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ZUSAMMENFASSUNG 

RNA Regulationsmechanismen gelten als Relikte einer Welt, aus der sich das Leben, wie wir 

es kennen, entwickelt hat. Riboswitches sind cis-regulierende RNA-Elemente, die einen 

kleinen Liganden binden. Als Reaktion auf die Bindung findet eine strukturelle Umordnung des 

Motifs statt, wodurch die Genexpression moduliert wird. Bis heute sind mehr als 40 

verschiedene Riboswitch-Klassen validiert worden. Mehr als 40 verschiedene Riboswitch-

Klassen sind bis heute validiert worden. Die Forschung geht davon aus, dass mehr als 1000 

weitere unbekannte Klassen existieren.  

Unser Ziel war es, den Liganden für einige zuvor veröffentlichte Riboswitch-Kandidatenmotive 

zu identifizieren. Daher wurde ein in vitro Transkriptions-Terminations-Test etabliert und 

verschiedene RNA-Motive sowie potenzielle Liganden getestet. Durch In-line probing wurden 

diese Motive und Liganden weiter validiert. Wir stellten fest, dass das IMPDH-Motiv (Inosin-5'-

Monophosphat-Dehydrogenase) im in vitro Transkriptions-Terminations-Test auf ITP 

anspricht. Leider zeigten alle Motive und Liganden, einschließlich des IMPDH-Motivs und ITP, 

die im In-line probing getestet wurden, keine Bindung. Wir schließen somit aus, dass das 

IMPDH-Motiv ein Riboswitch ist.  

Stattdessen gehen wir von einem neuartigen RNA-Regulationsmechanismus in Bakterien aus, 

der die Transkription durch Fehleinbau von Inosin in die RNA moduliert. Bei F. prausnitzii wird 

die Transkription nach dem IMPDH-RNA-Motiv beendet. Die Zugabe von ITP führte zu einer 

Verlängerung der Transkription. Eine direkte Bindung von ITP durch das RNA-Motiv konnten 

wir jedoch nicht beobachten. Stattdessen wurde ITP während der Transkription eingebaut und 

ersetzte GTP. In-vivo Reporterexperimente mit E. coli Knockout-Stämmen zeigten, dass 

erhöhte intrazelluläre ITP-Konzentrationen nach dem IMPDH-Motiv zu einer Transkriptions-

Anti-Termination führten.  

Darüber hinaus untersuchten wir die Bindung zwischen dem IMPDH-RNA-Motiv, und dem 

IMPDH-Protein von F. prausnitzii. Wir konnten zeigen, dass IMPDH strukturierte RNAs bindet 

und dass Ap4A die Affinität für RNA stark reduziert. Wir stellen hier die Hypothese auf, dass 

beide über die CBS-Domänen des Proteins gebunden werden und um die Bindung 

konkurrieren. Die Bindung von RNA reduzierte die katalytische Aktivität von IMPDH um die 

Hälfte, die Zugabe von Ap4A stellte die Aktivität wieder her, während Ap4A allein die 

Proteinaktivität nicht beeinflusste. Für die Ap4A -Bindung bestimmten wir eine submikromolare 

KD. Welche biologische Bedeutung der RNA- und Ap4A-Bindung an IMPDH zukommt, konnten 

wir jedoch leider nicht erklären.  
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ABSTRACT 

RNA regulatory mechanisms are thought to be relics of a world from which life as we know it 

has evolved. Riboswitches are cis-regulatory RNA elements that bind a small ligand molecule. 

In response to binding they undergo structural rearrangement and modulate gene expression. 

To date, more than 40 different riboswitch classes have been validated. It is thought that more 

than 1000 additional classes remain unknown. We aimed at identifying the cognate ligand for 

some previously published riboswitch candidate motifs. Therefore an in vitro transcription 

termination assay was established, and different RNA motifs and potential ligands were tested. 

These motifs and compounds were further validated by in-line probing. We found the IMPDH 

(Inosine-5’-monophosphate dehydrogenase) motif responsive to ITP in the in vitro transcription 

termination assay. However, all motifs and ligands including the IMPDH motif and ITP 

subjected to in-line probing did not show binding. Thus, we ruled out that the IMPDH motif is a 

riboswitch.  

Instead, we propose a novel RNA regulatory mechanism in bacteria which modulates 

transcription by misincorporation of inosine into the RNA. In F. prausnitzii, transcription is 

terminated after the IMPDH RNA motif. Addition of ITP resulted in transcription elongation. 

However, we did not observe direct binding of ITP by the RNA motif. Instead, ITP was 

incorporated during transcription and replaced GTP. In vivo reporter experiments with E. coli 

knockout strains showed that elevated intracellular ITP concentrations led to transcription anti-

termination after the IMPDH motif.  

In addition, we examined IMPDH RNA motif binding to the IMPDH protein of F. prausnitzii. We 

showed that IMPDH binds structured RNAs and that Ap4A greatly reduces the affinity for RNA. 

We hypothesize that both are bound via the CBS domains of the protein and compete for 

binding. Binding of RNA reduced IMPDH catalytic activity by half, addition of Ap4A restored 

activity whereas Ap4A alone did not influence protein activity. For Ap4A binding we determined 

a sub-micromolar KD. However, we did not elucidate the biological role of RNA and Ap4A 

binding to IMPDH.  
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1 INTRODUCTION  

1.1 RNA WORLD  

Life is thought to have emerged from an RNA world existing long before the now known DNA-

RNA-protein system. In 1968, Crick and Orgel already proposed the idea that self-replicating 

RNA molecules have catalytical functions and as such could have been involved in the 

machinery for primitive protein biosynthesis for example1,2. This hypothesis was further 

supported with the finding of self-splicing ribozymes in 19823. 14 classes of natural ribozymes, 

remnants of these ancient catalysts have been experimentally identified and characterized in 

modern cells in the last decades4,5. Ribozymes facilitate fundamental biological reactions in all 

kingdoms of life like protein biosynthesis6 and RNA processing such as ribonuclease P7,8. In 

addition, it has been proposed that coenzymes which either are nucleotides (NAD, NADP, 

FAD, coenzyme A) or contain cyclic nitrogenous bases (thiamin pyrophosphate, 

tetrahydrofolate) and are involved in fundamental biological catalytic processes are relicts of 

nucleic acid enzymes1,9.  

1.2 RIBOSWITCHES 

Riboswitches, regulatory ncRNAs, which control expression of essential genes in response to 

binding fundamental biological metabolites might also have remained from ancient RNA world 

organisms10,11. Riboswitches are cis-acting mRNA elements, located in the 5’ UTR of the gene 

whose expression they control. They are composed of an aptamer region which binds the 

ligand and undergoes a conformational change that results in an altered conformation of the 

subsequent expression platform which modulates gene expression12,13. Regulation of gene 

expression predominantly occurs via transcription attenuation (Figure 1 A) or translational 

initiation (Figure 1 B)14. Transcriptional riboswitches bind their cognate ligand which promotes 

formation of an intrinsic terminator stem, followed by a run of uridines (A). Formation of the 

terminator and a U-A RNA-DNA hybrid leads to dissociation of the RNA polymerase from the 

DNA template and premature transcription termination. If the ligand is not present, an 

alternative RNA structure, called anti-terminator, is folded and transcription takes place. Vice 

versa, in the absence of the ligand transcription can be terminated and binding of the ligand 

promotes transcription. Translational riboswitches contain a sequence complementary to the 

Shine-Dalgarno sequence or ribosomal binding site (RBS) located in a stem structure. Without 

the ligand, the RBS is accessible, and translation takes place (B). Upon binding of the ligand, 

an alternative structure is formed, the RBS is sequestered in the stem structure and thus 

prevents binding of the ribosome and initiation of translation13,15. Translational riboswitches 

can also act as ON-switches by promoting translation due to ligand binding.  
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Figure 1: General organization of riboswitches with an aptamer domain that solely binds the ligand and an 
expression platform that modulates gene expression. Predominant mechanisms of gene regulation employed by 
riboswitches. A) Transcription termination by formation of a terminator followed by a track of polyUs. Upon addition 
of the ligand, an anti-terminator structure is formed, and transcription takes place. B) Riboswitch-mediated 
regulation of translation. The ribosomal binding site (RBS) is accessible, the ribosome can bind and start translation. 
Addition of the ligand results in structural rearrangement, the RBS is sequestered in a stem structure and initiation 
of translation is inhibited. Figure adapted from Kim et al.14. 

 

Besides regulation of transcription and translation, riboswitches can also mediate gene 

expression by two additional mechanisms. One is the formation of a Rho-dependent 

terminator. Binding of the ligand by the aptamer domain results in structural rearrangement of 

the expression platform which liberates the sequestered Rho-binding site, Rho binds and 

transcription is terminated. A second additional way of gene regulation is used by the glmS 

riboswitch. The bound glucoseamine-6-phosphate (GlcN6P) induces self-cleavage of the 

riboswitch. Cleaved mRNA fragments then stimulate degradation by RNase J16. In eukaryotes, 

a third mechanism of regulation is present. The TPP riboswitch regulates splicing in response 

to the ligand concentration thereby maintaining control over alternative splicing products. In 

the absence of TPP, 12 nucleotides of the aptamer domain are structurally sequestered with 

complementary nucleotides at the second 5’ splice site. In addition, these nucleotides are 

involved in binding the pyrophosphate moiety of TPP. Thus, without TPP, the second 5’ splice 

site is blocked, and splicing occurs from the first 5’ splice site. This results in a shorter mRNA 

and expression of the gene. In the presence of TPP, binding of the ligand induces a structural 

rearrangement of the riboswitch, nucleotides at the branch site become more structured, and 

the second splice site becomes more flexible. As a result, TPP leads to splicing at the second 

5’ splice site which yields two different mRNAs. These mRNAs carry upstream open reading 

frames that compete with translation of the main open reading frame and repress gene 

expression17.  
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To date, more than 40 riboswitch classes have been identified18. Riboswitches typically bind 

small molecule ligands such as ions, amino acids, and other metabolites. Interestingly, 

approximately two thirds of the known riboswitch ligands are RNA derivatives like the 

coenzymes adenosylcobalamin, thiamin pyrophosphate, and others, the signaling molecules 

c-di-GMP, c-di-AMP, c-AMP-GMP, ZTP, and nucleotide derivatives for example guanine and 

adenine19. A pie chart and a table of the number and distribution of ligands bound by the known 

riboswitch classes is shown in Figure 2. Underlined in orange are RNA-derived compounds.  

 

 

Figure 2: About two thirds of the known riboswitches bind RNA-derived molecules (highlighted in orange). Figure 
adapted and updated from McCown et al.19.  

 

Bacteria use riboswitches in order to regulate gene expression in response to the intracellular 

concentration of essential metabolites or signaling molecules. Riboswitches are found almost 

exclusively directly upstream of genes involved in the synthesis or transport of their ligand and 

typically regulate key metabolic processes13. One of the metabolic pathways that are often 

regulated by a riboswitch is purine biosynthesis in bacteria.  

1.3 NUCLEOTIDE DE NOVO BIOSYNTHESIS 

As nucleotides are essential for all organisms, genes for purine and pyrimidine de novo 

biosynthesis are encoded in all sequenced bacterial genomes. Expression of these genes is 

tightly regulated and fine-tuned by different mechanisms of regulation. Interestingly, most of 

the genes necessary for pyrimidine synthesis are controlled by transcriptional regulation 

whereas purine synthesis is predominantly controlled by protein binding.  
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1.3.1 Regulation of pyrimidine synthesis  

Regulation of pyrimidine biosynthesis is best studied in Escherichia coli and Bacillus subtilis 

wherein many regulatory mechanisms are described. Interestingly, the vast majority of the 

mechanisms known employ regulation on mRNA level and do not involve proteins that bind 

the DNA sequence or activate transcription. Like ribozymes, coenzymes, and riboswitches, 

these methods to regulate pyrimidine synthesis may also be relics from an RNA world20.  

 

 

Figure 3: Simplified overview of the pyrimidine de novo biosynthetic pathway. All synthesized compounds and 
enzymes are shown. Adapted and modified from Turnbough et al.20.  

 

In the following, different mechanisms for the regulation of pyrimidine biosynthesis will be 

presented in more detail.  

Regulation by UTP-sensitive transcription attenuation  

The first committed step in pyrimidine de novo synthesis converts aspartate to 

carbamoylaspartate and is catalyzed by PyrBI. In E. coli, Shigella, and Salmonella expression 

of the pyrBI operon is controlled by two different mechanisms. UTP-sensitive transcription 

attenuation depicted in Figure 4 is responsible for regulation over a 50-fold range whereas 

UTP-sensitive reiterative transcription fine-tunes gene expression over a seven-fold range21.  
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Figure 4: UTP-sensitive transcription attenuation. At low intracellular UTP levels transcription pauses at a stretch of 
uridines in the sequence and affords time for the ribosome to translate up to the RNA polymerase. The adjacent 
ribosome sterically hinders folding of the transcribed mRNA and pyrBI genes are transcribed. At high intracellular 
UTP levels, no pausing occurs, the terminator hairpin folds and transcription terminates. Figure taken from 

Turnbough et al.20.  

 

The pyrBI operon is controlled by UTP-sensitive transcription attenuation which presumes tight 

coupling between transcription and translation. At low intracellular concentrations of UTP, RNA 

polymerase pauses at UTP-sensitive transcription pause sites22 e.g. a uridine-rich region, 

allowing time for the ribosome to perform translation up to the RNA polymerase. When 

transcription continues, folding of the nascent mRNA into the terminator hairpin is sterically 

hindered by the adjacent ribosome and the pyrBI genes are transcribed. In contrast, when 

intracellular levels of UTP are high, transcription occurs without pausing at the UTP-sensitive 

pause sites. As a consequence, formation of the terminator hairpin appears, and transcription 

terminates before the ribosome is in tight contact with RNA polymerase and prevents formation 

of the terminator23–25.  

Regulation of gene expression by UTP-sensitive reiterative transcription  

The second regulation mechanism for expression of the pyrBI operon applied by E. coli is UTP-

sensitive reiterative transcription shown in Figure 5.  
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Figure 5: Regulation of the pyrBI operon by UTP-sensitive reiterative transcription in E. coli. Weak base pairing 
between uridines in the transcribed mRNA and adenines in the DNA template allows slippage, incorporation of 
additional uridines at high intracellular UTP concentrations and abortion of transcription. At low intracellular UTP 
concentrations, GTP is incorporated at the correct position and full length transcripts are produced. Figure taken 
from Turnbough et al.20.  

 

Reiterative transcription occurs during transcription initiation. It requires at least three non-

template strand encoded T residues which leads to weak base pairing between uridines in the 

nascent mRNA and adenines in the DNA template. This weak base pairing allows slippage, 

and, at high intracellular UTP levels, an additional uridine is incorporated at the 3’ end of the 

transcript. Slippage and addition of uridines can occur repeatedly resulting in transcripts with 

progressively higher numbers of added uridines which are released from the initiation complex 

thus preventing transcription. However, at low concentrations of UTP, the nascent transcript is 

repositioned correctly, guanine is incorporated and the resulting more stable base pairing 

between RNA and DNA template leads to continued transcription26.  

CTP-sensitive selection of transcription start sites  

Dihydroorotase, PyrC catalyzes the second step in pyrimidine de novo synthesis, is regulated 

by CTP-sensitive selection of transcription start sites illustrated in Figure 6. Both, E. coli and 

Salmonella use the same mechanism for regulation.  
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Figure 6: CTP-sensitive regulation of transcription initiation. Depending on the intracellular CTP concentration, 
different transcription start sites are used which results in shorter or longer transcripts. At high intracellular CTP 
levels, a longer stem and hairpin is formed which masks the Shine-Dalgarno sequence and prevents binding of the 
ribosome. At low CTP levels the stem is too short to form and the Shine-Dalgarno sequence is accessible. Figure 
taken from Turnbough et al.20.  

 

Transcription initiates at four adjacent nucleotides 6 to 9 bp downstream of the -10 promoter 

region27,28. The resulting transcripts are designated U6, C7, C8, and G9 and fold into 

progressively shorter hairpins. U6 transcripts form a hairpin structure that sequesters the 

Shine-Dalgarno sequence and prevents translation. Transcription initiation occurs 

predominantly at position C7 at high intracellular concentrations of CTP. Like the U6 transcript, 

the C7 transcript folds into a stable hairpin structure that includes the Shine-Dalgarno 

sequence and prevents binding of the ribosome. In contrast, at low intracellular CTP levels and 

high concentrations of GTP, transcription initiates predominantly at position G9. These 

transcripts are too short to fold into the inhibitory hairpin and translation can occur28–30. Like 

the pyrBI operon, expression of pyrC gene is regulated by a second mechanism. The purine 

regulon repressor protein PurR binds to an operator sequence in the promoter region of pyrC 

dependent on purine availability and mediates expression over a twofold range31,32.  

The fourth and fifth step of pyrimidine synthesis are regulated by mechanisms already 

described. In E. coli and Salmonella pyrD, coding for dihydroorotate dehydrogenase, is 

regulated similarly as pyrC by CTP-sensitive selection of transcription start sites and PurR, the 

purine repressor protein33. E. coli, uses UTP-sensitive transcription attenuation like for the 

pyrBI operon to control expression of the pyrE gene which encodes orotate 

phosphoribosyltransferase34–37.  
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PyrR the regulation protein in B. subtilis  

In B. subtilis, all genes required for the biosynthesis of UTP are organized in the pyr operon 

and regulated by PyrR protein. A simplified cartoon is shown in Figure 7.   

 

 

Figure 7: Regulation of pyr genes by PyrR. PyrR binds the mRNA dependent on the availability of uridine 
nucleotides. At low intracellular UMP/UTP levels, PyrR does not bind and the RNA folds into an ant-terminator 
structure resulting in transcription. At high intracellular UMP/UTP concentrations, PyrR binds, promotes formation 

of a terminator and downstream genes are not transcribed. Figure taken from Turnbough et al.20.  

 

PyrR binds to the pyr mRNA dependent on uridine nucleotide availability and thus alters the 

mRNA conformation. In the absence of PyrR and at low intracellular concentrations of uridine 

nucleotides, the mRNA folds into an anti-terminator which precludes formation of the 

terminator and the downstream genes are transcribed. However, high concentrations of UMP 

and UTP increases the affinity of PyrR mRNA binding. Binding of PyrR destabilizes the anti-

terminator and the terminator stem-loop is formed leading to transcription termination38–40. 

