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l fast

1+ RH + Mg

Scheme |
in MeOM1

Radical-scavenging reaction by TH rvig an eloctron transier

the coardination of Mg™ to DPPIL or GO may stabilize the
product. resulting in the aceeleration of the clectron transler.

Fffect of base on the rates of radical scavenging reactions

In protic media. such as alcohols and water. TH may be in
equilibrium with the corresponding phenolate anion 1, which
is 2 much stronger electron danor as compared Lo the parent
LY Insuch a case. 1= may act as an electron donor rather than
the parent 18in MOl

In order o clarilty an actual electron donor in MeOIL, the
eflicet of base on the radical-scavenying rates of 1E was exam-
ined, The addition of pyridine to the THHE DPPIE system results
in a significant increase in the rate of the DPPIF-scavenging
reaction by TH. The &, value increases with inereasing pyridine
coneentration to reach a constant value as shown jn g 2.
When pyridine is replaced by 2.6-lutidine. a stronger base than
pyridine. the limiting Ay value is Eorger than that in the case
of pyridine, s shown in Fig. 20 I the rate of acceleration is
due Lo the deprotonation of the phenolic O11 group of 11 in
the presence of base, the limiting &y value should be the some
regardless of the basicity of pyridines. The ditferent limiting Ay
values between pyridine and 2.6-hutidine in Fig. 2 suyggest that
little deprotonation oveurs to produce 1 and that 1he actual
clectron donor is the parent TH vather than 1 in MeOLL as
shown in Scheme 1. Insuch a case, the coordination of pyridines

) —
g—
2.6-Lutidine

1
- e
g Pyndine
T At v
o
(=]

1

U Il L 1 1

U 05 10 * 5 20 25
107 [Base] 7 M

Fig. 2 Plot of &y vs [base] for the ceaction of TI with DPPI in
the presence of peridine (Mack cireles) or 2.6-lutidine ¢white cireles) in
de-aenated MeOl at 98 K.
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to TH™' may stabilize the product. resulting in the aceeleration
of the initial electron-transter process. In the presence of a
large amount of a strong Lewis acid. such as Mg((10,}-. no
deprotonation of T oceurs in MeOT1L

Salvent effeet on the one-electron oxidation potential of the
vitamin £ model

The solvent effect on the one-electron oxidation  potential
(0 of 11 was examined by eydic vollammetry (CV) and
sccond-harmonic alternating current veltammetry (SIIACY)
meustrements.” ' Very recently, Williams and Webster have
reported that the one-electron oxidation of «-tocopherol itsell
oceurs @l about 0.97 V ors SCEin MeCN (0,25 M Bu,NPI-)
hased on the detailed electrochemical analyses. ! A similar eyelic
voltammogram was observed [or the electrochemical oxidation
of TH in MeCN (0.1 M Bu,NCIO)) (data not shown), lrom
which was determined the £ value (vs. SCE) of THin MeCNas
0.97 V. On the other hand. the CV wave of 1T in MeOIT{0.1 M
Bu, NCI0O,) was irreversible, Thus, SHACY measurement was
carried out to determine the 22 value of TH in MeOIL The £,
value (vs SCEyof TH in MeOIT {01 M Bu,NCIO, ). determined
Trom the intersection of an SHACY wave (Yig. 3). is located i
0.63 V. which is signilicantly more negative than the value in
MeCN (0.97 V). Such a negative shilt of the £ vadue in MeOTI
as compared (o that in MeCN nmay be ascribed Lo a stronger
solvation of I in MeOIE than in McON. Thus. the case of
one-clectron oxidation of 11in Me Ol as compared toin MeCN
may resultin the ditTerence in the radicat-scavenging mechanism.

063y
51 Lo n o Yoo,
P S Ny
o' v b °
£ S Q* o"o %n
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Fig. 3 SHACY of 1H recorded at the sean rate of 3 mV s ' on Pt
working electrode in de-acrated MeOTHT M Bu, NCHO) i 298 K

EPR speetrum of the phenoxyl radical derived front the vitamin
I, model in de-acrated MeOll

The EPR detection of radical species derived From 1 would
provide valuable information about the solvation of the radical
species. ™ The EPR spectrum ol 1 in de-acrated MeOIT at
298 K is shown in Fig. 4a. 1t sheuld be noted that the g value of
the EPR spectrum of 1+ in MeO1 {2.0040) is apparently smaller
than that in MeCN (2.0047).7 The observed lwpertine structure
in Fig. 4ais well reproduced by the computer simulation (14 4b)
wilh (our hyperline splitting constants (Afe) listed in Table 1,
Table 1 also shows the fife values of 10 in MeCN.T Al the fife
vithies in MeOHI are also smaller than those in MeCN, The
smaller ¢ value of the PR spectrum of 10 as well as the
smaller ffe values in McOH than those in MeCN jadicates
that the stronger solvation of 1° may oceur in MeO1 than
in McCON. Although the EPR spectium of HI*' could not
be observed because of the fast deprotonation to produce 19
(Scheme |, stronger solvation of 11 may also oceurin MeOI1
than in MeCN. resulting in the case of one-electron oxidation of’
1HLin MeOIT than in MeCN.
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Fig. 4 (2) FPR spectrum of 1* generated in the eeaction of 11310
HE S My with DEPH (20 10 My in de-acrated MeOIT at 298 K.
thy The computer simpltion spectrum. The Afe values used for the
simulation are listed in “Fable |

Table 1 Hyperfine splitting constants thfezin ') and g valoes of 1 in
de-aerated solvents

Solvent ¢ al 311 atdlly W M) al 211"}
MOl 20040 1.577 423 1,073 0126
MceCN 20047 [ 1441 QARG A RDY

= Taken from el 7.

In conclusion. the scvenging reaction of DPPLE or GO®
by TH in MeOII proceeds vig the clectron tramster from 1H
o DPPHE or GO followed by proton transter rather than vie
the one-step hydrogen atom transter, which has been observed
in MeCN. Such a dilference in the mechanism ol radical-
scavenging reactions by the vitamin E maodel depending on
the solvents provides valuable information Tor the biological
antioxidative reactions.
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The: phenoxyl radical 1°, generated by the reaction of a vitamin E model, 2,2,5,7,8-pentamethylchroman-6-ol (1H),

with 2,2-bis{4-tert-octylphenyl)-1-picrylhydrazyl (DOPPH®), was significantly stabilized by complex formation with
Mg?* in deaerated acetonitrile at 298 K. The assignments of the hyperfine coupling constants (hfc) obtained by computer
simulations of the observed EPR spectrum of the Mg?* complex of 1° (Mg?+-1*), were carried out using three deuter-
ated isotopomers of 1%, i.e., 5-CD;-1%, 7-CD;3-1%, and 8-CDs-1*, where a methyl group at the C5, C7, or CB position is
replaced by a CD; group, respectively. The decreased spin density of the benzene ring in the Mg?*—1® complex indicates
that delocalization of the unpaired electron in 1* into Mg?* by complexation between Mg?t and 1* results in the en-

hanced stability of 1* in the presence of Mg2+.

