR process. The accumulation of polyP 

in the aerobic phase could not be unambiguously observed. Thus an adaptation of R. eutropha 

to EBPR conditions was necessary. As c. A. phosphatis was never found and isolated before 

having adapted to EBPR conditions, it was hypothesised that c. A. phosphatis only assimilates 

its EBPR traits when submitted to alternating aerobic/anaerobic cycles. Therefore it was 

hypothesised that similarly to c. A. phosphatis, R. eutropha can adapt to EBPR conditions. 

R. eutropha would then be able to perform the EBPR process in a pure culture and the 

evolutionary changes within the cells could be studied. In the following experiments, 

R. eutropha was submitted to alternating aerobic/anaerobic cycles to allow its adaption to 

EBPR conditions. 
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Figure 7: Micrographs of R. eutropha cells grown under aerobic and anaerobic conditions. The cells were 
grown under aerobic conditions (shaking flask) and under anaerobic condition (sealed Falcon tube) on EBPR-B 
medium. PolyP is stained with DAPI and PHB is stained with Nile red (Scale bar: 2 µm). 
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3.1.3 Simulation of an EBPR process with R. eutropha  

To simulate the EBPR process, R. eutropha was cultivated alternatingly under anaerobic 

conditions (in sealed full 50 mL Falcon tube) for 8 h and under aerobic conditions (in a 

500 mL shaking flask) for 16 h at 30 °C as described in the materials and methods section 

(2.7). After each aerobic and anaerobic step, the cells were stained with Nile red to stain PHB 

and with DAPI to stain polyP and were analysed by microscopy. After several cycles the cells 

had more polyP granules and less PHB granules after an aerobic than at the end of an 

anaerobic phase (Fig. 8 A). The time necessary to reach anaerobic conditions was determined 

using an oxygen sensor. The cultures became anaerobic after 70 min (Fig. 8 E).  Every week 

the acetate content at the end of an aerobic phase and at the beginning, after 70 min and at the 

end of the next anaerobic phase was quantified. Acetate was only consumed in the presence of 

oxygen (Fig. 8 D). A purity streaking on a petri dish with NB-agar was prepared weekly to 

ensure that the culture was not contaminated by other species. A few colonies were analysed 

by PCR with primers specific for a hydrogenase of R. eutropha H16 (Tab. 3: 

H16_Hox_1_Fwd + H16_Hox_1_Rev) to insure that the culture still consisted of pure 

R. eutropha H16. The experiment was run over up to 63 cycles. After some of the cycles the 

polyP content of the cells was measured by fluorimetry (Fig. 8 B) and the PHB content of the 

cells was determined by gas chromatography (Fig. 8 C). Confirming the results of the 

microscopy data, the cells contained more polyP at the end of aerobic phases and more PHB 

at the end of anaerobic phase.  

After 63 cycles, cell growth, cellular PHB and polyP content and acetate concentration in the 

medium were monitored every 3 h over 24 h to test whether the organism had adapted to the 

EBPR conditions. Contrary to what is described for c. A phosphatis, R. eutropha cells were 

able to grow only at the beginning of the aerobic phase (Fig. 9 A) and acetate could only be 

taken up under aerobic conditions (Fig. 9 B). The PHB content was quantified by gas 

chromatography but no significant change in PHB content was observed in the aerobic and 

the anaerobic phase (Fig. 9 D). The polyP content probably increased in the aerobic phase but 

no significant decrease in polyP content in the anaerobic phase could be observed (Fig. 9 D). 

From this it was concluded, that the chosen cycle conditions (16 h/8 h) were not well suited to 

mimic an EBPR process. Without a bioreactor no EBPR process could be mimicked with 

R. eutropha. The organism did not adapt to EBPR conditions within 63 cycles. 
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Figure 8: Study of the behaviour of R. eutropha under simulated EBPR conditions. (A) Micrographs of 
R. eutropha stained with DAPI (polyP) and with Nile red (PHB) at the end of an aerobic phase and an anaerobic 
phase. (B) PolyP content determined by fluorimetry normalised against OD600 after 36 and 37 EBPR cycles. 
(C) PHB content determined by gas chromatography after 1, 2, 36 and 37 EBPR cycles. (D) Acetate 
concentration in the medium of a 3 days old culture (grey) and a 6 weeks old culture (black). (E) Oxygen 
concentration in the medium in completely filled and sealed tubes was measured over time from the moment the 
tube was sealed.  
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Figure 9: Cell growth, acetate consumption, PHB and polyP content during the EBPR experiment.  After 
63 simulated EBPR cycles the experiment was tracked every 3 h during a complete cycle. After 9 h under 
anaerobic conditions the cultures were transferred to aerobic conditions. (A) Cell growth, (B) acetate 
concentration in the medium, (C) PHB content of the cells determined by gas chromatography and (D) polyP 
content determined by fluorimetry and normalised to OD600 are depicted.  

A further approach involving nitrate respiration to force the cells to take up acetate under 

oxygen-limiting conditions was tried. It was hypothesised that the presence of nitrate could 

have an influence on the ability of the cells to take up carbon sources anaerobically as 

R. eutropha is able to respire by denitrification (Cramm, 2008). Therefore two cultures were 

studied in parallel: one without potassium nitrate and one supplemented with 0.3 % of 

potassium nitrate. The acetate concentration of each medium after the aerobic and the 

anaerobic phases was determined but no significant difference between cells grown with or 

without nitrate could be observed (data not shown).  Respiration by denitrification did thus 

not allow the cells to take up acetate in absence of oxygen. 

From this it could be concluded, that adaption of R. eutropha to EBPR conditions and 

especially uptake of carbon sources under oxygen-limited conditions may require a very long 

period (if ever possible) without genetic engineering. Therefore in further experiments, it was 

tried to improve acetate-uptake under oxygen-limited conditions by genetic modifications.  
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3.1.4 Generation of R. eutropha strains with acetate transporters expressed under 

oxygen-limited conditions 

As long as the cells are unable to take up acetate anaerobically the EBPR process is not 

possible with R. eutropha. Even after over two months of EBPR cycles, R. eutropha was not 

able to take up acetate anaerobically. Exactly as c. A. phosphatis, R. eutropha has three 

acetate transporters. In silico analysis of the proteins showed that all of the acetate 

transporters from R. eutropha have a relatively high amino acid sequence identity with the 

acetate transporters from c. A. phosphatis.  

R. eutropha H16_A2524 and c. A. phosphatis CAP2UW1_3752 are both annotated as SSS 

sodium solute transporter superfamily proteins; K14393 cation/acetate symporters, have 60 % 

amino acid sequence identity (Tab. 9) and are phylogenetically closer to each other than to 

any other acetate transporter within the same organism (Fig. 10). R. eutropha H16_B1355 and 

c. A. phosphatis CAP2UW1_1608 are both annotated as acetate permeases; K14393 

cation/acetate symporters and have 66 % amino acid sequence identity (Tab. 9). R. eutropha 

H16_B1337 and c. A. phosphatis CAP2UW1_1219 are also both annotated as SSS sodium 

solute transporter superfamily proteins; K14393 cation/acetate symporters.  

 

Table 9: Percent identity matrix of acetate transporters from R. eutropha H16 and c. A. phosphatis - 
created by ClustalOmega 2.1 
 CAP2UW1_ 

1608 
H16_ 
B1337 

CAP2UW1_ 
1219 

H16_ 
B1355 

CAP2UW1_ 
3752 

H16_ 
A2524 

CAP2UW1_ 
1608 

100 67 66 66 45 7 

H16_B1337 67 100 63 65 44 45 

CAP2UW1_ 
1219 

66 63 100 65 45 45 

H16_B1355 66 65 65 100 46 45 

CAP2UW1_ 
3752 

45 44 44 46 100 60 

H16_A2524 47 45 45 45 60 100 
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Figure 10: Phylogenetic tree of the acetate transporters of c. A. phosphatis and R. eutropha H16. The 
evolutionary change of the acetate transporters of c. A. phosphatis and R. eutropha H16 was calculated using 
ClustalOmega (www.ebi.ac.uk) and illustrated by the program phylo.io. Branch lengths are proportional to the 
inferred evolutionary change (number of substitutions excluding gaps).  

As R. eutropha and c. A. phosphatis have the same number of the same type of acetate 

transporters with a certain homology, it was tried to generate a R. eutropha strain with an 

acetate transporter active under oxygen-limited conditions.  

The alcohol dehydrogenase (ADH – H16_A0757) is an enzyme that is expressed only under 

conditions of restricted oxygen supply in R. eutropha. Its promoter had previously been 

shown to be repressed under aerobic conditions but de-repressed under oxygen-limited 

conditions (Jendrossek et al., 1990). Therefore cloning this promoter upstream of a gene could 

improve the expression of the encoded protein under oxygen-limiting conditions. Cloning this 

promoter in front of acetate transporters would increase the expression of these acetate 

transporters under oxygen-limiting conditions and could thereby improve acetate uptake 

during limited oxygen supply. As it is not known which acetate transporter is active under 

anaerobic conditions in c. A. phosphatis the promoter of the alcohol dehydrogenase 

(H16_A0757) was cloned in front of all three acetate transporters of R. eutropha.  De-

repression of this promoter under oxygen-limited conditions would lead to enhanced 

expression of the controlled acetate transporter. The constructs pBBR1MCS2::padh:A2425, 

pBBR1MCS2::padh:B1337, pBBR1MCS2::padh:B1355 and pBBR1MCS2::padh:eyfp were 

generated by Gibson cloning. The backbone pBBR1MCS2_pphaC_dsRed was digested with 

SpeI-HF and NsiI-HF. The adh-promoter was amplified by PCR with an upstream overhang 

to the backbone (NsiI-site) and a downstream overhang to the acetate transporter of interest 

(Primer combinations: pBBR1MCS2_adh_fwd + adh_A2425 rev, pBBR1MCS2_adh_fwd + 

adh_A1337 rev, pBBR1MCS2_adh_fwd + adh_A1355 rev or pBBR1MCS2_adh_fwd + 

A1355_pBBR1MCS2_rev). The acetate transporters were each amplified with an upstream 

overhang to the adh-promoter and downstream overhang to the backbone (SpeI-site) (Primer 
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combinations: adh_A2425_fwd + A2425_pBBR1MCS2_rev, adh_A1337_fwd + 

A1337_pBBR1MCS2_rev, adh_A1355_fwd + A1355_pBBR1MCS2_rev or adh_eYFP_fwd 

+ eYFP_pBBR1MCS2_rev). The plasmid pBBR1MCS2::padh:eyfp was constructed as a 

control to verify the activity of the promoter under oxygen-limiting conditions.  

R. eutropha pBBR1MCS2::padh:eyfp cells were grown under aerobic and oxygen-limited 

conditions over 24 h and the expression of eYFP was measured using a fluorimeter at 

different time points of the cell cycle. However, no significant difference in eYFP expression 

between the anaerobically or aerobically grown cultures was observed (Fig. 11 A). The 

acetate concentration in the medium of anaerobically grown R. eutropha WT, R. eutropha 

pBBR1MCS2::padh:A2425, R. eutropha pBBR1MCS2::padh:B1337 and R. eutropha 

pBBR1MCS2::padh:B1355 cultures was determined after 1, 7 and 24 h of cultivation but no 

significant difference between the mutants with an acetate transporter under control of the 

adh-promoter and the wild type was monitored (Fig. 11 B). Acetate was never consumed 

under anaerobic conditions. One explanation for this result could be copy number effects of 

the plasmid. Possibly insufficient copies of the plasmid to obtain enough active acetate 

transporters were expressed. Another explanation could be that not only expression of the 

acetate transporters but also a different activation of acetate import under oxygen-limiting 

conditions is necessary. Essential metabolic players necessary for acetate uptake which are so 

far unknown were inactive in absence of oxygen. No further attempts to establish expression 

of acetate transporters under oxygen-limiting conditions were made. 

Figure 11: Expression of eYFP and acetate uptake under control of the adh-promoter. (A). R. eutropha 
pBBR1MCS2::padh:eyfp was grown und MSM with 0.5 % fructose under anaerobic conditions (sealed Falcon 
tube – grey) and under aerobic conditions (shaking flask – black). Regularly a sample was taken to determine 
OD600 and the relative fluorescence units of eYFP (excitation: 513 nm, emission: 527 nm). The expression of 
eYFP (RFU) was normalised to the cell density (OD600). (B). R. eutropha WT, R. eutropha 
pBBR1MCS2::padh:A2425, R. eutropha pBBR1MCS2::Padh:B1337 and R. eutropha pBBR1MCS2::padh:B1355 
were grown in EBPR-B in an anaerobic jar. 2 mL were taken through the rubber plug with a syringe after 1, 7 
and 24 h to determine the acetate concentration in the medium.  
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In collaboration with the group of Prof. Maria Reis from Lisbon (Portugal) the experiment 

was followed in a sequencing batch reactor. This group is specialised for EBPR research with 

the “usual” EBPR organisms. It was tried to force R. eutropha to adapt to EBPR conditions 

during one year but no adjustment could be observed. As a consequence, these experiments 

were not further followed.  

These results did not prove a direct link between PHB and polyP metabolism in R. eutropha 

and pointed out that despite many common traits with c. A phosphatis, R. eutropha was not an 

optimal model organism for the EBPR process. Therefore, a different approach to gain a 

better understanding of the PHB metabolism of R. eutropha was tried. The production of PHB 

on different growth media was studied.  

3.2 PHB content of R. eutropha on different media 

The PHB mobilisation activity of R. eutropha was compared on different media. PHB 

degradation was much higher in cultures that were grown on complex medium (NB + 0.2 % 

gluconate) than on mineral salts medium (MSM) with 2 % fructose. Sodium gluconate 

(designated as gluconate throughout this work) had been added to nutrient broth to increase 

the carbon to nitrogen ratio for the purpose of increasing the amount of accumulated PHB in 

most experiments of this work. Under this condition, wild type R. eutropha accumulated up to 

≈ 40 % of PHB in the exponential phase and degraded it in the stationary phase. Growing on 

MSM with 2 % fructose, wild type R. eutropha produced up to ≈ 70 % of PHB and never 

degraded its accumulated PHB (Fig. 12 B). This difference was also visible by the growth 

curves. These declined when PHB was degraded (NB-gluconate medium) and slightly 

increased even in the stationary phase when PHB was synthesised (MSM) (Fig. 12 A).  

Contrary to NB-medium grown cultures, the PHB content of MSM-grown cultures increased 

over 5 days. To gain a better understanding of this different regulation of PHB accumulation, 

in this work it is investigated how the production and degradation of PHB are regulated. 

Alarmones are known to be intracellular messengers informing the cells about starvation 

conditions. It was hypothesised that alarmones could be responsible for the dependency of 

intracellular PHB accumulation on the growth medium.  
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Figure 12: Growth and PHB contents of R. eutropha on MSM compared to NB-medium. R. eutropha wild type 
was grown either on complex medium (NB-medium supplemented with 0.2 % sodium gluconate) or on MSM (with 
2 % fructose). (A) OD600 was determined photo-spectroscopically and (B) the PHB content (in % per cdw) was 
quantified by gas chromatography. Experiments were performed as biological triplicates. Data points represent mean 
values; error bars show standard deviations. 

3.3 Influence of stringent response on the PHB content of R. eutropha  

3.3.1 Optimisation of a method to extract and quantify nucleotides  

Although previous studies described effects of stringent response in R. eutropha, the (p)ppGpp 

content of the cells had never been quantified. In order to study the effects of (p)ppGpp on the 

PHB metabolism a method to extract and quantify alarmones from R. eutropha needed to be 

established. First, a method to extract and quantify nucleotides such as ppGpp, pppGpp, GTP, 

GDP, GMP, ATP, ADP and AMP similar to the one described by Theobald et al., 1997 was 

tested. The cells were lysed in 35 % perchloric acid with 80 µM EDTA for 15 min before 

neutralizing the pH with 1 M K2HPO4 and 5 M KOH. HPLC with a KH2PO4/K2HPO4-methanol 

gradient was run on a C18 column as described by Hardiman et al. in 2008 replacing acetonitrile 

by methanol. Even though the method allowed detecting ppGpp extracted from E. coli, it was 

insufficient to detect ppGpp from R. eutropha. ATP, ADP, AMP and GTP were successfully 

separated using this method but the intracellular (p)ppGpp concentration of R. eutropha was 

below the detection limit of the UV detector. Another nucleotide extraction method (Kästle et al., 

2015) was applied and samples were examined with the HPLC method adapted from Hardiman 

et al., 2008 but no nucleotides could be detected.  

Therefore the HPLC-MS detection method described by Kästle et al., 2015 was tested. However, 

using this protocol no nucleotides could be detected from samples that had been extracted with 

perchloric acid.  The nucleotide extraction protocol from Kästle et al., 2015 was tested in 

combination with the HPLC-MS measurement described by the same authors. Peaks 
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corresponding to ppGpp could be detected in samples prepared from E. coli cells but application 

of the same method for R. eutropha cells resulted only in very weak signal intensities for ppGpp. 

Consequently, the number of harvested cells had to be augmented. Different culture volumes 

were tested and as the ppGpp content of R. eutropha proved to be very low, 100 mL of culture 

(instead of 10 mL used for E. coli) were harvested.  

Two different procedures to harvest the cells were compared: harvest by centrifugation with ice 

(7 min, 5000 rpm, 4 °C) or fast filtration over a 0.22 µm sterile filter with vacuum. The results 

(chromatograms) obtained with these two procedures did not differ significantly. The 

centrifugation method was used for further experiments since the filtration-based method turned 

out to be more complicated at higher culture volumes because of long filtration times.  

Two other protocols were compared for nucleotide extraction. First, centrifuged cells were 

resuspended in 60 % ethanol and disrupted using a French press, by vortexing or by shaking in a 

tube containing glass beads at full speed for 2x20 sec in a micro-tube homogenizer. This 

nucleotide extraction method with ethanol was compared to the extraction method described by 

Ihara et al., 2015 based on cell disruption with formic acid and purification and concentration 

using anion exchange columns. Comparable ppGpp signal intensities were detected with both 

methods; however the shape of the signals obtained with the extraction protocol described by 

Ihara et. al indicated a more clean preparation of ppGpp. Remarkably the pre-filter of the mass 

spectrometer was much cleaner (it was not clogged and dirty anymore) using the method 

described by Ihara et. al. Therefore, that protocol was implemented for all R. eutropha samples.  

The efficiency of ppGpp extraction could be further improved by increasing the volume of 

formic acid used for cell lysis. Moreover, different sizes of resin bed volumes (30 mg, 60 mg and 

100 mg sorbent) for the nucleotide purification and concentration were compared. The best 

results were obtained when using cartridges with 60 mg resin material. Nucleotides were further 

concentrated by lyophilisation. The nucleotides, including ppGpp, were very stable once 

resuspended in water. The detected peak area for ppGpp was even slightly amplified after an 

overnight incubation at room temperature. An additional clean-up step of the purified nucleotides 

on PCR clean-up columns (as described by Ihara et al., 2015) did not improve the quality of the 

peaks and the purity of the sample and was therefore omitted. The optimised protocol for the 

extraction of ppGpp and other nucleotides (NTPs) from R. eutropha cells is described in the 

Materials and Methods section 2.9.4 and was used for all further experiments. Chromatograms of 

ppGpp and pppGpp are shown in Fig. 16 and Fig. 18 respectively.  
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3.3.2 Nucleotide levels of R. eutropha wild type 

3.3.2.1 ATP content of R. eutropha wild type 

The established nucleotide extraction method optimised for R. eutropha now allowed 

purification of a great pool of different nucleotides such as ATP, ADP, AMP, GTP, GDP, 

GMP, ppGpp and pppGpp. All these nucleotides could be reproducibly detected and 

quantified by HPLC-MS as described in the materials and methods section 2.9.4 (Fig. 14, Fig. 

16 and Fig. 18). A standard curve with different concentration of ATP was prepared in order 

to quantify the ATP content of R. eutropha. The chromatograms of the standard curve are 

shown in suppl. Fig. 1. The concentration of ATP per 100 mL of a culture with an OD600 

normalised to 1 was determined for R. eutropha wild type cells grown in NB-medium with 

0.2 % gluconate and for R. eutropha wild type cells grown in MSM with 2 % fructose. On 

NB-gluconate medium, the ATP content of the cells increased until the carbon source was 

consumed and then decreased slowly. On MSM the ATP content could get much higher than 

on NB-gluconate medium during the first 12 h but subsequently decreased very rapidly. When 

the MSM was replaced by the same medium but without carbon source after 48 h of growth, 

ATP consumption decelerated slightly (Fig. 13). The ATP concentration is given in arbitrary 

units because the exact number of cells in the cultures at different time points could not be 

determined. Therefore the concentration of ATP in µM in a 100 mL culture was divided by 

the OD600 of the culture at the harvest time point.  

 

Figure 13: ATP content of R. eutropha wild type cells. The ATP concentration was determined and 
normalised to the OD600 of the culture. (A) R. eutropha wild type cells were grown on NB-medium 
supplemented with 0.2 % gluconate. (B) R. eutropha wild type cells were grown on MSM supplemented with 
2 % fructose. Some cultures were centrifuged after 48 h of growth and resuspended in the same medium without 
fructose (designated as MSM wo carbon). ATP was quantified for samples taken at the indicated time points 
after inoculation. All experiments were performed as biological triplicates. Bars represent mean values; error 
bars show standard deviations.  
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3.3.2.2 GTP content of R. eutropha wild type 

Analogously to the ATP quantification, GTP could be quantified from the same samples. To 

be able to offset ppGpp and pppGpp concentrations with GTP concentrations, a GTP standard 

curve was prepared in order to quantify absolute concentrations of GTP in bacterial cultures 

(Fig. 14). In all experiments of this study, ppGpp and pppGpp contents of cells were 

normalised to their GTP content. Fig. 14 shows that the areas under curve and peak heights of 

the EIC were proportional to the GTP concentration of the sample. The peaks were sharp and 

the retention time was reproducible (at ≈ 1160 – 1190 sec). An adequate method for 

quantification of GTP has thus been established. The GTP content of R. eutropha wild type on 

NB-gluconate medium and on MSM behaved very similarly to the ATP content. When 

introduced to fresh medium, the GTP pool of the cells increased significantly over 4 h on NB- 

gluconate medium and over 12 h on MSM. When nutrients started to be consumed the GTP 

content decreased rapidly, especially on MSM. When the medium was replaced by medium 

without carbon source after 48 h of growth, the consumption of GTP was slightly slower 

(Fig. 15). As for ATP, the GTP concentrations were here expressed in arbitrary units to show 

only relative levels at different time points of growth to avoid wrong statements. The exact 

number of cells could not be determined for each harvested culture and therefore no absolute 

values were calculated.  

 

Figure 14: Standard curve for GTP quantification. GTP was solved in water to a 500 µM concentration and a 
serial dilution (1:2) was prepared. GTP was detected by HPLC-MS. Extracted ion chromatograms of the GTP 
standards are shown. R corresponds to the retention time; all diluted samples are shifted by 100 on the x-axes 
and by 1000 on the y-axes. The areas under curve were used to generate a standard curve for quantification of 
GTP from biological samples. A baseline of 100 was used for calculation.  
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Figure 15: GTP content of R. eutropha wild type cells. The GTP concentration was determined and 
normalised to the OD600 of the culture. (A) R. eutropha wild type cells were grown on NB-medium 
supplemented with 0.2 % gluconate. (B) R. eutropha wild type cells were grown on MSM supplemented with 
2 % fructose. Some cultures were centrifuged after 48 h of growth and resuspended in the same medium without 
fructose (designated as MSM wo carbon). GTP was quantified for samples taken at the indicated time points 
after inoculation. All experiments were performed as biological triplicates. Bars represent mean values; error 
bars show standard deviations.  

3.3.2.3 ppGpp levels of R. eutropha wild type 

GTP and ATP from R. eutropha could also be detected by simple HPLC with UV-vis 

detection. The (p)ppGpp content of these cells was below the detection limit of the UV-vis 

detector but could be detected and even quantified by HPLC-MS. The chromatograms of a 

standard curve of ppGpp diluted in H2Obidest. are shown in Fig. 16. The areas under curve and 

peak heights of the EIC were proportional to the ppGpp concentration of the sample. The 

peaks were sharp and the retention time was reproducible (at ≈ 1260 – 1310 sec). It can be 

easily differentiated from other nucleotides by its mass-to-charge ratio.  

In all presented ppGpp quantification experiments, values are presented as the means of three 

biological triplicates and are expressed as ratio of ppGpp to GTP to avoid misinterpretations 

in case not all cells of a sample were disrupted by the extraction procedure. High ppGpp-to-

GTP ratios always correlated with high absolute amounts of ppGpp (data not shown). On NB-

gluconate medium the ratio of ppGpp to GTP was at the detection limit in the exponential 

growth phase but increased significantly to around 500 nmol ppGpp/µmol GTP in the 

stationary growth phase. On MSM, the ratio of ppGpp to GTP was always low. Thus the 

ppGpp/GTP ratio was low during PHB synthesis but significantly rose during PHB 

degradation (when the carbon source was consumed) reaching a maximum when PHB was 

fully consumed (Fig. 17). 
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Figure 16: Standard curve for ppGpp quantification. ppGpp was diluted in water to a 100 µM concentration 
and a serial dilution (1:2) was prepared. ppGpp was detected by HPLC-MS. Extracted ion chromatograms of the 
ppGpp standards are shown. R corresponds to the retention time; all diluted samples are shifted by 100 on the x-
axes and by 1000 on the y-axes. The areas under curve were used for the generation of a standard curve for 
quantification of ppGpp from biological samples. A baseline of 100 was used for calculation.  

 

Figure 17: ppGpp content of R. eutropha wild type cells. The ppGpp concentration in nM was determined and 
normalised to the GTP concentration in µM of the same sample. (A) R. eutropha wild type cells were grown on 
NB-medium supplemented with 0.2 % gluconate. (B) R. eutropha wild type cells were grown on MSM 
supplemented with 2 % fructose. Some cultures were centrifuged after 48 h of growth and resuspended in the 
same medium without fructose (designated as MSM wo carbon). ppGpp was quantified for samples taken at the 
indicated time points after inoculation. All experiments were performed as biological triplicates. Bars represent 
mean values; error bars show standard deviations.  
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3.3.2.4 pppGpp levels of R. eutropha wild type 

Not only the the ppGpp but also pppGpp could be quantified as previously described by 

HPLC-MS. The chromatograms of a standard curve of pppGpp diluted in H2Obidest. are 

presented in Fig. 18. The areas under curve and peak heights of the EIC were proportional to 

the pppGpp concentration of the sample. The peaks were sharp and the retention time was 

reproducible (at ≈ 1140 – 1200 sec). Different nucleotides can be identified by their mass-to-

charge ratio. Neither on NB-medium with 0.2 % gluconate nor on MSM with or without 2 % 

fructose pppGpp could be detected at any time point of cell growth without induction of 

stringent response by addition of nucleodide analogues or spontaneous depletion of nutrients 

(data not shown).   

In the following experiments, it was tested how stringent response and thereby accumulation 

of ppGpp and pppGpp can be induced in R. eutropha.  

 

 

Figure 18: Standard curve for pppGpp quantification. pppGpp was diluted in H2Obidest. to a 1000 µM 
concentration and a serial dilution (1:2) was prepared. pppGpp was detected by HPLC-MS. Extracted ion 
chromatograms of the pppGpp standard curve are shown. R corresponds to the retention time; all diluted samples 
are shifted by 100 on the x-axes and by 1.000 on the y-axes. The areas under curve were used to generate a 
standard curve for quantification of pppGpp from biological samples. A baseline of 100 was used for calculation. 
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3.3.3 Induction of stringent response in R. eutropha 

3.3.3.1 Nutrient down-shift experiment 

ppGpp and pppGpp are known to be responsible for the response of cells to stringent 

conditions in different bacterial species. To verify that alarmones are also responsible for 

stringent response in R. eutropha, a nutrient downshift experiment was performed. Therefore 

R. eutropha wild type cells were grown either on NB-gluconate medium or on MSM-

gluconate. In the middle of the exponential phase (4 h after inoculation) the cells were 

centrifuged, resuspended in a different medium and grown for 1 h in the new medium before 

being harvested for nucleotide extraction. As controls, cells were grown on NB-gluconate 

medium or MSM-gluconate and resuspended in the same medium as before centrifugation to 

ensure that centrifugation and resuspension did not induce stringent response. To simulate 

amino acid downshift, the cells were transferred from NB-gluconate medium (containing all 

amino acids) to MSM-gluconate (which does not contain amino acids). Remarkably amino 

acid stress induced production of important amounts of ppGpp (≈ 500 nmol ppGpp/µmol 

GTP) and pppGpp (≈ 30 nmol ppGpp/µmol GTP). Quantifiable amounts of pppGpp were 

never detected during growth without the induction of stringent response. When amino acid 

and nitrogen stress were combined by transferring the cells from NB-gluconate medium to 

MSM-gluconate without nitrogen, the ppGpp and pppGpp levels of the cells were more than 

tripled compared to sole amino acid stress (ppGpp ≈ 2000 nmol ppGpp/µmol GTP and 

pppGpp ≈ 300 nmol ppGpp/µmol GTP) (Fig. 19).  These results are noteworthy because the 

absence of amino acids led to the production of alarmones to turn on the amino acid synthesis 

machinery and the levels of alarmones got even higher when nitrogen, which is necessary for 

amino acid synthesis, was not available.  

Stress conditions which are different to an amino acid downshift were studied by transferring 

the cells grown in MSM-gluconate to MSM without carbon source (gluconate), without 

nitrogen source or without carbon and nitrogen source. The experiment was performed 

analogously to the experiment described above.  In the middle of the exponential phase (4 h 

after inoculation) the cells were centrifuged, resuspended in a different medium and grown for 

1 h in the new medium before being harvested for nucleotide extraction.When the cells were 

first grown on MSM-gluconate and then resuspended in MSM without carbon, MSM-

gluconate without nitrogen or MSM without nitrogen and carbon no significant increase in 

ppGpp or pppGpp was observed (Fig. 19). In summary, only after amino acid downshift and 
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amino acid downshift combined with nitrogen-downshift detectable levels of alarmones were 

accumulated.  

For the nutrient downshift experiment, the cells were grown in 150 mL cultures. 100 mL of 

each culture were used for nucleotide extraction. When the cells were harvested for nucleotide 

quantification, a part of each culture (the remaining 50 mL) was used to determine the PHB 

content. PHB contents of these cultures were studied by gas chromatography and OD600 

values as indicators of cell growth at the harvest time point were determined. The PHB 

contents of cells undergoing amino acid starvation or amino acid starvation combined with 

nitrogen shortage were slightly increased compared to the NB-control while the difference in 

optical density was not significant. In all the cultures grown on MSM-gluconate, the cells did 

not grow before being harvested. No PHB was produced yet and the OD600 was the same as at 

inoculation (suppl. Fig. 2). Thus on MSM, the downshift was possibly induced to early 

during cell growth to induce the production of alarmones. The cells may still have been in the 

lag phase when the medium was replaced by medium lacking carbon and/or nitrogen sources.  

At the harvest time point of the nutrient downshift experiment, an aliquot of each culture was 

stained with DAPI to visualise polyP and with Nile red to visualise PHB by fluorescence 

microscopy. All samples grown on NB-gluconate medium and transferred to NB-gluconate 

medium or to MSM-gluconate with or without nitrogen contained several PHB granules and 

only few of the cells had polyP granules. Thus no difference in the number of PHB and polyP 

granules could be detected by microscopy. Under amino acid stress or amino acid stress 

combined with nitrogen stress the cells were shorter than control cells resuspended in NB-

gluconate medium (suppl. Fig. 3, 1-3). It could be concluded that an increase of (p)ppGpp 

levels correlated with reduced cell length. These cells elongated as the control during the first 

4 h before the medium change but stopped lengthening when transferred to MSM(-gluconate).  

Cell morphology of the cells grown on MSM-gluconate from the beginning of the experiment 

was also visualised by microscopy (suppl. Fig. 3, 4-7). When grown on MSM-gluconate for 

4 h before being transferred to different media, the cells were nearly as short as at the 

inoculation time point thus the cells did not significantly elongate. The cells did not differ 

from the MSM-gluconate control (which was transferred to the same medium as before 

centrifugation) and still looked like the cells from the pre-culture used to inoculate these 

MSM-gluconate cultures. No difference was observed between cultures transferred to MSM 

without nitrogen, without carbon or without nitrogen and carbon (suppl. Fig. 3). The 

microscopy data are in line with the OD600 values and PHB contents determined by gas 
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chromatography. On MSM, the downshift was induced very early during cell growth. The 

cells did not start producing PHB and elongating yet and may therefore still have been in the 

lag phase when the medium was replaced by medium lacking carbon and/or nitrogen sources. 

 

Figure 19: Nutrient downshift experiment. R. eutropha WT cells were grown for 4 h on NB-medium with 
0.2 % gluconate or on MSM with 0.2 % gluconate and 0.1 % NH4Cl. After 4 h the cells grown in NB-medium 
were centrifuged and resuspended NB-medium with 0.2 % gluconate (NB control), in MSM with 0.2 % 
gluconate and 0.1 % NH4Cl (Amino acid stress), in MSM with 0.2 % gluconate and without NH4Cl (Amino acid 
and nitrogen stress). After 4 h of growth the cells grown on MSM with 0.2 % gluconate were centrifuged and 
resuspended in MSM with 0.2 % gluconate and 0.1 % NH4Cl (MSM control), in MSM without gluconate and 
with 0.1 % NH4Cl (Carbon stress), in MSM with 0.2 % gluconate and without NH4Cl (Nitrogen stress) or in 
MSM without gluconate and without NH4Cl (Carbon and nitrogen stress). After 1 h in the fresh medium the 
cultures were harvested.  (A) ppGpp content of the cells normalised to GTP content and (B) pppGpp content of 
the cells normalised to GTP content are shown. All experiments were performed as biological triplicates. Bars 
represent mean values; error bars show standard deviations. 

