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ABSTRACT

Three phosphoramidites of aminonaphthalimides and two of cyanovinylenes were synthesized as DNA building blocks and incor-

porated as novel fluorescent nucleotide analogs into DNA. The chromophores were attached to oligonucleotides using propane-

diol as acyclic linker between the phosphodiester bridges. This linker provides high stability and flexibility in comparison to the

conventional 2-deoxyfuranoside; it places the chromophore as nucleotide analog into DNA and is compatible with automated

oligonucleotide chemistry. For aminonaphthalimides, two different linker lengths were compared, and the role of demethylation
at the exocyclic amino group was evaluated. For cyanovinylenes, the role of the alkylamino group for fluorescence response was
evaluated. The exploration of the optic-spectroscopic properties of the dyes in different DNA architectures with the possibility to
form interstrand and intrastrand dimers showed that aminonaphthalimides and cyanovinylenes can be used as nucleic acid-

sensitive dyes by their fluorescence turn-on and red-shift as readouts. The fluorescence turn-on was tested by probing

N°-methyl-2/-deoxyadenosine (m°A) in DNA.

1 | Introduction

Fluorescence labeling of DNA is a prerequisite for molecular
diagnostics and imaging in cells. To visualize distinct DNA or
RNA sequences, hybridization-sensitive probes with alterable
fluorescence properties are required [1, 2]. Such changes can
manifest either as variations in fluorescence intensity (turn-
on) or as altered emission maximum (red-shift) [3, 4]. When a
chromophore is bound or intercalated to DNA, conformational
freedom is restricted; this suppression of non-radiative decay
pathways from the excited state results in enhanced fluorescence
intensity. Such light-up or turn-on can be applied as readout for
hybridization and thus the presence of a target sequence [5].
Fluorescence red-shifts provide a more reliable readout, since
they minimize misinterpretation caused by non-targeting effects

that might affect and quench fluorescence at a single wavelength.
A particularly effective way to achieve such red-shifts is through
excimer formation, which occurs when two adjacent fluoro-
phores interact in the excited state, producing a characteristic
red-shifted emission [6, 7]. Pyrene is the most established
excimer-forming dye and has been successfully incorporated into
DNA [8-12]. However, pyrene suffers from significant draw-
backs, including excitation in the DNA-damaging UV region
and high sensitivity towards oxygen. Perylene bisimides also
form excimers in DNA with red-shifted emission, but their fluo-
rescence is strongly quenched by guanine due to photoinduced
electron transfer [13, 14]. Thiazole orange (TO) is an important
alternative that avoids these problems. TO can be excited at
wavelengths above 450 nm and possesses a redox potential that
precludes guanine oxidation. TO has already been widely
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integrated into nucleic acids probes: Seitz et al. incorporated
TO in PNA, and later also into DNA, to create so-called “forced
intercalation thiazole (FIT) probes,” which serve as powerful
hybridization-sensitive RNA probes for cell imaging [15-17].
Okamoto et al. realized the “exciton-controlled hybridization-
sensitive fluorescent oligonucleotide “(ECHO) concept by plac-
ing two adjacent TO fluorophores into DNA [18, 19]. We further
demonstrated that two individually incorporated TO chromo-
phores in DNA can form TO dimers in the duplex, leading to
a red-shifted emission when positioned in a face-to-face arrange-
ment [20, 21]. These dimers exhibit blue-shifted absorption and
weak or symmetry-allowed emission due to excitonic coupling in
the ground state.

Among excimer-forming dyes, naphthalimides and cyanoviny-
lenes are promising dyes for novel fluorescent DNA with readout
by turn-on and red-shift. Yoon and Spring reported aminonaph-
thalimide sensors for Cu(II) based on excimer formation [22].
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FIGURE1 | Fluorescent nucleotide analogs based on aminonaphtha-
limides, AN1-AN5, and based on cyanovinylenes, CV1 and CV2.
Sequences of single-stranded (ss) and double-stranded DNA1-DNA4X
with Illustration of the orientation in double helices. Green color is used
for single dyes and orange for those DNA architectures with potential dye
dimerization.

