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Fluorescent nucleobase surrogates capable of Watson—Crick hydrogen bonding are essential probes of nucleic acid structure

and dynamics, but their limited brightness and short absorption and emission wavelengths have rendered them unsuitable

for single-molecule detection. Aiming to improve on these properties, we designed a new tricyclic pyrimidine nucleoside

analogue with a push—pull conjugated system and synthesized it in seven sequential steps. The resulting C-linked 8-
(diethylamino)benzo[b][1,8]naphthyridin-2(1H)-one nucleoside, which we name ABN, exhibits €442 = 20,000 M~ cm™ and

Dem,s40 = 0.39 in buffer, increasing to @em = 0.50-0.53 when base paired with adenine in duplex DNA oligonucleotides. Single-

molecule fluorescence measurements of ABN using both one-photon and two-photon excitation demonstrate its excellent

photostability and indicate that the nucleoside is present to > 95% in a bright state with count rates of at least 15

kHz/molecule. This new fluorescent nucleobase analogue, which, in duplex DNA, is the brightest and most red-shifted

known, is the first to offer robust and accessible single-molecule fluorescence detection capabilities.

Introduction

Single-molecule fluorescence studies of biological molecules
have a unique capacity to provide mechanistic insights into the
relationships between structural dynamics and function, which
are lost to averaging in ensemble measurements.’-3 Most of
these studies have used extrinsic fluorophores, which can
potentially interfere with the native biomolecular behavior and
obscure local structural details.*7 An ideal approach in this
regard would be the use of intrinsically fluorescent
biomolecules, prepared by the synthetic introduction of only
minimal changes.® It remains, however, a major challenge to
attain adequate brightness and photostability in this approach.

Fluorescent nucleobase analogues (FBAs) have been a
mainstay of biophysical studies of nucleic acid structure and
dynamics because they can be placed precisely in a desired
sequence and are less structurally perturbing than proximally
tethered fluorophores.®1° They are available with a range of
fluorescent properties and, in response to base pairing and
stacking, their fluorescence may be quenched (e.g. 2-
aminopurine), retained (e.g. tC and *G) or turned on (e.g.
DEAtC).11-14 However, few nucleobase analogues have extinction
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coefficients > 10% with @em > 0.3; most are approximately an
order of magnitude dimmer than conventional fluorophores
such as Alexa Fluor 488 and rhodamine B.8215-17 This lack of
brightness has rendered them largely unsuitable for single-
molecule fluorescence studies.’®20 Furthermore, with the
current rapid development of spatially-resolved transcriptomics
and genomics, there is clearly a future need for fluorescent
analogues that can act as effective single-molecule probes.21.22

Conventional fluorophores typically exhibit superior optical
properties to fluorescent nucleobase analogues, primarily
because of their larger extinction coefficients—sometimes in
excess of 10°—but they need not be larger molecules.?324 In
structures such as rhodamine B, there is a prominent push—pull
character, but the benzenecarboxylic acid is twisted out of
plane and does not contribute significantly to the photophysical
properties. The fluorescent, tricyclic core is similar in size to
many of the common fluorescent nucleotides, but the most
difference is that push—pull motifs
underrepresented in existing FBAs.82.25 The required positions
of heteroatoms for the Watson—Crick face and the glycosidic
bond make incorporation of this motif challenging.

In this work, we hypothesized that, by redesigning a
fluorescent, tricyclic cytidine analogue to include a push—pull
motif, a substantial enhancement of brightness could be
obtained (Figure 1). A comparison of PEAtC with rhodamine B

important are

shows that the electronic nature of two heteroatoms—S and
the glycosidic N—differentiate PEAtC from a more conventional
push—pull fluorophore.1314 A structure redesigned by replacing
both atoms with sp2 C would impart the nucleoside analogue
with a push—pull character, while maintaining the capacity for
Watson—Crick hydrogen bonding and without further structural
perturbation. The resulting nucleoside analogue, whose



synthesis and characterization we report here, includes 8-
(diethylamino)benzo[b][1,8]naphthyridin-2(1H)-one as a
fluorescent nucleobase surrogate, and we name this new
compound ABN. Single-molecule fluorescence measurements
show that the compound exists to > 95% in a bright state and
can be detected using both one- and two-photon excitation.
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Figure 1. Push-pull motifs are hallmarks of bright organic fluorophores, but are
rare in fluorescent nucleosides. The redesign of a nucleoside analogue to include
this motif significantly increases € and @, enabling single-molecule detection.

