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Abstract 

The formation of pseudouridine (Ѱ) and 5-methyluridine (m
5
U) in the T-arm of transfer 

RNAs (tRNAs) is near-universally conserved. These two modifications are formed in 

Escherichia coli by the pseudouridine synthase TruB and the S-adenosylmethionine-

dependent methyltransferase TrmA, respectively. In this thesis, I investigate the function 

and mechanisms of these two tRNA modifying enzymes. First, in vitro and in vivo 

analysis of TruB reveals that this enzyme is acting as a tRNA chaperone which proves a 

long outstanding hypothesis. Secondly, characterization of ligand binding by TrmA 

shows that binding is cooperative and disruption of tRNA elbow region tertiary 

interactions by TrmA is essential for efficient tRNA binding and catalysis, leading to 

future analysis. In conclusion, my studies further our understanding of the mechanism 

and function of tRNA modifications and modifying enzymes, as well as shed light on 

why all cells invest substantial resources into fine-tuning the chemical composition of 

tRNAs. 
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1.1 Transfer Ribonucleic Acid 

Transfer RNA (tRNA) is an essential adaptor molecule that transports amino acids to the 

ribosome in order to facilitate the synthesis of a polypeptide. The lifecycle of a tRNA is 

complex and involves transcription, processing, folding, modification, aminoacylation 

and degradation. tRNA must interact with numerous protein factors during its lifetime 

such as a variety of modification enzymes, aminoacyl synthetases, and EF-Tu. Finally, 

tRNAs must be properly accommodated into the A and P sites of the ribosome and 

decode the mRNA message. This thesis highlights the importance of tRNA modification 

and modification enzymes for cellular fitness. 

1.2 Biogenesis of tRNA in E. coli 

Transfer RNA is often transcribed as a polycistronic precursor RNA by RNA polymerase 

(RNA polymerase III in eukaryotes) (Willis 1993; Ishihama 2000). In Escherichia coli, 

there are 86 tRNA genes corresponding to 45 tRNA species (Withers et al. 2006). 

Frequently used tRNAs (i.e. tRNAs used to decode codons that appear often in open 

reading frames (ORFs) of highly expressed genes) always have at least four copies, 

whereas less used tRNAs have two or three copies. Genes for rare tRNAs have only a 

single copy. However, it is not only gene copy number that contributes to tRNA 

abundance, but also promoter activity. There are ten E. coli tRNA genes that are present 

in the spacer regions of rRNA operons, and six tRNA operons that contain protein genes, 

such as EF-Tu. Since both EF-Tu and rRNA are highly expressed in cells, these operons 

are under the control of strong promoters, and as a result, these tRNA genes are 

abundantly transcribed (Komine et al. 1990; Blattner et al. 1997). 
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Once the precursor tRNA is synthesized, it undergoes multiple processing steps to yield 

the final RNA products (Figure 1.1). RNase E is essential for cell viability and is 

responsible for generating pre-tRNAs from a polycistronic precursor (Ow and Kushner 

2002). The 5´ leader sequence of the tRNA transcript is removed by the endoribonuclease 

RNase P to produce mature 5´ ends (Altman et al. 1995). The maturation of the 3´ end is 

more complicated as many exoribonucleases are involved with some redundancies, 

including RNase D, RNase BN, RNase T, RNase PH, RNase II, and polynucleotide 

phosphorylase (PNP) (Li and Deutscher 1996). In eukaryotes, RNase Z catalyzes the 

cleavage directly following the discriminator N73 nucleotide prior to the addition of the 

essential 3´CCA sequence (Schiffer et al. 2002). Alternatively, genes coding for tRNA in 

E. coli already contain the CCA sequence, but cells still have a CCA-adding enzyme 

present to assist in tRNA repair (Zhu and Deutscher 1987). Although not all E. coli tRNA 

transcripts contain introns, those that do undergo intron removal via a group 1 self-

splicing mechanism (Kuhsel et al. 1990; Reinhold-Hurek and Shub 1992). 

As precursor tRNA is transcribed in bacteria, it can fold rapidly into the characteristic 

cloverleaf secondary and L-shaped tertiary conformations. The formation of the 

canonical cloverleaf structure of sequential polycistronic tRNAs can bring the 5´ RNase P 

sites together for processing (Seidman and McClain 1975). The formation of the native 

tertiary structure is dependent on temperature and ion strength, most notably magnesium 

(Cole and Crothers 1972; Cole et al. 1972; Yang and Crothers 1972; Sampson and 

Uhlenbeck 1988; Serebrov et al. 1998). Folding is independent of tRNA modifications, 

but the level of modification decreases if mutations in the tRNA prevent correct folding 

(McClain and Seidman 1975; Hall et al. 1989). Although most modifications are not 
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Figure 1.1. Transfer RNA processing in bacteria. Polycistronic precursor tRNA is 

cleaved by RNase E downstream of the encoded 3´ CCA determinant. Mature 5´ termini 

are generated by RNase P cleavage. Subsequent trimming of the 3´ terminus proceeds 

through a number of exonucleolytic cleavage steps producing mature tRNA transcripts. 

Modification of tRNA nucleosides can possibly occur during any of these maturation 

steps. 
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essential for tRNA folding, several studies suggest that they modulate the stability of 

tRNA tertiary structure, level of aminoacylation, and translational efficiency (Hagervall 

et al. 1990; Urbonavičius et al. 2002; Agris et al. 2007; Ranjan and Rodnina 2016). 

tRNAs are composed of 76 - 90 nucleotides that fold into a cloverleaf secondary structure 

typically resulting in four stems with a small variable loop region (Class I) or a larger 

variable region that can form an additional hairpin (Class II) (Figure 1.2) (Sprinzl et al. 

1998; Giegé et al. 2012). The acceptor stem forms by base pairing between the 5´ and 3´ 

termini, and the conserved CCA 3´ overhang is the site of aminoacylation. Nucleotides 

10 to 25 fold into the D-arm, named as such for the common dihydrouridine 

modifications found in the loop. The anticodon stem loop consists of nucleotides 27 – 43 

and contains the anticodon triplet (nucleotides 34 to 36) that is used to decode mRNA 

codons in the ribosome. Some tRNAs may contain a variable loop, which can range in 

size and occurs between positions 45 and 46. The last stem loop contains the near-

universally conserved modifications of ribothymine (5-methyluridine, m
5
U, T) at position 

54 and pseudouridine at position 55 (Ѱ), as well as the invariant C56 and is thus called 

the TѰC-arm (Holley et al. 1965). The first three-dimensional structure of tRNA was 

described in 1973 and revealed that the cloverleaf secondary structure folds into an L-

shaped conformation (Kim et al. 1973). Two helices of the tRNA cloverleaf always stack 

onto each other coaxially forming two main arms connected through the elbow region. 

The acceptor arm consists of the T-arm stem loop and the acceptor stem, with the 

anticodon arm, forming from the D-arm and anticodon stem loops (Figure 1.2).  
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Figure 1.2. Secondary and tertiary structures of E. coli tRNA
Phe

 highlighting base 

pairing and long-range interactions between stem loops as well as modification sites. 

A) Classical cloverleaf representation of tRNA secondary structure. The nucleotide chain 

is represented by circles connected by solid lines. Base-pairing and tertiary interactions 

are shown as dotted lines. Arrows indicate nucleoside modification with corresponding 
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modifications shown at right: 1. 4-thiouridine, 2. Dihydrouridine, 3. Pseudouridine, 4. 2-

methylthio-N
6
-isopentenyladenosine, 5. 7-methylguanosine, 6. 3-(3-amino-3-

carboxypropyl )uridine 7. 5-methyluridine B) Two-dimensional representation of the 

tertiary structure of tRNA emphasizing the contacts made between the D-arm (blue) and 

T-arm (green). Acceptor stem is in yellow, anticodon stem loop in purple, and the 

variable loop is orange. Arrows indicate modification sites as described in (A) C) Crystal 

structure of unmodified E. coli tRNA
Phe 

(3L0U) with arms coloured as in (B) (Byrne et 

al. 2010). 

1.3 Modifications in tRNA 

Transfer RNAs in E. coli range in length from 74 to 89 nucleotides and can have up to 

10% of their sequence modified (Machnicka et al. 2012). Most modifications are located 

in the anticodon stem loop and the elbow region of tRNA. Modifications of the position 

34, the wobble position of the anticodon, can be very complex and act to promote, 

expand, restrict and/or alter codon-anticodon interactions during translation (Hagervall et 

al. 1990; Agris 2004; Agris et al. 2007). Additionally, position 37, 3´ to the anticodon, is 

always conserved as a purine and is often modified to prevent frameshifting errors, and 

mischarging of certain tRNAs (Miller et al. 1976; Putz et al. 1994; Lamichhane et al. 

2013). This position can also be hypermodified to help stabilize codon/anticodon 

interactions or reinforce stacking to maintain the correct U loop structure. Specifically, 

the unmodified anticodon loop of E. coli tRNA
Phe

 adopts a small three nucleotide loop 

not observed in the mature tRNA. NMR analysis revealed that with the addition of 

nucleoside modifications the loop adopts a more native-like conformation (Sundaram et 

al. 2000; Cabello-Villegas and Nikonowicz 2005). While the anticodon loop can contain 

a variety of unique and complex modifications, the elbow region modifications are far 

more conserved across species and tRNA subtypes. In fact, these modifications are so 

common that tRNA secondary structure is named after them. The D-arm, comprised of 
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nucleotides 11 to 25, is designated as such due to the highly conserved presence of 

dihydrouridine (D) modifications at positions 16, 17, 20, 20a, or 21 of the stem loop 

(Figure 1.2). Only 5 tRNAs in E. coli lack all D modifications, with the remaining having 

at least one (Machnicka et al. 2012). The 2´-O-methylation of G18 in the D-arm stem 

loop is also common and found in more than 30% of the tRNA species of E. coli. In the 

single glutamate tRNA isoacceptor of E. coli, a pseudouridine modification is located at 

position 13. While the D-arm can have some variability in the number and positioning of 

the modifications, the T-arm of tRNA has an almost universally conserved modification 

pattern of 5-methyluridine (m
5
U/T) and pseudouridine (Ѱ). With few exceptions, 

nucleotides 53-56 are conserved as GUUC, which is then modified to GTѰC and thus 

denotes the name of the stem loop (Machnicka et al. 2012). The focus of this thesis will 

be on the TѰC-arm modifications in bacterial tRNAs. 

1.4 Pseudouridine in RNA 

Pseudouridine is the most common modification found in RNA and is often referred to as 

the “fifth nucleotide” (Davis and Allen 1957). Discovered more than 50 years ago, 

pseudouridine can be found in many different functional RNAs, but was recently 

confirmed to also be present in mRNA (Carlile et al. 2014; Li et al. 2015). Pseudouridine 

is the 5-ribosyluridine isomer of canonical 1-ribosyluridine and thereby has a unique C1´-

C5 bond between the ribose sugar and the uracil base, but retains uracil’s ability to base 

pair with adenine (Figure 1.2). The enhanced rotational freedom of the carbon-carbon 

bond over the nitrogen-carbon bond allows for greater conformational flexibility of the 

nucleoside (Figure 1.2; Davis, 1998). However, the additional N1 imino group, which 

now has the ability to hydrogen bond as well, has been shown to be involved in 
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coordinating a water molecule between the base and the preceding backbone 

phosphodiester bond, resulting in an overall more rigid local RNA structure (Arnez and 

Steitz 1994; Davis 1995; Davis 1998; Davis et al. 1998). Free pseudouridine in solution 

has a slight preference for the syn glycosyl conformation, in contrast to uridine and the 

other canonical nucleosides (Davis 1998). However, when pseudouridine is part of a 

polynucleotide chain, only the anti conformation has been observed (Yarian et al. 1999). 

Several spectroscopic studies have revealed that pseudouridine, as a part of an 

oligoribonucleotide sequence, forms A-form helices with increased base stacking 

compared to the unmodified RNA which is proposed to be the primary effect on RNA 

structure stabilization (Davis 1995).  

Pseudouridine is often found in functionally important regions of non-coding RNA. In 

some eukaryotes, pseudouridines are integral to the spliceosomal machinery. Many pre-

mRNA transcripts contain introns that need to be removed before being used in protein 

translation. The spliceosome, a large dynamic molecular machine, consists of both 

proteins and RNA and catalyzes the splicing reaction within pre-mRNA. The RNA 

components known as “uridyl-rich” small nuclear RNAs (snRNAs), U1, U2, U4, U5, and 

U6, are extensively post-transcriptionally modified with pseudouridine, among other less 

common modifications (Reddy and Busch 1988). The pseudouridines in spliceosomal 

snRNAs are highly conserved across species and are clustered in functionally important 

regions of the RNA (Massenet et al. 1998). In U2 snRNA, pseudouridine modifications 

are found frequently in the branch site recognition region, which recognizes the branch 

site of pre-mRNA during splicing. Specifically, in Saccharomyces cerevisiae, it was 

shown that the presence of pseudouridine at position 35 in U2 not only stabilizes the 
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branch-site interactions, but also changes the orientation of the bulged adenosine relative 

to the U2 snRNA-intron duplex. These findings suggest that pseudouridine better 

positions the branch-site adenosine for recognition and subsequent activity during 

splicing (Newby and Greenbaum 2001; Wu et al. 2016). 

The ribosome, another large dynamic ribonucleoprotein complex, also contains multiple 

pseudouridine modifications. While E. coli contains only one pseudouridine in the small 

ribosomal subunit, S. cerevisiae 18S ribosomal RNA (rRNA) can have up to 14. The 

number of pseudouridine modifications increases in the large subunit with 10 in E. coli, 

30 in S. cerevisiae, and 55 in humans (Ofengand 2002). The most highly conserved 

pseudouridines across all species are found in the loop of helix 69. In E. coli, these 

residues, pseudouridine 1911, 1915, and 1917, help form an important bridge between the 

small and large ribosomal subunits, as well as interact with translation factors and tRNA 

during protein synthesis (O'Connor and Gregory 2011). Pseudouridines are also clustered 

around the peptidyl transferase centre. In E. coli, five pseudouridine residues are present 

in 23S rRNA that are within close proximity to nucleotides that are directly involved in 

peptide bond formation (Bakin and Ofengand 1993). Pseudouridines may also play a role 

in antibiotic resistance, as E. coli strains lacking pseudouridines at positions 955, 2504, 

and 2580 showed an increase in their susceptibility towards antibiotics targeting the 

peptidyl transferase centre of the ribosome (Toh and Mankin 2008). While many of these 

pseudouridine modifications are conserved in all domains of life, the loss of individual 

pseudouridine residues does not significantly impact cell survival. King and coworkers 

(2003) showed that in yeast, the deletion of individual pseudouridines from rRNA does 

not significantly affect the growth of the cells. However, when multiple pseudouridines 
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were removed, synergistic effects were observed, resulting in impaired translation (King 

et al. 2003).  

As mentioned above, pseudouridine is present at position 55 of almost all tRNAs in all 

domains of life. In E. coli, pseudouridine can also be found at positions 13, 32, 38, 39, 

40, and 65 in various tRNA isoacceptors. Lack of individual pseudouridine modifications 

in tRNA does not result in significant changes in cell viability, but can impair cell 

survival in co-culture competition (Li et al. 1997; Raychaudhuri et al. 1999; Gutgsell et 

al. 2000; Kaya and Ofengand 2003). Pseudouridines have also been proposed to aid in 

extreme temperature resistance in both E. coli and the thermophile Thermus thermophilus 

(Kinghorn et al. 2002; Ishida et al. 2011). Notably, Ishida and coworkers (2011) 

observed an increase in Gm18, m
5
s

2
U54, and m

1
A58 levels when pseudouridine 55 was 

absent, signifying that pseudouridine 55 may play an important regulatory role in other 

tRNA modifications.  

1.4.1 Pseudouridine synthases: Stand-alone vs. H/ACA s(no)RNP 

Pseudouridine modifications are introduced in RNA by pseudouridine synthases which 

belong to six different families: the TruA, TruB, TruD, RluA, RsuA, and Pus10 family. 

Each family is named after the E. coli representative enzyme, except for Pus10 which is 

not found in bacteria, and thus the family is named after the human protein. Crystal 

structures have been determined for members of each family and reveal a common fold 

for the catalytic domain (Foster et al. 2000; Hoang and Ferré-D'Amaré 2001; Sivaraman 

et al. 2002; Hoang and Ferré-D'Amaré 2004; Hoang et al. 2006; McCleverty et al. 2007). 

Outside of the catalytic core, a variety of additional domains can be found. Members of 
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the RluA and RsuA families can have an N-terminal extension resembling ribosomal 

protein S4 (Sivaraman et al. 2002; Mizutani et al. 2004). Enzymes belonging to the TruB 

family have a C-terminal pseudouridine synthase and archaeosine transglycosylase 

(PUA) domain (Figure 1.3) (Hoang and Ferré-D'Amaré 2001; Li and Ye 2006; Sabina 

and Söll 2006). Within the catalytic core, pseudouridine synthases have five loosely 

conserved sequence motifs: I, II, IIa, III, and IIIa (McCleverty et al. 2007). Motif I plays 

a structural role, where its function is to reinforce the active site loop in motif II 

(Spedaliere et al. 2000; Hamma et al. 2005; Hoang et al. 2005). The only consistently 

conserved residue, a catalytic aspartate, is found within motif II in the active site cleft 

(Foster et al. 2000; Hoang and Ferré-D'Amaré 2001; Sivaraman et al. 2002; Hoang and 

Ferré-D'Amaré 2004; Hoang et al. 2006; McCleverty et al. 2007). Motif II also contains a 

histidine (in TruB family members) or an arginine (in RluA, RsuA, and TruA enzymes) 

that inserts itself between the RNA bases and ensures that the target uridine flips into the 

active site (Hoang and Ferré-D’Amaré, 2001; Hoang et al., 2006). A tyrosine (or 

phenylalanine in TruD family) as part of the conserved K/RxY in motif IIa helps to 

maintain the structural integrity of the active site through hydrophobic interactions 

(Phannachet et al. 2005). The basic residue (K/R) within this conserved sequence 

interacts with the phosphate of the target nucleotide through a salt bridge (Hoang and 

Ferré-D'Amaré 2001; Pan et al. 2003; Phannachet and Huang 2004; Phannachet et al. 

2005). In motif III, a conserved lysine or arginine residue interacts with the catalytic 

aspartate through a salt bridge (Hoang et al., 2006). Although TruB lacks motif III, it too 

has an arginine (R181) that forms a salt bridge with the catalytic residue and helps to 

activate the aspartate for catalysis (Hoang and Ferré-D'Amaré 2001; Friedt et al. 2014). 
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Figure 1.3. Stand-alone and H/ACA sRNP pseudouridine synthases share common 

core architecture. A) E. coli pseudouridine synthase TruB crystal structure (1K8W) with 

characteristic catalytic domain (green) and C-terminal PUA extension (grey) (Hoang and 

Ferré-D'Amaré 2001). B) Archaeal H/ACA sRNP (2HVY) composed of the catalytic 

pseudouridine synthase subunit Cbf5 (green), Gar1 (blue), Nop10 (light grey), L7ae 

(cyan), and guide H/ACA RNA (orange backbone) (Li and Ye 2006). 
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In yeast and other eukaryotes, the stand-alone Pus enzymes are responsible for many 

pseudouridine modifications. Pus1 from S. cerevisiae is a multisite, multisubstrate 

targeting enzyme that forms pseudouridines in the anticodon stem loop of some tRNAs, 

as well as U2 snRNA (Motorin et al. 1998; Massenet et al. 1999). While Pus1 acts on 

cytoplasmic tRNAs, Pus2p is imported into the mitochondria and modifies positions 27 

and 28 of mitochondrial tRNAs in yeast (Behm-Ansmant et al. 2007). Both Pus1 and 

Pus2 belong to the TruA family of pseudouridine synthases, along with another yeast 

enzyme, Pus3, which targets positions 38 and 39 in the anticodon loop of cytoplasmic 

tRNAs (Lecointe et al. 1998). Pus4 is the eukaryotic homolog of TruB, accordingly 

shares remarkable sequence similarity with E. coli TruB and catalyzes the same 

formation of pseudouridine 55 in both mitochondrial and cytoplasmic tRNAs (Becker et 

al. 1997a). Like Pus2, Pus5 is mitochondrial specific, targeting U2819 in mitochondrial 

21S rRNA (Ansmant et al. 2000). Another anticodon stem targeting enzyme, Pus6 

modifies position 31 in both cytoplasmic and mitochondrial tRNAs (Ansmant et al. 

2001). Similarly to Pus1, Pus7 targets multiple sites in cytoplasmic tRNAs as well as 

position 35 in U2 snRNA and is a member of the TruD family (Behm-Ansmant et al. 

2003; Urban et al. 2009). Pseudouridylation at position 32 of tRNAs in yeast, which is 

accomplished by RluA in E. coli, requires two enzymes, Pus8 and Pus9, where Pus8 

targets cytoplasmic tRNAs and Pus9 modifies mitochondrial tRNAs (Behm-Ansmant et 

al. 2004). The most recently identified family of pseudouridine synthases, Pus10, has 

been identified in some archaea and eukaryotes, but is for example not present in S. 

cerevisiae. This enzyme is responsible for the formation of pseudouridine 55 in tRNA, as 

well as pseudouridine 54 in certain archaeal species (Gurha and Gupta 2008). Members 
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of this family have a large N-terminal THUMP domain, which contributes to substrate 

binding, whereas the catalytic domain shares features similar to other pseudouridine 

synthase enzymes (McCleverty et al. 2007; Kamalampeta et al. 2013).  

Although all organisms have stand-alone pseudouridine synthases, in archaea and 

eukaryotes, most pseudouridines are introduced by H/ACA small (nucleolar) 

ribonucleoproteins (H/ACA s(no)RNPs) comprised of four different proteins and a guide 

RNA (Kiss et al. 2010). The complex is comprised of proteins Nop10, Gar1, Nhp2 (L7Ae 

in archaea), and the only essential pseudouridine synthase, the catalytic subunit Cbf5 

(Dyskerin in humans). Archaeal H/ACA sRNAs are typically composed of 60 – 75 

nucleotides that fold into a long hairpin (Dennis and Omer 2005). In most eukaryotes 

such as yeast and humans, the H/ACA snoRNA forms two hairpins each containing a 

single-stranded pseudouridylation pocket. The stem loops are connected by the 

characteristic single-stranded ANANNA Hinge region, and the 3´ end of H/ACA 

snoRNA harbors a conserved 3´ACA box motif (Balakin et al. 1996). The H/ACA 

s(no)RNA is bound to the active site of the pseudouridine synthase subunit and base pairs 

with the target RNA to position the uridine for modification. Nhp2 or L7Ae can directly 

and independently bind to the H/ACA s(no)RNA stem loop (Baker et al. 2005; 

Charpentier et al. 2005; Li and Ye 2006). Nop10 and Gar1 interact with Cbf5, but do not 

associate with the sRNA nor do they require the s(no)RNA presence to form a stable 

ternary protein subcomplex (Rashid et al. 2006). 

1.4.2 Conserved Catalytic Mechanism for Pseudouridine Formation? 
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Since all pseudouridine synthases share a common catalytic core and all require an 

aspartate residue, it is hypothesized that they all share the same catalytic mechanism 

(Mueller 2002). The first step of pseudouridine synthesis is the breakage of the N1-C1´ 

glycosidic bond between the uracil base and ribose sugar. The base can then be rotated or 

flipped within the catalytic pocket and then reattached to the ribose through C5. Three 

possible pathways have been proposed (Figure 1.4). The first mechanism proposed that 

the catalytic aspartate attacks the C6 position of the target uracil forming a stable Michael 

adduct. The final product is then released by hydrolysis of the ester linkage between the 

aspartate and the pyrimidine ring. This mechanism is supported by experiments with 

RNA containing 5-fluorouridine (f
5
U). Santi and coworkers showed that TruA formed a 

complex with f
5
U-tRNA that could survive denaturing gel conditions but could be 

disrupted upon heating. HPLC analysis revealed the RNA was hydrated, unrearranged 

f
5
U with the intact N-glycosidic bond, resulting from ester hydrolysis (Huang et al. 1998; 

Gu et al. 1999). The second proposed mechanism proceeds through an acylal 

intermediate, where the catalytic aspartate attacks the C1´ of the ribose ring. This method 

was proposed based on experiments with TruB and f
5
U-tRNA. The crystal structure of 

TruB was completed in the presence of f
5
U substituted RNA with the aim of observing 

the Michael adduct. Instead, the f
5
U was converted to 5-fluoro-6-hydroxypseudouridine. 

However, labeling studies with 
18

O showed that hydrolysis of an ester adduct with the 

catalytic aspartate would not give rise to this product which speaks against the Michael 

addition mechanism (Huang et al. 1998; Hoang and Ferré-D'Amaré 2001; Hoang et al. 

2006). In 2011, a third mechanism was proposed suggesting the  
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Figure 1.4. Proposed catalytic strategies for pseudouridine formation. A) During the 

Michael Addition mechanism, the catalytic aspartate attacks the C6 position of the uracil 

base. B) As part of the acylal intermediate mechanism, the catalytic aspartate instead 

attacks the C1´ position of the ribose sugar. C) Miracco and Mueller (2011) proposed the 

glycal intermediate mechanism for pseudouridine formation, where uracil extraction can 

be stepwise (top) or concerted (bottom). 
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reaction progresses through a glycal intermediate (Miracco and Mueller 2011). They 

found that f
5
U products could differ in their stereochemistry at C2´, which would require 

epimerization through the formation of a glycal intermediate. New evidence points to the 

glycal mechanism as being most likely the common mode of action for all pseudouridine 

synthases (Veerareddygari 2014). 

1.4.3 A Model Enzyme: TruB 

In E. coli, the stand-alone pseudouridine synthase responsible for Ѱ55 formation in all 

tRNAs is TruB (Figure 1.3A). The N-terminal catalytic domain folds into a curved β-

sheet of 11 antiparallel strands, in addition to 11 α-helices, two short strands and multiple 

loops forming the active site cleft. TruB also has a C-terminal PUA domain that consists 

of a four-stranded β-sheet and one α-helix (Hoang and Ferré-D'Amaré 2001; Pan et al. 

