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Dimethyllumazine (DML)-thiazole orange (TO) conjugates were devel-
oped for fluorescence sensing of thymine glycol (Tg)-containing DNAs
based on the selective recognition of the A nucleobase opposite the
Tg residue. Additionally, this conjugate has demonstrated an inhibitory
activity towards endonuclease Ill, a DNA repair enzyme, through its
competitive binding to Tg-containing DNAs.

Reactive oxygen species (ROS) are known to cause several forms
of DNA damage." Thymine glycol (5,6-dihydroxy-5,6-dihydro-
thymine; Tg) is the major oxidized product of thymine under
oxidative stress.” It has been estimated that 400 Tg residues are
formed in a normal cell each day, and 10-20% of DNA damage
is attributed to the oxidative conversion of thymine to Tg.?
Given its importance in understanding cellular oxidative stress
and diagnostic applications,>* much attention has been paid to
the development of analytical methods for the detection of Tg
residues.

While several methods such as HPLC-MS and GC-MS have
been developed,’ there are very limited reports on the detection
of Tg residues in intact DNA duplexes without degradation.®
On the other hand, synthetic DNA binders that can selectively
recognize specific sites in DNA duplexes have significant
potential for analyzing non-canonical DNA structures.” Of parti-
cular interest are fluorescence-responsive binders, which can be
used to selectively detect abasic sites, mismatched base pairs
and damaged nucleobases through the binding-induced fluores-
cence response;® however, fluorescent binders for Tg-containing
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DNA duplexes have yet to be developed due to the challenge of
selectively recognizing Tg-DNAs.

In this work, we report a new strategy for the design of
synthetic binders for fluorescence sensing of Tg-DNAs (Fig. 1A).
From the NMR analysis of 11-meric DNA duplexes carrying the
5R-Tg residue (A nucleobase opposite the Tg residue) by Bol-
ton’s group, the Tg residue was shown to induce the local
structural perturbation of DNA duplexes.’ This results in the
flipping out of the Tg residue from the DNA helix whereas the
opposite A nucleobase attains an intrahelical position.'® We
reasoned that the unpaired A nucleobase can be a useful target
for molecular recognition by synthetic binders for Tg-DNA
sensing. To this aim, dimethyllumazine (DML, Fig. 1B) devel-
oped by our group was employed as it can recognize the orphan
A opposite the abasic site through pseudo-base pairing in the
DNA duplexes.'” We used DML coupled with thiazole orange (TO),
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Fig. 1 (A) Schematic illustration of Tg-DNA sensing by binding of DML-
Dab-TO to unpaired A nucleobases opposite the Tg residue in the DNA
duplex. (B) Chemical structure of DML-Dab-TO and possible binding
mode of the DML unit for the unpaired A nucleobase.
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one of the well-characterized light-up intercalators,"” with a Dab
(1-2,4-diamonobutyric acid) spacer (Fig. 1B), in order to achieve
sensitive fluorescence detection of Tg-DNAs.*'* Such a DML-Dab-
TO conjugate was found to serve as a fluorescence-signaling
binder with strong affinity and selectivity toward Tg-DNAs. We
also showed the inhibitory activity of the conjugate for endonu-
clease III based on the competitive binding to Tg-DNAs.

The synthesis of DML-Dab-TO with a Dab (1-2,4-diamono-
butyric acid) spacer was carried out essentially as previously
described."® Briefly, the carboxylic group was attached to the N3
position of DML, followed by coupling with the side chain of a
Dab unit that was modified with a TO unit on the solid phase
(Scheme S2, ESIt). The crude product was purified by reverse-
phase HPLC and verified by MALD-TOF-MS (Fig. S1, ESIft).
Further details are shown in the ESL