Results and discussion
Synthesis

The synthesis of ABN starts with the construction of the bicyclic
ring 2-chloro-7-(diethylamino)quinoline-3-carbaldehyde 2 by
the reaction of 3-(diethylamino)acetanilide with the Vilsmeier
reagent.26 The electron donating nature of the diethylamino
group renders selective formation of the singly formylated
product difficult to achieve, but careful temperature control
allows for an adequate yield at multi-gram scale. The quinoline
ring 2 undergoes SyAr and cyclization with sodium azide to give
a tricyclic compound 3 and the tetrazole ring is then opened
reductively by triphenylphosphine in 2N HCI at reflux to give 2-
amino-7-(diethylamino)quinoline-3-carbaldehyde 4. Adding the
Wittig reagent ethyl 2-bromo-2-
(triphenylphosphoranylidene)acetate 8 (synthesized by the
bromination of ethyl (triphenylphosphoranylidene)acetate) to
compound 4 vyields the brominated tricyclic nucleobase
precursor 5.272 A Heck reaction of 5 with 3’,5-O-TBS
dihydrofuran 10 using palladium acetate and triphenylarsine
followed by desilylation with acidic tetrabutylammonium
fluoride gives 3’-keto nucleoside 6.282° This Heck reaction is
selective for the 8 face, owing to the steric influence of the 3'-
O-TBS group, as usual in the synthesis of C-ribosides.3°
Stereoselective reduction of 6 with sodium
triacetoxyborohydride completes the ABN nucleoside 7.3 The 8
configuration of the anomeric C is verified by its hydrogen’s
coupling constants 3Jy 4 = 5.9 and 10.0 Hz.3233 A comparison of
13C NMR shifts—the carbonyl at 6 = 165.0 ppm for ABN in
CD30D is especially diagnostic—with published data for simpler
1,8-naphthyridin-2(1H)-one nucleoside analogues indicates
that ABN is present only in the thymidine-like tautomeric form
as shown (Figure 1), to the limit of detection by NMR.29:34
Computational prediction of the NMR spectra (MP2/cc-
pVDZ/COSMO) confirms this assignment (see Sl). B3LYP and
MP2 calculations using three different basis sets, with and
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without solvation, predict the T-like tautomer to be 10.3-13.8
kcal/mol more stable than the cytidine-like tautomer (see the
Supporting Information for details and a molecular model).
Dimethoxytritylation followed by 3’-phosphoramidite
installation under standard conditions prepares the nucleotide
for solid-phase oligonucleotide synthesis (see the Supporting
Information).
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Figure 2. Synthesis of the ABN nucleoside analogue. Reagents, conditions, and
yields: (a) DMF, POCI3, 50 °C, 20 min (15%). (b) NaN3, DMF, 90 °C, 18 h (85%). (c)
PPhs, 2N HCI, reflux, 2 h (70%). (d) 8, NaOEt, ethanol, 70 °C, 4 h. (e) 10, AsPhs,
Pd(OAc),, BusN, 60 °C, 18 h. (f) TBAF, AcOH, rt, 1 h. (g) NaBH(OAc)s, AcOH, CHsCN,
0°C, 1 h (9% over 4 steps).

Oligonucleotide Design and Preparation

To assess ABN’s photophysical properties and natural base
mimicry in oligonucleotides, we designed and prepared a
hairpin ODN1 and two 10-mer sequences ODN4 and ODN7 that
provide a representative set of local environments (Figure 3).
The hairpin was designed to place ABN at the third position of a
six-residue loop, a site that is not conducive to base stacking and
is expected to leave the nucleobase predominantly solvent
exposed.3>36 ODN4 and ODN7 were selected to provide a first
look at neighboring base effects on ABN’s fluorescence. By
annealing these ODNs to matched and mismatched
complementary strands, the base pairing of ABN and its effects
on fluorescence can be measured.