This experiment showed that the production of (p)ppGpp can be induced by an amino acid 

downshift in the exponential growth phase of R. eutropha. Slight effects of the increase of the 

(p)ppGpp levels on the PHB content per cell dry weight could here be observed. Therefore, 

the effects of stringent reponse on the PHB content were studied by addition of amino acid 

analogues to R. eutropha cultures. 
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3.3.3.2 Induction of stringent response with norvaline on MSM 

Addition of substrate analogues of amino acids such as norvaline (for valine) is commonly 

used to induce the stringent response. Previous studies suggested that adding norvaline to a 

growing culture of R. eutropha in MSM could slightly upregulate the formation of PHB 

(Brigham et al., 2012). In this work, R. eutropha wild type was cultivated on MSM 

supplemented with 2 % fructose with and without the addition of norvaline under exactly the 

same conditions as described before (Brigham et al., 2012). In this experiment growth and 

formation of PHB were followed. The addition of norvaline slightly reduced growth of 

R. eutropha (Fig. 20 A). No norvaline-mediated increase in PHB contents  was detected 

(Fig. 20 B) as it had been described previously (Brigham et al., 2012). In the present work, 

the PHB contents of the norvaline treated culture generally were rather below than above the 

values of the untreated cultures. This result could be explained by the slightly reduced growth 

rate in the presence of norvaline; admittedly the observed differences were within the range of 

error. 

 

Figure 20: Growth and PHB accumulation of R. eutropha after norvaline treatment on MSM. Growth (A) 
and PHB contents (B) of WT R. eutropha on MSM-fructose medium with or without the addition of 0.1 % 
(wt/vol) norvaline are shown. Inoculation was carried out with a 24 h old NB-grown seed culture at an OD600 = 
0.1. After 20 h, an OD600 of 0.7 was reached and norvaline was added to every second culture (t = 0 h). PHB was 
quantified for samples taken at the indicated time points after norvaline addition. All experiments were 
performed as biological triplicates. Data points or bars represent mean values; error bars show standard 
deviations. 
 

As the nutrient downshift experiment had shown that induction of stringent response had 

stronger effects on cells grown in NB-gluconate medium than on cells grown in MSM, the 

treatment of the cells with norvaline was repeated on NB-gluconate medium.  
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3.3.3.3 Induction of stringent response with norvaline on complex medium 

During growth on MSM the cells do not dispose of amino acids in the medium and the 

endogenous amino acid biosynthesis is always active. Therefore, the cells could be less 

sensitive to simulated amino acid starvation by addition of analogues. Next, similar 

experiments as on MSM were performed on NB-gluconate medium because on complex 

medium the cells rely on amino acid uptake from the medium. R. eutropha was grown in NB-

medium that had been supplemented with 0.2 % gluconate to promote PHB accumulation by 

increasing the C/N ratio of the medium. When inoculating the fresh culture, 0.1 % norvaline 

was added to the culture. Growth, ppGpp content and PHB content were followed by OD600 

measurement, HPLC-MS, Nile red staining followed by microscopic analysis and gas 

chromatography respectively (Fig. 21 A + C, Fig. 22). As shown in Fig. 21 A, the presence of 

norvaline caused a minor slowdown of growth compared to a control without norvaline. 

Nevertheless, after 24 h, the cultures with norvaline caught up to almost identical OD600 

values. Microscopic visualisation of the cultures at different time points of growth revealed 

that the presence of norvaline affected cell morphology in the late-exponential and stationary 

phases (Fig. 22). Norvaline-treated cells were considerably longer, most probably because 

cell division was inhibited or delayed by the presence of the norvaline. Microscopic analysis 

of Nile red-stained cells also revealed an influence of the amino acid analogue on PHB 

accumulation: treated cells harvested at 8 h or 24 h had slightly more PHB granules than 

untreated cells. These results could be confirmed by gas chromatography. A slight increase in 

the PHB contents in the stationary phase in the presence of norvaline (≈ 40 % PHB of cdw 

against ≈ 33 % PHB of cdw in absence of norvaline) was detected (Fig. 21 A). The increased 

amount of PHB could be due either to the effect of the amino acid analogue on PHB 

mobilisation or simply be a consequence of the slower growth of the cultures.  
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Figure 21: Effects of norvaline on PHB content and ppGpp concentration. R. eutropha WT was grown on 
NB-0.2 % gluconate medium with or without the addition of 0.1 % (wt/vol) norvaline at 0 h (A and C) or at 12 h 
(B and D). Samples were taken at the indicated times and OD600 values (lines) and PHB contents (bars) (A and 
B) and ppGpp (C and D) concentrations were determined. All experiments were performed as biological 
triplicates. Data points or bars represent mean values; error bars show standard deviations. Statistical 
significance was determined using the Holm-Sidak method (*, P = 0.05; **, P = 0.01).  
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Figure 22: Effect of norvaline addition at inoculation on cell morphology. R. eutropha WT was grown on 
NB-0.2 % gluconate medium with or without the addition of 0.1 % (wt/vol) norvaline at t = 0 h. Samples were 
taken at indicated times. Cell morphologys and formation of PHB granules were visualised by bright field and 
fluorescence microscopy after staining the cells with Nile red (from left to right: bright field, Nile red channel, 
merge of bright field and Nile red). Scale bars correspond to 2 µm. 

To determine whether the increase in PHB content resulted from the induction of the stringent 

response or from reduced growth caused by the presence of norvaline, a similar experiment 

under modified conditions was implemented: norvaline was added 12 h after inoculation of 

the culture when the cells were already in the stationary-growth phase (Fig. 21 B + D, 

Fig. 23). The influence of norvaline addition at the end of the exponential phase on the PHB 

content was noticeably stronger than that of norvaline addition at 0 h. A PHB content of ≈ 

50 % of cell dry weight was detected at 24 h, whereas the PHB content of the control culture 

without norvaline decreased to ≈ 33 % (Fig. 21 B). The average cell length also increased in 

the norvaline-treated culture (Fig. 23).  

To investigate if norvaline addition induces the production of (p)ppGpp, the  ppGpp contents 

of cells for the control culture and for the cultures that were treated with norvaline at 0 h or 

12 h were quantified. The wild type in the absence of norvaline produced very low amounts of 

ppGpp in the exponential phase ranging from 0 to 20 nmol ppGpp/µmol GTP at 4 h. About 

40 nmol ppGpp/µmol GTP were detected at 8 h rising to ≈ 100 nmol ppGpp/µmol GTP after 

12 and 24 h. The levels further augmented in the late-stationary phase to 400 - 500 nmol 

ppGpp/µmol GTP at 48 h.  The high concentration of ppGpp after 48 h explains the detection 

of considerable ppGpp levels at the very beginning of the experiment (Fig. 17, Fig. 21  C + 

D) because the seed cultures were also grown on NB-medium until the stationary phase 

before inoculation of the cultures used for ppGpp quantification experiments. 
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When norvaline was added to the growth medium at inoculation, the levels of ppGpp were 

substantially higher at 4 h and 8 h (60 to 70 nmol ppGpp/µmol GTP) than those of the control 

without norvaline (Fig. 21 C). After 24 h of growth no differences in the ppGpp levels could 

be detected. When norvaline was added at the transition from exponential growth to stationary 

growth (at 12 h), a strong effect on the ppGpp concentration was observed and the ppGpp 

levels at 16 h and 24 h were nearly two times higher (≈ 200 nmol ppGpp/µmol GTP) than in 

the absence of norvaline and even further increased to 280 nmol ppGpp/µmol GTP at 36 h 

(Fig. 21 D). 

 

Figure 23: Effect of norvaline addition at the end of the exponential phase on cell morphology. R. eutropha 
WT was grown on NB-0.2 % gluconate medium with or without the addition of 0.1 % (wt/vol) norvaline at 
t = 12 h. Samples were taken at the indicated times. Cell morphologys and formation of PHB granules were 
visualised by bright field and fluorescence microscopy after staining the cells with Nile red (from left to right: 
bright field, Nile red channel, merge of bright field and Nile red channel). Scale bars correspond to 2 µm. 

In brief, norvaline when added at the beginning or at the end of the exponential growth phase 

the intracellular ppGpp concentration transiently increased. The elevated ppGpp levels during 

early cell growth directly or indirectly decelerated the degradation of PHB in the stationary 

growth phase. To confirm these results, similar experiments were performed with a further 

amino acid analogue. 
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3.3.3.4 Induction of stringent response with serine hydroxamate 

In order to verify the results obtained with norvaline treatment, induction of stringent 

response using amino acid analogues was repeated with a different compound. R. eutropha 

wild type cells were grown on NB-gluconate medium and 1.5 mM serine hydroxamate 

(analogous to serine) was added when inoculating the main culture. Cell growth (OD600), 

ppGpp concentration and PHB content were followed during growth. Comparable results in 

terms of augmented ppGpp concentrations and PHB amounts in the stationary phase were 

obtained when the NB-gluconate culture was treated with serine hydroxamate (Fig. 24). Cells 

treated with serine hydroxamate grew slower than wild type cells (Fig. 24 A) and the ppGpp 

concentration significantly increased in the exponential phase (to ≈ 100 nmol ppGpp/µmol 

GTP against undetectable levels in untreated cultures) but dropped again to normal levels in 

the stationary phase (Fig. 24 B). Throughout cell growth these cells remained shorter than 

untreated cells but contained more PHB granules than the untreated cells (Fig. 24 C). 

Increased ppGpp levels in the exponential phase led to an impairment of PHB degradation in 

the later stationary phase.  

Norvaline and serine hydroxamate treatment of R. eutropha wild type cells grown on NB-

gluconate medium had similar effects on the ppGpp levels and the PHB contents of the cells. 

Chemical induction of stringent response on NB-gluconate medium led to an increase of the 

intracellular PHB content. However, other factors must have an influence on the mobilisation 

of PHB, because in the late stationary growth phase on complex medium the ppGpp levels are 

the highest (Fig. 17 A). At this time point PHB has already been completely consumed. For 

this reason, the relationship between PHB metabolism and alarmone levels was studied by 

constructing mutants lacking or overexpressing the genes responsible for (p)ppGpp synthesis 

and hydrolysis. These deletions should influence the cells at all time point of growth 

independently of the growth phase. Inspired by a previous study (Brigham et al., 2012) the 

(p)ppGpp synthase SpoT2 was deleted.  
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Figure 24: Effect of serine hydroxamate on cell morphology and on the accumulation of PHB of 
R. eutropha.  Bacteria were grown on NB-medium supplemented with 0.2 % gluconate (wt/vol). 1.5 mM (wt/vol) 
serine hydroxamate (SHX) was added at t = 0 h. Samples were taken at indicated time points and  (A) cell growth 
(OD600), (B) (p)ppGpp concentrations and (C) PHB granule formation at t = 4 h, t = 8 h and t = 24 h  were 
determined (bright field, Nile red and merge of bright field and Nile red channel). High numbers of PHB granules 
in the presence of SHX were observed. The experiment was performed in biological triplicates. Data points/bars 
and error bars correspond to the means and standard deviation, respectively. Scale bars correspond to 1 µm. 
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3.3.3.5 SpoT2 is responsible for ppGpp production under amino acid starvation 

As shown in the previous chapters and a previous study by Brigham et al., 2012 (p)ppGpp 

appears to be involved in the PHB metabolism. However, the (p)ppGpp content of the cells 

was not determined in that study. Analogically to E. coli, it was hypothesised that the 

physiological function of SpoT2 is to act as a sensor for amino acid starvation. To examine 

this hypothesis, we compared the responses of wild-type R. eutropha and of a constructed 

∆spoT2 mutant to the addition of norvaline. Therefore, a MSM-fructose grown culture 

(Fig. 25) and a NB-gluconate grown culture (Fig. 26) were treated with norvaline and the 

amounts of ppGpp before and after adding norvaline were determined. A strong increase in 

the concentration of ppGpp of the wild type was observed. On MSM, the (p)ppGpp 

concentration at the time of norvaline addition (OD600 =  0.7) was rather low (≈ 30 nmol 

(p)ppGpp/µmol GTP, Fig. 25) but augmented almost 9-fold (to ≈270 nmol (p)ppGpp/µmol 

GTP) 30 min after the addition of norvaline. After 24 h of growth the ppGpp level reduced 

again to values below 20 nmol ppGpp/µmol GTP. Such intensifications in the concentration 

of ppGpp during growth on MSM were never determined without induction of stringent 

response in a separate growth experiment on MSM-fructose over 120 h (Fig. 17). These 

results confirmed that addition of norvaline can induce the formation of ppGpp 

intermediately. In contrast, no increase in ppGpp levels was observed when adding norvaline 

to a ∆spoT2 mutant on MSM-fructose suggesting that SpoT2 was responsible for the increase 

in ppGpp levels upon norvaline treatment.  

 

Figure 25: ppGpp content of R. eutropha WT and ∆spoT2 after norvaline addition. The ppGpp 
concentration in nM was determined and normalised to the GTP concentration in µM of the same sample. 
R. eutropha wild type and R. eutropha  spoT2 knock-out cells were grown on MSM supplemented with 2 % 
fructose until OD600 = 0.7. When OD600 = 0.7 was reached 0.1 % norvaline (wt / vol) was added to the cultures. 
Cells were harvested 30 min and 24 h after the addition of norvaline. All experiments were performed as 
biological triplicates. Bars represent mean values; error bars show standard deviations. 



 Experiments and Results  
 

77 
 

To confirm that SpoT2 is responsible for ppGpp production upon stringent response, 

induction of stringent response on NB-gluconate medium by addition of norvaline after 0 and 

12 h of growth was repeated as previously described comparing the wild type to a ∆spoT2 

knock-out mutant (Fig. 26). No increase in the amount of ppGpp in the ∆spoT2 mutant grown 

in NB-gluconate medium was detected within 24 h after norvaline addition (Fig. 26 C + D). 

The same results were obtained on both culture media and were independent of the time point 

of norvaline addition. From these results it could be concluded that SpoT2 has a RelA-related 

function in the stringent response. 

 

Figure 26: Effect of norvaline on PHB content and ppGpp concentration of R. eutropha wild type and 
R. eutropha spoT2 knock-out cells. R. eutropha wild type and R. eutropha  spoT2 knock-out cells were grown 
on NB-gluconate medium with or without the addition of 0.1 % (wt/vol) norvaline at t = 0 h (A, C) or at t = 12 h 
(B, D). Samples were taken at indicated times and PHB contents were determined (A, B). ppGpp concentrations 
are shown in (C) and (D). All experiments were performed as biological triplicates. Bars represent mean values; 
error bars show standard deviations. 
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To understand if a relationship between the ppGpp levels and the PHB content of the cells 

exists, the PHB contents of NB-grown R. eutropha wild type and a ∆spoT2 mutant each 

treated with norvaline were quantified at the same time points as the ppGpp levels. In short, 

these data confirmed a correlation between the artificial induction of stringent response, the 

formation of ppGpp and the accumulation of PHB during growth on a complex medium. As 

the cells stopped multiplying and barely synthesised PHB de novo after 12 h (Fig. 21, 

Fig. 23), the differences in PHB contents were likely to be a consequence of differences in the 

PHB degradation system between treated and untreated cells. The addition of norvaline could 

have transiently increased the ppGpp concentration, thereby directly or indirectly slowing 

down the de-polymerisation of PHB. Nevertheless, further influences appeared to be involved 

in the mobilisation of PHB, because in the late-stationary phase on complex medium, the 

ppGpp levels were highest (Fig. 17) and the previously accumulated PHB was completely 

consumed. Consequently, the relationship between PHB metabolism and the stringent 

response was studied by generation of mutants in which further genes responsible for 

(p)ppGpp synthesis and hydrolysis (spoT1 and/or spoT2) were knocked-out or over-

expressed. These cells should be affected throughout the growth phase and not only at certain 

time points of growth. 

3.3.4 Verification of a R. eutropha ∆spoT2 knock-out mutant 

As several hints were given that stringent response influences the PHB content of R. eutropha 

it was tried to reproduce the results of a publication describing the influence of SpoT2 on the 

PHB content (Brigham et al., 2012). A ∆spoT2 (H16_A1337) deletion strain of R. eutropha 

(named Re2411) had been generated in a previous study (Brigham et al., 2012). A new 

R. eutropha ∆spoT2 strain was generated because the previously published Re2411 strain was 

not yet available at the beginning of this work. Unexpectedly, the newly constructed ∆spoT2 

strain showed similar growth and PHB contents as the wild type (Fig. 31). SpoT2 did not 

detectably influence the accumulation of PHB when grown on MSM-fructose or NB-

gluconate medium. Meanwhile the strain Re2411 (∆spoT2) was received from C. Brigham 

and reproducibly exhibited the PHB-negative phenotype that had been previously described 

(Brigham et al., 2012). Re2411 had absolutely no PHB under PHB-permissive conditions 

while it had been shown by microscopy that contrary to the statements of the publication the 

R. eutropha ∆spoT2 knock-out mutant generated in the current work was able to produce 

PHB granules (Fig. 30). These results refuted the quintessence of the publication of Brigham 

et. al. To find an explanation for this contradiction, the spoT2 and phaC1 (PHB synthase) 
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genes of the Re2411 (∆spoT2) mutant and wild-type R. eutropha were PCR amplified. Full-

length PCR products of the spoT2 gene were amplified from chromosomal DNA of the wild 

type and the Re2411 (∆spoT2) mutant. The PCR product of the newly constructed ∆spoT2 

mutant was much shorter (Fig. 27).  DNA sequencing confirmed the deletion of the spoT2 

gene in the newly constructed ∆spoT2 mutant and the presence of the full-length spoT2 gene 

in the PCR product of the Re2411 mutant. 

Thus, the assumed ∆spoT2 mutant (Re2411) in fact had a wild-type spoT2 locus and the 

absence of spoT2 could not explain the absence of PHB in that mutant. Amplifying the phaC1 

genes of all strains by PCR generated DNA fragments corresponding to full-length phaC1 for 

the wild type and the new ∆spoT2 mutant and confirmed the presence of the phaC1 gene. 

Remarkably, the phaC1 locus-specific PCR product was shorter by the length of the phaC1 

gene for the Re2411 mutant than for the wild type. DNA sequencing confirmed a precise 

deletion of the phaC1 gene. In fact the Re2411 mutant had a phaC1 deletion and not a spoT2 

deletion, explaining its inability to accumulate PHB. The absence of PHB in the Re2411 

mutant was not a consequence of a deleted spoT2 gene. These results contradicted the 

statement of the previous publication on the apparently crucial function of SpoT2 for PHB 

accumulation in R. eutropha (Brigham et al., 2012; Juengert et al., 2017). The authors of the 

previous study were informed about the mistake and agreed on the new findings. A common 

publication was written to correct these data (Juengert et al., 2017) and the north american 

authors corrected their manuscript (Brigham et al., 2017).  

 
Figure 27: Determination of the size of PCR-amplified phaC1 and spoT2 loci of R. eutropha strains by 
agarose gel electrophoresis. PCR with specific primers for the up- and downstream regions of the phaC1 and 
spoT2 genes of R. eutropha was performed with three separate colonies of each strain. The expected sizes for 
wild type and for the phaC1 or spoT2 knock-out mutants are designated below the gel picture. R. eutropha wild 
type (WT), the Re2411 strain and the ∆phaC1 strain had a wild type spoT2 locus (≈3.2 kb band). The reduced 
size of ≈ 1 kbp for the ∆spoT2 strain demonstrated a deletion of the spoT2 gene. R. eutropha wild type (WT) and 
two colonies of the ∆spoT2 strain had a wild type phaC1 locus (the PCR for one colony of the ∆spoT2 strain was 
not successful). The lowered sizes of the PCR products for the Re2411 and the ∆phaC1 strains pointed to the 
deletion of the phaC1 gene in both strains. For each strain, the PCR product of one the colonies was sequenced 
and confirmed precise deletions of phaC1 in Re2411 and in the ∆phaC1 strain and a precise deletion of spoT2 
only in the ∆spoT2 mutant and the presence of wild type phaC1 loci in the wild type and in the ∆spoT2 strain as 
well as the presence of wild type spoT2 loci in the wild type, in Re2411 and in the ∆phaC1 strain. 
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3.3.5 Deletion of spoT1 leads to severe growth defects in R. eutropha. 

Different research groups tried to generate a R. eutropha ∆spoT1 deletion strain by traditional 

knock-out methods but remained unsuccessful. Repeated attempts to delete spoT1 in a wild 

type background failed (unpublished data from our group and personal communication with 

Dr. Katja Karstens). As it was impossible to generate a ∆spoT1 deletion strain in a wild type 

background, the spoT1 deletion was introduced to the ∆spoT2 knock-out strain. The knock-

out of spoT1 in a ∆spoT2 background was successful indicating that the presence of a 

(p)ppGpp synthase in absence of a (p)ppGpp hydrolase could be lethal for the cells because 

SpoT2 would produce high levels of (p)ppGpp which could not be degraded due to the 

absence of a (p)ppGpp hydrolase (SpoT1). This high accumulation of (p)ppGpp could inhibit 

cell growth. 

To further investigate this effect, it was tried to transfer a plasmid carrying the spoT2-gene 

controlled by the constitutive phaC-promoter to the ∆spoT1 ∆spoT2 double deletion strain. A 

multiplying transconjugant of the ∆spoT1 ∆spoT2 strain harbouring a spoT2-containing 

plasmid controlled by a constitutive promoter was never obtained. To simulate the knockout 

of spoT1 alone, a functional copy of a plasmid-borne spoT2 gene under the control of an 

arabinose-inducible promoter was introduced into the ∆spoT1 ∆spoT2 double knock-out 

mutant. For this purpose, spoT2 was cloned into a pBBR1MCS2 vector with a pbad promoter. 

As the kanamycin resistance gene was at the 5’ end of the pbad promoter the constitutive 

activity of the kanamycin resistance also led to constitutive expression of spoT2, thereby the 

plasmid could not be stably transfered to the ∆spoT1 ∆spoT2 double knock-out mutant. To 

solve the problem, the vector was digested with NsiI-HF, dephosphorylated and an rrnB-

terminator amplified by PCR and subsequently phosphorylated was cloned into the NsiI site 

by conventional cloning. Now conjugation was successful. A transfer of the spoT2-containing 

plasmid into the ∆spoT1 ∆spoT2 double knock-out mutant was possible. Thereby, the effect 

of a single spoT1 deletion could be evaluated by cultivation of the trans-conjugant in the 

presence of arabinose.  This strain was screened for viability and growth after arabinose 

addition. 

R. eutropha wild type (without plasmid), R. eutropha wild type with pBBR1MCS2_rrnB 

_pBad_spoT2 and R. eutropha ∆spoT1 ∆spoT2 with pBBR1MCS2_rrnB_pBad_spoT2 were 

grown on NB-medium with 0.2 % gluconate. Each strain was grown with and without 1 % 

arabinose. No difference in growth was observed between the wild type without plasmid in 

presence or absence of arabinose. R. eutropha wild type with pBBR1MCS2_rrnB_pBad_ 
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spoT2 grew a bit slower in presence of arabinose than in absence of arabinose showing that 

overexpression of SpoT2 reduced cell growth. Remarkably the simulated single ∆spoT1 

deletion strain showed a lag phase of several hours and severe growth defects, hinting that the 

presence of SpoT2 in the absence of SpoT1 is not lethal but leads to severe growth defects 

(Fig. 28). These strains were stained with propidium iodide to visualise dead cells and 

analysed by microscopy after 0, 2, 4, 6, 8, 10, 12 and 24 h of growth. Most of the cells of the 

three strains in presence and absence of arabinose were viable (data not shown). 

 
Figure 28: Growth of R. eutropha strains in presence and in absence of 1 % arabinose. Growth curves of 
R. eutropha WT, R. eutropha WT pBBR1MCS2_rrnB_pbad_spoT2 and R. eutropha ∆spoT1∆spoT2 
pBBR1MCS2_rrnB_ pbad_spoT2 on NB-medium (with growth expressed as the OD600) without and with 
addition of 1 % arabinose are shown. Data points represent mean values; error bars the standard deviations. “wo” 
means without. 

As a further approach, a dilution series (1 in 10 steps) of R. eutropha wild type with 

pBBR1MCS2_rrnB_pBad_spoT2 and R. eutropha ∆spoT1 ∆spoT2 with 

pBBR1MCS2_rrnB_pBad_spoT2 grown in a pre-culture with and without arabinose was 

prepared. 2 µL of cells were dropped on an NB-solid medium with 1 % arabinose. Colony 

formation was equal for all strains and conditions except for R. eutropha ∆spoT1 ∆spoT2 with 

pBBR1MCS2_rrnB_pBad_spoT2 grown in a pre-culture supplemented with arabinose. These 

cells needed more time to form colonies but nearly caught up with the other strains after 4 

days (Fig. 29). This result confirmed that presence of SpoT2 alone lead to an extended lag 

phase but was not lethal for the cells. 
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Figure 29: Colony formation of R. eutropha strains in presence and in absence of 1 % arabinose. 
R. eutropha pBBR1MCS2_rrnB_pbad_spoT2 and R. eutropha ∆spoT1∆spoT2 pBBR1MCS2_rrnB_pbad_spoT2 
were grown in a liquid NB-culture without arabinose (wo arabinose) or with 1 % arabinose until reaching the 
stationary phase. Serial dilutions (1:10) of each culture were prepared and dropped on a NB-solid medium petri 
dish with 150 µg/mL kanamycin and 1 % arabinose.  The experiment was performed with biological triplicates. 
Pictures were recorded after 1 (left panel) and 4 (right panel) days of incubation at 30 °C.  

This experiment showed that the presence of a (p)ppGpp synthase in absence of a (p)ppGpp 

hydrolase leads to strong impairments in cell growth and to an extension of the lag phase. 

This raised the question how the absence of (p)ppGpp affects R. eutropha cells.  

3.3.6 ∆spoT1 ∆spoT2 double deletion leads to strong impairment in PHB accumulation 

3.3.6.1 Absence of ppGpp leads to elongation of cells  

To study the effects of the absence of ppGpp, a R. eutropha ∆spoT1 ∆spoT2 double deletion 

strain was successfully constructed (the genotype of the ∆spoT1 ∆spoT2 double mutant is 

shown in suppl. Fig. 4).  R. eutropha wild type, R. eutropha ∆spoT2 and R. eutropha 

∆spoT1 ∆spoT2 cells were grown on NB-gluconate medium for 24 h. The cells were stained 

with DAPI to visualise polyP and with Nile red to visualise PHB. R. eutropha ∆spoT2 had a 

very similar phenotype to the wild type: most of the cells contained one polyP granule and 

approximately half of the cells still had one PHB granule after 24h of growth. The phenotype 

of R. eutropha ∆spoT1 ∆spoT2 remarkably differed from the wild type. The cells became 

filamentous and had either several polyP granules or substantial amounts of soluble polyP. 

Most of these cells were completely free of PHB (Fig. 30).  The cells were visualised after 0, 

2, 4, 5, 8, 10, 12 and 24 h of growth and at all time points the R. eutropha ∆spoT1 ∆spoT2 

cells were longer than the wild type cells (data not shown).  
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Figure 30: Micrographs of R. eutropha ∆spoT strains. R. eutropha WT, R. eutropha ∆spoT2 and R. eutropha 
∆spoT1∆spoT2 were grown for 24 h on NB-medium supplemented with 0.2 % gluconate. PolyP was stained 
with DAPI and PHB was stained with Nile red. The panel on the left depicts merged channels of bright field, 
DAPI and Nile red channel. Scale bars correspond to 2 µm. 

3.3.6.2 PHB content on MSM is influenced by the presence of ppGpp  

Not only cell shape and polyP pattern of the ∆spoT1 ∆spoT2 mutant differed from the wild 

type. Whereas no measurable growth defect was detected for the ∆spoT2 single mutant 

growing on MSM with fructose, the ∆spoT1 ∆spoT2 double mutant had a longer lag phase 

and grew slower than the wild type (Fig. 31 A). Most significantly, the ability of the ∆spoT1 

∆spoT2 double-deletion mutant to accumulate PHB on MSM with an excess of fructose was 

strongly reduced (Fig. 31 B). After 24 h of growth, the wild type and the ∆spoT2 mutant 

contained ≈ 40 % of their cell dry weight of PHB while the ∆spoT1 ∆spoT2 double-deletion 

mutant exhibited PHB contents close to the detection limit (≈ 5 %). In the stationary phase 

between 48 and 120 h a PHB content of only 5 to 10 % was detected for the ∆spoT1 ∆spoT2 

double mutant. This was significantly below the PHB contents of the wild type and the 

∆spoT2 single mutant at the same time points (50 to 60 % PHB) (Fig. 31 B). It could be 

concluded that PHB synthesis is still functional in the ∆spoT1 ∆spoT2 double mutant but the 

PHB degradation system could be more active in the double knock-out mutant than in the 

wild type. 
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Figure 31: Growth (A) and PHB contents (B) of R. eutropha WT  and spoT mutants on MSM. Cells were 
grown for 120 h on MSM with 2 % fructose. Samples were taken at the indicated time points. Statistical 
significance was determined using the Holm-Sidak method (**, P ≤ 0.01). All experiments were performed as 
biological triplicates. Data points or bars represent mean values; error bars represent standard deviations. 

As could be seen in Fig. 31, the PHB content of the cells influenced its OD600 values. The 

∆spoT1 ∆spoT2 double mutant had much less PHB than the wild type correlating with 

significantly lower OD600 values. The ∆spoT1 ∆spoT2 double mutant had much longer cells 

than the wild type when grown on NB-gluconate medium. Therefore in the following 

experiment it was tested if the OD600 of these cells was still comparable to the cell number in 

the culture.  

3.3.6.3 Optical density of differently shaped cells did not correlate with the cell number 

In this work, several growth curves were recorded to understand the growth behaviour of 

R. eutropha cells by OD600 measurement. The underlying principle is that an important 

amount of the light scattered by the cells cannot reach the photoelectric cell of the 

photometer. Therefore the electric signal is weaker, the higher the number of cells in the 

cuvette. The OD600 of a bacterial culture is primarily not an absorbance as for a dye because 

bacteria are almost colourless and real light absorption is negligible. PHB granules are very 

dense and influence the scattering of light. Here it was shown that the OD600 of a bacterial 

culture did not only depend on the cell number and PHB content but also on the cell length or 

cell volume. It has been shown that ∆spoT1 ∆spoT2 double-deletion mutants are much longer 

than wild type cells (Fig. 30). To compare cell growth of the different spoT knock-out 

mutants, R. eutropha wild type, R. eutropha ∆spoT2 and R. eutropha ∆spoT1 ∆spoT2 were 

grown in NB-medium with 0.2 % gluconate. At indicated time points OD600 was measured 

and the number of cells per volume of the same samples was determined by counting the cells 

in a Neubauer improved haemocytometer. As previously observed the OD600 and the cell 
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number of the ∆spoT2 mutant did not differ from the wild type. The ∆spoT1 ∆spoT2 double-

deletion mutant had the same OD600 as the wild type but the number of cells per volume was 

nearly 10 times lower than for the wild type (Fig. 32 A + B). The PHB content of this mutant 

was below the PHB content of the wild type. Therefore it could be concluded that the volume 

of the ∆spoT1 ∆spoT2 double-deletion mutant was around 10 times higher than the volume of 

the wild type cells. Most probably the cell length resulted from impairment in cell division.  

 

Figure 32: Growth in OD600 (A) and in number of cells per mL (B) of R. eutropha WT and spoT mutants. 
R. eutropha wild-type (WT), R. eutropha ∆spoT2 and R. eutropha ∆spoT1∆spoT2 cells were grown on NB-
medium supplemented with 0.2 % gluconate. Samples were taken at indicated time points to measure OD600 and 
to count the cells per mL using a Neubauer improved haemocytometer and a light microscope.  

3.3.6.4 PHB mobilisation on NB-medium is affected by the presence of ppGpp 

The PHB mobilisation activity of R. eutropha cultures grown on a complex medium (NB with 

0.2 % gluconate) was shown to be much higher than in cultures grown on MSM with 2 % 

fructose (Fig. 12). To further investigate the effect of spoT gene deletions on PHB 

degradation, experiments on NB-medium supplemented with 0.2 % (wt / vol) sodium 

gluconate were performed. Growing on this medium, R. eutropha wild type accumulated ≈ 

40 % of PHB in the exponential phase and degraded it in the stationary phase (Sznajder and 

Jendrossek, 2014). R. eutropha wild type, R. eutropha ∆spoT2, R. eutropha ∆spoT1 ∆spoT2, 

R. eutropha ∆spoT1 ∆spoT2 complemented with spoT1 and R. eutropha ∆spoT1 ∆spoT2 

complemented with spoT2 in presence of arabinose were grown on NB-gluconate medium. 

Cell growth and PHB accumulation were determined at indicated time points after the 

inoculation of the culture. The OD600 of the ∆spoT2 single mutant, the ∆spoT1 ∆spoT2 double 

mutant and the ∆spoT1 ∆spoT2 double mutant harbouring an intact spoT1 copy on a plasmid 

was undistinguishable from that of the wild type (Fig. 33 A). Only the simulated single 

∆spoT1 deletion strain (the ∆spoT1 ∆spoT2 mutant with spoT2 on an inducible plasmid and 

arabinose added) revealed a lag phase of several hours and severe growth defects. It could be 
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deduced that the presence of SpoT2 in absence of SpoT1 was not lethal but led to severe 

growth defects (similar to the experiment described in Fig. 28).  

 
Figure 33: Growth and PHB accumulation in R. eutropha spoT mutants on NB-gluconate medium. Shown 
are (A) growth curves on NB-medium supplemented with 0.2 % gluconate (with growth expressed as the OD600) 
and (B) PHB contents for R. eutropha strains with the indicated genotypes. All experiments were performed as 
biological triplicates. The data points or bars represent means; error bars show standard deviations. Two 
complemented mutants were included in the experiment: the ∆spoT1 ∆spoT2 double mutant harbouring a 
plasmid with a spoT2 gene under the control of the pbad-promoter (in the presence of arabinose) and the same 
mutant harbouring a plasmid with a spoT1 gene under the control of the phaC-promoter.  

