Assembly of a biocompatible triazole-linked gene by one-pot click-DNA ligation.
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The chemical synthesis of oligonucleotides and their enzyme-mediated assembly into genes and genomes has significantly advanced multiple scientific disciplines. However, these approaches are not without their shortcomings; enzymatic amplification and ligation of oligonucleotides into genes and genomes makes automation challenging, while site-specific incorporation of epigenetic information and/or modified bases into large constructs is not feasible. Here, we present a fully chemical, one-pot method for the assembly of oligonucleotides into a gene by click-DNA ligation. We synthesize the 335 base-pair gene encoding the green fluorescent protein iLOV from ten functionalized oligonucleotides containing 5'-azide and 3'-alkyne units. The resulting click-linked iLOV contains eight triazoles at the sites of chemical ligation, yet is fully biocompatible; it is replicated by DNA polymerases in vitro and encodes a functional iLOV protein in E. coli. We demonstrate the power and potential of our one-pot gene assembly method by preparing an epigenetically modified variant of the iLOV gene.

The ability to design and synthesize large fragments of DNA has underpinned and revolutionized multiple fields including cell biology, biotechnology and synthetic biology.


1, 2, 3, 4 ADDIN EN.CITE  While chemical synthesis of short oligonucleotide fragments (<100 bases) is routine, the synthesis of longer fragments is often plagued by poor yields and high error rates which occur as a function of oligonucleotide length.5 As a result, large DNA fragments need to be assembled from multiple short oligonucleotides using enzymes.
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 Current assembly approaches typically make use of PCR amplification
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 or enzymatic ligation,
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 although these approaches are well established and form the cornerstone of current gene and genome synthesis efforts, they have some limitations. First, chemical modifications and epigenetic information cannot be introduced into a gene or genome site-specifically by polymerase-based methods as modified bases are not differentiated by these enzymes. Second, current assembly methods do not readily lend themselves to automation, and therefore require significant effort and time. Third, the assembly reactions are often low yielding so require a final PCR amplification step to isolate the full length product from the partially assembled fragments, thus erasing epigenetic information even in ligase-based methods.
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 Despite these limitations, enzymatic assembly has been used to prepare genomes of over a million base pairs


10 ADDIN EN.CITE  and is routinely employed for the preparation of genes in everyday research. However, given the challenge of preparing ever increasing lengths of epigenetically modified DNA at larger scale, and the need for chemically modified DNA constructs,11 alternative DNA assembly methods and ligation chemistries are needed.

We envisage that a purely chemical method for linking and assembling synthetic oligonucleotides into larger fragments would overcome the above limitations and potentially reduce the time and cost associated with gene and genome synthesis. In this strategy, a highly specific and selective chemical reaction is used to join oligonucleotides with the required functional groups at each terminus (Figure 1a). Given the self-templating properties of DNA, a one-pot assembly strategy can be envisaged whereby the sense and antisense strands of the desired gene are segmented into overlapping fragments that are chemically synthesized as functionalized oligonucleotides (Figure 1ai). These are annealed in the correct order by DNA self-templating to bring the neighbouring functional groups in sufficient proximity to enable bond formation (Figure 1aii). The chemical reaction between the functionalized termini may be initiated through the addition of a catalyst leading to covalent bonding between the oligonucleotides to give the desired gene (Figure 1aiii). However, an absolute requirement for the utility of such a process is the tolerance of the chemical ‘scar’ formed at the site of ligation (in place of the phosphodiester bond) in biological systems, so that the resulting DNA strand is correctly replicated and transcribed in cells. 
There are several examples of nucleotide analogues linked with non-phosphodiester linkages, using a variety of chemical reactions,12 including nucleophilic displacement,


13, 14 ADDIN EN.CITE  photoligation,15 and disulfide bonding.
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 DNA self-templating has also been used to template a variety of organic reactions.
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 For our purpose, we selected the copper-catalyzed azide-alkyne cycloaddition (CuAAC), which has previously been used to link oligonucleotides functionalized with a 3ˈ-propargyl and a 5ˈ-methylene azide (Figure 1b). 
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 The resulting click-linked DNA backbone was shown by us to be accurately replicated and transcribed in bacterial
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 and human cells28 when a single triazole linker was incorporated into each strand of a DNA duplex. In addition, the linker is accurately transcribed in vitro by T7 RNA polymerase,29 while structural studies illustrated minor disturbance to the double helix structure from a single triazole-linker.30 Collectively these results demonstrate the surprising biocompatibility of a single triazole-linker incorporated into DNA. However, it remains unknown whether multiple triazole-linkers incorporated into the same DNA strand are tolerated by living systems, and whether multiple click-DNA ligation reactions can be used in combination with the self-assembling properties of DNA for one-pot gene synthesis.
Here we show gene assembly via this one-pot click-ligation strategy and demonstrate the biocompatibility of the resulting triazole-containing DNA in E. coli. The viability of this approach is illustrated with the assembly of the 335 bp gene that encodes the fluorescent protein iLOV
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 from ten functionalized oligonucleotides (Figure 1c). This work serves as proof-of-concept for enzyme-free gene assembly and could pave the way for the fully chemical synthesis of genes and genomes.
