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Abstract

DNA, which is a carrier of genetic information, can be damaged by various environmental factors. DNA
damage causes mutations during DNA replication, whereas accurate DNA repair processes can prevent
such mutations. Such DNA lesions are known to range in size from bulky to small. Compared with the
kinds of bulky and moderate DNA lesions, those of small DNA lesions are fewer, because the loss of
conjugated structures makes the molecules unstable. Therefore, discovering small DNA lesions are
particularly challenging. Surprisingly, we identified a novel small lesion, oxamic acid (Oxm), which is
produced under physiological conditions (pH 7.4, 37°C). Oxm exhibited remarkable stability at high
temperatures and under basic conditions. Moreover, guanine was preferentially incorporated opposite Oxm
by DNA polymerases, allowing a primer to be extended to full length across the lesion, and then Oxm
showed the potential to induce G:C — C:G transversions. Despite this mutagenic potential, base excision
repair enzymes cleaved DNA oligonucleotides containing Oxm; formamidopyrimidine-DNA glycosylase
specifically recognized only the Oxm:C base pair. Based on these results, Oxm is unique relative to
previously characterized lesions such as §-0xoG and Oz, and then this lesion may play a role in the
mechanisms underlying gene mutations.

Significance Statement

Most known DNA lesions are relatively bulky. In contrast, the kinds of small DNA lesions are fewer
because they usually arise from degradation reactions. Herein, we found a novel small DNA lesion, Oxm,
that is generated under physiological conditions and is highly resistant to heat and stable under basic
conditions. Furthermore, since guanine is preferentially incorporated opposite Oxm by multiple DNA
polymerases, the lesion may promote G:C — C:G transversions. Notably, formamidopyrimidine-DNA
glycosylase can selectively recognize Oxm:C base pairs, potentially mitigating its mutagenicity. Our
findings indicate that Oxm may contribute to mutations during DNA replication, offering new insights into
the molecular basis of genetic mutations.

Main Text
Introduction

DNA damage can arise under various conditions (1-8) and lead to genetic mutations (4, 6, 9-11). These
effects can be mitigated if organisms have effective repair mechanisms such as base excision repair (BER)
and nucleotide excision repair (12-19). Impairment of these systems is associated with conditions such as
cancer, neurological disorders, and age-related diseases (12-14, 20, 21). For example, mutations were
detected in the K-ras oncogene and the p53 tumor suppressor gene (22-24). Extensive research has been
conducted on “bulky DNA lesions” that distort the DNA duplex, such as the 6-4 thymine dimer (6-4TT),
cyclobutane thymine dimer, and acetylaminofluoreneguanine (Schemes 1 and S1) (25-37). Other studies
have described “moderate DNA lesions” with molecular weights comparable to native DNA bases, such as
8-oxoguanine (8-0x0Q), spiroiminodihydantoin, and guanidinohydantoin (Schemes 1 and S1) (38-56).
When bulky and moderate DNA lesions obtained from purines adopt an anti-conformation and pair with
guanine or adenine, the structure protrudes from the standard DNA structure and creates an environment in
which it is difficult for DNA polymerases to slide during replication. For example, when 8-0x0G pairs with
adenine, it adopts a syn-conformation, eliminating the protrusion (57, 58); however, not all bulky and
moderate DNA lesions can adopt a syn-conformation. Therefore, only a limited number of bulky and
moderate DNA lesions can pair with purines for DNA replication. In contrast, small DNA lesions, such as
the abasic site (Ab), 2,5-diamino-4H-imidazol-4-one (Iz), and 2,2,4-triamino-5(2H)-oxazolone (Oz)
(Schemes 1 and S1), contain fewer atoms compared with “bulky DNA lesions” and “moderate DNA
lesions” (41, 59-73). These lesions, which are generated from purines, enable the insertion of purine bases
on the opposite side. Thus, they do not distort the original DNA structure, and DNA replication proceeds
smoothly. Therefore, with respect to replication, small DNA lesions can be considered prone to point
mutations. Studying small DNA lesions is useful when considering the adverse effects of point mutations.
Moreover, because they contain fewer atoms compared with native DNA bases, the types of DNA lesions
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are limited. In addition, they are prone to rapid decomposition because of the loss of conjugation, thus
rendering them unstable. For example, Ab gradually decomposes at room temperature (74). 1z is rapidly
degraded to Oz (73); thus, identifying novel stable “small DNA lesions” is challenging.