Most biological antioxidants, such as vitamin E {x-toco-
pherol) and flavonoids, have one or more phenolic hydroxy
groups, and are converted into phenoxyl radical intermediates
as the result of antioxidative radical-scavenging reactions with
active oxygen radicals, such as hydroxyl radical ("OH), super-
oxide anion (O,*~), and lipid peroxyl radical (LOO®*)."* Thus,
it is of great importance to detect and characterize the phen-
oxyl radicals of such antioxidants in order to shed light on
the mechanism of the antioxidative radical-scavenging reac-
tions in biological systems as well as to develop novel anti-
oxidants with more effective antioxidative activities than the
natural occurring ones. However, the phenoxyl radical of a-to-
copherol is known to be unstable, because of disproportiona-
tion, even in the absence of molecular oxygen (O2).? Further-
more, in the presence of O3, a radical coupling between the
phenoxyl radical derived from vitamin E and O, is known to
produced a wide variety of oxidation products of the phenoxyl
radical.52% On the other hand, we have recently reported that
the phenoxyl radical 1° of 2 vitamin E mode}, 2,2,5,7,8-penta-
methylchroman-6-ol (1H), generated by hydrogen transfer
from IH to 2,2-bis{4-rerr-octylphenyl)-1-picrylhydrazyl radi-
cal (DOPPH*) or galvinoxyl radical (G*), is significantly stabi-
lized by the presence of Mg** via the complexation of 1* with

Mg?+.2* The well-resolved 14 lines were observed in the EPR
spectrum of the Mg?* complex of 1* (Mg*+-1*).2* However,
the hyperfine structure of the observed EPR spectrum of the
Mg?*-1* complex has yet to be sufficiently characterized,
since there are three methyl groups in the 1* molecule, each
of which gives a quartet hyperfine coupling structure. On the
other hand, it is known that deuterium substitution at appropri-
ate known sites in the molecule permits an experimental veri-
fication of the assignment of the hyperfine coupling constants
(hfc) for the EPR spectrum of the observed radical spe-
cies. %

Here, we report on an experimental assignment of the hfc
values of the EPR spectrum of the Mg?* complex of 1° using
three deuterated isotopomers of 1*, ie., 5-CDs-1°, 7-CD;-1%,
and 8-CI»;-1°, where a methyl group at the C5, C7, or C8
position is replaced by a CDj group, respectively (Chart 1).
A comparison of the hfc values of the Mg?*-1* complexes ob-
tained in this study with those of the parent 1* provides funda-
mental infortation about the spin distribution and stabilization
of the phenoxyl radical species of phenolic antioxidants in the
presence of metal ions, as well as mechanistic insight into the
antioxidative radical-scavenging reactions of phenolic antioxi-
dants.

Published on the web September 10, 2004; DOI 10.1246/besj.77.1741
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1H:R'=R?=R*=CH,
5CDg-1H.R' =CD;3, R = R*=CHj,
7-CDa-1H:R' =A% = CHy, R? =D,
8-CD;1HR' =R%=CH;, R*=CD,

Chart 1. Vitamin E models.

Experimental

Materials. 2,2.5,7,8-Pentamethylchroman-6-ol (1H) was por-
chased from Wako Pure Chemical Ind. Ltd., Japan. 2,2-Bis(4-tert-
octylpheny!)-1-picrylhydrazyl radical (DOPPH*) was obtained
commercially from Aldrich. Mg(ClOy), and acetonitrile (MeCN;
spectral grade) were purchased from Nacalai Tesque, Inc., Japan,
and used as received. Three deuterated isotopomers (>98% iso-
topic purity) of 1H, 5-CD;-1H, 7-CDs-1H, and 8-CD;3-1H, were
synthesized according 1o the literature procedures.*®

Spectral Measurements. A continuous flow of Ar gas was
bubbled through a MeCN solution (3.0 mL) containing DOPPH*
(L4 x 107° M) (1 M = | moldm™3) in a square quartz cuvette
(10 mm i.d.} with a glass tube neck for 10 min. The neck of the
cuvette was sealed to ensure that air would not leak into the cuy-
ette by using a rubber septum. A microsyringe was used to inject
IH (2.0 % 1072 M), which was also deaerated, into the cuvette.
This led to a hydrogen-transfer reaction from 1H to DOPPH*.
UV-vis spectral changes associated with this reaction were moni-
tored using an Agilent 8453 photodiode array spectrophotometer.

EPR Measurements. Typically, an aliquot of a stock solution
of 1H (1.0 x 10~ M) was added to LABOTEC LLC-04B EPR
sample tube containing a deaerated MeCN solution of DOPPH*
(1.0 x 1073 M) in the presence or absence of 0.1 M Mg(ClOy),
under an atmospheric pressure of Ar. The EPR spectra of the
phenoxyl radical I* produced in the reaction between IH and
DOFPH*® were taken on a JEOL X-band spectrometer (JES-RE1-
XE). The EPR spectra were recorded under nonsaturating micro-
wave power conditions. The magnitude of modulation was chosen
so as to optimize the resolution and the signal-to-noise (S/N) ratio
of the observed spectra. The g values and the hyperfine splitting
constants were calibrated with a Mn?+ marker. A computer simu-
lation of the EPR spectra was carried out using the Calleo ESR
Version 1.2 program (Calleo Scientific Publisher) on an Apple
Macintosh personal computer,

Results and Discussion

Upon the addition of vitamin E model 1H to an acetonitrile
{(MeCN) solution of DOPPH", the absorption band due to
DOPPH* (A« = 543 nm) decreased, accompanied by an in-
crease in the absorption bands at 402 and 423 nm due to the
phenoxyl radidal 1* with clear isosbestic points at 343, 374,
and 437 nm. The absorption bands around 400 nm are typical
for phenoxy! radical species of @-tocopherol.>¥ Thus, this
spectral change is ascribed to a hydrogen transfer from 1H
to DOPPH® to produce 1* and hydrogenated DOPPH®
(DOPPH;) (Scheme 1). In fact, the characteristic EPR spec-
trum due to 1* having a g value of 2.0047 was observed in
the reaction of 1H with DOPPH* in deaerated MeCN at 298
K, as shown in Fig. 1(a), although the observed EPR signal
gradually decreased because of the disproportionation of 1*,
even in the absence of 0,.% The hyperfine coupling constants
{(hfc) of the observed EPR spectrum of 1* were determined
by a comparison of the observed spectrum with the comput-

Metal Complex of Vitamin E Model Radical

HO

3

O
1H
O

N

N i v
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/ R R={CHylCCHa(CH)C

DOPPH ™

Scheme 1. Hydrogen transfer from 1H to DOPPH® to produce 1°.

- er-simulated spectrum, as shown in Fig. 1(a); the thus-obtained

hfc values were assigned as listed in Table 1.243233

On the other hand, in the presence of Mg(ClQy)z (0.1 M),
the absorption bands due to 1* were shifted from 402 and
423 nm to 412 and 437 nm, respectively.?* Such a red shift
of the absorption bands indicates a complex formation between
Mg?+ and 1*. The EPR spectrum of the Mg2*-1* complex was
observed at g =2.0040 [Fig. 1(b)], which is appreciably
smaller than the g value of 1* (2,0047), indicating that the spin
density on oxygen nuclei in 1* in the presence of Mg?* is de-
creased by complexation with Mg?*t .3 It should be noted that
no decay of the EPR signal was observed, significantly demon-
strating the enhanced stability of the phenoxyl radical species
in the presence of Mg(C04),.2* This behavior is similar to that
found for the o-tocopheroxyl radical in the presence of a fluo-
rinated alcohol, which acts as a hydrogen-bond donor, by
Lucarini et al,* The hyperfine structure can be reproduced
by a computer simulation with the hyperfine coupling con-
stants (hfc) of only two sets of methyl protons (0.486 and
0.335 mT), as shown in Fig. 1(b). However, the hfc values
of the methylene protons and the remaining methyl protons be-
come undetectably small. Since there are three methyl groups
in the 1* molecule, the assignment of these two hfc values due
to two sets of methy! protons is quite complex.

