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Abstract

Morin is a potential inhibitor of amyloid B-peptide aggregation. This aggregation is
involved in the pathogenesis of Alzheimer’s disease. Meanwhile, morin has been found
to be mutagenic and exhibits peroxidation of membrane lipids concurrent with DNA
strand breaks in the presence of metal ions. To clarify a molecular mechanism of
morin-induced DNA damage, we examined the DNA damage and its site specificity on
32p-5’-end-labeled human DNA fragments treated with morin plus Cu(II). The
formation of 8-o0x0-7,8-dihydro-2’-deoxyguanosine (8-0xodG), an indicator of oxidative
DNA damage, was also determined in calf thymus DNA treated with morin plus Cu(II).
Morin-induced DNA strand breaks and base modification in the presence of Cu(Il) were
dose dependent. Morin plus Cu(II) caused piperidine-labile lesions preferentially at
thymine and guanine residues. The DNA damage was inhibited by methional, catalase,
and Cu(I)-chelator bathocuproine. The typical *OH scavengers ethanol, mannitol, and
sodium formate showed no inhibitory effect on DNA damage induced by morin plus
Cu(II). When superoxide dismutase was added to the solution, DNA damage was not
inhibited. In addition, morin plus Cu(Il) increased 8-oxodG formation in calf thymus
DNA fragments. We conclude that morin undergoes autoxidation in the presence of
Cu(II) via a Cu(I)/Cu(II) redox cycle and H,O, generation to produce

Cu(I)-hydroperoxide, which causes oxidative DNA damage.
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Introduction

Morin (2°,3,4°,5,5-pentahydroxyflavone) is a flavonol found in wine, many herbs,

and fruits [1]. Multiple pharmacological effects of morin have been investigated

including antioxidant activities [3, 4], cellular protection [5, 6, 7], anti-inflammatory [8,

9], and anti-fibrotic effects [10]. Recently, it has been found that morin is an effective

anti-aggregation compound targeting the amyloid B-peptide [11]. The central dogma of

the ‘amyloid hypothesis’ states that aggregation and deposition of the amyloid B-peptide

in the brain are pathological phenomena in the progression of Alzheimer’s disease [12].

By in vivo assay, intranasal administration of a morin-loaded emulsion improved the

memory in Wistar rats with dementia [13]. Thus, morin is expected to be a possible

prophylactic agent for Alzheimer’s disease. However, in the presence of metal ions,

morin induces peroxidation of nuclear membrane lipids concurrent with DNA strand

breaks in isolated rat liver nuclei [14]. In addition, a synthesized morin-Cu(Il) complex

(2:1 mol/mol) is found to cleave plasmid DNA via an oxidative pathway and to inhibit

the growth of human HeLa cells [15]. Furthermore, morin is found to be mutagenic in

the Salmonella/microsomal activation system [16, 17], but the molecular mechanism of

morin-induced DNA damage has not been elucidated sufficiently in relation to reactive

oxygen species (ROS).

Our research interest involves assessing the biological properties of morin in relation
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to DNA damage. In the present study, we aimed to clarify the molecular mechanism of
morin-induced DNA damage in the presence of Cu(Il). We examined morin-induced
DNA damage in terms of ROS generation and its site specificity on DNA base
sequences using human *2P-5’-end-labeled DNA fragments. The formation of 8-0xodG,
an indicator of oxidative DNA damage [18], was also determined in calf thymus DNA
treated with morin using high performance liquid chromatography (HPLC) equipped
with an electrochemical detector (ECD) [19]. In order to propose possible mechanism of
DNA damage induced by morin and Cu(II), we analyzed oxidized product of morin by

HPLC and NMR.

