
 
 
 
 
 
 

tRNA: Self-Assembly and the 
Dawn of Genetic Coding 

 
 

 
Harold Stephen Bernhardt 

 
 
 

 
 
 

 
A thesis submitted for the degree of  

Doctor of Philosophy at the University of Otago,  
Dunedin, New Zealand. 

 
 

 
 

May 2010 



 ii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 iii 

 
 
 

 
 
 

 
“Nothing in biology makes sense except in the light of evolution.” 

 
Theodosius Dobzhansky 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 iv 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 



 v 

Abstract 
 

Transfer RNA (tRNA) is an ancient molecule with a myriad of functions in modern 
biology; however, its pre-eminent role is in the transfer of individual amino acids to the 
growing polypeptide chain in protein synthesis. The weight of both theoretical and 
experimental evidence points to a hairpin-duplication origin for tRNA, with Di Giulio 
arguing that the canonical intron insertion position in the anticodon loop marks the point at 
which the two hairpins were originally joined. I have discovered a molecular ‘signature’ in 
the anticodon loop sequences of contemporary tRNAsGly: a highly conserved CCA sequence 
that suggests the first anticodon (NCC for glycine) was derived from the 3'-terminal CCA of 
the upstream hairpin, and the first tRNA was tRNAGly. The relative lack of post-
transcriptional modification in contemporary tRNAsGly suggests that this tRNA could have 
formed the necessary interactions that form the basis of the genetic code prior to the advent 
of protein modification enzymes. Such a scenario would appear to fit Crick’s frozen accident 
model for the origin of the genetic code,  but in fact the presence of this particular sequence 
in the anticodon loop of the first tRNA may have been instrumental in the subsequent 
evolution of coded protein synthesis. 

I have hypothesized that the advent of the single-stranded anticodon loop allowed 
tRNAs to interact with single-stranded (regions of) RNAs in the RNA world, and these 
serendipitous binding partners bound to pairs of anticodon loops held in juxtaposition on an 
ancestral peptidyl transferase ribozyme catalysing noncoded peptide synthesis, the 
predecessor to the large ribosomal subunit RNA. This interaction would have tethered the 
two tRNAs, enhancing their binding to the peptidyl transferase and increasing the rate of 
peptide synthesis. I believe such a system evolved naturally into a system of coded protein 
synthesis, driven by selection for enhancement of synthesis of specific peptides. A similar 
model has been discussed very briefly by Christian de Duve in Blueprint for a Cell, and is 
supported by isolated experiments that demonstrate enhanced binding of tRNA to the 
Escherichia coli 50S ribosomal subunit (that contains the peptidyl transfer centre) in the 
presence of cognate oligonucleotides. According to my model, the small ribosomal subunit 
RNA evolved later as a decoding hairpin that functioned in trans, exerting control over the 
interaction between tRNAs and their binding partners (proto-mRNAs). 
  I have also utilized tRNAGly from E. coli as a starting material for the creation of 
tRNA variants able to oligomerize or self-assemble, with the dual aims of exploring the 
possible role of self-assembly in the evolution of tRNA and for producing RNA building 
blocks that will form higher oligomers, ideally 3D arrays, at neutral pH, with potential 
nanotechnology applications. Site-directed mutagenesis of tRNAGly was used to create tRNA 
variants with additional complementarity in the T loop and other single-stranded regions, 
with the aim of enhancing their ability to oligomerize. A tRNA variant with a self-
complementary GGGCCC sequence in the T loop formed dimers rapidly at neutral pH 
inducible by the addition of Mg2+ and/or spermine. However, the introduction of multiple 
self-complementary sequences resulted in the conversion of the standard cloverleaf into 
alternative secondary structures due to intramolecular base-pairing interactions, and no higher 
oligomers were formed. Using oligonucleotide inhibition and nucleotide substitution, a tRNA 
variant possessing a non-standard elongated structure is proposed to form dimers through 
single-stranded sequences that occur in stems in the standard cloverleaf structure.  
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Chapter 1 
 

Introduction 
 

Transfer RNA (tRNA) is widely accepted as an ancient molecule, possibly nearly as 

old as the earth itself (Eigen et al., 1989). Standing at the junction where the domains of 

nucleic acid and protein intersect, tRNA can be thought of as a central pivot in biology 

around which many processes are organized. It has been proposed that the early emergence of 

tRNA-like structures was driven by the stability and resistance to damage by heat and 

chemical cleavage conferred by hairpin loops (Eigen and Winkler-Oswatitsch, 1981). The 

form and function of contemporary tRNA is dependent on its ability to form not only intra- 

but also intermolecular base-pairing interactions, most significantly illustrated by the 

complementary base-pairing between the tRNA anticodon and the messenger RNA (mRNA) 

codon - the basis of the genetic code. The dawning of this process is a major focus of this 

thesis. 
A problem for understanding the origin of life concerns the ability of chemical 

systems to persist and even possibly evolve before there was a means of replication. 

Molecular self-assembly offers one possible solution to this dilemma. Prior to the evolution 

of replication, the process of molecular self-assembly may have been ‘the only conceivable 

mechanism for generating persistent, non-random chemical complexity’ (Sowerby et al., 

2001). In recent times molecular self-assembly has become important in another context: the 

advent of nanotechnology, with the promise of clean, bottom-up manufacture at a lower cost 

and generating less waste. Aspects of nanotechnology and the origin of life appear to be 

convergent, suggesting that 

 

‘the fusing between nanotechnology and origins of life research could  

lead to advances in both fields because the fundamental objectives are  

the same. The techniques of nanotechnology can be used to investigate  

the origins of life’ (Sowerby et al., 2001). 



 

 2 

 

In this study I have used molecular genetic techniques to create variant tRNAs with 

additional complementary sequences in order to explore the potential of tRNA for self-

assembly. This has been done in order to gain insight into the structure and evolution of the 

tRNA molecule as well as to investigate its potential for nanotechnology applications. 

Included are two theoretical chapters dealing with the the origin of the first tRNA, the dawn 

of the genetic code and coded protein synthesis.  

 

1.1 The origin of life 

 

1.1.1 “The Life Game” 
 

In a version of ‘The Life Game’ invented by Manfred Eigen and Ruthild Winkler-

Oswatitsch, a player is given a random chain of 80 beads, each of which has the letter G, C, 

A or U corresponding to the four nucleotide bases found in RNA (Eigen, 1973). A turn 

involves a throw of a four-sided dice (with each face bearing a G, C, A or U) enabling the 

player to exchange a bead of his/her choice (simulating spontaneous mutation), with the goal 

being to form as many crosslinks within the chain as possible. Although the game has a 

number of suppositions (including the existence of some type of error-prone replication), the 

end result is almost always the same: the creation of cloverleaf-like structures remarkably 

similar to that of contemporary tRNA (Figure 1.1). While the progression is not random, in 

the sense that the players are able to choose which bead/nucleotide(s) to change, the result 

does highlight the ability (indeed natural tendency) of RNA molecules to form tRNA-like 

structures. Eigen (1973) believes this is due to probability, there being far more ways to 

create structures composed of multiple small loops than there are ways to create a single 

larger hairpin structure. In addition, there is a higher probability of base pair interactions 

between nucleotides close together in the sequence. 
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Figure 1.1 The appearance of tRNA-like structures in Eigen and Winkler-Oswatitsch’s 
version of ‘The Life Game’. Reprinted from Calder (1973); copyright © Penguin Group.  
 

 

1.1.2 The RNA world 
 

The discovery of RNA molecules with enzymatic ability (or ribozymes) in the early 

1980s (Kruger et al., 1982; Guerrier-Takada et al., 1983) revolutionized thinking about the 

origin of life by offering a way out of the chicken-and-egg conundrum of which came first: 

information or function. It gave rise to the concept of an ancestral RNA World (Gilbert, 

1986), where RNA performed the roles of both information carrier and catalyst, roles 

performed today in the main by DNA and protein, respectively. As a consequence, 

contemporary functional RNAs have been considered to be molecular ‘fossils’ of this earlier 

stage of evolution (Weiner and Maizels, 1987). That RNA predated protein is indicated by 

the fact that the major components of the protein-synthesis machinery are mostly or 
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exclusively composed of RNA; that RNA preceded DNA is shown by the fact that 

deoxyribonucleotides are derived biosynthetically from ribonucleotides, and DNA replication 

normally requires use of an RNA primer. Other hints of the early dominance of RNA comes 

from the ubiquitous role of actual or derived ribonucleotides as second messengers (cAMP 

and cGMP), coenzymes (NAD and FAD) (White, 1976) and the energy currency of 

contemporary cells: ATP, GTP, UTP and CTP.  

The RNA World hypothesis is an example of a ‘replicator-first’ model for the origin 

of life. The main opposing view is known as ‘metabolism first’ (see Hud and Lynn, 2004 and 

references therein). In simple terms, this view holds that ribonucleotides and/or a self-

replicating RNA or system of RNA-driven replication could not have arisen de novo, and 

therefore there nust have occurred an earlier stage during which the components of an 

eventual RNA World were assembled. This idea as it stands is of course not controversial: 

the RNA replicator had to come from somewhere. However, advocates of the ‘metabolism 

first’ view take this idea one step further, suggesting that such a stage, characterized by 

interacting reactive cycles that would eventually form the basis of contemporary metabolic 

pathways, was capable of Darwinian evolution and hence alive. It seems inescapable that 

contemporary metabolism has extremely ancient roots: for example, iron-sulfur proteins have 

almost certainly evolved by elaboration from inorganic Fe-S clusters. However, results from 

a recent study by Vasas et al. (2010) support the argument that compositional assemblies  

[i.e. chemical networks] have limited hereditary potential, the authors concluding that, 

“replication of compositional information is so inaccurate that fitter compositional genomes 

cannot be maintained by selection and, therefore, the system lacks evolvability”.  

Nonetheless, a large distance remains between a prebiotic chemical mixture  

(or ‘soup’) and a replicating RNA. Two recent papers, however, have gone some way 

twoards bridging the gap: Powner et al. (2009) have demonstrated a possible mechanism for 

the synthesis of complete activated pyrimidine ribonucleotides from plausible prebiotic 

starting materials, avoiding the dual problems of ribose isomerization and complex pentose 

mixtures; and the Yarus group have created a five nucleotide ribozyme able to aminoacylate a 

four ribonucleotide substrate (possessing a 3' CCU sequence reminiscent of the 3' CCA 

terminus of tRNA) (Turk et al., 2010), demonstrating that sophisticated catalysis was a 

property of the simplest (and therefore earliest) nucleotide polymers.   
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1.1.3 Hypercycles and quasispecies 
 

How could life have arisen from a mixture of RNA oligonucleotides? Eigen and 

Schuster’s hypercycle concept may be the most compelling (Eigen and Schuster, 1977; Eigen 

et al., 1981). They have used sophisticated statistical analysis to show that the tendency for 

replication errors to accumulate to deleterious levels would mean that RNA sequences could 

be no longer than one hundred nucleotides for sequences composed of G and C; sequences 

composed of A and U could only have been one tenth this length due to weaker base-pairing 

interactions (more recently, Kun et al. (2005), using comparative analysis of two 

mutagenized ribozymes, have calculated an upper limit of around 7,000 nucleotides for the 

RNA genome of a replicating organism in an RNA world). A consequence of these errors in 

replication would be that an RNA ‘sequence’ actually consisted of a ‘swarm’ of closely-

related sequences comprising a master sequence and a ‘comet tail’ of similar sequences 

derived from the master sequence by mutation. This group of sequences has been referred to 

as a quasispecies. Interestingly, tRNA (which in an organism consists of a group of closely 

related sequences), in some ways resembles a quasispecies (Eigen and Schuster, 1977; Eigen 

et al., 1981). Small size and a high G+C ratio are other features reminiscent of contemporary 

tRNA; however, there is a limit to the amount of information that can be stored in a sequence 

of less than one hundred nucleotides (Eigen and Winkler-Oswatitsch, 1981). These molecules 

may have been competing with each other for mononucleotide substrates (and possibly also a 

source of activation energy for polymerization) in a Darwinian ‘survival of the fittest’. 

According to Eigen and Schuster (1977), in order for such systems to increase in complexity, 

the RNA molecules needed to stop competing with each other and cooperate. A way to do 

this would be to form a hypercycle. Eigen and Schuster (1977)’s original theory was 

formulated prior to the discovery of ribozymes, and so is couched in terms of coding RNAs 

and polypeptide products. However, if anything their argument becomes stronger in the light 

of an RNA world, as the separation between gene and gene product is removed. Therefore, in 

the desciption that follows their model has been modified to include RNA’s catalytic ability. 

A hypercycle consists of a number of RNA molecules assisting with each other’s 

replication. This results in the replication of the individual RNAs being tied together, so that 

if the replication of one increases, they all do (Eigen and Schuster, 1977; Eigen et al., 1981). 
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This enables the hypercycle to increase in complexity (as it possesses the sequence 

information of all its RNA components) while still keeping the number of replication errors 

below a critical threshhold. Two other important consequences of this effect are that the 

population of a hypercycle undergoes much faster growth than an ordinary population of 

RNA molecules, and that any competition between hypercycles leads to the survival of only 

one (Eigen et al., 1981). An example of an extremely simple hypercycle with two 

interdependent components is shown in Figure 1.2.  

 

 

 

 
Figure 1.2 Simplified hypercycle containing two interdependent cycles. Each cycle consists 
of RNA +/- strands, the active strand of which folds into a functional RNA product (R1 or R2) which assists 
with the replication of the RNA of the alternate cycle. Adapted from Eigen et al., 1981.  

 

 

 

In a later paper, Eigen and Winkler-Oswatitsch (1981) analyze a range of naturally-

occurring tRNA sequences as well as tRNA master sequences generated by consensus and 

find evidence of a recurring RNY1 triplet sequence, arguing this is evidence that the 

evolutionary precursors of tRNA also functioned as early genes. Again, this paper was 

written before the discovery of RNA enzymes, and so there is the implicit assumption of a 

requirement for protein synthesis. Interestingly, an RNA sequence composed of repeating 

GNC (a member of the RNY family) triplets is able to form tRNA-like cloverleaf structures 

                                                
1 R = purine (A or G); N = any nucleotide; Y = pyrimidine (C or U). 
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with seven-nucleotide loops – the same size as tRNA’s anticodon, T and (some) D loops, and 

with a GNC triplet in the central (anticodon) position (Figure 1.3) (Eigen and Winkler-

Oswatitsch, 1981). 

 

                                                     
 
Figure 1.3. Hairpin loop (such as anticodon loop) formed from repeating GNC triplets. 

 
 
1.2 The origin of tRNA 
 

1.2.1 The genomic tag hypothesis 
 

It has been argued by some that the tRNA molecule had a function prior to its role in 

(coded) protein synthesis. One such theory is that of Weiner and Maizels, which draws on the 

involvement of tRNA and tRNA-like structures in viral replication (Weiner and Maizels, 

1987; Maizels and Weiner, 1987, 1993, 1999). Host cell tRNAs prime synthesis of the first 

DNA strand in the reverse transcription of most retroviral RNA genomes. Even more 

interestingly, tRNA-like structures are found at the 3' ends of a number of single-stranded 

RNA viruses that infect eubacteria and plants. Many of these viral RNAs are substrates for 

enzymes which recognize tRNA, such as the post-transcriptional nucleotide-modifying 

enzymes and the 3' CCA-adding enzyme tRNA nucleotidyltransferase; in addition, these 

viruses are aminoacylated with specific amino acids at their 3' end by cellular aminoacyl-

tRNA synthetases. Most crucially for the theory, the tRNA-like structures can serve as the 

recognition site for the initiation of replication of single-stranded RNA genomes (Weiner and 

Maizels, 1987). Fascinatingly, an RNA hairpin with a chargeable 3'-terminal CCA is encoded 

by the light-strand replication origin (Ori L) of the rat mitochondrial genome (Yu et al, 

2008), and hairpins formed by mitochondrial light strand DNA replication origins (OL) and 
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heavy strand DNA coding for tRNAs that form OL-like structures appear to initiate 

mitochondrial replication (Seligmann, 2010). 

The genomic tag hypothesis proposes that, prior to its role in protein synthesis, the 

role of tRNA was to tag RNA genomes for replication. According to this scenario, the  

3' tRNA-like tag was the recognition element for an RNA replicase to bind the RNA and 

replicate the RNA sequence 5' (upstream) of the tag. Specific aminoacylation of the tags by 

the RNA predecessors of aminoacyl-tRNA synthetases may have performed a catalytic or 

selection function. Because of the position of the tag at the 3' end, initiation of replication 

was avoided at internal sites, minimizing the loss of 3' sequence. Weiner and Maizels (1987) 

argue that tRNA-like tags were also the first telomeres, preserving the 3' ends of RNA 

genomes. This explains why contemporary DNA telomeric sequences are often variations of 

the CCA sequence found at the 3' end of tRNA. Interestingly telomerase, like RNase P, is a 

ribonucleoprotein with an essential RNA component (Blackburn, 2006). 

However, it is possible the tag may have formed base pairing interactions with the  

5' end of the molecule, interfering with the latter’s function. Weiner and Maizels (1987) 

suggest that a key activity therefore would have been the removal of the tag, perhaps by the 

ancestor of RNase P RNA: 

 

Apparently, then, the role of RNase P has suffered an historic  

reversal: an enzyme that evolved to liberate a functional RNA  

from its 3'-terminal tRNA-like tag now liberates the functional  

“tag” [= tRNA] from a non-functional precursor RNA! 

 

And RNase P may have had a part to play in this reversal, for, in freeing the (possibly 

aminoacylated) 3' tRNA-like tags, it would have provided an essential requirement for 

protein synthesis (Weiner and Maizels, 1987).  

Maizels and Weiner (1999) argue that the 3' (‘top’) half of tRNA, constituting the 

original tag, is the older of the two halves, while the 5' (‘bottom’) half (including the 

anticodon loop) is a more recent addition, and “may have evolved as part of an expansion 

loop which supplemented the function of the top half without disrupting it”. The relationship 

between the two tRNA halves in the 3D structure is shown in Figure 1.4. Maizels and Weiner 
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believe the origin of the anticodon domain of tRNA as being due to a sequence insertion 

event (A. Weiner, pers. commun.). 

When, how, or why the anticodon domain evolved is currently  

one  - if not the - unsolved mystery of molecular evolution  

(Maizels and Weiner, 1999; italics in original).` 

 

As we shall see in the next section, an explanation for the origin of the anticodon domain is 

provided by theories which propose a hairpin duplication origin of tRNA. 

 

 

        
Figure 1.4 2D and 3D representations of tRNA cloverleaf. 2D cloverleaf structure (left) and 
schematic of folding of tRNA stem/loops into 3' (top) and 5' (bottom) domains in 3D structure (right) with D, T 
and anticodon (AC) loops indicated. Numbering of nucleotides is in accordance with the official nomenclature 
(Sprinzl and Vassilenko, 2005). Adapted from Schimmel et al. (1993) with permission; copyright © by the 
National Academy of Sciences. 
 

 

1.2.2 Evolution of tRNA from a hairpin 

 

A number of researchers have argued that tRNA evolved from one or more hairpins 

(e.g. Hopfield, 1978; Tyagi, 1981; Eigen and Winkler-Oswatitsch, 1981; Kuhn and Waser, 

1982; Hartman, 1984; Di Giulio, 1992, 1995, 2004; Möller and Janssen, 1990, 1992; Musier-
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Forsyth and Schimmel, 1999; Noller, 1993, 1999, 2006; Rodin et al., 1993, 1996; Dick and 

Schamel, 1995; Tanaka and Kikuchi, 2001; Nagaswamy and Fox, 2003). In contrast to 

Weiner and Maizels’s genomic tag theory (Weiner and Maizels, 1987), in most of these 

theories tRNA’s first role is that of an adapter, and therefore the origin of tRNA is treated as 

synonymous with the origin of protein synthesis. 

Hopfield (1978) proposed that an alternative tRNA conformation would have enabled 

the 3'-half of tRNA to form an extended hairpin, with the anticodon nucleotides positioned so 

as to be able to interact directly with the attached amino acid. Tyagi (1981) has developed 

Hopfield’s model, with the addition of an intermolecular interaction between adjacent 

hairpins on a primitive message ‘resulting in formation of a more-or-less permanent 

complex’. Eigen and Winkler-Oswatitsch (1981) propose a precursor hairpin half the size of 

present tRNA much along the lines of Hopfield (1978) but with a sequence reflecting a 

primitive recurring GNC sequence (see Figure 1.3), and without the involvement of the 3'-

terminal CCA. 

On the other hand, Kuhn and Waser (1982) have suggested a forty-nucleotide hairpin 

precursor corresponding to tRNA’s anticodon stem/loop. However, as Di Giulio (1992) 

points out, this concept violates the principle of evolutionary continuity2, as it is difficult to 

see how such a hairpin could evolve easily into the mature tRNA molecule, since it would 

require additional sequence to be added at both ends. 

Hartman (1984) has proposed that four nonidentical hairpins were ligated together to 

become the four single-stranded regions of contemporary tRNA: the D, T and anticodon 

loops plus the 3'-terminal NCCA, which Hartman considers an opened loop. Arguing that the 

primitive genetic code was a doublet G+C code, he suggests that “the remnants of this code 

exist in the loops of the present day tRNA” in the highly-conserved sequences DGGD (D 

loop), TΨCGA (T loop) and NCCA (CCA terminus), where the remnants of the doublet code 

are in italics (Hartman, 1984). Hartman attributes the original concept of a hairpin origin of 

tRNA to Woese, and Mizutani and Ponnamperuma (references in Hartman, 1984). Hartman 

argues that hairpins were themselves preceded by smaller, ultimately trinucleotide adaptors, 

corresponding to the three nucleotides of the anticodon. 

                                                
2 This is similar to the Principle of Continuity proposed by Crick (1968), and holds that any 
proposed ancestral system (or molecule) must be able to evolve into its contemporary 
counterpart through a series of logical intermediates, each of which must retain functionality. 
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Di Giulio has published extensively on the origin of tRNA by hairpin duplication 

(Di Giulio, 1992, 1995, 2004). While he has raised the possibility that two different hairpins 

were ligated to form contemporary tRNA, the majority of his arguments focus on what he 

describes as a direct duplication model: the joining together of two identical hairpins 

followed by a series of realignments to form the current cloverleaf. Di Giulio’s ideas will be 

dealt with more fully in the following section. 

Möller and Janssen (1990, 1992) identify what they term the ‘imprint of a prototypic 

genetic code’ in the acceptor stem of eubacterial tRNAs. They find a high statistical 

correlation between the cognate codon triplet of eubacterial tRNAs and positions 3, 4 and 5 

in the acceptor stem (and therefore also a correlation beween the cognate anticodon triplet 

and the nucleotides at positions 68, 69 and 70), but only for the so-called ‘early’ amino acids 

glycine, alanine, aspartic acid and valine. The authors point out that these are the same amino 

acids found in spark discharge experiments that attempt to simulate the pre-biotic conditions 

of a primitive earth (Miller, 1987) (see Section 1.3.2 below). The correlation, however, is 

imperfect, with eubacterial tRNAAla more often possessing the glycine codon at this position 

(Möller and Janssen, 1992). Möller and Janssen ask, Why would the primordial code have 

left traces for at least 3.3 x 109 years? “This antiquity is hardly explainable, unless present-

day synthetases would recognize it.” (Möller and Janssen, 1992; italics added). In fact, 

contemporary aminoacyl-tRNA synthetases do recognize some of these positions in the 

acceptor stem, where they form part of a second ‘operational’ RNA code for aminoacylation 

(de Duve, 1988); however, the nucleotides that are the most important for this recognition are 

at positions 1, 2 and 3 (and their base-pair partners 70, 71 and 72) of the acceptor stem, as 

well as the so-called ‘discriminator base’ at position 73 (Schimmel et al., 1993) (see also 

theories of Schimmel and Rodin et al., below).  

Schimmel’s contribution to these ideas is based on his extensive body of experimental 

work with hairpins and short RNA duplexes that are able to be specifically aminoacylated by 

aminoacyl-tRNA synthetases (Schimmel et al., 1993; Musier-Forsyth and Schimmel, 1999; 

Schimmel and Beebe, 2006). As noted above, this specificity is due to the presence of 

particular nucleotides in the acceptor stem, the operational RNA code. Schimmel’s findings 

are dealt with in more depth in Section 1.3.1 below. 

Noller (1993, 1999, 2006) argues that tRNA was formed from two different hairpins 

that had separate origins, due to the fact that each half of contemporary tRNA interacts with a 
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different rRNA i.e. the 3' half (containing the 3'-terminal CCA sequence) with 23S rRNA at 

the peptidyl transferase centre of the ribosome, and the 5' half (containing the anticodon) with 

16S rRNA at the decoding site of the ribosome. He argues in fact that each tRNA half/rRNA 

subunit pair evolved in concert, and the joining of the two pairs is a more recent 

development. I will argue an alternative point of view in this thesis. Further, Noller proposes 

that the ancestral tRNA halves and rRNAs may have been smaller than they are now, as the 

nucleotides involved in intermolecular recognition and/or active sites are relatively few in 

number and confined to small regions of the respective molecules. Such a reduction in size is 

possible, as not requiring a substantial hydrophobic core for stability, a functional RNA can 

be much smaller than a protein enzyme. For example, a truncated version of the hammerhead 

ribozyme consisting of only 15 nucleotides still retains activity; in contrast an isolated 

polypeptide ß-sheet or α-helix has only limited stability. See Section 1.3.5 and Chapter 4 for 

further discussion of Noller’s ideas.  

By contrast, Rodin et al. (1993, 1996; Rodin and Rodin, 2008), similarly to Kuhn and 

Waser (1982), have argued that the anticodon stem/loop was ancestral, and that these 

stem/loops formed in pairs possessing complementary anticodons by the transcription of a (+) 

template strand into a (-) copy strand. Similarly to Möller and Janssen they postulate the 

existence of a primordial code in the tRNA’s acceptor stem, but at positions 1, 2 and 3 (and 

their base-pair partners 70, 71 and 72) (Rodin et al., 1996); however, as they themselves 

admit, “straightforward analysis failed to uncover any traces of homology in this case” 

(Rodin and Rodin, 2008). In spite of this, comparing consensus sequences of tRNA pairs 

possessing complementary anticodons (and thus, complementary middle anticodon 

nucleotides), they found that the nucleotides at position 2 of the acceptor stem (in their model 

analogous to the middle anticodon nucleotide) are also complementary (Rodin et al., 1996). 

While very interesting (and supported in part by the experimental findings of Schimmel and 

colleagues; see below), their theory proposes the development of the cruciform structure of 

tRNA from a hairpin with a central anticodon, and thus shares the problem of continuity with 

that of Kuhn and Waser (1982) (see chapter 3 for further discussion).  

Dick and Schamel (1995) build on the genomic tag theory of Weiner and Maizels 

(1987), combining it with the experimental results of Kikuchi et al. (1986). The latter 

discovered an unconventional priming mode in members of the Ty1/copia retrotransposon 

group, where the 5' half of tRNA is used for priming reverse transcription. From this, Dick 
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and Schamel hypothesize that tRNA-like sequences once tagged RNA genomes at both  

3' and 5' ends. The two tRNA-like ends were eventually ligated to become tRNA, catalyzed 

by the ancestor of modern self-splicing tRNA group I introns (Dick and Schamel, 1995). 

Based on his own experimental results as discussed above, Kikuchi has published his 

own theory for the origin of tRNA (Tanaka and Kikuchi, 2001). M1 RNA (the active RNA 

component of RNase P) cleaves Drosophila initiator methionine tRNA on the 3' side of the 

anticodon loop to create the 5' fragment used for priming the transposon copia retrovirus-like 

particles in Drosophila (Kikuchi et al., 1986)3. M1 RNA is also able to cleave on the 3' side 

of the anticodon loop of two other Drosophila tRNAs and a human tRNATyr. Tanaka and 

Kikuchi (2001) argue that complementarity between the acceptor and anticodon stems of 

these four tRNAs allows the formation of a double hairpin structure. Statistical analysis is 

used to show that many other tRNA sequences also have this partial complementarity and so 

can potentially form this structure. Although included with both 5' and 3' halves in their 

initial analysis, the three anticodon bases “locate adjacent to, at the edge of, or within the D-

hairpin [the 5' half]” (Tanaka and Kikuchi, 2001). Tanaka and Kikuchi argue that their model 

is different to that of Weiner and Maizels in that, in their own theory, “tRNA molecules are 

formed mainly by joining two hairpins, not inserting functional domains into the ‘Top half’ 

of tRNA formed by the acceptor stem and the T-stem/loop” (Tanaka and Kikuchi, 2001). 

However, the difference is more apparent than real, as both theories hypothesize the 

evolution of tRNA from a hairpin half the size of contemporary tRNA. Both theories also 

propose that the two parts that came together to form the mature tRNA were non-identical. 

Dick and Schamel (1995) and Tanaka and Kikuchi (2001) both propose that the  

3'-terminal CCA sequence was added following acquisition of the cloverleaf shape and that 

the hairpin precursors did not necessarily possess these nucleotides. This last assertion is in 

apparent conflict with the experimental results of Schimmel, as previously discussed (see 

Section 1.3.1 below). 

Lastly, Nagaswamy and Fox (2003) have combined Schimmel’s work with 

aminoacylatable minihelices with Di Giulio’s concept of a direct hairpin duplication to 

propose possible sequences of two (nearly) identical hairpins that could have been ligated to 

                                                
3 Although Tanaka and Kikuchi’s (2001) theory focuses on the cleavage of the tRNAMet 
anticodon loop between positions 39 and 40, their data show the major cleavage is between 
positions 37 and 38, the canonical intron insertion position. 
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form something very like a  contemporary tRNA. Such sequences occur at a frequency of 1 in 

3 x 107 and thus possibly could have been produced simply by random processes. 

 

1.2.2.1 Direct duplication model for the origin of tRNA 
 

As previously noted, Di Giulio has proposed that tRNA arose by the direct 

duplication of a hairpin half the size of contemporary tRNA, equivalent to the 5' or 3' half of 

the contemporary molecule. Di Giulio’s argument can be broken down into six main parts: 

 

1.  Homology between the 5' and 3' halves of tRNA. Di Giulio and his associates 

have carried out a number of statistical analyses of the tRNA molecule 

comparing the 5' and 3' halves for homology (Di Giulio, 1992, 1995; 

Widmann et al., 2005). In their most recent analysis they find that “when the 

two halves of tRNAs are aligned to each other, they present a larger number of 

matches than is shown by random tRNAs (constructed by randomizing the 

nucleotide sequences of real tRNAs by shuffling the order of nucleotides 

while maintaining the secondary structure and base composition of the 

original) and that this can be randomly generated with a probability p = 4.7 x 

10-55“ (Di Giulio, 2006a). Through statistical analysis of a derived ancestral 

tRNA consensus sequence, Di Giulio (1995) argues that the D and T loops are 

homologous rather than complementary and therefore the two hairpins that 

were ligated to form the tRNA molecule were identical, rather than one being 

a transcriptional copy of the other. However, the statistical basis of this 

analysis has been challenged; for further discussion of this point, see Section 

7.1. 

 

2. The 3D structure of contemporary tRNA has two clearly discernible domains. 

As argued by Schimmel (and as shown in Figure 1.4), the top half domain 

consists of the acceptor stem stacked on the T stem/loop, and the ‘bottom half’ 

domain consists of the anticodon stem/loop stacked on the D stem/loop (Di 

Giulio, 1995).  
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3.  The symmetry of base-pairing interactions in hairpin loops appears to lead 

naturally to the formation of tRNA-like structures. As Di Giulio puts it, 

“hairpin structures are apparently such close precursors to tRNA molecules 

that, in a sense, they imply them” (Di Giulio, 1999). This is similar to Dick 

and Schamel’s comment: “the existence of a precursor-like domain  

[the top (3') half] in tRNA might be the actual reason why the joining product 

was selectable”, because the joined product contains within it the intact 

structure of the precursor, and so is potentially capable of participating in 

similar reactions to its precursor. (Dick and Schamel, 1995). This point is 

linked to the previous one, i.e. tRNA is composed of two distinguishable 

domains.  

 

4. Parallels between the evolution of tRNA and protein synthesis suggests they 

may have co-evolved. ‘…it is likely that protein synthesis took place in the last 

universal common ancestor (LUCA) stage on hairpin structures…’ (Di Giulio, 

2006a). This idea will be dealt with more fully in the next section. 

 

5. The most common position of intron insertion in (predominantly eukaryote 

and archaeal) tRNA genes (described as the ‘canonical intron insertion 

position’) is following position 37 in the anticodon loop (Marck and Grosjean, 

2002), in the middle of the molecule where one would expect the ‘join’ point to 

be between two hairpins (Figure 1.5) (Di Giulio, 1992, 1995). Marck and 

Grosjean (2002) state that, in the eukaryotic organisms in which they are 

present, all protein-spliced tRNA introns occur at this position; it is also the 

most common intron position in archaebacterial tRNAs. Self-splicing group I 

and II introns in bacteria also commonly occur at this position (Dick and 

Schamel, 1995). An objection to Di Giulio’s argument unsurprisingly comes 

from those who hold to the ‘intron late’ theory for the origin of introns (see, 

for example, arguments discussed in Jeffares et al., 2006). 
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Figure 1.5 Derived consensus ancestral tRNA sequence with 5' and 3' halves. Canonical 
intron insertion position between positions 37 and 38, as indicated. X, Y and Z comprise the anticodon.  
Adapted from Di Giulio (1995) with permission from Elsevier.  
 
 

6. The split tRNA genes of Nanoarchaeum equitans. Six tRNA genes in the small 

hyperthermophilic archaebacterial parasite Nanoarchaeum equitans are split into 

two halves, which are separate and non-contiguous on the genome. In four of the 

six tRNA genes the split occurs at the canonical intron insertion position (in the 

cases of the remaining two the split is between positions 30 and 31, or 31 and 32, 

2 or 3 nucleotides upstream of the anticodon (Randau et al., 2005a, 2005b).                                                                                   

Di Giulio (2006b) has proposed that the likelihood of the two positions being the 

same by chance is of the order of 1 in 10-4. This implies, he argues, “that the genes 

separately codifying for the 3' and 5' halves of tRNA are not independent of, but 

evolutionarily correlated to, the genes possessing introns in the anticodon loop of 

tRNA genes” (Di Giulio, 2006b). According to Di Giulio (2007), these half genes 

are the earliest ancestral form of gene yet recorded, and are “direct confirmation 

of one of the main predictions of the exon theory of genes when applied to the 

tRNA model because it would envisage the very existence of minigenes codifying 

for the hairpin structures” (Di Giulio, 2006a). Di Giulio thus views the split tRNA 

genes of Nanoarchaeum equitans as being ancestral to intron-containing tRNA 
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genes, as the 5' and 3' halves are codified on completely separate genes. The 

succession from split to intron-containing to continuously-codified tRNA genes 

represents an increasing correspondence between the gene and its product (Di 

Giulio, 2006a, 2009). However, his view has been criticized by Makarova and 

Koonin (2005) and Brochier et al. (2005), who argue that Nanoarchaeum 

equitans’s split genes could equally be the result of genomic reduction by a 

parasitic organism. Rather than being ancestral, it seems more likely that the split 

tRNA genes are derived from intron-containing tRNA genes, which would explain 

the most common position of the split being the same as the canonical intron 

insertion position (Randau and Söll, 2008). ‘Split’ or, more accurately, circularly 

permuted tRNA genes have recently been discovered in a eukaryote, the red alga 

Cyanidioschyzon merolae, where the 3' half is located upstream of the 5' half, and 

the usual 5' and 3' ends are joined by intervening sequences of 7-74 base pairs. In 

six out of eleven cases, the ‘break’ is between positions 37 and 38 in the 

anticodon loop (Soma et al., 2007). Even more recently, tRNA genes split into 

three pieces (“tri-split tRNA”) have been discovered in the hyperthermo-

acidophilic Archeon Caldivirga maquilingensis (Fujishima et al., 2009); 

interestingly, these tri-split genes code for glycine, alanine and glutamic acid 

tRNAs –‘early’ amino acids. 

Like Kuhn and Waser (1982) and Rodin et al. (1996) (and possessing the same 

problem of a lack of continuity with the final tRNA product), Szathmáry (1999) has proposed 

the evolution of tRNA from an ancestral anticodon loop, with the operational RNA code in 

the acceptor stem subsequently being produced as a by-product of the hairpin duplication. 

The formation of tRNA involved, in Szathmáry’s words, “a fortuitous ligated product” of the 

original hairpin. A difficulty with this scenario is that such a ligation would have created an 

extended hairpin which is less than a complete tRNA molecule (it lacks D and T stem/loops, 

for example), but is (like that of Kuhn and Waser, 1982), at 45 nucleotides, too long to form 

any but the longest contemporary tRNA molecule by duplication.  
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1.3 The origin of protein synthesis 
 

1.3.1 Schimmel’s minihelices 
 

As previously discussed, Schimmel and colleagues have provided crucial 

experimental support for a hairpin origin of tRNA (Schimmel et al., 1993; Martinis and 

Schimmel, 1995; Musier-Forsyth and Schimmel, 1999; Schimmel and Beebe, 2006). Their 

initial studies were with alanyl-tRNA synthetase that specifically aminoacylates analogues of 

the alanine tRNA acceptor stem (containing the discriminator base and 3'-terminal CCA) 

dependent only on the presence of a single G3-U70 base pair three bases from the 5' end (Hou 

and Schimmel, 1988). They extended this finding to show that the acceptor stem analogues of 

eleven tRNAs in total could be specifically aminoacylated by contemporary aminoacyl-tRNA 

synthetases: alanine, aspartate, cysteine, glutamine, glycine, histidine, isoleucine, methionine, 

serine, tyrosine and valine (Musier-Forsyth and Schimmel, 1999) (Table 1.1, middle column). 

Although in some of these cases aminoacylation of the tRNA by its specific synthetase in 

vivo involves recognition of bases outside of the acceptor stem(often the anticodon), 

sequence-specific aminoacylation of the acceptor stem analogues still occurs in the absence 

of this recognition (Martinis and Schimmel, 1995). The analogues included a minihelix 

(comprising the acceptor stem and T arm of the appropriate tRNA), microhelix (comprising 

the acceptor stem and T loop), tetraloop (the first 3-6 bp of the acceptor stem closed with a 

tetraloop moiety derived from a conserved rRNA sequence), and RNA duplexes (based on 

the acceptor stem with and without part of the T stem) (Figure 1.6) (Martinis and Schimmel, 

1995). 
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Table 1.1 Proposed order of amino acid incorporation into genetic code, 
hairpin aminoacylation and stereochemical relationship with anticodon 
Amino acids in proposed 
order of incorporation 
into genetic code 

Reported hairpin 
aminoacylation 

Established stereochemical 
relationship with anticodon 

glycine (first) +  

alanine +  

aspartic acid +  

valine +  

proline   

serine +  

glutamic acid   

threonine    

leucine  - 

arginine  anticodon/codon 

asparagine   

isoleucine + anticodon/codon 

glutamine + - 

histidine + + 

lysine   

cysteine +  

phenylalanine  + 

tyrosine + + 

methionine +  

tryptophan (last)  + 
 

Left column: proposed order of incorporation of amino acids into genetic code taken from 
Trifonov (2004). Middle column: hairpin aminoacylation data taken from Musier-Forsyth and 
Schimmel (1999). Right column: stereochemical relationship with anticodon data taken from 
Yarus et al. (2009). Gaps in the table represent those examples where evidence has not been 
reported or established.  
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Figure 1.6 Schematic of 3D folded domain structure of tRNA (left) oriented to show 
relationship to acceptor-stem analogues. Acceptor-stem analogues as labelled. Adapted from 
Schimmel et al. (1993) with permission; copyright © by the National Academy of Sciences.   

 

 

Schimmel has argued that these results are consistent with the idea that originally 

aminoacylation (carried out by aminoacyl-RNA synthetase ribozymes) occurred on minihelix 

(i.e. hairpin)-like structures that evolved into contemporary tRNAs (Schimmel and Beebe, 

2006; Schimmel and Kelley, 2000). He suggests a plausible evolutionary pathway could be 

the duplication of a minihelix through transcription, producing complementary (+) and (-) 

strands, followed by complementary base pairing between the two loops to form the D loop-T 

loop corner of the L-shaped tRNA (Shimmel and Beebe, 2006). Thus the ancestral 

operational code would now occur twice: at the (new) 5' and 3'-ends of the cruciform 

structure (the acceptor stem) as well as at the join point between the two hairpins - in the 

anticodon loop. The key question is whether this central copy of the ancestral operational 

code would evolve into the anticodon, the basis of the eventual ‘true’ genetic code. 

Schimmel’s ideas borrow heavily from others on this point and are similar to a number of 

theories previously discussed. 

Schimmel believes that in its early stages, protein synthesis was a much simpler 

process, and occurred in the absence of an infomational mRNA or proto-ribosome, i.e. it was 

template-free and uncatalyzed or spontaneous (see section 1.3.5). Furthermore, he has shown 

experimentally that two hairpins with complementary loop sequences are able to form lateral 

loop-loop (or ‘kissing’) associations, bringing them into juxtaposition potentially for peptide 
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bond synthesis (Henderson and Schimmel, 1997). However, the lack of publications 

demonstrating spontaneous peptide synthesis between such juxtaposed hairpins throws doubt 

on such a model (see Chapter 3 for further discussion; see also section 1.5.4, miscellaneous 

RNA dimers).  

 

1.3.2 The first amino acid(s) 

 

It is almost certain that the current genetic code has evolved from a simpler 

predecessor in which only a subset of amino acids were encoded. The paradigm-changing 

experiments of Stanley Miller and his associates have explored simulations of the predicted 

atmosphere of an early earth (see Miller, 1987). Using electric discharge as an energy source, 

a range of atmospheres have been tested for their ability to produce the kinds of organic 

compounds found in biological systems.  

The original experiments utilized a reducing atmosphere containing CH4, NH3 and 

H2O with H2 added or absent, and produced 12 of the α-amino acids found in polypeptides 

today, including all but the sulfur-containing, aromatic and basic amino acids (Miller, 1953). 

Analyses of the amino acid composition of meteorites and interstellar dust clouds have shown 

a similar range of α-amino acids, pointing to the probable existence of a ‘universal organic 

chemistry’ (Miller, 1987). Current thought, however, is that the earth’s primordial 

atmosphere was most likely not reducing but more like that of the present day (Mojzsis et al., 

1999)4. Similar experiments utilizing mildly reducing and non-reducing atmospheres 

containing CO or CO2 as the source of carbon produced almost exclusively glycine, with a 

small amount of alanine (Miller, 1987). More recent experiments by Miller and colleagues 

have shown that electric discharge stimulation even within an atmosphere containing 5% O2 

(in 47.5% N2/47.5% CO2) produces small quantities of amino acids “consisting almost 

entirely of glycine and racemic alanine”, if analyzed in the presence of an antioxidant 

(Cleaves et al. 2008). On the basis of ease of chemical synthesis it is not surprising that the 

                                                
4 A recent paper by Tian et al. (2005) argues that the rate of escape of hydrogen from the 
early Earth’s atmosphere may have been up to two orders of magnitude slower than 
previously thought, suggesting a highly reducing atmosphere is not out of the question; 
however, this view is controversial (Catling, 2006). 
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amino acids found or produced in these experiments are those with the simplest structures; 

glycine is the only achiral amino acid. 

Theoretical arguments offer perhaps a deeper insight into the first amino acids to be 

incorporated into the genetic code. An extremely interesting recent paper used statistical 

analysis of the relative rate of amino acid gain/loss in orthologous proteins to demonstrate 

that the amino acids predicted to be incorporated into the genetic code at an early stage of the 

code’s development are decreasing in frequency, whereas those that were likely recruited 

later are increasing in frequency (Jordan et al., 2005; a similar finding was reached earlier by 

Ivanov (1989)). The results are presented as a ‘league table’ of loser/gainer amino acids, with 

the losers (supposedly the earliest amino acids) being glycine, alanine, aspartic acid and 

valine. However, these conclusions have been criticised by Hurst et al. (2006), who claim 

that the losses/gains in amino-acid frequency can be explained by the time lag between 

mutation and correction by purifying selection.  

In a survey of both experimental and theoretical studies in this area, Trifonov (2004) 

has ranked the twenty amino acids from the earliest to latest-appearing (Table 1.1,  

left column) in terms of consistency with five principles: 

1. An abiotic start i.e. consistent with the results of Miller’s early-atmosphere 

simulation experiments; 

2. Thermostability i.e. first codons consisted of G and C due to stronger base-pairing 

interactions; 

3. Complementarity of anticodons – in order for new codons to arise through 

transcription, similar to the ideas of Rodin et al. (1993); 

4. Processivity - the concept that new codons were introduced by single point 

mutations in existing codons (followed by the introduction of a new 

complementary pair, as in principle 3 above);   

5. Codon capture at the end of a process that is still ongoing i.e. Wong’s concept of 

later amino acids capturing codons from their biosynthetic precursor e.g. tyrosine 

(UAU/C) from phenylalanine (UUU/C) (Wong, 1975). 

On the basis of this analysis, Trifonov concludes that the first four amino acids 

incorporated into the genetic code were glycine, alanine, aspartic acid and valine (in earlier 

work Trifonov had found glycine to be the most frequent amino acid amongst matching 

residues in probable ancestral sequences of homologous proteins between prokaryotes and 
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eukaryotes (Trifonov, 1999)). One has to note however, that Trifonov excludes a number of 

studies that are in conflict with the general consensus (Trifonov, 2004). Higgs and Pudritz 

(2009) obtain a slightly different order from Trifonov in an analysis of amino acid 

concentrations in meteorites and from experiments simulating proposed atmospheric and 

hydrothermic environments and utilizing other chemical syntheses. Interestingly, their 

predicted five earliest amino acids (Gly, Ala, Asp, Glu and Val) all belong to the bottom row 

of the genetic code table.      

An alternative view of which amino acids are primordial should perhaps be 

mentioned briefly. Böck et al. (1991) have argued that selenocysteine (Sec) was incorporated 

earlier rather than later into the genetic code, due to the fact that it is coded for by the same 

codon (UGA) in all three kingdoms. It is possible that selenocysteine (which out-performs 

cysteine catalytically as a part of the active site of a number of enzymes, but is also much 

more sensitive to oxidation) was almost completely replaced by cysteine following the 

increase in oxygen levels caused by the rise of photosynthetic organisms (Hatfield and 

Gladyshev, 2002). This theory has gained some support from a recent phylogenetic analysis 

of tRNA. Using a somewhat unusual statistical approach, Sun and Caetano-Anollés (2008) 

have determined that class II tRNAs (selenocysteine, serine, leucine, and eubacterial 

tyrosine), that possess long variable arms, are more ancient than class I tRNAs, which have 

only short variable arms. However, tyrosine and cysteine are normally considered later 

additions to the genetic code, even if the latter was preceded by selenocysteine. To date, 

systematic studies of the evolution of the genetic code have not included selenocysteine.  

 

1.3.3 The first peptides 
 

As discussed in the previous section, experiments which have sought to simulate the 

atmosphere of the early earth, along with analyses of the amino acid composition of 

meteorites and interstellar dust clouds have shown a similar range of α-amino acids, pointing 

to the probable existence of a ‘universal organic chemistry’ (Miller, 1987). From this work it 

seems probable that the first amino acids to appear were glycine and alanine, and the first 

abiogenic peptides were composed predominantly, if not solely, of these two amino acids. 

Work by Schwendinger and Rode (1989) suggests a plausible means of di- and tri-peptide 
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production catalysed by Cu2+ in an aqueous solution containing a high NaCl concentration at 

temperatures of 85 °C (i.e. in a primordial hot sea). In the salt-induced peptide formation 

(SIPF) reaction, glycine and diglycine were found to significantly increase the yield of 

dipeptides containing leucine, proline, valine and aspartic acid (Plankensteiner et al., 2002). 

In addition, the SIPF reaction appears to be stereoselective, leading to the preferential 

production of the L-enantiomer of a number of amino acids including alanine, suggesting a 

possible mechanism for the generation of amino acid homochirality (Plankensteiner et al., 

2005). Ultimately however, such abiogenic mechanisms of peptide synthesis were supplanted 

by ribosomal protein synthesis. For example, hints of the possibility of an early evolutionary 

connection between small peptides and Cu2+ ions come from glycine-rich proteins found in 

plants that contain short tandem repeats rich in glycine able to bind Cu2+ ions (Matsushima et 

al., 2008), and a polyglycine-Cu2+ complex that exhibits superoxide dismutase activity (Pogni 

et al., 1999). A recent paper by van der Gulik et al. (2009) reports the overrepresentation of 

the short peptide motif Asp-Gly-Asp (early amino acids) in the active sites of a number of 

contemporary enzymes that are involved in the manipulation of phosphate groups, an activity 

important in the early evolution of life. See Chapter 4 for further discussion of these ideas. 

  

 1.3.4 The origin of the genetic code 

 
Theories of the origin of the genetic code can be grouped together under five main 

headings: 

1. Stereochemical Association Hypothesis  

This holds that the assignment of anticodons/codons to amino acids was based on 

stereochemical affinity, that is, specific anticodon/codon sequences bind to specific amino 

acids (Crick, 1968). Although, as pointed out by Ellington et al. (2000), the route from such 

an association to the structure of tRNA, with its widely separated anticodon and amino acid 

binding site, is far from clear, the theory has gained ground with the discovery of anticodon 

and/or codon sequences in putative amino acid binding sites of in vitro selected RNA 

aptamers. A correlation has been found for six amino acids, with aptamers binding glutamine 

and leucine not exhibiting this correlation (Yarus et al., 2009) (Table 1.1, right column). It is 

interesting that Yarus’s group has not published to date any data regarding aptamers that bind 
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the 'earliest’ amino acids (a point also made by Wolf and Koonin, 2007). However, naturally 

occurring glycine-binding riboswitches have been discovered in a variety of bacterial species 

in the 5' UTR of the gcvT operon that contains genes involved in glycine degradation 

(Mandal et al., 2004), but significantly the conserved sequences of these riboswitches contain 

no glycine anticodon sequences. While a single glycine codon is found at one of the binding 

sites, two of its three nucleotides are part of a stem structure (Mandal et al., 2004) and so 

presumably not available for direct interaction with the amino acid. It is also interesting that 

correlations for a number of other amino acids, for example lysine and methionine, have not 

been published when a number of riboswitches are known that bind them and/or related 

molecules such as S-adenosyl methionine (references in Yarus et al., 2009). Michael Yarus 

has commented recently that he was hoping to publish new data on methionine, threonine, 

histidine and tryptophan (the last two of which already have some published data) (M. Yarus, 

pers. commun. 2008). As yet, no new data on these amino acids have been published. In their 

most recent review, Yarus et al. (2009) quote some quite remarkable chemical specificities 

and stereo-selectivities of the amino acid-binding aptamers that have been discovered; still, 

the data remain somewhat unconvincing. It is hard to deduce the significance of particular 

nucleotide triplets appearing as part of a larger aptamer binding site. Unless there is a one-to-

one interaction between particular nucleotide triplets and amino acids (as discussed by Crick, 

1968), it seems likely that the conformation of a particular triplet would be largely imposed 

by the overall toplogy of the binding site. Indeed, if the conformation of the coding triplet is 

independent of that of the surrounding nucleotides, it suggests that the isolated trinucleotide 

free in solution should also be able to bind its amino acid specifically; however this has never 

been observed. In addition, the concept of a fixed triplet conformation in the midst of a 

malleable molecular environment appears contradictory. Interestingly, an earlier review by 

this group revealed a statistically significant occurrence of leucine anticodons in a leucine-

binding aptamer (Yarus et al., 2005), whereas, in their latest review they state that, “leucine 

now also has no significant triplet concentration. Because the single-leucine-binding RNA is 

unchanged in previous and present tests, these changes are attributable to more conservative 

site definition and statistical testing in the present work” (Yarus et al., 2009; italics added).  

Although Yarus et al. (2009) rebut the criticisms of Ellington et al. (2000) regarding 

the statistical significance of their correlations, they do not answer Ellington’s criticism 

concerning the conflict between their direct interaction model and the eventual separation of 
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amino acid and anticodon in contemporary tRNA. In the updated version of their direct RNA 

template (DRT) model, Yarus et al. (2009) propose two discontinuities in the evolution of the 

genetic code in which first the anticodon and then the codon are cleaved off from the 

ancestral ‘riboribosome’ to become, first, tRNA and second, mRNA. Perhaps Yarus et al. 

(2009) are themselves becoming aware of the shortcomings of their theory, as they concede, 

“we accept the suggestion (Koonin and Novozhilov, 2009) that random assignments in the 

manner of Crick’s “frozen accident” (Crick, 1968) are also consistent with concurrent 

stereochemistry, co-evolution, and adaptation: all four together may have shaped the ultimate 

‘universal’ genetic code” (Yarus et al., 2009). 

       

2. Coevolution Hypothesis 

As previously discussed, this postulates that the structure of the genetic code was 

determined by the sequence in which new amino acids arose by the biosynthetic modification 

of existing precursor amino acids, with ‘emerging’ amino acids inheriting part of the codon 

set previously belonging to the precursor (Wong, 1975, 2005, 2007). According to this 

criteria, Wong (1975) suggests the first amino acids were glycine, alanine, aspartic acid, 

glutamic acid and serine.  

 

3. Adaptive Hypothesis  

This proposes that the genetic code has evolved in such a way so as to minimize the 

effects of mutation, with the result that chemically similar amino acids have related codons 

(Freeland and Hurst, 1998). 

 

4. Operational RNA Code Hypothesis 

As previously discussed, others have postulated an ancestral link between the genetic 

code and the operational RNA code (Musier-Forsyth and Schimmel, 1999; Di Giulio, 2004; 

Rodin et al., 1993, 1996; Rodin and Rodin, 2008) that occurs in the acceptor stem of 

contemporary tRNAs and is involved in the specificity of aminoacylation. It is possible that 

as part of a hairpin duplication that produced tRNA, the ancestral operational RNA coding 

sequence was duplicated and subsequently evolved to become both the contemporary 

operational RNA code sequence and the anticodon. As previously discussed, Rodin and 

colleagues (Rodin et al., 1993, 1996; Rodin and Rodin, 2008) identify the first three positions 
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of the acceptor stem of contemporary tRNA as being homologous to the anticodon triplet 

even though, as they themselves admit, “straightforward analysis failed to uncover any traces 

of homology in this case” (Rodin and Rodin, 2008). Despite this, they have produced a 

mechanism for the elaboration of the genetic code by the production of tRNA pairs 

containing complementary anticodons.  

 

5. Frozen Accident Hypothesis 

Crick's frozen accident hypothesis was originally presented as an explanation for the 

'universality' of the genetic code, although at the time he proposed it he acknowledged the 

possibility of some natural variation (Crick, 1968). This variation and its extent, particularly 

in mitochondria, has become evident only more recently (Sengupta et al., 2007). In its 

extreme form the frozen accident theory proposes that the assignment of codons/anticodons 

to amino acids was completely random, but once made was locked in place due to the hugely 

deleterious effect any changes would have had on cell proteins. However, this extreme form 

of the theory is not supported by a non-standard code being found in organisms like the yeast 

Candida albicans (Moura et al., 2007) and the ciliates Tetrahymena thermophila and 

Paramecium tetraurelia (Salim et al., 2008). Nevertheless, the basic organization of the 

genetic code table does appear to be ‘frozen’ (Ellington et al., 2000). 

 

Of the above theories, arguably the coevolutionary and adaptive hypotheses are less 

applicable to the code's origin than to its subsequent evolution.  

  

1.3.5 The origin of coded protein synthesis 
 

Wolf and Koonin (2007) have described the origin of the translation system as 

“arguably, the central and the hardest problem in the study of the origin of life, and one of the 

hardest in all evolutionary biology”. This is due not only to the overwhelming complexity of 

contemporary protein synthesis with its large number of components and the large size of 

some of these components - and the extreme unlikelihood that these could have all arisen 

simultaneously - but also to the fact that evolution is not goal-driven: “Since evolution has no 

foresight, the translation system could not evolve in the RNA World as the result of selection 
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for protein synthesis and must have been a by-product of evolution driven by selection for 

another function” (Wolf and Koonin, 2007). In the most well known version of this idea, 

Weiss and Cherry (1993), Gordon (1995) and Penny and colleagues (Poole et al., 1998; 

Penny, 2005) have proposed that the small ribosomal subunit evolved from an RNA 

replicase/triplicase that replicated RNAs using the anticodon triplets of tRNAs rather than 

mononucleotides, in a process possibly driven energetically by concomitant peptide synthesis 

(Gordon, 1995; Poole et al., 1998; Penny, 2005). Originally proposed by Weiss and Cherry 

(1993) as a model for the origin of translocation the triplicase hypothesis has the benefit of 

satisfying the perceived need for a prior function for the proto-ribosome, with the added bonus 

of explaining the absence of evidence for an RNA replicase in contemporary biology, 

presumably essential to the existence of an RNA world (Penny, 2005). One piece of evidence 

given in support of the model by Gordon (1995) is the existence of an E. coli anticodon 

nuclease which is able to cleave tRNA immediately 5' to the anticodon (Morad et al., 1993). 

However, as Wolf and Koonin (2007) point out, a triplicase/protoribosome would have to be a 

“tremendously advanced, complex RNA machine”, concluding that, “the triplicase might not 

be the most likely solution to the origin of translation problem”.  

In this context, the argument that evolution is not goal-driven ignores the possibility 

that the evolution of coded protein synthesis may have been driven by the accumulation of 

incremental advances which led initially from the synthesis of random short peptides by a 

noncoded process through to the eventual production of long complex proteins by a system of 

coded protein synthesis. This view holds that the contemporary (sometimes very large) 

components have evolved from smaller molecules that possessed, if not all, at least some of 

their current functions. Thus, the larger problem can be distilled down to a smaller problem: 

how did the two main functions of the contemporary ribosome, peptide synthesis and 

decoding, arise? As W. Ford Doolittle has stated, of these two, peptide synthesis presumably 

came first, as without it there would be nothing to be coded (comment in Smith et al., 2008). 

Peptide synthesis is a function of the large ribosomal subunit RNA of the contemporary 

ribosome, so key to this discussion is the origin of this structure. Maizels and Weiner (1987), 

Bokov and Steinberg (2009) and Yonath and associates (Agmon et al., 2005) have all 

proposed that the large ribosomal subunit RNA arose from the duplication of a ribozyme able 

to bind an RNA hairpin possessing an aminoacylated 3' CCA terminus.  

Bokov and Steinberg (2009) have deconstructed the large ribosomal subunit RNA based on 
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an analysis of the distribution of tertiary structure A-minor interactions, in which the minor 

groove edges of unpaired nucleotide bases (usually adenines) are inserted into the minor 

groove of neighbouring helices, preferentially at C-G base pairs, where they form hydrogen 

bonds with one or both of the 2' OHs of those pairs5 (Nissen et al., 2001) (Figure 1.7).  

 

 

 
 

Figure 1.7 Deconstruction of 23S rRNA according to Bokov and Steinberg (2009). 
Proposed ancestral regions of Domain V form the PTC (peptidyl transferase centre): unboxed area on right in 
blue and red. Reprinted by permission from MacMillan Publishers Ltd: Nature (Bokov and Steinberg, 2009). 
 

 

Reasoning that the double helix component is stable in the absence of the unpaired 

adenosines but not vice versa, they argue that the double helices must have evolved first, 

allowing them to define the ancestral components of the large ribosomal subunit RNA. When 

this was done, a region of Domain V of the large subunit RNA consisting of two consecutive 

110-nucleotide fragments having almost identical secondary and tertiary structure was 

identified, corresponding to the A and P sites of the peptidyl transferase centre (PTC) where 

peptide synthesis occurs in the contemporary ribosome (interestingly, George Fox and 

colleagues had earlier made the argument that Domain V was likely the oldest region of 
                                                
5 This is the same interaction involved in the discrimination of the anticodon-codon 
interaction by A1492 and A1493 at the bacterial ribosomal decoding site, as well as the binding 
of A76 of the P site and A site tRNAs to the ribosomal peptidyl transferase site (Lescoute and 
Westhof, 2006). 
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rRNA on the basis that it has the most interconnections with other parts of the ribosome 

(Hury et al. (2006)). Bokov and Steinberg’s findings are in agreement with those of Yonath 

and colleagues, who make the observation that the “backbone folds [of the A and P sites of 

the PTC], irrespective of the nucleotide sequences, are related by pseudo two fold symmetry” 

(Davidovich et al., 2009). The ribose-phosphate backbones of the two proposed duplicated 

segments map onto each other extremely closely (Figure 1.8). 

 

  

 

 
 
Figure 1.8 Mapping of the ribose-phosphate backbones of the P subregion (green) and 
A subregion (blue) (left) of the peptidyl transferase centre (right). Figures adapted from 
Davidovich et al. (2009) with permission from Elsevier. 
 

 

Smith et al. (2008) have also presented a theory for the origin of the ribosome that 

supports the large ribosomal subunit evolving first. However, their argument is based largely 

on the fact that, unlike the case of the peptidyl transfer centre, there is no single self-folding 

RNA segment comprising the decoding site of the small subunit; why this should infer a 

more recent origin is not intrinsically obvious, as the small subunit RNA had to evolve at 

some time. It would be interesting to repeat Bokov and Steinberg’s (2009) deconstruction 

performed on the large subunit RNA (based on the A-minor interaction) for the small subunit 

RNA. However, if the two subunits evolved in isolation (with the regions of interaction 

evolving at a later stage), such a chronology may not be informative for how the early parts 

of the two evolutionary histories relate. 

