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            Abstract
Since at least the last common ancestor of all life on Earth, genetic information has been stored in a four-letter alphabet that is propagated and retrieved by the formation of two base pairs. The central goal of synthetic biology is to create new life forms and functions1, and the most general route to this goal is the creation of semi-synthetic organisms whose DNA harbours two additional letters that form a third, unnatural base pair. Previous efforts to generate such semi-synthetic organisms2 culminated in the creation of a strain of Escherichia coli that, by virtue of a nucleoside triphosphate transporter from Phaeodactylum tricornutum, imports the requisite unnatural triphosphates from its medium and then uses them to replicate a plasmid containing the unnatural base pair dNaMâ€“dTPT3. Although the semi-synthetic organism stores increased information when compared to natural organisms, retrieval of the information requires in vivo transcription of the unnatural base pair into mRNA and tRNA, aminoacylation of the tRNA with a non-canonical amino acid, and efficient participation of the unnatural base pair in decoding at the ribosome. Here we report the in vivo transcription of DNA containing dNaM and dTPT3 into mRNAs with two different unnatural codons and tRNAs with cognate unnatural anticodons, and their efficient decoding at the ribosome to direct the site-specific incorporation of natural or non-canonical amino acids into superfolder green fluorescent protein. The results demonstrate that interactions other than hydrogen bonding can contribute to every step of information storage and retrieval. The resulting semi-synthetic organism both encodes and retrieves increased information and should serve as a platform for the creation of new life forms and functions.
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                    Figure 1: UBP and decoding with tRNASer.[image: ]


Figure 2: Incorporation of PrK using PylRSâ€“tRNAPyl.[image: ]


Figure 3: Incorporation of pAzF using pAzFRSâ€“tRNApAzF.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Fluorescence of cells expressing sfGFP with various codons at position 151.
Strain YZ3 cells carrying a plasmid expressing TetR and an sfGFP plasmid with the indicated position 151 codon were grown to an OD600 of approximately 0.5 and induced with IPTG and aTc. Fluorescence measurements were taken after 3â€‰h of induction. Data shown as mean with individual values, nâ€‰=â€‰3 cultures originating from the same colony and grown in parallel (technical replicates).


Extended Data Figure 2 Decoding of the AXC codon with natural near-cognate anticodons.
a, b, Fluorescence (a) and growth (b) of cells expressing sfGFP(AXC)151 with or without tRNASer with the indicated anticodon. Cells were induced as described in Fig. 1c, d and fluorescence measurements correspond to the last time point shown in Fig. 1c. Values for the GYT anticodon and in the absence of tRNASer (â€“tRNA) correspond to the same values in Fig. 1c, d. Individual data points (with means in a) shown from nâ€‰=â€‰4 cultures, each propagated from an individual colony (biological replicates).


Extended Data Figure 3 Western blots and growth of cells decoding AXC and GXC codons with tRNAPyl.
a, Western blot of lysates (normalized by OD600) from cells expressing sfGFP with the indicated position 151 codon, in the presence (+) or absence (â€“) of a tRNAPyl with a cognate anticodon, PylRS, or 20â€‰mM PrK in the medium. Blots were probed with an anti-GFP antibody (N-terminal epitope). Cells were induced and collected at an equivalent time point, as described in Fig. 2b. For blot source data, see Supplementary Fig. 1. b, Growth of cultures analysed in Fig. 2a. The fold change in OD600 between induction of sfGFP (tâ€‰=â€‰1 h) and the final time point is greatest when all components necessary for aminoacylating tRNAPyl are present. Variations in the absolute value of OD600 are due to small variations in cell density at the start of T7 RNAP (and, if present, tRNAPyl) induction (tâ€‰=â€‰0). Individual data points shown from nâ€‰=â€‰4 cultures, each propagated from an individual colony (biological replicates).


