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The Role of Base Modification on Tyrosyl-tRNA Structure, Stability, and Function in               

Bacillus subtilis and Bacillus anthracis 

 

By 

 

Andria Pearlen Denmon 

 

tRNA molecules contain more than 80 chemically unique nucleotide base 

modifications that contribute to the chemical and physical diversity of RNAs as well as add 

to the overall fitness of the cell. For instance, base modifications have been shown to play a 

critical role in tRNA molecules by improving the fidelity and efficiency of translation. Most 

of this work has been carried out in Gram-negative bacteria, however, the role of modified 

bases in tRNAs as they relate to structure, stability, and transcriptional regulation in Gram-

positive bacteria, such as Bacillus subtilis and Bacillus anthracis, are not well characterized. 

Infections by Gram-positive bacteria that have become more resistant to established drug 

regiments are on the rise, making Gram-positive bacteria a serious threat to public safety.   

My thesis work examined what role partial base modification of the tyrosyl-anticodon 

stem-loops (ASL
Tyr 

) of B. subtilis and B. anthracis have on thermostability, structure, and 

transcriptional regulation. The ASL
Tyr

 molecules have three modified residues which include 

Queuine (Q34), 2-thiomethyl-N6-dimethylallyl (ms
2
i
6
A37), and pseudouridine (39). To 

examine the effects of partial base modification on ASL
Tyr

 structure, NMR spectroscopy was 

employed. The NMR data indicated that the unmodified ASL
Tyr

 forms a protonated C-A
+
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 Watson-Crick-like base pair instead of the canonical bifurcated interaction and that the loop 

regions of the unmodified and [39]-ASL
Tyr

 molecules were well ordered. Interestingly, the 

[i
6
A37]- and [i

6
A37, 39]- ASL

Tyr
 molecules did not form a protonated C-A

+
 base pair and the 

bases of the loop region were not well ordered. The NMR data also suggested that the 

unmodified and partially modified molecules do not adopt the canonical U-turn structure. 

The structures of the unmodified, [39]-, and [i
6
A37, 39]-ASL

Tyr
 molecules did not depend 

on the presence of Mg
2+

, but the structure of the [i
6
A37]-ASL

Tyr
 molecule did depend on the 

presence of multivalent cations.  

Differential Scanning Calorimetry (DSC) and UV melting were employed to examine 

the thermodynamic effects of partial modification on ASL
Tyr

 stability. The DSC and UV data 

indicated that the 39 and i
6
A37 modifications improved the molecular stability of the ASL. 

Additionally, these experiments suggested that the i
6
A modified hairpins were more dynamic 

and less ordered in the loop. 

Finally, to determine the repercussions that partial modification has on physiology 

and tRNA mediated transcriptional regulation in B. anthracis, antibiotic sensitivity tests, 

growth curves, and quantitative real-time polymerase chain reaction (qRT-PCR) were 

employed. Strains deficient in ms
2
 showed comparable growth to the parent strain when 

cultured in defined media, but Q deficient strains did not. The loss of ms
2
i
6
A37 conferred 

resistance to spectinomycin and ciprofloxacin, whereas the loss of Q34 resulted in sensitivity 

to erythromycin. Changes in the ratio of full-length to truncated transcripts of the tyrS1 and 

tyrS2 genes were used to monitor tRNA mediated transcriptional regulation. The qRT-PCR 

data suggested that tyrS1 and tyrS2 are T-box regulated and that the loss of ms
2
i
6
A37 and Q34 

might affect the interaction of the tRNA
Tyr

 molecule with the specifier sequence, which is 
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located in the 5'-untranscribed region (UTR) of the messenger RNA (mRNA). 
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Chapter 1 

 

Introduction 
 

1.1 Overview 

 Currently, there are limited crystal and solution structures of tRNAs available and 

even less information regarding base modification on tRNA structure. The most extensively 

characterized tRNA molecules are the yeast tRNA
Phe

 and the anticodon stem loop (ASL) 

from the human tRNA
Lys

. Surprisingly, there are no structures (free or bound) available of 

either the full-length or ASL of tRNA
Tyr

. Even more surprising is there are no structures of 

tRNAs from Bacilli, such as Bacillus subtilis, which is one of the most studied Gram-positive 

bacteria. Aside from the limited information regarding tRNA structure (specifically 

tRNA
Tyr

), there is even less knowledge regarding the contribution of individual base 

modifications on the known tRNA structures. Secondly, there are 107 known RNA base 

modifications known to date. Even though the structures, locations, or compositions of these 

modifications have been well characterized, there are limited examples of how the known 

modifications affect the stability of RNA molecules, especially tRNAs. Finally, even though 

there is a wealth of knowledge pertaining to the overall function of tRNA molecules as it 

relates to translation, very little is known about the role of tRNAs in transcriptional 

regulation in Gram-positive bacteria or how base modifications affect their ability to regulate 

gene expression. Therefore, the goal of my thesis is to address the above mentioned gaps in 

knowledge by determining what role base modifications play in the structure, stability, and 

function of the tRNA
Tyr

 molecule in B. subtilis and Bacillus anthracis. 

1.2 Nucleotide Modifications in RNA and their Relevance in the Cell 
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Typically RNA molecules are thought to be comprised of the four bases adenosine 

(A), uridine (U), cytosine (C), and guanosine (G). However, these residues can be modified, 

resulting in 107 different RNA bases. The expansion and diversification of the RNA genome 

results in different modes of RNA recognition for gene expression (Niu et al., 2013) as well 

as affects RNA stability and function (Pan, 2013). These posttranscriptional modifications 

occur in cells from all branches of life and are an important step in the maturation and 

functional properties of RNA molecules (Agris, 1996; Björk, 1995; Garcia and Goodenough-

Lashua, 1998; Winkler, 1998). In addition to their roles in translation (Diaz et al., 1987; 

Ericson and Björk, 1991a; Hagervall et al., 1990), base modifications have direct roles in 

other cellular processes such as RNA processing (Dönmez et al., 2004; Hall and McLaughlin, 

1991; Newby and Greenbaum, 2001), viral replication (Bilbille et al., 2009; Maynard et al., 

2012), and antibiotic resistance (Johansen et al., 2006; Maus et al., 2005).  

Pseudouridine (), which is the most widespread modification, plays an important 

role in mRNA splicing (Dönmez et al., 2004; Hall and McLaughlin, 1991; Newby and 

Greenbaum, 2001). Within the 5' end of the human U1 small nuclear RNA (sn)RNA, there 

are two s that play an important role in recognizing the splice site in the mRNA  (Reddy, 

1989). In addition to being conserved in the U1 snRNA,  is also conserved in the U2 

snRNA, where it has been shown to be important for inducing a change in the architecture of 

the U2 snRNAintron binding site and promoting splicing (Newby and Greenbaum, 2001). 

In addition to the three s, the U2 snRNA contains a 3-methylguanine cap at the 5' terminus 

and five 2'O-methylation sites within the first 20 nucleotides. The s, in conjunction with 

four of the five 2'O-methylation sites, were necessary for splicing and played an important 

role in supporting the formation of the early complex (Dönmez et al., 2004).    
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Nucleotide modifications are also integral to viral replication (Bilbille et al., 2009; 

Maynard et al., 2012). In Escherichia coli, deletion of tRNA thiolation enzymes that are Fe-S 

cluster-independent conferred significant resistance to lambda phage compared to the wild 

type strain (Maynard et al., 2012). The reduction in lambda replication was due to increased 

frameshifting due to the loss of the 2-thiouridine modification in the lysyl-tRNA at position 

34 (Maynard et al., 2012). 

In addition to their role in splicing and viral replication, modifications contribute to 

antibiotic resistance in cells (Gustafsson and Persson, 1998; Johansen et al., 2006; Maus et 

al., 2005). In E. coli the loss of 1-methylgunine at position 745 in 23S rRNA resulted in weak 

viomycin resistance, even though the modified base does not interact directly with viomycin 

or located proximal to the decoding center of the 30S subunit (Gustafsson and Persson, 

1998). The loss of 2'-O-methylcytidine in both the 23S and 16S rRNAs, has been implicated 

in conferring resistance to capreomycin in Mycobacterium tuberculosis (Johansen et al., 

2006; Maus et al., 2005). 

1.2.1 Commonly Modified Residues in the Anticodon Stem-Loop of tRNA 

Of the 107 base modifications known to date, more than 80 different varieties have 

been discovered in tRNA alone. These modifications can range in complexity from small 

chemically simple modifications to large and bulky hypermodified bases. Certain residues 

within tRNAs that are modified are synonymous for specific modifications, which have 

contributed to the nomenclature associated with the structure or region of the tRNA 

molecule. For example, the TC loop, which contains a conserved ribothymidine (T) and , 

and the D arm, which contains conserved dihydrouridines (D).  Notably, the ASL contains 

the largest diversity of base modifications (Cantara et al., 2011) with the four most common 
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sites for modification being residues 32, 34, 37 and 39. In the B. subtilis and B. anthracis 

tRNA
Tyr

 molecules, which are the RNAs that my thesis focuses on, the common sites for 

modification include positions 34, 37, and 39. This section highlights the common modified 

sites in tRNAs as well as introduces modifications that are also found in the B. subtilis and B. 

anthracis, but in the context of different tRNAs from other organisms. 

1.1.2.1 Modifications at Residue 32 

 Residue 32 is located at the stem-loop junction of the ASL and plays an important 

role in a specialized base pairing with residue 38. In the kinetoplastid Trypanosoma brucei, 

the C at position 32 is modified to U in the nucleus of all three of the threonyl-tRNA 

(tRNA
Thr

) species (Gaston et al., 2007). The conversion of C32 to U32 occurs before 5' end 

editing of tRNAs, but after 3' end editing (Gaston et al., 2007). 

 Residue 32 is also modified to 2-thiocytodine (s
2
C) in four of the five E. coli arginyl-

tRNA (tRNA
Arg1,3,4,5

) isoacceptors and one of the seryl-tRNAs (tRNA
Ser,2

) (Jühling et al., 

2009). Although s
2
C32 is one of the most rare modifications, it is found in a specific tRNA 

consensus sequence with s
2
C32 or C32 being found in fifty-six percent of all E. coli sequences 

(Cantara et al., 2011). s
2
C32 in tRNA

Arg,1
 maintains the proper translation reading frame 

(Baumann et al., 1985). In vitro assays using a tRNA
Arg,1 

deficient in s
2
C at position 32 does 

not affect the tRNA
Arg,1

 molecule’s ability to decode its cognate codon, CGU, when it is in 

the A-site (Cantara et al., 2012). However, the presence of s
2
C32 completely abolished the 

ability of tRNA
Arg,1

 to decode the non-cognate, synonymous codon, CGA (Cantara et al., 

2012). This negative function of s
2
C32 may prevent tRNA

Arg,1
 from incorrect binding to a 

wobble pair. Previous studies suggest that the s
2
C modification improves translational 

accuracy by reducing the speed of the reaction (Jäger et al., 2004). Loss of s
2
C in Salmonella 
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enterica did not affect the growth rate, but tRNA
Arg,3

, which contains the s
2
C32 modification, 

showed decreased selection rate when the AGG codon was in the A-site of the ribosome 

(Jäger et al., 2004). 

1.1.2.2 Modifications at Residue 34 

 Residue 34, or the wobble position, plays an important role in codon recognition. Due 

to the degeneracy of the genetic code, the wobble position allows one tRNA to recognize 

multiple codon sequences that differ only at the third position. For example, tRNAs with 

inosine (I) at the wobble position recognize codons with a C in the third position and can 

wobble to either an A or a U (Crick 1966). Modification at the wobble position has also been 

shown to contribute to enhanced codon recognition. For example, in E. coli the 2'-O-

methylcytosine (Cm) modification enhanced cognate codon recognition (Satoh et al., 2000). 

Queuosine (Q), which is present in the B. subtilis and B. anthracis tRNA
Tyr

 

molecules, is derived from G and is commonly found in tRNA
Asp

, tRNA
Asn

, tRNA
His

, and 

tRNA
Tyr

. Q is synthesized de novo by bacteria, but in vertebrates, Q must be supplemented 

through the diet. Loss of Q34 in E. coli tRNA
Tyr 

and RNA
His

 resulted in frameshifting of 

tRNA
Pro

 or tRNA
Phe

 in the P-site when the UAU (Tyr) codon was in the A-site and 

frameshifting of tRNA
Phe

 in the P-site when the CAU (His) codon was adjacent to the A-site 

(Urbonavičius et al., 2001). The slippage observed by the tRNA in the P-site is most likely 

caused by slow entry of the hypomodified (Q34 deficient) tRNAs into the A-site 

(Urbonavičius et al., 2001). Interestingly, both hypo- and fully modified tRNAs have a bias 

toward codons that have a C at the end position of the codon instead of a U (Urbonavičius et 

al., 2001). 

 Another modification common to position 34 is 5-methylaminomethyl-2thiouridine 
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(mnm
5
s

2
U), which is specific to tRNA

Gln
, tRNA

Lys
, and tRNA

Glu
. In E. coli, frameshifting of 

tRNA
Pro

 in the P-site was observed in bacteria with tRNA
Lys

 deficient in mnm
5
 when lysine 

codons were in the A-site (Urbonavičius et al., 2001). A similar observation was made in 

cells deficient in s
2
 (Urbonavičius et al., 2001). These observations indicate that both the 

mnm
5
 and s

2
 groups are necessary for decoding the lysine codons. Additionally, the 

mnm
5
s

2
U in the context of the human tRNA

Lys
 promotes stacking of mnm

5
s

2
U34 with 

residues U35 and U36, stabilizes the stacking of the anticodon residues, and aids in the 

formation and stabilization of the U-turn motif (Sundaram et al., 2000). The orientation of 

mnm
5
s

2
U along with the fact that the s

2
U-A bond is more stable than the s

2
U-G bond (Testa 

et al. 1999) explains the frameshifting and codon preference observed by Urbonavičius et al. 

1.1.2.3 Modifications at Residue 37 

Residue 37, which is adjacent to the 3' nucleotide of the anticodon, is modified 

seventy-five percent of the time in tRNAs (Björk, 1998; Sprinzl et al., 1998). The modified 

bases i
6
A37, ms

2
i
6
A37, io

6
A37 and ms

2
io

6
A37, often follow anticodon sequences terminated by 

an adenine (Motorin et al., 1997; Sprinzl et al., 1998; Xie et al. 2007). i
6
A37 and ms

2
i
6
A37, 

which are two of the most common modified forms of A37 in bacterial tRNA, occur in 10 of 

46 tRNA species in E. coli. In B. subtilis, hypomodification of A37 to i
6
A37 in tRNA

Phe
 

reduces the rate and formation of dipeptides (Hoburg et al., 1979). Interestingly, the rate of 

aminoacylation is not affected by hypomodification (Hoburg et al., 1979). 

In Salmonella typhimurium, tRNAs that have suppressor activity, such as tRNA
Tyr

, 

tRNA
Gln

, and tRNA
Ser

 that recognize the amber nonsense codon, contain the 2-methylthio-

N
6
-(4-hydroxyisopentenyl) adenosine (ms

2
io

6
A) modification at position 37. The ms

2
io

6
A 

modification contributes to decreased codon context sensitivity, particularly when flanked on 
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the 3' side by an A or a C (Ericson and Björk, 1991a). Previous studies in S. typhimurium 

have shown that suppressor tRNAs unmodified at position 37 are more likely to bind to 

nonsense codons when an adenosine is adjacent to the 3' side of the codon than when a C is 

present, resulting in readthrough of amber codons (Bossi and Ruth, 1980). When suppressor 

tRNAs are modified with ms
2
io

6
A at position 37, the codon context is no longer a 

determining factor of whether suppressor tRNAs bind and allow readthrough of the amber 

codon (Ericson and Björk, 1991a).  

Other modifications that are common to position 37 include wybutosine (yW) and its 

precursor 1-methylguanosine (m
1
G). Previous studies have shown that m

1
G37 plays an 

important role in sustaining the translational reading frame, cellular growth rate, and codon 

recognition in the ribosome (Ashraf et al., 2000; Björk et al., 2001; Hagervall et al., 1990). 

Additionally, the m
1
G modification in the yeast ASL

Phe 
reduces the flexibility of the loop 

nucleotides (Stuart et al., 2003). Similar to its precursor, yW has been shown to maintain the 

reading frame in rabbit reticulocytes (Carlson et al., 2001), however, its effects on ASL 

structure differ. Unlike its precursor m
1
G, which is flipped out into solution, the yW 

modification stacks inside the loop (Stuart et al., 2003). Despite these differences, both 

modifications are important for maintaining tRNA function. 

1.1.2.4 Modifications at Position 39 

Position 39 is modified to  in 95% of all tRNAs (Sprinzl et al., 1998). The  

modification is derived from U and is the most widespread RNA modification. In yeast, Pus3 

is responsible for incorporating  at positions 38 and 39 (Lecointe et al., 1998). Loss of 

38/39 resulted in translational defects. For example, readthrough of nonsense codons by 

suppressor tRNAs is significantly reduced and the +1 frameshifting of the Ty1 slippery site is 
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decreased by 1.8-fold (Lecointe et al., 2002). Structural and thermodynamic data in the 

context of the yeast tRNA
Phe

 has shown that 39 increases thermal stability and maintains the 

structural integrity of the RNA (Agris et al., 1999).  

In bacteria such as S. typhimurium and E. coli, TruA is responsible for catalyzing the 

U to  reaction at position 39. tRNAs deficient in 39 showed a twenty percent reduction in 

the rate of translation and a decrease in growth rate (Palmer et al., 1983). The loss of 39 in 

the two tRNA
Lys

 species in S. typhimurium resulted in a 3-fold increase in frameshifting (Li 

et al., 1997). Additionally the selection of these two tRNA
Lys 

species to their cognate codons, 

CUG and CUA, resulted in a seventy percent decrease (Li et al., 1997), indicating that 39 

plays a critical role in tRNA function.  

1.3 Effects of Base Modification on ASL Structure and Stability 

 Since tRNA molecules must enter the ribosome, they must share similar structural 

motifs. Some modifications in the ASL promote the transition from non-canonical to 

canonical structures, which indicates that base modifications play an integral role in altering 

and stabilizing the overall structure of the molecule. Characteristic tRNA structure elements 

include the U-turn motif, which was first identified in tRNA
Phe

, and a specialized base 

pairing that occurs between bases 32 and 38 (Figure 1). 

1.3.1 Common tRNA Structural Motifs 

The U-turn motif, which is considered a canonical structural motif of the ASL in 

tRNA molecules, is defined by a 180-degree change in the direction of the phosphate 

backbone 3' at the conserved uridine at position 33. This motif is stabilized by base stacking 

and hydrogen bonding of the imino nitrogen of U33 to the phosphate between residues 35 and 
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36 as well as hydrogen bonding between the 2'-hydroxyl of U33 and residue 35 (Cabello-

Villegas et al., 2004; Kim et al., 1974) (Figure 1). Modifying E. coli ASL
Phe

 with i
6
A at 

position 37 caused the molecule to adopt the classic U-turn motif that was absent in the 

unmodified molecule (Cabello-Villegas et al., 2004). However, modification of human 

tRNA
Lys,3

 to [39]-tRNA
Lys,3

 does not result in the canonical U-turn structure but instead 

promotes the formation of a tri-nucleotide loop (Durant and Davis, 1999); an indication that 

not all modifications contribute to the formation of classical tRNA structure. 

Another conserved structural motif within tRNAs is the hydrogen bonding between 

residues 32 and 38 (Figure 1). This interaction assists in stabilizing the ASL and 

strengthening the interaction of residues 31 and 39 (Durant and Davis, 1999). Hydrogen 

bonding between residues 32 and 38 can take the form of a normal base pair or a bifurcated 

hydrogen bond. The bifurcated hydrogen bond is observed in all tRNA crystal structures 

reported to date and is considered a conserved interaction in all tRNA molecules (Auffinger 

and Westhof, 1999). Figure 1 shows the bifurcated bond involves the interaction of the amino 

group on the A and the carbonyl oxygen on the C (Auffinger and Westhof, 1999). Yeast 

tRNA
Phe

, tRNA
Asp

, and tRNA
iMet

 along with E. coli tRNA
Cys

 are among the tRNA molecules 

that contain the A32-C38 bifurcated hydrogen bond (Auffinger and Westhof, 1999). 

1.3.2 Crystal and Solution Structures of Full-Length tRNAs and ASLs 

The canonical tRNA structural motifs that are specific to the ASLs of tRNA 

molecules are the U-turn motif and a bifurcated hydrogen bond between residues 32 and 38, 

which has been observed in the crystal structures of tRNA molecules (Byrne et al., 2010; 

Chimnaronk et al., 2009; Robertus et al., 1974). The yeast tRNA
Phe

 was the first three  
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Figure 1. Conserved tRNA Structural Motifs: U turn and Bifurcated 

Hydrogen Bond 

U-turn motif (A) is defined by a 180-degree change in the direction of the 

phosphate backbone 3' at the conserved uridine (gold) at position 33. The motif is 

stabilized by hydrogen bonding of the imino nitrogen of U33 to the phosphate 

between residues 35 and 36 as well as the 2' hydroxyl from residue U33 to residue 

35. The bifurcated bond (B) involves hydrogen bonding of the amino group on the 

adenosine to the carbonyl oxygen on the cytosine. Blue, anticodon; Red, residue 

37; Purple, C32-A38 bifurcated hydrogen bond; Dashed lines, hydrogen bonding 

A B 

U33 

yW37 

m2G

34 

C32 

A38 

tRNAPhe Bifurcated 
hydrogen bond 
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dimensional crystal structure of a full-length tRNA molecule (Figure 2) (Kim et al., 1974; 

Robertus et al., 1974). The preferred conformation of the molecule revealed that the amino 

acid acceptor stem stacks on top of the TC loop, making a long A-form helix (Robertus et 

al., 1974). Unlike the acceptor stem and the TC loop, the D stem and the anticodon stems 

do not form a long helix. Instead, they are slightly angled from each other (by 20°), 

promoting an L-shape conformation (Robertus et al., 1974). Finally, the ASL is hinged 

slightly to the right of the D stem and the loop residues of the ASL are stacked on the 3' side 

of the molecule. The residues of the anticodon are flipped outward, whereas residues 32 and 

33 are stacked and facing the inside of the molecule. This conformation is supported by a U-

turn in the phosphate backbone (Robertus et al., 1974).  

