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ABSTRACT: Synthesis of a highly responsive fluorescent
ribonucleoside analogue based on a S-methoxybenzofuran
uracil core, enzymatic incorporation of its triphosphate
substrate into RNA transcripts, and its utility in the specific
detection and estimation of Hg*"-ion-mediated metallo-base
pair formation in DNA—RNA and RNA—RNA duplexes are
described.

S elective binding of metal ions to natural and modified
nucleobases has rendered such noncanonical metallo-base
pairs as useful motifs to devise tools to sense and trap heavy-
metal ions, detect single-nucleotide polymorphism, and
fabricate electronic wires and nanomachines.”” In particular,
pyrimidine-metal-pyrimidine base pairs formed by Hg’* and
Ag" ions have received significant attention, because of their
diagnostic and material applications’ and recent findings
linking the metal toxicity and mutagenicity to metallo-base
pair formation.”* It is now clear that T-Hg*"-T can serve as a
stable analogue of T-A pair’ and could potentially introduce
mutations by facilitating enzymatic misincorporation of dTTP
opposite to T.° A recent study demonstrates that the addition
of Hg?* ions to duplexes containing T-T mismatch significantly
reduces the efficiency of DNA polymerase activity, compared
to equivalent duplexes containing T-A pair, suggesting that the
metallo-base pair can hamper the DNA metabolism.” Similarly,
in the presence of Ag" ions, the DNA polymerases do
incorporate dATP/dTTP/dCTP opposite to dC, which is
largely dependent on the sequence and substrate/enzyme
concentration.

Several biophysical methods, including ultraviolet (UV),
nuclear magnetic resonance (NMR), electron paramagnetic
resonance (EPR), X-ray, and isothermal titration calorimetry
(ITC) methods are commonly used to study metallo-base pair
structure, kinetics, and thermodynamics.8 Alternatively, fluo-
rescence resonance energy transfer (FRET)-pair-labeled T-rich
oligonucleotides (ONs), hairpin-forming motifs, and a
thrombin binding aptamer have been developed to monitor
the formation and stability of metallo-base pairs.” Similarly,
label-free Hg*" and Ag" sensors have been developed by using
intercalating organic dyes and metal complexes, which show
changes in fluorescence upon metal ion-induced base pairing.'’
Usually, these methods use higher concentrations of ON
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duplexes and or stretches of T-T mismatches to obtain reliable
response upon base-pair formation.'™ However, detecting and
estimating site-specific nucleobase-metal interactions in
duplexes at submicromolar concentrations would provide a
better understanding of their actual biological impact (e.g,
point mutations and conformation changes induced by metal
ion binding).4 In this context, environment-sensitive fluo-
rescent nucleoside analogues based on a dimethylaminoben-
zene core and pyrrolo-dC were successfully used in detecting
and determining the local kinetics and thermodynamic
parameters of metallo-base pairs formed by Hg** and Ag"
ions in DNA ON duplexes.11 However, to the best of our
knowledge, there is no report that describes the fluorescence
analysis of site-specific metallo-base pair interaction in DNA-
RNA heteroduplexes and RNA—RNA duplexes. Such an effort,
apart from aiding material design, could also be useful in
understanding the impact of metallo-base pairs in RNA folding,
function, and recognition.

Here, we report the development of a new microenviron-
ment-sensitive ribonucleoside analogue, 5-methoxybenzofuran
uridine (1), which after triphosphorylation (2) serves as a
good substrate for RNA polymerase in in vitro transcription
reaction and selectively reports dT-1 and U-1 mismatches in
model DNA—RNA and RNA—RNA ON duplexes, respec-
tively, with significant enhancement in fluorescence. This
property of the nucleoside analogue was aptly utilized in
establishing a method to selectively detect single Hg>'-
mediated base pair in different duplexes. Furthermore, by
monitoring the changes in fluorescence intensity as a function
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of Hg2+ ion concentration, it was found that the metal ion
binds to dT—U better than the U—U mismatch.

