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/Abstract: We report four new luminescent tetracationic bis-
triarylborane DNA and RNA sensors that show high binding
affinities, in several cases even in the nanomolar range.
Three of the compounds contain substituted, highly emis-
sive and structurally flexible bis(2,6-dimethylphenyl-4-ethy-
nyl)arene linkers (3: arene=5,5"-2,2"-bithiophene; 4: arene=
1,4-benzene; 5: arene=9,10-anthracene) between the two
boryl moieties and serve as efficient dual Raman and fluores-
cence chromophores. The shorter analogue 6 employs 9,10-
anthracene as the linker and demonstrates the importance
of an adequate linker length with a certain level of flexibility
by exhibiting generally lower binding affinities than 3-5.
Pronounced aggregation—-deaggregation processes are ob-
served in fluorimetric titration experiments with DNA for

N

compounds 3 and 5. Molecular modelling of complexes of 5
with AT-DNA, suggest the minor groove as the dominant
binding site for monomeric 5, but demonstrate that dimers
of 5 can also be accommodated. Strong SERS responses for
3-5 versus a very weak response for 6, particularly the
strong signals from anthracene itself observed for 5 but not
for 6, demonstrate the importance of triple bonds for strong
Raman activity in molecules of this compound class. The
energy of the characteristic stretching vibration of the C=C
bonds is significantly dependent on the aromatic moiety be-
tween the triple bonds. The insertion of aromatic moieties
between two C=C bonds thus offers an alternative design
for dual Raman and fluorescence chromophores, applicable
in multiplex biological Raman imaging. D

Introduction

One of the most essential tasks of living organisms is the re-
production of their own genome." This requires the produc-
tion of proteins from information that is stored in their DNA.
The central dogma of molecular biology,” which is under on-
going debate,® explains this protein production as a one-
way information flow, where DNA is the source of genetic in-
formation, DNA sequences are transcribed into RNA and RNA
is translated into proteins. Detailed investigation of these bio-
macromolecules and understanding of the interactions that in-
fluence their communication on a molecular level is a broad
and interdisciplinary research field. One well-established way
to approach the subject is to study the interactions and bind-
ing behaviours of small molecules with DNA and RNA "7
There are three main binding modes, namely intercalation,
groove binding and external binding (Figure 1).?>%* For inter-
calation to occur, the helical structure of the bio-macromole-
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cule needs to unwind to allow for a small molecule to insert in
between the coplanarly arranged nucleobases. Typical interca-
lators possess rigid and planar polycyclic aromatic moieties,
which are required for efficient m-n stacking with the nucleo-
bases.*” Groove binding can occur into the major or the
minor groove. Larger molecules, such as natural and synthetic
oligonucleotides and proteins, usually bind in the major
groove, while synthetic small molecules prefer the minor
groove.”” Such small molecules are curved and consist of sev-
eral flexibly connected aromatic moieties.”® Most groove bind-
ers possess functional groups which form hydrogen bonds
with the nucleobases of the bio-macromolecule. Other impor-
tant driving forces are van der Waals interactions®” and a sig-
nificant energy gain when the hydrophobic part of the small
molecule is transferred from the aqueous environment into
the less polar groove of the bio-macromolecule, accompanied
by a transfer of the respective amount of water molecules
from the groove into the aqueous environment.”® External
binding is mostly caused by attractive electrostatic interactions
between the negatively charged phosphate backbone and a
small molecule. Furthermore, the release of positively charged
counterions (from the so-called ion atmosphere that surrounds
charged bio-macromolecules in solution) provides a positive
entropic contribution.””*" Some dye aggregates bind to bio-
macromolecules via external binding, as they are too large to
fit into any of the binding sites.”*?*3? |t should be noted that
more than one binding mode may be relevant to explain the
binding event of a small molecule with a bio-macromolecule,
and that relatively small changes in the design of a small mole-
cule can significantly alter the predominant mode of bind-
ing'lss]

If the binding event significantly changes the structure of
the bio-macromolecule, which usually occurs upon intercala-
tion, but is also possible when the groove has to adjust its
size, that is, for the binding of a sterically demanding dye ag-
gregate, it influences their behaviour in biological process-
es.2*33 Thus, such small molecules have great potential as anti-
cancer, antiviral and anti-infective drugs, with DNA®*> as well
as RNAM a5 possible targets. If the binding event significant-

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Simplified illustration of the three main binding modes of small molecules (blue) to a helical bio-macromolecule (grey helical ribbon represents
phosphate backbone; grey horizontal sticks represent two interacting nucleobases) and selected examples for each binding mode. A: external binder (poly-
amines''®)); B: intercalator (ethidium bromide"); C: groove binder (furamidine,?” Hoechst 33 258%").

ly changes the properties of the small molecule, these property
changes can be monitored to visualize DNA and RNA in vitro
and in vivo. Thus, a further, widely studied application of small
molecules binding to bio-macromolecules is DNA and RNA
staining in biological imaging.**™*®

Within the past few years, several chromophores containing
triarylboryl moieties have been shown to be applicable in bio-
logical imaging.”***! Since their first report in the literature 135
years ago,®®” triarylboranes have found applications in many
different fields, such as metal-organic framework (MOF)
chemistry, anion sensing and optoelectronics.®®*”” The three-
coordinate boron in a triarylboryl moiety serves as a strong -
acceptor and as a strong Lewis acid, due to its vacant p, orbi-
tal. When employing triarylboranes in functional materials,
bulky substituents have to be employed to stabilize the three-
coordinate boron against decomposition by air and mois-
ture.”"® Using Gabbai's approach,®” we recently developed

compound 1 (Figure 2) as a water-stable, water-soluble and
non-cytotoxic live cell imaging agent.®®

In further studies, it was found that 1 serves as an efficient
sensor for DNA, RNA and protein.® The fluorescence emission
from 1 was found to increase upon addition of all bio-macro-
molecules which were examined. However, emission maxima
were strongly dependent on the type of bio-macromolecule
(DNA/RNA vs. protein), which allowed us to suggest a protein-
like binding site for 1 in the cell. In contrast, the emission of
buta-1,3-diyne analogue 2 (Figure 2) was strongly quenched
by DNA, RNA and protein.® Thus, it was indicated that the
linker connecting the two triarylborane moieties in tetracat-
ionic bis-triarylboranes has a profound impact on its fluores-
cence response when sensing bio-macromolecules. In contrast
to 1, compound 2 can be applied as a combined fluorimetric
and Raman probe for simultaneous and selective sensing of
various DNA, RNA and proteins, due to its strong Raman

Figure 2. General structure of our novel class of DNA/RNA sensors with different aromatic linkers including the target molecules 3-6 of this study.
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signal. Dual Raman and fluorescence spectroscopy has attract-
ed increasing interest in recent years, as a method that circum-
vents some of the intrinsic problems of Raman spectroscopy,
that is, long acquisition times and low signal strengths.”**?
This multimodal approach, has been successfully used in cell
imaging,”>*¥ disease diagnostics®~® and monitoring drug de-
livery.®>'® As fluorescence can adversely interfere with Raman
measurements by causing significant background noise,"" the
design of suitable small molecules for the specific purpose of
dual Raman and fluorescence imaging"®*'* is a rather novel
approach and remains challenging. Extended conjugated poly-
ynes have been employed to shift the energy of the Raman
active stretching of the C=C bonds systematically, thus allow-
ing selective labelling and multiplex imaging.'® The question
remained whether these multiple triple bonds need to be di-
rectly conjugated to gain the selectivity, or if it is possible to
insert various aromatics in between the triple bonds possibly
gaining additional selectivity, while maintaining the high
Raman signal intensity. This is an important question, as cur-
rent research in bio-applicable Raman-based sensing"®'% re-
quires a broad choice of dyes, preferably ones suitable for dual
Raman and fluorescent operation modes. Therefore, we syn-
thesized several dual Raman and fluorescent chromophores,
following the basic design of compounds 1 and 2, thus ex-
tending our novel class of bio-macromolecule sensors
(Figure 2).

In our design of the new compounds, we combined the fa-
vourable fluorescence increase upon binding to DNA and RNA
observed for the bithiophene 1 with the two triple bonds, re-
sponsible for the strong Raman signal of compound 2, which
led to compound 3 (Figure 2), resembling 2,5-bis(phenylethy-
nyl)thiophene (BPET) chromophores investigated by our group

and others."”'% For comparison, a reference compound in
the form of the 1,4-phenylene analogue 4 was prepared, a bis-
(phenylethynyl)benzene (BPEB) derivative® "™ in which the
overall length of the linker is somewhat shorter than in com-
pound 3. The bis(phenylethynyl)anthracene (BPEA) derivative
5, was chosen because BPEAs are strong fluorophores!'¢'%
and the long axis of anthracene in compound 5 is perpendicu-
lar to the bis-triarylborane longitudinal axis. Such an orienta-
tion of a large and rigid aromatic moiety is expected to have a
significant effect on the nature of the binding interactions with
DNA/RNA. The much shorter anthracene analogue 6 prepared
previously,®™ which showed intriguing live cell imaging proper-
ties was studied to test the importance of linker length and ri-
gidity between the two triarylborane units.

Results and Discussion
Synthesis and solid-state structures

Starting material A was synthesized according to the proce-
dure previously reported by our group.®” The bisethynyl
arenes 3N, 4N and 5N were prepared via Sonogashira coupling
reactions of A with the respective aryl halides using
Pd(PPh;,),Cl, and Cul as the catalytic system and NEt; in THF as
the base (Scheme 1). The neutral compounds 3N, 4N and 5N
were methylated at the amine groups with MeOTf in dichloro-
methane, to afford the tetracationic species 3, 4 and 5.

Single crystals of 3N and 4N suitable for X-ray diffraction
analysis were obtained. Even though the following investiga-
tions on interactions with DNA and RNA were performed with
the tetracationic analogues, the solid-state molecular struc-
tures of the neutral precursors are given in Figure 3, to provide

Scheme 1. Synthesis of the compounds 3N, 4N, 5N and 3, 4, 5. a) Pd(PPh,),Cl,, Cul. THF/NEt;, RT; b) MeOTf, CH,Cl,, RT.
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Figure 3. Molecular structures of 3N (top) and 4N (bottom) in the solid state at 100 K. Atomic displacement ellipsoids are drawn at the 50% probability level,
and H atoms and co-crystallized solvent molecules (EtOAc) are omitted for clarity. Selected distances and angles for 3N: B1-B1B 22.471(12) A, B1—C1

1.600(5) A, B1IB—C1B 1.592(5) A, B1-C2 1.569(6) A, B1B—C2B 1.573(5) A, B1-C3 1.567(6) A, BIB—C3B 1.551(6) A, C6—C11 1.449(5) A, C6B—C11B 1.437(5) A, C11—
C12 1.191(5) A, C11B—C12B 1.190(5) A, C12—C13 1.429(5) A, C12B—C13B 1.421(5) A, C1-B1—C2 120.8(3)°, C1B—B1B—C2B 119.6(3)°, C1—B1—-C3 118.4(3)°, C1B—
B1B—C3B 119.5(3)°, C2—B1—C3 120.7(3)°, C2B—B1B—C3B 120.9(3)°, C6—C11—-C12 175.7(5)°, C6B—C11B—C12B 174.7(4)°, C11—-C12—C13 175.7(4)°, C11B—C12B—
C13B 175.5(4)°, BCs—aryl (C1) 55.10(14)°, BCs—aryl (C2) 42.53(14)°, BC;—aryl (C3) 51.82(14)°, BC;—aryl (C1B) 48.54(13)°, BC;—aryl (C2B) 51.66(13)°, BC;—aryl (C3B)
43.71(13)°. Selected distances and angles for 4N: B1-B1B 19.525(14) A, B1-C1 1.592(7) A, B1B—C1B 1.593(6) A, B1-C2 1.568(7) A, B1B—C2B 1.570(6) A, B1-C3
1.562(6) A, BIB—C3B 1.561(7) A, C6—C11 1.436(7) A, C6B—C11B 1.432(6) A, C11-C12 1.199(6) A, C11B—C12B 1.203(6) A, C12—-C13 1.433(7) A, C12B—C16