We focused on Oz, which has the potential to induce G:C — C:G transversions (75-78). Among the four
DNA bases, guanine is most susceptible to damage by oxidative stresses (e.g., ultraviolet radiation with
riboflavin, visible light with methylene blue, hydrogen peroxide, peroxy radical, y-radiation, and ultraviolet
radiation) (11, 79-84). G:C — T:A and G:C — C:G transversions in DNA sequence analyses are highly
induced by various oxidative stresses (79, 82, 84, 85). Although 8-0x0G, the most well-known oxidative
guanine damage and a known marker of aging (86, 87), induces only G:C — T:A transversions (88, 89), Oz
may induce G:C — C:G transversions (76-79) and has been detected in vivo (73, 90); however, Oz
decomposes into guanidinoformimine (Gf) and Ab (69) (Schemes 1 and S1).

In this study, when Oz was decomposed, we report the discovery of oxamic acid (Oxm), a novel small
DNA lesion with exceptional heat resistance and stability under basic conditions. We also describe its
incorporation profile during DNA synthesis and its recognition by BER enzymes.

Results and Discussion

Discovery of Oxm

In this study, we reanalyzed Oz decomposition using 5'-TG-3' (TG) as the raw material to maximize
product separation at an absorbance of 254 nm. Next, we purified 5-TOz-3' (TOz) from TG through a
modified method and subjected it to accelerated pyrolysis. As previously reported (69), 5'-TGf-3' (TGf)
and 5'-TAb-3' (TAb) were produced (Figs. 1A, S1A, and S1B). Surprisingly, we discovered a novel DNA
lesion, 5'-TOxm-3' (TOxm), as the main product (45%) of TOz decomposition under pH 7.0 at 90°C for 4 h
(Figs. 1A and S2J). The structure of TOxm (Fig. 1C) was purified using high-performance liquid
chromatography (HPLC) and confirmed by mass spectrometry (MS) (Synapt G2-Si HDMS; Waters, USA).
MS analysis revealed the following molecular ions: [M—H] ", m/z = 508.0967 (Fig. 1B). Further
fragmentation by MS/MS produced peaks at m/z = 464.1069, 436.1129, 338.0647, 195.0062, and 125.0350
(Fig. 1D). In addition, TOz decomposition at pH 7.4 and 37°C for 146 h yielded TOxm (Fig. 1E).

To investigate the effect of pH on TOxm formation, TOz was heated under various pH conditions (Figs.
1F and S2). In cacodylate buffer, the TOxm yield increased from 17% at pH 5 to 36% at pH 7. In
phosphate buffer, yields were 24% (pH 6), 39% (pH 7), and 44% (pH 8). In borate buffer, yields were
higher, reaching 49% at pH 9 and 47% at pH 10. Notably, the yield at pH 13 (48%; Fig. S3) was similar to
that at pH 9 and pH 10. These results indicate that basic conditions promote TOxm formation and enhance
its stability compared with acidic conditions. Subsequently, we examined TOxm degradation at 90°C for 2
h. At pH 13, only 2% of TOxm was decomposed (Fig. S4B), whereas at pH 3, 58% was decomposed (Fig.
S4D). The addition of H' to the carbonyl group of Oxm renders it susceptible to nucleophilic attack by
water, which is thought to promote the reaction to Ab under acidic conditions. Thus, TOxm is highly stable
under basic conditions. Similar to T8-0x0G (Fig. S5), TOxm remained stable in alkaline environments.

Previous studies on DNA lesion detection have employed hot piperidine treatment (91-94). Using this
method, we analyzed whether Oxm-containing DNA oligomers undergo cleavage. Only 3% cleavage
occurred at 90°C and 2% at 65°C, with no detectable cleavage at 30°C or 25°C (Figs. 2A and S6). The
same result was obtained when using a negative control containing 8-0xoG (Fig. 2A). Conversely, DNA
oligomers containing Oz were readily cleaved by piperidine treatment, with efficiencies of 6% at 25°C,
20% at 30°C, 70% at 65°C, and 76% at 90°C (Fig. 2A). These results show that Oxm, like 8-0x0G, is
resistant to piperidine cleavage unlike Oz. The guanidino group of Oz is easier to protonate compared with
the carbonyl group of Oxm, and the absence of the guanidino group in Oxm likely reduces its susceptibility
to nucleophilic attack by cyclic secondary amines compared with Oz (Fig. 2B and 2C).

Analysis of Oxm using DNA polymerases
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Because Oxm has remarkable stability, it may be present in the cell. If Oxm does not have the same
hydrogen bonding mode as guanine, DNA polymerases may cause mutations. Therefore, to determine the
mutagenic effect of Oxm, we analyzed nucleotide incorporation and DNA synthesis using DNA
polymerases (Figs. 3, 4, and S7).

