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This paper is dedicated to Prof. Dr. Michael Schmittel on the occasion of his 65th birthday.

The dye 3-(4-(N,N-dimethylamino)phenyl)naphthol[7,2-b]quino-
lizinium was synthesized by means of a Suzuki-Miyaura reaction
in good yield, and its binding properties with duplex DNA,
quadruplex DNA (G4-DNA), RNA, and bovine serum albumin
(BSA) were investigated by photometric, fluorimetric and
polarimetric titrations and DNA denaturation analysis. The
compound intercalates into DNA and RNA, associates in binding
site | of BSA, and binds to G4-DNA by terminal s stacking. The

1. Introduction

The detection of biological relevant analytes with fluorescent
dye molecules has developed into a useful method for live cell
imaging and is used for the visualization of various bioanalytes
in living organisms™ In this context, organic probe molecules
that change their emission properties when they are bound to
a receptor or host molecule have been utilized successfully for
the selective fluorimetric detection of specific analytes.
However, many of these fluorescent probes operate in a
wavelength region (400-700 nm), which is disadvantageous for
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ligand exhibits a fluorescence light-up effect upon complex-
ation to these biomacromolecules, which is more pronounced
and blue shifted in the presence of BSA (®;=0.29, 14=627 nm)
than with the nucleic acids (®;=0.01-0.05, 1;=725-750 nm).
Furthermore, the triple-exponential fluorescence decay of the
probe when bound to biomacromolecules in a cell enables their
visualization in this medium and the differential labeling of
cellular components.

an application in biological systems due to the background
fluorescence in this wavelength region and strong light
scattering.”® Hence, fluorescent dyes that emit in the near
infrared region (NIR; >700 nm) have gained much interest in
bioanalytical chemistry, because their emission is not hampered
by the intrinsic autofluorescence of cells, and the applied
excitation light as well as the emission penetrate deeper
through biological tissue and cells.*® As a result, such
fluorescent NIR probes have been utilized for the detection of
various biomolecules such as DNA,“'® RNA,"*" or proteins.>'?
Furthermore, the selective detection of biologically relevant
non-canonical DNA structures like G-quadruplex DNA (G4-DNA)
was achieved with fluorescent NIR probes.*® Along these lines,
many so-called light-up probes based on, for example,
carbazole,"? coralyne,™ cyanine, pyridinium,”
quinolinium,"®'® and squaraine!” derivatives have been devel-
oped that exhibit a strong increase of their emission intensity
upon binding to biologically relevant molecules.

In this context, we and others have introduced and utilized
the quinolizinium cation as starting point for the development
for the fluorimetric detection of biomolecules.**'® But
although several annelated quinolizinium derivatives have
been investigated already in detail as tools for fluorimetric
detection, the naphtho[1,2-blquinolizinium (1) has not been
functionalized as fluorescent light-up probe, yet, even though
the parent compound 1 exhibits the required properties of a
DNA-sensitive fluorescent probe. Namely, it exhibits high bind-
ing affinity to DNA"®?” and favorable photophysical properties,
such as reasonable emission quantum yield of the parent
compound. Moreover, a strong fluorosolvatochromism has
been observed with aryl-substituted derivatives 2a-d (Fig-
ure 1).2"?? However, to be used as fluorescent light-up probe

[10,16]
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Figure 1. Structure of naphtho[1,2-b]quinolizinium derivatives 1-3 and 9-(4-
N,N-dimethylaminophenyl)benzo[blquinolizinium (4).

the emission of the naphtho[1,2-blquinolizinium has to be
initially quenched and only released on binding to the target
analyte. In addition, the emission has to be red shifted for an
application as a NIR probe. We proposed that both properties
may be accomplished by the attachment of a dimeth-
ylaminophenyl substituent because this approach has already
been successfully applied to the benzo[blquinizinium
fluorophore.” In fact, the fluorescence of the corresponding 9-
(4-dimethylaminophenyl)benzo[b]quinolizinium (4) is efficiently
quenched by a combination of torsional relaxation and a
charge shift (CS) in the excited molecule.” In turn, these
processes are suppressed when the molecule is bound to
biomacromolecules, such as DNA and BSA, which leads to a
distinct increase of its emission quantum yield. Moreover, the
absorption and emission of derivative 4 are strongly red shifted
in the presence of DNA, even slightly in the NIR range, as
compared with that of the parent compound. This strong red
shift is likely the result of the donor-acceptor interplay between
the aniline moiety and the benzoquinolizinium unit. Based on
these observations, we concluded that an aminophenyl-sub-
stituted naphthoquinolizinium derivative may exhibit similar
beneficial photophysical properties along with an enhanced
affinity towards DNA. Hence, we functionalized the naphtho-
[1,2-b]quinolizinium with a dimethylaminophenyl substituent
and investigated its emission properties upon binding to
different biomolecules as well as its application for cell
imaging.

2. Results and Discussion
2.1. Synthesis

The target compound 3-(4-N,N-dimethylaminophenyl)naphtho-
[1,2-b]quinoliziniumbromide (3) was synthesized in 72% yield
with a Suzuki-Miyaura coupling reaction of 3-bromonaphtho-
[1,2-blquinolizinium (5)22 and 4-N,N-dimethylamino-
phenylboronic acid (6) with Pd(dppf)Cl,-CH,Cl, as catalyst
(Scheme 1).2>% The structure of the product 3 was confirmed
by NMR-spectroscopic analysis ('"H, '*C, COSY, HSQC, HMBQ),*!
elemental analysis and mass-spectrometric data. Specifically,
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Scheme 1. Synthesis of 3-(4-N,N-dimethylaminophenyl)naphtho[1,2-b]-
quinoliziniumbromide (3).

the downfield-shifted 'H-NMR signals of the protons 7-H and
13-H at 10.19 ppm and 9.95 ppm indicated the integrity of the
naphthoquinolizinium unit (cf. SI: Figure S13). Moreover, clear
HMBC cross-peaks between C3 of the naphthoquinolizinium
unit and 2'-H and 6'-H of the aniline substituent unambiguously
confirmed the formation of the product 3 (cf. SI: Figure S15).

