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ABSTRACT

This work investigated the structural and biolog-
ical properties of DNA containing 7,8-dihydro-8-
oxo-1,Né-ethenoadenine (oxo-eA), a non-natural syn-
thetic base that combines structural features of
two naturally occurring DNA lesions (7,8-dihydro-
8-oxoadenine and 1,N6-ethenoadenine). UV-, CD-,
NMR spectroscopies and molecular modeling of
DNA duplexes revealed that oxo-eA adopts the non-
canonical syn conformation (x = 65°) and fits very
well among surrounding residues without inducing
major distortions in local helical architecture. The
adduct remarkably mimics the natural base thymine.
When considered as an adenine-derived DNA lesion,
oxo-eA was >99% mutagenic in living cells, causing
predominantly A—T transversion mutations in Es-
cherichia coli. The adduct in a single-stranded vec-
tor was not repaired by base excision repair enzymes
(MutM and MutY glycosylases) or the AlkB dioxyge-
nase and did not detectably affect the efficacy of DNA
replication in vivo. When the biological and structural
data are viewed together, it is likely that the nearly
exclusive syn conformation and thymine mimicry of

oxo-eA defines the selectivity of base pairing in vitro
and in vivo, resulting in lesion pairing with A during
replication. The base pairing properties of oxo-€A, its
strong fluorescence and its invisibility to enzymatic
repair systems in vivo are features that are sought
in novel DNA-based probes and modulators of gene
expression.
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INTRODUCTION

Modified nucleosides, nucleotides and nucleic acids are
finding an expanding range of applications in basic re-
search, biotechnology and drug development. Point chem-
ical modifications of nucleobases or the sugar-phosphate
backbone facilitate study of DNA—protein interactions (1),
enable development of specific inhibitors (2), permit the
tuning of duplex stability (3), improve selectivity of siRINA
(4) or aptamers (5), and improve pharmaceutical proper-
ties of antisense oligonucleotides (6), siRNA (7) and mRNA
vaccines (8). Modified bases can improve stability to nucle-
ases, enhance immune responses and promote favourable
pharmacokinetics and pharmacodynamics by blocking or
enhancing interactions with specific proteins. The oppor-
tunity to program these interactions in a prescribed man-
ner helps promote success in the development of oligonu-
cleotide drugs (more than ten of which are already approved
by the FDA) and mRNA vaccines for infectious diseases
such as COVID-19. The design of such drugs has been in-
formed by results of numerous studies on nuclease-resistant
base modifications that create unnatural base pairing yet
do not interfere with the machinery of DNA replication
(9-11). As one example, isocytidine (isoC) : isoguanosine
(is0G) was the first unnatural base pair used in technology
(Branched DNA (bDNA) testing kit (Roche)) (12) to in-
crease the thermodynamic stability of a DNA duplex (13).
Later it was shown that incorporation of the unnatural base
pairs 5-Me-isoC:isoG and A:2-thioT into double helices en-
hances their thermal stability and resistance to T7 exonucle-
ase digestion (14).

In the present work, we studied a novel DNA lesion, 7,8-
dihydro-8-oxo-1,N°-ethenoadenine (oxo-€A) by the tools of
structural biology and mutagenesis to define its properties
and potential for use in basic research and biotechnology.
Oxo0-eA combines the chemistry and structure of several
well-known DNA modifications formed by reactive oxygen
species (ROS), such as 7,8-dihydro-8-oxoguanine (0xoQ)
(15,16), Fapy-dG, uracil, 7,8-dihydro-8-oxoadenine (0x0A)
(17) and others (18). In addition to direct genome dam-
age, ROS can oxidize membrane and other lipids leading to
the formation of alkyl bridge-adducts (e.g. etheno adducts)
with DNA adenines, cytosines and guanines. Most of these
lesions can be efficiently removed by base or nucleotide ex-
cision repair systems (BER and NER) or by direct oxidative
reversal by AlkB family enzymes.

Among the common oxidative DNA lesions, 0xoG is one
of the most prominent and its mutagenic properties have
been well studied both in vitro and in vivo (15,16). Mutage-
nesis stemming from oxoG can be explained by the ability
of the nucleobase to rotate between its syn and anti con-
formations about the glycosidic bond in the DNA helix
(19,20). Ox0G in the non-mutagenic anti conformation can
form three Watson—Crick hydrogen bonds with cytosine,
whereas when it rotates to the syn conformation, two Hoog-
steen hydrogen bonds are possible for pairing with adenine
(Figure 1A) (20-24). The syn-oxoG:A base pair resembles
the cognate pyrimidine (T):purine (A) pair, which explains
why 0xoG formation in DNA leads to G—T transversion
mutations (25).
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Figure 1. Proposed base pairing patterns of modified nucleobases in dif-
ferent conformations. Syn-8-o0xoG:anti-A (A) and syn-8-oxoA:anti-G (B)
can promote G—T and A— C transversion mutations, respectively. Anti-
€A cannot pair with T (C). Anti-oxo-eA also cannot pair with T (D) and
suggested base pairing of syn-oxo-e A:anti-A (E). Pairings (E) can promote
the observed A— T transversion mutations.

