
 

 

Investigation of RNA-based regulation of gene 

expression in proteobacterial energy metabolism 

 

Dissertation zur Erlangung des 

akademischen Grades eines Doktors der Naturwissenschaften 

(Dr. rer. nat.) 

 

vorgelegt von 

Sophie Geiger 

 

an der  

 

Mathematisch-Naturwissenschaftliche Sektion 

Fachbereich Chemie 

 

Tag der mündlichen Prüfung: 17.07.2019 

1. Referent/Referentin: Prof. Dr. Jörg S. Hartig 

2. Referent/Referentin: Dr. David Schleheck 

3. Referent/Referentin: Prof. Dr. Valentin Wittmann 

  

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-136xqui6k55179



 

  



 

 

 

 

 

 

 

 

 

 

 

On ne fait jamais attention à ce qui a été fait; 

on ne voit que ce qui reste à faire. 

Marie Curie 



i 

 

CONTENTS 

1. Introduction ............................................................................................................... 6 

1.1. Post-transcriptional regulation ........................................................................... 6 

1.1.1. Riboswitches ............................................................................................... 6 

1.1.2. RNA-binding proteins ............................................................................... 10 

1.1.3. sRNAs ....................................................................................................... 15 

1.2. Operon structure ............................................................................................... 17 

1.3. RNA motifs ...................................................................................................... 19 

1.4. Biochemistry .................................................................................................... 24 

2. Aim of the thesis ..................................................................................................... 26 

3. Results and discussion ............................................................................................ 28 

3.1. sucA motif ........................................................................................................ 28 

3.1.1. Riboswitch identification .......................................................................... 28 

3.1.2. Reporter gene assays ................................................................................. 35 

3.1.3. Discussion ................................................................................................. 49 

3.2. sucAII motif ...................................................................................................... 56 

3.2.1. Riboswitch identification .......................................................................... 56 

3.2.2. β-Galactosidase assay ............................................................................... 60 

3.2.3. Protein pulldown assay ............................................................................. 61 

3.2.4. Characterization of RNA-protein interactions .......................................... 68 

3.2.4.1. SPR ........................................................................................................ 69 

3.2.4.2. Further binding studies (EMSA or filter binding assay) ....................... 75 



ii 

 

3.2.4.3. RNase footprinting ................................................................................ 78 

3.2.5. Discussion ................................................................................................. 81 

3.3. sucC motif ........................................................................................................ 93 

3.3.1. Riboswitch identification .......................................................................... 93 

3.3.2. Protein pulldown assay ............................................................................. 97 

3.3.3. Characterization of RNA-protein interactions ........................................ 102 

3.3.3.1. SPR ...................................................................................................... 102 

3.3.3.2. Further binding studies (EMSA or filter binding assay) ..................... 107 

3.3.4. Discussion ............................................................................................... 109 

3.4. gabT motif ...................................................................................................... 116 

3.4.1. Riboswitch identification ........................................................................ 116 

3.4.2. Protein pulldown assay ........................................................................... 119 

3.4.3. Characterization of RNA-protein interactions ........................................ 122 

3.4.3.1. SPR ...................................................................................................... 122 

3.4.3.2. Further binding studies (EMSA or filter binding assay) ..................... 129 

3.4.3.3. RNase footprinting .............................................................................. 130 

3.4.3.4. β-Galactosidase Assay ........................................................................ 130 

3.4.4. Discussion ............................................................................................... 132 

3.5. icd motif ......................................................................................................... 134 

3.5.1. Protein pulldown assay ........................................................................... 134 

3.5.2. Characterization of RNA-protein interactions ........................................ 142 

3.5.2.1. SPR ...................................................................................................... 142 



iii 

 

3.5.2.2. Further binding studies (EMSA or filter binding assay) ..................... 146 

3.5.2.3. β-Galactosidase assay.......................................................................... 148 

3.5.3. Discussion ............................................................................................... 151 

3.6. aceE motif ...................................................................................................... 160 

3.6.1. Characterization of RNA-protein interactions ........................................ 160 

3.6.1.1. SPR ...................................................................................................... 162 

3.6.1.2. Further binding studies (EMSA and filter binding assay) .................. 164 

3.6.1.3. β-Galactosidase assay.......................................................................... 168 

3.6.2. Discussion ............................................................................................... 171 

4. Discussion and outlook ......................................................................................... 177 

5. Summary ............................................................................................................... 184 

6. Zusammenfassung ................................................................................................ 189 

7. Materials ............................................................................................................... 195 

7.1. Chemicals and reagents .................................................................................. 195 

7.2. Nucleotides and radiochemicals ..................................................................... 196 

7.3. Oligonucleotides and primers ........................................................................ 196 

7.4. Bacterial strains .............................................................................................. 197 

7.5. Enzyme, kits and compounds ......................................................................... 199 

7.6. Solutions, buffer and media ........................................................................... 202 

7.7. Laboratory consumables ................................................................................ 207 

7.8. Equipment ...................................................................................................... 209 

7.9. Software ......................................................................................................... 211 



iv 

 

8. Methods ................................................................................................................ 212 

8.1. Oligonucleotide design ................................................................................... 212 

8.2. Dephosphorylation of RNA ........................................................................... 212 

8.3. Radioactive labeling of RNA ......................................................................... 212 

8.4. DNA/RNA quantification .............................................................................. 213 

8.5. Ethanol precipitation ...................................................................................... 213 

8.6. In vitro transcription ....................................................................................... 213 

8.7. Polymerase chain reaction (PCR) .................................................................. 215 

8.7.1. Taq PCR .................................................................................................. 215 

8.7.2. Phusion PCR ........................................................................................... 216 

8.8. Phenol/chloroform extraction ......................................................................... 217 

8.9. Electrophoresis ............................................................................................... 217 

8.9.1. Agarose gel electrophoresis .................................................................... 217 

8.9.2. Preparative PAGE ................................................................................... 218 

8.9.3. Denaturating analytical PAGE ................................................................ 218 

8.9.4. Native analytical PAGE .......................................................................... 219 

8.9.5. SDS PAGE .............................................................................................. 220 

8.10. Cloning procedures ..................................................................................... 221 

8.10.1. Whole plasmid PCR ............................................................................ 221 

8.10.2. Restriction endonuclease digest .......................................................... 222 

8.10.3. Ligation ............................................................................................... 222 

8.10.4. Electro-transformation of plasmids in E. coli ..................................... 223 



v 

 

8.10.5. Chemical transformation of plasmids in E. coli .................................. 223 

8.10.6. Design of plasmid constructs .............................................................. 224 

8.11. Preparation of extracts for riboswitch ligand identification ....................... 224 

8.12. Pre-purification by OASIS mixed-mode ion-exchange cartridges ............. 225 

8.13. HPLC fractionation .................................................................................... 226 

8.14. In-line probing ............................................................................................ 226 

8.15. RNA-Protein pulldown assay ..................................................................... 227 

8.16. Protein expression and protein purification ................................................ 230 

8.17. SPR ............................................................................................................. 231 

8.18. Filter binding assay (Dotblot) ..................................................................... 232 

8.19. EMSA ......................................................................................................... 233 

8.20. RNase footprinting ..................................................................................... 233 

8.21. Determination of β-galactosidase expression levels ................................... 234 

9. Abbreviations ........................................................................................................ 236 

10. Bibliography ..................................................................................................... 239 

11. List of figures .................................................................................................... 246 

12. List of tables ...................................................................................................... 251 

13. Appendices ........................................................................................................ 254 

14. Danksagung ...................................................................................................... 287 



6 

 

1. Introduction 

1.1. Post-transcriptional regulation 

In Pseudomonas putida regulation of metabolic genes is needed to adapt biochemical 

pathways, for example, TCA cycle, glyoxylate or GABA shunt to changing 

environmental conditions like stress or nutrient availability. Regulation is mainly known 

on the level of transcription initiation and enzymatic turnover. Considering the given 

genomic operon structure, the question arises how a fine-tuning of this gene regulation 

could be managed on a supplementary level. For some of the TCA cycle genes, Darlison 

et al. (1984) and Cunningham et al. (1998) pointed out that there might be an unknown 

regulation mechanism in Escherichia coli in these operons of enzyme complexes, because 

several shorter transcription units compared to the whole operon were identified, and 

because they observed stem and loop conformations, which overlap with promoters and 

ribosome binding sites in these intergenic regions [1, 2]. 

Post-transcriptional regulation in bacteria occurs in various mechanisms such as capping, 

RNA editing and addition of a poly(A) tail [3-6]. Other mechanisms influence mRNA 

stability [7-9]. Three mechanisms are highly interesting involving riboswitches, RNA-

binding proteins and sRNAs [10]. RNA motifs potentially controlling central metabolic 

genes have been identified by bioinformatic studies and show highly conserved primary 

and secondary structures, but up to now prediction of their functions remains still 

unprecise and has not been validated in vivo. 

 

1.1.1. Riboswitches 

Riboswitches are RNA based regulators which are able to sense cellular metabolites 

controlling  transcription or translation. Riboswitches consist of an aptamer which is a 

non-coding mRNA containing evolutionary conserved nucleotides and the expression 

platform which modulates the regulation of the downstream sequence. Upon binding of 

the metabolite, a conformational change in the expression platform is induced, which 

switches the downstream gene expression. So far, various classes of riboswitch ligands 

are known ranging from inorganic ligands to small organic molecules and protein 

coenzymes. For transport or synthesis of small organic molecules, a distinct set of 

proteins is needed in bacteria. Enzymatic reactions are often feedback regulated by 
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products to avoid synthesis of excess protein or to induce gene expression, which are 

necessary for further biochemical pathway steps, but regulation can be additionally 

performed on the level of RNA by riboswitches to fine-tune gene expression [11]. 

Various regulatory mechanisms are executed by riboswitches. Riboswitches act either on 

the level of transcription or translation, and the regulatory effect is exclusively due to 

specific RNA conformation upon ligand binding, see Figure 1. In Figure 1 a) transcription 

termination upon formation of a Rho-independent terminator is shown, whereas in Figure 

1 b) transcription antitermination is shown in which the antiterminator is stabilized by 

ligand binding and RNA polymerase (Pol) is able to complete transcription. In Figure 1 

c) it is shown that, ligand binding may as well facilitate Rho-factor binding, which leads 

to transcription termination. 

 

Figure 1. Overview riboswitch classes and mechanisms. Riboswitches are known to respond to various metabolites 

(blue, top) which can be directly sensed and bound by the aptamer domain (middle). Binding of the metabolite (blue) 

leads to changes of secondary structure of the expression platform (light blue). A) Binding of the metabolite induces 

the formation of a Rho-independent terminator hairpin. B) Binding of the ligand forces formation of an antiterminator 

hairpin due to secondary structure stabilization and RNA Polymerase can  complete transcription. C) Transcription is 

terminated as binding of the ligand is demasking a Rho (red) binding site. D) Translation initiation is inhibited as the 

ribosome binding site (dark blue) is masked upon metabolite binding. E) Upon ligand binding an antisequester hairpin 

is formed and ribosome binding can take place; translation is initiated. F) Binding of GlcN6P is inducing self-cleavage 

of the mRNA. A free 5’ OH-group facilitates mRNA degradation by RNases. Figure adapted from Malte Sinn (AG 

Hartig). 

Upon binding of the ligand, translation inhibition can be performed by formation of a 

sequester masking the Shine-Dalgarno (SD) sequence, see Figure 1 d). Vice versa, an 

antisequester can be formed upon ligand binding so that the SD sequence is accessible 

for ribosome binding and translation can be initiated, shown in Figure 1 e). In Figure 1 f) 
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glmS riboswitch is shown, which shows an alternative regulation mechanism compared 

to the other riboswitches identified up until now. In gram-positive bacteria, upon binding 

of glucosamine-6-phosphate, the RNA cleaves itself resulting in a free 5’ OH group which 

triggers RNase J to decay the mRNA which prevents translation. 

As structural elements riboswitches contain highly conserved nucleotides, which act as 

the sensing domain of the ligand. Until the discovery of guanidine-II riboswitches in 

2017, it was predicted that riboswitch structures are determined by multihelical junctions 

and/or pseudoknots for adaption of their specific conformation. Exploration of guanidine-

II riboswitch revealed that even to its small and repetitive nature consisting of a two stem-

loop structure, the motif was able to bind guanidine without a protein cofactor [12]. 

Structural studies showed that the stem-loops of guanidine-II riboswitch are dimerizing 

by a loop-loop interaction which builds the binding pocket for the ligand [13, 14]. In 

riboswitches, a uniform metabolite recognition feature does not exist. Usually, 

riboswitches form a binding pocket so that specific hydrogen bonds and/or electrostatic 

interactions between the ligand, and the RNA can take place. Discrimination of 

derivatives are primarily performed by steric hindrance and formation of specific 

interactions [11]. 

FMN riboswitches are known both as regulators of transcription and translation [15]. In 

2002, FMN riboswitches were characterized in Bacillus subtilis [16, 17]. In this 

bacterium, the operon for riboflavin synthesis consists of five genes ribGBAHT and an 

untranslated mRNA region of 300 nt. Until the discovery of the riboswitch, researchers 

suspected that the 5’ UTR will bind a repressor protein (RibC or RibR), but Winkler et 

al. (2002) and Mironov et al. (2002) showed that upon binding of FMN to the RNA 

transcription is terminated. When FMN concentration is decreasing in cells, an 

antiterminator is formed and riboflavin synthesis is activated. Winkler et al. (2002) 

showed that translation is inhibited by sequestration of the ribosome-binding site when 

FMN is binding to the 5’ UTR of ygaA gene in B. subtilis, which means that binding of 

FMN can execute distinct genetic control mechanisms depending on the nature of RNA. 
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Figure 2. FMN riboswitch. A) Riboflavin synthesis pathway in bacteria is shown. Genes that are underlined originate 

from B. subtilis. B) FMN riboswitch structure represented in a ribbon model. FMN shown in red. C) Model of 

transcription termination of FMN riboswitch. Yellow regions show the antiterminator structure which is disrupted upon 

FMN binding and terminator hairpin formation. D) Model of translation initiation by FMN riboswitch. Upon FMN 

binding an sequester is formed which masks the SD site. When FMN concentrations are decreasing in the cell, RNA 

structurally rearranges so that the ribosome binding site is demasked by antisequester formation and translation is 

initiated. Figure adapted from [15, 17, 18]. 

The structure of FMN riboswitch is special as the ligand is surrounded by a 

pseudosymmetric fold of the RNA which forms the binding pocket. The riboswitch of 

Fusobacterium nucleatum which is built of a six-stem junction does adopt a butterfly-like 

scaffold. Each of the pseudosymmetric domains contains a conserved five nucleotide T-

loop which interacts with an adenine for formation of a tetraloop-like motif to create one 

‘wing’ of the butterfly-like shape. The ligand is positioned asymmetrically in the RNA 

and is recognized by direct contact of the isoalloxazine chromophore and the phosphate, 

as well the phosphate moiety is interacting through Mg2+ mediation with the RNA [18-

21]. Since 2015, it is known that the FMN riboswitch contains a second control system. 

Even if Mironov et al. (2002) stated that neither RibC nor RibR are the repressors which 

control the riboflavin operon, it was shown that binding of RibR to the FMN riboswitch 

in the ‘off-state’ can overcome the regulation of the riboswitch [22]. RibC is an enzyme 

which catalyzes the formation of FAD and FMN, but its gene is not located in the rib 

operon. The RibR protein has similar features to flavokinases in its N-terminal sequence 

and shows enzymatic activity in vitro [23]. It was shown that only RibR is binding, 

specifically to FMN riboswitch in vivo and that this interaction feature is located in the 

C-terminal part of RibR. Later, it was shown that the protein does have a higher relevance 

for post-transcriptional gene regulation as for the intracellular FAD/FMN pool. Binding 

of RibR to the FMN riboswitch prevents transcription termination, which results in 

expression of rib genes even at high FMN pools.The protein is able to prevent translation 
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inhibition of ribU [22]. The authors speculate that the purpose of this de-regulation is to 

generate a pool of fully cofactor-loaded flavoenzymes. Even so, it is very interesting that 

the protein can  change such mechanistically different gene regulation mechanisms, and 

this example is giving an outlook on future research of post-transcriptional gene 

expression, as other examples hint towards such dual regulatory mechanisms. 

 

1.1.2. RNA-binding proteins 

Post-transcriptional gene regulated is executed by RNA-binding proteins in all domains 

of live. Such regulators usually influence mRNA decay, translation initiation efficiency 

or transcript elongation [24]. Proteins can either bind directly to the RNA or can be 

‘cofactor’ bound by some other RNA and facilitate binding to the RNA; such a 

mechanism is described in section 1.1.3. 

Most conserved RNA-binding proteins are ribosomal proteins, but as well other RNA-

binding proteins are used as regulators [25]. Binding domains of proteins do recognize 

short RNA sequences [26]. Post-transcriptional gene regulation by RNA-binding proteins 

is mainly performed by four mechanisms: transcription terminator/ antiterminator 

formation; access of the ribosome to the RBS; susceptibility to RNases and recruiting 

other effector molecules as a chaperon. 

Gene expression can be modulated by transcript elongation. In the previous chapter, see 

1.1.1, intrinsic terminators have been described. The combination of a riboswitch and a 

Rho binding site has been described. In intrinsic terminators, nucleic acid sequence and 

secondary structure are building terminators or antiterminators. Factor-dependent 

terminators require the action of a protein, as for example Rho or TRAP [27, 28]. Usually, 

such terminators are located in the 3’ UTR of genes. However, some mRNA leaders 

contain such structures in the 5’ UTR of the gene. Such a control element can prevent the 

elongation of the transcript by stabilization of the intrinsic terminator upon protein 

binding, see Figure 3 B). It is possible, that antiterminator structure is stabilized and the 

transcript is completed to its full-length product, shown in Figure 3 A). Binding of a 

protein to a mRNA can facilitate Rho-dependent transcription termination by a change in 

secondary structure when the rho utilization sequence is usually masked and inaccessible 

for the factor, see Figure 3 C) [24]. 
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Figure 3. Modulation of transcript elongation. RNA-binding proteins shown in yellow, antiterminator sequence 

shown in light blue, terminator sequence shown in orange and rho utilization site and Rho shown in light green. RBS 

is depicting the ribosome binding site. A) Antiterminator structure is stabilized upon protein binding, and transcript can 

be elongated. B) Upon protein binding, terminator structure is stabilized, and transcription is aborted. C) Upon protein 

binding, the rho utilization site is exposed, and rho factor can bind to the mRNA. Figure adapted from [24]. 

RNA-binding proteins can as well regulate genes post-transcriptionally by alteration of 

the translation initiation efficiency. In prokaryotes, translation is initiated by binding of 

the ribosome to the RBS which contains the SD sequence. The SD sequence is 

complementary to the 3’ end of the 16S rRNA and is necessary for correct positioning of 

the ribosome on the mRNA [24]. Protein binding to the RBS can directly compete with 

ribosome binding, shown in Figure 4 a). 

 

Figure 4. Regulation of translation initiation efficiency by RNA-binding proteins. A) Inhibition of translation by 

direct competition of the RBP with ribosome binding. B) Activation of translation. The masked RBS is exposed after 

RBP binding so that the ribosome can bind a translation can take place. Figure adapted from [26]. 

Also, it is known that protein binding induces changes in the secondary structure of the 

mRNA so that SD sequence is either masked in an sequester or de-masked by formation 

of an antisequester, an example of SD masking mechanism is shown in Figure 5. In the 
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first case, translation initiation efficiency is reduced whereas in the second case 

translation initiation is facilitated. 

 

Figure 5. Regulation of translation initiation efficiency by a Shine-Dalgarno masking mechanism. Upon protein 

binding (yellow) changes in secondary structure are induced. Ribosome binding site (RBS) is masked in a sequester 

and coding sequence (CDS) is not translated as the ribosome (black) is not able to bind to the RBS. Figure adapted 

from [24]. 

Gene expression can be also regulated post-transcriptionally by the adaption of mRNA 

stability. When stability is controlled, the number of mRNA that are potentially 

translated, is affected. RNA stability is usually dependent on the nucleotide sequence and 

secondary structure (intrinsic elements) but can be stabilized or de-stabilized upon 

binding of a ligand/ protein/ sRNA. RNases can bind to single- or double-stranded RNA 

and RNA decay is initiated by endoribonulceases. RNA fragments are further cleaved by 

endo- and exoribonuecleases. It is known, that RNA-binding proteins can shield 

recognition sites of RNases or induce changes in secondary structure so that either RNase 

recognition sites are masked or exposed, so that RNA decay is prevented or induced. A 

schematic overview is shown in Figure 6. Modulation of mRNA stability can as well alter 

by interaction with other molecules to regulate translation initiation efficiency or mRNA 

stability. In that case RNA-binding proteins bind simultaneously to the RNA target and 

an effector molecule. The effector molecule is either a sRNA or a protein. Chaperones 

facilitate base pairing between the sRNA and the RNA target. RNA-binding proteins can 

recruit RNases, which leads to mRNA decay. When different molecules are cooperating 

in mRNA degradation, this multiprotein complex is called the degradosome. 
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Figure 6. Adaption of mRNA stability and regulation of RNA decay. A) Activation or inactivation of mRNA decay 

by endoribonucleases. Activation: A degradasome consisting of a sRNA, RapZ and Hfq is built which recruits an 

RNase. Inactivation: Proteins or effector molecules bind to mRNA and shield RNase recognition sites. B) Activation 

or Inactivation of ribonucleolytic RNA decay. Activation: RNA helicase unwinds the secondary structure. RNA is 

cleaved by exoribonucleases. Inactivation: Hfq or ProQ bind to 3’ end of the RNA and prevent exoribonucleitic 

degradation of mRNA. Proteins shown in red, RNases shown in green. Figure adapted from [26]. 

Csr (carbon storage regulator)/ Rsm (repressor of stationary-phase metabolites) is a 

highly conserved RNA-binding protein with a size of about seven kDa [26]. CsrA from 

E. coli is the founding member of this class of proteins and was discovered due to its 

impact on carbon storage and glycogen synthesis [29]. Nowadays, regulation of gene 

expression of CsrA is known for virulence genes, microbe-host interactions, carbon 

metabolism, motility, stress response, biofilm formation and quorum sensing in E. coli 

and other species [30]. Since 2016, it is known that CsrA protein can  target hundreds of 

RNAs in gram-negative bacteria in vivo in Salmonella typhimurium and Escherichia coli 

[31, 32]. CsrA is predominantly regulating gene expression by direct competition with 

the ribosome for access to the ribosome binding site. The binding consensus sequence is 

RUACARGGAUGU with ACA and GGA 100% conserved in E. coli; an example is 

shown in Figure 7 [33]. 
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Figure 7. Overview CsrA protein and recognition site. A) High affinity binding RNA, conserved nucleotides from 

the recognition site are shown in red. B) CsrA-RNA complex. The conserved nucleotides are indicated with blue boxes, 

critical residues L4 and R44 are indicated with red boxes. Figure from [30]. 

In S. typhimurium CLIP analysis showed that more than half of the peaks contained an 

ANGGA sequence [31]. The authors established [A/U]GGA as the recognition motif in 

Salmonella. In Pseudomonas aeruginosa, CANGGAYG is the consensus sequence for 

RsmA and RsmF binding [34]. Interestingly, in this bacterium two CsrA orthologs exist, 

which are annotated as RsmA and RsmF. RsmA is preferentially binding short RNA 

targets with high affinity whereas RsmF is not able to bind them. Both proteins bind long 

RNA targets, and it was shown that RsmF needs two recognition sites in the RNA target 

for binding whereas for RsmA only one recognition site is sufficient. Binding of CsrA is 

not only influenced by primary sequence, but also by secondary structure, as it 

preferentially binds to the GGA recognition site in the loop of the hairpin [31, 34, 35]. 

CsrA protein does not only compete directly with the ribosome (Figure 8 A)) [30, 36, 37], 

but also other mechanisms are known, see Figure 8. In P. aeruginosa, RsmA binding to 

5’ UTR of psl gene induces changes in the secondary structure so that the SD sequence 

is masked and the ribosome cannot bind to the RBS, shown in Figure 8 B) [38]. Yakhnin 

et al. (2014) showed that upon CsrA binding to 5’ UTR of flhDC mRNA, RNase E sites 

are shielded, so that RNA is stabilized, see Figure 8 F) [39]. CsrA has shown to overcome 

the action of MOCO riboswitch in E. coli. The riboswitch is preventing translation 

initiation upon binding of molybdenum cofactor (MOCO) but binding of CsrA to this 

structure can promote translation, shown in Figure 8 E) [40]. 
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Figure 8.Schematic overview of different mechanisms of post-transcriptional control by CsrA. A)Translation 

repression by competition with the ribosome. B) Translation repression by sequestration of the RBS. C) Transcription 

termination by Rho-dependent transcription. Upon CsrA binding rut sequence is exposed. D) Translation activation by 

prevention of sequester formation. E) Translation activation by rearrangement of secondary structure. F) mRNA 

stabilization by masking of RNase E cleavage sites. Figure from [41]. 

Additionally, in order to prevent of translation initiation of pgaA gene, CsrA can induce 

transcription termination of pgaABCD mRNA in E.coli [42, 43]. Upon binding of the 

protein to this mRNA, a rut sequence is exposed by changes in secondary structure so 

that Rho can  bind, and transcript elongation is stopped, shown in Figure 8 C). Summed 

up, CsrA is a very flexible global regulator which is able to perform various mechanisms 

of post-transcriptional gene regulation. 

 

1.1.3. sRNAs 

Another type of regulator in post-transcriptional gene regulation are small RNAs (sRNA). 

These non-coding RNAs consist of 50-300 nucleotides and modulate gene expression by 

base pairing with mRNAs. They modulate translation or stability or by modulation of 

protein activity [44]. Most extensively studied sRNAs are trans-encoded sRNAs, which 

act in trans by imperfect, short base pairing at or near the RBS of the mRNA and prevent 
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translation by competition with the ribosome [45]. Binding at more distant locations is 

known, which prevents the formation of inhibitory secondary structures or influences 

mRNA stability, see Figure 9 [44, 46]. Trans-encoded sRNAs can either bind with high 

complementarity to their targets or by cofactor assistance. Hfq, which is an RNA-binding 

protein, is required in many cases as a cofactor for such sRNAs in Gram-negative bacteria 

[47]. 

 

Figure 9. Post-transcriptional gene regulation by trans sRNAs. First row: Upon binding of the sRNA RBS is 

masked, and translation initiation is inhibited. Second row: Upon binding of the sRNA, a double stranded is formed, 

which can be degraded by RNase III. Third row: Upon binding of the sRNA, the RBS is exposed. Translation can be 

initiated. Fourth row: Upon binding of the sRNA, stability of the target is increased; mRNA cannot be degraded by 

RNases. Figure from [46]. 

Cis-encoded sRNA, also called antisense RNAs (asRNAs) are encoded on the opposite 

DNA strand of coding sequences. These RNAs do influence translation and/or mRNA 

stability of the complementary sense gene, see Figure 10 A). The target RNA is 

recognized by large complementarity and a fast high affinity contact after which 

additional base pairing is formed involving structural rearrangement. 
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Figure 10. Post-transcriptional gene regulation by asRNAs and modulation of protein activity by sRNAs. A) 

Top: Possible configurations of cis-encoded sRNAs. Left: Binding of sRNA (red) prevents ribosome binding and 

initiates mRNA (blue) degradation. Middle: Upon binding of the sRNA, mRNA is cleaved leading to various regulatory 

effects. Right: Upon binding of the sRNA, transcription elongation is inhibited. B) Binding of sRNAs to proteins can 

modify or inhibit their activities. Nevertheless, activation is also observed. Binding of the sRNA to a protein can 

furthermore assemble other proteins. Release of proteins can be actively or passively controlled. Figure adapted from 

[44, 45]. 

Modulation of protein activity is performed in a simple way by sRNAs as they mimic the 

structures of other nucleic acids, see Figure 10 B). For example, in E. coli, CsrB and CsrC 

are known, which contain 22 and 13 binding sites for CsrA protein. Therefore, these 

sRNAs prevent the protein from binding to its mRNA targets. This regulation of CsrA 

and its orthologs has been observed as well in other species [45, 47]. 

Spot 42 is an sRNA involved in regulation of carbohydrate metabolism and uptake [48]. 

In Enterobacteria, the spf gene is highly conserved and flanked by a poly(A) upstream. 

The RNA was first described in 1973. The transcription of the sRNA is activated by 

growth on glucose and repressed by cAMP-CRP [49]. Spot 42 can  base pair with mRNA 

and associates with Hfq. It has been shown to post-transcriptionally regulate the galactose 

operon galTKM in E. coli, which produces a polycistronic mRNA. Upon binding of Spot 

42 at the RBS of galK gene, ribosome binding and therefore, translation initiation is 

inhibited [48, 49]. It was further shown that Spot 42 has a more global role on glucose 

catabolism and TCA [48, 50, 51]. 

 

1.2. Operon structure 

TCA cycle enzymes are organized in Comamonas testosteroni KF-1 and Pseudomonas 

putida KT2440 in operons, which are functional units of DNA and consist of a promoter, 

an operator and one or several genes. The α-ketoglutarate dehydrogenase complex is an 

enzyme complex of three subunits which are coded from sucA, sucB and lpdG genes. The 

full-length  transcript is probably containing all sdh and suc genes, as well as lpdG gene. 



18 

 

The sdh gene cluster and the suc gene cluster are separated by an intergenic region, see 

Figure 11. The gene clusters for α-ketoglutarate dehydrogenase and succinyl-CoA 

synthetase are separated by an intergenic region. As regulatory elements are annotated 

for sucA and for sucC gene, it is likely that other transcription units as only sdh genes, 

sdh-sucAB-lpdG, sucAB-lpdG-sucCD, sucAB-lpdG or sucCD exist. 

 

Figure 11. The operon of the sdh suc gene cluster of P. putida KT 2440. Genes shown as arrows. 

In E. coli, the lpdG gene is located elsewhere in the genome, but the genes for the E1 and 

E2 subunit are located in close proximity [52]. The sucB gene is found downstream of 

sucA gene, followed by sucC and sucD gene. The genes for α-KGDH subunit E1 and E2 

and for the succinyl-CoA synthetase are organized organized in the operon with sdh 

genes. In addition to the full-length  transcript, several shorter transcription units are 

known (sdhDAB, sucAB, sucABCD) 

(https://ecocyc.org/gene?orgid=ECOLI&id=EG10979#tab=TU). 

NADP+-dependent isocitrate dehydrogenase is an enzyme which is coded from idh gene. 

The idh gene is located in opposite to the icd gene which is coding for NAD+-dependent 

isocitrate dehydrogenase, see Figure 12. Idh is a monocistronic mRNA 

(https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-4279-MONOMER#tab=TU). 

 

Figure 12. The orientation of idh and icd gene in Pseudomonas putida KT2440. Idh gene is coding for NADP+-

dependent isocitrate dehydrogenase and icd gene is coding for NAD+ dependent isocitrate dehydrogenase. 

The gabT gene is located in the gab operon consisting of gabDT, see Figure 13. There is 

only a full-length  transcription unit predicted, which contains an intergenic region 

between gabD and gabT gene (https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-

236#tab=TU). For gabT gene a regulatory element is predicted. The gabD gene is coding 

for succinate-semialdehyde dehydrogenase and the gabT gene is coding for 5-

aminovalerate aminotransferase which was renamed to davT in 2017. Until then, the gabT 

gene was annotated as γ-aminobutyrate aminotransferase. The activities of the enzymes 

are promiscuous as they are able to catalyze side reactions of a main reaction which is L-

lysine degradation [53-57]. 

https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-236#tab=TU
https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-236#tab=TU
https://www.uniprot.org/uniprot/P22256
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Figure 13. The operon of the gab gene cluster of P. putida KT 2440. Genes shown as arrows. 

The pyruvate dehydrogenase complex is built from AceE, AceF and LpdG proteins. The 

aceE gene is coding for pyruvate dehydrogenase E1 component. It is sharing the operon 

with aceF coding for pyruvate dehydrogenase E2 component, see Figure 14. A full-length  

transcript for aceEF is predicted 

(https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-372#tab=TU). 

 

Figure 14. The operon of the ace gene cluster of P. putida KT 2440. Genes shown as arrows. 

 

1.3. RNA motifs 

The sucA RNA motif was first described in 2007 by Weinberg et al. (2007) [58]. It was 

only found in 5’ UTR of sucA gene in the order of Burkholderiales. It was predicted to be 

cotranscribed with sucB gene. Many nucleotides of the motif are highly conserved, shown 

in Figure 15 A). The non-conserved nucleotides show covariation and contain few non-

canonical base pairs. As the motif has stems which overlap with the SD sequence, it was 

predicted to be a cis-regulatory RNA. The authors suggested that sucA might be a 

riboswitch due to its relatively complex structure [58]. In 2007, sequences from 25 species 

were published. In 2018, this number increased to 490 [59]. The authors proposed due to 

sequence and structure conservation that sucA is a candidate riboswitch. The ribosome 

binding site is located in stem P3 and the SD sequence is sequestered is in stem P4. They 

proposed also that stem P4 is formed upon ligand binding and translation initiation is 

inhibited. 

https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-372#tab=TU
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Figure 15. Structural model for sucA RNA motif. A) Consensus sequence and structural model for sucA RNA motif. 

B) Sequence and structural model for sucA RNA motif from Comamonas testosteroni KF-1. Figure adapted from [59] 

and the Mfold Web Server (http://unafold.rna.albany.edu/?q=mfold/rna-folding-form). 

The sucA-II motif (here: sucAII) was first described in 2010 [60]. This motif is found in 

the family of Pseudomonadacae and in environmental DNA. Interestingly, d’Arrigo et al. 

(2016) published two distinct transcription start sites for Pseudomonas putida KT2440. 

The one that is used by Weinberg et al. (2010), and a second transcription start site located 

110 nt upstream of the ORF [61]. Greenlee et al. (2018) proposed that the structure of 

sucAII is similar to the one proposed earlier, shown in Figure 16 A), but conservation of 

the nucleotides is not as good as described in the paper of Weinberg et al. (2010) [59]. 

The genetic arrangement of this RNA motif is similar to the one described for sucA motif. 

Greenlee et al. (2018) suggested that sucA motif and sucAII motif are serving the same 

biological function in different bacteria. They propose that under the condition that both 

motifs are a riboswitch the discovery of the ligand for one of the motifs will automatically 

reveal the ligand for the remaining class. 

 

Figure 16. Structural model for sucAII RNA motif. A) Consensus sequence and structural model for sucAII RNA 

motif. B) Sequence and structural model for 110 nt sucAII RNA motif from Pseudomonas putida KT2440. Figure 

adapted from [59] and the Mfold Web Server (http://unafold.rna.albany.edu/?q=mfold/rna-folding-form). 
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The sucC RNA motif was first reported in 2010 by Weinberg et al. (2010). It was found 

uniquely in the species of Pseudomonas and in the 5’ UTR of sucC gene, which is coding 

for succinyl-CoA synthetase subunit β. The authors predicted that the motif is a biological 

cis-regulatory RNA, but that it is an ambiguous motif for a riboswitch [60]. In 2018, 

Greenlee et al. (2018) confirmed that they classified sucC RNA motif as a weak 

riboswitch candidate. Due to the secondary structure binding of a ligand is not probable, 

and it is more likely that sucC RNA has other biochemical functions [59]. The motif 

consists of a hairpin and a potential second hairpin which is not well supported from the 

comparative sequence data, structure shown in Figure 17. Highly conserved nucleotides 

can be found in the base paired and single-stranded regions. The authors suggest that due 

to palindromic sequence domains, sucC RNA motif might contain binding sites for a 

dimeric protein complex. Until now, 72 representatives have been identified [59]. 

 

Figure 17. Structural model for sucC RNA motif. A) Consensus sequence and structural model for sucC RNA motif. 

B) Sequence and structural model for sucC RNA motif from Pseudomonas putida KT2440. Figure adapted from [59] 

and the Mfold Web Server (http://unafold.rna.albany.edu/?q=mfold/rna-folding-form). 

The gabT RNA motif was identified with 21 examples in Pseudomonas in 2010. 

Nowadays, 315 examples in the species of Pseudomonadales are known [59, 60]. The 

motif was predicted as biological cis-regulatory RNA, but as an ambiguous riboswitch 

candidate. It is found in the 5’ UTR of gabT gene, which is coding for 4-aminobutyrate 

aminotransferase. For this motif, d’Arrigo et al. (2016) predicted the transcription start 

site 85 nt upstream the ORF [61]. The secondary structure is predicted to consist of two 

hairpins, which are interrupted with internal loops, see Figure 18 A). Highly conserved 

nucleotides can be found in the tip of stem P1. The RBS is located in the second hairpin 

[59]. Structural arrangement as well as RBS in proximity to the downstream gene hint 

towards a translation initiation control mechanism. As GabT protein is annotated with 
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several functions, and the protein is known to work on various substrates, the authors 

propose that numerous possible ligands might be candidates for binding to the riboswitch 

[59]. 

 

Figure 18. Structural model for gabT RNA motif. A) Consensus sequence and structural model for gabT RNA motif. 

B) Sequence and structural model for gabT RNA motif from Pseudomonas putida KT2440. Figure adapted from [59] 

and the Mfold Web Server (http://unafold.rna.albany.edu/?q=mfold/rna-folding-form). 

In Pseudomonas, icd RNA motif was described, which was found in the 5’ UTR of idh 

gene and environmental samples. The idh gene is coding for an NADP+-dependent 

isocitrate dehydrogenase. Weinberg et al. (2010) were doubting that icd RNA motif is a 

biological RNA, but if so, it is probable that the RNA is cis-regulatory. They proposed 

that icd RNA motif is probably not a riboswitch [60]. The prediction of the secondary 

structure shows two simple hairpins and a third structurally more complex hairpin which 

contains two supplementary hairpin structures. Sequence conservation  and covariation 

are low, see Figure 19. As highly conserved nucleotides are located in the stems and not 

in bulges, Greenlee et al. (2018) state that this is unusual for a riboswitch [59]. The authors 

state that NADP+-dependent isocitrate dehydrogenase is a cold-adapted enzyme which is 

why the RNA motif might be an RNA thermometer. As riboswitch ligands, they propose 

metabolites that have been observed to inhibit the enzymatic function of IDH. 
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Figure 19. Structural model for icd RNA motif. A) Consensus sequence and structural model for icd RNA motif. B) 

Sequence and structural model for icd RNA motif from Pseudomonas putida KT2440. Figure adapted from [59] and 

the Mfold Web Server (http://unafold.rna.albany.edu/?q=mfold/rna-folding-form). 

The aceE RNA motif was first reported in 2010. Weinberg et al. (2010) predicted at that 

time that aceE is an ambiguous candidate for a biological RNA and a riboswitch, but that 

the motif is probably a cis-regulatory RNA [60]. Until now, 20 examples out of the phyla 

of Firmicutes compared to a total number of 181 are known. The secondary structure is 

predicted to contain two hairpins, which are linked by a single-stranded region, see Figure 

20. Greenlee et al. (2018) state that aceE motif has not the typical features of a riboswitch, 

but as guanidinium-II riboswitch was discovered, a final decision, whether this is a 

riboswitch candidate or not, is impossible  [59]. The aceE gene is coding for pyruvate 

dehydrogenase complex subunit E1. 

 

Figure 20. Structural model for aceE RNA motif. A) Consensus sequence and structural model for aceE RNA motif. 

B) Sequence and structural model for aceE RNA motif from Pseudomonas putida KT2440. Figure adapted from [59] 

and the Mfold Web Server (http://unafold.rna.albany.edu/?q=mfold/rna-folding-form). 
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1.4. Biochemistry 

The α-ketoglutarate dehydrogenase complex is catalyzing the conversion of α-

ketoglutarate to succinyl-CoA and carbon dioxide. During this reaction, NADH is 

produced. The complex consists of α-KGDH subunit E1 (sucA), lipoamide 

acyltransferase (subunit E2) and lipoamide dehydrogenase (subunit E3) [62]. The subunit 

E3 is the same as in the pyruvate dehydrogenase complex. In E. coli, the complex consists 

of 12 subunits of the E1 component, 24 subunits of E2 component and 12 units of the E3 

component [52]. The enzymatic activity is not regulated by phosphorylation-

dephosphorylation mechanism [1]. 

The succinyl-CoA synthetase complex is catalyzing the reversible reaction of succinyl-

CoA, ADP and phosphate to succinate, CoA and ATP. In E. coli and in gram-negative 

bacteria, the complex consists of succinyl-CoA synthetase subunit α and subunit β which 

are assembled as a tetramer [63]. 

The enzyme 5-aminovalerate aminotransferase is catalyzing the reaction of 5-

aminopentanoate and α-ketoglutarate to 5-ketopentanoate and L-glutamate.  The enzyme 

was shown to be involved in lysine degradation in Pseudomonas aeruginosa [64]. As 

cofactor pyridoxal phosphate is needed. The γ-aminobutyrate aminotransferase is a 

pyridoxal phosphate requiring enzyme. It catalyzes the initial step in the GABA shunt 

which is to convert α-KG and γ-aminobutanoate to succinate semialdehyde and L-

glutamate [65]. 

In the TCA cycle, NADP+-dependent isocitrate dehydrogenase is considered as a major 

source of NADPH [66]. The NADP+-dependent isocitrate dehydrogenase is converting 

isocitrate to α-KG, carbon dioxide and NADPH. The enzymatic activity is regulated by 

phosphorylation (inactive) and dephosphorylation (active). In Mycobacterium 

tuberculosis, NADP+-dependent ICDH was shown to be a homodimer. In each subunit a 

Rossmann fold is formed. Mycobacterial ICDH is also capable of forming α-

hydroxyglutarate [67]. 

The pyruvate dehydrogenase complex converts pyruvate to acetyl-CoA and is built of 

pyruvate dehydrogenase (E1p), acetyltransferase (E2p) and dihydrolipoamide 

dehydrogenase (E3) [68]. In E. coli, the complex is analogous to the α-KGDH complex, 

E1 and E2 components are coded by aceE and aceF genes, but in the pyruvate 
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dehydrogenase, complex chain ratios of E1:E2:E3 are 1:1:0.5 [69]. The enzyme is 

regulated by product inhibition and allosteric mechanisms [68]. 
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2. Aim of the thesis 

Post-transcriptional gene regulation based on non-coding mRNA is known in bacteria 

since the 1990s [70, 71]. Weinberg et al. (2007 & 2010) published ncRNA motifs that 

might regulate their correspondent downstream genes [58, 60]. The tricarboxylic acid 

cycle (TCA) is of major importance in bacterial energy and carbon metabolism. Various 

life styles and changing environmental conditions demand orchestration of the presence 

and activity of many enzymes. For example, TCA cycle requires to be regulated in a 

highly flexible manner, to orchestrate the metabolism in response to stress conditions or 

nutrient availability. So far, regulation is mainly known on the level of transcription 

initiation and enzymatic activity. Post-transcriptional regulation of gene expression is 

intended by bioinformatic studies, which have identified several highly conserved RNA 

motifs in intergenic regions of TCA cycle genes in certain proteobacteria [58, 60]. The 

aim of this study was to characterize a set of RNA motifs that are exclusively associated 

with genes involved in the TCA cycle. 

In this thesis, two mechanisms – both known to be mechanisms of post-transcriptional 

gene regulation in proteobacteria – were investigated: first riboswitches and second RNA-

binding proteins. 

The aim of the first topic was to gain information, whether those RNA motifs act as 

orphan riboswitches. Up to now, riboswitch ligands have been identified by educated 

guesses, but riboswitch identification is getting more difficult [58, 60, 72]. The topic was 

approached in three different directions. In the first approach, small molecular 

metabolites (educated guesses) were tested. In parallel, small metabolite fractions from 

natural sources were tested in a screening approach. For the third approach, a series of 

reporter constructs containing the sequences for the RNA motif of interest and different 

reporter genes were generated and tested in various nutrient conditions and in Keio 

knockouts strains. However, confirmation of the orphan riboswitch candidates was 

impossible  with cellular metabolites.  

The aim of the second topic was to gain insights if the RNA motifs of interest bind to 

regulatory proteins and to identify interacting proteins, which are involved in post-

transcriptional gene regulation of TCA cycle enzymes. For this purpose, an RNA-protein 

pulldown was performed in conditions that up- or downregulate the genes of interest. 

Analysis of proteins was performed by LC-MS/MS. Some selected protein candidates 
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were cloned into an engineered system for protein overexpression. The RNA-protein 

interactions were characterized in vitro (SPR, filter binding assay, EMSA, RNase 

footprinting) and in vivo (reporter gene assay). If possible, a mechanism for the 

involvement in post-transcriptional gene regulation was postulated. 
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3. Results and discussion 

3.1. sucA motif 

3.1.1. Riboswitch identification 

For the characterization of sucA riboswitch, a rational approach and a screening method 

were used. sucA RNA is located in the 5’ UTR of sucA gene, coding for α-ketoglutarate 

dehydrogenase. This enzyme is converting α-ketoglutarate with CoA to succinyl-CoA. 

First, ligands were tested directly related to this reaction, including cofactors and other 

metabolites indicating the state of TCA or energetic balance and amino acids that can be 

built from α-KG, see Table 1. For annotation of the RNA sequence, separated RNA 

fragments were compared to RNase T1 digestion and OH- ladder. RNase T1 cleaves RNA 

at guanosine residues, the cleavage pattern fragments seen in PAGE gels were annotated 

according to the RNA motif of interest. OH- ladder depicts fragments of alkaline digestion 

of the RNA of interest and results in single nucleotide resolution. Due to those 

annotations, changes in secondary structure of RNA motifs, bands can be assigned upon 

binding of a specific riboswitch ligand in in-line probing assays. Regions showing higher 

cleavage (stronger bands) correspond to less structured RNA, e. g. loops; whereas regions 

with lower cleavage (weaker or no bands) correspond to higher structured RNA, as for 

example stems. This approach of rational choice of potential ligands was broadened to 

more metabolites and intermediates of TCA, e. g. acetate, oxalate, malate, fumarate or 

citrate.  

Table 1. Metabolites associated with sucA gene products. TCA intermediates, cofactors, metal ions and amino acids 

are listed. 

TCA intermediates Cofactors Metal ions Amino acids 

α-ketoglutarate CoA Ca2+ L-glutamate 

Succinyl-CoA NADH Fe2+ L-glutamine 

 ATP Mn2+ L-Histidine 

 ADP  L-Threonine 

 GDP  L-Arginine 

 GTP  L-Proline 

 

Higher structuration upon addition of FAD was observed in the region of SD sequence 

whereas higher cleavage was observed in the region of 66 nt to 80 nt which would 
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correspond to single stranded RNA compared to the water control in which the RNA of 

this region seems to be structured. Binding of FAD to the RNA motif could be possible 

since the third enzyme of α-ketoglutarate dehydrogenase enzyme complex 

(dihydrolipoamide dehydrogenase) is known to need FAD as cofactor for proper enzyme 

function. So, flavines and flavin derivatives were tested again in various concentrations 

(flavin mononucleotide, FAD, riboflavin, roseoflavin). Activity of FAD was not detected 

anymore. Probing of the reduced form of FAD was not successful. A slight activity was 

also observed with NAD+ but could not be reproduced in a second experiment. 

Table 2. General list of ligands used in in-line probing assays for potential suc riboswitches. 

TCA 

intermediates 
Cofactors Amino acids Flavins Miscellaneous 

α-ketoglutarate CoA L-Glutamate Riboflavin Ca2+ 

Succinate NAD+ L-Arginine Roseoflavin NaHSO3 

 NADH L-Glutamine FMN  

 ATP L-Histidine FAD  

 AMP L-Proline “FADH2”  

 cAMP L-Threonine   

 c-di-AMP    

 GTP    

 cGMP    

 c-di-GMP    

 TPP    

  

Furthermore, several transition and post-transition metals have been tested, as well as 

oxoanions of metalloids and oxoanions of reactive non-metals and changes have not been 

observed. When testing aluminum degradation of mRNA was observed. While testing 

other metabolites of TCA (acetate, α-ketoglutarate, malate, fumarate, succinate, citrate), 

structural rearrangement was observed at 14 nt, 24 to 35 nt, 60 nt and 80 to 85 nt, shown 

in Figure 21. 
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Figure 21. In-line probing of the sucA RNA (C. testosteroni) testing TCA cycle intermediates, aluminum, 

oxoanions of metalloids and oxoanions of reactive non-metals. PAGE analysis of in-line probing reactions with 5’ 
32P-labeled sucA (C. testosteroni) RNA in the presence of TCA cycle intermediates, aluminum, oxoanions of metalloids 

and oxoanions of reactive non-metals. Precursor, OH- ladder, T1 digestion represent RNA undergoing no reaction, 

alkaline digestion or partial digestion with RNase T1 (cleaves after guanosine nucleotides). Selected bands from RNase 

T1 digestion are annotated with G and the number. Concentration of tested ligands is indicated. 

Further titration of malate, oxalate and citrate did not show these structural 

rearrangements anymore. In addition, fumarate and acetate, which showed activity in a 

first experiment, remained inactive when titrated (data not shown). Titration of oxalate 

was also negative. N-succinyl-L-glutamate which is a degradation product of arginine 

metabolism showed activity in high concentrations whereas low concentrations did not 

lead to structural rearrangements, shown in Figure 22. Surprisingly N-succinyl-D-
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glutamate showed the same behavior as N-succinyl-L-glutamate even though it is not an 

“in vivo” compound. 

 

Figure 22. In-line probing of the sucA RNA (C. testosteroni) testing N-succinyl-L-glutamate and N-succinyl-D-

glutamate. PAGE analysis of in-line probing reactions with 5’ 32P-labeled sucA (C. testosteroni) RNA in the presence 

of N-succinyl-L-glutamate and N-succinyl-D-glutamate. Other annotations are described in Figure 21. 
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In a following in-line probing assay, activity was observed with oxoadipic acid, N-Acetyl-

L-glutamate, β-Alanine, putrescine and spermidine. Despite, N-Acetyl-L-glutamate, β-

Alanine, putrescine and spermidine’s activity is comparable to the activity observed in 

one of the two water controls. Therefore, those compounds were tested again, and no 

further activity was detected.  

From previous experiments, it was concluded that the identification of ligands for 

potential riboswitches with a rational approach is limited in many aspects. So, a pipeline 

screening method was established for identification of metabolites in cell extracts. 

Therefore, small molecule extracts of P. putida KT2440 or C. testosteroni KF-1 were 

screened in an in-line-probing assay. Crude cell extracts tested are shown in Table 3. 

Table 3. Crude cell extracts, strains and growth conditions and time point of harvest used for in-line probing. 

# Strain 

Growth conditions 
Harvest at 

final OD600 Medium 
Tempera-

ture 

Aerobic or 

anaerobic? 

1a 
P. putida 

KT2440 

carbon-limited minimal 

salt medium 15 mM 

succinate 

30°C aerobic 

Mid-exponential 

phase 

0.549 

1b 
P. putida 

KT2440 

carbon-limited minimal 

salt medium 15 mM 

succinate 

30°C aerobic 

Late exponential 

phase 

0.925 

2 
P. putida 

KT2440 

carbon-limited minimal 

salt medium 15 mM 

succinate 

30°C anaerobic 

Mid-exponential 

phase 

0.227 

8 
C. testosteroni 

KF-1 

carbon-limited minimal 

salt medium 15 mM 

succinate 

30°C aerobic 

Mid-exponential 

phase 

0.658 

9 
P. putida 

KT2440 

carbon-limited minimal 

salt medium 12 mM 

glutamate 

30°C aerobic 

Mid-exponential 

phase 

0.640 

10 
C. testosteroni 

KF-1 

carbon-limited minimal 

salt medium 12 mM 

glutamate 

30°C aerobic 

Mid-exponential 

phase 

0.552 

12 
C. testosteroni 

KF-1 

carbon-limited minimal 

salt medium 30 mM acetate 
30°C aerobic 

Mid-exponential 

phase 

0.644 

 

In the following experiment, sucA motif was tested with pre-fractionated cell extract #1b. 

In this experiment, several changes in cleavage pattern were observed in different 
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fractions, MCX E2 and E3; WCX W1 and W2, WCX E1 and E2; MAX W1; WAX W1; 

WAX E4, see Figure 23. 

 

Figure 23. In-line probing of the sucA RNA (C. testosteroni) testing pre-fractionated extracts (OASIS WATERS 

cartridges). Pre-fractionated cell extracts were prepared from crude cell extract #1b (see Table 3). PAGE analysis of 

in-line probing reactions with 5’ 32P-labeled sucA (C. testosteroni) RNA in the presence of N-succinyl-L-glutamate and 

N-succinyl-D-glutamate. Other annotations are described in Figure 21. 

Most prominent changes have been observed in MCX E4 and WAX E4. Due to reduced 

abundancy of precursor RNA, RNase contamination in these samples is proposed. 

Therefore, WCX W1 was selected for drastic changes in RNA stem P4 and P3. This pre-

fraction was further fractionated over C18 HPLC column, and samples were tested again 

in in-line probing assay. In some fractions (1-1.5 and 3-3.5 minutes) of the run, some 

slight activity was still observed on the PAGE gel, and LC-MS was performed in positive 

and negative mode resulting in detection of several masses. Lacking fragmentation, 
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precise determination of the molecules was impossible.  As negative control, in-line 

probing with glycine riboswitch was performed, in which the active fraction for sucA 

riboswitch did not show any activity. Since activity was observed in the first HPLC 

fractions, HILIC HPLC of WCX W1 was performed for better separation of polar 

compounds. Several compounds were detected by UV-Vis, but none of the fractions 

showed activity in a further in-line probing assay with sucA RNA. Those fractions were 

tested again also with glycine and lysine riboswitch, and no active samples were detected. 

For verification, in-line probing was performed with raw extracts and some of the pre-

fractionated cell extract #1b. 

 

Figure 24. In-line probing of the sucA RNA (C. testosteroni) of bacterial raw extract and selected pre-

fractionations. PAGE analysis of in-line probing reactions with 5’ 32P-labeled sucA (C. testosteroni) RNA in the 

presence of different bacterial raw extracts (see Table 3) and pre-fractionated extracts (OASIS WATERS cartridges). 

Other annotations are described in Figure 21. 
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In this in-line probing, activity with crude extract #1b and #10 was observed, as well as 

with #1b WCX W1 and #1b WAX W1. As described above, further separation and 

purification of #1b WCX W1 was not successful when #1b WAX W1 was chosen for 

fractionation. For further identification, WAX W1 was fractionated over HILIC HPLC 

and tested in an in-line probing assay. Out of 33 fractions, the fraction of 11 min to 11.5 

min showed activity in in-line probing. In a further in-line probing assay, the experiment 

was performed with a Proteinase K digested sample of that fraction (11 min to 11.5 min) 

and activity was not detected after Proteinase K digestion. The enzymatic digestion was 

performed to remove smaller proteins and peptides (< 3 kDa) to ensure that activity in 

samples is due to a small metabolite and not caused by proteins or peptides. Additionally, 

activity was not detected with undigested sample fraction (11 min to 11.5 min) anymore. 

In parallel, sucA motif was tested with pre-fractionated cell extract #2. In this experiment, 

several changes in cleavage pattern were observed in different fractions, MCX E3 and 

E4; WCX W1 & 2 and E1 & 2; MAX E2 and E3; WAX W1. In comparison to the in-line 

probing shown in Figure 23, changes in MCX E4 are due to alkaline pH. WCX W1 was 

fractionated over C18 HPLC, and fractions did not show activity in an in-line probing 

experiment.  

Regarding Figure 24, cell extract #10 was fractionated over C18 column and fractions 

were tested with sucA motif in an in-line probing assay. Four fractions with altered 

activity were detected (3 min, 8 min, 15 min and 15.5 min) (data not shown). These 

fractions were digested with Proteinase K and tested in an in-line probing again. Activity 

was not observed anymore. Fractionation over HILIC column of fraction (3 min) and in-

line probing resulted in no active fractions. 

 

3.1.2. Reporter gene assays 

For ligand identification, reporter constructs containing the sequence of interest and an 

empty plasmid as control were transformed. In a first experiment, an empty plasmid 

(pQE-luxAB vector) containing the genes encoding luciferase enzyme and a reporter 

plasmid in which sucA RNA motif from C. testosteroni was cloned into the 5’ UTR of 

the reporter gene by restriction enzyme cloning were tested. Products were transformed 

into Escherichia coli MG1655. The 5’ UTR was chosen based on the natural sequence 

and cloning strategy. Clones were grown in LB or minimal media containing 
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Carbenicillin. For each construct triplicates were performed. LuxAB genes are under 

control of a leaky promoter in the pQE vector, so reporter genes are expressed 

constitutively. The undiluted cultures were measured at 600 nm for optical density 

monitoring growth phase for normalization of the data. Luminescence was measured over 

an integration time of 1000 ms. The eGFP expression was measured at 535 nm (excitation 

wavelength at 488 nm) and normalized to the OD600, and average was calculated for 

each biological triplicate. In a first assay, it was tested whether the growth on different 

carbon sources has an impact on reporter gene expression shown in Figure 25. For 

expression of the variability of the triplicates, standard deviation is depicted in error bars. 

As a positive control, unmodified pQE-J06-luxAB or pQE-J06-eGFP plasmids were 

included in the measurements. 

 

Figure 25. Influence of Carbon source on reporter gene expression. The sucA sequence from C. testosteroni was 

placed in the 5’ UTR on the sense strand in an a) luxAB or b) eGFP reporter system under the control of the constitutive 

pQE promoter. All experiments were performed in triplicates. Error bars represent standard deviations of three 

independent experiments. The respective carbon sources are depicted below the columns. Expression levels are given 

for pQE-sucA-luxAB and pQE-sucA-eGFP shown in black; unmodified plasmids shown in white. Values were 

calculated by normalization to the OD600 of cultures. 

From the first experiment, it was concluded that pQE-J06-eGFP is not a suitable control 

because the difference in basal gene expression is too large compared to the reporter 

construct, see Figure 25 b). Therefore, observation of significant changes in gene 

expression is difficult. In general, in both experiments, difficulties of E. coli in growing 

on various carbon sources were observed. In both experiments, cells grew best on glucose, 

pyruvate and α-KG. In a) of Figure 25 high values of standard deviation indicate the 

problems due to growth on carbon sources as for example for fumarate. In b) of Figure 

25 cells with unmodified plasmid did not grow on malate, fumarate and succinate as 

carbon sources. Reporter gene expression of the sucA reporter is not showing significant 
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changes upon growth in different substrates. In a) differences in basal gene expression 

are still observed, but levels are more reliable to each other. Plasmid pQE-J06-luxAB is 

highly expressed on growth with α-ketoglutarate as the carbon source. 

It was previously reported for Escherichia coli that in tellurite exposed cells reduced 

activity of the α-KGDH complex is observed [73]. Tellurite is toxic for most 

microorganisms due to its ability to generate oxidative stress. It has been shown that 

activity for certain reactive oxygen species (ROS) sensitive enzymes of the TCA 

decreases [74]. Due to decreased α-ketoglutarate dehydrogenase activity and increased 

isocitrate dehydrogenase activity, α-KG is accumulated in cells for detoxification 

purposes [75]. However, Reinoso et al. (2013) showed that increasing levels of α-

ketoglutarate are not related to increased isocitrate dehydrogenase and glutamate 

dehydrogenase activity [73]. ATP and NADH levels decrease due to decreased activity 

of TCA cycle enzymes. The authors suggest that a decrease of ICDH activity and 

therefore, isocitrate accumulation could act as a signal to decrease efficiency of the TCA 

to limit NADH generation and ROS production in the presence of tellurite. Even though, 

Ahn et al. (2016) state that during oxidative stress, the glyoxylate shunt is up-regulated 

[76]. Usually, the glyoxylate shunt is used for growth on carbon sources as fatty acids or 

acetate when gluconeogenesis is required, and, in this case, TCA is lacking the steps 

performed by isocitrate dehydrogenase and α-KGDH. In this pathway, reduced, electron 

carriers such as FADH2 and NADH are not produced via oxidation of acetyl-CoA [76]. 

As well, aluminum is known to perturb iron homeostasis, but iron is also essential for 

metabolic processes and oxidative phosphorylation. For example, Pseudomonas 

fluorescence can  fine-tune processes to survive under these conditions [77]. It is likely 

that in P. putida mechanisms work similar to those known from P. fluorescens. A-

ketoglutarate seems to have an impact in protection against oxidative stress and sucA gene 

regulation would be an easy way to perform this function. The authors state that reduced 

activity of α-ketoglutarate dehydrogenase is a result from decreased sucA transcription in 

stressed cells. They could prove by qPCR that also tellurite inhibits the activity of the 

enzyme by decreased amounts of transcripts rather than acting on the enzyme complex. 

Decreased sucA transcript results in less protein, so that the TCA is slowed down. 

Transcript levels of sucB and lpdA are not affected. To test if oxidative stress or 

accumulation of a small molecule under oxidative stress has an impact on the regulation 

of sucA RNA motif towards the downstream gene, incubation pQE-sucA-luxAB and the 
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unmodified plasmid in LB Medium with carbenicillin and tellurite concentrations ranging 

from 0 to 100 µM was performed. 

 

Figure 26. Influence of tellurite stress on reporter gene expression. The sucA sequence from C. testosteroni was 

placed in the 5’ UTR on the sense strand in a pQE-J06-luxAB reporter system under the control of the constitutive pQE 

promoter. All experiments were performed in triplicates. Error bars represent standard deviations of three independent 

experiments. The respective tellurite concentration in µM is depicted below the columns. Expression levels are given 

for pQE-sucA-luxAB shown in black; unmodified plasmid shown in white. Values were calculated by normalization to 

the OD600 of cultures. 

In this experiment, higher pQE-J06-luxAB reporter gene expression was observed than 

with pQE-sucA-luxAB, see Figure 26. In tellurite concentrations of 50 and 100 µM, a 

growth deficiency was detected. Further, luminescence measured for pQE-J06-luxAB at 

concentrations of 1.5 and 0.8 µM tellurite is not reliable. Figure 26 is showing that there 

are not significant changes in reporter gene expression of sucA reporter depending on 

tellurite concentration.  

One limiting factor of the rational approach of in-line probing assay was that 

commercially available ligands for testing are limited. Many intermediates of metabolic 

pathways are not synthesized for industrial purposes. As cells, Keio knockouts of 

Escherichia coli were used to accumulate the metabolite of interest intracellularly, which 

were not commercially available. In a first assay, it was tested if sucA gene regulation is 

related to arginine biosynthesis, see Figure 27. Our hypothesis was that sucA gene is 

downregulated if α-ketoglutarate was needed to synthesize either L-glutamate, L-

glutamine or L-arginine. Therefore, correspondent gene knockouts of E. coli were chosen, 

and the experiment was performed with an unmodified plasmid and the sucA-luxAB 

reporter system. 
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Figure 27. Arginine biosynthesis in Comamonas testosteroni CBN2. Intermediate molecules are shown by empty 

dots. Implementing metabolisms or branching to other metabolic pathways is shown by interrupted arrows. Genes, 

coding for enzymes catalyzing the correspondent reaction, are shown in blue. Arrows in both directions are indicating 

reversible reactions. 

