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Abstract: The 9- and 12-dimethylaminophenyl-substituted
berberine derivatives 3a and 3b were readily synthesized by
Suzuki-Miyaura reactions and shown to be useful fluorescent
probes for the optical detection of quadruplex DNA (G4-
DNA). Their association with the nucleic acids was inves-
tigated by spectrometric titrations, CD and LD spectroscopy,
and with DNA-melting analysis. Both ligands bind to duplex
DNA by intercalation and to G4-DNA by terminal π stacking.
At neutral conditions, they bind with higher affinity (Kb=

105� 106 M� 1) to representative quadruplex forming oligonu-
cleotides 22AG, c-myc, c-kit, and a2, than to duplex calf
thymus (ct) DNA (Kb=5-7×104 M� 1). At pH 5, however, the
affinity of 3a towards G4-DNA 22AG is higher (Kb=1.2×
106 M� 1), whereas the binding constant towards ct DNA is

lower (Kb=3.9×103 M� 1) than under neutral conditions.
Notably, the association of the ligand with DNA results in
characteristic changes of the absorption and emission proper-
ties under specific conditions, which may be used for optical
DNA detection. Other than the parent berberine, the ligands
do not show a noticeable increase of their very low intrinsic
emission intensity upon association with DNA at neutral
conditions. In contrast, a fluorescence light-up effect was
observed upon association to duplex (Φfl=0.01) and quad-
ruplex DNA (Φfl=0.04) at pH 5. This fluorimetric response to
G4-DNA association in combination with the distinct, red-
shifted absorption under these conditions provides a simple
and conclusive optical detection of G4-DNA at lower pH.

Introduction

Nucleic acids are key targets in analytical biochemistry and
medicine because these biomacromolecules are involved in
several biologically relevant processes.[1] Accordingly, the
detection and identification of particularly important DNA forms
is a challenging task, especially in the diagnosis of diseases and
monitoring of their development.[2] For that purpose, fluorimet-
ric methods figure as straightforward and selective tools for
DNA detection, because they permit to determine three differ-
ent physical quantities, namely emission energy, emission
quantum yield and emission lifetime, in real time and at
relatively low concentration ranges.[3,4] Specifically, fluorescent
probes have been shown to be highly efficient chemosensors
that allow the sensitive and selective detection of DNA by non-
covalent or covalent attachment of the probe molecule to the

target DNA.[3,5] In this context, quadruplex DNA has been
identified as a very important analyte, because of its activity in
many biological processes, such as transcription regulation[6,7] or
telomerase inhibition.[7,8] As a result, fluorescent probes have
been developed and employed widely for the selective
detection of G4-DNA structures.[9–19] Such probes usually consist
of a G4-DNA-binding molecule whose emission properties
change upon association to the target G4-DNA. For an efficient
detection, however, either the emission intensity of the
otherwise non-fluorescent ligand has to increase strongly or the
emission energy has to shift distinctly. Thus, several organic
fluorophores have been introduced that serve this purpose, for
example benzimidazole,[9] benzindole,[10] triazine,[11] coumarin,[12]

cyanine,[13] pyridinium,[14,15] quinolinium,[15,16] quinolizinium,[15,17]

triangulenium[18] and benzothiazole[19] based dyes. Among the
promising compound classes for this application are also DNA-
binding natural products with suitable fluorescence properties,
because these compounds usually provide sufficient affinity,
and often selectivity, towards DNA, along with the required
biocompatibility. Along these lines, the berberine alkaloids,
especially berberine (1a), coralyne and their derivatives, have
been studied extensively[20–23] and developed as selective
fluorescent probes for G4-DNA detection.[21,24] Particularly,
berberine (1a) is a known DNA-binding alkaloid with
antimicrobial,[25] antiviral[26] and anticancer activity,[27] and it has
been demonstrated that the substitution with alkyl and arylalkyl
substituents leads to an improved affinity and selectivity
towards G4-DNA.[24,28] Most importantly, the parent berberine
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(1a) as well as several derivatives thereof have a low emission
quantum yield in aqueous solution that increases significantly
upon binding to nucleic acids.[21,24] However, in most cases this
light-up effect is merely coincidental and the investigation of
the relationship between emission and DNA-binding properties
is often neglected. Therefore, we intended to generate berber-
ine derivatives with structural features that enable a more
predictable effect of the DNA-binding on the emission proper-
ties. Specifically, we reasoned that an aminophenyl substituent
at the isoquinolinium unit may have a considerable influence
on the emission and DNA-binding properties of the ligand.
Firstly, the additional aromatic unit was supposed to provide
stronger π stacking with the terminal quartet of the G4-DNA.
Secondly, we have already shown with resembling quinolizi-
nium derivatives that this substituent has the ability to induce
strong fluorescence quenching in aqueous solution by torsional
relaxation and photoinduced electron or charge transfer on one
hand, whereas on the other hand, the suppression of these
quenching routes within the DNA binding site leads to an
increased emission intensity.[17] In fact, the extent of the latter
effect depends strongly on the type of binding site and the
resulting torsional angle of the biaryl axis. Ultimately, the
electron-donating effect of the amino group, and for that
matter all electron or charge-transfer processes, can also be
suppressed in an acidic environment,[17,29] which may be of
interest for the analysis of biological samples with lower pH
values, such as cancer cells and biofilms.[30,31] Based on these
observations, we focused our attention to the 9- and 12-
dimethylaminophenyl-substituted berberine derivatives 3a and
3b (Scheme 1) that should have the desired properties and be
readily available with a Suzuki-Miyaura coupling reaction.
Indeed, 12-aryl-substiuted berberine derivatives have been
synthesized already by Suzuki-Miyaura cross-coupling
reactions,[32] but studies of the DNA-binding properties of these
products have not been reported, yet. Herein, we present the
synthesis of compounds 3a and 3b and the investigation of
their absorption, emission and DNA-binding properties. And we
demonstrate that these compounds are useful fluorescent
probes for the pH-dependent optical detection of quadruplex
DNA.