The most outstanding results were obtained by determination of the amount of PHB 

accumulated during growth on NB-medium with 0.2 % gluconate (Fig. 33 B). As previously 

observed on MSM, neither during the PHB accumulation phase (0 to 12 h) nor in the PHB 

mobilisation phase (12 to 48 h) significant differences in PHB content were detected between 

the wild type and a single ∆spoT2 mutant. In contrast, the ∆spoT1 ∆spoT2 double mutant 

contained only half as much PHB (≈ 20 %) as the wild type (≈ 40 %) and the mobilisation of 

PHB was much more rapid. Already after 24 h, the cells were devoid of PHB. This result 

resembled to the extremely low amounts of PHB in the ∆spoT1∆spoT2 double knock-out 

mutant on MSM-fructose (Fig. 31 B). The phenotype of strongly diminished PHB 

accumulation (or significantly enhanced PHB degradation) could be rescued nearly to wild 

type levels by complementing the ∆spoT1 ∆spoT2 knockout mutant with a spoT1 copy on a 

plasmid (Fig. 33 B). R. eutropha ∆spoT1 ∆spoT2 double mutant complemented with an 

arabinose-inducible spoT2 copy on a plasmid not only grew slower than the wild type 

(Fig. 33 A) but also synthesised much more PHB (≈ 60 %, previously never observed for the 

wild type on NB–medium with 0.2 % gluconate). Besides, PHB degradation was inhibited in 

the stationary phase. These results were verified by gas chromatography (Fig. 33 A) and by 

fluorescence microscopy after staining of the cells with Nile red (Fig. 34). The high number 

of PHB granules in a spiralled order is unique for this mutant (Fig. 35). The ∆spoT1 ∆spoT2 
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double mutant and the ∆spoT1 ∆spoT2 double mutant complemented with an arabinose-

inducible spoT2 copy on a plasmid revealed altered morphologys: the mutant cells were much 

longer (Fig. 34). ∆spoT1 ∆spoT2 complemented with spoT1 had the same morphology as the 

wild type and the ∆spoT2 mutant confirming that the absence of SpoT1 is responsible for the 

increased cell length.  

 

Figure 34: Cell morphology and formation of PHB granules in R. eutropha spoT mutants. Shown are 
micrographs of R. eutropha strains with the indicated genotypes.  The cells were stained with Nile red and 
visualised by microscopy after 24 h of growth on NB-medium supplemented with 0.2 % gluconate. Two 
complemented mutants were included in the experiment: the ∆spoT1 ∆spoT2 double mutant harbouring a 
plasmid with a spoT2 gene under the control of the pbad-promoter (in the presence of 1 % arabinose) and the 
same mutant harbouring a plasmid with a spoT1 gene under the control of the phaC-promoter. Merge shows 
merged Nile red and bright field images. Scale bar = 2 µm. 

 
Figure 35: Cell morphology and formation of PHB granules in a simulated R. eutropha ∆spoT1 mutant. A 
micrograph of the ∆spoT1 ∆spoT2 double mutant harbouring a plasmid with a spoT2 gene under the control of 
the pbad-promoter (in the presence of 1 % arabinose) is shown. The cells were stained with Nile red and 
visualised by microscopy after 48 h of growth on NB-medium supplemented with 0.2 % gluconate. The merged 
channels of Nile red and bright field are shown. Scale bar = 2 µm.  
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3.3.6.5 Determination of the ppGpp concentration in spoT mutants  

The previous experiment showed strong effects of the absence or presence of SpoT1 and 

SpoT2 on the intracellular PHB content. To ensure that this effect is due to altered (p)ppGpp-

levels, the ppGpp to GTP ratios of R. eutropha wild type, R. eutropha ∆spoT2, R. eutropha 

∆spoT1 ∆spoT2 and R. eutropha ∆spoT1 ∆spoT2 complemented with spoT2 grown on NB-

gluconate medium in the exponential-growth phase (4 h), at the beginning of the transition 

from the exponential to the stationary growth phase (8 h) and in the stationary phase (24 h) 

were determined (Fig. 36). Wild-type R. eutropha and its ∆spoT2 mutant had no detectable 

ppGpp in the exponential phase (4 h) but ppGpp became detectable during later stages of 

growth and increased up to ≈ 80 nmol ppGpp/µmol GTP in the stationary phase (24 h). The 

∆spoT1 ∆spoT2 double mutant was unable to produce detectable (p)ppGpp levels at any time. 

These results confirmed the previous hypothesis that SpoT1 and SpoT2 are the only (p)ppGpp 

synthases in R. eutropha (Brigham et al., 2012; Karstens et al., 2014). R. eutropha ∆spoT1 

∆spoT2 double mutant complemented with the arabinose-inducible copy of spoT2 had a high 

ppGpp/GTP ratio at all time points of cell growth. Even in the exponential phase (4 and 8 h) a 

ppGpp/GTP ratio of 250 to 350 ppGpp nmol/µmol GTP was determined (Fig. 36). The data 

highlighted the absence of a ppGpp hydrolase activity for SpoT2.  To summarise, 

permanently high levels of (p)ppGpp correlated with increased PHB contents raising the 

question if this enhanced PHB accumulation was a consequence of improved PHB synthesis 

or of reduced PHB degradation. 

 
Figure 36: ppGpp content of R. eutropha spoT mutants. R. eutropha strains with the indicated genotypes were 
grown on NB-medium with 0.2 % gluconate. A complemented mutant was included in the experiment: the 
∆spoT1 ∆spoT2 double mutant harbouring a plasmid with a spoT2 gene under the control of the pbad-promoter 
(in the presence of 1 % arabinose). Experiments were performed in biological triplicates. The bars represent 
mean values; error bars show standard deviations. No bars at 4 h (WT and ∆spoT2) or at 4 h, 8 h and 12 h 
(∆spoT1 ∆spoT2) indicate that ppGpp levels are below the detection limit (≤ 10 nmol ppGpp /µmol GTP) 
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3.3.7 PhaZa1 mobilises PHB in the absence of (p)ppGpp 

R. eutropha has seven PHB depolymerase genes (Sznajder and Jendrossek, 2014) but the 

individual physiological functions of these PHB depolymerases are not fully understood. The 

main depolymerase responsible for PHB degradation is probably PhaZa1 (Sznajder et al., 

2015a; Uchino et al., 2008; York et al., 2003).  In the absence of ppGpp, PHB degradation 

was very fast and effective (Fig. 37 B). To understand whether the PHB depolymerase 

PhaZa1 was responsible for the low PHB content of the ∆spoT1 ∆spoT2 knock-out mutant, 

the phaZa1 gene was knocked-out in the ∆spoT1 ∆spoT2 double mutant. As a control, a gene 

encoding a PHB depolymerase expected to be less essential than PhaZa1, PhaZa3, was 

deleted in a ∆spoT1 ∆spoT2 background. Growth on NB-gluconate medium did not 

substantially differ between these strains (Fig. 37 A). The ∆spoT1 ∆spoT2 ∆phaZa3 triple-

knockout mutant behaved similarly to the ∆spoT1 ∆spoT2 double-knockout mutant: in both 

strains, only about half as much (20 %) PHB as in the wild type (40 %) was accumulated in 

the first 12 h. Furthermore, this low amount of PHB was rapidly degraded in the stationary 

phase. Remarkably, the ∆spoT1 ∆spoT2 ∆phaZa1 triple-knockout mutant also synthesised 

less PHB than the wild type, but the accumulated PHB was only slowly and incompletely 

mobilised in the stationary growth phase. Even after 48 h, the cells still contained around 

10 % PHB (of cell dry weight), while the PHB contents of the ∆spoT1 ∆spoT2 double mutant 

and the ∆spoT1 ∆spoT2 ∆phaZa3 triple mutant were at or below the detection limit after 24 h 

(Fig. 37 B). This result confirmed that PhaZa1 is the principal depolymerase degrading PHB 

in the absence of ppGpp. As R. eutropha was able to store PHB also in absence of (p)ppGpp, 

(p)ppGpp could either indirectly or directly inhibit PHB degradation. 

 

Figure 37: Growth and PHB accumulation in R. eutropha triple mutant strains. Shown are (A) the growth 
curves (with growth expressed as the OD600) and (B) PHB contents of wild-type (WT) R. eutropha, R. eutropha 
∆spoT1 ∆spoT2, R. eutropha ∆spoT1 ∆spoT2 ∆phaZa1 and R. eutropha ∆spoT1 ∆spoT2 ∆phaZa3 knock-out 
mutants. All experiments were performed as biological triplicates. The data points or bars represent means; error 
bars show standard deviations. The PHB depolymerase PhaZa1 is responsible for the mobilisation of PHB in the 
∆spoT1 ∆spoT2 double mutant. 
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3.4 Subcellular localisation of SpoT1 and SpoT2 

As SpoT1 and SpoT2 had an effect on the PHB content of R. eutropha, the subcellular 

localisation of these proteins tagged with eYFP was studied to see potential colocalisations 

with PHB granules. Therefore both genes were cloned into the pBBR1MCS2 plasmid under 

control of the phaC1-promoter by Gibson cloning with a C-terminal or a N-terminal eYFP-

fusion to ensure that the link to the fluorescence protein did not influence the localisation. In 

liquid NB-culture, SpoT1-eYFP formed foci at the cell poles independently whether the 

eYFP-fusion was at the N- or the C-terminus of SpoT1. SpoT2-eYFP was always soluble 

(Fig. 38). The same phenotypes were observed during growth on agarose pads (data not 

shown). 

 

Figure 38: Micrographs of R. eutropha strains with subcellular localisation of plasmid borne SpoT1-eYFP 
and SpoT2-eYFP. R. eutropha cells with the plasmids pBBR1MCS2_pphaC_spoT1_eyfp, 
pBBR1MCS2_pphaC_eyfp_spoT1, pBBR1MCS2_pphaC_spoT2_eyfp and pBBR1MCS2_pphaC_eyfp_spoT2 
respectively from top to bottom were grown for 24 h on NB-medium with 0.2 % gluconate.  “Merge” shows 
merged channels of eYFP and bright field.  Scale bar = 2 µm 
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To investigate whether SpoT1 was attached to PHB or polyP granules, the plasmid with 

spoT1 and a C-terminal eyfp-fusion as well as plasmid with spoT1 and a N-terminal eyfp- 

fusion were stably transferred to R. eutropha ∆phaC1 lacking the PHB synthase and 

R. eutropha ∆ppk_all missing all seven polyP kinases (Tumlirsch et al., 2015) by conjugation. 

The ∆phaC1 mutant did not form PHB granules while the ∆ppk_all mutant could not produce 

polyP granules. In both backgrounds SpoT1-eYFP still formed foci at the cell poles. Thus 

SpoT1-eYFP did not colocalise with PHB or polyP granules but probably formed inclusion 

bodies.  

To test if and when the two spoT genes of R. eutropha were expressed, a gene coding for the 

enhanced yellow fluorescent protein (eyfp) was inserted in frame to the 3’ end of the spoT1 or 

the spoT2 gene of the chromosome. The chromosomal insertion allows studying the 

expression of proteins under control of the natural promoter without gene dosis effects. Very 

weak yellow-green fluorescence was detected in strains expressing either SpoT1-eYFP or 

SpoT2-eYFP by fluorescence microscopic examination. The intensity of the eYFP 

fluorescence was increased using the lookup table of the Nikon imaging software to visualise 

its localisation. The fluorescence for both proteins was homogeneously distributed in the 

cytoplasm (Fig. 39). It could be concluded that both spoT genes were expressed, although at 

low levels in R. eutropha. The formation of SpoT1-eYFP foci could be an artefact caused by 

overexpression of the plasmid encoded protein and formation of inclusion bodies. 

As no colocalisation of SpoT1-eYFP or SpoT2-eYFP with PHB granules was observed, a 

different strategy was used to identify potential proteins linking SpoT1 and SpoT2 to the PHB 

metabolism. Therefore pull-down experiments of SpoT1-eYFP and SpoT2-eYFP were 

performed to identify the proteins attached to SpoT1 and SpoT2 in R. eutropha. 
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Figure 39: Micrographs of R. eutropha strains with eyfp chromosomally fused to spoT1 or spoT2. 
R. eutropha spoT1-eyfp (chromosomal integration of eyfp fused to spoT1) and R. eutropha spoT2-eyfp 
(chromosomal integration of eyfp fused to spoT2) were grown on NB-medium. Samples were taken at indicated 
time points. The subcellular localisation of spoT1 or spoT2 is shown in the eYFP channel. Scale bars = 1 µm. 
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3.5 Interaction partners of SpoT1 and SpoT2 

3.5.1 Interaction partners related to the PHB metabolism 

To identify proteins interacting with SpoT1 and SpoT2, R. eutropha pBBR1MCS2_pphaC_eyfp 

as a control, R. eutropha pBBR1MCS2_pphaC_spoT1_eyfp and R. eutropha 

pBBR1MCS2_pphaC _spoT2_ eyfp were grown in a first pre-culture for 12 h, inoculated 1:10 

to a second culture and grown for 24 h and finally inoculated 1:20 to main cultures in 200 mL 

of NB-medium with 0.2 % gluconate. As a sample from the exponential growth phase, the 

cells were harvested after 6 h of growth. To identify potential present interaction partners in 

the stationary growth phase, cultures were harvested after 24h of growth. The cells were 

disrupted and SpoT1-eYFP and SpoT2-eYFP fusion proteins were purified by their eYFP-

fusions using magnetic beads coated with an antibody specific for eYFP. An analogous 

experiment was performed using R. eutropha with an eyfp-gene inserted in frame at the 3’ end 

of the spoT1 or the spoT2 gene on the chromosome. The samples were analysed by LC-ESI-

MS-MS. A total of 959 different proteins bound either to SpoT1-eYFP, to SpoT2-eYFP or to 

both were identified. 361 of these proteins were detected with a minimum of 5 peptides 

(suppl. Tab. 1). Very frequently detected binding partners of SpoT1 and SpoT2 were several 

ribosomal proteins, chaperonin GroEL, DNA-directed RNA polymerase subunits, cell 

division inhibitor MinD, ATP dependent proteases such as LonA, F0F1 ATP synthase 

subunits and proteins involved in translation (initiation and elongation factors) (suppl. 

Tab. 1). All of these proteins were found with a SpoT1-eYFP and with a SpoT2-eYFP pull-

down and were not specific for one of the two proteins.  Most hits were found either in all 

samples even with different bait proteins analysed by MS the same day or could not 

reproducibly be detected with the same bait proteins. When R. eutropha samples from 

colleagues were analysed on the MS the same day, the peptides of different samples were 

found again in all samples run this day.Therefore, no significant new binding partners of 

SpoT1-eYFP and SpoT2-eYFP could be identified. Surprisingly, an important number of 

PhaC1 (12 – 27 exclusive peptide counts) and PhaZa1 (16 – 20 exclusive peptide counts) 

peptides were identified in the SpoT1 and SpoT2 pull-down samples when SpoT1 and SpoT2 

were expressed from the chromosome (suppl. Tab. 1). Furthermore, several phasin peptides 

(mainly PhaP1 (H16_A1383) but also PhaP2 (H16_PHG202), PhaP3 (H16_A2172) and 

PhaP4 (H16_A2021)) were detected in theses samples. One additional remarkable hit was the 

serine kinase with the gene number H16_B0700 (19 – 25 exclusive peptide counts). This 
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kinase was identified with SpoT1-eYFP and with SpoT2-eYFP as bait only in samples from 

the stationary growth phase.  

In order to verify if the interactions between SpoT1 and SpoT2, SpoT1 and PhaC1, SpoT1 

and PhaZa1, SpoT1 and B0700, SpoT2 and PhaC1, SpoT2 and PhaZa1, SpoT2 and B0700, 

PhaC1 and B0700, PhaZa1 and B0700 appear also in vivo and have a physiological meaning 

bacterial two-hybrid experiments were performed. All of the respective genes were cloned in 

full length into the plasmids pKT25 and pUT18C containing the genes for the subunits of 

adenylate cyclase by conventional cloning. To test the interaction between two genes, 

combinations of pKT25 and pUT18C were co-transformed to the adenylate cyclase deficient 

reporter strain E. coli BTH101 and dropped on corresponding indicator solid media (Fig. 40 B 

+ C). When two proteins interact, the T25 and the T18 subunit of the adenylate cyclase are in 

spatial proximity leading to the partial reconstitution of adenylate cyclase activity and the 

cells turn red on maltose solid media and blue on X-gal solid media. It was observed that 

SpoT1, SpoT2, serine kinase B0700 and PhaZa1 were able to form homo-oligomers and 

interacted with itselves. Only a very weak interaction of SpoT1 with SpoT2 could be detected. 

No interaction of SpoT1 with PhaC1, PhaZa1 and B0700 and no interactions of SpoT2 with  

PhaC1, PhaZa1 or B0700 could be observed. Neither PhaC1 nor PhaZa1 interacted with the 

serine kinase B0700 (Fig. 40 B + C). The results were confirmed by determination of the β-

galactosidase activity of these co-transformed strains. The highest values were measured for 

the homo-oligomerisation of SpoT1 (993 ± 82 MU), SpoT2 (998 ± 63 MU) and B0700 (987 ± 

64 MU) followed by PhaZa1 (357 ± 75 MU). SpoT1 and SpoT2 poorly interacted (SpoT1-

T18, SpoT2-T25: 89 ± 18 MU, SpoT2-T18, SpoT1-T25: 174 ± 73 MU) (Fig. 40 A). The 

values for the interactions of SpoT1 with PhaC1, PhaZa1 or B0700 and SpoT2 with PhaC1, 

PhaZa1 or B0700 were always below 50 MU. These results contradict the findings of the pull-

down experiment. No interaction between SpoT1 and SpoT2 and the main players of the PHB 

metabolism could be determined. The wrong hits identified in the pull-down experiments 

could be a consequence of the sensitivity of the MS/MS method. Peptides from the samples of 

colleagues who performed a PhaC1-eYFP pull-down the same day were still detected in the 

SpoT1-eYFP and SpoT2-eYFP pull-down samples. 

The pull-down experiments also pointed to interactions between polyP kinases and SpoT1 or 

SpoT2. Therefore two-hybrid experiments were repeated to test if the interaction between 

SpoT1 and SpoT2 and the polyP metabolism exist in vivo.  
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Figure 40: BACTH analysis of SpoT1, SpoT2, serine kinase B0700, PhaC1 and PhaZa1 of R. eutropha. 
(A)  The efficiency of functional complementation was quantified by measuring β-galactosidase activities in 
suspensions of SDS/toluene-treated E. coli BTH101 cells harbouring the corresponding plasmids after growth at 
30 °C for 16 h. Values shown are the mean results from four independent cultures; error bars show standard 
deviations. (B) Co-transformants of E. coli BTH101 expressing T18 and T25 fusions were spotted on 
MacConkey-maltose-mineral salts agar and petri dishes were incubated at 30 °C for about 2 days. (C). Co-
transformants of E. coli BTH101 expressing T18 and T25 fusions were spotted on M63-maltose-mineral salts 
agar and petri dishes were incubated at 30°C for about 2 days. 
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3.5.2 Interaction partners related to the polyP metabolism 

As previous studies described a regulation of the exopolyphosphatase activity by alarmones 

(Rao et al., 2009), the proteins detected in SpoT1-eYFP and SpoT2-eYFP pull-down 

experiments were also screened for polyP kinase and exopolyphophatase peptides. 

Noteworthily, peptides of all 7 polyP kinases were detected. 2 peptides of PPK1a 

(H16_A2437) were detected when SpoT1-eYFP expressed from a plasmid was pulled down 

in samples harvested in the stationary phase. PPK2c (H16_A1212 – 11 peptides), PPK2d 

(H16_A1271 – 5 peptides), PPK2e (H16_A1979 – 10 peptides), PPK1b (H16_B1019 – 1 

peptide), PPK2a (H16_A0226 – 1 peptide), PPK2b (H16_A0997 – 1 peptide) were detected 

with SpoT2-eYFP expressed from a plasmid in the stationary phase. PPK2e was also detected 

with SpoT2-eYFP expressed from a plasmid in the exponential phase. Surprisingly the, 

exopolyphosphatase was only detected with 1 peptide in the eYFP control (suppl. Tab. 2).  

To confirm a potential interaction between SpoT1-eYFP or SpoT2-eYFP and the polyP 

kinases, bacterial two hybrid experiments were performed as described in 3.5.1. The strongest 

interactions observed on the indicator petri dishes with maltose or X-gal were homo-

oligomerisations of SpoT1, SpoT2, PPK2c and PPK1b. A weak homo-oligomerisation of 

PPK1a could be observed while PPK2d, PPK2e, PPK2a and PPK2b did not form homo-

oligomers (Fig. 41 B + C). The β-galactosidase activities of these co-transformed strains 

confirmed these findings (Fig. 41 A).  A light interaction between PPK2c and SpoT1 was 

observed in the solid media tests but could not be confirmed by the β-galactosidase activity of 

these strains. Interestingly the only polyP kinase significantly interacting with SpoT1 was 

PPK1b (H16_B1019) (Fig. 41 B + C). These results were confirmed by the β-galactosidase 

activity of the co-transformed strains (Fig. 41 A). No interaction between the polyP 

metabolism and stringent response could be confirmed. These results are in line with the 

findings described in 3.5.1. The pull-down method followed by MS/MS was not optimal to 

detect significant interaction partners. Many wrong hits may be detected due to the sensitivity 

of the method and a critical review involving a different methodic approach is necessary to 

confirm hits detected by proteome analysis. 

To summarise, this work showed that the PHB content of R. eutropha was affected by the 

(p)ppGpp content of the cells. No direct interaction or colocalisation between the (p)ppGpp 

synthesising and hydrolysing enzymes and PHB synthase or depolymerase was observed and 

no proves for an interaction between (p)ppGpp and the polyP metabolism were found. 
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Consequently, the polyP production in R. eutropha was not further investigated while the 

regulation of PHB accumulation in R. eutropha was studied at a different level.  

 

Figure 41: BACTH analysis of SpoT1 and SpoT2 with different polyP kinases and exopolyphosphatase of 
R. eutropha. (A) The efficiency of functional complementation was quantified by measuring β-galactosidase 
activities in suspensions of SDS/toluene-treated E. coli BTH101 cells harbouring the corresponding plasmids 
after growth at 30 °C for 16 h. Values shown are the mean results from four independent cultures; error bars 
show standard deviations. (B) Co-transformants of E. coli BTH101 expressing T18 and T25 fusions were spotted 
on MacConkey-maltose-mineral salts agar and petri dishes were incubated at 30 °C for about 2 days. (C) Co-
transformants of E. coli BTH101 expressing T18 and T25 fusions were spotted on M63-maltose-mineral salts 
agar and petri dishes were incubated at 30 °C for about 2 days. 
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3.6 Phosphorylation of PhaC1 and PhaZa1 

3.6.1 Identification of phosphorylated residues of PhaC1 and PhaZa1  

Previous experiments showed that the PHB content of R. eutropha depended on the cellular 

alarmone concentration. However, studies in numerous laboratories over the past three 

decades have shown that as well the PHB synthase PhaC1 as the PHB depolymerase PhaZa1 

are constitutively expressed in most PHB-producing bacteria such as R. eutropha implying 

that PHB synthase and depolymerase activities must be well synchronized to circumvent a 

futile cycle of coinciding PHB synthesis and PHB degradation (Brigham et al., 2012; 

Lawrence et al., 2005; Peplinski et al., 2010; Pötter and Steinbüchel, 2006b). Therefore it was 

hypothesised that allosteric regulation and covalent modifications could be involved in the 

regulation of PhaC1 and PhaZa1 activity. In order to screen for post-translational 

modifications, inactive PhaC1(C319A) and PhaZa1 cloned into to the pBBR1MCS2 vector 

with a C-terminal eYFP or GFP-fusion respectively were used. R. eutropha ∆phaC1 

pBBR1MCS2_pphaC_phaC1(C319A)_eyfp and R. eutropha ∆phaC1 pBBR1MCS2_ 

phaZa1(P150A)_gfp were grown on NB-medium until the fluorescent protein was expressed. 

Cells were harvested, disrupted and the proteins of interest were purified by the GFP or 

eYFP-fusion. The samples were analysed by LC-ESI-MS-MS in collabortation with the group 

of Prof. Pfannstiel from the proteome core facility in Hohenheim.  

Sequence coverage of 66 % for PhaC1 was obtained (yellow in Fig. 42 A) and two 

phosphorylated residues (green in Fig. 42 A) were detected: T30 and T373 (Fig. 42 A). 75 % 

of the PhaZa1 amino acid sequence was detected and one phosphorylated residue was 

identified: S35 (Fig. 42 B). All detected post-translational modifications are shown in green in 

Fig. 43. The only detected post-translational modifications were phosphorylations and 

oxidations. Several methionines were oxidised due to the exposure to oxygen during the 

sample preparation but are not relevant for further investigations.  
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Figure 42: Sequence coverage and post-translational modifications of PhaC1 and PhaZa1. (A) R. eutropha 
∆phaC1 pBBR1MCS2_pphaC_phaC1(C319A)-eyfp was grown on NB-medium until eYFP was visible by 
microscopy. Cells were harvested and PhaC1(C319A)-eYFP was pulled-down by its eYFP-tag. (B) R. eutropha 
∆phaC1 pBBR1MCS2_phaZa1(P150A)_gfp was grown on NB-medium until GFP was expressed. Cells were 
harvested and PhaZa1-GFP was pulled-down by its GFP-tag. Phosphorylations (T and S) and oxidations (M) are 
shown in green. Sequence coverage is shown in yellow. 

Phosphorylations were identified by a mass shift of 79.97 Da at the position of the 

phosphorylated residue in the spectrum of the MS/MS fragmented peptide (examples are 

shown in suppl. Fig. 9 and suppl. Fig. 10). The cysteine 319 (C319) is part of the active site 

of PhaC1. When C319 was mutated to alanine, PhaC1 became inactive (Jia et al., 2001). This 

experiment indicated that PhaC1 and PhaZa1 can be phosphorylated independently of the 

activity PhaC1.   

3.6.2 Comparison of the phosphorylated residues during exponential and stationary 

growth  

In a first experiment, post-translational modifications of the inactive PHB synthase and the 

PHB depolymerase were identified. To confirm this result and to examine a potential 

dependency on the physiological condition of cell growth, analogous experiments as 

described in section 3.6.1 were performed using R. eutropha ∆phaC1 

pBBR1MCS2_pphaC_phaC1_eyfp and R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1_gfp. The 

experiment was performed with R. eutropha cells in which the endogenous phaC1 and 

phaZa1 genes were replaced by the same proteins but carried by the pBBR1MCS2 plasmid 

and fused to eYFP or GFP respectively. Each strain was grown on NB-gluconate medium and 

samples were taken during PHB synthesis (6 h after inoculation of the culture) and during 
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PHB degradation (24 h of inoculation of the culture). The proteome analysis was performed in 

collaboration with Prof. Pfannstiel from the University of Hohenheim.  

 
Figure 43: Relative abundance of total PhaC1 and PhaZa1 peptides in protein pull-down. R. eutropha cells 
were grown on NB-medium with 0.2 % gluconate. R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp was 
grown for 6 h before being harvested (PhaC1-eYFP 6 h), R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1_gfp was 
grown for 6 h before being harvested (PhaZa1-GFP 6 h), R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp 
was grown for 24 h before being harvested (PhaC1-eYFP 24 h), R. eutropha ∆phaZa1 pBBR1MCS2_ 
phaZa1_gfp was grown for 24 h before being harvested (PhaZa1-GFP 24 h). Pull-down of each protein was 
performed with magnetic beads and peptides were analysed by MS/MS. Normalised spectrum counts showing a 
protein's relative abundance across different biosamples are represented. 

When a PhaC1-eYFP pull-down was performed with cells harvested in the exponential 

growth phase (PHB synthesis) or in the stationary growth phase (PHB degradation) very few 

PhaZa1 peptides could be detected in the same sample. When pulling-down PhaZa1-eYFP 

from samples harvested in the exponential phase, more PhaZa1 than PhaC1 peptides were 

detected in the sample while in the stationary growth phase nearly as many PhaC1 peptides as 

PhaZa1 peptides are spotted. This could be explained either by an interaction between PhaC1 

and PhaZa1 in the stationary phase or by insufficient washing steps between the MS runs. 

Twice as many PhaC1 peptides as in the exponential phase were detected in the stationary 

growth phase (Fig. 43). This result could be explained by the fact the PhaC1 was bound to the 

PHB granules in the exponential phase and could not be retained efficiently by the magnetic 

beads due to its attachment to PHB granules.  

Phosphorylated PhaC1 peptides could only be detected in the stationary growth phase (during 

PHB degradation) but not in the exponential growth phase. In contrast, phosphorylated 

PhaZa1 peptides were detected in the exponential and the stationary growth phase but the 

amount of phosphorylated peptides was higher in the stationary growth phase (Fig. 44). When 
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comparing the normalised spectrum count of phosphorylated residues of PhaC1 and PhaZa1 

(in the ballpark of 1 – 7) to the normalised spectrum counts of unmodified PhaC1 and PhaZa1 

(in the ballpark of 100 – 1000) it can be deduced that only a very small fraction of the PHB 

synthase and PHB depolymerase molecules was phosphorylated simultaneously. The MS/MS 

was operated in a positive mode; therefore it is also very likely that an important part of the 

phosphorylated residues were lost or remained undetected. Nevertheless, the exact location of 

these identified phosphorylations within the amino acid sequences was determining for further 

investigations.  

 

Figure 44: Relative abundance of phosphorylated PhaC1 and PhaZa1 peptides in protein pull-down 
R. eutropha cells were grown on NB-medium with 0.2 % gluconate. R. eutropha ∆phaC1 pBBR1MCS2 
_pphaC_phaC1_eyfp was grown for 6 h before being harvested (PhaC1-eYFP 6 h), R. eutropha ∆phaZa1 
pBBR1MCS2_phaZa1_gfp was grown for 6 h before being harvested (PhaZa1-GFP 6 h), R. eutropha ∆phaC1 
pBBR1MCS2_pphaC_phaC1_eyfp was grown for 24 h before being harvested (PhaC1-eYFP 24 h), R. eutropha 
∆phaZa1 pBBR1MCS2_ phaZa1_gfp was grown for 24 h before being harvested (PhaZa1-GFP 24 h). Pull-down 
of each protein was performed with magnetic beads and peptides were analysed by MS/MS. Normalised 
spectrum counts showing a phosphorylated protein's relative abundance across different biosamples are 
represented. 

3.6.2.1 Sequence coverage and phosphorylated residues of PhaC1 on NB-medium 

In this experiment, a PhaC1 amino acid sequence coverage of 61 % in the exponential growth 

phase and of 74 % in the stationary growth phase was reached (Fig. 45 A +B). No 

phosphorylated residues were detected in the exponential growth phase while ten 

phosphorylated residues were detected for the cells harvested in the stationary growth phase. 

PhaC1 was found to be phosphorylated at its S10, T11, S16, T30, T94, T109, S178, S196, 

T198 and T373 residues confirming the identified residues in section 3.6.1 (Fig. 45 B). No 

peptides containing the residues S10, T11, S16 and T109 were identified in the exponential 
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growth phase while peptides with the residues T30, T94, T178, S196, T198 and T373 were 

identified in the exponential growth phase but always without phosphorylation (Fig. 45 A).   

 

Figure 45: Sequence coverage and post-translational modifications of PhaC1. R. eutropha cells were grown 
on NB-medium with 0.2 % gluconate. (A) R. eutropha ∆phaC1 pBBR1MCS2_ pphaC_phaC1_eyfp was grown for 
6 h before being harvested. (B) R. eutropha ∆phaC1 pBBR1MCS2_ pphaC_phaC1_eyfp was grown for 24 h 
before being harvested. Phosphorylations (T and S) and oxidations (M) are shown in green. Sequence coverage 
is shown in yellow. 

In silico experiments using prosite predicted phosphorylations on the residues T3, S10, T30, 

T163, S174, S178, S196, S201, T232, S276, S287, T288, S308, T348 and S477. Only S10, 

T30, S178 and S196 were detected in vivo in this study. An ATP/GTP-binding site motif A 

(P-loop, PS00017) was predicted in silico between residue 9 and residue 16. The 

phosphorylations most frequently detected in pull-down experiments were not predicted by 

proSite. It was therefore decided to proceed only with residues reproducibly phosphorylated 

in independent experiments. 

Within this experiment, also PhaZa1-GFP pull-downs were performed. Hence the sequence 

coverage and locations of phosphorylations within the amino acid sequence of PhaZa1 were 

studied more precisely.   
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3.6.2.2 Sequence coverage and phosphorylated residues of PhaZa1 on NB-medium 

Analogously to the experiment described in section 3.6.2.1, 63 % and 65 % of the amino acid 

sequence of PhaZa1 could be covered by MS/MS analysis when R. eutropha ∆phaZa1 

pBBR1MCS2_phaZa1_gfp cells were harvested in the exponential growth phase and in the 

stationary growth phase of NB-gluconate grown cultures respectively. In the exponential 

growth phase, only S35 was phosphorylated while in the stationary growth phase 

phosphorylations on T26, T28 and S35 were detected (Fig. 46).  

 

Figure 46: Sequence coverage and post-translational modifications of PhaZa1. R. eutropha cells were grown 
on NB-medium with 0.2 % gluconate. (A) R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1_gfp was grown for 6 h 
before being harvested. (B) R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1_gfp was grown for 24 h before being 
harvested. Phosphorylations (T and S) and oxidations (M) are shown in green. Sequence coverage is shown in 
yellow. 

More phosphorylated residues were detected in the stationary growth phase than in the 

exponential growth phase. All three phosphorylated residues are in close proximity to each 

other in the primary sequence raising the hypothesis of a motif such as for example a catalytic 

triad adjustable by phosphorylation.  
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3.6.3 Confirmation of the phosphorylated residues of PhaC1 and PhaZa1 

To confirm the phosphorylations of PhaC1 and PhaZa1 the experiment was repeated in 

collaboration with the group of Prof. Macek from the University of Tübingen. R. eutropha 

phaC1-eyfp (genomic) grown for 6 h, R. eutropha phaC1-eyfp (genomic) grown for 24 h, 

R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp grown for 6 h, R. eutropha ∆phaC1 

pBBR1MCS2_pphaC_phaC1_eyfp grown for 24 h, R. eutropha ∆phaZa1 pBBR1MCS2_ 

phaZa1_gfp grown for 6 h and R. eutropha ∆phaZa1 pBBR1MCS2_ phaZa1_gfp grown for 

24 h on NB-0.2 % gluconate were harvested, disrupted and the protein of interested was 

purified using magnetic beads. After a tryptic in-gel digestion the samples were analysed by 

LC-MS/MS analysis on a Proxeon Easy-nLC coupled to a QExactive HF mass spectrometer. 

