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The binding affinities of flavonoids, genistein and quercetin, to DNA oligomers have been
established by means of studying by NMR the diffusion coefficients of these compounds with and
without the presence of DNA. Genistein was found to bind very weakly, K, = 1.54 x 10> M~',
as compared to quercetin, K, = 5.75 x 10> M~! and luteolin, K, = 2.17 x 10* M~! (as reported
in the literature). In the case of genistein a hydrogen bond between the NHFB cytidine protons of
the edge base pair and a genistein hydroxyl is proposed, based on the shape of the DOSY
spectrum. MP2 and DFT calculations of genistein show a 9 kcal mol™! excess energy of the
planar conformation as compared with a twisted one. For this reason intercalation of the planar

genistein into the base pairs is rather unlikely.

Introduction

A wide interest is observed in new classes of compounds in the
pursuit to find a lead drug and better formulate an anticancer
drug pharmacophore.' Topoisomerase I and II inhibitors
attract much attention in biomedical research since they
constitute important chemotherapeutic routes in combating
cancer.* Along with other classes of chemical compounds,’
naturally occurring flavone derivatives and their isosteres are
intensely studied in this direction.>? Diverse, wide biological
activity is expressed by genistein, 1,°'° luteolin, 2,'" and
quercetin, 3.'> Genistein, in particular, is recognized as an
inhibitor of tyrosine-specific protein kinase,'® a topoisomerase
II cleaving agent'*'® and an immunosupressant in vivo.'®

Luteolin was recently shown!! to intercalate into DNA at
high concentration (>250 pM), resembling the camptothecin
family mode of binding the DNA.!”"' This finding supports
the earlier suggestion®® that flavonoids may fall into two
categories as regards the DNA binding, i.e. intercalators and
minor groove binders. Earlier reports seem to indicate that
quercetin has low affinity to DNA,?! as compared with typical
intercalators (WM range of Kp value), and does not possess
any preferred sites of binding in DNA.?> To the contrary,
recent studies claim that quercetin binds to the 24 kDa
fragment of gyrase B of Escherichia coli with a Kp value of
15 uM? or even binds covalently to DNA >*

Although a vast amount of biochemical literature exists
regarding the biochemical studies on a cell level, scarce
information is available concerning the mechanism of action
of this class of compounds on an atomic coordinate level. With
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respect to that, intramolecular properties of genistein com-
plexes with amines? ?’ and other flavonoids were recently
studied in order to establish the electronic distribution in the
genistein moiety and evaluate the hydrogen bonding pro-
perties of the hydroxyl groups.

In view of the faint and contradictory evidence in the
literature the present work was undertaken to gain more
information on an atomic level regarding the interaction with
DNA which is an important factor governing the flavonoids’
activity in poisoning the enzymic action of topoisomerases.

The main goal of this work was the evaluation of binding
affinities of the studied flavonoids to the DNA oligomers and
defining the other sources of spectral information which may
aid the understanding of the mode of binding.

Experimental
Materials and procedures

Genistein, 1, was synthesized according to published pro-
cedure and used as purified in the synthesis. Luteolin, 2, was
purchased from Lancaster and was recrystallized from a
methanol-chloroform mixture. Quercetin, 3, was crystallized
from an acetone—chloroform mixture.

DNA purification. The oligonucleotides d(GCGTACGC),
and d(GCGATCGC), were purchased from Microsynth
(Switzerland) and purified by ion-exchange chromatography
on a HiTrap™-Q column (Pharmacia Biotech) using gradient
elution with ammonium bicarbonate solution (0.1 M-0.9 M)
and desalted on Sephadex G-10. Paramagnetic impurities were
removed by treatment with Chelex 100 resin purchased from
Bio-Rat Laboratories.

The NMR sample was prepared as described below.

Sample preparation. To overcome the problem of low
solubility of flavonoids in water the DNA was dissolved
in 500 uL of phosphate buffer, 50 mM in K3PO, x H,O and
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50 mM in NaCl, the pH was adjusted (ca. 8) and up to 150 pL.
of DMSO-ds (99.95% D content) was added to avoid pre-
cipitation of the added stock solution of flavonoid in neat
DMSO-dg. Aliquots of 10 pL of stock flavonoid solution were
added to a 0.6-1.4 mM DNA solution to achieve the desired
DNA-flavonoid ratio (1:1 or 1:2) using 50 pL stock solution.
The resultant solution had at most 28% of DMSO. The
dilution of the DNA solution in phosphate buffer by DMSO
was performed and the resultant spectra analyzed to check the
duplex formation was unaffected by organic solvent (Fig. 3S,
supporting informationt). A DNMR (dynamic nuclear mag-
netic resonance) study was also performed to check the
stability of the duplex (Fig. 2S, Table 1S, supporting informa-
tionf).