Results

Synthesis

The 4-(N,N-dimethylamino)phenyl-substituted berberine deriva-
tives 3a and 3b were synthesized by Pd-mediated coupling
reactions of the known 12-bromoberberine (1b)[33] and 9-O-
triflylberberrubine (1c) (Scheme 1). The latter was synthesized
by the reaction of berberrubine[34] with Tf2O in 70% overall
yield. The Suzuki-Miyaura reactions of substrates 1b and 1c
were performed under the optimized reaction conditions
established for quinolizinium derivatives[35] with Pd(dppf)
Cl2·CH2Cl2 as catalyst and KF as additive to give the 4-(N,N-
dimethylamino)phenyl-substituted berberine derivatives 3a
(64%) and 3b (73%) in good yields. The structures of the new
compounds 1b, 3a and 3b were confirmed and characterized
by NMR-spectroscopic analysis (1H, 13C, COSY, HSQC, HMBC),
mass-spectrometric data and elemental analysis.

Absorption and emission properties

The berberine derivatives 3a and 3b exhibit similar absorption
properties with band maxima ranging between 341 nm in
MeOH and 348 nm in aqueous buffer, along with a shoulder at
approximately 440 nm (3a) or an additional maximum between
432 nm (3b in BPE buffer) and 488 (3b in CHCl3) (Figure 1A and
B, Table S1). However, the derivative 3b could not be examined
in glycerol and 1-BuOH due to its low solubility in these
solvents. Furthermore, the dependence of the absorption
properties of compounds 3a and 3b on the pH value of the
aqueous solution was examined with a photometric titration
(Figure 1C, Figure S2). At pH 2 these derivatives exhibited
absorption maxima at 354 nm and 431 nm (3a) and 346 nm
and 418 nm (3b), along with very weak emission maxima at
552 nm (3a) and 520 nm (3b, Figure 1C, Figure S2). With
increasing pH, a continuous decrease of the absorption bands
as well as a slight decrease of the emission intensity was
observed. The analysis of the titration curves according to the
Henderson-Hasselbalch equation[36] (cf. Supporting Information)
revealed pKa values of 3.74�0.04 (3a) and 3.52�0.12 (3b).

Notably, the emission intensity of the derivatives 3a and 3b
is very weak, so that these compounds gave no meaningful
emission bands. As the only exception, an emission band
developed at 542 nm for derivative 3a in glycerol solution, but
still with a low emission quantum yield, Φfl=0.04 (Figure 1D).
At the same time, in basic glycerol solution, compound 3b was
essentially non-fluorescent, whereas an increased emission
intensity (Φfl=0.11) was observed in acidic solution (Figure S1).

Spectrometric DNA titrations

The changes of the absorption and emission properties of
derivatives 3a and 3b upon addition of double-stranded calf
thymus (ct) DNA and quadruplex-forming oligonucleotides
d[A(T2AG3)3G3] (22AG), d[AG3AG3CGCTG3AG2AG3] (c-kit), d[TGA

Scheme 1. Synthesis of the 4-(N,N-dimethylamino)phenyl-substituted berber-
ine derivatives 3a and 3b (dppf=diphenylphosphinoferrocene).
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(G3TG3TA)2] (c-myc), and d[(ACAG3TGT)2] (a2) were followed by
photometric and fluorimetric titrations. G4-DNA titrations were
performed in K+-containing buffer solutions, that are required
to stabilize the quadruplex structures. To investigate the bind-
ing properties of the protonated derivative 3a with DNA,
titrations with 22AG and ct DNA were performed in acetate
buffer at pH 5, i. e. conditions at which the DNA structure is still
essentially the same as in neutral solution.[37] Except for ct DNA
titrations at pH 5, a decrease of the absorption bands at 347 nm
and 437 nm (3a) or 342 nm and 432 nm (3b) was observed
during the titration, along with a significant red shift of the
respective maxima (Figure 2, Figure S3). Notably, the red shift of
the long-wavelength absorption maximum of derivative 3a in
the presence of G4-DNA 22AG (Δλ=42 nm) was significantly
more pronounced than those observed during titration of DNA
to ligands 3a or 3b (Δλ=24-32 nm). As a result, the color
change of solutions of 3a on addition of 22AG can be followed
even by the naked eye (Figure S4). In contrast, during the
titration of 3a with ct DNA at pH 5 only a very small decrease
and broadening of the absorption maxima at 348 nm and
431 nm without a significant red shift were observed.

The isotherms resulting from the photometric titrations
were used to calculate the corresponding binding constants Kb

(Table 1, Table S2 Figure S6).[38] Notably, both derivatives 3a
and 3b have a high affinity towards G4-DNA (3a: Kb=7.0� 7.9×
105 M� 1, 3b: Kb=7.5� 11×105 M� 1) that is about an order of
magnitude larger than the one with ct DNA (3a: Kb=5.4×
104 M� 1, 3b: Kb=6.9×104 M� 1). At the same time, the binding
constant of 3a towards 22AG was even larger at pH 5 (Kb=

1.2×106 M� 1), whereas the association with ct DNA was weaker
under these conditions (Kb=3.9×103 M� 1).

Figure 1. Absorption (A,B solid line, c=20 μM) and emission (dashed line, λex=345 nm, c=20 μM, in glycerol) of 3a (A) and 3b (B) in different solvents (black:
glycerol, cyan: aq. buffer, orange: MeOH, purple: EtOH, blue: 1-PrOH, magenta: 1-BuOH, red: DMSO, buffer: 16 mM BPE buffer solution at pH 7). C: Photometric
titration of aqueous NaOH solution (2 M) to a solution of 3a (c=20 μM) in Britton-Robinson buffer; arrows indicate the development of absorption bands with
increasing pH. Inset: Plot of the absorption at 347 nm versus pH of the solution. The red line indicates the fit of the experimental data to the theoretical values
of a weak acid. D: Emission spectra of 3a in water-glycerol mixtures with different viscosity (c=20 μM, λex=345 nm); arrows indicate the changes of the
relative emission intensity with increasing glycerol content. Inset: Plot of the emission intensity versus the viscosity of the solution.

