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Fluorescent nucleobase analogues (FBAs) have emerged as powerful tools for understanding nucleic acid
systems at the molecular level. However, their application at the single-molecule level has been limited
by low brightness and an incomplete understanding of how local chemical environments affect their
properties. In this study, we investigate the bright fluorescent pyrimidine analogue ABN in duplex DNA
oligonucleotides and study its single-molecule applications. Time-resolved fluorescence spectroscopy
reveals its unigue tautomeric behavior, including photo-induced double proton transfer, influenced by
base-pairing partners. This tautomerization directly impacts ABN's quantum yield and spectral
characteristics. By favoring a high quantum yield thymine-like tautomer through base pairing, surface-

immobilized ABN-containing DNA duplexes are readily observed as bright spots using single-molecule
Received 29th October 2024 f ' hibiting well-defined single- tial bleaching kinetics. The bright
Accepted 2nd February 2025 uorescence microscopy, exhibiting well-defined single-exponential bleaching kinetics. The brightness

and photostability are enhanced by oxygen depletion. These results demonstrate that ABN is unique

DOI: 10.1039/d4sc073349 among FBAs in enabling single-molecule fluorescence studies of oligonucleotides using a standard
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Introduction

Single-molecule fluorescence studies can provide a detailed
understanding of biomolecular function by allowing distinct
conformations and biomolecular recognition events to be
measured.’ Some of these conformations or molecular recog-
nition complexes may be highly biologically significant but-
little populated in the ensemble, making them very difficult
or impossible to study in bulk measurements.* Because of the
low photon flux emitted by single fluorophores, high intensity
irradiation and sensitive detection is needed. Fluorophores
suitable for these conditions must be strongly absorbing and
emitting, with a brightness of & ®., > 10000 M~' cm™*
preferred.>® Relatively long absorption and emission maxima,
above 400 nm, minimize competing absorption by biological
chromophores, and high photostability offers longer observa-
tion times.” Most organic fluorophores that meet these criteria
and are widely used in single-molecule fluorescence
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experiments are derivatives of a few privileged scaffolds,
including Alexa fluors, rhodamines, and cyanines.>®* For
biophysical applications, these fluorophores are most often
tethered to biomolecules using a flexible linker and common
coupling reactions, such as amine-NHS ester coupling or thiol-
maleimide conjugation. When applied to nucleic acids, these
fluorophores are most often conjugated to functionalized
termini, but specialized phosphoramidites can also be used
during solid-phase oligonucleotide synthesis to provide reactive
handles at internal positions to which fluorophores can be
attached.* Fluorophores tethered in this fashion to biological
molecules—extrinsic labeling—have been used in many appli-
cations, but the tethers limit the precision of fluorophore
placement and can interfere with the native behavior of
biomolecules. An attractive alternative is to use intrinsically
fluorescent derivatives of natural biomolecular building blocks,
in this case nucleobases, but given the structural constraints of
biomimicry, it has been challenging to obtain high brightness
and photostability.”"” To date, the best performing fluorescent
nucleobase analogues (FBAs) that approach single-molecule
detection in oligonucleotides are pA and MeO™aU, which
have been detected using two-photon (2P) excitation at the level
of 5 molecules and 7 molecules, respectively.'®** Another bright
FBA DMA'™aU has been detected at the single-molecule level as
a free nucleoside using multiphoton excitation, but the authors
have reported difficulty with incorporating it into oligonucleo-
tides.'*® 2P excitation was used in these studies because pA,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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MeO™aU, and DMA™aU do not absorb significantly at wave-
lengths greater than 400 nm; 2P excitation at around 800 nm
reduces background fluorescence and photobleaching, which
facilitates detection, and is useful for live-cell imaging with
fluorophores that are excited at shorter wavelengths.** Work on
other bright FBAs has been described in several recent
reviews.'?»%

To address this challenge, we designed and synthesized the
fluorescent nucleoside analogue ABN, which exhibits €445 nm =
20000 M~ ' em ' and &.,,, = 0.39 in 1x PBS buffer at pH 7.4
(Fig. 1).>* The design of ABN was inspired by xanthene fluo-
rophores, such as fluorescein and rhodamine B, which feature
an electron-donating group in conjugation with an electron-
withdrawing group (a “push-pull motif”) in a tricyclic frame-
work. To incorporate these features into a fluorescent nucleo-
side analogue (FNA), we developed a C-linked ribonucleoside
design wherein the carbonyl group at position 3 (xanthene
numbering) plays the “pull” role of electron acceptor. In our
first publication reporting on ABN, we showed that single
molecules of the nucleoside immobilized on a glass surface are
readily detected by single-molecule total-internal-reflection
fluorescence (smTIRF) microscopy and fluorescence correla-
tion spectroscopy.”* We found that ABN's high brightness is
retained when base-paired and stacked in duplex nucleic acids.
While the identity of neighboring bases has some influence on
D, this quantum yield was on average 20% greater in the
duplex than for ABN as a free nucleoside.

