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Trp (W): Tryptophan 

Tyr (Y): Tyrosine 

TΨC: Thymidine, pseudouridine, cytidine.  

U: Uracil  

UAA: Unnatural amino acid 

UMP: Uracil monophosphate 

UPRT: Uracil phosphoribosyl transferase (upp: uracil phosphoribosyl transferase encoding gene) 

Val (V): Valine 

WT: Wild Type 

Xgal: 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 

XL1-Blue: E. coli cells that allow blue-white color screening 

ΔG: Free energy or Gibb’s energy change 

ΔH: Enthalpy change 

ΔS: Entropy change 
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CHAPTER 1 

AMINOACYL SYNTHETASES AND THEIR ROLE IN PROTEIN SYNTHESIS 

 

1.1 Protein translation 

 

The process that involves the synthesis of proteins from their messenger RNA (mRNA) is called 

translation. It occurs at the ribosome in three specific steps that are shown on Figure 1.1: (1) 

Initiation:  aminoacyl t-RNA synthetases (aaRS) load methionine (Met) to the acceptor stem of 

the tRNA. The anticodon loop of the tRNA carrying methionine (Met) binds to the small 

ribosomal subunit forming a pre-initiation complex that recognizes the mRNA at the 5’GTP cap 

and then tRNA scans for the mRNA start codon and binds to it through its anti-terminator loop. 

(2) The elongation is a GTP required process: elongation factors are recruited and the 

aminoacylated tRNA correspondent to the successive codon enters to the A site of the ribosome 

promoting the release of the elongation factor along with GDP. The enzyme peptidyl transferase 

catalyzes the formation of the peptide bond between the amino acids, and the chain is transferred 

to the carboxylic end of the P site (translocation). (3) When the stop codon is reached, 

termination occurs. A release factor protein binds to the A site facilitating the hydrolysis of the 

synthesized protein.  

The amino acids are assigned to the protein synthesis based on a genetic code. Although there 

are some variations, the almost universal genetic code relates amino acids with a single or 

several trinucleotide sequences. Table 1.1 shows the standard genetic code for the natural twenty 

amino acids. 
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Figure 1.1 Representation of the translation process at the ribosome and adapted from “Protein 

Translation”. Retrieved from https://app.biorender.com/biorendertemplates (2022).  
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Table 1.1 Standard genetic code table. Adapted from “codon chart”. Retrieved from 

https://app.biorender.com/biorendertemplates (2022).  

 

In bacteria, once the ribosome is assembled, the sequence is read starting with the start codon 

(AUG), then the synthesis of the protein continues until the stop codon is reached. At this point, 

release factor proteins facilitate the release of the newly synthesized protein. 

1.2 tRNA: Structure and recognition 

 

Transfer RNAs (tRNAs) are responsible for the delivery of the correspondent amino acids to the 

ribosome during translation.2 Figure 1.2 depicts the general structure of tRNA which is mainly 

composed of an acceptor stem, dihydrouridine arm (D-arm), anticodon loop, variable loop and 

TΨC-arm (Thymidine, pseudouridine, cytidine).  
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Figure 1.2 Representation of tRNA: a)cloverleaf diagram of leucyl tRNA from Halobacterium 

sp. NRC-1 and b)three-dimensional structure of leucyl tRNA from Thermus thermophilus (PDB: 

1WZ2).  Adapted from Anderson and Schultz.3   

 

tRNA folds in a L-shape in which the D and T loops interact through base pairing creating two 

sections:  the top of the L that interacts with the amino acid, and the bottom which is primarily 

formed by the anticodon loop and interacts with the ribosome codon during translation. tRNA is 

the substrate for aminoacyl-tRNA synthetases, the initial binding occurs due to electrostatic 

interactions with the different motifs of the protein.  As the tRNA establishes more contacts with 

the catalytic site, specific portions of the tRNA called identity elements, play a key role in the 

aminoacylation process by either inducing the binding of tRNA or promoting the release of the 

non-cognate tRNA.  Identity elements are usually located at the acceptor arm, like the A73 

nucleobase at the tRNA, anticodon stem (bases 35-37), or on the variable long arm like in the 

case of the leucyl-tRNA synthetase which is encoded by more than one codon.4, 5    This last 

element is important because some amino acids are encoded by up to six codons which makes 
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the anticodon loop unsuitable as the only recognition element.4, 6 We will also explore in the next 

section how some aaRS have specific editing domains that increase their proofreading ability.  

1.3 Aminoacyl tRNA-synthetases (aaRS) 

 

The aminoacyl t-RNA synthetases are very specific enzymes that load the amino acids to the 

corresponding tRNA, which is further delivered to the ribosome by elongation factors.4, 7 There 

is a specific aaRS for every amino acid, and they are classified in mainly two classes based on 

their structure.  Both classes are further subdivided in five subclasses based on their ability to 

recognize structurally similar amino acids as shown in Table 1.2.  

Table 1.2 Structural classification of aminoacyl tRNA synthetases. Adapted from Vijayakumar 

et al. 8 

Class Subclass aaRS (form) Organism used to 

characterize  

I a Isoleucyl tRNA synthetase  

Methionyl tRNA synthetase  

Leucyl tRNA synthetase  

Valyl tRNA synthetase  

T. thermophilus  

T. thermophilus 

T. thermophilus 

T. thermophilus 

b Cysteinyl tRNA synthetase  

Glutaminyl tRNA synthetase  

Glutamyl tRNA synthetase  

E. coli 

S. cerevisiae 

T. thermophilus 

c Tyrosyl tRNA synthetase  

Tryptophanyl tRNA synthetase  

T. thermophilus 

H. Sapiens 

d Arginyl tRNA synthetase  T. thermophilus 

e Lysil tRNA synthetase  P. horikoshii 

II a Glycyl tRNA synthetase  T. thermophilus 
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Histidyl tRNA synthetase  

Prolyl tRNA synthetase  

Serinyl tRNA synthetase  

Threonyl tRNA synthetase  

E. coli 

P. falciparum 

M. barkeri 

E. coli 

b Asparaginyl tRNA synthetase  

Aspartyl tRNA synthetase  

Lysyl tRNA synthetase 

B. malayi 

S. cerevisiae 

H. sapiens 

c Alanyl tRNA synthetase  

Glycyl tRNA synthetase 

Phenylalanyl tRNA synthetase 

Pyrolysil tRNA synthetase 

A. fulgidus 

H. sapiens 

T. thermophilus 

M. mazei 

 

Class I has a catalytic domain or Rossmann-Fold (RF) domain which is composed of alternated 

α-helices and five-stranded parallel β-sheets that are responsible for ATP binding in the extended 

conformation.  These are usually located at the N-terminal region of the protein. The active site 

has two motifs denoted as HIGH (His-Ile-Gly-His), and KMSKS (Lys-Met-Ser-Lys-Ser) 

connected through a peptide called CP1 that act as proofreader.9  Class I is usually found as 

monomers and incorporates bulkier amino acids than class II because the active site possesses an 

open pocket.  The class I enzymes interact with the tRNA molecule through the minor groove, 

and usually aminoacylates the 2’-OH of the adenosyl nucleotides. 8 

The active site of class II synthetases possesses seven stranded β-sheets flanked by α-helices and 

three motifs that are less conserved than in class I. In contrast to class I, aminoacylation takes 

place at the 3’-OH of the ribose, and it approaches tRNA through the major groove. The binding 
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pocket is more compact than in class I and it involves a bent conformation. This section of the 

dissertation is focused on class I aminoacyl tRNA-synthetases.  

 

Figure 1.3 Structure of aminoacyl t-RNA synthetases from Thermus thermophilus: a)class I 

leucyl-tRNA synthetase complexed with leucine-tRNA (RCSB PDB: 2BTE) b)class II 

phenylalaninyl-tRNA synthetase complexed with phenylalanyl-tRNA (RCSB PDB: 3HFZ).10 

 

1.4 Aminoacylation of tRNA and proofreading 

 

The general aminoacylation mechanism is shown in Scheme 1.1 and consists of an esterification 

reaction of the amino acid to tRNA in the presence of adenosine triphosphate (ATP). ATP and 

the amino acid bind in a concerted way to the catalytic site of the enzyme, followed by a 

nucleophilic attack of the C-terminus of the amino acid to the phosphate group of the ATP 

molecule to generate the condensation product (AMP-aa) as well as releasing inorganic 

pyrophosphate (PPi). In a second step, the hydroxyl group of the adenine 76 from tRNA attacks 

the electron deficient carbon at the carboxyl group of the AMP-aa to yield the aminoacylation 
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product (tRNA-aa) and release of AMP. The release of the aminoacyl-tRNA is considered the 

rate limiting step of aminoacyl synthetases class I.4 

 

Scheme 1.1  General mechanism of aminoacylation by t-RNA synthetases Adapted from Rubio-

Gomez et al.4 

 

Some tRNA synthetases like IleRS, ValRS, LeuRS possess hydrolytic activity to cleave  the non-

cognate amino acid from its tRNA through its editing domain or CP1.4  Leucine is encoded by 

six different codons, therefore its synthetases (LeuRS) recognize up to six tRNA isoacceptors. 

Because of the number of codons, the recognition depends on other identity elements:  bacterial 

LeuRS recognizes the D-arm of tRNA as well as the acceptor stem, while the archaeal and some 

eukaryotic LeuRS recognize the long variable arm and the discriminator A76 at the acceptor 

stem.11, 12  Figure 1.4 highlights the recognition sites of bacterial and archaeal leucyl-tRNA 

synthetases.  

Amino 

Acid
ATP

PPi

a.a-AMP

a.a-AMP a.a-tRNA

AMP
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In E. coli, the flexible domains of the LeuRS are ordered due to a very special type of 

interactions between the protein and the tRNA molecule.  This flexibility gives room to the 3’ 

end of the tRNA to bend into the active site of the synthetase for aminoacylation (Figure 1.4). 

When a wrong amino acid is loaded, the A76 base at the acceptor stem is no longer recognized 

and some of these interactions are lost, avoiding the correct arrangement of the tRNA towards 

the active site as well as the blockage of the catalytic site.9 

 

Figure 1.4 Crystal structure of the E. coli leucyl-tRNA synthetases complexed with leucyl-tRNA 

in: a)aminoacylation and b)editing conformation (PDB: 4AQ7 and 4ARC). Structures retrieved 

with SWISS MODEL repository. 

 

For some archaea like Pyrococcus horikoshii, the C-terminal domain of the tRNA synthetase 

recognizes the bases at the tip of the long variable arm of the corresponding tRNA, causing a 

conformational change that induces the movement of the editing domain to open the 

Aminoacylation

domain

CP1
CP1

Aminoacylation

domain

a) Aminoacylation conformation b) Editing conformation
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aminoacylation binding site. Consequently, the tRNA acceptor stem bends so it can be 

aminoacylated by the synthetase.11 

1.5 Expanding the genetic code 

 

During the translation process, there are three of the 64 codons that do not code for amino acids 

but instead they activate release factors that terminate the protein synthesis.  These three stop 

codons are ochre (TAA), opal (TGA) and amber (TAG). The amber stop codon is used only in 

about 7% of terminations in E. coli, and it is not common to terminate essential genes.13 In 

addition, the expansion of the genetic code via TAG codon in E. coli  has been proved to not 

affect cell growth.14  To incorporate unnatural amino acids (UAAs) into proteins, several 

conditions must be met:  the tRNA synthetase cannot incorporate endogenous amino acids into 

endogenous tRNAs, and the tRNA selected to incorporate these amino acids has to be specific 

for the UAAs. This is usually called an orthogonal pair.3  Incorporating unnatural amino acids 

introduces novel functions to proteins with modifications in any part of the protein chain to add 

functionality like unsaturation that allows click reactions, fluorescence for tracking or sensing, 

photo crosslinking, protein dynamics studies, among others.15-19 Tyrosyl-tRNA synthetase from 

M. janaschii and leucyl-tRNA synthetase from E. coli have been widely used in E. coli and in S. 

cerevisiae using amber stop codon respectively. 15, 20, 21 

These systems were engineered by mutating amino acids in the amino acid binding sites of the 

synthetases, and the identity elements at the tRNA, and subsequent selection steps in the 

presence of the unnatural amino acid. 3, 13, 22, 23  
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1.6 Conclusions 

 

Aminoacyl t-RNA synthetases play a fundamental role in the fidelity of translation and can be 

used as a tool to incorporate unnatural amino acids into proteins. Although the systems already 

mentioned have been validated for the incorporation of some UAAs (more than 40 different 

kinds), the need to gain new functionality into the protein structure justifies the exploration of 

new systems that can be used as orthogonal pairs to introduce novel unnatural amino acids.24, 25    

In the next chapter, we will discuss a system composed of leucyl-tRNA synthetase from 

Methanobacterium thermoautotrophicum and tRNA from Halobacterium sp. NRC-1. 
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CHAPTER 2 

DIRECTED EVOLUTION OF AN ARCHAEAL LEUCYL T-RNA SYNTHETASE TO 

INCORPORATE UNNATURAL AMINO ACIDS  

 

2.1 Structural homology between archaeal and bacterial leucyl tRNA synthetases 

 

Although directed evolution using stop codon approach has been widely used, most of the 

published studies are based on the incorporation of UAAs using amber stop codon.26  In 2003, 

Anderson and Schultz reported a leucyl-tRNA synthetase from Methanobacterium 

thermoautotrophicum (MtLRS) and tRNA from Halobacterium sp. NRC-1(HhL4) as an 

orthogonal pair for amber, opal and four base stop codon suppression in E. coli.3  Several 

modifications were made to the different recognition sites of the transfer RNA molecule to 

generate a library, and the selected clone HL(TAG)3 showed about 30% suppression of the 

amber stop codon.  This orthogonal system represents an opportunity to incorporate multiple 

unnatural amino acids at different positions using a combination of amber, opal and four base 

stop codons at a time.  However, it has not been used to incorporate UAAs into proteins in 

bacteria to this date.  In addition, the structure of MtLRS is not known, but its active site residues 

were identified by a sequence homology between species with the same domain and structure-

based alignments of known LeuRS from T. thermophilus and P. horikoshii.  as shown in Table 

2.1 and Figure 2.1.  

