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Genetic information is stored and conveyed by only two types of
nucleic acids DNA and RNA (Scheme 1), in all living species. Over
the past few decades, different systems have revealed that genetic
information can also be carried and propagated by non-natural
nucleic acids.** These chemically modified molecules, called
XNA (for Xenobiotic Nucleic Acids),>* exhibit modified nucleo-
bases, sugars or backbones or a combination of these modifi-
cations and even novel bases or base pairs. XNAs have mainly
been considered to improve the physicochemical or pharmaco-
logical properties of nucleic acids. These characteristics make
them potentially useful for numerous biotechnological, thera-
peutic and diagnostic applications,” but also for the under-
standing of molecular mechanisms and the origins of life.®

In the natural world, bacteriophage genomes exhibit the
widest chemical diversity of non-canonical nucleobases.” We
have recently elucidated the biosynthetic pathway of a non-
canonical nucleotide: aminoadenine (Z) which completely
replaces adenine of siphoviruses genomes® and characterized
a specific DNA polymerase responsible for its incorporation.®
These natural variations mostly prevent cleavage by prokaryotic
host restriction endonucleases. The expression of genetic
information by non-natural nucleic acids to increase the spec-
trum of coding possibilities is a major objective of biotech-
nology and synthetic biology. Another important outcome of
this approach is also to limit genetic pollution by minimizing
the possible interactions of these non-canonical molecules with
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a tool to evaluate and guide the synthesis of nucleotides for applications such as the propagation of
non-natural genetic information or the selection of potential drugs.

the rest of the living world." In this sense, considerable efforts
have been made in recent years to produce non-natural base
pairs to expand the genetic alphabet and produce new
functionalities.”** In a previous study, we constructed an E. coli
strain equipped with a dNTP transporter from an algal plastid
that allows the transport of nucleoside triphosphates into the
bacterium."* Using this E. coli strain, we here tested the in vivo
toxicity and the mutagenic effect of our chemically modified
nucleoside triphosphates containing modifications in the
sugar, nucleobase or backbone and also in different combina-
tions (Fig. 1 and 2). The ability of modified nucleosides to
interact with the nucleic acids of the cell is an important
prerequisite to be tested for their use to efficiently carry genetic
information in vivo.

To test the toxicity of chemically modified nucleoside
triphosphates in vivo, a dilution of an overnight pre-culture of
the E. coli strain equipped with a dNTPs transporter (XE858) was
spread on a rich medium plate in the presence of a 100 mM
solution of nucleoside triphosphates placed in the central well
of the plate. Toxicity was measured by the size of the inhibition
halo observed after the overnight growth of the strain on plate
(Fig. 3A). A positive control of toxicity was performed with the
dideoxyCTP (ddCTP), a replication chain terminator. As
a negative control, the strain devoid of dNTP transporter was
used under the same conditions (Fig. 3B). To test the mutagenic
effect of these XNA triphosphates transported into bacterial
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Scheme 1 Natural nucleic acids.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra06172h&domain=pdf&date_stamp=2023-10-12
http://orcid.org/0000-0003-3589-8503
http://orcid.org/0000-0003-4546-6931
https://doi.org/10.1039/d3ra06172h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06172h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013043

Open Access Article. Published on 12 October 2023. Downloaded on 10/27/2025 12:08:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
*
o NH, ) NH, "“Hn
e N NN NN NN
N0 N0 NN 353 NN
Hi04P3-0. Hi0P3 0. HiOP50. HyO5P3-0. — HAOwPfO'g'O o
N—" N— N—" N—" N—
OH OH OH OH OH
h-TTP h-CTP h-HxTP h-isoGTP h-GTPamet
o NH; [+] NH,
N NH NN . oy ]
- i X
Hi04P3-0. NN, Hi04P3-0. N HLO4P3-O. N0 Hoeo N0
N—" N—" N—r
OH OH OH OH
ce-GTP ce-ATP ce-TTP ce-CTP
[} o
N A K HC Ay *
v i
R H404P5-0. oN °
o &
N—v LJ
OH OH
ara-GTP % % ara-TTP %k
NH, iR NH,
N—N [ N
NN Vo N0
H,04P; O oy H O4P3-O o4 H40gP3-0O
1:04P; 1:05P3 ] 4OgPs
N b N
mo-ATP mo-CTP mo-CTP-N-benzyl
* %
NH, o *k NH; e
NN CNH N N
ol o o NN
HOP:0. N HOPs 0. H,040,0 0% 6-p,0H,
N— N
OH OH OH OH OH OH OH
al-ATP al-utp al-CTP pro-ATP
Toxicity (halo size) * 10to20mm Kk 20to30mm Kk Kk >30mm
Mutagenic effect % 2-10fold higher % % >10 % %% >100
(compared to control)

