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of Chemistry Probing the sequence alterations, structures, interactions, and other important aspects of nucleic acids serves
as the cornerstone of understanding nucleic acid-mediated biology and etiology, as well as the development of
nucleic acid-based therapeutics. New strategies capable of accommodating these imperatives without
necessitating specialized instrument or skills and potentially complementing existing methods are highly
desired. Herein, we describe a rationally designed molecular rotor CCVJ-H ((9-(2-carboxy-2-cyanovinyl)
julolidine-hydrazide)) and its superior performances compared to the universal base excision reporter probe
CCVJ-1 in applications such as nucleic acid detection and DNA glycosylase assays. Furthermore, we
showcase that the CCVJ-H probe accurately profiles the interactions between nucleic acids and small
molecules, providing binding affinity and binding site information in a single reaction. We subsequently
demonstrate the feasibility of applying the CCVJ-H system in high-throughput screening to identify nucleic

acid-binding small molecules such as DNA CTG repeat expansion binders, potentially providing therapeutic
Received 8th January 2024 . . . . ) " .
Accepted 20th February 2024 interventions for myotonic dystrophy type 1. Finally, we profile the recognition difference between DNA/
DNA and DNA/RNA against a library of small molecules, uncovering two drug-like molecules that

DOI: 10.1039/d4sc00141a preferentially bind DNA/RNA. We anticipate the versatile CCVJ-H probe will be a useful tool for both
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Introduction

Techniques capable of probing sequence alterations, structures,
interactions, among other important aspects, of nucleic acids
play a pivotal role in advancing our understanding of nucleic
acid-mediated biological processes, and the development of
improved diagnostic strategies or therapeutic interventions
based on nucleic acids."™ Nucleic acid sequencing or poly-
merase chain reaction stands as the gold standard for precise
identification of mutations or the presence of pathogens in
disease diagnosis, which are complemented by various
fluorescence-based detection methods.>' Crystallography,"
nuclear magnetic resonance spectroscopy,'” isothermal titra-
tion calorimetry (ITC),"* chemical probing,’” among others,
serve as useful tools for structural determinations or profiling
interactions of nucleic acids. Several of these techniques have
been harnessed to probe interactions between nucleic acids and
small molecules, with the aspiration of identifying more effi-
cacious small-molecule therapeutics targeting nucleic acids."**¢
In spite of the availability of these established methodologies,
novel approaches capable of accommodating these imperatives
without necessitating specialized instrumentation or expertise
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fundamental and translational nucleic acid research and application.

are highly desirable. In particular, fluorescent molecular rotors
have been widely utilized for DNA sensing and probing.”*°
Drawing inspiration from the molecular rotor CCV] (9-(2-car-
boxy-2-cyanovinyl)julolidine),?*** especially the recent work
done by Kool and co-workers for measuring DNA glycosylase
activity and DNA labelling, we surmise that this fluorescent
probe might offer a convenient avenue to meet the aforemen-
tioned requisites (Fig. 1A).>>?* Indeed, the same lab recently
demonstrated that CCVJ-1 can be employed to detect comple-
mentary DNA sequences with single-nucleotide specificity,
albeit with relatively low sensitivity and long incubation time.**
The suboptimal efficacy observed in utilizing CCVJ-1 for such
purposes could potentially be attributed to the inherent struc-
tural characteristics of CCV]J-1. Additionally, although targeting
nucleic acids with small molecules for therapeutic interventions
has been a hot and rapid growing area,"*® fluorescence-based
methods capable of profiling nucleic acid-small molecule
interaction are lacking. Herein, we present the rational design
of an upgraded molecular rotor and its applications in nucleic
acid detection, structure probing, and exploration of nucleic
acid interactions with DNA glycosylase and small molecules.

