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The surprisingly complex tRNA subsystem: 
part 3—quality control mechanisms
Royal Truman

The tRNA subsystem is an indispensable component of a 
cell’s genetic apparatus, but tRNAs rely on biochemical 

processing by many protein-based molecular machines to 
work. On the other hand, the relevant proteins depend on 
the genetic system being already in place, possible only if 
the functional tRNAs already exist. The question a scientist 
faces is, what is supposed to have originated first?

In part 11 of this series we showed that tRNAs are not 
merely sections of RNA used as linker molecules to translate 
messenger RNA (mRNA) codons to produce proteins. The 
5’ leader sequence must be removed from precursors using 
complex ribonucleases constructed by RNA and proteins hav-
ing virtually no similarity across prokaryotes, mitochondria 
and eukaryotes. Removal of 3’ extensions from pre-tRNA 
involves both exo- and endonucleases, and introns must also 
be removed although the location of the splice junctions 
differ for eukaryotes and archaea.

Aminoacylation of tRNAs requires them to have the tri-
nucleotide motif ‘CCA’ on the 3’ end, which is also necessary 
for processing in ribosomes.2 In some kinds of organism, 
the CCA is encoded on the tRNA genes and for others it is 
added by a complex enzyme.3 Both schemes require elaborate 
processing by additional protein-based molecular machines. 
The pattern of alternative sources of CCA on tRNAs is unex-
pected if all shared a common ancestor.

In part 1 we also pointed out that kinetic studies performed 
on E. coli revealed that the enzyme to repair damaged CCA 
sequences also has an innate ability to discriminate against 
damaged tRNAs by scrutinizing the integrity of the tRNA 
substrate. Moreover, the enzyme recognizes three kinds 

of tRNA flaws—a missing C74C75A76, C75A76, or A76—and 
reconstructs the CCA-3’ sequence as needed4.

Defective tRNAs are rapidly degraded by RNA surveil-
lance mechanisms found in all cells, preventing them from 
entering the ribosome machinery.5 Structurally unstable 
tRNAs are also actively eliminated by first tagging them with 
a second CCA, leading to 3’-terminal CCACCA sequences, 
which serve as a specific degradation tag.6,7,8 Here in Part 
3 we will examine quality control and related features in 
more detail.

In part 29 we drew attention to the fact that many chemi-
cal modifications of tRNA nucleotides are necessary in all 
organisms to produce the correct clover-leaf structure, ensure 
rigidity, prevent undesired interactions and permit correct 
processing at the ribosome. The modifications are dynamic, 
tissue specific, respond to environmental changes, and tRNA 
concentrations are used as a regulatory signal in several ways 
to regulate the amount of translation.

1. tRNA quality control mechanisms

tRNA degradation pathways to control expression levels

Cells possess multiple pathways to degrade inappropri-
ately processed or misfolded tRNAs and, in addition, imma-
ture tRNAs help regulate translation by interacting with the 
protein synthesis machinery. They also serve as intracellular 
signalling molecules to communicate stress.10 But mature 
tRNAs are very stable with half-lives from ~9 h up to a few 

Dozens of transfer RNAs (tRNAs) each requiring a precise structure and properties are indispensable to translate the 
genetic code. Cells possess sophisticated quality control mechanisms to identity and eliminate those which are improperly 
formed. Enzyme complexes can recognize very small errors in processed tRNAs, such as lack of an important methylation 
on a single nucleotide position (m1A58) in tRNAi

Met. Controlled degradation of malformed tRNAs occurs through several 
mechanisms, helping to prevent errors in cellular processes and freeing up raw materials for reuse. Additional quality 
control measures include multiple proof-reading checks to ensure correct tRNA anticodon pairing to the correct mRNA 
codon and ensuring the correct amounts of tRNAs are made available at the right time and in the correct location.
Cells cannot survive nor reproduce without the tRNA subsystem, so this must have been in place in the very first one. 
The quality control processes, however, are protein-based and would not have been available before they were needed 
without a deliberate plan. Proteins are only produced by a functioning genetic code apparatus. A putative initial primitive 
genetic system which generated improperly formed tRNAs and lacked any kind of quality control processes could not 
have provided the precision needed to ensure survival generation after generation.
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days.10 Mature mammalian tRNAs have half-lives around 
100 h, so with cellular tRNA/ribosome ratios of about 10 and 
protein synthesis rate on the ribosome around 2–5 peptide 
bonds per second, charged tRNAs should be replenished 
every few seconds on average. But physiological needs vary 
greatly according to circumstances.11

Eraser enzymes12 can remove chemical modifications on 
tRNA nucleotides within a few minutes and together with 
multiple regulatory factors change tRNA lifetimes and pro-
cessing under a wide range of physiological conditions.11 
Other examples of regulatory dynamic fine-tuning are evi-
dent when lack of an essential amino acid and changes in 
glucose concentration lead to differential charging among 
tRNA isoacceptors.11,13

Surprisingly, two tRNA degradation pathways have been 
found, which we will summarize next.