Figure 2. Photometric titration of 3a (1) and 3b (2) (cLigand=20 μM) with ct
DNA (A) in BPE buffer (cNa+ =16 mM, pH 7.0, with 5% v/v DMSO), with 22AG
(B) in K-phosphate buffer (cK+ =110 mM, pH 7.0, with 5% v/v DMSO) as well
as with ct DNA (C) and with 22AG (D) in acetate buffer (cK+ =110 mM,
pH 5.0, with 5% v/v DMSO). The arrows indicate the changes of absorption
upon addition of DNA. Inset: Plot of absorbance versus cDNA (cct DNA in base
pairs, cG4-DNA in oligonucleotide).
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CD and LD spectroscopy

The complexes of the ligands 3a and 3b with DNA were further
examined with circular dichroism (CD) and flow linear dichroism
(LD) spectroscopy. When bound to ct DNA, both ligands
developed positive induced CD (ICD) signals at 388 nm (3a)
and 355 nm (3b), alongside with an increase of the CD signal of
the DNA at 278 nm. At the same time, the intensity of the
negative LD band of DNA at 258 nm increased at a ligand-DNA
ratio (LDR) of 0–0.2 followed by a slight decrease of the
intensity at LDR=0.5. Furthermore, negative LD bands were
observed in the absorption range of the bound ligands with
peaks at 349 nm and 472 nm (3a) and 351 nm and 456 nm
(3b). Additionally, CD spectra were recorded at pH 5. Under
these conditions, ct DNA has essentially the same CD spectrum
as the one at pH 7. Upon addition of 3a the CD signal of the
DNA at 278 nm fluctuated with increasing concentration of 3a,
whereas only a very weak positive ICD band developed at
430 nm, which was significantly lower in intensity as compared
to the one obtained at neutral pH under otherwise identical
conditions (Figure 3).

After addition of compounds 3a and 3b to solutions of G4-
DNA 22AG an increase of the characteristic CD band of 22AG at
290 nm was observed and the shoulder at 255 nm steadily
disappeared (Figure S9). The same effect was observed on
titration of ligand 3a to 22AG at pH 5 (Figure 3). On complex-
ation of the ligands 3a and 3b to G4-DNA a2 the CD band of
the DNA at 265 nm fractionally increased, whereas the weaker
band at 290 nm changed just slightly. The ligands 3a and 3b
did not exhibit ICD signals in the absorption range of the
ligands when bound to G4-DNA, however, as an exception a
weak ICD band of 3a bound to 22AG was observed at pH 5.

Thermal DNA denaturation

The binding properties of derivatives 3a, 3b and of berberine
(1a) with G4-DNA were further studied by thermal DNA-
denaturation experiments. For that purpose, the influence of
the ligands on the thermally induced unfolding of the dye-
labeled quadruplex-forming oligonucleotides F21T, Fa2T,
FmycT, and FkitT was determined (Table 1, Figure S7, Fig-
ure S8).[39] Thus, the derivative 3a induced a significant
stabilization of the quadruplex forms of F21T and FkitT as
indicated by the increased melting temperatures Tm (FkitT:
ΔTm=6.1, F21T: ΔTm=10.8 °C, at LDR=5), whereas the melting
temperatures of Fa2T and FmycT were only marginally affected
by the presence of 3a (Fa2T: ΔTm=1.5 °C, FmycT: ΔTm=3.6 °C).
At the same time, the complexation of derivatives 1a and 3b
only induced small (F21T: 1a: ΔTm=2.8 °C, 3b: ΔTm=4.0 °C,
FkitT: 1a: ΔTm=2.5 °C, 3b: ΔTm=4.7 °C) or very small shifts
(FmycT: 1a: ΔTm=0.6 °C, 3b: ΔTm=1.0 °C, Fa2T: 1a: ΔTm=

0.9 °C, 3b: ΔTm=1.3 °C) of the quadruplex melting temper-
atures.

Fluorimetric DNA titrations

The addition of G4-DNA 22AG to 3a and 3b did not lead to a
clear increase of the emission intensity, i. e. no meaningful
fluorescence bands were detected. Nevertheless, during fluori-

Table 1. DNA-Binding Properties Kb and ΔTm of 1a, 3a and 3b from
Photometric DNA Titrations and Thermal DNA Denaturation Experiments.

3a 3a 3b 3b 1a
Kb/M

� 1[b] ΔTm/°C
[c] Kb/M

� 1[b] ΔTm/°C
[c] ΔTm/°C

[c]

ct DNA 5.4×104

3.9×103 (pH 5)
6.9×104

22AG 6.8×105

1.2×106 (pH 5)
9.2×105

F21T [a] 10.8 4.0 2.8
c-kit 7.7×105 8.5×105

FkitT [a] 6.1 4.7 2.5
a2 7.5×105 8.2×105

Fa2T [a] 1.5 1.3 0.9
c-myc 7.9×105 1.1×106

FmycT [a] 3.6 1.4 0.6

[a] G4-DNA for the determination of ΔTm: F21T= fluo-G3(TTAG3)3-tamra,
Fa2T= fluo-(ACAG3TGT)2-tamra, FmycT= fluo-TGAG3TG3TAG3TG3TA-tamra,
FkitT = fluo-AG3AG3CGCTG3AG2AG3-tamra, fluo= fluorescein, tamra=

tetramethylrhodamine. [b] Determined from photometric titrations (cf.
Figure 2). [c] Determined from fluorimetric analysis of dye-labeled
oligonucleotides, LDR=5; cDNA=0.2 mM (in oligonucleotide); KCl-LiCl-
cacodylate buffer cK+ =10 mM, cNa+ =10 mM, cLi+ =90 mM, pH 7.0); λex=
470 nm; λem=515 nm; estimated error: �0.5 °C.