Materials and methods
Materials

Restriction enzyme BamHI and T4 polynucleotide kinase were purchased from New
England Biolabs Ltd. (Ipswich, MA). Restriction enzyme Mrol was from Toyobo Co.,
Ltd. (Osaka, Japan), and BssHII from Takara Bio Inc. (Shiga, Japan). [y->2P]ATP (222
TBqg/mmol) was from PerkinElmer, Inc. (Waltham, MA). Diethylenetriamine-N, N, N',
N", N"-pentaacetic acid (DTPA) and bathocuproinedisulfonic acid were from Dojindo

Laboratories (Kumamoto, Japan). Superoxide dismutase (3,000 units/mg from bovine



erythrocytes, Cu/Zn) and catalase (30,000 units/mg from bovine liver) were from
Sigma-Aldrich Co. LLC. (St Louis, MO). 3-(Methylthio) propionaldehyde (methional)
and morin hydrate were from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Copper(II) chloride dihydrate (CuCl,-2H>0), ethanol, mannitol, and sodium formate
were from Nacalai Tesque (Kyoto, Japan). Nuclease P; (500 units/vial) and piperidine
were from Wako Pure Chemical Co. Ltd. (Osaka, Japan). Calf intestinal phosphatase
(500 units/vial) were purchased from Roche Diagnostics GmbH (Mannheim, Germany).

All other reagents were commercial products of the reagent grade.

Preparation of 3*P-5'"-end-labeled DNA fragments

DNA fragments containing exon 1 or 2 of the human p/6 tumor suppressor gene [20]
were obtained by PCR amplification of human genomic DNA as described previously
[21]. The DNA was dephosphorylated with calf intestinal phosphatase and
phosphorylated with [y->*P] ATP and T4 polynucleotide kinase to yield a 5'-end-labeled
490 base pair (bp) fragment (EcoRI* 5841-EcoRI* 6330) containing exon 1 and the 460
bp fragment (EcoRI* 9481-EcoR1*9940) containing exon 2. The 490 bp fragment was
further digested with Mrol to obtain the singly labeled 328 bp fragment (EcoRI*
5841-Mrol 6168) and the 158 bp fragment (Mrol 6173-EcoRI* 6330). The 460 bp

fragment was further digested with BssHII to obtain the singly labeled 309 bp fragment
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(EcoRI* 9481-BssHII 9789) and the 147 bp fragment (BssHII 9794-EcoRI1* 9940). The

asterisk indicates *?P-labeling.

Analysis of DNA damage by morin in the presence of Cu(Il)

The standard reaction mixture in a microtube contained morin, 20 puM CuCly,
32p-5’-end-labeled DNA fragments, and 100 uM/base calf thymus DNA in 200 pL of 4
mM sodium phosphate buffer (pH 7.8) containing 5 uM DTPA. After incubation at 37
°C for 5 hr, the DNA fragments were heated at 90 °C in 10% piperidine for 20 min
(piperidine treatment). The DNA fragments were then electrophoresed on an 8%
polyacrylamide-8M urea gel (14X 16 cm) and the autoradiogram was obtained by
exposing an X-ray film (Fujifilm Corp., Tokyo, Japan) to the gel as previously described

[22, 23].

The preferred cleavage sites were determined by direct comparison of the positions of
the oligonucleotides with those produced by the chemical reactions of the
Maxam-Gilbert sequencing method [24] using a DNA-sequencing system (LKB 2010
Macrophor, LKB Pharmacia Biotechnology Inc., Uppsala, Sweden). The reaction
mixture in a microtube contained 500 pM morin, 20 uM CuCls, 32P-5’-end-labeled

DNA fragments, and 100 uM/base calf thymus DNA in 200 uL of 4 mM sodium



phosphate buffer (pH 7.8) containing 5 uM DTPA. After incubation at 37 °C for 5 hr,

followed by piperidine treatment, the DNA fragments were electrophoresed on an 8%

polyacrylamide-8M urea gel (21x53 cm) and the autoradiogram was obtained by

exposing an imaging plate (BAS-MS2040, Fujifilm Corp.) to the gel. The relative

amounts of oligonucleotides from the treated DNA fragments were measured using a

laser scanner (Typhoon FLA-9500, GE Healthcare, Buckinghamshire, England) and

analyzed with ImageQuant TL software (GE Healthcare).