In the present study, we sought to measure the performance
of ABN in single-molecule detection of oligonucleotides using
smTIRF and we performed time-resolved fluorescence
measurements of ABN-containing oligos in the ensemble,
aimed at understanding how tautomerism and base pairing
influence its properties. An improved synthesis of ABN is also
reported. Our results show that ABN is sensitive to quenching by
molecular oxygen, but that excellent quality smTIRF data can be
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Fig. 1 The structure of ABN in a base pair with adenine. The absorp-
tion (dashed) and emission (solid) spectra of ABN in 1,4-dioxane (black)
and water (red) are inset.
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obtained under oxygen-depleted conditions. ABN is the first
nucleobase analogue fluorophore that is readily detectable at
the single-molecule level using SmTIRF
instrumentation.

conventional

Results and discussion

ABN was originally synthesized in a longest linear sequence of
seven steps from the commercially available precursor 3-
(diethylamino)acetanilide and the 3',5'-bis(O-TBS) glycal 2.**
The key step, following synthesis of the ABN chromophore, is
a Heck reaction to form a C-C bond in place of a C-N glycosidic
bond (Scheme 1).>*” While satisfactory for producing ABN, the
reaction yields were lower and more variable than desired. The
challenge was the Heck reaction of the aryl bromide of the ABN
chromophore 1, whose electron richness would be expected to
inhibit oxidative addition to Pd(0), typically the Heck reaction's
rate-determining step. To improve the synthesis, we performed
a Cu(1)-catalyzed transhalogenation of 1 to generate aryl iodide
3.2 We also substituted singly-protected glycal 4 for 3',5"-bis(O-
TBS) glycal 2, expecting that reduced steric crowding of the B-
face and the potential of the 5-OH to engage in productive
coordination to Pd would be beneficial.*® These revisions
improve the consistency of yield in the synthesis, delivering
ABN in 36% yield over the last four steps, which compares
favorably to a 20% yield over the last three steps in the original
route (detail synthetic methods are presented in the ESIt). The
5'-O-DMTr-protected ABN phosphoramidite was prepared
following the published method and the identity and purity
were confirmed by 'H and *'P NMR spectroscopy.

original synthesis

NEt, TBSO
o
Y
|N OTBS
X" NH Pd(OAc),, AsPhs,
NBu3 60 °C; then
N0 TBAF, AcOH
Br 2) NaBH(OAc)3
1 AcOH, ACN,
0 °C, 20% over
three steps
revised synthesis OH
NEt, NEt, (o]
7 4
OTBDPS
N _Nal, Cul N 1) Pd(OAc),, AsPhs,
. | trans-1,2-bis- A ! NBuj3 60 °C; then
NH  (methylamino)- NH TBAF, AcOH
N cyclohexane, N 2) NaBH(OAc);
O  1,4-dioxane AcOH, P:)CN,
1 B 110 °C, 90% 3 1 0 °C, 40% over