Overall, DNA polymerases incorporate guanine opposite Oxm. For example, DNA polymerases a, 9, &,
and (, despite all belonging to the B family, preferentially incorporated guanine opposite Oxm (Fig. 3B-D,
lanes 7-10; Fig. 4A, lanes 7-10). In addition, other DNA polymerases, except for REV1, incorporated only
guanine opposite to Oxm (Fig. STA-E, lanes 7-10). Oxm contains a COO™ group, such as Oz (76, 95, 96),
that may pair with guanine. In addition, melting temperature (7m) measurements indicated that the Oxm:G
base pair was slightly more stable compared with other Oxm-containing base pairs (Fig. S8). Consequently,
further detailed analyses are warranted.

Next, we analyzed DNA extension across Oxm using DNA polymerases. DNA polymerases a, d, and ¢
extended a 15-mer primer to a full-length 30-mer across Oxm (Fig. 3B—D, lane 6). Notably, the elongation
efficiency for 6 and &€ was markedly lower compared with a. This difference may be due to the 3'—=5’
exonuclease activity of & and €, which can reduce both nucleotide insertion opposite DNA lesions and
elongation efficiency (97-100).

During DNA replication, the presence of DNA lesions in the template can arrest replication fork
progression, resulting in its collapse, double-strand break formation, and genome instability (101); however,
cells have a mechanism for elongating replication forks stalled at DNA lesion sites (102). This mechanism
is known as translesion synthesis. To compensate for low translesion synthesis efficiency using DNA
polymerases a, 9, and &, we analyzed DNA extension across Oxm using DNA polymerases  and 1, which
participate in translesion synthesis and lack exonuclease activity (103-106).

DNA polymerase { extended across Oxm (Fig. 4A, lane 6). This performance was comparable to that of
the B-family polymerase a. DNA polymerase { plays a key role in UV mutagenesis (107-109), and its
elongation efficiency varies depending on the lesion. For example, elongation across Oz proceeds with the
same efficiency as that across native DNA (78), and polymerase { can bypass 6-4 TT (110), 8-oxoG (111),
and Ab (112), although the extension efficiencies for these lesions are lower than those across native bases
(110-112). Overall, elongation efficiency by polymerase  follows the trend: Oz > Oxm > 6-4TT > 8-0x0G
> Ab. The relatively low efficiency across 8-0xoG may be due to the larger size of these lesions compared
with guanine, whereas the smaller size of Oz and Oxm may allow them to fit more easily into the catalytic
pocket of DNA polymerase . In contrast, Ab creates a gap in the template strand, likely destabilizing the
double-stranded structure and reducing extension efficiency. These observations suggest that the size of the
catalytic pocket is a crucial factor influencing translesion synthesis by polymerase { and that Oxm and Oz
fit well into its catalytic pocket.

DNA polymerase 1, a member of the Y family, extended to full length beyond Oxm (Fig. 4B, lane 6).
The efficiency of elongation across Oxm was comparable to that across guanine (Fig. 4B, lanes 1 and 6).
These results indicate that Oxm is a substrate for elongation by DNA polymerase 1. Why did DNA
polymerase n show higher efficiency for elongation across Oxm than DNA polymerase {? DNA
polymerase 1 can directly elongate across many DNA lesions (e.g., 6-4TT, DNA adducts, 8-0xoG, Gh, and
Ab) (113-116). In contrast, DNA polymerase { performs elongation after other DNA polymerases have
incorporated bases opposite of the DNA lesions (117, 118). Based on these findings, DNA polymerase ( is
considered to have less efficiency for elongation across any lesion compared with DNA polymerase 1 (106,
110, 117, 118). This may also explain our result that efficiency across Oxm is higher for DNA polymerase
1 compared with DNA polymerase  (Figs. 4A, B, lane 6).

Moreover, the elongation efficiency across Oxm was calculated relative to that across guanine, yielding
the following extension efficiencies: DNA polymerase n > DNA polymerase { and o >> DNA polymerase
4 and €. DNA polymerases 6 and ¢ preferentially incorporated dGTP opposite Oxm and extended past it to
a limited extent, suggesting that Oxm can slightly induce G:C — C:G transversions in normal DNA
replication. The addition of DNA polymerases { and 1 to the normal DNA replication system significantly
increased the probability of Oxm-mediated G:C — C:G transversions.

Incision activity of formamidopyrimidine-DNA glycosylase for Oxm



182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

210

211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228

229

230
231
232

The analysis of Oxm using DNA polymerases suggests that Oxm may induce G:C — C:G transversions.
When repair enzymes remove Oxm from Oxm:C base pairs, which are produced from G:C, the original
genetic information is maintained (Fig. 5A). In contrast, after DNA polymerases incorporate guanine
opposite Oxm, BER enzymes remove Oxm from Oxm:G, thereby not restoring the original genetic
information (Fig. 5A). Therefore, to accurately repair Oxm, BER enzymes must exhibit low activity for
Oxm:G and high activity for Oxm:C (Fig. 5A).