Figure 3. CD (A,C,D) and LD spectra (B) of ct DNA (A,B,C) or 22AG (D) in the
absence and presence of 3a (1) and 3b (2) in BPE buffer solution (A,B;
10 mM, pH 7.0; with 5% v/v DMSO) or in acetate buffer (C1, D1, 10 mM,
pH 5.0; with 5% v/v DMSO) [LDR=0 (black), 0.05 (green), 0.1 ( 0.2 (orange),
0.5 (blue), 1.0 (red)] The arrows indicate the changes of absorption upon
addition of DNA.
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metric titration of ct DNA to the ligands 3a and 3b a slight, but
significant continuous development of emission bands at
537 nm (3a) and 530 nm (3b) was observed at neutral
conditions (Figure S5). However, the fluorescence quantum
yields still remained very low (Φfl<0.01). In contrast, a stronger
light-up effect of the emission of 3a was observed upon
addition of ct DNA and 22AG at pH 5 (Figure 4), which was
more pronounced with 22AG (Φfl=0.04) than with ct DNA
(Φfl=0.01). Most notably, these two different effects of ct DNA
and 22AG on the emission intensity of 3a at pH 5, specifically
the stronger light-up effect induced by 22AG, could be
detected even in mixtures of both DNA forms (Figure 4D).
Hence, it was observed that the addition of 22AG to a mixture
of ct DNA and 3a led to a clear increase of the emission
intensity, which, however, was lower than the one observed
upon addition of 22AG to a pure solution of 3a. In contrast,
nearly no change of emission intensity was observed on
titration of ct DNA to a solution of 3a and 22AG.

Discussion

Absorption and emission properties

The absorption properties of both derivatives 3a and 3b
resemble essentially the ones of the parent berberine (1a)[40]

and only change marginally in different solvents with no
obvious relationship with the common solvent parameters,
such as polarity, polarizability, H-bonding, etc.[41] Notably, a red-
shifted absorption, that might have been expected due to a

donor-acceptor interplay[35] between the aniline and isoquinoli-
nium unit, was not observed. Similar observations have been
made in biaryl-type donor-substituted pyridinium derivatives,
whose long-wavelength absorption maximum is steadily blue-
shifted with increasing torsion angle between donor and
acceptor.[42] Therefore, it is assumed that the biaryl axis between
the aniline and berberine units has a large torsion angle close
to 90° in the ground state, which leads at least to a partial
decoupling of the aniline substituent from the berberine
chromophore. This assumption was supported by TD-DFT
calculations of derivative 3a (cf. Supporting Information, Fig-
ure S11).

The emission quantum yields of compounds 3a and 3b are
very low, i. e. essentially not detectable, in organic solvents and
only increase slightly in media with higher viscosity (Figure 1D,
Figure S1). This increase of emission intensity in solutions with
restricted free volume indicates that the fluorescence of 3a and
3b in less viscous solvents is quenched at least partially by
conformational changes in the excited state. In contrast, the
fluorescence of the parent berberine (1a) does not show such a
significant dependence on viscosity.[40] Notably, the double-
logarithmic plot of the fluorescence intensity of derivative 3a
versus the specific viscosity of the medium, as obtained in
glycerol-water mixtures with different glycerol content, is
almost linearly ascending (Figure S1B), which suggests that the
fluorescence is quenched by rotation of the aryl substituent
(Figure 5, B).[43] Nevertheless, the slope of the linear regression
curve (k=0.51) is smaller than the theoretically predicted one
(k=2/3) for an almost exclusive quenching by torsional
relaxation.[43] This observation indicates that additional deactiva-
tion pathways operate in the excited state of 3b (Figure 5; A
and C). Most likely, the emission is also quenched by a
photoinduced electron transfer (PET) from the aniline substitu-
ent to the berberine chromophore (Figure 5, A), as has been
frequently observed with resembling biaryl-type quinolizinium
derivatives.[35,44] This assumption was confirmed by the in-
creased emission intensity in acidic glycerol solutions (Φfl=

0.11), because at low pH the electron-donating aniline unit is
protonated and, as a result, the PET is suppressed. In addition,
the fluorescence of 3a may be quenched also by an intra-
molecular charge transfer (ICT) from the benzodioxole unit to
the isoquinolinium, which has been proposed for the parent
berberine.[45]

Figure 4. Fluorimetric titration of 3a (c=20 μM, λex=370 nm) with ct DNA
(A) and with 22AG (B) in acetate buffer (cK+ =110 mM, pH 5.0, with 5% v/v
DMSO). The arrows indicate the development of emission bands upon
addition of DNA. Inset: Pictures of the emission color after addition of DNA.
C: Pictures of the emission color of ligand 3a in the presence of 22AG at
pH 5 (i), 22AG at pH 7 (ii), ct DNA at pH 7 (iii) and pH 5 (iv) (λex=360 nm). D:
Plot of the relative fluorescence intensity versus molar fraction ХDNA of 3a
(5 μM) as obtained from the addition of 22AG to a mixture of ct DNA
(50 μM) with 3a (circles, Х22AG), or the addition of ct DNA to a mixture of
22AG (50 μM) with 3a (squares, Хct-DNA) in acetate buffer (cK+ =110 mM,
pH 5.0, with 5% v/v DMSO).

Figure 5. Deactivation pathways of the excited berberine derivative 3a. A:
Photoinduced electron transfer (PET). B: Torsional relaxation. C: Internal
charge transfer (CT).
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DNA-binding properties

The photometric, fluorimetric and polarimetric titrations re-
vealed that derivatives 3a and 3b bind with a high affinity to
duplex (5� 7×104 M� 1) and quadruplex DNA (105� 106 M� 1) at
pH 7, as also indicated by the characteristic changes of the
absorption and CD spectra upon formation of the ligand-DNA
complexes.[46] It should be noted, however, that in some cases
the absence of isosbestic points during the photometric
titrations indicated a more complex binding situation, namely
different binding modes depending on the LDR. In addition, the
affinity of 3a towards 22AG increased slightly at pH 5 (Table 1).
Under these conditions the ligand may be already mainly
protonated because the pKa increases at the higher ionic
strength of the acetate buffer (cf. Supporting Information,
Figure S2).[47] In addition, the protonated, double cationic 3a-H+

has presumably a higher affinity to the G4-DNA because of the
stronger electrostatic interactions with the negative DNA
phosphate backbone and the resulting additional counter ion
release,[48] which in turn shifts the acid-base equilibrium
accordingly. Such a shift of pKa values of ligands in the presence
of DNA due to the formation of the more favorable DNA-
binding component is well known.[47,49] In contrast, the affinity
of 3a towards ct DNA was lower at pH 5 (Table 1), and the
photometric titrations did not even result in the characteristic
strong hypochromic and bathochromic shifts of a DNA
intercalator,[46] which excludes this particular binding mode. The
compound 3a also does not have the typical structural features
of a groove binder, so that it possibly just forms aggregates
along the DNA backbone under these particular conditions.