Bouffard et al. and Kim et al. reported cyanovinylenes forming
fluorescent dimers with red-shifted emission in antiparallel ori-
entations [23]. Both dyes offer several advantages as fluorescent
DNA probes: (i) excitation beyond the cell-damaging UV-B range
and (ii) an intrinsic ability to intercalate into DNA based on their
flat molecule geometry. Herein, we present novel DNA building
blocks that allow synthetic incorporation of aminonaphthali-
mides (AN1-AN5) and cyanovinylenes (CV1-CV2) fluorescent
nucleotide surrogates into oligonucleotides (Figure 1). These
building blocks were designed to explore the potential of
both dyes for fluorescence readout by turn-on and red-shift
in double-stranded DNA. Furthermore, we investigated (i) the
influence of linker lengths representatively for the fluorescent
properties of aminonaphthalimide in DNA, and (ii) the role
of the alkylamino group for fluorescence response of the cyano-
vinylene in DNA. The chromophores were incorporated as sin-
gle fluorophores into DNA1 to evaluate their fluorescent
properties, and as dimers, either in an interstrand orientation
after annealing of two singly modified oligonucleotides
(DNA2), or in an intrastrand orientation by oligonucleotides
with two chromophore modifications (DNA3 and DNA4X).
The latter case is important for bioanalytical applications, in
particular sequence-specific DNA and RNA probing. We evalu-
ate these probes for the detection of N°-methyl-2’-deoxyadeno-
sine (m°A) in DNA.

2 | Results and Discussion

21 | Synthesis of Building Blocks AN1-ANS5 for
DNA Modified With Aminonaphthalimide

Aminonaphthalimide was incorporated into oligonucleotides
using (S)-2-amino-1,3-propandiol (2b, DMT-protected 5) as an
acyclic linker between the phosphodiester bridges. This chiral
propanediol was chosen as linker because of its high stability
and flexibility in comparison to conventional 2-deoxyfuranoside.
It places the chromophore as nucleotide substitution into DNA
and is compatible with automated oligonucleotide chemistry
using phosphoramidites as building blocks [24]. Synthesis of
DNA modifications AN1-AN4 starts with 4-bromo-1,8-naphthalic
acid anhydride that is converted into 4-N,N-dimethylamino-
1,8-naphthalic acid anhydride 1la and into 4-amino-1,8-
naphthalic acid anhydride 1b by nucleophilic substitution of
the bromide by azide function and subsequent reduction of the
azide group into the amino group by NaHS (see Supporting
Information) [25-27]. For the first set of DNA building blocks
10a and 10b (Scheme 1), compounds 1a and 1b were directly con-
densed with (S)-2-amino-1,3-propanediol (2b) anchoring this
linker at the imide nitrogen of 4a and 4b [24]. For later DNA
synthesis, the amino function of 4b had to be protected by
dmf to 7b. Both compounds 4a and 7b were converted into their
phosphoramidites as building blocks for automated DNA synthe-
sis by standard protocols including DMT protection at the pri-
mary hydroxy function to 8a and 8b and phosphitylation at
the secondary hydroxy function to 10a and 10b. For the second
set of DNA building blocks 9a and 9b, anhydrides 1a and 1b were
first condensed with 3-aminopropane-1-ol (2a) to conjugates 3a
and 3b anchoring this linker extension at the imide nitrogen of
the chromophore. Here again, the amino function of 3b had to be
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SCHEME 1 | Synthesis of phosphoramidites 9a/9b, 10a/10b, and 15
as building blocks for modification of DNA with nucleotide analogs
AN1-ANS5. For the structure of 5, see Scheme 2.

protected by the dmf group to 7a for later DNA synthesis. Both
compounds 3a and 7a were then coupled with DMT-protected
(S)-2-amino-1,3-propanediol 5 wusing 1,1-carbonyldimidiazol
forming a urethane bridge. Both conjugates 6a and 6b were con-
verted into their phosphoramidites 9a and 9b as building blocks
for automated DNA synthesis. Compared to AN1-AN4, the DNA
building block ANS5 bears aminonaphthalimide in the “inverted”
orientation with the linker conjugated to the amino group
instead of the imide group of the chromophore. The anhydride
11 was first converted into methylimide 12, coupled with 3-ami-
nopropanediol to 2a yielding conjugate 13, and then coupled
to DMT-protected (S)-2-amino-1,3-propanediol 5 to nucleoside
analog 14. This was finally converted into phosphoramidite
15 as building block for automated synthesis of DNA modified
with ANS5.