Moreover, Oxm is also similarly stable to 8-0xoG with respect to piperidine treatment. Since
nucleophilic attack by a cyclic secondary amine initiates BER by formamidopyrimidine-DNA glycosylase
(Fpg) (119), we investigated whether Oxm, which resists piperidine nucleophilicity, is a substrate for Fpg.

DNA oligomers containing Oxm paired with G, A, or T were minimally cleaved by Fpg (Fig. 5C, lanes
16—18). In contrast, Fpg selectively cleaved the oligomer containing Oxm paired with C (Fig. 5C, lane 15).
Consistent with previous reports (120), Fpg did not cleave DNA oligomers containing 8-0xoG paired with
A but cleaved those with 8-0x0G paired with C, G, or T (Fig. 5C, lanes 3—6). In addition, DNA oligomers
containing Oz paired with C, G, A, and T were cleaved by Fpg with similar efficiencies (Fig. 5C, lanes 9—
12). If Oz is repaired before Oxm formation, base incorporation by DNA polymerases opposite Oxm would
be irrelevant. However, given that Fpg selectively recognizes Oxm:C, Oxm may play a more significant
detrimental role in the organism than Oz.

Previously, the base pairing of 8-0xoG has been characterized by X-ray crystallography (57, 58). For
Fpg to cleave the oligomer containing 8-0x0G, it must recognize the carbonyl group (C=0) at the 8-
position and the N—H group at the 7-position of 8-0x0G in the anti-conformation (121, 122). Accordingly,
Fpg recognizes the anti-conformation of 8-0xoG paired with C, G, or T but not the syn-conformation paired
with A. The fact that Fpg cleaves the oligomer containing Oxm paired with C suggests that the Oxm:C base
pair may adopt a conformation similar to the 8-0x0G:C base pair. Moreover, Fpg cleaves Oxm:C base pairs
more efficiently than 8-0x0G:C base pairs. These findings support the idea that Fpg helps prevent G:C —
C:G transversions caused by Oxm and attempts to restore the original genetic information (Fig. 5A).

We also examined whether other DNA repair enzymes selectively recognize the Oxm:C base pair.
Endonuclease I1I and endonuclease VIII do not specifically recognize Oxm:C (Fig. S9, lanes 9-12). Thus, it
remains necessary to identify other repair enzymes that selectively recognize the Oxm:C base repair.

Limitations and future prospects

In this study, we discovered a novel small DNA lesion, Oxm. High Oxm stability provides a strong
incentive for future studies to detect the formation of Oxm directly in vivo, similar to that of other lesions
(123). In addition, urea (Ua) was produced from Oz (Figs. 1A and S1C); however, Ua generation
mechanisms need to be examined in the future. Furthermore, X, the decomposition product of Oxm (Fig.
S4D), appears to be an isomer of Oxm, because the mass of TX was the same as that of TOxm (Figs. 1B
and S1D). To analyze X, a new method is needed to prepare it in large quantities.

Oxm does not halt DNA replication, and this DNA lesion may cause G:C — C:G transversions that are
not caused by 8-0xoG. It will be important to analyze whether such mutations induced by Oxm occur in
vivo and to verify whether Oxm is as valuable as 8-0x0G in elucidating the underlying mechanisms of
various diseases caused by acquired mutations. Moreover, it is important to determine how translesion
synthesis (i) and BER (ii) circumvent Oxm-mediated mutations.

(1) REV1 incorporates cytosine opposite of Oxm (Fig. S7F, lane 7), and it collaborates with DNA
polymerase { (108, 109, 124-127). Whether DNA polymerase { elongates across Oxm after REV1
incorporates cytosine opposite this DNA lesion in vivo warrants further study.

(i1) Escherichia coli Fpg accurately repairs Oxm, and its activity was comparable to that of 8-0x0G. It will
be necessary to find a human enzyme that can correctly repair Oxm (Fig. 5A).

Materials and Methods

Enzymes

T4 polynucleotide kinase, Fpg, endonuclease III (Nth) and endonuclease VIII (Nei) were purchased from
New England Biolabs (Ipswich, USA). Taqg DNA polymerase and Vent exo were obtained from Bio Basic
Inc. (Ontario, Canada). T4 DNA ligase and Pyrobest DNA polymerase were purchased from Takara (Otsu,
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Japan). Calf thymus DNA polymerase o and human DNA polymerase 3 were purchased from Chimerx
(Milwaukee, USA). Kf exo was purchased from Fermentas (Waltham, USA). Yeast DNA polymerase
was purchased from Enzymax (Lexington, USA). Human DNA polymerase 6 (78), human DNA
polymerase 1 (79), Saccharomyces cerevisiae DNA polymerase € (128), and hREV 1341829 (78) were
purified as previously described.