It has been shown that conjugating or fusing heterocyclic
rings onto purine and pyrimidine bases can produce responsive
nucleoside analogues.'” Their implementation in nucleic acid
analysis has been largely empirical, based on the fluorescence
outcome in model systems. Following a similar probe design
approach, S-methoxybenzofuran uridine 1 was synthesized
according to the steps given in Scheme 1. S-Methoxybenzofur-

Scheme 1. Synthesis of Nucleoside 1 and Its Triphosphate 2
(i) TMEDA, n-BuLi, THF
-78 °C—RT, 2h

MeO MeO
o (i) Bu;Sr:C’I], -780 C-RT o

1a 0% 1b

MeQ
[e) MeO
| mSnBua

NH
| o
o 1b
HO PACl,(PPhs),
o dioxane, 90 °C, 2 h, 65%
HO OH
1c

(i) POCI3, (MeO)3PO, 0-4 °C

(ii) bis(tributylammonium)
pyrophosphate

BusN, 0-4 °C, 15% (EtsNH"),

an (la) was first stannylated and then cross-coupled with $-
iodouridine (1c) in the presence a palladium-catalyst under
Stille reaction conditions. The corresponding triphosphate
substrate 2 required for in vitro transcription was synthesized
by reacting nucleoside 1 with POCI;, followed by a reaction
with pyrophosphate (Scheme 1).

Photophysical analysis in solvents of different polarity and
viscosity confirmed the environment-sensitive of the nucleo-
side analogue. The longest wavelength absorption maximum of
1 was found to be slightly red-shifted and hyperchromic as the
polarity was reduced from water to methanol to dioxane (see
Figure 1 and Table 1). Notably, the nucleoside exhibited
excellent fluorescence solvatochromism (Figure 1, Table 1). In
water, it was practically nonemissive, and, with a change in
solvent polarity, the quantum yield increased dramatically by
250-fold in the least polar solvent tested (dioxane). The
emission maximum was also found to be significantly blue-
shifted. Interestingly, a comparison of relative quantum yields
(®,/®P,per) of 1 and few other heterocycle-conjugated
nucleoside probes13 in different solvents, as a function of
Er(30) (Reichardt’s microscopic solvent polarity parameter)
revealed that nucleoside 1 is highly sensitive to even small
changes in micropolarity (Figure S1 in the Supporting
Information). Other probes showed very small differences in
the quantum yield. As the solvent viscosity was increased from
water to ethylene glycol to glycerol, the quantum yield also
increased significantly, because of rigidification of the
fluorophore, which was further confirmed by the higher
anisotropy values exhibited by the probe in a more-viscous
medium (see Figure 1 and Table 1)."* While the viscosity of
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Figure 1. Absorption (25 uM, solid lines) and emission (5.0 uM,

dashed lines) spectra of nucleoside 1 in different solvents. See the
Supporting Information (SI) for details.

Table 1. Fluorescence Properties of Nucleoside Analogue 1

Amax'. Aerm @,/
solvent (nm) (nm)  E;(30) o Der” r?
water 329 - 63.1 0.0008 1 nd
methanol 331 433 §8.5 0.11 137 nd
dioxane 338 406 36.0 0.20 250 0.03
ethylene 332 435 56.3 0.07 88 0.26
glycol
glycerol 335 430 572 o021 263 033

“The lowest energy absorption maximum is given. ®The standard
deviation of @ in water is 0.00006, and in other solvents, it is <0.004.
“Relative quantum yield (®,/®,,...), where « is the solvent). “The
standard deviation of r (anisotropy) in different solvents is <0.004; nd
= not determined.

methanol and dioxane is considerably lower, compared to that
of ethylene glycol and glycerol, higher or comparable
fluorescence efficiency suggests that the fluorescence outcome
in different solvents is largely due to a polarity effect.

To evaluate the responsiveness in duplexes, we sought to
incorporate nucleoside analogue 1 into RNA transcripts by in
vitro transcription reaction, using modified nucleoside 5'-
triphosphate 2. The templates were custom-made to contain
one or two dA residues in the coding region to guide the
incorporation of modified nucleoside 1 into the transcripts
(Figure 2). To facilitate easy visualization of full-length
transcription products by phosphor imaging, all templates
contained a dT at the 5" end to guide the incorporation of an
a-*’P adenosine label. Transcription was initiated by adding
T7 RNA polymerase to a reaction mixture containing T7
promoter-template duplex, GTP, CTP, UTP/2, and a-*’P
ATP, and was resolved by PAGE under denaturing conditions
(see Figure 3, as well as Figure S2 in the SI). Using template
T1, singly modified full-length transcript 4 was formed in very
good yields (81%, Figure 3, lane 2). Incorporation of
nucleoside 1 was evident from the slower mobility exhibited
by transcript 4, compared to native transcript 3. Along with the
full-length product, trace amounts of nontemplated incorpo-
ration products were also formed, which is common in in vitro
transcription reactions. Importantly, when UTP or 2 was not
added, full-length product was not formed, which indicated
that there was no random misincorporation of the nucleotide
analogue (Figure 3, lane 3). Notably, when the reaction was
performed in the presence of an equimolar concentration of 2
and UTP, both of the triphosphates were incorporated with
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T7 promoter 5' TAATACGACTCACTATAG 3'