DNA hairpin
: 5 3
oont * GTTAGEAS 0DNe " COCANKATCG
4 CGAATCGT g AT 4 GCGTTYTAGC .,
ODN5 Y =A
ODN6 Y =G
% GCTTAGCAGG XTAGTGCTAAGC ] ,
frrrrererrrrrrrrrrrrd ! !
5 COAATCGTCCYATCACGATTCG ODN7 “CGCAGXCTCG
- GCGTCYGAGC
ODN2 Y =A 3 5
ODN3 Y =G ODNS8 Y = A
= ABN ODN9 Y =G

Figure 3. Oligonucleotides used to study the fluorescence and base pairing
properties of ABN.
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Photophysical properties

Steady-state measurements

Table 1. Steady-state photophysical data for ABN

Solvent | Aexmax/ | Aemmax/ | €atle Dem & @em
nm nm max / M2
cm™

H.O 442 540 2.0x10% 0.39 9200
1x PBS 442 540 n.d.? 0.39 -
pH 7.4

1,4- 420 474 3.0x10* 0.64 19000
dioxane

an.d. = not determined.

Steady-state absorption and fluorescence measurements of
ABN in water, 1x PBS buffer (pH 7.4), 1,4-dioxane, and mixtures
indicate that it is among the brightest fluorescent nucleosides
reported to date (g442 = 20,000 M-t cm~ and @em 540 = 0.39 in
water and g420 = 30,000 M1 cm™! and @ema74 = 0.64 in 1,4-
dioxane; Table 1; Figure 4; Figure S19). Next to its closest
competitors on brightness, pentacyclic adenine pA (g3s7 =
15,300 M=t cm™! and @em20 = 0.66 in water) and a coumarin
nucleoside (g315 = 38,000 M1 cm and @em 455 = 0.11 in water),
the absorption and emission of ABN in aqueous solution are
red-shifted by more than 50 and 80 nm, respectively.1617 Owing
to the conjugated push—pull system in the design of ABN, the
absorption and emission wavelengths are the longest known for
a FBA designed to be capable of Watson—Crick hydrogen
bonding. Recorded emission spectra in water using excitation
wavelengths from 310-500 are nearly
superposable, as are excitation spectra recorded for emission
wavelengths spanning 500—650 nm (Figures S20 and S21). These
observations support the predominance of a single tautomeric
form in dilute, aqueous solution (Figure S20).
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Figure 4. Absorption (dashed line) and emission (solid line) spectra of ABN in
dioxane (black) and water (red). The integral areas of emission spectra are
normalized to brightness & @¢,.

Next, we measured the fluorescence of ABN in single-

stranded and duplex DNA oligonucleotides to determine how
base pairing and stacking influence its photophysical properties

This journal is © The Royal Society of Chemistry 20xx

(Table 2). ABN increases its fluorescence to @em = 0.50-0.53 in
matched duplex DNA oligonucleotides when base paired with A
and @em = 0.55 when the analogue is present in the hairpin loop
of ODN1. The quantum vyield is less, 0.40 and 0.29, in
ODN1:0ODN3 and ODN4:ODNG6 respectively, in which ABN is
base paired with G. In ODN7:0ODN9 @ = 0.55, slightly greater
than when base paired with A. In all of these single-stranded
and duplex sequences, ABN is brighter than any other known
FBA when present in oligonucleotides.

Temperature-dependent circular dichroism measurements
of all six duplexes are consistent with the B-DNA conformation
with only minimal perturbation (Table 2; see all CD spectra in
the Supporting Information). Except in the ODN1 hairpin, where
ABN is expected to be mostly solvent exposed, the melting
temperatures typically somewhat
depressed as compared with their natural counterparts. Duplex
stability is lowest when ABN has 5’-G and 3’-C neighbors, an
observation consistent with other tricyclic FBAs, especially
those that are electron-rich.?* The observed melting
temperatures provide little indication of whether ABN is a
better T- or C-surrogate. Solution NMR studies of the free
nucleoside and computation clearly indicate a preferred
tautomer with an acceptor—donor—acceptor hydrogen bonding
pattern asin thymine, as discussed above. It is possible that ABN
forms wobble base pairs with G or base pairing with G drives
tautomerism to a C-like donor—acceptor—acceptor hydrogen
bonding pattern (Figure S22).

