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Cognate tRNAs deliver specificamino acids to translating ribosomes according to the
standard genetic code, and three codons with no cognate tRNAs serve as stop codons.
Some protists have reassigned all stop codons as sense codons, neglecting this
fundamental principle'*. Here we analyse the in-frame stop codons in 7,259 predicted
protein-coding genes of a previously undescribed trypanosomatid, Blastocrithidia
nonstop. We reveal that in this species in-frame stop codons are underrepresented in
genes expressed at high levels and that UAA serves as the only termination codon.
Whereas new tRNAs®" fully cognate to UAG and UAA evolved to reassign these stop
codons, the UGA reassignment followed a different path through shortening the
anticodon stem of tRNA™ ., from five to four base pairs (bp). The canonical 5-bp
tRNA™ recognizes UGG as dictated by the genetic code, whereas its shortened 4-bp
variantincorporates tryptophan also into in-frame UGA. Mimicking this evolutionary
twist by engineering both variants from B. nonstop, Trypanosoma brucei and
Saccharomyces cerevisiae and expressing them in the last two species, we recorded a
significantly higher readthrough for all 4-bp variants. Furthermore, agene encoding
B. nonstop release factor 1acquired a mutation that specifically restricts UGA
recognition, robustly potentiating the UGA reassignment. Virtually the same strategy
hasbeen adopted by the ciliate Condylostoma magnum. Hence, we describe a previously
unknown, universal mechanism that has been exploited in unrelated eukaryotes with

reassigned stop codons.

The standard genetic code contains 64 codons, 61 of which code for
aminoacids and three define stop codons, denoting the end of transla-
tion®. Up to now, at least 30 different alterations of the genetic code are
known, most of which are confined to the mitochondrial and bacterial
genomes® 8 (https://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.
cgi). Three types of codonreassignment exist—namely, stop-to-sense,
sense-to-sense and sense-to-stop, of which the first category is the
most common®', with UAA and UAG reassignments (to glutamine) in
the nuclear genomes and UGA in the mitochondrial genomes being the
most frequent>"'2, Mechanistically, codon reassignment may involve
changes totRNA anticodons, or tRNA wobble nucleotide modifications,
aminoacyl-tRNA synthetase recognition of cognate tRNAs or the fidelity
of stop codon recognition by eukaryotic release factors (eRFs)®. The
most diverse organismsinall of these categories are ciliates harbouring
several alternative genetic codes, with stop codon reassignments of
various kinds that evolved multiple times independently™*.

Several hypotheses explaining evolutionary forces triggering codon
reassignments exist. The codon capture model postulates the role of
genetic driftin the distribution of specific codons, some of which may

become extinct by pressures unrelated to the reassignment, which
minimizesitsimpact on translation®. Once they reappear, either owing
to altered pressure on the genome or just by chance, they become
‘captured’ by a near-cognate tRNA of another codon. The alternative
‘ambiguous intermediate’ theory proposes that spontaneous tRNA
mutations change its specificity to recognize also other codons than
justthe cognate one'. This intermediate step is then followed by trans-
lational pressure, whichinduces codon substitutions at positions where
ambiguity is deleterious. The ‘tRNA loss-driven reassignment’ theory
proposes an intermediate stage, in which a given codon cannot be
translated owing to tRNA gene loss or mutation, creating pressure for
synonymous substitutions differing from the original codon to enable
its capture by a different tRNA later on”.

Kinetoplastid protists such as trypanosomes, leishmanias and phy-
tomonads are responsible for diseases of insects, plants and verte-
brates, including humans'®, Although they are known for awide range
of oddities', no deviation from the standard genetic code was known
from their nuclear genomes until recently. Unexpectedly, a trypano-
somatid, Blastocrithidiasp., was predictedinsilico toreassign all three
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Fig.1|Phylogenetic position, morphology, genetic code changes and
across-the-genome distribution of reassigned codonsin B. nonstop.
a,Phylogenetictree highlighting the relatedness of insect parasitic Blastocrithidia
with human parasitic Trypanosoma and Leishmania (main morphotypes, hosts
and vectors are shown by pictograms). LECA, last eukaryotic common ancestor.
b, Morphology of B. nonstop. Scanning electron and light microscopy of
cultured cells. K, kinetoplast; N, nucleus; F, flagellum. The promastigote
stage (P) dominates over the cyst-like straphanger stage (C); repeated three
times. Scalebar, 10 um. ¢, An example of the coding sequence (homologue of
Tb927.7.4700 encoding a conserved hypothetical proteinin T. brucei) containing
reassigned and genuine stop codons (magenta). d, Differences between the
canonical and B. nonstop genetic codes. e, Scatter plot showing non-random
distribution of in-frame stop codons. Each of 7,259 evaluated proteins is
represented by adot. The x-axis unit shows the relative frequency of reassigned

stop codons as sense codons’. A similar departure from the standard
genetic code was also documented in a dinoflagellate, Amoebophrya?,
and experimentally confirmed in the ciliates Parduczia and Condylos-
toma**. Although these findings challenge the basic principles of the
code, the molecular mechanisms behind stop codon reassignments
versus translation termination remain enigmatic.