2.2. Absorption and Emission Properties

The absorption of the naphthoquinolizinium derivative 3
changed in different solvents with long-wavelength absorption
maxima between 413 nm in aqueous buffer and 457 nm in
CHCl; (Table 1, cf. SlI: Figure S1AB). Likewise, the emission
properties of compound 3 depend strongly on the solvent.
Thus, while 3 is essentially non-fluorescent in the polar solvents
water, MeOH, MeCN, and DMSO, a very weak fluorescence was
detected in EtOH (®;=0.01) and 1-PrOH (®;=0.02). In
contrast, a significantly larger emission quantum yield was
determined in CHCI; solution (®;=0.11). Furthermore, the
emission maxima, if detectable, were markedly red shifted in
polar protic solvents EtOH (4;=762nm) and 1-PrOH (A=
750 nm) as compared with the one in CHCl; (14=627 nm). The
emission properties were also studied in media with higher
viscosity to examine whether the low emission quantum yields
of compound 3 result from conformational changes in the
excited state.” For that purpose, the fluorescence spectra of 3
were recorded in glycerol solutions at varying temperatures
(Figure 2, «cf. SI: Figure S1D). It was observed that the
fluorescence of 3 was significantly quenched at higher temper-
ature and lower viscosity (e.g. @;=0.02, 80°C, n=32 cP)* as

Table 1. Absorption and emission properties of derivative 3 in different
solvents.

Solvent Aabs® [NM] log £*! A9 [Inm] D
H,O 413 4.22 [d] [d]
MeOH 425 4.34 [d] [d]
EtOH 440 432 762 0.01
1-PrOH 444 4.31 750 0.02
MeCN 424 4.36 [d] [d]
DMSO 426 4.32 [d] [d]
CHCl, 457 4.37 627 0.11

[a] Long-wavelength absorption maximum; ¢ =20 uM. [b] é=Molar ex-
tinction coefficient in cm™ M™". [c] Fluorescence maximum at

Aex =425 nm. [d] Fluorescence quantum yield too low to be determined.
[e] Fluorescence quantum yield relative to rhodamine B in EtOH

(D =0.66).%
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Figure 2. A: Absorption spectra (dashed line) of 3 (c=10 pM, with 5% v/v
DMSO) in BPE (biphosphate EDTA) buffer and emission spectra (continuous
lines) of 3 (c=10 uM, with 0.25% v/v DMSO) in glycerol at 20°C, 30°C, 40°C,
50°C, 60°C, and 80°C; ,,=450 nm. The arrows indicate the changes of the
emission intensity with increasing temperature. B: Fluorimetric titration of
aqueous NaOH solution (2 M) to a solution of 3 (c=20 pM) in Britton-
Robinson buffer; 1.,=405 nm. The arrows indicate the development of
emission bands with increasing pH values. Inset: Plot of the emission
intensity at 420 nm versus pH of the solution. The red line indicates the fit of
the experimental data to the theoretical titration curve of a weak acid.

compared with the glycerol solution at 20°C that has a much
higher viscosity (®,=0.18, 7=1400 cP).

Additionally, the dependence of the absorption and
emission properties of 3 on the pH of the medium was studied
(Figure 2, cf. SI: Figure S1C). Notably, at pH2 derivative 3
exhibits strongly blue-shifted absorption bands at 408 nm,
387 nm and 325 nm and an intense emission band at 420 nm
(Pq=0.06). With increasing pH of the solution, a broad red-
shifted absorption band at 413 nm developed, whereas the
emission band was steadily quenched. The analysis of the
titration curve obtained from the fluorimetric acid-base titration
revealed a pK, of 3.5040.01 (cf. SI).””!

2.3. Photometric Titrations with Biomacromolecules

The changes of the absorption properties of compound 3 upon
binding to different biologically relevant macromolecules were
followed by photometric titrations (Figure 3, cf. SI: Figure S2).
For this purpose, different nucleic acids were selected, such as
calf thymus (ct) DNA, the quadruplex-forming oligonucleotides
dIA(TTAGGG),GGG] (22AG),* d[(ACAGGGTGT),] (a2),*” d[TGA
(G3TG;TA),] (c-myc)®" and d[AG,AG;CGCTG;AG,AG,] (c-kit),*?
as well as torula yeast (ty) RNA. In addition, bovine serum
albumin (BSA) was chosen as representative protein. Upon
addition of the nucleic acids and BSA a decrease of the
absorption bands at 414 nm and 330 nm was observed in each
case, which was accompanied by the development of new red-
shifted absorption maxima. Interestingly, the latter effect was
significantly more pronounced for complexes with the nucleic
acids (AA=13-22 nm) as compared with that in the presence
of BSA (AA=5nm). Moreover, the hypochromic effect was
much more pronounced for complexes with RNA (log £=3.93)
as compared with those of the other tested biomolecules (log
£=4.14-4.21). Notably, no isosbestic points were observed
during the photometric titrations of ligand 3.
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Figure 3. Photometric titration of 3 (c=10 puM) with ct DNA (A) and BSA (B)
in BPE buffer (cy,, =16 mM, pH 7.0, with 10% v/v DMSO), with 22AG (C) in
K-phosphate buffer (cx, =110 mM, pH 7.0, with 10% v/v DMSO) and with ty
RNA (D) in TBS (tris-buffered saline) buffer (cy,. =150 mM, pH 7.0, with 10%
v/v DMSO). The arrows indicate the changes of absorption upon addition of
DNA, BSA and RNA, respectively. Inset: Plot of the ligand absorption versus
DNA concentration.