The Stokes shift is shortened in ABN:G pairs, resulting
mostly from red-shifted absorption relative to what is observed
in ABN:A pairs. Computational studies (B3LYP/cc-pVDZ) predict
that the C-like tautomer will absorb at approximately 45 nm
longer wavelength than the T-like tautomer (see Sl). These
calculations are consistent with a tautomeric base pair with G
that retains high fluorescence but is indicated by changed Ae.
The absorption spectra of ODN7 alone and in the ODN7:ODN8
and ODN8:0ODN9 duplexes are concentration dependent (Figure
S18). This dependency indicates a significant potential for
change in the local environment around ABN and possibly the
analogue’s tautomeric state in these sequence contexts.

of the duplexes are
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Table 2. Steady-state photophysical data for ABN in DNA oligonucleotides

Oligo® Aabs, max/ | Aem, max / Dem Tm/°C | ATw?/°C
nm nm
ODN1 450 530 0.55 63.6 t +3.1
0.6
ODN1:0DN2 440 530 0.53 61.8+ -4.7
0.4
ODN1:0DN3 468 523 0.40 61.3+ +1.6
0.6
ODN4 452 540 0.49 - -
ODN4:0DN5 440 525 0.51 39.9+ -0.5
0.3
ODN4:0DN6 470 523 0.29 413+ -7.3¢
0.3
ODN7 d 532 0.62 - -
ODN7:0DN8 d 532 0.50 343+ -14.1
0.3
ODN7:0DN9 d 532 0.55 379+ -11.8¢
0.3

a Oligonucleotide sequences are given in Figure 3. ® ATm = Tm for ABN-containing
duplex listed in the table row - Tm for the corresponding duplex with canonical T
in place of ABN. ¢ comparison with Tm for the corresponding natural duplex with a
C:G base pair. 9 Aex, max is concentration-dependent; see Figure S18.

Single-molecule fluorescence measurements

the very photophysical
properties of ABN in solution, we next investigated its potential

Given attractive bulk-level
as a single-molecule probe. Recent studies have demonstrated
multiphoton excitation as a promising approach to the sensitive
detection of fluorescent base analogues.1®20 Two-photon
excitation of pA in oligonucleotides allowed detection close to
the single-molecule level, whereas one-photon (1P) excitation
resulted in rapid photobleaching.’® In a later study, the base
analogue DMAtaU was detected as a free nucleoside at the
single-molecule level for the first time via multiphoton
excitation with a brightness of ~7 kHz/molecule following three-
photon excitation.2? Using an experimental setup consisting of
a broadband ultrafast laser with dispersion compensation,19.20
we found that ABN could be optimally excited via a 2P process
(Figure 5A). The 2P brightness was measured using fluorescence
correlation spectroscopy (FCS) and found to match that of
DMAthaU at 7 kHz/molecule (Figure 5B). Importantly, unlike
DMAthaU, which was predominately (96%) in a dark state, a
controlled dilution suggests that ABN is exclusively in a bright
state, which we attribute to the single tautomer observed by
NMR (see above).
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Figure 5. 2P single-molecule characterization of ABN. (A) logarithmic plot of the
Eower dependence of the emission intensity. The first four points show a linear

ehavior with a slope of 1.9; the slope changes for powers higher than 5.7 mWw,
presumably due to saturation effects. (B) FCS measurement (red line) and fit to
the data (black line). The fit gives an average of 7 molecules in the focus which
leads to an average count rate per molecule of 7 + 0.5 kHz/molecule. The
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excitation power for FCS was 11 mW (see S| for details). All measurements were
performed with a 100 nM ABN solution in TRIS buffer.

