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            Abstract
Cognate tRNAs deliver specific amino 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 principle1,2,3,4. 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 tRNAsGlu 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 tRNATrpCCA from five to four base pairs (bp). The canonical 5-bp tRNATrp recognizes UGG as dictated by the genetic code, whereas its shortened 4-bp variant incorporates 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, a gene encoding B. nonstop release factor 1 acquired a mutation that specifically restricts UGA recognition, robustly potentiating the UGA reassignment. Virtually the same strategy has been 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.
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                    Fig. 1: Phylogenetic position, morphology, genetic code changes and across-the-genome distribution of reassigned codons in B. nonstop.[image: ]


Fig. 2: Phylogenetic analysis, structure, transcription and RNA editing of tRNAGlu and tRNATrp of trypanosomatids.[image: ]


Fig. 3: One base shorter AS of tRNATrpCCA is critical for UGA reassignment to tryptophan in B. nonstop and C. magnum.[image: ]


Fig. 4: Specific eRF1 alteration potentiates reassignment of UGA as tryptophan.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Morphology of Blastocrithidia nonstop sp. nov.
Light microscopy (1–9), scanning (10–12) and transmission electron microscopy (13–20). The DAPI-stained (1–3) and Giemsa-stained (4–9) cultured cells (1–6) and parasites from the host insect hindgut (7–9). Promastigote flagellates (P) dominate in the culture (1, 4, 10–11), while the epimastigotes (E) are more frequent in the insect gut (7–9), although they are also present in the culture (4). The cyst-like amastigotes (C) are present in both the culture and host-derived smears (9). The nucleus and the kinetoplast DNA are labelled with arrow and arrowhead, respectively. The scanning electron micrographs show a highly variable length of the flagellum in promastigotes (10) and the cyst-like amastigotes (11 and 12). The longitudinal section thru the cell reveals a deep flagellar pocket (FP; 13 and 18), oval nucleus (N), elongated mitochondria (Mt), oval glycosomes (Gl), and numerous dense acidocalcisomes (arrowhead; 18). The cross- (15) and longitudinally-sectioned (16) external flagellum is equipped with a prominent paraflagellar rod (PR; see also 13 and 18), which is absent in the part of the flagellum within the flagellar pocket (14; see also 13 and 18). Note a thin and wide kinetoplast DNA disk (K; 13, 17, and 18), virus-like particles within the cytoplasm (V; 19), the regularly spaced subpellicular microtubules (SM; 13), and the cyst-like amastigotes (20). Scale bars: 10 µm (1, 4, 7–9, and 10), 5 µm (2, 3, 5, 6, and 11), 1 µm (12, 13, 18, and 20), 200 nm (14–17), and 100 nm (19); repeated 3-times with similar results.


Extended Data Fig. 2 The 18S rRNA phylogenetic tree and consequences of AT mutational shift in Blastocrithidia ancestor.
(a) The 18S rRNA-based maximum likelihood phylogenetic tree of the family Trypanosomatidae. The branches are collapsed at the generic level to highlight the inter-generic relationships. The tree was rooted with Paratrypanosoma confusum; asterisks mark branches with maximal statistical support (bootstrap values for maximum likelihood >90; Bayesian posterior probabilities >0.95); double-crossed branches are 50% of the original length; the scale bar denotes the number of substitutions per site. The subfamily Leishmaniinae is subdivided into the genera Crithidia, Leishmania sensu lato, and Leptomonas. The genus Blastocrithidia is highlighted in red, the principal insect host and/or vectors (fleas, flies, and true bugs) are depicted by pictograms, and three dixenous genera infecting humans or plants are in bold. The presence of the key components (UPF1 and UPF2) of the nonsense-mediated decay pathway, which eliminates mRNAs with premature stops, is mapped onto the tree. The pathway was lost by the predecessor of the trypanosomatid lineage after the separation of the genus Trypanosoma. (b) Scheme illustrating possible consequences of AT mutational shift in Blastocrithidia ancestor. Frequent GC-to-AT substitutions in Blastocrithidia ancestor could have led to the following consequences that we observe in B. nonstop genome: overall AT-rich genome; extreme AT-richness of intergenic regions with frequent TAA codons; appearance of in-frame stop codons. Possible UAG-to-UAA and UGA-to-UAA substitutions are evolutionary neutral, but allowed TGG-to-TGA, GAG-to-TAG, and GAA-to-TAA substitutions.
Source Data