Results and discussion

The efficient oxime formation facilitated by the close associa-
tion of planar and hydrophobic CCVJ-1 to a DNA apurinic/
apyrimidinic site (AP site), which is generated by a DNA
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Fig.1 Rational design of an improved molecular rotor dye for nucleic acid sensing. (A) Reaction of CCVJ-1 with DNA abasic site for measuring
DNA glycosylase activity and DNA labelling. (B) Possible CCVJ-1-induced destabilization pathways. (C) Emission spectra of CCVJ-1-conjugated
DNA/DNA, DNA/RNA, and ssDNA. (D) Fluorescence real-time response of DNA/RNA, DNA/DNA and ssDNA with CCVJ-1 and UDG. (E) T,
measurement of CCVJ-1-conjugated DNA/DNA, DNA/RNA, and their unmodified counterparts (5.0 uM) in PBS buffer. (F) Design of an upgraded
molecular rotor CCVJ-H. (G) Emission spectra of CCVJ-H-conjugated DNA/DNA, DNA/RNA, and ssDNA. (H) Fluorescence real-time response of
DNA/RNA, DNA/DNA, and ssDNA with CCVJ-H and UDG. () Fluorescence fold change of each type of duplexes when reacted with probes
(CCVJI-1and CCVJ-H) and compared with ssDNA after 2 hours. (C—E and G-1) The excitation wavelength and emission wavelength were 485 nm
and 530 nm, respectively. Fluorescence spectra were recorded with 2.0 uM nucleic acid in 50 mM Tris pH 7.0, 100 mM NaCl at room
temperature. The reactions were conducted with 2.0 pM nucleic acid, 20 uM CCVJ-H, 50 U mL~1UDG in 50 mM Tris pH 7.0, 100 mM NaClat 37 °
C. 23-mer 1 dU-DNA and its complementary strand, 23-mer DNA and 23-mer RNA were used.

glycosylase, is critical for achieving high fluorescent signals and
fast responses.”**® The julolidine core of CCV]-1 is larger than
canonical DNA bases, potentially causing destabilization of the
DNA duplex upon CCVJ-1 binding before or after the oxime
formation. Both scenarios may contribute to the dissociation of
the DNA duplex, thereby dampening fluorescence signal

5010 | Chem. Sci,, 2024, 15, 5009-5018

(Fig. 1B). This phenomenon could potentially elucidate the
prevalent utilization of CCVJ-1 in highly stable duplexes, such as
hairpin DNA (hpDNA) or long duplexes. Indeed, the Kool lab
demonstrated that a single-stranded 33-mer DNA, labelled with
four CCVJ-1 moieties, could not hybridize with its comple-
mentary DNA.> To investigate the destabilization effect of CCV]J-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1 in application relevant models, we sought to examine the
destabilization effect and the resulting fluorescence change on
shorter DNA/DNA and DNA/RNA with one CCV]-1 label. We
began the study by converting a single deoxyuridine (dU) con-
taining 23-mer single stranded DNA (ssDNA) with E. coli uracil
DNA glycosylase (UDG) to a DNA AP site, which was subse-
quently reacted with excess CCVJ-1 overnight to ensure full
conversion. The synthesized conjugate (2 uM) was annealed
with its complementary DNA or RNA to afford the CCVJ-1
labeled DNA/DNA or DNA/RNA, respectively. The intensities of
the emission fluorescence for CCVJ-1 labeled ssDNA, DNA/DNA,
and DNA/RNA were measured (Fig. 1C and S1}). Concurrently,
the same ssDNA, DNA/DNA, and DNA/RNA constructs contain-
ing a single dU were treated with UDG and CCVJ-1 (20 pM)
respectively, and the mixtures were incubated and the fluores-
cence intensities were monitored over the course of 2 hours.
The fluorescence signals of DNA/DNA and DNA/RNA plateaued
within 40 and 15 minutes, respectively. In contrast, the fluo-
rescence signal from ssDNA exhibited little increase over the 2
hours period (Fig. 1D). In all cases, the fluorescence intensities
of the kinetic reactions were significantly lower than those of
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mediated destabilization subsequent to oxime formation is
not the predominant factor for reduced signals. In fact, the
melting temperatures (7,,) of the CCVJ-1-embeded DNA/DNA
and DNA/RNA are slightly higher than the unmodified coun-
terparts, clearly showing a stabilization effect of CCV]-1 after
oxime formation (Fig. 1E). This is likely due to the enhanced
stacking interactions between CCV]-1 and neighboring bases
within the duplex. These results collectively suggest that the
dissociation triggered by CCVJ-1 binding likely precedes the
oxime formation.

