
87

  ||  JOURNAL OF CREATION 34(3) 2020PAPERS

The surprisingly complex tRNA subsystem: 
part 2—biochemical modifications
Royal Truman

The cellular genetic system is irreducibly complex, being 
composed of several collaborating subsystems based on 

DNA, RNA, and proteins. Genetic code translation cannot 
occur without tRNAs. In part 11 we saw, however, that 
multiple protein-based molecular machines are also needed 
to transcribe the tRNA genes, remove 5’-end leaders, 3’-end 
trailers, remove introns and in many cases add a trinucleotide 
pattern ‘CCA’ so that aminoacylation can occur. We also 
discussed how the CCACCA pattern is added to defective 
tRNAs which need to be degraded.

Here in part 2 we will see that dozens of biochemical 
modifications are necessary for tRNAs to function, each of 
which require a specific protein-based enzyme. As we prog-
ress through this series it will become increasingly apparent 
that the tRNA subsystem must have been planned upfront 
and many parts introduced simultaneously.

Post-transcriptional modification.  
Introduction and overview

Genomes encode scores of enzymes responsible for cata-
lyzing various chemical modifications on tRNAs2 (figure 1). 
These modifications can occur on tRNA precursors or fully 
processed tRNAs.3 Nucleotide insertions or substitutions are 
often necessary to ensure base pairing within the tRNA in 
the three kingdoms of life and that the modifications occur 
in a stepwise fashion.4,5

Some enzymes modify different types of RNA (‘dual 
substrate specificity’). However, most tRNA modification 
enzymes have unique specificity for tRNA.7

Figure 1 illustrates a vitally important insight concern-
ing enzymes, namely their exquisite specificity. Notice that 
in many cases a methyl group (-CH3) is added to different, 
specific parts of a nucleotide. In cells, thousands of differ-
ent enzymes are needed with extreme specificity to avoid 

Scores of enzymes are necessary to chemically modify tRNAs since thermodynamic calculations on unmodified sequences 
rarely predict proper folding into the cloverleaf structure as the ground state. Other modifications are indispensable to permit 
translation of synonymous codons, translational fidelity of codon–anticodon interaction, maintenance of reading frame 
at ribosomes, and other cellular processes. Many very complex enzymes are necessary. The yW modification requires 5 
polypeptides; t6A modification of adenine found at position 37 requires four proteins; and around 25 individual proteins 
are involved in wobble uridine modifications. The modifications are dynamic, tissue specific, respond to environmental 
changes, and tRNA concentrations are used as a regulatory signal in several ways to regulate amount of translation.

damaging the much greater number of possible substrates 
and positions which should not be modified.

Enzymes process individual biomolecules one after the 
other, carefully rejecting the wrong substrates. This is why 
they are called molecular machines. The technical challenge 
to design de novo enzymes with no knowledge of what is 
already found in nature, taking the entire cellular context 
into account, lies considerably beyond the skills of the best 
chemists. Contrast typical biological enzymes, which consist 
of tens of thousands of atoms in the correct positions in three 
dimensions with the kinds of reagents used by chemists in 
laboratories. For example, secondary alcohols are oxidized to 
ketones using reagents like chromium trioxide, CrO3 (Jones 
oxidation). This is merely a four-atom reagent which is con-
sumed for each molecule oxidized, with little discrimination 
among secondary alcohols.

It is now appreciated that tRNA modifications serve many 
functions including: tRNA discrimination, translational fidel-
ity via codon–anticodon interaction, maintenance of reading 
frame, tRNA stability,7 lipid aminoacylation,8 and bacterial 
conjugation.9

Human nuclear-encoded tRNAs contain on average 13 
modifications per molecule, but the number varies consid-
erably.10 For example, tRNATyr from placenta has 17 modi-
fications, whereas tRNASec from HeLa cells has only 3. 
Mitochondrial tRNAs contain about five modifications per 
molecule.10 As of today, <50% of nuclear-encoded human 
tRNAs have their modifications mapped, and in just one 
cell type.10

Over 140 nucleotide modifications have been identified 
so far, some of which are conserved throughout all domains 
of life.11,12 Nucleotide modifications include base or sugar 
methylations, base deaminations, base isomerizations, and 
exotic moiety additions to bases.7 The anticodon loops of 
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nearly all tRNAs are heavily modified, predominantly at 
positions 34 and 37.11

