—
——
y

AP 5 H hik B
¥R 2 WHH

* INTERNATIONAL WORKSHOP-SYMPOSIUM
ON BIOLOGICAL AND MEDICAL ASPECTS
OF FREE RADICALS

v EHOE Y Y O E S
—JL\JNFEMA « b

The Biophysical Society of China
April, 1988 Beijing, China




10.

H 3

Studies on Vitamin E in Vivo:. ...
P K- U- Ingold

Free Radicals in Chemically-—-Induced

Photosensitivity Reactions- - - - .-
oooooooooooooooo Colin F- Clligﬂell

C 3D

Rapid Communications —ESR Detection
of Endogenous Ascorbate Free Radical
in Mouse Skin;Enhancement of Radical

Production During UV Irradiation
Folliowing Topical Application of
Chlorpromazine: - - - « « » « s o v 0 o o o v 4

Radiation—induced Radical in IDNA
------------------ Giichi Yoshii

Reaction of the Hydrated Electron

with Histone Hl and Related Com—
pounds Studied by ESR and Spin—
Trapping -« «+« + «++«« Giichi Yoshii

On the Involvement of Ascorbic

Acid in Papresesse-.Processes
........... NPT kel VALY Egbarlg Schmehl

Relationship bE¥ufil Free Radicals

and Vitamin : A DMerview. . -« ..
........... B sAmA ¢ M thsacE HB lmut SiES

Biochemistry gf Oxidative Stress
---------- r v o dd Helmut Sies

Zero—-Field EPR and Opticaly
Detected EPR: .- - Richard Bramley

C5 D

9D

11D

21>

C2ad

26D

40D



11.

12.

13.

14.

15.

16.

17.

18.

19.
20,

21.

23.

24.

25 .

GE o e e e e e e e et e e e e 2T )

P o L

ﬁﬂﬂ#%lﬁiﬂz%@éﬂHaé%ﬂﬁﬁiibﬁﬁﬁﬁxi*ﬁ
.......................... A < =t

ZEIN =P PR ETE 3 eh Bk EEAs
gt ARSI, EHE
3% . PBFFET-. PEPEEF. ISt

PN 5= A o5 I 25 Y E 3RS PE SUEaY L
FPESR R ik A BEH - - - - - - e 7 S

B e 3 A Y v L A{aﬁma‘amraum _

---------------------------

i R ok o

.......................... 1) i peEl
AL S 5 B R i 5K B3 e 2 PR B O T
B v s e e e TERFEEA Bk 5

FERAET . P A FEFNC . AFFAUH

Oxidative Damage in Malaria

Infected Human Erythrocytes

and the Action of Sodium

Artesunate - - .! .................
F, B, Lin H, Z, Pan and C, N, Chang

C562 -

Co0>D
C65D
C67D
(Elg) [
72D

Ceed

(85D
87D
C94)
t??)

102>

c104> l

110>

Radicals and;hhalanonui, Lecture

Abstract - - « i« « oo o0, Riley

Cl1i16>



STUDIES ON VITAMIN E IN VIVO

K.U. Ingold.

Lipid peroxidation and its retardation by preventive and by
chain-breaking antioxldants will be surveyed briefly. Vitamin E
(a~tocopherol) 1s a lipid-soluble, chain breaking antioxidant and, in.fact,
is probably the sole such material in hwman blood and in animal tissue, For
aterecelectronic reasons a-tocopherol is highly reactive towards peroxyl
radicals but better antioxidants, if not neeeasarily better vitamin E's, c¢an
be synthesized. The interactions between a-tocopherol dispersed in a
phoaphelipid bilayer and water-soluble, bislogical antioxidants will be
described. The position and orientation of o~tocopherol in bilayers has been
determined by ** and *H NMR spectroscopy.