Using the yeast tRNA
Phe

 crystal structure as a model, other full-length tRNAs were 

crystallized and their structures solved. Recently, the unmodified E. coli tRNA
Phe

 was solved 

by X-ray crystallography (Byrne et al., 2010). Interestingly, the overall fold of the molecule 

was similar to the fully modified and mature tRNA
Phe

 but there were a few slight differences. 

Even though the molecule has an L-shape conformation, the contacts and base pairing of the 

residues in the center of the molecule were significantly different from those observed in the 

mature yeast tRNA
Phe

 (Byrne et al., 2010). Similar to the modified yeast tRNA
Phe

, the 

electron density of the D loop suggests that the unmodified E. coli tRNA
Phe

 is also flexible. It 

has been proposed that the D in the D loop is what lends the flexibility to this region of the 

molecule; however, the flexibility that is observed in the unmodified E. coli tRNA
Phe

 is most 

likely caused by a lack of crystal contacts and not the modification (Byrne et al., 2010; 

Jovine et al., 2000). Additionally, the ASL of the unmodified tRNA adopts the canonical U-

turn motif, which is often attributed to base modifications. The appearance of the U-turn 
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Figure 2. Canonical Structure of Full-Length tRNA: 

Crystal Structure of tRNA
Phe

 

The tertiary contacts of the full-length molecule form an L-

shaped conformation. The residues of the anticodon are flipped 

outward, whereas residues 32 and 33 are stacked and facing the 

inside of the molecule. This conformation is supported by a 

kink (U-turn) in the phosphate backbone. Silver, anticodon 

stem-loop; Red, variable loop; Purple, D arm; Turquoise, TC 

arm; Lime, acceptor stem (PDB Code 1EHZ). 

Anticodon 

stem-loop 

Acceptor 

stem 

Variable 

loop 

TC 

arm 

D arm 
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motif in the unmodified tRNA may actually be driven by crystal packing interactions (Byrne 

et al., 2010). 

Although crystallographic structures provide useful information regarding the 

preferred conformation of a molecule under conditions that promote crystal formation, it 

does not allow the molecule to sample multiple conformations under more physiological 

conditions as a solution structure would. The solution environment provides information 

regarding the dynamic nature of the molecule. When the unmodified ASL from the E. coli 

tRNA
Phe

 was solved in solution, the loop nucleotides adopted a tri-loop conformation 

(Cabello-Villegas et al., 2002). However, the conversion of A37 to N
6
-dimethylallyl (i

6
A37) 

disrupts the tri-loop and facilitates formation of the U-turn motif (Cabello-Villegas et al., 

2002). A similar effect was also observed for the anticodon arm of the human tRNA
Lys, 3

, 

which also has a tri-loop that is disrupted by the addition of the threonyl-6-adenine 

modification at position 37 (Stuart et al., 2000). Both cases suggest that modification to the 

ASL may contribute to the formation of the canonical U-turn motif. 

In addition to the U-turn archetype, crystallographic data indicates that several tRNAs 

possess a bifurcated hydrogen bond between the first (residue 32) and last (residue 38) 

nucleotides of the anticodon loop (Auffinger and Westhof, 1999). The bifurcated bond 

involves the interaction of the amino group on the adenosine and the carbonyl oxygen on the 

cytosine (Auffinger and Westhof, 1999). However, in the known solution structures of 

unmodified and partially modified ASLs, the bifurcated hydrogen bond is not observed and 

instead a Watson-Crick-like base paring is noted. For example, the unmodified and [39]-

ASL
Lys,3

 molecules form a protonated C32-A
+

38 base pair, which improves the thermal 

stability of the stem (Durant and Davis, 1999). Additionally, the presence of the C32-A
+

38 
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base pair disrupted the seven nucleotide loop normally observed and instead initiated a 

dynamic U33-A37 base pairing that resulted in a three nucleotide loop (Durant and Davis, 

1999). The Watson-Crick-like base pairing between residues 32 and 38 was also observed in 

the partially modified E. coli tRNA
Phe

 (Cabello-Villegas and Nikonowicz, 2005). Although 

the single hydrogen bond has not been observed in the crystal structures of unbound tRNA 

molecules, it was observed in yeast tRNA
Asp

 when bound to its cognate tRNA synthetase 

(Auffinger and Westhof, 1999). 

1.3.3 Effects of Base Modification on RNA Stability 

Although it has been shown that various forces, such as electrostatic, hydrophobic, 

and dispersion properties are important for stabilizing nucleic acids (Friedman and Honig, 

1995), modified bases also seem to play a critical role in nucleic acid stabilization. The 

individual stabilizing or destabilizing properties of base modifications, especially in RNA 

hairpins, appear to contribute to the structural and functional properties of the molecule. 

Depending on the location in the molecule, a base modification can increase or decrease the 

stability of a hairpin by 3-5 ºC, often corresponding to either a more flexible or rigid 

molecule. Of the 107 base modifications known to date, more than 80 different varieties have 

been discovered in tRNA alone, with the ASL containing the largest diversity of base 

modifications. These modifications range in complexity from a simple isomerization or 

methylation, to large and bulky hypermodified bases.  

 Methylations are one of the most chemically simple modifications that often disrupt 

hydrogen bonding between nucleotides. Interestingly, the same nucleotide methylation can 

have different stabilizing properties when located within a nucleotide helix. For example, the 

addition of 1-methyadenosine (m
1
A) at position 9 of the acceptor stem in the human 
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mitochondrial tRNA
Lys

 resulted in a significant structural change and conferred increased 

stability of 3-4 kJ/mol from the unmodified tRNA in the presence of Mg
2+

 ion (Kobitski et 

al., 2008). However, the addition of m
1
A into the helical structure of DNA resulted in a loss 

of stability corresponding to 6.5 kJ/mol due to the loss of hydrogen bonding and the 

formation of a Hoogsteen base pair (Yang and Lam, 2009). Another example of the differing 

properties observed due to nucleotide methylation can be seen in the yeast tRNA
Phe

 hairpin. 

The 1-methylpseudouridine modification was shown to increase the thermal stability of the 

molecule, whereas 3-methylpseudouridine and 5,6-dimethyluridine had destabilizing 

properties (Agris et al., 1999).  

, which is another chemically simple modification and the most frequently found 

modification in RNA, is an isomer of U that contains a C1'-C5 glycosidic bond.   is often 

located in a helical stem where it confers additional stability to the helix by forming a water-

mediated hydrogen bond to the phosphate backbone through the N1 NH group. For example, 

the addition of  at position 39 of the human tRNA
Lys

 and E. coli tRNA
Phe

 (loop-stem 

junction) led to an increase in the thermal stability by ~5 °C and improved base stacking in 

the anticodon arm at the stem-loop junction (Cabello-Villegas and Nikonowicz, 2005; Durant 

and Davis, 1999). However, when  is located in the loop region of a stem-loop, which is the 

case for  at position 32 in the E. coli ASL
Phe

, there is a modest increase in the melting 

temperature (Tm) by 3.5ºC (Cabello-Villegas and Nikonowicz, 2005). This suggests that a  

at the stem-loop junction confers greater stability than when located in the loop. 

Additionally, the increased stability conferred by  at position 39 (stem-loop junction) may 

enhance translation efficiency and improve growth rate (Charette and Gray, 2000; Lecointe 

et al., 2002).  
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Although chemically simple modifications play an important role in large 

conformational changes, such as restructuring tRNAs and improving their stability, simple 

modifications such as methylation, pseudouridinylation, and thiolation can also promote 

subtle conformational changes (e.g., changes in sugar pucker) that contribute greatly to the 

stabilization of RNA. For example, methylation of the sugar 2'-OH group and 

pseudouridinylation or thiolation of a pyrimidine O2 atom promotes a 3'-endo sugar pucker, 

which increases the stabilization of a helical formation (Kawai et al., 1992; Lee and Tinoco, 

1977; Watanabe et al., 1979). Not only does the 3'-endo conformation improve stability of 

helical regions, it also protects RNAs from catalytic degradation (Motorin and Helm, 2010; 

Wakeman and Winkler, 2009). Additionally, these chemically simple modifications play an 

important role in protecting RNA from catalytic degradation and stabilize RNA at high 

temperatures. For example, 2-O-methylguanosine (Gm), N
4
-Acetyl-2'-O-methylcytidine 

(ac
4
Cm), and m

1
A are induced at high temperatures in thermophilic organisms, yielding 

increased thermal stability (Kowalak et al., 1994; Kumagai et al., 1980).  

Although chemically simple modifications contribute significantly to tRNA and RNA 

stability, hypermodified bases also play significant roles. The hypermodified base 2-

thioribothymidine (s
2
T), which is induced at high temperatures, makes a significant 

contribution to the thermal stability of tRNA. In the tRNA
Ile

 from Thermus thermophilus, the 

addition of the 2-thio (s
2
) group to ribothymidine (T) at position 54 resulted in a 3°C increase 

in thermal stability (Horie et al., 1985; Watanabe et al., 1979). Two residues that are often 

hypermodified in tRNA are the adenosine located at position 37 and the guanosine at position 

34. The most common modification found at this position is N
6
-dimethylallyl adenosine (i

6
A) 

and 2-methylthio-N
6
-dimethylallyl (ms

2
i
6
A). In the context of the E. coli ASL

Phe
, the i

6
A 
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modification has a destabilizing effect on the molecule (Cabello-Villegas et al., 2002). 

However, in the E. coli ASL
Trp

 the i
6
A modification had a stabilizing effect resulting in a 

G° of –7.54 kcal/mol, whereas the unmodified molecule had a G° –5.05 kcal/mol (Kierzek 

and Kierzek, 2003). Moreover, the addition of the fully hypermodified base, ms
2
i
6
A, in the 

context of the E. coli ASL
Tyr

 provided additional stability (G° = –8.46 kcal/mol) to the 

molecule (Kierzek and Kierzek, 2003). Notably, the addition of i
6
A or ms

2
i
6
A into the 

interior of an RNA duplex results in the destabilization of the molecule, which is most likely 

due to steric hindrance (Kierzek and Kierzek, 2001, 2003). The second most modified 

residue in tRNA is the G at position 34, which is modified to Q at the wobble position. 

Although there is limited information about the stabilizing properties of Q, the bulky base 

introduces three additional hydrogen bond donors and the stability of the Q-U and Q-C 

wobble pairs are more stable than the G-U wobble pair (Meier et al., 1985). 

1.4 B. subtilis and B. anthracis ASL
Tyr

 Contains Four Base Modifications: i
6
A37, ms

2
A37, 

39, and Q34 

 

tRNA molecules contain a large and diverse pool of modified nucleotide bases with 

the greatest variety concentrated in the anticodon arm (Cantara et al., 2011). The anticodon 

arm of tRNA
Tyr

 reflects this diversity and contains modified nucleotide bases at three 

positions (Figure 3). The most extensively modified residue in ASL
Tyr

 is located at position 

37 and is adjacent to the 3' nucleotide of the anticodon (Björk, 1998). This modified base, 

i
6
A37, or variants that include ms

2
i
6
A37 and io

6
A37, often follows anticodon sequences 

terminated by an A (Motorin et al., 1997; Sprinzl et al., 1998). i
6
A37, which is added by the 

enzyme MiaA, and ms
2
i
6
A37, which is formed by the addition of ms

2
 by MiaB, are two of the 

most common modified forms of A37 in bacterial tRNA. The most common tRNA 
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modification, , which is added by the enzyme TruA, is found at position 39 in the ASL
Tyr

. 

Interestingly, anticodon arms of nearly all cellular tRNA molecules contain the  

modification at residues 38, 39, or 40 as well as other positions throughout the tRNA 

molecule (Sprinzl et al., 1998). Lastly, the enzyme TGT is involved in the early steps of 

converting G34 to Q. The bulky Q modification introduces three additional hydrogen bond 

donors and is found at the wobble position of tRNA
His

, tRNA
Asn

, tRNA
Asp

, and tRNA
Tyr

.  

1.4.1 MiaA Converts A37 to i
6
A37 

The enzyme dimethylallyl (
2
-isopentenyl) diphosphate:tRNA transferase, or MiaA, 

catalyzes the addition of the dimethylallyl unit from dimethylallyl diphosphate (DMAPP) to 

the exocyclic amino nitrogen (N6) of A37, to form i
6
A37 (Figure 4). MiaA consists of two 

domains that contain a catalytic core and an -helical domain (Chimnaronk et al., 2009). 

Binding of MiaA distorts the phosphate backbone, resulting in a loss of the canonical U-turn 

motif (Chimnaronk et al., 2009). Once the tRNA is bound, MiaA binds DMAPP and 

modifies the tRNA (Chimnaronk et al., 2009). The loss of this modification in E. coli and 

Salmonella typhimurium, which are both Gram-negative bacteria, caused defects in 

translation, including reduced rates of polypeptide chain elongation (Diaz et al., 1987; 

Ericson and Björk, 1991b; Hagervall et al., 1990), and decreased efficiency of translation 

(Hagervall et al., 1990). Additionally, the loss of i
6
A37 results in increased codon context 

sensitivity and decreased function of suppressor tRNA species (Björnsson and Isaksson, 

1993; Bouadloun et al., 1986; Connolly and Winkler, 1989) as well as increased translation 

misread error rates for the first codon position (Harrington et al. 1993). This latter defect 

leads to incorrect amino acid incorporation and decreased translation misreading error rates  
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Figure 3. Modified and Unmodified States of ASL
Tyr

 from B. subtilis and B. anthracis 

In B. subtilis, tRNA
Tyr

 is found in two modified states. The first form, which is the predominate 

species during exponential growth, is hypomodified with i
6
A. The second species, which is the 

hypermodified form (ms
2
i
6
A37), is the predominant form during stationary phase. 

Unmodified           Partially modified        Fully modified 
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at the third codon position resulting in reduced wobble function (Björnsson and Isaksson, 

1993; Bouadloun et al., 1986).  

1.4.2 MiaB Converts i
6
A37 to ms

2
A37 

The importance of the dimethylallyl modification at residue A37 for tRNA function 

has been studied extensively in E. coli (Bouadloun et al., 1986; Connolly and Winkler, 1989; 

Diaz et al., 1987; Ericson and Björk, 1991b; Hagervall et al., 1990). This research has 

revealed that modification of A37 to i
6
A37 by MiaA is a prerequisite to forming the 

hypermodified base, ms
2
i
6
A37 through the activity of MiaB (Figure 4) (Björk, 1998). MiaB is 

a radical-S-adenosylmethionine enzyme that contains two [4Fe-4S] clusters that are 

necessary to catalyze the methylation and thiolation of tRNA molecules (Hernández et al., 

2007; Pierrel et al., 2004). In vivo, the reaction is dependent on iron, cysteine and S-

adenosylmethionine, which result in the conversion of the aromatic C-H bond to a C-S bond 

(Buck and Griffiths, 1982; Gefter, 1969; Pierrel et al., 2004; Rosenberg and Gefter, 1969). In 

B. subtilis, which is closely related to B. anthracis, the tRNA
Tyr

 molecule exists in two forms, 

the modified i
6
A37 form and the hypermodified ms

2
i
6
A37 form (Buu et al., 1981; Menichi and 

Heyman, 1976; Vold, 1978). In stationary-phase cells, the hypermodified form predominates, 

whereas in exponential growth phase cells, the i
6
A single-modified form of tRNA

Tyr
 is the 

dominant form (Menichi and Heyman, 1976). In vitro ribosome binding experiments 

revealed that the fully hypermodified form is better able to decode the UAC tyrosine-specific 

codon (Menichi and Heyman, 1976). Aside from improving codon recognition, the presence 

of the thiomethyl modification in ms
2
i
6
A37 correlates with the onset of sporulation (Buu et 

al., 1981). 

E. coli and S. typhimurium that lack a functional copy of miaB contain the i
6
A 
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modification but do not have ms
2
i
6
A37, indicating that only MiaB is responsible for 

methylthiolation (Esberg et al., 1999).  Without the ms
2
i
6
A37 modification, there is a decrease 

in translational efficiency and an increase in mutated proteins (Pierrel et al., 2002).  

Additionally, loss of miaB in S. typhimurium causes suppressor tRNA
Tyr

 to have decreased 

effectiveness and results in decreased suppression of translation (Esberg et al., 1999). 

Enzymatic studies have provided direct evidence that MiaB alone is responsible for adding 

the methylthiol (ms
2
) group to i

6
A37, resulting in the fully modified base, ms

2
i
6
A37 (Esberg et 

al., 1999). Figure 4 illustrates how the methylthiolation occurs at position 2 of the base. 

1.4.3 TruA Converts U39 to 39 

One of the most common modifications found in tRNA molecules is the  

modification. In E. coli, the pseudouridine synthase TruA catalyzes the isomerzation of 

uridines 38, 39, and 40 in the ASL of 17 different tRNAs (Sprinzl et al., 1998). The 

isomerization reaction leads to the formation of a C1'-C5 glycosidic bond within the ribose of 

the U and the introduction of an additional NH functional group in the base (Hur and Stroud, 

2007) (Figure 5). To catalyze the reaction, the tRNA to be modified binds distal to the active 

site of the homodimer (Hur and Stroud, 2007). Once in position, residues 38 through 40 are 

positioned near the catalytic aspartic acid and the tRNA bends (Hur and Stroud, 2007). 

Although residues 38-40 remain stacked upon docking to TruA, the U to be modified is 

flipped-out into the active site (Hur and Stroud, 2007). Disruption of truA in Gram-negative 

bacteria result in reduced polypetide elongation rates and reduced translational fidelity 

(Björk, 1995). Additionally, TruA-associated defects in Pseudomonas aeruginosa, a Gram- 

negative bacterium, cause reduced growth rates (Björk, 1995) and loss of virulence 

(Connolly and Winkler, 1989). This phenotype is thought to arise because P. aeruginosa has 
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Figure 4. MiaA and MiaB Convert A37 to ms
2
i
6
A37 

The first step of the synthesis of ms
2
i
6
A37 involves the addition of an 

isopentyl group to the N
6
 position of the adenosine by MiaA. The 

second step involves the methylthiolation of the C
2
 position by 

MiaB. 

  A37                                                 i
6A37                           ms2i6A37      
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 a defect in its expression of functional type III secretion genes (Ahn et al., 2004). In 

Saccharomyces cerevisiae, loss of   at positions 38 or 39 in tRNA
Tyr

, tRNA
Lys

, and tRNA
Trp

 

impairs decoding of the amber UAG stop codon. Lack of this modification also decreases 

read-through efficiency during translation, resulting in decreased growth rate (Lecointe et al., 

2002). 

1.4.4 TGT Converts G34 to Q34 

tRNA-guanine transglycosylase (TGT) recognizes tRNA molecules that contain 

U33G34U35 in the ASL (tRNA
His

, tRNA
Asp

, tRNA
Asn

, and tRNA
Tyr

) (Xie et al., 2003) and 

exchanges the G at position 34 for 7-aminomethyl-7-deazaguanine (PreQ). In most 

prokaryotes the hypermodification of G to Q takes place in several steps, with the first 

involving the conversion of a free GTP to PreQ1 (Figure 6) (Romier et al., 1996). In 

eukaryotes, the Q base is a dietary requirement that replaces G34 in one enzymatic step 

(Romier et al., 1996; Xie et al., 2003). In Salmonella flexniri, TGT is essential for virulence 

(Durand et al., 1994), and in E. coli, Q34 has been shown to confer fitness (Dineshkumar et 

al., 2002). Interestingly, tgt¯  strains grow more rapidly than tgt
+
 control strains; however, 

when grown at non-ideal temperatures, the tgt¯ strain does not grow as well as the control 

(tgt
+
) strain (Dineshkumar et al., 2002). In the specific case of tRNA

Tyr
, the absence of Q 

leads to amber suppressor activity (Kersten, 1988). 

1.5 Transcriptional Regulation Mechanisms in Bacteria 

There are multiple mechanisms that bacterial cells use to regulate gene expression, 

which can be characterized as either intrinsic or factor dependent transcriptional termination 
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Figure 5. TruA Converts U39 to 39 

TruA adds the  to the uridine at position 39 in tRNA
Tyr

. This modification 

adds an additional hydrogen bond donor at position 5 and results in a C-C 

glycosidic bond. 

TruA 

      U39                                         39 
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(Grundy and Henkin, 1993; Henkin and Yanofsky, 2002; Krishna et al., 2013). The mRNA 

of genes that are regulated intrinsically often form a hairpin structure, which results in the 

RNA polymerase staling on the transcript (Henkin and Yanofsky, 2002). Conversely, in 

factor dependent mechanisms, the mRNA acts as a receptor for a metabolite, protein, or 

tRNA (Babitzke, 2004; Grundy et al., 2000; Miranda-Ríos et al., 2001). The binding of the 

factor to the RNA results in either the promotion or termination of transcription (Babitzke, 

2004; Grundy et al., 1994; Miranda-Ríos et al., 2001). Depending on the requirements of the 

cell, multiple mechanisms can take place at any given time.  

1.5.1 Transcriptional Regulation through Alternative RNA Structures 

Bacteria utilize numerous mechanisms to regulate gene expression. Although factor 

dependent DNA-binding mechanisms are common, bacteria also employ other mechanisms 

to regulate transcription and subsequently translation through the formation of alternative 

RNA structures in the 5' untranslated region. These RNA structures, which display ligand-

dependent conformational changes, have been termed riboswitches. Genes often regulated by 

RNA-mediated transcriptional regulation are found in Gram-positive and Gram-negative 

bacteria. In Firmicutes such as Gram-positive B. subtilis and B. anthracis, diverse amino acid 

biosyntheses genes are regulated by riboswitches. These include, but are not limited to the S 

box, which regulates genes involved in methionine and cysteine synthesis (Grundy and 

Henkin, 1998); the L-box, which is involved in the lysine biosynthesis pathway needed for 

protein production and cell wall synthesis (Grundy et al., 2003; Rosner, 1975); the RFN 

element involved in riboflavin biosynthesis (Gelfand et al., 1999; Mack et al., 1998; Winkler 

et al., 2002);  and the T box, which is commonly involved in the regulation of tRNA 

synthestase genes. Read-through by RNA polymerase of genes regulated by the T box  
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Figure 6. TGT Converts G34 to Q34 

Free GTP is converted to PreQ, which TGT uses to replace G34. PreQ1, 

7-aminomethyl-7deazaguanine; oQ, epoxyquine; Q, 7-{[(4,5-cis-

dihydroxy-2-cyclopentene-1-yl)-amino]-methyl}-7-deazaguanine. 