Results
Synthesis of oligonucleotides comprising the iLOV gene. The 335-bp gene encoding iLOV was codon-optimized for expression in E. coli. The sites of ligation were chosen to be between adjacent deoxycytidine (dC) and deoxythymidine (dT) residues (CpT steps) due to the simplicity of preparing the appropriate modified nucleosides, and positioned throughout the gene to give an overlap of at least 10 base pairs between the sense and antisense strands (Figure 1c and Supplementary Table 1). Efforts were also made to keep the length of each oligonucleotide between 50-80 bases to enable high-fidelity synthesis and facilitate purification. The sequences of the oligonucleotides were not optimized to give favourable melting temperatures or avoid secondary structures; in fact the melting temperatures of the individual fragments differed by as much as 6.6 °C due to varying GC-contents (Supplementary Table 2). These oligonucleotides were synthesized by phosphoramidite chemistry using a resin functionalized with 3'-propargyl dC. The monomer was isolated from a one-pot reaction in which N4-acetyl-2'-deoxy-5'-O-DMT cytidine was alkylated using propargyl bromide in the presence of NaH in THF. Sonication for 2 h at room temperature drove the reaction to completion without the formation of by-products. Methanol was subsequently added to quench the residual propargyl bromide and simultaneously remove the acetyl protecting group to give the propargyl modified nucleoside in 68% yield; an improvement on the previously published 2-step reaction to synthesize 3'-propargyl methyl-dC monomer.32 The monomer was then loaded onto an amino functionalized resin in preparation for DNA synthesis (Figure 2).32 The 5'-azide functional group was installed by incorporating 5'-iodo-2'-deoxythymidine-3'-phosphoramidite as the final monomer during oligonucleotide synthesis and treating the resin-bound oligonucleotide with sodium azide to displace the iodine.22 The terminal fragments of the sense and antisense strands (F5 and R5, Supplementary Table 1) were synthesized to contain 5'-phosphate groups rather than azides. To enable ligation of the final synthetic gene into a plasmid, the sequences of the four terminal fragments (F1, F5, R1 and R5, Supplementary Table 1) were designed to include overhangs compatible with digestion with NdeI and EcoRI restriction endonucleases (Figure 1c). 
Two different methods of purifying the oligonucleotide were evaluated; the crude solutions of each oligonucleotide were divided into two fractions; one fraction purified by semi-preparative HPLC using a hexylammonium acetate/acetonitrile buffer system and the other via polyacrylamide gel electrophoresis (PAGE). The purity of the oligonucleotides was then quantified via analytical HPLC and capillary electrophoresis. We observed that HPLC purification yielded purer oligonucleotides than PAGE purification (Supplementary Table 3). Furthermore, we found that capillary electrophoresis tended to overestimate the purity of the oligonucleotides compared to analytical HPLC (Supplementary Table 3). Consequently, only the HPLC-purified oligonucleotides were used to assemble the iLOV gene.
Click-mediated assembly of the gene encoding iLOV. The ten oligonucleotide fragments synthesized above were combined in salt solution, heated at 95°C for 15 min, then cooled to room temperature over 2 h to enable annealing. We hypothesized that the self-templating properties of DNA would enable annealing of the oligonucleotides in the correct order to give the unligated iLOV gene. The alkyne- and azide-functionalized termini of these thermally assembled oligonucleotides were simultaniously reacted to form triazoles via addition of Cu(II) sulphate and sodium ascorbate. A control assembly reaction containing modified oligonucleotides, but no copper was also carried out to assess the importance of click-linking the annealed DNA. The crude click reactions were purified by PAGE under denaturing conditions to ensure that any unreacted fragments or by-products migrated separately from the assembled gene. As expected, in the absence of the copper catalyst, the individual oligonucleotide fragments did not assemble to form the iLOV gene, but rather migrated individually towards the bottom of the gel (Figure 3a, lane 1). In the copper-containing reaction however, a distinct high molecular weight band was observed (Figure 3a, lane 2), indicating correct assembly and click-DNA ligation of the functionalized oligonucleotides. The band corresponding to the assembled iLOV gene was excised from the gel and the DNA was extracted to give 95 µg (4.5% isolated yield) of pure click-linked iLOV gene as a single band at ~350 bp (Figure 3b lane 2 and insert in Figure 3b).
The effect of multiple click-linkers on the secondary structure of DNA. A single triazole incorporated into the backbone of DNA has been shown to cause minor distortions that result in displacement of the deoxyribose sugar and increased mobility of the base pairs flanking the triazole.30 Given this, we were concerned that the presence of multiple triazoles might drastically perturb the secondary structure of the click-linked gene and affect its biocompatibility. We therefore conducted circular-dichroism (CD) spectroscopy analysis to probe this. CD analysis of the click-linked iLOV gene gave bisignate signals with maxima at λ = +276/-248 nm which are characteristic of the B-type DNA helix,33 identical to that observed for the canonical iLOV gene (Figure 3b). The lack of perturbation in the CD signal for click-linked iLOV when compared to the canonical equivalent demonstrates that the multiple backbone triazoles do not significantly alter the conformation of the DNA double helix. However, melting temperature analysis of the two constructs suggests that the triazoles do have a minor destabilizing effect. Canonical iLOV gave a melting temperature of 84.3 ˚C while that of the click-linked gene was 81.3 ˚C, indicating that the eight triazoles destabilize the duplex by 3 ˚C (Supplementary Figure 1). 