The successful syntheses of the natural, 2R,4'R,8'R—stersoisomer of
a~tocapherogl labelled with 3 and with & dauterium atoms, of the unpnatural,
ZS.H'R B'R-atareolsomer with 3 deuterium atoms, and of the all-racemic
compound Tabelled with 3, and with 9 deuterium atoms have enabled us to carry
out the first reliable studies of the blokinetics of vitamin E in man. The
results of four separate experiments will be reported. (1} A study of the
reldative bioavailability of 2R, 4'R,8'R~o~tocopherol for subjects receiving
one dose of an equimolar mixture of the free phenol and the acetate. These
results will be compared with the results of similar experiments using rats,
experiments which lead to the conclusion that the current protocel for
bicassaying vitamin E activity in the rat yields results that are totally
irrelevant not only to the rat under normal dietary conditions but alse to
man. - {2} A three part atudy of the relative net uptake for subjects
receiving & single dose econtaining an equimolar mixture of 2R, 4'R, 8'R-
o~tocopheryl acetate with (i) 285,4'R,8'R~a~tocopheryl acetate, (11)
all-racemic~s~tocopheryl acetate, (iii) ambo—(zns, L'R, 8'R})-a-tocopheryl
agetate. Some of these results will be compared with the resuylts of similar
experiments using rats. It can be concluded that wman exhibits a
aignificantly greater biodiscrimination between natural and unnatural
synthetic forms of vitamin £ and that the presently accepted relative
biopotencies of 2R, 4'R, 8'R-o~tocopheryl acetate vs, all-racemig-o~< .
tocopheryl acetate, viz., 1.36: 1.0 is incorrect in man and 1s therefore
irrelevant. (3) A atudy of the kinetios of net uptake of 2R, H'R 8'R=-a~
tocophersol in the plasma proteins of subjects taking a single doze of the
acetate. Vitamin E appears firat in the chylomicrons, then in the very low
‘density lipoproteins and finally and at equal rates in the low and high
density lipoproteins. {(U4) A preliminary study of the kineties of the
relative net uptake of 2R, ¥'R,8'R~ and 28,4'R, 8'R~a-tocopherol in the plasma
proteins of a subject taking a single dose of equimolar quantities of the two
acetates. Both stereolsomers appear to be absorbed with equal efficiency but
the unnatural atereolsomer 1s lost much more rapidly than is the natural
vitamin E. Somglor our results with rats suggest that these two
stereosisomers ar'e also absorbed with equal efficiency by these animals.
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Radicals and Melanomas

by P A Riley, Department of Chemical Pathology,
University College and Middlesex School of Medicine,
Cleveland Street, London W1P 6DB, UK

The synthesis of melanin inveolves the oxidation of phenolic
substrates by the enzyme tyrosinase. In vertebrates, tyrosinase
is present only in specialised pigment cells where it catalyses
the oxidation of tyrosine and certain diphenolic intermediate
products to quinones, notably indeola quinones, which polymerize

te give rise to melanin. This specialised metabolic pathway
provides a possible approach to the specific chemotherapy of
malignant tumours of pigment c¢ells (malignant melancmas). The

continued increase in the reported incidence o©f cutanesous
malignant melanoma is a source of serious concern, particularly
in view of the agressive nature of the tumour and the young age

group affected. It has been found that c¢ertain analogues of
tyrosine are oxidised by tyrosinase, generating reactive
orthoquinenes with c¢ytotexic potential. One such analogue, 4-
hydroxyanisole, has been investigated as a possible specific
melanocytotoxic precursor. The parent compound inhibits DNA
synthesis but exhibits 1little general toxicity., while the
tyrosinase oxidation products are highly toxic to cells. The
mechanism of toxicity may involve semiquincone radicals. Recent

pulse radiolysis studies have shown that the methoxyorthobenzo-
gsemiquinena, formed during the oxidation of 4-hydroxyanisocle by
tyrosinase, is relatively unreactive towards oxygen, suggesting
that the mechanism of cytotoxicity does not involve the
generation of reactive oxygen species. The resactivity of anpisyl
3-4, quinone towards nucleophiles suggests this may be the
primary mechanism of cyteotoxicity. Whilst the details of the
cytotoxic mechanism remain teo be elucidated, encouraging initial
results have been obtained from c¢linical pileot studies using
intra-arterial infusion of 4-hydroxyanisole in patients with
localised recurrences of malignant melanoma.