1.432(6) A, C1-B1-C2 121.0(4)°, C1B—B1B—C2B 118.5(4)°, C1-B1-C3 118.0(4)°, C1B—B1B—C3B 120.4(3)°, C2-B1-C3 120.9(4)°, C2B—B1B—C3B 121.0(4)°, C6—C11—
C12 178.2(5)°, C6B—C11B—C12B 173.9(4)°, C11—-C12—C13 177.8(5)°, C11B—C12B—C16 173.2(4)°, BC;—aryl (C1) 55.25(13)°, BCs—aryl (C2) 43.82(13)°, BC;—aryl (C3)

49.94(14)°, BCs—aryl (C1B) 47.56(13)°, BCy—aryl (C2B) 42.21(13)°, BC;—aryl (C3B) 52.71(13)".

an indication of the size and shape of this class of compounds.
The B1-B1B distance is 22.471(12) A for 3N and 19.525(14) A
for 4N. The linkers in both structures are slightly curved, which
reveals a degree of flexibility for both compounds as is often
the case for alkynyl systems. This is in accordance with the re-
spective C6—C11-C12, C6B—C11B—C12B, C11—-C12—C13, C11B—
C12B—C13B and C16—C12B—C11B angles, which differ slightly
from 180° in all cases (Figure 3). The evident flexibility in the
solid state suggests at least a similar flexibility in solution,
which was further corroborated by our binding experiments
with DNA and RNA (vide infra). Single crystals suitable for X-ray
diffraction analysis for the trimethylsilyl-protected precursor to
compound A were obtained. The solid-state molecular struc-
ture of C®” is reported in Table S1 and Figure S13 in the Sup-
porting Information, and the geometry of C does not exhibit a
significant deviation from those of the triarylborane groups in
3N and 4N.
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Physicochemical properties

All of our positively charged compounds (3-6) were found to
be moderately soluble in water (c=1x10"*m) and, when
stored in the dark, their aqueous solutions were stable for
months. Photophysical data for the novel compounds 3-5 in
acetonitrile and water are summarized in Table 1, while the
photophysical data for 6 are reported in our previous publica-
tion.®™ Additionally, computational studies on the compounds
3-5 were carried out. Results of those studies and a short dis-
cussion can be found in the Supporting Information.

The UV/Vis spectra of the aqueous sodium cacodylate buffer
solutions (Figure 4, pH 7) of the compounds studied were pro-
portional to their concentration in the c=5-15x10"°m range,
and the corresponding absorption maxima and molar extinc-
tion coefficients are listed in the Supporting Information
(Table S3).

Upon heating the solutions, the UV/Vis spectra of 3-6 exhib-
ited quite different properties. While the UV/Vis spectra of 4

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Table 1. Photophysical data for compounds 3-5 in acetonitrile and water.

Solvent Aaps [NM] elm'em™] Aem [NM] Stoke’s shift [cm™'] D, 7 [ns] k [10%s7"] k., [10%s7"]

3 MeCN 413 65000 535 5500 0.31 1.27 24 54
H,O 413 62000 558 6300 0.26 <1 - -

4 MeCN 373 60000 452 4700 0.58 3.27 1.8 13
H,O 371 62000 452 4800 0.73 3.63 2.0 0.7

5 MeCN 483 52000 505 900 0.72 245 2.9 1.1
Hzo[a] 485 47000 501 700 0.72 233 3.1 1.2

[a] At concentrations >1x10>m, compound 5 begins to aggregate. This results in a gradual shift of the emission maximum towards A.,=578 nm (Fig-

ure S18).
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Figure 4. UV/Vis spectra of compounds 3-6 at c=1x10°wm in sodium caco-
dylate buffer solution at pH 7, /=0.05 M.

and 6 showed only a negligible decrease with temperature
(Figure 5, left, and Figure S23) the spectra of 3 and 5 changed
significantly, showing a strong increase in absorbance and a
pronounced hypsochromic shift (Figure 5, right, and Fig-
ure S23). In all cases, the spectral changes were fully reversible
upon cooling back to 25°C, thus suggesting that no chemical
changes took place.

V[10% em™]
32 30 28 26 24 22 20

—25°C
—35°C
—145°C
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—65°C
—75°C
—285°C
—095°C
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Normalized absorbance
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Z[nm]

T Y T T
375 425 450 475

T
350

T
325 S00

Aqueous sodium cacodylate solutions of compounds 3-6
were strongly fluorescent (Figures $S24-526); however, their
emission properties differed remarkably. The 1,4-diethynylben-
zene-derivative 4 and the shortest 9,10-anthraceneylene com-
pound 6 were characterized by emission intensities propor-
tional to compound concentrations up to 5x 107" m (4) and 8x
107%™ (6), respectively, and their spectra (Figures S24 and S25)
revealed only minor changes upon heating to 95°C, thus sug-
gesting the absence of intermolecular interactions. In contrast,
emission from the 9,10-diethynylanthracene analogue 5 was
strongly non-proportional to concentration, even at c<1x
10’m (Figure 6¢), and for both, 3 (Figure S26) and 5 (Fig-
ure 6b), the emission spectra at 5x 10" m changed significant-
ly with increasing temperature.

This temperature dependence of fluorescence and UV/Vis
spectra of 3 and 5 strongly support intermolecular noncova-
lent aromatic stacking interactions between the chromo-
phores. Particularly interesting is the emission spectrum of 5
(Figure 6), which is characterized by two distinct maxima: 503
and 578 nm. The ratio of the intensities of the maxima (r=/sy;/
ls;5) changes strongly and nonlinearly with concentration and
temperature. The maximum at 503 nm can be attribut-
ed!"®12412] t5 individual, nonstacked molecule 5, whereas the
maximum at 578 nm corresponds to aggregate emission.!'’?
The emission changes plotted against the concentration of 5
fit well to a first exponential (Figure 6¢), suggesting a well-de-
fined, one-type aggregation process.

v[10iem™)
3230 28 26 24 22 20 18 16
R R \ i . . )
- —25°C

1.0 4 A_10nm 25 °C
» 091 o~ —45°C
=
Qo ]
5 07 —75°C
3 064 —85°C
© °
o 05 —95°C
(3] Y-
N 4] 25 °C return
©
E 03
o
Z 024
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0.0 . . . : : T
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Z[nm]

Figure 5. Temperature dependence at c=1.3-1.7x 107> M in buffered solution at pH 7, /=0.05 M. Left: hypochromic effect in the absorption spectra of 4
(>10%); right: hyperchromic effect (+20%) in the absorption spectra of 5, suggesting that 5 is aromatically stacked; the red circle indicates the absence of

an isosbestic point.
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Figure 6. a) Fluorescence spectra of 5 (1,,=470 nm) in sodium cacodylate buffer (pH 7.0, /=0.05 m) at c(5)=5, 20, 35, and 50x 10®m. b) Temperature de-
pendence of emission c(5)=50x 10w in sodium cacodylate buffer (pH 7.0, /=0.05 m). c) Concentration dependence of the emission of 5 (A.,=470 nm) in
sodium cacodylate buffer (pH 7.0, /=0.05m) at 578 and 503 nm (multiplied by 3 for improved visibility); note the good fit of the experimental points to a
first exponential. d) Concentration dependence of the absorbance of 5 in pure water, with a linear fit for ¢(5) < 1x 107> m and first-exponential fit for

c(5)>1x10"°m.

In pure water, the aggregation processes appear to be sig-
nificantly less favourable. For compound 3, a linear depend-
ence of the absorbance on the concentration was found
throughout the whole measurable range from 1x107° to
3.75x107°m (Figure S16). Only in the case of compound 5 was
a nonlinear dependence of the absorbance on the concentra-
tion found for concentrations >1x10°m (Figure 6d). The
emission of 5 in pure water changes accordingly (Figure S18).
Between 1x107° and 1x107°m, only emission from the mono-
mer is detectable. At concentrations >1x10° M, the emission
maximum gradually shifts bathochromically and at 1x107*m,
only aggregate emission with a maximum at 578 nm is detect-
able.

Thus, in sodium cacodylate buffer solution, aggregates are
predominant for compounds 3 and 5 even at concentrations
below 5x10 7™ (Figures 6 and S21), whereas in pure water,
aggregates were only observed for compound 5 at concentra-
tions higher than 1x10°>m (Figures S18 and 6d). The tenden-
cy of our compounds to form aggregates is, therefore, strongly
dependent on the ionic strength of the solution, a phenomen-
on previously observed”® and is in the order 5>3> 4, 6.
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Study of interactions with DNA and RNA

We have chosen several typical types of DNA and RNA to in-
vestigate the interaction of our compounds 3-6 with those
macromolecules (Table S4). Calf thymus (ct)-DNA, which is nat-
urally occurring, represents a typical B-helix structure with a
balanced ratio of GC (48%) and AT (52%) base pairs. The syn-
thetic alternating polynucleotides poly (dGdC), and poly
(dAdT),, consist of only GC or AT base pairs. Thus, they repre-
sent two extreme situations with very different secondary
structures and a very different level of minor groove availability
for binding of a small molecule. The sterically demanding gua-
nine amino group, for example, hinders the deep penetration
of small molecules. We chose double-stranded (ds) poly(rA)-
poly(rU) RNA, as an A-helical structure with a major groove
that is generally available"® for binding of bulky small mole-
cules, for comparison between dsDNA and dsRNA.

To understand better the DNA/RNA binding of our novel
chromophores, the single-stranded (ss) synthetic RNA polynuc-
leotides poly(rG), poly(rA), poly(rU) and poly(rC), which are
each characterized by different properties, were also investigat-
ed. Poly(rG) is related to guanine-rich sequences in both DNA
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and RNA. Adenine ssRNA (poly(rA)) mimics 50 to 250 adenine
nucleotides at the 3’-end of mRNA. Poly(rC) and poly(rU) repre-
sent less organized secondary structures and are significantly
more flexible than purine RNAs. Also, we studied ssDNA
poly(dA) and poly(dT), which are analogous to the afore-men-
tioned ssRNA.

Thermal denaturation experiments

Thermal denaturation, which is the dissociation of ds-helices of
polynucleotides into two single-stranded polynucleotides,
occurs at characteristic and well-defined temperatures (T,,
value). The thermal stability of ds-helices is generally increased
upon noncovalent binding of small molecules to ds-polynuc-
leotides. This causes a significant increase of the T, value
(AT,), which can be indicative of various binding modes.!"?”
The three compounds with longer linkers (3-5) all strongly
stabilized the dsDNA/RNA even at rather low ratios of com-
pound to polynucleotide (in the following, this ratio is general-
ly given as: reompoundy/ipolynucieotidels Figures S27-535), with anthra-
cene analogue 5 causing the strongest stabilization (Table 2).

Table 2. The AT, values® of the ds-polynucleotides studied upon addi-
tion of compounds 3-6 at pH 7.0 (sodium cacodylate buffer, /=0.05 m) at
different ratios."

AT, I°C]
el ctDNA poly(rA)-poly(rU) poly(dAdT),
3 0.1 4 7 3
4 0.1 2 9 2
5 0.1 10 8 6
6 0.1 1 0 n.d.

[a] Error in ATm =+0.5°C [b] = I'compoundy/lpolynuceotide] *

Our previously reported bithiophene compound 1% and buta-
1,3-diyne compound 2% stabilized DNA and RNA to a similar
extent (AT,=7-10°C). Intriguingly, the short anthracene com-
pound 6 had a very weak effect on the thermal stability of
DNA/RNA (Figures S36 and S37). These findings suggest that
once a certain length and level of flexibility is exceeded, the
nature of the aromatic linker in our tetracationic bis-triarylbor-
anes does not strongly influence the thermal stabilization
effect of those compounds.

Fluorimetric titrations with DNA and RNA

As all compounds are highly emissive (Table 1), fluorimetric ti-
tration experiments were performed for a variety of dsDNA/
RNA, as well as ssDNA/RNA. Due to the aggregation properties
of 3 and 5, the titration experiments proved to be nontrivial
and had to be performed at as low a concentration of the
compound as possible. To obtain comparable data, com-
pounds 4 and 6 were also studied at the lowest possible con-
centrations, although these compounds did not show aggrega-
tion-related effects. The calculation of binding constants was
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Table 3. Binding constants (logKs) of 3-6 with polynucleotides calculated
by analyses of fluorimetric titrations;® at pH 7.0 in sodium cacodylate

buffer, /=0.05 M.

