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The seavenging reaction of 2,2-diphenyi-1-picnvilivdrazy! radical (DPPIF) or galvinoxyl radical (GO y by a vitamin 1
model, 2.2.5.7 8- pentamethylchroman-6-ol (EH). was sipnificantly aceclerated by the presence of Mg(ClO, ) in
de-aerated methanol (MeOQ11. Such an acceleration indicates that the radical-scavenging reaction of 1 in MeOI1
proveeds vig an electron transter from U o the radical. Followed by a proton transter. rather than the one-step hydrogen
atom trzmster which has been observed in acetonitnle {MeCNL A significant negative shilt of the one-electron
oxidation potential of TH in MeOH {0L63 ¥V vs. SCE). due to strong solvation as compared to that in MeC'N

(.97 Vs SCE). may result in change of the radical-scavenging mechanisms between protic and aprotic mwdia.

Introduction

Recently, much attention has been paid to the mechanisims of
radical-scavenging reactions of phenolic antiosidants, such as
vitamin 1 {e-tocopherely and thivoneids. with tegard Lo the
developnient of ciemopreventive agents against oxidalive stress
and associated discases. There are two mechanisms Tor the
radival-scavenging reactions of phenolic antioxidants; a one-
step ivdrogen aton transter from the phenolic O1T group: and
am electron transter followed by a proton transfer * Metal ions
are a powe rful tool that con be used to distinguish between these
two mechanisms, sinee election-franster reactions are known to
be simmiticantly aceelerated by their presence. In fact, we have
recently reported that scavenging reactions of the galvinoxyl
tadical (GO and the camylperoxy] radical by ¢+ Featechin in
aprotic media. such as acetonitrile (MeCN and propionitrile,
proceed via an electron transker fromy {+ icatechin to the radicals
¢which is significantly aceelerated by the presence of metal fons,
such as Mg™ and 8¢’y followed by a proton transler.** On the
other hand. no elfect of My™* on the hivdrogen-transter rate from
i vitamin 12 madel 2.2 8.7 S-pentamethylchronxim-t-ol (130, 10
2. 2-bis(d-rerr-oetyiphenyh-1-picrvlivdrasyt radical (OPPLIF)
or GO in de-aerated MeCN has been ebserved. indicating
that the radical-scavenging reactions of 1 in Med'N proceed
vie a one-step hydrogen atom transter rather than vie electron
transter,™ However, the effects of solvents on the mechanizm
of radical-seanvenging reactions ol phenolic antiovidants have
vel to be clarified. Leopoldini «f «f. Tave reported that the
bond dissocition enthulpies for (3 H bonds and the adiabatic
fonization potentials for phenolic antioxidants, calaulated with
use of density Lunctionat theory, do not Toflow 1he sanwe trends in
gas, waler and benzene’ Thus. it is of considerable impuortanee
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to investigate the effects of metal jons on radical-seavenging
reactions in various solvents with dilferent polarity.”

We report herein that the scavenging reactions of 2.2-dipheny |-
I-picrythydrazyl radical (DPPH) or GO by the vitamin I°
mexte]l TH in de-aerated methanol (MeOID proceed vie an
electron transfer mechanism rather than vig a2 one-step hy-
diogen atom transter. which has been observed in de-aerated
MeCN, Ellects ol bases on the radical-scavenging rates were
also examined. 10 clarily whether the actual electron donor is
1H or the corresponding phenolateanion 1 in MeGH. Dinerent
mechanisms in protic and aprotic solvents are discussed based
on kinetic. clectrochemical. and UPR data obtained in this
study. providing valualle and Tundamental information abou
the radical-scavenging iechanism of phenolic antioxidants,

Experimental
Muterials

2.2 5. 7.8-Pentamethivlchroman-6-ol (11} was purchased from
Wako Pure Chemical Ind. Ltd. Japan.  23-Diphenyl-
I-picrylihydrazyt radical (DPPH and  gahvinoxyl  radical
(GO were commercially obtained from Aldrich. Tetra-n-
butvlammonium perchlorate (Buy,NCHO ) used as o supporting
clectrolvte for the eleetrochemical measurements, was purchased
from Tokya Chemical Industry Co., Lid., Japan. reervstallized
from ethanol, and dried under vacuum at 313 Ko Mg(CiO)-and
methanol (MeOTT: spectral grade) wene purchased Trom Nacalai
Tesque, Inc., Fapan and used as received. Pyridine and 2.6+
latidine were commercially obtained from Wako Pare Chemical
Ind. Ltck. epan and putified by the standard procedure.™
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Spectral and kinctic measurements

