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ABSTRACT: Most fluorescent nucleoside analogues are
quenched when base stacked and some maintain their
brightness, but there has been little progress toward
developing nucleoside analogues that markedly increase
their fluorescence upon duplex formation. Here, we report
on the design and synthesis of a new tricyclic cytidine
analogue, 8-diethylamino-tC (8-DEA-tC), that responds to
DNA duplex formation with up to a 20-fold increase in
fluorescent quantum yield as compared with the free
nucleoside, depending on neighboring bases. This turn-on
response to duplex formation is the greatest of any
reported nucleoside analogue that can participate in
Watson—Crick base pairing. Measurements of the
quantum yield of 8-DEA-tC mispaired with adenosine
and, separately, opposite an abasic site show that there is
almost no fluorescence increase without the formation of
correct Watson—Crick hydrogen bonds. Kinetic isotope
effects from the use of deuterated buffer show that the
duplex protects 8-DEA-tC against quenching by excited
state proton transfer. These results, supported by DFT
calculations, suggest a rationale for the observed photo-
physical properties that is dependent on duplex integrity
and the electronic structure of the analogue.

he recognition in 1969 of 2-aminopurine’s potential as a

fluorescent adenine surrogate has driven a desire to expand
the capabilities of fluorescent nucleosides.™'® Recent highlights
include Tor’s isomorphic RNA alphabet,'”'®
internucleobase FRET pair,'>'” Sasaki’s fluorescent sensors for
nucleobase damage,” and a number of examples of nucleobase
surrogates that can report on events in the major groove, such as
protein binding,”"** Still, significant unmet needs persist. For
example, most fluorescent nucleobase analogues are quenched
when base stacked, emit only at wavelengths <525 nm, and many
perturb duplex structure.””** Here, we provide another unmet
capability: a nucleoside analogue that is virtually nonfluorescent
as a free nucleoside but becomes much brighter when base
stacked. These properties have great value in turn-on
fluorescence sensing applications for both enzymatic DNA
synthesis and strand hybridization.

Little progress has yet been made on nucleoside analogues
with substantial fluorescent turn-on responses to incorporation
in duplex DNA.”>~*’ Probably the closest is Luedtke’s recently
reported "M*T nucleoside, which exhibits up to 7-fold increase in
quantum yield when base-paired with A, but this analogue is
fluorescent as a free nucleoside (®,,, = 0.03) and the mechanism
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of its fluorescence increase was not studied in detail.”® On the
basis of our experience with tricyclic cytidines (tC mole-
cules),” ™" we hypothesized that electronic modification of tC
to favor a charge-separated excited state might be the key to
unlocking a fluorescence turn-on response to duplex formation.
Here, we report on a novel tricyclic cytidine analogue 8-DEA-tC
1 (Figure 1) that exhibits up to a 20-fold fluorescence
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Figure 1. 8-DEA-tC and parent tC nucleosides with Watson—Crick base
pairing with G.

enhancement in duplex DNA as compared with its almost
nonfluorescent free nucleoside (®.,, = 0.006). We provide the
first mechanistic relationships between structure and this type of
fluorescence turn-on response.

The synthesis of 8-DEA-tC 1 was developed based on previous
syntheses of tC derivatives (Scheme 1).”” We began by doubly
alkylating S-amino-2-methylbenzothiazole 2 with bromoethane.
Next, we performed a nucleophilic opening of the thiazole ring
using hydrazine to afford 4-diethylamino-2-aminothiophenol,

Scheme 1. Synthesis of 8-DEA-tC Nucleoside 1
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Table 1. Properties of Single- and Double-Stranded Oligonucleotides Containing 8-DEA-tC in 1X PBS buffer pH 7.4“