The red-shifted absorption profile, high 2P brightness and
predominance of the bright state made ABN a promising
candidate for single-molecule detection via 1P excitation. We
found that spatially isolated individual molecules of ABN
randomly dispersed on a glass coverslip could be readily
visualized using single-molecule total internal reflection
fluorescence (smTIRF) microscopy (Fig 6A, Movie S1).
Furthermore, these fluorescent puncta underwent single-step
photobleaching under constant irradiation (Fig 6B), consistent
with the idea that ABN has suitable optical properties to be used
as a single-molecule fluorescent nucleoside. By quantifying
>2000 individual trajectories, we were able to determine the
mean total detected photon value of 5300 + 1800 photons per
molecule; furthermore a mean of 1500 + 600 photons were
detected per 100 ms integration from each molecule at a power
density of 0.2 kW cm~2. Combined, these data suggest that the
mean total on-time of ABN was 0.35 * 0.18 s under these
conditions. The similarities in brightness following 1P and 2P
excitation (15 kHz and 7 kHz per molecule, respectively), show
that the ABN has excellent photostability under both excitation
regimes.
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Figure 6. 1P single-molecule characterization of ABN. (A) Average fluorescence
intensity projection of a 15 s movie of single ABN molecules adsorbed onto a glass
surface. (B) Fluorescence intensity as a function of time of two single
ABN molecules, with subselections of the traces shown as time montages (inset,
scale bar = 200 nm). (C) A histogram showing the distribution of the total number
of photons detected from single ABN emitters, u = 5300 + 1800 photons
determined from a log-normal distribution fit. (D) A histogram showing the mean
number of photons detected/frame for single ABN emitters, u = 1500 + 600
photons / 100 ms, determined from a log-normal distribution fit. (N=2402
molecules).

Conclusions

The design of this new fluorescent nucleoside analogue ABN,
centered around a push—pull motif common in bright organic
fluorophores, has provided an unprecedented combination of
high brightness and long absorption and emission wavelengths
while retaining a Watson—Crick face. Fluorescence is further
enhanced when the compound is present in single-stranded and
duplex oligonucleotides. ABN’s robust photophysical properties

This journal is © The Royal Society of Chemistry 20xx



and tautomeric stability allow detection of single molecules of
the ABN nucleoside using either 1P or 2P at convenient
excitation wavelengths for both. These results place ABN as the
most promising fluorescent nucleoside analogue to date for
single-molecule studies of nucleic acid structure and dynamics.
A forthcoming full study will elucidate the finer details of this
analogue’s fluorescent properties, base pairing, tautomerism,
and local structural perturbations in a variety of neighboring
base sequences.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Research reported in this publication was supported by the
National Science Foundation (CHE-1709796 and CHE-1800529
to B.W.P.), the California State University Program for Research
and Education in Biotechnology, the Royal Society (University
Research Fellowship UF120277 to S.F.L.), San Diego State
University, NIH IMSD (fellowship support for M.K.W.;
5R25GMO058906), and the ACS Division of Organic Chemistry
Summer Undergraduate Research Fellowship (support for
J.M.C.). We thank Andrew Cooksy for assistance with
computational work and Yitzhak Tor for helpful discussions.

Notes and references

(1) Lerner, E.; Cordes, T.; Ingargiola, A.; Alhadid, Y.; Chung, S.;
Michalet, X.; Weiss, S. Toward Dynamic Structural Biology:
Two Decades of Single-Molecule Foérster Resonance Energy
Transfer. Science (80-. ). 2018, 359 (6373), eaan1133.
https://doi.org/10.1126/science.aan1133.

(2) Juette, M. F.; Terry, D. S.; Wasserman, M. R.; Zhou, Z.;
Altman, R. B.; Zheng, Q.; Blanchard, S. C. The Bright Future
of Single-Molecule Fluorescence Imaging. Curr. Opin.
Chem. Biol. 2014, 20, 103-111.
https://doi.org/https://doi.org/10.1016/j.cbpa.2014.05.01
0.

(3) Moerner, W. E. Single-Molecule Spectroscopy, Imaging,
and Photocontrol: Foundations for Super-Resolution
Microscopy (Nobel Lecture). Angew. Chemie Int. Ed. 2015,
54 (28), 8067-8093.
https://doi.org/10.1002/anie.201501949.