Replication of click-linked iLOV in vitro. The ability of DNA polymerases to replicate click-linked iLOV in vitro was next assessed. We used click-linked iLOV as a template for PCR amplification by either Taq or Pfu polymerase, and the unligated, modified oligonucleotides were used as a negative control. Click-linked iLOV was amplified by both DNA polymerases, giving a single band that appeared at ~350 bp markers in the ladder (Figure 3d, lanes 3 and 5). In contrast, PCR of the unligated oligonucleotides did not give rise to a band corresponding to the full length iLOV product. Instead a strong band was observed at ~150bp, with weaker bands visible at ~275 and ~300 bp (Figure 3d, lanes 2 and 4). The absence of truncation products when amplifying the click-linked iLOV, suggests that the triazole backbone linkers do not cause the polymerase to detach from the template or stall at the triazole. We also assessed the ability of DNA polymerases to read through click-linked iLOV using a primer extension assay, whereby a single strand of the click-linked DNA is copied in linear fashion by the Klenow fragment (exo)- of DNA polymerase I (Klenow). This assay uses the sense strand of click-linked iLOV as template, with the polymerase processing through this strand. The single-strand click-linked template required for the primer extension assay was generated using a template-mediated click-ligation strategy (Supplementary Figure 2) using the modified oligonucleotide fragments that comprised the sense strand of iLOV. These oligonucleotides were assembled in the correct order using four shorter complementary splints which spanned 20-25 bases either side of the ligation points. The assembled sense strand was observed as a high molecular weight band at the top of the gel; as with the one-pot gene assembly, cyclization and truncation products were observed in addition to the residual unreacted oligonucleotides (Supplementary Figure 2). The click-linked sense strand of iLOV was extended successfully by Klenow, depleting all the primer added to the reaction, with only a single band corresponding to the full length iLOV gene being observed (Figure 3e, lane 2). The absence of any truncated species or unreacted primer indicates that Klenow successfully reads though the four triazole backbone-linkers, extending the primer to the full length complementary strand. As expected, the primer remained unextended in the negative control reaction lacking Klenow (Figure 3e, lane 1).
We further probed the effect of DNA backbone triazoles on DNA polymerases using quantitative PCR (qPCR). We designed four primers to bind upstream of each triazole on the sense strand of click-linked iLOV to monitor the rate of replication through the increasing number of triazoles by Taq polymerase. For comparison, the experiment was repeated using canonical iLOV as template. We observed an inverse relationship between the number of triazoles in the DNA backbone and rate of PCR product formation (Figure 3f). We compared the threshold cycle numbers (Ct value) of the templates (the point at which the fluorescence is first detected as statistically significant above the threshold) for click-linked iLOV and the canonical equivalent. When reading through one triazole linker, the Ct values for the click-linked iLOV and canonical iLOV were comparable at 9.4 ± 0.1 and 7.5 ± 0.1 respectively (Figure 3fi). The difference in Ct values increased when amplifying through two triazoles to 11.3 ± 0.1 for click-linked iLOV and 7.0 ± 0.1 for canonical iLOV (Figure 3fii). When reading through three triazoles, the difference in Ct values further increased to 18.5 ± 0.8 for click-linked iLOV and 6.6 ± 0.2 for canonical iLOV (Figure 3fiii), while reading through four triazoles gave Ct values of 20.7 ± 0.5 for click-linked iLOV and 6.3 ± 0.1 for canonical iLOV (Figure 3fiv). This data suggested that increasing the number of triazoles in the backbone of the template DNA slows down DNA replication by Taq polymerase. It should be noted that although the number cycles required to detect a significant amount of PCR product above the baseline fluorescence increases with more triazoles, the flat line at zero during these early cycles (e.g. in Figure 3fiv) does not equate to the lack of DNA replication. Rather, the amount of DNA produced in the early cycle is below the minimum fluorescence threshold and so is reported as zero by the instrument. Furthermore, total product levels for the PCR reactions with click-linked iLOV approach that of the canonical equivalent by the end of the PCR reaction in all cases. To further probe this effect, we repeated each amplification reaction (through increasing number of triazoles) with Taq DNA polymerase, visualized the DNA produced on an agarose gel (Supplementary Figure 3), and quantified the concentration of DNA produced (Supplementary Table 4). Interestingly, no significant difference was observed between using click-linked iLOV or the canonical iLOV gene as template, even when reading through 4 triazoles (Supplementary Figure 3 and Supplementary Table 4). This suggests that the difference in replication rates observed by qPCR is normalized by the end of the PCR reaction. Any effect from the triazole-linkages will only be relevant during the first few PCR cycles; after this, there will be a large excess of unmodified template product, so amplification will proceed at the same rate in all reactions. It is unclear whether the observed triazole-dependent slowdown in PCR replication would also affect replication of click-linked iLOV in cells. 
