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Study on the interaction of anticancer drug mitoxantrone
with DNA by fluorescence and Raman spectroscopies
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Mitoxantrone, a clinically useful antitumour antibiotic for leukaemia and breast cancer, has received more
attentions. In this paper, the interaction between mitoxantrone and calf thymus DNA is investigated
by Raman and fluorescence spectroscopies, and the binding site of mitoxantrone to calf thymus DNA is
explored. The results showed that mitoxantrone interacts with calf thymus DNA bases by the intercalation
of anthracycline into the base pair plane of adenine (A) and thymine (T), and it results in the disruption
of the hydrogen bonds between calf thymus DNA bases, and thus the calf thymus DNA double-strand can
be disrupted into the B-form DNA double-strand segments.
OCIS codes: 170.5660, 170.0170, 000.1430, 300.6450.

It is important to understand the interaction of the
anti-tumor and anti-viral drug and some carcinogenic
molecules with DNA for designing new DNA-targeted
drugs. Several techniques have been developed to study
the interaction of DNA with drug molecules, including
ultraviolet-visible spectroscopy, Raman spectroscopy, cir-
cular dichroism and electrochemical methods!"?/. Raman
spectrum, a non-destructive technique, can provide the
detailed information about molecular structure and its
chemical environment. Raman spectroscopy is often used
to characterize the drug-DNA interaction and to mon-
itor the effects of various drugs on DNA structurel34.
Moreover, it is all known that fluorescence spectroscopy
is another useful technique for investigating DNA struc-
ture and dynamics(®l.

The clinically useful anticancer drug mitoxantrone
(1,4-dihydroxy-5,8-bis[[2-[(2-hydroxyethyl)amino]ethyl]
aminol-9,10-anthracenedione) (MTX) is an amino-
anthraquinone antibiotic. It has a planar heterocyclic
ring structure (as shown in Fig. 1). It can intercalate
into the base pairs of DNA by affinity, and result in
the condensation and long-term DNA damage of nu-
cleic acids. It is used to treat hepatoma, lymphocytic
leukemia, breast carcinoma, non-Hodgkin’s lymphomas
and multiple sclerosis (MS)[7—9].

Recently, because it has stronger anti-tumor activ-
ity than that of adriamycin and less cardiotoxicity than
other anthraquinone analogs, MTX has received more at-
tention and the interaction of DNA with MTX has been
especially investigated by a number of research groups.
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Fig. 1. Molecular structure of anticancer drug MTX.
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The researches show that MTX interacts with DNA by
the binding to its double helix!'®'! however the mecha-
nisms for MTX to bind to the DNA double helix has not
been completely understood. In this paper, we employ
Raman and fluorescence spectroscopies to investigate the
MTX-DNA complex and probe the drug binding site, and
discuss the mechanism for the recognition process.

Calf thymus DNA and MTX were purchased from
Sigma and used without further purification, and ethid-
ium bromide (EB) was from Fluka. All other reagents
were of analytical grade, and all of the solutions were pre-
pared by triple-distilled water. The sample for Raman
spectroscopy was prepared with pH7.0 phosphate buffer
solution of 10~% mol/L, and the MTX solution of 103
mol/L and the DNA solution of 30 mg/mL were mixed
with the drug-to-DNA molar ratio of 1:10 and stirred
for 24 hours. The samples for fluorescence measurement
were obtained from the initial aqueous solution of MTX,
DNA, and EB with the concentration of 10~2 mol/L,
1 mg/mL, and 10~° mol/L, respectively. The initial
solution was pH7.0 and contained 10~* mol/L tris-HCI
buffer and 50 mmol/L NaCl. The initial solutions of
DNA and EB were mixed and stirred for 30 minutes,
and then the initial solution of MTX was added and
stirred for 30 minutes.

Raman spectra of DNA and DNA-MTX complex were
recorded on a DILOR LabRan-1B Raman spectropho-
tometer at room temperature with the excitation wave-
length of 632.8 nm and the power of 4 mW. Fluorescence
spectra of DNA-EB and MTX complexes were obtained
using a Hitachi F-4500 fluorescence spectrophotometer
with the excitation wavelength of 525 nm and the emis-
sion wavelength of 595 nm.