For the association with G4-DNA, the binding constants of
3a and 3b (Table 1) are higher than the ones of the parent
berberine (1a) (Kb=4.5×105 M� 1[22]), whereas their affinity to ct
DNA is even a bit lower (1a: Kb=9.7×104 M� 1[50]). Obviously, the
additional aniline unit increases the overall binding energy with
the G4-DNA, e.g. by enhanced π-stacking overlap (see
below),[51] whereas it slightly destabilizes the complex with
duplex DNA, presumably due to repulsive steric interactions in
the smaller intercalation binding pocket.

In general, the compounds 3a and 3b stabilize G4-DNA
towards unfolding as quantified by the induced shifts of the
melting temperatures, ΔTm; however, the four employed
quadruplex forms are stabilized to different extent by the
ligands, with the strongest effect observed with 3a and 22AG
and only a marginal influence of both ligands on a2. The
stabilization of 22AG by ligand 3a was larger than the one of
berberine (1a) under the same conditions (Table 1). However,
the shifts of melting temperature by compound 3b resembled
the ones of berberine (1a), which apparently contradicts the
high binding constants of ligand 3b. By the same token, the
series of ΔTm values of the respective ligand-DNA complexes do
not correlate reasonably with their binding constants (Table 1).
We have observed a similar discrepancy with other berberine
derivatives[21a] and proposed that this lack of correlation
between Kb and ΔTm values results from the different methods
and the distinct physical quantities that are determined. Hence,
the binding constant, Kb, describes the equilibrium between

free and quadruplex-bound ligand, whereas the melting
temperature, Tm, and its shift in the presence of the ligand, ΔTm,
characterize the equilibrium between quadruplex and unfolded
single strand along with the influence of the ligand, respec-
tively. And as the binding constants Kb are usually determined
at lower temperature than Tm, a missing correlation between
these physical quantities likely indicates that the affinity of the
ligand to the DNA is different at higher temperatures. In the
case of 3a and 3b, the binding constants of each ligand with
the four tested quadruplex forms are essentially the same (with
exception of the complex of 3b with c-myc), whereas both
ligands induce a larger ΔTm value of F21T and FkitT than with
a2 and c-myc (Table 1). Apparently, the complexes of the
ligands with the latter quadruplex forms are more sensitive
towards higher temperatures leading to lower affinity and less
stabilization at the melting temperature.

The binding mode of 3a and 3b with ct DNA was identified
with the CD- and LD-spectroscopic analyses.[52] In particular, the
negative LD bands in the absorption range of the ligands are
evidence for an intercalative binding mode, as they result from
a coplanar arrangement of the aromatic plane of the ligand
relative to the DNA bases.[52] Furthermore, the LDr value, i. e. the
wavelength-dependent reduced LD, was calculated and used to
determine the angle α between the DNA helix and the
corresponding transition dipole of the ligand (cf. Supporting
Information). The resulting values of α=90° (3a) and α=73°
(3b) are in agreement with the proposed intercalation of these
ligands.[52] In addition, the ICD signals in the absorption range
of the ligands confirmed the binding process and may also be
used to deduce the relative orientation of the ligand in the
binding pocket.[52] Specifically, the positive ICD bands of 3a and
3b result from an almost perpendicular orientation of the
transition dipole moment of the ligand to the one of the DNA
base pairs, with the latter being aligned along their long
molecular axis. However, the ligands 3a and 3b give positive
ICD signals only in the range of particular absorption bands,
whereas especially the long-wavelength transition gives only a
very weak or no ICD band at all. For comparison, the parent
berberine (1a) gives essentially no ICD signal in the absorption
range of the ligand under similar conditions (LDR=0.8).[53] To
clarify this aspect, the relevant transition dipole moments of 3a
were determined exemplarily by TD-DFT calculations[54] and
shown to be aligned parallel or slightly tilted along the long
molecular axis of the isoquinolinium unit (Table S4, Figure S11)
like it was already determined for the parent berberine (1a).[45]

Within this model, the positive ICD bands are likely the result of
a roughly perpendicular orientation of the long molecular axis
to the longitudinal axis of the DNA base pairs, with the sterically
more demanding isoquinolinium unit protruding into the
groove (Figure 6). To add to that, the CD-spectroscopic analysis
also confirmed the relatively weak interaction of 3a with ct
DNA at pH 5 (see above), as only a very weak positive ICD signal
at 430 nm was formed even at LDR=1.