three steps

Scheme 1 A revised synthesis of ABN uses a more reactive aryl iodide
in a Heck reaction with a less sterically crowded, singly protected
glycal 4, resulting in improved yield.
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To prepare for measurements of ABN's fluorescence prop-
erties at the single-molecule level in oligonucleotides, we
selected 10-mer sequences that place ABN in two neighboring
base contexts and a biotinylated capture strand design for
surface immobilization (Fig. 2). These oligonucleotides were
prepared by solid-phase DNA synthesis using standard condi-
tions, with a 10-fold elongated coupling time for ABN (for
details and additional sequences, see the ESIT). ABN was posi-
tioned between A and A (AXA) and between G and C (GXC). AXA
and GXC match the sequences of the ABN-containing oligos
ODN4 and ODN7 that we have studied previously; these
neighboring base contexts were selected to match those used in
past studies of other FBAs wherein the AXA and GXC local base
stacking environments significantly impacted the FBAs.'®
Changes in oligonucleotide sequence at positions not directly
neighboring an FBA typically have little effect on fluorescence,
except in specific cases wherein FOrster resonance energy
transfer (FRET) or photoinduced electron transfer (PET) oper-
ates between bases.”*> We have not examined pyrimidine-
pyrimidine “mispairs” with ABN in this study (i.e. ABN opposite
C or T in a duplex) because the size mismatch of such pairs (as
compared with a purine-pyrimidine base pair) makes them
considerably perturbing to local structure.*® For surface
immobilization and smTIRF microscopy, we chose a well-
characterized immobilization architecture based on PLL-PEG-
streptavidin adsorbed on a glass surface.** The use of a common
3'-biotinylated capture strand CS01 and a tunable linker strand
LS02, which is made up of only natural nucleotides, makes it
easy to change the sequence of the linker and immobilize any
desired ABN-containing oligonucleotide by hybridization.

A ;
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To prepare for smTIRF of ABN in oligonucleotides, we first
sought to better understand ABN's base pairing with purine
partners. In our first publication on ABN, we found that >C and
"H NMR of the free nucleoside in organic solvents supports the
predominance of a thymidine-like tautomer (as shown in
Fig. 1), a result that agrees with computational prediction of the
tautomers' relative stability and matches what has been
observed for simpler 1,8-naphthyridin-2(1H)-ones.** Despite
this finding, we observed no clear thermodynamic preference
for base pairing with A over G, as indicated by the difference in
melting temperature AT,, between ABN-containing vs. unmod-
ified duplexes (Table 1).>* ABN is brightly fluorescent in all cases
with the quantum yield &, ranging from 0.29 to 0.55,
depending on neighboring base context and base pairing. We
have observed similar brightness of ABN in the single-stranded

Table 1 Wavelengths of absorption and emission maxima, fluores-
cence quantum yields, and melting temperatures T,, for the ABN-
containing duplex oligonucleotides. Quantum yields were measured
at an excitation wavelength of 440 nm. Estimated uncertainty in
quantum yield values is +10%. AT,, = T,, for ABN-containing duplex
listed in the table row - T, for the corresponding duplex with
canonical T in place of ABN

Oligo Aabs/NM Aem/NIM Pem Tm/°C AT, /°C
AXA(A) 445 530 0.54 39.9 + 0.3 —0.5
AXA(G) 470 521 0.17 413 +£ 0.3 -7.3¢
GXC(A) 450 538 0.48 34.3 £0.3 —14.1
GXC(G) 470 531 0.34 37.9+0.3 —11.8%

¢ Comparison with Ty, for the corresponding natural duplex with a C:G
base pair.

Axa ®cacanarce Gxc °cacagrencs
’C—CGTTYTAGC . GCGTCYGAGC
3 3' 5
= ABN
Y=AorG
3| LSOZ 5'

GCGTCAGAGCGGGTTTTGTACTTACACACTAGATAAGTT

5'
GXC

GXC i LS02 i

Streptavidin CSO1

PLL-PEG \ °

Glass substrate

Frrrrrrerr rrrrrrrrrrrrerrrerernd
CGCAGXCTCG CCAAAACATGAATGTGIGATC/iSp9//3BioTEG/ CSO1

Fig. 2

(A) Design of ABN-containing oligonucleotides AXA and GXC, complementary strands, biotinylated capture strand CSO01, linker strand

LS02, and (B) a cartoon of oligonucleotide immobilization on a PLL-PEG-streptavidin surface. iSp9 is a triethylene glycol spacer and 3BioTEG is
a 3’ biotin with a triethylene glycol space (for complete structural descriptions, see ESIT).
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oligos AXA and GXC, where @, = 0.49 and 0.62, respectively.
We proposed that ABN has a T-like hydrogen bonding pattern
when base-paired with A and forms either a wobble or a tauto-
meric base pair with G.