 

G34 

oQ34 Q34 
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mechanism is dependent on the formation of either an antiterminator or a terminator structure 

(Figure 7). 

1.5.2 Conserved Features of the T Box Mechanism  

The most common mechanism used by Firmicutes to regulate amino acid 

biosynthesis genes and their respective operons is the T box transcriptional regulatory system 

that acts as a riboswitch (Grundy et al., 1997, 2000; Vitreschak et al., 2008; Wels et al., 

2008). The T box mechanism, which is located in the 5'-UTR of the leader in specific 

mRNAs, contains two mutually exclusive stem-loop secondary structures (Figure 7). The 

mRNA leader (5'-UTR) contains many conserved regions that aid the leader in forming the 

terminator or antiterminator structure, as well as facilitating the interaction of specific tRNA 

molecules with the appropriate leader sequences. The length of the RNA leader ranges 

between 180 and 300 nucleotides and contains a 14 bp sequence termed the T box sequence 

(Yousef et al., 2005). The leaders typically contain three stem-loop secondary structure 

motifs, which are identified as stem-loops I, II, and III (Grundy et al., 2002, 2005; Luo et al., 

1998). Many leaders contain a stem IIA/B pseudoknot. To date, only the glyQS leader from 

B. subtilis has been found to lack Stem II or the Stem IIA/B pseudoknot motifs (Yousef et al., 

2005). Additionally, the mRNA leaders include an AGAGA conserved sequence termed the 

GA box, which is found within Stem I as well as a specifier domain that contains the 

specifier codon, which is complementary to the tRNA anticodon (Grundy et al., 1994; 

Yousef et al., 2005). 

The terminator and antiterminator hairpins are responsible for pre-mature 

transcription termination and transcription read-through, respectively. T box elements bind 

tRNAs that are related to the function of the genes whose transcription they regulate. Read- 
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Figure 7. tRNA Mediated Transcriptional Regulation: The T Box 

Mechanism 

When the level of charged tRNA is high, the 3' region of the tRNA is unable to 

bind to the 7 nt-bulge of the antiterminator, thus the default terminator structure 

is formed. When the population of cognate uncharged tRNA is limited, the 3' 
region of the tRNA binds to the bulge region and stabilizes the 

thermodynamically unfavorable antiterminator secondary structure. Formation 

of the antiterminator results in transcriptional read-through of the gene by RNA 

polymerase. The yellow star represents an amino acid and the white star 

indicates no amino acid is bound. Read-through of the downstream gene is 

represented by a green RNA polymerase and inhibition of transcription is 

represented by a red RNA polymerase. 
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through of the transcription termination site occurs when uncharged cognate tRNA binds and 

stabilizes the antiterminator hairpin by pairing nucleotides in the 3' end of the tRNA with a 

seven-nucleotide (7-nt) bulge in the antiterminator helix (Figure 7) (Grundy and Henkin, 

1994). The Specifier Loop domain of the T box leader contains the Specifier sequence: three 

nucleotides that are complementary to the anticodon nucleotides of the cognate tRNA, which 

is the primary specificity determinant of the T box mRNA leader-tRNA interaction (Grundy 

et al., 1997). Changing the specificity of the specifier codon sequence and/or the 

antiterminator base alters the specificity of the T box. This finding suggests that other 

elements such as tRNA structure, sequence, or base modification may play an important role 

in tRNA-mRNA leader interaction and, subsequently, T box function. 

The importance of T box conserved structures is not limited just to the leader RNA, 

but is also important for tRNAs as well. Maintenance of the 3' end (5'-NCCA-3') of the tRNA 

is critical because this region binds to the complementary region of a 7-nt bulge found in the 

antiterminator structure of the leader (Figure 7) (Yousef et al., 2003). Additionally, the 

orientation or register of the 3' end is important in promoting antitermination. Introduction of 

a half turn in the acceptor stem results in a loss of transcriptional read-through, whereas 

incorporation of a full turn in the RNA helix restores T box function (Yousef et al., 2003). 

Interaction of the 3' end is thought to be important in stabilizing the thermodynamically 

unfavorable antiterminator structure. The tRNA anticodon must also be conserved to 

facilitate the binding of the tRNA to the cognate specifier region. 

1.5.3 Function and Specificity of T box mRNA Leaders 

1.5.3.1 proBA and proI mRNA Leaders 

In B. subtilis, the amino acid proline plays important functions in regulating osmotic 
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stress and protein synthesis (Brill et al., 2011a, 2011b). Interestingly, there are two 

independent pathways that are responsible for regulating proline levels in B. subtilis (Brill et 

al., 2011b; Hahne et al., 2010). The ProJ-ProA-ProH pathway produces high concentrations 

of proline used to regulate osmotic stress, whereas the ProB-ProA-ProI pathway is 

responsible for creating a less concentrated reserve of proline specific for protein synthesis 

(Brill et al., 2011b). Interestingly, only the ProB-ProA-ProI pathway is regulated by the T 

box mechanism (Brill et al., 2011b).   

The proBA and proI mRNA leaders possess canonical secondary structural elements 

that are necessary for tRNA-mediated transcriptional regulation (Brill et al., 2011b). Both the 

proBA and the proI mRNA leaders contain a CCU sequence in their specifier domains, 

resulting in the leaders being responsive to changes in tRNA
Pro

 concentration (Brill et al., 

2011b). When B. subtilis is starved for proline, there is an increase in full-length proBA and 

proI, indicating that the mRNA leader was able to stabilize the antiterminator structure and 

read-through of the downstream gene took place (Brill et al., 2011b). Interestingly, the 

specificity of the leader to tRNA
Pro

 concentration can be manipulated by changing the CCU 

sequence in the specifier domain to UUC, which is specific for tRNA
Phe

. Altering the 

specificity of the proBA mRNA leader results in a loss of specificity to proline, but yields a 

gain in sensitivity to phenylalanine (Brill et al., 2011b).  

1.5.3.2 lysS and lysK mRNA Leaders 

In Gram-positive bacteria, expression of aminoacyl tRNA synthetase (AARS) genes 

are typically controlled by tRNA mediated transcriptional regulation (Vitreschak et al., 

2008). These enzymes are responsible for adding amino acids to their cognate tRNA 

molecule (Beuning and Musier-Forsyth, 1999). Although AARSs carry out similar functions, 
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the enzyme family is divided into two classes: class I, which adds the amino acid to the 2'-

hydroxyl of the terminal residue of the acceptor stem of the tRNA molecule, and class II, 

which adds the amino acid to the 3'-hydroxyl position (Beuning and Musier-Forsyth, 1999). 

Both class I and class II enzymes are structurally distinct and unrelated phylogenetically 

(Ibba and Soll, 2000; O’Donoghue and Luthey-Schulten, 2003).  

Although most AARSs fall into one category or another, the Lysyl-tRNA synthetase 

(LysRS) is found as both a class I and a class II enzyme (Ibba et al., 1994). Most bacteria 

contain a single copy of the class I or the class II LysRS gene. However, there are four 

species of bacteria that contain functional copies of both class I and class II LysRSs, with one 

of the LysRSs being T box regulated (Foy et al., 2010). These species include all Bacillus 

cereus strains except AH820, Bacillus thuringiensis, Clostridium beijerinckii, and 

Symbiobacterium thermophilum (Foy et al., 2010). In all four species, only one of the LysRS 

genes is T box regulated (Foy et al., 2010). Interestingly, in the phylogenetically related 

species B. cereus and B. thuringiensis, the class I gene is T box regulated, whereas the class 

II gene in S. thermophilum is T box regulated (Foy et al., 2010). The mRNA leader from S. 

thermophilum shows little similarity to the conserved sequence found in most Bacillus 

species (Foy et al., 2010). Notably, C. beijerinckii contains two class II LysRS genes, but 

only one of them is under T box control, sharing only 50% similarity to the consensus 

sequence (Foy et al., 2010). 

Although B. subtilis is phylogenetically related to B. cereus and B. thuringiensis, it 

only contains a single class II LysRS, which is denoted as lysS and it is not regulated by 

tRNA-mediated transcriptional regulation. In B. cereus the class I LysRS gene, lysK, is 

expressed mainly during stationary phase and is less efficient at charging its cognate tRNA 
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(Foy et al., 2010). Although most genes that are T box regulated are sensitive to depletion of 

a specific amino acid and show little to no promiscuity to other amino acids, the lysK gene 

from B. cereus appears to be sensitive to depletion in asparagine concentrations (Foy et al., 

2010). 

1.5.3.3 thrS and thrZ mRNA Leaders 

 In contrast to the unique class I LysRS in B. subtilis, which is not T box regulated, B. 

subtilis contains two independent genes that produce two functional copies of the threonyl-

tRNA synthetase (ThrRS), which is unusual because bacteria normally only possess a single 

copy of a specific AARS (Putzer et al., 1990). The B. subtilis thrS and thrZ are located in 

different sections of the chromosome and are expressed at different stages of growth, with 

thrS being the main product expressed during vegetative growth (Putzer et al., 1990). 

Additionally, the two genes share 51% sequence similarity, indicating that the two genes are 

phylogenetically distinct (Putzer et al., 1990). In contrast to the LysRS genes from B. cereus, 

B. thuringiensis, S. thermophilum, and C. beijerinckii where only one LysRS gene is T box 

regulated, both ThrRS genes in B. subtilis are T Box regulated (Putzer et al., 1992). 

Additionally, both mRNA leaders share a conserved sequence that is common to other T box 

mRNA leaders found in Gram-positive bacteria (Putzer et al., 1992).  

 Unlike most genes regulated by the T box mechanism, the 5'-untranslated mRNA 

leader of thrZ is comprised of three domains with each domain containing structural elements 

that are usually present in T box regulated genes (Putzer et al., 1992). Domains II and III are 

practically identical; however, domain I possesses an open reading frame that encodes for 

five threonine residues (Putzer et al., 1992). Despite the variation in the mRNA leaders, both 

the thrS and thrZ genes are sensitive to threonine concentrations and do not show any 
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promiscuity to other aminoacyl-tRNAs (Putzer et al., 1992).  

1.5.3.4 glyQS mRNA Leader 

Unlike the multiple copies of the LysRS and ThrRS genes in B. cereus and B. subtilis, 

respectively, glyQS, which codes for the glycyl-tRNA synthetase, is unique and T box 

regulated (Grundy and Henkin, 2004; Yousef et al., 2003). Although glyQS is T box 

regulated, its mRNA leader differs significantly from other mRNA leaders found in Bacilli 

that are regulated by the T box mechanism (Grundy and Henkin, 2004; Yousef et al., 2005). 

Typically, the mRNA leaders of genes that are controlled by tRNA-mediated transcriptional 

regulation contain three stem-loop motifs, which are identified as I, II, IIA/B, and III 

(Grundy et al., 2002, 2005; Luo et al., 1998). To date, only the glyQS leader from B. subtilis 

has been found to not have Stem II or the Stem IIA/B pseudoknot motifs (Yousef et al., 

2005). Although there are variations in the secondary structure of the glyQS mRNA leader, 

the gene is tightly regulated by its cognate tRNA and does not show any promiscuity to other 

tRNAs. However, when the specifier codon of the glyQS mRNA leader is changed to UAC 

(specific for tRNA
Tyr

) and the discriminator base is changed from an A to a U, tRNA
Tyr

 is 

able to initiate antitermination of the tyrosyl-tRNA specific glyQS leader (glyQS
Tyr

) (Grundy 

et al, 2002).  

In vitro studies with unmodified tRNA
Gly

  in the presence of the glyQS mRNA leader 

demonstrate that antitermination can occur without the aid of additional factors, suggesting 

that T box function was due to the RNA factors of the system (Grundy et al., 2002). 

Surprisingly, when unmodified tRNA
Tyr

 was in the presence of the glyQS
Tyr

 mRNA leader, 

antitermination was not observed. However, if tRNA
Tyr

 was isolated from natural sources 

−and therefore fully modified− and used with glyQS
Tyr

, antitermination was achieved, but the 
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response was not as robust as tRNA
Gly

 with the glyQS leader (Grundy and Henkin, 

unpublished). Surprisingly, unmodified tRNA
Tyr

 can be charged with tyrosine, indicating that 

the tertiary structure of the tRNA has not been compromised. Since native tRNA
Gly

 is not 

modified in the anticodon loop, it is possible that the lack of modifications in the in vitro 

transcribed tRNA
Tyr

 is preventing it from functioning in an in vitro antitermination assay. 

This implies that base modifications may be important in stabilizing the interaction between 

the tRNA and its cognate mRNA leader. 

1.5.3.5 tyrS and tyrZ mRNA Leader  

In E. coli it is uncommon to find two phylogenetically distinct genes that code for an 

AARS that shares the same function (LysRS is an exception). However, in Bacilli such as B. 

subtilis and B. anthracis, it is slightly more common to find a second gene that codes for a 

specific AARS. Nevertheless, ThrRS and tyrosine tRNA synthetase (TyrTS) genes appear to 

be the exception. In B. subtilis the two TyrTS genes are tyrS and tyrZ.  Similar to the ThrRS 

genes, only one of the TyrTS genes from B. subtilis, tyrS, was expressed during vegetative 

growth (Henkin et al., 1992). In contrast to the thrZ gene, little is known about the mRNA 

leader from tyrZ or its regulation.  

Similar to other genes that are T box regulated, tyrS expression was not sensitive to 

concentration changes of non-cognate tRNA, however, modification of the specifier codon 

promoted specificity for a non-cognate tRNA (Grundy and Henkin, 1993; Grundy et al., 

1997). For example, in vivo studies using B. subtilis where the UAC specifier codon (specific 

to tRNA
Tyr

) of the tyrS gene was mutated to UUC (specific for tRNA
Phe

) resulted in a 5.7-

fold induction of the tyrS
UUC

 gene by limiting concentrations of phenylalanine (Grundy et al., 

1997). However, mutation of the UAC specifier codon to the asparagine specific codon AAC 
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and the antiterminator base from U to C did not result in an induction of the TyrS
AAC

 gene 

(Grundy et al., 1997). Additionally, mutating the specifier codon to the threonine codon, 

ACC, in combination with the U222A mutation led to a weak 2.4 fold induction of the 

TyrS
ACC

 gene (Grundy et al., 1997), indicating that there must be a unique property about 

tRNA
Tyr

, as the leader RNA shares similarity to other T box leaders found in Gram-positive 

bacteria. 



36 

 

Chapter 2 

 

Materials and Methods 

 
2.1 Chemical and Enzymatic Reagents 

All enzymes were purchased from Sigma Chemical, except for T7 RNA polymerase 

and MiaA, which were prepared as described (Davanloo et al., 1984; Leung et al., 1997). 

Deoxyribonuclease I type II, pyruvate kinase, adenylate kinase, and nucleotide 

monophosphate kinase were obtained as powders, dissolved in 15% glycerol, 1 mM 

dithiothreitol, and 10 mM Tris-HCl, pH 7.4, and stored at -20 ˚C. Guanylate kinase and 

nuclease P1 were obtained as solutions and stored at -20 ˚C. Unlabeled 5' nucleoside 

triphosphates (5'-NTPs) were purchased from Sigma, phosphoenolpyruvate (potassium salt) 

was purchased from Bachem, and 99% [
15

N]-ammonium sulfate and 99% [
13

C]-methanol 

were purchased from Cambridge Isotope Labs. -dimethylallyl diphosphate was purchased 

from Sigma. 

2.2 Preparation of RNA 

The RNA sequence for B. subtilis ASL
Tyr

 shown in Figure 8 was synthesized in vitro 

using T7 RNA polymerase and a synthetic DNA template. The nucleotide sequence of the 

stem corresponds to residues G27 to C43 of full-length B. subtilis ASL
Tyr

. Unlabeled RNA 

molecules were prepared using 10 ml transcription reactions containing 4 mM 5'-NTPs. 

Isotopically labeled RNA molecules were prepared using 10 ml transcription reactions 

containing 3 mM uniformly [
13

C-
15

N]-enriched 5'-NTPs as described (Nikonowicz et al.
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Figure 8. ASL
Tyr

 Hairpins Used in this Study 

The hairpins used in this study were 17 nucleotides in length. The unmodified 

and [i
6
A37]-ASL

Tyr
 are isotipically labeled. The [39]- and [39, i

6
A37]-ASL

Tyr
 

molecules are naturally abundant. The i
6
A37 modification was added 

enzymatically using the MiaA enzyme, which was expressed and purified. The 

39 modification was chemically synthesized. 
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1992; Batey et al. 1992). After synthesis, RNA molecules were purified by passage through 

20% (w/v) preparative polyacrylamide gels, electroeluted (Schleicher & Schuell), and 

precipitated with ethanol. The purified oligonucleotides were initially dissolved in 3 mL high 

salt NMR buffer (1 M NaCl, 20 mM potassium phosphate, pH 6.1, and 2 mM EDTA), and 

subsequently dialyzed against 1.5 mL low salt NMR buffer (10 mM KCl, 10 mM potassium 

phosphate, pH 6.1, and 0.02 mM EDTA) three times using a Centricon-3 concentrator 

(Amicon Inc.). The samples were diluted with the low salt NMR buffer to a volume of 300 l 

and lyophilized to a powder. For experiments involving the non-exchangeable protons, the 

samples were exchanged twice with 99.9% D2O and then dissolved in 300 l of 99.96% 

D2O. For experiments involving detection of the exchangeable protons, the samples were 

dissolved in 300 l of 90% H2O / 10% D2O. The samples used for spectroscopic analysis 

contained 50-110 A260 OD units of RNA oligonucleotide in 300 l (≈1.2–2.5 mM). The 

[39]-ASL
Tyr

 oligonucleotide was chemically synthesized (Dharmacon, Boulder, CO), 

ethanol precipitated after deprotection, and dialyzed as described above to obtain material for 

spectroscopic analysis.   

2.3 Preparation of the A37 (N
6
)–Dimethylallyl Modified ASL

Tyr
 

The dimethylallyl group was introduced at position A37 of purified ASL
Tyr

 and [39]-

ASL
Tyr

 oligonucleotides using the enzyme dimethylallyl diphosphate:tRNA  transferase 

(MiaA) and dimethylallyl pyrophosphate (DMAPP) as reported (Cabello-Villegas et al, 

2001.). Histidine-tagged MiaA was expressed in E. coli and purified using Ni
2+

 affinity resin 

as described (Leung et al., 1997). The modification reactions contained 50 M 

oligonucleotide, 125 M DMAPP, 50 mM Tris-HCl pH 7.6, 10 mM MgCl2, 0.1 mg/ml BSA, 
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5mM -mercapto-ethanol, and 26 g/ml MiaA. The reactions were incubated overnight at 30 

C. Upon completion, the RNA was extracted with phenol:chloroform:isomayl alcohol 

(25:24:1) and chloroform, and the RNA precipitated with ethanol. Product formation was 

monitored using 20% denaturing PAGE, because the N6-modified oligonucleotides migrate 

slower than unmodified ASL
Tyr

. The band shift is equivalent to that observed when 1 

additional nucleotide is added to an oligonucleotide. The reaction was determined to be 

>98% complete by comparing CH-HSQC spectra. 

2.4 NMR Spectroscopy 

All spectra were acquired on Varian Inova 500 MHz (
1
H-[

13
C, 

15
N, 

31
P] probe) and 

600 MHz (
1
 H-[

13
C, 

15
N] cryoprobe) spectrometers. Solvent suppression for 

1
H homonuclear 

spectra collected in 90% H2O was achieved using the binomial scheme. The data points were 

extended by 25% using linear prediction for the indirectly detected dimensions. NMR spectra 

were processed and analyzed using Felix 2007 (Felix NMR Inc., San Diego, CA).  

Two-dimensional (2D) 
13

C-
1
H HSQC spectra were collected to identify 

13
C-

1
H 

chemical shift correlations. Sugar spin systems were assigned using 3D HCCH-TOCSY (16 

ms and 24 ms DIPSI-3 spin lock) experiments collected in D2O. A 3D HCCH-TOCSY  (56 

ms DIPSI-3 spin lock) was collected to establish the intra-base H2-C2-C8-H8 correlations in 

adenine residues. A 3D HCN experiment (Marino et al. 1997) was used to identify intra-

residue base-ribose correlations.  

Sequential assignments and distance constraints for the non-exchangeable resonances 

were determined at 25 °C from 2D 
1
H -

1
H  NOESY spectra (m = 120, 180, and 460 ms) and 

3D 
13

C-edited NOESY spectra (m = 180 and 400 ms). Pyrimidine C2 and C4 resonances 
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were assigned from H6-C2 and H5-C4 correlations using 2D H(CN)C and 2D CCH-COSY 

experiments. 2D 15
N-

1
H HSQC spectra optimized for 2-bond HN couplings were collected to 

identify purine N7 and adenine N1 and N3 resonances. For the exchangeable resonances, 2D 

15
N-

1
H HSQC spectra were collected to identify 

15
N-

1
H chemical shift correlations. 2D 

NOESY spectra (m = 160 and 360 ms) were acquired in H2O at 12 °C to obtain distance 

constraints involving exchangeable protons.  

3
JH-H and 

3
JP-H coupling constants were estimated using DQF-COSY and 

31
P-

1
H 

HetCor experiments, respectively. 
3
JC-P coupling constants were estimated for ASL

Tyr
 and 

[i
6
A37]-ASL

Tyr
 using the 

13
C-

1
H ct-HSQC spin-echo difference method (Legault et al., 1995).  

2.5 Distance and Torsion Angle Constraints  

Interproton distance estimates were obtained from cross peak intensities in 2D 

NOESY and 3D 
13

C-edited NOESY spectra. Using the covalently fixed pyrimidine H5-H6 

distance (≈2.4 Å) and the conformationally restricted sugar H1'-H2' distance (2.8-3.0 Å) as 

references, peak intensities were classified as strong, medium, weak, or very weak and their 

corresponding proton pairs given upper bound distance restraints of 3.0, 4.0, 5.0, or 6.0 Å, 

respectively. Cross peaks observed only at mixing times ≥180 ms were classified as 

extremely weak and given 7.0 Å upper bound distance constraints to account for the 

possibility of spin diffusion. All distance restraints were given lower bounds of 0.0 Å to 

improve convergence of the calculations. Only the intra-residue sugar-to-sugar constraints 

involving H5' and H5'' resonances included in the calculations are considered 

conformationally restrictive. Distance constraints involving exchangeable protons were 

estimated from 360 ms mixing time NOESY spectra and were classified as weak, very weak, 

or extremely weak.  
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Watson-Crick base pairs were identified by observation of a significantly downfield 

shifted NH or NH2 proton resonance and the observation of strong G-C NH–NH2 or A-U 

H2–NH NOEs. The C32-A
+

38 interaction was based on the A38 C2 upfield chemical shift 

(Simorre et al., 1996). Hydrogen bonds were introduced as distance restraints of 2.9 ± 0.3 Å 

between donor and acceptor heavy atoms and 2.0 ± 0.2 Å between acceptor and hydrogen 

atoms. 