Here we have identified a previously unknown molecular mechanism
ofthe UGA reassignment to tryptophanin B. nonstop sp. nov. thathas a
universal character used by other unrelated eukaryotes. It combinesa
shortening of the tRNA™ anticodon stem (AS) with a specific alteration
of the eukaryoticrelease factor1(eRF1), leading to robustness, which
was highly likely to be a prerequisite facilitating this (r)evolutionary
reassignment.
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stop codons (stop share). The y-axis unit shows the mass-spectrometry-based
relative abundance of proteins. The trend line was generated by simple linear
regression (Prism). Squared correlation coefficient (R*= 0.1898) corresponds
totwo-sided P< 0.0001; no multiple comparisons were made. f, Abundance
ofin-frame stop codonsin cytosolic (black bars) and mitochondrial (magenta
bars) ribosomal proteins of B. nonstop. g, Codon abundance after the ultimate
residue of thereference protein alignments. h, Stop codon distributionin the
3’ends of 7,259 genes, with TAAunderrepresented before and overrepresented
after the genuine stop codon. i, Distribution of UAAin 3’ UTRs of 1,569 B. nonstop
transcripts. The graph shows the summary counts of UAAin100 triplets after
stop codon calculated inthree coding frames; frame 1 correspondsto the
gene-coding frame. Equiprobable distribution of UAAin all three framesin the
first20 codons as anull hypothesis was rejected with the two-tailed P< 0.0001;
x%(2)=305.092.

Reassigned stop codons of B. nonstop

The trypanosomatid B. nonstop Votypka et Lukes, sp. nov., was iso-
lated from the hindgut of a true bug, Eysarcoris aeneus (Hemiptera:
Pentatomidae), captured in Podtrosecké rybniky, Czech Republic,and
is considered here as a previously undescribed species on the basis of
morphology and unique 18S rRNA sequence (Fig. 1a,b); for a detailed
morphological description and phylogeny, see the Supplementary
Taxonomic Summary and Extended Data Figs. 1 and 2a. We have
sequenced the genome, transcriptome and proteome of B. nonstop,
revealing thatits genomeis markedly G+C-low (G+C contentis 35%) com-
pared to an extensive collection of trypanosomatid genomes with an
average G+C content of about 51% (Extended Data Fig. 2b). Inagreement,



this comparison revealed that the genome of the common ancestor
of the genus Blastocrithidia most probably experienced a severe
A+T-mutational pressure generating the corresponding UGG-to-UGA,
GAG-t0-UAG, GAA-to-UAA, UGA-to-UAA and UAG-to-UAA codon sub-
stitutions (Extended Data Fig. 2b). Using mass spectrometry, we have
confirmed theinsilico-predicted meaning of the reassigned stop codons
showingthat UGAindeed encodes tryptophan, and UAG and UAA (UAR)
specify glutamate (Fig. 1c,d and Extended Data Fig. 3a). In eukaryotes,
the widespread nonsense-mediated decay pathway isresponsible for the
degradation of mRNAs with premature stop codons?. We propose that
theloss of UPF1and UPF2, the key components of this pathway, early in
the evolution of Trypanosomatidae (Extended Data Fig. 2a), might have
been one of the critical prerequisites of its stop codon reassignment.

As existing annotation programs could not handle ambiguous stop
codonsinB.nonstop, we developed an annotation algorithmrelying on
the alignments with the reference trypanosomatids and the position
of spliced leader RNA trans-spliced onthe 5’-end of all nuclear mRNAs
(Methods and Extended Data Fig. 3b). We found that the frequency of
the reassigned stop codons in protein-coding genes negatively cor-
relates with the abundance of the corresponding proteins (Fig. 1e).
For instance, mitochondrial ribosomal proteins expressed at low lev-
els contain numerous in-frame UGA and UAR codons, whereas their
heavily translated cytosolic homologues contain very few or none of
these (Fig. 1f). Out of 7,259 predicted protein-coding genes in B. non-
stop, only 228 lack any in-frame UGA and UAR codons (Extended Data
Fig. 4a). Gene ontology analysis showed that they encode ribosomal
proteins and other factorsinvolved in cytosolic translation, histones,
mitochondrial electron transport chain subunits, and other proteins
expressed at high levels (Extended Data Fig. 4a).

Translation termination in B. nonstop

Previous bioinformatic analysis predicted that in Blastocrithidia sp.,
UGA, UAA and UAG are sense codons, with the last two also function-
ingas stop codons’. Toidentify genuine stop codons in the previously
undescribed B. nonstop, we carried out BLASTp searches of the trypa-
nosomatids’ reference proteins (see Methods) and analysed the distri-
bution of codons directly following the last codon of 3-end-complete
alignments (Fig. 1g). Most of these alignments terminated with UAA
exceeding the next most abundant codon (AAA) more than 10 times.
The abundance of the other two reassigned stop codons, UAG and
UGA, was no different from that of other sense codons (Fig.1g). In addi-
tion, we reanalysed the set of genes that was presented previously' as
evidence that in Blastocrithidia sp. UAG may serve as a termination
codon along with UAA. We found that in all of these cases, UAG was
followed by UAA (Extended Data Fig. 4b), indicating that a handful of
UAGs considered previously as termination codons most likely repre-
sentincorrect predictions. Moreover, we found thatin B. nonstop, UAA
was massively overrepresented after the 3’ ends of the protein-coding
genes, whereas the two other stop codons were distributed uniformly
(Fig.1h). Markedly, for 1,569 genes for which we were able to define the
3’untranslated regions (UTRs), this massive overrepresentation was
observed specifically within the first 18 triplets downstream of the stop
codon and only in the frame corresponding to the reading frame of a
given gene (Fig. liand Extended Data Fig. 5). Together, these findings
strongly indicate that UAA is used as the sole stop codon in B. nonstop
and point to a peculiar termination mechanism.