Regulation of pyrimidine synthesis by PyrR is widely distributed. The same mechanism 

described for B. subtilis was also shown to be exploited by B. caldolyticus, E. faecalis, L. lactis, 

L. plantarum, M. smegmatis, M. tuberculosis, and T. thermophilus. Besides, pyrR genes are 

present in most gram-positive bacteria and were also found in many gram-negative bacteria.  
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CTP-regulated anti-termination and reiterative transcription 

The conversion of UTP to CTP is regulated individually in B. subtilis and L. lactis. The ATP-

dependent amination is catalyzed by CTP synthase PyrG which is not included in the pyr 

operon and regulated independently from PyrR. Transcription of the gene is controlled by CTP-

regulated anti-termination and reiterative transcription depicted in Figure 8.  

 

 

Figure 8: Regulation of pyrG CTP synthase by CTP regulated antitermination and reiterative transcription in B. 
subtilis. At high intracellular CTP concentrations normal transcription can take place and a terminator is formed. If 
CTP levels are low, up to 6 additional G’s are incorporated, an anti-terminator is formed and CTP synthetase is 
transcribed. Figure taken from Turnbough et al.20.  

 

At high intracellular CTP concentrations normal transcription takes place until a terminator is 

formed, and RNA polymerase dissociates. Contrarily, at low levels of CTP, RNA polymerase 

pauses at position +4 which would require incorporation of CTP. Slippage of the transcript 

occurs due to pausing of the RNA polymerase and consequently, an additional G residue is 

added. Reiterative transcription repeated up to 10 times until CTP is inserted. The generated 

transcript folds into a different secondary structure in which an anti-terminator is formed and 

the pyrG gene transcribed41–45. 

1.3.2 Purine nucleotide biosynthesis  

In contrast to the tight regulation of each single step in pyrimidine de novo biosynthesis, control 

of purine nucleotide synthesis is not divided into small sections. Figure 9 gives a simplified 

overview of the steps and proteins involved in purine biosynthesis. IMP is the common 

precursor for the synthesis of AMP and GMP. The steps performed from this branching point 

are colored in orange and blue, respectively in Figure 9.  
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Figure 9: Simplified diagram showing intermediate products and enzymes involved in purine nucleotide 
biosynthesis. IMP is the common precursor for both GMP (blue) and AMP (orange). Figure adapted from Kilstrup 
et. al46.  

 

Contrary to the final steps in the synthesis of pyrimidines, where expression of CTP synthase 

is regulated individually, the synthesis of either AMP or GMP is not regulated independently. 

Regulation of purine synthesis in B. subtilis – purR regulatory protein and guanine 

riboswitch  

In Bacillus subtilis, the 10 enzymes required for the synthesis of IMP are encoded in a single 

operon47. IMP is then converted in two steps to AMP and in two steps to GMP. Like the 

regulation of some steps in pyrimidine synthesis, transcription of the pur operon is controlled 

by two different mechanisms. The purine repressor protein PurR binds to the operator site 

according to intracellular PRPP levels. A decreased PRPP concentration allows binding of 

PurR to the 5’ DNA and prevents transcription. In contrast, at high PRPP concentrations, purine 

nucleotide de novo synthesis takes place, as PurR binding is inhibited. In addition, PurR 

regulates the first step of AMP synthesis, the expression of purA gene, similarly48,49. The 

second mechanism for regulation of genes involved in purine biosynthesis is exhibited by a 

guanine sensing riboswitch located in the 5’ UTR of the pur operon. In the presence of guanine 

the mRNA undergoes structural rearrangement, an anti-terminator is formed and premature 

transcription termination occurs50.  

ZMP/ZTP riboswitch  

In other bacterial species, purine synthesis is regulated by a ZMP/ZTP (AICAR) riboswitch. 

ZTP is known to act as an alarmone for signaling 10f-tetrahydrofolate deficiency which 

functions as donor of formyl groups in purine de novo biosynthesis51. The riboswitch is on the 

one hand associated with PurH which catalyzes the last two steps in the synthesis of IMP and 

transfers a formyl group to AICAR and on the other hand it is associated with genes that 

encode proteins important for maintaining the supply of 10f-tetrahydrofolate52,53.  
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PRPP riboswitch 

In firmicutes, genes for de novo purine synthesis up to the common precursor IMP and PurB 

which catalyzes the second step in AMP synthesis, are associated with PRPP riboswitches. 

Binding of PRPP leads to transcription of the associated genes. In addition, purine synthesis 

in firmicutes is regulated in a tandem riboswitch arrangement of guanine and PRPP aptamers. 

This organization ensures gene expression and synthesis of AMP during stringent response 

as the binding of PRPP leads to antitermination and overrules transcription termination by the 

guanine riboswitch54.  

In comparison to pyrimidine nucleotide biosynthesis, the steps of the de novo synthesis of 

purine nucleotides are not controlled separately. Interestingly, a mechanism for the regulation 

of the branching point from IMP to either GMP or AMP is not known. Considering this, several 

questions arise. Why does a regulation mechanism similar to the one for the conversion of 

UMP to CMP not exist? Is it necessary for bacteria to control the genes involved individually? 

If so, under which circumstances, under which environmental circumstances, and under which 

growth conditions would this be useful?  

1.4 INOSINE MONOPHOSPHATE DEHYDROGENASE (IMPDH) 

The first enzyme involved in the synthesis of GMP is GuaB, or IMPDH (IMP dehydrogenase). 

IMPDH is conserved in all kingdoms of life and catalyzes the conversion of IMP to XMP, the 

rate-limiting step in GMP biosynthesis. In humans, the enzyme is associated with autosomal 

dominant retinitis pigmentosa55,56, and cell proliferation57. Thus, inhibitor molecules are used 

in immunosuppressive, antiviral, and cancer therapy58–60.  

IMPDH consists of two domains: a catalytic domain folding into a TIM barrel comprised of eight 

parallel α/β motifs and a CBS (named for homologous domains in cystathione beta synthase) 

or Bateman domain. The CBS domain contains two CBS motifs arranged as a dimer. In vivo, 

IMPDH is present as a tetramer with the CBS subdomains (colored in yellow) protruding from 

the corners, as shown in Figure 1061.  
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Figure 10: Crystal structure of a bacterial IMPDH. The CBS domain is colored in yellow. Figure taken from Zhang 
et al.61.  

 

CBS domains are associated with and involved in the regulation of a huge variety of different 

cellular functions62. However, a functional role for the CBS domain of IMPDH has not been 

assigned to date. It was shown that deletion of the CBS domain has no impact on enzyme 

activity in vitro, suggesting a regulatory role63. Several functions have been proposed such as 

the catalytic regulation of the enzyme by binding ATP to the CBS domain64, and binding of 

single-stranded nucleic acids in vitro65. It was shown that the CBS domains of 

pyrophosphatases bind ApnAs with nanomolar affinities66. Recently, it was reported that 

adenine/guanine dinucleoside polyphosphates bind to the CBS domain of fungi IMPDH and 

fine-tune enzyme activity67.  

 

2 RESULTS  

2.1 ORPHAN RIBOSWITCHES  

Up to now, more than 40 different classes of riboswitches have been identified in bacterial 

genomes and have been experimentally characterized18. The aptamer domain of riboswitches 

which binds the target ligand in a highly specific manner and with very high affinity (KD ~ 50 

nM measured for the TPP riboswitch68) exhibits extremely conserved sequences and 

secondary structures amongst various bacterial species69. In contrast, the expression platform 

differs in sequence and structure as well as in the mechanism that is employed to mediate 
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gene expression12. Some of the known riboswitch classes are highly abundant with more than 

16,000 representatives like the TPP riboswitch class and are phylogenetically widespread 

whereas others are exceptionally rare like the 2’-deoxyguanosine riboswitch class with only 7 

representatives69,70. The vast majority of known riboswitch classes were discovered applying 

bioinformatic search algorithms. These were designed to carry out comparative sequence 

analysis of intergenic regions in bacterial genomes in order to identify conserved nucleotide 

sequences and secondary structures of aptamer domains. However, this method identifies 

structured non-coding RNAs with other functions than riboswitches and generates large lists. 

Growing lists of candidate motifs whose ligands remain uncovered or even regulate gene 

expression by novel methods await experimental analysis71.It is believed that more than 1000 

riboswitch classes remain hidden in the currently available genomic databases69. However, 

these riboswitches certainly belong to rarer classes and are probably present in less species 

which increases the challenge of identifying potential riboswitch sequences and makes it even 

more challenging to identify their cognate ligand. It is also possible that these rare riboswitches 

exploit additional, so far unknown mechanisms of gene regulation. An example for this is the 

rare glmS riboswitch. Upon ligand binding, self-cleavage is induced, and the cleaved RNA 

fragments are degraded by RNase J. Unfortunately, an experimental approach for the 

identification of riboswitches for a given ligand of interest has not been established. 

Riboswitches have applications in synthetic biology, and as they regulate key metabolic 

processes in bacteria, are potential targets to overcome increasing antibiotic resistances.  

In 2016, term-seq was developed72. This method directly sequences the exposed 3’ ends of 

all RNAs in bacteria grown in a specific physiological condition. Subsequent mapping to the 

correspondent genome allows single nucleotide resolution of premature transcription 

termination. Term-seq was applied to Bacillus subtilis, Listeria monocytogenes, and 

Enterococcus faecalis and discovered 18, 12, and 13 previously unidentified RNA motifs 

predicted to mediate gene expression by premature transcription termination72.  

We aimed at discovering the cognate ligand for some candidate motifs identified by term-seq 

by using an in vitro transcription termination assay. 

2.1.1 Establishment of in vitro transcription termination assay 

Riboswitches that regulate transcription either promote transcription or form a terminator 

structure that leads to premature transcription termination in response to their ligand as 

depicted in Figure 11. In order to rapidly test many potential riboswitch motifs and a large 

number of ligands, an in vitro transcription termination assay was established. Therefore, two 

DNA templates were created. The forward primers were designed to introduce a T5 promoter 

at the 5’ end to allow transcription by E. coli RNA polymerase. α-32P-ATP was added to the 

transcription reaction and was incorporated into the nascent RNA. Resulting RNA products 
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were purified by denaturing PAGE and visualized. In order to determine the size of the 

termination band, a short DNA template that contained the terminator hairpin was created. In 

addition, a longer template that contained the whole predicted riboswitch motif and additional 

~100 bp was designed. This template was transcribed with each probable ligand present 

during the reaction. If the potential riboswitch acts as a transcriptional ON switch a long 

transcription product would be expected. An OFF switch terminates transcription upon ligand 

addition and a product slightly longer than the control band from the short DNA template is 

visible.  

 

 

Figure 11: Schematic overview of transcription termination assay. A DNA template containing the potential 
riboswitch sequence and additional ~ 100 bp was created. A) A terminator structure is formed, transcription 
terminates, and a short product is obtained. B) The correct ligand is bound by the potential riboswitch which results 

in formation of an anti-terminator and RNA polymerase proceeds transcribing the DNA template.  

 

The assay was established with known riboswitches from B. subtilis. Guanidine-I riboswitch 

and TPP riboswitch were used (Figure 12). TPP was added at a final concentration of 100 µM 

and 1 mM guanidine was added. As expected, addition of TPP resulted in an increased amount 

of terminated transcript (185 nt) and addition of guanidine led to increased full-length 

transcription products (290 nt) compared to the control lanes without any ligand (ctrl.). 

Quantification of the intensity of the bands showed that TPP riboswitch regulates transcription 

over a seven-fold range and Guanidine-I riboswitch over a two-fold range (Figure 12 D).  
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Figure 12: In vitro transcription termination assay. A) Transcription anti-termination and transcription of the full-
length band including additional ~ 100 nt after the riboswitch sequence. B) Transcription termination upon addition 
of the ligand e.g. TPP riboswitch. A terminator is formed, and the termination product is obtained. C) PAGE gel of 
an in vitro transcription termination assay with known riboswitches from B. subtilis. Addition of 100 µM TPP results 
in an increased intensity of the termination band at 185 nt. Addition of 1 mM guanidine leads to an increased full-
length band at 290 nt compared to the control lanes without any ligand. D) Quantification of the band intensities 
shown in C). The ratio between the full-length band and the termination band was calculated. TPP riboswitch 
regulated transcription in the in vitro transcription termination assay over a seven-fold range and guanidine-I 
riboswitch over a two-fold range.  

 

The assay was applied to test various potential ligands for riboswitch candidates identified by 

term-seq and previously published by Dar et. al. In addition, the IMPDH motif identified by 

computational comparative sequence analysis of intergenic regions in bacterial genomes was 

analyzed73. Ligands were selected making educated guesses, taking into account the 

associated gene, gene context, metabolic pathways and processes the protein is involved in. 

The yrhE motif from B. subtilis is upstream of a formate dehydrogenase, SulP motif from L. 

monocytogenes is associated with a sulfate permease. The yxkD motif from L. monocytogenes 

is located upstream of an efflux transporter similar to yxkD protein in B. subtilis which is 

associated with the guanidine-I riboswitch.  

Besides, we concentrated on the motifs associated with GMP de novo biosynthesis guaB 

(IMPDH) upstream of IMP dehydrogenase and guaA upstream of the GMP synthetase gene. 

These motifs pop up in all three species analyzed by term-seq and additionally in the genus 

Faecalibacterium in another study searching for riboswitch candidates bioinformatically. To 

date, there are no RNA regulatory mechanisms known that regulate the branching point 

between GMP and AMP biosynthesis. Thus, we hypothesized that these motifs act as 

riboswitches controlling the expression of GMP synthesis de novo. An overview of the motifs 

and ligands tested is given in Table 1. Ligands were tested at a final concentration of 1 mM 

except for guanine and xanthine which were added at a final concentration of 100 µM.  
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Table 1: Overview of motifs and ligands tested by in vitro transcription termination assay.  

motif organism ligands 

guaA B. subtilis  AMP, GMP, IMP, XMP, 
adenine, adenosine, 
guanine, guanosine, inosine, 
xanthine, glutamate, 
glutamine, ADP  

IMPDH  L. monocytogenes  AMP, GMP, IMP, XMP, 
ADP, GDP, ITP, XTP, 
deoxyguanosine, ppGpp, 
adenine, adenosine, 
guanine, guanosine, inosine, 
xanthine, hypoxanthine 
 

guaA  E. faecalis  AMP, GMP, IMP, XMP, 
adenine, adenosine, 
guanine, guanosine, inosine, 
xanthine, XTP, glutamate, 
glutamine, deoxyguanosine, 
ppGpp 

IMPDH F. prausnitzii Ap3A, Ap4A, AMP, ADP, 
GMP, GDP, NAD, inosine, 
IMP, IDP, ITP, xanthine, 
xanthosine, XMP, XTP, 
hypoxanthine 
 

SulP  L. monocytogenes sulfate, sulfite, methionine, 
cysteine, ITP, taurine, 
sulfopyruvate, sulfolactate, 
sulfoacetate, 
sulfoacetaldehyde 

yrhE B. subtilis  acetate, biotin, formic acid, 
glyoxylate, glutamate, 
histidine, lactate, NAD, 
NADH, oxaloacetate 

yxkD L. monocytogenes ClO4
-, SCN-, Ba2+, Ca2+, 

phenol, guanidine  

 

Figure 13 B shows an exemplary PAGE of a transcription termination assay with the IMPDH 

motif from L. monocytogenes. Compounds related with purine nucleotide biosynthesis 

metabolism were tested. The full-length band was obtained for all ligands. Addition of ITP 

resulted in a decrease of the intensity of the termination band. None of the other ligands is 

bound by the motif or has a regulatory effect on transcription. Quantification of the intensity of 

the bands and calculation of the ratio between full-length and termination band confirmed the 

observation (Figure 13 C). However, titration of ITP was not concentration-dependent (Figure 

16). As we could not reproduce the effect, it was declared an artefact. The IMPDH motif from 

L. monocytogenes is expected to be a transcriptional OFF switch. The effect on transcription 

(promoting transcription or premature transcription termination) for the motifs tested was 

assigned. GuaA and yrhE from B. subtilis and guaA from E. faecalis are designated OFF 
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switches. The F. prausnitzii IMPDH motif, the SulP motif and the yxkD motif from L. 

monocytogenes are determined transcriptional ON switches. All motifs and ligands tested did 

not show any effect except the IMPDH motif which exhibited anti-termination upon addition of 

ITP. This effect is discussed in more detail in section 2.2. 

 

 

Figure 13: A) IMPDH RNA motif L. monocytogenes sequence and secondary structure model. The secondary 
structure model was predicted based on in-line probing data (supplementary). B) Representative PAGE gel analysis 
of transcription termination assay with IMPDH motif from L. monocytogenes. Compounds related with GMP 
biosynthesis were tested as potential riboswitch ligands at 1mM final concentration, except guanine and 
hypoxanthine which were tested at a final concentration of 100 µM. Full length transcript (242 nt) is obtained for all 
ligands tested. Addition of ITP results in a reduced intensity of the termination band. Transcription from short 
template is designated s, ctrl represents transcription with H2O as control. C) Quantification of the intensity of the 
full-length and termination bands shown in B). Calculation of the ratio between full-length product and termination 
band shows that ITP regulates transcription about two-fold. However, titration experiments shown in Figure 16 did 
not reproduce the effect. 

 

The most obvious explanation for not observing a regulatory effect on transcription of any of 

the compounds tested, is that none is the correct ligand for the potential riboswitch and 

additional molecules need to be tested. It is of course also possible that false negative results 

were obtained with the assay. However, as most motifs and ligands were analyzed by a second 

method, this is rather unlikely. In addition, the assay seems to be rather robust, and false 

positives were not obtained with the already assigned control motifs.  

Since the candidate lists generated with the term-seq method only represent premature 

transcription termination, the motifs identified might not be riboswitches. Transcription 
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termination also occurs dependent on the presence of protein factors like Rho74. Therefore, 

these will appear in the lists as well.  

It is also possible, that the RNA motif does not regulate transcription through a typical 

riboswitch mechanism but employs a so far unknown alternative way of modulating 

transcription which might include protein-RNA binding for example or a mechanism like the 

ones described for pyrimidine synthesis.  

2.1.2 In-line probing of candidate riboswitches 

In addition to the candidate riboswitches identified by term-seq which solely regulate gene 

expression by modulating transcription, a set of 224 structured RNAs was published in 2017. 

These were identified bioinformatically by comparative analysis of intergenic regions. All motifs 

were analyzed whether they meet the criteria to predict sophisticated RNA function. The criteria 

applied are (1) the motif must be present in multiple phyla, (2) the secondary structure must 

contain at least one pseudoknot or multi stem junction and (3) it must contain multiple highly 

conserved nucleotides73. We subjected some of the most promising motifs to in-line probing 

and tested their binding to potential ligands. The motifs analyzed were assigned a cis-

regulatory role except the IMPDH motif which role was designated as unclear73. Compounds 

for in-line probing assay were chosen by making educated guesses, considering the 

associated gene, gene context, metabolic pathways and processes the protein is involved in. 