The samples of 2 are stable, even at pH 8.25, for only few
hours, so that only titration could be performed and a diffu-
sion coefficient experiment, lasting overnight, could not be
acquired. Apparently 2 is too unstable to make any conclu-
sions about its interaction with DNA from these types of study
and therefore it is omitted from the discussion. On the other
hand, a sample of 3 had enough solubility at pH 6.0, so that
the increased stability of the sample at this pH allowed the
running of the diffusion coefficient experiment. Although the
concentration of DNA in the solution of 3 is half of that in 1,
nevertheless the ratio of ligand: DNA remains 2:1, which
enables comparison of the binding affinities.

NMR spectra

The NMR spectra were run on a Varian 500 MHz INOVA
spectrometer operating at 499 807 MHz for 'H observation.
The spectrometer was equipped with a Nalorac Z-spec IDG
inverse detection probe. Calibration of 'H chemical shifts was
based on internal standard 3-(trimethylsilyl)propionic acid
(TSPA).

NOESY spectra®®. NOESY spectra were recorded in phase-
sensitive mode,?®*° with a 10000 Hz spectral window in both
dimensions, 4096 data points in f5, 64 scans for each of 512 x 2
increments in f7, a 250 ms mixing time and a 2 s delay before
each scan. A z gradient (1 Gauss cm™ !, 5 ms) was used at the
beginning of #; evolution. Spectra were apodized in both
dimensions using a squared cosine bell. Linear prediction
was applied in the f; dimension to extend the data twice, with
zero filling to yield 4096 data points in the f; dimension. A
binomial sequence was used to suppress the solvent resonance.
To minimize zero quantum coherence peaks a small random
variation in the mixing time between transients and between #;
increments was used.’!

TOCSY spectra®®>. TOCSY spectra with water suppres-
sion by gradient echo and DIPSI spinlock were acquired
with a 10000 Hz spectral window in both dimensions,
2048 data points, 16 transients for each of 512 x 2 increments
in f; with a relaxation delay of 1.5 s. The mixing times for
TOCSY spectra were 20 and 80 ms with a spin-lock field of
8000 Hz.

Pulsed gradient spin echo (PGSE). PGSE experiments for
compounds 1 and 3 were done according to the following
conditions: 24 spectra were acquired using the BPPSTE??3

(stimulated echo sequence incorporating bipolar gradients)
sequence modified with binomial water suppression. The
gradient strengths were incremented as a square dependence
in the range from 1 to 60 G cm™ . The diffusion time (4) and
the duration of the magnetic field gradients (5) were 170 ms
and 2 ms, respectively. Other parameters include the follow-
ing: a sweep width of 6000 Hz, 32 K data points, 1024
transients and an acquisition time of 1.6 s and relaxation delay
of 3 s. The data were processed using Varian DOSY™ and
DECRA?%% packages.

Dissociation constant. The dissociation constant, Kp, is
extracted from these experiments as follows: given the initial
concentrations of DNA and genistein ¢cpya and cgen, the
diffusion constant Dpna/GENs m? s}, for the complex DNA/
GEN, the observed average diffusion constant Dops and
diffusion constants, Dpya and Dggn, for free DNA and
genistein, respectively, the population of the complex may be
expressed as:

Ppona/gen = DGen — Dogs/Dcen — DpNajGen.
The Kp value is given as
Kp = [DNA][GEN]/[DNA/GEN]
and

Kp = (cpna — [DNA/GEN])(cgen — [DNA/GEN])/
[DNA/GEN]

where [DNA/GEN] = PpnajGenccen. This formal treatment
of the data includes a simplification expressed as Dpna/GeEn =
Dpna which is valid when there is a large difference between
the diffusion constants of interacting species as is the case here.

Diffusion experiments. PGSE diffusion experiments for a
piperazine complex with genistein (1-Pip) were run in D,O
solution. The reference sample for 1-Pip was composed of 400
ul D50, 20 pl stock solution of 1-Pip in DMSO-d, and 80 pl of
neat DMSO-d; to dissolve all 1-Pip. The sample of 1-Pip with
DNA, d(GCGTACGC),, was run in 400 ul D,O, 60 ul DMSO
plus 38 mM NaCl, using 1.4 mM DNA and 1.15 mM 1-Pip
from 40 pl of a stock solution in DMSO-ds. 1D NMR
diffusion experiments were run on a Bruker DRX 500 MHz
spectrometer. The FIDs were acquired over 12500 Hz with a
90° pulse width, using 0.6 s acquisition, and a 1 s delay after
each of 64 scans. A sine-shaped gradient pulse was incremen-
ted from 0 to 45 G cm ™.