Previously, our group used positive selection to generate a functional MtLRS whose editing 

domain was replaced by a six codon linker (L-Y-H-A-V-Y).27  In this dissertation, we explored 

the use of this synthetase lacking the editing domain and the HL(TAG)3 tRNA variant from 

Halobacterium sp. NRC-1, to incorporate 2-amino-3-(5-(dimethylamino)naphthalene-1-
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sulfonamide)propanoic acid (Dansyl-Dap) into a model protein called Z-domain.  A fluorescent 

amino acid allows the visualization of proteins in vitro and in vivo, which should be useful for 

diagnostics and protein dynamics studies among another applications.  Dansyl-Dap has been 

incorporated in yeast, but to this date no reports of incorporations in E. coli have been found.15  

 

Figure 2.1 a)chemical structure of Dansyl-Dap, b)structure homology analysis of leucine-tRNA 

synthetases from Thermus thermophilus (green) and Pyrococcus horikoshii (cyan) with focus to 

the amino acid binding site. c)superposed image of MtLRS model (light purple) built from T. 
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thermophilus (PDB:2BYT, light brown) and P. horikoshii (PDB:1WZ2, light blue) in complex 

with leucyl-tRNA. 

 

Table 2.1 Sequence homology analysis of leucyl-tRNA synthetases from E. coli, T. 

thermophilus, P. horikoshii and M. thermoautotrophicum. Analysis performed with clustal 

omega (see appendix A.1). 

 

Bacteria Archea 

Escherichia coli  

Thermus 

thermophilus 

Pyrococcus horikoshii  

Methanobacterium 

thermoautotrophicum  

M40 M40 A41 A32 

L41 F41 F42 Y33 

F493 F501 L529 L510 

S496 S504 S532 S513 

Y499 Y507 Y535 Y516 

Y527 Y535 R607 R566 

H533 (secondary for 

binding) 

H541 (secondary 

for binding) 

L613 (secondary for 

binding) 

L572 (secondary for binding) 

H537 H545 H617 H576 

T252 T252 T234 T219 

V338 V340 V325 V306 

D342 D344 D332 D313 

 

 

2.2 Evolving an archaeal leucyl t-RNA synthetase to incorporate Dansyl-Dap in E. coli 

 

In 2006, Summerer et al. used E. coli leucyl-tRNA synthetase to incorporate Dansyl-Dap into 

super oxide dismutase (SOD) to study protein folding in yeast. They generated a library in which 
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five amino acids in the active site (the ones highlighted on table 2.1) were randomized. After a 

genetic selection, three clones were identified to generate the desired fluorescent protein.15 We 

used the sequence homology model to try to obtain the MtLRS variants for the same amino acids 

as shown in Table 2.2. 

Table 2.2 Intended mutations used to incorporate Dansyl-Dap into Z-domain in E. coli 

Clone E. coli (Summerer et al)15 

M. thermoautotrophicum  

(this dissertation) 

ANIGT  M40A, L41N, Y499I, Y527G, H537T A32, Y33N, Y516I, R566G, H576T  

GNIGG  M40G, L41N, Y499I, Y527G, H537G 

A32G, Y33N, Y516I, R566G, 

H576G  

GLVGE  M40G, L41L, Y499V, Y527G, H537E 

A32G, Y33L, Y516V, R566G, 

H576E  

 

To make these variants, the genes for MtLRS lacking the editing domain and the tRNA from 

Halobacterium sp. NRC-1 (HhL4) were introduced into the pSupK plasmid.20  The resulting 

plasmid pSupk-MtLRS-HL(TAG)3-ΔCP1 was mutated at the leucine binding site using 

overlapping extension polymerase chain reaction (OE-PCR) in two steps with around 20bp 

overlap between fragments as shown in Figure 2.2.  N-terminal mutations (A32X and Y33X, 

where X represents the intended mutation) were introduced between the NdeI and MluI 

restriction sites, while C-terminal mutations (Y516X, R566X, H576X) were introduced between 

the MluI and DraIII sites. Additionally, a pET21-Z plasmid encoding a C-terminal his-tagged Z-

domain K7TAG mutant in which the lysine codon at the seventh position was changed to the 

amber stop codon was produced.  
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Z-domain is a small protein derived from the IgG-binding domain of the staphylococcal protein 

A, with a molar mass of approximately 7.7kDa when expressed in E. coli, that has been 

previously used to incorporate unnatural amino acids.28-30  If the synthetase is functional and 

specific for Dansyl-Dap, it is expected that Dansyl-Dap is incorporated into the seventh position 

to produce a full-length Z-domain. If the synthetase is functional but nonspecific for Dansyl-

Dap, it is expected to form a full-length protein(s) that incorporates endogenous amino acid(s). If 

the synthetase is not functional, no full-length protein is expected.  

To assure that the incorporation is only at the TAG codon and the UAA does not affect growth, 

pET21 containing a Z-domain without the amber stop codon at the seventh position (WT) was 

also expressed with and without 1 mM of Dansyl-Dap.  BL21(DE3) E. coli cells were co-

transformed with pSupk-MtLRS-ΔCP1-HL(TAG)3 and pET-21Z K7TAG (or WT), and grown 

overnight in TB autoinduction media at 37°C. The expressed Z-domain proteins were purified 

using Ni-NTA affinity chromatography, and subsequently analyzed using SDS-PAGE and mass 

spectrometry (ESI-MS).  Table 2.3 shows the expected molar masses for the Z-domain with 

Dansyl-Dap incorporated at the seventh position and with endogenous amino acids. 
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Figure 2.2 Strategy to construct the pSupK-MtLRS-HL(TAG)3-ΔCP1 mutants using OE-PCR. 

Top picture shows strategy to incorporate mutations , and bottom picture shows the plasmid 

components and the restriction sites used highlighted in red boxes. Plasmid is drawn using 

Benchling.  
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Table 2.3 Calculated molar mass of the possible Z-domain mutants obtained after protein 

expression. 

Mutant 

Expected molar mass 

(Da) 

Mutant 

Expected molar mass 

(Da) 

Z WT, Z WT(-Met1)  7893.62, 7762.43 Z (K7W) 7820.47 

Z (K7E) 7763.37 Z (K7F) 7781.43 

Z (K7DanDap) 7953.65 Z (K7S) 7721.33 

Z (K7G) 7691.31 Z (K7T) 7735.36 

Z (K7A) 7705.33 Z (K7Y) 7797.43 

Z (K7V) 7733.39 Z (K7Q) 7762.38 

Z (K7C) 7737.44 Z (K7R) 7790.44 

Z (K7P) 7731.37 Z (K7H) 7771.39 

Z (K7L) 7747.41 Z (K7D) 7749.34 

Z (K7I) 7747.41 Z (K7M) 7765.45 

 

2.2.1 Expression and characterization of Z-domain using MtLRS ANIGT clone  

 

The proteins obtained were separated using sodium dodecyl sulfate polyacrylamide 

electrophoresis (SDS-PAGE) and stained with Coomassie Blue Safe Stain. The band 

corresponding to the full-length Z-domain protein was found for all the species as shown on 

Figure 2.3. The expression level for the mutant protein was noticeably lower than that for the 

wild type. Nonetheless, enough protein was obtained for the ESI-MS analysis after purification 

even for the TAG mutant produced in the absence of Dansyl-Dap whose band was very faint. 

The UV light-exposed gel showed fluorescent bands for both,  wild type and the TAG mutant 

produced in the presence of Dansyl-Dap.  
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Figure 2.3 SDS-PAGE analysis of Z-domain expression lysates using MtLRS-HL(TAG)3-ΔCP1 

ANIGT clone on wild type pET21-Z and pET21-Z(K7TAG) in the presence and absence of 1 

mM of 2-amino-3-(5-(dimethylamino)naphthalene-1-sulfonamide)propanoic acid (Dansyl-Dap).  

Left side shows the UV-exposed unstained gel, and right side shows gel stained with Coomassie 

Blue Safe Stain.   

 

An ESI-ion trap deconvoluted mass spectrum was generated for the obtained proteins. As shown 

in Figure 2.4, the wild type Z-domain gave a major peak at 7762.93 Da, which corresponds to 

the Z-domain without methionine in the first position (Met1).  

The molar mass of the minor peak seems to correspond to a small percentage of the Z-domain 

containing the Met1 residue.  Since the fluorescence was observed even for the wild type, we 

speculated that a residual amount of dansyl chloride from the synthesis of Dansyl-Dap reacted 

with the N-terminal amino group of the protein to generate a fluorescent band (expected around 

7996 Da).  However, no higher molecular weight peaks were found.  Additionally, when adding 

wild-type Z-domain expressed in the absence of UAA to a 1mM solution of Dansyl-Dap as a 

control and analyzed with SDS-PAGE, fluorescent bands were still observed.  Therefore, we 

conclude that the fluorescent bands were observed because of non-covalent interactions between 

the protein and Dansyl-Dap. 

ANIGT 
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ANIGT 

TAG
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Figure 2.4 Deconvoluted ESI-MS of Z-domain WT expressed with MtLRS ANIGT clone in the 

presence of 1 mM Dansyl-Dap. Analyzed with Unidec.  

 

For the expression of Z-domain K7TAG mutant, additional peaks were observed in the mass 

spectra confirming that amino acids are being incorporated into the protein chain (Figure 2.5).  

Some peaks were not assigned because the difference between the expected molar mass and the 

value found is larger than 1 Da. Two major peaks corresponded to the incorporation of lysine, 

glutamate, and glutamine (7763.18 Da) and tyrosine (7798.27 Da). The incorporation of these 

results suggests that the MtLRS ANIGT mutant loads natural amino acids to the tRNA molecule.  
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Figure 2.5 Deconvoluted ESI-MS of Z-domain (K7TAG) expressed with MtLRS ANIGT clone 

in the presence of 1 mM Dansyl-Dap. Analyzed with Unidec.  

As expected, the Z-domain K7TAG expressed in the absence of UAA showed a similar MS 

spectrum (Figure 2.6). The major peaks were observed at 7761.42Da and 7798.96 Da, which 

corresponds to the incorporation of lysine/glutamate/glutamine and tyrosine respectively. 

7735.87

7798.27 (Y)

7820.66 (W)

7840.28

7929.45

7763.18 (K/E/Q)

7777.50

7894.37
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Figure 2.6 Deconvoluted ESI-MS of Z-domain (K7TAG) expressed with MtLRS ANIGT clone 

in the absence of Dansyl-Dap. Analyzed with Unidec.  

 

2.2.2 Expression and characterization of Z-domain using MtLRS GNIGG clone  

 

When the Z-domain was expressed using the MtLRS GNIGG clone, SDS-PAGE showed similar 

expression levels of all the proteins in the presence and absence of Dansyl-Dap (Figure 2.7). 

ESI-MS of the purified wild type Z-domain consistently yielded a major peak at 7763.10 Da as 

well as the small peak of 7894.48 Da corresponding to acetylated protein. Two additional small 

peaks were also found as shown in Figure 2.8.   

7798.96 (Y)

7761.42 (K/E/Q)

7819.31    

7939.51    
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Figure 2.7 SDS-PAGE analysis of Z-domain expression lysates using MtLRS-HL(TAG)3-ΔCP1 

GNIGG clone on wild type pET21-Z and pET21-Z(K7TAG) in the presence and absence of 1 

mM of 2-amino-3-(5-(dimethylamino)naphthalene-1-sulfonamide)propanoic acid (Dansyl-Dap). 

Left side shows the UV-exposed unstained gel, and right side shows gel stained with Coomassie 

Blue Safe Stain.   

 

Figure 2.8 Deconvoluted ESI-MS of wild type Z-domain expressed with MtLRS GNIGG clone 

in the presence of 1 mM Dansyl-Dap. Analyzed with Unidec.  
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When the MtLRS GNIGG was used for the expression of Z-domain K7TAG mutant in the 

presence of Dansyl-Dap, the selectivity towards tyrosine increased compared with ANIGT clone 

as shown on Figure 2.9.  However, no full-length protein with Dansyl-Dap was found. In 

addition, when no Dansyl-Dap was added, the mass spectrum showed a major peak at 7761.46 

Da, which corresponds to the Z-domain K7, Q7 or E7 mutant, and another major at 7798.14 Da, 

which corresponds to the Z-domain K7Y mutant. Comparable results were obtained for the Z-

domain mutants expressed in the absence of Dansyl-Dap as shown in Figure 2.10, confirming the 

MtLRS GNIGG adds not Dansyl-Dap but some natural amino acids to the tRNA. 

 

Figure 2.9 Deconvoluted ESI-MS of Z-domain K7TAG mutant expressed with MtLRS GNIGG 

clone in the presence of 1 mM Dansyl-Dap. Analyzed with Unidec.  

7763.19 (K/E/Q)

7798.14 (Y)

7840.56

7894.27

7928.89
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Figure 2.10 Deconvoluted ESI-MS of Z-domain K7TAG mutant expressed with MtLRS GNIGG 

clone in the absence of Dansyl-Dap. Analyzed with Unidec.  