In order to assign these hfc values obtained for the Mg2*-1*
complex, we synthesized three deuterated isotopomers of 1°,
i€., 53-CD;-1°, 7-CDs-1°, and 8-CDs-1°, where the methyl
group at the C-5, C-7, or C-8 potision is replaced by the
CD; group, respectively (Chart 1),%° since deuterium substitu-
tion at appropriate known sites in the molecule permits an ex-
perimental verification of the assignment of the observed radi-
cal species (vide supra). A single deuteron gives a triplet (in-
stead of a doublet) hyperfine pattern and the deuteron splitting
should decrease due to the magnetogyric ratio of a proton to a
deuteron (0.153).35% In fact, deuterium substitution of the
methyl group at the C-5 position of the Mg?*—1* complex re-
sulted in a drastic change in the splitting pattern from the spec-
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Fig. 1. EPR spectra of (a) 1, (b) MgZ*—1*, (c) Mg?* -5-CDs-1%, and (d) Mg?*—7-CD;5-1* in deaerated MeCN at 298 K with the
corresponding computer simulation spectra. The hfc values used for the simulation are listed in Table 1. .

Table 1. Hyperfine Splitting Constants (hfc) {in mT) of 1°
and the Mg** Complexes of 1 and Its Deuterated Radi-
cals in Deacrated MeCN

Radical a(3H)  a(3HY  a(3HY)  a(2HY
1 0.587 0440 0086  0.139
Mg**+-1* 0.486 0.335 —2 —=
Mg?¥-5-CD;-1*  0.075® 0335  —2 —
Mg?*-7-CD;-1* 0486 0052 2 —
Mg**-8.CD;-1* 0486 0335  —@ —

a) Too small to be determined. b) Deuterium splitting value.

trum in Fig. 1(b) to that in Fig. I{c) for the Mg?+*—_5-CD;-1°
complex generated in the same way. The hfc value of 0.486
mT of the Mg?*-1°* complex is decreased by the factor of
the magnetogyric ratio of proton to deuterium (0.153) to
0.075 mT due to the CD; deuterons at the C-5 position of
the Mg?*-5-CD;-1* complex, while the other hfc value
{0.335 mT) remains identical, as shown in Fig. 1(c) and
Table 1. From such a decrease in the hfc value at the C-5 po-
sition by the deuterium substitution, was assigned the hfc value
at the C-5 position of the Mg?*-1* complex as 0.486 mT.

A change in the splitting paitern was also observed upon
deuterium substitution of the methyl group at the C-7 position
of the Mg2*—1* complex, as shown in Fig. 1(d). The computer
simulation spectrum using the same hfc value, except for the
deuterium at the C-7 position, which are reduced by a factor
of 0.153, agrees well with the observed EPR spectrum of the
Mg**7-CDs-1* complex [Fig. 1(d)]. On the other hand, a

deuterium substitution of the methyl protons at the C-8 posi-
tion of Mg?*—1* resulted in no change in the splitting pattern
in the EPR spectrum of the Mg?*—8-CD;-1° complex, as com-
pared to the Mg?*-1* complex (data not shown). From the
above results, the hfc values of the Mg?*—1* complex were as-
signed as listed in Table 1. The hfc values due to the methyl
protons at the C-5 (0.587 mT) and C-7 (0.440 mT) positions
are significantly decreased by "complexation with Mg+
(0.486 and 0.335 mT, respectively). No hyperfine structure
was observed due to the methylene protons at the C-4 position,
as well as the methyl protons at the C-8 protons in the Mg?t—
1* complex. It is clearly shown that the spin densities on the
aromatic ring in the Mg?*-1* complex are significantly de-
creased by the coordination of Mg?*. Thus, an unpaired elec-
tron in 1° is significantly delocalized into Mg®* by complex-
ation between 1* and Mg?* via the phenolic O atom.

In conclusion, the deuterium substitutions of the methyl
group in 1H enabled us to assign the hfc values of 1* in the
presence of Mg®* experimentally. The decreased spin densi-
ties on the benzene ring in 1*, the smaller g value of the
EPR spectrum of 1%, and the red shift of the absorption bands
of 1° in the presence of Mg?* indicate that Mg+ coordinates
to the phenoxyl radical 1* via the phenolic O atom of 1°. Such
complex formation between 1° and Mg?* precludes the dispro-
portionation of 1°, leading to the enhanced stability of 1*. We
are in the process of further exploring the effect of metal ions
on the stability of phenoxyl radicals derived from phenolic
antioxidants with a catechol moiety, such as (+)-catechin
and quercetin. ‘
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Abstract

We conducted the recombination and sister chromatid exchange (8C13) assays with five chemicals (hydroxyurea (U,
resveratrol, A-hydroxy-trans-stilbene, 3-hydroxy-trans-stilbene, and mitomycin C) in Chinese hamster cell line 81'D8 V79
to confirm directty that SCIS is a result of homologous recombination (HIRY. SP8 has a partial duplication in exon 7
of the endogenous fiper gene and can revert 1o wild type by homologous recombination. Al chemicals were pusitive in
both assayx exeept for 3-hydroxy-rrans-stilbene, which was negative in both. TIU, resveratrol, and 4-hydroxy-frans-stilbene
were seavengers of the tyrosyl free radical of the R2 subunit of mammalian ribonucleotide reductase. "Tyrosyl free radical
seavengers disturb normal DNA replication, causing seplication Tork avest. Mitomyein Cis a DNA cross-linking agent

that abso causes replication Tork amest. The present study suggests that replication Tork arrest, which is similar to the carly
phases of 1R, leads 10 a high Irequeney of recombimation, resulting in 8CLs. The findings show that SCE may be muediated
by [IR.

4 20003 Bsevier B Al rights reserved.

Kevwords: Sister chromatid eschange: Homologous recombination: Hypoxanthine- guanine phosphoribosyltransferase; Ribonucleotide
reductase

1. Introduction

Sister chromatid exchanges (SCLsy are indueed dur-
mg DNA replication [1.2[, and evidence suggests that
they are Tormed during homologous recombination
(1IR) [2—4]. Sonoda etal. |3} showed that spontancous

' Corresponding author, Lol 481-3-3700-9264:
fax: 4+81-3-37-0930.
E-meril adedress: matsuoka®@ nibs. gogp (7L Matswoka),

and mitomycin C-induced 8CIE [requencies were re-
dueed in chicken IYT40 B3 cells lacking the key 1R
genes RADS! and RADS4, but not in KU707/~ eclls
defective in non-homologous DNA end joining. When
a human RADST gene was inserted, HR activity was
restored and SCL levels returned to nonnald [3). Other
experiments have also suggested that SCIE formation
is mediated by HR [5-8].