In the absence of the small ribosomal subunit (which is responsible for decoding in 

the contemporary ribosome), peptide synthesis catalysed by the ancestral peptidyl transferase 
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ribozyme would necessarily have been noncoded. The evolution of coded protein synthesis 

from such an earlier noncoded system has been proposed by a number of researchers, 

including Orgel (1989), de Duve (1991, 2002, 2005a), Schimmel (Schimmel and Henderson, 

1994; Henderson and Schimmel, 1997) and Noller (2006, 2004), and more recently joined by 

Penny et al. (2009). Noller (2006) has proposed that the ribosome evolved from “smaller 

functional units capable of carrying out the different translational steps such as peptidyl 

transfer, decoding, and so on”, similar to the view of Penny and co-workers, who have stated, 

“It is possible that the several active sites of modern ribosomes evolved as separate 

ribozymes” (Poole et al., 1998). De Duve (1991, 2002, 2005a) has suggested that coded 

protein synthesis arose from a noncoded system in which selection was on the basis of 

efficient peptide synthesis, and that proto-mRNA originally played a structural role, 

immobilizing pairs of proto-tRNAs on an ancestral peptidyl transferase; in a recent paper on 

the origin of introns, Penny et al. (2009) appear to define the role of the first mRNA in 

similar terms. 

In contrast, Wolf and Koonin (2007) have proposed that it was the ancestral small 

ribosomal subunit RNA that first evolved to stabilize the binding of proto-tRNAs to the 

ancestral peptidyl transferase. However, the demonstration that, “a tRNA bound to the P site 

of non-programmed 70S ribosomes [i.e. in the absence of mRNA] contacts predominantly the 

50S, as opposed to the 30S subunit, indicating that codon-anticodon interaction at the P site is 

a prerequisite for 30S binding” (Schäfer et al., 2002) argues that the mRNA-tRNA interaction 

is the more ancestral. Wolf and Koonin have suggested that the first proto-mRNAs arose as 

part of the small ribosomal subunit RNA, only later becoming discrete entities (this is similar 

to the idea of Maizels and Weiner, 1987). The opposing view is that that mRNA was a 

diffusible element from the outset, with Penny and colleagues, for example, arguing that 

mRNA originally evolved from nonfunctional RNA interspersed between functional RNA 

genes, as part of their ‘introns first’ theory (Poole et al., 1998), and Crick and co-workers 

suggesting that mRNA could have been formed initially “using the anticodon loops of the 

existing tRNA’s [sic] molecules as partial templates” (Crick et al., 1976; italics in original). 

 

 

 



 

 32 

1.4 tRNA oligomerization 

 

Since the early days of research into tRNA in the 1960s, a number of papers have 

appeared in the literature reporting tRNA oligomerization, and it has been found to occur 

with both mixed tRNA preparations as well as individual purified tRNA species (see Kholod, 

1999 and references therein). The use of unmodified tRNAs produced by in vitro 

transcription for tRNA studies has led to an increase in interest in tRNA oligomerization due 

to potential problems it can create for data interpretation (Kholod et al., 1998a, 1998b). 

Unmodified tRNAs have been shown to have a similar, if somewhat looser, 3D structure 

compared to their respective post-transcriptionally modified versions (Sampson and 

Uhlenbeck, 1988; Claesson et al., 1990; Perret et al., 1990; Derrick and Horowitz, 1993; 

Vermeulen et al., 2005) 

An example of a dimer-forming tRNA that has been studied as an in vitro transcript is 

the A14G mutant human mitochondrial tRNALeu(UAA) that causes two disease conditions: 

MIDD (maternally-inherited diabetes and deafness) and MELAS (mitochondrial myopathy, 

encephalopathy, lactic acidosis and stroke-like episodes). The single point-mutation in the D 

loop creates a self-complementary GGGCCC sequence that both oligonucleotide-inhibition 

and enzyme probing show is responsible for dimerization (Wittenhagen and Kelley, 2002; 

Roy et al., 2005) (Figure 1.9). 

 

1.4.1 tRNA dimer crystal structures 
 

A number of tRNAs crystallize as dimers. For example, the second tRNA to have its 

crystal structure elucidated was yeast tRNAAsp(GUC) that forms dimers through its quasi self-

complementary GUC anticodon (Moras et al., 1980; Westhof et al., 1985; Moras et al., 1986) 

(Figure 1.10). As the descriptor ‘quasi’ indicates, the helix formed by the two GUC 

anticodons contains a U/U mismatch at the middle position. It is not known whether there is a 

weak base pair interaction between the two uridine residues or whether they are able to be 

accommodated within the anticodon-anticodon helix in the absence of such an interaction 

(Romby et al., 1986). 
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Figure 1.9 2D cloverleaf schematic of unmodified A14G mutant human mitochondrial 
tRNALeu(UAA) dimer. Dimer interface shown. Mutated nucleotide in bold.  

 
 

 

 

 
Figure 1.10 Crystal structure of yeast tRNAAsp dimer. Quasi self-complementary GUC anticodon 
shown. Adapted from PDB file provided by Philip Dumas (Moras et al., 1986).  
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Another tRNA that forms anticodon-anticodon contacts in the crystal is E. coli Cys-

tRNACys, which has been crystallized in complex with EF-Tu-GDPNP from Thermus 

aquaticus (Nissen et al., 1999). In contrast to the tRNAAsp interaction which spans the 

anticodon triplet, the dimer interface is confined to the first two anticodon bases, the self- 

complementary dinucleotide G34C35. This short duplex is flanked on either side by the third 

anticodon base, A36, which stacks onto the helix, resulting in the formation of a continuous 

base-pairing interaction between the two molecules (Nissen et al., 1999). 

In the crystal structure of mammalian tRNALys(s
2
UUU) that functions as the HIV primer 

for reverse-transcription, the tRNAs are associated in a head-to-tail arrangement such that the 

3'-terminal CCA sequence of one tRNA interacts with the anticodon of the other (Bénas et 

al., 2000). Despite being obscured by an interaction with another nearby tRNA in the crystal, 

the fundamental interaction appears to be between the C75A76 of one tRNA and U35U36 of the 

other that includes a non-canonical C75-U36 base pair.  

 

1.4.2 tRNAGly(GCC) dimers 
 

Following the study of yeast tRNAAsp(GUC), other tRNAs containing quasi self- 

complementary anticodons were investigated using the temperature-jump method (which 

involves the spectrophotometric measurement of the molecular relaxation event of the dimer 

following a sudden temperature increase of 4.2 °C) to see whether they also form dimers  

(Romby et al., 1985). Of these, E. coli tRNAAla(GGC) and E. coli tRNAVal (GAC), with their 

larger purine middle bases (G and A, respectively), were found not to form dimers in 

solution, probably due to steric hindrance (Romby et al., 1985, 1986). However, E. coli 

tRNAGly(GCC) with its smaller pyrimidine middle base (C), did form dimers, but only at pH 4-

5 (Romby et al., 1986) (in contrast, tRNAAsp forms dimers at neutral pH and not low pH 

(Romby et al., 1986)).   The authors explain this as being due to hemiprotonation of the GCC 

anticodon of tRNAGly(GCC) at acidic pH, so that the two cytosines in the middle position of the 

two anticodons share a single proton, allowing the formation of a hydrogen-bonded pair 

(Romby et al., 1986). This type of base-pairing had previously been observed in antiparallel 

DNA strands, where protonated C-C+ base pairs were shown to occur at acidic pH (Gray and 
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Vaughan, 1980). The same tRNA6, tRNAGly(GCC) from yeast7 (Söll et al., 1967; Hampel, 

1969; Hampel et al., 1971), and from Bombyx mori (the silk moth) (Amano and Kawakami, 

1992: Amano and Kyogoku, 1993) also forms dimers. In the case of yeast tRNAGly(GCC), the 

association is almost certainly also due to hemiprotonation of the anticodon, as most (if not 

all) of the procedures under which oligomerization was found to occur used acidic 

conditions, namely DEAE-Sephadex and DEAE-cellulose chromatography at pH 4.5, gel 

filtration on Sephadex G-100 columns at pH 4.2 and electrophoresis on polyacrylamide gels 

(containing 0.05 M HCl) (Söll et al., 1967; Hampel, 1969; Hampel et al., 1971). In the case 

of Bombyx mori, the tRNAGly(GCC) was purified by chromatography on a benzoylated DEAE-

cellulose column at pH 4.6 (albeit sometimes followed by a Sephadex column at pH 7.0). 

NMR studies were carried out at pH 7.0 (Amano and Kawakami, 1992; Amano and 

Kyogoku, 1993); however, it is possible that the dimers that formed during the 

chromatography at low pH were robust enough to survive the subsequent neutral pH 

conditions. Interestingly, Hampel et al. (1971) found evidence that yeast tRNAGly(GCC) forms 

oligomers larger than dimers, which cannot be explained by a single self-complementary 

sequence - the quasi self-complementary GCC anticodon. 

 

1.4.3 Classification of tRNA dimers  
 

1.4.3.1 Homo- versus heterodimers 
 

One can categorize tRNA oligomerization by a number of criteria. Homodimers, which are 

formed by two identical tRNAs, require the presence of complementary sequences within the 

same molecule. These sequences may be self-complementary, as is the case with the A14G 

mutant of human mitochondrial tRNALeu(UAA) and in yeast tRNAAsp(GUC), but this is not a 

                                                
6 The species of tRNAGly isoacceptor from E. coli and yeast (i.e. with anticodon GCC) was 
determined by anticodon-binding studies (Söll et al., 1967). 
7 Yeast tRNAGly(GCC) has been crystallized (Wright et al., 1979) but only in the presence of a 
high concentration of organic solvent (50 % dioxane-water (v/v)), and at pH 6.1. The crystal 
structure is unusual in that the acceptor stem is splayed open, which may be due to the high 
solvent concentration. Unlike yeast tRNAAsp(GUC) (and as could be expected at this higher 
pH), a dimer was not in the crystal. It has been suggested by Dirheimer et al. (1995) that the 
crystals contained a mixture of tRNA species. 
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prerequisite. Examples of tRNA homodimers that have been studied are listed in Table 1.2. 

Dimer interfaces have been proposed for a number of these (Loehr and Keller, 1968; 

Pieczenik, 1980; Curnow and Garcia, 1994; Madore et al., 1999). In the case of tRNAGlu
2, an 

alternative, inactive conformation caused by low [Mg2+] is responsible for formation of the 

dimer (Madore et al., 1999). In the case of the E. coli strain CA274 suppressor tRNATyr (not 

shown in Table 1.2), multimers were also detected (Pieczenik, 1980). 

Heterodimers (also shown in Table 1.2) are formed between two different tRNAs with 

complementary sequences. Examples are tRNAs with complementary anticodons (for 

example, tRNAAsp(GUC) and tRNAVal(GAC)) and these have been studied for possible insight 

into codon-anticodon interactions (Grosjean et al., 1976; Romby et al., 1985). It is probable 

that all tRNA molecules have potential to form such dimers. 

  

 

  

Table 1.2 tRNA-tRNA interactions classified on basis of authors’ models 

 

 

 

 Duplexes Dimers 
 
Homo- 

 
1. tRNATyr (unmodified T7 
transcript) (E. coli) 
(Curnow and Garcia, 1994) 
 

2. tRNAAla (yeast) (Loehr 
and Keller, 1968)  
 

 
1. A14G mutant human mitochondrial tRNALeu(UAA) (Wittenhagen 
and Kelley, 2002) 
 

2. tRNAAsp(GUC) (E. coli: Romby et al., 1985) (yeast:  Moras et al., 
1980; Westhof et al., 1985; Moras et al., 1986; Romby et al., 1986) 
 

3. tRNAGly(GCC) (E. coli: Romby et al., 1986) (yeast: Söll et al., 
1967; Hampel, 1969; Hampel et al., 1971)  (Bombyx mori: Amano 
and Kawakami, 1992; Amano and Kyogoku, 1993)  
 

4. tRNAGlu(s
2
UUU) (E. coli) (Madore et al., 1999) 

 

5. tRNALys(s
2
UUU) (mammalian) (Bénas et al., 2000) 

 

6.  Cys-tRNACys (E. coli) (Nissen et al., 1999)   
 

 
Hetero- 

 
_ 

 
tRNA pairs with complementary anticodons 
(e.g. tRNAPhe(GAA)/tRNAGlu(s

2
UUU)) (Grosjean et al., 1976) 
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1.4.3.2 Dimers versus duplexes 
 

  Another criteria used to categorize dimer-forming tRNAs is Kholod’s (1999) 

distinction between ‘true’ dimers and complexes. According to this definition, ‘true’ dimers 

are formed by the total or partial melting of tRNA secondary structure, similar to the 

duplexes formed between complementary oligonucleotides. Complexes, on the other hand, 

are formed by the interaction of tRNA loops without destruction of the tRNA secondary 

structure (Kholod, 1999). This is similar to Laughrea and Jetté’s distinction between tight 

(high stability) and loose (low stability) dimers (Laughrea and Jetté, 1996). ‘True’/tight 

dimers can only be dissociated by high temperatures or in the presence of denaturants, 

whereas complexes/loose dimers are sensitive to more subtle changes in the environment like 

pH and Mg2+ concentration. I will use the term ‘duplex’ for a ‘true’/tight dimer, and reserve 

the term dimer for the low-stability interaction between single-stranded regions of RNA 

(often loop-loop or ‘kissing’ interactions). By this definition, one can classify the known 

tRNA dimers into four classes, based on their proposed dimer interfaces (see Table 1.2). 

 

1.4.4 Proposed secondary structures of dimers 
 

Only two of the tRNAs listed in Table 1.2 are proposed to form duplexes: the 

unmodified in vitro transcript of E. coli tRNATyr (Curnow and Garcia, 1994) and yeast 

tRNAAla (Loehr and Keller, 1968). For these two, secondary structure models have been 

proposed; however, it is difficult to evaluate their accuracy. The better dimer models are 

based on structural studies, such as oligonucleotide-inhibition and enzyme probing studies 

(or, even better, nucleotide substitution, where mutagenesis of the proposed dimer interface is 

used to disrupt the interaction followed by restoration of complementarity to restore the 

interaction). For the majority of those listed in Table 1.2, however, the dimer interface is 

predicted solely on the basis of sequence complementarity. Curnow and Garcia’s (1994) 

model for the unmodified in vitro transcript of E. coli tRNATyr duplex is based on the pairing 

of two nearly-self complementary T stem/loops, the presence of which is not a unique 

property of this tRNA species. Loehr and Keller’s (1968) double-cloverleaf model for the 

yeast tRNAAla duplex is, as they acknowledge, applicable to any tRNA species. 
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1.4.5 Oligomerization potential of tRNA 
As the previous sections indicate, the anticodon is an important interface for tRNA 

oligomerization. This is not surprising, given the anticodon’s primary role in protein 

synthesis as an exposed sequence that forms base-pairing interactions with mRNA on the 

ribosome. Nevertheless, all of tRNA’s single-stranded regions are able to make 

intermolecular interactions potentially supportive of oligomerization, examples of which are 

listed below.  

 

1.4.5.1 Anticodon loop 
 

As noted above, the anticodon’s most important intermolecular interaction is with 

mRNA in the ribosomal decoding site. However, the anticodon also interacts with the 

specifier codon of the anti-terminator element in the 3' UTR of mRNAs coding for amino 

acid-related genes in Gram-positive bacteria (e.g. Yousef et al., 2005) (Figure 1.11). 

Interestingly, this interaction occurs in the absence of the ribosome.  

The entire anticodon loop of an unmodified in vitro transcript of yeast tRNAPhe is able 

to form complexes with RNA aptamers, when the complementary sequence is part of a well-

defined 

  

  

 
Figure 1.11 Interaction of B. subtilis glyQS leader RNA with tRNAGly – the T box model. 
Reprinted from Yousef et al. (2005) with permission from Elsevier. 
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secondary structure, although not necessarily in a loop (the aptamers have complementarity 

to six or seven nucleotides of the anticodon loop 5'-CUGAAGA-3' sequence, including four 

A/U (but no G/U) base pairs) (Scarabino et al., 1999). However, this is not always the case. 

An unmodified in vitro transcribed tRNA containing an anticodon loop with seven 

nucleotides complementary to the anticodon loop of an amber suppressor tRNALeu did not 

form dimers with the suppressor (where the complementary anticodon loop sequences were 

5'-CUCUAAA-3' (suppressor) and 5'-UUUAGAG-3' (anti-suppressor)) (Attardi and 

Tocchini-Valentini, 2002). In other cases, not all seven nucleotides of the anticodon loop may 

be available for base pair interactions. An unmodified E. coli tRNAPhe and mammalian HIV 

reverse-transcription primer tRNALys have been found to possess a three-nucleotide anticodon 

loop consisting of only the anticodon triplet as a result of having seven base pairs in their 

anticodon stems (Cabello-Villegas et al., 2002: Bénas et al., 2000; Durant and Davis, 1999). 

Cabello-Villegas et al. (2002) hypothesize that other tRNAs with similar quasi-self 

complementary anticodon loop sequences (e.g. E. coli tRNAGly(GCC): 5'-UUGCCAA-3') may 

also have three-nucleotide anticodon loops. For example, the crystal structure of yeast 

tRNAGly(GCC) shows a seven-nucleotide anticodon loop identical to that of tRNAPhe (Wright et 

al., 1979); however the anticodon sequence is ΨUGCCAΨ, which is not quasi-self 

complementary (Ψ = pseudoU). 

 

1.4.5.2   3'-terminal CCA  
 

The 3'-terminal CCA sequence is the most highly conserved of all tRNA sequences, 

occurring as it does in all mature tRNA molecules (Marck and Grosjean, 2002). This is 

despite not being encoded in the majority of archaebacterial and eukaryotic genomes but 

rather being added by the CCA-adding enzyme, tRNA nucleotidyltransferase (Xiong and 

Steitz, 2006). However, as tRNA arose in the RNA World where the phenotype was the 

genotype, this lack of encoding does not imply a lack of conservation; rather, it seems likely 

that tRNA nucleotidyltransferase activity originated as a repair mechanism for damaged 

tRNAs, which allowed the subsequent loss of the CCA sequence in eukaryotic and 

archaebacterial genomes. In all but tRNAHis, the CCA sequence forms part of the single-

stranded N73C74C75A76 sequence, where N73 is known as the discriminator base, an important 

tRNA identity element (Marck and Grosjean, 2002). The NCCA sequence has been shown to 
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be able to adopt two distinct conformations depending on the nature of the discriminator 

base: a purine (A or G) in this position causes the sequence to adopt a rigid conformation, 

while a pyrimidine (C or U) provides the flexibility for the sequence to bend back and A76 to 

approach the 5' end (Cheng et al., 1980; Pscheidt and Wells, 1986; Puglisi et al., 1994).        

The 3'-terminal CCA sequence is involved in intermolecular base-pairing interactions 

with (1) 23S rRNA, (2) RNase P RNA and (3) the mRNA anti-terminator element of mRNAs 

coding for amino-acid related genes in Gram-positive bacteria (see Figure 1.11): 

 

1. 23S rRNA. Bases C74 and C75 of P-site tRNA form base pairs with G2252 and G2251, 

respectively in the interaction with 23S rRNA in the peptidyl transferase centre of the 

ribosome (Feinberg and Joseph, 2006), while C75 of A-site tRNA forms a base pair with 
G2553 (Kim and Green, 1999) (numbered according to E. coli rRNA). 

 

2. RNase P. C74 forms a canonical base pair with G293 of RNase P RNA, while C75 forms a 

base pair with G292, as part of a coplanar G292-C75-A258 base triple critical to the ribozyme’s 

high-affinity binding and catalytic efficiency (Busch et al., 2000). 

 

3. Anti-terminator. 3' NCCA of tRNAGly(GCC) (Yousef et al,. 2005), tRNATyr (Fauzi et al., 

2005) and tRNATrp (Gutiérrez-Preciado et al., 2007) forms complementary base-pairs with 

the NGGU sequence of the T box region in the interaction with the anti-terminator element of 

mRNAs coding for amino-acid related genes in Gram-positive bacteria (see Figure 1.11).    

 

Maizels and Weiner (1999) have proposed that the 3'-terminal CCA sequence was selected 

because the presence of two adjacent C-G base pairs enabled formation of particularly strong 

interactions with other RNAs.   
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1.4.5.3   D and T loops 
 

As previously mentioned, the D and T loop8 are primarily involved in intramolecular 

base-pairing interactions that cement the corner of tRNA’s L-shaped architecture. The two 

main inter-loop interactions are the G18 (D loop)-ψ55 (T loop), and the G19 (D loop)-C56  

(T loop) trans-Hoogsteen base pairs (Marck and Grosjean, 2002). However, there is some 

indication that the interaction between the two loops may be flexible. In the crystal structure 

of the tRNAAsp dimer, the tertiary base pairf between G19 in the D loop and C56 in the T loop 

is only partially present. Moras et al. (1986) hypothesize that this may be due to a transfer of 

mobility from the anticodon loop to the D/T loop corner upon anticodon-anticodon binding. 

An early theory held that the D and T loops moved apart on the ribosome to expose the 

highly conserved T loop/stem (G)TΨCG(A) sequence, enabling it to bind to a 

complementary sequence in 5S or 16S rRNA (Erdmann et al., 1973; Helk and Sprinzl, 1985). 

However, such an interaction was shown to be nonessential, as mutation of this tRNA 

sequence does not interfere with ribosomal function (Yarus and Breeden, 1981) and the 

interaction is not present in the crystal structure of the ribosome with tRNAs in the A and P 

sites (e.g. Voorhees et al, 2009) . 

 There are examples from the literature of interactions of the D and T loops with RNA 

aptamers. In the previously mentioned paper by Scarabino et al. (1999) titled ‘tRNA prefers 

to kiss’, the authors evolved by in vitro selection and amplification RNA aptamers that would 

bind an unmodified T7 transcript of yeast tRNAPhe. One of the aptamers that bound the tRNA 

contained two hexanucleotide sequence blocks complementary to the D loop and T loop; it 

bound even more strongly to a tRNAPhe in which the D loop/T loop tertiary interaction had 

been disrupted by U8A and G18C mutations (Scarabino et al., 1999). The aptamer possessed 

complementarity to all seven nucleotides of the T loop 5'-UUCGAUC-3' sequence, and all 

eight nucleotides of the D loop 5'-AGUUGGGA-3' base pairs (where the nucleotides in 

italics formed G/U base pairs) (Scarabino et al., 1999). Interestingly, the authors were 

attempting to generate aptamers that formed tertiary or non-base pairing interactions with the 

tRNA; however, as the title of their paper indicates, all of the aptamers selected formed base 

pair interactions.   
                                                
8  The D loop of tRNA possesses seven to eleven nucleotides, while the T loop possesses 
seven (Marck and Grosjean, 2002).   
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It has been proposed that the D and T stem/loops (in addition to the anticodon and  

3'-terminal GCCA sequence) of uncharged tRNATrp may interact with the trp leader transcript 

in Lactococcus lactis (van de Guchte et al., 2001), and that similar interactions may occur in 

other leader transcripts from L. lactis and B. subtilis. However, the complementary regions of 

the leader transcripts are mainly short and in the majority of instances are to the D and T 

stems rather than D and T loops. 

 

1.4.5.4   Multiple interactions of tRNA 
 

From this discussion it is clear that tRNA forms base-pairing interactions 

simultaneously through both its 3'-terminal CCA sequence and anticodon while on the 

ribosome and when interacting with anti-terminator elements of mRNA; in the latter case, 

with the possibility of further interactions through its D and T loops (van de Guchte et al., 

2001). As previously discussed, there is evidence for cooperativity in tRNA intermolecular 

interactions, in that the anticodon-anticodon interaction may cause a transfer of mobility to 

the corner of the L for tRNAAsp(GUC) on anticodon binding, with a consequent weakening of 

the G19-C56 tertiary interaction, potentially freeing the tRNA up for intermolecular 

interactions through its D and T loops (Moras et al., 1986). 

It has been postulated on the basis of sequence complementarity that mutA, a gene 

which codes for a missense suppressor glycine tRNA, can function as an antisense RNA, 

decreasing translation of the dnaQ gene by interacting with the 5' end of dnaQ mRNA 

through the tRNA’s 3'-terminal NCCA sequence, anticodon loop, T loop and (possibly) D 

loop (Dorazi, 2003).   

 

1.4.6 Strength of dimer interactions 
 

 Kd, the rate of dissociation, for tRNA dimers is a measure of the strength of the dimer 

interaction (Kd = [monomer]2/[dimer]). Kd is measured in a particular set of solution 

conditions. For example, the dimer of A14G mutant human mitochondrial tRNALeu(UAA) has a 

Kd = 150 (± 30) nM at 10 mM Mg2+, indicative of a strong interaction (Wittenhagen and 
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Kelley, 2002). 32P-labelled tRNA was used to measure the concentration dependence of the 

dimer formation, using a non-linear fit developed by Paillart et al. (1994).  

Using a different analytical approach (with different units for Kd), Romby et al. 

(1986) showed that the Kd of the tRNAAsp(GUC) and tRNAGly(GCC) homodimers (at pH 6.8 and 

4.5, respectively, and 10 mM Mg2+) were very similar to each other at 9.60 s-1 and 6.50 s-1, 

respectively. 

 

1.4.7 Solution conditions favouring tRNA dimerization 

 

 The main parameters affecting the ability of tRNAs to oligomerize are solution pH, 

temperature, and the concentrations of monovalent cations, divalent cations and multivalent 

cations (for example, spermine/spermidine) (Kholod, 1999). Conditions favouring RNA 

dimerization deduced from the literature are summarized in Table 1.3. A number of 

observations can be made: 

 

1. The tRNAsGly are unique in requiring acid conditions to dimerize. As previously 

discussed, this can be explained by the requirement for hemiprotonation of the 

quasi-self complementary GGC anticodon (Romby et al., 1986). 

 

2. There is a wide variation in the allowable temperature for dimer-formation, 

between -20 °C and 37 °C. Roy et al. (2005) found the A14G mutant human 

mitochondrial tRNALeu(UAA) dimer has a higher rate of formation at 37 °C than  

25 °C, perhaps due to labilization of the D stem (with consequent exposure of the 

self-complementary hexanucleotide sequence) at the higher temperature.  

In contrast, the Tm or melting temperature of the tRNAAsp(GUC)-tRNAVal(GAC) 

heterodimer is 18 °C (Romby et al., 1985), while the Tm for the tRNAAsp(GUC) and 

tRNAGly(GCC) homodimers is < 0 °C (Romby et al., 1986). 

 

3. The requirement for monovalent cation appears to be highly variable, with 0-1.6 

M being used in the preparation of the various dimers. Li+, Na+ and K+ (0.5 M) 

induced a low level of dimerization of the A14G mutant human 
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mitochondrialtRNALeu(UAA) (Roy et al., 2005). In contrast, Romby et al. (1985) 

found that NH4
+ (as ammonium sulfate at 1.6 M) stabilized the formation of the 

yeast tRNAAsp(GUC) dimer in solution. A high concentration of ammonium sulfate 

also facilitated the crystallization of this tRNA (Moras et al., 1980). It is likely 

  

 

Table 1.3 Solution conditions favouring formation of tRNA dimers 
 

tRNA 
 

pH 
 

Temp/ 
°C 

 
[M+] 

 
[M2+] 

 
[Mn+] 

 
E. coli tRNAGly(GCC) (Romby et 
al., 1986) 

 
4.5-5.2 

 
1-10 

 
0.1 M Na+ 

 
10 mM Mg2+ 

 
- 

 
Yeast tRNAGly(GCC) (Hampel, 
1969; Hampel et al., 1971) 

 
4.2 

 
-20 

 
0.4 M Na+ 

 
10 mM Mg2+ 

 
- 

 
Bombyx mori tRNAGly(GCC) 
(Amano and Kawakami, 1992: 
Amano and Kyogoku, 1993) 

 
4.6 

 
RT 

 
- 

 
- 

 
- 

 
Yeast tRNAAsp(GUC) (Romby et 
al., 1985) 

 
6.8 

 
0-10 

 
0-1.6 M NH4

+  
 

10 mM Mg2+ 
 

0-3 mM 
spermine 

 

In vitro A14G mutant human 
mitochondrial  tRNALeu(UAA) 
(Wittenhagen and Kelley, 2002; 
Roy et al., 2005)  

 

7.5 

 

37 

 

0-0.1 M Na+  
 

 
2-10 mM Mg2+ 

 
0-1 mM 
spermine 

 

In vitro E. coli tRNAAla(GGC) 
(Gillet and Felden, 2001) 

 

6.9 

 

37 

 

0.20 M NH4
+ 

 

3 mM Mg2+ 

 

10 mM 
spermidine 

 

In vitro tRNAPhe (Kholod, 
1998a) 

 

7.45 

 

37  

 

0.05 M K+ 

 

0.3 mM Mg2+ 

           
- 

 

Yeast tRNASer (Adams and 
Zachau, 1968; Zachau, 1968) 

 

7.0 

 

4 

 

0.15 M K+  

 

5 mM Mg2+ 

 
- 

 

In vitro Methanococcus 
jannaschii/M. maripaludis  
tRNASer (Bilokapic et al., 2004) 

 

7.0 

 

4 

 

- 

 

5 mM Mg2+ 

 
- 

 
E. coli tRNATyr (Curnow and 
Garcia, 1994) 

 
7.5 

 
4 

 
0.5-1.0 M Na+ 

 
- 

 
- 

NB: Conditions for crystallization and non-denaturing gel electrophoresis (where applicable) are not included. 
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that such a high concentration of monovalent cation can stabilize the 3D structure of 

tRNA in the absence of Mg2+ (Schimmel and Redfield, 1980). 

 

4. Up to 10 mM Mg2+ is commonly used in the preparation of the various dimers9. 

Dimerization of the A14G mutant human mitochondrial tRNALeu(UAA) is 

dependent on the presence of Mg2+, with 4 mM promoting 50 % dimerization 

(Roy et al., 2005). The authors suggest that this requirement for Mg2+ bears 

similarities to the situation for the HIV-1 DIS where a Mg2+-binding site may 

exist within the dimer interface (Ennifar et al., 2001). The crystal structure of 

yeast tRNAPhe contains 8 high-affinity Mg2+-binding sites (Shi and Moore, 2000). 

These sites are: (i) in the acceptor stem; (ii) two sites at the bend between the 

acceptor stem and D stem; (iii) in the anticodon loop (these may be involved in 

stabilizing this single-stranded region); (iv) in the anticodon stem; (v) in the 

variable loop; and (vi) two sites in the D loop, one of which coordinates with both 

the D and T loops (Quigley et. al., 1978). In apparent contradiction to its role in 

stabilizing tRNA structure, Mg2+ can also cause the unfolding and relaxation of 

tRNA secondary structure, as is the case with the D stem of bovine mitochondrial 

tRNAMet (Jones et al., 2006). 

 

5. The requirement for multivalent cations such as spermine (charge ~+3) and 

spermidine (charge ~+4) appears to be variable, and the polyamines are not 

included in the majority of tRNA preparations. Romby et. al. (1985) found the 

preparation of yeast tRNAAsp(GUC) dimer was not affected by spermine, whereas 

the A14G mutant human mitochondrial tRNALeu(UAA) dimer was strongly 

stabilized by 1-3 mM spermine (L. Wittenhagen, pers. commun.). In yeast 

tRNAPhe there are two polyamine binding sites in the structure – one along the  

D stem/anticodon stem helix, the other in the vicinity of the extra loop (Quigley 

et. al., 1978). Resolution of the crystal structure of tRNAPhe was made possible 

                                                
9 The concentration of Mg2+ must be chosen with care: it has been shown that 50 mM Mg2+ 
(with 0.5 M KCl and 0.5 µM RNA) causes the oligomerization of more than half a pool of 
randomly-generated RNAs (Vlassov, 2004).  
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only by the addition of spermine, yielding crystals with diffraction patterns of 

nearly 2-Å resolution (Quigley et al., 1978). 
 

1.5 Oligomerization of other RNAs 

 

In addition to tRNA, a number of other RNA molecules form dimers and higher 

oligomerizes by loop-loop or ‘kissing’ interactions (for review, see Brunel et al., 2002). A 

few of the most relevant are outlined below.  

 

1.5.1 RNA retrovirus dimers  
 

The infectivity of RNA retroviruses is dependent on the dimerization of their single-

stranded genomic RNA (e.g. Laughrea and Jetté, 1996; Polge et al., 2000). In HIV-1, the 

dimerization-initiation site (DIS) consists of a stem-loop structure with either a self-

complementary GCGCGC or GUGCAC loop sequence (Song et al., 2007). Perhaps 

surprisingly, both sequences have the same stability. However, out of a potential 64 self-

complementary hexanucleotides these are the only two sequences that are found, suggesting 

perhaps that two is the maximum number of A-U base pairs that can be tolerated. In addition, 

the two central nucleotides are critical for stability suggesting they may form the nucleation 

point of the dimer (Brunel et al., 2002). The GCGCGC sequence has been shown to be 

responsible for dimerization, with the initial dimer (loop-loop kissing interaction) thought to 

convert into a duplex by extension of the helix at both ends (Laughrea and Jetté, 1996). 

Laughrea and Jetté’s model is based on work with truncated versions of the viral RNA; 

whether the conversion to duplex occurs in vivo is controversial (e.g. see Brunel et al., 2002). 

The dimer forms spontaneously at physiological temperatures; conversion to the heat-stable 

duplex is achieved by incubation at 55 °C in the absence of, or at 37 ºC in the presence of 

nucleocapsid protein NCp7 (Laughrea and Jetté, 1996). In avian leukosis virus RNA, there 

may be a similar transition between dimer and duplex, the self-complementary loop sequence 

in this case being GGGCCC (Polge et al., 2000). 
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1.5.2 Antisense RNAs 
 

Complementary loop-loop interactions are used by natural antisense RNAs involved 

in regulation in bacterial plasmids (Brunel et al., 2002). Interestingly, most loops are six or 

seven nucleotides long and contain the highly conserved 5'-YUNR motif, the consensus 

sequence being UUGG. Elements of this sequence occur in tRNA loops: in the highly 

conserved 5'-YU sequence in the anticodon loop (which exposes the three downstream 

anticodon nucleotides), and in the TΨCR sequence in the T loop (Franch et al., 1999). 

Similar to its role in the anticodon loop, this sequence creates a U-turn which presents the 

downstream 3-4 loop nucleotides in a solvent-exposed configuration available for 

intermolecular interaction, and may increase the rate of association between the antisense 

RNA and its target that is important for inhibition in vivo (Franch et al., 1999).  

An example of an antisense interaction that has been studied by UV melting curve 

analysis is that between complementary loop sequences in RNA I and RNA II, involved in 

the replication of plasmid ColE1 from E. coli (Gregorian and Crothers, 1995). The loop 

sequences are 5'-UUGGUAG-3' (RNA I) and 5'-CUACCAA-3' (RNA II); RNA I has a 5'-

YUNR-3' U-bend and RNA II has the 5'-YU-3' partial U-bend (the loop sequence of RNA I is 

identical to the (unmodified) anticodon loop of E. coli tRNAThr, while RNA II’s loop 

sequence has homology with the anticodon loop sequence of E. coli tRNAGly(GCC), both being 

5'-YURCCAA-3'). Dimerization requires full complementarity between all seven nucleotides 

of each loop, although loop nucleotides 1 and 7 are the most important (the two stem base 

pairs closest to the loop are also important). Sequence variability in the middle of the loops 

has little effect on the stability of the interaction (Gregorian and Crothers, 1995). 

Interestingly, simply inverting the 1st and 7th loop nucleotides of each loop (so that 

complementarity is maintained) increases the stability of the dimer by 350 fold (Gregorian 

and Crothers, 1995). While the rate of association of the inverted hairpins is in fact ten times 

slower than the wild-type arrangement, the rate of dissociation is nearly 10,000 times slower. 

The slower rate of association is probably due to the loss of the loop U-turns of the two 

RNAs and may be the reason why the inverted loop sequences have not been selected by 

evolution (the inverted loops have a 5'-RU sequence as opposed to the wild-type 5'-YU 

(Gregorian and Crothers, 1995); another possibility is that the interaction between the 
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inverted loops is too stable). The effect of altered stem base-pairs on dimerization is probably 

due to stacking effects and indicates a degree of cooperation between the two stems in 

stabilizing the interaction. There are at least two Mg2+ ions per dimer in both wild-type and 

inverted loop complexes (Gregorian and Crothers, 1995). In order to accommodate seven 

inter-loop base pairs, a sharp bend in the loop-loop helix of 45-90° is necessary (Marino et 

al., 1995); this is in contrast to the anticodon-anticodon interaction of the tRNAAsp(GUC) dimer, 

where no such bend occurs10 (Romby et. al., 1985). 

 

1.5.3   Bacteriophage φ29 pRNA oligomerization 
 

Bacteriophage φ29 is one of a number of phages from Bacillus subtilis that utilize a 

120 nucleotide RNA (pRNA) as an essential part of a DNA-translocation motor that injects 

viral DNA into the protein capsid (Guo, 2002) (Figure 1.12). pRNA forms dimers, trimers, 

tetramers and hexamers (possibly the functional component) by what has been described as a 

  

 
 
 
Figure 1.12 Assembly model of φ29 DNA packaging motor. Hexamer RNA = pRNA. Reprinted 
from Lee et al. (2009) with permission from Springer. 

                                                
10 Hairpin loops containing inverted RNA I and RNA II stem/loop sequences have been used 
to assemble a tRNA-shaped molecule with presumably an ~90° angle between the two stems 
(Kushiro and Schimmel, 2002).  
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hand-in-hand interaction between the apical and internal loops of adjacent molecules. Only 

0.4 mM Mg2+ or 5 mM spermidine was required for dimer formation although 1 M 

monovalent cations (e.g. Na+) provided the same effect (Chen et al., 2000). There can be up 

to five complementary nucleotides in the two loops, with typical interacting sequences being 

5'-UGGUU-3' (apical loop)/5'-AUUAAACC-3' (internal loop), with the dimer interface 

nucleotides in italics (Chen et al., 2000). Remarkably, there can be a significant degree of 

mismatching between the loops, with the complementarity as little as two G/C pairs in the 

absence of any A/U pairs; in the context of a sequence containing A/U base pairs, there must 

be at least one G/C pair present (Guo, 2002). Presumably in these cases other secondary 

interactions between the RNAs stabilize the interaction. There are two types of dimer formed: 

open (where there is a single loop-loop interaction, and the two remaining, non-interacting 

loop sequences are free to interact with additional pRNAs) and closed (where both loops 

interact with their complementary partners in another, single, molecule) (Guo, 2002). 

 

1.5.4   Miscellaneous RNA dimers 
 

An 18-mer RNA oligonucleotide analogue of the H3 GACG tetraloop motif from 

Moloney murine leukemia virus forms a stable, homodimeric kissing complex through only 

two intermolecular G-C base pairs (Kim and Tinoco, 2000). This has similarities to the 

pRNA interaction, as well as to the ability of particular tRNAs to read four-codon sets on the 

ribosome through a ‘two-out-of-three’ mechanism (Lagerkvist, 1978, 1981; Samuelsson et 

al., 1983; Claesson et al., 1990) that may have been important in the evolution of the genetic 

code (Cedergren et al., 1986). 

Dimer formation between two complementary hexanucleotide sequences in the Bicoid 

mRNA 3'-UTR is involved in its pre-localization to the anterior pole of the egg in early 

Drosophila embryos (Wagner et al., 2004). Similar to the pRNA interaction, dimerization 

occurs by a kissing interaction between an apical and internal loop of the highly-structured  

3'-UTR region (Brunel and Ehresmann, 2004). Interestingly, it appears that only three 

nucleotides of a six- or seven-nucleotide complementary sequence are part of the dimer 

interface: 5'-AAGCCC(G)-3' (apical loop)/5'-(U)GGGCUU-3' (internal loop), where the 

dimer interface nucleotides are in italics (Wagner et al., 2004). A single interaction is 
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sufficient to promote reversible dimerization. However, the formation of stable dimers may 

be due to a closed double interaction where each loop interacts with its complementary 

partner in another - single - molecule. 

Henderson and Schimmel (1997) have demonstrated the ability of minihelices based 

on the tRNA acceptor stem (incorporating a 3'-terminal CCA sequence) to form a lateral or 

side-by-side kissing interaction with a three nucleotide complementarity. Computer 

modelling was used to predict the size of loops allowing the hairpins to approach closely 

enough for intermolecular base pairing. On this basis, hairpins were synthesized that 

contained eight- and nine-nucleotide loops of sequence 5'-U5(U)GCG-3' and 5'-CGCU5(U)-

3', where the dimer interface is in italics. Dimer-formation was demonstrated by non-

denaturing polyacrylamide gel electrophoresis carried out at 4 °C in the presence of 20 mM 

Mg2+ (Henderson and Schimmel, 1997).  

 

1.6 Nucleic acid nanotechnology 
 

A dazzling assortment of objects on the nanometer scale has been synthesized in the 

laboratory from DNA (Lin et al., 2009; Seeman, 2007) and RNA (Jaeger and Chworos, 

2006). One of the more interesting design approaches has been a method called DNA 

origami, in which a long single-stranded DNA molecule is folded into a range of 2D shapes 

by short complementary oligonucleotide ‘staples’ (Figure 1.13A-C) (Rothemund, 2006). A 

similar technique, utilizing a 1.7 kbase single-stranded DNA locked into conformation by the 

use of oligonucleotide ‘struts’, was used earlier to produce a 3D octahedron, in what could be 

termed 3D DNA origami (Figure 1.13D) (Shih et al., 2004).  

 
A            B                              C                     D  

                             

Figure 1.13 Examples of DNA nanotechnology. (A-C) DNA origami. White scale bar = 100 nm. 
Figures adapted from Rothemund (2006) with permission from MacMillan Publishers Ltd: Nature (D) DNA 
octahedron. Figure reprinted from Shih et al. (2004) with permission from MacMillan Publishers Ltd (Nature). 
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The construction of objects from DNA has been mainly limited to the use of 

complementary base-pairing interactions, with bends created by variations of crossover 

(Holliday) junction motifs that occur in vivo during recombination events (Jaeger and 

Chworos, 2006). As Jaeger and Chworos (2006) note, this is despite the fact that DNA is able 

to form 3D architectures of a complexity approaching those of RNA. tDNA (the DNA 

analogue of tRNA), for example, possesses a very similar 3D structure to tRNA (Khan and 

Roe, 1988; Perreault et al., 1989; Paquette et al., 1990; Lim and Barton, 1993). A tDNALys 

synthesized with deoxythymidine (dT) and having a 3' terminal deoxyadenosine, is 

specifically aminoacylated with lysine (tDNALys does not require the 2' OH on the 3'-terminal 

adenosine for its aminoacylation) (Khan and Roe, 1988). In addition, it specifically inhibits 

aminoacylation of tRNALys by the lysyl-tRNA synthetase but not tRNALeu by the leucyl-

tRNA synthetase. Interestingly, the DNA version of the HIV-1 DIS also ‘kisses’ (Barbault et 

al., 2002). 

 

1.6.1 RNA nanotechnology 

 

RNA is increasingly being used as a material for constructing objects on the 

nanoscale (Jaeger and Chworos, 2006; Severcan et al., 2009). Although more labile than 

DNA, RNA has the advantage of a more complex chemistry due to the presence of the extra 

hydroxyl group of ribose, and the presence of uracil, which unlike thymidine is able to base 

pair with guanine as well as adenine. There are also a growing number of RNA structural 

motifs that have been determined from X-ray and NMR analyses. Most important, RNA has 

in common with DNA the key feature of nucleic acids: the specificity of base-pairing 

interactions that permits the joining together of component molecules in a precise and 

predictable manner. 

 

1.6.1.1 RNA LEGO 

 

Harada and associates have used loop-loop interactions to create self-assembling 

RNA building blocks in a process they term ‘RNA LEGO’ (Horiya et al., 2002, 2003; Fujiya 

and Harada, 2004). Their building blocks were constructed from novel RNAs with loops 
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containing complementary sequences based on the GCGCGC sequence found in the HIV-1 

subtype B dimerization initiation site. These form a series of multimeric products including 

linear and circular arrangements and may include 2D and/or 3D arrays, although that has not 

been determined (Horiya et al., 2002, 2003; Fujiya and Harada, 2004). Oligomerization was 

detected by non-denaturing polyacrylamide gel electrophoresis (PAGE) using two different 

buffer systems (tris-borate-EDTA and tris-borate-Mg2+) and at three different temperatures 

(4, 10 and 23 °C). The formation of multimers was higher at the lower temperatures and in 

the presence of a low concentration of Mg2+ (TBM buffer contains 0.1 mM Mg2+); the 

oligomerization buffer contained 10 mM sodium phosphate and 50 mM NaCl pH 7.0 (Horiya 

et al., 2003). 

 

1.6.1.2 pRNA nanotechnology 

 

Guo and associates have exploited pRNA from bacteriophage φ29 (Figure 1.12) as a 

building block for the assembly of dimers, trimers and filaments (Shu et al., 2004; Lee et al., 

2009). The dimers and trimers self-assemble in 5 mM Mg2+, Ca2+or Mn2+ but the formation 

of arrays required 1M Na+ alone. The potential therapeutic applications of pRNA have been 

investigated: a functionalized chimeric pRNA trimer was produced for the delivery of 

multiple therapeutic molecules to cancer cells, by utilizing three self-complementary pRNAs 

each containing: (1) an RNA CD-4 receptor-binding aptamer (generated by in vitro 

selection); (2) an siRNA (small interfering RNA) to the CD-4 receptor protein; and (3) the 

fluorescent dye FITC (Khaled et al., 2005). It was shown that these protein/antigenicity-free 

particles were taken up into cells, and caused the modulation of apoptosis of cancer cells in 

culture and in animal trials (Shu et al., 2004).  

 

1.6.1.3 TectoRNA 
 

Jaeger and associates have pioneered an approach to RNA nanotechnology they have 

called RNA tectonics. This involves taking RNA motifs whose structures have been 

characterized through crystallography or NMR, and using computer molecular modeling 

programmes to predict and calculate distances and relative geometries for the assembly of 
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RNA structures (reviewed in Jaeger and Chworos, 2006). An outline of the RNA tectonics 

methodology is shown in Figure 1.14. The first molecules they used possessed either a 

GAAA or GUAA tetraloop and an 11-mer tetraloop-receptor sequence linked together in a 

 

               
 
Figure 1.14 TectoRNA nanotechnology. (A) RNA tectonics methodology (B) 2D arrays generated by 
various combinations of tectosquares. Adapted from Jaeger and Chworos (2006) with permission from Elsevier.  
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single hairpin (tetraloop/tetraloop receptor motifs are found in a number of RNAs, including 

Group I and II introns and RNase P (Davis et al., 2007)). These form dimers and 1D arrays in 

the presence of 15 mM Mg2+ (Jaeger et al., 2001; Jaeger and Leontis, 2000). This interaction 

is unusual in that it relies solely on tertiary interactions; no base pairs are formed. 

Jaeger and associates have also combined two hairpin loops with an 11-mer based on 

the right-angle (RA) motif observed in the ribosome crystallographic structure to create an L-

shaped tectoRNA similar to the L-shaped structure of tRNA (Chworos et al., 2004). 

Tectosquares utilizing the RA motif have also been constructed from other RNAs (Jaeger and 

Chworos, 2006). Through complementary loop-loop base-pairing interactions based on the 

HIV-1 DIS, four tectoRNAs are assembled into 2D tiles called tectosquares, which possess 

edges with complementary sequences that enable them to form self-assembling 2D tiling 

arrays (Figure 1.14). Tectosquares required a minimum of 0.2 mM Mg2+ for assembly and in 

15 mM Mg2+ they are stable up to 56 °C. In contrast, formation of 2D arrays required a 

minimum of 15 mM Mg2+. Jaeger’s group has also trialed tRNA as a basis for tectoRNA 

(Jaeger and Chworos, 2006; Severcan et al., 2009); this is discussed briefly below and more 

fully in Chapter 7. 

 

1.6.1.4   tRNA nanotechnology 
 

During the course of the present study, there were only two references to the use of 

tRNA in the nanotechnology literature11. The first described the use of an E. coli tRNALeu as 

a template for the formation of nanocrystals of CdS, used to make quantum dots (Ma et al., 

2006). The ability to function as a template appeared to be dependent on an intact 3D 

structure, as the same tRNA with multiple mutations to disrupt this structure was unable to 

function as a template (Ma et al., 2006). The second example (referred to above and cited in 

Jaeger and Chworos, 2006), involved use of the L-shaped tRNA to form the four corners of a 

tectosquare, a 2D representation of which is shown in Figure 1.15. Recently a fuller account 

has been published (Severcan et al., 2009); this is discussed in Chapter 7. 

 

 
                                                
11 Not including two papers published at earlier stages from the present work (Bernhardt and 
Tate, 2006, 2008a; see Appendices C and D). 
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Figure 1.15 2D representation of a tRNA tectosquare. Although a detailed description of the 
tRNA tectosquare is not discussed in this paper (Jaeger and Chworos, 2006; but see also Severcan et al., 2009), 
it appears as if the four tRNA molecules are in blue, with the mauve sections possibly representing extra 
connecting segments (see Chapter 7 for further discussion). Adapted from Jaeger and Chworos (2006) with 
permission from Elsevier. 
 
  
1.6.1.5 Applications of self-assembling tRNAs 
 

Applications for self-assembling nucleic acids that are frequently quoted in the 

literature are as molecular sieves, in molecular computing, and as scaffolds for attaching 

large macromolecules (such as proteins that are difficult to crystallize) in a fixed pattern to 

enable X-ray crystallography (Seeman, 2007). Another potential use is as bio-compatible 

scaffolds for the repair of human tissue in medical applications. Whilst not a nucleic acid, an 

example of the latter use is a self-assembling peptide that has been used as a scaffold to 

support the regrowth of axons in the artificially-severed optic nerve of a hamster, sufficient to 

restore vision (Ellis-Behnke et al., 2006). In an interesting parallel to the complementary base 

pairing of nucleic acids, the self-complementary peptide RADA16-1 self-assembles into 

highly-hydrated ß-sheet nanofibres in the presence of solutions containing physiological salt 

concentration such as cerebrospinal fluid. The RADA16-1 peptide consists of alternating 

arginine, alanine and aspartic acid residues, and possesses shape- as well as ionic self-

complementarity, enabling multiple copies to fit together to form linear arrays nanofibres. 

Advantages of such self-assembling nano-scaffolds are:  

i) they are on a similar scale to that of the extracellular matrix, and so provide an ‘in 

vivo’ environment for cell growth; 

ii) the breakdown products (L-amino acids) are naturally occuring and can even be 

taken up (and potentially utilised) by the surrounding tissue; 

iii) they are of synthetic origin and thus in principle free of biological contaminants; 

iv) they appear to be immunologically inert. 

These examples raise the possibility that self-assembling tRNA building blocks could 

similarly be used for such applications. A number of groups have developed nanoparticle 
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systems able to deliver DNA to cells in cell culture (Lundin et al., 2009; Schmitz et al., 2007; 

Chen et al., 2006). 

  

1.7 Aims of this study 
 

The aims of this study were twofold. First, to undertake a theoretical examination of 

some of the implications of a hairpin origin of tRNA for the identity of the first tRNA and the 

origin of the genetic code (detailed in Chapter 3), which in turn has led to a theory of the 

origin of coded protein synthesis (detailed in Chapter 4). Second, to undertake an 

experimental study of tRNA oligomerization in order to investigate (i) the role of self-

assembly in the evolution of tRNA, and (ii) the utility of tRNA as a possible building block 

for self-assembling 3D arrays. An inspiration for the latter was the similarity noted between 

the 3D shape of tRNA and the electronic structure of water (Figure 1.16). Transfer RNA has 

four single-stranded regions (the D, T and anticodon loops, plus the 3'-terminal NCCA 

sequence) with the potential to form hydrogen-bonding interactions with other tRNAs. There 

is analogy to the tetrahedral arrangement of hydrogen bonds around the H2O molecule in 3D 

space. This suggested the possibility that tRNA might be able to form extended 3D arrays as 

found in water and ice. The minimum length or unit base makeup of complementary 

sequence required for tRNA oligomerization is not clear from the literature. In addition, as 

already noted, the D and T loops participate in intramolecular hydrogen bonding interactions 

that are involved in maintaining the overall 3D structure of the tRNA. 

 

 

 
Figure 1.16 Comparison of the 3D structures of tRNA (left) and water (right)  
The arrangement of the single-stranded loops and the 3´-terminal CCA sequence of tRNA (with their potential 
for forming hydrogen-bonding interactions with other tRNAs) approximates to the tetrahedral arrangement of 
hydrogen bonds around an H2O molecule, suggesting the possibility of tRNA forming 3D arrays.  
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Chapter 2 

Methods 
 
2.1 tRNA sequence analysis 

 

The gene and RNA sequences used for the derivation of tRNA consensus sequences 

in Chapter 3 were taken from the Compilation of tRNA sequences and sequences of tRNA 

genes (Sprinzl and Vassilenko, 2005) at http://www.trna.uni-bayreuth.de/. The analysis of 

tRNAGly gene sequences from bacteria, archaea and eukaryote cytoplasm used this database. 

The Compilation of tRNA sequences includes a compilation of cytoplasmic tRNA gene 

sequences derived from sequences of complete genomes included on DNA databases 

(approximately 7600 tRNA gene sequences from 131 complete genomes, covering bacteria, 

archaea and higher and lower eukaryotes, published up to September 2004) and the 

Compilation of tRNA Genes is a summary of the published sequences of tRNA genes which 

were sequenced individually, including approximately 350 sequences of cytoplasmic tRNA 

genes that are not included in the Genomic tRNA Compilation. The analysis of tRNAGly gene 

sequences from mitochondria and chloroplasts used the Compilation of tRNA Genes section 

of the Compilation of tRNA sequences and sequences of tRNA genes (Sprinzl and 

Vassilenko, 2005) in conjunction with Mamit-tRNA: Compilation of mammalian 

mitochondrial tRNA genes (Pütz et al., 2007) which currently contains 3064 tRNA gene 

sequences from 150 fully sequenced genomes available on GenBank databases (NCBI).  

All sequences were inspected manually in order to remove duplicates, so that each tRNA 

gene sequence was included in the respective analysis only once, unless the same sequence 

occured in more than one species. 
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2.1.1 Phylogenetic analysis 
 

 For the phylogenetic analysis, the same 466 tRNAGly gene sequences taken from the 

Compilation of tRNA Genes section of the Compilation of tRNA sequences and sequences of 

tRNA genes (Sprinzl and Vassilenko, 2005) were used as for the anticodon arm analysis. 

Clearcut software (Evans et al., 2006) was used to generate the relaxed neighbour joining tree 

files, which were visualised using FigTree software [http://tree.bio.ed.ac.uk/software/figtree]. 

 

2.2 Modeling of proposed ancestral peptidyl transferase 

and tRNA structures 
 

2.2.1 3D modeling of proposed ancestral peptidyl transferase 

using MacPyMOL© 

 

Modeling in 3D of the proposed ancestral peptidyl transferase ribozyme (including 

tRNAPhe and mRNA) in Chapter 4 was carried out using PDB files from the RCSB Protein 

Data Bank (http://www.rcsb.org/pdb/home). Files used were 2WDL (50S subunit of the 

Thermus thermophilus 70S ribosome in complex with mRNA, paromomycin, acylated A- and 

P-site tRNAs, and E-site tRNA), and 2WDK (mRNA, acylated A-, P- and E-site tRNAs and 

30S subunit of the Thermus thermophilus 70S ribosome in complex with mRNA, 

paromomycin, acylated A- and P-site tRNAs, and E-site tRNA) (Voorhees et al., 2009).  

16S rRNA has E. coli numbering, based on a structural alignment with the corresponding E. 

coli structure in 2AVY; 23S rRNA has E. coli numbering, based on a structural alignment 

with the corresponding E. coli structure in 2AW4. The PDB files were edited to remove 

ribosomal proteins, 5S rRNA and nucleotides of the large and small rRNAs in accordance 

with the proposed structure of the ancestral peptidyl transferase (Bokov and Steinberg, 2009; 

Agmon et al., 2005) and decoding hairpin (Purohit and Stern, 1994). Nucleotides (based on 

E. coli numbering) used for the ancestral peptidyl transferase were 2058-2088, 2231-2260,  

2431-2463 and 2487-2610 (taken from Supplementary Figure 1, Bokov and Steinberg, 2009) 

or 2058-2079, 2241-2258, 2430-2463, 2487-2522 and 2543-2610 (taken from Figure 2, 
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Agmon et al., 2005), as noted. Extra nucleotides added for the ancestral E-site were 2394-

2429; these nucleotides are adjacent to the sequence of the ancestral peptidyl transferase as 

proposed by Bokov and Steinberg (2009) and include C2394, G2421 and A2422, which interact 

with A76 of the E site tRNA (Wilson and Nierhaus, 2006). Nucleotides (based on E. coli 

numbering) used for the decoding hairpin were 1392-1412 and 1488-1511 (taken from 

Purohit and Stern, 1994); this sequence includes A1492 and A1493, responsible for ensuring 

decoding fidelity (Ogle et al., 2003) and C1401 and G1402,  involved in demarking the 

boundary between codons (Selmer et al., 2006). Nucleotides used for the mRNA sequence 

were the two sequential phenylalanine codons (nts 16-21) except for those figures including 

an E-site tRNA, which used the entire mRNA sequence (nts 11-21). tRNAPhe sequences were 

used unchanged. Modeling was carried out using MacPyMOL: PyMOL enhanced for Mac 

OS X, copyright © 2006 De Lano Scientific LLC.   

  

2.2.2 RNAfold analysis of double E. coli tRNAGly(GCC) and tRNA 

variants 
 

 Analyses of the 2D structure of the wild-type double E. coli tRNAGly(GCC) (including  

the intervening sequence) and self-complementary, substituted T = anti-D and G18-U55 variant 

tRNAs in Chapter 7 were carried out online via the RNAfold website 

(http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) (Gruber et al., 2008). Folding temperature 

used was 4 °C.  Structures shown are single lowest energy structures. Base pair probabilities 

are shown by a colour spectrum, with blue least probable and red most probable. 

 

2.3 Molecular biology techniques 
 

2.3.1 Polymerase chain reaction (PCR) 
 

PCR reactions were carried out using Expand High Fidelity PCR System (Roche 

Diagnostics GmbH) in a reaction volume of 50 µl using nuclease-free filtered pipette tips and 
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autoclaved ddH2O. The reaction mix contained 1x Expand High Fidelity buffer (Roche 

Diagnostics GmbH), 200 µM dNTPs (Roche Diagnostics GmbH), 50 pmol of each primer, 

2.6-5.2 U of Expand DNA Polymerase (Roche Diagnostics GmbH) and 2-200 ng DNA. The 

higher concentrations of polymerase and DNA were used in an attempt to increase product 

yield, as detailed in Chapter 5. All PCR amplifications were carried out using a PTC-200 

Peltier Thermal Cycler (MJ Research, USA). A standard PCR protocol is given in Table 2.1. 

 

Table 2.1 Standard PCR protocol used in this study 

Step 1 92 °C / 5 min 
  
Step 2 54 °C / 30 s 
  
Step 3 72 °C / 1 min  
  
Step 4 92 °C / 30 s 
  
Step 5 Repeat step 2 / 35x 
  
Step 6 54 °C / 30 s 
  
Step 7 72 °C / 10 min 
  
Step 8 4 °C / ∞  
  
Step 9 end 

 

 

2.3.2 PCR amplification and site-directed mutagenesis PCR 
 

Amplification of the E. coli tRNAGly(GCC) gene from genomic E. coli DNA (prepared 

previously in the Tate laboratory) was carried out using internal primers complementary to 

the 5' and 3' ends of the tRNA gene (for primer sequences, see Table 2.2). The forward 

primer contained the 17 nucleotide T7 RNA polymerase promoter sequence to allow 

subsequent in vitro transcription. One-step site-directed mutagenesis PCR was used to 

introduce site-directed mutations (for mutagenic primer sequences, see Table 2.3). All DNA 

primers used for PCR reactions were purchased from Invitrogen™ Life Technologies, NZ. 
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Table 2.2 PCR primers used in this study 
Primer Sequence 5' to 3' 

 

E.coli tRNAGly(GCC) + T7 
forward  GACCTGCAGTAATACGACTCACTATAGCGGGAATAGCTCAGTTGG 

 

E.coli tRNAGly(GCC) reverse ATGGGATCCTGGAGCGGGAAACGAGAC 

Pst I restriction site; T7 RNA polymerase promoter sequence; tRNA gene; Bam HI restriction site; CCTGG – 
Mva I restriction site 
 

 

2.3.3 Agarose gel electrophoresis 
 

Aliquots of the PCR reaction were mixed with agarose gel loading dye (denaturing) 

and separated on a 2 % (w/v) agarose gel in 0.5 TBE buffer containing 0.5 µg/ml ethidium 

bromide, in 0.5 TBE running buffer with 0.05 µg/ml ethidium bromide added at the cathode 

(+ve) end with mixing. The PCR products were separated at 90 V for approximately 1 h 

using a BioRad PowerPac 300 (Bio-Rad Laboratories, USA) and the DNA-bound ethidium 

bromide detected with UV light using a Gel Doc 2000™ gel documentation system (Bio-Rad 

Laboratories, USA.) 