To address the low conversion issues for DNA/DNA and DNA/
RNA with CCVJ-1 and to enhance fluorescence signals, we
proposed two strategies: the reduction of the julolidine core size
or acceleration of the conjugation step between the DNA AP site
and a molecular rotor. However, any structural changes to the
julolidine core could compromise its binding affinity to the
DNA AP site and perturb fluorescence characteristics. Thus, we
contend that accelerating the conjugation step through struc-
tural modifications of CCV]J-1, without affecting its binding
affinity and fluorescence properties, offers a more viable
avenue. Through careful examination of the computational

annealed stoichiometric conjugates, suggesting CCV]J-1- model depicting the binding of CCV]J-1 bound to the DNA AP
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Fig. 2 Applications of CCVJ-H in nucleic acid detection. (A) Relative positions of opposite bases in the 2 dU 23-mer RNA (A and/or U) and
corresponding complementary dU-DNA. (B) Fluorescence kinetics of 2 dU-containing DNA/RNA duplexes with CCVJ-H and UDG. (C) Selective
detection of RNA by CCVJ-H. (D) Fluorescence kinetics of cDNA-oppo U,U with CCVJ-H and UDG in the presence and absence of target 23-mer
RNA. (E) Detection of single nucleotide polymorphism (SNP) in KRAS DNA (WT-KRAS and G12V-KRAS). (F) Fluorescence kinetics of KRAS/dU-
cDNA duplex with CCVJ-H and UDG. (B, D and F) [DNA/RNA] or [DNA/DNA] = 2.0 pM, [CCVJ-H] = 20 pM, [UDG] = 50 U mL™1. The excitation
wavelength and emission wavelength were 485 nm and 530 nm, respectively. The reactions were conducted in 50 mM Tris pH 7.0, 100 mM NaCl
at 37 °C.
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site, we reason that removing the flexible linker connecting the
CCVJ moiety to the oxyamine group might expedite the conju-
gation process.””> We therefore synthesized CCVJ-hydrazide
(CCVJ-H) one step compared to a 5-step synthesis for CCVJ-1
from CCVJ (Fig. 1F).****?** The stochiometric conjugates of
CCVJ-H in the same ssDNA, DNA/DNA, and DNA/RNA were
constructed as described and their respective emission fluo-
rescence intensities were measured (Fig. 1G and S1t). Similar
kinetic experiments were conducted for CCVJ-H and the fluo-
rescence signals were recorded over the course of 2 hours
(Fig. 1H and I). Intriguingly, the utilization of the CCVJ-H label
on the DNA/RNA conjugate yielded a twofold enhancement in
fluorescence intensity compared to its CCVJ-1 labeled counter-
part presumably due to the A form structure of DNA/RNA
restricts the bond rotation of CCV]J-H more effectively than
that of CCVJ-1.”” Concurrently, the fluorescence intensities
exhibited by CCV]J-1 and CCV]J-H when applied to ssDNA or
DNA/DNA conjugates were found to be comparable, which
might be attributed to similar conformational restrictions for
CCVJ-H and CCVJ-1 in these contexts. Furthermore, it is
imperative to highlight that CCV]J-H exhibited markedly supe-
rior fluorescence responses and conversions in kinetic experi-
ments, particularly when probing DNA/RNA hybrid. This
pronounced enhancement in sensitivity, as afforded by CCVJ-H,
holds substantial relevance for a diverse range of applications
involving nucleic acid probing. It is worth noting that CCV]J-H
consistently outperformed CCVJ-1 in terms of fluorescence
responses, even in the hairpin DNA (Fig. S1 and 27), and long
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DNA specifically optimized for CCVJ-1 (Fig. S31). The successful
incorporation of CCVJ-H to DNA was confirmed by MALDI-TOF
and HPLC analyses (Fig. S41).