In the present study, we carried out a more detailed exami-
nation of ABN in duplex DNA oligonucleotides. Here we find
that the absorption, excitation and emission spectra of ABN
have little dependence on sequence context but are affected
significantly by changing the base-pair partner of ABN from A to
G (Fig. 2A). This finding is exemplified by the spectra of
duplexes AXA(A) and AXA(G), where the nucleotide in paren-
thesis indicates the base-pair partner of ABN (Fig. 3; the spectra
of the other duplexes are shown in Fig. S3 in ESI{). For AXA(A)
the absorption and excitation spectra are nearly identical, but
for AXA(G) there is a discernible discrepancy, suggesting
a dependence of quantum yield on excitation wavelength (as
confirmed by time-resolved fluorescence discussed below). For
a single fluorescent species (e.g. one tautomer), the absorption
and excitation spectra are identical because the quantum yield
is independent of excitation wavelength. However, the presence
of multiple species, which have different excitation spectra and
different quantum yields, results in a dependence of the average
quantum yield on excitation wavelength. Changing the base-
pair partner from A to G causes a significant bathochromic
shift in the absorption spectrum, which can be related to the
existence of ABN in different ground-state tautomeric forms in
the two duplexes. ABN exists as a thymine-like tautomer when
base-paired with A and tautomerises to adopt a cytosine-like
hydrogen bonding pattern to support base pairing with G
(Fig. 4). Further evidence for this tautomeric change is provided
by the time-resolved fluorescence studies discussed below. The
fluorescence quantum yield depends on both sequence context
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Fig.3 Normalised absorption, excitation and emission spectra of ABN
in duplex oligonucleotides AXA(A) and AXA(G). Spectra of AXA(A):
absorption (black), excitation (orange) (recorded at emission wave-
length 526 nm), emission (blue) (recorded at excitation wavelength
445 nm). Spectra of AXA(G): absorption (grey), excitation (brown)
(recorded at emission wavelength 520 nm), emission (green) (recorded
at excitation wavelength 470 nm).
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ABN(T1)-A ABN(T2)-A (imino)

NEt, NEt;

ABN(T1)-G

ABN(T3)-G (enol)

Fig. 4 Base-pairing patterns of ground-state tautomers of ABN in
DNA. ABN(T1)-A Watson—Crick base pair between T-like T1 and A;
ABN(T2)-A(imino) formed from ABN(T1)-A by excited-state double
proton transfer; ABN(T1)-G wobble base pair between T1 and G;
ABN(T2)-G Watson-Crick base pair between C-like T2 and G;
ABN(T3)-G (enol) formed from ABN(T1)-G by excited-state double
proton transfer.

and base-pair partner, but is more greatly influenced by the
latter, with a significant decrease on going from A to G (Table 1).

To better understand how base pairing, stacking, and
tautomerism govern ABN's fluorescent properties, we studied
its time-resolved fluorescence responses, starting with charac-
terizing ABN as a free nucleoside. Time-resolved fluorescence
has been used to characterize other FBAs, providing a useful
way to relate their structure to their fluorescent properties and
responsiveness to changes in their local chemical environment,
including base pairing.'®****3¢ The time-resolved fluorescence
response of ABN nucleoside in Tris buffer or 1,4-dioxane
depends on the emission wavelength (Table 2). At shorter
emission wavelength, a simple mono-exponential decay is
observed with a lifetime of 4.2 ns in dioxane and 2.7 ns in
buffer. We assign this decay to the thymine-like T1 tautomer of
ABN, which is consistent with the NMR data and computational
prediction that this tautomer is intrinsically more stable
(Scheme 1).* At long emission wavelength, an additional
component is observed with a rise-time (Fig. 5, S4 and S51). The
observation of a rise-time in time-resolved fluorescence indi-
cates indirect excitation of the emitting species via optical
excitation of a different ground-state species. In the present
case, the initially excited T1 tautomer undergoes excited-state
intramolecular proton transfer to form a second tautomer, T2,
which emits with a much shorter lifetime (see ESIT for details of

Chem. Sci., 2025, 16, 4866-4875 | 4869
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Table 2 Fluorescence lifetimes of the tautomers of ABN for the free
nucleoside in solution and for ABN in the duplex oligonucleotides
AXA(A) and AXA(G), and their respective % contributions to the steady-
state intensity at the emission wavelengths shown; * indicates that this
lifetime component was observed as a rise-time. Emission was excited
at 440 nm

%

Sample Aem/NM  T4/NS  T,/NS % SSt;  SSt»
ABN in dioxane 475 4.2 — 100
505 4.2 0.25%* 82 18
ABN in Tris 510 2.7 — 86 —
570 2.7 0.12%* 89 11
ABN in duplex AXA(A)” 5007 7.2 1.8% 78 21
530 77 23
560 75 25
ABN in duplex AXA(G)”  490° 7.0 1.4 33 61
520 45 55
550 63 37

“ A minor additional decay component was present at this emission
wavelength (see ESI Tables S1 to S3). ” Lifetimes were obtained by
global analysis of response functions recorded at three excitation and
three emission wavelengths (see ESI Tables S4 and S5).