We first examined the fluorescence response of DML-Dab-
TO (1.0 uM) for 21-meric model Tg-DNAs at 20 °C in PBS buffer
(pH 7.4). The DNA sequences contained a Tg residue flanked by
two adenines (Fig. 2A) based on the results obtained by Bolton’s
groups.'® Fig. 2B shows the fluorescence spectra of DML-Dab-
TO in the absence and presence of the Tg-DNA that has an A
nucleobase opposite the Tg residue. The fluorescence of the TO
unit in the probe is negligible in the absence of Tg-DNAs, with a
fluorescence quantum yield (@g) of less than 0.002. This is
attributable to the nonradiative energy loss by free rotation of
the benzothiazole and quinoline rings.'> In contrast, we
observed strong emission of the TO unit (e, = 533 nm) in
the presence of 1.0 UM target Tg-DNA. The emission intensity
increased as much as 250-fold. This indicates the significant
light-up property of DML-Dab-TO upon binding to Tg-DNA. The
&q value of DML-Dab-TO bound to Tg-DNA (®poung) reaches
0.32. Significantly, the light-up response is 4.4-fold larger than
that for fully-matched DNA carrying a thymine nucleobase
instead of Tg (Fig. 2A). The results reveal that DML-Dab-TO
selectively binds to Tg-DNAs. It was found that the nucleobase
located opposite the Tg residue has a significant impact on the
fluorescence response of DML-Dab-TO (Fig. S2, ESIt). The
response for Tg-DNA with the opposite A was superior compared
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Fig. 2 (A) 21-meric DNA sequences used here. (B) Fluorescence spectra
of DML-Dab-TO (500 nM) in the absence and presence of DNAs (500 nM),
as measured at 20 °C in PBS buffer (pH 7.4). Excitation, 512 nm. Inset:
titration curves of the binding of DML-TO (1.0 pM) to DNAs (0-5.0 puM).
Excitation, 512 nm. Analysis, 533 nm.
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to those with other opposite nucleobases (G, C, or T). This
observation can be explained by the A-selectivity of the DML unit
due to the formation of the complementary hydrogen bonds.**
Hence, DML-Dab-TO binding for target Tg-DNA is driven by
the selective recognition of unpaired A opposite the Tg residue.
The observed light-up response (¢f Fig. 2) thus results from the
intercalation of the TO unit into the double-stranded region upon
the binding of the DML unit to the unpaired A (¢f Fig. 1). The
binding affinity of DML-Dab-TO for target Tg-DNA was assessed
by fluorescence titration experiments (Inset, Fig. 2B). The
obtained titration curve was well fitted by a 1:1 binding
model,** yielding the Ky value of 130 £+ 21 nM (N = 3). This
affinity was one order of magnitude stronger than that for the
normal DNA (K4 = 1510 nM; Inset, Fig. 2B). These results showed
that DML-Dab-TO had strong binding affinity toward Tg-DNA. It
should be noted that the spacer length had a large impact on the
binding affinity for Tg-DNAs (Fig. S3, ESIt).

We studied the influence of the nucleobases flanking the Tg
residue on the functions of DML-Dab-TO. Here, we examined
three kinds of Tg-DNAs that had an A nucleobase opposite the
Tg residue and two flanking nucleobases of either guanine
(GTgG), cytosine (CTgC) or thymine (TTgT) (Table S1, ESIT). The
Ky and Ppoung for the TTET sequence are determined as 160 +
30 nM and 0.30, respectively. These values are almost compar-
able to those for Tg-DNA with two adenine flanking nucleo-
bases (c¢f Fig. 2). Meanwhile, we found that DML-Dab-TO had
stronger affinity for CTgC and GTgG sequences (Kq/nM: CTgC,
11 £ 3.3; GTgG, 42 + 9.9), in comparison with ATgA and TTgT
ones. In addition, ®pounq for the CTgC sequence was larger
(Ppouna = 0.55) than those for the other three sequences. These
findings suggest that DML-Dab-TO can be used for the fluores-
cence sensing analysis of various Tg-DNA sequences. The
variation in the intercalation efficiency of the TO unit is highly
likely accountable for the dependence on the flanking nucleobases,
given that the binding of the DML monomer is not largely affected
by them (K4 = 80-110 M). We examined the detection sensitivity of
DML-Dab-TO based on the binding-induced fluorescence response
for Tg-DNAs. DML-Dab-TO exhibited a linear response to the CTgC
sequence with a range of concentrations up to 25 nM, from which
the limit of detection (LOD) was calculated as 0.20 nM, corres-
ponding to 10 fmol, based on 3 times the standard deviation of the
blank (Fig. S4, ESIt). This value is superior to those for the other
three sequences (LOD/nM: ATgA, 3.2; GTgG, 2.3; TTgT, 3.7). The
LOD value for the CTgC sequence is comparable to that of
LC-based methods,"® whereas there are several methods with super-
ior sensitivity such as the GC-MS/MS method."® These results show
the prominent ability of DML-Dab-TO for sensitive detection of
Tg-DNAs. It should be noted that DML-Dab-TO shows a fluores-
cence response for the abasic site-containing DNA duplexes
carrying the opposite A nucleobase due to the inherent binding
property toward unpaired A in the DNA duplexes."® In order to
accurately detect Tg-DNAs in real samples such as genomic
DNAs, it may be necessary to remove any abasic site-containing
DNA duplexes through the use of appropriate enzymes."”