2.2 | Optic-Spectroscopic Properties of Monomers
and Interstrand Dimers of AN1-AN4 in DNA

The obtained phosphoramidites 9a, 9b, 10a, and 10b were
incorporated into desired DNA sequences using automated
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FIGURE 2 | (a) UV/Vis absorption and (b) fluoresence of single-
stranded (ss) AN2-DNA1, AN2-DNA1 and AN2-DNA2 (e =460 nm,
2.5pM in 10 mM Na-P; buffer, 250 mM NaCl, pH 7); (c) comparison of
the fluorescence intensities of single-stranded (ss) DNA1, DNA1 and
DNA2 modified with AN1, AN2, AN3, and AN4 (left to right;
Aexe=460nm, 2.5pM in 10mM Na-P; buffer, 250 mM NaCl, pH 7);
(d) images of cuvettes filled with AN4-DNAL1 (left) and AN4-DNAZ2 (right)
(Aexc =254 nm with a handheld UV lamp, 2.5 pM in 10 mM Na-P; buffer,
250 mM NaCl, pH 7); (e) normalized fluorescence of single-stranded (ss)
AN4-DNA1, AN4-DNA1, AN4-DNA2 (Aexe =460 nm, 2.5pM in 10 mM
Na-P; buffer, 250 mM NaCl, pH 7).

oligonucleotide synthesis on 1 pmol scale on solid phase (CPG:
controlled pore glass). Single-stranded (ss) DNA1 and DNA2
were modified with one chromophore, but they differ in their
sequence to make them complementary to each other. In addi-
tion, the completely unmodified oligonucleotide was purchased,
which is complementary to DNAI1, and annealed to double-
stranded DNAL1. Single-stranded (ss) DNA1 and DNA2 were
annealed to double-stranded DNA2 forming an interstrand pair
of the chromophores. In general, UV/Vis absorption and the
fluorescence of aminonaphthalimide-modified DNA show a
broad band without fine structure, typical for such push-pull-
chromophore. Optic-spectroscopic properties are representatively
discussed here for AN2-DNA1. The maximum of the UV/Vis
absorption of single-stranded (ss) AN2-DNAL1 has its maximum
at 1 =454 nm which shifts to 1 =461 nm after annealing of this
strand with the complementary unmodified counterstrand to
AN2-DNALI1 (Figure 2a). Thereby, the absorption at 1 =454 nm
in the single strand indicates dye aggregation which is likely the
result of an interaction between single dyes in two strands facili-
tated by folding of the single strand. This interaction is enforced
by annealing to AN2-DNA2 where two dyes are located close to
each other forming an interstrand chromophore pair, and
accordingly UV/Vis absorption occurs at 1=455nm. This dye
dimer can also be observed by the fluorescence (Figure 2b).
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When excited at Aey. =460nm, fluorescence of AN2-DNA2
occurs with a maximum at 1=540nm and a quantum yield
of ®r=1.3%. When the modified single strand is annealed with
the complementary unmodified counterstrand to AN2-DNAI,
fluorescence intensity strongly increases to ®r=7.6% and the
maximum only slightly shifts to 4=536 nm. The interstrand
chromophore pair in AN2-DNA2 shows a reduced fluorescence
intensity of ®r=0.08% at 1= 541 nm. These dye properties are
observed throughout the series of DNA modified with AN1-
AN4 chromophores (Figure 2c and Table 1). Although UV/Vis
absorption and fluorescence of the AN1- and AN3-modified
DNA occur at similar maxima as the AN2- and AN4-modified
DNA, fluorescence intensities of the AN1- and AN3-modified DNA
(bearing the non-methylated aminonaphthalimides) are gener-
ally higher compared to the AN2- and AN4-modified DNA
(bearing methylated aminonaphthalimides) with quantum
yields in the range ®r = 3.8-28.0%, and ®r = 17.3-25.8%, respec-
tively. Fluorescence lifetimes extracted from decay maxima fur-
ther support the described photophysical difference (Table 1).
AN1- and AN3-modified DNA show longer average lifetimes
in the range 7o =3.42-11.85ns than AN2- and AN4-modified
DNA with the range of ty = 0.73-2.99 ns, respectively, reflecting
the previously observed monomeric emission. This difference can
be explained by twisted intramolecular charge transfer (TICT), a
well-known phenomenon occurring with dialkylated amino sub-
stituents [28]. Alternatively, the non-alkylated amino group of
AN4 might interact with the counterstrand by unspecific hydro-
gen bonding. With respect to a fluorescence shift as potential
readout, the long linker in AN4-DNA2 gave an interesting result
(Figure 2d,e): the fluorescence maximum bathochromically shifts
to A=549 nm with nearly unchanged fluorescence intensity of
@ =1.8% compared to the single-strand. According to our pub-
lished result with TO as fluorescent nucleotide, these optical
properties are typical for an excimer formation between two dyes
and are a promising fluorescent readout [20].