Ribose ring pucker and backbone dihedral constraints were derived from 
3
JHH, 

3
JHP, 

and 
3
JCP couplings (Varani et al., 1996). Ribose rings with 

3
JH1'-H2' > 7 Hz and with C3' and 

C4' resonances between 76-80 and 85-86 ppm, respectively, were constrained to C2'-endo. 

Residues with 
3
JH1'-H2' < 5 Hz and C3' resonances between 70-74 ppm were constrained to 

C3'-endo. Residues with intermediate 
3
JH1'-H2' couplings were left unconstrained. For residues 

27-33 and 37-43,  was constrained to the gauche
+
 conformation (50  40°) (Varani et al., 

1996). The NOE intensities for these residues of ASL
Tyr

 and [i
6
A37]-ASL

Tyr
 with resolved 

H4'-H5' and H4'-H5'' NOE cross peaks are consistent with the gauche+ conformation.  was 

left unconstrained for the anticodon residues. The conformations of the  torsion angles of 

[39]-ASL
Tyr

 and [i
6
A37, 39]-ASL

Tyr
 from G27-C32 and A38-C43 could not be confirmed as 

gauche
+
 due to spectral overlap, but the conservation of 

1
H chemical shifts between the 

corresponding structures, NOE patterns, and 
31

P-
1
H scalar couplings support regular A-form 

geometry. Dihedral angle restraints for the  and  torsion angles were derived from 
3
JP-H5', 

3
JP-H5'', and 

3
JP-H3' couplings estimated in 2D 

31
P-

1
H HetCor spectra and 

3
JP-C2'/P-C4' couplings 

measured in 2D ct-HSQC spin-echo difference spectra. For stem residues,  was constrained 

to the trans conformation (180  40°).  was loosely constrained to the trans conformation 

(180  70°) for loop residues except G34-A37.  was constrained to the trans conformation (-
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150  50°) for residues with 
3
JP-H3' > 5 Hz or 

3
JP-C2' > 5 Hz. P–C2' couplings of ASL

Tyr
 and 

[i
6
A37]-ASL

Tyr
 indicate that the  angles of G27-C32 and A38-C42 have the A-form trans 

conformation.  and were constrained to -70  30° for the stem residues (G27-C32 and A38-

C43). Because a down-field shifted 
31

P resonance is associated with the trans conformation of 

 or and because no such shift is observed for any of the 
31

P resonances in the RNA 

molecules,  and  were loosely constrained to exclude the trans conformation (0  120˚) for 

residues U33-A37. No dihedral angle constraints were used for the glycosidic angle .  

2.6 Structure Calculations and Refinement  

An initial set of structures was calculated using a shortened version of the simulated 

annealing protocol (described below). A list of all proton pairs in the calculated structures 

closer than 5.0 Å (representing expected NOEs) was compared to the list of restraints. The 

NOESY spectra were then re-examined for predicted NOEs absent from the constraint list. In 

some cases, this allowed the unambiguous assignment of previously unidentified NOEs, but, 

in other cases, the predicted NOEs were unobservable due to spectral overlap or the 

broadening of resonances by exchange with solvent.  

Structure refinement was carried out with simulated annealing and restrained 

molecular dynamics (rMD) calculations using Xplor-NIH v2.19 (Schwieters et al., 2003). 

Starting coordinates for ASL
Tyr

 were generated using Insight II (Accelrys, San Diego, CA) 

and were based on standard A-form helical geometry. Starting coordinates for the [39]-

ASL
Tyr

 model were created by atom replacement within the ASL
Tyr

 model coordinate file. 

Starting coordinates for the [i
6
A37]-ASL

Tyr
 and [39, i

6
A37]-ASL

Tyr
 models were created by 

adding dimethylallyl groups to the A37 N6 atoms of the ASL
Tyr

 and [39]-ASL
Tyr

 models, 
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respectively, using Insight II. Parameters for the 39 and i
6
A37 residues were obtained from 

(Charette et al. 2000). The structure calculations were performed in two stages. Beginning 

with the energy minimized starting coordinates, 50 structures were generated using 80 ps of 

rMD at 1200K with hydrogen bond, NOE-derived distance and base-pairing restraints. The 

system then was cooled to 25 K over 12 ps of rMD. Force constants used for the calculations 

were increased from 2 kcal mol
-1

 Å
-2

 to 30 kcal mol
-1

 Å
-2

 for the NOE and from 2 kcal mol
-1

 

rad
-2

 to 30 kcal mol
-1

 rad
-2

 for the dihedral angle constraints. Each structure was then 

minimized with restraints at the end of the rMD. Ten structures were selected for the final 

refinement. The criteria for final structure selection included lowest energies, fewest 

constraint violations, and fewest predicted unobserved NOEs (
1
H pairs less than 3.5 Å apart, 

but no corresponding cross peak in the NOE spectra). A second round of rMD was performed 

on these structures using protocols similar to those used in the first round of structure 

calculation. The major difference was the starting temperature of 300 K followed by cooling 

to 25 K over 28 ps of rMD. Ten refined structures for each model were analyzed using 

Xplor-NIH and Insight II. 

2.7 Accession Numbers 

 Coordinates were deposited in the Protein Data Bank under accession numbers PDB 

ID: 2lac, 2la9, 2lbq, 2lbr. Chemical shifts have been deposited in the Biomolecular Magnetic 

Resonance Bank under accession numbers BMRB ID: 17517, 17520, 17572, and 17573. 

2.8 UV Thermal Melting of Unmodified and Partially Modified RNA Hairpins 

RNA stability was measured by monitoring the hyperchromic shift of the RNA 

hairpin bases using a Pharmacia Ultrospec 2000 UV-Visible spectrophotometer equipped 

with a peltier melting apparatus.  UV melting studies were performed using 0.5 A260 units 
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RNA hairpin dissolved in low salt NMR buffer, pH 6.3. The samples were heated to 90C for 

90 s and cooled on ice before each melting experiment. A260 absorbance spectra from 10-92 

°C were acquired (1.0 °C per minute). The melting curves were acquired in triplicate and are 

reported as the average value from all experiments.  

2.9 Differential Scanning Calorimetry  

Measurements were performed using a VP-DSC differential scanning 

microcalorimeter (MicroCAl, LLC, Northampton, MA) at a scan rate of 90C h
-1

. The RNA 

hairpin concentration was 10 M in low salt NMR buffer at pH 6.3. Before measurements, 

the RNA hairpins were heated to 90C for 90 s and snap cooled on ice. Following the 

cooling, the sample and buffer were degassed for 15 min at room temperature. During the 

heating cycles, a pressure of 2 atm was maintained in the cells to prevent degassing. A 

background scan collected with buffer in the sample and reference cells was subtracted from 

each scan. Data were analyzed with Origin 7.0 software (MicroCal) to obtain the melting 

transition temperature (Tm), the calorimetric enthalpy of thermal unfolding (H), and the 

van’t Hoff enthalpy. All DSC measurements were performed in triplicate and thermodynamic 

values represent the average from all three experiments. 

2.10 Strains and Culture Conditions  

The attenuated Bacillus anthracis Sterne strain 7702 (pXO1
+
 pXO2

–
) and isogenic 

mutants were employed for all functional and physiological studies (Table 1). Unless 

specified, B. anthracis strains were cultured at 37°C with shaking (225 rpm) in either Luria 

Bertani (LB) or RM (Leppla, 1988) medium. NovaBlue (Novagen) Escherichia coli K-12 

strain was used as a host for cloning, and E. coli strain GM2163 was used to generate non- 
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Table 1 . B. anthracis Strains and Plasmids. 

 

Name   Description       Reference 

Strains 

7702   Sterne strain; pXO1
+
 pXO2¯      Guillen et al., 1989 

 

miaB¯ miaB-null mutant, derivative of 7702     This study 

 

tgt¯    tgt-null mutant, derivative of 7702     This study 

 

miaA¯ miaA-null mutant, derivative of 7702    Kerri Thomason 

 

 

Plasmids 

pHY304  Temperature-sensitive vector used for markerless   Chaffin et al., 2005 

                         deletion; Erm
r
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methylated DNA. E. coli strains were cultured in LB at 37°C with shaking (250 rpm). When 

required, antibiotics were added at the following concentrations: ampicillin (100 g/ml for E. 

coli), spectinomycin (100 g/ml for B. anthracis and 50 g/ml for E. coli), and erythromycin 

(5 g/ml for B. anthracis and 300 g/ml for E. coli). 

2.11 Plasmid DNA Isolation and Manipulation  

Cloning experiments employing E. coli were performed using standard protocols 

(Ausubel, F.M. 1993). Plasmid DNA was extracted from E. coli using a Wizard miniprep kit 

(Promega, Madison, WI) in accordance with the manufacturer’s recommendations. After 

sequence verification, constructs were transformed into E. coli strain GM2163 to obtain 

nonmethylated plasmid. The nonmethylated plasmid was isolated and purified from GM2163 

and used for electroporation of B. anthracis (Koehler et al., 1994).  

2.12 Construction of B. anthracis Mutants  

Null mutants were created by inserting stop codons near the 5' ends of the genes using 

pHY304, a temperature-sensitive vector containing an erythromycin resistance gene (Chaffin 

et al. 2005). The genes plus 0.2-kb to 1-kb of the flanking sequences was obtained by PCR 

(Table 2) and cloned into pGEM-T (Stratagene). A nonsense codon was introduced into the 

gene of interest after approximately 25 % of the coding region by primer-directed 

mutagenesis and amplified by PCR (Table 2). The genes containing the nonsense codon were 

cloned into pHY304 and electroporated into B. anthracis (Koehler et al., 1994). The 

electroporation mixture was plated on LB agar medium containing erythromycin and 

incubated at 30°C for 2 days to select colonies containing the plasmid. Clones were verified 

using PCR (Taq polymerase; NEB, Ipswich, MA), restreaked on the same medium, and 
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incubated at 30°C. An isolated colony was used to inoculate LB medium containing 

erythromycin, and was incubated at 30°C over night (O/N). To obtain an isolate with the 

pHY304 derivative integrated into the chromosome by a single crossover recombination 

event, the culture was passaged at a 1:1000 dilution into LB containing erythromycin and 

cultured at 41°C (the nonpermissive temperature for pHY304) O/N. Following a second 

passage at 1:1000 dilution under the same conditions, the culture was streaked onto selective 

LB agar and incubated at 41°C O/N. A single isolate was inoculated into LB medium without 

antibiotic, cultured at 30°C O/N, and then passaged at a 1:1000 dilution multiple times. 

Beginning with passage 3, serial dilutions of the culture were plated at 30°C O/N. Single 

colonies were streaked onto LB agar with and without erythromycin and incubated at 37°C 

O/N. Erythromycin-sensitive isolates were screened for loss of the plasmid and the nonsense 

mutation.  

2.13 Growth Curves and Kinetics 

Single isolates of the 7702 strain and isogenic mutant strains were grown to early 

stationary phase (3–4 OD600) in LB medium and transferred to 25 ml fresh RM or RM
-Tyr

 

medium at a starting OD600 of approximately 0.1. Cells were cultured at 37 ºC for 7 h and the 

OD600 was determined hourly. The doubling time was determined by the following equation:  

(t2-t1)/3.3*log(b/B) where t1-t2 = the duration of the exponential growth, b = the final culture 

concentration, and B = the initial culture concentration. 

2.14 Minimum Inhibitory Concentration 

Five isolates of either the 7702 strain or the isogenic mutant strain were picked and 

gown in LB medium for 4-6 h. The culture was diluted to OD600 = 0.08. Cells were further 

diluted 1:100 and 50 l was used to inoculate 50 l of the antibiotic dilution. Antibiotic
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Table 2. Primers used for Gene Amplification, Mutagenesis, and qRT-PCR 

 

Target Gene     Primers 

miaB     5'-ACCGCTGCGCCCGTTTCACCCTTC 

    5'-GGTAATGTTTATAGGGATAAAGCA 

  

miaB    5'-GTGCAGTGAAAACTATACCCGCCATTACTTCTG  

mutagenesis    5'-CAGAAGTAATGGCGGGTATAGTTTTCACTGCAC  

 

tgt    5'-AAGCTTTGACGCTTTTGTTGCGGGCG  

    5'-AAGCTTTTGCATCTCACGCTAAAATGGG  

 

tgt    5'-CCTGCTTCACGAATCTAGATTTCGTGACCTGG  

mutagenesis    5'-CCAGGTCACGAAATCTAGATTCGTGAAGCAGG 
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dilutions were prepared with LB and their concentrations decreased by a factor of two, with 

64 g/ml as the highest concentration tested and .125 g/ml as the lowest concentration 

tested. The antibiotics used in this study were Tetracycline, Ampicillin, Spectenomycin, 

Erythromycin, Ciprofloxacin, Penicillin G, and Kanamycin. The cells were incubated in a 96-

well plate without shaking at 37 ºC for 16 h. 

2.15 RNA Purification  

A single isolate was grown in LB medium to early stationary phase and was used to 

inoculate 25 ml of RM or RM
-Tyr 

medium to a starting OD600 = 0.08 to 0.1. The cultures were 

incubated until mid-exponential (OD600 = 0.5 to 0.6) growth phase. 6-ml samples were taken 

during exponential phase, and 2-ml samples were collected during the early stationary phase 

of growth. Cells were pelleted at 13,000 rpm for 2 min at room temperature. All subsequent 

centrifugation steps were done at 13000 rpm at 4 ºC, and samples were kept on ice except 

where noted. Cell pellets were resuspended in 500 l of culture supernatant and transferred to 

a 1.5-ml screw-cap tube containing 500 l of 0.1-mm zirconia/silica beads (BioSpec 

Products, Bartlesville, OK) and 500 l of acid phenol warmed to 65°C (Sigma Aldrich, St. 

Louis, MO). The cell suspension underwent bead beating for 1 min using a Mini BeadBeater 

(BioSpec Products). The tube was placed at 65°C for 5 min, followed by a second round of 

bead beating. The cell suspension was centrifuged for 3 min and the aqueous phase was 

transferred to a new 2-ml tube. Acid phenol was added and the supernatants were vigorously 

vortexed for 15 s then put on ice for 5 min. The supernatants underwent centrifugation and 

the aqueous phase was transferred to a new 2-ml tube, 0.3 volumes of chloroform was added, 

and the contents were vortexed vigorously. The suspension was incubated for 10 min on ice 

and inverted every 2 min to avoid separation of phases. Samples were centrifuged for 15 min, 
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the aqueous phase was mixed with ½ of the starting volume (of the aqueous phase) of water 

and 1 volume of isopropanol. After a 10 min incubation on ice, RNA was pelleted using 

centrifugation for 15 min. Pellets were washed in 75% cold ethanol, air dried, and 

resuspended in 50 l of water. The final concentrations of RNA ranged from 400 to 1000 

ng/ul, as determined using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, 

DE). 

2.16 Quantitative Real-Time PCR 

  The quantitative Real-Time PCR (qRT-PCR) experiments were carried out by the 

Quantitative Genomics Core Laboratory at The University of Texas Health Science Center at 

Houston. Primers (sequences not shown) were designed for the 5′-UTR and coding 

sequences of tyrS1 and tyrS2 from the B. subtilis ames strain. Primers (sequences not shown) 

were also designed for gyrB, which served as an internal control. The reactions were carried 

out using 5 mM MgCl2, 1X JumpStart PCR buffer, 200 M dNTPs, 400 nM forward primer, 

400 nM reverse primer, 100 nM fluorescence tagged reverse primer, and .25 U JumpStart 

Taq. The reactions were carried out in a total volume of 16 l using a LC480 thermocycler 

and performed in triplicate.  

 

 

 

 

 

*Sections 2.1 through 2.9 are courtesy of Denmon, et al., 2011 
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Chapter 3 

 

Results 

 
3.1 Structural and Stability Effects of Partial Modification of B. subtilis ASL

Tyr
 

Currently there are no structures available of a tRNA molecule from B. subtilis, 

which is one of the most studied Gram-positive bacteria. Aside from the limited information 

regarding tRNA structure (specifically tRNA
Tyr

), there is even less knowledge regarding the 

contribution of individual base modifications on the known tRNA structures. Therefore, UV 

melting and DSC experiments were employed to elucidate the effects of base modification on 

the ASL
Tyr

 and heteronuclear NMR was used for structure determination of the unmodified 

and partially modified ASL
Tyr

 hairpins. 

3.1.1 Enzymatic Modification of the Unmodified ASL
Tyr

 and [39]-ASL
Tyr

 

The dimethylallyl group was introduced at position 37 in both the unmodified ASL
Tyr

 

and [39]-ASL
Tyr

 molecules enzymatically using MiaA and DMAPP. Upon completion of 

the in vitro reaction, the modified RNA gives the appearance of a molecule with a residue 

count of n + 1 when ran on a 20% Urea polyacrylamide gel (Figure 9).  

3.1.2 Resonance Assignments of ASL
Tyr

 Molecules  

 The oligomeric states of the RNA molecules were examined to confirm formation of 

the hairpin secondary structure. The monomeric nature of the RNA is supported by moderate 

line widths (9-14 Hz 
1
H) and the near identical cross peak patterns in NH spectra at low (20 

M) and high (1.4 mM) RNA concentrations. The RNAs also run as single bands on native 

PAGE (data not shown), consistent with a single form. The non-exchangeable 
1
H and 

13
C 
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Figure 9. Enzymatic Modification of the [39]-ASL
Tyr

 with 

MiaA 

The modification reaction was carried out using 50 M [39]-

ASL
Tyr

, 125M DMAPP (dimethylallyl diphosphate), 50 mM 

Tris-HCl pH 7.6, 10 mM MgCl2, 0.1 mg/ml BSA, 5 mM -

mercapto ethanol, and 26 g/ml MiaA. The unmodified and 

modified samples were run on a 20% 7M Urea gel. The lower 

band is degraded RNA. The modified hairpin gives the 

appearance of a molecule with a residue count of n + 1. 

Unmodified              Modified 
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resonances of ASL
Tyr

 and [i
6
A37]-ASL

Tyr
 (Figures 11 and 13) were assigned using standard 

heteronuclear techniques (Dieckmann and Feigon, 1997; Pardi, 1995). The [i
6
A37]-ASL

Tyr
 

sample required 2.0 mM Co(NH3)6
3+

 to achieve a conformationally homogeneous state and 

to reduce exchange broadening. For ASL
Tyr

 and [i
6
A37]-ASL

Tyr
, most base and ribose 

1
H and 

13
C correlations are resolved (Figure 10). The A38 C2 resonance of unmodified ASL

Tyr
 is 

slightly broadened but has a chemical shift of 149.2 ppm indicative of protonation (Figure 

10) (Legault and Pardi, 1994). For [i
6
A37]-ASL

Tyr
, the A38 C2 resonance shifts downfield to 

153.6 ppm, indicative of the non-protonated form of A. In the absence of Co(NH3)6
3+

, the A38 

C2 resonance is very broad (≈130 Hz) with a chemical shift centered at 151.8 ppm. Also for 

[i
6
A37]-ASL

Tyr
, the A36 C8H8 resonance is absent from the 

13
C-

1
H HSQC spectrum in the 

absence of metal ions. All the ribose spin systems, except for the incompletely labeled 5'-

terminal nucleotide, were identified using 2D or 3D HCCH-COSY and HCCH-TOCSY 

experiments. Three of the four adenine residues in ASL
Tyr

 yield intra-base H8-H2 

correlations in the HCCH-TOCSY spectrum. The A38 H2-H8 correlation is not observed. 

Intra-residue base-to-sugar correlations were identified using 2D H(C)N experiments to 

obtain correlations H6-N1, H8-N9, and H1'-N1/N9. All pyrimidine correlations and all 

(ASL
Tyr

) or six of eight ([i
6
A37]-ASL

Tyr
) purine correlations were identified in these spectra. 

The A36 and i
6
A37 correlations are not observed due to chemical exchange. 

 Sequential assignments for the non-exchangeable resonances were made using 2D 

NOESY and 3D 
13

C-edited NOESY experiments to identify sequential H6/8-H1' NOE 

connectivities. The sequential base-1' NOE connectivities are continuous through all 17 

nucleotides in the 180 ms NOESY spectrum (Figure 11), but the connectivity between 

nucleotides U33 and G34 is weak. The H6/8-H2' and H6/8-H6/8 inter-residue connectivities 
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Figure 10.  2D 13C–1H HSQC Spectra 

(a) unmodified ASL
Tyr

, (b) [i
6
A37, 39]-ASL

Tyr
, and (c) [i

6
A37, 39]-ASL

Tyr
 saturated with 2 mM 

Co(NH3)6

3+
 RNA molecules at pH 6.3. Spectra (b and c) were acquired at natural abundance. 

The chemical shift of the A38 C2 resonance indicates the presence of a stable C32–A38

+
 base pair. 

The A38 C2H2 cross peak is significantly weakened by chemical exchange upon modification (b) 

but appears with similar intensity (c). Addition of Co(NH3)6

3+
 stabilizes the anticodon loop of 

[i
6
A37, 39]-ASL

Tyr
 and leads to the appearance of the A37 C8H8 resonance that is lost to 

exchange broadening with modification.  (Image from Denmon et al., 2011) 

A B C 
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also are continuous in the 180 ms spectrum except for the U35 H6 to A36 H8 step. The base-2' 

inter-residue connectivities from U33 to A37 are weak, consistent with the non-C3'-endo 

ribose ring conformations of these residues (described below). 

 The NH and NH2 resonances of ASL
Tyr

 and [i
6
A37]-ASL

Tyr
 were assigned using 

1
H-

1
H NOESY and HNCCH experiments. Only the G28-G30 NH resonances are sufficiently 

intense to yield NOE connectivities between neighboring base pairs. The G27 NH resonance 

of the terminal G-C base pair does not yield cross peaks in the NOESY spectrum. A broad G 

NH resonance, which has a chemical shift that corresponds to a non-base paired G (≈10.7 

ppm), was assigned to G34. The U39 NH resonance of ASL
Tyr

 is broadened by chemical 

exchange and is only observed in the 1D spectrum. The G34 and U39 NH resonances are 

further broadened by the i
6
A37 modification and do not intensify with lower temperature. The 

cytidine and adenine NH2 resonances were assigned via scalar correlations using HSQC and 

HNCCH experiments. The upfield chemical shifts (7.20 and 6.69 ppm) of the C32 H4 

resonances are consistent with the lack of intra-molecular hydrogen bonding. A31 of ASL
Tyr

 

is the only adenine residue from either molecule that has two resolved NH2 
1
H resonances. 