A structurally similar oxidative DNA lesion is 0x0A,
which can form a stable Hoogsteen base pair in the syn con-
formation with an opposing guanine (Figure 1B) (26). The
presence of the 8-oxo group in oxoA increases the popu-
lation of the syn conformer in comparison to native ade-
nine (27,28) and leads to A— C transversion mutations (26).
The third natural oxidative stress-induced DNA lesion of
relevance to the present work is 1,N®-ethenoadenine (eA),
which is also mutagenic (29). This DNA adduct is formed
following exposure to the carcinogen vinyl chloride through
reaction with adenine of its 2-chloroacetaldehyde metabo-
lite (30) or by the reaction of adenine with endogenous alde-
hyde by-products of lipid peroxidation (31). In the anti con-
formation €A is unable to pair through hydrogen bonds
with any canonical base in DNA duplexes (Figure 1C).
However, the presence of the 1,N%-etheno group can par-
tially shift the syn-anti equilibrium towards the syn confor-
mation of the glycosidic bond (32), resulting in the incorpo-
ration of A, C and G opposite €A (33-35). Taken together,
the observations on 0xoG, 0xoA and €A suggest a common
theme for their mechanism of mutagenesis: mutagenic pair-
ing is achieved when the damaged base adopts a syn con-
formation, which enables the formation of Hoogsteen H-
bonds with non-cognate native bases in the opposite DNA
strand. H-Bonding is not the only driving force for base
pairing (36,37), and hydrophobic and stacking interactions
becomes particularly important in the design of unnatural
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base pairs (UBPs) (38). However, the structural and geo-
metric similarity of all the aforementioned purine adducts
and relevant pairing data make it possible to revise the im-
portance of H-bonding in this context. Indeed, the con-
structed 2’-deoxy-7,8-dihydro-8-oxo-1,N°-ethenoadenosine
modification should block canonical Watson—Crick base
pairing (Figure 1D) and provide both an optimal Hoog-
steen base pair geometry and a perfect hydrogen bond-
ing pattern (one H-bond donor and one H-bond acceptor)
(Figure 1E).

An adenine derivative featuring both an 1,N%-etheno
bridge and an 8-oxo group of the above-described lesions
is an unlikely occurrence in vivo, but it represents an excel-
lent opportunity to evaluate the structural and biological
consequences of rotamerism (the ability of a base to rotate
about its glycosidic bond) coupled with a novel predefined
H-bonding pattern.

For our applications, we sought a DNA modification
that would be both mutagenic and insensitive to the path-
ways of adduct repair. Here we report the synthesis of
oxo-e¢A phosphoramidite and its use to prepare modified
oligodeoxynucleotides bearing the designed modification
with varied flanking nucleotides. CD-spectroscopy and UV-
melting analyses revealed that the oxo-eA modification
placed opposite adenine in a DNA duplex did not signifi-
cantly disturb helix geometry and stability in comparison
to the cognate T:A base pair. The structure of the DNA
duplex bearing oxo-€ A was determined by 2D NMR tech-
niques, indicating that oxo-e A opposite adenine displayed
a syn conformation without significant local duplex defor-
mations. The stability of the oxo-eA:A base pair was also
evaluated by molecular modelling, which lends support to
the empirical data.

To evaluate the base pairing properties of oxo-eA
in living cells, the modification was introduced into a
single-stranded M 13mp7(L2) phage genome via ligation of
oligonucleotides that site-specifically contain the modifica-
tion. Subsequently, the modified phage genomes were repli-
cated in E. coli strains proficient or deficient in DNA re-
pair systems capable of acting on similar lesions (e.g. cells
lacking MutM, MutY or AlkB), and phage progeny were
recovered and their DNA analyzed by next-generation se-
quencing (NGS). We observed that oxo-eA is remarkably
mutagenic, inducing almost exclusively A— T transversions
in any nucleotide context in all genetic backgrounds evalu-
ated. Thus, our in vivo data provide corroborating evidence
that oxo-€A strongly prefers to pair with adenine during
replication. Additionally, we found no indication that oxo-
€A, under the conditions in which it was studied, was rec-
ognized and processed by any DNA repair system in E. coli.
In sum, our study provides an in depth look at the impact
on base-pairing specificity of a novel purine base containing
a combination of common chemical DNA alterations that
adopts a predominantly syn-pairing conformation in du-
plex DNA. As DNA-protein interactions play a pivotal role
in transcriptional regulation of gene expression, oxo-€ A can
become a valuable tool for both in vitro and in vivo studies.
Being a fluorescent thymine mimic, oxo-€A can help mon-
itor changes of secondary structure in DNA-protein com-
plexes and aptamers without risk of repair in the cell. This
fluorophore, which is well tolerated in cells, is a prospective

component of FRET systems, such as aptamer switches or
FRET relay logic gates, in next-generation molecular sen-
sors (39). Also, oxo-eA nucleobase can be combined with
modified sugar-phosphate backbones that could be used in
a wide range of RNA-based applications.

MATERIALS AND METHODS

For a detailed description of the phosphoramidite and
oligonucleotide synthesis, circular dichroism, UV-melting
experiments, as well as molecular modelling and NMR
spectroscopy, see Supporting Information.

Primer-extension past oxo-g A

The specificity of dATP insertion opposite oxo-€A and sub-
sequent primer elongation were studied on native (ODNI11;
see Supplementary Table S1 for oligodeoxynucleotide
(ODN) structures) and modified (ODN12) templates by
primer extension experiments using primer (ODN13) bear-
ing Cy5 residue at 5'-end and four native dNTPs (Supple-
mentary Table S1). The reactions were performed by mixing
a preliminary annealed primer-template duplex (5 wM) in
1 x corresponding reaction buffer, 750 wM each of dNTPs
(with or without dATP), and 2 units of either E. coli DNA
Polymerase I, Large fragment (Klenow fragment) or T4
DNA polymerase (SibEnzyme, Russia). Primer extension
was carried out at 37°C for 4 h, with the analysis of a re-
action mixture every hour. Formamide-containing dye was
used to terminate the reaction and products were evalu-
ated by 19% denaturing PAGE. The gels were scanned us-
ing a Typhoon RGB scanner (Amersham, UK). Bands with
the products of the primer extension reaction were cut out,
and extension products were eluted and analyzed by mass-
spectrometry.