FREE RADICALS IN CHEMICALLY-INDUCED PHOTOSENSITIVITY REACTIONS
Calin F. Chigriell

Laboratory of Molecular Biophysics

National Institute of Envirommental Health Sciences

Research Triangle Park, NC 27709 USA

Light is known to fnteract with chemical agents in the skin and eyes to produce
photosensitization (phototoxicity and photaallergy). The chemical may be an
endogenous' compound (protdporphyrin in erythropoetic porphyria), a drug
(sulfonamide, tetracyclines, phenothiazines), a topical agent (4-aminobenzoic acid
in sunscreens) or an environmental agent {polycyclic aromatit¢ hydrocarbons in coal
tar}. While the precise mechanisms of photosensitization are unknown, the initial
step must be the absorption of 1ight by the ground state of the phétosensitizer and
its conversion first to the singlet excited state and then to the long-11ved triplet
state. Subsequent reacttons can proceed by a numbér of different pathways,
depending on the chemical nature of the photosensftizer and the substrate, as well
a5 the reaction conditions. In Type I (free radical or reédox) reactions the triplet
sensitizer molecute may abstract an electron (or hydrogen atom) from the subsgrate
‘motecule (R) to give a semi-oxidized (free radical) form of the substrate {(R*") and
a semi-reduced form (S°7) of the sensitizer. The semi-reduced form of the _
sensitizer may react with molecular oxygen to give the superoxide radical (0,°7).
In Type 1I geﬁergy transfer) reactions, electronic excitation energy 1s trangferred
from the triplet state sensitizer to ground sta e.oxygen to gfve the highly
electrophitic excited singlet state of oxygen ( 0,).

In order to determine the precise mechanisms by which chemical agents produce
photosensitization we have attempted to fdentify the reaction intermediates that are
generated when photosensitizing chemicals are irradiated by 1ight. Free radicals
from Type I reactions have been detected either by direct electron spin resonance
(ESR) or by the technigue of spin trapping. Singlet oxygen, generated by Type II
reactions, has been detected by chserving its luminescence at 1268 nm.

Chlorpromazine [z-chlaro-N—(3—d1methylam1nopropyl)phenothiazine] {CIP) 15 a
frequently prescribed antt-psychotic drug that causes both phototoxic and
photoallergic reactions, Under UV-irradiation the aryl radical (P*) resulting from
the dechlorination of CIP was trapped using 2-methy)-2-nitrosopropane (MNP}, The
aryl radical can react with oxygen to form a4 peroxy radical or may abstract a
hydrogen atom from suitable donors. The reactivity of P° is sufficient to exptain
why CIP is much more phototoxic than the parent drug promazine. When chlorpromazine
sulfoxide, a metabolite formed in man and other mammaljan species, i1s irradiated
with pear UV 1light it produces large amounts of the highly reactive hydroxyl radical
as well as the chlorpromazine cation radical. The ocular phototoxicity of
phenothiazine in calves may be due to accumulation of phenothiazine sulfoxide in the
eye.

Severa) anti-bacterial halogenated salicylanilides eg. 3,3',4'S5-tetrachioro-
salicylanilide (TCSA), 3,4 ,5-tribromosaticylanilide (TBSA) and N-butyl-4-chloro-
salicylanitide (Buclosamide) are known to cause contact photoallergy in

humans. Spin trapping studies with MNP 4n alkaline aqueous solution provided
evidence for the photogeneration of aryl radicals from 211 three compounds,
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Irradiation of TBSA with glutathione or cysteine resulted in hydrogen
abstraction from the su)fhydry) group and the generation of the
corresponding thiyl radical (RS*}. The aryl radical generated by the
photodechlorination of TCSA was capable of extracting hydrogen atoms from
the a-carbon atom (backbone} of peptides containing simple amine acids such
as alanine and glycine, while for peptides containing leucine and serine
hydrogen abstraction also occurred in the side chains. The reaction of
these protein-derived radicals with aryl radicals derived from TCSA in vivo
would result 1n covalent binding of the drug to form modified proteins That
could e¥icit an allergic reaction.

Tetracyc)ine antibiotics are known to be phototoxic and in vitro experiments
indicate that this effect is oxygen-dependent. Spin trapping studies with
5,5-dimethyl-1-pyrroline-N-Oxide (DMPO) have shown that superoxide is generated when
chlortetracycline, oxytetracyciine and demeclocycline but not doxycycline
tetracycline and minocyciine are frradtated in aqueous aerated buffer. This trend
is in reasonable agreement with clinical reports on the phototoxicity of these
drugs,

Free radicals have also been detected during the irradiation of other
photosensitizing chemicals including sulfanilamide, 4-aminobenzoic acid,
benoxaprofen, amiodarone, fentichler, bithionel, anthracene and musk ambrette. If
therefore seems 1ikely that these chemically reactive species may be responsible for
the in vivo photosensitizing capabilities of these compounds.