Fig. 1 List of chemically synthetized nucleosides triphosphates with
non-natural sugar combined with a non-natural nucleobase framed in
green or a modification of the phosphate moiety framed in yellow. (h:
hexitol, ce: cyclohexene, ara: arabinose, mo: morpholino, al: altritol,

pro: prolinol).
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Fig. 2 List of chemically synthetized deoxyribonucleotide triphos-
phates with non-canonical nucleobases.
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Fig. 3 Toxicity on plates (A) toxicity test description (B) pictures of the
toxic compounds revealed in our selection strain and their relative halo
diameters.

cells, the XE858 strain was incubated overnight with different
concentrations of nucleoside triphosphates and spread on LB
rifampicin plates. Rifampicin resistance, most frequently
results from a mutation in the rpoB gene encoding for the beta
subunit of bacterial RNA polymerase. This selection provides
a direct assay of the mutagenicity of nucleoside triphosphate by
interfering with DNA replication. 5-Aza-dCTP (decitabine
triphosphate) known to generate G- > C transversions when
incorporated into DNA was used as positive control of muta-
genesis. It was previously hypothesized that decitabine could
undergo a ring-opening step, followed by hydrolysis to yield
a structure capable of pairing with cytosine. Thus, decitabine
triphosphate incorporated as dCTP can pair with a cytosine
inducing G to C mutations.' Mutation frequencies were deter-
mined by the ratio of rifampicin-resistant clones to the number
of viable clones counted on LB plates at each concentration
(Fig. 4).

Chemically synthesized nucleotides with different sugar
moieties (hexitol, cyclohexene or arabinose) (Fig. 1) were
initially chosen for their chemical and enzymatic stability. As
XNA polymerases able to copy DNA in XNA and back to DNA
were successfully developed, these XNA were established to be
capable of evolution.”® HNA were also selected for the devel-
opment of efficient aptamers and catalysts. Using an E. coli
selection, we have also previously shown that genetic
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Fig. 4 Mutant frequencies of (A) sugar modified nucleosides

triphosphates and (B) nucleobases modified deoxyribonucleotides
triphosphates. YCompounds tested in single replicate. Error bars
correspond to standard deviation.

information can be conveyed to DNA from these three sugar-
modified oligonucleotides, in vivo, with up to twelve consecu-
tive HNA residues converted into DNA by cellular DNA poly-
merases.'® The import of these sugar-modified nucleoside
triphosphates revealed no toxicity for any hexitol triphosphates
even when coupled to a non-canonical nucleobase or a back-
bone modification and low toxicity for only one of the four
cyclohexene triphosphates.

The toxicity effect observed for the nucleoside triphosphates
assayed may result from their incorporation either into DNA or
RNA. The mutagenic effect most likely results from random
incorporation of a nucleoside triphosphate in DNA followed by
faulty pairing of the incorporated nucleoside during subse-
quent rounds of replication. The assessment of mutagenicity
amounts to measure the pairing ambiguity of XNA nucleoside
triphosphates, and therefore reflects their efficiency of incor-
poration into bacterial DNA.

Hexitol triphosphate and cyclohexene triphosphate did not
induce a mutagenic effect in vivo when coupled to a canonical
base (Fig. 4A). However, a slight mutagenic effect was observed
when hexitol triphosphates were coupled to a non-canonical and
ambiguous base with the h-isoGTP or to a phosphate modifica-
tion with the h-GTPamet. This result suggests that these sugar
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modified nucleoside triphosphates can be weakly incorporated
by cellular DNA polymerases during DNA synthesis as they can
serve as templates in oligonucleotides for canonical DNA
synthesis in an vivo selection.'® The toxicity of arabinose nucle-
oside triphosphates is consistent with their known capacity to
inhibit both DNA synthesis and repair (Fig. 2B).