(4) Quinn, M. K.; Gnan, N.; James, S.; Ninarello, A.; Sciortino,
F.; Zaccarelli, E.; McManus, J. J. How Fluorescent Labelling
Alters the Solution Behaviour of Proteins. Phys. Chem.
Chem. Phys. 2015, 17 (46), 31177-31187.
https://doi.org/10.1039/C5CP04463D.

(5) Hagen, T.; Malinowska, A. L.; Lightfoot, H. L.; Bigatti, M.;
Hall, J. Site-Specific Fluorophore Labeling of Guanosines in
RNA G-Quadruplexes. ACS Omega 2019, 4 (5), 8472—-8479.
https://doi.org/10.1021/acsomega.9b00704.

(6) Rombouts, K.; Martens, T. F.; Zagato, E.; Demeester, J.; De
Smedt, S. C.; Braeckmans, K.; Remaut, K. Effect of Covalent

This journal is © The Royal Society of Chemistry 20xx

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

Fluorescence Labeling of Plasmid DNA on Its Intracellular
Processing and Transfection with Lipid-Based Carriers. Mol.
Pharm. 2014, 11 (5), 1359-1368.
https://doi.org/10.1021/mp4003078.

Stengel, G.; Gill, J. P.; Sandin, P.; Wilhelmsson, L. M.;
Albinsson, B.; Nordén, B.; Millar, D. Conformational
Dynamics of DNA Polymerase Probed with a Novel
Fluorescent DNA Base Analogue t. Biochemistry 2007, 46
(43), 12289-12297.

Sinkeldam, R. W.; Greco, N. J.; Tor, Y. Fluorescent Analogs
of Biomolecular Building Blocks: Design, Properties, and
Applications. Chem. Rev. 2010, 110 (5), 2579-2619.

Xu, W.; Chan, K. M.; Kool, E. T. Fluorescent Nucleobases as
Tools for Studying DNA and RNA. Nat. Chem. 2017, 9 (11),
1043-1055. https://doi.org/10.1038/nchem.2859.

Michel, B. Y.; Dziuba, D.; Benhida, R.; Demchenko, A. P.;
Burger, A. Probing of Nucleic Acid Structures, Dynamics,
and Interactions With Environment-Sensitive Fluorescent
Labels. Front. Chem. 2020, 8, 112.
https://doi.org/10.3389/fchem.2020.00112.

Preus, S.; Kilsa, K.; Wilhelmsson, L. M.; Albinsson, B.
Photophysical and Structural Properties of the Fluorescent
Nucleobase Analogues of the Tricyclic Cytosine (TC) Family.
Phys. Chem. Chem. Phys. 2010, 12 (31), 8881.

Sholokh, M.; Sharma, R.; Shin, D.; Das, R.; Zaporozhets, O.
a.; Tor, Y.; Mély, Y. Conquering 2-Aminopurine’s
Deficiencies: Highly Emissive Isomorphic Guanosine
Surrogate Faithfully Monitors Guanosine Conformation and
Dynamics in DNA. J. Am. Chem. Soc. 2015, 137 (9), 3185—
3188. https://doi.org/10.1021/ja513107r.

Burns, D. D.; Teppang, K. L.; Lee, R. W.; Lokensgard, M. E.;
Purse, B. W. Fluorescence Turn-On Sensing of DNA Duplex
Formation by a Tricyclic Cytidine Analogue. J. Am. Chem.
Soc. 2017, 139, 1372-1375.
https://doi.org/10.1021/jacs.6b10410.

Teppang, K. L.; Lee, R. W.; Burns, D. D.; Turner, M. B.;
Lokensgard, M. E.; Cooksy, A. L.; Purse, B. W. Electronic
Modifications of Fluorescent Cytidine Analogues Control
Photophysics and Fluorescent Responses to Base Stacking
and Pairing. Chem. — A Eur. J. 2019, 25 (5), 1249-1259.
https://doi.org/10.1002/chem.201803653.