2003). The TruB homolog Cbf5 also has a C-terminal PUA domain which is used to bind 

the ACA trinucleotide motif of guide RNA. TruB’s PUA domain most likely interacts 

with tRNAs acceptor stem 3´CCA sequence in a similar manner (this work; (Pan et al. 

2003)). Within the active site, TruB’s thumb loop, composed of residues from strands β8, 

β9 and helix α4, pinches the major groove of the T-arm stem loop. TruB differs from 

Cbf5 in the active site by the addition of Insertions 1 and 2 that form the tRNA binding 

cleft. Upon binding tRNA, TruB undergoes only a slight movement of Insertion 1, 

whereas Insertion 2 moves almost 26 Å in order to interact with the tRNA. In the apo 

structure, Insertions 1 and 2 interact through nonspecific Van der Waals contacts as well 

as specific interactions, including hydrogen bonds (between D87 and Y126) and 

hydrophobic stacking (between V96 and Y126) (Phannachet and Huang 2004). In order 

for RNA to bind, these interactions must be broken and in doing so new contacts are 
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made with the substrate. Residue D90 of Insertion 1 interacts with N4 of T-arm 

nucleotide C56 via a hydrogen bond, but also interacts with the catalytic residue D48 

prior to RNA binding (Phannachet and Huang 2004; Friedt et al. 2014). The number of 

contacts increase between substrate RNA and Insertion 2 residues upon binding, 

specifically the phosphate ester backbone of T-arm nucleotides G52, G53, and U54 

which interact with G124, K121, and K120, respectively. Additionally, the main chain 

amide group of A119 hydrogen bonds with the phosphate group of the invariant C56 

nucleotide, whereas the 2´-oxygen of C56 interacts via a hydrogen bond with R132. 

Finally, Y128 stacks on G57 in its flipped out conformation (Hoang and Ferré-D'Amaré 

2001; Phannachet and Huang 2004). TruB modifies U55 in all tRNAs in E. coli, as such 

TruB has 40 different substrates with various nucleotide sequences. It has been described 

previously that the only RNA sequence requirements for TruB are nucleotides U54, U55, 

C56, and A58 within the T-arm stem loop. Furthermore, TruB can modify stem loop 

substrates consisting of only 11 nucleotides, but does require a folded stem structure of at 

least four base pairs (Becker et al. 1997b; Gu et al. 1998). Pseudouridine 55 has also 

been found in precursor tRNAs suggesting that TruB and its homologs don’t require a 

fully processed or possibly even fully transcribed tRNA in order to modify its target 

nucleotide (Schaefer et al. 1973; Nishikura and De Robertis 1981). In order to gain 

access to its target nucleotide, TruB binds the T-arm in the active site cleft between 

Insertions 1 and 2. Residue H43, located in a loop region between strands β2 and β3, is 

forced into the RNA stem loop by the closing of the thumb loop into the major groove. 

This results in U55 vacating the stem loop in order to avoid steric clashes with residues 

C-terminal to H43. Nucleotides C56 and G57 are also flipped out of the stem loop into 
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the active site, whereas the reverse Hoogsteen base pair of U54:A58 stacks on top of H43 

(Hoang and Ferré-D'Amaré 2001). The invariant C56 is coordinated by interactions with 

Y126 and D90 within the active site. The nonconserved nucleotide at position 57 makes 

hydrogen bonds to both R141 and Y137. The target nucleotide is coordinated by Y76 

which is conserved in pseudouridine synthases from the TruB, TruA, RluA, and RusA 

families (Phannachet et al. 2005). Another aromatic residue Y179 stacks against the 

ribose of U55, whereas D48, the catalytic aspartate residue, makes hydrogen bonds to the 

uracil base (Hoang and Ferré-D'Amaré 2001; Pan et al. 2003). 

Like in all other pseudouridine synthases, the catalytic aspartate is required for Ψ55 

synthesis by TruB, but is not involved in RNA binding (Ramamurthy et al. 1999a). 

Several groups have determined the rate of pseudouridine formation by TruB with a kcat 

reported to be between 0.12 and 0.7 s
-1

 (Gu et al. 1998; Ramamurthy et al. 1999b; Wright 

et al. 2011). Substrate binding was also proposed to occur in two phases, initial binding 

followed by a conformational change, with an overall rate of 6 s
-1

. Additionally, it was 

observed that along with TruA and RluA, the catalytic step of pseudouridine formation 

(kѰ) by TruB occurs at a rate of 0.5 s
-1

 (Wright et al. 2011). These findings suggest that 

catalysis is uniformly slow for all pseudouridine synthases since they most likely share 

the same chemical mechanism. This rate reflects all steps of catalysis: glycosidic bond 

breakage, base rotation/flipping, and C-C bond formation. Interestingly, the first step of 

catalysis resembles the cleavage of the N-glycosidic bond in DNA by uracil-DNA 

glycosylases, which have been reported to have kcat values between 4 and 200 s
-1

 

(Duraffour et al. 2007; Liu et al. 2007). Thus the first step of catalysis could in theory be 
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faster than the rate reported by Wright et al. (2011), and it may be the subsequent base 

rotation/flipping or C-C bond formation that is the rate-limiting, slow step. 

1.5 Methylation of Bacterial tRNAs 

Methylation of tRNA is very diverse with many different nucleotide positions targeted as 

well as different atoms within the nitrogenous base or ribose sugar. In E. coli, methylated 

nucleotides can range from a simple, single methyl group addition to a complex 

modification requiring multiple enzymes. Simple methylations include the 2´-O-

methylation of G18 in the D loop, N7 methylation of G46 in the variable region, and the 

conserved C5 methylation of U54 in the T-arm (Figure 1.2A). All three modifications are 

proposed to contribute to the stabilization and maintenance of the tertiary structure of 

tRNA (Motorin and Helm 2010). Within the anticodon loop, methylations are commonly 

part of more intricate modifications, such as 2-methylthio-N
6
-isopentenyladenosine or 5-

carboxymethylaminomethyl-2´-O-methyluridine. 

Within the elbow region, the C5 methylation of U54 is found in most sequenced tRNA 

species (Machnicka et al. 2012). This modification can also be found in rRNA. In E. coli, 

it is found in 23S rRNA at position U747 in the loop of helix 35 of domain II, as well as 

at U1939 in hairpin 70 in domain IV. These modifications are catalyzed by the SAM-

dependent methyltransferases RlmC and RlmD, respectively (Agarwalla et al. 2002; 

Madsen et al. 2003). The presence of this modification at position 54 in the T-arm raises 

the melting temperature of E. coli initiator tRNA
Met

 by 6°C and contributes to the overall 

stability of the tRNA (Davanloo et al. 1979; Horie et al. 1985; Motorin and Helm 2010). 
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In most Gram-negative bacteria m
5
U54 is introduced by the SAM-dependent 

methyltransferase TrmA. 

1.5.1 SAM-Dependent Methyltransferases 

S-adenosyl-L-methionine (SAM)-dependent methyltransferases are ubiquitous and 

involved in biosynthesis, signal transduction, protein repair, chromatin regulation, and 

gene silencing (Schubert et al. 2003). Although they all share the same methyl group 

donor, there are five structurally distinct families of SAM-dependent methyltransferases 

(Classes I – V). The first methyltransferase structure was obtained for E. coli DNA 

methyltransferase HhaI in 1993 which has become a model example of Class I 

methyltransferases (Cheng et al. 1993). The E. coli enzyme TrmA is a class I 

methyltransferase and one of the subjects of this thesis (Figure 1.5). Members of class I 

are comprised of a seven-stranded β-sheet with a central “topological switch-point” and a 

reversed β hairpin at the C-terminus. The sheet is also flanked by α helices forming an 

open αβα sandwich, similar to the NAD(P)-binding Rossman-fold (Fauman et al. 1999). 

A conserved GXG motif is located at the end of the first β strand and is essential for 

SAM binding. The only other strongly conserved amino acid is an acidic residue located 

at the end of the second β strand that forms hydrogen bonds with SAM’s ribose hydroxyl 

groups (Fauman et al. 1999). Although most Class I methyltransferases act as monomers, 

they can be found as homodimers or tetramers (Huang et al. 2000; Matsumoto et al. 

2007). Along with the consensus structural core containing the SAM-binding motif, most 

methyltransferase enzymes have auxiliary domains for substrate recognition. The 

substrates for Class I methyltransferases range from nitrogenous bases, ribose sugars, and 

basic residues to small molecules such as catechol and large substrates like tRNA.  
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In archaea and eukaryotes, 2´-O-ribose methylation of ribosomal RNA can also be 

carried out by specialized ribonucleoprotein complexes, similarly to pseudouridine 

formation. In eukaryotes, the complexes localize to the nucleolus and are thus called 

small nucleolar RNPs (snoRNPs), whereas in archaea they are known simply as small 

RNPs (sRNPs). The guide RNA, referred to as C/D box RNA, contains two consensus 

motifs, the 5´ “box C” sequence of RUGAUGA (R is purine), and the 3´ “box D” 

sequence CUGA. Often guide RNAs contain a second set of these conserved sequences – 

the C´ and D´ boxes (Tollervey and Kiss 1997; Kiss-Laszlo et al. 1998). The guide RNA 

folds into a hairpin structure with a K-turn motif. Modification is directed through base 

pairing of the single stranded region between the C and D boxes with sequences flanking 

the site of modification in the substrate RNA. Methylation takes place always five 

nucleotides upstream of the conserved D box (Kiss-Laszlo et al. 1996; Kiss-Laszlo et al. 

1998). In yeast, the C/D snoRNP is composed of the catalytic enzyme Nop1 (fibrillarin), 

as well as auxiliary proteins Nop56, Nop58, and the K-turn binding 15.5-kDa protein 

Snu13 (Galardi et al. 2002). A single protein Nop5 replaces both Nop56 and 58, and 

L7Ae binds the K-turn motif in archaea (Omer et al. 2002). Fibrillarin folds into a novel 

N-terminal domain connected to the C-terminus via a single short helix. The C-terminal 

domain folds into the common Rossman-like conformation of Class I methyltransferases 

and contains a Gly-rich motif for binding SAM (Wang et al. 2000). 

Class II methyltransferases do not resemble Class I enzymes in overall architecture or 

SAM binding and instead target proteins (histones) for methylation. The active site 

domain is dominated by a long, central, antiparallel β-sheet flanked by groups of helices 

at either end. SAM is bound in a shallow groove along the edges of the β strands, where 
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Figure 1.5. Model SAM-dependent methyltransferase TrmA. A) Crystal structure of 

TrmA (3BT7) from E. coli (Alian et al. 2008). RNA-binding domain proposed to interact 

with tRNA D-arm is dark blue. Catalytic domain (cyan) bound to SAH (black). B) S-

Adenosylmethionine (SAM) ligand used as methyl group donor. 

 

it forms hydrogen bonds to a conserved RXXXGY motif (Dixon et al. 1996; Jarrett et al. 

1998). The third class of methyltransferases is characterized by the homodimeric CbiF 

methyltransferase, part of the cobalamin synthesis pathway (Schubert et al. 1998). The 

active site of this class in inserted into a cleft between two αβα domains. Similar to Class 
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I, a GXG motif occurs at the end of the first β strand, but is not involved in SAM binding; 

instead SAM is tightly bound between the two domains. Class IV contains the SPOUT 

family of methyltransferases, including the tRNA m
1
G37 methyltransferase TrmD and 

rRNA G2251 2´-O-rRNA methyltransferase RlmB, both from E. coli (Anantharaman et 

al. 2002; Michel et al. 2002; Elkins et al. 2003). This family is unique as they include a 

six-stranded parallel β-sheet flanked by seven α-helices, and the active site is located near 

the homodimer interface. Interestingly, a significant proportion of the C-terminus is 

folded back into the structure making a “knot”. Finally, the last class (V) is composed of 

the SET-domain enzymes. These methyltransferases are comprised of a series of eight 

curved β strands forming three small sheets. The C-terminus then tucks underneath the 

sheets forming a knot-like structure, like that of Class IV enzymes. SAM is bound in a 

kinked conformation to a concave surface near an invariant tyrosine residue. Members of 

this family are involved in histone methylation (Min et al. 2002; Zhang et al. 2002; 

Dillon et al. 2005). 

Methylation can occur at nitrogen, carbon, and oxygen atoms in a variety of 

macromolecules. Recognition of nitrogen by Class I methyltransferases typically occurs 

through a conserved [D/N/S]PP[Y/F] motif at the C-terminal end of β4 (Gong et al. 1997; 

Goedecke et al. 2001). A charged methylamine intermediate results after methyl group 

transfer which is followed by β-elimination to facilitate product release. This recognition 

mechanism is not nucleotide specific, but instead selects for nitrogens conjugated to a 

planar system. Methylation at N7 of G46 occurs in several tRNA isoacceptors in both 

eukaryotes and prokaryotes (Machnicka et al. 2012). In yeast, this modification is 

catalyzed by the Class I Trm8-Trm82 complex, whereas in bacteria TrmB is responsible 
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(De Bie et al. 2003; Purta et al. 2005; Matsumoto et al. 2007). However, instead of the 

[D/N/S]PP[Y/F] motif, this family of enzymes has a conserved PDP[W/H] sequence at 

the C-terminal end of β strand four, which has been shown to be critical for catalysis 

(Purta et al. 2005). Conversely, the Class V SET-domain methyltransferases bind their 

target lysine nitrogen opposite to SAM in a small channel. The C-terminal pseudoknot 

forms a hydrophobic pocket for the substrate and contains a conserved tyrosine residue 

required for catalysis (Xiao et al. 2003). 

Methylation of carbon is more difficult than modification at polarizable nitrogen. For 

TrmA and similar enzymes, when methylating C5 of uracil, the target nucleotide must 

first be activated by covalent-bond formation between a conserved cysteine thiol group in 

the methyltransferase and carbon C6 of the base (Wu and Santi 1987; Gu and Santi 1992; 

Kealey et al. 1994; Agarwalla et al. 2002). Class I DNA C5-cytosine methyltransferases 

have a conserved Pro-Cys motif within the active site and a neighbouring aspartate 

residue to facilitate proton abstraction (Wu and Santi 1987). Similarly, the RNA C5-uracil 

methyltransferases all have a conserved Cys-Asn motif as well as a glutamate residue 

within the active site (Gu and Santi 1992; Agarwalla et al. 2002; Lee et al. 2004; Lee et 

al. 2005; Alian et al. 2008). 

Oxygen methylation can occur at either 2´ or 3´-hydroxyl groups of riboses, and Mg
2+

 

appears to be important for coordinating the hydroxyl group for catalysis as observed for 

Class I catechol methyltransferase. However, the metal ion is not acting as a general base; 

instead a nearby lysine residue seems to deprotonate the substrate hydroxyl before attack 

by the SAM methyl group (Zheng and Bruice 1997). 
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1.5.2 Alternative Pathways to Methylation 

Interestingly, not all methyltransferases utilize SAM the same way, or even at all. The 

radical SAM superfamily of enzymes includes some methyltransferases. These enzymes 

contain a characteristic [4Fe-4S] cluster coordinated by CX3CX2C motif with the fourth 

iron atom coordinated by bound SAM. The bacterial enzymes RlmN and Cfr, which 

methylate C2 and C8 respectively, of A2503 of 23S rRNA, utilize this mechanism. An 

active site non-cluster cysteine residue is methylated by the bound SAM. A second SAM 

substrate is then used to produce the 5´-deoxyadenosyl radical in order to activate the 

target for methyl group transfer from the methylated cysteine residue (Yan et al. 2010; 

Benítez- Páez et al. 2012; Shisler and Broderick 2012). 

In Gram positive and some Gram negative bacteria, the conserved tRNA m
5
U54 

modification is formed by TrmFO, a folate/FAD-dependent methyltransferase 

(Urbonavičius et al. 2005; Yamagami et al. 2012). Similar to TrmA, TrmFO initiates 

catalysis through nucleophilic attack on U54 C6 by a conserved thiol group. The C5 

carbon can then attack the methylene group of folate with the iminium ion acting as an 

electron sink. Proton abstraction from C5 releases the covalent complex. The methylene 

group at C5 is reduced by the oxidation of FADH2 to FAD to form m
5
U54. Finally, FAD 

is reduced to FADH2 by NADPH to continue the cycle (Nishimasu et al. 2009). 

1.5.3 tRNA m
5
U Methyltransferase: TrmA 

The near-universally conserved methylation of U54 in the T arm of tRNA is achieved 

through modification by members of the TrmA family (Trm2p in S. cerevisiae, TRMT2A 

in humans) (Ny and Björk 1980; Di Matteo et al. 1998; Nordlund et al. 2000). All 
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homologs belong to methyltransferase Class I and share many common features (Figure 

1.5). Intriguingly, in Alpha- and Deltaproteobacteria, Cyanobacteria and Deinococci, a 

folate/FAD-dependent methyltransferase (TrmFO) is found instead of the SAM-

dependent TrmA enzyme (Urbonavičius et al. 2005; Urbonavičius et al. 2007). In 

Thermococcus and Pyrococcus genera, both hyperthermophiles, 5-methyluridine is found 

at position 54, but is hypermodified to 2-thio-5-methyluridine, depending on growth 

temperature (Edmonds et al. 1991; Kowalak et al. 1994). Members of the Methanococci 

and Halobacteria classes have 1-methylpseudouridine at this position instead. The 

pseudouridylation is catalyzed by Pus10, whereas the methylation is completed by Class 

IV SAM-dependent methyltransferase TrmY (Gurha and Gupta 2008; Wurm et al. 2012).  

In E. coli, point mutations in the trmA gene lead to a lack of m
5
U54 formation in vivo, but 

the cells only show a mild reduction in growth rate (Björk and Isaksson 1970; Björk and 

Neidhardt 1975; Urbonavičius et al. 2007). In contrast, strains with an insertion relatively 

early in the trmA gene are nonviable (Persson et al. 1992). However, there is a trmA 

knockout strain available from the Keio collection that shows no growth phenotype 

which suggests that TrmA is not an essential protein as speculated previously (Baba et al. 

2006). This is in agreement with findings in S. cerevisiae, where strains with either 

complete gene deletion or mutations within the TRM2 gene, are viable and exhibit no 

apparent phenotype (Hopper et al. 1982; Nordlund et al. 2000). Mutations in S. 

cerevisiae genes coding for tRNAs in combination with deletion of TRM2 induced 

lethality; however, the strains could be rescued by expression of a catalytically inactive 

Trm2p suggesting additional roles in tRNA maturation separate from m
5
U formation 

(Johansson and Byström 2002). E. coli strains lacking m
5
U in tRNA were outcompeted in 
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co-culture experiments suggesting a fitness advantage under non-ideal conditions (Björk 

and Neidhardt 1975).  

The E. coli TrmA protein was first identified in 1962, and the gene was identified, 

cloned, and sequenced years later (Fleissner and Borek 1962; Gustafsson et al. 1991; Li 

et al. 1997). E. coli TrmA is a 42 kDa polypeptide and modifies all tRNAs in the cell 

(Greenberg and Dudock 1980). Several groups have reported that genomic-expressed E. 

coli TrmA can be purified with RNA as a higher molecular weight complex (Greenberg 

and Dudock 1980; Gu and Santi 1990; Gustafsson et al. 1991; Gustafsson and Björk 

1993). Gustafsson et al (1993) identified that TrmA is in fact bound in vivo to two 

different RNA species: tRNA and a 3´-end fragment of 16S rRNA. Although the reason 

for the presence of these TrmA-RNA complexes is not known, it may be related to a 

secondary function of TrmA during RNA maturation as proposed previously (Persson et 

al. 1992; Johansson and Byström 2002). E. coli TrmA was overexpressed and purified 

without any bound RNA, but then crystallized in the presence of a 19-mer T-arm analog 

(Alian et al. 2008). 

The catalytic mechanism of TrmA has been well studied (Santi and Hardy 1987; Kealey 

et al. 1991; Kealey and Santi 1991; Kealey et al. 1994). TrmA forms a covalent complex 

with tRNA via a Michael addition similar to thymidylate synthases (Lomax and 

Greenberg 1967; Armstrong and Diasio 1982). Methylation by TrmA begins with the 

thiol group of a catalytic cysteine attacking C6 of U54 resulting in a nucleophilic centre at 

C5. The methyl group from SAM is then transferred to C5 with sulfur acting as an 

electron sink. Lastly, proton abstraction at C5 by a basic residue (E358) releases the 

methylated product tRNA and TrmA via β-elimination (Kealey et al. 1991; Kealey and 
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Santi 1991; Kealey et al. 1994; Urbonavičius et al. 2007; Alian et al. 2008). The catalytic 

cysteine residue (C324) was identified by Kealey and Santi (1991) via isolation of a 

peptide fragment covalently bound to 5-fluorouracil substituted substrate tRNA and was 

later confirmed via site-directed mutagenesis (Urbonavičius et al. 2007). Substituting 

fluorine at position C5 inhibits product release, but allows for methyl group transfer from 

SAM to the RNA. Kealey et al (1991) also demonstrated that methyl group transfer from 

SAM to C5 occurs via a direct displacement reaction as shown by monitoring the 

stereochemistry of the methylated product RNA.  

TrmA modifies position 54 in the T-arm of tRNA, but can modify T-arm analogs as short 

as 11 nucleotides; however, the 11-mer substrate had a reduction in kcat of 20-fold and an 

increase in KM of 6-fold compared to full-length substrate (Gu and Santi 1991). These 

findings suggest that the majority of recognition elements are contained in the T-arm 

stem loop, but the increase in catalytic efficiency and tighter binding of full length tRNA 

implies that other aspects of the structure of tRNA may be important for optimal activity. 

Analysis of all tRNA sequences in E. coli and T-arm nucleotide substitutions revealed 

that T-arm recognition is not sequence specific and requires only the presence of a 7-base 

loop structure closed by a CG base pair, as well as invariant positions U54, U55, and A58 

(Gu and Santi 1991; Gu et al. 1996). Interestingly, TrmA can modify a 16S rRNA 

fragment in vitro as it shares the same consensus elements required for tRNA 

modification (Gu et al. 1994). However, the modified position U788 is not found to be 

modified in vivo (Madsen et al. 2003).  

The crystal structure of TrmA bound to a 19 nucleotide T-arm analog revealed a similar 

substrate binding strategy as that observed in the rRNA m
5
U methyltransferase RlmD 
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(Alian et al. 2008). In full-length mature tRNA, TrmA’s target base U54 is buried inside 

the T loop, where it forms a reverse-Hoogsteen base pair with A58. TrmA flips U54 out 

of the loop into the active site, rotating bases G57 and A58 into the loop to form a 

nonsequential co-linear stack with G53, U55 and C56. This new base stacking is similar 

to the 23S rRNA substrate bases 1938-1942-1941-1940 when bound to RlmD. This 

refolding arrangement by these methyltransferases could be important for substrate 

selectivity (Lee et al. 2004; Lee et al. 2005; Alian et al. 2008).  

1.6 Additional T-Arm Modifications 

Although not present in E. coli tRNAs, A58 in the T-arm stem loop can be modified to 1-

methyladenosine, which still forms the reverse-Hoogsteen base pair with U(m
5
U)54. 

Methylation is completed by the SAM-dependent heterodimeric Trm6/Trm61 enzyme 

complex in S. cerevisiae and TrmI in eubacteria and archaea (Anderson et al. 1998; 

Droogmans et al. 2003; Roovers et al. 2004).  

1.7 Variable Loop Modification Enzymes 

While the focus of this study was on the modification of U54 and U55, tRNAs contain 

additional elbow region modifications as mentioned above. The methylation of G46 is 

catalyzed by the SAM-dependent Class I methyltransferase TrmB, forming 7-

methylguanosine (m
7
G) (De Bie et al. 2003). This modification occurs in the variable 

loop of 21 tRNA species in E. coli and forms a triple base interaction with C13 and G22 

of the D-arm (Agris et al. 1986; Machnicka et al. 2012). In mature tRNA, this 

modification carries a positive charge possibly to alleviate the large concentration of 

negative charge surrounding the elbow region (Hurd and Reid 1979; Agris et al. 1986). 
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TrmB recognizes its target base through interactions with the T-arm and the size of the 

variable loop region, but does not require a full length tRNA substrate (Okamoto et al. 

2004). The crystal structure of E. coli TrmB has been solved in the apo state, as well as 

bound to SAM and SAH, but not with an RNA substrate (Zhou et al. 2009). While the E. 

coli enzyme acts as a monomer, the B. subtilis protein functions as a homodimer (Zegers 

et al. 2006). Interestingly, in S. cerevisiae this modification is produced by the 

heterodimer complex Trm8-Trm82, with Trm8 containing the substrate binding and 

catalytic domains, whereas Trm82 functions to stabilize and promote the active 

conformation of Trm8 (Alexandrov et al. 2002). Similar to other modification enzyme 

knockout strains, E. coli lacking TrmB expression showed no growth phenotype 

compared to the wild type strain (De Bie et al. 2003). However, in T. thermophilus, this 

modification is required for cell viability at high temperatures, and the loss of TrmB 

resulted in tRNAs that were hypo-modified suggesting m
7
G46 modification supports the 

introduction of other modifications critical for survival (Tomikawa et al. 2010). 

In several E. coli tRNAs, 3-(3-amino-3-carboxypropyl)uridine is found at position 47 of 

the variable loop. Little is known about the incorporation of this modification into tRNA, 

but it has been shown that SAM serves as the propylamine donor during catalysis, 

although the enzyme responsible has yet to be identified (Nishimura et al. 1974). In 

humans and other eukaryotes, dihydrouridine (discussed below) is often found at this 

position in cytoplasmic tRNAs (Machnicka et al. 2012). 