Constructs were tested in three different conditions: carbon-limited minimal salt medium 

10 mM glucose, carbon-limited minimal salt medium 12 mM α-KG and carbon-limited 

minimal salt medium 10 mM Glucose and 5 mM L-arginine. For both constructs, it was 

observed that reporter gene expression was generally lower in medium with α-

ketoglutarate as carbon source, results visualized in Figure 28. In medium with 10 mM 

glucose higher expression of unmodified plasmid was observed than for the sucA reporter 

construct. Significant differences between the expression of unmodified plasmid and 

sucA reporter construct were observed in wild type, ΔargG, ΔargH and ΔargB. 

Comparing luciferase activity of sucA reporter gene construct in Keio knockouts to its 

activity in wild type cells, no significant differences in activity were detected, results 

shown in Figure 28 a). 

In medium with 12 mM α-KG it was also observed that expression of unmodified plasmid 

is higher than sucA reporter construct, shown in Figure 28 c). Significant differences 

between expression of unmodified plasmid and sucA reporter construct were observed in 

wild type, ΔaspC, ΔargH and ΔargB. Comparing the luciferase activity of sucA reporter 

gene construct in Keio knockouts to their activity in wild type cells, a twofold difference 

in activity was detected. 

In medium with 10 mM glucose supplemented with 5 mM L-arginine it was observed 

that expression of unmodified plasmid was similar to the expression level of sucA reporter 

construct. Significant differences between expression of unmodified plasmid and sucA 

reporter construct were observed in ΔargF, ΔycbF, ΔaspC, ΔydhI, ΔgdhA, ΔargD, ΔargE, 

ΔargH and ΔargI. Comparing luciferase activity of sucA reporter gene construct in Keio 

knockouts to its activity in wild type cells, a twofold difference in activity in ΔgdhA and 

ΔargC Keio knockouts was detected, results are visualized in Figure 28 b).  
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Figure 28. Bioluminescence of reporter systems in different Keio knockouts of Arginine biosynthesis and media 

composition. The sucA sequence from C. testosteroni was placed in the 5’ UTR on the sense strand in a pQE-J06-

luxAB reporter system under the control of the constitutive pQE promoter. All experiments were performed in biological 

triplicates. Error bars represent standard deviations of three independent experiments. The respective Keio knockout 
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strain is depicted below the columns. Expression levels are given for pQE-sucA-luxAB (shown in black); unmodified 

plasmid shown in white. Values were calculated by normalization to the OD600 of cultures. 

Further investigation of L-arginine and L-proline metabolism was performed for 

exploration of the pathway shown in Figure 29. 

 

Figure 29. Arginine and proline metabolism in Pseudomonas putida KT2440. Intermediate molecules are shown by 

empty dots. Implementing metabolisms or branching to other metabolisms is shown by interrupted arrows. Genes, 

coding for enzymes catalyzing the correspondent reaction, are shown in blue. Arrows in both directions are indicating 

reversible reactions. 

Knockout mutants were tested in different media. In carbon-limited minimal salt medium 

10 mM glucose it was observed that for unmodified plasmid as well as sucA reporter 

construct, gene expression decreased for ΔputA, ΔastA, ΔastB, ΔastC and ΔastD 

knockouts. In the knockouts ΔproA, ΔproB and ΔproC decreased reporter gene expression 

was observed compared to the unmodified plasmid. Interestingly, an increase in gene 

expression of sucA reporter construct compared to unmodified plasmid was observed, 

results are shown in Figure 30 a). 

In carbon-limited minimal salt medium 10 mM glucose supplemented with L-arginine it 

was observed that for unmodified plasmid as well as sucA reporter construct, gene 

expression decreased for ΔputA, ΔastA, ΔastB, ΔastC and ΔastD knockouts, results are 

depicted in Figure 30 b). In the knockouts ΔproA and ΔproC slightly increased reporter 

gene expression of sucA reporter construct was observed compared to the unmodified 

plasmid. Regarding knockouts ΔproB and ΔastE it was detected that sucA reporter gene 

expression was reduced compared to unmodified plasmid. In this experiment high 

standard deviation resulting in overlapping error bars were observed. 
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Figure 30. Bioluminescence of reporter systems in different Keio knockouts and media composition. SucA 

sequence from C. testosteroni was placed in the 5’ UTR on the sense strand in a pQE-J06-luxAB reporter system under 

the control of the constitutive pQE promoter. All experiments were performed in biological triplicates. Error bars 

represent standard deviations of three independent experiments. The respective Keio knockout strain is depicted below 

the columns. Expression levels are given for pQE-sucA-luxAB (shown in black); unmodified plasmid shown in white. 

Values were calculated by normalization to the OD600 of cultures. 
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In carbon-limited minimal salt medium 10 mM glucose supplemented with L-glutamate, 

it was observed that for unmodified plasmid as well as for sucA reporter construct, gene 

expression decreased for ΔputA, ΔastA, ΔastB, ΔastC and ΔastD knockouts. In the 

knockouts ΔproA, ΔproB and ΔproC slightly increased reporter gene expression of sucA 

reporter construct compared to the unmodified plasmid was measured. Regarding the 

knockout ΔastE it was observed that sucA reporter gene expression was increased 

compared to unmodified plasmid, results are visualized in Figure 30. In this triplicate high 

standard deviation was observed resulting in overlapping error bars and therefore 

trustability of this result needs to be doubted. 

The experiment was further repeated for validation. LB medium, carbon-limited minimal 

salt medium 10 mM glucose and carbon-limited minimal salt medium 10 mM glucose 

supplemented with L-arginine were used. In LB medium, it was observed that reporter 

gene expression of unmodified plasmid was higher than sucA-luxAB reporter construct. 

Already in the wild type cells a significant difference in reporter gene expression between 

unmodified plasmid and sucA-luxAB was observed. Regarding the expression levels of 

sucA-luxAB reporter constructs in different knockouts, increased expression of luciferase 

in ΔastE and in ΔastB is still observed, see Figure 31. 

In the validation assay, in carbon-limited minimal salt medium 10 mM glucose it was 

observed that for unmodified plasmid gene expression levels were higher than for sucA 

reporter construct, results are depicted in Figure 31 b). Interestingly, gene expression 

increased reporter gene expression of sucA reporter construct for ΔproB knockout cells, 

which was not observed in the previous experiment. Compared to the other knockout and 

wild type cells, gene expression levels of unmodified plasmid decrease dramatically. For 

ΔproA, ΔputA, ΔastA, ΔastC and ΔastD knockouts similar expression levels of luciferase 

were observed. In the knockouts ΔastB and ΔproC decreased reporter gene expression 

was measured compared to the unmodified plasmid. Comparing sucA-luxAB reporter 

gene expression three tendencies are observed. Compared to expression in wild type cells 

decreased reporter gene expression in ΔproA and ΔproC knockouts was observed which 

might be also related to low growth. For ΔproB and ΔastE cells highly increased reporter 

gene expression levels were detected, but standard deviation for triplicates of ΔastE are 

high. Gene expression of unmodified plasmid is higher than in the knockouts. For the 

other Keio knockouts sucA gene expression levels are similar to the one in wild type cells. 
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Figure 31. Bioluminescence of reporter systems in validation assay. Different Keio knockouts and media were used. 

sucA sequence from C. testosteroni was placed in the 5’ UTR on the sense strand in a pQE-J06-luxAB reporter system 

under the control of the constitutive pQE promoter. All experiments were performed in biological triplicates. Error bars 

represent standard deviations of three independent experiments. The respective Keio knockout strain is depicted below 

the columns. Expression levels are given for pQE-sucA-luxAB (shown in black); unmodified plasmid shown in white. 

Values were calculated by normalization to the OD600 of cultures. 
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In the validation assay, in carbon-limited minimal salt medium 10 mM glucose 

supplemented with L-arginine it was also observed that for unmodified plasmid gene 

expression levels were higher than for sucA reporter construct. Compared to the results 

of this experiment in medium with only glucose, increased reporter gene expression of 

sucA reporter construct for ΔproB knockout cells was detected. Compared to the other 

knockout and wild type cells, gene expression levels of unmodified plasmid decrease 

dramatically. For ΔproA, ΔputA, ΔastA, ΔastC and ΔastD knockouts similar expression 

levels of luciferase were detected, see Figure 31 c). In the knockouts ΔastB and ΔastE 

decreased reporter gene expression compared to the unmodified plasmid was measured. 

Comparing sucA-luxAB reporter gene expression the same three tendencies as described 

above for medium containing only glucose were observed. For ΔproB and ΔastE cells 

highly increased reporter gene expression levels were observed. Gene expression for 

unmodified plasmid in ΔastE is higher than in the other knockouts. For the other Keio 

knockouts sucA gene expression levels are similar to the one in wild type cells. 

As the results from the luciferase reporter assay were ambiguous, results were further 

verified in a second assay using β-galactosidase activity as read-out. Reporter constructs 

contained the sequence of interest, and an empty plasmid was used as a control. In a first 

experiment, an empty plasmid (pBad vector) containing the gene encoding β-

galactosidase and a reporter plasmid in which sucA RNA motif from C. testosteroni was 

cloned into the 5’ UTR of the reporter gene by restriction enzyme cloning were used. The 

plasmid used for restriction enzyme cloning, which contained some modifications from 

the unmodified plasmid was tested. Products were transformed into Escherichia coli 

XL10 gold. Clones were grown in LB or minimal media containing Carbenicillin. 

Experiments were performed in triplicates for each construct. The lacZ gene is under 

control of an inducible promoter in the pBad vector and is induced by arabinose. The 

undiluted cultures were measured at 600 nm for optical density monitoring growth phase 

for normalization and β-galactosidase activity was measured at 420 nm. Miller Units were 

calculated according to Equation 1 and average and standard deviation was calculated for 

each biological triplicate. 

Equation 1. Calculation of Miller Units for β-Galactosidase assay. 

𝑀𝑖𝑙𝑙𝑒𝑟 𝑈𝑛𝑖𝑡𝑠 = 1000 ∗
𝐴𝑏𝑠420

𝐴𝑏𝑠600 ∗ 𝑉 ∗ 𝑡
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As control, a plasmid which was used for restriction enzyme cloning, and an unmodified 

plasmid were tested. It was observed that due to the length of the 5’UTR, the unmodified 

plasmid was more suitable than the plasmid used for restriction enzyme cloning, results 

shown in Figure 32. sucA reporter gene fusion is generally higher expressed as the 

unmodified plasmid, but differences in ΔastE, ΔastB and ΔastD are not significant.  

 

Figure 32. β-Galactosidase activity of reporter systems in different cell types. Different Keio knockouts were used. 

sucA sequence from C. testosteroni was placed in the 5’ UTR on the sense strand in a pBad-lacZ reporter system under 

the control of the inducible pBad promoter. All experiments were performed in biological triplicates. Error bars 

represent standard deviations of three independent experiments. The respective Keio knockout strain is depicted below 

the columns. Expression levels are given for pBad-sucA-lacZ (shown in black); unmodified plasmid shown in white 

and plasmid used for restriction enzyme cloning (shown in grey). Activity is represented in Miller Units. 

The experiment in carbon-limited minimal salt medium 10 mM glucose, 10 mM glucose 

supplemented with 5 mM L-arginine, 10 mM glucose supplemented with 5 mM L-

glutamate was repeated, and it was observed same behavior for basal gene expression for 

the unmodified plasmid, and the sucA reporter construct, see Figure 33. The same 

behavior was observed in which both plasmids show the same tendency in β-galactosidase 

activity (10 mM glucose and 10 mM glucose medium supplemented with 5 mM L-

arginine). Compared to wild type cells, β-galactosidase activity was lower in ΔastE Keio 

knockout, it was higher in ΔastB cells and at a similar level in ΔastD cells. 
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Figure 33. β-Galactosidase activity of reporter systems in different cell types. Different Keio knockouts were used. 

sucA sequence from C. testosteroni was placed in the 5’ UTR on the sense strand in a pBad-lacZ reporter system under 

the control of the inducible pBad promoter. All experiments were performed in biological triplicates. Error bars 

represent standard deviations of three independent experiments. The respective Keio knockout strain is depicted below 

the columns. Expression levels are given for pBad-sucA-lacZ (shown in black); unmodified plasmid shown in white. 

Activity is represented in Miller Units. Experiments were performed a) in carbon-limited minimal salt medium 10 mM 

glucose, b) in carbon-limited minimal salt medium 10 mM glucose supplemented with 5 mM L-arginine, c) in carbon-

limited minimal salt medium 10 mM glucose supplemented with 5 mM L-glutamate, d) in carbon-limited minimal salt 

medium 10 mM glucose supplemented with 5 mM L-arginine and 5 mM-glutamate. 

In carbon-limited minimal salt medium 10 mM glucose supplemented with 5 mM L-

arginine, it was observed that β-galactosidase activity was significantly lower in ΔastE 

and ΔastD than for unmodified plasmid and sucA reporter construct, results shown in 

Figure 33. The β-galactosidase activity was also lower in ΔastB cells for both plasmids 

compared to wild type cells.  

Due to contradictory results, a screening of β-galactosidase activity for Keio knockouts 

of L-arginine and L-proline metabolism was repeated in which the unmodified plasmid, 

and the sucA reporter gene construct were used. High sucA reporter gene expression in 

10 mM glucose medium supplemented with L-arginine in ΔproB cells was observed, as 

well as for ΔproA, ΔproC and ΔastB. Also, in 10 mM glucose medium supplemented with 

L-glutamate a higher gene expression for ΔproC cells was observed. Both behaviors were 

also observed for the unmodified plasmid. Comparing sucA reporter gene construct in 
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different Keio knockouts to wild type cells, it was observed that β-galactosidase activity 

is higher in ΔproB, ΔproA, ΔproC and ΔastB in 10 mM glucose medium, see Figure 34 

a). The β-galactosidase activity was also higher compared to wild type cells in ΔproB, 

ΔproA, ΔproC and ΔastB in 10 mM glucose medium supplemented with 5 mM L-arginine 

and in ΔproB, ΔproA and ΔproC in 10 mM glucose medium supplemented with 5 mM L-

arginine and 5 mM L-glutamate. Reporter gene expression levels were increased in 

ΔproB, ΔproA and ΔproC, along with slightly increased in ΔastE, ΔastC and ΔastD. 

Pattern of β-galactosidase activity comparing different media are similar in wild type, 

ΔproC, ΔputA, ΔastE, ΔastA, ΔastC and ΔastD. 

 

Figure 34. β-Galactosidase activity of reporter systems in different cell types. Different Keio knockouts were used.  

sucA sequence from C. testosteroni was placed in the 5’ UTR on the sense strand in a pBad-lacZ reporter system under 

the control of the inducible pBad promoter. All experiments were performed in biological triplicates. Error bars 

represent standard deviations of three independent experiments. The respective Keio knockout strain is depicted below 

the columns. Expression levels are given for pBad-sucA-lacZ (shown in black); unmodified plasmid shown in white. 

Activity is represented in Miller Units. Experiments were performed a) in carbon-limited minimal salt medium 10 mM 

glucose, b) in carbon-limited minimal salt medium 10 mM glucose supplemented with 5 mM L-arginine, c) in carbon-

limited minimal salt medium 10 mM glucose supplemented with 5 mM L-glutamate, d) in carbon-limited minimal salt 

medium 10 mM glucose supplemented with 5 mM L-arginine and 5 mM L-glutamate. 

For unmodified plasmid, same behavior of reporter gene expression as in the sucA 

reporter construct was observed. In 10 mM glucose medium supplemented with 5 mM L-

arginine high reporter gene expression in ΔproB, ΔproA and ΔproC Keio knockout cells 
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was observed the unmodified plasmid and for the sucA reporter construct, see Figure 34 

b). High expression of unmodified plasmid was observed in 10 mM glucose medium 

supplemented with 5 mM glutamate in ΔproC cells, results shown in Figure 34 c). In 

contrast to sucA reporter construct, high β-galactosidase activity is as well observed for 

unmodified plasmid in ΔproB and ΔproA cells in 10 mM glucose supplemented with L-

glutamate. Pattern of β-galactosidase activity comparing different media are similar in 

wild type, ΔproB, ΔproA, ΔproC, ΔputA, ΔastE and ΔastB. In ΔastA cells, highest 

expression is observed in glucose medium, β-galactosidase activity decreases for 10 mM 

glucose and L-arginine medium. In glucose medium supplemented with L-glutamate and 

medium supplemented with both amino acids, lacZ gene is expressed in ΔastC and ΔastD 

at similar and very low levels. 

 

3.1.3. Discussion 

109 ligands were tested for riboswitch identification, as Greenlee et al. (2018) suggested 

reactants and product of α-ketoglutarate dehydrogenase complex and other critical 

components [59]. Our list of potential ligands also contained molecules related to 

implementation of intermediates into the TCA, a full list of ligands tested with sucA RNA 

motif is shown in the appendices in Table 48. Greenlee et al. (2018) suggest testing 

pentachlorophenol and its degradation products because it can be degraded by 

Burkholderiales. Moreover, they state that it is more likely that the molecule is a 

fundamental metabolite than a specialized metabolite of the species why special food 

sources were not tested. Still, their hypothesis of a fundamental metabolite cannot be 

supported because our results from the rational in-line probing did not show structural 

rearrangement of sucA RNA upon binding to the molecules that were tested in this study. 

Regarding sequence and secondary structure, as well as considering RNA-seq data, it is 

likely that this RNA motif is regulated on the level of translation or post-transcriptionally. 

Most likely, it would be expected to observe masking of the Shine-Dalgarno site in in-

line probings upon addition of the right ligand. From an economic point of view, an off 

switch of sucA gene would make sense. To explore whether sucA RNA senses oxidative 

stress or toxic concentrations of these compounds, transition metals and post-transition 

metals were also tested, as well as oxoanions of metalloids and oxoanions of reactive non-

metals for validation. In the experiments in this study, it was observed as described in the 

literature that oxidative stress is influencing growth of bacteria. The influence of 
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oxidative stress was also tested with luciferase as a reporter gene. As under oxidative 

stress TCA is rearranged and ATP and NADH levels decrease, Reinoso et al. (2013) 

suggested that accumulation of isocitrate could be the signal to decrease efficiency of 

TCA [73]. Isocitrate was tested as a potential ligand for sucA RNA in an in-line probing, 

but binding to the RNA was not detected. If molecules of up-regulated glyoxylate shunt 

under these conditions have an impact on the sucA construct, this should be detected in 

the reporter gene expression. Only at a concentration of 0.8 µM tellurite it was observed 

that luciferase was expressed 3-fold higher compared to the negative control (without 

tellurite). In none of the samples, reporter gene expression was observed to decrease 

significantly. Thus, it is concluded that neither oxidative stress nor molecules produced 

in this situation are post-transcriptionally regulating sucA gene through the sucA RNA 

motif. Already Lemire et al (2010) stated that the regulation was probably performed on 

the level of transcription [77]. As glyoxylate is also up-regulated for growth on carbon 

sources as fatty acids or acetate or required in gluconeogenesis, further metabolites of 

glyoxylate shunt and oxalate were tested, which are metabolites of the major 

rearrangement of TCA under oxidative stress. 

Additionally, oxoadipic acid was tested, which is involved in lysine biosynthesis. 

Supplementary, ligands from the pyrimidine metabolism were tested, e.g. β-alanine. The 

approach was broadened to intermediates of arginine and proline metabolism, as for 

example putrescine, spermidine and other ligands, which are mentioned below as results 

of the in vivo screening in selected Keio knockouts. 

As educated guesses did not result in finding of the appropriate ligand for sucA RNA 

motif, it was tried to establish an unbiased method. If sucA gene is regulated upon 

changing environmental conditions and if the ligand for the motif is produced 

intrinsically, it should be possible to identify the molecule from its natural source. 

Therefore, Comamonas testosteroni KF-1 cells and Pseudomonas putida KT2440 cells 

were grown in different conditions where regulation might occur. It seemed that these 

phenomena of alternative pathways would be regulated in case of growth on other carbon 

sources as for example glucose. It was shown that differences in activity can be observed 

upon growth on glucose in late exponential phase and L-glutamate. After growing cells 

in various conditions, they were lysed and purified with OASIS cartridges and/or HPLC 

fractionation. Pre-fractionation with OASIS water cartridges was shown not to be 

effective because pH conditions are too harsh in the elution fractions resulting in 
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disturbing in-line probing reactions. As the alternative pattern was reproducible several 

times, it should be considered that activity is most likely the result of the pH in this 

reaction. As described before, in-line probing is not a very stable experiment so that 

differences in cleavage pattern could be also the result of contaminations in the pre-

fractionations. In fractionations by HPLC, activity was detected in several fractions, but 

activity was most often lost in the second purification step. If it was not lost, changes in 

pattern were observed in several fractions. Interestingly, regions of higher cleavage were 

always observed but not of less cleavage which further indicates contaminations. Lacking 

a high-performance downstream analysis, it was not possible to identify molecules in 

fractions resulting from several purification steps. In fractions from the first HPLC 

fractionation, too many ions were measured in MS so that a clear identification was 

impossible.  Testing fractions which showed activity in previous experiments showed no 

activity anymore, which might be interpreted as instable compounds. As well, proteinase 

K digestion eliminated activity, which means that activity was caused by a peptide smaller 

than three kDa. 

In the in vivo assays, it was recognized that the unmodified pQE-eGFP was not a suitable 

control for the described reporter assays. The empty plasmid is highly expressed so that 

differences in gene expression due to the motif cannot be observed. An additional 

problem in the first experiment was that E. coli cells did not grow well on different carbon 

sources. Only cells grown on glucose, pyruvate and α-ketoglutarate did not show growth 

deficiencies. For luxAB reporter construct, still higher gene expression of unmodified 

plasmid was observed. The difference between the sucA reporter construct and the 

unmodified plasmid was significant in each medium, in distinction to pyruvate which 

suggests that unmodified plasmid is not a suitable control. Additionally, high standard 

deviation for growth on pyruvate and fumarate indicates that the luminescence for the 

triplicate varies a lot for normalized samples. Luciferase activity is highly dependent on 

ATP concentrations for generation of FMNH2, which might explain also low expression 

on badly growing cells in some media. Comparing only sucA-luxAB construct in different 

media, it was observed that luciferase was expressed twofold higher in pyruvate medium 

than in glucose medium, for α-KG medium luciferase activity was 2.7-fold higher than 

the activity in glucose medium. Nevertheless, in this culture, also increasing activity for 

unmodified plasmid was detected. In a rational approach α-KG and pyruvate were tested 

as riboswitch ligands, which were not confirmed. As mentioned above prediction of the 

Breaker lab and the hypothesis of this study based on structural arrangement of sucA RNA 
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an off switch would be suspected whereas in the luciferase increased activity compared 

to our glucose control was detected, which is contradictory.  

Performing in vivo experiments in Keio knockout cells were planned to accumulate 

metabolites, which were not commercially available. One major problem was that cells 

did not grow well, which means that the gene knockout is decreasing viability. When 

Keio knockout of arginine biosynthesis are used, it was decided to grow cells in media 

supplemented with L-arginine or L-glutamate, to supplement the interrupted metabolism. 

Some of the genes are observed to be essential for cell growth. It was tested whether sucA 

gene expression is downregulated if α-KG is required for the formation of L-glutamate, 

L-glutamine or L-arginine. As a reference, unmodified plasmid was used. Significant 

differences were detected in luciferase activity in wild type cells, indicating that 

unmodified plasmid is not a suitable control. In glucose medium ΔargH and ΔargB cells 

showed decreased reporter gene expression compared to wild type cells. As well in 

medium with α-ketoglutarate as carbon source decreased activity was detected in ΔargH 

cells. ArgB is coding for acetylglutamate kinase and is converting ATP and N-acetyl-L-

glutamate to ADP and N-acetyl-L-glutamate 5-phosphate. As in this Keio knockout argB 

is replaced by a kanamycin cassette, N-acetyl-L-glutamate is accumulated in cells why 

this metabolite was tested in in-line probing assay too. Activity for this metabolite was 

not observed in the in-line probing assay, ATP and ADP are excluded being the molecule 

binding to sucA RNA. ArgH is coding for argininosuccinate lyase and catalyzes L-

arginino-succinate to L-arginine and fumarate. L-arginine and fumarate were already 

excluded in an earlier in-line probing. L-argininosuccinic acid was tested after adjusting 

pH to approximately seven and binding to sucA RNA motif by this molecule was not 

detected. In glucose medium supplemented with L-arginine a reduced luciferase activity 

was observed in ΔghdA and ΔargC cells. GdhA is an NADP+-specific glutamate 

dehydrogenase which catalyzes the following reaction: 

L-glutamate + H2O + NADP+ ⇌ α-ketoglutarate + NH3 + NADPH 

Therefore, L-glutamate, NADP+, α-KG, ammonia and NADPH were tested in an in-line 

probing assay, and activity was not detected. ArgC is coding for N-acetyl-gamma-

glutamyl-phosphate reductase and catalyzes the following reaction: 

N-acetyl-L-glutamate 5-semialdehyde + NADP+ + phosphate ⇌ N-acetyl-5-glutamyl 

phosphate + NADPH 
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As cofactors of the reaction and phosphate had been tested before excluding them being 

the correspondent ligand of sucA RNA motif, N-acetyl-L-glutamate 5-semialdehyde and 

N-acetyl-5-glutamyl phosphate could be the ligand for sucA RNA motif. Both were not 

commercially available for testing. Furthermore, luciferase activity was increased in both 

cases compared to wild type cells, which did not fit to the hypothesis of sucA RNA motif 

being an off switch.  

Several other Keio knockouts were used to investigate if L-arginine and L-proline 

metabolism is responsible for sucA gene regulation. Knockout mutants were tested in 

different media due to the viability problems observed in the previous experiment. In this 

assay similar basal luciferase activity of the unmodified plasmid and the sucA reporter 

construct was observed in wild type cells why the unmodified plasmid served as a control. 

For both constructs, expression dropped in ΔputA, ΔastA, ΔastB, ΔastC and ΔastD 

knockouts. These knockouts were not growing well in glucose medium. Significant 

difference in expression was observed in ΔastE cells. So far, in general repression of gene 

expression has been observed comparing the sucA reporter construct to the unmodified 

plasmid. Even if this behavior does not accord well with the hypothesis of sucA gene 

regulation, the on switching behavior is 3.6-fold. In glucose medium supplemented with 

L-arginine problems in viability of the same knockouts were observed. The increase of 

reporter gene expression of sucA reporter construct in ΔproA and ΔproC is not significant 

compared to unmodified plasmid. In ΔastE cells a 2-fold decrease of luciferase activity 

of sucA reporter construct compared to unmodified plasmid was detected. Overlapping 

error bars for this triplicate were calculated why results need to be doubted. For glucose 

medium supplemented with glutamate, viability problems for ΔputA, ΔastA, ΔastB, ΔastC 

and ΔastD knockouts were observed. In ΔproC a 2-fold decreased reporter gene 

expression of sucA reporter was detected. In ΔastA a 2-fold increase in luciferase activity 

for sucA reporter construct compared to unmodified plasmid was detected, in ΔastD 

increase was about 3-fold. In ΔastE gene expression increased compared to unmodified 

plasmid. In this triplicate high standard deviation resulting in overlapping error bars was 

observed and therefore trustability of this result needs to be doubted. High standard 

deviation is the result of low growth in two samples of the triplicate. In the validation 

experiment, once again it was observed that unmodified plasmid is higher expressed than 

sucA reporter construct in wild type cells and therefore not suitable as a control. In LB 

media, comparing luciferase activity of the different Keio knockouts against the activity 

in wild type cells, increased luciferase activity compared to wild type cells is observed in 
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ΔproC, ΔastE and in ΔastB. Testing the knockouts in glucose medium, in ΔproB cells 

increased luciferase activity was observed which was not detected before. Increased 

luciferase activity was detected again for ΔastE knockout, but again showing high 

standard deviation values for the triplicate. As well, for ΔastE luciferase activity for 

unmodified plasmid increased. Compared to luciferase activity in wild type cells, activity 

significantly decreased in ΔproA and ΔproC cells. The same behavior of reporter gene 

expression is observed in those Keio knockouts in glucose medium supplemented with 

L-arginine. Summed up, in almost every Keio knockout of L-arginine and L-proline 

metabolism significant changes in luciferase activity compared to wild type were 

observed. As changing activities in ΔastE cells were observed in both experiments, it was 

decided to synthetize the educt of succinylglutamate desuccinylase, which is N-succinyl-

L-glutamate catalyzed by the enzyme to succinate and L-glutamate. N-succinyl-L-

glutamate was tested in in-line probing and binding to sucA RNA was detected, but only 

at a concentration of 10 mM. Further titration of the ligand led to loss of binding activity, 

so that N-succinyl-L-glutamate was excluded as the ligand for sucA RNA motif. ProC is 

coding for Pyrroline-5-carboxylate reductase, which catalyzes the following reaction: 

L-proline + NAD(P)+ ⇌ L-pyrroline-5-carboxylate + NAD(P)H 

As L-proline and NAD+ and NADP+ were already tested in previous in-line probing 

assays, they were excluded as ligands. Also, succinyl-CoA and L-arginine were tested 

previously, which are the substrates of Arginine N-succinyltransferase (astA) and activity 

was not detected. ProB is coding for Glutamate 5-kinase whose substrates are ATP and 

L-glutamate. In previous in-line probings those ligands were also tested, not detecting 

activity. Contradictory results within the validation experiments led to the decision to 

repeat the experiment in LB medium with another reporter, for these experiments β-

galactosidase activity was chosen as the read-out. First, it was decided to use the 

unmodified plasmid as a control because β-galactosidase activity levels were closer to 

activity for the sucA-lacZ reporter construct. First expression was verified in the ΔastE, 

ΔastB and ΔastD Keio knockout cells. As significant changes in β-galactosidase activity 

were not detected in these cells compared to XL10 cells, the experiment was repeated in 

different media (glucose and glucose supplemented with amino acids) and only in glucose 

medium supplemented with L-arginine a decreased activity of twofold in ΔastE cells was 

detected, but the same change was also detected in unmodified plasmid. It was decided 

not to synthetize educts of astB and astD enzymes for in-line probings.  
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Additionally, a screening of all Keio knockouts of L-arginine and L-proline metabolism 

was repeated. As in glucose medium, glucose medium supplemented with L-arginine and 

glucose medium supplemented with L-arginine and L-glutamate β-galactosidase 

expression in XL10 cells is similar, unmodified plasmid can be used as a control. In 

glucose medium significant increase of β-galactosidase activity is observed in ΔputA cells 

and significant decrease is observed for ΔastA cells. For glucose medium supplemented 

with L-arginine increase of β-galactosidase activity is observed for ΔastE, ΔastC and 

ΔastD, whereas decrease is observed in ΔproA cells. Comparing results of sucA reporter 

construct to unmodified plasmid in glucose medium supplemented with L-glutamate is 

not suitable because basal β-galactosidase activity differs between lots. Comparing the 

different Keio knockouts to XL10 cells is showing increased β-galactosidase activity for 

all knockouts. At least most drastic changes are observed for unmodified plasmid.  

Summed up, in vivo screening for riboswitch ligand identification is ambiguous. A control 

plasmid needs to be further improved. In the luciferase assay and also in the β-

galactosidase assay, it was observed that some of the Keio knockouts have an impact on 

the viability of the cells. Also supplemented media did not strengthen viability and 

growth. Luciferase might not be an ideal system to explore changes in central energy 

metabolism. Due to contradictory results, it was chosen 

 not to synthetize the educts of astD (N-succinylglutamate 5-semialdehyde 

dehydrogenase), astB (N-succinylarginine dihydrolase) and proA (Gamma-glutamyl 

phosphate reductase) for in-line probing assays. 

Additionally, it was shown that in-line probing is a suitable assay for educated guesses. 

Testing fractions from natural extracts leads to multiple difficulties. One major problem 

is the stability of the assay. Also, one was not able to distinguish between “real” activity 

and contamination from the extract or an external source. The principle idea of screening 

in natural extracts needs to be evolved in two major points: a stable read-out and a higher 

separation force of the fractions so that multiple fractionation is not necessary. So far, 

general metabolites as the ligand have been excluded which means that either sucA RNA 

motif is binding a specialized ligand or that sucA RNA motif is regulated by some other 

post-transcriptional mechanism. 
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3.2. sucAII motif 

3.2.1. Riboswitch identification 

The sucAII RNA motif was characterized via a rational and a screening approach in in-

line probing assays. This motif is located in the 5’ UTR of sucA gene and is exclusively 

found in the genus of Pseudomonads. The sucA gene is coding for α-ketoglutarate 

dehydrogenase subunit E1. In a first experiment, sucAII motif was tested with general 

metabolites, shown in Table 2 (General list of ligands used in in-line probing assays for 

potential suc riboswitches). None of those ligands showed activity. In this experiment it 

was observed that sucAII RNA seems to be rather unstructured compared to sucA RNA 

motif from Comamonas testosteroni. This approach of rational choice of potential ligands 

was broadened to more metabolites and intermediates of TCA, e. g. acetate, oxalate, 

malate, fumarate or citrate, but testing those ligands did not result in activity (results not 

shown). Further N-Acetyl-D-glutamate, oxoadipic acid, spermidine, agmatin, ppGpp and 

5-(Hydroxymethyl)uracil were tested not detecting activity (results not shown). Also, 

upon testing N-succinyl-L-glutamic acid, N-Acetyl-L-glutamic acid, UDP glucose and 

acetyl-CoA activity was not detected (data not shown). 

In the screening approach, crude cell extracts #1a, #1b, #2, #10, #12 were tested in in-

line probing experiments with sucAII RNA motif of P. putida KT2440. Growth conditions 

and bacterial strains of crude cell extracts tested are shown in Table 3. The cleavage 

pattern in the in-line probing was compared to a water control to indicate structural 

rearrangement caused upon ligand binding. In the first screening structural rearrangement 

was not observed. In a second round of screening, pre-fractionated cell extract #2 was 

used, results are visualized in Figure 35. Three pre-fractions with major structural 

rearrangement were identified: WCX W1, MCX E4, WAX E4. The structural 

rearrangements were situated in the regions of nucleotide 118 to 184, 78 to 99 nt and 40 

to 48 nt. Due to changes in pattern, in WCX W1 less cleavage which corresponds to 

higher structuration of RNA was observed. Whereas in fractions MCX E4 and WAX E4 

in general higher cleavage activity was observed which equals low structure (single 

stranded regions) in RNA. Interestingly, less cleavage in all three samples was observed 

in the region of 118 to 184 nt where the Shine-Dalgarno site is located. This structural 

rearrangement hints for a SD masking mechanism. Compared to the water control this 

would hint towards an off switch, thus SD site masked upon ligand binding. 
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Figure 35. In-line probing of the sucAII RNA (P. putida) testing pre-fractionated extracts (OASIS WATERS 

cartridges). Pre-fractionated cell extracts were prepared from crude cell extract #2 (see Table 3). PAGE analysis of in-

line probing reactions with 5’ 32P-labeled full length sucAII (P. putida) RNA in the presence of pre-fractionated extracts. 

Other annotations are described in Figure 21. 

Due to the observation that in sample WXC W1 many higher structured regions in the 

sucAII RNA were seen, it was decided to further fractionate this pre-fraction over HILIC 
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HPLC. The fractions of HILIC HPLC were tested in in-line probing assay and did not 

show activity. For revision, we repeated in-line probing with crude cell extracts and the 

pre-fractionated samples which showed previously activity in in-line probing. Alkaline 

and water control were included. Crude cell extract #1b and MCX E3 of cell extract #2 

showed activity, see Figure 36. 

 

Figure 36. In-line probing of the sucAII RNA (P. putida) testing bacterial extracts and selected pre-fractionated 

extracts (OASIS WATERS cartridges). Pre-fractionated cell extracts were prepared from crude cell extract #2 (see 

Table 3). PAGE analysis of in-line probing reactions with 5’ 32P-labeled full length sucAII (P. putida) RNA in the 

presence of pre-fractionated extracts. Other annotations are described in Figure 21. 

In the crude cell extract #2, higher cleavage activity can be observed compared to the 

other crude cell extracts. Cleavage patterns are similar to each other. Pre-fractionated cell 
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extracts of crude extract #2 show higher cleavage activity compared to alkaline water 

control and water control. In pre-fractionated sample MCX E3 areas of higher 

structuration (less cleavage) are observed, but cleavage pattern of abundantly cleaved 

bands is similar to the water control. Therefore, #2 WCX W1 was fractionated over 

HILIC column and tested. Activity was not detected with correspondent fractions. 

As well crude cell extract #1b showed higher structuration that is why it was tested as 

pre-fractionated samples, analytical PAGE is shown Figure 37. 

 

Figure 37. In-line probing of the sucAII RNA (P. putida) testing pre-fractionated extracts (OASIS WATERS 

cartridges). Pre-fractionated cell extracts were prepared from crude cell extract #1b (see Table 3). PAGE analysis of 

in-line probing reactions with 5’ 32P-labeled full length sucAII (P. putida) RNA in the presence of pre-fractionated 

extracts. Other annotations are described in Figure 21. 

In this in-line probing four samples showing different cleavage pattern compared to the 

water control were detected. In sample #1b MCX E4, it was observed that precursor RNA 
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is completely degraded. In sample WCX W1 precursor RNA is even more degraded than 

in the rest of the samples. Comparing these samples to the precursor sample and the 

RNase T1 digestion of sucAII RNA a similar cleavage pattern is observed. A similar 

pattern is also observed in samples WAX E2, but in a less abundant manner. WAX E4 

shows a degraded precursor RNA and a similar cleavage pattern to MCX E4, both are 

alkaline elutions. In general, in this in-line probing assay, the precursor sample shows a 

strong cleavage pattern and cleavage into small fragments. Cleavage pattern resembles 

cleavage pattern of RNase T1 digestion. Comparing precursor RNA to the other samples, 

this strong degradation is only observed in six samples out of 25: MCX E3 & E4, WCX 

W1 & E1 and WAX E2 & E4. 

 

3.2.2. β-Galactosidase assay 

To test whether reporter gene expression is influenced by metabolite levels in the cell, 

reporter constructs containing the sequence of interest were transformed in certain Keio 

knockout cells and an empty plasmid as control. In a first experiment an empty plasmid 

(pBad-lacZ vector) containing the gene encoding for β-galactosidase enzyme and a 

reporter plasmid in which a shortened sucAII RNA motif (95 nt) from P. putida was 

cloned into the 5’ UTR of the reporter gene by restriction enzyme cloning were tested. 

Products were transformed into Escherichia coli XL10 gold serving as a wild type and 

into correspondent Keio knockouts. The 5’ UTR was chosen based on natural sequence 

and cloning strategy. At that time point it was already considered that sucAII RNA motif 

may vary from the sequence published by Weinberg et al. (2010) [60]. Later it was 

recognized that the shortened variation of sucAII reporter was missing about 15 nt in the 

5’ UTR to the natural second transcription start site, published by D’Arrigo et al (2016) 

[61]. 

Clones were grown in carbon-limited minimal salt medium (10 mM glucose) containing 

carbenicillin. Constructs were cultivated in triplicates for each construct. LacZ gene is 

under control of lacI promoter in the pBad vector, so reporter gene was expressed upon 

addition of arabinose to a final concentration of 0.1%. The undiluted cultures were 

measured at 600 nm for optical density, monitoring growth phase for normalization. Cells 

were lysed and absorbance was measured at a wavelength of 420 nm. Miller Units were 

calculated, and average was calculated for each triplicate. In a first assay it was tested 
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whether the reporter gene expression changes in the Keio knockouts ΔackA, Δpta and 

ΔeutD compared to the wild type, shown in Figure 38. For expression of the variability 

of the triplicates, standard deviation is depicted in error bars. As a positive control 

unmodified pBad-lacZ plasmid was included in the measurements. 

 

Figure 38. β-Galactosidase activity of reporter systems in different cell types. Different Keio knockouts were used. 

sucAII shortened sequence from C. testosteroni was placed in the 5’ UTR on the sense strand in a pBad-lacZ reporter 

system under the control of the inducible pBad promoter. All experiments were performed in biological triplicates. 

Error bars represent standard deviations of three independent experiments. The respective Keio knockout strain is 

depicted below the columns. Expression levels are shown for pBad-sucAII 94 nt-lacZ in black; unmodified plasmid is 

shown in white. Activity is represented in Miller Units. 

It was observed that in wild type (XL10 cells) pBad-lacZ basal gene expression is lower 

than expression of pBad-sucAII 94nt-lacZ which is due to the different lengths of 5’UTR 

between promoter and start codon of lacZ gene. In the case of ΔackA a 6-fold increase of 

the Miller Units compared to wild type is observed. For ΔeutD Keio knockout a 3-fold 

increase of Miller Units is observed. Levels of Miller Units of XL10 gold cells and Δpta 

are in the same range. Reporter gene expression of the unmodified plasmid are not 

showing significant changes upon growth in XL10 gold cells or Keio knockouts. 

 

3.2.3. Protein pulldown assay 

RNA-protein pulldown is an experiment which was performed in various conditions [78, 

79]. The set-up was performed on streptavidin magnetic beads and after hybridization of 

the RNA to the biotinylated DNA oligo, proteins from a cell extract could bind to the 

RNA. Washing steps were performed to minimize unspecific binding. Proteins were 

eluted and analyzed by LC-MS/MS. A schematic overview is shown in Figure 39. As a 
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control, reverse complementary RNA of the RNA of interest was included and rpsL RNA 

which is predicted to bind a 30S ribosomal subunit in Pseudomonas and which was 

already shown to bind RNA for feedback regulation in E. coli [27, 28, 80]. 

 

Figure 39. Schematic overview of RNA-protein pulldown. RNA is shown in orange, magnetic beads are depicted in 

brown, proteins are shown in blue and green. 

As the conditions for growing cells for the protein pulldown needed to be explored, it was 

tried to find such conditions in which general metabolism is bypassed to branch other 

pathways are described. According to Metzner et al. (2004) gabT gene is expressed from 

a σs dependent promoter in Escherichia coli. Gab genes are induced in stationary phase 

and carbon starvation, as well as by a shift to low pH. They state that in Escherichia coli 

gab gene’s products (GABA catabolism) play a more general role in physiology [81]. 

 

Figure 40. Model for role of GABA catabolism. Glutamate is produced under stress conditions by gabT gene (GABA 

transaminase) and gabD gene (succinic semialdehyde dehydrogenase) or gdh genes. Relevant metabolic pathways 

under stress conditions are shown in black. Pathways shown in grey are not relevant. A, B, C describe stress condition. 

Figure adapted from [81]. 
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In general, they suggest that TCA, specifically α-KGDH reaction and succinyl-CoA 

synthetase reaction are mainly bypassed for proton scavenging by high glutamate levels. 

They observe gab genes to be induced in stationary phase, carbon starvation and poor 

nitrogen sources in E. coli. In this bacterium gabD which shares an operon with gabT, 

has a weak promoter which is activated under such conditions. In our case this would 

implicate sucA and sucC gene regulation under the following conditions: carbon 

starvation, stationary phase, osmotic upshift, pH downshift and poor nitrogen sources. 

Therefore, the following conditions for RNA-protein pulldown were chosen: osmoshock, 

carbon limitation (1 mM glucose) and nitrogen limitation (6 mM NH4
+) and a pH shift 

experiment equivalent to the conditions described by Metzner et al. (2004). As negative 

control cells were grown in rich medium (10 mM glucose). The hypothesis in this study 

was that in rich medium TCA works out regularly whereas in the other conditions sucA 

gene is post-transcriptionally downregulated by a protein in the conditions mentioned 

above. As positive control, 30S subunit was fished with rpsL RNA. In each condition 

reverse complementary RNA of the RNA motif was included for RNA-protein pulldown. 

Proteins occurring in both conditions were considered as unspecific binders. In sucAII 

RNA-protein pulldown nine proteins were detected in rich medium and 27 proteins were 

detected in osmo-stressed cell lysates. In a second sorting step, transcriptional regulators 

and factors, protein grpE, transporters, porins, chaperones, surface adhesion proteins and 

cis-trans isomerases were deleted from lists. 

 

Figure 41. Number of specific proteins binding to sucAII RNA: Venn diagram showing the number of proteins 

shared by different conditions. A) Venn diagram of proteins found in rich medium (white) overlapped with osmotic 

upshifted cells (light red). B) Venn diagram of proteins found in rich medium (white) overlapped with carbon limited 

medium (light grey) and nitrogen limited medium (dark grey). C) Venn diagram of proteins found in rich medium 

(white) overlapped with pH stressed cell with high external glutamate levels (light blue) and pH stressed cells (blue). 

For protein fishing in rich medium compared to osmoshock, five proteins were found in 

rich medium and 17 proteins in osmoshock experiment were detected binding specifically 

to sucAII RNA. As it is expected that sucA gene is regulated in the osmoshock condition, 
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proteins found in this analysis should contain the regulator protein. Venn diagram shows 

three overlapping proteins which are pyrimidine/purine nucleoside phosphorylase (EC 

2.4.2.2), putative DNA-binding protein HU, form N (PP_0975) and carbon storage 

regulator homolog. Out of these, 14 candidates were found, see Figure 41 a). 

In a second experiment protein pulldown was performed in rich medium, carbon-limited 

medium and nitrogen-limited medium. After deletion of ribosomal subunits three proteins 

were detected in rich medium, seven proteins were detected in carbon-limited medium 

and 13 proteins were detected in nitrogen-limited medium. In the second sorting, porins, 

DNA helicases chaperonins, agglutination proteins and transporters were deleted from 

lists. 

In rich medium three proteins were found binding specifically to sucAII RNA, in carbon 

limitation condition three proteins were detected and in nitrogen limitation seven proteins 

were detected, results are visualized in Figure 41 b). A full list of proteins is shown in the 

appendices (Table 53). None of the proteins of the rich medium were overlapping with 

the other conditions, which means that proteins fished in the limited nutrient conditions 

are specifically expressed in these environmental changes. Three proteins detected from 

fishing in carbon and nitrogen limited lysate overlapped: ATP synthase epsilon chain 

(ATP synthase F1 sector epsilon subunit), Methylcrotonyl-CoA carboxylase biotin-

containing subunit beta (EC 6.4.1.4) and Elongation factor Ts (EF-Ts). Four proteins were 

fished uniquely in nitrogen limitation conditions, which are Succinate-CoA ligase [ADP-

forming] subunit beta (EC 6.2.1.5) (PP_4186), Succinate-CoA ligase [ADP-forming] 

subunit alpha (EC 6.2.1.5), Trigger factor (TF) (EC 5.2.1.8) and Protein translocase 

subunit SecD. 

In a third experiment rich medium against stressed cells in low pH conditions and in low 

pH with high external glutamate levels was tested. In rich medium ten proteins were 

detected after deletion of ribosomal subunits; 147 proteins were detected from pH stressed 

cells with high external glutamate levels and 37 proteins were detected from pH stressed 

cells. In the second sorting step, membrane proteins, tRNA ligases, proteins for non-

ribosomal peptide synthesis, cell division proteins, transporters, cis-trans isomerases, 

ribosome associated proteins, murein cross-linking proteins, DNA gyrase, polymerases, 

transcriptional proteins and chaperones were deleted. 



65 

 

In rich medium ten proteins bound specifically to sucAII RNA. In medium with pH 5, 24 

proteins bound specifically to sucAII RNA, in medium with low pH and external 

glutamate 133 proteins were detected. According to Metzner et al. (2004) TCA is 

bypassed only in low pH conditions why focus was on the proteins fished in that 

conditions in the following parts, even if it is not very clear if TCA is completely 

functional in the condition of low pH with high external glutamate levels. A full list of 

proteins, found in media with low pH, is shown in the appendices (Table 53). From all 

lysates two proteins overlapped: two uncharacterized proteins, see Figure 41 c). 

Additionally, two proteins overlapped between glucose medium and low pH with external 

glutamate medium: UPF0234 protein (PP_1352) and an uncharacterized protein. 

Additionally, an overlapping protein in glucose medium and low pH lysate was found, 

which is also uncharacterized. Between low pH lysate and low pH lysate with external 

glutamate ten proteins overlapped (shown in Table 53), resulting in at least 24 potential 

regulators from media with low pH. 

Summed up, several candidates for sucA gene regulation were identified. Out of these 

candidates a smaller number was picked which occurred to be highly interesting. 

Candidate proteins for further experiments are shown in Table 4. 

Carbon storage regulator homologue (CsrA), also called rsmA in Pseudomonas 

aeruginosa, is a protein which has the size of 62 amino acids. It is known to be involved 

in environmental information processing (signal transduction) and in cellular processes 

(biofilm formation (P. aeruginosa)) and is also studied as a small RNA regulator 

(https://www.kegg.jp/dbget-bin/www_bget?ppu:PP_4472). 

Elongation factor G 1 (EF-G 1) (PP_0451) catalyzes the GTP-dependent ribosomal 

translocation step during translation elongation. During this step, the ribosome changes 

from the pre-translocational (PRE) to the post-translocational (POST) state as the newly 

formed. The protein catalyzes the coordinated movement of the two tRNA molecules, the 

mRNA and conformational changes in the ribosome (https://string-

db.org/network/160488.PP_4546). 

Ribosome-recycling factor (RRF) (Ribosome-releasing factor) (PP_1594) is releasing 

ribosomes from mRNA at the termination of the translational process. Efficiency of 

translation may be increased by recycling ribosomes for further 

translation(https://www.uniprot.org/uniprot/Q88MH7). 

https://www.kegg.jp/dbget-bin/www_bget?ppu:PP_4472
https://string-db.org/network/160488.PP_4546
https://string-db.org/network/160488.PP_4546
https://www.uniprot.org/uniprot/Q88MH7
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Uncharacterized protein (PP_0797) does not have an annotated protein function yet and 

further information is not available. The genetic context does not allow a conclusion to 

be drawn about a general function of the protein. 

Table 4. Selected candidates from sucAII RNA-protein pulldown experiments for further investigation. Table 

showing majority protein ID, protein name, entry, and condition in which the protein was fished. 

Majority protein IDs Protein name Entry Condition 

Q88G93;Q88EJ0 
Carbon storage 

regulator homolog 
PP_4472 Glucose & osmoshock 

Q88QN8 
Elongation factor G 1 

(EF-G 1) 
PP_0451 (fusA) osmoshock 

Q88MH7 
Ribosome-recycling 

factor (RRF)  

PP_1594 

(frr) 
Osmoshock 

Q88PQ1 
Uncharacterized 

protein 
PP_0797 Osmoshock 

Q88NW9 
Putative peroxiredoxin 

(EC 1.11.1.15) 
PP_1084 (TsaA) Osmoshock 

Q88P78;Q7BEQ6 
Putative DNA-binding 

protein HU, form N 

PP_0975 

 
Glucose & osmoshock 

Q88P91 

 

Toluene tolerance 

protein  

PP_0961 

 
Osmoshock 

Q88KI7;Q7BEQ7 

DNA binding regulator, 

beta subunit B 

 

PP_2303 Rich medium 

Q88BX5 

 

ATP synthase epsilon 

chain (ATP synthase F1 

sector epsilon subunit)  

PP_5412 
Carbon limitation, 

Nitrogen limitation 

Q88EE6 

 
Agglutination protein PP_4519 

Carbon limitation, 

Nitrogen limitation  

Q88FB2 

 

Succinate-CoA ligase 

[ADP-forming] subunit 

beta (EC 6.2.1.5)  

PP_4186 
Carbon limitation, 

Nitrogen limitation 

Q88FB3 

 

Succinate-CoA ligase 

[ADP-forming] subunit 

alpha (EC 6.2.1.5)  

PP_4185 Nitrogen limitation 

Q88FM4 

Methylcrotonyl-CoA 

carboxylase biotin-

containing subunit beta 

(EC 6.4.1.4) 

PP_4065 
Carbon limitation, 

Nitrogen limitation 

Q88KJ1 
Trigger factor (TF) (EC 

5.2.1.8) (PPIase) 
PP_2299 Nitrogen limitation 
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Putative peroxiredoxin (EC 1.11.1.15) (PP_1084) is a protein of oxidoreductase family 

and coded from the gene tsaA. The protein is containing a redox-active cysteine which 

attacks the peroxide substrate. The peroxidatic cysteine is oxidized and regenerated. 

Peroxiredoxin are known to be active in glutathione metabolism and other metabolic 

processes (https://www.genome.jp/dbget-bin/www_bget?ec:1.11.1.15). 

Putative DNA-binding protein HU, form N (PP_0975) is coded from hupN gene and has 

a size of 93 amino acids. Up to now, it is classified in the family of genetic information 

processing and known to be involved in DNA replication, chromosome and associated 

proteins and DNA repair and recombinant proteins. (https://www.genome.jp/dbget-

bin/www_bget?ppu:PP_0975). 

Toluene tolerance protein (PP_0961) is coded from gene ttg2D. Some sources, such as 

NCBI, suggest that it is a regulator protein type R 

(https://www.ncbi.nlm.nih.gov/gene/1044880). In other species than Pseudomonas 

putida it shares similarities to uncharacterized ABC transporters or phospholipid-binding 

proteins (https://www.uniprot.org/uniprot/A7K300).  

DNA binding regulator, beta subunit B (PP_2303) is coded from hupB gene and so far, 

known as stabilizing agent of DNA for prevention of denaturation in stress environmental 

conditions. It belongs to the family of histone-like DNA binding-proteins (https://string-

db.org/network/160488.PP_2303). 

ATP synthase epsilon chain (ATP synthase F1 sector epsilon subunit) (PP_5412) is coded 

from gene atpC and involved in oxidative phosphorylation and other metabolic processes. 

The protein is found in prokaryotes and chloroplasts. (https://www.kegg.jp/dbget-

bin/www_bget?ppu:PP_5412+ppu:PP_5413+ppu:PP_5414+ppu:PP_5415+ppu:PP_541

6+ppu:PP_5417+ppu:PP_5418+ppu:PP_5419). 

Agglutination protein (PP_4519) is a membrane protein and is associated with antibiotic 

and multidrug resistance, also to be involved in environmental information processing. 

(https://www.genome.jp/dbget-bin/www_bget?ko+K12340). 

Succinate-CoA ligase [ADP-forming] subunit beta (EC 6.2.1.5) (Succinyl-CoA 

synthetase subunit beta) (SCS-beta) (PP_4186) is predominantly involved in 

carbohydrate metabolism (Citric acid cycle), propanoate metabolism and C5-branched 

dibasic acid metabolism. The subunit of the enzyme is coded by sucD gene and is forming 

https://www.genome.jp/dbget-bin/www_bget?ec:1.11.1.15
https://www.genome.jp/dbget-bin/www_bget?ppu:PP_0975
https://www.genome.jp/dbget-bin/www_bget?ppu:PP_0975
https://www.ncbi.nlm.nih.gov/gene/1044880
https://string-db.org/network/160488.PP_2303
https://string-db.org/network/160488.PP_2303
https://www.kegg.jp/dbget-bin/www_bget?ppu:PP_5412+ppu:PP_5413+ppu:PP_5414+ppu:PP_5415+ppu:PP_5416+ppu:PP_5417+ppu:PP_5418+ppu:PP_5419
https://www.kegg.jp/dbget-bin/www_bget?ppu:PP_5412+ppu:PP_5413+ppu:PP_5414+ppu:PP_5415+ppu:PP_5416+ppu:PP_5417+ppu:PP_5418+ppu:PP_5419
https://www.kegg.jp/dbget-bin/www_bget?ppu:PP_5412+ppu:PP_5413+ppu:PP_5414+ppu:PP_5415+ppu:PP_5416+ppu:PP_5417+ppu:PP_5418+ppu:PP_5419
https://www.genome.jp/dbget-bin/www_bget?ko+K12340
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carbon-sulfur bonds. Succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) 

(succinyl-CoA synthetase subunit alpha) (SCS-alpha) (PP_4185) is the correspondent 

subunit of the enzymatic sucCD complex (https://www.genome.jp/dbget-

bin/www_bget?ppu:PP_4185+ppu:PP_4186). The enzyme is synthetizing either ATP or 

GTP by hydrolysis of succinyl-CoA which is the only step of substrate-level 

phosphorylation in the TCA (https://www.uniprot.org/uniprot/P0A836). 

Methylcrotonyl-CoA carboxylase biotin-containing subunit beta (EC 6.4.1.4) (PP_4065) 

is coded from mccB gene and involved in valine, leucine and isoleucine metabolism, more 

precisely L-leucine degradation in which leucine is degraded to acetoacetate and acetyl-

CoA (https://www.genome.jp/dbget-bin/www_bget?ppu:PP_4065). The enzyme is 

classified into the ligases due to formation of a carbon-carbon bond. It is catalyzing the 

reaction of 3-Methylbut-2-enoyl-CoA (3-Methylcrotonyl-CoA) to 3-Methyl-glutaconyl-

CoA.  

Trigger factor (TF) (EC 5.2.1.8) (PPIase) (PP_2299) is known to be involved in protein 

export. It acts as a chaperone for new proteins and functions as peptidyl-prolyl cis-trans 

isomerase (https://string-db.org/network/160488.PP_2298). 

 

3.2.4. Characterization of RNA-protein interactions 

RN- protein interactions or complexes exist in an equilibrium with free RNA and protein. 

R + P ⇌ RP 

In which R represents free RNA, P protein and RP RNA-protein complex in case of a 1:1 

molar complex. At the equilibrium the interaction is described by the distribution of the 

components (concentration) between free and bound forms. For a complex containing 

two components 

Equation 2. Dissociation constant defined by concentrations. 

𝐾𝐷 =
[𝑅][𝑃]

[𝑅𝑃]
 

The equilibrium constant KD can be also described as ratio of complex formation 

(association, kon) and complex dissociation (koff).

Equation 3. Dissociations constant defined by rate constants. 

https://string-db.org/network/160488.PP_2298
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𝐾𝐷 =
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
 

Usually differences in equilibrium constants are caused by corresponding differences in 

rate constants kon and koff. 

 

3.2.4.1. SPR 

SPR studies were performed on Biacore systems for studying interactions between RNA 

and proteins. In principle any kind of molecule, as well as viruses or whole cells can be 

studied on the instrument. It is possible to study interactions in real-time measuring 

response to changes in concentration of molecules at the sensor surface like binding or 

dissociation at the surface. The principle of detection is surface plasmon resonance (SPR) 

in which changes in refractive indices is detected from the sensor surface [82]. While one 

of the interaction partners is attached to the surface the sample is continuously flowed 

over the surface. The response is directly proportional to the change in mass concentration 

close to the surface and proportional per molar unit of interactant to the molecular weight. 

An advantage of Biacore experiments is that samples do not require to be labeled.  

SPR assay was designed for detection of RNA-protein interaction via injection of protein. 

DNA was coupled to the dextran surface and in a second step RNA was injected over the 

flow cells. When the RNA formed a hybrid with the DNA strand, the corresponding signal 

(response in RU) increased. In this assay one protein concentration was tested for a 

previous screening step. While injecting the analyte, increase of RU was observed. The 

sensor surface was regenerated back to coupled DNA by disruption of the DNA RNA 

hybrid allowing multiple analyses per sensor chip. The sensor chip showed good binding 

stability and assay repeatability over time. For evaluation of sensograms, reference flow 

cell was subtracted for refractive index variations. Non-zero initial baseline was 

considered by subtracting the response from the last blank cycle injection before the 

measurement. RNA was regenerated by injection of 2 M NaCl. Changes in response units 

(RU) curves were plotted against time. 

In a first experiment it was tested whether it is possible to measure the RNA-protein 

interaction without any competitor. On the reference flow cell which was only consisting 

of the DNA strand, binding of hypothetical protein (PP_4476), putative DNA-binding 

protein HU form N (PP_0975), agglutination protein (PP_4519), succinate-CoA ligase 
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[ADP-forming] subunit beta (EC 6.2.1.5) (PP_4186), methylcrotonyl-CoA carboxylase 

biotin-containing subunit beta (EC 6.4.1.4) (PP_4065), DNA binding regulator, beta 

subunit B (PP_2303), succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) 

(PP_4185), GTPase Der (PP_0857), fructose-bisphosphate aldolase (EC 4.1.2.13) 

(PP_4960), gluconokinase (EC 2.7.1.12) (PP_3416), DNA replication inhibitor 

(PP_4010), trigger factor (TF) (EC 5.2.1.8) (PPIase) (PP_2299) and dihydrolipoyllysine-

residue succinyltransferase component of α-ketoglutarate dehydrogenase complex (EC 

2.3.1.61) (PP_4188) was detected. 

 

Figure 42. Binding of proteins to reference. Relative response of proteins binding to reference flow cell is shown. 

Squares represent values for samples without competitor. Dots represent samples containing 60 μg/mL competitor 

DNA. 

When performing experiment with 60 μg/mL salmon testes DNA as competitor, GTPase 

Der (GTP-binding protein EngA) (PP_0857), toluene tolerance protein (PP_0961) and 

DNA replication inhibitor (PP_4010) were detected to bind to the reference flow cell and 

therefore excluded as unspecific binders. DNA-binding protein HU form N (PP_0975) 

and DNA binding regulator, beta subunit B (PP_2303) were also considered as unspecific 

binders from the first experiment, see Figure 42. 

For exploration of RNA-protein interactions, set-up of SPR experiment was designed in 

the way that sucAII, sucC and icd RNA motif were immobilized on the chip. All protein 

candidates were screened against each motif in a single run. Binding stability of proteins 

to sucAII RNA motif was compared to binding stability of reference flow cell and the 
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sucC and icd RNA motif. Comparing relative response of protein to sucAII RNA, high 

relative RU were detected for glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) 

(PP_1009), trigger factor (TF) (EC 5.2.1.8) (PP_2299), succinate-CoA ligase [ADP-

forming] subunit alpha (EC 6.2.1.5) (PP_4185), dihydrolipoyllysine-residue 

succinyltransferase component of α-ketoglutarate dehydrogenase complex (EC 2.3.1.61) 

(PP_4188), α-ketoglutarate dehydrogenase subunit E1 (PP_4189) and agglutination 

protein (PP_4519). In most of the cases, higher RU was observed for sucAII RNA motif 

than for the reference flow cell. Only in case of nucleoside diphosphate kinase (NDK) 

(NDP kinase) (EC 2.7.4.6) (PP_0849), ribosome-recycling factor (RRF) (PP_1594), 

hypothetical protein (PP_2105), hypothetical protein (PP_3904), isocitrate 

dehydrogenase (EC 1.1.1.-) (PP_4012), succinate-CoA ligase [ADP-forming] subunit 

beta (EC 6.2.1.5) (PP_4186), ketol-acid reductoisomerase (PP_4678) and thioredoxin 

(PP_5215) relative response at the level of the reference flow cell were detected, 

therefore, these proteins were excluded for sucAII protein interaction. In the other cases 

higher relative response was observed than for reference flow cell, but these proteins 

showed also interaction with sucC and icd RNA. 

 

Figure 43. QC plot of RNA-protein interactions. Relative response of proteins against RNA are shown. Squares 

(black) represent values for reference flow cell (FC1), dots(orange) represent values for sucAII RNA immobilized on 

FC2. Triangles bottom-up (blue) represent values for sucC RNA motif immobilized on FC3. Triangles top-down 

(violet) represent values of icd RNA motif immobilized on FC4. 