Significantly, we found that DML-Dab-TO can differentiate
the Tg residue from other thymine lesions, dihydrothymine
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Fig. 3 (A) Normalized fluorescence response of DML-Dab-TO (1.0 uM)
for the lesion-containing DNA duplexes (1.0 pM). Excitation, 512 nm.
Analysis, 533 nm. Temperature, 20 °C. (B) Fluorescence spectra of DNA
duplexes carrying 2AP with its opposite lesion (Tg, DHT, or HMU) or T
nucleobase (2.0 uM). Excitation, 310 nm. Temperature, 20 °C. Other
solution conditions were the same as those given in Fig. 2.

(DHT) and 5-(hydroxymethyl)uracil (HMU), in the DNA duplexes.
Fig. 3A shows the normalized fluorescence response of DML-
Dab-TO to DNA duplexes carrying the lesions (5'-ACG CCC GCG
AZA CGC CCG CGA-3'/3'-TGC GGG CGC TAT GCG GGC GCT-5/,
Z = Tg, HMU, or DHT. A = the nucleobase opposite the lesion).
The fluorescence responses for DHT and HMU are smaller by
2.9-fold and 3.2-fold, respectively, in comparison with Tg. We
found that this resulted from much weaker affinity for these
DNAs (Kq/nM: DHT, 860 nM; HMU, 1410 nM; Fig. S5, ESIt) in
comparison with that for Tg-DNA. These results suggest that
even small variation in the DNA lesions would influence the
binding of DML-Dab-TO. To explore the structural aspects of
these DNAs, the thermal stability was assessed by melting
temperature (7,,) analysis (Fig. S6, ESIt). The T, value for
Tg-DNA was determined as 74.5 + 1.4 °C, which is lower by
more than 4.5 °C relative to DHT- (Ty,, = 79.0 £ 1.8 °C) and HMU-
carrying DNA (T, = 81.5 + 1.8 °C). Thus, Tg-DNA is more
unstable relative to the other two DNAs. We next examined the
replacement of adenine opposite the lesion with 2-aminopurine
(2AP) in order to probe the local structures around these lesions.
2AP is a fluorescent adenine analogue whose emission is
quenched when stacked with the flanking nucleobases in the
DNA duplexes.’® We measured the fluorescence spectra of the
duplexes carrying 2AP opposite the lesion (5'-ACG CCC GCG AZA
CGC CCG CGA-3'/3''TGC GGG CGC T(2AP)T GCG GGC GCT-5',
Z =Tg, HMU, or DHT). As shown in Fig. 3B, the emission of 2AP-
DNA with Tg is comparable to that of the fully-matched DNA
carrying T opposite 2AP. This suggests that the A nucleobase
opposite Tg is well stacked with neighbouring nucleobases,
which is consistent with the previous NMR results.'® In contrast,
the HMU-containing duplex exhibited much lower emission
relative to the fully-matched DNA. HMU and its opposite A are
thus highly likely to be well stacked in the DNA duplexes. This
would be responsible for the observed weak binding (¢f. Fig. S5,
ESIt) given the limited accessibility of DML-Dab-TO for recogni-
tion of the A nucleobase opposite HMU. Instead, we observed
larger emission for DHT-carrying DNA. While the structures of
DHT-carrying DNAs were not fully clarified, the obtained results
show that the structure around DHT is largely disordered.
In particular, the target A nucleobase opposite DHT would not
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be stacked with the adjacent nucleobases, which is unfavorable
for DML-Dab-TO binding. These results indicate that the local
structures around the lesions have a large impact on the binding
of DML-Dab-TO, as can be seen in DNA repair enzymes.'® While
further structural analysis such as NMR and X-ray analysis is
needed to clarify this, DML-Dab-TO holds unique potential
applications, including the analysis of thymine-related damage
given its selective response toward Tg over HMU and DHT.