Budding yeast has 25 known tRNA modifications, creating 
tRNAs in which ~15% of the residues are nucleotides other 
than A, G, U, or C, with an average of ~12 nucleotide modi-
fied per tRNA. These modified nucleotides serve important 
functions including tRNA discrimination, translation fidelity, 
and tRNA quality control.7 Many genes are needed to perform 
these modifications.7,13

Approximately 15%–25% of all nucleotides in eukary-
otic tRNA contain modifications.14 These modifications are 
dynamic, respond to environmental change,15 and have been 
proposed to serve various purposes. An important example 
is discrimination between initiator tRNAMet from elongator 
tRNAMet through ribosylation at position A64.16

Fully modified tRNAs are invariably more stable than 
unmodified transcripts.15 In fact, thermodynamic folding of 
unmodified sequences only rarely predicts the cloverleaf as 
a ground state. The chicken-and-egg dilemma is ubiquitous. 
Most tRNAs will not fold reliably into the correct structure 
unless properly modified chemically, but the modification 
protein enzymes depend on correctly functioning tRNAs.

Research continues to reveal ever more differences across 
kinds of organism. Histidyl tRNAs contain an extra 5’-G 
nucleotide missing in all other tRNAs. In E. coli, the G is 
derived transcriptionally, and RNaseP does not remove the 
extra G when it processes the 5’ end. In yeast, however, the 
5’-most G in the histidyl tRNA is added by a histidyl tRNA 
guanylyltransferase. The 5’-G of spinach chloroplast histi-
dyl tRNA is derived from the gene, whereas that of animal 
mitochondria is added post-transcriptionally.4

As one would expect from designs which rely on such 
important modifications, mutations in tRNA and tRNA-
processing genes have been linked to many diseases.16

Most modification enzymes are individually unessential. 
Despite the important roles played and the fact that many 
modification enzymes are very similar across broad classes 
of organisms, most of the yeast genes encoding tRNA modi-
fication enzymes are unessential individually.17 In yeast only 
those responsible for adenosine A34 to inosine I34 deamina-
tion (TAD2 and TAD3) and methylation of adenosine m1A58 
(TRM6 and TRM61) are known to be absolutely essential.7 
However, severe phenotype deficiencies occur when two or 
more modification genes of cells are missing or damaged. 
For example, PUS1 and PUS4 are individually unessential 
genes but the cell is severely defective if both genes are 
non-functional.7

Note that natural selection would not have produced nor 
fine-tuned an unessential new gene. What is not immediately 
needed and poses relative selective disadvantages tends to be 
eliminated from genomes, especially for small, rapidly repro-
ducing organisms. RNA modifications are costly, requiring 
significant energy for the cell. For example, one biochemical 
modification, RNA methylation, uses S-adenosylmethionine 
(SAM) as the methyl donor, and to produce one SAM mol-
ecule requires the energy equal to hydrolyzing 12 to 13 ATP 
molecules.16

Complex enzymes are required

Some tRNA nucleotide modifications rely on large, 
sophisticated modification complexes13 to cleave, trim, splice, 

Figure 1. Some of the known biochemical transformations introduced enzymatically during the process of RNA maturation of the four RNA ribonucleosides 
A, G, C, and U. The scientific names of modified nucleotides are provided in the MODOMICS6 database. (After Machnicka et al.6, figure 1)
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add terminal nucleotides, and modify 
specific nucleotide residues through 
special processing pathways.18 Most 
of the modifiers are dynamically reg-
ulated in response to environmental 
cues, often with integrated feedback 
between many modifications and their 
pathways.19

Many tRNA modification enzymes 
are composed of a single subunit 
whereas others require multiple pro-
teins. In the latter case different 
enzymes often modify chemical groups 
in a sequential fashion (figure 2). A 
synthetic natural products organic 
chemist can best appreciate the bril-
liance of pathways such as this one, 
and the absurdity of any claim that the 
necessary enzymes arose through an 
unplanned process.

yW modification requires 5 polypeptides7 (figure 2).
Biosynthesis of mcm5s2U34, mcm5U34 and derivatives 

requires >25 polypeptides.7

t6A biosynthesis found at position 37 requires four pro-
teins: YrdC, YgjD, YeaZ, and YjeE in bacteria such as E. 
coli.11 However, of these four proteins only members of the 
YrdC and YgjD families are used by all organisms studied 
so far. The absence of both YeaZ and YjeE in eukarya and 
archaea means new genes need to be discovered.11 This 
modification prevents formation of a U33-A37 pairing inter-
action, while allowing cross-strand stacking of A38 and t6A37 
with the first position of the codon. This modification of A 
(Adenine) is necessary to permit translation of all codons 
with A in the first position.11 We see once again the chicken-
and-egg problem. Without the prerequisite enzyme about a 
fourth of the codons could not be translated.