Extended Data Fig. 3 Proteomic analysis and principles of the structural annotation of B. nonstop.
(a) Proteomic proof of the stop codon reassignment in B. nonstop. Four protein-coding genes were selected as they contain all three in-frame stop codons covered by identified peptides from mass spectrometry (MS) analysis. Nucleotide sequences with stop codons in red and their conceptual translations are shown. Below that, identified peptides are highlighted in light-pink. Above the sequences, MS spectra of identified peptide(s) are shown. All identified peptides are available on figshare58. (b) Principles of the structural annotation of B. nonstop. The genes in B. nonstop were predicted based on the combination of evidence inferred from transcriptome coverage, trans-splicing sites, and the alignments of the reference trypanosomatid proteins. For the detailed protocols, see Methods.


Extended Data Fig. 4 GO-enrichment analysis and Blastocrithidia transcripts with UAA genuine stop codons.
(a) GO-enrichment analysis of genes devoid of reassigned stop codons. The pie chart summarizes the predicted functions of 228 proteins of B. nonstop without reassigned stop codons. The complete list of corresponding proteins with annotations is available in Source Data Extended Data Fig. 4. (b) UAA is the only genuine stop codon in transcripts from Blastocrithidia sp. ex Lygus hesperus. Shown are open reading frames from Blastocrithidia sp. ex L. hesperus that were previously predicted with premature ends1. The alignment with B. nonstop revealed that all of them can be extended until the next UAA stop codon. Nucleotide identities are highlighted by white font on black background.
Source Data


Extended Data Fig. 5 Distribution of codons in 3′ UTRs of B. nonstop transcripts in three coding frames.
The graph shows the summary counts for each of 64 codon triplets in 100 triplets (300 nt) after the stop codon in 1,569 B. nonstop transcripts calculated in three coding frames. Frame 1 corresponds to the gene coding frame, while frames 2 and 3 are shifted by 1 and 2 nucleotides, respectively.


Extended Data Fig. 6 Stop codon context analysis and schematic of the dual luciferase assay.
(a) GC-content around the termination codon position in the 3′ ends of protein-coding genes in trypanosomatids. The GC distribution in the B. nonstop genome dramatically differs inside of the coding regions versus the intergenic regions, in contrast to other trypanosomatids. The former are more GC-rich, however, immediately after the 3′end of genes the genome sequences become substantially more A+T-rich. (b) Sequence logo for first 100 nt after the stop codon. A is the most abundant nucleotide in the first ~39 nt past the stop codon with T taking over afterwards. Equiprobable abundance of As and Ts in the first 40 nucleotides after stop codon as a null hypothesis was rejected with the two-tailed p-value <0.0001; χ²1 = 1218.98. (c) Schematic representation of the dual luciferase assay. A cassette composed of an in-frame UGA codon positioned between the Firefly and Renilla luciferase genes was electroporated into T. brucei or S. cerevisiae expressing either 4- or 5-bp-long variants of tRNATrpCCA.