Resveratrol and some of s synthesized derivatives
arc potent inducers of SCLs in Chinese hamster lung

0027-3107 $ = see front matter - 2004 Elsevier B AT rights reserved.
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tibroblast (CHIL) cells [9,10]. The active moiety is the
+-hydroxy group [10]. Resveratrol, like hydroxyurea
(1Y, inhibits ribonucleotide reductase (RNR), which
is essential for formation of deoxyribonucleotides and,
therefore, DNA synthesis [11,12]. It appears 1o act
hy replication fork arrest in SCIE formation [2] and
in the SPDE V79 call line, HR [13], which carries a
duplication in the /iprt locus that renders it insensitive
(o thioguanine [14]. Following HR and loss of the
duplication, the cells regain wild-type sensitivity 1o
thioguanine [15,16].

In this work, we mvestigated resveratrol and its
derivatives in an attempt to learn the mechanisms by
which they induce cytogenctic effects. We applicd
resveratrol and derivatives that had or did not have a
+-hydroxy group, and compared their effects on (1)

tyrosyl radical decay in the punficd R2 subunit of

mammahian RNR and (2) SCLand HR i the SPD8
cell Tine. The chemicals we used in the biological
tests were U, a selective inhibitor of RNR, and mit-
omycin (I, an efficient indueer ol SClis. However,
while HU stimulated TR, mitomyein O appeared to
be much less efficient in this respect despite its pro-
nounced effect on SCL The results have clear impli-
cations for the links between RNR inhibition, 8C1:
formation, and 1R, and the role of the 4-hydroxy
group.

2. Materials and methods
2.4, Cells

The SPDA cell line was maintained in Dulbeeco’s
madilied cagle medium (GIBCO 11885-084) supple-
mented with 9% fetal bovine serum and penicillin-
streptomyecin (90unitsrml) (DAMEM). 6-Thioguanine
{Spg'ml} was added to minimize the frequency of
spontancous reversion prior o treatment. The dou-
bling time was arotnd 12h and the modal chromo-
some number was 22, SPDR cells carry a duplication
ol exon 7 of the iipre gene and can be reverted by an
exchange o Rad31-supported TR J16].

2.2. Chemicals

Resveratrol (CAS no. 301-36-0) purchased [rom
Sigma Chemical Co. (St Louis, MO, USA)Y and 3-hy-

droxy-rrans-siilbene  (17861-18-6) and  4-hydroxy-
trans-stithene (65534-98-9) synthesteed as previously
reported [17] were suspended  homogencously in
physiological saline for the assays. Mitomyean €
(MMC, 50-07-7} purchased [rom Kyowa Hakko
Kogyo Co. 1ad (Tokye) was dissolved in distilled
water and the solution was diluted with physiolog-
ical saline. Hydroxyurca (HU, 127-07-1) purchascd
from Sigma was dissolved in phystological saline just
before use. 6-Thioguanine (Sigma), hypoxanthine
(Wako Pure Chemical Industries, 1ad. Osaka, Japan),
and thymidine (Stgma) were first dissolved in as littde
5M sodium hydroxide as possible, then diluted with
physiological saline and stored at —20° C unti] use.
L-Avzaserine (Sigma) was dissolved in physiological
saline and stored at —20° CC until vsce.

2.3, Recombination assay

Cells wore seeded at a density ol 1.0 x 10 20l
DMEM75em? lask, cultured for 4h, and treated
with a chemical for 200 Cells were mnsed, 20ml
DMEM was added, and the cetls were allowed to
recover for 3h, We sclected revertants by plating
three dishes (3 x 10% cell dish, 100mm in diame-
ter) in each treatment group and culturing them in
the presence of HAST (30 pA hypoxanthine, 10 il
L-azaserine, and SpM  thymidine). Five hundred
cells per dish were plated in duplicate for determi-
nation of the clomng efficiency. Seven days later,
the colonics on the cloning plates were fixed with
methanol and stained with Giemsa. The cells on the
selection plates were also grown for 8 days, fixed,
and stained. “The reversion freguency was caleu-
lated as the t1otal number of revertams on the se-
lection plate divided by the 1otal number ol cells
cloned ot the same dose. The experiments were per-
formed at least twice and representative data are
shown.

2.4. Sister chromatid exchange assay

Cells were seeded at a density of L3 x 107 per
plate (60 mun in diameter) and incubated for [7h. The
test chemical, then S-bromodeoxyuridine (3 pNI), was
added, and the plate was incubated for 24 or 48h.
Chromosome  preparations were made as Tollows:
coleetmid (final concentration .2 pg ml) was added
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to the culture; 2h later, the cells were trypsinized,
incubated in hypotonic solution for 20min at room
tenmsperature, and fixed three times with iee-cold [fix-
ative (glacial acetic acid: methanol, 1:3). A drop
of the fixed cell suspension was placed on a clean
slass slide and air-dricd. A Avorescence-plus-Giemsa
technigue [18] was vsed Tor sister chromatid differ-
entiation staining as previously reported [19], SChs
were scored with the aid of a microscope in 25 see-
ond metaphase (M2) cells having 22 chromosomes at
o00x magnilication. Centromeric SCLs were indis-
tinguishable from centric twists and were not scored.
Solvent-treated cells served as the negative control.
We analyzed SCE data using the Mann-Whitney
UAtest (ihe normal, two-tailed version).

2.5. Ixpression and purification of protein R2 from
mouse ribonucleotide reductase

Protein R2 Irom mouse RRR was prepared {rom
overexpressing BL2I(DE3)pLY's cells containing the
mtive plEFR2 plasmid [20] The purified protein,
which was essentially apoprotein, was reconstituted
1o form the jron-tyrosy] radical center.

2.6, Laperimental setup for kinetics of tvrosyl decay
with test clienmicals

The R2 apoprotein, ca. 7pM in 50mM acrobic
Tris, pIl 7.6, was reactivated by the addition of anaer-
obte 7mNT lerrous ammonium sulfate-5mM ascorbic
acid, in 30mM Tris, pIl 7.6, 0 the cuvette 10 give
ca. 22 uM iron. The recorded reconstituted spectrum
constituted (he start spectrum Jor incubation with the
different chemicals. The iren radical center of R2 has
absorption bands in the 300-430 om region. The ty-
rosyl radical has an absorption maximum at 416 nm.
We followed the decay ol the tyrosyl radical upon
addition of a test chemical by observing the decay at
4t6onm. The spectra were recorded on a Perkin-1lmer
lambdia 2 spectrophotometer, cither with conseentive
seans or as Kinetie traces at 416 nm. The protein
R2 concentration was typically 7 pM and we used
cquimolir concentrations of the chemicals. Beeause
of the insolubility of the test chemicals in water, we
dissolved them in acctone (final concentration 14%)
for the spectroscopie measurements.

3. Results
3.1, Cyrogenetic and recombination assavs

The spontancous reversion frequency in the re-
combimation assay and bhaseline SCI: [requencey were
1.72 £ 0.54 107 cells (n = 36) and 6.4 & 3.0.¢ell
(= 2000, respectively. Fig. | shows the SCE fre-
quency at vartous treatment times with the higher
ratio of M2 10 total cells presented.

HU, the positive control for the recombination as-
say, Induced revertants in a concentration-dependent
manner up 1o 0.2mM. HU induced a statisti-
cally significant increase in 8ClE frequency with a
concentration-response relationship, SCEs were ob-
served at 0-0.05mM in 24-h treatment and at 0.1 mMI
in 48-I treatment.