Oxm production

Riboflavin was purchased from Kishida Chemical Co., Ltd. (Osaka, Japan). A controller (Model CL-
1501) and LED sources emitting at 450 nm (Model CL-H1-450-9-1-B; 2.75-275 mW/cm®) were purchased
from Asahi Spectra Co., Ltd. (Tokyo, Japan) for the photooxidation experiments. Triethylamine and
acetonitrile were purchased from FUJIFILM Wako Pure Chemical Industries, Ltd. (Osaka, Japan). HPLC
was performed using the LC-2000Plus series (pump: PU-2080; PDA detector: MD-2015; oven: CO-2060;
gradient mixer: MX-2080-32) from JASCO Corporation (Tokyo, Japan). The standard phosphoramidite
method was applied to synthesize the 5'-TG-3’ oligonucleotide.

The reaction solution contained 100 uM 5'-TG-3', 75 uM riboflavin, and 10 mM cacodylate buffer (pH
7.0). This mixture was photooxidized to 5’-TIz-3' by LED irradiation (450 nm) at 27.5 mW/cm?® for 2 min
in the presence of riboflavin, following a previously described method (129). Next, Tlz was hydrolyzed to
5'-TOz-3' using a modified version of the previous method (73). Specifically, TIz was incubated in 5 mM
cacodylate buffer (pH 7.0) at 65°C for 75 min. Subsequently, 5'-TOz-3" was purified by HPLC using a
COSMOSIL PBr packed column (Nacalai Tesque; 5 um, 150 % 4.6 mm), with an elution gradient of 3—7%
acetonitrile (CH;CN) in 50 mM TEAA (pH 7) over 20 min at a flow rate of 1.0 mL/min. Absorbance was
monitored at 254 nm. The collected fractions were desalted using Sep-Pak C18 Plus Short Cartridge
(Waters, Nihon Waters K.K., Tokyo, Japan). The desalted 5'-TOz-3" (50 uM) was incubated in 50 mM
cacodylate buffer (pH 7.0) at 90°C for 4 h. The resulting mixture was analyzed by HPLC (Figs. 1A and
S2J) and confirmed using MS (Figs. 1B and D) (Synapt G2-Si HDMS, Nihon Waters K.K., Tokyo, Japan).

Alternatively, when 5'-TIz-3' was incubated at 90°C for 10 min in 10 mM NaOH/KCI buffer (pH 13), 5'-
TOxm-3’ was quickly generated (Fig. S10).

Effect of pH on Oxm

Reaction mixtures containing 50 uM desalted TOz and 50 mM buffer were incubated at 90°C for 4 h.
Buffers used included cacodylate buffer (pH 5, 6, 7), phosphate buffer (pH 6, 7, 8), borate buffer (pH 8§, 9,
10), and NaOH/KCI buffer (pH 13). The reaction mixture was analyzed by HPLC using a COSMOSIL PBr
Packed Column (Nacalai Tesque, 5 pm, 150 x 4.6 mm), elution with a solvent mixture of 50 mM TEAA
(pH 7), 3—6% CH;CN/0-20 min and 6% (isocratic)/20-30 min at a flow rate of 1.0 mL/min, and the
absorbance was monitored at 254 nm.

Furthermore, reaction mixtures containing 30 uM desalted TOxm and 50 mM buffer (fresh citrate buffer,
pH 3; NaOH/KCl buffer, pH 13) were incubated at 90°C for 2 h. They were analyzed by HPLC under the
same conditions described above.

DNA oligomer

The DNA template (5'-CTCATCAACATCTTGAATTCACAATCAATA-3'), complementary 30-mer
DNA oligomers (5'-TATTGATTGTGAATTWAAGATGTTGAT-GAG -3', where W represents C, G, A,
or T), Alexa 680-labeled 30-mer DNA oligomers (5'-Alexa 680-
CTCATCAACATCTTXAATTCACAATCAATA-3', where X represents G or 8-0x0G), Alexa 680-labeled
15-mer primer (5'-Alexa 680-TATTGATTGTGAATT-3’), 6-mer DNA oligomer (5'-CTTGAA-3"), 13-mer
DNA oligomer (5'-TTCACAATCAATA-3'), 11-mer DNA oligomer (5-CTCATCAACAT-3'), and Alexa
680-labeled 11-mer DNA oligomer (5'-Alexa 680-CTCATCAACAT-3") were synthesized and obtained
from Japan Bio Services Co., Ltd. (Saitama, Japan).