3 4 5 6
ctDNA 8.8 8.6 8.5 7.5

ds poly(dAdT), 5.1 7.8 7.7 74
poly(dGdQ), 6.6 8.4 7.9 7.8
poly(rA)-poly(rU) 6.0 8.6 >9 7.9
poly(rA) > 9! 8.4 7.8 7.1
poly(dA) 7.6 > 9l >9 nd.

. poly(rU) 7.0 7.4 8.8 7.1
poly(dT) 7.6 8.5 74 n.d.
poly(rG) 7.1 8.7 8.7 7.3
poly(rC) 74 7.1 > 9P 7.2

[a] Analyses of titration data by means of the Scatchard equation®*'*"

gave values of the ratio n [bound compd.]/[polynucleotide] =0.2-0.5; for
easier comparison, all logKs values were re-calculated for fixed n=0.25
(ds-polynucleotides) and n=0.5 (ssRNA/RNA). Correlation coefficients
were >0.99 for all calculated K values. [b] The first addition of DNA/RNA
even at the lowest c(dye) yielded strong and maximum emission change,
not allowing accurate calculation of the binding constant. [c] Due to com-
petition between single-molecule binding and aggregation, apparent
binding constants are lower.

possible for most titrations by nonlinear fitting of the data by
means of the Scatchard equation " (Table 3).

Detailed analysis of the binding constants (Table 3) revealed
that all of our compounds bind to DNA/RNA with comparative-
ly high affinities"*” for small molecules (logKs>7). In many
cases, the affinity is even in the nanomolar range, which is con-
sidered exceptionally strong for small molecule/polynucleotide
interactions. Intriguingly, 3-6 show similar affinities for dsDNA/
RNA and ssDNA/RNA, which is uncommon, as single-stranded
polynucleotides usually bind small molecules at least 2-3
orders of magnitude weaker than double-stranded polynucleo-
tides.”?

The somewhat weaker binding of 6 compared to 3, 4, 5 to
dsDNA/RNA agrees nicely with the thermal denaturation re-
sults (Table 2), again indicating that the short and very rigid
linker of 6 interferes to some extent with binding to the
double-stranded polynucleotides. Below, selected examples are
discussed in greater detail, starting with the results for the
nonaggregating compounds 4 and 6.

Addition of any dsDNA/RNA or ssDNA/RNA resulted in very
similar, strong quenching (ca. 90%) of the emission of com-
pound 4, accompanied by a hypsochromic shift of the emis-
sion maximum of around 30 nm (2000 cm™'; Figure 7). The
short anthracene compound 6 showed similar, nonselective
quenching for all dsDNA/RNA. Very intriguingly, the fluores-
cence response of compound 6 was highly sensitive to the
base composition of ssRNA (Figure 8): poly(rC) (10% quench-
ing); poly(rG) (40%); poly(rU) (60%) and poly(rA) (>95%). This
selectivity concerning emission quenching was not observed
for the binding affinity, as all ssRNA show very similar binding
constants (Table 3). In addition, it does not correlate with the
redox potentials of the nucleobases and their impact on
quenching efficiency."*? Therefore, such a selective fluorimetric
response could be correlated with the positioning of the very
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rigid fluorophore 6 within a particular ssRNA polynucleotide,
whereby a combination of the nucleobase size, electronic
properties and flexibility control interactions of the fluorophore
with the target and the consequent emission of the complex
formed.

However, aggregation-inclined analogues 3 and 5 showed
more complex behaviour in the fluorimetric titrations with
DNA/RNA.

For example, titration with ctDNA at two different concen-
trations of 3 (1 and 50 x 10~®m), revealed significantly different
profiles (Figure 9). Thus, at higher concentration (Figure 9 top)
and at an excess of 3 with respect to DNA (ratio rgypna; > 0.25)
the dye aggregated along the DNA helix and emission of 3
was quenched. At an excess of DNA (rgypny<<0.2) the dye
molecules were redistributed along the DNA helix, each to a
separate binding site, and emission of 3 was partially restored;
however, it did not reach the starting intensity of free 3. At 50
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times lower concentration (Figure 9 bottom), DNA-induced ag-
gregation of 3 was not observed, and the dominant process
was quenching of emission, attributed to a single type of bind-
ing process.

For the other ds- or ss-polynucleotides, all titrations were
performed at the lowest possible concentration of 3. The titra-
tion profiles are summarized in Figure 10. However, as the sec-
ondary structure and consequently the availability of binding
sites of the various DNA/RNA differ strongly from each other
(Table S4), in some cases (poly(rG), poly(rC), all dsDNA/RNA
except ctDNA) the aggregation of 3 along the polynucleotide
at ratios rcompoundy/polynucleotide] > 0-25 could not be avoided. Nev-
ertheless, considering changes at large excesses of DNA/RNA
with respect to dye (Ficompoundypolynucieotide) << 0-2) @s representative
for single molecule binding, analyses of this part of the titra-
tion data via the Scatchard equation**"" can give a good es-
timate of the binding constants (Table 3).

Similarly, DNA/RNA-induced aggregation in the presence of
an excess of dye was observed for anthracene analogue 5
(Figure 11). The titration of compound 5 with poly (dAdT),
(Figure 11 top) showed a very well resolved aggregation-deag-
gregation process, as indicated by a gradual red shift of the
emission maximum toward 550 nm for ratios ris;;poly(aadm),) >
0.25, followed by a gradual blue shift of the emission maxi-
mum back to 520 nm for ratios fs),poly(aadr),] < 0.25. This again
suggests aggregation along the polynucleotide helix for com-
paratively high dye concentrations and redistribution of the
dye molecules into separate binding sites for an excess of
polynucleotide. For the titration with poly(rA)-poly(rU), such
an aggregation-deaggregation process was not observed. Only
one binding process was observed, as indicated by a systemat-
ic shift of the emission maximum toward 550 nm, even at a
large excess of RNA (risypoiya)-polyuy < 0-05; Figure S65). Thus, it
is suggested that the much deeper major groove of RNA
(Table S4) can accommodate dimeric aggregates of 5
much more efficiently than the smaller minor groove of poly
(dAdT),.
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130131 yielded the parameters

shown in Table 3. All measurements were made at pH 7 in sodium cacodylate buffer, /=0.05M, A, =412 nm.

CD experiments

Having studied the changes of the spectroscopic properties of
our compounds upon interaction with polynucleotides, we
chose circular dichroism (CD) spectroscopy as a highly sensitive
method to gain insight into the conformational changes of the
secondary structure of polynucleotides induced by small mole-
cule binding.™*¥ In addition, achiral compounds 3-6 might dis-
play induced circular dichroism (ICD) upon interaction with
polynucleotides, which would provide information on the type
of interaction present.['**13

The short anthracene compound 6 did not have any meas-
urable influence on the CD spectra of dsDNA/RNA (Figure S67);
this suggests that its binding does not disturb the secondary
structure of the respective polynucleotide. Also, for compound
6, no ICD bands >300 nm were observed upon binding to any
dsDNA/RNA. Thus, molecules of 6 were either not uniformly
oriented with respect to the chiral axis of dsDNA/RNA or the
transition vectors of 6 were oriented with respect to the chiral
axis of dsDNA/RNA to yield ICD bands of negligible intensi-
ty."3*13 Similarly, addition of 3 or 4 caused only minor de-
creases in intensity in the CD spectra of dsDNA/RNA and no
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measurable ICD bands for the compounds (Figures S68 and
S69), also suggesting only small changes in the secondary
structure of the polynucleotides. These CD results along with
the strong binding affinities of 3, 4 and 6 to dsDNA/RNA
(Table 3) and the observed thermal stabilization effects
(Table 2), support binding within the minor groove of dsDNA
and the major groove of dsRNA, respectively. This is in accord-
ance with our earlier studies on this novel class of DNA/RNA
sensors &7

In contrast, addition of the longer anthracene derivative 5
significantly decreased the intensity of the CD spectra of
dsDNA/RNA (Figure 12, 2=270-290 nm), suggesting unwind-
ing of helical structures, which causes a partial loss of chirality.
Complexes of compound 5 with polynucleotides containing A,
T and U base pairs displayed ICD bands in the absorption
range of the compound (Figure 12, A=450-550 nm), which
suggests a very uniform orientation of the transition vectors of
the molecules (A =450-550 nm) with respect to the chiral axis
of DNA.**" Intriguingly, the complex of 5 with GC-DNA
(poly (dGdC),) showed no measurable ICD bands and the CD
spectrum of GC-DNA (4 <300 nm) changed only marginally
upon addition of 5. The main structural difference between
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GC-DNA and AT-DNA (poly(dAdT),) is a better availability of the
minor groove of the latter for binding of small molecules
(Table S4). Thus, our CD results suggest that only in the case of
AT-DNA does compound 5 insert deeply enough into the
minor groove to yield a uniform orientation of the molecules
with respect to the chiral axis of DNA, while simultaneously
disturbing the DNA helicity by this insertion process. The same
is suggested, analogously, for the major groove of AU-RNA
(poly(A)-poly(U)), which is the common binding site for small
molecules with RNA."? |n GC-DNA, amino groups of guanine
in the minor groove sterically hinder small molecule insertion
and, thus, molecules of 5 occupy a more heterogeneous orien-
tation along the DNA helix, consequently displaying negligible
ICD bands.
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Molecular modelling

To corroborate and explain further our experimental findings,
especially concerning compound 5, a better structural under-
standing of the observed intramolecular interactions was re-
quired.

The observed aggregation of the compounds, particularly
that of anthracene derivative 5, is not trivial to explain due to
the sterically demanding triarylboron dications attached to
both sides of the linker. Those dications would additionally
impose charge repulsion when two anthracene moieties are
stacked in a dimer.

Thus, we first performed molecular modelling of a dimer of
compound 5 in water (for details, see the General Information
in the Supporting Information). The minimized structure ob-
tained after 200 ns of molecular dynamics (MD) simulation in
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water is shown in Figure 13. It is characterized by the asym-
metric off-set of two anthracenes, which are partly overlap-
ping.

The fluorimetric results suggest two binding modes for com-
plexes of 5 with AT-containing DNAs (poly(dAdT),). One (at
ratios risypna > 0.25) is characterized by emission of aggregated
5, and the other (at ratios rs;pya <0.25) by monomer emission
(cf. Figure 11). The binding mode of the monomer is supported
by induced CD bands and suggests AT-DNA minor groove
binding of 5. To determine the structural arrangement of 5
within the minor groove of AT-DNA, docking was performed
using PyMOL software and compound 5 was docked into the
minor groove of AT-DNA using the optimized position previ-
ously determined for analogue 1® as a template. Compound
5 slightly reoriented within the groove and remained inside
the groove during the entire 300ns of MD simulation
(Figure 14). Multipoint measurements of the distances between
opposite strand backbones (P atoms of paired nucleobases) re-
vealed only a slight broadening (< 10%) of the minor groove
upon binding of 5.

The aggregation process observed at ratios rysypna > 0.25,
can either be explained by insertion of dimers of 5 into the
minor or major groove of DNA or by the stacking of molecules
of 5 in long stacks parallel to the DNA helix (similar to a pro-
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Figure 13. Structure of the dimer aggregate of 5, displayed from two differ-
ent views, obtained after 200 ns of MD simulation in water. Hydrogen atoms
are omitted for clarity.
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Figure 14. The result of 100 (left) and 300 ns (right) of molecular dynamics
simulation of 5/DNA complexes. Hydrogen atoms are omitted for clarity.

cess observed for porphyrins!®). To investigate this aggrega-
tion process, a dimer of 5 was first inserted into the minor
groove of AT-DNA using the obtained monomer complex
(Figure 14) as a template. During the first 150 ns of MD, the
dimer remained bound into the minor groove (Figure 15), re-
vealing a further slight broadening (< 5%) of the minor groove
with respect to the monomer complex. However, at about
200 ns the dimer started to migrate through the minor groove
towards the polynucleotide termini and, after 300 ns of MD
simulation, it nested there, stabilized by stacking interactions
with the terminal base pair (Figure 15). Such a “capping” effect
is frequently observed when studying the binding of large aro-
matic moieties to short oligonucleotides due to the very stable
stacking interactions with base pairs at the termini.”*” Thus,
our results suggest that a dimer of 5 can efficiently bind into
the minor groove of a long AT-polynucleotide.

