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Abstract: Fluorogenic reactions have recently emerged as a
powerful tool for detection, diagnostics, and biosensing applica-
tions in a chemical and biological context. However, conventional
fluorogenic systems reported to date rely on energy- or photo-
induced electron transfer within the probes. Our communication
demonstrates a conceptually new approach for generating a
strong fluorescence signal through chemical bond formation
mediated by a heavy-atom removal process. This method has
favorable photophysical properties such as exceptional quantum
yield and very low limits of fluorogenic DNA detection.

Fluorogenic reactions are powerful analytical tools that have
been employed to detect phenols and nitrosothiols in water* and
acetylenes and copper in polymers.? In a biological context,
fluorogenic transformations have been utilized for the labeling of
proteins, including virus capsids,® bovine serum albumin,* and
synthetic polypetides,® as well as visudizing single biocatalytic
events.® In particular, DNA-templated fluorogenic reactions” have
been exploited for nucleic acid detection and monitoring of chemical
bond formation in DNA—polymer nanoparticles.® These diverse
applications are based primarily on two representative classes of
fluorogenic reaction. In one strategy, nonfluorescent compounds
are reacted in a hi- or trimolecular transformation to yield a
fluorescent product.®® The other method relies on the quenching
ability of azide functional groups through photoinduced electron
transfer. Reaction of the azides can remove this effect and
consequently restore the fluorescence.™®

The transformations described above were suitable for tailored
applications. However, al of these systems entailed significant
trade-offs between signal-to-noise ratio, detection limit, reaction
rate, degree of conversion, reactant stability, and biocompatible
photophysical properties. The utility and applicability of fluorogenic
reactions would be greatly improved by the development of stable
reporter compounds that exhibit longer emission wavelengths and
higher fluorescence quantum yields.

To this end, we report here a conceptually new approach for
generating strong fluorescence upon chemical bond formation
mediated by heavy-atom removal from a profluorescent substrate.
Boron dipyrromethane (BODIPY') chromophores were selected to
demonstrate this concept and simultaneously address some of the
above issues. These materials exhibit high extinction coefficients
(¢) and high fluorescence quantum yields (®4), and in addition,
their absorption and fluorescence spectra can be easily tuned by
simple chemical modification of the pyrrole rings.** We describe
the synthesis of the profluorescent BODIPY substrate and its
conversion into a highly emissive fluorophore via Pd-catalyzed Heck
reactions. We then show the power of this approach in a DNA-
templated fluorogenic reaction allowing ultrasensitive nucleic acid
detection.
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Figure 1. (A) Synthesis and (B) photophysical properties of iodinated
BODIPY probe 1 and fluorescent Heck-coupling product 2. In (A), the
reaction conditions are as follows: (&) (i) POCls, CH,Cl,, 0 °C, 6 h; (ii)
BF;- OEt,, diisopropylethylamine, RT, 12 h; 68% yield for two steps. (b)
Acetone, porcine liver esterase, 0.1 M phosphate buffer (pH 8.0), 63% yield.
(c) Pdy(dba)s, P(t-Bu)s, CY,NMe, dioxane, RT, 1 h, 53% yield. In (B),
separately normalized absorption and emission spectra of 1 (Aas = 527,
Aem = 536 Nnm) and 2 (Aas = 517, Aem = 523 nm) are shown.

Bisiodinated BODIPY derivatives have been shown to exhibit the
heavy-atom quenching effect.*? It is well-known that the introduction
of iodine into a chromophore favors triplet formation through
intersystem crossing due to spin—orbit coupling and thereby depopu-
lates the emissive singlet state. For this study, we synthesized a
monoiodinated BODIPY derivative with a carboxylic acid functional
group, 4,4-difluoro-5,7-dimethyl-6-iodo-4-bora-3a4a-diaza-s-indacene-
3-propionic acid (1), that alows straightforward chemical attachment
to biological anaytes. We prepared profluorescent substrate 1 in two
steps from pyrrole derivetives with adehyde and propionic ester
functiona groups as starting materids (3 and 4, Figure 1A) with an
overal yied of 68%."3'* The two starting materials were condensed
in the presence of boron trifluoride to yield BODIPY trichloroethyl
ester 5. This was subsequently converted into the carboxylic acid 1
by enzymatic hydrolysis employing porcine liver esterase.

