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            Abstract
The emergence of catalysis in early genetic polymers such as RNA is considered a key transition in the origin of life1, pre-dating the appearance of protein enzymes. DNA also demonstrates the capacity to fold into three-dimensional structures and form catalysts in vitro2. However, to what degree these natural biopolymers comprise functionally privileged chemical scaffolds3 for folding or the evolution of catalysis is not known. The ability of synthetic genetic polymers (XNAs) with alternative backbone chemistries not found in nature to fold into defined structures and bind ligands4 raises the possibility that these too might be capable of forming catalysts (XNAzymes). Here we report the discovery of such XNAzymes, elaborated in four different chemistries (arabino nucleic acids, ANA5; 2â€²-fluoroarabino nucleic acids, FANA6; hexitol nucleic acids, HNA; and cyclohexene nucleic acids, CeNA7) directly from random XNA oligomer pools, exhibiting in trans RNA endonuclease and ligase activities. We also describe an XNAâ€“XNA ligase metalloenzyme in the FANA framework, establishing catalysis in an entirely synthetic system and enabling the synthesis of FANA oligomers and an active RNA endonuclease FANAzyme from its constituent parts. These results extend catalysis beyond biopolymers and establish technologies for the discovery of catalysts in a wide range of polymer scaffolds not found in nature8. Evolution of catalysis independent of any natural polymer has implications for the definition of chemical boundary conditions for the emergence of life on Earth and elsewhere in the Universe9.
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                    Figure 1: RNA endonuclease XNAzymes elaborated in four synthetic genetic polymer chemistries.[image: ]


Figure 2: Chemical synthesis yields an active RNA endonuclease XNAzyme.[image: ]


Figure 3: An RNA ligase XNAzyme (FANA).[image: ]


Figure 4: XNAâ€“XNA ligase XNAzyme (FANA) demonstrates catalysis without natural nucleic acids.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Selection scheme for RNA endonuclease XNAzymes.
a, XNA library preparation using DNA-dependent XNA polymerases, templated using N40temp, N10_817spike_temp, or N10_1023spike_temp DNA oligonucleotides (see Supplementary Table 1) primed by a biotinylated chimaeric DNAâ€“RNA primer (NucPrim), which serves as substrate for RNA cleavage in cis. Libraries are captured by streptavidin beads, allowing denaturation and removal of DNA templates. b, Single-stranded libraries are annealed and incubated in reaction buffer (see Methods), successful XNAzymes cleave the biotinylated RNA substrate in cis. c, Size separation of reacted XNA pools using denaturing polyacrylamide electrophoresis (ureaâ€“PAGE). Cleaved XNA pools are gel-extracted (indicated by dashed box) and incubated with streptavidin beads in order to capture and discard any uncleaved carry-over (indicated by dashed arrow). d, Reverse transcription of isolated, cleaved XNA pools using XNA-dependent DNA polymerase RT521L (that is, XNA â†’ cDNA). e, Amplification of transcribed cDNA by successive PCR reactions, using the primers indicated (see Supplementary Table 1). f, PCR reaction generating templates for XNA synthesis for further rounds of selection. See Methods for details. Solid crosses indicate removal of denatured strands using streptavidin bead capture.


Extended Data Figure 2 Sequences of RNA endonuclease XNAzymes.
a, Schematic diagram showing DNAâ€“RNA-(red)â€“XNA(purple) chimaeric library setup for selection of in cis RNA-cleaving XNAzymes. The sequences of the XNA region under selection (dashed box) of the most abundant clones revealed by deep sequencing are shown for selections using b, FANA, c, ANA, d, HNA, and e, CeNA. The top 10 sequences, or representatives of sequence families, were screened by Urea-PAGE gel shift for activity in cis (unimolecular reaction, as selected) and in trans (bimolecular reaction). Sequences chosen for further characterization are indicated by coloured boxes.


Extended Data Figure 3 Sequence dependence of RNA endonuclease XNAzyme cleavage.
XNAzymes were selected with degeneracy in the RNA substrate (see Extended Data Fig. 2a). The sequence requirements at these positions (upstream of the cleavage sites shown by a black inverted triangle) in the RNA substrate (N10 and N11 shown in red) were determined by ureaâ€“PAGE gel shift using all 16 variants of the substrate NucSR with each XNAzyme in trans: a, FR17_6 (FANA), b, AR17_5 (ANA), c, HR16_1 (HNA), d, CeR16_3 (CeNA). e, RNA substrate NucSR_AG (lane 1) was reacted in trans with RNA endonuclease DNAzyme 8-1717 synthesized as DNA (lane 2), HNA (lane 3), CeNA (lane 4), FANA (lane 5) or ANA (lane 6). Activity of 8-17 is lost upon conversion to the XNAs described. f, Sequence requirements for RNA cleavage by FANAzyme FR17_6 min proximal to the cleavage site (black inverted triangle), positions 8 and 9 (highlighted in red) of minimized RNA substrate NucSR_min. Substrate sequences used for further characterization of each XNAzyme are indicated by an asterisk.