When PhaC1 was purified from lysates of cells expressing PhaC1 fused to eYFP from the 

chromosome, generally fewer peptides were detected. For these samples no phosphorylations 

could be detected due to reduced concentration of PhaC1. Confirming the results from section 

3.6.2, when expressed from a plasmid, PhaC1 was phosphorylated at the residues T94, T109, 

T149, T191 and T373 only when isolated in the stationary growth phase. PhaZa1 was 

phosphorylated at residue S35 only when purified from samples harvested in the stationary 

growth phase (Tab. 10). 

Table 10: Summary of pull-downs and phosphorylated residues of the pull-down experiment analysed by 
the proteome facility in Tübingen 

Sample Phosphorylations 

R. eutropha phaC1-eyfp 6 h (genomic) -  

R. eutropha phaC1-eyfp 24 h (genomic) - 

R. eutropha ∆phaC1 pBBR1MCS2_ pphaC_phaC1_eyfp 6 h - 

R. eutropha ∆phaC1 pBBR1MCS2_ pphaC_phaC1_eyfp 24 h T94, T109, T149, T191, T373 

R. eutropha ∆phaZa1 pBBR1MCS2_ phaZa1_gfp 6 h - 

R. eutropha ∆phaZa1 pBBR1MCS2_ phaZa1_gfp 24 h S35 

The strains were grown on NB-medium with 0.2 % gluconate and harvested at the indicated time points. Pull-
down with magnetic beads specific for eYFP or GFP followed by MS/MS analysis was performed. “-“ indicates 
that no phosphorylations were detected.  

The residues T30, T94, T109 and T373 were detected twice in two completely independent 

experiments. The residue T373 was detected in all experiments. Thus PhaC1 and PhaZa1 

were reproducibly phosphorylated when grown on NB-gluconate medium. The regulation of 

PHB accumulation and degradation of cultures grown in MSM differs from NB-grown 

cultures. Therefore the phosphorylation state of PhaC1 and PhaZa1 on MSM was examined. 
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3.6.4 Pull-down of PhaC1 and PhaZa1 on MSM 

Growing on NB-medium with or without gluconate R. eutropha synthesised PHB in the 

exponential growth phase and degraded its PHB in the stationary growth phase. Growing on 

MSM R. eutropha accumulated PHB even in the stationary growth phase (Fig. 12). PHB 

could only be mobilised when the MSM was replaced by MSM with excess nitrogen and lack 

of carbon source. To test if PhaC1 and PhaZa1 were phosphorylated on MSM, R. eutropha 

∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp and R. eutropha ∆phaZa1 pBBR1MCS2_ 

pphaC_phaZa1_eyfp were inoculated to a first pre-culture in NB-medium and grown for 24 h, 

then to a second pre-culture and grown for further 24 h to get rid completely of intracellular 

PHB. Finally, the cells were inoculated to a main culture in MSM with 2 % fructose. One 

third of the cultures was harvested in the exponential phase (after 22 h of growth), the second 

third was harvested in the stationary growth phase (after 96 h of growth) and the last third was 

centrifuged at the transition from exponential to stationary growth phase (after 49 h of 

growth), resuspended in MSM depleted of carbon source and harvested 47 h later (after a total 

of 96 h of growth). At the harvest time points, a sample of each culture was analysed by 

microscopy. PHB was visualised by Nile red staining and PhaC1 or PhaZa1 were detected by 

the fused eYFP-tag.  No difference between R. eutropha ∆phaC1 pBBR1MCS2_pphaC_ 

phaC1_eyfp and R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_eyfp was observed 

(Fig. 47 A + B + C). In the exponential growth phase, all cells had several separate clearly 

distinguishable PHB granules and PhaC1-eYFP and PhaZa1-eYFP colocalised with these 

granules (Fig. 47 A). When the medium was replaced by MSM without carbon source at the 

end of the exponential phase, the cells degraded PHB and only one PHB granule in around 

50 % of the cells was remaining. PhaC1-eYFP and PhaZa1-eYFP colocalised with the PHB 

granules (Fig. 47 B). Cells grown for 96 h on MSM with 2 % fructose were completely filled 

with PHB. The PHB granules could not be distinguished from each other. Exactly as PHB, 

PhaC1-eYFP and PhaZa1-eYFP were localised everywhere within the cell (Fig. 47 C). 

To confirm that PHB was synthesised after 22 h of growth and degraded only when the 

medium was replaced by medium depleted of fructose, the PHB content of these cells was 

also quantified by gas chromatography. Confirming the findings of the microscopical analysis 

no significant difference between R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp and 

R. eutropha ∆phaZa1 pBBR1MCS2_ pphaC_phaZa1_eyfp was observed. After 22 h, the cells 

had accumulated around 15 - 20 % of their cell dry weight of PHB and degraded it to around 

10 % of their cell dry weight when the medium was replaced by medium without carbon 
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source. Cells grown for 96 h in presence of fructose accumulated around 70 % of their cell 

dry weight of PHB (Fig. 48 B). 

 

 
Figure 47: Cell morphology of the cells harvested for the pull-down experiment on MSM. A-C R. eutropha 
∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp is designated as PhaC1-eYFP. R. eutropha ∆phaZa1 pBBR1MCS2_ 
pphaC_phaZa1_eyfp is designated as PhaZa1-eYFP. PHB is stained with Nile red (represented in red) and PhaC1 
or PhaZa1 are tagged with eYFP (represented in green). The scale bar is 2 µm.  (A) Fluorescence micrographs of 
cells grown for 22 h in MSM with 2 % fructose. (B) Fluorescence micrographs of cells grown for 49 h in MSM 
with 2 % fructose, then centrifuged and resuspended in MSM without fructose and grown for further 47 h (96 h 
of growth in total). (C) Fluorescence micrographs of cells grown for 49 h on MSM with 2 % fructose, then 
centrifuged and resuspended in MSM with fructose (same medium as before centrifugation) and grown for 
further 47 h (96 h of growth in total). These cells were so full of PHB that no distinct granules were visible. The 
complete cell fluoresced.  

Growth of R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp and R. eutropha ∆phaZa1 

pBBR1MCS2_ pphaC_phaZa1_eyfp was followed by OD600 measurement. Growing on MSM 

with 2 % fructose the OD600 of both strains had a lag phase of around 14 h and then increased 

over 96 h of growth. The increase of optical density could not only be explained by an 
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increase of the cell number but also an intensification of opacity of the cells due to massive 

PHB accumulation. When the medium was replaced by MSM without carbon source, the 

OD600 of both strains stopped rising and reduced. This could be explainable by the PHB 

mobilisation in these cells (Fig. 48 A). 

 

Figure 48: Cell growth and PHB content of the cells harvested for the pull-down experiment on MSM.            
(A) Growth curves of R. eutropha ∆phaC1 pBBR1MCS2_ pphaC_phaC1_eyfp grown for 22 h on MSM with 2 % 
fructose (■), R. eutropha ∆phaC1 pBBR1MCS2_ pphaC_phaC1_eyfp grown for 49 h on MSM with 2 % fructose, 
then centrifuged and resuspended in MSM without fructose and grown for further 47 h (●), R. eutropha ∆phaC1 
pBBR1MCS2_ pphaC_phaC1_eyfp grown for 49 h on MSM with 2 % fructose, then centrifuged and resuspended 
in MSM with fructose (same medium as before) and grown for further 47 h (▲),Growth curves of R. eutropha 
∆phaZa1 pBBR1MCS2_ pphaC_phaZa1_eyfp grown for 22 h on MSM with 2 % fructose (■), R. eutropha 
∆phaZa1 pBBR1MCS2_ pphaC_phaZa1_eyfp grown for 49 h on MSM with 2 % fructose, then centrifuged and 
resuspended in MSM without fructose and grown for further 47 h (●), R. eutropha ∆phaZa1 pBBR1MCS2_ 
pphaC_phaZa1_eyfp grown for 49 h on MSM with 2 % fructose, then centrifuged and resuspended in MSM with  
fructose (same medium as before) and grown for further 47 h (▲). (B) PHB content quantified by gas 
chromatography of each culture at the harvest time point for protein pull-down. 22 h MSM with fructose:  
represents cells grown for 22 h on MSM with 2 % fructose; 49 h MSM with fructose then 47 h MSM wo 
fructose: represents cells grown for 49 h on MSM with 2 % fructose, then centrifuged and resuspended in MSM 
without fructose and grown for further 47 h; 96 h MSM with fructose: represents cells grown for 49 h on MSM 
with 2 % fructose, then centrifuged and resuspended in MSM with 2 % fructose (same medium as before 
centrifugation) and grown for further 47 h.  

To investigate the phosphorylation state of PhaC1 and PhaZa1 of R. eutropha strains grown 

on MSM, PhaC1-eYFP and PhaZa1-eYFP were pulled-down from the strains and conditions 

described in Fig. 47 and Fig. 48.  Pull-down with magnetic beads specific for eYFP was 

performed. The proteins bound to PhaC1-eYFP and PhaZa1-eYFP and phosphorylated 

peptides were detected by ESI-LC-MS-MS (in collaboration with the group of Prof. Pfannstiel 

in Hohenheim).  

PhaM (H16_A0141) peptides were detected in the PhaC1-eYFP pull-down samples on MSM 

with and without fructose in the exponential and in the stationary growth phase hinting that 
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complete PHB granules could have been be attached to the purified PhaC1-eYFP. PhaM was 

never detected under PHB synthesis conditions in PhaZa1 pull-down samples. In contrast, 

under PHB degrading conditions, PhaM was also detected in the PhaZa1-eYFP pull-down 

sample. This could hint that PhaZa1 was bound to the PHB granules only during PHB 

degradation (Fig. 49).  

During PHB synthesis (22 h sample and 96 h sample in presence of a carbon source) very few 

PhaZa1 peptides were detected in the PhaC1 pull-down samples. Under the same conditions, 

very few PhaC1 peptides were detected in the PhaZa1-eYFP pull-down.  In contrast, during 

PHB degradation (96 h on medium replaced after 49 h by a medium without carbon source) 

more PhaZa1 peptides than PhaC1 peptides were detected in the PhaC1-eYFP pull-down 

samples and an important number of PhaC1 peptides were detected in the PhaZa1-eYFP pull-

down samples. These results emphasised that the interaction between PhaZa1 and PhaC1 or 

PHB granules was much stronger during PHB degradation than during PHB synthesis 

(Fig. 49).   

 

Figure 49: Relative abundance of PhaC1, PhaZa1 and PhaM in PhaC1-eYFP and PhaZa1-eYFP pull-
down samples of MSM-grown cultures. R. eutropha cells were grown on MSM with 2 % fructose. R. eutropha 
∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp is designated as PhaC1-eYFP. R. eutropha ∆phaZa1 pBBR1MCS2_ 
pphaC_phaZa1_eyfp is designated as PhaZa1-eYFP. 22 h with fructose:  represents cells grown for 22 h on MSM 
with 2 % fructose; 96 h MSM with fructose: represents cells grown for 49 h on MSM with 2 % fructose, then 
centrifuged and resuspended in MSM with fructose (same medium as before centrifugation) and grown for 
further 47 h;  49 h with fructose then 47 h wo fructose: represents cells grown for 49 h on MSM with 2 % 
fructose, then centrifuged and resuspended in MSM without fructose and grown for further 47 h. Protein pull-
down was performed with magnetic beads specific for eYFP. Bound peptides were identified by ESI-LC-MS-
MS. Normalised spectrum counts showing a protein's relative abundance across different biosamples are shown. 
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3.6.4.1 Sequence coverage of PhaC1 from R. eutropha grown on MSM 

The main interest of this pull-down experiment on MSM was the phosphorylation of PhaC1 

and PhaZa1. The sequence coverage of the PhaC1 pull-down experiment on MSM described 

in section 3.6.4 was much higher than the sequence coverage achieved on NB-gluconate 

medium. In the exponential growth phase, 75 % percent of the amino acid sequence of PhaC1 

could be detected (Fig. 50 A). At the end of the stationary phase in presence of fructose 92 % 

of the sequence was covered (Fig. 50 B).  In the stationary phase of a culture grown for 49 h 

in the presence of fructose and from then for further 47 h in the absence of fructose 86 % of 

the amino acid sequence was covered (Fig. 50 C).  PhaC1 was never phosphorylated on MSM 

(Fig. 50).  

 

Figure 50: Sequence coverage and post-translational modifications of PhaC1 isolated from cells grown in 
MSM. (A) R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp was grown in MSM with 2 % fructose for 
22 h before being harvested. (B) R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp was grown for 96 h in 
MSM in presence of 2 % fructose before being harvested. (C) R. eutropha ∆phaC1 pBBR1MCS2_ 
pphaC_phaC1_eyfp was grown for 49 h in MSM with 2 % fructose and then resuspended in MSM without 
fructose and grown for further 47 h before being harvested. Green M represents oxidised methionine. No 
phosphorylated peptides were detected. 
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3.6.4.2 Sequence coverage of PhaZa1 from R. eutropha grown on MSM 

Analogously to the results described for PhaC1 in section 3.6.4.1 a much more comprehensive 

sequence coverage of PhaZa1 could be detected when the cells were grown in MSM 

compared to cells grown in NB-gluconate medium. 93 % of the sequence of PhaZa1 was 

covered when the cells were harvested in the exponential phase and S35 was phosphorylated 

(Fig. 51 A).  98 % of the amino acid sequence was covered when the cells were harvested 

after 96 h in presence of fructose and only T28 was phosphorylated (Fig. 51 B).  In the 

stationary phase of a culture grown for 49 h in the presence of fructose and from then for 

further 47 h in the absence of fructose 98 % of the amino acid sequence was covered and T28 

and S35 were phosphorylated (Fig. 51 C). Thus PhaZa1 was phosphorylated at all time points 

of cell growth on MSM.  

 

Figure 51: Sequence coverage and post-translational modifications of PhaZa1 isolated from cells grown in 
MSM. (A) R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_eyfp was grown in MSM with 2 % fructose for 
22 h before being harvested, (B) R. eutropha ∆phaZa1 pBBR1MCS2_ pphaC_phaZa1_eyfp was grown for 96 h in 
MSM in presence of 2 % fructose before being harvested, (C) R. eutropha ∆phaZa1 pBBR1MCS2_ 
pphaC_phaZa1_eyfp was grown for 49 h in MSM with 2 % fructose and then resuspended in MSM without 
fructose and grown for further 47 h before being harvested. Green M is oxidised methionine, green T or S are 
phosphorylated serine or threonine.  
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3.6.5 Summary of phosphorylated residues of PhaC1 and PhaZa1 

An overview of all pull-down experiments of PhaC1 and PhaZa1 is summarised in Tab. 11 

and Tab. 12 respectively.  

Table 11: Summary of all PhaC1 phosphosites found in pull-down experiments 

PhaC1 Exponential phase Stationary phase 
Experiment 1 (Hohenheim) 

NB-medium 
T30, T373 

 
Experiment 2 (Hohenheim) 

NB-gluconate medium 
- 

S10, T11, S16, T30, T94, T109, 
T373, S177, S196, T198 

Experiment 3 (Tübingen) 
NB-gluconate medium 

- 
T94, T109, S149, T191, T373 

 

Experiment 4 (Hohenheim) 
MSM 

- 
PHB synthesis 

conditions: 
- 

PHB 
degradation 
conditions: 

- 

Table 12:  Summary of all PhaZa1 phosphosites found in pull-down experiments 

PhaZa1 Exponential phase Stationary phase 
Experiment 1 (Hohenheim) 

NB-medium 
S35 

Experiment 2 (Hohenheim) 
NB-gluconate medium 

S35 T26, T28, S35 

Experiment 3 (Tübingen) 
NB-gluconate medium 

- S35 

Experiment 4 (Hohenheim) 
MSM 

S35 
PHB synthesis 

conditions: 
T28 

PHB 
degradation 
conditions: 
T28, S35 

Exponential phase refers to cells harvested after 6 h of growth when grown on NB-gluconate medium and after 
22 h of growth when grown on MSM. Stationary growth phase refers to cells were harvested after 24 h of growth 
when grown on NB-gluconate medium and after 96 h of growth when grown on MSM. In experiment 4, for PHB 
synthesis conditions in the stationary phase the cultures were grown for 96 h in presence of 2 % fructose before 
being harvested. For PHB degradation conditions in the stationary phase the cultures were grown for 49 h in 
MSM with 2 % fructose and then resuspended in MSM without fructose and grown for further 47 h before being 
harvested. In Experiment 1 the time point of cell growth was not recorded. 

 
PhaC1 phosphorylations were identified in the stationary growth phase on NB-medium but 

never in the exponential growth phase and never on MSM. PhaZa1 phosphorylations were 

detected on both media in the exponential and in the stationary growth phase.  

For further experiments, only PhaC1 phosphorylation sites detected in at least two 

independent experiments were considered. All identified PhaZa1 phosphorylation sites were 

studied. Mutagenesis of the phosphorylation sites of interest was performed to understand the 

importance of these phosphorylations.   
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3.7 Regulation of PHB synthase PhaC1 activity by phosphorylation 

3.7.1 Mutagenesis of PhaC1 phosphosites in vitro 

3.7.1.1 Activity of PhaC1 T373 muteins in vitro  

Pull-down experiments of PhaC1-eYFP had demonstrated that PhaC1 could be 

phosphorylated at different residues only on NB-medium during PHB degradation. One 

phosphorylated residue was reproducibly detected in every experiment: threonine 373. T373 

was the only phosphorylated residue in the catalytic C-terminal part of PhaC1 and its position 

in the 3D structure could not be resolved in previous crystallisation studies of PhaC1 

(Wittenborn et al., 2016). Therefore this work focused on the T373 residue of PhaC1. PhaC1 

was cloned into the vector pET28a with N-terminal hexa-histidine-tag. The codon for the 

residue T373 was mutated to an aspartate codon to mimic a phosphorylation (T373D). His6-

PhaC1WT and His6-PhaC1T373D were purified by the aid of their His6-tag and employed for in 

vitro PHB synthase activity determination.   

 
Figure 52: In vitro PHB synthesis by purified His6-PhaC1WT and His6-PhaC1T373D mutein. A discontinuous 
PHB synthase assay was performed using purified PHB synthase muteins His6-PhaCWT or His6-PhaCT373D in 
absence of PhaM. (A) With 1.3 µM His6-PhaCWT or His6-PhaCT373D the lag phase of His6-PhaCT373D was 
approximately 1 min longer than the lag phase of His6-PhaCWT. (B) With 130 nM His6-PhaCWT or His6-
PhaCT373D the lag phase of His6-PhaCT373D was approximately 7 min longer than the lag phase of His6-PhaCWT. 
The substrate was not consumed by His6-PhaCT373D after 8 min. Data were obtained from triplicates. Data points 
represent mean values; error bars show standard deviations. 

When 1.3 µM His6-PhaC1WT was used for PHB synthase activity determination a lag phase 

below 15 sec was observed. The presence of a lag phase is a well-known phenomenon for 

R. eutropha PHB synthase (Gerngross and Martin, 1995; Pfeiffer and Jendrossek, 2014; 

Wodzinska et al., 1996; Yuan et al., 2001). Interestingly when the His6-PhaC1T373D mutein 

was assayed at a 1.3 µM concentration the lag phase was increased to approximately 1 min 

and the specific activity was significantly reduced (Fig. 52 A). This important effect on the 
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lag phase and on the specific activity was emphasised when diluting both proteins 1 in 10. 

The activity of His6-PhaC1WT had a lag phase of 1 min while the activity of His6-PhaC1T373D 

remained in the lag phase until the end of the experiment (for 8 min) (Fig. 52 B). 

A considerable inhibition of the acticity of the PHB synthase PhaC1 was observed when the 

T373 residue was mutated to phosphomimetic asparate. Using 130 nM His6-PhaC1 for the 

PHB synthase acitivity assay led to a lag phase which was nearly as long as the previous 

assay. The discontinuous PHB synthesis assay was therefore repeated for a longer period of 

30 min to find evidence for the activity of the 130 nM His6-PhaC1T373D mutein used in the 

previous assay. A remarkable extension of the lag phase to around 7 min caused by the 

T373D mutation was determined. Moreover the specific activity of the His6-PhaC1T373D 

mutein was strongly reduced compared to His6-PhaC1WT (Fig. 53). Remarkably adding His6-

PhaM to the reaction rescued the activity of the His6-PhaC1T373D mutant. His6-PhaC1T373D in 

presence of His6-PhaM had the same activity as His6-PhaC1WT in absence of His6-PhaM and 

the lag phase was significantly reduced (Fig. 53).   

 

Figure 53: In vitro PHB synthesis by the purified His6-PhaC1T373D mutein in presence and absence of His6-
PhaM. A discontinuous PHB synthesis assay was performed using purified PHB synthase muteins His6-PhaCWT 
or His6-PhaCT373D in presence or absence of His6-PhaM. The assay was performed with time intervals of 5 min 
over 30 min.  His6-PhaCT373D started synthesising PHB after around 8 min while His6-PhaCWT showed an 
increase in specific activity already after a few seconds. The specific activity of His6-PhaCT373D was much 
slower. Addition of 30 nM His6-PhaM led to a significant shortening of the lag phase of His6-PhaCT373D. Data 
were obtained from triplicates.  Data points represent mean values; error bars show standard deviations. His6-
PhaM was provided by Stephanie Schulze.  
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To ensure that His6-PhaC1T373D did not only cleave 3-hydroxybutyryl-CoA but also 

polymerised it to PHB granules, the product of the in vitro PHB synthesis assay was stained 

with Nile red and visualised by fluorescence microscopy. Exactly as His6-PhaC1WT, His6-

PhaC1T373D had produced visible PHB granules after 60 min of incubation with 3-

hydroxybutyryl-CoA (Fig. 54).  

 

Figure 54: Micrographs of PHB synthesised in vitro by His6-PhaC1WT or His6-PhaC1T373D. Purified His6-
PhaC1* (150 nM) was incubated with 1 mM 3-HB-CoA. Samples were removed after 60 min, terminated by the 
addition of an ethanolic Nile red solution and examined by fluorescence microscopy for the formation of PHB. 
The formation of PHB granules was visible in phase-contrast images and fluorescence images. Here fluorescence 
images of the Nile red channel are shown. No difference between the formed PHB granules was observed.  

To verify that the in phenotype of the His6-PhaC1T373D mutein was due to the phosphomimetic 

effect of the phosphorylation, T373 was also mutated to glutamate (T373E) a further amino 

acid suitable to mimic phosphorylation by its negative charge. To ensure, that the phenotype 

was due to the negative charge of aspartate and not only the conformation of a different amino 

acid, T373 was also mutated to asparagine (T373N) which has the most similar shape to 

aspartate. A non-phosphorylatable alanine mutant (T373A) was generated because of the 

small shape and non-phosphorylatable property of alanine (Fig. 55). These mutations were 

generated by site directed-mutagenesis in the pET28a_phaC1 plasmid and purified by the 

hexa-histidine-tag.  

The discontinuous PHB synthesis assay was performed with all four T373 muteins. As 

previously observed the T373D mutein had the longest lag phase and the slowest activity just 

followed by both non-phosphorylatable muteins T373N and T373A. The second 

phosphomimetic mutein T373E had the closest activity to the wild type but was still 

significantly less efficient. Adding His6-PhaM could rescue the phenotype of all muteins. The 
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lag phase got much shorter and the activity significantly more rapid but conserving the same 

order as without PhaM (Fig. 55). 

 
Figure 55: In vitro PHB synthesis by purified His6-PhaC1 T373 muteins. A discontinuous PHB synthase 
assay was performed using purified PHB synthase mutants His6-PhaC1WT, His6-PhaC1T373A, His6-PhaC1T373D, 
His6-PhaC1T373E or His6-PhaC1T373N in the presence or absence of His6-PhaM. The concentrations of PhaC1 and 
His6-PhaM were each 150 nM. Data were obtained from triplicates. Data points represent mean values; error bars 
show standard deviations. His6-PhaM was provided by Stephanie Schulze.  

The different activities of the PhaC1 T373 muteins could not be explained by un-

phosphorylatable or phosphomimetic effects of the mutations but the residue T373 seemed to 

play an important role for the activity of PhaC1.  

3.7.1.2 PhaC1 T373 muteins are not impaired in oligomerisation and binding to PhaM 

Previous studies had shown that the active form of the R. eutropha PHB synthase was a 

homodimer (Jia et al., 2001) and that homo-oligomerisation of PhaC1 and transition to a 

highly active form in vitro was improved by the addition of PhaM (Pfeiffer and Jendrossek, 

2014). To find out whether the residue T373 of PhaC1 was involved in oligomerisation of 

PhaC1 and interaction of PhaC1 with PhaM, cross-linking experiments using purified 

PhaCT373-muteins with glutardialdehyde in the presence and absence of purified PhaM were 

performed. Therefore the proteins were cross-linked by incubation with glutardialdhyde and 

subsequently separated by SDS-PAGE. The wild-type PHB synthase as well as the mutated 

(T373A, T373D, T373E and T373N) PHB synthases existed in equilibrium of monomers, 

dimers, and higher oligomers. This was manifested by the presence of bands at the positions 
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of monomers, dimers, and higher oligomers in cross-linking experiments with 

glutardialdehyde (Fig. 56).  

 
Figure 56: SDS-PAGE of PhaM, PhaC1WT/PhaC1T373A/PhaC1T373D/PhaC1T373E/PhaC1T373N and mixtures of PhaM with 
PhaCWT/PhaCT373A/PhaCT373D/PhaCT373E/PhaCT373N after chemical cross-linking. Oligomerisation of (A) His6-PhaC1WT, 
His6-(B) PhaC1T373A, (C) His6-PhaC1T373D, (D) His6-PhaC1T373E or (E) His6-PhaC1T373N and/or PhaM-His6 was analysed 
using 2.5 % glutardialdehyde (GDA) as a cross-linking agent. Lane 1, marker proteins as indicated. Lanes 2 to 7: 
1.5 µM His6-PhaM without glutardialdehyde (lane 2); 1.5 µM His6-PhaC1* without glutardialdehyde (lane 3); mixture of 
1.5 µM His6-PhaM and 1.5 µM His6-PhaC1* without glutardialdehyde (lane 4); 1.5 µM His6-PhaM with glutardialdehyde 
(lane 5); 1.5 µM His6-PhaC1* with glutardialdehyde (lane 6); and mixtures of 1.5 µM His6-PhaC1* with 1.5 µM His6-PhaM 

and glutardialdehyde (lane 7). His6-PhaC1* muteins are designated as PhaC1. PhaM refers to His6-PhaM. His6-PhaM was 
provided by Stephanie Schulze.  

It could be concluded that mutation of the residue T373 of the PHB synthase did not lead to 

impairment in oligomerisation and in complex formation with PhaM in the high 

concentrations used for this experiment. The important concentrations used in the cross-

linking experiment were necessary to obtain visible bands on the SDS-gel but are far above 

the PhaC1 concentrations expressed in R. eutropha in vivo. Hence when present in lower 

concentrations, effects of the phosphorylation of T373 on the oligomerisation of PhaC1 and 

on the interaction of PhaC1 with PhaM cannot be excluded.  
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3.7.1.3 Secondary structure of the PhaC1 T373D mutein 

As previous experiments demonstrated that mutation of the residue T373 of the PHB synthase 

to aspartate led to an impairment in enzyme activity, it was tested if the mutation of T373 to 

aspartate can engender a significant change in secondary structure. Therefore CD spectra of 

the purified His6-PhaC1WT and His6-PhaC1T373D also used in section 3.7.1.1 were recorded 

(Fig. 57). 

 

Figure 57: CD spectra of His6-PhaC1WT or His6-PhaC1T373D. 1.3 µM purified PHB synthase muteins His6- 
PhaCWT or His6-PhaCT373D were employed. 

It was observed that both CD-spectra nearly overlayed. It was thus concluded that no severe 

differences in the secondary structure of His6-PhaC1WT and His6-PhaC1T373D existed. No CD-

spectra of other muteins were recorded because the His6-PhaC1T373D had the strongest 

impairment in activity and because all muteins behaved in a similar manner during 

purification, storage, migration on SDS-gels and in the UV-vis spectra of the FPLC. This 

made a difference in secondary structure of the other T373 muteins very unlikely.  

 

 



 Experiments and Results  
 

118 
 

3.7.1.4 Activity of PhaC1 T30 muteins in vitro  

Previous experiments revealed that mutation of the residue T373 of the PHB synthase led to a 

decrease in protein activity in vitro. The residue T30 was also phosphorylated in two 

independent pull-down experiments. In order to test if the mutation of the T30 residue also 

inhibits the activity of the PHB synthase, the pET28a_phaC1 plasmid with a N-terminal hexa-

histidine-tag was used as a template to mutate the residue T30 to aspartate to mimic a 

phosphorylation (T30D) and to alanine as a non-phosphorylatable residue (T30A). His6-

PhaC1T30A and His6-PhaC1T30D were purified as previously described for the His6-PhaC1T373 

muteins and employed for discontinuous in vitro PHB synthesis experiments (Fig. 58).  

 

Figure 58: In vitro PHB synthesis by purified His6-PhaC1 T30 muteins. A discontinuous PHB synthase assay 
was performed using purified PHB synthase mutants His6-PhaC1WT, His6-PhaC1T30A, His6-PhaC1T30D in presence 
of absence of His6-PhaM. The concentration of His6-PhaC* and His6-PhaM was 300 nM each. Data were 
obtained from triplicates. Data points represent mean values; error bars show standard deviations. His6-PhaM 
was provided by Stephanie Schulze.  

In contrast to the T373 muteins, the activity of the T30 muteins was similar to the activity of 

the wild type PHB synthase and even slightly improved compared to the wild type. The 

phosphomimetic His6-PhaC1T30D mutein had the shortest lag phase directly followed by the 

non-phosphorylatable His6-PhaC1T30A mutein (Fig. 58). It was concluded that the 

phosphomimetic mutation of T30 did not have as strong inhibitory effects on the activity of 

the PHB synthase as the phosphomimetic mutation of T373. This emphasised the importance 

of the role of the residue T373 for PHB synthase acitivity.  
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3.7.2 In vitro activity of PHB synthase purified from R. eutropha  

In PHB synthase pull-down experiments, phosphorylations of the PHB synthase could only be 

detected during PHB degradation (stationary growth phase) but not during PHB synthesis 

(exponential grown phase). Therefore PhaC1 was assumed to be phosphorylated only in the 

stationary growth phase in vivo. In order to test if there was a difference in the in vitro activity 

of PhaC1 wild type purified from R. eutropha in the exponential and in the stationary growth 

phase, PhaC1 was purified from R. eutropha. Therefore R. eutropha ∆phaC1 

pBBR1MCS2_pphaC _phaC1_eyfp, a strain for which the endogenous phaC1 was replaced by 

phaC1 fused to eyfp on a plasmid, was first grown in two subsequent NB-medium pre-

cultures to get rid of PHB. Then the cells were inoculated to a main culture on NB-medium 

supplemented with 0.2 % gluconate. A part of the culture was harvested in the exponential 

growth phase (6 h) and the second half was harvested in the stationary growth phase (24 h). 

The cells were disrupted by French press and PhaC1-eYFP was purified by its eYFP-tag using 

magnetic beads. After five washing steps, the beads were resuspended in PhaC1 assay buffer. 

The discontinuous in vitro PHB synthesis assay was performed over 180 min. PhaC1-eYFP 

purified from samples from the exponential phase had no activity while PhaC1-eYFP purified 

from samples in the stationary phase had a very slow activity (Fig. 59). 

 
Figure 59: In vitro PHB synthesis by purified PhaC1-eYFP from R. eutropha.  A discontinuous PHB 
synthase assay was performed using PhaC1-eYFP (WT) purified by its eYFP-tag using magnetic beads from 
R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp harvested after 6 h or 24 h of growth. Data were obtained 
from biological triplicates. Data points represent mean values; error bars show standard deviations. 
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The small volume and low concentration of the protein pull-down samples and the presence 

of (black) magnetic beads in the protein suspension did not allow quantification of PhaC1-

eYFP using standard methods such as BCA, Bradford or NanoDrop. To ensure that the 

concentration of the proteins purified in the exponential and in the stationary growth phase 

was comparable, PhaC1-eYFP purified from R. eutropha after 6 h and 24 h of growth was 

analysed by SDS-PAGE. To this aim, 3 µL of each sample were run on a SDS-gel and the gel 

was stained with colloidal Coomassie. PhaC1 has a molecular mass of 64.3 kDa; eYFP has 

27 kDa thus PhaC1-eYFP should run at a molecular mass of 91.3 kDa. Surprisingly, when 

PhaC1 was purified in the exponential growth phase it could barely be detected while it was 

clearly visible in the stationary growth phase (Fig. 60). It could be concluded that the 

concentration of PhaC1-eYFP purified from cells in the exponential growth phase was far 

below the concentration of PhaC1-eYFP purified from cells in the stationary growth phase in 

this setting explaining the difference in activity (Fig. 59). PhaC1 purified from cells in the 

exponential growth phase appeared to be nearly inactive because its concentration was very 

low. The pull-down of PhaC1-eYFP during PHB synthesis may have been less efficient 

because PhaC1-eYFP was attached to PHB granules 

 
Figure 60: SDS-gel of PhaC1-eYFP purified with magnetic beads. R. eutropha ∆phaC1 
pBBR1MCS2_pphaC_phaC1_eyfp was grown in three independent biological triplicates on NB-gluconate 
medium and a part of each culture was harvested after 6 h of growth and a part after 24 h of growth. PhaC1-
eYFP was purified using magnetic beads exactly as for pull-down experiments and loaded on a SDS-gel. The gel 
was stained with colloidal Coomassie.  

As the activity of PhaC1 purified from R. eutropha could not be studied in vitro, further 

experiments to understand the effects of phosphomimetic or non-phophorylatable mutations 

of PhaC1 were conducted in R. eutropha in vivo. 