 

2.3.4 DNA purification 
 

PCR products from PCR reactions were purified using the QIAquick® PCR 

Purification Kit (Qiagen) and, following restriction endonuclease digest, used either for in 

vitro transcription directly, or for cloning into a pUC18 vector. Gel extraction using the 

QIAquick® Gel extraction Kit was used initially to purify the wild-type and A14G mutant 

tRNALeu(UAA) pUC18 vector construct restriction digest products and the tRNAGly(GCC) single 

gene PCR product from a 2 % (w/v) preparative agarose gel on which the bands were readily 

visualized. However, it was subsequently found to be unnecessary to gel extract individual 

PCR product bands, and in fact this approach caused large reductions in yield, particularly in 

the case of the single, double and triple wild-type tRNAGly(GCC) PCR products. Therefore, 

these were digested with restriction endonucleases and ligated as a mixture. Gel extraction 

purification was not required for the variant tRNA PCR products. 
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Table 2.3 Mutagenic PCR primers used in this study 
Primer Sequence 5' to 3' 

For T loop 
variants:  

C56A reverse                          GGAAACGCGGATCCTGGAGCGGGAAACGAGACTCTAACTCGCGACCCCGACC 

C56G reverse                          GGAAACGCGGATCCTGGAGCGGGAAACGAGACTCCAACTCGCGACCCCGACC 

selfT reverse        GGAAACGCGGATCCTGGAGCGGGAAACGAGAGGGCCCCTCGCGACCCCGACC 

T = anti-D reverse                    GGAAACGCGGATCCTGGAGCGGGAAACGAGGTTGGTACTCGCGACCCCGACC 

T = D reverse                            GGAAACGCGGATCCTGGAGCGGGAAACGAGCTACCAACTCGCGACCCCGACC 

For tetRNA 
variant:  

D = anti-AC 
forward              

CTTGCATGCCTGCAGTAATACGACTCACTATAGCGGGAATAGCTCAGTTGGCA
AGAGCACGACCTTGCC 

T = anti-AC 
reverse                  

CTCGGTACCCGGGGATCCAGCGCTTGGCAAGGGAAACGAGTTGCCAACTCGC
GACCC 

For self-
complementary 
variants:  

selfD forward CTTGCATGCCTGCAGTAATACGACTCACTATAGCGGGAATAGCTCAGGGGCCC
GAGCACGACCTTGCC 

selfAC forward 
 

CTTGCATGCCTGCAGTAATACGACTCACTATAGCGGGAATAGCTCAGTTGGTA
GAGCACGACCGGGCCCAGGTCGGGGTCGCGAG 

selfD/AC forward 
 

CTTGCATGCCTGCAGTAATACGACTCACTATAGCGGGAATAGCTCAGGGGCCC
GAGCACGACCGGGCCCAGGTCGGGGTCGCGAG 

For D loop/ 
3' CCA terminus 
variants:  

G18C forward CTTGCATGCCTGCAGTAATACGACTCACTATAGCGGGAATAGCTCAGTTCGTA
GAGCACGACC 

C74G reverse CTCGGTACCCGGGGATCCAGCGCTGCAGCGGGAAACGAG 
C75G reverse CTCGGTACCCGGGGATCCAGCGCTCGAGCGGGAAACGAG 
G18C/G19C 
forward 

CTTGCATGCCTGCAGTAATACGACTCACTATAGCGGGAATAGCTCAGTTCCTA
GAGCACGACC 

C74G/C75G 
reverse CTCGGTACCCGGGGATCCAGCGCTCCAGCGGGAAACGAG 

Mva I reverse CTCGGTACCCGGGGATCCTGGAGCGGGAAACGAG 

Hae II reverse CTCGGTACCCGGGGATCCAGCGCTGGAGCGGGAAACGAG 

For G18-U55 
variants:  

G18U forward 
 

CTTGCATGCCTGCAGTAATACGACTCACTATAGCGGGAATAGCTCAGTTTGTA
GAGCACGACCTTGCC 

U55A reverse 
 

CTCGGTACCCGGGGATCCTGGAGCGGGAAACGAGACTCGTACTCGCGACCCC
GACC 

U55A reverse 
truncated 

CCGGGGATCCTGGAGCGGGAAACGAGACTCGTACTCGCGACC 
 

Bam HI restriction site; CCTGG – Mva I restriction site; tRNA gene ( boxed nucleotides = altered/inserted 
nucleotides); Pst I restriction site; T7 RNA polymerase promoter sequence; Hae II restriction site.  
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2.3.5 Cloning 
 

For cloning into pUC18 recombinant vector originally containing human 

mitochondrial WT tRNALeu(UAA) (the gift of Dr Lisa Wittenhagen, Boston College, USA), 

PCR products and vector were digested sequentially with Bam HI and Pst I restriction 

endonucleases (Roche Diagnostics GmbH) in a reaction volume of 20-30 µl using 10-20 U 

enzyme. Digests were incubated at 37 °C for 2-16 h. Following each digest, the products 

were purified using the QIAquick® PCR Purification Kit (Qiagen). 

 

2.3.5.1 Ligation 
 

Ligations were carried out in a 20 µl reaction volume containing 1 U of T4 DNA 

Ligase (Roche Diagnostics GmbH) and 20 ng plasmid DNA at 14-18 °C for 11-24 h. Molar 

ratio of vector to insert was 1:8 for variant tRNAs. For the ligation of single, double and 

triple WT tRNAGly(GCC) inserts (which were ligated as a mixture), the concentrations of the 

individual components were unknown; however, the total amount of insert ligated was the 

same as for the variant tRNAs: 6 ng insert DNA in a 20 µl ligation reaction. Ligation 

reactions were cooled on wet ice prior to transformation. 

 

2.3.5.2 Transformation of Escherichia coli (E. coli) 
 

All transformations in this study were done using E. coli strain DH5α (Invitrogen Life 

Technologies, Germany) (Table 2.4). Transformed colonies were stored on LB plates at 4 °C 

(short-term) or in 20 % (v/v) sterile glycerol at -80 °C (long-term). 

 

 

Table 2.4 E. coli strain used in this study 
Strain Genotype Reference 

DH5αm

mmm 

 

F-,F80dlacZ∆M15, ∆(lacZYA-argF), U169, endA1, recA1,  hsdR17  

(rK
-mK

+), deoR, thi-1, phoA, supE44, 1-, gyrA96, relA1 Hanahan (1983)  
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2.3.5.3 Approvals for the development of genetically-modified organisms 
(GMO) in containment 
 

Approval for the development of genetically-modified organisms (GMOs) was 

obtained from the Institutional Biological Safety Committee (IBSC) (ref. GM099/UO 006) 

and from the Environmental Risk Management Authority, New Zealand (ERMA)  

(ref. GMD99061). All work related to the development of GMOs was performed under PC1 

conditions as specified by the above application. 

 

2.3.5.4 Preparation of competent DH5α  cells 

 

To prepare heat-shock competent E. coli strain DH5α cells, colonies were selected 

from an overnight LB plate and used to inoculate 300 ml SOB. Incubation was carried out at 

18 °C in a G-25 Incubator Shaker (New Brunswick Scientific Co., Inc, USA) and the optical 

density (OD) was determined using an Ultrospec II UV/visible spectrophotometer (LKB 

Biochrom Ltd, UK). The cells were grown until their OD at 600 nm reached 0.6, and then 

chilled on wet ice for 10 min and harvested by centrifugation. The cell pellets were 

resuspended in ice-cold TB containing 7.5 % (v/v) DMSO. The cells were snap-frozen on dry 

ice and stored at -80 °C. 

 

2.3.5.5 Heat shock transformation of DH5α  cells 

 

For transformation, 10-20 µl of the 20 µl ligation reaction (10-20 ng plasmid DNA) 

was added to 100 µl competent DH5α cells on wet ice with gentle mixing. The mixture was 

incubated on wet ice for 15 min, heat shocked at 42-43 °C for 45 s and returned to wet ice for 

a further 2-5 min. Following addition of 900 µl LB or SOC, transformed cells were incubated 

at 37 °C for 45 min using a G10 Gyrotory Shaker (New Brunswick Scientific Co., Inc, USA). 

Aliquots of the transformation reaction were plated onto LB plates containing 100 µg/ml 

ampicillin and incubated overnight at 37 °C, together with plates containing appropriate 

controls. 
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2.3.5.6 PCR colony screen 
 

Following overnight incubation, single transformed colonies were picked, and 

transferred to a ‘master plate’ (an LB plate containing 100 µg/ml ampicillin) and incubated 

overnight at 37 °C. The next day a scraping of each colony was transferred to 6 µl LB using a 

sterile pipette tip, followed by transfer to 10 µl 0.5 % (v/v) Tween 20 to permeablize the 

cells. Finally, the cell plasmid DNA was amplified using a 10 µl PCR reaction with a 

combination of primers complementary to the vector and insert (for sequences of colony 

screen vector primers, see Table 2.5). Colonies that exhibited a band of the correct size were 

used to isolate plasmid DNA.  

 

Table 2.5 DNA sequencing/colony screen vector primers used in this study 
Primer Sequence 5' to 3' 

pUC-62 forward                 CTGCAAGGCGATTAAGTTGG 

pUC-102 forward           GGGCCTCTTCGCTATTACGCC 

 

 

2.3.5.7 Isolation of plasmid DNA 
 

Cells from colonies with the correct size insert were transferred into 5 ml LB 

containing 100 µg/ml ampicillin and incubated overnight at 37 °C on a G10 Gyrotory Shaker 

(New Brunswick Scientific Co., Inc, USA). The following day an 800 µl aliquot of each 

overnight culture was mixed with 200 µl glycerol, snap frozen on dry ice and transferred to 

the -80 °C freezer. The remainder of each 5 ml culture was pelleted at ~16,000x g for 4 min 

using a Biofuge pico microcentrifuge (Heraeus Instruments GmbH, Germany). Plasmid DNA 

was then isolated using a QIAprep® Spin Miniprep Kit (Qiagen). The concentration of vector 

DNA was determined using an ND-1000 Spectrophotometer (NanoDrop, USA), and the 

plasmid DNA sent for sequencing to the Allan Wilson Centre for Molecular Ecology and 

Evolution Genome Service, Palmerston North, NZ, or the Department of Anatomy, 

University of Otago, using one of two sequencing primers complementary to upstream 

regions of the pUC18 vector (for sequences of sequencing primers, see Table 2.5). The tRNA 

gene-containing plasmids used in this study are listed in Table 2.6. 
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Table 2.6 tRNA gene-containing plasmid constructs used in this study 
                     
Plasmid 
 

Description 
 

Antibiotic 
selection 
marker 

Source 
 

WT Leu 
 
 mamma  

 
WT human mitochondrial tRNALeu(UAA) cloned into vector 
pUC18 ampicillin 

 

Chemistry 
Dept, 

Boston 
College 

A3243G Leu 
 
 mamma 

 
A3243G mutant human mitochondrial tRNALeu(UAA) cloned 
into vector pUC18 ampicillin 

 

Chemistry 
Dept, 

Boston 
College 

single tRNAGly WT single tRNAGly(GCC) cloned into vector pUC18 
ampicillin 

This study 

double tRNAGly WT double tRNAGly(GCC) cloned into vector pUC18 
ampicillin 

This study 
triple tRNAGly WT triple tRNAGly(GCC) cloned into vector pUC18 ampicillin This study 
C56A C56A variant cloned into vector pUC18 ampicillin This study 
C56G C56G variant cloned into vector pUC18 ampicillin This study 
C74G C74G variant cloned into vector pUC18 ampicillin This study 
C74G/C75G C74G/C75G variant cloned into vector pUC18 ampicillin This study 
C75G C75G variant cloned into vector pUC18 ampicillin This study 
G18C G18C variant cloned into vector pUC18 ampicillin This study 
G18C/C74G G18C/C74G variant cloned into vector pUC18 ampicillin This study 
G18C/C75G G18C/C75G variant cloned into vector pUC18 ampicillin This study 
G18C/G19C G18C/G19C variant cloned into vector pUC18 ampicillin This study 
G18C/G19C/ 
C74G/C75G 

G18C/G19C/ C74G/C75G variant cloned into vector pUC18 
 

ampicillin This study 
 

G18U G18U variant cloned into vector pUC18 ampicillin This study 
GI8U/U55A G18U/U55A variant cloned into vector pUC18 ampicillin This study 
selfAC selfAC variant cloned into vector pUC18 ampicillin This study 
selfAC/T selfAC/T variant cloned into vector pUC18 ampicillin This study 
selfD selfD variant cloned into vector pUC18 ampicillin This study 
selfD/AC selfD/AC variant cloned into vector pUC18 ampicillin This study 
selfD/AC/T selfD/AC/T variant cloned into vector pUC18 ampicillin This study 
selfD/T selfD/T variant cloned into vector pUC18 ampicillin This study 
selfT selfT variant cloned into vector pUC18 ampicillin This study 
T = anti-D T = anti-D variant cloned into vector pUC18 ampicillin This study 
T = D T = D variant cloned into vector pUC18 ampicillin This study 
tetRNA tetRNA variant cloned into vector pUC18 ampicillin This study 
U55A U55A variant cloned into vector pUC18 ampicillin This study 
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2.3.6 In vitro transcription 
 

2.3.6.1 Restriction endonuclease digestion of pUC18 vector  
 

PCR products of the single, double and triple tRNAGly transcripts plus transformed 

plasmids containing the sequence of the variant tRNAs were digested with either Mva I 

(Roche Diagnostics GmbH) or Hae II (Roche Diagnostics GmbH or New England Biolabs) 

restriction endonucleases in order to linearize the plasmid and generate the correct 5' terminus 

of the DNA template. To remove the 3' overhang left by digestion with Hae II endonuclease, 

DNA templates were incubated with Klenow enzyme (DNA Polymerase large fragment) 

(Roche Diagnostics GmbH) in a reaction mix including T7 RNA polymerase buffer but 

excluding rNTPs and T7 RNA polymerase, prior to in vitro transcription. 

 

2.3.6.2 In vitro transcription protocol 
 

In vitro transcription was carried out using the RiboMAX™ Large Scale RNA 

Production System-T7 (Promega) with reaction volumes of 30-150 µl. The supplied protocol 

was modified to give an increased concentration of T7 RNA polymerase (with a 

corresponding reduction in the concentration of rNTPs and template DNA), along with the 

addition of an extra aliquot of polymerase after ~3 h to double the amount of polymerase.  

T7 RNA polymerase was from the RiboMAX™ kit (Promega) or prepared within our group 

previously by expression of a cloned gene; the latter was used with RNasin® Plus RNase 

Inhibitor (from RiboMAX™ kit) or RNaseOUT™ Recombinant Ribonuclease Inhibitor 

(Invitrogen Life Technologies, USA). T7 RNA polymerase buffer (5x) was from the 

RiboMAX™ kit (Promega) or prepared by me. The in vitro transcription reaction was 

incubated at 37 °C for 16-24 h to produce post-transcriptionally unmodified tRNA 

transcripts. Following in vitro transcription the DNA template was removed by a 15-30 min 

incubation at 37 °C with RQ1 RNase-free DNase (from RiboMAX™ kit) at >1 U RQ1/µg 

template DNA. 

 
 
 



 

 68 

2.3.6.3 Formaldehyde agarose (RNA) gel electrophoresis 
 

In the early part of this study, the integrity of tRNA transcripts from in vitro 

transcription reactions was checked by running aliquots on a 2 % (w/v) (agarose) 

formaldehyde agarose (RNA) gel. The unpurified transcripts were checked for the presence 

of a single band with no sign of degradation indicated by a smear running down towards the 

lower molecular weight end of gel. The solutions for this gel were prepared with 0.01 % (v/v) 

DEPC-treated ddH2O. Baked glassware and rinsing with NaOH solution were not found to be 

necessary. The gel was poured and left to equilibrate with running buffer for at least 30 mins. 

The gels were run at 40-60 V (constant voltage) for ~80-180 min in a chemical fumehood. 

 

2.3.6.4 tRNA purification 
 

The transcripts were purified from the in vitro transcription mix using phenol-

chloroform extraction. TRIZOL Reagent (Invitrogen Life Technologies, USA) was used in a 

modified protocol scaled-down for the extraction of RNA from small volumes of solution. 

TRIZOL Reagent (200 µl) and 40µl chloroform were used to extract 30-150 µl of an in vitro 

transcription mixture. Following centrifugation at 12,000 x g, the top aqueous layer was 

removed and loaded in 50 µl aliquots onto pre-spun illustra™Microspin™G-25 size-exclusion 

columns (GE Healthcare).  

 

2.4 Circularization with T4 RNA ligase 
 

TetRNA was circularized using T4 RNA ligase (GE Healthcare). 4.2-18.8 µg tetRNA 

was incubated at 17-18 °C for 20-67 h with 1x T4 RNA ligase buffer, 0.01 % (w/v) BSA 

(both from GE Healthcare), 1-2 µl RNaseOUT™ Recombinant Ribonuclease Inhibitor 

(Invitrogen™ Life Technologies), and 30-300 U T4 RNA ligase enzyme in a total reaction 

volume of 50-150 µl. DMSO (12.5 % (v/v)) was added to the reaction mix to increase the 

yield of circularized product. 
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2.5 tRNA oligomerization 
 

2.5.1 Oligomerization protocol 
 

The oligomerization protocol was adapted from the method of Wittenhagen and 

Kelley (2002) and involved adding the tRNA transcripts (100-400 ng/µl) in sMQ water to a 

thin-walled 0.5 ml PCR tube containing 5x 10 mM Tris pH 7.5 (as a quarter volume), with 

pipetting up and down several times to mix. The tube was then heated to 95°C for 5 min 

using a PTC-200 Peltier Thermal Cycler (MJ Research, USA) to denature the tRNA 

secondary structure and hence remove any aberrant structures. This was immediately 

followed by cooling on wet ice for 2-5 min to renature the tRNA and convert it into the 

correct 3D structure. To induce oligomerization, the tRNA transcripts were then transferred 

to a thin-walled 0.5 ml PCR tube containing either 5x MSN (as a quarter volume) to make the 

solution 10 mM Mg2+, 1 mM spermine and 100 mM Na+ or 5x MN (as a quarter volume) to 

make the solution 10 mM Mg2+ and 100 mM Na+, and the components mixed by pipetting up 

and down. Incubation at 4°C was for the times noted. Other experiments used the 

components of MSN separately and in combination to assess their ability to induce 

oligomerization. Tris, MSN and MN were added at 5x concentration to maximize the tRNA 

concentration for oligomerization. 

 

2.5.2 Native agarose gel electrophoresis  
 

Following oligomerization protocols, tRNA transcripts were separated by denaturing 

or non-denaturing agarose gel electrophoresis on a 2 % (w/v) agarose gel in TBM or 0.5 TBE 

buffer containing 0.5 µg/ml ethidium bromide, in running buffer containing TBM or 0.5 TBE 

with 0.05 µg/ml ethidium bromide added at the cathode (+ve) end with mixing. Following 

oligomerization experiments tRNA samples (0.8-3.2 µg tRNA/lane) were mixed with non-

denaturing agarose gel loading dye. RNA Century™ Plus Size Markers (Ambion), containing 

oligonucleotides of 100, 200, 300, 400, 500, 750 and 1,000 nucleotides were mixed with 

agarose gel loading dye (denaturing), heated at 95 °C for 5 min using a PTC-200 Peltier 
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Thermal Cycler (MJ Research, USA), and loaded immediately. The gels were run at 4 °C  

(40 V constant voltage or 17 mA constant current) or RT (90 V constant voltage), and the 

tRNA-bound ethidium bromide detected with UV light on a Gel Doc 2000 gel 

documentation system (Bio-Rad Laboratories, USA).  
 

2.5.3 Oligonucleotide inhibition  
 

The oligonucleotide inhibition protocol was adapted from the method of Wittenhagen 

and Kelley (2002). DNA primers with sequences complementary to the single-stranded 

regions of the various tRNA transcripts (oligonucleotide inhibition primers) were ordered 

from Invitrogen™ Life Technologies, NZ; their sequences are listed in Table 2.7.  

The oligonucleotide primers were reconstituted at 1 nmol/µl (c.f. 100 pmol/µl for PCR and 

sequencing primers) and added to the tRNA transcript at 5x concentration to give a molar 

ratio of oligonucleotide to tRNA of 20:1 to 30:1 (as the double and triple tRNAsGly(GCC) 

contain multiples of each region, the ratio of oligonucleotide to RNA was increased 

proportionately). The range in ratios is due to the fact that some of the primers formed 

duplexes due to the presence of self-complementary sequences. The tRNA/oligonucleotide 

mixture was used in the oligomerization protocol as described above. Incubation was for the 

times noted. 
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Table 2.7 Oligonucleotide-inhibition primers used in this study  
Primer Sequence 5' to 3' 

For WT and T loop variants:  

Anti-D loop (WT)                                     CTCTACCAACTG 

Anti-AC loop (WT)                                  CTTGGCAAGGTC 

Anti-T loop (WT)                                     GACTCGAACTC 

Anti-CCA terminus (WT)                        TGGAGCGGGAAAC 

Anti-T loop (selfT)               GAGGGCCCCTC 

Anti-T loop (T=anti-D)                            GGTTGGTACTC 

Anti-intervening sequence #1                                            CTTTCAAATTTTGG  

Anti-intervening sequence #2                                            GTGCCTTACAGCAC  

Anti-intervening sequence #3                                            CTTGGGTGGTCTG  

Anti-upstream T stem (selfT)                                            CTCGCGACCCC 

Anti-downstream T stem (selfT)                                       GGGAAACGAGA 

Anti-upstream T stem (+1) (selfT)                                     CCTCGCGACCCC 

Anti-downstream T stem (+1) (selfT)                                GGGAAACGAGAG 

For tetRNA variant:  

Anti-D loop (tetRNA)                               CAACTGAGCTATTCCC 

Anti-AC loop (tetRNA)                             CAAGGTCGTGCTC 

Anti-T loop (tetRNA)                                CAACTCGCGACC 

Anti-CCA terminus (tetRNA)                   CAAGGGAAACGAG 

nucleotides complementary to single-stranded regions; nucleotides  
complementary to regions of unknown secondary structure 
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Chapter 3 
 

A theoretical analysis in search of the first tRNA 
 
If tRNA is in reality almost as old as the earth itself, as has been claimed by Eigen et 

al. (1989), discovering the identity of the first tRNA molecule is challenging. However, as 

detailed in the introduction, there are a number of clues. The weight of theory (particularly 

that of Di Giulio, 1992, 1995, 2004) points to a hairpin origin for tRNA. Schimmel’s 

experimental work demonstrated that up to eleven different hairpins could have been 

specifically aminoacylated due to possession in their stem region of a unique nucleotide 

‘fingerprint’ - the ancestral operational RNA code (Schimmel and Beebe, 2006). I have used 

these ideas as a basis to propose an identity for the ‘first tRNA’, as detailed below.  

 

3.1 The hairpin precursor 
 

Early in the RNA world, there likely existed up to eleven hairpins, each containing: 

1. A single-stranded 3'-terminal CCA sequence (Figure 3.1) which made base-pairing 

interactions with and was specifically aminoacylated at the 3'-terminal adenine 

 

 

 

 
Figure 3.1 Postulated ancestral hairpin monomer. With 3'-terminal CCA sequence, operational 
RNA code including the discriminator base ‘N’ (in blue), and loop sequences (in red) involved in lateral loop-
loop intermolecular interactions. 
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by an aminoacyl-RNA synthetase ribozyme12. The 3' CCA may have interacted with this 

synthetase ribozyme through similar base pairing to the interaction between the tRNA 

3' CCA and nucleotides of the large ribosomal subunit RNA (see Section 1.4.5.2).  

2. A double-stranded stem of ~7 base pairs with specific nucleotides forming part of an 

ancestral operational RNA code that functioned as the specificity determinants for 

aminoacylation by the cognate aminoacyl-RNA synthetase ribozymes. 

3. A single-stranded loop of up to 20 nucleotides possibly containing short complementary 

sequences allowing lateral loop-loop intermolecular base pair interactions. As previously 

discussed (see Section 1.5.4), to form side-by-side base pair interactions, loops need to 

contain a minimum of eight nucleotides (Henderson and Schimmel, 1997). Hairpins half 

the size of contemporary tRNA could have loops of approximately 20 nucleotides; 

whether such large loops form side-by-side base pair interactions is not known. In the 

RNA world, such sequences could have allowed hairpins to associate, allowing peptide 

synthesis catalyzed perhaps by an ancestral peptidyl transferase ribozyme, as depicted in 

Figure 3.2.  

 

 
Figure 3.2 Lateral (side-by-side) base pair interactions between loops of aminoacylated 
hairpins. These interactions might bring the 3'-termini and attached amino acids into proximity for noncoded 
peptide synthesis catalyzed by an ancestral peptidyl transferase ribozyme. After a variable number of such 
reactions, the polypeptide end product is released by hydolysis (either spontaneously or catalysed by a peptidyl-
hairpin hydrolase ribozyme). Such a dipeptide would have a random or statistical amino acid composition.  

                                                
12 Self-aminoacylation and aminoacylation in trans are some of the most easily selected 
activities in in vitro RNA selection experiments. Yarus’s group has demonstrated 
aminoacylation with both phenylalanine and methionine by a five nucleotide ribozyme, 
suggesting that aminoacylated RNAs would have been common in an RNA World (Turk et 
al, 2010). 
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If the hairpins had a common ancestor and possessed complementary loop sequences 

such as shown in Figure 3.2, this would have allowed for lateral interactions between the 

hairpins. The above parameters would have given rise to hairpins of ~38 nucleotides in 

length, or, approximately half the length of a contemporary tRNA molecule. 

 

3.1.1 Hairpin replication 
 

For hairpins to have existed as multiple copies at a time before the emergence of 

complex protein enzymes, I am assuming replication must have been catalyzed by an RNA 

replicase that had a relatively low error rate. The hairpin (+) strand would have been 

transcribed into a (-) copy strand; together the two could form a perfect duplex with 

continuous base pairing over its whole length (Figure 3.3). Although the cognate aminoacyl-  

   

 
Figure 3.3 Transcription of hairpin (+) strand into (-) copy strand, which together form 
a perfect duplex. The 3'-terminal CCA sequence is base paired/double stranded in the duplex, and thus 
probably unable to be aminoacylated. The loop sequences (b/b', in red) are also double stranded in the duplex.  
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same conformation as in the hairpin monomer), aminoacylation of the duplex would probably 

have been precluded by the 3'-terminal CCA sequence now being unavailable for interaction 

RNA synthetase ribozyme would in principle have been able to recognise the operational 

RNA code in the stem sequences (a/a') of the duplex (having presumably the because of its 

base pairing with the complementary strand – a single-stranded CCA would be required for 

site-specific interaction and aminoacylation by the aminoacyl-RNA synthetase ribozyme, 

assuming that the aminoacyl-RNA synthetase ribozyme interacted with the 3'-terminal CCA 

sequence similarly to contemporary protein aminoacyl-tRNA synthetases. This perfect 

duplex is only a replication intermediate, and the two strands would need to separate in order 

for further replication to occur. Repeated cycles of such replication would have led to the 

accumulation of multiple copies of both the original hairpin (+) strand and the copy (-) 

strand. Perhaps one strand functioned better as a template (the copy (-) strand) so that 

transcription of the other, that is, the original hairpin (+) strand was favoured. 

 

3.1.2 Hairpin duplication 
 

Due to the symmetry of base-pairing interactions, Di Giulio (1992) theorized that 

hairpin monomers were in equilibrium with partial homo-duplexes through base-pairing 

interactions between the complementary stem regions a and a' (Figure 3.4). Recently such 

equilibria have been studied experimentally by Nakano et al. (2007), who have shown that 

the hairpin-partial duplex equilibrium is influenced by the presence of relatively low 

concentrations of divalent and multivalent cations (for example, 10 mM Mg2+). There are 

several things to note from Figure 3.4: 

1. A partial duplex would contain two sets of the operational RNA code (in the two 

stem a/a' sequences at either end of the molecule) and two single-stranded  

3'-terminal NCCA sequences, and so would be able to be aminoacylated at both 

positions, the two single-stranded 3'-terminal CCA sequences being identical, 

related as they are by a point of rotational symmetry.  

2. In contrast to the perfect duplex formed as a replication intermediate, the partial 

duplex would retain its single-stranded loops, although these may have a different 

conformation than in the original hairpin due to the change in position from apical 
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(in the hairpin) to internal (in the duplex), and possible interactions between the 

two loops, and between the loops and other parts of the duplex. 

3. With this change in the position of the loops and with the possible intramolecular 

interactions of the loops with other parts of the molecule, such a doubly-  

  

 

                
 

Figure 3.4 Duplication of hairpin monomer to form a partial duplex. Illustrating equilibria 
between hairpin monomer and partial duplex, and between aminoacylated hairpin monomer and doubly-
aminoacylated partial duplex (DAPD). 
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aminoacylated partial duplex (DAPD) may not have been able to participate in 

noncoded protein synthesis either with each other or with the hairpin monomers 

due to the nucleotides formerly involved in lateral loop-loop base pair 

interactions not being in a position to interact in the duplex and position the 

amino acids in close proximity. 

 

3.1.3 Hairpin ligation and the canonical tRNA intron insertion 

position 
 

If lateral loop-loop interactions were no longer sterically possible in the context of the 

new loop structure of the partial duplex, or, indeed, no longer strong enough to hold pairs of 

partial duplexes together, a new type of interaction may have evolved between the now 

internal loops to allow association of the partial duplexes, and thereby a new kind of 

noncoded protein synthesis. At some point, however, we know that a novel way of bringing 

aminoacylated RNAs together for peptide synthesis evolved. According to Di Giulio (1992), 

critical to this development was ligation of the partial duplex to form a single covalently-

linked molecule, which resulted in the formation of a new loop, the proto-anticodon loop 

(Figure 3.5). As previously discussed, an ancestral ‘memory’ of this ligation event, according 

to Di Giulio (1992, 1995, 2004) is the canonical intron insertion position between positions 

37 and 38 in the anticocon loop. 

Di Giulio’s argument suggests that perhaps the ancestral intron was responsible for 

splicing the two hairpins together, and that small protein-spliced tRNA introns have evolved 

from the ancestral self-splicing intron and been retained at this position. There are at least two 

issues here: first, how did the joining intron come to be at a position in which it could join the 

two hairpins, and second, what evolutionary pressure(s) have meant the ancestral 

(presumably self-splicing) intron was retained at this position, subsequently giving rise to an 

entirely new class of introns, protein-spliced tRNA introns? These are critical issues for Di 

Giulio’s theory, but ones that he does not, to my knowledge, direclty address. In contrast, 

Dick and Schamel (1995) deal at least with the first of these problems. As previously 

discussed, they have proposed that tRNA-like sequences once tagged RNA genomes at both 

3' and 5' ends. If the intervening sequence subsequently evolved self-splicing activity, it 
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could have catalysed its own removal, leaving behind the joined 3' and 5' tRNA-like ends to 

form a now complete tRNA molecule. Dick and Schamel (1995) argue that this self-splicing 

intron may have been the first intron to ever exist and that it subsequently gave rise to all of 

the other intron groups. In support of this, they quote phylogenetic evidence that the most 

ancient introns are self-splicing group I-related tRNA introns (Cavalier-Smith, 1991).  

In terms of the intron-early versus intron-late debate (e.g. Cavalier-Smith, 1991; Palmer and 

Logsdon, 1991; Logsdon and Palmer, 1994), this suggests an extremely early origin of 

introns. Fascinatingly, at least two eukaryotic tRNA introns (one human and one from 

Arabidopsis thaliana) that are presumably protein-spliced have the ability – in conjunction 

with the surrounding tRNA – to undergo partial self-excision in vitro, suggesting that splicing 

in vivo may be partially RNA-assisted (Weber et al., 1996; van Tol et al., 1989). 

Self-cleavage occurs principally at the 5' splice site, suggesting a possible pathway for the 

origin of the first tRNA intron from a 5' leader sequence of the ancestral hairpin, which was 

ligated to the 3' CCA of the upstream hairpin in the reverse of the cleavage reaction.  

A reason for the evolutionary retention of the proposed ancestral intron insertion site 

is perhaps more difficult to deduce but suggests that self-splicing and contemporary protein- 

  

 

 

 
 

Figure 3.5 Evolution of a doubly-aminoacylated partial duplex (DAPD) into a proto-
tRNA. Ligation is followed by changes in sequence. DAPD could be ligated at both ends, but this would 
produce a circular RNA that was, presumably, an evolutionary dead end. 
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spliced tRNA introns had and continue to have an important function, possibly related to 

tRNA maturation and post-transcriptional processing and modification (Westaway and 

Abelson, 1995) although post-transcriptional modification arguably evolved somewhat later 

(Crick, 1968). The maintenance of self-splicing introns in contemporary genes is possible due 

to the fact that the intron ‘gene’ coded for in the DNA genome is not self-splicing, and hence 

cannot remove itself. How could this have occurred in the context of an RNA world? Either a 

DNA ‘genome’ was already present (and hence an inactive intron ‘copy’), or the distinction 

between functional and template RNA served to maintain the ancestral intron in a non-

functional state. Fedorov and Federova (2004) have reversed this idea, arguing that introns 

were responsible for the separation of RNA molecules into two subsets: functional and 

coding (i.e. template): “Ancient introns [acted] as markers of RNA subsets, directing them to 

different functions” (Fedorov and Federova, 2004; italics added). A difficulty with this 

argument is that the self-splicing intron that catalysed the ligation of the first tRNA 

presumably arose as a functional molecule rather than an inactive template copy; and once it 

had excised itself it was no longer required to be retained.      

In Figure 3.5 the partial duplexes are depicted as (doubly) aminoacylated for 

illustrative purposes only: the aminoacylated adenine (A) in the proto-anticodon loop may 

correspond to position 37, the most highly modified position in contemporary tRNA. 

Interestingly, sometimes this modification includes an amino acid, which Szathmáry (2000) 

has referred to as being like the ‘grin of the Cheshire cat’: for example, threonine in N6-

threonylcarbamoyladenosine (t6A) in tRNALys(UUU) (Murphy et al., 2004). Rather than the 

ancestral intron being responsible for ligating the two hairpins, it is possible that the RNA-

amino acid bond provided the energy required. 
It seems likely that ligation took place before any other sequence mutations in other 

parts of the molecule, as it was only with ligation and the formation of a covalently-joined 

molecule that any such changes could be maintained within an integrated unit; prior to this, 

any mutations that occurred would be lost through dissociation of the duplex into its 

constituent hairpins. Crucially, the creation of the proto-anticodon loop provided a site of 

interaction for an additional (third) RNA molecule, a proto-mRNA. Thus began evolution’s 

trek towards coded protein synthesis, with the proto-mRNA evolving to function as an 

information-carrier, allowing for the programming of protein synthesis and the production of 
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polypeptides of specific and reproducible sequence (for further discussion of the origin of 

coded protein synthesis see Chapter 4 and Appendix F).   
 

3.1.4 A single versus multiple hairpin-ligation events 
 

If the DAPDs were unable to participate in noncoded protein synthesis, they may 

have accumulated, possibly providing the starting material for the evolution of coded protein 

synthesis. Although theoretically there could have been up to eleven different DAPDs that 

were ligated to become proto-tRNAs, the event could have proceeded with fewer than this, 

even with only one, in which case a single tRNA would have given rise to every tRNA that 

exists today. In favour of this scenario is the proposed monophly of the tRNA molecule 

(Ellington et al., 2000; Widmann et al., 2005; Wolf and Koonin, 2007), as are the conserved 

sequences of the D and T loop of contemporary tRNA, discussed below. 

 

3.2 Conserved sequences in the D and T loops as clues to 

the origin of tRNA 
 

I have suggested above that the hairpins involved in noncoded protein synthesis may 

have evolved from a single ancestral hairpin, which would have meant they possessed 

identical complementary loop sequences allowing lateral loop-loop intermolecular 

interactions. It is possible that conserved sequences found in the D and T loops of 

contemporary tRNA may may have evolved from these complementary sequences. Figures 

3.1 and 3.2 show the D loop G18G19 dinucleotide sequence as a possibly ancestral sequence 

(as previously discussed in Section 1.5.4, Schimmel’s hairpins formed dimers through 

interactions between complementary GCG/CGC sequences in loops of 8 or 9 nucleotides 

(Henderson and Schimmel, 1997)). This highly conserved sequence is found in the D loop of 

the vast majority of non-mitochondrial tRNAs, where the two ‘G’s form intramolecular base 

pairs with the T loop, cementing the elbow of tRNA’s L-shaped structure.  In the case of the 

contemporary T loop, the entire loop is highly conserved, consisting of the sequence 

(G)TΨCRANY, where G is part of the adjacent T stem (Marck and Grosjean, 2002). As can 

be seen from Di Giulio’s derived consensus ancestral tRNA sequence (Figure 3.6a), this 
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sequence forms part of a larger 12 nucleotide self-complementary sequence comprising the  

T loop plus five adjacent T stem nucleotides (Figure 3.6b)13. Even if one allows for some of 

the stem nucleotides to be derived rather than ancestral, two complementary sequences of up 

to four nucleotides 5'-GUUC/3'-UAAG) could derive from ancestral sequences involved in 

lateral loop-loop intermolecular interactions.  

It appears possible that either one of these two sequences in the D and/or T loop were 

present in the original hairpin(s), and is still present (in some cases in somewhat modified 

form) in contemporary tRNA. Evolution from the duplication of a single hairpin implies that 

the D and T loops of contemporary tRNA have a common ancestry. The proposition that the 

D and T loops derive from the same ancestral loop is supported by Di Giulio’s demonstration 

that the D and T loop of contemporary tRNA show homology rather than complementarity 

(Di Giulio, 1995). 

 

 

 
Figure 3.6 Self-complementary T stem/loop sequence. a) Di Giulio’s derived consensus ancestral 
tRNA sequence showing the 12 nucleotide self-complementary section of the T stem/loop (boxed). Adapted 
from Di Giulio (1995) with permission from Elsevier; b)  The duplex formed by two self-complementary 
sequences.  

                                                
13 Interestingly, this is the same region proposed to be responsible for the dimerization of the 
unmodified in vitro transcript of E. coli tRNATyr (Curnow and Garcia, 1994)  
(see Section 1.4.4). 
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There are three possible scenarios for the origin of the conserved sequences in the D and T 

loops14: 

1. Both conserved sequences were part of the same loop in the ancestral hairpin, 

although they may or may not have had a role in forming lateral loop-loop 

intermolecular interactions. While the two conserved sequences (G18G19 and 

GGGUUC56G57AAUCC) appear to be mutually compatible (i.e. the D loop 

G18G19 sequence could have been part of the T stem/loop GGG sequence), the 

G18G19 sequence occurs on the 3' side of the D loop in contemporary tRNA, while 

the GGG trinucleotide is part of the T stem, 5' of the T loop (see Figure 3.6), 

suggesting the two sequences would have been in different parts of the original 

loop rather than overlapping. In Di Giulio’s (1995) analysis of the two loops, he 

found that the positions occupied by G18G19 in the D loop are homologous to the 

positions occupied by C56G57 in the conserved T loop sequence. If the conserved 

T loop sequence above is derived from the complementary sequences involved in 

lateral loop-loop interactions, the central self-complementary C56G57 dinucleotide 

would have been critical in this interaction. It is therefore difficult to see how 

both sequences could have been present in a single ancestral loop. 

 

2. Only one of the conserved sequences derives from the ancestral loop, while the 

other sequence has arisen following ligation of the partial duplex in the evolution 

of the contemporary tRNA molecule (see Figure 3.5). As previously discussed, the 

D loop G18G19 is one of the most highly conserved sequences among 

contemporary tRNAs. Therefore, it is possible that G18G19 represents the ancestral 

sequence. Conversely, as previously discussed, others have proposed that the 

tRNA 3'-half (and therefore, by implication, the T loop) is ancestral (Weiner and 

Maizels, 1987; Schimmel et al., 1993).  

 

3. The third possibility is that neither sequence was present in the loop of the 

ancestral hairpin. 

                                                
14 The third possibility (not discussed in the text), is that neither conserved sequence was 
present in the loop of the ancestral hairpin. 
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3.3 Protein synthesis takeover 
 

For all tRNAs to have arisen from a single hairpin-ligation event, mutations would 

have needed to occur in the proto-acceptor stem of this first proto-tRNA to change its 

operational RNA code, followed subsequently by mutations in the proto-anticodon loop to 

provide the diversity of an expanding genetic code (a single point mutation in the anticodon 

of an E. coli tRNAArg has been shown to alter its identity to that of tRNAThr (Saks et al., 

1998)). What is suggested here is the takeover of a primitive form of protein synthesis by 

another, more advanced; noncoded protein synthesis, utilizing aminoacylated hairpins (and 

perhaps other aminoacylated RNAs), was gradually usurped by coded protein synthesis, 

utilizing aminoacylated proto-tRNAs and proto-mRNAs. As suggested by Di Giulio (1999), 

over a transition period both forms of protein synthesis could have coexisted, with a 

particular aminoacyl-RNA synthetase ribozyme aminoacylating both the hairpin and its 

derived proto-tRNA. Initially, a single proto-tRNA would have existed (within a milieu of up 

to eleven hairpins), possibly participating in the noncoded protein synthesis of a polypeptide 

consisting of only a single amino acid. The arrival of the first proto-mRNA would have 

marked the first step in the development of a system of coded peptide synthesis (for further 

discussion, see Chapter 4 and Appendix F).  

 

3.4 Analysis of the conservation of the tRNAGly anticodon 
loop 
 

In my search for the first tRNA I have so far analyzed sequences in contemporary 

tRNA that are highly conserved across all tRNA species. A sequence that is highly conserved 

within an individual species of tRNA is the anticodon loop sequence 5'-YUBCCAA-3' found 

in almost all glycine tRNAs involved in protein synthesis, where Y is a pyrimidine (C or U), 

B is G, U or C, and the trinucleotide in italics constitutes the anticodon (Sprinzl and 

Vassilenko, 2005). This sequence has the CCA immediately upstream of the canonical intron 

insertion position, and suggests the tRNAGly anticodon loop might represent a molecular 

fossil of the original hairpin ligation event that formed the first tRNA (Figure 3.7). The clear 

implication is that tRNAGly represents the first tRNA.  
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Figure 3.7 Secondary structure of unmodified E. coli tRNAGly(GCC) showing canonical 
intron insertion point between positions 37 and 38. The sequence is divided into two halves 
(coloured blue and green) derived from the two ancestral ligated hairpins. 

 

 

In order to determine systematically the degree of conservation of the anticodon loop 

sequence CCA in contemporary tRNAsGly, I carried out two analyses. First, I analysed the 

tRNAGly anticodon arm sequences from eubacteria, archaea and eukaryote cytoplasm 

(excluding mitochondrial, chloroplast, plastid and viral tRNAs). Second, I analyzed 

separately the tRNAGly anticodon loop sequences from mitochondria, chloroplasts and 

plastids. Initially a single analysis was done for all tRNAsGly; subsequently, the two groups 

were analyzed separately in response to a reviewer’s comment that the chloroplast and 

mitochondrial sequences “are derived…and therefore cannot tell us about origins” (comment 

by Rob Knight in Bernhardt and Tate, 2008b). 

First, I analysed manually the anticodon arm sequences of tRNAGlys taken from the 

Compilation of tRNA sequences and sequences of tRNA genes (Sprinzl and Vassilenko, 

2005). This included 511 tRNAGly sequences from the Genomic tRNA Compilation and 73 

tRNAGly sequences from the Compilation of tRNA Genes. Each tRNA sequence was 

included only once in the analysis unless the same sequence occurred in more than one 

species, and this reduced the final total to 466 tRNAGly sequences analyzed. Of these, 448 

sequences (96 %) possessed the CCA anticodon loop sequence immediately upstream of the 
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canonical intron insertion position between positions 37 and 38 (Figure 3.8A), consistent 

with my hypothesis that the tRNAGly anticodon loop represents a molecular signature of the 

original hairpin ligation event that formed the first tRNA, and that tRNAGly was the first 

tRNA. 

 

 

 
Figure 3.8 tRNAGly consensus sequences showing canonical intron insertion position.  
(A) Anticodon arm consensus sequence from 466 tRNAGly genes from eubacteria, archaea and eukaryote 
cytoplasm taken from Sprinzl and Vassilenko (2005). Note: T has been changed to U for the purpose of showing 
RNA sequence. Adapted from an image generated by WebLogo software [http://weblogo.berkeley.edu].  
(B) Cloverleaf consensus sequence of 136 mammalian mitochondrial tRNAGly genes taken from Mamit-tRNA: 
Compilation of mammalian mitochondrial tRNA genes (Pütz et al., 2007). In the anticodon loop: conserved in 
100 % sequences designated by green squares (e.g. C35, A37); in > 90 % sequences by blue squares (e.g. C36); in 
> 50 % sequences by the open square. Note: 3' CCA terminus is not shown. T has not been changed to U in this 
depiction. 

 

 

Second, I analyzed the anticodon loop sequences of 110 tRNAGly sequences from 

single cell and animal mitochondria, chloroplasts and cyanelle (plastid) from the Compilation 

of tRNA Genes (Sprinzl and Vassilenko, 2005), and 136 tRNAGly sequences from 

mammalian mitochondria taken from Mamit-tRNA: Compilation of mammalian 

mitochondrial tRNA genes (Pütz et al., 2007). These sequences were treated identically to the 

first group i.e. inspected manually to remove duplicate sequences. This resulted in a final 

total of 209 sequences analyzed, of which all but one possessed CCA immediately upstream 

of the canonical intron insertion position between positions 37 and 38. This single sequence 
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comes from the mitochondrial genome of Physeter catodon (sperm whale) and has the 

anticodon loop sequence 5'-CUUCUAA-3' (anticodon in italics). This sequence lacks C36, 

and is the result of an expansion of glycine codons to include AGA and AGG, which code for 

arginine in the standard genetic code. This change in coding has also been found in 

mitochondria from Ascidia (sea squirts) (Yokobori et al., 1993). AGA/AGG are reassigned to 

serine in invertebrate mitochondria, stop codons in vertebrate mitochondria (Kondow et al., 

1999 and references within) and lysine in arthropod mitochondria (Abascal et al., 2006). 

Possibly similar to the tRNAGly(UCU) from Physeter catodon, a novel tRNAGly(U*CU) has been 

isolated from the ascidian Halocynthia roretzi mitochondria (Kondow et al., 1999).  

A consensus sequence of 136 mammalian mitochondrial tRNAGly genes is shown in  

Figure 3.8B. Again, this result is consistent with my hypothesis of a retained molecular 

signature of the original hairpin ligation event that formed the first tRNA, and that tRNAGly 

was the first tRNA.  

 

3.4.1 Phylogenetic analysis of tRNAGly  
 

Rob Knight also pointed out that, although found in the majority of tRNAGly 

sequences, this does not exclude the possibility that the anticodon loop CCA sequence is not 

ancestral (comment by Rob Knight in Bernhardt and Tate, 2008b), and he suggested we carry 

out a phylogenetic analysis of tRNAGly sequences to determine this. In response I carried out 

a phylogenetic analysis of the 466 tRNAGly sequences from eubacteria, archaea and eukaryote 

cytoplasm in order to determine whether the anticodon loop CCA sequence was indeed 

ancestral. Relaxed neighbour joining was carried out using Clearcut software (Evans et al., 

2006) to generate relaxed neighbour joining tree files, which were visualized using FigTree 

software [http://tree.bio.ed.ac.uk/software/figtree]. The unrooted tree shown in Figure 3.9 is 

just one of many generated, and not necessarily representative. For example, some (as in the 

figure shown) contained the long side arm while others did not. This inconsistency may be 

due to the short length of tRNA sequences as well as the functional constraints imposed by 

the cloverleaf secondary structure making phylogenetic analysis difficult (Widmann et al., 

2005). In addition, the lack of a suitable outgroup with which to root the tree (assuming that 

the other tRNAs branch from within modern tRNAGly sequences) made it impossible to draw 
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Figure 3.9 Phylogenetic tree of tRNAGly gene sequences from eubacteria, archaea and 
eukaryote cytoplasm. The unrooted phylogenetic relaxed neighbour joining tree was constructed using  
466 tRNAGly gene sequences from eubacteria, archaea and eukaryote cytoplasm, taken from Sprinzl and 
Vassilenko (2005). Branches including tRNAGly gene sequences not possessing an anticodon loop CCA 
sequence are shown in colour, and indicated by the particular labels (with number of sequences in brackets).  
 

 

any conclusions regarding the sequence of the ancestral tRNAGly. A number of phylogenetic 

analyses of tRNA sequences of different amino acid specificities and from different 

organisms were also carried out in an attempt to determine whether tRNAGly is the ancestral 

tRNA species, but the results were extremely inconsistent (results not shown). In particular, 

tRNAs did not group according to kingdom, which again may be a result of the length of 

thesequences and the extreme functional constraints. The lack of a suitable outgroup made it 

impossible to infer the ancestral tRNA sequence. 

As can be seen in Figure 3.9 and Table 3.1, the 18 tRNAGly sequences from 

eubacteria, archaea and eukaryote cytoplasm not possessing an anticodon loop CCA cluster 

into three groupings: 

1. Seven sequences from Staphylococcus sp. group together, very close to a single 

sequence from Streptomyces lividans.  
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2. Eight sequences from the hyperthermophilic archaeal species Archaeoglobulus 

fulgidus (3), Methanopyrus kandleri (2) and Pyrococcus sp. (3) group together, 

close to a single sequence from Caenorhabditis elegans. 

3. A single sequence from Mycoplasma gallisepticum groups by itself. 

The absence (or loss) of the CCA anticodon loop sequence in 16 of these sequences can be 

explained by two independent events:  

1) First, in 7 sequences from Staphylococcus aureus and Staphylococcus 

epidermidis (Figure 3.9, blue branch; Table 3.1), a subset of tRNAsGly from these 

two species, A37 has been replaced by a pyrimidine (U or C). These tRNAs 

participate  in the non-ribosomal protein synthesis of the pentaglycine 

interpeptide chain which forms cross-links within the peptidoglycan of the 

bacterial cell wall in gram-positive bacteria (Bumsted et al., 1968). The absence 

of a purine at position 37 may weaken the anticodon-codon interaction and so 

effectively exclude these tRNAs from being used in protein synthesis on the 

ribosome (it has been proposed that a purine in position 37 functions to stabilize 

the adjacent anticodon-codon interaction through base stacking on to the 

anticodon- codon helix (Grosjean et al., 1976)) These tRNAsGly have other 

features that prevent them from participating in ribosomal protein synthesis: a 

lack of the highly conserved G49-U65 and G51-C63 base pairs that weakens their 

interaction with EF-Tu (which transports tRNA to the ribosome) (Giannouli et 

al., 2009). These tRNAsGly also lack the highly conserved D loop GG sequence 

(Sprinzl and Vassilenko, 2005). Streptomyces lividans (Figure 3.9, pink branch; 

Table 3.1) is also a gram-positive bacterium that possibly contains a similar 

peptidoglycan cell wall to the Staphylococcus sp. (C. Stathopoulos, pers. 

commun.). However, the Streptomyces lividans tRNAGly lacking an anticodon 

loop CCA differs at a number of positions from those from the Staphylococcus 

sp., principally in possessing the highly conserved D loop G18G19 sequence 

(Sprinzl and Vassilenko, 2005).  

 

2) Second, in 8 sequences from the hyperthermophilic archaeal species 

Archaeoglobus fulgidus, Methanopyrus kandleri and Pyrococcus sp.  

(Figure 3.9, red branches; Table 3.1), A37 has been replaced by G, probably 



 

 90 

because of a general increase in G+C content in the tRNA and rRNA of these 

species (a 5 % increase in G+C content in the base-paired regions of tRNA brings 

about a 1.5 °C rise in the melting temperature) (Grosjean and Oshima, 2007). In 

Archaeoglobus fulgidus, 65 % of tRNAs have G37; Methanopyrus kandleri, 70 %; 

Pyrococcus sp. 54 % (Sprinzl and Vassilenko, 2005). 

 

 
Table 3.1 tRNAsGly from eubacteria, archaea and eukaryote cytoplasm not 
possessing anticodon loop CCA sequence 

Classification Anticodon Anticodon loop sequence 

Gram-positive bacteria   

Staphylococcus aureus  UCC CUUCCCG* 

“ UCC CUUCCCG* 

“ UCC CUUCCUG* 

Staphylococcus aureus subsp. 
aureus 

UCC CUUCCUG* 

Staphylococcus epidermidis UCC CUUCCCG* 

“ UCC CUUCCCG* 

“ UCC CUUCCCG* 

Streptomyces lividans UCC CUUCCCG* 

   

Hyperthermophilic Archaea   

Archaeoglobus fulgidus CCC CUCCCGA 

“ GCC UUGCCGA 

“ UCC CUUCCGA 

Methanopyrus kandleri  GCC CUGCCGA 

“ UCC CUUCCGA 

Pyrococcus abyssi UCC CUUCCGA 

Pyrococcus furiosus UCC CUUCCGA 

Pyrococcus horikoshii UCC CUUCCGA 

   

Undesignated   

Caenorhabditis elegans CCC CUCCCGA 

Mycoplasma gallisepticum GCC UUGCCGA 

 
Nucleotides in italics represent position of highly conserved CCA sequence in tRNAGly; 
nucleotide in bold represents alteration to CCA sequence. *tRNAGlys from the same species (or 
subspecies) possessing the same anticodon loop sequence differ in sequence in other parts of the 
molecule.  
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The stems of tRNAs from hyperthermophilic organisms are constituted almost 

exclusively of G-C base pairs (Grosjean and Oshima, 2007). Although 

position 37 is in a single-stranded loop, the increase in the proportion of G at 

this position perhaps suggests that a G37 provides additional stabilization of the 

anticodon-codon interaction, either directly or through subsequent post-

transcriptional modification. Therefore, the presence of G37 in these tRNAsGly 

is most likely an adaptive response to the problems of carrying out protein 

synthesis at high temperatures.  

In the case of Caenorhabditis elegans (Figure 3.9, cyan branch; Table 3.1) it is only the 

single tRNAGly(CCC) isoacceptor that has a G37, tRNAGly(GCC) and tRNAGly(UCC) both having 

A37. However, approximately one half of all tRNAs from this species possess G37
15, including 

tRNAArg, tRNACys, tRNAHis, tRNALeu, tRNAPhe, tRNAPro, tRNATrp and tRNATyr. This is 

similar to many other organisms including Arabidopsis thaliana, Saccharomyces cerevisiae, 

Drosophila melanogaster and Homo sapiens, although these organisms do not have a 

tRNAGly with G37 (Sprinzl and Vassilenko, 2005). Similarly, in the case of Mycoplasma 

gallisepticum (Figure 3.9, green branch; Table 3.1) a number of other tRNAs also have G37.  

In conclusion, the loss of the anticodon loop CCA sequence in the small number of 

tRNAGlys discussed above appears to be an acquired rather than an ancestral characteristic.  

 

3.5 Why was tRNAGly the first tRNA? The frozen accident 
hypothesis revisited  
 

Although supported by the experimental evidence presented in the last section, the 

suggestion that a molecular fossil of the original hairpin ligation event that created the first 

tRNA has survived through billions of years of evolution in the anticodon loop of 

contemporary tRNAsGly at first appears intuitively highly unlikely. Nevertheless, tRNAs are, 

as previously stated, extremely short sequences and under high functional constraint.  

As discussed in Section 1.3.4 (and as seen in the recoding of AGA/AGG codons from 

arginine to glycine in the mitochondrial genome of Physeter catodon), the genetic code is not 

                                                
15 Interestingly, a single tRNAGln(UUG) from Caenorhabditis elegans appears to have a 
pyrimidine at position 37 (U37) (Sprinzl and Vassilenko, 2005).   
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universal. However, and despite the sequencing of an ever-increasing number of genomes, no 

codon reassignments have yet been found for the codons represented by the bottom row of 

the genetic code table (Figure 3.10)16. While the significance of this is not immediately 

obvious, a number of observations can be made:  

1. All the members of the bottom row have a G in the first codon position (and thus 

a C in the third anticodon position (C36)). The presence of C36 correlates with a 

lack of modification of position 37, indicative of a strong anticodon-codon 

interaction (see below for further comment on this point) (Yarus, 1982).  

2. The bottom row of the genetic code table also corresponds to the amino acids 

thought to have been among the first incorporated into the genetic code: glycine, 

alanine, aspartic acid, glutamic acid and valine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Genetic code table with variant (blue and green) and nonvariant (in red 
box) codons. Blue boxes: codons that have changed only in mitochondria. Green boxes: codons that have 
changed both in mitochondrial and in nuclear lineages. Adapted from Knight et al. (2001) by permission from 
MacMillan Publishers Ltd: Nature Reviews Genetics.  

                                                
16  The reassignment of the AGA/AGG codons is not a reassignment of bottom row codons, 
but rather an expansion of coding for glycine from the bottom row into the row above. 
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It would seem plausible, therefore, on the basis of anticodon/codon stability and 

prebiotic amino acid availability, that the codons of the bottom row of the genetic code table 

were the first to be assigned. Why these assignments should have been retained, unchanged 

through 4 billion years of evolution, is an intriguing question. Crick (1968) originally 

suggested the genetic code was frozen in place as a result of the deleterious effects any 

changes would have on an organism’s proteome. Perhaps this is true for the bottom row of 

the coding table, indicating how fundamentally important this part of the code is for the 

whole edifice. If the (N)CCA anticodon loop sequence of tRNAGly has indeed been ‘frozen’ 

in time, is it also true to say that its assignment to tRNAGly was an accident? The comments 

of another reviewer of our 2008 paper in Biology Direct put it thus: “Why glycine is encoded 

by GGX is an interesting question, and the answer may or may not be frozen accident but 

there seems to be no connection with the possible presence of the CCA-OH acceptor 

sequence in the primordial hairpin that gave rise to tRNAGly. To me, this key proposal of the 

present paper is arbitrary” (comment by Eugene Koonin in Bernhardt and Tate, 2008b; 

italics added). There seem to be at least two responses to this: 

1. Glycine is the most abundant amino acid produced in experiments simulating the 

early earth’s atmosphere (Miller, 1987). If, as seems likely from the highly 

conserved structure of tRNA, all tRNAs have evolved from a single progenitor 

molecule, then a tRNAGly is a highly likely candidate. 

2. It is possible that the precise sequence and position within the anticodon loop of 

CCA produced by the original hairpin ligation event was uniquely suited to 

forming a strong base pairing interaction with single-stranded RNAs (proto-

mRNAs). The presence of two strong C-G base pairs in concert with the 

enhancement in stability brought about by the adjacent A37 being able to base 

stack on to the resulting tRNA anticodon loop-RNA helix could explain this17.  

In an analysis of post-transcriptional modification of tRNAs from three species in 

which (almost) all tRNAs have been sequenced, the tRNAs with the lowest 

proportion of a post-transcriptionally modified nucleotide at position 37 are those 

from the bottom row of the genetic code table (5 of the 7 tRNA species with the 

                                                
17 The reason for the selection of the (N)CCA sequence for the anticodon-codon interaction is 
probably the same as for its selection for the 3'-end of aminoacylated hairpins: its ability to 
form a strong RNA-RNA interaction (Maizels and Weiner, 1993).  
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lowest proportion of a modified nucleotide at position 37 are from the bottom row 

of the table, with glycine having the lowest proportion, with no modifications at 

this position in any of the glycine tRNAs from these three species)  

(Figure 3.11A). 

Figure 3.11B shows an analysis of the average total number of post-transcriptional 

modifications of these same tRNAs. Despite relying on a slightly different argument, it 

suggests that tRNAGly represents an early tRNA that did not require extensive 

 

 

 

 

 
Figure 3.11 Post-transcriptional modification of tRNAs from E. coli, H. volcanii and S. 
cerevisiae. Three (almost) complete sets of tRNA sequences with characterised modifications from 
Escherichia coli (bacteria), Haloferax volcanii (archaea) and Saccharomyces cerevisiae (eukaryote cytoplasm) 
were selected from the Compilation of tRNA sequences and sequences of tRNA genes from Sprinzl and 
Vassilenko (2005). The order of their proposed utilization within the genetic code with their specific amino 
acids (Trifonov, 2004) is plotted against the number of post-transcriptionally modified nucleotides.  
(A) The percentage of tRNA sequences with a modified nucleotide at position 37. (B) The average total number 
of modified nucleotides in the tRNA sequences. The sequence sets included in the analysis contained between 
one and five tRNAs from an individual species and between three and twelve tRNAs from all three species. 
Note: the values for glutamine were not included due to the absence from the database of a sequence(s) from  
S. cerevisiae. 
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post-transcriptional modification to function (it has been suggested that early tRNA 

molecules contained no modified nucleotides (Crick, 1968)). Further support for this idea 

comes from work done by Fahlman et al. (2004) showing that removing the post-

transcriptional modifications of E. coli tRNAGly(GCC) has very little effect on its binding 

affinity for the ribosomal A and P sites, in contrast to a number of more highly modified 

tRNA species. 

Coded protein synthesis was not predestined. It seems likely that it could have arisen 

by an alternative mechanism, in which case the presence of the (N)CCA sequence in the 

proto-anticodon loop of a tRNA-like molecule may not have been required. However, I 

would argue that the appearance of this sequence constituted an essential pre-condition for 

the advent of coded protein synthesis as it currently exists. Although the appearance of the 

CCA sequence in the proto-anticodon loop of the first ligated hairpin (as well as its 

subsequent incorporation into tRNAGly) was indeed an accident, it was critical to the 

evolution of coded protein synthesis, even though its future role could not have been 

anticipated, nor was it predestined to occur. 

 

3.6 The origin of the tRNA anticodon: a comparison of my 
theory with those of others 
 

I have presented evidence of a hairpin-duplication origin discovered in the anticodon 

loop sequences of contemporary tRNAsGly, at the point where the two hairpins seem likely to 

have been joined to form the ligated molecule. Specifically I have argued that the ancestral 

ligation of two hairpins with 3' CCA termini produced a proto-tRNA with a CCA sequence 

immediately upstream of the canonical intron insertion position, resulting in the first tRNA 

(tRNAGly) possessing an (N)CC anticodon. 