To further amplify fluorescence intensities, two CCVJ-H
labels were incorporated, and the impact of opposite bases
and the inter-dye distance was investigated (Fig. 2A). In
comparison to the single CCVJ-H-labeled DNA/RNA, the intro-
duction of an additional CCV]J-H label, positioned opposite
adenine and separated by three bases, resulted in a substantial
augmentation of fluorescence signal (Fig. 2B). Employing two
CCVJ-H labels in a manner that they were both positioned
opposite adenine and separated by nine bases, yielding mark-
edly reduced fluorescence output, likely attribute to steric
hindrance induced destabilization and dissociation. Notably,
the use of smaller uracil opposite CCVJ-H labels led to even
higher fluorescence intensity, underscoring the significance of
opposite base selection in achieving optimal signal enhance-
ment. To assess the nucleic acid detection capability, a mixture
of two spectator RNAs along with a specific target RNA were
utilized (Fig. 2C). With the optimal DNA probe and CCVJ-H,
robust and reproducible fluorescent signal was obtained
(Fig. 2D). In the absence of the target RNA, no fluorescence
enhancement was observed over a period of 2 hours. It is
noteworthy that the presence of spectator RNAs had no
discernible impact on the fluorescence response, thereby
underscoring the marked specificity of the CCV]J-H detection
system. To demonstrate the utility of this detection method-
ology in a context relevant to disease diagnosis, we selected the
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Fig. 3 Evaluation of DNA-3-methyladenine glycosylase (MPG) substrate preference with CCVJ-H. (A) Sequence of dl-containing DNA and its
complementary DNA or RNA. (B) Real-time fluorescent response of CCVJ-1 for different dl-containing DNA substrates. (C) Real-time fluorescent
response of CCVJ-H for different dl-containing DNA substrates. (D) Comparison of the fluorescence response between CCVJ-H and CCVJ-1 for
DNA/RNA. (E) Effect of opposite bases for MPG substrates. (B—E) Reaction conditions were [DNA/DNA] or [DNA/RNA] = 2 uM, [probe] = 20 uM,
IMPG] = 50 U mL™tin 50 mM Tris pH 7.0, 100 mM NaCl. Excitation wavelength and emission wavelength was 485 and 530 nm, respectively. The
reactions were conducted at 37 °C. (B—-D) dl 23-mer DNA and its complementary DNA or RNA (23-mer DNA and 23-mer RNA) were used. (E) 25-
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wild-type KRAS (WT-KRAS) DNA and the G12V-KRAS DNA
segments, differed by a single nucleotide (Fig. 2E).>*>° A short
11 mer dU-containing DNA (dU-KRAS-cDNA) was designed to
have T:C and U:T mismatches for WI-KRAS and only one U:T
mismatch for G12V-KRAS (Fig. 2F). The melting temperature
analysis revealed that no duplex formation occurred at 37 °C for
the WT-KRAS DNA with the dU-KRAS-cDNA (Fig. S5At). Conse-
quently, minimal fluorescence enhancement was observed
comparable to dU-KRAS-cDNA only. In contrast, the G12V-KRAS
DNA segment hybridized with dU-KRAS-cDNA more effectively,
leading to a rapid increase in fluorescence upon CCVJ-H
incorporation, followed by a subsequent decrease in fluores-
cence, which is likely due to CCVJ-H incorporation-induced
destabilization and strand separation (Fig. S5Bt). Notably, the
DNA point mutation can be determined in the first 5 min with
a 10-fold fluorescence enhancement, featuring a rapid diag-
nosis process. Even after 2 hours, there is still a 4-fold
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fluorescence increase, large enough for point mutation differ-
entiation. In conclusion, the CCVJ-H system exhibited
a remarkable capability to sensitively and rapidly detect DNA
point mutations in the KRAS gene fragment. A linear response
was observed for DNA or RNA sensing with single-nucleotide
specificity, high sensitivity, and short detection time, under-
scoring the great potential of CCVJ-H in various nucleic acid
sensing applications (Fig. S67).