I. 3’-5’ exonucleolytic degradation by the nuclear exosome

tRNAi
Met, used to identify where mRNA translation is 

to begin, is unstable if it lacks the m1A58 methylation. This 
modification is critically important in bacteria, archaea, and 
eukaryotes.14 Unmodified tRNAi

Met is enzymatically polyad-
enylated at the 3’ end and then degraded by a multi-protein 
complex called an exosome. It is interesting that poly(A) tails 
on mRNA generally specify stability for mRNA transcripts,15 
whereas in E. coli tRNA degradation proceeds by poly(A) 
addition.10,16. Turnover is not a trivial matter, requiring Mtr4, 
an RNA-dependent helicase, and other proteins comprising 
the TRAMP complex17 including the two poly(A) polymer-
ases, Trf4 and Trf5, and either Air1 or Air2, RNA binding 
proteins.10

This 3’ to 5’ turnover machinery likely serves as a quality 
control pathway that monitors both appropriate tRNA nuclear 
modification as well as 3’ end maturation. Recent genome-
wide studies indicate that as much as 50% of pre-tRNAs may 
be rapidly degraded by the exosome.10

II. 5’ to 3’ exonucleolyic degradation by the RTD (Rapid 
Turnover) pathway

The RTD pathway occurs in the nucleus or the cytoplasm, 
and acts upon tRNAs missing particular modifications on 
tRNAs. It appears that nuclear enzyme Rat1 and cytoplasmic 
Xrn1 individually contribute to tRNA turnover.10

Although the mature tRNAs normally have half-lives in 
the order of hours to days, the defective ones are degraded on 
the minute to hour timescale, similar to mRNA half-lives.10

Further screening by elongation factor Tu

tRNAs charged with activated amino acids (aa-tRNAs) 
are screened for correctness by the ribosome protein elonga-
tion factor Tu, providing an additional checkpoint for their 
use for translation purposes. EF-Tu can distinguish both 
precursor noncognate tRNAs and other incorrectly charged 

tRNA species.18 Elongation factors, which deliver aa-tRNAs 
to a ribosome, are known in bacteria as EF-Tu (Elongation 
Factor Thermo unstable), and eEF1A in eukaryotes. These 
are not simple biochemicals. In E. coli, EF-Tu is comprised 
of three functional protein parts known as domain I (amino 
acids 1–200), domain II (amino acids 209–299) and domain 
III (amino acids 301–393)19 and in humans the canonical 
isoform P68104-1 has a length of 462 residues.20

Incorrect expression levels cause disease

Generating too few of some tRNAs would hinder produc-
ing the necessary proteins but generating too many imposes 
a deleterious cost to the organism. Incorrect expression of 
tRNA has been shown to lead to severe consequences for 
cells, and to cause human diseases such as cancer, and espe-
cially mitochondrial tRNA mutations are responsible for a 
wide range of disorders.11,21–23

2. Quality control of codon-anticodon selection

The thermodynamics of mRNA–tRNA base pairing are 
not sufficient to explain the high fidelity and efficiency of 
aminoacyl-tRNA (aa-tRNA) selection by the ribosome.24 
During initial association of ternary complex (aa-tRNA*EF-
Tu*GTP) with the ribosome, codon-anticodon interactions 
are formed between aa-tRNA and mRNA. Based on differ-
ences in hydrogen-bond energies, aa-tRNA interaction with 
the correct codon is only slightly more stable than a near-
cognate one. Such small differences in stability can explain 
a preference for correct vs incorrect tRNAs of approximately 
100:1,24 but the reliability of initial codon-anticodon recog-
nition varies considerably. For example, anomalously high 
initial misreading in vitro of near-cognate codon by tRNA-
His and tRNAGlu has been reported.25 This makes the need 
for subsequent proof-reading steps important, and indeed 
in bacteria, the average accuracy of translation is roughly 
3,000:1.24 The translation design strategy must optimize a 
tradeoff between speed vs accuracy of decoding.26