By analysis of the binding level normalized to the molecular weight of the correspondent 

protein, high relative response was detected for hypothetical protein (PP_2105), trigger 

factor (TF) (EC 5.2.1.8) (PP_2299), succinate-CoA ligase [ADP-forming] subunit alpha 
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(EC 6.2.1.5) (PP_4185), hypothetical protein (PP_4476) and putative RNA binding 

protein (PP_4720). Results are visualized in Figure 44. 

 

Figure 44. Relative response of proteins to sucAII RNA motif (reference flow cell subtracted). Relative response 

is blank subtracted and adjusted to molecular weight. 

For exploration of RNA-protein interactions, kinetic rate constants were calculated for a 

1:1 binding model. The fitting procedure of Biacore evaluation software is fitting 

experimental data by an iterative process. Equations are created from the interaction 

model. As association is dependent on the concentration of the sample, only equimolar 

samples are compared in Table 5. Kinetic profiles for sucAII RNA motif against the 

correspondent proteins showed fast association rates for glyceraldehyhde-3-phosphate 

dehydrogenase, elongation factor G 1, gluconokinase, GTPase Era and malic enzyme B. 

Slow dissociation constants were observed by hypothetical protein (PP_3611), keto-acid 

reductoisomerase (NADP(+)), probable thiol peroxidase, hypothetical protein (PP_2105) 

whereas glyceraldehyhde-3-phosphate dehydrogenase, elongation factor G 1, 

gluconokinase, GTPase Era and malic enzyme B showed faster dissociation compared to 

the other samples. In general, high stability of sucAII RNA-protein complexes was 

observed from sensograms. None of the proteins reached Rcalc. Methylcrotonyl-CoA 

carboxylase biotin-containing subunit beta (EC 6.4.1.4) performed best reaching 56% of 

Rcalc. Fitting of binding model 1:1 to the experimental data shows good performance until 

a Chi2 of 40 RU2.
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Table 5. Results of kinetic analysis of sucAII RNA motif in SPR. Data of real-time analysis were fitted by a 1:1 

binding model. Rate constants are shown. Association constant is reported in 1/Ms, dissociation constant is reported in 

1/s. Rmax calculated by Biacore evaluation software is reporting the analyte binding capacity of the surface. Chi2 is a 

measure of the average squared residual (difference between experimental data and fitting). Rcalc is the theoretical value 

calculated by molecular weight of the analyte and the ligand and considering the amount of immobilized RNA of the 

flow cell. 

Name Sample ka (1/Ms) kd (1/s) 
Rmax 

(RU) 

Chi² 

(RU²) 
Rcalc 

Putative 

metallothionein 
PP_3262 145000 6.45E-03 53.4 0.37 250.8 

ADP/ATP ratio 

sensor/translation 

inhibitor 

PP_0674 318000 7.28E-03 347.4 18.5 1448.6 

hypothetical protein PP_3611 10600 6.07E-08 179.8 46.1 2804.8 

hypothetical protein  PP_3904 131000 6.02E-03 62.7 0.642 274.6 

hypothetical protein PP_4476 285000 3.07E-03 325.5 14.7 1645.8 

hypothetical protein PP_2105 7320 9.43E-04 535.9 137 1692.2 

hypothetical protein PP_0797 141000 2.02E-02 0.1 167 519.4 

OsmY-related 

protein 
PP_4707 130000 1.19E-02 46.2 0.659 342.5 

ATP synthase epsilon 

chain (F-ATPase 

epsilon subunit) 

PP_5412 8810 1.00E-03 477.7 149 2132.6 

Agglutination protein PP_4519 242000 3.61E-03 257.7 22 1194.0 

Succinate-CoA 

ligase [ADP-

forming] subunit beta  

PP_4186 171000 6.50E-03 59.5 0.508 990.7 

Methylcrotonyl-CoA 

carboxylase biotin-

containing subunit 

beta (EC 6.4.1.4) 

PP_4065 297000 1.12E-02 766.5 114 1362.0 

Fructose-

bisphosphate 

aldolase (EC 

4.1.2.13) 

PP_4960 159000 7.36E-03 234.8 4.56 939.0 

Probable thiol 

peroxidase (EC 

1.11.1.-) 

PP_3587 6700 3.97E-05 192.8 21.9 2468.7 

Gluconokinase (EC 

2.7.1.12) 
PP_3416 9530000000 1.98E+02 245.5 51.4 2596.2 

Malic enzyme B (EC 

1.1.1.40) (EC 

2.3.1.8) 

 

PP_5085 21600000000 6.97E+01 144.3 36.7 5621.2 
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Name Sample ka (1/Ms) kd (1/s) 
Rmax 

(RU) 

Chi² 

(RU²) 
Rcalc 

Glyceraldehyde-3-

phosphate 

dehydrogenase (EC 

1.2.1.-) 

PP_1009 537000000 3.26E+01 607.1 83.1 4554.9 

Aspartate kinase (EC 

2.7.2.4) 

(Aspartokinase) 

PP_4437 509000 2.80E-02 180.9 5.36 1065.5 

Elongation factor G 1 

(EF-G 1) 
PP_0451 2960000000 4.35E+01 141.1 44.5 9585.0 

GTPase Era PP_1434 13600000000 7.94E+01 210 285 4357.9 

Dihydrolipoyllysine-

residue 

succinyltransferase 

component of 2-

oxoglutarate 

dehydrogenase 

complex 

PP_4188 272000 5.96E-03 541 151 5308.3 

Ketol-acid 

reductoisomerase 

(NADP(+)) (KARI) 

PP_4678 39700 1.24E-06 37.5 133 952535.4 

 

Additionally, a single kinetics cycle experiment in which subunits of α-ketoglutarate 

complex and the complex itself was performed, as well as subunits of succinyl-CoA 

synthetase complex and the correspondent complex were tested in the stoichiometry of 

the enzyme. Binding to the reference flow cell was observed in case of α-KGDH complex, 

α-ketoglutarate dehydrogenase subunit E1 (PP_4189), dihydrolipoyllysine-residue 

succinyltransferase component of α-ketoglutarate dehydrogenase complex (EC 2.3.1.61) 

(PP_4188), succinyl-CoA synthetase complex and succinyl-CoA synthetase subunit 

alpha. Binding stability to the reference flow cell compared to binding stability to the 

RNA motifs is considered not to be relevant (data not shown). Stability of the proteins 

binding to the RNA showed that the α-KGDH complex showed highest relative response, 

followed by α-KGDH subunit E1 (PP_4189) and dihydrolipoyllysine-residue 

succinyltransferase component of α-KGDH complex (EC 2.3.1.61) (PP_4188), see Figure 

45 a). 
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Figure 45. QC plot and binding level for sucAII RNA. A) QC plot of sucAII RNA and protein interactions of subunits 

and complexes of α-ketoglutarate dehydrogenase and succinyl-CoA synthetase. Relative response of proteins against 

RNA are shown. Squares (black) represent values for reference flow cell (FC1), dots(orange) represent values for 

sucAII RNA immobilized on FC2. B) Relative response for binding levels of subunits and protein complexes of α-

ketoglutarate dehydrogenase complex and succinyl-CoA synthetase complex to sucAII RNA motif (reference flow cell 

subtracted). Relative response is adjusted to molecular weight. 

Also, SCS and succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) 

(PP_4185) showed high relative response, results visualized in Figure 45 a). When 

normalized to molecular weight binding levels of α-ketoglutarate dehydrogenase subunit 

E1 and dihydrolipoyllysine-residue succinyltransferase component of α-ketoglutarate 

dehydrogenase complex (EC 2.3.1.61), succinyl-CoA synthetase and succinate-CoA 

ligase [ADP-forming] subunit alpha (EC 6.2.1.5) showed high relative response 

compared to other samples. All results shown in Figure 45 b)  

 

3.2.4.2. Further binding studies (EMSA or filter binding assay) 

In filter binding assay, interaction of sucAII RNA and the proteins of interest were studied. 

Nitrocellulose filter binding assays for determination of dissociation constants have been 

used since Yarus and Berg (1970) described the method for characterization of tRNA and 

aminoacyl-tRNA synthetase during association [83]. The method has also been studied 

extensively with DNA protein complexes. The advantage of this assay is that it is simpler 

than EMSA and informative if the sequence of interest is only containing a single binding 

site. If not, the assay has the disadvantage that it is only measuring total binding to 

multiple binding sites [84]. The method is based on the overreaction that most proteins 

bind to nitrocellulose, therefore, a nucleic acid protein complex can be trapped on this 

membrane if the interaction between the RNA and the protein is tight enough and binding 

of the protein to the nitrocellulose membrane should not be in competition with the 
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binding of the RNA. Hall and Kranz (1999) mention some issues like protein denaturation 

upon binding to nitrocellulose or small percentages of the complexes retained by the filter 

[85]. They suggest that RNA may be too long and wraps around the complexes, so that 

the complex is not retained by nitrocellulose and complexes are pulled through the filter 

by the RNA. They also propose several binding modes which are not very stable during 

filtration. Additionally, it has been reported that some rRNA-protein complexes are not 

retained by nitrocellulose at all [86]. In the assay 32P-labeled RNA is present in trace 

amounts (constant concentration) in each sample, while protein concentrations are titrated 

to determine dissociation constants. Filter binding assay analyses the per cent of bound 

RNA by the protein. Dissociation constant KD is a value for description of the affinity of 

a binding interaction. A small dissociation constant implies a high binding affinity. In the 

filter binding assay, bound RNA (which is equal to the RNA-protein complex) is 

measured on the nitrocellulose membrane. Below the nitrocellulose membrane a nylon 

membrane is placed which is retaining free RNA. In the case of a single binding site KD 

is defined as the concentration at which 50 percent of the RNA is bound to the protein. 

Low levels of 32P-labeled RNA-protein complex binding to the nitrocellulose membrane 

were observed. 3% of bound RNA-protein complex to nitrocellulose membrane could not 

be increased. Upon addition of 2.5 mM magnesium chloride, levels increased to 5%. For 

sucAII RNA, eight proteins were selected for further tests. It was tried to increase 

structural stability by denaturation of secondary structure and refolding of the RNA of 

interest as well as by addition of crowding agents. So far, advantageous effects of 

crowding agents have not been observed. Various buffers were tested, it seems that 

increasing salt concentrations are influencing positively the building of the RNA-protein 

complex. In a first assay, proteins were screened against the RNA motif of interest. 

Succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) (PP_4185) did not show 

increasing RNA levels on the nitrocellulose membrane with increasing protein 

concentrations. The levels of RNA on the nitrocellulose membrane were decreasing 

during increasing protein concentration whereas a contrary effect was observed with sucC 

RNA. Interestingly, succinate-CoA ligase [ADP-forming] subunit beta (EC 6.2.1.5) 

(PP_4186) did show binding to sucAII RNA, see Figure 46 a). In this case, increasing 

RNA levels were observed with increasing protein concentrations. Fitting of a binding 

curve was possible and calculation of KD led to 693 nM. 
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Figure 46. Protein binding properties of sucAII RNA motif. Data plots of the filter binding assay performed in 

different concentrations of the proteins a) Succinate-CoA ligase [ADP-forming] subunit beta and b) Malic enzyme B. 

For Fructose-bisphosphate aldolase (EC 4.1.2.13) binding was not observed. With 

Dihydrolipoamide dehydrogenase (EC 1.8.1.4), binding was only observed in one sample 

and α-ketoglutarate dehydrogenase subunit E1 showed decreasing RNA levels. 

Dihydrolipoyllysine-residue succinyltransferase component of α-ketoglutarate 

dehydrogenase complex (EC 2.3.1.61) showed increasing and decreasing RNA levels on 

nitrocellulose membrane with increasing protein concentrations, so that fitting of a curve 

was not possible. Malic enzyme B (EC 1.1.1.40) (EC 2.3.1.8) showed increasing levels 

of bound RNA with increasing protein concentration, which was also observed with sucC 

RNA motif and icd RNA motif. But for sucAII RNA motif, in high protein concentrations 

an equilibrium was reached so that fitting of a curve was possible, see Figure 46 b). 

Determination of KD value from filter binding assay resulted in 228.5 nM.  

 

Figure 47. RNA binding properties of Methylcrotonyl-CoA carboxylase biotin-containing subunit beta. Data 

plots of the filter binding assay performed in different concentrations of the protein and sucAII RNA motif (orange 

dots), sucC RNA motif (triangles top-down in blue) and icd RNA motif (triangles bottom-up in violet). 

https://www.genome.jp/dbget-bin/www_bget?ec:1.8.1.4
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Methylcrotonyl-CoA carboxylase biotin-containing subunit beta (EC 6.4.1.4) (PP_4065) 

did not show binding of sucAII RNA in the first assay, whereas it showed binding in a 

second experiment, see Figure 47. In the second assay the dissociation constant for sucAII 

RNA motif to methylcrotonyl-CoA carboxylase biotin containing subunit was determined 

to 552 nM, for sucC RNA motif 836 nM and for icd RNA motif 398 nM. 

 

3.2.4.3. RNase footprinting 

RNase footprinting is based on base-specific nucleases and endonucleases but can be also 

performed by chemical modifying agents. The aim of this assay is to generate specific 

ladders for analysis by denaturing page electrophoresis where structural analysis is 

visualized by cleavage of radioactively end-labeled RNA, see Figure 48. Cleavage of the 

RNA is performed in native and denaturing conditions [87]. In denaturing conditions, the 

RNA is unfolded showing general information of the sequence of interest. In native 

condition a reduced cleavage is detected at sites that are protected by higher order 

structures. Each fragment corresponds to a discrete size and fragments are separated by 

gel electrophoresis. For an easy assignment of fragment sizes an alkaline degradation 

ladder with single nucleotide resolution is used. Specific cleavage in the samples of 

interest can be compared to the ladders to identify regions of structural rearrangement and 

protected sites upon protein binding to the RNA. 

 

Figure 48. Principle of RNase footprinting. A) Unbound RNA. B) RNA-protein complex. C) Representative PAGE 

of RNase footprinting. Lane 1, alkaline digestion of unbound 5’ end-labeled RNA showing cleavage at single nucleotide 

level. Lane 2, RNase T1 digestion of unbound RNA under denaturing conditions (all Gs are cleaved) Lane 3, RNase T1 

digestion of unbound RNA in native conditions (only single stranded nucleotides are accessible). Lane 4, RNase T1 

digestion of 5’ end-labeled RNA bound to protein in native conditions. Protein shields G14 and G15 from RNase T1. 

Figure adapted from Clarke (1999) [87]. 
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Additionally, to the ladders described above, in an RNase footprinting assay, analysis of 

unbound RNA and RNA-protein complex are included in the assay. Protein bound to the 

RNA will induce changes in secondary structure or will sterically inhibit the action of 

RNase at the binding site of the protein. This will result in less cleavage sites compared 

to unbound state whereas structural rearrangement might also result in less RNA stability 

and more cleavage sites for RNases. Comparing cleavage to the ladders, identification of 

protein binding sites is possible. 

Titration of RNase If was performed from 1 U to 0.01 U including a negative control (0 

U RNase). We observed 80% of intact RNA in the concentration at 0.3 U. For RNase T1 

titration was performed from 1 U to 0.001 U. Even at the lowest concentration, 80% of 

the RNA being intact was not observed, concluding that the RNase T1 concentrations was 

still too high for sucAII RNA motif, see Figure 49. 

 

Figure 49. Determination of RNase concentration for RNase footprinting of sucAII RNA motif. PAGE analysis 

of RNase footprinting reactions with 5’ 32P-labeled sucAII (P. putida) RNA in the presence of different RNases and 
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concentrations. RNase concentration is indicated in U. Precursor, OH- ladder, T1 digestion represent RNA undergoing 

no reaction, alkaline digestion or partial digestion with RNase T1 (cleaves after guanosine nucleotides). Selected bands 

from RNase T1 digestion are annotated with G and the number. 

In a first experiment it was tested whether RNase contamination from protein stocks is 

causing problems in RNase footprinting assays. No relevant RNase activity from purified 

proteins was observed (data not shown). In a second experiment, 1 μM protein 

concentrations were tested in a screening approach for a high throughput method and 

were digested with 0.4 U RNase If. Samples were analyzed on 6% PAGE. 

 

Figure 50. Screening of different proteins against sucAII RNA motif in RNase footprinting. PAGE analysis of 

RNase footprinting reactions with 5’ 32P-labeled sucAII (P. putida) RNA in the presence of different protein 

concentrations (1 μM). 0.4 U RNase concentration was used for reactions. Precursor, OH- ladder, T1 digestion represent 

RNA undergoing no reaction, alkaline digestion or partial digestion with RNase T1 (cleaves after guanosine 

nucleotides). Selected bands from RNase T1 digestion are annotated with G and the number. 0 indicating no protein 

and none indicating neither protein nor RNase. 

In this footprinting assay alternated structure pattern was not detected compared to 

negative control. Only in the sample containing fructose-bisphosphate aldolase 

(PP_4960) an altered cleavage compared to negative controls was observed, visualized in 

Figure 50. In a further footprinting, another batch of proteins was tested. It was observed 

that methylcrotonyl-CoA carboxylase biotin-containing subunit beta (EC 6.4.1.4) 
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(PP_4065) is causing mRNA destabilization of sucAII RNA, see Figure 51. In the sample 

containing this protein, more cleavage fragments were observed than in the negative 

controls. 

 

Figure 51. Screening of putative RNA binding protein and metabolic enzymes against sucAII RNA motif in 

RNase footprinting. PAGE analysis of RNase footprinting reactions with 5’ 32P-labeled sucAII (P. putida) RNA in 

the presence of different protein concentrations (1 μM). 0.4 U RNase concentration was used for reactions. Precursor, 

OH- ladder, T1 digestion represent RNA undergoing no reaction, alkaline digestion or partial digestion with RNase T1 

(cleaves after guanosine nucleotides). Selected bands from RNase T1 digestion are annotated with G and the number. 

0 indicating no protein and none indicating neither protein nor RNase. 

 

3.2.5. Discussion 

Gene association pattern of sucAII is the same as in the case of sucA RNA. 55 potential 

ligands were tested for sucAII RNA. Greenlee et al. (2018) suggest because of 

phylogenetic separation that sucAII and sucA motif serve the same biological function in 
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different lineages of bacteria. They suggest that the discovery of the ligand of one class 

likely will simultaneously reveal the ligand for the remaining class [59]. So, if it is 

considered that even if not all ligands were tested with sucAII motif, the whole list of 

tested ligands for sucA motif can be also excluded to be the correspondent ligand of sucAII 

RNA. A full list of ligands tested with sucAII RNA motif is shown in the appendices, see 

Table 49. 

In a second approach, RNA was tested as a riboswitch with extracts from natural sources. 

When testing sucAII RNA with pre-fractionated extracts from crude cell extract #2, pre-

fractions MCX E4 and WAX E4 can be excluded to be fractions containing the ligand of 

sucAII RNA because cleavage pattern is similar to alkaline water control. Pre-fraction 

WCX W1 showed regions of higher structuration in a first in-line probing, further 

fractionation over HILIC led to no active fractions. In a validation step, no further activity 

was observed with pre-fraction WCX W1, so that the activity observed in the previous 

in-line probing can be considered as unspecific contamination or that the ligand might be 

a very unstable molecule which was degraded between the first and second in-line probing 

experiment. Contamination of the sample is more likely because no active fractions 

resulted from HILIC fractionation. In the validation step pre-fraction MCX E3 from cell 

extract #2 showed areas of higher structuration, but the cleavage pattern is quite similar 

to the water control. Cell extract #1b showed areas of higher structuration compared to 

the water control, so that the crude bacterial extract was pre-fractionated over OASIS 

Waters cartridges. From the in-line probing experiment, MCX E4 can be excluded from 

active fractions due to degraded precursor RNA, as well as WCX W1. Also, the similar 

cleavage pattern in those samples to the RNase T1 digestion ladder is an indication that 

the activity in those two samples resulted from RNase contamination. Fraction WAX E2 

also resembles RNase T1 digestion and pre-fractions WAX E4 and MCX E4 show the 

same activity as alkaline water control. Until now, screening of natural bacterial extracts 

did not lead to the identification of active fractions from different carbon sources and 

bacterial species. Structuration of the sucAII RNA seems to be a major concern, as the 

secondary structure which was proposed for the motif could not be confirmed in this study 

[60]. During the studies, a second transcription start site was published, which results in 

an RNA motif of about 110 nt. In a rational approach some of the ligands were tested 

once again. In these assays, higher structuration of the RNA of interest was observed, but 

none of the ligands tested was identified as an orphan riboswitch regulator molecule [61]. 
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In another approach, it was tried to find intrinsic conditions in which the ligand for the 

riboswitch is produced. Therefore, a short version of sucAII RNA motif was tested as well 

with E. coli Keio knockouts. In this experiment it was observed that the empty plasmid is 

not a suitable control for the plasmid containing the shortened sucAII motif fused to lacZ 

gene, due to different sizes of 5’ UTR between promoter and start codon of lacZ [88]. 

Nevertheless, higher β-galactosidase activity was observed in ΔackA and ΔeutD Keio 

knockouts. AckA gene is coding for acetate kinase which is catalyzing the formation and 

reverse reaction of acetyl-phosphate from acetate and ATP which is a sub-pathway in the 

formation of acetyl-CoA. EutD gene codes for an enzyme with phosphotransacetylase 

enzyme activity, which catalyzes acetyl-CoA to acetyl-phosphate. This is the reason why 

acetate, ATP, acetyl-phosphate and acetyl-CoA were tested in a rational approach but did 

not show activity in the in-line probing assays. Summed up, the hypothesis that sucAII 

RNA is a riboswitch has not been validated so far. 

Therefore, a protein pulldown was performed to identify a potential RNA-protein 

interaction [78]. In the RNA-protein pulldown, a wide range of different classes of 

proteins was detected. In an earlier step, it was tried to harshen the washing steps to reduce 

unspecific binding in order to reduce the number of fished proteins. In those samples, 

binding of 30S subunit to rpsL RNA which serves as a positive control, was not detected 

anymore why wash buffer A1 was chosen. Indeed, there are more affine RNA-protein 

interactions in Pseudomonas but most of the protein regulators are expressed due to 

environmental changes and therefore are not constitutively expressed for feedback 

regulation as in the case of rpsL why they cannot serve as positive controls. As regulation 

of TCA under pH stress is not well investigated, it was further decided to select candidates 

from osmoshock condition as well as carbon and nitrogen limitation. Additionally, carbon 

storage regulator homolog and putative DNA binding protein HU which were also fished 

in the control condition were selected, as well as DNA binding regulator beta subunit B 

from rich medium. These candidates were used for further experiments. 

It was further decided to choose some ribosome associated protein factors and proteins 

for which the function is not very clear until now. Also, some DNA binding proteins and 

regulators were selected to verify if they can also act on the level of translation. During 

sucAII RNA pulldown the most promising candidates were three metabolic enzymes 

found from the cell extracts succinate-CoA ligase subunit beta and alpha are coded from 

sucD and sucC gene and hint at a direct feedback regulation on the operon level. 
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Methylcrotonyl-CoA carboxylase biotin containing subunit beta is involved in valine, 

leucine and isoleucine degradation which is a step in the conversion of L-leucine to 

acetoacetate and acetyl-CoA which is further implemented into the TCA. Therefore, it 

could be imagined that sucA gene is downregulated if energy is won from L-leucine 

degradation or if high leucine concentrations need to be reduced and are fed into TCA. 

The genetic context of the uncharacterized protein (PP_0797) is not giving further 

information. The sequence is similar to other uncharacterized proteins from 

Pseudomonads and shares a 50 to 100% identity to an aldehyde dehydrogenase in other 

Pseudomonads (https://www.uniprot.org/uniprot/A0A089WSM0). 

In SPR experiments, it was shown that putative DNA-binding protein HU form N 

(PP_0975), DNA binding regulator beta subunit B, GTPase Der (PP_0857), toluene 

tolerance protein (PP_0961) and DNA replication inhibitor (PP_4010) were binding to 

the reference flow cell (DNA) and RNA. So, they were excluded to be specific binders to 

sucAII RNA due to ability to bind to negatively charges surfaces. High binding stability 

was observed with glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) (PP_1009), 

trigger factor (TF) (EC 5.2.1.8) (PP_2299), succinate-CoA ligase [ADP-forming] subunit 

alpha (EC 6.2.1.5) (PP_4185), dihydrolipoyllysine-residue succinyltransferase 

component of α-KGDH complex (EC 2.3.1.61) (PP_4188), α-ketoglutarate 

dehydrogenase subunit E1 (PP_4189) and agglutination protein (PP_4519). When 

relative response of Biacore data was normalized to molecular weight, trigger factor (TF) 

(EC 5.2.1.8) (PP_2299) and succinate-CoA ligase [ADP-forming] subunit alpha (EC 

6.2.1.5) (PP_4185) still showed high relative response. Both results together are 

indicating affine interactions. It is encouraging to confirm results of the protein pulldown 

experiment, as both proteins which show affine interaction were selected candidates from 

the previous experiment. Results from the binding levels normalized to the molecular 

weight are even more interesting as relative response is dependent on the molecular mass 

of the analyte. 

Equation 4. Calculation of response units. 

𝑅𝑈𝑚𝑎𝑥,𝑎𝑛𝑎𝑙𝑦𝑡𝑒 =
𝑀𝑊𝑎𝑛𝑎𝑙𝑦𝑡𝑒

𝑀𝑊𝑙𝑖𝑔𝑎𝑛𝑑
∗ 𝑅𝑈𝑙𝑖𝑔𝑎𝑛𝑑 ∗ 𝑆 

With RU (response units), MW (molecular weight) and S (stochiometric factor). 

Hypothetical proteins (PP_2105 & PP_4476) and putative RNA binding protein 

(PP_4720) could be interesting candidates even if they were not detected from sucAII 

https://www.uniprot.org/uniprot/A0A089WSM0
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RNA-protein pulldown. Relative response in binding stability at the level of the reference 

flow cell was detected for nucleoside diphosphate kinase (NDK) (NDP kinase) (EC 

2.7.4.6), ribosome-recycling factor (RRF) (PP_1594), hypothetical protein (PP_2105), 

hypothetical protein (PP_3904), isocitrate dehydrogenase (EC 1.1.1.-) (PP_4012), 

succinate-CoA ligase [ADP-forming] subunit beta (EC 6.2.1.5) (PP_4186), ketol-acid 

reductoisomerase (PP_4678) and thioredoxin (PP_5215) was detected which can be 

excluded to be specific binders to sucAII RNA. Hypothetical protein (PP_2105) seems to 

be an exception because low relative response is observed in QC plot and high relative 

response in binding levels is observed when normalized to molecular weight. Thus, 

classification into the class of specific binder or unspecific binder is difficult. From 

normalized binding levels uncharacterized protein (PP_0797), nucleoside diphosphate 

kinase (NDK) (NDP kinase) (EC 2.7.4.6) (PP_0849), ribosome-recycling factor (RRF) 

(PP_1594) and isocitrate dehydrogenase (EC 1.1.1.-) (PP_4012) can be as well excluded. 

As interesting candidates hypothetical protein (PP_2105), hypothetical protein 

(PP_3261), succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) (PP_4185), 

hypothetical protein(PP_4476) and putative RNA binding protein (PP_4720) should be 

noted. Kinetic profiles of RNA-protein interactions showed very stable complexes of all 

proteins tested in the screening run. This is somehow troubling the aim of using a Biacore 

run as a selection step for further verification experiments. In this experiment, it was also 

observed that the chip was overloaded with RNA which is the reason why none of the 

proteins could reach the RUmax due to steric hindrance of the binding sites from other 

RNA molecules. Further it is needed to be noticed that in relative response for stability 

also significant high response is observed with sucC and icd RNA. Selection of candidates 

from this step is tricky as it would be needed to define a maximum difference of relative 

response between the value for sucAII RNA and one of the control RNAs. 

Regarding results from subunits of α-KGDH complex and the complex itself, the QC plot 

suggest that it is likely that relative response of the complex is mainly caused by α-

ketoglutarate dehydrogenase subunit E1 (PP_4189) (sucA) as relative response of α-

KGDH subunit E1 (sucA) is almost reaching relative response of the complex and indeed 

when looking at the binding levels for the subunits and the complexes it is observed that 

only α-KGDH subunit E1 (sucA) and α-KGDH E2 component (sucB) are interacting with 

sucAII RNA. In the QC plot, it is also shown that α-ketoglutarate dehydrogenase subunit 

E1 (sucA) and α-ketoglutarate dehydrogenase E2 component (sucB) are not acting 

simultaneously on sucAII RNA, as relative response of the complex is not the sum of both 
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proteins which implements that sucAII is preferably binding one of both proteins. From 

QC plot it might be implicated that this would be α-KGDH subunit E1 (sucA), but binding 

levels normalized to molecular weight do not show significant discrimination of one of 

the proteins, so that this cannot be decided from the SPR experiment. A further validation 

and determination of the kinetic constants of α-KGDH subunit E1 (sucA) and α-KGDH 

E2 component (sucB) would be helpful. Dihydrolipoyl dehydrogenase (lpdG) is not 

showing high relative response in binding stability and binding levels to sucAII RNA and 

should be therefore excluded as a specific binder for sucAII RNA. For succinyl-CoA 

synthetase subunits and the complex itself, some conclusions can be drawn. Already in 

the QC plot of the binding stability, almost identical relative response of the SCS complex 

and succinyl-CoA synthetase subunit alpha (sucD) is observed. In case of succinyl-CoA 

synthetase subunit beta (sucC) a low relative response is observed. The binding levels of 

succinyl-CoA synthetase subunit alpha (sucD) showed high relative response whereas the 

response for the SCS complex was lower. Therefore, it can be concluded that only 

succinyl-CoA synthetase subunit alpha (sucD) is binding to sucAII RNA. From relative 

binding levels, succinyl-CoA synthetase subunit alpha (sucD) is observed to interact best 

with sucAII RNA. 

In filter binding assays, 8 protein sucAII RNA interactions were explored in a screening 

approach. Succinyl-CoA synthetase subunit alpha (sucD) did not show binding which is 

a contrary result to the SPR experiment. Fructose-bisphosphate aldolase did not show 

binding (as well for icd RNA). α-ketoglutarate dehydrogenase E2 (sucB) component did 

not show binding to sucAII RNA, as well as dihydrolipoyl dehydrogenase (lpdG). α-

KGDH E2 component (sucB) showed binding to icd RNA. α-KGDH subunit E1 (sucA) 

did show decreasing RNA levels upon increasing protein concentrations. This does not 

necessarily mean that the protein does not bind to the RNA. As already mentioned in 

chapter 3.2.4.2, this result can be caused by protein denaturation or RNA wrapping around 

the complex and therefore inhibiting binding to the nitrocellulose residue. In a first filter 

binding assay methylcrotonyl-CoA carboxylase biotin-containing subunit beta (PP_4065) 

did not show binding first, whereas it showed binding in a second filter binding assay, In 

the first filter binding assay HBS-P+ (10 mM HEPES, 150 mM NaCl, 0.05% v/v 

Surfactant P20, 60 µg/mL salmon intestine DNA and 1 mM DTT) was used and in the 

second experiment MOPS buffer was used (50 mM MOPS, 100 mM NaCl, 20 mM KCl, 

2.5 mM MgCl2, 0.005% Tween 20) was used. A general issue of filter binding assay was 

that RNA levels bound by the protein were low and RNA was not retained properly. It 
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seems that buffer conditions need to be optimized for each RNA or protein respectively. 

Determination of the active fraction of the protein of interest would be interesting, as for 

the filter binding assay and the SPR experiments only total protein concentration of the 

samples was determined. Nevertheless, KD of three interactions were determined. Malic 

enzyme B showed a KD of 228.5 nM, binding of succinyl-CoA synthetase subunit beta 

(sucC) to sucAII RNA resulted in a KD of 693 nM and binding of methylcrotonyl-CoA 

carboxylase biotin-containing subunit beta (PP_4065) resulted in a KD of 552 nM but did 

also bind to sucC and icd RNA. In conclusion, filter binding assay needs to be further 

optimized to increase RNA levels on the nitrocellulose membrane and experiments 

should be performed in biological triplicates for higher confidentiality. 

In another step, it was tried to establish RNase footprinting as a high throughput method. 

In this assay many proteins were screened at the concentration of 1 μM for an altered 

cleavage pattern compared to negative controls. In this assay, two proteins were observed 

to destabilize sucAII RNA which were fructose-bisphosphate aldolase (PP_4960) and 

methyl-crotonyl-CoA carboxylase biotin-containing subunit beta (PP_4065). Screening 

in the condition of 1 μM is only suitable if KD for binding interactions are lower than this 

concentration. For interactions with higher KD structural rearrangement will be not 

observed. 

In summary, sucAII RNA was not identified as an orphan riboswitch. From the screening 

of natural extract, it seems that contamination of pre-fractions is a major problem. As 

well, it was observed that pre-fractionation of cell extracts with OASIS water cartridges 

is not suitable, because pH conditions are too harsh so that the pH is influencing the 

cleavage pattern in in-line probings and activity caused by a small molecule in the fraction 

is not detected. The length of sucAII RNA needs to be considered. The secondary 

structure showed that the 100 nt motif is structured whereas the 184 nt length variant 

shows large areas of single stranded (unstructured) RNA sequence. Regarding the RNA 

motif, most of the highly conserved nucleotides are present in 100 nt upstream of the start 

codon of sucA which is a good indicator that the regulatory part of this nc-mRNA is 

located between the second transcription start site proposed from d’Arrigo et al. (2016) 

and the start codon [60, 61]. 

In vivo studies of the motif did show interesting results, which could not be validated in 

vitro by in-line probing assays. Acetyl-phosphate, acetate, ATP and acetyl-CoA would 

have been interesting ligands as they represent the general metabolic and energetic state 
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of the cell. Most likely the accumulation of those ligands in the Keio knockouts influenced 

cells positively so that more β-galactosidase was synthesized, and higher activity was 

observed, even if β-galactosidase is not dependent on ATP for example. For testing the 

motif fused to the reporter a better negative control is needed. It is necessary to use a 

5’UTR of the same length from the promoter to the start codon of the reporter. As it was 

observed in section 3.1.2, the pBad vector with the lacZ gene as a reporter is the best 

choice. In later experiments, it was observed that a scrambled sequence is not in all cases 

a good negative control, even if nucleotide distribution is the same as in the original non-

coding sequence. One should think about mutating only highly conserved nucleotides (> 

98%) in the sequence for example. 

In protein pulldown experiments many interesting candidates were identified. From the 

candidates selected for further experiments, carbon storage regulator homolog (PP_4472) 

did not show binding in SPR experiment. In RNase footprinting, structural rearrangement 

of sucAII RNA was not observed. Additionally, sucAII RNA sequence does not contain 

the consensus sequence of binding sites for CsrA protein-RNA binding. Detection after 

pulldown is due to the RNA DNA hybrid which was built to immobilize RNA to magnetic 

beads. The complementary sequence of the DNA does contain a GGA nucleotide 

sequence, therefore carbon storage regulator homolog does bind to the linker. 

Elongation factor G 1 did show binding in QC plot, but binding level was very low when 

normalized to molecular weight. Ribosome recycling factor (PP_1594) did not show 

binding in SPR experiments and RNase footprinting. Uncharacterized protein PP_0709 

did not show binding to sucAII RNA in SPR experiments. Putative peroxiredoxin did 

show low binding in QC plot and for binding level in SPR experiments and did not show 

activity in RNase footprinting experiments. Toluene tolerance protein (PP_0961), 

putative DNA-binding protein HU form N (PP_0975) and DNA binding regulator were 

sorted out due to binding to the reference flow cell in Biacore experiments; the last two 

proteins did not show activity upon binding to sucAII RNA in the RNase footprinting 

screening. Agglutination protein (PP_4519) did show binding activity in QC plot, but 

relative response units for binding levels normalized to molecular weight were very low. 

Trigger factor (PP_2299) showed binding activity in high relative response for binding 

stability and binding level in Biacore experiments. Due to its function in vivo, it was not 

selected for further experiments. 
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ATP synthase epsilon chain did show binding activity in SPR experiments but did not 

show activity in RNase footprinting. A filter binding assay or EMSA needs to be 

performed for determination of KD, so that it can be judged if the protein concentration 

in the RNase footprinting was sufficient or not. Determination of KD by some other assay 

would confirm or reject results from SPR experiments. 

Succinate-CoA ligase subunit beta (sucC) did neither show high relative response in 

binding stability in SPR experiments nor in binding levels when normalized to molecular 

weight. In a screening in filter binding assay a KD of 639 nM was determined, but when 

tested in 1 μM protein concentration the RNA-protein complex did not show an altered 

cleavage pattern in an RNase footprinting compared to the negative controls. 

Succinate-CoA ligase subunit beta (sucD) showed binding activity in high relative 

response for binding stability and binding level in Biacore experiments. A KD was not 

determined in filter binding assay, optimization of buffers and re-validation in a second 

experiment is necessary. In RNase footprinting experiments binding activity was not 

observed. 

Methylcrotonyl-CoA carboxylase biotin-containing subunit beta (PP_4065) showed 

binding activity in high relative response for binding stability and binding level in SPR 

experiments. A KD of 552 nM was determined for protein sucAII RNA interaction. 

Additionally, mRNA destabilization upon binding of the protein was observed in RNase 

footprinting. Binding of the protein to other RNAs was also observed, the results may 

indicate that this protein unspecifically binds RNA and in case of sucAII destabilizes the 

mRNA in the way that it gets accessible for RNases in an easier way and RNA is further 

degraded. It would be interesting to see which RNAs are bound of the protein from a total 

RNA extraction, a pulldown followed by RNA-Seq data. 

From the SPR experiments other proteins were detected binding to sucAII RNA even if 

they were not found in RNA-protein pulldown. Hypothetical proteins (PP_2105, PP_3261 

and PP_4476) showed high relative binding levels in SPR experiments but did not show 

binding to the RNA of interest in RNase footprinting. The same behavior was shown by 

putative RNA binding protein (PP_4720). Determination of KD is necessary to decide 

whether further investigations are promising. 

Α-ketoglutarate dehydrogenase subunit E1 (PP_4189) (sucA) showed binding activity in 

high relative response for binding stability and binding level in SPR experiments but did 
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not show binding to the RNA in filter binding assay. Optimization of buffers and the 

reaction is necessary to determine KD and to see if the effect that RNA levels decrease 

upon increasing protein concentration on nitrocellulose filter is observed again. If this 

behavior is observed again, a different assay for KD determination as for example EMSA 

or ITC would be necessary. 

Α-ketoglutarate dehydrogenase subunit E2 (sucB) showed binding activity in high 

relative response for binding stability and binding level in SPR experiments but did not 

show binding to the RNA in filter binding assay. Optimization of buffers and the reaction 

is necessary to determine KD. In the RNase footprinting structural rearrangement of the 

RNA was not observed in 1 μM protein concentration. 

Dihydrolipoyl dehydrogenase did not show binding in SPR experiments and filter binding 

assay and therefore can be excluded to be a specific binder of sucAII RNA. 

Malic enzyme B did show binding in QC plot, but binding level was very low when 

normalized to molecular weight. Determination of KD resulted in 228.5 nM. 

Fructose-bisphosphate aldolase (PP_4960) did show binding in QC plot, but binding level 

was very low when normalized to molecular weight. The protein did not bind sucAII RNA 

in filter binding assay and optimization of buffers and the reaction is necessary to 

determine KD. Fructose-1,6-bisphosphate aldolase is known to require divalent metal ions 

in their active site, adding zinc to the buffer might improve the binding reaction [89, 90]. 

In the RNase footprinting destabilization of mRNA upon addition of the protein in 1 μM 

concentration was observed which showed that KD is lower than 1 μM. 

Summed up, carbon storage regulator homolog (PP_4472), elongation factor G 1, 

ribosome recycling factor (PP_1594), uncharacterized protein (PP_0709), putative 

peroxiredoxin, toluene tolerance protein (PP_0961), putative DNA-binding protein HU 

form N (PP_0975), DNA binding regulator, agglutination protein (PP_4519), 

dihydrolipoyl dehydrogenase and trigger factor (PP_2299) can be excluded to be specific 

post-transcriptional regulators of sucA gene expression in Pseudomonads. 

ATP synthase epsilon chain is still an interesting candidate which needs to be tested for 

its KD and ability to act on the secondary structure of sucAII RNA. 

Succinate-CoA ligase subunit beta (sucC) and Succinate-CoA ligase subunit alpha (sucD) 

are still interesting candidates which need to be further explored. Still, it is likely that only 
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one of both proteins and not the complex is binding to sucAII RNA. SPR experiments 

strengthen the hypothesis that this will be succinate-CoA ligase subunit beta (sucD). A 

determination of KD for this protein binding to sucAII RNA would additionally strengthen 

that hypothesis. This would particularly be interesting because sucD is the last gene in 

the suc operon and somehow feedback regulates the operon. Succinate-CoA ligase 

subunit alpha was already found in human interactomes to be part of the moon lightening 

enzymes which are able to bind RNA [91]. Succinyl-CoA synthetase was as well detected 

in an pol(A) RNA interactome in eukaryotes [92] 

Additionally, α-ketoglutarate dehydrogenase subunit E1 (PP_4189) (sucA) and α-

ketoglutarate dehydrogenase subunit E1 (sucB) are interesting candidates when results of 

SPR experiments can be confirmed by KD determination. Results of RNase footprinting 

indicate that α-KGDH subunit E2 (sucB) is binding with a higher KD than 1 μM to sucAII 

RNA. So far, results from SPR experiments show that a single subunit or both subunits 

are bound by the RNA of interest but not by the complex itself. 

Methylcrotonyl-CoA carboxylase biotin-containing subunit beta (PP_4065) has not been 

described as an RNA-binding enzyme. The results for the in vitro assay suggest that this 

enzyme is able to bind various RNAs even if KD for the interactions are affine for all 

RNA motifs tested which might indicate for a more global role of methylcrotonyl-CoA 

carboxylase biotin-containing subunit beta-RNA binding in post-transcriptional 

regulation. The results from RNase footprinting for sucAII show facilitated mRNA decay 

by RNases. Induction of methylcrotonyl-CoA carboxylase is shown during carbohydrate 

starvation in plants [93]. The authors showed that methylcrotonyl-CoA carboxylase is 

involved in the catabolic pathway of leucine and is accumulated in carbon starved cells 

due to breakdown of proteins. Additionally, Aubert et al. (1996) proposed that the enzyme 

is a biochemical marker of autophagy in carbohydrate starved cells. The end products of 

leucine catabolism can be reintroduced into different metabolic pathways dependent on 

nutrient availability and/ or stress conditions [94]. In humans 3-methylcrotonyl-CoA 

carboxylase deficiency is an autosomal recessive disorder. So far, it has been shown that 

dysfunctionality of the enzyme is caused by mutations in the alleles, but genotype-

phenotype correlation is not possible. Phenotypes can range from no symptoms to serious 

health problems [95]. 

Malic enzyme B has not been described as RNA-binding protein yet. SPR experiments 

as well as filter binding assay show binding to sucAII RNA motif. The results for the in 
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vitro assay suggest that this enzyme is also able to bind various RNAs. Malic enzyme B 

was shown to catalyze L-malate to pyruvate and carbon dioxide by using NADP+ as a 

cofactor [96]. Wang et al. (2011) showed that production of NADP+ by malic enzyme B 

is an important source during growth on acetate in E. coli. NADP+ has a major role in 

anti-oxidative defense mechanisms [66]. In mammalian tissues, three isoforms of malic 

enzyme exist of whom two are dependent on NADP+ (mitochondrial and cytosolic) [97]. 

An NAD+-dependent malic enzyme is found in mitochondrial cells and in rapidly 

proliferating tissues (tumor cells). Mitochondrial NADP+-dependent malic enzyme is 

found in cells with low division rates and cytosolic NADP+-dependent malic enzyme is 

found in liver and adipose tissue. In liver cells the enzyme produces NADP+ for fatty acid 

biosynthesis and is expressed in carbohydrate rich diet or induced by thyroid hormones. 

However, Loeber et al. (1994) state that the NADP+ productions is not essential for the 

tumor cells, but that pyruvate is a relevant intermediate [97]. 

Fructose-bisphosphate aldolase (PP_4960) is already described as RNA-binding enzyme 

[91, 98-100]. Ciesla (2006) published an overview of enzymes in eukaryotes building 

networks to maintain the function and structure in eukaryotic cell processing, fructose-

biphosphate aldolase being part of it [99]. For the enzyme no regulatory functions are 

proposed but Kiri and Goldspink (2002) showed that the protein is binding to the 3’ UTR 

and speculate that this interaction is built up to transport the mRNA to a specific location. 

Castello et al. (2015) cite the protein to strengthen their hypothesis of the REM theory, 

but up to now binding of fructose-bisphosphate aldolase has only been shown in vitro, 

and they could identify the enzyme from an HEK293 RNA Interactome. Snaebjornsson 

and Schulze (2018) further state that fructose bisphosphate aldolase has even more non-

canonical functions in cellular processes such as transcription, signaling and cytoskeletal 

dynamics and plays a non-canonical role in cancer [98, 100]. In bacteria, fructose-

bisphosphate aldolase has also been shown to regulate katG gene in infected cells and 

acts as a repressor of transcription [101]. Ziveri et al. (2017) state that repression of 

transcription by the enzyme is mainly done to adapt the transcription to the metabolic 

state (redox status) of the infected cell. So far, another moon lightening function of 

fructose-bisphosphate aldolase is known as surface adhesion protein. Additionally, other 

moon lightening functions like surface adhesion and virulence properties are known in 

various bacterial species [89]. 
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3.3. sucC motif 

3.3.1. Riboswitch identification 

For characterization of sucC RNA, ligands from a rational design were tested. Full list is 

depicted in Table 6. In a first experiment, general metabolite of the correspondent 

reactions or TCA/ energetic balance were excluded. First in-line probing experiments 

showed slightly changed secondary structure upon binding of NADH (shown in Figure 

52), but further test and titration of derivates of nicotinic acid showed no activity. 

 

Figure 52. In-line probing of the sucC RNA (P. putida) testing NAD+, NADH and ADP. PAGE analysis of in-line 

probing reactions with 5’ 32P-labeled sucC (P. putida) RNA in the presence of different concentrations of NADH, 

NAD+ and ADP. Other annotations are described in Figure 21.
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Table 6. Ligands tested with sucC RNA motif. List of ligands tested in in-line probing assays for a potential sucC 

riboswitch. 

TCA 

intermediates 
Cofactors Amino acids 

Nicotinic acid 

and derivatives 
Miscellaneous 

α-Ketoglutarate CoA L-Arginine NAD+ Ca2 

Succinyl-CoA Acetyl-CoA L-Glutamate NADH GABA 

Succinate  Acetyl-phosphate L-Glutamine NADP+ 
Succinic 

semialdehyde 

 AMP L-Histidine NADPH Ornithine 

 cAMP L-Proline NH4Cl NH4Cl 

 c-di-AMP L-Threonine Nicotine amide  

 ATP  Nicotinic acid  

 cGMP    

 c-di-GMP    

 GTP    

 TPP    

 FAD    

 FMN    

 

In a screening approach crude extracts of cell extracts #1a, #1b, #2, #8, #9, #10, #12 were 

tested. Provenience of cell extracts is shown in Table 3. While testing crude cell extracts 

no specific activity was detected. The sucC RNA motif was tested in in-line probing with 

pre-fractionated cell extract #1b from OASIS water cartridges, PAGE is shown in Figure 

53. In this in-line probing experiment, seven samples with altering cleavage pattern 

compared to the water controls were detected. Pre-fractionated samples WCX W1, W2, 

E1 and E2 showed higher cleavage compared to the water control. Sample WCX W1 

showed areas of higher structuration and single cleavage of particular nucleotides 

compared to water controls. This sample also showed precursor RNA degradation. 

Samples MCX E4 and MAX E4 showed complete precursor RNA degradation. 
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Figure 53. In-line probing of the sucC RNA (P. putida) testing pre-fractionated extracts (OASIS WATERS 

cartridges). Pre-fractionated cell extracts were prepared from crude cell extract #1b (see Table 3). PAGE analysis of 

in-line probing reactions with 5’ 32P-labeled full length sucC (P. putida) RNA in the presence of pre-fractionated 

extracts, WCX, MCX, WAX or MAX indicates the cartridges used for preparation. Other annotations are described in 

Figure 21. 

SucC RNA with pre-fractionated cell extract 2 showed in in-line probing assay two 

samples (MCX E4 and WAX E4) with different cleavage pattern compared to water 

control. Cleavage pattern of those samples is similar to alkaline digestion, both samples 

are alkaline elution from cartridges. 

For revision, crude cell extracts were tested again, and results of the first in-line probing 

could be confirmed. Sample #1b WCX W1 showed the same behavior as described above, 

cleavage pattern of #1b WCX W2, E1 and E2 are similar to water controls. Cleavage 

patterns of samples #2 MCX E4 and #2 WAX E4 are identical to the alkaline water 

control, see Figure 54. 
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Figure 54. In-line probing of the sucC RNA (P. putida) of bacterial raw extract and selected pre-fractionations. 

PAGE analysis of in-line probing reactions with 5’ 32P-labeled sucC (P. putida) RNA in the presence of different 

bacterial raw extracts (see Table 3) and selected pre-fractionated extracts (OASIS WATERS cartridges). Other 

annotations are described in Figure 21. 

Sample #1b WCX W1 was further fractionated over a HILIC column by HPLC and the 

fractions were tested in an in-line probing assay. Fractions one to three showed stronger 

cleavage pattern compared to water control. However, cleavage pattern is similar to 

alkaline control. In fraction 24 two bands were detected that were cleaved stronger 

compared to water controls, as well as an area of higher structuration, results are shown 

in Figure 55. 
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Figure 55. In-line probing of the sucC RNA (P. putida) testing fractionated extracts #1b WCX W1 (OASIS 

WATERS cartridges). Fractions were prepared from pre-fractionated extract #1b WCX. PAGE analysis of in-line 

probing reactions with 5’ 32P-labeled full length sucC (P. putida) RNA in the presence of fractions. Numbers indicate 

fraction, a fraction corresponds to 30 s of collection time. PK indicates the Proteinase K digestion of the pre-fractionated 

cell extract injected on the HILIC column. Other annotations are described in Figure 21. 

 

3.3.2. Protein pulldown assay 

As described in section 3.2.3, Metzner et al. (2004) suggest downregulation of suc genes 

due to activation of gab genes in E. coli [81]. The hypothesis in this study was that suc 

genes might be downregulated upon growth on poor nitrogen sources, as α-ketoglutarate 

will be fed into amino acid biosynthesis. In this study RNA-protein pulldown was 

performed with sucC RNA motif in the following conditions: carbon starvation, 

stationary phase, osmotic upshift, pH downshift and poor nitrogen sources. For the fishing 

in osmoshock conditions, five proteins were detected from glucose media which was our 

negative control and four proteins were detected from osmo-stressed cell lysates. In the 
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sorting step, chaperonin and transcriptional regulators were deleted resulting in three 

specific proteins for rich medium and four specific proteins from osmo-stressed cells. In 

osmo-stressed cell lysate four proteins were found: DNA binding regulator beta subunit 

B, DNA replication inhibitor, OsmY-related protein and Thioredoxin. DNA replication 

inhibitor overlapped from both conditions, shown in Figure 56. 

 

Figure 56. Number of specific proteins binding to sucC RNA: Venn diagram showing the number of proteins 

shared by different conditions. A) Venn diagram of proteins found in rich medium (white) overlapped with osmotic 

upshifted cells (light red). B) Venn diagram of proteins found in rich medium (white) overlapped with carbon limited 

medium (light grey) and nitrogen limited medium (dark grey). C) Venn diagram of proteins found in rich medium 

(white) overlapped with pH stressed cell with high external glutamate levels (light blue) and pH stressed cells (blue). 

In rich medium against carbon limited medium and nitrogen limited medium, 14 proteins 

binding to sucC RNA motif were detected in rich medium. Six proteins were detected in 

carbon limited medium and 15 proteins were detected in nitrogen limited medium. In the 

sorting step, chaperonin and chaperones, protein grpE, RNA polymerase sigma factor 

RpoS, RNA helicase, transporters, endonucleases, peptidyl-prolyl cis-trans isomerases 

and membrane protein assembly factors were deleted. Performing the sorting step resulted 

in eleven proteins from rich medium, four from carbon-limited conditions and eight 

proteins from nitrogen-limited conditions, results visualized in Figure 56 b). Two proteins 

overlapped in all conditions: DNA replication inhibitor and GTPase Era. Two proteins 

fished from carbon limited medium overlapped with proteins from nitrogen limited 

medium: elongation factor Ts (EF-Ts) and succinate-CoA ligase [ADP-forming] subunit 

alpha (EC 6.2.1.5). In nitrogen limited media four proteins were uniquely fished. All 

results are visualized in Figure 56 b) and proteins are listed in Table 54. 

In pH stress experiment 98 proteins were detected in rich medium, 65 proteins were 

detected from lysate in low pH condition with high external glutamate levels and 21 

proteins were detected in low pH conditions. In the sorting step, transporter, tRNA 

ligases, ribosomal proteins, transcription protein factors, polymerase factors, cis-trans 

isomerases, membrane proteins, protein-export proteins, cell division proteins, RNA 
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polymerase, surface adhesion proteins, chaperones, helicases, RNases, murein cross-

linking proteins and efflux pumps were removed. After sorting, 75 proteins from rich 

medium lysate (unstressed cells), 51 proteins from lysate with low pH and high external 

glutamate levels and 14 proteins from media with low pH were found to be specific 

candidates. In total GTPase Era, phosphoribosylaminoimidazole-succinocarboxamide 

synthase (EC 6.3.2.6), UDP-N-acetylglucosamine 1-carboxyvinyltransferase (EC 

2.5.1.7) overlapped in all media. 28 proteins overlapped between rich medium and from 

lysate with low pH and high external glutamate level. Phosphoserine aminotransferase 

(EC 2.6.1.52) was found in rich medium lysate and medium with low pH. Ten proteins 

were fished exclusively with sucC RNA motif in pH stressed cell lysate and 20 proteins 

were fished uniquely in cell lysates from pH-stressed cells with high external glutamate 

levels. According to Metzner et al. (2004) TCA is bypassed only in low pH conditions 

why we will focus on the proteins fished in that conditions in the following parts even if 

it is not very clear if TCA is completely functional in the condition of low pH with high 

external glutamate levels [81]. Results are shown in Figure 56 c) and Table 54 in the 

Appendices. 

Summed up, several interesting candidates for sucC gene regulation were identified, all 

possible candidates are shown in Table 54 in the Appendices. Out of these candidates a 

smaller number was picked which occurred to be highly interesting. Candidate proteins 

for further experiments are shown in Table 7. 

OsmY-related protein (PP_4707) is a hyperosmotically inducible periplasmic protein. It 

is poorly characterized, and the function is only generally predicted. 

(https://www.kegg.jp/dbget-bin/www_bget?ppu:PP_4707). 

Thioredoxin (PP_5215) coded by trxA gene is involved in energy metabolism (electron 

transport). Function of the protein has been shown in another organism 

(https://www.ncbi.nlm.nih.gov/gene?term=1042429). 

GTPase Era (PP_1434) is member of the protein family of genetic information processing 

and is involved in ribosome biogenesis (https://www.genome.jp/dbget-

bin/www_bget?ko:K03595). 

.

https://www.kegg.jp/dbget-bin/www_bget?ppu:PP_4707
https://www.ncbi.nlm.nih.gov/gene?term=1042429
https://www.genome.jp/dbget-bin/www_bget?ko:K03595
https://www.genome.jp/dbget-bin/www_bget?ko:K03595
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Table 7. Selected candidates from sucC RNA-protein pulldown experiments for further investigation. Table 

showing majority protein ID, protein name, entry, and condition in which the protein was fished. 

Majority protein 

IDs 
Protein name Entry Condition 

Q88DW1 OsmY-related protein PP_4707 Osmoshock, pH 

Q88CG6 Thioredoxin PP_5215 Osmoshock 

Q88MY4 GTPase Era PP_1434 
Rich medium, Carbon limitation, 

Nitrogen limitation, pH 

Q88PK1 

Nucleoside diphosphate 

kinase (NDK) (NDP 

kinase) (EC 2.7.4.6)  

PP_0849 Rich medium 

Q88GY0 
Probable thiol peroxidase 

(EC 1.11.1.-) 
PP_3587 Rich medium 

Q88FB0 

Dihydrolipoyllysine-

residue 

succinyltransferase 

component of 2-

oxoglutarate 

dehydrogenase complex 

(EC 2.3.1.61)  

PP_4188 Rich medium 

Q88FB3 

Succinate-CoA ligase 

[ADP-forming] subunit 

alpha (EC 6.2.1.5) 

PP_4185 
Carbon limitation, Nitrogen 

limitation, pH 

Q88PJ3 
GTPase Der (GTP-

binding protein EngA) 
PP_0857 Nitrogen limitation, pH 

Q88FS3 DNA replication inhibitor PP_4010 
Rich medium, Carbon limitation, 

Nitrogen limitation 

Q88HE4 
Gluconokinase (EC 

2.7.1.12) 
PP_3416 Rich medium 

Q88CU5 
Malic enzyme B (EC 

1.1.1.40) (EC 2.3.1.8) 
PP_5085 Rich medium 

Q88EI9 
Aspartate kinase (EC 

2.7.2.4) (Aspartokinase) 
PP_4473 Rich medium 

Q88P44 

Glyceraldehyde-3-

phosphate dehydrogenase 

(EC 1.2.1.-) 

PP_1009 Rich medium 

Q88D67 
Fructose-bisphosphate 

aldolase (EC 4.1.2.13) 
PP_4960 Nitrogen limitation, pH 

Q88KJ1 
Trigger factor (TF) (EC 

5.2.1.8) (PPIase) 
PP_2299 Rich medium 

 

Nucleoside diphosphate kinase (NDK) (NDP kinase) (EC 2.7.4.6) (PP_0849) is coded 

from ndk gene. The protein is involved in nucleotide metabolism, xenobiotics 

biodegradation and metabolism and environmental information processing 
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(https://www.genome.jp/dbget-bin/www_bget?ko:K00940). The enzyme is classified to 

the transferases due to transferring phosphorus-containing groups. Nucleoside 

diphosphates can act as acceptors whereas ribo- and deoxyribonucleotide triphosphates 

may act as donors (https://www.genome.jp/dbget-bin/www_bget?ec:2.7.4.6). Its major 

participation is in the synthesis of nucleoside triphosphates other than ATP (https://string-

db.org/cgi/network.pl?taskId=lHiJIkezSvcT). Gamma phosphate of ATP is transferred 

through an active-site intermediate to the NDP beta phosphate. 

Probable thiol peroxidase (EC 1.11.1.-) (PP_3587) is coded from tpx gene 

(https://www.genome.jp/dbget-bin/www_bget?ppu:PP_3587). Hydrogen peroxide and 

organic hydroperoxides are reduced to water and alcohols by the protein which is part of 

protection against oxidative stress (https://www.uniprot.org/uniprot/I7B9Q2). 

Dihydrolipoyllysine-residue succinyltransferase component of α-ketoglutarate 

dehydrogenase complex (EC 2.3.1.61) (PP_4188) is coded from sucB gene. It is the E2 

component of α-ketoglutarate dehydrogenase (https://www.genome.jp/dbget-

bin/www_bget?ppu:PP_4188). 

A short summary for succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) 

(PP_4185) was already given in section 3.2.3. 

GTPase Der (PP_0857) is member of the protein family of genetic information processing 

and is involved in late stage ribosome biogenesis (https://string-

db.org/network/160488.PP_0124). 

DNA replication inhibitor (PP_4010) is coded from cspD gene. In E. coli it is known to 

inhibit replication and it binds to single-stranded DNA or RNA; cspD expression is 

induced in stationary phase and upon glucose starvation (http://vm-

trypanocyc.toulouse.inra.fr/gene?orgid=ECOLI&id=EG11111). 

Gluconokinase (EC 2.7.1.12) (PP_3416) is coded from gnuK gene and the enzyme takes 

place in the pentose phosphate pathway (carbohydrate metabolism). The enzyme 

catalyzes the reaction of D-gluconate and ATP to ADP and 6-Phospho-D-gluconate 

(https://www.genome.jp/dbget-bin/www_bget?ec:2.7.1.12). 

Malic enzyme B (EC 1.1.1.40) (EC 2.3.1.8) (PP_5085) is coded from maeB gene which 

codes for NADP+-dependent malate dehydrogenase. The enzyme is related to 

carbohydrate metabolism (pyruvate metabolism) (https://www.genome.jp/dbget-

https://www.genome.jp/dbget-bin/www_bget?ko:K00940
https://www.genome.jp/dbget-bin/www_bget?ec:2.7.4.6
https://string-db.org/cgi/network.pl?taskId=lHiJIkezSvcT
https://string-db.org/cgi/network.pl?taskId=lHiJIkezSvcT
https://string-db.org/network/160488.PP_0124
https://string-db.org/network/160488.PP_0124
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bin/www_bget?ppu:PP_5085). The enzyme catalyzes the reaction of malate and NADP+ 

to pyruvate, carbon dioxide and NADPH (https://www.genome.jp/dbget-

bin/www_bget?ec:1.1.1.40). 

Aspartate kinase (EC 2.7.2.4) (PP_4473) is coded from lysC gene and involved in lysine 

and threonine biosynthesis (https://www.kegg.jp/dbget-bin/www_bget?ppu:PP_4473). 

The enzyme catalyzes the reaction of L-aspartate and ATP to ADP and 4-phospho-L-

aspartate (https://www.uniprot.org/uniprot/Q88EI9). 

Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) (PP_1009) is coded from gapA 

gene and involved in glycolysis/gluconeogenesis and genetic information processing, as 

well as signaling and cellular processes (https://www.genome.jp/dbget-

bin/www_bget?ppu:PP_1009). The enzyme catalyzes the reaction of D-glyceraldehyde-

3-phosphate and phosphate to 3-phospho-D-glyceroyl phosphate and NADH. It is known 

to act slowly on other aldehydes and that phosphates can be replaced by thiols 

(https://www.genome.jp/dbget-bin/www_bget?ec:1.2.1.12). 

Fructose-bisphosphate aldolase (EC 4.1.2.13) (PP_4960) is coded by fba gene and is part 

of glycolysis/gluconeogenesis, pentose phosphate pathway, fructose and mannose 

pathway (https://www.genome.jp/dbget-bin/www_bget?ppu:PP_4960). The enzyme in 

P. putida is a zinc enzyme and catalyzes the reaction of D-fructose 1,6-bisphosphate to 

glycerone phosphate and D-glyceraldehyde 3-phosphate (https://www.genome.jp/dbget-

bin/www_bget?ec:4.1.2.13). 