In S. cerevisiae and some thermophiles, 5-methylcytidine (m
5
C) is found at position 48 or 

49 of the variable loop in certain tRNAs. This modification is completed by the SAM-

dependent methyltransferase Trm4 in both organisms (Motorin and Grosjean 1999; 
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Auxilien et al. 2007). Interestingly, when yeast are exposed to hydrogen peroxide, Trm4-

mediated methylation of tRNA
Leu

(CAA) at the wobble position increases, which causes 

selective translation of mRNA from genes enriched in the TTG codon, specifically 

ribosomal protein gene RPL22A (Chan et al. 2012). Though, how Trm4 changes its 

specificity to target the wobble position instead of the variable loop under oxidative stress 

is still unknown. 

1.8 D-Arm Modification Enzymes 

The formation of dihydrouridine (D) is abundant in tRNAs from all domains of life 

(Machnicka et al. 2012). The reduction of the C5-C6 double bond of specific uracil bases 

is catalyzed by the Dus family of enzymes. These flavin-dependent enzymes use NADH 

or NADPH to reduce their target uracil. NADH/NADPH bound to the enzyme transfers a 

hydride to the active site flavin prosthetic group, reducing the enzyme. The reduced 

enzyme then binds tRNA, and the target uracil is reduced, which then dissociates from 

the enzyme (Rider et al. 2009). In E. coli, DusA has been demonstrated to be specific for 

the modification of U20, whereas DusC is specific for U16. DusB has also been 

identified in E. coli; however its target has not been confirmed, but could either be U17 

or U20a. Further, removal of all three Dus enzymes from E. coli did not result in an 

obvious growth phenotype, suggesting that the cellular role these modifications play is 

subtle under the conditions tested (Bishop et al. 2002; Byrne et al. 2015). Whereas 

pseudouridine modifications result in a local increase in RNA stability by rigidifying the 

RNA backbone, dihydrouridine modifications bring about a local increase in RNA 

flexibility. Instead of the typical C3´-endo sugar conformation of A-type helical RNA, the 
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more flexible C2´-endo conformation is preferred in RNAs with D modifications (Dalluge 

et al. 1996). 

Modification of U8 to 4-thiouridine (s
4
U) occurs in several prokaryotic tRNAs 

(Machnicka et al. 2012). In E. coli, two enzymes are required for catalysis: ThiI and IscS 

(Mueller et al. 1998; Kambampati and Lauhon 2000). IscS converts L-cysteine to L-

alanine and sulfane sulfur, which is then sequentially transferred to ThiI and then tRNA 

in an ATP-dependent reaction. The minimal RNA substrate for ThiI activity was a 39 

nucleotide truncated tRNA consisting of the acceptor-stem, a bulged loop, and the 

modified T-arm stem loop (Lauhon et al. 2004). The crystal structure of ThiI from 

Thermotoga maritima showed that RNA is mainly bound by the N-terminal ferredoxin-

like domain and the THUMP domain of one subunit within the enzyme homodimer. This 

positions the target U8 base close to the catalytic centre in the pyrophosphatase domain 

of the other subunit. The tRNA 3´CCA end is recognized by the THUMP domain and 

acts as a molecular ruler specifying U8 for thiolation (Neumann et al. 2014). Unlike other 

tRNA modifications, the cellular role of 4-thiouridine has been established. When 

prokaryotes are exposed to near-UV light, a photochemically induced 2+2 cycloaddition 

occurs between s
4
U8 and C13, which greatly reduces the ability of tRNA to interact with 

its aminoacyl synthetase (Favre et al. 1971; Bergstrom and Leonard 1972; Carre et al. 

1974). This results in an arrest of bacterial growth in a manner similar to amino acid 

starvation (Ramabhadran and Jagger 1976). 

Methylation of the 2´-hydroxyl group of guanosine (Gm) is found at position 18 in the D 

loop of 13 tRNA species in E. coli (Machnicka et al. 2012). Modification of G18 

stabilizes the tertiary structure of tRNA by interacting with pseudouridine 55 in the T-
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arm (Robertus et al. 1974). Enterobacteria also utilize Gm18 in tRNA to avoid detection 

by the host’s immune system (Gehrig et al. 2012). The modification is introduced by 

class IV SAM-dependent methyltransferase TrmH in bacteria and archaea, and the 

homolog Trm3 in yeast (Persson et al. 1997; Hori et al. 1998; Cavaillé et al. 1999; Hori 

et al. 2002). Acting as a homodimer, TrmH will methylate D-stem loops of only 12 

nucleotides and also has some flexibility on the target ribose, as it can methylate both 

G18 and G19 in in vitro transcripts (Hori et al. 1998). In mature tRNA, TrmH most likely 

utilizes the D-arm structure, conserved nucleotides in the elbow region, and an induced 

fit strategy to achieve target specificity (Ochi et al. 2010). In the T. thermophiles crystal 

structure, SAM is bound to one enzyme subunit while an arginine residue from the other 

subunit coordinates the phosphate and hydroxyl groups of G18 in the active site (Ochi et 

al. 2010). 

1.9 Function of tRNA Elbow Modifications 

It is expected that primary tRNA transcripts rapidly form the classic cloverleaf structure 

through Watson-Crick base pairing within the stem regions. Even without modifications, 

tRNA can fold into the canonical L shape structure observed in crystallography, but it 

always requires the presence of mono- or divalent cations to stabilize this conformation 

(Serebrov et al. 1998; Serebrov et al. 2001; Byrne et al. 2010). In fact, most unmodified 

tRNAs are functional in in vitro aminoacylation and translation experiments (Sampson 

and Uhlenbeck 1988; Harrington et al. 1993). The predominant, i.e. the most populated, 

conformation of tRNA is a direct result of both secondary and tertiary interactions, 

whereas modifications, specifically those within the elbow region, can directly affect the 

equilibrium between different conformations (folded, unfolded or misfolded). The 
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hydrogen bond network within the elbow region is complex (Figure 1.2). In brief, U8 (or 

s
4
U8) forms a trans Watson-Crick/Hoogsteen base pair with the invariant A14, whereas a 

second trans Watson-Crick/Hoogsteen pair forms between T54 and A58 in the T loop. A 

trans Watson-Crick/Watson-Crick base pair occurs between semi-invariant positions R15 

and Y48 and stacks with the U8:A14 base pair. Contacts between the D- and T-arms are 

maintained through the invariant G18G19 nucleotides of the D-loop and pseudouridine 

55 and C56 in the T-loop. The G18:Ѱ55 interaction occurs through hydrogen bonds 

between O4 of pseudouridine and N1 and N2 in G18. The G19:C56 interaction is a 

classic antiparallel cis Watson-Crick pair. In mature tRNA, the G18G19 segment 

interdigitates with R57A58, where R57 inserts itself between G18 and G19 of the D loop, 

and G18 intercalates between R57 and A58 (Holley et al. 1965; Klug et al. 1974; 

Robertus et al. 1974; Motorin and Helm 2010). 

Formation of the canonical tertiary structure occurs rapidly in the presence of magnesium 

with both yeast and E. coli tRNAs folding within 2 ms (Stein and Crothers 1976; 

Serebrov et al. 2001). Melting of tRNA typically occurs in multiple steps with the first 

transition resulting from disruption of the tertiary interactions as well as the secondary 

interactions within the D-arm (Cole and Crothers 1972; Cole et al. 1972; Yang and 

Crothers 1972). Interestingly, Yang and Crothers found that the two E. coli tyrosine 

tRNA isoacceptors that differ by only two nucleotides in the variable region adopt a 

misfolded, non-cloverleaf state upon denaturation of tertiary interactions. Instead, four 

nucleotides in the variable region of tRNA
Tyr

(I) base pair with the TѰC loop, whereas the 

variable loop of tRNA
Tyr

(II) base pairs with the anticodon loop. These noncanonical 

interactions can prevent both of these tRNAs from properly forming their tertiary 
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interactions (Yang and Crothers 1972). The combined enthalpy for unfolding the tertiary 

and D stem of native E. coli tRNA
fMet

 was found to be 52 kcal mol
-1

, with tertiary 

interactions contributing approximately 30 kcal mol
-1

. Complete unfolding of the 

molecule has an enthalpy of over 200 kcal mol
-1

 (Crothers et al. 1974). At the same 

magnesium concentration, unmodified yeast tRNA
Phe

 has a melting temperature (Tm) 

almost 15°C lower than the native tRNA (Maglott et al. 1998). Taken together, tRNA 

modifications appear to play a critical role in overall stability and help drive the proper 

folding of tRNA in the cell. Some studies have also suggested that modifications may 

play an active role in shaping tRNA during maturation. Human mitochondrial tRNA
Lys

 is 

unable to fold into the characteristic cloverleaf conformation when it lacks the m
1
A9 

modification (Helm et al. 1998). 

The modifications in the anticodon loop have been shown to be important in reading 

frame maintenance, recognition by aminoacyl-tRNA synthetases, and expanding tRNA 

decoding capacity (Agris et al. 2007; Ranjan and Rodnina 2016). As discussed above, 

modifications within the elbow region of tRNA tend to serve a structural role rather than 

a functional one, acting to stabilize tertiary interactions between the variable, D- and T-

arm stem loops. The loss of any one elbow modification typically does not result in a 

growth defect (Björk and Neidhardt 1975; Persson et al. 1997; Raychaudhuri et al. 1999; 

Gutgsell et al. 2000; Bishop et al. 2002; De Bie et al. 2003). In thermophilic eubacteria 

and archaea m
5
U54 is further modified to 5-methyl-2-thiouridine (m

5
s

2
U) which 

increases the thermostability of the T-arm (Watanabe et al. 1976). In contrast, 

psychrophilic bacteria have increased levels of dihydrouridine modifications as these 

increase local flexibility, but an overall decrease in tRNA modifications compared to 
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mesophiles and thermophiles (Dalluge et al. 1997). In E. coli, loss of Gm18, m
5
U54 and 

Ѱ55 results in a reduced growth rate, especially at high temperatures, and an increase in 

frameshift errors (Kinghorn et al. 2002; Urbonavičius et al. 2002). Lack of the 

modifications formed by Pus1 (Ѱ26-28, Ѱ34, Ѱ36, Ѱ65) become essential when Pus4 

(Ѱ55), or the essential minor tRNA
Glu

 are mutated in S. cerevisiae (Großhans et al. 

2001). Deletion of pseudouridine synthase TruB (Ѱ55) in the hyperthermophile Thermus 

thermophilus resulted in a severe growth defect at 50°C. It was found that along with 

missing Ѱ55, levels of Gm18, m
5
s

2
U54 and m

1
A58 in tRNA were abnormally increased, 

which resulted in an increase in the melting temperature of the tRNA and suggests that 

the tRNA structure may be too rigid to function properly at 50°C, and Ѱ55 acts to ensure 

tRNA is not hypermodified at low temperatures (Ishida et al. 2011). A growth defect at 

high temperatures was observed for T. thermophilus when TrmB was deleted leading to 

impaired m
7
G46 synthesis in tRNA, suggesting this modification is critical for survival at 

elevated temperatures. In addition to the lack of m
7
G46, the presence of Ѱ, m

2
G, m

5
U, 

m
6
A, and m

1
G were also decreased in tRNA. Together these findings suggest that there is 

a tRNA modification network, where m
7
G46 has a positive effect on other modifications 

in this organism (Tomikawa et al. 2010). 

Although tRNA modifications may be important for tRNA maturation and stability in and 

of themselves, it may also be valuable to express the modification enzymes responsible. 

E. coli strains lacking pseudouridine 55 synthase TruB are out-competed in co-culture 

assays by the wild type strain. However, it was demonstrated that it is not the formation 

of pseudouridine 55 in tRNA that provides this fitness advantage since expression of a 

catalytically inactive TruB variant could rescue this phenotype (Gutgsell et al. 2000; 
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Kinghorn et al. 2002). It was proposed that TruB could be functioning as an RNA 

chaperone in the cell, assisting in the correct folding of tRNA regardless of pseudouridine 

formation. RNA chaperones are not uncommon and are found throughout all domains of 

life. Hfq is an RNA binding protein found in bacteria and plays a role in the biogenesis of 

small noncoding RNAs (ncRNAs) by helping them identify their target mRNA during 

stress responses. Recently it has been proposed that Hfq may also play a role in tRNA 

maturation, binding to the elbow region of the tRNA (Lee and Feig 2008). The possibility 

exists that enzymes that modify tRNA, and thus have to bind to tRNA, are acting as 

tRNA chaperones in vivo and should be investigated. 

1.10 tRNA Modifications and Disease 

tRNA plays a critical role in the cell, therefore any mutations within genes associated 

with tRNA biosynthesis or the tRNA itself can give rise to severe functional 

abnormalities. Mutations in tRNA modification enzymes can result in neurological 

disorders. The human homolog of yeast TRM7, FtsJ, acts as a 2´-O-methyltransferase 

targeting positions 32 and 34 of tRNA
Leu

, tRNA
Phe

, and tRNA
Trp

 (Feder et al. 2003). 

Mutations in the FtsJ gene result in nonsense-mediated mRNA decay and lead to a 

decrease in cognitive function (Freude et al. 2004). NSun2, which catalyzes the 

formation of 5-methylcytosine at position 34 of tRNA
Leu

(CCA), as well as at positions 

48, 49, and 50 in several tRNAs is linked to both intellectual disabilities and cancer (Frye 

and Watt 2006; Abbasi-Mohed et al. 2012; Khan et al. 2012; Hussain et al. 2013). 

Methyltransferase TRMT12, homolog of yeast Trm12, is part of the modification 

pathway for the formation of wybutosine 37 in tRNA
Phe

 and has increased gene 

expression in breast cancer cell lines and tumors (Rodriguez et al. 2007). Overexpression 
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of TRMT2A, another methyltransferase, which targets U54 in the T-arm, correlates with 

an increase in cancer recurrence in HER2+ patients (Hicks et al. 2010). Links to the 

development of type 2 diabetes in mice has also been proposed for CDKAL1, which 

encodes a methylthiotransferase involved in the production of the hypermodified 

complex 2-methylthio-N6-threonyl carbamoyladenosine modification at position 37 in 

tRNA
Lys

(UUU) (Wei et al. 2011). Mitochondrial disease can also arise from aberrant 

defects in tRNA modifications within the mitochondria. Mitochondrial myopathy, 

encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) and myoclonus 

epilepdy associated with ragged-red fibers (MERRF) are two conditions that result from 

hypomodification of uridine 34 in mitochondrial tRNAs (Suzuki and Nagao 2011). 

In some cases it has been reported that the lack of these modifications leads to unstable 

tRNA transcripts that are then degraded resulting in a decrease in certain tRNA species 

(Freude et al. 2004). Modifications in the anticodon loop, particularly at the wobble 

position, can result in the misreading of mRNA codons (Suzuki and Nagao 2011). 

Specific tRNA modifications enzymes are important during development. In particular it 

was previously demonstrated that FTSJ was expressed higher in fetal brain tissue, 

whereas in adults the expression was reduced in the brain, but higher in the heart and 

liver (Freude et al. 2004; Ramser et al. 2004). These findings indicate that FTSJ1 

expression in the developing brain is critical for normal development, but its role in 

adults is still undefined. Mutations in the elongator complex have been implicated in 

familial dysautonomia, and patients lack 5-methyoxycarbonylmethyluridine and 5-

carbamoylmethyluridine in tRNA. This disease primarily affects neurons of the 

autoimmune system, resulting in the absence of sensory neurons and leads to premature 
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death. In neurons, a donor splice site in the elongator complex component IKBKAP gene 

leads to exon skipping and an introduction of an early stop codon and a decrease in tRNA 

modification. However in non-neuronal tissues, the low levels of wild type IKAP are 

sufficient to ensure cell survival. Animal models have suggested that the reason why 

sensory neurons are affected may be a combination of neurons being more sensitive than 

other cell types to perturbations in tRNA modification levels (Sarin and Leidel 2015). 

Several questions remain as to how aberrant tRNA modifications and mutant tRNA 

modification enzymes impact human health. In particular, are tRNA modifications 

involved in other complex human disorders that are currently unknown, and are the 

predicted human tRNA modification enzymes indeed carrying out their predicted role on 

tRNAs? Are aspects of the pathology tissue specificity due to expression of tRNA targets, 

modification enzymes, splicing differences, protein/RNA turnover, or metabolite levels? 

How does tRNA abundance, codon usage, or GC content contribute to the disorder? 

Abnormal RNA modification pathways may reroute metabolites and indirectly affect 

other pathways. Translation is most likely affected in many cases. Codon specific 

translation defects may lead to decreased production of individual proteins that are cell 

specific or required under stress conditions. Further analysis of human disorders and 

animal models is required to find the answers to these questions. 

1.11 tRNA Degradation 

Transfer RNA molecules are among the most stable RNAs in a cell, with half lives of 

several days (Phizicky 2010). This longevity is most likely due to the compact, highly 

folded structure and level of modification found within tRNAs. The degradation pathway 

of tRNA in bacteria is less well known compared to eukaryotes, but similarly changes 
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that affect tRNA stability or folding result in tRNA degradation in bacteria. Loss of ions 

due to altered membrane permeability results in a decrease in tRNA and rRNA stability 

and digestion by RNase I (Deutscher 2003). Additionally, precursor tRNAs that do not 

fold properly are polyadenylated and then degraded by PNPase and RNase R (Li et al. 

2002; Chen and Deutscher 2005). In E. coli, colicin E5 and D cleave the anticodon loop 

of specific tRNAs and result in an arrest of protein synthesis (Masaki and Ogawa 2002). 

In eukaryotes, two tRNA turnover pathways have been reported that can act at the level 

of precursor or mature tRNA species. The first pathway involves the TRAMP complex 

and the nuclear exosome, whereas the second pathway utilizes cytoplasmic exonucleases. 

Cleavage of tRNAs can result in half tRNAs or shorter tRNA fragments of 15-25 

nucleotides that can act to inhibit translation, induce RNA silencing or apoptosis (Megel 

et al. 2015). 

The nuclear surveillance pathway was first identified in temperature-sensitive yeast 

strains lacking Trm6 or Trm61, the two subunits of the m
1
A58 methyltransferase 

complex (Anderson et al. 1998; Anderson et al. 2000). It was shown that the lack of 

m
1
A58 leads to rapid turnover of initiator tRNA

Met
. The precursor tRNA lacking this 

modification is polyadenylated at its 3´ end by the TRAMP complex, specifically by 

Trf4, a poly(A) polymerase. The polyadenylated transcript is then degraded from the 3´ 

end by Rrp6, the 3´ exoribonuclease of the nuclear exosome (Kadaba et al. 2004; Kadaba 

et al. 2006). Atypical 3´ end maturation of pre-tRNAs can also lead to degradation by the 

TRAMP complex (Copela et al. 2008). 

The rapid tRNA decay pathway was also identified in yeast strains lacking enzymes 

involved in tRNA modification. S. cerevisiae strains lacking both Trm8 and Trm4 show a 
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severe growth defect at high temperatures due to rapid degradation of tRNA
Val

(AAC), 

which is deficient in 7-methylguanosine and 5-methylcytidine modifications (Alexandrov 

et al. 2006). This rapid tRNA degradation process was shown in yeast strains lacking a 

number of different tRNA modification enzymes, and it was therefore hypothesized that 

under normal conditions most tRNAs do fold correctly and are functional. However, 

under non-ideal conditions, such as increased temperature, the hypomodified tRNAs are 

destabilized and trigger this degradation pathway. However, it is not necessarily the 

modifications themselves, but the overall stability of the tRNA itself that triggers decay 

as fully mature tRNAs are also degraded by this pathway (Whipple et al. 2011). Unlike 

the nuclear surveillance pathway, rapid tRNA decay does not require the TRAMP 

complex for degradation. Instead two 5´-3´ exonucleases Rat1 and Xrn1 are implicated in 

this process (Chernyakov et al. 2008). 

Once RNA is digested to individual nucleotides, they can be broken down further into 

their basic components. Purine derivatives GMP and AMP are eventually converted to 

xanthine, which in turn is oxidized to form uric acid. Alternatively both guanine and the 

adenine byproduct hypoxanthine can be recycled back to form GTP and ATP for further 

nucleic acid synthesis or other cellular processes. Pyrimidine catabolism results in 

cytosine, thymine and most uridine derivatives being converted to methylmalonyl-

semialdehyde and finally to succinyl-CoA (Howland 1990). In bacteria, uracil can be 

directly converted to UMP by phosphoribosyltransferase or to uridine by uridine 

phosphorylase. Free cytidine can be converted to CMP via similar mechanism (Nyhan 

2001; Nelson and Cox 2005). Modified nucleotides most likely undergo similar 

mechanisms of catabolism. Pseudouridine in E. coli was shown to be phosphorylated to 
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pseudouridine 5´-phosphate by YeiC, which is subsequently hydrolyzed to D-ribose-5-

phosphate and uracil by YeiN. This enzyme has the unique ability to hydrolyze the C-C 

glycosidic bond of pseudouridine (Preumont et al. 2008; Thapa et al. 2014). In humans 

with malignancies, modified nucleosides are excreted in abnormal amounts in the urine 

and could potentially be used as a marker to test for tumors (Seidel et al. 2006). 

1.12 RNA folding by RNA chaperones 

RNA chaperones have been defined as proteins that aid in the process of RNA folding by 

preventing misfolding or by resolving misfolded species (Rajkowitsch et al. 2007). Some 

classical examples are bacterial Hfq, the S12 protein and the eukaryotic La protein. Hfq 

binds to many small noncoding RNAs (ncRNAs) in E. coli and assists in gene regulation 

by helping these ncRNAs identify and bind to their mRNA targets (Massé and 

Gottesmann 2002). The ncRNAs bind to the proximal surface of the homohexameric 

ring, whereas the poly(A) sequence of the target mRNA interacts with the distal face. 

Interestingly, Hfq has also been found to bind to tRNAs through the tRNA elbow region 

and may coordinate tRNA modification (Lee and Feig 2008). The E. coli S12 ribosomal 

protein facilitates proper folding of group I introns in vivo through nonspecific binding, 

but is only required for folding and not the catalytic step, thus acting as an RNA 

chaperone (Coetzee et al. 1994; Clodi et al. 1999). In eukaryotes, the nuclear La protein 

mainly binds to newly synthesized small RNAs, including tRNAs, pre-5S rRNA, U6 

snRNA and 7SL RNA. Binding by the La protein protects the 3 ends of these RNAs 

from exonuclease digestion, and La-mediated stabilization is required for the normal 

biogenesis of pre-tRNA, while also facilitating the assembly of small RNAs into 

functional RNP complexes (Wolin and Cedervall 2002). In yeast, La has also been shown 
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to be required for efficient folding of certain pre-tRNAs (Chakshusmathi et al. 2003). All 

of these RNA chaperones share the common features of binding RNAs nonspecifically 

and helping to fold or stabilize RNA conformations. Based on these findings the 

involvement of RNA chaperones in tRNA folding in vivo cannot be excluded evan 

though tRNAs are typically assumed to fold independently, in particular when studied in 

vitro.  
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The life cycle of a tRNA is a multifaceted process, and it is the subtle differences in 

tRNA sequence and structure that allow it to function in the cell. Although all tRNAs are 

composed of the same four nucleotides, it is the minute differences in sequence or their 

modification pattern that differentiate them from one another. Subtle aberrant changes to 

tRNA can result in misaminoacylation, decoding of noncognate codons, or degradation 

(Urbonavičius et al. 2002; Alexandrov et al. 2006; Agris et al. 2007; Ranjan and Rodnina 

2016). Therefore, accurate tRNA biosynthesis is essential for cellular fitness and involves 

a multitude of proteins interacting with tRNA. 

To gain a better understanding of this process and the role modifying enzymes play in 

tRNA biogenesis, it is the objective of this thesis to analyze two highly conserved tRNA 

modifying enzymes: TruB and TrmA. Both enzymes have homologs in almost all 

organisms and their respective modifications are found across all domains of life (Ny and 

Björk 1980; Nurse et al. 1995; Di Matteo et al. 1998; Nordlund et al. 2000; McCleverty 

et al. 2007; Gurha and Gupta 2008; Urbonavičius et al. 2008). Whereas this conservation 

across evolution would suggest a critical role for these modifications in the cell, neither is 

essential for growth (Björk and Neidhardt 1975; Gutgsell et al. 2000; Kinghorn et al. 

2002; Urbonavičius et al. 2007). Conversely, lack of either modification can lead to a 

decrease in cellular fitness in co-culture. Ofengand and coworkers demonstrated that it is 

the modifying enzyme TruB itself, and not the resulting tRNA modification, that is 

indispensable for conveying a cellular advantage (Björk and Neidhardt 1975; Gutgsell et 

al. 2000; Kinghorn et al. 2002; Urbonavičius et al. 2007). Consequently already in 2000, 

TruB (and possibly other tRNA modification enzymes) was speculated to be an RNA 

chaperone in vivo. 
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Based on these earlier findings, I hypothesized that TruB is indeed an RNA chaperone 

and that this activity of TruB provides a fitness advantage. I will test this hypothesis in 

vitro and in vivo by assessing the impact of TruB on tRNA folding and aminoacylation as 

well as by analyzing the importance of tRNA binding by TruB for cellular fitness and 

TruB’s role as a tRNA chaperone. Second, I will analyze the mechanism by which TruB 

gains access to its target uridine and provide a detailed kinetic mechanism of 

pseudouridine formation to gain a better understanding of tRNA folding/conformational 

changes facilitated by TruB. It is known that TruB binds to its target tRNA substrates by 

disrupting the elbow region tertiary interactions and flipping U55 into the active site of 

the enzyme as observed via crystallography (Hoang and Ferre-D'Amare 2001). However, 

this structure only shows TruB bound to a small T-arm analog and not full-length tRNA. 

Additionally, it has been suggested that TruB binds to the tRNA acceptor stem through 

interactions with its C-terminal PUA domain (Pan et al. 2003). Therefore, I will 

investigate the role of the PUA domain for substrate binding and catalysis, as well as 

TruB’s proposed chaperone activity.  