Analysis of 8-0x0dG formation in calf thymus DNA by morin in the presence of

Cu(Tl)

The 8-0x0dG formation was determined by a modification of the method described

by Kasai et al [25]. Calf thymus DNA fragments of 100 nM/base were incubated with

morin and 20 uM CuCl; in 400 uL of 4 mM sodium phosphate buffer (pH 7.8)

containing 5 WM DTPA for 1 hr at 37 °C. Calf thymus DNA is a natural DNA widely

used in physicochemical studies of DNA. After ethanol precipitation, the DNA

fragments were digested to nucleosides with nuclease P and calf intestinal phosphatase,

and then 8-0xodG in DNA was analyzed by an HPLC system (SLC-10Avp, LC-20AD,

SPD-10AVvp, Shimadzu Corp., Kyoto, Japan) equipped with an ECD (Coulochem III,



ESA Inc., Chelmsford, MA) as previously described [26]. Furthermore, in order to

clarify the mechanism of autoxidation, dissolved oxygen in the reaction mixture

containing morin and Cu(II) was removed by bubbling nitrogen gas for 1 min (hypoxic

conditions), after which 8-0xodG was determined.

Analysis of reaction products of morin and Cu(Il) by HPLC, ESI-MS and NMR

The Reaction mixture consisted S00 uM morin and CuCl; in 4 mM sodium phosphate

buffer (pH 7.8) containing 5 uM DTPA. After incubation at 37 °C for 21 h, the reaction

mixture was analyzed by HPLC (Prominence LC-20A series, Shimadzu Corp., Kyoto,

Japan) equipped with a UV/VIS detector. The mobile phase in HPLC consisted a mobile

phase (A) 0.05 % TFA in water and a mobile phase (B) 0.05 % TFA in acetonitrile, the

composition of which was varied employing the following HPLC gradient program:

0-5.0 min, 95 % A (isocratic); 5.1-25.0 min, 95 % -50 % A (linear gradient); 25.1 min,

5% A; 25.1-30.0 min, 5 % A (isocratic); 30.1-45.0 min, 95 % A. The reaction mixture

was separated by using a CAPCELL PAK C18 MG III column (4.6 mmIDx150 mm, 5

pum, SHISEIDO). Other chromatographic conditions were as follows: flow rate of 1

ml/min and oven column set at 40 °C.

The UV absorbance of the HPLC eluate was monitored at 254 nm and several peaks

were detected increasing with dose-dependent of copper ions. The eluate containing the
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most increased peak were collected and lyophilized overnight to confirm the structure of
the oxidized product of morin.

The oxidized product was identified by using a NMR system 600 NB (Varian, Palo
Alto, CA, USA) and a micrOTOF-Q ESI-quadrupole/time-of-flight tandem mass
spectrometer (Bruker Co., Billerica, MA, USA). 'H- and '*C-NMR spectra of the
oxidized product in DMSO-ds were recorded at 600 and 150 MHz at 20 °C, respectively.
All NMR spectra were referenced to tetramethylsilane. Distortionless enhancement by
polarization transfer (DEPT) and two dimensional NMR experiments ('H-COSY, proton
correlation spectroscopy; HSQC, heteronuclear single-quantum correlation
spectroscopy; HMBC, heteronuclear multiple-bond correlation spectroscopy) were
performed to assist in assigning 'H- and '*C-NMR spectra of the oxidized product.
Furthermore, the oxidized product was reconstituted in 50 % aqueous methanol or
deuterium solvent to determine its molecular weight and the number of acidic protons in

its structure by using ESI-MS and MS/MS.

Results
Damage to 3’P-labeled DNA fragments by morin in the presence of Cu(Il)
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Figure 1 shows an autoradiogram of the DNA fragments which were treated with

various concentrations of morin in the presence of Cu(Il), and were subsequently either

subjected to piperidine treatment or subjected to no treatment. When treated with morin

in the presence of Cu(Il), DNA fragments were damaged, as shown in the

autoradiogram (Fig. 1A and B). The intensity of the DNA damage increased with morin

concentration when there was no treatment with piperidine (Fig. 1B). The DNA damage

was further enhanced with piperidine treatment (Fig. 1A), indicating that the base

alteration was caused by morin plus Cu(Il) in addition to breakage of the deoxyribose

phosphate backbone of DNA.