Calculations

Calculations were carried out using the Gaussian 98 program
package.®® Geometry optimizations were performed using
Hartree Fock (HF) and density functional (DFT) methods
with the B3LYP exchange functional and the split-valence
basis sets: 6-31G, 6-31G(d) and 6-31G(d,p). The full geometry
optimizations of genistein were done for two structures repre-
senting two distinct minimum energy points during rotation
along the C3-C1’ bond* and additionally two optimizations
were performed with the C2-C3-C1'-C6’ angle constrained to
0 and 180°, representing fully flat structures. The single-point
energy calculations were performed additionally for each

468 | New J. Chem., 2006, 30, 467-472

This journal is © the Royal Society of Chemistry the Centre National de la Recherche Scientifique 2006


http://dx.doi.org/10.1039/b517245b

Downloaded by University of California- Los Angeles on 01 January 2013
Published on 01 February 2006 on http://pubs.rsc.org | doi:10.1039/B517245B

View Article Online

1 R=H Genistein

2 R=H Luteolin
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Scheme 1

structure at the MP2 level with the 6-31G(d,p) and 6-
311G(d,p) basis sets. The zero-point energy (ZPE) corrections
were calculated at the B3LYP/6-31G(d) level and with the
scaling factor 0.9804, to account for the effects of molecular
vibrations at 0 K.

Results and discussion

Scheme 1 shows the compounds discussed in this work. The
interaction of these molecules was studied with the duplexes
d(GCGTACGC), and d(GCGATCGC),.

Estimation of DNA binding affinity

The pulsed gradient spin echo (PGSE) experiment is especially
sensitive for measuring the weak binding of a molecule of low
molecular weight, such as the studied flavonoids (M,, ~ 400
Da) to a molecule of much higher molecular weight (DNA,
M, ~ 2.8 kDa). Applications of the method to solute binding
have been reviewed.® Treatment of chemical exchange
phenomena has also been published.*

In order to evaluate the binding affinities of the studied
flavonoids to DNA we have performed a series of PGSE
experiments. Titration experiments of DNA with flavonoids
were performed to observe the mutually induced shifts and
NOESY spectra were run to observe the possible dipolar
contacts.

Fig. 1 shows a PGSE plot of 1-Pip and 1-Pip in the presence
of d(GCGTACGC),. Data for linear correlations presented in
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Fig. 1 A PGSE plot of 1-Pip and 1-Pip in the presence of
d(GCGTACGC),.

Table 1 Gradient strength dependence of solute proton intensities in
absence (V) and presence (®) of [d(GCGTACGC),]"

Correlation

Signal observed Slope? coefficient R
PipNH*F —50x 107 +£62x107° 0.9997
H2F —25x10%+1.0x 107 0.9877
H2B —23x107*+£7.5x107° 0.9938
A5-H8 (DNA) —09x 1074+ 7.5 x 1077 0.9995
PipNH*® —09x107*+£1.5x 107 0.9972
T4-CH; (DNA) —09 x 1074 +£85x%x 1077 0.9992

¢ Signals marked B in superscript refer to the solution with DNA
present, signals marked F in superscript refer to free genistein anion
and piperazine cation PipNH ™. ? Slope and correlation coefficient R
from least squares fit of the lines shown in Fig. 1.

Fig. 1 are collected in Table 1. Following published proce-
dures*'*? we have calculated the binding constant for 1-Pip to
DNA oligomer as 1.01 x 10> M~! (Table 2).

We have also used the automated program DECRA, im-
plemented in the Varian software package, to process the
PGSE spectra of 1 and 3. The data are shown in Table 2
and the example spectrum is shown in the supplementary
material (Fig. 1S).¥

The instability of flavonoids 2 and 3, even at high pH,
does not allow their comparison with genistein, 1, at exactly
the same conditions. For luteolin 2, the PGSE experi-
ment could not even be performed in a reproducible manner.
We therefore, relate our results for 1 and 3, to the literature
data which used other techniques and DNA sources.
In the case of 3 this is hardly even possible as the contra-
dictory conclusions from biological results predict either no
specific interaction or covalent bonding (vide introduction).
Nevertheless, excluding the ambiguous literature information
on 3, our results are consistent and predict much weaker
binding of genistein as compared to luteolin or quercetin,
whose binding affinities are at least an order of magnitude
larger.