 



 Experiments and Results  
 

121 
 

3.7.3 Mutagenesis of PhaC1 phosphorylation sites in vivo 

3.7.3.1 Effects of PhaC1 T30 and T373 mutation on PHB accumulation in vivo 

As previously shown, mutagenesis of the residue T373 of the PHB synthase PhaC1 affected 

the activity of PhaC1 in vitro. The in vivo impact of these mutations was studied by 

replacement of the endogenous phaC1 by a mutated version of phaC1 carried by the 

pBBR1MCS2 plasmid. Therefore T30 was mutated to the non-phosphorylatable alanine and 

to aspartate mimicking a phosphorylation and T373 was mutated to the non-phosphorylatable 

alanine, to aspartate and glutamate mimicking a phosphorylation and to asparagine (most 

similar to aspartate but without a negative charge) by site-directed mutagenesis. The mutated 

phaC1 sequences were completely sequenced to verify the presence of the mutation of 

interest. The plasmids with the mutated phaC1 genes were transformed to E. coli S17-1 as 

donor strain. The plasmids were introduced into R. eutropha ∆phaC1 by rapid conjugation 

generating the strains:   

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T373D_eyfp 

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T373A_eyfp 

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T373E_eyfp 

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T373N_eyfp 

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30D_eyfp  

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30A_eyfp.  

All these strains were grown on NB-medium supplemented with 0.2 % gluconate and 

analysed by microscopy staining the cells with Nile red to visualise PHB and without dye to 

visualise the localisation of PhaC1-eYFP by its eYFP-fusion. Samples were taken after 0, 2, 

4, 6, 8, 10 and 24 h of growth but none showed a significant difference with respect to the 

wild type (data not shown). To detect differences in the PHB content not visible by 

microscopy, the PHB content of the strains described above was quantified by gas 

chromatography. Therefore the cells were first inoculated to two consecutive pre-cultures 

both grown for 24 h and then grown on NB-medium supplemented with 0.2 % gluconate. The 

experiment was performed with biological triplicates, that is to say three cultures inoculated 

from independent colonies in parallel for each strain. Samples were harvested after 0, 6, 12 

and 24 h of growth and the PHB content per cell dry weight was determined by gas 

chromatography. Remarkably, the PhaC1 T30D mutant accumulated nearly 30 % of PHB (per 

cdw) after 6 h while the PhaC1 T30A mutant accumulated below 20 % of PHB (per cdw) 
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indicating that phosphorylation of T30 could slightly activate the PHB synthase. In contrast, 

no significant difference in PHB content was observed between the wild type and the cells 

with the T373 mutations (T373A, T373D and T373N) (Fig. 61). Thus the impact of the T373 

mutation on the PHB synthesis could only be observed in vitro.  

 
Figure 61: PHB content of R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp, R. eutropha ∆phaC1 
pBBR1MCS2_pphaC_phaC1_T30A_eyfp, R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30D_eyfp, 
R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T373A_eyfp, R. eutropha ∆phaC1 pBBR1MCS2_pphaC_ 
phaC1_T373D_eyfp, R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T373N_eyfp grown on NB-medium with 
0.2 % gluconate (data were obtained from biological triplicates). Bars represent mean values; error bars represent 
standard deviations. 

3.7.3.2 Effects of PhaC1 T94 and T109 mutations on PHB accumulation in vivo 

Two further phosphorylated residues were detected in two independent pull-down 

experiments (once with an MS/MS from the group of Prof. Macek in Tübingen and once with 

an MS/MS from the group of Dr. Pfannstiel in Hohenheim). For this reason, a 

phosphomimetic mutation and a non-phosphorylatable mutation for these residues was 

generated as described in section 3.7.3.1. Aspartate was chosen to mimic a phosphorylation 

because it is the smallest negatively charged amino acid. Asparagine was selected as non-

phosphorylatable amino acid because of its similarity to aspartate. This would ensure that if 

differences are detected with an aspartate mutation (but not with an asparagine mutation), 

these differences are due to the negative charge but not to the shape of the replaced amino 

acid.  
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Analogously to section 3.7.3.1 the following strains were generated: 

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T94D_eyfp 

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T94N_eyfp 

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_ T109D_eyfp 

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T109N_eyfp 

Table 13: Summary of the microscopic phenotype of all simple PhaC1 mutant strains generated  

Non-
phosphorylatable 

Microscopy Phosphomimetic Microscopy 

T30A As WT T30D As WT 

T94N As WT T94D As WT 

T109N As WT T109D As WT 

T373N, T373A As WT T373D, T373E As WT 

For all of the mutants the cells were stained with Nile red to visualise PHB and without any dye to visualise the 
eYFP-tagged PhaC1 by fluorescence microscopy. The cells were grown in NB-medium supplemented with Kan 
(150 µg/mL) and 0.2 % gluconate (w/vol). The cells were monitored after 0, 2, 4, 6, 8, 10 and 24 h or growth. 
This experiment was performed in collaboration with Cameron Patterson. 

No difference in cell growth (Fig. 62 A), in PHB granule formation and in subcellular 

localisation of PhaC1*-eYFP between simple PhaC1 T30, T94, T109 and T373 mutants could 

be observed (Tab. 13) in vivo. As it was observed that addition of PhaM could rescue the 

activity of PhaC1 T373 muteins in vitro and as PhaM is present in vivo, the same plasmids 

were also conjugated to R. eutropha ∆phaC1 ∆phaM deletion strain creating the strains: 

- R. eutropha ∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1_T94D_eyfp 

- R. eutropha ∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1_T94N_eyfp 

- R. eutropha ∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1_ T109D_eyfp 

- R. eutropha ∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1_T109N_eyfp 

All these strains were grown on NB-medium supplemented with 0.2 % gluconate and 

analysed by microscopy staining the cells with Nile red to visualise PHB and without dye to 

visualise the localisation of PhaC1 by its eYFP-fusion. Samples were taken after 0, 2, 4, 6, 8, 

10 and 24 h of growth but none showed a significant difference in PHB granule formation or 

subcellular localisation of PhaC1*-eYFP compared to the wild type (data not shown). 

Differences in the PHB content also lead to differences in the optical density, therefore 

growth curves of theses strains were recorded (Fig. 62 A). No difference in OD600 between 

the wild type and the T94 and T109 phosphomimetic and non-phosphorylatable PhaC1 

mutants in ∆phaC1 (Fig. 62 A) or in ∆phaC1 ∆phaM (Fig. 62 B) background was observed.  
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Figure 62: Growth of R. eutropha strains with mutated versions of phaC1 (A) Growth of R. eutropha 
∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp, R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T94D_eyfp, 
R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T94N_eyfp, R. eutropha ∆phaC1 pBBR1MCS2_pphaC 

_phaC1_T109D_eyfp and R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T109N_eyfp on NB-medium with 
0.2 % gluconate. (B) Growth of R. eutropha ∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1_eyfp, R. eutropha 
∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1_T94D_eyfp, R. eutropha ∆phaC1 ∆phaM pBBR1MCS2_pphaC_ 
phaC1_ T94N_eyfp, R. eutropha ∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1_T109D_eyfp and R. eutropha 
∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1_T109N_eyfp on NB-medium with 0.2 % gluconate (data were 
obtained from biological triplicates). Data points represent mean values; error bars represent standard deviations. 
This experiment was performed in collaboration with Cameron Patterson. 

As single mutagenesis of the codons of the phosphorylated PhaC1 residues did not lead to 

detectable effects on the colocalisation of PhaC1-eYFP with PHB granules and on PHB 

accumulation in vivo, it was hypothesised that several simultaneous phosphorylations on a 

same protein are necessary the regulate PHB synthase activity in vivo.  

3.7.3.3 Effects of combined PhaC1 T30, T94, T109 and T373 mutation on the PHB content  

in vivo 

The previous experiments showed that single mutagenesis of PhaC1 at the residues T94, T109 

or T373 did not lead to significant differences in cell growth, PHB accumulation and 

colocalisation of PhaC1-eYFP with PHB granules between strains with wild type PhaC1 and 

mutated versions of PhaC1. Therefore it was hypothesised that a combination of 

phosphorylations is necessary to regulate the activity of the PHB synthase. The residue T373 

was mutated to aspartate by site-directed mutagenesis. Next T94 was mutated to aspartate by 

site-directed mutagenesis using the plasmid with the T373D mutation as a template. T109 was 

mutated to aspartate by site-directed mutagenesis using the plasmid with T94D and T373D 

mutations as a template. Finally a further mutation of the T30 codon to an aspartate codon 

was introduced to the plasmid pBBR1MCS2_pphaC_phaC1 _T94D_T109D_T373D_eyfp by 

site-directed mutagenesis. The codons of the same residues were also mutated to asparagine 
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codons. Asparagine has the most similar “shape” to aspartate but lacks the negative charge to 

mimic a phosphorylation. The mutated phaC1 sequences were completely sequenced to verify 

the presence of the mutations of interest. The plasmids with the fourfold mutated phaC1 genes 

were transformed to E. coli S17-1 as donor strain and introduced into R. eutropha ∆phaC1 by 

rapid conjugation establishing the strains:   

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30D_T94D_T109D_T373D_eyfp 

- R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30N_T94N_T109N_T373N_eyfp 

R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp, R. eutropha ∆phaC1 

pBBR1MCS2_pphaC_phaC1_T30D_T94D_T109D_T373D_eyfp and R. eutropha ∆phaC1 

pBBR1MCS2_pphaC_phaC1_T30N_T94N_T109N_T373N_eyfp were inoculated to two 

subsequent NB-pre-culture and grown for 24 h and finally inoculated to the main culture of 

NB-medium supplemented with 0.2 % gluconate. OD600 was measured regularly during cell 

growth but no significant difference between the strain harbouring wild type PhaC1 and the 

combined mutant strains was observed (Fig. 63 A). Parts of each culture were harvested at the 

indicated time points to quantify the PHB content per cell dry weight of the cells by gas 

chromatography.   

 
Figure 63: Growth and PHB accumulation of R. eutropha strains with fourfold mutated phaC1 over 48 h. 
(A) Growth and (B) PHB contents of R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp, R. eutropha 
∆phaC1 pBBR1MCS2_pphaC_phaC1_T30D_T94D_T109D_T373D_eyfp and R. eutropha ∆phaC1 
pBBR1MCS2_pphaC_phaC1_T30N_T94N_T109N_T373N_eyfp on NB-medium with 0.2 % gluconate. Data 
were obtained from biological triplicates. Data points or bars represent mean values; error bars represent 
standard deviations. 

At all time points of cell growth, R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1 

_T30D_T94D_T109D_T373D_eyfp accumulated slightly less PHB than the wild type. 

However, a statistically significant difference in the PHB content was determined only for the 
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4 h data points. Thus the only significant difference was observed during PHB accumulation. 

R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30N_T94N_T109N_T373N_eyfp had the 

same PHB content as the wild type over cell growth (Fig. 63 B). To ensure that the difference 

between the PhaC1 T30D, T94D, T109D, T373D expressing strain and the PhaC1 WT 

expressing strain during PHB synthesis was significant, the experiment was repeated with 

these two strains harvesting the cells at more frequent time points during PHB accumulation. 

Indeed, after 1, 2, 4 and 6 h of growth, the PHB content of R. eutropha ∆phaC1 

pBBR1MCS2_pphaC_phaC1_ T30D_T94D_T109D_T373D_eyfp was lower than the PHB 

content of R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp confirming that combined 

phosphomimetic mutations of PhaC1 down-regulated its activity in vivo (Fig. 64).  

 

Figure 64: PHB accumulation of R. eutropha strains with fourfold mutated phaC1 over 6 h. PHB contents 
of R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp and R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_ 
T30D_T94D _T109D_T373D_eyfp on NB-medium with 0.2 % gluconate (data were obtained from biological 
triplicates). Bars represent mean values; error bars show standard deviations. 

As in vitro addition of PhaM could rescue the extended lag phase and the inhibited specific 

activity of PhaC1 it was hypothesised that PhaM influences the activity of PhaC1 in vivo.  To 

examine if PhaM has an influence on the mutated PhaC1, plasmids with a triple mutated 

version of PhaC1 (T94D, T109D and T373D) and wild type PhaC1 were introduced into 

R. eutropha ∆phaC1 as a control and into a ∆phaC1 ∆phaM deletion strain. No difference in 

growth was observed between these strains (suppl. Fig. 11 A). In the absence of PhaM, no 

significant difference in PHB accumulation between a strain harbouring the wild type phaC1 

and the strain harbouring a phaC1 T94D, T109D, T373D was observed. In presence of PhaM, 

PHB accumulation of the phaC1 T94D, T109D, T373D harbouring strain was slightly but not 

significantly lower than for cells with wild type phaC1 (suppl. Fig. 11 B) showing that the 

presence of PhaM had no influence on PHB synthesis by phosphomimetic mutated PhaC1. 
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3.7.3.4 Effects of combined PhaC1 T30, T94, T109 and T373 mutation on the localisation of 

PhaC1 in vivo 

Combined phosphomimetic mutagenesis of phaC1 affected the PHB content of R. eutropha in 

vivo. It was therefore hypothesised that combined phosphorylation of PhaC1 could influence 

the binding of PhaC1 to PHB granules. When PHB synthase is active, it colocalises with PHB 

granules because the residue C319 of PhaC1 is linked to the PHB polymer (Jia et al., 2001). 

To test whether multiple phosphorylation of PhaC1 has an effect on the binding of PhaC1 to 

PHB and thereby on the colocalisation of PhaC1-eYFP with PHB granules microscopy 

experiments were conducted. Therefore R. eutropha ∆phaC1 pBBR1MCS2_ 

pphaC_phaC1_eyfp, R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30D_T94D_T109D_ 

T373D _eyfp and R. eutropha ∆phaC1 pBBR1MCS2_pphaC _phaC1_T30N_T94N_T109N_ 

T373N _eyfp were first inoculated to a NB-pre-culture and grown for 24 h, next inoculated to 

a second pre-culture 1 in10 and grown for further 24 h and finally inoculated to a main culture 

of NB-medium supplemented with 0.2 % gluconate. Samples were taken after 0, 4, 8, 12, 16, 

20, 24, 28, 32, 36 and 48 h of growth for fluorescence microscopical analysis. The 

localisation of PhaC1-eYFP was studied using unstained cells in the eYFP channel. PHB 

granules were visualised by Nile red staining separatly. During PHB synthesis (after 4 h of 

growth), PhaC1WT-eYFP, PhaC1T30D,T94D,T109D,T373D-eYFP and PhaC1T30N,T94N,T109N,T373N-eYFP 

colocalised with PHB granules (Fig. 65). During PHB degradation (after 36 h of growth) 

PhaC1WT-eYFP, PhaC1T30D,T94D,T109D,T373D-eYFP and PhaC1T30N,T94N,T109N,T373N-eYFP were 

soluble in the cytoplasm of the cells which had already consumed previously accumulated 

PHB (Fig. 66). PhaC1 was only soluble in absence of PHB for all muteins. Thus the 

combined mutation of PhaC1 phosphorylation sites did not influence its localisation and 

binding to PHB granules. 

This chapter showed that the PHB synthesising enzyme PhaC1 of R. eutropha can be 

phosphorylated at several different residues in the stationary growth phase on NB-gluconate 

medium, thus during PHB degradation. The most significant identified phosphorylated 

residue was the residue T373. This residue was detected in all independent experiments and 

mutagenesis of this residue had substantial effects on the lag phase of the activity of PhaC1 

and its specific acitivity in vitro.  In vivo, simple mutagenesis of T373 did not lead to 

significant changes in PHB accumulation but combining phosphomimetic mutagenesis of 

phaC1 T373D with phosphomimetic mutagenesis of further identified phosphorylated 

residues (T30, T94 and T109) led to deleration of PHB accumulation in vivo. Therefore the 
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questions if these phosphorylations occurred specifically in R. eutropha and which kinase was 

responsible for these phosphorylations were raised.  

 

Figure 65: Micrographs of R. eutropha strains with fourfold mutated phaC1 (4 h). R. eutropha ∆phaC1 
pBBR1MCS2_pphaC_phaC1_eyfp, R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30D_T94D_T109D_ 
T373D_eyfp and R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30N_T94N_T109N_T373N_eyfp were 
grown for 4 h on NB-medium with 0.2 % gluconate. PHB was stained with Nile red (Merge 1: merged channels 
of bright field and Nile red), PhaC1 was fused to eYFP (Merge 2: merged channels of bright field and eYFP). 
Scale bar: 2 µm 

 

Figure 66: Micrographs of R. eutropha strains with fourfold mutated phaC1 (36 h). R. eutropha ∆phaC1 
pBBR1MCS2_pphaC_phaC1_eyfp, R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30D_T94D_T109D_ 
T373D_eyfp and R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T30N_T94N_T109N_T373N_eyfp were 
grown for 4 h on NB-medium with 0.2 % gluconate. PHB was stained with Nile red (Merge 1: merged channels 
of bright field and Nile red), PhaC1 was fused to eYFP (Merge 2: merged channels of bright field and eYFP). 
Scale bar: 2 µm  
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3.8 The influence of PhaM on the phosphorylation of PhaC1 

This work and previous studies had shown that the presence of PhaM activates and enhances 

the PHB synthesising activity of PhaC1 (Pfeiffer and Jendrossek, 2014). Furthermore it was 

shown that PhaM had NTPase or phosphotransferase activity (so far unpublished data by 

Stephanie Schulze). A potential influence of the presence of PhaM on the phosphorylation 

state of PhaC1 was therefore examined. For this purpose, pull-down experiments of PhaC1 

from R. eutropha were performed. The experiment was performed with R. eutropha cells in 

which the endogenous phaC1 gene was replaced by the same gene but carried by the 

pBBR1MCS2 plasmid and fused to eyfp. It was conducted on the one hand with an 

R. eutropha strain still expressing its endogenous phaM and on the other hand with a phaM 

deletion strain. Each strain was grown on NB-gluconate medium and samples were taken 

during PHB degradation (24 h and 28 h after inoculation of the culture, as biological 

duplicates). The proteome analysis was performed in collaboration with Prof. Pfannstiel from 

the University of Hohenheim. 

Table 14: Summary of all PhaC1 phosphorylation sites found in presence and absence of PhaM in pull-
down experiments of in vivo samples 

Sample Phosphorylated residues 
R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eYFP 24 h  
 

T94 ,T373 

R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eYFP 28 h  T41, T94, T163, S174, S178, T191, 
T198, T373 
 

R. eutropha ∆phaC1∆phaM  pBBR1MCS2_pphaC_phaC1_eYFP 24 h  
 

T94 ,T373 

R. eutropha ∆phaC1∆phaM  pBBR1MCS2_pphaC_phaC1_eYFP 28 h T11, S16, T30, T94, T109, S149, S156, 
T163, S174, S196, T373 

This experiment was planned and performed in collaboration with Stephanie Schulze.  

In the presence of PhaM in R. eutropha in vivo, PhaC1 was phosphorylated at the residues 

T94 and T373 in both biological replicates and also at 6 further residues listed in Tab. 14 in 

the second replicate harvested 4 h later during cell growth. In absence of PhaM in R. eutropha 

in vivo, PhaC1 was also phosphorylated at the same two residues in both replicates and 9 

further residues in one of the two replicates. The normalised total spectra of phosphorylated 

peptides did not significantly differ in presence or absence of PhaM (data not shown). It could 

therefore be concluded that not all phosphorylated residues were always identified by 

proteome analysis. Some phosphorylations get lost due to the preparation of the samples and 

by the MS method. Furthermore PhaM was not involved in the phosphorylation of PhaC1. 

Nevertheless, remarkably the most important phosphorylated residue (T373) was again 
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reproducibly phosphorylated in all samples of the stationary growth phase on NB-gluconate 

medium.  

To ensure that the phosphorylations of these residues were not an artefact randomly 

happening in all organisms and that PhaM is not able to phosphorylate PhaC1, PhaC1 from 

R. eutropha with an N-terminal His6-tag was expressed in E. coli BL21 using the vector 

pET28a_phaC1 and purified using a Ni-NTA column. To test if PhaC1 was already 

phosphorylated when purified from E. coli, 15 µM His6- PhaC1 alone was incubated at 30°C 

for 1 h. To test if PhaC1 can phosphorylate itself, 15 µM His6-PhaC1 was incubated at 30°C 

for 1 h with 0.3 mM ATP. ATP was added to the reaction to provide the necessary phosphate 

for phosphorylation. To test if PhaM can phosphorylate PhaC1, 15 µM His6-PhaC1 was 

incubated with 15 µM His6-PhaM (purified by Stephanie Schulze) and 0.3 mM ATP at 30 °C 

for 1 h. The in vitro experiment was performed together with Stephanie Schulze. The 

proteome analysis was performed in collaboration with Prof. Pfannstiel from the University of 

Hohenheim (Tab. 15). 

Table 15: Summary of all PhaC1 phosphorylation sites found in presence and absence of PhaM for PhaC1 
purified from E. coli BL21 

Sample Phosphorylated residues 
15 µM His6-PhaC1 T41, S149 

15 µM His6-PhaC1 + 0.3 mM ATP S149, S156 

15 µM His6-PhaC1 + 15 µM His6-PhaM + 0.3 mM ATP S149, S196 

This experiment was planned and performed in collaboration with Stephanie Schulze.  
 

Remarkably, when purified from E. coli, PhaC1 was always phosphorylated at the residue 

S149 and at the residue T41 in absence of ATP and PhaM, at the residue S156 in presence of 

ATP and absence of PhaM and at the residue S196 in presence of PhaM and ATP (Tab. 15). 

From this it could be concluded that PhaC1 was phosphorylated randomly on a few residues 

also when expressed in E. coli but most phosphorylated residues identified on PhaC1 pulled-

down from R. eutropha such as for example T373, T30, T94 or T109 were specific to 

R. eutropha and did not occur randomly. These data also showed that PhaM was not able to 

phosphorylate PhaC1 at the residues identified in this work.  

A further regulator of the PHB accumulation in R. eutropha was the stringent response 

(Juengert et al., 2017). It was investigated if the intracellular (p)ppGpp levels can have an 

influence on the phosphorylation state of PhaC1.  
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3.9 Influence of the (p)ppGpp levels on the phosphorylation of PhaC1 

High levels of (p)ppGpp have been shown to correlate with an increase in accumulated PHB 

while absence of (p)ppGpp correlated with a lower PHB content in R. eutropha (Juengert et 

al., 2017). To test if the intracellular (p)ppGpp levels have a direct influence on the 

phosphorylation state of PhaC1, pull-down experiments of PhaC1-eYFP from R. eutropha 

were performed. As previously, the experiment was performed with R. eutropha cells in 

which the endogenous phaC1 gene was substituted by the same gene fused to eyfp and 

harboured by the pBBR1MCS2 plasmid. It was performed with cells grown in the presence of 

norvaline to induce accumulation of (p)ppGpp and with the R. eutropha ∆spoT1∆ spoT2 

deletion strain lacking both (p)ppGpp synthases and therefore depleted of (p)ppGpp. Each 

strain was grown on NB-gluconate medium and samples were taken during PHB degradation 

(24 h and 28 h after inoculation of the culture as biological duplicates). The proteome analysis 

was performed in collaboration with Prof. Pfannstiel from the University of Hohenheim 

(Tab. 16). 

Table 16: Summary of all PhaC1 phosphorylation sites found in presence and absence of (p)ppGpp in 
pull-down experiments of in vivo samples 

Sample Phosphorylated residues 
R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eYFP + norvaline 24 h  T11, T94, T163, T373, S467 

R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eYFP + norvaline 28 h T373 

R. eutropha ∆spoT1∆ spoT2  pBBR1MCS2_pphaC_phaC1_eYFP 24 h T11, T30, T94, T163, T373, S467 

R. eutropha ∆spoT1∆ spoT2  pBBR1MCS2_pphaC_phaC1_eYFP 28 h T94, T163, T191, T373 

In the presence of high (p)ppGpp levels PhaC1 was phosphorylated at the residue T373 in 

both biological replicates. Furthermore it was phosphorylated at the residues T11, T94, T163 

and S467 in one of the two replicates. In absence of (p)ppGpp PhaC1 was also 

phosphorylated at the residue T373 in both replicates, at the residues T94 and T163 in both 

replicates and additionally at the residues T11, T30 and S467 when the cells were harvested 

after 24 h of growth or at the  residue T191 when the cells were harvested after 28 h of growth 

(Tab. 16). It could thus be concluded that the intracellular (p)ppGpp levels did not directly 

affect the phosphorylation state of PhaC1. As (p)ppGpp levels and PhaM did not affect the 

phosphorylation state of PhaC1, proteome data were screened for potential kinases 

responsible for the phosphorylation of PhaC1 and PhaZa1.  
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3.10 The serine kinase H16_B0700 

In previous experiments, several phosphorylations were detected on the PHB synthase PhaC1 

and on the PHB depolymerase PhaZa1. Therefore the proteins bound to PhaC1 and PhaZa1 in 

the pull-down experiments were screened for kinases that could potentially be responsible for 

this modification. A serine kinase with the gene number H16_B0700 was detected in the 

PhaC1 and in the PhaZa1 pull-down samples but also attached to SpoT1 and to SpoT2 in the 

stationary growth phase with around 30 to 40 normalised total spectra. Few peptides of the 

kinase B0700 were also detected bound to PhaZa1 and to SpoT2 in the exponential growth 

phase (Fig. 67).  

 

Figure 67: Relative amount of B0700 peptides identified in pull-down experiments. R. eutropha cells were 
grown on NB-medium with 0.2 % gluconate. R. eutropha ∆phaC1 pBBR1MCS_pphaC_phaC1_eyfp was 
harvested after 6 h (PhaC1-eYFP 6 h), R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1_gfp was harvested after 6 h 
(PhaZa1-GFP 6 h), R. eutropha SpoT1-eYFP (genomic integration) was harvested after 6 h (SpoT1-eYFP 6 h), 
R. eutropha SpoT2-eYFP (genomic integration) was harvested after 6 h (SpoT2-eYFP 6 h), R. eutropha ∆phaC1 
pBBR1MCS2_ pphaC_phaC1_eyfp was harvested after 24 h (PhaC1-eYFP 24 h), R. eutropha ∆phaZa1 
pBBR1MCS2_phaZa1_gfp was harvested after 24 h (PhaZa1-GFP 24 h), R. eutropha SpoT1-eYFP (genomic 
integration) was harvested after 24 h (SpoT1-eYFP 24 h), R. eutropha SpoT2-eYFP (genomic integration) was 
harvested after 24 h (SpoT2-eYFP 24 h). Pull-down of each protein was performed with magnetic beads and 
peptides were analysed by MS/MS. Normalised spectrum counts of the serine kinase B0700 showing a protein's 
relative abundance across different biosamples are shown. 
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Phosphorylations of PhaC1 were detected only in the stationary growth phase and the serine 

kinase B0700 was bound to PhaC1, PhaZa1, SpoT1 and SpoT2 only in the stationary growth 

phase. It was therefore hypothesised that this serine kinase could influence the PHB content 

by interaction with PhaC1, PhaZa1, SpoT1 or SpoT2.  

3.10.1 Knock-out of the serine kinase H16_B0700 

Proceeding from the fact that the serine kinase H16_B0700 was bound to PhaC1, PhaZa1, 

SpoT1 and SpoT2 in the stationary growth phase, a ∆H16_B0700 knock-out strain was 

generated to study the effect on cell growth and PHB accumulation. R. eutropha wild type and  

R. eutropha ∆H16_B0700 strains were first inoculated to a first NB-pre-culture and grown for 

24 h, next inoculated to a second pre-culture 1 in10 and grown for further 24 h and finally 

inoculated 1:20 to a main culture of NB-medium supplemented with 0.2 % gluconate. Parts of 

each culture were harvested at the indicated time points to quantify the PHB content per cell 

dry weight of the cells by gas chromatography and to measure the OD600 (Fig. 68).  

 

Figure 68: Growth and PHB accumulation of R. eutropha wild type and ∆H16_B0700 (A) Growth and (B) 
PHB content of R. eutropha WT and R. eutropha ∆H16_B0700 grown on NB-medium with 0.2 % gluconate. The 
data points or bars represent means; error bars show standard deviations. 

No significant difference in cell growth (Fig. 68 A) and PHB synthesis (Fig. 68 B) between 

R. eutropha wild type and R. eutropha ∆H16_B0700 was observed. The PHB content of the 

H16_B0700 deletion mutant was lower than the PHB content of the wild type during 

degradation but the differences were not statistically significant. As polyP is an important 

phosphate storage for R. eutropha, it was verified that knock-out of H16_B0700 did not affect 

the polyP content in R. eutropha. Samples of the NB-gluconate cultures were harvested at the 

indicated time points and stained with Nile red to visualise PHB and with DAPI to allow 

detection of polyP. During the first 10 h of growth both strains produced PHB and polyP, 
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became empty of polyP after 12 h and accumulated polyP again while degrading PHB from 

24 to 48 h (Fig. 69).  

 

Figure 69: Micrographs of R. eutropha WT and ∆H16_B0700 grown on NB-medium with 0.2 %-gluconate.  
PHB was stained with Nile red and polyP was stained with DAPI. Merge shows merged bright field, Nile red 
and DAPI channels. Scale bar = 1 µm 

Therefore it could be concluded that although the serine kinase with the gene number 

H16_B0700 was reproducibly detected in PhaC1-eYFP and PhaZa1-eYFP pull-down 

experiments it did not appear to play a significant role for PHB or polyP metabolism in 

R. eutropha. It was unlikely to be the kinase responsible for the phosphorylation of PhaC1 and 

PhaZa1.  
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These experiments showed that PhaC1 was reproducibly and specifically phosphorylated at 

identified residues. Moreover the acitivtiy of PhaC1 was inhibited by phosphomimetic 

mutations in vitro and in vivo. Neither the intracellular (p)ppGpp levels nor PhaM or the 

serine kinase B0700 were directly involved in the specific phosphorylation of PhaC1. PhaC1 

is not the only adjusting screw of the PHB accumulation of R. eutropha. The second most 

important enzyme of the PHB metabolism is the PHB depolymerase PhaZa1. The PHB 

depolymerase PhaZa1 is responsible for degradation of PHB in R. eutropha. Phosphorylations 

at the residues T26, T28 and S35 of the PHB depolymerase PhaZa1 were detected in pull-

down experiments in this work (3.6). These phosphorylations were further examined by 

mutagenesis of the codons of these residues. 

3.11 Regulation of PHB depolymerase PhaZa1 activity by phosphorylation 

3.11.1 Effects of PhaZa1 S35 mutation on PHB degradation in vivo 

The residue serine 35 of PhaZa1 was phosphorylated reproducibly in PhaZa1-eYFP pull-

down experiments (3.6.1). The in vivo impact of the phosphorylation of this residue was 

investigated by exchanging the endogenous phaZa1 by a mutated plasmid-born version of 

phaZa1 (cloned into the pBBR1MCS2 plasmid). Therefore the serine 35 codon was 

mutagenised to the non-phosphorylatable alanine and to aspartate mimicking a 

phosphorylation by site-directed mutagenesis. The mutated phaZa1 genes were completely 

sequenced to confirm the presence of the mutation of interest. A further mutation (P150A) 

was identified in the gene sequence of phaZa1. The plasmid with this mutation was stored in 

the strain collection of our lab several years ago and all previous studies with the 

pBBR1MCS2_phaZa1_gfp plasmid were performed with the PhaZa1 P150A mutant. This 

mutation never had effects on the activity of PhaZa1. The plasmids carrying the phaZa1 genes 

mutated at the codon of the S35 residue were transformed to E. coli S17-1. The plasmids were 

introduced into R. eutropha ∆phaZa1 by rapid conjugation generating the following strains: 

• R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1(P150A)_gfp 

• R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1(P150A)_S35A_gfp  

• R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1(P150A)_S35D_gfp   

The PHB content at different time points of growth was recorded using cultures inoculated 

from two subsequent seed cultures on NB-medium as described in 2.3.2. Parts of each culture 

were harvested at the indicated time points to quantify the PHB content per cell dry weight by 

gas chromatography (Fig. 70). Remarkably, the strains complemented with wild type 
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PhaZa1WT or with PhaZa1S35A had below 10 % of PHB after 24 h of growth while the strain 

complemented with PhaZa1S35D had around 30 % of PHB even after 48 h of growth (Fig. 70).  

It could be concluded that mutation of the serine 35 residue of PhaZa1 to aspartate led to an 

inhibition of PHB degradation by PhaZa1. This hinted that phosphorylation of serine 35 could 

have an inhibiting effect on PhaZa1. Because a further mutation (P150A) in addition to the 

S35 mutation had been identified in the gene sequence of PhaZa1 it was decided to construct 

new plasmids with a well-studied promoter and without the non-derived mutation in the P150 

codon. 

 

Figure 70: PHB content of R. eutropha ∆phaZa1 complemented with phaZa1 S35 mutants. R. eutropha 
∆phaZa1 pBBR1MCS2_phaZa1(P150A)_gfp, R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1(P150A)_S35A_gfp 
and R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1(P150A)_S35D_gfp were grown on NB-medium with 0.2 % 
gluconate. Data were obtained from biological triplicates. Bars represent means; error bars show standard 
deviations. 

3.11.2 Effects of PhaZa1 T26, T28 and S35 mutation on PHB content in vivo 

After the identification of the P150A mutation in the previously used 

pBBR1MCS2_phaZa1(P150A)_gfp plasmid, PhaZa1-eYFP pull-down experiments were 

repeated. Serine 35 was reproducibly phosphorylated but it was not the only phosphorylated 

residue detected in PhaZa1 pull-down experiments (3.6.1). Phosphorylations were also 

detected at the residues T26 and T28. phaZa1 was cloned into the pBBR1MCS2 plasmid 

under control of a phaC1-promoter by Gibson cloning in a first step. In a second step, T26, 

T28 and S35 were mutated by site directed mutagenesis using the new constructed plasmid 
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pBBR1MCS2_pphaC_phaZa1_eyfp as a template. Aspartate was selected to mimic a 

phosphorylation because it is the smallest negatively charged amino acid and asparagine was 

selected as non-phosphorylatable amino acid because of its similarity to aspartate.This would 

ensure that if differences are detected with the aspartate mutation but not the asparagine 

mutation, this difference would be due to the negative charge but not to the shape of the 

replaced amino acid.  