Effects of scavengers and bathocuproine on DNA damage induced by morin in the

presence of Cu(Il)

Figure 2 shows the effects of scavengers and bathocuproine on DNA damage induced

by morin in the presence of Cu(Il). The *OH scavengers ethanol, mannitol, and sodium

formate did not inhibit DNA damage, whereas methional, which scavenges a variety of

ROS in addition to *OH [27], was able to inhibit DNA damage. Catalase, which

decomposes hydrogen peroxide (H20z) [28] and bathocuproine, which is a

Cu(I)-specific chelator [29], were also able to inhibit DNA damage. DNA damage was

not inhibited by the addition of superoxide dismutase, which catalyzes the dismutation
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of the superoxide anion radical (O;") into oxygen (O2) and H>O».

Site specificity on DNA damage induced by morin in the presence of Cu(ll)

The site specificity of DNA damage induced by morin in the presence of Cu(Il) is

shown in Fig. 3. Morin plus Cu(Il) induced piperidine-labile sites at thymine (T),

guanine (G), and cytosine (C) residues, but to a lesser extent at adenine (A) residues.

Morin plus Cu(Il) caused piperidine-labile sites preferentially at T in 5’-TG-3" and 5’-G

in 5°-GGG-3’ sequences.

Formation of 8-0xodG in calf thymus DNA treated with morin in the presence of

Cu(Tl)

Figure 4 shows the 8-0xodG formation in calf thymus DNA by morin in the presence

of Cu(Il). The content of 8-0xodG in calf thymus DNA was increased by morin plus

Cu(II) in a dose-dependent manner of morin. The 8-0xodG formation under hypoxic

conditions was lower than that under normal conditions.

Oxidized products of morin and Cu(Il) by HPLC, ESI-MS and NMR

Figure 5A shows a chromatogram of oxidized product of morin by HPLC. The peak

at retention time (Rt) 14.8 min extensively increased with dose-dependent of CuCl..
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Moreover, other peaks at Rt 5.6, 8.0 and 12.5 min also increased (Figure 5A). A
molecular weight of the oxidized products detected at Rt 14.8 min was estimated by
ESI-MS. We obtained mass spectrum at m/z of 155.0 (in methanol/H,O=1/1) and 159.0
(in methanol-d4/D20O=1/1) in the positive scan mode by ESI-MS (data not shown). In
the negative scan mode, we obtained spectrum at m/z of 153.0 (in methanol/H,O=1/1),
155.0 (in methanol-d4/D>0=1/1) (data not shown). However, a molecular weight of the
peak detected at Rt 5.6, 8.0 and 12.5 min could not be identified.

Figure 5B shows the 'H- and *C-NMR spectra of the oxidized product of morin (the
peak at Rt 14.8 min). Chemical shifts of the 'H signals were obtained at § 13.39 ppm
(0.5 H, broad, COOH), 11.42 ppm (0.9 H, broad singlet, 2-OH), 10.37 ppm (1.0 H,
singlet, 4-OH), 7.62 ppm (1.0 H, doublet, J= 8.4 Hz, 6-CH), 6.34 ppm (1.0 H, double
doublet, J=8.7 and 1.8 Hz, 5-CH), 6.26 ppm (1.0 H, doublet, J= 1.8 Hz, 3-CH). In
addition, chemical shifts of the *C signals were obtained at § 171.9 ppm (quaternary,
COQOH), 163.9 ppm (quaternary, 4-C-OH), 163.3 ppm (quaternary, 2-C-OH), 131.8 ppm
(tertiary, 6-CH), 107.8 ppm (tertiary, 5S-CH), 104.2 ppm (quaternary, 1-C-COOH), 102.1
ppm (tertiary, 3-CH).