Building control and
genomes

lesion-containing M13Mp7(L2)

The M13mp7(L2) genome was prepared as described in
Delaney and Essigmann (40). Barcoded lesion-containing
genomes were constructed based on a previously reported
method (41) with some modifications. Briefly, the 16-mer
with adenine or oxo-eA in the TXG context (X = test site),
or a pool containing an equimolar mixture of sixteen 16-
mers with adenine or oxo-€A in 16 contexts, were ligated to
18-mer containing a trinucleotide barcode unique for a sin-
gle genome or for a pool of 16-mers. The 34-mer ligation
product was then ligated to linearized M 13mp7(L2) single-
stranded bacteriophage genomic DNA. The ligated M13
genome was extracted with phenol/chloroform/isoamyl al-
cohol (25:24:1) (Invitrogen) and purified with QIAprep
Spin Miniprep Kit (Qiagen) following the manufacturer’s
protocol.

Replication of the phage genome construct in E. coli

Electrocompetent cells were prepared as described in De-
laney and Essigmann (40). One hundred fmol of a single
genome or 480 fmol of a pool (NAN or NXN) were ¢lec-
troporated into 100 wl of competent E. coli cells. Each elec-
troporation was done in triplicate. All electroporations re-
sulted in at least 5.3 x 10* initial transformation events



(infective centers), with most of the samples producing
more than 10° events. The progeny phage were amplified
in SCS110 cells to dilute out the residual genomic DNA
used for electroporation. Single-stranded DNA from the
progeny phage preparation was isolated with the QIAprep
Spin Miniprep Kit (Qiagen) following the manufacturer’s
instructions. A ~1 kb sequence covering the region of in-
terest was amplified in triplicate by PCR; the PCR product
was purified with the QIAquick PCR Purification Kit (Qi-
agen).

Library preparation and next-generation sequencing

Triplicates of purified 1kB PCR amplicons were pooled and
submitted for next generation sequencing as three technical
replicates for each biological replicate. Libraries were pre-
pared using Nextera DNA Flex Library Prep (now called
Illumina DNA Prep, Illumina), pooled together and sub-
mitted for sequencing on a MiSeq machine (Illumina).

Next-generation sequencing data analysis

After evaluating the quality of reads and removing the
adapters, read pairs were concatenated, and only fragments
having a 34-mer insert (18-mer barcode and 16-mer lesion
oligonucleotide) were selected for the further analysis. Then
the reads were split into groups associated with lesions,
and within each lesion-related group into subgroups asso-
ciated with 16 trinucleotide contexts, where applicable, and
mapped to the M13mp7(L2) genome containing TAG 18-
mer and TAG 16-mer insertions.

The mutation rate was calculated from the piled-up reads
for each base inside the region of interest (6244...6280
bases). The miscoding percentage was obtained by calculat-
ing the relative proportion of each native base (A, C, G or
T) at the site previously occupied by the lesion. Statistical
comparison among genotypes and among sequence con-
texts was performed using ANOVA with the Tukey post-hoc
test; P < 0.05 was taken as the significance threshold.

RESULTS

Evaluation of context-dependent oxo-eA base paring within
DNA duplexes by UV melting and CD spectroscopy

Oligonucleotides were synthesized by using phospho-
ramidite chemistry, purified by HPLC and character-
ized by LC-MS. The phosphoramidite 4 was prepared
in three steps (Scheme 1). Treatment of 2’-deoxy-7,8-
dihydro-8-oxoadenosine 1 (42) with chloroacetaldehyde
gave nucleoside derivative 2, which was successively 5'-O-
dimethoxytritylaled and 3’-O-phosphitylated. Detailed syn-
thetic procedures and NMR /MS data are presented in Sup-
porting Information (Materials and Methods).

To assess the effects of oxo-€eA on DNA duplex stabil-
ity, we synthesized eight modified homologous decamers
(ODN1-ODNS) with different central triplets (the triplets
are schematically shown in Figure 2; for full sequences, see
Supplementary Table S1). By using UV melting and CD
spectroscopy, we evaluated the effect of oxo-€ A on duplex
stability in oligonucleotides in which the modification was
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Figure 2. Heat maps summarizing relative thermal stabilities (77, £ 2°C)
of the duplexes formed by a native (5-GCANTNTACG-3') or modi-
fied (5-GCANXNTACG-3', X = oxo-€A) strand and a complement (5'-
CGTANNNTGC-3') (for detailed information, see Supplementary Table
S1).

situated in eight flanking base contexts, and where the mod-
ification was matched with all possible pairing partners.
Based on the Ty, values derived from melting curves
(Supplementary Figure S1), we obtained a ‘heat map’ of
relative duplex stabilities (Figure 2) and calculated the
modification-induced stabilization/destabilization of the
duplex (ATy) (Supplementary Table S2, for thermody-
namic parameters of duplex formation from single strands
see Supplementary Table S3). According to these data, oxo-
€A behaves similarly to thymine, the canonical base pairing
partner of adenine. At the same time, oxo-e A modulates
duplex stability in a flanking base-dependent manner and
ATy, varies from -7 + 2°C (TXT) to +10 £ 2°C (GXT)
(Figure 2). The hybridization specificity is also context-
dependent, with the lowest value observed for the GXT
triplet. CD spectra of the duplexes with varied flanks (5'-
NXN-3"; where X = oxo-¢A and N = any base) are close to
the 5-NTN-3' set and consistent with the typical CD sig-
nature of mixed-sequence dsDNA with negative and posi-
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Figure 3. NMR analysis of oxo-eA in duplex DNA. (A) DNA duplex used in the NMR and MD studies; (B) H-atoms numbering for oxo-€A nucleoside;

(C) 1D NMR spectrum; (D) H1’-aromatic region of the NOESY spectra (150 ms mixing time, 7= 3 °C (X5 proton resonances are marked in red).

tive bands around 250 nm and 280 nm, respectively (Sup-
plementary Figure S2). Taken together, the data lead to the
conclusion that oxo-€ A does not substantially alter duplex
stability and geometry and likely forms an almost perfect
base pair with adenine.