Extended Data Figure 4 Analysis of RNA endonuclease XNAzyme cleavage products.
a, 5â€² cleavage product of FANAzyme FR17_6 reaction shows expected mass for a 2â€²,3â€² cyclic phosphate (>p) using matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-ToF). b, Hydrolysis of 5â€² FR17_6 cleavage product >p in low pH and dephosphosphorylation with calf intestinal phosphatase (removes 2â€²p or 3â€²p, but not >p). c, Phosphorylation of 3â€² FR17_6 cleavage product with T4 polynucleotide kinase (adds 5â€²p). Mass spectra and dephosphorylation assays of 5â€² cleavage products of d, ANAzyme AR17_5, e, HNAzyme HR16_1 and f, CeNAzyme CeR16_3 reveal all RNA endonuclease XNAzymes yield products with 2â€²,3â€² cyclic phosphates. (RNase T1) and (âˆ’OH) indicate partial hydrolysis reactions of the RNA substrates used. g, Bivalent metal ion requirements and titration of, h, pH or i, MgCl2, of FANAzyme FR17_6min reaction with NucSR_min. j, Reaction catalysed by RNA endonuclease XNAzymes.


Extended Data Figure 5 Chemical probing of XNAzyme secondary structures.
a, Chemical probing using selective 2â€²hydroxyl acylation analysed by primer extension (SHAPE)(RNA)15 or, b, d, dimethyl sulphate (DMS)16 (RNA and FANA) footprinting, used to inform secondary structure predictions of c, RNA endonuclease FANAzyme FR17_6 or e, FANA ligase FANAzyme FpImR4_2, embedded in structural cassettes15, with RNA substrate (inactivated by a 2â€²O-methyl modification at position 11, indicated by an asterisk in all panels) or FANA product in cis. SHAPE analyses RNA 2â€²OH. Black, orange and red solid bars and bases indicate low, moderate, and high SHAPE reactivity, respectively, for positions 1-28 in FR17_6 construct, corresponding to RNA substrate NucSR. DMS reacts predominantly with A and C bases (RNA and FANA). Positions were defined as reactive (blue open bars and circles) if reactivity was greater than a cut-off (dashed line in b and d) of one half standard deviation above the median. Dashed circles indicate positions with marginal reactivity. Site of cleavage (in unmodified RNA) or ligation is indicated by a black inverted triangle. Primer-binding regions (no structural data) are shown in grey.


Extended Data Figure 6 Selection scheme for RNA ligase XNAzymes.
a, XNA library preparation using DNA-dependent XNA polymerases, primed by a 5â€² triphosphorylated (5â€²ppp) RNA primer (LigS2R), which serves as one of the substrates for RNA ligation in cis. Libraries are synthesized with 3â€² biotinylated DNA templates (N40temp(b); see Supplementary Table 1), allowing subsequent capture and removal by streptavidin beads. b, Single-stranded libraries (unbiotinylated) are annealed and incubated in reaction buffer (see Methods) together with a biotinylated chimaeric DNAâ€“RNA substrate (tag1_LigS1R), which successful XNAzymes ligate to RNA substrate LigS2R in cis. c, Size separation of reacted XNA pools using ureaâ€“PAGE. Ligated XNA pools are gel-extracted (indicated by dashed box). d, Reverse transcription of XNA pools using XNA-dependent DNA polymerase RT521L, which is also able to transcribe RNA across the ligation junction (that is, [RNAâ€“RNAâ€“XNA] â†’ cDNA). e, Amplification of transcribed cDNA by successive PCR reactions, using the primers indicated (see Supplementary Table 1); out-nest reaction depends on priming site (tag1) from ligated substrate tag1_LigS1R. f, PCR reaction generating templates for XNA synthesis (now 5â€² biotinylated) for further rounds of selection. Solid crosses indicate removal of denatured strands using streptavidin bead capture.


Extended Data Figure 7 Sequences and analyses of RNA ligase XNAzymes.
a, Schematic diagram showing RNA (red)â€“XNA (purple) chimaeric library setup for selection of FANAzymes capable of catalysing a bimolecular RNA ligation. b, Sequences of the FANA region under selection (dashed box in a) of the most abundant clones revealed by deep sequencing. Representatives of sequence families were screened for activity in bimolecular (LigS2R attached to XNAzyme) or trimolecular (XNAzyme separate from both substrates) reactions. Sequence F2R17_1 (boxed) was chosen for further characterization. c, Regiospecificity of RNA product (LigPR) of ligation catalysed by XNAzyme F2R17_1min (see Fig. 3), analysed by strong anion exchange chromatography (SAX-HPLC)36. Mock RNA ligation product (iâ€“iii) containing a single 2â€²-5â€² (Mock_LigPR[2â€²-5â€²]) or 3â€²-5â€² linkage (Mock_LigPR[3â€²-5â€²]) at a position analogous to the ligation site were compared to the XNAzyme-catalysed RNA product LigPR (iv-vi). The XNAzyme product gives an identical elution profile to the natural (3â€²-5â€²) linkage standard. d, Bivalent metal ion requirements and titration of, e, pH or f, MgCl2, of FANAzyme F2R17_1min reaction. g, Substitution of RNA ligase substrates with DNA and XNA (FANA) versions in F2R17_1min reaction shows that 5â€²-RNAâ€“RNA-3â€² ligation is preferred, but some ligase activity can be seen with 5â€²-RNAâ€“DNA-3â€².