In these result, the peak at Rt 14.8 min was identified as 2,4-dihydroxybenzoic acid
(Figure 5C).
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Discussion

We investigated the mechanism of DNA damage induced by morin in the presence of
Cu(Il) using 3?P-labeled human DNA fragments. Our results indicated that morin plus
Cu(II) caused DNA damage and this damage was dose-dependent on morin (Fig. 1).
The morin-induced DNA damage was enhanced by piperidine treatment, suggesting that
morin plus Cu(Il) causes base alterations in addition to breakage of the deoxyribose
phosphate backbone of DNA. These results suggest that Cu(II) is an important factor in
the DNA damage induced by morin.

Roy et al. reported that a synthesized morin-Cu(Il) complex (2:1 mol/mol) caused
strand breaks in plasmid DNA [15], but site specificity in the DNA damage was not
elucidated. Our results of site specificity determined by the Maxam-Gilbert sequencing
method indicated that morin plus Cu(Il) induced piperidine-labile sites at T, G, and C
residues (Fig. 3). It is known that hot piperidine can cleave DNA strands at the labile
base lesions of oxidative DNA-damaged bases including thymine glycol,
5-hydroxycytosine, oxazolone, and imidazolone [30]. Geierstanger ef al. reported that
Cu(II) 1s more likely to bind to G than to A in double-stranded DNA [31]. It is known
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that metal ions bind more preferentially to poly G sequences than single G [32], and

H>0» produces ROS, which mediate DNA strand breaks at the 5°-G in GG and GGG

sequences [33, 34]. In the present study, morin plus Cu(Il) caused piperidine-labile sites

preferentially at T in 5°-TG-3" and 5°-G in 5°-GGG-3’ sequences, suggesting an

underlying process in which Cu(Il) binds to G and thereafter neighboring residues are

damaged. On the other hand, it is well-known that free *OH causes DNA damage

without site specificity [35]. Therefore, our results suggest that ROS other than *OH are

involved in morin-induced DNA damage in the presence of Cu(II).

To clarify what kind of ROS cause the DNA damage, the effects of various

scavengers were examined (Fig. 2). The typical *OH scavengers, ethanol, mannitol, and

sodium formate showed no inhibitory effect on DNA damage induced by morin plus

Cu(II). Superoxide dismutase, which catalyzes the dismutation of O>™ into O> and H>O»,

did not inhibit the DNA damage. Meanwhile, the DNA damage was inhibited by

catalase, suggesting that H,O» participated in the DNA damage [28]. Bathocuproine also

inhibited the DNA damage, suggesting that Cu(]) is involved in the DNA damage [29].

Methional inhibited the DNA damage, suggesting that the DNA damage is caused by a

variety of ROS in addition to *OH [27]. Collectively, it is suggested that H>O> and Cu(])

play an important role in the production of ROS, which are responsible for
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morin-induced DNA damage in the presence of Cu(II).

To evaluate whether morin induces oxidative DNA damage, we determined the
process of 8-0xodG formation, which is an indicator of oxidative stress to DNA [18].
The 8-0x0dG formation in calf thymus DNA fragments was increased by treatment with
morin in a dose-dependent fashion in the presence of Cu(Il) (Fig. 4). When dissolved
oxygen in the reactive solution containing morin and Cu(Il) was removed by bubbling
nitrogen gas, the 8-oxodG formation was decreased as compared to that where dissolved
oxygen was not removed. Our results suggest a possible mechanism in which Cu(Il) is
reduced by morin to Cu(I) and concomitantly mediates ROS generation, resulting in
oxidative DNA damage. Min ef al. reported that 100 uM of morin enhanced 8-oxodG
formation in calf thymus DNA in the presence of Fe(II) and H>O, [36]. It is implicated
that morin causes DNA damage through autoxidation reactions.