NMR and molecular modelling of the DNA duplex containing
oxo-eA support adoption of the syn conformation and forma-
tion of a stable base pair with the opposite adenine

To uncover the structural basis underlying the unusual se-
lective pairing of oxo-€A with an opposing strand adenine,
we performed NMR studies that were further refined us-
ing molecular simulations. We synthesized the 9-mer DNA
duplex used previously to determine the e A conformation
opposite T or G (32,43), but the central base pair was re-
placed with oxo-eA:adenine (X:A) (Figure 3A, B). The 1D
NMR spectrum is shown in Figure 3C, and the detailed
assignment of protons in Supplementary Table S4. Non-
exchangeable protons were assigned using established tech-
niques for right-handed, double-stranded nucleic acids us-
ing DQF-COSY, TOCSY and 2D NOESY spectra. The
base-H1’ region is illustrated in Figure 3D. Three signals
in the guanine imino protons region are observed in the
NMR spectra (Figure 4A). Two of the signals could be as-
signed to G13 and G15 by following their connection to H5
of cytosines (H5C—HN4C—HIG) involved in G:C base
pairs (Figure 4B). Most probably, the broad signal at 12.53
ppm (Figure 4A) corresponds to the terminal guanines (G1
and/or G9) which is further confirmed by the 'H-NMR
melting experiment (Supplementary Figure S5). Thymine

imino H3 protons were identified by their strong inter-
strand cross-peaks with H2 of their base-paired adenines.
NOE connectivities between imino protons confirmed the
sequential assignment of all imino and most amino pro-
tons of non-terminal base pairs. The cross-peak patterns
observed indicate that all bases are forming Watson—Crick
base pairs. The intensities of intra-residual HI'-H6/H8
NOEs indicate that the glycosidic angles of all the non-
modified bases, including Al14, are in anti conformation
(see Figure 3D). Many NOE:s involving protons of oxo-
€A residue could be detected (Supplementary Figures S3
and S4). Of particular importance are the NOEs H7X5-
H2A14 (Figure 4B) and H11X5-H6A14 (Supplementary
Figure S4), supporting the oxo-eA:A base pair shown in
Figure 4C. The chemical shift of one of the A14 amino pro-
tons (9.62 ppm) is also indicative of being involved in a hy-
drogen bond.

The solution structure of the modified duplex was deter-
mined on the basis of 196 experimental distance constraints
derived from NOESY experiments. The structure is well-
defined, with an RMSD for all heavy atoms below 0.7 A.
Statistical data are summarized in Supplementary Table S5
and the structure ensemble is shown in Figure 5A. Overall,
the DNA structure is almost a standard B-form double he-
lix. The modified oxo-€A base adopts a syn conformation
(x = 659) and fits very well within the surrounding residues
without inducing distortions in local DNA architecture (see
Figure 5D). Short distances and appropriate geometries in-
dicate the formation of two hydrogen bonds between oxo-
eA (X5) and Al14 (N4X5-H61A14 and N1A14-H2X5), as
shown in Figure 5C. This structure is supported by nu-
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merous experimental NOEs involving oxo-eA (X5) protons,
shown in Supplementary Table S6. Final structures are de-
posited in the PDB (7NBP) and their geometrical param-
eters are shown in Supplementary Table S7. The resulting
structure is very similar to a standard B-form duplex with
only very minor distortions. A comparison with a canoni-
cal B-duplex with an A:T base pair is shown in Supplemen-
tary Figure S6. Oxo-¢A fits very well within the surrounding
nucleobases. The minor changes in the backbone observed
are sufficient to mitigate potential steric clashes due the syn
conformation the oxo-eA residue.

Next, computational modeling was performed to evalu-
ate the stability of the oxo-eA:adenine base pair. We com-
pared syn (X3) and anti (X*) conformations of oxo-eA in
the DNA duplex used for NMR studies. Distances between
NH donors and N acceptors and initial and final conforma-
tions for both variants are shown in Figure SE-F and Sup-
plementary Figure S7. For the syn conformation of oxo-eA,
two NH-N hydrogen bonds can exist with adenine, while
only one H-bond is available in case of the anti orienta-
tion (Supplementary Figure S7, Supplementary Table S8).
At the same time, the contribution of electrostatic interac-
tions was higher for the syn variant (Supplementary Figure
S8B). In the case of the anti conformation, the aromatic part
of the X*:A pair does not perturb stacking with neighbor-
ing bases (Supplementary Figures S7 and S8C), but causes
significant positive stress and deformations of the sugar-
phosphate backbone (Supplementary Figure S8E). Thus,
the calculated free energy is much lower for the syn con-
formation, mainly due to the Coulombic contributions and
stress energies (Supplementary Figure S8A). As a result, we
conclude that the anti conformation of oxo-eA is not likely
to exist in a B-form DNA duplex. Taken together, the NMR
and molecular dynamics simulation data are consistent with
the UV melting and CD spectroscopy data and confirm that
oxo-eA functions as a close mimic of thymine.

Invitro bypass of 0xo-g A by DNA polymerase I, Klenow frag-
ment or T4 DNA polymerase

First, we carried out primer-extension experiments, using
native DNA (ODNI11 with native T at the 7-position) or
modified DNA template (ODN12 with oxo-eA residue at
the 7-position), a primer bearing 5'-terminal Cy5 residue
(ODN13) and the large fragment of E. coli DNA poly-
merase I (Klenow fragment) or T4 DNA polymerase (44).
For both polymerases, after a 4 h primer extension reac-
tion under optimal conditions, an extension product was
found only in the presence of all four nucleoside triphos-
phates (ANTPs), whereas in the absence of deoxyadeno-
sine triphosphate (dATP), the reaction did not yield any
measurable extension product (lanes 2 and 3, 4 and 5, re-
spectively in Supplementary Figure S9, upper panel). Both
polymerases were equally efficient in primer elongation on
the unmodified template ODN11, and T4 DNA polymerase
also effectively extended the primer on modified template
ODNI12 within 1 h. In turn, we did not observe complete
primer elongation with the Klenow fragment on modified
template even after 4 h, suggesting that oxo-€ A can be a par-
tial replication blocker for some polymerases in vitro. MS
analysis showed the presence of a fully elongated product
for the both polymerases with the incorporation of a de-
oxyadenosine residue opposite oxo-eA, as well as certain
intermediate products of the extension reaction (see Sup-
plementary Figure S9, lower panel).