Since the phenoxyl radical of TH (1°) generated in the reaction
of 1 with radicals readily reacts with molecular oxygen (O.).
reactions were carried out under strictly de-aerated conditions.
A continuous flow of Ar gas wus bubbled through a MeOll
solution (3.0 mL) containing DPPI" (4.8 10 M) and
Mg(C10)- () 0.3 Myin a square quartzcuvette (F0mmid} with
a glass tube neck for 10 min. Aivwas prevented from leaking into
neck of the cuvelle with a rubber septum. Typically. an aliquot
of 120 - 10 7 M) which was also in de-aerated MeO1T1L was
added (o the covette with a microsyringe. This led 1o a reaction
of 111 with DPPIE. UV-vis spectral changes associated with
the reaction were monitored using an Agilent 8453 photodiode
array spectrephotometer. The rates of the DPPH-scavenging
reactions of 111 were determined by monitoring the absorbance
change ot S16nmduc to DPPH (=103 - 10'M ' em Husing
a stopped-flow technique on a UNISOKU' RSP-1O00-02NM
spectrophotometer. The pseudo-first-order rate constants (£,..)
were determined by a least-squares curve lit using an Apple
Macintosh personal computer. The first-order plots of (.1
Ay vs time (o and A are denoted as the absorbance al the
reaction lme and the final absorbance, respectively) were linear
until three or more halt=lives with the correltion coefficient p ~
0.999. The reaction of 111 with GO was carried oul in the same
manner and the rates were determined from the absorbance
change at 428 nm due (o GO (6= 1.32 - 1M *em ') The
rate constamts of the reactions in the presence of base (pyridine
or 2.6-lutidine) were determined in the same manner.

Flectrochemical measurements

The eyclic voltammetry (CV) and second-harmonic alternating
current vollammetry (SITACVY' ™ measurements were per-
formed on an ALS-630A clectrochemical analyzer in de-aerated
MeOH containing .10 M Bu NCIO, as a supporting electrolyte.
The Pt working clecirade (BAS) wis polished with BAS polish-
ing aluming suspension and rinsed with acetone belore use. The
counter electrode was a platinum wire, The measured potentials
were recorded with respect o an Ag/ApNO, (0.01 M) relerence
clectrode. The £ - values (s, Ag/ApNO.} were converted
to those vx SCE by adding 0.29 V.7 All clectrochemical
measurements were carricd out at 298 K under 1 atm Ar.

1LPR measurements

Typically, an aliquot of a stock solution of THH2.0 - 10 " M)in
de-aerated MeOH was added 1o the EPR simple tube (0.8 mm
idy containing a de-acrated MeOIl solution of DIPPIF (2.0
10" M) with o microsyringe under 1 @m Av. BPR spectra of
the phenoxyl radicat 1* produced in the reaction between 1H
and DPPI were taken on a JEOL X-band spectrometer (JES-
REIXL). The EPR spectra were recorded under non-saturating
microwave power conditions. The magnitude of modulation was
chosen to optimize 1he resolution and the signal-to-noise ratio
of the ebserved spectra. The g values and the hyperfine splitting
constants were calibrated with o Mn™ marker. Compuler
simulation of the PR spectra was carried out using Calleo
SR Version 1.2 program {Calleo Scientific Publisher) on an
Apple Macintosh personal computer.,

Results and discussion

Radical-scavenging reactions of the vitwmin 172 model in
de-aerated MeOIl

Fipon addition of 11 1o & de-acrated MeOHH solution of DPPH-.
the absorption band at 516 om due 1o DPPIF disappearcd
immuediately. accompanied by an appearance of the absorption
band al 427 nm. Since the absorption band at 427 nm is
dingnostic of the phenoxyl rvadical derived from TH (17} in
MeOIL™ this spectral change indicates that hydrogen transley

from the phenalic O group of 11T to DPPH® (akes place (o
produce 17 (eqn. (13). The absorption band of 1" was shilled
from 423 nm in MeCN 1o 427 nm in MeOH.™ Such a shilt in
the absorption band of 1° may be due to o stronger solvation ol
1 in MeOl] thanin MeCN.

NO,

DPPH’ ()

The rate of the DPPIF-scavenging reaction of 1M was
measttred by monitoring the decrease in absarbance at 516 nm
due 1o DPPI using a stopped-Mow technique. The decay of the
absorbance al §16 nn due Lo DPPIF obeyed psendo-first-order
kinetics when the concentration of T ([TH]} was maintained
atmore than a H-lold excess of the DPPIT concentration. The
pseudo-first-order rate constants (K....) increase with increasing
[U]. exhibiting first-order dependence on [1H]. From the slope
of the linear plot of &, vs [TH]. the second-order rate constant
) was determined Tor the radical-scavenging reaction as
1.07 0 M s in de-actated MeOIl at 248 K, The
ke value thus obtained in de-aerated MeO11 is significantly
larger than that determined in de-aerated MeCN (4,35
1M Ts ')A similar resuld has been reported by Lilwinienko
and Ingold.™ Intermolecularly hydrogen-bonded phenelic O11
groups of hydrogen-bond aceepling solvenls, such as aleohols,
are known 1o be essentially unreactive against radicals.® Thus,
the enhanced &y value in MeOH suggested (hat the reaction
mechanism in MeOQTI may be different from that in MeCN. The
GO-scavenging rate constant by 1 in de-aerated McOI1 has
also been determined in a same manner by monitoring the
decrease in absorbance at 428 nm due to GO* as 2.54
10° M ' s 'L which is slightly smaller than that in de-aerated
MeCN (332 10°M 's "),