To determinate of the structure of oxidized product, we evaluated the 'TH-NMR
spectrum, three proton signals observed in the chemical shifts from 8.0 to 6.0 ppm were
indicated the characteristic signals of three-substituted benzene in the position of 1, 2
and 4. The integral value of a broad signal in the chemical shifts of 13.4 ppm were 0.52,
which was suggested that this functional group possessed a higher acidic proton such as
a carboxylic acid. Three signals observed in the chemical shifts from 14.0 to 10.0 ppm
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disappeared by hydrogen/deuterium (H/D) exchange after addition of deuterium oxide.

Furthermore, the results in ESI-MS experiments by using 50 % aqueous methanol or

deuterium solvent were suggested that the oxidized product of morin possessed three

H/D-exchangeable protons in the structure with a monoisotopic mass of 154.0 Da.

Subsequently, a product ion scan of m/z 153.0 or 155.0, which was performed under

negative polarity with collision-induced dissociation in MS/MS, produced

decarboxylation ions with m/z of 109.0 or 111.0 (data not shown) from the

corresponding precursor ions. These results in NMR, ESI-MS, and MS/MS experiments

allowed us to identify the oxidized product of morin by Cu(II) ion as

2,4-dihydroxybenzoic acid.

Based on these results, we propose a possible mechanism of morin-induced DNA

damage in the presence of Cu(Il) as shown in Fig. 6. We presume that morin undergoes

Cu(II)-mediated autoxidation to generate Cu(l) and a semiquinone radical at the

position 4’ on B-ring of morin; thereafter, Cu(I) and the semiquinone radical reacts with

O: to generate O>". Because an enol moiety in ring C (the hydroxy group in ring C) is

conjugated to the 4’ hydroxy group in ring B of morin, the semiquinone radical would

be oxidized to the 3, 4-diketo form at ring C, and O>" is reduced to H>O». The

autoxidation of morin is promoted in the presence of Cu(Il) via a Cu(Il)/Cu(I) redox
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cycle and H,O» generation. Concerning the mechanism of oxidative DNA damage in the

presence of copper, previous studies indicated that Cu(I) binds to DNA and reacts with

H>0», resulting in the formation of Cu(I)-hydroperoxide [37, 38, 39, 40]. The

Cu(I)-hydroperoxo complex may be considered to be a bound *OH, which can release

*OH and lead to oxidative DNA damage [40]. Our results indicated that *OH scavengers

could not inhibit morin-induced DNA damage in the presence of Cu(II). Based on these

findings, the mechanism underlying morin-induced DNA damage in the presence of

Cu(I) is probably due to the generation of *OH near the site of Cu(I) fixation at G on

DNA bases [37, 41]. The *OH rapidly attacks the adjacent T and G residues prior to

being scavenged by *OH scavengers [42]. This speculation is supported by previous

studies which show that catechin and catechol are autoxidized to quinones in the

presence of Cu(Il) concomitantly with Cu(I)-hydroperoxide formation, and which show

piperidine-labile sites preferentially at T and/or C neighboring G [40, 43].

In this study, para-quinone methide form of morin shown in Fig. 6 could not be

detected due to its unstable structure in the reaction buffer. Kummer et al. reported that

an oxidation of morin produced several nucleophile-adduct products via quinone methide form

[44]. As shown in Fig. 6, the quinone methide form would immediately accept

nucleophilic addition reaction with H>O molecule, following ring-opening reaction and

18



further hydrolytic degradation in the ring C, and eventually produced a stable product
2,4-dihydroxybenzoic acid derived from the ring B in the reaction buffer. In addition,
Fuentes et al. reported that the quinone methide form intermediates ring-opening
reaction in the ring C in oxidative conversion of quercetin [45]. This report is consistent
with our proposed mechanism.

We conclude that Cu(I)-hydroperoxide derived from the reaction of Cu(I) with H>O>
probably participates in morin-induced DNA damage in the presence of Cu(Il). It is well
known that Cu(Il) accelerates aggregation of amyloid B-peptide [46, 47]. On the other
hand, Hanaki et al. reported that the hydroxyl group at position 2’ in ring B of
flavonoids, including morin, was particularly important for the inhibition of amyloid
B-peptide aggregation [48]. Though morin has the potency to inhibit the aggregation of
amyloid B-peptide, our results indicate that morin causes oxidative DNA damage in the
presence of Cu(Il). Further studies are needed to demonstrate the oxidative pathway of
morin in the presence of Cu(Il) in view of biomedical applications of morin for

Alzheimer’s disease.
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Figure legends

Fig. 1. Autoradiograms of 32P-5’-end-labeled DNA fragments incubated with morin in
the presence of Cu(ll).