 

3.3.3. Characterization of RNA-protein interactions 

3.3.3.1. SPR 

Binding behavior of the fished proteins was analyzed in vitro by SPR technique. The aim 

was to calculate rate constants for association and dissociation of the complex and 

therefore sucC RNA motif was tested for its ability to bind proteins and their affinities of 

interaction. The sucC RNA sequence consisted of an RNA molecule containing the 

natural mRNA sequence, a linker and a complementary sequence to the DNA strand for 

immobilization. SPR was used to study real-time interactions by recording differences in 

the refractive index near the surface. The signal arising from the RNA-protein interaction 

is directly proportional to the mass changes at the sensor surface and is expressed in 

https://www.genome.jp/dbget-bin/www_bget?ppu:PP_1009
https://www.genome.jp/dbget-bin/www_bget?ppu:PP_1009
https://www.genome.jp/dbget-bin/www_bget?ec:4.1.2.13
https://www.genome.jp/dbget-bin/www_bget?ec:4.1.2.13
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resonance units (RU). In this assay it was chosen to immobilize RNA on the chip surface 

and to constantly flow the analyte (proteins) over the sensor surface. 

In a first experiment, it was tested whether RNA-protein interaction could be measured 

without any competitor. For exploration of RNA-protein interactions, kinetic profiles for 

sucC RNA motif against the correspondent proteins were detected. Results are shown in 

section 3.2.4.1 and data is visualized in Figure 42. As already described, three RNA 

motifs were immobilized on the sensor surface and were tested against the pool of 

proteins identified by RNA-protein pulldown. Binding stability of the RNA-protein 

complex was compared to binding stability to the reference flow cell. An overview 

showing the comparison of all RNA motifs and the reference flow cell is shown in Figure 

43. 

 

Figure 57. QC plot of sucC RNA-protein interactions. Relative response of proteins against sucC RNA is shown. 

Squares (black) represent values for reference flow cell (FC1), Triangles top-down (blue) represent binding stability of 

protein sucC RNA complex. 

In case of proteins uncharacterized protein (PP_0797), nucleoside diphosphate kinase 

(NDK) (NDP kinase) (EC 2.7.4.6) (PP_0849), ribosome-recycling factor (RRF) 

(PP_1594), putative peroxiredoxin (EC 1.11.1.15), hypothetical protein (PP_2105), 

isocitrate dehydrogenase (EC 1.1.1.-) (PP_4012), ketol-acid reductoisomerase (PP_4678) 

and thioredoxin (PP_5215) relative response of binding stability was observed to be at 

the level of the reference flow cell, data is visualized in Figure 57. The other proteins 

showed higher relative response. For ADP/ATP ratio sensor/translation inhibitor 
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(PP_0674), glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) (PP_1009), 

methylcrotonyl-CoA carboxylase biotin-containing subunit beta (EC 6.4.1.4) (PP_4065), 

succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) (PP_4185), 

dihydrolipoyllysine-residue succinyltransferase component of α-KGDH complex (EC 

2.3.1.61) (PP_4188) and α-KGDH subunit E1 (PP_4189) high relative response was 

detected. The proteins mentioned above also showed high relative response with sucAII 

and icd RNA. 

By analyzing the binding level normalized to the molecular weight of the correspondent 

protein, high relative response for binding was detected for hypothetical protein 

(PP_3261), hypothetical protein (PP_4476) and putative RNA binding protein 

(PP_4720), shown in Figure 58. 

 

Figure 58. Relative response of binding of proteins to sucC RNA motif (reference flow cell subtracted). Relative 

response is blank subtracted and adjusted to molecular weight. 

For exploration of RNA-protein interactions, kinetic rate constants were calculated for a 

1:1 binding model. Fitting procedure of Biacore evaluation software is working by an 

iterative process. As association is dependent on the concentration of the sample, just 

equimolar samples are compared Table 8.
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Table 8. Results of kinetic analysis of sucC RNA motif in SPR. Data of real-time analysis were fitted by a 1:1 binding 

model. Rate constants are shown. Association constant is reported in 1/Ms, dissociation constant is reported in 1/s. Rmax 

calculated by Biacore evaluation software is reporting the analyte binding capacity of the surface. Chi2 is a measure of 

the average squared residual (difference between experimental data and fitting). Rcalc is the theoretical value calculated 

by molecular weight of the analyte and the ligand and considering the amount of immobilized RNA of the flow cell. 

Name Sample ka (1/Ms) kd (1/s) 
Rmax 

(RU) 

Chi² 

(RU²) 
Rcalc 

Putative 

metallothionein 
PP_3262 186000 5.15E-03 52.3 0.635 342.0 

ADP/ATP ratio 

sensor/translation 

inhibitor 

PP_0674 200000 2.47E-03 339.6 17.6 1975.2 

hypothetical protein PP_3611 11000 3.54E-09 110.3 17.4 4016.8 

hypothetical protein  PP_3904 102000 4.53E-03 61.4 0.703 374.4 

hypothetical protein PP_4476 553000 8.67E-03 214.1 16.7 2356.9 

hypothetical protein PP_2105 392000 1.15E-02 192.3 37.5 2423.3 

hypothetical protein PP_0797 2610 2.18E-02 150.3 29.5 708.2 

OsmY-related protein PP_4707 446000 1.96E-02 43.1 0.971 467.0 

ATP synthase epsilon 

chain (F-ATPase 

epsilon subunit) 

PP_5412 1430000000 3.92E+01 188.3 42.3 3054.1 

Agglutination protein PP_4519 187000 2.52E-03 225.6 20.7 1628.1 

Succinate-CoA ligase 

[ADP-forming] 

subunit beta  

PP_4186 208000 3.85E-03 58.3 1.57 1350.8 

Methylcrotonyl-CoA 

carboxylase biotin-

containing subunit 

beta (EC 6.4.1.4) 

PP_4065 188000 4.84E-03 715 87.5 1857.2 

Fructose-

bisphosphate aldolase 

(EC 4.1.2.13) 

PP_4960 82100 5.52E-03 207.5 4.28 1280.3 

Probable thiol 

peroxidase (EC 

1.11.1.-) 

PP_3587 7280 1.02E-04 110.3 23.6 3535.4 

Gluconokinase (EC 

2.7.1.12) 
PP_3416 3120000000 9.36E+01 158.1 50 3718.0 

Malic enzyme B (EC 

1.1.1.40) (EC 2.3.1.8) 
PP_5085 23300000000 1.47E+02 83.3 33.6 8050.1 

Glyceraldehyde-3-

phosphate 

dehydrogenase (EC 

1.2.1.-) 

 

PP_1009 808000000 7.02E+01 449.9 109 6523.1 
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Name Sample ka (1/Ms) kd (1/s) 
Rmax 

(RU) 

Chi² 

(RU²) 
Rcalc 

Aspartate kinase (EC 

2.7.2.4) 

(Aspartokinase) 

PP_4437 247000 1.29E-02 164.8 5.57 1452.8 

Elongation factor G 1 

(EF-G 1) 
PP_0451 3910000000 7.18E+01 94.2 35.3 13726.7 

GTPase Era PP_1434 12900000000 7.04E+01 168.1 168 6240.9 

Dihydrolipoyllysine-

residue 

succinyltransferase 

component of 2-

oxoglutarate 

dehydrogenase 

complex 

PP_4188 400000 1.21E-02 327.1 100 7602.0 

 

Fast association was observed for glyceraldehyde-3-phosphate dehydrogenase (EC 

1.2.1.-), ATP synthase epsilon chain (F-ATPase epsilon subunit), gluconokinase (EC 

2.7.1.12), elongation factor G 1 (EF-G 1), GTPase Era and malic enzyme B (EC 1.1.1.40) 

(EC 2.3.1.8). Slow rate constant for dissociation was observed for hypothetical protein 

(PP_3611) and probable thiol peroxidase (EC 1.11.1.-). ATP synthase epsilon chain (F-

ATPase epsilon subunit), glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-), 

GTPase Era, elongation factor G 1 (EF-G 1), gluconokinase (EC 2.7.1.12) and malic 

enzyme B (EC 1.1.1.40) (EC 2.3.1.8) showed faster dissociation compared to other 

samples. High stability of all RNA-protein complexes was observed from sensograms. 

None of the proteins reached Rcalc. Methylcrotonyl-CoA carboxylase biotin-containing 

subunit beta (EC 6.4.1.4) (PP_4065) performed best reaching 39% of Rcalc. Fitting of the 

binding model 1:1 shows a good performance until a Chi2 of ~ 35 RU2.  

A single cycle experiment was evaluated as described in section 3.2.4.1 for subunits of 

α-ketoglutarate dehydrogenase complex and subunits of succinyl-CoA synthetase and the 

complexes themselves. Stability of the proteins binding to the RNA showed that the α-

KGDH complex showed highest relative response, followed by α-KGDH subunit E1 

(PP_4189) and α-KGDH dihydrolipoyltranssuccinylase subunit. Also, succinyl-CoA 

synthetase complex and SCS subunit alpha showed high relative response, shown in 

Figure 59 a). When normalized to molecular weight binding levels of α-KGDH subunit 

E1 (PP_4189), α-KGDH dihydrolipoyltranssuccinylase subunit and SCS complex 

showed high relative response. Highest relative response concerning binding levels was 

observed with succinyl-CoA synthetase subunit alpha, shown in Figure 59 b). 



107 

 

 

Figure 59. QC plot and binding level for sucC RNA. A) QC plot of sucC RNA and protein interactions of subunits 

and complexes of α-ketoglutarate dehydrogenase and succinyl-CoA synthetase. Relative response of proteins against 

RNA are shown. Squares (black) represent values for reference flow cell (FC1), triangles top-down (blue) represent 

values for sucC RNA. B) Relative response for binding levels of subunits and protein complexes of α-ketoglutarate 

dehydrogenase complex and succinyl-CoA synthetase complex to sucC RNA motif (reference flow cell subtracted). 

Relative response is adjusted to molecular weight. 

 

3.3.3.2. Further binding studies (EMSA or filter binding assay) 

In filter binding assays, several proteins were tested with sucC RNA. Low levels of RNA 

binding to nitrocellulose membrane were observed. OsmY-related protein showed 

increasing RU during increasing protein concentrations, but RNA levels are very low 

(less than 1% of bound fraction), the binding curve of this experiments shows an 

equilibrium and some additional aggregation of protein to sucC RNA motif in very high 

protein concentrations, see Figure 60 a). Fructose-bisphosphate aldolase (EC 4.1.2.13) 

did not show binding activity in this experiment. Probable thiol peroxidase (EC 1.11.1.-) 

shows slightly increasing levels of bound RNA upon increasing protein concentration, 

the highest protein concentration is showing the highest fraction of bound RNA which is 

indicating for a second binding site or protein aggregation to the RNA of interest, results 

visualized in Figure 60 c). Succinate-CoA ligase [ADP-forming] subunit beta (EC 

6.2.1.5) (PP_4186) is showing high levels of bound RNA on the nitrocellulose for the 

lowest and the highest protein concentration whereas the concentrations in between show 

bound RNA levels in the range of the negative control (only RNA, no protein), whereas 

for sucAII RNA a binding curve was observed with the same concentration row. 

Succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) showed increasing 

levels of bound RNA but did not reach an equilibrium. With sucAII RNA motif this 
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protein is showing decreasing levels of bound RNA in the concentration row. 

Gluconokinase (EC 2.7.1.12) did not show binding. 

 

Figure 60. Protein binding properties of sucC RNA motif. Data plots of the filter binding assay performed in different 

concentrations of the proteins and a) OsmY-related protein, b) Malic enzyme B, c) Probable thiol peroxidase and d) 

Aspartate kinase. 

Malic enzyme B (EC 1.1.1.40) (EC 2.3.1.8) did show increasing levels of bound RNA 

upon increasing protein concentrations, the binding curve looks like that an equilibrium 

is reached at about 1 μM until 2 μM but it is possible to retain more 32P-labeled RNA with 

further increasing protein concentrations, data shown in Figure 60 b). A similar behavior 

is observed with icd RNA motif, whereas a binding curve mounting in an equilibrium can 

be observed for sucAII RNA motif. Glyceraldehyde-3-phosphate dehydrogenase (EC 

1.2.1.-) is showing only increasing levels of bound RNA in 0.83 μM protein 

concentration, data not shown. In the other samples fraction of bound RNA is in the range 

of the negative control. Aspartate kinase (EC 2.7.2.4) is showing decreasing RNA levels 

bound to nitrocellulose membrane upon increasing protein concentrations, results shown 

in Figure 60 d).
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3.3.4. Discussion 

38 potential ligands were tested for sucC RNA. In 2010 sucC was predicted as a cis-

regulatory RNA motif. Weinberg et al. (2010) classified it as ambiguous concerning the 

question whether it is a riboswitch or not. SucC is found in γ-Proteobacteria. Nowadays, 

Greenlee et al. (2018) classify sucC RNA motif as a weak riboswitch candidate with low 

probability of a direct ligand binding. They state that sucC has palindromic sequence 

domains that might serve as protein binding sites. A full list of ligands tested with sucC 

RNA motif is shown in the appendices, see Table 50. In a second approach, sucC RNA 

was tested as a riboswitch with extracts from natural sources. 

When testing sucC RNA with pre-fractionated extracts from crude cell extract #1b, pre-

fractions WCX W2, WCX E1 and E2, MCX E4 and MAX E4 can be excluded to be 

fractions containing the ligand of sucC RNA because cleavage pattern is similar to water 

or alkaline water control. Pre-fraction WCX W1 showed regions of higher structuration 

in a first in-line probing, further fractionation over HILIC led to active fractions. Fractions 

one to three showed stronger cleavage pattern compared to water control, but similar to 

alkaline water control which is why they can be excluded to contain the ligand for sucC 

RNA. In fraction 24, areas of higher cleavage and higher structuration were detected, but 

due to analytical issues (already described in section 3.1.3) it was decided not to further 

analyze the sample. Until now, screening of natural bacterial extracts did not lead to the 

identification of active fractions from different carbon sources and bacterial species. 

Summed up, the hypothesis that sucC RNA is a riboswitch was not validated. 

Therefore, a protein pulldown was performed to identify an RNA-protein interaction [78]. 

In general, many proteins were detected in the protein fishing. Description of controls in 

the experiments and arising problems was already given in chapter 3.2.3. For sucC gene 

regulation, the same conditions were considered as for sucAII RNA (see chapter 3.2.3). 

From the candidates selected for further experiments, GTPase Der and DNA replication 

inhibitor (PP_4010) were excluded after observation of binding to the reference flow cell 

in the SPR experiment. OsmY-related protein (PP_4707), thioredoxin (PP_5215) and 

nucleotide diphosphate kinase did not show binding in SPR experiment and can therefore 

be excluded to be specific binders to sucC RNA motif. 

In the RNA-protein pulldown, a wide range of different classes of proteins was detected. 

It was further decided to choose some ribosome associated protein factors and proteins 
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for which function is not very clear so far. Also, some DNA binding proteins and 

regulators were selected to verify if they can also act on the level of translation. During 

sucC RNA pulldown the most promising candidates were seven metabolic enzymes found 

from the cell extracts: succinate-CoA ligase subunit alpha is coded from sucC gene and 

hints for a direct internal regulation in the operon. Gluconokinase is involved in pentose 

phosphate pathway which is ruled out in parallel to glycolysis. Pentose phosphate 

pathway generates NADPH and pentoses, as well as ribose 5’-phosphate which would 

mean that sucC is regulated to generate more reducing equivalents. Malic enzyme B is a 

NADP+-dependent malate dehydrogenase which generates NADPH for fatty acid 

synthesis. As the enzyme can catalyze malate to pyruvate in a reversible oxidative 

decarboxylation, it connects TCA and glycolysis. One might suggest the same purpose 

for sucC gene regulation as in the case of gluconokinase. Aspartate kinase is involved in 

methionine, lysine and threonine biosynthesis which is a step in the synthesis of essential 

amino acids. As the enzyme is involved in the pathway which generates lysine from 

aspartate, it might also favor the synthesis of amino acids from TCA intermediates instead 

of using them for energy metabolism. Glyceraldehyde-3-phosphate dehydrogenase 

(PP_1009) is involved in glycolysis/gluconeogenesis. Therefore, downregulation of sucC 

gene could be imagined to build up carbohydrates. Fructose-bisphosphate aldolase is 

involved in glycolysis/gluconeogenesis, pentose phosphate pathway and fructose and 

mannose pathway. Major concerns of those pathways have been described above. 

Summed up, the metabolic enzymes implicate that the major concern of sucC gene 

regulation is to gain NADP+/NADPH or that sucC gene is downregulated as Emden-

Meyerhof-Parnas (EMP pathway) or Entner-Doudoroff pathway are running in the cell. 

In SPR experiments, it was shown that GTPase Der (PP_0857) and DNA replication 

inhibitor (PP_4010) were binding to the reference flow cell (DNA) and RNA, so, they 

were excluded to be specific binders to sucC RNA due to their ability to bind to negatively 

charges surfaces. Uncharacterized protein (PP_0797), nucleoside diphosphate kinase 

(NDK) (NDP kinase) (EC 2.7.4.6), ribosome-recycling factor (RRF) (PP_1594), putative 

peroxiredoxin (EC 1.11.1.15), hypothetical protein (PP_2105), isocitrate dehydrogenase 

(EC 1.1.1.-) (PP_4012), ketol-acid reductoisomerase (PP_4678) and thioredoxin 

(PP_5215) showed relative response of binding stability at the level of the reference flow 

cell and therefore can be excluded to be specific binders for sucC RNA motif. High 

binding stability was observed with ADP/ATP ratio sensor/translation inhibitor 



111 

 

(PP_0674), glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) (PP_1009), 

methylcrotonyl-CoA carboxylase biotin-containing subunit beta (EC 6.4.1.4) (PP_4065), 

succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) (PP_4185), 

dihydrolipoyllysine-residue succinyltransferase component of α-ketoglutarate 

dehydrogenase complex (EC 2.3.1.61) (PP_4188) and α-ketoglutarate dehydrogenase 

subunit E1 (PP_4189). As already mentioned, those proteins show high binding stability 

as well with sucAII and icd RNA.  

When relative response of Biacore data was normalized to molecular weight, previously 

detected proteins glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) (PP_1009), 

methylcrotonyl-CoA carboxylase biotin-containing subunit beta (EC 6.4.1.4) (PP_4065) 

and succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) (PP_4185) showed 

relatively high response for binding levels, the sum of these results is indicating for an 

affine interaction. 

Results from the binding levels normalized to the molecular weight are even more 

interesting as relative response is dependent on the molecular mass of the analyte. 

Hypothetical proteins (PP_3261 and PP_4476) and putative RNA binding protein 

(PP_4720) showed high relative response. Hypothetical protein (PP_2105) and ATP 

synthase epsilon chain showed higher binding levels than the majority of the proteins. 

Those proteins could be interesting candidates even if they were not detected from sucC 

RNA-protein pulldown. The case of hypothetical protein (PP_2105) was already 

discussed in chapter 3.2.4.1. From normalized binding levels elongation factor G 1 (EF-

G 1), uncharacterized protein (PP_0797), nucleoside diphosphate kinase (NDK) (NDP 

kinase) (EC 2.7.4.6), ribosome-recycling factor (RRF) (PP_1594), isocitrate 

dehydrogenase (EC 1.1.1.-) (PP_4012), succinate-CoA ligase [ADP-forming] subunit 

beta (EC 6.2.1.5) (PP_4186), carbon storage regulator homolog (PP_4472) and ketol-acid 

reductoisomerase (NADP(+)) (KARI) (EC 1.1.1.86) (PP_4678) can be as well excluded. 

General problems in SPR experiments concerning all Biacore assays performed are 

discussed in section 3.2.5. 

Comparing results from subunits of α-ketoglutarate dehydrogenase complex and the 

complex itself, QC plot shows that relative response of α-KGDH subunit E1 (PP_4189) 

(sucA) is almost reaching relative response of the complex. Interaction with sucC RNA 

can be only observed with α-KGDH subunit E1 (sucA) and α-KGDH E2 component 

(sucB), but it is observed that they do not simultaneously interact on the RNA motif as 
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relative response of the complex is not the sum of both proteins which implements that 

sucC is preferably binding one of both proteins. From QC plot it might be implicated that 

this would be α-KGDH subunit E1 (PP_4189) (sucA), but binding levels normalized to 

molecular weight do not show significant discrimination of one of the proteins, so that a 

conclusion from the SPR experiment cannot be drawn. A further validation and 

determination of the kinetic constants of α-KGDH subunit E1 (sucA) and α-KGDH E2 

component (sucB) would be a helpful parameter. Dihydrolipoyl dehydrogenase (lpdG) 

can be excluded as a specific binder for sucC RNA.  

Regarding the genetic background, succinyl-CoA synthetase subunits and the complex 

itself are even more interesting. The binding stability shows high relative response for the 

SCS complex and succinyl-CoA synthetase subunit alpha (sucD). For succinyl-CoA 

synthetase subunit beta (sucC) a low relative response is observed. Binding levels of 

succinyl-CoA synthetase subunit alpha (sucD) show the best relative response whereas 

the response for the SCS complex is lower. Therefore, the conclusion that only SCS 

subunit alpha (sucD) is binding to sucC RNA, can be drawn. SCS subunit beta (sucC) 

shows only low relative response in QC plot and low binding levels and can be excluded 

to be a specific binder of sucC RNA. 

In filter binding assays, nine protein sucC RNA interactions were explored in a screening 

approach. Succinyl-CoA synthetase subunit beta (sucC) did show slightly increasing 

RNA levels on the nitrocellulose membrane but did not reach saturation. Succinate-CoA 

ligase subunit alpha (EC 6.2.1.5) (sucD) did not show binding in the filter binding assay 

which is a contrary result to the SPR experiment. Gluconokinase (EC 2.7.1.12) (PP_3416) 

did not show binding to sucC RNA in filter binding assays. Fructose-bisphosphate 

aldolase did not show binding (as well for sucAII and icd RNA). OsmY-related protein 

showed increasing levels of bound RNA, reaching an equilibrium state and additional 

aggregation to the RNA. Probable thiol peroxidase (EC 1.11.1.-) is showing highly 

increased levels in the highest protein concentration. Due to low levels of bound RNA, it 

is difficult to decide whether samples with lower protein concentration are at the level of 

the negative control or do reach a first equilibrium. Malic enzyme B (EC 1.1.1.40) (EC 

2.3.1.8) showed increasing levels of RNA with increasing protein concentrations but did 

not reach saturation. Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) (PP_1009) 

showed only increased RNA levels on nitrocellulose membrane in one sample, as all other 

samples are at the level of the negative control, this sample is considered as a false 
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positive. Aspartate kinase (EC 2.7.2.4) (Aspartokinase) did show decreasing RNA levels 

upon increasing protein concentrations. This does not necessarily mean that the protein 

does not bind to the RNA. Causes for such a behavior are explained in chapter 3.2.4.2: 

Binding of Methylcrotonyl-CoA carboxylase biotin-containing subunit resulted in a KD 

of 835.8 nM but did bind as well to sucAII and icd RNA. In conclusion, filter binding 

assay needs to be further optimized to increase RNA levels on the nitrocellulose 

membrane. Buffer for each protein needs to be optimized and experiments should be 

performed in biological triplicates for higher confidentiality. 

In summary, sucC RNA was not confirmed to be an orphan riboswitch. From the 

screening of natural extract, it seems that the problems are shared during testing all motifs, 

discussed in chapter 3.1.3 and chapter3.2.5. In protein pulldown experiments many 

interesting candidates were identified.  

From the candidates selected for further experiments, GTPase Der (PP_0857) and DNA 

replication inhibitor (PP_4010) were excluded after observation of binding to the 

reference flow cell in the SPR experiment. OsmY-related protein (PP_4707), thioredoxin 

(PP_5215), nucleotide diphosphate kinase did not show binding in SPR experiment and 

can be therefore excluded to be specific binders to sucC RNA motif. But OsmY-related 

protein showed binding activity in the filter binding assay. 

GTPase Era did show binding in QC plot, but binding level was very low when 

normalized to molecular weight. Trigger factor (PP_2299) showed binding activity in 

high relative response for binding stability and binding level in Biacore experiments. Due 

to its function in vivo, it was not selected for further experiments. 

Probable thiol peroxidase did show binding in QC plot, but binding level was very low 

when normalized to molecular weight. The results from filter binding assay are 

ambiguous. An optimized filter binding assay or EMSA is necessary to decide whether 

further investigation makes sense. 

The α-ketoglutarate dehydrogenase subunit E2 (sucB) did show good results in binding 

and binding levels normalized to molecular weight. Further investigation about this 

protein binding to sucC RNA is necessary to complete the open questions. 

Succinyl-CoA synthetase subunit beta (sucC) did show low relative response for binding 

in QC plot and binding level was very low when normalized to molecular weight. In filter 
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binding assays increasing levels of bound RNA were detected in increasing protein 

concentrations. An equilibrium was not reached. Binding reaction (buffers) needs to be 

optimized and higher protein concentrations need to be tested for further verification. 

Succinyl-CoA synthetase subunit alpha (sucD) showed good results in the SPR 

experiments but did not show binding in the filter binding assay. Optimization of buffers 

and re-validation in a second experiment is necessary. In the case of sucC RNA these 

results are particularly interesting because sucD is the last gene in the suc operon and 

binding of this protein to the RNA would point for a feedback regulation of this smaller 

transcription unit of the suc operon. Nevertheless, succinate-CoA ligase subunit alpha 

was already found in human interactomes to be part of the moon lightening enzymes 

which are able to bind RNA [91], which is raising the question if this interaction is part 

of a specific regulation or a global process. As well succinyl-CoA synthetase complex 

was detected in an poly(A) RNA interactome study [92]. 

Gluconokinase (PP_3416) and glyceraldehyde-3-phosphate dehydrogenase (PP_1009) 

showed good results in the SPR experiments, values for relative response in binding 

stability and binding levels normalized to molecular weight reached high RU. 

Determination of binding or a KD value was not possible in filter binding assay. 

Optimization of buffers and re-validation in a second experiment is necessary. 

Gluconokinase has not been described as RNA-binding protein yet. In E. coli 

phosphorylation of D-gluconate is the initial step followed by Entner-Doudoroff pathway 

and pentose phosphate pathway. In the genus of Pseudomonas glucose metabolism is 

exclusively ruled out by Entner-Doudoroff pathway. E. coli gluconokinase has an ATP 

binding motif which is similar to other sugar kinases [102]. The correspondent E. coli and 

P. aeruginosa genes are induced by cAMP-CRP/Crc on the transcriptional level and 

repressed by gntR (regulator protein) [103, 104]. In P. putida glucose-6-phosphate 

pathway is non-functional, one of three options is to phosphorylate gluconate which is 

performed by gluconokinase which seems to be less important [105]. Regarding the 

structure of E. coli gluconokinase, Kraft et al. (2002) published a structure containing α-

helices similar in the topology to nucleoside monophosphate kinases. They investigated 

the structure with bound ATP and gluconate-6-phosphate and were successful in showing 

that upon binding of ATP the enzyme undergoes a conformational change which enables 

the binding of D-gluconate in the active site whereas opposite phenomenon is observed 

for NMP kinases. These results raise the question whether gluconokinase is able to bind 
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RNA in the nucleoside binding site and whether RNA and ATP are competing for binding 

as reported from Hentze (1994) [106, 107]. Following such a scenario gluconokinase 

would not further be able to catalyze its enzymatic reaction upon RNA binding. However, 

if such a function has an impact on post-transcriptional gene regulation needs to be 

explored. 

Glyceraldehyde-3-phosphate dehydrogenase was described as RNA-binding enzyme in 

various publications [91, 92, 98, 100, 107]. The enzyme has been shown to bind wild type 

tRNAs, but not mutant tRNAs that were defective in nucleocytoplasmic transport. At that 

time information about the amino acids responsible for the binding interaction were not 

available. Hentze (1994) could classify some enzymes after the chemistry of their 

catalytic reactions and structural features. The common feature of these enzymes was that 

they use mono- or dinucleotides as substrates or cofactors [107]. So far, it is known that 

the enzyme has additionally other moon lightening functions [98]. Ciesla (2006) reports 

that the binding domains in these enzymes have a similar three-dimensional structure and 

that (di)nucleotide binding can compete with RNA binding [99]. Glyceraldehyde-3-

phosphate dehydrogenase contains a Rossmann fold which interacts with AU-rich 

elements (ARE) of mRNA [108, 109]. ARE elements influence mRNA stability and can 

as well influence translational suppression. The author states that numerous proteins have 

been reported to recognize AREs and that they might play a role in the regulation and 

ability of translation of mRNAs of various lymphokine, cytokine and proto-oncogene 

mRNAs in humans. He also proposes that the function between glycolytic enzyme or 

RNA-binding protein might be regulated by intracellular NAD+, NADP+ and ATP 

concentrations, which was further shown by Nagy et al. (1995 and 2000). They could 

show that the dinucleotide binding site is involved in binding the respective RNA [109, 

110]. In 2018 the enzyme has been also described to bind rRNA and viral RNA [111]. 

Albihlal et al. (2018) investigated GAPDH-RNA binding with orthologues from yeast, 

worms, flies, plants and mouse cardiomyocytes and advance the hypothesis that binding 

ability for mRNA was conserved during evolution. They question whether this is due to 

a conserved function of the enzyme and related to the metabolic state of the cell [92]. 

From studies it is known that glyceraldehyde-3-phosphate dehydrogenase is part of a 

REM network. In T cells, RNA binding of the enzyme plays a role in gene repression of 

interferon γ. Under oxidative phosphorylation this gene is repressed by GAPDH, when 

cells are switching to aerobic glycolysis, GAPDH no longer binds the interferon mRNA 

[91]. Castello et al. (2015) state that competition between NAD+ and RNA could be 



116 

 

responsible for switching the function of the enzyme, which was already shown in vitro. 

The authors propose that the functionality of the enzyme is inhibited by the bound RNA 

and the monomers cannot assemble to a functional active tetramer.  

Malic enzyme B, Aspartate kinase and fructose-bisphosphate aldolase (PP_4960) showed 

high relative response for binding stability to sucC RNA, binding level normalized to 

molecular weight were low. All three proteins did not show binding in the filter binding 

assay. Further information for malic enzyme B and fructose-bisphosphate aldolase are 

given at the end of chapter 3.2.5. 

Aspartate kinase is not known until now as a moon lightening enzyme. The enzyme is 

only found in plants and prokaryotes and might be a potential target for inhibition as it is 

a central metabolic protein. By development of a compound binding to the enzyme, the 

biosynthesis of essential of amino acids would be affected and therefore viability of the 

cells would be decreased. Such a compound would be an interesting new herbicide or 

biocide and could be an oligonucleotide for example [112]. Further investigation about 

binding specificity for an RNA would be interesting. However, the question if and why 

aspartate kinase is regulating sucC gene is still open.

 

3.4. gabT motif 

3.4.1. Riboswitch identification 

The gabT RNA motif is located in the 5’ UTR of gabT gene which is coding for 4-

aminobutyrate aminotransferase. This enzyme is catalyzing the transfer from gamma-

aminobutyrate (GABA) to α-ketoglutarate (KG) to yield succinic semialdehyde (SSA). 

For characterization of gabT RNA in in-line probing assay in a rational approach GABA 

and SSA were tested, as well as acetyl-CoA, ornithine, succinyl-CoA, L-tyrosine, urea 

and β-alanine and activity was not observed with those ligands. In a second in-line 

probing assay, a wide range of metabolites and molecules was tested, including main 

metabolites of GABA shunt and TCA, as well as amino acids and cofactors. 
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Figure 61. In-line probing of the gabT RNA (P. putida) testing TCA cycle intermediates, cofactors, amino acids 

and various ligands. PAGE analysis of in-line probing reactions with 5’ 32P-labeled gabT (P. putida) RNA in the 

presence of TCA cycle intermediates, amino acids and various ligands. Precursor, OH- ladder, T1 digestion represent 

RNA undergoing no reaction, alkaline digestion or partial digestion with RNase T1 (cleaves after guanosine 

nucleotides). Selected bands from RNase T1 digestion are annotated with G and the number. Concentration of tested 

ligands is indicated. 

Activity was detected upon addition of L-arginine, L-proline, CaCl2, and uracil. In the 

case of CaCl2 and uracil precursor RNA was degraded. For FeCl3 and FeSO4 precursor 

RNA was almost completely degraded, see Figure 61. The alteration upon ligand binding 

is showing that band in the regions 25 to 40 nt, 49 to 57 nt and 63 to 68 nt appear stronger 

which is also the case in the samples showing degradation of precursor RNA whereas in 

the sample with L-arginine precursor RNA is intact. Activity was also detected upon 

addition of N-Acetyl-L-glutamic acid, N-Succinyl-L-Glutamic acid, carnitine, ornithine 
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GABA, putrescine and agmatine which showed all structural rearrangement in the region 

of 61-68 nt, see Figure 62. In-line probing experiment was repeated, and these activities 

were not detected anymore. 

 

 

Figure 62. In-line probing of the gabT RNA (P. putida) testing GABA shunt intermediates and various ligands. 

PAGE analysis of in-line probing reactions with 5’ 32P-labeled gabT (P. putida) RNA in the presence of GABS shunt 

intermediates, ligands related to osmostress and various ligands. Precursor, OH- ladder, T1 digestion represent RNA 

undergoing no reaction, alkaline digestion or partial digestion with RNase T1 (cleaves after guanosine nucleotides). 

Selected bands from RNase T1 digestion are annotated with G and the number. Concentration of tested ligands is 

indicated.
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3.4.2. Protein pulldown assay 

Metzner et al. (2004) showed that in Escherichia coli gab genes are induced in stationary 

phase, carbon starvation and by shift to low pH by transcription factors [81]. They state 

that in Escherichia coli gab genes products (GABA catabolism) play a more general role 

in physiology. It has been previously reported that strong inducing σs conditions are given 

in downshift of external pH and osmotic upshift [113, 114]. In the paper they stated that 

their results obtained from comparison of the expression of transcriptional and 

translational fusions, indicate that downregulation is a result of post-transcriptional 

control. The authors suggest a broader role for gabT/gabD pathway in the context of 

multiple stress adaption which includes putrescine/GABA catabolism for maintenance of 

high glutamate levels in the cell. In general, three main reactions are involved in 

glutamate production: 1) glutamate dehydrogenase (house-keeping enzyme) [115, 116], 

2) glutamine synthase/ glutamate synthase cycle (induced under conditions of nitrogen 

limitation) [115, 116]; 3) gabT/gabD pathway (induced in stress conditions). In pH 

downshift, glutamate has a role in proton scavenging. Upon addition of external glutamate 

and GABA is excreted, see Figure 40 a), but Metzner at al. (2004) state that gabT/gabD 

system is unlikely to be relevant for glutamate production. Moreover, if glutamate is not 

provided by an external source gabT/gabD, gab pathway in general, is partial bypassing 

TCA cycle for proton scavenging, visualized in Figure 40 b). In starving or stressed cells 

by hyperosmose, the same extension of TCA cycle might operate changing physiological 

functions. Putrescine levels are decreased by excretion or catabolism which results in 

accumulation of GABA which is further metabolized to succinate by GABA shunt. The 

total system is ambiguous, transcription is induced in carbon starvation, stress conditions 

or in growth on poor nitrogen sources, which arises the question whether the translation 

is then post-transcriptionally downregulated in the same conditions or if somehow a basal 

level of gabT transcripts is occurring in cells so that translation is post-transcriptionally 

repressed in normal conditions. The authors state that post-transcriptional control of gabT 

expression is a negative control mechanism and showed that the non-coding sequence is 

not a leaky terminator sequence in E. coli. They speculate about a fine-tuning of gabT 

gene by post-transcriptional regulation under general σs conditions. 

In P. putida, gabT (renamed in 2017 to davT) is located on a transcription unit with gabD. 

So far, gabT is shown to be transcribed from a σ70 promoter and transcription is known 

to be induced in high lysine concentrations [55]. The results of Revelles et al. (2004) 



120 

 

indicate that the regulation mechanism proposed by Metzner et al. (2004) is not applicable 

to P. putida. Indeed, it does make sense to post-transcriptionally downregulate gabT gene 

when it is not needed. The σ70 promoter implies that the operon is generally expressed in 

normal conditions. Due to the secondary structure observed in chapter 3.4.1, it seems 

plausible, that gabT gene in Pseudomonas is down-regulated most likely by a Shine-

Dalgarno masking mechanism. According to the paper this kind of regulation would 

occur in unstressed conditions [55] and gabT expression is turned on in stress conditions 

or if L-lysine is used as a carbon source for example. Performing gabT RNA-protein 

pulldown in various conditions led to the following results: In a pulldown experiment, 

proteins from rich medium were compared to proteins found in osmo-stressed cell lysate. 

Five proteins were detected in rich medium whereas one protein was detected in lysate 

from osmo-stressed cells. After deletion of protein grpE (HSP-70 cofactor) from the lists, 

none of the proteins overlapped. In hyperosmotic conditions putative DNA-binding 

protein HU, form N (PP_0975) was detected whereas in lysate from rich medium ATP 

synthase subunit beta (EC 3.6.3.14), pyrimidine/purine nucleoside phosphorylase (EC 

2.4.2.2), ATP synthase subunit alpha (EC 3.6.3.14) and thioredoxin were found. 

 

Figure 63. Number of specific proteins binding to gabT RNA: Venn diagram showing the number of proteins 

shared by different conditions. A) Venn diagram of proteins found in rich medium (white) overlapped with osmotic 

upshifted cells (light red). B) Venn diagram of proteins found in rich medium (white) overlapped with carbon limited 

medium (light grey) and nitrogen limited medium (dark grey). C) Venn diagram of proteins found in rich medium 

(white) overlapped with pH stressed cell with high external glutamate levels (light blue) and pH stressed cells (blue). 

In rich medium six proteins were detected, in carbon limited medium five proteins were 

found and in nitrogen limited medium six proteins were detected. In a sorting step, tRNA 

ligases, peptidyl-prolyl cis-trans isomerase (EC 5.2.1.8) and ATP-dependent helicase Hrp 

were deleted from lists ending up in three specific proteins for rich medium, two proteins 

for carbon limitation condition and four specific proteins for nitrogen limitation 

condition. DNA replication inhibitor was found in rich medium and in nitrogen limited 

medium. L-piperidine-6-carboxylate dehydrogenase (EC 1.2.1.21) and ketol-acid 
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reductoisomerase (NADP(+)) (KARI) (EC 1.1.1.86) (PP_4678) were found in lysates 

from carbon and nitrogen limited medium. Aminotransferase (EC 2.6.1.-) was exclusively 

fished in lysate from nitrogen limited medium. Protein HflC and trigger factor (TF) (EC 

5.2.1.8) were uniquely fished in rich medium. All results are visualized in Figure 63 b). 

In lysate from pH stressed cells 103 proteins were detected; from pH stressed cells with 

high external glutamate levels 24 proteins were found and from rich medium eight 

proteins were detected. In a sorting step, helicases, transcriptional regulators and factors, 

tRNA ligases, protein grpE, surface adhesion proteins, polymerases, ribosome-binding 

ATPases, transporters, chaperonins and chaperones, membrane proteins, cis-trans 

isomerases, protein-export proteins and ribosomal factors were deleted. After the sorting 

step, six specific proteins were found in rich medium, 14 specific proteins were found in 

pH stressed cells with high external glutamate levels and 73 specific proteins were 

detected from pH stressed cells. 

DNA replication inhibitor was found in rich medium and pH stressed cells with high 

external glutamate levels. Putative surface adhesion protein, Adenylosuccinate lyase 

(ASL) (EC 4.3.2.2), Superoxide dismutase [Fe] (EC 1.15.1.1), 2-dehydro-3-deoxy-

phosphogluconate aldolase (EC 4.1.2.14), Ornithine carbamoyltransferase, catabolic 

(OTCase) (EC 2.1.3.3) and Phosphoribosylaminoimidazole-succinocarboxamide 

synthase (EC 6.3.2.6) overlapped in lysates from pH stressed cells and pH stressed cells 

with high external glutamate levels. Eight proteins were uniquely fished in lysate from 

pH-stressed cells with high external glutamate levels and 68 proteins were exclusively 

found in lysate from pH stressed cells. Results are shown in Figure 63 c) and Table 55. 

Summed up, results show many potential candidates from which a smaller number for 

further experiments was selected, candidates are shown in  

Table 9. As it is not clear in which condition the post-transcriptional regulation occurs, a 

small number of potential candidates of all conditions was selected. 

Table 9. Selected candidates from gabT RNA-protein pulldown experiments for further investigation. Table 

showing majority protein ID, protein name, entry, and condition in which the protein was fished. 

Majority protein IDs Protein name Entry Condition 

Q88P78;Q7BEQ6 
Putative DNA-binding 

protein HU, form N 
PP_0975 Osmoshock 

Q88CG6 Thioredoxin PP_5215 Rich medium 
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Majority protein IDs Protein name Entry Condition 

Q88FS3 
DNA replication 

inhibitor 
PP_4010 

Rich medium, Nitrogen 

limitation 

Q88CC3 

L-piperidine-6-

carboxylate 

dehydrogenase (EC 

1.2.1.21) 

PP_5258 
Carbon limitation, 

Nitrogen limitation 

Q88DZ0 

Ketol-acid 

reductoisomerase 

(NADP(+)) (KARI) 

(EC 1.1.1.86)  

PP_4678 
Carbon limitation, 

Nitrogen limitation  

Q88KJ1 
Trigger factor (TF) (EC 

5.2.1.8) (PPIase) 
PP_2299 Rich medium 

 

Putative DNA-binding protein HU (PP_0975) was described in chapter 3.3.2, as well as 

trigger factor. Thioredoxin and DNA replication inhibitor were described in sucC RNA 

pulldown section, see 3.3.2. 

L-piperidine-6-carboxylate dehydrogenase (EC 1.2.1.21) (PP_5258) is coded from amaB 

gene and involved in various metabolisms, as carbon metabolism, lipid metabolism and 

amino acid metabolism (valine, leucine and isoleucine; lysine; arginine and proline; 

histidine and tryptophane) (https://www.genome.jp/dbget-

bin/www_bget?ppu:PP_5258). The enzyme is catalyzing aldehydes with NAD+ and 

water to a carboxylate and NADH (https://www.genome.jp/dbget-

bin/www_bget?ec:1.2.1.3). 

Ketol-acid reductoisomerase (NADP(+)) (KARI) (EC 1.1.1.86) (PP_4678) is coded from 

ilvC gene. The enzyme is involved in amino acid metabolism (valine, leucine and 

isoleucine biosynthesis) and cofactor and vitamin metabolism (pantothenate and CoA 

biosynthesis) and is classified into the oxidoreductases action on hydroxy-groups of 

donors using NAD+ or NADP+ as acceptor.

 

3.4.3. Characterization of RNA-protein interactions 

3.4.3.1. SPR 

SPR technique was used to monitor binding behavior in real-time of fished proteins to 

gabT RNA resulting in rate constants and other kinetic parameters. Thus, gabT RNA was 

https://www.genome.jp/dbget-bin/www_bget?ppu:PP_5258
https://www.genome.jp/dbget-bin/www_bget?ppu:PP_5258
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tested for its ability to bind proteins and their affinities of interaction. gabT RNA was 

designed equally as already described in chapter 3.3.3.1. In this assay RNA was 

immobilized to the sensor surface and the proteins of interest were constantly flowed over 

the cells. Signals arising from RNA-protein interactions were expressed in resonance 

units (RU). Proteins were re-buffered in Biacore Running Buffer and sensograms were 

evaluated with Biacore evaluation software. In a first experiment, five proteins were 

measured in Running Buffer with a concentration of 60 µg/mL salmon testes DNA. 

Binding to the reference flow cell was observed for trigger factor (TF) (EC 5.2.1.8) 

(PP_2299) and L-piperidine-6-carboxylate dehydrogenase (EC 1.2.1.21) (PP_5258), 

results visualized in Figure 64 a), but compared to the QC plot shown in Figure 64 b), 

binding can be considered as not relevant. In QC plot high relative response and binding 

stability is observed for the two proteins mentioned above. High relative response in 

binding is observed for L-piperidine-6-carboxylate dehydrogenase (EC 1.2.1.21) 

(PP_5258), see Figure 64 c). 

For exploration of RNA-protein interactions, kinetic rate constants were calculated for a 

1:1 binding model. The fitting procedure of Biacore evaluation software is fitting 

experimental data by an iterative process. Equations are created from the interaction 

model. As association is dependent on the concentration of the sample, only equimolar 

samples are compared in Table 10. Kinetic profiles for gabT RNA motif against the 

correspondent proteins showed fast association rate for thioredoxin (PP_5215). Slow 

dissociation was observed for Ketol-acid reductoisomerase (NADP(+)) (KARI) (EC 

1.1.1.86) (PP_4678) and Carbon storage regulator homolog (PP_4472). None of the 

proteins reached Rcalc. Fitting for carbon storage regulator homolog did not work well, 

indication for some other binding stoichiometry than a 1:1 binding model. 
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Figure 64. Overview screening gabT RNA motif against protein candidates. A) Binding of proteins to reference. 

Relative response of proteins binding to reference flow cell is shown. Red dots represent samples containing 60 μg/mL 

competitor DNA. B) QC plot of gabT RNA-protein interactions. Relative response of proteins against RNA are shown. 

Squares (black) represent values for reference flow cell (FC1), dots (green) represent values for gabT RNA immobilized 

on FC2. C) Relative response of proteins to gabT RNA motif (reference flow cell subtracted). Relative response is 

blank subtracted and adjusted to molecular weight.
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Table 10. Results of kinetic analysis of gabT RNA motif in SPR. Data of real-time analysis were fitted by a 1:1 

binding model. Rate constants are shown. Association constant is reported in 1/Ms, dissociation constant is reported in 

1/s. Rmax calculated by Biacore evaluation software is reporting the analyte binding capacity of the surface. Chi2 is a 

measure of the average squared residual (difference between experimental data and fitting). Rcalc is the theoretical value 

calculated by molecular weight of the analyte and the ligand and considering the amount of immobilized RNA of the 

flow cell. 

Name Sample ka (1/Ms) kd (1/s) 
Rmax 

(RU) 

Chi² 

(RU²) 
Rcalc 

Ketol-acid 

reductoisomerase 

(NADP (+)) (KARI) 

(EC 1.1.1.86) 

PP_4678 8844 5.62E-04 52.1 1.7 1854.8 

Carbon storage 

regulator homolog 
PP_4472 27298 8.40E-04 23.5 6.3 480.0 

Thioredoxin PP_5215 6748719898 8.60E+01 38.7 2.8 703.7 

 

L-piperidine-6-carboxylate dehydrogenase (EC 1.2.1.21) was measured at a 

concentration of 665 nM. The association rate constant measured was 387304 1/Ms and 

the correspondent dissociation rate constant 7.71*10^-4 1/s which corresponds to a slow 

dissociation of the complex. Rmax was 1410 RU (Rcalc 2656 RU) and the sensogram was 

fitted well by a 1:1 binding model, data not shown. 

Trigger factor TF (PP_2299) was measured at a concentration of 539 nM. For association 

rate constant 641921 1/Ms was measured and for dissociation rate constant 4.07*10^-3 

1/s which indicates for slow dissociation. Rmax was 407 RU (Rcalc 2470 RU) and the 

sensogram was fitted well by a 1:1 binding model. 

In a second experiment various concentrations of the previous proteins were tested, 

results shown in Figure 65. Carbon storage regulator homologue (CsrA homologue) was 

excluded thus only linker sequence but not natural RNA sequence is including conserved 

nucleotides for RNA-protein interaction. Binding to the reference is observed in 

increasing protein concentrations. For trigger factor (TF) binding to the reference is 9.5 

RU in the concentration of 200 nM. Binding of L-piperidine-6-carboxylate 

dehydrogenase (EC 1.2.1.21) to the reference flow cell is 33.7 RU in 665 nM. Compared 

to QC plot, binding to the reference can be considered not to be relevant. 
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Figure 65. QC plot of gabT RNA-protein interactions. Relative response of proteins against RNA are 

shown. Squares (black) represent values for reference flow cell (FC1), dots (green) represent values for 

gabT RNA immobilized on FC2. 

By analyzing the binding level normalized to the molecular weight of the correspondent 

protein, during in increasing protein concentration, increasing response was detected in 

SPR assay. Response for ketol-acid reductoisomerase is lower than for thioredoxin and 

trigger factor. L-piperidine-6-carboxylate dehydrogenase is showing higher response in 

about the same concentrations, data visualized in Figure 66. 
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Figure 66. Relative response of protein binding in a concentration row to gabT RNA motif (reference flow cell 

subtracted). Relative response is blank subtracted and adjusted to molecular weight. Black squares show response of 

L-piperidine-6-carboxylate dehydrogenase, olive triangles top-down show values for trigger factor; yellow dots show 

values for ketol-acid reductoisomerase and light green triangles bottom-up show values for thioredoxin. 

For exploration of RNA-protein interactions, kinetic rate constants and dissociation 

constant were calculated from the different concentrations tested in the assay for a 1:1 

binding model. Kinetic profiles for gabT RNA motif against the correspondent proteins 

showed slow dissociation rate constants. 

Table 11. Results of kinetic analysis of gabT RNA motif in SPR from concentration rows of protein candidates. 

Data of real-time analysis were fitted by a 1:1 binding model. Rate constants are shown. Association constant is reported 

in 1/Ms, dissociation rate constant is reported in 1/s. Dissociation constant is given in M. Rmax calculated by Biacore 

evaluation software is reporting the analyte binding capacity of the surface. Chi2 is a measure of the average squared 

residual (difference between experimental data and fitting). Rcalc is the theoretical value calculated by molecular weight 

of the analyte and the ligand and considering the amount of immobilized RNA of the flow cell. 

Name Sample ka (1/Ms) kd (1/s) 
KD 

(M) 

Rmax 

(RU) 

Chi² 

(RU²) 
Rcalc 

Thioredoxin PP_5215 627 7.95E-04 
1.27E-

06 
602.3 11.2 1235.9 

Trigger factor 

(TF) (EC 5.2.1.8) 
PP_2299 14255 1.46E-03 

1.03E-

07 
984.6 11.4 4337.9 

Ketol-acid 

reductoisomerase 

(EC 1.1.1.86) 

PP_4678 415 4.98E-04 
1.20E-

06 
716.4 0.7 3257.5 

L-piperidine-6-

carboxylate 

dehydrogenase 

(EC 1.2.1.21) 

PP_5258 4467 3.32E-04 
7.44E-

08 
5430.7 298.7 4665.3 
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Fast association is again observed for trigger factor and all proteins show slow 

dissociation from the RNA. Dissociation constants of thioredoxin and ketol-acid 

reductoisomerase are in the low micromolar range. For trigger factor a dissociation 

constant is calculated of 103 nM and for L-piperidine-6-carboxylate dehydrogenase a 

dissociation constant of 74.8 nM is calculated, see Table 11. Rcalc was reached for L-

piperidine-6-carboxylate dehydrogenase. In all sensograms stable complexes of gabT 

RNA motif and proteins are observed, see Figure 67. 

 

Figure 67. Sensograms from real-time interactions of gabT RNA motif and different proteins. Relative response 

for a) thioredoxin, b) trigger factor, c) ketol-acid reductoisomerase and d) L-piperidine-6-carboxylate dehydrogenase 

is shown on y-axis in RU, time is shown in seconds on x-axis. Different protein concentrations are shown in various 

colors. Fit of the curves for a 1:1 binding model is shown in black. 
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When testing L-piperidine-6-carboxylate dehydrogenase in Running Buffer containing 

125 µg/mL tRNA as competitor binding was detected in the range of 20 RU which is at 

the limit of the background signal. RUmax did not reach RUcalc. Intriguingly the same 

behavior of the protein was also observed regarding aceE and sucC RNA motif.  

 

3.4.3.2. Further binding studies (EMSA or filter binding assay) 

Electrophoretic mobility shift assay (EMSA) is based on the change of mobility of a 

nucleic acid upon binding of a protein or other molecule and is used for identification and 

characterization of RNA-binding proteins. In the assay RNA is incubated with protein, 

unbound RNA as well as bound RNA by the protein have a different characteristic 

mobility on native gels, because the movement through the gel is retarded by the elevated 

mass [84]. The advantage of EMSA is that it is very sensitive and that it provides 

information about stoichiometry of the binding. Major disadvantages are that unstable 

complexes are hard to detect, and rapid kinetics cannot be analyzed. EMSA is time-

consuming and therefore the number of experimental points that can be analyzed is 

limited [117]. 

EMSA shift assay was performed with 5’ radioactive-end-labeled gabT RNA and L-

piperidine-6-carboxylate dehydrogenase concentration ranging from 0 μM to 12.5 μM. 

Shift of RNA was not observed. Experiment was performed in triplicates. A repetition of 

the experiment did not show shift of unbound gabT RNA upon increasing protein 

concentrations, see results in Figure 68. 

 

Figure 68. Gel mobility shift analysis of L-piperidine-6-carboxylate dehydrogenase (PP_5258) and gabT RNA 

motif. 5’ 32P-labeled RNA was incubated with the concentration in the top of each line. Position of free RNA is shown. 

Additionally, a filter binding assay was performed in biological triplicates with 5’ end-

labeled gabT RNA and L-piperidine-6-carboxylate dehydrogenase, in which binding of 

the protein to the RNA of interest was not detected, see Figure 69. 
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Figure 69. Protein binding properties of gabT RNA motif. Data plots of the filter binding assay performed in 

different concentrations of L-piperidine-6-carboxylate dehydrogenase. 

 

3.4.3.3. RNase footprinting 

In a titration row from 50 nM to 500 nM, binding of L-piperidine-6-carboxylate 

dehydrogenase (EC 1.2.1.21) to gabT RNA was not observed (data not shown). At a 

concentration of 500 nM protein, no structural differences were observed. No differences 

in cleavage were observed between the negative control (no protein, no RNase) and the 

sample not containing RNase, but protein. In the samples of RNase T1 digestion, typical 

pattern of cleavage was observed. In digestions using RNase If, higher cleavage pattern 

was observed compared to the negative control. Samples with and without protein, did 

not show alteration in cleavage patterns. 

 

3.4.3.4. β-Galactosidase Assay 

To test if L-piperidine-6-carboxylate dehydrogenase (EC 1.2.1.21) is influencing gene 

expression in vivo a reporter system containing gabT 5’UTR sequence and lacZ reporter 

gene was used. In this assay, it is tested whether binding of the protein to the mRNA of 

interest is resulting in translation repression or is inducing reporter gene expression. The 

assay is performed in E. coli DH5α cells. Induction of reporter gene expression would 

hint at a mechanism which facilitates access of the ribosome to the ribosome binding site. 



131 

 

Repression of reporter gene expression can be achieved upon masking the SD site by the 

protein of interest or mRNA degradation. For measuring reporter gene expression, two 

plasmids are transformed into E. coli cells. One plasmid is expressing gabT 5’UTR fused 

to lacZ reporter mRNA. The other plasmid is expressing the protein of interest that should 

be recognized by the RNA target in the cells [118]. Induction of the plasmid with 

arabinose should lead to expression of β-galactosidase activity by the lacZ reporter 

plasmid whereas induction with IPTG should lead to synthesis of the protein of interest. 

For a straightforward application gabT sequence was scrambled and cloned into the same 

lacZ reporter plasmid for showing unspecific effects. Due to cloning strategies gabT 

sequence fused to lacZ reporter contained 6 supplementary nucleotides between the end 

of gabT sequence and start codon of lacZ. In the original gabT plasmid the six 

supplementary nucleotides from gabT plasmid were deleted. 

 

Figure 70. Results of gabT reporter gene expression assay. Squares (black) represent β-galactosidase activity in 

Miller Units of reporter constructs only induced with arabinose (no protein). Dots (red) represent values of protein 

induction with IPTG. Triangles (blue) bottom-up represent β-galactosidase activity in cells with induced lacZ gene and 

protein of interest (arabinose and IPTG). All experiments were performed in biological triplicates. Error bars represent 

standard deviations of three independent experiments. The respective plasmid (RNA motif) is depicted on the x- axis. 

Activity is represented in Miller Units. 

With all constructs high basal lacZ expression is observed when plasmids are only 

induced with arabinose, see results in Figure 70. LacZ expression upon induction with 

IPTG is observed in low levels compared to induction with arabinose. In the case of the 

scrambled gabT sequence, higher β-galactosidase activity is observed than in gabT lacZ 

plasmid. In gabT and gabT scrambled constructs, a reduced reporter gene expression is 
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observed in the range of 1.6 to 1.9-fold. In the gabT original sequence fused to lacZ gene 

higher gene expression upon induction with arabinose is observed than in gabT lacZ 

plasmid. Interestingly, upon induction with arabinose and IPTG similar gene expression 

levels as in the case of only induction with arabinose are observed. 

 

3.4.4. Discussion 

59 ligands were tested for orphan riboswitch identification with gabT RNA. Greenlee et 

al. (2018) suggested that gabT protein converts various substrates and is involved in 

various pathways [59]. Additionally, Metzner et al. (2004) predicted a broader role for 

the physiology in bacteria [81]. In in-line probing assays substrates and educts of the 

enzyme were tested, mainly focused on the annotation of a transaminase. Nevertheless, 

other ligands as TCA intermediates, cofactors and amino acids were tested, as well 

ligands related to osmotic stress and various amines. A full list of ligands tested with gabT 

motif is shown in the Appendices in Table 51. Up to now, the hypothesis that gabT is a 

riboswitch has not been validated. 

A protein pulldown was performed for identification of a gabT RNA-protein interaction, 

in which various classes of proteins have been detected. Some ribosome associated 

protein factors and proteins which have predicted RNA-binding functions were chosen 

for further assays. In the protein pulldown experiment with pH stressed cells, many 

proteins were detected. Therefore, it was decided to concentrate on the proteins fished in 

rich medium, carbon limitation and nitrogen limitation. As promising candidates 

thioredoxin, L-piperidine-6-carboxylate dehydrogenase and Ketol-acid reductoisomerase 

(NADP+) were identified. 

In SPR experiments, putative DNA-binding protein HU, form N (PP_0975) and DNA 

replication inhibitor (PP_4010) were detected to bind to the reference flow cell and were 

therefore excluded as unspecific binders of oligonucleotides from further experiments. 

High response in binding stability was observed for trigger factor (TF) (PP_2299) and L-

piperidine-6-carboxylate dehydrogenase (PP_5258). When normalized to molecular 

weight those two proteins showed still higher response units as the other proteins tested. 

Both results together indicate that the interaction between gabT RNA and the protein is 

affine. Kinetic analysis show very slow dissociation of gabT RNA-protein complex for 

trigger factor, carbon storage regulator homolog (PP_4472), L-piperidine-6-carboxylate 



133 

 

dehydrogenase (PP_5258) and Ketol-acid reductoisomerase (NADP+) (PP_4678). CsrA 

was excluded from further tests for the same reasons as in the case of sucAII RNA motif, 

see section 3.2.5. Testing increasing protein concentrations in an SPR experiments, it was 

observed that binding of the proteins to the reference flow cell was not relevant. So 

thioredoxin (PP_5215), trigger factor, L-piperidine-6-carboxylate dehydrogenase and 

ketol-acid reductoisomerase (NADP+) can considered to be specific binders of gabT 

RNA. From the results of binding levels (normalized to molecular weight), the conclusion 

that L-piperidine-6-carboxylate dehydrogenase (PP_5258) is binding best can be drawn. 

Trigger factor (PP_2299) is showing good results. For thioredoxin (PP_5215) a 

significant increase of response units can be observed in increasing protein concentrations 

which is not observed for ketol-acid reductoisomerase (NADP+). In kinetic analysis a KD 

of 74 nM for L-piperidine-6-carboxylate dehydrogenase was determined which 

corresponds to a very affine interaction. For trigger factor, KD of 103 nM was detected, 

whereas KD for thioredoxin was 1.27 μM and 1.2 μM for Ketol-acid reductoisomerase 

(NADP+). Sensograms show very stable complexes of all four proteins with gabT RNA. 

Interestingly, Rcalc was reached for L-piperidine-6-carboxylate dehydrogenase only in the 

highest protein concentration. In lower protein concentration Rmax did not reach Rcalc 

which indicates that protein is aggregating in the highest concentration during association 

onto the RNA or RNA-protein complex. This is the reason why determined kinetic 

parameters need to be considered with caution. When increasing the competitor in the 

medium from 60 μg/mL to 125 μg/mL this interaction is not detected anymore. 

EMSA shift assay was performed for gabT RNA with L-piperidine-6-carboxylate 

dehydrogenase exploring protein concentrations until 1.2 μM. Upshift of bound RNA was 

not observed, which means that L-piperidine-6-carboxylate dehydrogenase does not bind 

gabT RNA. This result was confirmed by a filter binding assay. General issues due to low 

levels of bound RNA on the nitrocellulose membrane were already explained in chapter 

3.2.4.2 and 3.2.5. 

In an RNase footprinting protein was titrated in a concentration row ranging from 50 nM 

to 500 nM. Structural difference between the negative control (only RNA) and the 

samples containing different protein concentrations were not observed which means that 

the RNA was not bound by the protein in the assay or that the KD of the interaction is 

significantly higher than determined in the SPR assay.  
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In the β-galactosidase assay it was observed that only by adding arabinose β-galactosidase 

is expressed. Upon protein expression from the second plasmid, a reduced gene 

expression (1.6- to 1.9-fold) is observed in gabT and gabT scrambled sequence, which is 

probably related to a post-transcriptional regulation mechanism. As reduction of gene 

expression is observed with the scrambled RNA as well, it seems that the protein is also 

acting on other RNAs. In the case of gabT original sequence fused to lacZ reduction of 

gene expression is not observed, the β-galactosidase activity is similar to the condition in 

which the system is only induced with arabinose. Summed up the results for the 

experiments performed with L-piperidine-6-carboxylate dehydrogenase are 

contradictory. The results for gabT sequence and the scrambled sequence point towards 

that the enzyme might bind several mRNAs and can be assigned into the class of moon 

lightening enzymes which was not described before. The results of the gabT original 

sequence show that regulation by L-piperidine-6-carboxylate dehydrogenase is not 

performed. Intriguingly, alteration of gene expression which was considered not to be 

relevant, was usually observed with other constructs. As the detected Miller Units are at 

the same level an error source might be that the plasmid containing the protein of interest 

was not properly induced upon addition with IPTG. 

In summary, gabT RNA has not been validated as a riboswitch until now. From the 

experiments of this study, it was possible to show that gabT mRNA is likely to be bound 

by metabolic enzymes. So far, a specific regulator has not been validated yet. Additional 

potential regulator proteins that could be studied in future are shown in Table 55. 

 

3.5. icd motif 

3.5.1. Protein pulldown assay 

Aluminum interferes with a variety of biological processes in which metals are involved 

because it can mimic these essential metals, as for example iron, calcium and magnesium. 