Notably, and in contrast to the case for other trypanosomatids,
our observations showed that the G+C distribution in the B. nonstop
genome markedly differs inside the coding regions versus the inter-
genic regions (Extended Data Fig. 6a). The former is more G+C rich;
however,immediately after the 3’ end of genes, the genome sequences
become substantially more A+T rich. A sequence logo for the first
100 nucleotides after the stop codon shows that A is the most abun-
dantnucleotidein the first =39 nt; after that T prevails (Extended Data

Fig. 6b). These findings correspond with the use of UAA as the sole
termination codon and, furthermore, indicate a possible involvement
of poly(A)-binding protein (PABP), known to interact with A+U-rich
sequencesinotherspecies? 2, inthe particularly challenging transla-
tion terminationin B. nonstop.

Glu

UARreassignment by cognate tRNAs

The nuclear genome of B. nonstop contains 70 tRNA genes, including
tRNA®",, and tRNA®",,,, cognate to both UAR stop codons (Supple-
mentary Data1). Maximum-likelihood analysis showed that tRNA®"
is closely related to the canonical tRNA®"_, and tRNA",, , is nested
inside the tRNA®", clade (Fig. 2a). Hence, phylogenetic analysis
strongly supports the origin of these stop-codon-recognizing tRNAs
fromstandard tRNAs®". The expression and charging of both tRNA®" ;.
and tRNA®",, in B. nonstop and their absence in the model species
T. brucei were confirmed by northern blot analysis (Fig. 2b).

We foundthat atRNA cognate to UGA encoding tryptophanis promi-
nently missing from the B. nonstop genome, mirroring the situation
in C. magnum®. Therefore, we reasoned that the canonical tRNA™P,
might undergo CCA-to-UCA anticodon editing in the cytosol, as the
same editing occursinthe mitochondrion of the closely related Leish-
maniatarentolae* and T. brucei®. We have recently identified a cytidine
deaminase responsible for this mitochondrion-specific tRNA edit-
ing in T. brucei*®. Although this enzyme is also present in B. nonstop,
we demonstrate here that the corresponding editing event occurs
exclusively in its mitochondrial but not cytosolic tRNA™ (Fig. 2¢). In
bacteria, an elevated UGA readthrough by tRNA™ is facilitated by the
G24A mutation in the D-stem, known as the Hirsh suppressor?, yet
B. nonstop has a canonical G at the corresponding position 23 (Fig. 3a).
Overall, sequencing of the cytosolic tRNAs from B. nonstop did not
reveal any apparent post-transcriptional editing events that would
allow increased UGA decoding as a sense codon?,

UGA reassignment involves 4-bp tRNA™

Secondary structure predictions using tRNAscan-SE? and ARAGORN>®
revealed that the AS of B. nonstop tRNA™ ., is only 4 bp long, whereas
the closely related T. brucei and other trypanosomatids possess a
5-bp-long AS of the canonical tRNA length (Fig.3a). Moreover, we have
discovered that ciliates with all three reassigned stop codons, such as
C. magnum, also bear tRNA™ ., with a shorter, 4-bp-long AS, in addi-
tion to the canonical 5-bp-long AS tRNA™, (Fig. 3a). To the best of
our knowledge, most other sequenced eukaryotes contain only the
5-bp-long stem variant of tRNA™,. Through a dedicated GtRNAdb
search, we found afew tRNAs with asimilarly shorter AS in organisms
thatarebelieved to have astandard set of stop codons. However, most
ofthemseem to be tRNA-like pseudogenes with aquestionable ability
to recognize UGA. In any case, we posit that in the aforementioned
protists tRNAs™., exhibiting this unique feature may no longer tightly
discriminate against the UGA stop codon and can reassign UGA (along
with canonical UGG) to tryptophan.

