
When a protein is made, a chain of amino-acid 
residues is built on the basis of messenger RNA 
instructions, and this construction must be 
brought to a stop appropriately. Writing in 
Nature, Kachale et al.1 report the discovery of 
an unusual mechanism that breaks with the 
conventional way in which the mRNA decoding 
process occurs.

The decoding of mRNA molecules to form 
proteins with specific amino-acid sequences 
occurs through the addition of amino acids, as 
specified by triplets of nucleotide sequences 
called codons, to the growing protein chain. 
There are 64 possible codons, and in nearly 
all organisms, the termination of protein 
synthesis is specified by any of three codons 
termed stop codons — these are the triplets 
UAA, UAG and UGA (U, A and G stand for the 
nucleotide bases uracil, adenine and guanine, 
respectively). The ‘meaning’ of stop codons as 
signals for termination is generally independ-
ent of where they occur in the mRNA. 

In 2016, it was discovered that, for a few 
organisms, the meaning of these codons 
depends on where they occur in the mRNA 
molecule2–5. In those organisms, they are rec-
ognized as termination signals only if they 
occur at the end of mRNA, whereas in internal 
positions all 64 codons encode amino acids. 
However, it remains unclear how such position 
dependence in codon recognition is accom-
plished. Kachale and colleagues report their 
discovery of a surprising mechanism involved 
in the decoding of the UGA codon for an organ-
ism in which all 64 codons can encode amino 
acids. 

The authors examined Blastocrithidia 
nonstop, which belongs to the family of uni-
cellular parasitic organisms, known as the 
Trypanosomatidae, that includes the causative 
agent of the fatal human disease sleeping 

sickness. Although much remains unknown 
about how the decoding mechanism works for 
organisms in which all 64 codons can specify 
amino acids, it is probable that the termination 
of protein synthesis occurs only in proximity 
to the protein(s) that bind the end regions 
of mRNAs. In other organisms, interactions 

with such proteins increase termination 
efficiency6,7. In B. nonstop, in which only UAA 
located near the mRNA end specifies termi-
nation, some of the changes identified by the 
authors in the stop-codon recognition protein 
eRF1 are probably partially responsible for the 
change in stop-codon recognition. But how are 
UAA, UAG and UGA recognized as coding for 
amino acids at internal positions in the mRNA?

On the basis of the mRNA sequence, transfer 
RNA (tRNA) brings amino acids to the site of 
the newly forming protein, and thereby acts 
as an adapter molecule between mRNA and 
proteins. On one end of its structure the tRNA 
carries an amino acid, and on the other end it 
has a specific triplet of nucleotides called the 
anticodon. The anticodon matches the codons 
in mRNA through complementary base pair-
ing, thus enabling the recognized codon to 
specify a particular amino acid. 

Unsurprisingly, in B. nonstop, UAA and UAG 
specification of an amino acid, rather than a 
stop, uses tRNAs that have matched anti
codons that pair with UAA or UAG (Fig. 1). These 
tRNAs are not found in standard decoding 
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Messenger RNA has 64 possible triplet sequences, or codons, 
three of which usually terminate protein synthesis. But some 
organisms can use all codons to specify amino acids, thanks in 
part to a surprising feature of a transfer RNA. 

Most organisms

mRNA

eRF1

a

Blastocrithidia nonstopb

UAG UAA UGAUGG
ACC

tRNA Five-nucleotide
stem

Four-nucleotide
stem

UAA

UAA encodes an amino acid or is 
a termination signal depending
on its position in the mRNA

The Trp-bearing tRNA
recognizes both
UGG and UGA

UAG UAA UGAUGG
AUC

UAA
AUU ACC ACC

Trp

TrpGluGlu Trp

Figure 1 | An unusual system for decoding messenger RNA. a, In most organisms, out of the triplet 
nucleotide mRNA sequences called codons, three terminate protein synthesis. These stop codons are 
UAG, UAA and UGA (U, A and G represent three nucleotide bases), and, during mRNA decoding, the protein 
eRF1 recognizes these stop codons wherever they are positioned in the mRNA. The other 61 codons are 
recognized by transfer RNA (tRNA) molecules, which results in the insertion of an amino acid to a growing 
protein chain. For example, a tRNA that bears the amino acid tryptophan (Trp) has an ‘anticodon’ sequence 
that pairs with the codon UGG (C in the anticodon represents another nucleotide base). b, Kachale et al.1 
report that the unicellular parasite Blastocrithidia nonstop has adaptations that enable protein synthesis 
using all 64 codons in internal regions of mRNA, although the termination of synthesis can still be specified. 
These adaptations include tRNAs with anticodons that match UAG and UAA and which carry the amino acid 
glutamic acid (Glu), a termination machinery that stops protein synthesis only when UAA is near the end of 
the mRNA; and the stem of the Trp-bearing tRNA is a single nucleotide shorter than usual, resulting in this 
tRNA being able to decode both UGG and UGA.
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systems, such as occur in other organisms in 
which UAA and UAG specify termination of 
protein synthesis. However, although UGA in 
B. nonstop is decoded to specify the amino acid 
tryptophan, no tRNA-bearing tryptophan that 
had a matching anticodon for UGA was found. 

