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Abstract

The one-electron reduction potentials for substituted nitro-
imidazoles and nitrobenzenes in aqueous solution have been
correlated to their electron affinities calculated by the
semiempirical quantum mechanical method HAN/3. This procedure
implies the validity of a Hammet like equation for the sub-
stances studied.

Glutathione has been shown to compete with oxygen for radiation
induced radicals. Hence the reaction of the hydroxyl radical
with glutathione in neutral and alkaline aqueous solution was
investigated in some detail. A reaction scheme involving a pH
dependent formation of thiyi, and carbon centered radicals is
given.
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Summary

This thesis consists of 6 papers, refered to by roman numbers.
Papers I-IV concern the determination of one-electron reduc-
tion potentials by the pulse radiolysis method. The one-electron
reduction potentials for a number of substituted nitroimidazoles
and nitrobenzenes are correlated to the electron affinities cal-
culated by the HAM/3 method (papers II-IV).

Papers V-VI concern the reaction of the hydroxyl radical with
giutathione. In paper V a reaction scheme is proposed involving
the formation of carbon centered radicals in addition to the
thiyl radical. Paper VI presents a product analysis carried out
by HPLC of the products formed in steady state and pulsed irra-
diation experiments.

I. One-electron Reduction Potentials of Some Substituted

4(5)-Nitroimidazoles in Aqueous Solution Studied by Pulse

Radiolysis.
L.Sjöberg, T.E.Eriksen, I.Mustea, L.Revesz
Radiochem. Radioanal. Lett. 29(1), 19, 1977.

II. A Study of Potential Radiosensitizers by HAM/3, a Semi-
empirical Quantum Mechanical Method.
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Radiochem. Radioanal. Lett. 35(6), 275, 1978.

III. NHrobenzenes: a Comparison of Pulse Radiolytically Deter-
mined One-Electron Reduction Potentials and Calculated
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IV. The Correlation of One-Electron Reduction Potential and

Electron Affinity for Substituted Nitroimidazoies and

Ni trobenzenes.

L.Sjöberg, T.E.Eriksen

Manuscript

V. The Reaction of the Hydroxyl Radical with Glutathione

in Neutral and Alkaline Aqueous Solution.

L.Sjöberg, T.E.Eriksen, L.Re've'sz

Manuscript submitted for publication in Radiation Research.

VI. Evidence for the Formation of C-Centered Radicals in the

Radiolysis of Glutathione.

L.Sjöberg, T.E.Eriksen
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Introduction

The sensitivity of living cells to ionizing radiation is taken
advantage of in cancer therapy. Chemically, the killing of
cancer cells by radiation is a process involving the formation
of some non-repairable form of the celluar constituents. The
presence of oxygen in cells have been demonstrated to enhance
the effect of radiation. This "oxygen effect" is considered to
be caused by the formation of peroxy radicals (1). The relative
resistence of hypoxic cells present in tumors is a major pro-
blem in radiotherapy, and in recent years a lot of scientific
work has been undertaken in trying to find substances that have
an effect similar to that of oxygen in enhancing the sensitivity
towards radiation, and beeing active only against hypoxic cells.
The search has shown that a great number of compounds are capable
of sensitizing tumor cells toward ionizing radiation. The compounds
most promising at the present time are substituted five- and six-
membered nitro heterocyclic and nitroaramatic compounds (2).

For screening purposes some easily measurable property of the
sensitizers by which they can be compared and ordered with re-
spect to their sensitization efficiency is required. One such
property, suggested by Adams, is the one-electron reduction po-
tential (3,4). The higher the one-electron reduction potential
the better the substance should work as a sensitizer. Alsc the
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polarographic half-wave potential and the Hammet o constant
have been used for this purpose. The former property is, as
the reduction potential, a measure of the electron affinic be-
haviour in solution (2). The one-electron reduction potential
is conviniently measured by the pulse radiolysis technique,
which is discussed in papers I-IV.