TABLE 1 | UV/Vis absorption maxima A,ps fluorescence maxima
Aem» fluorescent quantum yields ®r, average fluorescence lifetime ,,
and melting temperatures T,, of AN1-, AN2-, AN3-, and AN4-DNA,
both single (ss) and double strands.

Aabs/  Aem/ o/ T/

nm nm (138 ns °C
AN1-DNAL1 (ss) 441 533 0.197 8.83 —
AN1-DNA1 454 534 0.280 10.12 60.0
AN1-DNA2 446 537 0.038 342 61.0
AN2-DNA1 (ss) 454 540  0.013  1.56 —
AN2-DNA1 461 536 0.076 2.99 60.0
AN2-DNA2 455 541 0.008 1.09 59.0
AN3-DNAL1 (ss) 439 529 0.173 8.72 —
AN3-DNA1 441 526 0.258 11.85 65.3
AN3-DNA2 439 528 0.179 9.20 65.2
AN4-DNAL1 (ss) 453 540 0.024 1.15 —
AN4-DNA1 455 527 0.045 1.54 64.5
AN4-DNA2 451 549 0.018 0.73 64.7

2.3 | Synthesis of Building Blocks CV1 and CV2
for DNA Modified with Cyanovinylene

Following the results gained with AN1- to AN4-modified DNA,
especially the observed TICT behavior, the two CV building
blocks differ in terms of aliphatic residues on the tertiary nitro-
gen. While nucleotide CV1 contains ethyl moieties, presumably
showing also TICT behavior in the excited state, nucleotide CV2
features the anchored and thereby cyclized amino group restrict-
ing conformational flexibility and therefore prohibiting TICT
states [28]. Both building blocks CV1 and CV2 bear the long
linker, similar to AN3 and AN4. To synthesize phosphoramidites
23a and 23b (Scheme 2), 3-bromopropanol (18) as linker exten-
sion was firstly added to the hydroxy group of the starting mol-
ecules (16 and 17) by nucleophilic substitution under basic
conditions and bromide elimination. The prepared 19a and
19b were condensed with commercially available benzothiazo-
leacetonitrile (20). The resulting fluorophores 21a and 21b
were equipped with the acyclic DMT-protected S-3-amino-1,2-
propanediol 5 via a carbamate linker to 22a and 22b [24].
Finally, 22a and 22b were converted by 2-cyanoethyl N,N-
diisopropylchlorophosphor-amidite into phosphoramidites 23a
and 23b.

2.4 | Optic-Spectroscopic Properties of Monomers
and Interstrand Dimers of CV1 and CV2 in DNA

The obtained phosphoramidites were incorporated into desired
sequences using a slightly modified automated solid-phase DNA
synthesis protocol applying ultramild conditions (see Supporting
Information). All oligonucleotides exhibit absorption bands at
A=465nm and A=500nm; however, they differ in their fine
structure. Single-stranded (ss) CV1-DNA1 has its absorption
maximum at A=465nm with a shoulder at A=500nm
(Figure 3a). The hypsochromic shoulder is more pronounced,
indicating a dimer between both dyes which is likely the result
of an interstrand interaction between single dyes in two strands
facilitated by folding of the single strand. This was evidenced by
concentration dependent UV/Vis absorption spectroscopy
(Figure S120). In double-stranded CV1-DNAL, the maximum
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SCHEME 2 | Synthesis of phosphoramidites 23a and 23b as building
blocks for modification of DNA with nucleotide analogs CV1 and CV2.
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FIGURE 3 | (a) UV/Vis absorption and (b) fluorescence of single-
stranded (ss) CV1-DNA1, CV1-DNAL1, and CV1-DNA2 (A =465 nm,
2.5 pM in 10 mM Na-P; buffer, 250 mM NaCl, pH 7); (c) images of cuvettes
filled with single-stranded (ss) CV1-DNA1, CV1-DNA1, and CV1-DNAZ2,
Aexe =254 nm with handheld UV lamp (2.5 pM in 10 mM Na-P; buffer,
250mM NaCl, pH 7); (d) normalized fluorescence of single-stranded
(ss) CV1-DNA1, CV1-DNAL1, and CV1-DNA2 (2.5puM in 10 mM Na-P;
buffer, 250 mM NaCl, pH 7); (e) UV/Vis absorption and (f) fluorescence
of single-stranded (ss) CV2-DNA1, CV2-DNA1l, and CV2-DNA2
(Aexc =480 nm, 2.5puM in 10 mM Na-P; buffer, 250 mM NaCl, pH 7).