Methylations at different positions affect multiple prop-
erties, including folding details, thermostability, protection 
from cleavage, and priming for subsequent modifications. 
tRNA methyltransferases catalyze these reactions.13

Pseudouridylation Ψ (C11–C5) is one of the most common 
alterations. The carbon-nitrogen glycosidic bond (C1–N1) is 
replaced with a carbon-carbon bond (C1–C5) between the 
ribose and uracil. This isomerization is catalyzed by pseu-
douridine synthases (PUS).13

i6A37 modifications consist of the addition of an isopente-
nyl group to N6 of adenosine-37 for certain tRNAs, catalyzed 
by isopentenyl transferases (IPTases).13

Carboxymethylation (cm5). In eukaryotes the Elongator 
complex converts 11 out of 13 yeast tRNAs carrying a U34 
in the wobble position. The core Elongator complex (molecu-
lar weight of more than 850 kDa) includes two copies of six 

subunits and is regulated by about nine regulatory factors.13 
After the necessary cm5 modification on U34 other enzymatic 
cascades can then guide additional modifications to produce 
mcm5U, ncm5U, mcm5s2U, mcm5Um, or mchm5U. Overall, 
around 25 individual proteins are involved in wobble uridine 
modifications, which are very similar among eukaryotes 
and also have similar counterparts in bacteria and archaea.13

Nucleotide modifications necessary for translation to be 
possible

Each GC base pair in codon-anticodon interactions is held 
together by three hydrogen bonds (G≡C), whereas AU base 
pairs use only two (A=T or A=U). This leads to a total of 6 
to 9 H-bonds per codon. The difference in free energy due 
to number of H-bonds or their spatial orientation alone is not 
enough to ensure sufficient discrimination between correct 
and wrong codon identification. Cells do not rely on only 
these H-bond interactions to hold tRNA and mRNA together 
but rely also on van der Waals forces, steric complementarity, 
and shape acceptance features.20

As an analogy, the need for exact recognition also exists in 
mRNA regulation by miRNAs (microRNAs). miRNA:mRNA 
seed regions use 6–8 perfect base-pair matches (unlike only 
three for codon:anticodon interactions) but even here addi-
tional machinery like the RISC complex (RNA-induced 
silencing complex) is used to ensure reliable interactions. 
Pairing of 8 perfect matches are indeed more likely to be 
bona fide miRNA targets. Nevertheless, in many cases even 
perfect 8-nt seed pairing between miRNA:mRNA does not 
down-regulate the bound mRNA.21 In a 2019 study, almost 
twice as many mRNA transcripts having a suitable seed 

Figure 2. Sequential biosynthetic pathway of yW based on five enzymes (TRM5, TYW1–TYW4). 
SAM = S-adenosylmethionine. (After Perche-Letuvée et al.35)
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sequence were shown not to be true targets.22 Presumably 
those interactions could be transiently recognized but then 
dissociate.

Dozens of features within the 21 to 23 nt-long miRNAs 
contribute to predict true miRNAs, such as: extreme similar-
ity of 8-nt seed for the same gene across many organisms, 
GC content of target site, UTR length, free energy of seed 
binding, and distance to UTR end.22 Clearly there is much 
more involved in preparing the target for correct recognition 
than only possessing the seed sequence. The same principle 
holds also for tRNA anticodon to mRNA codon recognition.