Prolinol oligonucleotides widely studied for their ability to
hybridize in antisense applications showed no toxicity as
nucleoside triphosphates but one log of mutagenic effect
probably due to their destabilizing effect when incorporated in
DNA, leading to mutations'” (Fig. 4A). Altritol triphosphates,
studied for their stabilizing characteristics in SiRNA, led to
a mutagenic effect comparable to that of prolinol when added to
the cell culture (Fig. 4A), suggesting possible incorporation into
DNA by cellular DNA polymerases. Hexitol and cyclohexene
nucleoside triphosphates appear to be the best candidates to
consider for a propagation of genetic information that would
weakly interfere with cellular DNA and RNA biosynthesis.

In a second part, we selected and tested base-modified XNA
triphosphates derived from the 4 canonical deoxyribose nucleo-
tides with the ambitious objective to fully morph DNA by
substituting the G:C and A:T base pairs. Among the four
modified deoxyguanosine triphosphates tested, only 7-deaza-
dGTP showed in vivo toxicity (Fig. 3B). The mutagenic effect
was 15 to 20 fold higher than the negative control with the 7-
deaza-dGTP and the 8-methyl-dGTP respectively, with the weak-
est mutagenic effect of dGTP-derived nucleotide triphosphates
being 7-fluoro-7-deaza-dGTP, comparable to E. coli spontaneous
mutation rate (Fig. 4B). Interestingly, all three dCTP derivatives
exhibited a strong toxicity on plates without mutagenic effect
(Fig. 3B and 4B). This result may be due to an efficient incor-
poration of these compounds into RNA, previously reported with
canonical dCTP using a related dNTPs transporter.'® The best
candidate to replace dCTP would be the 5-fluoro-dCTP which has
the lowest toxicity and no mutagenic effect. 7-Deaza-dGTP and 7-
fluoro-deaza-dGTP have previously been shown to be an effective
alternative to replacing dG with any of the modified dCTPs tested
in in vitro DNA polymerisation assays." Our in vivo tests point to
a preference for the 7-fluoro-7-deaza-dGTP over the 7-deaza-
dGTP which could be coupled to 5-fluoro-dCTP.

For a thymine alternative, an almost complete substitution
of this base (98.4%) with chlorouracil was achieved in E. coli
genomic DNA by metabolic engineering and evolution.”® As
expected, the corresponding deoxyribochlorouracil triphos-
phate showed no toxicity or mutagenic effect confirming its
potential for synthetic genome construction and other appli-
cations such as aptamers.* Since 7-deaza-dATP, 8-aza-dATP and
7deaza-8aza-dATP can be polymerized with comparable effi-
ciency by cellular DNA polymerases, using a polyT template in
vitro,”> the 8-aza-dA would be the best candidate, regarding its
characteristics as a triphosphate in vivo (no toxicity or muta-
genic effect), to pair with chlorouracil. The mutagenic effect of
8-OH-dHXTP, 12 to 71 fold higher than the spontaneous muta-
tion rate and closely related to the concentration used, was ex-
pected because this nucleobase can base pair with an A or a C
after a 180° rotation around the glycosidic bond (Fig. 2 and 4B).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Aminoadenine deoxyribonucleotide triphosphate, which
totally replaces adenine in genomes of some siphoviruses
exhibited an unexpectedly high mutagenic effect and low
toxicity suggesting weak interaction with RNA and efficient
incorporation into DNA. The high mutagenic effect probably
results from the spontaneous deamination of aminoadenine to
guanine after incorporation of the dZTP into DNA.*® However, it
remains to be determined whether an E. coli enzyme would
catalyze this in situ deamination reaction on DNA.

Conclusions

In this in vivo system, the fact that at least one compound of each
type of modification is toxic or mutagenic strongly indicates that
the synthetic compounds cross the bacterial membrane and
reach replication and transcription machineries. In general, we
observed that the most mutagenic nucleoside triphosphates are
little toxic and the most toxic are little mutagenic. A prominent
exception to this pattern is 5-aza-dCTP, which is known to be
highly mutagenic and which we found to be highly toxic. Alto-
gether, our bacterial screening system provides a simple and
effective way for assessing both the toxicity and mutagenicity of
synthetic nucleotides. In the future, noncanonical nucleoside
triphosphates inducing either of these two effects should be
avoided as building blocks of XNA carriers of genetic information
in vivo. The interactions of certain nucleoside triphosphates with
cellular components, would certainly require further investiga-
tion to understand the underlying mechanisms. The combina-
tion of organic synthesis of non-canonical DNA and RNA
monomers and the construction of reporter strains should allow
the screening of numerous drug candidates and new types of
nucleic acids propagated in vivo.
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