2.4. CD and LD Spectroscopy

The association of ligand 3 with ct DNA, 22AG, a2, c-myc, c-kit
and ty RNA was additionally followed by circular dichroism (CD)
and flow linear dichroism (LD) spectroscopy (Figure 4, cf. SI:
Figure S8). Upon addition of the ligand to ct DNA, a continuous
development of negative induced CD (ICD) and LD signals at
the absorption maxima at 450 nm and 335 nm was observed.
Moreover, the CD signals of ct DNA at 258 nm and 278 nm
continuously decreased with increasing ligand content. Nota-
bly, a similar ICD pattern was observed during the titration of
ty RNA with ligand 3 (cf. SI: Figure S8C). In the presence of
ligand 3 the quadruplex-forming oligonucleotides a2, c-myc
and c-kit did not induce meaningful changes of the CD spectra.
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Figure 4. CD spectra (A,C,D) and LD spectra (B) of ct DNA (A,B, cpna =20 uM),
a2 (C, cpna=20 uM) and 22AG (D, cpya =20 pM) in the absence and presence
of 3 [LDR=0 (black), 0.05 (cyan), 0.2 (orange), 0.5 (green), 1.0 (magenta), 1.5
(blue), 2.0 (red)] in BPE buffer solution (10 mM, pH 7.0; with 5% v/v DMSO).
The arrows indicate the changes of absorption upon addition of DNA.
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In contrast, during the titrations with 22AG a decrease of the
shoulder at 255 nm alongside with an increase of the CD signal
at 290 nm were observed. Nevertheless, no ICD signals of the
ligand developed during the titrations with 22AG, a2, c-myc
and c-kit.

2.5. Thermal DNA Denaturation Experiments

The influence of ligand 3 on the thermal stability of G4-DNA
was further tested by thermal DNA-denaturation experiments
with dye-labeled, quadruplex-forming oligonucleotides F21T,
Fa2T, FmycT, and FkitT (Table 2, cf. Sl: Figure S6, Figure 7).
Derivative 3 induced a significant increase of the melting
temperature, AT, of all tested oligonucleotides. However,
while F21T (AT,,=10.0°C, at LDR=5), FkitT (AT,=6.7°C) and
FmycT (AT,=5.6°C) exhibited a relative strong shift of their
melting temperature in the presence of the ligand, Fa2T
(AT,,=3.0°C) was only stabilized weakly. Furthermore, the
shifts of melting temperature of F21T, Fa2T and FmycT were
only affected marginally by the presence of the duplex DNA-
forming oligonucleotide ds26 (F21T/ds26: AAT,=1.0°C;
FmycT/ds26: AAT,,=1.3°C; Fa2T/ds26: AAT,=0.3°C, cf. Sl
eq. 4). The quadruplex FkitT, however, exhibited a significant
shift of its AT,, values in the presence of duplex DNA (FkitT/
ds26: AAT,,=2.4°C).

2.6. Fluorescent Indicator Displacement Experiments with
BSA

that bind selectively to binding site | (DNSA) or binding site Il
(DP) of the protein (Figure S5). In this fluorescent indicator
displacement (FID) assay, the binding of the analyte to the
respective binding site is indirectly monitored by the changes
of the fluorescence of the displaced ligand.®** In the case of
compound 3, the addition of DNSA to a mixture of 3 and BSA
resulted in a significant quenching of the fluorescence, whereas
no significant changes of the fluorescence were observed
during the titration with DP.

2.7. Fluorimetric Titrations with Biological Host Molecules

The association of ligand 3 with ct DNA, 22AG, a2, c-myc, c-kit,
ty RNA, and BSA was followed by fluorimetric titrations
(Figure 5, Figure 6, cf. Sl: Figure S3). The essentially non-
fluorescent ligand developed relatively strong emission bands
upon addition of all tested biomolecules. Hence, upon addition
of DNA and RNA distinct emission bands at 725-750 nm were
formed, whereas a blue-shifted emission at 627 nm was
observed during the titration with BSA. Moreover, the emission

Rel. Em. Int. /a.u
Rel. Em. Int. / a.u

20 g
The binding of ligand 3 to BSA was further studied by .
fluorimetric displacement experiments with the known BSA- : Sl
binding ligands dansylamide (DNSA) and dansyl-L-proline (DP) § 3 e ’

Table 2. Binding constants K, and shifts of melting temperature AT,, of 3
with duplex and G4-DNA, and fluorescence quantum yields of the DNA-
bound ligands.

[a] Dye-labeled oligonucleotides: F21T =fluo-G;(TTAG;);-tamra,

Fa2T =fluo-(ACAG;TGT),-tamra, FmycT =fluo-TGAG;TG,TAG;TG;TA-tamra,
FkitT =fluo-AG;AG;CGCTG;AG,AG;-tamra, fluo =fluorescein,

tamra =tetramethylrhodamine. [b] Determined from fluorimetric titrations
(cf. Figure S4). [c] Fluorescence quantum yield relative to rhodamine B in
EtOH (®;=0.66)." [d] Determined from fluorimetric analysis of dye-
labeled oligonucleotides, LDR=5; cpy,=0.2 pM (in oligonucleotides);
KCl-LiCl-cacodylat buffer ¢, =10 mM, ¢y,. =10 mM, ¢;;, =90 mM,

pH 7.0), Aox=470 nm; A, =515 nm; estimated error: +0.5°C. [e] Difference
between the melting temperature of dye labeled oligonucleotides with
and without oligonucleotide ds26, LDR=5; cs4pna=0.2 UM (in oligonu-
cleotides); cys6 = 3.0 UM (in oligonucleotides); KCI-LiCl-cacodylat buffer
¢ =10 mM, ¢y, =10 mM, ¢;. =90 mM, pH 7.0) A,,=470 nm;

Aem="515 nm; estimated error: +0.5°C.
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Figure 5. Fluorimetric titration of 3 (c=10 uM) with ct DNA (A) in BPE buffer
(Cnay =16 MM, pH 7.0, with 10% v/v DMSO), with 22AG (B) in K-phosphate
buffer (cc,. =110 mM, pH 7.0, with 10% v/v DMSO) and with ty RNA (C) in