Pseudomonas fluorescens has developed different molecular stratagems to cope iron 

conundrum by aluminum, mainly by using alternate pathways. Organic acids are involved 

in the mobilization of metals and TCA and its metabolites are therefore excellent 

interaction partners. Aconitase activity is lost upon loss of the iron-sulfur cluster, so P. 

fluorescens need an alternative route for citrate degradation. It is known that P. 

fluorescens upregulates isocitrate lyase and isocitrate dehydrogenase (NADP+-
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dependent) to catalyze isocitrate. Aluminum stressed cells are also characterized by an 

isoenzyme of ICDH (NADP+). The isocitrate formed is rapidly catalyzed to glyoxylate, 

succinate and α-KG. Even if activity of aconitase is reduced, co-working with isocitrate 

dehydrogenase (NADP+-dependent) allows metabolism of citrate. Aconitase with 

oxidized Fe-S is known as a post-transcriptional regulator which signals an oxidative 

environment [119]. Moreover, regarding electron transfer chain, NAD+ production for 

functionality of modified TCA is crucial as well as for utilization of citrate as sole carbon 

source because α-KGDH complex and malate dehydrogenase require NAD+ as a cofactor. 

In cells exposed to aluminum, ROS production needs to be decreased. Running TCA in 

aerobic conditions, ROS are formed when electrons from NADH and FADH2 are 

transported via electron transfer chain to oxygen. Isocitrate dehydrogenase (NADP+-

dependent) and α-ketoglutarate dehydrogenase are downregulated in cells stressed with 

aluminum for prevention of NADH production [120, 121]. Stressed cells benefit from 

low NADH/NAD+ and high NADPH/NADP+ levels. NADPH is produced by different 

enzymes involved in pyruvate shunt, aldehyde metabolism, amino acid metabolism and 

pentose phosphate pathway. One of the major disadvantages of this regulation is that ATP 

cannot be produced by oxidative phosphorylation anymore. In Pseudomonas fluorescens 

this pathway is bypassed by substrate level phosphorylation involving succinyl-CoA 

synthetase and oxalate-CoA transferase [122]. Aluminum detoxification in Pseudomonas 

fluorescens was particularly interesting because Singh et al. (2009) identified a modified 

TCA cycle with decreased NAD+-dependent ICDH and α-KGDH activity and increased 

NADP+-dependent isocitrate dehydrogenase activity. Substrate level phosphorylation and 

TCA will compensate the lack of heme and biogenesis of heme-rich protein complexes 

involved in TCA. In Pseudomonas heme production has been shown to utilize glutamate 

and NADPH to diminish oxidative stress [123, 124]. Glutamate has been shown for 

example to generate α-KG which is a ROS scavenger. Hamel et al. (2001) showed that in 

Pseudomonas oxalic acids are relevant for aluminum detoxification and that oxalic acid 

is produced by oxidation of glyoxylate [125]. They showed that in aluminum stressed 

cells, TCA is restructured by increasing activity of isocitrate lyase which converts 

isocitrate to glyoxylate. Isocitrate lyase is also known to be involved in other anaplerotic 

reactions allowing organisms to grow on nutrients as acetate or fatty acids. Usually 

glyoxylate is converted by malate synthase to malate and succinate. In case of aluminum 

stress both reactions take place, ICL activity is increased whereas MLS activity is 

unchanged. They state that isocitrate dehydrogenase activity is reduced because of 
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competition of isocitrate as a precursor molecule and indeed after detoxifying from 

aluminum ICDH activity is almost completely recovered. Nutrient stress and temperature 

change were shown to have an impact on ICDH activity. Growth on acetate leads to 

inactivation of isocitrate dehydrogenase via phosphorylation of the enzyme and acetate 

fixation by isocitrate lyase [125]. The changes in temperature triggers expression of a 

structurally different isocitrate dehydrogenase isozyme [126]. 

When cells switch from rapid growth in which acetate is produced and excreted to a 

slower growth in which acetate is imported and utilized, the fundamental physiological 

program is changed. This so called acetate switch can be performed by bacteria and is 

influencing metabolic pathways in the cells. 

In E. coli, it is known that PTA-ACKA pathway is increased in glucose starvation and 

anaerobiosis whereas TCA cycle enzymes expression is decreased. Elevated carbon flux 

through PTA-ACKA pathway may decrease the expression of TCA cycle enzymes[127]. 

Isocitrate lyase (ICL) and malate synthase (MAS) are induced when growing on acetate 

or fatty acids so that the oxidative steps of TCA (which evolve CO2) can be bypassed by 

glyoxylate shunt. The author states that the balance between energy and need of precursor 

molecules for biosynthesis is using sensitive biochemical and genetic switches to control 

the flow of isocitrate into either TCA or glyoxylate shunt. The biochemical regulation 

takes place on the enzymatic level, phosphorylation of ICL and IDH favor the flux of 

isocitrate into glyoxylate shunt though dephosphorylation of both enzymes favors flux 

into TCA [128-130]. Until now, genetic regulation is mainly known on the level of 

transcription by cAMP-CRP, Fis, IHF and ArcA [131]. As well, aceBAK operon which 

encodes enzymes for reversible phosphorylation of isocitrate dehydrogenase, is known to 

be controlled by the glyoxylate shunt regulator ICLR [132]. However, it seems that the 

mechanism is not conserved among all microorganisms. 

For identification of potential candidate proteins, cells were grown on 10 mM glucose or 

30 mM acetate; a second glucose culture was stressed with aluminum citrate. To the 

reference glucose sample citrate was added in the same amount as for the oxidative stress 

condition. ICDH is known to be downregulated in oxidative stress, as well as in growth 

on acetate by the “acetate switch”. So far, this regulation is known on enzyme level by 

phosphorylation state of the active site of the enzyme, but also increasing substrate levels 

are known to activate icd transcription, so that post-transcriptional regulation of gene 

expression would be a more powerful tool. It was expected to find a regulator protein in 
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these conditions. In lysate from acetate medium, 17 proteins were detected. In lysate from 

glucose medium, 37 proteins were detected. In the oxidative stress condition, no protein 

was detected for the icd RNA motif, but 76 proteins were specifically detected for reverse 

complementary icd RNA. After a sorting step, in which RNA polymerase-binding 

transcription factor, chaperones, peptidyl-prolyl cis-trans isomerases, flagellation 

proteins, transcription factors, membrane proteins, transporters, export proteins, surface 

adhesion proteins, porins, polymerases, regulator of murein cross-linking and ribosome 

associated factors were deleted, 13 proteins in acetate medium were binding to icd RNA, 

27 proteins were binding in rich medium and 58 proteins were binding in oxidative-stress 

condition. Out of these, 14 proteins were overlapping with proteins detected in lysate 

from rich medium and lysate from oxidative stress condition. Four proteins overlapped 

with proteins found in acetate medium and oxidative stress medium. Therefore, it was 

concluded that samples have been swapped by mistake during analysis and the results for 

reverse complementary icd RNA considered to be the results for icd RNA motif and vice 

versa. Glutarate-semialdehyde dehydrogenase DavD (EC 1.2.1.20), putative RNA 

binding protein, putative lipoprotein, ADP/ATP ratio sensor/translation inhibitor were 

detected in lysates from glucose and acetate media. Putative RNA binding protein and 

ADP/ATP ratio sensor/translation inhibitor were considered to be interesting candidates 

even if found in both conditions and it was decided to explore them in further 

experiments. Three uncharacterized proteins and enolase (EC 4.2.1.11) overlapped in 

lysates from acetate medium and oxidative stressed cells. Results are visualized in Figure 

71 a). 

 

Figure 71. Number of specific proteins binding to icd RNA: Venn diagram showing the number of 

proteins shared by different conditions. A) Venn diagram of proteins found in rich medium (white) 
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overlapped with cell grown on acetate (orange) and proteins found in oxidative stress condition (purple). 

B) Venn diagram of proteins found in rich medium (white) overlapped with carbon limited medium (light 

grey) and nitrogen limited medium (dark grey). 

In an RNA-protein pulldown performed in rich medium, carbon limitation and nitrogen 

limitation conditions, twelve proteins were detected in rich medium, eight proteins were 

detected in carbon limitation conditions and 24 proteins were detected in nitrogen 

limitation conditions. In the sorting step, chaperonin and chaperones, polymerases, 

porins, proteases, RNase E and RNase R were excluded, resulting in nine specific proteins 

for rich medium, four proteins from lysate of carbon limitation condition and 15 proteins 

from lysate of nitrogen limitation condition. In all conditions one common element was 

found which was polyribonucleotide nucleotidyltransferase (EC 2.7.7.8). Elongation 

factor Ts (EF-Ts), malic enzyme B (EC 1.1.1.40), isocitrate dehydrogenase (EC 1.1.1.-) 

, succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5), fructose-bisphosphate 

aldolase (EC 4.1.2.13), nucleoside diphosphate kinase (NDK) (NDP kinase) (EC 2.7.4.6) 

and gluconokinase (EC 2.7.1.12) were detected in rich medium and nitrogen limited 

medium. Results are shown in Figure 71 b). 

In conclusion, many interesting proteins were detected. In comparison to the other RNA-

protein pulldowns a higher number of uncharacterized proteins was found. Metabolic 

enzymes have been observed to bind to icd RNA. Candidates selected for further 

experiments are shown in Table 12, a full list of proteins fished with icd RNA motif is 

shown in Table 56 in the appendices. 

Table 12. Selected candidates from icd RNA-protein pulldown experiments for further investigation. Table 

showing majority protein ID, protein name, entry, and condition in which the protein was fished. 

Majority protein IDs Protein name Entry Condition 

Q88HU2 hypothetical protein PP_3261 Ox. stress 

Q88HU1 
Putative 

metallothionein 
PP_3262 Ox. stress 

Q88Q24 

ADP/ATP ratio 

sensor/translation 

inhibitor 

PP_0674 
Rich medium/ Acetate 

/ox.stress 

Q88GV6 hypothetical protein PP_3611 
Rich medium/ Acetate 

/ox.stress 

Q88G22 hypothetical protein  PP_3904 
Rich medium/ Acetate 

/ox.stress 

Q88G93 
Carbon storage 

regulator homolog 
PP_4472 

Rich medium/ Acetate 

/ox.stress 
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Majority protein IDs Protein name Entry Condition 

Q88DU9 
putative RNA binding 

protein  
PP_4720 

Rich medium/ Acetate 

/ox.stress 

Q88EI6 hypothetical protein PP_4476 
Rich medium/ Acetate 

/ox.stress 

 Q88L30 

 
hypothetical protein PP_2105 

Rich medium/ Acetate 

/ox.stress 

Q88FS1 

Isocitrate 

dehydrogenase (EC 

1.1.1.-) 

PP_4012 
Rich medium, Nitrogen 

limitation 

Q88FB3 

Succinate-CoA ligase 

[ADP-forming] subunit 

alpha (EC 6.2.1.5) 

PP_4185 

Rich medium, Carbon 

limitation, Nitrogen 

limitation 

Q88PK1 

Nucleoside diphosphate 

kinase (NDK) (NDP 

kinase) (EC 2.7.4.6) 

PP_0849 
Rich medium, Nitrogen 

limitation 

Q88NW9 
Putative peroxiredoxin 

(EC 1.11.1.15) 
PP_1084 

Carbon limitation, 

Nitrogen limitation 

Q88FB0 

Dihydrolipoyllysine-

residue 

succinyltransferase 

component of 2-

oxoglutarate 

dehydrogenase complex 

(EC 2.3.1.61) 

PP_4188 Nitrogen limitation 

Q88GY0 

Probable thiol 

peroxidase (EC 1.11.1.-

) 

PP_3587 Nitrogen limitation 

Q88CU5 
Malic enzyme B (EC 

1.1.1.40)  
PP_5085 Nitrogen limitation 

Q88P44 

Glyceraldehyde-3-

phosphate 

dehydrogenase (EC 

1.2.1.-) 

PP_1009 Nitrogen limitation 

Q88D67 
Fructose-bisphosphate 

aldolase (EC 4.1.2.13) 
PP_4960 

Rich medium, Nitrogen 

limitation 

Q88FM4 

Methylcrotonyl-CoA 

carboxylase biotin-

containing subunit beta 

(EC 6.4.1.4) 

PP_4065  Carbon limitation 

Q88KJ1 
Trigger factor (TF) (EC 

5.2.1.8) 
PP_2299 Nitrogen limitation 

 

Information about carbon storage regulator homolog, succinate-CoA ligase [ADP-

forming] subunit alpha (EC 6.2.1.5), putative peroxiredoxin (EC 1.11.1.15), 
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methylcrotonyl-CoA carboxylase biotin-containing subunit beta (EC 6.4.1.4) (PP_4065) 

and trigger factor (TF) (EC 5.2.1.8) were given in section 3.2.3. 

Details about dihydrolipoyllysine-residue succinyltransferase component of α-KGDH 

complex (EC 2.3.1.61), malic enzyme B (EC 1.1.1.40), glyceraldehyde-3-phosphate 

dehydrogenase (EC 1.2.1.-), fructose-bisphosphate aldolase (EC 4.1.2.13), nucleoside 

diphosphate kinase (NDK) (NDP kinase) (EC 2.7.4.6) and probable thiol peroxidase (EC 

1.11.1.-) can be found in chapter 3.3.2. 

For hypothetical protein (PP_3261), no annotated function is available yet. The genetic 

context is also unknown. It seems that hypothetical protein (PP_3261) shares a 

transcriptional unit with putative metallothionein (PP_3262) which is located 

downstream of hypothetical protein (PP_3261) 

(https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-3487#tab=showAll). The 

function of putative metallothionein (PP_3262) is predicted based on the presence of a 

conserved amino acid motif, structural feature or limited homology 

(https://www.ncbi.nlm.nih.gov/gene/1046913). The protein is containing 5 aromatic 

amino acids to a total number of 74 amino acids and is containing a typical sequence 

pattern with cysteines 

(MNDQRCACTHCSCTVDANALQRDGKAYCCEACASGHRKGEPCRRMQDCHC

GEEKPGESAVDNALDETFPASDPISP) 

(https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-3488#tab=showAll). 

ADP/ATP ratio sensor/translation inhibitor (PP_0674) is coded from ettA gene. The 

protein is classified as ATP-binding cassette of the F family and is able to sense 

intracellular ADP/ATP ratio. In. E. coli expression of the protein was shown to influence 

translation [133]. When ATP is available, translation is slightly increased whereas when 

ADP is present translation initiation is inhibited by binding of ettA to the E-site of the 

ribsosome. 

Hypothetical protein (PP_3611) is a protein with unknown function. The protein shares a 

conserved domain with cusF a copper binding periplasmic protein found in Escherichia 

coli.  In the genetic surrounding of the gene other uncharacterized proteins are found. 

For hypothetical protein (PP_3904) a predicted function is not available, and the genetic 

context is not giving further information to speculate about a function of the protein. 

https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-3487#tab=showAll
https://www.ncbi.nlm.nih.gov/gene/1046913
https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-3488#tab=showAll
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Putative RNA binding protein (PP_4720) is predicted to have some RNA-binding domain 

due to a conserved amino acid motif 

(https://www.ncbi.nlm.nih.gov/gene?term=1043016). Still, this hypothesis is not 

validated, and the function of the protein is unknown. The gene is not located in a 

transcriptional unit, so a conclusion from the genetic context cannot be drawn. 

Hypothetical protein (PP_4476) is a protein with unknown function located in the ast 

operon which is a transcriptional unit in Pseudomonas putida 

(https://biocyc.org/PPUT160488/NEW-IMAGE?type=OPERON&object=TU1G01-

5074) . Conversion of L-arginine by the AST pathways leads to L-glutamate which can 

be either used for amino acid synthesis or be converted to α-KG which is reintroduced 

into TCA. The operon structure is equivalent to the transcriptional unit. Hypothetical 

protein (PP_4476) is the only protein of the operon which has no assigned function so far 

(https://www.ncbi.nlm.nih.gov/gene/?term=PP_4476). 

Hypothetical protein (PP_2105) has a predicted role in cellular response to stress. It shares 

an operon and transcriptional unit with hypothetical protein PP_2104 (predicted 

membrane protein) and PP_2103 (hypothetical protein) 

(https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-2245#tab=showAll). 

Isocitrate dehydrogenase (EC 1.1.1.-) (PP_4012) is coded from idh gene and is the 

NADP+-dependent isocitrate dehydrogenase. It is predominantly involved in 

carbohydrate metabolism (TCA cycle) but is also involved in glutathione metabolism 

(https://www.ncbi.nlm.nih.gov/gene/?term=PP_4012). On the complementary strand 

NAD+-dependent isocitrate dehydrogenase is found counterclockwise. NADP+-

dependent isocitrate dehydrogenase catalyzes the reaction of isocitrate to α-KG and 

supplies NADPH to the cell for biosynthetic purposes (https://www.genome.jp/dbget-

bin/www_bget?ppu:PP_4012). Icd RNA motif was found in the 5’ UTR of idh gene in 

Pseudomonas and environmental samples. 

Uncharacterized protein (PP_2828) shares a transcriptional unit with PP_2829, further 

information is not available (https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-

3008#tab=showAll). 

 

https://www.ncbi.nlm.nih.gov/gene?term=1043016
https://www.ncbi.nlm.nih.gov/gene/?term=PP_4012
https://www.genome.jp/dbget-bin/www_bget?ppu:PP_4012
https://www.genome.jp/dbget-bin/www_bget?ppu:PP_4012
https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-3008#tab=showAll
https://biocyc.org/gene?orgid=PPUT160488&id=G1G01-3008#tab=showAll


142 

 

3.5.2. Characterization of RNA-protein interactions 

3.5.2.1. SPR 

In this screening, a series of analyte analysis to explore binding ability and affinity by 

surface plasmon resonance (SPR) was performed to monitor the binding between various 

proteins and icd RNA. To achieve RNA immobilization according to chapter 8.17, RNA 

was captured with a complementary DNA strand. Capturing icd RNA was proceeded 

successfully, as well as sensor chip regeneration which led to a complete removal of RNA 

from the chip. After the capturing of icd RNA, stability of the baseline was verified and 

analytes (proteins) were injected for binding assays. In a first experiment it was tested 

whether the RNA-protein interaction could be measured without any competitor. For 

exploration of RNA-protein interactions, kinetic profiles for icd RNA motif against the 

correspondent proteins were detected. Results for binding to the reference are shown in 

section 3.2.4.1 and data is visualized in Figure 42. As already described, three RNA 

motifs were immobilized on the sensor surface and were tested against the pool of 

proteins identified by RNA-protein pulldown. Binding stability of the RNA-protein 

complex was compared to binding stability to the reference flow cell. An overview 

showing the comparison of all RNA motifs and the reference flow cell is visualized in 

Figure 43. 

 

Figure 72. QC plot of icd RNA-protein interactions. Relative response of proteins against icd RNA is shown. Squares 

(black) represent values for reference flow cell (FC1), Triangles bottom-up (purple) represent binding stability of 

protein icd RNA complex. 
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In case of proteins uncharacterized protein (PP_0797), nucleoside diphosphate kinase 

(NDK) (NDP kinase) (EC 2.7.4.6) (PP_0849), ribosome-recycling factor (RRF) 

(PP_1594), hypothetical protein (PP_2105), putative metallothionein (PP_3262), 

hypothetical protein (PP_3904), isocitrate dehydrogenase (EC 1.1.1.-) (PP_4012), 

succinate-CoA ligase [ADP-forming] subunit beta (EC 6.2.1.5) (PP_4186), ketol-acid 

reductoisomerase (NADP(+)) (KARI) (EC 1.1.1.86) (PP_4678), OsmY-related protein 

(PP_4707) and thioredoxin (PP_5215) relative response of binding stability was observed 

to be at the level of the reference flow cell. The other proteins showed higher relative 

response. For methylcrotonyl-CoA carboxylase biotin-containing subunit beta (EC 

6.4.1.4) (PP_4065), succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) 

(PP_4185), dihydrolipoyllysine-residue succinyltransferase component of α-

Ketoglutarate dehydrogenase complex (EC 2.3.1.61) (PP_4188) and α-KGDH E1 

component (EC:1.2.4.2) (PP_4189) high relative response was detected. The proteins 

mentioned above also showed high relative response with sucAII and sucC RNA. 

By analyzing the binding level normalized to the molecular weight of the correspondent 

protein, high relative response for binding was detected for hypothetical protein 

(PP_2105), hypothetical protein (PP_3261), succinate-CoA ligase [ADP-forming] 

subunit alpha (EC 6.2.1.5) (PP_4185), hypothetical protein (PP_4476) and putative RNA 

binding protein (PP_4720), shown in Figure 73. 

 

Figure 73. Relative response of binding of proteins to icd RNA motif (reference flow cell subtracted). 

Relative response is blank subtracted and adjusted to molecular weight. 

https://www.genome.jp/dbget-bin/www_bget?ec:1.2.4.2
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For exploration of RNA-protein interactions, kinetic rate constants were calculated for a 

1:1 binding model. Fitting procedure of Biacore evaluation software is working by an 

iterative process. As association is dependent on the concentration of the sample, just 

equimolar samples are compared in Table 13.

Table 13. Results of kinetic analysis of icd RNA motif in SPR. Data of real-time analysis were fitted by a 1:1 binding 

model. Rate constants are shown. Association constant is reported in 1/Ms, dissociation constant is reported in 1/s. Rmax 

calculated by Biacore evaluation software is reporting the analyte binding capacity of the surface. Chi2 is a measure of 

the average squared residual (difference between experimental data and fitting). Rcalc is the theoretical value calculated 

by molecular weight of the analyte and the ligand and considering the amount of immobilized RNA of the flow cell. 

Name Sample ka (1/Ms) kd (1/s) 
Rmax 

(RU) 

Chi² 

(RU²) 
Rcalc 

Putative 

metallothionein 
PP_3262 192000 3.12E-03 38,6 0.497 110.0 

ADP/ATP ratio 

sensor/translation 

inhibitor 

PP_0674 207000 2.67E-03 253.3 6 635.3 

hypothetical protein PP_3611 11300 3.93E-07 76.2 10.8 1089.4 

hypothetical protein  PP_3904 119000 3.87E-03 45 0.488 120.4 

hypothetical protein PP_4476 10400 8.79E-04 323.9 34.8 639.3 

hypothetical protein PP_2105 8090 9.09E-04 334 37.6 657.3 

hypothetical protein PP_0797 120000 7.28E-02 4.4 47.1 227.8 

OsmY-related protein PP_4707 478000 1.60E-02 30.4 0.718 150.2 

ATP synthase epsilon 

chain (F-ATPase 

epsilon subunit) 

PP_5412 2800000 5.68E-02 162.1 9.33 828.3 

Agglutination protein PP_4519 183000 1.64E-03 187.6 9.17 523.6 

Succinate-CoA ligase 

[ADP-forming] subunit 

beta  

PP_4186 214000 2.84E-03 42.4 1.11 434.4 

Methylcrotonyl-CoA 

carboxylase biotin-

containing subunit beta 

(EC 6.4.1.4) 

PP_4065 181000 4.93E-03 546.6 35.1 597.3 

Fructose-bisphosphate 

aldolase (EC 4.1.2.13) 
PP_4960 118000 3.95E-03 172.6 2.19 411.8 

Probable thiol 

peroxidase (EC 1.11.1.-

) 

PP_3587 5460 2.94E-04 132.8 8.82 958.9 

Gluconokinase (EC 

2.7.1.12) 
PP_3416 3340000000 1.11E+02 151.7 15.2 1008.4 

Malic enzyme B (EC 

1.1.1.40) (EC 2.3.1.8) 
PP_5085 11300000000 2.71E+02 85.3 15.4 2183.4 
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Name Sample ka (1/Ms) kd (1/s) 
Rmax 

(RU) 

Chi² 

(RU²) 
Rcalc 

Glyceraldehyde-3-

phosphate 

dehydrogenase (EC 

1.2.1.-) 

PP_1009 880000000 4.89E+01 333.9 19.1 1769.2 

Aspartate kinase (EC 

2.7.2.4) 

(Aspartokinase) 

PP_4437 288000 1.06E-02 132.8 3.17 467.2 

Elongation factor G 1 

(EF-G 1) 
PP_0451 11300 1.03E-03 119 33.3 3723.0 

GTPase Era PP_1434 2100000 1.66E-02 158 80.4 1692.7 

Dihydrolipoyllysine-

residue 

succinyltransferase 

component of 2-

oxoglutarate 

dehydrogenase 

complex 

PP_4188 240000 6.40E-03 358.5 52.9 2061.8 

 

Fast association was observed for glyceraldehyde-3-phosphate dehydrogenase (EC 

1.2.1.-), ATP synthase epsilon chain (F-ATPase epsilon subunit), gluconokinase (EC 

2.7.1.12), GTPase Era and malic enzyme B (EC 1.1.1.40) (EC 2.3.1.8). Slow rate constant 

for dissociation was observed for hypothetical protein (PP_3611), probable thiol 

peroxidase (EC 1.11.1.-), hypothetical protein (PP_4476) and hypothetical protein 

(PP_2105), whereas glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-), 

gluconokinase (EC 2.7.1.12) and malic enzyme B (EC 1.1.1.40) (EC 2.3.1.8) showed 

faster dissociation compared to other samples. High stability of all RNA-protein 

complexes was observed from sensograms. Methylcrotonyl-CoA carboxylase biotin-

containing subunit beta (EC 6.4.1.4) (PP_4065) reached 92% of Rcalc. Hypothetical 

protein PP_4476 and hypothetical protein PP_2105 reached 50% of Rcalc. Fitting of the 

binding model 1:1 shows a good performance until a Chi2 of ~ 55 RU2 (data not shown). 

A single cycle experiment was evaluated as described in chapter 3.2.4.1 for subunits of 

α-Ketoglutarate dehydrogenase complex and subunits of succinyl-CoA synthetase and 

the complexes themselves. Stability of the proteins binding to the RNA showed that the 

α-KGDH complex showed highest relative response, followed by α-KGDH E1 

component (EC:1.2.4.2) and α-KGDH E2 component (dihydrolipoamide 

succinyltransferase) (EC:2.3.1.61). Also, SCS complex and succinate-CoA ligase [ADP-

forming] subunit alpha (EC 6.2.1.5) (PP_4185) showed high relative response, shown in 

https://www.genome.jp/dbget-bin/www_bget?ec:1.2.4.2
https://www.genome.jp/dbget-bin/www_bget?ec:2.3.1.61
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Figure 74 a). When normalized to molecular weight binding levels of α-KGDH E1 

component (EC:1.2.4.2), α-KGDH E2 component (dihydrolipoamide 

succinyltransferase) (EC:2.3.1.61) and SCS complex showed high relative response. 

Highest relative response concerning binding levels was observed with succinate-CoA 

ligase [ADP-forming] subunit alpha (EC 6.2.1.5), shown in Figure 74 b). 

 

Figure 74. QC plot and binding level for icd RNA. A) QC plot of icd RNA and protein interactions of subunits and 

complexes of α-Ketoglutarate dehydrogenase and succinyl-CoA synthetase. Relative response of proteins against RNA 

are shown. Squares (black) represent values for reference flow cell (FC1), triangles bottom-up (violet) represent values 

for icd RNA. B) Relative response for binding levels of subunits and protein complexes of α-Ketoglutarate 

dehydrogenase complex and succinyl-CoA synthetase complex to icd RNA motif (reference flow cell subtracted). 

Relative response is adjusted to molecular weight. 

 

3.5.2.2. Further binding studies (EMSA or filter binding assay) 

In filter binding assay, RNA bound to nitrocellulose membrane levels ranged from 0.2 to 

2%. While testing putative metallothionein and hypothetical protein (PP_3261) binding 

was not observed. For ADP/ATP ratio sensor/translation inhibitor fraction of bound RNA 

increased while increasing protein concentrations in sample resulting in an equilibrium. 

Fitting of a binding curve was possible and the calculation of KD resulted in 104 nM, see 

Figure 75 a). Hypothetical protein (PP_3611) showed the same behavior as described 

above (Figure 75 b)). Fitting of a curve and calculation of KD resulted in 4 M. For 

hypothetical protein (PP_3904) retention of labeled RNA was observed upon increasing 

protein concentrations resulting in an equilibrium state for high concentrations, see Figure 

75 c). A KD of 728 nM was calculated. 

https://www.genome.jp/dbget-bin/www_bget?ec:1.2.4.2
https://www.genome.jp/dbget-bin/www_bget?ec:2.3.1.61
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Figure 75. Protein binding properties of icd RNA motif. Data plots of the filter binding assay performed 

in different concentrations of the proteins and a) ADP/ATP ratio sensor/translation inhibitor, b) hypothetical 

protein (PP_3611), c) hypothetical protein (PP_3904), d) hypothetical protein (PP_4476), e) hypothetical 

protein (2105), f) methylcrotonyl-CoA carboxylase biotin-containing subunit beta, g) SCS subunit alpha, 

h) malic enzyme B, i) glyceraldehyde-4-phosphate dehydrogenase and j) α-KGDH component E2. 

Hypothetical protein (PP_4476) was reaching a first equilibrium at about 2 μM and 

further binding or aggregation to icd RNA was observed resulting in a second 

equilibrium, results are visualized in Figure 75 d). Hypothetical protein (PP_2105) 

showed increased values for bound fraction of icd RNA while increasing protein 

concentration, leading to a KD of 5.4*10^8 μM (Figure 75 e)). Methylcrotonyl-CoA 

carboxylase biotin-containing subunit beta (EC 6.4.1.4) (PP_4065) showed increasing 

levels of bound RNA to nitrocellulose membrane while increasing protein concentrations, 

see Figure 75 f). KD was calculated to 253 nM, in a second experiment this protein was 

also observed to bind sucAII and sucC RNA motifs, data shown in Figure 47. In the 

second filter binding assay, KD for icd RNA motif was calculated to 398 nM. Succinate-

CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) showed increasing levels of RNA 

from 573 nM concentration on, an equilibrium state was not observed during this 

concentration row, results visualized in Figure 75 g). Fructose-bisphosphate aldolase (EC 

4.1.2.13) showed only higher levels of retained RNA on nitrocellulose for 0.786 μM 

protein concentration. For higher protein concentrations values of bound RNA were in 

the range of the negative control. Malic enzyme B (EC 1.1.1.40) showed increasing levels 

during increasing protein concentration resulting in a first equilibrium from 0.5 μM to 2 

μM. For higher protein concentrations higher levels of bound fraction were observed, see 

Figure 75 h). A similar behavior was already observed with sucC RNA motif. 

Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) showed increasing levels of 

bound RNA in concentration row. Fitting of a binding curve and calculation of KD 

resulted in 353 nM, data shown in Figure 75 i). Dihydrolipoyllysine-residue 

succinyltransferase component of α-KGDH (EC 2.3.1.61) showed increasing fraction of 

bound RNA while increasing protein concentrations, resulting in a first equilibrium from 

325 nM to 550 nM. Further increase of protein concentration lead to retention of higher 

RNA levels on nitrocellulose membrane, results shown in Figure 75 j). 

 

3.5.2.3. β-Galactosidase assay 

To verify if the proteins observed to bind to icd RNA in the filter binding assay, show as 

well binding activity in vivo, a reporter system containing icd 5’ UTR sequence and a 
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lacZ reporter was used to detect the influence on gene expression of the protein of interest. 

In E. coli DH5α, it was tested if the expression of the protein of interest has an effect on 

translation. Binding of the protein can lead to either a repressed or induced translation. In 

the case of icd RNA motif prediction of a scenario is quite difficult, as the conserved 

nucleotides are not located in close proximity to the SD sequence. Repression of 

translation would fit into the picture drawn in literature [120-122, 127]. Two plasmids 

were used which can be induced either in a single way or can be induced simultaneously. 

One of both plasmids is expressing the icd 5’ UTR fused to the lacZ gene and the other 

plasmid is expressing the protein of interest. LacZ gene can be induced with arabinose 

whereas the protein of interest induced with IPTG. As a control, the icd RNA motif was 

scrambled and cloned into the 5’ UTR of lacZ gene. 

In general, in the β-galactosidase higher Miller Units were observed with icd RNA motif 

than with the scrambled variant of icd RNA motif, results shown in Figure 76. In general, 

low β-galactosidase activity was observed in the condition in which only the protein of 

interest was induced, see Figure 76 a). Only in case of hypothetical protein (PP_3904) 

higher levels were detected which means that upon expression of the protein, expression 

of lacZ is induced. In case of ADP/ATP ratio sensor/translation inhibitor (PP_0674) and 

putative RNA binding protein (PP_4720) a slightly higher β-galactosidase activity is 

detected when the protein of interest and lacZ are induced. 

Hypothetical protein (PP_3904) and α-Ketoglutarate dehydrogenase E2 component 

(PP_4188) β-galactosidase levels are showing about the same activity as when only 

induced with arabinose. A reduced β-galactosidase expression upon expression of the 

protein of interest is observed for hypothetical protein (PP_2105, PP_3611and PP_4476) 

and for methylcrotonyl-CoA carboxylase biotin-containing subunit beta (PP_4065) and 

succinyl-CoA synthetase subunit alpha (sucD). For hypothetical protein PP_3611 and 

PP_4766 the fold of reduction of gene expression is about 1.5. For hypothetical protein 

(PP_2105) and succinyl-CoA synthetase subunit alpha (sucD) the fold of change is 1.8. 

The fold of change in gene expression for methylcrotonyl-CoA carboxylase biotin-

containing subunit beta is 1.9. 
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Figure 76. Results of icd reporter gene expression assay. A) Results for icd RNA motif. B) Results of 

scrambled icd RNA motif. Squares (black) represent β-galactosidase activity in Miller Units of reporter 

constructs only induced with arabinose (no protein). Dots (red) represent values of protein induction with 

IPTG. Triangles (blue) bottom-up represent β-galactosidase activity in cells with induced lacZ gene and 

protein of interest (arabinose and IPTG). All experiments were performed in biological triplicates. Error 

bars represent standard deviations of three independent experiments. The respective protein of interest is 

depicted on the x- axis. Activity is represented in Miller Units. 

Unfortunately, β-galactosidase levels are very low so that it is difficult to observe 

significant differences between the different conditions. For hypothetical protein 

(PP_2105) and methylcrotonyl-CoA carboxylase biotin-containing subunit beta 

(PP_4065) β-galactosidase expression levels are lower than in the condition in which only 

the protein of interest is induced. Levels for all three condition are showing β-

galactosidase activity in the same range. For hypothetical protein (PP_4476) and 

succinyl-CoA synthetase subunit alpha (sucD) levels do not show significant differences. 
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For ADP/ATP ratio sensor/translation inhibitor, hypothetical protein (PP_3611, 

PP_3611, PP_3904 and PP_4476) and putative RNA binding protein (PP_4720) reduced 

β-galactosidase activity is observed when the protein is expressed in the cell. 

Interestingly, upon induction of α-KGDH E2 component (PP_4188) a twofold increase 

of reporter gene expression is detected. 

 

3.5.3. Discussion 

Icd RNA motif was first described in 2010. It was stated that icd motif is an ambiguous 

motif. It is likely to be a cis-regulatory RNA, but probably not a riboswitch [60]. In 2018, 

Greenlee et al. (2018) are still doubtful about this regulatory RNA. The authors still 

identify the RNA motif in the taxonomic context and the updated consensus sequence 

shows sequence conservation in predicted base paired regions, which is quite unusual for 

riboswitches. They speculate that the isocitrate dehydrogenase coded from idh gene is 

cold-adapted and hypothesize that icd motif might be a temperature sensing RNA element 

[59]. Nevertheless, they speculate if idh gene is feedback regulated by oxaloactetate, α-

KG, citrate and glyoxylate or their derivatives, as those metabolites are shown to inhibit 

weakly the enzyme in Corynebacterium glutamicum. 

Due to secondary structure prediction, it was decided to perform a protein pulldown 

experiment with icd RNA motif. Environmental conditions in which icd/ idh gene are 

regulated are described in literature. It seemed most promising to perform the protein 

pulldown with cell lysates grown on acetate or stressed with oxidative agents. As well, 

regulation might take place due to reduced carbon flux or in nitrogen limitation 

conditions. 

In the RNA-protein pulldown experiment, a wide range of different classes of proteins 

were detected. Surprisingly, no protein was detected to bind to icd RNA motif in the 

oxidative stress condition. Only proteins binding to reverse complementary RNA were 

detected. As from this list of proteins, four proteins overlapped with proteins binding to 

icd RNA in lysate from cells grown on acetate and 14 proteins overlapped with proteins 

found from rich medium, it was considered that samples were swapped by mistake in the 

MS analysis. Results of identified proteins binding to reverse complementary icd RNA 

in lysate from oxidatively stressed cells are treated as results of binding interaction 

between icd RNA and proteins. Interestingly, many hypothetical proteins were observed 
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binding to icd RNA. NADP+-dependent isocitrate dehydrogenase (PP_4012) was pulled 

down in carbon and nitrogen limitation conditions which might indicate for a feedback 

regulation. Other metabolic enzymes were selected as candidates, e. g. succinate-CoA 

ligase [ADP-forming] subunit alpha (EC 6.2.1.5) (PP_4185), nucleoside diphosphate 

kinase (NDK) (NDP kinase) (EC 2.7.4.6), dihydrolipoyllysine-residue 

succinyltransferase component of α-Ketoglutarate dehydrogenase complex (EC 2.3.1.61) 

(PP_4188), malic enzyme B (EC 1.1.1.40), glyceraldehyde-3-phosphate dehydrogenase 

(EC 1.2.1.-) (PP_1009), fructose-bisphosphate aldolase (EC 4.1.2.13), methylcrotonyl-

CoA carboxylase biotin-containing subunit beta (EC 6.4.1.4) (PP_4065). 

Dihydrolipoyllysine-residue succinyltransferase component of α-KGDH complex (EC 

2.3.1.61) is found in nitrogen limitation condition which might indicate that the subunits 

of α-KGDH complex might execute regulatory functions when α-KG is needed for amino 

acid synthesis. Regulation of icd by α-KGDH subunit E2 does not make sense at the first 

sight, as icd is catalyzing α-KG which is needed for amino acids synthesis.  

Nucleoside diphosphate kinase (NDK) (NDP kinase) (EC 2.7.4.6) was found in rich 

medium and in nitrogen limitation condition. The enzyme is synthetizing nucleosides 

triphosphates (others than ATP) which are used in nucleic acid synthesis, lipid synthesis, 

polysaccharide synthesis, protein elongation and signal transduction 

(http://www.ebi.ac.uk/interpro/entry/IPR001564). How this is related to regulation of idh 

gene needs to be further explored.  

Further information for succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) 

(PP_4185), malic enzyme B (EC 1.1.1.40), glyceraldehyde-3-phosphate dehydrogenase 

(EC 1.2.1.-) (PP_1009) and fructose-bisphosphate aldolase (EC 4.1.2.13) were given in 

chapter 3.3.4. Further information about methylcrotonyl-CoA carboxylase biotin-

containing subunit beta (EC 6.4.1.4) (PP_4065) found in protein pulldown were given in 

section 3.2.5. 

In summary, many interesting candidates were identified. So far, identified proteins are 

functionally diverse. Interestingly, many uncharacterized proteins were identified. TCA 

enzymes hint towards a feedback regulation mechanism and the other metabolic enzymes 

indicate that idh is also regulated when Emden-Meyerhof-Parnas or Entner-Doudoroff 

pathway are running in the cell. 

http://www.ebi.ac.uk/interpro/entry/IPR001564
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During SPR experiments unspecific binding to the reference flow cell was not observed 

with the proteins selected for further experiments from protein pulldown. 

Uncharacterized protein (PP_0797), nucleoside diphosphate kinase, ribosome-recycling 

factor (RRF), isocitrate dehydrogenase (EC 1.1.1.-) (PP_4012), ketol-acid 

reductoisomerase (EC 1.1.1.86) (PP_4678), OsmY-related protein (PP_4707) and 

thioredoxin (PP_5215) were showing relative response units in the range of the reference 

flow cell and can be therefore excluded to be specific binders of icd RNA motif. High 

relative response was observed with methylcrotonyl-CoA carboxylase biotin-containing 

subunit beta (EC 6.4.1.4) (PP_4065), succinate-CoA ligase [ADP-forming] subunit alpha 

(EC 6.2.1.5) (PP_4185), dihydrolipoyllysine-residue succinyltransferase component of α-

Ketoglutarate dehydrogenase complex (EC 2.3.1.61) (PP_4188) and α-KGDH E1 

component (EC:1.2.4.2). As high responses were as well observed in section 3.2.4.1 and 

section 3.3.3.1, accuracy of these interactions needs to be questioned. When normalized 

to molecular weight hypothetical protein (PP_2105), hypothetical protein (PP_3261), 

succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) (PP_4185), hypothetical 

protein (PP_4476) and putative RNA binding protein (PP_4720) showed high binding 

levels. The sum of the results for succinate-CoA ligase [ADP-forming] subunit alpha 

(PP_4185) shows that the interaction between icd RNA and this protein is of high affinity. 

Uncharacterized protein (PP_0797), nucleoside diphosphate kinase (PP_0849), 

ribosome-recycling factor (RRF), isocitrate dehydrogenase (EC 1.1.1.-) (PP_4012), 

succinate-CoA ligase [ADP-forming] subunit beta and ketol-acid reductoisomerase (EC 

1.1.1.86) (PP_4678) can be also excluded from this experiment to be specific binders of 

icd RNA. From the kinetic rate constants, it was observed that icd RNA-protein 

interactions are in general very stable. Methylcrotonyl-CoA carboxylase biotin-

containing subunit beta (EC 6.4.1.4) (PP_4065) reached 92% of RUmax so that interaction 

can be considered to be true even if the chip was overloaded with RNA. 

In the second experiment, testing the α-KGDH and SCS complexes and their subunits 

showed the same tendencies as with sucAII and sucC RNA. A detailed discussion of these 

results which is also valuable for icd RNA is given in chapter 3.2.5 and chapter 3.3.4. 

From a genetic perspective, the most promising candidates of this experiment for post-

transcriptional regulation are α-ketoglutarate dehydrogenase (sucA) subunit E1 or 

succinyl-CoA synthetase subunit alpha (sucD). A down regulation of idh gene by one or 

both of these proteins would result in the inhibition of substrate generation for α-KGDH 

and SCS complex. 

https://www.genome.jp/dbget-bin/www_bget?ec:1.2.4.2
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In filter binding assays, 13 proteins were tested in a screening approach. So far 

hypothetical protein (PP_3261), putative metallothionein and fructose-bisphosphate 

aldolase have not shown binding in this assay. The assay needs to be repeated for 

hypothetical protein (PP_4476) to verify whether more protein is aggregating to the RNA 

in higher concentration or if determination of a KD smaller than 2 μM is possible. The 

same arguments need to be considered for malic enzyme B and α-ketoglutarate 

dehydrogenase subunit E2. For succinate-CoA ligase subunit alpha higher protein 

concentrations need to be tested to reach an equilibrium which will be essential for KD 

determination. The KD determined for the other protein RNA interactions are ranging 

from 104 nM to molar concentrations. ADP/ATP ratio sensor/translation inhibitor 

(PP_0674) is performing best with a KD 104 nM, but also methylcrotonyl-CoA 

carboxylase biotin-containing subunit beta (253 nM/398 nM), glyceraldehyde-3-

phosphate dehydrogenase (353 nM) and hypothetical protein (PP_3904) (728 nM) 

performed quite well. The experiment could be further improved so that more labeled 

RNA is retained on the nitrocellulose membrane (optimized binding reaction buffer) and 

proteins with KD < 1 μM are good candidates for further validation in biological 

triplicates. 

In the β-galactosidase assay, it was observed that usually β-galactosidase is only 

expressed when adding arabinose. For the scrambled icd sequence β-galactosidase levels 

were very low, ranging from the background signal similar to the Miller Units of only 

IPTG induced cells. Therefore, this construct is not a very suitable control for the icd 

sequence. Engineering of a control would be worthy in which only the conserved regions 

of icd sequence are mutated. Only in the case of hypothetical protein (PP_3904) an 

increase of β-galactosidase activity is observed in the condition in which the sample is 

induced with only IPTG which means that the expression of this protein is slightly 

inducing the expression of lacZ gene. The results show that in many cases, gene 

expression is not influenced in a relevant manner by expression of the protein of interest. 

So far, both phenomena (induction and repression) have been observed. Induction by 

ADP/ATP ratio sensor/translation inhibitor (PP_0674) and putative RNA binding protein 

(PP_4720) is too low to be considered as relevant. Hypothetical protein (PP_3904) and 

α-KGDH E2 component (PP_4188) do not influence β-galactosidase levels and therefore 

can be excluded to be specific regulators of icd gene expression in vivo. The reduction of 

β-galactosidase levels in the case of hypothetical protein (PP_3611 and PP_4476) is too 

low (1.5-fold) to show relevant decreasing levels. Hypothetical protein (PP_2105) and 
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succinyl-CoA synthetase subunit alpha (sucD) show much better performance than the 

other proteins reaching a level of 1.8-fold change of gene expression. For Methylcrotonyl-

CoA carboxylase biotin-containing subunit beta (PP_4065) a 1.9 change of gene 

expression (repression) was observed which can be considered as quite well performance. 

The scrambled icd sequence shows in general quite low β-galactosidase activity. It is 

likely that this is due to the sequence cloned into the plasmid. As levels are similar to the 

ones in which samples are only induced with IPTG, it should be considered that β-

galactosidase is not expressed in these cells. For most of the proteins no significant 

changes are observed. Only in the case of α-KGDH E2 component a 2-fold induction is 

observed which shows an unspecific interaction on reporter gene expression with the 

scrambled sequence. As the same effect is not observed with both constructs and the 

expression of the protein does not change icd reporter gene expression, this result is 

showing that the protein can act on various RNA but does not regulate icd RNA motif. 

Hypothetical protein (PP_3261) did show binding in the QC plot, also high response in 

binding levels were detected. In filter binding assay, it was not possible to detect binding. 

Optimization of buffers and re-validation is necessary to decide whether further 

exploration of this candidate is promising.  

Putative metallothionein did show low binding response and low binding levels when 

normalized to molecular weight. In filter binding assay, binding was not detected. 

Therefore, this protein was excluded from further investigations. 

ADP/ATP ratio sensor/translation (PP_0674) inhibitor did show high response in the QC 

plot of SPR experiment, whereas relative response for binding levels was rather low. In 

filter binding assay a KD of 104 nM was determined. Binding buffers for this protein 

should be optimized and filter binding assay should be repeated with icd RNA and some 

random RNA of the same size so that a judgment about the precision of this interaction 

can be made. In vivo this protein shows a slight increase of reporter gene expression with 

icd RNA motif. For the scrambled icd RNA sequence a reduced β-galactosidase is 

observed. Both induction and repression are too low to be considered as true regulatory 

effect. 

Relative response units in SPR experiment for hypothetical protein (PP_3611) are low 

for both binding stability and binding level. Determination of a KD in filter binding assay 

led to 4 M which is rather unspecific. It is unlikely that hypothetical protein (PP_3611) is 
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a regulatory protein for icd RNA motif. In vivo repression of gene expression is observed 

for both icd RNA motif and scrambled icd RNA sequence which serves as a control. For 

icd RNA motif the fold of reduction is about 1.5 which is rather unspecific. 

For hypothetical protein (PP_3904) response units in SPR experiments were rather low. 

KD was determined to 782 nM in filter binding assay. Repetition and optimization of filter 

binding assay might be worth to validate the interaction. In vivo, it was observed that 

expression of the protein induces the expression of the lacZ gene, even if the expression 

is not that high, a relevant difference to the other proteins was observed. For the icd RNA 

motif it was observed that the expression of the protein is not changing the β-galactosidase 

activity. This phenomenon might be explained that either the protein is not having any 

regulatory effect to icd RNA or that the protein was not properly induced in the condition 

in which plasmids were induced with arabinose and IPTG. In the case of the scrambled 

icd sequence a repression of β-galactosidase lower to the level of the negative control 

(induced with IPTG) is detected upon induction with IPTG and arabinose. Both in vivo 

results point forward that the protein might act in this case rather unspecific on nucleic 

acids. 

Carbon storage regulator homolog (PP_4472) showed low response units for binding 

stability in QC plot and for binding levels normalized to molecular weight. Icd sequence 

does not contain the recognition nucleotide site for CsrA protein-RNA binding why this 

protein was excluded from further investigations. 

In SPR experiments, putative RNA binding protein (PP_4720) showed a sufficient 

performance in QC plots and high relative response for binding level was detected which 

is an indication for an affine interaction. A similar behavior was observed with sucAII 

and sucC RNA motif. Determination of KD for the interactions would be helpful to decide 

if the interaction is specific or if the protein possesses a more global role. In vivo a slightly 

higher β-galactosidase activity is observed with icd RNA motif when the protein is also 

induced, but induction is not significantly changed compared to the condition in which 

lacZ is only induced with arabinose. For the scrambled icd sequence a reduced β-

galactosidase activity is observed which is at the level of the negative control (induction 

with IPTG). 

Hypothetical protein (PP_4476) showed a sufficient performance for relative response in 

QC plots, when normalized to molecular weight relative response units were high for 



157 

 

binding level. A similar behavior was observed for sucAII and sucC RNA in SPR 

experiments. The results of the filter binding assay are ambiguous. Experiments need to 

be repeated and optimized to decide if equilibrium is reached < 3 μM to avoid aggregation 

of the protein, as well including a control would be helpful. For hypothetical protein 

PP_4476, it was observed that β-galactosidase activity was reduced upon expression of 

the protein of interest. The fold of reduction is 1.5 which is not a significant difference. 

For scrambled icd sequence no significant differences were observed. 

For hypothetical protein (PP_2105), binding was not observed in the QC plot whereas 

response units for binding level were high when normalized to molecular weight. In a 

filter binding assay, a KD of 540 M was determined which is not trustworthy. Even if KD 

will be lower after optimization of binding reaction, it is questionable if further 

investigation makes sense. In vivo a reduced β-galactosidase activity of 1.8-fold 

compared to the level in which the protein of interest was not expressed was observed. 

For scrambled icd sequence the β-galactosidase activity in the condition in which the 

plasmid is induced with arabinose is lower as the negative control in which only the 

protein of interest is expressed, but not arabinose. Results of in vivo experiments are 

therefore difficult to interpret. 

Isocitrate dehydrogenase (EC 1.1.1.-) (PP_4012) did neither show a relevant response for 

binding to icd RNA motif in QC plot nor for binding levels. Binding reaction might be 

improved upon addition of Mn2+ or Mg2+ to binding buffer, as the enzyme is known to 

require these divalent cations as cofactors. But it is probable that isocitrate dehydrogenase 

needs to be classified to the moon lightening enzymes as it uses NADP+ as cofactor for 

which competition with RNA binding was previously shown [99, 107]. NADP+-

dependent isocitrate dehydrogenase from Mycobacterium turberculosis was reported to 

contain a Rossmann fold in tertiary structure [67]. As icd RNA motif contain about 40% 

AU content in the sequence, it would be worth to investigate if the protein interacts with 

those elements in the mRNA. Isocitrate dehydrogenase was reported to be an RNA-

binding enzyme in humans, yeast, Arabidopsis and drosophila [92, 99, 107].  

Succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) (PP_4185) did show 

high relative response units in QC plot and for binding levels when normalized to 

molecular weight. In filter binding assay the interaction did not reach an equilibrium why 

a determination of KD was not possible. Higher protein concentrations need to be further 

tested for validation. For succinate-CoA ligase subunit alpha a reduced β-galactosidase 
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activity was observed in vivo. The fold of change for this reduction is 1.8 which can be 

considered as almost significant. As succinate-CoA ligase [ADP-forming] subunit alpha 

(EC 6.2.1.5) is already known as moon lightening enzyme in humans, this observation in 

vivo is fitting the picture of those enzymes, as they do influence the REM network, but 

interactions are not that affine and may not target specifically post-transcriptional 

regulation in cells [91]. For the scrambled icd sequence no significant changes are 

observed in vivo, which may be a hint, that the protein is recognizing and binding a 

conserved sequence or structure of mRNA. 

Nucleoside diphosphate kinase (NDK) (NDP kinase) (EC 2.7.4.6) did not show binding 

in the SPR experiment (QC plot and binding level) and was therefore excluded as specific 

regulator for icd RNA and not tested in other interaction studies. 

Putative peroxiredoxin (EC 1.11.1.15) did show low relative binding response in QC plot 

of SPR experiment. Binding levels when normalized to molecular weight are very low. It 

is unlikely that putative peroxiredoxin is a regulatory protein for icd RNA motif. 

Dihydrolipoyllysine-residue succinyltransferase component of α-Ketoglutarate 

dehydrogenase complex (EC 2.3.1.61) (PP_4188) did show high relative response units 

in QC plot and for binding levels when normalized to molecular weight. Results for filter 

binding assay were ambiguous. Experiments need to be repeated and optimized to decide 

if equilibrium is reached < 3 μM to avoid aggregation of the protein, as well including a 

control would be helpful. In vivo, expression of this protein does not influence β-

galactosidase expression with icd RNA motif. Interestingly expression of the protein 

seems to have an impact on post-transcriptional gene regulation with the scrambled icd 

sequence as a 2-fold induced β-galactosidase activity is detected. Up to now, α-KGDH 

subunit E2 has not been described as RNA-binding enzyme. Only the α-KGDH complex 

has been identified in an interactome study to bin to poly(A) sequences [92]. But 

summarizing all results it is likely that this protein is part of a REM network. It is likely 

that this protein is binding unspecifically RNAs which was observed in SPR experiments, 

in vivo the protein does show no or unspecific effect on gene expression regulation. 

Probable thiol peroxidase (EC 1.11.1.-) did show low binding response and low binding 

levels when normalized to molecular weight. In filter binding assay, binding was not 

detected. Therefore, this protein was excluded from further investigations and can be 

excluded as specific regulator of icd RNA. 
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Malic enzyme B (EC 1.1.1.40) binding was observed in the QC plot whereas response 

units for binding level were low when normalized to molecular weight. Filter binding 

resulted in ambiguous results. Optimization of buffers and re-validation in a second 

experiment is necessary. Experiments need to be repeated and optimized to decide if 

equilibrium is reached < 3 μM to avoid aggregation of the protein, including a control 

would be helpful. 

In SPR experiments, for glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) 

(PP_1009) high relative response units were detected in QC plot. For binding level, the 

protein showed average response levels. In filter binding assay a KD of 353 nM was 

determined. The results are showing an affine interaction between the protein and icd 

RNA motif, but similar behavior was observed with sucAII and sucC RNA. The protein 

is known as moon lightening enzyme and the functions and REM network are discussed 

in section 3.3.4. 

Fructose-bisphosphate aldolase (EC 4.1.2.13) (PP_4960) average binding was observed 

in the QC plot and response units for binding level were low when normalized to 

molecular weight. The protein did not bind icd RNA in filter binding assay. Suggestions 

for improvements for filter binding assays with the protein are made in chapter 3.2.5. 

In SPR experiments, methylcrotonyl-CoA carboxylase biotin-containing subunit beta 

(EC 6.4.1.4) (PP_4065) showed highest relative response for binding stability in QC plot 

whereas the protein showed average response levels for binding levels. The parameters 

for the kinetic screening in SPR experiments showed that this interaction can be 

considered as true for icd RNA motif – but not for sucAII and sucC RNA motif – as Rmax 

reached 92% of Rcalc. In filter binding experiments two different KD (253/398 nM) were 

determined. Both KD are indicating for an interaction of high affinity. The protein was 

also shown to bind sucAII and sucC RNA motif, but KD is indicating that icd RNA motif 

is bound best by the enzyme. In vivo, the protein is also performing quite well on post-

transcriptional regulation. A reduced β-galactosidase expression is observed when the 

protein of interest is expressed in cells. The fold of reduction with 1.9 is one of the best 

performances observed during in vivo experiments. Unfortunately, the β-galactosidase 

activity for the scrambled icd sequence is so low that observation of significant changes 

is difficult. The basal expression of β-galactosidase is lower as the levels in cells only 

induced with IPTG. When plasmids are induced with both arabinose and IPTG expression 

is slightly higher. Summed up, all results show that methylcrotonyl-CoA carboxylase 



160 

 

biotin-containing subunit beta (PP_4065) is binding RNA in a mechanism of high 

affinity. As well in vivo, the protein shows a major impact on post-transcriptional gene 

regulation. Therefore, it would be necessary to determine whether this is specific for 

classes, conserved sequences or conserved structures of mRNA. More information about 

the physiological role of the protein can be found in section 3.2.3 and 3.2.5. 

For trigger factor (TF) (EC 5.2.1.8) (PP_2299) high relative response for binding stability 

and an average response for binding level were detected in SPR experiments. It was not 

selected for further experiments due to its function in vivo. 

 

3.6. aceE motif 

3.6.1. Characterization of RNA-protein interactions 

In Escherichia coli and Salmonella typhimurium, CsrA is a post-transcriptional regulatory 

protein which is also distributed among other microbial species. CsrA is mainly 

influencing gene regulation by influencing translation initiation, the stability of the 

mRNA and/ or transcription elongation [24]. In 2017, Potts et al. (2017) explored CsrA 

expression in E. coli on a global scale. Therefore, they performed UV crosslinking 

immunoprecipitation and CLIP-seq to identify RNA-CsrA interaction and ribosome 

profiling and RNA-seq to reveal the impact of this interaction [32].  

CsrA has been shown to activate glycolysis and to repress gluconeogenesis and TCA 

cycle [134, 135]. Revelles et al. (2013) showed that E.coli cannot grow on carbon sources 

of Entner-Doudoroff pathway when it is lacking CsrA protein [135]. Further, Morin et al. 

(2016) showed the influence of CsrA is mainly excreted on the level of gene expression 

which has an effect on enzyme activity and carbon flux distribution. They could as well 

refine the targets of CsrA to upper glycolysis and gluconeogenesis [136]. Potts et al. 

(2017) identified in vivo several 5’ UTR mRNA related to glycolysis/gluconeogenesis 

and TCA cycle. For aceE RNA in E. coli, induction of translation and higher RNA levels 

are proposed. 
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Figure 77. CsrA glycolysis/ gluconeogenesis and TCA network. Squares near the gene indicate influence on gene 

expression via a  post-transcriptional mechanism. Repression of gene expression is shown in purple, induction of gene 

expression is shown in green. At the left effect on translation (RPF), on top RNA abundance (RNA), at the right 

translation efficiency (TE) and at the bottom RNA stability (stability) is shown. Asterisks point out when a CsrA-CLIP-

seq peak is identified for the gene. Figure adapted from [32]. 

With regard to the conserved sequences in Pseudomonas putida KT2440 published by 

Weinberg et al. (2010), icd RNA motif, gabT RNA motif and sucC RNA motif do not 

contain a recognition site for CsrA protein. sucAII RNA sequence is containing three 

recognition sites for CsrA protein, located 105 nt, 94 nt and 61 nt in 5’ UTR of the start 

codon of sucA gene. 

In case of aceE RNA motif, the recognition sites are located 101 nt and 9 nt in 5’UTR of 

the start codon of aceE gene. Due to the fact that one of the two recognition sites is located 

in the Shine-Dalgarno sequence of the mRNA, a post-transcriptional regulation 

mechanism, in which translation initiation is influenced, is plausible. Further questions 

whether both sites have an impact on gene expression pattern or one site is of higher 

importance arise. 
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3.6.1.1. SPR 

Binding behavior was monitored in real-time for aceE RNA motif and CsrA homologue 

protein. aceE RNA was tested for its ability and affinity for interaction with CsrA 

homologue (P. putida) and CsrA protein (E. coli). RNA was designed as described in 

Chapter 3.3.3.1 and was immobilized to the sensor surface. Signals arising from RNA-

protein interactions were expressed in resonance units. Proteins were re-buffered in 

Biacore Running Buffer and sensograms were evaluated with Biacore evaluation 

software. In a first experiment, Biacore Running Buffer with a concentration of 125 

µg/mL tRNA was used and several protein concentrations were tested. 

 

Figure 78. Overview screening aceE RNA motif against CsrA (E. coli) and malic enzyme B. A) QC 

plot of aceE RNA CsrA (E. coli) interactions. Relative response of protein concentrations against RNA is 

shown. Squares (black) represent values for reference flow cell (FC1), pentagon(grey) represent values for 

aceE RNA immobilized on FC2, triangles (blue) represent values for sucC RNA. B) QC plot of aceE RNA 

malic enzyme B interactions. Relative response of protein concentrations against RNA is shown. Squares 

(black) represent values for reference flow cell (FC1), pentagon(grey) represent values for aceE RNA 

immobilized on FC2, triangles (blue) represent values for sucC RNA.C) Relative response of CsrA (E. coli) 

to aceE RNA motif (pentagon, grey) and sucC RNA (triangle, blue) (reference flow cell subtracted). 

Relative response is blank subtracted and adjusted to molecular weight. D) Relative response of malic 
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enzyme B to aceE RNA motif (pentagon, grey) and sucC RNA (triangle, blue) (reference flow cell 

subtracted). Relative response is blank subtracted and adjusted to molecular weight. 

Binding of CsrA and malic enzyme B to the reference flow cell was observed but 

compared to the immobilized RNAs response units are low. As control sucC RNA was 

used and binding was observed to this RNA, even if binding response was not as high as 

for aceE RNA, results shown in Figure 78. Response was increasing during increasing 

protein concentrations, as well signals for relative response of protein binding to the RNA 

did increase during increasing protein concentrations. Relative response of protein 

binding to aceE RNA was generally higher as binding to sucC RNA. For aceE RNA Rmax 

reached Rcalc which was not the case for sucC RNA. 

Quantification of the binding affinity of CsrA to aceE RNA showed that the protein bound 

to the RNA with a KD of 3.07 μM. Rate constants for association was 3300 1/Ms and for 

dissociation 0.0101 1/s. Rmax was determined as 430 RU whereas Rcalc was 220 RU. The 

ratio between Rmax and Rcalc is indicating for a 1:2 binding stoichiometry. For sucC RNA 

fitting by the 1:1 Langmuir model worked and resulted in a KD of 26 μM with a rate 

constant of 603 1/Ms for association and 0.154 1/s for dissociation. 

In a second evaluation by Biacore evaluation software a bivalent analyte model was 

applied to the data set. A set of kinetic data was created resulting in a first association rate 

constant ka1 of 1169.9 1/Ms and a first dissociation rate constant kd1 0.0471 1/s. For the 

second association ka2 of 1.68*10-6 1/RUs and a second dissociation rate constant kd2 of 

0.00009 1/s was calculated. 

In a second experiment aceE RNA was immobilized on the sensor surface, as a control a 

mutant of aceE RNA was immobilized on another flow cell. Mutant of aceE contained 

two point mutations in the Shine-Dalgarno sequence (GGA → CCA). In this assay, 

different constructs of CsrA homologue and CsrA from E. coli were used. 

In QC plot, CsrA homologue and its variant from P. putida did not bind to the reference 

flow cell. CsrA protein from E. coli did show low binding to the reference flow cell but 

compared to the binding levels for aceE and the mutated sequences, it can be considered 

not to be relevant, see Figure 79. It was found that CsrA from E. coli binds with high 

affinity to aceE RNA, and the mutated sequence, showing high relative response units. 

Additionally, CsrA homologue from P. putida was observed to bind to aceE RNA and its 

mutant, whereas the CsrA homologue variant (only containing an N-terminal histidine-

tag) shows low binding response, shown in Figure 79 a). 
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Figure 79. Binding interactions of aceE and mutated aceE RNA with different CsrA proteins. A) QC plot of aceE 

RNA-protein interactions. Relative response of proteins against aceE RNA is shown. Squares (black) represent values 

for reference flow cell (FC1), Pentagons (grey) represent binding stability of protein aceE RNA complex, stars (yellow) 

represent binding stability of protein mutated aceE RNA. B) Relative response for binding levels of different CsrA 

proteins to aceE RNA motif (reference flow cell subtracted). Relative response is adjusted to molecular weight. 