The dimethylallyl modification of A37 causes the N6 resonance to shift downfield from 80.0 

ppm to 92.3 ppm. This shift is similar to the shift observed upon dimethylallyl modification 

of A37 in E. coli tRNA
Phe

 (Cabello-Villegas et al., 2002, 2004). 

 The [39]-ASL
Tyr

 and [i
6
A37, 39]-ASL

Tyr
 molecules were not isotopically enriched 

and so resonances were assigned using 2D NOESY and natural abundance 
13

C-
1
H HSQC 

experiments (Figures 11 and 12). Many of the spectral features of these molecules parallel 

those of the ASL
Tyr

 and [i
6
A37]-ASL

Tyr
 molecules described above. The most substantial 

spectral difference between ASL
Tyr

 and [39]-ASL
Tyr

 are the upfield shifts of the C6, H6, and 
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Figure 11. 2D NOESY Spectra from Unmodified and Partially Modified ASLs 

(a) unmodified ASL
Tyr

, (b) [39]-ASL
Tyr

, (c) [i
6
A37]-ASL

Tyr
, and (d) [i

6
A37, 39 ]-ASL

Tyr
 

molecules from B. Subtilis. (c) and (d) contain cobalt hexamine. The NOESY provides 

sequential assignment and structural information about the molecule. The H1' of the 39 

has a chemical shift of 4.47 ppm instead of a chemical shift in the range of 5-6 ppm like 

the uridine in the unmodified and [i
6
A37]-ASL

Tyr
 molecules.  NOESY spectra represent 

unmodified and partially modified ASL
Tyr

 molecules in low salt NMR buffer (10mM 

Phosphate Buffer, 10 mM KCL, 0.02 mM EDTA) at pH 6.3. (Image from Denmon et al., 

2011) 

B 

D C 

A 
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 H1' resonances that correspond to 39. The A38 is not stably protonated in [39]-ASL
Tyr

 

(Figure 12), and deprotonates upon modification to [i
6
A37, 39]-ASL

Tyr
 (Figure 10), 

analogous to the deprotonation caused by introduction of the i
6
A37 modification alone. The 

NOE cross peaks for [39]-ASL
Tyr

 are continuous in the base-1' region of long mixing time 

NOESY spectra, but the G34 H8-U33 H1' cross peak is weak. This sequential NOE peak is 

missing from all [i
6
A37, 39]-ASL

Tyr
 NOESY spectra (Figure 11). The presence or absence of 

a non-sequential U35 H6-U33 H1' peak could not be determined due to spectral overlap. The 

addition of Co(NH3)6
3+

 also was used to achieve conformational homogeneity with [i
6
A37, 

39]-ASL
Tyr

. It is notable that the cross peak patterns displayed by [i
6
A37, 39]-ASL

Tyr
 and 

[i
6
A37]-ASL

Tyr
 molecules with Co(NH3)6

3+
 are very similar (Figure 11). The H1 imino 

resonance of 39 is present in the 
15

N-
1
H HSQC spectrum at 10.6 ppm and is equally sharp in 

both of the -containing molecules.  The presence of this resonance is consistent with the 

participation of the 39 H1 in a water-mediated hydrogen bond with the phosphate backbone 

(Arnez and Steitz, 1994). 

For all molecules, the inter-nucleotide phosphate 
31

P resonances are clustered 

between -3.54 and -4.40 ppm and were assigned using HCP or 
31

P-
1
H hetero-TOCSY-

NOESY spectra (Kellogg and Schweitzer, 1993). The sequential P–H6/8 and P–H1' 

correlations are continuous throughout the [39]-ASL
Tyr

 (Figure 13). The P–H3' correlations 

and several P–H4' and P–H5'/H5'' correlations are present in 
31

P-
1
H HetCor spectra and 

provide independent confirmation of the 
31

P assignments. Notably, the 
31

P resonances remain 

tightly grouped indicating that the i
6
A37 and 39 modifications have little effect on the 

phosphate backbone conformation (Figure 13). The most significant effect of the 

modifications occurs at the 
31

P resonance of the phosphate 5' to 39. This resonance shifts 
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Figure 12. HSQC 2D [39]- and [i
6
A37]-ASLs 

The [39]-ASL
Tyr

 spectra was collected at natural abundance, resulting in a 

loss of the C5 and C6 couplings. In all three panels the protonated C-A
+
 base 

pair is disrupted upon modification. Additionally, the C2 peak is broadened 

by chemical exchange in all three spectra (Image from Denmon et al., 2011) 
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0.1 ppm upfield with the introduction of  and is likely caused by the water-mediated 

hydrogen bond of the pro-R phosphoryl oxygen with the 39 H1 imino. 

The 
1
H resonances of the dimethylallyl group were assigned using NOESY spectra. 

The 
1
H chemical shifts of the dimethylallyl groups, CH 5.05 ppm, CH2 4.04 ppm and 3.87 

ppm, CH3 1.53 ppm and 1.51 ppm, are nearly the same for [i
6
A37]-ASL

Tyr
 and [i

6
A37, 39]-

ASL
Tyr

. However, the CH and CH2 resonances are shifted upfield to 4.96, 3.63, and 3.52, 

respectively, when Co(NH3)6
3+

 is absent from the samples. The protons of the dimethylallyl 

group have NOE cross peaks to several base and 1' protons and are discussed below. A 

complete list of resonance assignments, including non-protonated positions of ASL
Tyr

 and 

[i
6
A37]-ASL

Tyr
, is given in Table 3. 

3.1.3 Effects of Metal Ions on the RNA Hairpins  

Metal ions, most commonly Mg
2+

, contribute to several aspects of RNA structure and 

function including RNA folding, tertiary structure stabilization, and catalysis. Mg
2+ 

ions are 

crucial for maintaining the correct tertiary fold of tRNA and their binding sites within the 

molecule have been identified by multiple methods (Agris, 1996; Laing et al., 1994). In 

structure studies, Mg
2+

 and Co(NH3)6
3+

 ions have been observed proximal to the loop-helix 

junction in the ASL of tRNA (Cabello-Villegas et al., 2004; Shi and Moore, 2000).  

Therefore, the four ASL molecules were tested for their ability to bind Mg
2+

 and to 

examine possible Mg
2+

-induced conformational effects. For unmodified ASL
Tyr

 and [39]-

ASL
Tyr

, Mg
2+

 at concentrations between 5 and 10 mM slightly weaken the intensity of the 

U39 N3H 
15

N-
1
H cross peak and cause the 

1
H resonance to shift upfield 0.2 ppm. The G28-G30 

NH resonances have small changes in chemical shift and intensity and the G34 resonances
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Figure 13. 
31

P-
1
H Hetero TOCSY-NOESY. 

Sequential H6/8–P connectivities in the 31P–1H hetero-TOCSY–NOESY spectrum 

of [39]-ASLTyr. The connectivity is disrupted between U33 and G34. This inter-

residue step is also weak in the NOESY spectrum. (Image from Denmon et al., 2011) 
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become extremely broadened. The 39 N1H resonance is broadened, but not shifted. The 

G28-G30 chemical shift effects are consistent with binding of divalent metal ions to triplets of 

G-C base pairs (Allain and Varani, 1995). The non-exchangeable resonances also exhibit 

spectral changes. Most notably, the A38 C2 of unmodified ASL
Tyr

 shifts downfield ≈4.0 ppm, 

indicating deprotonation of the A38 base and loss of the C32-A38
+
 base pair. In [39]-ASL

Tyr
, 

the A38 H2C2 correlation appears and has a chemical shift indicative of the neutral base. The 

base 6 and 8 resonances of nucleotides U33-A38 exhibit chemical shift changes and significant 

broadening with the base 8 resonances of A36 and A38 broadened beyond detection. The 

spectra could not be improved by increasing the Mg
2+

 concentration.  

 The effects of metal ions on the [i
6
A37]- and [i

6
A37, 39]-ASL

Tyr
 molecules are 

somewhat more variable. The imino 
1
H resonances of the base paired G27-G30 of both 

molecules broaden slightly with Mg
2+

 addition with the U39/39 imino resonances exhibiting 

more substantial broadening, presumably caused by increased solvent exchange. The imino 

1
H resonances of U33, G34, and U35, already broad, exhibit small changes with Mg

2+
. These 

effects on the imino resonances are independent of temperature from -3 °C to 15 °C. The 

non-exchangeable base and 1' resonances are more sensitive to Mg
2+

. In the absence of metal 

ions, the stem (G27-A31 and U/39-C43) resonances appear similar to the corresponding 

resonances of unmodified and [39]-ASL
Tyr

 molecules, but resonances from the loop 

nucleotides are broadened by chemical exchange. The [i
6
A37]-ASL

Tyr
 exhibits the poorest 

spectral quality (absence of A37 C8 resonance and severe broadening of the A38 C8, A38 C2, 

and U39 C1' resonances), but shows modest improvement with addition of up to 5 mM Mg
2+

. 

As the Mg
2+

 concentration was increased beyond 10 mM, the spectral quality again began to 

degrade. Although Mg
2+

 leads to sharpening of some loop nucleotide resonances, the general
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Table 3. Resonance Assignments  

Unmodified ASL
Tyr 

residue H6/H8 H2/H5 H1' H2' H3' H4' H5'/5'' NH 

G27 8.02       12.66 

G28 7.51  5.90 4.65 4.58 4.50 4.49, 4.19 12.70 

G29 7.19  5.78 4.64 4.48 4.46 4.47, 4.07 12.52 

G30 7.11  5.74 4.68 4.42 4.46 4.39, 4.03 12.22 

A31 7.58 7.83 5.93 4.63 4.44 4.47 4.51, 4.07  

C32 7.58 5.37 5.39 4.10 4.38 4.32 4.45, 4.03  

U33 7.52 5.63 5.69 4.21 4.41 4.31 4.28, 4.01  

G34 7.94  5.61 4.58 4.71 4.31 4.11, 4.00 10.76 

U35 7.49 5.56 5.57 4.08 4.44 3.90 3.80, 3.53  

A36 7.98 7.83 5.73 4.67 4.73 4.41 4.10, 3.96  

A37 8.19 7.50 5.85 4.79 4.71 4.62 4.36, 4.31  

A38 8.01 8.22 5.64 4.51 4.32 4.54 4.36, 4.28  

U39 7.72 5.23 5.37 4.28 4.39 4.39 4.49, 4.06 14.18 

C40 7.88 5.41 5.57 4.27 4.47 3.90 4.49, 4.05  

C41 7.79 5.41 5.43 4.34 4.46 4.38 4.50, 4.04  

C42 7.80 5.56 5.46 4.27 4.48 4.35 4.54, 4.02  

C43 7.66 5.42 5.71 3.97 4.14 4.14 4.44, 3.99  

 
 

Unmodified ASL
Tyr

 Continued 

residue C6/C8 C2/C5 C1' C2' C3' C4' C5' N 

G27         

G28 136.32  92.83 75.68 72.74 82.25 69.60 147.00 

G29 135.67  92.87 75.72 72.82 82.03 65.34 147.05 

G30 135.83  93.17 75.81 73.08 82.21 65.90 146.53 

A31 138.93 152.76 93.57 75.81 72.56 82.38 64.90  

C32 140.73  93.52 76.03 72.52 82.43 64.29  

U33 141.87  92.26 75.90 74.74 83.73 66.34  

G34 139.63  88.69 78.16 75.09 85.73 67.30 146.12 

U35 143.22  89.17 75.72 77.59 84.69 67.82  

A36 141.31 154.41 89.95 75.81 76.77 84.51 68.21  

A37 141.50 153.46 90.35 75.76 75.50 84.25 68.08  

A38 141.94 148.65 93.44 75.68 73.56 83.16 67.47  

U39 141.31  93.44 75.09 72.44 82.18 64.08  

C40 141.19  93.87 75.72 72.17 84.69 66.76  

C41 141.24  94.13 75.46 72.17 81.86 64.51  

C42 141.24  94.39 75.57 71.82 81.99 64.16  

C43 141.61  92.96 77.59 74.16 83.56 65.03  

 
 
 
 
 
 
 



63 

 

 
 

Unmodified ASL
Tyr

 Continued 

residue YN1/ 

RN9 

YC2 YC4 RN7 A N1 A N3 A/C  

N6/N4 

NH2 5'-P 

G27          

G28 169.81   233.31     -3.72 

G29 169.52   233.96     -3.56 

G30 169.15   234.40     -3.54 

A31 170.40   231.26 222.75 214.03 82.19 7.91,6.71 -3.90 

C32 152.25 159.94 167.96    96.88 7.34,6.55 -4.23 

U33 144.62 154.60 167.96      -3.95 

G34 166.07   237.34     -3.72 

U35 143.16 155.36 168.23      -3.68 

A36 168.42   231.55 224.51 217.40 78.82 6.59 -3.84 

A37 168.34   231.55 222.68 216.01 80.05 6.95 -3.45 

A38 175.60   234.84 219.60 219.60 80.15 6.76
 

-3.86 

U39 146.81 153.80 168.48      -3.79 

C40 151.81 159.66 168.27    97.90 8.40,6.99 -4.22 

C41 151.25 159.96 168.37    97.40 8.44,6.90 -4.40 

C42 151.14 159.86 168.40    97.46 8.43,6.86 -4.31 

C43 152.33 160.78 168.69    96.54 8.24,7.01 -4.12 

 
 

[i
6
A37]-ASL

Tyr 

residue H6/H8 H2/H5 H1' H2' H3' H4' H5'/5'' NH 
G27 8.10  5.70     12.60 

G28 7.54  5.89 4.60 4.63 4.49 4.52,4.11 12.69 

G29 7.23  5.78 4.59 4.47 4.45 4.51,4.05 12.53 

G30 7.13  5.72 4.50 4.41 4.28 4.43,4.02 12.35 

A31 7.69 7.90 5.99 4.53 4.52/4.45 4.45 4.09, 4.02  

C32 7.47 5.32 5.52 4.01 4.00 4.33 4.28,4.02  

U33 7.60 5.58 5.70 4.22 4.44 4.22 4.05,3.94  

G34 7.87  5.66 4.71 4.68 4.37 4.11,4.02  

U35 7.62 5.58/5.52 5.71 4.22 4.36 4.45 4.43,4.15  

A36 8.15 7.73 5.81 4.82 4.69 4.47 4.23,4.11  

A37 7.82 7.88 5.64 4.78 4.68 4.45   

A38 7.71 8.02 5.70 4.50 4.25 4.25 4.11,4.02  

U39 7.62 5.22 5.15 4.23 4.40 4.35 4.43,4.04 13.95 

C40 8.00 5.60 5.59 4.25 4.37 4.22 4.49,4.03  

C41 7.82 5.45 5.42 4.32 4.31 4.23 4.39,4.27  

C42 7.81 5.45 5.44 4.23 4.35 4.23 4.01,3.98  

C43 7.66 5.43 5.67 3.96 4.38 4.54 4.43,3.98  



64 

 

 

[i
6
A37]-ASL

Tyr
 Continued 

residue C6/C8 C2/C5 C1' C2' C3' C4' C5' N 
G27         

G28 136.54  92.66 74.53 71.08 81.62 65.81 147.05 

G29 135.85  92.66 74.64 71.48 81.62 66.11 146.91 

G30 136.15  93.04 74.35 72.80 83.86 66.80 146.47 

A31 138.97 154.78 92.93 74.80 71.84 82.11 65.61  

C32 141.07 96.71 92.22 75.62 74.16 82.98 66.42  

U33 142.82 103.90 91.13 74.51 74.64 84.42 68.11  

G34 140.00  89.88 74.75 76.54 85.26 68.59  

U35 143.46  93.04 74.51 71.76 82.65 66.58  

A36  154.53 92.06 74.58  73.42 83.90 68.54  

A37 139.27 154.57 90.97 74.42 74.17 83.20 68.16  

A38 141.19 153.67 90.86 74.63 75.40 84.88 68.59  

U39 141.07  93.53 74.09 71.64 82.27 65.11  

C40 142.13 104.27 93.74 74.25  82.36 65.38  

C41 141.58 96.43 94.07 74.44 74.80 82.36 68.16  

C42 141.58 96.43 94.29 74.44 71.27    

C43 141.71 95.87 93.04 76.58 69.40 83.30 66.15  

 
 

[i
6
A37]-ASL

Tyr
 Continued 

residue YN1/ 

RN9 

YC2 YC4 RN7 A N1 A N3 A/C  

N6/N4 

NH2 

G27         

G28 170.23   232.12     

G29 169.97   235.20     

G30 169.22   234.93     

A31 170.73   230.03 223.10 212.74 80.24 6.66 

C32 151.12 158.70 167.38    96.12 7.20,6.69 

U33 143.79 153.92 168.02      

G34 167.03   235.49     

U35 143.85 154.02 168.02      

A36 168.53   231.56 224.51 215.43 78.96 6.39 

A37    229.83 220.81 212.25 92.32 6.78 

A38    229.83  214.59 79.98 6.46 

U39 145.98 152.38 168.53      

C40 152.06 158.63 168.53    97.98 8.40,7.01 

C41 151.25 158.82 168.82    97.46 8.34,6.86 

C42 151.12 158.82 168.50    97.60 8.36,6.86 

C43 152.23 159.79 168.60    96.57 8.20,6.96 
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[39]-ASL
Tyr 

residue H6/H8 H2/H5 H1' H2' H3' H4' H5'/5'' 
G27 8.00  5.72 4.85 4.52 4.35  

G28 7.49  5.87 4.59 4.60 4.50 4.13 

G29 7.17  5.76 4.61 4.44 4.47 4.04 

G30 7.06  5.73 4.60 4.43 4.48 4.01 

A31 7.51 7.88 5.93 4.59 4.45 4.47 4.06,4.02 

C32 7.45 5.25 5.33 4.19 4.30 4.33 4.15, 4.02 

U33 7.56 5.50 5.63 4.22 4.43 4.33  

G34 7.88  5.59 4.34 4.56  4.08,3.98 08,3.98 

U35 7.55 5.61 5.64 4.18 4.49 4.18  

A36 8.05 7.77 5.78 4.44 4.74 4.47 4.17,4.08 

A37 8.07 7.75 5.76 4.42 4.67 4.31 3.99 

A38 7.88  5.53 4.45 4.47   

39 6.87  4.47 4.41 4.34 4.33 4.17, 3.93 

C40 7.91 5.52 5.51 4.26 4.49 4.39  

C41 7.83 5.40 5.42 4.34 4.48 4.38  

C42 7.80 5.41 5.44 4.24 4.48 4.36  

C43 7.66 5.52 5.68 3.98 4.15 4.14  

 
  

[39]-ASL
Tyr

 Continued 

residue C6/C8 C2/C5 C1' 5'-P 
G27 138.40  91.79  

G28 136.34  93.02 -3.76 

G29 135.73   -3.57 

G30 135.98  92.92 -3.54 

A31 138.66 153.84 93.69 -3.87 

C32 140.26  93.80 -4.24 

U33 141.70  91.22 -3.95 

G34 139.89  89.47 -3.70 

U35 143.24  90.19 -3.67 

A36 140.41 154.20 91.02 -3.88 

A37 141.23 153.89  -3.46 

A38  154.61 93.13 -3.86 

U39 139.59   -3.69 

C40 141.75  94.16 -4.24 

C41 141.34  94.26 -4.40 

C42 141.34  94.57 -4.30 

C43 141.54  93.18 -4.15 
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[i
6
A37, 39]-ASL

Tyr 

residue H6/H8 H2/H5 H1' H2' H3' H4' 
G27 7.88  5.69 4.40   

G28 7.58  5.89 4.59 4.61 4.53 

G29 7.30  5.81 4.59 4.53 4.48 

G30 7.21  5.75 4.48 4.48 4.26 

A31 7.76 7.95 6.03 4.42 4.43  

C32 7.44 5.21 5.56 4.04 4.06 4.39 

U33 7.66 5.55 5.74 4.26 4.52  

G34 7.88  5.71 4.40 4.16  

U35 7.66 5.49 5.73 4.36 4.37  

A36 8.20 7.72 5.87 4.89 4.36 4.54 

A37 7.70 7.89 5.58 4.37  4.57 

A38 7.69 8.00 5.45 4.27 4.35 4.47 

39 6.99  4.35 4.14   

C40 8.01 5.61 5.56 4.24 4.39 4.27 

C41 7.87 5.44 5.43 4.35 4.48 4.25 

C42 7.82 5.45 5.45 4.39 4.24 4.35 

C43 7.68 5.47 5.66 4.00 4.28 4.16 

 
  

          [i
6
A37, 39]-ASL

Tyr
 Continued 

residue C6/C8 C2/C5 C1' 
 G27   92.22 

G28 137.11  91.57 

G29 136.35  91.53 

G30 136.50   

A31 139.32 155.49 92.04 

C32 141.55 96.89 91.74 

U33 143.25 104.16 92.18 

G34 140.64  90.41 

U35 143.86 104.16 92.18 

A36 141.43 155.45 90.41 

A37 138.70 155.98  

A38 139.20 155.79 93.28 

U39 140.08   

C40 142.89 96.49 94.16 

C41 142.23 96.55 94.26 

C42 142.23 96.55 94.57 

C43 142.27 97.24 93.18 
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broadening of most other resonances that accompanied Mg
2+

 addition prevented complete 

resonance assignment. The [i
6
A37, 39]-ASL

Tyr
 spectrum also exhibits the effects of chemical 

exchange, but the effects differ slightly from those presented by [i
6
A37]-ASL

Tyr
. Addition of 

4 mM Mg
2+

 yielded only modest spectral improvement for loop resonances, but caused the 

base resonances of U32, U33, and A37 to be broadened beyond detection. Addition of Mg
2+

 to 

[i
6
A37, 39]-ASL

Tyr
 also leads to exchange broadening of the 39 N3H resonance.  