~19ib) [ ot ocTtel
KM ] b ATy AAT, ['C] TBS buffer (cy,. =150 mM, pH 7.0, with 10% v/v DMSO); 1., =450 nm. The

ct DNA 494+0.6x10° 0.01 - arrows indicate the changes of absorption upon addition of DNA. Relative

22AG/F21T® 26+04x10° 0.05 10.0 1.0 changes of the emission intensity of 3 (D) upon addition of ct DNA (blue

c-kit/FkitT @ 4440.7%x10° 0.03 6.7 24 triangles), 22AG (black squares) and ty RNA (red circles).

a2/Fa2T? 3.940.5x10° 0.05 3.0 0.3

c-myc/FmycT®  39407x10°  0.03 5.6 1.3

ty RNA 1.54+03x10° 0.03 -
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Figure 6. Pictures of the emission color of 3 (c=20 uM) in BPE buffer (i) and
in the presence of one equivalent ct DNA (i), 22AG (iii), a2 (iv), c-kit (v), and
c-myc (vi), ty RNA (vii), BSA (viii); A, =366 nm.
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intensity of the bound ligand depends strongly on the
employed host molecule. Thus, complexes with 22AG and a2
exhibited slightly stronger fluorescence bands (®;=0.05) as
compared with the ones of complexes with ct DNA (@,=0.01),
ty RNA (©,=0.03), c-myc (®;=0.01) and c-kit (P;=0.01).
Most notably, the emission in the presence of BSA was strongly
blue shifted, and the light-up effect was also significantly
stronger (®@;=0.29) as compared with that of all other tested
biomacromolecules. The binding isotherms obtained from the
spectrofluorimetric titrations were fitted to a theoretical model
to obtain the binding constants K, of ligand 3 (Table 2, cf. SI:
Figure S4).5¥ Thus, ligand 3 has a high affinity to all tested
nucleic acids (K,=1.5—4.4x10° M"") and a comparatively weak
affinity to BSA (K,=8.9x10° M™").

2.8. Fluorimetric Analysis of Cells

Finally, the ability of dye 3 to stain biomacromolecules was
studied in eukaryotic cells. For this purpose, epi fluorescence
and confocal fluorescence images of NIH 3T3 mouse
fibroblasts®? were recorded after fixation of the cells and
subsequent incubation with a solution of ligand 3 for 1h
(Figure 7, Figure S9, Figure S10, Figure S11). Interestingly, a
blue, green and red emission was detected in the cytoplasm of
the cells after staining with ligand 3, whereas no emission in
the nucleus was detected. It was found that incubation of the
cells in the ligand solution and subsequent fixation of the cells
did not result in any detectable staining of the cells’ nuclei and
in a much lower emission intensity in the cytoplasm (Fig-
ure S10), as can be detected with a conventional epifluores-
cence microscope.

The details of the NIH 3T3 mouse fibroblast staining were
also investigated with a more sensitive confocal fluorescence
microscope. With the same sample (Figure 7) stained by 3, the

A

20 ym
C

20 ym

20 ym

Figure 7. Epifluorescence microscopy images of fixed NIH 3T3 mouse
fibroblasts after incubation with 3 (5 uM) in PBS for 1 h. A: 1,,=320-390 nm,
Aem=420-470 nm; B: 1, =450-490 nm, A¢m > 515 nm; C: A, =540-552 nm,
Aem > 590 nm; D: overlay of all pictures A—C with bright field microscopy
picture. Scale bars: 20 pm.
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cytoplasm and the nuclei showed 750 and 530 times higher
fluorescence intensity per unit area (Figure S12B-D) compared
with the intensity of the autofluorescence of NIH 3T3 cells in
comparable regions (Figure S12A). Fluorescence of 3 decays in
these areas triple-exponentially with the same lifetimes 7=9.7,
3.6 and 1.2 ns, but with different contributions F (Table S1). A
substantially higher contribution (2.1 times) was observed in
the nucleus for the component with the longest lifetime 7=
9.7 ns. As in this case the averaged decay times < 7> become
larger in the nucleus region, it allows mapping of the cells
(Figure 8) at high contrast with fluorescence lifetime imaging
microscopy (FLIM). Here, the nuclei are depicted in red (the
longest <t>), the cytoplasm in green and yellow (moderate
<1>) and background in blue (shortest <7>). Some regions
within the nucleus were found to exhibit shorter lifetimes <7 >
than the rest of the nucleus.

3. Discussion
3.1. Absorption and Emission Properties

As compared with the absorption and emission of the phenyl-
substituted naphthol[1,2-blquinolizinium derivative 1a*? the
long-wavelength absorption maximum and emission maximum
of derivative 3 is strongly red shifted (e.g. in CHCl;: Ad,,=
43 nm; Av,,,=2270 cm™', Adq=199 nm; Avqg=7420 cm™"). This
effect was already observed for derivative 4 and is likely the
result of the pronounced donor-acceptor interplay between the
electron-donating aminophenyl substituent and the annelated
quinolizinium ion.”? Furthermore, the derivative 3 exhibits a
blue-shifted emission in nonpolar solvents, namely in CHCl;, as
compared with that in polar protic solvents EtOH and 1-PrOH,
which may be interpreted as a result of a CS from the
dimethylaminophenyl substituent to the quinolizinium in the
excited state (Scheme 2).°7® Thus, the red-shifted emission in
polar solvents is caused by a more efficient stabilization of the
excited CS state in these polar media. However, this assumption
could not be supported by a more extensive investigation of

Awerage Lifetime [ns]
55

33

Figure 8. FLIM image mapping the averaged fluorescence decay time <7>
calculated for each pixel of Figure S12B of NIH 3T3 mouse fibroblasts after
incubation with 3 (5 uM) for 1 h by fluorescence decay analysis; A.,=485 nm,
Aem>520 nm. The scale represents 20 um. Blue (red) color corresponds to

< 7> <3.3 (>5.5) ns, respectively. The same sample as the one shown in
Figure 7 was analyzed.
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Scheme 2. Charge shift (CS) state and formation of a non-radiative ICT state
upon excitation of derivative 3.

the fluorosolvatochromism of derivative 3 because of its low
solubility and its very low emission quantum yields in most
organic solvents.

