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Interaction of harmine with oligonucleotide d(GTGCAC)2
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Abstract

This work carried out a study on the interaction between harmine and oligonucleotide d(GTGCAC)2. The binding thermodynamic parameters
were obtained by ITC method. Harmine binds to oligonuleotide duplex d(GTGCAC)2 in a fashion of intercalation mode and specific interaction
and nonspecific interaction exist in the binding process.1H NMR experiments indicate that oligonucleotide d(GTGCAC)2 is a generally
self-complementary B-type duplex molecule, and harmine binds to DNA duplex d(GTGCAC)2 at the side of methoxyl group preferentially
in a mode of intercalation.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Many biological responses caused by mutagenic
and antitumor substances are often associated with the
binding of small molecules (ligand) with DNA[1,2].
Therefore, an enormous amount of researches has been
conducted on the binding of small ligands to DNA in physi-
cal chemistry, molecular pharmacology and carcinogenesis.
Quantitative binding parameters are essential for the de-
sign of sequence-specific ligand for biological applications
[3].

In this paper the binding specificity of�-carboline alka-
loid, harmine with hexamer oligonucleotide d(GTGCAC)2
was examined by ITC, CD, and NMR. Harmine, a tricyclic
fused planar aromatic compound, potentially binds in a
fashion of intercalation into DNA[4]. It possess some phar-
maceutically potential biological activities of anticancer,
hallucinogenic[5] and monoamine oxidase inhibition[6].
Though the interaction of harmine with natural DNA was
reported[7,8], the specific binding site of harmine to DNA
is still unknown. A selection of hexamer oligonucleotide
d(GTGCAC)2 as a target will help further understanding
about the relationship of interaction between molecular
structure of ligand and specific DNA sequence. The duplex

∗ Corresponding author. Fax:+86-10-62751708.
E-mail address: lizhifen@pku.edu.cn (Z. Li).

is as follows:

2. Experimental

2.1. Materials

Single strand oligonucleotide d(GTGCAC) was purchased
from Shanghai Shenggong Biological Technology Company.
It was synthesized by phosphodiester method (without phos-
phatic group at 5′ end and 3′ end) with its purity up to 95%
(PAGE electrophoresis). Harmine hydrochloride was from
Sigma. Other chemicals were of analytical reagent grade.
Redistilled water were used in all experiments.

2.2. Sample preparation

Double strand d(GTGCAC)2 was obtained by regular re-
naturation experiments[9]. The buffer system was phosphate
buffer of pH 6.1, composed of 10 mM Na2HPO4–NaH2PO4
and 20 mM NaCl. The concentration of DNA was measured
by ultraviolet spectroscopy and expressed by that of duplex
d(GTGCAC)2. Fresh solution was prepared before each ex-
periment. Harmine was dissolved in the same buffer.
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2.3. Isothermal titration calorimetry

The measurements of the binding thermodynamic param-
eters of harmine with DNA duplex d(GTGCAC)2 at 298.2 K
were carried out with an isothermal titration calorimeter
(ITC) from CSC Company, USA. It was calibrated by means
of a standard electric pulse. The 750�l DNA solution of
5.1 × 10−2 mM in sample cell was titrated with 250�l
harmine solution of 1.73 mM in syringe at per injection of
10�l by stirring the sample cell at 200 rpm and the experi-
ment was finished by 25 injections. To correct the dilution
heat of ligand, the control experiment was also performed at
same temperature using similar conditions with buffer only
in reference cell. All solutions were degassed to reduce the
noise. The heat of each reaction was determined by inte-
gration of the peak observed after the contribution from the
dilution heat of each injection was subtracted.

2.4. Circular dichroism (CD) spectroscopy

CD spectra of DNA with or without ligands were recorded
by a Jasco J-500 automatic-recording spectropolarimeter
(Japan) in a quartz cell with a path-length of 1.0 cm. Scan-
ning wavelength was from 210 to 300 nm. The concentra-
tion of DNA hexamer was 6.9×10−6 M, the concentrations
of harmine were 0, 1.7× 10−5, and 3.4× 10−5 M, respec-
tively.