An overview of the analyzed compounds and RNA molecules from the term-seq lists is given 

in Table 2. Motifs from the bioinformatically predicted candidate lists and the ligands tested by 

in-line probing is given in Table 3.  

In-line probing is the most often used and renowned method for the validation of riboswitches. 

In contrast to methods like in vitro transcription termination assays and reporter gene 

constructs which only monitor binding of the ligand, this technique allows resolution of the 

secondary structure of the RNA, insights into the nucleotides involved in ligand binding, and 

determination of apparent KD values for the ligand. In-line probing relies on the spontaneous 

intracellular differential cleavage of RNA depending on its structure. If the RNA enters a so-

called “in-line” conformation, the 2’ oxygen can attack the phosphate backbone. The reaction 

proceeds via a SN2 mechanism. In detail, the reaction starts with a 2’-OH nucleophilic attack 

on the neighboring phosphorous center. When the 2’ oxygen, the phosphorus, and the 

adjacent 5’ oxygen are in a linear arrangement, the 2’ oxygen acts as a nucleophile and, as 

the 2’ and the 5’ oxygens are leaving groups, the RNA is cleaved. The reaction results in a 

2′,3′-cyclic phosphate and a 5′-hydroxyl terminus. The essential step of the reaction is the 

arrangement in the “in-line” conformation. This is only possible if the RNA is flexible as it is for 

single-stranded regions. By contrast, structured RNA sequences are more rigid and locked in 

a specific conformation and thus are less prone to in-line reactions. Consequently, single-
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stranded RNA is cleaved much faster than structured RNA. However, there are exceptions in 

which nucleotides in structured RNAs are locked in a conformation that favors the in-line attack 

and get cleaved75.  

 

Table 2: Candidate RNA motifs identified by term-seq and potential ligands tested by in-line probing.  

 

 

 

 

 

 

 

 

 

 

motif organism ligands 

guaA B. subtilis  AMP, ADP, ATP, Ap3A, 
Ap4A, GMP, GDP, GTP, 
ppGpp, inosine, IMP, IDP, 
ITP, xanthine, xanthosine, 
XMP, XTP, hypoxanthine, 
CTP, UTP  

IMPDH  L. monocytogenes  AMP, ADP, ATP, GMP, 
GDP, GTP, inosine, IMP, 
IDP, ITP, xanthine, 
xanthosine, XMP, XTP, 
hypoxanthine, CTP, UTP  

guaA  E. faecalis  AMP, ADP, ATP, GMP, 
GDP, GTP, inosine, IMP, 
IDP, ITP, xanthine, 
xanthosine, XMP, XTP, 
hypoxanthine, CTP, UTP  

mvk E. faecalis AMP, ATP, Ap3A, Ap4A, 
GMP, GTP, IMP, IDP, ITP, 
inosine, xanthine, 
xanthosine, XMP, XTP, 
hypoxanthine, NAD  

SulP L. monocytogenes  taurine, sulfopyruvate, 
sulfolactate, sulfoacetate, 
sulfoacetaldehyde  
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Table 3: Summary of the RNA motifs identified by bioinformatic comparative analysis and potential ligands. 

Candidate RNAs were analyzed by in-line probing.  

motif organism ligands 

IMPDH F. prausnitzii Ap3A, Ap4A, AMP, ADP, 
GMP, GDP, NAD, inosine, 
IMP, IDP, ITP, xanthin, 
xanthosine, XMP, XTP, 
hypoxanthine 

Sul 1  Chelativorans sp. BNC1 
Achromobacter piechaudii 
ATCC 43553 

taurine, sulfopyruvate, 
sulfolactate, sulfoacetate, 
sulfoacetaldehyde, 
hypotaurine, tetrathionate, 
cysteine, cysteinsulfinate, 
sulfate, sulfite, thiosulfate, 
isethionate, methionine, 
cysteate  

ChrB-a Rhizobium leguminosarum 
bv. trifolii 

taurine, sulfopyruvate, 
sulfolactate, sulfoacetate, 
sulfoacetaldehyde, 
hypotaurine, tetrathionate, 
cysteine, cysteinsulfinate, 
sulfate, sulfite, thiosulfate, 
isethionate, methionine, 
cysteate  

ChrB-b Rhizobium etli CFN 42 taurine, sulfopyruvate, 
sulfolactate, sulfoacetate, 
sulfoacetaldehyde, 
hypotaurine, tetrathionate, 
cysteine, cysteinsulfinate, 
sulfate, sulfite, thiosulfate, 
isethionate, methionine, 
cysteate  

NifS  Environmental sample 56 sulfite, sulfate, cysteine, 
cysteinsulfinate 

gabT P. putida KT 2440  aminovalerate, cadaverine, 
α-ketoglutarate, glutarate, 
hydroxyglutarate, lysine  

ilvH Comamonas testosteroni 
KF-1  

isoleucine, leucine, 
oxobutanoate, threonine, 
valine  

 

For some of the motifs, two different motifs which varied in length or which originated from 

different species were subjected to in-line probing. Unfortunately, we did not observe binding 

of any ligand tested with the motifs in in-line probing. Differences in folding which were 

observed in first experiments and hinted at binding of the compound by the RNA motif, were 

declared artefacts, because these band pattern changes were not reproducible. An exemplary 

PAGE gel of an in-line probing performed with the SulP motif from L. monocytogenes is shown 

in Figure 14 D. Three different RNA constructs were subjected to in-line probing (Figure 14 A-

C). The constructs differed in length e.g. only half of the termination stem was present.  
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Figure 14: A) SulP RNA motif L. monocytogenes sequence and secondary structure model used. The secondary 
structure model was predicted based on the in-line probing data from D. B) Sequence and secondary structure of 
the second SulP RNA motif construct subjected to in-line probing (data not shown). C) Sequence and secondary 
structure of the third SulP RNA motif construct subjected to in-line probing (data not shown). In this construct, half 
of the termination stem P3 was excluded. D) PAGE analysis of 5’ 32P-labelled SulP RNA motif from L. 
monocytogenes (A) subjected to in-line probing. Different ligands were tested at a concentration of 100 µM if not 
indicted otherwise. Differences in bad pattern observed for Sulfolactate could not be reproduced and were declared 
artefacts. T1 and OH- indicate RNase T1 partial digestion (cleavage after each G nucleotide) and alkaline-mediated 
digestion (cleavage after each nucleotide). P resembles precursor RNA and ctrl. shows cleavage pattern without 
ligand.  

 

The SulP motif is located in the 5’ UTR of a sulfate permease. The protein is a transmembrane 

anion: anion exchange transporter and transports sulfate by secondary active transport. Sul 1 

is most commonly associated with sulfate transporters and other genes related with sulfur 

metabolism or the methionine pathway, ChrB-a and -b motifs are located upstream of genes 

involved in chromate resistance, and NifS is found in the 5’ UTR of cysteine desulfurase. Due 
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to their association with sulfur-related genes, compounds containing a sulfo-moiety were 

tested predominantly. ilvH is upstream of acetohydroxyacid synthase which is associated with 

other genes involved in the biosynthesis of Leucine, Valine, and Isoleucine. Therefore, these 

amino acids as well as oxobutanoate which is an intermediate in branched chain amino acid 

biosynthesis and threonine which is the precursor for the biosynthesis of Leucine, Valine, and 

Isoleucine were tested in in-line probing. gabT was identified by bioinformatics nine years 

ago76. It is present exclusively in species of Pseudomonadales and located in the 5’ UTR of 

gabT genes which encode a gamma-aminobutyric acid transaminase. gabT gene was 

renamed to davT which encodes 5-aminovalerate aminotransferase. Thus, aminovalerate, 

cadaverine, α-ketoglutarate, glutarate, hydroxyglutarate, and lysine were tested in an in-line 

experiment. However, no activity was detected. The IMPDH motif from L. monocytogenes and 

the IMPDH (guaB) motif from F. prausnitzii are associated with genes encoding inosine 

monophosphate dehydrogenase. The IMPDH enzyme catalyzes the first step in GMP 

biosynthesis, the oxidation of IMP to XMP. The guaA motifs of B. subtilis and E. faecalis are 

located upstream of GMP synthetase involved in the second step, the conversion of XMP to 

GMP.  

Most interestingly, in the term-seq candidate lists as well as in the lists generated by 

bioinformatic search for structured ncRNAs, motifs associated with GMP biosynthesis were 

identified. Considering that genes for pyrimidine synthesis are regulated on the transcriptional 

level by diverse mechanisms, these motifs are promising riboswitch candidates. The motifs 

associated with GMP biosynthesis are present in all three species analyzed by term-seq, B. 

subtilis, L. monocytogenes, and E. faecalis. In addition, comparative genomics identified the 

IMPDH motif in the genus Faecalibacterium.  

 

2.2 IMPDH RNA MOTIF – A POTENTIAL RIBOSWITCH THAT EXHIBITS A NOVEL 

MECHANISM OF GENE REGULATION  

Based on in-line probing data, we predicted the secondary structure of the IMPDH RNA motif 

from F. prausnitzii (Figure 17 A). It features three loops whose nucleotides are highly 

conserved. The first two loops consist solely of the purines cytosine and uracil. The third loop 

can build a pseudoknot with downstream sequences. In addition, an intrinsic terminator 

sequence is predicted. Thus, the motif meets at least two of the above-mentioned criteria for 

RNAs with sophisticated regulatory roles which are first, highly conserved nucleotides and 

second, at least one secondary structure element. The third argument for a riboswitch is that 

the motif must be present in multiple phyla. But as the highly abundant riboswitch classes are 
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already characterized, it is not unusual, that rarer classes or RNAs that have a different role 

are found in less bacterial species.  

2.2.1 Addition of ITP results in transcription anti-termination of IMPDH RNA motif  

The IMPDH RNA motif is a promising candidate riboswitch. Sequence alignments and 

bioinformatic structure evaluation predicted a potential hairpin terminator structure followed by 

a run of Us, typical for transcriptional terminators. Thus, we tested possible ligands in the in 

vitro transcription termination assay. Comparable to the other motifs tested which are involved 

in GMP biosynthesis, compounds related to GMP metabolism were tested. Since the control 

reaction without addition of a ligand resulted in transcription termination, the motif acts as a 

potential ON switch upon binding the correct ligand. Unexpectedly, ITP led to transcription anti-

termination and the full-length band was obtained. In addition, the termination band was shifted 

in the presence of ITP. PAGE gel of the ligands tested and transcription anti-termination by 

ITP is shown in Figure 15 C. Ligands were tested at a final concentration of 1 mM except for 

guanine and xanthine which were added at a final concentration of 100 µM. Quantification of 

the intensity of the full-length and termination band and calculation of the ratio between full-

length and termination band showed that ITP regulates transcription over a more than ten-fold 

range compared to the control without any ligand (Figure 15 D).  

 

 

Figure 15: A) Upon addition of the correct ligand, the potential riboswitch re-folds, an anti-terminator is formed and 
transcription proceeds. B) Without the correct ligand, transcription terminates after the terminator structure and the 
termination band is obtained. C) PAGE analysis of in vitro transcription termination assay of F. prausnitzii IMPDH 
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RNA motif. Addition of ITP results in transcription anti-termination and production of the full-length band at 215 nt. 
D) Quantification of the intensity of the full-length band at 215 nt and the termination band of the in vitro transcription 
termination assay in C. Calculation of the ratio between full-length and the termination band shows that ITP results 
in greatly increased full-length product.  

 

ITP leads to concentration-dependent transcription anti-termination of the F. prausnitzii IMPDH 

motif Figure 16 A and B. The effect observed with ITP is specific for IMPDH motif from F. 

prausnitzii. Control experiments with IMPDH motif from L. monocytogenes (shown in Figure 

16 C and D), SulP motif from L. monocytogenes (Figure 16 C, D), and TPP riboswitch from B. 

subtilis (data not shown) with ITP did not show any effects.  

 

 

Figure 16: A) PAGE analysis of in vitro transcription termination reaction with IMPDH motif from F. prausnitzii. IMP 
and ITP were titrated in decreasing concentrations starting from 1 mM. ITP leads to transcription anti-termination 
and is concentration dependent. IMP has no effect. B) Quantification of the intensity of the full-length and 
termination bands from A). The ratio between full-length band and termination band was calculated. C) PAGE 
analysis of in vitro transcription termination of IMPDH RNA motif from F. prausnitzii, SulP from L. monocytogenes 
and IMPDH from L. monocytogenes. ITP was titrated in decreasing concentrations starting from 1 mM. As expected, 
titration of ITP results in concentration-dependent anti-termination and increase of the full-length band at 215 nt 
with IMPDH from F. prausnitzii. ITP has no effect on the termination band and the full-length band (196 nt) of SulP 
and IMPDH RNA (full-length band at 242 nt) motif from L. monocytogenes. D) Quantification of the full-length and 
termination bands obtained in C). The ratio between anti-termination and termination was calculated.  

 

ITP concentrations from 10 µM to 1 mM were added to the reaction. As expected, the higher 

the ITP concentration, the higher was the intensity of the full-length band. The intensity of the 

shifted termination band also decreased with decreasing concentrations of ITP. At the highest 

concentration only the longer termination band occurred, whereas at low concentrations the 

shorter termination band dominated. As control, IMP was titrated in decreasing concentrations 
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starting from 1 mM to 30 µM. The lane designated as ctrl. shows transcription termination with 

no ligand present in the reaction. Typical riboswitches usually show binding of their cognate 

ligand at sub-micromolar or micromolar concentrations. However, the effect observed with ITP 

is only present at concentrations of 500 µM and higher. This underlines that most probably a 

distinct mechanism from a riboswitch is employed. We hypothesized that a so-far unknown 

mechanism is used by the IMPDH motif for transcription elongation at high ITP concentrations.  

2.2.2 In-line probing of IMPDH motif shows no binding of ITP 

In-line probing is the most common method to verify ligand binding of a riboswitch. It reveals 

information about the structure of the motif and about structural rearrangement upon ligand 

binding. In order to test whether the IMPDH motif regulates transcription through a typical 

riboswitch mechanism, by binding a ligand which induces conformational rearrangement we 

performed in-line probing experiments (Figure 17). In order to rule out that a potential ligand 

compound did not show regulation in the in vitro transcription termination assay and to verify 

binding of ITP, all ligands already tested in the in vitro transcription termination assay were 

tested again (Figure S 3). Ligands were tested at a final concentration of 1 mM except for 

xanthine which was added at a final concentration of 100 µM. Addition of Ap4A, NAD, and 

Xanthosine resulted in an increased intensity of some bands. However, these were designated 

false positives, as one would expect increased intensity of bands and at the same time 

decrease of intensity or even disappearance of bands which hints at structural rearrangement 

due to ligand binding. Furthermore, these three compounds were tested in a second in-line 

probing and the band pattern was not reproduced.  

In-line probing of the IMPDH motif from F. prausnitzii with IMP and ITP is shown in Figure 17 

A. Binding of ITP which would induce structural rearrangement of the RNA motif and therefore 

a different band pattern compared to the control was not observed. Thus, we concluded that 

ITP is not bound by the IMPDH RNA motif or the sequence subjected to in-line probing was 

not correct, meaning that it does not fold into the correct secondary structure.  
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Figure 17: A) PAGE analysis of 5’ 32P-labelled IMPDH RNA motif from F. prausnitzii subjected to in-line probing. 
IMP and ITP were tested at a concentration of 1 mM. Differences in bad pattern were not observed. T1 and OH- 
indicate RNase T1 partial digestion (cleavage after each G nucleotide) and alkaline-mediated digestion (cleavage 
after each nucleotide). P resembles precursor RNA and ctrl. shows cleavage pattern without ligand. B) Sequence 
and secondary structure model used. The secondary structure model was predicted based on the in-line probing 

data from A.  

 

2.2.3 Incorporation of ITP in F. prausnitzii IMPDH RNA motif leads to transcription 

anti-termination  

Inosine in RNA results from the well-known A-to-I conversion, the deamination of adenosine. 

In mammalians it is the most common post-transcriptional process to edit RNA and thus modify 

its transferred information. In humans, the amount of inosine in DNA and RNA is linked to 

several diseases and cancer77,78. A-to-I RNA editing has also been identified in bacteria79,80. 

Besides editing, inosine in RNA can occur due to incorporation of ITP during transcription e.g. 
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especially during defects in purine nucleotide metabolism in E. coli81. Thus, inosine in mRNA 

is present and stable in cells.  

As the IMPDH RNA motif from F. prausnitzii does not bind ITP, we hypothesized that 

incorporation of ITP during transcription results in the observed transcription anti-termination. 

Incorporation of ITP would induce conformational changes which result in formation of an anti-

terminator and transcription elongation. The structural rearrangement would then be visible in 

in-line probing experiments. Therefore, in-line probing experiments with reactions that included 

ITP during transcription were performed and compared to in-line probing reactions without ITP 

but no difference in band pattern was observed (data not shown). However, as RNA 

preparation for in-line probing was performed with T7 RNA polymerase whose transcription 

rate is too fast to allow e.g. co-transcriptional folding, these results are not conclusive.  

Detection of inosine in RNA can be achieved by a specific cleavage reaction after inosine. This 

is achieved by reacting RNA with glyoxal, addition of borate to stabilize the glyoxal adducts, 

cleavage with ribonuclease T1. Although guanosine and inosine are structurally similar, glyoxal 

forms a stable adduct with guanosine but not with inosine. Further, RNase T1 normally cleaves 

after both, guanosines and inosines, glyoxal-modified guanosines are resistant to cleavage. 

Thus, glyoxylated RNA is specifically cleaved after inosine82. A schematic overview of the 

reactions is shown in Figure 18 A. The termination band of IMPDH RNA motif from F. 

prausnitzii transcribed without ITP, the shifted termination band and the full-length band 

obtained with 1 mM ITP present in the reaction were purified and inosine-specific cleavage 

reactions were performed. Results of the cleaving reactions are shown in Figure 18 B. As 

expected, the termination band obtained without ITP did not show any cleavage independent 

of the amount of added RNase T1. Thus, all guanosines in the sequence are protected from 

cleavage. With ITP, the termination band and the full-length band were partially cleaved after 

addition of 10 U RNase T1 and fully cleaved upon addition of 100 U and 400 U RNase T1. Ctrl. 

resembles RNA undergone the same treatment but without addition of RNase T1. This control 

band indicates the amount of un-cleaved RNA per reaction. P stands for precursor and shows 

the intensity of the band of untreated RNA. T1 is RNA treated with 1 U of RNase T1 in citrate 

buffer.  
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Figure 18: A) Reactions performed for Inosine-specific cleavage. RNA is reacted with glyoxal which forms a stable 
adduct with guanosine but not with inosine (adducts abbreviated with R). After treatment with borate, to stabilize 
the glyoxal adducts, addition of RNase T1 results in cleavage after inosines but not after guanosines. B) Inosine-
specific cleavage reactions performed with IMPDH RNA motif from F. prausnitzii. Bands obtained from reactions 
with 1 mM ITP are cleaved. Ctrl. resembles RNA processed similar as the cleavage reactions but without addition 
of RNaseT1. Bands corresponding to precursor RNA (P), enzymatic cleavage after G residues (T1) and alkaline-
mediated partial digestion (OH) are annotated. C) Inosine-specific cleavage reactions performed with IMPDH RNA 
motif from L. monocytogenes. Cleavage occurs only with bands obtained from in vitro transcription with 1 mM ITP.  