 

2.2.3 Expression and characterization of Z-domain using MtLRS GLVGE clone  

 

When the Z-domain was expressed with MtLRS GLVGE clone, a protein band was found for the 

Z-domain wild type and K7TAG mutants in the presence and absence of Dansyl-Dap (Figure 

2.11). The ESI-MS spectra of wild type expressed in the presence of the UAA (Figure 2.12)  

showed that the results were consistent with those for MtLRS ANIGT and GNIGG mutants: A 

main peak was observed at 7763.10 Da that represents the wild type without Met1. 
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Figure 2.11 SDS-PAGE analysis of Z-domain expression using MtLRS-HL(TAG)3-ΔCP1 

GLVGE clone on wild type pET21-Z and pET21-Z(K7TAG) in the presence and the absence of 

1 mM of 2-amino-3-(5-(dimethylamino)naphthalene-1-sulfonamide)propanoic acid (Dansyl-

Dap). Left side shows the UV-exposed unstained gel, and right side shows gel stained with 

Coomassie Blue Safe Stain.   

 

Figure 2.12 Deconvoluted ESI-MS of wild type Z-domain expressed with MtLRS GLVGE 

clone in the presence of 1 mM Dansyl-Dap. Analyzed with Unidec.  

   

   

   

   
    

   

    

   

    

      

  

      

   

7763.10 (WT)

7894.35 



 

  27 

For the Z-domain K7TAG mutant using MtLRS GLVGE expressed in the presence of Dansyl-

Dap, The MS spectrum showed a major peak at 7797.95 Da correlated to the incorporation of 

tyrosine at the stop codon, and another main peak at 7763.25 Da correlated to the incorporation 

of lysine, glutamate, or glutamine (Figure 2.13). These peaks also appeared on the ESI-MS 

spectrum of the K7TAG mutant expressed without Dansyl-Dap (Figure 2.14).  

 

Figure 2.13 Deconvoluted ESI-MS Z-domain K7TAG mutant expressed with MtLRS GLVGE 

clone in the presence of 1 mM Dansyl-Dap. Analyzed with Unidec.  
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Figure 2.14 Deconvoluted ESI-MS Z-domain K7TAG mutant expressed with MtLRS GLVGE 

clone in absence of Dansyl-Dap. Analyzed with Unidec.  

 

2.3 Conclusions 

 

The MtLRS-HL(TAG)3-ΔCP1 mutants constructed (ANIGT, GNIGG, GLVGE) showed affinity 

for incorporation of some natural amino acids, especially tyrosine. However, the incorporation of 

Dansyl-Dap was not observed for any of the MtLRS mutants.  We conclude that the system 

might be used to explore the incorporation of tyrosine analogs. 
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Figure 2.15 Structures of Dansyl-Dap and aromatic amino acids. 

 

The lack of incorporation of this UAA into the protein can be explained by the fact that although 

there is a high degree of structural homology between archaea and bacteria, MtLRS may 

accommodate amino acids in a different way in the active site, being more compact and allowing 

the incorporation of smaller size aromatic amino acids. Now, the lack of incorporation of 

phenylalanine makes us speculate that hydrogen bonding may be important in a specific area of 

the binding site as phenylalanine lacks H-bonding capabilities while in the case of Trp two rings 

may occupy too much space in the binding site (Figure 2.15). In the next chapter we will explore 

the use of a library of MtLRS for the genetic selection of MtLRS mutants that could incorporate 

Dansyl-Dap and other unnatural analogs. 
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CHAPTER 3 

DUAL GENETIC SELECTION OF A LEUCYL-TRNA SYNTHETASE 

In the previous chapter we demonstrated that the leucyl-tRNA synthetase from 

Methanobacterium thermoautotrophicum (MtLRS) lacking its editing domain and the tRNA 

from Halobacterium sp. NRC-1 HL(TAG)3 can efficiently incorporate non-cognate amino acids 

to the amber stop codon. However, our findings also revealed that the binding site may 

accommodate amino acids in a different way to the bacterial ones. Therefore, a library of MtLRS 

lacking its editing domain was designed by randomizing five positions in the amino acid binding 

site (A32, Y33, Y516, R566 and H576). This library was screened for MtLRS variants that 

incorporate UAAs through the dual genetic selection including positive and negative selection 

using the cat-upp fusion gene.26, 31   

3.1 Construction of pRCG plasmid 

 

In 2009, Melançon and Schultz developed a dual genetic screening of Methanococcus jannaschii 

tyrosyl-tRNA synthetase that incorporates non-cognate amino acids at the amber stop codon 

using the cat-upp fusion gene.22  We constructed the pRCG plasmid by combining pBREP and 

pRep-CatUpp plasmids between HindIII and PciI restriction sites as shown in Figure 3.1. 

pBREP encodes a T7 RNA polymerase which contains two amber stop codons at permissible 

positions (M1TAG and Q107TAG) , controlling the expression of the GFPuv gene. pRep-

CatUpp encodes the fusion proteins: chloramphenicol acetyl transferase (CAT) and uracil 

phosphoribosyl transferase (UPRT). Initially, TAG mutations were introduced at two permissible 

sites of the cat gene: Q98 and D111.  
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Figure 3.1 The construction of the pRCG plasmid. 
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3.2 pRCG selection process 

 

The genetic selection was performed in GH371 E. coli cells that lack the upp gene. During the 

positive selection, when the selected UAA is present and a functional synthetase loads it to the 

tRNA, a full-length CAT is expressed resulting in chloramphenicol resistance and yielding 

colonies. Since the synthetase can also load another amino acid present in the media, a negative 

selection is necessary.   

Negative selection is performed in the presence of 5-fluorouracil (5-FU) without unnatural amino 

acid. The synthetases that add any natural amino acid will generate a full length UPRT that will 

form an irreversible covalent interaction with thymidylate synthase (TS), an enzyme necessary 

for the conversion of dUMP to dTMP, causing  the inhibition of TS and resulting in cell death. 

Only the cells that do not express a full length UPRT will survive. 13, 31 To test the adequacy of 

the selection system for MtLRS/tRNA pair, the pSupK-MtLRS-HL(TAG)3-ΔCP1 plasmid 

encoding the wild type synthetase lacking the editing domain was co-transformed with pRCG, 

and the pre-selection conditions were established.    

3.2.1 Amber suppression of MtLRS on pRCG Q98TAG D111TAG 

 

For the positive selection, the transformed cells were plated on GMML media at different 

concentrations of chloramphenicol and compared with the cells lacking the synthetase.  Since the 

wild type MtLRS is specific for leucine present in the media, it is expected that the full-length 

CAT is expressed in the presence of the wild type. Therefore, the cells should survive at higher 

concentrations of chloramphenicol. In addition, because a stop codon is present in the T7 RNA 

polymerase gene that controls the gfpuv gene, if the MtLRS incorporates an amino acid in 
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response to the stop codon, green fluorescent protein will be expressed, and the colonies will be 

fluorescent. Figure 3.2 shows the results for the pre-selection conditions on the pRCG mutant.  

 

Figure 3.2 Positive selection conditions obtained when co-transforming GH371 E. coli cells with 

pSupK-MtLRS-HL(TAG)3-ΔCP1 and pRCG (Q98TAG, D111TAG). 
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Figure 3.3 Negative selection conditions obtained when co-transforming GH371 E. coli cells 

with pSupK-MtLRS-HL(TAG)3-ΔCP1 and pRCG (Q98TAG, D111TAG). 
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The MtLRS was able to incorporate leucine to the CAT Q98TAG D111TAG mutant and confer 

resistance up to 15 µg/mL of chloramphenicol. In contrast, no colonies were obtained for the 

cells transformed with the pRCG only in the presence of chloramphenicol.  

For the negative selection conditions, in which leucine is also present in the growth media, the 

cells transformed with both plasmids will die because the full-length UPRT will be expressed. 

When the double mutant was tested in the presence of 5-FU, no difference was found for the 

cells with or without wild type MtLRS as shown in Figure 3.3. This result suggested that the 

negative selection using pRCG double mutant was inefficient. To increase the efficiency of the 

negative selection conditions, site directed mutagenesis was used to generate two single TAG 

mutants of pRCG plasmid: pRCG Q98TAG and pRCG D111TAG, because one stop codon 

should be suppressed more efficiently than two stop codons. However, we found fluorescence on 

the plates, which indicates that this system was able to suppress both amber stop codons when 

expressing the GFPuv.  These results suggest that D111TAG position may play a role in stability 

of the protein or activity of the cat-upp fusion. 

3.2.2 Amber suppression of MtLRS on pRCG single mutants 

 

Pre-selection conditions were determined again with the wild-type leucine synthetase in GMML 

media, and the results are shown in Figures 3.5 and 3.6.  The clone Q98TAG showed more than 

5-fold increase in chloramphenicol resistance compared to the double mutant. Moreover, the 

Q98TAG mutant showed 1.5-fold higher chloramphenicol resistance than the D111TAG mutant. 

These results suggest that Q98TAG is suppressed more efficiently than D111TAG although both 

positions are considered permissible because they are not part of the protein core as shown in 

Figure 3.4.   
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For the negative selection conditions, Figures 3.7 and 3.8 showed that single mutants showed no 

cell growth when 5-FU was above 22.5 µg/mL in the presence of leucine, suggesting the 

efficient suppression of both Q98TAG and D111TAG.  

 

 

 

Figure 3.4 Crystal structure of E. coli chloramphenicol acetyltransferase. Permissible positions 

are highlighted in bright green. (RCSB PDB: 3U9F) 

 

D111
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Figure 3.5 Positive selection conditions obtained when co-transforming GH371 E. coli cells with 

pSupK-MtLRS-HL(TAG)3-ΔCP1 and pRCG Q98TAG. 
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Figure 3.6 Positive selection conditions obtained when co-transforming GH371 E. coli cells with 

pSupK-MtLRS-HL(TAG)3-ΔCP1 and D111TAG. 
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Figure 3.7 Negative selection conditions obtained when co-transforming GH371 E. coli cells 

with pSupK-MtLRS-HL(TAG)3-ΔCP1 and pRCG Q98TAG. 
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Figure 3.8 Negative selection conditions obtained when co-transforming GH371 E. coli cells 

with pSupK-MtLRS-HL(TAG)3-ΔCP1 and pRCG Q98TAG and D111TAG single mutants. 
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3.3 Construction of a MtLRS library 

 

Overlapping extension PCR (OE-PCR) was used to make a library with five randomized 

positions (A32X, Y33X, Y516X, R566X and H576X) in the leucine binding site (Figure 3.9). 

GH371 E. coli cells were co-transformed with pRCG Q98TAG and the MtLRS library. Cells 

were amplified, and dual genetic screening in the presence of two UAA: Dansyl-Dap and 4-

nitro-1-phenylalanine (4-nitro-1-phe) was separately performed. 

 

Figure 3.9 Construction of MtLRS library using OE-PCR. 

         

        

       

         

        

           

        

        

              
            

         

        

  

         

        

      

           

        

        

           

    

        

          

        

                     

        

        

                     

          



 

  42 

After three rounds of positive selection and two rounds of negative selections, clones were 

assayed individually for growth on chloramphenicol containing plates in the presence or absence 

of Dansyl-Dap and 4-nitro-1-phe.  Figure 3.10 shows the results of the first 96 clones tested for 

each UAA. 

 

Figure 3.10 Re-testing of first 96 clones after third round of selection in the presence and 

absence of 4-nitro-1-phenylalanine (left) and Dansyl-Dap (right) with 50 µg/mL 

chloramphenicol on GMML growth media. 

 

Out of the first 96 clones assayed for growth on 50 µg/mL of chloramphenicol with and without 

4-nitro-1-phe, no clones were specific for UAA only. In the case of Dansyl-Dap, three clones 

appeared only on the plates containing this UAA, identifying them as possible functional 

synthetases to incorporate this amino acid.   
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3.4 Conclusions and future directions 

 

The pRCG Q98TAG D111TAG plasmid was proven ineffective for the negative selection 

because no difference was observed in 5-FU sensitivity between the cells transformed with and 

without MtLRS- HL(TAG)3-ΔCP1 in GMML media.  

Both single mutants (pRCG Q98TAG and pRCG D111TAG) were able to suppress amber stop 

codon efficiently for both positive and negative selection steps. The Q98TAG showed some 

background suppression at 5 µg/mL chloramphenicol, but it can be used within 10-80 µg/mL of 

chloramphenicol and from 22.5 µg/mL of 5-FU. The D111TAG mutant can also be used, but the 

concentration of chloramphenicol needs to be adjusted within 5-50µg/mL and the concentration 

of 5-FU needs to be higher than 100 µg/mL.  

The MtLRS library in which five amino acids in the active site were randomized was prepared, 

and the dual genetic screening for Dansyl-Dap and 4-nitro-phe was performed using the pRCG 

Q98TAG plasmid. After three rounds of positive selection and two rounds of negative selection 

for each UAA, ninety-six clones were re-tested in the presence and absence of UAA and 50 

µg/mL of chloramphenicol.  For 4-nitro-1-phe, no differences were found for the first 96 clones, 

and more clones need to be re-tested. In the case of Dansyl-Dap selection, three clones were 

identified and are currently being sequenced.  These clones will be used to express the Z-domain 

protein with a TAG stop codon at the 7th position for the incorporation of Dansyl-Dap.  
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CHAPTER 4 

RIBOSWITCHES AND GENE REGULATION 

 

Riboswitches are untranslated region (5’-UTR) of bacterial and some eukaryotic mRNAs that 

upon binding to metabolites regulate the expression of proteins that involve the synthesis, 

transport or degradation of these metabolites.32, 33 Riboswitches have two main components: an 

aptamer domain responsible for binding to the target molecule with high specificity, and the 

expression platform, located in proximity to transcription or translation sites to regulate gene 

expression.34 Although most riboswitches are composed of one aptamer, tandem aptamers are 

also found. 32 The interactions between the metabolite and the aptamer domain, lead the 

structural changes in the expression platform to release or sequester key gene regulatory 

elements.  