Elucidating and uncovering the substrate preference and
scope of DNA glycosylase is important for the understanding of
the DNA base excision repair pathways.*** Conventional
approaches rely on radiation/fluorescence-based electrophoresis
assays, which are time consuming, laborious and low-throughput.
Interestingly, UDG has displayed comparable efficacy in recog-
nizing and repairing dU in both DNA/DNA and DNA/RNA
contexts, opening the door to the intriguing possibility of DNA
repair during transcription involving DNA glycosylases.>**** In

A A
du uDG - 3 No binding
dMPBOT — DOPVIN dMOBOT <
CCVJ-H 8
c .
8 w DNA binders
8
4
=]
- 4 =
™
dMPLDL— we —ED e
Time (min)
B id C 5 CGCTGCAAAUTTGCGGA 5'-CGCUGCAAATTTGCGG
: i 1159
=T 101 GCGACGTTTAAACGCA 1.0 GCGACGTTTAAACGCA
08 £ dU-near 2 dU-far
2 § 084 508
] £ B
H 3 3
S 08 8 8
§ § 0.6 g 0.6
: : :
g
5104 2 04 < 044
2
5 02 2 02 H & 02
00 LR 0.0 T D T 0.0 B T T
W) ) M) M) W) AU}
N‘s‘ a‘§ \@'@\ rﬂf\q\‘s‘\ @‘ﬁ e&"‘p \w“@ &g o ot Y ot @0V e @ 0oV posest ¥ const @V o2 W Y
P A # & o
AR
& &
7 m—
——DASbp-1 ]——Dpasbp2
D a®Cg \ DAGE + Dopamite: a®Cg 144 DA-5bp-2 + Dopamine
G ® ® -
= - 124
c® ' o: 5 N o =
09® 6®06® 2 00® e®0e® 2]
A 2 © A 2
A UuA g4 A OP £
@ e G G E ® 2q G ® = ®
Te AU - Te B® 3
ceG § ce 5 6
(o] A H c A @
GC g2 GO £ ]
ce 2 ce 2
AT 1 AT 24
GcC Gc
cG 0 c6 o - . - v . )
5 3 0 20 40 60 8 100 120 5 3 0 20 40 60 80 100 120
Time (min) Time (min)
e DA-5bp-3 e DA-5bp-4
A GG T 10 o === DA-6bp-3 + Dopamine A GG 07 = DA-5bp-4 + Dopamine
G - (© G -
e® TS o® TS
® G = 17 G =2
CGTTAG TG H CGTTAG 16° 3
T A T A £ 6 T A ® e £
G G ¢ = P G 6 E
1eS L AU° g o 80"
G G
e_.® ;* e "a §
G g GcC g
ce :, ce 2
AT «+ 060
Gc Gc
ce o T T T T T 1 ©e [ T T T T T 1
5 3 o 20 40 60 80 100 120 5 3 o 20 40 60 80 100 120

Time (min)

Time (min)

Fig. 4 Profiling interactions between nucleic acids and small molecules with CCVJ-H. (A) Schematic illustration of DNA-binder identification
assay. (B) Assay validation with known DNA-binding small molecules. dU 17-mer hpDNA (oppo C) were used. (C) Effect of Hoechst and EtBr on
fluorescence response with dU placed near (dU-near) or far (dU-far) from AT-rich region. (D) Binding site probing for dopamine-binding DNA
aptamer with CCVJ-H. (B-D) The excitation wavelength and emission wavelength were 485 nm and 530 nm, respectively. All reactions occurred
between DNA (2.0 uM) and CCVJ-H (20 pM) in the presence of UDG (50 U mL™%) at 37 °C. (B and C) The reactions were conducted in 20 mM Tris
pH 8.0, 1.0 mM DTT, 1.0 mM EDTA with the indicated small molecule concentration (2.0 uM or 20 uM). (D) The reactions were conducted in
50 mM Tris pH 7.0, 100 mM NaCl, 5.0 mM MgCl, with 50 pM dopamine.
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pursuit of assessing the prospect with human DNA glycosylases,
DNA-3-methyladenine glycosylase (MPG) was examined using
a 23-mer deoxyinosine (dI)-containing DNA hybridized with its
complementary DNA or RNA (ie., cDNA or cRNA) (Fig. 3A).3*
Time-dependent experiments revealed that MPG exhibited supe-
rior dI repair efficiency in DNA/DNA compared to DNA/RNA
(Fig. 3B). Nevertheless, dI excision by MPG in DNA/RNA, albeit
less efficient, was demonstrated. This result indicates that DNA/
DNA is a better substrate for MPG than DNA/RNA, which agrees
with a recent finding.*® Notably, CCV]J-H produced notably higher
fluorescence signals than CCV]-1 in the context of DNA/RNA,
further confirming the superiority of CCVJ-H with a different
DNA glycosylase (Fig. 3C and D). Notably, these data directly
compared the enzymatic activity of MPG on DNA/DNA and DNA/
RNA substrates for the first time. The conventional MPG glyco-
sylase assay necessitates alkaline cleavage of the AP site followed
by electrophoresis, a method characterized by its indirect, labor-
intensive, and low-throughput nature. To overcome these limita-
tions, we leveraged the CCVJ-H system, which enabled the real-
time reporting of substrate preferences, aligning seamlessly
with the results obtained from conventional electrophoresis-
based fluorescent assays (Fig. 3E).*”” In addition, this assay
allows direct comparison of enzyme activity among different DNA
glycosylases, such as UDG and MPG, matching with the previous
report.*® Owing to the working mechanism of CCVJ-H, the probe
can be applied to any other DNA glycosylase, such as the human
uracil DNA glycosylase SMUG1, providing reliable and rapid
results on enzyme activity in real time (Fig. S71).* Taken together,
we believe the CCVJ-H system is a valuable tool for the compre-
hensive assessment of substrate scope and preferences for DNA
glycosylases conveniently, rapidly, and cost-effectively.