Resveratrol and 4-hydroxy -trans-stilbene were pos-
itive in both assays with clear concentration-response
relationships. 3-1lydroxy-trans-stilbene was negative
in both assays and induced no delay in the celt eycle.

HUL  resveratrel, and  d-hydroxy-trans-stilhene
showed humped curves in the recombination assay
and an increase in reversion [requency at concentra-
tions that induced SCls. MMC, the positive control
for SCE induction, induced SClis and  revertants
concentration-dependently, but at a higher concentrit-
tion range for the Later (Fig 1),

While MMC showed the peak reversion (requency
atconcentrations that induced severe tosicity, the other
positive chemicals showed it st concentrations where
the cloning clficiency was around 30% (Table 1). 11U,
resveratrol, and 4-hydrosy-trans-stilbene caused cell
eyele delay, and peak SCE frequencies were seen al
480, At higher concentrations than those shown in
Table [, no metaphase eclls were seen even at 48 h.

3.2, Tyrosyl radical decav in R2 of KNK

Decay of the tyrosyl radicad of the fseherichia
coli R2 unit of RNR was unalTected by resveratrol
(data not shown}. The decay ol tyrosyl radical of
2 from mouse during incubation with 7.2 pM with
ach ol the test chemicals is shown in Fig 2. Decay
was lastest with 4-hydroxy-rrens-stilbene (estimated
half” life (71/2), ca. 378). Dor resveratrol, a small
increase in absorption at 416 nm was observed al
the beginning of the incubation time, and afier the
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Table 1

Toxicity of test chemicals at peak response in the recombination assay and the SCE west

105

Recombination assay

SCE st

Coneentration  Cloning Reversion Ratio 0¥ Concentzation Treatment SCEs‘cell Ratio 1o
cfficiency frequency? 105 controls time (hy controls
% of conroly  eells
Hydroxyurea (.2mM 43 0.2 [o.4 (.1 mMht + 60.9 + 288 107
Resveratrol Spaml ol 251 1.8 Speml 44 ST+ 177 RY
+hydroxy-trans- S pa'mi R 211 12,3 25ue'ml 48 50.2 £ 13,1 9.0
stilbene
Mitomyein O 400ng ml 17 10.7 8.3 40ng:ml 24 475+ 104 68
800 ng-ml 3 139 10.8

1 Ratio to controls indicates the ratio of the reversion frequency or SCEs“eell o thiat of concurrent controls,

delay, the £, was ca 67s. AL the lower concen-
trations of d-hydroxy-tress-stilbene, we observed a
similar increase in absorption prior to the onset of
decay (data not shown). The increases may have been
caused by the Jormation of a phenoxy-like radical in
resveratrol and 4-hydroxy-trans-stilbene. Strikingly,
3-hydroxy-rrans-stilbene did not cause decay of the
tyrosyl radical.

12 T T T

=] -
o =)

Relative absorption at 416 nm
Q
(1]

1 n

0 100 200 300 400 500 600 700 400

0

Time after addition of a chemical (s)

Fig. 2. Decay ol tvrosyl radical of R2 proein of mouse -
bonucleotide reduetase, Solutions of R2 (7 M) in S0mM Tris
buffer (pI1 7.60 were incubated with 7.2 pA of resveratrol (@),
+hydrosy-frans-stithene (&), or 3-hydrosy-trans-stilbene (¥,
speetra were recorded between 300 and S00nm. Relative absorp-
tion at 1o nm v resyd Abs g, b was caleulated as relative absorp.
tion after subteaction ol endpaint spectram. Time 0 was sel to
1.0 relative absarption. lor 3-hvdroxy-frans-stilhene no subtrac-
ton was perfornied since the tyrosa ] radical did not decay.

4. Discussion

Micronucleus induction, SCL, mutation, and so-
matic recombuiition hinve been used to deteet DNA
damage and repair in genotoxie studies. These end-
points are usually applied independently, and they
reflect dilTerent aspects of the repair processes. In
the present study, we investigated the relationship
between RNR-inhibition, SCL, and TR after ex-
posure 1o five chemicals with different mode of
action.

One of these, THU. scavenges the tyrosyl [ree rad-
ical in the R2 subunit of RNR, causing depletion of
nucleotides [21.22] resulting in replication Tork arrest
123]. The molecular conformation at the replication
fork is similar to that at the recombination initiation
site. That is, two DNA double strands ol simidar
sequence align and a nick is formed in one of the
strands. We suggest that the conformation may lavor
recombination, resulting in a high frequeney of SClis
and HR.

Others have reported that resveratrol  scavenges
tyrosyl radicals of the R2 subunits from mice and
Arabidopsis  thaliana  [12]. Tlere, we  confirmed
that observation in mice and showed that ity ana-
logue 4-hydroxy-rrans-stilbene did the same while
3-hydroxy-trans-stilbene did not. 11U, resveratrol,
and H-hydroxy-trans-stilbene caused 1R and SClis,
while 3-hydroxy-rrans-stithene had no elfeet on
cither process. Thus, all these compounds should
similarly induce RNR inhibition, SCI induction,
and 1R, Yet, the relationship between SCE and R
was complex. MM, Tor example, which efliciently
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induced SCEs was a poor inducer of HR via loss
of the partial duplication. The response 1o very high
and strongly cytotoxic concentrations suggests ci-
ther a random effect coupled 1o survival, or another
process facilitating HR. In any case, it appears that
DNA damage leads into o pathway that stimulates
SCE formation, but in some way prohibits the HR
that leads 1o loss of the partad duplication and re-
version to wild type. It remains to be investigated
if this is coupled 1o less Mexible conformations
clicited by repair processes, possibly impairing (he
type of recombination required for reversion 1o wild
1ype.

Using cylostatic drugs with different mode of e-
tion, Amandenu ¢t al. [13] reported that inhibition of
DDNA synthesis induces [TR in 8PDS cells. They used
recombination indices (RIs) as an indicator ol re-
combination potency. RI represents the ratio hetween
the reversion frequeney observed al a concentra-
tion associated with 307% cloning efficiency and the
control reversion [requency. Rls of T, resveratrol,
4-hydroxy -trrans-stilbene, and MMC in the present
study were 18, 9, 12, and 4, respectively. The Rl
of U and MMC reported by Arnaudean et al. [13]
were close o ours, al 20 and 4, respectively, The
lindings suggest that recombination potency is related
(o the mechanism of action, as Amaudeau et al. [13]
noted.