Secondly, we inserted a dimer of 5 into the major groove of
AT-DNA (Figure 16), to see if a stable complex within the major
groove of AT-DNA can be formed, as determined for other
bulky molecules.®® This time, the dimer started to migrate out
of the groove after 90 ns. For the following 150 ns, it oscillated
around the groove entrance, never staying deeply inserted
within the groove. At the end of 300 ns of MD simulation, it
adopted an almost identical position at the polynucleotide

Figure 15. The MM results after 150 (left) and 300 ns (right) of molecular dy-
namics simulation of the 5/DNA complex with 5 bound initially in the minor
groove. Hydrogen atoms are omitted for clarity.

end to that observed for the dimer bound into the minor
groove. The major groove of AT-DNA is, thus, considered a
much less adequate binding site for dimers of 5.

Thus, our molecular modelling results strongly support bind-
ing of 5 into the minor groove of DNA as a dominant binding
mode. However, at “crowding conditions”, that is, an excess of
5 over DNA binding sites, dimers of 5 can also form within the
minor groove, without significantly disturbing the DNA helix.
Binding of dimers of 5 within the major groove of DNA is less
probable due to the much larger size of this binding site, not
allowing all positive charges of the dimer of 5 to reach the
negatively charged backbones efficiently at the same time. In
addition, insertion of a dimer of 5 would not displace all water
molecules inside the major groove and, thus, the hydrophobic
driving force is diminished.

Due to the structural similarity and the fact that, for com-
pounds 1 and 5, the minor groove was determined to be the
most likely binding site via molecular modelling, it is suggest-
ed that compounds 3, 4 and 6 form similar complexes with
DNA.

Raman and surface-enhanced Raman scattering (SERS)
spectroscopy

As we observed strong Raman responses for previously report-
ed compound 2,7 we studied analogues 3-5, as well as the
short anthracene derivative 6 under the same conditions.

Figure 16. The results of 90 (left), 95 (middle) and 300 ns (right) of molecular dynamics simulation of the 5/DNA complex with the dimer of 5 bound initially

into the major groove. Hydrogen atoms are omitted for clarity.
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The Raman spectra of 3-5 in aqueous solutions (c=1x
10~*m) were of low intensity, dominated by the broad water
stretching and bending bands around 3220 and 1640 cm™, re-
spectively (Figure S71). Nevertheless, some bands originating
from our compounds were observed and could be assigned
(Table S5). Calculated Raman spectra for compounds 3-5 are in
good agreement with the experimental data (Table $S10). The
characteristic band in the C=C stretching region (ca.
2200 cm™') was observed in the spectra of 4 and 5 and the
exact band position was affected by the aromatic substituent
between the triple bonds. The C=C stretching bands occured
at 2209 and 2182 cm™' for the compounds containing ben-
zene (4) and anthracene (5) cores, respectively, in agreement
with the fact that lower C=C stretching frequencies character-
ize larger m-conjugated systems.*! A characteristic band at
around 1590 cm™' was observed in the spectra of all three
compounds, which can be attributed to aromatic stretching,
distributed over the respective aromatic linker between the
two boron atoms. In the Raman spectrum of 3, possessing a
bithiophene moiety between the triple bonds, the C=C band
was hardly observable, while bands attributed to thiophene
ring stretching modes (1472 and 1453 cm™') were observed.
According to our calculations, the energy of the C=C stretch-
ing mode of 3 should be between the values obtained for 4
and 5. This is consistent with the data obtained by SERS spec-
troscopy (vide infra). In contrast to compounds 3-5, the
Raman scattering of anthracene derivative 6, not containing
triple bonds, was overlapped by fluorescence and thus not ob-

served at all, even at higher concentration (c=2x107>m). This
clearly pointed out the significance of the triple bonds in the
structure, which provide strong Raman bands, allowing Raman
detection of the molecule in the sub-millimolar concentration
range.

Unlike the Raman spectra, the SERS spectra of all com-
pounds, 3-6, were obtained and preliminarily assigned
(Figure 17, Table S6). The observed surface-enhanced Raman
scattering pointed to adsorption of the molecules onto the en-
hancing silver nanoparticles, mostly driven by attractive elec-
trostatic interactions between the negatively charged citrate
ions on the silver surface and positively charged trimethylami-
no groups of the compounds. For compounds 3-5, the charac-
teristic SERS bands were observable at a concentration as low
as 5x107" ™, which is an order of magnitude higher than the
lowest detectable concentration for 2.%% In contrast, the SERS
response of the short anthracene analogue 6 was very weak,
with weak bands characteristic of anthracene (1549, 1329 and
1263 cm™') and phenyl (1588 and 1421 cm™') moieties, and ob-
served only at the highest measured concentration of 5x
10°m (Figure 17d). This confirms the essential role of the
triple bonds in the molecular structure for the Raman scatter-
ing ability of our molecules. It also demonstrates that, even
though directly connected triple bonds increase the Raman in-
tensity, the insertion of different aromatic moieties between
them still gives satisfying Raman responses and is thus an al-
ternative approach for the design of dual Raman and fluores-
cent chromophores.
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Figure 17. Concentration-dependent SERS spectra of 3-6 in the silver colloid, c=1x1077,5x 1077, 1x107%, 5x 107 °M; A,,= 1064 nm.
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In the SERS spectra of 3, 4 and 5, the following common
bands were observed, respectively: a band at about
2200 cm™', assigned to the stretching of the C=C bonds, a
band at about 1595 cm™, attributed to the aryl stretching dis-
tributed over the respective aromatic linker between the two
boron atoms, and a band at about 1080 cm™, associated with
the stretching of the bonds between the boron atom and the
aryl rings. The position of the C=C bond stretching bands at
2184 (5), 2196 (3) and 2205 cm™' (4) was significantly depen-
dent on the respective aromatic moiety, namely, anthracene,
thiophene and benzene. In addition, moderate to strong
bands associated with thiophene were observed at 1473, 1455,
1310, 1242 and 1045 cm ™' in the spectrum of 3, while medium
to intense bands distinctive of anthracene were observed at
1557, 1483, 1257 and 1169 cm ™' in the spectrum of 5.

By decreasing concentration from 5x107° to 1x 107" m, the
SERS intensity diminished for all compounds except for 5, for
which the most intense SERS spectrum was observed at a con-
centration of 1x107°m (Figure 17¢c). In accordance with UV/Vis
absorbance and fluorescence measurements which indicated
stacking of 5 in aqueous solution, by lowering the concentra-
tion the equilibrium was shifted to monomeric molecules,
which upon adsorption onto the enhancing metal surface
adopted a position different from that of the aggregated mole-
cules. Thus, it was very likely that at 1x10™°m the bis-triaryl-
borane longitudinal axes of the monomeric molecules were
oriented perpendicular to the silver surface, giving rise to the
most enhanced scattering.

Furthermore, the SERS spectra of 3, 4 and 5 were studied
upon addition of ctDNA. When compared to the spectrum of
the neat compound (c=1x10"°m) measured in the buffered
silver colloid, the SERS spectra of the complexes of 3-5 with
ctDNA were very weak at the molar ratio riompoundyiciona = 0.2,
and not observed at all at the molar ratio riompoundyiciona = 0.1
(Figure 18). Presumably, bis-triarylboorane molecules are effi-
ciently bound to the nucleic acid when there is an excess of
ctDNA, resulting in a loss of the SERS intensity as the highly
negatively charged phosphate backbone of ctDNA prevented
efficient adsorption of the complexes onto the silver nanoparti-
cles. Nevertheless, for the complexes of 4 and 5 in equimolar
ratio with ctDNA, rcompoundyiconay= 1, the bands at 1557 and
1258 cm™' (4/ctDNA) and at 1557 and 1257 cm™' (5/ctDNA)
were selectively enhanced (Figures 18b and c). The former
band (1557 cm™") was attributed to stretching of the aromatic
moieties, and the latter (1258/1257 cm™) to in-plane deforma-
tion of the aromatic CH groups. Both bands, in essence, origi-
nate from arene ring vibrations and can be easily associated
with three phenyl substituents as well. Thus, it can be assumed
that, upon binding with the nucleic acid, either the central
part of the molecule (benzene, anthracene) or the phenyl moi-
eties linked to boron were placed closer and/or more perpen-
dicular towards the enhancing silver surface. New bands origi-
nating from the nucleic acid were not observed in the SERS
spectra of the complexes.
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Conclusions

We have successfully extended our novel class of tetracationic
bis-triarylborane DNA and RNA sensors by four molecules 3-6.
Three of them contain long bis(phenylethynyl)aryl (3: aryl=
5,5'-2,2'-bithiophene; 4: aryl=1,4-benzene; 5: 9,10-anthracene)
linkers between the two boryl moieties and can be considered
as dual Raman and fluorescence chromophores, while the
short analogue 6 possesses only an anthracene moiety as the
linker and can be considered a fluorophore probe. Analysis of
the solid-state structures of the neutral precursors to 3 and 4
reveal a high level of flexibility for ethynyl-containing aryl link-
ers. Concentration- and temperature-dependent UV/Vis and
fluorescence experiments suggest a tendency of compounds 3
and 5 to aggregate, increasing with the ionic strength of the
solution. Thermal denaturation experiments revealed strong
stabilization of dsDNA/RNA for complexes formed with com-
pound 3-5, similar to that observed for our previously studied
compounds 1 and 2. The very weak stabilization observed for
compound 6 demonstrates that a certain length and flexibility
of the aromatic linker need to be exceeded for efficient ther-
mal stabilization to occur. All four compounds bind to dsDNA/
RNA and ssDNA/RNA with similar affinities; this contrasts with
the fact that binding affinities for single-stranded polynucleo-
tides are typically 2-3 orders of magnitude lower than for
double-stranded polynucleotides. This is consistent with our

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202005141

Chemistry
Europe

European Chemical
Societies Publishing

previous studies®®” and it is suggested that ssRNA is chain

wrapping around the tetracationic bis-triarylborane motif like a
thread around a spindle.

In general, binding of compound 6 to the polynucleotides
tested is somewhat weaker than that of the other compounds,
which agrees nicely with the thermal denaturation experi-
ments and, again, demonstrates the importance of the linker
length and flexibility. For compounds 3 and 5, aggregation—
deaggregation processes were observed in fluorimetric titra-
tion experiments with DNA and RNA. Thus, at an excess of
dye, an aggregation of the dye along the helical axis of the
polynucleotide or in dimeric form inside a groove is suggested,
while at an excess of polynucleotide, the molecules are sepa-
rated and are each transferred to separate binding sites. Based
on all of our experimental data, including CD results, we sug-
gest the minor groove as the dominant binding site for dsDNA
and the major groove for dsRNA for compounds 3, 4 and 6.
This is in accordance with our previous findings for com-
pounds 1 and 2.%889 For compound 5, the CD results suggest
an unwinding of the helical structure of the polynucleotide
upon binding and very uniform orientation with respect to the
helical axis for all ds-polynucleotides tested containing A, T
and U base pairs. A molecular modelling study on complexes
of compound 5 with AT-DNA also suggests the minor groove
as the dominant binding site and that even dimers of 5 can be
accommodated by the minor groove, whereas their binding
into the major groove is much less efficient. Strong SERS re-
sponses were obtained for 3-5 at low concentrations. For com-
pound 6, weak SERS signals were observed only at the highest
concentration measured. This confirms the important role of
the triple bonds for strong Raman scattering and demonstrates
that the insertion of aromatic moieties between two triple
bonds, by which the absorption and emission properties of a
molecule can be conveniently tuned, is a feasible alternative
for the design of dual Raman and fluorescence chromophores.
In addition, the energy of the stretching vibration of the char-
acteristic C=C bonds was found to be significantly dependent
on the aromatic moiety between the triple bonds. In analogy
to a variation of the length of the poly-yne chain,"® this
might be applied as a useful tool in the design of new chro-
mophores suitable for multiplex Raman imaging purposes.