4.1 Regulation Mechanisms 

 

Main regulation mechanisms of riboswitches are based on controlling transcription, translation, 

splicing of genes or altering RNA stability. There are more than forty classes of riboswitches that 

regulate metabolites such as amino acids, nucleotide bases, coenzymes, signaling molecules, and 

ions.34, 35 Four major mechanisms by which riboswitches regulate gene expression  are outlined 

in Figure 4.1.36  

Figure 4.1a shows “ON” transcription switches like the glycine riboswitch. When the metabolite 

is not present, the RNA is folded in a way that the U-rich region is sequestered to the 

transcription terminator sequence forming a stem and preventing the binding of RNA 

polymerase. Once glycine binds, the RNA structure is rearranged to create an anti-terminator 

loop which allows transcription to continue.37 “OFF” transcription switches like the vitamin B12 
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work as shown in Figure 4.1b.  When the metabolite is not present, the anti-terminator loop is 

formed to continue the transcription of genes necessary for the synthesis of the metabolite. When 

an optimal level of metabolite is reached, conformational changes induce the formation of the 

terminator loop, shutting down the transcription.38 

For “ON” translation switches (Figure 4.1c), without target molecule, the Shine-Dalgarno 

sequence or ribosomal binding site (RBS) is sequestered in the expression platform, resulting in 

no translation of RNA. Once the metabolite binds to the RNA, the conformational changes 

induce the release of the RBS to initiate translation.  We will discuss this case with the 

theophylline riboswitch in the next chapter.31  For “OFF” translation switches (Figure 4.1d) like 

the AdoCbl riboswitch, RBS is sequestered upon binding to the metabolite to repress 

translation.34, 39 

Some uncommon mechanisms of gene regulation by riboswitches include the riboswitch 

ribozymes involving the cleavage of mRNA upon binding to the metabolite (e.g. glmS 

riboswitch)40 and the intron self-splicing (e.g. c-di-GMP switch).41 

4.2 Riboswitch folding, recognition and binding 

 

Previous studies have revealed that riboswitches follow some common architectural principles:  

once the RNA forms base pairs (helices) or loops (non-paired regions), these can form coaxial 

stacks in which two or more individual helices arrange in a continuous pseudo continuous helix 

that can be further arranged in parallel or perpendicularly to form D- and T-loops. 42, 43 

More complex architectures in the riboswitch structures include hairpins in which the 3’- and 5’- 

extremes of the helix are linked and internal loops in which at least one of the strands of RNA is 
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not base paired. Junctions or multiloops are formed by the interaction of multiple double helices, 

and specific binding motifs are where the aptamer region is usually located. 43   

 

 

Figure 4.1 Riboswitch canonical regulation mechanisms: a)single aptamer transcription 

activation, b)single aptamer transcription attenuation.  Anti-terminator is highlighted in black. 

c)single aptamer translation initiation, d)single aptamer translation repression  Ribosomal 

binding site is highlighted in black.34, 35.  Created with Biorender. 

 

There is no universal metabolite recognition mechanism among riboswitches, but most 

riboswitches form tight binding pockets that can bind ligands with affinities as low as 2.1 nM 

like in the case of the Thermoanaerobacter tengcongensis PreQ riboswitch.44  This high 

specificity is possible due to a complex network of interactions that involve base pairing, 

water/salt bridging, electrostatic or van der Waals.  As outlined in Figure 4.2, the binding 

pockets are formed by non-canonical base pairs and unions of stems. In some cases, ions 

stabilize the charges between ligands and residues responsible for binding.39 While some 

riboswitches have well conserved aptamer domains with defined architectures, some do not show 
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correlation between the structure and ligand binding, and rely more on the RNA residues and 

interactions with the metabolite to build specific spatial conformations.  In fact, there are several 

S-adenosyl methionine (SAM) switches with different structural features that can bind to the 

same ligand in different ways.45  Also, some riboswitches including the glycine riboswitch have 

more complex structures and can bind more than one ligand.46 

.  

Figure 4.2 Crystal structure-based network of interactions at a)theophylline-binding RNA and 

b)glycine riboswitch. Interactions denoted by color scheme: blue (hydrogen bonding), green (π-

stacking), orange (cation-π), purple (metal coordination). Green and pink spheres represent water 

and Mg2+ ions respectively.  Retrieved with Mol* using RSCB PDB: 1O15 and 3OWW as  

templates.47 
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4.3 Synthetic Riboswitches 

 

Synthetic riboswitches are new methods for gene regulation and detection of exogenous 

molecules.  The first synthetic riboswitch corresponded to a theophylline riboswitch which was 

further optimized to be able to discriminate about 10000-fold against caffeine, which only differs 

by a methyl group at the N7  position.48, 49 This aptamer binds to theophylline with a dissociation 

constant (Kd) of 0.32 µM. 49  Naturally occurring riboswitches have been modified at the aptamer 

domain through the introduction of libraries that are further selected for the molecule of 

interest.50, 51 The use of in silico high throughput screening is rapidly increasing to narrow down 

the sequences to be considered for selection.  In this method, a pool of RNA sequences is put 

into computer software to identify aptamer-like motifs, which are a result of machine-learning 

programs that consider the sequence of DNA or RNA and its comparison towards an aptamer 

database, X-ray and 2D structure prediction software, and NMR binding studies.52-56  In addition, 

some of these in silico analysis can include algorithms to calculate predicted binding energies 

between the aptamer and the small molecule or target protein.57, 58  

Some of the current applications of riboswitches and aptamers include the design of biosensors 

to detect small molecules, functionalization of membranes for aptamer-based ultrafiltration 

systems, drug delivery, therapeutics, among others.59-65  In addition, a riboswitch in vivo 

activation may be useful to control gene expression in a similar way that lactose in the lac 

operon system.66   

Once the library of specific size and characteristics is designed, synthetic riboswitches are 

selected from the library in the presence of the target of interest.67, 68  Some selection processes 

are highlighted below. 
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4.3.1 Systematic Evolution of Ligands by Exponential Enrichment (SELEX): 

 

First reported in 1990, SELEX is a technique for in vitro selection of a library of aptamers based 

on binding to the molecule of interest. Figure 4.3 outlines the process in SELEX. The target 

molecule is bound to a solid surface and the pool of aptamers is passed through. The sequences 

with affinity for the target compound will remain bound while the rest will be washed away. The 

nucleic acid bound to the target ligand are collected, amplified, tested for affinity, and 

sequenced.  Finally, the obtained clones are sequenced.67, 69, 70  

SELEX is a cell-free method that can be used to select aptamers for molecules that are toxic to 

cells. However, it requires the immobilization of the target to a solid support, large amount of 

reagents, and a different protocol for different targets to be tested.70   Several approaches to 

overcome these limitations include in silico pre-screening, use of restriction enzymes to verify 

DNA or RNA hybridization, and capillary electrophoresis to separate ligand-free aptamers from 

ligand-bound aptamers, etc.60, 71-74 Recently, magnetic beads have been functionalized with the 

target molecule in a chip able to apply highly localized magnetic fields that facilitate the 

separation of bound and unbound aptamers, however most of the techniques are still expensive.71 
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Figure 4.3 Graphic representation of aptamer selection process using SELEX. 

 

4.3.2 Dual genetic screening 

 

Synthetic riboswitches can be selected by the activation of a selectable gene upon binding to the 

target ligand in living cells. The transformation efficiency needs to be considered during the 

design of the library because the number of variants tested can be limited by the number of 

transformed cells.52 However, one advantage of in vivo selection is that the aptamer does not 

necessarily bind to the target in vitro in the same way as in the cellular environment.50 When a 

library of aptamers is introduced at the upstream of selection marker genes, functional riboswitch 

variants can activate the gene in response of the target molecule (Figure 4.4). 75 
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Figure 4.4 Outline of genetic selection of ON Riboswitches. 

While most aptamer selection methods are based on a combination of in silico and in vitro 

approaches, there are a few examples of in vivo riboswitch selection methods based on the 

activation of gfpuv, lacZ and antibiotic resistance genes (cat and tetA-gfp).50, 75-78 

4.4 Riboswitch binding studies 

 

Reporter genes are used to elucidate the correlation between the concentration of the target 

molecule and the signal obtained. There are several ways to determine the binding affinities 

between the aptamers and the molecules of interests and how well the riboswitch discriminates 

other molecules. 

4.4.1 Isothermal Titration Calorimetry (ITC) 

 

It provides a label-free way to measure the equilibrium association constants between the 

aptamer and the targets of interest.   The ligand is titrated with the RNA solution through serial 

injections and the heat released or absorbed is measured. This method requires high 

concentrations of RNA (mM or above), and both RNA and the target ligand should be prepared 

in the same buffer. Thermodynamic parameters like ΔH, ΔS° and ΔG° or the binding 

stoichiometry (NA) can be determined for this method.79, 80 
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4.4.2 In-line probing 

 

Taking advantage of the intrinsic instability of RNA, this method is used to elucidate the 

secondary structure and binding site of aptamers.81 The RNA molecules labeled with 

fluorophores or 32P  are incubated in the presence of ligand and subjected to partial alkaline 

digestion.  The regions that are not organized are more likely to be digested than the ones 

forming structures with the ligand. Fragments are then analyzed using gel electrophoresis.82  

4.4.3 Fluorescence 

 

The aptamer or the ligand is labeled with a fluorophore and the fluorescence is measured by 

increasing the concentration of ligand.60, 83 The changes in the fluorescence are determined 

between the ligand-free aptamer and the ligand-bound form.  Fluorescence resonance energy 

transfer (FRET) between the aptamer and ligand can also be measured. This method is widely 

used but fluorophores can alter the binding properties of RNA or ligand, so it must be performed 

over a range of pH to assure that the changes in fluorescence are a consequence of binding and 

not changes in the species.84  

4.4.4 Circular dichroism 

 

Because of the presence of asymmetric carbons in RNA, it is possible to study the structural 

changes in RNA by circular dichroism (CD).85  This technique is based on the difference in 

absorbance of left and right circularly polarized light.84 Aptamers are titrated with increasing 

concentrations of ligands and the change in the CD spectrum is used to determine the structural 

changes and binding parameters such as the dissociation constants.86  This methods requires low 

concentrations and volume of the aptamers.  
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Other methods include differential scanning calorimetry (DSC), surface plasmon resonance 

(SPR), equilibrium dialysis and ultrafiltration for which membranes of 3500 kDa are used for 

fragments with sizes around 180bp.84, 87 

4.5 Conclusions 

 

Riboswitches are highly adaptable molecules because of the specific interactions and spatial 

arrangement upon binding to the molecule of interest.49, 67 Their gene regulation mechanisms 

could be used for biosensing, gene expression reprogramming, imaging, and gene therapy.66, 64 

Although in vitro methods are widely used for the selection of aptamers, there is plenty of 

opportunity in selecting aptamers based on gene-screening systems in vivo.  We will explore the 

use of the cat-upp gene fusion for the dual genetic selection of synthetic riboswitches in the next 

chapters.69, 88   
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CHAPTER 5 

DUAL GENETIC SELECTION OF THE THEOPHYLLINE RIBOSWITCH WITH 

ALTERED APTAMER SPECIFICITY FOR CAFFEINE 

5.1 Design of a riboswitch aptamer library from a synthetic theophylline riboswitch  

 

As a proof of concept, we designed a synthetic theophylline aptamer library from a theophylline 

riboswitch (TheoRS) with an optimized expression platform for E. coli that was previously 

reported by Lynch et al.89, 90 Theophylline riboswitch (TheoRS) is an “ON” switch that activates 

translation.  Upon binding of theophylline to the aptamer region, the ribosomal binding site or 

Shine-Dalgarno sequence is exposed, activating the downstream genes. The aptamer region in 

this riboswitch was reported to interact with the ligand through eleven bases:  9-12 (5’-CAGC-

3’), and 24-30 (5’-GCCCUUG-3’). These positions were randomized as outlined in Figure 5.1 by 

introducing degenerated NNN codons (randomized A, G, C, T) through PCR, generating a 

library of 411 possible variants (≈4.2 millions). This library was inserted into the pTrp-TheoRS-

CatUpp between the trp promoter and the cat-upp gene fusion gene.31  The trp promoter assures 

high riboswitch activation and protein expression.91, 92  

5.2 Dual genetic screening to select aptamers 

 

The selection scheme is outlined in Figure 5.2.  The conditions were previously determined as 30 

µg/mL of chloramphenicol and 2.5 mM of caffeine for the positive selection, and as 0.5 µg/mL 

of 5-fluorouracil (5-FU) for the negative selection. GH371 E. coli cells lacking upp gene were 

used in the genetic selection.93 When the aptamer binds to caffeine or any other endogenous 

metabolite, it triggers a conformational change in the RNA structure that induces the release of 
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the RBS and subsequent expression of chloramphenicol acetyl transferase (CAT), allowing cells 

to survive in the presence of chloramphenicol.  To assure that the aptamer only binds to caffeine 

and not any endogenous ligands, negative selection plates contain 5-FU.  Any endogenous 

metabolite that binds to the riboswitch will express the UPRT protein, which in the presence of 

5-FU leads to the inhibition of thymidylate synthase, resulting in cell death.94 

 

Figure 5.1 Strategy to design the TheoRS library. Figure shows original binding to theophylline 

(yellow structure) and randomization of positions 9-12 and 24-30 using PCR. RNA 2D structures 

were modeled using RNAStructure 6.3 software.95, 96 

 

This process was repeated three times for the positive selection and two times for the negative 

selection.  One hundred and ninety-two clones were randomly picked, grown, and stamped on 

plates containing 50 µg/mL chloramphenicol in the presence and absence of caffeine.  One clone 

was selected for the growth advantage in the plate containing caffeine, and it was tested under 

the same conditions as shown in Figure 5.3. 
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Figure 5.2 Dual genetic selection for caffeine riboswitches using cat-upp fusion gene. 