Template T1 3' ATTATGCTGAGTGATATCGCGGCACGT 5'
T7 RNA polymerase
GTP, CTP, UTP/2
o-32P ATP

5'r(PPPGCGCCGUGCA) 3' 3
5'r(PPPGCGCCG1GCA) 3' 4

DNA templates

T2 3' v CGAGGCCCGT 5
T3 3'vvvv CGCAGCGCGT &'
T4 3'v~vvv CGCGGAACGT &'
T5 3'vvwvwvv CGCGGCACAT 5'

RNA transcripts

5' r(PPPGC1CCGGGCA) 3'
5'r(PPPGCG1CGCGCA) 3'
5' r(PPPGCGCC11GCA) 3'
5' r(PPPGCGCCG1G1A) 3'

3'd(CGCGGCACGT) 5" 5
3'd(CGCGGCGCGT) 5" 6

3'd(CGCGGCTCGT) 5' 8
3'(CGCGGCACGU) 5" 9

3'd(CGCGGCCCGT) 5" 7 3'r(CGCGGCUCGU) 5 10

Figure 2. Enzymatic incorporation of triphosphate 2 into RNA ON
transcripts in the presence of DNA templates T1—TS. Comple-
mentary and mismatched ONs (3—10) used in this study. Prefixes “d”
and “r” represent DNA and RNA ON, respectively.

% incorporation 81 14 23 82 14
2 B T T R N S
UTP + P T S e
Template T 11112 23 34455
Lane 123 45 67 8 9 101112
—

full-length - - - -
transcript - - A& o

Figure 3. Phosphor image of PAGE resolved transcription products
obtained using DNA templates T1—TS$ in the presence of UTP and
or 2. See Figure S2 in the SI for a complete gel picture and conditions.

1edT

n mispair

& 250 -4
- 10U 4e5
2 mispair 4¢6

x 200 - 47
) 4e8

& 150 409
£ 4410
8

< 100 4

[

o

@

[

o 504

= LT T T -~

w ke Teeall

0= T T T — —
400 450 500 550

Wavelength (nm)

Figure 4. Emission spectra of duplexes (1 yM) formed by hybridizing
transcript 4 with complementary and mismatched DNA and RNA
ONs (5—10).

of the fluorophore could have influenced the fluorescence
outcome.' '

The ability of the probe to signal dT and U mismatches was
put to use in devising a simple fluorescence method to detect
and estimate metallo base-pairs as we envisioned that Hg** ion
binding to these mismatches could alter the electronics, as well
as the environment of the probe, thus, influencing its
fluorescence.'"'® Rewardingly, the addition of 1 equiv of
Hg”" ions significantly reduced the fluorescence intensity of
duplexes 4'8 and 4:10 containing dT and U mispairs,
respectively (see Figure S, as well as Figure S7 in the SI).

comparable efficiency (Figure 3, lane 4). Reactions with other
templates indicated that modifications near the promoter
region using T2 and T3 were less tolerated and adjacently
placed modification using T4 was produced in good yields,
compared to nucleoside analogue placed in an alternating
position using TS (Figure 3, lanes 5—12). Furthermore,
modified transcript 4 obtained from a large-scale reaction with
T1 was purified and its purity and integrity were confirmed by
HPLC, mass analysis, and enzymatic digestion (see Figures S3
and S4 and Table S1 in the SI).