Acknowledgements
The financial support of the Croatian Science Foundation proj-
ect IP-2018-01-5475, the DAAD, and the Julius-Maximilians-Uni-

versitat Wirzburg are gratefully acknowledged. Open access
funding enabled and organized by Projekt DEAL.

Conflict of Interests

The authors declare no conflict of interests.

Keywords: boranes - DNA/RNA sensors - fluorescent probes -
molecular modelling - Raman probes

Chem. Eur. J. 2021, 27, 5142 -5159 www.chemeurj.org

5157

(1

)

]

ST TE® S

o U

[19]

[20]
[21]

[22

[40]

D.P. Clark, N.J. Pazdernik in Biotechnology, 2nd ed. (Eds.: D.P. Clark,
N. J. Pazdernik), Academic Cell, Boston, 2016, pp. 33-61.

F. H. Crick, Symp. Soc. Exp. Biol. 1958, 12, 138-163.

F. Crick, Nature 1970, 227, 561-563.

M. Morange, Resonance 2009, 14, 236 -247.

M. P. Camacho, Philos. Theor. Pract. Biol. 2019, 11, 1-15.

S. Banerjee, E. B. Veale, C. M. Phelan, S. A. Murphy, G. M. Tocci, L. J. Gil-
lespie, D. O. Frimannsson, J. M. Kelly, T. Gunnlaugsson, Chem. Soc. Rev.
2013, 42, 1601-1618.

M. Wang, Y. Yu, C. Liang, A. Lu, G. Zhang, Int. J. Mol. Sci. 2016, 17,
779-802.

K. Star¢evi¢, G. Karminski-Zamola, I. Piantanida, M. Zini¢, L. Suman, M.
Kralj, J. Am. Chem. Soc. 2005, 127, 1074-1075.

J. Wu, Y. Zou, C. Li, W. Sicking, I. Piantanida, T. Yi, C. Schmuck, J. Am.
Chem. Soc. 2012, 134, 1958-1961.

R. Bortolozzi, H. Ihmels, L. Thomas, M. Tian, G. Viola, Chem. Eur. J.
2013, 19, 8736-8741.

J. Gershberg, M. Radic¢ Stojkovi¢, M. ékugor, S. Tomi¢, T. H. Rehm, S.
Rehm, C. R. Saha-Mdller, I. Piantanida, F. Wirthner, Chem. Eur. J. 2015,
21, 7886-7895.

D. Maity, M. Matkovi¢, S. Li, M. Ehlers, J. Wu, I. Piantanida, C. Schmuck,
Chem. Eur. J. 2017, 23, 17356 -17362.

K. Schéfer, H. lhmels, E. Porcl, G. Viola, Chem. Eur. J. 2017, 23, 370-
379.

H. Ihmels, M. Karbasiyoun, K. Lohl, C. Stremmel, Org. Biomol. Chem.
2019, 17, 6404-6413.

P. M. Pithan, C. Kuhlmann, C. Engelhard, H. lhmels, Chem. Eur. J. 2019,
25, 16088 -16098.

D. V. Berdnikova, J. Heider, H. Ihmels, N. Sewald, P. M. Pithan, ChemPho-
toChem 2020, 4, 520-525.

7. Ban, J. Mati¢, B. Zini¢, A. F. Fichtbauer, L. M. Wilhelmsson, I. Piantani-
da, Molecules 2020, 25, 2188 -2205.

A. A. Zinchenko, N. Chen, S. Murata, J. Synth. Org. Chem. Jpn. 2006, 64,
1122-1131.

S. E. Patterson, J. M. Coxon, L. Strekowski, Bioorg. Med. Chem. 1997, 5,
277 -281.

D. W. Boykin, J. Braz. Chem. Soc. 2002, 13, 763-771.

P. E. Pjura, K. Grzeskowiak, R. E. Dickerson, J. Mol. Biol. 1987, 197, 257 -
271.

M. Demeunynck, C. Bailly, W. D. Wilson, Small Molecule DNA and RNA
Binders: From Synthesis to Nucleic Acid Complexes, Vol. 2, Wiley-VCH,
Weinheim, 2006.

G. M. Blackburn in Nucleic Acids in Chemistry and Biology (3), The Royal
Society of Chemistry, Cambridge, 2006, pp. 341-382.

H. Ihmels, D. Otto in Supermolecular Dye Chemistry (Ed.: F. Wirthner),
Springer, Heidelberg, 2005, pp. 161-204.

M. J. Hannon, Chem. Soc. Rev. 2007, 36, 280 -295.

G.S. Khan, A. Shah, Zia-ur-Rehman, D. Barker, J. Photochem. Photobiol.
B 2012, 715, 105-118.

S. Neidle, Biopolymers 1997, 44, 105-121.

S. K. Pal, A. H. Zewail, Chem. Rev. 2004, 104, 2099 -2124.

G. S. Manning, Q. Rev. Biophys. 1978, 11, 179 -246.

M. T. Record Jr, C. F. Anderson, T. M. Lohman, Q. Rev. Biophys. 1978, 11,
103-178.

J. Lipfert, S. Doniach, R. Das, D. Herschlag, Annu. Rev. Biochem. 2014,
83, 813-841.

M.-J. Lee, B. Jin, H. M. Lee, M. J. Jung, S. K. Kim, J.-M. Kim, Bull. Korean
Chem. Soc. 2008, 29, 1533-1538.

D. V. Berdnikova, N.I. Sosnin, O. A. Fedorova, H. lhmels, Org. Biomol.
Chem. 2018, 16, 545-554.

C. Bustamante, S. B. Smith, J. Liphardt, D. Smith, Curr. Opin. Struct. Biol.
2000, 70, 279-285.

L. H. Hurley, Nat. Rev. Cancer 2002, 2, 188-200.

M. F. Brana, M. Cacho, A. Gradillas, B. D. Pascual-Teresa, A. Ramos, Curr.
Pharm. Des. 2001, 7, 1745-1780.

R. Martinez, L. Chacon-Garcia, Curr. Med. Chem. 2005, 12, 127 -151.

X. Cai, P.J. Gray, D. D. Von Hoff, Cancer Treat. Rev. 2009, 35, 437 -450.
M. P. Barrett, C. G. Gemmell, C. J. Suckling, Pharmacol. Ther. 2013, 139,
12-23.

T. Hermann, Angew. Chem. Int. Ed. 2000, 39, 1890-1904; Angew. Chem.
2000, 772, 1962-1979.

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1038/227561a0
https://doi.org/10.1038/227561a0
https://doi.org/10.1038/227561a0
https://doi.org/10.1007/s12045-009-0024-6
https://doi.org/10.1007/s12045-009-0024-6
https://doi.org/10.1007/s12045-009-0024-6
https://doi.org/10.1039/c2cs35467e
https://doi.org/10.1039/c2cs35467e
https://doi.org/10.1039/c2cs35467e
https://doi.org/10.1039/c2cs35467e
https://doi.org/10.3390/ijms17060779
https://doi.org/10.3390/ijms17060779
https://doi.org/10.3390/ijms17060779
https://doi.org/10.3390/ijms17060779
https://doi.org/10.1021/ja2103845
https://doi.org/10.1021/ja2103845
https://doi.org/10.1021/ja2103845
https://doi.org/10.1021/ja2103845
https://doi.org/10.1002/chem.201301164
https://doi.org/10.1002/chem.201301164
https://doi.org/10.1002/chem.201301164
https://doi.org/10.1002/chem.201301164
https://doi.org/10.1002/chem.201500184
https://doi.org/10.1002/chem.201500184
https://doi.org/10.1002/chem.201500184
https://doi.org/10.1002/chem.201500184
https://doi.org/10.1002/chem.201703813
https://doi.org/10.1002/chem.201703813
https://doi.org/10.1002/chem.201703813
https://doi.org/10.1002/chem.201603807
https://doi.org/10.1002/chem.201603807
https://doi.org/10.1002/chem.201603807
https://doi.org/10.1039/C9OB00809H
https://doi.org/10.1039/C9OB00809H
https://doi.org/10.1039/C9OB00809H
https://doi.org/10.1039/C9OB00809H
https://doi.org/10.1002/chem.201903657
https://doi.org/10.1002/chem.201903657
https://doi.org/10.1002/chem.201903657
https://doi.org/10.1002/chem.201903657
https://doi.org/10.1002/cptc.202000015
https://doi.org/10.1002/cptc.202000015
https://doi.org/10.1002/cptc.202000015
https://doi.org/10.1002/cptc.202000015
https://doi.org/10.3390/molecules25092188
https://doi.org/10.3390/molecules25092188
https://doi.org/10.3390/molecules25092188
https://doi.org/10.5059/yukigoseikyokaishi.64.1122
https://doi.org/10.5059/yukigoseikyokaishi.64.1122
https://doi.org/10.5059/yukigoseikyokaishi.64.1122
https://doi.org/10.5059/yukigoseikyokaishi.64.1122
https://doi.org/10.1016/S0968-0896(96)00242-8
https://doi.org/10.1016/S0968-0896(96)00242-8
https://doi.org/10.1016/S0968-0896(96)00242-8
https://doi.org/10.1016/S0968-0896(96)00242-8
https://doi.org/10.1590/S0103-50532002000600006
https://doi.org/10.1590/S0103-50532002000600006
https://doi.org/10.1590/S0103-50532002000600006
https://doi.org/10.1039/B606046N
https://doi.org/10.1039/B606046N
https://doi.org/10.1039/B606046N
https://doi.org/10.1016/j.jphotobiol.2012.07.003
https://doi.org/10.1016/j.jphotobiol.2012.07.003
https://doi.org/10.1016/j.jphotobiol.2012.07.003
https://doi.org/10.1016/j.jphotobiol.2012.07.003
https://doi.org/10.1002/(SICI)1097-0282(1997)44:1%3C105::AID-BIP7%3E3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0282(1997)44:1%3C105::AID-BIP7%3E3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0282(1997)44:1%3C105::AID-BIP7%3E3.0.CO;2-Z
https://doi.org/10.1021/cr020689l
https://doi.org/10.1021/cr020689l
https://doi.org/10.1021/cr020689l
https://doi.org/10.1017/S0033583500002031
https://doi.org/10.1017/S0033583500002031
https://doi.org/10.1017/S0033583500002031
https://doi.org/10.1017/S003358350000202X
https://doi.org/10.1017/S003358350000202X
https://doi.org/10.1017/S003358350000202X
https://doi.org/10.1017/S003358350000202X
https://doi.org/10.1146/annurev-biochem-060409-092720
https://doi.org/10.1146/annurev-biochem-060409-092720
https://doi.org/10.1146/annurev-biochem-060409-092720
https://doi.org/10.1146/annurev-biochem-060409-092720
https://doi.org/10.1039/C7OB02736B
https://doi.org/10.1039/C7OB02736B
https://doi.org/10.1039/C7OB02736B
https://doi.org/10.1039/C7OB02736B
https://doi.org/10.1016/S0959-440X(00)00085-3
https://doi.org/10.1016/S0959-440X(00)00085-3
https://doi.org/10.1016/S0959-440X(00)00085-3
https://doi.org/10.1016/S0959-440X(00)00085-3
https://doi.org/10.1038/nrc749
https://doi.org/10.1038/nrc749
https://doi.org/10.1038/nrc749
https://doi.org/10.1016/j.ctrv.2009.02.004
https://doi.org/10.1016/j.ctrv.2009.02.004
https://doi.org/10.1016/j.ctrv.2009.02.004
https://doi.org/10.1016/j.pharmthera.2013.03.002
https://doi.org/10.1016/j.pharmthera.2013.03.002
https://doi.org/10.1016/j.pharmthera.2013.03.002
https://doi.org/10.1016/j.pharmthera.2013.03.002
https://doi.org/10.1002/1521-3773(20000602)39:11%3C1890::AID-ANIE1890%3E3.0.CO;2-D
https://doi.org/10.1002/1521-3773(20000602)39:11%3C1890::AID-ANIE1890%3E3.0.CO;2-D
https://doi.org/10.1002/1521-3773(20000602)39:11%3C1890::AID-ANIE1890%3E3.0.CO;2-D
https://doi.org/10.1002/1521-3757(20000602)112:11%3C1962::AID-ANGE1962%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3757(20000602)112:11%3C1962::AID-ANGE1962%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3757(20000602)112:11%3C1962::AID-ANGE1962%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3757(20000602)112:11%3C1962::AID-ANGE1962%3E3.0.CO;2-5
http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202005141

[41] J. R. Thomas, P. J. Hergenrother, Chem. Rev. 2008, 108, 1171-1224. Y. Wong, C. Jardin, S. Fathallah, A. Boucekkine, J.-F. Halet, T. B. Marder,

[42] T. Hermann, WIREs RNA 2016, 7, 726-743. Chem. Eur. J. 2006, 12, 2758-2771.
[43] C. M. Connelly, M. H. Moon, J. S. Schneekloth, Cell Chem. Biol. 2016, 23, [78] H. Li, A. Sundararaman, K. Venkatasubbaiah, F. Jakle, J. Am. Chem. Soc.
1077 -1090. 2007, 129, 5792-5793.