In addition, 5-methyluridine formation by TrmA will be investigated as the first step 

towards establishing whether TrmA could serve a similar RNA chaperone function in 

vivo. TrmA binds tRNA and SAM within the same active site and in close proximity 

(Alian et al. 2008). I will determine if this binding is cooperative and calculate the 

dissociation constants for initial substrate binding and covalent bond formation. Towards 

assessing whether TrmA has the potential of acting as a tRNA chaperone, I first need to 

analyze tRNA binding by TrmA in order to understand how TrmA may gain access to its 

buried target uridine by disrupting D- and T-arm interactions within the full-length 
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tRNA. Therefore, I will investigate the function of TrmA residues in different domains of 

the enzyme for tRNA binding and catalysis of methylation.  

In summary, this thesis aims to answer the following questions: 

1. TruB 

a. Is TruB an RNA chaperone? 

b. How does TruB gain access to its target base and how does this relate to  

TruB’s chaperone activity? 

c. What is the function of TruB’s PUA domain? 

2. TrmA 

a. How does TrmA bind to its ligands and is it a cooperative process? 

b. How does TrmA gain access to its target base and what role does the 

“RNA binding” domain play? 

Together, the studies described here will advance our knowledge of the mechanism and 

function of tRNA modification by universally conserved enzymes targeting the T arm of 

all tRNAs. This research will thereby contribute to our understanding of why tRNAs are 

so highly modified and why all cells invest significant energy in fine-tuning the chemical 

composition of tRNAs. 
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A version of this chapter has been submitted as a manuscript for publication. The 

manuscript has been prepared jointly by Laura Keffer-Wilkes and Ute Kothe. 

3.1 Introduction 

While there is a wealth of information on RNA structure, we are just beginning to 

understand the RNA folding process which is often assisted by RNA chaperones 

(Rajkowitsch et al. 2007). In contrast to many protein chaperones, RNA chaperones are 

not ATPases, but instead facilitate unfolding and folding of RNA directly through their 

interactions with RNA. In addition, the vast majority of all RNAs, including mRNAs, are 

post-transcriptionally modified by a plethora of RNA modification enzymes (Machnicka 

et al. 2013). Very little is known about the interplay of RNA folding and modification, 

although it has been speculated that RNA modification enzymes may also act as RNA 

chaperones (Ishitani et al. 2008). 

Despite the abundance of RNA modifications, their cellular functions are often unclear 

including their possible contributions to RNA structure and stability (Charette and Gray 

2000). Interestingly, very few RNA modification enzymes are essential for the cell; 

however many of these enzymes are conserved. The most abundant RNA modification is 

the conversion of uridines to pseudouridines that are found in almost all cellular RNAs 

(Charette and Gray 2000; Carlile et al. 2014; Schwartz et al. 2014). Pseudouridine 

formation is catalyzed by stand-alone pseudouridine synthases in all domains of life. 

Additionally, pseudouridines are generated by H/ACA small ribonucleoproteins (H/ACA 

sRNPs) in eukaryotes and archaea (Hamma and Ferré-D'Amaré 2006). Remarkably, the 

only essential pseudouridine synthase is the eukaryotic enzyme Cbf5, the catalytic 

component of H/ACA sRNPs, whereas all known stand-alone pseudouridine synthases 

are non-essential (Kiss et al. 2010). Indeed, deletion of most stand-alone pseudouridine 
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synthases in E. coli (Gutgsell et al. 2000; Del Campo et al. 2001) or Saccharomyces 

cerevisiae (King and Lu 2014) does not impact cell growth under optimal conditions. 

Surprisingly, even an S. cerevisiae strain is viable that is expressing only a Cbf5 variant 

that is catalytically inactive, raising the question why cells invest so much energy into 

seemingly dispensable pseudouridine formation (Zebarjadian et al. 1999). 

Here, we utilize the pseudouridine synthase TruB as a model enzyme to identify the 

cellular function and mechanism of pseudouridine synthases. E. coli TruB catalyzes the 

modification of U55 in the TΨC arm of all elongator tRNAs (Nurse et al. 1995) and is 

the homologue of the eukaryotic pseudouridine synthase Pus4 that modifies both tRNAs 

and mRNAs (Becker et al. 1997; Carlile et al. 2014; Schwartz et al. 2014). Several 

crystal structures of TruB bound to a TC arm fragment have revealed that TruB gains 

access to the target base by flipping three nucleobases (positions 55-57) out of the T loop 

and into the active site (Hoang and Ferre-D'Amare 2001; Pan et al. 2003). Superimposing 

the T-arm bound to TruB onto full-length tRNA indicates that tRNA binding by TruB 

disrupts the tertiary interactions between the T- and D-arm of tRNA. Kinetic studies in 

our lab have shown that tRNA binds quickly to TruB, but that catalysis of pseudouridine 

formation is surprisingly slow and rate-limiting (Wright et al. 2011). In fact, slow 

catalysis is a hallmark of all pseudouridine synthases studied in detail thus far (Wright et 

al. 2011; Kamalampeta and Kothe 2012; Kamalampeta et al. 2013). Deleting the E.coli 

truB gene does not impact growth under optimal conditions (Gutgsell et al. 2000). 

However, the pseudouridylation activity of TruB is important for temperature adaptation 

in E.coli (Kinghorn et al. 2002) and Thermus thermophiles (Ishida et al. 2011). truB 

knockout strains are outcompeted by wild type E. coli in co-culture at 37°C indicating 
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that TruB does contribute to bacterial fitness (Gutgsell et al. 2000). Surprisingly this 

fitness disadvantage of the truB knockout strain can be rescued by expressing a 

catalytically inactive variant of TruB (Gutgsell et al. 2000; Kinghorn et al. 2002). This 

finding suggests that the presence of the TruB protein itself is important for the cell, 

rather than pseudouridines that are formed by TruB. Therefore, Ofengand and coworkers 

speculated more than a decade ago that TruB might act as an RNA chaperone that 

facilitates tRNA folding (Gutgsell et al. 2000); however this hypothesis has not been 

experimentally tested. 

3.2 Materials and Methods 

3.2.1 Buffers and reagents 

TAKEM4 buffer: 50 mM Tris-HCl, pH 7.5, 70 mM NH4Cl, 30 mM KCl, 1 mM EDTA, 

and 4 mM MgCl2. [5-
3
H]UTP was purchased from Moravek. T4 RNA ligase was 

purchased from New England Biolabs. All other enzymes and chemicals were obtained 

from Fermentas (Fisher Scientific). 2-aminopurine (2AP)-labeled 3-half tRNA was 

purchased from Dharmacon. 

3.2.2 Protein expression and purification 

QuikChange
®
 site-directed mutagenesis was used to mutate the Escherichia coli TruB 

protein coding region in the pET28a-EcTruB plasmid in order to encode the single amino 

acid substitutions R40E, K64E, K130E, and K176E (Table 3.1; Figure 3.1) (Wright et al. 

2011). Two tandem stop codons were introduced at positions D244 and S245 to remove 

the C-terminal PUA domain. All proteins were expressed and purified as previously 

described using Ni
2+

-affinity and size-exclusion chromatography (Wright et al. 2011). 
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Table 3.1. Primers used in TruB study. The first set of primers is used to generate full-

length or 5 half tRNA
Phe

 whereas the second set of primers were used for site-directed 

mutagenesis of the truB gene. 

Primer Name Sequence 

T7 promoter 

(tRNA – pCF0) 
5 – GCTGCAGTAATACGACTCACTATAG - 3 

Eco tRNA
Phe

 

antisense 
5 – mUmGGTGCCCGGACTCG – 3 

5 half sense 

tRNA
Phe

 
5 – GCGTAATACGACTCACTATAGCGCGGATAGCTCAGTCG – 3  

5 half antisense 

tRNA
Phe

 
5 – TCAATCCCCTGCTCTACCGACTGAGCTATCCG – 3 

5 T7 shortened 5 – GCGTAATACGACTCACTATAG – 3 

5 half tRNA
Phe

 

antisense 
5 – mUmCAATCCCCTGCTCTACCGAC – 3 

TruBnoPUA 

sense 
5 – GCCAATGGACAGTCCAGCTTAGTAGTACCCGGGGGTGAATCTTCC GTT - 

3 

TruBnoPUA 

antisense 
5 – AACGGAAGATTCACCCCCGGGTACTACTAAGCTGGACTGTCCATT GGC – 

3 

TruBR40E 

sense 
5 – CGTATATATAACGCCAACGAGGCCGGGCATACGGGTGCGCTGG - 3 

TruBR40E 

antisense 
5 – CCAGCGCACCCGTATGCCCGGCCTCGTTGGCGTTATATATACG - 3 

TruBK64E 

sense 
5 – GCCGATTTGCCTGGGGGAAGCGACGGAGTTTTCCCAG - 3 

TruBK64E 

antisense 
5 - CTGGGAAAACTCCGTCGCTTCCCCCAGGCAAATCGGC - 3 

TruBK130E 

sense 
5 – CCCTTCGATGTATTCAGCACTCGAGTATCAGGGCAAAAAACTGTACG – 3 

TruBK130E 

antisense 

5 – CGTACAGTTTTTTGCCCTGATACTCGAGTGCTGAATACATCGAA GGG – 

3 

TruBK176E 

sense 
5 – GGAGCTGGAAATTCACTGCAGCGAAGGCACTTATATCCGCACCATC – 3 

TruBK176E 

antisense 
5 – GATGGTGCGGATATAAGTGCCTTCGCTGCAGTGAATTTCCAGCTCC – 3 

tRNA
Phe

 RT 

primer 
5 – TGGTGCCCGGACTCGG - 3 
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Final protein preparations were >90% pure as judged by SDS-PAGE and were RNA free 

as determined by A260 and urea-PAGE analysis. Circular dichroism spectra of each TruB 

variant revealed no differences between the wild type and mutant enzymes (Figure 3.1). 

 
Figure 3.1. Preparation of TruB variants impaired in tRNA binding. A) The basic 

residues R40 (red), K64 (orange), K130 (purple), and K176 (cyan) were substituted with 

glutamate to impair tRNA binding to TruB. The catalytic residue D48 (dark blue) is also 

depicted whereas the C-terminal pseudouridine synthase and archeosine transglycosylase 

(PUA) domain is shown in grey. The figure was generated with PyMOL using PDBID: 

1K8W (Hoang and Ferre-D'Amare 2001). B) Circular dichroism spectra of TruB variants. 

Proteins were diluted to 1 µM with 50 mM sodium phosphate buffer: TruB wild type 

(green solid line), TruB R40E (red solid line), TruB K64E (orange dotted line), TruB 

K130E (purple solid line), and TruB K176E (turquoise dotted line). 
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3.2.3 Measuring tRNA folding by aminoacylation 

This method was adapted from Bhaskaran et al. (2012). TAKEM4 buffer was used 

throughout the experiment. First, in vitro transcribed tRNA
Phe

 was unfolded at 65°C as 

described previously, but was then immediately added to precooled 0°C reaction buffer 

containing 6 mM ATP, 1 mM DTT, 3 mM inorganic pyrophosphatase, 3 mM 

phosphoenolpyruvate, and 1% pyruvate kinase. The tRNA (680 nM) was allowed to 

refold at 0°C for 0, 2, 5, or 20 minutes in the absence or presence of 200 nM TruB, TruB 

D48N, TruB K64E, or TruBΔPUA. Following tRNA folding, [
14

C]Phe and Phe-tRNA
Phe

 

synthetase were added to the reaction mixture to final concentrations of 40 µM and 20 

µM, respectively. 10 µL samples taken at different times from the aminoacylation 

reaction were spotted onto 5% TCA presoaked Whatman paper disks. Disks were 

allowed to dry, then washed 3 times with 5% TCA and finally with 100% ethanol to 

remove free [
14

C]Phe. Following a final drying step at 65°C, the amount of [
14

C]Phe-

tRNA
Phe

 on the disks was quantified via scintillation counting. The aminoacylation time 

courses were fit with a single exponential function to determine the initial level of 

instantaneously aminoacylated tRNA (Y0): 

Y= Y0 + (Ymax – Y0) (1 - exp(-k × t) 

The initial level of folded and aminoacylated tRNA was then plotted against folding time. 

The resulting time courses were fit with the same exponential equation to obtain the rate 

of folding. 
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3.2.4 2AP-tRNA preparation 

Full-length 2AP-labeled tRNA
Phe 

was created by annealing two halves of the tRNA and 

ligating using T4 RNA ligase as described before (Friedt et al. 2014). The 5-half tRNA 

was in vitro transcribed and the 3-half was purchased from Dharmacon with 2-

aminopurine at position 57. 

3.2.5 Fluorescence spectroscopy and stopped-flow experiments 

Equilibrium binding measurements were completed with 200 nM 2AP-tRNA in 1× 

TAKEM4 buffer. 2AP was excited at 315 nm and the emission was measured from 340 to 

400 nm at 5°C. The catalytic inactive variant TruB D48N (Wright et al. 2011) was 

titrated into the 2AP-tRNA and the resulting fluorescence changes were recorded after 

each addition of enzyme using a Quanta Master 60 fluorescence spectrometer (Photon 

Technology International). Similarly, TruB D48N was titrated into buffer alone, and the 

measured fluorescence intensity was subtracted from the titration with 2AP-tRNA. The 

concentration dependence of the relative fluorescence change at 365 nm was fitted with a 

hyperbolic function to determine the dissociation constant (KD): 

Y = Bmax × [protein] / (KD + [protein]) 

Pre-steady state rapid kinetics binding experiments were completed using a KinTek SF-

2004 stopped-flow apparatus. 2AP-tRNA (final concentration 0.3 µM) was rapidly mixed 

with TruB variants and excited at 325 nm at 20°C or 5°C. The resulting emission was 

monitored at wavelengths greater than 350 nm using a long-pass cut-off filter. Time 

courses at 20°C were fitted with a three-exponential function: 

F = Fmax + Amp1 × exp(-kapp1 × t) + Amp2 × exp(-kapp2 × t) + Amp3 × exp(-kapp3 × t) 
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where Fmax is the fluorescence end level; Amp is the respective amplitude change of the 

fluorescence signal for each phase; t is time; and kapp represents the apparent rate for each 

respective phase (1 – initial binding, 2 – tRNA conformational change, and 3 – tRNA 

release that is rate-limited by pseudouridine formation, see results). At 5°C, only the two 

phases of fluorescence increase were observed within the first 20s; a subsequent slow 

fluorescence decrease was recorded, but it was difficult to distinguish it from 

photobleaching. Therefore, time courses with TruB wt at 5°C were fitted with a two-

exponential function: 

F = Fmax + Amp1 × exp(-kapp1 × t) + Amp2 × exp(-kapp2 × t) 

In order to determine the rate constants k1 and k-1, kapp1 was plotted against the 

concentration of TruB and the resulting graph was fit to the following linear function: 

kapp1 = k-1 + k1 × [TruB] 

To measure 2AP-tRNA dissociation, TruB variants were allowed to form a complex with 

2AP-tRNA for 10 minutes at 37°C. This solution (2 µM TruB and 0.3 µM 2AP-tRNA 

after mixing) was then rapidly mixed with an excess of unlabeled tRNA (final 

concentration 8 µM) in the stopped-flow at both 5°C and 20°C. The data were fitted with 

a single-exponential function where the apparent rate corresponds to the rate constants k-2 

for catalytically inactive TruB D48N and to krelease for catalytically active TruB wild type.  

The tRNA conformational change is the second, slower step in a two-step equilibrium, 

(Fersht 1998) and therefore k2 can be determined from k-2 and kapp2 according to the 

equation 

kapp2 =  kmax = k2 + k-2 
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3.2.6 [
3
H]-labeled tRNA preparation 

The E. coli tRNA
Phe

 gene was PCR amplified from the pCF0 plasmid for in vitro 

transcription with 100 µM [5-
3
H]UTP followed by purification with a Nucleobond 

PC100 column (Macherey-Nagel) as described previously (Wright et al. 2011). 

3.2.7 Nitrocellulose membrane filter binding 

10 nM [
3
H]tRNA was incubated with increasing concentrations of TruB for 10 min at 

room temperature before filtering through a nitrocellulose membrane. The amount of 

[
3
H]tRNA bound to TruB was determined by scintillation counting as described 

previously (Wright et al. 2011). 

3.2.8 Tritium release assay 

Tritium-labeled tRNA was refolded in 1× TAKEM4, mixed with pre-warmed TruB and 

the amount of released tritium corresponding to the amount of pseudouridine formation 

was determined as described previously (Wright et al. 2011). Single-turnover 

experiments were analyzed by fitting with a single-exponential function: 

Y= Ymax + Amp × exp(-kψ × t) 

yielding the apparent rate of pseudouridine formation (kapp), the maximal amount of 

pseudouridines formed (Ymax) and the amplitude (Amp). 

In order to determine a Michaelis constant (KM) for TruB K64E and TruB ΔPUA, the 

resulting apparent rates were plotted against enzyme concentration ([protein]) and the 

data fitted with the Michaelis-Menten function: 

kapp = vmax × [protein] / (KM + [protein]) 
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3.2.9 Co-culture competition assay 

Parental E. coli strains Frag1 (“wild type”) and the truB knockout strain MJF546 (TruB
-
 

Tet
R
) as well as plasmids pTrc99a-mt (empty vector) and pTrc99a-TruB (plasmid with 

wild type TruB gene) were kindly provided by the Stansfield lab (Kinghorn et al. 2002). 

Quikchange site-directed mutagenesis as described above was utilized to produce 

plasmids pTrc99a-TruBK64E and pTrc99a-TruBΔPUA. The competition experiments 

were completed as described previously (Gutgsell et al. 2000; Kinghorn et al. 2002). In 

brief, growth of all E. coli strains was completed at 37°C in lysogeny broth (LB) without 

inducer as it has been previously shown that leaky expression occurs (Kinghorn et al. 

2002). For the competition experiments, strains were first grown individually overnight. 

Samples containing 1 OD600 of each cell strain were mixed to start the competition. The 

numbers of viable cells were determined by plating dilutions on LB plates with and 

without tetracycline (25 µg mL
-1

).  

3.2.10 Pseudouridine detection in cellular tRNA by CMC modification 

tRNAs were isolated from various E.coli strains by resuspension of a cell pellet in 6.2 M 

guanidine thiocyanate, 0.04 M sodium citrate, pH 7.0, 0.8% sarcosyl, 0.1 M β-

mercaptoethanol, addition of 1/10 volume of 2 M sodium acetate, pH 4.0 and extraction 

with phenol:chloroform:isoamyl alcohol followed by two ethanol precipitations. 50 pmol 

RNA was reacted for 1 h at 37°C with 0.66 M CMCT in 50 mM bicine, pH 8.0, 7 M urea, 

4 mM EDTA. Following ethanol precipitation, the RNA was resuspended in 50 mM 

Na2CO3 solution, pH 10.3, incubated at 50°C for 2 hours and again precipitated. The 

tRNA
Phe

 RT primer was labelled with [
32

P] using T4 polynucleotide kinase and incubated 

with RNA for 5 minutes at 65°C, and then an additional 10 minutes at 47°C. 
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Subsequently, reverse transcriptions were carried out with AMV reverse transcriptase for 

45 min at 47°C, followed by 15 minutes at 70°C to heat inactivate the enzyme. Following 

precipitation, samples were separated on a 15% sequencing Urea-PAGE at 50 W (3000V) 

for 1.5 hours which was analyzed by phosphorimaging. This experiment was duplicated 

to detect pseudouridine formation in tRNA
Phe

 showing that the presented results are 

reproducible. In a separate experiment, similar results were obtained for in vivo 

pseudouridine formation in tRNA
Cys

 (data not shown). To estimate the relative level of 

pseudouridine formation, the 55 band intensity was quantified using Image J software 

(NIH) and the intensity of the band at position 56 was subtracted to account for random 

stops during the primer extension. The percentage of pseudouridine formation at position 

55 is estimated relative to the pseudouridines found in the wild-type strain which are set 

to 100%. 

3.2.11 Circular dichroism spectroscopy 

All proteins were diluted to a concentration of 0.05 mg/mL in 50 mM sodium phosphate 

buffer, pH 7.5 and analyzed in a Jasco J-815 CD spectrometer with a 1 mm path length 

cuvette. Spectra were recorded from 190 to 320 nm with 1 s digital integration time, 1 nm 

bandwidth, and a scanning speed of 50 nm/min. For each enzyme, eight individual 

spectra were accumulated and averaged. The mean ellipticity [θ]mrw was calculated from 

the observed ellipticity (θ), path length (d), and protein concentration (c; mg/mL): 

[θ]mrw = MRW × θ / (10 × d × c) 
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3.2.12 Preparation of fluorescein-labelled tRNA 

Purified in vitro transcribed tRNA
Phe

 was oxidized with 2 mM potassium periodate for 30 

minutes. The reaction was stopped by the addition of ethylene glycol to a final 

concentration of 10 mM. Following an ethanol precipitation, the tRNA was incubated 

with 10 mM fluorescein-5-thiosemicarbazide (LifeTechnologies) in a 0.1 M sodium 

acetate solution for 16 hours in the dark at room temperature. The RNA was precipitated 

by the addition of 3 M sodium acetate, pH 5.2 and ethanol. The unbound dye was 

removed via phenol extraction. The tRNA was again precipitated in ethanol and finally 

resuspended in water. RNA concentration was estimated by absorbance at 260 nm. The 

dye concentration was determined by measuring the absorbance at 492 nm with the 

extinction coefficient of 80 000 M
-1

cm
-1

. The final labelling efficiency was determined 

by comparing the concentration of tRNA and dye. 

3.3 Results 

3.3.1 TruB folds tRNA in vitro independent of its modification activity 

First, TruB’s ability to bind to in vitro transcribed RNA was measured via nitrocellulose 

membrane filtration. While TruB can bind to its substrate tRNA with relatively high 

affinity (1.9 ± 0.7 µM), it is unable to bind to 23S ribosomal RNA or single-stranded 

RNA (Figure 3.2).  
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Figure 3.2. Assessing binding of TruB to different RNAs. Catalytically inactive TruB 

D48N was incubated with [
3
H]-labelled RNAs and binding was analyzed by 

nitrocellulose filtration. The natural substrate E.coli tRNA
Phe

 (filled circles) was used as a 

positive control. No binding was detected with a short single-stranded RNA (open 

squares) or a structured, ~200 nt fragment of the 23S rRNA corresponding to the 

peptidyltransferase center (open triangles). In conclusion, while TruB is known to 

interact with all elongator tRNAs, it is not binding non-specifically to other RNAs. 

 

To assess whether the pseudouridine synthase TruB is able to promote tRNA folding, we 

used aminoacylation of tRNA as the readout for the successful folding of tRNA into a 

biologically active conformation (Figure 3.3). It is well established that folded tRNA is 

rapidly aminoacylated whereas un- or misfolded tRNA is only slowly aminoacylated 

(Bhaskaran et al. 2012). Using a published assay to monitor tRNA folding, we first 

unfolded unmodified, in vitro transcribed E. coli tRNA
Phe

 through incubation at 65°C and 

subsequently allowed tRNA to slowly fold at 0°C in the presence or absence of TruB 

wild type or variants. At several time points, tRNA folding was analyzed by assessing 

aminoacylation of the tRNA (Figure 3.3). The fraction of folded tRNA was determined 

by recording the fraction of instantaneously aminoacylated tRNA (Bhaskaran et al. 

2012). In the presence of TruB wild-type, the rate of tRNA folding was increased about 

twofold with twice as much tRNA folded at any given time point compared to the 

reaction without TruB (Figure 3.3); thus TruB assists in tRNA folding. Next, the  
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Figure 3.3. in vitro tRNA folding in the presence and absence of TruB as determined 

by tRNA aminoacylation time courses. tRNA was unfolded and then allowed to refold 

for 0 (squares), 2 (circles), 5 (triangles), or 20 minutes (diamonds) at 0°C prior to the start 

of the aminoacylation reaction. Figures A to C show representative time courses of 

aminoacylation reactions (A) without TruB, (B) with TruB wild type, or (C) with 

catalytically inactive TruB D48N. The initial fraction of aminoacylated tRNA reflects the 

proportion of correctly folded tRNA that is instantaneously aminoacylated in the 

presence of a large excess of Phe-tRNA
Phe

 synthetase (D). The remaining tRNA is only 

slowly aminoacylated because folding of these tRNAs is the rate-limiting step 

(Bhaskaran et al. 2012).  tRNA was unfolded and then allowed to refold in the absence of 

TruB (black squares) or in presence of TruB wild type (green circles), catalytically 

inactive TruB D48N (blue inverse triangles), TruB ΔPUA (grey diamonds), or TruB 

K64E (orange triangles). At different times of the folding reactions, the aminoacylation 

reaction was started to determine the amount of folded and thus aminoacylatable tRNA 

(y-axis intercept of the aminoacylation time courses shown in A – C). Here the fraction of 

folded tRNA is plotted over time. Examination revealed a higher initial fraction of folded 

tRNA in the presence of TruB wt, TruB D48N, TruB ΔPUA (0.22 versus 0.12 in absence 

of TruB) as well as a higher rate of folding in the presence of TruB wt, TruB D48N , and 

TruB ΔPUA with 0.26 ± 0.05 min
-1

 in contrast to a rate of folding of 0.1 ± 0.07 min
-1

 in 

the absence of TruB or in the presence of TruB K64E. 

 

experiment was repeated with the TruB D48N variant which is inactive in pseudouridine 

formation, but unaffected in tRNA binding (Wright et al. 2011). The catalytically 
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inactive TruB variant is able to fold tRNA at the same rate as TruB wild type, 

demonstrating that TruB’s tRNA chaperone activity is independent of its tRNA 

modification activity. Completing the assay in the presence of TruB ΔPUA also increased 

the fraction of folded tRNAs in solution to a similar level as the wild type or D48N 

enzymes. TruB K64E was unable to assist in folding tRNA under these conditions as the 

fraction of folded tRNAs is similar to the level observed in the absence of enzyme 

(Figure 3.3D). 