Instead, the tryptophan-bearing tRNA 
present in B. nonstop retains the standard 
anticodon for ‘reading’ UGG (the standard 
codon for tryptophan). However, Kachale and 
colleagues report that this tRNA also recog-
nizes the codon UGA. This tRNA is different 
from other tRNAs: the ‘arm’ that projects the 
tRNA anticodon is shorter than normal by 
one base pair (Fig. 1). This ‘short arm’ feature 
greatly enhances UGA reading by the tRNA. 
Interestingly, this feature is also present in 
an organism called Condylostoma, for which 
it was previously unknown how UGA might 
specify an amino acid.  

Why did such drastic changes evolve in 
how B. nonstop interprets the genetic code? 
Infectious agents lead to natural selection of 
successive host variants that are resistant to 
infection and can thwart an invader’s counter-
measures. B. nonstop is a host for many viruses, 
and Kachale et al. suggest that the adoption 
of such variant genetic decoding might have 
helped it in the ‘arms race’ against infectious 
invaders. 

The authors also point out another possible 
selective force. The DNA of B. nonstop has a 
notably lower content of G- and C-containing 
nucleotides (C is cytosine, another nucleotide 
base) than do other species in the Trypano-
somatidae family, suggesting that, during its 
evolution, B. nonstop gained many mutations 
that increased its content of A- and T-contain-
ing nucleotides (T is the base thymine). This 
probably resulted in amino-acid-specifying 
codons changing their sequences to become 

richer in A or T sequences. For example, G-to-A 
mutations in the UGG codon, which normally 
encodes tryptophan, would turn the codon 
into UGA, UAG or UAA. Making each of these 
three codons specify amino acids rather than 
prematurely signifying termination was prob-
ably advantageous. 

Mutations in tRNAs at positions distant 
from the anticodon are known to affect vari-
ous aspects of the fidelity of protein synthesis, 
with one in a tryptophan tRNA characterized 
in detail8. Kachale and colleagues’ finding is 
striking, in that it provides a natural example of 
how a change in tRNA shape alters codon rec-
ognition without altering the anticodon itself. 

Although tRNA databases contain 
sequences and secondary structures of many 
tRNA molecules, codon specificity is assigned 
mainly, although not entirely, on the basis of 
the molecules’ anticodons9. The curious case 
of B. nonstop tryptophan tRNA reminds us of 
the outstanding challenges in making an accu-
rate assignment of a tRNA’s codon specificity. 
For example, the human genome encodes 
more than 400 tRNA-encoding genes and 
many more tRNA-like sequences9. For most 
tRNAs, their codon specificity is predicted 
purely computationally, and it is not known 
how variations in the sequences of these genes 
might affect their codon-decoding properties.

Part of the challenge in the correct assign-
ment of a tRNA’s codon specificity is due to 
the presence of numerous nucleotide mod-
ifications introduced after tRNA synthesis. 
Moreover, predicting modification status is 
not trivial, especially considering that pre-
viously unknown types of modification are 
continually being discovered10. Perhaps the 
eventual solution to this challenge can be 
facilitated by the deep-learning approaches 
that in the past few years have propelled an 

enormous leap in scientists’ ability to predict 
protein 3D structures. 

However, that deep-learning success was 
enabled by the availability of vast relevant 
experimental data. Although work over many 
decades has provided extensive information 
about the relationship between tRNA struc-
tures and codon recognition, the scope of 
the available 3D structures of tRNAs inter-
acting with their codons is limited by com-
parison. Better availability of cryo-electron 
microscopy, given the increasing power of 
this technique to produce high-resolution 
atomic structural data, might eventually make 
a major contribution in generating the data 
sets required for machine learning to tackle 
this problem. 
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