RAPID COMMUNICATIONS

ESR DETECTION OF ENDOGEMOUS ASCORBATE FREE RADICAL IN MOUSE SKIN: ENHANCEMENT OF
RADICAL PRODUCTION DURING UY. FRRADIATION FOLLOWING TOPICAL APPLICATION OF CHLORPROMAZINE

-

Garry R. Buettner , Ann'G. Motten', Robert D. Hail and Colin F. Chignelt™

Laboratory of Molecular Biophysics
National Institute of Environmental Health Sciences
- : PO Box 12233
Research Triangle Park, NC 27709, USA

© (Recefved 16 Aprii 19v7; accapted 5 may 198/)

Abstract - Ysing.electron spin resonance spectroscopy, we observed that
uy ndiati?n {330 na) increased the endogenous ascorbate free radical
concentration in hairiess mouse (HRS/J) skin, When the skin was topf-
cally treated with a chlorpromazine solution prior to i1iuminatian, oy
irradiation caused thé ascorbate free radical concentration to ncreate
even more, This observation suggests that there fs an increated ’
U¥-1induced oxidative stress in the presence of chlorpromazine, probably
caused by the production of free radicals from chlorpramazine.

INTRONET 10N

Thie UY wivelangths of sunlight are knowh %o prodiuce delatsrtous effects on skin,
ranging from sunburn to cancer. These effects have often besn attributed to axidation by,
frg radical intermediates {Siater, 1972), Protection against LY damage by endogenaus
§SH3 has recently been demonstrated with in vivo human fibroblasts by Tyrrell and Pidoux
{1986); the Vevel of protection apppoaches that afforded by excision repair. These
Easenrchers propose that the observed protection results from the antioxfdant properties of

SH.

The ascorbate anion (AH™), an antloxidant which is naturally present in tissue, reacts
r;ﬂhﬂ! witl t?e glutathiy! fres radical yielding GSH and A with a rate constant of 6 x
10° dm'mol~"s-% at pH 7 (Fornt et al., 1983)..Yhus, ascorbate mag farve as an important
component in the “repair” of Uy radfation-preduted free. radicals. -

Chiorpromazine often induces ghototoxic snd photoallergic reactions (Fitzpatrick et
4l., 1963). This toxicity has been attributed to the Formition of radicals by the WY
radiation-induced dechlorination of CPZ (Jose, 1979). Ustng the ESR spfn trapping tech-
nique, Motten at al, (1985) have clearly demonstrated the photoproduction of the dech-
lorination radTcal from CPZ. Moreover, the dechlorination radical absteacts hydrogen atoms
from 2 varfety of substrates as effectively as the hydroxyl or phenyl radicals,

The ohject of the present work was to determine whether ESR spectroscopy could be used
to detect UV radiation-induced free radicals 1n skin treated with £PZ. While direct evi-
denZe for CPZ radicals was not obtainad, indirect evidence for CPZ~-produced radical reac-
tidns in skin was found moriitoring the UY radidtion-induced increasa in concantration of
the ascorbate radics! derived from endogemous ascorbic,acid. We believe that this is the
first report of A"" baing cbserved by €57 in skin tissue,

" NATERIALS AND METHOOS

Skin from #RS/J female mice 6-8 weeks ald, was obtained after killing thg animals by
cervical dislocation, Excess fat was removed by gentle séraping, the skin was then placed
in pH 7.0, 50 mM phosphate buffer with or without 2 mM CPZ fdr ¥ minutZs. ringsed with
buffer solutfon, then kept at fce tmﬁerature prior to ESR examinatton. The skin was
placed in an ESR tissue cell and in the ESR spectrometer as soon as possible,

*Yresent addrass: TEF Forschungszentrum; U-BUSZ Weuherberg: West TCermany
\Bresent address: Department of Chemistry; Duke University: Durham, HC 27706
To whom correspondence should be addressed.
§l.bbrev1at1ons: A, ascorbate free radfcal; AH™, ascorbate anion; CPZ, chlorpromazine;
5551 #lectron spin resonance; GSH, glutathiona: TEMPO, 2,2,6,6-tetramathyl -piperidine-1-

5



Rapid Communication

ESR spectra were recorded at 9.5 GHz with a Yarian E-109 spectrometer equipped with a
TMy1g cavity., Skin samples were at room temperature during ESR measurements. Samplies were
irraRfated at 330 nm (10 bandpass nm} in the cavity with a Schoeffe] 1000 W Xe arc lamp and
monochromator combination. The irradiance was approximately 15 W/m®, assuming the cavity
grid transmits 75% of the incident 1ight, as measured with a Yellow Springs Instruments
Model 65 radiometer.