In this section, I discuss my theory in relation to those of Di Giulio, Nagaswamy and 

Fox (2003) and Ohnishi (1992). While all three (groups) propose a hairpin ligation origin for 

tRNA, there are significant differences in their approaches to the origin of the anticodon loop, 

in particular, to the inclusion and position of the original 3' CCA hairpin terminus in the 

ligated product. As previously discussed, Rodin et al. (Rodin et al., 1993, 1996: Rodin and 

Rodin, 2008) have argued that the ancestral operational RNA code embedded in the stem of a 

primitive hairpin subsequently evolved, following hairpin ligation, into both the 
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contemporary operational RNA code and the anticodon. Their theory is critically examined in 

the following sections using the examples of eubacterial tRNAGly and tRNAAla. 

  Di Giulio’s (2004) model is illustrated in Figure 3.12. His hairpin has a twelve base-

pair stem, a ten nucleotide loop and, unlike an earlier model, a 3' DCCA terminus (where D is 

the discriminator base) (Figure 3.12A). This forms a duplex (Figure 3.12B) due to  

base-pairing symmetry considerations, as discussed in Section 1.2.2.1. However, it is unclear 

why this duplex should be invoked to have the cruciform structure depicted, when, on the 

basis of base complementarity, there is nothing to prevent it forming two stems of twelve 

base pairs. For this reason, my proposal was that the original hairpin had a single-stranded 

loop of twenty nucleotides, although this point may not be critical (see Section 3.1 and Figure 

3.1). The conversion of Di Giulio’s cruciform duplex to the tRNA cloverleaf as depicted in 

Figure 3.12C would involve a series of realignments of the base-paired stems and loops. 

However, Di Giulio introduces a ‘fudge factor’ in the original legend to the figure from 

which Figure 3.12 is taken: “ANT indicates only the anticodon region, which might therefore 

also involve some bases different from the three indicated” (Di Giulio, 2004; italics added). 

Notwithstanding this caveat, a strict accounting of nucleotide numbers would mean the three 

nucleotides upstream of the 3' DCCA sequence (labelled ANT in Figure 3.12B) actually 

  

 

 
 
Figure 3.12 Di Giulio’s model for the hairpin duplication origin of tRNA. 
(A) Hairpin structure with anticodon region (ANT; ancestral to anticodon and operational RNA code (ID) 
sequence) and 3' DCCA sequence indicated. (B) Hairpin-duplex cruciform structure (C) cloverleaf secondary 
structure of contemporary tRNA, with operational RNA code sequence (ID = identity determinants) indicated. 
Adapted from Di Giulio (2004) with permission from Elsevier. 
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occupy the first three positions of the anticodon loop rather than the central three, that is, the 

position of the anticodon, with the discriminator base in the position of the second anticodon 

base (Figure 3.12C). A further difficulty with this model is that the mid-point of the ligated 

molecule is at the end of the anticodon loop between positions 38 and 39, whereas the 

canonical intron insertion point (indicated by a triangle in Figure 3.12C) is between positions 

37 and 38. In fact, in order for the three nucleotides labelled ‘ANT’ in (B) to be placed 

correctly in (C), requires the ligation point to be between positions 40 and 41 in the anticodon 

stem.  

Nagaswamy and Fox (2003) have proposed possible sequences of two (nearly) 

identical hairpin loops that could have been ligated to form contemporary tRNA. The sole 

difference between the two hairpins is at position 56 in the T loop, which in their model is 

homologous with position 18 in the D loop, the same as in Di Giulio’s (1995) analyses.  

In their hairpin-duplication model shown in Figure 3.13 the hairpins have 3' CCA termini. 

However, as is implied by Di Giulio’s model, the ligation point is at the extreme 3' end of the 

anticodon loop between positions 38 and 39. Unlike Di Giulio’s model, Nagaswamy and 

Fox’s model shows the 3' CCA terminus of the 5' hairpin explicitly incorporated into the 

ligated molecule at the ligation point (in the anticodon loop), but, like Di Giulio’s model, this 

ligation point does not correlate with the canonical intron insertion position. As such both 

models lose the strength of an evolutionary link with the mechanism by which the two 

hairpins were incorporated. It is striking that Nagaswamy and Fox (2003) have managed to 

produce a ‘perfect’ tRNA structure (Figure 3.13D) from two (almost) identical hairpins. 

Would the hairpin shown in Figure 3.13C form a cloverleaf structure? Since the D stem/loop 

nucleotides are complementary to those of the T stem, the ligated product could form a 

structure with two stems of twelve base pairs. As with Di Giulio’s model, there is no reason  

a priori why such a structure might not have subsequently evolved into a cruciform structure, 

although this would require a minimum of two sets of mutations: the first to dissociate the 

long stems and the second to create alternative (unique) pairings to produce the D and T 

stems. 

 Finally, the theory of Ohnishi (1992) also proposes that hairpins with a 3' CCA 

underwent duplication to become tRNA. However, Ohnishi aligns the 3' CCA of the 

upstream hairpin with the anticodon triplet CCA of tRNATrp, which makes the joining point 

between the two hairpins between positions 36 and 37, that is, one nucleotide upstream of the 



 

 98 

canonical intron insertion point. In addition, tryptophan is generally considered a late 

addition to the genetic code (Trifonov, 2004). 

  To conclude, my model stands alone in placing the CCA sequence of the upsteam 

hairpin immediately upstream of the canonical intron insertion position, suggesting a route to 

the origin of the first tRNA.  

 

 

 
 
Figure 3.13 Nagaswamy and Fox’s model for the hairpin-duplication origin of tRNA. (A) 
Proposed structure of ancestral hairpin with 3' CCA terminus. (B) Proposed structure of tRNA resulting from 
the ligation of two hairpins depicted in (A). (C) Proposed hairpin sequence able to form a cloverleaf with all 
secondary and tertiary interactions of tRNA apart from the G19-C56 base pair. (D) Proposed tRNA sequence 
arising from ligation of two hairpins depicted in (C) except that G18 is changed to C56 in second hairpin. 
Adapted from Nagaswamy and Fox (2003) with permission from Springer.  
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3.6.1 Did the RNA operational code and the anticodon have a 
common origin? 
 

As previously discussed in Section 1.2.2, a number of researchers have proposed the 

existence of an ‘imprint of a prototypic genetic code’ in the acceptor stem of contemporary 

tRNAs. Rodin et al. (Rodin et al., 1993, 1996: Rodin and Rodin, 2008) proposed that this 

code occurs at positions 1, 2 and 3 (and the complementary 70, 71 and 72) of the acceptor 

stem of contemporary tRNAs, while Möller and Janssen (1990, 1992) earlier had suggested 

that the code is at positions 3, 4 and 5 (and 68, 69 and 70) but only in the acceptor stem of a 

small subset of contemporary eubacterial tRNAs. Rodin et al.’s theory is consistent with 

Schimmel’s findings regarding the operational RNA code nucleotides in the acceptor stem 

which function either alone or in conjunction with nucleotides in other parts of the tRNA, as 

the tRNA identity elements for specific aminoacylation by contemporary aminoacyl-tRNA 

synthetases. As previously discussed, the operational RNA code of contemporary tRNA 

comprises the first four base pairs of the acceptor stem and the adjacent discriminator base 

(Schimmel et al., 1993). An ancestral operational RNA code located in the stem of the 

original hairpin (which enabled specific aminoacylation for noncoded peptide synthesis by a 

ribozyme synthetase), following hairpin duplication and ligation, in principle may have 

evolved into both the contemporary operational RNA code in the acceptor stem and the 

anticodon, but one might expect there still will be evidence of homology between them. 

However, as already noted, Rodin and Rodin have stated that “straightforward analysis failed 

to uncover any traces of homology in this case” (Rodin and Rodin, 2008). In fact, the 

nucleotides at positions 70, 71 and 72 of the eubacterial tRNAGly consensus sequence – GCG 

– are identical to the tRNAAla anticodon, while the nucleotides at positions 70, 71 and 72 of 

the eubacterial tRNAAla consensus sequence – GGG – are identical to the anticodon of 

tRNAGly! Nevertheless, in the following sections I have undertaken a systematic analysis of 

the operational RNA codes of eubacterial tRNAGly and tRNAAla, not only in relation to the 

anticodon sequence but also the canonical hairpin ligation position. Eubacterial tRNAs were 

chosen for the analysis due to their identity elements being better characterized (McClain, 

1995). 
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3.6.1.1 Analysis of the eubacterial tRNAGly operational RNA code 
 

The operational RNA code (identity elements) in the acceptor stem of eubacterial 

tRNAGly is shown in Figure 3.14A (centre), with six different versions of the anticodon 

stem/loops that can be created by the head-to-tail ligation of two such hairpins arranged in a 

  

 
 
Figure 3.14 Relationship of operational RNA code to anticodon sequence in eubacterial 
tRNAGly. (A) Operational RNA code (centre) with major identity elements (in red) and minor identity 
elements (in orange). Anticodon stem/loops formed from two ligated hairpins containing the operational RNA 
code are arranged clockwise from top left (1-6). Numbers represent match between hairpin-ligation product with 
consensus anticodon stem/loop sequence of eubacterial tRNAGly (shown in B). Note: the dotted line marks the 
proposed point of hairpin joining. The red arrow indicates the canonical intron insertion position between 
nucleotides 37 and 38. N = unspecified nucleotide. (B) Consensus unmodified anticodon stem/loop sequence of 
eubacterial tRNAGly derived from 42 tRNA genes and sequences in the compilation of tRNA sequences and 
sequences of tRNA genes (Sprinzl and Vassilenko, 2005). Where a position is indicated by a single nucleotide, 
this nucleotide occurs at this position in ≥ 50 % sequences. Where a position is indicated by two nucleotides  
(i.e. ‘Y’, ‘R’, ‘S’ or ‘K’, individual nucleotides occur at this position in >25 % sequences. Y = U or C;  
R = G or A; S = G or C; K = G or U.  
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circle around it, starting at top left (1-6). The operational RNA code consists of major and 

minor identity elements as described by McClain (1995) (eubacterial tRNAGly has a number 

of nucleotides - such as C35 and C36 of the anticodon - which function as identity elements in 

other parts of the molecule, but these are not essential for the specific aminoacylation with 

glycine of a hairpin based on the acceptor stem of tRNAGly (McClain, 1995)). The major 

identity elements (in red) are U73 (the discriminator base) and the C2-G71 base pair, while the 

minor identity elements (in orange) are the G1-C72 and G3-C70 base pairs. Figure 3.14B 

shows a consensus sequence of the anticodon stem/loop sequence of eubacterial tRNAGly, 

which was derived using 42 eubacterial tRNAGly genes and sequences taken from the 

Genomic tRNA Compilation section of the Compilation of tRNA sequences and sequences of 

tRNA genes (Sprinzl and Vassilenko, 2005). 

As the numbers indicate, ligations 1 and 2 have the best homology with the consensus 

anticodon stem/loop sequence of eubacterial tRNAGly (see box for explanation of numbers). 

In ligation 1 (consistent with my proposed model of hairpin ligation), the only overlap 

between operational RNA code nucleotides and the anticodon is the discriminator base U73, 

which maps on to the wobble base position of the anticodon. Nagaswamy and Fox’s model  

(and one interpretation of Di Giulio’s model) as described in the previous section, is 

represented by ligation 2, where the ligation between the two hairpins (indicated by the 

dotted line) occurs at the extreme 3'-end of the anticodon loop between positions 38 and 39. 

The four remaining models of ligated sequences (3-6) have lower homology with the 

consensus sequence (another interpretation of Di Giulio’s model, with the ligation point 

between positions 40 and 41, is represented by ligation 4). Although ligations 1 and 2 have 

the same degree of homology to the consensus sequence overall, ligation 1 has better 

homology to the anticodon loop, and complete homology to the anticodon sequence (3/3 

nucleotides). In contrast, ligation 2 has matches at only two of the three positions of the 

anticodon, one of these being the wobble position, which has low stringency (permitting the 

presence of C, G or U). Ligation 4 has much lower homolgy. Crucially, there is a match in 

ligation 1 between the point of hairpin joining and the canonical intron insertion position18. It 

                                                
18 Ligation 1 is not a perfect match with the consensus eubacterial tRNAGly anticodon 
loop/stem of course, in that it has a ‘G’ at position 32 (a pyrimidine in most tRNAs) and 38 
(an ‘A’ or, sometimes, a ‘C’ in most tRNAs). These positions presumably underwent 
mutation prior to the evolution of tRNAGly into other tRNAs.   
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appears therefore, that there is no demonstrable homology between the conserved nucleotides 

that comprise the contemporary operational RNA code and the anticodon sequence of 

eubacterial tRNAGly, making it seem unlikely the two sequences have a common origin. 

Rather, the evidence better supports the theory I have presented, that the first anticodon 

derived from the 3' CCA of the upstream hairpin.  

 

3.6.1.2 Analysis of the eubacterial tRNAAla operational RNA code 

 

 The operational RNA code (identity elements) in the acceptor stem of a second 

eubacterial tRNA (tRNAAla) is shown in Figure 3.15A. The code consists of major and minor 

identity elements as described by McClain (1995). The major identity elements (in red) are 

G3 and U70, which together form the G3-U70 base pair. The minor identity elements (in 

orange) are A73 (the discriminator base) and the G1-C72, G2-C71 and G4-C69 base pairs. Figure 

3.15C shows a consensus sequence of the anticodon stem/loop sequence of eubacterial 

tRNAAla, which I have derived from 72 eubacterial tRNAAla genes and sequences taken from 

the Genomic tRNA Compilation section of the Compilation of tRNA sequences and 

sequences of tRNA genes (Sprinzl and Vassilenko, 2005). As shown, the anticodon stem/loop  

 

 
 

Figure 3.15 Relationship of operational RNA code to anticodon sequence in eubacterial 
tRNAAla. (A) Operational RNA code with major identity elements (in red) and minor identity elements  
(in gold) (B) Anticodon stem/loop formed from two ligated hairpins containing the operational RNA code as in 
(A). Note: the dotted line marks the proposed point of hairpin joining. The red arrow indicates the canonical 
intron insertion position between nucleotides 37 and 38. N = unspecified nucleotide.  (C) Consensus unmodified 
anticodon stem/loop sequence of eubacterial tRNAAla derived from 72 tRNA genes and sequences in 
Compilation of tRNA sequences and sequences of tRNA genes (Sprinzl and Vassilenko, 2005). Where a 
position is indicated by a single nucleotide, this nucleotide occurs at this position in ≥ 50 % sequences. Where 
the position is indicated by ‘M’, individual nucleotides occur at this position in >25 % sequences. Note: the 
dotted line marks the proposed point of hairpin joining. The red arrow indicates the canonical intron insertion 
position between nucleotides 37 and 38. M = A or C. 
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sequence of eubacterial tRNAAla is very highly conserved, with the only variation being at 

position 38, which can be either A or C. The ‘best fit’ for the anticodon loop/stem that can be 

created by the head-to-tail ligation of two hairpins containing the operational RNA code is 

shown in (B). As the numbers indicate (see box for explanation), there is quite poor 

homology. In fact, the sequence of (B) looks surprisingly similar to the anticodon loop of 

glycine tRNA! This is because the operational RNA code of tRNAAla contains two CCA 

sequences in series. Despite being the ‘best fit’, the anticodon loop/stem in Figure 3.15B has 

three nucleotides between the point of hairpin joining (indicated by the dotted line) and the 

canonical intron insertion point. As was the case with eubacterial tRNAGly, it is difficult to 

see how the operational RNA code and the anticodon region of eubacterial tRNAAla could 

have had a common origin, casting further doubt on this concept. 

 

3.6.1.3 Rodin et al. revisited 
 

As discussed in Section 1.2.2, Rodin et al. (1996) have presented an alternative 

hypothesis for the relationship between the acceptor stem code and the anticodon, finding a 

link between position 2 of the acceptor stem and position 35, the central nucleotide of the 

anticodon. Analyzing pairs of tRNA consensus sequences with complementary anticodons 

(and thus, complementary middle anticodon nucleotides), they found that the pairs also 

possess complementary nucleotides at position 2 of the acceptor stem. They see this as 

evidence of an ancestral link between the genetic code residing in the anticodon and the 

operational RNA code in the acceptor stem. In some cases, the nucleotide at position 2 is 

identical to that at position 35. This is the case for tRNAGly and tRNAAla, which form a tRNA 

pair with complementary anticodons. As shown in Figures 3.14 and 3.15, the consensus 

eubacterial tRNAGly sequence has a C both at position 2 in the acceptor stem and position 35 

of the anticodon (see Figure 3.14A and B), while the consensus eubacterial tRNAAla sequence 

has a G at the corresponding positions (Figure 3.15A and C). However, for the majority of 

pairs of tRNA consensus sequences possessing complementary anticodons, the nucleotides at 

these positions are complementary but not identical, making the correlation more tenuous. 

A further difficulty with theories that postulate a common origin for the anticodon and 

operational RNA code is that the latter, like the genetic code itself, is not universal. Thus, the 

discriminator base of prokaryotic tRNAsGly is U, while in eukaryotic tRNAsGly it is A, with 
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the result that the E. coli tRNAGly is not a substrate for the human glycyl-tRNA synthetase, 

and vice versa (Shiba et al., 1994). An analysis like that undertaken in Section 3.6.1.1 shows 

that the eukaryotic tRNAGly operational RNA code sequence has even lower homology with 

the consensus eukaryotic tRNAGly anticodon than is the case with the eubacterial tRNAGly 

(data not shown).   

Examination of just two examples, tRNAGly and tRNAAla, does not represent an 

exhaustive investigation of this question, but on the basis of these two examples it would 

appear unlikely that the anticodon has evolved from an ancestral RNA code embedded in the 

stem of the progenitor hairpin. On the contrary, my theory of the anticodon evolving from the 

3' CCA terminus of the upstream hairpin, supported by the sequences of contemporary 

tRNAsGly, seems more robust. In the next chapter I explore the implications of this theory for 

the origin of coded protein synthesis. 
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Chapter 4 
 

The origin of coded protein synthesis 
 

 

The origin of protein synthesis was recently described as “arguably, the central and 

the hardest problem in the study of the origin of life, and one of the hardest in all 

evolutionary biology” (Wolf and Koonin, 2007). It is likely that peptide synthesis required 

from the outset the presence of a ribozyme catalyst, in contrast to the theory of spontaneous 

peptide synthesis between aminoacylated hairpins through lateral loop-loop interactions 

(Henderson and Schimmel, 1997). An advantage of the theory of an ancestral peptidyl 

transferase ribozyme is that it is in conformity with the Continuity Principle, in that there 

exists a clear evolutionary path from such a system to the contemporary system of ribosomal 

protein synthesis, with the ancestral peptidyl transferase ribozyme evolving into the large 

ribosomal subunit RNA of the contemporary ribosome.  

In Chapter 3, I discussed theories of the origin of the first tRNA by a hairpin 

duplication event that would have created the cloverleaf secondary structure, as well as a new 

single-stranded loop at the point of hairpin ligation. In this chapter I will argue that the advent 

of the tRNA anticodon loop presented a novel binding surface for a subset of single-stranded 

RNAs (or single-stranded regions of structured RNAs) in the immediate RNA world 

environment, and with which it was able to form complementary base pairs. The implication 

is that the first proto-mRNAs arose first as serendipitous binding partners, forming 

complementary base pair interactions with the anticodon loops of pairs of tRNAs held in 

juxtaposition on the ancestral peptidyl transferase ribozyme (Figure 4.1). These binding 

partner RNAs would have effectively tethered the two tRNAs, enhancing their stability so 

that they were held together in close proximity and optimally positioning their 3' CCA 

termini for peptide synthesis. It is important to note that such a scenario requires only base 

pairing between complementary sequences, a spontaneous process governed only by natural 

physical law.   
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Figure 4.1 My proposal for the origin of coded protein synthesis. A depiction of the ancestral 
peptidyl transferase ribozyme (grey) as proposed by Bokov and Steinberg (2009) with two tRNAs (gold) and a 
serendipitous proto-mRNA binding partner (blue) bound to the two tRNA anticodon loops. Adapted from the 
PDB files of the T. thermophilus 70S ribosome (with tRNAs and mRNA) taken from Voorhees et al. (2009). 
PDB files rendered using MacPyMol (Delano, 2009). 
 
 
4.1 Presentation of the model 
 

In presenting this model, I take as a starting premise this statement from Wolf and 

Koonin (2007): “Our main guide in constructing the models is the Darwinian Continuity 

Principle whereby a scenario for the evolution of a complex system must consist of plausible 

elementary steps, each conferring a distinct advantage on the evolving ensemble of genetic 
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elements. Evolution of the translation system is envisaged to occur in a compartmentalized 

ensemble of replicating, co-selected RNA segments, i.e., in a RNA world containing 

ribozymes with versatile activities”. In what follows I seek to demonstrate selective advantage 

at each step, and, in line with the Continuity Principle, a continuous pathway where 

information is preserved from the ancestral system to the present. As logic dictates, the 

evolution of coded peptide synthesis must have occurred in the absence of complex proteins. 

 
4.1.1 Initial selection for noncoded protein synthesis 
 

As previously discussed, Schimmel has proposed an ancestral system of noncoded 

protein synthesis utilizing hairpin precursors of tRNA (Musier-Forsyth and Schimmel, 1999). 

Prior to the existence of complex polypeptides, specific aminoacylation would have been 

catalyzed by the ribozyme predecessors of contemporary protein aminoacyl-tRNA 

synthetases. Co-existing with these ribozymes was an RNA fragment containing the peptidyl 

transferase, the ancestral large ribosomal subunit, which functioned as a specific ribozyme 

promoting the synthesis of short peptides. The evolution of peptidyl transferase activity may 

have been relatively straightforward, as the primary function of the contemporary peptidyl 

transfer centre of the large ribosomal subunit appears to be the positioning of the two 3' CCA 

termini of tRNA through a network of hydrogen bonds (Rodnina et al., 2007). This process 

would have produced only peptides with random and perhaps repetitive sequences. However, 

as discussed in Section 1.3.3, new enzymatic activities could have been possible even in such 

a primitive context, deduced from what is known today of functions of sequences of repetitive 

amino acids: 

1.  Short tandem repeats rich in glycine are able to bind Cu2+ ions (Matsushima et al., 

2008). 

2. A polyglycine-Cu2+ complex exhibits superoxide dismutase activity (Pogni et al., 

1999).  

Interestingly, Cu2+ cleaves the bond between the aminoacyl-tRNA bond of aminoacyl- 

but not peptidyl-tRNA (Schofield and Zamecnik, 1968), suggesting the possibility, if Cu2+ 

were present in the RNA world environment, of a positive-feedback mechanism in which, by 

sequestering Cu2+ ions, polyglycine could have inhibited the breakdown of a key intermediate 

in its own synthesis. Additionally, these and other like peptides might have interacted with 
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existing catalytic RNA domains, enhancing and developing ribozymal catalysis (Poole et al., 

1998; Noller, 2004; Cech, 2009b). Lastly, polyglycine may have formed stabilizing 

interactions with the ancestral peptidyl transferase ribozyme (Noller, 2006): glycine is a well 

known ‘helix-breaker’ that is commonly found in unstructured protein tail and loop regions, 

such as the internal loop of ribosomal protein L11-C76 which is disordered in the free protein 

but becomes ordered in its association with RNA (Markus et al., 1997). Interestingly, this 14-

residue loop contains, in addition to three glycine residues, a high proportion of ‘early’ amino 

acids, with 9 out of 14 being among the proposed 7 earliest in Trifonov’s league table 

(Trifonov, 2004) (Table 1.1). Glycine is also found in other RNA-binding protein motifs: in 

the bovine immunodeficiency virus Tat-TAR interaction, three essential glycine residues are 

required for β-turn formation and for allowing deep penetration into the narrow major groove 

of the RNA helix (Puglisi and Williamson, 1999), and a conserved ‘GxxG’ loop contributes to 

the RNA-binding activity of a number of protein domains, including the KH RNA binding 

domain (Barkan et al., 2007; Lewis et al., 2000). Cech (2009) also points out that many 

ribosomal proteins have “glycine-, lysine-, and arginine-rich extensions that penetrate deep 

into the ribosomal RNA and assume specific structures only upon interaction with the RNA, 

providing credence to the idea that primordial ribosomes and other ribozymes could have 

benefitted from even rather short, basic peptides produced by random condensation of amino 

acids.” 

 

4.1.2 The origin of mRNA as a stability-enhancer 
 

In Chapter 3 I presented evidence for a highly conserved anticodon loop CCA 

sequence in contemporary tRNAsGly that suggests the first tRNA (specific for glycine) was 

formed by the ligation of two RNA hairpins, with subsequent mutations to form the familiar 

cloverleaf structure. Possessing the same 3'-end structure as its hairpin precursors, this first 

tRNA was similarly aminoacylated and was a substrate for peptidyl transfer catalyzed by the 

ancestral ribozymes. Subsequently, this first tRNAGly gave rise to other tRNAs by a process of 

duplication and mutation, similar to the concept of Wolf and Koonin (2007) (Figure 4.2). A 

critical new feature of the tRNA molecule was the central anticodon loop, formed by the head-

to-tail ligation of the 3' and 5' ends of the respective hairpins. 
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Figure 4.2 Proposed hairpin duplication origin of tRNA. RNA hairpin (left) was specifically 
aminoacylated with glycine, enabling it to participate in noncoded peptide synthesis. The hairpin monomer was 
in equilibrium with the partial duplex (middle), which underwent ligation to form a covalently joined molecule 
possessing an anticodon loop with the anticodon derived from the 3'-terminal CCA sequence of the upstream 
hairpin. Mutations produced the first tRNAGly (far right), also a substrate for noncoded peptide synthesis. 
Subsequent gene duplication and mutation led to a proliferation of tRNA molecules with different amino acid 
specificities. Based on Di Giulio (1992, 1995, 2004). 
 

 

Accepting that tRNAs derived from hairpins, I propose that the first proto-mRNAs 

arose as their serendipitous binding partners, forming complementary base pair interactions 

with the anticodon loops of pairs of tRNAs held in juxtaposition for peptide synthesis by the 

ancestral peptidyl transferase ribozyme (Figure 4.1). The proto-mRNA would act as a tether 

to immobilize the two tRNAs, and enable the 3' CCA termini to be better positioned for 

peptidyl transfer. Template-independent peptide synthesis of peptides of up to seven residues 

(indicative of noncoded protein synthesis) was demonstrated by Spirin and associates on 

contemporary ribosomes with lysyl-tRNA as a substrate in the absence of a directing mRNA 

(Belitsina et al., 1981). Previously, Monro (1969) and, more recently, Wohlgemuth et al. 

(2006) have demonstrated the ability of the isolated 50S ribosomal subunit to catalyse peptide 

synthesis in the absence of mRNA, and Wohlgemuth et al. have shown this occurs at the 

same rate as when catalysed by the complete ribosome. Significantly, Monro (1969) detected 
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the synthesis of short peptides using full-length tRNAs as substrates, strongly suggesting 

these occupied both A and P sites of the 50S subunit.  

Experiments by Jonák and Rychlík (1970) demonstrated that binding of oligolysyl-

tRNA (with anticodon U*UU, where U* is modified) to the isolated E. coli 50S ribosomal 

subunit19 is enhanced approximately two-fold by cognate poly A (Figure 4.3) but not 

noncognate poly U or poly (U, C) (data not shown). Similarly, Gnirke and Nierhaus (1986) 

have demonstrated a two-fold enhancement in the binding of deacylated tRNAPhe to the 50S 

subunit E site in the presence of cognate poly U (Figure 4.4) but not noncognate poly A (data 

not shown). Of interest, Tate and colleagues demonstrated a similar degree of binding 

enhancement of the protein termination factor RF-2 to the 50S subunit A site in the presence 

of the cognate termination codon UAA (Tate et al., 1990a) (Figure 4.5). Although in these 

examples single site binding to the 50S subunit is likely, I would argue that such binding was 

possible originally with pairs of tRNAs positioned in the adjacent A and P sites, thereby 

enhancing both the binding of the pair to the ancestral peptidyl transferase and the rate of 

peptide synthesis. The enhancement in RF-2 binding in the presence of the trinucleotide 

UAA codon suggests that the enhancement is due to the transmittance of a conformational 

change in the protein from the codon-binding site to the part of the molecule that interacts 

with the 50S subunit. In the experiments utilizing tRNAs, the poly A and poly U respectively  

 

                                         
 
Figure 4.3 Binding of oligolysyl-tRNA to 50S ribosomal subunit enhanced by cognate 
poly A. Time profile of [14C]oligolysyl-tRNA interaction with isolated 50S ribosomal subunits. Individual 
points on the graph indicate the quantity of [14C]oligolysyl-tRNA bound at different time points to 50 µg 50S 
subunit in the presence and absence of poly A. Reprinted from Jonák and Rychlík (1970) with permission from 
Elsevier. 

                                                
19 Binding is possibly to the P site of the 50S subunit, due to the absence of inhibition (and 
possibly even stimulation) of tRNA binding by tetracycline (K. Nierhaus, pers. commun.) 
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Figure 4.4 Binding of deacylated tRNAPhe to 50S ribosomal subunit enhanced by 
cognate poly U. Graph depicts amount of [14C]tRNAPhe bound to isolated 50S ribosomal subunit with 
increasing amounts of [14C]tRNAPhe in the presence and absence of poly U (no binding by AcPhe-tRNA or Phe-
tRNA (data not shown) to the 50S subunit was detected under the same conditions.) Reprinted from Gnirke and 
Nierhaus (1986); copyright © the American Society for Biochemistry and Molecular Biology. 
 

  

 

 
 
Figure 4.5 Binding of RF-2 to 50S subunit enhanced by cognate codon UAA. Graph depicts 
amount of E. coli protein factor RF-2 bound to isolated 50S ribosomal subunit in the presence and absence of 
the cognate codon UAA, as determined by sedimentation through a sucrose gradient. Reprinted from  
Tate et al. (1990a) with permission from ASM Press.  
  
 

could be regarded as the equivalent of the proposed ancestral stability-enhancing RNAs that 

were able to base pair with tRNA anticodon loops. Although these experiments were done 

using 50S subunits containing a full complement of ribosomal proteins, recent structural 

studies have shown the main contacts for tRNA even on the modern ribosome are with rRNA 

moieties (Yusupov et al., 2001). These findings support my hypothesis that a complementary 

RNA sequence (proto-mRNA) could have played a structural role enhancing both binding of 

the first tRNAs to an ancestral peptidyl transferase ribozyme and the rate of peptide synthesis 
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even though the prototype of the contemporary small ribosomal subunit RNA, responsible for 

coding, was missing. 

Subsequent to my developing this model, on reading his book Blueprint for a Cell,  

I became aware that a similar concept had been discussed by Christian de Duve: 

“If the protein-synthesizing machinery first developed without an informational 

element, how did this element enter the system? In addressing this question, we must 

remember that, in living organisms today, mRNAs do not only serve to dictate the 

sequence of amino acid assembly. They also play an essential role in the strategic 

positioning of aminoacyl-tRNA and peptidyl-tRNA complexes on the surface of 

ribosomes. It is thus conceivable that the conformational function preceded the 

informational one and that it was, in fact, instrumental in bringing about the latter. 

Proto-mRNAs could have entered the system as structural adjuncts of the peptide-

synthesizing machinery” (de Duve, 1991; italics added). 

 

4.1.3 The takeover of peptide synthesis by tRNA 

 

As discussed in Chapter 3, the first tRNA(s) might have evolved in an environment of 

up to eleven specifically-aminoacylated hairpins (Musier-Forsyth and Schimmel, 1999) that 

were the original substrates for noncoded peptide synthesis. The relative strength of binding 

of such hairpins and tRNAs to the ancestral peptidyl transferase ribozyme is not known, but 

the small size of the proposed ancestral peptidyl transferase implies fewer intermolecular 

interactions than occur on the modern ribosome (Figure 4.6). However, Schimmel and co-

workers have demonstrated a similar rate of peptide synthesis for aminoacylated hairpins and 

tRNA by the isolated 50S ribosomal subunit (Sardesai et al., 1999), indicating the two may 

have similar binding strengths. If this were true for the ancestral peptidyl transferase 

ribozyme, the enhancement in binding brought about by serendipitous proto-mRNA binding 

partners may have led to the eventual replacement of hairpins by tRNA for peptide synthesis. 

Di Giulio (2004) has presented a scenario in which a mixed population of aminoacylated 

RNA species (including hairpins and cloverleaves) were simultaneously substrates for 

peptide synthesis. 
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Figure 4.6 Interaction of proposed ancestral peptidyl transferase ribozyme with 3' CCA 
termini of tRNAs. Ancestral peptidyl transferase ribozyme (grey) with two tRNAs (gold) (A) Ancestral 
peptidyl transferase as proposed by Bokov and Steinberg (2009) (B) Ancestral peptidyl transferase as proposed 
by Agmon et al. (2005). The two views are from opposite sides of the complex. Adapted from the PDB files of 
the T. thermophilus 70S ribosome (with tRNAs) taken from Voorhees et al. (2009). PDB files rendered using 
MacPyMol (Delano, 2009). 
 

 

4.1.4 The origin of coding 

 

The above considerations provide a plausible pathway for the evolution of genetic 

coding that is outlined below and in Figure 4.7. My aim in presenting it is to set forth some of 

the general principles that I believe may have guided the process, although for understanding 

the detail the model will undoubtedly need further refinement and experimental validation. 

Initially, I assume the presence of a small number of specifically-aminoacylated RNA hairpins 

(or other RNAs, see below) giving rise to a number of homo- or hetero-dipeptides. If we make 

the assumption that two of these were useful, for example, gly-gly and gly-ser, then these two 

peptides produced by a noncoded process had their production under positive selection 

because of a net benefit to the compartment or cell. The original aminoacylated RNAs, 

described up to this point as ‘hairpins’, may have actually constituted a mixed population of 
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Figure 4.7. A detailed scenario for the origin of genetic coding. 1. Synthesis of Gly-Gly peptide 
enhanced by a proto-mRNA complementary to the anticodon loops of tRNAGly, sets up positive feedback loop to 
further enhance noncoded synthesis of Gly-Gly from two tRNAsGly, plus Gly-Ser from tRNAGly and the hairpin 
specific for serine, respectively. 2. tRNAGly undergoes gene duplication, with one copy undergoing mutation of 
the acceptor stem to produce a tRNA with aminoacylation specificity for serine (Ser). As a result, the synthesis 
of Gly-Ser is enhanced by the same proto-mRNA that enhances the synthesis of Gly-Gly. 3. Selection occurs for 
mutation of the anticodon loop of proto-tRNASer so that the synthesis of Gly-Ser is specifically enhanced. In this 
way, each new amino acid incorporated into the genetic code is specified by a different sequence (codon). 
Complementary proto-mRNA and tRNA anticodon loop sequences are represented by the same colour. 
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molecules, having in common only the presence of an acceptor stem-like helix (containing 

nucleotides of the operational RNA code conferring specificity of aminoacylation) and a 3' 

CCA terminus allowing specific aminoacylation (as Schimmel et al. (1993) have noted, some 

may have been larger than contemporary tRNA, as a number of viral RNAs contain a 3' 

tRNA-like structure that is specifically aminoacylated in vivo). 

At this point the first tRNAGly would have made its appearance, formed by hairpin 

duplication and ligation (Figure 4.2). Subsequent gene duplication of this first tRNAGly, if it 

were followed by mutation of nucleotides comprising the operational RNA code in the 

acceptor stem of one of the copies, would have altered the specificity of aminoacylation by the 

RNA synthetase, for example from glycine to serine. The production of this new mutant tRNA 

species would facilitate the synthesis of a beneficial peptide Gly-Ser, enhanced by the same 

proto-mRNA that enhanced the synthesis of Gly-Gly, as both tRNAs would at this stage share 

the same anticodon. The lack of specificity of the proto-mRNA, however, would also have 

enhanced the production of Ser-Gly and Ser-Ser, perhaps with deleterious effects on the cell. 

Selection for increased specificity would be favoured so that the synthesis of only the useful 

peptides was increased. If each new amino acid incorporated into the nascent coding system 

(and its corresponding mutant tRNA) eventually became specified by a different sequence (in 

other words, by a different codon), then each combination of tRNAs would have bound a 

unique complementary proto-mRNA, giving a one-to-one relationship between proto-mRNA 

and peptide. This advantage could have driven the evolution of coding specificity, so that each 

codon sequence interacted with only a single tRNA, coding for only a single amino acid 

(Figure 4.7). De Duve has said the following about this stage: 

“Even if precise matching between amino acids and proto-anticodons did not exist 

initially, its progressive appearance would, predictably, be favoured by natural selection. 

Consider that we are dealing with a random peptide synthesizer of which there are many 

copies situated in distinct, competing entities. Mutations of the RNAs involved create the 

diversity on which selection acts, but within stringent constraints. First, only mutations that 

respect the topological factors just defined will be tolerated, as others disrupt the machinery. 

Furthermore, the critical mutations will be those that affect the proto-tRNAs rather than those 

that affect proto-mRNAs, as it is not yet the quality of the messages that counts, but that of the 

parts of the synthetic machinery. In such a context, units possessing unambiguous proto-

tRNAs will have a manifest advantage over those that have proto-tRNAs associating the same 
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proto-anticodon with different amino acids, the advantage being the possibility of faithful 

reproduction of a message. In other words, from the moment translation [=coded protein 

synthesis] became mechanistically possible, its emergence was obligatory” (de Duve, 1991; 

italics added). 

One constraint on the first anticodon sequences was that they must form stable 

anticodon-codon interactions in the absence of modified anticodon loop nucleotides, if, as 

suggested by Crick (1968), there was no post-transcriptional modification of tRNA 

nucleotides at this early stage. Then anticodon sequences (and their complementary codons) 

with a high G+C content would have an advantage; this may be the reason the first tRNA 

(tRNAGly) possessed an NCC anticodon.  

In overview, the principle selective pressure was for the production of novel useful 

peptides enhancing biological function, and this in turn resulted in selection for the 

diversification of anticodon and proto-mRNA sequences. Wolf and Koonin (2007) have 

expressed a parallel concept as part of their proposal for the origin of protein synthesis.  

 

4.1.5 The origin of translocation 
 

Maizels and Weiner (1987) have suggested that translocation may have arisen from a 

slight preference of one of the two tRNA binding sites for peptidyl-tRNA, which meant that, 

following the peptidyl transfer reaction, the resultant peptidyl-tRNA would slip into the more 

stable site, displacing the (now) deacylated tRNA, perhaps accompanied by a conformational 

change in the ancestral peptidyl transferase ribozyme. Something similar occurs on the 

contemporary ribosome, with the newly peptidylated 3' terminus of the A site tRNA moving 

spontaneously into the P site following peptidyl transfer (Noller, 2005) (although movement in 

the opposite direction is not precluded (Shoji et al., 2006; Konevega et al., 2007). As Noller 

(2006) has noted, the whole ribosome possesses an intrinsic ability to undergo translocation, 

as demonstrated by its ability to form peptides in the absence of EF-G and GTP (and EF-Tu) 

(Pestka, 1969; Gavrilova and Spirin, 1971; Gavrilova et al., 1976; Southworth et al., 2002; 

Fredrick and Noller, 2003). Yonath and associates suggest that translocation is inherent in the 

structure of the ancestral core of the large ribosomal subunit RNA: “by encircling the PTC 

[peptidyl transfer centre] it confines the void required for the motions involved in the 
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translocation of the tRNA 3' end, which, in turn, is necessary for the successive peptide bond 

formations, enabling the amino acid polymerase activity of the ribosome” (Davidovich et al., 

2009).  If there already existed a weak binding site for the displaced tRNA on the ancestral 

peptidyl transferase (an ancestral E or exit site), the proto-mRNA may have remained bound 

to the anticodons of the two tRNAs long enough for the selection of a new (aminoacylated) 

tRNA for the now empty A site (Figure 4.8). Wilson and Nierhaus (2006) have proposed that 

the E site is ancestral on the basis of its conservation across all three kingdoms, and they 

identify three highly conserved nucleotides critical for the binding of the CCA end of the E 

site tRNA. Intriguingly, these three large subunit nucleotides lie within 40 nucleotides of 

Bokov and Steinberg’s (2009) proposed ancestral peptidyl transferase sequence, although, 

  

 

 
 
Figure 4.8 The origin of the E site? A depiction of the proposed ancestral peptidyl transferase ribozyme 
(Bokov and Steinberg, 2009) (grey) with a 36 nucleotide extension (at bottom of figure) forming the ancestral  
E site, with tRNAs (gold) in the A and P sites, and a third tRNA (orange) in the ancestral E site and a 
serendipitous proto-mRNA binding partner (blue) bound to the tRNA anticodon loops. Adapted from the  
PDB files of the T. thermophilus 70S ribosome (with tRNAs and mRNA) taken from Voorhees et al. (2009). 
PDB files rendered using MacPyMol (Delano, 2009). 
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according to their deconstruction of the ribosome, within a region that they predicted was 

added considerably later to the expanding large ribosomal subunit RNA structure. This implies 

the structures responsible for release of the deacylated E site tRNA arose relatively late in the 

development of the contemporary ribosome. It has been argued that the E site tRNA maintains 

an anticodon-codon interaction with the mRNA on the contemporary ribosome, with a tRNA 

cognate to the E site codon able to displace a radio-labelled E site tRNA, while near and 

noncognate tRNAs are not (Rheinberger et al., 1986); recent structural analysis appears to 

offer support for an anticodon-codon interaction (Jenner et al., 2007). When an ancestral E site 

interaction became possible it would have provided a platform for translocation, giving the 

ancestral peptidyl transferase ribozyme the ability to utilize longer sequences of stabilising 

proto-mRNAs productively, the forerunner of protein synthesis as we know it today. 

Translocation provides an evolutionary route to coding, even in the absence of the 

small ribosomal subunit. While in the first instance merely passively binding to the anticodon 

loops of pairs of tRNAs in the A and P sites, upon movement of the tRNA CCA-termini from 

the A to P and P to E sites (along with the proto-mRNA), the downstream codon of the proto-

mRNA might well have played a role in selecting the tRNA entering the newly vacated A site. 

Another way of viewing the experiments of Jonák and Rychlík (1970) and Gnirke and 

Nierhaus (1986) that demonstrate stimulation of binding of various tRNA species to the 

isolated large ribosomal subunit by cognate single-stranded RNAs, is that they demonstrate a 

form of coding by the large ribosomal subunit. A comparison with the small subunit is 

instructive. The presence of poly A similarly enhances the binding of oligolysyl-tRNA to this 

subunit (Jonák and Rychlík, 1970). However, in contrast to the large subunit, non-cognate 

RNAs cause a decrease in binding of oligolysyl-tRNA to the small subunit, reminding us that 

in conjunction with the small subunit the polynucleotide is playing a selective role in the 

interaction.  

 

4.1.6 The origin of the small ribosomal subunit 

 

The small subunit RNA was a later addition to the cohort of RNAs and added fine 

control over the interaction between tRNA and mRNA so that the fidelity of peptide synthesis 

was increased. According to Bokov and Steinberg’s (2009) deconstruction of the large 
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subunit, regions that form interactions with the small subunit occurred in the second stage of 

the evolution of the large subunit. Although the decoding function of the small ribosomal 

subunit RNA is made up of a number of segments that are widely separated (Smith et al., 

2008), a 49-nucleotide hairpin comprising part of the decoding site at the 3'-end of the small 

ribosomal subunit RNA binds both poly U and the tRNAPhe anticodon stem/loop in a similar 

fashion to the entire small subunit, suggesting such a hairpin-type structure could be an 

ancestral decoding fragment (Purohit and Stern, 1994). This hairpin contains the two 

nucleotides C1401 and G1402 (E. coli numbering) that complex a Mg2+ ion and mark the border 

between the A and P site codons. They are thought to be important for maintaining the reading 

frame and preventing slippage (Selmer et al., 2006). It also contains the two mobile 

nucleotides A1492 and A1493 that proofread the anticodon-codon helix (Ogle et al., 2003). These 

nucleotides may have originally functioned in isolation to other elements contributing to 

decoding in the contemporary ribosome, such as G530, almost 1,000 nucleotides distant in the 

primary sequence. Intriguingly, there is evidence from the ribosome structures that, if the G530 

interaction were missing, A1492 may alone be able to proofread the second codon position, 

albeit with lower fidelity, as the ribosomal decoding site can apparently accommodate a G-U 

base pair at the second position if either A1492 or G530 is utilized, but not with both (Moore and 

Steitz, 2006). Such a decoding hairpin could have originally functioned in trans (Poole et al., 

1998), interacting solely with the tRNA-mRNA complex (Figure 4.9). As discussed above, its 

acquisition as an intrinsic component of the ribosomal complex and specific interactions with 

the large subunit RNA would have been a later development (Sun and Caetano-Anollés (2009) 

have argued that the 5S rRNA was an even later addition to the ribosome). 
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Figure 4.9 The origin of the small ribosomal subunit as an RNA hairpin acting in trans.  
A depiction of the proposed decoding hairpin (Purohit and Stern, 1994) (green), possibly ancestral to the small 
ribosomal subunit RNA, interacting with tRNAs (gold) in the ancestral A and P sites of the ancestral peptidyl 
transferase ribozyme (Bokov and Steinberg, 2009) (grey), and a serendipitous proto-mRNA binding partner 
(blue) bound to the tRNA anticodon loops. Note: this view is from the opposite side of the complex to that shown 
in Figure 4.1. Adapted from the PDB files of the T. thermophilus 70S ribosome (with tRNAs and mRNA) taken 
from Voorhees et al. (2009). PDB files rendered using MacPyMol (Delano, 2009). 

 
 
4.1.7 Summary of the model 
 

My model can be summarized in ten progressive steps. These are listed below with 

supporting evidence from the literature.  

 

(i) Selection of ribozymes able to aminoacylate a variety of RNA substrates with 3' CCA 

termini, perhaps related to a role in the replication of genomic RNA. That this is feasible is 

supported by the demonstration that self-aminoacylation and the ability to aminoacylate  

in trans are some of the most easily selected RNA functions in vitro. For example, a  

114-nucleotide ribozyme capable of activating amino acids by catalysing the formation of 

aminoacyl guanylates (chemically similar to aminoacyl adenylates used universally in 

biological systems) (Kumar and Yarus, 2001) and a 45-nucleotide ribozyme capable of 
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aminoacylating tRNAs in trans (Murakami et al., 2003) have been selected in vitro from 

random populations of RNAs. As previously discussed, Yarus and colleagues have very 

recently demonstrated that a tiny RNA of just five nucleotides can catalyse the aminoacylation 

of a partly complementary even smaller four nucleotide RNA using the naturally-occurring 

amino adenylate substrates (Turk et al., 2010).  

 

(ii) Production of an ancestral peptidyl transferase by a gene duplication and ligation 

(perhaps of an aminoacyl-RNA synthetase ribozyme), enabling the resulting ribozyme to bind 

two RNAs with aminoacylated 3' CCA termini, and to promote noncoded peptide synthesis. 

Weiner and Maizels (1987) have proposed that the first ribosome arose from the gene 

duplication of a tRNA-binding ribozyme – perhaps an aminoacyl-tRNA synthetase – that 

created two tRNA binding sites on the same molecule. Bokov and Steinberg’s (2009) 

deconstruction of the large ribosomal subunit RNA supports the evolution of the proto-

ribosome from the duplication of a fragment of about 110 nucleotides, and Yonath and co-

workers have demonstrated that the ribose-phosphate backbones of the A and P sites of the 

PTC map onto each other extremely closely, suggesting a duplication-ligation origin 

(Davidovich et al., 2009) (Figure 4.10). 

 

(iii) Generation of a proto-tRNA by duplication-ligation of a hairpin with a specifically-

aminoacylated 3' CCA terminus able to participate in noncoded peptide synthesis. This 

scenario is supported by the analysis of contemporary tRNAsGly demonstrating a highly 

conserved anticodon loop CCA sequence (see Chapter 3) and previous statistical analyses of 

tRNA molecules by Di Giulio and colleagues arguing for a duplication-ligation origin of 

tRNA (Di Giulio, 1992, 1999, 2004; Widmann et al., 2005). The idea that the ancestral 

peptidyl transferase ribozyme and tRNA both arose by a duplication event suggests that this 

may have been a general mechanism for the origin of components of the RNA world  

(Agmon, 2009) (Figure 4.10).   

 

(iv) The recruitment of single-stranded RNAs (or RNAs with single-stranded regions) as 

binding partners to the anticodon loops of tRNA pairs. This is supported by the ability of 

single-stranded RNAs to bind to the tRNA anticodon loop free in solution (see the next 

section for references and discussion). 
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Figure 4.10 A duplication-ligation origin of coded protein synthesis. The origin of coded 
protein synthesis from the duplication of a hairpin-binding ribozyme to form the proposed ancestral peptidyl 
transferase ribozyme (Bokov and Steinberg, 2009) (both grey) and the duplication of a hairpin possessing a  
3'-terminal CCA to form the first tRNA (both gold). Serendipitous binding of a single-stranded RNA (proto-
mRNA) (blue) complementary to the tRNA anticodon loops enhanced the binding and positioning of the two 
tRNAs on the peptidyl transferase, and thereby, the rate of peptide synthesis. Adapted from the PDB files of the 
T. thermophilus 70S ribosome (with tRNAs and mRNA) taken from Voorhees et al. (2009). PDB files rendered 
using MacPyMol (Delano, 2009). 
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(v) Enhancement of the selection of tRNAs as preferred substrates for the peptidyl transferase 

due to their interaction with single-stranded RNAs (proto-mRNAs), giving rise to a binding 

enhancement and a consequential rate enhancement of peptide synthesis. This concept is 

supported by isolated experiments demonstrating enhanced binding of oligolysyl-tRNA to the 

P site (Jonák and Rychlík, 1970) deacylated tRNAPhe to the E site (Gnirke and Nierhaus, 1986) 

and the protein termination factor RF-2 to the A site (Tate et al., 1990a) of the isolated 50S 

ribosomal subunit dependent upon the presence of the cognate RNA or codon.  

 

(vi) Synthesis of a greater diversity of beneficial peptides by selection for mutations in the 

acceptor stem of tRNA, altering the specificity of aminoacylation. This is supported by the 

demonstration that a single C70U mutation in the acceptor stem of E. coli tRNALys results in 

its aminoacylation with alanine (Prather et al., 1984). 

 

(vii) Selection for specificity of enhancement of the synthesis of particular peptide products by 

selection for mutation of the anticodons of these mutant tRNAs, leading to new unique proto-

mRNA sequences complementary to the new anticodon loop sequences. This step is supported 

in contemporary biology by the existence of suppressor tRNAs that possess altered anticodons 

complementary to termination codons, that insert the amino acid corresponding to the original 

tRNA at these positions (Gorini, 1970).  

 

(viii) Synthesis of longer peptides with the emergence of an E site on the ancestral peptidyl 

transferase. The relatively early evolution of the E site as the ribozyme expanded is supported 

by its conservation across all three kingdoms (Wilson and Nierhaus, 2006) although the 

analysis of Bokov and Steinberg (2009) did not support this conclusion. 

 

(ix) Enhancing the fidelity of protein synthesis by evolution of a short decoding hairpin  

(the ancestral small ribosomal subunit RNA, functioning in trans), to enforce the genetic 

coding rules. This is supported by the demonstration that a 49-nucleotide hairpin comprising 

part of the decoding site of the small ribosomal subunit RNA binds both poly U and the 

tRNAPhe anticodon stem/loop in a similar fashion to the entire small subunit, suggesting such 

a hairpin-type structure could be an ancestral decoding fragment (Purohit and Stern, 1994). 
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(x) Control and fidelity of protein synthesis further evolved from a gradual increase in the 

sizes and interactions between the ancestral peptidyl transferase and decoding hairpin. 

 

Arguably, each step in this development would have been selected for the ability to produce 

peptides reproducibly that were increasingly more complex (and thus potentially more useful). 

 

4.2 Evidence for tRNA anticodon interactions in the 
absence of the ribosome  
 

In contemporary protein synthesis, the tRNA anticodon base pairs with the mRNA 

codon, but this interaction is also stabilized by interactions with parts of the ribosome that can 

not have been present at the early stages of its evolution. In the experiments of Jonák and 

Rychlík (1970) and Gnirke and Nierhaus (1986) previously discussed, the entire 50S subunit 

(including ribosomal proteins) was used. In order to assess the feasibility of my theory that 

single-stranded RNAs were able to stably bind to the anticodon loops of adjacent tRNAs, it is 

important to look at interactions that occur with the tRNA anticodon loop outside of the 

contemporary ribosome and its subunits. What interactions with the anticodon loop can occur 

free in solution? On the basis of a highly conserved anticodon loop ‘signature’ I have 

proposed glycine tRNA as the first tRNA (see Chapter 3). Contemporary tRNAGly contains on 

average the fewest post-transcriptionally modified nucleotides and the lowest proportion of 

modifications at position 37, immediately downstream of the anticodon. Modifications at this 

position are important for stabilizing the anticodon-codon interaction through base stacking 

(Konevega et al., 2004)) (Figure 3.11), with the unmodified state assumed to be ancestral 

(Crick, 1968). Three types of interaction occur between single-stranded RNAs and a 

hypomodified anticodon loop: 

 

(i) Oligonucleotide-binding of single-stranded tri, tetra and pentanucleotides with the tRNA 

anticodon loop. Most pertinent to the proposed ancestral situation are studies using E. coli 

tRNAiMet, whose anticodon loop contains a single post-transcriptional modification at 

position 32 (a 2'-O methylcytidine), a position that is not thought to have a significant 

influence on anticodon binding (Yarus, 1982). This tRNA has an unmodified anticodon and 

an unmodified adenine at position 37, and binds a trinucleotide and tetranucleotide 
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complementary to its anticodon (or anticodon plus adjacent U33) with molar association 

constants of 1.2 x 103 and 1.4 x 104, respectively (Uhlenbeck et al., 1970). In the absence of 

the ribosome, tri, tetra and pentanucleotides bind to the anticodon (or anticodon plus adjacent 

U33/C32) of E. coli or yeast tRNAPhe with increasing strength (Yoon et al., 1975; Eisinger and 

Spahr, 1973; Geerdes et al., 1980). These tRNAs, however, contain a hypermodified 

nucleotide at position 37, and so probably do not represent the ancestral state (Konevega et 

al., 2004).  

 

(ii) Interactions between complementary anticodons of two tRNAs. Interactions between  

E. coli tRNAGly (with anticodon U*CC, where U* is modified) and tRNASer (with an 

unmodified GGA anticodon) were found to be highly stable (Högenauer et al., 1972); the 

sole anticodon loop modification in this interaction is that of U34 in the first (wobble) position 

of the tRNAGly anticodon, as indicated. Importantly, neither tRNA has a modified purine at 

position 37, leading the authors to state that, “the presence of three consecutive purines in the 

[tRNASer] anticodon triplet together with the two purines on its 3' side may yield sufficient 

stability…” to allow an interaction in the absence of this modification (Houssier and 

Grosjean, 1985). The interaction between wheat tRNAGly and E. coli tRNAAla (with 

unmodified GCC and GGC anticodons respectively) is also highly stable  

(Grosjean et al., 1978). In this case the sole anticodon loop modification is a single  

5'-methylation of cytidine at position 38 of the tRNAGly (Sprinzl and Vassilenko, 2005). 

(iii) Anticodon interactions with other RNAs. The GCC anticodon of Bacillus subtilis tRNAGly 

interacts with a complementary GGC ‘codon’ sequence within the eight-nucleotide internal 

specifier loop of the 5'-UTR of the Bacillus subtilis glyQS gene, regulating transcription of 

the encoded glycyl-tRNA synthetase (Yousef et al., 2005). Deacylated tRNAGly prevents 

termination of transcription (and thus increases synthesis of the glycyl-tRNA synthetase, and 

thereby enhances its own aminoacylation) by also interacting through its 3' UCCA terminus 

with a complementary UGGA sequence in the antiterminator bulge of the mRNA transcript, 

similar to the twin interactions of the anticodon loop and 3' CCA terminus of tRNA on the 

ribosome. Although the post-transcriptional sequence of the mature Bacillus subtilis 

tRNAGly(GCC) is not known, by comparison with other tRNAs of similar sequence (Sprinzl and 

Vassilenko, 2005) it is likely to be minimally modified. Significantly, this interaction has 
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been reproduced in vitro using unmodified tRNAGly, suggesting that post-transcriptional 

modification of the tRNA, if present, is not critical for the interaction (Yousef et al., 2005). 

The above data suggest that the interaction between unmodified tRNA anticodon 

loops and single-stranded RNAs, such as I have proposed for the ancestral tRNA and proto-

mRNA, would have been strong enough to allow an association in the absence of the 

contemporary ribosome. The interaction of a single-stranded RNA with two adjacent 

anticodon loops (such as two tRNAs held in juxtaposition by the ancestral peptidyl 

transferase ribozyme) would have enhanced such binding. Although Labuda et al. (1985) 

observed no ternary complexes between yeast tRNAPhe in free motion in solution and the 

complementary UUCUUCU oligonucleotide containing two consecutive codons (in italics), 

our proposal is that the two proto-tRNAs were fixed in place by their 3' CCA termini to the 

ancestral peptidyl transferase ribozyme, and so were already positioned for such an 

interaction with the proto-mRNA. As proposed in Chapter 3, the advent of the genetic coding 

interaction may have been due to the ability of the first, unmodified, NCCA anticodon loop 

sequence to form a stable base-pairing interaction with its complementary sequence, due to 

the strength of G-C base pairs and the ability of the adjacent adenine (A37) to base stack onto 

the resulting anticodon-codon helix (Maizels and Weiner, 1999). 

 

4.3 The origin of the triplet code 
  

Is it possible to deduce from the biophysical data important insights into the origin of 

elements of the triplet code? Crick (1968) suggested that the size of the triplet codon may 

have been determined by the width of RNA helices, and the closeness with which two adaptor 

molecules (tRNAs) could approach each other on adjacent codons; this however, would set a 

minimum rather than absolute size restriction. De Duve (1991) has proposed similarly a 

topological basis for the triplet code, the size of which “ensures an optimal spacing of the 

partners for efficient aminoacyl or peptidyl exchange”. Both Crick and de Duve argue from 

the Continuity Principle that a change in codon length during evolution would have been 

impossible, as this would destroy all previously encoded information. However, recent 

structural data demonstrate that the contemporary ribosome is able to accommodate anticodon 

loops with an extra nucleotide in the reading of four-nucleotide codons, leading Ramakrishnan 
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and associates to comment, “it appears that normal triplet pairing is not an absolute constraint 

of the decoding centre” (Dunham et al., 2007). Along similar lines, Baranov et al. (2009) have 

stated that “the emerging picture of decoding strategies used by different organisms…argue 

[sic] that non-triplet codes or codes with mixed codon sizes are possible”; further, they have 

provided evidence from computer modelling that decoding systems with codons larger than 

three nucleotides evolve spontaneously into mainly triplet decoding systems. Grosjean et al. 

(1978) argued on the basis of anticodon-anticodon interactions that the natural tendency of 

seven-membered RNA loops (like the anticodon loop) is to interact through the three central 

nucleotides, for example, the anticodon triplet. However, as previously discussed, this does 

not preclude the ability of tRNA free in solution to interact with tetra and pentanucleotides 

(Unger and Takemura, 1973; Yoon et al., 1975; Eisinger and Spahr, 1973; Geerdes et al., 

1980). Because of the close similarity Grosjean et al. (1978) discovered between anticodon-

anticodon interactions and the rules of genetic coding, they hypothesized that one of the 

functions of the ribosome was to fold mRNA into a loop conformation similar to the 

anticodon loop. While this has not been shown to be the case, there is a 45o kink in the mRNA 

between the codons in the adjacent A and P sites (Yusupov et al., 2001). In view of the above 

observations, an explanation for the triplet basis of the code still requires further refinement. 

 

4.4 The origin of the coding principle 
    

How did the genetic coding principle arise? As discussed previously (see Sections 

1.2.2 and 3.6.3), Rodin et al. have postulated that the genetic code (embodied by the 

anticodon) and operational RNA code (embedded in the tRNA acceptor stem and governing 

the specificity of aminoacylation) have a common ancestor (Rodin et al., 1993, 1996: Rodin 

and Rodin, 2008), although Rodin and Rodin (2008) themselves have stated, “straightforward 

analysis failed to uncover any traces of homology in this case”. Yarus et al. (2009) have 

postulated that the organization of the genetic code originated in specific interactions between 

amino acids and RNA binding sites. However, Ellington et al. (2000) have pointed out that 

understanding how such an association (with the requirement for the amino acid-binding site 

and coding triplet to be in close proximity) would lead to tRNA, with its widely separated 
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sites for the amino acid and the anticodon, is problematic. Specifically, such a scenario would 

appear to violate the Continuity Principle. 