Probing the biocompatibility of the click-linked iLOV gene in E. coli. The biocompatibility of our clicked-linked gene was next probed in E. coli. For comparison, we assembled the canonical iLOV gene with T4-DNA ligase (ligase-assembled iLOV), using 5ˈ-phosphorylated equivalents of the oligonucleotides used for click-ligation. Both the click-linked iLOV and ligase-assembled iLOV were designed to contain sticky ends for ligation into the pRSET-mCherry plasmid34 cleaved by NdeI and EcoRI restriction endonucleases (Figure 4). These restriction sites were chosen so that the click-linked gene, which encodes the green fluorescent protein iLOV, directly replaces the gene encoding for the red fluorescent protein mCherry in the backbone. Thus surviving colonies containing click-linked iLOV would be readily distinguished from false positives containing the parent plasmid by the colour of their fluorescence. The pRSET-mCherry plasmid was sequentially digested with NdeI and EcoRI restriction endonucleases, which removes the gene encoding mCherry, followed by treatment with shrimp alkaline phosphatase to remove the terminal phosphate groups to minimize backbone-only ligation. Click-linked iLOV was ligated into the purified digested vector with T4 DNA ligase. The ligation mixture was transformed into KRX E. coli cells, chosen as they contain a chromosomal copy of T7 RNA polymerase and therefore allow rhamnose-dependent overexpression of iLOV from the pRSET plasmid used. Transformed cells were plated on LB agar, incubated overnight and the resulting colonies were assessed for the green fluorescent phenotype associated with transcription and translation of click-linked iLOV (Figure 5a). Of the 551 assessed colonies (n = 15) 56.9 ± 9.6% displayed the green fluorescent phenotype associated with iLOV, while 29.3 ± 8.6% were white and 13.8 ± 10.4% were red (Figure 5b). When using the ligase-assembled iLOV, of the 459 assessed colonies  (n = 15) 40.1 ± 12.1% were green, 44.5 ± 9.7% were white and 15.4 ± 12.1% were red (Figure 5B). It is interesting to note that in both cases ~15% of the colonies still contained undigested or singly digested and religated pRSET-mCherry, suggesting poor performance by one of the restriction endonucleases despite gel purification of the double digested backbone and treatment with shrimp alkaline phosphatase (to prevent backbone-only ligation). There are two possibilities that would lead to white colonies; either the gene for iLOV in those colonies is mutated, or the plasmid does not contain an insert. To further probe this, we isolated and sequenced the plasmids from 25 white colonies; 92% of these colonies contained point mutations that led to frameshifts or deletions in the iLOV gene, while the remaining 8% of colonies contained religated vector without an insert. Plasmids from 50 colonies expressing the green phenotype of the click-linked iLOV gene were isolated and their sequences were analyzed. Of these colonies, 49 (98%) possessed the correct sequence, meaning that the whole iLOV gene, including the regions flanking the triazole linkers, is correctly replicated in E. coli (Figure 5c). The lone mutant contained an adenine to cytosine point mutation at thirteen bases after the second triazole (position 157 on the sense strand) which did not affect iLOV function. In comparison, of the 50 green colonies sequenced from the cohort transformed with the ligase-assembled iLOV gene, 40 (80%) were error-free while the remaining 10 (20%) contained point mutations at a variety of different positions. It is interesting that the error rate is higher for ligase-assembly than click DNA ligation, both in terms of number of colonies displaying green fluorescence (40.1 ± 12.1% for ligase versus 59.6 ± 9.6% for click) and mutations in the iLOV gene from green colonies (20% for ligase versus 2% for click). This is likely a reflection of errors incurred during oligonucleotide synthesis, or more stringent purification of the modified oligonucleotides, rather than a consequence of the chosen method of assembly. 
Assessing the role of DNA repair in the biocompatibility of click-linked iLOV. The green fluorescent phenotype observed in the majority of colonies transformed with click-linked iLOV and subsequent sequencing analysis confirmed the biocompatibility and high fidelity replication of this click-linked gene in E. coli (Figure 5a and 5b). However, it is possible that the triazoles present on the DNA backbone of click-linked iLOV are being converted to the canonical phosphodiester linkage via activation of the nucleotide excision repair (NER) system rather than being directly replicated in E. coli. To probe this possibility, a doubly-digested pRSET plasmid ligated with click-linked iLOV as insert (as above) was transformed into a ∆UvrB strain of E. coli (JW0762-2);
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 UvrB protein is an essential component of the DNA damage recognition complex which is responsible for excising DNA lesions in the NER system.
