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INTRODUCTION 

Riboswitches are 5’-unstranslated regions of mRNA molecules that bind to 

specific ligands and regulate expression of downstream genes associated with 

the biosynthesis, transport, or degradation, of the specific molecule1.  Natural 

riboswitches are found most commonly in bacteria but they are also known to 

exist in eukaryotes such as plants and fungi. Natural riboswitches have been 

identified for many primary cellular metabolites including thiamine pyrophosphate 

(TPP), flavin mononucleotide (FMN), vitamin B12, S-adenosylmethionine (SAM), 

glutamine, glycine, lysine, adenine, glucosamine-6-phophate (GlcN6P) and cyclic 

di-GMP. 2-13   Developed in the laboratory synthetic riboswitches offer a new tool 

to detect target ligands including small molecules, proteins, nucleic acids, and 

cells for analytical, biological, and therapeutic applications.14        

 A riboswitch contains two different domains, the aptamer domain that 

actually binds the specific ligand in question and the expression platform that 

regulates downstream gene expression.15  The aptamer domain is different 

between different riboswitches as this is the site of binding. As the bases of 

mRNA interact with the ligand different ligands require a different organization of 

bases in its aptamer domain. Upon binding to its cognate ligand the aptamer 

domain undergoes a structural change.  This change triggers the structural 

change in the expression platform.  There are three different mechanisms by 

which the expression platform can regulate the downstream gene expression: (1) 

transcription termination/anti-termination; (2) ribosome binding/ sequestration; 

and (3) self-cleavage.16  For example, the ribosome binding site (RBS) is blocked 
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in the expression platform, the translation of the downstream gene is stopped.  

Upon ligand binding the structural change in the aptamer domain can cause the 

RBS to be exposed and therefore the downstream gene is expressed.16    Figure 

1 shows the conformational change of the theophylline synthetic riboswitch that 

exposes the RBS upon the binding of theophylline to the aptamer domain.    

 

Figure 1: The structural change of the theophylline riboswitch upon biding to 

theophylline.  Upon binding the RBS is exposed to activate the translation of the 

downstream gene.  

 A riboswitch capable of binding to caffeine can be used to detect caffeine 

levels in the body fluids during the treatment of apnea of immaturity.  Apnea of 

immaturity is a condition in some premature babies where they have not 

developed enough to breathe on their own. Caffeine is used as a stimulant to in 

essence help them remember to breathe.  Monitoring the caffeine intake level is 

vital because of the danger of caffeine ingestion in newborns.17,18  Synthetic 

caffeine riboswitches can also be used for caffeine toxicology and doping 

analysis19  Caffeine levels can be used as a marker of raw sewage contamination 
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in fresh water supply.    The only major source of caffeine in waste water is from 

human consumption and excretion.  Caffeine along with fecal matter should be 

removed from waste water upon treatment. However in cases where there is a 

leak in pipes fecal matter can move into fresh water along with co-contaminant 

caffeine.20           

RESULTS AND DISCUSSION 

In order to develop a synthetic caffeine riboswitch a theophylline 

riboswitch was used as the starting point because of the molecular similarity 

between caffeine and theophylline.  Figure 2 shows the molecular structures of 

the two molecules.   

 

Figure 2: structure of theophylline(a) and caffeine (b) 

The theophylline riboswitch is a synthetic riboswitch that was identified in 

1994 and has 10,000 times more affinity for theophylline than caffeine as well as 

having been used as the starting point to develop many other synthetic 

riboswitches.21  
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According to previous binding studies eleven bases in the aptamer domain 

of the theophylline synthetic riboswitch interact strongly with theophylline.  Figure 

3 shows this interaction and the 11 bases that are randomized. 

     

 

 

 

 

 

Figure 3:  The eleven bases in the aptamer domain of the theophylline riboswitch 

were randomized to make the library.   

These eleven bases were randomized to construct an aptamer library.  

The library is a collection of all possible base combinations in the selected eleven 

locations. Since DNA and RNA have 4 different bases in a given position the 

library contains 411 or about 4.2 million possible variants.    