3.3.2 Molecular mechanism of tRNA interaction with TruB 

To understand how TruB folds tRNA, we need to know how TruB binds tRNA, how it 

induces conformational changes in tRNA and how it dissociates from tRNA. To 

separately detect and analyze these steps, we utilized a previously described tRNA
Phe

 that 

is labeled at position 57 in the T-arm with a fluorescent base analog, 2-aminopurine 

(2AP) (Friedt et al. 2014). Binding of the tRNA by TruB causes nucleotides 55-57 of the 

tRNA to flip into the catalytic pocket of the enzyme which is reflected by an increase in 

2AP fluorescence. Interaction with TruB wild type results in a two-phase fluorescence 

increase reflecting tRNA binding and a subsequent conformational change followed by a 

slower fluorescence decrease due to tRNA dissociation after catalysis is completed 

(Figure 3.4). The first fluorescence increase likely reflects the encounter of TruB with 

tRNA, but it is fast and has a small amplitude, preventing a quantitative analysis. 

Therefore, we reduced the reaction rate by measuring TruB – tRNA interactions at a low 

temperature (5°C) that does not affect the affinity of TruB for tRNA (dissociation 

constants of 0.8 ± 0.1 µM and 0.5 ± 0.1 µM at 5°C and 20°C, respectively Figure 3.4D). 
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 The kinetic mechanism of tRNA interacting with TruB was investigated by titrating 

2AP-labeled tRNA with TruB wild type at both both 20°C and 5°C in stopped-flow 

experiments (Figure 3.4A, 3.5B-E). This experimental system also allowed us to directly 

observe dissociation of tRNA from TruB in fluorescent chase experiments where a pre- 

 

Figure 3.4. Determining the kinetic mechanism of the TruB - tRNA interaction. A) 

Time courses of TruB interacting with RNA
Phe

 containing a 2-aminopurine (2AP) at 

position 57 were monitored using a stopped-flow apparatus. 2AP-tRNA (0.3 µM final 

concentration) was rapidly mixed with TruB wild type (5 M final concentration). Time 

courses were fitted with a 2-exponential function (wt, 5°C) or a three-exponential 

function (wt, 20°C). B) Dissociation of substrate tRNA from TruB was monitored by 

rapidly mixing TruB D48N in complex with 2AP-tRNA with an excess of unlabeled 

tRNA
Phe

 (for dissociation rates see Table 3.2). C) Rapid-kinetic stopped-flow analysis of 

2-aminopurine-labeled tRNA
Phe

 G18A binding to TruB wild type at 20°C. Final 

concentrations were 1.5 µM tRNA and 5 µM enzyme. Fitting of the timecourse with a 3-

exponential function (grey line) yielded the following apparent rates:kapp1 = 123 ± 3 s
-1

, 

kapp2 = 10.5 ± 0.3 s
-1

 and kapp3 = 0.22 ± 0.004 s
-1

. D) Equilibrium fluorescence titrations of 

200 nM tRNA
Phe

 containing a 2-aminopurine (2AP) at position 57 with increasing 

concentrations of TruB D48N obtaining a KD of 0.5 ± 0.1 µM at 20°C and 0.8 ± 0.1 µM 

at 5°C. 
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Figure 3.5. Rapid kinetic analysis of 2AP-tRNA binding to and dissociating from 

TruB. A) Equilibrium fluorescence titration of 2-aminopurine-labeled tRNA
Phe 

G18A 

(final concentration of 200 nM) with increasing concentrations of TruB D48N at 20°C. 

The relative fluorescence change at 365 nm was plotted against enzyme concentration to 

determine a dissociation constant of 0.6 ± 0.3 µM. B) Apparent rates for the second 

(kapp2, circles) and third (kapp3, squares) phases of TruB – tRNA interaction at 20°C 

(Figure 3.4B). The apparent rates for the second phase (3.2 ± 0.1 s
-1

 at 20°C) are 

concentration independent consistent with a unimolecular conformational change in the 

tRNA. The fluorescence decrease observed at 20°C (kapp3) reflects release of modified 

tRNA, which is rate-limited by catalysis as described previously (Wright et al. 2011), and 

is concentration independent with an average apparent rate of 0.20 ± 0.01 s
-1

. C) 

Apparent rates (kapp1) of tRNA binding to TruB at 5°C were plotted against enzyme 

concentration. Fitting to a linear equation determined k1 and k-1 (Table 3.2). The apparent 

rates for the first phase increase linearly with the TruB concentration as expected for a 

bimolecular binding event allowing us to determine the association (k1) and dissociation 

rate constants (k-1) from the slope and y-intercept, respectively (Table 3.2). D) Apparent 

rates for second phase (kapp2) of TruB – tRNA interaction at 5°C were plotted against 

enzyme concentration. As reported for experiments performed at 20°C, the apparent rates 
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for the second phase (0.8 ± 0.1 s
-1

 at 5°C) are also concentration independent and 

therefore reflect the unfolding of the tRNA elbow region. E) Dissociation of product 

tRNA from TruB was monitored by rapidly mixing TruB wild type in complex with 2AP-

tRNA with an excess of unlabeled tRNA
Phe

 at 5°C (light green) and 20°C (dark green). 

The dissociation rate was determined by fitting the time course with a single-exponential 

function (smooth black line). The dissociation rate constant of substrate tRNA (Table 3.2) 

is significantly lower than the dissociation rate constant k-1 for the initial tRNA-TruB 

encounter at 5°C and therefore corresponds to the reversal of the conformational change 

in the second step of binding (k-2). Knowing k-2 allows us to determine the forward rate 

constant k2 (Table 3.2, Materials & Methods) (Fersht 1998). 

 

 

Figure 3.6. Interaction of TruB with tRNA labeled with fluorescein at its 3 end. A) 

Equilibrium fluorescence titration of fluorescein-labeled tRNA
Phe

 with TruB D48N. The 

relative fluorescence at 515 nm was plotted against enzyme concentration and fitted with 

a hyperbolic function to obtain the KD of 0.10 ± 0.02 M. B) TruB wild type (final 

concentration 5 µM; green) or TruB ΔPUA (final concentration 10 µM, grey) was rapidly 

mixed in a stopped-flow apparatus with fluorescein-labeled tRNA (final concentration 

0.3 µM). Fluorescein was excited at 480 nm and emission was monitored using a LG-500 

nm cutoff filter. The fluorescence change of TruB wild type was fitted with a single 

exponential function. C) Apparent rates of TruB wild type interacting with fluorescein-

tRNA are plotted against enzyme concentration. 
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formed complex of TruB with 2AP-tRNA is rapidly mixed with excess unlabeled tRNA. 

By using catalytically inactive TruB D48N, the dissociation of unmodified substrate 

RNA can be followed (Figure 3.4B). Kinetic analyses of these time courses provide the 

rate constants for the initial encounter of tRNA and TruB (k1 and k-1), for the 

conformational change that TruB induces in tRNA to flip the target uridine into its active 

site (k2 and k-2) as well as for pseudouridine formation (kψ) as reported previously (Table 

3.2). 

Comparing these rate constants reveals that tRNA binding is rapid and reversible. 

However the subsequent disruption of the elbow region of tRNA to flip bases into TruB’s 

active site is rather slow with a k2 of only 1.3 s
-1

 at 20°C, and it is readily reversible since 

k-2 is rather large with 1.9 s
-1

. Importantly, reversal of the unfolding of the tRNA elbow 

region is faster than actual pseudouridine formation (k-2 = 1.9 s
-1

 versus kψ = 0.2 s
-1

 at 

20°C, Table 3.2). Therefore, upon binding to TruB, the tRNA is repeatedly unfolded and 

then rapidly refolded in the elbow region before the tRNA is eventually slowly modified 

by TruB. 

Table 3.2. Summary of kinetic parameters for TruB wild type and TruB ΔPUA at 

5°C, 20°C and 37°C. 

 TruB wild type TruB PUA 

 5°C 20°C 37°C 5°C 20°C 37°C 

k1 (M
-1

 s
-1

) 8 ± 1 ND ND 2.0 ± 0.5 ND ND 

k-1 (s
-1

) 16 ± 5 ND ND ND ND ND 

k2 (s
-1

) 0.5 ± 0.5 1.3 ± 0.4 ND (0.8 ± 0.3)
b
 (7.0 ± 0.5)

b
 ND 

k-2 (s
-1

) 0.32 ± 0.04 1.9 ± 0.2 ND ND ND ND 

kψ (s
-1

) ND 0.20 ± 0.02 0.5 ± 0.2
a
 ND 0.06 ± 0.01 0.02 ± 0.01 

krelease (s
-1

) 1.2 ± 0.1 10.6 ± 0.3 ND 0.9 ± 0.2 4.5 ± 1.2 ND 

ND: not determined 
a
 determined in (Wright et al. 2011) 

b
 apparent rate (kapp2) for tRNA conformational change; k2 for TruB PUA will be 

slightly lower (k2 = kapp – k-2) 

 



Chapter 3 – TruB is a tRNA Chaperone 

 

70 
 

Since the previous experiments used folded wild-type tRNA (Figure 3.2A & B, 3.3B-E), 

we subsequently asked whether and how TruB interacts with a potentially mis- or partly 

unfolded tRNA. Therefore, we tested the interaction of TruB with 2AP-labelled tRNA 

harboring a G18A substitution in the D arm that affects the tertiary interaction of D and T 

arm (Figure 3.3C). The affinity of TruB for this tRNA is unchanged, and the kinetics of 

the interaction between TruB and tRNA G18A are similar to wild-type tRNA (Figure 

3.3C & 3.4A). The most notable difference is an increase in the rate of base-flipping by 

about two-fold (kapp2) which is consistent with a disturbed tertiary structure in the elbow 

region of tRNA that allows TruB to gain access to the target uridine more easily. In 

conclusion, TruB does not discriminate between folded and partially folded tRNAs, but 

binds both folded and misfolded tRNAs followed by unfolding of the tRNA elbow 

region. 

3.3.3 tRNA chaperone activity of TruB is critical for bacterial fitness 

The data in Figures 3.2 and 3.3 show that TruB acts as a tRNA chaperone in vitro, but is 

TruB’s tRNA chaperone activity important in vivo? If this were true, then bacterial fitness 

should be reduced when tRNA binding by TruB (but not its catalytic ability) is impaired. 

To test this hypothesis, single conserved, basic amino acid residues within the RNA 

binding surface of TruB (R40, K64, K130, and K176) were individually substituted with 

a negatively charged glutamate to impair tRNA binding (Fig. 3.1). In multiple-turnover 

tritium release assays, all of the TruB variants were significantly slower in 

pseudouridylation than the wild type (Figure 3.7A). Single-turnover pseudouridylation 

experiments (Figure 3.7B), revealed that the TruB K64E variant is most affected: 750-

fold slower than the wild type enzyme (Table 3.3) (Wright et al. 2011; Kamalampeta et   
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Figure 3.7. Pseudouridylation assays with TruB variants. A) Multiple-turnover 

pseudouridylation assays (600 nM tritium-labeled tRNA
Phe

, 20 nM TruB) with TruB wild 

type (green circles), TruB R40E (red crosses), TruB K64E (orange diamonds), TruB 

K130E (purple triangles), and TruB K176E (turquoise reverse triangles). B) 

Pseudouridine formation by TruB variants with substitutions in the tRNA binding 

interface was monitored by a tritium release assay at 37ºC under single-turnover 

conditions (1 µM tRNA
Phe

 with 5 µM TruB). Time courses were recorded for TruB wild 

type (green circles) and TruB variants as indicated in color in (A). C) Pseudouridine 

formation by TruB K64E under single-turnover conditions at several enzyme 

concentrations (from light to dark orange): 3 µM (diamonds), 5 µM (circles), 10 µM 

(squares), 15 µM (triangles), and 20 µM (reverse triangles). D) Single turnover tritium 

release assay at increasing TruB ΔPUA concentrations (from light to dark grey): 3 µM 

(diamonds), 5 µM (circles), 10 µM (squares), and 15 µM (triangles). Time courses in B 

and C were fitted with a single-exponential function to determine the apparent rate of 

pseudouridine formation (kapp). 

Table 3.3. Apparent rates of pseudouridine formation by all TruB variants tested 

under single-turnover conditions (Figure 3.7B). The apparent rates were determined by 

fitting time courses with a single exponential function. 

Enzyme kapp, min
-1

 Fold-decrease 

TruB wild type* 30 ± 12 - 

TruB R40E 0.8 ± 0.1 43 

TruB K64E 0.04 ± 0.01 750 

TruB K130E 1.6 ± 0.3 19 

TruB K176E 0.3 ± 0.1 100 
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al. 2012). Therefore, all further experiments were conducted with the TruB K64E variant. 

We determined the Michaelis constant (KM) in single-turnover tritium release assays 

(Figures 3.6C and 3.7A) since determination of a dissociation constant (KD) for TruB 

K64E proved to be difficult as nitrocellulose filtration resulted in no signal change 

(Fig.3.8B). Compared to TruB wild type (KD of 340 nM, KM of 550 nM) (Wright et al. 

2011), the KM of TruB K64E is very high (28 ± 26 µM; Figure 3.8A) indicating that the 

 

Figure 3.8. Bacterial fitness depends on tRNA binding by TruB. A) Apparent rates of 

pseudouridine formation (kapp) by TruB variants from single-turnover experiments 

(Figure 3.5C and D) were plotted against TruB concentration to determine the KM. B) 

Binding of tritium-labeled tRNA (10 nM) to TruB was determined through nitrocellulose 

filter binding. Hyperbolic fitting yielded the KD: 2.4 ± 0.3 M for TruB wild type and 9 ± 

1 M for TruB ΔPUA. C) Co-culture competition assays between wild type E. coli and 

the E.coli truB knockout strain (black), the truB knockout strain expressing TruB wild 

type protein, TruB K64E or TruB ΔPUA. D) in vivo tRNA pseudouridine 55 formation in 

tRNA
Phe

 assessed by CMCT modification in E.coli wild-type as well as truB knockout 

strains expressing TruB variants. Similar results were obtained with probing for 

pseudouridylation in tRNA
Cys

 (data not shown). 
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affinity of TruB K64E for tRNA is strongly reduced. Next, we tested the impact of 

impaired tRNA binding by TruB K64E on bacterial fitness in co-culture competition 

assays with wild type (Gutgsell et al. 2000; Kinghorn et al. 2002). Notably, the truB 

knockout strain expressing TruB K64E was outcompeted by the E.coli wild type strain in 

about 15 days (Figure 3.8C). This result confirms that tRNA binding by TruB and in turn 

its tRNA chaperone activity are critical for cellular fitness. In contrast, the 

pseudouridylation activity of TruB is not important for cellular fitness as shown 

previously with the catalytically inactive TruB variant TruB D48C (Gutgsell et al. 2000). 

Notably, some pseudouridines were formed in tRNA
Phe

 in the strain expressing TruB 

K64E (roughly 50% of wild-type) whereas essentially no pseudouridine was detected in 

presence of TruB D48C (Figure 3.8D). Residual pseudouridylation activity by TruB 

K64E is expected based on the low level of pseudouridylation activity observed in vitro. 

These findings further support the conclusion that tRNA binding and folding, in contrast 

to pseudouridylation, is the critical cellular function of TruB. 

3.3.4 Functional role of the PUA domain of TruB for tRNA interaction 

The TruB family of pseudouridine synthases contains a conserved catalytic domain and a 

C-terminal pseudouridine synthase and archeosine transglycosylase (PUA) domain which 

is predicted to interact with RNA (Hoang and Ferre-D'Amare 2001; Cerrudo et al. 2014). 

We hypothesized that the PUA domain is critical for tRNA binding and folding and in 

turn for cellular fitness. Initial studies with TruB ΔPUA lacking the PUA domain and 

tRNA labeled with fluorescein at the 3CCA end suggested that the acceptor arm of 

tRNA interacts with the PUA domain of TruB, as no signal change is observed compared 

to the wild type enzyme (Figure 3.6B). Nitrocellulose filtration experiments with TruB 
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ΔPUA revealed only a 3-fold reduced affinity for [
3
H]-tRNA

Phe
 with KDs of 9 ± 1 µM 

and 2.4 ± 0.3 µM for TruB PUA and TruB wild type, respectively (Figure 3.8B). Single 

turnover pseudouridylation assays showed no concentration-dependence, but a 25-fold 

reduced rate of pseudouridylation by TruB PUA (Figure 3.7D, 3.8A and Table 3.3). 

Surprisingly, this suggests that the PUA domain is more important for catalysis than for 

tRNA binding, possibly by positioning the substrate tRNA onto the TruB enzyme.  

 

Figure 3.9. Rapid kinetic analysis of TruB ΔPUA interacting with tRNA. A) Time 

courses of 2AP-tRNA (0.3 µM final concentration) interacting with of TruB ΔPUA (10 

µM final concentration) at 20°C (dark grey) and 5°C (light grey). The time courses were 

fitted with a three-exponential (20°C, dotted black line) and a two-exponential function 

(5°C, smooth black line), respectively. B) The apparent rates for the first phase (kapp1, 

triangles) and the second phase (kapp2, squares) of tRNA binding to TruB ΔPUA at 5°C 

were plotted against enzyme concentration. Linear fitting of (kapp1) yielded k1 and k-1 

(Table 3.2). C) Apparent rates for the second (kapp2, diamonds) and third (kapp3, squares) 

phases of TruB ΔPUA interacting with tRNA at 20°C. D) Dissociation of 2AP-

tRNA•TruB ΔPUA complex was observed upon rapidly mixing with a large excess of 

unlabeled tRNA
Phe

. Time courses at both 20°C (dark grey) and 5°C (light grey) were 

fitted with a single exponential plus linear function to determine the dissociation rate. 

 



Chapter 3 – TruB is a tRNA Chaperone 

 

75 
 

Therefore, we performed stopped-flow experiments with 2AP-tRNA to dissect the role of 

the PUA domain on the initial encounter versus the local unfolding of tRNA upon 

binding to TruB (Figure 3.9, Table 3.2). The association rate constant (k1) at 5°C 

corresponding to tRNA binding by TruB is four-fold less for TruB PUA than for TruB 

wild type (Table 3.2). In contrast, the unfolding of the tRNA elbow region (k2 and k-2) is 

minimally affected by the deletion of the PUA domain. The data indicate that deletion of 

TruB’s PUA domain slows down the initial binding step between tRNA and TruB, but 

does not strongly affect the subsequent unfolding and refolding of tRNA. Thus, the PUA 

domain is likely not important for the tRNA chaperone function of TruB. 

Lastly, we tested the cellular role of the PUA domain in co-culture competition assays 

where expression of TruB ΔPUA was able to overcome the fitness disadvantage of the 

knockout strain (Figure 3.8C). However, we observed fewer pseudouridines in cellular 

tRNA
Phe

 than in the wild-type strain (Figure 3.8D), in agreement with the catalytic 

impairment of TruB PUA. We conclude that the PUA domain of TruB contributes to 

tRNA binding, but is most important for accelerating pseudouridine formation. Notably, 

the PUA domain is not critical for TruB’s tRNA chaperone activity. Accordingly, this 

domain is dispensable in vivo. 

3.4 Discussion 

We have combined biochemical, biophysical and cellular studies to verify the hypothesis 

that the model pseudouridine synthase TruB is a tRNA chaperone in vitro and in vivo. 

This is a proof-of-concept that during RNA maturation the modification and folding of 

RNA are linked, synergistic processes. As such, it is likely that other RNA modification 

enzymes are also RNA chaperones.  
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Besides proving that TruB is a tRNA chaperone that enhances tRNA aminoacylation 

(Figure 3.3), we characterized its molecular mechanism through rapid-kinetics 

experiments (Figure 3.4, 3.5 & 3.6). Importantly, following binding of tRNA, TruB 

induces the reversible unfolding of tRNAs in the elbow region such that tRNAs undergo 

multiple unfolding and refolding events before becoming eventually pseudouridylated 

and released. The ability of TruB to fold tRNA is critical for bacterial fitness as evident 

in co-culture competition assays (Figure 3.8) which indicates that this property of TruB 

has been selected for during evolution. Lastly, we clarified the function of the PUA 

domain of TruB as contributing to the initial binding of tRNA and to the catalysis of 

pseudouridine formation, likely by correctly positioning the tRNA (Figure 3.9). 

Moreover, the PUA domain is not involved in tRNA un- and re-folding and is 

dispensable for bacterial fitness (Figure 3.8). 

To further discuss TruB’s function as a tRNA chaperone, we use a definition for RNA 

chaperones that was proposed by Reneé Schroeder and coworkers: “A protein that binds 

transiently and non-specifically to RNA and resolves kinetically trapped, misfolded 

conformers. RNA chaperone activity entails the disruption of RNA-RNA interactions and 

the loosening of RNA structures. The interaction with the protein is needed for the 

unfolding of the RNA but not to maintain its structure. The protein does not require ATP 

binding or hydrolysis for its activity.” (Rajkowitsch et al. 2007). First, does TruB “bind 

transiently and non-specifically to RNA”? As a multiple turnover enzyme, TruB clearly 

binds tRNA transiently (Nurse et al. 1995; Gu et al. 1998; Wright et al. 2011). TruB does 

not interact entirely non-specifically with RNA as it does not bind a single-stranded or a 

structured RNA (Figure 3.2). However, TruB does modify all elongator tRNAs in 
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bacteria in the TC arm and is therefore not specific to a single tRNA (Gu et al. 1998; 

Gutgsell et al. 2000). Together, these properties designate TruB as a tRNA chaperone 

rather than a general RNA chaperone. Second, as a tRNA chaperone, TruB must be able 

to “resolve kinetically trapped, misfolded conformers”. We show that TruB increases the 

fraction of folded and aminoacylation-competent tRNAs. In this experiment, tRNAs were 

first unfolded and allowed to fold at 0°C in the presence or absence of TruB. Under these 

low temperature conditions, tRNA is likely to adopt an unfolded or mis-folded 

conformation and therefore correct tRNA folding is rate-limiting for aminoacylation. 

Clearly, TruB is able to accelerate the rate of folding and to increase the fraction of 

folded tRNA rendering it active for aminoacylation. Moreover, we have shown that TruB 

interacts similarly with a potentially mis- or unfolded tRNA G18A as with wild-type 

tRNA demonstrating its capability to act on misfolded tRNAs (Figures 3.4C & 3.5A). 

Third, we experimentally assessed TruB’s activity in “the disruption of RNA-RNA 

interactions and the loosening of RNA structures”. The crystal structures of TruB bound 

to the TC arm reveal that TruB disrupts interactions between the TC and the D arm of 

tRNA to gain access to the target uridine 55 (Figure 3.10) (Hoang and Ferre-D'Amare 

2001; Pan et al. 2003).  

Using tRNA with a 2-aminopurine base analog at position 57 allows us to observe the 

flipping of bases directly (Figure 3.4). This conformational change in tRNA loosens the 

tRNA structure in the elbow region which contains numerous tertiary RNA-RNA 

interactions. Importantly, this base-flipping and the associated conformational change can 

occur multiple times while tRNA is bound to TruB and before pseudouridylation occurs 

(Figure 3.9). Thus, TruB resembles a protein chaperone that can repeatedly unfold its 
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substrate, ensuring multiple chances to fold correctly (Kim et al. 2013). Indeed, 

pseudouridine formation may act as a timer and may have evolved to be slow in order to 

 

Figure 3.10. Mechanism of TruB acting as a tRNA chaperone while introducing 

pseudouridine 55. Rapid tRNA binding is followed by local tRNA unfolding in the 

elbow region which allows TruB to gain access to the modification site. By flipping out 

nucleotides 55-57 in the T arm (PDB: 1K8W), the tertiary interactions between T and D 

arm in tRNA (PDB: 4TRA) are disrupted (bottom) and the tRNA is unfolded. Since the 

reversion of the tRNA unfolding (k-2) is faster than catalysis (k) (Table 3.2), TruB 

allows the tRNA to repeatedly unfold and refold before becoming pseudouridylated. This 

repeated folding-unfolding transition in the elbow region of tRNA constitutes the tRNA 

chaperone activity of the pseudouridine synthase TruB. 

 

facilitate this repeated conformational change (Wright et al. 2011). Fourth, the statement 

that “the interaction with the protein is needed for the unfolding of the RNA but not to 

maintain its structure. The protein does not require ATP binding or hydrolysis for its 

activity.” is obvious for TruB. tRNA independently interacts with many other proteins 
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and the ribosome in the cell while maintaining its structure, and all TruB assays are 

conducted in the absence of ATP. In conclusion, our experimental evidence clearly 

demonstrates that TruB acts as a tRNA-specific chaperone. 

Why is tRNA folding by TruB critical for cellular fitness? Under optimal growth 

conditions, TruB is dispensable suggesting that tRNAs can fold independently (Gutgsell 

et al. 2000). However, in nature bacteria typically grow under stress and in competition 

with other organisms. Under these conditions, tRNA binding by TruB, but not 

pseudouridine formation, would be important for cellular fitness. This is evident in 

comparing TruB K64E and TruB PUA, which form similar levels of pseudouridine in 

tRNA (Figure 3.8D). Only the fitness of the strain expressing TruB K64E is impaired 

indicating that pseudouridylation is not the determining factor for cellular fitness (Figure 

3.8C). Rather our in vitro data (Figure 3.7A) suggest that only a fraction of tRNAs will 

bind to TruB K64E and will be pseudouridylated, whereas a much larger fraction of 

tRNAs will not bind and will not benefit from the tRNA chaperone function of TruB. In 

contrast, a large proportion of tRNAs will interact with TruB PUA (Figure 3.7B) and 

become correctly folded although only a small portion of these will be pseudouridylated 

due to the reduction of the catalytic rate (Figure 3.7A). This implies that there are 

kinetically trapped and misfolded tRNAs in the cell that benefit from TruB’s tRNA 

chaperone activity.  

Indeed there are several lines of evidence suggesting the presence of misfolded tRNAs 

and other potential tRNA chaperones in the cell. For instance, mutations in mitochondrial 

tRNAs are implicated in human diseases (Abbott et al. 2014), and one such mutation has 

been reported to result in tRNA misfolding (Jones et al. 2008). Similarly, mutations in 
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cytoplasmic tRNA
His

 lead to tRNA misfolding and in turn reduced processing of 

precursor tRNAs (Levinger et al. 1995). In eukaryotes, the La protein functions as a 

tRNA chaperone that is important for pre-tRNA folding (Chakshusmathi et al. 2003). 