In addition to the aforementioned applications of CCV]J-H,
we envision that the CCVJ-H system holds the potential for
profiling interactions between nucleic acids and small mole-
cules, as well as for identifying small molecules that bind to
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nucleic acids via high-throughput screening (HTS).*® A notable
fluorescent intercalator displacement assay suitable for HTS
was developed by Boger using strong DNA intercalators
ethidium bromide (EtBr) and Thiazole Orange (TO).** Weaker
DNA binders may be overlooked especially at low concentra-
tions due to high DNA-binding affinity of EtBr or TO. Small
molecules bind DNA via non-intercalation and/or bind at
different locations may not displace EtBr or TO and yield fluo-
rescence reduction. In this regard, we hypothesize that small
molecules binding to or near the DNA damage site (i.e., dU) will
compete with UDG for binding and processing, resulting in
a diminished fluorescence signal (Fig. 4A). This decrease in
fluorescence should correlate with the binding affinity and
inversely correlate to the binding distance from the damage
site. Notably, dU differs from thymidine only by a single methyl
group at the 5-position and should induce minimal perturba-
tions in the original DNA sequence and structure. To demon-
strate the feasibility of employing CCVJ-H for the facile and
sensitive probing of DNA-small molecule interactions, along
with the quantitative assessment of binding affinity, we
assembled a panel of well-known DNA-binding compounds
exhibiting various interaction modes (e.g., intercalation, grove
binding, electrostatic attraction, or combinations thereof).*>
Five compounds, each at concentrations of 2 and 20 uM, were
incubated with a 17-mer dU-hpDNA (2 uM), prior to the addition
of CCVJ-H (20 pM) and UDG at 37 °C (Fig. 4B and S87). Since
binding affinity inversely correlates to fluorescence intensity,
this assay facilitated a convenient ranking of binding affinities
for the five compounds assessed at 20 pM, with the order being
as follows: 9-aminoacridine > ethidium bromide (EtBr) =
daunorubicin oxime = ellipticine > Hoechst. Notably, this
ranking aligns well with the ITC data, underscoring the reli-
ability of CCVJ-H in comparing the binding affinities of small
molecules with diverse structures and binding modes for
a given DNA sequence (Fig. S9f). Furthermore, we
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DNA binders
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Identification of DNA repeat expansion binding small molecules via HTS. (A) Schematic representation of the HTS assay. (B) Effect of

potential DNA-binding small molecules (2.0 uM) to the fluorescence response. (C) Chemical structures of potential (CTG),/(CAG); binders. (B)
The reactions were conducted at 37 °C with DNA duplex (2.0 uM) and CCVJ-H (20 puM) in the presence of UDG (5.0 U mL™) at 20 mM Tris pH 8.0,
1.0 mM DTT, 1.0 mM EDTA. The excitation and emission wavelength were 485 nm and 530 nm, respectively.
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demonstrated the capability of CCVJ-H to precisely identify
binding sites with base resolution (Fig. 4C). We designed two
33-mer dU-hpDNAs containing six consecutive AT base pairs
(AT-rich region). In the “dU-near” hpDNA, we substituted the
central T with dU. In the “dU-far” hpDNA, we replaced the T
located two bases away from the AT-rich region with dU. As
Hoechst is known for its preference in binding to AT-rich
regions in the minor grove,* we anticipated that Hoechst
binding to the “dU-near” hpDNA would inhibit UDG processing
to a greater extent than its binding to the “dU-far” hpDNA.
Indeed, minimal fluorescence increase was observed, even at
a Hoechst concentration of 2 pM for the “dU-near” hpDNA,