Passow, K. T.; Harki, D. A. 4-Cyanoindole-2’'-
Deoxyribonucleoside (4CIN): A Universal Fluorescent
Nucleoside Analogue. Org. Lett. 2018, 20 (14), 4310-4313.
https://doi.org/10.1021/acs.orglett.8b01746.

Bood, M.; Fichtbauer, A. F.; Wranne, M. S.; Ro, J. J.;
Sarangamath, S.; El-Sagheer, A. H.; Rupert, D.; Fisher, R. S,;
Magennis, S. W.; Hook, F.; Jones, A. C.; Brown, T.; Kim, B.
H.; Dahlen, A.; Wilhelmsson, M.; Grotli, M. Pentacyclic
Adenine: A Versatile and Exceptionally Bright Fluorescent
DNA Base Analog. Chem. Sci. 2018, 3494—-3502.
https://doi.org/10.1039/C75C05448C.

Johnson, A.; Karimi, A.; Luedtke, N. W. Enzymatic
Incorporation of a Coumarin—Guanine Base Pair. Angew.
Chemie Int. Ed. 2019, 58 (47), 16839-16843.
https://doi.org/10.1002/anie.201910059.

Aleman, E. A,; De Silva, C.; Patrick, E. M.; Musier-Forsyth,

J. Name., 2013, 00, 1-3 | 5



(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

K.; Rueda, D. Single-Molecule Fluorescence Using
Nucleotide Analogs: A Proof-of-Principle. J. Phys. Chem.
Lett. 2014, 5 (5), 777-781.
https://doi.org/10.1021/jz4025832.

Fisher, R. S.; Nobis, D.; Fichtbauer, A. F.; Bood, M.; Grgtli,
M.; Wilhelmsson, L. M.; Jones, A. C.; Magennis, S. W. Pulse-
Shaped Two-Photon Excitation of a Fluorescent Base
Analogue Approaches Single-Molecule Sensitivity. Phys.
Chem. Chem. Phys. 2018, 20 (45), 28487—-28498.
https://doi.org/10.1039/C8CP05496G.

Nobis, D.; Fisher, R. S.; Simmermacher, M.; Hopkins, P. A.;
Tor, Y.; Jones, A. C.; Magennis, S. W. Single-Molecule
Detection of a Fluorescent Nucleobase Analogue via
Multiphoton Excitation. J. Phys. Chem. Lett. 2019, 10 (17),
5008-5012. https://doi.org/10.1021/acs.jpclett.9b02108.
Stevens, T. J.; Lando, D.; Basu, S.; Atkinson, L. P.; Cao, Y.;
Lee, S. F.; Leeb, M.; Wohlfahrt, K. J.; Boucher, W.;
O’Shaughnessy-Kirwan, A.; Cramard, J.; Faure, A. J.; Ralser,
M.; Blanco, E.; Morey, L.; Sansd, M.; Palayret, M. G. S.;
Lehner, B.; Di Croce, L.; Wutz, A.; Hendrich, B.; Klenerman,
D.; Laue, E. D. 3D Structures of Individual Mammalian
Genomes Studied by Single-Cell Hi-C. Nature 2017, 544
(7648), 59-64. https://doi.org/10.1038/nature21429.
Burgess, D. J. Spatial Transcriptomics Coming of Age. Nat.
Rev. Genet. 2019, 20 (6), 317.
https://doi.org/10.1038/s41576-019-0129-z.

Lavis, L. D.; Raines, R. T. Bright Ideas for Chemical Biology.
ACS Chem. Biol. 2008, 3 (3), 142—-155.
https://doi.org/10.1021/cb700248m.

Lord, S. J.; Conley, N. R.; Lee, H. D.; Nishimura, S. Y.;
Pomerantz, A. K.; Willets, K. A.; Lu, Z.; Wang, H.; Liu, N.;
Samuel, R.; Weber, R.; Semyonov, A.; He, M.; Twieg, R. J,;
Moerner, W. E. DCDHF Fluorophores for Single-Molecule
Imaging in Cells. ChemPhysChem 2009, 10 (1), 55-65.
https://doi.org/10.1002/cphc.200800581.