As demonstrated above, DML-Dab-TO has strong binding
affinity for Tg-DNAs. We then investigated whether DML-Dab-
TO could compete with the binding of Escherichia coli endonu-
clease III (Endolll), a base excision repair enzyme that can
recognize the Tg residue in the DNA duplex, to Tg-DNAs.>® We
conducted polyacrylamide gel electrophoresis (PAGE) experi-
ments to examine the cleavage of 21-meric Tg-DNAs by Endo III
in the absence and presence of DML-Dab-TO. When Endo III
cleaves upon recognizing the Tg residue, two kinds of 10-meric
DNA fragments can be generated. Fig. 4A shows the PAGE
results for CTgC sequences that DML-Dab-TO could strongly
bind (K4 = 11 nM, cf. Table S1, ESIT). We observed a decrease in
the band intensity of the cleavage products as the concen-
tration of DML-Dab-TO increased. The half maximal inhibitory
concentration (ICsy) value was determined as 1.9 + 0.35 uM
(N = 3, Fig. 4B),>'* which indicates the efficient inhibition of
Endo III activity by DML-Dab-TO. When ATgA/TAT sequences
(Ka4 = 130 nM, Fig. 2) were utilized, it was found that the
inhibition activity of DML-Dab-TO significantly declined
(Fig. S7, ESL;t IC5, > 20 uM). This indicates that the strong
binding of DML-Dab-TO is crucial for the competitive binding
toward Tg-DNAs to achieve efficient inhibition of Endo III. As for
endonuclease inhibition, several small molecules have been
successfully developed as effective inhibitors that can directly
interact with target enzymes.'® In contrast, DML-Dab-TO is dis-
tinctive in that it inhibits enzyme activity by binding to Tg-DNAs,
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Fig. 4 (A) PAGE results for the cleavage of Tg-DNAs (CTgC) by Endo IlI
in the absence and presence of DML-TO (0, 0.01, 0.1, 0.3, 1.0, 3.0, 10,
100 pM). (B) Evaluation of the inhibitory activity of DML-Dab-TO.
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not enzymes, through the mechanism of competitive binding
referred to as the DNA masking effect.>> While the activity of
DML-Dab-TO depends on the DNA sequences, the ICs, value for
CTgC sequences is indeed comparable to those of enzyme
binding-based inhibition (0.78 puM for NTH1;*'* 4.0 uM for
NEIL1>'?). This represents, to the best of our knowledge, the first
report of inhibition of DNA repair enzymes by Tg-DNA binding
molecules. This class of molecules therefore holds therapeutic
potential for modulating the enzyme activity.>®

In conclusion, we have developed a new class of synthetic DNA
binders with selective fluorescence sensing of Tg-DNAs. DML-Dab-
TO exhibited a significant light-up response upon strong binding to
the unpaired A nucleobase opposite the Tg residue in the DNA
duplexes. In addition, we demonstrated the inhibitory activity of
DML-Dab-TO for Endo III based on the competitive binding to Tg-
DNAs. Given very limited reports on the molecular tools targeting
Tg-DNAs, we envision that the obtained results provide valuable
insights into the design of Tg-DNA-targeting binders with a view
toward various applications in the DNA repair field. For example,
according to our previous study,> we conducted preliminary
experiments to examine the potential of DML-Dab-TO for direct
observation of Tg lesions in target DNAs using atomic force
microscopy (AFM) (ESIt). We found that the Tg lesion could be
visualized in combination with biotin-streptavidin interactions
(Fig. S8, ESIt). Hence, this would provide information on the Tg
distribution for the understanding of the complexity of multiple Tg
lesions.”* We are undertaking further studies in this direction.
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