 

 

Figure 5.3 Caffeine induced expression of chloramphenicol acetyl transferase (CAT) in GH371 

E. coli cells.31 
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The selected clone was sequenced and the bases at the aptamer domain were: 5’-ATTT-3’ and 

5’-TGTGTAC-3’ for the positions 9-12 and 24-30 respectively. This clone was named caffeine 

riboswitch (CaffRS). 

5.3 Caffeine induced expression of β-galactosidase (LacZ) and green fluorescent protein 

(GFPuv)  

 

LacZ and GFP are widely used as reporter proteins to measure the levels of gene expression by 

colorimetric and fluorescence assays.88, 96-99  In order to study whether CaffRS could activate the 

expression of these proteins, CaffRS was inserted between the trp promoter and lacZ or gfpuv 

genes to produce the pTrp-CaffRS-LacZ and pTrp-CaffRS-GFPuv plasmids, respectively. XL1-

Blue E. coli cells were transformed with the respective plasmids and were grown overnight at 

37°C in Luria Bertani media (LB) containing 2.5 mM caffeine.  Blue colonies were formed by 

LacZ expression in the presence of 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) 

and fluorescent colonies were formed by GFPuv expression and as shown in Figure 5.4.  In 

contrast, for the cells grown in the absence of caffeine, white colonies were observed for the 

LacZ expression, and little fluorescence was detected for the GFP expression.  

When caffeine-induced cells are spread in culture media containing X-gal and IPTG, β-

galactosidase is expressed and X-gal is hydrolyzed to galactose (1) and 5-bromo-4-chloro-3-

indole (2), which further dimerizes into (3) in the presence of oxygen, forming an intense blue 

precipitate as shown in Scheme 5.1.  The intensity of the blue color is correlated with the level of 

expression of LacZ.100  
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Figure 5.4 Caffeine induced expression of LacZ (top) and GFPuv (bottom) in XL1-Blue E. coli 

cells. 

 

 

Scheme 5.1 Hydrolysis of X-gal by β-galactosidase. 

 

-Caffeine +2.5mMCaffeine

LacZ

GFPuv

-Caffeine + 2.5 mM Caffeine
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    β-galactosidase assay 

 

To determine the concentration-signal dependency and specificity of CaffRS respect to caffeine, 

a β-galactosidase assay was performed. Both pTrp-CaffRS-LacZ and pTrp-TheoRS-LacZ were 

used to transform XL1-Blue E. coli cells and the cells were grown overnight in the presence of 

increasing concentrations of caffeine and theophylline within 0-5 mM range.  

 

Scheme 5.2 Hydrolysis of ONPG by β-galactosidase. 

 

For the β-galactosidase assay, cells are lysed using sonication and the lysate is reacted with o-

nitrophenyl-β-D-galactopyranoside (ONPG), a galactose analog that colors the solution yellow 

by the release of o-nitrophenol (Scheme 5.2). The time of the reaction is determined from the 

moment that the substrate is added to the development of yellow color, in which sodium 

carbonate or bicarbonate is added to stop the reaction.96, 101   The absorbance of the solution at 

420 nm is determined and the Miller units are calculated using the formula: 

 

M.U =
𝐴420nm × 1000

𝑂𝐷600 × 𝑡 × 𝑉
 

 

Where: 

MU: Miller units 

A420nm: Absorbance of the samples at 420nm. 
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OD600: Optical density of the cell culture 

t: time in minutes 

V: volume in mL. 

 

As expected, the cells containing CaffRS showed an increase in the β-galactosidase activity 

proportional to the concentration from 0-5 mM (Figure 5.5) and the increase in the activity 

corresponded to 3-fold when the concentration of caffeine was 5 mM respect to no caffeine in 

solution.31  

When cells containing CaffRS were grown in the presence of theophylline, the LacZ assay 

showed a proportional increase in the β-galactosidase activity as the concentration of 

theophylline increases.  This result suggests an expansion of the selectivity rather than a change 

in the selectivity, probably due to the small difference between caffeine and theophylline 

(theophylline is smaller by one methyl group at nitrogen atom N-7 than caffeine).  

In the case of TheoRS, our findings are consistent with the specificity of TheoRS reported in the 

literature.89  When comparing both riboswitches, CaffRS showed a higher background signal 

when no caffeine was present, which suggests that CaffRS has the equilibrium shifted further 

than TheoRS towards its ligand-free “ON” structure from its ligand-free “OFF” conformation 

where the RBS is exposed or sequestered, respectively.89  
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Figure 5.5 β-galactosidase activities of CaffRS and TheoRS in the presence of 0-5 mM of 

caffeine and theophylline. Values represent the mean of three independent measurements and 

their respective standard deviations (s.d). 

 

We used RNA structure 6.3, a 2D RNA structure software, to predict the secondary structures of 

CaffRS and TheoRS (Figure 5.6). TheoRS has six ligand-free conformations with similar 

energies, but only one exposes the RBS. However, CaffRS has four different conformations with 

similar energies and two of them have exposed RBS. 

0

200

400

600

800

1000

1200

1400

1600

1800

0 1 2 3 4 5 6

M
il

le
r 

U
n

it
s

Inducer Concentration (mM)

Theo RS + Caff Theo RS + Theo Caff RS + Caff Caff RS + Theo



 

  62 

 

Figure 5.6 2D structures determined for a) TheoRS and b) CaffRS in ligand free state using 

RNAStructure 6.3.95 Red box represents the beginning of the RBS. 

 

5.5 Conclusions 

 

We demonstrated that cat-upp fusion gene can be used to select synthetic riboswitches in vivo. 

CaffRS enhanced the expression of GFPuv and LacZ as well as expanded selectivity for 

theophylline and caffeine. This simple cell viability-based selection could be useful to reengineer 

a) TheoRS:
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existing riboswitches and to select new synthetic riboswitches, in addition to the use of 

exogenous substances to control gene expression. 
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CHAPTER 6 

DUAL GENETIC SELECTION OF A SARCOSINE SPECIFIC APTAMER FROM THE 

GLYCINE RIBOSWITCH  

In 2004, Breaker et al. identified a glycine-sensing RNA in Vibrio cholerae and Bacillus subtilis 

responsible for the regulation of a three gene operon (gcvT, gcvPA, gcvPB) that  controls the use 

of glycine as carbon source.  The glycine riboswitch is composed of two different aptamers (type 

I and type II) adjacent to each other and followed by a single expression platform.37, 102  When 

glycine binds to the glycine aptamer, the anti-terminator loop is formed to allow transcription to 

occur.  Although it was initially suggested that both aptamers were necessary for binding, the 

new evidence indicated that both tandem and single aptamers are found in glycine regulation 

systems and they bind with similar affinity to glycine.103-105  Since aptamer type II is directly 

located upstream from the expression platform without the need to have a ghost aptamer that is 

usually needed to stabilize the structure of aptamer type I, we decided to create a library of 

glycine aptamers from the B. subtilis’ glycine riboswitch type II aptamer to select synthetic 

riboswitches that bind to small molecules of biological relevance, including sarcosine and other 

glycine analogs. 105  

Sarcosine or N-methyl glycine is a naturally occurring metabolite synthesized by the enzyme 

glycine N-methyl transferase (GNMT), which is over-expressed in prostate cancer tissues (PCa) 

and indicates poor prognosis.106, 107  Elevated levels of sarcosine in urine samples have been 

suggested as a non-invasive method to diagnose prostate cancer. Therefore, we intended to select 

synthetic sarcosine riboswitches as a potential biosensor for sarcosine.  
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6.1 Sarcosine aptamer library design 

 

Applying the same principle from the previous chapter, we randomized seventeen positions at 

the glycine binding site (gcvT) using polymerase chain reaction (PCR) to produce a gcvT 

aptamer library.  The library was inserted into the pTrp-gcvT-CatUpp plasmid (Figure 6.1).  

  

Figure 6.1 Strategy to design the gcvT library. Positions 13-16, 42-44, 49-51, 68-72 and 77-78 

were randomized using PCR. RNA 2D structures were modeled using RNAStructure 6.3 

software 
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6.2 Dual genetic screening of sarcosine riboswitches 

 

The selection scheme is outlined in Figure 6.2.  Chemically defined rich (CDR) media was used 

to select aptamers against sarcosine in the presence of 30 µg/mL chloramphenicol for the 

positive selection and 0.5 µg/mL 5-FU for the negative selection.   

 

Figure 6.2 Dual-genetic screening used to select riboswitches against sarcosine (5 mM). 

 

It should be noted that glycine is a natural amino acid, and it is present in media during both 

positive and negative selection steps. The cells containing any aptamer that binds to glycine 

would die during the negative selection process, enriching the riboswitches that are only 
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activated by sarcosine.  Three rounds of selection were performed, and 192 clones were re-tested 

at 40 µg/mL of chloramphenicol.  

Initially, no difference in cell growth was observed for the chloramphenicol plates with and 

without sarcosine, possibly due to higher chloramphenicol tolerance by the gcvT riboswitches 

compared to the TheoRS.   Therefore, the chloramphenicol tolerance of the library was tested 

again after the third round of selection and colonies were able to survive up to 80 µg/mL 

chloramphenicol (Figure 6.3).  Sixty clones were re-tested under these conditions, and twenty-

four colonies survived at 80 µg/mL of chloramphenicol when 5 mM of sarcosine was added.   As 

a result of the enrichment process, several clones had the same sequence, as shown in Table 6.1 

and an extra base was introduced to clone D4 yielding eleven different variants. 

   

Figure 6.3 a)chloramphenicol tolerance test of gcvT library after 3rd selection. b)re-testing of 

the 3rd positive selection of the gcvT library with higher chloramphenicol concentrations and 5 

mM sarcosine. 
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Table 6.1 DNA sequences of the sarcosine specific riboswitches derived from the glycine 

riboswitch (gcvT).  Bases underlined represent positions mutated, while highlighted bases 

represent changes in sequence within the intended mutations.   

 

Mutant           ’     ’ 

WT 

(gcvT)  

ACG CAA CTC TGG AGA GTG TTT GTG CGG ATG CGC AAG CCA CCA AAG 

GGG ACG TCT TTG CGT ATG CAA AGT AAA CTT TCA GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT  

A1 

ACG CAA CTC TGG GAA GTG TTT GTG CGG ATG CGC AAA CCA CCA TGG 

GGG AAA TCT TTG CGT ATG CAA AAC ACT CTT TCA GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT  

A7, B1, 

D1, D7, 

D9, E12 

ACG CAA CTC TGG AGA GTG TTT GTG CGG ATG CGC AAA CCA CCA TCG 

GGG AAA TCT TTG CGT ATG CAA AGG TGG CTT TTT GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT  

A8 

ACG CAA CTC TGG AGA TTG TTT GTG CGG ATG CGC AAA CCA CCT GAG 

GGG GTA TCT TTG CGT ATG CAA ATA CAA CTT TCA GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT  

C9 

ACG CAA CTC TGG TTT TTG TTT GTG CGG ATG CGC AAA CCA CCA CAG 

GGG AAA TCT TTG CGT ATG CAA AGT TAC CTT TGT GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT  

A6 

ACG CAA CTC TGG AGT TTG TTT GTG CGG ATG CGC AAA CCA CCG TAG 

GGG CCG TCT TTG CGT ATG CAA AGA TCG CTT TCA GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT  

D4 

ACG CAA CTC TGG TCC TTG TTT GTG CGG ATG CGC AAA CCA CCC CTG 

GGG CCA TCT TTG CGT ATG CAC CAG GCG CCT TTG CGG TGC CAG GAC 

AGA GAA CCT TCA TTT TAC ATG AGG TGT TTC TCT GTC CTT TTT T  
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A3 

ACG CAA CTC TGG TTT CTG TTT GTG CGG ATG CGC AAA CCA CCC AAG 

GGG AAG TCT TTG CGT ATG CAA AGC TGA CTT TGG GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT 

B7 

ACG CAA CTC TGG CGA GTG TTT GTG CGG ATG CGC AAA CCA CCG GGG 

GGG ATT TCT TTG CGT ATG CAA AAG TGC CTT TTT GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT 

A11, B4 

ACG CAA CTC TGG GCA ATG TTT GTG CGG ATG CGC AAA CCA CCT GAG 

GGG TAC TCT TTG CGT ATG CAA AGT AAA CTT TCA GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT 

A12, B8 

ACG CAA CTC TGG TAA GTG TTT GTG CGG ATG CGC AAA CCA CCG ACG 

GGG AAA TCT TTG CGT ATG CAA AGC AGC CTT TCA GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT 

C8 

ACG CAA CTC TGG AGT TTG TTT GTG CGG ATG CGC AAA CCA CCG GGG 

GGG TAT TCT TTG CGT ATG CAA ATT ATA CTT TCC GGT GCC AGG ACA 

GAG AAC CTT CAT TTT ACA TGA GGT GTT TCT CTG TCC TTT TTT 

 

6.3                                 β-galactosidase (LacZ) 

 

The selected gcvT riboswitch variants were introduced into pTrp-gcvT-LacZ between the SpeI 

and NcoI restriction sites to produce the pTrp-SarRS-LacZ plasmid. The resulting plasmids were 

used to transform XL1-Blue E. coli cells, spread on LB plates containing Xgal/IPTG/sarcosine, 

and blue colonies were isolated.  β-galactosidase assay was performed for the cells transformed 

with different clones of SarRS. Figure 6.4 shows the results obtained when all the variants 

expressed β-galactosidase with different sarcosine concentrations. 
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Figure 6.4 β-Galactosidase activities for SarRS clones in the presence of 0-5 mM of sarcosine. 