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 If biocompatibility of click-linked iLOV was due to excision of the triazole-linkers through DNA repair, then this would be lost in the ∆UvrB strain of E. coli, which is incapable of NER. As JW0762-2 does not contain a copy of T7 RNA polymerase, iLOV will not be transcribed from the pRSET plasmid, therefore the green fluorescent phenotype cannot be used as an indication of biocompatibility. We therefore isolated and sequenced plasmids from 50 colonies transformed with click-linked iLOV and 50 colonies transformed with ligase-linked iLOV. Of the 50 copies of click-iLOV sequenced, 30 plasmids (60%) were error-free while the remaining 20 plasmids (40%) contained mutations; either simple point mutations (36%) or missing two or more consecutive bases (4%). Similar results were obtained for ligase-assembled iLOV; 30 plasmids (60%) were error free while the remaining 20 (40%) contained mutations; either simple point mutations (28%) or missing two or more consecutive bases (12%). The high rate of error observed is likely a consequence of a lack of NER in these cells. Nonetheless, the similarity in the ratio of error-free clones observed when using click-linked iLOV or ligase-assembled iLOV suggests that the cellular machinery of E. coli is able to correctly read through the multiple triazoles contained in click-linked iLOV. 
Click-mediated assembly of fluorescent and epiginetically modified iLOV. While the approach detailed above can be used for the assembly of unmodified genes, the power of a purely chemical, one-pot method for gene synthesis is in the relative ease with which a variety of site-specific modifications may be incorporated into a target gene. To illustrate this, we designed and assembled an epigenetically modified iLOV gene containing 5-methylcytosine (5-meC) in the four CpGpCpG motif present (two on each strand). The four oligos encoding this region of the gene (F1, F4, R3, and R5; Supplementary Table 1) were resynthesized to contain 5-meC in the desired locations (mcF1, mcF4, mcR3 and mcR5; used in place of F1, F4, R3 and R5. Supplementary Table 1). The 5-meC-containing variant of iLOV was assembled by one-pot click ligation (Figure 6a), purified, and characterized by agarose gel analysis to show a band corresponding to the size expected for iLOV (Figure 6b). The iLOV gene contains 3 AciI restriction endonuclease sites, the first of which will be blocked by the incorporation of 5-meC (Figure 6a). The click-linked 5-meC containing gene was digested with AciI and the resulting fragments analyzed by mass spectormetry. For comparison, the unmodified click-linked gene was also digested with AciI and analyzed by mass spectrometry. We observed fragments corresponding to AciI-cleavage of all three sites in the unmodified gene (Figure 6c). In contrast, the mass spectrum of the 5-meC containing gene fragments showed the expected increase in mass corresponding to two methyl groups on the expected fragments. Furthermore, only peaks associated with restriction digestion of 2 of the 3 AciI sites were observed, due to the 5-meC blocking the first AciI restriciton site (Figure 6d). 
To further demonstrate the ease with which genes with site-specific modifications are prepared by click-DNA ligation, we assembled a second variant of the iLOV gene that contained Cy3 on the forward strand and Oregon Green 488 on the reverse strand. Assembly of the click-linked iLOV enables FRET between these fluorophores. After synthesis of the fluorophore-containing oligos (fluoF5 and fluoR1; used in place of F5 and R1. Supplementary Table 1), the gene was assembled by click-DNA ligation and purified. The product was analyzed by agarose gel, showing a band corresponding to iLOV that fluoresced at 570 nm when excitated at 460 nm, indicating FRET between the fluorphores on each strand of the gene (Figure 6e). This was further analyzed using a fluorescence microplate reader, and again, the expected FRET signal was observed (Figure 6f).
Discussion
All current gene synthesis methods use enzymes to assemble synthetic oligonucleotides into gene- or genome-sized fragments.
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 While these methods have been pushed to their limit, achieving challenging feats such as the synthesis of whole prokaryotic genomes


2, 10 ADDIN EN.CITE  and a eukaryotic chromosome,
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 the reliance on enzymatic assembly limits scalability, as well as the ability to incorporate site-specific modifications such as epigenetic markers (which cannot be read or written by the polymerases used for gene assembly). Yet the ability to include epigenetic information in synthetic genes will be critical in meeting the challenge of the next phase of DNA synthesis, in particular the goal of synthesizing a functional human genome.11 Given the extensive level of cytosine methylation and hydroxymethylation in the human genome, and the critical role it plays in gene regultion,
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 synthesizing the human genome will only be biologically relevant if it contains epigenetic information. We therefore propose a fully chemical approach to gene assembly, using chemically modified oligonucleotides that are covalently bound into genes by a suitable chemical reaction. Such an approach has the potential to overcome the limitations of current enzyme-based methods; allowing scale-up of gene and genome assembly while concurrently reducing the associated time and costs. We have demonstrated this possibility using click-chemistry and the CuAAC reaction, but the principle of chemical DNA ligation is not limited to this reaction; it can (and should) be applicable to a variety of chemical reactions. The one key requirement however, is that the functional group produced in the DNA backbone by chemical ligation is biocompatible. We have chosen the CuAAC reaction owing to its fast reaction rate, high yield, compatibility with aqueous media, orthogonality with the functional groups present in oligonucleotides, and its biocompatiblity.