In contrast, an intrinsic feature of my model is that the genetic code has not evolved 

from a previous code, but rather has arisen de novo utilizing existing principles. Wolf and 

Koonin have stated, “the origin of translation appears to be truly unique among all innovations 

in the history of life in that it involves the invention of a basic and highly non-trivial 

molecular-biology principle, the encoding of amino acid sequences in the sequences of 

nucleic acid bases via the triplet code. This principle, although simple and elegant once 

implemented, is not immediately dictated by any known physics or chemistry (unlike, say, the 

Watson-Crick complementarity)” (Wolf and Koonin, 2007; italics added). I would agree with 

Wolf and Koonin in part, namely that the principle of genetic coding, derived from the advent 

of the tRNA anticodon loop (as a novel binding partner for single-stranded RNAs), held in 

pairs on the ancestral peptidyl transferase ribozyme, was a non-determined event not dictated 

by physics or chemistry. By contrast, the complementary base pairing interaction at the heart 

of genetic coding is dictated by chemistry, in fact, by Watson-Crick complementarity. In the 

evolution of coded protein synthesis then, it would appear that the advent of the anticodon 

loop provided the necessary precondition for development of the genetic code. However, this 

structural invention occurred in a molecule (RNA) able to carry information. The models of 

Rodin and Rodin and Yarus postulate an information transfer from either a pre-existing code 

(the operational RNA code) or from an amino acid-RNA binding site interaction to the genetic 

code. On the contrary, and with de Duve (1991) (see comment in Section 4.1.4), I would 

argue that, with the emergence of the molecular assembly described above, genetic coding 

arose spontaneously due to the intrinsic chemical properties of RNA as an informational 

molecule.  

 

4.5 Coded protein synthesis – an irreducibly complex 
system? 
 

Wolf and Koonin (2007) have suggested that the problem of the origin of the 

translation system is so complicated and involves the interplay of so many factors that, at 

least at first glance, its occurrence “evokes the scary spectre of irreducible complexity”.  

In contrast, my model would suggest that the evolution of protein synthesis was similar to 
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that of other complex systems. A good example is the vertebrate eye; in this instance, Darwin 

argued, one is able to plot an evolutionary trajectory from a light-sensitive spot to a fully-

fledged eye, where each small step was selected for the “particular advantage it conferred 

onto the evolving organism” (Wolf and Koonin, 2007). I would argue similarly that peptide 

synthesis evolved from a more rudimentary noncoded form, and that the reproducible 

synthesis of increasingly more complex peptides provided the selective advantage for a 

stepwise evolution of the contemporary translation system (similar to the view expressed by 

Maizels and Weiner, 1987).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 130 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 131 

Chapter 5 
 

tRNA building blocks for nanotechnology: 
applications for an ancient molecule in modern 
biology  
 

5.1 Construction of tRNA templates 
 

5.1.1 Experimental strategy 
 

My experimental strategy, outlined in Figure 5.1, involved firstly the cloning of the 

single, double and triple E. coli tRNAGly(GCC) genes into a pUC18 transcription vector  

 

 
 
 
Figure 5.1 Strategy to produce appropriate tRNA templates for oligomerization studies 
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(step 1), and then, as appropriate, site-directed mutagenesis of the single E. coli tRNAGly(GCC) 

gene (step 2) to introduce additional complementary sequences into the single-stranded 

regions. In the intial work, six variant tRNAGly(GCC) were constructed: five variants with 

changes to T loop nucleotides only, and one variant where nucleotides in the D loop, T loop 

and 3' CCA terminus were altered. Subsequently, a further 14 variant tRNAsGly(GCC) were 

produced to test various predictions deduced arising the initial study. To do this, in vitro 

transcription of the single, double and triple tRNAGly(GCC) genes and single tRNAGly(GCC) gene 

variants were carried out to produce unmodified RNA transcripts (step 3), and finally, 

oligomerization studies were performed with these templates using Mg2+, Na+ and spermine 

to promote oligomerization (step 4).  

  

5.1.2 Choice of starting material: tRNAGly(GCC) from E. coli 
 

Since I have proposed in Chapter 3 that tRNAGly was the first tRNA, I chose to utilize 

a contemporary tRNAGly for experimental studies into tRNA oligomerization and its potential 

for nanotechnology applications. tRNAGly(GCC) from E. coli, yeast and Bombyx mori is known 

to form dimers, and – in the case of yeast - possibly even higher oligomers (Hampel et al., 

1971). Despite the fact that higher oligomers would be very useful for nanotechnology 

applications, I chose tRNAGly(GCC) from E. coli as the starting material, principally because 

the secondary structure of the D stem in particular appeared more stable than that of yeast 

tRNAGly(GCC), thereby making the molecule potentially more robust for nanotechnology 

applications as well as for routine manipulation. Our laboratory held samples of E. coli 

genomic DNA, and so initially I amplified the gene from this DNA using PCR, and then used 

the amplified DNA as a template for in vitro transcription to produce unmodified 

tRNAGly(GCC) transcripts. 

Although, as previously discussed in Section 1.7.1, there were no previously 

published studies on synthetic unmodified tRNAGly(GCC), other unmodified tRNAs have been 

shown to have a similar, if somewhat looser, 3D structure compared with their respective 

native post-transcriptionally modified versions (see also footnote 23, Section 1.4). Therefore, 

the expectation was that unmodified tRNAGly(GCC) would behave similarly to the naturally 

occurring modified molecule. A looser structure would not be disadvantageous for my studies 
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and, perhaps even preferred, as a lowered rigidity might make the tRNA more amenable to 

adopt a range of different structures suitable for the formation of 3D arrays. 

As discussed in section 1.4.2, tRNAGly(GCC) from E. coli has been postulated to form 

dimers at low pH through a hemi-protonated C-C+ base-pair between the two middle bases of 

two quasi self-complementary anticodons (Romby et al., 1986). The formation of 

oligomerizes at neutral pH, and the formation of higher oligomers would require the presence 

of additional complementary sequences. Interestingly, tRNAGly(GCC) from a number of 

species, including E. coli, yeast and Bombyx mori, exhibits complementarity between the 

seven nucleotides of the anticodon loop and seven nucleotides of the D loop/stem, for 

example the C35C36 of the anticodon is complementary to the highly conserved G18G19 

sequence in the D loop (Figure 5.2a) (such extensive complementarity does not exist between 

the anticodon loop and D loop of the other two tRNAGly species, tRNAGly(UCC) and 

tRNAGly(CCC)). Such an interaction involving two highly conserved sequences may be 

ancestral. As shown in Chapter 3, G18G19 is highly conserved among non-mitochondrial 

tRNAs, while C35C36 is found in almost all tRNAsGly. Could G18G19 be the retained molecular 

signature of the first codon (GGN)?  

 

 
 
Figure 5.2 Complementarity between anticodon loop and D loop/stem in E. coli 
tRNAGly(GCC) (a) Secondary structure of unmodified E. coli tRNAGly(GCC) with complementary regions of D 
loop/stem (in green) and anticodon loop (in red). (b) Complementary regions base paired, and (c) same as (a) 
except anticodon loop shown as three-nucleotide loop as proposed by Cabello-Villegas et al. (2002).  
D = D loop, AC = anticodon loop, T = T loop.   
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Although I am not aware of any supporting evidence in the literature for such an interaction, 

it would offer an explanation for the higher oligomers found for yeast tRNAGly(GCC) (but not 

explain why there is an absence of such oligomers in E. coli and Bombyx mori tRNAGly(GCC)). 

However, several factors argue against the involvement of these sequences in an 

intermolecular interaction: 

1) The seven-nucleotide complementarity contains only two G-C base pairs (ans 

well as two G-U base pairs), and therefore may not be sufficiently strong 

(Figure 5.2b). 

2) One of the nucleotides is part of the D stem and G18 and G19 form 

intramolecular base pairs with the T loop, so these may not be available for 

intermolecular interactions. 

3) As previously noted in Section 1.4.5.1, nucleotides outside the anticodon in 

the anticodon loop may not be available for interloop base-pairing interactions 

due to their involvement in intraloop base pairs (Figure 5.2c). 

 If an interaction between the D loop and anticodon loop were to occur, however, it 

would be advantageous for nanotechnology applications not only in offering an additional 

complementary sequence for the formation of multimers, but also because, not containing 

any C-C oppositions, it could take place at neutral pH. 
 

5.1.2.1 Multiple tRNAGly(GCC) gene transcripts  
 

E. coli possesses four identical copies of the tRNAGly(GCC) gene that occur at two 

separate loci on opposite strands as well as opposite sides of the E. coli genome (ncbi 

structural RNA database, http://www.ncbi.nlm.nih.gov) (Figure 5.3). glyW occurs as a single 

gene, while glyV-glyX-glyY occur as a triple gene cluster, with each gene (according to the 

database) separated by short sequences of 36 and 35 base pairs (but see Section 5.1.3.5). 

Since I wanted to amplify principally a single gene, I used internal primers complementary to 

the 5' and 3' ends of the tRNA, with the forward primer also containing the 17 base T7 RNA 

polymerase promoter sequence (Figure 5.4A, in red) to enable subsequent in vitro 
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Figure 5.3 The organization of tRNAGly(GCC) single gene glyW and triple gene cluster 
glyV-glyX-glyY in the E. coli genome according to the ncbi database 
http://www.ncbi.nlm.nih.gov. See section 4.1.7. bp = base pairs, Mbp = 106 base pairs.  
 

 

 

 
 
Figure 5.4 Internal tRNAGly(GCC) PCR primers and predicted PCR products (A) 
tRNAGly(GCC) gene (depicted as cloverleaf) flanked by internal primers used for PCR amplification, showing 
complementarity (forward primer is complementary to the noncoding strand). Pst I restriction site; T7 RNA 
polymerase promoter sequence; Bam HI restriction site; Mva I restriction site underlined. (B) The predicted 
amplification of the single tRNAGly(GCC) gene product from the glyW locus (upper), and that of the single, double 
and triple tRNAGly(GCC) gene products from the glyV/glyX/glyY locus (lower) (but see section 5.1.3.5).  
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transcription. Nevertheless, there was the potential to amplify the double genes (glyV-glyX 

and glyX-glyY) and even the triple gene (glyV-glyX-glyY), including the intervening 

sequences (Figure 5.4B) because of the lack of uniques sites for the forward and reverse 

primers. The RNA transcripts of these products could themselves possess interesting features 

for nanotechnological building blocks. They should possess correct tRNA structures as the 

primary triple gene transcript is cleaved into individual tRNAs in vivo by RNase P, an 

enzyme that recognizes the tertiary structure of tRNA (Ilgen et al., 1976). The double and 

triple gene transcripts containing two or three GCC anticodons should also be capable of 

oligomerizing (at least at low pH) and the triple gene transcript that contains three GCC 

anticodons might possibly be capable of forming 3D arrays. 

 

5.1.3 Single, double and triple E. coli tRNAsGly(GCC)   
 

5.1.3.1 PCR of single, double and triple E. coli tRNAGly(GCC) gene products  
 

The initial PCR experiment to amplify template gave bands corresponding to the 

single, double and triple E. coli tRNAGly(GCC) gene products (Figure 5.5, lane 2). Although the 

prediction would be that there were two double genes, the presence of a single band of the  

  

 
Figure 5.5 PCR amplification of single, double and triple tRNAGly(GCC) genes from  
E. coli genomic DNA. 2 % (w/v) agarose gel. Size of predicted PCR products: 111, 222/223 and 334 bp. 
The origin and identity of an additional >500 bp band shown here is unresolved, but may be the result of trans 
PCR between different recombinant plasmids. Lane 1, 25 bp DNA markers (25 bp band not visible);  
lane 2, PCR products (as described above); lane 3, 100 bp DNA markers. bp = base pairs.  
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appropriate size was not surprising as the two predicted double genes would differ in length 

by a single base pair (but see section 5.1.3.5). In subsequent experiments I attempted to 

improve the conditions for PCR to increase the yield of the double and (especially) triple 

gene product but these attempts were initially unsuccessful. No triple gene product was 

detected but consistent quantities of single and double gene products were obtained. I 

eventually succeeded in increasing the yield of triple gene product by increasing the DNA 

polymerase concentration two-fold. 

 

5.1.3.2 In vitro transcription of single, double and triple E. coli tRNAGly(GCC) 
gene mixture  
 

The DNA products generated by PCR (containing a mixture of single, double and 

triple tRNAGly(GCC) genes) were converted successfully into RNA, utilizing direct in vitro 

transcription by T7 RNA polymerase; three bands corresponding to the single, double and 

triple tRNAGly(GCC) gene  transcripts were observed on denaturing RNA gels (Figure 5.6A and 

B, lanes 3 and 4). The mixed PCR products were used as template since my attempts to 

  

 
Figure 5.6 In vitro transcription of a PCR product mixture of single, double and triple 
E. coli tRNAGly(GCC) genes. Formaldehyde-agarose (2 % (w/v)) RNA gels. (A) 4 h incubation:  
lane 1, luciferase mRNA without T7 pol.; lane 2, luciferase mRNA positive control and PCR product mixture 
with T7 pol.; lane 3, PCR product mixture; lane 4 PCR product mixture with four-fold higher T7 pol. 
concentration; lane 5, unfractionated E. coli tRNA (Sigma-Aldrich). (B) 22 h incubation: lane 1, no template 
control.; lane 2, luciferase mRNA positive control with T7 pol.; lane 3, PCR product mixture with four-fold 
higher T7 pol. concentration; lane 4, PCR product mixture with four-fold higher T7 pol. concentration and an 
extra aliquot T7 pol. added after 3 h, increasing T7 pol. concentration a further 37 % ; lane 5, RNA markers. b = 
bases; T7 pol. = T7 RNA polymerase.  
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purify the individual PCR products had unacceptable losses (the PCR product mixture was 

used without restriction digestion by Mva I, resulting in RNA transcripts with extra 

nucleotides following the 3' CCA terminus). While the single gene product was purified 

successfully by gel extraction (and transcribed into tRNA: see Figure 5.7), the less abundant 

double and triple gene products gave extremely poor recoveries.  

For in vitro transcription, I initially used a combination of the supplied protocol 

(Promega Biotech) with a Tate lab protocol (Figure 5.6A, lane 3). The yield was improved by 

increasing the initial T7 RNA polymerase concentration four-fold and reducing the 

concentration of template DNA four-fold (Figure 5.6A, lane 4). Simply increasing the 

reaction time from 4 to 22 h gave negligible improvement (5.6B, lane 3), but in contrast, the 

addition of a second aliquot of T7 RNA polymerase 3 h into the reaction (increasing the T7 

RNA polymerase concentration by a further 37 %), as described by Roy et al. (2005) gave a 

significant improvement. Comparison of Figure 5.6B lanes 3 and 4 shows that addition of an 

extra aliquot of enzyme dramatically increased the level of transcription.  

 

 

 
Figure 5.7 In vitro transcription of single tRNAGly(GCC) gene and wild type and A14G 
mutant human mitochondrial tRNALeu(UAA) genes. Formaldehyde-agarose (2 % (w/v)) gel. 
Luciferase mRNA = +ve control; 1st lane of each set of 3: following in vitro transcription; 2nd lane: following 
destruction of the template DNA by RQ1 RNase-free DNase; 3rd lane: following RNA extraction with TRIZOL 
Reagent (Invitrogen™ Life Technologies). b = bases. 
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5.1.3.3 In vitro transcription of tRNALeu(UAA) genes  
 

Early in this work gifts of two pUC18 plasmids with constructs containing the wild-

type and A14G (A3243G) mutant human mitochondrial tRNALeu(UAA) genes, respectively, 

downstream of a T7 RNA polymerase promoter were received from Dr Lisa Wittenhagen, 

then part of the Kelley group at Boston College, MA. Both inserts were confirmed by 

sequencing (data not shown). These were used in initial studies to trial in vitro transcription 

and oligomerization protocols. It was hoped to use the two tRNAs as positive and negative 

controls for dimer formation, as Kelley’s group had demonstrated that the A14G mutant (but 

not the wild-type) forms dimers under normal conditions (Wittenhagen and Kelley, 2002) 

(see Section 1.4).  

The high concentration of plasmid DNA (3.6 mg/ml) and amount provided meant that 

I was able to use the supplied vector directly for in vitro transcription without further 

preparation. The plasmids were linearized using Mva I restriction enzyme. The plasmid 

fragments were separated on a 2% (w/v) agarose gel, and the 155 base pair fragment that 

contained either the wild-type or A14G mutant tRNALeu(UAA) gene with the T7 promoter was 

then purified by gel extraction. Finally, the wild-type and A14G mutant plasmid DNA 

fragments were incubated in an in vitro transcription reaction with modifications as 

previously described (higher amount of T7 polymerase, 16-22 h incubation, with an extra 

aliquot of T7 RNA polymerase added after 3 h). As shown in Figure 5.7, the wild-type and 

A14G mutant tRNALeu(UAA) plasmid fragments produced a much lower level of transcription 

than did a similar molar quantity of tRNAGly(GCC) single gene PCR product, obtained by gel-

extraction of the single gene band on a preparative 2 % (w/v) agarose gel of a PCR reaction 

similar to that shown in Figure 5.5. 

The difference in level of transcription probably results from the different internal 

promoter sequences of E. coli tRNAGly(GCC) and human mitochondrial tRNALeu(UAA). As 

already noted, each of the constructs has the same seventeen base T7 RNA polymerase 

promoter sequence upstream of the tRNA gene sequence. However, the first six bases of the 

tRNA gene itself play a part in the binding of T7 RNA polymerase by functioning as an 

internal promoter. The internal promoter sequence of E. coli  tRNAGly(GCC) (GCGGGA) is 

much closer to the ideal T7 sequence (GGGAGA; Fechter et al., 1998) than is that of wild-
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type and A14G mutant human mitochondrial tRNALeu(UAA) (GUUAAG), and so facilitates 

more efficient transcription. 

 

5.1.3.4 Cloning of single, double and triple tRNAGly(GCC) genes 
 

In order to undertake site-directed mutagenesis necessary to create variant tRNAs,  

I cloned the PCR products derived from the single, double and triple tRNAGly(GCC) genes into 

a pUC18 transcription vector (Figure 5.8). This was produced using the plasmid received 

from Lisa Wittenhagen and removing the wild-type tRNALeu(UAA) gene insert following 

sequential restriction digestion with Bam HI and Pst I. This was replaced with the similarly 

digested single, double and triple tRNAGly(GCC) PCR products (within a mixture - as 

previously noted, attempts to purify the individual PCR products led to low yields of the 

double and triple gene products). Following ligation of the heterogeneous mixture of DNA, 

specific clones could be isolated subsequently through sequencing of the transformed 

colonies. 

This strategy produced six successfully transformed colonies, with no colonies on the 

negative control plates (cut vector ± ligase) - and a confluent lawn of colonies on the positive 

  

 
 
Figure 5.8 pUC18 transcription vector used in this study with triple tRNAGly(GCC) gene 
insert. Bam HI, Pst I and Mva I restriction sites, and vector sequencing primer binding sites shown. P(LAC) = 
E. coli lacZα gene fragment; ORI = origin of replication; Apr = ampicillin resistance gene; P(BLA) = ampicillin 
resistance gene promoter. 
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control plate (uncut vector). The low colony number and very low background may have 

been due to the vector being damaged from the overnight incubation that had been used to 

ensure complete digestion, since there had been incomplete digestion with Bam HI enzyme  

at 3 h.  

  

5.1.3.5 PCR colony screen and sequencing of transformants 
 

 A PCR colony screen using an internal primer and a vector primer showed that four of 

the six colonies had an insert of the correct size for a single tRNAGly(GCC) gene (in lanes 2, 3, 

4, 5, 6 and 7), while two had multiple bands (lanes 1 and 8) (Figure 5.9). This would be the 

pattern expected for double and triple gene inserts, as the internal primer can bind these genes 

in two and three places, respectively. The higher Mr bands in lanes 1 and 8 might result from 

trans PCR between different recombinant plasmids. I carried out a restriction digest with  

Mva I as a means of checking for the presence of double and triple inserts, as these should 

provide different-sized fragments depending on the insert. The result demonstrated that I had  
  
  

 

 
 

 
Figure 5.9 PCR colony screen of single, double and triple tRNAGly(GCC) transformants 
using an internal primer and a vector primer. 2 % (w/v) agarose gel. Lane 1, colony #1; lane 2, 
colony #2; lanes 3, 4 and 7, colony #3; lane 5, colony #5; lane 6, colony #6; lane 8, colony #4; lane 9, 100 bp 
DNA marker. Size of predicted PCR products: 193 bp (single tRNAGly(GCC) product); 305 bp (double 
tRNAGly(GCC) product); 416 bp (triple tRNAGly(GCC) product). Higher molecular weight products in lanes 1 and 8 
may result from trans PCR between different recombinant plasmids. bp = base pairs. 
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double and triple clones (Figure 5.10). Four of these six transformed colonies were selected, 

their plasmids isolated and the inserts sequenced. 

Four different sequences were obtained (for full sequences see Appendix B ):  

1) Unexpectedly, single wild-type tRNALeu(UAA). This could have occurred in two 

ways, either by incomplete restriction enzyme digestion of the host vector, 

whereby if a small percentage of vector was cut only once and then repaired with 

the DNA ligase, the original insert would remain, or, despite gel purification, by 

contamination of correctly cut vector by cleaved tRNALeu(UAA) insert that was then 

religated back into the vector. 

2) The expected single tRNAGly(GCC). This sequence confirmed the NCBI sequence. 

3) Double tRNAGly(GCC). From the sequences in the NCBI database I predicted there 

would be two different double tRNAGly(GCC) genes. The sequence I obtained had a 

35 nucleotide intervening sequence, and therefore appeared to be from the glyX-

glyY genes (but see result for triple gene below). 

4) Triple tRNAGly(GCC) gene. This deviated from the sequence in the NCBI database 

in two regards (Figure 5.11): 

 

 
 

Figure 5.10 Restriction digest of transformants with Mva I. 2 % (w/v) agarose gel.  
Lanes 1 and 7, 25 bp DNA marker; lane 2, plasmid #1 (from colony #1); lane 3, plasmid #2; lane 4, plasmid #3;  
lane 5, plasmid #4, lane 6, +ve control (wt tRNALeu(UAA)). Mva I produces six fragments from the pUC18 plus 
insert constructs (here four bands are seen, as one, 13 bp, is too small, and two, 119 and 121 bp, run as a single 
band). The other bands seen were 288 bp, 2073 bp, plus a variable-size fragment (marked with a yellow 
asterisk) that contains the insert: 153 bp (for the single tRNAGly(GCC) gene),  264 bp (double gene) and  
375 bp (triple gene). An additional ~425 bp band in lane 4 is probably due to incomplete digestion of the 
plasmid by Mva I. bp = base pairs. 
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i)       a missing ‘G’ at position 5 of the first tRNA gene (glyV). 

ii) the two intervening sequences were both 35 nucleotides in length, with 

identical sequence, the same as the second intervening sequence in the 

ncbi database (and that obtained for the double gene clone). This result 

suggests that there is only one double gene sequence (the missing G 

nucleotide in glyV notwithstanding), and that glyV-glyX and glyX-glyY 

have identical sequences. 

 

 
Figure 5.11 Sequence electropherograms of E. coli tRNAGly(GCC) triple gene insert. 
Showing differences between my sequence and that lodged within the NCBI database. ‘*’ denotes position of 
missing G nucleotide in glyV gene; 1st and 2nd intervening sequences are identical.  
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The missing G is probably due to a priming error that occurred during PCR amplification, as 

it is part of three consecutive Gs: 5'-GCGGGAA. Although this deletion (and consequent 

shortening of the acceptor stem by one base pair) may not prevent the RNA transcript from 

assuming its normal 3D conformation, I thought it preferable to correct it by site-directed 

mutagenesis using the same E. coli tRNAGly(GCC) + T7 forward primer used to create the triple 

gene clone, as the primer contains the correct sequence at this position. No such attempt was 

made to change the multiple alterations in the intervening sequence, as it was assumed that 

either the NCBI sequence is incorrect at these positions, or the difference is due to natural 

variation in the E. coli population (i.e. I had sequenced a ‘lab variant’), or had arisen as a 

result of recombination during processing. 

 It seems remarkable that out of the six transformants I successfully isolated the three 

desired species and a rogue one as well! 

   

5.1.4 Design of T loop variant tRNAsGly(GCC)  
 

 Five variant tRNAGly(GCC)s were designed in which nucleotides in the T loop were 

altered, in order to produce tRNA building blocks that could form dimers and perhaps higher 

oligomerizes at neutral pH, and as well to assess the minimum length and unit base makeup 

of complementary sequence required for oligomerization. Following this, an additional 

variant tRNAGly(GCC) was designed with altered and inserted nucleotides in the D loop, T loop 

and 3' CCA terminus (see Section 5.1.8), with the ultimate aim of using T4 RNA ligase to 

ligate the 3' and 5' termini to create a circularly-permuted tRNA molecule with four loops 

that could potentially interact with four other tRNA molecules in a tetrahedral array  

(see Section 5.2.5).   

 

5.1.4.1 C56G variant  
 

 The C56G variant (Figure 5.12A and B) was designed to test whether this single 

nucleotide change in the T loop might allow interactions with up to four other molecules 

through interactions of only two base pairs. The G56G57 dinucleotide might interact with 

either C35C36 in the anticodon loop or C74C75 at the 3' CCA terminus. At the same time, by 
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disrupting the interloop G19-C56 interaction (one of two D loop – T loop intramolecular base 

pairs that cement the elbow of tRNA’s L-shaped structure), it might enable the G18G19 

sequence in the D loop to make similar interactions, enabling the molecule to form 3D arrays. 

Loop-loop interactions involving only two G-C base pairs occur in the dimerization of the H3 

GACG tetraloop motif from Moloney murine leukemia virus (Kim and Tinoco, 2000) and are 

proposed to be the basis of the reading of codons by a two-out-of-three mechanism 

(Lagerkvist, 1978, 1981; Samuelsson et al., 1983; Claesson et al., 1990). More extensive 

interactions are also possible: the unmodified T loop 5'-UUGGAGU sequence is 

complementary to the four terminal nucleotides of the 3' CCA end (six if you include 

nucleotides in the acceptor stem) and four nucleotides in the anticodon loop. 

 

5.1.4.2 C56A variant  
 

 The C56A variant (Figure 5.12C) was designed to disrupt the interloop G19-C56 

interaction without increasing the complementarity of the T loop sequence, in order to test  

  

 
 
Figure 5.12 Cloverleaf models of C56G and C56A variants. (A) Cloverleaf model of 
tRNAGly(GCC), showing nucleotide mutagenized to create C56G variant. (B) Cloverleaf model of C56G variant 
highlighting T loop and D loop (in green) and complementary sequences in the anticodon loop and 3' CCA 
terminus (in red). (C) Cloverleaf model of tRNAGly(GCC), showing nucleotide mutagenized to create C56A 
variant, with potentially complementary sequences in D loop (in green) and anticodon loop (in red). D = D loop, 
T = T loop, AC = anticodon loop. 
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whether disruption of the intramolecular G19-C56 interaction alone facilitates oligomerization 

by allowing the D loop G18G19 sequence to interact with complementary anticodon loop and  

3' CCA terminus sequences. 

 

5.1.4.3 SelfT variant  
 

 With the selfT variant (Figure 5.13A.1 and A.2), I have introduced into the T loop a 

sequence that is known to allow dimerization in other systems. The self-complementary 

hexanucleotide GGGCCC is the dimer interface of the unmodified A14G mutant human 

mitochondrial tRNALeu(UAA) transcript (Wittenhagen and Kelley, 2002) as well as being 

responsible for the dimerization of avian leukosis virus RNA (Polge et al., 2000). The 

introduction of this sequence disrupts both intramolecular base pairs between the D and T 

loops that maintain the molecule’s 3D structure.  

 

5.1.4.4 T = anti-D variant  
 

 With this variant (Figure 5.13B.1 and B.2), the entire T loop was made 

complementary to seven nucleotides of the D loop. These mutations disrupt the 

intramolecular G18-U55 interaction in the unmodified molecule but not the interaction 

between G19-C56. The presence of two complementary sequences should make this variant 

able to form 1D arrays i.e. chains or rings of molecules. 
 

5.1.4.5 T = D variant  
 

With this variant (Figure 5.13C.1 and C.2), the T loop was made identical to six 

nucleotides of the D loop and one from the D stem. In order to retain as much as possible of 

the T loop structure, the UUCG sequence was treated as analogous with the D loop UUGG 

sequence in the unmodified transcripts. This variant possesses the same complementarity 

between the T loop and anticodon loop as already exists between the D and anticodon loop. 

These mutations disrupt the intramolecular G19-C56 interaction in the unmodified molecule 

but not that between G18 and U55. A cloverleaf model of the T = D variant with the identical 
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sequences of the D and T loops (in green), and the complementary anticodon sequence  

(in red) is shown in Figure 5.13C.2.  

  

 
 
Figure 5.13 Cloverleaf models of selfT, T = anti-D and T = D variants  
(A.1) Cloverleaf model of tRNAGly(GCC), showing nucleotides mutagenized to create selfT variant  
(A.2) Cloverleaf model of selfT variant highlighting self-complementary T loop sequence (in green) 
(B.1) Cloverleaf model of tRNAGly(GCC), showing nucleotides mutagenized to create T = anti-D variant  
(B.2) Cloverleaf model of T = anti-D variant highlighting complementary sequences in the T loop (in green) and 
the D loop (in red). (C.1) Cloverleaf model of tRNAGly(GCC), showing nucleotides mutagenized to create T = D 
variant (C.2) Cloverleaf model of T = D variant highlighting complementary sequences in the T loop 
(introduced) and D stem/loop (both in green) and the anticodon loop (in red). D = D loop,  T = T loop,  
AC = anticodon loop. 
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5.1.4.6 Site-directed mutagenesis of single (and triple) tRNAGly(GCC) genes 

 

My first site-directed mutagenesis PCR experiment (Figure 5.14) gave bands of the 

predicted size for single E. coli tRNAGly(GCC) gene products, while the triple tRNAGly(GCC) 

lane had three bands corresponding to single, double and triple E. coli tRNAGly(GCC) gene 

products (and higher bands) as seen previously (see Figure 5.9, lane 8). Site-directed 

mutagenesis used the pUC18 - single wild-type tRNAGly(GCC) construct produced previously. 

Because of the small size of the tRNA gene, I was able to use one-step PCR to generate the 

variants using 52 nucleotide reverse primers. There was a minimum of 15 nucleotides 

downstream of the last mutation to ensure efficient binding (for sequences of mutagenic PCR 

primers, see Table 2.3). Additionally, as indicated above, the triple tRNAGly(GCC) construct 

was put through a ‘repeat cycle’ of PCR amplification in an attempt to restore the missing 

‘G’ using the original PCR primers (for sequences, see Table 2.2).  

 

 

 

 

 

 

 
 
Figure 5.14 Site-directed mutagenesis PCR. 2 % (w/v) agarose gel. Lane 1, no template control; lane 
2, C56G variant; lane 3, C56A variant; lane 4, selfT variant; lane 5, T = anti-D variant;  
lane 6, T = D variant; lane 7, triple tRNAGly(GCC) gene; lane 8, 25 bp DNA marker. Size of predicted PCR 
products: 116 bp (single variant tRNAsGly(GCC)), 227 bp (double band) and 338 bp (triple tRNAGly(GCC)).  
bp = base pairs. 
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5.1.4.7 Cloning of T loop variant and triple tRNAGly(GCC) genes 
 

Cloning was as described in Chapter 2. To obviate the possibility of over-digestion of 

the vector as described in Section 5.1.3.4, I carried out time-course restriction enzyme digests 

separately with Bam HI (a new batch with a different lot number) and Pst I and, for this 

experiment, observed complete digestion with both enzymes in 1 h, suggesting the previous 

batch of Bam HI had deteriorated. This new preparation of linear vector was used for 

subsequent cloning. One sample (300 µl) from each transformation reaction was plated on 

one plate and the remainder (~700 µl) onto a second plate. Colony numbers for the 

transformation experiment are given in Table 5.1. In this transformation there were a few 

colonies on the –ve control plates, suggesting that the new cut vector was not damaged. 

Recombinant colony numbers were significantly higher compared with the earlier 

experiments, although the number of colonies containing the T = anti-D insert was similar to 

background, and the number containing C56G and selfT insert were also relatively low (see 

Table 5.1, right column).  

 

 

Table 5.1 Colony numbers for T loop variant and triple tRNAGly(GCC) transformants 
Description No. colonies 

(300 µl plate) 
No. colonies 
(700 µl plate) 

Total no. 
colonies 
(300 + 700 
µl plates) 

Total no. 
colonies – (total 
no. cut vector + 
ligase colonies) 

+ve control: uncut vector lawn lawn - - 

-ve control: cut vector - ligase 1 3 4 - 

-ve control: cut vector +ligase 16 13 29  

C56G variant 10 31 41 12 

C56A variant 37 31 68 37 

selfT variant 17 26 43 14 

T = anti-D variant 8 16 24 0 

T = D variant 13 45 58 29 

triple tRNAGly(GCC) variant 20 33 53 24 
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5.1.4.8 PCR colony screen and sequencing of transformants 
 

Ten colonies were chosen at random for each insert and used for PCR colony 

screening with an insert primer and a vector primer (Figure 5.15). For most, selected bands of 

the expected size for single tRNAGly(GCC) inserts were observed. However, in the case of the 

triple tRNAGly(GCC) transformant, only one colony had the multiple bands expected with the 

triple gene insert, as the internal primer can bind the gene construct in three places  

(Figure 5.15D, lower, indicated with arrow). In the case of the T = anti-D transformant, the 

first colony screen showed no positive transformants (Figure 5.15C, upper). This was 

consistent with the lack of colonies above background obtained with this insert. A subsequent 

colony screen of all the remaining colonies found a single positive. 

 

 

 
Figure 5.15 PCR colony screens of T loop variant transformants. 2 % (w/v) agarose gels. (A) 
C56G (B) C56A (upper lanes); selfT (lower lanes) (C) 1st screen of T = anti-D (upper lanes); T = D (lower 
lanes) (D) 2nd screen of T = anti-D (upper lanes and first three lower lanes); triple tRNAGly(GCC) (remainder of 
lower lanes). Triple tRNAGly(GCC) transformant with multiple bands indicated with arrow. +ve control wt single 
tRNAGly(GCC) 3rd lane from right in A, B (upper) and C (upper and lower). +ve control tRNALeu(UAA) 2nd lane 
from right in A, B (upper and lower), C (upper and lower) and D (3rd lane from left, lower). +ve control triple 
tRNAGly(GCC) 2nd lane from right in D (lower). Right-most lane in all gels 100 bp DNA marker. Size of predicted 
PCR products: 193 bp (T loop variant and single tRNAGly(GCC) products); 416 bp (triple tRNAGly(GCC) product). 
bp = base pairs.  



 

 151 

Nineteen of the transformed colonies were cultured, their plasmids isolated and the inserts 

sequenced. Interestingly, the yield of insert-containing plasmid was highly variable between 

the different variants, with the recovery of T = anti-D variant plasmid being particularly low 

(the average miniprep recovery shown in Table 5.2 is based on data from this and a 

subsequent experiment). Colonies from the following plates were sequenced: C56G (2), 

C56A (4), selfT (6), T = anti-D (1), T = D (5) and triple tRNAGly(GCC) (1) (the latter being the 

only colony that gave multiple bands in the PCR colony screen). Of these nineteen clones, 

twelve were successful transformants with the correct mutagenized sequence. This 

fortunately included the single T = anti-D transformant and the triple tRNAGly(GCC) 

transformant, the latter of which possessed the ‘corrected’ 5'-sequence GCGGGAA. Seven 

clones all contained the wild-type single tRNAGly(GCC) insert rather than a mutant sequence. 

The T loop sequences of the single variant clones plus the 5'-end of the triple tRNAGly(GCC) 

sequence are shown in Figure 5.16. The full sequences are in Appendix B. 

 

 

Table 5.2 Percentage of +ve transformants and average miniprep recovery  
Clone Total no. colonies +ve transformants/colonies 

selected (estimated %)* 
Average miniprep 

recovery/µg† 

C56G 41 10 5.2 

C56A 68 20 8.8 

selfT 43 20 5.0 

T = anti-D 24 4 1.3 

T = D 58 30 7.5 

triple tRNAGly(GCC) 53 10 9.7 

* Ten colonies were selected at random for each variant, and their plasmids sequenced. The number given 
represents the number of colonies out of this ten that contained +ve transformants (in the case of the T = anti-D 
variant, all colonies were ultimately sequenced; only one triple tRNAGly(GCC) colony with multiple bands was 
found in a PCR colony screen and sequenced (see text and Figure 5.15D). † data taken from two miniprep 
preparations. Total number background colonies was 29; see Table 5.1. 
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Figure 5.16 Sequence electropherograms of T loop variant and triple tRNAGly(GCC) 
inserts. Mutagenized/inserted nucleotides in boxes. For full sequences, see Appendix B. 
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5.1.5 Attempts to increase plasmid DNA concentration 
 

 Despite successful clones being isolated, I was concerned that the plasmid 

concentrations were too low for templates to produce adequate quantities of RNA transcripts 

by in vitro transcription (especially in the case of the T = anti-D variant), needed for the 

oligomerization experiments. Therefore I undertook a series of steps to increase the plasmid 

concentration. The first of these involved loading the maximum recommended amount of 

plasmid DNA (10 µg) onto a PCR purification kit column and eluting in the minimum 

recommended volume (30 µl). However, this did not increase the plasmid concentration 

significantly. Subsequent restriction digest with Mva I of the ‘concentrated’ plasmid 

preparation was also unsuccessful, with almost no evidence of digestion on a 

2 % (w/v) agarose gel (data not shown). The plasmid DNA contributed 25 µl in a total 

reaction volume of 30 µl. At this proportion (83 % of the total reaction volume), it was 

possible that an ‘inhibitor’ released from the purifying Qiagen column was interfering with 

the restriction digest. I also attempted to increase the concentration of plasmid DNA by 

modifying PCR amplification. However, varying the PCR reaction conditions failed to 

increase the yield above that previously achieved. Attempts to increase the purity and 

concentration of the double and triple tRNAGly(GCC) PCR products by using vector rather than 

internal primers were also unsuccessful. For the above reasons, I decided to continue with in 

vitro transcription using the plasmid DNA concentrations I had achieved through cloning. 

 

5.1.6 In vitro transcription of single, double and triple E. coli 
tRNAGly(GCC) and T loop variant tRNAs 
 

 A typical in vitro transcription reaction of the Mva I-digested single, double and 

(corrected) triple tRNAGly(GCC) genes plus the C56G, C56A, selfT (two samples), T = anti-D 

(two samples) and T = D single tRNAGly(GCC) variants is shown in Figure 5.17.  

In the experiment shown, the transcripts underwent RQ1 RNase-free DNase digestion 

without any further clean-up. The thickness of the bands (and thereby yield of RNA) makes 

accurate estimation of molecular weight difficult, but the predicted sizes of 76 bases (single 

tRNAGly(GCC)  and T loop variants, lanes 2, 5, 6, 9-11), 187 bases (double tRNAGly(GCC),  

lane 3) and 298 bases (triple tRNAGly(GCC), lane 4) appear to be consistent with the products, 
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with one exception: the selfT variants (lanes 7 and 8) appear anomalously large, just like the 

double tRNAGly(GCC). This suggests that they might have formed dimers during the in vitro 

transcription reaction, in contrast to the other transcripts (the in vitro transcription reaction 

mix contains 24 mM Mg2+). 

 

 5.1.7 Purification of single, double and triple E. coli tRNAGly(GCC) 
and T loop variant tRNAs 
 

 In the early stages of this work, purification of transcripts utilised a nucleotide 

removal kit (with or without prior extraction with Trizol reagent) to isolate the unmodified 

RNA products from the in vitro transcription reaction (the idea for using a QIAprep® 

Nucleotide Removal Kit (Qiagen) designed for DNA extraction for RNA clean-up came from 

J. Knobloch’s protocol for using a Qiagen gel extraction kit for clean-up of RNA transcipts 

from an in vitro transcription reaction (see www.qiagen.com)). Trizol reagent (phenol-

chloroform extraction) removes proteins such as the T7 RNA polymerase. However, an 

additional purification method is required to remove low molecular weight contaminants such 

as rNTPs that are present in the in vitro transcription reaction mix in large molar excess. 

  

 

 
 
Figure 5.17 Single, double and triple E. coli tRNAGly(GCC) gene  and T loop variant-
containing in vitro transcripts. 2 % (w/v) agarose gel with denaturing loading dye. DNA templates 
digested with Mva I restriction endonuclease. Lane 1, luciferase mRNA positive control; lane 2, single 
tRNAGly(GCC); lane 3, double tRNAGly(GCC); lane 4, triple tRNAGly(GCC); lane 5, C56G variant; lane 6, C56A 
variant; lane 7, selfT variant #1; lane 8, selfT variant #2; lane 9, T = anti-D variant #1; lane 10,  
T = anti-D variant #2; lane 11, T = D variant; lane 12, RNA markers. Size of predicted transcripts:  
76 b (single tRNAGly(GCC) and T loop variants; note, selfT variant runs as dimer), 187 b (double tRNAGly(GCC)) 
and 298 b (triple tRNAGly(GCC)). b = bases.  
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An example of such an early experiment where nucleotide removal kit-purification was used 

to extract rNTPs without prior purification with Trizol reagent, is shown in Figure 5.18.  

On a 2 % (w/v) agarose gel using a non-denaturing loading dye, all transcripts produced 

multiple bands, although those of the T = anti-D variants (lanes 8 and 9) were extremely faint 

due to the low concentration of this variant. In contrast, the +ve standard E. coli total tRNA 

(Sigma-Aldrich) (lane 11) ran as a single band. The multiple bands represent oligomers of 

some kind, but the nature of the interactions are unclear.  

 Later in this work, G-25 columns (as recommended by Promega) were used for 

removing rNTPs. An example of transcripts extracted with Trizol reagent run on G-25 

columns is shown in Figure 5.19. From the spectrophotometric readings following extraction 

with the nucleotide removal kit compared with extraction using the G-25 columns, it was 

apparent that the columns were removing most of the unused rNTPs from the in vitro 

transcription reactions (data not shown). 

 

 

 
 
Figure 5.18 Nucleotide removal kit purification of in vitro transcripts of single, double 
and triple E. coli tRNAGly(GCC) genes and variants. 2 % (w/v) agarose gel with non-denaturing 
loading dye. Lane  1, single E. coli tRNAGly(GCC); lane 2, double E. coli tRNAGly(GCC); lane 3, triple E. coli 
tRNAGly(GCC); lane 4, C56G variant; lane 5, C56A variant; lane 6, selfT variant #1; lane 7, selfT variant #2; lane 
8, T = anti-D variant #1; lane 9, T = anti-D variant #2; lane 10, T = D variant; lane 11, +ve control, E. coli total 
tRNA (Sigma-Aldrich); lane 12, RNA markers. Size of predicted transcripts: 76 b (single tRNAGly(GCC) and 
variants; note, selfT variant runs as dimer), 187 b (double tRNAGly(GCC)) and 298 b (triple tRNAGly(GCC)). b = 
bases. 
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Figure 5.19 Purified single, double and triple E. coli tRNAGly(GCC) transcripts and T loop 
variant transcripts. 2 % (w/v) agarose gel with non-denaturing loading dye. Samples were purified on G-
25 columns. Lanes 1 and 12, RNA markers; lane 2, single tRNAGly(GCC); lane 3, double tRNAGly(GCC); lane 4, 
triple tRNAGly(GCC); lane 5, C56G variant; lane 6, C56A variant; lane 7, selfT variant #1; lane 8, selfT variant #2; 
lane 9, T = anti-D variant #1; lane 10, T = anti-D variant #2; lane 11, T = D variant. Size of predicted 
transcripts: 76 b (single tRNAGly(GCC) and T loop variants; note, selfT variant runs as dimer), 187 b (double 
tRNAGly(GCC)) and 298 b (triple tRNAGly(GCC)). b = bases. 

 
 

5.1.8 Design of tetRNA variant 
 

Later in the study, a variant tRNAGly(GCC) was designed with altered and inserted 

nucleotides in the D loop, T loop and 3' CCA terminus. With this variant, the T loop and a 

portion of the D loop were made complementary to the anticodon loop, while the 3'-terminus 

was made identical to the anticodon loop (and thus likewise complementary to the D and T 

loops). As with the T = D variant, the T loop UUCG sequence was treated as analogous with 

the D loop UUGG sequence in the unmodified transcripts. Because of this, the size of the  

D loop had to be increased to nine nucleotides, the same number as the combined total of 

single-stranded nucleotides at the 5' and 3' termini (the T loop and anticodon loop retain 

seven) (Figure 5.20B). This variant has -CCAA at the 3'-terminus and so it was necessary to 

use Hae II to generate the correct 5´ end of the DNA template (as Mva I generates a 3' CCA 

terminus in the tRNA product). This required the insertion of five nucleotides between the  

3' end of the tRNA variant gene and the Bam HI restriction site. It was hoped this variant 

could be ligated to form a circularized molecule using T4 RNA ligase, so that a tRNA with 

four loops would result (Figure 5.20C) and that this variant, called tetRNA, would form 
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tetrahedral-centred arrays. A cloverleaf model of the tetRNA variant with the complementary 

sequences in green (D and T loops) and red (anticodon loop and 3' CCA terminus) is shown 

in Figure 5.20B. 

 

 
 
 

Figure 5.20 Cloverleaf models of tetRNA variant. (A) Cloverleaf model of single tRNAGly(GCC), 
showing nucleotides mutagenized and inserted to create tetRNA variant. (B) Cloverleaf model of tetRNA, 
highlighting complementary sequences in the D and T loops (in green) and the anticodon loop and 3' CCA 
terminus (in red). (C) Circularly-ligated form of tetRNA, with highlighting of complementary sequences as in 
(B). D = D loop,  T = T loop, AC = anticodon loop. 
 

5.1.8.1 Construction of tetRNA variant 
 

The T = D variant was chosen as the starting template for one-step site-directed 

mutagenic PCR, as the T = D variant T loop is closest in sequence to the T loop of the desired 

tetRNA. Site-directed mutagenesis using the forward mutagenic primer, D = anti-AC 

(anticodon) and the reverse mutagenic primer, T = anti-AC (for mutagenic primer sequences 

see Table 2.3) gave a very intense PCR product of the predicted size (133 bp) (data not 

shown). Ligation was carried out at two molar ratios (6:1 and 9:1) of insert to vector (20 ng). 

Colony numbers for the transformation experiment are given in Table 5.3. In this experiment 

the number of colonies on the plates containing insert was much higher than in the earlier 

experiments, with the lower molar ratio of insert to vector giving higher numbers of colonies. 
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5.1.8.2 PCR colony screen and sequencing of tetRNA transformants 
 

 A PCR colony screen of nine colonies was carried out using an insert primer and a 

vector primer, and all gave eight bright bands of the predicted size (249 bp) and one fainter 

band (data not shown). These nine colonies were cultured, their plasmids isolated and the 

inserts sequenced. Seven were successful transformants with the correct mutagenized 

sequence. Of the remaining two, one contained the original T = D sequence used for the site-

directed mutagenesis, while the other (which gave the fainter band in the colony screen) was 

a ‘stray’ and contained the wild-type human mitochondrial tRNALeu(UAA) insert, presumably 

from the original cloning experiment. There were no colonies on the control plate (cut vector 

– ligase) (Table 5.3), so the wild-type human mitochondrial tRNALeu(UAA) construct was 

likely to have been in a single cut vector that religated. The sequence of a successful tetRNA 

transformant is shown in Figure 5.21. 

 

 
 
Table 5.3 Colony numbers for tetRNA variant transformants 

Description No. colonies 

(300 µl plate) 

No. colonies 

(700 µl plate) 

Total no. 

colonies 

(300 + 700 

µl plates) 

Total no. 

colonies – (total 

no. cut vector + 

ligase colonies) 

-ve control: uncut vector lawn lawn - - 

-ve control: cut vector - ligase 0 0 0 - 

-ve control: cut vector +ligase 13 23 36 0 

tetRNA variant (6 ng insert) 120 200 320 284 

tetRNA variant (9 ng insert) 90 100 190 154 
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Figure 5.21 Sequence electropherogram of tetRNA variant insert. Mutagenized/inserted 
nucleotides in boxes.  
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5.1.8.3 Hae II restriction digest, Klenow fragment digest and in vitro 
transcription of tetRNA variant 
 

 Following overnight (29 h) digestion with Hae II restriction endonuclease, the 

pUC18-tetRNA construct (Figure 5.22) gave four clear bands of the sizes predicted on a  

2 % (w/v) agarose gel (data not shown). The plasmid fragments were not separated, but the  

 

  

 
 

Figure 5.22 pUC18 transcription vector used in this study with tetRNA variant insert. 
Bam HI, Pst I and Hae II restriction sites, and vector primer binding sites shown. P(LAC) = E. coli lacZα gene 
fragment; ORI = origin of replication; Apr = ampicillin resistance gene; P(BLA) = ampicillin resistance gene 
promoter. 
 

 

mixture was cleaned up using a PCR purification kit. Incubation with Klenow fragment was 

followed immediately by in vitro transcription (and subsequent DNase treatment with RQ1). 

In vitro transcription reactions with untreated template or template treated with  

Klenow fragment were run on a 2 % (w/v) agarose gel with denaturing loading dye  

(Figure 5.23). Multiple bands in lane 2 (without prior treatment of DNA template with 

Klenow fragment) are likely due to extraneous transcripts due to the 3' overhang of the DNA 

template. More interesting, there are four bands in lane 3 (DNA template treated with Klenow 

fragment), with their size approximately corresponding to monomer (<100 b), dimer (~150b), 
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trimer (~200 b) and tetramer (>300 b). The trimer and tetramer bands were of ~equal 

intensity, but much less intense than the dimer band. 
   

  

 
 

Figure 5.23 In vitro transcription of tetRNA variant with and without prior treatment of 
template with Klenow fragment. 2 % (w/v) agarose gel with denaturing loading dye. Lane 1, luciferase 
mRNA positive control; lane 2, tetRNA template without prior treatment with Klenow fragment; lane 3, tetRNA 
template with prior treatment with Klenow fragment; lane 4, RNA markers. Possible trimer and tetramer bands 
in lane 3 are indicated with asterisks. b = bases.  
 

 

5.1.8.4 Circularization of tetRNA using T4 RNA ligase 

 

 Following extraction with Trizol reagent and G-25 column purification, the tetRNA 

transcripts were ligated for 21 h at 18 ºC with T4 RNA ligase using an adaption of protocols 

supplied by GE Healthcare (the suppliers of the ligase) and published by Hou et al. (1998). 

One tube also contained 12.5 % (v/v) dimethyl sulfoxide (DMSO). Unfortunately, the 

procedure circularized only a small proportion of the template. The circularized product runs 

slower than the non-circularized molecule (data not shown). Due to the low yield, subsequent 

oligomerization studies were carried out on non-circularized tetRNA.   
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5.2 Oligomerization of tRNA building blocks analyzed by 
native agarose gel electrophoresis  
 

The aim of this section of work was to complete an initial investigation of the 

potential of the tRNA constructs to form higher orders of structure. While more sophisticated 

analytical techniques such as atomic force microscopy (AFM) would ultimately be required 

for detailed analysis of the structures formed, in this study I have used a rapid screening 

technology. Preliminary experiments to effect oligomerization were initially analyzed using 

native polyacrylamide gel electrophoresis (PAGE) at either 4 °C or RT for 1-4 h. However, 

results from these gels were inconsistent and not reproducible, and this, combined with the 

extreme fragility of the gels forced a switch to an alternative agarose gel electrophoretic 

system. Advantages of agarose are its strength, ease and speed of production and the ability 

to increase running time mid-experiment. While PAGE is typically used for RNA 

oligomerization studies in the literature (theoretically providing better separation and 

sensitivity), there are also a number of studies that have used agarose gel electrophoresis as 

the analytical system (for example, Laughrea and Jetté, 1996). Here, products of all the 

oligomerization experiments were resolved on 2 % agarose (w/v) gels made up in and 

subjected to electrophoresis in a tris-borate-magnesium buffer (TBM) at pH 7.5. Samples 

were loaded onto the gel using a non-denaturing loading dye without urea or EDTA. Prior to 

the induction of oligomerization, the temperature was increased to 95 °C for 5 min to ensure 

complete disruption of inter- as well as intramolecular base-pairing interactions, followed by 

fast cooling to 4 °C on wet ice to allow reformation of the native structure. 

To determine the oligomerization interface, inhibitory oligonucleotides were used  

(see Section 2.5.3 for details). Described by Wittenhagen and Kelley (2002), this method 

involves addition to the transcript of a 20-fold molar excess of a short oligonucleotide  

(~12 mer) with complementarity to a particular region of the tRNA, to probe for competitive 

binding. The oligonucleotides were added to the RNA transcript so as to give a molar ratio of 

oligonucleotide to transcript of 20:1 to 30:1 (for the single variants; higher ratios were used 

for the double and triple tRNAsGly(GCC) due to the presence of multiple sequences/molecule).  

In the initial stages of my study (this chapter) I used 10 mM Mg2+, 1 mM spermine 

and 100 mM Na+ (MSN) to cause oligomerization in the oligonucleotide-inhibition studies, in 

order to be able to compare my results with those of Wittenhagen and Kelley (2002). In the 
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later stages of my study (Chapter 6) I used 10 mM Mg2+ and 100 mM Na+ (MN) to cause 

oligomerization.    

 

5.2.1 Oligomerization of single, double and triple tRNAGly(GCC)  
 

5.2.1.1 Time-course oligomerization study at pH 7.5 

 

 Unmodified wild-type single, double and triple tRNAGly(GCC) transcripts were put 

through the standard oligomerization protocol (see Section 2.5.1) with aliquots incubated at  

4 °C for the following times: 0, 0.5, 3 and 22 h (overnight). The results of this experiment are 

shown in Figure 5.24. At pH 7.5 the single tRNAGly(GCC) transcript exhibited no evidence of 

oligomerization even after overnight incubation (Figure 5.24, lanes 1-4) (a preliminary 

oligomerization experiment where the transcripts were incubated for 61 h in the presence of 

MSN at 4 °C (data not shown), demonstrated streaking of bands upwards to the dimer 

position for the single, double and triple tRNAGly(GCC) transcripts, and C56G, C56A and T = 

D variants; however, these results could not be duplicated.) In contrast, the double 

tRNAGly(GCC) transcript had two bands even by the first sampling (0 h) (lane 6),  

 

  

                  
Figure 5.24 Time-course oligomerization study of single, double and triple 
tRNAsGly(GCC) with 10 mM Mg2+, 1 mM spermine and 100 mM Na+ (MSN) at pH 7.5. 2 % 
(w/v) agarose gel in TBM at 4 °C. Transcripts extracted with TRIZOL reagent and purified on G-25 columns.  
Lanes 1-4: single tRNAGly(GCC) transcript at 5.7 µM. Lanes 6-9: double tRNAGly(GCC) transcript at 2.8 µM.  
Lanes 11-14: triple tRNAGly(GCC) transcript at 1.9 µM. Lanes 1, 6, 11: 0 h; lanes 2, 7, 12: 0.5 h; lanes 3, 8, 13: 3 
h; lanes 4, 9, 14: 22 h; lanes 5, 10, 15: RNA markers. Predicted size of transcripts: 76 b (single tRNAGly(GCC)), 
187 b (double tRNAGly(GCC)) and 298 b (triple tRNAGly(GCC)). b = bases.  
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corresponding to the monomer (200 b) and a much fainter band at ~450 b (dimer?).  

The triple tRNAGly(GCC) transcript had three bands at 0 h (lane 11), corresponding to the 

monomer (~400b), a fainter band at ~750 b (dimer?) and an even fainter band at >1,000 b 

(possibly a trimer). If the higher molecular weight bands were oligomers, they were only a 

very small proportion of the total transcript, and this proportion did not appear to increase 

over time, up to 22 h (Figure 5.24, lanes 9 and 14). This suggested the possibility that they 

were contaminants. 

Because the zero time point (0 h) was sampled following the addition of 10 mM 

Mg2+, 1 mM spermine and 100 mM Na+ (MSN), I checked whether the higher molecular 

weight bands of the double and triple tRNAGly(GCC) transcripts were present if sampling was 

prior to the addition of MSN, indicating they were indeed due to contamination (Figure 5.25). 

However, as can be seen from lanes 3 and 7, these bands occurred immediately following and 

in response to the addition of MSN at the same positions on the gel as those in the previous 

time-course experiment, suggesting they were indeed genuine oligomerizes. The monomeers 

run slower in the presence of MSN due to the binding of spermine by the transcripts. 

In a preliminary experiment, the single, double and triple tRNAGly(GCC) transcripts 

were also resolved on an agarose gel at pH 5.0 (using 0.1 M sodium acetate buffer) to 

  

                                     
 
Figure 5.25 Oligomerization of double and triple tRNAsGly(GCC) in the absence and 
presence of 10 mM Mg2+, 1 mM spermine and 100 mM Na+ (MSN) at pH 7.5. 2 % (w/v) 
agarose gel in TBM at 4 °C. Transcripts extracted with TRIZOL reagent and purified on G-25 columns. Lanes 1-
3: double tRNAGly(GCC) transcript at 2.8 µM. Lanes 5-7: triple tRNAGly(GCC) transcript at 1.9 µM. Lanes 1 and 4, 
immediately following heating at 95 °C for 5 min (denatured); lanes 2 and 5, following incubation at 4 °C for  
5 min (renatured); lanes 3 and 7, immediately following addition of MSN (renatured); lanes 4 and 8, RNA 
markers. NB: monomers run slower in the presence of MSN (lanes 3 and 7). b = bases.  
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identify oligomerization through the quasi self-complementary anticodon; however, the 

transcripts ran extremely slowly and were difficult to ‘see’ (ethidium bromide does not 

fluoresce at low pH). 

 
5.2.1.2 Oligonucleotide-inhibition studies of oligomerization with double 
and triple tRNAGly(GCC) 

 

Because the double and triple tRNAGly(GCC) transcripts showed evidence of 

oligomerization, I carried out an oligonucleotide-binding experiment using oligonucleotides 

complementary to all of the single-stranded regions of the two molecules, including the 

intervening sequence (of unknown secondary structure), which was divided into three 

sections of 11, 14 and 12 nucleotides respectively (Figure 5.26) 

  

 
 
Figure 5.26 Oligonucleotide-inhibition studies of double tRNAGly(GCC) (A) and triple 
tRNAGly(GCC) (B). Run on 2 % (w/v) agarose gels at pH 7.5 in TBM at 4 °C. Incubation was for 17 h at 4 °C. 
Double tRNAGly(GCC) transcript at 2.1 µM; triple tRNAGly(GCC) transcript at 1.5 µM. Following lane descriptions 
are for both (A) and (B): lanes 1 and 11, RNA markers; lane 2, -ve control (no oligo); lanes 3-10, 
oligonucleotides as indicated added: lane 3, anti-D loop (WT); lane 4, anti-AC loop (WT); lane 5, anti-T loop 
(WT); lane 6, anti-CCA terminus (WT): lane 7, anti-intervening sequence #1; lane 8, anti-intervening sequence 
#2; lane 9, anti-intervening sequence #3; lane 10, -ve control (anti-T loop (selfT)). For oligonucleotide-
inhibition primer sequences, see Table 2.7. b = bases.   
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(for sequences of oligonucleotide inhibition primers used, see Table 2.7). In the case of 

double tRNAGly(GCC), the sequences involved in oligomerization were the anticodon loops 

(Figure 5.26A, lane 4) and all three sections of the intervening sequence (lanes 7-9), since 

these shifted the product to the position of the monomer without any sign of oligomers. The 

results of the triple tRNAGly(GCC) experiment are harder to interpret, but it appeared as though 

the anticodon loops were involved (Figure 5.26B, lane 4). 
 

5.2.2 Oligomerization of C56G, C56A and T = D variants 

 

5.2.2.1 Time-course oligomerization study 

 

Unmodified C56G, C56A and T = D variant tRNAGly(GCC) transcripts were put 

through the standard oligomerization protocol (see Section 2.5.1) with aliquots left at 4 °C for  

0, 0.5, 3 and 22 h (overnight). The results of this experiment are shown in Figure 5.27.  

Under the conditions of this assay there was no evidence of oligomerization for any of the 

three variants, even following overnight incubation  (Figure 5.27, lanes 4, 9 and 13).  

As previously noted, a preliminary oligomerization experiment where the transcripts were 

incubated for 61 h in the presence of MSN at 4 °C (data not shown) demonstrated streaking 

of bands upwards to the dimer position for the single, double and triple tRNAGly(GCC) 

transcripts, and C56G, C56A and T = D variants; however, these results could not be 

duplicated. 

  

 5.2.3 Oligomerization of selfT variant 
 

5.2.3.1 Time-course oligomerization study 

 

 As was the case with the double and triple tRNAGly(GCC) transcripts, the selfT variant 

formed a clear dimer band immediately following addition of MSN (Figure 5.28). Therefore, 

as with the double and triple transcripts, I checked whether oligomerization was triggered by 

the addition of MSN, and, if so, how fast it occurred (Figure 5.29). As with the double and 

triple tRNAGly(GCC) transcripts, oligomerization occurred immediately following  
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addition of MSN; however, in this case with the selfT variant there was what appears to be 

almost complete conversion of monomer to dimer (Figure 5.28, lane 3). In a subsequent 

experiment, selfT variant was left at4 °C overnight (17 h) in the absence of MSN, with the 

appearance of very faint higher molecular weight bands; then, with the addition of MSN a 

dramatic change occurs, with ~50 % of the transcript converted to dimer (Figure 5.29). This 

demonstrates clearly that oligomerization is dependent on the presence of MSN although in 

this case the conversion of monomer to dimer was not complete. 