Extended Data Fig. 7 Detection and charging of tRNATrpCCA variants expressed in T. brucei.
(a) Increased gene dosage of all analyzed tRNATrp variants substantially increases their cellular levels in vivo. Total RNA was extracted from T. brucei strains expressing plasmid-borne high copy 4-bp vs. 5-bp-long tRNATrp (hc tW) variants from S. cerevisiae, B. nonstop, T. brucei, and C. magnum (indicated at the top of each panel). Ten µg of RNA was resolved by urea-PAGE, followed by the northern blot analysis using 32P-labeled oligonucleotides specific for tRNA variants; 5.8S rRNA was used as a loading control. Repeated 3 times with similar results; for gel source data, see Supplementary Fig. 1. (b) All expressed tRNA variants show an equal level of aminoacylation. Samples were prepared as in panel a, except that acidic conditions were applied to protect charged tRNAs. Aliquots of RNA samples were subjected to deacylation (labelled as “base +”). Ten µg of acylated or deacylated RNA samples were resolved on the acid-urea 12% polyacrylamide gel, transferred onto a nylon membrane and hybridized with 32P-labeled oligonucleotides specific for given tRNA variants; 5.8S rRNA was used as a loading control. The nature of hydrogen bonding between bases of the anticodon stem 5th base pair (26:42) is indicated by a vertical black line (base paring) or a red cross (no paring). Repeated 3 times with similar results; for gel source data, see Supplementary Fig. 1, for quantifications, see Source Data Extended Data Figs. 7 and 9.
Source Data


Extended Data Fig. 8 Control stop codon readthrough analysis.
(a-c) The “anticodon stem length” effect is specific only for UGA. (a) T. brucei cells were transformed with empty vector (EV) or tRNATrpCCA (tW) with 4-bp or 5-bp AS versions from B. nonstop and processed for UAG or UAA readthrough measurements as described in Methods. Readthrough values were normalized to the control cell line (containing dual-luciferase cassette without in-frame stops). The nature of hydrogen bonding between bases of the anticodon stem 5th base pair (26:42) is indicated by a vertical black line (base paring) or a red cross (no paring). Each box in the box-and-whisker plot is represented by n = 9 readthrough values (3 individual experiments each including n = 3 biological replicates). The mean value is marked (+); whiskers range from minimal to maximal values. Statistical significance was determined by the unpaired, two-tailed Welch’s t test; **** p < 0.0001; *** p < 0.001; * p < 0.05; ns = non-significant. (b-c) The yeast strain H541 was transformed with a corresponding dual luciferase readthrough reporter construct YEp-R/T-UAGC-L (panel b) or YEp-R/T-UAAC-L (panel c) together with EV or a given high copy tRNATrp variant or a control, readthrough-inducing yeast tRNATyr (tY). The resulting transformants were grown in synthetic media, processed for stop codon readthrough measurements as described in Methods, and analyzed and plotted as in panel a; **** p < 0.0001; *** p = 0.0002; * p < 0.03; n = 15 values (3 individual experiments each including 5 biological replicates; see also raw data of Firefly and Renilla measurements in Source Data Figs. 3, 4 and Extended Data Fig. 8). (d) The “anticodon stem length” effect is independent of amino acid starvation stress. The yeast strain ZH252 was transformed with a corresponding dual luciferase readthrough reporter construct YEp-R/T-UGAC-L together with an EV or a given high copy tRNATrp variant. The resulting transformants were grown in synthetic media to an O.D. of ~1 and either treated with 3-AT (3-amino-1,2,4-triazole; final concentration 10 mmol/l) for 6 h or not (nt). Subsequently, both cultures were processed for stop codon readthrough measurements as described in Methods, and analyzed and plotted as in panel a; n = 10 values (2 individual experiments each including 5 biological replicates; see also raw data of Firefly and Renilla measurements in Source Data Figs. 3, 4 and Extended Data Fig. 8). (e) The nature of the UGA stop codon tetranucleotide does not impact on the difference between readthrough levels displayed by 4-bp-long vs. 5-bp-long anticodon stem tRNATrp variants from various eukaryotes. The yeast strain H541 was transformed with a corresponding dual luciferase readthrough reporter construct (from left to right: YEp-R/T-UGAC-L; YEp-R/T-UGAA-L; YEp-R/T-UGAG-L; YEp-R/T-UGAU-L or YEp-R/T-CAAC-L) together with EV or a given high copy tRNATrp variant. The resulting transformants were grown in synthetic media and processed for stop codon readthrough measurements as described in Methods, and analyzed and plotted as in panel a; n = 9 values (3 individual experiments each including 3 biological replicates; see also raw data of Firefly and Renilla measurements in Source Data Figs. 3, 4 and Extended Data Fig. 8). (f) Shortening of the anticodon stem of S. cerevisiae Cys and Arg tRNAs from 5 bp to 4 bp has no effect on UGA-TMV readthrough levels in yeast. The yeast strain H541 was transformed with a corresponding dual luciferase readthrough reporter construct (YEp-R/T-UGA-TMV-L or YEp-R/T-CAAC-L) and subsequently with EV or a given high copy of either Cys or Arg tRNA variant. The resulting transformants were grown in synthetic media, processed for stop codon readthrough measurements as described in Methods, and analyzed and plotted as in panel a; n = 12 values (3 individual experiments, including 3, 4 and 5 biological replicates, respectively; see also raw data of Firefly and Renilla measurements in Source Data Figs. 3, 4 and Extended Data Fig. 8). (g) The sup45S67G substitution of yeast eRF1 strictly restricts UGA decoding. The yeast strains bearing wild type eRF1 (sup45Δ + SUP45) or the S67G eRF1 substitution (sup45Δ + sup45S67G) were transformed with a corresponding dual luciferase readthrough reporter construct (YEp-R/T-UGAC-L; YEp-R/T-UAAC-L or YEp-R/T-UAG-L). The resulting transformants were grown in synthetic media, processed for stop codon readthrough measurements as described in Methods, and analyzed and plotted as in panel a; n = 11 values (3 individual experiments, including 3, 4 and 4 biological replicates, respectively; see also raw data of Firefly and Renilla measurements in Source Data Figs. 3, 4 and Extended Data Fig. 8). Statistical significance was determined by the unpaired, two-tailed Welch’s t test; **** p < 0.0001; *** p < 0.001.
Source Data