Presumably, the low fluorescence quantum yields of 3 in
polar solvents are caused also by the CS process or by an
intramolecular charge transfer (ICT). In particular, ICT states of
both planar and strongly twisted amino-substituted donor-
acceptor fluorophores often possess a much lower fluorescence
quantum yield and a lower radiative rate constant.®” And these
excited ICT states, and presumably CS states as well, are mainly
deactivated by a non-radiative intersystem crossing (ISC) to a
triplet state. Likewise, it was suggested that excitation of
aminophenyl-substituted pyridinium derivatives leads to the
non-radiative twisted ICT state (TICT)."” Since the excited ICT
state is highly polar, its formation is favored in polar media,
which in turn leads to lower fluorescence quantum yields in
these solvents. This assumption was further supported by the
observed strong increase of the emission intensity in viscous
media at lower temperatures. In general, the torsional
relaxation of excited biaryl derivatives is slowed down in
viscous media which also affects their emission properties.”” In
this particular case, the CS-TICT transition requires a rotation
about the biaryl axis, which is slowed down in more viscous
media, resulting in an increased fluorescence quantum yield
from the CS state.’” Additionally, the solvation of the CS state
in viscous polar media is slowed down®?*? preventing an
efficient non-radiative deactivation of the ICT states with low
energy. Lastly, the increased emission intensity of compound 3
in acidic solution is caused by the complete suppression of the
photoinduced CS by protonation of the aniline substituent, so
that the regular and fairly emissive excited state of the
quinolizinium unit is reached, as has been already observed for
the resembling derivative 4.4

3.2. Association with DNA and RNA

In general, the decrease and red shifts of the absorbance of
ligand 3 upon addition of DNA or RNA clearly prove its
association with these host molecules. Nevertheless, the
absence of isosbestic points during the photometric titrations
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reveals the formation of more than two absorbing species
during the titration and thus indicates several binding modes
at different ligand-host ratios. In addition to the results from
photometric titrations, the association of 3 with G4-DNA was
confirmed by the increased T, values of the oligonucleotides
upon addition of the ligand. Notably, only a small shift of
melting temperature was observed for Fa2T (AT,,=3.0°C) in
the presence of 3, indicating a relatively weak stabilization of
the quadruplex towards thermally induced unfolding by the
ligand. Nevertheless, a weak stabilization of Fa2T was also
observed with several ligands that otherwise exhibit a strong
binding affinity to this oligonucleotide.*¥ And it has been
proposed already that the discrepancy between the low AT,
values and the relatively high binding constants may originate
from the different affinity of a ligand at different temperatures
and the intricate, temperature-dependent equilibrium between
different quadruplex forms of this oligonucleotide.*” Most
notably, the DNA melting analysis revealed a highly selective
stabilization of most employed G4-DNA structures in competi-
tion with duplex DNA, as shown by the small changes of AT,,
values of the G4-DNA F21T, Fa2T and FmycT in the presence of
the ligand and duplex DNA ds26. As the only exception, the
presence of duplex DNA had a more pronounced effect on the
ligand-induced melting temperature of FkitT (FkitT-ds26:
AAT,=24°C) which may be the result of a less selective
binding towards this quadruplex. The selectivity of ligand 3
towards G4-DNA was also reflected in the larger binding
constants with this DNA form (K,=2.6—4.4x10°M™") as
compared with the ones with ct DNA (K,=4.9x10°M™") and ty
RNA (K,=1.5x10°M™"). Notably, the ligand exhibits signifi-
cantly higher binding constants towards all DNA forms than
the structurally related ligand 4 (K, =1.3—8.3x10* M™)™ which
may be the result of a larger m overlap between ligand and
DNA bases due to the more extended aromatic m system of the
naphthoquinolizinium. The latter assumption is supported by a
similar difference of binding constants of duplex DNA with the
corresponding parent compound 1 (K,=1.9x10°M")?" and
the benzo[b]quinolizinium (K, =1.2x10* M~").'

The negative ICD and LD signals of the ligand in the
presence of ct DNA clearly prove its intercalative binding
mode, because a negative ICD signal results from a transition
moment of the ligand orientated parallel to the long axis of the
DNA bases, and a negative LD signal indicates a coplanar
orientation of the ligand relative to the DNA bases.**™*"
Moreover, the decrease of the CD signals of ct DNA at 258 nm
and 278 nm may result from an overlapping ICD signal of the
ligand or the partial unwinding of the helix, which is usually
also related to an intercalation of the ligand into the DNA .19
These results are in good agreement with the already reported
intercalative binding mode of the parent naphthol1,2-b]-
quinolizinium.”™ Interestingly, a similar ICD pattern was
observed during the titration of ty RNA with ligand 3 (cf. SI:
Figure S8C). In analogy, the ICD signals of the RNA-bound
ligand originate from a transition moment of the ligand
orientated parallel to the long axis of the RNA bases, which
may indicate a binding mode by terminal stacking or
intercalation into local double-helical structures of the RNA.H®
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However, due to the undefined content of the employed ty
RNA the binding mode of the ligand to this RNA cannot be
determined unambiguously. Nevertheless, the weak changes of
the RNA signal itself at 290 nm suggests that no significant
ligand-induced changes of the RNA structure occur, which has
been observed also for other RNA-binding molecules.“®

The CD signature of the G4-DNA forms a2, c-myc and c-kit
changed only marginally upon addition of the ligand 3, which
indicates that the ligand does not influence the structure of
these quadruplexes.”” Nevertheless, addition of ligand 3 to
22AG led to a decrease of the shoulder at 255 nm alongside
with the increase of the CD signal at 290 nm. Since this signal
at 255 nm is related to the hybrid-type [3+ 1] conformer and
the signal at 290 nm belongs to the basket-type quadruplex
conformation, the changes in the CD pattern point to a shift of
the equilibrium between these forms in favor of the basket-
type structure® Lastly, no ICD signals of the ligand were
observed during titrations with G4-DNA and triplex DNA. Since
a groove-bound ligand usually exhibits a positive ICD signal“*"
the absence of ICDs is interpreted as a result of a binding mode
by terminal stacking to G4-DNAS®"? which is, however, a
speculative interpretation because it is based exclusively on the
absence of signals.