Effect of magnesium fon on the rates of radical scavenging
reactions

IF the radical-scavenging reactions of 111 involve an electron-
transter process as the rate-determining step, the rates of radical
seavenging would be accelerated by the presence ol nietal ions ™
This was investigated by examining the eflect of Mg(ClO,)- on
the radical-scavenging rates by TH in de-acrated Me Ol When
Mg ClO,). s added to the TH DPPHE system in de-acrated
MeORL the rate of DPPM-scavenging reaction by 111 was
sipnilicantly aceelerated. Such an aceeleration was not observed
Tor the DPPIF-scavenging reaction by 111 in MeCN. The &y,
valwe increases lincarly with increasing My™ concentration
([Mg™']) as shown in Fig, Ta. A similar acceleration effect of
Mgt has been observed Tor the GO*-scavenging reaction by
T in de-aerated MeOH (g, 1b), Thus, the radical-scavenying
reactions in de-uerated MeOF may proceed v an electron
transter from TH to DPPIE or GO, which is accelerated by
the presence of My, followed by proton transfer from 11!
to DPPIT or GO as shown in Scheme 1. In such o case,

Grg. Biomol. Chem., 2005, 3, 626-629

§27




SL@ | st I
e ,/./ |
w » d I
T4 < -
= . = 3/ I
5 rE
# =2
&l . :
+ 1
2 L 0 L L L
00 o1 02 3 0 0 02 03 04
[Mg™]17M Mg™ ) /M

Fig. 1 Plotsol &y, vs. IMg | in the reaction of TH with () PP and
(h) GO in de-aerated MeOI at 298 K.

k
MeOH
1u"

l fast

t + RH + Mg®

1H + R™+ Mg™*

Scheme 1
in McOTI

Radical-seavenging reaction by 1H rvia an clectron transfer

the courdination of Mg™" to DPPIT or GO may stabilize the
product, resulting in the aceeleration of the electron transter,

Effect of base on the rates of radical scavenging reactions

In protic media, such as aleohols and water, 11 may be in
equilibrivm with the corresponding phenolate anion 1 . which
is a much stronger electron donor as compared o the parent
LIL* In such a case. 1- may act as an electron donor rather than
the parent 111 in McOILL

In order to carily in actaal electron donor in MeOIL the
eifect of base on the radical-scavenging rates of 111 was cxum-
ined. The addition of pyridine to the 111 DPPTE system results
in a signilicant increase in the rate of the DPPI-scavenging
reaction by 1. The &, value increases with increasing pyridine
concentration o reach a constant value as shown in Fip. 2
When pyridine is replaced by 2.6-lutidine. a stronger base than
pyndine, the Tmiting &y, value is kairger than that in the case
ol pyricdine. as shown in Fig, 2. 11" the rate of aceeleration is
due 1o the deprotomation of lhc. phenolic O group of 11 in
the presence of base, the limiting &, vatue should be the same
regardless of the basicity of pyridines, The different imiting &y
values between pyridine and 2.6-lutidine in Fig. 2 suggest that
little deprotonation oceurs to produce 1 and that the actual
clectron donor is the parent 111 rather than 1 in MeQIL as
shown it Scheme 1. In such o case, the coordinution of pyridines

b —
2.6-Lulidine
AR
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Illl .
T a Pyridine
L
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Fig. 2 Plot of Ay vx [base] o the reaction of LY with DPPIE in
the presence of pyridine (hlack cireles) or 2.6-lutidine twhite circles) in
de-aerated MeOIT al 208 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(C10,)-. no
deprotonation of 1H oeeurs in MeQIL

Solvent cffect on the one—clectron oxidation poteatial of the
vitamin I model

The solvent effect on the one-electron oxidation potential
(o) of TH was examined by cyclic voltammetry (CV) and
second-harmonic altemating current voltammetry (SIHACY)
measurenients.” ' Very recently. Williams and Webster have
reported that the one-clectron oxidation of «-tocopherol itsell
oceurs al about 0.97 ¥V e, SCE in MeCN (125 M Bu,NPE,)
based on the detailed electrochemical amalyses. ' A similar cyclic
voltammogram wis observed tor the electrochemical vxidation
of 11 in MeCN (0.1 M Bu,NC10,) (data not shown), from
which was determined the I, vitlue (vx SCEYof 11 in MeCNas
0.97 V. On the other hand. the CV wave of 11 in MeO (0.1 M
Bu,NC10,) was irreversible. Thus, SITACY measurenient was
carried oul to determineg the £, value of T in McOI1l, The [,
value (rs. SCE)y of 1H in MeOIl (0.1 M Bu NCIO,). determined
from the intersection of an SITACY wave (Fig. 3} is located m
(.63 V., which is sigmilicantly more negative than the value in
MeCN (0.97 V). Such a negative shit of the £, value in MeOl
as compared to that in MeCN may be ascribed to o stronger
solvation of HI'' in McOI1 than in MeCN. Thus. the case of
ane-clectron oxidation of 111in MeOH as compared toin MeCN
may resultinthe difference in the radical-scavenging mechanisin,
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Fig. 3 SHACY of 1H recorded at the sean rate of 4 mV s ' on 1

working electrode in de-aerated MeOTT (0.1 M B, NCIO) it 208 K

LEPR spectrum of the phenoxy! radical derived from the vitamin
I£ model in de-acrated MeCOll

The EPR detection of radical species derived Trom 111 would
pmvidc aluable information about e solvation of the radical
species.?* The EPR spectrum of 1°in de-serated MeO11 ot
298 K is shown in Fig. 4a. Ttshould be noted that the 2 value of
the EPR spectrum of 10 in MeOH {2.0040) is apparently smafler
than that in MeCN (2.0047)." The observed hyperline structure
in Fig.4ais well reproduced by the computer simulation (i 4by
will four hyperfine splitting constants (Afe} listed in Table 1.
Table 1 also shows the Afe values of 1° in MeCN.” Al the Aife
values in MeGH are also smaller (han those in MeCN. The
simaller ¢ value of the EPR spectrum of 17 as well as the
smadler ffe values in MeOH than those in MeCN indicates
that the stronger solvation of ' nay oceur in MeOIE than
in MeON. Although the EPR spectrum of TH' could not
b observed because of the Tast deprotonation to produce 1°
(Scheme 1 stronger solvation of TH may also oceurin MeOll
than in MeCN. resulting in the case of one-clectron oxidation of
1 in MeOIT than in MeCN.