 

Degradation of the whole bands where ITP was present during transcription suggests a high 

amount of incorporated inosine into F. prausnitzii IMPDH RNA. If only one or two inosines 

would be present in the sequence, as it is the case for editing processes, the band intensities 

after addition of RNase T1 would not be reduced as drastically as observed here in comparison 

to the ctrl lane.  

In order to test whether inosine is incorporated into RNA during transcription in other motifs as 

well, the IMPDH motif from L. monocytogenes was subjected to inosine-specific cleavage. 

Therefore, full-length bands obtained without ITP and with ITP were purified and analyzed. 

PAGE analysis of inosine-specific cleavage is shown in Figure 18 C. Cleavage did not occur 

in reactions without ITP present during transcription. RNA products obtained from reactions 
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with ITP were cleaved. Hence, ITP is also incorporated into IMPDH RNA from L. 

monocytogenes.  

IMPDH RNA motif from F. prausnitzii was analyzed again in order to verify the observed results 

(data not shown). As expected, the IMPDH RNA motif from F. prausnitzii showed the same 

cleavage pattern as in Figure 18.  

Considering the results, we concluded that ITP is readily incorporated into RNA if present 

during transcription. However, in the case of the analyzed IMPDH motif from L. 

monocytogenes, addition of ITP to the reaction does not alter transcription as shown in Figure 

16 C, D. Thus, even though incorporation of ITP into RNA might be widespread, the observed 

effect of transcription anti-termination is motif specific. The motifs also transcribed with ITP that 

served as a control, as described in section 2.2.1 did not show modulation of transcription. It 

can be speculated which properties lead to transcription anti-termination with ITP and F. 

prausnitzii IMPDH RNA. Is it a mechanism of gene regulation only used by this specific 

organism? This could be tested by analyzing additional RNA motifs of F. prausnitzii. Is it gene 

context dependent? Inosine triphosphate in cells can be converted to IMP by ITPases. Cells 

strive to keep ITP levels low, in order to reduce the unintentional incorporation into DNA78. With 

the observed incorporation of ITP into IMPDH RNA motif from F. prausnitzii and subsequent 

transcription anti-termination this could occur by two ways in F. prausnitzii. ITPases can break 

down ITP to IDP and IMP. In addition, ITP levels can be reduced by incorporation of ITP into 

IMPDH RNA which leads to transcription of IMPDH protein. Increased IMPDH levels then 

salvage IMP, the substrate for IMPDH. Reduction of IMP levels subsequently would lead to 

increased degradation of ITP and also reduced ITP concentrations. Is incorporation of ITP 

sequence/ motif dependent? The F. prausnitzii IMPDH RNA motif can form a pseudoknot 

between the third loop and complementary downstream sequences. We hypothesized whether 

this pseudoknot is formed only if ITP is incorporated. Pseudoknot formation would then lead 

to structural rearrangement and formation of an anti-terminator. Initial in vitro transcription 

termination assays performed with F. prausnitzii IMPDH RNA motifs in which the first two loops 

were mutated, hinted at the importance of the pseudoknot formation. Mutation of the loops did 

not influence the observed transcription anti-termination with ITP present in the reaction. 

Besides, these preliminary results strengthen the hypothesis of transcription anti-termination 

due to ITP incorporation as the mutated loops contain highly conserved nucleotides. Usually 

highly conserved nucleotides in the aptamer region of riboswitches are involved in ligand 

binding. Thus, we conclude that transcription anti-termination due to incorporation of ITP is 

motif and organism restricted.  
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2.2.4 Guanosine is replaced by inosine in IMPDH RNA  

We hypothesized that GTP is replaced by ITP if ITP is present during transcription. In order to 

test this, GTP was titrated without and with 1 mM of ITP in in vitro transcription termination 

assays. PAGE analysis is shown in Figure 19 C. As expected, without ITP added, transcription 

cannot take place if GTP is left out. Unsurprisingly, titration of GTP had no influence on 

transcription termination or read-through and the termination band was obtained for all 

concentrations. Upon addition of 1 mM ITP, full length RNA was produced. If the concentration 

of ITP was 10-times higher than GTP (0.1 mM GTP), termination did not occur and solely the 

full-length band was visible. Vice versa, if the ITP concentration was 10-times lower than GTP 

(10 mM GTP), read-through did not occur, and transcription was terminated. Thus, we 

concluded that GTP is replaced by ITP. This was supported by experiments in which in vitro 

transcription termination assays were performed with different radioactively labelled 

nucleotides. If α-32P-GTP was used for labelling, no bands were visible on PAGE gels if ITP 

was added to the reaction (Figure S 4). We propose a hypothetical mechanism by which the 

IMPDH motif from F. prausnitzii regulates transcription (Figure 19 A, B). At high ITP 

concentrations, ITP is incorporated and replaces GTP in the RNA sequence. This results in 

structural rearrangement probably due to weaker base pairing, formation of an anti-terminator 

and transcription elongation. At high GTP levels, GTP is incorporated in the nascent RNA and 

a terminator hairpin is formed.  

 

 

Figure 19: Hypothetical mechanism for gene regulation by the IMPDH RNA motif from F. prausnitzii. A) If ITP is 
present in excess compared to GTP, ITP is incorporated, an anti-terminator is formed, and transcription elongates. 
B) At GTP concentrations 10-times higher than ITP, GTP is incorporated and transcription terminates after the 
terminator structure. C) In vitro transcription termination assay of F. prausnitzii IMPDH RNA. GTP was titrated in 
increasing concentrations (0 – 0.1 mM – 2.5 mM – 10 mM) in the absence and presence of 1 mM ITP. Without ITP, 
only the termination band is obtained. At 1 mM ITP, only the full-length band (215 nt) is obtained if ITP is added in 
10-times excess compared to GTP. Vice-versa, a 10-times higher concentration of GTP results in complete 

termination of transcription. 
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There are several reasons why GTP and not the other nucleotides are replaced by ITP during 

transcription of F. prausnitzii IMPDH RNA motif. One explanation is that inosine, like 

guanosine, preferably base pairs with cytosine. In addition, the conversion of I to G does not 

affect free energies of stacking interactions83. Contrarily, I-C base pairs are less stable than G-

C base pairs due to formation of two hydrogen bonds in comparison to three. Another reason 

is that inosine is translated as guanosine and most enzymes also recognize inosine as 

guanosine84. It is known that human RNA polymerase II incorporates ITP, that it is inserted 

with the same KM and vmax as GTP and at the same template position. Thus, the incorporation 

of inosine into RNA would not result in mutations and mis-functional proteins.  

 

2.2.5 Reporter gene activity of the IMPDH motif  

In order to verify the influence on gene expression of the F. prausnitzii IMPDH RNA in vivo, 

lacZ reporter plasmids were constructed and transformed into E. coli strains. Transcription anti-

termination would result in increased reporter activity. Wild type E. coli BW2511, ΔguaB, an 

IMPDH knockout, and ΔyjjX an ITPase deficient strain were used. 10 mM ITP, Inosine, and 

Hypoxanthine were added to the medium during growth and compared to medium without a 

compound added. The results of the ONPG assay are shown in Figure 20. The WT strain did 

not show any difference in gene expression without or with ITP. Addition of Inosine resulted in 

significant increase of reporter gene expression, whereas Hypoxanthine did not have an effect 

compared to the control. ΔguaB showed increased reporter activity upon addition of ITP and 

Inosine. Expression with Inosine was significantly higher compared to the control. However, it 

must be considered that ΔguaB incubated with 10 mM Inosine did not grow well (see OD600 

measurements Figure S 5). Thus, this might be a false positive observation. Comparable to 

the WT, addition of Hypoxanthine did not show any difference in reporter gene expression. 

ΔyjjX exhibited significantly increased reporter gene expression upon addition of ITP and 

Hypoxanthine. Reporter gene activity of ΔyjjX grown with Inosine did not result in significant 

increase compared to the control experiment. As expected, reporter gene expression in ΔguaB 

and ΔyjjX was enhanced compared to WT.  
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Figure 20: A) Construct of lacZ reporter system. IMPDH RNA motif from F. prausnitzii with the original intergenic 
sequence up to the start codon AUG followed by lacZ. Transcription anti-termination due to intracellular 
incorporation of ITP results in increased expression of lacZ. B) LacZ reporter assay of WT, ΔguaB, and ΔyjjX E. 
coli strains. 10 mM ITP, Inosine or Hypoxanthine were added to the medium during growth. Increased intracellular 
ITP levels lead to increased reporter gene expression. C) Gene contexts of the proteins knocked out.  

 

We propose two explanations why reporter gene expression of the WT E. coli strain is reduced 

compared to the knockout strains. First, the WT strain can maintain the ITP pools at ideal 

concentrations due to degradation by ITPases. Second, IMP is oxidized to XMP by IMPDH 

and thus indirectly reduce the intracellular ITP concentration. However, in vivo production of 

ITP in E. coli is currently not well known. It has been shown that guanylate kinase may catalyze 

the reaction from IMP to IDP. Subsequent phosphorylation of IDP can be carried out by 

nucleoside-diphosphate kinase85. The results presented here, strongly suggest that IMP and 

ITP levels correlate, and that ITP is produced from IMP. Inosine is phosphorylated to IMP by 

inosine/ guanosine kinase in E. coli. Hypoxanthine is either converted to Inosine by RihB 

(pyrimidine-specific ribonucleoside hydrolase) or directly to IMP by a hypoxanthine 

phosphoribosyltransferase. Elevated IMP levels cause increased ITP levels. ITP is then 

incorporated into F. prausnitzii RNA motif which leads to transcription anti-termination and 

increased expression of the reporter gene.  

The ΔguaB strain is not able to reduce ITP levels via the IMPDH pathway. Thus, upon addition 

of ITP, ITP levels are increased. ITP is incorporated into IMPDH RNA during transcription, 

transcription anti-termination occurs and read-through results in an increased reporter gene 

expression. The same applies for growth with Inosine. As expected, grown with 10 mM ITP 

and Hypoxanthine in the medium, ΔyjjX showed enhanced reporter activity compared to the 

control. This is due to ITPase deficiency, therefore reduced capacity of ITP degradation, and 

elevated ITP concentrations.  
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Increased reporter gene expression of ΔguaB and ΔyjjX compared to WT in all conditions 

confirmed the assumption that increased intracellular ITP levels lead to anti-termination of the 

IMPDH RNA motif from F. prausnitzii. Besides, in the control experiments, transcription was 

enhanced in ΔguaB and more enhanced in ΔyjjX suggesting that degradation of ITP occurs 

primarily by ITPases and less efficiently by reducing the IMP pool through oxidation of IMP to 

XMP. Expression of the reporter gene upon addition of ITP was highest for ΔyjjX, and higher 

for ΔguaB compared to the WT. This supports the hypothesis that ITP is predominantly 

degraded by ITPases and that the salvage pathway via IMP is less dominant.  

As assumed, in the WT and ΔguaB strain the effect on reporter gene expression upon ITP 

addition was smaller than for Inosine. This is due to facilitated uptake of Inosine (and 

Hypoxanthine) in comparison to the negatively charged ITP. Uptake of Inosine and 

Hypoxanthine by transporters in E. coli has been reported86.  

Conclusively, the in vivo experiments strengthen the hypothesis of ITP incorporation and 

subsequent modulation of transcription and validate that the effect also takes place in living 

cells. 

 

2.3 RNA-PROTEIN INTERACTION: IMPDH AND IMPDH RNA MOTIF F. 

PRAUSNITZII  

Inosine monophosphate dehydrogenase is the rate-limiting and first committed step in GMP 

biosynthesis. As described in section 1.4, IMPDH contains two CBS subdomains whose 

function is unknown to date. Therefore, it is hypothesized that the subdomains are involved in 

cellular regulation processes. It was shown that the CBS domains from Tritrichomonas foetus, 

Escherichia coli, and both human proteins bind specifically single-stranded nucleic acids. RNA 

as well as ssDNA were bound by IMPDH. The protein showed the highest affinity for poly(dT), 

poly(U), and poly(A) with about 100 bases length. However, binding of IMPDH to its cognate 

RNA was not observed, although it was demonstrated that IMPDH binds RNA in vivo87. Taking 

these results into account, we speculated that IMPDH from F. prausnitzii binds the RNA motif 

located in the 5’ UTR via the two loops in the motif. As the loops consist mainly of cytosine and 

uracil, and IMPDH has a high affinity for single-stranded uracil, we hypothesized that these are 

binding sites.  
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2.3.1 IMPDH binds structured RNAs in vitro  

Therefore, filter-binding assays with IMPDH RNA motif were performed. Typical filter-binding 

assays are shown in Figure 21 A. IMPDH from F. prausnitzii bound structured RNAs with low 

µM affinity. Determined KDs for IMPDH RNA motif and a control RNA motif which was used as 

control, are similar (3 µM and 5 µM respectively) and hint at rather unspecific binding. However, 

literature reports affinities for RNA-binding proteins ranging from picomolar to micromolar 

affinity88. Considering this, the low micromolar affinity determined for IMPDH RNA motif might 

be biologically relevant. Unfortunately, filter-binding assays do not reveal any information on 

the binding site. Thus, we can only speculate that RNA is bound via the CBS domains.  

 

 

Figure 21: Filter-binding assays with IMPDH from F. prausnitzii. A) Filter binding assay with IMPDH, IMPDH RNA 
motif (blue) and a control RNA (orange). Determined KDs are similar for IMPDH RNA motif and control RNA hinting 
at a rather unspecific binding. B) Filter binding assay with IMPDH RNA motif and 50 µM Ap4A present in the reaction. 
Ap4A greatly reduces RNA-protein binding which is only re-established at protein concentrations above 10 µM. C) 
Filter-binding assay with a constant concentration of 15 µM IMPDH, IMPDH RNA motif and titration of Ap4A. 
Increase of the Ap4A concentration results in reduced capability of RNA binding by the protein. D) Hypothetical 
mechanism of RNA and Ap4A binding to IMPDH protein. The CBS domains of IMPDH protein bind the IMPDH RNA 
motif. Upon addition of Ap4A RNA is released and Ap4A is bound by the CBS domains.  
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2.3.2 Ap4A reduces affinity of IMPDH for binding RNAs  

It is known that protein-RNA binding is modulated by binding of cofactors or other small 

molecules to the protein. An example for this regulation of RNA affinity is the pyrR protein. 

pyrR regulates the expression of genes required for pyrimidine biosynthesis by binding to 

sequences in the 5’ UTR of the operon. It was shown that UMP enhances RNA binding, 

whereas GMP reduces the affinity for RNA89. As IMPDH is involved in purine biosynthesis and 

its activity is regulated by purine nucleotides, we hypothesized that a nucleotide has an 

influence on IMPDH-RNA affinity or specificity. Thus, we explored the effect of AMP, ATP, 

GMP, GTP, IMP, XMP, and Ap4A on IMPDH-RNA interaction. Addition of 500 µM AMP, ATP, 

GMP, GTP, IMP, and XMP did not influence RNA binding (Figure S 7). Unexpectedly, addition 

of 50 µM Ap4A resulted in greatly reduced capability of RNA binding by the protein (Figure 21 

B). At IMPDH concentrations up to 7.5 µM, the fraction of bound RNA was only about 0.1 

whereas the fraction of bound RNA without Ap4A present was 0.7 at a protein concentration of 

7.5 µM. We speculated whether RNA and Ap4A have the same binding site in the protein. RNA 

and Ap4A might compete for the same binding site with Ap4A having a much higher affinity than 

RNA. It is also possible that there are two different binding sites and that binding of Ap4A 

abolishes RNA binding. However, reports in literature strongly suggest binding of both, RNA 

and Ap4A to the same binding site which is the CBS domains. The CBS domains of IMPDH 

are known to bind RNA. It is further known, that CBS domains bind among others AMP, ADP, 

ATP, and Ap4A62,90,91. In addition, it was shown that IMPDH from E. coli cell lysate binds to 

immobilized Ap4A92. We therefore conclude that structured RNAs and Ap4A bind to the CBS 

domains of F. prausnitzii IMPDH and that Ap4A greatly reduces the affinity for RNA binding.  

In order to show that Ap4A has a concentration-dependent effect on RNA binding by IMPDH 

Ap4A was titrated while the concentration of RNA and IMPDH was not varied. The 

concentration of IMPDH was 15 µM and RNA was set at 1 Bq/reaction in a filter-binding assay 

(Figure 21 C). As expected, Ap4A reduces RNA binding of IMPDH concentration dependent. It 

was also possible to determine the affinity of Ap4A to the protein if RNA was present in the 

reaction. The calculated affinity of Ap4A under these conditions is 340 nM.  

2.3.3 Influence of RNA binding on IMPDH activity  

We examined whether RNA binding of F. prausnitzii IMPDH has an influence on enzyme 

activity. Therefore, purified IMPDH RNA was added to NAD kinetic measurements. Addition of 

4.3 µM IMPDH RNA resulted in up to 40 % reduction of v0. In order to test if this effect is 

specific for the IMPDH RNA motif or unspecific like RNA binding, a control RNA motif was 

added to the reaction. It was shown that the control RNA motif reduces enzyme activity only 

up to 5 %. Plots of calculated v0 and RNA concentration are shown in Figure 22 A. Therefore, 

we concluded that the observed reduction of activity is specific for IMPDH RNA motif.  
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Figure 22: Effect of RNA binding different nucleotides on IMPDH activity. Kinetic activity assays were performed 
and v0 was calculated. A) Addition of IMPDH RNA reduces enzyme activity up to 40 % whereas addition of a control 
RNA has no effect. B) Kinetic activity assays with IMPDH RNA motif and Ap4A. 1.3 µM of RNA reduces enzyme 
activity by half, addition of 10 µM Ap4A to the reaction restores activity. C) 5 µM IMPDH RNA motif and 100 µM of 
each nucleotide were added. Only Ap4A increases protein activity. D) Influence of Ap4A, AMP, ADP, ATP, GMP, 
GDP, and GTP on IMPDH activity. Nucleotides were added in decreasing concentrations starting from 500 µM. 
GDP at a concentration of 1 µM and GTP at 500 µM were left out due to artefacts. Ap4A has no effect. AMP and 
ADP inhibit enzyme activity only at the highest concentration. Addition of GMP, GDP and GTP inhibits the enzyme 

and ATP increases activity. 