Reaction mixtures contained the 32P-5’-end-labeled 328 bp fragment, 100 uM/base calf
thymus DNA, the indicated concentrations of morin, and 20 uM CuCl; in 4 mM sodium
phosphate buffer (pH 7.8) containing 5 uM DTPA. After incubation at 37 °C for 5 hr,
the DNA fragment was treated A) with, or B) without, piperidine and electrophoresed
on a polyacrylamide gel.

Fig. 2. Effects of scavengers on morin-induced DNA damage in the presence of
Cu(ll).

Reaction mixtures contained the 32P-5’-end-labeled 328 bp fragment, 100 uM/base calf
thymus DNA, 50 uM morin, each scavenger or bathocuproine, and 20 uM CuCl; in 4
mM sodium phosphate buffer (pH 7.8) containing 5 uM DTPA. After incubation at 37
°C for 5 hr, the DNA fragment was treated with piperidine and electrophoresed on a
polyacrylamide gel. The concentration of each scavenger and bathocuproine were as
follows: 0.8 M ethanol (EtOH), 0.1 M mannitol, 0.1 M sodium formate, 1.0 M
methional, 30 U catalase, 50 uM bathocuproine, and 30 U superoxide dismutase (SOD).

Fig. 3. Site specificity of morin-induced DNA cleavage in the presence of Cu(ll).
Reaction mixtures contained the 32P-5’-end-labeled A) 147 bp fragment or B) 309 bp
fragment, 100 uM/base calf thymus DNA, 500 uM morin, and 20 uM CuCl; in 4 mM
sodium phosphate buffer (pH 7.8) containing 5 uM DTPA. After incubation at 37 °C for
5 hr, the DNA fragment was treated with piperidine and electrophoresed on a
polyacrylamide gel. Abbreviations indicate each DNA base, A: adenine, T: thymine,
G: guanine, C: cytosine.

Fig. 4. Formation of 8-oxodG in calf thymus DNA induced by morin in the presence
of Cu(ll).

Calf thymus DNA fragments of 100 pM/base were incubated with indicated
concentrations of morin in the presence of 20 uM CuCl; in 4 mM sodium phosphate
buffer (pH 7.8) containing 5 uM DTPA at 37°C for 1 hr. After ethanol precipitation, the
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DNA was digested to nucleosides with nuclease P and calf intestine phosphatase, then
analyzed with an HPLC-ECD. In order to clarify the mechanism of autoxidation,
dissolved oxygen in the reaction mixture containing morin and Cu(Il) was removed by
bubbling nitrogen gas for 1 min (hypoxic conditions), after which 8-oxodG was
determined. Results are expressed as mean of values obtained from two independent

experiments.

Fig. 5. Analysis of reaction products by morin in the presence of Cu(ll).

(A) HPLC chromatograms of oxidized products of morin after reaction at 37 °C for 21
hr. Reaction mixture consisted 500 M of morin and (a) 0 uM, (b) 20 uM, or (c) 200 UM of
CuCl, in 4 mM sodium phosphate buffer (pH 7.8) containing 5 uM DTPA. (B) H- and
13C-NMR spectra of the major oxidized product (Rt 14.8 min) were recorded in
DMSO-ds at 20 °C. In the *H-NMR chart, integral values corresponding each proton
were indicated under the scale bar of chemical shift. (C) Estimated chemical structure of

the oxidized product generated by morin and Cu(ll).

Fig. 6. A possible mechanism of oxidative DNA damage induced by morin in the
presence of Cu(ll).
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Fig. 3
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Fig. 4
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