Proof-reading principles

The principle of proofreading was formulated by Hop-
field27 and Ninio28 whereby the free energy difference, ΔG 0, 
between enzyme-bound noncognate and cognate substrate 
can be used in both an initial selection (I) and subsequent 
proofreading selection (F) to boost the total accuracy (A), 
A=I × F.29 Laboratory distillation columns are based on a 
similar logic.30 A general way to implement this strategy in 
cells is to use the energy provided from hydrolysis of GTP 
or ATP coupled to discarding of incorrect substrates. In the 
case of ribosomes, the existence of proofreading was origi-
nally verified by biochemical data that implicated at least two 
distinct steps during tRNA selection (that is, initial selection 
and proofreading).24
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Multistep proofreading is a good design strategy to deal 
with the obligatory tradeoff between efficiency and accuracy 
in substrate selection by enzymes occurring when a single 
transition state reaction is at play. When the literature refers 
to the proofreading step during codon translation, the aa-
tRNA accommodation step is usually meant, although this 
can consist of more than one transition step, each contributing 
an enrichment factor to the desired outcome.24,26,29 Several 
inter- and intramolecular interactions on aa-tRNA can impact 
the degree of proofreading, and these appear to be sensitive 
to the tRNA species.24

Codon-anticodon proof-reading

Each aa-tRNA is delivered to the ribosome attached to 
elongation factor Tu (EF-Tu) and GTP. At this point the aa-
tRNA occupies the ‘A site’ on the 30S ribosomal subunit 
while still interacting with EF-Tu. The free energy differences 
due to base pair mismatches between the mRNA codon and 
the tRNA anticodon are too small to provide the observed 
high accuracy of tRNA selection, and the initial codon-
anticodon selection is effective by a factor of about 100:1 
vs similar anticodons. At least one follow-up proofreading 
step is necessary (figure 1).

The codon–anticodon interaction with mRNA triggers 
GTPase activation and the necessary energy to trigger con-
formation change through hydrolysis. GTP hydrolysis is 
followed by release of a phosphate group (Pi) and a con-
formational change (~100 Å) which precedes peptide bond 
formation. Importantly, the kinetic energy of transition state 
of the cognate codon-anticodon interaction is lower than for 
the erroneous interaction, leading to a proofreading contribu-
tion factor of typically between 15 and 60.24

The details of how codon recognition in the 30S subunit 
leads to GTP hydrolysis are still being worked out and sev-
eral ribosome components are involved.24,31 Rearrangements 
occurring during aa-tRNA accommodation include: (1) aa-
tRNA moves from the initial conformation A/T to a so-called 
‘Elbow-Accommodated’ (EA) conformation, (2) the aa-tRNA 

arm accommodates into the A-site, and (3) the 3’-CCA end 
of the tRNA enters the peptidyl transferase centre (PTC).24

A single kinetic proofreading step is not enough to account 
account for the fidelity of translation,26 and both structural 
and kinetic data combined with energy landscape calculations 
indicate that the translation process involves multiple EF-Tu 
independent metastable states.24,26 The rates of the various 
processes have been measured by pre-steady-state kinetics 
and single-molecule fluorescence resonance energy transfer 
(FRET) experiments.26

3. Cellular location of tRNA processing

Eukaryotes typically have much longer lifetimes and 
lower population sizes than prokaryotes or archaea. A robust 
design therefore requires more complex features to proac-
tively enhance survivability.

tRNAs move back and forth between the nucleus and 
the cytoplasm in yeast, protozoa, and vertebrate cells with 
the aid of importin and exportin protein complexes (figure 
2).32 The tRNA biogenesis steps occur at numerous distinct 
subcellular locations, as discussed next.

Primary pre-tRNAs form in the nucleolus

In eukaryotes, tRNA transcription occurs in the nucleolus 
to generate primary pre-tRNAs from which different enzymes 
then remove the 5’ leader and 3’ tail. Some modifications 
occur (such as pseudouridylation) and the CCA trinucleotide 
gets added, generating pre-tRNAs.