intensities are reversed and show the spectral features of the CV1
monomer. The two dyes in CV1-DNAZ2 are forced into close prox-
imity, the hypsochromic dimer band at A=465nm is signifi-
cantly higher than the monomer band at 1=500nm; the
latter is now a shoulder. These changes are characteristic for a
chromophore dimer and observed in CV1-DNA2 [20]. The
absorption bands of CV2 in DNA behave similarly but do not
show such significant changes (Figure 3e). CV2-DNAL1 (ss),
CV2-DNA1, and CV2-DNA2 show absorption bands at
A=482nm and 1= 515nm. As for CV1, the hypochromic shoul-
der at A =482 nm is more pronounced for CV2-DNAL1 (ss) and
CV2-DNA2. For CV2-DNAI, the shoulder at 515nm is more
pronounced. However, the differences of the relative absorption
band intensities are less pronounced, indicating a weaker dye-
dye interaction compared to CV1. Fluorescence was measured
by excitation at 1=465nm for CV1, and at 1=480nm for
CV2. CV1-DNAL1 (ss), CV1-DNA1, and CV1-DNA2 show their
fluorescence with a maximum at A=532nm (Figure 3b).
Remarkably, CV1-DNA1 (ss) and CV1-DNA2 have a second
emission at 1 =570 or 1= 582 nm, respectively. In CV1-DNA2,
the bathochromically shifted shoulder is even the fluorescence
maximum, and in addition, the fine structure is lost and a broad,

structureless fluorescence occurs. In contrast, CV1-DNA1 shows
a fluorescence at 1 = 532 nm with some fine structure indicating
the optical properties of the CV1 monomer. Single-stranded (ss)
CV1-DNAL1 exhibits a quantum yield of ®r=6.6%, which rises
slightly to ®r = 7.1% upon hybridization to double-strand CV1-
DNA1. With respect to the concentration-dependent UV/Vis
absorption indicating interstrand dye-dye interactions as dis-
cussed above, the use of single-strand fluorescence might be
problematic in applications. In contrast, the bathochromically
shifted fluorescence of CV1-DNA2 shows a partially quenched
quantum yield of ®r =4.5%. Taken together, these optical prop-
erties are characteristic for an excimer in DNA formed by the
interstrand pair of dye CV1 yielding a characteristic change of
fluorescence color readout from green to orange [20]. CV2-
DNAL1 (ss), CV2-DNA1, and CV2-DNA-2 show their fluores-
cence maximum at 4=550nm (Figure 3f). Here, fluorescence
without shoulders is obtained suggesting pure monomeric emis-
sion of CV2. The differences in quantum yields are, however,
remarkably different. The quantum yield of the single-stranded
(ss) CV2-DNAL1 rises from ®r=13.1% to ®p=31.4% upon
hybridization to double strand CV2-DNA1. In CV2-DNAZ2, fluo-
rescence is quenched to ®r=3.9% probably by dye-dye interac-
tion. CV2 thus acts as a hybridization-sensitive dye, reporting
duplex formation through a significant fluorescence turn-on.
The distinct optic-spectroscopic behavior of the two building
blocks CV1 and CV2 can be attributed to differences in rotational
freedom of their substituents. CV1 contains rotatable ethyl
groups, which -in the three-dimensional structure of double-
helical DNA- allows formation of a fluorescent dimer. In con-
trast, the rigidly cyclized substituents of CV2 prevent such dimer
formation, as the chromophores lack conformational flexibility
required to adopt the proper angle and orientation for this inter-
action. For both, CV1 and CV2, fluorescence increases upon
hybridization from single-stranded DNA1 to double stranded
DNAL. This turn-up effect is significantly more pronounced
for CV2. This enhanced response can likewise be ascribed to
the reduced conformational mobility of its chromophore.