To understand the behavior of nucleoside 1 in different
neighboring base environment, a model RNA transcript 4
labeled with 1 was hybridized to complementary DNA and
RNA ONs (Figure 2). The duplexes were designed such that
the emissive base was placed opposite to complementary and
mismatched bases. The emissive analogue placed opposite to a
complementary base dA/A (4:S and 49) and mismatched
bases dG and dC (4+6 and 4-7) showed comparable
fluorescence intensity (Figure 4). Notably, when placed
opposite to dT (4-8) or U (4-10), nucleoside 1 showed a
significant enhancement in fluorescence intensity, compared to
other duplexes (see Figure 4, as well as Figure SS in the SI).
Thus, the emissive analogue 1 was able to selectively detect dT
and U mismatches in a DNA-RNA and RNA-RNA hetero and
homo duplexes, respectively. CD analysis suggests that hybrid
duplexes and RNA duplexes adopt a similar secondary
structure, which resembles the A-form (Figure S6 in the SI).
In the absence of further structural information, it is proposed
that small differences in stacking interaction and electron
transfer between the fluorophore and adjacent bases, the
solvation—desolvation effect, and rigidification—derigidification
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Figure S. Fluorescence spectra of duplexes 4-8 and 4-10 (1 uM) in
the presence and absence of Hg** ions (1 uM). Inset shows the curve
fit for the titration of duplexes with Hg** ions. See the SI for details.

However, free nucleoside 1, single-stranded RNA ON 4, and
perfect and other mismatched duplexes displayed only minor
differences in fluorescence in the presence and absence of Hg*"
ions (see Figure S7). Furthermore, as compared to Hg2+ ions,
the addition of 1 equiv of different metal ions (Ag®, Ca**, Cu*',
Cd**, Pb*, Mn**, Mg**, Co’*, Zn®*, Fe**, and Ni**) had only a
minor influence on the fluorescence of duplexes containing the
probe placed opposite to dT and U mismatches (see Figure S8
in the SI). These findings confirm that our probe reliably and
selectively reports Hg®" ion-mediated metallo-base pair
formation in DNA—RNA and RNA—RNA duplexes. The
reduction in fluorescence intensity in the presence of Hg>" is
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more likely due to the base-paired state of the nucleoside
analogue, which experiences more stacking interaction and
quenching effect from adjacent guanosine bases.''™'>'®
Furthermore, the fluorescence could also be quenched by the
coordinated heavy atom.”

The responsiveness of the probe also enabled determination
of the binding affinity of the Hg** ion to duplexes. Titrating
with the metal ion resulted in a dose-dependent quenching in
fluorescence intensity, which gave an apparent dissociation
constant Ky of 57 + 7 nM for 48 and 104 + 2 nM for 410
(see Figure S, as well as Figure S9 in the SI). While K, values
are in the range observed for the dT—Hg**-dT pair, our results
suggest that the metal ion has a comparatively higher binding
affinity for dT—U mismatch in a DNA—RNA duplex than U—
U mismatch in an RNA—RNA duplex.

The formation of dT—Hg-1 and U—Hg-1 base pairs was
ascertained by performing the following experiments. In the
presence of Hg”" ions, both control (3-8, 3:10) and modified
duplexes (4+8, 4-10) showed significant increase in thermal
melting (AT,, = 17—21 °C) due to stabilization of the mispairs
by metal ion coordination (see Figure S10 and Table S2 in the
SI). As expected, perfect duplexes (3-5, 45, 39, and 4-9)
showed only minor differences in T,, upon the addition of
Hg®" ions (see Table S2). Furthermore, the addition of
increasing concentrations of the metal ion to duplexes 48 and
4+10 resulted in the complete disappearance of respective
imino proton signals (10.6 and 10.4 ppm, corresponding to
mispair) at 1 equiv of the Hg** ion (see Figure S11 in the SI).
Consistent with the literature reports,''* these results confirm
that the label is minimally perturbing and the fluorescence
response is a true reflection of the formation of metallo base-
pairs.

In summary, we have introduced a new fluorescent
ribonucleoside analogue that is minimally perturbing, highly
sensitive to its local environment, and a good substrate for T7
RNA polymerase. The analogue incorporated into an RNA
transcript and hybridized to complementary and mismatched
ONss served as a fluorescence turn-on reporter for dT and U
mismatches. This behavior was used in the specific detection
and estimation of Hg’*-mediated metallo-base pair formation.
It was found that the Hg*" ion binds relatively better to a dT
mispair in a hybrid duplex, compared to a U mispair in a RNA
homo duplex. Taken together, the utility of our probe and
these findings are important, because it could further elucidate
the implications of metallo-base pairs in RNA folding and
recognition.
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