Sequence Name” Sequence ss D, ds @,
GA 5’-CGC-AGX-ATC-G-3' 0.020 0.050
CT 5’-CGC-ACX-TTC-G-3' 0.020 0.025
GC 5'-CGC-AGX-CTC-G-3' 0.032 0.12
CA 5’-CGC-ACX-ATC-G-3’ 0.014 0.017
GG 5’-CGC-AGX-GTC-G-3’ 0.027 0.056
CcC 5’-CGC-ACX-CTC-G-3’ 0.013 0.024
TA 5'-CGC-ATX-ATC-G-3' 0.014 0.026
TT §’-CGC-ATX-TTC-G-3’ 0.025 0.041
AA 5’-CGC-AAX-ATC-G-3' 0.008 0.042
AA mismatch? 5'-CGC-AAX-ATC-G-3' 0.008 0.015
AA AP site® 5'-CGC-AAX-ATC-G-3' 0.008 0.007
tC parent AA® 5'-CGC-AAtC-ATC-G-3’ 0.11 0.11

ds Apagabs/nm (ss) ds Apayem/nm (ss) T, (°C) AT, (°C)°
422 (425) 499 (499) 50.7 5.1
414 (413) 492 (495) 54.7 +2.0
348 (425) 500 (499) 49.1 —-14.5
410 (420) 494 (493) 57.4 +2.1
400 (415) 499 (498) 58.2 -7.0
413 (421) 496 (496) 60.2 +6.7
420 (417) 495 (495) 48.7 -1.6
416 (413) 495 (495) 48.5 +0.2
410 (415) 498 (497) 484 -2.6
417 (415) 501 (497) 33.1 +9.6
21 (415) 466 (497) 36.9 n.d/
389 (390) 501 (502) 55.3 +4.3

“Detailed procedures for photophysical measurements are given in the Supporting Information. Quantum yield measurements were performed at
least in duplicate and the reported numbers are averaged. Typical errors based on standard deviation are approximately +15%. ds = double-stranded;
55 = single-stranded. bSequences named for neighboring bases. “Ty, for natural DNA duplex subtracted from T, for the 8-DEA-tC-containing duplex.
9AA sequenced annealed to 5'-CGA-TAT-TGC-G-3' (8- DEA tC opposite A). “AA sequenced annealed to 5'-CGA-T(dSpacer)T-TGC-G-3' (8-
DEA-tC opposite the dSpacer surrogate for an abasic site, AP). Temperature -dependent CD changes were nonsigmoidal for the natural DNA strand
and T,, could not be determined. #Sequence AA made with parent tC in place of 8-DEA-tC.

which oxidized under air to give the disulfide 3 (64% over two
steps). Then, the disulfide was reduced using triethylphosphine
followed by a substitution reaction with S-bromouracil in one pot
to yield thioether 4 (36%). Heating this compound at 120 °Cina
mixture of concentrated HCl and butanol effected ring closure to
afford the 8-DEA-tC nucleobase 5 (97%). Activation of § using
BSA to give the TMS ether and ribosylation in the same pot using
Hoffer’s chlorosugar 6 resulted in a 1:1 mixture of the @ and S
anomers in a combined yield of 86%. Isolation of the  anomer
was facilitated by the removal of the toluoyl groups to give the 8-
DEA-tC nucleoside 1. Standard procedures were used for
dimethoxytrityl protection and phosphoramidite preparation to
ready the nucleoside for solid-phase DNA synthesis (Supporting
Information).

Photophysical measurements of the 8-DEA-tC nucleoside
revealed & = 2700 M~ em ™, Aabs = 395 nm, Ay em = 493 nm
and @, = 0.006 in 1X PBS buffer. Because protic solvents often
quench organic fluorophores, we made similar measurements in
1,4-dioxane and found that A, s = 389 nm, 4, e = 524 nm,
and @, = 0.06, a 10-fold increase. This increase is larger than
that of the parent tC for the same solvent change (4-fold) but
smaller than what we have observed in a past study of the 8-
methoxy-tC nucleoside (30-fold).”

To test the properties of 8-DEA-tC in single-stranded and
duplex oligonucleotides, the nucleoside phosphoramidite was
used in solid-phase DNA synthesis to prepare 9 decameric oligos.
Complementary sequences and sequences with an adenosine
mismatch or dSpacer (1',2’-dideoxyribose) as a stable abasic site
surrogate were also prepared. We named the sequences with two-
letter codes that identify the nucleobases 5" and 3’ to 8-DEA-tC,
respectively (Table 1). To study the impact of the 8-DEA-tC
modification on tertiary structure, all sequences were annealed to
their complements, and analyzed using circular dichroism
(Supporting Information). All spectra are consistent with B
form helices, indicating that 8-DEA-tC does not significantly
perturb the tertiary structure.