Pre-tRNAs are exported to the cytoplasm

Large biomolecules such as carbohydrates, lipids, RNAs, 
and proteins can only cross the nuclear envelope with the 
help of special nuclear pore complexes, which consist of 
dozens of distinct proteins.33 The pre-tRNAs mentioned 
above are exported to the cytoplasm34 in a step called tRNA 
primary nuclear export, through nucleopore channels in an 
energy-dependent mechanism.10 This exportin serves as a 
quality control check to enhance the delivery of correctly 

Figure 1. Multistage kinetics of decoding by ribosomes.26 The decoding reaction, which is followed by kinetic proofreading, comprises several stages: 
initial binding, codon recognition, GTP activation, and GTP hydrolysis. Initial binding and codon recognition involve a complex of elongation factor (EF-
Tu), GTP, and aminoacyl-tRNA which bind to the ribosome.
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structured and processed pre-tRNAs to the cytoplasm.34 In 
addition, the level of tRNA available is regulated by tRNA 
nuclear export.10 This process has to be properly guided, since 
biomolecules don’t simply diffuse into and out of the nucleus. 
In the model yeast S. pombe the Xpot protein attaches to the 
chemically modified TψC (figure 3) and D loops of tRNA and 
also interacts with both the 5’ and 3’ tRNA termini.

Many nucleosides are modified in the nucleoplasm and at 
the inner nuclear membrane, as discussed in Part 2. In yeast, 
tRNAs containing an intron are spliced at the surface of the 
mitochondria by the SEN complex and the two halves are 
ligated by another enzyme complex, Rlg1/Trl1.32 In verte-
brates, however, intron splicing occurs in the nucleoplasm. 
tRNA traffic in yeast is also known to be coordinated with 
the formation of P-bodies in the cytoplasm.10

tRNA retrograde import back into the nucleus

Spliced eukaryote tRNAs undergo a second trafficking 
step called retrograde nuclear import back into the nucleus, 
where spliced tRNAs no longer containing introns can be 
further modified and then be aminoacylated (‘charged’) in 
the nucleus.10

Charged tRNAs re-exported to the cytoplasm

Finally, charged tRNAs are then re-exported from the 
nucleus to the cytoplasm to be utilized in translation. A 
second importin-β family member, Msn5, is now involved. 
Msn5 likely exports tRNAs that have no introns to the cyto-
plasm and appears to specifically export those tRNAs that 
have been spliced in the cytoplasm and imported from the 
cytoplasm to the nucleus back to the cytoplasm via the tRNA 
retrograde re-export process.10 Just how the appropriately 

processed and/or aminoacyl-
ated tRNAs are recognized 
by the tRNA re-export step 
is still poorly understood.10

Quality control purpose of 
tRNA retrograde process

Although all tRNAs have 
a similar tertiary structure, 
each species has a differ-
ent RNA sequence and set 
of biochemical modifica-
tions added in the nucleus. 
There is a limited number 
of exporters (Los1, Msn5, 
and at least one unknown 
exporter) to transfer tRNAs 
from the nucleus to the cyto-
plasm.35 Therefore, a given 
exporter must recognize 
multiple different tRNA 

sequences. This can result in errors whereby immature and/
or hypomodified tRNAs are mistakenly exported to the 
cytoplasm.10

Thus, the tRNA retrograde pathway seems to serve to 
remove these aberrant tRNAs from the cytoplasm, returning 
them to the nucleus for repair and/or turnover by the nuclear 
RTD or TRAMP pathways, providing another mechanism for 
tRNA quality control.10

tRNA quality control by the TRAMP complex. This tRNA 
turnover pathway ensures that correctly crafted tRNAs are 
exported to the cytoplasm. An example flaw would lack 
m1A58 transformation in tRNAMet

i leading to an altered inter-
action between the tRNA D and T loops. The pathway (which 
includes the complex of proteins comprised of Trf4, Air1/
Air2, and Mtr4) recognizes unmodified tRNAMet

i and acti-
vates nuclear exosome to degrade it.34

The TRAMP complex17 also acts with Rex1, an exonucle-
ase enzyme, to recycle tRNAs with unprocessed 3’ exten-
sions. Similar TRAMP complexes and nuclear exosomes 
exist in archaea, S. pombe, and humans.34

tRNA quality control using a rapid tRNA decay path-
way. This occurs in both the nucleus and the cytoplasm. 
Unmodified tRNAs in yeast are degraded via a second path-
way—the rapid tRNA decay (RTD) pathway. For example, 
tRNAVal(AAC) lacking the m7G modification (figure 3, cata-
lyzed by Trm8) and m5C (figure 3, catalyzed by Trm4) has 
a half-life typical of only minutes, instead of hours or days 
typical of fully modified tRNA.34