Asnoted above, adouble hydrogen bond formed between U26 and
G42in T. brucei tRNA™ ., is missing in B. nonstop tRNA™ ., owing to
C26 and U42 replacements and, therefore, the AS of the latter tRNA is
1bp shorter (Fig. 3a). We analysed the impact of this 4-bp-long AS on
UGA decodingin cellulo by expressing an extra copy of the B. nonstop
tRNA™_,-encoding gene together with a dual-luciferase (Dual) cas-
sette with anin-frame UGA positioned between the firefly and Renilla
luciferase genesin T. brucei (Extended Data Fig. 6¢). The readthrough
efficiency was determined by comparing the relative luciferase activi-
ties (firefly/Renilla) of the test constructs with respective controls,
such as the CAA sense codon replacing UGA and cells lacking alien
tRNA. The expression and aminoacylation status of each tRNA variant
was verified by urea polyacrylamide gel electrophoresis (PAGE) and
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Fig.2|Phylogenetic analysis, structure, transcription and RNA editing
of tRNA®" and tRNA™ of trypanosomatids. a, Cladogram summarizing the
maximum-likelihood phylogenetic tree of tRNA®" of B. nonstop and related
trypanosomatids showing that genes encoding tRNA®" ;. and tRNA®"
originated from standard tRNA®",c and tRNA®" ., respectively. The full tree
filesare availablein Supplementary Data2.b, Left: northern blot analyses of
tRNACM,,and tRNA®",, their expression and charging in B. nonstop (B.n.)
and T. brucei (T. b.). The tRNA®" . and tRNA®" . . genes, which are expressed
inboth organisms, served as controls. Right: schematic secondary structures
for tRNAs®" recognizing all glutamate codons. Repeated three times with
similar results. ¢, The 5-**P-radiolabelled oligonucleotide specific for tRNA

P awasusedinapoisoned primer extension assay with cytosolic (cyto) and
mitochondrial (mito) RNA fractionsisolated from B. nonstop and T. brucei.
Bandsrepresenting edited and unedited sites are indicated by the arrows;
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Here, the presence of ddG allows extension for unedited tRNA™ to +1and
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as separation controls for mitochondrial and cytosolic RNA fractions,
respectively; repeated five times with similar results. nt, nucleotides. For gel
source data, see Supplementary Fig.1.
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urea-acid PAGE gels, respectively, followed by northern blot analysis
using *?P-radiolabelled tRNA-specific probes (Extended Data Fig. 7).

As predicted, the T. brucei-based Dual. assay revealed that express-
ing the B. nonstop tRNA™ ., results in an approximately 8-fold higher
readthrough over empty vector (EV), and amore than 2.3-fold increase
over the genuine T. brucei tRNA™ ., (Fig. 3b); the latter exhibited less
than 3.5-fold increase over the EV control. The key evidence supporting
our hypothesis came from the C26U and U42G substitutionsin B. non-
stop tRNA™ ., restoring the 5-bp-long AS, thus mimicking tRNA™,
fromother eukaryotes with the canonical genetic code. Readthrough
levels produced by this restored tRNA mutant dropped down to those
of the genuine T. brucei tRNA™,. Restoring the base pairing with a
stronger pair at the fifth position, creating U42G substitution, resulted
inan evenweaker readthrough. The reciprocal proof of principle experi-
ment, inwhich thefifth base pair of T. brucei tRNA™ ¢, (U26C and G42U)
was loosened to mimic the B. nonstop tRNA™,, showed twofold higher
readthrough thanits 5-bp-long wild-type tRNA (Fig. 3b). No such differ-
ence was observed for UAG and UAA (Extended Data Fig. 8a).

Asacomplementary approachtothe luciferase activity assay, Renilla
expressionwas directly assessed by western blotting of total lysates of
T. brucei expressing B. nonstop tRNA™ ., with either 4-bp- or 5-bp-long
AS, along withthe Dual cassette withanin-frame UGA. Cells containing
this cassette but lacking the alien tRNA and those expressing the Dual
cassette lackingin-frame UGA served as negative and positive controls,
respectively (Fig.3c). In clear agreement with our DuaL measurements,
western blotting showed a strong stimulation of readthrough by the
B. nonstop 4-bp-long AS tRNA™_., over its 5-bp-long variant. This
is evidenced by the increased appearance of the prominent 98-kDa
Renilla—firefly fusion protein at the expense of the 36-kDa signal cor-
responding to the Renilla protein alone (Fig. 3c).

To exclude a possible role of widespread tRNA modificationsin the
expanded decoding properties of tRNA™_,, as reported for several
other tRNAs**, we carried out total nucleoside analysis of purified
B. nonstop tRNA™ ., by mass spectrometry. However, we have not
detected any modifications that are known to facilitate UGA decoding
inthis and control species (Supplementary Information 2).

We next explored the attractive possibility that this phenomenon
may be general and applicable to other organisms. Indeed, expressing
the wild-type (5-bp-long stem) and mutated (U26C; 4-bp-long stem)
tRNA™ ., from S. cerevisiae in the Dual system in T. brucei resulted
in the same trend with a similar significance as in the case of T. bru-
cei tRNA™ ., and its shortened variant (Fig. 3b). Notably, analogous
(4, high; 5, low) results were also obtained with two naturally coexisting
tRNA"™_, with a4-versus 5-bp-long AS from C. magnum, which has also
reassigned all three stop codons? (Fig. 3d).