Although ionizing radiation may cause severe damage to living
cells there are chemical substance within the cells that, are
capable of restoring damaged molecules to their original status
(5). The most important among these substances are the non-pro-
tein bound sulphydryls. According to the repair mechanism, pro-
posed in 1954 by Alexander and Charlesby (b), the radicals pro-
duced by irradiation react with -SH groups on the sulphydryls
by hydrogen atom transfer. This process is considered to be in
competition with the reaction with oxygen to form peroxy radi-
cals which subsequently leads to irrepairable damage. The com-
petition mechanism may thus be summarized as follows:

Edgren et.al. (7) have shown that in human cells 99% of all non-
protein bound -SH groups can be attributed to glutathione (y-Glu-
-Cys-Gly). In a cell population having only 6% of the normal glu-
tathione concentration no oxygen effect was detected. This is
somewhat surprising as these cells contained about 40% of the
normal non-protein bound -SH concentration in the form of other
sulphydryl compounds. In view of these findings it seemed pro-
bable that glutathione is the most efficient "repair" thiol com-
pound in the cell, and it became of interest to study the radi-
ation chemical behaviour of this molecule.
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Rad ration chemistry

The interaction of ionizing radiation with matter causes ioniza-
tions and exitations. The primary spcies produced from such inter-
actions manifest themselves in observable yields of intermediates
and end products. The amount of radiolytically produced species
is dependent on the amount of energy deposited in the system i.e.
on the radiation dose . The radiolytical yield is expressed in
terms of the G-value defined as:

G = molecules (created or destroyed)/100 eV absorbed energy

The G-value is thus related to the absorbed dose and concentration
of the produced species through the following equation:

G = 9.66-10 -C/D-p

-3where C is the concentration expressed in mole-dm , D is the

dose in Gy, and p is the density in g cm" .

Throughout this work water has been used as solvent and the
follwing G-values have been reported for the intermediates and
molecular products in the radiolysis of water (8):

G(OH-

G(H-)
G(H2)

= 2.7
= 2.7
= 0.5
= 0.45
= 0.7

In radiation chemical work one has the choice of converting
reducing species into oxidizing and vice versa, in order to
study oxidative and reductive reactions respectively. The re-
ducing radicals e and H may be converted to the oxidizing
OH radical by the addition of O or fUL. There is also a



number of protolytic equilibria involved in these reactions.

The numerical values in the following equations are taken from

ref. 3.

H - ;•

"aq

OH- f

H+

+

+

OH"

+ e

N2O

H2°2

- > •

aq

+ H«

- > •

Or

,0 -•• OH- + N2 + OH"

OH" + OH-

+ Ho0

pKa = 9 .6

k = 9 -10 9 M"1

k = 1 . 3 - 1 0 1 0 f

pKa = 11.9

sec"1

r1 sec"1

OH* radicals may be converted to the reducing COl radicals by

the addition of formate.

OH- + HCO" + H 2 O + C 0 ' k = 2.5-109 M'1 sec"1

Another possibility to suppress the OH- reactions with the so-
lute studied is to use an OH- scavenger which produces a non-
reactive radical on the time scale used in the experiment. One
such radical is the tertiary butyl radical 'CH^CHj^COH, formed
in the reaction:

OH- + (CH^COH + H20 + -CH2(CH3)2COH k M . 2 - 1 0 8 M"1 sec"1

In this case the reactions of e,_ may be studied.
aq

When energy is deposited in a chemical system, by a pulse of
high energy electrons, short compared to the reaction time of the
produced intermediates, it is possible to observe the subsequent
reactions provided the intermediates have som measurable property.
A number of detection techniques have been developed e.g. UV-
visible spectrophotometry, conductivity and ESR-spectrometry.
These methods can be used in a complementary manner to giver in-
formation on reaction rates, electric charges and structure of the
intermediates.
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Results

Paper I describes the use of pulse radiolysis as a tool for de-
termining one-electron reduction potentials for a number of sub-
stituted 2- and 5-nitroimidazoles. This method is based on the
determination of the equilibrium constant for a one-electron
transfer reaction between the sensitizer S, and a reference com-
pound of known one-electron reduction potential, Q.

S : + Q Z S + Q:

By monitoring the absorption of Q~ at a wavelength where S"
does not absorb appreciably it is possible to calculate the equi-
librium constant for the electron transfer and hence the one-elec-
tron reduction potential of the sensitizer.