[44] A. Donlic, A. E. Hargrove, WIREs RNA 2018, 9, e1477. [79] J. C. Collings, S.-Y. Poon, C. Le Droumaguet, M. Charlot, C. Katan, L.-O.
[45] Z. Darzynkiewicz in Methods in Cell Biology, Vol. 33 (Eds.: Z. Darzynkie- Palsson, A. Beeby, J. A. Mosely, H. M. Kaiser, D. Kaufmann, W.-Y. Wong,
wicz, H. A. Crissman), Academic Press, San Diego, 1990, pp. 285-298. M. Blanchard-Desce, T. B. Marder, Chem. Eur. J. 2009, 15, 198-208.

[46] T. Suzuki, K. Fujikura, T. Higashiyama, K. Takata, J. Histochem. Cytochem. [80] Y. Kim, H. Zhao, F.P. Gabbai, Angew. Chem. Int. Ed. 2009, 48, 4957 -

1997, 45, 49-53. 4960; Angew. Chem. 2009, 721, 5057 - 5060.
[47] P. Prent, Biotech. Histochem. 2001, 76, 137-161. [81] M. Varlan, B.A. Blight, S. Wang, Chem. Commun. 2012, 48, 12059
[48] Z. Darzynkiewicz, G. Juan, E.F. Srour, Curr. Protoc. Cytom. 2004, 30, 12061. ¢ ’
7.3.1-73.16. [82] X. Yin, J. Chen, R. A. Lalancette, T. B. Marder, F. Jakle, Angew. Chem. Int.
[49] X. Li, X. Guo, L. Cao, Z. Xun, S. Wang, S. Li, Y. Li, G. Yang, Angew. Chem. Ed. 2014, 53, 9761-9765; Angew. Chem. 2014, 126, 9919-9923.
Int. Ed. 2014, 53, 7809-7813; Angew. Chem. 2014, 126, 7943-7947. [83] Z. Zhang, R. M. Edkins, M. Haehnel, M. Wehner, A. Eichhorn, L. Mailind-
[50] X. Guo, X. Zhang, S. Wang, S. Li, R. Hu, Y. Li, G. Yang, Anal. Chim. Acta er, M. Meier, J. Brand, F. Brede, K. Miiller-Buschbaum, H. Braunschweig,
2015, 869, 81-88. T. B. Marder, Chem. Sci. 2015, 6, 5922 -5927.
(511 J. Liu, X. Guo, R. Hu, J. Xu, S. Wang, S. Li, Y. Li, G. Yang, Anal. Chem. (4] 7. Zhang, R. M. Edkins, J. Nitsch, K. Fucke, A. Eichhorn, A. Steffen, Y.
2015, 87, 3694 -3698. Wang, T. B. Marder, Chem. Eur. J. 2015, 21, 177 -190.
[52] ?Zc:en,f.NFenZglzi He’BCi_'Gog’ ZS _I)_(U' G-SRa’;;025(;?;“27';-7/;‘53r;‘;;""‘ta' [85] Z. Zhang, R. M. Edkins, J. Nitsch, K. Fucke, A. Steffen, L. E. Longobardi,
- £hou, L. Ng, Z. Zhao, b. LIy, b. Z. lang, oma y 12 =732 D. W. Stephan, C. Lambert, T. B. Marder, Chem. Sci. 2015, 6, 308-321.
[53] S. Griesbeck, Z. Zhang, M. Gutmann, T. Lthmann, R. M. Edkins, G. Cler- [86] M. Ferger, S. M. Berger, F. Rauch, M. Schonitz, J. Riihe, J. Krebs, A. Frie-
Bﬁont, /I-_\ ,l\\l/| Lazlatl,_ g/l.,vll-lazhneé,hK. Egkinj, A. Eichhorn, M. Blanchard- drich, T. B. Marder, manuscript in preparation.
esce, L. Meinel, T. B. Marder, Chem. Eur. J. 2016, 22, 14701 - 14706. [87] C-W. Chiu, Y. Kim, F. P. Gabbai, J. Am. Chem. Soc. 2009, 131, 60-61.
[54] Jz'oljli:' :8 ?;(5’2 R']E; X. Liu, S. Wang, S. Li, Y. Li, G. Yang, Anal. Chem. [88] Z. Ban, S. Griesbeck, S. Tomi¢, J. Nitsch, T.B. Marder, I. Piantanida,
O B : Chem. Eur. J. 2020, 26, 2195-2203.
[55] J. Liu, C. Zhang, J. Dong, J. Zhu, C. Shen, G. Yang, X. Zhang, RSC Adv. [89] H. Amini, Z. Ban, M. Ferger, S. Lorenzen, F. Rauch, A. Friedrich, I. Crno-
201.7’ 7, 14511 -14515. latac, A. Kendel, S. Miljani¢, I. Piantanida, T. B. Marder, Chem. Eur. J.
[56] J. Liu, C. Zhang, J. Dong, J. Zhu, C. Shen, G. Yang, X. Zhang, New J. 2020, 26, 6017 -6028.
Chem. 2017, 41, 4733 -4737. [90] N. Uzunbajakava, C. Otto, Opt. Lett. 2003, 28, 2073~ 2075.
(571 J. Liu, 5. Zhang, C. Zhang, J. Dong, C. Shen, J. Zhu, H. Xu, M. Fu, G. [91] H.-J. van Manen, Y. M. Kraan, D. Roos, C. Otto, Proc. Natl. Acad. Sci. USA
Yang, X. Zhéng, Chem. Commun. 2017, 53, 11476 -11479. 2005, 102, 10159-10164.
(58] J. Liu, S. Li, 5. Zhang, C. Shen, J. Zhu, G. Yang, X. Zhang, Sensors [92] N.K. Das, Y. Dai, P. Liu, C. Hu, L. Tong, X. Chen, Z.J. Smith, Sensors
Actuat: B 2018, 261, 531-536. ‘ 2017, 17, 1592-1611.
[59] Z.] ;’;gldl, N. K. Kalluvettukuzhy, P. Thilagar, Langmuir 2018, 34, 8170- (93] H.-J. van Manen, C. Otto, Nano Lett. 2007, 7, 1631-1636.
[60] S. Griesbeck, M. Ferger, C. Czernetzi, C. Wang, R. Bertermann, A. Frie- [94] R. P. Camey, 5. Haz.an, M. Colquhoun, D Tran, B. H\.Nang, M.S. Mulligan,
. . . . J.D. Bryers, E. Girda, G.S. Leiserowitz, Z.J. Smith, K.S. Lam, Anal.
drich, M. Haehnel, D. Sieh, M. Taki, S. Yamaguchi, T. B. Marder, Chem.
Eur. J. 2019, 25, 7679 7688. Chem. 2017, 89,‘ 5357-5363. .
[61] S. Griesbeck, E. Michail, F. Rauch, H. Ogasawara, C. Wang, Y. Sato, R. M. [95] i;';uza(:ogg; l-;.]u:;%l.:\;;léean, M. Korbelik, H. Zeng, Photochem. Photo-
Edkins, Z. Zhang, M. Taki, C. Lambert, S. Yamaguchi, T. B. Marder, Chem. P . . X
Eur. J. 2019, 25, 13164—13175. [96] O.R. Scepanowc,.Z. Volynskaya, C.-R. Kong, L. H. Galindo, R. R. Dasari,
[62] S. Griesbeck, E. Michail, C. Wang, H. Ogasawara, S. Lorenzen, L. Gerst- M.5. E?Id’ Rev. .s,c" Inst.rum. 20_09’ 80, Of‘3103'
ner, T. Zang, J. Nitsch, Y. Sato, R. Bertermann, M. Taki, C. Lambert, S. Ya- (971 O.R. Scepa}nowc, M. Fitzmaurice, A. M|IIer,.C.-R. Kong, Z.1. Volynskaya,
maguchi, T. B. Marder, Chem. Sci. 2019, 10, 5405 - 5422. R.R. Dasarl,.J. R Kramer Jr, M. S.. Feld, J. Biomed. Opt. 2011, 16, 1-10.
(63] J. Liu, K. Cheng, C. Yang, J. Zhu, C. Shen, X. Zhang, X. Liu, G. Yang, 98] 5-Jeong, Y-i. Kim, H. Kang, G. Kim, M. G. Cha, H. Chang, K. . Jung, Y-
Anal. Chem. 2019, 97, 6340 - 6344 H. Kim, B.-H. Jun, D. W. Hwang, Y.-S. Lee, H. Youn, Y.-S. Lee, K. W. Kang,
[64] J. Liu, S. Zhang, B. Zhao, C. Shen, X. Zhang, G. Yang, Biosens. Bioelec- D.S. Lee, D. H. Jeong, Sci. Rep. 2015, 5, 9455.
tron. 2019, 142, 111497. [99] E.-O. Ganbold, J. Yoon, D. Kim, S.-W. Joo, Phys. Chem. Chem. Phys.
[65] J. Dong, C. Zhang, B. Zhao, X. Zhang, Z. Leng, J. Liu, Dyes Pigm. 2020, 2015, 17, 3019-3023.
174, 108077. [100] B. Kang, M. M. Afifi, L. A. Austin, M. A. El-Sayed, ACS Nano 2013, 7,
[66] A. Michaelis, H. v. Soden, Justus Liebigs Ann. Chem. 1885, 229, 295- 7420-7427.
334, [101] T. Hirschfeld, Appl. Spectrosc. 1977, 31, 328-329.
[67] S. M. Berger, M. Ferger, T. B. Marder, Chem. Eur. J. 2021, DOI: httpsy//  [102] X. Li, M. Jiang, J. W.Y. Lam, B. Z. Tang, J. Y. Qu, J. Am. Chem. Soc. 2017,
doi.org/10.1002/chem.202005302. 139, 17022-17030.
[68] C.D. Entwistle, T.B. Marder, Angew. Chem. Int. Ed. 2002, 41, 2927 - [103] J. Gala de Pablo, D. R. Chisholm, A. Steffen, A. K. Nelson, C. Mahler, T. B.
2931; Angew. Chem. 2002, 114, 3051 -3056. Marder, S. A. Peyman, J. M. Girkin, C. A. Ambler, A. Whiting, S. D. Evans,
[69] C.D. Entwistle, T. B. Marder, Chem. Mater. 2004, 16, 4574~ 4585. Analyst 2018, 143, 6113-6120.
[70] L. Ji, S. Griesbeck, T. B. Marder, Chem. Sci. 2017, 8, 846 -863. [104] F. Hu, C. Zeng, R. Long, Y. Miao, L. Wei, Q. Xu, W. Min, Nat. Methods
[71] J. C. Doty, B. Babb, P.J. Grisdale, M. Glogowski, J. L. R. Williams, J. Orga- 2018, 75, 194-200.
nomet. Chem. 1972, 38, 229-236. [105] F. Hu, L. Shi, W. Min, Nat. Methods 2019, 16, 830-842.
[72] Z. Yuan, N. J. Taylor, T. B. Marder, 1. D. Williams, S. K. Kurtz, L-T. Cheng, ~ [106] L. Gong, W. Zheng, Y. Ma, Z. Huang, Nat. Photonics 2020, 14, 115-122.
J. Chem. Soc. Chem. Commun. 1990, 1489 - 1492. [107] J.S. Siddle, R. M. Ward, J. C. Collings, S.R. Rutter, L. Porres, L. Apple-
[73] M. Lequan, R. M. Lequan, K. C. Ching, J. Mater. Chem. 1991, 1, 997 - garth, A. Beeby, A.S. Batsanov, A.L. Thompson, J. A.K. Howard, A.
999, Boucekkine, K. Costuas, J.-F. Halet, T. B. Marder, New J. Chem. 2007, 31,
[74] Z. Yuan, N.J. Taylor, R. Ramachandran, T. B. Marder, Appl. Organomet. 841-851.
Chem. 1996, 10, 305-316. [108] B. A. Coombs, S.R. Rutter, A. E. Goeta, H. A. Sparkes, A.S. Batsanov, A.
[75] T. Noda, Y. Shirota, J. Am. Chem. Soc. 1998, 120, 9714-9715. Beeby, RSC Adv. 2012, 2, 1870-1876.
[76] W.-L. Jia, D.-R. Bai, T. McCormick, Q.-D. Liu, M. Motala, R-Y. Wang, C. [109] S.i. Nakatsuji, K. Matsuda, Y. Uesugi, K. Nakashima, S. Akiyama, W.
Seward, Y. Tao, S. Wang, Chem. Eur. J. 2004, 10, 994-1006. Fabian, J. Chem. Soc. Perkin Trans. 1 1992, 755-758.
[77] Z. Yuan, C.D. Entwistle, J. C. Collings, D. Albesa-Jové, A.S. Batsanoy, [110] M. Levitus, K. Schmieder, H. Ricks, K. D. Shimizu, U.H.F. Bunz, M. A.
J. A. K. Howard, N. J. Taylor, H. M. Kaiser, D. E. Kaufmann, S.-Y. Poon, W.- Garcia-Garibay, J. Am. Chem. Soc. 2001, 123, 4259-4265.
Chem. Eur. J. 2021, 27, 51425159 www.chemeurj.org 5158  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1021/cr0681546
https://doi.org/10.1021/cr0681546
https://doi.org/10.1021/cr0681546
https://doi.org/10.1002/wrna.1373
https://doi.org/10.1002/wrna.1373
https://doi.org/10.1002/wrna.1373
https://doi.org/10.1016/j.chembiol.2016.05.021
https://doi.org/10.1016/j.chembiol.2016.05.021
https://doi.org/10.1016/j.chembiol.2016.05.021
https://doi.org/10.1016/j.chembiol.2016.05.021
https://doi.org/10.1002/wrna.1477
https://doi.org/10.1177/002215549704500107
https://doi.org/10.1177/002215549704500107
https://doi.org/10.1177/002215549704500107