Notably, mimicking this radical evolutionary twist in S. cerevisiae
produced identical results. Loosening the fifth base pair of its tRNA™ ¢,
by the A42U or U26C, A42U substitutions in the S. cerevisiae DualL
system**** significantly (=3-fold) increased the UGA-tobacco mosaic
virus (UGA-TMV; refers to UGA with the 3’ context of TMV asthe TMV’s
genuine stop is UAG) readthrough over that of the wild-type 5-bp-long
stem tRNA"™. The fact that the A42U substitution produced a similar
resultto that of U26C, A42Urules out a potential effect of the loss of the
pseudouridine modification of U26C by the pseudouridylate synthase
1(Pusl) enzyme®. Analogously, the wild-type B. nonstop tRNA™,
expressedinS. cerevisiae also facilitated robust fourfold readthrough
stimulation over the wild-type S. cerevisiae tRNA™ in a clear depend-
ence on the absence of the fifth base pair. This corresponds to 11-fold
(for the 5-bp-long stem C26U, U42A restoration mutant) and 14-fold
(forthe 5-bp-long stem C26U, U42G restoration mutant) differencein
favour of the 4-bp-long stem variant of B. nonstop tRNA™, (Fig. 3e).
Consistently and critically, the wild-type T. brucei tRNA™" ., showed
a weak readthrough unless its fifth base pair was broken through
the U26C, G42U mutation, producing more than 3.5-fold increase in
readthrough over the wild-type S. cerevisiae tRNA" (Fig. 3e). This



5-bp stem-loop UGG = Trp UGA = Stop

4-bp stem-loop UGG =Trp UGA =Trp

( ’ Y | N\
1
A B @ @ @
9 I3 9 c | 9
o=t g=8 | A-=§ g=0 G=C
A=U G=U G=C G=0 ] G=U
A=U G=C 1 G=¢ G=C G=C
G=U G=¢ G=¢ G=¢ G=C
=G G=U G=¢ ¢=G | G=U
8 Syaye R WZkoauccota ! G A UoauccUa a0 wAlgycacui | W=RyeuocUta
AA C A GA,
Sroueet WL B ggueet EHE S 1 fTweet GRS | e sl e WMt BIED
GyAGAGC Y GUAGAGC, S | Gy GeAGAGU, Sy
YA P af L% Cag 1 ¢ % Ua®
| G=¢
1 2%
I g A
CgA 1 ! CcA
- 1
\ S. cerevisiae | C. magnum K B. nonstop )
- - - - - = - - - —-—— ===
b c
25 hkkok Kkokk Fkkok
. —_— e
‘i g 20 kDa .
= -
5 15 Anti-Renilla
joel
£3 10
= ﬁ j 50 | Anti-tubulin
€8 s
<4 Sense UGA UGA UGA
== control  5-bp 4-bp
0 NotRNA ~ tWB.n. NotRNA
EV 5-bp 4-bp 4-bp 5-bp 5-bp 5-bp 4-bp ° o
U26 U26C C26 C26U C26 U26 U26C
Ad2 Ad2 U42 U42G U42G, G42 G42U,
tW S. cerevisiae tW B. nonstop tW T. brucei
d e f
Hekdk Fkkk
. 6 Fkkk - E 30 pr— — Fkkok o g 30 *kkok
Q s =2 gv‘;”
81 58 £
Si4 3820 3820
G .£ 2 @ % S¢
o< 5 c S
8% | 8% 5c
§ 22 £ 310 8910
8= ﬁ <9 to
53 & ; SE
oo g 538
. o g —_ [ = ag - -
EV 4-bp 5-bp EV 5-bp 4-bp 4-bp 4-bp 5-bp 5-bp 5-bp 4-bp EV 4-bp 5-bp
UZPU A%7 u26 UEG U26C C26 C26U C26U u26 U26C U§6 A27
1
C42 U43 Ad42 A42U A42U C26 C26U C26U u26 U26C C42 U43
_ ) h L )
tW C. magnum tW S. cerevisiae tW B. nonstop tW T. brucei tW C. magnum

Fig.3|Onebaseshorter AS of tRNA™ ., is critical for UGA reassignment to
tryptophanin B. nonstop and C. magnum. a, Predicted secondary structures
of tRNA™,. ASs and anticodons are shown in magenta and blue, respectively.
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b,d, The 4-bp AS of any tRNA™ ., boosts UGAreadthroughin T. brucei cells
bearing dual-luciferase cassette within-frame UGA. Cells were transformed
withEVor tRNA™ ., (tW) with 4-bp or 5-bp AS versions from S. cerevisiae,

B. nonstop, T. brucei (b) and C. magnum (d), and processed for UGA readthrough
measurementsas described in Methods. Readthrough values were normalized
tothose of the control cellline (containing dual-luciferase cassette without
in-frame UGA). Each box represents n =9 values (3 individual experiments each
including 3 biological replicates); whiskers range from minimal to maximal
values; plussymbolindicates the mean value; vertical black line, 26-42 base

corresponds to sevenfold difference between the 5- versus 4-bp-long
stem variants of T. brucei tRNA™,.. Such a difference was observed
neither on UAG and UAA stop codons nor under amino acid starvation
stressinduced following treatment with 3-aminotriazol (Extended Data
Fig.8b-d). Torule out that the observed differences are due to differ-
entlevels of expressed tRNA variants, we confirmed their comparable
abundance and aminoacylation by urea PAGE and urea-acid PAGE,
respectively, followed by northern blot analysis using tRNA-specific
probes (Extended Data Fig. 9). We also obtained data quantitatively
and qualitatively very similar to our measurements with B. nonstop
tRNA"., using two naturally occurring tRNA™ .., from C. magnum
(Fig.3f), although here—in contrast to the case for T. brucei—charging
of the C. magnum 5-bp variant in S. cerevisiae is not so obvious.