The CD-spectroscopic analysis of complexes of G4-DNA
22AG with ligands 3a and 3b revealed a distinct decrease of
the shoulder around 270 nm, which is usually interpreted as the
disappearance of the (3+1) conformer, to which this band is
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assigned.[55] In solution, the G4-DNA 22AG exists mainly as
equilibrium of the (3+1) conformer and the basket-type
antiparallel quadruplex structure, which are easily distinguished
by CD spectroscopy because the latter is characterized by the
strong positive band at 295 nm and a weak negative one at
260 nm.[56] Thus, the maintenance of these bands and the
disappearance of the CD band of the (3+1) conformer indicate
a shift of the equilibrium to the basket-type quadruplex
because of the stronger binding of 3a to this structure. This
effect was observed for derivative 3a at both pH 7 and 5, so
that a similar binding mode is assumed under these conditions.
In contrast, the marginal changes of the CD spectra on
complexation of the ligands 3a and 3b to G4-DNA a2 revealed
that the structure or mixture of conformers of this oligonucleo-
tide[13b] was not essentially affected by the ligands. Most
notably, the ligands 3a and 3b did not exhibit ICD signals in
the absorption range of the ligands when bound to G4-DNA,
which is usually interpreted as indication of terminal π-stacking
as binding mode[57] whereas strong ICD signals indicate groove
binding as main binding mode.[58] However, the cooperative
association of two molecules on this binding site, that has been
observed for the parent berberine (1a),[58] is unlikely in the case
of 3a and 3b because of the steric repulsion between the
ligands in such a binding mode. In turn, the comparison with
the reported binding mode of a 13-substituted berberine
derivative,[33] which has a similar spatial expansion as 3a,
suggests that the latter may be similarly centered on top of a

terminal quartet (Figure 7). However, for such a binding mode
the aniline substituent has to twist significantly and adapt a
smaller torsion angle with the berberine unit to avoid
unfavorable steric interactions.

In contrast to the parent berberine (1a),[23] the aminoaryl-
substituted derivatives 3a and 3b do not develop a significant
emission when bound to duplex or quadruplex DNA at pH 7,
whereas at pH 5 the emission increases to more extent,
especially in the presence of G4-DNA 22AG; however, still
resulting in low emission quantum yields. As we have
demonstrated that the strongest fluorescent light-up effect only
takes place at both restricted conformational flexibility of the
molecule and low pH of the medium (Figure 4), we deduce that
these two conditions are only sufficiently met when the ligand
3a binds to 22AG at pH 5. Hence, the torsional relaxation is
suppressed in the constrained binding site whereas the PET is
prohibited by protonation of the amino functionality (Figure 5).
Presumably, the emission enhancement is further supported by
the smaller torsional angle of the biaryl unit, that is required for
terminal π stacking (see above). This proposal is in agreement
with the properties of resembling biaryl-type pyridinium
derivatives whose fluorescence quantum yields also increase
with decreasing torsion angle.[42] The observation that the
ligand does not develop a clear emission band within the
sterically restricted binding sites in ct DNA and 22AG at pH 7 is
explained by a still operating PET under these conditions. When
bound to ct DNA, however, torsional relaxation is still possible
in ligand 3a (see above) and the emission intensity remains low
with this DNA form, even at lower pH. To add to that, the latter
negligible effect is also caused by the lower binding affinity and
different binding mode to ct DNA under these conditions
(Table 1).

Overall, it was shown that three factors have a significant
and interactive influence on the emission and absorption
properties of compounds 3a and 3b, namely their basicity, the
deactivation pathways in the excited state, and the different
DNA-binding modes. In turn, these properties enable the
spectrometric detection and differentiation of two different
DNA forms, as clearly shown by the distinctly different
absorption and emission properties of ligand 3a when
associated with ct DNA and 22AG at different pH values.
Specifically, this ligand can be used as an AND logic gate for
the simultaneous fluorimetric detection of low pH and quad-
ruplex DNA in the medium, even in the presence of duplex
DNA. And although the relatively small differences of the

Figure 6. Manually docked model of the complex between 3a and DNA. The
structure of the DNA was taken from the ellipticine-DNA complex (DOI:
https://www.rcsb.org/structure/1z3 f). The ellipticine ligands were removed
from the intercalation sites and, in one case, substituted with 3a (without
energy minimization). The model was assembled and visualized with the
UCSFChimera software (http://www.cgl.ucsf.edu/chimera/).

Figure 7. Manually docked superposition (without energy minimization) of 3a (gold) with the authentic ligand (blue) in a known G4-DNA-berberine complex
(ref. [33], DOI: https://www.rcsb.org/structure/5cdb). The model was assembled and visualized with the UCSFChimera software (http://www.cgl.ucsf.edu/
chimera/).
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emission intensity of duplex- and quadruplex-bound ligand
may not be useful for an unambiguous or sufficiently sensitive
detection, the combination of the absorption and emission data
at pH 5 significantly increases the certainty of the analysis. Thus,
a 3D plot of the data from photometric and fluorimetric DNA
titrations results in a “calibration” curve that is obviously
distinctly different for ct DNA and G4-DNA 22AG (Figure 8).

Conclusion

In summary, we synthesized two novel berberine derivatives 3a
and 3b that bind with high affinity to G4-DNA and induce a
significant thermal stabilization of 22AG and c-kit. Most
notably, the ligand 3a binds with higher affinity towards 22AG
at pH 5 as compared with neutral conditions. Other than the
parent berberine (1a), the derivatives 3a and 3b do not show a
noticeable increase of emission intensity upon association with
DNA at neutral conditions, whereas at pH 5 a fluorescence
light-up effect of the DNA-bound ligand 3a was observed.
Noteworthy, at these conditions, G4-DNA can be detected
fluorimetrically even in mixtures of both DNA forms. Equally
important, the fluorimetric response of 3a to G4-DNA associa-
tion combined with the pronounced and distinct, red-shifted
absorption under these conditions provides a simple and
conclusive optical detection of G4-DNA at lower pH, ideally
even with the naked eye. Furthermore, this fluorescent probe
allows the simultaneous detection of G4-DNA and lower pH
values, i. e. it only lights up when both criteria are met. This
property may be applied for the selective fluorimetric detection
of G4-DNA in cancer cells, which often provide a medium with
slightly lower pH than healthy cells.[30] Moreover, this chemo-
sensor and derivatives thereof have the potential to be applied
for the fluorimetric detection of pH gradients and extracellular
nucleic acids in biofilms,[31] that have been suggested just
recently to contain G4-DNA as functional component.[60]

Although numerous fluorescent probes for G4-DNA are
known,[9–19] to the best of our knowledge, no examples have
been reported so far with these particular features. Namely,
only a few fluorescent probes for G4-DNA have been reported
that operate at lower pH,[61] but these probes do not exhibit the
dual-mode response of compound 3a. In conclusion, the

derivatives 3a and 3b provide a promising starting point for
the development of selective DNA-targeting fluorescent probes
that combine the favorable biological properties of berberine
with tailor-made, medium sensitive photophysical properties.