Modification of tRNAs is so important that more genes are 
devoted to tRNA modification pathways than to the expres-
sion of tRNAs themselves. In E. coli, for example, 54 of the 
61 sense codons are modified taking only nucleotide positions 
34 or 37 into account.22

Modification of anticodon nucleotides to enhance codon–
anticodon interactions

The first two nucleotides of mRNA codons are most 
important in the genetic code. The code redundancy occurs 
at tRNA position 34, the ‘wobble position’, where often dif-
ferent nucleotides represent the same amino acid. This had 
led to the so-called revised wobble pairing rules (table 1).22,23

Nucleotide 34 undergoes modifications typically required 
for accurate translation, to permit identification by alternative 
anticodons. Two examples include modification cmo5U34 in 
tRNAAla(CGU) and mnm5s2U34 tRNALys(UUU).23 (There are 
special naming conventions for isoacceptors).24

Another well-studied example of tRNA modification 
affecting decoding is the deamination of adenosine (A) to 
inosine (I) at wobble position 34. Since A only base pairs 
with U, but I base pairs with U, C, and A, tRNAs with I 
at the wobble position have an extended codon–anticodon 
interaction capability (figure 3).7,25,16

Given the limited variety of isodecoders, the necessary 
genes to modify tRNAs at the wobble position were needed 
from the very beginning. Otherwise translation would have 
stalled at positions which could not be translated or incorpo-
rated the wrong amino acids in the new protein.

Modifications in the anticodon arm to enhance codon–
anticodon interactions

Nucleotide 37, the residue immediately preceding the first 
anticodon nucleotide, is modified in >70% of all tRNAs. 
For example, the m1G37 modification is present in ~95% of 
all known sequences of proline tRNAs.10,23 Other examples 
include a 6-threonylcarbamoyladenosine (t6A) or a 2-methyl-
thio derivative (ms2t6A), necessary to recognize AAA or 
AAG codons. The t6A and ms2t6A modifications help stabi-
lize codon-anticodon pairing.26,23 Due to the weakness of the 
A-U hydrogen-bond base, pairings of tRNALys(UUU) with 
the AAA codon require modifications at both nucleotides 34 
(mnm5s2) and 37 (t6A).23

Modifications to prevent frameshifting

Other properties can also be affected through modifica-
tions outside the anticodon loop, such as stability, ribosome 
binding, and various translational aspects, for example to 
prevent frameshifting.10

On the other hand, modifications in the anticodon loop can 
also affect the reading frames during translation. Mutations 
of the genes responsible for (yW) modification of tRNAPhe 
at position 37 cause increases in -1 frameshifting, useful to 
compensate for former translation errors.7

Modification to ensure tRNAs fold correctly

Modifications between the acceptor and D-stem help 
fold tRNAs into their correct structures and also increase 

tRNA rigidity.10 Several modifica-
tions hinder canonical base pairing 
and may facilitate folding into the 
typical L-shaped tRNA structure by 
preventing alternative nucleotide pair-
ings or by producing single-stranded 
regions.20

Modifications to facilitate tRNA 
processing on the ribosome

Modifications between the D and 
anticodon stems increases the stiff-
ness of the modified tRNA, useful to 
help tRNA on the ribosome adjust to 
conformational needs on the ribosome 
during translational elongation.10

The well-studied m1A58 modifica-
tion on the T loop, present in almost 

Table 1. Revised wobble pairing rules.23 Watson-Crick base pairs are shown in italics. Parentheses 
denote less favoured bindings.

tRNA 5' anticodon base mRNA 3' codon base 
(Crick)

mRNA 3' codon base 
(Revised)

A U U, C, G, or (A)

C G G

G C or U C or U

U A or G A, G, U, or (C)

I A, C, or U A, C, or U

k2C A

xm5s2U, xm5Um, Um, xm5U A or (G)

xo5U U, A, or G
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all human tRNAs, is essential for the stability of the initiator 
tRNAMet. Adjusting the level of this single modification in 
specific tRNAs can serve as a rheostat to fine-tune transla-
tion rates.10

Modifications to permit codon recognition at the P site

Experiments have shown that anticodons includ-
ing Lys(UUU), Glu(UUC), Gln(UUG), Arg(UCU), and 
Ala(UGC) in unmodified anticodon stem-loops (ASLs) did 
not recognize their cognate codons in the ribosomal P site 
(figure 4) in humans. With the incorporation of s2U34 into the 
unmodified ASLLys(UUU), the corresponding codons AAA 
and AAG codons were recognized but not AAC or AAU.27 
Clearly additional factors are needed.