InS. cerevisiae, the outcome of these measurements was not affected
by the nature of the stop codon tetranucleotide represented by the
stop codon and the base immediately following it, which plays acritical
roleintermination®** (Extended Data Fig. 8e). For all tested tRNAs, we
observed increases of several fold corresponding to the specificity of

pairing; red cross, no pairing. Statistical significance was determined by the
unpaired, two-tailed Welch’s t-test; ****P < 0.0001. ¢, Western blot analysis of
Renilla expression using anti-Renilla antibodies recognizing both the Renilla-
firefly fusion protein (98 kDa) and the Renilla protein (36 kDa); repeated twice.
e,f, The4-bp ASof any tRNA™ ., boosts UGA-TMV readthroughinyeast. H541
was transformed with a corresponding Dual readthrough reporter together
withan EV or agiven high-copy tRNA™ variant. Transformants were processed
for UGA readthrough measurements and analysed asin b; ****P < 0.0001; in
eeachboxrepresents n=9values (3individual experiments eachincluding
3biological replicates); infeachboxrepresents n =18 values (3 individual
experiments eachincluding 6 biological replicates). For gel source data, see
SupplementaryFig.1.

S.cerevisiaewild-type tRNA™ for individual tetranucleotides, as shown
previously**. Notably, this result also rules out a potential effect of the
artificial AS shortening on the Trm7-mediated 2’-O-ribose methylation
of tRNA™, at positions C32 and C34 (thelatter being the wobble posi-
tionof the anticodon®), because ina trm74 background, readthrough
by tRNA™_, is specifically increased only at the UGA-C and UGA-A
tetranucleotides®. These findings suggest that we detected a specific
effect of the length of the AS and not of the anticodon per se.

Genetic manipulations shortening the AS from 5 bp to 4 bp of two
other tRNAs near-cognate to UGA, namely tRNA®;., and tRNA"E
did not alter the termination efficiencyin S. cerevisiaein any significant
way (Extended Data Fig. 8f). Stable overexpression of the wild type
variants of these two tRNAs was documented previously>>>*,

UGA reassignment involves mutated eRF1 variant

eRF1from Blastocrithidia sp. was reported to bear a specific Ser74Gly
substitution (in the B. nonstop numbering; Ser67 in S. cerevisiae) in
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Fig.4|SpecificeRF1alteration potentiatesreassignment of UGA as
tryptophan. a,Sequence alignment of eRF1 (residues 54-70 S. cerevisiae
numbering) fromindicated organisms. The conserved TASNIKS motif
promoting stop codon recognition (residues 55-61) and residues occurring at
thecritical position 67 areindicated. H. sapiens, Homo sapiens.b, The yeast
eRF1mutant SUP45°Cand T. brucei eRFI¥ expressed inyeast impart severe
slow growth phenotypes. Yeast strains ZH193 (sup454 + SUP45), ZH238 (sup45A +
SUP45%7¢) and ZH235 (sup454 + eRF10f T. brucei) were spotted in five serial
tenfold dilutions on YPD medium and incubated for48 hat30 °Cand for 72 hat
37°C; westernblot analyses, carried out with samples run on the same gelin
two biological replicates, are shown ontheright. ¢, Yeast eRF1(S67G) robustly
potentiates UGA reassignment by the B. nonstop 4-bp-long AS tRNA™. Yeast

an otherwise highly conserved position' (Fig. 4a and Extended Data
Fig.10). When a similar Ser67Ala substitution was introduced into
yeast or human eRF1homologues and expressed in S. cerevisiae, a sig-
nificantly increased readthrough over UGA but not at all over UAR
was detected?®. This clearly demonstrates that Ser67Ala specifically
restricts UGA decoding in vivo, as observed in vitro for eRF1from the
ciliate Euplotes aediculatus®.

To test for genetic interaction between this B. nonstop-specific Gly
residue of eRF1and the stem length variants of tRNA™, we substituted
the original Ser67 with Gly inthe S. cerevisiae eRF1 (encoded by SUP45).
Wefirstrevealed thatit severely reduced cellular growth (Fig.4b) and
confirmed restriction of UGA decodingin vivo (Extended Data Fig. 8g).
Then, we used the S. cerevisiae reporter system described above. First,
incells deleted for sup45 expressing the wild-type eRF1from a plasmid
alongwiththe UGA-Creporter, werecapitulated the 4- versus 5-bp-long
AS datawith bothwild-type and mutated . cerevisiae tRNA™, as well as
with naturally occurring tRNA™ of T. brucei and B. nonstop (Fig. 4c; left
panel). Second, the Ser67Gly mutant markedly (by >100-fold) increased
readthrough over the wild type expressing an EV (Fig. 4c; compare EV
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w