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 However, there are other examples of DNA backbone mimics
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 whose biocompatibility remains little explored (with a few exceptions).
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 There is therefore much potential for identifying other chemical reactions that can be used for DNA ligation; combining conventional oligonucleotide synthesis with chemical DNA ligation would not only allow the synthesis of genes bearing site-specific epigenetic and fluorescent modifications on the µg-mg scale, it would also enable the automation of gene assembly, a critical step for scaling-up production and reducing the time taken to make a gene or genome.
To this end, we demonstrate the one-pot synthesis of the 335 bp iLOV gene, an epigenetically modified variant, and a fluorescently labelled derivative by click-DNA ligation of ten oligonucleotides. The resulting click-iLOV construct has eight triazole moieties in its backbone, yet is fully biocompatible in E. coli. Using click-DNA ligation, we prepared and isolated 95µg of the click-linked iLOV gene (after purification), a challenging feat when using conventional enzymatic methods. We initially compared the properties of click-linked iLOV to the canonical equivalent (generated by PCR) in vitro; CD spectroscopy showed that both had similar secondary structures, and despite the presence of eight triazole backbone linkers, the melting temperature of click iLOV was only 3º C lower than the canonical gene. We also observed that DNA polymerases can read through the click-linked iLOV, but qPCR experiments showed a considerable effect on DNA replication by PCR from each additional triazole linker that the polymerase had to read through. The data indicate that the polymerase either slows down or stalls while reading through the triazole, resulting in additional PCR cycles being required for click-linked iLOV to pass the minimum fluorescence threshold in the qPCR assay. It should be noted however, that at the end of the multiple cycles of a typical PCR reaction, the difference in total DNA concentration was found to be negligible. Although our data indicate that under PCR conditions the triazole linkages in click-linked DNA affect amplification, these conditions, and the mechanism of DNA amplification, are far removed from those that occur in cellular replication, where DNA is copied by a holoenzyme with multiple subunits and at a lower temperature.

We next assessed the biocompatibility of the click-iLOV gene in E. coli. To determine the source of the mutations observed in some progeny of the click-iLOV gene (i.e. whether they are caused by the triazole linkers, arising during oligonucleotide synthesis, or introduced during cloning), we assembled a control gene using T4 DNA ligase. The gene was constructed from ten oligonucleotides which are canonical equivalents of those used for click-ligation. The ligase-assembled iLOV was transformed into E. coli and sequence fidelity of the progeny assessed as for click-linked iLOV. Interestingly, we found fewer mutations in iLOV genes isolated from cells transformed with click-linked iLOV than those isolated from cells transformed with ligase-linked iLOV, both in terms of ratio of functional genes produced (56.9 ± 9.6% for click-linked iLOV versus 40.1 ± 12.1% for ligase-linked iLOV), and ratio of functional genes containing errors (2% for click-linked iLOV versus 20% for ligase-linked iLOV). The mutations observed in the click-linked gene were not located at, or adjacent to, the sites of click-ligation, and are therefore unlikely to be a consequence of the triazole-linked backbone. The most likely cause of these errors lies in the oligonucleotide synthesis and purification steps, and this may account for the higher error rates when using non-modified oligonucleotides. We next assessed the contribution of NER to the observed biocompatibility in cells using a UvrB-deficient E. coli strain (incapable of NER). We observed a similar rate of error in the iLOV sequence isolated from the progeny of cells transformed with click-linked iLOV as for those transformed with ligase-linked iLOV. The above indicates that the triazole-linkers are truly biocompatible and furthermore our experiments demonstrate the viability of using a chemical ligation strategy for gene synthesis. 

The limits of gene and genome synthesis are continuously driven forward by new techniques and technologies. The one-pot click-mediated DNA ligation approach presented here yields biocompatible genes that contain multiple triazole linkers at each site of chemical ligation and offers an alternative, fully chemical approach to gene and genome assembly. The ability of this method to incorporate site-specific epigenetic information without a sacrifice in scale is significant, and a necessity for overcoming the challenge of synthesizing epigenetically modified genes and genomes.
Methods
For complete experimental methods see Supplementary Information.
One-pot assembly of iLOV gene. The oligonucleotides which comprised the sense and antisense strands of iLOV (F1-F5 and R1-R5, 4 nmol each, Supplementary Table 1) were combined and lyophilized. The oligonucleotides were suspended in 0.2 M NaCl (400 µL) then annealed by heating at 95°C for 15 min then gradually cooled to room temperature over 2 h; the temperature was reduced by 10°C every 15 min. A Cu1 click catalyst solution was prepared from tris(3-hydroxypropyltriazolylmethyl)amine ligand (4.6 µmol in 0.2 M NaCl, 154 µL), sodium ascorbate (7 µmol in 0.2 M NaCl, 14 µL) and CuSO4.5H2O (0.7 µmol in 0.2 M NaCl, 7 µL). The pre-mixed catalyst solution (160 µL) was added to give the following equivalents per click reaction: 140 eq ligand, 200 eq ascorbate and 20 eq copper. The mixture thoroughly degassed using argon then left at room temperature for 2 h. Formamide (560 µL) was added and the samples analyzed by denaturing 8% polyacrylamide gel electrophoresis by applying 550 V for 3.5 h. The gel was visualised by placing it on top of a TLC plate and using a UV lamp at 254 nm. Bands corresponding to the assembled gene were excised and extracted from the gel using the ‘crush and soak method’. In brief, the excised polyacrylamide pieces were broken down into small pieces then suspended in distilled water (25 mL). The suspension was shaken at 37 °C for 18 h then filtered through a plug of cotton wool. The filtrate was concentrated to approximately 2 mL then desalted using through two NAP-25 and one NAP-10 columns. The desalted eluent was lyophilized prior to use.