2.5. NMR spectroscopy

1D and 2D COSY and NOSEY1H NMR spectra for
pure harmine solution, pure DNA solution or mixing solu-
tion of DNA with harmine of mole ratio 1:1 were recorded
on a Bruker Avance DRX-500 500 MHz NMR spectrom-
eter operating at 500 MHz at 288 K. Chemical shifts were
referenced to TSP (sodium 3-(trimethylsilyl)-1-propanesul-
fonate). The 2D COSY and NOESY experiments were ac-
quired according to standard pulse program with the carrier
frequency placed on the HDO resonance using 1024 points
in t2 and 512 points int1 and a pulse repetition rate of 1.6 s.
NOESY spectra were acquired for mixing time values of
200 and 400 ms. A presaturation pulse was utilized to sup-
press the HDO resonance. 2D NMR spectra were apodized
with a 1/4 sine bell, zero filled by 1k× 1k matrix and
Fourier-transformed in both dimensions.

For pure oligonucleotide duplex NMR measurement,
d(GTGCAC)2 sample was dissolved in 0.5 ml phosphate
buffer, repeatedly lyophilized from 99.8% D2O and then
finally dissolved in 99.96% D2O (Cambridge Scientific) in
5 mm NMR tube. The concentration of DNA duplex was
2 mM. For the study on binding of harmine with DNA
duplex, equal moles of d(GTGCAC)2 and harmine were
dissolved in 0.5 ml buffer, repeatedly lyophilized from
99.8% D2O and then finally dissolved in 99.96% D2O with
concentration of 0.8 mM. Other conditions were the same
as mentioned above.

Table 1
The binding thermodynamic parameters of harmine with d(GTGCAC)2

n 1.6
K 1.5 × 104

�H298.2 K (kJ mol−1) −28.5
�G298.2 K (kJ mol−1) −23.9
�S298.2 K (J mol−1 K−1) −15.4

3. Results

3.1. ITC data

The binding thermodynamic parameters of harmine with
oligonucleotide duplex was obtained by ITC experiment data
processed by ITC Binkwork Software and listed inTable 1.
A plot of cumulative reaction heat versus the amount of
harmine is shown inFig. 1.

3.2. CD spectra

In pH 6.1 phosphate buffer, d(GTGCAC)2 showed a pos-
itive peak at 258 nm and a negative peak at 229 nm, which
corresponded to the conformation of DNA duplex (Fig. 2a).
With the addition of harmine (Fig. 2b and c), the absorption
of the two peaks were both increased slightly (Fig. 2).

3.3. NMR spectra

The resonances of the free hexamer oligonucleotide were
assigned from NOESY and COSY spectra according to
the methods established[10,11]. The results are listed in
Table 2.

Fig. 1. The plot of cumulative reaction heat of harmine with d(GTGCAC)2

vs. moles of harmine for ITC.
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Fig. 2. CD spectra of d(GTGCAC)2 with various concentration of harmine
(�): (a) pure DNA; (b) harmine:DNA= 2.5:1; (c) harmine:DNA= 5:1.

Table 2
Nonlabile proton chemical shift of DNA duplex d(GTGCAC)2

H8/H6 H5/H2/Me H1′ H2′ H2′′ H3′ H4′ H5′/H5′′

G1 7.99 6.03 2.68 2.82 4.83 4.25 3.80, 3.78
T2 7.37 1.40 5.97 2.25 2.59 4.94 4.28 4.16
G3 7.93 5.92 2.67 2.76 5.02 4.42 4.12, 4.18
C4 7.42 5.45 5.66 2.09 2.42 4.85 4.20 –
A5 8.29 7.87 6.29 2.70 2.90 5.03 4.43 4.13, 4.17
C6 7.35 5.33 6.08 2.14 2.14 4.50 4.02 4.08, 4.27

Table 3
Nonlabile proton chemical shift of DNA duplex d(GTGCAC)2 in mixing
solution

H8/H6 H5/H2/Me H1′ H2′ H2′′ H3′ H4′ H5′/H5′′

G1 7.90 – 5.92 2.56 2.75 4.82 4.23 3.80, 3.82
T2 7.35 1.37 5.93 2.21 2.50 4.92 4.23 4.15
G3 7.85 – 5.80 2.63 2.69 4.99 4.38 4.16, 4.23
C4 7.37 5.36 5.64 2.07 2.38 4.81 4.18 –
A5 8.25 7.82 6.20 2.72 2.86 5.00 4.42 4.16
C6 7.33 5.30 6.02 2.12 2.18 4.48 4.05 4.07, 4.25

2D COSY and NOSEY spectra of 1:1 harmine and
oligonucleotide d(GTGCAC)2 solution gave rise to the
chemical shifts of short DNA after binding with harmine,
which are inTable 3.