Extended Data Figure 8 Selection scheme for XNA ligase XNAzymes.
a, XNA library preparation using DNA-dependent XNA polymerases, primed by an all-XNA (FANA) primer (LigS2F), which serves as one of the substrates for FANA ligation in cis. Libraries are synthesized with 3â€² biotinylated DNA template (E47spike_temp; see Supplementary Table 1), allowing subsequent capture and removal by streptavidin beads. b, Single-stranded libraries (unbiotinylated) are annealed and incubated in reaction buffer (see Methods) together with a biotinylated chimaeric DNAâ€“XNA (FANA) substrate (tag1_LigS1F), activated with a 3â€² phosphorylimidazolide (Extended Data Fig. 10), which successful XNAzymes ligate to XNA (FANA) substrate LigS2F in cis. c, Size separation of reacted XNA pools using ureaâ€“PAGE. Ligated XNA pools are gel-extracted (indicated by dashed box). d, Reverse transcription of XNA pools using XNA-dependent DNA polymerase RT521L (that is, XNA â†’ cDNA). e, Amplification of transcribed cDNA by successive PCR reactions, using the primers indicated (see Supplementary Table 1); out-nest reaction depends on priming site (tag1) from ligated substrate tag1_LigS1F. f, PCR reaction generating templates for XNA synthesis (now 5â€² biotinylated) for further rounds of selection. Solid crosses indicate removal of denatured strands using streptavidin bead capture.


Extended Data Figure 9 Sequences and analyses of XNA ligase XNAzymes (FANA).
a, Schematic diagram showing all-FANA library setup for selection of FANAzymes capable of catalysing a bimolecular XNA (FANA) ligation. b, FANA sequences of the region under selection (dashed box in a) of the most abundant clones revealed by deep sequencing. Representatives of sequence families were screened for activity in bimolecular (LigS2F attached to XNAzyme) or trimolecular (XNAzyme separate from both substrates) reactions. Sequence FpImR4_2 (boxed) was chosen for further characterization. c, Regiospecificity of XNA (FANA) product (LigPF) of ligation catalysed by XNAzyme FpImR4_2 (see Fig. 4), analysed by strong anion exchange chromatography (SAX-HPLC). Mock FANA ligation product (Mock_LigPF) (i), prepared by polymerase (D4K) gives an identical elution profile to the XNAzyme-catalysed FANA product (LigPF)(ii and iii). d, Bivalent metal ion requirements and titration of, e, pH or f, MgCl2, of FANAzyme FpImR4_2 reaction. g, Substitution of XNA ligase substrates with RNA and DNA versions in FpImR4_2 reaction. Although 5â€²-FANAâ€“FANA-3â€² is preferred, ligase activity can be seen with 5â€²-FANAâ€“DNA-3â€², and 5â€²-FANAâ€“RNA-3â€², as well as 5â€²-DNAâ€“FANA-3â€², 5â€²-DNAâ€“DNA-3â€² and 5â€²-DNAâ€“RNA-3â€².


Extended Data Figure 10 Analysis of XNA (FANA) substrates and enzymes prepared by solid-phase synthesis.
MALDI-ToF mass spectra showing expected masses of a, XNA (FANA) ligase substrate LigS1F-3â€²phosphorylimidazolide (prepared by solid-phase synthesis of the 3â€² phosphorylated (3â€²p) oligonucleotide, followed by reaction with carbodiimide and imidazole (see Methods)), b, XNA (FANA) ligase substrate LigS2F, and XNAzymes c, FR17_6min, d, F2R17_6min, and e, FpImR4_2. f, Dephosphorylation assay of versions of LigS1F (3â€² hydroxyl, lanes 1 and 2, 3â€² phosphate, lanes 2 and 3, or 3â€² phorphorylimidazolide, lanes 5 and 6) with calf intestinal phosphatase (lanes 2, 4 and 6). The majority of the LigS1F preparation shown (âˆ¼70%) is protected from dephosphorylation, consistent with formation of the 3â€²pIm. g, Ureaâ€“PAGE analyses of purified FANA substrates and XNAzymes.
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