Because the ascorbate signa) is weak and decays rapidly it is essentia) to minimize the
time hetween harvesting the skin and collecting the spectra, Each tissus sample required
different tunfng of the ESR spectrometer and thus, without accurate knowledge of both the
magnatic fleld strength and the operating-frequency of the spectrometer for a partfcular
tuning condition, it was often difficult and time-consuming to find the very weak signal of
the ascorbate free radical. To minimize this time, a small piece of plastic tubing with a
speck of solid spin Jabel, TEMPQ (g = 2,0062), sealed in the end, was lowered into the
cavity just to the point where its signal could be found with the spectrometer's fietd
sweep option. The TEMPU signal was centered by adjusting the magnetic field strength, the
TEMPO was then removed and after adjusting the instrument settings, the ascorbate free
radical signat (g = 2,0052) was monitored. The identity of the ascorbate free radical was
confirmed by comparing the intrinsic signal with that obtained after applying pure sodium
ascorbate to the skin sample,

RESULTS AND DISCUSSION

We observed the ESR signal of the ascorbate free radical in freshly prepared hairless
moyse skin. The intensity of the signal decreased with time. When the skin sample was
trradiated with 330 nm UV Yight, the intensity of the ascorbate free radical signat
increased by 25-35% under the experimental conditions used (Fig, 1). If the 1ight inten-
sity was increased, the signal intensity of A"” also increased.

5GAUSS

Figure 1, Ascorbate free radical observed in hatrless (HRS/J) mouse
skin: A, without UV radiation; B, with 330 mm UY radiation, The
observad hyperfine splitting is 1.77 gauss, quite simiiar to other
reported values for A~ (Ftsher and Hellwege, 1977-1979), and in
addition, features consistent with an additiomal hyperfine splitting
of approximately 0.2 gauss from two equivalent hydrogens can be sean,
although the signal to noise {s too tow and the modulation amplitude
too high to make a positive assignment. Instrument settings were:
Mod. Amp., 1 gauss; Gain, 3.2 x 10”; Power, 20 mH; Scan, 1,33
gauss/min; Time Constant, &4 s.



Rapid Communication
When the skin samples weré pretreated with CPZ prior to ESR examination, the ascorbate
free radical wat also observed prior to UY exposure, However, when the pretreated samples

were irradiated using tha tame conditions as for the untreated skin, the Intensity of the
A~ signal incressed by a factor of two {Fig. 2}.

Aoy

50GAUSS

Figure 2. Ascorbate free radical in hairless (HRS/J) mouse skin
treated with 2 Wi CPZ aqueous salution Wlied topically and rinemd
prior to ESR méasurements: A, without light; B, with 330 mm UY
1{igl'lt. Hyperfine splittings and fnEtrument settings are as in Figure

To show that 330 nm 1ight does not affect ascorbate {tself, we trradiated an agueous
solution of 1 MM ascorbate and cbserved no change in the ESR intensity of A ., However,
when 0.3 mM CPZ was included, the A~ signal increased by approximately 250% (Fig. 3).

Although free radicals have been implicated in the damage preduced by W frradiation of
skin, there are few reports of direct ESR detection of radical specles produced in skin.
Norris (1962) was not able to fdentify the radical he chserved 1n UY irradiated human skin
samples, Pathak (1967) observed free radical s;gnqls in human skin which he assigned to
the various melanins. His samples were collected as many as four hours after death.
Ogura's group concluded that the radical thay observed on exposure of hairless mouse skin

A -]

<\

5GAUSS

Figure 3. Ascorbate free radical in agueous solution, Samples con-
tatned 1 mM ascorbate and 0.3 mM CPZ in pH 7.0 air-taturated 50 wi
phosphate Buffer: A, without UY radiation; B, with 330 om radiatTon.

When ascorbate was irradiated at 330 nm in the absence of CPZ, no
fncrease in the ascorbate free radical signal was observed (not

shown}. MHyperfine splittings are as in Fga. 1. Instrument set-
tings: Mod. Amp., 1 gauss; Gain 1.25 x 10%; Power, 20 wM; Scan, 5
gauss/min; Time Constant, 1 s,
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to W Tight resulted from lipfd peroxide radicals {Sugiyama et al., 1984a; Ogura, 1982;
Sugiyama et al., 1984b}. The short Jag-time between the death of the animal and the ESR
observation of the skin sample in our experiments allowed us to detect the weak and tran-
sient A'~ radical. Our observation of an increase in A in UY radiation-exposed skin s
supporting evidence for UV radiation-induced free radical processes. The larger increase
in the A~ concentration observed in CPI-treated skin also suggests these free radical pro-
cesses are enhanced by CPZ, a drug that is well known to produce free radicals upon expo-
sure to UV radiation {Motten et al., 198%; Buetiner et al., 1986; Chignell et al., 1985).
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Radiation-induced Radical in DNA

Giichi Yoshii o
Kansai Medical School, Radiation Science, Japan

‘Thé primary phases of the physico-bhefiical changes of in
irradiatéd nucleic acids cHaracterized by the oe¢currence of
free radocals which can be observed using ESR-spectroscopy.