 

Though, it can be discussed whether the observed effect is relevant in vivo or too marginal. It 

can be possible that regulation of enzyme activity through RNA binding is only an additional 

fine-tuning mechanism to regulate GMP production and that another mechanism of regulating 

over a wider range remains unknown. This could be regulation of transcription for example. As 

there are often two or more mechanisms known to regulate pyrimidine biosynthesis, several 

layers of control mechanisms for the regulation of the synthesis of GMP might exist.  

2.3.4 Influence of RNA and Ap4A binding on IMPDH activity  

As binding of the IMPDH RNA motif reduces IMPDH enzyme activity, and Ap4A abolishes RNA 

binding, we examined the effect of Ap4A on the catalytic activity after RNA binding. Therefore, 

NAD assays were performed with 1.3 µM RNA and 10 µM Ap4A (Figure 22 B). As observed 
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before, addition of the RNA motif nearly halved enzyme activity. Ap4A and RNA added to the 

reaction restored enzyme activity. Thus, Ap4A is an effector molecule that can modulate 

IMPDH enzyme activity in response to RNA binding.  

In order to test if other nucleotides have a similar effect as Ap4A, AMP, ADP, GMP, GDP, and 

GTP were added at a concentration of 100 µM to a NAD kinetic reaction already containing 5 

µM of IMPDH RNA motif. Calculated v0 for all reactions are shown in Figure 22 C. As expected, 

addition of Ap4A resulted in a two-fold increase in enzyme activity compared to the control. 

AMP, ADP, ATP, and GTP did not change IMPDH activity. GMP and GDP slightly enhanced 

activity. However, we concluded that the difference is too small to be of biological relevance.  

In E. coli, changes in Ap4A concentrations were linked with heat, oxidative stress and ethanol 

and it was hypothesized that Ap4A functions as an alarmone93. It can be speculated under 

which of these conditions it would be useful for a cell to up-regulate GMP biosynthesis slightly 

by reducing the binding of RNA to IMPDH and increasing enzyme activity. In 1997, it was 

investigated that elevated levels of Ap4A promote cell division in E. coli94. Regarding this, it 

would make sense that Ap4A increases IMPDH activity and subsequently lead to elevated 

levels of GMP which are necessary for replicating DNA and cell proliferation.  

2.3.5 Effect of nucleotides on IMPDH activity  

The addition of AMP, ADP, ATP, GMP, GDP, and GTP did not have a great effect on the 

activity of the protein after RNA binding by the protein. However, Ap4A restored protein activity. 

Considering this, we examined whether the nucleotides without RNA have influence F. 

prausnitzii IMPDH activity in vitro. It is known that E. coli IMPDH is inhibited by AMP, ADP, 

ATP, GMP, GDP, and GTP95. Recently, it was reported that the catalytic activity of IMPDH 

from the fungus Ashbya gossypii is slightly activated by Ap4A, Ap5A, Ap6A, and ATP67.  

Activity measurements of F. prausnitzii IMPDH by NAD assay and titration of AMP, ADP, ATP, 

GMP, GDP, and GTP from 100 nM to 500 µM are shown in Figure 22 D. Ap4A was titrated 

from 10 nM to 100 µM. Concentrations of Ap4A up to 100 µM did not influence the catalytic 

activity of F. prausnitzii IMPDH. As reported for the E. coli protein AMP, ADP, GMP, GDP, and 

GTP inhibited the enzyme. AMP and ADP showed inhibition only at the highest concentration 

which is in accordance with higher Kis determined for the E. coli protein for AMP and ADP95. 

GTP, and GDP resulted in reduced activity already at 10 µM and 1 µM respectively. Ap4A had 

no effect on IMPDH activity at concentrations up to 100 µM. It is possible that higher 

concentrations than 100 µM are necessary to have an influence on the F. prausnitzii enzyme.  
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2.3.6 SPR measurements of F. prausnitzii IMPDH – binding studies  

In order to further characterize the binding of Ap4A to IMPDH and to determine binding 

affinities, SPR measurements were conducted. Therefore, F. prausnitzii IMPDH and a control 

protein were purified and immobilized on a Ni-NTA chip via the histidine tag. IMP, Ap4A, Ap3A, 

AMP, ADP, ATP, GMP, GDP, and GTP were injected at different concentrations. As expected, 

the control protein did not show binding of any compound tested. For IMPDH a dissociation 

constant of KD ~ 14 µM for the binding of IMP was determined. The affinity of IMP assigned by 

SPR measurements is about five times higher than KD ~ 60 µM determined by NAD assays 

suggesting that SPR measurements are more sensitive than kinetic measurements by 

absorption. Dissociation constants determined for Ap4A, Ap3A, AMP, ADP, ATP, and GMP are 

shown in Table 4. However, only three concentrations of GMP were measured due to 

instrument settings. The measurements of GDP and GTP were declared artefacts and are not 

shown.  

Table 4: SPR measurements compounds tested for binding to IMPDH; determined dissociation constants 

Compound KD [µM] 

Ap4A 0.9 

Ap3A 6 

AMP 28 

ADP 3 

ATP 6 

GMP 40 

 

IMPDH shows the highest binding affinity for Ap4A. Interestingly, Ap3A which has a similar 

geometry as Ap4A and could also bridge the two CBS domains by binding with each adenine 

moiety into one binding pocket, exhibited a nearly 10-times higher KD compared to Ap4A.  

In addition to the SPR binding studies, the Marx group solved a crystal structure of the F. 

prausnitzii IMPDH enzyme with Ap4A as a ligand. As expected, the binding pocket of a CBS 

domain bound the adenine moiety. Unfortunately, in the crystal structure two Ap4A molecules 

were bound by the enzyme and not, as expected, one that bridged the two CBS domains. 

However, we speculated that this was an artefact due to the crystallization process.  
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3 CONCLUSION AND OUTLOOK 

The search for novel riboswitches and their ligands is challenging and laborious. An in vitro 

transcription termination assay was successfully established. In comparison to the well-known 

in-line probing, this method allows rapid screening of potential ligands and candidate RNA 

motifs. In vitro transcription termination assays mimic in vivo conditions in a way that the 

potential ligand is present during transcription and can be bound co-transcriptionally. In 

addition, RNA polymerase can halt at pausing sites in the sequence which allows time for the 

nascent RNA to refold correctly. However, in vitro transcription termination assays are 

restricted to riboswitches that control gene expression by transcription termination and anti-

termination. Structural information about the folding of the RNA or the nucleotides involved in 

binding cannot be obtained. We tested ligands for some of the motifs identified by term-seq72 

and for some of the motifs identified by bioinformatic analysis73 by in vitro transcription 

termination. We observed modulation of transcription for ITP with IMPDH motif. We performed 

in-line probing assays for all motif-ligand combinations. However, even for ITP no binding was 

observed.  

Still, for the IMPDH RNA motif from F. prausnitzii the in vitro transcription termination assay 

proved that transcription anti-termination upon the addition of ITP is concentration dependent 

and motif specific. In in vitro transcription termination assays with control motifs addition of ITP 

did not result in modulation of transcription. Transcription anti-termination of the F. prausnitzii 

motif does not seem to be a “classical” riboswitch mechanism that regulates gene expression 

upon ligand binding since in-line probing experiments did not show binding of ITP. As RNA 

polymerase can incorporate non-canonical nucleotides81, we hypothesized that ITP is 

incorporated into the RNA. We showed that inosine is incorporated into the RNA by an inosine-

specific cleavage assay82. Inosine was also incorporated in a control RNA motif (IMPDH RNA 

motif from L. monocytogenes). However, for this motif transcription was not modulated through 

the mis-incorporation of ITP. Titration experiments revealed that inosine replaces guanosine. 

Ten times excess of GTP in the reaction resulted in complete transcription termination whereas 

ten times excess of ITP led to complete transcription anti-termination. Supporting this 

hypothesis, in in vitro transcription termination assays with α-32P-GTP and ITP no labelled RNA 

bands were obtained. However, the exact mechanism remains unknown. We speculated that 

formation of the pseudoknot is important for structural rearrangement upon incorporation of 

inosine and subsequent transcription-antitermination. Supporting this hypothesis, initial in vitro 

transcription termination assays in which the first two loops of the F. prausnitzii RNA motif were 

mutated also did show transcription anti-termination upon addition of ITP. Still, in-line probing 

experiments and inosine-specific cleaving reactions with 5’-labelled RNA are necessary to 

elucidate conformational changes in the RNA and to determine the exact positions of 
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incorporated inosine. To date, we can only speculate that all guanosines are replaced by 

inosine.  

We provided evidence for gene regulation by the IMPDH RNA motif upon enhanced ITP levels 

in E. coli. Reporter constructs with the F. prausnitzii IMPDH RNA motif in front of a lacZ reporter 

gene were transformed into E. coli WT, ΔguaB (IMPDH knockout), and ΔyjjX (ITPase 

knockout) strains. As expected, the knockout strains showed increased reporter gene 

expression compared to the WT. Addition of ITP to the growth medium resulted in enhanced 

reporter gene expression in the ΔguaB and the ΔyjjX strains. This is due to increased 

intracellular ITP concentrations and subsequent incorporation into the F. prausnitzii RNA motif 

which leads to transcription anti-termination.  

So far, the biological role and significance of the above described mechanism remains hidden 

and several questions arise. Is it a truly new mechanism of gene regulation? Is it a way to 

specifically regulate GMP biosynthesis like there are several transcriptional mechanisms 

described to regulate pyrimidine synthesis? Is it a mechanism employed to reduce intracellular 

ITP levels which can result in DNA mutations and misfolded proteins? Moreover, is 

transcription anti-termination due to ITP incorporation restricted to the IMPDH motif and 

restricted to the species F. prausnitzii or is it a more widespread mechanism?  

In addition to transcription anti-termination, we examined binding of IMPDH RNA motif from F. 

prausnitzii by IMPDH protein. Filter-binding assays showed that IMPDH protein binds 

structured RNAs. Initial filter-binding experiments in which the first two loops of the F. 

prausnitzii RNA motif were mutated, revealed that IMPDH recognizes and binds these loops. 

Addition of Ap4A reduced binding of the RNA greatly. We hypothesized that RNA and Ap4A 

both bind to the CBS domains of the protein and compete for binding. Binding of Ap4A by the 

protein was confirmed by SPR measurements and a KD value of ~ 900 nM was determined. 

The influence of Ap4A and RNA binding on the catalytic activity of IMPDH was analyzed by 

kinetic measurements. Addition of IMPDH RNA reduced enzyme activity up to 40 %. The effect 

is specific for IMPDH RNA motif, as addition of an unrelated control RNA motif did not influence 

activity. Simultaneous addition of Ap4A and RNA to the reaction restored enzyme activity to 

basal levels. However, addition of Ap4A alone did not alter v0 of the reaction. We speculated 

whether the observed reduction of protein activity upon addition of RNA is of any biological 

relevance or whether it is too small. It is also questionable if binding of an RNA with µM affinity 

is significant in vivo. The biological role and significance of Ap4A binding to IMPDH was also 

not addressed here.  
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5 MATERIALS AND METHODS  

5.1 GENERAL METHODS  

Taq PCR  

Taq PCR was performed with the respective primers to generate DNA templates for in vitro 

transcription. Genomic DNA of the corresponding bacterium or plasmid DNA was used as 

template for Taq PCR. For subsequent in vitro transcription termination assays, generated 

DNA fragments were purified by agarose gel electrophoresis.  

Reagent   volume [µl] stock concentration  final concentration  

Template   2   20 ng/µl  0.2 ng/µl 

Thermopol buffer  20   10 x    1 x 

dNTPs   4   10 mM   0.2 mM  

primer fwd.   2   100 µM  1 µM 

primer rev.   2   100 µM  1 µM 

Taq polymerase  2   5 U/µl    10 U/µl  

H2O    168 

 

PCR cycle   temperature [°C] time  

Initial denaturation  95    1 min  

Denaturation   95    30 sec 

Annealing   60    30 sec 

Elongation   68    20 sec/ 1 kb 

Final elongation  68    5 min  

Cooling   4    hold  

Steps 2 to 4 were repeated 25 x.  
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Phusion PCR  

Phusion PCR was performed for whole plasmid cloning, restriction enzyme cloning and 

Gibson assembly. Reactions were performed with the respective primers listed in the 

appendice and the corresponding plasmid or genomic DNA as template.  

Reagent   volume [µl] stock concentration  final concentration  

Template   1   20 ng/µl  0.4 ng/µl 

HF/GC buffer   10   5 x    1 x 

dNTPs   5   2 mM    0.2 mM  

primer fwd.   6   5 µM   0.6 µM 

primer rev.   6   5 µM   0.6 µM 

Phusion polymerase  0.5   2 U/µl    1 U/µl  

H2O    17.5  

 

PCR cycle   temperature [°C] time  

Initial denaturation  98    30 sec  

Denaturation   98    10 sec 

Annealing   58    30 sec 

Elongation   72    20 sec/ 1 kb 

Final elongation  72    7 min  

Cooling   4    hold  

Steps 2 to 4 were repeated 25 x.  

Agarose gel electrophoresis  

Agarose gels were prepared by adding the appropriate amounts of agarose standard ( 0.8 % 

w/v; 2 % w/v) to 0.5 x TBE buffer and heated to dissolve the agarose. 1 µl of Midori Green 

Advance DNA stain was added and the mixture was poured into a gel tray. PCR products 

were pre-mixed with 6 x agarose loading dye (final concentration 1x) loaded to the gel and 

run at 120 V for 45 min. Visualisation was done with E-Box CX5.TS-20 by UV trans-

illumination.  
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Whole plasmid PCR cloning  

Phusion PCR was performed according to the standard phusion PCR protocol except that 

DMSO was added at a final concentration of 8 %. 5 µl Cut Smart buffer and 1 µl DpnI were 

added, and reaction was incubated at 37 °C for 1 h to digest template DNA. PCR products 

were separated on 0.8 % agarose gel, the band with the appropriate size was excised, 

purified with Zymoclean Gel DNA Recovery Kit and DNA concentration was measured. For 

ligation 50 ng of DNA in a total volume of 5 µl were mixed with 5 µl Quick Ligase buffer, 0.5 

µl Quick Ligase, incubated for 15 min at 25 °C, and purified by DNA clean & concentrator kit. 

2 µl of the ligation product were transformed in appropriate electro-competent E. coli cells. 

Cloning was verified by Sanger sequencing.  

Restriction enzyme cloning  

Plasmid pET28a (vector) and insert (protein encoded by genomic DNA of the respective 

bacteria) were amplified by Phusion PCR with the respective primers to introduce the 

appropriate restriction enzyme sites. The vector PCR product was DpnI digested with 5 µl 

Cut Smart buffer and 1 µl DpnI was added and incubated at 37 °C for 1 h. 1.5 µg of vector 

DNA were digested with 1 µl of each restriction enzyme and 5 µl Cut Smart buffer in a total 

volume of 50 µl for 2 h at 37 °C. DNA was dephosphorylated by adding 5 µl Antarctic 

phosphatase buffer and 1 µl Antarctic Phosphatase for 1 h at 37 °C and purified by 0.8 % 

agarose gel electrophoresis. The product with the expected size was excised, purified with 

Zymoclean Gel DNA Recovery Kit and DNA concentration was measured. PCR amplified 

insert DNA was digested by adding 1 µl of each restriction enzyme and 5 µl Cut Smart buffer 

to the PCR reaction, incubated for 2 h at 37 °C and purified by DNA clean & concentrator kit. 

Ligation was carried out with 50 ng of vector DNA and the appropriate amount of insert DNA 

in a total volume of 5 µl. Insert was added at a ratio of 1:5. The amount of DNA was 

calculated with the following formula: Insert [ng] = (x bp insert * ng vector *ratio)/bp vector 

DNA was mixed with 5 µl Quick Ligase buffer, 0.5 µl Quick Ligase, incubated for 15 min at 25 

°C, and purified by DNA clean & concentrator kit. 2 µl of the ligation product were 

transformed in appropriate electro-competent E. coli cells. Cloning was verified by Sanger 

sequencing.  

Gibson assembly  

Phusion PCR was performed with the primers ACH295 and ACH297b and F. prausnitzii 

genomic DNA to generate insert for reporter plasmid ACH022. pQE plasmid SK32 (pQE31 

derived vector containing a modified version of the artificial and constitutive active J06 

promoter (modified from the Anderson promoter library: 

http://parts.igem.org/Promoters/Catalog/Anderson) and lacZ reporter gene) was amplified 

http://parts.igem.org/Promoters/Catalog/Anderson
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with primers ACH293 and ACH294 with a standard phusion PCR. The reaction was DpnI 

digested with 5 µl Cut Smart buffer and 1 µl DpnI and incubated at 37 °C for 1 h. PCR 

products were purified by agarose gel electrophoresis and the expected size was excised, 

purified with Zymoclean Gel DNA Recovery Kit and DNA concentration was measured in a 

Tecan infinite M2000. 75 ng of vector DNA and the appropriate amount of insert DNA were 

mixed with 10 µl of DNA Assembly Master Mix and H2O to a total volume of 20 µl. Insert was 

added at a ratio of 1:5. The amount of DNA was calculated with the following formula: Insert 

[ng] = (x bp insert * ng vector *ratio)/bp vector. The reaction mixture was incubated for 15 min 

at 50 °C, diluted with 40 µl H2O and 1 µl was transformed by electroporation into electro-

competent XL 10 E. coli cells. Cloning was verified by Sanger sequencing.  

Glycerol stocks  

700 µl of E. coli culture with the correct plasmid sequence were mixed with 500 µl of 50 % 

glycerol, incubated at 37 °C, 650 rpm for 1 h and stored at -80 °C.  

Electro-transformation of plasmids in E. coli cells  

Electro-competent E. coli cells were thawed on ice and transferred into a pre-chilled 

electroporation cuvette. 2 µl ligation product was added, cells were electroporated at 1800 V 

for 5 ms in an Eppendorf 2510 Electroporator, transferred immediately to 1 mL of pre-

warmed SOC medium, and incubated at 37 °C, 650 rpm for 1 h. 25 µl of cells were plated on 

agar plates containing selective antibiotic and incubated overnight at 37 °C.  