Measures represent three biological replicates with their respective standard deviation (s.d). 

Analyzed with Microsoft excel. 

From all the clones tested, A3, A1, A7(B1, D1, D7, D9, E12) and A8 showed slight increase in 

the β-galactosidase activities within their determined standard deviations compared with the rest 

of the clones which indicated a low level of gene activation.  Interestingly, some of these clones 

were highly enriched within the pool selected, suggesting that they were likely a consequence of 

the selection when the lower concentration of chloramphenicol was used.   

Clones D4, A12 (B8) and B7 did not show a concentration-dependent increase in the β-

galactosidase activities. Although more information is needed to justify this behavior, some of 
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the possible reasons can be multiple specificity (competitivity), low affinity, complex binding 

mechanisms, and even errors associated with the assay performed.  

Clone C8 exhibited promising results, with β-galactosidase activities about 1.5-fold with respect 

to the background signal, however the values obtained were not proportional to the increase in 

the concentrations. It is likely that this riboswitch is activated by sarcosine, but the binding 

mechanism may be different, and some cooperation may be required.  

Two clones showed a concentration-dependent response within their respective standard 

deviations and are likely to be specific for sarcosine only: A6 and C9. In both cases the signal 

was increased about 1.5 and 2-folds when the concentration of ligand went from 0 to 5 mM. 

Although the background signal found at 0 mM is attributed to the presence of a possible ON 

free ligand conformation, when studying the 2D possible structures of the RNA (Figure 6.5), no 

conformations were found exposing the anti-terminator loop, even for the glycine riboswitch that 

previously showed low background signal when no glycine is added.37, 108  Lipfert et al. 

suggested the existence of a transition state between unbound (U) and glycine-bound (B) called 

M, in which magnesium plays a role in the formation of a less stable but possible structure in 

Vibrio cholerae glycine aptamers, specially Type II.  The small angle X-ray scattering (SAXS) 

data suggests that the riboswitch is partially folded at millimolar concentrations of Mg2+ and that 

those contacts are further enhanced when glycine is added.109, 110  Additionally, the riboswitch 

might still be reacting with glycine from the culture media when no sarcosine is present, but once 

it is added the specificity may shift towards it.  In vitro assays may be necessary to determine the 

selectivity of SarRS. 
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 Figure 6.5 2D structures determined for a)glycine RS and b)sarcosine RS A6 and c)sarcosine 

RS C9 in ligand free state using RNAStructure 6.3.Yellow bases denote randomized positions, 

purple bases represent the formation of the terminator loop (OFF conformation)95
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Figure 6.5 (Continued) 2D structures determined for a)glycine RS and b)sarcosine RS A6 and 

c)sarcosine RS C9 in ligand free state using RNAStructure 6.3.Yellow bases denote randomized 

positions, purple bases represent the formation of the terminator loop (OFF conformation)95 

 

6.4 In vitro transcription of sarcosine riboswitches 

 

Sarcosine riboswitches A6 and C9 were amplified by PCR and the T7 promoter was added at the 

upstream of the riboswitch sequence. The resulting DNA was inserted between EcoRI and 

HindIII restriction sites of the pUC-19 plasmid. The DNA was amplified to generate a linear 

166bp DNA (Figure 6.6a). In vitro transcription was performed using T7 RNA polymerase. The 

transcripts were analyzed with TBE-Urea gel electrophoresis (Figure 6.6b), visualized through 

UV-shading, extracted with n-butanol, and purified using ethanol precipitation.  



 

  74 

 

Figure 6.6 a)amplification of linear DNA of T7SarRS clones A6 and C9. b)in vitro transcription 

of SarRS clones A6 and C9. NEB DNA 100bp ladder used as a reference. 

 

6.5 Sarcosine riboswitch binding studies by ITC  

 

The RNA was allowed to fold at 60°C for five minutes, cooled down on ice, and dialyzed 

overnight using a 3.5 kDa cut-off dialyzer tube with a buffer containing 4-(2-hydroxyethyl)-1-

piperazine ethane sulphonic acid (HEPES), NaCl and MgCl2 as suggested by the literature.111 

Several trials using RNA concentrations in the micromolar range were done, but the ITC signals 

obtained were not strong enough for binding studies. The amount of RNA in millimolar 

concentrations required for the ITC measurements is too large to be produced.  Also, because the 

glycine riboswitch is Mg2+ dependent for binding, the 10 mM Mg2+ concentration used may have 

not been enough to generate a well-resolved ITC curve. As suggested by some studies, we plan 

to use 40 mM of MgCl2.
46  

6.6 Conclusions and future directions 

 

We used in vivo selection to generate two riboswitches that respond to the increment in 

concentrations of sarcosine and that can be potentially used to sense sarcosine in biological 

samples. To evaluate their specificity and binding, it is necessary to use an in vitro assay.  We 
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are currently studying the use of circular dichroism as an alternative to study binding of SarRS 

A6 and C9 when titrated with different concentrations of sarcosine and glycine. We also used the 

library to generate synthetic riboswitches for creatine, another glycine analog. The variants 

obtained are currently being sequenced and their β-galactosidase activity is being determined.  
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EXPERIMENTAL SECTION 

1. Synthesis of Dansyl-Dap 

 

2-Amino-3-(5-(dimethylamino)naphthalene-1-sulfonamide)propanoic acid was synthesized 

according to the protocol published by Summerer et al.15  Dansyl chloride and triethylamine 

were purchased from Sigma, and  BOC-Dap-OH from Fluka.  1H-NMR and 13C-NMR were 

recorded on a 400 MHz Bruker Avance spectrometer at 400 and 101MHz respectively. The 

spectra are shown on Figures S1 and S2. 

 

 

Figure S. 1 1H spectrum of synthesized Dansyl-Dap in DMSO-d6. 
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Figure S. 2 13C NMR spectrum of synthesized Dansyl-Dap in DMSO-d6. 

 

2. General biological procedures 

PCR was performed with 10 ng of DNA template, 1X iproof reaction buffer, 10 nmol dNTPs, 1U 

iproof DNA polymerase (Bio-Rad), and 25 pmol primers in 50 µL of total volume. Thermal 

conditions depended on the size and primers used and will be described in the subsequent 

sections. 

In every cloning step, DNA size was confirmed using 1% agarose electrophoresis. After PCR, 

DNA was purified using QIA quick PCR purification kit (Qiagen). Restricted fragments were 

purified using QIAquick gel extraction kit (Qiagen). 
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Ligation was performed with T4 DNA ligase (NEB). DNA was purified using Qiagen minelute 

kit. 

Sequencing was done using BigDye terminator sequencing kit in 20 µL total volume: 200 ng  

DNA, 3.2 pmol primer, 1.75 µL Big Dye sequencing buffer. DNA was incubated in compel 

beads in a glycol solution (BET), magnetized and washed twice with 70% ethanol and eluted 

with 40 µL of ddH2O. Sequence was analyzed with ABI 3130 Genetic analyzer, SeqA6 

(ThermoFisher) and Benchling. 

Plasmid DNA was isolated (miniprepped) by resuspending cells in Qiagen P1 buffer, lysed with 

Qiagen P2 buffer, and neutralized with Qiagen N3 buffer. Lysate was centrifuged at 13500 rpm 

for 10 min to separate the bacterial debris. Supernatant was purified using QIAprep Spin DNA 

miniprep kit (Qiagen). 

3. Construction of the MtLRS ANIGT, GNIGG, GLVGE 

 

The fragment containing N-terminal mutations was design in two steps: 

1. Fragment N1 (245 bp) and N2 (599 bp) were made with pSupk-MtLRS-HL(TAG)3-ΔCP1 as a 

template, using the primers shown in Table E.1. Thermal conditions are shown in Table E.2. 

2.The N-terminal fragment (823 bp) was assembled using equimolar amounts of fragments N1 

and N2 (40 ng DNA total), MLRS_F1 F and MLRS PCR MluI R primers, and the components 

described in section 2. Thermal conditions are shown in Table E.3. 
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Table E.1  Primers used to introduce N-terminal mutations on MtLRS ANIGT, GNIGG and 

GLVGE mutants. 

Reaction Mutant Primer forward Primer Reverse 

 

 

N1 ANIGT 

MLRS_F1 F: 

5’-CCC GGT CAT CAA 

TCA TCC CC-3’ 

MLRS A32N33 OE_PCR R: 

5’-GCA TCG CAC CAC TGG GGT AGG 

GGT TCG CGA CTG TGA GGA ATA 

TCT TTT CTC TGT C-3’ 

 

N1 

GNIGG 

MLRS_F1 F (see 

ANIGT) 

OE 

MLRS G32N33 OE_PCR R: 

5’-GCA TCG CAC CAC TGG GGT AGG 

GGT TGC CGA CTG TGA GGA ATA 

TCT TTT CTC TGT C-3’ 

 

N1 

GLVGE 

MLRS_F1 F (see 

ANIGT) 

MLRS G32L33 OE_PCR R: 

5’- GCA TGC CAC CAC TGG GGT AGG 

GCA GGC CGA CTG TGA GGA ATA 

TCT TTT CTC TGT C-3’   

 

N2 

All 

clones 

MLRS Y33X OEPCR F: 

5’-CCC TAC CCC AGT 

GGT GCG ATG C-3’ 

MLRS MluI R: 

5’-GGG CAG ACG CGT TCC AAG GC-3’ 

 

Table E.2 Thermal conditions used for the N-terminal reactions 1 and 2 during the design of the 

MtLRS ANIGT, GNIGG and GLVGE mutants. 

Step Temperature (°C) Time  

1 98 30s Initial denaturation 

2 98 5s Denaturation 
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3 50 10s Annealing 

4 

72 15s Extension, go to step 2 

34 times  

5 72 5min Final extension 

 

Table E.3 Thermal conditions used for the N-terminal fragment assembly during the design of 

the MtLRS ANIGT, GNIGG and GLVGE mutants. 

Step Temperature (°C) Time  

1 98 30s Initial denaturation 

2 98 10s Denaturation 

3 60 30s Annealing 

4 72 30s Extension, go to step 2, 34 times  

5 72 5min Final extension 

 

For C-terminal mutations, no template was used. Instead, two fragments (C1 and C2) were made 

with equimolar amounts of the primers shown in Tables E.4-E.6 (for a total of 50 pmol) and the 

components in section 2.  

Table E.4 Primers used to introduce C-terminal mutations on MtLRS ANIGT mutant. 

Mutant Reaction Primers 

ANIGT C1 

MLRS OE_PCR MluI P1: 5’-CTT GGA ACG CGT CTG CCC TGG GAT 

GAG AGG TGG ATC ATC GAA CCC CTC ACA GAC TC-3’ 

MLRS OE_PCR I516 P2: 5’-CAT CGA ACC CCT CAC AGA CTC AAC 

AAT CAT TAT GGC ATA TTA CAC CAT CGC A-3’ 
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MLRS lib P3: 5’-CAA AGA ACT CAT CGT CCA TCT CCC CGG CAT 

CCA TCT CCC TGA GGC GGT GTG CGA TGG TGT AAT ATG CC-3’ 

MLRS lib P4: 5’-CCG GAA TTC CTC CCT GAG ATC CTC AAA GGT 

TCC TGA ATC ATC TAG GAA TAT GGC ATC AAA GAA CTC ATC 

GTC CAT CTC-3’ 

C2 

MLRS OE_PCR G566 P5: 5’-GGA TCT CAG GGA GGA ATT CCG 

GTA CTG GTA CCC CCT TGA CTG GGG CCT CTC TGC AAA-3’ 

MLRS OE_PCR T5 6 P6: 5’-CTC TGC AAA GGA CCT CAT AGG 

CAA TAC CCT GAC ATT CCA TAT ATT CCA CCA CTC AGC-3’ 

MLRS lib P : 5’- CCA CAG CAC CCC GTG GCC ACC CTG ACT 

CAG GGA ATA TGG CTG AGT GGT GG-3’ 

MLRS lib P8: 5’-CCA CAG CAC CCC GTG GCC ACC C-3’ 

 

Table E.5 Primers used to introduce C-terminal mutations on MtLRS GNIGG mutant. 

Mutant Reaction Primers 

GNIGG C1 

MLRS OE_PCR MluI P1: 5’-CTT GGA ACG CGT CTG CCC TGG GAT 

GAG AGG TGG ATC ATC GAA CCC CTC ACA GAC TC-3’ 

MLRS OE_PCR I516 P2: 5’-CAT CGA ACC CCT CAC AGA CTC AAC 

AAT CAT TAT GGC ATA TTA CAC CAT CGC A-3’ 

MLRS lib P3: 5’-CAA AGA ACT CAT CGT CCA TCT CCC CGG CAT 

CCA TCT CCC TGA GGC GGT GTG CGA TGG TGT AAT ATG CC-3’ 

MLRS lib P4: 5’-CCG GAA TTC CTC CCT GAG ATC CTC AAA GGT 

TCC TGA ATC ATC TAG GAA TAT GGC ATC AAA GAA CTC ATC 
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GTC CAT CTC-3’ 

C2 

MLRS OE_PCR G566 P5: 5’-GGA TCT CAG GGA GGA ATT CCG 

GTA CTG GTA CCC CCT TGA CTG GGG CCT CTC TGC AAA-3’ 

MLRS OE_PCR G5 6 P6: 5’-CTC TGC AAA GGA CCT CAT AGG 

CAA TGG CCT GAC ATT CCA TAT ATT CCA CCA CTC AGC-3’ 

MLRS lib P : 5’- CCA CAG CAC CCC GTG GCC ACC CTG ACT 

CAG GGA ATA TGG CTG AGT GGT GG-3’ 

MLRS lib P8: 5’-CCA CAG CAC CCC GTG GCC ACC C-3’ 

 

Table E.6 Primers used to introduce C-terminal mutations on MtLRS GLVGE mutant. 