In paper II a comparison is made between the one-electron reduc-
tion potential for a number of substituted 2- and 5-nitroimidazoles
and nitrofurans and their corresponding electron affinities. The
one-electron reduction potentials were taken from paper I and
refs. 3, 9, 10 and the electron affinities were calculated by
the quantum mechanical method HAM/3 developed by Asbrink, Fridh
and Lindholm (11). A linear relationship was found which may be
used as a first step in estimating the effect of substitution on
the one-electron reduction potential, and hence on the sensitiza-
tion efficiency for this group of sensitizers.

The aim of paper III was the same as for paper II but here a
number of substituted nitrobenzenes were investigated. Nitro-
benzenes have not, with a few exceptions, been tested as radio-
sensitizers but it is nevertheless of general chemical interest
to investigate the one-electron reduction potential - electron
affinity behaviour for this group of molecules. The one-electron
reduction potentials used in this work were measured by the
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pulse radiolysis method or taken from refs. 3, 12. As in thr
case of the nitroimidazoles, the substituted nitrobenzene* also
uisplay a good linear correlation to the calculated electron
affinities.

The electron attachment reaction

aq
RNOj

was shown, from the calculations, to involve attachment to the
m'trogroup in a v* orbital coupled to the benzene- or imidazole
ring.

In paper IV an attempt is made to explain the behaviour of the one-
electron reduction potentials versus electron affinities for the
two groups of molecules studied in papers II and III. Neglecting
entropy effects, it can be shown that a plot of one-electron re-
duction potential versus electron affinity should be a straight
line with unit slope. The solvation energies of the molecules
and their anions should enter only as contributions to the inter-
cept. Neither the nitroimidazoles nor the nitrobenzenes gave unit
slope in their respective correlations, but rather a slope of around
0.?. This discrepancy may be explained if we assume that a Hammet-
like equation

log K = p';1

is valid for a one-electron transfer for both groups of moleculps.
In this case the entropy effects associated with the solvation
are accounted for and it can be shown that the slope only depends
on the temperature and the polarizability characteristics of the
solvent.

In paper V the reaction of the OH- radical with glutathione was
studied in some detail. The transient spectrum at pH • 9.2 dis-
plays two absorption maxima at 280 nm and 410 nm respectively.
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The 410 nm peak is assigned to the radical ion GSSG7, while
the 280 nm peak is assigned to a carbon centered radical on
the cystein moiety in the molecule. The importance of this
C-centered radical in the repair mechanism, mentioned in the
introduction, is uncertain as it is probably not formed at
pH 7. It is clear, however, that the OH* radical interaction
with glutathione at higher pH is more complicated than for
more simple sulphydryl containing molecules both regarding the
decay of the GSSG" radical and the formation of the C-centered
radical.

HPLC (High Performance Liquid Chromatography) was used in paper
VI to study the product composition from the reaction scheme
proposed in paper V. Obviously the yield of the recombination
product from the C-centered radical is strongly doserate-de-
pendent (i.e. a higher doserate will promote the formation of

the recombination product). An additional peak in the chroma-
-3 -3torgram was obtained when N?O-saturated 5-10 mole dm gluta-

thione at pH 10.5 was irradiated by a pulsed electron beam at
a doserate of approximately 3 krad microsecond* . It was also
possible to identify at lcsst one of the decay products from
GSSG".
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ONE ELECTRON REDUCTION POTENTIALS OF SOME
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One-electron reduction potentials at pH 7 [E J for five substituted
(4)5-nitroimidazoles in aqueous solutions were estimated using
pulse radiolysis technique. The potentials were calculated from
experimentally determined equilibrium constants of the electron
transfer reactions between the imidazoles and 9,10-anthraquinone-2
sulphonate (AQS~), assuming Eij (AQS"/AQS2")^375 mV (relative
NHE).

INTKODUCTION

The extent of sensitization of cells to radiation damage has been related
* 1 °

to the electron-affinity of the sensitizer with Ham met 6 -constant" or
3

polarographic half-wave potentials being used as a measure of electron

affinity. The s«nsitization efficiency can also be correlated with the one-

electron reduction potentials determined as described by Meisel and
4 10Neta ' . The method is based >n the measurement <>f one-eleclron

transfer equilibrium between :i reference (J i>f Known K and the sensi-

tizer S

«.g. s" i q « = * s • i)~ (1)

On lenve from Inslitutul nnnttngic Clu), Koiimania.