Generation and transformation of chemical competent E. coli cells  

5 mL overnight culture of cells was grown in LB media and the selective antibiotic. 25 mL of 

LB media were inoculated from the overnight culture 1:100. Culture was grown until an OD600 

of 0.3, incubated on ice for 10 min and centrifuged for 10 minutes at 3000 rpm and 4°C. The 

pellet was resuspended in 1.25 mL of TSS buffer, cells were aliquoted in 100 µl and stored at 

-80 °C. For transformation cells were thawn on ice, 1 µl of isolated plasmid was added, 

mixed, incubated on ice for 30 min, followed by a heat shock at 42°C for 30 seconds, and 

incubated on ice for 2 minutes. 1 mL pre-warmed LB was added, cells were incubated at 

37°C and 600 rpm for 1 hour and 300 µl were plated on an agar plate with the selective 

antibiotic.  

DNA isolation  

Plasmid DNA was isolated from E. coli cultures following the standard protocol of the 

ZyppyTM Plasmid MiniPrep Kit and eluted with MiliQ ultra-pure water. 

Genomic DNA was isolated from bacteria using the DNeasy® Blood & Tissue Kit using the 

protocol for “Pretreatment for Gram-Negative bacteria” to lyse bacterial cells. The standard 
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protocol “Purification of Total DNA from Animal Tissues (Spin-column Protocol)” was 

subsequently carried out. Genomic DNA was eluted with MiliQ ultra-pure water.  

Determination of DNA/RNA concentrations  

DNA/RNA concentration was determined by analyzing 2 µl of sample on a NanoQuant plate 

using plate reader Tecan infinite M200.  

 

5.2 METHODS FOR THE IDENTIFICATION OF NOVEL RIBOSWITCHES  

Transcription termination assay  

In vitro transcription termination assays were used to analyze interactions of potential ligands 

and predicted riboswitches which mediate gene expression by control of transcription. 

Templates were generated following the standard Phusion PCR protocol, using a forward 

primer which introduced a T5 promoter sequence via 5’ overhang and either a reverse primer 

which base-paired at the potential termination position (short product) to simplify band 

characterization or a reverse primer which included about 100 bp of the downstream 

sequence (long product). The long product was then used for determining the effect of the 

ligand in in vitro transcription termination assays. PCR products were purified by 2 % 

agarose gel. Ligands were added at the indicated concentrations. Reactions were carried out 

in a total volume of 10 µl, incubated for 2 h 45 min at 37 °C, and quenched upon addition of 

10 µl 2x formamide/urea loading dye. Reaction products were analyzed by 8 % analytical 

PAGE and radioactivity was imaged with a Typhoon FLA 7000 phosphorimager. Bands were 

analyzed via ImageQuant and QuantityOne imaging softwares.  

 

Reagent   volume [µl]  stock conc.  Final conc.  

Template    1   100 ng/µl  10 ng/ µl  

E. coli RNA Polymerase  2   5x  1x 

Reaction Buffer       

CTP/GTP/UTP   0.75   25 mM  1.875 mM  

ATP     1   10 mM  1 mM  

α-P32-ATP    0.2  

RiboLock    0.1   40 U/µl  4 U/µl 
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PPase    0.1   0.1 U/µl  0.01 U/µl 

E.coli RNA Pol.   0.2   1 U/µl   0.2 U/µl  

PEG     0.33   3.3 g/L  0.1 g/L 

Ligand    1  

H2O     3.32    

 

In vitro transcription  

RNA was transcribed in vitro for in-line probing, filter binding assay, NAD assay, and SPR 

measurements. PCR products were used as DNA template and generated by Taq PCR. The 

forward primer introduced a T7 promoter sequence for transcription by T7 RNA polymerase. 

200 µl of the PCR reaction were precipitated by adding 80 µl 1 M NaOAc and 600 µl 100 % 

EtOH. The pellet was dried and used for in vitro transcription (200 µl total volume). Reaction 

was run at 37 °C overnight. DNA template was digested with 2 U DNaseI at 37 °C for 30 min.  

Reagent  volume [µl]  stock conc.  Final conc.  

H2O    138.5  

Transcription buffer  40   5x  1x 

NTPs    15   25 mM  1.875 mM  

RiboLock   2   40 U/µl  80 U/µl 

PPase   1.5   0.1 U/µl  0.15 U/µl 

T7 RNA Pol.   3   200 U/µl  600 U/µl 

Preparative PAGE  

In vitro transcribed RNA and 5‘-P32 end-labeled RNA was purified by 5 % denaturing 

preparative PAGE for separation of proteins, side products, and degradation products. In 

vitro transcription reaction was mixed 1:1 with 2x Urea /formamide loading dye. The gel was 

pre-run for warming for 30 min at 700 V. Samples were loaded and separated at 700 V for 

2:30 h. RNA was visualized under UV light, bands with the desired size were excised, an 

appropriate amount of Crush soak buffer was added and it was incubated at 4 °C, 1500 rpm 

for at least 2 h. Gel pieces were filtrated through glass wool and RNA was precipitated with 

2x volumes 100 % EtOH and 1 µl glycogen.  

Reagent    volume [mL]  final conc.  
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10x TBE, 9 M Urea   20   1x 

9 M Urea    140   6.3 M  

Rotiphorese Sequenziergel  40   5 % 

Konzentrat     

APS 10 %    1.6   0.08 % 

TEMED    0.08    

Dephosphorylation of RNA  

100 pmol of RNA were dephosphorylated with 1 U rSAP, 1x Cut Smart buffer in a total 

volume of 20 µl for 1 h at 37 °C followed by phenol/chloroform extraction. Volume was filled 

up to 200 µl with 8 µl 5 M NaCl and 172 µl H2O. One volume of Roti-P/C/I was added, it was 

vortexed for 15 seconds and centrifuged at 14500 rpm for 10 min. Aqueous phase was 

transferred to 200 µl Roti-C/I, vortexed for 15 seconds and centrifuged at 14500 rpm for 10 

min. Extracted RNA was precipitated with 1 mL 100 % EtOH and 1 µl glycogen.  

Radioactive labeling of RNA  

Dephosphorylated RNA was 5’ end-labeled with γ-32P-ATP. Pellet was resuspended in 9.5 µl 

H2O, 2 µl 10x PNK buffer A, 25 U T4 PNK, and 0.3 mM γ-32P-ATP were added. Reaction was 

incubated at 37 °C for 1 h, purification from unincorporated γ-32P-ATP was done with G-25 

Sephadex columns, samples were mixed with one volume of 2x Urea/ formamide loading 

dye and separated on 5 % preparative PAGE.  

Analytical PAGE  

Denaturing analytical PAGE was used for analyzing RNA products of transcription 

termination assay, RNA secondary structure with in-line probing, and incorporation of 

inosine. Samples were mixed 1:1 with 2x Urea /formamide loading dye and analyzed on 6 % 

or 8 % PAGE. The gel was pre-run for warming for 30 min at 65 W. Samples were loaded 

and separated at 65 W for 2:30 h. The gel was dried on Whatman paper under vacuum for 

2:30 h by heating and exposed to an X-ray screen overnight. Read out was performed on a 

Phosphoimager.  

6 % PAGE  

Reagent    volume [mL]   final conc.  

10x TBE, 9 M Urea   10    1x 

9 M Urea    66    5.94 M  
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Rotiphorese Sequenziergel  24    6 % 

Konzentrat     

APS 10 %    0.8   0.08 % 

TEMED    0.04     

 

8% PAGE  

Reagent    volume [mL]   final conc.  

10x TBE, 9 M Urea   10    1x 

9 M Urea    58    5.22 M  

Rotiphorese Sequenziergel  32    8 % 

Konzentrat     

APS 10 %    0.8    0.08 % 

TEMED    0.04     

In-line probing  

RNA for in-line probing was prepared by in vitro transcription, purified on a 5 % preparative 

gel, 20 or 100 pmol were dephosphorylated, 5’ end-labeled with γ-32P-ATP, purified on a 5 % 

preparative gel, and ethanol precipitated. 1 µl of RNA with 1 kBq was incubated with 5 µl 2x 

in-line buffer, 3 µl PEG (0.33 g/L), and 1 µl ligand of the desired concentration for at least 40 

h at 25 °C.  

Partial digestion of the RNA by RNase T1 was conducted by incubating 1 kBq of RNA for 1 

min at 55 °C in 1x sodium citrate buffer containing 1 U RNase T1 and 1x Urea loading buffer. 

Complete digestion of RNA was achieved by incubating 1 kBq RNA for 5 min at 90 °C in 1x 

Na2CO3 buffer. For precursor samples 1 kBq RNA was diluted into water. All reactions were 

conducted in a volume of 10 µl and quenched upon addition of 10 µl 2x Urea/formamide 

loading dye. Control- and in-line probing-reactions were analyzed by 8 % PAGE and 

radioactivity was imaged with a Typhoon FLA 7000 phosphorimager. Bands were analysed 

via ImageQuant and QuantityOne imaging softwares.  
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5.3 ADDITIONAL METHODS FOR THE CHARACTERIZATION OF IMPDH RNA 

MOTIF  

Inosine-specific cleavage of RNA  

In vitro transcription reactions with either H2O or 1 mM ITP present in the reaction were 

performed as described in a total volume of 50 µl. 5 U DNaseI were added to remove 

template DNA. α-32P-RNA was purified by denaturing 5 % PAGE gel, extracted and ethanol 

precipitated. Glyoxal reactions (100 µl) contained 500 Bq RNA per reaction.  

   µl   stock conc.  Final conc.  

RNA   1     500 Bq/reaction 

Na2HPO4   10   100 mM  10 mM  

DMSO   50   100 %  50 % 

Glyoxal (deionized)  1.5   40 %   0.6 % 

H2O    37.5  

After 45 min at 37 °C 100 µL 1 M sodium borate (pH 7.5) was added and the reaction 

products were precipitated with 500 µl ethanol. The pellet was dissolved in 15 µL of 10 mM 

Tris/ 1 M sodium borate (pH 7.5 at 37 °C). The indicated amounts of RNaseT1 were added 

and incubated at 37 °C for 30 min. The reaction was diluted to 200 µL with water and after 

phenol/chloroform extraction precipitated with 600 µl ethanol and 1 µl glycogen. The obtained 

RNA was washed 3x with each 200 µl H2O and precipitated with 600 µl ethanol to reduce the 

high amount of salts in the pellet. The pellet was dissolved in 10 µl H2O and 10 µl 2x Urea 

loading dye was added. Cleavage of RNA was monitored on a 6 % PAGE gel.  

Deionized glyoxal  

10 mL 40 % glyoxal were mixed with 1 g AG 501-X8 mixed bed ion-exchange resin. After 

stirring for 30 min at room temperature the beads were separated from glyoxal by a 0.2 µm 

small pore-size filter. The procedure was repeated 5-6 times until pH > 5.5. The solution was 

stored under nitrogen at -80 °C until usage.  

ONPG assay  

BW25113, ΔguaB, and ΔyjjX containing the reporter plasmid ACH022 were inoculated in 10 

mL LB medium with the selective antibiotics and grown at 37 °C, 200 rpm overnight. 500 µl 

LB medium with 10 mM ITP, Inosine and Hypoxanthine added were inoculated with 10 µl of 

overnight culture. Control reactions were grown in LB medium. Cultures were diluted 1:5 in 

LB, OD600 was determined and 10 µl were added to 40 µl of pre-warmed (30 °C) lacZ 
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permeabilization solution and it was incubated for 30 min at 30 °C. 300 µl lacZ substrate 

solution which contains ONPG as LacZ substrate were added to start reporter enzyme 

activity. The reaction was stopped by addition of 350 µl lacZ stop solution and reaction time 

was monitored. Supernatant was analyzed by recording absorption at 420 nm in a plate 

reader Tecan infinite M200. Reporter activities were calculated in Miller Units using the 

following equation: 

 

(2)                     Miller Units = 1000 ∗
𝐴𝑏𝑠.420   

((𝐴𝑏𝑠.600 )∗(𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 [0.01𝑚𝑙]∗(𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 [𝑚𝑖𝑛]))
  

 

5.4 METHODS FOR THE CHARACTERIZATION OF PROTEIN-RNA INTERACTIONS 

Protein purification  

10 mL LB with 10 µl kanamycin were inoculated with E. coli BL21 glycerol stock ACH021 

containing an overexpression plasmid with F. prausnitzii IMPDH and grown at 37 °C, 200 

rpm overnight. 2 mL of the culture were transferred to 200 mL LB with the selective antibiotic 

and incubated at 37 °C, 200 rpm until an OD600 of 0.6. Protein overproduction was induced 

with a final concentration of 1 mM IPTG and cells were grown at 37 °C, 200 rpm for 4 h. 

Culture was centrifuged at 4 °C, 4000 rpm, 30 min and pellet was resuspended in 5 mL lysis 

buffer followed by sonication with Branson sonifier for 3 min duty cycle at 20 % power with 

0.5 on and 0.5 s off. Cell debris was removed by centrifugation at 4000 rpm at 4 °C, 15 min 

and the cell lysate was incubated with 500 µl Ni-NTA beads for 1 h at 4 °C in a rotary shaker 

Beads were washed twice with 2 mL wash buffer and the protein was eluted with 4 times 300 

µl elution buffer. Successful purification was checked by SDS-gel. Protein was transferred to 

NAD kinetic buffer by size exclusion chromatography using PDE-10 columns and stored at 4 

°C.  

SDS PAGE  

10 % SDS PAGE was used to check protein purification steps and to analyze purified 

proteins from overexpression vectors. Samples were pre-mixed with 6x SDS loading buffer 

and separated at 120 V for 1:30 h in 1x SDS running buffer. As size marker prestained 

PageRuler protein ladder was used.  

Stacking gel  

Reagent    volume [µL]  final conc.  

H2O     1460     
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1 M Tris-HCl (pH 6.8)  250   0.125 M  

Rotiphorese 40   250   5 % 

SDS 10 %    20   0.1 % 

APS 10 %    20   0.1 % 

TEMED    2    

 

Separating gel 10 % 

Reagent    volume [µL]  final conc.  

H2O     2400   

1 M Tris-HCl (pH 8.8)  1250   0.25 M  

Rotiphorese 40   1250  10 % 

SDS 10 %    50   0.1 % 

APS 10 %    50   0.1 % 

TEMED    5    

Filter binding assay  

Determination of RNA-protein binding was performed by filter binding assay. If possible 

reactions were performed in duplicates or triplicates and repeated at least twice. 

Correspondent RNA was in vitro transcribed, purified by 5 % PAGE, dephosphorylated, 5’ 

labeled with γ-32P ATP, purified by 5 % PAGE and dissolved in the respective amount of 

H2O. Reactions (total volume 20 µl) were carried out in filter binding buffer for 10 min at 25 

°C, protein and nucleotides were added at concentrations indicated. RNA was added at an 

amount equivalent to 500 Bq per reaction. Reactions were dot-blotted on a NAD kinetic 

buffer pre-soaked nitrocellulose and nylon membrane sandwich and washed with 200 µl NAD 

kinetic buffer. Membranes were dried in a hybridization oven and binding was determined by 

the ratio of bound RNA (Intensity on nitrocellulose membrane) to entire RNA (Sum of 

Intensity on nitrocellulose membrane and nylon membrane). Radiograph was recorded with 

Typhoon FLA 7000. Dots were analyzed via ImageQuant and plotted via Origin 2018 

software.  
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NAD kinetic  

Reactions were carried out at room temperature in NAD kinetic buffer with 0.1 µM IMPDH (F. 

prausnitzii). Increase of NADH was monitored over time measuring the absorbance at 340 

nm, thus determining the kinetic of the coupled enzyme reaction. The reduction of NAD+ to 

NADH corresponds stoichiometrically to the conversion of IMP to XMP. Reaction was started 

by adding substrate to the buffer/protein mix. RNA, nucleotides and substrate were added at 

the indicated concentrations. Starting velocities (v0) of the reaction were plotted against 

substrate concentrations and non-linear regressions were calculated with GraphPad Prism 5.  

SPR measurements  

SPR measurements were carried out on a Biacore T200 instrument at 25 °C.  

Protein-ligand interactions were measured with a NTA sensor chip. Proteins with a histidine 

tag are immobilized via metal chelation. The NTA chip was primed with 1x biacore running 

buffer for 420 s at a flow rate of 10 µl/min. Chip surface was conditioned by injection of 

regeneration buffer for 60 s at a flow rate of 30 µl/min and washed with 1x biacore running 

buffer for 60 s at a flow rate of 30 µl/min. On flow cells 3 and 4 Ni2+ solution was injected for 

60s, 10 µL/min followed by 10 µL/min EDTA (3mM) for 60s, 10 µL/min. IMPDH protein (0.2 

µM in 1x biacore running buffer) was immobilized on flow cell 3 for 180s at 30 µl/min. 

Injection was repeated until ~2000 RU of protein were immobilized. As a negative control, 

CsiD protein (0.2 µM in 1x biacore running buffer) was immobilized at the same conditions on 

flow cell 4. Flow cell 1 was used as reference and not prepared. Ligands were measured at 

concentrations indicated. A single cycle kinetic experiment with 60 s contact time and 600 s 

dissociation time at a flow rate of 30 µL/min was performed. Regeneration of the chip surface 

was performed by injecting 30 µL/min regeneration solution for 60s, 30 µL/min running buffer 

for 60s, 30 µL/min NaOH (100 mM) for 60s, and 30 µL/min running buffer for 60s. Steps were 

repeated until RU values before surface preparation and after regeneration were 

comparable.  