{a) Exp. i g=20040
ol
AL M
F 'I““I ks
n—-u—m/ﬂﬂh\-t] 3 rJ N Y |:l‘I ;
05T HI 'i“i"l
(&) Sim. }"
.,|,|I,w” I )
et "r!““ ! \| }“Fi'l'll “ ll |l\l;' ‘Lh‘ulllwn "y .

Aby =0 074 mT {’

Fig. 4 () EPR spectrum of T generated in the reaction of 111 (10
140 My with DPPLE (200 100 Myin de-acrated MeOIT at 298 K.
(b) The computer simuktion spectrum. The ffe values used for the
simmlation aire listed in Table 1

Table I Hypertine splitting constants (ifes in mThand g values of 1 in
de-aerited sobvents

Salvent e at3llry aldl ) at3T) W 1"
MeOHI 20040 1577 1.423 0473 01206
MeCUN 2IH474 [).587n U.44(p (Luse" 0139

= Tuken from el 7.

In conclusion. the scavenging reaction ol DPPIF or GO
by UL in McOIT proceeds vie the electron transfer from 11
e DPPIE or GO followed by proton transfer rather than vie
the one-step hydrogen atom tramster, which has been abserved
in MeCON. Such a difference in the mechanism of radical-
scavenging veactions by the vitamin 12 model depending on
the solvents provides valuable information for the bivlogicul
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 formaticn 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?t complex of 1* (Mg?*t-1*), were carried out using three deuter-
ated isotopomers of 1*, i.e., 5-CD;-1*, 7-CD;-1%, and 8-CD;-1, where a methyl group at the C5, C7, or C8 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* inte Mg?+ by complexation between Mg+ and 1* results in the en-

hanced stability of 1° in the presence of Mg®+,

Most biological antioxidants, such as vitamin E (a-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 (0,*"), 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 nove! anti-
oxidants with more effective antioxidative activities than the
natural occurring ones. However, the phenoxyl radical of ce-to-
copherol is known to be unstable, because of disproportiona-
tion, even in the absence of molecular oxygen (0,).% Further-
more, in the presence of O, 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 a vitamin E model, 2,2,5,7,8-penta-
methylchroman-6-0l (1H), generated by hydrogen transfer
from 1H to 2,2-bis(4-terr-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+ 24 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, 252

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%, i.e., 5-CDs-1*, 7-CDs-1°,
and 8-CDs;-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 Mg3t—1* complexes ob-
tained in this study with those of the parent 1* provides funda-
mental information 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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Fig. 1. EPR spectra of (a} 1°, (b) Mg*—1°, (c) Mg?*-5-CD;-1*, and (d) Mg**-7-CD;-1* in deaerated MeCN at 298 K with the
comesponding 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 Deaerated MeCN

Radical a(3HY)  a(3H")  a(3H®)  a(2HY)
1* 0.587 0.440 0.086 0.139
Mg?+-1° 0.486 0335 —a —a
Mg2t-5-CD;-1*  0.075¥ 0335 A —
Mg?+-7-CD3-1* 0486 0.052" @ —a
Mg -8-CD;-1* 0.486 0.335 - —

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

trum in Fig. 1(b) to that in Fig. 1(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-CD5-1* 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 pattern was also observed upon
deuterium substitution of the methy! group at the C-7 position
of the Mg?*-1* complex, as shown in Fig. 1(d). The computer
simulation spectrum using the same hfc value, except for the
deuteritm 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-CD;-1* complex [Fig. 1(d)]. On the other hand, a

deuterinm substitution of the methyl protons at the C-8 posi-
tion of MgZ*-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?t-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?+-
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 motety, such as (4)-catechin
and quercetin.
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1H:R'=R®=R%*=CH,
5-CDz-1H:RT=CD3. R2=R3=CHy
7-Chy-tH:R' =R* = CHz, RZ= CDy
8-CDg-1H:R' =R% = CH3, R® = CD;

Chart !. Vitamin E models.

Experimental

Materials, 2,2,5,7,8-Pentamethylchroman-6-ol (1H) was pur-
chased from Wako Pure Chemical Ind. Ltd., Japan. 2,2-Bis(4-fert-
octylphenyl)-1-picrylhydrazyl radical (DOPPH®) was obtained
commercially from Aldrich. Mg(ClO4), 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-CD;-1H, and 8-CDs-1H, were
synthesized according to the literature procedures.’