The library was constructed by polymerase chain reaction.  This modified 

PCR procedure uses two sets of primers to insert mutations into the sequence at 

specific points. 22  

 The constructed library was inserted into pTrp-TheoRS-CatUpp that 

encodes for the cat-upp fusion gene under control of the trp promoter.  The cat 

gene codes for chloramphenicol resistance and is the key feature of the positive 

selection.  The upp part of the fusion protein functions in the negative 

selection.23, 24  Figure 4 shows the riboswitch library and the trp promoter that 

 Randomized Theophylline 
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precedes it.    

 

Figure 4:  TheoRS Aptamer Library 

In order to carry out the dual genetic screening procedure the library 

plasmid was transformed into the GH371 E. coli cells by electroporation.  These 

cells have the ability to survive in high concentrations of 5-FU as they lack the 

upp gene.  

Genetic screening, through positive and negative selection, determines if 

any of the possible 4.2 million variants can selectively bind caffeine. Screening 

ensures that only those cells harboring a functional caffeine riboswitch survives 

both the positive and negative selection.23,24  

In positive selection only those cells containing a functional riboswitch 

survive because upon the binding of the ligand the downstream chloramphenicol 

resistance gene is expressed.  However, during positive selection the switch can 

also be triggered by an endogenous cellular metabolite. The negative selection 

removes the cells containing the riboswitches that bind to any endogenous 

metabolites.  
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For positive selection GH371 E.coli cells transformed with the library were 

grown in the presence of caffeine (to trigger the riboswitch) and chloramphenicol 

as shown in Table 1.  The cells were grown with 100µg/mL concentration of 

carbenicillin to maintain the plasmid.  The rest of the agar media were standard 

components needed for cell growth.   

Component Final concentration 

20XP 1 X 

Glucose 0.2 % 

MgSO4 2 mM 

Vitamin solution 1 X 

Trace metal solution 1 X 

Amino Acids 0.2 % 

Carbenicillin 100 µg/mL 

Caffeine 2.5 mM 

Choloramphenicol 30 µg/mL 

Table 1: Concentration of the components of the positive selection plate 

Cells survive in the presence of chloramphenicol only if the riboswitch 

turns on the production of chloramphenicol acetlytransferase, giving the cell 

chloramphenicol resistance.     

 For negative selection the same transformed GH371 cells were grown in 

the presence of 5-fluorouracil.  The components and final concentrations of the 

negative selection plate are shown in Table 2. 
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Component Final concentration 

20XP 1 X 

Glucose 0.2 % 

MgSO4 2 mM 

Vitamin solution 1 X 

Trace metal solution 1 X 

Amino Acids 0.2 % 

Carbenicillin 100 µg/mL 

5-FU .5 µg/mL 

Table 2: Concentration of components of the negative selection plate 

During the negative selection the colonies containing the caffeine 

riboswitch can survive because no cat-upp gene is expressed in the absence of 

caffeine.  In contrast in the colonies containing the riboswitches that bind to any 

endogenous ligands the UPRT protein is expressed from the upp.  This protein 

converts 5-FU into 5-FUMP which is toxic to cells.  The selection procedure is 

outlined in Figure 5. 
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Figure 5: The dual genetic screening procedure 

Following the dual genetic selection 192 colonies were randomly picked 

and grown in 96 well plates.  They were then tested for the resistance to 

chloramphenicol(50 µg/mL), in the presence and absence of caffeine. These 

plates are shown in Figure 6.   
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Figure 6:  The replica plates of 192 in the presence and absence of 

caffeine. 

The possible hits were the colonies that grew on the agar plate containing 

caffeine (positive plate) but did not grow on the agar plate without caffeine 

(negative plate).  The 192 colonies from the well plates and the outcome of 

replica plating are shown in Figure 7. Those that had either minimal growth on 

the positive plate or growth on both plates are marked purple. These colonies 

were able to live on both plates possibly because they responded to endogenous 
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ligands.   The two colonies that appeared just on the negative plate are marked 

red.  The remainder of the colonies failed to show growth on either plate. The 

large number of colonies that failed to grow was probably due to the increased 

chloramphenicol concentration.  The four colonies on the positive plate that 

showed no growth on the negative plate are marked in light blue.    