Extended Data Fig. 9 Expression levels and charging efficiency of all tRNAs tested in S. cerevisiae in this study.
(a) Increased gene dosage of all analyzed tRNATrp variants substantially increases their cellular levels in vivo. Total RNA samples were isolated from the yeast strain H541 expressing plasmid-borne high copy 4-bp vs. 5-bp-long tRNATrp (tW) variants from S. cerevisiae, B. nonstop, T. brucei, or C. magnum (indicated at the top of each panel). 0.5 or 1 µg of total RNA were resolved on the Criterion Precast gel, transferred onto a nylon membrane and hybridized with a particular DIG-labeled probe against tRNATrp. The 5.8S rRNA was used as a loading control. Repeated 3 times with similar results; for gel source data, see Supplementary Fig. 1. (b) Increased gene dosage of all analyzed tRNATrp variants (4 bp vs. 5 bp) shows an equal level of aminoacylation. Total RNA samples were prepared as in panel a, except that acidic conditions were applied to protect charged tRNAs. Aliquots of RNA samples were subjected to deacylation (labelled as “base +”). 0.5 µg of acylated or deacylated RNA samples were resolved on the acid-urea 12% polyacrylamide gel, transferred onto a nylon membrane and hybridized with a particular DIG-labeled probe against tRNATrp. The 5.8S rRNA was used as a loading control. The nature of hydrogen bonding between bases of the anticodon stem 5th base pair (26:42) is indicated by a vertical black line (base paring) or a red cross (no paring). Repeated 3 times with similar results; for gel source data, see Supplementary Fig. 1, for quantifications, see Source Data Extended Data Figs. 7 and 9.
Source Data


Extended Data Fig. 10 Alignment of eRF1 from various species.
Species with non-canonical genetic codes are highlighted by a grey background. X in the sequences represents in-frame stop codons. Blue and yellow boxed alignment regions correspond to the conserved motifs required to recognize stop codons by eRF1. All available Blastocrithidia spp. exhibit critical substitution Ser70Gly (numbering according to the human sequence; Ser67 in S. cerevisiae or Gly74 in B. nonstop). All other motifs are unchanged.
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