Ligation of click-assembled iLOV gene into pRSET backbone. The pRSET backbone required for ligation was prepared from the double digestion of pRSET mCherry.34 The plasmid was digested sequentially between the NdeI and EcoRI restriction sites using enzymes and buffer supplied by New England Biolabs, UK. Restriction digestions were performed in a 50 µL reaction volume with between 1- 2.5 µg of plasmid, 10X CutSmart® buffer (5 µL) and the restriction enzyme (20 U/µg plasmid). The restriction digestion reactions were incubated at 37 °C (60 min/µg plasmid) then the 5'-terminus dephosphorylated by addition of shrimp alkaline phosphatase (1 U/µg plasmid, New England Biolab, UK). The reactions were incubated at 37 °C for a further 30 min then the enzymes inactivated by incubating at 70 °C for 10 min. The digested plasmid was analyzed by gel electrophoresis using 1% agarose gel in 1X Tris/Borate/EDTA buffer (TBE) by applying 100 V for 30 min. The band corresponding to the backbone excised and the DNA was isolated and purified using GeneJet PCR Purification Kit (Thermo Fisher Scientific). Ligation of click-ligated iLOV gene was performed in a total volume of 10 µL using 50 ng of pRSET vector, T4 DNA Ligase (1 µL, 3 U, Promega UK) and T4 DNA Ligase 10X reaction buffer (1 µL, Promega). The lyophilized click-ligated gene was resuspended in ultrapure water and an aliquot diluted to a concentration of 19.7 ng/µL. The click-ligated gene was added to the ligation reaction to give 1:3 backbone to insert molar ratio. Negative control ligations were set up as above, using water instead of insert. The ligation reactions were incubated at 4°C for 16 h then at room temperature for 1 h. The T4 DNA ligase enzyme was subsequently deactivated by heating at 70 °C for 10 min.

Transformation of pRSET-iLOV into E. coli. The inactivated ligation reactions were dialysed for 1.5 h against ultrapure water using a 0.025 µm membrane filter (Millipore, Cat No: VSWP02500). The recovered ligation mixtures (approximately 7 µL) were added to frozen aliquots of electrocompetent KRX cells (100 µL). Electroporation of the plasmids was achieved using MicroPulser system (Bio-Rad) using standard protocols. The transformants were immediately recovered using ice-cold SOC medium (890 µL) then incubated at 37 °C for 1 h. An aliquot (100 µL) of the recovered cells were spread on LB agar plates supplemented with carbenicillin (100 µg/µL) and rhamnose (0.1 % w/v) then incubated at 37 °C for 18 h. Individual colonies were selected and grown in LB Broth (25 mL) supplemented with carbenicillin (100 µg/µL) at 37 °C for 16 h. Plasmid DNA was extracted from these cells using a QiaPrep® Miniprep kit. The plasmids were sequenced by Eurofins MWG Operon (Ebersberg, Germany) using the T7 forward and reverse primers. Trace files were aligned against reference sequences using Clustal Omega web-based software. 
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Figure1: One pot gene synthesis by click-DNA ligation. (a) Schematic representation of our one-pot click-ligation strategy. (b) CuAAC reaction between adjacent terminal cytidine and thymidine residues giving rise to a 1,4-linked 1,2,3-triazole. (c) Our approach is exemplified with the assembly of a gene encoding iLOV. The sequences of the individual oligonucleotides used for the assembly of the whole gene are shown. The positions of the triazole linkages in the sense and antisense strands are highlighted by the orange and yellow boxes respectively and restriction sites are in italics. 
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Figure 2. Synthesis of alkyne-modified deoxycytidine and loading onto solid support in preparation for oligonucleotide synthesis. N4-acetyl-2'-deoxy-5'-O-DMT cytidine was alkylated using propargyl bromide in the presence of NaH in THF; Methanol was subsequently added to quench the residual propargyl bromide and simultaneously remove the acetyl protecting group. The resulting alkyne-modified deoxycytidine was coupled to an amino finctionalized CPG resin that had been treated with succinic anhydride prior to coupling.