Moreover, the La protein functions redundantly with catalytically active Pus4, the yeast 

homolog of TruB, indicating that these proteins together contribute to tRNA folding and 

stability (Copela et al. 2006). The importance of Pus4 for tRNA stability and/or folding is 

also supported by a report of a genetic interaction between a tRNA
Ser

 mutant and Pus4 

(Johansson and Bystrom 2002). Lastly, several biochemical studies have addressed the 

folding of wild type tRNAs revealing intermediate structures and possible formation of 

misfolded structures (Serebrov et al. 2001; Bhaskaran et al. 2012; Li et al. 2013). In 

summary, misfolded tRNAs are present in cells, and TruB can thus enhance cellular 

fitness by accelerating tRNA folding and/or increasing the fraction of correctly folded 

tRNA. 

It is astonishing that the PUA domain of TruB is not required for its tRNA chaperone 

function and consequently for bacterial fitness (Figure 3.7). Aligning 100 bacterial TruB 

sequences revealed that this domain is conserved, but absent in TruB proteins of 

Chlamydia species, which have a significantly reduced genome size compared to E.coli. 

Hence, Chlamydia may have lost the less-important PUA domain as TruB’s catalytic 

domain alone can still support cellular fitness. Our biochemical studies demonstrate that 

TruB’s PUA domain binds RNA (Figure 3.7B), as expected for this domain (Cerrudo et 

al. 2014). Superimposing the TruB-T arm structure (Hoang and Ferre-D'Amare 2001; 

Pan et al. 2003) with a full-length tRNA structure suggests a large binding interface 

between the PUA domain and the acceptor arm of tRNA which is supported by our 
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results with tRNA labeled at the 3 end (Figure 3.5G). This is similar to the PUA domain 

in the TruB homolog Cbf5, which is in direct contact with the related 3ACA motif of 

H/ACA guide RNA (Li and Ye 2006; Zhou et al. 2011). Our data suggest that this 

interaction contributes to tRNA binding, but is more important for catalysis. A plausible 

explanation is that the tRNA is positioned slightly differently on TruB PUA since a 

significant portion of the interaction surface is lost.  

Our findings show for the first time that the pseudouridine synthase TruB acts as a tRNA 

chaperone. Could this be a common phenomenon for RNA modification enzymes? The 

idea of a dual function for RNA modification enzymes is not new (Ishitani et al. 2008). 

Similar to Ofengand’s fitness studies with TruB (Gutgsell et al. 2000), the yeast tRNA 

methyltransferase Trm2, which forms m
5
U54 adjacent to pseudouridine 55, has been 

shown by genetic interaction to stabilize tRNA independent of its catalytic activity and 

could thus also act as a tRNA chaperone (Johansson and Bystrom 2002). Despite these 

supporting genetic studies, to the best of our knowledge direct mechanistic evidence for 

an RNA modification enzyme acting as an RNA chaperone has been lacking. Many RNA 

modification enzymes have been proposed or demonstrated to utilize a base-flipping 

mechanism to gain access to the target nucleotide for modification (Hoang et al. 2006; 

Dunkle et al. 2014; Hamdane et al. 2014), but base-flipping alone may not represent an 

RNA chaperone function. Rather, we hypothesize that RNA rearrangements, such as 

base-flipping, that are coupled to tertiary interactions such as in the elbow region of 

tRNA, could be the hallmark of the RNA chaperone activity by RNA modification 

enzymes.  
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A fine-tuned relationship between RNA folding and modification or binding by proteins 

may have arisen during the transition from an RNA world to a ribonucleoprotein world 

and could thus be an ancient and general mechanism. Proteins may enhance RNA 

structure and function not just by permanently associating with RNAs to form 

ribonucleoprotein complexes, but also by acting as RNA chaperones, which transiently 

interact with RNA and induce unfolding of incorrect RNA structures. Therefore, the 

finding that TruB acts as a tRNA chaperone simply by binding and rearranging tRNA 

structure prompts us to change how we think about RNA-protein interactions in general. 

It is possible that some of the more than thousand RNA-binding proteins also have a 

second function in acting as RNA chaperones with significant consequences for RNA 

biology. 

In conclusion, we provide the first direct evidence that an RNA modification enzyme also 

acts as an RNA chaperone in vitro an in vivo. This alters our understanding of RNA 

maturation as modification and folding can no longer be considered as separate 

processes. Instead it is likely that more examples of enzymes with dual modification and 

chaperone activities will be identified. Apparently, evolution has selected an efficient 

mechanism that integrates seemingly different events: RNA modification to expand the 

repertoire of chemically distinct ribonucleotides and RNA folding to adopt the 

biologically active conformation. 
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4.1 Introduction 

The formation of the near universally conserved 5-methyluridine modification found at 

position 54 in tRNA is catalyzed by the S-adenosylmethionine-dependent 

methyltransferase TrmA in E. coli. However, as only a crystal structure of TrmA with a 

short tRNA fragment is available (Alian et al. 2008), it remains unknown how exactly 

TrmA interacts with its two ligands, tRNA and S-adenosylmethionine (SAM). Therefore, 

in this study, I aimed to identify specific amino acid residues that play a role in ligand 

binding and catalysis by TrmA.  

TrmA belongs to the largest class of methyltransferase enzymes (Class I). These enzymes 

all have a Rossmann-like fold consisting of a seven-stranded  sheet connected to alpha 

helices that make up the conserved catalytic domain of the enzyme. The crystal structure 

of the E. coli catalytically inactive variant TrmA E358Q in complex with a 19 nucleotide 

T-arm analog revealed an enzyme with two domains – a SAM-binding catalytic domain 

and an RNA-binding domain (Alian et al. 2008). The catalytic domain contains the two 

amino acid residues absolutely required for 5-methyluridine formation, Cys324 and 

Glu358, as well as several residues that help position the target nucleotide and coordinate 

the T-arm stem loop. In mature folded tRNA, U54 makes a reverse-Hoogsteen base pair 

with A58 which is not present in the TrmA-bound T-arm substrate. Instead U54 is flipped 

out of the stem loop into the active site making a covalent bond via carbon 6 with the 

thiol group of Cys324. Additionally, the bases of G57 and A58 are rotated and form a 

nonsequential stack with G53, U55 and C56 in the T arm. Residues Gln190, Asp299, and 

Glu358 of TrmA form hydrogen bonds with the target base in this flipped out position. 
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Van der Waals and aromatic stacking interactions between residues Phe188 and Phe351 

also help to stabilize U54 within the active site of TrmA (Figure 4.1). 

 

Figure 4.1. TrmA – RNA interactions. The depicted interactions were observed in the 

co-crystal structure (Alian et al. 2008). The T-arm 19-mer analog is shown in yellow with 

TrmA amino acids in blue. Face-to-face base stacking is depicted in grey. Edge-to-face 

stacking is in red and Van der Waals interaction is in green. Hydrogen bonds are shown 

as dotted grey lines. 

 

TrmA locks onto its target stem loop within the catalytic cleft through several basic 

residue interactions. Residues Arg45, Arg47 and His356 all make hydrogen bonds to the 

RNA backbone, in addition to those described above. But in order to bind to the T-arm in 
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the catalytically active conformation with the flipped out target U54 nucleotide as 

observed in the crystal structure, TrmA must first break numerous tertiary interactions 

within the elbow region of tRNA. Unfortunately, no structural information on TrmA 

bound to full-length tRNA is available; therefore using the bound stem loop as a guide, 

the mature tRNA was docked into the TrmA crystal structure (Alian et al. 2008). It was 

proposed that clashes between residues Phe64 and Ile62 with tRNA nucleotide C56 and 

residue Arg51 with nucleotides G57 and G18 would help to destabilize D- and T-arm 

interactions in the full-length substrate. Additionally, residue Arg51 could potentially 

intercalate between G18 and G19 in the tRNA D-arm, thereby substituting for G57 in the 

canonical A58-G18-G57-G19 nucleotide stack of mature tRNA. Furthermore, TrmA 

residues Trp53, His54 and Phe106 could possibly make hydrophobic or aromatic stacking 

interactions with nucleobases U17, G18 and G19 of the D-arm, allowing the T-arm to 

refold within the active site. Finally, residue His125 was suggested to pack against the 

phosphate of G18 with its imidazole ring (Figure 4.2) (Alian et al. 2008).  

Along with the tRNA, TrmA must also bind to the methyl group donor, SAM, within the 

catalytic pocket. The conserved  sheet contains a deep cleft where SAM binds to the 

conserved GlyXGlyX motif (Motif I) located at the end of the first  strand. This motif 

coordinates the methionine portion of SAM, while a conserved negatively charged 

residue (Glu239) in Motif II makes hydrogen bonds with the ribose hydroxyl groups (see 

Appendix I for alignments) (Schubert et al. 2003; Lee et al. 2004; Alian et al. 2008). 

Some investigations have been performed on bacterial phospholipid methyltransferase 

and SAM binding, but to our knowledge little is known about SAM-binding by bacterial 
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Figure 4.2 Position of residues TrmA variants analyzed with respect to catalysis and 

tRNA binding. A) Crystal structure (PDB 3BT7) of TrmA (cyan) in complex with 19-

mer T-arm (grey) analog with SAH (black) positioned using RlmD structure as reference 

(PDB 2BH2) (Lee et al. 2004; Alian et al. 2008). Catalytic centre amino acids Cys324 

and Glu358 are shown as line structures in blue and orange, respectively. Coordinating 

amino acids Gln190 (green) and Gly220 (red) are also shown as line structures. Proposed 

D-arm binding amino acids Arg51 (purple), Phe106 (yellow), and His125 (brown) are on 

the opposite side of the RNA fragment. Close-ups of the RNA binding site and the 

catalytic site are shown in panels B and C, respectively. 
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tRNA methyltransferases (Aktas et al. 2011). The TrmA crystal structure did not have 

electron density corresponding to SAM suggesting that it binds with low affinity, and can 

easily diffuse out of the crystal (Alian et al. 2008). Although no electron density was 

observed for SAM in the TrmA crystal structure, modeling the position of SAH (S-

adenosyl-L-homocysteine) bound to RlmD (formerly RumA), a related E. coli rRNA 

methyltransferase, as well as comparing amino acid sequences to other 

methyltransferases allowed prediction of the SAM-binding surface in TrmA (Lee et al. 

2004; Alian et al. 2008). In TrmA, Motif I is located in a loop region between β11 and 

α6, the canonical glycine-rich region (GXGX) observed in other SAM-dependent 

methyltransferases is made up of amino acids Gly220, Asn221, Gly222, and Asn223. 

SAM-binding in TrmA is likely further stabilized by aromatic stacking interactions 

between Tyr218 and the adenine ring of the cofactor. Unlike in other SAM-dependent 

methyltransferases, there seems to be no additional packing interactions on the opposite 

side of SAM and it remains solvent exposed in TrmA, which might explain why it wasn’t 

bound with high occupancy in the crystal structure (Alian et al. 2008). 

TrmA binds to tRNA in at least two steps, the first being the reversible formation of a 

noncovalent complex as depicted in Scheme I, with forward and reverse rate constants of 

k1 and k-1, respectively. This initial interaction most likely occurs through a number of 

basic amino acids in the RNA-binding domain and the tRNA sugar-phosphate backbone 

as well as hydrophobic interactions with aromatic amino acids and tRNA nucleobases, as 

described above. Following this initial binding event, TrmA flips the target nucleotide 

U54 into the catalytic site of the enzyme where the thiol group of cysteine 324 attacks 

carbon 6 of the uracil base forming a reversible covalent complex (complex 2 in scheme  
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Scheme 1. Kinetics of 5-methyluridine formation by TrmA. Binding of tRNA and 

SAM occurs nonsequentially as both ligands can bind without the other present. 

However, when both are available for binding, the order of binding is unknown and 

therefore can proceed through multiple pathways. 

 I) with rate constants of k2 and k-2 (Gu and Santi 1992). As described by Alian et al. 

(2008), the SAM binding site is open to the solvent, and even with full-length tRNA 

modelled into the structure, it seems likely that SAM can bind to TrmA after tRNA is 

bound. Nothing to date is known about the order of ligand binding, but previous studies 

have indicated RNA 5-methyluridine transferases undergo random sequential binding of 

the two ligands (Purich 2010). Once both ligands are bound, catalysis can proceed 

through the transfer of a methyl group from SAM to carbon 5 of the uracil base. To 
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resolve the covalent product complex, E358 in TrmA acts as a general base to abstract the 

proton from C5, releasing Cys324 from carbon 6 (Kealey et al. 1994a).  

Previous studies have reported on the requirements of tRNA to be a target for TrmA 

methylation (Gu and Santi 1991; Gu and Santi 1992). TrmA is more active on full-length 

tRNA, but will modify T-arm stem loop analogs as short as 17 nucleotides. The only 

sequence characteristics absolutely required for activity are the conserved nucleotides 

U54, U55, C56, and A58, along with a loop-closing CG base pair (Gu and Santi 1991). 

Less is known about the amino acids required for efficient catalysis by TrmA. Therefore 

the amino acid substitutions in TrmA presented here were designed in order to gain a 

better understanding of 5-methyluridine formation in tRNA. 

4.2 Materials and Methods 

4.2.1 Buffers and reagents 

TAKEM4 buffer: 50 mM Tris-HCl, pH 7.5, 70 mM NH4Cl, 30 mM KCl, 1 mM EDTA, 

and 4 mM MgCl2. [5-
3
H]UTP used in radioactive in vitro transcriptions was purchased 

from Moravek. Q5 DNA polymerase was purchased from New England Biolabs (NEB). 

Fluorescein-5-thiosemicarbazide fluorescent dye was purchased from LifeTechnologies. 

All other enzymes and chemicals were obtained from Fisher Scientific. Ecolite™ 

scintillation cocktail was from MP Biomedicals. 

4.2.2 Protein expression and purification 

QuikChange
®
 site-directed mutagenesis (Stratagene) was used to mutate the Escherichia 

coli TrmA gene using NEB Q5 High-Fidelity DNA polymerase. The pCA24N(GFP 
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minus)-TrmA plasmid (JW3937) of the National Bioresource E. coli Project ASKA 

(Kitagawa et al. 2005) strain was used in mutagenesis reactions to construct single amino 

acid substitutions R51A, F106A, H125A, Q190A, G220D, C324A, and E358Q using 

overlapping primers (Table 4.1). All reactions were carried out using a MyCycler
TM

 

thermo cycler with conditions used in Table 4.2. The new plasmid pCA24N(GFP minus)-

TrmA C324A was subsequently used as a template to generate double substitutions R51A 

C324A, F106A C324A and H125A C324A. 

Table 4.1: Primers used for TrmA site-directed mutagenesis. 

Primer Name Sequence 

TrmAQ190A 

sense 
5-GTAGAAAACAGCTTTACGGCGCCGAACGCGGCGATG-3 

TrmAQ190A 

antisense 
5–CATCGCCGCGTTCGGCGCCGTAAAGCTGTTTTCTAC-3 

TrmAG220D 

sense 
5–GGCGATTTACTCGAGCTGTACTGCGACAACGGTAAC-3 

TrmAG220D 

antisense 
5–GTTACCGTTGTCGCAGTACAGCTCGAGTAAATCGCC-3 

TrmAC324A 

sense 

5–GTATCCGCGTATTTTGTACATCAGCGCTAACCCGGAAACGTTATGCAAG-

3 

TrmAC324A 

antisense 

5–CTTGCATAACGTTTCCGGGTTAGCGCTGATGTACAAAATACGCGGATAC-

3 

TrmAE358Q 

sense 
5–CCTACACGCACCACATGCAGTGCGGCGTATTAC-3 

TrmAE358Q 

antisense 
5–GTAATACGCCGCACTGCATGTGGTGCGTGTAGG-3 

TrmAR51A 

sense 
5–GGAGTTCGCCATATGGCACGATGGCGATG-3 

TrmAR51A 

antisense 
5-GTGCCATATGGCGAACTCCGCGCGCATCC-3 

TrmA F106A 

sense 
5–CACAAGCTTGCCCAGATTGATTACCTCAC-3 

TrmA F106A 

antisense  
5–AATCTGGGCAAGCTTGTGGCGCAGAACGG-3 

TrmA H125A 

sense 
5–CTATACGCTAAGAAGCTTGATGATGAGTGG-3 

TrmA H125A 

antisense 
5–TCAAGCTTCTTAGCGTATAGCAGGGAAACC-3 
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Table 4.2: PCR conditions for engineering TrmA variants. 

Step Temperature (°C) Time, Cycles 

Initial denaturation 98 30 seconds, 1 cycle 

Denaturation 98 10 seconds, 20 cycle* 

Annealing and Extension 72 9 minutes, 20 cycles* 

Final extension 72 9 minutes, 1 cycle* 

* For variant TrmAR51A denaturation, annealing and extension were completed for 30 

cycles. Additionally, the annealing and extension step was 3 minutes and 30 seconds. 

All proteins were expressed and purified as previously described using Ni
2+

-affinity and 

size-exclusion chromatography (Wright et al. 2011). Final protein concentrations were 

determined through absorbance readings at 280 nm (molar extinction coefficient of 36 

000 M
-1

 cm
-1

 for TrmA) and by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) followed by ImageJ (NIH) analysis. Final protein 

preparations were >90% pure as judged by SDS-PAGE and were RNA free as 

determined by A260:A280 ratios and urea-PAGE analysis. 

4.2.3 Circular dichroism spectroscopy 

Enzymes were diluted to 1 µM in 50 mM sodium phosphate buffer (pH 7.5) and kept on 

ice prior to measurements. A Jasco J-815 CD spectrometer was initialized following a 

standard protocol according to Kelly et al. (2005). Using a 1 mm cuvette, each sample 

was scanned eight times, with a 1 nm band width, from 190 nm to 320 nm. To ensure 

correct concentration, samples were analyzed by SDS-PAGE following CD analysis.  
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4.2.4 tRNA preparation 

Tritium-labeled tRNA
Phe

 for use in activity and binding assays was prepared as described 

in Chapter 3. Nonradioactive tRNA was purified using a 5mL Bio-Scale Mini DEAE 

anion exchange column (Easton et al. 2010). The tRNA was eluted from the column 

using a gradient from 100% Buffer A (50 mM sodium phosphate pH 6.5, 150 mM 

sodium chloride, 0.2 mM EDTA) to 100% Buffer B (50 mM sodium phosphate pH 6.5, 2 

M sodium chloride, 0.2 mM EDTA) as described in Easton et al. (2010). Peak fractions 

were analyzed by 15% urea-PAGE, pooled and ethanol precipitated. The tRNA 

concentration was determined photometrically by measuring the absorbance at 260 nm 

using the extinction coefficient of 5 × 10
5
 M

-1
 cm

-1
. The specific activity of the 

radiolabelled tRNA was determined through scintillation counting (Tri-Carb 28010TR). 

Absorbance measurements at 260 nm and scintillation counting were used to quantify the 

concentration and specific activity of the tRNA. 

Table 4.3: PCR protocol for amplification of tRNA
Phe

 gene. 

Step Temperature (°C) Time, Cycles 

Initial denaturation 95 5 minutes, 1 cycle 

Denaturation, annealing and 

extension 

1) 95 

2) 45 (increase 1°C each 

repeat) 

3) 72 

1) 30 seconds, 6 cycles 

2) 30 seconds, 6 cycles 

3) 20 seconds, 6 cycles 

Extension 1) 95 

2) 50 

3) 72 

1) 30 seconds, 29 cycles 

2) 30 seconds, 29 cycles 

3) 20 seconds, 29 cycles 

Final extension 72 11 minutes, 1 cycle 

4.2.5 Tritium release assay 

Tritium-labeled tRNA (1 µM) was refolded in 1× TAKEM4 by heating to 65°C for 5 

minutes followed by slow cooling to room temperature. The folded tRNA was added to 
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pre-warmed reaction mix (including enzyme and 50 µM S-adenosylmethionine (SAM)) 

to start the reaction. Samples were taken at select time points and the amount of released 

tritium corresponding to 5-methyluridine formation was determined through scintillation 

counting as described in Chapter 3 and previously (Lomax and Greenberg 1967; 

Armstrong and Diasio 1982; Wright et al. 2011). Single-turnover experiments were 

analyzed by fitting with a single-exponential function to determine the apparent rate of 

catalysis (kapp): 

Y = Ymax + Amp × exp(-kapp × t) 

A KinTek quench-flow apparatus was used to measure pre-steady-state kinetics, where 1 

µM (final concentration) [
3
H]-tRNA

Phe
 was rapidly mixed with TrmA (final 

concentration 2.5 – 15 µM) preincubated with SAM (final concentration 50 µM) in 

TAKEM4 buffer at 37°C. The reaction was quenched by the addition of 0.1 M HCl. The 

amount of total [
3
H]-tRNA

Phe
 in the quenched sample was determined by scintillation 

counting. The amount of free tritium was quantified by subjecting a defined volume (165 

– 245 µL) of the quenched sample to the tritium release assay as described above. The 

percentage of 5-methyluridine formation was determined as the fraction released tritium 

to the total radioactivity present for each time point. The resulting time courses were fit to 

a one exponential function to determine the apparent rate, kapp: 

F = F∞+ A × exp(-kapp × t) 

4.2.6 Methylation assay using [
3
H]-SAM 

In vitro transcribed tRNA
Phe 

was refolded as described above. The folded tRNA was then 

added to reaction mixture that included enzyme and 50 µM [
3
H]-SAM. During the time 
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course, 40 µL aliquots were removed and spotted on 5% trichloroacetic acid (TCA) 

presoaked Whatman paper disks. Disks were allowed to dry, then washed 3 times with 

5% TCA and finally with 100% ethanol to remove free [
3
H]-SAM. The amount of 

tritium-labeled tRNA on the filters was quantified using scintillation counting. 

Pre-steady-state [
3
H]-methyl-group incorporation was examined using a quench-flow 

apparatus, similar as described above. Time courses were completed using tRNA
Phe

 (final 

concentration 1 µM) and 50 µM [
3
H]-SAM with 5 µM TrmA wild type or TrmA E358Q. 

Whereas the tritium release quench-flow analysis examines the proton abstraction step, 

this experimental set-up measures the methyl-group transfer step. Following quenching, 

260 µL of the reaction mix was spotted on Whatman paper and washed as described 

above. For each time point 25 µL of the reaction mix was also counted directly. Time 

courses were fitted with a single exponential function. 

4.2.7 Nitrocellulose membrane filtration assay 

To measure tRNA binding, a low constant concentration of [
3
H]-tRNA

Phe
 (50 nM) was 

incubated with increasing concentrations of enzyme (0 – 60 µM) for 10 minutes in 

TAKEM4 at room temperature to allow binding. Tritium-labeled tRNA
Phe

 was first 

refolded as described above. This titration was repeated in the presence of 10 µM SAM. 

The reaction mixture was filtered through a nitrocellulose membrane. The membrane was 

then washed immediately with 1 mL ice cold TAKEM4 buffer and dissolved in 10 mL 

scintillation cocktail for 30 minutes. Similar conditions were used to measure SAM 

binding. Here, 50 nM [
3
H]-SAM was incubated with increasing enzyme concentrations 

with and without tRNA (5 µM) present. The level of radioactive ligand binding was 
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determined through scintillation counting. The dissociation constant (KD) was calculated 

by plotting the fraction of bound ligand against protein concentration and fitting the data 

to a hyperbolic function: 

Bound = Boundmax × [protein] / (KD + [protein]) 

4.2.8 Measuring tRNA folding by aminoacylation 

TAKEM4 buffer was used throughout the experiment. First, in vitro transcribed tRNA
Phe

 

was unfolded at 65°C as described previously and was immediately added to precooled 

0°C reaction buffer containing 6 mM ATP, 1 mM DTT, 3 mM inorganic 

pyrophosphatase, 3 mM phosphoenolpyruvate, and 1% pyruvate kinase. The tRNA (680 

nM) was allowed to refold at 0°C for 0, 2, 5, or 20 minutes in the absence or presence of 

200 nM TrmA or TrmA C324A and 50 µM SAM. Following tRNA folding, [
14

C]Phe and 

Phe-tRNA
Phe

 synthetase were added to the reaction mixture to final concentrations of 40 

µM and 20 µM, respectively. 10 µL samples taken at different times from the 

aminoacylation reaction were spotted onto 5% TCA presoaked Whatman paper disks. 

Disks were dried, then washed 3 times with 5% TCA and finally with 100% ethanol to 

remove free [
14

C]Phe. Following a final drying step at 65°C, the amount of [
14

C]Phe-

tRNA
Phe

 on the disks was quantified via scintillation counting. The aminoacylation time 

courses were fit with a single exponential function to determine the initial level of 

instantaneously aminoacylated tRNA (Y0): 

Y= Y0 + (Ymax – Y0) (1 - exp(-k × t) 
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The initial level of aminoacylated tRNA (folded tRNA) was then plotted against folding 

time. The resulting time courses were fit with the same exponential equation to obtain the 

rate of folding. 

4.3 Results 

In this study, specific amino acid residues of TrmA were altered with the intention of 

dissecting the roles they play in ligand binding and/or catalysis. To inhibit covalent 

complex formation, the catalytic residue Cys324 was changed to alanine, while changing 

Glu358 to Gln prevents proton abstraction (Kealey et al. 1994b). Within the SAM-

binding motif, Gly220 was mutated to Asp as this change was reported to inhibit m
5
U54 

formation (Urbonavičius et al. 2007). To disturb U54 coordination within the active site, 

Gln190 was also mutated to alanine (Alian et al. 2008). In order to examine which 

residues are potentially important in disrupting D and T-arm interactions Arg51, Phe106 

and His125 were all individually and in combination with the C324A mutation changed 

to alanine (Alian et al. 2008). Proteins containing an N-terminal hexahistidine tag were 

expressed from the pCA24N(GFP-) plasmid available from the AKSA database 

(Kitagawa et al. 2005). Following affinity and size exclusion chromatography, protein 

purity and concentration were determined as described previously (Wright et al. 2011). 