15
0.8
0.6
0.4
0.2

Intensity / arb. units

0 I ; 1 1 I
0 5 10 15 20 25 30
Time / ns

Fig. 5 The function fitted to the observed fluorescence response
function of ABN in 1,4-dioxane, excited at 440 nm and detected at
505 nm, is shown in grey (see Fig. S4 for experimental datat). It consists
of the sum of the response functions of T1 (blue) and T2 (orange). The
emission of T1 (directly excited) shows a mono-exponential decay
with a lifetime of 4.2 ns. The emission of T2 (populated by excited-
state tautomerization of T1) shows a rise time of 0.25 ns and a decay
time of 4.2 ns.

the kinetics of excited-state tautomerization). We assign T2 as
the cytosine-like tautomer (Fig. 4); this is confirmed by the
measurements on ABN-containing oligonucleotides discussed
below. Although T2 emits at slightly longer wavelength than T1,
its emission overlaps that of T1 and could not be spectrally
isolated. The observed fluorescence response consists of
contributions from directly excited T1 and indirectly excited T2
(eqn (S4)t), as shown in Fig. 5 and S5.f The overlap of the
emission spectra of T1 and T2 means that the phenomenon of
dual fluorescence, that is often characteristic of excited-state
proton transfer,*” is not obvious in ABN. We can infer that, in
both solvents, ABN exists as T1 in the ground state, but can be
photo-tautomerised to form T2 in the excited state. The fluo-
rescence lifetimes of T1 and T2 are solvent-dependent, both

4870 | Chem. Sci, 2025, 16, 4866-4875
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decreasing on going from 1,4-dioxane to Tris, from 4.2 ns to 2.7
ns for T1 and from 0.25 to 0.12 ns for T2 (Table 2). This is
consistent with the previously reported decrease in quantum
yield from 0.64 to 0.39.>* The steady-state fluorescence spectrum
of ABN in both solvents is dominated by T1 (>80% of the
intensity).

The time-resolved fluorescence responses of ABN in duplexes
further support the model of ground-state tautomerism to
enable base pairing with G and explain spectral responses to
base pairing. A rise-time is observed when ABN is paired with A,
but not when it is paired with G, as illustrated by the response
functions of AXA(A) and AXA(G) shown in Fig. 6 (the GXC
duplexes show analogous behavior, as shown in Fig. S6 and S7;
see the ESIt). For AXA(A) and AXA(G), the response functions
were measured at 3 emission wavelengths for each of 3 excita-
tion wavelengths. For the GXC duplexes, only one excitation
wavelength was used.

For the ABN-A duplexes (AXA(A) and GXC(A)), the form of the
fluorescence response is identical to that seen for the nucleo-
side at long emission wavelength (eqn (S4)t), the sum of the
response functions of directly excited T1 and indirectly excited
T2. Duplex AXA(A) shows a decay time of 7.2 ns (T1 lifetime) and