Experimental Section
Equipment: Absorption spectra: Varian Cary 100 Bio Spectropho-
tometer with baseline correction. Emission spectra: Varian Cary
Eclipse spectrophotometer at 20 °C: Cuvettes: Quartz cells (10 mm×
4 mm). NMR spectra: Jeol ECZ 500 (1H: 500 MHz, 13C: 125 MHz) at
25 °C; Varian VNMR� S 600 (1H: 600 MHz, 13C: 125 MHz) at 25 °C
(DMSO-d6). NMR spectra were processed with the software
MestReNova and referenced to the solvent DMSO-d6 (1H: δ=2.50,
13C: δ=39.5). Elemental analyses data: HEKAtech EUROEA combus-
tion analyzer, by Rochus Breuer, Organische Chemie I, Universität
Siegen, and HEKAtech Analysenservice, HEKAtech GmbH, Wegberg.
Mass spectra (ESI): Finnigan LCQ Deca (U=6 kV; working gas: Ar;
auxiliary gas: N2; 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
1200 s� 1. Melting points (uncorrected): BÜCHI 545 (BÜCHI, Flawil,
CH).

Materials: 4-(N,N-Dimethylamino)phenylboronic acid (2),[62]

berberrubine,[63] and 12-bromoberberine bromide (1a)[33] were
synthesized according to published procedures. Calf thymus DNA
(ct DNA, type I; highly polymerized sodium salt; ɛ=

12824 cm� 1M� 1)[64] was purchased from Sigma-Aldrich (St. Louis,
USA) and used without further purification. Oligodeoxyribonucleo-
tides (HPLC purified) d[A(G3TTA)3G3] (22AG), d[(ACAG4TGTG4)2] (a2),
d[TGAG3TG3TAG3TG3TA] (cmyc), d[(AG3AG3CGCTG3AG2AG3)] (ckit),
d[fluo-(GGGTAA)3G3-tamra] (F21T), d[fluo-(ACAG4TGTG4)2-tamra]
(Fa2T), d[fluo-TGAG3TG3TAG3TG3TA-tamra] (FmycT) and d[fluo-
(AG3AG3CGCTG3AG2AG3)-tamra] (FkitT) (fluo= fluorescein, tamra=

tetramethylrhodamine) were purchased from Metabion Int. AG
(Planegg/Martinsried). The concentration of ct DNA is given in base
pairs (bp).

The ct DNA was dissolved in BPE buffer solution. Solutions of
oligonucleotides were prepared in K-phosphate buffer, heated to
95 °C for 5 min and cooled slowly to room temperature within 4 h.
K-phosphate buffer: 25 mM K2HPO4, 70 mM KCl; adjusted with
50 mM KH2PO4 to pH 7.0; BPE (biphosphate EDTA) buffer: 6.0 mM
Na2HPO4, 2.0 mM NaH2PO4, 1.0 mM Na2EDTA; pH 7.0. All buffer
solutions were prepared from purified water (resistivity 18 MΩcm)
and biochemistry-grade chemicals. The buffer solutions were
filtered through a PVDF membrane filter (pore size 0.45 μm) prior
to use.

Synthesis

10-Methoxy-9-(((trifluoromethyl)sulfonyl)oxy)-5,6-dihydro-[1,3]
dioxolo[4,5-g]isoquinolino[3,2-a]isoquinolin-7-ium tetrafluoroborate
(1c): A solution of freshly prepared berberrubine (321 mg,
1.00 mmol) in CH2Cl2 (30 ml) was cooled to 0 °C, and Tf2O (210 μl,
338 mg, 1.20 mmol) was added. The reaction mixture was stirred
for 2 h at r.t. and the yellow precipitate was filtered and washed
with CH2Cl2 (10 ml with 3 droplets Et3N) and Et2O (2×30 ml). The
product was purified by column chromatography (SiO2; CH2Cl2-
MeOH, 9 :1 v/v) to give 1c as yellow amorphous solid (429 mg,
70%). To obtain an analytically pure sample, the sulfonate (1c-TfO)
was transferred to the tetrafluoroborate (1c-BF4) by precipitation

Figure 8. Three-dimensional plot of the fluorescence intensity (λex=370 nm)
and absorbance (λ=420 nm) of 3a versus the DNA-ligand ratio with ct DNA
(squares) and 22AG (circles) at pH 5.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202100297

8587Chem. Eur. J. 2021, 27, 8580–8589 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Dienstag, 01.06.2021

2133 / 202110 [S. 8587/8589] 1

http://www.cgl.ucsf.edu/chimera/


upon addition of aq. NaBF4 (sat., 1.0 ml) to a solution of product 1c
(60.3 mg, 100 μmol) in water/MeOH (1 :1, 10 ml); mp 221–222 °C
(1c-TfO), mp 250–252 °C (1c-BF4). –

1H NMR (500 MHz, DMSO-d6):
δ=3.23 (t, 3J=6 Hz, 2H, 5-H), 4.18 (s, 3H, OCH3), 5.02 (t, 3J=6 Hz,
2H, 6-H), 6.20 (s, 2H, OCH2O), 7.12 (s, 1H, 4-H), 7.82 (s, 1H, 1-H), 8.38
(d, 3J=9 Hz, 1H, 11-H), 8.38 (d, 3J=9 Hz, 1H, 12-H), 9.13 (s, 1 H, 13-
H), 9.67 (s, 1H, 8-H). – 13C NMR (125 MHz, DMSO-d6): δ=26.1 (C5),
55.9 (C6), 57.8 (O-CH3), 102.3 (OCH2O), 105.6 (C1), 108.5 (C4), 118.2
(CF3) 120.0 (C13b), 120.2 (C8a), 121.2 (C13), 126.2 (C11), 129.9 (C12),
130.2 (C12a), 131.3 (C4a), 133.6 (C9), 139.5 (C13a), 142.5 (C8), 147.8
(C2), 150.4 (C3), 151.02 (C10). – MS (ESI+): m/z=454 [M+]. – El. Anal.
for C20H15BF7NO6S, calc. (%): C 44.39, H 2.79, N 2.59, S 5.92 found
(%): C 44.34, H 3.02, N 2.53, S 5.88.