Thus the data in Table 2 show that the affinity of genistein
to DNA is much weaker than those of the other flavonoids.
The genistein moiety in a labile piperazine complex, 1-Pip,
which is better soluble in water than 1, binds with the same
strength as genistein itself, the piperazine cation being strongly
bound in a DNA groove, as judged by data in Table 1 and
Fig. 1. A possible explanation for the weak genistein binding is
the overall non-planarity of the genistein moiety as compared
to other flavonoids. This is judged from the X-ray structure
comparison outlined below.

The X-ray structures of genistein®’ and its complexes with
bases, morpholine®® and piperazine, 1-Pip,?’ show that ring C
is not coplanar with rings A and B and is twisted from their
plane by ca. 57°. In addition, the strong intramolecular
hydrogen bond of the C-5 hydroxyl to the C-4 carbonyl group
adds a six-membered ring moiety to the structure. While the
latter property would suggest the molecule was prone to
intercalation the overall non-planarity creates steric hindrance
to intercalation and hence one may anticipate that the mole-
cule will behave rather as minor groove binder. The X-ray
structure of quercetin® shows the planar arrangements of all
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Table 2 The PGSE data for the binding of 1 to d(GCGATCGC), and 1-Pip, 2 and 3, to the d(GCGTACGC), octamer duplexes”

Dj(free ligand) Dy(ligand)? Dy(DNA)*
Ligand  Concentration [mM] x 1071m? s™ x 1071%m?s™ x 1071%m?s™ K, [M™] Signal observed
1-Pip Cpnas 14, Cug, 1.15 — — 1.01 x 10° H-2
1 Cpnas 1.63, Cpig, 3.26 3.54 £+ 0.05 3.13 £ 0.10 1.1 1.54 x 102 H-3’
2 — — — — (2.17 x 10%? —
3 Cpnas, 0.675, Cpig, 1.35 2.63 £ 0.05 1.90 + 0.10 0.85 5.75 x 10° (6.7 x 10" H-¢'

¢ D; denotes diffusion coefficient, K, is a binding constant. In the case of 1 and 3 only these ligand signals were used for the K, calculation, which
have no overlap with the other signals in the spectrum and therefore could secure calculation of the true binding constant in the PGSE experiment
(see also Fig. 2).  Diffusion coefficient for ligand in the presence of DNA. ¢ Diffusion coefficient for DNA in the presence of ligand. ¢ Binding
constant established from fluorescence quenching, ref. 9. ¢ Binding constant to 24 kDa fragment of DNA gyrase of Escherichia coli established by
fluorescence quenching, ref. 22.

aromatic rings and therefore, based on the above argument, Genistein—DNA interaction
1 ict the intercalation in this case ¢ likel S .
?:chgllrd predict the intercalation in this case as more likely The genistein is very weakly bound to a duplex DNA oligomer
’ and not unexpectedly intermolecular crosspeaks were not
a) found in the NOESY spectrum, thus excluding the possibility

<2.C6NHE canp?) of more detailed structure elucidation. Also, due to the low
equilibrium concentration of a complex in a fast exchange with
y unbound DNA, negligible changes of ribose and imino proton
e’ chemical shifts were observed. Nevertheless, the PGSE experi-

B ment performed on genistein—octamer DNA brings rarely
observed information which hints at the possible binding
Ne B O ‘_0 - ’ "‘ ' mode. As we pointed out in our recent account,?’ the hydroxyl
] groups of ligands are of primary importance since they form
€ 4+ 4+ 1 hydrogen bonds with the biomolecule which stabilize the
complex. Due to fast exchange with water in a buffer, espe-
cially at high pH, as in the present case for OH phenolic
groups of genistein, they are not seen and their dipolar
contacts are not easy to establish. However, in fortunate cases
their interaction with DNA can be traced in a diffusion scale of
the NMR experiment.