Fluorescence lifetimes extracted from the decay maxima further
corroborate the distinct photophysical behavior (Table 2). Single-
stranded (ss) CV1-DNA1, CV1-DNA1, and CV1-DNA2 show
average lifetimes of t,=0.83ns, 7o=0.55ns and to=1.18ns,
respectively, reflecting the previously observed monomeric emis-
sion of CV1-DNAL1 and the elongated lifetime for the excimer
emission of CV1-DNAZ2. In contrast, single-stranded (ss) CV2-
DNA-1, CV2-DNA-1, and CV2-DNA-2 exhibit comparable aver-
age lifetimes within a narrow range of 7y =1.28 — 1y =1.48ns,
indicating the absence of detectable excimer emission of CV2
in DNA. In general, conformational flexibility of chromophores
facilitates nonradiative decay pathways and thus quenches fluo-
rescence. Hybridization restricts rotational freedom in the vinyl
bridge of both dyes, yet in CV1 the ethyl substituents remain
rotatable and may induce quenching through formation of a
TICT state. Such a pathway is not accessible in CV2, rendering
this dye more sensitive to hybridization. Notably, the bathochro-
mic shift of emissions of CV1 in DNA can be seen with the naked
eye using a handheld UV lamp for excitation at 1=254nm
(Figure 3c,d). CV1-DNA-1 (ss) exhibits a yellowish-green fluores-
cence. The yellow tint in the emission is due to the slight dimer
shoulder at 4 =582 nm. CV1-DNA-1 fluoresces by a green color
because of the monomer emission at A =>532nm. CV1-DNA-2
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TABLE2 | UV/Visabsorption maxima A,ps, fluorescence maxima Aen,, fluorescent quantum yields ®g, average fluorescence lifetime t,, and melting
temperatures T,, of CV1- and CV2-modified single and double strands DNA1 and DNA2.

Aaps/MM Aem/NM D Tp/ns Tm/°C
CV1-DNAL1 (ss) 465/500 532/570 0.066 0.83 —
CV1-DNA1 500 532 0.071 0.55 60.0
CV1-DNA2 465 582 0.045 1.18 65.5
CV2-DNAL1 (ss) 482/515 550 0.131 1.48 —
CV2-DNA1 515 550 0.314 1.28 60.5
CV2-DNA2 482/515 550 0.039 1.31 67.5

fluoresces by an orange color because of the bathochromically
shifted excimer emission at A =582 nm.

2.5 | Intrastrand Dimers of CV1 and AN3 in
DNA and Fluorescent Probing of
6-Methyladenosine (m°A)

The chromophore building blocks CV1 and AN4 were incorpo-
rated twice adjacent to each other into the same strand in DNA3
to investigate their potential intrastrand interactions. Both dyes
were selected because they showed substantial amounts of
dimers in the interstrand orientation in CV1-DNA2 and AN4-
DNAZ2, as described in the previous paragraphs (see Figures 2d.e
and 3c,d). In contrast to the interstrand dimer of DNAZ2, the dyes
are arranged in a parallel rather antiparallel orientation
(Figure 4a). Single-stranded (ss) CV1- and AN4-DNA3 were
annealed with the complementary oligonucleotide to correspond-
ing double strands CV1- and AN4-DNA3. Cytidines were placed
opposite to the chromophores into the counterstrands. Dimer for-
mation can be clearly seen for CV1-DNA3. For this double strand,
an absorption maximum at A=466nm with a shoulder at
A=500nm is observed (Figure S112). Since the hypsochromically
shifted shoulder is more pronounced, the absorption suggest dye-
dye interactions in CV1-DNA3. Single-strand CV1-DNA3 (ss)
shows also this spectroscopic signature. Obviously, hybridization
does not noticeably affect the absorption. Their fluorescence was
recorded by excitation at 465 nm (Figure 4b and Table 3). When
CV1 is incorporated twice, as in CV1-DNA3 (ss) and CV1-DNA3,
the emission maximum occurs at 4= 535nm with a shoulder at
A =575 nm that is nearly equally intense. This indicates that both
single and double strand exhibit not only monomeric emission but
also a substantial contribution from excimer emission. In case of
CV1-DNA4 (ss) one T has been placed between the two dyes.
Upon hybridization to CV1-DNAJA, the ratio of monomer to exci-
mer emission decreases, accompanied by an increase in quantum
yield. The intervening T-A pair, a matched Watson-Crick base
pair, between the dyes in CV1-DNA4A completely blocks the
interaction of this dye pair, whereas the T-T mismatch in CV1-
DNAJT allows the dimerization to a certain extent, probably
by bulging out the Ts of the duplex (Figure 4a). There are two indi-
cations for dimerization in CV1-DNA4T. (i) Fluorescence is
quenched; the quantum yield drops from ®r=3.5% for CVI-
DNAJ4A to ®r=3.0% for CV1-DNAA4T. (ii) A broad shoulder
between A=536nm and A=573nm occurs in the fluorescence
of CV1-DNAJT. According to the bathochromically shifted fluo-
rescence of CV1-DNA2 at A=582nm, this shows excimer