Quantitative ESR-spectroscopy ig used to déteérmine thé ™
yields of radicals in DNA and its constituents. The yigld
of radicals increases inh the order Bases< nucleéosided« nucleo-
tides. The higher yields of radical# in nucleosides and’
nucleotides is due to the additional radicals formed in the
sugar and phosphate by the lrradlatlon.

| Uslng qualitat1ve ESR—measurement, attempt;can 'bé made to
1dEntify the radlcals contrlbutlng to the spectra of the irra-
dlated DNA. It is a characteristic observeﬂlen that 'elght—
llne spectrum of thymine is observed with qu1te dlfferent )
1ntensities, and thls spectrum is due to an addltlonal product
of atomic hydrogen to the C-6 atom. !

The questlon of intra- and lnter—molecular spln transfer
in DNA is of special interest in this context. When a l l-
cocrystal of adenine and thymine was lrradlated the‘
spectrum obtained was derived almost exclusively from a radlﬂ
cal on the thymine ring, showing preferent1al energy transfer
to thymine from adenine, Similarly, a co-crystel of AﬂP and
TMP or GMP and CMP gives TMP or CMP 31gnal ,- \ .

The. excitation energy transfer in DNA and its constltuents
has been demonstrated from the fluoregcence.and phospho- N
-rescence decay spectra after anﬂelectron-ppise_irradiation‘to
samples. Also, ESR and luminescence studies include,eqiﬁence
for the transfer of electron or energy from protein to DNA.
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It is generally known that studies of organic free radical
by the ESR methods frequently face some difficulty because
of the shortness fo their life times., A spin-trapping methods
combined with ESR spectroscopy was utilized to obtain evidence
for the precursor radicals leading to damage in irradiated DNA

Lethal damage to the living cell by ionizing radiation is
mainly due to OH-induced DNA strand break. - For ribose-

. phosphate, ESR spectra observed consisted of signals due to
-C-S’—ql radicals which were initiated by H-abstraction from
the sugar at the C—4'position and formed by the radical
transfer to the C-5"position. It is possible to propose that
strand breaks of DNA, in the presence of oxygen, mainly start
from the radical at the C-5’ position of the sugar moiety.

Characterization of OH-induced free radical using UMP and
poly U was performed by a method combined with spin-trapping
and radical chromatography. The 4~yl radical and the 5-yl
radical, formed by H-abstraction at the C-4 and C-5'positions
of sugar moieties, respectively, were identified as precuésors
of strand break, The 5-yl radical and the 6-yl radical were
identified as precursors of various oxidized products of the
base moiety. From the similarity of the free radicals of
UMP and poly U, it is suggested that the reactivities of OH
radicals with nucleotides are identical to those in poly-
nucleides.

Informational damages to the living cell by ionizing radia-
tion is due to OH-induced thymine glycol and dihydrothymine.
The ESR spectra obtained after irradiation of DNA were identi-
fied as the spin aducts of radicals produced at the thymine
base moiety of DNA. The 6-yl radical was identified as a
precursor of thymine glycol and the 5-yl radical as a precurser
of dihydro-thymine.

i0



Reaction of the hydrated electron with histone H1 and
related compounds studied by e.s.r. and spin-trapping

0. INANAMI, M. KUWABARA, M. HAYASHI, G. YOSHII4,
B. SYUTO} and F. SATO :
Department of Radiation Biology and } Departmient of Biochemistry,
Faculty of Veterinary Medicine, Hokksido University, Sspporo 060,

. .YDepartment of Radiology, Kansai Medical University, Moriguchi 570,

. Ouaks, lem_ _
{Received 21 February 1985, revision received 15 May 1985,
accepted 24 June 1985) .

The reactions of the hydrated electron with histone H1, protamine and related
compounds (poly-L-lysine, poly-:.-argi:\lix{;c':l poly-p,L-alanine} were invea-
tigated by the apin-trapping technique. In o to identify the radical structure
of the spin-adduct originating from macromolecules, the usual spin-trapping

, technique was developed as follows: N, -saturated aqueous solutions of proteins
containing sodium formate were X-irradiated (4-5kGy) in the presence of 2-
methyl-2-nitrosopropine (MNP) as a spin-trap. The side-products due to the
self trapping of MNP tadicals were then rémoved from the spin-sdducts of the
proteins by a Sephadex G-25.column. Finally the spin-adducts were enzymati-
cally digested to transform the broad e.s.r. signals due to slow tumbling of
nitroxyl radicals to identifiable ones. The e.s.r. spectri obtzined for all samples
showed thet the deaminated radical, R—CH-—CO-—NH~— (R:amine acid aide
chain}, was produced.