Evaluation of oxo-€A base pairing properties in living cells

Oxo-eA is not known to be a naturally formed pre-
mutagenic lesion, but studies of how it is processed in vivo
are relevant for two reasons. First, oxo-€A applications in
biotechnology would be limited if it were to be repaired in-
side cells. And second, as a fundamental issue, it was of in-
terest to see if observed mutational outcomes would be in
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alignment with expectations from the spectroscopic, mod-
elling and in vitro data that indicate a syn-oxo-eA:adenine
base pair.

The spectroscopic data show the ability of oxo-eA to
form a stable base pair with adenine. Here, we consider oxo-
€A as a modification of the cognate adenine base, and thus,
any base-pairing behavior deviating from that of normal
adenine is considered mutagenic. In this context, we antic-
ipated, based on the spectroscopy data, that oxo-e A was
very likely to induce mutations. Because oxo-€A is a hybrid
combining the structural features of oxoA and €A, we ex-
pected that the mutagenic properties of oxo-e A might reflect
the mutagenic features of either one or both lesions. In E.
coli, the repair of €A in single-stranded DNA is performed
primarily by AlkB, a direct DNA damage reversal enzyme
that removes the etheno bridge by oxidation and restores
the canonical base, adenine, within the DNA sequence (45).
Less is known about repair of oxoA in vitro, but the bacte-
rial MUG enzyme (mismatch uracil glycosylase) is able to
remove oxoA from duplexes, primarily when mispaired with
C, but less able to repair the lesion in an oxoA:A pair (46).
In eukaryotes, oxoA is repaired by the OGG1 glycosylase, a
component of the base excision repair pathway (BER) (47);
the TDG glycosylase also plays a role, but, as with the bacte-
rial MUG, repair is dependent on the type of mismatch (46).
With regard to oxoG, MutM, the bacterial homolog of hu-
man OGGI1, removes 0xoG paired with C, while the MutY
glycosylase prevents the mutagenic outcome of 0xoG by re-
moving A from the oxoG:A pair (48,49). Given that both

MutM and MutY have a broad substrate specificity (50),
we decided to probe both repair pathways - direct reversal
by AlkB, and MutM/MutY-mediated BER to examine the
mutagenic properties of oxo-€A.

Oxo-£A is not successfully repaired by the E. coli base exci-
sion repair machinery

To assess mutagenic potential of oxo-€¢A in MutM/MutY-
proficient and -deficient strains of E. coli, we took an advan-
tage of the high-throughput sequencing technology devel-
oped in our lab whereby the mutagenic properties of a site-
specific DNA lesion can be probed in parallel in multiple
bacterial strains and/or sequence contexts using multiplex-
ing and NGS (Figure 6) (41). In brief, M13 single-stranded
vectors with either A or oxo-€A at a defined position in
the 5'-TXG-3’ sequence context and a specific barcode se-
quence, are mixed in a 1:1 ratio and introduced by electro-
poration into wild type (WT) E. coli or MutM~, MutY ",
MutM /MutY ™ strains. After in vivo replication, progeny
DNA from each repair background was isolated, the 1 kb
fragment around the lesion site was PCR amplified and
fragmented to generate sequencing libraries, where each in-
dividual sample was given a second set of specific Illumina
barcodes. This step allowed us to pool all samples and se-
quence them in a single run on an Illumina MiSeq instru-
ment. NGS provides data on the mutagenicity of oxo-€A as
a function of genetic background (the detailed procedure
is described in Supporting Information). The percentage of
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mutations is given in Supplementary Table S9, and statisti-
cal comparison between genotypes using ANOVA with the
Tukey post-hoc test is given in Supplementary Table S10.
The results show that oxo-gA is ~97% mutagenic, indepen-
dent of the MutM/MutY status of the host cell in which
the modification is replicated (Figure 7A), compared to the
adenine control (Figure 7B). Notably, 95% of all mutations
induced by oxo-eA are A—T transversions, in alignment
with our predictions based on structural and physicochem-
ical characteristics of oxo-€A in DNA. The results suggest
that an oxo-g A:A mispairing in the TXG context is unlikely
to be a substrate for the MutM glycosylase (Figure 7A). Un-
expectedly, in the experiment with oxo-€A in 16 contexts,
there are nearly 2% of oxo-e A—C mutations in the GXC,
GXG and GXT contexts (Figures 8A and C, Supplemen-
tary Figures SI1A and S11C), implying that in these cases
ox0-eA could be paired with G and could become a sub-
strate for MutM, as MutM can excise oxoG paired with G
(51). However, even if MutM removes oxo-€A from oxo-
€A:G pairs, in further repair reactions C will be incorpo-
rated opposite to G leading to the A— C mutation observed
in the GXC, GXG and GXT contexts, and therefore, the po-
tential activity of MutM against oxo-eA:G mispairing will
be camouflaged.

The same situation seems to apply to MutY. Even if it
recognizes oxo-eA:A pairings and successfully removes A
from that pair, in the next rounds of repair, this A will be
replaced by another A, and the mutagenic potential of oxo-
€A will not be decreased. Therefore, we cannot completely
exclude the opportunity of oxo-gA recognition by MutM or
MutY, but their activity will be unnoticed due to the futile
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cycle of further incorporation of the complementary base,
which will finally lead to nearly 100% mutagenesis of oxo-
€A even in WT cells.