Finally, overall secondary structure was examined by CD spectroscopy to ensure amino 

acid substitution had no negative effect on enzyme folding (Figure 4.3).  
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Figure 4.3. Circular dichroism spectroscopy of TrmA variants. No substantial 

changes in structure for the TrmA variants compared to wild type were revealed as 

ellipticity remained relatively unaffected between wild type and all variants. TrmA wild 

type (solid black line), C324A (blue), E358Q (orange), Q190A (green), G220D (red), 

R51A (purple), F106A (yellow), and H125A (brown) were diluted in 50 mM sodium 

phosphate buffer, pH 7.5, to 1 µM prior to being scanned. 

 

4.3.1 Affinity for SAM and tRNA 

In order to assess the impacts these mutations have on TrmA’s ability to bind to its 

ligands, the wild type enzyme was examined along with all the variants using radioactive 

nitrocellulose filter binding assays. To measure tRNA binding, tritium-labeled tRNA 

substrate (50 nM) was incubated with increasing concentrations of enzyme (0 – 60 µM) 

in the presence and absence of SAM cofactor (50 µM). The wild type enzyme binds 

substrate tRNA with an affinity of 20 ± 10 nM which reflects a combination of both 

noncovalent (k1) and covalent (k2) complexes formed between TrmA and tRNA (Figure 

4.4A; Scheme 1). This affinity decreased approximately 30-fold upon the addition of 

SAM to the reaction mix as the enzyme proceeds through catalysis, therefore reflecting 

TrmA’s binding dissociation constant for m
5
U-containing product tRNA instead (Table 

4.4). Similarly, 10 nM of tritium-labeled SAM was incubated with increasing enzyme 

concentrations in the presence or absence of unlabeled tRNA (5 µM). For TrmA wild 
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type, [
3
H]-SAM binds with a low affinity of approximately 17 µM (Alian et al. 2008). 

Interestingly, this affinity does not improve with the addition of tRNA to the reaction mix 

(Figure 4.4B; Table 4.4).  

The C324A TrmA variant, which is unable to form a covalent complex with tRNA, has 

more than a 50-fold higher affinity for tRNA in the presence of SAM than for tRNA 

alone, 0.03 ± 0.02 vs 1.08 ± 0.16 µM (Figure 4.4C; Table 4.4). Unlike the wild type 

enzyme, the dissociation constant for SAM binding also decreases in the presence of 

tRNA from 24 µM to 150 nM, suggesting that having both ligands present results in 

tighter binding of each substrate (Figure 4.4D).  

The TrmA E358Q variant results in an enzyme that can undergo covalent complex 

formation as well as methyl-group transfer, but cannot undergo proton abstraction (Figure 

4.7A). Measuring the affinity for tRNA revealed very tight binding of tRNA to TrmA in 

the presence and absence of SAM, 0.011 ± 0.007 and 0.07 ± 0.04 µM, respectively 

(Figure 4.4E; Table 4.4). Comparable to the C324A variant, TrmA E358Q binds to 

tritium-labeled SAM with a dissociation constant of approximately 14 µM which 

decreased considerably upon addition of tRNA (Figure 4.4F; Table 4.4). 

In order to methylate U54, TrmA flips its target base out of the T-arm stem loop into its 

active site. Residue Q190 forms hydrogen bonds with U54 in the flipped out 

conformation, thereby most likely helping to stabilize and coordinate the base for 

catalysis. When Q190 is mutated to alanine in TrmA, the affinity for tRNA is reduced 14- 

fold compared to the wild type enzyme (Figure 4.4G; Table 4.4). Upon the addition of 

SAM, like the wild type enzyme, the affinity for tRNA also decreases compared to tRNA 
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Figure 4.4. Ligand binding analysis of TrmA wild type and active site variants. 
Nitrocellulose filter binding assays were completed with 50 nM 

3
H- tRNA (left panels: A, 

C, E, G, I) or 50 nM 
3
H-SAM (right panels: B, D, F, H, J). Increasing concentrations of 

enzyme were titrated into the radioactive ligand either in the presence (black squares) or 

absence (grey circles) of the other ligand. Different TrmA variants were tested: TrmA 

wild type (A & B), TrmA C324A (C & D), TrmA E358Q (E & F), TrmA Q190A (G & 

H), and TrmA G220D (I & J). Following a short incubation, reaction mixtures were 

filtered and washed with cold buffer. The retained radioactivity was quantified via 

scintillation counting. The percentage of bound substrate was plotted against enzyme 

concentration and fitted with a hyperbolic curve (smooth lines). The dissociation constant 

for each enzyme is reported in Table 4.4. 

 

Table 4.4. Dissociation constants for TrmA variants binding to (unmodified) tRNA 

and/or SAM as determined through nitrocellulose filtration. 

TrmA variant 

KD, µM 

[
3
H]-tRNA [

3
H]-tRNA + SAM [

3
H]-SAM [

3
H]-SAM + tRNA 

Wild type 0.02 ± 0.01 0.66 ± 0.11* 17 ± 2 27 ± 6 

C324A 1.08 ± 0.16 0.03 ± 0.02 24 ± 11 0.15 ± 0.06 

E358Q 0.07 ± 0.04 0.011 ± 0.007 14 ± 3 0.38 ± 0.21 

Q190A 0.28 ± 0.10 1.5 ± 0.2* 75 ± 52 0.39 ± 0.15 

G220D 0.22 ± 0.05 0.06 ± 0.03 no binding no binding 

R51A 0.14 ± 0.07 1.15 ± 0.34* 9 ± 3 6 ± 3 

R51AC324A 2.8 ± 0.7 0.16 ± 0.06 17 ± 5 0.78 ± 0.70 

F106A 1.0 ± 0.4 2 ± 1* 6 ± 2 2 ± 1 

F106AC324A 18 ± 7 6 ± 2 56 ± 34 10 ± 7 

H125A 4 ± 3 6 ± 2* 20 ± 5 2 ± 1 

H125AC324A 47 ± 27 3 ± 1 13 ± 9 5 ± 2 

*TrmA variants that are active in tRNA methylation will form methylated tRNA when 

incubated with both tRNA and and excess of SAM. In these cases, the binding of 

methylated tRNA, i.e. the product of TrmA, is observed rather than binding of unmodified 

substrate tRNA. 

 

alone, by about 5-fold to 1.5 ± 0.2 µM. Like the C324A and E358Q variants, TrmA 

Q190A has a very low affinity (75 ± 52 µM) for SAM when tRNA was not present which 

increased dramatically when tRNA was included in the reaction mixture (Figure 4.4H; 

Table 4.4). 



Chapter 4 – Characterization of TrmA Ligand Binding 

 

102 
 

The substitution of aspartate for glycine at position 220 in TrmA was the most dramatic 

residue change in TrmA, but did not result in any major changes to protein structure as 

observed by molar ellipticity (Figure 4.3). This alteration takes place in the conserved 

SAM-binding GXGX motif common to SAM-dependent methyltransferases. When 

TrmA G220D was titrated into tritium-labeled tRNA alone, the affinity of TrmA to tRNA 

was determined as 220 ± 50 nM, which became tighter upon the addition of SAM to 60 ± 

30 nM (Figure 4.4I; Table 4.4). Measuring SAM-binding directly using tritium-labeled 

SAM revealed only background level counts with or without tRNA present, thus 

suggesting that SAM binding is greatly reduced by this amino acid change as predicted 

(Figure 4.4J).  

TrmA R51A showed a similar trend to TrmA wild type, where the affinity for tRNA 

alone was 140 ± 70 nM which decreased to approximately 1 µM when SAM was present 

(Figure 4.5A; Table 4.4). Of note is the endlevel for this TrmA variant; although the 

dissociation constants are similar to other variants, only 20% saturation was reached 

which is half of the endlevel observed with wild type enzyme or its corresponding double 

mutant R51A C324A. Conversely, the endlevel for SAM binding was similar to wild 

type, and SAM binding did not change when tRNA was included in the titration with 

dissociation constants of 9 ± 3 µM without tRNA and 6 ± 3 µM with tRNA (Figure 4.5B; 

Table 4.4). In contrast to the single R51A variant, the catalytically inactive variant TrmA 

R51A C324A had the same trend as the single substitution variant TrmA C324A, where 

tRNA affinity increased from 2.8 ± 0.7 µM to 160 ± 60 nM in the presence of SAM, 

while SAM affinity also increased from 17 ± 5 µM to 800 ± 700 nM in the presence of 

tRNA (Figures 4.5C and D; Table 4.4). 
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For the TrmA F106A variant, neither tRNA nor SAM affinity change significantly upon 

the addition of the other ligand (Figure 4.5E: Table 4.4). However, tRNA binding is 

reduced when compared to the wild type enzyme. While the F106A variant can still form 

a covalent bond, the F106A C324A variant cannot and reflects the ability of TrmA to 

form noncovalent complexes with tRNA and SAM. TrmA F106A C324A binds to 

tritium-labeled tRNA with an extremely low affinity of almost 18 µM, an 18-fold 

reduction compared to the single substitution C324A variant (Figure 4.5G; Table 4.4). 

Unlike TrmA C324A, the affinity for tRNA did not greatly improve with the addition of 

SAM, as TrmA F106A C324A has a tRNA affinity of approximately 6 µM. SAM 

binding by TrmA F106A C324A is reduced compared to TrmA F106A, but does become 

tighter when tRNA is added, although the affinity is still 3-fold lower than for TrmA 

F106A and 60-fold lower than for TrmA C324A (Table 4.4). 

The affinity for tRNA binding to TrmA H125A does not change (within standard 

deviation) when SAM is included in the titration (Figure 4.5I; Table 4.4). However, SAM 

affinity increased when both ligands were present (Figure 4.5J: Table 4.4). The double 

substitution variant TrmA H125A C324A has the greatest effect on tRNA binding with 

an affinity of 47 µM in the absence of SAM (Figure 4.5K; Table 4.4). When SAM was 

added, the tRNA affinity improved to approximately 3 µM, which is similar to the 

H125A variant but more than a 100-fold reduction compared to the C324A variant (Table 

4.4). The affinity for SAM remained relatively unchanged whether tRNA was present or 

not (Figure 4.5L; Table 4.4).  

 



Chapter 4 – Characterization of TrmA Ligand Binding 

 

104 
 

 



Chapter 4 – Characterization of TrmA Ligand Binding 

 

105 
 

Figure 4.5. Analysis of ligand binding by TrmA variants proposed to be impaired in 

tRNA binding. Nitrocellulose filter binding assays were completed with 50 nM 
3
H- 

tRNA (left panels) or 50 nM 
3
H-SAM (right panels). Increasing concentrations of 

enzyme were titrated into the radioactive ligand either in the presence (black squares) or 

absence (grey circles) of the other ligand. TrmA variants tested were: TrmA R51A (A & 

B), TrmA R51A C324A (C & D), TrmA F106A (E & F), TrmA F106A C324A (G & H), 

TrmA H125A (I & J), and TrmA H125A C324A (K & L). Data was fitted with a 

hyperbolic curve and dissociation constants for each variant can be found in Table 4.4. 

 

4.3.2 Steady-state 5-methyluridine formation 

Since methylation of U54 occurs at position C5, the tritium release assay was used to 

monitor the level of modification in tRNA similarly to measuring pseudouridine 

formation (Lomax and Greenberg 1967; Armstrong and Diasio 1982; Santi and Hardy 

1987; Wright et al. 2011). Briefly, tritium-labeled tRNA is incubated with enzyme and 

upon methyl-group addition to C5, the tritium label at this position is abstracted and 

released into the supernatant where it can be isolated and counted. Increasing levels of 

tritium reflect the increase in modification over time. First, TrmA wild type was analyzed 

under multiple-turnover conditions and compared to the well characterized pseudouridine 

synthase enzyme TruB. Since all uridines within the tRNA are labeled with tritium at 

position C5, I can detect both methylation and pseudouridine formation within the same 

tRNA. By themselves, both enzymes are active in forming their respective modifications 

as observed by the increase in tritium released over time (Figure 4.6A). TrmA (20 nM) 

appears to be slower than TruB (20 nM) under these conditions as TruB reaches 100% 

tritium release (pseudouridine formation) in approximately 10 minutes, while TrmA only 

reaches ~50% tritium release (methylation) in the same time frame. Neither enzyme 

exceeds 100% tritium release (within error) when used individually in the assay; however 

when the enzymes are both included in the reaction mix, tritium release reaches more 
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Figure 4.6. Tritium release assays to detect 5-methyluridine formation by TrmA. 

Tritium-labeled tRNA was incubated with enzyme in the presence of excess methyl 

group donor SAM (50 µM). For multiple-turnover assays (A & B), 20 nM enzyme was 

incubated with 600 nM substrate. Single-turnover conditions (5 µM enzyme vs. 600 nM 

substrate) were used for determining methylation activity rates for TrmA variants (C). 

Samples were taken at the indicated time points, quenched in 0.1% HCl and the released 

tritium extracted and quantified (see Materials and Methods for details). A) Activity of 

TrmA wild type and TruB wild type acting on tRNA substrate. TrmA catalyzed U54 

methylation (circles) and TruB U55 pseudouridylation (open squares) is shown. Both can 

act on the same tRNA when incubated together (open diamonds). TrmA variants were 

assessed under multiple (B) and single-turnover conditions (C): TrmA wild type (circles), 

TrmA Q190A (triangles), TrmA G220D (inverted triangles), TrmA R51A (squares), 

TrmA F106A (open triangles), TrmA H125A (open inverted triangles), TrmA C324A 

(open circles), and TrmA E358Q (diamonds). Double substitution versions of TrmA 

R51A C324A, F106A C324A, and H125A C324A are not shown but were inactive in 

both single- and multiple-turnover assays. The data from single-turnover assays were 

fitted with a single-exponential function to determine a kapp for each enzyme (Table 4.5). 
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than 150% after 30 minutes indicating that both enzymes are active on the same tRNA, 

but are specific to their target base (Figure 4.6A). 

To characterize the TrmA variants, both multiple- and single-turnover tritium release 

assays were completed. Only three variants were active under multiple-turnover 

conditions (20 nM enzyme vs 600 nM [
3
H]-tRNA). TrmA wild type and TrmA R51A, 

which reached approximately 50% methylation in 30 minutes, plus TrmA Q190A which 

was considerably slower and only reached 20% tritium release even after 180 minutes 

(Figure 4.6B). Under single-turnover conditions, where a large excess of enzyme 

catalyzes a single round of methylation on a small pool of tRNA, I can detect activity in 

some of the other variants (Figure 4.6C; Table 4.5). The single-turnover time courses 

were fitted with a single exponential equation to determine a rate for each variant. 

Predictably, both TrmA C324A and E358Q variants, as well as the double substitution 

variants: R51A C324A, F106A C324A, and H125A C324A, were inactive in the tritium 

release assay regardless of enzyme concentration as they were designed to be impaired at 

different steps along the catalytic pathway preventing product formation (Figure 4.7A). 

TrmA Q190A, which was designed to potentially impair U54 recognition and 

stabilization, showed near wild type behavior (Figure 4.6C). TrmA R51A shows a similar 

level of activity as both Q190A and the wild type enzymes (Figure 4.6C). 

The remaining TrmA variants all had reduced catalytic activity compared to the wild 

type. TrmA G220D, which was intended to disrupt SAM binding, has a rate almost 50-

fold slower than the wild type at only 0.002 s
-1

.The remaining variants TrmA F106A and 

TrmA H125A have rates of 0.004 ± 0.001 and 0.005 ± 0.001 s
-1

, respectively (Figure 
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4.6C). These two variants were designed to impair TrmA’s ability to disrupt D- and T-

arm interactions within the tRNA. 

Table 4.5. Rate of U54 methylation by TrmA variants under single-turnover 

conditions. Rates were determined by fitting tritium release time courses with an single 

exponential function. 

TrmA 

variant rate, min
-1

 Fold change 

Wild type* 5.4 ± 0.6 - 

C324A not active - 

E358Q not active - 

Q190A 1.33 ± 0.09 - 

G220D 0.11 ± 0.01 49 

R51A 1.28 ± 0.13 - 

R51AC324A not active - 

F106A 0.23 ± 0.01 23 

F106AC324A not active - 

H125A 0.30 ± 0.02 18 

H125AC324A not active - 

*Rate determined from quench-flow analysis 

4.3.4 Rapid kinetics analysis of 5-methyluridine formation 

Quench flow kinetic analysis of TrmA catalysis allows us to dissect the individual steps 

along the reaction pathway under pre-steady-state conditions. Using tritium-labeled 

tRNA (1 µM), SAM (50 µM) and the wild type enzyme (2.5, 5, and 10 µM), the proton 

abstraction step could be observed directly. Using a modified version of the tritium 

release assay, the level of tritium in the supernatant following rapid mixing and 

quenching, corresponds to the level of proton abstraction and indirectly methylation. All 

three TrmA concentrations examined have a similar rate of tritium release when the data 

was fitted with a single-exponential function (average rate of 0.09 ± 0.01 s
-1

) (Figure 

4.7B). 
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Figure 4.7. Dissecting U54 methylation in tRNA
Phe

 by means of pre-steady-state 

kinetics. A) The chemical mechanism of 5-methyluridine formation by TrmA has been 

reported previously (Kealey et al. 1994; Alian et al. 2008). The first step involves the 

thiol group of a cysteine (C324) residue attacking carbon 6 of the target uracil creating a 

covalent bond and a nucleophilic centre at carbon 5. The methyl group of SAM is then 

transferred to carbon 5 and following β-elimination via proton abstraction by an aspartate 

(E358) residue, the product tRNA is released from the enzyme. B) Pre-steady-state 

conditions were used to assess the rate of product formation by TrmA using quench flow. 

Tritium-labeled tRNA (final concentration 1 µM) was rapidly mixed with 2.5 (light grey 

circles), 5 (dark grey squares), and 10 µM (black triangles) TrmA wild type 

(preincubated with 50 µM cold SAM) for a defined amount of time before being 

quenched with HCl. The amount of released tritium was quantified via scintillation 

counting and plotted against time. The resulting data was fitted with a single exponential 

function to ascertain a kapp. C) Quench flow experiments were completed with TrmA wild 
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type (circles) and TrmA E358Q (diamonds) to examine the methyl-group transfer step. 

Unlabeled tRNA (final 1 µM) was rapidly mixed with enzyme (final 5 µM concentration) 

which was preincubated with tritium-labeled SAM cofactor (final concentration 50 µM). 

Following quenching, the incorporated radioactive methyl group was quantified by 

spotting on TCA soaked Whatman paper as described in Materials and Methods. The 

retained level of radioactivity was plotted against time and fitted with a single 

exponential function. D) Methylation reactions were completed under multiple- (20 nM 

TrmA; triangles) and single-turnover (5 µM TrmA; circles) conditions using 600 nM cold 

tRNA and 50 µM [
3
H]-SAM. 

The rate of methyl group transfer was measured using tritium-labeled SAM (50 µM) and 

unlabeled tRNA (1 µM) under the same quench flow conditions. Once samples were 

rapidly mixed and quenched, they were spotted on TCA-soaked Whatman paper and the 

incorporated radioactive methyl group was quantified using scintillation counting (see 

Materials and Methods for details). Using both the wild type enzyme and TrmA E358Q 

(final concentration of 5 µM), the rate of methylation was determined by fitting the time 

courses with a single exponential equation (Figure 4.7C). The wild type had a rate of 0.21 

± 0.06 s
-1

, while the E358Q variant had a rate approximately 6-fold slower at 0.037 ± 

0.006 s
-1

. Product formation was analyzed under steady-state conditions as well using 20 

nM and 5 µM TrmA wild type incubated with 600 nM tRNA and 50 µM [
3
H]-SAM 

(Figure 4.7D). 

4.3.5 TrmA increases fraction of folded tRNA in vitro independent of catalytic 

activity 

It has already been established that aminoacylation of correctly folded tRNA occurs 

rapidly in vitro, followed by slower aminoacylation as un- or misfolded tRNAs fold 

(Bhaskaran et al. 2012). Therefore, TrmA’s ability to promote tRNA folding was 

examined using aminoacylation as an indirect readout (Figure 4.8). In vitro transcribed 

tRNA
Phe 

was unfolded and allowed to refold for a predetermined time in the absence or 
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presence of TrmA or catalytically inactive TrmA C324A. The fraction of instantaneously 

aminoacylated tRNA was plotted against folding time and revealed that the fraction of 

tRNAs active in aminoacylation increased with either enzyme over the no enzyme 

 

Figure 4.8. Aminoacylation assays to indirectly measure tRNA folding in the 

presence and absence of TrmA. In vitro transcribed tRNAPhe was unfolded and then 

refolded for 0 (squares), 2 (circles), 5 (triangles), or 20 minutes (diamonds) at 0ºC, then 

used as substrate in aminoacylation reactions. Figures A and B demonstrate 

representative time courses of the aminoacylation reactions following tRNA refolding in 

the presence of TrmA wild type (A) or TrmA C324A (B). The initial fraction of 

aminoacylated tRNA was plotted against folding time to demonstrate the increase in 

tRNAs that were instantaneously aminoacylated when either enzyme was included during 

the refolding step (C). The data for no enzyme control (black squares), TrmA wild type 

(blue circles), and TrmA C324A (dark blue squares) were fitted with an exponential 

function to determine the rate of folding. 
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control, suggesting that TrmA is indeed assisting in tRNA folding regardless of 5-

methyluridine formation. 

4.4 Discussion 

This investigation describes the quantitative biochemical characterization of ligand 

binding and catalysis by E. coli tRNA 5-methyluridine methyltransferase TrmA. 

Although this enzyme shares many structural elements and conserved motifs with other 

Class I methyltransferases, this is the first study to biochemically identify amino acids 

that are important for tRNA binding within TrmA which can further our understanding of 

the evolution of this enzyme family. Through mutagenesis and subsequent 

thermodynamic and kinetic analysis, I confirm that TrmA undergoes random sequential 

binding of its two ligands and demonstrate that binding is cooperative. Additionally, I 

corroborated the roles of amino acids within the RNA binding domain of TrmA and their 

importance for interactions with the D-arm and positioning of the tRNA.  

TrmA ligand binding is random and cooperative 

Scheme I describes binding, catalysis, and release steps involved in 5-methyluridine 

formation by TrmA. By altering specific amino acids within the active site of TrmA, I 

have been able to provide evidence that TrmA is a random bi-bi enzyme that undergoes 

random sequential binding of its two ligands (Cleland 1973). Filter binding assays 

revealed that TrmA is able to bind to both ligands, tRNA and SAM, independently of 

each other. All four catalytic cleft variants, C324A, E358Q, Q190A, and G220D, were 

able to bind to tRNA in the absence of SAM with affinities ranging from 70 nM to 1 µM, 

compared to the wild type with an affinity of 20 nM (Table 4.4). TrmA wild type, 
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C324A, E358Q, and Q190A were also able to bind SAM when tRNA was not present 

although with much lower affinity (14 to 75 µM). These findings indicate that TrmA does 

not require binding of both substrates simultaneously, or a preferential order to binding 

and supports the random sequential binding mechanism. It is unknown whether the 

closely related E. coli rRNA 5-methyluridine transferases also share this ligand binding 

mechanism; however other types of methyltransferases do, such as the rRNA adenine-N
6
-

methyltransferases and the mRNA 2-O-methyltransfereases (Purich 2010).  

TrmA wild type, E358Q, Q190A, and G220D form covalent complexes with tRNA, 

whereas TrmA C324A provides a means of evaluating noncovalent binding of the 

substrates. Additionally, the C324A substitution permits measurement of tRNA binding 

in the presence of SAM without product formation and vice versa. Analysis of TrmA 

C324A reveals that ligand binding is in fact cooperative and does not require the 

formation of a covalent bond between tRNA and enzyme. TrmA C324A’s affinity for 

tRNA in the presence of SAM increases 30-fold compared to tRNA alone, while the 

affinity for SAM also increases 160-fold with the addition of tRNA. Comparing the two 

tRNA titrations for TrmA C324A with and without SAM, I can speculate on the effects 

of SAM binding on the dissociation constants, K1 and K6 (Scheme I). One possibility is 

that tRNA binding (k6) is increased (compared to k1) when SAM is bound first. 

Alternatively or in combination to an increase in k6, the reverse rate k-6 may decrease 

compared to k-1, which is supported by the increase in the observed endlevel in the filter 

binding assay (Figure 4.4C). By binding to SAM before binding to tRNA, the enzyme 

may undergo some conformational change within the active site that renders TrmA more 

accessible for tRNA, perhaps by shielding the tRNA from acidic amino acids lining the 
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SAM-binding interface (Lee et al. 2004; Lee et al. 2005; Alian et al. 2008). Additionally, 

the active site may be stabilized by SAM and therefore U54 can be flipped out to create a 

more stable ternary noncovalent complex that is less likely to dissociate (Lee et al. 2004; 

Lee et al. 2005). Both scenarios would result in an increase in affinity for tRNA by TrmA 

C324A. This synergistic effect was also observed for SAM binding by TrmA C324A. 

Here the increase in SAM affinity in the presence of tRNA could be simply due to a 

closure of the active site, thus slowing down SAM diffusion (decrease in k-4). In the 

RlmD (RumA) crystal structure, the adenine moiety of SAM is sandwiched between an 

aromatic residue and adenine base of the substrate rRNA (Lee et al. 2005). While TrmA 

also packs against the adenine ring of its cofactor with tyrosine 218, there are no aromatic 

residues or substrate bases that could flip into the SAM-binding site and pack against the 

other side (Alian et al. 2008). Therefore the exact method of SAM stabilization in the 

presence of tRNA remains unknown. 

Comparing the TrmA C324A data to that of TrmA E358Q I can assess the effects of 

covalent complex formation on tRNA affinity. Since the KD for tRNA binding by TrmA 

C324A in the absence of SAM is equal to K1, this value can be substituted into the KD 

equation for TrmA E358Q in order determine a value of 0.06 for K2. This indicates that 

the equilibrium for this step lies towards the formation of the covalent complex. 