In Fig. 2 DOSY spectra of the DNA oligomer,
d(GC>*GATC®GC®),, free and in the presence of genistein,
are compared. It can be seen that in the spectrum of the free
DNA duplex the cytidine NHF and NH® water exchangeable

H
I
——
»

20 protons have larger, compared to the rest of the DNA signals,
2.2 l (= diffusion coefficients but the diffusion coefficients are uniform
7 for the C-2, C-6 and C-8 bases. This is due to averaging of the
2. gcsr\H' ;2'-"' Hee diffusion coefficients of NH and bulk H,O. The exchange is
2 Fro

3 [Ppm)] O \

9

O
H

@\O p C5 O/

Dx107° faSt/ ] .n
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Fig.2 DOSY spectra, from top to bottom, of free DNA oligomer (a),
in the presence of genistein (b) and of the free genistein (c), showing @)
diffusion constant changes on binding of the two species in solution. Scheme 2
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Table 3 Comparison of calculated energies for genistein twisted and coplanar structures

Method

C2-C3-C1’-C6’ angle”

Electronic energy (hartree) A Energy (kcal mol™")

HF/6-31G//HF/6-31G 46.44°
0°
132.63°
180°
B3LYP/6-31G(d)//B3LYP/6-31G(d) 38.37°
0o
139.56°
180°

B3LYP/6-31G(d.p)//B3LYP/6-31G(d.p) 37.79°
P
141.27°
180°
37.79°
0
141.27°
180°
37.79°
o
141.27°
180°

MP2/6-31G(d,p)//B3LYP/6-31G(d.p)

MP2/6-311G(d,p)//B3LYP/6-31G(d.p)

—947.77127 4.58
—947.76398

—947.76851 4.84
—947.76080
—953.73174
(ZPE = 0.21761)
—953.71996
(ZPE = 0.21818)
—953.73135
(ZPE = 0.21756)
—953.71739
(ZPE = 0.21818)
—953.75985 7.11
—953.74851

—953.75945 3.48
—953.74594

—951.02030 3.84
—951.00621

—951.01998 10.39
~951.00342

—951.38690 8.74
—951.37298

—951.38661 10.28
—951.37022

7.39 (7.74)

8.76 (9.14)

“ Two dihedral angles are considered for planar and non-planar molecules allowing 4’OH group orientation. ? Electronic energy with the zero-

point energy (ZPE) correction.

slow on the diffusion time scale as the NH signals remain close
to DNA signals. In the presence of genistein, the NH signals of
C-2 and C-6 remain in their positions, characteristic for a free
DNA duplex, but the NHF and NH® signals of the C-8 base
have much larger diffusion coefficients. The larger diffusion
coefficients for C-8 are suggested to originate from hydrogen
bonding of the genistein OH phenolic proton and NHF proton
of the C-8 base forming three site exchange as shown in
Scheme 2. The C-7-OH phenolic group in 1 is a more likely
candidate for this interaction than C-4’-OH as the former is
more acidic.

Taking into account the above experiment one can confirm a
weak but specific interaction of genistein established here with
DNA (vide infra). The non-planarity of the phenyl ring and lack
of DNA induced shifts also may hint at a different, compared to
2 or 3, binding mode, likely to be a minor groove positioning of
the benzopyran part with the phenyl ring sticking outside. The
lack of experimental restraints precludes more detailed geome-
try design via molecular modelling in this case and precludes the
possibility of the visualization of a complex.

Therefore we have also carried out calculations of the
energy necessary to flatten the genistein structure by rotating
along the C3—C1’ bond, because, as established by X-ray25 and
computer calculations, the most stable are conformations
twisted from the plane. Our computation at the MP2 and
DFT levels estimates this energy as 9 kcal mol™! (Table 3).
That is an amount of excess energy of the DNA—genistein
molecular complex over the other binding modes, which
should be compensated if the genistein were intercalating or
stacking in a planar conformation. It is therefore rather
unlikely to assume the intercalation as a preferred binding
mode in comparison to other geometries which allow the twist
along C3-C1’ bond.

Conclusion

In this work we have established a binding affinity of flavo-
noids, genistein and quercetin, to DNA duplexes by means of
studying by NMR the diffusion constants of these compounds
with and without the presence of DNA. All studied com-
pounds are shown to bind the DNA oligomer and the DNA
affinities are comparable for luteolin (taking into account the
literature data) and quercetin, but the affinity of genistein is
much smaller than for the other compounds. In the case of
genistein a hydrogen bond of the NH® protons of the
cytidine in the edge base pair to a genistein hydroxyl is
proposed, based on the shape of the DOSY spectrum. The
MP2 and DFT calculations reveal ca. 9 kcal mol™' energy
differences between coplanar and twisted genistein forms, the
latter being more stable. This amount of energy should be
compensated if the genistein were intercalating in a planar
conformation. For this reason stacking inside the stem of
the base pair is rather unlikely to happen in appreciable
population.
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