Spectral Measurements. A continuous flow of Ar gas was
bubbled through a MeCN solution (3.0 mL) containing DOPPH*
(14 x 1073 M) (1 M = 1 moldm™?) 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 cuv-
ette by using a rubber septum. A microsyringe was used to inject
1H (2.0 x 10~ 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 10~3 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(ClO4),
under an atmospheric pressure of Ar. The EPR spectra of the
phenoxyl radical 1* produced in the reaction between IH and
DOPPH* were taken on a JEOL X-band spectrometer (JES-REL-
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 Callec 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 pax = 543 nm) decreased, accompanied by an in-
crease in the absorption bands at 402 and 423 nm due to the
phenoxy! radidal 1* with clear isosbestic points at 343, 374,
and 437 nm. The absorption bands around 400 nm are typical
for phenoxyl radical species of a-tocopherol.>*! Thus, this
spectral change is ascribed to a hydrogen transfer from 1H
to POPPH* 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 293
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-

:U

Metal Complex of Vitamin E Model Radical
OoN
N- N—QNOZ

20

K Fl (CHa%CCHA{CH)ZC
DOPPH"

:U
o
[
-4

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(ClO4), (0.1 M),
the absorption bands due to 1* were shifted from 402 and
423 nm to 412 and 437 nm, respectivety.?® Such a red shift
of the absorption bands indicates a complex formation between
Mg?t and 1*. The EPR spectrum of the Mg?*—1* complex was
cbserved 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+ 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(ClO4);.2* This behavior is similar to that
found for the ce-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. I{b). However, the hfc values
of the methylene protons and the remaining methy! 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 methyl protons is quite complex.

In order to assign these hfc values obtained for the Mg?*-1*
complex, we synthesized three deuterated isotopomers of 1°,
ie., 5-CDs-1°, 7-CD;-1*, and 8-CD;-1°, where the methyl
group at the C-3, 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 specieé (vide supra). A single deuteron gives a triplet (in-
stead of a doublet) hyperfine patiemn and the deuteron splitting
should decrease due to the magnetogyric ratio of a proton to a
deuteron {0.153).2? 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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Abstract

We conducted the recombination and sister chromatid exchange (SCE) assays with five chemicals (hydrosyurea (111,
rexsveratrol, d-hydroxy-trans-stitbene, 3-hydroxy-frans-stilbene, and mitomyein C in Chinese hamster cell ne SPDEV7Y
W confirm directlly that SCIE is a result of homelogous recombination (LIR). SPD8 has a parial duplication in exon 7
of the endogenous fiprt gene and can revert o wild type by homologous recombination. All chemicals were positive in
both assays except For 3-bydroxy-trans-stilbene, which was negative in both. TV, resveratrol, and 4-hydroxy-trans-stilbene
were scavengers of the trrosyl Tree radical of the R2 subunit of mammalian ribonucleotide reductase. Tyrosyl free radical
scavenyeers disturb normal PDNA replication, causing replication Jork arrest. Mitomycein C is a DNA cross-linking agent

that also causes replication fork amest. The present study suggests thal replication fork arrest, which ix similar to the carly
phases of 1R, Teads 1o a high frequency of recombination, resulting in SCEs. The tindings show that SCL may be mediated
by LR

0 2004 Vidsevier B AN rghts reserved.

Kevwords: Sister chromatid exchinge: Homaologous recombination: 1Ty poxanthine-guanine phosphoribosyltransferase: Ribonucleotide
reductase

I. Introduction

Sister chromatid exchanges (SCIx) are induced dor-
ing DNA replication | 1.2], and evidence suggests that
they are formed during homologous recombination
(HR) |24} Sonoda et al. [3] showed that spontancous

* Comesponding author “Tel: +81-3-3700-92064:
fax: +81-3-2707-605(0,
F-meil address: matsuokate nihs gogp €A Matsuoka.

and mitomyein C-induced SCLE frequencies were re-
duced in chicken 1130 13 cells lacking the key TIR
genes RADST and RADS4, but not in KU70~7= ¢ells
defective m non-homologous DNA end joining. When
a2 human KADST pene was inserted, TR activity was
restored and SCLE Levels retuened o normal [, Other
experiments have also suggested that SCI Tormation
is mediated by 1IR [3-8].

Resveratrol and some of its synthesized dertvatives
are potent inducers of SCs in Chinese hamster lung

0027-3107 § - see front matter € 2004 Llsevier BV Al rights reserved.
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fibroblast (CHL) cells [9,10]. The active moiety is the
F-hydroxy group |10]. Resveratrol, like hydroxyurea
(1117}, inhibits ribonucleotide reductase (RNR), which
is cssential Tor formation of deoxyribonucieotides and,
therefore, PDNA synthesis [11,12]. 1 appears (o act
by replication fork amrest in SCILE formation [2) and
in the SPDE:VT9 cell line, HR [13], which carries a
duplication tn the fiprt locus that renders it insensitive
o thioguanine [14]. Tollowing HR and loss of the
duplication, the cells regain wild-type sensitivity 1o
thioguanine [13,16].

In this work, we investigated resveratrol amd its
derivatives in an attempl to leam the mechanisms by
which they induce eytogenetic cffcets. We applied
resveratrol and derivatives that had or did not have a
4-hydroxy group, and compared their effeets on (1)
tyrosyl radical decay in the punlied R2 subunit of
mammalian RNR and (2) SCE and HR in the SPD8
cell Tine, The chemicals we used in the biological
tests were [IU, a selective inhibitor of RNR, and mit-
omycin C, an ctlicient inducer of SClis. However,
while HU stimulated TIR, mitomycin ¢ appeared to
be mueh less efticient in this respeet despite its pro-
nounced clfeet on SCIL The results have clear impli-
cations Tor the links between RNR inhibition, SCIE
formation, and TIR, and the role of the 4 -hydroxy
group.