The binding levels of CsrA from E. coli show higher relative response as the proteins 

from P. putida. Detected binding level for aceE RNA are higher as for mutated aceE 

RNA for CsrA protein from E. coli, results are visualized in Figure 79 b). For the N-

terminal CsrA homologue relative response in binding at the same level was observed. 

For CsrA homologue a slightly higher relative response for aceE RNA was detected than 

for the mutated aceE RNA sequence. 

 

3.6.1.2. Further binding studies (EMSA and filter binding assay) 

In an EMSA shift experiment, it was tested first if the full-length RNA is showing more 

narrow bands or better resolution on Tris-glycine PAGE or TBE PAGE during gel 

electrophoresis. On TBE bands are narrower than on Tris-glycine gels. For both gels, a 

shift of the RNA upon increasing protein concentration was not observed, data not shown. 

In a second experiment, the assay was repeated using a N-terminal histidine-tagged 

version of CsrA homologue and CsrA protein from E. coli. In this assay 2 bands were 

observed for the full-length product in very close proximity. For N-terminal histidine-

tagged CsrA homologue in the concentration of 26.7 μM the full length RNA was shifted 

to the higher band, data not shown. For E. coli CsrA protein, a smearing band was 

observed for protein concentration of 8 μM, data not shown. 
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In a third repetition of EMSA still two bands for full length aceE RNA motif were 

observed. Shifting of CsrA-aceE complex for N- and C-terminal his-tagged CsrA 

homologue protein was not observed. As well, shifting from unbound RNA with only N-

terminal his-tagged CsrA homologue was not observed. For E. coli CsrA, some smear is 

observed running higher in PAGE from 0.05 to 0.8 μM protein concentration. In 0.4 and 

0.8 μM lower levels of unbound RNA are observed, results are visualized in Figure 80. 

 

Figure 80. Gel mobility shift analysis of different CsrA proteins and aceE RNA motif. 5’ 32P-labeled RNA was 

incubated with the concentration indicated in the top of each line. Position of free and bound RNA is shown. 

Probing carbon storage homologue with aceE RNA motif in a filter binding assay resulted 

in retention of labeled RNA upon increasing CsrA concentration. For the protein a C- and 

N-terminal his-tagged protein was first tested. A KD of 301 nM was calculated for the 

interaction, see Figure 81. 

 

Figure 81. Protein binding properties of carbon storage regulator homologue and aceE RNA motif. 

Data plots of the filter binding assay performed in different concentrations of CsrA homologue. 
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As retention of labeled RNA was low, it was tried to optimize the interaction study and 

therefore different proteins and constructs and buffers were tested. As CsrA homologue 

protein is small, it was tested whether histidine-tags are disturbing the binding interaction. 

Therefore, a C- and N-terminal histidine-tagged version and an N-terminal his-tagged 

protein were tested, as well as CsrA protein from E. coli. It was observed that upon 

addition of 2 mM MgCl2 to the binding reaction increased levels of bound RNA were 

detected. But saturation of 100% to the nitrocellulose membrane of bound RNA is not 

reached, data visualized in Figure 82. 

 

Figure 82. Protein binding properties of aceE RNA motif. Data plots of the filter binding assay 

performed in different concentrations of the proteins and a) carbon storage regulator homologue, b) an N-

terminal histidine-tagged variant of carbon storage regulator homologue and c) CsrA protein from E. coli. 
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In the case of CsrA from E. coli, a saturation of bound aceE levels was observed in the 

highest protein concentrations, see Figure 82 c). A KD of 283 nM was determined which 

is in the range of the KD which was determined for the interaction of the first protein. For 

CsrA homologue and the N-terminal histidine tagged version an equilibrium was not 

reached but fitting of the curve does show that that both variants of the protein are bound, 

data shown in Figure 82 a) and b). A KD was determined, but as the equilibrium state in 

high protein concentrations is not reached, these values need to be doubted. For CsrA 

homologue a KD of 2 M and for the N-terminal tagged variant of 4.8 mM were calculated. 

 

Figure 83. RNA binding properties of CsrA homologue protein. Data plots of the filter binding assay 

performed in different concentrations of the CsrA protein and a) aceE RNA motif, b) a variant of aceE in 
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which the recognition site in the SD sequence for the protein was mutated and c) a variant of aceE RNA 

motif in which the recognition site in the 5’ of the sequence was mutated. 

To control the interaction, different RNA constructs were tested with CsrA homologue. 

As GGA is the recognition sequence of the protein, this sequence was mutated. In a first 

experiment, aceE RNA sequence, a variant in which the sequence in the Shine-Dalgarno 

sequence was mutated, a variant in which the sequence in the 5’ was mutated and a 

sequence in which both recognition sites were mutated, was tested. Even if the experiment 

was performed as previously (data shown above), RNA was retained at very low level, 

data not shown. In this experiment, it was observed that CsrA homologue is bound by the 

aceE sequence and the single mutants whereas it is not bound with the completely 

mutated sequence. For increasing the level of bound RNA, the reaction buffer for the 

filter binding assay was changed to 10 mM Tris (pH 7.5), 50 mM KCl, 1 mM DTT and 

1.5 mM MgCl2. 

In this experiment levels of retained RNA on the nitrocellulose membrane were increased 

to 50-60% for highest protein concentrations. An equilibrium was not reached for all 

variants of aceE RNA. Calculation of KD led to 87 μM for aceE RNA motif. As the 5’ 

recognition sequence was mutated, the KD for the recognition site in the SD sequence is 

75 μM. When the SD sequence is mutated, the KD determined for the recognition site in 

the 5’ of the sequence is 112 μM. 

 

3.6.1.3. β-Galactosidase assay 

It was tested in vivo if CsrA homologue is influencing gene expression of a reporter 

construct containing different aceE sequence in the 5’ UTR of lacZ. The recognition site 

GGA was selectively mutated in the aceE sequence so that 4 sequences were tested in 

total. A variant in which the recognition site in the 5’ was mutated, a variant in which the 

recognition site in the SD sequence was mutated and a mutant in which both recognition 

sites were changed. It was tested in E. coli DH5α cells if binding of the protein to the 

mRNA of interest is resulting in post-transcriptional gene regulation. The constructs were 

tested in three different conditions. The β-galactosidase was induced with arabinose and 

in the condition in which the plasmid was only induced with arabinose basal expression 

of lacZ was detected. In the second condition the protein of interest was induced upon 

addition of IPTG. Those values serve as a negative control and show if protein expression 

is inducing or altering transcription of β-galactosidase. In the last conditions both the 
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protein of interest and the sequence of interest fused to the lacZ gene were induced to 

investigate the post-transcriptional influence of the protein on the mRNA of interest 

resulting in altering β-galactosidase translation and therefore altering β-galactosidase 

activity in the assay. 

For all constructs, low β-galactosidase activity was observed when plasmids were only 

induced with IPTG. In case of aceE motif, the 5’ mutated aceE sequence and the aceE 

sequence with the mutated SD sequence high basal lacZ expression was observed, data 

shown in Figure 84. For the sequence which contains both mutation translation drops to 

very low level. When inducing both plasmids, lower reporter gene expression is observed. 

In case of the aceE sequence the β-galactosidase activity is reduced 2.5-fold. The 

sequence in which the 5’ is mutated shows a reduced activity of 1.9-fold and the sequence 

in which the SD sequence is mutated shows a reduced β-galactosidase activity of twofold. 

Miller units for the sequence containing mutations for both recognition sites are low, so 

that β-galactosidase activity ranges for all three conditions at similar levels. No significant 

changes are observed. 

 

Figure 84. Results of aceE reporter gene expression assay. Squares (black) represent β-galactosidase activity in 

Miller Units of reporter constructs only induced with arabinose (no protein). Dots (red) represent values of protein 

induction with IPTG. Triangles (blue) bottom-up represent β-galactosidase activity in cells with induced lacZ gene and 

protein of interest (arabinose and IPTG). All experiments were performed in biological triplicates. Error bars represent 

standard deviations of three independent experiments. The respective plasmid (RNA motif) is depicted on the x- axis, 

mutations (GGA → CCA) are indicated with ‘mut’, for further localization 5’ is indicating the 5’ UTR of the sequence, 

SD is indicating the Shine-Dalgarno sequence. Activity is represented in Miller Units. 

Plasmids for the in vivo experiments were cloned by restriction enzyme cloning and due 

to cloning strategies, the fused sequence of aceE RNA motif to lacZ reporter contained 
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six supplementary nucleotides between the end of aceE sequence and start codon of lacZ. 

These six supplementary nucleotides were removed in a cloning step and resulted in the 

reporter constructs shown in Figure 85 in which the end of the sequence of interest was 

directly fused to the start codon of lacZ gene. 

Compared to the results shown in Figure 84, β-galactosidase are increased for aceE 

original sequence and the variant in which the recognition site in the 5’ is mutated. The 

β-galactosidase levels for aceE original sequence in which the SD sequence is mutated 

are low compared to the other sequences, see Figure 85. This tendency is also shown for 

the original aceE sequence in which both recognition sites are mutated. Comparing these 

constructs to the constructs shown in Figure 84, β-galactosidase activity levels are in the 

same range. Induction of β-galactosidase activity is not observed when only the protein 

of interest is induced. For both mutated constructs in which only the 5’ recognitions site 

is mutated, higher basal β-galactosidase expression is observed than for aceE and aceE 

original sequence. When both plasmids are induced, repression of reporter gene 

expression is observed. For aceE original sequence the reduction is not relevant. The aceE 

original sequence mutated in the 5’ is showing a reduced reporter gene expression of 1.8-

fold and the sequence in which the SD sequence is mutated a reduced β-galactosidase 

activity of 1.7. In case of the completely mutated sequence a reduction of gene expression 

about 1.9 is observed.  

 

Figure 85. Results of aceE original sequence reporter gene expression assay. Squares (black) represent β-

galactosidase activity in Miller Units of reporter constructs only induced with arabinose (no protein). Dots (red) 

represent values of protein induction with IPTG. Triangles (blue) bottom-up represent β-galactosidase activity in cells 

with induced lacZ gene and protein of interest (arabinose and IPTG). All experiments were performed in biological 
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triplicates. Error bars represent standard deviations of three independent experiments. The respective plasmid (RNA 

motif) is depicted on the x- axis. ‘Orig’ indicates that the end of aceE sequence is directly fused to the star codon of 

lacZ. Mutations (GGA → CCA) are indicated with ‘mut’, for further localization 5’ is indicating the 5’ UTR of the 

sequence, SD is indicating the Shine-Dalgarno sequence. Activity is represented in Miller Units. 

 

3.6.2. Discussion 

The aceE RNA motif was first described in 2010 by Weinberg et al. (2010). At that time, 

the authors considered that this conserved sequence is an ambiguous case for a biological 

RNA, they stated as well, that it is probably a cis-regulatory element and an ambiguous 

riboswitch candidate [60]. AceE RNA motif is found in γ-Proteobacteria, most of the 

sequences are found in Pseudomonas genus. In 2018, Greenlee et al. (2018) argued that 

even if aceE sequence consists of two stem-loop structures which are joint by a linker, a 

conclusion whether this RNA is a riboswitch or not cannot be drawn from structural 

elements, as the secondary structure prediction does not show the typical features of a 

complex-folded riboswitch aptamer, but structurally simple riboswitch aptamers have 

been identified [59]. The authors suggested pyruvate and acetyl-CoA as ligands for the 

riboswitch, as they are educt and product of the enzymatic reaction catalyzed by the 

pyruvate dehydrogenase enzyme complex. They suggested cyclic AMP as ligand which 

is usually a signal response to altering carbon levels in the cell. cAMP has been observed 

to increase transcription of aceE gene. But the authors argue as well, that the motif should 

control a wider diversity of genes and should be more widespread over different phyla. 

Due to secondary structure prediction no ligands were tested for aceE RNA motif. A 

protein pulldown experiment was not performed. As Potts et al. (2017) predicted in their 

publication that aceE RNA from E. coli is bound by CsrA protein, it was decided to test 

if aceE RNA from Pseudomonas putida is bound by this protein [32]. 

In SPR experiments, it was observed that during increasing concentrations of CsrA 

protein signals were increasing, but this was also observed for malic enzyme B which 

was tested in the same assay. When normalized to the molecular weight, relative response 

of binding levels were about 5-fold higher for CsrA than for malic enzyme B which means 

that CsrA protein from E. coli is bound more specifically than malic enzyme B. In this 

assay sucC RNA was used as a control and it was observed that both proteins bind as well 

to sucC RNA. Due to the immobilization strategy all RNAs do contain a GGA 

recognitions site for CsrA in the sequence which builds the hybrid with the bound DNA 

on the chip, so some binding of CsrA to sucC is not surprising. In this experiment a 
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competitor concentration of 125 µg/mL tRNA was used so that unspecific binding should 

be reduced. Nevertheless, for aceE RNA Rmax reached Rcalc, so that this interaction is true. 

For sucC RNA the Rcalc was not reached and this interaction cannot be considered neither 

as true nor as false, as it cannot be fully characterized by the Biacore instrument. As KD 

3.07 μM was calculated which is not that affine, but results of the Biacore experiments 

showed that CsrA is bound in a 2:1 stoichiometry which is true as aceE RNA sequence 

is containing two GGA recognition sites. For sucC a KD of 26 μM was determined which 

shows that the protein is not binding that specifically to the linker sequence on the Biacore 

chip. The experiment was re-evaluated with Biacore evaluation software and rate 

constants for the first and second interaction were determined. 

In the second Biacore experiment, aceE RNA motif and a mutated variant were used in 

which the recognition site in the SD sequence was changed. It was shown that the single 

mutation is not enough to disrupt binding abilities of the RNA sequence. Furthermore, 

CsrA homologue, a variant of CsrA homologue which is only N-terminal histidine-tagged 

and the CsrA protein from E. coli are bound by aceE RNA and its mutant. In the QC plot 

it was detected that CsrA homologue is giving higher response as the N-terminal variant, 

this was as well detected for the binding levels. The CsrA homologue is of 10.3 kDa size, 

one reason why the protein with a C- and N-terminal histidine-tag is bound better might 

be that due to bigger size histidine-tags are preventing by structural hindrance that one of 

the tags is folding into the binding site. It was observed that CsrA from E. coli is binding 

more specific to aceE RNA than CsrA homologue. This is observed from binding levels 

normalized to molecular weight. In that case, a significant difference in discrimination 

between the aceE RNA motif and the mutated sequence is observed, as the binding 

interaction of aceE RNA sequence and CsrA protein is showing higher relative responses 

as for the mutated variant. 

In EMSA experiments a shift upon increasing protein concentration was not detected. 

Binding reaction was adjusted several times. In the second assay, smearing of bands was 

detected for N-terminal histidine-tagged CsrA homologue in the concentration of 26.7 

μM and for CsrA protein from E. coli in the concentration of 8 μM. Considering the 

results from the SPR experiments, the RNA should already be shifted at lower 

concentrations as a KD of about 3 μM was determined. A two-step shift should have been 

observed. Results for the N-terminal CsrA homologue protein could not be reproduced. 

For E. coli CsrA protein upshifted labeled RNA was observed from 0.05 μM protein 
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concentration in the two highest concentrations, lower levels of free RNA have been 

observed. This interaction and system may be worth to be optimized in further 

experiments, to determine KD which might be possible when resolution of the 

radioactively labeled band is better. 

In filter binding assay it was tried to determine KD for aceE-CsrA interactions. In the 

beginning RNA levels were really low, but determination of a KD of 301 nM for CsrA 

homologue and aceE RNA motif interaction was possible as saturation in high protein 

concentrations was reached. Upon addition of 2 mM MgCl2 levels of bound RNA on 

nitrocellulose membrane were increased but did still not reach 100%. In this assay a KD 

of 283 nM for the E. coli protein was determined, for CsrA homologue a KD of 2 M and 

for the N-terminal his-tagged version of 4.8 mM were calculated. As saturation of labeled 

RNA on the nitrocellulose is not reached in high protein concentrations, the fitting of the 

curves does suppose that Vmax is 1, even if this might not be the case, as it was observed 

that retained RNA levels do not reach 100%. For E. coli for example Vmax is about 0.1 

which makes fitting of this curve and the resulting KD much more accurate than the results 

for CsrA homologue and the N-terminal histidine-tagged version. To test the affinity of 

the single recognition sites different constructs of aceE RNA motif were tested. First of 

all, it was observed that filter binding assay is not very stable and reproducible. In the 

previous assay, retained RNA levels were increased whereas performing the assay in the 

same conditions with different RNAs once again showed very low levels of retained 

RNA. But from these results, it can be considered that mutating both recognition sites 

GGA of CsrA to CCA is appropriate to prevent binding of the protein to the RNA. 

Switching the buffer to 10 mM Tris (pH 7.5), 50 mM KCl, 1 mM DTT and 1.5 mM MgCl2 

resulted in increased levels of retained RNA which shows that magnesium concentration 

is not crucial for higher levels of bound RNA. Furthermore, it shows that reaction/binding 

buffer needs to be optimized for each protein in a single step which means that filter 

binding assay is not a good method to screen a high number of proteins against an RNA 

motif. In this buffer retained levels of RNA to 50-60% were observed which is a high 

increase compared to the previous experiments, but saturation is not reached even at very 

high protein concentrations. This could be due to allow binding affinity of the RNA-

protein interaction or unspecific aggregation of protein to RNA or protein to protein and 

therefore not covering all binding sites tightly. In this assay fitting of the curves might be 

a problem, as 100% of bound RNA might not be reached and therefore calculated KD are 

higher than they actually are. However, conditions of binding reactions are still not 
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optimal, so that this assay needs to be further optimized. In this assay a KD of 87 μM was 

calculated for aceE RNA motif which is quite high. As competitor is used in the Tris 

buffer, it could be worth to include chemical detergents as for example Tween 20 or 

surfactant P20 to avoid further aggregation of protein to the RNA-protein complexes. 

Aggregation to the complexes would as well explain why an equilibrium is not reached 

even in high protein concentrations. With single mutation variants a KD for the 

recognition site in the SD sequence of 75 μM and a KD of 112 μM for the recognition site 

in the 5’ of the sequence was detected. KD for aceE sequence is an overall KD for the 

sequence as in filter binding it is not differentiated between the accumulative binding to 

a first and the second binding site in the RNA. But results of single mutated variants show 

that CsrA homologue is binding with higher affinity to SD sequence than to the 

recognition site in the 5’ of aceE RNA motif. 

Summed up, in vitro CsrA homologue, its N-terminal variant and CsrA from E. coli bind 

aceE RNA. In Biacore experiment a KD of 3.07 μM was determined for aceE and CsrA 

from E. coli and this interaction can be considered as true. For sucC RNA the KD was 

calculated to 26 μM and the interaction can be considered not to be true, as Rcalc is not 

reached. In the SPR it was detected that CsrA from E. coli binds with higher affinity to 

aceE RNA than CsrA homologue than the N-terminal variant. It was observed that the 

single mutant still binds the proteins, but for CsrA from E. coli signal for relative response 

of binding level is significantly decreased. CsrA homologue shows as well reduced 

response when binding of the mutated sequence, for the N-terminal variant no difference 

is observed. In first filter binding assay bound RNA levels were very low, but saturation 

was reached. KD for CsrA homologue was determined to 301 nM. When increasing 

retained levels of RNA saturation was not reached anymore, so that a KD of 87 μM or 2 

M was determined. For the protein from E. coli a KD of 283 nM and the N-terminal variant 

of 4.8 mM were determined. It was shown that the recognition site binds CsrA homologue 

with higher affinity than the recognition site in the 5’, which means that a SD masking 

mechanism is favored as post-transcriptional regulation mechanism. Even if EMSA 

experiments did not perform well, the experiment hint towards the fact that KD will range 

in lower μM concentrations which means that the filter binding assay is not performing 

well (binding, stability and reproducibility). 

In vivo it was observed that aceE sequence is post-transcriptionally regulated by CsrA 

homologue. First of all, expression of CsrA homologue is not influencing transcription of 
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the pBad-lacZ plasmid. Selective mutation of recognition sites GGA to CCA was 

performed and it was shown that only in the case that both recognition sites are mutated, 

expression of β-galactosidase activity is not influenced anymore. For aceE sequence and 

the 5’ mutated sequence high basal gene expression was observed when the protein was 

not expressed. For the sequence in which the recognition site in the SD sequence was 

mutated basal gene expression drops because recruitment of the ribosome is worsened by 

the mutations. Intriguingly, when both recognition sites are mutated, basal β-

galactosidase expression drops once again which cannot be explained so far. It would 

have been expected that this sequence is showing the same performance as the sequence 

in which the SD sequence is mutated. It is difficult to say whether β-galactosidase 

expression is bad because of low transcript levels or bad translation efficiency. Still, the 

results of this sequence need to be handled with care as the β-galactosidase activity is 

lower than the background expression in the other sequences. It is questionable if 

significant activity may be detected at these levels. So far, gene expression is reduced for 

aceE sequence about 2.5-fold, for the single mutants about 2-fold which means that post-

transcriptional regulation is most effective when both recognition sites are present. But 

still a single recognition site is effective enough to regulate the downstream gene in a 

significant range whereas when both sites are mutated no significant changes are observed 

as CsrA homologue cannot post-transcriptionally regulate the sequence anymore. 

When the 6 nt from restriction enzyme cloning were removed so that the end of aceE 

sequence was directly fused to the lacZ gene, higher basal gene expression for the aceE 

sequence and the sequence in which the recognition site in the 5’ is observed compared 

to the sequences from restriction enzyme cloning. An explanation for these results is that 

the SD of the sequence is located in closer proximity to the lacZ gene and therefore 

translation efficiency is increased. Unfortunately, this positive effect is not observed for 

the sequence in which the recognition site in the SD sequence was mutated. The 

expression levels of this sequence are similar as in the correspondent plasmid containing 

the 6 supplementary nucleotides. In this case, ribosome recruitment and resulting 

translation efficiency is worsened by the mutation. For these sequences, transcription is 

not influenced by expression of CsrA homologue. For aceE sequence no significant 

change was observed. Results of basal β-galactosidase activity show high values for 

standard deviation, indicating that the basal gene expression is similar to the one in which 

both plasmids are induced. This result is a hint that in that condition the plasmid 

containing the protein of interest was not properly induced with IPTG. Repetition of the 
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experiment for this plasmid should lead to a final picture. The other sequences showed a 

reduction of gene expression between 1.7- and 1.9-fold. But as well for the sequence in 

which both recognition sites are mutated very low β-galactosidase activity was observed 

why results of this sequence need to be handled with care. As this sequence shows a 

significant change in gene expression whereas the sequence from the plasmid containing 

the six supplementary nucleotides from restriction enzyme cloning does not, it is worth 

to design alternative mutations which do not bind the protein of interest but do increase 

translation efficiency and to check again whether this negative control is working 

properly or not. 

Summed up, aceE RNA is bound in vitro by CsrA homologue protein and CsrA protein 

from E. coli. In vitro assays need to be further optimized to verify binding a resulting KD. 

In vivo it was shown that expression of the protein has a significant impact on reporter 

gene expression by post-transcriptional regulation. CsrA homologue is therefore a 

regulator which downregulates aceE gene to favor glycolysis/gluconeogenesis over TCA 

cycle. 
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4. Discussion and outlook 

For sucAII, sucC and gabT RNA motifs, ligands were tested for riboswitch identification 

in a rational approach. Greenlee et al. (2018) suggested some molecules to test in the in-

line probing assay, mostly related directly to enzymatic reactions or molecules related to 

TCA cycle or GABA shunt [59]. So far, the conclusion can be drawn that all of the RNA 

motifs are not regulated by these small molecules in a direct feedback regulation 

mechanism. As sucA and sucAII RNA motif are distributed over different phyla and it is 

obvious that both motifs are regulated for the same purpose. It is not very likely that 

special food sources are bound by the motif. Several hypothetical metabolites related to 

changing environmental conditions, such as regulation due to oxidative stress, 

anaerobiosis, amino acid synthesis and acetate switch, were tested. 

Screening for riboswitch activity in bacterial extracts is a promising idea, as genes of the 

RNA motifs of interest are well annotated and the enzymatic function is known. It is very 

likely that the RNA of interest does not bind extracellular molecules. Therefore, 

regulation should appear on an intrinsic signal which is produced or sensed upon 

changing of intracellular concentrations of the ligand of interest. In this study, cell extracts 

of Comamonas testosteroni KF-1 and Pseudomonas putida KT2440 were grown on 

different carbon sources to test whether TCA cycle is branched or molecules like 

glutamate were used to excrete alternative functions. From OASIS cartridges pre-

purification it was observed that those cartridges are not suitable to detect active fractions 

in pre-fractions as pH conditions in the wash and elutions steps are too harsh which leads 

to many false positive results in in-line probing assays. Therefore, it is absolutely 

necessary to neutralize the pH of the pre-purified fractions. As well, stability of in-line 

probing assay with this extracts and fractions is an issue. Also, it should be considered to 

perform a proteinase K digestion with all samples, as in some samples the activity was 

detected before but not after digestion. Extracts were purified in a 3 kDa filter which 

means that the observed activity might be the result of small peptides in the extracts which 

cannot be eliminated. As activity was lost upon further fractionation, it needs to be 

explored if higher amounts of samples need to be fractionated or if other highly affine 

assays are suitable to detect structural changes upon ligand binding affinity. Another 

option would be to increase the separation force already in the first fractionation so that 

the number of molecules per fraction is drastically decreasing. A high performance 
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downstream analytical analysis would be helpful to identify a molecule from such a 

fraction. 

During in vivo screenings it was observed that neither the pQE-luxAB nor the pQE-eGFP 

are good reporter systems for screening activities. Both plasmids are constitutively and 

highly expressed so that only tight regulation can be observed. For both plasmids it was 

found that the empty plasmid is not a suitable control. For further use in riboswitch 

discovery, negative controls for each motif need to be developed which are expressed at 

the same basal level, so that significant differences between the RNA motif of interest 

and a mutated sequence can be detected. It needs to be figured out if random sequence or 

mutation of the conserved nucleotides in the motifs of interest are suitable for this 

purpose. One major issue of the pQE-luxAB reporter system is also that the enzymatic 

reaction is dependent on ATP and FMNH2 which is problematic when pathways which 

are related to energetic balance are explored, so that rather energetic imbalance of this 

system is sensed than changing of gene expression pattern due to a ligand in the cell. 

Screening for riboswitch activity in Keio knockout cells is a very interesting tool. At least 

for reactions which cannot be mimicked by other enzymes, this would be promising, as 

intermediates which are not commercially available and therefore cannot be tested in a 

rational approach, may be accumulated in cells and result in different gene expression 

patterns. A major issue of this assay was viability of most knockouts but designing an 

appropriate medium or vitamin/ cofactor mix could help to overcome this problem. It was 

observed that it is not enough to only supplement the media with correspondent amino 

acids. In these assays it was figured out that pBAD-lacZ is more suitable to screen for 

changing reporter gene expression than pQE-luxAB and pQE-eGFP, but still an 

appropriate negative control needs to be designed and explored to detect significant 

changes. Even though working with pBAD-lacZ is more time consuming than a simple 

luminescence or fluorescence read out, the system is more stable. Molecules which were 

results of the in vivo screening were tested in a rational approach and did not show activity 

in in-line probing assay. Probably, such false positive results from in vivo screening could 

have been avoided as the right negative control plasmid seems to be crucial. 

A protein pulldown experiment was performed for sucAII, sucC, gabT and icd RNA 

motif. In a first assay, it was tried to establish a control for the experiments. The rpsL 

mRNA was used to fish its correspondent ribosomal subunit as a positive control. In 

general, ribosomal subunits seem to be a good control, as they show viability of the cells. 
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It reveals that binding reaction is performed in appropriate conditions. It was observed 

that the interaction is not so affine why it was difficult to harshen the washing steps to 

remove unspecific interactions. This can be interpreted either positive as it was not known 

if and in which affinity range proteins will bind to the RNA motifs of interest or negative 

as many unspecific protein interactions are as well detected. If the aim is to find an 

interaction in a specific affinity range, it would be worthy to establish appropriate 

washing steps with an already characterized high affinity RNA-protein interaction. One 

problem of applying this system as a positive control is that the protein of this interaction 

might be only expressed under special conditions and not in the conditions in which the 

pulldown was performed. This is the major advantage of using a ribosomal protein as 

positive control. Unspecific interactions were excluded by pull down the reverse 

complementary RNA of the motif of interest. It would be interesting to see whether more 

proteins can be excluded as unspecific binders of the RNA of interest when only 

conserved nucleotides of the sequences are randomized or mutated. However, it was 

optimized in the optimizing step of the washing conditions that increasing the competitor 

concentration led to the loss of the rpsL RNA-protein interaction. The remaining question 

is if increasing the competitor concentration is leading to a decreased unspecific binding 

but at the same time rpsL RNA-protein interaction is maintained. 

In RNA-protein pulldown experiment, proteins from various functional classes were 

detected. For some of the RNA motifs of interest subunits of the enzymatic complexes 

were detected which was a first sign of feedback regulation. Subunits from the 

correspondent operon were detected which might hint at an internal regulation on the 

operon level. Many metabolic enzymes were detected in this assay, as well as DNA 

binding proteins and ribosome associated factors. Interestingly, a relative high number of 

uncharacterized or hypothetical proteins was detected for icd RNA motif compared to the 

other motifs. The detected proteins in sucC RNA pulldown suggest that sucC is regulated 

to avoid oxidative equivalents or to favor Emden-Meyerhof-Parnas (EMP pathway) or 

Entner-Doudoroff pathway. For gabT RNA motif it is still not very clear in which 

conditions post-transcriptional regulation is occurring, so only a small number of proteins 

was selected for further tests. Proteome data of various conditions would be helpful to set 

positive and negative conditions to observe an expression pattern for gabT gene. For icd 

RNA the downstream gene was detected in MS-analysis too. 



180 

 

When comparing all candidates pulled down with their correspondent RNA motif, it was 

observed that some of the proteins which were detected and considered as candidates 

overlapped with other RNA motifs, see Figure 86. 

 

Figure 86. Venn diagram showing the number of proteins shared by different RNA motifs. Venn diagram of 

selected protein candidates detected with sucAII RNA motif (orange), sucC RNA motif (blue), gabT RNA motif (green) 

and icd RNA motif (purple). 

For sucAII RNA, 31 proteins were pulled down uniquely, for sucC it was eleven proteins, 

for gabT RNA motif 68 and for icd RNA 51 proteins were uniquely found. Interestingly, 

a vast majority of these proteins has an enzymatic function in metabolic pathways such 

as ATP synthase subunits, glutaminase-asparaginase (EC 3.5.1.38), aminotransferases, 

phosphoglucosamine mutase (EC 5.4.2.10), pyrimidine/purine nucleoside phosphorylase 

(EC 2.4.2.2), methylcrotonyl-CoA carboxylase biotin-containing subunit beta (EC 

6.4.1.4) (PP_4065), UTP--glucose-1-phosphate uridylyltransferase (EC 2.7.7.9), 

isocitrate dehydrogenase [NADP] (EC 1.1.1.42), acetyl-coenzyme A carboxylase 

carboxyl transferase subunit beta (EC 6.4.1.2), succinate-CoA ligase [ADP-forming] 

subunit alpha (EC 6.2.1.5), phosphoribosylaminoimidazole-succinocarboxamide 

synthase (EC 6.3.2.6), fructose-bisphosphate aldolase (EC 4.1.2.13), glyceraldehyde-3-

phosphate dehydrogenase (EC 1.2.1.-), ornithine carbamoyltransferase, catabolic 

(OTCase) (EC 2.1.3.3), glutarate-semialdehyde dehydrogenase DavD (EC 1.2.1.20), 

inosine-5'-monophosphate dehydrogenase (IMP dehydrogenase) (IMPD) (IMPDH) (EC 

1.1.1.205) and nucleoside diphosphate kinase (NDK) (NDP kinase) (EC 2.7.4.6). Other 

proteins are related to translation or red-ox balance. Also, DNA binding proteins and 

lipoproteins are found in common for some RNA of interest. Some uncharacterized 

proteins are found for multiple RNA motifs. It should be considered that in bacterial cells 

RNA-enzyme-metabolite networks (REM)nplay an important role which is not 
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discovered yet. It may be possible that all metabolic enzymes found in the protein 

pulldown experiment will have an influence on post-transcriptional gene regulation in the 

conditions in which they were detected. Vice versa data from a total RNA pulldown of 

the cell and RNA-seq data would be interesting to figure out if the enzymes do only bind 

the RNA motifs of interest or if the enzymes do in general bind RNA. CLIP-seq data 

would be for example helpful to explore whether the metabolic enzymes do only target 

specific nucleotide sequences in RNAs. 

In SPR experiments, it was observed that protein binding to the reference cell can be 

diminished by addition of a competitor in the running buffer. This step was helpful to 

exclude proteins from candidates which unspecifically bind to negatively charged 

residues by a screening approach. As well increasing competitor concentrations were 

observed to hinder aggregation of the protein to already built complexes. In principle a 

high number of proteins can be screened against an RNA of interest and controls. Such a 

screening requires a stable hybridization of the RNA to the immobilized DNA on the 

chip. Unfortunately, a high amount of RNA needs to be immobilized to measure 

interactions in such runs which were 16 hours long, but an advantage of the SPR 

experiment is that it is time saving to run experiments overnight and that it is a cost saving 

method. Another advantage is that the Biacore instrument has a very high sensitivity and 

low protein concentrations can be tested in such assays. However, for higher quality data 

it would be better to measure only a couple of proteins against an RNA of interest. 

Therefore, only immobilization of a small amount of RNA would be necessary and 

interactions are not hindered. As overloading of the chip was observed, Rmax of the analyte 

was in most cases not corresponding to the calculated RU of this interaction. At this point 

it is not clear if this was the case as proteins do not specifically bind to the RNAs or if 

interaction was not possible as overloading the chip with RNA is hindering the 

interactions. Highly interesting data is observed when proteins of the screening are 

normalized to their molecular weight. The results of these graphs can be used to easily 

select candidates for further tests, as affine interactions show higher relative response in 

binding levels. Together with the result of QC plot a second selection step may be 

introduced to sort interactions in higher and less affine categories. It was observed that 

all protein RNA interactions are forming very stable complexes. Increasing the flow rate 

did not help to accelerate dissociation. It may be worth to test whether addition of BSA 

protein to the samples is decreasing stability upon binding of sticky and denatured 

proteins so that only the active fraction of proteins can bind to the RNA of interest. Rate 
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constants of the reaction can be determined but for determination of KD at least three to 

five concentrations should be measured as association is dependent on the concentration 

of the sample and measurement of a single concentrations is error-proned. It would be 

ideal to use an RNA of the same size as control. It was also observed that the RNA motifs 

of interest are binding preferably subunits of the enzymatic complexes and not the 

complex itself. It was also shown that some subunits are bound in a highly affine manner 

whereas others are not bound at all. 

In filter binding assay, low retained labeled RNA was a problem. Until now, levels could 

have been increased to 60% in Tris buffer and it was observed that magnesium 

concentrations are not relevant for increasing levels of bound fraction of RNA on the 

nitrocellulose membrane. Another problem is the reproducibility of the assay. Even if 

experiments are performed in the same conditions, they show different results regarding 

the level of bound RNA and KD. Therefore, screening a higher number of proteins against 

one RNA is not useful as for each protein the composition of the buffer for the binding 

reaction needs to be optimized in a single step and a suitable negative control RNA is 

necessary. It is essential to reach an equilibrium to correctly determine the KD. 

Determination of the active fraction of the protein samples could be helpful and an 

explanation why equilibria are not reached. 

EMSA shift experiments were not successful. Even with described conditions and buffers 

for aceE-CsrA interaction it was hardly possible to detect significant shifts in PAGE. 

Separation on the gel seems not to be a problem, even if the composition of the gel could 

be optimized with regard to the resolution of the bands of labeled RNA. In this assay, 

buffers for binding reaction need to be further optimized, as low or no binding was 

observed. As in filter binding assays only an overall KD for the whole sequence is 

determined, in EMSA multiple binding sites would be detected which is advantageous. A 

disadvantage of EMSA and filter binding assay is that determination of the interaction is 

quite laborious as a concentration row needs to be titrated and the experiment needs to be 

performed in biological replicates to judge on the reproducibility of the interaction. 

Therefore, both experiments are not very suitable to screen a higher number of proteins 

against one RNA of interest. 

RNase footprinting is working well, when the amount of RNase is determined for each 

RNA. Screening of a higher number of proteins is in principle possible in this assay. The 

crucial point is to know the KD of the protein RNA interaction. When the RNA of interest 
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is incubated with a higher concentration of the protein than the KD, structural 

rearrangements can be observed. If in screening no structural rearrangement is observed, 

it can mean that either protein concentration was too low to induce structural refolding of 

the RNA of interest or that the protein is not bound by the RNA. RNA footprinting is 

indicating whether post-transcriptional gene regulation is rather regulated by a SD 

mechanism or if mRNA stability is influenced which are useful hints towards a directly 

executed control of the gene expression or a larger global regulation as observed in REM 

networks. 

The β-galactosidase assay showed that it is possible to detect RNA-protein interactions 

in vivo. In general, a low repression or induction of gene expression is always observed 

when the protein of interest is induced in cells. So far, the scrambled sequence as a control 

has worked well for experiments with gabT RNA motif, but in the case of icd sequence 

it was observed that the scrambled sequence is not a suitable control, as expression of β-

galactosidase was very low compared to the sequence and significant changes were 

difficult to observe. When higher expressed, changes for scrambled sequences and 

therefore global binding of RNA and resulting changes in gene expression pattern can be 

observed. When binding sites are already determined from RNase footprinting, these can 

be easily mutated in plasmids. Without this information it is difficult to say whether for 

example mutation of conserved nucleotides in the sequences are the targets of the binding 

and mutation of these is leading to a suitable control. As well screening of a higher 

number of proteins against an RNA motif is possible for selection of candidates for further 

characterization with a following step of verification of the in vivo interaction with an 

unrelated sequence. In case of reduction and induction of gene expression upon protein 

expression it was difficult to decide which changes are relevant. In synthetic biology a 

switching behavior in the case of riboswitches is required in a 2-fold change. It needs to 

be questioned if this is also required for the RNA motifs of interest. The TCA cycle is 

never shut down completely in cells as it is part of a global network of pathways. Fine 

tuning of these metabolic pathways consists in a simultaneous downregulation of TCA 

and upregulation of the desired pathway so that it might be possible that drastic changes 

of gene expression are not needed.  
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5. Summary 

The sucA RNA motif is predicted to be an orphan riboswitch. In this study, ligands related 

to the TCA cycle, glyoxylate shunt, acetate switch, osmotic stress, amino acid 

biosynthesis and degradation, environmental pollution and oxidative stress were tested. 

However, Greenlee et al. (2018) suggested that the ligand might be a special food source 

or a general metabolite [59]. In this study, special food sources were not tested, but it is 

possible to disprove the hypothesis of a general metabolite being the correspondent ligand 

for sucA riboswitch, as binding was not observed in the rational approach. In a second 

approach, bacteria were grown in different conditions, in which post-transcriptional 

regulation of sucA is likely to occur. These cell extracts were pre-purified over cartridges 

or fractionated via HPLC. In in-line probing experiments, it was observed that 

purification by cartridges influences the stability of the in-line probing assay as pH 

conditions are too harsh. Active fractions were detected, but activity was lost upon further 

purification steps. Identification of a ligand from MS was not possible. Screening for 

changes in reporter gene expression in E. coli Keio knockout cells showed that inducible 

reporter systems are more suitable for this purpose than overexpression systems. Several 

changes in reporter gene expression compared to wild-type and the control were detected. 

Accumulated metabolites due to the enzymatic knockout were also tested in vitro in an 

in-line probing experiment, but it was not possible to identify a ligand binding specifically 

to sucA RNA motif. In summary, sucA RNA has not been validated as a riboswitch so far 

which suggests two possible scenarios either the ligand binding to the motif is a 

specialized molecule or sucA gene is regulated by some other post-transcriptional 

mechanism. 

The sucAII RNA motif is predicted to serve the same function as sucA RNA motif. For 

this RNA motif, less ligands were tested than for sucA RNA motif, but if it is considered 

that the hypothesis of Greenlee et al. (2018) is correct, it can be considered that the ligands 

tested with sucA RNA motif do not bind as well to sucAII RNA motif [59]. Screening in 

fractions of bacterial extracts and testing metabolites of an in vivo screening approach did 

not result in ligand identification. Summed up, the hypothesis that sucAII RNA is a 

riboswitch has not been validated so far. In a protein pulldown experiment, many proteins 

from different classes were identified. Interestingly, several metabolic enzymes were 

found binding to this mRNA. In SPR, it was observed that unspecific binders could be 

easily excluded by this experiment. High stability and high binding levels were detected 
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for some of the proteins, indicating for affine RNA-protein interactions. Kinetic real time 

profiles showed that sucAII RNA builds stable complexes with most of the selected 

candidates. Moreover, it was shown that sucAII RNA binds preferably single subunits of 

α-KGDH and SCS complex and not the complex itself. In filter binding assays, it was 

difficult to observe RNA-protein interactions. The interactions for malic enzyme B, 

succinyl-CoA synthetase subunit beta and methylcrotonyl-CoA carboxylase biotin-

containing subunit beta were successfully confirmed, resulting in affine KD. Interaction 

of sucAII RNA and fructose-bisphosphate aldolase (PP_4960) and methyl-crotonyl-CoA 

carboxylase biotin-containing subunit beta were shown resulting in a destabilized mRNA. 

Summed up, these results indicate that sucAII RNA plays a role in a major RNA-enzyme-

metabolite network and is post-transcriptionally regulated when metabolite 

concentrations and enzymatic functions change in cells. 

The sucC RNA motif was an ambiguous candidate for a riboswitch. Several ligands were 

tested as educated guesses in a rational approach. Fractionated bacterial extracts were 

screened for activity. Some active fractions were observed, but due to analytical issues 

these fractions were not further analyzed. Until now, the sucC RNA motif has not been 

validated as a riboswitch. Greenlee et al. (2018) suggested that due to the primary 

sequence and secondary structure of sucC RNA motif it is likely that the RNA contains 

protein binding sites [59]. In the protein pulldown experiment, many candidates were 

identified. For sucC RNA motif, it was observed that metabolic enzymes bind to this 

mRNA. Interestingly, SucC protein was pulled down which was a first hint for a feedback 

regulation on the post-transcriptional level. All enzymes detected from the pulldown 

experiments indicate that sucC gene is regulated to increase NADP+/NADPH 

concentrations or regulated if Emden-Meyerhof-Parnas or Entner-Doudoroff pathway run 

in the cell. In the SPR experiment it was possible to narrow this protein pool to interesting 

candidates and to detect further affine interactions. However, it was shown – as for sucAII 

RNA – that sucC RNA preferentially interacts with single subunits of α-KGDH complex 

and SCS complex and not the whole complexes. Intriguingly responses of sucC RNA-

protein interactions were much lower than for sucAII or icd RNA. In filter binding assay, 

only interaction of sucC RNA and Methylcrotonyl-CoA carboxylase biotin-containing 

subunit beta was validated. Both filter binding assay and SPR experiment, show low 

interaction of the RNA motif with proteins which indicates that regulation by a protein is 

not as probable as for the other motifs. Primary sequence and secondary structure of sucC 

RNA motif could also be interpreted in the way that sucC might be regulated by an sRNA 
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which would mean that a possible chaperone of this ncRNA was identified during protein 

pulldown assay. 

For gabT RNA motif, ligands were tested in a rational approach. It was shown that neither 

the products nor the educts of γ-aminobutyrate aminotransferase bind to this RNA. As the 

gabT gene was renamed into davT gene which codes for 5-aminovalerate 

aminotransferase, it might be worth to test its substrates and products in an in-line probing 

assay. Up to now, gabT RNA motif has not been validated as a riboswitch. In the protein 

pulldown experiments, various classes of proteins have been identified. Conditions in 

which gabT gene is regulated in Pseudomonas putida KT2440 are not unambiguously 

described. It seems that the conditions described in E. coli for initiation of GABA shunt 

do not fit for P. putida for which a broader physiological role is proposed. In the SPR 

experiments, it was shown that several proteins bind to this RNA. L-piperidine-6-

carboxylate dehydrogenase and ketol-acid reductoisomerase (NADP+) was observed to 

bind best to gabT RNA motif, but upon increasing competitor concentration this 

interaction was lost. Binding of this protein to gabT RNA was not observed in EMSA and 

filter binding assay, as well as in RNase footprinting. In in vivo experiments, it was 

observed that L-piperidine-6-carboxylate dehydrogenase is also able to bind a random 

RNA sequence and influence the expression of β-galactosidase. Therefore, L-piperidine-

6-carboxylate dehydrogenase is not a specific regulator for gabT gene. But a new moon 

lightening protein L-piperidine-6-carboxylate dehydrogenase was successfully 

discovered in bacteria, indicating that this protein and the gabT mRNA are members of 

an REM network. 

The icd RNA motif is described as an ambiguous riboswitch candidate. Its secondary 

structure is quite unusual for a riboswitch, why Greenlee et al. (2018) proposed that this 

RNA might be an RNA thermometer [59]. In this study, a protein pulldown experiment 

was performed and many proteins from different classes were identified. Interestingly, 

many hypothetical proteins were detected. NADP+-dependent isocitrate dehydrogenase 

was detected too, indicating for a feedback mechanism. In addition, other metabolic 

enzymes related to TCA cycle and EMP pathway or ED pathway were detected. In SPR 

experiments it was excluded that NADP+-dependent isocitrate dehydrogenase is the 

regulator of icd RNA motif as binding was not observed with sufficient affinity. Other 

metabolic enzymes showed highly affine interactions. Kinetic profiles revealed that icd 

RNA motif builds stable complexes with most of the proteins tested in SPR experiments. 
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For the α-KGDH complex and SCS complex and their subunits, the same tendencies were 

observed as described above. Methylcrotonyl-CoA carboxylase biotin-containing subunit 

beta (EC 6.4.1.4) (PP_4065) reached 92% of RUmax so that interaction can be considered 

to be true. In filter binding assay, it was possible to verify that icd RNA motif is a good 

target for an RNA-protein interaction. High affinity RNA-protein interactions were 

detected for ADP/ATP ratio sensor/translation inhibitor (PP_0674), methylcrotonyl-CoA 

carboxylase biotin-containing subunit beta, glyceraldehyde-3-phosphate dehydrogenase 

and hypothetical protein (PP_3904).  In an in vivo assay, it was shown that hypothetical 

protein (PP_2105) (1,8-fold), succinyl-CoA synthetase subunit alpha (sucD) (1,8-fold) 

and methylcrotonyl-CoA carboxylase biotin-containing subunit beta (PP_4065) (1,9-

fold) influence reporter gene expression. In all three cases repression of gene expression 

was observed. In summary, it was shown that icd RNA motif is a good target for RNA-

protein interaction and it needs to be further explored whether icd RNA is post-

transcriptionally regulated by a regulator. Our findings propose that icd RNA is also 

regulated in order to adjust an REM network. 

When the aceE RNA motif was identified in γ-Proteobacteria, most of the sequences were 

found in the genus of Pseudomonas. It was proposed to be an ambiguous riboswitch 

candidate. Still, conclusions from secondary structure predictions cannot be drawn. It was 

decided not to test this RNA motif with ligands for riboswitch identification. Further from 

a study performed in E. coli, it was recognized that aceE RNA motif from P. putida has 

two potentional recognition sequences for binding CsrA protein. It was possible to 

validate this hypothesis, even if binding of other proteins was observed to this RNA motif 

too. Interestingly, aceE RNA motif contains the consensus sequence found in Salmonella 

for CsrA binding at its ribosome binding site which further explains why CsrA from E. 

coli is bound with higher affinity than the CsrA homologue from P. putida. Even at high 

competitor concentrations this interaction was validated. In filter binding assays, binding 

of CsrA to aceE RNA was confirmed. In in vivo studies, it was shown that CsrA 

expression reduces the reporter gene expression post-transcriptionally. It was also shown 

that a single recognition site in the aceE RNA motif is capable to influence the gene 

expression in a relevant matter. It was observed that effects are more drastic when both 

recognitions sites are available in the sequence. Summed up, binding of CsrA homologue 

is a post-transcriptional gene regulation mechanism to favor glycolysis/gluconeogenesis 

over TCA cycle. 
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Furthermore, in this study it was shown that REM networks have an impact on bacterial 

gene expression. Some of the proteins detected from protein pulldown experiment were 

already found in eukaryotes to be moon lightening enzymes and therefore a member of 

REM networks. From studies in eukaryotes succinate-CoA ligase subunit alpha, fructose-

bisphosphate aldolase and glyceraldehyde-3-phosphate dehydrogenase are already 

known as RNA-binding enzymes [91, 98-100, 107, 109, 110]. The α-KGDH and SCS 

have been found to bind in eukaryotes to poly(A) sequences from an RNA interactome 

study [92]. In this study it was first shown, that interactions of succinate-CoA ligase 

subunit beta, succinate-CoA ligase subunit alpha, α-KGDH subunit E1 and α-KGDH 

subunit E2 are preferably bound by TCA mRNAs as single subunits and not as complexes. 

Some of the binding activity can be explained due to previous observations that enzymes 

which have nucleotides as substrates or cofactors bind RNA [107, 109]. Methylcrotonyl-

CoA carboxylase biotin-containing subunit beta, malic enzyme B, Gluconokinase and 

aspartate kinase are shown to be putative partners in bacterial REM networks which 

suggests that REM networks are so far an underestimated mechanism to regulate bacterial 

adaption to environmental changing conditions. 
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6. Zusammenfassung 

Das sucA RNA Motiv wurde als ein orphan Riboswitch vorhergesagt. In dieser Arbeit 

wurden Liganden, die mit dem TCA-Zyklus, Glyoxylat Shunt, Acetate Switch, 

osmotischem Stress, Aminosäure-Biosynthese und -Abbau, Umweltverschmutzung und 

oxidativem Stress in Zusammenhang stehen, getestet. Greenlee et al. (2018) mutmaßten, 

dass der Ligand eine spezielle Nahrungsquelle oder ein allgemeiner Metabolit sein könnte 

[54]. In dieser Arbeit wurden keine speziellen Nahrungsquellen getestet. Es ist aber 

möglich, die Hypothese zu widerlegen, dass ein allgemeiner Metabolit der entsprechende 

Ligand für sucA Riboswitch ist, da die Bindung in in-line probing Experimenten mit einer 

fundierten Vermutung nicht beobachtet wurde. In einem zweiten Ansatz wurden 

Bakterien unter verschiedenen Bedingungen kultiviert, in denen eine post-

transkriptionelle Regulierung von sucA wahrscheinlich ist. Diese Zellextrakte wurden 

über Kartuschen vorgereinigt oder mittels HPLC fraktioniert. In in-line probing 

Experimenten wurde beobachtet, dass die Reinigung mit Kartuschen die Stabilität des 

Assays beeinflusst, da die pH-Bedingungen zu harsch sind. Es wurden aktive Fraktionen 

gefunden, aber die Aktivität ging bei weiteren Reinigungsschritten verloren. Die 

Identifizierung eines Liganden per MS war nicht möglich. Das Screening auf 

Veränderungen in der Reportergenexpression in E. coli Keio Knockout-Zellen zeigte, 

dass induzierbare Reporter-Systeme für diesen Zweck besser geeignet sind als 

Überexpressionssysteme. Mehrere Veränderungen in der Reportergenexpression im 

Vergleich zum Wildtyp und der Kontrolle wurden nachgewiesen. Akkumulierte 

Metaboliten aufgrund des enzymatischen Knockouts wurden ebenfalls in vitro in einem 

in-line probing Experiment getestet. Es war jedoch nicht möglich, eine spezifische 

Bindung eines Liganden für das sucA RNA Motiv zu identifizieren. Zusammenfassend 

lässt sich sagen, dass das sucA RNA Motiv bisher nicht als Riboswitch validiert werden 

konnte, was auf zwei mögliche Szenarien hindeutet. Entweder ist die Bindung des 

Liganden an das Motiv ein spezielles Molekül oder das sucA Gen wird durch einen 

anderen post-transkriptionellen Mechanismus reguliert. 

Es wird vorhergesagt, dass das sucAII RNA Motiv die gleiche biologische Funktion wie 

das sucA RNA-Motiv erfüllt. Für dieses RNA Motiv wurden weniger Liganden getestet 

als für das sucA RNA Motiv. Jedoch unter der Annahme, dass die Hypothese von 

Greenlee et al. (2018) richtig ist, kann man davon ausgehen, dass die mit dem sucA RNA 

Motiv getesteten Liganden auch nicht an das sucAII RNA Motiv binden [54]. Das 
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Screening in Fraktionen von Bakterienextrakten und das Testen von Metaboliten eines in 

vivo-Screening-Ansatzes führte nicht zu einer Identifizierung von einem Liganden, der 

an das sucAII RNA Motiv bindet. Zusammenfassend lässt sich sagen, dass die Hypothese, 

dass sucAII RNA ein Riboswitch ist, bisher nicht validiert werden konnte. In einem 

Protein Pulldown-Experiment wurden viele Proteine aus verschiedenen Klassen 

identifiziert. Interessanterweise wurden mehrere metabolische Enzyme gefunden, die an 

diese mRNA binden. In dem SPR Experiment wurde beobachtet, dass unspezifische 

Binder leicht durch dieses Experiment ausgeschlossen werden können. Für einige der 

Proteine wurde eine hohe Stabilität und hohe Bindungslevel nachgewiesen, was auf affine 

RNA-Protein Interaktionen hindeutet. Kinetische Echtzeitprofile zeigten, dass sucAII 

RNA mit den meisten der ausgewählten Kandidaten stabile Komplexe bildet. Darüber 

hinaus wurde gezeigt, dass sucAII RNA vorzugsweise einzelne Untereinheiten des α-

KGDH- und SCS-Komplexes bindet und nicht den Komplex selbst. In weiteren filter 

binding Assays war es schwierig, RNA-Protein-Interaktionen zu beobachten. Die 

Interaktion für das Malic enzym B, die Succinyl-CoA-Synthetase Untereinheit beta und 

die Methylcrotonyl-CoA-Carboxylase Biotin enthaltende Untereinheit beta wurden 

erfolgreich bestätigt, was zu affinen KD führte. Bei Interaktion von sucAII RNA und 

Fructose-Bisphosphat-Aldolase (PP_4960) und Methylcrotonyl-CoA Carboxylase 

Biotin-haltiger Untereinheit beta wurde eine destabilisierten mRNA beobachtet. 

Zusammenfassend deuten diese Ergebnisse darauf hin, dass sucAII RNA eine Rolle in 

einem großen REM-Netzwerk spielt und post-transkriptionell reguliert wird, wenn sich 

Metabolitkonzentrationen und enzymatische Funktionen in Zellen ändern. 

Das sucC RNA-Motiv war ein mehrdeutiger Kandidat für einen Riboswitch. Mehrere 

Liganden wurden als fundierte Vermutungen in einem rationalen Ansatz getestet. Ebenso 

wurden fraktionierte Bakterienextrakte auf ihre Aktivität hin untersucht. Einige aktive 

Fraktionen wurden beobachtet, aber aufgrund analytischer Probleme wurden diese nicht 

weiter analysiert. Bisher wurde das sucC RNA Motiv noch nicht als Riboswitch validiert. 

Greenlee et al. (2018) schlugen vor, dass es aufgrund der primären Sequenz und 

Sekundärstruktur des sucC RNA Motivs wahrscheinlich ist, dass die RNA 

Proteinbindungsstellen enthält [54]. Im Protein Pulldown Experiment wurden viele 

Kandidaten identifiziert. Auch für das sucC RNA-Motiv wurde beobachtet, dass 

metabolische Enzyme an diese mRNA binden. Interessanterweise wurde das SucC 

Protein gefunden, was ein erster Hinweis auf eine Feedback Regulierung auf der post-

transkriptionellen Ebene war. Dieses Ergebnis konnte jedoch nicht in weiteren 
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Experimenten bestätigt werden. Alle Enzyme, die in den Pulldown Experimenten 

nachgewiesen wurden, deuten darauf hin, dass das sucC Gen reguliert wird, um die 

NADP+/NADPH-Konzentrationen zu erhöhen, oder wenn Emden-Meyerhof-Parnas oder 

Entner-Doudoroff Wege in der Zelle ablaufen. Im SPR Experiment war es möglich, 

diesen Pool auf interessante Kandidaten zu beschränken und weitere affine Interaktionen 

zu erkennen. Es wurde jedoch - wie bei sucAII-RNA - gezeigt, dass sucC RNA bevorzugt 

mit einzelnen Untereinheiten des α-KGDH-Komplexes und des SCS-Komplexes 

interagiert und nicht mit den Komplexen. Interessanterweise waren die Antworten auf 

sucC RNA-Protein Interaktionen viel geringer als bei sucAII oder icd RNA. In filter 

binding Assays wurde nur die Interaktion von sucC RNA und Methylcrotonyl-CoA 

Carboxylase Biotin-haltiger Untereinheit beta validiert. Sowohl der filter binding Assay 

als auch das SPR Experiment zeigen eine geringe Interaktion des RNA Motivs mit 

Proteinen, was darauf hindeutet, dass die Regulation durch ein Protein nicht so 

wahrscheinlich ist wie bei den anderen Motiven. Die primäre Sequenz und sekundäre 

Struktur des sucC RNA Motivs könnte auch so interpretiert werden, dass das sucC Gen 

durch eine sRNA reguliert werden könnte, was bedeuten würde, dass ein mögliches 

Chaperon dieser ncRNA während des Protein Pulldown Assays identifiziert wurde. 

Für das gabT RNA Motiv wurden Liganden in einem rationalen Ansatz getestet. Es wurde 

gezeigt, dass weder die Produkte noch die Edukte der γ-Aminobutyrate Aminotransferase 

an diese RNA binden. Da das gabT Gen in davT Gen umbenannt wurde, das für 5-

Aminovalerat Aminotransferase kodiert, könnte es sich lohnen, seine Substrate und 

Produkte in einem in-line probing Experiment zu testen. Bisher wurde das gabT RNA-

Motiv noch nicht als Riboswitch validiert. In den Protein Pulldown Experimenten wurden 

verschiedene Klassen von Proteinen identifiziert. Bedingungen, unter denen das gabT 

Gen in Pseudomonas putida KT2440 reguliert wird, sind nicht eindeutig beschrieben. Es 

scheint, dass die in E. coli beschriebenen Bedingungen für die Einleitung des GABA 

Shunts nicht für P. putida geeignet sind, für die eine breitere physiologische Rolle 

vorgeschlagen wird. In den SPR-Experimenten wurde gezeigt, dass mehrere Proteine an 

diese RNA binden. L-Piperidin-6-carboxylat-Dehydrogenase wurde beobachtet am 

besten an das gabT RNA Motiv zu binden, aber bei zunehmender Kompetitor 

Konzentration ging diese Interaktion verloren. Die Bindung dieses Proteins an gabT RNA 

wurde in einem EMSA und filter binding Assay sowie im RNase Footprinting Assay nicht 

beobachtet. In in vivo-Experimenten wurde beobachtet, dass L-Piperidin-6-carboxylat-

Dehydrogenase auch in der Lage ist, an eine willkürliche RNA Sequenz zu binden und 
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die Expression von β-Galaktosidase zu beeinflussen. Daher ist die L-Piperidin-6-

carboxylat-Dehydrogenase kein spezifischer Regulator für das gabT Gen. Ein neues 

moon lightening Protein L-Piperidin-6-carboxylat-Dehydrogenase wurde erfolgreich in 

Bakterien entdeckt, was ebenfalls darauf hindeutet, dass dieses Protein und gabT mRNA 

Mitglieder eines REM-Netzwerks sind. 

Das icd RNA-Motiv wird ebenso als uneindeutiger Riboswitch Kandidat beschrieben. 

Seine Sekundärstruktur ist für einen Riboswitch ungewöhnlich, weshalb Greenlee et al. 

(2018) vorgeschlagen haben, dass diese RNA ein RNA-Thermometer sein könnte [54]. 

In dieser Studie wurde ein Protein Pulldown Experiment durchgeführt und viele Proteine 

aus verschiedenen Klassen wurden identifiziert. Interessanterweise wurden viele 

hypothetische Proteine gefunden und auch die NADP+-abhängige Isocitrat 

dehydrogenase wurde nachgewiesen, was auf einen Feedback Mechanismus hinweist. 

Aber auch andere Stoffwechselenzyme, die mit dem TCA Zyklus und dem EMP Weg 

oder dem ED Weg zusammenhängen, wurden nachgewiesen. In SPR-Experimenten 

wurde ausgeschlossen, dass die NADP+-abhängige Isocitrat dehydrogenase der Regulator 

des icd RNA Motivs ist. Andere Stoffwechselenzyme zeigten hochaffine 

Wechselwirkungen. Kinetische Profile zeigten, dass das icd RNA Motiv stabile 

Komplexe mit den meisten der im SPR-Experiment getesteten Proteine bildet. Für den α-

KGDH-Komplex und den SCS-Komplex und ihre Untereinheiten wurden die gleichen 

Tendenzen beobachtet wie oben beschrieben. Die Methylcrotonyl-CoA-Carboxylase 

Biotin enthaltende Untereinheit beta (EC 6.4.1.4) (PP_4065) erreichte 92% des RUmax, 

so dass die Interaktion als wahr angesehen werden kann. Im filter binding Assay konnte 

nachgewiesen werden, dass das icd RNA Motiv ein gutes Ziel für eine RNA-Protein 

Interaktion ist. Hochaffine RNA-Protein Interaktionen wurden für ADP/ATP ratio 

sensor/translation inhibitor (PP_0674), Methylcrotonyl-CoA-Carboxylase Biotin-haltige 

Untereinheit beta, Glyceraldehyd-3-phosphat Dehydrogenase und hypothetisches Protein 

(PP_3904) identifiziert. In einem in vivo-Assay wurde gezeigt, dass hypothetisches 

Protein (PP_2105) (1,8-fach), Succinyl-CoA-Synthetase Untereinheit Alpha (sucD) (1,8-

fach) und Methylcrotonyl-CoA-Carboxylase Biotin enthaltende Untereinheit Beta 

(PP_4065) (1,9-fach) die Reportergenexpression beeinflussen. In allen drei Fällen wurde 

eine Unterdrückung der Genexpression beobachtet. Zusammenfassend lässt sich sagen, 

dass das icd RNA-Motiv ein gutes Ziel für die Interaktion zwischen RNA und Protein ist, 

und es muss weiter untersucht werden, ob die icd RNA post-transkriptionell durch einen 
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Regulator reguliert wird. Unsere Ergebnisse deuten darauf hin, dass icd RNA ebenfalls 

reguliert ist, um ein REM Netzwerk anzupassen. 