Oxo-£A is not recognized by an E. coli direct reversal repair
system, independent of the nucleotide context

The experiments above were conducted in a single sequence
context around the lesion site, namely 5-TXG-3'. Since
mutagenesis and DNA repair can be context-dependent
(52,53). It is possible that the choice of sequence context
may partially account for the high mutation rate and low
extent of repair observed. To address this issue, we set out
to investigate the mutagenic properties of oxo-€A in all 16
possible 3-base sequence contexts, as well as to determine
the contribution of the direct reversal repair enzyme AlkB,
which is very effective at repairing eA. We constructed 32
single-stranded M13 vectors, each containing either ade-
nine or oxo-€¢A in one of 16 trinucleotide contexts, and
a trinucleotide barcode corresponding to adenine or oxo-
€A (detailed description is given in Supporting Informa-
tion). Sixteen adenine-containing genomes were mixed in
an equimolar proportion into a control pool, and 16 oxo-
eA-containing genomes were prepared as the experimental
pool, and electroporated into AlkB-proficient and AlkB-
deficient strains (HK81 and HKS82, respectively). The sub-
sequent steps, including phage replication, DNA isolation,
PCR amplification, sequencing and data analysis, were per-
formed as described above. The percentage of mutations is
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Figure 8. Sequence-context dependent mutagenic potential of oxo-gA in E. coli cells possessing and lacking the AlkB protein. (A) Mutagenesis of oxo-eA
in the WT strain (alkB"). (B) Mutagenesis of the unmodified A control genome in the WT strain (a/kB"). (C) Mutagenesis of oxo-gA in alkB (AlkB-
deficient) cells. (D) Mutagenesis of the A control in the a/kB strain. The x-axis shows the trinucleotide contexts in which the modification or control bases
were evaluated. The y-axis denotes relative percentage composition of a base at the lesion site (with respect to the total coverage).

given in Supplementary Table S11 for AlkB deficient strain,
and the results of statistical comparison between sequence
contexts are provided in Supplementary Table S12. Consis-
tent with the previous experiment, we found that oxo-€A is
nearly 100% mutagenic in both the WT strain (Figure 8A,
Supplementary Figure S11A) and the AlkB-deficient strain
(Figure 8C, Supplementary Figure S11C). Moreover, high
levels of miscoding are seen uniformly across all sequence
contexts. The dominant mutation is the A—T transversion
(98.5%), which is consistent with the hypothesis that oxo-
€A in the syn conformation strictly pairs with dATP during
replication. The control genome, featuring a normal A in
all sequence contexts shows only a background level of mu-
tations, well in line with the sensitivity and level of noise
of the method (Figures 8B and D; Supplementary Figures
S11B and D).

Evaluation of oxo-eA genotoxicity in E. coli

Lesions such as €A are very toxic to replication, so it was
of interest to determine the level of genotoxicity associ-
ated with replication of DNA containing oxo-¢A. One es-
tablished method of estimating the ability of the DNA le-
sion to inhibit replication is the competitive replication of
adduct bypass (CRAB) assay based on mixing the lesion-
bearing genome with a non-lesion competitor genome prior
to transfection and calculating the replication blocking abil-
ity from the decrease in the lesion-to-competitor output sig-
nal ratio (40). More recently, we have shown that the same
result can be inferred from comparing the number of se-
quenced fragments (i.e. sequencing reads) corresponding
to the lesion-containing genomes and lesion-free control
genomes; when starting with an equimolar mix of genomes,
the ratio between the number of sequencing reads provides a



direct estimate of the bypass efficiency, similarly to the tra-
ditional CRAB assay (41). We electroporated an equimo-
lar mixture of adenine- and oxo-gA-bearing genomes into
MutM/MutY-proficient and -deficient strains of E. coli,
which allowed us to use the adenine-bearing genome as a
competitor for oxo-eA. In these settings, a post-replicative
ratio of lesion genome to control genome equal to 1 reflects
100% bypass. Distribution of the coverage at the lesion site
(Supplementary Figure S10) showed no statistically signifi-
cant difference between the number of reads corresponding
to the adenine control genome and to the oxo-€ A genome,
indicating that oxo-€ A does not impact the efficacy of repli-
cation in any of the E. coli strains analysed.

DISCUSSION

We describe here a novel DNA modification, 7,8-dihydro-8-
oxo-1,N%-ethenoadenine, which possesses a precise arrange-
ment of H-bond donors and acceptors that enables pairing
between its Hoogsteen face and an opposite adenine in the
double helix. Oxo-eA, being a combination of two naturally
occurring forms of DNA damage, oxoA and €A, was antici-
pated to be mutagenic due to the predicted ability to interact
with adenine. Thorough evaluation of the influence of oxo-
€A on DNA duplex thermal stability confirmed the hypoth-
esis that predicted a thymine-like behaviour of oxo-e¢ A (Fig-
ure 2). The melting temperature trend for oxo-eA:A within
eight nucleotide neighboring contexts (AXA, TXT, CXC,
GXG, GXC, GXT, TXC and TXG) was consistent with data
on the T:A pair. Moreover, the pK, of the N7 atom of the
model oxo-eA derivative (9-ethyl-8-oxo-eA), which acts as
an H-bond acceptor, is equal to 9.49 (54). This value is close
to the pKa of the thymine N3 atom and, therefore, the mod-
ification mimics well enough thymine from the point of view
of H-bond proton donating ability (55). In agreement with
CD spectroscopy results, the NMR structure clearly shows
that the oxo-eA:A base pair does not provoke major dis-
tortions in the local duplex structure. Additional evidence
of the oxo-eA syn conformation was provided by molecu-
lar modelling showing that oxo-€A in the anti conforma-
tion should lead to significant deformations of the sugar-
phosphate backbone. Thus, oxo-eA in the anti conforma-
tion is an unlikely occurrence in DNA duplex (Supplemen-
tary Figure S8A). Given its base-pairing preference, oxo-e A
constitutes a purine that functions as a structural and func-
tional thymine mimic in DNA duplexes.