To test the suitability of 1 asasubstrate for fluorogenic reactions,
it was subjected to a Heck reaction with the methyl ester of
5-hexenoic acid (6), which produced highly fluorescent 2 in 53%
yield. The contrast between the photophysical properties of substrate
1 and product 2 is significant. The absorption and emission maxima
of 2 are blue-shifted relative to those for 1 by 12 and 13 nm,
respectively. Moreover, the fluorescence quantum yield of fluoro-
phore 2 (®g, = 0.75) is 25 times greater than that of the precursor
1 (®g; = 0.03), as determined in chloroform against the reference
dye cresyl violet in methanol. Notably, the Heck reaction product
2 exhibits a relatively long emission wavelength (Aem = 523 nm)
and, to the best of our knowledge, the highest fluorescence quantum
yield (75%) reported to date for fluorogenic systems.*®

Asaproof of concept, this fluorogenic conversion was evaluated
for nucleic acid detection in an aqueous environment along the lines
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of DNA-templated Heck reactions reported by Liu and co-
workers.*® Compounds 1 and 6 were coupled to amino-modified
oligonucleotides (ODNSs) via the corresponding N-hydroxysuccin-
imidyl esters [Schemes S3 and $4 in the Supporting Information
(S1)]. The sequences and measured molecular masses are presented
in Table S2 and Figure S3. These ODN conjugates were used in
DNA-templated Heck reactions in the presence of a water-soluble
Pd catalyst with two DNA template architectures, linear (L) and
tritemplate (T) (Figure 2A, left and right, respectively). These
templates gave conversion yields of 42 and 60%, respectively, as
determined by densitometric gel analysis (Figure 2B, the lowest
mobility bands in lanes 1) and HPLC (Figure S4). The isolated
reaction products were confirmed by MALDI-TOF mass spectrom-
etry (Figures S5 and S6). In contrast, no product formation was
observed in poly(acrylamide) gel electrophoresis (PAGE) for either
template architecture in the absence of catalyst or with single-base
mismatches. Further analysis of the fluorescence spectra of T-type
conversions reveal ed excellent mismatch sensitivity, with a 20-fold
increase in fluorescence intensity for fully matched versus single-
base-mismatched templates. Indeed, the fluorescence intensities for
single-base mismatches were comparable to those of negative
controls, indicating that virtually no reaction occurs without a fully
matched template (Figure 2C).
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Figure 2. (A) Schematic representation of (left) linear template (L) and
(right) tritemplate (T) architectures employed for fluorogenic DNA-
templated reaction. Spheres marked a and b represent iodo-BODIPY reporter
1 and Heck reagent 6, respectively, and ¢ represents fluorescent product 2,
as shown in Figure 1A. (B) PAGE results of L- and T-type reactions and
controls. Single-base mismatches are labeled “sbm”. (C) Fluorescence
spectra (lex = 515 nm) of T-type reactions. Numbersin (B) and (C) denote
experimental conditions: fully complementary DNAs (cDNASs) with catalyst
(lanes 1), single-base-mismatched DNAs with catalyst (lanes 2), cDNAs
without catalyst (lanes 3), and catalyst without template (lane 4).

We performed further investigations of the kinetics of fluorogenic
heavy-atom displacement in the T-type architecture by fluorescence
spectroscopy. The time courses of the fluorescence signals for the
T-type conversion and controls are shown in Figure 3A. In the presence
of fully complementary ODNs and catalyst, 90% of the fluorescence
maximum was reached after only 10 min, and saturation was achieved
within 20 min (Figure 3A, curve 1). The use of a single-base-
mismatched template dowed the reaction dramaticaly, reducing the
initid intensity growth 10-fold (Figure 3A, curve 2).

Because of the promising selectivity and favorable reaction
kinetics of this DNA-templated fluorogenic conversion in the T
architecture, the limit of detection was subsequently determined
using a standard spectrophotometer. The fluorescence intensity after
reaction completion was measured for concentrations of all ODNs
ranging from 1 nM to 1 pM (Figure 3b). The limit of detection
was cal culated using a reported method” (see section 6 in the SI).
The detection limit of our system was found to be an exceptional
10 pM, which, again to the best of our knowledge, is 1 order of
magnitude lower than that reported for any other DNA-templated
fluorogenic reaction,*®1°
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Figure 3. Reaction kinetics and limit of detection for T-type architecture.
(A) Evolution of fluorescence intensity over time: cDNAs with catalyst
(curve 1), single-base-mismatched DNAs with catalyst (curve 2), cDNAs
without catalyst (curve 3), and catalyst without template (curve 4). See
section 5 in the Sl for reaction conditions. (B) Fluorescence intensities for
a range of template concentrations (@) and without template (). Inset:
magnification of the 1—50 pM range. Fluorescence was monitored at 523
nm (lex = 515 nm).

In conclusion, we have demonstrated the generation of a potent
fluorophore by the Pd-catalyzed displacement of iodine from a
BODIPY core and the powerful application of this reaction in
ultrasensitive DNA detection. The favorable photophysical proper-
ties of the dye can be applied to a broader range of analytes because
of the carboxylic acid functionality, which allows straightforward
conjugation to diverse biomolecules. The use of iodine as a
quencher species affords still greater flexibility. Though we selected
the Heck reaction as a proof of concept, there are several reactions
that could be used for the iodine displacement, including enzymeatic
and named reactions such as Sonogashira—Hagihara and Suzuki—
Miyaura couplings. As such, we believe this novel concept of
fluorescent probes based on heavy-atom release through chemical
bond formation has the potential to greatly improve the power and
scope of fluorogenic reactions for diagnostics and biosensing.
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