Wilhelmsson, L. M. Fluorescent Nucleic Acid Base
Analogues. Q. Rev. Biophys. 2010, 43 (02), 159-183.
Meth-Cohn, O.; Rhouati, S.; Tarnowski, B.; Robinson, A. A
Versatile New Synthesis of Quinolines and Related Fused
Pyridines. Part 8.” Conversion of Anilides into 3-Substituted
Quinolines and into Quinoxalines. J. Chem. Soc. Perkin
Trans. 11981, 1, 1537-1543.

Liu, Y.-Y.; Thom, E.; Liebman, A. A. Coumarins via the Wittig
Reaction. J. Heterocycl. Chem. 1979, 16, 799-801.

Cheng, J. C. Y.; Hacksell, U.; Daves, G. D. Facile Synthesis of
2‘-Deoxy-3’-Keto- and 2’-Deoxypseudouridine Derivatives
and Analogues. Palladium(ll)-Mediated Coupling Reactions
of Furanoid Glycals. J. Org. Chem. 1986, 51 (16), 3093—
3098. https://doi.org/10.1021/jo00366a003.

Lawson, C. P.; Fichtbauer, A. F.; Wranne, M. S.; Giraud, T.;
Floyd, T.; Dumat, B.; Andersen, N. K.; H. EI-Sagheer, A.;
Brown, T.; Gradén, H.; Wilhelmsson, L. M.; Grgtli, M.
Synthesis, Oligonucleotide Incorporation and Fluorescence
Properties in DNA of a Bicyclic Thymine Analogue. Sci. Rep.
2018, 8 (1), 13970. https://doi.org/10.1038/s41598-018-
31897-2.

Wellington, K. W.; Benner, S. A. A Review: Synthesis of Aryl

6 | J. Name., 2012, 00, 1-3

C-Glycosides Via the Heck Coupling Reaction. Nucleosides.

(31)

(32)

(33)

(34)

(35)

(36)

Nucleotides Nucleic Acids 2006, 25 (12), 1309-1333.
https://doi.org/10.1080/15257770600917013.

Evans, D. A.; Chapman, K. T.; Carreira, E. M. Directed
Reduction of B-Hydroxy Ketones Employing
Tetramethylammonium Triacetoxyborohydride. J. Am.
Chem. Soc. 1988, 110 (11), 3560-3578.
https://doi.org/10.1021/ja00219a035.

Hainke, S.; Singh, |.; Hemmings, J.; Seitz, O. Synthesis of C-
Aryl-Nucleosides and O-Aryl-Glycosides via Cuprate
Glycosylation. J. Org. Chem. 2007, 72 (23), 8811-8819.
https://doi.org/10.1021/j07016185.

Barta, J.; Pohl, R.; Klepetarova, B.; Ernsting, N. P.; Hocek,
M. Modular Synthesis of 5-Substituted Thiophen-2-YI C-2'-
Deoxyribonucleosides. J. Org. Chem. 2008, 73 (10), 3798—
3806. https://doi.org/10.1021/j0800177y.

Eldrup, a B.; Nielsen, B. B.; Haaima, G.; Rasmussen, H.;
Kastrup, J. S.; Christensen, C.; Nielsen, P. E. 1,8-
Naphthyridin-2(1H)-Ones - Novel Bicyclic and Tricyclic
Analogues of Thymine in Peptide Nucleic Acids (PNAs). Eur.
J. Org. Chem. 2001, 2 (9), 1781-1790.

Hall, K. B.; Williams, D. J. Dynamics of the IRE RNA Hairpin
Loop Probed by 2-Aminopurine Fluorescence and
Stochastic Dynamics Simulations. RNA 2004, 10 (1), 34—-47.
https://doi.org/10.1261/rna.5133404.

Kuznetsov, S. V; Ren, C.-C.; Woodson, S. A.; Ansari, A. Loop
Dependence of the Stability and Dynamics of Nucleic Acid
Hairpins. Nucleic Acids Res. 2008, 36 (4), 1098-1112.
https://doi.org/10.1093/nar/gkm1083.

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name ARTICLE

TOC Entry and Graphic
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single-molecule level and retains a quantum yield > 50% in
duplex DNA oligonucleotides.
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