First, the 6-mer DNA oligomer (5'-CTTGAA-3") was oxidized to generate a 6-mer oligomer containing
1z (6-mer Iz; 5'-CTTXAA-3', where X represents 1z) using LED irradiation at 450 nm in the presence of
riboflavin, following a previously described method (73,129). The 6-mer DNA oligomer containing Oz (6-
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mer Oz; 5'-CTTXAA-3', where X represents Oz) was then obtained from 6-mer Iz (78). Specifically, 6-mer
Iz was incubated in 5 mM cacodylate buffer (pH 7.0) at 65°C for 75 min. Next, a 6-mer oligomer
containing Oxm (6-mer Oxm; 5'-CTTXAA-3', where X represents Oxm) was obtained by heating the 6-
mer Oz at 90°C for 4 h. The 6-mer Oxm was purified using HPLC with a CHEMCOBOND 5-ODS-H
column (Chemco Plus Scientific Co., Ltd., Osaka, Japan; 5 pm, 150 x 4.6 mm) with elution by 7-9%
acetonitrile (CH;CN) in 50 mM TEAA (pH 7) over 30 min at a flow rate of 1.0 mL/min and confirmed by
MS (Fig. S11A). Absorbance was monitored at 260 nm. The collected fractions were desalted using a Sep-
Pak C18 Plus Short Cartridge. Subsequently, the 6-mer Oxm and a 13-mer DNA oligomer (5'-
TTCACAATCAATA-3") were phosphorylated using the T4 polynucleotide kinase. A 30-mer DNA
template containing Oxm (30-mer Oxm; 5'-CTCATCAACATCTTXAATTCACAATCAATA-3', where X
represents Oxm) was assembled by ligating the 11-mer DNA oligomer (5'-CTCATCAACAT-3’) to the 5’
side of the 6-mer Oxm and the phosphorylated 13-mer DNA oligomer to the 3’ side using the T4 DNA
ligase. The ligation was performed using a 30-mer DNA-RNA chimeric oligonucleotide (5'-
TATTGATTgTGAATTGCAGATETTGATGAG-3', where “g” indicates guanosine) as the template.
Finally, the 30-mer Oxm was purified by HPLC under the same conditions described above and confirmed
by MS (Fig. S11B). Alexa 680-labeled 30-mer DNA oligomers containing Oxm or Oz (5'-Alexa 680-
CTCATCAACATCTTXAATTCACAATCAATA-3', where X represents Oxm or Oz) were prepared using
the Alexa 680-labeled 11-mer DNA oligomer.

Piperidine treatment

The reaction mixture (5 pL) containing 1 M piperidine and 100 fmol Alexa 680-labeled 30-mer DNA
oligomers containing G, Oxm, 8-0x0G, or Oz was incubated for 5 min at 25°C, 30°C, 65°C, or 90°C.
Aliquots (2.5 pL) were then subjected to electrophoresis on a denaturing 16% polyacrylamide gel
containing 8 M urea and run at 30 W for 90 min. The fluorescence intensity of each n-mer band (I_n) was
quantified using an Odyssey infrared imaging system (LI-COR; Lincoln, USA) for the 5'-Alexa 680-
labeled products (Fig. S6).

DNA polymerization reaction

Polymerization reactions (5 pL) were performed using the following buffer compositions: DNA
polymerase o =40 mM Tris-HCI (pH 8.0), 5 mM MgCl,, 10 mM NacCl, 45 mM KCIl, 1 mM DTT, 100
pg/mL bovine serum albumin (BSA); DNA polymerase § = 50 mM Tris-HCl (pH 8.8), 10 mM MgCl,, 1
mM DTT, 100 pg/mL BSA; DNA polymerase 6 = 50 mM Tris-HCI (pH 7.4), 2 mM MgCl,, 2 mM DTT,
100 pg/mL BSA; DNA polymerase € = 50 mM Tris-HCl (pH 7.4), 8 mM MgCl,, 2 mM DTT, 100 ug/mL
BSA; DNA polymerases {, n, and hREV1(341.829) = 50 mM Tris-HCI (pH 8.0), 2 mM MgCl,, 5 mM DTT,
100 pg/mL BSA; Kf exo =50 mM Tris-HCI (pH 8.0), 5 mM MgCl,, 1 mM DTT, 100 ug/mL BSA;
Pyrobest DNA polymerase = 1x Pyrobest Buffer II (Takara), 100 ug/mL BSA; Tag DNA polymerase = 1x
Taq reaction buffer (Bio Basic Inc.), 100 pg/mL BSA; Vent exo =20 mM Tris-HCI (pH 8.8), 10 mM
(NH4),S0O4, 10 mM KCI1, 2 mM MgCl,, | mg/mL BSA.