Furthermore,polyacrylamide gel electrophoresis of the irradiated protamine |
and histone H1 indicated reduction of molecular size. These resuits confirm that
hydrated electrone react with proteins and induce the deamination reaction which
leads to main-chain scission. . :
Indexing terms: e s.r., spin-trapping, hydrated electron, histone H1,

1. Introduction

The spin-trapping technique has been demonstrated to be useful for the
identification of radicals produced by radiolysis in aqueous solution of nucleic acid
constituents (Riesz and Rustgi 1976, Joshi et al. 1976, Kuwabara et al. 1981, 1983)
and protein constituents (Rustgi and Riesz 1978, Joshi et al. 1978, Makino et al.-
1984, Lion et al. 1980, 1982), In this method, 2-methyl-2-nitrosopropane (MNP) is
used as a reagent which converts short-lived radicals (R') into long-lived nitroxide
radicals (the spin-adducts){Janzen 1971, Lagercrantz 1971).

R ¢ tBu-N=Q — R-N-0'— R-ril*—cr
tBu tBu

The stable nitroxide radicals are detected by e.s.r. and identified from hyperfine
coupling constants. Although spin-trapping is 8 useful method of studying
radiation-induced short-lived free radicals, the e.s.r. spectra obtained from macro-~
molecules such as RNase-8-peptide (Riesz and Rustgi 1979), insulin-A-chain (Lion
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el al. 1982), poly(L-proline)y ¢ (Lion et al. 1980), poly U and calf thymus DNA (Joshi
et al. 1976) sometimes exhibit broad line widths due to the slow tumbling of
nitroxide radicals, and the exact assignment of the radical structures is uncertain.

In this study, the reaction of hydrated electrons with histone H1 (calf thymus,
mol. wt=22000), protamine (salmon roe, mol. wt=4400) and their related three
synthetic homopolymers were investigated by the spin-trapping method. Polyacryl-
amide gel electrophoresis was also catried out in order to clarify the molecular
reduction of the proteins. In spin-trapping experiments, to overcome the experi-
mental difficulties described above, the spin-adducts originating from protein
radicals were enzymatically digested to dligopeptide-radicals to produce e.s.r.
spectra consisting of well-resolved hyperfine structures. This method made possible
the identification of radical structures of damaged sites produced by X-irradiation of
aqueous solutions containing intact proteins,

2. Materials and methods
2.1. Chemicals

The sources of chemicals used in this work were as follows: Paly-L-lysine and
poly-L-arginine from the Protein Research Foundation, Osaka; poly-D,L-alanine
and trypsin (EC 3.4.21.4) from Sigma Chemical Company; nagarse (i.e. subtilisin,
EC 3.4.21.14) from Nagase Industries L.td; and protamine sulphate (from salmon
roe) from Wako Pure Chemical Company Ltd. Before use, the protamine was
purified by gel filtration on Sephadex G-25. The spin-trapping reagent, 2-methyl-2-
nitroso-propane (MNP) was acquired from Aldrich Chemical Company.

2.2, Preparation of histone H1

Calf thymus histone (whole histone)} was extracted by the procedure described by
Murray (1966). Histone H1 was isclated from whole histone by Bio-Gel P-60
column chromatography (Van der Westhyuyzen et al. 1974). The purity of histone
H1 was examined by acid-urea polyacrylamide gel electrophoresis (Panyim and
Chalkley 1969).

2.3, Spin-trapping and e.s.r.

Protein (3 mg) was dissolved in 1cm?® of an aqueous solution containing of
0-5 mol dm ™ ? sodium formate. Sodium formate was added as a scaveniger of OH and
H radicals. MNP powder (1-5 mg) was added to 1 cm? of the solution and dissolved
by stirring the solution overnight at 28°C. 'The sample was then bubbled with N,-gas
for 20 min and sealed in a Pyrex tube. The solution was then exposed to 45 kGy of X- -
rays with an X-ray generator (KXC-18, Toshiba) operating at 170 kVp and 25 mA at
a dose rate of 30 Gymin ™!,

Immediately after irradiation the solution was applied on a Sephadex G-25
column (1-5 x 25 cm) equilibrated with distilled water. Distilled water was used as
the eluent for chromatography, 0-8 cm? fractions being collected at a flow rate of
15cm’h™'. Each fraction was freeze-dried, and the sample dissolved again in
0-2cm? of 10moldm™* Tris-HCI buffer (pH8-0). Enzymatic digestion of the
proteins was carried out by adding trypsin or nagarse solution to a ratio of 1:50 (wiw)
with respect to the protein content and incubating at 37°C for 30 min.