Figure 2 shows Raman spectra of calf thymus DNA
and DNA-MTX complex at room temperature with the
excitation wavelength of 632.8 nm. The observed Ra-
man frequencies of calf thymus DNA and DNA-MTX
complex and their assignments are listed in Table 1.
Generally, the band at 1094 cm ™! for PO, symmetric
stretching vibrational mode does not change for different
DNA conformation, which is usually considered as an
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Fig. 2. Raman spectra for calf thymus DNA (a) and MTX-
DNA complex (b).

Table 1. Raman Assignments of DNA and
DNA-MTX Complex

DNA DNA-MTX Assignment[m*w]
(mY)  (em))
680 673 G (ON7C8N9+JCHN7C8)
724 733 A (C2’ Endo)
787 791 O-P-0O Symmetric Stretch
832 838 O-P-0O Asymmetric Stretch
1064 1055 C-O Stretch
1094 1088 PO; Symmetric Stretch
1214 1210 G (5C8N9)
1233 1228 T (C6H+C2N3)
1260 1271 C (5C6H+C4NY)
1304 1286 A (N9C8+N3C2+6C8H—§C2H)
1328 1320 T
1372 1359 A (Minor); T (Major)
1467 1467 Deoxyribose
1488 1493 A (6C2H+NICB);
G (0C8H—N9C8—C8N7)
1535 1541 G (Major); C (Minor)
1583 1587 G (C4N3+C5C4—N7C5);
A (C5C4—C4N3)
1602 1610 A (INH2—-C5C6+C6NG6’);
G (0NH2-C2N2);
C (SNH2—C4N4’)
1659 1642 T (C4=0—-C5C4);
C (C2=0—-C2N3)

intensity standard. However, when calf thymus DNA in-
teracts with MTX, the band for PO5 symmetric stretch-
ing vibrational mode shifts from 1094 cm ™! to 1088 cm !
(as shown in Fig. 2 and Table 1), it indicates that partial
DNA double-strand may be disrupted and the hydro-
gen bonds between the bases of DNA may be disrupted.
The band at 787 cm ™! for the phosphor-diestreric O—P—
O symmetric vibrational mode is sensitive to the DNA
conformation. When MTX interacts with calf thymus
DNA, the band shifts from 787 cm~! to 791 cm~!, and

so it can be inferred that the double-strand of DNA is
disrupted. Furthermore, the phosphor-diestreric O—P-O
asymmetric stretching vibrational mode at 832 cm™! is
for the B form of calf thymus DNA. If the structure of
DNA transforms from B to Z and A conformation, the
phosphor-diestreric O—P—0O asymmetric stretching vibra-
tional mode will shift from 832 cm~! for the B form to
810 cm ! for the Z form and to 807 + 3 cm ™! for the
A form, respectively. As shown in Fig. 2 and Tables 1
and 2, the formation of the DNA-MTX complex leads to
the shift of the phosphor-diestreric O-P—O asymmetric
stretching vibrational band from 832 cm ™! to 838 cm L.
It can be inferred that the shift is related to the disrup-
tion of the DNA double-strand, but there still exists the
segment of the B form DNA double-strand['2—14,

As shown in Fig. 2 and Table 1, the band at 1602
em~! can be attributed to the dominant contributions
from NHy — bending vibrational mode of the bases ade-
nine (A), guanine (G) and cytosine (C), and the band at
1659 cm ! to the contributions from the C=0 stretching
vibrational mode of the bases thymine (T) and cytosine
(C)15], The intra-molecular hydrogen bonds can be
formed between the C=0 group of the base thymine or
cytosine residues and the NHy group of the base adenine
or guanine residues. If MTX intercalates into DNA, the
hydrogen bonds will be disrupted, resulting in their Ra-
man band shifts. As shown in Fig. 2 and Table 1, when
MTX interacts with DNA, Raman bands at 1602 and
1659 cm ™! shift to 1610 and 1642 cm ™!, respectively.
It indicates that the hydrogen bonds between the DNA
bases are disrupted when MTX interacts with DNA.

Table 2. Relative Intensities of Raman Bands of
DNA (Ipna) and DNA-MTX Complexes
(Ipna-mTx ) with Respect to the Raman Band at
1467 cm ™! for Deoxyribose.