Mutant Reaction Primers 

GLVGE 

C1 

MLRS OE_PCR MluI P1: 5’-CTT GGA ACG CGT CTG CCC TGG GAT 

GAG AGG TGG ATC ATC GAA CCC CTC ACA GAC TC-3’ 

MLRS OE_PCR V516 P2: 5’-CAT CGA ACC CCT CAC AGA CTC 

AAC AAT CGT GAT GGC ATA TTA CAC CAT CGC A-3’ 

MLRS lib P3: 5’-CAA AGA ACT CAT CGT CCA TCT CCC CGG CAT 

CCA TCT CCC TGA GGC GGT GTG CGA TGG TGT AAT ATG CC-3’ 

MLRS lib P4: 5’-CCG GAA TTC CTC CCT GAG ATC CTC AAA GGT 

TCC TGA ATC ATC TAG GAA TAT GGC ATC AAA GAA CTC ATC 

GTC CAT CTC-3’ 

C2 

MLRS OE_PCR G566 P5: 5’-GGA TCT CAG GGA GGA ATT CCG 

GTA CTG GTA CCC CCT TGA CTG GGG CCT CTC TGC AAA-3’ 

MLRS OE_PCR E5 6 P6: 5’-CTC TGC AAA GGA CCT CAT AGG 
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CAA TGA ACT GAC ATT CCA TAT ATT CCA CCA CTC AGC-3’ 

MLRS lib P : 5’- CCA CAG CAC CCC GTG GCC ACC CTG ACT 

CAG GGA ATA TGG CTG AGT GGT GG-3’ 

MLRS lib P8: 5’-CCA CAG CAC CCC GTG GCC ACC C-3’ 

 

C-terminal fragment (314 bp) was assembled using equimolar amounts of fragments C1 (192 bp) 

and C2 (142 bp) for 20 ng total template, MLRS OE_PCR MluI P1 and pmol MLRS lib P8 

primers, and the components shown in section 2. Thermal conditions are shown in Table E.7. 

Table E.7 Thermal conditions used for the C-terminal fragment assembly during the design of 

the MtLRS ANIGT, GNIGG and GLVGE mutants. 

Step Temperature (°C) Time  

1 98 30s Initial denaturation 

2 98 10s Denaturation 

3 50 30s Annealing 

4 

72 30s Extension, go to step 2 

34 times  

5 72 5min Final extension 

 

The last step of overlapping PCR was performed: Equimolar amounts of both N- and C- terminal 

fragments (to 35 ng of DNA total) were reacted MLRS_F1 F and MLRS lib P8 primers and the 

components at section 2. Thermal conditions are shown in Table E.8. 
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Table E.8 Thermal conditions to generate the inserts for the MtLRS ANIGT, GNIGG and 

GLVGE mutants. 

Step Temperature (°C) Time  

1 98 30s Initial denaturation 

2 98 10s Denaturation 

3 60 30s Annealing 

4 

72 45s Extension, go to step 2 

34 times  

5 72 5min Final extension 

 

The fragment containing both N- and C-terminal mutations (1118 bp) was restricted between 

NdeI and DraIII and inserted into pSupK-MtLRS-HL(TAG)3-ΔCP1.  

DH10B E. coli cells were transformed by electroporation and grown overnight at 37°C on Luria 

Bertani (LB) plates containing 50 µg/mL kanamycin.   

4. Expression of Z-domain WT and TAG mutant 

 

BL21(DE3) E. coli cells were transformed with pET-21Z WT or K7TAG and spread on LB 

plates containing 100 µg/mL carbenicillin. Electrocompetent cells were prepared by standard 

procedure and transformed with the pSupK-MtLRS HL(TAG)3-ΔCP1 plasmids containing the 

ANIGT, GNIGG or GLVGE mutations and spread on LB plates containing 100 µg/mL 

carbenicillin and 50 µg/mL kanamycin. 

A few colonies containing both pET-21 Z (WT and K7TAG) and pSupK-MtLRS-HL(TAG)3-

ΔCP1 plasmids (ANIGT, GNIGG, GLVGE) were grown overnight in T  instant autoinduction 

media at 37°C with and without 1 mM Dansyl-Dap.  



 

  85 

5. Z-domain purification 

 

Cells were harvested at 6000 g and 4°C for 10 min and lysed using sonication (5 pulses of 20 s at 

50%). Lysate was purified using Ni-NTA column in non-denaturing conditions: Lysis buffer 

(300 mM NaCl, 20 mM NaH2PO4, pH: 7.5), wash buffer (300 mM NaCl, 20 mM NaH2PO4, 5 

mM Imidazole, pH: 7.5), and elution buffer (300 mM NaCl, 20 mM NaH2PO4, 500 mM 

Imidazole, pH: 7.5). The purified Z-domain proteins were desalted and concentrated using 

Amicon 3K ultrafiltration column, lyophilized, and sent to LSU facility for ESI-MS analysis.  

6. SDS-PAGE 

 

Protein samples were mixed with Nu-PAGE loading buffer and heated at 95°C for 5 minutes. 

Solutions were loaded on Nu-PAGE Bis-Tris 4-12% and ran at 200 V for 50 min in 1X MOPS 

SDS running buffer. The gel was washed three times with water and stained overnight using 

Simply Blue Safe Stain (ThermoFisher). 

7. Construction of pRCG plasmid 

 

7.1 pRCG Q98TAG D111TAG and pRCG D111TAG 

 

pBREP and pRep-CatUpp plasmids containing Q98TAG and D111TAG or D111TAG mutations 

were digested with HindIII and PciI restriction enzymes.  DNA was purified from agarose gel 

and ligated as described in section 2.  The purified DNA was used to transform NE  5α E. coli 

cells by electroporation. 

Single colonies were grown overnight at 37°C in LB containing 100 µg/mL of carbenicillin and 

harvested at 6000 g for 10 min. The plasmid DNA were isolated and sequenced as described in 

section 2  
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7.2 pRCG Q98TAG 

 

Quick Change site directed mutagenesis kit (Agilent) was used to remove the D111TAG 

mutation from pRCG plasmid using two primers: CAT QC TAG111D F: 5’-GGA GTG AAT 

AAC ACG ACG ATT TCC GGC AGT TTC-3’ and CAT QC TAG111D R: 5’- GAA ACT GCC 

GGA AAT CGT CGT GGT ATT CAC TCC-3’. DpnI enzyme was used to destroy the parental 

DNA and NE  5α E. coli cells were transformed using chemical transformation. The plasmid 

DNA was isolated, and sequencing as described in section 2. 

8. Pre-Selection conditions 

 

Positive selection plates were made with Bacto agar, GMML media (1X of M9 salts, 0.1 mM 

CaCl2, 1% glycerol, 0.3 mM leucine, 100 µg/mL carbenicillin, 50 µg/mL kanamycin, and 

varying concentrations of chloramphenicol from 0-200 µg/mL.  When only pRCG plasmid was 

tested, no kanamycin was added.  Negative selection plates were made using LB agar, 100 

µg/mL of carbenicillin, 50 µg/mL kanamycin, and varying concentrations of 5-Fluorouracil from 

0-500 µg/mL.  When only pRCG plasmid was tested, no kanamycin was added. 

GH371 E. coli cells were transformed with pRCG alone or both pRCG and pSupK-MtLRS-

HL(TAG)3-ΔCP1 plasmids. The cells (40µL) were plated on positive and negative selection 

plates. Cells were grown for 3 days at 37°C. 

9. Construction of the MtLRS library 

 

 Mutations at the N-terminal were introduced as described in experimental section 3.  The 

primers used are shown in Table E.9. 
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Table E.9 Primers used to introduce N-terminal mutations on MtLRS library. 

Reaction Primer forward Primer Reverse 

 

 

N1 

MLRS_F1 F: 

5’-CCC GGT CAT CAA 

TCA TCC CC-3’ 

MLRS A32X Y33X OE_PCR R: 

5’-GCA TCG CAC CAC TGG GGT AGG 

GMN NMN NGA CTG TGA GGA ATA 

TCT TTT CTC TGT C-3’ 

 

N2 

MLRS Y33X OEPCR F: 

5’-CCC TAC CCC AGT 

GGT GCG ATG C-3’ 

MLRS MluI R: 

5’-GGG CAG ACG CGT TCC AAG GC-3’ 

  

The same method was used for the introduction of the C-terminal mutations. Primers are shown 

in Table E.10. 

Table E.10 Primers used to introduce C-terminal mutations on MtLRS library. 

Reaction Primers 

C1 

MLRS OE_PCR MluI P1: 5’-CTT GGA ACG CGT CTG CCC TGG GAT 

GAG AGG TGG ATC ATC GAA CCC CTC ACA GAC TC-3’ 

MLRS OEPCR Y516X P2: 5’-CAT CGA ACC CCT CAC AGA CTC 

AAC AAT CNN KAT GGC ATA TTA CAC CAT CGC A-3’ 

MLRS lib P3: 5’-CAA AGA ACT CAT CGT CCA TCT CCC CGG CAT 

CCA TCT CCC TGA GGC GGT GTG CGA TGG TGT AAT ATG CC-3’ 

MLRS lib P4: 5’-CCG GAA TTC CTC CCT GAG ATC CTC AAA GGT 

TCC TGA ATC ATC TAG GAA TAT GGC ATC AAA GAA CTC ATC 
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The N-terminal fragment (823 bp) was assembled as described in section 3, but the first 10 

cycles were done without primers, and 25 cycles after adding the primers as described in the 

literature.112 The DNA was digested with the NdeI and MluI restriction enzymes, and introduced 

into pSupk-MtLRS-HL(TAG)3-ΔCP1 by ligation (Section 2). DH10B E. coli cells were 

transformed by electroporation and plated on LB plates containing 50 µg/mL kanamycin. The 

pool of cells was collected, and DNA was isolated and sequenced as described in part 2. DNA 

was digested with the MluI and DraIII restriction enzymes, and the larger band from the 1% 

agarose electrophoresis was used as a vector to insert the C-terminal mutations.  

The C-terminal fragment (314 bp) was assembled as it was done for the ANIGT, GNIGG and 

GLVGE mutants, and it was digested with the MluI and DraIII restriction enzymes and 

introduced into pSupK-MtLRS-HL(TAG)3-ΔCP1 containing N-terminal mutations by ligation 

(Section 2).  DNA was isolated by ethanol precipitation using yeast tRNA and ethanol, as 

GTC CAT CTC-3’ 

C2 

MLRS Library P5: 5’-GGA TCT CAG GGA GGA ATT CCG GTA CTG 

GTA CCC CCT TGA CTG GNN KCT CTC TGC AAA GGA CCT CAT 

AGG C-3’ 

MLRS library P6: 5’-CTC TGC AAA GGA CCT CAT AGG CAA TNN 

KCT GAC ATT CCA TAT ATT CCA CCA CTC AGC CAT ATT CCC-

3’ 

MLRS lib P : 5’- CCA CAG CAC CCC GTG GCC ACC CTG ACT 

CAG GGA ATA TGG CTG AGT GGT GG-3’ 

MLRS lib P8: 5’-CCA CAG CAC CCC GTG GCC ACC C-3’ 
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described by Zhu et al.113 DH10B E. coli cells were electroporated and grown overnight at 37°C.  

The DNA was isolated and sequenced (Section 2) to verify the randomization at the intended 

positions. The transformation efficiency of the library achieved was approximately 106 c.f.u.  

10. Dual genetic screening of the MtLRS library 

 

Dansyl-Dap was synthesized and characterized as described in section 1 of this experimental 

section. 4-Nitro-1-phenylalanine was purchased from Aroz Technologies. 

Positive and negative selection plates were made as described in section 3 with 50 µg/mL 

chloramphenicol or 22.5 µg/mL 5-FU, respectively. 1 mM Dansyl-Dap or 4-Nitro-1-

phenylalanine was added to the positive selection plates.  

GH371 E. coli cells were transformed with pSupK-MtLRS-HL(TAG)3-ΔCP1 library plasmid 

and pRCG Q98TAG and amplified using standard procedures. An aliquot of 40 µL cells with an 

OD600 210 was diluted with 100 µl of 1X phosphate buffered saline solution (PBS) and plated on 

positive selection plates.  

After 72h of growth at 37°C, the pool of colonies obtained were collected in PBS and 

centrifuged at 6000 g, and 4°C for 10 min. DNA was isolated as described in section 7.2 and 

used to transform GH371 E. coli cells containing pRCG Q98TAG. The transformed DNA was 

plated on negative selection plates and grown at 37°C for 72h. 