 

5.5 MATERIAL  

Bacterial strains  

Escherichia coli K12 BW25113  

Δ(araD-araB)567 Δ(rhaD-rhaB)568 ΔlacZ4787 (::rrnB-3) hsdR514 rph-1 

Escherichia coli K12 ΔyjjX (JW5801) 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, hsdR514, 

ΔyjjX790::kan 
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Escherichia coli K12 ΔguaB (JW5401) 

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, ΔguaB757::kan, rph-1, Δ(rhaD-rhaB)568, 

hsdR514 

Escherichia coli BL21 (DE3) gold 

F– ompT hsdSB (rB
–, mB

–) gal dcm (DE3) 

Bacterial strains of which genomic DNA was used  

Faecalibacterium prausnitzii A2-165 

Listeria monocytogenes EGDe 

Enterococcus faecalis ATCC 29212 

Bacillus subtilis 168 

 

Chemicals and compounds  

Chemical      Supplier  

Adenine hemisulfate    Sigma-Aldrich  

Adenosine      Sigma-Aldrich 

ADP       Acros Organics 

Agarose Standard    Roth  

AG 501-X8 mixed bed ion exchange resin BioRad  

Albumine from bovine serum   Roth  

Aminovalerate     Sigma-Aldrich 

Ammonium acetate     Riedel-de Haen  

AMP       Sigma-Aldrich  

Ap3A       Jena Bioscience  

Ap4A       Jena Bioscience  

Barium acetate     Merck  

Biotin       Sigma-Aldrich 

Boric acid      Roth  

Bromophenol blue     Roth  

β-mercaptoethanol     Roth  
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Cadaverine      Sigma-Aldrich 

Calcium chloride    Sigma-Aldrich 

Carbenicillin      Roth  

Chlorate (sodium perchlorate)  Sigma-Aldrich 

CTAB       Roth  

CTP       Fisher Scientific GmbH 

L-Cysteic acid     Sigma-Aldrich 

L-Cysteine      Roth  

L-Cysteinesulfinate     Sigma-Aldrich  

Deoxyguanosine     Carbosynth  

DMSO      Roth  

EDC       GE Healthcare  

EDTA       Roth  

Ethanol (70 %/ 100 %)   Sigma-Aldrich 

Formamide      Acros Organics  

Formic acid      Fisher Scientific GmbH  

GDP       Alfa Aesar  

GeneRulerTM DNA ladder    Fisher Scientific GmbH 

(1kb, 100bp, Ultra low range) 

L-Glutamate      Merck  

L-Glutamine      Sigma-Aldrich 

Glutaric acid      Sigma-Aldrich 

Glycerol      VWR, Darmstadt 

Glycogen      Fisher Scientific GmbH  

Glyoxal      AG Polarz Universität Konstanz 

Glyoxylate      Sigma-Aldrich 

GMP       Sigma-Aldrich 
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GTP       Fisher Scientific GmbH  

Guanidin hydrochloride    Roth  

Guanine      Roth  

HEPES      Roth  

Guanosine      Roth  

L-Histidine      Sigma-Aldrich  

L-α-Hydroxyglutaric acid    Sigma-Aldrich 

Hypotaurine      Sigma-Aldrich  

Hypoxanthine      Alfa Aesar  

IDP       Alfa Aesar  

Imidazole      Merck  

IMP       Alfa Aesar  

Inosine      Alfa Aesar  

Isethionate      Sigma-Aldrich 

L-Isoleucine      Roth  

ITP       Sigma-Aldrich  

Kanamycin sulfate    Roth  

KCl       Riedel de Haen  

DL-lactic acid      Roth  

L-Leucine      Sigma-Aldrich 

L-Lysine      Sigma-Aldrich 

MgCl2       Acros Organics  

L-Methionine      Sigma-Aldrich  

MidoriGreen      Biozym  

MgSO4      Acros Organics 

NaCl       VWR, Darmstadt  

Na2CO3      Riedel-de-Haen 
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NAD       Roth  

NADH       Roth  

Na2HPO4      Roth  

NaH2PO4      Roth  

NHS       GE Healthcare  

Ni-NTA agarose beads    QIAGEN  

ONPG      Roth  

Oxalacetic acid     Acros Organics 

2-Oxobutyrate     Sigma-Aldrich 

Page Ruler prestained   Fisher Scientific GmbH 

PDE-10 columns     GE healthcare  

PEG 333 g/L      Sigma-Aldrich  

Phenol      Roth  

ppGpp      tebu-bio  

pyruvate      Fisher Scientific GmbH  

Roti-P/C/I®     Roth  

Roti-C/I®      Roth  

Rotiphorese Gel 40 (37.5:1)    Roth  

Rotiphorese Sequenziergel Konzentrat  Roth 

(25 % (19:1))  

Rotiquant      Roth  

sodium deoxycholate     

Sulfate      Merck  

Sulfite       Merck  

Sulfoacetaldehyde     synthesized by AG Schleheck  

Sulfoacetate      Sigma-Aldrich 

Sulfolactate      Sigma-Aldrich 
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Sulfopyruvate      Sigma-Aldrich 

Taurine      Acros Organics  

Tetrathionate      Sigma-Aldrich  

Thiosulfate      Merck  

L-Threonine      Sigma-Aldrich 

Tris-HCl      Roth  

tryptone      MP Biomedicals  

Tween 20      Roth  

Urea       VWR, Darmstadt  

UTP       Fisher Scientific GmbH  

Xanthine      Acros Organics 

Xanthosine      Sigma-Aldrich  

XMP       Cayman  

XTP       TriLink Biotech.  

Xylencyanol      Roth  

α-ketoglutarate     Acros Organics  

 

Enzymes  

Enzymes      Supplier  

DNaseI      Fisher Scientific GmbH  

DpnI       NEB  

E. coli RNA Polymerase    NEB  

NheI       NEB  

Phusion HotStart II DNA-Polymerase  Fisher Scientific GmbH 

PPase      Fisher Scientific GmbH 

Quick Ligase      NEB  

RiboLock      Fisher Scientific GmbH 
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RNase T1      Fisher Scientific GmbH  

rSAP (shrimp alkaline phosphatase)  NEB  

SacI       NEB  

T7 RNA Polymerase     Fisher Scientific GmbH  

Taq DNA Polymerase    NEB  

XhoI       NEB  

 

Kits 

Kit      supplier  

DNeasy® Blood & Tissue Kit   Qiagen 

Zymo DNA clean & concentrator kit   Zymo Research  

Zymoclean Gel DNA Recovery Kit   Zymo Research  

ZyppyTM Plasmid Miniprep Kit   Zymo Research  

 

Nucleotides and radiochemicals  

ATP, CTP, GTP, UTP   Fisher Scientific GmbH 

dATP, dCTP, dGTP, dTTP   Fisher Scientific GmbH 

Yeast tRNA     Sigma Aldrich  

γ-32P-ATP     Hartmann Analytic  

 

Buffers  

buffer        supplier  

10x PNKA buffer      Fisher Scientific GmbH 

10x SDS running buffer     Roth  

10x Thermopol buffer     Fisher Scientific GmbH 

2x Quick Ligase buffer     NEB  

5x E. coli RNA Polymerase Reaction Buffer  NEB  
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5x GC buffer       Fisher Scientific GmbH 

5x HF buffer       Fisher Scientific GmbH 

5x Transcription buffer     Fisher Scientific GmbH 

Cut Smart buffer      NEB  

 

Buffer      components   final concentration  

1x Agarose loading buffer    glycerol   30 % v/v 

      Bromophenolblue  0.25 % w/v 

      Xylenecyanol   0.25 % w/v 

Biacore running buffer (pH 7.5)  Tris   10 mM 

      KCl   50 mM 

      MgCl2    1.5 mM 

Crush-soak buffer (pH 7.5)   NaCl    200 mM  

      EDTA    1 mM  

      HEPES   10 mM  

Elution buffer (pH 8)     NaH2PO4   50 mM  

      NaCl    300 mM  

      Imidazole   500 mM  

Filter binding buffer     Tris   10 mM 

      KCl   50 mM 

      MgCl2    1.5 mM 

      Yeast tRNA   50 µg/mL 

      DTT    1 mM 

2x Formamide PAGE loading dye   formamide   80 %  

      EDTA (pH 8)   50 mM  

      Bromophenolblue  0.025 % w/v 

      Xylene cyanole  0.025 % w/v 
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      Glycerol   10 % v/v  

2x In-line probing buffer (pH (8.3)  Tris    100 mM  

      MgCl2    40 mM  

      KCl    200 mM  

lacZ permeabilization solution   Na2HPO4   100 mM 

      KCl    20 mM 

      MgSO4   2 mM  

      CTAB    0.8 mg/mL 

      sodium deoxycholate 0.4 mg/mL 

      beta-mercaptoethanol 5.4 μL/mL 

lacZ substrate solution    Na2HPO4   60 mM 

      NaH2PO4   40 mM  

      ONPG   1 mg/mL 

      β-mercaptoethanol  2.7 μL/mL 

lacZ stop solution     Na2CO3   1 M  

Lysis buffer (pH 8)     NaH2PO4   50 mM  

      NaCl    300 mM  

      Imidazole   10 mM  

10x Na2CO3 buffer (pH 9)    Na2CO3   500 mM  

      EDTA    10 mM  

NAD kinetic buffer     Tris   10 mM 

      KCl   50 mM 

      MgCl2    1.5 mM 

      DTT    1 mM 

6x SDS loading buffer    Tris    0.5 M pH 6.8  

      Glycerol   47 % v/v 

      SDS    8.3 % w/v 
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      Bromophenolblue  0.06 % w/v  

      DTT    9.3 % w/v 

Sodium citrate buffer (pH 5)   Tri-Sodium Citrate  250 mM  

5x TBE buffer      Tris    445 mM  

      Boric acid   445 mM  

      EDTA    10 mM pH 8  

10x TBE, 9 M Urea     Tris    108 g/L  

      Boric acid   55 g/L  

      EDTA    20 mM  

      Urea    540 g/L  

TSS buffer      PEG    10 % w/v 

      MgCl2    30 mM 

      DMSO   5 % v/v 

      LB    to 50 mL 

9 M Urea      Urea    540 g/L  

2x Urea PAGE loading dye    Urea    24 g  

      Bromophenolblue  25 mg  

      Xylene cyanole  25 mg  

      EDTA    840 g  

      H2O    50 mL  

Wash buffer (pH 8)     NaH2PO4   50 mM  

      NaCl    300 mM  

      Imidazole   20 mM  

 

Media  

Medium   Component   Final concentration  

SOC Medium   Yeast extract   0.5 % w/v 
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   Tryptone   2 % w/v  

   NaCl    10 mM  

   KCl    2.5 mM  

   MgCl2    10 mM  

   MgSO4   10 mM  

   Glucose   20 mM  

LB Agar (pH 7)  Tryptone   1 % w/v  

   Yeast extract   0.5 % w/v 

   NaCl    1 % w/v  

   Agar    2 % w/v  

LB (pH 7)   Tryptone   1 % w/v  

   Yeast extract   0.5 % w/v 

   NaCl    1 % w/v  

 

Consumables  

Consumables     Supplier  

MegaBlock 96 well, 2,2 mL    Sarstedt  

Mikrotiterplatten F-Profil    Roth  

Biacore CM 5 Chip     GE Healthcare  

Polypropylene Conical tubes (15 mL, 50 mL) VWR  

Drigalsky spatula     VWR  

Electroporation cuvettes    Biorad  

Filter 0.2 µm      Sarstedt  

Glass wool      VWR  

Gloves latex      MaiMed  

Gloves nitril      VWR  

Sterican      Braun  
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PCR Reaktionsstreifen    Roth  

PCR tubes      VWR  

Combitips (0.5 mL; 2.5 mL)   VWR  

Petri dishes      Roth  

Pipette tips      Sarstedt  

Rotilabo Skalpellklingen    Roth  

SafeSeal Micro tubes    Sarstedt  

Roti® Nylon membrane 0.2 µm   Roth  

Roti® Nylonplus 0.45 µm    Roth  

Rotilabo ®-Mikrotest-Platten F Profil  Roth  

Sephadex G-25 column    VWR  

Serological pipettes (5/10/25/50 mL)  Sarstedt  

Seringes      Henke-Sass, Wolf  

UV cuvettes      VWR  

Millipore Express™Plus 022 μm   Roth  

Steritop Flaschenaufsatz Filter  

Whatmanpaper     VWR  

Pipetting reservoir (25 mL; 50 mL)   Argos  

Sensor Chip NTA     GE Healthcare  

 

Equipment  

Equipment      Supplier  

Biacore T200 sensitivity enhanced   Biacore  

Bio Photometer     Eppendorf  

Biofuge 15 R      Heraeus  

Centrifuge 5810R     Eppendorf  

Culture incubation shaker    HT infors Ecotron  
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Digital Sonicator     Branson  

E-Box CX5.TS-20     Vilber  

Electroporator 2510     Eppendorf  

FHT111M Contamat Scintillation counter  Fisher Scientific  

Gel dryer Model 583     Bio-Rad  

Gel electrophoresis apparatus (agarose gel) Bio-Rad  

Gel electrophoresis apparatus (PAGE)  Bio-Rad  

Heating block      Stuart  

Laboratory pipettes     Eppendorf  

Microwave      Privileg  

Multipipette Xstream     Eppendorf  

NanoQuant Plate     Tecan  

PCR cycler Thermocycler Gradient   Biometra  

Pipetboy      Integra  

Sonicator      Branson  

Table Top centrifuge     Eppendorf  

Tecan infinite M2000    Tecan  

Tgradient Thermocycler    Biometra  

Thermomixer      Eppendorf  

Typhoon FLA 7000    GE Healthcare  

UV light  

X-ray screen cassette BAS cassette 2 2048 Fujifilm  

X-ray screens     Fujifilm  
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Software  

Biacore T200 Control/Evaluation Software: measurement and analysis of SPR experiments 

Clone Manager 9: Design and evaluation of primers, PCR and cloning strategies, sequence 

alignment 

FinchTV: assess of quality of sequencing reactions 

GraphPad prism 5 (HYPNOS) & OriginLab Origin 8.6: for generation of graphs, fitting of 

curves and statistical analysis  

Quantity One: Quantification and visualization of radiographs of PAGE  

 

Sequences  

Sequences used for in-line probing  

SulP  

gggTAGAGCGCTAGTTTTTTATACTTAATCATGTGATAATTGTCACTTAGTAAGCGTGAAG

CCAAATTGCTTTGCGTTTTTTTCGC 

gggTAGAGCGCTAGTTTTTTATACTTAATCATGTGATAATTGTCACTTAGTAAGCGTGAAG

CCAAATTGCTTTGCGTTT 

gggTAGAGCGCTAGTTTTTTATACTTAATCATGTGATAATTGTCACTTAGTAAGCGTGAAG

CCA 

Sul1 

ggAUUGGACCCGGCUUGCCGGGUGGCUCGGCCGGGCGCCUAUCCCUCGGACAACU 

gGCACUCACUCGACUGGACCCGGUGAAACUCCGGGUGGCUCUUCCGGCCGCCGACC

CGCCGGACAACAAACCUCAUUCGUCUUUGAC  

ChrB-a 

gGCCAUGGGGUUGCGAUCAUCCCACGAGGCGUCAUGCUGAAGAAUCGCGUCCAGUAA

CACCGAUCAACGGAGGACGCGUCAUG  

gGCCAUGGGGUUGCGAUCAUCCCACGAGGCGUCAUGCUGAAGAAUCGCGUCCAGUA  

ChrB-b 

gggUGGGGUUGCGAUCACCCCACGAGGCGACAUGCUGAAGAAUCGC 

NifS 
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ggTATATCAATATAAGTTAGAAGTTGAAATAGTTGTTATTAATTAATGATGCGGTCCCAAC

GCATCAAGCCCTAATTGGGAGGTGATAAGTGATGTGGGGGGTGGCAGTCCCACCTAAC

CTATTTAAGAGATACTTGAAAATAGTATCTCTTTT 

ggTATATCAATATAAGTTAGAAGTTGAAATAGTTGTTATTAATTAATGATGCGGTCCCAAC

GCATCAAGCCCTAATTGGGAGGTGATAAGTGATGTGGGGGGTGGCAGTCCCACCTAAC

CTATTTAAGAGATACTT 

ggTATATCAATATAAGTTAGAAGTTGAAATAGTTGTTATTAATTAATGATGCGGTCCCAAC

GCATCAAGCCCTAATTGGGAGGTGATAAGTGATGTGGGGGGTGGCAGTCCCACCTAA 

ilvH 

gggagGACGAAUCUAUUGUCCGCCGAGCCUGGCACUUACCGGUGUCAGGGGAGGGCG

GCGAAAAGAGGAAUCUCCCAAUGAAACACAUUAUUGCCGUGCUG 

gGACGAAUCUAUUGUCCGCCGAGCCUGGCACUUACCGGUGUCAGGGGAGGGCGGCG

AAAAGAGGAAUCU 

IMPDH (F.prausnitzii)  

gggTAAGAGATATCGGGTGCAGGGCCTTCTCCTCCTCCGGCTGTTCTCCTTCACAGCTG

TCGGCCACTGTACCGCACAGGCGGTATCTCGCTTCGTGTGCAAAAAAGTCCG 

(ACH291/292) 

ggTTGAATAAGAGATATCGGGTGCAGGGCCTTCTCCTCCTCCGGCTGTTCTCCTTCACA

GCTGTCGGCCACTGTACCGCACAGGCGGTATCTCGCTTCGTGTGCAAAAAAGTCCGTC 

guaA B. subtilis 

gggATATTATCGGAGTCTGGGAGCGAGTTGGCCTGACTCCGGCAAACGGCCTTGCCAAA

GAGGGCGGAGCGAGCTTCATATCTGTCCTCGTTTTTTT 

GGGATATTATCGGAGTCTGGGAGCGAGTTGGCCTGACTCCGGCAAACGGCCTTGCCAA

AGAGGGCGGAGCGAGCTTCATA 

IMPDH L. monocytogenes 

ggAATAACTAAAAATATACATTGGCTATTTCAGCATGATTATAGAAGACAAGTCGCATGAT

GTGGATATTTTCCACCATTTTTTCTTTATGAAAATAAGGATAAGATGATGCGTTTTTTCTA

T 

ggAATAACTAAAAATATACATTGGCTATTTCAGCATGATTATAGAAGACAAGTCGCATGAT

GTGGATATTTTCCACCATTTTTTCTTTATGAAA 

guaA E. faecalis 
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ggggAGCTAGACAAAGAAGAGTACGGAACAAAAGTGAACCACTTTTTAACCGCCTGATTT

TCGGCTGTTTAAAAGTAGCCCCTGCGGAATTAAGCCAAAATTTTCTAAAAATCGTAAAAC

AATTTTTGAAAATCCTTTCTTAATTCTTGGTGCTGACCACTTTTTAACCGCCTTTTCTTT 

ggggAGCTAGACAAAGAAGAGTACGGAACAAAAGTGAACCACTTTTTAACCGCCTGATTT

TCGGCTGTTTAAAAGTAGCCCCTGCGGAATTAAGCCAAAATTTTCTAAAAATCGTAAAAC

AATTTTTGAAAATCCTTTC 

mvk 

gggggTTAAGCAATCTCTTTTTTTGGAACAAGAGAAACTTTTGGAATCATTTCCTATAAATC

ATGAAGAGATTATGACAAACGTTCTTCTAATCCAAGAACGTCTTTTGTCCT 

gabT  

GGACAGTCGATCAACGAATACTGTTCGCGAGCACTCCCAGCCGCCCCCGAATAAAAGC

GCCATTCCTGTCGGCGCAATGAGGGCATT 

 

Primers used  

 

Primer Sequence Description 

ACH040 TCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

AATTATAATAGGGGGATAGAGCTGAGTTTAGTAT

CATG 

ykkC fw T5 promoter 

B. subtilis 

ACH041 CGGACAGTCGTCTCACATG ykkC rev short B. 

subtilis 

ACH042 CAGTGCCGCTCCATGTTAAGG  ykkC rev long B. 