E.s.r. measurements of the digested spin-adducts were made on a JEQOL, ME
X-band spectrometer. The e.s.r. spectra from spin-trapped radicsls were recorded
as first derivatives at room temperature unless otherwise specified. E.s.r. scans were
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traced with 100kHz field modulation of 0-02 mT amplitude, and the microwave
power level was usually 10mW to avoid saturation of the e.s.r. signals.

2.4, Polyacrylamide gel electrophoresis

Protamine (0-4 mg cm ™ ?) and histone H1 (0-5 mg cm ™~ ) were dissolved in H,0
containing 0-5 mol dm ™3 sodium formate (pH 6-0-6-7), respectively. The solution
was bubbled with N,-gas for 20 min, sealed in a Pyrex tube and X-irradiated.

" Electrophoresis of X-irradiated protamine was performed in 15 per cent
acrylamide gels in the presence of 2-5mol dm ~? urea according to the method of
Panyim and Chalkley (1969). In the case of X-irradiated histone H1, electrophoresis
was carried out in 18 per cent polyacrylamide gels in the presence of 0-15 per cent
.SDS essentially according to the procedure of Laemmli (1970), as modified by
Thomas and Kornberg (1975). Proteins in the gels were stained with 0-1 per cent
Coomassie Brilliant'blue R-250, 10 per cent (v/v) acetic acid and 40 per cent (v}v)
ethanol.

3. Results and discussion
3.1. Spin-trapping and e.s.r.

To elucidate the reactions which occur in the proteins as described above, spin-
trapping-e.s.r. experiments were carried out. The e.s.r. spectra of the spin-trapped
radicals generally show a primary triplet structure due to the 14N of the nitroxide
group which is accompanied by secondary splitting. Secondary splitting is charac-
teristic of the trapped radical and is useful for its identification. The o, fand ¥y
positions of the magnetic nuclei are defined with respect to the unpatred electron on
the nigrogen of the nitroxide group (Riesz and Rustgi 1979). This is illustrated
below.

0 H Hy

3.1.1. Protamine

When an aqueous solution of protamine in the presence of MNP and sodium
formate was X-irradiated, the spectrum shown in figure 1 (@) was obtained. This
spectrum has three sets of lines labelled (S), (L) and (ID}. The lines labelled (S8),
which consist of a primary nitrogen splitting of 1.72 mT, are due to the di--
butylnitroxide radical (Lagercranz 1971). The lines labelled (L) have a primary
triplet of 1-58 mT which further splitsintoa 1:2:1 intensity triplet arising from two
equivalent B-protans (0-86 mT). This signal was assigned to the spin adduct of MNP
itself, sithough the hyperfine couplings were different from those reported by
Makino (1980). This conclusion was confirmed by the fact that this signal could be
observed-even in the absence of proteins. In previous papers by Kuwabarz et al.
(1981, 1983), a similar signal has already been presented. The lines labelled (D) seem
to consist of a secondary doublet due to a f-proton, but the lines labelled (S) and (L))
due to side products prevent the estimation of hyperfine coupling constants of the
spectrum (D). In order to obtain accurate hyperfine coupling constants, these apin-
adducts. were separated by Sephadex G-25 column chromatography. The spin-
adducts shewing a secondary doublet labelled (D) were eluted in the void volume
and cofresponded to protein fractions (cenfirmed by the procedure of Lowry et al.
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Figure t. (a) E.s.r. spectrum of spin-trapped radicals from the X-radiolysis of N,-saturated
aqueous solutions of protamine containing MNP and NaHC(,. (8) E.s.r. spectrum
obtained from the chromatogravhic fractions, which corresponds to protein fractions.
(c) E.5.1. spectrum separated by chromatography and followed by tryptic digestion of
the spin-adducts. (d) E.s.r. spectrum separated by chromatography and recorded at
45°C.

1951), and the side products were eluted more slowly and found to contain no
protein. Fractions containing the spin-adducts from the spin-trapping of protein
radicals were concentrated by freeze-drying. The e.s.r. spectrum (figure 1 (5)) from
the concentrated protein radicals showed a broad secondary douhlet due to a ﬁ-
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