The reaction mixtures for DNA polymerases a, B, 9, €, 1, {, Kf exo , Pyrobest DNA polymerase, Tag
DNA polymerase, Vent exo , and hREV1 contained 100 fmol of the DNA template containing G or Oxm
and 50 fmol of a 5'-Alexa 680-labeled 15-mer primer. Other reaction conditions and dNTP and DNA
polymerase concentrations are detailed in the figure legends. Reactions were performed at 30°C for 30 min
for DNA polymerases a, B, 9, €, {, Kf exo, Pyrobest DNA polymerase, Taqg DNA polymerase, and Vent
exo ; at 37°C for 30 min for DNA polymerase 1; and at 30°C for 10 min for hREV1341-g59). All reactions
were terminated by adding 5 pL of stop buffer (15 mM EDTA, 10% glycerol, and 100 uM rhodamine 6G).
Aliquots (2.5 pL) were separated by electrophoresis on a denaturing 16% polyacrylamide gel containing 8
M urea at 30 W for 90 min. The fluorescence intensity of each n-mer band (I_n) was quantified using an
Odyssey infrared imaging system (LI-COR; Lincoln, USA).

Measurement of Tm for Oxm
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DNA oligomers containing Cy3 (5-TATTGATZTGTGAATTYAAGATGTTGATGAG-3', where Y
represents C, G, A, or T, and Z represents Cy3) were synthesized by Gene Design Inc. (Osaka, Japan). The
30-mer oligomer containing C (30-mer C: 5-CTCATCAACATCTTXAATTCACAATCAATA-3', where
X represents C) was synthesized by Japan Bio Services Co., Ltd. (Saitama, Japan). The 30-mer oligomer
containing Oxm (30-mer Oxm: 5-CTCATCAACATCTTXAATTCACAATCAATA-3', where X
represents Oxm) was prepared as described in the main text. The fluorescence of the DNA sample (strand
concentration: 4 nM Cy3-labeled oligomers, 8§ nM 30-mer C or 30-mer Oxm, 100 mM NaCl, 10 mM
MgCl,, 7.5% PEG-20,000, 10 mM Na phosphate buffer [pH 7.0]) was monitored at 572 nm (/57,; excitation
at 533 nm) from 37°C to 87°C with a heating rate of 1°C/min using a Roche LightCycler 96 real-time PCR
system. 7m values were determined as the peak of the Als7,/AT plot versus the temperature (130).

Repair enzyme reaction

Reaction mixtures (5 uL) were prepared as follows: Fpg = 1x NEBuffer 1 (New England Biolabs), 0.1
mg/mL BSA, 50 fmol Alexa 680-labeled 30-mer DNA oligomers containing G, Oxm, 8-0xoG, or Oz, 100
fmol complementary 30-mer DNA oligomers, and 4 mU Fpg; Nei = 1x Endonuclease VIII Reaction buffer
(New England Biolabs), 0.1 mg/mL BSA, 50 fmol Alexa 680-labeled 30-mer DNA oligomers containing
Oxm or Oz, 100 fmol complementary 30-mer DNA oligomers, 71 mU Nei; Nth = 1x endonuclease 111
reaction buffer (New England Biolabs), 0.1 mg/mL BSA, 50 fmol Alexa 680-labeled 30-mer DNA
oligomers containing Oxm or Oz, 100 fmol complementary 30-mer DNA oligomers, and 500 mU Nth. The
reaction mixtures were incubated at 30°C for 60 min. All reactions were terminated by adding 5 pL of stop
buffer (15 mM EDTA, 10% glycerol, and 100 uM rhodamine 6G). Aliquots (2.5 uL) were analyzed by
electrophoresis on a denaturing 16% polyacrylamide gel containing 8 M urea at 30 W for 90 min. The
fluorescence intensity of each n-mer band was quantified using an Odyssey infrared imaging system (LI-
COR; Lincoln, USA) for 5'-Alexa 680-labeled products.
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Figure 1. Discovery of Oxm. (A) HPLC analysis of DNA catabolites from 5'-TOz-3' (TOz). Each peak
(5'-TAb-3'; TAb, 5'-TUa-3"; TUa, 5'-TGf-3'; TGf) was identified by mass spectrometry (Fig S1). Raw data
for (A) are shown in Fig. S2J. (B) Mass spectra of the main product (21.2 min: TOxm) from the HPLC
chromatogram in (A). (C) Predicted structure of the main product derived from Oz. (D) MS/MS spectrum
of TOxm. (E) Generation of Oxm at pH 7.4 and 37°C over 146 h. (F) The yield of TOxm under various pH
conditions (blue: 50 mM cacodylate buffer; green: 50 mM phosphate buffer; red: 50 mM borate buffer).
Bars represent mean production of Oxm for n = 2 individually prepared samples with error bars