 

 

                               
 

                           
 
Figure 5.27 Time-course oligomerization study of C56G, C56A and T = D variants with 
10 mM Mg2+, 1 mM spermine and 100 mM Na+ (MSN). 2 % (w/v) agarose gel in TBM at  
4 °C. Transcripts extracted with TRIZOL reagent and purified on G-25 columns. Lanes 1-4: C56G variant 
transcript at 4.7 µM. C56A variant transcript at 5.7 µM. T = D variant transcript at 5.1 µM. Lanes 1, 6, 11, 0 h; 
lanes 2, 7, 0.5 h (for T = D transcript 0.5 h sample was lost/destroyed); lanes 3, 8, 12, 3 h; lanes 4, 9, 13, 22 h.  
Lanes 5, 10, 14, RNA markers. C56A/C56G variant cloverleaves with altered T loop bases indicated; T = D 
variant cloverleaf with altered T loop sequence (in blue). b = bases.  
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Figure 5.28 Oligomerization of selfT variant in the presence of 10 mM Mg2+, 1 mM 
spermine and 100 mM Na+ (MSN) at pH 7.5. 2 % (w/v) agarose gel in TBM at 4 °C. Transcript 
extracted with TRIZOL reagent and purified on a G-25 column. SelfT transcript at 5.9 µM in the presence of 
MSN (lane 3). Lane 1, immediately following heating at 95 °C for 5 min (denatured); lane 2, following 
incubation at 4 °C for 5 min (renatured); lane 3, immediately following addition of MSN (renatured); lane 4, 
RNA markers. selfT variant cloverleaf with introduced self-complementary sequence in T loop (in blue). b = 
bases.  
 
 
 
 
 
 

 
 
Figure 5.29 Time-course oligomerization study of selfT variant in the absence and 
presence of 10 mM Mg2+, 1 mM spermine and 100 mM Na+ (MSN) at pH 7.5. 2 % (w/v) 
agarose gel in TBM at 4 °C. Transcript extracted with TRIZOL reagent and purified on a G-25 column.  
SelfT transcript at 7.5 µM. All incubations at 4 °C unless stated otherwise. Lane 1, heated at 95 °C for 5 min 
and incubated for 0.5 min in the absence of MSN (-MSN, 0 h); lane 2, incubated for 30 min in absence of MSN  
(-MSN, 2 h); lane 3, incubated for 4 h in absence of MSN (-MSN, 4 h); lane 4, incubated for 17 h (overnight) in 
absence of MSN (-MSN, 17 h); lane 5, following incubation for 17 h in absence of MSN, immediately followed 
by addition of MSN (+MSN, 0 h); lane 6, same as lane 5, after 2 h incubation in presence of MSN (+MSN, 2 h); 
lane 7, RNA markers. Monomer runs slower in the presence of MSN (lanes 5 and 6). b = bases. 
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5.2.3.2 Oligonucleotide-inhibition studies of selfT variant 
 

To ascertain whether the introduced self-complementary hexanucleotide sequence in 

the T loop is responsible for dimerization, an oligonucleotide-inhibition study of the selfT 

variant was carried out (Figure 5.30). This experiment showed that the introduced self-

complementary T loop sequence was indeed responsible for oligomerization, as the 

oligonucleotide complementary to the T loop of this variant caused a marked decrease in 

dimer formation (lane 4). Supporting this conclusion was the fact that the anti-upstream T 

stem (+1) (selfT) oligonucleotide, which overlaps the self-complementary T loop sequence 

  

 

 
 

 
Figure 5.30 Oligonucleotide-inhibition study of selfT variant. Showing binding positions of 
oligonucleotide-inhibition primers (in red) complementary to self-complementary GGGCCC sequence (in blue). 
2 % (w/v) agarose gel in TBM at 4 °C. SelfT transcript at 4.6 µM. Lane 1, -ve control (no oligo); lane 2, anti-D 
loop (WT); lane 3, anti-AC loop (WT); lane 4, anti-T loop (selfT); lane 5, anti-CCA terminus (WT): lane 6, 
anti-upstream T stem and anti-downstream T stem; lane 7, anti-upstream T stem (+1) (selfT); lane 8, anti-
downstream T stem (+1) (selfT); lane 9, -ve control (anti-T loop (T = anti-D)); lane 10, RNA marker. For 
oligonucleotide-inhibition primer sequences, see Table 2.7. T = T loop; WT = wild type; b = bases.   
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by a single nucleotide on the 5'-side, also caused a decrease in dimer (lane 7). However, the 

anti-downstream T stem (+1) (selfT) oligonucleotide, which overlaps the self-complementary 

T loop sequence by a single nucleotide on the 3'-side of the T loop, did not cause a 

corresponding decrease in dimer formation (lane 8). 

 

 5.2.3.3 Analysis of MSN: what causes oligomerization? 

 

 The selfT variant oligomerizes instantaneously and quantitatively in the presence of 

MSN, that is 10 mM Mg2+, 1 mM spermine and 100 mM Na+ (Figures 5.28 and 5.29). 

Therefore, I tested the individual components of MSN at a range of concentrations and in 

different combinations, to determine their relative importance for oligomerization  

(Figure 5.31). Both Mg2+ (as little as 1 mM - lane 3) and 1 mM spermine (lane 8) by 

themselves induce dimerization of the selfT variant; by comparison, Na+ alone does not (at 

least at 100 mM – lane 10). However, the presence of 100 mM Na+ can sometimes produce a 

more intense band (lane 9 versus lane 8). The effect of Mg2+ on oligomerization is 

concentration-dependent: 1 mM Mg2+ gives a lower proportion of dimer than 10 mM (lane 2 

versus lane 3), and 0.1 mM Mg2+ produces no oligomerization (lane 4). The loss of intensity  

 

 
 
Figure 5.31 Oligomerization of selfT variant in the presence of different concentrations 
and/or combinations of Mg2+, spermine and Na+. 2 % (w/v) agarose gel in TBM at 4 °C. 
Renaturation was for 20 min at 4 °C on wet ice and the selfT transcript was incubated for 14 h in the presence of 
the different combinations of agents causing oligomerization. SelfT transcript at 5.4 µM. Lane 1, -ve control 
Tris; lane 2, 10 mM Mg2+; lane 3, 1 mM Mg2+; lane 4, 0.1 mM Mg2+; lane 5, 10 mM Mg2+ and 1 mM spermine: 
lane 6, 3 mM Mg2+ and 1 mM spermine; lane 7, 10 mM Mg2+ and 100 mM Na+ (MN); lane 8, 1 mM spermine; 
lane 9, 1 mM spermine and 100 mM Na+; lane 10, 100 mM Na+; lane 11, 10 mM Mg2+, 1 mM spermine and 100 
mM Na+ (MSN); lane 12, RNA markers. b = bases. 
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of bands in the presence of spermine may be due to spermine competing with ethidium 

bromide (the visualizing agent used in the agarose gels) for binding to tRNA (ethidium 

bromide binds to the acceptor stem of E. coli tRNAVal (Chu et al., 1997)). Oligomerization in 

the presence of spermine also increases the molecular weight or size of the dimer (due to 

thebinding of spermine), as can be seen from the slower running dimer band in Figure 5.31 

lanes 5, 6, 8, 9 and 11 compared with lanes 2, 3 and 7. As noted, in the later stages of my 

study (see Chapter 6) I changed the oligomerizing agents to 10 mM Mg2+ and 100 mM Na+ 

(MN) in order to increase detection sensitivity, as this combination gave a more intense band 

compared to MSN (lane 7 versus lane 11, Figure 5.31). 

  

5.2.4 Oligomerization of T = anti-D variant 
 

5.2.4.1 Time-course oligomerization study 

 

 Compared to the selfT variant and the double and triple tRNAGly(GCC) transcripts, a 

time-course experiment with the T = anti-D variant displayed a different pattern of 

oligomerization (Figure 5.32A). The ratio of dimer to monomer increased slowly over time, 

with dimer formation evident by 30 min at 4 °C (lane 2), and the dimer the predominant 

species by 13 h (lane 4). After 4 d incubation at 4 °C there was complete conversion to the 

dimer, but no evidence of higher oligomers (data not shown). In theory the T = anti-D 

variant, with complementary D and T loops, should be able to form higher oligomers, with 

each molecule able to bind two others. 

In a subsequent experiment, T = anti-D variant was left at 4 °C overnight (17 h) in the 

absence of MSN, during which time there was no sign of dimer formation (Figure 5.32B, 

lanes 2-5); following the addition of MSN there is a faint smearing upwards on the gel after  

2 h as well as a decrease in intensity, possibly suggesting the formation of higher molecular 

weight products (lane 7). As was the case with the selfT variant, oligomerization of the T = 

anti-D variant appears to be dependent on the presence of MSN. 
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Figure 5.32 Time-course oligomerization study of T = anti-D variant in the presence and 
absence of 10 mM Mg2+, 1 mM spermine and 100 mM Na+ (MSN) at pH 7.5. 2 % (w/v) 
agarose gels in TBM at 4 °C. Transcripts extracted with TRIZOL reagent and purified on G-25 columns.  
All incubations at 4 °C unless stated otherwise. (A) Incubation with MSN at 4 °C for the times noted. T = anti-D 
transcript at 4.1 µM. Lane 5, RNA markers. (B) Incubation in the absence/presence of MSN at 4 °C for the 
times noted. T = anti-D transcript at 3.5 µM. Lane 1, RNA markers; lane 2, heated at 95 °C for 5 min and 
incubated for 0.5 min in the absence of MSN (-MSN, 0 h); lane 3, incubated for 30 min in the absence of MSN 
(-MSN, 2 h); lane 4, incubated for 4 h in the absence of MSN (-MSN, 4 h); lane 5, incubated for 17 h 
(overnight) in the absence of MSN (-MSN, 17 h); lane 6, following incubation for  
17 h in absence of MSN, immediately followed by the addition of MSN (+MSN, 0 h); lane 7, same as lane 6, 
after 2 h incubation in the presence of MSN (+MSN, 2 h). T = anti-D cloverleaf with altered T loop sequence (in 
blue) and complementary D loop sequence (in red). b = bases.  
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5.2.4.2 Oligonucleotide-inhibition studies of T = anti-D variant 
 

In order to determine the dimer interface of the T = anti-D variant dimer, I carried out 

an oligonucleotide-inhibition experiment with the appropriate oligonucleotides  

(for oligonucleotide-inhibition primer sequences, see Table 2.7). The result was a genuine 

surprise: the oligonucleotide complementary to the altered T loop produced no apparent 

reduction in the amount of dimer, suggesting the T loop is not involved in oligomerization 

(Figure 5.33, lane 4). Rather, the D loop (lane 2) and 3' CCA terminus (lane 5) appear to be 

the sequences responsible for oligomerization, as the oligonucleotides complementary to 

these two regions appear to reduce dimer formation. While this was an extremely interesting 

result, it did not explain the lack of higher oligomers. 

 

 

 
 
Figure 5.33 Oligonucleotide-inhibition study of T = anti-D variant. Showing binding positions 
of oligonucleotide-inhibition primers of interest (oligonucleotides in red). 2 % (w/v) agarose gel in TBM at  
4 °C. T = anti-D transcript at 3.0 µM. Lane 1, -ve control (no oligo); lane 2, anti-D loop (WT); lane 3,  
anti-AC loop (WT); lane 4, anti-T loop (T = anti-D); lane 5, anti-CCA terminus (WT): lane 6, -ve control  
(anti-T loop (selfT)); lane 7, RNA markers. For oligonucleotide-inhibition primer sequences, see Table 2.7.  
D = D loop; T = T loop; WT = wild type; b = bases. 
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5.2.5 Oligomerization of tetRNA variant 
 

5.2.5.1 Time-course oligomerization study 

 

 A time-course oligomerization experiment with the non-circularized tetRNA variant 

is shown in Figure 5.34. There were no distinct higher molecular weight bands following the 

addition of MSN (lane 3), and it is possible that the large shift of the band upwards on the gel 

is due to a change in buffer conditions (i.e. the addition of MSN) altering the mobility of the 

tetRNA transcript. 

 

                        

 
Figure 5.34 Time-course oligomerization study of non-circularized tetRNA variant in 
the presence of 10 mM Mg2+, 1 mM spermine and 100 mM Na+ (MSN) at pH 7.5. 2 % 
(w/v) agarose gel in TBM at 4 °C. Transcript extracted with TRIZOL reagent and purified on a G-25 column. 
TetRNA transcript at 10.6 µM. Lane 1, immediately following heating at 95 °C for 5 min (denatured); lane 2, 
following incubation at 4 °C for 5 min (renatured); lane 3, immediately following addition of MSN (renatured); 
lanes 4 and 5, at stated times following addition of MSN; lane 6, RNA markers. TetRNA cloverleaf with altered 
D and T loop sequences (in blue) and complementary anticodon loop sequence and altered 3' CCA terminus 
sequence (in red). b = bases.  

  

5.2.5.2 Oligonucleotide-inhibition study of tetRNA variant 
 

In order to determine the dimer interface of the uncircularized tetRNA variant dimer, I 

carried out oligonucleotide-inhibition studies with the appropriate oligonucleotides  

(for sequences, see Table 2.7). These oligonucleotides were designed differently to those 

used with the other variants, due to the fact that tetRNA has two sets of redundant loop 
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sequences. Because of this, an oligonucleotide complementary to the anticodon loop of 

tetRNA could also bind to the 3' CCA terminus, while one complementary to the D loop 

could also bind to the T loop (see Figure 5.20B). Consequently, the designed 

oligonucleotides were made complementary to the adjacent stem regions and three 

nucleotides of the adjacent loop sequences. It was hoped that this would be sufficient overlap 

to inhibit intermolecular interactions, if they were occurring (the design was thus similar to 

that of the oligonucleotides that overlapped the self-complementary sequence in the T loop of 

the selfT variant by a single nucleotide). Unfortunately, none of the oligonucleotides 

appeared to inhibit oligomerization (Figure 5.35). 

 

 
 

Figure 5.35 Oligonucleotide-inhibition study of tetRNA variant. 2 % (w/v) agarose gel in TBM 
at 4 °C. TetRNA transcript at 6.2 µM. Lane 1, -ve control (no oligo); lane 2, anti-D loop (tetRNA); lane 3, anti-
AC loop (tetRNA); lane 4, anti-T loop (tetRNA); lane 5, anti-CCA terminus (tetRNA): lane 6, -ve control (anti-
T loop (selfT)); lane 7, RNA markers. For oligonucleotide-inhibition primer sequences, see  
Table 2.7. b = bases. 
 
 

5.3 Summary 
 

At the beginning of my study I had intended to use in vitro transcripts of the A14G 

mutant and wild-type human mitochondrial tRNALeu(UAA) genes as positive and negative 

controls, respectively, for my oligomerization studies. However, the much lower yields 

obtained from in vitro transcription of the tRNALeu(UAA) plasmid fragments compared to those 

from the tRNAGly(GCC) single gene PCR product meant oligomerization experiments were not 

attempted with the former. Also, the successful dimerization obtained with the selfT and  

T = anti-D variants meant a positive control for oligomerization was no longer required. 
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The lack of oligomerization seen with the wild-type single tRNAGly(GCC), C56A, 

C56G and T = D variants, at least under the conditions used in this study, provided no 

support for the proposal that interactions between the potentially complementary D loop and 

anticodon loop sequences were important in the early evolution of the tRNAGly molecule.  

The hints of higher bands (which did not however appear to increase in concentration 

with length of exposure to MSN) in the wild-type double and triple tRNAGly(GCC) transcripts 

was interesting, but not investigated further. Having originally thought that the presence of 

multiple copies of D, T and anticodon loop sequences might increase the potential to form 

arrays, I subsequently decided that the inability to mutate multiple copies of the same 

sequence would make it difficult to analyze potential oligomerization interfaces. 

Promising results with the selfT variant suggest that tRNA variants possessing 

multiple copies of the self-complementary GGGCCC sequence would make suitable 

candidates for building arrays. Introducing this sequence into the D, T and anticodon loops in 

various combinations should provide the means of creating a tRNA building block that can 

form 3D arrays. Because each of the three loops could theoretically interact with any of the 

three loops of other molecules, this would give a flexibility that might facilitate the formation 

of higher arrays. This line of investigation was pursued in Chapter 6. 

The results of the T = anti-D variant oligonucleotide-inhibition study are perplexing. 

It would seem obvious that the introduced T loop sequence is responsible for dimerization, 

due to the due to the fact that the wild-type single tRNAGly(GCC) transcript does not dimerize 

under these conditions. However, it would be extremely interesting if the D loop GG and  

3'-terminus CCA sequences were responsible for dimerization, as these are among the most 

highly conserved sequences in contemporary tRNA. In light of my hypothesis concerning the 

origin of the first tRNA, it would be fascinating if the 3' CCA sequence were involved in 

something akin to an intramolecular anticodon-codon interaction. In order to further probe 

the T = anti-D variant dimer interface, I undertook a series of nucleotide-substitution 

experiments. The rationale for these experiments, their design and the results are described in 

Chapter 6. 

The results from oligomerization studies with tetRNA are suggestive but 

inconclusive. As noted, the shift of the bands with the addition of MSN may be due to a 

buffer effect on tetRNA transcript mobility in the agar gel. 
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Chapter 6 
 

tRNA building blocks for nanotechnology 
and investigation of a dimer interface 
 
 

6.1 Construction of tRNA templates 
 
 

As described in Chapter 5, the creation of two tRNA variants which underwent 

dimerization in the presence of Mg2+ suggested several avenues of investigation both to 

produce higher-order oligomers and to define the dimer interface. In order to do this, 

construction of additional tRNA templates was carried out as described in Chapter 5. Site-

directed mutagenesis was carried out using either the pUC18-single wild-type tRNAGly(GCC) 

construct, pUC18-selfT construct or pUC18-T = anti-D construct produced previously. 

Because of the small size of the tRNA gene, I was again able to use one-step PCR to generate 

the variants using reverse primers of up to 85 nucleotides (for sequences of mutagenic PCR 

primers, see Table 2.3).  

 

6.1.1 Design of self-complementary variants  
 

 As discussed in Chapter 5, a tRNAGly(GCC) variant (selfT) possessing a single self-

complementary GGGCCC sequence in the T loop was found to undergo rapid, quantitative 

dimerization in the presence of Mg2+, spermine and NaCl. Because of this, I decided to 

investigate the effect on oligomerization of multiple copies of this sequence. In particular, I 

was interested to see if the presence of additional self-complementary sequences would 

enable a tRNA variant to form oligomers higher than dimers. Therefore, six additional variant 

tRNAsGly(GCC) were designed with the GGGCCC sequence in the D loop, anticodon loop and 

T loop, and all possible combinations thereof (Figure 6.1). The variants were named in 

accordance with the naming of the selfT variant, reflecting the loop(s) in which the self-
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complementary GGGCCC sequence is inserted: selfD, selfAC (AC = anticodon loop), 

selfD/AC, selfD/T, selfAC/T and selfD/AC/T. 

 

 
 
Figure 6.1 Cloverleaf models of self-complementary variants. Cloverleaf models with self-
complementary GGGCCC sequences in green. D = D loop, AC = anticodon loop, T = T loop.  
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6.1.2 Design of T = anti-D variants with substitutions in proposed 
D loop/3' CCA terminus dimer interface 
 

 As detailed in Chapter 5, the T = anti-D variant was found to undergo slow 

dimerization in the presence of MSN. However, an oligonucleotide-inhibition study indicated 

that this dimerization was due not to the introduced sequence in the T loop, but rather to the 

wild-type D loop interacting with the wild-type 3' CCA terminus. The oligonucleotide 

complementary to the D loop inhibited oligomerization, whereas the oligonucleotide 

complementary to the T loop did not; instead, the formation of dimer was inhibited by an 

oligonucleotide complementary to the 3' CCA terminus. The only potential complementarity 

between these two regions appears to be between the CCA sequence itself and the  

UGG sequence of the D loop. Three base pairs might not form a particularly strong 

interaction; however, dimer formation could involve two such interactions per dimer, 

meaning the base pairing would involve six nucleotides and include four G-C base pairs 

(Figure 6.2). In order to determine the T = anti-D variant dimer interface, I used a nucleotide-

substitution protocol. This involved the production of a number of tRNA variants in which  

  

 

 
 
Figure 6.2 Representation of proposed structure of T = anti-D variant dimer interacting 
through D loop and 3' UCCA sequence. D loop (red) and 3' UCCA sequence (green).  
Note sharp reversal of backbone direction required between nucleotides 72 and 73 to allow anti-parallel 
interaction with 3' UCCA sequence. D = D loop, T = T loop.  
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the nucleotides in both the D loop UGG sequence and 3' terminus CCA sequence were 

individually mutated to determine if this abolished oligomerization, and compensatory 

mutations were made in the complementary sequence to see if this restored oligomerization. 

In the first set of mutants the D loop G18G19 was changed to C18C19, the 3' CCA 

terminus C74C75 was changed to G74G75 (both to potentially abolish dimerization), and then 

both changes were made together to potentially restore dimer formation (C18C19/G74G75)  

(Figure 6.3). In the second set of mutants, created to more finely dissect the possible 

interaction, G18 was changed to C18, C74 was changed to G74, C75 was changed to G75, and 

then double mutants created (C18/G74 and C18/G75) to determine which, if either, restored 

oligomerization (Figure 6.4).  

 

 

 

 

 

 

 
 
 
Figure 6.3 Cloverleaf models of G18C/G19C, C74G/C75G and G18C/G19C/C74G/C75G 
variants. Cloverleaf models of T = anti-D variant with proposed complementary sequences in red (D loop) 
and blue (3' CCA terminus), with introduced mutations as indicated by arrows. D = D loop, AC = anticodon 
loop, T = T loop. 
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6.1.3 Design of single wild-type tRNAGly(GCC) variants with 
subsitutions to tertiary G18-U55 basepair 
 

There are, however, some difficulties with the hypothesis that dimerization of the  

T = anti-D variant is due to interaction between the 3' CCA sequence in the acceptor stem and 

UGG of the D loop. These sequences are common to most of the variant tRNAs as well as 

  

 
 
Figure 6.4 Cloverleaf models of G18C, C74G, C75G, G18C/C74G and G18C/C75G  
variants. Cloverleaf models of the T = anti-D variant with proposed complementary sequences in 3' CCA 
terminus (blue) and D loop (red), with introduced mutations as indicated by arrows. AC = anticodon loop,  
D = D loop, T = T loop. 
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the unmodified wild-type single, double and triple tRNAGly(GCC) transcripts. Why would only 

the T = anti-D variant form dimers through this interaction? With the variant tRNAs that do 

not form dimers, it could be the case that the D loop G18G19 sequence is unavailable for 

intermolecular interaction due to intramolecular base pairing with the T loop. Analysis of the 

wild type single, double and triple tRNAsGly(GCC) and the five variant tRNAs produced at the 

early stage of my study for the presence of the two intramolecular base pairs between the D 

loop and T loop showed a distinctive pattern where the absence of the G18-U55 base pair 

corresponds to the ability to dimerize under the conditions used in this study (Table 6.1). The 

C56G, C56A and T = D variants, which do not dimerize, have an intact G18-U55 base pair (as 

do the wild type single, double and triple tRNAsGly(GCC))20. In the case of the T = anti-D 

variant, the G18-U55 base pair is disrupted.  

 

Table 6.1 Presence of intramolecular base pairs versus dimerization ability 

tRNA species 
(unmodified) 

G18-U55 base 
pair 

G19-C56 
base pair 

U54-A58 
base pair 

dimerization 

Wt single, double and 
triple tRNAGly(GCC) 

 
  

 
 

 
 

 
 

C56G      
C56A      
selfT    G54-C58

† fast 
T = anti-D     slow 
T = D      

The absence of the G18-U55 base pair (in bold) appears to correlate with dimerization ability. † The 54-58 base 
pair involves a reverse Hoogsteen interaction, and probably cannot accommodate a G54-C58 pairing 
(Zagryadskaya et al., 2003). 
 

In order to determine whether the absence of the G18-U55 base pair is predictive for 

dimer formation (as this base pair is absent in both the selfT and T = anti-D variants), 

nucleotide substitutions were carried out on the wild-type single tRNAGly(GCC),  in an attempt 

to produce dimerization in an otherwise non-oligomerizing tRNA (at neutral pH). Therefore, 

I created a set of mutants, with G18 changed to U18, with U55 (in the unmodified transcript) 

changed to A55 (to disrupt the G18-U55 base pair) and the double mutant, G18U/U55A, in 

which the base pair should be restored (Figure 6.5). 

                                                
20 Although there was some evidence for oligomerization of the double and triple 
tRNAGly(GCC) transcripts (see Section 5.2.1), the low (and constant) level of oligomerization 
suggests this may have been due to the formation of alternative structures (see Section 7.3.1).    
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Figure 6.5 Cloverleaf models of G18U, U55A and G18U/U55A variants. Cloverleaf models 
of wild-type single tRNAGly(GCC) with mutations as indicated by arrows. D = D loop, AC = anticodon loop,  
T = T loop. 
 
 
6.1.4 Site-directed mutagenesis PCR 
 

For the synthesis of the self-complementary variants, I used either the  

pUC18-wild-type single tRNAGly(GCC) construct or the pUC18-selfT construct produced 

previously. For the T = anti-D variant nucleotide substitution variants I used the T = anti-D 

construct. For the variants with mutations to the G18-U55 base pair I used the wild-type single 

tRNAGly(GCC) construct. Because of the small size of the tRNA gene, I was able to use one-

step PCR to generate the variants using reverse primers of up to 85 nucleotides in length. 

There was a minimum of 12 nucleotides downstream of the last mutation to ensure efficient 

primer binding (for sequences of mutagenic PCR primers, see Table 2.3).  

My first site-directed mutagenesis PCR experiment gave bands of the predicted size 

for single E. coli tRNAGly(GCC) gene products, apart from a missing band for the U55A 

construct and a faint pair of bands (with a lower than expected molecular weight) for the 

G18U/U55A construct (data not shown). That these PCR reactions were the only two that 

used the U55A reverse primer, and they used two different forward primers that each had 
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produced a bright band in another reaction, I reconstituted this primer from the original stock 

solution and repeated these two reactions but without success (data not shown). The U55A 

reverse primer appeared to have a high likelihood of forming a primer-dimer, so I redesigned 

this primer, removing eight nucleotides from the 5'-end and six from the 3'-end, leaving only 

10 nucleotides downstream of the last mutation. The new U55A reverse truncated primer (see 

Table 2.3) gave good bands in a subsequent mutagenic PCR experiment, if perhaps not quite 

as bright as the products with other primer pairs (data not shown). 

 

6.1.5 Cloning of self-complementary and substituted T = anti-D 
and G18-U55 base pair variant tRNAs, PCR colony screen and 
sequencing of transformants 
 

Cloning and PCR colony screens were carried out as previously described (for details, 

see Chapter 2). However, in the later stages of the study I discontinued colony screening due 

to the high number of false positives and instead sequenced multiple plasmids. In my first 

sequencing attempt, 29 of the transformed colonies were grown, their plasmids isolated and 

the inserts sequenced. As found previously, the yield of insert-containing plasmid was 

extremely variable between the different variants, with recoveries of 37.8 - 377.0 ng/µl. Of 

the 29 clones, 23 were successful transformants with the correct mutagenized sequence, with 

all variants having at least one successful transformant. Sequences are shown in Appendix B. 

 

6.1.6 In vitro transcription of self-complementary and substituted 
T = anti-D and G18-U55 base pair variant tRNAs 
 

The variant tRNA constructs were digested with either Mva I or Hae II restriction 

endonucleases, depending on the 3'-sequence of the tRNA variant template. Following 

overnight (21 h) digestion with either Mva I or Hae II restriction endonuclease, the pUC18- 

variant constructs gave what appeared to be 3-4 bands on a 2 % (w/v) agarose gel  

(Figure 6.6).  

Lanes 10-12 and 15 each have four bands (with two bands at ~300 bp not well 

separated). However, on a lower exposure (not shown) it is clear that there are in fact two 

bands ~300 bp, giving four bands in total, which is the predicted number following digestion 
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with Hae II restriction endonuclease: 1869, 370, 276 (containing the variant tRNA gene) and 

257 bp. Therefore, digestion with Hae II has gone to completion.  

 

 

 
 
Figure 6.6 Restriction digest of self-complementary and substituted T = anti-D and  
G18-U55 base pair variant transformants with Mva I or Hae II. 2 % (w/v) agarose gel.  
Lane 1, selfT; lane 2, T = anti-D; lane 3, selfD; lane 4, selfD/T; lane 5, selfAC; lane 6, selfAC/T;  
lane 7, selfD/AC; lane 8, selfD/AC/T; lane 9, G18U; lane 10, C74G/C75G; lane 11, G18C/G19C;  
lane 12, G18C/G19C/C74G/C75G; lane 13, U55A; lane 14, G18U/U55A; lane 15, G18C/C74G;  
lane 16, 100 bp DNA marker. Mva I digests: lanes 1-9, 13 and 14. Hae II digests: lanes 10-12 and 15. See text 
for comments. bp = base pairs. 

 

 

Lanes 1-4, 9, 13 and 14 gave 3 lower molecular weight bands. This restriction 

fragment pattern is typical of Mva I digest of the pUC vector – tRNA construct, in which one 

would expect to see four bands running at approximately 2073, 288, 153 (containing the 

variant tRNA gene) and 119/121 bp (these two fragments run as a single band). A sixth 

fragment, at 13 bp, is not visible. However, lanes 5-8, in which the vector also contains an 

Mva I restriction site, only contain two lower molecular weight bands, with the missing band 

being the 153 bp fragment containing the variant tRNA gene.  

The reason for the missing band became clear upon closer inspection of the variant 

tRNA sequences. The placement of the self-complementary sequence in the anticodon loop in 

a subset of the variants had created a new Mva I restriction site (CCAGG), which had 

resulted in this enzyme cleaving the tRNA template in half, making it useless for preparation 

of full-length tRNA transcripts (see Figure 6.1). This was corrected by carrying out a second 

mutagenic PCR step with the affected constructs using the Hae II reverse primer  

(see Table 2.3) to replace the original Mva I restriction site at the 5'-end of the template, to 
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avoid the use of Mva I for template preparation (for sequences of self-complementary and 

substituted T = anti-D and G18-U55 base pair variants, see Appendix B). 

For those templates containing an Hae II restriction site, incubation with Klenow 

fragment was followed immediately by in vitro transcription (followed by DNase treatment 

with RQ1). For those templates containing an Mva I restriction site, incubation with the 

Klenow fragment was omitted. In vitro transcriptions of all variant templates were carried out 

as previously, with an extra aliquot of T7 RNA polymerase added after 3 h incubation at  

37 ºC. The same volume of template DNA (5 µl) was added to each reaction tube. Following 

16.5 h further incubation at 37 ºC, RQ1 RNase-free DNase was added to tubes to digest DNA 

templates for a further 15 min at 37 ºC. TRIZOL extraction followed by G-25 column 

purification were performed as previously. The purified variant tRNA transcripts were run on 

a 2 % (w/v) agarose gel in TBE running buffer (containing EDTA) with denaturing loading 

dye (Figure 6.7). The bands in the upper half of the gel are brighter, mainly due to a higher 

concentration of ethidium bromide in this part of the gel. However, the concentration of 

transcript also varied, due to variable concentrations of template in the in vitro transciption  

  

  

 

                                        

 
Figure 6.7 Purified self-complementary and substituted T = anti-D and  
G18-U55 base pair variant in vitro transcripts. 2 % (w/v) agarose gel with denaturing loading dye. 
Transcripts extracted with TRIZOL reagent and purified on G-25 columns.  
Lane 1, +ve control, luciferase mRNA; lane 2, G18C; lane 3, C74G; lane 4, C75G; lane 5, G18C/C74G;  
lane 6, G18C/C75G; lane 7, selfAC; lane 8, selfD/AC; lane 9, selfAC/T; lane 10, selfD/AC/T; lane 12, selfT; 
lane 13, T = anti-D; lane 14, selfD; lane 15, selfD/T; lane 16, G18U; lane 17, C74G/C75G;  
lane 18, G18C/G19C; lane 19, G18C/G19C/C74G/C75G; lane 20, U55A; lane 21, G18U/U55A;  
lanes 11 and 22, RNA markers. Size of predicted transcripts: 76 bases. b = bases. 
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reactions. For example, lanes 12-15 are particularly faint; the concentration of selfT transcript 

in lane 12 was 64.1 ng/µl, and that of T = anti-D transcript in lane 13 was 53.2 ng/µl  

(in comparison, the concentration of template in lanes 3, 17 and 21 were ~150 ng/µl).  

 

6.2 Oligomerization of self-complementary and 
substituted T = anti-D and G18-U55 variant tRNAs  
 

This was carried out as described in Section 2.5.1. I decided to use 10 mM Mg2+ and 

100 mM Na+ (MN) rather than MSN as I had previously, as it had given a brighter band on a 

gel run to compare oligomerizing agents (Figure 5.31, lane 7 versus 11). I did this in order to 

be able to detect the presence of oligomerized species with greater sensitivity. 

 

6.2.1 Oligomerization of self-complementary variants 
 

The initial oligomerization experiment of the self-complementary variants was done 

with a very brief interval between the addition of the oligomerizing agents and addition of 

non-denaturing loading dye, and the samples were loaded onto the gel within 1 h (Figure 

6.8). The results were disappointing, as, apart from the positive control (selfT, lane 1), only a 

single variant, selfAC, appeared to undergo oligomerization (lane 3), although selfD/AC/T 

 

                                    
 
Figure 6.8 Oligomerization of self-complementary variants in the presence of 10 mM 
Mg2+ and 100 mM Na+ (MN) for 10 min at pH 7.5. 2 % (w/v) agarose gel in TBM at 4 °C with non-
denaturing loading dye. Transcripts extracted with TRIZOL reagent and purified on a G-25 column. 
Renaturation was for 5 min at 4 °C on wet ice following which the transcripts were incubated for 10 min on wet 
ice in the presence of MN. Lane 1, selfT (very faint; 1.8 µM); lane 2, selfD (2.5 µM); lane 3, selfAC (4.9 µM); 
lane 4, selfD/AC (4.6 µM); lane 5, selfD/T (3.3 µM); lane 6, selfAC/T (4.8 µM); lane 7, selfD/AC/T (4.3 µM); 
lane 8, RNA markers. b = bases.  
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(lane 7) and (to a lesser extent) selfAC/T (lane 6) and selfD/AC (lane 4) show a slight 

indication of a dimer band on a very overexposed image of this gel (data not shown). 

Monomer and dimer bands for the selfT variant (lane 1, +ve control) were observable in an 

over-exposed image of the gel (results not shown), so it is clear that the experiment has 

worked. To determine whether some of the variants might be slow in forming oligomers, the 

experiment was repeated with overnight incubation (Figure 6.9). In this case, the selfD/AC/T 

variant (lane 7) underwent dimerization (as did the selfAC variant, lane 3), but apparently did 

not form oligomers higher than the dimer. Because the selfAC variant dimerized so quickly, a 

time-course was performed for this variant before and after the addition of the oligomerizing 

agent to determine whether Mg2+ is required to form dimers (Figure 6.10). As can be seen 

from this gel, dimerization has occurred in all three lanes, in the absence of the oligomerizing 

agents (lane 2) and even prior to renaturation (lane 1). 

 

 

 

 

 
 
Figure 6.9 Overnight oligomerization of self-complementary variants in the presence of 
10 mM Mg2+ and 100 mM Na+ (MN) at pH 7.5.  2 % (w/v) agarose gel in TBM at 4 °C with non-
denaturing loading dye. Transcripts extracted with TRIZOL reagent and purified on a G-25 column. 
Renaturation was for 5 min at 4 °C on wet ice following which the transcripts were incubated for 16.5 h at 4 °C 
in the presence of MN. Lane 1, selfT (very faint; 1.8 µM); lane 2, selfD (2.6 µM); lane 3, selfAC (4.9 µM);  
lane 4, selfD/AC (4.6 µM); lane 5, selfD/T (2.8 µM); lane 6, selfAC/T (4.8 µM); lane 7, selfD/AC/T (4.3 µM); 
lane 8, RNA markers. b = bases.  
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Figure 6.10 Oligomerization study of selfAC variant in the absence and presence of 10 
mM Mg2+ and 100 mM Na+ (MN) at pH 7.5. 2 % (w/v) agarose gel in TBM at 4 °C with non-
denaturing loading dye. Transcript extracted with TRIZOL reagent and purified on a G-25 column. SelfAC 
transcript at 4.1 µM. Lane 1, following denaturation for 5 min at 95 °C; lane 2, following renaturation for 5 min 
at 4 °C on wet ice; lane 3, following addition of transcript to MN; lane 4, RNA markers. Following each step, 
samples were placed immediately on dry ice. b = bases.  
 

 

6.2.2 Oligomerization of T = anti-D variants with nucleotide 
substitutions in proposed D loop/3' CCA terminus dimer interface 
 

Because the T = anti-D variant undergoes slow dimerization, I decided to use an 

overnight (16.5 h) incubation for the oligomerization study of the T = anti-D variants 

containing nucleotide substitutions in the proposed dimer interface. Incubation was in the 

presence of 10 mM Mg2+ and 100 mM Na+ (MN) following the standard 

denaturation/renaturation protocol. The results of this experiment are shown in Figure 6.11. 

Dimer formation was observed for three of the variants: C74G/C75G (Figure 6.11, lane 3), 

C74G (lane 6) and G18C/C74G (lane 8). To check whether the addition of MN is required for 

oligomerization, aliquots were removed following denaturation at 95 °C for 5 min, 

renaturation for 5 min at 4 °C on wet ice, and following addition of transcript to MN. The 

results are shown in Figure 6.12. The C74G/C75G variant formed dimers in all three 

conditions (Figure 6.12, lanes 1-3), including following denaturation (lane 1) and  
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Figure 6.11 Overnight oligomerization of T = anti-D variants with nucleotide 
substitutions in D loop/3' CCA terminus in the presence of 10 mM Mg2+ and 100 mM 
Na+ (MN) at pH 7.5. 2 % (w/v) agarose gel in TBM at 4 °C with non-denaturing loading dye. Transcripts 
extracted with TRIZOL reagent and purified on a G-25 column. Renaturation was for 5 min at 4 °C on wet ice 
following which the transcripts were incubated for 16.5 h at 4 °C in the presence of MN. Lane 1, T = anti-D  
(2.1 µM); lane 2, G18C/G19C (5.0 µM); lane 3, C74G/C75G (5.5 µM); lane 4, G18C/G19C/C74G/C75G (3.3 
µM); lane 5, G18C (4.7 µM); lane 6, C74G (5.0 µM); lane 7, C75G (4.3 µM); lane 8, G18C/C74G (2.7 µM);  
lane 9, G18C/C75G (5.3 µM); lane 10, RNA markers. b = bases. 
 
 
 
 

 
 
Figure 6.12 Oligomerization study of C74G/C75G, C74G and G18C/C74G variants in 
the absence and presence of 10 mM Mg2+ and 100 mM Na+ (MN) at pH 7.5.  2 % (w/v) 
agarose gel in TBM at 4 °C with non-denaturing loading dye. Transcripts extracted with TRIZOL reagent and 
purified on G-25 columns. Lanes 1-3, C74G/C75G variant (at 5.3 µM); lanes 4-6, C74G variant (at 4.8 µM);  
lanes 7-9, G18C/C74G variant (at 3.8 µM). Lanes 1, 4 and 7, following denaturation for 5 min at 95 °C; lanes 2, 
5 and 8, following renaturation for 5 min at 4 °C on wet ice; lanes 3, 6 and 9, following addition of transcript to 
MN; lane 10, RNA markers. Following each step samples were placed immediately on dry ice. b = bases. 
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renaturation in the absence of MN (lane 2). The C74G variant formed dimers following 

renaturation at 4 °C for 5 min in the absence of MN (Figure 6.12, lane 5). In contrast, the 

G18C/C74G variant showed no dimer formation even following the addition of MN (lane 9). 

 

6.2.3 Oligomerization of single wild type tRNAGly(GCC) variants 
with nucleotide substitutions of tertiary G18-U55 base pair 
 

The single wild type tRNAGly(GCC) variants containing nucleotide substitutions of the 

G18-U55 base pair were incubated overnight (16.5 h) to ensure oligomerization (if occurring) 

could be detected. This was done in the presence of MN following the standard 

denaturation/renaturation protocol. No oligomerization was observed apart from the +ve 

control (T = anti-D), which showed a faint hint of a dimer band (Figure 6.13, lane 5). 

 

 

 

                            
 
 
Figure 6.13 Overnight oligomerization of substituted G18-U55 base pair variants in the 
presence of 10 mM Mg2+ and 100 mM Na+ (MN) at pH 7.5. 2 % (w/v) agarose gel in TBM at  
4 °C with non-denaturing loading dye. Transcripts extracted with TRIZOL reagent and purified on a  
G-25 column. Renaturation was for 5 min at 4 °C on wet ice following which the transcripts were incubated for 
16.5 h at 4 °C in the presence of MN. Lane 1, single tRNAGly (4.9 µM); lane 2, G18U (5.1 µM);  
lane 3, U55A (5.0 µM); lane 4, G18U/U55A (5.2 µM); lane 5, T = anti-D (2.1 µM); lane 6, RNA markers.  
b = bases. 
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6.3 Summary 
 

Initial promising results with the selfT variant suggested the possibility that 

introduction of additional self-complementary sequences would produce higher oligomers; 

however this did not result (Figures 6.8, 6.9 and 6.10), with only two of the variants 

containing these sequences undergoing oligomerization, and then only forming dimers 

(selfAC and selfD/AC/T). A nucleotide substitution protocol was used to test my hypothesis 

that interaction between the D loop GG and 3' CCA sequences was responsible for formation 

of the T = anti-D variant dimer. This produced ambiguous results (see Figure 6.11), with 

substitutions in these two regions abolishing dimerization in some cases (G18C, G18C/G19C, 

C75G) but not others (C74G, C74G/C75G). The introduction of compensatory substitutions 

to restore dimerization produced similarly discrepancies. Finally, my hypothesis that the 

absence of the G18-U55 tertiary base pair might allow tRNAs to form dimers through their  

D loop GG and 3' CCA sequences was shown not to be the case, with wild-type single 

tRNAsGly with nucleotide substitutions of this base pair not undergoing dimerization under 

the conditions used (Figure 6.13). These results are discussed in Chapter 7. 
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Chapter 7 

Discussion 

 

‘…it does not necessarily follow that the original codons,  

of the original primitive code…will necessarily keep their  

assignments to the primitive amino acids. In other words,  

the evolution of the code may well have wiped out all trace 

of the primitive code. For this reason arguments about which  

base-pair came into use first on the nucleic acid should not  

depend too heavily on the assignments of the present code.’ 

(Crick, 1968). 

 

While Crick injects a healthy dose of caution into the debate concerning the origin of 

the genetic code, I believe, with the advantage of our knowledge in 2010, it is more likely 

that primitive amino acid assignments have been retained. The arguments presented in 

Chapter 3 argue that NCC (derived from the 3' CCA terminus of the tRNA precursor hairpin) 

was the first anticodon – specifying glycine – and that tRNAGly was either the first tRNA to 

evolve. The anticodon loop sequences of contemporary tRNAsGly provide evidence that 

features of a primitive code have been retained by the modern code. The theory I have 

outlined in Chapter 3 combines Schimmel’s experimental work on minihelices that can be 

aminoacylated (Schimmel et al., 1993) with Di Giulio’s (1992, 1995, 2004) theoretical model 

of a hairpin duplication origin of tRNA as foundations. Schimmel’s ideas come from an 

understanding of function and the two-domain tertiary structure of tRNA, while Di Giulio’s 

theory derives from an analysis of primary sequences and secondary structures as well as 

consideration of the symmetry of the tRNA molecule. That the two so beautifully 

complement and support each other adds considerable weight to the theory of a hairpin-

duplication origin of tRNA, as well as to the theory that these hairpins were specifically 

aminoacylated at their 3' CCA termini, participating in some form of noncoded protein 

synthesis. In support of my proposal that tRNAGly was the first tRNA, Fujishima et al. (2008) 
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recently carried out a phylogenetic analysis of 1953 archaeal tRNA sequences (including 

those containing introns and the split tRNA genes of Nanoarchaeum equitans), concluding 

that “minigenes encoding 5' and 3' tRNA sequence of tRNAGly were the origins of other 

tRNA genes in the very early stage of tRNA evolution”. 

In the following sections I discuss the statistical validity of the hairpin duplication 

model of the origin of tRNA and the question of originality in relation to my theory of the 

origin of genetic coding. These sections notwithstanding, I chose to include discussion of the 

theoretical aspects of my proposals for the origin of the first tRNA (Chapter 3) and the origin 

of coded protein synthesis (Chapter 4) within these chapters as this seemed most appropriate. 

In contrast, a detailed discussion of the application of tRNAs for nanotechnology is included 

here in Section 7.3. 

 

7.1 The statistical validity of the hairpin duplication model 
 

The hypothesis of a hairpin duplication origin for tRNA remains contentious. For 

example, when recently presenting my work at an international meeting, I discovered that the 

concept of tRNA originating from a hairpin duplication was still considered controversial. 

For example, Sergei Steinberg believes a sequence of 76 nucleotides (similar in size to the A 

and P regions of his deconstructed large ribosomal subunit RNA (Bokov and Steinberg, 

2009)) could easily have arisen de novo and it is therefore unnecessary to invoke a hairpin 

duplication event. Two of the reviewers of our paper (Bernhardt and Tate, 2008b;  

Appendix E) also drew attention to this issue in their published comments, with Eugene 

Koonin describing Di Giulio’s hypothesis as “only a hypothesis…and not a particularly 

strong one”, and David Ardell stating that the hypothesis “needs strengthening”. While much 

preferring Widmann et al.’s (2005) statistical approach to Di Giulio’s (2005) parsimony-

based methods for analyzing the homology between the 5' and 3' halves of tRNA, Ardell felt 

Widmann et al. (2005) had not constructed a suitable random tRNA as their null control, and 

that doing so might reduce the significance of their results. However, Widmann et al. (2005) 

found that real tRNAs have more matches between their two halves than random tRNAs with 

a significance of p = 4.67 x 10-55, and one could reasonably argue that such a high p value 

could still be reduced substantially without seriously damaging their conclusion that  
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“tRNAs arose from a single ancestral duplication event”. They concede, however, that their 

finding is also consistent with convergent selection for function. They also note that it can be 

difficult to resolve trees based on sequences of fewer than 500 nucleotides. Certainly, in my 

analysis of tRNA phylogenies described in Chapter 3 I was not convinced my results had any 

real meaning. 

In their statistical analysis of tRNA halves, Widmann et al. (2005) do not include the 

tRNA anticodon as part of the upstream (5') half, while their downstream (3') half starts at 

position 37. While the omission of the anticodon is understandable due to the differences in 

this sequence between tRNAs, it would be interesting to repeat their analysis using position 

38 (following the canonical intron insertion position) as the start of the downstream half. 

 

7.2 The origin of coded protein synthesis: an original theory? 
  

The theory I developed of a structural role for mRNA preceding its informational 

function was made initially as a novel concept not previously, I believed, proposed anywhere 

in the journal literature (but see below). I discovered the reference to the concept by de Duve 

only after having prepared two manuscript drafts for publication and having presented this 

work at a meeting at Cold Spring Harbor in 2009. De Duve’s name did not arise in any 

critique or discussion. De Duve’s ideas were first published in a book almost 20 years ago 

and have been further referred to on two occasions since then in new books (de Duve 2002, 

2005a) and in passing in a 2005 Nature essay titled “The onset of selection”: “Other RNA 

molecules presumably also participated in the development of protein synthesis, for example 

by favouring the proper alignment of RNAs bearing amino acids…[a function] fulfilled today 

by messenger RNAs…” (de Duve, 2005b; italics added). However, there appeared to be a 

complete lack of awareness of these ideas by other researchers in the field, as judged by the 

absence of any reference to de Duve’s work in recent reviews of the area (e.g. Koonin and 

Novozhilov, 2009; Wolf and Koonin, 2007; Penny, 2005). Despite this lack of awareness, 

and although it means that what I belived was an original  hypothesis has a (Nobel!) history, 

in some ways De Duve’s prior discovery emphasizes that the central concept has a 

naturalness that has occurred independently to more than one person; in fact, as de Duve 

himself notes, “[This theory] corresponds to what is about the simplest and most 

straightforward course of events that can be imagined to account for the development of 
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RNA-dependent protein synthesis. Most workers who have thought about the question have 

come up with more or less similar solutions” (de Duve, 2005a: italics added). Since 

discovering de Duve’s books, I have done a further search of the library literature and 

discovered two additional references to the concept: in the second edition of his book Origins 

of Life on the Earth and in the Cosmos, Geoffrey Zubay (2000) has published a very similar 

idea to de Duve’s: “The first messenger RNAs (mRNAs) could have been short 

oligonucleotides that stabilized the binding of the tRNAs to the ribosome by hydrogen 

bonding to them. An oligonucleotide that actually carried a sequence of nucleotides 

complementary to the exposed trinucleotide cluster at the ends of the tRNAs is likely to have 

facilitated the binding of specific tRNAs next to one another and thereby increased the 

frequency with which certain combinations of amino acids would become linked to one 

another”, and in their book Astrobiology, Plaxco and Gross (2006) write: “the nascent 

ribosome must also have learned how to direct synthesis of polypeptides in a template-

directed fashion. Presumably this development occurred when the nascent ribosome found 

that it could bind its primitive tRNA substrates more tightly when they, in turn, were bound to 

yet another RNA, which would be the first messenger RNA [italics added]”. The first edition 

of Zubay’s book was published in 1996, so, at least to my knowledge, de Duve (1991) still 

retains priority, However, additional references to the idea most likely exist in the literature, 

including possibly (a) references prior to de Duve. 

It is possible that the reason de Duve only recently (and very succintly) published his 

concept in the primary literature is due to his feeling that his ideas were already widely 

appreciated. The low awareness in the field of de Duve’s hypothesis, as indicated by the 

absence of citation in the abovementioned reviews, perhaps says less about the strength of the 

theory and more about how many of us read scholarly books, or, for that matter, Nature 

essays! 

However, two references to the idea in the (perhaps more mainstream) journal 

literature in the last two years21 indicates that the hypothesis is gaining momentum: in the 

recent paper – “An overview of the introns-first theory” – Penny et al. (2009) refer to the 

ideas behind de Duve’s theory within a single figure and its accompanying legend, although 

the origin of coded protein synthesis is not the main focus of the paper: “Non-functional 
                                                
21 Not including the paper published from the present work (Bernhardt and Tate, 2010; see 
Appendix F). 
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RNA byproducts…were subsequently recruited to non-templated protein synthesis as a 

means to stabilize the interaction between two charged tRNAs during non-genetically 

encoded peptide synthesis (by pairing with what subsequently became ‘anticodon’ loop 

[sic])”; and George Fox (2010) has very recently published the following: “ Although there is 

currently no evidence addressing this [!], the second domain of the tRNA may have offered 

the opportunity of anchoring the tRNA to an accessory RNA thereby increasing the amount 

of time the tRNA is associated with the PTC and hence perhaps increasing the probability of 

reaction (Wolf and Koonin 2007). The introduction of an anchoring RNA would have been a 

huge advance. By moving the anchoring RNA, one could move the primitive tRNAs and 

hence improve their orientation relative the PTC [sic]. The growing small ribosomal subunit 

likely soon took on the task of moving the template leading to the ability to eject used tRNAs 

and encourage arrival of new ones. Once such an anchoring RNA exists, the unexpected 

occurs. The anchoring RNA can serve as a template and later as a true mRNA, making it 

feasible to develop coded synthesis [italics etc added]” One would have to assume that the 

majority of these authors have come up with the idea independently, as none cites de Duve 

(or, for that matter, Zubay or Plaxco and Gross), although Fox cites Wolf and Koonin (2007). 

In view of the all of the above, what I believe gives my work (this thesis; Bernhardt 

and Tate, 2010) originality, is the elaboration of the idea into a concrete hypothesis which 

makes explicit a number of assumptions in de Duve’s (and others’) writings on this subject, 

placing the theory within the framework of a modern understanding of protein synthesis and 

the structure of the ribosome. In addition, and contradicting Fox’s (2010) assessment of a 

lack of evidence for the theory, I have discovered a number of experimental results from the 

literature which directly support the hypothesis.  

 

7.3 tRNA building blocks for nanotechnology 
 
7.3.1 Oligomerization of unmodified single, double and triple 

tRNAGly(GCC) transcripts 
 

This ancestral molecule has potential uses in 2010 outside its central role in biology, 

and I have focused on its contemporary potential to form arrays for nanotechnology. 
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The absence of oligomers of the unmodified single tRNAGly(GCC) transcript in 10 mM 

Mg2+, 1 mM spermine and 100 mM Na+ (MSN) at pH 7.5 (Figure 5.24) was consistent with 

the finding that the natural post-transcriptionally modified tRNA forms dimers only at pH 4-5 

(Romby et al., 1986). This indicates that the complementarity between the D loop and 

anticodon loop (see Section 5.1.2; Figure 5.2) did not give rise to oligomerization under the 

neutral conditions used in this study. The strength of this intermolecular base-pairing 

interaction (with only two G-C base pairs) must be insufficient to support oligomerization, 

possibly as it has to compete with the intramolecular D loop/T loop interaction. 

The results with the unmodified double and triple tRNAGly(GCC) transcripts were 

surprising. Both transcripts formed a small proportion of dimer (and, perhaps, in the case of 

the triple transcript, trimer) very quickly (<1 min) following the addition of 10 mM Mg2+, 1 

mM spermine and 100 mM Na+ (MSN) at pH 7.5 (Figure 5.25). These molecules contain two 

and three GCC anticodons respectively, and would be expected to form dimers or higher 

oligomers through these sequences, but only at low pH. In the case of the double transcript, 

an oligonucleotide-inhibition experiment implicated the anticodon loop and the  

35-nucleotide intervening sequence in oligomerization – three oligonucleotides 

complementary to consecutive stretches of the intervening sequence all appeared to produce a 

reduction in dimer formation (Figure 5.26A). The results of similar experiments with the 

triple transcript were  less conclusive (Figure 5.26B).   

The secondary structure of the intervening sequence is not known, so whether it 

contains structures that are able to form intermolecular interactions is an open question. 

Figure 7.1 shows two possible secondary structures of the intervening sequence (in blue) 

generated by the programme RNAfold: as a stand-alone sequence (A) and as part of the 

complete double tRNAGly(GCC)
 transcript (B) (Gruber et al., 2008). It is likely that the two 

tRNA sequences of the double transcript normally fold into the standard cloverleaf/L shape 

characteristic of single tRNA molecules, as RNase P, which cleaves the triple transcript in 

vivo, recognizes the 3D conformation of tRNA (Ilgen et al., 1976)22. Also, while the double 

tRNAGly(GCC)
 template is being transcribed, the first tRNA sequence will be synthesized prior 

to the intervening sequence, and so should have time to assume the standard tRNA structure. 

                                                
22 Ilgen et al. (1976) report, however, that the primary triple gene E. coli tRNAGly(GCC) 

transcript is somewhat resistant to RNase P digestion in vivo, perhaps suggesting the presence 
of alternative structures. 
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If this is correct, the secondary structure of the 35-nucleotide intervening sequence may be as 

shown in Figure 7.1A. However, the secondary structure shown in Figure 7.1B may represent 

a minor structural component. Despite the obvious differences between the two structures, 

there are a number of similarities: 

 

1. Both contain at least one anticodon loop (assumed in the generation of the 

structure in Figure 7.1A); in Figure 7.1B the anticodon loop is defined as a tri-

loop by RNAfold, which may be the case for the anticodon loop of the single 

tRNAGly(GCC)  molecule (Cabello-Villegas et al., 2002). 

 

2. In both structures, the intervening sequence contains a GUAA tetraloop.  

Such tetraloops can form A-minor interactions, where, as previously 

discussed, the minor groove edges of adenines are inserted into the minor 

groove of neighbouring helices, preferentially at C-G base pairs (Nissen et al., 

2001). Jaeger et al. (2001), who have used the tetraloop/tetraloop receptor 

interaction as the basis for the construction of nanotechnology building blocks 

(see Section 1.6.1.3), have constructed a sequence which functions as a GUAA 

tetraloop receptor. This sequence has some homology with the anticodon 

stem/loop sequence of tRNAGly(GCC) (Figure 7.2) suggesting this interaction 

may be the basis of the double and (possibly) the triple tRNAGly(GCC) transcript 

oligomerization. 

 

The oligonucleotide inhibition experiment implicated the anticodon loop and the whole of the 

intervening sequence in the oligomerization of the double tRNAGly(GCC) transcript, as 

oligonculeotides complementary to three contiguous segments (comprising the entire 

intervening sequence) appeared to reduce the formation of higher molecular weight products 

(Figure 5.26A). However, it is possible that the two oligonucleotides that are complementary 

to the other segments of the intervening sequence might affect oligomerization indirectly by 

altering the secondary structure of the entire region. This may also be true for the triple 

transcript.  
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Figure 7.1 Possible secondary structures of 35-nucleotide intervening sequence 
generated by RNAfold. Intervening sequence in blue (A) As a stand-alone sequence (with tRNAs 
depicted as cloverleaves), and (B) as part of the double tRNAGly(GCC) sequence. 35-nucleotide intervening 
sequence (in blue). Binding positions of three oligonucleotide-inhibition primers (I – III) (in red) 
complementary to the intervening sequence are shown in (A) and complementary to the two anticodon 
stem/loops (IV and V) are shown in (B) (for oligonucleotide-inhibition primer sequences, see Table 2.7). (B) 
Anticodon loop sequences in green; anticodon loop indicated is probably in ‘normal’ conformation. D = D loop; 
AC loop = anticodon loop. Figure created using RNAfold (Gruber et al., 2008); structure shown is single lowest 
energy structure. Structure probabilities are shown using a colour spectrum, with blue least probable and red 
most probable. 
 
 
 

Oligomerization of the double and triple tRNAGly(GCC) transcripts could be due to 

rogue transcripts with incorrect sequence. There are examples in the literature of T7 in vitro 

transcription of tRNA producing transcripts with extra nucleotides at the 3' and 5' ends as 

well as truncated transcripts. Pleiss et al. (1998) found that templates with four or five ‘G’s at 
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Figure 7.2 Comparison of GUAA tetraloop receptor with wild-type tRNAGly(GCC) 
anticodon stem/loop sequence. (A) GUAA tetraloop receptor sequence constructed by Jaeger et al. 
(2001) (B) anticodon stem/loop of tRNAGly(GCC).   

 

 

 

the 5' end had >30 % of the product RNA molecules with an extra untemplated nucleotide at 

this end. However, templates starting with GCG (such as the tRNAGly(GCC) transcript), 

showed no detectable 5' end heterogeneity. A possible way to verify the integrity of the  

3' CCA terminus sequence would be to use an aminoacylation assay using radiolabelled 

glycine (Wittenhagen and Kelley, 2002). In any case, it seems unlikely that additions of up to  

1-2 extra nucleotides at either end of the transcipt would provide sufficient new sequence to 

introduce a new oligomerization interface. 

In terms of their suitability as building blocks for nanotechnology appplications, the 

usefulness of the unmodified double and triple tRNAGly(GCC) transcripts appears limited 

because of their low degree of oligomerization. In addition, the repeating sequences in these 

species make the introduction of novel complementary sequences by mutagenesis difficult.  

 

7.3.2 Oligomerization of C56G, C56A and T = D variants 

 

 None of these three unmodified variant transcripts (Figure 7.3) showed evidence of 

multimers in either the presence (or absence) of 10 mM Mg2+, 1 mM spermine and 100 mM 

Na+ (MSN) at pH 7.5 after 22 h (Figure 5.27), indicating that the complementary sequences 

they contain are insufficient for oligomerization. In the case of the C56G variant therefore, 

 



 

 202 

 
Figure 7.3 Cloverleaf models of (A) C56G, (B) C56A and (C) T = D variants. Sequences in 
the T loop and D loop sequences are highlighted in green, while their potentially complementary sequences in 
the anticodon loop and 3'-CCA terminus are highlighted in red. D = D loop, T = T loop, AC = anticodon loop. 
(See Figures 5.12 and 5.13 for more details). 
 

 

neither the four-nucleotide complementarity between the T loop and anticodon loop, nor the 

six-nucleotide complementarity between the T loop and the acceptor stem (see Section 

5.1.4.1; Figure 5.12B) is sufficient for oligomerization. This is interesting, in that an analogue 

of the H3GACG tetraloop motif from Moloney murine leukemia virus forms a stable kissing 

complex through only two intermolecular G-C base pairs (Kim and Tinoco, 2000). 

Presumably in this case the inter-loop geometry is ideal for the interaction to take place.  

  That neither the C56A variant (Figure 7.3B) nor the T = D variant (Figure 7.3C) form 

dimers confirms the result obtained with the single tRNAGly(GCC) transcript that the seven-

nucleotide complementarity between the D loop and anticodon loop does not give rise to 

oligomerization under the conditions used. 

 

7.3.3 Oligomerization of selfT variant 

 

The selfT variant (where the self-complementary GGGCCC sequence has been 

introduced into the T loop) (Figure 7.4A, self-complementary sequence in green) underwent  
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Figure 7.4 Conversion of the selfT dimer (A) into an extended duplex (B). Self-
complementary T loop GGGCCC sequence in green. (B) Extended duplex section comprised of  
self-complementary T loop/stem sequences of dimer only shown. 
 