formation of CV1 also as an intrastrand pair. These fluorescence
changes potentially allow to probe m®A. m®A is the most prevalent
and natural DNA modification in prokaryotes to distinguish own
DNA from potential dangerous other DNA [29, 30]. m®A is also
important for DNA repair and regulation in Escherichia coli
and other bacteria. Although m°A is under debate in mammals,
m°A was recently found as genome-wide modification of DNA of
eukaryotes, including plants and mammals, and associated with a
variety of potential biological roles [31-34]. Understanding the
biological function of m°®A requires detection and mapping of this
DNA modification. The conformational equilibrium in the T-m°A
pair, in particular syn- and anticonformation of m6A, is an inter-
esting property that places the T-m°A pair structurally between a
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oNA3 Tt T g
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{)
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FIGURE 4 | (a) Sequences of DNA3 and DNA4-A/T/M, modified

with either two CV1 or two AN4 nucleotide analogs directly adjacent

to each other or separated by one A. Green color is used for clearly sepa-

Alnm

rated dyes and orange for those DNA architectures with potential dye
dimerization. The correct A-T pair in DNA4-A separates both dyes,
whereas the T-T mismatch in DNA4-T allows dye dimerization.
DNA4-M shows an equilibrium between fully matched and mismatched
double strand by the anti-syn isomerization of m°A. (b) fluorescence of
single-stranded (ss) CV1-DNA3, CV1-DNA3, single-stranded (ss) CV1-
DNA4 and CV1-DNA4A/T/M, Aexc=465nm (2.5pM in 10 mM Na-P;
buffer, 250 mM NaCl, pH7); and fluorescence of single-stranded (ss)
AN4-DNA3, AN4-DNA3, single-stranded (ss) AN4-DNA4 and AN4-
DNA4A/T/M, Adexc=465 nm (2.5uM in 10 mM Na-P; buffer, 250 mM
NacCl, pH7.
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TABLE3 | UV/Visabsorption maxima A,ps, fluorescence maxima Aen,, fluorescent quantum yields ®g, average fluorescence lifetime t,, and melting

temperatures T,, of CV1- and AN4-modified single and double strands DNA3 and DNA4.

Aaps/MM Aem/DNM (1% Tg/ns Tm/°C
CV1-DNA3 (ss) 466/500 535/575 0.026 0.45 —
CV1-DNA3 466/500 535/575 0.029 0.30 49.5
CV1-DNA4 (ss) 470/500 536 0.029 0.47 —
CV1-DNA4A 470/500 536 0.035 0.46 49.0
CV1-DNAJ4T 470/500 536 0.030 0.42 46.5
CV1-DNA4M 470/500 536 0.030 0.43 48.5
AN4-DNAS3 (ss) 448 542 0.013 1.29 —
AN4-DNA3 454 540 0.015 1.55 57.2
AN4-DNA4 (ss) 453 541 0.004 0.52 —
AN4-DNA4A 451 540 0.026 0.92 58.8
AN4-DNA4T 448 540 0.017 0.44 56.3
AN4-DNA4M 451 540 0.018 0.75 57.5
AN4-AN5-DNA3 (ss) 451 541 0.046 3.30 —
AN4-AN5-DNA3 452 538 0.045 3.11 56.8
AN4-AN5-DNAA4 (ss) 453 538 0.027 2.79 —
AN4-AN5-DNA4A 455 538 0.071 3.24 56.3
AN4-AN5-DNA4T 452 536 0.064 3.05 53.0
AN4-AN5-DNA4M 453 538 0.064 3.02 55.3

full match (T-A) and a mismatch (T-T). In the anticonformation,
hydrogen bonding to T is not perturbed leading to a base pair
match and interrupting the interaction of the chromophores. In
contrast, the hydrogen bonding to T is hindered by the methyl
group in the syn-conformation and the pairing is similar to a mis-
match. In fact, the fluorescence of CV1-DNA4M is a mixture of
both, CV1 monomer and excimer fluorescence, as indicated by
fluorescence intensity and shoulder around 573 nm. In compari-
son, the UV/Vis absorption of AN4-DNA3 modified with two
chromophores AN4, the missing fine structure does not allow
to follow dimer formation in these duplexes by their absorbance
as discussed above for CV1-DNA3. However, the fluorescence
intensity of AN4-DNA4A (®r=2.6%) with intact T-A pair
between the two dyes in comparison to the lower intensity of
AN4-DNA4T (®p=1.7%) with T-T mismatch evidences also
intrastrand dimerization of the two dyes AN4 (Figure 4c and
Table 3). Here again, the pair between T and m°A in AN4-
DNA4M behaves both as a match (due to the anticonformation
of m®A) and a mismatch (due to the syn-conformation of m°A).
Accordingly, the fluorescence shows more intensity typical for the
mismatch (®r = 1.8%). We synthesized also AN4-AN5-DNA3 and
AN4-AN5-DNA4, in which the chromophores AN4 and AN5
were placed either adjacent to each other or with an intervening
T (Figures S119). This chromophore pair has an antiparallel ori-
entation by the different attachment of the linker to the chromo-
phores, and should thereby mimic the orientation of the
interstrand pair of AN4-DNA2. For the two adjacent chromo-
phores of AN4-AN5-DNA3 the results were analogs to AN4-
DNA3 and the missing fine structure prevents any conclusion
on dimer formation. Unexpectedly, AN4-AN5-DNA4 showed nei-
ther a red-shifted excimer fluorescence (as AN4-DNA2) nor a
significant fluorescence turn-on with the possibility to probe
the T-m®A pair between the two different dyes (as AN4-DNA4).