I'.)
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The position of the equilibrium, which is determined by observation of

the transient absorptions of the radical anions Q and/or .3 , is a measure

of the difference in reduction potentials.

Although recent work indicates, that the reduction potential alone does

not define the extent of sensitization, measuring the reduction potentials

may be useful as a first screening of potential radiosensitizers. Reduc-

tion potentials of a great number of nitroimid.izoles have been published

by Wardmnn and Clarke and we report here measurements on a few other

substituted (4)5 nitroimidazoles.

EXPERIMENTAL

Details of the computer-based pulse radiolysis system used in this
7

study are given elsewhere . The 0.2-0.5 u sec pulses of 7 MeV electrons

gave doses of a few hundred rads. The secondary emission dose monitor
_2 -3

was calibrated against air saturated 10 mol.dm KSCN solutions

assuming GE (SCN) ~=2xlO . 2-methyl-5 nitroimidazoles Aldrich, BASF

were used as received. The other nitroimidazoles (substances 2-5 in

Table 1) were synthesized by one of the authors (I.M.)*

t-BuOH (Fluka p. a.) was fractionated from solid K OH and 3 g dm'

sodium borohydride and 9, lO-anthraquinone-2-sulphonatc (Fluka, p. a.)

was renrystallizod from water. Sodium formate and phosphate buffers

(Mersk, BDH) were used as received. The solutions were made oxygen-

free by simple purging with Ar (Agn, SR-quality).

RESULTS AND »ISCC'SSION

In the experiments !», H>-:inthr.i<|Uin<>nc-2-sulphonnte (A(/S ), w,-is used
i a

as refexenee ;inil the roduetion |><>ii>nti;il assumed to be K -.175 mV .
On pulse irr;i(li;iling ;irgon-s:ilur;ilert aqueous solutions i>f AQS and a

cl:iils of .synthesis ire (ooe

20
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nitrolmldazole (S) containing 0.5 mol.dm . t-BuOH asOH, H scavenger

and buffered at pH-7 (2-4 m mol.dm phosphate) the radical-anions
2-

AQS and S are produced Initially in a ratio determined by the competi-

tion between reactions (4) and (5).

H2° ~~*eaq' H> ° H l H2°2'

OH, H+ (CH3)3COH—•"HgO, H^ + CH (CH ) COH (3)

eäq

The radical -CH^CHJ2
COH is unreactive towards AQS" and Son

time scale of these experiments.

The initial production of the radical anions is followed by electron

transfer between the nitroimidazole and AQS until equilibrium for

reaction (I) is attained.

The transient spectra of 9, lO-anthraquinone-2-sulphonate and the

2-methyl-(4)5-nitroimidazole radical-anions shown in Fig. 1 are in

reasonable agreement with previous reported spectra .

As seen there is hardly any overlap at 495 nm and the equilibrium

constant K was determined by measuring the optical density at this
1 ' - 2-

wavelength when both S and AQS are present at equilibrium as a
function of [ s j / [AQS'J according to Eq. (fl).

[°Dobs-°DS-3 [S
C t [S-][AQS-] [OD A Q s 2 . - OD ) b J [AQS-]

21
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where °^oha>
 O D

s - > O D A Q S 2 ~ a r e t h e *>ae-normalized optical densities

when both AQS and S are present and when one of the components is

absent, respectively.
2_ _

The stabilities of AQS and S were always sufficient to obtain electron -

transfer equilibrium before any significant amount of the radical anions

disappeared via other reactions. The equilibrium constants as a function

of the [ s ] / [AQS J ratio for some of the equilibria studied are shown i:

Fig. 2.

Taking into account the activity coefficients the difference in one-electron
- 2—

reduction potentials at pH-7 between the reference system (AQS /AQS )
:md the nitroimidazole system (S/S ) is given by Eq. (7).

I
AE.