>

12 ] DNA/DNA

1.0 1

0.8 4

Relative initial rate constant
o
(=]
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while the fluorescence response remained relatively unaffected
in the “dU-far” hpDNA (Fig. S107). EtBr is a well-established
potent and non-selective DNA intercalator as evidenced by its
equivalent fluorescence responses when interacting with both
the “dU-near” and the “dU-far” hpDNAs, thereby indicating
minimal sequence preference for binding. Moreover, the CCV]J-
H system was employed in a more complex setting to probe the
interactions between a DNA aptamer and its small-molecule
ligand (Fig. 4D). Four Ts located in different regions were
substituted separately by dU for subsequent UDG processing
and CCVJ-H conjugation. Small molecule binding to or near the
damage site should result in a decrease in fluorescence. We found
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Fig. 6 Profiling interactions between DNA/RNA and small molecules with CCVJ-H. (A) Binding profile of 80 small molecules with DNA/RNA
comparing with DNA/DNA counterpart. (B) Small molecules with binding preference with DNA/RNA over DNA/DNA. (c) Small molecules with
binding preference with DNA/DNA over DNA/RNA. (D) Chemical structures of small molecules with binding preference with DNA/RNA over
DNA/DNA. (A—C) The reactions were conducted at 37 °C with DNA/DNA or DNA/RNA duplex (2.0 uM), CCVJ-H (20 uM), UDG (5.0 U mL™Y) and
small molecules (20 pM) at 20 mM Tris pH 8.0, 1.0 mM DTT, 1.0 mM EDTA. The excitation and emission wavelength were 485 nm and 530 nm,
respectively. 23-mer 1 dU-DNA and its complementary strand, 23-mer DNA or 23-mer RNA were used.
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that dopamine likely interacts more closely to regions 1 and 2 as
their fluorescence intensities were reduced in the presence of
dopamine.* Regions 3 and 4 are likely far away from the dopa-
mine binding site. These findings correlate well with the ITC-
based mutational assays, underscoring the reliability of the
CCVJ-H assay for probing the interactions between complex DNA
structures and small molecules.*® To the best of our knowledge,
the CCVJ-H system stands as the sole method capable of providing
both quantification of binding affinity and detailed binding site
information for nucleic acid-small molecule interactions in
a single experiment.

To demonstrate the amenability of the CCV]-H system for
HTS in a disease relevant-model, we set out to identify small-
molecule ligands targeting DNA CTG repeat expansion
(Fig. 5A). Repeat expansion disorders, primarily affect the
nervous system, are a class of genetic diseases that are caused
by expansions in DNA repeats.**"” Expanded trinucleotide
repeat, such as CAG, GCG, CTG, and CGG, both in coding and
non-coding sequences in distinct genes results in a diverse
group of diseases with mechanisms linked to protein levels or
toxicity, RNA, and/or both.*® Although targeting RNA repeat
expansion with small molecules is well documented,*>*® the
endeavour to target DNA repeat expansion has garnered much
less attention. For a proof-of-concept purpose, we selected
a seven-unit CTG repeat expansion with the central T replaced
by dU for HTS, aimed at identifying small-molecule binders for
this specific DNA motif. The CTG repeat expansion motif occurs
in myotonic dystrophy type 1 (DM1), which is transcribed to the
CUG RNA expansion that sequesters the alternative-splicing
regulator muscleblind-like protein, leading to splicing defects
and disease symptoms.*** In a 384-well microplate, DNA (2.0
uM) was incubated with small molecules (20 pM) at room
temperature for 15 minutes. Subsequently, CCVJ-H (20 uM) and
UDG (5.0 U mL™") were introduced into the mixture. The real-
time fluorescence intensities were collected immediately
following UDG addition and extended over a 2 hours period.
The relative fluorescence ratio, comparing the presence of small
molecules to a DMSO-only control, was calculated to evaluate
the binding affinity. Among the 80 small molecules examined at
20 uM, six potent compounds exhibited a fluorescence ratio of
less than 0.2 were selected for further validation (Fig. S111). In
a subsequent round of screening, the entire process was
repeated at 2 pM of small molecules, and all of the selected
compounds exhibited binding affinity to DNA, with the fluo-
rescence ratio ranging from 0.2 to 0.6 (Fig. 5B and S127).
Notably, Actinomycin D (G2) and Mitoxantrone (A9) have been
previously shown to reduce the level of CTG repeats in DM1
model (Fig. 5C).****