Many DNA lesions are mutagenic because they un-
dergo rotation about glycosidic bond and can inter-
act during replication with non-classically complementary
opposite-strand nucleobases. Furthermore, transient Hoog-
steen base pairs exist even in canonical duplex DNA (56,57)
and can contribute to specific DNA-protein interactions
and formation of non-canonical DNA structures (e.g. G-
quadruplexes). So, oxo-€A can be thought of as a limit
case where the equilibrium is completely shifted towards a
Hoogsteen base pair (Figure 1E). To test the hypothesis that
a combination of chemical modifications of adenine can
fix the syn conformation of the nucleobase, we studied its
mutagenic properties. We found that oxo-e A in DNA over-
whelmingly pairs with adenine during elongation in vitro
and replication in vivo, which, when considering A as the
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reference base, leads to a predominant A—T mutational
outcome. Our in vivo studies indicate that oxo-eA is ex-
traordinarily mutagenic in E. coli, independent of the trin-
ucleotide sequence context. While the chemical parents of
oxo-€A (0xoA and €A) are individually vulnerable to repair
by BER and AlkB, respectively, their combination in a sin-
gle molecule is a powerful mutagen that cannot be repaired
by these systems. Because some DNA lesions are repaired
in a sequence context-dependent manner, we thought that
the potent mutagenic properties and resistance to DNA re-
pair might be attributable to the 3-base context in which the
lesion was present in the genome. As one example, context-
dependent DNA repair in vivo is observed with the methy-
lated base, O%-methylguanine (52). We found that oxo-eA
causes A—T transversions in all 16 possible trinucleotide
contexts with almost equal efficacy in repair-proficient WT
cells and in cells lacking AlkB (Figure 8). Thus, oxo-€A is
a potent mutagen in all possible contexts with an inherent
mutation frequency above 97%. Such strong mutagenicity
together with low genotoxicity suggests that oxo-€ A pairs
with adenine as efficiently as thymine—the canonical ade-
nine partner—and cannot be detected as DNA damage by
E. coli. The lack of genotoxicity is remarkable and proba-
bly reflects the ability of the modification to masquerade as
thymine, allowing facile polymerase bypass, as well as being
invisible to repair systems.

It is puzzling that oxo-€A is not an obvious substrate for
common repair pathways in E. coli. However, it should be
borne in mind that DNA with oxo-€A in our study was
single-stranded when entering the cell, and therefore, some
repair factors might not be fully operative against single-
stranded DNA. It is known that both MutM and MutY
will ignore oxo-€A in single stranded DNA but, once repli-
cation occurs, 0xo-€A predominantly exists in an oxo-e A:A
base pair (Figures 4 and 5). If this pair is a substrate for
MutM, this enzyme will excise oxo-€A and leave behind the
A on the opposite strand, which would direct other BER en-
zymes to place a T opposite this A, leading to the observed
A—T mutations. Similarly, if the oxo-eA:A pair is recog-
nized by MutY, which normally excises A from oxoG:A mis-
matches, the A will be removed leaving an abasic site op-
posite oxo-eA. It is possible that the BER polymerase (pol
I) would repeat the mistake and place A once again across
from oxo-eA, leading to the same mutagenic outcome, or
worse, futile cycling and delayed phage replication (Figure
9). Taken together, the E. coli MutM and MutY glycosy-
lases are at best inactive against oxo-€A, and at worst, they
may even facilitate mutation formation rather than partic-
ipate in lesion repair. These considerations are consistent
with the data of primer elongation in vitro and the proposed
model that oxo-€A is smoothly bypassed without attendant
toxicity and mostly pairs with adenine, yielding the almost
quantitative A—T mutation observed.

Another DNA repair pathway that could operate on
oxo-eA is AlkB-mediated direct damage reversal (45).
The Fe(Il)- and alpha-ketoglutarate-dependent dioxyge-
nase AlkB recognizes €A and directly removes its etheno
bridge to restore adenine in both single-stranded and
double-stranded DNA. The innate activity of AlkB renders
€A non-mutagenic in WT E. coli (34,58). However, in the
present study, the mutagenic ability of oxo-€ A was unaf-
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fected by the AlkB status of the cells (Figure 8). This ob-
servation indicates that the addition of the C8 oxygen to
the €A lesion eliminated the affinity of AlkB to oxo-eA.
We note that AlkB-mediated repair requires coordination
of Fe?* atom between two oxygens of alpha-ketoglutarate
and two oxygens of Asp133 of the enzyme (45). For oxo-eA
the presence of the extra oxygen on C8 may disrupt this co-
ordination environment, as the protonated N7 would fail to
build a bridge with Q132, crucial for positioning of the dam-
aged base in the enzyme active site (59). As AlkB is a fast
enzyme that repairs €A in both single-stranded and double-
stranded DNA, the syn conformation of the lesion should
not influence the repair process (60). Yet another possibility
is that even if the AlkB catalyzed oxidation occurs, the epox-
ide and diol intermediates may be longer-lived compared to
the intermediates of the €A reaction with AlkB. Regardless
of these possible scenarios, our data show that AlkB activity
is unable to prevent the oxo-€ A:A mispairing and its subse-
quent mutagenic outcome.

In addition to direct damage reversal and base excision,
one could speculate that oxo-€ A could be repaired by other
DNA repair systems, such as nucleotide excision repair
(NER) and mismatch repair (MMR). NER recognizes the
distortions in the DNA double helix caused by the DNA
lesions, rather than the lesions themselves (61). However,
oxo-eA placed opposite adenine in the DNA duplex did not
significantly alter the geometry and stability of helix, and
therefore, it is unlikely that NER could contribute to the
repair of oxo-€A in our settings.