Modifications to permit codon recognition at the A site

ASLLys(UUU) constructs modified with s2U34, mnm5U34, 
or t6A37 combined with codon bound AAA individually and 
with mnm5U34 and t6A37 when present jointly. In addition, 
ASLLys(UUU)-s2U34 and ASLLys(UUU)-mnm5U34 t

6A37 rec-
ognized the AAG codons in the ribosomal A site. Therefore, 
modifications that restored P site ribosomal codon recognition 
also restore codon recognition to the ribosomal A site.28 These 
examples further suggest upfront design. The 3-dimensional 
geometry of the A and P sites must be compatible with the 
sizes and shapes of all tRNAs, taking also chemical modifi-
cations into account.

Modifications so each type of tRNAMet interacts with correct 
elongator factor

Modifications serve to discriminate tRNAMet species that 
function in either the initiation or the elongation steps of 
translation. The initiator and elongator tRNAMet, referred to 
as tRNAi

Met and tRNAe
Met respectively, have different primary 

sequences and structures. Using mutagenesis, researchers 
uncovered that three G-C base pairs in the acceptor stem of 
the initiator tRNAMet are required for proper positioning of 
the mRNA in the correct reading frame.28

Despite these differences, both are aminoacylated by a 
single methionyl tRNA synthetase, Mes1. They are discrimi-
nated during translation via their interactions with translation 
factors. tRNAi

Met interacts with elongator factor 2 (eIF2) and 
tRNAe

Met with elongator factor 1 (eEF1α).7

Modifications to compensate for mutations leading to stop 
codons

A suppressor mutation, also called synthetic rescue, is a 
second mutation that restores the mRNA reading frameshift 
caused by a preceding shift. This works as long as the por-
tion between the two mutations is not critical for protein 
function. As an example, frameshift-suppressor variants of 
tRNAPro contain an extra nucleotide in the anticodon loop 

between those in 37 and 38 (referred to as 37.5), and these 
tRNAs decode CCC-N codons as proline.23 In the context 
of tRNASufA6, the inserted G37.5 displaces A38 preventing 
a U32•A38 pairing. Binding of ASLSufA6 to a cognate CCG 
or a +1 slippery CCC-U codon is thereby extremely weak.23

Both tRNAPro(CGG) and tRNAPro(GGG) isoacceptors 
lacking the m1G37 modification undergo +1 frameshifting 
on CCC-N codons. Otherwise, M1 methylation at position 
37 stabilizes the interaction with the codon and maintains 
the mRNA reading frame.23

Likewise, the absence of pseudouridine (ψ) at tRNATyr 
position 35 or m5C34 in tRNALeu

CAA causes defects in tRNA-
mediated nonsense suppression.29 Defects of Mod5, which 
catalyzes isopentylation (i6A37) of a subset of tRNAs also 
causes a decrease in nonsense suppression of UAA.7

Modifications to ensure tRNA stability

Methylation of m1A58 of tRNAi
Met, via Trm6/Trm61 cataly-

sis, is essential for that tRNA’s stability.7

The nucleotide identity of the 32•38 pairing in tRNAs 
has been found to be predictable on the basis of the strength 
of the codon-anticodon interaction. For example, the anti-
codon of E. coli tRNAAla(GGC) is stronger due to the three 
G•C pairs which provide 3 hydrogen-bond interactions per 
nucleotide between the codon and the anticodon. In this 
‘strong’ case, the 32•38 pairing in tRNA needs to be cor-
respondingly weak. Changing tRNAAla(GGC) from a weak 
U32•A38 pair to a strong pair such as C32•A38, prevents 

Figure 3. Canonical and wobble base pairing of tRNA to mRNA.26 A: 
Canonical A•U and G•C base pairs. B: Wobble U34•G3, l34•A3, l34•C3 and l34•U3 
base pairs. G34•U3 pairings are very rare and not shown. (After Agris et al.27)
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the ribosome from being able to distinguish correct from 
incorrect tRNA-mRNA pairs.23

Modifications to produce synonymous codons

In the universal genetic code there are five examples of 
double redundancy, see table 2: Phe vs Leu; His vs Gln; Asn 
vs Lys; Asp vs Glu; and Ser vs Arg. Looking more closely, 
we observe that the first amino acid in each pair is specified 
by a U or C, and the second of each pair by A or G. Experi-
ments described below show that a single design concept was 
implemented to ensure this pattern of codon with anticodon 
recognition.28