T b.
strains bearing wild-type eRF1(sup454 + SUP45) or eRF1(S67G) (sup454 + SUP45%7¢)
were transformed witha corresponding DuaL readthrough reporter together
withanEV oragiven high-copy tRNA™ variant. Transformants were treated
and analysed, and are plotted and depicted, asin Fig. 3; ****P < 0.0001; each box
represents n=12values (3individual experiments each including 4 biological
replicates).S. c., S. cerevisiae.d, Readthrough levels of 4-bp- versus 5-bp-long
ASvariants of B. nonstop versus T. brucei tRNA™ measured in the background
ofyeasteRF1(S67G); same asinc, includingthe nvalue. e, Readthroughlevels
of 4-bp-versus 5-bp-long AS variants of yeast tRNA®* (also near-cognate to
UGA) measuredinthe background of yeast eRF1(S67G); same asin ¢, including
thenvalue, except that tRNA®* (tC) variants were tested; ****P < 0.0001. For gel
source data, see Supplementary Fig. 1.

betweenboth panels). Such arobustincrease unambiguously explains
the severity of the observed growth defect (Fig. 4b). Third, in spite
of this marked increase, the readthrough values over UGA-C further
increased withall tRNA™ variants tested in the Ser67Gly cells, preserv-
ingthe statistically significant 4- versus 5-bp-long AS trend observedin
wild-typecells (Fig. 4c). The fold differences between 4- and 5-bp-long
stem variants were smaller in the mutant, reflecting the robustness
of the Ser67Gly-mediated readthrough. However, it must be noted
that the relatively smaller 1.5-fold difference between B. nonstop and
T. brucei tRNA" variants in Ser67Gly cells actually means 220-fold
versus 150-fold more efficient readthrough over the EV wild-type back-
ground, respectively, which, in absolute terms, represents yet another
robustincrease.

Direct comparison of 4- and 5-bp-long stem variants of tRNA™ of
T. bruceiand B. nonstop in S. cerevisiae expressing wild-type or mutant
eRF1furtherillustrated the power of this particular combination. We
observed =2-fold difference between 4- versus 5-bp-long stem vari-
ants of B. nonstop tRNA™ in Ser67Gly cells (that is, 220-fold versus
110-fold over EV, respectively; Fig. 4d). This functionally independent



multiplicative phenotype suggests that the natural Ser74Gly substitu-
tionin B. nonstop eRF1and the shortened tRNA™ AS work in concert to
maximize UGA reassignment to tryptophan. As a specificity control,
the 4- versus 5-bp-long stem variants tRNA%;, (also near-cognate to
UGA) showed no differences in both strains (Fig. 4e).

Last, our attempt to exploit the S. cerevisiae system to express and
directly test the T. brucei and B. nonstop eRF1 variants revealed that,
whereas expressing T. brucei eRF1 as the sole source of eRF1 causes
severe slow growth, expressing B. nonstop eRF1is lethal (Fig. 4b). We
propose that the reason for thisis the robust readthrough potential of
B. nonstop eRF1that exceeds the tolerance threshold to sustain life in
anorganism relying on the standard genetic code.

Discussion

Reassignment of all three stop codons evolved in evolutionary distant
eukaryotes several times independently**’, yet the reasons for, and
evolutionary mechanisms behind, such amassive departure fromthe
canonical genetic code remained largely unknown. Here we isolated a
previously undescribed trypanosomatid B. nonstop and dissected and
characterized the molecular basis of all necessary adaptations allowing
this parasitic flagellate to survive under such non-canonical conditions.

Multiple unique traits of the B. nonstop genome are consistent with
the assumption that the ancestor of Blastocrithidia spp. experienced a
severe A+T-mutational pressure, making G+C-to-A+T substitutions fre-
quent. The most deleterious consequence of this shift is the appearance
of nonsense mutations, causing premature translation termination,
inevitably compromising the function of produced truncated proteins.
We revealed here that to counteract this undesirable phenomenon,
the ancestor of Blastocrithidia spp. has evolved independent mecha-
nisms to: prevent the occurrence of in-frame stop codons in and/or
eliminate them from genes expressed at high levels; set UAA as the
sole stop codon; and adapt corresponding tRNAs and eRF1to reassign
in-frame stop codons as sense codons (Supplementary Video1). These
areindividually discussed in the following paragraphs.

Negative correlation of decreasing representation of in-frame stop
codons with increasing protein abundance strongly indicates a hid-
den burden associated with their presence in mRNAs translated at
high rates. Indeed, proteins involved in essential processes that, if
under-expressed owing to the abortive, stalled or imprecise transla-
tion, may cause serious cell damage or death, are entirely devoid of the
in-frame stop codons. Whether they were prevented from appearing
(more likely) or promptly eliminated remains to be elucidated (see
extended discussionin Supplementary Information for more details).