Co(NH3)6
3+

 is more effective than Mg
2+

 at stabilizing the structure of the E. coli 

tRNA
Phe

 anticodon loop (Cabello-Villegas et al., 2004). Thus, Co(NH3)6
3+

 was tested for its 

ability to minimize the effects of chemical exchange among the loop nucleotide resonances 

of [i
6
A37]-ASL

Tyr
 and [i

6
A37, 39]-ASL

Tyr
 without deteriorating the overall spectral quality. 

The addition of Co(NH3)6
3+

 (2.0 mM) produced conformationally homogeneous samples 

with excellent spectral properties. All base and ribose 1' resonances are present and only the 

A37 C8 and A38 C2 resonances are moderately broad in [i
6
A37]-ASL

Tyr
 (Figure 12). NOESY 

spectra (mixing time of 320 ms) were acquired in 90% 
1
H2O to locate the position of the 

Co(NH3)6
3+

 ligands. The guanine NH and cytidine NH2 resonances of the stem as well as H8 

and H6 resonances have cross peaks with the Co(NH3)6
3+

 protons. These peaks are consistent 

with coordination of Co(NH3)6
3+ 

in the major groove (Kieft and Tinoco, 1997). Although the 

spectral data defining the stem location of Co(NH3)6
3+

 are very good, the cobalt hexamine 

complex cannot be uniquely positioned in the loop region and can only be restricted to the 

major groove. Very weak NOE cross peaks are observed between Co(NH3)6
3+

 and the base 

protons of C32, U33, and A38 and a weak cross peak involving the CH3 protons of the 

dimethylallyl modification. No evidence for coordination involving the loop nucleotide base 

atoms is reflected by the chemical shifts of the non-protonated 
15

N resonances. Therefore, 
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coordination of the Co(NH3)6
3+

 may involve bridging between phosphate groups across the 

major groove.  

3.1.4 Structure Calculations 

The structures of the ASL
Tyr

 molecules were calculated using a restrained molecular 

dynamics routine starting from 50 sets of coordinates with randomized backbone dihedral 

angles. The calculations used a total of 294-300 distance constraints and 60-70 dihedral angle 

constraints (Table 4) to produce eight converged structures for each molecule (Figure 14). 

Structures were classified as converged if they were consistent with the NMR data and 

maintained correct stereochemistry. The converged structures have an average of 7 distance 

constraint violations between 0.1 and 0.3 Å, most of these involving the loop region. All 

converged structures have no constraints violated by more than 0.3 Å. When the structures 

are arranged in order of increasing overall energy, the converged structures form a plateau 

with similarly low overall energies and constraint violation energies. The root mean square 

deviations (RMSDs) of the heavy atoms between the individual structures and the minimized 

mean structures are 0.36 0.15 Å, 0.38 0.05 Å, 0.55 0.17 Å, and 1.09  0.18 Å for ASL
Tyr

, 

[39]-ASL
Tyr

, [i
6
A37]-ASL

Tyr
, and [i

6
A37, 39]-ASL

Tyr
, respectively. The global fold of 

ASL
Tyr

 is a hairpin composed of a six base pair stem and a three to five nucleotide loop 

(Figure 14). The overall fold of [i
6
A37]-ASL

Tyr
 (a five base pair stem with a five to seven 

nucleotide loop) is similar to ASL
Tyr

, but the loss of some inter-residue NOEs among loop 

nucleotides and the loss of secondary structure proximal to the loop caused by the 

modification lead to a somewhat less precisely defined loop conformation (0.55 0.17 Å 

RMSD compared to 0.36 0.15 Å RMSD, respectively, for the heavy atoms). The 39 

modification does not alter the global fold of the anticodon arms, but destabilizes the C32-A38  
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Table 4. Summary of Experimental Distance and Dihedral Angle Constraints and 

Refinement Statistics for the Unmodified and Partially Modified ASL
Tyr 

Hairpins  

 

 

Constraint Co[i
6
A37, 39]-ASL

Tyr 

NOE distance constraints  

Intraresiduea 109 

Interresidue 164 

mean number per residue 16 

NOE constraints by category  

very strong (1.8 - 3.0 Å) 9 

Strong (1.8 - 4.0 Å) 28 

Medium (1.8 - 5.0 Å) 163 

Weak (1.8 - 6.0 Å) 62 

very weak (1.8 - 7.0 Å) 22 

Base pair constraints  

Total 28 

Dihedral angle constraints  

ribose ringb 51 

Backbone 70 

mean number per residue 7.1 

Violations  

average distance constraints > 0.5 Åc 5.8 

average dihedral constraints > 0.5°d 1.6 

RMSD from ideal geometrye  

Heavy Atoms (Å) 1.24 

Backbone Atoms (Å) 1.27 
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Constraint Co[i
6
A37]-ASL

Tyr 

NOE distance constraints  

intraresiduea 110 

interresidue 178 

mean number per residue 16.9 

NOE constraints by category  

very strong (1.8 - 3.0 Å) 8 

strong (1.8 - 4.0 Å) 28 

medium (1.8 - 5.0 Å) 147 

weak (1.8 - 6.0 Å) 74 

very weak (1.8 - 7.0 Å) 18 

Base pair constraints  

total 28 

Dihedral angle constraints  

ribose ringb 51 

backbone 70 

mean number per residue 7.1 

Violations  

average distance constraints > 0.5 Åc 5.8 

average dihedral constraints > 0.5°d 1.6 

RMSD from ideal geometrye  

Heavy Atoms (Å) 1.24 

Backbone Atoms (Å) 1.27 
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Constraint [39]-ASL
Tyr 

NOE distance constraints  

intraresiduea 109 

interresidue 178 

mean number per residue 16.8 

NOE constraints by category  

very strong (1.8 - 3.0 Å) 8 

strong (1.8 - 4.0 Å) 35 

medium (1.8 - 5.0 Å) 142 

weak (1.8 - 6.0 Å) 57 

very weak (1.8 - 7.0 Å) 15 

Base pair constraints  

total 42 

Dihedral angle constraints  

ribose ringb 51 

backbone 70 

mean number per residue 7.1 

Violations  

average distance constraints > 0.5 Åc 5.8 

average dihedral constraints > 0.5°d 1.6 

RMSD from ideal geometrye  

Heavy Atoms (Å) 1.24 

Backbone Atoms (Å) 1.27 
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Constraint Unmodified ASL
Tyr 

NOE distance constraints  

intraresiduea 110 

interresidue 157 

mean number per residue 15.7 

NOE constraints by category  

very strong (1.8 - 3.0 Å) 12 

strong (1.8 - 4.0 Å) 35 

medium (1.8 - 5.0 Å) 114 

weak (1.8 - 6.0 Å) 79 

very weak (1.8 - 7.0 Å) 16 

Base pair constraints  

total 42 

Dihedral angle constraints  

ribose ringb 51 

backbone 70 

mean number per residue 7.1 

Violations  

average distance constraints > 0.5 Åc 5.8 

average dihedral constraints > 0.5°d 1.6 

RMSD from ideal geometrye  

Heavy Atoms (Å) 1.24 

Backbone Atoms (Å) 1.27 

 

aOnly conformationally restrictive constraints are included. 
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bThree torsion angles within each ribose ring were used to constrain the ring to either the C2'-

endo or C3'-endo conformation. The ring pucker of residues G11, A13, G26, and A28 were not 

constrained. 

cA distance violation of 0.5Å corresponds to 5.0 kcal energy penalty. 

dA dihedral angle violation of 0.5° corresponds to 0.05 kcal energy penalty. 

eCalculated against the minimized average structure. 
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base pair in ASL
Tyr

. 

3.1.5 Structures of the ASL
Tyr

 and [39]-ASL
Tyr

 Loop Regions  

The loops of unmodified ASL
Tyr

 and [39]-ASL
Tyr

 are similar and are composed of 

nucleotides U33-A37. The stems of both molecules are closed by the C32-A
+

38 base pairs 

(Figure 15a), although exchange broadening of the A38 C2 resonance indicates weakening of 

the 38-32 base pair with the introduction of 39. In [39]-ASL
Tyr

, the base of G34 stacks 

against the base of U33 and is turned slightly away from the helix axis and towards the minor 

groove (Figure 15b). The base of A36 stacks against the base of A37 and is displaced toward 

the major groove. In the unmodified-ASL
Tyr

, the base of G34 is parallel to the plane of the U33 

base but does not stack against it and is turned out into the minor groove (Figure 15a). The 

base of A36 in the unmodified molecule stacks against the base of A37 as in [39]-ASL
Tyr

 and 

also is displaced towards the major groove. The positions of the bases in the two molecules 

are in agreement with the observed H6-H8 and H5-H8 NOEs. The position of A36 is 

restricted by several NOEs involving its H2 resonance, including interactions with the H1' 

resonances of A36 and A37, the H5'/5'' of U35, and the H2' of A37. These NOEs position the 

base of A36 beneath the major groove edge of the A37 base (Figure 15a). The position of the 

U35 base in both molecules is more variable, but tends to partition to the major groove side of 

the helix and oriented parallel with the helix axis (Figure 15a). Although the U35 base is 

perpendicular to the neighboring bases, the ribose moiety of U35 also is rotated so that the 

configuration about the glycosidic bonds of all residues is anti. About 25% of the time, the 

base of U35 is positioned on the minor groove side of the helix. NOEs involving the U35 base 

do not exclude the later conformation, nor are NOE cross peaks predicted for that
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Figure 14. Overlay of Eight Converged Structures 

(a) unmodified, (b) [39]-ASL
Tyr

, (c) [i
6
A37]-ASL

Tyr
, and (d) [i

6
A37, 

39]-

ASL
Tyr

 RNA hairpins. Views are into the major grooves of the anticodon 

loops. The RMSDs between the individual structures and the average 

structure are listed below in figure 5. The greatest variability occurs among 

the anticodon bases and reflects the lower number of constraints for these 

residues, especially for G34 and U35. Purple, residues 32 and 38; Gold, U33; 

Blue, anticodon residues; Red, residue 37; Green, dimethylallyl; Brown, 

pseudouridine (Image modified from Denmon et al., 2011) 
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Figure 15. Structures of the Loop Regions 

(a) unmodified, (b) [39]-ASL
Tyr

, (c) [i
6
A37]-ASL

Tyr
 and (d) [i

6
A37, 39]-ASL

Tyr
 B. 

subtilis. a) was solved using a low salt NMR buffer at pH 6.1 and structures (c) and (d) 

were solved using a low salt NMR buffer at pH 6.3 in the presence of cobalt hexamine.  

(a) and (b) formed a C-A
+
 base pair, creating a 6 base pair stem. The  C-A

+
 base pair 

was also observed at pH 6.3. Structures a-d indicate that the hairpins do not adopt the 

canonical U-turn structure. Blue, anticodon; Brown, pseudouridine; Red, residue 37; 

Green, dimethylallyl; Purple, residues 32 and 38 (Modified image from Denmon et al., 

2011). 
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conformations that are not observed in the NMR spectra. The structures of unmodified and 

39-modified molecules suggest a cross-strand interaction between the A37 N6 and the U33 

O2 atoms. For the [
13

C, 
15

N]-labeled ASL
Tyr

, the chemical shifts of A37 N6 (80.1 ppm) and 

U33 C2 (153.6 ppm, Figure 16) lay between the chemical shift values observed for 

corresponding intra-molecular hydrogen bonded and non-hydrogen bonded atoms. The 

chemical shift range for adenine N6 in ASL
Tyr

 is 78.8 ppm (A36) to 82.2 ppm (A31). Intra-

molecular hydrogen bonding of uridine O2 leads to a downfield shift of the C2 resonance 

with values ≈154.5 ppm for a G-U base pair, ≈153.5 ppm for a U-U base pair, and ≈152.5 

ppm for an A-U base pair, and ≈152.5 ppm for a non-intra-molecular hydrogen bonded 

uridine base. These chemical shifts offer support for an A37-U33 hydrogen bond interaction of 

moderate strength. 

The sugar-phosphate backbone conformations of the loop nucleotides are surprisingly 

uniform (Figure 14). The majority of the nucleotides maintain the C3'-endo ring pucker, but 

the G34, U35, and A36 ribose groups have observable H1'–H2' couplings and ribose 
13

C 

chemical shifts (C1' and C4') that indicate neither pure C2'- or C3'-endo ring pucker 

conformations. In addition, the uniformly small (<5 Hz) P–C2' coupling constants for the 

loop residues (unmodified ASL
Tyr

) place the  torsion angles in the trans conformation 

characteristic of RNA. The phosphate backbone torsion angles andof residues G34-A36 

were not constrained for the calculations, but most have values within the range common to 

RNA helices with most deviations from standard values centered around residue U35. The 
31

P 

chemical shifts for all inter-residue phosphorus atoms are tightly clustered between -3.2 and -

4.8 ppm (Figure 13, Table 3), indicating that the  and torsion angles throughout the loop 

and helix adopt a gauche conformation. The trans conformation of the  or  torsion angle  
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Figure 16. H6–C2 Regions of H(CN)C Spectra 

 (a) unmodified ASL
Tyr

 and (b) [i
6
A37]-ASL

Tyr
 and H5–C4 regions 

of CCH–COSY spectra of (c) unmodified ASL
Tyr

 and (d) [i
6
A37]-

ASL
Tyr

. (Image from Denmon et al., 2011) 

A 
 

 

B 
 
 



79 

 

causes a 2-3 ppm downfield shift of the corresponding 
31

P resonance.   

3.1.6 Structures of the [i
6
A37]-ASL

Tyr
 and [i

6
A37, 39]-ASL

Tyr
 Loop Regions 

The loop conformations of the [i
6
A37]-ASL

Tyr
 and [i

6
A37, 39]-ASL

Tyr
 molecules are 

similar and are dominated by the effects of the dimethylallyl group (Figure 15). In both 

molecules, the helical base stack is continuous along the 3' side of the loop from A36 through 

C43 and along the 5' strand from G27 through U33. The H6-H6 and H6-H5 NOEs between 

residues C32 and U33 are weak and result in a greater than normal inter-base separation. The 

base of G34 is not stacked beneath U33, but is displaced away from the helix axis on the major 

groove side of the loop. The relative positions of G34 and U33 are consistent with the absence 

of an H6-H8 NOE and the very weak ([i
6
A37]-ASL

Tyr
) or absent ([i

6
A37, 39]-ASL

Tyr
) H8-

H1' NOE. It is also worth noting that no non-sequential U33 H1' to U35 H6 NOE could be 

identified for either molecule. As with ASL
Tyr

 and [39]-ASL
Tyr

, the U35 base resides on the 

major groove side of the helix. However, the orientation of this base ranges from 

perpendicular to the helix axis to nearly parallel with the helix axis.  

 In both i
6
A37-modified molecules, the base plane of residue 37 is between C32 and 

U33, and the dimethylallyl group protrudes into the major groove (Figure 15). In [i
6
A37]-

ASL
Tyr

, the methyl groups point above the plane of the A37 base in 75% of structures. The 

NOEs predicted by this orientation are consistent with those observed in the NMR spectra. In 

the structures of [i
6
A37, 39]-ASL

Tyr
, the methyl groups lie below the plane of the A37 base as 

often as they lie above the base plane. The former orientation does not lead to a unique set of 

NOE cross peaks due to the sparseness of base and ribose protons that are near the 

dimethylallyl group and so excursions of the methyl groups below the base plane cannot be 

excluded by the experimental data. However, neither molecule displays evidence of multiple 
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conformations or dynamics for the dimethylallyl protons or loop nucleotide resonances. The 

conformation of the dimethylallyl group is restricted by NOEs to C32, U33, G34, A37, and A38. 

The CH3 groups produce strong NOE cross peaks with the U33 H4' and A38 H2 and both 

resonances of the CH2 have strong cross peaks with the A38 H2. The CH3 proton resonances 

have medium cross peaks with the C32 H1' and H5 and A37 H2 resonances and very weak 

cross peaks with the U32 and G34 H1', G34 H8, and A36 H2 resonances.  

Although the i
6
A37-modified molecules share several structural features with the 

unmodified and 39-modified molecules, the ribose ring puckers differ significantly. All 

residues of the i
6
A37-modified molecules have the 3'-endo sugar pucker except G34 which 

displays a mixed 2'-endo/3'-endo conformation. This ribose conformation may favor the 

major groove residency of the U35 base. The torsion angles of the phosphate backbone are 

largely within the range common for RNA helices. The greatest variability centers on the 

phosphate backbone angles , , and  in the i
6
A37-modified molecules. In [i

6
A37]-ASL

Tyr
,  

and  of G34 are trans and gauche, respectively, and , , and of U35 are not typical of A-

form helical geometry. In [i
6
A37, 39]-ASL

Tyr
,  of U33 approaches the trans configuration 

whereas  and  of G34 and  and  of U35 are outside the standard A-form values. 

3.1.7 Structure of the ASL
Tyr

 Stems  

The conformations of the stems of the four forms of ASL
Tyr

 are very similar. The 

geometry of the hairpins from base pairs G27-C43 to C32-A38 is primarily A-form (Figure 14). 

H6/8-H6/8 and H6/8-H1',H2' NOEs from long and short mixing time NOESY spectra, 

respectively, are continuous (where not overlapped in [39]-ASL
Tyr

). The A31-U39/39 base 

pairs are sufficiently stable so that clear cross-strand NH–H2 NOEs can be observed, 
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although the imino H3 resonances are weakened by solvent exchange in the presence of 

Co(NH3)6
3+

. While spectra for only the unmodified ASL
Tyr

 demonstrate the presence of a 

stable protonated C32-A
+

38 base pair, NOEs involving C32 and A38 and the exchange 

broadened A38 C2 in [39]-ASL
Tyr

 suggest that pseudouridylation does not fully disrupt the 

base pair. The torsion angles of the sugar-phosphate backbones of all molecules are within 

the limits of A-form geometry and are supported by chemical shift, J-coupling, and NOE 

data. 

3.1.8 Comparison of the ASL Structures  

The anticodon loops of the ASL
Tyr

 molecules range in size from three to seven 

nucleotides. Surprisingly, the global conformations of the anticodon nucleotides are not 

dramatically altered by the 39 and i
6
A37 modifications. The A36 base is positioned on the 

minor groove side of the helix and stacks beneath the A37 base. The U35 base is positioned on 

the major groove side of the helix and is approximately co-planar with the base of G34, which 

also resides on the major groove side of the helix (Figure 15). The ribose puckers of the 

anticodon nucleotides do change with base modification, especially U35 and A36 of the i
6
A37-

modified molecules that adopt of the C3'-endo conformation common to the A-form helix. 

To examine the range of loop structure effects that result from the ribose ring pucker, 

simulations were performed for each of the molecules while restraining the ribose rings of 

U35 and A36 to C2'-endo and C3'-endo conformations. The C2'-endo pucker results in 

migration of the U35 base to the minor groove side of the helix in approximately 25% of the 

unmodified ASL
Tyr

 and [39]-ASL
Tyr

 structures. The U35 base was found not to occupy the 

minor groove in either of the i
6
A37-modified molecules. Although only ASL

Tyr
 contains the 

well-defined C32-A38
+
 base pair the C32 and A38 bases remain largely coplanar and show 
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minimal lateral displacement in the modified molecules. The loops appear to be stabilized 

primarily by stacking and hydrophobic interactions because there is no spectral evidence of 

hydrogen bonding among the anticodon bases, although the ASL
Tyr

 may contain an A37 

N6H2-U33 O2 interaction.  

 Although the four ASL molecules each adopt well-ordered structures, the loops do 

not contain the signature U-turn motif (Figure 1a and 18a-c). In a U-turn, the sequential U33 

H1' to G34 H8 distance is ≥6 Å and would lead to a break of H1'-base NOE connectivities 

whereas the non-sequential U33 H1' to U35 H6 distance is ≈3.8 Å and should give rise to a 

moderately intense NOE. For three of four ASL
Tyr

 molecules, the sequential H1'-base NOEs 

are continuous, albeit weak at the U33-G34 step, and none contain the non-sequential U33-U35 

interaction. Many of the NOEs predicted for a molecule containing a U-turn are a subset of 

the NOEs observed for the ASL
Tyr

 molecules and do not conflict with the refined structures. 

However, key NOEs present in the spectra of the ASL
Tyr 

molecules (U33 H1' to A38 H2, G34 

H1' to A37 H2, and U35 H1' to A36 H2) are not compatible with the U-turn motif. These NOEs 

lead to a loop structure in which the phosphate backbone does not turn abruptly between U33 

and G34, as observed in the crystalline forms of yeast and E. coli tRNA
Phe

 (Byrne et al., 2010; 

Kim et al., 1974; Robertus et al., 1974; Shi and Moore, 2000) (Figure 17), but instead turns 

between G34 and U35.. The turn of the phosphate backbone is maintained even when the 

unusual  and  torsion angles observed for the U-turn motif were applied during a separate 

set of constrained MD simulations. Another feature characteristic the U-turn motif is the 

trans conformation of backbone torsion angle a between U33 and G34. The 
31

P resonance 

corresponding to this phosphate is located in the main cluster of 
31

P peaks (Figure 13), a 

position not consistent with the trans conformation of torsion angle . Notably, the  or  
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Figure 17. Comparison of the Anticodon Loop Regions 

(a) Solution NMR structure of unmodified E. coli tRNA
Phe

 (PDB 1KKA), (b)  X-

ray crystal structure of E. coli tRNA
Phe

 (PDB 1IBL), (c) solution NMR  structure 

of fully modified human tRNA
Lys,3 

(PDB 1FL8), and (d) solution NMR structure of 

B. subtilis [i
6
A37, 39]-ASL

Tyr
. The U-turn fold is present in (b) and (c) and is 

characterized by stacking of the anticodon bases (blue) along the minor groove 

side of the helix and the NH–P hydrogen bond from U33 (orange). Molecules (a) 

and (d) do not form this same fold and maintain minor groove positions for 

residues 34 and 35 with stacking of U33 and G34 bases. Fully modified E. coli 

tRNA
Phe

 contains ms
2
i
6
A37 and 32 (Image from Denmon et al. 2011). 
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angles in all of the converged structures occupy the gauche- conformation. 