Additionally, TrmA E358Q’s affinity for tRNA alone is comparable to wild type (70 nM 

vs 20 nM) as they both can proceed through covalent complex formation and would most 

likely have a similar rate of covalent complex formation. The addition of SAM during the 

TrmA E358Q tRNA titration had much less impact on tRNA binding than that observed 

for TrmA C324A, only increasing the affinity by approximately 7-fold. These findings 
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suggest that covalent bond formation and not the cooperative binding of SAM has a 

greater impact on tRNA binding, which is not surprising as discussed above, the tendency 

would be to form covalent binary complex as shown by K2. 

Within the active site, Gln190 helps to coordinate U54 for methylation. Interestingly, 

TrmA Q190A is active in both multiple and single-turnover assays (Figures 4.6B & C). 

While much lower in activity compared to the wild type under multiple-turnover 

conditions, TrmA Q190A has a rate comparable to wild type in the single-turnover assay. 

These findings indicate that Gln190 is dispensable for activity in contrast to earlier 

suggestions (Urbonavičius et al. 2007). In the TrmA crystal structure, Gln190 forms 

bidentate hydrogen bonds to N3 and O4 of U54. Additionally, Gln190 can hydrogen bond 

to Asp299 as well as U54 O2 through a water bridge, all interactions that were lost with 

the alanine substitution (Lee et al. 2005; Alian et al. 2008). The data presented here 

suggest that these interactions are not crucial for catalysis by TrmA which is in contrast 

to findings with RlmD since the corresponding RlmD Q265A variant was 830-fold 

slower than the wild type enzyme under multiple-turnover conditions (Lee et al. 2005). 

Comparison of the substrate tRNA titrations (no SAM present), revealed that the Q190A 

mutation resulted in 14-fold reduction in affinity relative to the wild type substrate tRNA 

affinity. In the wild type enzyme this amino acid coordinates the positioning of the target 

nucleotide U54 in the active site, along with Phe188, Phe351, and Asp299 (Alian et al. 

2008). These interactions allow for the attack of uracil C6 by the thiol group of Cys324 

and hydrogen bonding to Glu358 for later proton abstraction. I hypothesize that initial 

tRNA binding, represented by k1 and k-1, is unaffected by this amino acid change, as most 

contacts between tRNA and TrmA remain the same as in the wild type. If this assumption 
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is true, then the change in affinity would be due to changes of k2 and k-2. By introducing 

alanine at this position the tRNA could potentially be in a less stable position, or not 

anchored correctly in the active site, therefore resulting in a reduction in the rate of stable 

covalent complex formation (k2) and thus a reduction in the rate of catalysis for covalent 

bond formation as observed under multiple-turnover conditions. 

Both TrmA wild type and TrmA Q190A can form product when both ligands are present 

in the filter binding assay. Consequently both enzymes bind to 5-methyluridine-

containing tRNA with reduced affinity relative to substrate tRNA, a 33-fold reduction for 

wild type and a 5-fold reduction for TrmA Q190A. Since the tRNA titration with SAM 

had such a large SAM excess, catalysis was able to be pushed forward to product 

formation, similar to conditions used during single-turnover activity assays. However, in 

the SAM titration, where tRNA was included albeit at concentrations significantly lower 

than the SAM concentration, complete product formation with respect to SAM turnover 

was not possible. Therefore, I observe SAM binding directly in the presence of tRNA like 

with TrmA C324A, and the increased affinity in presence of both ligands suggests again 

the cooperative binding between the two ligands. 

The G220D mutation in TrmA was initially observed over 40 years ago (Björk and 

Neidhardt 1975). The authors isolated E. coli strains lacking 5-methyluridine in tRNA 

transcripts and this mutation was later further analyzed by Urbonavičius et al. (2007). 

Based on sequence alignments and structural analysis, G220 is a part of Motif I, the 

conserved GXGX SAM-binding motif of Class I SAM-dependent methyltransferases 

(Urbonavičius et al. 2007; Alian et al. 2008). This TrmA variant was not able to form 5-

methyluridine in vivo, nor was it able form stable covalent complexes (Urbonavičius et 
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al. 2007). As reported here, TrmA G220D has considerably reduced activity under 

single-turnover tritium release conditions with a rate 15-fold slower than the wild type, 

and has undetectable activity under multiple-turnover conditions (Figures 4.6B). 

However, we were able to detect tRNA binding using radiolabeled substrate and 

nitrocellulose filter binding assays (Figure 4.4I). Compared to the wild type, the affinity 

of TrmA G220D for tRNA in the absence of SAM is reduced more than 10-fold. This 

could be due to the replacement of a small uncharged amino acid close to the tRNA 

binding site with a large negatively charged aspartate residue that electrostatically repels 

the tRNA, affecting k1 and k-1. As expected, the G220D substitution results in the most 

severe effect on SAM binding, and we are in fact unable to detect SAM binding by TrmA 

G220D under these conditions regardless of whether tRNA was also present. This result 

is unsurprising, but the first biochemical evidence of the importance of the conversed 

Motif I in SAM binding by TrmA. Similarly, PmtA, a bacterial SAM-dependent lipid N-

methyltransferase also has nearly undetectable SAM binding when Motif I is mutated 

(Aktas et al. 2011). Based on the filter binding data we suggest that TrmA G220D 

activity is greatly reduced due to its inability to bind to SAM effectively. Under single-

turnover conditions and at high concentrations, enough SAM can bind to TrmA allowing 

it to complete one round of catalysis, but even under these conditions the enzyme could 

be rate-limited by SAM binding. 

TrmA wild type will bind substrate tRNA in the absence of SAM and also will bind SAM 

without tRNA being present. Gu and Santi previously reported TrmA’s affinity for tRNA 

to be between 49 and 80 nM, which is in good agreement with our results. But this study 

is the first to report a SAM dissociation constant for TrmA (Gu and Santi 1992). From 
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the TrmA C324A data we show that binding of both ligands simultaneously to TrmA 

increases the affinity for each individual ligand. TrmA E358Q demonstrated that covalent 

complex formation was the major contributor to tRNA affinity. Additionally, the affinity 

for product tRNA as observed for TrmA wild type and Q190A was reduced compared to 

substrate tRNA. Lee et al. (2005) postulated that product release from RumA may be 

facilitated by unfavorably close contact between the main chain oxygen of P364 (P300 in 

TrmA) and the carbon of the methyl group on the target nucleotide U1939. This residue 

is part of Motif IV and is conserved both sequentially and spatially in TrmA. Since both 

enzymes adopt a similar fold of their RNA target stem loops and have almost identical 

catalytic sites, such an interaction could explain the decreased affinity of TrmA for 

methylated tRNA. Substitution Q190A did not have quite the predicted effect on tRNA 

binding or catalysis and the loss of its interactions may be compensated by other amino 

acids within the active site. TrmA G220D confirmed the importance of Motif I for SAM 

binding and its impact on methyltransferase activity. 

Amino acid residues within RNA binding domain are essential for disrupting tRNA 

tertiary interactions 

To identify the roles of amino acid residues within the RNA-binding domain of TrmA, 

R51, F106, and H125 were mutated to alanine. These residues were proposed to help 

induce the correct positioning of the T-arm within the active site by interacting with the 

D-arm of tRNA through breaking RNA tertiary interactions and stabilizing the bound 

substrate (Alian et al. 2008). Unlike the above catalytic cleft amino acid residues, R51, 

F106 and H125 are not conserved in either E. coli rRNA methyltransferase RumA or 

RumB. Whereas the target stem loops of TrmA, RumA and RumB share similar qualities, 
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the surrounding environment of the RNA outside the target site is quite different, thus 

requiring different methods of accessing RNA (Lee et al. 2004; Urbonavičius et al. 2007; 

Alian et al. 2008).  

Under multiple and single-turnover conditions during tritium release assays, TrmA R51A 

is the most active TrmA variant analyzed here and has similar tRNA and SAM binding 

characteristics to the wild type. Like the wild type and Q190A variant, TrmA R51A can 

likely form product tRNA during the incubation time when SAM was included in the 

filter binding titrations. While TrmA R51A can still form covalent complex, the double 

substitution variant TrmA R51A C324A can only form the noncovalent complex and is 

inactive in activity assays. Compared to the single C324A variant, the affinity of TrmA 

R51A C324A for tRNA alone decreased by almost 3-fold, whereas the affinity for tRNA 

in the presence of SAM decreased roughly 5-fold. These results suggest that R51 could 

be slightly contributing to tRNA binding prior to covalent complex formation, but may 

not be a crucial contact between tRNA and TrmA, as opposed to F106 and H125 (see 

below). Comparable to the single C324A variant, TrmA R51A C324A bound to SAM 

with a higher affinity upon the inclusion of tRNA in the titration and also demonstrates 

the cooperative ligand binding described above. 

Although both TrmA F106A and H125A can form covalent complexes with tRNA, the 

affinity of these enzymes for this substrate is greatly reduced compared to the wild type, 

regardless if SAM is included in the titration. The activity of TrmA F106A is reduced 23-

fold, while H125A’s activity is reduced 18-fold compared to the wild type under single 

turnover conditions, similar to those used for filter binding. Most likely the reduced 

apparent rate of catalysis reflects a reduction in the rate of tRNA binding for these TrmA 
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variants, but further kinetic characterization such as Michael-Menten titrations or pre-

steady-state analysis is required to confirm this hypothesis. Together these results allow 

us to draw conclusions of the F106A and H125A substitutions on binary complex 

formation by TrmA. The difference in tRNA affinities between wild type and these 

variants is most likely due to a decrease in k1 and/or an increase in k-1; however additional 

effects on k2 and k-2 cannot be ruled out. TrmA F106A’s tRNA affinity was reduced by 

more than 50-fold compared to the wild type, while the H125A substitution resulted in a 

reduction of almost 190-fold. The additional C324A mutation to either single substitution 

variant only further reduced the tRNA affinity by 11- to 18-fold. Therefore, it appears 

that the loss of covalent bond formation by the double mutant only slightly exacerbates 

the already poor tRNA binding by TrmA F106A or H125A. These single amino acid 

changes most likely impair tRNA binding significantly, resulting in only marginal 

covalent complex formation, thus the tRNA affinity is affected less by the C324A 

substitution.  

The in vitro aminoacylation assay would verify the role of Arg51, Phe106, and His125 in 

tRNA folding/binding. This assay demonstrated that TrmA can help to refold tRNA 

regardless of catalytic activity or the ability to form a covalent bond, as seen by an 

increase in the fraction of instantaneously aminoacylated tRNAs. Therefore, the next step 

would be to complete the assay in the presence of a TrmA variant impaired in tRNA 

binding. 

This is the first biochemical evidence evaluating the importance of the RNA-binding 

domain of E. coli TrmA and conserved residues therein. Alian et al. (2008) speculated 

based on the TrmA crystal structure that R51, F106 and H125 could be disrupting the D- 
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and T-arm interactions of full-length tRNA. Specifically R51 was predicted to hydrogen 

bond to C60 of the 19-mer T-arm RNA oligomer in the TrmA structure, but was also 

proposed to be well positioned to intercalate between RNA bases G18 and G19 of the D-

arm, substituting for G57 of the refolded T-arm. I demonstrate here that changing this 

position to alanine had little effect on tRNA binding or catalysis, implying that this 

residue is in fact not critical for disrupting tRNA tertiary interactions. Conversely, both 

F106A and H125A substitutions have severe consequences on TrmA tRNA binding and 

therefore indirectly on methylation activity. F106 was proposed to make hydrophobic or 

aromatic stacking interactions with G18, while H125’s imidazole ring interacted with 

G18’s phosphate group. Both of these residues appear to be central to efficient and 

effective tRNA binding by TrmA. Breaking the tertiary interactions of G18-U55 and 

G19-C56 is critical to gaining access to the target nucleotide U54. We know that tRNAs 

lacking these base pairs have approximately 10-fold higher kcat/KM values than the wild 

type tRNA due to an increase in k1 (Kealey et al. 1994b). Together, these findings 

support the assumption that tRNA tertiary interactions are disrupted prior to gaining 

access to U54 by TrmA, and residues F106 and H125 are essential for this step. Sequence 

alignment of bacterial TrmA amino acid sequences revealed complete conservation of all 

three residues examined here. However, alignment of TrmA sequences from yeast and 

higher eukaryotes revealed that these organisms typically have large N-terminal 

extensions compared to the bacterial TrmA proteins that may be important for tRNA 

binding. Therefore, without further structural information we are unable to determine if 

these amino acids are conserved across other domains of life or whether the mechanism 

of tRNA binding is preserved between organisms. 
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Rates of proton abstraction and methyl group transfer by TrmA 

Here I report the enzymatic activity of TrmA using both steady-state and pre-steady-state 

conditions. Quench flow analysis was completed with tritium-labeled tRNA and 

increasing TrmA wild type concentrations under single-turnover conditions. These 

experiments allowed us to measure the final proton abstraction step and resolution of 

TrmA-tRNA(CH3) covalent complex which is concentration independent and 

nonreversible. This rate which corresponds to k10 or k11 (depending on the order of SAM 

dissociation, which is unknown) occurs within the TrmA-tRNA complex and therefore 

would not depend on enzyme concentration. All three TrmA concentrations tested here 

resulted in similar time courses with an average rate of 0.09 s
-1

, which is in good 

agreement with previous reports (Gu and Santi 1991; Gu and Santi 1992; Kealey et al. 

1994a). These findings also suggest that catalysis is not limited by initial substrate 

binding as I would have observed an increase in the rate with an increase in enzyme 

concentration. 

When rapid kinetics analysis was used to measure the methyl-group transfer step (k8), a 

rate of 0.21 s
-1

 was found for the wild type enzyme. The rate for methyl-group transfer is 

reduced by almost 7-fold compared to wild type in the TrmA E358Q variant for which no 

tritium release is detected under either multiple- or single-turnover conditions. The E. coli 

rRNA methyltransferase RumA E424Q variant also displayed a reduced rate of methyl 

transfer compared to the wild type enzyme (Lee et al. 2005). 

Kealey, Gu, and Santi (1991, 1992, 1994) have shown that substrate tRNA binding is 

rapid, and I observed no rate increase with increasing enzyme concentration that would 
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suggest binding is limiting. The previously reported kcat of 0.09 s
-1

 also suggests that 

product release is at least as fast as the proton abstraction step measured here. Since the 

rate of methyl group transfer discussed above is greater than the rate of proton 

abstraction, I can now propose that proton abstraction is the rate limiting step for 5-

methyluridine formation by TrmA. 

In summary, I provide evidence to support the roles that conserved catalytic amino acids 

play during methyl-group transfer, as well as show for the first time the importance of 

amino acids within the RNA-binding domain for disrupting tertiary tRNA interactions. 

Specifically, through examination of TrmA C324A and E358Q variants I found that 

ligand binding is cooperative but random, and I was able to determine values for K1 and 

K2. Furthermore, although conserved across all domains of life, I found that Q190 was 

dispensable for substrate binding and catalysis, whereas the G220D substitution severely 

impaired SAM binding and consequently methylation activity. I identified two amino 

acid residues within the RNA-binding domain that almost certainly play a critical role in 

tRNA binding. Finally, I measured the rates for both the methylation and proton 

abstraction steps directly and found that the resolution of the enzyme-product tRNA 

covalent bond is the rate-limiting step of 5-methyluridine formation by TrmA.  In 

combination with previous findings on T-arm stem loop rearrangement and base flipping, 

we can start to understand how TrmA gains access to its inaccessible target nucleotide in 

a full-length folded tRNA substrate. These findings can help future analysis of other 

tRNA elbow targeting modification enzymes to clarify whether this strategy of tertiary 

interaction disruption is a common feature. 
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tRNA biogenesis is a multi-step, multi-enzyme requiring complex process, and despite 

decades of research many questions remain unanswered. Do tRNAs fold first and then 

become modified? Are some modifications occurring early in tRNA maturation? Do 

modifications help in tRNA folding? What roles do modifying enzymes play in this 

process? It was proposed many years ago that tRNA modifying enzymes could be 

potentially acting as RNA chaperones in vivo (Gutgsell et al. 2000; Kinghorn et al. 

2002). Ofengand and coworkers demonstrated that expression of the pseudouridine 55 

synthase TruB can rescue the fitness disadvantage of the trub knockout strain when 

grown in co-culture, but it was not the formation of pseudouridine 55 in the T-arm stem 

loop that was critical. Rather, just the expression of the enzyme, even catalytically 

inactive, was enough to help recover the knockout phenotype (Gutgsell et al. 2000). 

However, they failed to demonstrate that tRNA folding by TruB was the critical factor in 

rescuing these knockout phenotypes which is required to prove that TruB is indeed acting 

as a tRNA chaperone in the cell. As unequivocal evidence for TruB’s tRNA chaperone 

activity, I show here that TruB increases the fraction of folded tRNA that can be rapidly 

aminoacylated in vitro. In addition, tRNA binding by TruB is essential for rescuing the 

knockout phenotype, whereas pseudouridylation is not. Homologs of TruB are found 

across all domains of life and target the universally conserved U55 in the T-arm of 

tRNAs. This conservation suggests that this modification, and this modifying enzyme, are 

providing a fitness advantage by acting as a tRNA chaperone, are critical for survival and 

are therefore retained during evolution. Hypothetically, the methyltransferase TrmA 

could also be a tRNA chaperone. While I have not tested this (yet), I am here providing a 

detailed characterization of tRNA and SAM binding by TrmA. Most importantly, this 
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study identifies crucial interactions between TrmA and the elbow region that could 

contribute to tRNA unfolding similar to the described tRNA chaperone mechanism of 

TruB. 

The biogenesis of tRNA involves many different modifying enzymes, acting at different 

positions of the polynucleotide strand. Potentially any of these RNA modifying enzymes 

could be functioning as a tRNA chaperone. All of these enzymes must bind the tRNA and 

in doing so often cause local unfolding of the tRNA structure. Possibly the process of 

tRNA modification could be functioning as a timer to provide sufficient time for the 

tRNA structure to establish its proper conformation. Potentially, pseudouridine formation 

is inherently slow catalytically in order to allow for rearrangement within the tRNA 

substrate (Wright et al. 2011). In addition, enzyme binding and modification may act as a 

checkpoint to mark correct folding of the tRNA structure and to signal that the tRNA is 

ready for subsequent steps in the tRNA maturation pathway such as other modifications. 

In the case of TruB, the T-arm can undergo repeated local unfolding and refolding steps, 

as demonstrated by fluorescence stopped-flow analysis. This fine-tuning of tRNA 

structure during biogenesis could be critical for tRNA interactions during its lifetime, as 

tRNA needs to bind to elongation factors, aminoacyl synthetases, and the ribosome. The 

subtle changes these modifications and modifying enzymes contribute to tRNA structure 

and stability could constitute a critical difference in cell survival, especially under 

stressful conditions. In particular, the two enzymes discussed in this thesis, TruB and 

TrmA, need to gain access to their target nucleotide by breaking tertiary interactions 

within the elbow region of the tRNA, and flipping out their target uridine into the enzyme 

active site. In doing so, at least TruB and potentially also TrmA, gives the tRNA a second 
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(or third, etc.) chance to fold into its functional conformation, ensuring the correct long-

range interactions within the tRNA are established and maintained. Additionally, by 

binding to the T-arm stem loop during tRNA maturation, these enzymes may be acting to 

prevent aberrant interactions from forming prior to mature tRNA folding into its 

canonical L-shape structure. Similarly, although untested, modifying enzymes that target 

the D-arm stem loop could disrupt tertiary interactions and act in a similar manner to 

establish proper tRNA folding. Furthermore, since the energy of folding for the D-arm is 

less than the other stems, enzyme binding could protect it from endonuclease digestion, 

stabilize it while the rest of the tRNA folds, or help bring it together with the T-arm to 

form the proper tertiary interactions (Crothers et al. 1974).  

As demonstrated in this thesis, tRNA binding by TruB is the critical, cellular 

characteristic enabling its chaperone activity. In order to establish if this is a common 

feature for other tRNA modifying enzymes, similar experiments would need to be 

repeated. It has already been demonstrated that an E. coli strain lacking m
5
U54 

modifications is outcompeted by the wild type strain in co-culture assays; however it was 

not confirmed whether tRNA binding by the TrmA could rescue this phenotype. 

Therefore, in order to establish whether TrmA is also acting as a tRNA chaperone in vivo, 

expression of a catalytically inactive variant, such as TrmA C324A, in the knockout 

strain will determine if this enzyme can rescue the fitness disadvantage. Further, to 

ensure it is tRNA binding that is essential for this hypothesized role, a TrmA variant 

defective in tRNA binding would be required for testing as well, which should not rescue 

the knockout phenotype if TrmA is truly acting as a tRNA chaperone. This thesis outlines 

the beginning of this process and demonstrates that TrmA binds both of its ligands in a 
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cooperative manner, whereas tRNA binding can be impaired by substituting amino acid 

residues within the RNA-binding domain. From the analysis described here substitutions 

of F106A or H125A in combination with C324A would be good candidates for these 

competition experiments; potentially residues F106 and H125 could be substituted with 

glutamate as in the case of TruB. TruB was also shown to increase the fraction of tRNA 

that could be aminoacylated after complete unfolding of the tRNA, suggesting a positive 

effect on tRNA folding in vitro. This same experiment could be repeated with TrmA to 

again establish its role in tRNA folding. Other tRNA modifying enzymes, such as the 

Dus enzymes, TrmB, or TrmH, that all target the elbow region of tRNAs are also likely 

tRNA chaperone candidates and could be evaluated in a similar manner. Possibly tRNA 

modifying enzymes that target the anticodon loop may also serve as tRNA chaperones, as 

co-culture competition assays revealed a fitness disadvantage for a RluA knockout strain 

compared to the wild type strain (Raychaudhuri et al. 1999). However, it is unclear 

whether it is tRNA or rRNA binding and/or modification by RluA that is contributing to 

the fitness advantage which would need to be investigated further. 

The tRNA modifying enzymes discussed here share  features of RNA chaperones as they 

often bind RNAs semi-specifically and may help to fold and/or stabilize their target 

RNAs. TruB and most likely other tRNA modifying enzymes are acting as 

multifunctional enzymes, whereby RNA modification is possibly only a secondary 

function compared to tRNA binding and tRNA folding. Since TruB (and TrmA in many 

cases) binds all tRNA isoacceptors in the cell, this may be a common checkpoint across 

all tRNAs to ensure proper folding of the T-arm and elbow region. RNA modifying 

enzymes targeting other species of RNA could also be acting as RNA chaperones, such 



Chapter 5 - Conclusions 

 

129 
 

as the Pus enzymes from yeast that target spliceosomal RNA (Motorin and Grosjean 

1999; Newby and Greenbaum 2001). Potentially, by binding snRNAs these modifying 

enzymes are preventing incorrect base pairing or stabilizing secondary structure motifs 

prior to or during the modification process. RNA chaperone activity is also most likely 

important during ribosome assembly, in order to ensure that the ribosomal RNA does not 

become trapped in nonnative conformers. Several ribosomal proteins have been 

demonstrated to have RNA chaperone activity in vitro and could potentially contribute to 

the dynamic rearrangement of the ribosome during translation (Semrad et al. 2004). Most 

likely, RNA modifying enzymes targeting the ribosome are also acting as RNA 

chaperones, similarly preventing the formation of misfolded regions of rRNA or actively 

facilitating RNA folding and establishing tertiary interactions.  

The appearance of nonspecific RNA binding peptides could have arisen billions of years 

ago in the transition from the RNA world to the RNA/protein world. These peptides 

possibly provided a fitness advantage in a primitive RNA world by rescuing RNAs from 

kinetic traps, aiding in folding, and helping RNAs explore more diverse structural 

landscapes. From Renée Schroeder’s description of RNA chaperones, enzymes must 

meet certain criteria to fit into this category of biological tools. First, they must bind 

transiently and nonspecifically to RNA. Whereas TruB, TrmA and the other RNA 

chaperones discussed above certainly meet this standard, other RNA binding proteins do 

not, such as proteins involved in forming relatively stable ribonucleoprotein complexes. 

Second, RNA chaperones must be able to resolve kinetically trapped or misfolded RNAs. 

While I have shown this for TruB, other modifying enzymes that require a pre-existing 

conformation for binding will not fulfill this stipulation. Thirdly, RNA chaperones must 
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be able to loosen or disrupt RNA-RNA interactions. Both enzymes discussed in this 

thesis must be able to disrupt tertiary interactions within the elbow region of all tRNAs in 

order to gain access to their target bases. I have also shown that TruB is able to facilitate 

local unfolding and refolding within the T-arm. Finally, RNA chaperones are not ATP-

dependent or require any energy input to perform their function and are not required for 

maintaining the RNA structure once properly folded. Although TruB, and most likely 

TrmA fit all these criteria, other tRNA binding enzymes do not. Whereas EF-Tu can bind 

tRNAs transiently it cannot, to our knowledge, resolve kinetically trapped conformers or 

disrupt RNA-RNA interactions and therefore would not be considered an RNA 

chaperone. While it would be convenient to assume RNA modifying enzymes are all 

functioning as RNA chaperones in vivo, this would be a severe over-interpretation and 

most likely untrue for many examples. Instead it would be imperative to investigate each 

modifying enzyme individually for RNA chaperone activity separately from their 

modification activity. 

As this thesis demonstrates, the lifecycle of tRNA is a complex cellular process involving 

many different processing and folding steps, and interaction partners. Since protein 

translation is critical for cell survival and tRNAs are the essential adaptor molecules, their 

structural integrity and conformation must be maintained throughout the lifetime of the 

tRNA. Interaction with modifying enzymes that also act as tRNA chaperones at the same 

time serves a critical function along this pathway. 
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TrmA amino acid sequence alignment with 23S rRNA E. coli methyltransferases RumA 

and RumB, as well as S. cerevisiae homolog Trm2p and human homolog TRMT2A. 

Conserved motif sequences are underlined. Residues targeted for mutation in TrmA are 

bolded and coloured as described in Figure 4.2. 
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