Als das aceE RNA-Motiv in γ-Proteobakterien identifiziert wurde, wurden die meisten 

Sequenzen in der Gattung Pseudomonas gefunden. Es wurde daraufhin als ein 

uneindeutiger Riboswitch Kandidat eingeordnet, da keine Rückschlüsse aus den 

Vorhersagen für die Sekundärstruktur gezogen werden können. Dieses RNA Motiv 

wurde nicht mit Liganden für eine Riboswitch Identifikation getestet. Ausgehend von 

einer Studie, die in E. coli durchgeführt wurde, wurde erkannt, dass das aceE RNA-Motiv 

von P. putida eine potentielle Sequenz für CsrA Proteinbindung besitzt. Diese Hypothese 

konnte bestätigt werden, auch wenn Bindungen anderer Proteine an dieses RNA Motiv 

beobachtet wurden. Interessanterweise enthält das aceE RNA Motiv die 

Konsensussequenz von Salmonella für die CsrA Bindung in seiner 

Ribosomenbindungsstelle, was weiter erklärt, warum CsrA von E. coli mit höherer 

Affinität gebunden wird als das CsrA Homolog aus P. putida. Auch bei hohen Kompetitor 

Konzentrationen wurde diese Wechselwirkung validiert. In filter binding Assays wurde 

die Bindung von CsrA an aceE RNA bestätigt. In in vivo-Experimenten konnte gezeigt 

werden, dass die Reportergenexpression post-transkriptionell durch CsrA Bindung 

reduziert wird. Es wurde auch gezeigt, dass eine einzige Erkennungsstelle im aceE RNA 

Motiv ausreichend ist, die Genexpression in relevanter Weise zu beeinflussen. Es wurde 

jedoch beobachtet, dass die Effekte drastischer sind, wenn beide Erkennungsmotive in 

der Sequenz verfügbar sind. Zusammenfassend lässt sich sagen, dass die Bindung des 

CsrA Homologs ein post-transkriptioneller Genregulationsmechanismus ist, der die 

Glykolyse/Glukoneogenese über den TCA-Zyklus begünstigt. 

Darüber hinaus wurde in dieser Studie gezeigt, dass REM Netzwerke einen Einfluss auf 

die bakterielle Genexpression haben, was bisher unterschätzt wurde. Einige der Proteine, 

die im Protein Pulldown Experiment nachgewiesen wurden, wurden bereits in 

Eukaryoten als moon ligthening Enzyme und damit als Mitglied von REM Netzwerken 

beschrieben. Aus Studien in Eukaryoten sind Succinat-CoA-Ligase Untereinheit alpha, 

Fructose-Bisphosphat-Aldolase und Glyceraldehyd-3-Phosphat-Dehydrogenase bereits 

als RNA-bindende Enzyme bekannt [85, 92-94, 101-103]. Die α-KGDH und SCS 

Komplexe binden in Eukaryoten an poly(A)-RNA Sequenzen, was aus einer 

Interaktionsstudie bekannt ist [86]. In dieser Studie wurde erstmals gezeigt, dass 

Interaktionen von Succinate-CoA-Ligase-Subunit beta, Succinate-CoA-Ligase-Subunit 
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alpha, α-KGDH-Subunit E1, α-KGDH-Subunit E2 vorzugsweise an die untersuchten 

TCA mRNAs als einzelne Untereinheiten und nicht als Komplexe binden. Ein Teil der 

Bindungsaktivität lässt sich durch frühere Beobachtungen erklären, dass Enzyme, die 

Nukleotide als Substrate oder Cofaktoren nutzen, auch RNA binden können [101, 102]. 

Methylcrotonyl-CoA-Carboxylase Biotin-haltige Untereinheit beta, Malic Enzym B, 

Gluconokinase und Aspartatkinase erweisen sich als neue Partner in bakteriellen REM 

Netzwerken, was darauf hindeutet, dass REM Netzwerke bisher ein unterschätztes 

Werkzeug sind, um die bakterielle Anpassung an sich ändernde Umweltbedingungen zu 

regulieren. 
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7. Materials 

7.1. Chemicals and reagents 

If not mentioned otherwise media and solutions were prepared with MilliQ ultrapure 

water and sterilized using a 0.22 μM filter or autoclaved. All chemicals which were used 

were either purchased by Roth, Sigma-Aldrich (Fluka S.-A.) or Acros Organics. 

Chemicals from other suppliers are listed in Table 14. 

Table 14. Chemicals and reagents. 

Chemical Supplier 

AlCl3 Merck 

c-di-GMP InvivoGen 

CoCl2 Merck 

CuCl2 Merck 

Cyclic diadenylate monophosphate (c-di-AMP) InvivoGen 

Glycerol VWR, Darmstadt 

MnCl2 Merck 

NaCl  VWR, Darmstadt 

NiCl2 Merck 

Nitrite Merck 

N-Succinyl-L-glutamate Synthesized by Changhao Wang 

ppGpp tebu-bio 

Pyruvate Fisher Scientific GmbH, Schwerte 

Roseoflavin Santa Cruz Biotechnology 

Selenite Merck 

Tellurite Merck 

Tryptone  MP Biomedicals 

Urea VWR, Darmstadt 
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7.2. Nucleotides and radiochemicals 

Table 15. Nucleotides and radiochemicals. 

Reagent Supplier 

dATP, dGTP, dCTP, dTTP Fisher Scientific GmbH, Schwerte 

ATP, GTP, CTP, UTP Fisher Scientific GmbH, Schwerte 

Deoxyribonucleic acid sodium salt from salmon 

testes (Salmon testes DNA) 
Sigma-Aldrich, Schnelldorf 

Yeast tRNA Sigma-Aldrich, Schnelldorf 

E. coli tRNA Sigma-Aldrich, Schnelldorf 

γ-32P-ATP Hartmann Analytic, Braunschweig 

 

7.3. Oligonucleotides and primers 

Oligonucleotides and primers were synthesized by Sigma Aldrich, Hamburg. Primers 

used for cloning the template DNA for RNA motifs are listed in Table 16. Chemically 

modified oligonucleotides are listed in Primers used for cloning procedures are listed in 

Table 52 in the appendices. 

Table 16. Primers for cloning of template DNA for RNA motifs. Forward and reverse primers are 

indicated by F and R, respectively. Oligonucleotides were synthesized by Sigma-Aldrich. Primers 

were purified with RP1. 

Name Sequence 5’ to 3’ 
F / 

R 
Motif 

sg081 TAATACGACTCACTATAGCCACAGTCGCATCCGCCAATC F sucA 

sg082 TATCTCGCTGACCTCCGCTTTC R sucA 

sg084 TAATACGACTCACTATAGGCCGAGGTGCGGGTGGTGAGC F 
sucAII 

long 

sg131 TAATACGACTCACTATAGGACCCGGAAAATCAGCAGGATCCA F 
sucAII 

(110 nt) 

sg085 GCTTGGTCACCCTCGATTAG R sucAII 

sg086 TAATACGACTCACTATAGGCGGTCACAGGTGGTGCGGC F sucC 

sg087 CTTTTTACCGTCTTCGTTAGGTACTGCGCTTCGGC R sucC 

sg149 TAATACGACTCACTATAGGACAGTCGATCAACGAATA F 
gabT (85 

nt) 

sg136 AATGCCCTCATTGCGCCGAC R gabT 

sg137 TAATACGACTCACTATAGGCCATAAAGCCTGGGTTGTT F Icd 
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Name Sequence 5’ to 3’ 
F / 

R 
Motif 

sg138 GCGGGTTAACTCTCTGTGTG R Icd 

sg133 TAATACGACTCACTATAGGTGTAGTAAAACTACAACGCGCCG F aceE 

sg134 GGCTTGCTCCAGGGCGGAAA R aceE 

sg187 TAATACGACTCACTATAAGGGCCGGGGCCTCG F rpsL 

sg188 TCAATCTCTTGGTGGCTATTCTACTAGCTCCACTGATTGTC R rpsL 

 

Table 17. Chemically modified oligonucleotides. The 3'-Amino-Modifier-C7 is indicated with [Am C7] and the 

5’ end biotinylation is indicated with [Bt]. 

Name Sequence 5’ to 3’ 

TM069 CGTCGCAGATCGTGTCTTCC[Am C7] 

sg141 [Bt]TCAATCTCTTGGTGGCTATT 

 

7.4. Bacterial strains 

Cloning of the DNA sequences of the 5’ UTR of interest were performed on genomic 

DNA of Pseudomonas putida KT2440 (kindly provided by Thomas Böttcher) and 

Comamonas testosteroni KF-1 (kindly provided by David Schleheck). Cell extracts for 

in-line probing were also cultivated from those organisms. Protein pulldown assay was 

performed with cell extracts from Pseudomonas putida KT2440. 

Experiments exploring the influence of chemicals or growth conditions on RNA motifs 

of interest were performed in E. coli XL10gold strain (Invitrogen, Darmstadt; endA1 

glnV44 recA1 thi-1 gyrA96 relA1 lac Hte Δ(mcrA)183 Δ(mcrCB-hsdSMR-mrr)173 

tetR F'[proAB lacIqZΔM15 Tn10(TetR Amy CmR)]) or in Keio knockouts listed in 

Table 18. 
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Table 18. Keio knockouts used for reporter gene assays. 

Name Genotype 

JW0232-1 
F-, Δ(araD-araB)567, ΔproB760::kan, ΔlacZ4787(::rrnB-3), λ-, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW0233-2 
F-, Δ(araD-araB)567, ΔproA761::kan, ΔlacZ4787(::rrnB-3), λ-, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW0266-2 
F-, Δ(araD-araB)567, ΔargF788::kan, ΔlacZ4787(::rrnB-3), λ-, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW0377-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), ΔproC751::kan, λ-, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW0510-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), ΔybcF734::kan, λ-, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW0911-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔaspC745::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW0999-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔputA758::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW1635-2 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔydhI721::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW1733-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔastE742::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW1734-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔastB743::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW1736-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔastA745::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW1737-4 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔastC746::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW1750-2 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔgdhA759::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW2293-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔackA778::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW2294-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, Δpta-779::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW2442-2 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔeutD778::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW2786-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔargA743::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW2808-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔygeA765::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW3140-5 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔargG781::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW3322-1  
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔargD767::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

 

https://cgsc2.biology.yale.edu/Strain.php?ID=106748
https://cgsc2.biology.yale.edu/Strain.php?ID=106749
https://cgsc2.biology.yale.edu/Strain.php?ID=106763
https://cgsc2.biology.yale.edu/Strain.php?ID=106835
https://cgsc2.biology.yale.edu/Strain.php?ID=106935
https://cgsc2.biology.yale.edu/Strain.php?ID=107205
https://cgsc2.biology.yale.edu/Strain.php?ID=107262
https://cgsc2.biology.yale.edu/Strain.php?ID=107673
https://cgsc2.biology.yale.edu/Strain.php?ID=107744
https://cgsc2.biology.yale.edu/Strain.php?ID=107745
https://cgsc2.biology.yale.edu/Strain.php?ID=107746
https://cgsc2.biology.yale.edu/Strain.php?ID=115629
https://cgsc2.biology.yale.edu/Strain.php?ID=107754
https://cgsc2.biology.yale.edu/Strain.php?ID=108124
https://cgsc2.biology.yale.edu/Strain.php?ID=108125
https://cgsc2.biology.yale.edu/Strain.php?ID=108229
https://cgsc2.biology.yale.edu/Strain.php?ID=108462
https://cgsc2.biology.yale.edu/Strain.php?ID=108476
https://cgsc2.biology.yale.edu/Strain.php?ID=99802
https://cgsc2.biology.yale.edu/Strain.php?ID=108763
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Name Genotype 

JW3841-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, ΔglnA732::kan, 

Δ(rhaD-rhaB)568, hsdR514 

JW3929-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, 

ΔargE744::kan, hsdR514 

JW3930-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, 

ΔargC745::kan, hsdR514 

JW3932-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, 

ΔargH747::kan, hsdR514 

JW4211-2 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, 

ΔargI728::kan, hsdR514 

JW5282-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔastD744::kan, rph-1, 

Δ(rhaD-rhaB)568, hsdR514 

JW5553-1 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, 

ΔargB746::kan, hsdR514 

 

Protein overexpression from vectors was carried out in E. coli BL21 (DE21) gold 

(Invitrogen, Darmstadt; F– ompT gal dcm lon hsdSB(rB- mB-) λ(DE3 [lacI lacUV5-T7 

gene 1 ind1 sam7 nin5]) ). For proteins from E. coli ASKA collection was used. 

Experiments investigating the effect of proteins of interest on reporter gene expression in 

vivo were performed in E. coli DH5α (Bacillus Genetic Stock Center (The Ohio State 

University, Columbus, Ohio, USA), F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 

endA1 hsdR17 (rK–, mK+) phoA supE44 λ– thi-1 gyrA96 relA1). 

 

7.5. Enzyme, kits and compounds 

Table 19. Enzymes and kits. 

Enzyme/kit Supplier 

Albumin from bovine serum  Roth, Karlsruhe 

DNase I  Fisher Scientific GmbH, Schwerte 

DpnI  NEB, Frankfurt  

Electrophoretic Mobility Shift Assay (EMSA) Kit Fisher Scientific GmbH, Schwerte 

GeneRuler
TM 

DNA ladder  

(1kb, 100bp, Ultra low range)  

Fisher Scientific GmbH, Schwerte 

https://cgsc2.biology.yale.edu/Strain.php?ID=109056
https://cgsc2.biology.yale.edu/Strain.php?ID=109119
https://cgsc2.biology.yale.edu/Strain.php?ID=109120
https://cgsc2.biology.yale.edu/Strain.php?ID=99805
https://cgsc2.biology.yale.edu/Strain.php?ID=109312
https://cgsc2.biology.yale.edu/Strain.php?ID=109570
https://cgsc2.biology.yale.edu/Strain.php?ID=109741
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Enzyme/kit Supplier 

HindIII  NEB, Frankfurt 

HiScribeTM T7 High Yield RNA Synthesis Kit NEB, Frankfurt 

NcoI  NEB, Frankfurt 

NdeI NEB, Frankfurt 

NheI NEB, Frankfurt 

Page Ruler prestained Fisher Scientific GmbH, Schwerte 

Phusion HotStart II DNA-polymerase  Fisher Scientific GmbH, Schwerte 

Plasmid Maxiprep Kit  Zymo Research, Freiburg  

Ppase Fisher Scientific GmbH, Schwerte 

Proteinase K (50 μg/mL)  Fisher Scientific GmbH, Schwerte 

Quick ligation kit  NEB, Frankfurt  

RNAse A  Fisher Scientific GmbH, Schwerte 

RNase If NEB, Frankfurt 

RNase T1 Fisher Scientific GmbH, Schwerte 

Roti-P/C/I ®   Roth, Karlsruhe  

Rotiphorese Gel 40 (37,5:1) Roth, Karlsruhe 

Rotiphorese Sequenziergel Konzentrat (25% 

(19:1)) 
Roth, Karlsruhe 

Rotiquant Roth, Karlsruhe 

rSAP (shrimp alkaline phosphatase) NEB, Frankfurt 

SalI NEB, Frankfurt 

T4 Polynucleotidekinase (PNK)  Fisher Scientific GmbH, Schwerte 

T7 Polymerase Fisher Scientific GmbH, Schwerte 

Taq Polymerase NEB, Frankfurt 

XbaI NEB, Frankfurt 

XhoI  NEB, Frankfurt 

XmaI NEB, Frankfurt 

Zymo DNA clean & concentrator kit  Zymo Research, Freiburg  

Zymoclean Gel DNA Recovery Kit  Zymo Research, Freiburg  

Zyppy
TM 

Plasmid Miniprep Kit  Zymo Research, Freiburg  
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Table 20. Compounds. 

Compound Supplier 

10x HBS-P+ GE Healthcare, Freiburg im Breisgau 

10x PNKA buffer Fisher Scientific GmbH, Schwerte 

5x Transcription buffer Fisher Scientific GmbH, Schwerte 

Carbenicillin Roth, Karlsruhe 

Chloramohenicol Roth, Karlsruhe 

Cut Smart Buffer NEB, Frankfurt 

EDC GE Healthcare, Freiburg im Breisgau 

Glycogen Fisher Scientific GmbH, Schwerte 

Kanamycin Roth, Karlsruhe 

Lysozyme Roth, Karlsruhe 

MidoriGreen Biozym, Hessisch Oldendorf 

NHS GE Healthcare, Freiburg im Breisgau 

Ni-NTA agarose beads QIAGEN, Hilden 

PEG 333 g/L Sigma-Aldrich, Schnelldorf  

Ribolock Fisher Scientific GmbH, Schwerte 

Rotiquant® Roth, Karlsruhe 

Streptavidin magnetic beads NEB, Frankfurt 

10x Thermopol buffer Fisher Scientific GmbH, Schwerte 

5x HF buffer Fisher Scientific GmbH, Schwerte 

5x GC buffer Fisher Scientific GmbH, Schwerte 

10x Reaction Buffer with MgCl2 for DNase I Fisher Scientific GmbH, Schwerte 
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7.6. Solutions, buffer and media 

Table 21. Solutions and buffers. 

Solution or buffer Components 

1x Agarose loading buffer  

Glycerol (30% v/v) 

Bromphenolblue (0.25% w/v) 

Xylencyanol (0.25% w/v) 

6x SDS loading buffer 

 

Tris (0.5M, pH 6.8, 1.2 mL) 

Glycerol (4.7 mL) 

SDS (1.2 g) 

Bromphenol blue (6 mg) 

DTT (0.93 g) 

Total volume of 10 mL  

10x SDS running buffer 

Roth, Karlsruhe 

30.3 g/L Tris 

144 g/L Glycine 

1 g/L SDS  

pH 8.3 

5x TBE buffer 

445 mM Tris 

445 mM Boric acid 

10 mM EDTA pH 8.0 

Protein storage buffer 

10 mM Tris, pH 7.5 

2 mM DTT 

10% Glycerol 

Biacore Running Buffer (low competitor) 

1x HBS-P+ 

1 mM DTT 

60 µg/mL Salmon testes DNA 

Biacore Running Buffer (high competitor) 

1x HBS-P+ 

1 mM DTT 

125 µg/mL yeast tRNA 

TE Buffer 
10 mM Tris, pH 7.5 

1 mM EDTA 

10x RNase footprinting 

100 mM Tris, pH 7.5 

100 mM MgCl2 

1 M KCl 
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Solution or buffer Components 

9 M Urea 540 g/L Urea 

10x TBE, 9 M Urea 

108 g/L Tris 

55 g/L Boric acid 

20 mM EDTA 

540 g/L Urea 

10x Tris-Glycine 
250 mM Tris 

1.92 M Glycine 

1 M Tris, pH 7.5 
121.14 g Tris 

Adjust pH to 7.5 

50 % Glycerol 
31.5 g Glycerol 

25 mL DEPC-water 

6x Native PAGE Loading Dye 

2.5x TBE 

50% Glycerol 

0.1% Bromophenol blue 

TSS buffer 

5g PEG 8000 

1.5 mL 1M MgCl2 

2.5 mL DMSO 

Add LB to 50 mL 

2x In-line probing buffer 

100 mM Tris 

40 mM MgCl2 

200 mM KCl 

Adjust pH to 8.3 

Crush-soak buffer 

200 mM NaCl 

1 mM EDTA 

10 mM HEPES 

Adjust pH to 7.5 

10x Na2CO3 buffer 

500 mM Na2CO3 

10 mM EDTA 

Adjust pH to 9 
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Solution or buffer Components 

10x Sodium Citrate buffer 
250 mM Tri-Sodium Citrate 

Adjust pH to 5 

lacZ Permeabilization Solution 

100 mM Dibasic sodium phosphate (Na2HPO4) 

20 mM KCl 

2 mM MgSO4 

0.8 mg/mL CTAB (hexadecyltrimethylammonium 

bromide) 

0.4 mg/mL sodium deoxycholate 

5.4 μL/mL β-mercaptoethanol 

lacZ Substrate Solution 

60 mM Na2HPO4 

40 mM NaH2PO4 

1 mg/mL O-Nitrophenyl-β-D-Galactoside (ONPG) 

2.7 μL/mL β-mercaptoethanol 

lacZ Stop Solution 1 M Na2CO3  

2x Formamide PAGE Loading Dye 

80% Formamide 

50 mM EDTA pH 8.0 

0.025% (w/v) Bromophenolblue 

0.025% (w/v) Xylene cyanole 

10% (v/v) Glycerol 

2x Urea PAGE Loading Dye 

24 g Urea 

25 mg Bromophenolblue 

25 mg Xylene cyanole 

840 g EDTA 

50 mL H2O 

DEPC-H2O 

1 mL DEPC per 1000 mL MilliQ 

Incubate 12 h at 37°C 

Autoclave three times for 15 min or longer period of time 

1 M Tris-HCl pH 8.8 
1 M Tris 

Adjust pH to 8.8 

1 M Tris-HCl pH 6.8 
1 M Tris 

Adjust pH to 6.8 
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Solution or buffer Components 

10 % SDS 
5 g SDS 

Fill up with MilliQ to 50 mL 

Buffer A Fishing 

0.1% Tween 20 

25 mM Tris, pH 7.5 

150 mM KCl 

5 mM EDTA 

0.5 mM DTT 

100 µg/mL tRNA 

10x KP (K-Phosphate) buffer (500 mM Phosphate) 

358 mM K2HPO4 

142 mM KH2PO4 

Adjust pH to 7.2 

Autoclave 

10x MgNS buffer 

2.5 mM MgSO4 

200 mM NH4Cl 

Autoclave 

100x Traces (Spurenelementelösung) 

1340 µM Na2EDTA 

720 µM FeCl3 

35 µM ZnCl2 

15 µM MnCl2 

485 µM H3BO3 

84 µM CoCl2 

6 µM CuCl2 

8 µM NiCl2 

12 µM Na2MoO4 

680 µM CaCl2 

Autoclave 
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Solution or buffer Components 

Ni-NTA Lysis buffer 

50 mM NaH2PO4 

300 mM NaCl 

10 mM Imidazole 

Adjust pH to 8 

Add freshly  1 mg/mL Lysozyme  

Add freshly 25U DNAseI / 5 mL buffer 

Ni-NTA Wash buffer 

50 mM NaH2PO4 

300 mM NaCl 

20 mM Imidazole 

Adjust pH to 8 

Ni-NTA Elution buffer 

50 mM NaH2PO4 

300 mM NaCl 

500 mM Imidazole 

Adjust pH to 8 

 

Table 22. Media. 

Medium Components 

SOC Medium 

0.5% (w/v) Yeast extract  

2% (w/v) Tryptone  

10 mM NaCl  

2.5 mM KCl  

10 mM MgCl2 

10 mM MgSO4
 
 

20 mM Glucose 

LB Agar 

10 g/L Tryptone 

5 g/L Yeast extract 

10 g/L NaCl 

20 g/L Agar 

Adjust pH to 7 
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Medium Components 

LB 

10 g/L Tryptone 

5 g/L Yeast extract 

10 g/L NaCl  

Adjust pH to 7 

Carbon-limited minimal salt medium  

1x KP-buffer 

1x MgNS buffer 

1x Traces 

1x Carbon source 

 

7.7. Laboratory consumables 

Table 23. Laboratory consumables. 

Consumables Supplier 

MegaBlock 96 well, 2.2 mL Sarstedt, Nümbrecht 

Mikrotiterplatten F-Profil Roth, Karlsruhe 

Amicon® Ultra 0.5 mL Centrifugal Filters Sigma 

Biacore CM 5 chip GE Healthcare, Freiburg im Breisgau 

Polypropylene Conical tubes (15 mL, 50 mL)  VWR, Darmstadt  

Drigalsky spatula VWR, Darmstadt 

Electroporation cuvettes  Biorad, München  

DNA LoBind tube VWR, Darmstadt 

Filter (0.2 micrometer) Sarstedt, Nümbrecht 

Glass wool  VWR, Darmstadt  

Gloves latex  MaiMed, Neuenkirchen  

Gloves nitril  VWR, Darmstadt  

Inoculation loops VWR, Darmstadt 

Sterican Braun 

PCR Reaktionsstreifen Roth, Karlsruhe 

PCR tubes  VWR, Darmstadt  

Combitips 0.5 mL; 2.5 mL VWR, Darmstadt 

Petri dishes  Roth, Karlsruhe  
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Consumables Supplier 

Pipette tips  Sarstedt, Nümbrecht 

Rotilabo Skalpellklingen Roth, Karlsruhe 

SafeSeal Micro tubes  Sarstedt, Nümbrecht 

Roti®-Nylon membrane 0.2 µm Roth, Karlsruhe 

Roti®-Nylonplus 0.45 µm Roth, Karlsruhe 

Rotilabo®-Mikrotest-Platten F-Profil Roth, Karlsruhe 

Sephadex G-25 column  VWR, Darmstadt 

Serological Pipets (5/10/25/50 mL) Sarstedt, Nümbrecht 

Seringues Henke-Sass, Wolf; Tuttlingen 

UV cuvettes  VWR, Darmstadt 

Millipore Express™Plus 0.22 μm 

Steritop Flaschenaufsatz Filter 
Roth, Karlsruhe 

Whatmanpaper  VWR, Darmstadt 

Filtropur S 0.2 Sarstedt, Nümbrecht 

Pippetting Reservoir 50 mL Argos 

Einmal-Reagenzreservoir, Vol. 25mL Roth, Karlsruhe 

Amicon® Ultra -4 Centrifugal Filters 

Ultracel® - 3K 
Sigma 

Verschlussfolie Unsteril VWR, Darmstadt 

Silverseal sealer, Aluminum VWR, Darmstadt 

OASIS Waters cartridges Sigma 
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7.8. Equipment 

Table 24. Equipment. 

Equipment Supplier 

96-well plate incubator, Inkubator 1000 and 

Titramax 1000 
Heidolph, Schwabach 

Biacore T200 sensitivity enhanced Biacore 

Bio Photometer Eppendorf AG, Hamburg 

Biofuge 15 R Heraeus Sepatech, Hanau 

Centrifuge 5810R Eppendorf AG, Hamburg 

Concentrator plus Eppendorf AG, Hamburg 

Culture incubation shaker  HT infors Ecotron, Einsbach 

Digital Sonicator Branson, Danbury, USA 

E-Box CX5.TS-20 Vilber, Eberhardzell 

Electroporator 2510 Eppendorf AG, Hamburg 

Eppendorf Xplorer® 1-Kanal Eppendorf AG, Hamburg 

EV243 Consort 

FHT111M Contamat Scintillation counter Fisher Scientific GmbH, Schwerte 

Galaxy MiniStar silverline VWR international 

Gel dryer Model 583 Bio-Rad, München 

Gel electrophoresis apparatus (agarose gel) Bio-Rad, München 

Gel electrophoresis apparatus (PAGE) 
BioRad, Sequi-Gen® TG Sequencing Cell, 

München 

Heating block Stuart, Staffordshire, UK  

Hettcube 200R Hettich Lab Technology, Tuttlingen 

HPLC controller CBM-20A Shimadzu, Duisburg  

HPLC pump LC-20AT Shimadzu, Duisburg  

HPLC UV detection system SPD-20A Shimadzu, Duisburg  

Incubator Memmert, Schwabach 

Infors HAT Ecotron Infors AG, Bottmingen, Switzerland 

Laboratory pipettes  Eppendorf AG, Hamburg 

Magnet NEB, Frankfurt 

Mass spectrometer LCMS-2020 Shimadzu, Duisburg  

ME3002 Mettler Toledo, Gießen 
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Equipment Supplier 

Microwave  Privileg, Stuttggart  

Mini-Protean Tetra System Bio-Rad, München 

MR Hei-Tec Heidolph, Schwabach 

Multipipette Xstream Eppendorf AG, Hamburg 

NanoQuant plate Tecan, Männedorf, Switzerland  

P93D Biometra, Jena 

PCR cycler Thermocycler Gradient Biometra, Jena 

Pipetboy Integra, Biebertal 

PowerPac HC Bio-Rad, München 

REAX top Heidolph, Schwabach 

RP C18 column 150/2 and 150/4, 2.7 μM Macherey Nagel  

SevenEasy Mettler Toledo, Gießen 

Sonicator Branson, Danbury, USA 

Standard Analog Shaker VWR international 

Table top centrifuge Eppendorf AG, Hamburg 

Tecan infinite M2000 Tecan, Männedorf, Switzerland 

Tgradient Thermocycler Biometra, Jena 

Thermomixer Eppendorf AG, Hamburg 

Thermomixer comfort Eppendorf AG, Hamburg 

Typhoon FLA 7000 GE Healthcare Life Sciences 

UV light  

X-ray screen cassette, BAS Cassette 2 2048 Fujifilm, Düsseldorf  

X-ray screens Fujifilm, Düsseldorf  
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7.9. Software 

Table 25. Software and webservers. 

Software Producer 

Adobe Photoshop Adobe systems 

Biacore control software GE lifesciences 

Biacore evaluation software GE lifesciences 

Clone Manager Sci-Ed Software 

CorelDraw Suite 16 Corel  

i-Control 1.4.9 Tecan  

Interactivenn 

Heberle, H.; Meirelles, G. V.; da Silva, F. R.; Telles, G. 

P.; Minghim, R. InteractiVenn: a web-based tool for the 

analysis of sets through Venn diagrams. BMC 

Bioinformatics 16:169 (2015). 

http://www.interactivenn.net/ 

mfold web server 
Micheal Zuker  

http://mfold.bioinfo.rpi.edu/cgi-bin/dna-form1.cgi  

MS Office Excel 2013 Microsoft  

MS Office Word 2013 Microsoft  

Multiple Primer Analyzer Thermoscientific 

NCBI blastn web server  http://www.ncbi.nlm.nih.gov/BLAST  

Origin 2018 Originlab Corporation 

Quantity one 4 Biorad  

Rfam http://rfam.xfam.org/ 

SDS PAGE Calculator http://www.changbioscience.com/calculator/sdspage.html 
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8. Methods 

8.1. Oligonucleotide design 

All oligonucleotides for template cloning were designed according to the natural genomic 

sequences. Primers used for template cloning of the 5’ UTR are listed in Table 16. For in 

vitro analysis, the sequence started with the predicted 5’ end and ended with the last 

nucleotide before the start codon. For binding to the modified oligonucleotides, a 

complementary sequence was cloned either at the 5’ or at the 3’ end of the motif of interest 

for hybridization, modified oligonucleotides are shown in Table 17. 

Primers used for cloning of overexpression vectors and reporter gene vectors are listed in 

Table 52. 

 

8.2. Dephosphorylation of RNA 

For performance of 5’ radioactive end-labeling, 20 or 100 pmol RNA was 

dephosphorylated with Shrimp alkaline phosphatase. RNA was denatured at 95°C for 5 

min and cooled to RT. Dephosphorylation was carried out at 37°C for 1 h. Table 26 shows 

reaction mixture of dephosphorylation reaction. Shrimp alkaline phosphatase was 

inactivated at 65°C for 5 min. Volume was filled up with 8 µl 5 M NaCl and 172 µl 

DEPC-H2O. 

Table 26. Reagents and composition for dephosphorylation of RNA. 

Reagent Volume [µl] Final concentration 

RNA X 20 or 100 pmol 

Cut Smart Buffer 2 1x 

rSAP (1000 U/mL) 1 1 U 

DEPC-H2O To 20  

 

8.3. Radioactive labeling of RNA 

RNA used for in-line probing, EMSA, filter binding assay (Dotblot) and RNase 

footprinting was 5’ end-labeled with γ-32P-ATP. The labeling reaction of the 
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dephosphorylated RNA was performed with T4 polynucleotide kinase. Table 27 shows 

reaction mixture of the labeling reaction. 

Table 27. Reagents and composition for 5' end-labeling of RNA. 

Reagent Volume [µl] Final concentration 

RNA 9.5 20 or 100 pmol 

10x PNK Buffer A 2 1x 

T4 PNK (10000 U/mL) 2.5 25 U 

1 mM γ-32P-ATP 6 0.3 mM 

 

8.4. DNA/RNA quantification 

DNA and RNA concentrations were determined using Tecan Infinite M200 NanoQuant 

plate. Water or the respective Buffer was used as a reference. 

 

8.5. Ethanol precipitation 

DNA was precipitated for purification purposes and concentration of DNA. Therefore, 

1/10 volume of 3 M NaOAc was added to equalize ion concentrations and 3 volumes of 

100% EtOH were added. Samples were precipitated at least for 1 hour at -80°C or at -

20°C overnight. Samples were centrifuged at 14000 rpm, 4°C and 30 min. Supernatant 

was discarded, and dried DNA was resuspended in an appropriate amount of water. 

RNA, dephosphorylated and 5’ end-labeled RNA was precipitated for concentration by 

addition of 1 µl glycogen and filling up with 100% EtOH. Samples were precipitated at -

20°C overnight and centrifuged at 14000 rpm, 4°C and 30 min. Supernatant was 

discarded, RNA was dried and resuspended in an appropriate amount of DEPC-water. 

 

8.6. In vitro transcription 

In vitro transcription was used to create mRNA of RNA motifs of interest. PCR products 

were used as templates for in vitro transcription. PCR products were generated as 

described in chapter 8.7 from genomic DNA. Dried PCR product was used as template 
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for in vitro transcription. Table 28 describes reaction mixture for in vitro transcription. In 

vitro transcription was performed at 37°C overnight. Template DNA was digested with 

DNaseI at 37°C for 30 min (2 U DNaseI). 

Table 28. Reagents and composition for in vitro transcription. 

Reagent Volume [µl] Final concentration 

DNA 38.5  

25 mM NTPs (ATP, CTP, GTP, 

UTP) 
15 1.875 mM 

5x Transcription Buffer 40 1x 

T7 Polymerase (200 U/µl) 3 600 U 

Ppase (0.1 U/µl) 1.5 0.15 U 

RiboLock RNase Inhibitor (40 

U/µl) 
2 80 U 

Water 100  

 

For high yields of RNA, HiScribeTM T7 High Yield RNA Synthesis Kit (NEB) was used 

following manufacturer’s instructions. Reaction was carried out for 16 h at 37°C. 

Reagents and composition are shown in Table 28. For degradation of template DNA 10 

µl 10x Reaction Buffer DNaseI were added and volume was adjusted to 100 µl DEPC-

H2O, 2 U DNaseI was added and reaction was performed at 37°C for 10 min. 

Table 29. Reagents and composition for in vitro transcription using HiScribeTM kit (NEB). 

Reagent Volume [µl] Final concentration 

DNA  2 µg 

10x Reaction buffer 2 1x 

ATP 2 10 mM 

CTP 2 10 mM 

GTP 2 10 mM 

UTP 2 10 mM 

T7 Polymerase Mix 2  

RiboLock RNase Inhibitor (40 

U/µl) 
0,5 20 U 

Water To 20  
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In vitro synthetized RNA was purified on 5% PAGE, extracted and ethanol precipitated. 

 

8.7. Polymerase chain reaction (PCR) 

Polymerase chain reaction was performed for generation of template DNA for in vitro 

transcription or generation of the desired inserts for restriction enzyme cloning. Taq PCR 

was used to obtain DNA constructs for in vitro transcription whereas Phusion PCR was 

used to generate the correspondent inserts for restriction enzyme cloning procedures. 

 

8.7.1. Taq PCR 

The general program for Taq PCR using the BioMetra thermal cycler is shown in Table 

30. Cycles 2 to 4 were repeated 24 times. 

Table 30. Standard PCR program for Taq DNA polymerase. 

PCR cycle Temp [°C] Time 

Lid preheating 95  

 95 Pause 

Initial denaturation 95 1 min 

Denaturation 95 30 s 

Annealing 60 30 s 

Elongation 68 30 s 

Final elongation 68 5 min 

Cooling 4 pause 

 

For generation of DNA templates, genomic DNA of the correspondent bacterium was 

used. Therefore, one colony was lysed in 100 µl water at 95°C for 10 min and cooled to 

RT. 

Size of PCR products was evaluated by Agarose gel electrophoresis. When required PCR 

product was purified by Agarose gel electrophoresis as described in Chapter 8.9.1. 
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Table 31. Reagents and composition for standard Taq DNA polymerase chain reaction. 

Reagent Volume [µl] Final concentration 

10x Thermopol Buffer 20 1x 

10 mM dNTPs 4 0.2 mM 

100 µM fwd primer 2 1 µM 

100 µM rev primer 2 1 µM 

Template 80  

MilliQ 90  

Taq Polymerase (5 U/µl) 2 10 U 

 

8.7.2. Phusion PCR 

Phusion PCR was used for generation of inserts for restriction enzyme cloning. The 

general program for Phusion PCR using the BioMetra thermal cycler is shown in Table 

32. Cycles 2 to 4 were repeated 24 times. 

Table 32. Standard PCR program for Phusion DNA polymerase. 

PCR cycle Temp [°C] Time 

Lid preheating 98°C  

 98°C pause 

Initial denaturation 98°C 30 s 

Denaturation 98°C 10 s 

Annealing 60°C 30 s 

Elongation 72°C 15 to 30 s/ 1 kb 

Final elongation 72°C 7 min 

Cooling 4°C pause 

 

For generation of insert DNA, genomic DNA of the correspondent bacterium was used. 

Therefore, one colony was lysed in 50 µl water at 95°C for 10 min and cooled to RT.
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Table 33. Reagents and composition for standard Phusion DNA PCR. 

Reagent Volume [µl] Final concentration 

5x HF/GC Buffer 10 1x 

2 mM dNTPs 5 200 µM 

5 µM fwd primer 6 600 nM 

5 µM rev primer 6 600 nM 

Template (lysed colony) 1  

100% DMSO 4 8% 

2 U/µl Phusion HS 0.5 1 U 

H20 17.5  

 

Size of PCR products was evaluated by Agarose gel electrophoresis. When required PCR 

product was purified by Agarose gel electrophoresis as described in Chapter 8.9.1. 

 

8.8. Phenol/chloroform extraction 

DNA template was purified after cloning to eliminate protein contaminations by cloning 

enzymes. Dephosphorylated RNA was purified from rSAP contaminations. Nucleic acids 

were purified by extraction with Roti-P/C/I. One volume of Roti-P/C/I was added to the 

samples and mixed by vigorously vortexing followed by a centrifugation step at 14500 

rpm. The aqueous phase was transferred to a clean reaction tube and nucleic acids were 

precipitated following RNA precipitation protocol, see Chapter 8.5. 

 

8.9. Electrophoresis 

8.9.1. Agarose gel electrophoresis 

Appropriate amounts of agarose were dissolved in 0.5x TBE buffer by heating, mixed 

with 1 to 2 µl/ 40 mL Midori Green Advance DNA Stain and poured into a gel tray. After 

gel was solid, it was placed in a gel chamber filled with 0.5x TBE. PCR products were 

mixed with 6x Agarose Loading Buffer and samples were loaded onto the gel. Gel was 

run at a voltage of 10 to 20 V/cm (distance between electrodes) and visualized in E-Box 

CX5.TS-20 by UV transillumination and photographed for documentation. 
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8.9.2. Preparative PAGE 

In vitro transcribed RNA, as well as 5’ 32P-end-labeled RNA was purified by denaturing 

preparative PAGE for separation of contaminants, side products or degradation products 

of mRNA. Reagents and composition for 5% PAGE are depicted in Table 34. 

Table 34. Reagents and composition for 5% denaturing PAGE. 

Reagent Volume [mL] Final concentration 

10x TBE, 9 M Urea 20 1x 

9 M Urea 140 6.3 M 

Rotiphorese Sequenziergel 

Konzentrat (Acrylamide 25% 

(19:1)) 

40 5% 

10% APS 1.6 0.08% 

TEMED 0.1  

 

8.9.3. Denaturating analytical PAGE 

Analytical PAGE was used to analyze secondary structure of RNA by in-line probing or 

RNase footprinting. Samples were analyzed on 6 or 8% PAGE (composition shown in 

Table 35 and Table 36) and therefore mixed with 2x PAGE Loading Dye. The gel was 

pre-run for warming for at least 30 min at 45 W. 1x TBE buffer was used as running 

buffer; 6% PAGE was run at 45 W for 3:30 h, 8% PAGE was run for 2:30 h. The gel was 

dried on Whatman paper under vacuum for 2 h by heating and exposed to a screen 

overnight. Gel was read out with Phosphoimager (GE Healthcare). 

Table 35. Reagents and composition for 6 % denaturing PAGE. 

Reagent Volume [mL] Final concentration 

10x TBE, 9 M Urea 10 1x 

9 M Urea 66 5.94 M 

Rotiphorese Sequenziergel 

Konzentrat (Acrylamide 25% 

(19:1)) 

24 6% 

10% APS 0,8 0.08% 

TEMED 0.04  
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Table 36. Reagents and composition for 8% denaturing PAGE. 

Reagent Volume [mL] Final concentration 

10x TBE, 9 M Urea 10 1x 

9 M Urea 58 5.22 M 

Rotiphorese Sequenziergel 

Konzentrat (Acrylamide 25% 

(19:1)) 

32 8% 

10% APS 0.8 0.08% 

TEMED 0.04  

 

8.9.4. Native analytical PAGE 

Native analytical PAGE was performed to analyze RNA-protein complexes. Samples 

were prepared under non-denaturing conditions to maintain secondary structures of the 

interaction partners and native charge density. For resolution purposes, it was tested 

whether Tris-Glycine or TBE was appropriate for separation and well defined bands. Tris-

Glycine gels were run in Glycine buffer, whereas TBE gels were run in 0.5x TBE buffer. 

TBE gels were pre-run at 150V for 15 minutes, samples were loaded directly on Tris-

Glyine gels. Gels were run at 4°C for 3:30 h. 

Table 37. Reagents and composition for 6% native Tris-Glycine PAGE. 

Reagent Volume [mL] Final concentration 

Rotiphorese 40 18 6% 

50% Glycerol 12 5% 

1.5 M Tris–HCl (pH 8.8)  24 0.3 M 

Water 66  

10% APS 1 0.08% 

TEMED 0.1  

 

Table 38. Reagents and composition for 10% native Tris-Glycine PAGE. 

Reagent Volume [mL] Final concentration 

Rotiphorese 40 30 10% 

50% Glycerol 12 5% 

1.5 M Tris–HCl (pH 8.8)  24 0.3 M 
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Reagent Volume [mL] Final concentration 

Water 54  

APS 1 0.08% 

TEMED 0.1  

 

Table 39. Reagents and composition for 6% native TBE PAGE. 

Reagent Volume [mL] Final concentration 

Rotiphorese 40 18 6% 

50% Glycerol 6 2.5% 

5x TBE Buffer  12 0.5x 

Water 84  

APS 1 0.08% 

TEMED 0.1  

 

Table 40. Reagents and composition for 10% native TBE PAGE. 

Reagent Volume [mL] Final concentration 

Rotiphorese 40 30 10% 

50% Glycerol 6 2.5% 

5x TBE Buffer  12 0.5x 

Water 72  

APS 1 0.08% 

TEMED 0.1  

 

8.9.5. SDS PAGE 

SDS PAGE was used to analyze proteins from protein overexpression vectors and to 

control protein purifications steps. Acrylamide concentrations yielded from 8 to 20% for 

separating gel (shown in Table 42) depending on the size of protein of interest. 

Acrylamide concentration of stacking gel was 5%, composition can be seen in Table 41. 

Gels were run in a BioRAD MINI protean gel apparatus. Samples were mixed with 6x 

SDS Loading Buffer and heated at 95°C for 5 min. As size reference, prestained 

PageRuler protein ladder was used. Gels were run at 120 V for 1:30 h in 1x SDS Running 

buffer (Roth). 
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Table 41. Reagents and composition for stacking gel. 

Reagent Volume [mL] Final concentration 

Water 1.46 ml  

Rotiphorese 40 (37.5:1) 250 µl 5% 

1 M Tris-HCl (pH 6.8) 250 µl 0.125 M 

10% SDS 20 µl 0.1% 

10% APS 20 µl 0.1% 

TEMED 2 µl  

 

Table 42. Reagents and composition for separating gel. 

Reagent Volume [mL] Final concentration 

Water To 5 mL  

Rotiphorese 40 (37.5:1) 
Depending on % Acrylamide 

wanted 
 

1 M Tris-HCl (pH 8.8) 1.25 mL 0.25 M 

10% SDS 50 µl 0.1% 

10% APS 50 µl 0.1% 

TEMED 5 µl  

 

8.10. Cloning procedures 

8.10.1. Whole plasmid PCR 

Whole plasmid PCR was performed with correspondent primers. If overhang cloning was 

performed to insert or mutate as sequence, this sequence was present in 5’ overhang of 

the primers. PCR was performed as described in Chapter 8.7.2. Primers and plasmids are 

listed in Chapter 7.3. PCR products were digested with DPNI restriction endonuclease 

and purified by Agarose gel electrophoresis and DNA Clean & ConcentratorTM Kit 

(Zymo). Ligation was performed as described in Chapter 8.10.3, purified by DNA Clean 

& ConcentratorTM Kit and plasmids were transformed in appropriate cells, see Chapter 

8.10.4. Successful cloning was verified by Sanger sequencing (GATC). 
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8.10.2. Restriction endonuclease digest 

Inserts for restriction enzyme cloning were cloned as described in Chapter 8.7.2 and were 

digested with appropriate restriction enzymes at 37°C for 3 h. Digested inserts were 

purified by DNA Clean & ConcentratorTM Kit (Zymo). Vectors were digested with 

appropriate restriction enzymes at 37°C for 3 h and enzymes were heat inactivated at 

65°C for 20 min. CutSmart Buffer was added to a final concentration of 1x and 1 µl rSAP 

was added. Vectors were dephosphorylated to avoid relegation at 37°C for 1 h. If needed 

vectors were purified by Agarose gel electrophoresis (fragment >50 bp) or/and DNA 

Clean & ConcentratorTM Kit (Zymo). Ligation was performed with 50 ng of digested 

vector and insert in a ratio of 1:5. 

Equation 5. Calculation of mass (insert) needed for ligation. 

𝑚[𝑛𝑔] =
𝑥(𝑟𝑎𝑡𝑖𝑜 𝑖𝑛𝑠𝑒𝑟𝑡) ∗ 𝑚(𝑣𝑒𝑐𝑡𝑜𝑟)

𝑏𝑝(𝑣𝑒𝑐𝑡𝑜𝑟)
 

Ligation was carried out as described in Chapter 8.10.3, plasmids were purified by DNA 

Clean & ConcentratorTM Kit and transformed in appropriate cells, see Chapter 8.10.4. 

Successful cloning was verified by Sanger sequencing (GATC). 

 

8.10.3. Ligation 

Ligation for cohesive or blunt end DNA fragments was performed at 25°C for 15 min. 

Table 43 depicts composition of ligation reaction. Digested products of restriction 

enzyme cloning were ligated in general in a ratio of 1 (linear vector) :5 (insert). The 

products of ligation were purified by DNA Clean & ConcentratorTM Kit. 

Table 43. Reagents and composition for Quick Ligation. 

Reagent Volume [µl] Final concentration 

DNA/ vector  50 ng 

Insert 

 
 As calculated in section 8.10.2 

2x Quick Ligase Reaction 

Buffer 
10 1x 

Quick Ligase 1  

Water To 20  
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8.10.4. Electro-transformation of plasmids in E. coli 

Transformation of plasmid into electrocompetent E. coli cells was performed by electro-

transformation. Therefore, electrocompetent cells were thawed and plasmids were chilled 

on ice. 1.5 µl of ligation product or 100 ng of plasmid DNA were mixed with cells and 

electroporated at 1800 V and 5 ms in a pre-chilled electroporation cuvette. Cells were 

mixed immediately with 950 µl pre-warmed SOC-medium and incubated at 37°C and 

650 rpm for 1 h. Cells were plated on appropriate Agar plates and incubated at 37°C 

overnight. 

 

8.10.5. Chemical transformation of plasmids in E. coli 

Chemical transformation was used to introduce reporter gene constructs into E. coli Keio 

knockouts.  

Therefore, cells of Keio collection knockouts were grown in 5 mL LB media overnight 

at 37°C and 200 rpm. This culture was diluted 1/100 into 5 mL fresh LB media the next 

day. Cultures were grown until an OD600 of 0.2-0.5 and incubated on ice for 10 min. Cells 

were centrifuge at 300 rpm and 4°C for 10 min. Supernatant was discarded and cells 

pellets were resuspended in pre-chilled TSS buffer. Volume of TSS buffer was 10% of 

the cell culture volume. Cell pellets were resuspended by vortexing. 100 µl of cells were 

aliquoted into chilled Eppendorf tubes and either stored on ice for direct use or stored at 

-80°C. 

TSS cells were thawed on ice. Plasmid DNA was added (50-100 ng) and mixed carefully. 

Cells plasmid mixture was incubated on ice for 30 min, for 30 s at 42°C and for 2 min on 

ice. 950 µl pre-warmed SOC-medium were added and samples were incubated at 37°C, 

650 rpm for 1 h. 100 µl were spread onto LB Agar plates with appropriate antibiotics and 

grown overnight at 37°C. 
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8.10.6. Design of plasmid constructs 

Constructs containing eGFP, luxAB or lacZ reporter gene have been used for experiments 

concerning ligand identification or RNA-protein interactions. Constructs based on the 

pQE-J06-eGFP or pQE-J06-luxAB were cloned by ligation of the insert of interest (RNA 

motif) with the digested vector. For modifications in the 5’ UTR whole plasmid PCR was 

performed. pQE plasmids were uniquely used for ligand identification. 

Constructs based on pBad-lacZ were used to investigate ligand dependency of RNA 

motifs and to explore RNA-protein interactions in vivo. Plasmids were created by ligation 

of an insert containing the 5’ UTR of interest with digested pBad vector. Modifications 

of 5’ UTR were cloned by whole plasmid PCR.  

For protein overexpression vectors, pET 28a plasmid was used. PCR was performed on 

Pseudomonas putida KT 2440 genomic DNA and inserts were ligated in the digested 

vector. 

Plasmids were grown in LB medium with correspondent antibiotics for selection. 

 

8.11. Preparation of extracts for riboswitch ligand identification 

Bacteria were grown in 2 L liquid culture of the correspondent medium in the growth 

conditions shown in Table 44. Cells were inoculated 1/1000 from an overnight culture 

and grown at 30°C and 200 rpm agitation. Cells were harvested by centrifugation and the 

pellet was washed with 1x PBS and were either stored at -20°C or resuspended in 32 mL 

water.
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Table 44. Crude cells extracts, strains and growth conditions and time point of harvest. 

# Strain 

Growth conditions 
Harvest at 

final OD600 Medium Temperature 
Aerobic or 

anaerobic? 

1a 
P. putida 

KT2440 

carbon-limited minimal 

salt medium 15 mM 

succinate 

30°C aerobic 

Mid-exponential 

phase 

0.549 

1b 
P. putida 

KT2440 

carbon-limited minimal 

salt medium 15 mM 

succinate 

30°C aerobic 

Late exponential 

phase 

0.925 

2 
P. putida 

KT2440 

carbon-limited minimal 

salt medium 15 mM 

succinate 

30°C anaerobic 

Mid-exponential 

phase 

0.227 

8 
C. testosteroni 

KF-1 

carbon-limited minimal 

salt medium 15 mM 

succinate 

30°C aerobic 

Mid-exponential 

phase 

0.658 

9 
P. putida 

KT2440 

carbon-limited minimal 

salt medium 12 mM 

glutamate 

30°C aerobic 

Mid-exponential 

phase 

0.640 

10 
C. testosteroni 

KF-1 

carbon-limited minimal 

salt medium 12 mM 

glutamate 

30°C aerobic 

Mid-exponential 

phase 

0.552 

12 
C. testosteroni 

KF-1 

carbon-limited minimal 

salt medium 30 mM 

acetate 

30°C aerobic 

Mid-exponential 

phase 

0.644 

 

Cells were lysed by sonication (three times: 1 minute, 0.5 s pulse, 60% amplitude) and an 

equal volume of chilled acetonitrile was added and centrifuged. The pellet was discarded, 

and the liquid phase was evaporated until a volume <10 mL or pellet. Pellet was dissolved 

in 15 mL water and centrifuged through a 3 kDa centrifugal filter unit at 4000 rpm at 4°C 

for 40 min. The flow through was dried in the speedvac. Pellet was resuspended in MilliQ 

and solution was stored at -20°C. 

 

8.12. Pre-purification by OASIS mixed-mode ion-exchange cartridges 

Crude cell extracts were pre-purified by Oasis mixed-mode ion-exchange cartridges 

(Waters) according to manufacturer’s protocol. Fractions were lyophilized, resuspended 

in 500 µl MilliQ and stored at -20°C. 
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8.13. HPLC fractionation 

HPLC fractionation was performed with pre-purified extracts and crude extracts. 100 μl 

of extract were fractionated in an HPLC run with a preparative C18 reverse phase column 

(150 mm x 4.6 mm Nucleoshell RP C18, 2.7 μm (Macherey-Nagel, Germany, Düren). 

The run was performed with a linear gradient starting from 0% to 90% acetonitrile in 15 

min and 90% acetonitrile for 5 minutes with a flow rate of 0.8 mL/min. 

When active fractions were found, further purification was performed with 10 μl on an 

an 150 mm x 2mm Nucleoshell RP C18 column. The run was performed with a linear 

gradient starting from 0% to 95% acetonitrile in 20 min and to 95% acetonitrile for 5 min 

with a flow rate of 0.2 mL/min. 

When extracts or active fractions were fractionated by HILIC HPLC, an EC 250 mm x 

4.6 mm NUCLEODUR HILIC, 3 µm (Macherey-Nagel, Germany, Düren) was used. The 

run was performed with a flow rate of 1 mL/min starting with a concentration of 80% of 

B (0.2% formic acid / 10 mM ammonium formate in 90%ACN), the gradient is shown in 

Table 45. 

Table 45. Gradient for HILIC HPLC. 

Time [min] Concentration of B 

0 80% 

5 75% 

10 65% 

15 45% 

16.5 45% 

17 80% 

 

8.14. In-line probing 

In-line probing was used to explore secondary structure characteristics and ligand-binding 

capabilities of RNA. Depending on its structure RNA shows non-enzymatic degradation 

of itself through “in-line” nucleophilic attack on the adjacent phosphorus center of the 

phosphodiester bonds in the covalent backbone. 
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Amount of 32P-labeled RNA was estimated by scintillation counter and RNA was 

resuspend in correspondent volume of DEPC-water to an activity of 50000 Cpm/r. 

Reaction was ruled out in 10 µl and contained 1x In-line probing Buffer (final 

concentration of PEG 1 g/L), 1 µl of ligand of interest or small molecule fraction and 1 

µl of 32P-labeled RNA. As negative controls water was added instead of ligand/fraction. 

Samples were incubated at 25°C for 2 days. Reaction was quenched with 2x denaturing 

PAGE Loading Dye. For sequence alignment, OH- ladder and T1 digestion ladder were 

prepared. OH- ladder contained 1x Na2CO3 Buffer, 1 µl of 32P-labeled RNA and was 

heated at 90°C for 5 min and stored on ice. For T1 digestion 1 µl of  32P-labeled RNA 

were digested with 0.1 U RNase T1 in 1x sodium citrate buffer and filled up to 10 µl with 

2x denaturing PAGE Loading Dye. Samples were incubated at 55°C for 1 min and 3 µl 

2x denaturing PAGE Loading Dye and 7 µl MilliQ were added, samples were stored on 

ice. Precursor RNA was prepared with 1 µl 32P-labeled RNA in 10 µl MilliQ. Samples 

were loaded on 6 or 8% PAGE and gels were run at 45 W for approximate 3 h. Gels were 

dried and exposed to PhosphorImager screen overnight. 

 

8.15. RNA-Protein pulldown assay 

Identification of proteins that specifically interact with RNAs of interest can be explored 

by in vitro RNA-protein pulldown technique. RNA was in vitro synthesized and bound 

to a biotinylated DNA strand and pulldown was performed in total cell extracts. As a 

control the reverse complementary RNA was used which had the same length as the RNA 

of interest but with different sequence and structure. Detection of bound proteins was 

performed by mass spectrometry. 

 

Cell extracts 

5 mL LB Medium were inoculated with Pseudomonas putida KT2440 and incubated 

overnight at 30°C. 50 mL Medium (see Table 47) were inoculated to an OD600 0.01 or 

0.05 with overnight culture. Cells were harvested after measuring OD600 by centrifugation 

for 15 min at 4000 rpm and 4°C. Cell pellets were resuspended in 6 mL of buffer A (see 

Table 46). Cells were lysed by sonication for 5 min on ice (70% power) and centrifuged 
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for 30 min at 4000 rpm at 4°C. Supernatant was used directly for protein pulldown or 

glycerol was added to 10% final concentration and stored at -20°C. 

In a previous experiment, composition of buffer A1 for lysis and washing steps was 

determined, see Table 46. 

Table 46. Composition of wash buffer A used for cell lysis and washing steps during RNA-protein pulldown 

assay. 

Buffer A1 A2 A3 A4 A5 A6 

Tween 20 0.1% 0.5% 0.1% 0.5% 0.1% 0.5% 

KCl 150 mM 150 mM 250 mM 250 mM 150 mM 150 mM 

tRNA 0.1 mg/mL 0.1 mg/mL 0.1 mg/mL 0.1 mg/mL 0.5 mg/mL 0.5 mg/mL 

Tris pH 7.5 25 mM 25 mM 25 mM 25 mM 25 mM 25 mM 

EDTA 5 mM 5 mM 5 mM 5 mM 5 mM 5 mM 

DTT  0.5 mM 0.5 mM 0.5 mM 0.5 mM 0.5 mM 0.5 mM 

 

Table 47. Media used for RNA-protein pulldown assay. In each experiment rpsL RNA was used as positive 

control. 

Experiment RNA motif Medium Control 

Rich medium 

icd 

gabT 

sucAII 

sucC 

10 mM Glucose  

Acetate Switch icd 30 mM Acetate Rich medium 

Oxidative stress icd 
15 mM Aluminum 

citrate 
Rich medium 

Osmoshock 

gabT 

sucAII 

sucC 

0.3 M NaCl + LB LB 

pH downshift 

gabT 

sucAII 

sucC 

pH 5 
pH 5 + 1.5 mM 

Glutamate 

Carbon limitation 

icd 

sucAII 

sucC 

1 mM Glucose Rich medium 
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Experiment RNA motif Medium Control 

Nitrogen limitation 

icd 

sucAII 

sucC 

6 mM NH4
+ Rich medium 

 

For experiments of Acetate switch and oxidative stress, all cultures - including the glucose 

control - were harvested at an OD600 >1 (stationary phase). Growth was monitored. In rich 

medium, oxidative stress was induced at an OD600 0.45 by addition of aluminum citrate 

(final concentration 15 mM), an equal amount of citrate was added to the glucose control. 

Cells were harvested after measuring OD600. 

In the osmoshock experiment, 100 mL of cell culture was grown until OD600 0.3 and split 

into aliquots of 50 mL. Sodium chloride was added to a final concentration of 0.3 M to 

the osmoshock culture. The same volume of water was added to the control. Cells were 

further incubated for 30 min at 30°C cells were harvested after measuring OD600. 

For pH downshift experiment, cells were inoculated from overnight culture in 150 mL 

medium to an OD600 of 0.05 and grown until they reached an OD600 0.6. Cells were split 

into 50 mL aliquots. For pH downshift cell culture was adjusted with HCl to pH 5, for 

culture with external glutamate pH was adjusted to 5 and glutamate was added to a final 

concentration of 1.5 mM, the glucose control was supplemented with water to adjust the 

volume. All cells were incubated for 30 min at 30°C and cells were harvested after 

measuring OD600. 

For carbon limitation and nitrogen limitation experiments cells were grown in various 

media. As control cells were grown in carbon-limited minimal salt medium (1x KP-

Buffer, 1x MgNS-Buffer, 1x Traces, 10 mM Glucose). In carbon limited experiments 

cells were grown in 1x KP-Buffer, 1x MgNS-Buffer, 1x Traces, 1 mM Glucose. For 

nitrogen limitation medium contained 1x KP-Buffer, 0.264 mM MgSO4, 6 mM NH4
+, 1x 

Traces and 10 mM Glucose. All cells were inoculated from overnight cell culture to an 

OD600=0.05. Cells were grown until OD600 0.5 and harvested as described above.
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Binding RNA to beads: 

500 μg of Streptavidin Magnetic Beads (NEB) per 100 μg total RNA were aliquoted into 

a clean RNase free Eppendorf tube. 100 μl Wash/Binding Buffer were added and vortexed 

to suspend beads. Application of a magnet was performed for approximately 30 s and 

supernatant was removed. Beads were washed twice. 400 pmol of biotinylated DNA were 

dissolved in wash buffer, vortexed to suspend and incubated for 5 min at room 

temperature. Magnet was applied, supernatant was removed, and beads were washed 

twice. 400 pmol RNA were dissolved in in pulldown reaction buffer (Vtot 50 μl) and 

heated to 65°C for 5 minutes, quickly chilled in an ice bath for 3 minutes. RNA was added 

to previously prepared magnetic beads and incubated at room temperature for 10 minutes 

with occasional agitation by hand. The magnet was applied, and beads were washed once 

with 50 μl of pulldown reaction buffer. RNA was incubated with 100 μl of cell extract in 

reaction buffer A for 1 h at room temperature to allow protein binding. Supernatant was 

discarded, and beads were washed 5 times with 50 μl reaction buffer A. Proteins were 

eluted in MilliQ by incubating for 2 min at 65°C. Magnet was applied and supernatant 

was transferred to a clean RNase free low-binding Eppendorf tube. Elution was repeated 

with 25 μl pre-warmed MilliQ, incubated for 1 minute and supernatant was added to first 

elution. Samples were analyzed by LC-MS/MS. 

 

8.16. Protein expression and protein purification 

Recombinant protein production permits the ability to express and purify a protein of 

interest. The essential steps contain an expression vector in which the DNA encoding the 

target protein is cloned downstream of a promoter. After transformation cell machinery 

produces the desired protein. Poly-histidine tagging was used for purification purposes of 

the recombinant protein which can be performed by nickel and cobalt containing resins. 

200 mL LB were inoculated with appropriate antibiotics and 1/100 overnight culture. 

Cells were grown until an OD600 ~ 0.4-0.6 at 37°C and 200 rpm. Plasmids for protein 

overexpression were induced with IPTG to a final concentration of 1 mM and grown for 

at least 4 h. Cells were harvested by centrifugation at 4000 rpm and 4°C for 30 min. Cell 

pellets were resuspended in Ni-NTA-Lysis buffer (4.9 mL Lysis Buffer + 100 µl 

Lysozyme (50 mg/mL) + 25 U DNaseI) and sonified (pulsation time 1 min, amplitude 

20%, pulse on 0.5 s, pulse off 2 s). Cell debris was pelleted by centrifugation at 4000 rpm 
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and 4°C for 30 min. Supernatant was incubated with Ni-NTA-Agarose beads at 4°C for 

at least 1 h. Bound proteins were purified on polypropylene columns by washing 3 times 

with 4 mL Ni-NTA-Wash buffer. Proteins were eluted 4 times in 500 µl Ni-NTA-Elution 

buffer. SDS PAGE was performed for quality control. Protein elutions were pooled 

regarding product size, concentrated in Amicon filters (3 kDa) and washed 5 times with 

buffer for storage. Proteins were stored at 4°C and Bradford Assay was performed for 

determination of the concentration. 