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Figure 3: Characterisation of click-ligated iLOV gene. (a) PAGE analysis of the constituent modified oligonucleotides in the absence of CuI (Lane 1) and the product of the click reaction (Lane 2), visualized under UV light. The position of the click-iLOV product is indicated. In Lane 2, the lower molecular weight bands have been attributed to cyclized and truncated products. The difference in band intensity between lanes 1 and 2 is likely due to DNA loss upon removal of Cu(II) using a NAP-5 column. (b) Agarose gel of the purified click-linked iLOV gene (lane 2), which shows a 350 bp band (ladder in lane 1); inserted image shows a vial of the purified click-linked iLOV gene. (c) CD spectra of canonical and click-iLOV genes (d) PCR amplification of click-iLOV gene. Lanes 2 and 4 show control experiments in which the unligated modified oligonucleotides were used as template for amplification by Taq and Pfu DNA polymerases. Lanes 3 and 5 show the results of amplification of the click-linked iLOV gene by Taq and Pfu DNA polymerases. In both lanes, a band was observed between 300-350 bp, corresponding to the 335 bp click-ligated iLOV gene. Lane 1 is a DNA Ladder. (e) Primer extension analysis of the sense strand of click-iLOV gene using Klenow fragment (exo)- DNA polymerase. Lane 1: negative control in which the enzyme was omitted from the reaction. The positions of the template and primer are indicated. Lane 2: primer extension reaction; the primer was extended to the same length as the template. (f) Quantitative real-time PCR (qPCR) analysis of the effect of triazole linkers on DNA replication. Amplification of fragments of click-linked iLOV gene (green) containing increasing numbers of triazoles and their canonical equivalent (black) were assessed by qPCR. The binding sites of the forward primer have been represented schematically above each graph, with replication through (i) one, (ii) two, (iii) three and (iv) four triazoles assessed. Reverse primer is not shown, but anneals to the 3'-terminus of the upper strand. All data presented as mean ± SD, n=3.
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Figure 4: Assembly of click-ligated iLOV plasmid. The iLOV gene was assembled from functionalized oligonucleotides by click DNA ligation; the gene was designed so that it contained ‘sticky ends’ ready for ligation into a plasmid backbone cleaved by NdeI and EcoRI restriction endonucleases. The pRSET-mCherry plasmid, digested with NdeI and EcoRI to excise the mCherry gene (encoding a red fluorescent protein) was used as the backbone. The click-linked iLOV gene (encoding a green fluorescent protein) was ligated into this backbone using T4 DNA ligase.
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Figure 5: Biocompatibility of click-linked iLOV in E. coli cells. (a) KRX E. coli cells were transformed with plasmids containing click-linked iLOV or ligase-assembled iLOV, and incubated on LB-agar plates for 16 h. The top image was captured under white light. The bottom image shows iLOV (green, 488 nm) and mCherry (red, 610 nm) fluorescence on the same plate, with the green and red fluorescence images merged. Colonies containing iLOV or mCherry are readily identified (b) Percentage of colonies displaying the green, white and red phenotypes when cells were transformed with plasmids containing the click-ligated or ligase-assembled iLOV. The total number of colonies assessed is shown. Plasmids were isolated from 50 colonies displaying green fluorescence for each type of insert, and submitted for DNA sequencing. The percentage of green colonies containing the correct sequence for iLOV is shown beneath the graph. All data are presented as mean ± SD, n=15. (c) Representative sequence electropheregram from a single colony of KRX E. coli transformed with click-linked iLOV. The click-linked gene has been correctly replicated in the bacteria and is error free. The red boxes highlight the position of the triazole-linked CT dinucleotides in the sense strand, while the yellow boxes highlight triazole-linked CT dinucleotides in the antisense strand.
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Figure 6: click-assembly and characterization of epiginetically modified iLOV. (a) A click-linked iLOV gene containining 5-methylcytosines (5-meC) within the two CGCG motifs on each strand (5-meC represented by purple lines) was assembled. iLOV contains three AciI restriction sites (represented by green dotted line), however the first AciI site overlaps the CGCG motif and restriction digestion will be blocked by incorporation of 5-meC. (b) Agarose gel of the purified 5-meC-containing iLOV shows a 350 bp band (ladder in lane 1). (c) Mass spectrum of the AciI-digested click-linked iLOV; digestion fragment labels correspond to those in panel A. (d) Mass spectrum of the AciI-digested click-linked 5-meC containing iLOV; digestion fragment labels correspond to those in panel A. (e) Agarose gel of the fluorophore-labeled iLOV gene shows a product of the expected size, and expected FRET. Lane 1 is ladder; lane 2 is the multipex image (overlay of UV and all fluorescent channels); lane 3 shows the gene when excited at 460 nm, and imaged with a 520 nm filter, showing little fluorescence from the Oregon Green 488 dye; lane 4 shows the gene when excited at 460 nm and imaged with a 570 nm filter, the bright fluorescent band is due to Cy3 and indicative of FRET between the fluorphores on each strand of the iLOV gene. (f) Fluorescence spectrum of the iLOV gene containing two fluorophores illustrates FRET associated with duplex formation. The FluoR1 oligonucleotide is tagged with Cy3, while the FluoF5 oligonucleotide is tagged with Oregon Green 488 (Supplementary Table 1).
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