DNA/RNA is structurally and topologically distinct from
DNA/DNA. Understanding the differences in terms of how they
interact with small molecules is important for basic and
translational research.® Persistent DNA/RNA structures in cells,
known as R-loops, are formed during transcription, wherein the
nascent RNA strand bases pair with its template DNA, displac-
ing the non-template strand.*® These R-loops play diverse roles
in a number of physiological processes and may contribute to
the development of diseases. Particularly prevalent at
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promoters, R-loops modulate gene expression through different
mechanisms.”” Consequently, targeting R-loops emerges as
a potentially promising strategy for disease treatment. However,
there is no method capable of profiling the interaction between
DNA/RNA and a large number of small molecules.”® Thus, we
embarked on an HTS involving a 23-mer DNA/RNA sequence
and 80 small molecules, comparing the binding profile with its
DNA/DNA counterpart (Fig. 6A). The majority of tested
compounds displayed negligible binding affinity for both DNA/
DNA and DNA/RNA. Notably, five molecules, all of which are
apparent nucleic acid binders, demonstrated potent binding
affinities towards both DNA/DNA and DNA/RNA, without
exhibiting a binding preference. Anti-cancer drugs C10 and B11
exhibited a preference for binding with DNA/RNA over DNA/
DNA, marking the first example of discovering drug-like small
molecules with a binding preference for DNA/RNA (Fig. 6B, D,
S13B and Ct). Compound G2, a strong DNA/DNA binder,
intriguingly displayed weak binding with DNA/RNA, show-
casing a 5-fold binding difference (Fig. 6C and S13At). Taken
together, the CCVJ-H probe presents a valuable tool for in vitro
screening, enabling the discovery of small molecules that bind
DNA repeat expansions and DNA/RNA hybrid thus holding
promise for therapeutic interventions in the context of repeat
expansion disorders and diseases associated with R-loops.

Conclusions

In summary, we have employed a rational design approach to
develop the molecular rotor CCVJ-H, which reacted rapidly with
DNA AP sites, resulting in a remarkable enhancement of fluo-
rescence signals. Notably, CCVJ-H consistently outperformed
the UBER probe CCV]-1 across all the applications we investi-
gated. Furthermore, CCVJ-H was synthesized through a one-
step chemical synthesis from CCVJ without chromatography,
in contrast to the five-step synthesis required for CCV]-1 from
the same starting material. The utility of the CCV]J-H probe was
extended to the specific and sensitive detection of nucleic acids
at a single-nucleotide resolution within a matter of minutes,
illustrated by the precise differentiation between WT KRAS and
G12V KRAS in five minutes. Additionally, we harnessed the
CCVJ-H probe for real-time profiling of MPG substrates,
revealing significantly reduced enzymatic activity in DNA/RNA.
Importantly, this approach seamlessly aligned with conven-
tional gel-based assays for substrate preferences for opposite
bases. Finally, the versatility of the CCVJ-H probe was demon-
strated by profiling the interactions between nucleic acids and
small molecules. This probe stands as a unique method,
offering both quantification of binding affinity and compre-
hensive information about binding sites in a single experiment.
Its compatibility with HTS facilitated the identification of small-
molecule binders for DNA CTG repeat expansion and selective
binders for DNA/RNA.

Data availability

All the data supporting this study are included in the main text
and the ESLT
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