Analogously to section 3.7.3.1 the following strains were generated: 

- R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_WT_eyfp 

- R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_T26D_eyfp 

- R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_ T26N_eyfp 

- R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_ T28D_eyfp 

- R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_ T28N_eyfp 

- R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_ S35D_eyfp 

- R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_ S35N_eyfp 

All these strains were grown on NB-medium supplemented with 0.2 % gluconate and 

analysed by microscopy staining the cells with Nile red to visualise PHB and without dye to 

visualise the localisation of PhaC1 by its eYFP-tag. Samples were taken after 0, 4, 8, 12, 24, 

36 and 48 h of growth but none showed a significant difference in PHB granule formation and 

colocalisation of PhaZa1-eYFP with PHB granules compared to the wild type (images not 

shown). To detect differences in the PHB content not visible by microscopy, the PHB content 

of the strains described above was quantified by gas chromatography. Therefore the cells 

were first inoculated to two consecutive pre-cultures both grown for 24 h and then grown on 

NB-medium supplemented with 0.2 % gluconate. The experiment was performed with 

biological duplicates, that is to say two cultures inoculated from independent colonies in 

parallel for each strain (Fig. 71). Technical duplicates of each biological duplicate were 

prepared and analysed. 
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Figure 71: Growth and PHB accumulation of R. eutropha strains complemented with mutated versions of 
PhaZa1 in presence of 0.2 % gluconate. (A) Growth and (B) PHB contents of R. eutropha WT,  R. eutropha 
∆phaZa1, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_eyfp, R. eutropha ∆phaZa1 
pBBR1MCS2_pphaC_phaZa1_T26D_eyfp, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_T26N_eyfp, 
R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_T28D_eyfp, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_ 
phaZa1_T28N_eyfp, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_S35D_eyfp and R. eutropha ∆phaZa1 
pBBR1MCS2_pphaC_phaZa1_S35N_eyfp on NB-medium with 0.2 % gluconate (2 biological and 2 technical 
replicates).  The data points or bars represent means; error bars show standard deviations. 

The PHB content of the cells reached only ≈ 20 %, thus it was difficult to observe significant 

differences in the PHB degradation. Compared to the strains complemented with phaZa1 

under control of a weaker promoter (Fig. 70), the cells degraded PHB much faster and 

generally accumulated less PHB (Fig. 71).  In absence of PhaZa1, the cells did not degrade 

PHB in the stationary growth phase. The strains complemented with PhaZa1T26D and 

PhaZa1S35D encoding genes degraded PHB slightly more slowly than strains with PhaZa1WT. 

PhaZa1T26N appeared to degrade PHB a bit more rapidly than the PhaZa1WT (Fig. 71). 
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Nevertheless, the maximal PHB accumulation was too low to identify if these differences 

were significant. The experiment was repeated using 0.5 % gluconate instead of 0.2 % 

gluconate to increase the PHB content (Fig. 72). 

 

Figure 72: Growth and PHB accumulation of R. eutropha strains complemented with mutated versions of 
PhaZa1 in presence of 0.5 % gluconate. (A) Growth and (B) PHB contents of R. eutropha WT,  R. eutropha 
∆phaZa1, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_eyfp, R. eutropha ∆phaZa1 
pBBR1MCS2_pphaC_phaZa1_T26D_eyfp, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_T26N_eyfp, 
R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_T28D_eyfp, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_ 
phaZa1_T28N_eyfp, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_S35D_eyfp and R. eutropha ∆phaZa1 
pBBR1MCS2_pphaC_phaZa1_S35N_eyfp on NB-medium with 0.5 % gluconate (2 biological and 2 technical 
replicates).  The data points or bars represent means; error bars show standard deviations 

Adding 0.5 % gluconate to the culture lead to a much longer PHB accumulation phase and to 

generally higher PHB contents. The cells were able to accumulate up to 40 % of PHB and the 

degradation started more than 24 h after the inoculation of the culture. The effects observed in 

Fig. 71 could be confirmed also in presence of 0.5 % gluconate. The strains complemented 
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with PhaZa1T26D and PhaZa1S35D mobilised PHB slightly more slowly than the PhaZa1WT 

while PhaZa1T26N appeared to degrade PHB a bit more rapidly than PhaZa1WT (Fig. 72). 

The same strains were grown on NB-medium supplemented with 0.5 % gluconate and studied 

by microscopy staining the cells with Nile red to visualise PHB and without dye to visualise 

the localisation of PhaZa1 by its eYFP-fusion. Samples were taken after 24, 36 and 48 h of 

growth but none showed a significant difference in PHB granule formation or colocalisation 

of PhaZa1-eYFP with PHB granules compared to the wild type (fluorescence micrographs of 

the 36 h samples are shown in suppl. Fig. 13). PhaZa1-eYFP mostly colocalised with PHB 

granules.   

From this it could be concluded that not only the PHB synthase PhaC1 was influenced by 

phospho-mimetic mutation of previously identified phosphorylated residues but also the PHB 

depolymerase PhaZa1 appeared to depend on its phosphorylated residues, especially T26 and 

S35. 
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4 Discussion 

Ralstonia eutropha H16 is a model organism for the accumulation of two different 

biopolymers: poly-3-hydroxybutyrate (Schlegel et al., 1961) and polyphosphate (Beeby et al., 

2012; Reinecke and Steinbüchel, 2008; Tumlirsch et al., 2015). Previous studies described a 

link betweeen accumulation of PHB and polyP during the enhanced biological phosphate 

removal process. In a first part of this study, it was investigated whether R. eutropha could be 

a model organism for EBPR. Alarmones were previously shown to be involved in the EBPR 

process and were described to influence as well the PHB as the polyP metabolism. Therefore 

the second part of this project focussed on effects of the stringent response on the PHB 

metabolism. It could be shown that the levels of alarmones were related to the levels of PHB 

in R. eutropha however the enzymes synthesising and degrading PHB are constitutively 

expressed. Consequently, a possibility of regulation of the enzymes involved in PHB 

production was addressed by the examination of post-translational modifications.  

4.1 R. eutropha is not an optimal model organism for the EBPR process  

Although R. eutropha has several common traits with c. A. phosphatis, in this study it was 

shown that R. eutropha could not easily be used as a model organism for the EBPR process. 

Before performing EBPR cycles, R. eutropha was neither able to take up carbon sources nor 

to grow under anaerobic conditions. However it is able to survive under oxygen-limited 

conditions and to express enzymes such as alcohol dehydrogenase (ADH) and lactate 

dehydrogenase  (LDH) and to secrete fermentation products (Schlegel et al., 1961; 

Steinbüchel and Schlegel, 1984; Steinbüchel et al., 1987; Vollbrecht et al., 1979). This means 

R. eutropha can adapt to oxygen-limited conditions and activate necessary metabolic 

pathways. c. A. phosphatis has never been isolated before having adapted to EBPR conditions, 

therefore it was assumed that c. A. phosphatis evolves to an EBPR organism only when 

subjected to alternating aerobic/anaerobic cycles. A similar adjustment was presumed to be 

possible for R. eutropha. It was hypothesised that the presence of the phaX-pitA operon and 

the ability to produce PHB and polyP would allow R. eutropha to adapt rapidly to EBPR 

conditions. Indeed, after some anaerobic/aerobic cycles the PHB content of the cells was 

higher at the end of anaerobic phases than after aerobic phases. In line, after some aerobic 

phases, polyP granules were observed. However, these results fluctuated and were not 

reproducible during every cycle. The first, and essential, step for the EBPR process is the 

uptake of a carbon source under anaerobic conditions (Comeau et al., 1986; Gonzalez-Gil and 
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Holliger, 2011; Jenkins and Tandoi, 1991; Mino et al., 1987). Studies by Comeau and 

Wentzel suggested that in the anaerobic phase stored polyP was hydrolysed to provide ATP 

and that up-taken acetate was activated to acetyl-coA. In presence of reducing equivalents, 

acetyl-coA can partially be converted to PHB. The reducing power could come from NADH 

produced by oxidation of acetate through the citric acid cycle operating anaerobically 

(Comeau et al., 1986; Wentzel et al., 1986). Mino et al. described a different model where the 

main source of reducing power is NADH obtained from the degradation of stored glycogen by 

the Emden-Meyerhoff-Parnas pathway (Jenkins and Tandoi, 1991; Mino et al., 1987). While 

cultivating R. eutropha under anaerobic conditions, the acetate concentration of the medium 

never decreased hinting that R. eutropha was not even able to take up acetate under anaerobic 

conditions. Without acetate uptake, no substrate was available for the intracellular production 

of PHB.  

One prerequisite for a successful EBPR process during sewage sludge treatment is the 

absence of nitrate in the anaerobic phase to avoid providing a selective advantage to 

denitrifying bacteria which could outcompete phosphate accumulating organisms (PAO) for 

the metabolisable substrates (Barker and Dold, 1996; Jørgensen and Pauli, 1995; Kuba et al., 

1993, 1996; Seviour et al., 2003). However it had been shown that in absence of any 

exogenous carbon source in the anaerobic phase, EBPR may be possible in the presence of 

nitrate presumably by organisms using PHA as carbon and energy source to accumulate 

phosphate and produce polyP. The process is similar to the process performed by PAO but 

using nitrate instead of oxygen as terminal electron acceptor (Mino et al., 1998; Seviour et al., 

2003). Thus a second group of PAO called denitrifying PAO was defined (Mino et al., 1995).  

It was therefore tested if R. eutropha is able to take up and use acetate in presence of nitrate 

but not even the presence of nitrate allowed the cells to metabolise acetate in absence of 

oxygen. Although R. eutropha is strictly dependent on the presence of oxygen for growth, the 

ADH and LDH can be derepressed under conditions of reduced oxygen availability (Schlegel 

et al., 1961; Steinbüchel and Schlegel, 1984; Steinbüchel et al., 1987; Vollbrecht et al., 1979). 

The promoter of adh had been shown to be specifically derepressed when oxygen was 

limiting. It had been shown that the presence of a G in the adh-promoter instead of an 

invariant T (present in this region in constitutive promoters) is important for repression of the 

gene under aerobic conditions, therefore potentially also for the de-repression under oxygen-

limited conditions (Jendrossek et al., 1990). The last approach to allow R. eutropha to take up 

acetate anaerobically was to clone the adh-promoter active under oxygen-limited conditions 

upstream of all acetate transporters of R. eutropha. This could result in a higher expression of 
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acetate transporters under oxygen-limited conditions, thereby improving acetate uptake when 

oxygen is limiting. Nevertheless, none of the strains became able to take up acetate under 

anaerobic conditions. It could therefore be concluded that an EBPR process without fed-batch 

fermenter using R. eutropha in pure culture was not a convenient solution to study the 

molecular mechanisms of the EBPR process. The project was further investigated in 

cooperation with the group of Prof. Reis in Lisbon. R. eutropha was cultivated under EBPR 

conditions using a fed-batch fermenter by a master student of the group of Prof. Reis but also 

without success. Over several months R. eutropha did not adapt to the EBPR conditions and 

acetate could not be consumed under anaerobic conditions.  

c. A. phosphatis may be the most widespread strain in many EBPR systems but could never 

be cultivated in pure culture. When pure cultures were obtained from EBPR systems, the cells 

were always able to either synthesise polyP or PHB under aerobic conditions but could never 

perform the EBPR process and accumulate PHB anaerobically alone (Tandoi et al., 1998). 

Probably one single organism in pure culture is not sufficient to perform the EBPR process. A 

symbiosis between different strains could be necessary for a well operating EBPR system. 

Thus under the conditions of this study, R. eutropha could not be used as a model organism 

for the EBPR process. Nevertheless a common regulator of PHB synthesis and polyP 

synthesis could be the alarmones (p)ppGpp. 

4.2 Absence of (p)ppGpp leads to increased mobilisation of PHB 

R. eutropha intermediately accumulated PHB when grown on a complex medium such as 

nutrient broth in the exponential phase and later degraded PHB in the stationary phase. In 

contrast, when grown on MSM-fructose in presence of an excess of a suitable carbon source, 

such as fructose or gluconate, R. eutropha did not mobilise PHB. Only after replacement of the 

medium by a medium without a carbon source but with a surplus of a nitrogen source PHB was 

degraded (Handrick et al., 2000; Schlegel et al., 1961; Sznajder and Jendrossek, 2014). 

However, even under these degradation conditions only a fraction of the previously 

accumulated PHB was degraded indicating a different regulation of PHB synthesis and PHB 

reutilisation between NB- and MSM-fructose-grown cells.  

An important difference between complex medium (NB) and mineral medium (MSM) is the 

presence of all 20 amino acids in NB-medium against the complete absence of amino acids in 

MSM. Shortage of amino acids e.g. by nutrient downshift experiments was proved to induce 

(p)ppGpp-mediated stringent response in different bacterial species and is well-described for 
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E. coli (Calderón-Flores et al., 2005; Irr, 1972; Justesen et al., 1986; Kuroda et al., 1997, 2001; 

Laffler and Gallant, 1974). In order to understand, if there are parallels between the 

intracellular (p)ppGpp concentration and the accumulation of PHB depending on the medium, a 

method to extract and quantify (p)ppGpp from R. eutropha was successfully established despite 

difficulties due to the generally low levels of (p)ppGpp.  

ATP is a molecular currency of intracellular energy. It is converted to ADP and AMP in 

metabolic processes to provide energy. Although previous studies reported a relatively constant 

energy charge in viable E. coli cells (Chapman et al., 1971), cell growth rate could be shown to 

be proportional to the intracellular ATP concentration (Bagnara and Finch, 1974). 

Discrepancies in this theory exist between groups stating that growth rate is related to ATP 

concentration (Gaal et al., 1997) and groups describing a growth independent of ATP (Petersen 

and Møller, 2000). The different results obtained by different groups could be explained by 

differences in the ATP extraction method (Schneider and Gourse, 2004). In the current work, it 

was shown that the intracellular ATP pool of. R. eutropha increased on fresh medium during the 

exponential growth phase but then decreased again in the stationary growth phase, most 

probably, when some of the nutrients were consumed. PHB degradation appeared to be 

independent of the intracellular ATP concentration, as on MSM the cells continued producing 

PHB while the ATP concentration decreased (Fig. 12, Fig. 13).  

Before investigating the relationship between alarmones and PHB accumulation in R. eutropha, 

it was tested if R. eutropha reacts to nutrient shortage by the production of alarmones as 

previously described for other procaryotes such as E. coli (Cashel, 1969; Stent and Brenner, 

1961) or H. pylori (Wells and Gaynor, 2006). In line with previous studies, this work showed 

that R. eutropha reacted very sensitively to amino acid starvation by the production of both 

ppGpp and pppGpp. The effect could be boosted by combining amino acid starvation with 

nitrogen source starvation. When growing on MSM, the cells were already adapted to the 

absence of amino acids and no increase in alarmone levels could be observed when depleting 

the carbon or the nitrogen source. Cells exposed to amino acid stress had a slightly higher PHB 

content than the control cells. This result could be explained by a reduced growth rate due to 

the stress conditions but an uninterrupted accumulation of PHB.  

The availability of all 20 amino acids from NB-medium was assumed to engender a shutdown 

of the expression of all amino acid biosynthetic pathways.  Consequently (p)ppGpp levels and 

stringent response were expected to be low during exponential growth of R. eutropha on NB-

medium but were supposed to increase as soon as the first amino acids of nutrient broth were 
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depleted. These assumptions could be confirmed by determination of (p)ppGpp levels during 

growth on NB-gluconate. (p)ppGpp was close to the detection limit during exponential growth 

(4 h) on NB-gluconate medium but the levels increased in the transition phase from exponential 

growth to the stationary phase and continued increasing in late stationary growth phase. 

Accordingly the consumption of amino acids of the growth medium was reflected by the 

alarmone levels. In contrast, when growing on MSM the cells already had an active 

biosynthetic pathway for amino acids and did not need an increase in alarmone levels in the 

stationary growth phase. The (p)ppGpp concentration on MSM was low during exponential 

phase but considerably higher than on NB-medium and augmented only marginally in the 

stationary growth phase when nitrogen became growth limiting. It could be concluded that the 

intracellular levels of amino acids of MSM grown cells were sufficiently high to allow protein 

biosynthesis but lower than in an exponentially grown NB culture (Juengert et al., 2017). 

The idea that stringent response could be crucial for the PHB accumulation in R. eutropha was 

born from a publication claiming that a R. eutropha ∆spoT2 deletion strain (Re2411) had a 

PHB-negative phenotype (Brigham et al., 2012). No information on the (p)ppGpp content of 

Re2411 is available. Here a new spoT2 deletion strain was constructed to gain a better 

understanding of the previously described phenotype. Unexpectedly, the new (“own”) ∆spoT2 

knock-out strain accumulated PHB very similarly to the wild type. Therefore the genotype of 

the Re2411 strain was reviewed and proved to be a phaC1 deletion instead of a spoT2 knock-

out strain (Brigham et al., 2017; Juengert et al., 2017). Nevertheless further experiments 

showed that PHB accumulation and degradation were strongly influenced by the intracellular 

(p)ppGpp concentration. Stringent response was simulated by treatment of the cells with amino 

acid analogues (norvaline (Brigham et al., 2012) and serine hydroxamate (Tosa and Pizer, 

1971)). Amino acid analogues function as competitive inhibitors during translation and thereby 

allow simulating amino acid starvation. This work showed that induction of stringent response 

on NB-medium by amino acid analogues led to an increase in ppGpp levels correlating with an 

increase in accumulated PHB. Furthermore it could be shown that SpoT2 resembled RelA and 

was responsible for the stringent response during amino acid starvation. Contrary to the wild 

type, the ppGpp levels of a spoT2 deletion strain did not increase after norvaline treatment. 

In line with previous studies describing lethal consequences of a simple spoT1 knock-out for 

E. coli and Salmonella typhimurium (Tedin and Norel, 2001; Xiao et al., 1991), a spoT1 knock-

out strain could not be generated when SpoT2 was present in R. eutropha but a spoT1 deletion 

was possible in a ∆spoT2 background. Therefore a simulated spoT1 deletion strain was 
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generated by conjugating a plasmid-born spoT2 under control of an arabinose inducible 

promoter to a ∆spoT1 ∆spoT2 knock-out strain.  The simulated spoT1 knock-out in presence of 

spoT2 led to a dramatically increased lag phase of the cells but no lethal effects could be 

observed. SpoT1 appeared to produce (p)ppGpp mainly as the response to stringent conditions. 

SpoT2 appeared to produce (p)ppGpp also without the induction of stringent conditions 

because SpoT2 expressing cells could not grow in NB-medium in absence of SpoT1 due to 

high (p)ppGpp levels. Thus SpoT1 must be necessary to regulate the intracellular (p)ppGpp 

concentration while SpoT2 is constitutively active.  

Combined knock-out of spoT1 and spoT2 resulted in a complete depletion of (p)ppGpp 

production. Not even at the end of the stationary phase on NB-gluconate medium alarmones 

could be detected. This highlighted that SpoT1 and SpoT2 were the only enzymes synthesising 

(p)ppGpp in R. eutropha. Cell growth experiments and microscopical visualisation showed that 

the ∆spoT1 ∆spoT2 cells were much longer than wild type cells probably because of 

impairment of cell division. Similar morphological effects had been previously described for 

E. coli (Xiao et al., 1991).  Remarkably, despite slower growth on NB-medium the ∆spoT1 

∆spoT2 deletion strain caught up with wild type cells after 24 h when all nutrients were 

consumed. The wild type mobilised its accumulated PHB in the stationary phase and contained 

below 10 % of its cell dry weight of PHB after 48 h. In contrast the (p)ppGpp depleted mutant 

accumulated only half as much PHB as the wild type and degradation was significantly more 

rapid. Notably, comparable results were obtained when the PHB content of the ∆spoT1 ∆spoT2 

double mutant grown on MSM-fructose was quantified. PHB levels close to the detection limit 

(≤ 5 % of cdw) were accumulated during growth. The content only slightly augmented in the 

stationary phase to levels around 10 % while the wild type accumulated up to 70 % of its cell 

dry weight of PHB. Although the difference in PHB content compared to wild type was 

immense, the PHB content in the double mutant increased in the stationary phase on MSM-

fructose while it decreased in the stationary phase in NB-gluconate medium (Juengert et al., 

2017). 

The simulated ∆spoT1 mutant, in which spoT2 transcription was activated by presence of 

arabinose, accumulated extremely high amounts of ppGpp and of PHB during growth on NB-

gluconate medium. Only a marginal decrease of the PHB content from ≈ 55 % to 50 % of the 

cell dry weight was observed in the stationary growth phase. One possible explanation is that 

the high PHB levels are an indirect effect of the lowered growth caused by the high alarmone 

levels affecting also many other cellular processes (Dalebroux and Swanson, 2012). The 



 Discussion  
 

147 
 

unlimited availability of carbon source coupled to a diminution of carbon-consuming reactions 

could direct the excess carbon source into PHB synthesis. However an increased accumulation 

of PHB due to an inefficient consumption of carbon for anabolic processes at high alarmone 

concentrations appears improbable as the PHB content did not increase at the end of the 

stationary growth phase. A further explanation would be that the high levels of PHB are 

engendered by a (p)ppGpp-mediated down-regulation of the PHB degradation activity. The 

activity of PHB depolymerases was assumed to be almost switched off in the presence of 

unusually high amounts of ppGpp in the exponential growth phase. Accurate determination of 

PHB depolymerase activity in cell extracts is difficult because many isoenzymes of PHB 

depolymerase can be present and because PHB depolymerase can be lost during the preparation 

from cell extracts. The activity of PHB depolymerase may also depend on the granule surface 

and composition (Gebauer and Jendrossek, 2006; Jendrossek, 2007).  

To summarise, permanently high concentration of alarmones inhibited the PHB degradation 

while the opposite phenotype was observed in the absence of (p)ppGpp. Moreover the low 

PHB content of (p)ppGpp depleted cells was degraded very rapidly in the stationary phase 

confirming a highly active PHB degradation system. As described in previous studies, PHB 

depolymerase PhaZa1 was here demonstrated to be the most important PHB depolymerase 

(Handrick et al., 2000; Juengert et al., 2017; Sznajder and Jendrossek, 2014). The balance 

between PHB synthesis and PHB degradation was different in the absence of ppGpp on MSM 

compared to NB-medium.  

An interaction of SpoT1 with the PHB metabolism of R. eutropha had previously been 

described by Karstens and co-workers. It was shown that SpoT1 but not SpoT2 interacted 

with non-phosphorylated EIIANtr the final enzyme of the nitrogen related PTS system 

(Karstens et al., 2014) hinting at the existence of a potential phosphorylation cascade from the 

carbon or nitrogen source uptake system to SpoT1. SpoT1 in turn could regulate the activity 

of the PHB depolymerase PhaZa1. A similar relation between the PTSNtr system and alarmone 

synthesis was also described for C. crescentus (Ronneau et al., 2016). As the PHB 

accumulation is known to be elevated under nitrogen limitation or imbalanced conditions an 

influence of the nitrogen-related PTS system on PHB accumulation is likely to be widespread 

among PHB accumulating procaryotes.  A regulatory role of the PTSNtr system on the PHB 

metabolism had been previously described.  Tn5-induced ptsH/ptsI mutants exhibited a PHB-

leaky phenotype with a lower PHB content of cells grown on gluconate (Pries et al., 1991). 

Mutants defective in the putative ptsMHI operon also accumulated less PHB than the wild 
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type in a different study (Kaddor and Steinbüchel, 2011b; Kaddor et al., 2012). It was shown, 

that a combined knock-out of ptsMHI and the gene encoding EIIANtr (H16_A0384) could 

rescue the decreased PHB content of R. eutropha cells (Kaddor and Steinbüchel, 2011b). The 

∆H16_A0384 mutant even accumulated more PHB than the wild type (Kaddor and 

Steinbüchel, 2011a), supporting the hypothesis that unphosphorylated EIIANtr could 

negatively regulate the PHB content by interaction with SpoT1. 

In line, further studies described a regulatory mechanism from the PTSNtr system to the PHB 

metabolism in Azotobacter vinelandii. Mutation of ptsP led to a failure in PHB production  

(Segura and Espín, 1998). The presence of unphosphorylated EIIANtr was proved to negatively 

regulate the PHB content (Noguez et al., 2008). The presence of unphosphorylated EIIANtr 

also reduced the stability of the stationary phase sigma factor RpoS by degradation via the 

proteolytic ClpAP complex. RpoS in turn was necessary for the transcriptional activation of 

genes related to PHB synthesis. Additionally, in conditions where EIIANtr was 

umphosphorylated, the expression of the phbBAC was reduced at a post-transcriptional level 

(Muriel-Millán et al., 2017). Thus a very complex regulatory mechanism from the carbon and 

nitrogen uptake system involving several different pathways is probable. 

4.3 The interaction partners of SpoT1 and SpoT2  

Although an influence of the stringent response on the PHB metabolism of R. eutropha could 

be proved, it is still unknown if the interaction between alarmones and PHB synthesising and 

degrading enzymes is indirect or direct. The first approach to find out if SpoT1 or SpoT2 are 

directly linked to PHB was to study the subcellular localisation of plasmid-born SpoT1-eYFP 

and SpoT2-eYFP fusion proteins. Surprisingly SpoT1-eYFP but not SpoT2-eYFP fusions 

formed granules at the cell poles of R. eutropha. As PHB is present in form of granules, it was 

tested if SpoT1-eYFP also forms foci in a ∆phaC1 mutant depleted of PHB and in a mutant 

lacking all seven polyP kinases depleted of polyP granules. SpoT1-eYFP formed foci also in 

absence of PHB and polyP. Therefore it could not be concluded, that SpoT1-eYFP was bound 

to PHB or polyP granules. To investigate whether the formation of foci was influenced by the 

copy number of the plasmid and the constitutive phaC-promoter in front of spoT1 and spoT2 

on the plasmid, eyfp was integrated to the chromosome as a fusion to spoT1 and to spoT2. 

Both chromosomal SpoT1-eYFP or SpoT2-eYFP fusion proteins were localised in the 

cytosol. Therefore the formation of SpoT1-eYFP foci was an artefact caused by the 

overexpression of SpoT1. Consequently, it should be considered for future experiments that 
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chromosomal integrations of fluorescent fusion proteins bring more informative value than 

fusion proteins expressed from plasmids.   

To identify a potential signalling cascade from SpoT1 and SpoT2 to the PHB polymerase 

PhaC1 and the PHB depolymerase PhaZa1, a pull-down of SpoT1 and SpoT2 was performed 

and proteins bound to SpoT1 or to SpoT2 were screened by MS/MS. PhaZa1 and PhaC1 were 

detected as interaction partners of SpoT1 and SpoT2 in all samples of the genome-anchored 

SpoT1-eYFP and SpoT2-eYFP fusions. No PhaC1 and PhaZa1 peptides were detected in the 

plasmid-anchored SpoT2-eYFP pull-down samples. Very few PhaZa1 peptides and few 

PhaC1 peptides were attached to plasmid-anchored SpoT1-eYFP in the exponential phase and 

in the stationary phase respectively. Bacterial two-hybrid experiments were performed to 

verify these interactions. Neither PhaC1 nor PhaZa1 could be proved to interact with SpoT1 

and SpoT2 by the two-hybrid experiments. It could be argued that BACTH experiments differ 

from the in vivo conditions because the experiments were performed in E. coli and not in 

R. eutropha, thereby being subjected to a different physiological setting. The pull-down 

experiments of genome anchored SpoT1-eYFP and SpoT2-eYFP fusion proteins were run on 

the MS/MS in the same period as samples of a PhaC1-eYFP and of a PhaZa1-eYFP pull-

down. Therefore it is most likely that the detection of PhaC1 and PhaZa1 peptides identified 

in SpoT1-eYFP and SpoT2-eYFP pull-down samples was caused by the high sensitivity of the 

method.  For example, A0104 peptides were detected in a ∆H16_A0104 knock-out mutant in 

a previous pull-down experiment by Dr. Tony Tumlirsch indicating that peptides from 

samples previously run on the MS/MS could be detected in the following samples. Therefore 

no convincing evidence for a direct interaction between SpoT1 or SpoT2 and PhaC1 or 

PhaZa1 could be obtained. This result is more in line with the hypothesis of an indirect 

regulation via the PTSNtr system (Karstens et al., 2014). 

As previous studies and the STRING network of SpoT1 and SpoT2 described a link between 

stringent response and polyP production (Kuroda et al., 1997; Snel et al., 2000; Szklarczyk et 

al., 2015), the identified peptides of SpoT1 and SpoT2 pull-down experiments were browsed 

for polyP kinases and for the exopolyphosphatase. Indeed, peptides of several polyP kinases 

were detected with a plasmid born SpoT2-eYFP in the stationary growth phase. To verify 

these results, a bacterial two-hybrid experiment was performed to test the interaction between 

SpoT1 and SpoT2 and different polyP kinases. Only a weak interaction between SpoT1 and 

the polyP kinase PPK1B (H16_B1019) was detected which could not be observed in pull-

down experiments. As previously described for the interactions with PhaC1 and PhaZa1, 
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polyP kinase pull-down experiments were performed in the same period. The detected polyP 

kinase peptides could be a contamination from samples run on the MS/MS before. Therefore 

this study did not confirm an interaction between the players of stringent response and polyP 

producing enzymes. From this it should be learned for future experiments, that the MS/MS 

identification of proteins is a very sensitive method and that peptides identified could always 

be carryover from previous samples. Therefore the order of the samples run on the MS/MS 

should always be considered and chosen accurately. If possible, samples from different 

species should be run between the samples of a same experiment and from a same bacterial 

species. 

Nevertheless it is known that PHB synthase and PHB depolymerase(s) are constitutively 

expressed in R. eutropha (Brigham et al., 2012; Lawrence et al., 2005; Peplinski et al., 2010; 

Pötter and Steinbüchel, 2006b) and the simple presence of alarmones may not be sufficient for 

the regulation of the PHB metabolism. It was therefore assumed that a combination of an 

allosteric regulation and a covalent modification of the involved enzymes exist. The assumption 

of a covalent modification such as phosphorylation would be in line with previous data 

(Karstens et al., 2014). 

4.4 PHB polymerase PhaC1 and PHB depolymerase PhaZa1 are phosphorylated in 

vivo 

The constitutive expression of PHB synthase PhaC1 and PHB depolymerase PhaZa1 raises the 

question how the synthesis and mobilisation of PHB are regulated to avoid how a futile cycle of 

simultaneous synthesis and degradation. As shown in this work, PHA synthesis and 

degradation are controlled by signaling molecules (Juengert et al., 2017). An additional 

possibility would be a regulation of the PHB synthase and PHB depolymerase by post-

translational modifications.  

To investigate if PhaC1 and PhaZa1 are post-translationally modified, pull-down experiments 

of PhaC1 and PhaZa1 were performed and the peptides were examined for post-translational 

modifications. For the first time it was shown that the PHB synthase and the PHB 

depolymerase were phosphorylated and several phosphorylation sites were detected on both 

proteins. Previous studies and this work showed that R. eutropha did not degrade PHB when 

grown on MSM with 2 % fructose and degraded PHB only in the stationary growth phase 

when grown on NB-medium (Brigham et al., 2012; Juengert et al., 2017).  Indeed, no 

phosphorylated peptides could be identified in samples harvested in the exponential growth 
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phase on NB-gluconate medium or from cultures grown on MSM with 2 % fructose. Thus, 

phosphorylated PhaC1 peptides were only detected during PHB mobilisation.  Phosphorylated 

PhaZa1 residues could also be identified, but in contrast to PhaC1, PhaZa1 was 

phosphorylated at all time points of cell growth and also on different media.  

Recently the crystal structure of PhaC1 from R. eutropha was resolved by two different 

groups. Both groups were able to identify only the structure of the catalytic domain of PhaC1 

(residues 201-589). A symmetrical dimeric architecture and an α/β hydrolase fold presenting a 

central mixed β-sheet bordered by α-helices on both sides were described. Sequence similarity 

and threading models suggested reminiscence to lipases (Jia et al., 2000; Wittenborn et al., 

2016).  The 8 amino acids around the residue threonine 373 could not be resolved by the first 

group (Wittenborn et al., 2016) and were depicted as a D-loop by a second group (Kim et al., 

2017a) hinting that this region of PhaC1 could be very flexible (Fig. 73).  

 

Figure 73: Crystal structures of the C-terminal domains of PhaC1. (A) by (Wittenborn et al., 2016) and (B) 
by (Kim et al., 2017a). The cysteine 319 is shown as magenta spheres. Threonine 373 is missing in structure A 
and shown as red spheres in structure B.  

The PHB content of R. eutropha does not only depend on the synthesis of PHB but also on its 

degradation. PHB can be degraded in vivo by the PHB depolymerase PhaZa1. R. eutropha has 

seven genes encoding intracellular PHB depolymerases and two 3HB-oligomer hydrolases all 

predicted to be involved in the hydrolysis of PHB but only PhaZa1 had been proven to have a 

physiological function as PHB depolymerase so far (Handrick et al., 2000; Saegusa et al., 2001; 

Sznajder and Jendrossek, 2014; Uchino et al., 2008; York et al., 2003). PhaZa1 harbours a 

lipase box with a cysteine in the active site performing thiolysis of PHB to 3-hydroxybutyryl-
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coenzyme A (Eggers and Steinbüchel, 2013; Saegusa et al., 2001; Uchino and Saito, 2006; 

Uchino et al., 2007). Furthermore it was previously shown that PhaZa1 tagged with GFP 

colocalises with PHB granules in vivo (Uchino et al., 2008). No crystal structure of PhaZa1 is 

available so far.  

As the T373 residue was the only phosphorylated residue in the catalytic part of PhaC1, PHB 

synthase muteins with different mutations in the T373 residue were purified for in vitro 

activity experiments.  It was shown that single mutation of the T373 residue of PhaC1 could 

inhibit PhaC1 activity in vitro but the activity could be rescued to a large extent by the 

presence of the activator PhaM. The inhibitory effects of the T373 mutations could be reduced 

when increasing the concentration of PhaC1 muteins in vitro. In contrast, purified muteins of 

the T30 residue of PhaC1 did not show an inhibited activity compared to the wild type 

highlighting the importance of the T373 residue. In vivo, the inhibitory effect of the T373D 

mutation was not evident even in absence of PhaM. Either yet undiscovered further regulators 

of the PhaC1 activity could rescue the activity of PhaC1 T373D in vivo or the concentration 

of PhaC1 in vivo was much higher than in vitro thereby overcoming the inhibiting effect of 

the T373D mutation. A lag phase before synthesis of PHB is a phenomenon which has been 

previously described for R. eutropha PHB synthase (Gerngross and Martin, 1995; Pfeiffer and 

Jendrossek, 2014; Wodzinska et al., 1996; Yuan et al., 2001). Phosphomimetic mutation of 

PhaC1 at the residue T373 led to an extended lag phase in vitro which could not be observed 

in vivo. Inhibitory effects causing only one minute extension of the lag phase could be 

detected in vitro while cells needed to be centrifuged for 20 min for in vivo quantification of 

PHB. Therefore the in vivo experiments may not be sensitive enough to detect these 

differences in activity. Thus it could be shown that although the residue T373 was not 

essential for activity, it played a role for PhaC1 activity (Juengert et al., 2018b). The crystal 

structure of the C-terminal part of PhaC1 was successfully resolved by Wittenborn et. al. but 

the region from residue 369-377 was disordered. Very flexible protein regions are often 

disordered during protein crystallisation (Dunker et al., 2001; Gurevich et al., 2018) but 

intrinsically disordered segments often harbour regions mediating molecular recognition 

(Wong et al., 2013). Such a flexible region could be involved in substrate recognition and 

stabilisation. The authors of the first crystallisation study of PhaC1 proposed a model in 

which the interaction between two PhaC1 monomers was stabilised by electrostatic 

interactions between the residue Arg398 and the CoA phosphate of the substrate. This would 

lead to a conformational change in the region of the dimer interface (Wittenborn et al., 2016). 