    

Figure 7:  Diagram of two 96 well plates and indication of growth 

after plating. Light blue wells were identified as possible hits. White 

wells failed to grown on either plate.  Purple wells grew on both 

plates.  Red wells grown on only the negative.   

 The four potential hits are then re-plated on to the + and – caffeine plates 

to check for chloramphenicol resistance (Figure 8).  The plates are split into 

quadrants for easy identification of differences in growth. The clones 1 and 2 

were most likely hits because these variants only showed chloramphenicol 

resistance in the presence of caffeine and limited to no resistance in its absence. 

The clone-1 showed decent growth in the presence of caffeine while the clone-2 
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showed slightly less growth.   The clones 3 and 4 showed a growth pattern 

opposite of the desired outcome.   

  

     

Figure 8:  Re-plating of the four possible hits.  The clones 1 and 2 likely 

contain the caffeine riboswitch. 

The clones 1 and 2 were sequenced to determine the bases in the 

riboswitch binding pocket.  The sequencing traces with the eleven bases in the 

aptamer domain are shown in Figure 9. Tthe sequences of the randomized 

region for the caffeine riboswitch hits along with the theophylline riboswitch are 

shown in Table 3.  Both of the possible hits have a different sequence than the 

original theophylline riboswitch. Both sequences however can function as 

caffeine riboswitches.    

+ Caffeine - Caffeine 
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Graph 9: The sequencing traces of the caffeine riboswitch hits.  
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Table 3: The DNA sequence of the caffeine riboswitch hits 

CONCLUSION AND FUTURE WORK 

 Two caffeine specific synthetic riboswitches were identified by the 

modification of a theophylline riboswitch.  Both riboswitches could be used as 

genetic and analytical tools. The two variants will be tested for colorimetric and 

fluorescence assays using β-galactosidase (Lac Z) and the green fluorescent 

protein as the reporter genes.  The β-galactosidase reporter gene is used in the 

blue white screening procedure with x-gal where the proportion of blue colonies 

to white identifies gene expression.  The same procedure is then true for the use 

of GFP as the reporter gene.  In this case the production of fluorescent cells 

notes the ability of caffeine binding to change gene expression.     
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ABSTRACT 

The goal of this project was to identify a synthetic riboswitch for caffeine.  

The synthetic caffeine riboswitch will be useful to regulate gene expression in 

response to caffeine and detect caffeine in complex biological samples such as 

urine and blood.  A riboswitch is a sequence of non-coding RNA that can 

specifically binds a ligand and thereby controls expression of genes associated 

with the biosynthesis, transport, or degradation of the specific ligand. In order to 

develop the caffeine synthetic riboswitch, we modified the theophylline-binding 

domain of a synthetic theophylline riboswitch.  Caffeine is structurally similar to 

theophylline differing only by one N-methyl group. A total of 11 bases that 

showed significant interactions with theophylline in the theophylline riboswitch 

were randomized in the library design.  The library was constructed by 

overlapping extension polymerase chain reaction and inserted into pTrp-

TheoRS-CatUpp, a plasmid that encodes the upp-cat fusion gene under control 

of pTrp promoter. GH371 E. coli cells were transformed with the library and 

subject to a few rounds of the positive selection on chloramphenicol in the 

presence of caffeine and the negative election on 5-fluorouracil in the absence of 

caffeine.   From the genetic screening, 192 individual single colonies were 

selected and tested for chloramphenicol resistance in the presence and absence 

of caffeine.  Two clones clearly showed chloramphenicol resistance only in the 

presence of caffeine.  These two caffeine riboswitch variants were sequence and 

will be further tested for calorimetric and fluorescence assays using beta-

galatosidase (LacZ) and green fluorescence protein respectively as reporter 

genes. 
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