From the last positive selection step, 96 colonies were grown in a 96 well plate with 100 µg/mL 

carbenicillin and 50 µg/mL kanamycin for 5h. The colonies were stamped on GMML plates 

containing 50 µg/mL chloramphenicol with or without 1 mM UAA using an autoclaved 

toothpicks or a replicator.  Positive and negative plates were compared after 72 h of growth, and 
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the clones whose colonies only grew when UAA was present were cultured at 37°C overnight in 

LB containing carbenicillin and kanamycin, miniprepped and sequenced.  

11. Construction of the aptamer library of the theophylline riboswitch 

 

The aptamer library was constructed by polymerase chain reaction (PCR) of pTrp-TheoRS-

CatUpp using two synthetic oligonucleotides: 5’- CAT CGA ACT AGT TTA ATG TGT GGA 

AGG TGA TAC NNNN ATC GTC TTG AT NNNNNNN GCA GCA CCC TGC TAA GGT 

AAC -3’and 5’- CCG TAT GGC AAT GAA AGA CGG -3’. The PCR product was inserted into 

pTrp-TheoRS-CatUpp between SpeI and EcoRI restriction sites to produce the library plasmid. 

12. Dual genetic selection of the CaffRS 

 

The library plasmid was introduced into E. coli GH371 cells using electroporation. A chemically 

defined rich (CDR) medium containing 0.2% glucose, 0.2% casamino acids, 50 mM Na2HPO4, 

50 mM KH2PO4, 25 mM (NH3)2SO4, 2 mM MgSO4, 1x vitamins solution, 1x trace metals 

solution, and carbenicillin (100 µg/mL) was used for E. coli cell culture throughout the selection 

process.114 The 10,000x trace metals solution and 1,000x vitamin solution were prepared as 

previously described.115 For positive selection, the transformed cells were spread on CDR agar 

plates containing chloramphenicol (30 µg/mL) and caffeine (2.5 mM) and incubated at 37°C 

overnight. The cells were collected in Luria-Bertani (LB) medium and plasmid DNA was 

isolated using QIAprep Spin DNA miniprep kit (Qiagen). For negative selection, the isolated 

DNA was used to transform the GH371 E. coli cells by electroporation. The transformed cells 

were spread on CDR agar plates containing 5-fluorouracil (0.5 µg/mL) and incubated at 37°C 

overnight. The plasmid DNA was isolated from the collected cells and used in the subsequent 

round of positive selection. The positive and negative selection steps were repeated once. From 
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the third positive selection agar plate, individual colonies were randomly picked and suspended 

in individual wells of 96-well plates containing CDR medium with chloramphenicol (50 µg/mL) 

and caffeine (2.5 mM). The plates were incubated at 37°C overnight. A 96-pin replicator was 

used for replica printing of individual colonies from the 96 well plates onto CDR agar plates 

containing chloramphenicol (50 µg/mL) with and without 2.5 mM caffeine. Plasmid DNA was 

isolated and sequenced from one clone that showed growth advantage in the presence of 

caffeine. 

13. Construction of the p-Trp-CaffRS-GFPuv plasmid 

 

The selected clone was amplified by PCR using two synthetic oligonucleotides: 5’-GGT ACC 

ATC GAT GAG CTG TTG ACA ATT AAT CAT CG-3’ and 5’-TCC TTT GCT AGC CAT 

CTT GTT GTT ACC TTA GCA GGG-3’. The PCR product was inserted between NheI and ClaI 

restriction sites of pGLO plasmid. The plasmid was introduced into E. coli XL1-Blue cells using 

electroporation, and fluorescent colonies were selected using LB plates containing 2.5 mM of 

caffeine. The caffeine riboswitch was confirmed by sequencing. The same procedure was used to 

construct p-Trp-TheoRS-GFPuv. 

14. Construction of the pTrp-CaffRS-LacZ plasmid 

 

The selected clone was amplified by PCR using two synthetic oligonucleotides: 5’-ATC GAT 

GCA TGC GAG CTG TTG ACA ATT AAT CAT GG-3’ and 5’-GGC CGT TAC TAG TGG 

ATC CAT CTT GTT GTT ACC TTA GCA GGG-3’. The PCR product was inserted between 

SpeI and SphI restriction sites of pBAD-LacZ plasmid. The plasmid was introduced into E. coli 

XL1-Blue cells using electroporation, and blue colonies were selected using LB plates containing 

2.5 mM of caffeine, 100 µg/mL of carbenicillin, Isopropyl β-D-1-thiogalactopyranoside (IPTG) 
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and 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal). The same procedure was used 

to construct p-Trp-TheoRS-LacZ. 

15. β-Galactosidase Assay 

 

XL1-Blue E. coli cells containing the plasmid p-Trp-CaffRS-LacZ or p-Trp-TheoRS-LacZ were 

incubated overnight in carbenicillin/LB culture induced with different concentrations of caffeine 

(0-5 mM) until reaching log phase. Cell permeabilization procedure was performed according to 

van Vlack and Seeliger.96 OD600 was determined for the induced cultures. 1 mL of cells was 

centrifuged for 5 min at 12,000 g, removing supernatant. Cells were resuspended in 1mL of Z 

buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4 and 50 mM of β-ME, 

adjusted at pH=7) and lysed with sonication using 3 pulses of 20s at 50%. Cell debris was 

removed by centrifugation, and the lysate was transferred to a new tube. O-nitrophenyl-β-D-

galactopyranoside solution (2 mg/mL) was added at t=0 to the lysate and to the blank (Z Buffer) 

until yellow was visible. The reaction was stopped with NaHCO3 1M solution and the time was 

recorded. Absorbance at 420 nm was recorded using Agilent Technologies Cary 60 UV-Vis 

Spectrophotometer System and Miller Units were calculated according with the equation shown 

in Chapter 5, section 5.4. 

7.16 Construction of the aptamer library of the glycine riboswitch 

 

Two rounds of PCR were used for the construction of the library. In the first round, five primers 

were used and in the second round two additional primers were used.   Library was inserted into 

pTrp-gcvT-CatUpp-GFPuv between BamHI and NcoI restriction sites. Table E.11 shows the 

sequences of the primers used. 
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Table E.11 Primers used for the design of the gcvT riboswitch library. 

Reaction Primer 

1 

pTrp P1: 

 5’- TAG CGG ATC CGA GCT GTT GAC AAT TAA TCA-3’ 

pTrp P2:  

5’- CCA GAG TTG CGT TCC ACA CAT TAA ACT AGT TCG ATG 

ATT AAT TGT CAA CAG CTC-3’ 

pTrp P3: 

5’- GTG TGG AAC GCA ACT CTG GNN NNT GTT TGT GCG GAT 

GCG CAA ACC ACC-3” 

gcvT P4: 

5’- GGT TCT CTG TCC TGG CAC CNN AAA GNN NNN TTT GCA 

TAC GCA AAG ANN NCC CCN NNG GTG GTT TGC GCA TCC 

GCA C-3’ 

gcvT P6: 

5’- GGT GCC AGG ACA GAG AAC CTT CAT TTT ACA TGA GGT 

GTT TCT CTG TCC TTT TTT GTA TG-3’ 

2 

gcvT pTrp PCR NcoI R1:  

5’- CTT ATG AAA GCG ACC GCA GCT AAA AAA CAT ACA AAA 

AAG GAC AGA GA-3’ 

gcvT pTrp PCR NcoI R2: 

5’- TTC TCC ATG GGC GAC CTC CTT ATG AAA GCG ACC GCA 

GC-3’  
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17. Dual genetic screening of the sarcosine riboswitch 

 

Plates were made as described in section 12, but the concentration of chloramphenicol was 

increased to 40 µg/mL for the positive selection, and up to 80 µg/mL after adjustments were 

made.  Also, 5 mM of sarcosine was added instead of caffeine. 

No adjustments were made for negative selection plates.  

18. Construction of the pTrp-SarRS-LacZ plasmid 

 

pTrp-SarRS-LacZ was constructed by introducing the Sar RS hits between SpeI and NcoI 

restriction sites of pBAD-LacZ using T4 ligase (NEB). XL1-Blue E. coli cells were transformed 

with the pTrp-SarRS-LacZ plasmids, grown overnight at 37°C on LB plates containing IPTG, 

Xgal and 5 mM of sarcosine.  The DNA from blue colonies were isolated and sequenced as 

described in section 2.   

19. β-galactosidase assay (modified) 

 

Because of the high β-galactosidase activity by SarRS variants, a modified assay was performed:  

Single colonies were grown overnight at 37°C in LB containing 100 µg/mL carbenicillin and 0-5 

mM of sarcosine respectively.  OD600 was measured using biowave cell densimeter. Cells were 

harvested at 12000 rpm for 10 min, 4°C and sonicated in Z buffer (60 mM Na2HPO4, 40 mM 

NaH2PO4, 10 mM KCl, 1 mM MgSO4 and 50 mM of β-ME, adjusted at pH=7) at 50% (20 s on, 

2 s off per 1minute). Cells were centrifuged again to remove bacterial debris, and 100 µL  

supernatant was mixed with 1 mL water for colorimetric assay. 50 µl of 2 mg/mL 2-nitrophenyl-

galactopyranoside was added to the diluted lysates and once yellow was developed, reaction was 

stopped by adding 80 µL 1 M Na2CO3 solution. Absorbance at 420 nm was monitored and 

recorded using Agilent Technologies Cary 60 UV-Vis Spectrophotometer System.  Z buffer was 
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used as control. This assay was done three times per sample. Miller units were calculated 

following the same equation as section 15.  Dilution factors were considered.  

20. Introduction of T7 promoter for in-vitro transcription 

 

T7 promoter was introduced by PCR at the upstream of SarRS clones A6 and C9 using two 

primers: pTrp-gcvT-CatUpp PCR T7 EcoRI F: 5’-GCC AGT GAA TTC TAA TAC GAC TCA 

CTA TAG GAA CGC AAC TCT GG-3’ and pTrp-gcvT-CatUpp PCR HindIII R: 5’-TAC GCC 

AAG CTT AAA AAA GGA CAG AGA AAC ACC TC-3’. The 166 bp fragment obtained was 

introduced into pUC-19 plasmid between EcoRI and HindIII restriction sites by ligation. XL1-

Blue E. coli cells were transformed with the ligation products and grown overnight at 37°C on 

LB plates containing 100 µg/mL carbenicillin.  DNA was isolated and sequenced (Section 7.2). 

To generate a linear DNA to be used for the in vitro transcription, DNA was amplified by PCR 

using pTrp-gcvT-CatUpp PCR T7 EcoRI F and gcvT PCR R (5’-AAA AAA GGA CAG AGA 

AAC ACC-3’) and DNA was purified. 

21.  In-vitro transcription of T7 SarRS clones A6 and C9 

 

Linear DNA (1µg) containing T7 promoter was reacted with 1X of T7 RNA polymerase buffer 

(NEB) with 0.5 mM NTPs, 1 U/µL RNAse inhibitor (NEB), 5 mM Dithiothreitol (DTT), and 10 

U T7 RNA polymerase in 50 µL of solution completed with DEPC treated water.  Reaction was 

incubated for 6 h at 37°C, followed by addition of 1µL of DNAse I and incubation at 37°C for 1 

h. 

RNA was analyzed using 10% TBE-Urea PAGE, bands were visualized by UV-shadowing, cut 

minced, extracted overnight with RNA extraction buffer (100 mM NaCH3COO, 1 mM EDTA 

and 0.1% SDS, pH= 4.5) and filtered. RNA was concentrated with n-butanol, followed by 



 

  96 

ethanol precipitation. The RNA pellets were dissolved in DEPC water and stored at -20°C until 

used.83  
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APPENDIX 

 

A.1 Homology results analysis between archaea and bacteria LeuRS 
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An orthogonal pair composed by a leucyl-tRNA synthetase from Methanobacterium 

thermoautotrophicum (MtLRS) and tRNA from Halobacterium sp. NRC-1 (Hhl4) was used to 

incorporate UAAs in bacteria. Using a sequence homology analysis between LeuRS from 

bacteria and archaea, we determined the amino acid residues responsible for binding in the active 

site of the MtLRS. We generated three variants containing five mutations in the active site to 

incorporate 2-amino-3-(5-(dimethylamino)naphthalene-1-sulfonamide)propanoic acid (Dansyl-

Dap), and used these variants in the expression of Z-domain containing an amber stop codon 

(K7TAG).15  The variants did not incorporate Dansyl-Dap at the TAG codon of the Z-domain 

gene.  We designed a library of MtLRS variants randomizing the same positions in the active 

site. For dual genetic selection we constructed the pRCG plasmid, which contains a cat-upp 

fusion gene with TAG codons at permissible sites of the chloramphenicol acetyl transferase 

(CAT) gene. Three variations of the pRCG plasmid were tested for amber suppression using the 

wild type MtLRS lacking the editing domain: Q98TAG, D111TAG, and a double mutant 

containing both mutations. The Q98TAG showed the highest amber stop codon suppression 

efficiency for the selection experiment, so this variant was used in the genetic selection of the 

MtLRS library for the incorporation 4-nitro-1-phenylalanine and Dansyl-Dap. The obtained 



 

   

variants are currently under study to evaluate their ability to incorporate these UAAs to the Z-

domain protein. 

Dual genetic selection was also used to select synthetic riboswitches. As a proof of concept, we 

randomized eleven bases at the binding site of the synthetic theophylline riboswitch and used the 

cat-upp fusion gene to select a riboswitch specific for caffeine. The selected variant (CaffRS) 

was tested for β-galactosidase activity, a colorimetric assay to study the concentration-signal 

dependency.31  We then used this approach to select riboswitches for sarcosine, a prostate cancer 

biomarker.  Two clones showed β-galactosidase activities proportional to the concentration of 

sarcosine (A6 and C9) and are currently tested for in vitro binding assays. 
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