3.1.9 Effects of Modification on RNA Thermal Stability  

The thermal stabilities of the ASL
Tyr

 RNA hairpins (Figure 1) were investigated using 

UV-monitored thermal melting experiments and differential scanning calorimetry (DSC) 

experiments. The normalized UV thermal denaturation curves indicate that the hairpins melt 

in two stages (Figure 18a). The lower temperature (<50 ˚C) transitions presumably 

correspond to the destacking of the loop nucleotides. At pH 6.3 the [39]-ASL
Tyr

 and the 

unmodified ASL
Tyr

 hairpins have a protonated C-A
+
 base pair, which contributes to the 

stability of the molecules by forming a six base pair stem instead of the five base pair stem 

observed in the [i
6
A37]-ASL

Tyr
 molecule. The increased absorbance of [i

6
A37]-ASL

Tyr
 relative 

to ASL
Tyr

 and [39]-ASL
Tyr

 below 70 ˚C suggests that the dimethylallyl modification 

decreases base stacking in the modified hairpins. The percent hyperchromcity observed with 

melting is greatest for ASL
Tyr

 and [39]-ASL
Tyr

 (10%-11%) and is least for the 

dimethylallyl-modified RNAs (7% and 5% for [i
6
A37]-ASL

Tyr
 and [i

6
A37, 39]-ASL

Tyr
, 

respectively). The enhanced thermal stability of the stems of the [i
6
A37]-modified RNA 

hairpins is consistent with the stabilization conferred by the dimethylallyl modification in the 

context of the E. coli ASL
Trp

 (Kierzek and Kierzek, 2003), but differs from the destabilizing 

effect observed for the E. coli ASL
Phe

 (Cabello-Villegas et al., 2002).  

The DSC curves (Figure 18b) indicate that the RNA hairpins undergo a single-step 

melting process. The unmodified RNA hairpin appears to contain a slight heat capacity 

change near 50 °C that is not observed in the other three molecules, but is small relative to 

the change that occurs in the multi-step melting of a tetraloop receptor homodimer complex 

(Vander Meulen et al., 2008). This small change could reflect melting of the C32-A
+

38 base 
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pair that is present only in the unmodified RNA molecule (described below). The  

modification increased the Tm of the RNA hairpin by 5.7 C, indicating that  improves the 

stability of the stem. This finding is consistent with other studies that show   improves the 

stability of a duplex when located at or near the end of the stem (Bilbille et al., 2009; Durant 

and Davis, 1999; Hall and McLaughlin, 1991). The enthalpy (H) of melting for [39]-

ASL
Tyr

 is 5.24  0.06 kcal/mol/bp, which suggests additional hydrogen bonding is not 

present in the unmodified molecule (H = 4.17  1.20 kcal/mol/bp). The dimethylallyl 

modification also confers stability to the ASL
Tyr

 stem, but the effect is not as robust as the  

modification (Figure 18). i
6
A37 increases the Tm of the RNA hairpin by 3.7 C and the H by 

1.39 kcal/mol/bp. The addition of 39 and i
6
A37 increases the Tm by 5.0 °C and the H by 

0.40 kcal/mol/bp, indicating that the i
6
A37 modification interferes slightly with the stabilizing 

effects of the  modification. 

3.2 Characterization of Partial Modification on tRNA
Tyr

 Function in B. anthracis 

Although there have been many studies that highlight the role of tRNA molecules in 

translation and in the context of the ribosome, very little is known about the role of tRNAs in 

tRNA-mediated transcriptional regulation in Gram-positive bacteria or how base 

modifications affect their ability to regulate gene expression. Therefore, to determine the 

repercussions that partial modification has on physiology and tRNA mediated transcriptional 

regulation in B. anthracis, growth curves, antibiotic sensitivity tests, and quantitative real-

time polymerase chain reaction (qRT-PCR) were employed. 

3.2.1 Effects of tRNA
Tyr

 Partial Modification on Growth Rates 

 When cultured in rich medium (LB), the parent strain exhibits a doubling time of 28.9 
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Figure 18. Thermal Melting of RNA Hairpins 

A) UV Melting and B) Differential Scanning Calorimetry Data. Addition of  to 

the B. subtilis ASL
Tyr

 improves the thermostability of the RNA molecule by ~5 °C. 

Interestingly, the addition of the dimethylallyl group did not decrease the stability 

of the molecule. Experiments were done in triplicate in low salt NMR buffer (10 

mM Phosphate Buffer, 10 mM KCL, and 0.02 mM EDTA) at pH 6.3. The baseline 

was subtracted to obtain the melting temperature (Tm), enthalpy (H), and the van’t 

Hoff enthalpy (Hv) for each molecule. The entropy (S) was calculated using the 

formula G= H-TS, where G=0 at the Tm. Unmodified ASL
Tyr

, red; [39]-

ASL
Tyr

, black; [i
6
A37]-ASL

Tyr
, green; [,i

6
A37]-ASL

Tyr
, blue. (Image from 

Denmon et al., 2011) 

A 

B 
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minutes, with the exponential phase lasting approximately 120 minutes. There appears to be 

no significant difference between the tgt¯  strain, which presumably lacks Q at position 34 in 

its tRNAs, and the parent strain (Table 5). Interestingly, the miaB¯ strain, which possesses 

tRNAs deficient in the ms
2
 modification at position 37, has a doubling time that differs 

significantly from both the parent and tgt¯ strains. Loss of ms
2
 results in a faster doubling 

time (21.4 minutes) and the duration of the exponential growth phase (60 minutes) is shorter 

than the parent and tgt¯ strains. Notably, all strains reached similar terminal densities. 

In addition to LB medium, the parent and null mutant strains were also cultured in 

RM medium. RM is a defined medium that has been shown to support increased toxin 

production in B. anthracis (Leppla, 1988; Ristroph and Ivins, 1983). Previous studies using 

different strains of Bacilli cultured in RM medium showed an increase in the doubling times 

of the parent strain (Ristroph and Ivins, 1983). Unlike the doubling time observed in rich 

medium, the parent strain has a doubling time of 48.2 minutes and the miaB¯   and tgt¯   

strains have doubling times of 54.6 minutes and 55.0 minutes, respectively. The increases 

observed in the doubling times of the null mutant strains compared to the parent strain 

suggests that partial modification at either position 34 or 37 negatively effects the growth 

rates of B. anthracis. Additionally, the duration of the exponential phase of the parent and 

null mutant strains is 180 minutes when grown in RM medium. Although the parent strain 

maintains a higher density through most of the study, the miaB¯  strain eventually reaches a 

similar terminal density by the end of the growth experiment (Figure 19). Despite the tgt¯  

strain having a doubling time similar to the miaB¯  null mutant, the tgt¯  strain has a terminal 

density that is ~2-fold lower than both the parent and miaB¯  strains. 

The composition of the RM medium was modified slightly by omitting tyrosine to
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Table 5. Doubling Times of the Parent and the Null Mutant Strains 

Medium   Strain  Doubling Time  Duration of Exponential 

         (minutes)      Growth (minutes) 

 

 

LB 

    Parent       28.9 ± 0.47   120 

                miaB¯          21.3 ± 1.37    60 

    tgt¯         29.5 ± 1.05   120 

 

RM 

    Parent       48.2 ± 8.62   180 

                miaB¯          54.6 ± 11.93   180 

    tgt¯         55.0  ± 2.34    180 

 

RM (without Tyrosine) 

 

Parent       57.8 ± 11.55   180 

                miaB¯          63.7 ± 6.17   180 

    tgt¯         57.4 ± 6.34   120 
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 determine if the parent and null mutant strains would be viable and to potentially stimulate 

one or both tyrosine tRNA synthetase genes via the T box mechanism. Both the mutant and 

parent strains grow in the modified RM medium; however, there was an increase in the 

doubling times compared to when the strains were grown in RM medium containing tyrosine 

(Table 5). Both the parent and tgt¯  strains are in exponential phase for 120 minutes whereas, 

the miaB¯  strain has a longer doubling period of 180 minutes. Unlike the parent and miaB¯ 

strains, the tgt¯  strain has a short lag phase and does not begin to show signs of doubling 

until 60 minutes into the growth study. Although the tgt¯ strain has a short lag phase, once in 

exponential phase the doubling time is faster than the parent and miaB¯ strains (Table 5). 

However, the terminal density is ~5-fold lower than the parent and ~4-fold lower than the 

miaB¯ strains. Interestingly, even though the duration of the exponential phase is longer for 

the miaB¯ strain, the doubling time is longer than that of the parent and the tgt¯ strains, 

resulting in a lower density than the parent throughout the study (Figure 19). 

3.2.2 Effects of Partial Modification on Antibiotic Sensitivity  

To test what affect the loss of MiaA or TGT has on antibiotic sensitivity in B. 

anthracis, increasing dilutions of antibiotics were used to determine the Minimum Inhibitory 

Concentration (MIC) values of each strain in seven different antibiotics known to target 

different bacterial functions. When the parent, miaA¯, and tgt¯ strains are cultured in the 

presence of ampicillin, which inhibits cell wall synthesis by affecting peptidoglycan 

crosslinking, the MIC value was ≤ .125 g/ml. Similar MIC values are observed with 

tetracycline, which binds reversibly to the 30 S subunit and inhibits protein synthesis and cell 

growth. The MIC value for benzylpenicillin (commonly referred to as penicillin G), which is 

a penicillin derivative that disrupts β-Lactam activity, is ≤ 0.6 g/ml for the parent, miaA¯,  
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Figure 19. Growth Curves 

(a) LB medium, (b) RM medium, and (c) RM medium without tyrosine. 

Strains were cultured at 37ºC in LB medium or in RM media in the presence 

(144 mg/ml) or absence (0 mg/ml) of tyrosine. All strains grew in the absence 

of tyrosine. Parent, blue; miaB¯, black; tgt¯, green. 
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and tgt¯ strains (Table 6). 

Interestingly, when cultured in the presence of spectenomycin, which inhibits 

translation by binding to the 30S subunit, the miaA¯ strain appears to be more resistant to the 

antibiotic than the parent and tgt¯ strains (Table 6). When the parent strain is treated with 

spectenomycin, the MIC value is 64 g/ml, whereas the MIC value is greater than 64 g/ml 

used in the presence of the miaA¯ strain. The loss of ms
2
i
6
A37 also appears to confer 

antibiotic resistance when cultured in ciprofloxacin, which is currently used to kill B. 

anthracis by interfering with the DNA gyrase. The MIC value for ciprofloxacin of both the 

parent and the tgt¯ strain is ≤ .06 g/ml but the MIC value increases to .125 g/ml in the 

presence of the miaA¯ strain. 

When the parent and null mutant strains are cultured in the presence of erythromycin, 

which affects translation by binding to the 50 S subunit, the tgt¯ strain appears to be more 

sensitive to the antibiotic.  Loss of the Q base at position 34 in the tgt¯ strain confers an 

increased sensitivity to erythromycin, which is evident by an MIC value of 1 g/ml, whereas 

the parent and the miaA¯ strains, which do not have tRNAs deficient in Q34, the MIC value is 

4 g/ml. 

3.2.3 Effects of Partial Modification on tRNA Mediated Transcriptional Regulation 

To analyze the effects of partial modification on transcriptional regulation, qRT-PCR 

was employed to assess the transcript levels of the tyrS1 and tyrS2 tyrosyl-tRNA synthetase 

genes. Total RNA was harvested during mid-exponential phase from the parent, miaA¯, and 

tgt¯ strains grown in saturating (144 g/ml) and limiting (0 g/ml) concentrations of tyrosine. 

The ratio of T box leader to full-length transcript is represented as a bar graph (Figure 20).
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Table 6. Minimum Inhibitory Concentration Values  

 
 

 

 

Concentrations are in g/ml 

Orange- Increased sensitivity to the antibiotic 

Red- Increased resistance to the antibiotic 

Lavender- conferred resistance by insertion of an -Kanamycin resistance cassette

Antibiotic Parent miaA- tgt- 

Tetracycline ≤ .125 ≤ .125 ≤ .125 

Ampicillin ≤ .125 ≤ .125 ≤ .125 

Erythromycin 4 4 1 

Spectinomycin 64 > 64 64 

Kanamycin 4 -KAN Cassette 4 

Ciprofloxacin ≤ .06 .125 ≤ .06 

Penicillin G ≤ .06 ≤ .06 ≤ .06 
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Surprisingly, both genes possess the putative T box sequence with the tyrS1 T box sequence 

sharing 93% sequence identity to the T box consensus sequence and the tyrS2 T box 

sequence sharing 79% identity (Figure 21). Although tyrS1 has a T box sequence that is most 

similar to the T box consensus sequence, it possesses a G 3' to the specifier codon, whereas 

tyrS2 has an A at this position (Figure 21). Previous studies have suggested that an A 3' to the 

specifier codon is important for interacting with U33, which is conserved in all tRNA 

molecules discovered thus far.  

In the case of tyrS1, which contains a T box sequence that is most similar to the 

consensus sequence, the parent strain shows a 5-fold increase in antitermination when 

cultured in tyrosine limiting conditions. The miaA¯ strain shows a 1.6-fold induction in T box 

activity and the tgt¯ strain shows a 2-fold increase in antitermination when grown in tyrosine 

limiting conditions (Figure 20). This suggests that tyrS1 is T box regulated in all strains when 

amino acid conditions are limiting.  

As for tyrS2, the parent strain shows a 16-fold increase in antitermination when 

cultured in tyrosine limiting conditions (Figure 20), which is consistent with observations 

made with the tyrS gene in B. subtilis (Grundy et al., 1997). Interestingly, tyrS2 is no longer 

T box regulated the miaA¯ strain, but it remains T box regulated in the tgt¯ strain (2.6-fold 

induction) when grown in tyrosine limiting concentrations. These observations indicate that 

tyrS2 is T box regulated.  
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Figure 20. qRT-PCR of tyrS1 and tyrS2 

Parent, miaA¯, and tgt¯  strains were grown at 37ºC on RM in the absence (0 

mg/ml) and presence (144 mg/ml) of tyrosine. Total RNA was harvested during 

mid-log phase and analyzed by qRT-PCR at The University of Texas Health 

Science Center Quantitative Genomics Core Laboratory.  Hashed bars indicate 

the absence of tyrosine and solid bars indicate tyrosine was present in the 

media. Parent, blue; miaA¯, red; tgt¯, green. 
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*Sections 3.1 through 3.1.9 are courtesy of Denmon et al., 2011) 

Figure 21. Comparison of the tyrS1 and tyrS2 mRNA Leader Sequences 

The tyrS1 gene shares 93% sequence identity to the consensus T box sequence and tyrS2 

shares 79% sequence identity to the consensus sequence. tyrS1 and tyrS2 share 71% 

sequence identity to each other. Teal rectangle, T box sequence; yellow rectangle, specifier 

codon; red text, conserved purine, white text, deviations from the consensus sequence.  
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Chapter 4 
 

Discussion 

 
tRNAs from cells of all branches of life undergo base modification. However, there is 

limited information on how modification to the ASL affects the thermal stability, structure, 

and function of tRNA molecules. Through my dissertation work, I examined the effects of 

modification to positions 34, 37, and 39, which have been shown to play an important role in 

codon recognition, improving the base stacking on the 3' side of the stem, and stabilizing the 

loop-stem junction within the ASL. Through my dissertation work, the thermodynamic and 

structural contributions of the i
6
A and  modifications at positions 37 and 39 were examined 

using the B. subtilis ASL
Tyr

. Additionally, I determined what role base modifications play in 

tRNA
Tyr

 function by examining how Q34 and ms
2
i
6
A37 contribute to the growth rate, 

antibiotic sensitivity, and transcriptional regulation in B. anthracis. 

4.1 Comparison of ASL
Tyr

 Structures with other ASL Sequences  

The U-turn motif and the functional significance of this conformation of the 

anticodon loop for translation was first revealed by the crystal structure of fully modified 

yeast tRNA
Phe

 (Kim et al., 1974; Robertus et al., 1974; Shi and Moore, 2000). It has recently 

been shown that the anticodon arm of unmodified E. coli tRNA
Phe

 adopts the same fold in the 

crystalline state (Byrne et al., 2010) (Figure 17). The nearly 180˚ reverse of the phosphate 

backbone between U33 and G34 and concomitant stacking of the anticodon nucleotide bases 

(residues 34, 35, and 36) on the 3' side of the loop, primes the tRNA for pairing with the 

mRNA codon on the ribosome (Weixlbaumer et al., 2007). The U-turn is stabilized in these 

molecules by the anticodon base stack and by hydrogen bonds from the U33 2'-OH to the A35 
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N7 and from the U33 N3H to the phosphoryl oxygen 5' to A36. In the crystal structure of E. 

coli tRNA
Cys

 (with the anticodon sequence 5'-GCA-3'), U33 and C35 form a hydrogen bond 

that stabilizes the U-turn. The exocyclic NH2 group of C35 donates a proton to the U33 O2' 

while maintaining the ability of C35 to form Watson-Crick base pair interactions with the 

mRNA (Nissen et al., 1999). In modified E. coli tRNA
Lys

 ASL (with the anticodon mnm
5
s

2
-

UUU), the U33 NH-O1P hydrogen bond is maintained, but no interaction between U33 and 

U35 was identified (Sundaram et al., 2000). 

 Although the U-turn motif is prevalent in the anticodon arm of the crystal structures 

of tRNA molecules, in solution the B. subtilis unmodified and [39]-, [i
6
A37]-, and [39, 

i
6
A37]-ASL

Tyr
 molecules do not form this conserved structural motif. Our data indicate that 

the unmodified and partially modified molecules are composed of a five-base pair stem with 

a seven-nucleotide loop or a six-base pair stem with a five-nucleotide loop. Similar to the B. 

subtilis unmodified and [39]-ASL
Tyr

, the anticodon arms of the unmodified and 39-

modified human ASL
Lys,3

,
 
the unmodified E. coli ASL

Phe
, and the unmodified E. coli tRNA

Val
 

lack a defined U-turn structure (Cabello-Villegas and Nikonowicz, 2005; Durant and Davis, 

1999; Vermeulen et al., 2005). However, the imino spectrum of the unmodified E. coli 

tRNA
Val

 molecule in the presence of metal ion was similar to the native E. coli tRNA
Val

, 

indicating that a U-turn was probably present (Vermeulen et al., 2005). Interestingly, the 

addition of i
6
A37 and metal ion in the context of the E. coli ASL

Phe
 molecule resulted in the 

formation of a U-turn (Cabello-Villegas et al., 2004). Similarly, introducing N6-

threonylcarbamoyl-A37 (t
6
A37) into the E. coli ASL

Lys
 in the presence of 39 at pH 7 with 

metal ion promotes the structure toward the U-turn conformation (Sundaram et al., 2000). 

These data would suggest base modifications are critical for the formation of the archetypical 
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U-turn motif.  However, this trend does not continue with the B. subtilis ASL
Tyr

 as the 

introduction of the i
6
A37 modification alone or with 39 in the presence or absence of metal 

ions does not lead to a U-turn (Figure 17). Similarly, the introduction of t
6
A37 at pH 5.0 into 

the human ASL
Lys,3

,
 
which has the same nucleotide sequence as E. coli ASL

 Lys
, does not 

result in a U-turn (Stuart et al., 2000). Also analogous to the [i
6
A37]-ASL

Tyr
 and [i

6
A37, 39]-

ASL
Tyr

 molecules, a C32-A
+

38 base pair is disrupted by the t
6
A37 modification. Unlike the 

[i
6
A37]-ASL

Tyr
 and [i

6
A37, 39]-ASL

Tyr
 molecules, though, the human and E. coli ASL

Lys
 

molecules have no cross-strand NOE’s from the t
6
A37 (Stuart et al., 2000; Sundaram et al., 

2000). These results indicate that modification at residue 37 may be necessary to form the U-

turn, but is not sufficient in all cases.  

 The structures of i
6
A37-modified B. subtilis ASL

Tyr
 and E. coli ASL

Phe
 demonstrate 

the sensitivity of the conformational effects of the i
6
A37 modification to sequence context. 

The nucleotide sequences of these two molecules are very similar. The E. coli ASL
Phe

 

anticodon sequence is 5'-GAA-3' and residue 32 is a uridine. The i
6
A37 modification of E. 

coli ASL
Phe

 and metal ion binding lead to a stable U-turn fold (Cabello-Villegas et al., 2004), 

but these two elements are not sufficient to drive U-turn formation in the B. subtilis ASL
Tyr

. 

Like the C32-A
+

38 base pair of ASL
Tyr

, the U32-A38 base pair of E. coli ASL
Phe

 is disrupted by 

the modification, and suggests the structural difference between the ASL
Phe

 and ASL
Tyr

 

anticodon loops arises mainly from the base identity of nucleotide 35. The stacking energy 

for the purine base of ASL
Phe

 is more favorable than for the pyrimidine base of ASL
Tyr

. Also, 

when paired with the adenine nucleotide of the codon, the O4 atom of U35 is not positioned 

to hydrogen bond with the U33 2'-OH (Weixlbaumer et al., 2007), although this positional 

restriction may be relaxed outside the context of the ribosome. The lack of a U-turn 
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conformation with the i
6
A37-modification may offer a role for the Q modification at position 

34 in ASL
Tyr

. The Q34 base contains a dihydroxycyclopentene ring (Figure 6) that lends three 

hydrogen bond donors and substantial bulk to residue 34. Although the functional groups 

introduced by Q34 are not positioned to form additional hydrogen bonds with the Watson-

Crick edge of the paired codon base, these attributes may increase the intra-loop base-sugar 

or base-base hydrogen bond network among the loop nucleotides. The bulkiness of the Q34 

base also introduces additional stacking surface for the U35 base. Q34 at the 5' end of the 

anticodon loop may then function with the i
6
A37 modification at the 3' end to stabilize 

stacking of the anticodon bases and re-mold the architecture of the loop.  

  Computational methods have been used to study the conformational features of N
6
-

dimethylallyl adenine. The methyl groups in the [i
6
A37]-ASL

Tyr
 and [39, i

6
A37]-ASL

Tyr
 are 

oriented in a downward direction (Figure 15). This position of the methyl groups was found 

to be a low energy configuration of the dimethylallyl group in the absence of the ms
2
 

modification (Tewari, 1988). The addition of ms
2
 results in an upward orientation of the 

methyl groups (Tewari, 1988). This may improve base stacking along the 3' side of the loop 

and along with Q34, promote the formation of a U-turn.   