 

complete conversion to the dimer extremely quickly (<1 min) at 4 °C, following the addition 

of MSN, as described in Section 5.2.3 (Figure 5.28) (it is possible that the selfT variant 

possesses a slightly different secondary structure to the standard cloverleaf, as suggested by 

RNAfold analysis (see Section 7.3.4)). The incomplete conversion to dimer shown in Figure 

5.29 may have been due to the extended incubation time in the absence of MSN (17 h 

compared with 5 min in Figure 5.28); this may have allowed time for the formation of 

denatured or unfolded structures resistant to dimerization. That the dimerization is due to the 

introduced T loop sequence was confirmed by an oligonucleotide-inhibition experiment that 

showed oligomerization was inhibited in the presence of an oligonucleotide complementary 

to the entire T loop, and also by an oligonucleotide that overlapped the self-complementary 

sequence by one G on the 5' side (G54). It is not clear, however, why an oligonucleotide 

overlapping the self-complementary sequence by one C on the 3' side (C59), did not inhibit 

oligomerization, especially as the two nucleotides concerned (G54 and C59) are base-pairing 

partners (see Figure 7.4A). It may indicate that for some reason the latter oligonucleotide did 
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not bind the tRNA as strongly, and so was able to be displaced by another tRNA molecule. 

By contrast, in similar experiments with the A14G mutant human mitochondrial 

tRNALeu(UAA), oligonucleotides overlapping the self-complementary sequence by a single 

nucleotide on either the 5' or 3' side reduced the level of dimer to <5 % of normal levels 

(Wittenhagen and Kelley, 2002).  

The presence of two oligonucleotides that abut the self-complementary sequence on 

the 5' and 3' sides produced a high level of oligomerization (Figure 5.30, lane 6), in 

agreement with the findings of Wittenhagen and Kelley (2002). The fact that the GGGCCC 

sequence causes fast oligomerization may be the reason this sequence occurs and/or causes 

dysfunction in other biological systems, such as the dimerization initiation sequence (DIS) of 

avian leukosis virus genomic RNA (Polge et al., 2000) and the dimer interface of the A14G 

mutant human mitochondrial tRNALeu(UAA) (Wittenhagen and Kelley, 2002). 

An interesting finding of this work was the magnesium and/or spermine-dependence 

of selfT variant oligomerization (an alternative possibility is that Mg2+/spermine are not 

required for dimerization of the selfT variant (and T = anti-D variant, see below), but that 

rather they stabilize the dimer, preventing its dissociation on the gel (C. Marshall, pers. 

commun.)). Interestingly, oligomerization of the selfAC variant was found to occur in the 

absence of Mg2+ (see below).). Dimerization of the A14G mutant human mitochondrial 

tRNALeu(UAA) was found to be dependent on the presence of Mg2+ or spermine  

(Roy et al., 2005). It was found that a Mg2+ concentration as low as 2 mM produced 

appreciable dimerization, with 50 % dimerization occurring at 4 mM Mg2+. In comparison, 

the selfT variant in my study underwent ~70 % dimerization in the presence of 1 mM Mg2+ 

(Figure 5.31, lane 3). Although incubation time was 14 h in my experiment, Mg2+-induced 

oligomerization occurred almost instantaneously with the selfT variant, so the long 

incubation time was probably unnecessary. The concentration of selfT variant transcript used 

in this experiment (5.4 µM) was more than five-fold higher than in the experiment with 

A14G mutant human mitochondrial tRNALeu(UAA) (1 µM) (Roy et al., 2005), making the 

relatively low magnesium concentration required to induce oligomerization even more 

striking. In contrast, and consistent with the results for A14G mutant human mitochondrial 

tRNALeu(UAA), no oligomerization of the selfT variant occurred at a 10-fold lower 

concentration (Figure 5.31, lane 4). 
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Roy et al. (2005) probed the wild type and A14G mutant human mitochondrial 

tRNALeu(UAA) with terbium that binds to metal-binding sites in RNA with 600 to 10,000 

greater affinity than Mg2+. The bound terbium cleaves the phosphodiester backbone of the 

RNA, allowing for the identification of Mg2+-binding sites. They found up to two-fold 

difference in cleavage between the wild type and A14G mutant human mitochondrial 

tRNALeu(UAA) at the site of the A to G mutation (the second ‘G’ in the self-complementary 

sequence GGGCCC). This “strongly suggests the formation of an additional metal [Mg2+]-

binding site at the site of the mutation [which] may stabilize the dimeric complex” (Roy et 

al., 2005). This result was replicated using lead-cleavage. The finding was in agreement with 

the earlier work of Ennifar et al. (2001), who solved the crystal structure of the HIV-1 

subtype A dimerization initiation site (DIS) sequence, finding a Mg2+-binding site at the 

dimer interface between the two U275G276 dinucleotides of the paired self-complementary 

hexanucleotide 274-GUGCAC-279 (U275 and G276 in italics). In contrast, they found that the 

HIV-1 B subtype, with the self-complementary sequence 274-GCGCGC-279, did not contain 

a Mg2+-binding site at the corresponding position. The authors concluded that this was 

because C275 did not possess an O4 atom, involved in coordinating the Mg2+ atom in the  

A subtype (Ennifar et al., 2001). This Mg2+ ion plays a crucial role, as the HIV-1 subtype A 

(which possesses this Mg2+-binding site) requires Mg2+ for efficient dimerization 

(Jossinet et al., 1999), in contrast to the B subtype (which does not possess the Mg2+-binding 

site). The Mg2+ cation may in the former case effectively minimize repulsion between 

phosphates on the two interacting loops (physiological Mg2+ concentration is 0.5–2 mM, so 

in practice the presence or absence of Mg2+ is not a limiting factor for dimerization  

(Alberts et al., 1994)).  

The self-complementary sequence GGGCCC of the selfT variant is the same as that 

found in the A14G mutant human mitochondrial tRNALeu(UAA), and so would be expected to 

likewise possess a Mg2+-binding site at the second G nucleotide. Unlike cytosine (‘C’), 

guanosine (‘G’) has an O6 atom at the same relative position as U275 of the HIV-1 subtype A, 

which in a G-C base pair, projects into the major groove: the Mg2+ cation lies in the major 

groove in the A subtype HIV-1 DIS. Roy et al. (2005) concluded that the Mg2+-binding site 

of the A14G mutant human mitochondrial tRNALeu(UAA) dimer is the same as that found by 

Ennifar et al. (2001) for the HIV-1 A subtype. It is likely that this is also the case for the 

selfT variant dimer.  
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The above explains why the majority of the RNA building blocks of Harada and 

associates oligomerized in the absence of Mg2+; they were constructed with loops containing 

complementary sequences based on the GCGCGC sequence found in the HIV-1 subtype B 

dimerization initiation site, which does not possess a Mg2+-binding site, nor require Mg2+ for 

dimerization (Horiya et al., 2002, 2003; Fujiya and Harada, 2004) (the buffer they used for 

oligomerization contained no Mg2+, while their electrophoretic running buffer contained 0.1 

mM Mg2+, probably not enough to produce oligomerization if this were required (Horiya et 

al., 2003).) In contrast, a building block variant with the self-complementary sequence 

GCAUGC did require the presence of 1 mM Mg2+ to oligomerize. As this sequence has a ‘C’ 

at the second position and no G at the third position, the reason for this is unclear.  

Similarly unclear is the reason for the Mg2+-dependence of tectosquare formation, 

which occurs by means of loop-loop kissing interactions between sequences derived from the 

HIV-1 B subtype GCGCGC sequence (Chworos et al., 2004). In contrast to the wild-type 

sequence, however, the loops used possess complementary, but not self-complementary 

sequences (e.g. GCCUCC/GGAGGC), in order to specify the positions of the individual units 

in the tectosquare (see Figure 1.14A). Not being self-complementary, these sequences do not 

possess the palindromic motifs found in the HIV sequences. Therefore, if they do possess  

Mg2+-binding sites, they have not been elucidated. Jaeger and colleagues state that 

“magnesium is absolutely required for assembly. At 0.2 mM Mg(OAc)2 [circular tectosquares 

form]” (Chworos et al., 2004). From my results and those of Roy et al. (2005), it is unclear 

why a Mg2+ concentration as low as this should have a significant effect on oligomerization. 

Magnesium has important global effects on tRNA structure, as discussed in  

Section 1.4.7. A number of studies have looked at the effect of Mg2+ on the 3D structure of 

unmodified tRNA transcripts (Derrick and Horowitz, 1993; Yue et al., 1994; Friederich and 

Hagerman, 1997; Serebrov et al., 1998; Shelton et al., 2001; Nobles et al., 2002). Maglott et 

al. (1998) found that tertiary folding of unmodified yeast tRNAPhe has an absolute 

requirement for Mg2+, and that, below the melting temperature of the cloverleaf, the transcript 

exists in a Mg2+-dependent equilibrium between secondary (cloverleaf) and tertiary (L-

shaped) structure. Friederich and Hagerman (1997), using an unmodified yeast tRNAPhe in 

which the anticodon and acceptor stems have been extended by ~70 base pairs, found that  

0.2 mM Mg2+ causes the angle between the anticodon and acceptor stems to contract from 

~150° to ~70°. In contrast, Jones et al. (2006) have demonstrated that, in the case of an 
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unmodified transcript of bovine mitochondrial tRNAMet, Mg2+ causes the relaxation and 

unfolding of a truncated D domain. Furthermore, only this more disordered form (which was 

slower migrating on PAGE) was able to form the correct hydrogen-bonding interactions with 

the T domain. This is interesting in light of the current work, in that the addition of MSN to 

the selfT variant causes an apparent increase in size of the monomer as judged by decreased 

mobility on a non-denaturing 2 % agarose gel (though, as previously discussed, this is likely 

to be due to the binding of spermine to the selfT variant) (Figure 5.29, lane 4 versus 5). It is 

possible that, in the absence of Mg2+, the selfT variant adopts a more compact structure in 

which the self-complementary GGGCCC T loop sequence is ‘buried’, while the presence of 

Mg2+ causes an opening up of this region, allowing this sequence to interact with its 

complement in another molecule (see also Section 7.3.4).      

Roy et al. (2005) found a higher rate of oligomerization for A14G mutant human 

mitochondrial tRNALeu(UAA) at 37 °C than at 25 °C. They hypothesized that at the higher 

temperature the D stem may be partially denatured, exposing the entire self-complementary 

hexanucleotide for dimerization. Incubation at 4 °C was used for all my oligomerization 

experiments (including those for the selfT variant) as it was found that incubation at 37 °C 

produced poorly differentiated and faint bands on the gel (data not shown). 

As detailed in Chapter 6, due to the ability of the selfT variant to undergo fast, 

apparently quantitative dimerization in the presence of Mg2+ and/or spermine, it seemed an 

obvious next step to introduce the GGGCCC sequence into the D, T and anticodon loops as a 

way of creating tRNA building blocks that could potentially form 3D arrays. Because the 

presence of multiple complementary sequences would increase the number of possible 

intermolecular interactions, this would give a flexibility that might facilitate the formation of 

higher arrays.  

 

7.3.4 Oligomerization of self-complementary variants 
 

 As shown in Figure 6.8, results of an initial oligomerization experiment with the  

self-complementary variants were disappointing. The experiment was done using the 

standard oligomerization protocol, with incubation in 10 mM Mg2+ and 100 mM Na+ (MN) 

for 10 min. My expectation was that most (if not all) variants would oligomerize and some 
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would form higher oligomers. However, this was not the case, with only the selfAC  

(Figure 6.8, lane 3) showing formation of a dimer band. The appearance of a single dimer 

band in lane 3 for the selfAC variant is not surprising; as this variant possesses only a single 

self-complementary sequence it is not able to form higher oligomers. It was not clear, 

however, why those variants possessing additional self-complementary sequences failed to 

even dimerize. 

In a subsequent experiment (shown in Figure 6.9), I carried out an overnight 

incubation in MN in order to maximize the chances of oligomerization. Interestingly, under 

these conditions two variants formed dimer bands, the selfAC and selfD/AC/T variants. The 

latter variant possesses three self-complementary sequences, one in each of its three loops, 

and yet it only formed a dimer. 

In a further experiment, I investigated whether the selfAC variant requires Mg2+ for 

dimerization, with the results shown in Figure 6.10. In contrast to the selfT variant, 

dimerization occurs in the absence of the oligomerizing agent (lane 2) and even following 

denaturation at 95 °C for 5 min (lane 1). 

Why is selfAC the only variant able to undergo (fast) oligomerization in the absence 

of Mg2+? Conversely, what is it about the remaining self-complementary variants that 

prevents them from doing so? It is possible that in the case of the the variants containing 

GGGCCC in both D and T loops (i.e. selfD/T and selfD/AC/T), the two sequences form 

particularly strong intramolecular base-pairing interactions that cement the tRNA elbow 

making them unavailable for intermolecular interactions. Kotlova et al. (2007) have produced 

functional suppressor tRNAs that have a three base pair helix between the D and T loops 

which they argue stabilizes the tRNA elbow in the absence of the T54-A58 reverse-Hoogsteen 

base pair (Figure 7.5). Although their mutant tRNAs have T loops with eight rather than the 

standard seven nucleotides, the positions of the complementary sequences in these mutants 

suggests the possibility that the self-complementary sequences introduced into the D and T 

loops of my selfD/T and selfD/AC/T variants might allow formation of a helix between GGG 

of the self-complementary D loop sequence and CCC of the self-complementary T loop 

sequence. If the D and T loop sequences are thus effectively unavailable, this may also be the 

reason why the selfD/AC/T variant only forms dimers, as, with the D and T loop sequences 

tied up in an intramolecular interaction, only the anticodon loop sequence would be free to 

interact with other molecules. 
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Figure 7.5 Computer model of D/T loop interhelix of three base pairs. Interacting D loop 
nucleotides in blue, interacting T loop nucleotides in red. The crystal structure of tRNAPhe was used as the 
starting conformation, modified by addition of new elements and an energy minimization programme applied. 
Reprinted from Kotlova et al. (2007) with permission from Elsevier. 
 

 

However, I believe a second possibility is more likely. Rather than simply 

strengthening the interaction between the D and T loops, two self-complementary sequences 

within the same tRNA may form a six nucleotide double helix, completely disrupting the 

secondary and tertiary structure of the molecule. I investigated this possibility using RNAfold 

(Gruber et al., 2008). I had previously found the RNAfold programme to give aberrant  

(and often multiple) secondary structures for wild-type tRNA sequences. Nonetheless, gross 

deviation from the cloverleaf shape raises the possibility that the tRNA in question is able to 

assume an alternative structure. There is evidence that tRNA is able to adopt alternative 

conformations, for example tRNAGlu from E. coli (Madore et al., 1999) and tRNAs imported 

into mitochondria in S. cerevisiae (Kolesnikova et al., 2010). 

The RNAfold analysis indeed suggested that the majority of the self-complementary 

tRNAs would form aberrant structures, implying that all of the secondary structures shown in 

Figure 6.1 may be incorrect. The analysis defined three types of structure: an elongated 

structure (selfD, selfD/T and selfD/AC/T) (Figure 7.6), a triple-branched structure (selfD/AC 

and selfAC/T) (Figure 7.7, upper) and a structure close to the standard tRNA structure 

(selfAC and selfT) (Figure 7.7, lower).  
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Figure 7.6 Possible elongated secondary structures of self-complementary variants 
generated by RNAfold. Self-complementary sequences (SCS) and interacting regions shown. 
Figures created using RNAfold (Gruber et al., 2008); structures shown are single lowest energy structures. 
Structure probabilities are shown using a colour spectrum, with blue least probable and red most probable.  

 

 

There is a caveat, however. RNAfold gives a most likely structure based only on 

secondary structure interactions, in other words the base pairs that occur in stems, with no 

allowance able to be made for possible additional stabilization due to tertiary interactions. 

While it is known that the standard tRNA structure possessess up to seven tertiary 

interactions that greatly increase the stability of the L-shaped conformation (Marck and 

Grosjean, 2002), the presence of tertiary interactions (including base pairs) in the alternative 

conformations is unknown. Therefore, if the number of secondary structure base pairs is 

similar between the standard cloverleaf and alternative structure(s), it is possible that the 

standard cloverleaf is the preferred conformation. The elongated secondary structures of the 

self-complementary variants shown in Figure 7.6 suggest there may be a lack of opportunity 

for the formation of tertiary interactions. The RNAfold structure of the selfD variant has 25 

secondary structure base pairs compared to 21 in the standard tRNA cloverleaf; in addition 

the selfD stems possess a minimum of five consecutive base pairs (as suggested by Cabello-

Villegas et al. (2002), tRNAGly may in fact have 23 secondary structure base pairs if the  
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Figure 7.7 Possible triple-branched and close-to-standard secondary structures of  
self-complementary variants generated by RNAfold. Self-complementary sequences (SCS) 
shown. Figures taken from RNAfold (Gruber et al., 2008). Figures created using RNAfold (Gruber et al., 
2008); structures shown are single lowest energy structures. Structure probabilities are shown using a colour 
spectrum, with blue least probable and red most probable. 
 

 

anticodon loop forms a tri-loop). In contrast, the selfD/T and selfD/AC/T variants have one or 

more stems with only two consecutive base pairs that may indicate a lower stability for these 

structures (Figure 7.6). Interestingly, all the self-complementary variants retain a seven base 

pair acceptor stem structure (including a single-stranded 3' CCA) and some retain either the 

D or T loop (Figures 7.6 and 7.7). Loop structures are lost through the interaction between 

self-complementary sequences or between self-complementary sequences (SCS) and other 
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parts of the molecule. Even in the cases of the selfT and selfAC variants (Figure 7.7, lower), 

the SCSs are partially tied up in stem structures and so possibly less available to form 

intermolecular interactions. However, the results of the nucleotide-inhibition study of the 

selfT variant strongly implicate the self-complementary T loop sequence in dimerization (see 

Section 7.3.3), suggesting that this stem structure is able to undergo conformational 

rearrangement to expose the SCS. The same pertains to the selfAC variant, and also (perhaps) 

to the selfD/AC/T variant, as in both these cases the SCSs in the anticodon loop are tied up in 

very similar stem structures. In the case of the selfD/AC/T variant, however, it is more likely 

that it is not the SCS that is responsible for dimerization. Rather, dimerization may occur 

through a tertiary interaction23, or (possibly more likely), through complementary sequences 

that occur in the D and T stems (as depicted in the standard cloverleaf structure) but that 

occur almost entirely in single-stranded regions in the extended structure (Figure 7.8). These 

sequences – C11U12C13, G22A23G24, G51A52G53 and C61U62C63 – bracket the SCSs in both D and 

T loops. If the seven base pair helix formed between the two SCSs (and adjacent nucleotides) 

adopts the A-form conformation (the standard conformation for RNA helices), the helix will 

undergo just over half a turn (there are 11 nucleotides/turn in an A-form helix), resulting in a 

switching of strands between the two ends of the helix molecule as depicted in Figure 7.8. 

This suggests that the interaction is between sequences from both the “D stem” and “T stem” 

rather than from opposite sides of the same “stem” (for further discussion of this point, see 

Section 7.3.5.2). Such a scenario would allow formation of a pair of interactions per dimer, 

similar to my proposed dimer interface model for the T = anti-D variant of an interaction 

between the D loop and CCA terminus (Figure 6.2). This would give a total of six base pairs 

(including four G-C pairs) and possibly explain the slow nature of dimerization of the 

selfD/AC/T variant, with a possible requirement for a conformational shift to allow the two 

base pairing interactions to occur. There is also a possible interaction between the 3' CCA 

sequence and nucleotides of the single-stranded loop at the opposite end of the paired 

molecule. For further discussion of this model, see Section 7.3.5.2. 

                                                
23 The selfD/AC/T variant has a similar extended structure to the tecto-RNAs utilized by 
Jaeger and co-workers which form nanostructures through tetraloop/tetraloop receptor 
tertiary interactions (Jaeger et al., 2001; Jaeger and Leontis, 2000). Although the selfD/AC/T 
variant possesses a tetraloop, this does not conform to the standard GNRA tetraloop 
sequence. 
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Figure 7.8 Structure of proposed D stem/T stem dimer interface model for selfD/AC/T 
variant showing complementary sequences in the extended structure. Complementary 
sequences from the D (red) and T stems (blue) (as found in the cloverleaf structure) may represent the main 
dimer interface (see Section 7.3.5.2 for involvement of specific nucleotides); a possible secondary interaction 
between the 3' CCA sequence and the single-stranded loop at the opposite end of the paired molecule is also 
shown. Note: relative orientation of complementary sequences is indicated by the crossing over of stems to 
convey the geometry. Figure based on RNAfold secondary structure of selfD/AC/T variant shown in Figure 7.6. 
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7.3.5 Oligomerization of T = anti-D variant 

 

The unmodified T = anti-D variant (where the seven base T loop has been made 

complementary to seven of the eight D loop nucleotides) (Figure 7.9) formed a dimer 

following the addition of 10 mM Mg2+, 1 mM spermine and 100 mM Na+ (MSN) at pH 7.5 at 

4 °C. In contrast to the selfT variant however, oligomerization was much slower.  

Dimer formation was evident by 30 min, and the dimer was the predominant species 

following overnight incubation at 4 °C (Figure 5.32A). My initial assumption was that the 

introduced sequence in the T loop must be involved since the unmodified wild type single 

tRNAGly(GCC) transcript (which lacks this sequence) did not form dimers (Figure 5.24). 

However, the results of oligonucleotide-inhibition experiments were equivocal. The 

oligonucleotide complementary to the D loop inhibited oligomerization, whereas the 

oligonucleotide complementary to the T loop did not; instead, the formation of dimer was 

  

   

 
 
Figure 7.9 Cloverleaf model of T = anti-D variant. Complementary sequences in the T loop and  
D loop are highlighted in green and red, respectively. D = D loop, T = T loop, AC = anticodon loop.  
(See Figure 4.13 for more details). 
 

 

inhibited by an oligonucleotide complementary to the wild type 3' CCA terminus sequence 

plus nine adjacent nucleotides of the acceptor stem (for oligonucleotide-inhibition primer 
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sequences, see Table 2.7). As discussed in Chapter 6, the only potential complementarity 

between these two regions appears to be between the CCA sequence and the UGG sequence 

of the D loop, suggesting the possibility of dimer formation through two of these interactions 

per dimer (see Figure 6.2).  

However, as discussed in Chapter 6, it was apparent that there were some difficulties 

with the hypothesis that dimerization of the T = anti-D variant is due to interaction between 

the 3' CCA sequence in the acceptor stem and the D loop UGG sequence. These sequences 

are common to most of the variant tRNAs as well as the unmodified wild-type single, double 

and triple tRNAGly(GCC) transcripts. Why would only the T = anti-D variant form dimers 

through this interaction? One possibility discussed in Chapter 6 was that the ability to 

oligomerize might be due to an absence of the G18-U55 base pair (see Table 6.1).  

In order to test the hypotheses that the T = anti-D variant dimer interface involves the  

3' CCA terminus, and that absence of the G18-U55 intramolecular base pair is required to 

allow this dimerization, a series of nucleotide substitutions of the T = anti-D variant and 

wild-type single tRNAGly were made to determine their effect on oligomerization. 

Specifically, substitutions were made to the D loop GG and 3'-terminus CCA sequences to 

determine whether they abolished or restored dimerization. Substitutions were also made to 

the G18-U55 tertiary base pair to determine whether this enabled wild-type single tRNAGly to 

form dimers through D loop and 3' CCA sequences.  

However, after doing the nucleotide substitution experiments described in  

Chapter 6, I realized that the T = anti-D variant probably does not adopt the standard 

cloverleaf structure. In fact, results from RNAfold analysis suggested that its secondary 

structure (shown in Figure 7.10) is possibly very similar to that of the selfD/T variant  

(shown in Figure 7.6)24. In hindsight this is not surprising, as both variants have 

complementary sequences in their D and T loops which potentially could be involved in 

intramolecular base pairing interactions.  

 

                                                
24 The proposed D loop/T loop dimer interface as shown in Figure 1(A) in Bernhardt and Tate 
(2008a) is therefore probably incorrect.    
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Figure 7.10 Possible elongated structure of T = anti-D variant generated by RNAfold.  
D and T loops (with complementary sequences) shown. Figure created using RNAfold (Gruber et al., 2008); 
structure shown is single lowest energy structure. Structure probabilities are shown using a colour spectrum, 
with blue least probable and red most probable. 
 
 

 
This discovery has a number of implications: 
 
1. Dimerization of the T = anti-D variant possibly involves neither a  

D loop/introduced T loop sequence interaction nor a D loop/3' CCA sequence 

interaction; 

2. The results of the oligonucleotide-binding inhibition study (Figure 5.33) are more 

complex; and  

3. The presence or absence of the G18-U55 base pair is not determinative for 

oligomerization. 

Like a number of the self-complementary variants, the T = anti-D variant displays an 

extended conformation similar to that of the tecto-RNAs used by Jaeger (Jaeger et al., 2001;  

Jaeger and Leontis, 2000); however, the T = anti-D variant does not possess a tetraloop 

(Figure 7.10), making it unlikely that this variant forms dimers through this tertiary structure 

interaction.  

As with the selfD/AC/T variant, it is possible that dimerization is due to sequences 

that occur in the T and D stems (as depicted in the cloverleaf structure) that are mostly single-
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stranded in the extended structure (the GAG sequence is shown as having one nucleotide 

(G24) tied up in a stem structure - however, this stem consists of only two base pairs and so 

may be of limited stability) and interactions between the 3' CCA sequence and nucleotides of 

the single-stranded loop at the opposite end of the paired molecule (see  

Figure 7.8; for further discussion of this dimerization model in relation to the T = anti-D 

variant, see the following section.)  

 

7.3.5.1 Oligomerization of single wild-type variants with nucleotide 

substitutions of tertiary G18-U55 base pair 
 

The single wild-type tRNAGly(GCC) transcripts with nucleotide substitutions of the 

tertiary G18-U55 base pair did not form dimers under the conditions used in this study  

(Figure 6.13) and so were not analyzed further. This result disproved my hypothesis that the 

absence of this tertiary base pair was predictive of the ability of tRNA transcripts (including 

the T = anti-D variant) to form dimers. 

 

7.3.5.2 Oligomerization of T = anti-D variants with nucleotide substitutions 

in proposed D loop/3' CCA terminus dimer interface 
 

 The nucleotide-substituted T = anti-D variants that do not form dimers are shown in 

Figure 7.11 in the secondary structure conformations generated by RNAfold. The structures 

vary from the extended conformation of the C75G variant (similar to that of the T = anti-D 

variant) to the standard cloverleaf of the G18C variant; in the latter case, the G18C 

substitution has disrupted the intramolecular interaction between the complementary 

sequences in the D and T loops. The difference between the proposed secondary structures of 

the T = anti-D and G18C variants demonstrates the remarkable plasticity of tRNA, in that a 

single nucleotide change can apparently completely alter its secondary (and presumably 

tertiary) structure. Similar to the G18C variant, the G18C/C75G and 

G18C/G19C/C74G/C75G variants also possess the standard cloverleaf conformation.  

The two substitutions made in the G18C/G19C variant change the molecule to a  

triple-branched conformation that is unable to dimerize under the conditions used.  



 

 218 

 

 

 
 
 
Figure 7.11 Possible structures of nucleotide-substituted T = anti-D variants that do not 
form dimers generated by RNAfold. Nucleotide substitutions indicated by boxes. Figures created 
using RNAfold (Gruber et al., 2008); structures shown are single lowest energy structures. Structure 
probabilities are shown using a colour spectrum, with blue least probable and red most probable. 
 

 

The most interesting case, however, is the C75G variant, that retains the extended 

confirmation of the T = anti-D variant and yet does not undergo dimerization. This could 

indicate the involvement of the 3' CCA sequence in dimerization. In contrast, the 

C74G/C75G variant, with the same extended conformation (Figure 7.12), is able to form 

dimers.  
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As shown in Figure 7.12, the presence of a C74G substitution either by itself  

(C74G variant) or in combination with a G18C substitution (G18C/C74G variant) transforms 

the variants into an atypical cloverleaf shape with a shortened acceptor stem and extended  

T stem. The D and T loops in these structures are single-stranded, suggesting the possibility 

 

 

 
Figure 7.12 Possible structures of nucleotide-substituted T = anti-D variants that form 
dimers generated by RNAfold. Nucleotide substitutions indicated by boxes. Figures created using 
RNAfold (Gruber et al., 2008); structures shown are single lowest energy structures. Structure probabilities are 
shown using a colour spectrum, with blue least probable and red most probable. 
 

 

that they may form dimers through their complementary sequences. However, the 

G18C/C74G variant has a mutation in the middle of the D loop complementary sequence, 

making it extremely unlikely such an interaction is responsible for dimerization. As noted 

above, it is interesting that the C74G/C75G variant (Figure 7.12) is able to dimerize in 

contrast to the C75G variant (Figure 7.11), which is unable to do so under the conditions 

used. Like the T = anti-D structure, the C74G/C75G variant does not appear to possess the 

necessary elements to allow dimerization through the tetraloop-tetraloop receptor interaction 

(Jaeger et al., 2001; Jaeger and Leontis, 2000) but does possess the complementary T stem/D 

stem sequences which may be responsible for dimerization of the T = anti-D variant. 

 The differences in the speed of dimerization between the three variants in Figure 7.12 

are interesting. In the overnight experiment shown in Figure 6.11, the C74G and G18C/C74G 
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variants both underwent complete conversion of monomer to dimer, whereas the C74G/C75G 

variant only underwent partial conversion. In contrast, in an experiment measuring 

oligomerization before and after addition of the oligomerizing agents (Figure 6.12), the 

C74G/C75G variant underwent complete conversion to the dimer in the absence of Mg2+and 

even following denaturation at 95 °C for 5 min, whereas the C74G variant underwent partial 

conversion to dimer in the absence of Mg2+ and the G18C/C74G variant showed no formation 

of dimer following addition of MN, indicating a much slower rate of oligomerization. While 

these results are contradictory, they may indicate differences in initial conditions in the two 

experiments. It is also possible that the variants are capable of adopting more than one 

conformation.  

Interestingly, the results of the oligonucleotide inhibition study of T = anti-D (shown 

in Figure 5.33) which originally led to my formulating a D loop/3' CCA terminus dimer 

interface, support the D stem/T stem dimer interface model and in fact reveal the specific 

sequences involved. As discussed in Section 7.3.4 in relation to the selfD/AC/T variant, in 

the elongated structure of the T = anti-D variant there are four possible trinucleotide 

sequences that could potentially form part of the dimer interface. However, the geometry of 

the A-form RNA helix suggests that the trinucleotide sequences adjacent in the tRNA 

sequence will be on opposite sides of the helix formed by the interaction between the two 

complementary sequences in the D and T loops (as depicted in the standard cloverleaf 

structure) and therefore, on opposite faces of the T = anti-D variant molecule and unable to 

interact. Conversely, the sequences at either end of opposite strands will be on the same face 

of the molecule and able to interact with the sequences of the paired molecule in the dimer. 

On the basis of this reasoning the dimer interface must be either between C11U12C13 and 

G51A52G53 or between G22A23G24 and C61U62C63. In the oligonucleotide inhibition study of  

T = anti-D, dimerization was inhibited by the anti-D loop (WT) oligonucleotide, which is 

complementary to all three nucleotides of the G22A23G24 sequence but only to the single 

nucleotide C13 of the C11U12C13 sequence. Dimerization was not inhibited by the anti-T loop 

(T = anti-D) oligonucleotide, which is complementary to all three nucleotides of G51A52G53 

but only to the single nucleotide C61 of the C61U62C63 sequence. This result implicates the 

G22A23G24 and C61U62C63 sequences as the dimer interface, not only for the T = anti-D variant 

but also C74G and C74G/C75G and selfD/AC/T variants, as depicted in the model of the 

selfD/AC/T dimer shown in Figure 7.8. This model also explains why the selfD variant does 
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not form dimers, as in this case the C61U62C63 and G22A23G24 sequences are tied up in long 

(and presumably stable) stem structures (see Figure 7.6).  

As shown in Figure 7.8 for the selfD/AC/T variant, the 3' CCA sequence is also 

proposed to form part of the dimer interface in the D stem/T stem dimer interface model. 

Involvement of the 3' CCA terminus was also predicted from the results of the 

oligonucleotide inhibition study of the T = anti-D dimer, where dimerization was inhibited by 

the anti-CCA terminus oligonucleotide, which is complementary to the CCA sequence plus 

ten upstream nucleotides. Differences in this part of the dimer interface might explain 

differences between the variants in the ability to form dimers that possess an extended 

structure. The T = anti-D and C74G/C75G variants both form dimers, while the C75G variant 

does not. One might speculate that in the case of the T = anti-D dimer, there is a base pair 

interaction between the C75A76 and U33G34 sequences, which is not possible with the C75G 

mutation. In the case of C75G/C76G, a slight conformational shift may allow the formation 

of an alternative interaction between G74G75 and C35C36. One difficulty with this hypothesis 

however is that one would predict that the self-complementary selfD/T variant  

(see Figure 7.6) should also form dimers, as it possesses exactly the same sequences at the 

critical positions within the same extended structure as the T = anti-D variant. It remains a 

possibility that the selfD/T variant does form dimers but these were not seen on the gel due to 

the low amount of transcript in the original experiment (Figure 6.9, lane 5).  

 

7.3.6 Oligomerization of tetRNA variant 

 

Similar to the selfAC, C74G and C74G/C75G variant, the tetRNA variant possibly 

oligomerizes in the absence of MSN. Certainly, following renaturation at 4 °C for 5 min, the 

monomer band has smeared upwards on the gel relative to that of the denatured transcript, 

although there are no clear bands indicating the definite presence of oligomerized product 

(Figure 5.34, lane 1 versus lane 2).  

The oligonucleotide-inhibition experiment (Figure 5.35) did not shed any light as to a 

possible dimer interface(s), as apart from the anti-D loop oligonucleotide that caused an 

intensification of the band, no other difference was observed. This may have been because 

the oligonucleotides used had insufficient overlap with the complementary loop sequences. 
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However, subsequent analysis of the tetRNA variant using RNAfold produced the triple-

branched structure shown in Figure 7.13. Due to the presence of a base pairing interaction 

between the D and anticodon loops, the structure shows some similarity in this region of the 

molecule to the selfD/AC variant shown in Figure 7.7. In the RNAfold structure of tetRNA 

shown in Figure 7.13, there are no loop sequences that are obvious candidates for forming 

intermolceular interactions.  

 

 
Figure 7.13 Possible structure of tetRNA variant generated by RNAfold. Figure created 
using RNAfold (Gruber et al., 2008); structure shown is single lowest energy structure. Structure probabilities 
are shown using a colour spectrum, with blue least probable and red most probable. 

 

 

7.3.7 Do tRNAs make good building blocks for nanotechnology? 

 

As previously mentioned, for the majority of the present study, there were only two 

references to the use of tRNA in the nanotechnology literature25. One of these, in a paper by 

Jaeger and Chworos (2006), was to the use of the L-shaped tRNA to form the four corners of 

a tectosquare. Jaeger’s group has now published a fuller account of their work utilizing the 

tRNA structure for generating square-shaped RNA nanoparticles (Severcan et al., 2009) 

(Figure 7.14). They used hybrid glutamine/serine tRNAs containing a long variable arm, 

allowing them to circularly permute the sequence by moving the 5'/3' termini from the 

acceptor stem to the variable stem. They doubled the length of the anticodon and acceptor 

stems and made a loop at the end of the acceptor stem, inserting complementary sequences 

six nucleotides in length into the anticodon loop and the (new) acceptor stem loop to allow 

formation of kissing loop interactions. In contrast to my approach, they used unique 
                                                
25 Not including two papers published at earlier stages from the present work (Bernhardt and 
Tate, 2006, 2008a; see appendices C and D). 
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complementary sequences (and not self-complementary sequences) in order to form square-

shaped (among other) structures, in line with their previous work (Chworos et al., 2004) 

(Figure 7.15). 

 

 

                                          
 
Figure 7.14 Assembly scheme of tRNA tectosquare. A-D represent four tRNAs, KL1-KL4 
represent unique kissing loop interactions. Reprinted from Severcan et al. (2009) with permission. Copyright  
© 2009 American Chemical Society. 
 

 

Another difference to my approach is that they used computer modeling to design the 

length and orientation of the stem/loops of their tRNA building blocks to optimize base-

pairing interactions. As shown in Figures 7.15 and 7.16, they were able, through this 

approach, to produce a variety of supramolecular assemblies of tRNA tectosquares, including 

tRNA ladders, triads, and even discrete 3D prisms. Assembly of the individual tectosquares 

and the supramolecular assemblies was carried out in 15 mM Mg2+ (Severcan et al., 2009).  

It appears, however, that their tRNA tectosquares formed mainly discrete particles rather than 

extended arrays (in a very-recently published paper they have used tRNAs to form 

polyhedrons (Severcan et al., 2010)). 

The original aim of my study was to create tRNA variants able to self-assemble into 

2D or 3D arrays of potentially infinite dimensions for use as molecular sieves or scaffolds, 

and, in addition, to investigate the role oligomerization may have had in the early evolution 

of the tRNA molecule. Based on the tetrahedral arrangement of hydrogen bonds found in the 

water molecule, my initial approach was to introduce alterations to the central elbow region 

of tRNA - namely the T loop – in order to disrupt the tertiary bond interactions with the  
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              A 

                          
 

 
 
Figure 7.15 tRNA tectosquare and tectoRNA structure and non-denaturing PAGE of 
tectosquares and self-complementary tectoRNAs (A) Secondary and tertiary structures 
corresponding to L-shaped tectoRNAs. Motif sequence signature in blue/purple. X = nt positions involved in 
kissing loop interactions. Aa, ac and var indicate aminoacyl, anticodon and variable stems, respectively;  
(B) Non-denaturing PAGE of various tectosquares; (C) Assembly of self-complementary tectoRNAs into closed 
nanoparticles of various sizes. Reprinted from Severcan et al. (2009) with permission. Copyright © 2009 
American Chemical Society. 
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Figure 7.16 AFM characterization of tRNA squares and supramolecular assemblies  
(A) Magnification of AFM images of tRNA tectosquares; (B) AFM image of tRNA tectosquares; (C) Histogram 
showing population distribution of tRNA tectosquares; (D-F) Assembly scheme and AFM images of tRNA 
ladders (D), tRNA triads (E) and tRNA prisms (F). Reprinted from Severcan et al. (2009) with permission. 
Copyright © 2009 American Chemical Society. 
 
 
 
D loop and thus hopefully free the two loops for interactions with other molecules. In 

contrast, the approach of Jaeger’s group has been to preserve the intramolecular interactions 

between the D and T loops as a functional scaffolding motif, and rather to make changes to 

the anticodon and acceptor arms. Prior to the RNAfold analysis suggesting the T = anti-D 

variant possesses a non-cloverleaf elongated structure, my early interpretation of the apparent 

inability of the T = anti-D variant to form oligomers higher than dimers was that this was due 

to steric hindrance in the elbow region that prevented simulataneous interaction through both 
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D and T loops. The ability of the selfT variant to form dimers, however, demonstrates that it 

may be possible to form tRNA variants that form 3D arrays by judicious selection of 

complementary sequences in order to avoid complete disruption of tRNA structure and the 

formation of alternative structures. Later in my study, I synthesized tRNAs with multiple 

copies of the same self-complementary sequence, in order to avoid restricting the geometric 

possibilities of the resulting assemblies. However, the results of this work illustrate the 

limitations of this approach, as the use of self-complementary sequences limited the size of 

oligomers to dimers. In hindsight, the usefulness of computer modelling, as shown by the 

success of the work of Jaeger’s group, is very apparent, perhaps indicating the benefit of 

adopting somewhat more of a straightforward engineering approach to these problems.   

Nonetheless, the dependence of the selfT variant on Mg2+ for oligomerization is an 

interesting finding of my experimental studies, and suggests possible therapeutic applications 

for tRNAs with this property, similar to the use of self-complementary peptides  

(Ellis-Behnke et al., 2006). An advantage of using tRNAs as building blocks for 

nanotechnology, as noted by Severcan et al. (2009), is their high thermostability relative to 

other, less-structured RNAs. I found the unmodified tRNA variants I prepared to be 

extremely stable, even at room temperature and in the absence of RNase-inhibitors, which is 

unusual for RNAs. As previously discussed, this is an argument in favour of the early 

appearance (and survival) of such molecules in the evolution of life on this planet (Eigen and 

Winkler-Oswatitsch, 1981). 

  

7.4 Conclusions 

 

 In this theoretical and experimental exploration of tRNA self-assembly, my initial 

theses were that tRNA arose by the ligation of two identical hairpins, and that its subsequent 

evolution may have involved self-assembly into larger assemblies through oligomerization. 

The 3'-terminus CCA sequence is universally conserved among mature tRNA molecules, 

while the D loop G18G19 sequence is one of the most highly conserved sequences in non-

mitochondrial tRNAs. Therefore, both sequences are likely to be of extremely ancient origin. 

The presence of these two complementary sequences at widely separated points of the 

molecule where there is no obvious contemporary interaction is a mystery. Saito et al. (2001) 
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have argued that the interaction of 23S rRNA and RNase P with the 3'-terminus CCA 

sequence of tRNA through conserved GG sequences (similar to that of the T box region of 

the anti-terminator element; see Section 1.4.5.2) suggests this is a common mechanism for 

recognition of the 3'-terminus of tRNA. Perhaps the GG sequence of the D loop (or its 

antecedent) once too had a role in aminoacylation or peptide synthesis. Alternatively, my 

discovery of a highly conserved CCA sequence in the anticodon loop of contemporary 

tRNAsGly may provide a clue. Due to the hairpin duplication origin of tRNA, in tRNAGly the 

anticodon loop CCA sequence is almost as highly conserved as its 3'-terminus CCA 

predecessor. Therefore, the complementarity between the D loop GG and 3'-terminus CCA 

may be incidental to the complementarity between the D loop GG and the anticodon loop 

CCA. As previously discussed, one of the reasons I chose tRNAGly(GCC) as my starting 

template for designing self-assembling tRNAs, was because of the complementarity between 

the D and anticodon loops of this molecule (see Figure 5.2). However, my efforts to 

demonstrate oligomerization of the wild-type single tRNAGly and closely related C56A and 

C56G variants were unsuccessful, proving that, under the neutral conditions used in this 

study, these sequences do not cause oligomerization, even in the case of the C56A and C56G 

variants with disruption of the G19-C56 tertiary base pair. While it remains a possibility that 

the D loop GG sequence had a role in the early development of the genetic code (GGN is the 

`universally conserved codon set for glycine), my results unfortunately do not shed any light 

on this issue. Giménez and Seisdedos (2002) have proposed a theory that describes a role for 

tRNA dimers in the aminoacylation of primitive tRNA. Based on the presence of the 

operational RNA code in the acceptor stem of tRNA, they propose that primitive tRNAs 

formed dimers with reciprocal interactions between the anticodon and ancestral codon-like 

sequence at the acceptor stem 3'-terminus of paired molecules. In a variation of the 

stereochemical association hypothesis for the origin of the genetic code, they propose that 

this interaction formed a helix that was selective for specific amino acids. As far as I am 

aware, however, their dimer model has not been demonstrated experimentally. While the 

results I presented in Chapter 3 cast doubt on the homology between sequences in the 

anticodon and acceptor stem, it is possible there was the potential for some degree of base 

pairing between the two regions. 

 In contrast to the view of Maizels and Weiner (1999), a hairpin duplication-ligation 

origin for tRNA means that one cannot really describe the 3' (‘top’) half of the contemporary 
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molecule as ancestral, as both halves would have been present in order to be ligated. 

However, it is true to say that the 3' half is more ancestral-like, as it has retained the structure, 

operational RNA code nucleotides and 3' CCA terminus (and thus the ability to be 

specifically aminoacylated) of the precursor hairpin.  

My theoretical studies have included an exploration of the evidence for tRNAGly 

being the first tRNA. I have argued that the highly conserved anticodon loop CCA sequence 

of contemporary tRNAsGly represents a molecular fossil of the original ligation event that 

formed the first tRNA. This finding suggests that the operational RNA code found in the 

acceptor stem of contemporary tRNAs is not related to the anticodon, and that these two 

codes did not have a common ancestor. Rather, the NCC anticodon has evolved from the  

3'-terminal CCA sequence of the precursor hairpin, a sequence that is essential for 

aminoacylation, and therefore these may be the oldest sequences of the contemporary 

molecule. My work led from the origin of tRNA into a theoretical examination of the 

transition from noncoded to coded protein synthesis, which has led to the proposition that the 

coding role of mRNA evolved from a prior structural function dictated only by the rules of 

complementary base pairing. I have placed this concept in a new framework, and have 

discovered significant experimental support for my model within the literature. My theory of 

the origin of coded protein synthesis in some ways fulfills my original aim of investigating 

the role of self-assembly in the evolution of tRNA, with the discovery that coded protein 

synthesis had its origins in the serendipitous base pairing between the tRNA anticodon loop 

and proto-mRNAs.   

My experimental work has demonstrated some of the limitations of the tRNA 

molecule as a building block for nanotechnology. 

 

7.4.1 Future directions 

 

As mentioned, an area worthy of further study involves the Mg2+-dependence of RNA 

loop-loop kissing interactions. Most of the work in this area has been done with the HIV-1 

dimerization initiation site interaction, and this could usefully be expanded to include other 

such interactions, including those not involving self-complementary sequences. Despite much 
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progress in this area, it is not entirely clear why some sequences require Mg2+ for 

oligomerization and others do not.  

The potential exists to use selfT variant-like tRNAs as therapeutic agents to target, for 

example, the dimerization initiation site (DIS) of viral pathogens utilizing an antisense 

approach. The self-complementary GGGCCC sequence in the T loop of the 

selfT variant is identical to that found in the DIS of avian leukosis virus. Therefore, this 

variant may be able to block viral RNA dimerization and hence virus replication in vivo by 

competetive binding (of course, tweaking of other parts of the selfT variant sequence may be 

required to make formation of the tRNA-viral RNA heterodimer more favourable than that of 

the homodimers.) The DIS sequences of other RNA viruses, such as HIV, could be used in 

the design of similar tRNA variants. With their structural homology to endogenous tRNAs, 

such variants might be able to ‘slip beneath the radar’ of the cell’s natural defenses. Proof of 

concept of this idea is demonstrated in work by Ponchon and Dardel (2007) in which they use 

a tRNA ‘scaffold’ as a means of expressing high quantities of a range of RNAs in E. coli. 

The RNA of interest (which may be of artificial, viral, bacterial or human origin) was 

inserted into the anticodon loop of tRNAMet and tRNALys, and efficiently expressed and 

processed into the correct end-product in vivo. Apparently, the tRNA structure bracketing the 

inserted sequence is sufficient to ‘trick’ the cell into thinking that the RNA is endogenous, 

allowing it to escape degradation by cellular RNases.  

Also worth exploring is the use of tRNAs targeting the frameshift element of 

pathogenic viruses such as HIV-1. Antisense tRNA molecules have been produced targeting 

other sequences of the HIV-1 genome (Biasolo et al., 1996). I have produced a tRNA variant 

with a seven nucleotide sequence antisense to the heptanucleotide slippery sequence of HIV-

1 inserted into its anticodon loop for testing in a cell-culture model (Figure 7.17) (the 

heptanucleotide slippery sequence is invariant, and as such represents an ideal target for HIV-

1 antivirals (Biswas et al., 2004)). Whether this interaction is strong enough to interfere with 

viral replication remains to be demonstrated. Another potential use of tRNA in this area is in 

the suppression of frameshifting, as many natural frameshift suppressors are in fact tRNA 

genes (Gorini, 1970).  
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Figure 7.17 Cloverleaf model of AC = anti-HIV variant base paired to the 
heptanucleotide slippery sequence. Cloverleaf model of AC = anti-HIV variant with anticodon (AC) 
complementary sequence (red) and single-stranded HIV-1 heptanucleotide slippery sequence (blue). D = D 
loop, AC = anticodon loop, T = T loop. 
 

 

Finally, I am very interested in testing experimentally my model for the origin of 

coded protein synthesis. While it would be ideal to do this using in vitro transcribed RNA, in 

practice this may not be possible, as promising reports of protein synthesis by in vitro 

transcripts of the E. coli large ribosomal subunit RNA (as well as the individual domains) 

were subsequently retracted (Nitta et al., 1998a, 1998b, 1999a, 1999b; Khaitovich et al., 

1999). The large subunit RNA V domain that includes the peptidyl transfer centre comprises 

over 600 nucleotides, and achieving the correct folding in the absence of ribosomal proteins 

may be extremely difficult (Nitta et al., 1998b). More recently, Anderson et al. (2007) 

attempted unsuccessfully to demonstrate peptide synthesis using a 322-nucleotide construct 

containing the most conserved regions of the peptidyl transfer centre, very close to the 

proposed ancestral peptidyl transferase sequence of Bokov and Steinberg (2009).  

However, two G+C-rich stem-loops were added to covalently close the RNA fragment and 

these may have interfered with attaining the correct three-dimensional structure. Subsequent 

in vitro selection aimed to enrich for peptidyl transferase activity produced a sequence able to 
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ligate A and P site substrates; the ligated product however did not contain a peptide bond. 

Moreover, product formation was not sensitive to chloramphenicol, indicating that the active 

site in the RNA, improved by in vitro selection, is different from the classical peptidyl 

transferase centre (Anderson et al., 2007). Yonath’s group has used small stem-elbow-stem 

(SES) RNA structures in an attempt to demonstrate peptide synthesis, which in a link with 

the work of Horiya et al. (2003) they envisage base pairing via loop-loop ‘kissing’ 

interactions to form the ancestral peptidyl transferase ribozyme. They report that some 

sequences form dimers, dependent on sequence and the presence of Mg2+ ions; also that 

“functional experiments, exploring the peptidyl transferase activity of a large variety of the 

RNA dimers are in accord with the structural analysis” (Agmon et al., 2009). However, to 

date no data from these experiments have been published. Despite much effort, it has not 

been possible to produce 50S ribosomal subunits that are able to catalyze peptide synthesis in 

the complete absence of ribosomal proteins (Noller et al., 1992). As discussed above, this 

may be due to a requirement for ribosomal proteins to achieve the proper folding and 

function of rRNA in contemporary ribosomes. 

The experiments that have demonstrated peptide synthesis in the absence of mRNA 

and enhanced binding of tRNAs in the presence of cognate oligonucleotides have used the 

whole 50S subunit, including ribosomal proteins. In view of this, a realistic experimental 

approach would be as follows: 

 

Aim 1: To demonstrate that single-stranded RNA oligonucleotides (ancestral mRNAs) can 

enhance tRNA binding to the large ribosomal subunit by binding to the anticodon loops of 

tRNA pairs. The large subunit can be isolated and purified at low Mg2+ using a sucrose 

gradient. To avoid contamination with the small subunit, biotinylated oligonucleotides and 

streptavidin-coated magnetic beads could be used to bind specifically and remove traces of 

the small subunit, using the method of Wohlgemuth et al. (2006). Alternatively, purification 

could utilize His-tagged large ribosomal subunits, as per the method of Ederth et al. (2009). 

Unmodified transcripts of a range of tRNA species, including tRNALys, tRNAPhe and tRNAGly, 

could be produced using the methods described in this thesis, and aminoacylated using a total 

E. coli aminoacyl-tRNA synthetase preparation, with aminoacylation analysed by acid/urea 

PAGE, according to the method of Varshney et al. (1991). Binding of tRNA to the large 

ribosomal subunit could be measured using size-exclusion chromatography or binding to 
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nitrocellulose membrane filters according to the method of Lasater et al. (1988). Binding of 

the RNA oligonucleotide to the anticodon loops of tRNA pairs could be analysed using 4-

thioU-labelled oligonucleotides for UV-induced cross linking to tRNA, according to the 

method of Tate et al. (1990b). 

 

Aim 2: To demonstrate that the binding of single-stranded oligonucleotides increases the rate 

of peptide synthesis by the large subunit. Commercially produced RNA oligonucleotides and 

in vitro transcribed (aminoacylated) tRNA transcripts could be used to study the effects on 

peptide synthesis by the isolated 50S subunit. ESI LTQ Orbitrap MS could be used to analyse 

and quantify the peptide products produced, according to the method of Chen et al. (2010). 

 

Aim 3: To investigate whether the subdomain of the large ribosomal RNA responsible for 

peptide synthesis on the contemporary ribosome can bind tRNA and catalyse peptide 

synthesis in the absence of ribosomal proteins. The ribosomal RNA subdomain could be 

produced by in vitro RNA transcription and tRNA binding and peptide synthesis measured as 

described above.  

 

Aim 4: To test the ability of polyglycine (and other peptides composed of proposed 

evolutionarily ‘early’ amino acids (Trifonov, 2004)) to stabilize the RNA elements of the 

system and either increase the rate of peptide synthesis or allow it to occur in the absence of 

ribosomal proteins. A range of small (homo) peptides could be tested for their effects on 

various parameters of the system. 

 

Aim 5: To investigate whether a proposed ancestral decoding hairpin derived from the small 

ribosomal subunit RNA (Purohit and Stern, 1994) (in vitro transcribed) is able to 

function in trans to control the specificity of binding of tRNAs to the 50S subunit in the 

presence of cognate RNA, and thus direct the synthesis of specific peptides. 

 

Success in these experiments would bolster the case for my hypothesis, without necessarily 

discriminating against the counter theory of a replicase/triplicase origin of the ribosome. 

Penny (2005) has suggested an experimental examination of the latter theory using existing 

RNA polymerase ribozymes generated by in vitro experiments. This involves evolving  
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(by in vitro techniques) a second RNA molecule able to interact with the first and search for 

variants that permit uninterrupted peptide synthesis. If such a system could be found, it could 

possibly be evolved further to ratchet movement of the RNA undergoing replication in steps 

of three, similar to the translocation of mRNA on the contemporary ribosome. Such a system 

would be a strong argument in favour of the replicase/triplicase model, and an earlier 

evolutionary origin of the small ribosomal subunit. Experimental proof against the proposal 

by Wolf and Koonin (2007) that the ancestral small subunit RNA rather than proto-mRNA 

was involved in stabilizing tRNA binding to the ancestral peptidyl transferase may not be 

necessary, due to experimental evidence demonstrating that, on the contemporary ribosome at 

least, the small subunit only binds tRNA at the P site in the presence of mRNA (Schäfer et al., 

2002). However, the matter may not be this simple, as Jonák and Rychlík (1970) found that 

the isolated small ribosomal subunit binds oligolysyl-tRNA in the absence of a 

complementary oligonucleotide (mRNA). 

 I probably should not have been surprised to discover that an experiment with direct 

bearing on my model had in fact been carried out by members of my lab in the early 1990s 

(Tate et al., 1990a). Their observation of an increase in binding of the ribosomal release factor 

RF-2 to the isolated large ribosomal subunit in the presence of the cognate termination codon 

UAA (Figure 4.5) would be well worth repeating, perhaps with the addition of incorporating a 

non-cognate codon(s) as a negative control! 
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Appendix A 

Chemicals and reagents 
 
 

All chemicals were of analytical grade unless specified. Reagents were purchased 

from the following suppliers: 

 

Ajax, Australia    DMSO (dimethyl sulfoxide) 

Ambion®, USA    RNA Century™Plus Size Markers 

AppliChem GmbH, Germany agarose (medium EEO), diethylpyrocarbonate 

(DEPC), HEPES (4-(2-hydroxyethyl)-1-

piperazine-1-ethanesulfonic acid), Tris 

(ultrapure) 

BDH, UK calcium chloride dihydrate (CaCl2.2H2O), 

chloroform, formaldehyde solution ~38 % 

(w/w), formamide, potassium hydroxide (KOH) 

Biolab, Australia    glycerol 

Fluka BioChemika, Switzerland spermidine trihydrochloride, spermine 

tetrahydrochloride  

GE Healthcare, UK illustra™ Microspin™ G-25 Columns (50), T4 

RNA ligase 

Invitrogen™ Life Technologies, NZ DNA oligonucleotide primers 

Invitrogen™ Life Technologies, USA 25 bp DNA ladder, ethidium bromide solution 

(10 mg/ml), D-glucose (anhydrous), 

RNaseOUT™ Recombinant Ribonuclease 

Inhibitor, TRIZOL Reagent, Ultrapure™ Agarose 

J.T. Baker, USA hydrochloric acid (HCl) 36.5 - 38.0 %  

Koch-Light, UK    bromophenol blue (BPB) 

Merck, Germany magnesium sulfate heptahydrate 

(MgSO4.7H2O), peptone from casein 

(pancreatically digested, granulated for 
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microbiology), sodium acetate anhydrous 

(CH3COONa), yeast extract granulated (for 

microbiology) 

Millipore, UK Milli-Q™ distilled and deionised water (ddH2O) 

New England Biolabs, USA Hae II 

Portals, NZ mixed bead resin (for deionizing formamide) 

Promega Biotech, USA RiboMAX™ Large Scale RNA Production 

System – T7, RNasin Plus RNase Inhibitor 

Pure Science, NZ magnesium chloride hexahydrate (MgCl2.6H2O) 

Qiagen, Germany QIAprep® Spin Miniprep Kit (250), QIAquick® 

Gel Extraction Kit (50), QIAprep® Nucleotide 

Removal Kit (50), QIAquick® PCR Purification 

Kit (50) 

Riedel-de Haën, Germany   urea    

Roche Diagnostics GmbH, Germany ampicillin, Bam HI, DTT (1,4-dithiothreitol), 

DNA Molecular Weight Marker XIV (100-

1500bp; 100 base pair ladder), deoxynucleotide 

triphosphates (dNTPs), Expand High Fidelity 

PCR System, Hae II, Klenow enzyme (DNA 

Polymerase large fragment), Mva I, Protector 

RNase Inhibitor, Pst I, T4 DNA ligase 

Sartorius, Germany Minisart® 0.2 µm filters 

Scharlau, Spain agar (bacteriological), boric acid, 

ethylenediaminetetraacetic acid disodium salt 

dihydrate (EDTA Na2.2H20), ethanol (absolute), 

potassium chloride (KCl), 2-propanol, sodium 

chloride (NaCl), sodium hydroxide (NaOH) 

Scientific Supplies, NZ   agar (bacteriological) 

Sigma-Aldrich, USA manganese chloride tetrahydrate (MnCl2.4H2O), 

MOPS (3-[N-Morphilino]propane-sulfonic 

acid), PIPES (piperazine-N,N’-bis[2-

ethanesulfonic acid]), ribonucleic acid-transfer 



 

 265 

(tRNA) Type XXI from Escherichia coli  

strain W 

Toyo Roshi Kaisha, Japan Dismic® 0.20 µm cellulose acetate filters 

USB, USA Tween® 20 (polyoxyethylene sorbitan 

monolaurate) 

*Prepared in Tate lab by Rob Pollock T7 RNA polymerase 

 

Media 
 

All solutions were made using Milli-Q™ distilled and deionised water (ddH2O) 

(Millipore), with the exception of media for bacterial work, which was made using distilled 

water and autoclaved. Solutions were sterilised by autoclaving at 15 psi, 121 °C for 20 min or 

filtered using a Minisart® 0.2 µm (Sartorius) or Dismic® 0.20 µm filter (Toyo Roshi Kaisha). 

 

Luria-Bertani (LB) medium 

peptone from casein  1 % (w/v) 

yeast extract   0.5 % (w/v) 

NaCl    0.17 M 

 

SOB 

peptone from casein  2 % (w/v) 

yeast extract   0.5 % (w/v) 

NaCl     8.6 mM 

KCl    2.5 mM 

MgCl2.6H2O   10 mM 

Adjusted pH to 7.0 with NaOH 

 

SOC 

SOB    96 % (v/v) 

MgCl2.6H2O   10 mM 

MgSO4.7H2O   20 mM 

glucose   20 mM 
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TB 

PIPES    10 mM 

CaCl2.2H2O   20 mM 

KCl    125 mM 

MnCl2.4H2O   55 mM 

Adjusted pH to 6.7 with KOH 

 

Agar plates 

Agar added to LB  15 g/l 

 

Antibiotics 

When required for selection, ampicillin was added to LB media and agar plates at a final 

concentration of 100 µg/ml. 

 

Solutions 
 

All solutions were made using Milli-Q™ distilled and deionised water (ddH2O) 

(Millipore). 

 

Solutions for agarose gels 

 
0.5 Tris-borate-EDTA (0.5 TBE) Buffer 

tris    44.5 mM 

boric acid   44.5 mM 

EDTA    1.3 mM 

 

Agarose gel loading dye (denaturing) 

sucrose    50 % (w/v) 

urea     7 M 

EDTA, pH 8.0    0.1 mM 

bromophenol blue   0.1 % (w/v) 
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Solutions for formaldehyde agarose gels (RNA) (denaturing) 

 
DEPC-treated H2O was prepared by the addition of 0.01 % (v/v) DEPC to ddH2O, 

followed by mixing, leaving overnight at RT and autoclaving at 15 psi, 121 °C for 20 min. 

DEPC-treated H2O was used initially for all solutions containing RNA (including solutions 

used in formaldehyde agarose gels), but later discontinued. 