A key series of experiments in the early 2000s shed light 
on how a single nucleotide in the wobble position could 
provide enough binding discrimination. Nucleotide modifica-
tions on anticodon position U34 make this possible, specifi-
cally chemical modifications s2U34, mnm5U34, and t6A37.27

Modifications to prevent misinterpretation of start and stop 
codons

Modified methionine is used to identify the start position 
on mRNAs, and is encoded by AUG. This triplet differs 
by only one nucleotide at the weak ‘wobble’ position from 
isoleucine (encoded by AUA, AUU, and AUC). To ensure 
accurate decoding, in bacteria the isoleucine AUA codon 
requires a k2C modification at position 34. Conversely, E. coli 
elongator tRNAMet has an ac4C modification at the same posi-
tion to prevent misreading of the AUA isoleucine codon.30

Similarly, modification of position 34 with Cm or Q 
enable tRNATrp or tRNATyr, respectively, to discriminate 

tryptophan (UGG) or tyrosine codons (UAU and UAC) from 
stop codons during translation.31

Modifications are responsive to environmental changes

Many tRNA modifications are performed dynamically 
to enhance survival to environmental changes during the 
organism’s lifetime. For example, several thermophilic bac-
teria show an increase in tRNA modification levels with 
growth temperature.31 In yeast, the tRNA modifications 
resulting upon exposure to different toxins are considerable 
and reproducible, revealing an integration with other path-
ways. In response to oxidative stress induced by hydrogen 
peroxide, the C34 position of yeast tRNALeu(CAA) is modi-
fied by tRNA methyltransferase 4 (Trm4). Furthermore, the 
amount of m5C modification on tRNAHis rises in response 
to nutrient depletion and other growth arrest conditions. 
Another yeast tRNA methyltranferase, Trm9, completes the 
formation of mcm5U and mcm5s2U at the wobble position 
U34 of tRNAArg(UCU) and tRNAGlu(UUC); this methyla-
tion prevents cell death by promoting translation of DNA 
damage response genes that are enriched with arginine and 
glutamic acid codons.16

DNMT2-mediated methylation protects tRNA against 
stress-induced fragmentation, which is beneficial because 
tRNA fragments can inhibit the activity of the small RNA 
processing enzyme Dicer-2 and cause dysfunction of RNA 
interference.16 This topic will be followed up on in part 431 
of this series.

Specialized protein machines known as writers, eras-
ers, and readers of m6A are well known for mRNAs. The 
writer proteins selectively attach ligands, in particular methyl 
groups. Demethylases balance the methylation stoichiometry 
of specific mRNAs, often in a pathway- and cell-type-specific 
manner. The reader proteins execute the biologically intended 
activities on specific transcripts.16

tRNA concentration used as a regulatory signal

In E. coli, accumulation of uncharged tRNAs at the ribo-
some A site due to amino acid limitation activates a protein 
called RelA. This RelA synthesizes pppGpp (5’-triphos-
phate3’-diphosphateguanosine), which initiates a complex 
process to decrease global gene transcription, while simul-
taneously stimulating a few genes related to the synthesis of 
amino acids. Limitation of amino acid availability thus leads 
to lower levels of rRNA and tRNA synthesis which are not 
needed by the cell at the time.3

In fact, accumulation of uncharged tRNAs serves as an 
input signal for several pathways that regulate gene expres-
sion levels, helping the organism to survive under adverse 
conditions.3 In eukaryotes, uncharged tRNAs present due to 
amino acid deficiency interact with a protein kinase called 

Figure 4. Translation of mRNA on ribosome. A, P and E sites are shown.25 
A site (for Aminoacyl): The first location the charged t-RNA binds to 
during translation. P site (for Peptidyl): Holds the tRNA which is linked to 
the growing polypeptide chain. During the elongation phase, the mRNA 
advances one codon at a time, coupled with transfer of the tRNA from 
the ribosomal A to P and P to E sites, catalyzed by elongation factor 
EF-G. When a stop codon is reached, the peptidyl-tRNA bond is cleaved 
releasing the new protein. E site (for Exit): The third and last binding site 
for tRNA in a ribosome during mRNA translation.
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Gcn2p which has a reduced affinity for the charged form of 
a tRNA.3,15

tRNAArg mediates amino-terminal arginylation as a tag for 
protein degradation. In prokaryotes leucine is used instead 
of arginine for tRNA-dependent N-terminal modifications.15