A phosphorylation of T373 could induce a conformational change in this region and thereby 
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affect the interaction of R398 with the substrate. A second hypothesis arisen from the crystal 

structure of Wittenborn et. al 2016 described a putative product egress channel in the C-

terminal part of PhaC1 formed of a hydrophobic core. However this channel would be too 

narrow to accommodate PHB. A further possible option would be that a conformational 

change induced by a change in the phosphorylation state of T373 could participate in 

rearrangements necessary for an expansion of the channel allowing the passage of a PHB 

polymer (Juengert et al., 2018b).  

Independantly from the Stubbe group, the structure of the C-terminal domain of PhaC1 was 

solved by a Korean group (Kim et al., 2017a). Kim and co-workers claimed that PhaC1 

undergoes proteolytic cleavage at residue R192 during crystallisation. In accordance with the 

outcomes from Witternborn et. al. only the C-terminal part of PhaC1 could be crystallised. In 

the second study, the region around T373 could be resolved and was shown as a D-loop 

consisting of hydrophobic residues with T373 in the center hypothesised to mediate 

hydrophobic interactions between two monomers (Kim et al., 2017a). The phosphorylation of 

the residue T373 in the middle of the D-loop could eliminate these hydrophobic interactions. A 

further possibility would be that the negative charge of the phosphorylation could repel two 

PhaC1 monomers or the coenzyme A of 3-hydroxyburyl-coA to down-regulate PHB synthesis 

(Juengert et al., 2018b).  

PhaC1 is composed of an N-terminal domain with unknown function (residues 1-200) and a C-

terminal catalytic domain (residues 201-589) (Gerngross et al., 1994; Shiming Zhang et al., 

2000; Wittenborn et al., 2016; Wodzinska et al., 1996). All phosphorylated residues detected in 

this work except T373 were located in the N-terminal domain of PhaC1 (S10, T11, S16, T30, 

T94, T109, S149, S178, T191, S196 and T198). As explained for the residue T373 the lack of 

electron density during crystallisation without improvement after repeated trials in two 

independent studies could be a consequence of high flexibility of the N-terminal part of PhaC1 

due to several small conformational changes induced by phosphorylation (Juengert et al., 

2018b).  

Crystallisation of the PHB synthase from Chromobacterium sp. USM2 (Chek et al., 2017) 

confirmed the findings described for the structures of the R. eutropha PhaC1 (Kim et al., 

2017a; Wittenborn et al., 2016). It was observed that full-length PhaC possessed a protease-

sensitive region between the N-terminal and the C-terminal domain. The N-terminal domain 

was assumed to be flexible because it could not be crystallised. Analogously to the 

R. eutropha PhaC1, only the structure of the catalytic domain (residues 175-567) of the 
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Chromobacterium PhaC could be determined. The sequences of the C-terminal part of the 

R. eutropha PhaC1 and the Chromobacterium sp. USM2 PhaC share an amino acid sequence 

identity of only 35 % which is low for orthologous proteins.  Remarkably, the tertiary 

structures of the crystallised parts of both PhaCs aligned well. A local RMSD (root mean 

square deviation) of 0.89 for residues 202-355 (R. eutropha) and residues 174-327 

(Chromobacterium) was determined using PyMol and SuperPose (Maiti et al., 2004). A 

global RMSD of 4.72 was observed where residues 203-368, 378-379, 380-404, 418-497 and 

498-589 (R. eutropha) aligned with residues 175-340, 341-342, 347-371, 385-464 and 467-

558 (Chromobacterium) respectively (Fig. 74 A). Both proteins contained a disordered region 

of 8 – 12 amino acids (Fig. 74 B + C). The R. eutropha PhaC1 had a phosphorylated 

threonine residue in the middle of the disordered region (T373) while the Chromobacterium 

sp. contained a tyrosine residue in the middle of the disordered region. Tyrosine could 

potentially be phosphorylated reinforcing the hypothesis of a structural change induced by 

phosphorylation. However when aligning the structures of the R. eutropha PhaC1 and the 

Chromobacterium sp. USM2 PhaC, the disordered regions were localised at distant parts of 

the tertiary structure (Fig. 74 A). Thus a different conformational change of both proteins 

could be expected, conserving the necessity of a conformational change within PhaC 

orthologues.  

Although the C-terminal part of PhaC1 is the catalytic part of the enzyme, neither the C-

terminal part alone nor the N-terminal part on its own could produce PHB (Kim et al., 2017b; 

Ye et al., 2008; Zheng et al., 2006). The full length PHB synthase is necessary for the 

polymerisation of 3-hydroxybutyryl-coA to PHB. Kim et al., 2017b described the C-terminal 

domains of PhaC1 at the center of the dimer while the N-terminal domains were opposed to the 

dimerisation domain. The phosphorylation sites in the N-terminal part should not be neglected. 

Kim et. al 2017 described an essential role of the N-terminal domain for the localisation and 

binding of PhaC1 to PHB granules and for the interaction with the activator PhaM.  

Accordingly, this work demonstrated that only a combination of mutations of phosphorylation 

sites could cause reduction of PhaC1 activity in vivo. A combined phosphorylation of different 

residues in the N-terminal part of PhaC1 could have a down-regulating effect on the activity of 

the PHB synthase by weakening the binding to PHB granules. This could be caused repulsions 

engendered from the negative charge of the phosphorylations.  
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Figure 74: Comparison of the C-terminal domains of PhaC from R. eutropha and from Chromobacterium 
sp. USM2. (A) Alignment of the crystal structures of PhaC from R. eutropha (5t6o, (Wittenborn et al., 2016) 
shown in green) and from Chromobacterium sp. USM2 (5xav, (Chek et al., 2017) shown in turquoise) 
represented as cartoon using PyMol. Both proteins contain a disordered region. The amino acids flanking the 
disordered regions are represented as spheres. Nitrogen is in dark blue and oxygen is in red. (B) Sequence chain 
view of the C-terminal domain of PhaC1 from R. eutropha. (C)  Sequence chain view of the C-terminal domain 
of PhaC from Chromobacterium sp. USM2  

Not only the PHB synthase was shown to be phosphorylated but also the PHB depolymerase, 

which was phosphorylated as well during PHB synthesis as during the PHB degradation phase. 

As the activity of PHB depolymerase PhaZa1 cannot be assayed precisely in vitro because the 

enzyme requires a PHB granule in its native form for activity, the activity of PhaZa1 was 

studied in vivo. Isolated native PHB granules are not optimal to study the activity of PhaZa1 as 
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the granules are covered by other PHB depolymerase isoenzymes when isolated from 

R. eutropha or lack the appropriate number of phasins and PHB associated proteins when 

isolated from E. coli harbouring the PHB biosynthetic genes phaCAB (Sznajder and 

Jendrossek, 2014; Sznajder et al., 2015b). The degrading activity of PhaZa1 could be down-

regulated in vivo by mutagenesis of the phosphorylation sites. No crystal structure of PhaZa1 

which would allow understanding the regions of the protein comprising the phosphorylated 

residues is available so far. A catalytic triad between the residues C183, D355 and H388 had 

previously been described (Kobayashi and Saito, 2003). The phosphorylation sites identified in 

this work (T26, T28 and S35) are in close proximity to each other but distant from the potential 

catalytic triad in the protein sequence. To understand how the activity of PhaZa1 is influenced 

by these phosphorylations further studies and a crystal structure of PhaZa1 are required 

(Juengert et al., 2018b).  

To summarise, these results are in accordance with the assumption of a combination of 

signaling molecules (Juengert et al., 2017) and covalent modification of the enzymes 

responsible for PHB synthesis and degradation (Juengert et al., 2018b). The presence of 

phosphorylations is also in line with the results of Karstens and co-workers who described that 

SpoT1 interacted with the non-phosphorylated EIIANtr (Karstens et al., 2014). A 

phorphorylation cascade from the carbon and nitrogen uptake systems to SpoT1 could exist 

regulating the activity of PhaZa1 and PhaC1 by phosphorylation.  

The presence of these phosphorylations on PhaC1 and PhaZa1 raises the question which kinase 

is responsible for the phosphorylation of PhaC1 and PhaZa1. The only kinase reproducibly 

detected in PhaC1 pull-down experiments during PHB degradation and in PhaZa1 pull-down 

experiments at all time points was the serine kinase PrkA (gene number H16_B0700). 

Therefore a H16_B0700 knock-out strain was created. This strain produced PHB and degraded 

PHB as the wild type. In two-hybrid experiments the serine kinase interacted neither with 

PhaC1 nor with PhaZa1 showing that kinase B0700 was unlikely the kinase responsible for the 

phosphorylation of PhaC1 and PhaZa1. It has been shown that PhaM, the activator of PhaC1, 

had a NTPase or a phosphotransferase activity (so far unpublished data by Stephanie Schulze). 

An influence of the presence of PhaM on the phosphorylation state of PhaC1 was therefore 

tested by proteome experiments in presence and in absence of PhaM (in vitro and in vivo). It 

could be shown that the phosphorylations at the identified amino acid positions occur 

specifically in R. eutropha but independently of PhaM.  
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4.5 Conclusion and Outlook 

In a first subproject of this work it was shown that R. eutropha is not an optimal model 

organism to simulate the EBPR process because of its inability to take up and to metabolise 

carbon sources anaerobically. In a second subproject it could be shown that the accumulation 

and especially the mobilisation of PHB are regulated by stringent response. In line with this 

result, in a third subproject it was shown that the key enzymes of PHB synthesis and PHB 

mobilisation are reproducibly phosphorylated at the identified residues. Mutagenesis of these 

residues hinted that the phosphorylation sites are involved in the activity of these enzymes.  

Cloning a version of phaC1 harbouring the combined mutations T30D, T94D, T109D and 

T373D into pET28 and, as a control, phaC1 harbouring the combined mutations T30N, T94N, 

T109N and T373N would allow to purify these muteins. Thereby the influence of a combined 

phospho-mimetic effect on PhaC1 activity could be examined in vitro. This experiment would 

be of interest because in vitro effects were stronger than in vivo effects in this work and could 

improve the understanding of what happens at a molecular level. To understand if the residues 

T26, T28 and S35 need to be phosphorylated simultaneously to have a stronger effect on the 

PhaZa1 activity a plasmid harbouring phaZa1 with combined T26D, T28D, S35D mutations 

and, as a control, with combined T26N, T28N, S35N mutations could be generated and 

introduced to R. eutropha depleted of endogenous PhaZa1. PHB could be quantified in the 

PHB degradation phase to find potential differences in the PHB degradation rate. 

Phosphorylations of the amino acids of PhaC1 and PhaZa1 have been identified but it remains 

still not understood, which enzyme is responsible for these phosphorylations. The genome of 

R. eutropha contains ten serine/threonine kinases. A qPCR at different time points of cell 

growth (during PHB degradation and synthesis) could be performed to study if the expression 

levels of one of the kinases differs comparing PHB degradation and PHB synthesis. Pull-down 

experiments of PhaC1-eYFP and PhaZa1-eYFP in different kinase deletion strains could be 

performed to study in absence of which kinase which phosphorylations are detected.  

Further studies are necessary to understand if these phosphorylations are part of a signalling 

cascade. To gain a better understanding of the interaction of the PTSNtr system with the PHB 

metabolism, a bacterial two-hybrid experiment using PhaC1 or PhaZa1 and EIIANtr as bait and 

prey could be performed. This would demonstrate the presence or absence of a direct 

interaction between EIIANtr and PhaC1 or PhaZa1. It is also possible that the phosphorylations 

of PhaC1 and PhaZa1 are intermediate stages of a phospho-relay in a signal transduction 
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cascade (Hoch, 2000). Further potential proteins involved in a potential signalling cascade 

could be identified by performing a pull-down of different phosphomimetic and non-

phosphorylatable versions of PhaC1 and PhaZa1 and comparing which interaction partners 

differ between phosphomimetic and non-phosphorylatable muteins. 

In one pull-down experiment SpoT2 was phosphorylated at its residue tyrosine 308 

(suppl. Fig. 12). Mutagenesis of this residue could be performed to study if this residue has a 

regulatory role. A further open question is whether ppGpp and pppGpp have the same effect on 

the cells or whether these two different alarmones could influence the cells in different manner. 

It is unknown whether SpoT1 and SpoT2 both produce both alarmones. In this work, pppGpp 

was only detected under stringent conditions. Two explanations therefore are plausible. Either 

ppGpp is never directly synthesised, meaning pppGpp is always synthesised first and directly 

hydrolysed to ppGpp. Therefore pppGpp could only be detected when the cells were harvested 

during massive alarmone synthesis induced by strong stress conditions. Or SpoT2, which 

appeared to be responsible for alarmone synthesis during stringent conditions, could be the only 

of the two enzymes producing pppGpp. Purfiying SpoT1 and SpoT2 would allow synthesising 

alarmones in vitro and analysing by HPLC-MS if these enzymes produce ppGpp or pppGpp. It 

also remains unclear why during natural (p)ppGpp accumulation (stationary phase on NB-

medim) PHB was degraded while after induction of stringent response or during activation of 

SpoT2 in absence of SpoT1 accumulation of (p)ppGpp led to an increase in the PHB content. A 

model summarising findings of previous studies and of this work is shown in Fig. 75. The 

group of Prof. Jessen is currently optimising the chemical synthesis of ppGpp and pppGpp in a 

membrane-permeable form. Addition of the two alarmones to the cells could allow studying the 

influence of both different alarmones on the PHB content of R. eutropha. According to this 

work, the time point during cell growth when (p)ppGpp levels were increased was decisive if 

PHB was accumulated or degraded. Probably an increase of (p)ppGpp combined with a further 

simultaneous event is necessary to induce PHB accumulation.  
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Figure 75: Model of a potential signalling cascade from the PTSNtr  system to PHB synthesis and 
degradation via alarmones. During the exponential growth phase, EIIANtr was phosphorylated and did not 
interact with SpoT1. Intracellular (p)ppGpp levels were low and PHB was synthesised by PhaC1. During the 
stationary growth phase, EIIANtr was unphosphorylated, interacted with SpoT1 while SpoT2 produced (p)ppGpp 
and PhaZa1 degraded PHB. After induction of stringent response SpoT1 produced unnaturally high levels of 
(p)ppGpp and depolymerisation via PhaZa1 was inhibited. Dotted lines show indirect links (adapted from 
Karstens et al., 2014; Muriel-Millán et al., 2017)  
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Supplementary figure 1: Standard curve for ATP quantification. ATP was diluted in water to a 500 µM 
concentration and serial dilutions (1:2) were prepared. ATP was detected by HPLC-MS. Extracted ion 
chromatograms of the ATP standard curves are shown. R corresponds to the retention time; all diluted samples 
are shifted by 100 on the x-axes and by 10.000 on the y-axes. The areas under curve were used to generate a 
standard curve for quantification of ATP from biological samples. A baseline of 100 was used for calculation. 

 

Supplementary figure 2: Nutrient downshift experiment. R. eutropha WT cells were grown for 4 h on NB-
medium with 0.2 % gluconate or on MSM with 0.2 % gluconate and 0.1 % NH4Cl. After 4 h the cells grown in 
NB-medium were centrifuged and resuspended NB-medium with 0.2 % gluconate (NB control), in MSM with 
0.2 % gluconate and 0.1 % NH4Cl (Amino acid stress), in MSM with 0.2 % gluconate and without NH4Cl 
(Amino acid and nitrogen stress). After 4 h of growth the cells grown on MSM were centrifuged and 
resuspended in MSM with 0.2 % gluconate and 0.1 % NH4Cl (MSM control), in MSM without gluconate and 
with 0.1 % NH4Cl (Carbon stress), in MSM with 0.2 % gluconate and without NH4Cl (Nitrogen stress) or in 
MSM without gluconate and without NH4Cl (Carbon and nitrogen stress). After 1 h in the fresh medium the 
cultures were harvested.  (A) PHB content per cell dry weigth and (B) OD600 at harvest time point are shown. All 
experiments were performed as biological triplicates. Bars represent mean values; error bars show standard 
deviations. 
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Supplementary figure 3: Micrographs of the cells harvested for the nutrient downshift experiment. 
R. eutropha cells were grown for 4 h on NB-medium with 0.2 % gluconate or on MSM with 0.2 % gluconate and 
0.1 % NH4Cl. After 4 h the cells grown on NB-medium were centrifuged and resuspended NB-medium with 
0.2 % gluconate (1), in MSM with 0.2 % gluconate and 0.1 % NH4Cl (2), in MSM with 0.2 % gluconate and 
without NH4Cl (3). After 4 h of growth the cells grown on MSM-gluconate were centrifuged and resuspended in 
MSM with 0.2 % gluconate and 0.1 % NH4Cl (4), in MSM without gluconate and with 0.1 % NH4Cl (5), in 
MSM with 0. 2% gluconate and without NH4Cl (6) or in MSM without gluconate and without NH4Cl (7). After 
1 h in the fresh medium cells were harvested. PHB was stained with Nile red. Merge 1 is a merge of the Nile red 
channel and the bright field. PolyP was stained with DAPI. Merge 2 is a merge of DAPI and bright field. The 
scale bar has a size of 2 µm.  
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Supplementary figure 4: Size determination of PCR-amplified spoT1 and spoT2 loci of a R. eutropha 
deletion mutant by agarose gel electrophoresis. Standard PCR (30 cycles) with primers specific for the up- 
and downstream regions of the spoT1 and spoT2 genes of R. eutropha was performed. The theoretical (expected) 
values for wild type and for the spoT1 or spoT2 gene deletion mutants are indicated below the gel image. The 
R. eutropha WT strain has a wild-type spoT1 locus (≈3.5 kbp band) and a wild-type spoT2 locus (≈3.2 kbp 
band). The PCR products of the R. eutropha ∆spoT1 ∆ spoT2 strain have a reduced size of ≈ 1.2 kbp for the 
spoT1 locus and ≈ 1kbp for the spoT2 locus. These data are in agreement with the deletion of the spoT1 and 
spoT2 gene. The PCR products were DNA-sequenced and confirmed the presence of wild type spoT1 and spoT2 
loci in the wild type and a precise deletion of spoT1 and spoT2 in the ∆spoT1 ∆spoT2 mutant. 

 

Supplementary figure 5: Silver stained SDS-PAGE of purified His 6-PhaC1WT (left) and His6-PhaC1T373D 
(right). His6-PhaC1WT and His6-PhaC1T373D were purified by His-tag nickel-NTA purification as described in the 
materials and methods section. 1 µL of cell lysate was loaded in the second lane (C) and 3 µL of different elution 
fractions (with different imidazole concentrations as annotated, 50.2 refers to second elution with 50 mM 
imidazole) were loaded on the gel. These proteins were used for the experiments shown in Fig. 52, Fig. 53, Fig. 
54 and Fig. 57.   
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Supplementary figure 6: Silver stained SDS-PAGE of the different elutions of His6-PhaC1* mutein 
purification. His6-PhaC1WT (A), His6-PhaC1T373A (B), His6-PhaC1T373D (C), His6-PhaC1T373E (D) and His6-
PhaC1T373N (E) were purified by His-tag nickel-NTA purification as described in the materials and methods 
section. 1 µL of the first flow through was loaded in the second lane (FT) and 3 µL of different elution fractions 
(with different imidazole concentrations as annotated; 50.2 refers to second elution with 50 mM imidazole) were 
loaded on the gel. These proteins were used for the experiments shown in Fig. 56. 

 

Supplementary figure 7: Silver stained SDS-PAGE of purified His6-PhaC1* muteins. His6-PhaC1WT (A), His6-
PhaC1T373A (B), His6-PhaC1T373D (C), His6-PhaC1T373E (D) and His6-PhaC1T373N (E) were purified by His-tag 
nickel-NTA purification as described in the materials and methods section, fractions were pooled, buffer was 
changed and the proteins were concentrated. 3 µL of each mutein as finally used for assays were loaded on the 
gel. These proteins were used for the experiments shown in Fig. 56. 
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Supplementary figure 8: Growth of R. eutropha strains (A) Growth of R. eutropha ∆phaC1 
pBBR1MCS2_pphaC_phaC1_eyfp, R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T373D_eyfp, R. eutropha 
∆phaC1 pBBR1MCS2_pphaC_phaC1_ T373N_eyfp on NB-medium with 0.2 % gluconate. (B) Growth of 
R. eutropha ∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1_eyfp, R. eutropha ∆phaC1 ∆phaM 
pBBR1MCS2_pphaC_ phaC1_T373D_eyfp, R. eutropha ∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1_ 
T373N_eyfp on NB-medium with 0.2 % gluconate. 

 

Supplementary figure 9: Spectrum of a PhaC1 peptide containing a phosphorylated T373 residue. PhaC1-
eYFP was purified from R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp (grown for 24 h on NB-medium 
with 0.2 % gluconate) by its eYFP-fusion using magnetic beads coated with a GFP-specific antibody. 
Phosphorylated peptides were identified by a shift of 79.97 Da (here annotated as +80) in the spectrum. 

 

Supplementary figure 10: Spectrum of a PhaZa1 peptide containing phosphorylated T28 and S35 residues. 
PhaZa1-GFP was purified from R. eutropha ∆phaZa1 pBBR1MCS2_phaZa1_gfp (grown for 24 h on NB-
medium with 0.2 % gluconate) by its eYFP-fusion using magnetic beads coated with a GFP-specific antibody. 
Phosphorylated peptides were identified by a shift of 79.97 Da (here annotated as +80) in the spectrum. 
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Supplementary figure 11: Growth and PHB accumulation of R. eutropha strains with triple mutated 
phaC1. (A) Growth and (B) PHB contents of R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_eyfp, 
R. eutropha ∆phaC1 pBBR1MCS2_pphaC_phaC1_T94D_T109D_T373D_eyfp, R. eutropha ∆phaC1 ∆phaM 
pBBR1MCS2_pphaC_phaC1_eyfp and R. eutropha ∆phaC1 ∆phaM pBBR1MCS2_pphaC_phaC1 
_T94D_T109D_T373D_eyfp grown on NB-medium with 0.2 % gluconate are shown. Data were obtained from 
biological triplicates. Data points or bars represent mean values; error bars represent standard deviations.This 
experiment was performed in collaboration with Cameron Patterson.  

 

 

 

Supplementary figure 12: Sequence coverage and post-translational modifications of SpoT2 isolated from 
cells grown in NB-gluconate. R. eutropha pBBR1MCS2_pphaC _eyfp was grown in NB with 0.2 % gluconate for 
24 h before being harvested. Phosphorylated SpoT2 was identified in the eYFP control pull-down sample and 
therefore not considered for further experiments in this work. T308 was phosphorylated. Green M represents 
oxidised methionine, green T or S is phosphorylated serine or threonine. 
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Supplementary figure 13: Micrographs of R. eutropha strains after 36h of growth. R. eutropha ∆phaZa1 
pBBR1MCS2_pphaC_phaZa1_ eyfp, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_T26D_eyfp, R. eutropha 
∆phaZa1 pBBR1MCS2_pphaC_phaZa1_T26N_ eyfp, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_ 
T28D_eYFP, R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_T28N_ eyfp, R. eutropha ∆phaZa1 
pBBR1MCS2_pphaC_phaZa1_S35D_ eyfp and R. eutropha ∆phaZa1 pBBR1MCS2_pphaC_phaZa1_S35N_ eyfp 
were grown for 36 h on NB-medium with 0.5 % gluconate.  PHB was stained with Nile red. PhaZa1 was fused to 
eYFP. Merge 1 shows merged bright field and Nile red channels, merge 2 shows merged bright field and eYFP 
channels. Scale bar = 2 µm 
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Supplementary table 1: Unique exclusive peptides identified by SpoT1-eYFP or SpoT2-eYFP pull down. 
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GTP pyrophosphokinase [Ralstonia eutropha H16] H16_A1337 83 kDa 15    6 27 50 38 50 

GTP pyrophosphokinase [Ralstonia eutropha H16] H16_A0955 85 kDa  33 39 17 39    21 

chaperonin GroEL [Ralstonia eutropha H16] H16_A0706 57 kDa  26 29 35 27 32 5 31  

Poly(3-hydroxybutyrate) polymerase [Ralstonia eutropha H16] H16_A1437 64 kDa  12  21  20  27  

intracellular poly(3-hydroxybutyrate) depolymerase [Ralstonia eutropha H16] H16_A1150 47 kDa  16  20  19  19  

outer membrane protein (porin) [Ralstonia eutropha H16] H16_A3402 41 kDa 5 15 15 16 5 12  16  

DNA-directed RNA polymerase subunit beta' [Ralstonia eutropha H16] H16_A3496 156 kDa  46 20 31 21 39  26  

F0F1 ATP synthase subunit alpha [Ralstonia eutropha H16] H16_A3639 55 kDa  19 18 17 18 18 6 17  

molecular chaperone DnaK [Ralstonia eutropha H16] H16_A3089 70 kDa  14 31 22 12 25  21  

F0F1 ATP synthase subunit beta [Ralstonia eutropha H16] H16_A3637 51 kDa  17 18 21 13 15  17  

30S ribosomal protein S1 [Ralstonia eutropha H16] H16_A0798 62 kDa  13 24 13 16 16 11 11 6 

elongation factor Tu [Ralstonia eutropha H16] H16_A3491 43 kDa  15 11 18 10 15  18  

flagellin [Ralstonia eutropha H16] H16_B2360 45 kDa  16 17 9 16 17 6 13  

DNA-directed RNA polymerase subunit beta [Ralstonia eutropha H16] H16_A3497 153 kDa  30 14 23 10 23  20  

elongation factor G [Ralstonia eutropha H16] H16_A3492 77 kDa  17 11 20 5 22  18  

polynucleotide phosphorylase/polyadenylase [Ralstonia eutropha H16] H16_A1045 78 kDa  16 18 16 11 12  13  

phasin (PHA-granule associated protein) [Ralstonia eutropha H16] H16_A1381 20 kDa  12 9 12  13  10  

outer membrane protein (porin) [Ralstonia eutropha H16] H16_A0083 39 kDa  15 10 16 8 13  15  

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A3030 41 kDa  11  21 14 13  24  

30S ribosomal protein S2 [Ralstonia eutropha H16] H16_A2055 27 kDa  8 12 8 11 8 6 6  

translation initiation factor IF-2 [Ralstonia eutropha H16] H16_A2306 104 kDa  14 17 15 15 20  8  

2-oxoglutarate dehydrogenase E1 component [Ralstonia eutropha H16] H16_A2325 106 kDa  10 13 19 12 13  15  

TRAP-type transporter, periplasmic component [Ralstonia eutropha H16] H16_A3688 42 kDa  8 5 14 8 11  13  

50S ribosomal protein L1 [Ralstonia eutropha H16] H16_A3500 24 kDa  7 14 10 9 9 7 5 6 

dehydrogenase [Ralstonia eutropha H16] H16_A0441 148 kDa  8 6 6  16  9  

pyruvate dehydrogenase subunit E1 [Ralstonia eutropha H16] H16_A1374 100 kDa  10 9 20  12  15  
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nitrous-oxide reductase [Ralstonia eutropha H16] PHG252 70 kDa  5 5 11  17  15  

ATP-dependent Lon protease [Ralstonia eutropha H16] H16_A1485 89 kDa  17 11 11  18  10  

ribonucleotide-diphosphate reductase subunit alpha [Ralstonia eutropha H16] H16_A3235 108 kDa  11 16 11 14 14  9  

phosphoenolpyruvate synthase [Ralstonia eutropha H16] H16_A2038 87 kDa  9 8 18 5 17  12  

ribonuclease G and E [Ralstonia eutropha H16] H16_A2580 112 kDa  15 16 12 7 17  11  

50S ribosomal protein L2 [Ralstonia eutropha H16] H16_A3481 30 kDa  5 9 9 5 9 6 5  

30S ribosomal protein S4 [Ralstonia eutropha H16] H16_A3459 23 kDa  5 6 6 5  6   

trigger factor [Ralstonia eutropha H16] H16_A1482 51 kDa  13 10 17 6 18  16  

hypothetical protein H16_A0495 [Ralstonia eutropha H16] H16_A0495 20 kDa  5  9    9  

indolepyruvate ferredoxin oxidoreductase [Ralstonia eutropha H16] H16_A3547 131 kDa    12    7  

30S ribosomal protein S3 [Ralstonia eutropha H16] H16_A3478 30 kDa  7 7 6 6   5  

dihydrolipoamide dehydrogenase (E3) component ofpyruvate dehydrogenase 
[Ralstonia eutropha H16] 

H16_A1377 62 kDa  5 10 7  6  7  

ATPase [Ralstonia eutropha H16] H16_A0917 54 kDa   10 15 14 7  13  

ATP-dependent protease Clp, ATPase subunit [Ralstonia eutropha H16] H16_A2249 96 kDa  6  19  13  15  

ATP-dependent protease ATP-binding subunit HslU [Ralstonia eutropha H16] H16_A0200 49 kDa  8 8 8 6 14  8  

bifunctional aconitate hydratase 2/2-methylisocitrate dehydratase [Ralstonia 
eutropha H16] 

H16_B0568 93 kDa   5 10 7 21    

Serine protein kinase [Ralstonia eutropha H16] H16_B0700 73 kDa    25    19  

succinate dehydrogenase flavoprotein subunit [Ralstonia eutropha H16] H16_A2630 65 kDa  11 6 12  11  9  

50S ribosomal protein L4 [Ralstonia eutropha H16] H16_A3483 23 kDa  7 7 6 7 6 8 6  

cell division inhibitor MinD [Ralstonia eutropha H16] H16_A0085 29 kDa   11  8 6  7  

peptidyl-prolyl cis-trans isomerase [Ralstonia eutropha H16] H16_A1499 71 kDa  11  13  17  15  

peroxiredoxin [Ralstonia eutropha H16] H16_A1460 20 kDa  8 8 7  6  7  

outer membrane protein or related peptidoglycan-associated (lipo)protein  H16_A0788 23 kDa   5 8 5 5  7  

elongation factor Ts [Ralstonia eutropha H16] H16_A2054 31 kDa  10 10 12 5 12  12  

50S ribosomal protein L3 [Ralstonia eutropha H16] H16_A3484 23 kDa  5    6    

ATP-dependent protease Clp, ATPase subunit [Ralstonia eutropha H16] H16_A3052 84 kDa   7 10 9 14  10  
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ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A0472 33 kDa    16  5  13  

DNA-directed RNA polymerase subunit alpha [Ralstonia eutropha H16] H16_A3458 36 kDa  8 7 9 6 5  9  

aromatic amino acid aminotransferase [Ralstonia eutropha H16] H16_A1151 43 kDa  8  11 5 9  10  

dihydrolipoamide succinyltransferase [Ralstonia eutropha H16] H16_A2324 43 kDa  8 6 8  7  8  

heat shock protein 90 [Ralstonia eutropha H16] H16_A2654 71 kDa  8 8 11  12  9  

succinyl-CoA synthetase subunit beta [Ralstonia eutropha H16] H16_A0547 41 kDa  6  11  13  10  

outer membrane receptor, TonB dependent [Ralstonia eutropha H16] H16_B1679 84 kDa    18  5  19  

50S ribosomal protein L6 [Ralstonia eutropha H16] H16_A3469 19 kDa  5 7 5  7  6  

aconitate hydratase [Ralstonia eutropha H16] H16_A2638 98 kDa    16  5  8  

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A3630 40 kDa    13  5  8  

dihydrolipoamide dehydrogenase [Ralstonia eutropha H16] H16_A2323 50 kDa  6 5 13  8  9  

ABC-type transporter, periplasmic component [Ralstonia eutropha H16] H16_A3660 43 kDa    10    6  

outer membrane cobalamin receptor, TonB dependent(BtuB) [Ralstonia 
eutropha H16] 

H16_A2972 67 kDa  11  14  10  14  

glutamate dehydrogenase [Ralstonia eutropha H16] H16_A0471 47 kDa  8 7 10 8 5  8  

ferrisiderophore receptor protein, TonB dependent [Ralstonia eutropha H16] PHG126 78 kDa  8  14  10  14  

malate dehydrogenase [Ralstonia eutropha H16] H16_A2634 35 kDa  6  13  11  13  

hypothetical protein H16_A1979 [Ralstonia eutropha H16] H16_A1979 31 kDa       8  10 

50S ribosomal protein L9 [Ralstonia eutropha H16] H16_A2276 16 kDa  7 8 7  7  6  

hypothetical protein H16_A1212 [Ralstonia eutropha H16] H16_A1212 42 kDa         11 

DNA gyrase subunit B [Ralstonia eutropha H16] H16_A0003 93 kDa  7 7 8  18  7  

alanyl-tRNA synthetase [Ralstonia eutropha H16] H16_A2769 95 kDa  5  12  15  8  

large extracellular alpha-helicalprotein [Ralstonia eutropha H16] H16_A3676 217 kDa    10  14  11  

rod shape-determining protein MreB [Ralstonia eutropha H16] H16_A0113 37 kDa  6 8 5  8  9  

50S ribosomal protein L14 [Ralstonia eutropha H16] H16_A3474 13 kDa   6 5   6   

argininosuccinate synthase [Ralstonia eutropha H16] H16_B2531 49 kDa   6 5 6 7    

ABC-type transporter, periplasmic component [Ralstonia eutropha H16] H16_A0935 41 kDa  8  9  10  11  