3 | Conclusion

In this work, we have introduced aminonaphthalimides and cya-
novinylenes as novel fluorescent nucleotide analogs into DNA
and systemically evaluated their photophysical behavior. The
chromophores were attached to oligonucleotides using an acyclic
linker between the phosphodiester bridges. The chiral propane-
diol as linker provides high stability and flexibility in comparison
to the conventional 2-deoxyfuranoside; it places the chromo-
phore as nucleotide substitution into DNA and is compatible
with automated oligonucleotide chemistry using phosphorami-
dites as building blocks. For aminonaphthalimides AN1-AN4,
we compared two different linker lengths and evaluated the role
of demethylation at the exocyclic amino group. The shorter
linker in AN1-DNA2 and AN2-DNA2 induces dye-dye interac-
tions that efficiently quench their fluorescence. These interac-
tions were even observed in the single-strand AN1-DNA1 and
AN2-DNAL1. As a result, these DNA strands can be used light-
up probes for complementary oligonucleotides, because the fluo-
rescence intensity increases significantly to their double strands.
The longer linker in AN3-DNA2 and AN4-DNA2 modulate
interstrand dye-dye interactions such that not only a fluores-
cence quenching is observed by the dye interaction but an addi-
tional red-shift by the excimer fluorescence, most pronounced in
AN4-DNA2 for which the fluorescence color turns from green to
yellow. The fluorescence intensities of the non-methylated chro-
mophores AN1 and AN3 in DNA are generally higher than the
methylated AN2 and AN4 in DNA. This difference can most
likely be explained by twisted intramolecular charge transfer
(TICT), a well-known phenomenon occurring with dialkylated
amino substituents. For cyanovinylenes CV1 and CV2, the role
of the alkylamino group for the fluorescence response was
evaluated. The attachment of the alkyl substituents to the

European Journal of Organic Chemistry, 2026

7 of 9

85U8017 SUOWWIOD BA 181D 8|edldde aup Aq paueAob 818 S3[o1e O ‘88N 4O SajnI J0j ARIgIT8UIIUO A8]IM UO (SUORIPUOD-PUR-SLBIWI0D" A 1M ARe.q)1BUI|UO//SARY) SUORIPUOD PUe SWLB | 38U} 88S *[9202/20/0] UO AiqTauIuO A8]IM ‘¥E90. 20B/200T OT/I0p/LLI00 Ao M Aelq1jpul juoadone-Ans uByo//sdiy Wiy papeoiumod ‘0 ‘0690660T



chromophore core in CV2 prevents the formation of TICT states.
Similar to aminophthalimide-modified DNA, significant fluores-
cence quenching was observed by interstrand dye interactions in
CV1-DNA1 and CV2-DNA. These interactions were even
observed in single strands CV1-DNA1 and CV2-DNAL,; the fluo-
rescence contrast was higher with CV2. Therefore, CV2-DNA1
emerges as a hybridization reporter with an excitation in the vis-
ible light range (4 =480 nm). On the other hand, in CV1-DNAZ2,
a red-shifted excimer fluorescence was observed by interstrand
dye interactions which turns the fluorescence color from green
to orange. This fluorescence shift was more significant than the
one observed for AN4-DNAZ2. In conclusion, elucidation of these
optic-spectroscopic properties underscores the versatility of ami-
nonaphthalimides and cyanovinylenes as nucleic acid-sensitive
dyes and thereby expands the available toolbox of fluorescent
probes for nucleic acids with turn-on and red-shift as readouts.
These fluorescence changes allow to probe N°®-methyl-2’-
deoxyadenosine (m°®A) based on the syn-/anticonformation mix-
tures of the N°-methyl group rendering this naturally modified
base pair a partial mismatch.
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