https://doi.org/10.1177/002215549704500107
https://doi.org/10.1080/bih.76.3.137.161
https://doi.org/10.1080/bih.76.3.137.161
https://doi.org/10.1080/bih.76.3.137.161
https://doi.org/10.1002/anie.201403918
https://doi.org/10.1002/anie.201403918
https://doi.org/10.1002/anie.201403918
https://doi.org/10.1002/anie.201403918
https://doi.org/10.1002/ange.201403918
https://doi.org/10.1002/ange.201403918
https://doi.org/10.1002/ange.201403918
https://doi.org/10.1016/j.aca.2015.02.023
https://doi.org/10.1016/j.aca.2015.02.023
https://doi.org/10.1016/j.aca.2015.02.023
https://doi.org/10.1016/j.aca.2015.02.023
https://doi.org/10.1021/acs.analchem.5b00887
https://doi.org/10.1021/acs.analchem.5b00887
https://doi.org/10.1021/acs.analchem.5b00887
https://doi.org/10.1021/acs.analchem.5b00887
https://doi.org/10.1002/smll.201502822
https://doi.org/10.1002/smll.201502822
https://doi.org/10.1002/smll.201502822
https://doi.org/10.1002/chem.201602639
https://doi.org/10.1002/chem.201602639
https://doi.org/10.1002/chem.201602639
https://doi.org/10.1021/acs.analchem.5b04248
https://doi.org/10.1021/acs.analchem.5b04248
https://doi.org/10.1021/acs.analchem.5b04248
https://doi.org/10.1021/acs.analchem.5b04248
https://doi.org/10.1039/C7RA00426E
https://doi.org/10.1039/C7RA00426E
https://doi.org/10.1039/C7RA00426E
https://doi.org/10.1039/C7RA00426E
https://doi.org/10.1039/C7NJ00471K
https://doi.org/10.1039/C7NJ00471K
https://doi.org/10.1039/C7NJ00471K
https://doi.org/10.1039/C7NJ00471K
https://doi.org/10.1039/C7CC06045A
https://doi.org/10.1039/C7CC06045A
https://doi.org/10.1039/C7CC06045A
https://doi.org/10.1016/j.snb.2018.01.161
https://doi.org/10.1016/j.snb.2018.01.161
https://doi.org/10.1016/j.snb.2018.01.161
https://doi.org/10.1016/j.snb.2018.01.161
https://doi.org/10.1021/acs.langmuir.8b01036
https://doi.org/10.1021/acs.langmuir.8b01036
https://doi.org/10.1021/acs.langmuir.8b01036
https://doi.org/10.1002/chem.201900723
https://doi.org/10.1002/chem.201900723
https://doi.org/10.1002/chem.201900723
https://doi.org/10.1002/chem.201900723
https://doi.org/10.1002/chem.201902461
https://doi.org/10.1002/chem.201902461
https://doi.org/10.1002/chem.201902461
https://doi.org/10.1002/chem.201902461
https://doi.org/10.1039/C9SC00793H
https://doi.org/10.1039/C9SC00793H
https://doi.org/10.1039/C9SC00793H
https://doi.org/10.1021/acs.analchem.9b01324
https://doi.org/10.1021/acs.analchem.9b01324
https://doi.org/10.1021/acs.analchem.9b01324
https://doi.org/10.1016/j.bios.2019.111497
https://doi.org/10.1016/j.bios.2019.111497
https://doi.org/10.1016/j.dyepig.2019.108077
https://doi.org/10.1016/j.dyepig.2019.108077
https://doi.org/10.1002/jlac.18852290304
https://doi.org/10.1002/jlac.18852290304
https://doi.org/10.1002/jlac.18852290304
https://doi.org/10.1002/chem.202005302
https://doi.org/10.1002/chem.202005302
https://doi.org/10.1002/1521-3773(20020816)41:16%3C2927::AID-ANIE2927%3E3.0.CO;2-L
https://doi.org/10.1002/1521-3773(20020816)41:16%3C2927::AID-ANIE2927%3E3.0.CO;2-L
https://doi.org/10.1002/1521-3773(20020816)41:16%3C2927::AID-ANIE2927%3E3.0.CO;2-L
https://doi.org/10.1002/1521-3757(20020816)114:16%3C3051::AID-ANGE3051%3E3.0.CO;2-R
https://doi.org/10.1002/1521-3757(20020816)114:16%3C3051::AID-ANGE3051%3E3.0.CO;2-R
https://doi.org/10.1002/1521-3757(20020816)114:16%3C3051::AID-ANGE3051%3E3.0.CO;2-R
https://doi.org/10.1021/cm0495717
https://doi.org/10.1021/cm0495717
https://doi.org/10.1021/cm0495717
https://doi.org/10.1039/C6SC04245G
https://doi.org/10.1039/C6SC04245G
https://doi.org/10.1039/C6SC04245G
https://doi.org/10.1016/S0022-328X(00)83321-5
https://doi.org/10.1016/S0022-328X(00)83321-5
https://doi.org/10.1016/S0022-328X(00)83321-5
https://doi.org/10.1016/S0022-328X(00)83321-5
https://doi.org/10.1039/C39900001489
https://doi.org/10.1039/C39900001489
https://doi.org/10.1039/C39900001489
https://doi.org/10.1039/JM9910100997
https://doi.org/10.1039/JM9910100997
https://doi.org/10.1039/JM9910100997
https://doi.org/10.1002/(SICI)1099-0739(199604)10:3/4%3C305::AID-AOC463%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1099-0739(199604)10:3/4%3C305::AID-AOC463%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1099-0739(199604)10:3/4%3C305::AID-AOC463%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1099-0739(199604)10:3/4%3C305::AID-AOC463%3E3.0.CO;2-G
https://doi.org/10.1021/ja9817343
https://doi.org/10.1021/ja9817343
https://doi.org/10.1021/ja9817343
https://doi.org/10.1002/chem.200305579
https://doi.org/10.1002/chem.200305579
https://doi.org/10.1002/chem.200305579
https://doi.org/10.1002/chem.200501096
https://doi.org/10.1002/chem.200501096
https://doi.org/10.1002/chem.200501096
https://doi.org/10.1021/ja068771b
https://doi.org/10.1021/ja068771b
https://doi.org/10.1021/ja068771b
https://doi.org/10.1021/ja068771b
https://doi.org/10.1002/chem.200801719
https://doi.org/10.1002/chem.200801719
https://doi.org/10.1002/chem.200801719
https://doi.org/10.1002/anie.200901275
https://doi.org/10.1002/anie.200901275
https://doi.org/10.1002/anie.200901275
https://doi.org/10.1002/ange.200901275
https://doi.org/10.1002/ange.200901275
https://doi.org/10.1002/ange.200901275
https://doi.org/10.1039/c2cc36172h
https://doi.org/10.1039/c2cc36172h
https://doi.org/10.1039/c2cc36172h
https://doi.org/10.1002/anie.201403700
https://doi.org/10.1002/anie.201403700
https://doi.org/10.1002/anie.201403700
https://doi.org/10.1002/anie.201403700
https://doi.org/10.1002/ange.201403700
https://doi.org/10.1002/ange.201403700
https://doi.org/10.1002/ange.201403700
https://doi.org/10.1039/C5SC02205C
https://doi.org/10.1039/C5SC02205C
https://doi.org/10.1039/C5SC02205C
https://doi.org/10.1002/chem.201405621
https://doi.org/10.1002/chem.201405621
https://doi.org/10.1002/chem.201405621
https://doi.org/10.1039/C4SC02410A
https://doi.org/10.1039/C4SC02410A
https://doi.org/10.1039/C4SC02410A
https://doi.org/10.1021/ja808572t
https://doi.org/10.1021/ja808572t
https://doi.org/10.1021/ja808572t
https://doi.org/10.1002/chem.201903936
https://doi.org/10.1002/chem.201903936
https://doi.org/10.1002/chem.201903936
https://doi.org/10.1002/chem.201905328
https://doi.org/10.1002/chem.201905328
https://doi.org/10.1002/chem.201905328
https://doi.org/10.1002/chem.201905328
https://doi.org/10.1364/OL.28.002073
https://doi.org/10.1364/OL.28.002073
https://doi.org/10.1364/OL.28.002073
https://doi.org/10.1073/pnas.0502746102
https://doi.org/10.1073/pnas.0502746102
https://doi.org/10.1073/pnas.0502746102
https://doi.org/10.1073/pnas.0502746102
https://doi.org/10.1021/nl0705945
https://doi.org/10.1021/nl0705945
https://doi.org/10.1021/nl0705945
https://doi.org/10.1021/acs.analchem.7b00017
https://doi.org/10.1021/acs.analchem.7b00017
https://doi.org/10.1021/acs.analchem.7b00017
https://doi.org/10.1021/acs.analchem.7b00017
https://doi.org/10.1562/2005-02-24-RA-449
https://doi.org/10.1562/2005-02-24-RA-449
https://doi.org/10.1562/2005-02-24-RA-449
https://doi.org/10.1562/2005-02-24-RA-449
https://doi.org/10.1039/C4CP04235B
https://doi.org/10.1039/C4CP04235B
https://doi.org/10.1039/C4CP04235B
https://doi.org/10.1039/C4CP04235B
https://doi.org/10.1021/nn403351z
https://doi.org/10.1021/nn403351z
https://doi.org/10.1021/nn403351z
https://doi.org/10.1021/nn403351z
https://doi.org/10.1366/000370277774463616
https://doi.org/10.1366/000370277774463616
https://doi.org/10.1366/000370277774463616
https://doi.org/10.1021/jacs.7b06273
https://doi.org/10.1021/jacs.7b06273
https://doi.org/10.1021/jacs.7b06273
https://doi.org/10.1021/jacs.7b06273
https://doi.org/10.1039/C8AN01461B
https://doi.org/10.1039/C8AN01461B
https://doi.org/10.1039/C8AN01461B
https://doi.org/10.1038/nmeth.4578
https://doi.org/10.1038/nmeth.4578
https://doi.org/10.1038/nmeth.4578
https://doi.org/10.1038/nmeth.4578
https://doi.org/10.1038/s41592-019-0538-0
https://doi.org/10.1038/s41592-019-0538-0
https://doi.org/10.1038/s41592-019-0538-0
https://doi.org/10.1038/s41566-019-0535-y
https://doi.org/10.1038/s41566-019-0535-y
https://doi.org/10.1038/s41566-019-0535-y
https://doi.org/10.1039/B701172E
https://doi.org/10.1039/B701172E
https://doi.org/10.1039/B701172E
https://doi.org/10.1039/B701172E
https://doi.org/10.1039/c1ra00728a
https://doi.org/10.1039/c1ra00728a
https://doi.org/10.1039/c1ra00728a
https://doi.org/10.1039/p19920000755
https://doi.org/10.1039/p19920000755
https://doi.org/10.1039/p19920000755
https://doi.org/10.1021/ja003959v
https://doi.org/10.1021/ja003959v
https://doi.org/10.1021/ja003959v
http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202005141