representing SD.
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Figure S2. Generation of TOxm under various pH conditions. (A, C, E, G, I, K, M, O, Q) HPLC results of
reaction mixtures for 0 h in each buffer. (B, D, F) Reaction mixtures containing TOz in cacodylate buffer
(pH 5, 6, or 7) incubated at 90°C for 4 h. (H, J, L) Reaction mixtures containing TOz in phosphate buffer
(pH 6, 7, or 8) incubated at 90°C for 4 h. (N, P, R) Reaction mixtures containing TOz in borate buffer (pH
8,9, or 10) incubated at 90°C for 4 h. Yields of various peaks were calculated by setting the quantity of
TOz before decomposition to 100%. All reaction mixtures were analyzed by HPLC using a COSMOSIL
PBr packed column (Nacalai Tesque; 5 pum, 150 x 4.6 mm), eluted with 50 mM TEAA (pH 7) and 3-7%
CH;CN over 20-30 min at a flow rate of 1.0 mL/min. Absorbance was monitored at 254 nm.
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Figure S3. Pyrolysis of TOz at pH 13 and 90°C for 0 h (A) and for 4 h (B). Reaction mixtures were
analyzed by HPLC using a COSMOSIL PBr packed column (Nacalai Tesque; 5 pm, 150 x 4.6 mm), eluted

with 50 mM TEAA (pH 7), 3-6% CH;CN over 20-30 min at a flow rate of 1.0 mL/min. Absorbance was

monitored at 254 nm.
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Figure S4. Stability of TOxm at 90°C under pH 13 and pH 3 conditions. (A) HPLC analysis of TOxm at

min

pH 13 for 0 h. (B) HPLC analysis of TOxm at pH 13 for 2 h. (C) HPLC analysis of TOxm at pH 3 for 0 h.
(D) HPLC analysis of TOxm at pH 3 for 2 h. Reaction mixtures were analyzed by HPLC using a
COSMOSIL 5C,3-MS-1II packed column (Nacalai Tesque; 5 pm, 150 x 4.6 mm), eluted with 50 mM TEAA
(pH 7) and 3—7% CH;CN over 20 min at a flow rate of 1.0 mL/min. Absorbance was monitored at 254 nm.
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Figure S6. Piperidine treatment. The reaction mixture was incubated for 5 min at 25°C, 30°C, 65°C, or
90°C with 1 M piperidine. Each lane contains Alexa 680-labeled DNA oligomers containing G (lanes 1, 5,
9, and 13), Oxm (lanes 2, 6, 10, and 14), Oz (lanes 3, 7, 11, and 15), and 8-0xoG (lanes 4, 8, 12, and 16).
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Figure S7. DNA synthesis and selective nucleotide incorporation opposite Oxm by DNA polymerase 3,
Pyrobest DNA polymerase (Pyrobest), Taq DNA polymerase (Taq), Vent DNA polymerase exo (Vent
exo ), Klenow fragment exo (Kfexo ), and hREV1341.829). DNA polymerase B (250 pU) (A), Pyrobest
(125 pU) (B), Taq (75 mU) (C), Vent exo (167 nU) (D), Kfexo (75 nU) (E), and hREV1341.829) (1.7 ng)
(F) were incubated with templates containing G (lanes 1-5) or Oxm (lanes 6—-10) and 100 uM of either all
four dNTPs (lanes 1 and 6) or 100 uM of a single INTP (N = C, G, A, or T) (lanes 2—-5 and 7-10). Lane M
contained no enzyme and served as a negative control.
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830  Figure S8. Analysis of melting temperature (7m). (A) DNA sequences used in this experiment. (B)

831  Analysis of Tm for cytosine as a control. (C) Analysis of 7m for Oxm. (D) Comparison of 7m values for
832  cytosine and Oxm.
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838  Figure S9. Incision activities of Nei and Nth. (A) Nei (71 mU) incubated with templates containing C, G,
839 A, or T (lanes 3—6 and 9-12) and Alexa 680-labeled DNA oligomers containing Oz (lanes 1-6) or Oxm
840  (lanes 7-12). (B) Nth (500 mU) incubated with templates containing C, G, A, or T (lanes 3—6 and 9-12)
841 and Alexa 680-labeled DNA oligomers containing Oz (lanes 1-6) or Oxm (lanes 7-12).
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Figure S10. Quick generation of TOxm. (A) HPLC analysis of the reaction mixture containing Iz. (B)
HPLC analysis of the solution in (A) after pyrolysis for 10 min. The reaction mixture was prepared to
maximize the amount of Tz from TG using LED irradiation (450 nm). This reaction mixture was used as
the starting material to rapidly generate TOxm from TIz. The mixture containing Iz was incubated at 90°C
for 10 min under basic conditions (pH 13). TOxm was generated from TIz with 29% efficiency. Samples
were analyzed by HPLC using a COSMOSIL PBr packed column (Nacalai Tesque; 5 pm, 150 x 4.6 mm)
with a solvent gradient of 50 mM TEAA (pH 7) and 3—6% CH;CN over 20—35 min at a flow rate of 1.0

mL/min. Absorbance was monitored at 254 nm.
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Figure S11. Mass spectra of (A) 6-mer Oxm and (B) 30-mer Oxm.

30