 
10x FA gel buffer 

MOPS    200 mM 

Sodium acetate anhydrous 50 mM 

EDTA    10 mM 

Adjusted pH to 7.0 with NaOH 

 

2 % (agarose) formaldehyde agarose (RNA) gel 

agarose   2 % (w/v) 

10x FA gel buffer  10 % (v/v) 

formaldehyde, 38 % (w/w) 1.75 % (v/v) 

ethidium bromide  0.25 µM 

 

Running buffer 

10x FA buffer   10 % (v/v) 

formaldehyde, 38 % (w/w) 1.95 % (v/v) 

ethidium bromide  0.25 µM 

 

10x loading dye 

urea    7 M 

sucrose   50 % (w/v) 

EDTA, pH 8.0   0.1 mM 

bromophenol blue (BPB) 0.1 % (w/v) 
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Loading buffer 

10x FA gel buffer     11 % (v/v) 

formamide, deionized using mixed bead resin 56 % (v/v) 

formaldehyde, 38 % (w/w)    20 % (v/v) 

10x loading dye     11 % (v/v) 

ethidium bromide     0.5 % (v/v) 

 

Solutions for in vitro transcription and oligomerization studies 
 

T7 Polymerase transcription 5x buffer 

HEPES-KOH (pH 7.5)  400 mM 

MgCl2.6H2O    120 mM 

spermidine trihydrochloride  10 mM 

dithiothreitol (DTT)   200 mM 

 

MSN 

MgCl2.6H2O    10 mM 

spermine tetrahydrochloride  1 mM 

NaCl     0.1 M 

 

MN 

MgCl2.6H2O    10 mM 

NaCl     0.1 M 

 

Tris-borate-MgCl2 (TBM) Buffer 

tris     89 mM 

boric acid    89 mM 

MgCl2.6H2O    0.1 mM 

 

Non-denaturing agarose gel loading dye 

sucrose    50 % (w/v) 

bromophenol blue   0.1 % (w/v) 
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Appendix B 

 
Sequence electropherograms of triple tRNAGly(GCC) (‘corrected’) and variant tRNA constructs 

listed in order of discussion in the text (for tetRNA sequence, see Figure 5.21). 

Mutagenized/inserted nucleotides in boxes. 
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Appendix C 
 

Bernhardt, H. S. and Tate, W. P (2006) Transfer RNA as a potential building block for 
nanotechnology. Chemistry in New Zealand 70, 7-11. 
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Appendix D 

 
Bernhardt, H. S. and Tate, W. P. (2008a) Self-assembling transfer RNA has potential for 

nanoparticle arrays. Proceedings from AMN-3 (Third International Conference on 

Advanced Materials and Nanotechnology) in Curr Appl Phys. 8, 380-382. Reprinted 

with permission from Elsevier. 
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Appendix E 

 
Bernhardt, H. S. and Tate, W. P. (2008b) Evidence from glycine transfer RNA of a frozen 

accident at the dawn of the genetic code. Biol Direct 3, 53. 
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Appendix F 

 
Bernhardt, H. S. and Tate, W. P. (2010) The transition from noncoded to coded protein 

synthesis: did coding mRNAs arise from stability-enhancing binding partners to tRNA? 

Biol Direct 5, 16. 
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HYPOTHESIS Open Access

The transition from noncoded to coded protein
synthesis: did coding mRNAs arise from
stability-enhancing binding partners to tRNA?
Harold S Bernhardt* and Warren PTate

Abstract
Background: Understanding the orrgln of protein synthesIs has been notorrously difficult. We have taken as a starting
premise Wolf and Koonln's view that "evolution of the translation system IS enVisaged to occur In a com partmentallzed
ensem ble of replicating, co-selected RNA segments, le, In an RNA world containing rrbozymes with versatile activities"

Presentation of the hypothesis: We propose that coded protein syntheSIS arose from a noncoded process In an RNA
world as a natural consequence of the accumulation of a range of early tRNAs and thell serendlpltous RNA binding
partners. We propose that, Initially, RNA molecules With 3' CCA termini that could be amlnoacylated by rrbozymes,
together With an ancestral peptldyl transferase rrbozyme, produced small peptldes With random or repetitive
sequences. Our concept IS that the fllst tRNA arose In thiS context from the Ilgatlon of two RNA hallplns and could be
slm Ilarly am Inoacylated at ItS 3' end to become a substrate for peptldyl transfer catalyzed by the ancestral rrbozyme
Within thiS RNA world we hypothesize that proto-mRNAs appeared fllst Simply as serendlpltous binding partners,
form Ing com plementary base pall Interactions With the anticodon loops of tRNA pails. Inltlally thiS may have enhanced
stability of the palled tRNA molecules so they were held together In close proxlm Ity, better positioning the 3' CCA
term 1nl for peptldyl transfer and enhanCing the rate of peptide syntheSIS If there were a selective advantage for the
ensem ble through the peptide products syntheSized, It would prOVide a natural pathway for the evolution of a coding
system With the expansion of a cohort of different tRNAs and thell binding partners. The whole process could have
occurred qUite unremarkablyfor such a profound acquIsition

Testing the hypothesis: It should be pOSSible to test the different parts of our model uSing the Isolated contem porary
50S rrbosomal subunlt Initially, and then With RNAs transcrrbed In vitro together With a mInlmal set of rrbosomal
proteins that are requlled today to support protein syntheSIS

Implications of the hypothesis: ThiS model proposes that genetic coding arose de novo from complementary base
pall Interactions between tRNAs and Single-stranded RNAs present In the Immediate envllonment

Reviewers: ThiS article was reViewed by Eugene Koonln, Rob Knight and Berthold Kastner (nom Inated by Laura
Landweber)

Background
Wolf and Koonin [1] have described the origin of the
translation system as "arguably, the central and the hard
est problem in the study of the origin of life, and one of
the hardest in all evolutionary biology". This is due not
only to the overwhelming complexity of contemporary

* Corresp::1ndence: harold,bernhardt@otago,ac.nz

, Dep,"tm,oct e,f Bloeheccl"~I, O",go ,;eho,,1 ofMedl,,1 ,;cleee", IJolv,o"It,' of

protein synthesis with its large number of components
and the large size of some of these components, and the
extreme unlikelihood that these could have all arisen
simultaneously, but also to the fact that evolution is not
goal-driven: "Since evolution has no foresight, the trans
lation system could not evolve in the RNA World as the
result of selection for protein synthesis and must have
been a by-product of evolution driven by selection for
another function" [1]. In the most well known version of
this idea, Weiss and Cherry [2], Gordon [3] and Penny

o \;J 2010 Bernhardtand late; licensee BiM\ed central Ltd. This is an Open Access article distributed under the terms of the Creative Com
BiolVled Central mons Attribution License (http://creativecommons.org/licenses/by12.0),which permits unrestricted use, distribution, and reproduc

tion in any medium, prOVided the original work is properly cited.
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and colleagues [4,5] have proposed that the small ribo
somal subunit evolved from an RNA replicase/triplicase
that replicated RNAs using the anticodon triplets of
tRNAs rather than mononucleotides, in a process possi
bly driven energetically by concomitant peptide synthesis
[2,4,5]. Originally proposed as a model for the origin of
translocation [2], the triplicase hypothesis has the benefit
of satisfying the perceived need for a prior function for
the proto-ribosome, plus the added bonus of explaining
the absence of evidence for an RNA replicase in contem
porary biology, presumably essential to the existence of
an RNA world [5]. One piece of evidence given in support
of the model [3] is the existence of an E. coli anticodon
nuclease which is able to cleave tRNA immediately 5' to
the anticodon [6]. However, as Wolf and Koonin [1] point
out, a triplicase/protoribosome would have to be a "tre
mendously advanced, complex RNA machine", conclud
ing that, "the triplicase might not be the most likely
solution to the origin of translation problem".

In this context, the argument that evolution is not goal
driven ignores the possibility that the evolution of coded
protein synthesis may have been driven by the accumula
tion of incremental advances which led initially from the
synthesis of random short peptides by a noncoded pro
cess through to the eventual production of long complex
proteins by a system of coded protein synthesis. This
view holds that the contemporary (sometimes very large)
components have evolved from smaller molecules that
possessed, if not all, at least some of their current func
tions. Thus, the larger problem can be distilled down to a
smaller problem: how did the two main functions of the
contemporary ribosome, peptide synthesis and decoding,
arise? As W. Ford Doolittle has stated, of these two, pep
tide synthesis presumably came first, as without it there
would be nothing to be coded (comment in [7]). Peptide
synthesis is a function of the large ribosomal subunit
RNA of the contemporary ribosome, so key to this dis
cussion is the origin of this structure. Maizels and Weiner
[8], Bokov and Steinberg [9] and Yonath and associates
[10] have all proposed that the large ribosomal subunit
RNA arose from the duplication of a ribozyme able to
bind an RNA hairpin possessing an aminoacylated 3'
CCA terminus. Bokov and Steinberg [9] have decon
structed the large ribosomal subunit RNA based on an
analysis of the distribution of tertiary structure A-minor
interactions, in which unpaired nucleotide bases (usually
adenines) interact with a double helix [11]. Reasoning
that the double helix component is stable in the absence
of the unpaired adenosines but not vice versa, they argue
that the double helices must have evolved first, allowing
them to define the ancestral components of the large
ribosomal subunit RNA. When this was done, a region of
Domain V of the large subunit RNA was identified con
sisting of two consecutive IIO-nucleotide fragments hav-
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ing almost identical secondary and tertiary structure,
corresponding to the A and P sites of the peptidyl trans
ferase centre (PTC) where peptide synthesis occurs in the
contemporary ribosome. Bokov and Steinberg's findings
are in agreement with those ofYonath and colleagues [12]
who made the observation that the "backbone folds [of
the A and P sites of the PTC], irrespective of the nucle
otide sequences, are related by pseudo two fold symme
try". The ribose-phosphate backbones of the two
proposed duplicated segments map onto each other
extremely closely.

Smith et al. [7] have also presented a theory for the ori
gin of the ribosome that supports the large ribosomal
subunit arising first. However, their argument is based
largely on the fact that, unlike the case of the peptidyl
transfer centre, there is no single self-folding RNA seg
ment comprising the decoding site of the small subunit;
why this should infer a more recent origin is not intrinsi
callyobvious, as the small subunit RNA had to evolve at
some time. It would be interesting to repeat the decon
struction performed on the large subunit RNA (based on
the A-minor interaction) [9] for the small subunit RNA.
However, if the two subunits originally evolved in isola
tion (with the regions of interaction evolving at a later
stage), such a chronology may not be informative for how
the early parts of the two evolutionary histories relate.

In the absence of the small ribosomal subunit (which is
responsible for decoding in the contemporary ribosome),
peptide synthesis catalysed by the ancestral peptidyl
transferase ribozyme would necessarily have been non
coded. The evolution of coded protein synthesis from
such an earlier noncoded system has been proposed by a
number of researchers, including Orgel [13], de Duve
[14-16], Schimmel [17,18] and Noller [19,20], and more
recently joined by Penny et al. [21]. Noller [19] has pro
posed that the ribosome evolved from "smaller functional
units capable of carrying out the different translational
steps such as peptidyl transfer, decoding, and so on", sim
ilar to the view of Penny and co-workers, who have
stated, "It is possible that the several active sites of mod
ern ribosomes evolved as separate ribozymes" [4]. Of par
ticular interest in relation to the current proposal, de
Duve has suggested that coded protein synthesis arose
from a noncoded system in which selection was on the
basis of efficient peptide synthesis, and that proto-mRNA
originally played a structural role, immobilizing pairs of
proto-tRNAs on an ancestral peptidyl transferase [14-16];
in a recent paper on the origin of introns, Penny et al.
define the role of the first mRNA in similar terms [21].

In contrast, Wolf and Koonin [1] have proposed that it
was the ancestral small ribosomal subunit RNA that first
evolved to stabilize the binding of proto-tRNAs to the
ancestral peptidyl transferase. However, the demonstra
tion that, "a tRNA bound to the P site of non-pro-
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grammed 70S ribosomes [Le. in the absence of mRNA]
contacts predominantly the 50S, as opposed to the 305
subunit, indicating that codon-anticodon interaction at
the P site is a prerequisite for 305 binding [italics in the
original]" [22] argues that the mRNA-tRNA interaction is
the more ancestral. Wolf and Koonin have suggested that
the first proto-mRNAs arose as part of the small ribo
somal subunit RNA, only later becoming discrete entities
(this is similar to the idea of Maizels and Weiner [8]). The
opposing view is that that mRNA was a diffusible element
from the outset, with Penny and colleagues, for example,
arguing that mRNA originally evolved from nonfunc
tional RNA interspersed between functional RNA genes,
as part of their "introns first" theory [4], and Crick and
co-workers suggesting that mRNA could have been
formed initially "using the anticodon loops of the existing
tRNA's [sic] molecules as partial templates [italics in the
original]" [23].

Presentation of the hypothesis
In presenting this model, we take as a starting premise
this statement from Wolf and Koonin (2007): "Our main
guide in constructing the models is the Darwinian Conti
nuity Principle whereby a scenario for the evolution of a
complex system must consist of plausible elementary
steps, each conferring a distinct advantage on the evolv
ing ensemble of genetic elements. Evolution of the trans
lation system is envisaged to occur in a
compartmentalized ensemble of replicating, co-selected
RNA segments, Le., in a RNA world containing
ribozymes with versatile activities". In what follows we
seek to demonstrate selective advantage at each step, and,
in line with the Continuity Principle, a continuous path
way where information is preserved from the ancestral
system to the present. As logic dictates, the evolution of
coded peptide synthesis must have occurred in the
absence of complex proteins.

Initial selection for noncoded protein synthesis

Schimmel has proposed an ancestral system of noncoded
protein synthesis utilizing hairpin precursors of tRNA
[17,18]. Prior to the existence of complex polypeptides,
specific aminoacylation would have been catalyzed by the
ribozyme predecessors of contemporary protein aminoa
cyl-tRNA synthetases. Co-existing with these ribozymes
was an RNA fragment containing the peptidyl trans
ferase, the ancestral large ribosomal subunit, which func
tioned as a specific ribozyme promoting the synthesis of
short peptides. The evolution of peptidyl transferase
activity may have been relatively straightforward, as the
primary function of the contemporary peptidyl transfer
centre of the large ribosomal subunit appears to be the
positioning of the two 3' CCA termini oftRNA through a
network of hydrogen bonds [24]. This process would have
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produced only peptides with random and perhaps repeti
tive sequences. However, new enzymatic activities could
have been possible even in such a primitive context,
deduced from what is known today of functions of
sequences of repetitive amino acids:

1. Short tandem repeats rich in glycine are able to
bind Cu2+ ions [25].
2. A polyglycine-Cu2+ complex exhibits superoxide
dismutase activity [26].

Interestingly, Cu2+ cleaves the bond between the amin
oacyl-tRNA bond of aminoacyl- but not peptidyl-tRNA
[27], suggesting the possibility, if Cu2+ were present in the
RNA world environment, of a positive-feedback mecha
nism in which polyglycine was able to sequester Cu2+

ions, thus enhancing its own synthesis. Additionally,
these and other like peptides might have interacted with
existing catalytic RNA domains enhancing and develop
ing ribozymal catalysis [4,20,28]. Lastly, polyglycine may
have formed stabilizing interactions with the ancestral
peptidyl transferase ribozyme [19]: glycine is a well
known 'helix-breaker' that is commonly found in
unstructured protein tail and loop regions, such as the
internal loop of ribosomal protein Ll1-C76 which is dis
ordered in the free protein but becomes ordered in its
association with rRNA [29].

Origin of mRNA as stability-enhancer

Based on the theories of DJ Giulio [30-32] and experi
mental work by Schimmel [33], we have previously pro
posed on the basis of a highly conserved anticodon loop
sequence containing CCA in contemporarytRNAsGlythat
the first proto-tRNA (specific for glycine) was formed by
the ligation of two RNA hairpins, with subsequent muta
tions to form the familiar cloverleaf structure [34] (Figure
1). Possessing the same 3'-end structure as its hairpin pre
cursors, this proto-tRNA was similarly aminoacylated
and was a substrate for peptidyl transfer catalyzed by the
ancestral ribozymes. Subsequently, tRNAGly gave rise to
other tRNAs by a process of duplication and mutation,
similar to the concept of Wolf and Koonin [1] (Figure 1).
A critical new feature of the tRNA molecule was the cen
tral anticodon loop, formed by the head-to-tailligation of
the 3' and 5' ends of the respective hairpins.

Accepting that tRNAs derived from hairpins, we pro
pose that the first proto-mRNAs arose as their serendipi
tous binding partners, forming complementary base pair
interactions with the anticodon loops of pairs of tRNAs
held in juxtaposition for peptide synthesis by the ances
tral peptidyl transferase ribozyme (Figure 2). The proto
mRNA would act as a tether to immobilize the two
tRNAs, and with the decreased entropy, enable the 3'
CCA termini to be better positioned for peptidyl transfer.
Template-independent peptide synthesis of peptides of
up to seven residues (indicative of noncoded protein syn-
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Figure 1 Proposed hairpin duplication origin oftRNA,. based on Di Giulio [31 331 RNA hairpin with glycine,
enabling it to participate in noncoded underwent
ligation to form a covalently joined loop with the anticodon derived from the 3' terminal CCA sequence of the
upstream ha irpin, Mutations produced the first tRNAGly (for right), also a substrate for noncoded protein synthesis, Subsequent gene duplication and

mutation led to a proliferation of tRNA molecules with different amino acid specificities

thesis) was demonstrated by Spirin and associates on
contemporary ribosomes with lysyl-tRNA as a substrate
in the absence of a directing mRNA [35]. Previously,
Monro [36] and, more recently, Wohlgemuth et al. [37]
have demonstrated the ability of the isolated 50S ribo
somal subunit to catalyse peptide synthesis in the absence
of mRNA, and Wohlgemuth et al. have shown this occurs
at the same rate as when catalysed by the complete ribo
some. Significantly, Monro [36] detected the synthesis of
short peptides using full-length tRNAs as substrates,
strongly suggesting these occupied both A and P sites.

Experiments by )onak and Rychlik [38] demonstrated
that binding of oligolysyl-tRNA (with anticodon V'VV,
where V' is modified) to the isolated E. coli 50S ribo
somal subunit P site is enhanced approximately two-fold
by cognate poly A (but not poly V or poly (V, C)). Simi
larly, Gnirke and Nierhaus [39] have demonstrated a two
fold enhancement in the binding of deacylated tRNAPhe
to the 50S subunit E site in the presence of the cognate
poly V (but not poly A). Of interest, Tate and colleagues
demonstrated a similar degree of binding enhancement
of the protein termination factor RF-2 to the 50S subunit
A site in the presence of the cognate termination codon
VAA [40]. Although in these examples single site binding
to the 50S subunit is highlighted, we would suggest that
such binding was possible originally with pairs of tRNAs

positioned in the adjacent A and P sites, thereby enhanc
ing both the binding of the pair to the ancestral peptidyl
transferase and the rate of peptide synthesis. The
enhancement in RF-2 binding in the presence of the VAA
codon argues that the enhancement is due to the trans
mittance of a conformational change in the protein from
the codon-binding site to the part of the molecule that
interacts with the 50S subunit. In the experiments utiliz
ing tRNAs, the poly A and poly V respectively could be
regarded as the equivalent of our proposed ancestral sta
bility-enhancing RNAs that were able to base pair with
tRNA anticodon loops. Although these experiments were
done using 50S subunits containing a full complement of
ribosomal proteins, recent structural studies have shown
the main contacts for tRNA even on the modern ribo
some are with rRNA moieties [41]. These findings sup
port the hypothesis that a complementary RNA sequence
(proto-mRNA) could have played a structural role
enhancing binding of the first tRNAs to an ancestral pep
tidyl transferase ribozyme and the rate of peptide synthe
sis even though the prototype of the contemporary small
ribosomal subunit RNA, responsible for coding, was
missing.

Subsequent to our developing this model we became
aware that a similar concept had been discussed
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tRNAs

Figure 2 Our proposal for the origin of coded protein synthesis. A
depiction of the ancestral peptidyt transferase ribozyme as pmposed
by &tov and Steinbelg [9) with two tRNAs and a serendipitcus pmto
mRNA binding partner bound 10 the two tRNA anticodon loops
Adapted frcm the PDB files of the T. lhermophi/V5 70S ribosome (with
tRNAs and mRNA) taker1 from Voorhees et al. [98l PDB files rendered
using MacPyMd [991

briefly by Christian de Duve in his 1991 book, Blue
print for a Cell:
"If the protein-synthesizing machinery first devel
oped without an informational element, how did this
element enter the system? In addressing this question,
we must remember that, in living organisms today,
mRNAs do not only serve to dictate the sequence of
amino acid assembly. They also play an essential role
in the strategic positioning of aminoacyl-tRNA and
peptidyl-tRNA complexes on the surface of ribo
somes. It is thus conceivable that the cotiformational
function preceded the itiformational one and that it
was, in fact. instrumental in bringing about the latter.
Proto-mRNAs could have entered the system as
structural adjuncts of the peptide-synthesizing
machinery [italics addedr [14].

The takeover of peptide synthesis by tRNA
In our earlier paper [34] we suggested that the first
tRNA(s) might have evolved in an environment of up to
eleven specifically-aminoacylated hairpins [24] that were
the original substrates for noncoded peptide synthesis.
The relative strength of binding of such hairpins and
tRNAs to the ancestral peptidyl transferase ribozyme is
not known, but the small size of the proposed ancestral
peptidyltransferase implies fewer intermolecular interac-
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tions than occur on the modern ribosome. However,
Schimmel and co-workers have demonstrated a similar
rate of peptide synthesis for aminoacylated hairpins and
tRNA by the isolated 50S ribosomal subunit [42], indicat
ing the two may have similar binding strengths. If this
were true for the ancestral peptidyl transferase ribozyme,
the enhancement in binding brought about by serendipi~

tous proto-mRNA binding partners may have led to the
eventual replacement of hairpins by tRNA for peptide
synthesis. Di Giulio [33] has presented a scenario in
which a mixed population of aminoacylated RNA species
(including hairpins and cloverleafs) were simultaneously
substrates for peptide synthesis.

Origin of coding
The above considerations provide a plausible pathway for
the evolution of genetic coding that is outlined below and
in Figure 3. Our aim in presenting it is 10 set forth some
of the general principles that we believe may have guided
the process, although for the detail the model will
undoubtedly need further refinement and experimental
validation.

Initially, we assume the presence of a small number of
specilka[]y-aminoacylated RNA hairpins (or other RNAs,
see below) giving rise to a number of homo- or hetero
dipeptides. If we make the assumption that only two of
these were useful, gly-gly and gly-ser, then these two pep
tides produced by a noncoded process had their produc
tion under positive selection because of a net benefit to
the compartment or cell.

The original aminoacylated RNAs, described up to this
point as 'hairpins', lllay have actually constituted a mixed
population of molecules, having in common only the
presence of an acceptor stem-like helix (containing nucle
otides of the operational RNA code conferring specificity
of aminoacylation) and a 3' CCA terminus allowing spe
cific aminoacylation. (As Schimmel and colleagues have
noted, some may have been larger than contemporary
tRNA [43], as a number of viral RNAs contain a 3' tRNA
like structure that is specifically aminoacylated in vivo).

At this stage the appearance of the first lRNAGly by
duplication and Jigation of the glycylated hairpin would
have occurred (Figure 1). Subsequent gene duplication of
this first tRNAGly, with mutation of nucleotides compris
ing the operational RNA code in the acceptor stem of one
of the copies, would have altered the specificity of amino
acylation by the RNA synthetase, for example from gly
cine to serine. The production of this new mutant tRNA
species would facilitate the synthesis of a beneficial pep
tide gly-ser, enhanced by the same proto-mRNA that
enhanced the synthesis of gly-gly, as both tRNAs would at
this stage share the same anticodon. The lack of specific
ity of the proto-mRNA, however, would also have
enhanced the production of ser-gly and ser-ser, perhaps
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with deleterious effects on the cell. Selection for
increased specijicity would be favoured so that the syn
thesis of only the useful peptides was increased. If each
new amino acid incorporated into the nascent coding sys
tem (and its corresponding mutant tRNA) eventually
became specified by a different sequence (in other words,
by a different codon), then each combination of tRNAs
would have bound a unique complementary proto
mRNA, giving a one-to-one relationship between proto
mRNA and peptide. This advantage could have driven the
evolution of coding specificity - each codon sequence
interacted with only a single tRNA, coding for only a sin
gle amino acid (Figure 3). De Duve [14] has said the fol
lowing about this stage:

"Even if precise matching between amino acids and
proto-anticodons did not exist initially, its progressive
appearance would, predictably, be favoured by natural
selection. Consider that we are dealing with a random
peptide synthesizer of which there are many copies situ
ated in distinct, competing entities. Mutations of the
RNAs involved create the diversity on which selection
acts, but within stringent constraints. First, only muta
tions that respect the topological factors just defined will
be tolerated, as others disrupt the machinery. Further
more, the critical mutations will be those that affect the
proto-tRNAs rather than those that affect proto-mRNAs,
as it is not yet the quality of the messages that counts, but
that of the parts of the synthetic machinery. In such a
context, units possessing unambiguous proto-tRNAs will
have a manifest advantage over those that have proto
tRNAs associating the same proto-anticodon with differ
ent amino acids, the advantage being the possibility of
faithful reproduction of a message. In other words,from
the moment translation [~coded protein synthesis]
became mechanistically possible, its emergence was oblig
atory [italics added]".

One constraint on the first anticodon sequences was
that they must form stable anticodon-codon interactions
in the absence of modified anticodon loop nucleotides, if,
as suggested by Crick [44], there was no post-transcrip
tional modification of tRNA nucleotides at this early
stage. Then anticodon sequences (and their complemen
tary codons) with a high G+C content would have an
advantage; this may be the reason the first tRNA
(tRNAGly) possessed an NCC anticodon.

In overview, the principle selective pressure was for the
production of novel useful peptides enhancing biological
function, and this in turn resulted in selection for the
diversification of anticodon and proto-mRNA sequences.
Wolf and Koonin have expressed a parallel concept as
part of their proposal for the origin of protein synthesis
[1].
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Origin of translocation
Maizels and Weiner [8] have suggested that translocation
may have arisen from a slight preference of one of the two
tRNA binding sites for peptidyl-tRNA, which meant that,
following the peptidyl transfer reaction, the resultant pep
tidyl-tRNA would slip into the more stable site, displacing
the (now) deacylated tRNA, perhaps accompanied by a
conformational change in the ancestral peptidyl trans
ferase ribozyme. Something similar occurs on the contem
porary ribosome, with the newly peptidylated 3' terminus
of the A site tRNA moving spontaneously into the P site
following peptidyl transfer [45] (although movement in the
opposite direction is not precluded [4<i,47]). That the
whole ribosome possesses an intrinsic ability to undergo
translocation is demonstrated by its ability to form pep
tides in the absence of EF-G and GTP (and EF-Tu) [48-50].
Yonath and associates suggest that translocation is inher
ent in the structure of the ancestral core of the large ribo
somal subunit RNA: "by encircling the PTC [peptidyl
transfer centre] it confines the void required for the
motions involved in the translocation of the tRNA 3' end,
which, in turn, is necessary for the successive peptide bond
formations, enabling the amino acid polymerase activity of
the ribosome" [12]. If there already existed a weak binding
site for the displaced tRNA on the ancestral peptidyl trans
ferase (an ancestral E or exit site), the proto-mRNA may
have remained bound to the anticodons of the two tRNAs
long enough for the selection of a new (aminoacylated)
tRNA for the now empty A site. Wilson and Nierhaus [51]
have proposed that the E site is ancestral on the basis of its
conservation across all three kingdoms, and they identify
three highly conserved nucleotides critical for the binding
of the CCA end of the E site tRNA. Intriguingly, these
three large subunit nucleotides lie within 40 nucleotides of
Bokov and Steinberg's [9] proposed ancestral peptidyl
transferase sequence, although, according to their decon
struction of the ribosome, within a region that they pre
dicted was added considerably later to the expanding large
ribosomal subunit RNA structure. This implies the struc
tures responsible for release of the deacylated E-site tRNA
arose relatively late in the development of the contempo
rary ribosome. It has been argued that the E site tRNA
maintains an anticodon-codon interaction with the mRNA
on the contemporary ribosome, with a tRNA cognate to
the E site codon able to displace a radio-labelled E site
tRNA, while near and noncognate tRNAs are not [52];
recent structural analysis appears to offer some support for
an anticodon-codon interaction [53]. \Xfhen an ancestral E
site interaction became possible it would have provided a
platform for translocation, giving the ancestral peptidyl
transferase ribozyme the ability to utilize longer sequences
of stabilising proto-mRNAs productively, the forerunner of
protein synthesis as we know it today.
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Translocation provides an evolutionary route to cod
ing, even in the absence of the small ribosomal subunit.
While in the first instance merely passively binding to the
anticodon loops of pairs of tRNAs in the A and P sites,
upon movement of the tRNA CCA-termini from the A to
P and P to E sites (along with the proto-mRNA), the
downstream codon of the proto-mRNA might well have
played a role in favouring the selection of the tRNA enter
ing the newly vacated A site. Another way of viewing the
experiments of Jonak and Rychlik [381 and Gnirke and
Nierhaus [39] that demonstrate stimulation of binding of
various tRNA species to the isolated large ribosomal sub
unit by cognate single-stranded RNAs, is that they dem
onstrate a form of coding by the large ribosomal subunit.
A comparison with the small subunit is instructive. The
presence of poly A similarly enhances the binding of oh
golysyl-tRNA to this subunit [38]. However, in contrast to
the large subunit, non-cognate RNAs cause a decrease in
binding of oligolysyl-tRNA to the small subunit, remind
ing us that in conjunction with the small subunit the
polynucleotide is playing a selective role in the interac
tion. As previously discussed, this idea is supported by
the demonstration [22] that, "a tRNA bound to the P site
of non-programmed 70S ribosomes [i.e. in the absence of
mRNA] contacts predominantly the 50S, as opposed to
the 305 subunit, indicating that codon-anticodon interac
tion at the P site is a prerequisite for 30S binding [italics
in the original].~

Origin of the small ribosomal subunit
The small subunit RNA was a later addition to the cohort
of RNAs and added fine control over the interaction
between tRNA and mRNA so that the fidelity of peptide
synthesis was increased. According to Bokov and Stein
berg's [9] deconstruction of the large subunit, regions
that form interactions with the small subunit occurred in
the second stage of the evolution of the large subunit.
Although the decoding function of the small ribosomal
subunit RNA is made up of a number of segments that
are widely separated [7], a 49-nucleotide hairpin compris
ing part of the decoding site at the 3'-end of the small
ribosomal subunit RNA binds both poly V and the
tRNAPhe anticodon stem/loop in a similar fashion to the
entire small subunit, suggesting such a hairpin-type
structure could be an ancestral decoding fragment [541.
This hairpin contains the two nucleotides C1401 and
Gl402 (E. coli numbering) that complex a Mg2. ion and
mark the border between the A and P site codons,
thought to be important for maintaining the reading
frame and preventing slippage [55]. It also contains the
two mobile nucleotides A1492 and Al493 that proofread
the anticodon-codon helix [56]. These two nucleotides
may have originally functioned in isolation to other ele
ments contributing to decoding in the contemporary
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ribosome, such as G530, almost 1,000 nucleotides distant
in the primary sequence. Intriguingly, there is evidence
from the ribosome crystal structure that, if the G530
interaction were missing, A1492 may be able to proofread
the second codon position on its own, albeit with lower
fidelity, as the ribosomal decoding site can apparently
accommodate a G-U base pair at the second position if
either A1492 or G530 is utilized, but not with both [57).
Such a decoding hairpin could have originally functioned
in trans [41, interacting solely with the tRNA-proto
mRNA complex (Figure 4). As discussed above, its acqui
sition as an intrinsic component of the ribosomal com
plex and specific interactions with the large subunit RNA
would be a later development.

Summary of the model
The model can be summarized in ten progressive steps.
These are listed below with supporting evidence from the
literature.

(i) Selection ofribozymes able to aminoacylate a variety
ofRNA substrates with 3' CCA termini, perhaps related to
a role in the replication ofgenomic RNA. That this is feasi
ble is supported by the demonstration that self-aminoa
cylation and the ability to aminoacylate in trans are some
of the most easily selected RNA functions in vitro. For
example, a 114-nucleotide ribozyme capable of activating
amino acids by catalysing the formation of aminoacyl
guanylates (chemically similar to aminoacyl adenylates

ancestral
de<:oding....

Figure 4 The origin of the small ribosomal subunit as an RNA
hairpin acting in trans. A depiction of the proposed decoding hair
pin, posslbly ancestral to the small ribosomal subunit RNA [54], inter

acting with tRNAs in the ancestral A and P Sites of the ancestral
peptldyl transferase ribozyme [91. and a serendipitous proto-mRNA
binding partner bound to the tRNA anticodon loops. Note: this view is
from the opposite Side of the complex to that shown in Figure 2
Adapted from the PDB files of the T thermophilus 705 ribosome (with
tRNAs and mRNA) taken from Voorhees era/.198]. PDB files rendered
using MacPyMol [99].
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used universally in biological systems) [58] and a 45
nucleotide ribozyme capable of aminoacylating tRNAs in
trans [59] have been selected in vitro from random popu
lations of RNAs. Amazingly, Yarus and colleagues have
very recently demonstrated that a tiny RNA of just five
nucleotides can catalyse the aminoacylation of a partly
complementary even smaller four nucleotide RNA using
the naturally occurring substrate phenylalanine adenylate
[60].

(ii) Serendipitous production of an ancestral peptidyl
transferase by a gene duplication and ligation (perhaps of
an aminoacyl-RNA synthetase ribozyme), enabling the
resulting ribozyme to bind two RNAs with aminoacylated
3' CCA termini, and to promote noncoded peptide synthe
sis. Weiner and Maizels [61] have proposed that the first
ribosome arose from the gene duplication of a tRNA
binding ribozyme - perhaps an aminoacyl-tRNA syn
thetase - that created two tRNA binding sites on the same
molecule. Bokov and Steinberg's [9] deconstruction of the
large ribosomal subunit RNA supports the evolution of
the proto-ribosome from the duplication of a fragment of
about HO nucleotides, and Yonath and co-workers have
shown that the ribose-phosphate backbones of the A and
p sites of the PTC map onto each other extremely closely,
suggesting a duplication-ligation origin [12].

(iii) Generation ofa proto-tRNA by duplication-ligation
ofa hairpin with a specijically-aminoacylated 3' CCA ter
minus able to participate in noncoded peptide synthesis.
This scenario is supported by the analysis of contempo
rary tRNAsGly demonstrating a highly conserved anti
codon loop CCA sequence [34] and previous statistical
analyses of tRNA molecules by DJ Giulio and colleagues
arguing for a duplication-ligation origin of tRNA [31
33,62]. Incidentally, the idea that the ancestral peptidyl
transferase ribozyme and tRNA both arose by a duplica
tion-ligation event suggests that this may have been a
general mechanism for the origin of components of the
RNA world [63] (Figure 5).

(Iv) The recruitment ofsingle-stranded RNAs (or RNAs
with single-stranded regions) as binding partners to the
anticodon loops of tRNA pairs. This is supported by the
ability of single-stranded RNAs to bind to the tRNA anti
codon loop free in solution (see the next section for dis
cussion and references).

(v) Enhancement of the selection of tRNAs as preferred
substratesfor the peptidyl transferase due to their interac
tion with single-stranded RNAs (proto-mRNAs), giving
rise to a binding enhancement and a consequential rate
enhancement of peptide synthesis. This concept is sup
ported by isolated experiments demonstrating enhanced
binding of oligolysyl-tRNA to the P site [38], deacylated
tRNAPhe to the E site [39] and the protein termination
factor RF-2 to the A site [40] of the isolated 50S ribo-
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somal subunit, dependent upon the presence of the cog
nate RNA or codon.

(vi) Synthesis ofa greater diversity ofbeneficial peptides
by selection for mutations in the acceptor stem of tRNA,
altering the specijicity of aminoacylation. This is sup
ported by the demonstration that a single C70U mutation
in the acceptor stem ofE. coli tRNALys results in its amin
oacylation with alanine [64].

(vii) Enhanced specijicity for the synthesis ofparticular
peptide products by selection for mutation of the anti
codons of these mutant tRNAs, leading to new unique
proto-mRNA sequences complementary to the new anti
codon loop sequences. This step is supported in contem
porary biology by the existence of suppressor tRNAs that
possess altered anticodons complementary to termina
tion codons, that insert the amino acid corresponding to
the original tRNA at these positions [65].

(viii) Synthesis oflonger peptides with the emergence of
an E site on the ancestral peptidyl transferase. The rela
tively early evolution of the E site as the ribozyme
expanded is supported by its conservation across all three
kingdoms [51] although the analysis of Bokov and Stein
berg did not support this conclusion [9].

(Ix) Enhancing the fidelity ofprotein synthesis by evolu
tion ofa short decoding hairpin (the ancestral small ribo
somal subunit RNA, functioning in trans), to enforce the
genetic coding rules. This is supported by the demonstra
tion that a 49-nucleotide hairpin comprising part of the
decoding site of the small ribosomal subunit RNA binds
both poly U and the tRNAPhe anticodon stemlloop in a
similar fashion to the entire small subunit, suggesting
such a hairpin-type structure could be an ancestral
decoding fragment [54].

(x) Control and fidelity of protein synthesis further
evolved from a gradual increase in the sizes and interac
tions between the ancestral peptidyl transferase and
decoding hairpin.

Arguably, each step in this development would have
been selected for the ability to produce reproducibly
increasingly more complex (and thus potentially more
useful) peptides.

Discussion
Evidence for tRNA anticodon interactions in the absence of

the ribosome

In contemporary protein synthesis, the tRNA anticodon
base pairs with the mRNA codon, but this interaction is
also stabilized by interactions with parts of the ribosome
that can not have been present at the early stages of its
evolution. In the experiments of )onak and Rychlik [38]
and Gnirke and Nierhaus [39] previously discussed, the
entire 50S subunit (including ribosomal proteins) was
used. In order to assess the feasibility of our theory, it is
important to look at interactions that occur with the
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Figure 5 A duplication-ligation origin of coded protein 5ynthe5i5. The origin ofcaded protein synthesis from the duplication of ahairpin-binding
ribozyme [8J toformthe proposed ancestral peptidyl transferase ribozyme [9J and the duplication of ahairpin possessing a3'-terminal CCA [30-32,34J
to form the fir5t tRNA. Serendipitous binding of a single-stranded RNA (proto-mRNA) complementary to the tRNA anticodon loops enhanced the
binding and positioning of the twotRNAs on the peptidyl transferase, and thereby, the rate of peptide synthesis. Adapted from the POB files of the r
rhermophilu570S ribosome (with tRNAs and mRNA) taken from VoorhelOS er al. [98J. PDB files rendered using MacPyMol [99J
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tRNA anticodon loop outside of the contemporary ribo
some and its subunits. What interactions with the anti
codon loop can occur free in solution? On the basis of a
highly conserved anticodon loop 'signature' we proposed
tRNAGlYas the first tRNA [34]. Contemporary tRNAGly
contains on average the fewest post-transcriptionally
modified nucleotides (and the lowest proportion of mod
ifications at position 37, immediately downstream of the
anticodon, important for stabilizing the anticodon-codon
interaction through base stacking [66]), with the unmodi
fied state assumed to be ancestral [44]. Three types of
interaction occur between single-stranded RNAs and a
hypomodified anticodon loop:

(1) Oligonucleotide-binding of single-stranded tri, tetra
and pentanucleotides with the tRNA anticodon loop.
Most pertinent to the ancestral situation are studies using
E. coli tRNAiMet, whose anticodon loop contains a single
post-transcriptional modification at position 32 (a 2'-0
methylcytidine), a position which is not thought to have a
significant influence on anticodon binding [67]. This
tRNA has an unmodified anticodon and an unmodified
adenine at position 37, and binds a trinucleotide and tet
ranucleotide complementary to its anticodon (or anti
codon plus adjacent U33) with molar association
constants of 1.2 x 103 and 1.4 x 10', respectively [68]. In
the absence of the ribosome, tri, tetra and pentanucle
otides bind to the anticodon loop of E. coli or yeast
tRNAPhe with increasing strength [69-72]. These tRNAs,
however, contain a hypermodified nucleotide at position
37, and so probably do not represent the ancestral state
[44].

(il) Interactions between complementary anticodons of
two tRNAs. Interactions between E. coli tRNAGly (with
anticodon U'CC, where U' is modified) and tRNAS"
(with an unmodified GGA anticodon) were found to be
highly stable [73]; the sole anticodon loop modification in
this interaction is that of U34 in the first (wobble) posi
tion of the tRNAGly anticodon, as indicated. Importantly,
neither tRNA has a modified purine at position 37, lead
ing the authors to state that, "the presence of three con
secutive purines in the [tRNAS"] anticodon triplet
together with the two purines on its 3' side may yield suf
ficient stability..." [74]. The interaction between wheat
tRNAGly and E. coli tRNAAh (with unmodified GCC and
GGC anticodons respectively) is also highly stable [75]. In
this case the sole anticodon loop modification is a single
5'-methylation of cytidine at position 38 of the tRNAGly
[76].

(ili) Anticodon interactions with other RNAs. The GCC
anticodon of Bacillus subtilis tRNAGly interacts with a
complementary GGC 'codon' sequence within the eight
nucleotide internal specifier loop of the 5'-UTR of the
Bacillus subtilis glyQS gene, regulating transcription of
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the encoded glycyl-tRNA synthetase [77]. Deacylated
tRNAGly prevents termination of transcription (and thus
increases synthesis of the glycyl-tRNA synthetase, and
thereby its own aminoacylation) by also interacting
through its 3' UCCA terminus with a complementary
UGGA sequence in the anti-terminator bulge of the
mRNA transcript, similar to the twin interactions of the
anticodon loop and 3' CCA terminus of tRNA on the
ribosome. Although the post-transcriptional sequence of
the mature Bacillus subtilis tRNAGly(GCC) is not known, by
comparison with other tRNAs of similar sequence [76] it
is likely to be minimally modified. Significantly, this inter
action has been reproduced in vitro using unmodified
tRNAGly, suggesting that post-transcriptional modifica
tion of the tRNA, if present, is not critical for the interac
tion [77].

The above data suggest that the interaction between
unmodified tRNA anticodon loops and single-stranded
RNAs, such as we have proposed for the ancestral tRNA
and proto-mRNA, would have been strong enough to
allow binding in the absence of the contemporary ribo
some. The interaction of a single-stranded RNA with two
adjacent anticodon loops (such as two tRNAs held in jux
taposition by the ancestral peptidyl transferase ribozyme)
would have enhanced such binding. Although Labuda et
al. [78] observed no ternary complexes formed between
yeast tRNAPhe in free motion in solution and the comple
mentary UUCUUCU oligonucleotide containing two
consecutive codons (in italics), our proposal is that the
two tRNAs were fixed in place by their 3' CCA termini to
the ancestral peptidyl transferase ribozyme, and so were
positioned for such an interaction with the proto-mRNA.
As we have previously proposed [34], the advent of the
genetic coding interaction may have been due to the abil
ity of the unmodified NCCA sequence to form a stable
hydrogen bonding interaction with its complementary
sequence, with the strength of G-C base pairs and the
ability of the adjacent adenine (A37) to base stack on to
the resulting helix important [79].

Origin ofthe triplet code
Is it possible to deduce from the biophysical data impor
tant elements of the origin of the triplet code? Crick [44]
suggested that the size of the triplet codon might have
been determined by the width of RNA helices, and the
closeness with which two adaptor molecules (tRNAs)
could approach each other on adjacent codons; this how
ever, would set a minimum rather than absolute size
restriction. De Duve [14] has proposed similarly a topo
logical basis for the triplet code, the size of which
"ensures an optimal spacing of the partners for efficient
aminoacyl or peptidyl exchange". Both Crick and de Duve
argue from the Continuity Principle that a change in
codon length during evolution would have been impossi-
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ble, as this would destroy all previously encoded informa
tion. However, recent structural data demonstrates that
the contemporary ribosome is able to accommodate anti
codon loops with an extra nucleotide in the reading of
four-nucleotide codons, leading Ramakrishnan and asso
ciates to make the comment "it appears that normal trip
let pairing is not an absolute constraint of the decoding
centre" [80]. Along similar lines, Baranov et al. [81] have
stated that "the emerging picture of decoding strategies
used by different organisms ...argue [sic] that non-triplet
codes or codes with mixed codon sizes are possible"; fur
ther, they have provided evidence from computer model
ling that decoding systems with codons larger than three
nucleotides evolve spontaneously into mainly triplet
decoding systems. Grosjean et al. [75] argued on the basis
of anticodon-anticodon interactions that the natural ten
dency of seven-membered RNA loops like the anticodon
loop is to interact through the three central nucleotides,
for example the anticodon triplet. However, as previously
discussed, this does not preclude the ability of tRNA free
in solution to interact with tetra and pentanucleotides
[69-72]. Because of the close similarity Grosjean et al.
[75] discovered between anticodon-anticodon interac
tions and the rules of genetic coding, they hypothesized
that one of the functions of the ribosome was to fold
mRNA into a loop conformation similar to the anticodon
loop. While this has not been shown to be the case, there
is a 45" kink in the mRNA between the codons in the
adjacent A and P sites [41]. In view of all of the above, the
rationale for the triplet code is still unclear.

Origin of the coding principle

How did the genetic coding principle arise? Although
Rodin and colleagues have postulated that the genetic
code (embodied by the anticodon) and operational RNA
code (embedded in the tRNA acceptor stem and govern
ing the specificity of aminoacylation) have a common
ancestor [82-84]' there is a lack of an obvious relationship
between them. Rodin and Rodin [84] themselves have
stated, "straightforward analysis failed to uncover any
traces of homology in this case". Yarus et al. [85] have
postulated that the organization of the genetic code origi
nated in specific interactions between amino acids and
RNA binding sites. However, Ellington et al. [86] have
pointed out that understanding how such an association
(with the requirement for the amino acid-binding site and
coding triplet to be in close proximity) would lead to
tRNA, with its widely separated sites for the amino acid
and the anticodon, is problematic. Specifically, such a
scenario would appear to violate the Continuity Principle.

In contrast, an intrinsic feature of our model is that the
genetic code has not descended from a previous code, but
rather has arisen de novo. Wolf and Koonin have stated,
"the origin of translation appears to be truly unique
among all innovations in the history of life in that it
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involves the invention of a basic and highly non-trivial
molecular-biology principle, the encoding of amino acid
sequences in the sequences of nucleic acid bases via the
triplet code. This principle, although simple and elegant
once implemented, is not immediately dictated by any
known physics or chemistry (unlike, say, the Watson-Crick
complementarity)" [italics added] [1]. We would agree
with Wolf and Koonin in part, namely that the principle
of genetic coding, derived from the advent of the tRNA
anticodon loop (as a novel binding partner for single
stranded RNAs) held in pairs on the ancestral peptidyl
transferase ribozyme, was a non-determined event not
dictated by physics or chemistry. By contrast, the comple
mentary base pairing interaction at the heart of genetic
coding is dictated by chemistry, in fact, by Watson-Crick
complementarity. In the evolution of coded protein syn
thesis then, it would appear that the advent of the anti
codon loop provided the necessary precondition for
development of the genetic code. However, this structural
invention occurred in a molecule (RNA) able to carry
information. The models of Rodin and Yarus postulate
the transfer of information from either a pre-existing
code (the operational RNA code) [84] or from an amino
acid-RNA binding site interaction [85] to the genetic
code. On the contrary, we would argue that with the
emergence of the molecular assembly described above,
genetic coding arose spontaneously due to the intrinsic
chemical properties of RNA as an informational mole
cule.

Coded protein synthesis - an irreducibly complex system?

Wolf and Koonin [1] have suggested that the problem of
the origin of the translation system is so complicated and
involves the interplay of so many factors that, at least at
first glance, its occurrence "evokes the scary spectre of
irreducible complexity". In contrast, our model would
suggest that the evolution of protein synthesis was similar
to that of other complex systems. A good example is the
vertebrate eye; in this instance, Darwin argued, one is
able to plot an evolutionary trajectory from a light-sensi
tive spot to a fully-fledged eye, where each small step was
selected for the "particular advantage it conferred onto
the evolving organism" [1]. We would argue similarly that
peptide synthesis evolved from a more rudimentary non
coded form, and that the synthesis of increasingly more
complex peptides provided the selective advantage for a
stepwise evolution of the contemporary translation sys
tem (similar to the view expressed by Maizels and Weiner
[8]). It appears unnecessary to invoke a reassignment of a
selectable function during evolution for the protein syn
thesis machinery.

Testing the hypothesis
While it would be ideal to test our hypothesis using only
in vitro transcribed RNA, in practice this may not be pos-
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sible, as promising reports of protein synthesis by in vitro
transcripts of the large ribosomal subunit RNA (as well as
the individual domains) of E. coli were subsequently
retracted [87-91]. The contemporary large subunit RNA
domain V that includes the peptidyl transfer centre com
prises over 600 nucleotides, and achieving the correct
folding and function in the absence of ribosomal proteins
today may be extremely difficult [88]. More recently,
Anderson et al. [92] have attempted unsuccessfully to
demonstrate peptide synthesis using a 322-nucleotide
construct containing the most conserved regions of the
peptidyl transfer centre, very close to the proposed ances
tral peptidyl transferase sequence of Bokov and Steinberg
[9]. Subsequent in vitro selection aimed to enrich for pep
tidyl transferase activity produced a sequence able to
ligate A and P site substrates; the ligated product however
did not contain a peptide bond. Moreover, product for
mation was not sensitive to chloramphenicol, indicating
that the active site in the RNA, improved by in vitro selec
tion, is different from the classical peptidyl transferase
centre [92].

Yonath's group has used small stem-elbow-stem (SES)
RNA structures in an attempt to demonstrate peptide
synthesis. They report that some sequences form dimers,
dependent on sequence and the presence of Mg2+ ions;
also that "functional experiments, exploring the peptidyl
transferase activity of a large variety of the RNA dimers
are in accord with the structural analysis" [93]. However,
to date no data from these experiments have been pub
lished.

Despite much effort, it has not been possible to pro
duce 50S ribosomal subunits that are able to catalyze
peptide synthesis in the complete absence of ribosomal
proteins [94]. As discussed above, this may be due to a
requirement for ribosomal proteins to achieve the proper
folding and function of rRNA in contemporary ribo
somes.

The experiments that have demonstrated peptide syn
thesis in the absence of mRNA and enhanced binding of
tRNAs in the presence of cognate oligonucleotides have
used the whole 50S subunit, including ribosomal pro
teins. In view of this, a realistic experimental approach
would be as follows:

1. Initially, use the isolated 50S ribosomal subunit
together with in vitro transcribed tRNAs and comple
mentary oligonucleotides to define the parameters for
the stabilization of tRNA binding by single-stranded
RNAs and enhancement of peptide synthesis, as per
the experiments of )onik and Rychlik [38] and Monro
[36].
2. Repeat these experiments using (a) in vitro tran
scribed 235 rRNA together with a minimal set of
ribosomal proteins essential for peptidyl transferase
activity [95]; and (b) an in vitro transcribed 235 rRNA
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fragment corresponding to the proposed ancestral
peptidyl transferase [9] in the absence of ribosomal
proteins.
3. Test the ability of polyglycine (and other peptides
composed of proposed evolutionarily 'early' amino
acids [96]) to stabilize the RNA elements of the sys
tem and either increase the rate of peptide synthesis
or allow it to occur in the absence of ribosomal pro
teins.
4. Investigate whether a proposed ancestral decoding
hairpin derived from the small ribosomal subunit
RNA [54] (in vitro transcribed) is able to function in
trans to control the specificity of binding of tRNAs to
the 50S subunit in the presence of cognate RNA, and
thus direct the synthesis of specific peptides.

Success in these experiments would bolster the case for
our hypothesis, without necessarily discriminating
against the counter theory of a replicase/triplicase origin
of the ribosome. Penny has suggested that an experimen
tal proof of the latter theory could be carried out using
existing RNA polymerase ribozymes generated by in vitro
experiments [5]. Experimental proof against the proposal
by Wolf and Koonin [1] that the ancestral small subunit
RNA rather than proto-mRNA was involved in stabilizing
tRNA binding to the ancestral peptidyl transferase would
not appear necessary, due to experimental evidence dem
onstrating that, on the contemporary ribosome at least,
the small subunit only binds tRNA at the P site in the
presence of mRNA [22]. As previously discussed, this
suggests that the interaction between tRNA and mRNA
predates the interaction between tRNA and the small
ribosomal subunit.

Implications of the hypothesis
The hypothesis presented here is that proto-mRNAs were
firstly serendipitous binding partners to tRNA and acted
as enhancers of noncoded protein synthesis. It is an
extension of our previous proposal of the origin of the
first tRNA by a hairpin ligation [34], and suggests that,
against a background of noncoded peptide synthesis uti
lizing aminoacylated RNAs, the advent of the anticodon
loop was critical in providing a novel binding surface for
the evolution of the first proto-mRNAs. The increased
stability these proto-mRNAs conferred on the binding of
proto-tRNA pairs to the ancestral peptidyl transferase
evolved into a system of coded protein synthesis. This
remarkable development could have occurred quite natu
rally and unremarkably as the portfolio of tRNAs and
their serendipitous binding partners gradually expanded.
A coding system had been acquired by stealth!

Reviewers' reports
Reviewer 1: Eugene Koonin, National Center for Bio
technology Information, N1H
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In this Hypothesis article, Bernhardt and Tate propose
a conceptual solution to the great evolutionary puzzle,
the origin of protein coding and translation. The idea is
that initially the proto-mRNA played a structural role in
facilitating non-templated peptide synthesis rather than
an informational role as is the case in modern translation.
I find this hypothesis very plausible. Indeed, it is a natural
extension of or variation on the detailed scenario for the
origin of translation presented by Wolf and Koonin [1].
Furthermore, the authors gamely note that an idea essen
tially similar to theirs was proposed by De Duve in his
1991 book [14]. Considering these predecessors and the
extensive discussion and citation in the present article,
the paper of Bernhardt and Tate reads, perhaps, more like
a review than a hypothesis in the strict sense. This is not a
criticism: the discussion is thoughtful and thorough, and
should be appreciated by readers interested in the origin
of translation which indeed is central to the origin of
modern-type life.

Authors' response
As noted in our acknowledgements, Koonin and Wolf's
2007 paper in Biology Direct [1] was an inspiration for
our model. The theory of a structural role for mRNA pre
ceding its informational one (in the words of de Duve
[14]) was our own, and the earlier work by de Duve was
only discovered at a relatively late stage during prepara
tion of the manuscript. Surprisingly, although de Duve's
ideas were first published almost 20 years ago [14] and
have been published on two occasions since then [15,16],
there appears to be very little general awareness of them
by researchers in the field, as can be seen by an absence of
reference to his work in recent reviews of the area
[97,1,5]. An exception is the recent paper - 'i\.n overview
of the introns-firsttheory" - by Penny and colleagues [21].
However, the origin of coded protein synthesis is not the
main focus of the paper, and reference to de Duve's the
ory is made in a single figure and its accompanying leg
end without citation. While we acknowledge our
hypothesis is not completely novel, we feel our paper
presents the concept in a new context, namely within a
model for the evolution of coding from noncoded peptide
synthesis. The realisation that a coding scheme could
develop by stealth was a 'eureka' moment for us. In addi
tion, we have highlighted isolated original work by )onik
and Rychlik [38], Gnirke and Nierhaus [39] and from our
own lab [40] that provides experimental support. Lastly,
when we discovered de Duve's earlier reference to the
idea, we were excited that the central concept has a natu
ralness that has occurred to more than one person in the
field, and one of great stature; in fact, as de Duve [16]
notes, " [This theory] corresponds to what is about the
simplest and most straightforward course of events that
can be imagined to account for the development of RNA-
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dependent protein synthesis. Most workers who have
thought about the question have come up with more or less
similar solutions" [italics added]. The Iow awareness in
the field of de Duve's concept, alluded to in three books
over a 14-year period [14-16], perhaps also tells us that as
scientists we should be more cognisant of significant
books!

Reviewer 2: Rob Knight, University of Colorado
In this manuscript, the authors provide a model for the

evolution of coded translation based on the concepts of
RNA hairpins as handles for amino acids used as coen
zymes or in noncoded peptide synthesis, origin of tRNAs
via hairpin duplication, and expansion of the genetic code
from a primordial repertoire of a few amino acid specific
ities in the original hairpins and/or tRNAs. They propose
based on their earlier work and based on the ability of
poly(Gly) to bind Cu2+ and exhibit superoxide dismutase
activity that the original selection pressure was to pro
duce poly(Gly) or similar peptides, that this ability was
then extended to the ability to make simple copolymers of
other amino acids, that proto-mRNAs initially evolved as
RNA effectors that assisted in the orientation of hairpins
for non-coded peptide formation and only later evolved
coding potential.

The problem of how the translation apparatus evolved
is an important one, especially because it is important
that proposed mechanisms provide some sort of continu
ity of function (so that each subsequent step is an
improvement). As the authors note, the steps in the pro
cess they have proposed have largely been proposed
before (e.g. by de Duve, by Weiner and Maizels, by Wolf
& Koonin, by Yarus, by Knight & Landweber, etc.) so the
question becomes (I) whether the pathway is sufficiently
interesting to be publishable as a starting point for dis
cussion, and (il) whether the pathway is sufficiently com
pelling that we should accept it as a likely account of how
the code evolved.

My impression is that the model passes the first test but
not the second. As the authors note, one attraction of this
model is that several steps are empirically testable,
although the experiments are not clearly described in the
present version of the manuscript. The manuscript is also
relatively long in relation to its news value and could ben
efit from a substantial reorganization (especially because
a lot of what appears in the discussion about different
alternative models should really be in the discussion.

I would suggest the following reorganization/refocus
ing:

- In the introduction, clearly enumerate the competing
models (grouping related models into families) and high
light the main differences among them.

- Separate the speculations about the selective pres
sures that might have driven the original nontemplated
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peptide synthesis function into one section, rather than
repeating variations on this material in several places.

- Present the model earlier: the model and the methods
for testing it appear on p 30 and take 2 pages out of the 45
in this version of the manuscript. Since the new model is
what is central in this paper, it should appear earlier and
then the steps should be justified with citation of specific,
appropriate literature.

- In general, shorten both the introduction and the dis
cussion considerably to focus more on the proposals that
are directly relevant to this proposal.

- In the discussion, clearly enumerate what experiments
you would do in order to test each step of the model, how
the outcome of each experiment could discriminate
between this model and the alternatives mentioned in the
introduction, etc.

Authors' response
We agree with the reviewer's suggestions and have
revised the manuscript accordingly.

- I was surprised not to see the original Yarus DiRT
paper, or the Knight and Landweber 2000 piece on alter
native models for getting from triplet/site associations to
the present, or the original Szathmary paper on coding
coenzyme handles, in the reference list although 1
acknowledge there could be reasonable motivations for
omitting these and the reference list is long already.

One additional question 1 have is whether the Cu2+/
superoxide dismutase selection pressure is a reasonable
candidate: since these events presumably took place
before the oxygenation of the atmosphere, how strong a
selective advantage would SOD activity provide? Interest
ingly, Schwedinger & Rode reported in 1989 that Cu2+
could catalyze peptide bond formation at high tempera
ture/salt (Analytical Sciences 4:411), so the copper bind
ing activity could be more directly relevant to peptide
evolution. However, this weakens the argument that
Cu2+ sequestration would be necessary (and, given the
likely levels of sulfides, what would the Cu concentration
have been in the early oceans?)

Authors' response
We acknowledge the discussion regarding potential inter
actions of glycine peptides with Cu2+ was not well devel
oped in the original manuscript (see also comments by
reviewer 3), and this has been revised. The examples of
glycine-Cu2+ chemistry, while interesting from our point
of view - having proposed tRNAGly was the first tRNA
[34] - were given to illustrate the possible roles that could
be played even by very simple peptides. The 1989 paper
by Schwedinger & Rode is indeed interesting, suggesting
a possible prebiotic route for the synthesis of short pep
tides. However, we would argue that such mechanisms
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were ultimately supplanted by firstly noncoded, and then
coded protein synthesis.

1 think the model presented here is interesting and
hope that the manuscript can be rewritten in such a way
as to inspire the empirical testing that it deserves. In par
ticular, the demonstration that a generic proto-mRNA
could enhance the rate of nontemplated protein synthesis
using aminoacylated hairpins would be an interesting
finding.

Reviewer 3: Berthold Kastner, Max Planck Institute,
G6ttingen

Bemhardt and Tate present in their manuscript "The
transition from noncoded to coded protein synthesis: did
coding mRNAs arise from serendipitous binding partners
to paired tRNAs that enhanced peptide synthesis on an
ancestral peptidyl transferase?" a very compelling sce
nario of evolution of coded protein synthesis. In addition,
the line-up of the various steps leading from the RNA- to
the RNP-world presented at the end of the manuscript is
very attractive, as each step could lead to an advantage of
the system. For readers from outside the field it might be
helpful if this concept is presented in a short version
already in the results section. The many possible individ
ual steps of the evolution scenario formulated already
previously require thorough discussion that leads to a
quite lengthy manuscript. Nevertheless, it might be pos
sible to compact it a bit more. For one of the steps, the
first appearance of di-/oligo- peptides, the reviewer sees
the focusing on the Cu2+ binding argument for the evo
lutionary advantage as being rather narrow. As we have
very limited perception on the chemical environment
that might have existed in the RNA-world "cell", the avail
ability of short peptides could have given the system an
advantage for various chemical pathways. It might have
even been as simple as the prime benefit of amino acids
have been the ability of buffering the pH of the system
and di-peptides would have then the advantage of being
more confined to the containment (the "cell"). The pH
buffer function of proteins is still important in modern
life. Then, the coded protein synthesis might have
brought about the more specific functions of the peptides
and mark the starting point of the RNP world. Still,
detailed scenarios of such early stages of evolution
remain mostly speculation, but the scenario presented
here for evolution of the coded protein synthesis is highly
plausible within the framework of current thinking. With
the presented new perspectives and the careful discus
sions the manuscript of Bemhardt and Tate is well suited
for publication in Biology Direct.

Authors' response
As discussed in our response to the last reviewer, the
examples of glycine-Cu2+ chemistry were given to illus
trate the catalytic possibilities of simple peptides. The
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reviewer's suggestion of early peptides having a role in
the maintenance of pH is an interesting one, and worthy
of further investigation.
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