2. Materials and methods
2.0, Cells

The SPD8 cell line was maintained n Dulbeeen’s
modified cagle medium (GIBCO 11885-084) supple-
mented with 9% Tetad bovine serum and penicillin-
streptomyein (90units mi) (DMEM). 6-Thioguanine
Spgml) was added 1o minimize the frequency of
spontancous reversion prior to treatment. The dou-
bling time was around 12 and the modal chromo-
some number was 22, SPDS cells cury a duplication
of exon 7 of the fipre gene and can be reverted by an
exchange of Rad3t-supported HR 16].

2.2. Chemicals

Resveratrol (CAS no. ¥H-306-0) purchased from
Sigma Chemical Co. (St Louis, MO, USA) and 3-hy-

droxy-trans-stilbene  (17861-18-6) and  4-hydroxy-
trems-stilbene (63334-98-9) synthesized as previously
reported [17] were suspended  homogencously  in
physiological saline tor the assays. Mitomycin €
(MMNIC, 50-07-7) purchased from Kyows Hukko
Kogyo Co. Ltd. (Tokyo) was dissolved in distilled
water and the solution was diluted with physiolog-
ical saline. Hydroxyurea (11U, 127-07-1) purchased
from Signia was dissolved in physiological saline just
hefore use. 6-Thioguanine (Sigma), hypoxanthine
(Wako Pure Chemical Industries, 1ad. Osaka, Japan),
and thymidine (Sigma) were first dissolved in as litde
5M sodiwm hydroxide as possible, then diluted with
physiological saline and stored at =20 C until use.
L-Azascrine (Sigma) was dissolved in physiological
saline and stored at =20 C until use.

2.3. Recombination assay

Cells were seeded at a density of 1.0 x 10°:20m]
DMEAI75em? lask, cultured for 4h, and treated
with & chemical for 200, Cells were nnsed, 20ml
PMEM was added, and the cells were allowed 1o
recover for 30 We sclected revertants by plating
three dishes (3 x 107 cell'dish, 100mm in dizne-
ter) in cach treatment group and culturing them in
the presence of HAST (50 pM hypoxanthine, 10pM
L-azaserine, and SpM thymidine). Live hundred
cells per dish were plated in duplicate for determi-
nation of the cloning cfficiency. Seven days later,
the colontes on the cloning plates were fixed with
methanol and staned with Giemsa. The eclls on the
selection plates were also grown lor 8 days, (ixed,
and staned. The reversion frequency was calen-
lated as the total number of revertants on the se-
lection plate divided by the total number of cells
cloned at the same dose. The experiments were per-
Tormed at least twice and representative data are
shown,

2.4. Sisier chromatid exchange assay

Cells were seeded at a density of 1.5 x 10% per
plate (60mm tn diamcter) and incubated for [7h. The
test chemieal, then 3-bromodeoxyuridine (3 M), was
added, and the plate was incubated lor 24 or 48h.
Chromosome  preparations were made as follows:
coleemid (fimal concentration 0.2 pg'ml) was added
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1o the culture; 2h later, the cells were trypsinized,
incubated in hypotonic soluwtion for 20min at room
temperature, and fixed three times witly ice-cold fix-
ative (glacial acetic acid: methanol, 1:3). A drop
ol the fixed cell suspension was placed on a clein
olass slide and air-dried. A {lnorescence-plus-Gicemsa
technigue [18] was used for sister chromatd dilfer-
cntiation stamig as previously reported [19]. 8Clis
were scored with the aid of a microscope in 23 see-
ond metaphase (M2) cells having 22 chromosomes at
000x magnificaton. Centromeric 8Clis were indis-
tinguishable from centric twists and were not scored.
Solvent-treated cells served as the negative control.
We analyzed SCEH data wsing the Mano-Whitney
U-test (the normal, two-tailed version).

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

Protein R2 from mouse RNR was prepared from
overexpressing BL2IIME3)pLY's cells containing the
natve pliTR2 plasmid [20]. The purfied protein,
which was essentially apoprotein, was reconstituted
to form the iron-tyrosyl radical center.

2.6. Ixperimental setup for kinetics of tvrosvl decay
with test chemicals

The R2 apoprotein, ¢, 7ph in S0mM acrobic
Tris, pll 7.6, was reactivated by the addition of anaer-
obic 7mM ferrous ammoniwm sullate-5mM ascorbie
acid, in 530 mM Trs, pll 7.6, to the cuvetle to give
e 22 phiron. The recorded reconstituted spectrum
constituted the start spectiun for incubation with the
different chemicals. The iron radieal center of R2 has
absorption bands in the 300—=30mm region. The 13-
rosyl radical has an absorption maximum at 416 nim.
We followed the decay of the tyrosyl radical upon
addition of a test chemical by observing the decay at
416 nm. The speetra were recorded on a Perkin-Elmer
lambda 2 spectrophotometer, ¢ither with conseeutive
scans or as Kinetie traces at 416nm. The protein
R2 concentration was typically 7uM and we used
cquimolar concentrations of the chemicals. Because
of the insolubility of the test chemicals in water, we
dissolved them in acctone (linal concentration 17%)
for the spectroscopic measorements.