Quantum yields of fluorescence emission were determined
using the comparative method of Williams et al. and a
fluorescence standard of quinine sulfate in 0.1 M H,SO,
(Table 1 and Figure 2). The single-stranded oligonucleotides
have quantum yields of fluorescence emission ranging from @,
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Figure 2. Quantum yields of the 8-DEA-tC nucleoside in single-
stranded and double-stranded oligonucleotide sequences (sequence
names are defined in Table 1).

= 0.01—0.03, all brighter than the free 8-DEA-tC nucleoside by
up to a factor of 5. Addition of the complementary sequences and
duplex formation results in further fluorescence increases in all
sequences of up to 4-fold, giving a maximum ®_, = 0.12 for
sequence GC. This quantum yield is 20-fold greater than that of
the free 8-DEA-tC nucleoside, the largest such increase reported
to date for a fluorescent nucleoside analogue. Correct base
pairing is essential to the increased @, in the duplex. Mispairing
8-DEA-tC with A resulted in only a modest, less than 2-fold
increase in @, and placing 8-DEA-tC opposite an abasic site
gave a @ effectively the same as for the free nucleoside The
three highest quantum yields observed for duplex oligonucleo-
tides containing 8-DEA-tC all have guanine as the 5'-neighboring
base. The brightest sequence, GC, is noteworthy for three
reasons. First, it is known that intercalated ethidium has a greater
@, in poly(dG-dC) than in natural DNA sequences, paralleling
our observations for 8-DEA-tC.*> Second, the Amaxabs 18
significantly blue-shifted as compared with any other sequence.
Third, the AT, measurements show a striking inverse
correlation to the percent quantum yield increase from free
nucleoside to duplex (Figure 3). Electronic interactions between
8-DEA-tC and neighboring bases are therefore strongly tied to
the fluorescence turn-on effect. Although the CD spectra indicate
that overall B form tertiary structure is maintained, the changes in
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Figure 3. Correlation between the fold enhancement of @, from 8-
DEA-tC nucleoside to double-stranded DNA and the AT, for each
sequence (Table 1).

Amaxabs a0d AT, hint that there may be alocalized perturbation in
base stacking structure in the GC duplex.

We next sought to determine which aspects of the 8-DEA-tC
nucleobase structure explain the photophysical properties. First,
we note that SYBR Green I, ethidium bromide, and Luedtke’s
PMAT nucleoside all have pronounced push—pull electronic
motifs that can stabilize a charge-separated S, state, and such a
motif is not present in the parent tC. To test whether the
diethylamino group in 8-DEA-tC enhances such character, we
examined the appearance and energies of the HOMO and
LUMO orbitals calculated by DFT (B3LYP/cc-pVDZ) at the
optimized geometries (Figure 4; computational details are in the

HOMO

LUMO
NEt,

Figure 4. Molecular orbital calculations comparing HOMO and LUMO
orbitals of the tC and 8-DEA-tC nucleosides.

Supporting Information). These calculations show that the
HOMO and LUMO of parent tC are distributed across the arene.
In contrast, the HOMO of 8-DEA-tC is much more polarized
toward the diethylaminobenzene ring and the LUMO toward the
pyrimidine ring, indicating a push—pull character. The electronic
modification imparted by the diethylamino group therefore
makes this nucleoside’s 7 system more electronically similar to
SYBR Green I, ethidium bromide, and PMAT.

Next, we sought to examine four potential quenching
mechanisms for 8-DEA-tC that might be attenuated in the
duplex and that could explain the fluorescence enhancement.
These mechanisms are solvent quenching, chloride quenching, a
molecular rotor effect, and excited-state proton transfer. As
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described above, 8-DEA-tC is approximately twice as sensitive to
quenching by protic solvent as the parent tC, which is not
sufficient to explain a 20-fold fluorescence increase. Our CD data
show that the B form of DNA is intact when 8-DEA-tC is present
opposite an abasic site, but there is no fluorescence increase as
compared with the free nucleoside. Desolvation of the 8-DEA-tC
nucleoside when base stacked therefore does not explain the
fluorescence turn-on.