The chemical shifts of nonlabile proton of harmine before
and after binding to DNA are listed inTable 4.

4. Discussion

From the ITC data, the binding enthalpy change for
harmine to d(GTGCAC)2 at 298 K is−28.5 kJ mol−1. It is
quite close to the value for binding of harmine to calf thy-
mus DNA considered as an evidence for intercalation mode
of interaction in literature[7]. The binding numbern is 1.6
is the molar ratio of ligand to DNA, indicating that specific

Table 4
Nonlabile protons chemical shift of harmine before and after mixing with
DNA duplex

Proton δ (ppm)
(before mixing)

δ (ppm)
(after mixing)

H24 6.79 6.50
H25 6.71 6.28
H27 7.93 7.65
H28 7.87 7.56
H23 7.77 7.54
H16, H17, H18 (–OCH3) 3.88 3.60
H20, H21, H22 (–CH3) 2.68 2.56

interaction and nonspecific interaction both exist in the bind-
ing process of harmine with oligonucleotide d(GTGCAC)2.
From Fig. 1, the cumulative reaction heat approached to a
limit after enough ligand was added, which indicated the
binding process of ligand with DNA was completed.

With the addition of harmine, the absorption of the two
peaks of CD were both increased slightly, but the form
of the curves kept. It indicated that harmine could induce
DNA conformational changed slightly at high mole ratio of
harmine to DNA.

Make an inspection on COSY spectrum of d(GTGCAC)2
and expand the region of H1′–H2′, H2′′ in Fig. 3, six spin
systems are found, and correspond to six nucleotide residues.
It indicates that d(GTGCAC)2 is a self-complementary du-
plex and the two chains from 5′ to 3′ end are totally the same.
Proton resonance in twelve nucleotide residues behaves as
that in six residues of one chain. It makes spectra simple.

Each base’s aromatic resonance displayed a stronger NOE
cross peak to its own sugar H2′H2′′ resonances than to the

Fig. 3. Expended 2D COSY spectrum of d(GTGCAC)2 in buffer in the
range of H1′–H2′,H2′.
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Fig. 4. Expended 2D NOESY spectrum of d(GTGCAC)2 in phosphate
buffer in the range of H6/H8–H2′, H2′′. Solid and dashed lines illustrate
the sequential walks.

sugar of the 5′-flanking residue (Fig. 4), the oligonucleotide
d(GTGCAC)2 may be described generally as a B-DNA con-
formation duplex[12], since the assignment of nonlabile
protons resonance follows the regular sequence walks and
NOE intensity rule.

Comparing the chemical shift of 11 nonlabile protons of
harmine in pH 6.1 phosphate buffer solution with that in 1:1
harmine to DNA mixed solution in same buffer one finds that
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Fig. 5. Expended 2D NOESY spectrum of d(GTGCAC)2 in buffer.
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Fig. 6. Expended 2D NOESY spectrum of d(GTGCAC)2 with harmine
in mixing solution in the same range as inFig. 5.

all peaks of protons in harmine shifted to up field (Table 4),
especially the aromatic protons shifted up to 0.3–0.4 ppm,
and the peaks were broaden. It gives support to the sugges-
tion that harmine binds DNA in the mode of intercalation
[13]. However, from 2D NOESY NMR spectrum of DNA
with harmine (Fig. 6), in dilute solution DNA sequential link
existed similar to that inFig. 5. But the base’s aromatic pro-
ton resonance was broaden, which indicated the binding of
harmine with DNA.

In expanded 2D NOESY spectrum of d(GTGCAC)2 with
harmine,Fig. 6, the NOE cross peaks of harmine methoxyl
group with some base’s aromatic protons, H6/H8 of A5,
T2 and C6 and H5 of C6 were observed in area B. How-
ever, area B inFig. 5 is clean. This suggested that harmine
binds to DNA at the side of methoxyl group preferentially.
Furthermore, the chemical shift change for methoxyl group
proton is larger than that of methyl group. Although Wang
et al.[14] predicted that N11 in six member ring of harmine
might be the active site of molecule.
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