 

8.17. SPR 

In Biacore systems molecular interactions are monitored in real time. Changes in 

concentrations are measured at a sensor surface as molecules bind or dissociate from the 

resin. The detection is based on changes in refractive index from the sensor surface which 

is called surface plasmon resonance (SPR). RNA was attached to the surface and proteins 

passed over the surface in a continuous flow of samples solution. Response of SPR is 

directly proportional to the change in mass concentration close to the surface. 

All SPR measurements were performed on a Biacore T200 instrument on CM5 chips (GE 

Healthcare). Amino-labeled single stranded DNA was directly coupled on dextran matrix 

at 25 °C on all flow cells. 1x HBS-P+ (10 mM HEPES, 150 mM NaCl, 0.05% v/v 

Surfactant P20), 60 µg/mL salmon intestine DNA (or 125 µg/mL yeast tRNA), 1 mM 

DTT was used as running buffer. For preparation, the chip was washed 3 times with 50 

mM NaOH at a flow rate of 30 µl/min over 120 s. For immobilization of DNA, EDC/NHS 

was injected for 420 s at a flow rate of 10 µl/min. 5 µM amino-labeled DNA (TM069) 

was injected for 420 s at the same flow rate. DNA was injected until no relevant increase 

of RU has been observed. Immobilization of DNA was terminated by injection of 

Ethanolamine-HCl with a flow rate of 10 µl/min for 420 s. 

RNA was prepared by in vitro transcription and was composed of the natural RNA 

sequence and a linker and hybridization sequence which was the complementary 

sequence of the immobilized DNA. RNA of interest was diluted in 1 M NaCl to a final 

concentration of 250-500 ng/µl and immobilized on flow cells 2 to 4 at a flow rate of 5 

µl/min for 420 s. Flow cell 1 was used as a reference. For regeneration, 50 mM NaOH 

was injected for 2 times (30 µl/min, 120 s contact time) to remove RNAs. 
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Real-time binding experiments were performed at a flow rate of 30 µl/min. Proteins were 

tested in a single cycle kinetic experiment (type high performance) with 150 s contact 

time and a dissociation time of 600 s. For regeneration 2 M NaCl was injected for 60 s 

with a flow rate of 20 μl/min. As report points, “baseline” was set 10 s before the start of 

the sample, “binding” was set 5 s before the end of the sample and “stability” was set 10 

s after the end of the sample. Binding sensograms were obtained by subtraction of FC1 

and evaluated with Biacore T200 Evaluation Software. Curves were fitted with a 1:1 

binding model and rate constants of the interaction (ka and kd) were determined. 

 

8.18. Filter binding assay (Dotblot) 

In filter binding assay the per cent of bound RNA by protein is analyzed. If the protein 

RNA has a single binding site, it is fully informative and a simpler assay than EMSA. It 

can serve as a confirmation of EMSA or SPR experiments and does not require that 

complexes remain stable during electrophoresis. 

If possible, each binding reaction was prepared in duplicates or triplicates. Reaction was 

performed in Biacore Running Buffer 1x HBS-P+ (10 mM HEPES, 150 mM NaCl, 0.05% 

v/v Surfactant P20), 60 µg/mL salmon intestine DNA and 1 mM DTT or 1x HBS-P+ (10 

mM HEPES, 150 mM NaCl, 0.05% v/v Surfactant P20), 60 µg/mL salmon intestine 

DNA, 2 mM MgCl2 and 1 mM DTT. Reactions were performed in 20 µl reaction volume 

including different protein concentrations. End-labeled RNA was resuspended in TE 

Buffer, heated at 85°C for 3 min and slowly cooled down to RT. 1 µl of 32P-labled RNA 

(~ 50000 Cpm/r) was added to protein/ buffer aliquot and samples were mixed and 

incubated at 30°C for 30 min. As negative control, a reaction without protein was 

prepared. Each binding reaction was filtered through a nitrocellulose and a nylon 

membrane sandwich, both membranes presoaked in Biacore Running Buffer. Spots were 

washed twice with 100 µl Biacore Running Buffer. Membranes were dried in the 

hybridization oven and exposed to PhosphorImager screen overnight. For each spot the 

percent of RNA bound in comparison to the total input in radioactivity was determined. 
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8.19. EMSA 

Protein-RNA interactions can be quantified by gel mobility shift (gel shift) assay, also 

known as electrophoretic mobility shift assay (EMSA). Compared to isothermal titration 

calorimetry and filter binding assays protein-RNA complexes, even multiple binding 

events, may be visualized on the gel. In this assay, bound RNA is separated from free 

RNA using native PAGE. For improving separation and resolution of protein-RNA 

complexes and unbound RNA TBE buffer or Tris-glycine buffering systems can be used. 

In vitro transcribed RNA is end-labeled with γ-32P-ATP while proteins remain unlabeled. 

During incubation complex formation is allowed and free and bound RNA will be 

separated on the gel. Fraction of bound RNA can be plotted as function of protein 

concentration to calculate equilibrium binding constant (KD). KD is defined as the 

concentration at which 50% of the RNA is bound. 

Protein dilutions were prepared in protein storage buffer. As negative controls, 2 samples 

without protein were prepared (containing protein storage buffer). 2 µl of protein were 

aliquoted into PCR tubes. γ-32P-RNA was diluted in TE buffer to 1 nM, heated at 85°C 

for 3 minutes and cooled to RT.  

In a first experiment, master mix for binding reaction contained 10 µl 10x CsrA binding 

buffer, 15 μL of 50% glycerol, 2 μL 1 M DTT, 1 μL Ribolock, 2 μL of 10 mg/mL yeast 

tRNA, 10 μL 5% xylene cyanol, 30 µl DEPC-water and 10 μL of 1 nM end-labeled RNA. 

8 µl of Mastermix were added to protein dilution aliquots. Samples were incubated at 

30°C for 30 min and 4 µl were loaded onto a native PAGE. PAGE was either run in TBE 

or Tris-glycine buffer, dried under vacuum and exposed to a PhosphorImager screen 

overnight. 

In a second experiment, 10x EMSA binding buffer was used. Samples were prepared 

similar to the previous experiment. 

 

8.20. RNase footprinting 

To explore RNA-protein interaction RNA footprinting can be used. The principle of this 

experiment is RNA sequencing and structural analysis. Footprinting relies on the cleavage 



234 

 

of radio-labeled RNA of RNA-protein complexes by nucleases. The different RNA 

fragments are separated by gel electrophoresis. 

In a previous step RNase was titrated to determine  the activity of RNase needed resulting 

in an 80% intact RNA. For RNase footprinting, 32P-labeled RNA (50000 Cpm/r) was 

resuspended in DEPC-water (final concentration of PEG 1 g/l) and heated at 90°C for 5 

min and slowly cooled to RT. Reaction was performed in 10 µl reaction volume and 

combined on ice containing 1x Binding buffer for footprinting, yeast tRNA (final conc. 1 

mg/mL), correspondent amount of protein and 1 µl 32P-labeled RNA (50000 Cpm/r). 

Negative controls contained either no protein or no RNase. Samples were incubated at 

30°C for 30 min and RNase was added. Digestion was carried out at 30°C for 10 min. 

Denaturing PAGE Loading Dye was added and RNases were inactivated at 90°C for 1 

min and placed on ice. For sequence alignment, OH- ladder and T1 digestion ladder were 

prepared. OH- ladder contained 1x Na2CO3 Buffer, 1 µl of 32P-labeled RNA and was 

heated at 90°C for 5 min and stored on ice. For T1 digestion 1 µl of 32P-labeled RNA were 

digested with 0.1 U RNase T1 in 1x sodium citrate buffer and filled up to 10 µl with 2x 

denaturing PAGE Loading Dye. Samples were incubated at 55°C for 1 min and 3 µl 2x 

denaturing PAGE Loading Dye and 7 µl MilliQ were added, samples were stored on ice. 

Precursor RNA was prepared with 1 µl 32P-labeled RNA in 10 µl MilliQ. Samples were 

loaded on 6% PAGE and gels were run at 50 W for approximate 3 h. Gels were dried and 

exposed to PhosphoImager screen overnight. 

 

8.21. Determination of β-galactosidase expression levels 

For validation of protein RNA interaction in vivo, β-galactosidase assay was performed 

with plasmids containing the 5’UTR of interest and the correspondent protein. For 

reporter assays E. coli DH5α cells were used.  

Cells were cultured in LB overnight. The next day, fresh LB was inoculated 1/100 from 

overnight culture. To control systems, Cells were induced either with Arabinose (0.1%), 

IPTG (1 mM) or Arabinose and IPTG. IPTG was added 2 hours after inoculation with 

overnight culture to the medium. After 1 h of induction, cells were induced with 

arabinose. Cells were harvested after 4 hours and OD600 was measured. 100 µl of culture 

were mixed with 100 µl permeabilization solution. Samples were incubated for 30 min at 

30°C. 600 µl of pre-warmed substrate solution was added per reaction and time of 
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addition was noted. Reaction was carried out until sufficient color had developed and 700 

µl stop solution per reaction were added and time was stopped. Reactions were 

centrifuged to remove cell debris. Absorbance at 420 nm was measured. Miller Units 

were calculated, as shown in Equation 6: 

Equation 6. Calculation of β-galactosidase activity. 

𝑀𝑖𝑙𝑙𝑒𝑟 𝑈𝑛𝑖𝑡𝑠 = 1000 ∗
𝐴𝑏𝑠 420 𝑛𝑚

𝐴𝑏𝑠 600𝑛𝑚 ∗ 𝑣𝑜𝑙𝑢𝑚𝑒 𝑙𝑦𝑠𝑒𝑑 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 ∗ 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒
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9. Abbreviations 

°C Degree Celsius 

A Adenine 

ADP Adenosine diphosphate 

ARE AU-rich element 

asRNA Antisense RNA 

AST L-arginine degradation II 

ATP Adenosine triphosphate 

C Cytosine 

cAMP Cyclic adenosine monophosphate 

CLIP cross-linking immunoprecipitation 

CoA Coenzyme A 

CRC Catabolite repression control 

CRP Catabolite repressor protein 

DNA Deoxyribonucleic acid 

E1 Elution 1 

eGFP Enhanced green fluorescent protein 

EMSA Electrophoretic Mobility Shift Assay 

FAD Flavin adenine dinucleotide 

FMN Flavin mononucleotide 

G Guanine 

GABA γ-Aminobutyric acid 

HILIC hydrophilic interaction liquid chromatography 

His Histidine 

HPLC high performance liquid chromatography 
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ICDH Isocitrate dehydrogenase 

ICL Isocitrate lyase 

IDH NADP+-dependent isocitrate dehydrogenase 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

kDa Kilo Dalton 

LC Liquid chromatography 

MAX 

mixed-mode polymeric sorbent with anion-

exchange groups 

MCX 

mixed-mode polymeric sorbent with cation-

exchange groups 

Min Minutes 

mM Millimolar 

MOCO Molybdenum cofactor 

mRNA Messenger RNA 

MS Mass spectrometry 

ms Millisecond 

NAD Nicotinamide adenine dinucleotide 

nc Non-coding 

nm Nanometer 

nt Nucleotide 

OD Optical density 

OH Hydroxy 

ORF Open reading frame 

PAGE Polyacrylamide gel electrophoresis 

Pol Polymerase 
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RBS Ribosome binding site 

RNA Ribonucleic acid 

ROS reactive oxygen species 

rRNA Ribosomal RNA 

RU Response units 

rut Rho utilization site 

s Second 

SCS Succinyl-CoA synthetase 

SD Shine-Dalgarno 

Seq Sequencing 

SPR Surface plasmon resonance 

sRNA Small RNA 

SSA Succinic seminaldehyde 

TBE Tris-borate-EDTA 

TCA Tricarboxylic acid 

tRNA Transfer RNA 

U Uracil 

UTR Untranslated region 

UV-Vis Ultraviolet-visible 

W1 Wash 1 

WAX weak anion exchange mixed-mode sorbent 

WCX weak ion exchange mixed-mode sorbent 

α-KG α-Ketoglutarate 

α-KGDH α-Ketoglutarate dehydrogenase 
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13.  Appendices 

Table 48. List of ligands tested with sucA RNA motif. 

4-Amino-1-butanol 

5-(Hydroxymethyl)uracil 

Acetaldehyde 

Acetate 

Acetyl-CoA 

Acetyl-phosphate 

Adenine 

Adenosine 

ADP 

Agmatine sulfate 

Al3+ 

AMP 

Arsenate 

ATP 

Azaserine 

Betain 

Ca2+ 

cAMP 

Carbamoylphosphate  

Carbonate 

Carnitine 

Cd2+ 

c-di-AMP 

c-di-GMP 

cGMP 

Citrate 

Citrulline 

Co2+ 

CoA 

Cr2+ 
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Cu2+ 

D-Ribose-6-phosphate 

FAD 

Fe2+ 

Fe3+ 

FMN  

Fumarate 

GABA 

Glucosamine-6-phosphate 

Glucose 

Glutathione 

Glyoxylate 

GTP 

Isocitrate 

Kynureine 

Lactate 

L-Arginine 

L-Argininosuccinic acid 

L-Asparagine 

L-Aspartic acid 

L-Glutamate 

L-Glutamine 

L-Glycine 

L-Histidine 

L-Leucine 

L-Phenylalanine 

L-Proline 

L-Serine 

L-Threonine 

L-Tryptophane 

L-Tyrosine 

Malate 

Mn2+ 
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Molybdate 

N-Acetyl-L-glutamic acid 

NAD+ 

NADH 

NADP+ 

NADPH 

NH4Cl 

Ni2+ 

Nitrite 

N-Succinyl-L-glutamic acid 

Ornithine 

Oxalate 

Oxaloacetate 

Oxoadipic acid 

Phosphate 

Phosphoenol pyruvate 

ppGpp 

Putrescine 

Pyrrolidine 

Pyruvate 

Riboflavin 

Roseoflavin 

Selenite 

Spermidine 

Spermine 

Succinate 

Succinic semialdehyde 

Succinyl-CoA 

Taurine  

Tellurite 

TMAO 

TPP 

UDP-Glucose 
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Uracil 

Vanadate 

Zn2+ 

α-Ketoglutarate 

β-Alanine 

 

Table 49. Ligands tested with sucAII RNA motif. 

5-(Hydroxymethyl)uracil 

Acetate 

Acetyl-CoA 

Agmatine sulfate 

Al3+ 

AMP 

Arsenate 

ATP 

Ca2+ 

cAMP 

c-di-AMP 

c-di-GMP 

cGMP 

Citrate 

CoA 

FAD 

FMN 

Fumarate 

GTP 

L-Arginine 

L-Glutamate 

L-Glutamine 

L-Histidine 

L-Proline 

L-Threonine 
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Malate 

Molybdate 

N-Acetyl-L-glutamic acid 

NAD+ 

NADH 

N-Succinyl-L-glutamic acid 

Oxalate 

Oxoadipic acid 

ppGpp 

Riboflavin 

Roseoflavin 

Selenite 

Spermidine 

Succinate 

Succinate 

Tellurite 

Tellurite 

TPP 

UDP-Glucose 

Vanadate 

α-Ketoglutarate 

 

Table 50. Ligands tested with sucC RNA motif 

Acetyl-CoA 

Acetyl-phosphate 

AMP 

ATP 

Ca2+ 

cAMP 

c-di-AMP 

c-di-GMP 

cGMP 
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CoA 

FAD 

FMN 

GABA 

GTP 

L-Arginine 

L-Glutamate 

L-Glutamine 

L-Histidine 

L-Proline 

L-Threonine 

NAD+ 

NADH 

NADP+ 

NADPH 

NH4Cl 

Nicotine amide 

Nicotinic acid 

Ornithine 

Succinate  

Succinic semialdehyde 

Succinyl-CoA  

TPP 

α-Ketoglutarate 

 

Table 51. Ligands tested with gabT RNA motif. 

4-Amino-1-butanol 

Acetyl-CoA 

Acetyl-phosphate 

ADP 

Agmatine sulfate 

AMP 
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ATP 

Ca2+ 

Carbamoyl phosphate 

Carnitine 

Citrulline 

CoA 

FAD 

Fe2+ 

Fe3+ 

FMN 

GABA 

Glutathion 

L-Arginine 

L-Glutamate 

L-Glutamine 

L-Histidine 

L-Methionine 

L-Phenylalanine 

L-Proline 

L-Serine 

L-Threonine 

L-Tryptophane 

L-Tyrosine 

N-Acetyl-L-glutamic acid 

NAD+ 

NADH 

NADP+ 

NADPH 

NH4Cl 

Nitrite 

N-Succinyl-L-glutamic acid 

Ornithine 

Phosphate 
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Putrescine 

Pyrrolidine 

Pyruvate 

Spermidine 

Spermine 

Succinate 

Succinic acid 

Succinic semialdehyde 

Succinyl-CoA 

TPP 

UDP-Glucose 

Uracil 

Urea 

α-Ketoglutarate 

β-Alanine 

 

Table 52. List of oligonucleotides. Forward primers are labeled with “F”, reverse primers are labeled with “R”. 

Modifications are indicated [Phos] for 5’ end phosphorylation. Oligonucleotides are synthesized by Sigma-Aldrich and 

were either RP1 or HPLC purified. 

Name Sequence F/R Description 

sg096 GAATACTAGTCCCCAGCCACAGTCGCATC F 
sucA in luxAB 

reportersystem 

sg097 GATACCATGGCGCTGACCTCCGCTTTCCTTC R 
sucA in luxAB 

reportersystem 

sg102 [Phos]GTCGACTCTAGAGGATCCC R 

shorter distance 

restriction site to 

startcodon,(F primer IH 

152) 

sg103 
GATACCCGGGACAATGGCTGCCGCAACTCA

A 
F sucA C in lacZ pBAD 

sg104 GATAGTCGACCGCTGACCTCCGCTTTCCTTC R sucA C in lacZ pBAD 

sg142 
TCAATCTCTTGGTGGCTATTGGCTTGCTCCA

GGGCGGAAA 
R aceE RNA Biotin linker 

sg143 
TCAATCTCTTGGTGGCTATTAATGCCCTCAT

TGCGCCGAC 
R gabT Biotin linker 

sg144 
TCAATCTCTTGGTGGCTATTGCGGGTTAACT

CTCTGTGTG 
R icd Biotin linker 
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Name Sequence F/R Description 

sg145 
TCAATCTCTTGGTGGCTATTGCTTGGTCACC

CTCGATTAG 
R sucAII Biotin linker 

sg146 
TCAATCTCTTGGTGGCTATTCTTTTTACCGT

CTTCGTTAG 
R sucC Biotin linker 

sg152 
GAATCCCGGGCACGACAGTCGATCAACGAA

TA 
F gabT in lacZ pBAD 

sg153 
GATAGTCGACAATGCCCTCATTGCGCCGAC

A 
R gabT in lacZ pBAD 

sg164 
CATTCCCGGGTGTAGTAAAACTACAACGCG

CC 
F aceE in lacZ pBAD 

sg166 ACCTGTCGACGGCTTGCTCCAGGGCG R aceE in lacZ pBAD 

sg167 
TAATACGACTCACTATAGAATGCCCTCATT

GCGCCG 
F reverse gabT RNA  

sg168 
TCAATCTCTTGGTGGCTATTGGTGGCCAGG

GCGTTCAC 
R 

reverse gabT RNA + 

DNA linker 

sg169 
TAATACGACTCACTATAGCGGGTTAACTCT

CTG 
F reverse icd RNA 

sg170 
TCAATCTCTTGGTGGCTATTGGCCATAAAGC

CTGGG 
R 

reverse icd RNA + 

DNA linker 

sg171 
TAATACGACTCACTATAGCTTGGTCACCCTC

GATTA 
F reverse sucAII RNA 

sg172 
TCAATCTCTTGGTGGCTATTACCCGGAAAAT

CAGCAGG 
R 

reverse sucAII RNA + 

DNA linker 

sg173 
TAATACGACTCACTATAGGCTTTTTACCGTC

TTCGTTAGG 
F reverse sucC RNA 

sg174 
TCAATCTCTTGGTGGCTATTCGGTCACAGGT

GGTGCGG 
R 

reverse sucC RNA + 

DNA linker 

sg175 
TAATACGACTCACTATAGGCTTGCTCCAGG

GCGG 
F reverse aceE RNA 

sg176 
TCAATCTCTTGGTGGCTATTGTAGTAAAACT

ACAACGCGCC 
R 

reverse aceE RNA + 

DNA linker 

sg187 
TAATACGACTCACTATAAGGGCCGGGGCCT

CG 
F rpsL leader RNA 

sg188 
TCAATCTCTTGGTGGCTATTCTACTAGCTCC

ACTGATTGTC 
R 

rpsL leader RNA + 

DNA linker 

sg202 
TAATACGACTCACTATAGGCTACTAGCTCC

ACTGATTG 
F 

reverse rpsL leader 

RNA 

sg203 
TCAATCTCTTGGTGGCTATTGGGCCGGGGC

CTC 
R 

reverse rpsL leader 

RNA + DNA-linker 

sg204 GAATCTCGAGTGGCTTGCTCTCCTCGTCGTC F 
Overexpression 

PP_3261 
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Name Sequence F/R Description 

sg205 CTTACATATGGGCAGCGTGCATGAGCTGGA R 
Overexpression 

PP_3261 

sg206 CTTACTCGAGGGGCGAGATCGGATCACT F 
Overexpression 

PP_3262 

sg207 
GATAGCTAGCAACGATCAACGCTGCGCGTG

TA 
R 

Overexpression 

PP_3262 

sg224 GATCGCTAGCGCTCAATACGTCTACACC F 
Overexpression 

PP_0674 

sg225 TGCACTCGAGCTGGGCCAGTTTCTTG R 
Overexpression 

PP_0674 

sg226 GATCGCTAGCAACCCCATTCGTACTC F 
Overexpression 

PP_3611 

sg227 TGCACTCGAGGCGCGAGGTTTCGAC R 
Overexpression 

PP_3611 

sg228 GATCGCTAGCGTAGCCTCTCAAGTCCC F 
Overexpression 

PP_3904 

sg229 TGCACTCGAGGCGCCCCGGGAACG R 
Overexpression 

PP_3904 

sg230 GATCGCTAGCTTGATTCTGACTCGTCGG F 
Overexpression 

PP_4472 

sg231 TGCACTCGAGAAGGCTTGGCTCTTCATC R 
Overexpression 

PP_4472 

sg232 GATCGCTAGCACCGACGCCTTGCGCC F 
Overexpression 

PP_4476 

sg233 TGCACTCGAGGTGGTGGTGACCGCAG R 
Overexpression 

PP_4476 

sg234 GATCGCTAGCCCGCTCAATAACGAGCAG F 
Overexpression 

PP_4720 

sg235 TGCACTCGAGCTTGTAACGGTGGATGTTG R 
Overexpression 

PP_4720 

sg236 GATCGCTAGCGCCAGCAAATCGGCAAAG F 
Overexpression 

PP_2105 

sg237 GATCCTCGAGGCGCCGGTTGGCCAGCAGA R 
Overexpression 

PP_2105 

sg238 
GATCGCTAGCGCTCGTACTACAGCAATTAA

C 
F 

Overexpression 

PP_0451 

sg239 TGCAAAGCTTGCCTTGTTTTTTAACGAG R 
Overexpression 

PP_0451 

sg240 GATCGCTAGCGAAAGCGTGGCACGAAC F 
Overexpression 

PP_0797 
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Name Sequence F/R Description 

sg241 TGCACTCGAGGGAGCGGGCGCGA R 
Overexpression 

PP_0797 

sg242 
GATCGCTAGCGTACTCGTTGGTAAGAAAGC

CC 
F 

Overexpression 

PP_1084 

sg243 TGCACTCGAGCAGCTTGCCAGCGTTC R 
Overexpression 

PP_1084 

sg244 GATCGCTAGCATCAACGACATCAAG F 
Overexpression 

PP_1594 

sg245 TGCACTCGAGGACGGCCATCAGG R 
Overexpression 

PP_1594 

sg246 GATCGCTAGCAAGAAGTTCGCCATTGCTG F 
Overexpression 

PP_4707 

sg247 TGCACTCGAGTTCGGCTTTCAGG R 
Overexpression 

PP_4707 

sg248 

TAATACGACTCACTATAGGAAGACACGATC

TGCGACGTTTTTTACCCGGAAAATCAGCAG

GATCCA 

F sucAII motif Biacore 

sg251 

TAATACGACTCACTATAGGAAGACACGATC

TGCGACGTTTTTTGGCCATAAAGCCTGGGTT

G 

F icd motif Biacore 

sg254 

TAATACGACTCACTATAGGAAGACACGATC

TGCGACGTTTTTTCGGTCACAGGTGGTGCG

G 

F sucC motif Biacore 

sg257 

TAATACGACTCACTATAGGAAGACACGATC

TGCGACGTTTTTTGACAGTCGATCAACGAA

TAC 

F gabT motif Biacore 

sg260 
TAATACGACTCACTATAGGAAGACACGATC

TGCGACGTTTTTTTGTAGTAAAACTACAAC 
F aceE motif Biacore 

sg263 GATCGCTAGCATTTCGATCCTGCGACGTG F 
Overexpression 

PP_0961 

sg264 TGCACTCGAGTTTGACGCTCTTCTCTGG R 
Overexpression 

PP_0961 

sg265 GATCGCTAGCGCATTGACCAAAGACC F 
Overexpression 

PP_0975 

sg266 TGCACTCGAGCTTGTTGATGGCGTCGG R 
Overexpression 

PP_0975 

sg267 GATCGCTAGCAGCAGCGATCTGATCAAAC F 
Overexpression 

PP_5215 

sg268 TGCACTCGAGCAGGTGGGCGTCGAGG R 
Overexpression 

PP_5215 

sg274 GATCGCTAGCAACAAGTCGGAACTG F 
Overexpression 

PP_2303 
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Name Sequence F/R Description 

sg275 TGCACTCGAGGTTGACGGCGTCTTTC R 
Overexpression 

PP_2303 

sg276 GATCGCTAGCGCGCCCAGGCCGCGTAAT F 
Overexpression 

PP_1532 

sg277 TGCACTCGAGTGCGACATCGATCCACTCAG R 
Overexpression 

PP_1532 

sg278 GATCGCTAGCGCTATGACAGTCCATTGC F 
Overexpression 

PP_5412 

sg279 TGCAAAGCTTCTTGCCTTTGCGCATTTGCTG R 
Overexpression 

PP_5412 

sg282 GATCGCTAGCCGCGTTTTGAACCCC F 
Overexpression 

PP_4519 

sg283 TGCACTCGAGACGCATCTCAGGCAGACG R 
Overexpression 

PP_4519 

sg284 GATCGCTAGCAATCTTCACGAGTATCAGGG F 
Overexpression 

PP_4186 

sg285 TGCACTCGAGCTTGCCCTCCGCAG R 
Overexpression 

PP_4186 

sg286 GATCGCTAGCAGCGTCCTGATCAATAAAG F 
Overexpression 

PP_4185 

sg287 TGCACTCGAGCTTCTTGGCTTCCCAG R 
Overexpression 

PP_4185 

sg288 GATCGCTAGCGCTACCTTGCACACCCAG F 
Overexpression 

PP_4065 

sg289 TGCAAAGCTTCATCCGGAAAATGCCGA R 
Overexpression 

PP_4065 

sg290 GATCGCTAGCCAACGAGGAATATCCATGC F 
Overexpression 

PP_2299 

sg291 TGCAAAGCTTCTCAGCAGCGGCAGG R 
Overexpression 

PP_2299 

sg292 GATCGCTAGCAAAGCGTGGCACGAACACTG F 
Overexpression 

PP_0797 

sg293 TGCACTCGAGGGAGCGGGCGCGAGC R 
Overexpression 

PP_0797 

sg294 GATCGCTAGCCCCACCCGTTCCAAG F 
Overexpression 

PP_4012 

sg295 TGCACTCGAGCAGGGCAGCGATGGC R 
Overexpression 

PP_4012 

sg296 GATCGCTAGCGCTGTTCAACGTACTTTC F 
Overexpression 

PP_0849 
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Name Sequence F/R Description 

sg297 TGCACTCGAGGCGAGTGGTTACCTCGG R 
Overexpression 

PP_0849 

sg298 GATCGCTAGCACTGATATTTCAGCTTTGG F 
Overexpression 

PP_3857 

sg299 TGCACTCGAGAACGAAAGAGATAGGTTTG R 
Overexpression 

PP_3857 

sg300 
GATCGCTAGCGCTATCGAGATCAAAGCCCC

AACC 
F 

Overexpression 

PP_4188 

sg301 TGCACTCGAGGATGTCCAGCAGCAGGCGGG R 
Overexpression 

PP_4188 

sg302 GATCGCTAGCGCTCAAGTGACTCTCAAAG F 
Overexpression 

PP_3587 

sg303 TGCAAAGCTTCTTCAGTACAGCCAGCG R 
Overexpression 

PP_3587 

sg304 GATCGCTAGCGCAATGACTGATAGCAACC F 
Overexpression 

PP_1434 

sg305 TGCACTCGAGCAGGTCGCCGTAGCC R 
Overexpression 

PP_1434 

sg308 GATCGCTAGCAAACAGCATCGTTTGGC F 
Overexpression 

PP_1714 

sg309 TGCACTCGAGCTTGGCAGGTGCTTC R 
Overexpression 

PP_1714 

sg310 GATCGCTAGCACCCAGGAAACCGGC F 
Overexpression 

PP_1868 

sg311 TGCAAAGCTTATCCTCGCGGTAGCGAC R 
Overexpression 

PP_1868 

sg312 GATCGCTAGCGTTCCCGTAATTGC F 
Overexpression 

PP_0857 

sg313 TGCAAAGCTTGCGTTTGTCGCGACG R 
Overexpression 

PP_0857 

sg314 GATCGCTAGCGCAAGCGGTAAAGTCAAG F 
Overexpression 

PP_4010 

sg315 TGCACTCGAGGGCTTTTGCAGTTTCGC R 
Overexpression 

PP_4010 

sg316 GATCGCTAGCAATTCTCCCCTGTCCG F 
Overexpression 

PP_3416 

sg318 GATCGCTAGCTCAGACCTGAAAACCGC F 
Overexpression 

PP_5085 

sg319 TGCACTCGAGGCCGTTGAACACTTCAT R 
Overexpression 

PP_5085 
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Name Sequence F/R Description 

sg320 
GATCGCTAGCGCGTTGATCGTACAGAAATT

TGG 
F 

Overexpression 

PP_4473 

sg321 
TGCACTCGAGCTCGCCCTGTCGGGCAGGAG

C 
R 

Overexpression 

PP_4473 

sg322 GATCGCTAGCACCCTTCGCATCGCCATC F 
Overexpression 

PP_1009 

sg323 TGCAAAGCTTGCCAGCCCGGTGCAG R 
Overexpression 

PP_1009 

sg324 GATCGCTAGCGCACTCATTAGCATGCG F 
Overexpression 

PP_4960 

sg325 
TGCAAAGCTTGTTGACCTTGGCGGCCAGTT

CACCTTTC 
R 

Overexpression 

PP_4960 

sg333 GATCGCTAGCACCCAGAAATTCGACGTAG F 
Overexpression 

PP_4187 

sg334 TGCAAAGCTTACGCTTCTTACGGTTGG R 
Overexpression 

PP_4187 

sg335 GATCGCTAGCCAAGAAAGCGTGATGCAG F 
Overexpression 

PP_4189 

sg336 TGCAAAGCTTGACAGTGAAGGCGTCTTG R 
Overexpression 

PP_4189 

sg337 
GATCGCTAGCAAAGTTTTCTACGATAAAGA

C 
F 

Overexpression 

PP_4678 

sg338 TGCACTCGAGGTTCTTGGTCTTGTCGACG R 
Overexpression 

PP_4678 

sg339 GATCGCTAGCGTTGCTGGATTGCTCGA F 
Overexpression 

PP_5258 

sg340 TGCAAAGCTTGTCGAACACGATACCC R 
Overexpression 

PP_5258 

sg358 TAACTCGAGCACCACCACCAC F 

Insertion stop codon for 

deletion of C-terminal 

His-tag 

sg359 [Phos]AAGGCTTGGCTCTTCATCCTTC R 

Insertion stop codon for 

deletion of C-terminal 

His-tag 

sg366 TTTCCGCCCTCCAGCAAGCC R 
aceE SD sequence 

mutated lacZ 

sg367 CAACGCGCCCCAAGACACCC F 
aceE sequence in 5’ 

UTR mutated lacZ 

sg368 [Phos]TAGTTTTACTACACCCGGGT R 
aceE sequence in 5’ 

UTR mutated lacZ 

sg369 [Phos]GGCAACCAGAATCGATTGCC R 
aceE SD sequence 

mutated lacZ 
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Name Sequence F/R Description 

sg370 GGCTTGCTGGAGGGCGGAAA R 

aceE mutated SD 

sequence for in-vitro 

binding assays 
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Table 53. Full list of proteins fished with sucAII RNA motif. Table depicting conditions in which protein was fished. ‘X’ indicating that the protein is found in this condition. 

Majority protein 

IDs 
Protein names 

Locus 

tag 

Fished in 

condition 
    

   Osmoshock 
Carbon 

limitation 

Nitrogen 

limitation 

Low 

pH 

Rich 

medium 

Q88FS3 DNA replication inhibitor PP_4010 X     

Q88QN7;Q88QP8 Elongation factor Tu-B (EF-Tu-B) PP_0452 X     

Q88QN8 Elongation factor G 1 (EF-G 1) PP_0451 X     X  

Q88FB2 
Succinate-CoA ligase [ADP-forming] subunit beta 

(EC 6.2.1.5) 
PP_4186 X  X   

Q88NW9 Putative peroxiredoxin (EC 1.11.1.15) PP_1084 X     

Q88BX4 ATP synthase subunit beta (EC 3.6.3.14)  PP_5413 X     

Q88MH7 
Ribosome-recycling factor (RRF) (Ribosome-

releasing factor) 
PP_1594 X     

Q88F51 
Pyrimidine/purine nucleoside phosphorylase (EC 

2.4.2.2)  
PP_4248 X    X 

Q88FB3 
Succinate-CoA ligase [ADP-forming] subunit alpha 

(EC 6.2.1.5) ( 
PP_4185 X   X   

Q88KJ1 Trigger factor (TF) (EC 5.2.1.8)  PP_2299 X  X   

Q88BX5 ATP synthase epsilon chain  PP_5412 X X X   

Q88CG6 Thioredoxin PP_5215 X     

Q88P78;Q7BEQ6 Putative DNA-binding protein HU, form N PP_0975 X    X 

Q88G93;Q88EJ0 Carbon storage regulator homolog PP_4472 X    X 

Q88PQ1 Uncharacterized protein PP_0797 X     
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Majority protein 

IDs 
Protein names 

Locus 

tag 

Fished in 

condition 
    

   Osmoshock 
Carbon 

limitation 

Nitrogen 

limitation 

Low 

pH 

Rich 

medium 

Q88K52 
Peroxiredoxin, alkylhydroperoxide reductase-small 

subunit (EC 1.11.1.15) 
PP_2439 X     

Q88P91 Toluene tolerance protein PP_0961 X     

Q88FM4 
Methylcrotonyl-CoA carboxylase biotin-containing 

subunit beta (EC 6.4.1.4) 
PP_4065  X X   

Q88MH9 Elongation factor Ts (EF-Ts) PP_1592  X X   

Q88PL5 Protein translocase subunit SecD PP_0835   X   

Q88K39 Glutaminase-asparaginase (EC 3.5.1.38) PP_2453    X  

Q88GA4 
UTP--glucose-1-phosphate uridylyltransferase (EC 

2.7.7.9)  
PP_3821    X  

Q88P30;Q9EV79 6-phosphogluconolactonase (EC 3.1.1.31) PP_1023    X  

Q88DM2 D-alanyl-D-alanine carboxypeptidase (EC 3.4.16.4) PP_4803    X  

Q88LY2 Uncharacterized protein PP_1794    X X 

Q88DK2 Phosphoribosylamine--glycine ligase (EC 6.3.4.13) PP_4823    X  

Q88DD8 
Adenylosuccinate synthetase (AMPSase) (AdSS) 

(EC 6.3.4.4)  
PP_4889    X  

Q88LD9 
Acetyl-coenzyme A carboxylase carboxyl 

transferase subunit beta (EC 6.4.1.2) 
PP_1996    X  

Q88QF6 Inorganic pyrophosphatase (EC 3.6.1.1)  PP_0538    X  

Q88GX7 Aminotransferase (EC 2.6.1.-) PP_3590    X  

Q88N54 Pyruvate kinase (EC 2.7.1.40) PP_1362    X  
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Majority protein 

IDs 
Protein names 

Locus 

tag 

Fished in 

condition 
    

   Osmoshock 
Carbon 

limitation 

Nitrogen 

limitation 

Low 

pH 

Rich 

medium 

Q88QW6 Putative Acyl-CoA dehydrogenase PP_0368    X  

P0A173 Protein TolB PP_1222    X  

Q88C79 Putative Lipoprotein PP_5304    X  

Q88HC7 
4-hydroxyphenylpyruvate dioxygenase (EC 

1.13.11.27) 
PP_3433    X  

Q88PN6 
Cytochrome bo terminal oxidase subunit I (EC 

1.10.3.10) 
PP_0813    X  

Q88M42 Site-determining protein PP_1733    X  

Q88PT3 Uncharacterized protein PP_0765    X  

Q88NU3 Putative Synthetase PP_1111    X  

Q88QD6 
Acetyl-CoA carboxylase-biotin carboxylase subunit 

(EC 6.3.4.14)  
PP_0558    X  

Q88PI6 Ornithine decarboxylase (EC 4.1.1.17) PP_0864    X  

Q88GD8 Aminotransferase (EC 2.6.1.1) PP_3786    X  

Q88KF6 
2-methylisocitrate lyase (2-MIC) (MICL) (EC 

4.1.3.30)  
PP_2334    X  

Q88E96 Uncharacterized protein PP_4570    X  

A0A140FW42 Uncharacterized protein PP_5488    X X 

Q88FS2 Isocitrate dehydrogenase [NADP] (EC 1.1.1.42) PP_4011    X  

Q88Q08 GTPase Obg (EC 3.6.5.-)  PP_0690    X  
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Majority protein 

IDs 
Protein names 

Locus 

tag 

Fished in 

condition 
    

   Osmoshock 
Carbon 

limitation 

Nitrogen 

limitation 

Low 

pH 

Rich 

medium 

Q88BY9 Uncharacterized protein PP_5395    X X 

Q88F48 Cytochrome c oxidase subunit, cbb3-type PP_4251    X  

Q88JH0 Quinoprotein ethanol dehydrogenase (EC 1.1.2.8) PP_2679    X  

Q88QD0 Uncharacterized protein PP_0564    X  

Q88GD9 Uncharacterized protein PP_3785    X  

A0A140FWU0 Uncharacterized protein PP_5737    X  

Q88PN7 Ubiquinol oxidase subunit 2 PP_0812    X  

Q88GE2 Uncharacterized protein PP_3782    X  

Q88F46;Q88F41 Cbb3-type cytochrome c oxidase subunit PP_4253    X  

Q88DV3 Phosphoglucosamine mutase (EC 5.4.2.10) PP_4716    X  

 

Table 54. Full list of proteins fished with sucC RNA motif. Table depicting conditions in which protein was fished. ‘X’ indicating that the protein is found in this condition. 

Majority protein 

IDs 
Protein names 

Locus 

tag 

Fished in 

condition 
    

   Osmoshock 
Carbon 

limitation 

Nitrogen 

limitation 

Low 

pH 
rich 

Q88FS3 DNA replication inhibitor PP_4010 X X X  X 

Q88MY4 GTPase Era PP_1434  X X  X 

Q88MH9 Elongation factor Ts (EF-Ts) PP_1592  X X   
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Majority protein 

IDs 
Protein names 

Locus 

tag 

Fished in 

condition 
    

   Osmoshock 
Carbon 

limitation 

Nitrogen 

limitation 

Low 

pH 
rich 

Q88FB3 
Succinate-CoA ligase [ADP-forming] subunit alpha (EC 

6.2.1.5)  
PP_4185  X X   

Q88DV7 Translation initiation factor IF-2 PP_4712  X    

Q88QN8 Elongation factor G 1 (EF-G 1) PP_0451   X   

Q88PN6 Cytochrome bo terminal oxidase subunit I (EC 1.10.3.10) PP_0813   X   

Q88PJ3 GTPase Der  PP_0857   X   

Q88D67 Fructose-bisphosphate aldolase (EC 4.1.2.13) PP_4960   X   

Q88KI7;Q7BEQ7 DNA binding regulator, beta subunit B PP_2303 X     

Q88DW1 OsmY-related protein PP_4707 X     

Q88CG6 Thioredoxin PP_5215 X     

Q88HW4 Putative cointegrate resolution protein T Tn4652 PP_3239    X  

Q88NG4 Uncharacterized protein PP_1245    X  

Q88LD9 
Acetyl-coenzyme A carboxylase carboxyl transferase 

subunit beta (EC 6.4.1.2) 
PP_1996    X  

Q88NH1 Putative Lipoprotein PP_1238    X  

Q88PL6 Sec translocation complex subunit YajC PP_0834    X  

Q88LM2 Putative Peptidase PP_1908    X  

Q88F99 Putative Lipoprotein PP_4199    X  

Q88NG9 
Phosphoribosylaminoimidazole-succinocarboxamide 

synthase (EC 6.3.2.6)  
PP_1240    X X 
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Majority protein 

IDs 
Protein names 

Locus 

tag 

Fished in 

condition 
    

   Osmoshock 
Carbon 

limitation 

Nitrogen 

limitation 

Low 

pH 
rich 

Q88M07 Phosphoserine aminotransferase (EC 2.6.1.52)  PP_1768    X X 

Q88P88 
UDP-N-acetylglucosamine 1-carboxyvinyltransferase 

(EC 2.5.1.7)  
PP_0964    X X 

Q88DT3 L-lactate dehydrogenase (EC 1.1.-.-) PP_4736    X X 

Q88IA2 Uncharacterized protein PP_3097    X  

Q88QR0 
Aminoacyl-adenylate hydrolase/purine nucleoside 

phosphoramidase (EC 3.9.1.-) 
PP_0428    X  

 

Table 55. Full list of proteins fished with gabT RNA motif. Table depicting conditions in which protein was fished. ‘X’ indicating that the protein is found in this 

condition. 

Majority protein IDs Protein names 
Locus 

tag 

Fished in 

condition 
     

   Osmoshock rich 
Carbon 

limitation 

Nitrogen 

limitation 

Low pH + 

external 

glutamate 

Low 

pH 

Q88P78;Q7BEQ6 Putative DNA-binding protein HU, form N PP_0975 X      

Q88BX4 ATP synthase subunit beta (EC 3.6.3.14) PP_5413  X     

Q88F51 
Pyrimidine/purine nucleoside phosphorylase (EC 

2.4.2.2) 
PP_4248  X     

Q88CG6 Thioredoxin PP_5215  X     

Q88BX2 ATP synthase subunit alpha (EC 3.6.3.14) PP_5415  X     
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Majority protein IDs Protein names 
Locus 

tag 

Fished in 

condition 
     

   Osmoshock rich 
Carbon 

limitation 

Nitrogen 

limitation 

Low pH + 

external 

glutamate 

Low 

pH 

Q88FS3 DNA replication inhibitor PP_4010  X X X X  

Q88DD6 Protein HflC PP_4891  X X    

Q88KJ1 Trigger factor (TF) (EC 5.2.1.8) (PPIase) PP_2299  X X    

Q88CC3 
L-piperidine-6-carboxylate dehydrogenase (EC 

1.2.1.21) 
PP_5258   X X   

Q88DZ0 
Ketol-acid reductoisomerase (NADP(+)) (KARI) 

(EC 1.1.1.86)  
PP_4678   X X   

Q88GX7 Aminotransferase (EC 2.6.1.-) PP_3590    X   

Q88P44 
Glyceraldehyde-3-phosphate dehydrogenase (EC 

1.2.1.-) 
PP_1009  X     

Q88PK8 Cysteine desulfurase IscS (EC 2.8.1.7) PP_0842  X     

Q88LV4 GTP cyclohydrolase 1 1 (EC 3.5.4.16) PP_1823  X     

Q88LZ3 
Glucose-1-phosphate thymidylyltransferase (EC 

2.7.7.24) 
PP_1783  X     

Q88IL7;Q9WWY4;Q8GHZ6 Putative cointegrate resolution protein T Tn4652 PP_2982  X     

Q88PF3 Fumarate hydratase class I (EC 4.2.1.2) PP_0897     X  

Q88NA8 Sulfate adenylyltransferase subunit 1 (EC 2.7.7.4)  PP_1304     X  

Q88FR7 Adenylosuccinate lyase (ASL) (EC 4.3.2.2) PP_4016     X  

Q88MG4 Acetyl-coenzyme A carboxylase carboxyl 

transferase subunit alpha (ACCase subunit alpha) 
PP_1607     X X 
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Majority protein IDs Protein names 
Locus 

tag 

Fished in 

condition 
     

   Osmoshock rich 
Carbon 

limitation 

Nitrogen 

limitation 

Low pH + 

external 

glutamate 

Low 

pH 

(Acetyl-CoA carboxylase carboxyltransferase 

subunit alpha) (EC 6.4.1.2) 

Q88FQ1 
NADP-dependent dihydropyrimidine 

dehydrogenase subunit (EC 1.3.1.2) 
PP_4037     X  

Q88LE7 
3-isopropylmalate dehydratase small subunit (EC 

4.2.1.33) 
PP_1986     X  

Q88P43 Phosphogluconate dehydratase (EC 4.2.1.12) PP_1010     X  

Q88QU0 Protein kinase (EC 2.7.11.1) PP_0397     X  

Q88PD5 Superoxide dismutase [Fe] (EC 1.15.1.1) PP_0915     X  

P00885;Q88P29 
2-dehydro-3-deoxy-phosphogluconate aldolase 

(EC 4.1.2.14) 
PP_1024     X X 

Q88P53 
Ornithine carbamoyltransferase, catabolic 

(OTCase) (EC 2.1.3.3) 
PP_1000     X X 

Q88NG9 
Phosphoribosylaminoimidazole-

succinocarboxamide synthase (EC 6.3.2.6)  
PP_1240     X X 

Q88MH9 Elongation factor Ts (EF-Ts) PP_1592      X 

Q88M23 Uncharacterized protein PP_1752      X 

Q88FA4 Citrate synthase PP_4194      X 

Q88K39 Glutaminase-asparaginase (EC 3.5.1.38) PP_2453      X 

Q88NH2 
4-hydroxy-tetrahydrodipicolinate synthase 

(HTPA synthase) (EC 4.3.3.7) 
PP_1237      X 
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Majority protein IDs Protein names 
Locus 

tag 

Fished in 

condition 
     

   Osmoshock rich 
Carbon 

limitation 

Nitrogen 

limitation 

Low pH + 

external 

glutamate 

Low 

pH 

Q88CV4 
L-glutamate synthase(NADPH) alpha subunit (EC 

1.4.1.13) 
PP_5076      X 

Q88P30;Q9EV79 6-phosphogluconolactonase (EC 3.1.1.31) PP_1023      X 

Q88RC0 
Glutarate-semialdehyde dehydrogenase DavD 

(EC 1.2.1.20) 
PP_0213      X 

P0A136 Adenylate kinase (AK) (EC 2.7.4.3)  PP_1506      X 

Q88PR2 Thioredoxin reductase (EC 1.8.1.9) PP_0786      X 

Q88Q27 
Serine hydroxymethyltransferase 2 (SHMT 2) 

(Serine methylase 2) (EC 2.1.2.1) 
PP_0671      X 

Q88EL4 Uncharacterized protein PP_4448      X 

Q88CX4 

2,3-bisphosphoglycerate-independent 

phosphoglycerate mutase (BPG-independent 

PGAM) (Phosphoglyceromutase) (iPGM) (EC 

5.4.2.12) 

PP_5056      X 

Q88P22 
Inosine-5'-monophosphate dehydrogenase (IMP 

dehydrogenase) (IMPD) (IMPDH) (EC 1.1.1.205) 
PP_1031      X 

P59319 
Acetylornithine aminotransferase (ACOAT) (EC 

2.6.1.11) 
PP_4481      X 

Q88QI4 Uncharacterized protein PP_0508      X 

Q88D64 Phosphoglycerate kinase (EC 2.7.2.3) PP_4963      X 

Q88KG6 
Phospho-2-dehydro-3-deoxyheptonate aldolase 

(EC 2.5.1.54) 
PP_2324      X 
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Majority protein IDs Protein names 
Locus 

tag 

Fished in 

condition 
     

   Osmoshock rich 
Carbon 

limitation 

Nitrogen 

limitation 

Low pH + 

external 

glutamate 

Low 

pH 

Q88G86 
Short-chain alcohol dehydrogenase (EC 1.1.1.-) 

(EC 1.1.1.1) 
PP_3839      X 

Q88PK1 
Nucleoside diphosphate kinase (NDK) (NDP 

kinase) (EC 2.7.4.6)  
PP_0849      X 

Q88D62 Transketolase (EC 2.2.1.1) PP_4965      X 

Q88C92 
Orotate phosphoribosyltransferase (OPRT) 

(OPRTase) (EC 2.4.2.10) 
PP_5291      X 

Q88DA5 
Phosphomethylpyrimidine synthase (EC 

4.1.99.17) 
PP_4922      X 

Q88EY5 Putative enzyme (EC 5.1.-.-) PP_4315      X 

Q88RB9 
5-aminovalerate aminotransferase DavT (EC 

2.6.1.48)  
PP_0214      X 

Q88BX1 
ATP synthase subunit delta (ATP synthase F(1) 

sector subunit delta) 
PP_5416      X 

Q88FM5 Isovaleryl-CoA dehydrogenase (EC 1.3.8.4) PP_4064      X 

Q88LM2 Putative Peptidase PP_1908      X 

Q88JG9 Aldehyde dehydrogenase (EC 1.2.1.3) PP_2680      X 

Q88IS1 Saccharopine dehydrogenase PP_2928      X 

P0A173 Protein TolB PP_1222      X 

Q88LE5 3-isopropylmalate dehydrogenase (EC 1.1.1.85) PP_1988      X 
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Majority protein IDs Protein names 
Locus 

tag 

Fished in 

condition 
     

   Osmoshock rich 
Carbon 

limitation 

Nitrogen 

limitation 

Low pH + 

external 

glutamate 

Low 

pH 

Q88RN3 Oligopeptidase A (EC 3.4.24.70) PP_0096      X 

Q88KX1 Transaldolase (EC 2.2.1.2) PP_2168      X 

Q88R42 

1-(5-phosphoribosyl)-5-[(5-

phosphoribosylamino)methylideneamino] 

imidazole-4-carboxamide isomerase (EC 

5.3.1.16) 

PP_0292      X 

Q88RE9 Uncharacterized protein PP_0181      X 

Q88RP6 Tryptophan synthase beta chain (EC 4.2.1.20) PP_0083      X 

Q88DU5 
Carbamoyl-phosphate synthase small chain (EC 

6.3.5.5) 
PP_4724      X 

Q88P21 
GMP synthase [glutamine-hydrolyzing] (EC 

6.3.5.2) 
PP_1032      X 

Q88Q97 
Methylmalonate-semialdehyde dehydrogenase 

(EC 1.2.1.27) 
PP_0597      X 

Q88DK3 

Bifunctional purine biosynthesis protein PurH 

[Includes: 

Phosphoribosylaminoimidazolecarboxamide 

formyltransferase (EC 2.1.2.3) (AICAR 

transformylase); IMP cyclohydrolase (EC 

3.5.4.10) 

PP_4822      X 

Q88GD8 Aminotransferase (EC 2.6.1.1) PP_3786      X 

Q877U6 Acetolactate synthase 
PP_1157/ 

PP_3365 
     X 
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Majority protein IDs Protein names 
Locus 

tag 

Fished in 

condition 
     

   Osmoshock rich 
Carbon 

limitation 

Nitrogen 

limitation 

Low pH + 

external 

glutamate 

Low 

pH 

Q88IA4 Protein ClpV1 PP_3095      X 

Q88RP7 Tryptophan synthase alpha chain (EC 4.2.1.20) PP_0082      X 

P59612 

Arginine biosynthesis bifunctional protein ArgJ 

[Cleaved into: Arginine biosynthesis bifunctional 

protein ArgJ alpha chain; Arginine biosynthesis 

bifunctional protein ArgJ beta chain] [Includes: 

Glutamate N-acetyltransferase (EC 2.3.1.35) 

PP_1346      X 

Q88GD4 
Diaminopimelate epimerase (DAP epimerase) 

(EC 5.1.1.7) 
PP_3790      X 

Q88GY0 Probable thiol peroxidase (EC 1.11.1.-) PP_3587      X 

Q88MD5 Ferredoxin--NADP(+) reductase (EC 1.18.1.2) PP_1638      X 

Q88DD7 
ATP phosphoribosyltransferase regulatory 

subunit 
PP_4890      X 

Q88CA3 
4-guanidinobutyraldehyde dehydrogenase (EC 

1.2.1.54) 
PP_5278      X 

Q88CN0 Ribose-5-phosphate isomerase A (EC 5.3.1.6)  PP_5150      X 

Q88FC9 
Glycerol-3-phosphate dehydrogenase [NAD(P)+] 

(EC 1.1.1.94)  
PP_4169      X 

Q88KZ4 Beta-hexosaminidase (EC 3.2.1.52)  PP_2145      X 

Q88EI6 Uncharacterized protein PP_4476      X 

Q88DV3 Phosphoglucosamine mutase (EC 5.4.2.10) PP_4716      X 
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Majority protein IDs Protein names 
Locus 

tag 

Fished in 

condition 
     

   Osmoshock rich 
Carbon 

limitation 

Nitrogen 

limitation 

Low pH + 

external 

glutamate 

Low 

pH 

Q88KC6 Uncharacterized protein PP_2364      X 

Q88BW9 ATP synthase subunit c  PP_5418      X 

Q88L02 

Fatty acid oxidation complex subunit alpha 

[Includes: Enoyl-CoA hydratase/Delta(3)-cis-

Delta(2)-trans-enoyl-CoA isomerase/3-

hydroxybutyryl-CoA epimerase (EC 4.2.1.17) 

(EC 5.1.2.3) (EC 5.3.3.8) 

PP_2136      X 

A0A140FWK2 
D-hydantoinase/dihydropyrimidinase (EC 

3.5.2.2) 
PP_4036      X 

Q88PN7 Ubiquinol oxidase subunit 2 PP_0812      X 

Q88GQ0 
Catalase-peroxidase (CP) (EC 1.11.1.21) 

(Peroxidase/catalase) 
PP_3668      X 

Q88LY8 Uncharacterized protein PP_1788      X 

Q88HV5 Dyp-type peroxidase family protein PP_3248      X 

Q88GD9 Uncharacterized protein PP_3785      X 

Q88L55 
NAD-specific glutamate dehydrogenase (EC 

1.4.1.2) 
PP_2080      X 
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Table 56. . Full list of proteins fished with icd RNA motif. Table depicting conditions in which protein was fished. ‘X’ indicating that the protein is found in this condition. 

Majority protein 

IDs 
Protein names 

Locus 

tag 

Fished in 

condition 
    

   
Carbon 

limitation 

Nitrogen 

limitattion 
Acetate 

Oxidative 

stress 
rich 

Q88DW0 Polyribonucleotide nucleotidyltransferase (EC 2.7.7.8)  PP_4708 X X   X 

Q88FM4 
Methylcrotonyl-CoA carboxylase biotin-containing subunit beta 

(EC 6.4.1.4) 
PP_4065 X     

Q88CK1 Polyamine-transporting ATPase (EC 3.6.3.31) PP_5179 X     

Q88BX3 
ATP synthase gamma chain (ATP synthase F1 sector gamma 

subunit) 
PP_5414 X     

Q88NW9 Putative peroxiredoxin (EC 1.11.1.15) PP_1084  X    

Q88CU5 Malic enzyme B (EC 1.1.1.40) (EC 2.3.1.8) PP_5085  X   X 

Q88FS1 Isocitrate dehydrogenase (EC 1.1.1.-) PP_4012  X   X 

Q88FB3 Succinate-CoA ligase [ADP-forming] subunit alpha (EC 6.2.1.5) PP_4185  X   X 

Q88D67 Fructose-bisphosphate aldolase (EC 4.1.2.13) PP_4960  X   X 

Q88PK1 
Nucleoside diphosphate kinase (NDK) (NDP kinase) (EC 

2.7.4.6) 
PP_0849  X  X X 

Q88HE4 Gluconokinase (EC 2.7.1.12) PP_3416  X   X 

Q88FB0 
Dihydrolipoyllysine-residue succinyltransferase component of 2-

oxoglutarate dehydrogenase complex (EC 2.3.1.61)  
PP_4188  X    

Q88GY0 Probable thiol peroxidase (EC 1.11.1.-) PP_3587  X  X  

Q88P44 Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) PP_1009  X    

Q88CY3 Glutamine synthetase (EC 6.3.1.2) PP_5046  X  X  
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Majority protein 

IDs 
Protein names 

Locus 

tag 

Fished in 

condition 
    

   
Carbon 

limitation 

Nitrogen 

limitattion 
Acetate 

Oxidative 

stress 
rich 

Q88J21 Uncharacterized protein PP_2828  X    

Q88QN8 Elongation factor G 1 (EF-G 1) PP_0451  X    

Q88EI6 Uncharacterized protein PP_4476   X X  

Q88MF9 Enolase (EC 4.2.1.11) PP_1612   X X  

Q88G93 Carbon storage regulator homolog PP_3832   X   

Q88GV6 Uncharacterized protein PP_3611   X X  

Q88PX6 Ribose-phosphate pyrophosphokinase (RPPK) (EC 2.7.6.1) PP_0722   X   

P59604 Argininosuccinate synthase (EC 6.3.4.5) PP_1088   X   

Q88D62 Transketolase (EC 2.2.1.1) PP_4965   X   

Q88G22 Uncharacterized protein PP_3904   X X  

Q88NH1 Putative Lipoprotein PP_1238   X   

Q88RC0 Glutarate-semialdehyde dehydrogenase DavD (EC 1.2.1.20) PP_0213   X   

Q88DU9 Putative RNA binding protein PP_4720   X  X 

Q88PU5 Putative Lipoprotein PP_0753   X  X 

Q88Q24 ADP/ATP ratio sensor and inhibitor of translation PP_0674   X  X 

Q88HU2 Hypothetical protein PP_3261    X  

Q88HU1 Putative metallothionein PP_3262    X  

Q88EH6 
Acetyl-coenzyme A synthetase 1 (AcCoA synthetase 1) (Acs 1) 

(EC 6.2.1.1) 
PP_4487    X  
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Q88FI0 Isocitrate lyase (EC 4.1.3.1) PP_4116    X  

Q88QE9 Aldehyde dehydrogenase (EC 1.2.1.3) PP_0545    X  

Q88L30 Uncharacterized protein PP_2105    X  

Q88P53 Ornithine carbamoyltransferase, catabolic (OTCase) (EC 2.1.3.3) PP_1000    X  

Q88KJ1 Trigger factor (TF) (EC 5.2.1.8) (PPIase) PP_2299    X  

Q88D60 S-adenosylmethionine synthase (AdoMet synthase) (EC 2.5.1.6) PP_4967    X  

Q88FA7 Succinate dehydrogenase flavoprotein subunit (EC 1.3.5.1) PP_4191    X  

Q88GE9 Putative sarcosine oxidase (EC 1.5.3.1) PP_3775    X  

Q88BX5 
ATP synthase epsilon chain (ATP synthase F1 sector epsilon 

subunit) 
PP_5412    X  

Q88H54 Branched-chain-amino-acid aminotransferase (EC 2.6.1.42) PP_3511    X  

Q88CG6 Thioredoxin PP_5215    X  

Q88F51 UPF0345 protein PP_4248 PP_4248    X  

Q88L53 Phosphoenolpyruvate synthase (PEP synthase) (EC 2.7.9.2)  PP_2082    X  

Q88P22 
Inosine-5'-monophosphate dehydrogenase (IMP dehydrogenase) 

(IMPD) (IMPDH) (EC 1.1.1.205) 
PP_1031    X  

Q88NC4 GDP-mannose 6-dehydrogenase (GMD) (EC 1.1.1.132) PP_1228    X  

Q88QZ5 Pyruvate dehydrogenase E1 component (EC 1.2.4.1) PP_0339    X  

Q88M19 Uncharacterized protein PP_1756    X  
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Q88PL6 Sec translocation complex subunit YajC PP_0834    X  

Q88EJ2 Putative transcriptional regulator (Arc domain-containing) PP_4470    X  

Q88QZ6 
Acetyltransferase component of pyruvate dehydrogenase 

complex (EC 2.3.1.12) 
PP_0338    X  

Q88GA4 UTP--glucose-1-phosphate uridylyltransferase (EC 2.7.7.9)  PP_3821    X  

P0A173 Protein TolB PP_1222    X  

Q88KZ0 Glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.-) PP_2149    X  

Q88DV7 Translation initiation factor IF-2 PP_4712    X  

Q88LX8 GDP-mannose 4,6-dehydratase (EC 4.2.1.47)  PP_1799    X  

Q88IA5 Uncharacterized protein PP_3094    X  

Q88QU0 Protein kinase (EC 2.7.11.1) PP_0397    X  

Q88F75 Diaminobutyrate-glutarate transaminase (EC 2.6.1.76) PP_4223    X  

Q88FS2 Isocitrate dehydrogenase [NADP] (EC 1.1.1.42) PP_4011    X  

Q88IB0 Uncharacterized protein PP_3089    X  

Q88DU6 Carbamoyl-phosphate synthase large chain (EC 6.3.5.5)  PP_4723    X  

Q88C93 
Phosphomannomutase/phosphoglucomutase (PMM / PGM) (EC 

5.4.2.2) (EC 5.4.2.8) 
PP_5288    X  

Q88IA0 Uricase/urate oxidase (EC 1.7.3.3) PP_3099    X  

Q88PG4 Uncharacterized protein PP_0886    X  
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Q88CM4 Uncharacterized protein PP_5156    X X 

Q9EV79;Q88P30 6-phosphogluconolactonase (6PGL) (EC 3.1.1.31) PP_1023    X X 

Q88PU8 Uncharacterized protein PP_0750    X X 

Q88MR7 OmpA family protein PP_1502    X X 

Q88P91 Toluene tolerance protein PP_0961    X X 

A0A140FW79 Uncharacterized protein PP_5525    X X 

Q88CV3 Uncharacterized protein PP_5077    X X 

Q88C79 Putative Lipoprotein PP_5304    X X 

Q88D47 UPF0312 protein PP_4981 PP_4918    X X 

Q88K95 Uncharacterized protein PP_2396    X X 

Q88K30 Uncharacterized protein PP_2426    X X 

Q88F99 Putative Lipoprotein PP_4199    X X 

Q88KX8 Uncharacterized protein PP_2161    X X 
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