© o o
> o o »
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Fig. 6 (A) The function fitted to the observed fluorescence response
function of ABN in duplex oligonucleotide AXA(A), excited at 440 nm
and detected at 530 nm, is shown in grey (see Fig. S8 for experimental
datat). It consists of the sum of the response functions of T1 (blue) and
T2 (orange). The emission of T1 (directly excited) shows a mono-
exponential decay with a lifetime of 7.2 ns. The emission of T2
(populated by excited-state tautomerisation of T1) shows a rise time of
1.8 ns and a decay time of 7.2 ns. (B) The function fitted to the observed
fluorescence response function of ABN in duplex oligonucleotide
AXA(G), excited at 440 nm and detected at 520 nm, is shown in grey
(see Fig. SO for experimental datat). It consists of the sum of the mono-
exponential decays of T1 (blue) and T2 (orange), with lifetimes of 7.0 ns
and 1.4 ns, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a rise-time of 1.8 ns (T2 lifetime) at all excitation and emission
wavelengths (Tables 3 and S47). In this duplex, ABN is expected
to exist as the thymine-like tautomer, enabling formation of
a Watson-Crick base pair with A in the complementary strand
(Fig. 4). T1 is thus confirmed as the thymine-like tautomer. In
the duplex, indirect excitation of the C-like T2 involves excited-
state double proton transfer (ESDPT) between T-like ABN and
based-paired A to form a tautomeric base pair, with ABN in the
C-like form and A in the imino form, as shown in Fig. 4. To our
knowledge, this is the first experimental evidence to support
ESDPT between a FBA and a natural base in DNA; the process
has been predicted computationally to be energetically feasible
for the pyrrolocytosine-guanine base pair.*® The steady-state
emission intensity is dominated by T1 (~80%) over the range
500-560 nm, with negligible dependence on emission wave-
length. There is no significant dependence of the steady-state
contributions on excitation wavelength (Table S41), consistent
with both emitting species being excited by the same absorption
process.

Significant differences are observed when ABN is base-paired
with G. The ABN-G duplexes (AXA(G) and GXC(G)) show normal
decay curves, with no rise-time and two decay times, identifiable
with T1 and T2, at all excitation and emission wavelengths
(Tables 2 and S5%). These data indicate the existence of both-
tautomers in the ground state. In the ABN-G duplexes, the
existence of the C-like T2 in the ground state is now favored by
its ability to form a Watson—-Crick base pair with G (Fig. 4); this
tautomer dominates the emitting population, with a fractional
amplitude (4,) of around 0.8 at 520 nm. However, the T-like T1
tautomer remains populated as the minor species because it
can form a wobble base-pair with G (Fig. 4). Now that T2 is
populated in the ground state, it can be excited directly. An
increase in its fractional contribution to the emitting pop-
ulation with increasing excitation wavelength can be seen
(Table S5t), indicating that its absorption spectrum is red-
shifted relative to T1. The red-shifted absorption spectrum of
AXA(G) is thus accounted for by the population of the T2
tautomer in the ground state when ABN is base-paired with G
(Fig. 3). The contribution of T2 to the steady-state emission
intensity is greater than for AXA(A) and decreases with
increasing emission wavelength (Table 2); this is consistent
with the blue-shifted emission spectrum of AXA(G) (Fig. 3). The

Table 3 Fluorescence lifetimes (r;) of the tautomers of ABN in the
three duplex oligonucleotides studied; * indicates that this lifetime
component was observed as a rise-time. The respective % contribu-
tions to the steady-state intensity and the number-average emission
lifetime (1) are also given, for excitation at 440 nm and detection of
emission at Amax

% %
Oligo 7,/n8 7,/ns SSty SSt, (t)/ns
AXA(A) 7.2 1.8* 77 23 4.2
AXA(G) 7.0 1.4 45 55 2.2
GXC(A) 7.3 1.4% 87 13 4.8
GXC(G)* 7.0 3.0 56 38 3.6

“ A minor additional decay component was present.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concentration dependent red-shift in the absorption spectra
reported previously for the GXC single strand and the GXC(G)
duplex also aligns with increase in the population of the C-like
T2 tautomer in the ground state when ABN is paired with G (see
Fig. S10 for further discussiont).** The wavelength-dependent
contribution of T2 to the emitting population results in
dependence of the average lifetime, hence the quantum yield,
on both emission and excitation wavelengths (Table S67).

The lifetimes of T1 and T2 in all the duplexes are summa-
rized in Table 3. The fluorescence lifetimes of both tautomers in
the base-paired state are significantly longer than for the free
nucleoside (Table 2), with the lifetime of T2 increased by an
order of magnitude. The lifetime of T1 is essentially indepen-
dent of sequence context, implying an absence of inter-base
quenching interactions, such as charge transfer. It is also
independent of base-pair partner, which suggests that ESDPT
may be occurring in T1-G base pairs, but is not evident as a rise
in the fluorescence response because it is masked by the much
greater contribution from directly excited T2. The lifetime of T2
appears to be much more sensitive to molecular environment
and is influenced by both base-stacking and pairing interac-
tions. The number-average lifetime of ABN-G is consistently
shorter than for ABN-A in the same sequence context, due to the
greater contribution of the shorter-lived T2 to the emitting
population. The average lifetimes show good correlation with
the steady-state quantum yields (Tables 1 and 3), considering
that the average lifetime, measured over a narrow emission
band, is wavelength-dependent, and confirm the observed
trends. Some minor features of the fluorescence response
functions may be related to a small population of a third, enol
tautomer (see Fig. 3 for the structure).