Ata concentralion range where no metaphases were
observed in the 8CE test, reversion frequency of 11U,
resveratrol, Hhydroxy-trans-stilbene deereased, indi-
cating saturation of cither the recombination machin-
ery or the indtiating event as shown in Fo 1 HU jp-
duced structural chromosome aberrations i 10-30%
of the cells at 0.1 andd 0.2mM, and resveratrol in
9-50% of the cells at 3 and 10 pe ml (SPDE cells,
datanot shown). Thus, at higher coneentrations, repair
mtay not eatch up with the increasing amount of DNA
damage; many nicks may remam unrepaired. leading
to chromosome aberations in metaphase cells that es-
caped from 8 phase arrest,

In conclusion. all the chemicals induced both 1R
and SCLL exeept for 3-hydroxy-irans-stithene, which
induced neither. We suggest that the observed corre-
lation between tyrosyl radical decay in protein R2 of
RNR and the frequeney of TIR and SCLE support the
view that SCE may be formed through 1R during
replication fork arrest,
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ABSTRACT
The scavenging reaction of galvinoxy! radical (GO") by (+)-catechin (1H;) in deaerated acetonitirile (MeCN),
which is reported to proceed via an electron transfer from 1H; to GO’ to produce 1H;~ and GO™ followed by proton
transfer, was significantly accelerated by the addition of H;0. The strong solvation of H;O to 1H,™ may result in
the largely negative shift of the one-electron oxidation potential of 1H;, resulting in the acceleration of the ‘initial

electron-transfer oxidation of 1H; by GO’

KEYWORDS: Antioxidant; Oxidative stress; Catechin; Radical; Electron transfer; Water

INTRODUCTION

The mechanism of radical-scavenging reactions by
phenolic antioxidants, such as polyphenols and
tocopherois (vitamin E), has attracted considerable
interest with regard to the development of novel
chemopreventive agents against oxidative stress and
associated diseases [1-3]. There are two mechanisms
for the radical-scavenging reactions of phenolic
antioxidants, i.e.,, a one-step hydrogen atom transfer
from the phenolic OH group or an electron transfer
followed by proton transfer [1-3]. Metal ions are a
powerful tool to distinguish between these two
mechanisms, since electron-transfer reactions are
known to be significantly accelerated by the presence
of metal ions [4]. In fact, we have recently reported
that the scavenging reactions of the galvinoxyl radical
(GO") or cumylperoxyl radical (FhMe,COQ") by (+)-
catechin (1H;) (Fig. 1) in acetonitrile (MeCN) or in

propionitrile, proceed via an electron transfer from 1H;
to the radical, which was significantly accelerated by
the presence of metal jons, such as Mg®* and Sc’*,
followed by proton transfer [5,6]. In such a case, the
coordination of metal ions to the one-electron reduced
species of the radical may stabilize the product,
resulting in the acceleration of the electron transfer [4).
These results suggest that polar solvents, such as water
and alcohols, may stabilize the one-electron oxidized
species of IH, (1H;™) via strong solvation to
accelerate the electron-transfer process.

OH
CH
HO O, .o
L,
OH
1H;

Fig. 1. Chemical structure of (+)-catechin (1H;).
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We herein report that the scavenging-reaction of
GO’ by (+)-catechin (1H;) in deaerated MeCN is
significantly accelerated by the addition of water. The
results obtained in this study provide a valuable insight
into the development of novel antioxidants with a more
powerful radical-scavenging ability than natural-
occurring ones.

MATERIALS AND METHODS

Materials

(+)-Catechin (1H;} was purchased from Sigma and
purified by column chromatography on silica gel using
toluene/acetone/methanol  as eluents with  further
recrystallization from »n-hexane/ethyl acetate. The
galvinoxy| radical (GO") was commercially obtained
from Aldrich. Acetoritirle {MeCN; spectral grade)
was purchased from Nacalai Tesque, Inc., Japan, and
used as received.

Kinetic measurements

Typically, an aliquot of (+)-catechin (1H;; 2.0 x
107 M) in deacrated MeCN was added to a quartz
cuvette (10 mm i.d.), which contained the galvinoxy!
radical (GO'; 8.4 x 107 M) in deaerated MeCN (3.0
mL). UV-vis spectral changes associated with the
reaction were tmonitored using an Agilent 8453
photodiode array spectrophotometer. The rates of the
GO'-scavenging reactions by IH; were determined by
monitoring the absorbance change at 428 nm due to
GO’ (¢ = 1.43 x 10° M”' cm™) using a stopped-flow
technique on a UNISOKU  RSP-1000-0ZNM
spectrophotometer. The pseudo-first-order rate
-constants were determined by a least-squares curve fit
using an Apple Macintosh personal computer. The
first-order plots of In(4 — A,) vs. time (4 and A, are
denoted as the absorbance at the reaction time and the
final absorbance, respectively) were linear until three
or more half-lives with the correlation coefficient p>
0.999.

RESULTS AND DISCUSSION

Upon the addition of 1H; to a deaerated MeCN
solution of GO, the absorption band at 428 nm due to
GO’ immediately disappeared. This indicates that
GO’ was efficiently scavenged by 1H, via an electron

transfer from 1H; to GO’ to produce 1H;” and GO,
followed by proton transfer [5,6). The rates of the
GO -scavenging reaction by 1H; were measured by
monitoring the decrease in absorbance at 428 nm due
to GO’ using a stopped-flow technique on a UNISOKU
RSP-1000-02NM spectrophotometer. The decay of
the absorbance at 428 nm due to GO obeyed pseudo-
first-order kinetics when the concentration of 1H,
([EH;]) was maintained at more than a 10-fold excess
of the GO concentration. The pseudo-first-order rate
constants (k) increase with the increasing [1H;]
exhibited a first-order dependence on [IH;]. From
the slope of the linear piot of k. vs. [1H:], the second-
order rate constant (kyy) for the GO'-scavenging
reaction by 1H; was determined as 2.64 x 10 M™' 5™ in
deaerated MeCN at 298 K.

When H,O is added to the 1H~GO" system, the
rate of the GO'-scavenging reaction was significantly
accelerated. The kyy value linearly increases with the
increasing H,O concentration as shown in Fig. 2.
Such an acceleration of the GO'-scavenging rates by
H;0 may be explained by the strong solvation of H,O
with (+)-catechin radical cation (1H;™) generated in
the initial electron transfer from 1H; to GO’ as shown
in Fig. 3. The complex formation of 1H; and GO" due
to the strong solvation should result in the negative
shift of the one-electron oxidation potential (E%) of
1H;, leading to a decrease in the free energy change of
the electron transfer. The deprotonation of 1H, may

.also be facilitated by H;0. The E°%, value of 1H; in

MeCN containing H,O could not be measured because
of insolubility of the supporting electrolyte (Bu,NCIO,)
toward H,0. However, the E°,, value of 1H; in

150

100}

kgr M 27!

o A i A
0 10 20 X 40

[H20], % viv

Fig. 2. Plot of kyr vs. [Hz0] for the reaction of 1H;
with GO’ in deaerated MeCN/H,0 a1 298 K.
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Fig. 3. Mechanism of water-accelerated GO'-
scavenging by 1H;.

methanol/phosphate buffer (0.1 M) (pH 7.5) (1:1 v/v)
has been reported by flow-through electrolysis as
0.12V vs. SCE [7], which is significantly more
negative than that in MeCN containing 0.1 M
Bu,NCIO, (1.18 V vs. SCE [6]). A similar catalysis
of H;O has been observed for the multielectron
oxidation of anthracene and its derivatives by one-
electron oxidants, such as {Ru(bpyh]** (bpy = 2,2'-
bipyridine), where the water-accelerated electron-
transfer disproportionation of the radical cations of the
anthracenes occurs [8].