3. Results
3.1, Cytogenetic and recombination assays

The spontancous reversion [requency in the re-
combination assay and bascline SCJE frequency were
1.72 £ 0.5510% cells (7 = 36) and 6.4 £ 3.0:cell
(r = 2003, respectively. g, 1 shows the SCIE [re-
gueney al varous treatment times with the higher
ratio of M2 o total cells presented.

HU, the posttive control for the recombination as-
say, induced revertants in a concentration-dependent
manuer up to 02mM. HU induced a  statisti-
cally significant increase in SCL frequency with a
concentration-response relationship. SClis were ob-
served at 0-0.05mM in 24-h reatment and at (.1 mM
in 48-h treatment.

Resveratrol and 4-hydroxy-frans-stitbene were pos-
itive in both assays with clear concentration-response
relationships. 3-Ilydroxy-trans-stithene was negative
in both assays and induced no delay in the ecll eycle.

MU, resveratrol, and  +-hydroxy-trans-stlbene
showed humped curves in the recombination assay
and an increase in reversion [requency at concentra-
tions that induced SClis. MMC, the positive control
for SCIL induction, induced SClis and  revertants
concentration-dependently, but ot a higher concentra-
ton range {or the latter (Iig. 1).

While MMC showed the peak reversion frequency
al concentrations that induced severe toxicity, the other
positive chemieals showed il at coneentrations where
the cloning clficiency was around 30% (Table 1), HU,
resveratrol, and 3-hydroxy-frans-stilbene cansed cell
eycle delay, and peak SCE Ireguencies were seen al
48h. At higher concentrations than those shown in
Table 1, no metiaphase cells were seen even at 43 h.

3.2. Tyrosyl radical decay in R2 of RNR

Decay of the tyrosyl radical ol the Excherichia
coli R2 unit of RNR was unafiected by resveratrol
(data not shown), The decay of 1yrosy] radical of
R2 from mousc during incubation with 7.2 pM with
cach of the test chenuceals 1s shown in Fig. 2. Decay
was [astest with 4-hydroxy-trans-stithene (estimated
hall' lite (f)2), ca. 37s). Lor resveratrol. a small
increase in absorption at 416nm was observed al
the beginning of the ineubation time, and alter the
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Table 1

Toxicity of test chemicals at peak response in the recombination assay and the SCI wst

105

Recombination assay

SCE test

Coneentration  Cloning Reversion

Ratio (0o

Coneentration

Treatment

SCEs/cell

Rativ to"

cfficiency frequenes?10°  vontrols time (hy controls
(% of control)  cells
Hydroxyurca 0.2mM 4 0.2 194 .1 mM R 609 + 288 107
Resveratrol Spe'ml 60 251 11.8 Spe/ml 48 I+ 177 89
+hydroxy-trans-  5Spg'ml 51 21.1 12.3 2.5pg/ml 18 56.2 £ 131 2.6
stilbene
Mitomycin ¢ H)ng:ml 19 10.7 83 Hong'ml 4 475+ 104 08
B} ng'mi 3 13.9 10.8

* Ratio 1o controls indicates the ratio of the reversion frequency or SCEs‘eell 1o that of concurrent controls.

delay, the 172 was ca. 675 AL the lower concen-
rations ol hydroxy-rrans-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 formation of a phenoxy-like radical in
resveratrol and -hydroxy-trans-stilbene. Strikingly,
3-hydroxy-rrans-stilbene did not cause decay of the
tyrosyl radical.

1.2 T r T 2 T

_.
o

o
[~

o
.

Relative absorption at 416 nm
o
(=]

o
[

i,

700 800

0

0 100 200 300 400 S00 600
Time after addition of 3 chemical (s}

lig. 2. Decay of tvrosy! padical of R2 protein ol mouse 1
bonucleotide reductase. Solutions of R2 (7 pADYy in S50mA] Tris
buffer (pil 7.6) were incubated with 7.2 ph of resveratrol (@),
+hydroxy-trans-dtithene (A). or 3hydrosy-trans-stithene (W),
Spectra were recorded between 300 and 300 nm. Relative absorp-
tion at 416 nm (vrosvl Absg) was calenlated as relative absorp-
tion after subtraction of endpoint spectrum. Time O was sel 1o
1.0 relative absomption. Lor 3-hydroxy-fraus-stilhene no subtrac-
tion was performed sinee the tyrosvl radical did not decay,

4. Discussion

Micronuclens induction, SCI, mutstion, and so-
matic recombination have been used 10 deteet DNA
damage and repair in genotoxic studies. These end-
points are usually applicd independently, and they
reflect different aspects of the repair processes. In
the present study, we inwvestigated the relationship
between RNR-inhihition, SCIE, and HR after ex-
posure 1o five chemicals with dilferent mode of
action.

One ol these, HU, scavenges the tyrosyl {ree rad-
ical in the R2 subunit of RNR, causing depletion of
nucleotides [21,22] resufting in replication fork arrest
[23]. The molecular conlonmation at the replication
fork is similar o that at the recombination initiation
sitc. That is, two DNA double strands of similar
sequence align and a nick is formed in one of the
strands. We suggest that the confonmation may [avor
recombination, resulting in a high frequeney of SClis
and TIR.