4. Charged tRNAs participate in autoregulation

A recent RNA immunoprecipitation study revealed 
for every tested aaRS (aminoacyl-tRNA synthetase) a far 

Figure 2. tRNA biogenesis and subcellular trafficking in yeast (after Hopper and Nostramo32)
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better association with the mRNA coding for it than to other 
mRNAs.36 How might this function in this case? Detailed 
work using the HisRS protein showed that the binding loca-
tion was very similar to the tRNAHis anticodon loop. The 
authors increased the levels of uncharged tRNAHis and this 
led to increased HisRS translation. Apparently HisRS binding 
to the mRNA was hindered, and translation could proceed.

Other RNA-binding proteins (RBPs) are known to be 
autoregulated and some ribosomal proteins are also known to 
bind their own mRNA.36 mRNA binding leads to translation 
inhibition, although the mechanisms are not understood yet.36

Discussion and conclusions

tRNAs must satisfy a daunting number of constraints in 
order to translate all coding codons specified by the genetic 
code. They all must possess a very narrowly defined folded 
shape to allow proper recognition by the ribosome compo-
nents. But simultaneously, in order to obtain sufficient diver-
sity to permit unambiguous recognition by the synthetases to 
charge the correct activated amino acid to the correct tRNA 
CCA sequence, an unusually complex series of chemical 
modifications are needed (discussed in part 2), requiring 
dozens of specialized enzymes for all organisms.

All forms of life on Earth require a functioning genetic 
code, and evolution could not prepare one or a few tRNAs 
first, then countless generations later add another tRNA gene, 
and then another, since during the evolving process most 
of the codons could not be translated. There is no simple 
starting point.

In the section above we drew attention to how cells per-
form many complex quality control processes, such as:
• Multiple proof-reading steps to ensure correct codon-anti-

codon pairing
• Two tRNA degradation pathways to ensure that unsuitable 

tRNAs are eliminated
• Elongation factors can identify incorrectly charged tRNA 

species
• Degradation of tRNAi

Met which lack the m1A58 chemical 
transformation, indispensable to ensure a stable tRNA 
structure.

However, the many proteins needed for each of these 
processes could not have been produced before tRNAs 
existed, so naturalists must assume none of the quality con-
trol mechanisms were available until long after the genetic 
code was fully functional. Recall from part 1 that the genetic 
system consists of several mutually dependent subsystems, 
and without a functional genetic code cells cannot survive. 
Therefore, a putative genetic system with no quality control 
anywhere would mean uncontrollable errors generated dur-
ing each of the processes involved, such as during DNA to 
mRNA transcription, DNA to DNA replication, charging of 

amino acids by synthetases, translation of codons, folding 
of proteins, etc.

Consider the impact of multiple sources of errors. Part 11 
and part 29 of this series showed that without many chemi-
cal transformations by protein-based enzymes most tRNAs 
are unsuitable. Chemical transformations are particularly 
important to ensure that Start and Stop codons are not mis-
interpreted by coding triplets having only one nucleotide 
difference.37 Now in part 3 we see that the flawed ones would 
not be recognized and degraded in an evolutionary scenario. 
Consider the outcome. tRNAi

Met is used to identify where 
mRNA translation is to begin. If not positioned just right the 
3-nucleotide reading frame to translate codon after codon 
won’t align correctly. (Of course, in a primitive ribosome it is 
not clear why each tRNA would only find its cognate codon 
right next to the just translated codon instead of anywhere on 
the mRNA, so utter translational chaos would be expected). 
Now we learn that an enzymatic transformation on tRNAi

Met 

is necessary but that a quality control process to identify the 
malfunctional ones would not have existed initially.

Finally, without the necessary protein-based molecular 
machines, the correct amount of the right kinds of tRNAs 
under the correct circumstances cannot be regulated. The 
result would be a genetic system hopelessly lacking key 
components, with high error rates for each key process, over 
and under generating the proportion of biomolecules needed.

We conclude in part 5 of this series38 that evolution cannot 
create a minimally functional genetic code based only on our 
analysis of the tRNA subsystem, and also that evolving vari-
ous additional complex tRNA-related features lies beyond 
what theoretical evolutionary processes could achieve.

Figure 3. Enzymatic chemical modifications on tRNAs referred to in 
this paper
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