In conclusion, the GOr-scavenging ability of 1H; in
deaerated MeCN is significantly enhanced in the
presence of H;O. The strong solvation of water to
1H,™ generated by the initial efectron transfer from
1H; to GO and the enhanced deprotonation of 1H,
may result in the significant negative shift of the.one-
electron oxidation potential of 1H,, leading to the
acceleration of the reaction. The results obtained in
this study suggest that the introduction of substituents,
which can stabilize 1H,”, into 1H; may lead to the
development of effective chemopreventive agents
against oxidative stress and associated diseases.
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The hydrogen transfer reaction of antinxidative polyphenol with eeactive oxygen species has
proved to be the main mechanisim for radical scavenging, The planar calechin (P1H.). inwhich
the catechal and chroman structure in (+) catechin (THR) are constrained (o be planar.
undergoes ¢fficient hydrogen alom transfor toward galvinoxyol radieal, showing an enhanced
protective offecl against the oxidative DNA damage induced by the Fentonsreaction. The present
studies were undertaken to further characterize the radical seavenging ability of PIH; in the
reaction with cumylperoxyl radical. which is a model radical of lipid peroxyl radical for tipid
peraxidation. The kKinetics of hydrogen transfer from catechins 1o cumylperoxyl radical has
been examined in propionitrile al low temperatuee with use of ISR, showing that the rate of
hydrogen transfr from P1H, is significantly faster than that from 1Hz. The rate was also
aceelerated by the presence of Se{( ISOLCE Y Such an aceeleration effect ol metal ion indicales
that the hydropen transter reaction proceeds via metal ion pramated electron transfer from
P1H, 10 oxyl radical Tollowed by proton transfer rather than via a ene step hydrogen atom
transfer. The electeochemical ease of PTH, for the one eleetron oxidation investigated by second
harmonic alternating current voltammetry strongly supports the two step mechanism for

hydrogen transfer, resulting in the enhanced radical scavenging ability.

Introduction

Recently, much attention has been directed 1o the
passibility of natural antuxidants, such as lNavonoids.
vitamin C, vitamin Lo and /f carvicae, as chemopreven
tive agents against oxdative stress and assoclaled dls
cases {(1=3. The generation of free radicals, such as
fivdroxy! radical (O11) and superoxide anion (€7 ). 1n
hivtogical systems is regarded as an important event
contributing (o the exidative stress phenomena and one
associaled with many discases, g, inflanmnentation,
heart disease, cancer. and Alzheimer’s (4= 60). Flavonoids
are plant phenolic compounds, which are widely distrib
uted in foods and beverages and are extensively studicd
for their antioxidative and eyloprotective properties in
various biological models (7= 2. The antioxidative offeets
of Mlaveneids are believed (o come Trom theie inhibition
of free radical processes in cells at three different fevels:
an initiativn, by scavenging of O (1L T H lipid peroxi
dation. by reaction with peroxyl or lipid peroxyt radicals
(12 and the Tormation of *OT L prebably by chelating fron
ions (1. Besides their beneficial effeets, there is also

*To whom correspondence shankl be selddressed Tel 81 3 3700
THAE B B3 3707 6950 17 nwils Inkuhasaenilis g jp.
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Ok University. CRES T Japan Seicnce and Lechnology Agency
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B Shibauea Institine of Techaolopy,

1010210341340 CCC: $27.50

considerable evidence that Qavonolds themselves are
mutagenic (T4 19 or carcinogenic (76} and show 1DNA
damaging activity (17, 18). Quercetin s a typleal Ma
vonoid that has been fnvestigaled as a potential chemao
preventive ageit against certain carcinogens (£9, 20 The
chemistry ol quercetin is predictive of Tts free radieal
scavenging ability. However, in bivlogical systems, il was
clearly demonstrated that quercetin could bhehave as buth
antioxidant and prooxidant. That Is. dictary administra
tHon of exeess quercetin induced renal tubule adenomas
and adenocarcinomas in male rats (2 and induced
intestinal and bladder cancer in rats {(Z2). As other
polyphenalic campounds, Bavonoids may not show the
sufficient antioxidative ¢ffeets inte the cells bevause of
their hydrophilie propectios. which impede the cell mem
brane translocation step (23 Therefore, much consider
ation 1o the safety should be required. when a large
quantity of flavenoid is used as mediclne fur cancer
chemaoprevention,

Inaddition to 1he studies of natural antoxidants used
for cancer chemoprevention or nutrition supplements,
development of novel antioxidants that show fmproved
radical scavenging activitles has atlracted considerable
interest to remove reactive oxygen species (ROS). sueh
as (7 and 011 (24, We have previoosly repoeted that
a planar catechin derivative (PTHy) (Figare 1), synthe
sized in the reaction of (+) catechin (TH) with acetone

w2001 Amevican Chemical Society
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Figure 1. Chemical structures of plunar catechin (P1H:} and
(+) catechin (1H,).

i the presence of Bl B0 (25 20). shows an enhanced
profective offect against the oxidative DDNA damage
Induced by the Fenton reaction without the prooxidant
cffect, which is usnally observed in the case of 1H. The
spectruseopic and kinetic studies bave demonstrated (hat
the rate of hydrogen transfer from P1H; to galvinoxyl
vadical {(3). a stable oxygen centered radical, is abowd
5 fuld Faster than that of hydrogen transfer from the
native IH, o Gr (20). We have also demonstrated that
the (7 generating abitity of the dianion form of P1H;
generaled in the reaction of PIH, with 2 equiv ol By
NOMe in deacrated acetonitrile (MeCN) is mueh Jower
than that of 1H, suggesting that P1H: may be a
promising novel antioxidant with reduced prooxidant
aclivity {Z7). In addition. as compared with the hydro
philic 1Hz. the lipophilic property of PIH.. which is very
soluble in ateohol, cther, and tetrahydeolfuran. seems (o
give rise to its antioxidative activiry inta cell membrance.
We report herein that PIH; can also scavenge enmyl
peroxyl radical (PhCMe,00%) more efficiently than 1H,.
PhCMe 00, while much less reactive than alkoxyl
radicals. is known 1o follow the same pattern of relative
reactivity with a varicty of substrates (28—33. The effect
ol a metal ion on the rate of hydrogen transfer from P1H;
10 PhCMe 000 was also examined inorder 1o distinguish
between the one step hydrogen atmn transfer and the
cleetron transfee mechanisms in the radical scavenging
reaction of P1H: (30, The one eleetron oxtdation poten
tial (/5.9 of 1H; as well as that of P1H, in MeCN was
determined by the second harmonde alternating current
voltammetry (STACV). The combination of kinetie and
clectrochemical results oblalned in this stady provides
conflrmative bases (o develup novel antoxidants thal
show improved radical scavenging activitivs.

Materials and Methods

Materials. A plasen catechin derivative (PLH) was synthe
sizedd aceording to the litetature procedure (26). (+) Catechin
(1H:) was purchased from Sigma. Di fert butyl peroxide was
obitained Trom Nacalai Tesgque Cou Lid., and parilied by chwo
matopraphy theongh alumina, which removes traces of the
tyelroperoxide., Camene was purchased Drom Wako Pare Cheni
cal Industios Lul., Japar. Tetrs o bhuwtdannnoniv pevehiloraie
(IBAP} used ais a supporting clectiolyte was reerystallized from
ethinol and deied under vacuun at 313 Ko MeCN and pro
pionitrile (LtCN) used as solvent were purificd amd dried by
the standard procedure (32).