The fluorimetric titrations revealed a significant light-up
effect upon complexation of ligand 3 to all tested nucleic acids.
Since the initially low fluorescence intensity of this compound
is mainly caused by the formation of a non-radiative CS or ICT
state (see above), the increased emission intensity upon bind-
ing to the host molecules is likely caused by a suppression of
this deactivation channel of the molecule. In this context, two
factors that influence the formation of the CS or ICT state need
to be considered. Firstly, conformational changes of the excited
ligand are hindered due to the steric constraints in the binding
site, which prevents the formation of the ICT state by, for
instance, a suppression of the rotational degrees of freedom of
the ligand. Secondly, the formation of the more polar CS or ICT
state is less favorable due to the low polarity of the binding
pockets,*® thus also causing higher fluorescence quantum
yields. Most notably, the emission properties of 3 in the
presence of the different G4-DNA structures depend on the
particular quadruplex form. Thus, while a more pronounced
fluorescence was observed in the presence of parallel/antipar-
allel G4-DNA a2 (9;=0.05) and the hybrid-type antiparallel-
parallel structure of 22AG (P;=0.05), the parallel G4-DNA
structures c¢-myc (@;=0.01) and c-kit (®;,=0.01) did not
exhibit such a strong light-up effect, which may be caused by
the different loop structures of the quadruplexes. Hence, G4-
DNA a2 and 22AG exhibit loops above the terminal quartet™”
which may cause a tighter accommodation of the ligand in
these binding sites. In contrast, c-myc and c-kit do not exhibit
such a loop structure due to their parallel conformation,®
which enables higher flexibility of the ligand and, in turn,
results in a weaker fluorescence. Finally, the emission of the
complexes of 3 with ct DNA (©,=0.01) and ty RNA (®;,=0.03)
were slightly less intense as compared with the complexes with
22AG and a2, which is presumably caused by the intercalation
of the ligand to duplex DNA and RNA. In this particular binding
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mode, the relatively large naphthoquinolizinium unit only
occupies the intercalation site partially®® such that the amino-
phenyl substituent is already located significantly outside the
binding site, thus enabling more conformational flexibility.

3.3. Association with BSA

The binding of ligand 3 with BSA was indicated by the decrease
and red shift of its absorption bands upon addition of the
protein. However, the binding affinity was significantly lower as
compared with the ones of the tested nucleic acids (Table 2).
Moreover, fluorimetric displacement experiments with DP and
DNSA revealed the association with binding site | because only
the site I-selective ligand DNSA" is able to displace compound
3 from its binding pocket. Notably, the binding affinity of
ligand 3 with BSA is much smaller than the ones with the
nucleic acids, which is in line with the general observation that
annelated quinolizinium derivatives are versatile and efficient
DNA binders.””

The binding of ligand 3 with BSA was accompanied by the
development of a strong fluorescence band at 627 nm. Like in
the case of the association with the nucleic acids this light-up
effect is likely caused by a suppressed formation of a CS or ICT
excited state of the molecule within the binding site by a
combination of restricted conformational freedom of the
molecule and a lower polarity within the BSA binding pocket,*®
that has been estimated to have a medium polarity of EN =
0.21.5 The different polarity of the binding cavities of DNA®!
and BSA®® may also be the reason for the blue-shifted emission
of 3 in BSA (4,=627 nm) as compared with DNA and RNA (A=
725-750 nm) because the CS or ICT state is stabilized more
efficiently in the more polar DNA binding pocket than in the
less polar BSA binding pocket. This assumption is in accordance
with the relatively strong light-up effect in the presence of BSA
(P7=0.29) as a result of a reduced formation of a CS or ICT
state within the binding site.

3.4. Fluorimetric Analysis of Cells

In order to investigate the potential of ligand 3 to visualize cell
components, NIH 3T3 mouse fibroblasts incubated with
solutions of ligand 3 were examined by epifluorescence and
confocal microscopy. Strong fluorescence in the cytoplasm was
detected when ligand 3 was added to fixed cells. By contrast,
this effect was missing in experiments, when living cells were
incubated with a solution of ligand 3 and fixed afterwards just
prior to microscopy. However, the paraformaldehyde fixative
makes the lipid bilayer that builds the cell membrane porous®™”
and therefore enables penetration into the cell, but not further
into the nucleus. Although only a very weak epifluorescence
was detected in the nucleus, the fluorescence signal exceeds
530 times the autofluorescence of the nucleus showing an
ability of ligand 3 to permeate through the nuclear membrane,
albeit with low efficiency. The nuclear membrane has different
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characteristics than the outer cell membrane due to its higher
cholesterol ratio.””"