4.2 Effects of 39 and i
6
A37 Modification on the Stability of the Anticodon Loop 

Addition of  to the ASL
Tyr

 molecule did not significantly alter the structure from 

the unmodified molecule. Residue U33 is stacked between C32 and G34 in both molecules and, 

unlike the E. coli ASL
Phe

 and human ASL
Lys,3

 molecules that form compact tri-loop 

structures, the ASL
Tyr

 molecules form a five base loop that is well ordered. 
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The addition of  to the ASL
Tyr

 RNA hairpin increased the stability of the stem by 

5.7 ºC, which is similar to the effect observed in the human ASL
Lys,3 

in low salt, acidic 

conditions. The H of melting of the [39]-ASL
Tyr

 hairpin obtained from DSC measurements 

was 1.07 kcal/mol per base pair higher than the unmodified molecule. The increase of the H 

of melting is most likely due to the water-mediated hydrogen bond between the  and the 

phosphate backbone (Arnez and Steitz, 1994). Additionally, 39 increases the stability of the 

31-39 base pair and contributes to the overall enthalpy (Durant and Davis, 1999). Although 

the transition event occurring at lower temperatures (<50ºC) in the UV curve is not as robust 

as in the unmodified ASL
Tyr

 hairpin, the [39]-ASL
Tyr

 UV melting curve does suggest that 

the [39]-ASL
Tyr

 has a well stacked loop. This finding is consistent with the structure of the 

[39]-ASL
Tyr

 hairpin. However, the 32 modification in the context of the E. coli ASL
Phe

 

hairpin only increases the Tm of the molecule by 3.5 ºC, suggesting a  at the stem-loop 

junction confers greater stability than when located in the loop proper with the water-

mediated hydrogen bond to the phosphate backbone intact (Cabello-Villegas and 

Nikonowicz, 2005). 

The dimethylallyl modification of A37 N6 opens up the helix proximal to the 

anticodon loop as evidenced by deprotonation of A38 and loss of the U39 H3 resonance. 

Broadening of base and sugar-phosphate backbone resonances of nucleotides in and near the 

loop indicate that i
6
A37 destabilizes the structure of this region of the ASL

Tyr
 molecules and 

increases nucleotide mobility. The increased mobility in this region appears to be the result 

of steric clash between the modification and cross-strand nucleotides. The position of the 

dimethylallyl group in the helix leads to NOEs from dimethylallyl methyl protons to C32 and 

U33 base protons as well as disruption of the C32-A
+

38 base pair. While the i
6
A37 modification 
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increases the dynamics of nucleotides within the loop region, the basic fold of the modified 

RNA hairpin in the presence of metal ion remains largely unchanged. 

 Although the dimethylallyl modification of A37 decreases the compact nature of the 

loop nucleotides, the DSC data indicate that the modification increases the stability of the 

hairpin stem by 3.7 C and the H by 1.39 kcal/mol. The absence of transitions at lower 

temperatures (< 50ºC) in the UV spectra confirms that the dimethylallyl modification is 

disrupting base stacking in the loop. A lower temperature transition is observed in the i
6 

modified ASL
Trp

 molecule and the addition of the dimethylallyl group improved the stability 

of the hairpin compared to the unmodified form of the molecule (Kierzek and Kierzek, 

2003). Interestingly, the t
6
A37 modification in the human ASL

Lys,3
 at pH 6.0 does not 

significantly affect the Tm or the thermal stability of the molecule compared to the 

unmodified molecule (Stuart et al., 2000). At pH 5.0, the Tm of the t
6
A37 molecule was 

elevated ≈2 C, but the thermal stability was comparable to the unmodified human ASL
Lys,3

 

(Stuart et al., 2000) which parallels the melting data obtained from the [i
6
A37]-ASL

Tyr
 

molecule. Conversely, at pH 7.2 the t
6
A37 modification decreases the Tm as well as the 

thermal stability, as does the i
6
A modification in the E. coli ASL

Phe
 (Cabello-Villegas et al., 

2004; Stuart et al., 2000). 

4.3 Effect of Q34 Deficient and Hypomodified i
6
A37 tRNA

Tyr
 on Growth Rate in B. 

anthracis 

 

 To determine what role the loss of base modification at positions 34 (Q) and 37 

(ms
2
i
6
A) play in B. anthracis growth rates, two null mutants deficient in either Q at position 

34 or ms
2
 at position 37 were created. The parent strain along with the two null mutants, tgt¯ 

(deficient in Q) and miaB¯ (deficient in ms
2
), were cultured in three different medium 
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conditions: LB (rich medium), RM (defined medium), and RM lacking tyrosine (defined 

medium). When cultured in LB medium, no growth defects are observed in the tgt¯ null 

strain and the doubling time and duration of the exponential phase is consistent with the 

parent strain (Table 5). Conversely, the miaB¯ null strain shows a decrease in the doubling 

time and the duration of the exponential phase is shorter (Table 5). Despite the increased 

growth rate, the terminal density of miaB¯ is within range of the parent and the tgt¯ null strain 

(Figure 19). In B. subtilis, tRNAs that contain the ms
2
i
6
A modification at position 37 are 

found in two different forms. For example, both tRNA
Tyr

 and tRNA
Phe

 from B. subtilis are 

found in two modified states (Hoburg et al., 1979; McMillian and Arceneaux, 1975; Menichi 

and Heyman, 1976; Vold, 1978). The first form, which is the predominate species during 

exponential growth, is hypomodified with i
6
A. The second species, which is the 

hypermodified form (ms
2
i
6
A37), is the predominate form during stationary phase (McMillian 

and Arceneaux, 1975; Menichi and Heyman, 1976; Vold, 1978). The ratio of hypo- to 

hypermodified tRNA
Tyr

 is 1:0.15 during exponential phase and 1:11.5 during stationary 

phase (McMillian and Arceneaux, 1975). These ratios suggest that the ms
2
 modification 

plays a role in decreasing B. subtilis growth rates. Although the quantity of hypermodified 

tRNA
Tyr

 is small during exponential growth, the ms
2
 modification may play a role in keeping 

cellular growth rates in check. Therefore, the shorter doubling time observed in the miaB¯ 

null mutant might be attributed to a loss in an unknown growth repressor activity that is 

normally provided by the ms
2
 modification. The decrease in the duration of logarithmic 

growth might be attributed to the fact that the miaB¯ strain is rapidly depleting the nutrient 

sources of the medium or other processes related to quorum sensing may support the 

transition into early stationary phase. 
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 When the tgt¯ and miaB¯ null mutants are cultured in RM medium (defined), the 

duration of the exponential phase is the same as the parent strain. Although the tgt¯ and 

miaB¯ strains have similar doubling times (Table 5), the terminal density of the tgt¯ strain is 

reduced compared to the parent and miaB¯ strains (Figure 19). In addition to having tRNAs 

deficient in Q34, the tRNAs from the tgt¯ null mutant may also be deficient in ms
2
. Previous 

studies have shown that B. subtilis grown in the presence of tyrosine show a decrease in the 

ratio (1:1.59) of hypo- to hypermodified tRNA
Tyr

 species harvested from stationary phase 

cells (McMillian and Arceneaux, 1975). This suggests that tyrosine may play a role in 

delaying the exponential to stationary phase transition. Additionally, Horburg et al. showed 

that hypomodification at positions 34 and 37 in B. subtilis tRNA
Phe

 resulted in fewer fMet-

Phe dipeptides and the rate of polypeptide formation was also decreased (Hoburg et al., 

1979). Modification at the wobble position (residue 34) has also been shown to contribute to 

enhance codon recognition. For example, in E. coli the 2'-O-methylcytosine (Cm) 

modification enhanced cognate codon recognition (Satoh et al., 2000). Therefore, the reduced 

terminal density observed in the tgt¯ strain is likely attributed to a Q34 deficiency as well as 

hypomdification at position 37. The miaB¯ strain’s ability to reach a density comparable to 

the parent strain is likely due to the presence of Q34. 

 Interestingly, all three strains (parent, tgt¯, and miaB¯) have slower doubling times 

when cultured in RM medium without tyrosine. When B. subtilis strains were cultured in 

Penassay Broth supplemented with or without tyrosine, the doubling times remained the 

same (McMillian and Arceneaux, 1975). It is possible that the Penassay Broth contains other 

nutrients that aid in maintaining the growth rate and supporting tyrosine biogenesis. The 

doubling time of both the parent and miaB¯ strains increased by approximately 10 minutes 
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and the doubling time of the tgt¯ strain showed a slight increase of approximately 2 minutes 

(Table 5). The reduced efficiency of growth in all three strains might be attributed to the 

inability of the RM medium without tyrosine to effectively support tyrosine biosynthesis. As 

previously mentioned, tyrosine may play an important role in delaying the exponential to 

stationary phase transition. The absence of tyrosine from the RM medium may facilitate a 

reduction in the growth rate and the exponential phase (Figure 19). In addition to a longer 

doubling time, the tgt¯ strain was in lag phase for 1 hour (Table 5). Although the doubling 

time of the tgt¯ strain was the same as the parent strain, the duration of the exponential phase 

was shorter and the density remained low (Figure 19). The low terminal density and lag 

phase may be attributed to an increase in an earlier and more robust production of ms
2
 in the 

absence of tyrosine.    

 4.4 Effect of Q34, and ms
2
i
6
A37 Deficient tRNA

Tyr
 on Antibiotic Sensitivity 

 To elucidate what role partial modification has on antibiotic sensitivity, the MIC 

values of the parent strain along with two mutants, tgt¯ and miaA¯ (deficient in ms
2
i
6
A), were 

determined (Table 6). The tgt¯ and miaA¯ strains have the same MIC values of four of the 

seven antibiotics tested.  Surprisingly, when tested in the presence of the miaA¯ strain, the 

MIC values increased for spectinomycin and ciprofloxacin, suggesting that cells containing 

tRNAs deficient in ms
2
i
6
A37 might be more resistant to certain antibiotics (Table 6). Both 

antibiotics have different mechanisms of action. For example, spectinomycin binds to the 

30S subunit and inhibits protein synthesis, whereas ciprofloxacin, which is currently used to 

kill B. anthracis, disrupts DNA gyrase function. A reduction in MIC for erythromycin when 

tested in the presence of tgt¯, suggests that tRNAs deficient in Q34 might be sensitive to other 

antibiotics. Erythromycin inhibits translation by targeting the 50S subunit. Previous studies 
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have shown that B. subtilis treated with pactamycin, which inhibits protein synthesis by 

targeting the 70S ribosome, negatively affect SAM-dependent methylations (Kersten et al., 

1968). Pectamycin treated B. subtilis were deficient in m
7
G and ms

2
 in tRNA

Tyr
 and tRNA

Phe
 

(Arnold et al., 1976). Interestingly, E. coli treated with chloramphenicol, which affects 

peptide elongation by targeting the 50S subunit, have tRNAs that lack D, T, and ms
2
 

modifications (Mann and Huang, 1973; Waters et al., 1973). Therefore, the increased or 

decreased MIC values observed for the antibiotics tested with the miaA¯ and tgt¯ strains, 

respectively, might be the result of tRNAs deficient not only in ms
2
i
6
A37 and Q34, but other 

modifications as well. 

4.5 Effect of Q34 and ms
2
i
6
A37 Deficient tRNA

Tyr
 on tRNA Mediated Transcriptional 

Regulation 

 

 To elucidate what role partially modified tRNAs have in tRNA mediated 

transcriptional regulation, T box regulatory function was examined in miaA¯ and tgt¯ strains 

by monitoring the transcription levels of the tyrosyl tRNA synthetase genes, tyrS1 and tyrS2. 

In bacteria, it is rare to find a second gene that codes for a specific AARS. Nevertheless, 

certain strains of Bacilli appear to be the exception with three known tRNA synthetase genes 

(ThrRS, TyrTS, and LysRS) having two phylogenetically distinct copies within the cell (Foy 

et al., 2010; Grundy et al., 1997; Putzer et al., 1990). Unlike both of the ThrRS genes, which 

are T box regulated and expressed during different stages of growth, only one of the TyrTS 

genes (tyrS) and one LysRS gene (class I or class II synthetase) are T box regulated (Foy et 

al., 2010; Grundy et al., 1997; Putzer et al., 1990). Similar to the second ThrRS gene in  B. 

subtilis, thrZ, the tyrZ gene is not expressed in vegetative growing cells (Henkin et al., 1992). 

In B. anthracis, both tyrS1 and tyrS2 appear to be T box regulated and expressed during 

logarithmic growth (Figure 20). Although the tyrS1 T box sequence shares 93% sequence 
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identity to the consensus sequence, it does not show the same robustness in the induction of 

T box activity when the cells are starved for tyrosine (Figures 20 and 21). The modest 

induction rates of the parent (5-fold) and tgt¯ (2.2-fold) strains as well as the low induction 

rate observed in the miaA¯ strain (1.6-fold) are likely due to the presence of a G 3' to the 

specifier codon instead of an A (Figure 21). The conserved A may interact with U33, which is 

conserved in all tRNA molecules. The loss of this conserved residue might impair the 

recognition of the specifier codon by tRNA
Tyr

 or decrease the stability of the tRNA-specifier 

codon interaction. In contrast to tyrS1, the T box sequence found in the tyrS2 leader mRNA 

is only 79% similar to the consensus sequence and the specifier codon is followed by an A 

(Figure 21). T box induction of the parent strain (16-fold) was comparable to that observed 

with tyrS from B. subtilis (Grundy et al., 1997). Interestingly, tyrS2 was no longer T box 

regulated in the miaA¯ strain. Additionally, there was no significant difference in T box 

induction in response to limiting concentrations of tyrosine in the tgt¯ strain (Figure 20). The 

moderate and low T box induction ratios are similar to those observed by Grundy et al. when 

they mutated the specifier codon and discriminator base found in tyrS, which was specific to 

tRNA
Tyr

, to respond to other tRNAs and the limiting concentrations of their cognate amino 

acids (Grundy et al., 1997). The reduction in T box induction suggested that other factors 

besides sequence, might contribute to tRNA mediated transcriptional regulation in B. subtilis 

(Grundy et al., 1997). Additionally, Means et al. suggest that additional factors, beyond 

nucleotide base pairing, may be important when designing tRNA analogs to disrupt T box 

activity (Means et al., 2007). Therefore, the moderate and low T box induction rates observed 

with tyrS1 in the mutant strains and the obliteration of T box activity observed with tyrS2 in 

the miaA¯ strain strongly suggests that base modifications, in conjunction with nucleotide 
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interactions and sequence, are necessary to support tRNA mediated transcriptional 

regulation.     

4.6 Significance of , ms
2
i
6
A, and Q Modifications in Translation 

One of the most common modifications found in tRNA molecules is the  

modification. The pseudouridine synthase, TruA, catalyzes the isomerization of uridines 38, 

39, and 40 in the anticodon arms of bacterial tRNA resulting in a C1'-C5 glycosidic bond and 

introduction of an additional NH functional group in the base (Hur and Stroud, 2007). When 

located in a helical stem,  confers additional stability to the helix by forming a water-

mediated hydrogen bond to the phosphate backbone through the N1 NH group. The addition 

of  at position 39 leads to increased stability and stacking at the anticodon arm stem-loop 

junction (Cabello-Villegas and Nikonowicz, 2005; Durant and Davis, 1999). Presumably, the 

increased stability conferred by the   at this location enhances translation efficiency and 

improves growth rate compared to tRNA molecules lacking the   modification (Charette 

and Gray, 2000; Lecointe et al., 2002). In S. cerevisiae, loss of the  38/39 modifications in 

tRNA
Tyr

, tRNA
Lys

, and tRNA
Trp

 impairs decoding of the amber UAG stop codon and 

decreases read-through efficiency during translation resulting in decreased growth rate 

(Lecointe et al., 2002). In P. aeruginosa, mutation of the truA gene leads to cells deficient in 

expressing functional type III secretion genes and are unable to sustain virulence (Ahn et al., 

2004). 

The importance of the dimethylallyl modification of A37 for tRNA function has been 

well-studied in E. coli (Björnsson and Isaksson, 1993; Bouadloun et al., 1986; Connolly and 

Winkler, 1989; Diaz et al., 1987; Ericson and Björk, 1991b; Hagervall et al., 1990) and 
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modification of A37 to i
6
A37 is necessary to form the hypermodified base, ms

2
i
6
A37 through 

the activity of MiaB (Björk, 1998). In B. subtilis, tRNA
Tyr

 can exist in two forms, the 

hypomodified i
6
A37 and the hypermodified ms

2
i
6
A37 (Buu et al., 1981; Menichi and Heyman, 

1976; Vold, 1978). In stationary-phase cells, the hypermodified form predominates whereas, 

in exponential growth phase cells, the single-modified form of tRNA
Tyr

 is the dominant form 

(Menichi and Heyman, 1976). The hypermodified form is better able to decode the UAC 

codon (Menichi and Heyman, 1976) and the presence of the thiomethyl modification 

correlates with the onset of sporulation (Buu et al., 1981). 

In S. typhimurium, modification of A37 to 2-methylthio-N
6
-(4-hydroxyisopentenyl) 

adenosine (ms
2
io

6
A) can increase translational efficiency. Suppression of the amber codon by 

tRNA
Tyr

, tRNA
Gln

, and tRNA
Ser

 containing ms
2
io

6
A37 exhibited decreased codon context 

sensitivity, particularly when flanked on the 3' side by an A or a C (Ericson and Björk, 

1991b). Readthrough of amber codons followed by an A increases in the absence of the 

hypermodified A37 (Ericson and Björk, 1991b). Interestingly, the loss of 39 in suppressor 

tRNA
Tyr

 and tRNA
Gln

 decreases the translational efficiency of the molecules by two- and 10-

fold, respectively (Ericson and Björk, 1991b). However, the absence of  39 does not alter 

the codon context sensitivity of tRNA
Tyr

 and tRNA
Gln

 (Ericson and Björk, 1991b), indicating 

that the ms
2
io

6
A37 and m

2
A37 modifications are the principle forces in mitigating 

mistranslation caused by codon context but are not sufficient for maintaining translation 

efficiency.   

Q, which is derived from guanine, is commonly found in tRNA
Asp

, tRNA
Asn

, tRNA
His

, 

and tRNA
Tyr

. Q is synthesized de novo by bacteria, but in vertebrates, Q must be 

supplemented through the diet. Loss of Q in mice and eukaryotic HepG2 cells results in an 
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inability to synthesize tyrosine from phenylalanine, which eventually leads to death 

(Rakovich et al., 2011). Loss of Q34 in E. coli tRNA
Tyr 

and tRNA
His

 resulted in frame shifting 

of tRNA
Pro

 or tRNA
Phe

 in the P-site when the UAU (Tyr) codon was in the A-site and 

frameshifting of tRNA
Phe

 in the P-site when the CAU (His) codon was adjacent in the A-site 

(Urbonavičius et al., 2001). The slippage observed by the tRNA in the P-site is most likely 

caused by slow entry of the hypomodified (Q34 deficient) tRNAs into the A-site 

(Urbonavičius et al., 2001). Interestingly, both hypo- and fully modified tRNAs have a bias 

toward codons that have a C at the end position of the codon instead of a U (Urbonavičius et 

al., 2001). 

4.7 Future Work and Applications 

 Prior to my thesis work, there was limited information regarding the effects of base 

modifications on tRNA structure, stability, and function. Currently, there are no crystal or 

solution structures available of tRNAs from Gram-positive bacteria or of the tRNA
Tyr

 

molecule from any organism. Through this work I have solved, to date, the first known 

structures of the unmodified, [39]-, [i
6
A37]-, and [i

6
A37, 39]-ASL

Tyr
 hairpins from a Gram-

positive organism. Determination of the solution structures of the unmodified and partially 

modified ASL
Tyr

 molecules will provide much needed information regarding the contribution 

of individual modifications on tRNA structure in the context of the tRNA
Tyr

 ASL. 

Additionally, this information may provide new insight into tRNA
Tyr

 interactions with the 

ribosome and other RNA molecules. To further our understanding of how the modifications 

within the ASL
Tyr

 affect the structure, the next step would be to see how the addition of the 

ms
2
 and Q modifications contribute to the structure. The addition of the bulky modifications 
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may promote the formation of the canonical U-turn motif, which has been observed in all 

crystal structures known to date.     

 Although the structures, locations, or compositions of the known 107 base 

modifications have been well characterized, there are limited examples of how the known 

modifications affect the stability of RNA molecules, especially tRNAs. In addition to 

determining the contributions of base modification on ASL
Tyr

 structure, I also elucidated 

what effect partial modification has on the stability of the unmodified and partially modified 

molecules. Understanding what effect partial modification had on the stability of the ASL
Tyr

 

hairpins might provide insight into the structure, binding interactions, and function of other 

tRNA molecules. To better our understanding of how base modifications affect the stability 

of tRNA
Tyr

, the next step ‒in addition to seeing the effects of the ms
2
 and Q modifications on 

stability‒ would be to test the stability of the various modified forms of the ASL
Tyr

 in 

different buffer conditions. NMR experiments can then be employed to examine any 

molecule or condition that showed a significant change in the enthalpy or melting 

temperature. 

Even though there is substantial information regarding the roles that tRNAs play in 

translation, there is very little information on their involvement in tRNA-mediated 

transcriptional regulation via the T box mechanism. Moreover, the effects of base 

modification on T box function have never been studied. In addition to the lack of 

information regarding the importance of base modifications on tRNA-mediated 

transcriptional regulation, there was also limited information on the significance of ASL
Tyr

 

modifications as it related to growth and antibiotic sensitivity in Gram-positive organisms. 

Through my work, I was able to elucidate what role base modifications play in T box 
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function, cellular growth, and antibiotic sensitivity. By understanding the importance of base 

modifications on transcriptional regulation and cellular physiology, new targets for 

antibiotics can be probed. For example, the Hines laboratory at Ohio State University is 

looking at tRNA derivatives that mimic full-length tRNAs to inhibit T box antitermination. 

Currently, they have discovered that sequence recognition is not enough as the rate of 

dissociation for the tRNA mimics is high. My work has shown that base modifications are 

important and have functional relevance. It is possible that the dissociation rates of these 

tRNA mimics can be improved by incorporating modified bases. 

   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Sections 4.1 through 4.2 are courtesy of Denmon et al., 2011
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Figure 22. Base Modifications and Drug Design 

 

 

Through my thesis work, I have shown that base modifications are important for 

tRNA structure, stability, and function. This figure illustrates the importance of 

understanding what role base modifications play in transcriptional regulation. The 

loss of a specific modification(s) (right) results in reduced T box activation, which 

causes a decrease in mRNA levels. Reduced mRNA levels may lead to insufficient 

protein production, resulting in decreased cellular viability or death. Using this 

information, future scientists will be able to design drugs that either inhibit base 

modifying enzymes or block the association of a tRNA molecule with its cognate 

mRNA. The green circles represent drugs that do not inhibit or significantly reduce 

T box function and do not promote cell death. The red circles represent drugs that 

reduce or inhibit T box function and promote cell death. 
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