Spectral and Kinetic Measurements. Kinetic measue
ments for the hydrogens transter reactions between catechins
andd cumyviperoxy| radical were performed ona J10L X band
spectrometer {155 ML LX) ar 203 K. Typically. photoirradiation
al an oxyvgen saturated EICN solation containing di tert buiyl
peroxide (1.0 M) and cumene (1.0 M) with o 1000 W high
pressure Mercory Tamp sesulted in formation of cuanylperoxyl
radical (PHhOMeOCF: 2 2.0156). which couled be detected a
low temiperatures. The g values were calibrated by using an
Mie”t mankes . Upon catting of 1 the light. the decay of the SR
inensity was recerded with time, The decay ale was aceeler
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ated by the presetwe of PIH (1.0 - 10 1 M). Rates of hydrogen
transier from PIH 1o PhCMe: 007 were monitored by measur
ing the decay of the PSR signal of PhCMeO0" in the presence
of various coneentrations of PIH in FACN a0 203 K. Pseudo
lirst order rate constans were determined by a least squares
curve it tsing an Apple Macintosh personal computer, The fivst
ovder plots ol In{(/ L) vs timwe (Faod L oave the ESK intensity
at Lime £ and the final intensity. respectively) were linear fos
three or more hall lives with the corvelation coefTicient . p = .99,
In each case, it was confienwsd that the rate constams decived
{rony at least Tive independent measurenients agreed within an
experitnental crror of 15%.

Electrochemical Measurements. T'he SIHACY (17 38
measureinents ol 1H. and PIH; were performed on an ALS
G30A clectrochemical analyzer in deacrated MeCN containing
0.10 M TBAPR ais & supporting clectrolyte at 298 K. The platinum
working clectrode was polished with BAS polishing aluming
suspension and rinsed with acetone hefore use, The connter
clectrode was platinnm wire, ‘The measured potentials were
recorded with respert to an AgiAgNChy (001 M) reference
clectrode, The one electron oxidation potentials (£, {(vs Ap/
ApNOY were converted into thase vs SCL by addition of 0.29 ¥V
(W R

Results

Hydrogen Transfer from Catechins to Cumyl-
peroxyl Radical Direct measurements of the rates of
hydrogen transfer from a planarc catechin derjvative
(P1H,) (o cumylperoxyl radical were performed in UGN
al 203 K by means of ESR. The photoirradiation of an
oxygen salurated FLCN solution containing di ters bu
tylperoxide (BuOO0B0Y and camene witha 1000 W high
pressure mercury lamp resnlts in formation of cumy)
peroxyl radical (PhCMe 00, which was readily detected
by SR The connylperoxyl radical is Formed via a radical
chain process shown in Scheme 1 (90— 44}

The phwtofrradiation of Bu'OOBa" results in the ho
molytic cleavage of the Q=0 bhund o produce BofOr (49—
40, which abstracts a hydrogen from coimene to give
cumyl radical. followed by the Tacile addition of oxvgen
to cumyl radical. The cumylperoxy! radical can also
abstract a hydrogen atom lram cimene in the propaga
tion step to vicld cumene hydroperoxide, accompanicd by
regeneration of comy| radical (Scheme 1) (22,59 1 the
termination step. cumylperoxyl radicals decay by a
bimeleendar reaction te yicld the corresponding peroxide
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Figure 2. Plots of &g vs PIH; (while civcles) and vs 1H: {black
circles} for the reactions of calechins (P1H, and 1H) with
cumylperoxyl vadical in EACN a0 203 K.

and oxygen (Scheme 1) (41, 4. When the light s cut
off. the ESR signal intensity decays obeying second order
kinetics due to the bimolecular reaction in Scheme 1.

In the presence of P1IH, however, the decay rate of
cummylperoxyl radical afler catting off the light becomes
mutch faster than that in the absence of P1H,. The decay
rate in the presence ol PIH; (1.0 10 * M) abeys pseudo
first order kinetics. This decay process is ascribed to
hydrogen transfer from PIH; 1o cumylperoxy) radical
Scheme 1), The pscudo first order rate constants in
crease with increasing P1H, concentration (I[P1H]) to
exhibit first order dependence on JPIH,| as shown in
Figure 2. From the slope of the linear plol of kg, vs
concentration of P1H, is determined the second order
rate constant (&) for the hydrogen transfer leoim P1H;
to cumylperoxyl radical as 9.7 - HEM s 'in IICN at
203 K.

Fignre 2 alse shows the lincar plol of &y, vs the
concentration of (+) catechin (JHy) for the reaction of 1H;
with cumylperoxyl radical in FaCN at 203 K. The Ay
value for 1H, was also determined In (he same manner
as 6.0 . 102 M ' s 1 (3N Thus, as in the case of
galvinoxy! radical (26). the hydrogen transfer rate from
PLH; to cumylperoxyl radical is significantly faster than
that from 1H,.

We have recently reported thal the hydrogen lransfler
from 1H: to galvinoxyl or cumylperoxyl radical procecds
via clectron transfer from 1H: to galvinoxyl or cumyl
peroxyl radical. which Is aceelerated by the presence of
metal fons. such as Mp?t and Sc3', followed by proton
transfer (37, Insuch a case. the coordination of the melal
1on 1o the one clectron reduced species of galvinoxyl or
cumylperoxyl radical inay stabilize the product, resalting
in acceleration of the electron transfer process. Tn this
comtext, the effect of a metal fon on the &y value ol P1H;
was examined. As in the case of 1H,. the hydrogen
transfer from P1H, o cinmylperoxyl radical was signifi
cantly accelerated by the presence of Sc{080,C]15), as
shown in Uigare 3. Thus. the hydrogen transfer from
P1H; (o cumylperoxyl radical also proceeded via electron
transfer from P1H; 1o cumylperoxyl radical followed by
proten transfer from P1H' 1o one electron reduced
species cumylperexyl radical as shown in Scheme 2.

The larger &ip value of P1H;z as compared to that of
1H; may be ascribed 1o 1he stability of the radical cation
of P1H, (P1H; ). which is produced in the clectron
transfer from P1H; to comylperoxyl radical, The electron
donating ipropyl group at the B ring of P1H; may
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Figure 3. Plot of &y vs |Se*] in the reaction of P1H; to
camylperoxyl radical in the presence of Se{OSOCEFq) 3 in EtCN
al 203 K.
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stgnificantly stabilize P1H . resulting in the accelera
ton of the clectron transfer step. In such a case, the one
electron oxidation potential of P1H; s expecied to be
maore negative than that of 1H,.

One-Electron Oxidation Potential of a Planar
Catechin Analogue. To determine the one clectron
oxidation potential of P1H;, the eyelic voltammogram of
P1H; was recorded in MeCN comtaining 0.1 M TBAP as
a supporting clectrolyie at 298 K. Two irreversible
oxidation (anodic} peaks were observed at 1.22 and 1.41
V vs SCE (data not shown). A stmilar cyelic vollamimo
gram was oblained lor 1H;, which exhibits irreversible
oxidation peaks at 1.16 and 1.35 V vs SCE. This indicales
thal radical cations of P1H; and 1H; are too unstable at
the time scale of CV measurements. 'The SFIACV et hod
is known to provide a superior approach (o directly
evalualing one clectron redox potential in 1he presence
of 1he follow up chemical reaction refative to the betier
known de and fundamental harmonic ac method (34). The