To test the ability of the duplex to attenuate chloride
quenching of 8-DEA-tC, we performed a Stern—Volmer analysis
using the 8-DEA-tC nucleoside and the TT duplex oligonucleo-
tide (Supporting Information). To our surprise, the 8-DEA-tC
nucleoside is more fluorescent with increasing chloride
concentration, likely owing to salt-induced changes in
solvation.” In contrast, chloride has a modest quenching effect
on 8-DEA-tC when present in the matched TT duplex. These
results rule out the possibility that protection against chloride
quenching contributes to the fluorescence turn-on effect.

Next, we hypothesized that the C—N bond appending the
diethylamino group to tC may provide a molecular rotor effect,
enabling nonemissive relaxation coupled to conformational
change at the excited state. Although molecular modeling
suggests that the diethylamino group would be relatively free to
rotate in a duplex oligonucleotide (Supporting Information),
water dynamics in the DNA major groove are known to slowed
by up to 50-fold as compared with bulk water. For this reason, we
hypothesized that slowed water dynamics in the major groove of
the duplex could cause an increase in the fluorescence of 8-DEA-
tC. To test this hypothesis, we compared the solvent viscosity
sensitivity of fluorescence of the 8-DEA-tC nucleoside with
parent tC and 9-(2,2-dicyanovinyl)julolidine (DCVJ, a fre-
quently used reference compound for viscosity effects on
fluorescence) using mixtures of glycerol and methanol
(Supporting Information).”**® We found that 8-DEA-tC, unlike
parent tC, has fluorescence intensity that is positively correlated
to viscosity, but the response of DCV]J is 3-fold greater. Other
nucleoside analogue molecular rotors investigated by Tor are
more sensitive to viscosity than 8-DEA-tC, but they lose @,
when base stacked.”> Moreover, when 8-DEA-tC is present
opposite an abasic site in a duplex that maintains B form, there is
no fluorescence increase. 8-DEA-tC has some molecular rotor
character, but the fluorescence increase we observed in duplex
DNA cannot be attributed to restricting the C—N bond rotation.

To test the influence of the duplex on excited-state proton
transfer, we measured ®,,, in deuterated 1X PBS buffer, where a
kinetic isotope effect slows proton transfer. In deuterated bufter,
the 8-DEA-tC nucleoside is twice as bright (®,,, = 0.012), but the
quantum yield for the TT duplex hardly changes (®.,, = 0.045).
This result shows that the duplex protects 8-DEA-tC from
excited state proton transfer, clearly a significant factor
contributing to the fluorescence turn-on.

We last tested the ability of 8-DEA-tC to distinguish a single
nucleotide by a visible fluorescence response (Figure S). 0.26
mM solutions of GC oligo in 0.5X PBS buffer were prepared with
the GC oligo alone, a duplex with the matching complement, and
a duplex with an 8-DEA-tC mismatch. Visual inspection of the
samples irradiated with a hand-held UV lamp clearly shows that
the perfectly matched duplex is indicated by a large increase in
fluorescence.

We have designed and synthesized a novel tricyclic cytidine
analogue, 8-DEA-tC, that is almost nonfluorescent as a
nucleoside but exhibits up to a 20-fold increase in @, when
base stacked in duplex DNA. This is the first nucleoside analogue
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Figure S. Visual discrimination of single nucleotide polymorphism by 8-
DEA-tC. Samples were prepared in 0.5X PBS buffer and illuminated by a
hand-held UV lamp. Left to right: 8-DEA-tC ss GC oligo (Table 1), GC
oligo annealed to its matched complement, GC oligo annealed with an
8-DEA-tC:A mismatch.

to match the performance of ethidium bromide at fluorescence
turn-on detection of DNA duplex formation, but it offers the
distinct advantage of sequence-specificity. Studies of 8-DEA-tC
mismatched with adenosine or positioned across from an abasic
site reveal that correct Watson—Crick base pairing is essential to
the fluorescence turn-on response, at least in part because base
pairing protects 8-DEA-tC from quenching by excited state
proton transfer involving the solvent. We expect that 8-DEA-tC
will find application as a fluorescent turn-on probe for base
pairing and, when converted to the triphosphate, a probe for
enzymatic DNA synthesis. These applications are the subject of
ongoing investigations in our laboratory.
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