The fluorescence light-up effect of ligand 3 in NIH 3T3
mouse fibroblasts likely originates from the association with
RNA and proteins in the cytoplasm and from the association
with DNA and RNA in the nucleus, as supported by the same
characteristic emission properties as the ones observed in
fluorimetric titrations with the respective biomacromolecules
(see above). Specifically, high fluorescence intensities were
observed in the perinuclear region, where ribosomes, macro-
molecular structures consisting of proteins and RNA, are highly
concentrated and where the overall thickness of the cell is also
maximal compared to the cell periphery. Thus, the long
fluorescence lifetime of the DNA- and (or) protein-bound ligand
is likely indicative of the relatively high emission quantum yield.
Complementary, the spatial variation of <7 > within the cell
regions (Figure 8) might indicate a different binding efficiency
of the ligand to the DNA, RNA and proteins or their distribution
in the cell interior.®? Finally, the emission detected with the
filter set in the blue color range does not relate to the emission
bands of the analyte-bound ligand at neutral conditions, but
matches the emission of the protonated ligand instead (cf.
Figure 2). Thus, it may be concluded that the blue emission
indicates areas within the cell with relatively low pH, like the
endolysosomal compartment, at which the ligand is partially
protonated.®

4, Conclusion

In  summary, a novel dimethylaminophenyl-substituted
naphthoquinolizinium derivative was synthesized, which exhib-
its a high affinity towards several nucleic acids and induced a
strong and selective stabilization of the quadruplex-forming
oligonucleotides 22AG, c-kit and c-myc and may thus be a
promising starting point for the development of G4-DNA-
targeting therapeutics.®™ Moreover, it was found that the
ligand 3, which is nearly non-fluorescent in aqueous buffer
solution, exhibits a strong light-up effect in the presence of
duplex and quadruplex DNA as well as RNA and BSA. The
emission quantum yield is not very high, but at least sufficient
to enable unambiguous signal detection, even with the naked
eye. Moreover, the emission properties may be improved on
demand in a next-generation probe because the quinolizinium
fluorophore is easily modified for specific purposes.”™ Most
notably, the ligand exhibits a different fluorescence energy and
intensity in the presence of BSA, as compared with those of all
other tested biomacromolecules, which enables the fluorimetric
differentiation between these analytes. Because of the strongly
red-shifted NIR emission of derivative 3 upon complexation to
all biomacromolecules it is a promising fluorescent probe for
the analysis of biological systems in the more favorable NIR
range.”” To add to that, multicolor fluorescence was detected
in the cytoplasm of NIH 3T3 mouse fibroblasts. Most interest-
ingly, the various emission colors were distributed differently
within the cytoplasm, and particularly the intensity of the
emission in the blue-color range varied significantly, which
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enables the indication and visualization of cell areas with
relatively low pH, like cellular compartments of the endolysoso-
mal system. Furthermore, the varying fluorescence lifetimes of
the probe when bound to macromolecules in the different
environments in a cell may be utilized for the visualization of
particular cell compartments, such as the nucleus and
cytoplasm. For example, the ability of ligand 3 to differentiate
between cell organelles may be investigated by future
colocalization studies with known organelle markers."

Experimental Section

Equipment

Absorption spectra: Varian Cary 100 Bio Spectrophotometer with
baseline correction. Emission spectra: Varian Cary Eclipse spectro-
photometer at 20°C: Cuvettes: Quartz cells (10 mmx4 mm). NMR
spectra: Jeol ECZ 500 ('H: 500 MHz, "*C: 125 MHz) at 25°C (DMSO-
d¢). NMR spectra were processed with the software MestReNova
and referenced to the residual solvent signals of DMSO-d, (‘H: =
2.50, *C: §=39.5). Elemental analyses data: HEKAtech EUROEA
combustion analyser, by Rochus Breuer, Organische Chemie |,
Universitdt Siegen. Mass spectra (ESI): Finnigan LCQ Deca (U=6 kV;
working gas: Ar; auxiliary gas: N,; temperature of the capillary:
200°C). Circular-dichroism (CD) and flow-linear-dichroism (LD)
spectra: Chirascan CD spectrometer, Applied Photophysics. For LD
spectra: High Shear Cuvette Cell Accessory (Applied Photophysics).
The LD samples were recorded in a rotating cuvette with a shear
gradient of 1200s™". Melting points (uncorrected): BUCHI 545
(BUCHI, Flawil, CH). Epifluorescence microscopy for cell analysis
was done with an Axiovert 135 microscope equipped with an
AxioCamMRm and Zen 2.3lite software and the filter sets 49 (1.,=
320-390 nm, A.,=420-470 nm), 09 (1,=450-490 nm, A.,>
515 nm), Lumar 15 (A, =540-552 nm, A.,>590 nm) from Carl
Zeiss Microlmaging GmbH (Jena, Germany). The confocal
fluorescence microscopy images and time-correlated single photon
counting (TCSPC) data were measured at room temperature with a
confocal laser scanning fluorescence microscope (PicoQuant, Berlin,
Germany) composed of a Microtime 200 main optical unit, a FCU Il
fiber coupling unit, a PicoHarp 300 data acquisition module and an
OLYMPUS IX-71 microscope frame (Olympus, Hamburg, Germany).
Data were collected through an oil immersion 100x objective
(UApo N100x/1.49 N.A., Olympus, Hamburg, Germany). Excitation
wavelength was at 485 nm with a rate of 20 MHz by a LDH-D-C-
485 pulsed laser (PicoQuant, Berlin, Germany) and fluorescence
was detected with a PD1CTC Single-Photon Avalanche Diode
detector (Micro Photon Devices, Bolzano, Italy) at a time resolution
of 16 ps per channel. Images in the horizontal xy-plane were
recorded with a piezo XYZ-scanner in an area of 80x80 um? with
512x512 pixel resolution.

Materials

4-(N,N-Dimethylamino)phenylboronic acid (6),*® and 3-bromo-

naphthol[1,2-blquinolizinium bromide (5)*? were synthesized ac-
cording to published procedures. Calf thymus DNA (ct DNA, type |I;
highly polymerized sodium salt; £ =12824 cm™'M~")*? and ty RNA
(Ribonucleic acid, from torula yeast; £=8000cm 'M )" were
purchased from SigmaAldrich (St. Louis, USA) and used without
further purification. Oligodeoxyribonucleotides (HPLC purified) d[A-
(G5TTA);G;] (22AG), d[(ACAG,TGTG,),] (a2), d[TGAG,TG;TAG,TG;TA]
(cmyc), d[(AG;AG;CGCTG;AG,AG;)] (ckit), d-
(CA,TCG,ATCGA,T,CGATC2GAT,G] (ds26), d[fluo-(GGGTAA),G,-tam-
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ra] (F21T),  dI[fluo-(ACAG,TGTG,),-tamra] (Fa2T), difluo- 88 (Carl Roth) samples were washed three times with PBS and were
TGAG;TG;TAG,TG;TA-tamral (FmycT) and d[fluo- washed once via dipping in Milli-Q water.