Having characterized how ABN's base pairing influences its
fluorescence, we next studied the capabilities of ABN integrated
into a DNA duplex as a single-molecule probe. Here we
employed TIRF microscopy, which is widely used for studies of
the structure and dynamics of nucleic acids and their associated
proteins.* We selected GXC for its high brightness and
immobilized it by hybridizing with linker strand LS02, which is
complementary to GXC at the 3’-end and to the biotinylated
capture strand CS01 at the 5’ end (Fig. 2). In this configuration,
ABN is paired with A and exhibits a reasonably high quantum
yield of 0.48, which includes emission of the directly populated
T1 tautomer and a minor component of emission of the T2
tautomer, which results from ESPT (Table 3 and Fig. S61). GXC
was selected over AXA because it shows a marginal, but prac-
tical, redshift in the excitation spectrum, better matching the
excitation wavelength of the 488 nm laser. Emission light was
collected over the range of 500-570 nm, encompassing both T1
and T2 emissions.

We observed that spatially isolated individual molecules of
ABN within a DNA duplex could be readily visualized with
a short exposure time (100 ms) and at a moderate power density
(0.07 kW ¢cm~>; Fig. 7A). The mean number of detected photons
i, per individual molecule was estimated to be 289 + 187. The
fluorescence intensity follows a lognormal distribution
(Fig. 7B), which is consistent with the distribution observed for
ABN in its free nucleoside form.>* The high selectivity of
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Fig.7 Single-molecule characterization of ABN incorporated in GXC. TIRF microscopy image of ABN in PBS (A) without and (C) with the addition
of the oxygen scavenger GO/CAT-TX. Scale bars represent 5 um. (B) A histogram showing the number of detected photons at an exposure time
of 100 ms. The mean photon number u, was estimated to be 289 + 187 (N = 744) and 318 + 202 (N = 524) with and without GO/CAT-TX,
respectively. (D) A plot of number of detected photons as a function of exposure time. The number of photons exhibits a linear increase with
exposure time, resulting in a brightness of 2.96 kHz per molecule. Nigoms = 300; N2goms = 320; N3goms = 276; Naogoms = 274. (E) Representative
fluorescence intensity time traces of single-molecule ABN. Time resolution: 100 ms. (F) A plot of photobleaching/blinking kinetics of ABN in the

presence of oxygen scavenging buffer. k = 0.50 s~ N = 164.

immobilization was confirmed in a control experiment wherein
streptavidin was omitted, resulting in the loss of signal
(Fig. S11%). During our investigation into the photostability of
ABN, we noticed that a significant portion of ABN experienced
rapid photobleaching within 100 ms (see Fig. S12At). The
photostability of dyes is greatly impacted by the concentration
of molecular oxygen.** Quenching of the triplet states of dyes by
molecular oxygen results in the formation of a higher energy
singlet oxygen species.*" Subsequently, singlet O, can rapidly
react with chemical groups present in dyes, causing irreversible
damage to them. We further investigated whether the elimina-
tion of molecular oxygen could improve the photostability of

4872 | Chem. Sci., 2025, 16, 4866-4875

ABN. We tested both the protocatechuic acid/Pseudomonas
putida protocatechuate-3,4-dioxygenase (PCA/PCD) and glucose-
coupled glucose oxidase/catalase (GO/CAT) oxygen scavenging
systems, which are widely used to scavenge oxygen in single-
molecule fluorescence experiments.*>** Trolox (TX) was sup-
plemented as it is known for rapidly depopulating triplet states
that accumulate in the absence of molecular oxygen.** In our
trials, the GO/CAT system provided 40% better resistance to
photodarkening as compared with the PCA/PCD. In the pres-
ence of GO/CAT-TX, the brightness of ABN increased by 10% (u
= 318 + 202) while maintaining a lognormal intensity distri-
bution (Fig. 7B and C). Importantly, the photostability is greatly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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improved. The number of detected photons linearly increased
with exposure time, yielding a brightness of 2.96 kHz per
molecule, defined as the number of detected photons per
second (Fig. 7D and S13f). Subsequently, we analyzed the
photodarkening kinetics associated with blinking or bleaching
with a resolution of 100 ms. Intensity traces of individual ABN-
containing duplexes show clear single-step photobleaching and
some of these duplexes remain bright for up to nine seconds
(Fig. 7E). The fluorescence on-time was adequately fitted to
a single-exponential distribution. The dissociation kinetics of
the 10-mer ABN GXC(A) were sufficiently slow, with an esti-
mated rate of 0.010 s, to have a minimal impact on the
experimental results (Fig. S141). When accounting for the
dissociation kinetics, the photodarkening rate constant is esti-
mated to be k = 0.50 s~' (Fig. 7F; the corresponding photo-
darkening rate constant for Alexa488 is k = 0.13 s '; see
Fig. S15t), demonstrating that ABN has suitable kinetic prop-
erties for single-molecule study.