Others have reported that resveratrol  scavenges
tyrosyl radicals of the R2 subunits from mice and
Arabidopsis thaliana  [12]. flere, we  confirmed
that ‘observatton in mice and showed that its ana-
logue 4-hydroxy-rrans-stilbene did the same while
3-hydroxy-frans-stilbene did not. U, resveratrol,
and 4-hydroxy-trans-stilbene caused 1TR and SCEs,
while 3-hydroxy-trans-stilbene had no cffeet on
cither process. Thus, all these compounds shonld
similarly induee RNR inhibition, SCE induction,
and HR. Yet, the relationship between SCILE and TR
was complex. MMC, for example, which efficiently
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induced SCEs was a poor inducer of HR via loss
of the partial duplication. The response to very high
and strongly cylotoxic concentrations suggests ei-
ther a random clleet coupled 10 survival, or another
process facilitating HR. In any case, it appears that
DNA damage leads into a pathway that stimulates
SCL formation, bul in some way prohibits the HR
that leads to loss of the partial duplication and re-
version to wild type. 1t remains 10 be investigated
il this is coupled to less flexible conformations
cliciled by repair processes, possibly impairing the
type of recombination required for reversion to wild
type.

Using eytostatic drugs with different mode ol ac-

tion, Arnaudeaun ¢ al. | 13] reported that inhibition of

DNA synthesis induces HR in SPD8 cells, They used
rccombination indices (RIs) as an indicator of re-
combination potency. RI represents the ratio between
the reversion frequency observed al a concentra-
tion assoctated with 30 cloning efficiency and the
conirol reversion [requency. Rls of HU, resveratrol,
+-hydroxy-irans-stithene, and MMC in the present
study were 18, 9, 12, and 4, respectively. The Rl
of TIU and MMC reported by Amaudeau ct al. [13]
were close 1o ours, at 20 and 4, respectively, The
findings suggest (hat recombination potency is related
1o the mechanism of action, as Arnaudeau et al. [13]
noted.

Ata concentration range where no metaphases were
observed in the SCE test, reversion requeney of 1117,
resveratrot, +-hydroxy-trans-stilbene decreased, indi-
cating saturation of cither the recombination machin-
ery or Lthe initiating evenl as shown in Vig. 1. U in-
duced structural chromosome aherrations in 10-30%
of the cells at 0.1 and 0.2mM, and resveratrol in
9-30% ol the cells at 5 and 10peml (SPDE cells,
data not shown). ‘Fhus, at higher concentrations, repair
may not catch up with the increasing amount of DN
damage: many nicks may remain unrepaired, Teading
to chromosome aberrations in metaphase eells that es-
caped from 8 phase arrest.

In conclusion, all the chemicals indoced botl 1R
and SCI except for 3-hydroxy-trans-stilbene, which
induced neither. We suggest that the observed corre-
lation between tyrosyl radical decay in protein R2 of
RNR and the frequeney of HR and SCIE support the
view that SCE may be formed through HR during
replication [ork arrest,
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ABSTRACT
The scavenging reaction of galvinoxyl 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,O. 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
tocopherols (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 (PhMe,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 1M, (1H,”) via strong solvation to
accelerate the electron-transfer process.

OH
OH
HO 0 AW
T,
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
galvinoxyl 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 (1Hz; 2.0 x
102 M) in deacrated MeCN was added to a quartz
cuvette (10 mm i.d.), which contained the galvinoxyl
radical (GO”; 8.4 x 107 M) in deaerated MeCN (3.0
mL). UV-vis spectral changes associated with the
reaction were monitored using an Agilent 8453
photodiode array spectrophotometer.  The rates of the
GO'-scavenging reactions by 1H; were determined by
monitoring the absorbance change at 428 nm due to
GO (£ = 143 x 10° M cm™) using a stopped-flow
technique on a UNISOKU  RSP-1000-02NM
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 (A 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 comrelation 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 2 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,
{[1H,)) 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 plot of &, vs. [1H2], the second-
order rate constant (kyy) for the GO'-scavenging
reaction by 1H, was determined as 2.64 x 10 M™' s™' 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 Ayt 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,0
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 £, value of 1H; in

MeCN containing H20 could not be measured because
of insolubility of the supporting electrolyte (BuNCIO,)
toward H:O. However, the E°%, value of 1H; in

150
_ 100}
'-
b
£
o H o i
0 10 20 30 0

[Hz0], % v

Fig. 2. Plot of kyr vs. [H,0] for the reaction of IH;
with GO in deaerated MeCN/H;O at 298 K.

c1s[sesk s2)



pogey
CH
0 0. 0., K OH

Bu' O_Bu'
G! HO o
o mo,, co
: OH
e
l\eon + H0
ot

Fig. 3. Mechanism of water-accelerated GO'-
scavenging by 1H,.

methanol/phosphate buffer (0.1 M) (pH 7.5) (i: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
BuNCIO, (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(bpy))*’ (bpy = 2,2-
bipyridine), where the water-accelerated electron-
transfer disproportionation of the radical cations of the
anthracenes occurs [8].

In conclusion, the GO'-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 electron 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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