(AG;AG;CGCTG;AG,AG;)-tamra] (FkitT) (fluo=fluorescein, tamra=
tetramethylrhodamine) were purchased from Metabion Int. AG
(Planegg/Martinsried). BSA was purchased from Acros Organics
(Pittsburgh, USA). The concentration of ct DNA is given in base
pairs (bp), the concentration of ty RNA is given in bases and the
concentrations of oligonucleotides are given in oligonucleotides.

The ct DNA was dissolved in BPE buffer solution. RNA solutions
were prepared in TBS buffer. Solutions of oligonucleotides were
prepared in K-phosphate buffer (pH 7), heated to 95°C for 5 min
and cooled slowly to room temperature within 4 h. Britton-
Robinson-buffer: 40 mM H;PO,, 40 mM H;BO;, 40 mM NaOAc; K-
phosphate buffer: 25 mM K,HPO,, 70 mM KCl; adjusted with 50 mM
KH,PO,, 70 mM KCI to pH 7.0; BPE (biphosphate EDTA) buffer:
6.0 mM Na,HPO,, 2.0 mM NaH,PO,, 1.0 mM Na,EDTA; pH 7.0; TBS:
50 mM TRIS, 150 mM NaCl; pH7.0. All buffer solutions were
prepared from purified water (resistivity 18 MQ cm) and biochemis-
try-grade chemicals. The buffer solutions were filtered through a
PVDF membrane filter (pore size 0.45 um) prior to use.

Synthesis

3-(4-(N,N-Dimethylamino)phenyl)naphtho[1,2-b]quinolizinium (3). A
mixture of 3-bromonaphtho(1,2-b]quinolizinium bromide (5)
(195 mg, 500 pmol), 4-(N,N-dimethylaminophenyl)boronic acid (6)
(90.8 mg, 550 pmol), Pd(dppf)Cl,-CH,Cl, (12.3 mg) and KF (116 mg,
2.00 mmol) in DME/water/MeOH (2:1:1, 8 ml) was stirred for 2 h at
80°C under argon gas atmosphere. After cooling to r.t. the
resulting precipitate was separated by filtration and washed with
DME/water/MeOH (5 ml) and EtOAc (3x 10 ml). The crude product
was purified by column chromatography (SiO, CH,Cl,/MeOH
95:5—91:9; R=0.45 at CH,Cl,/MeOH 91:9) to afford 3 as red
amorphous solid (155 mg, 361 pmol, 72%); mp >300°C (dec.). - H
NMR (500 MHz, DMSO-dy): 6=3.01 (s, 6H, NCH,), 6.86 (d, *J=9 Hz,
2H, 2"-H, 6"-H), 7.82 (d, *J=9 Hz, 2H, 3"-H, 5"-H), 8.00 (t, *J=7 Hz, TH,
10-H), 8.08 (d, >)=9 Hz, 1H, 6-H), 8.21 (m, TH, 11-H), 8.22 (m, 1H, 5-
H), 8.23 (m, 2 H, 2-H), 8.39 (s, 1 H, 4-H), 8.60 (d, >J=8 Hz, 1H, 12-H),
9.04 (d, >)=9 Hz, 1H, 1-H), 9.32 (d, >)=7 Hz, 1 H, 9-H), 9.95 (s, TH,
13-H), 10.19 (s, 1H, 7-H). - *C NMR (125 MHz, DMSO-dy): =39.8
(NCH,;) 112.5 (C2', C6%), 119.8 (C13), 122.4 (C10), 123.5 (C6), 124.4
(C13b), 124.9 (C4), 125.2 (C4'), 125.6 (C6a), 125.8 (C1), 126.3 (C2),
126.8 (C12), 127.8 (C3', C5), 132.8 (C11), 133.0 (C5), 134.3 (C4a),
134.6 (C9), 135.4 (C13a), 137.3 (C7), 138.9 (C12a), 143.3 (C3), 150.6
(C1"). = MS (ESI"): m/z=349 [M-Brl*. - El. Anal. for CysH,BrN, x
H,0, calc. (%): C 67.12, H 5.18, N 6.26, found (%): C 66.75, H 4.91, N
5.89.

Eukaryotic Cells Culture and Fluorescent Staining of Cells

NIH 3T3 mouse fibroblasts7 were cultured at standard conditions
like previously described™® and fixed at around 70% confluency,
washed gently three times with prewarmed (37°C) PBS (Lonza,
Belgium) and fixed with 4% paraformaldehyde in PBS for 20 min at
21°C before fluorescent labeling with 3 (5 uM) in PBS that had
been prepared as stock solution of 2 mM 3 in DMSO. In case the
fluorescent labeling with 3 was performed with living cells, the
culture medium was removed and prewarmed culture media with
25uM 3 was added. As controls, cells have been in parallel
incubated with cell culture media or PBS only with the same final
concentration of 0.25% (v/v) DMSO.

After staining of living cells they were washed two times with pre-
warmed (37°C) PBS and the fixation protocol was performed as
described above. Before final sample embedding with Mowiol® 4-
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ARTICLES

Light up, light up: The fluorimetric
detection of different biomacromole-
cules is accomplished with 3-(4-N,N-
dimethylaminophenylnaphtho[1,2-b]-
quinolizinium as a fluorescent probe.

This molecule shows a light-up effect
in the presence of DNA, RNA and

Protein (BSA)
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bovine serum albumin (BSA) with
different emission energies, inten-
sities, and lifetimes. These effects may
be used for the fluorimetric differen-
tiation between different cell com-
partments.
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