We compared the single-molecule detection of ABN incor-
porated into a DNA duplex with Alexa488 covalently attached to
the 5 end of an oligonucleotide (Fig. S15 and Table S77).
Alexa488 exhibited approximately four times greater brightness
compared to ABN. The relatively weak brightness of ABN can be
partially attributed to inefficient excitation with a 488 nm laser,
as its peak excitation wavelength is at 450 nm; the molar
absorption coefficient at 450 nm is approximately twice that at
488 nm (Fig. S31). ABN is more sensitive to photodarkening
than Alexa488, with a rate constant of 0.50 s~ !, compared to
0.13 s for Alexa488. While ABN does not fully match the
brightness and photostability of widely used fluorophores for
smTIRF such as Alexa488, its capabilities as an FBA for single-
molecule detection of oligonucleotides are currently the best
available.

Conclusions

In this study, we sought to understand how ABN's base pairing
and tautomerism influence its fluorescence properties and to
measure its performance as an FBA capable of single-molecule
applications. The time-resolved fluorescence spectroscopy
study revealed that ABN predominantly adopts the thymine-like
T1 tautomeric form as a free nucleoside, but part of its fluo-
rescent response derives from intramolecular excited-state
proton transfer to generate the cytosine-like T2 tautomer,
which contributes to emission with a shorter lifetime. When
base-paired with A, ABN primarily exists in the T1 tautomeric
form, forming Watson-Crick-like base pairs. Approximately
80% of its emission results from an excited state that retains
this configuration. A minor fraction (~20%) of its emission
originates from excited-state double proton transfer to form
a base pairing between ABN in a cytosine-like donor-acceptor—
acceptor configuration T2 and the imino tautomer of adenine.
When ABN is base-paired with G, it exists predominantly as the
C-like T2 tautomer and forms Watson-Crick-like base pairs. A
minor fraction remains in the T-like tautomer, forming
a wobble base pair. In this context, both T2 and T1 are directly
excited and contribute to the fluorescence response. These

© 2025 The Author(s). Published by the Royal Society of Chemistry
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differences in tautomeric populations between ABN:A and
ABN:G base-pairs are manifest in characteristic differences in
absorption and emission wavelengths, time-resolved fluores-
cence response functions and quantum yield. These base pair-
dependent differences in fluorescence response will enable
future users of this fluorophore to tune its optical properties as
desired by controlling base pairing, and there is an exciting
potential to use these differences to probe base pairing in
structural and dynamic studies on nucleic acids.

The high brightness of ABN and its absorption and emission
at relatively long wavelengths, compared with other FBAs, is
especially enabling for single-molecule fluorescence. Individual
ABN oligonucleotides in duplex DNA are readily detected using
standard smTIRF instrumentation and the widely available
488 nm laser for excitation at moderate power density. Oxygen
scavenging using GO/CAT and triplet depopulation using Trolox
improves brightness and inhibits photobleaching, allowing
time traces up to nine seconds with clear observation of single-
step photobleaching. These results show that ABN is the first
FBA to enable single-molecule fluorescence studies on oligo-
nucleotides using widely available instrumentation and stan-
dard conditions for the study of biological molecules. We
anticipate that the ability to translate the long-established
advantages of FBA-labelling from ensemble to single-molecule
studies will be transformative in advancing the understanding
of nucleic acid structure and dynamics, in applications such as
the study of protein—nucleic acid interactions or investigation of
the individual structures that populate the RNA ensemble.
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