A = (Ipna — Ipna-mTx)/IDNA X 100%

DNA DNA-MTX

Ipna Ipna—mtx A (%)

(cm™) (cm™)

680 0.76 673 0.68 10.5
724 1.4 633 1.1 21.4
787 2.2 791 1.81 18.2
832 1.1 838 0.8 27.2
1064 1.0 1055 0.8 20
1094 2.4 1088 1.4 41.6
1214 1.1 1210 0.94 14.5
1233 0.46 1228 0.32 30.4
1260 1.3 1271 1.2 7.7
1304 0.86 1286 0.62 27.9
1328 1.4 1320 1.1 21.4
1372 1.3 1359 0.92 29.2
1467 1.0 1467 1.0 0
1488 1.5 1493 1.2 20.0
1535 1.3 1541 1.2 7.7
1583 1.6 1587 1.4 12.5
1602 0.92 1610 0.74 19.6
1659 1.3 1642 1.2 7.7
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The binding sites of the drug with DNA can be located
by analyzing the Raman shifts and the relative intensities
of DNA bases!'6l. As shown in Fig. 2 and Tables 1 and
2, when MTX interacts with calf thymus DNA, the Ra-
man bands for the stretching vibrations of adenine show
more than 20% hypochromism and shift from 724, 1304,
1372, and 1488 cm ™! to 733, 1286, 1359, and 1493 cm !,
respectively. The bands for the thymine show more than
15% hypochromism and shift from 1233 and 1328 cm™!
to 1228 and 1320 cm™!, respectively. The Raman band
at 1602 cm~', the major contribution from adenine,
shows about 20% hypochromism. It is well-known that
the drug molecule binding to the double helix of DNA
can cause the hypochromism and be widely used as the
evidence of stacked structures of various m-systems of
nucleic acid bases['7=191. As shown in Fig. 2 and Tables
1 and 2, the Raman bands with the contributions from
adenine and thymine have considerable hypochromism
of lager than 15%, and it indicates that the m-7 elec-
tronic overlapping between m-electronic of anthracycline
and 7-electronic purine/pyrimidine rings of the bases of
adenine and thymine, which can be induced by the in-
tercalation of the MTX anthracycline chromophore into
the DNA base pair plane of adenine and thymine, and
the positively charged, nitrogen-containing side chains
project out from the molecule and stabilize the ring in
between base pairs by intercalating with the negatively
charged phosphate backbone of DNA.

Therefore, the intercalation results in the permanent
destruction of the DNA double-strand and the hydrogen
bonds between their base pairs, and thus the calf thymus
DNA double-strand is disrupted into the B form DNA
double-strand segments.

In order to confirm the above hypothesis, the
fluorescence spectroscopy is used to locate the MTX
binding site in DNA by EB. EB is a phenanthridine
fluorescence dye, it has weak fluorescence efficiency in
the aqueous solution, however its fluorescence efficiency
can be enhanced as it is bound to the DNA bases, and
so it can usually be used as an excellent fluorescence
probe for investigating the interaction between DNA
and drugl?®. If a drug has the same binding site of
DNA as EB, the drug as a rival will make EB away
from the binding sites of DNA, and so it dramatically
results in the decrease of the fluorescence intensity in
the amalgam of DNA and EB as the drug added. If
the fluorescence intensity of DNA-EB complex decreases
down to about 50% as the concentration ratio of the drug
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Fig. 3. Fluorescence intensity versus concentration ratio of
MTX to DNA-EB.

to DNA-EB Clgryg/Cpna being 100, it can be indicated
that the drug intercalates into DNA instead of EB with
DNAPL22] " Figure 3 shows the experimental curve for
the fluorescence intensity as a function of the concen-
tration ratio of MTX to DNA-EB. It shows that the
fluorescence intensity decreases 73% when Cdrug /CbNA
is 100, which means that MTX intercalates into the bind-
ing sites of DNA instead of EB.

In conclusion, the interaction of anticancer drug MTX
with calf thymus DNA is studied by fluorescence and
Raman spectroscopy. The results demonstrate the drug-
DNA binding sites: MTX appears to bind to DNA by
the anthracycline of MTX intercalating between the base
pairs plane of adenine (A) and thymine (T). This inter-
action leads to the disruption of the hydrogen bonds be-
tween Calf thymus DNA bases, and thus the calf thymus
DNA double-strand is disrupted into the B form DNA
double-strand segments.
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