Extended Data Figure 4 Decoding of AXC and GXC codons with tRNAPyl and cell growth as a function of added unnatural ribotriphosphates.
a, Fluorescence (upper panel) and western blots of purified sfGFP (lower panel) from cells expressing sfGFP and tRNAPyl with the position 151 codon/anticodon indicated, in the presence (+) or absence (â€“) of each unnatural ribotriphosphate in the medium, and with or without 20â€‰mM PrK. Cells were induced as described in Fig. 2b and fluorescence measurements were taken at the end of induction (~3.5â€‰h), before collecting the cells and purifying the sfGFP protein for click conjugation of TAMRA and western blotting. Western blots were probed with an anti-GFP antibody and imaged to detect both sfGFP and the conjugated TAMRA; all lanes correspond to sfGFP purified from cells grown with added PrK. Data shown as mean with individual values, nâ€‰=â€‰3 cultures, each propagated from an individual colony (biological replicates); ND, not determined. For blot source data, see Supplementary Fig. 1. b, Fluorescence and growth of cells expressing sfGFP(TAC)151 in the presence (+) or absence (â€“) of both unnatural deoxyribotriphosphates and each unnatural ribotriphosphate. tâ€‰=â€‰0 corresponds to the addition of IPTG to induce expression of T7 RNAP; aTc was added at tâ€‰=â€‰1 h to induce expression of sfGFP. Individual data points shown from nâ€‰=â€‰3 cultures, each propagated from an individual colony (biological replicates). At the concentrations used (see Methods), dNaMTP and dTPT3TP do not inhibit cell growth, whereas both unnatural ribotriphosphates, particularly TPT3TP, cause some inhibition of growth. c, Cell growth corresponding to the cultures with added PrK (20â€‰mM) whose fluorescence is shown in Fig. 2b. Cells expressing sfGFP with natural codons were grown without any unnatural triphosphates, whereas cells expressing sfGFP with unnatural codons were grown with both unnatural deoxy- and ribotriphosphates. Individual data points shown from nâ€‰=â€‰4 cultures, each propagated from an individual colony (biological replicates).


Extended Data Figure 5 Decoding of AXC and GXC codons with tRNAPyl as a function of PrK concentration in the medium.
a, Western blots of sfGFP purified from cells expressing sfGFP and tRNAPyl with the indicated position 151 codon/anticodon, with conjugation of TAMRA and the addition of PrK to the medium at the indicated concentrations. sfGFP was induced and purified from cells collected as described in Fig. 2b. Western blots were probed with an anti-GFP antibody and imaged to detect both sfGFP and the conjugated TAMRA. For blot source data, see Supplementary Fig. 1. b, Fluorescence of cells (measured at the last time point shown in c) expressing sfGFP and tRNAPyl with the indicated position 151 codon and anticodon, respectively, as a function of PrK concentration in the medium. Fluorescence values for the 0 and 20â€‰mM PrK conditions are the same as the (â€“) and (+) PrK conditions, respectively, shown in Fig. 2b. Individual data points shown from nâ€‰=â€‰4 cultures, each propagated from an individual colony (biological replicates). c, Timecourse analysis of fluorescence and cell growth in b. For clarity, only one representative culture (of four) is shown for each codon/anticodon pair and PrK concentration. We attribute the low level of sfGFP produced in the absence of PrK to decoding by endogenous tRNAs and loss of UBP retention in sfGFP (Extended Data Table 2). However, the relative amount of sfGFP that contains PrK (a) and absolute amount of sfGFP expressed (b, c) increased in a dose-dependent manner with increasing PrK in the medium, ultimately resulting in nearly full incorporation of PrK, suggesting that endogenous read-through of the AXC and GXC codons can be efficiently suppressed with sufficient concentrations of charged PrK-tRNAPyl(GYT) or PrK-tRNAPyl(GYC).


Extended Data Figure 6 Cell growth of the cultures whose fluorescence is shown in Fig. 3a.
Individual data points shown from nâ€‰=â€‰4 cultures, each propagated from an individual colony (biological replicates).


Extended Data Table 1 Relative abundance of amino acids at position 151 in sfGFP for experiments described in Figs 1f and 2dFull size table


Extended Data Table 2 UBP retentionFull size table


Extended Data Table 3 Yields of sfGFP protein expressed in Ser, PrK and pAzF incorporation experimentsFull size table


Extended Data Table 4 Mass spectrometry of sfGFP for identification and quantification of ncAA incorporationFull size table
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        Editorial Summary
Stepping towards synthetic life
In 2014, Floyd Romesberg and colleagues demonstrated that, in a bacterium modified to import two non-natural bases that the cell itself cannot synthesize, cellular DNA polymerases could use the non-natural bases to form an unnatural base pair (UBP) in the genomic DNA. The group has now used the UBP in a coding capacity, a step that could lead towards viable life forms with synthetic capabilities. They engineered tRNAs with anticodons that would be complementary to codons that contain an unnatural base, and these were charged with non-natural amino acids. Consequently, when the unnatural base in a reporter mRNAâ€”in this case a green fluorescent proteinâ€”is encountered by the ribosome, it incorporates a non-coding amino acid. This work finally offers proof that a semi-synthetic organism can not only encode, but also retrieve, expanded information that is not available in nature, and in a manner that does not require the hydrogen bonding interactions that are fundamental to normal coding and decoding of genomic data.
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