Our bioinformatic analysis revealed that, in disagreement with the
earlier report on Blastocrithidiasp.!, UAAis used as the sole stop codon
in B. nonstop, which distinguishes them from ciliates® (see extended
discussion on the termination mechanisminSupplementary Informa-
tion). Notably, UAA is the only significantly overrepresented codon
in the sequence encompassing the first 18 triplets after the genuine
stop codon, butsolelyinthe ‘coding’ frame of agiven gene (Fig.liand
Extended DataFig.5);itbecomes equally abundantinall three frames
afterwards. Itisreasonable to assume that following the emergence of
tRNA®" fully cognate to UAA, the ‘run-out’ coding frames were subjected
to positive selection, allowing the formation of a battery of in-frame
UAAsimmediately following the genuine UAA stop codon to counteract
the expected termination interference by this non-canonical tRNA®".

As the reassignment of UAR stop codons by two new fully cognate
tRNAs documented here in B. nonstop has been previously described
inciliates**, the most striking finding is the shortening of the canonical
5-bp-long AS of tRNA™,.., to a4-bp-long variant, as an adaptation of the
trypanosomatid to the in-frame stop codons. We demonstrated that
this relatively minor alteration allowed B. nonstop to gain a robustly
increased UGA readthrough potential. Not only is this phenomenon
experimentally transferrable to S. cerevisiae and the human parasite

T. brucei, but we also showed that the evolutionary unrelated ciliate
C.magnumhasindependently adopted the same strategy. Mechanisti-
cally, our findings suggest that the decoding A site of the ribosome can
monitor the geometry of not only the codon-anticodon heteroduplex
but also of the tRNA AS during the codon sampling and accommoda-
tion phases of elongation (see extended discussionin Supplementary
Information for more details). The rationale behind the inability of
these organisms to generate tRNA™, ., fully cognate to UGA, asin the
case of glutamate tRNAs and UAR stop codons, may rest in the fact
that tryptophanyl-tRNA synthetase is anticodon-sensitive and could
not charge the tRNA™,, evenifit did evolve*>*, unlike, for instance,
glutamyl-tRNA synthetase and glutamate-tRNA ligase**.

Onthe basis of our eRF1 mutagenesis, it seems plausible that short-
ening the tRNA™ AS may not have been sufficient to achieve the level
of UGA reassignment required for the survival of B. nonstop. Hence,
evolutionary pressure eventually resulted in selection of an organism
with two independent mutations, one in the tRNA™ and the other in
its eRF1-encoding gene, the latter compromising the ability of eRF1
torecognize UGA. As aresult, even the canonical 5-bp-long AS variant
of tRNA™ ¢, canrobustly overpower eRF1inits competition for UGA,
producing a striking =100-fold increase in the UGA readthrough. In
the case of the 4-bp-long AS variant, the UGA readthrough rockets to
>200-fold. The fact that evolutionary distant ciliates with reassigned
UGA acquired asimilar eRF1substitution (Ser69Alain C. magnumnum-
bering)* provides strong support for coevolution of these two critical
adaptations, the combination of which allows sufficiently robust UGA
reassignment (see Supplementary Video 1 and Supplementary Dis-
cussion for more details). Notably, experiments with mutated yeast
eRF1 (Extended Data Fig. 8g)*®, as well as in vitro studies with mutant
eRF1from ciliates®, revealed that, in contrast to the case for UGA, the
recognition of UAR codons by eRF1 mutated at this particular posi-
tion remains unaffected. This strongly suggests that in B. nonstop the
recognition of UAR codons remains unaffected as well, which may
explainthe evolutionary pressure for their complete reassignment to
glutamate by fully cognate tRNAs.

Reflecting on the apparent initial disadvantage(s) of alternative
genetic codes opens an important question regarding their benefits.
Considering that the affected organisms are successful parasites with
acosmopolitandistribution, this putative disadvantage must be very
subtle and/or outweighed by some advantages. One such unexpected
benefit was recently demonstrated in Escherichia coli,inwhich codon
reassignment led to its resistance to a cocktail of otherwise patho-
genic bacteriophages®. As trypanosomatids frequently host various
deleterious viruses*, a total stop codon reassignment may represent
an elegant way to mitigate their virulence.

As B. nonstop utilizes only a single genuine stop codon, it liberates
the other two reassigned stop codons for ordinary coding purposes.
This way it achieved one of the aims of synthetic biology, namely to
reconfigure the genetic code to free codons for the incorporation
of the non-canonical amino acids*. As the features described in this
obscure flagellate are transferrable to other eukaryotes, our research
opens a previously unexplored route in genetic code manipulations.
For example, one of the biotechnologicalimplications of our findings
could be to optimize the SUP45°° S. cerevisiae strain overexpressing
the 4-bp-long AS variant of tRNA™?., to allow efficient stop codon
reassignment of interest. Moreover, this discovery may provide anew
way for the design of suppressor tRNAs for the treatment of inherited
diseases, asrecently enabled through arecombinantadeno-associated
virus gene delivery vehicle in mice*e.

Taking these findings together, we conclude that asubtle reconfigu-
ration of tRNA"™ in a parasitic protist, transmissible to tRNAs™ across
the eukaryotic supergroups, coupled with a functional alteration of
eRF1and duplication and neofunctionalization of tRNA®" allowed a
wholesale stop codon reassignment, the potential of which can now
be explored in other genetically tractable organisms.
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