TRAP-type transporter, periplasmic component [Ralstonia eutropha H16] H16_B0794 39 kDa    12    8  
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2-oxoacid ferredoxin oxidoreductase [Ralstonia eutropha H16] H16_B1980 129 kDa    5  20  6  

valyl-tRNA synthetase [Ralstonia eutropha H16] H16_A2751 107 kDa    7  10  6  

outer membrane receptor, TonB dependent [Ralstonia eutropha H16] H16_B0509 86 kDa  6  6  11  5  

dihydrolipoamide acetyltransferase [Ralstonia eutropha H16] H16_A1375 57 kDa  5  11  6  5  

methyl-accepting chemotaxis protein [Ralstonia eutropha H16] H16_B0233 65 kDa  6  6  17  5  

GTP-binding elongation factor family protein [Ralstonia eutropha H16] H16_A2294 67 kDa  8 7 5  9  5  

preprotein translocase subunit SecA [Ralstonia eutropha H16] H16_A3264 105 kDa   6 6  10  6  

ribose-phosphate pyrophosphokinase [Ralstonia eutropha H16] H16_A0372 34 kDa  9 8 7  11    

DNA-binding protein, histone-like [Ralstonia eutropha H16] H16_B1248 16 kDa   5 7      

inosine 5'-monophosphate dehydrogenase [Ralstonia eutropha H16] H16_A2030 52 kDa    12  10    

50S ribosomal protein L10 [Ralstonia eutropha H16] H16_A3499 18 kDa  8  6  8  5  

inner membrane protein translocase component YidC [Ralstonia eutropha 
H16] 

H16_A3744 61 kDa  8  8  8  10  

transcription termination factor Rho [Ralstonia eutropha H16] H16_A2395 46 kDa  5  8  6  5  

2-isopropylmalate synthase [Ralstonia eutropha H16] H16_A1041 56 kDa  8  5  8  10  

flp pilus assembly protein secretin CpaC [Ralstonia eutropha H16] H16_A0982 50 kDa  7 7 6  9  7  

hypothetical protein H16_A0496 [Ralstonia eutropha H16] H16_A0496 20 kDa  5  8 6   6  

uncharacterized lipoprotein [Ralstonia eutropha H16] H16_A1205 45 kDa  7 8  11 6    

phosphoenolpyruvate carboxylase [Ralstonia eutropha H16] H16_A2921 112 kDa  10  6  12    

succinate dehydrogenase iron-sulfur subunit [Ralstonia eutropha H16] H16_A2629 27 kDa  7 5 7  8  7  

F0F1 ATP synthase subunit B [Ralstonia eutropha H16] H16_A3641 17 kDa  7  8  5  7  

electron transfer flavoprotein ubiquinone oxidoreductase [Ralstonia eutropha 
H16] 

H16_A1324 62 kDa    5  12  7  

C-terminal processing peptidase-3, periplasmic [Ralstonia eutropha H16] H16_A0331 58 kDa    5    6  

NADH dehydrogenase subunit G [Ralstonia eutropha H16] H16_A1056 84 kDa  6  10  9  10  

transcription elongation factor NusA [Ralstonia eutropha H16] H16_A2307 55 kDa    8  8  8  

hypothetical protein H16_B2071 [Ralstonia eutropha H16] H16_B2071 141 kDa    8  10  8  

enoyl-(acyl carrier protein) reductase [Ralstonia eutropha H16] H16_A2410 28 kDa   7 9  8  5  
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phosphopyruvate hydratase [Ralstonia eutropha H16] H16_A1188 46 kDa  5  9  9  9  

recombinase A [Ralstonia eutropha H16] H16_A0544 38 kDa  7  10  8  7  

cell division protein FtsA [Ralstonia eutropha H16] H16_A3269 44 kDa    15    8  

acetoin dehydrogenase E1 component beta-subunit [Ralstonia eutropha H16] H16_B0145 36 kDa    10    8  

cyclopropane fatty acid synthase [Ralstonia eutropha H16] H16_A2803 47 kDa    10 6   9  

arylsulfatase A or related enzyme [Ralstonia eutropha H16] H16_A1602 64 kDa    9    9  

translocation protein TolB [Ralstonia eutropha H16] H16_A2829 49 kDa  6  8  8  8  

ketol-acid reductoisomerase [Ralstonia eutropha H16] H16_A1037 36 kDa  5 5 7  10  8  

electron transfer flavoprotein beta-subunit [Ralstonia eutropha H16] H16_A0814 27 kDa    9  6  8  

L-lactate permease [Ralstonia eutropha H16] H16_B0090 59 kDa  6 5   7    

D-alanyl-D-alanine carboxypeptidase (serine-type) [Ralstonia eutropha H16] H16_A0302 44 kDa  5 6 7  7  7  

acetyl-CoA acetyltransferase [Ralstonia eutropha H16] H16_A1438 41 kDa    11  6  9  

30S ribosomal protein S5 [Ralstonia eutropha H16] H16_A3467 18 kDa   6  6     

GDP-D-mannose 4,6 dehydratase [Ralstonia eutropha H16] H16_A2900 39 kDa  5 9  5 6  5  

trypsin-like serine protease [Ralstonia eutropha H16] H16_A2560 52 kDa   5 7  5  7  

negative regulator of sigma24 activity [Ralstonia eutropha H16] H16_A2561 40 kDa    5  8    

pili assembly protein PilQ [Ralstonia eutropha H16] H16_A3436 76 kDa   17  6     

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A2626 39 kDa    8    10  

carbamoyl phosphate synthase large subunit [Ralstonia eutropha H16] H16_A2452 118 kDa    9  7  7  

enoyl-CoA hydratase/Delta(3)-cis-delta(2)-trans-enoyl-CoA isomerase 
[Ralstonia eutropha H16] 

H16_A1526 75 kDa    14    11  

50S ribosomal protein L15 [Ralstonia eutropha H16] H16_A3465 15 kDa   5   5 5   

acriflavin resistance protein A [Ralstonia eutropha H16] H16_A3729 43 kDa    6  7    

outer membrane protein (porin) [Ralstonia eutropha H16] H16_A3284 40 kDa    10 5 5  10  

malate synthase [Ralstonia eutropha H16] H16_A2217 59 kDa    10    7  

outer membrane protein, surface antigen OMA87 [Ralstonia eutropha H16] H16_A2047 89 kDa  6  8  11    

lactaldehyde dehydrogenase [Ralstonia eutropha H16] H16_A1919 50 kDa    15  8  10  

4-hydroxyphenylpyruvate dioxygenase [Ralstonia eutropha H16] H16_B1083 40 kDa    10    10  
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DNA topoisomerase IV subunit B [Ralstonia eutropha H16] H16_A2669 73 kDa    5  7    

fructose-1,6-bisphosphate [Ralstonia eutropha H16] PHG027 23 kDa    5 6   5  

aspartate kinase [Ralstonia eutropha H16] H16_A1225 45 kDa  5  6  8  7  

RNA polymerase sigma factor RpoD [Ralstonia eutropha H16] H16_A2725 91 kDa    5  5  5  

methyl-accepting chemotaxis protein [Ralstonia eutropha H16] H16_B1933 54 kDa      13    

F0F1 ATP synthase subunit gamma [Ralstonia eutropha H16] H16_A3638 32 kDa  7    7  5  

Iron-sulfur cluster-binding protein [Ralstonia eutropha H16] H16_B0091 53 kDa  6    6    

flp pilus assembly ATPase [Ralstonia eutropha H16] H16_B0186 44 kDa     7   5  

threonyl-tRNA synthetase [Ralstonia eutropha H16] H16_A1339 72 kDa  8  6  8  6  

malic enzyme [Ralstonia eutropha H16] H16_A3153 84 kDa    6    8  

transcriptional accessory protein [Ralstonia eutropha H16] H16_A1429 85 kDa  8 6   18    

aspartyl-tRNA synthetase [Ralstonia eutropha H16] H16_A0453 68 kDa  6  5  7  5  

succinyl-CoA synthetase subunit alpha [Ralstonia eutropha H16] H16_A0548 31 kDa    6  7  6  

cyanophycin synthetase [Ralstonia eutropha H16] H16_A0774 92 kDa    10  8    

glutamine synthetase [Ralstonia eutropha H16] H16_A2335 52 kDa    6    5  

cation/multidrug efflux system, mebrane-fusion component [Ralstonia 
eutropha H16] 

H16_A3357 43 kDa    12    11  

glutamate synthase [NADPH], glutamate synthase amidotransferase subunit 
[Ralstonia eutropha H16] 

H16_A3431 175 kDa  7    10    

electron transfer flavoprotein alpha subunit [Ralstonia eutropha H16] H16_A0815 31 kDa    7    7  

ribonucleotide reductase, coenzyme B12-dependent [Ralstonia eutropha H16] H16_A2390 90 kDa    8  7    

acetyacetyl-CoA reductase [Ralstonia eutropha H16] H16_A1439 26 kDa    9  6  9  

Zn-dependent protease with chaperone function [Ralstonia eutropha H16] H16_A2221 28 kDa  5  10  9  10  

D-amino acid dehydrogenase small subunit [Ralstonia eutropha H16] H16_A0817 47 kDa  9    11    

microcin-processing peptidase 2 [Ralstonia eutropha H16] H16_A1124 51 kDa  12  5  5    

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A0759 38 kDa    10  5  9  

ABC-type sugar transporter, periplasmic component [Ralstonia eutropha H16] H16_A2498 64 kDa    7    8  

hypothetical protein H16_A3231 [Ralstonia eutropha H16] H16_A3231 93 kDa      5    
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homoserine dehydrogenase [Ralstonia eutropha H16] H16_A2266 47 kDa  5    5  5  

ABC transporter ATPase [Ralstonia eutropha H16] H16_A0475 27 kDa    8  7  8  

phosphoribosylaminoimidazole synthetase [Ralstonia eutropha H16] H16_A3077 37 kDa    8  9    

cell division protein FtsZ [Ralstonia eutropha H16] H16_A3268 42 kDa  5 10   8    

isocitrate dehydrogenase [NADP] [Ralstonia eutropha H16] H16_B1931 82 kDa    6  7  7  

tfp pilus assembly protein FimV [Ralstonia eutropha H16] H16_A2617 98 kDa    8  5  12  

50S ribosomal protein L16 [Ralstonia eutropha H16] H16_A3477 16 kDa      5  5  

30S ribosomal protein S10 [Ralstonia eutropha H16] H16_A3490 12 kDa      5    

acetyl-CoA carboxylase carboxyltransferase subunit alpha [Ralstonia eutropha 
H16] 

H16_A1223 36 kDa   6  6     

HU family DNA-binding protein [Ralstonia eutropha H16] H16_B1235 10 kDa        5  

DNA polymerase I [Ralstonia eutropha H16] H16_A2741 103 kDa      9    

50S ribosomal protein L5 [Ralstonia eutropha H16] H16_A3472 20 kDa  5        

GTP-dependent nucleic acid-binding protein EngD [Ralstonia eutropha H16] H16_A3333 39 kDa      5    

acyl-CoA transferase/carnitine dehydratase [Ralstonia eutropha H16] H16_B2114 42 kDa  7  5      

ATP-dependent helicase [Ralstonia eutropha H16] H16_A2717 57 kDa  5        

outer membrane receptor, TonB dependent [Ralstonia eutropha H16] H16_A3182 75 kDa      8  6  

hypothetical protein H16_A3233 [Ralstonia eutropha H16] H16_A3233 38 kDa  5 6 6  6  5  

glycine dehydrogenase [Ralstonia eutropha H16] H16_A3621 105 kDa    10  5  6  

S-adenosyl-L-homocysteine hydrolase [Ralstonia eutropha H16] H16_A0244 52 kDa    8      

acetyl-CoA carboxylase subunit beta [Ralstonia eutropha H16] H16_A2611 32 kDa   9  5 5    

mannose-1-phosphate guanylyltransferase [Ralstonia eutropha H16] H16_A2905 53 kDa  5        

hypothetical protein PHG342 [Ralstonia eutropha H16] PHG342 37 kDa      5  5  

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A3298 58 kDa    12      

beta-ketothiolase [Ralstonia eutropha H16] H16_A1445 41 kDa    7      

CTP synthetase [Ralstonia eutropha H16] H16_A1185 61 kDa    7  6  8  

glutaminase-asparaginase (amidohydrolase) [Ralstonia eutropha H16] H16_A1910 40 kDa    12    6  

hypothetical protein H16_B1632 [Ralstonia eutropha H16] H16_B1632 86 kDa    10      
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trifunctional transcriptional regulator/proline dehydrogenase/pyrroline-5-
carboxylate dehydrogenase [Ralstonia eutropha H16] 

H16_A3631 142 kDa    9    6  

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A2100 57 kDa    6  6    

O-linked N-acetylglucosamine transferase OGT [Ralstonia eutropha H16] H16_A0376 72 kDa    5  9  7  

flp pilus assembly ATPase CpaF [Ralstonia eutropha H16] H16_A0983 67 kDa  8 7   7    

50S ribosomal protein L13 [Ralstonia eutropha H16] H16_A0482 16 kDa   5       

ATP-dependent protease ATP-binding subunit ClpX [Ralstonia eutropha H16] H16_A1484 47 kDa    5  7  5  

Acyl-CoA dehydrogenase [Ralstonia eutropha H16] H16_A1068 40 kDa    7    5  

biotin carboxylase [Ralstonia eutropha H16] H16_A0184 73 kDa      5    

metalloregulation DNA-binding stress protein [Ralstonia eutropha H16] H16_A3108 18 kDa    6    5  

nitric oxide dioxygenase [Ralstonia eutropha H16] PHG200 45 kDa    9    6  

peptidyl-prolyl cis-trans isomerase [Ralstonia eutropha H16] H16_A1514 29 kDa  6    5  5  

membrane protease subunit stomatin/prohibitin-like protein [Ralstonia 
eutropha H16] 

H16_A2357 50 kDa    6  6  5  

hypothetical protein H16_A2891 [Ralstonia eutropha H16] H16_A2891 50 kDa      6    

FtsH endopeptidase [Ralstonia eutropha H16] H16_A2447 69 kDa      7    

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A1520 45 kDa    8    7  

outer membrane protein or related peptidoglycan-associated (lipo)protein 
[Ralstonia eutropha H16] 

H16_A2828 18 kDa        7  

transketolase [Ralstonia eutropha H16] H16_A3147 73 kDa      7    

sulfoacetaldehyde acetyltransferase [Ralstonia eutropha H16] H16_B1870 67 kDa    9      

methyl-accepting chemotaxis protein i [Ralstonia eutropha H16] H16_B2295 68 kDa      12    

leucyl aminopeptidase [Ralstonia eutropha H16] H16_A2990 54 kDa  6    7    

chromosome segregation ATPase [Ralstonia eutropha H16] H16_A2062 130 kDa      9    

exoribonuclease R [Ralstonia eutropha H16] H16_A2349 101 kDa    5  5  6  

fumarylacetoacetase hydrolase [Ralstonia eutropha H16] H16_B1670 45 kDa    6    6  

2-isopropylmalate synthase [Ralstonia eutropha H16] H16_B0081 62 kDa        11  

aspartate aminotransferase [Ralstonia eutropha H16] H16_A3009 61 kDa    12    6  
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beta alanine--pyruvate transaminase [Ralstonia eutropha H16] H16_A0272 47 kDa    11    7  

transcription antitermination protein NusG [Ralstonia eutropha H16] H16_A3502 22 kDa        5  

GTP-binding protein LepA [Ralstonia eutropha H16] H16_A2558 66 kDa  5 7       

LysR family transcriptional regulator [Ralstonia eutropha H16] H16_B0911 33 kDa  9        

extra-cytoplasmic solute receptor [Ralstonia eutropha H16] H16_B2116 34 kDa    8      

glutaryl-CoA dehydrogenase [Ralstonia eutropha H16] H16_A2818 44 kDa    8      

NADH dehydrogenase subunit D [Ralstonia eutropha H16] H16_A1053 48 kDa      5    

glycosyltransferase [Ralstonia eutropha H16] H16_A2901 112 kDa      9    

universal stress protein [Ralstonia eutropha H16] H16_A0533 17 kDa    5      

chaperone protein DnaJ [Ralstonia eutropha H16] H16_A3088 41 kDa   6       

hypothetical protein H16_B0520 [Ralstonia eutropha H16] H16_B0520 111 kDa  5    13    

adenylosuccinate synthetase [Ralstonia eutropha H16] H16_A2354 47 kDa    7    6  

methylcitrate synthase [Ralstonia eutropha H16] H16_A1906 43 kDa    8    5  

methionyl-tRNA synthetase [Ralstonia eutropha H16] H16_A2945 76 kDa      6    

methylmalonate-semialdehyde dehydrogenase [Ralstonia eutropha H16] H16_B1191 53 kDa    8  5  7  

aa3-type cytochrome oxidase, subunit II [Ralstonia eutropha H16] H16_A0342 45 kDa    7  5    

M23B subfamily metallopeptidase [Ralstonia eutropha H16] H16_A2374 30 kDa      5  5  

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A2330 48 kDa    8      

extra-cytoplasmic solute receptor [Ralstonia eutropha H16] H16_A3718 33 kDa    9    6  

phosphohydrolase [Ralstonia eutropha H16] H16_A3127 17 kDa   8       

ATP-dependent RNA helicase [Ralstonia eutropha H16] H16_A2699 69 kDa  7 6   5    

acetoin dehydrogenase E1 component alpha-subunit [Ralstonia eutropha H16] H16_B0144 35 kDa    10    6  

glutaminyl-tRNA synthetase [Ralstonia eutropha H16] H16_A2784 66 kDa      5    

carboxyltransferase [Ralstonia eutropha H16] H16_A0177 58 kDa    8  5    

cation/multidrug efflux pump [Ralstonia eutropha H16] H16_A3356 114 kDa    11    9  

anaerobic ribonucleoside triphosphate reductase [Ralstonia eutropha H16] PHG240 76 kDa  6    10    

aldehyde dehydrogenase [Ralstonia eutropha H16] H16_A3345 53 kDa    9    8  
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preprotein translocase subunit SecD [Ralstonia eutropha H16] H16_A3115 67 kDa      5    

hypothetical protein H16_A2361 [Ralstonia eutropha H16] H16_A2361 41 kDa      9    

glycolate oxidase FAD binding subunit [Ralstonia eutropha H16] H16_A3096 39 kDa      6    

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A0289 48 kDa    7    6  

acetolactate synthase 3 regulatory subunit [Ralstonia eutropha H16] H16_A1036 18 kDa      6    

DNA gyrase subunit A [Ralstonia eutropha H16] H16_A0789 99 kDa      6    

ATPase related to phosphate starvation-inducible protein PhoH [Ralstonia 
eutropha H16] 

H16_A2270 62 kDa    5      

lipoprotein [Ralstonia eutropha H16] H16_B2304 21 kDa        5  

acetyl-CoA synthetase [Ralstonia eutropha H16] H16_A2525 73 kDa    6      

glycine cleavage system aminomethyltransferase T [Ralstonia eutropha H16] H16_A3619 40 kDa    6      

membrane protease subunits, stomatin/prohibitin homologs [Ralstonia 
eutropha H16] 

H16_A2036 34 kDa    9    8  

SpoVR family protein [Ralstonia eutropha H16] H16_B0702 61 kDa    6 5     

50S ribosomal protein L18 [Ralstonia eutropha H16] H16_A3468 13 kDa  5        

cation/multidrug efflux pump [Ralstonia eutropha H16] H16_A3730 113 kDa    5      

TonB-dependent outer membrane receptor [Ralstonia eutropha H16] PHG028 80 kDa    5      

isovaleryl-CoA dehydrogenase [Ralstonia eutropha H16] H16_A0167 43 kDa    5    5  

trypsin-like serine protease [Ralstonia eutropha H16] H16_A3401 42 kDa  5    5  5  

acyl-CoA synthetase [Ralstonia eutropha H16] H16_A3288 61 kDa    9    5  

ABC-type transporter, periplasmic component [Ralstonia eutropha H16] H16_A1399 34 kDa    7    5  

phasin [Ralstonia eutropha H16] PHG202 20 kDa    5  8    

phosphoglycerate kinase [Ralstonia eutropha H16] H16_A0566 41 kDa    6      

NAD-specific glutamate dehydrogenase [Ralstonia eutropha H16] H16_A1356 179 kDa    10    5  

membrane protease subunit stomatin/prohibitin-like protein [Ralstonia 
eutropha H16] 

H16_A2356 34 kDa    7    5  

peptidyl-prolyl cis-trans isomerase (rotamase c)protein [Ralstonia eutropha 
H16] 

H16_A0512 54 kDa    7  6  5  

succinyl-CoA:3-ketoacid-coenzyme A transferase subunit A [Ralstonia H16_A1331 25 kDa  5      5  
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eutropha H16] 

outer membrane efflux protein [Ralstonia eutropha H16] H16_A3731 54 kDa    7      

uridylate kinase [Ralstonia eutropha H16] H16_A2053 25 kDa      5    

gamma-glutamyl kinase [Ralstonia eutropha H16] H16_A3249 39 kDa    5  5    

extra-cytoplasmic solute receptor [Ralstonia eutropha H16] H16_A0592 34 kDa    6      

D-(-)-3-hydroxybutyrate oligomer hydrolase [Ralstonia eutropha H16] H16_A2251 74 kDa    7    5  

ABC transporter ATP-binding protein [Ralstonia eutropha H16] H16_A3360 62 kDa    5  5    

periplasmic multimodular transpeptidase/transglycosylase [Ralstonia eutropha 
H16] 

H16_A3441 84 kDa      5    

hypothetical protein H16_B0092 [Ralstonia eutropha H16] H16_B0092 24 kDa      5    

methylmalonate-semialdehyde dehydrogenase [Ralstonia eutropha H16] H16_A3664 54 kDa    7      

adenylosuccinate lyase [Ralstonia eutropha H16] H16_A3124 51 kDa      5  5  

hypothetical protein H16_B0701 [Ralstonia eutropha H16] H16_B0701 48 kDa     7     

hypothetical protein H16_B1582 [Ralstonia eutropha H16] H16_B1582 51 kDa    5      

2,3,4,5-tetrahydropyridine-2,6-carboxylate N-succinyltransferase [Ralstonia 
eutropha H16] 

H16_A2066 30 kDa    6      

glycerol-3-phosphate dehydrogenase [Ralstonia eutropha H16] H16_A2508 57 kDa    5      

cation/multidrug efflux pump [Ralstonia eutropha H16] H16_A3604 112 kDa    6    5  

Acetyl/propionyl-CoA carboxylase, alpha subunit [Ralstonia eutropha H16] H16_B1757 61 kDa    6    5  

catalase [Ralstonia eutropha H16] H16_A3109 54 kDa    9    5  

phenylalanyl-tRNA synthetase subunit beta [Ralstonia eutropha H16] H16_A1344 89 kDa    8  5    

branched-chain alpha-keto acid dehydrogenase subunit E2 [Ralstonia eutropha 
H16] 

H16_B0146 39 kDa    5      

Poly(A) polymerase [Ralstonia eutropha H16] H16_A3081 58 kDa      6    

DNA topoisomerase IV subunit A [Ralstonia eutropha H16] H16_A2667 85 kDa      5    

signal recognition particle GTPase [Ralstonia eutropha H16] H16_A3241 50 kDa      5    

phosphoribosylformylglycinamidine synthase [Ralstonia eutropha H16] H16_A1511 146 kDa    5      

hypothetical protein H16_A0057 [Ralstonia eutropha H16] H16_A0057 39 kDa    5      
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bifunctional phosphoribosylaminoimidazolecarboxamide 
formyltransferase/IMP cyclohydrolase [Ralstonia eutropha H16] 

H16_A0501 56 kDa    6      

Type IV pilus protein histidine kinase/response regulator hybrid PilL 
[Ralstonia eutropha H16] 

H16_A0740 205 kDa        9  

succinate-semialdehyde dehydrogenase (NADP+) [Ralstonia eutropha H16] H16_B2057 52 kDa    9      

ATP-dependent RNA helicase [Ralstonia eutropha H16] H16_A0531 56 kDa      6    

homogentisate 1,2-dioxygenase [Ralstonia eutropha H16] H16_B1671 49 kDa    5    5  

glycolate oxidase subunit GlcD [Ralstonia eutropha H16] H16_A3094 54 kDa      6    

outer membrane protein peptidoglycan-associated(lipo)proteins [Ralstonia 
eutropha H16] 

H16_A2944 22 kDa    6      

glucosamine--fructose-6-phosphate aminotransferase [Ralstonia eutropha 
H16] 

H16_A0263 66 kDa    5      

5-methyltetrahydropteroyltriglutamate--homocysteine S-methyltransferase 
[Ralstonia eutropha H16] 

H16_B1581 88 kDa    7      

acetyl-CoA acetyltransferase [Ralstonia eutropha H16] H16_A1528 41 kDa    5    5  

N-acetyl-gamma-glutamyl-phosphate reductase [Ralstonia eutropha H16] H16_A0220 34 kDa    5  5    

protein chain release factor B [Ralstonia eutropha H16] H16_A1169 40 kDa    6      

flp pilus assembly ATPase CpaF [Ralstonia eutropha H16] H16_B0187 48 kDa        5  

phosphomannomutase [Ralstonia eutropha H16] H16_A2885 50 kDa    7      

Acyl-CoA dehydrogenase [Ralstonia eutropha H16] H16_A1067 45 kDa    6      

prolyl-tRNA synthetase [Ralstonia eutropha H16] H16_A3246 63 kDa    6      

periplasmic protein [Ralstonia eutropha H16] H16_A3358 84 kDa    6      

methyl-accepting chemotaxis protein [Ralstonia eutropha H16] H16_B0228 63 kDa      13    

dihydrolipoamide dehydrogenase (E3 component of pyruvate or 2-
oxoglutarate DH-complexes) [Ralstonia eutropha H16] 

H16_A3724 50 kDa    6    5  

IclR family transcriptional regulator [Ralstonia eutropha H16] H16_A1389 30 kDa      5    

ribonucleotide-diphosphate reductase subunit beta [Ralstonia eutropha H16] H16_A3234 45 kDa   5       

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A3310 28 kDa      6    

chromosome partitioning protein ParB [Ralstonia eutropha H16] H16_B0004 37 kDa  5        

thiol peroxidase [Ralstonia eutropha H16] H16_A3175 17 kDa    5    5  
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non-heme haloperoxidase [Ralstonia eutropha H16] H16_A2213 30 kDa        5  

hypothetical protein H16_A0139 [Ralstonia eutropha H16] H16_A0139 34 kDa      5    

respiratory nitrate reductase alpha chain (NarG) [Ralstonia eutropha H16] H16_B2265 139 kDa  5    5    

ABC transporter ATPase [Ralstonia eutropha H16] H16_A3020 29 kDa    5      

ferrous iron transport protein B [Ralstonia eutropha H16] H16_B0084 67 kDa        5  

peroxiredoxin [Ralstonia eutropha H16] H16_B2239 25 kDa    5    7  

oligopeptidase A [Ralstonia eutropha H16] H16_A1369 77 kDa      5    

ABC-type transporter, periplasmic component [Ralstonia eutropha H16] H16_A3022 35 kDa    5      

TRAP-type transporter, periplasmic component [Ralstonia eutropha H16] H16_B2143 54 kDa    8    6  

ABC-type transporter, periplasmic component [Ralstonia eutropha H16] H16_A3655 41 kDa    7    5  

Type I restriction-modification system methylation subunit [Ralstonia 
eutropha H16] 

H16_A0004 94 kDa      6    

periplasmic or secreted lipoprotein [Ralstonia eutropha H16] H16_A3577 29 kDa      5    

ABC transporter ATPase [Ralstonia eutropha H16] H16_A3662 29 kDa        6  

nitrate reductase catalytic subunit [Ralstonia eutropha H16] PHG211 93 kDa    7    5  

peptidoglycan glycosyltransferase [Ralstonia eutropha H16] H16_A3279 65 kDa      5    

hypothetical protein H16_A2640 [Ralstonia eutropha H16] H16_A2640 44 kDa      5    

ABC transporter ATPase/permease [Ralstonia eutropha H16] H16_A0904 63 kDa      7    

NADH dehydrogenase chain F [Ralstonia eutropha H16] H16_A1055 48 kDa    5  5    

catalase (peroxidase I) [Ralstonia eutropha H16] H16_A2777 82 kDa    5      

enoyl-(acyl carrier protein) reductase [Ralstonia eutropha H16] H16_B1629 28 kDa    6      

cation/multidrug efflux system, mebrane-fusion component [Ralstonia 
eutropha H16] 

H16_B0582 42 kDa      7    

UDP-N-acetylmuramoyl tripeptide-D-alanyl-D-alanine ligase [Ralstonia 
eutropha H16] 

H16_A3277 48 kDa    6      

acetyl-CoA acetyltransferase [Ralstonia eutropha H16] H16_A0170 41 kDa    5      

hypothetical protein H16_A1271 [Ralstonia eutropha H16] H16_A1271 34 kDa         5 

aspartyl/glutamyl-tRNA amidotransferase subunit B [Ralstonia eutropha H16] H16_A0108 53 kDa    7      
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adenylate kinase [Ralstonia eutropha H16] H16_A0603 24 kDa    6      

AMP-binding domain protein [Ralstonia eutropha H16] H16_A1971 63 kDa    6      

glutamate synthase subunit beta [Ralstonia eutropha H16] H16_A3430 53 kDa      5    

2-aminobenzoate-CoA ligase [Ralstonia eutropha H16] H16_A2457 61 kDa    6      

4-hydroxy-2-ketovalerate aldolase [Ralstonia eutropha H16] H16_B0552 38 kDa    7      

phasin (PHA-granule associated protein) [Ralstonia eutropha H16] H16_A2172 20 kDa      6    

extra-cytoplasmic solute receptor [Ralstonia eutropha H16] H16_A1646 34 kDa    6      

hypothetical protein H16_A1444 [Ralstonia eutropha H16] H16_A1444 48 kDa      5    

ABC transporter periplasmic protein [Ralstonia eutropha H16] H16_A2125 28 kDa    5      

serine hydroxymethyltransferase [Ralstonia eutropha H16] H16_A2834 45 kDa    5      

23S rRNA 5-methyluridine methyltransferase [Ralstonia eutropha H16] H16_A2370 49 kDa      5    

tryptophan 2,3-dioxygenase [Ralstonia eutropha H16] H16_A2816 34 kDa    5      

Short chain CoA dehydrogenase [Ralstonia eutropha H16] H16_B1696 26 kDa        5  

molybdopterin biosynthesis protein [Ralstonia eutropha H16] H16_A2583 46 kDa    6      

D-amino acid dehydrogenase small subunit [Ralstonia eutropha H16] H16_B0508 46 kDa      5    

alcohol dehydrogenase [Ralstonia eutropha H16] H16_A0757 39 kDa    5      

methyl-accepting chemotaxis protein [Ralstonia eutropha H16] H16_A2292 55 kDa      7    

alpha-beta hydrolase family esterase [Ralstonia eutropha H16] H16_A0225 51 kDa      5    

microcin-processing peptidase 1 [Ralstonia eutropha H16] H16_A2705 49 kDa    5      

phasin (PHA-granule associated protein) [Ralstonia eutropha H16] H16_B2021 20 kDa    6      

Short-chain alcohol dehydrogenase/3-hydroxyacyl-CoA dehydrogenase 
[Ralstonia eutropha H16] 

H16_A0602 26 kDa    5      

universal stress protein [Ralstonia eutropha H16] H16_A2161 15 kDa    5      

histidine ammonia-lyase [Ralstonia eutropha H16] H16_A3018 55 kDa    5      

hypothetical protein PHG338 [Ralstonia eutropha H16] PHG338 44 kDa      5    

traffic warden ATPase [Ralstonia eutropha H16] PHG348 66 kDa      5    

aerotaxis sensor receptor (chemotaxis transducer) transmembrane protein 
[Ralstonia eutropha H16] 

H16_B1038 55 kDa      5    
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R. eutropha cells were grown on NB-medium with 0.2 % gluconate. R. eutropha pBBR1MCS2_pphaC_eYFP was grown for 24 h (eYFP 24 h), R. eutropha spoT1-eyfp (genomic 
integration) was harvested after 6 h (SpoT1 6 h genome), R. eutropha pBBR1MCS2_pphaC_eYFP_spoT1 was grown for 6 h (SpoT1 6 h plasmid), R. eutropha spoT1-eyfp 
(genomic integration) was harvested after 24 h (SpoT1 24 h genome), R. eutropha pBBR1MCS2_pphaC_eYFP_spoT1 was grown for 24 h (SpoT1 24 h plasmid), R. eutropha 
spoT2-eyfp (genomic integration) was harvested after 6 h (SpoT2 6 h genome), R. eutropha pBBR1MCS2_pphaC_spoT2_eYFP was grown for 6 h (SpoT2 6 h plasmid), 
R. eutropha spoT2-eyfp (genomic integration) was harvested after 24 h (SpoT2 24 h genome), R. eutropha pBBR1MCS2_pphaC_spoT2_eYFP was grown for 24 h (SpoT2 24 h 
plasmid). All pull-downs of SpoT1-eYFP and SpoT2-eYFP expressed from plasmids were performed within the same first experiment. All pull-downs of SpoT1-eYFP and 
SpoT2-eYFP expressed from genomic integrations were performed within the same experiment, a few months after the first experiment. A threshold was set to 5 identified 
peptides. 

Supplementary table 2: Exclusive unique peptide counts of SpoT1 and SpoT2 pull-down experiments related to polyP. 

Identified 
Proteins 

eYFP 
24 h 

SpoT1  
genome 

6 h 

SpoT1 
plasmid 

6 h 

SpoT1  
genome 

24 h 

SpoT1  
plasmid 

24 h 

SpoT2  
genome 

6 h 

SpoT2  
plasmid 

6 h 

SpoT2 
genome 

24 h 

SpoT2 
plasmid 

24 h 
A2437 (ppk1a)     2     

A1212 (ppk2c)         11 

A1271(ppk2d)         5 

A1979 (ppk2e)       8  10 

B1019 (ppk1b)         1 

A0226 (ppk2a)         1 

A0997 (ppk2b)         1 

A2436 (PPX) 1         

This table summarises the hits linked to the polyP metabolism from the same experiments as described in suppl. Tab. 1. A threshold was set to 1 identified peptide. 
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