Chemistry

Europe

[mm

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]
[122]

[123]

[124]

[125]

Chem.

P. Nguyen, Z. Yuan, L. Agocs, G. Lesley, T. B. Marder, Inorg. Chim. Acta
1994, 220, 289 -296.

a) A. Beeby, K. Findlay, P.J. Low, T. B. Marder, J. Am. Chem. Soc. 2002,
124, 8280-8284; b) A. Beeby, K. S. Findlay, P. J. Low, T. B. Marder, P. Ma-
tousek, A.W. Parker, S.R. Rutter, M. Towrie, Chem. Commun. 2003,
2406 -2407.

T. M. Fasina, J. C. Collings, J. M. Burke, A.S. Batsanov, R. M. Ward, D.
Albesa-Jové, L. Porrés, A. Beeby, J. A. K. Howard, A.J. Scott, W. Clegg,
S.W. Watt, C. Viney, T. B. Marder, J. Mater. Chem. 2005, 15, 690-697.
S. Amthor, C. Lambert, S. Dummler, I. Fischer, J. Schelter, J. Phys. Chem.
A 2006, 110, 5204-5214.

D. D. Nguyen, N. C. Jones, S. V. Hoffmann, S. H. Andersen, P. W. Thulstr-
up, J. Spanget-Larsen, Chem. Phys. 2012, 392, 130-135.

P. Nguyen, S. Todd, D. Van den Biggelaar, N.J. Taylor, T. B. Marder, F.
Wittmann, R. H. Friend, Synlett 1994, 1994, 299-301.

M. Levitus, M. A. Garcia-Garibay, J. Phys. Chem. A 2000, 104, 8632—
8637.

A.D. Malakhov, M. V. Skorobogatyi, |. A. Prokhorenko, S.V. Gontarey,
D.T. Kozhich, D.A. Stetsenko, I. A. Stepanova, Z.O. Shenkarey, Y.A.
Berlin, V. A. Korshun, Eur. J. Org. Chem. 2004, 1298 -1307.

B. Strehmel, S. Amthor, J. Schelter, C. Lambert, ChemPhysChem 2005, 6,
893-896.

A. Beeby, K. S. Findlay, A. E. Goeta, L. Porres, S. R. Rutter, A. L. Thomp-
son, Photochem. Photobiol. Sci. 2007, 6, 982 -986.

C. V. Suneesh, K. R. Gopidas, J. Phys. Chem. C 2009, 113, 1606-1614.
M. Mitsui, Y. Kawano, R. Takahashi, H. Fukui, RSC Adv. 2012, 2, 9921 -
9931.

P.W. Thulstrup, N.C. Jones, S.V. Hoffmann, J. Spanget-Larsen, Chem.
Phys. Lett. 2013, 559, 35-40.

R. Iwaura, H. Yui, Y. Someya, M. Ohnishi-Kameyama, J. Photochem. Pho-
tobiol. B 2014, 130, 199-204.

Y. Shiraishi, Y. Tokitoh, G. Nishimura, T. Hirai, Org. Lett. 2005, 7, 2611 -
2614.

[126]
[127]

[135]

[136]

[137]

[138]

[139]

X. Zhang, K. Sasaki, Y. Kuroda, J. Org. Chem. 2006, 71, 4872 -4877.

a) M. Lubtow, I. Helmers, V. Stepanenko, R.Q. Albuquerque, T.B.
Marder, G. Fernandez, Chem. Eur. J. 2017, 23, 6198-6205; b) T. H. Rehm,
M. R. Stojkovi¢, S. Rehm, M. Skugor, I. Piantanida, F. Wiirthner, Chem.
Sci. 2012, 3, 3393-3397.

W. M. Hewitt, D.R. Calabrese, J.S. Schneekloth, Bioorg. Med. Chem.
2019, 27, 2253 -2260.

J.-L. Mergny, L. Lacroix, Oligonucleotides 2003, 13, 515-537.

G. Scatchard, Ann. NY Acad. Sci. 1949, 51, 660-672.

J. D. McGhee, P. H. von Hippel, J. Mol. Biol. 1974, 86, 469 —489.

C. A. M. Seidel, A. Schulz, M. H. M. Sauer, J. Phys. Chem. 1996, 100,
5541-5553.

A. Rodger, B. Nordén, Circular Dichroism and Linear Dichroism, Vol. 1,
Oxford University Press, New York, 1997.

M. Eriksson, B. Nordén in Methods in Enzymology, Vol. 340, Academic
Press, San Diego, 2001, pp. 68-98.

T. Smidlehner, I. Piantanida, G. Pescitelli, Beilstein J. Org. Chem. 2018,
14, 84-105.

R. F. Pasternack, J. I. Goldsmith, S. Szép, E. J. Gibbs, Biophys. J. 1998, 75,
1024-1031.

V. Casagrande, A. Alvino, A. Bianco, G. Ortaggi, M. Franceschin, J. Mass
Spectrom. 2009, 44, 530-540.

W. Hu, C. Blecking, M. Kralj, L. Suman, I. Piantanida, T. Schrader, Chem.
Eur. J. 2012, 18, 3589-3597.

A. Lucotti, M. Tommasini, D. Fazzi, M. Del Zoppo, W. A. Chalifoux, R.R.
Tykwinski, G. Zerbi, J. Raman Spectrosc. 2012, 43, 1293 -1298.

Manuscript received: November 29, 2020
Revised manuscript received: December 20, 2020

Accepted manuscript online: January 7, 2021

Version of record online: February 24, 2021

Eur. J. 2021, 27, 51425159 www.chemeurj.org

5159

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

European Chemical
Societies Publishing


https://doi.org/10.1016/0020-1693(94)03881-3
https://doi.org/10.1016/0020-1693(94)03881-3
https://doi.org/10.1016/0020-1693(94)03881-3
https://doi.org/10.1016/0020-1693(94)03881-3
https://doi.org/10.1021/ja025568h
https://doi.org/10.1021/ja025568h
https://doi.org/10.1021/ja025568h
https://doi.org/10.1021/ja025568h
https://doi.org/10.1039/b307005k
https://doi.org/10.1039/b307005k
https://doi.org/10.1039/b307005k
https://doi.org/10.1039/b307005k
https://doi.org/10.1039/B413514H
https://doi.org/10.1039/B413514H
https://doi.org/10.1039/B413514H
https://doi.org/10.1021/jp056728p
https://doi.org/10.1021/jp056728p
https://doi.org/10.1021/jp056728p
https://doi.org/10.1021/jp056728p
https://doi.org/10.1016/j.chemphys.2011.10.036
https://doi.org/10.1016/j.chemphys.2011.10.036
https://doi.org/10.1016/j.chemphys.2011.10.036
https://doi.org/10.1021/jp001483w
https://doi.org/10.1021/jp001483w
https://doi.org/10.1021/jp001483w
https://doi.org/10.1002/ejoc.200300677
https://doi.org/10.1002/ejoc.200300677
https://doi.org/10.1002/ejoc.200300677
https://doi.org/10.1002/cphc.200400538
https://doi.org/10.1002/cphc.200400538
https://doi.org/10.1002/cphc.200400538
https://doi.org/10.1002/cphc.200400538
https://doi.org/10.1039/b707750e
https://doi.org/10.1039/b707750e
https://doi.org/10.1039/b707750e
https://doi.org/10.1021/jp8091072
https://doi.org/10.1021/jp8091072
https://doi.org/10.1021/jp8091072
https://doi.org/10.1039/c2ra21100a
https://doi.org/10.1039/c2ra21100a
https://doi.org/10.1039/c2ra21100a
https://doi.org/10.1016/j.cplett.2013.01.005
https://doi.org/10.1016/j.cplett.2013.01.005
https://doi.org/10.1016/j.cplett.2013.01.005
https://doi.org/10.1016/j.cplett.2013.01.005
https://doi.org/10.1016/j.jphotobiol.2013.11.013
https://doi.org/10.1016/j.jphotobiol.2013.11.013
https://doi.org/10.1016/j.jphotobiol.2013.11.013
https://doi.org/10.1016/j.jphotobiol.2013.11.013
https://doi.org/10.1021/ol050735e
https://doi.org/10.1021/ol050735e
https://doi.org/10.1021/ol050735e
https://doi.org/10.1021/jo060449w
https://doi.org/10.1021/jo060449w
https://doi.org/10.1021/jo060449w
https://doi.org/10.1039/c2sc20825c
https://doi.org/10.1039/c2sc20825c
https://doi.org/10.1039/c2sc20825c
https://doi.org/10.1039/c2sc20825c
https://doi.org/10.1016/j.bmc.2019.04.010
https://doi.org/10.1016/j.bmc.2019.04.010
https://doi.org/10.1016/j.bmc.2019.04.010
https://doi.org/10.1016/j.bmc.2019.04.010
https://doi.org/10.1089/154545703322860825
https://doi.org/10.1089/154545703322860825
https://doi.org/10.1089/154545703322860825
https://doi.org/10.1111/j.1749-6632.1949.tb27297.x
https://doi.org/10.1111/j.1749-6632.1949.tb27297.x
https://doi.org/10.1111/j.1749-6632.1949.tb27297.x
https://doi.org/10.1016/0022-2836(74)90031-X
https://doi.org/10.1016/0022-2836(74)90031-X
https://doi.org/10.1016/0022-2836(74)90031-X
https://doi.org/10.1021/jp951507c
https://doi.org/10.1021/jp951507c
https://doi.org/10.1021/jp951507c
https://doi.org/10.1021/jp951507c
https://doi.org/10.1016/S0006-3495(98)77591-5
https://doi.org/10.1016/S0006-3495(98)77591-5
https://doi.org/10.1016/S0006-3495(98)77591-5
https://doi.org/10.1016/S0006-3495(98)77591-5
https://doi.org/10.1002/jms.1529
https://doi.org/10.1002/jms.1529
https://doi.org/10.1002/jms.1529
https://doi.org/10.1002/jms.1529
https://doi.org/10.1002/chem.201100634
https://doi.org/10.1002/chem.201100634
https://doi.org/10.1002/chem.201100634
https://doi.org/10.1002/chem.201100634
https://doi.org/10.1002/jrs.3166
https://doi.org/10.1002/jrs.3166
https://doi.org/10.1002/jrs.3166
http://www.chemeurj.org