The E. coli MMR system recognizes a mismatched base
and nicks the strand with a wrong base to initiate the ex-
cision reaction. This system is highly efficient in reducing
G:C—T:A transversions and moderately efficient in pre-
venting A:T—T:A transversions (62), and its proximal en-
zyme, MutS, was shown to recognize 8-0xoG incorporated
from the nucleotide pool into the nascent DNA chain (63).
MMR determines the newly synthesized strand by the ab-
sence of adenine methylation at a GATC site. [reviewed
here (64)]. The single-stranded M13 phage DNA used in
our experiments to replicate lesion-bearing and control nu-
cleotides in E. coli is not methylated, and theoretically any
strand—either the original or complementary one—could
be considered as a ‘nascent’ strand by MMR, and there-
fore could be repaired via MMR. The opportunity of either
DNA strand repair was demonstrated on the E. coli cells

with inactivated dam gene responsible for DNA methylation
(65). However, as oxo-eA pairs with A, whichever strand
is excised, the result will be the same: an A:T—T:A muta-
tion at the lesion position. Therefore, even if MMR would
act upon the oxo-eA:A pairing, its effect would be undistin-
guishable.

One additional important and interesting feature of oxo-
€A is its high efficiency of replication. Unlike other bridged
adenine lesions such as €A, 1, N°-ethano-adenine and 1,N°-
butadiene-adenine, which are strong replication blockers
and not very mutagenic (29,66,67), oxo-€A is highly muta-
genic and does not affect replication rates in E. coli (Sup-
plementary Figure S10). Once again, the best mechanistic
explanation is that, unlike other alkyl adenine lesions, oxo-
€A is seamlessly accommodated within the DNA duplex
without provoking significant distortions that could disrupt
DNA polymerase activity (Figure 5) or attract the attention
of the repair enzymes. The §-oxo group of oxo-€A and/or
the protonated N7 offer the possibility of a new hydrogen
bond (with an incoming A), a bond that does not exist for
any of the aforementioned adenine lesions. Hence, we can-
not exclude the possibility that oxo-€ A can be recognized as
a non-instructional base/lesion because, as a default, bac-
terial DNA polymerases tend to insert A opposite to non-
instructional lesions and AP sites (the A-rule) (68). This
phenomenon would also account for the dominant A—T
transversion that we observe here. However, in most cases
the A-rule is invoked only when bypass polymerases are in-
duced (the SOS response). While various stresses can induce
the SOS response, common electroporation techniques that
we used in this study, are known to be safe and pose no risk
of genotoxicity (69). Thus, our results do not support the
potential contribution of SOS-inducible DNA polymerases
in the observed A—T transversions.

The absence of a repair system for oxo-€A in E. coli to-
gether with the efficient replicative bypass of the lesion can
offer unique opportunities for using oxo-€A as a synthetic
model base for applications in biotechnology and medicine.
For example, oxo-eA could be used for studying cellular re-
pair processes (70) or developing MutY /MutT specific in-
hibitors that may find utility as antitumor drugs (71-73).
In addition, it could find utility in constructing thermo-
dynamically stable and high affinity aptamers and other
complex supramolecular DNA structures to target living
cells and organisms. Aptamers are single stranded DNA
and RNA oligonucleotides that can fold into defined ar-
chitectures and, like antibodies, can recognize other types
of molecules, including metal ions, small molecules, toxins,
proteins and DNA in vitro and in vivo (74-76). Since oxo-
€A has an extended aromatic system which stacking proper-
ties differ from thymine according to our UV melting stud-
ies, it can provide desirable hydrophobic and stacking con-
tacts with target nucleic acids, proteins, peptides or small
molecules, while maintaining the thymine-like H-bonding
pattern. In this regard, oxo-eA can be useful in heavily-
modified aptamers like SOM Amers with functional groups
absent in natural nucleic acids that can improve SELEX
success rates, especially for difficult protein targets (77). As
oxo0-€A can participate in metal-mediated pairing (54), one
additional level of complexity can be added to form desired
folded non-canonical 3D structures based on nucleic acids.



Moreover, the fluorescent properties of oxo-e¢ A (54) provide
an additional axis for the development of oligonucleotide
therapeutics that can be used to visualize unbiased intracel-
lular and intra organismal distribution of nucleic acids (78),
analysis of DNA structures and DNA—protein interactions.

CONCLUSIONS

Oxo-eA is a DNA modification that combines two
naturally-occurring lesions, 7,8-dihydro-8-oxoadenine and
1,N®-ethenoadenine. Using UV-, CD- and NMR spectro-
scopies and molecular modeling, this modification in DNA
duplexes was shown to adopt primarily a syn conforma-
tion and mimic the base-paring behavior of the natural
base thymine. Our molecular design strategy conceptual-
ized a modified nucleobase for which predefined hybridiza-
tion properties are achieved by blocking ability of one of the
rotamers to interact with the opposite nucleobase. Impor-
tantly, the modification caused mostly A—T transversion
mutations in vitro and in E. coli as evidence of its thymine
mimicry, and was not repaired by either BER enzymes
(MutM and MutY) or the direct-reversal AlkB enzyme,
which removes the etheno bridge from 1, N®-ethenoadenine.
In addition, oxo-eA was not a significant DNA replication
inhibitor in E. coli and its mutagenic properties did not de-
pend on sequence context. Moreover, the ability of oxo-e A
to mimic thymine by adopting a syn conformation during
replication emphasizes the role of conformational equilibria
in nucleic acids in living cells and can be beneficial for mul-
tiple practical applications. Indeed, its minimal local distor-
tions of nucleic acid architecture and ability to evade DNA
repair systems are assets for those applications. Thus, oxo-
€A, being a near perfect and fluorescent thymine mimic, will
find applications in DNA-based molecular tools to moni-
tor rearrangements and intracellular distribution of DNA
and DNA-protein complexes without distortion of DNA
architecture and to develop chemically diverse modified ap-
tamers. We expect that the opportunity to stabilize the syn
conformation of nucleobase and to fine-tune Hoogsteen
base-pairing ability opens up prospects for the creation of
similar modified DNA-based molecular tools.
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