Various Gram-positive bacteria regulate expression of syn-
thetase genes and genes involved in amino acid biosynthes by 
using uncharged tRNAs as an information signal, an example 
of cellular autoregulation. The Tbox control system involved 
is integrated with a 200–300 nucleotide regulatory sequence 
in the 5’ untranslated regions of the regulated genes.3

Conclusions

Attachments of specific ligands to tRNAs ensure the 
proper three-dimensional shape is produced, with the nec-
essary rigidity, ability to interact with several ribosomal 
components, and with many other cellular processes. In 
many cases the enzymes involved are very complex. Of vital 
importance, errors must be prevented in decoding the start 
and stop codons, which differ by only one nucleotide from 
coding triplets. The necessary discrimination is provided by 
modifying key nucleotides using protein-based enzymes31 

which could not have existed before they were needed by the 
tRNAs. However, a fundamental principle in biology is that 
small, rapidly reproducing organisms have a strong drive to 
streamline their genomes.32,33 But we see that evolution would 
require a DNA replicator ‘organism’ preceding the genetic 
code to possess large amounts of superfluous DNA to be 
used as the genes to process the tRNAs. Natural   selection, 
however, will favour those replications freed of unnecessary 
genetic ballast.

The exciting challenge in creation science lies in trying 
to understand the top down planning and design logic used 
in cells. This leads to reflection on the tradeoffs involved 
in alternative solutions, confident that brilliant engineering 
was involved. The evolutionist can only claim ‘these things 
just happened’ and allege some evolutionary path must have 
been followed. This kind of vague thinking offers no research 
guidance, but the opposite helps develop the kinds of logical 
thinking so important in developing modern technologies, and 
cures for diseases. In other words, design analytical skills.

Since evolution lacks planning and foresight the natural-
ist must invoke what we will call the Insanely Improbable 
Chance Change (IICC) principle. Some biochemical change 
happened for the first time with an immediate effect of 

Table 2. Universal code, showing codon to amino acid mapping. The same amino acid can be coded for by 1, 2, 3, 4, or 6 different codons. The stop 
signal is represented by 3 codons.

UUU
(Phe/F) Phenylalanine

UCU

(Ser/S) Serine

UAU
(Tyr/Y) Tyrosine

UGU
(Cys/C) Cysteine

UUC UCC UAC UGC

UUA

(Leu/L) Leucine

UCA UAA Stop (Ochre) UGA Stop (Opal)

UUG UCG UAG Stop (Amber) UGG (Trp/W) Tryptophan    

CUU CCU

(Pro/P) Proline

CAU
(His/H) Histidine

CGU

(Arg/R) Arginine
CUC CCC CAC CGC

CUA CCA CAA
(Gln/Q) Glutamine

CGA

CUG CCG CAG CGG

AUU

(Ile/I) Isoleucine

ACU

(Thr/T) Threonine

AAU
(Asn/N) Asparagine

AGU
(Ser/S) Serine

AUC ACC AAC AGC

AUA ACA AAA
(Lys/K) Lysine

AGA
(Arg/R) Arginine

AUG (Met/M) Methionine ACG AAG AGG

GUU

(Val/V) Valine

GCU

(Ala/A) Alanine

GAU
(Asp/D) Aspartic acid

GGU

(Gly/G) Glycine
GUC GCC GAC GGC

GUA GCA GAA
(Glu/E) Glutamic acid

GGA

GUG GCG GAG GGG
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sufficient benefit for natural selection to act on. For example, 
at some point for the first time an enzyme catalyzed addition 
of a second CCA to one or more RNAs, and by miraculous 
good fortune these just happened to be flawed tRNAs which 
a cell would be better off without, and astonishingly an unre-
lated enzyme just happened to recognize the CCACCA pat-
tern and degraded it. These kinds of IICC physical changes 
must have occurred before any natural selection could begin 
to act, but the chances of the molecular machines being in 
place and providing the opportunistic starting point are van-
ishingly small, all the while avoiding deleterious alternatives. 
We see this evolutionary assumption every time a code or 
informative signal is used, for example the N-End Rule to 
specify half-life of proteins.34
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