12-(4-(N,N-Dimethylamino)phenyl)-9,10-dimethoxy-5,6-dihydro-[1,3]
dioxolo[4,5-g]-isoquinolino[3,2-a]isoquinolin-7-ium bromide (3a): A
mixture of 12-bromoberberine (1b) (198 mg, 400 μmol), 4-(N,N-
dimethylaminophenyl)boronic acid (2) (90.8 mg, 550 μmol), Pd-
(dppf)Cl2·CH2Cl2 (9.8 mg) and KF (92.9 mg, 1.60 mmol) in DME/
water/MeOH (2 :1 : 1, 8 ml) was stirred for 3 h at 80 °C under argon
gas atmosphere. After cooling to r.t. the mixture was diluted with
water (2 ml) and concentrated in vacuo to a final volume of ca.
5 ml. The resulting precipitate was separated by filtration and
washed with THF (1 ml) and EtOAc (2×20 ml). The crude product
was recrystallized from MeOH/EtOAc/acetone to afford 3a as red
cubic crystals (136 mg, 64%); mp>300 °C. – 1H NMR (600 MHz,
CD3OD): δ=3.08 (s, 6H, NCH3), 3.19 (t, 3J=6 Hz, 2H, 5-H), 4.12 (s, 3H,
OCH3), 4.22 (s, 3H, OCH3), 4.91 (t, 3J=6 Hz, 2H, 6-H), 6.06 (s, 2H,
OCH2O), 6.93 (s, 1H, 4-H), 7.00 (d, 3J=7 Hz, 2 H, 2‘-H, 6‘-H), 7.17 (s, 1
H, 1-H), 7.44 (d, 3J=7 Hz, 2H, 3‘-H, 5‘-H), 7.91 (s, 1H, 11-H), 8.35 (s, 1
H, 13-H), 9.79 (s, 1H, 8-H). – 13C NMR (150 MHz, CD3OD): δ=28.3
(C5), 40.8 (NCH3) 57.9 (C6), 57.8 (OCH3), 62.8 (OCH3), 103.9 (OCH2O),
106.1 (C1), 109.6 (C4), 114.0 (C2‘, C6‘), 120.1 (C13), 122.0 (C13b),
123.9 (C8a), 125.6 (C4’), 127.5 (C11), 132.0 (C4a), 132.0 (C3’, C5’),
133.0 (C12a), 138.6 (C12), 139.2 (C13a), 144.6 (C9), 146.7 (C8), 150.0
(C2), 151.9 (C10), 152.3 (C3), 152.6 (C1‘). – MS (ESI+): m/z=455 [M+].
– El. Anal. for C28H27N2O4Br, calc. (%): C 62.81, H 5.08, N 5.23, found
(%): C 62.80, H 4.94, N 5.19.

9-(4-(N,N-Dimethylamino)phenyl)-10-methoxy-5,6-dihydro-[1,3]
dioxolo[4,5-g]-isoquinolino[3,2-a]isoquinolin-7-ium tetrafluorobo-
rate (3b): A mixture of 1c (60.3 mg, 100 μmol), 2 (16.3 mg,
120 μmol), KF (29.0 mg, 500 μmol) and Pd(dppf)Cl2*CH2Cl2 (2.1 mg)
in DME/water/MeOH (2 :1 : 1, 3 ml) was stirred for 30 min at r.t.
under Argon gas atmosphere. The precipitate was separated by
filtration and washed with EtOAc (2×20 ml) and Et2O (30 ml). The
remaining solid was dissolved in MeOH (20 ml), diluted with water
(10 ml), and a solution of saturated aqueous NaBF4 (1 ml) was
added. The formed precipitate was filtered off, dissolved in CH2Cl2
(40 ml) and filtered. The solvent was removed by distillation and
the product was recrystallized from MeOH/EtOAc/acetone to give
3b as amorphous orange-colored solid (37.3 mg, 73%); mp>
300 °C. – 1H NMR (500 MHz, DMSO-d6): δ=3.02 (s, 6H, N-CH3), 3.13
(t, 3J=6 Hz, 2H, 5-H), 3.94 (s, 3H, OCH3) 4.80 (t, 3J=6 Hz, 2H, 6-H),
6.17 (s, 2H, OCH2O), 6.89 (d, 3J=9 Hz, 2 H, 3‘-H, 5‘-H), 7.07 (s, 1H, 4-
H), 7.30 (d, 3J=9 Hz, 2H, 2‘-H, 6‘-H), 7.82 (s, 1 H, 1-H), 8.21 (d, 3J=

9 Hz, 1H, 11-H), 8.25 (d, 3J=9 Hz, 1H, 12-H), 8.98 (s, 1 H, 13-H), 9.11
(s, 1H, 8-H). – 13C NMR (125 MHz, DMSO-d6): δ=26.3 (C5), 39.7
(NCH3) 55.5 (C6), 56.8 (OCH3), 102.1 (OCH2O), 105.4 (C1), 108.4 (C4),
112.1 (C3‘, C5‘), 118.6 (C1’), 120.4 (C13b), 120.6 (C13), 124.6 (C11),
126.0 (C8a), 127.0 (C9), 128.0 (C12), 130.7 (C4a), 131.8 (C2’, C6’),
133.5 (C12a), 137.0 (C13a), 147.6 (C8), 147.7 (C3), 149.8 (C2), 150.2
(C4‘), 156.5 (C10). – MS (ESI+): m/z=425 [M+]. – El. Anal. for
C27H25N2O3BF4, calc. (%): C 63.30, H 4.92, N 5.47, found (%): C 62.85,
H 4.64, N 5.34.
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