subtilis 

ACH043 TCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

AATTATAATAGGGGGGAAATCAATAGTTACTGGG

GGTGC 

TPP fw T5 promoter 

B. subtilis 

ACH044 GATTCATATAAATGAACCCGGTTAC TPP rev shortr B. 

subtilis  

ACH045 GAAGAACCCTCCACGTATACC TPP rev long B. 

subtilis  

ACH052 TCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

AATTATAATAGGGGGATTGGAAAGTGAAAAGGAT

ATGATAAAAACAG 

ykkC-yxkD fw T5 

promoter B. subtilis 
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ACH053 CAGGAGAACGCTCTCGAAAAAG ykkc-yxkD rev short B. 

subtilis  

ACH054 CGCAAATAAATTAACCGCAAGC ykkC-yxkD rev long B. 

subtilis 

ACH062 TCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

AATTATAATAGGGGGGATATTATCGGAGTCTGG

GAGCGAGTTG 

guaA fw T5 promoter 

B. subtilis DSM10 

ACH063 GAGGACAGATATGAAGCTCGCTC guaA rev short  B. 

subtilis DSM10 

ACH064 CACGGATACGGCGTGTAATCAG guaA rev long  B. 

subtilis DSM 10 

ACH065 TCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

AATTATAATAGGGGGGTAGAGCGCTAGTTTTTTA

TACTTAATCATG 

SulP fw T5 promoter  

L. monocytogenes 

ACH066 CGCAAAGCAATTTGGCTTCAC SulP rev short L. 

monocytogenes 

ACH067 ACCCGCAAGCAAGTCTTTCC SulP rev long L. 

monocytogenes 

ACH068 TCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

AATTATAATAGGGGGGTATCAGCGTTCTCGTAG

G 

yxkD fw T5 promoter  

L. monocytogenes 

ACH069 TAAGCACCTTCAAGCCTTTTTTAAG yxkD rev short L. 

monocytogenes 

ACH070 CCCAAGAACACCTCTAAATAGGC yxkD rev long L . 

monocytogenes 

ACH071 TCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

AATTATAATAGGGGGGTCAATAACTAAAAATATA

CATTGGC 

IMPDH fw T5 

promoter L. 

monocytogenes 

ACH072 CGCATCATCTTATCCTTATTTTC IMPDH rev short L. 

monocytogenes 

ACH073 TCCGATTTCGCTGGAACAAG IMPDH rev long L. 

monocytogenes 

ACH074 TCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

AATTATAATAGGGGGGAGCTAGACAAAGAAGAG

TACGG 

guaA fw T5 promoter 

E. faecalis 

ACH075 AAGAAAAGGCGGTTAAAAAGTGG guaA rev short E. 

faecalis 
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ACH076 CGACAGATGTCAAATCGGCAAC guaA rev long E. 

faecalis 

ACH077 TCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

AATTATAATAGGGGGGAGTGTTGATGGATTTGTA

ATAGGATC 

yrhE fw T5 promoter 

B. subtilis DSM10 

ACH078 GCCATGTATAGATACACCTGCC yrhE rev short B. 

subtilis DSM10 

ACH079 CTAAAATTGTGGCCCCTGCTC yrhE rev long B. 

subtilis DSM10 

ACH155 AAAAAAACGAGGACAGATATGAAG guaA rev annotated B. 

subtilis  

ACH235 GAAATTAATACGACTCACTATAGGGATATTATCG

GAGTCTGGGAGC 

guaA fw T7 promoter 

B. subtilis  

ACH236 TATGAAGCTCGCTCCGCCCTC guaA rev in line short 

B. subtilis 

ACH237 GAAATTAATACGACTCACTATAGGGGAGCTAGAC

AAAGAAGAGTACG 

guaA fw T7 promoter 

E. faecalis  

ACH238 AAAGAAAAGGCGGTTAAAAAGTGGTCAG guaA rev annotated E. 

faecalis   

ACH239 GAAAGGATTTTCAAAAATTGTTTTAC guaA rev in-line short 

E. faecalis 

ACH243 GAAATTAATACGACTCACTATAGGGGGTTAAGCA

ATCTCTTTTTTTGG 

mvk fw T7 promoter 

E. faecalis 

ACH244 AGGACAAAAGACGTTCTTGG mvk rev annotated E. 

faecalis 

ACH247 GAAATTAATACGACTCACTATAGGGTAAGAGATA

TCGGGTGCAGGG 

IMPDH fw T7 

promoter F. prausnitzii   

ACH248 CGGACTTTTTTGCACACGAAGC IMPDH rev F. 

prausnitzii 

ACH249 AACTGCTAGCATGGCTTATTTCTATGAAGAACCT

TC 

IMPDH protein fw 

NheI F. prausnitzii  

ACH250 AATACTCGAGTCAGCCGTTTATAATATTGGG IMPDH protein rev 

XhoI F. prausnitzii 

ACH265 TCATAAAAAATTTATTTGCTTTGTGAGCGGATAAC

AATTATAATAGGGTAAGAGATATCGGGTGCAGG

GC 

IMPDH fw T5 

promoter F. prausnitzii  
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ACH266 GTAAAATTGACCACCAAAAACGTGC IMPDH RNA rev long  

F. prausnitzii 

ACH267 GAAAACCGGACGGACTTTTTTG IMPDH RNA rev 120 

nt F. prausnitzii 

ACH268 AAAAAGTCCGCACCGGAAAAC IMPDH RNA rev 135 

nt F. prausnitzii  

ACH269 ACCATGATTACGGATTCAC pQE lacZ fw Gibson 

Assembly (backbone) 

ACH270 ATGGTTGAACGGATATTTTG pQE lacZ rev Gibson 

Assembly (backbone) 

ACH271 CAAAATATCCGTTCAACCATAATAAGAGATATCG

GGTGCAGG 

IMPDH RNA F. 

prausnitzii fw Gibson 

Assembly in pQE lacZ 

ACH272 AGTGAATCCGTAATCATGGTCGGGGTCTTCAGG

CTGAC 

IMPDH RNA F. 

prausnitzii rev Gibson 

Assembly  in pQE 

lacZ  

ACH273 GAAATTAATACGACTCACTATAGGGTAGAGCGCT

AGTTTTTTATACTTAATC 

SulP fw T7 promoter 

L. monocytogenes 

ACH274 GCGAAAAAAACGCAAAGCAAT SulP rev ann L. 

monocytogenes 

ACH275 AAACGCAAAGCAATTTGGCTTC SulP rev 76 nt L. 

monocytogenes  

ACH276 TGGCTTCACGCTTACTAAGTGAC SulP rev 61 nt L. 

monocytogenes 

ACH277 GAAATTAATACGACTCACTATAGGGCATGGACCC

GCATCTTCCGCGGGTG 

Sul-1 fw T7 promoter 

Fpe-1-1 

ACH278 GATGGGCCGGGGGATAGGCGCCCGGCATAGCC

ACCCGCGGAAGATGCGG 

Sul1 rev Fpe-1-1 

ACH279 TAATACGACTCACTATAGGGAAGACACGATCTGC

GACGTTTTAAGAGATATCGGGTGCAGGG 

IMPDH F. prausnitzii 

fw for Biacore T7 

promoter linker 

ACH281 GAAATTAATACGACTCACTATAGGGCCAUGGGG

UUGCGAUCAUCCCACGAGGCGUCAUGCUGAAG

AAUCGCGUCCAG 

ChrB-a fw T7 

promoter Rle-3-1 long 

ACH282 CATGACGCGTCCTCCGTTGATCGGTGTTACTGG

ACGCGATTCTTCAGC 

ChrB-a rev Rle-3-1 

long 
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ACH283 GAAATTAATACGACTCACTATAGGGCCAUGGGG

UUGCGAUCAUCCCACGAGGCGUCAUGCUGAAG 

ChrB-a fw T7 

promoter Rle-3-1 

short 

ACH284 TACTGGACGCGATTCTTCAGCATGACGCCTCG ChrB-a rev Rle-3-1 

short 

ACH285 GAAATTAATACGACTCACTATAGGGUGGGGUUG

CGAUCACCCCACGAGGCGACAUG 

ChrB-b fw T7 

promoter Ret-2-1 

ACH286 GCGATTCTTCAGCATGTCGCCTCGTGGGGTGAT

CG 

ChrB-b rev Ret-2-1 

ACH287 GAAATTAATACGACTCACTATAGGGCACUCACUC

GACUGGACCCGGUGAAACUCCGGGUGGCUCUU

CCGGCCGCCGACC 

Sul1 fw T7 promoter 

Csp-1-1 

ACH288 GTCAAAGACGAATGAGGTTTGTTGTCCGGCGGG

TCGGCGGCCGGAAGAG 

Sul1 rev Csp-1-1 

ACH289 GAAATTAATACGACTCACTATAGGGAUUGGACC

CGGCUUGCCGGGUGGCUCGGCCGGGCG 

Sul1 fw T7 promoter 

api-1-1 

ACH290 AGTTGTCCGAGGGATAGGCGCCCGGCCGAGCC

ACCCG 

Sul1 rev Api-1-1 

ACH293 ACCATGATTACGGATTCAC pQE fw for gibson 

assembly 

ACH294 GCTAGCATTATACCTAGG pQE rev for gibson 

assembly 

ACH295 GTCCTAGGTATAATGCTAGCAATAAGAGATATCG

GGTGCAGG 

IMPDH F. prausnitzii 

fw and 36aa for 

gibson assembly 

ACH296 AGTGAATCCGTAATCATGGTCGGGGTCTTCAGG

CTGAC 

IMPDH F. prausnitzii 

rev and 36 aa for 

Gibson Assembly 

ACH297 AGTGAATCCGTAATCATGGTCATACTCTAAACTC

CTTTTTTCTTAAC 

IMPDH F. prausnitzii 

rev incl ATG for 

gibson assembly 

ACH298 CTAACGTGCCTCCGGCTGTAACGTGTCACAGCT

GTCGGCCACTGTAC 

IMPDH  F. prausnitzii 

mutation 1 loop 1 fw 

in ACH022 

ACH299 GCCCTGCACCCGATATCTCTTATTG IMPDH  F. prausnitzii 

rev mutation loops in 

ACH022 
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ACH300 CTAACGTGGATCCTCCGGCTGTTCTCCTTCAC IMPDH  F. prausnitzii 

mutation 2 loop 1 fw 

in ACH022 

ACH300-2 CTAACGTGGATCCGGCTGTTCTCCTTCAC IMPDH  F. prausnitzii 

mutation 2 loop 1 fw 

in ACH022 

ACH301 CTGTAACGTGTCACAGCTGTCGGCCACTGTAC IMPDH  F. prausnitzii 

mutation 3 loop 2 fw  

in ACH022 

ACH302 CCGGAGGAGGAGAAGGCCCTG IMPDH  F. prausnitzii 

phosph mutation 3 

loop 2 rev in ACH022 

ACH303 CTGTAACGAGGCCGGCTGTAACGTGTCACAGCT

GTCGGCCACTGTAC 

IMPDH  F. prausnitzii 

mutation 4 both loops 

fw in ACH022 

MS144 TAATACGACTCACTATAGGAATAACTAAAAATATA

CATTGGC 

IMPDH fw T7 

promoter L. 

monocytogenes  

MS145 ATAGAAAAAACGCATCATCT IMPDH rev annotated 

L. monocytogenes 

SK068 TTTCATAAAGAAAAAATGGTGGA IMPDH rev short L. 

monocytogenes 

SK189 GATCCCGCGAAATTAATACGACTCACTATAGGGA

GTATATCAATATAAG 

NifS fw  

SK190 AAGAGATACTATTTTCAAGTA NifS rev construct 1  

SK191 AAGTATCTCTTAAATAGGTTAGG NifS rev construct 2  

SK192 TTAGGTGGGACTGCCACC NifS rev construct 3 

sg136 AATGCCCTCATTGCGCCGAC gabT rev P. putida  

sg149 TAATACGACTCACTATAGGACAGTCGATCAACGA

ATA 

gabT fw P. putida 
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6 APPENDICES  

6.1 SUPPLEMENTARY FIGURES  

 

 

Figure S 1: PAGE analysis of 5’ 32P-labelled IMPDH RNA motif from L. monocytogenes subjected to in-line probing. 

Ligands were tested at a concentration of 1 mM except for xanthine which was added at a final concentration of 

100 µM. Differences in band pattern were not observed. T1 and OH- indicate RNase T1 partial digestion (cleavage 

after each G nucleotide) and alkaline-mediated digestion (cleavage after each nucleotide). P resembles precursor 

RNA and ctrl. shows cleavage pattern without ligand. None of the ligands tested induced structural rearrangement 

of the RNA motif.  
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Figure S 2: A) PAGE analysis of 5’ 32P-labelled SulP RNA motif construct 2 from L. monocytogenes subjected to 

in-line probing. Ligands were tested at a concentration of 1 mM if not indicated otherwise. Differences in band 

pattern were not observed. T1 and OH- indicate RNase T1 partial digestion (cleavage after each G nucleotide) and 

alkaline-mediated digestion (cleavage after each nucleotide). P resembles precursor RNA and ctrl. shows cleavage 

pattern without ligand. B) PAGE analysis of 5’ 32P-labelled SulP RNA motif construct 3 from L. monocytogenes 

subjected to in-line probing. All other annotations are similar to A.  
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Figure S 3: PAGE analysis of 5’ 32P-labelled IMPDH RNA motif from F. prausnitzii subjected to in-line probing. 

Ligands were tested at a concentration of 1 mM except for xanthine which was added at a final concentration of 

100 µM. Differences in band pattern were not observed. T1 and OH- indicate RNase T1 partial digestion (cleavage 

after each G nucleotide) and alkaline-mediated digestion (cleavage after each nucleotide). P resembles precursor 

RNA and ctrl. shows cleavage pattern without ligand. Addition of Ap4A, NAD, and Xanthosine resulted in an 

increased intensity of some bands. However, these were designated false positives, as one would expect increased 

intensity of bands and at the same time decrease of intensity or even disappearance of bands which hints at 

structural rearrangement due to ligand binding. Furthermore, these three compounds were tested in a second in-

line probing and the band pattern was not reproduced. 
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Figure S 4: In vitro transcription termination assay with IMPDH motif from F. prausnitzii. Reactions were performed 

with α-32P-GTP. ATP and CTP were titrated from 0 to 10 mM. Upon addition of ITP no labelled bands were observed 

on the PAGE gel supporting the hypothesis that ITP is incorporated instead of GTP.  

 

 

Figure S 5: OD600 measurements of the cultures used for ONPG assay. Measurements were performed in biological 
triplicates. ΔguaB supplemented with Inosine did not grow well whereas all other cultures showed a comparable 
OD600 value after growth over night. 
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Figure S 6: Filter-binding assays of IMPDH protein against IMPDH RNA motif from F. prausntzii and a control RNA 

motif (A) or only IMPDH RNA motif (B and C). Fitted data shown in Figure 23. Radiograph of the nitrocellulose 

membrane (NC) and nylon membrane retaining radiolabeled RNA if bound or unbound to protein, respectively. 

IMPDH protein was assayed in decreasing concentrations starting from 48 µM (23 A) and 31 µM (23 B). Titration 

of Ap4A started from 100 µM at a constant IMPDH concentration of 15 µM.  
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Figure S 7: Plotted data of filter-binding assays of IMPDH protein against IMPDH RNA motif from F. prausntzii. 

IMPDH protein was assayed in decreasing concentrations starting from 31 µM. 500 µM of each nucleotide was 

added. None influences binding affinities compared to RNA binding without additional nucleotides (KD ~ 3 µM).  
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Figure S 8: Filter-binding assays of IMPDH protein against IMPDH RNA motif from F. prausntzii. Radiograph of the 

nitrocellulose membrane (NC) and nylon membrane retaining radiolabeled RNA if bound or unbound to protein, 

respectively. IMPDH protein was assayed in decreasing concentrations starting from 31 µM. 500 µM of each 

nucleotide was added. Plotted data is shown in Figure S 7.  
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6.2 PLASMID MAPS  

 

Plasmids created and used in this work. ACH021: pET28a with IMPDH protein from F. 

prausnitzii containing a His-tag. Expression system used for protein overexpression and 

purification. ACH022: IMPDH RNA motif and intergenic region from F. prausnitzii until start 

codon cloned in front of lacZ used for ONPG assays.  

 

7 ABBREVIATIONS  

(d)AT(M/D)P   (deoxy)adenosine tri-(mono-/di-)phosphate  

(d)CT(M/D)P   (deoxy)cytidine tri-(mono-/di-)phosphate 

(d)GT(M/D)P   (deoxy)guanosine tri-(mono-/di-)phosphate 

AICAR   5-aminoimidazole-4-carboxamide ribonucleotide 

Ap3A    di-adenosine triphosphate  

Ap4A    di-adenosine tetraphosphate  

Ap5A   di-adenosine pentaphosphate 

Ap6A   di-adenosine hexaphosphate 
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B. subtilis   Bacillus subtilis  

CBS    cystathioe beta synthase  

c-di-AMP   cyclic di-adenosine monophosphate  

c-di-GMP   cyclic di-guanosine monophosphate 

DNA    deoxyribonucleic acid  

dTT(M/D)P   deoxytymidine tri-(mono-/di-)phosphate 

E. coli    Escherichia coli  

E. faecalis   Enterococcus faecalis  

F. prausnitzii   Faecalibacterium prausnitzii  

FAD    flavin adenine dinucleotide 

GlcN6P   glucoseamine-6-phosphate  

IDP    inosine diphosphate  

IMP    inosine monophosphate  

IMPDH   Inosine-5’-monophosphate dehydrogenase  

ITP    inosine triphosphate  

L. lactis   Lactococcus lactis  

L. monocytogenes  Listeria monocytogenes  

mRNA   messenger RNA  

NAD    nicotinamide adenine dinucleotide  

NADP   nicotinamide adenine dinucleotide phosphate 

ncRNA   noncoding RNA  

NTA   nitriloacetic acid 

P. putida   Pseudomonas putida  

PAGE    polyacrylamide gel electrophoresis 

PEG    Polyethylene glycol  

ppGpp   guanosine tetraphosphate  

PRPP    Phosphoribosyl pyrophosphate  
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PRPP    phosphoribosyl pyrophosphate  

RBS    ribosome binding site  

RNA    ribonucleic acid  

SAM    S-adenosyl methionine  

TPP    Thiamine pyrophosphate  

UT(M/D)P   uridine tri-(mono-/di-)phosphate 

UTR    untranslated region  

XMP    xanthosine monophosphate  

XTP    xanthosine triphosphate 

ZTP    5-aminoimidazole-4-carboxamide riboside 5’-triphosphate 
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