— 2 — 1 -
(AQS /AQS* ) - E7 (S/S ) =

= 59 (log Kc l + log f

In

(7)

whore f is the ratio of the activity coefficients calculated from the

Dcbye Hik-kol equation (8).

logf - 0.501 3.29 a -1/2
(8)

where 7'1^-,> "re the ionic charges, I the ionic strength and a the ion size

parameter (taken to be 0.5 nm).

K values used to calculate the E\ values in Table 1 have been correcleo

for ionic strength.

Correlation between the spin densities on the nltro groups >f radical

ions of nitrohetrroryclic compounds and the one-electron reduction
4

potentials has been demonstrated by Meisel and Netn and Greens to tk,
9

Ruddock anrl Neta . The correlation shows that when a lower spin density

22
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Fig. 1. Transient absorption spectra of aqueous solutions of AQS and
2 -inethyl-(4)5-nUroimidazole containing 0.5 mol . dm"3 t-BuOH,
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TABLE 1

One-electron reduction potentials (El) of substituted
(4)5-nltroim idazo les

Subst.

1.

N

CH, 48G-3

0

O

CH, 404 ~ 3

3.
I

CH.CH.OP - O

O

4. H

CH.

CH

509 - 3

4 9 2 - 6

o*

9'

•139 - 3
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resides on the nitro group of the radical an ion the reduction potential is

less negative.

The effect of substitution of the imino hydrogen of 2-methyl-(4)5-nitro-

imidazoie on the reduction potential is shown in Table 1 (substances 1-4).

The potential-increasing effect of the electron withdrawing sulphone group

in compound (2) relative the CH CH OH group in compound (1) has been
to to

pointed out by Wardman and Clarke and our results are in complete agree-
ft

ment with the published values . The elctron donating effect of the phosphate

group in compound (3) decreases the reduction potential E by 23 mV com-

pared to the alcohol group. The reduction potential of 2-methyl-(4)5-nitro-

Imldazole (compound 4) -(492 - 6)mV is in marked disagreement with the

result -542 mV published by Meisel and Neta . Their result does neither

seem to fit in with the reduction potential of 1,2-dimethyl - (4)5-nttroimtdazole
a

(-475 mV) obtained by Wardman and Clarke . Such a great change in the

reduction potential is not in agreement with the rather weak donating

ability of the methyl group and as ionization of the imino hydrogen does

not take place at pH - 7 this cannot explain the difference. We therefore

consider the value -492 mV to be more in accordance with what is to be

expected from the inductive effect of the methyl group.

The reduction potential of l-methyl-5-oxy-4-nitroimidazole (substance 5)

E =-439 raV Is interesting and should be compared to E «= -517 obtained

by Wardman for l-methyl-5-chloro-4-nHroimidazole. The charge of the

dissociated substance is probably delocalized on the carbonyl-oxygen

and the nitro group. The o"-group might therefore be expected to act as

an electron donating group and thus decrease the reduction potential rel-

ative to the chioro compound. The reduction potential was, contrary to

this, found to be 78 mV more positive. This might be due to spin redistri-

bution among the components of the nitro group Itself or a change in the

electron addition mechanism, e.g. addition to the imldazole ring.
25
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The possible correlation of the one electron reduction potentials of the

substances in Fig. 1 with the particular radiosensitization effect of the

substances is being tested with Chinese hamster cell cultures (L.R.).

This work has been supported by grants from the Swedish Atomic

Research Council (LS, TEE) and Swedish Cancer Society (LR).
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The electron affinities of a number of substituted heterocyclic nltro-
compounds have been calculated using a semlemptrtcal quantum
mechanical method (HAM/3). The electron affinities have been cor-
related to pulse radlolyttcally determined one-electron reduction
potentials.

INTRODUCTION

The extent of sensitlzatton of cells to radiation damage has been re-

lated to the electron affinity of the sensltlzer with Hammet 6 -constants,

ESR hyperftne parameters and polarographlc half-wave potentials being

used as a measure of this property. The sensltlzatlon efficiency has also

been correlated to the one-electron reduction potential determined with
1 2

pulse radlolysls technique as described by Melsel and Neta ' . These

measurements are based on the determination of the electron transfer

equilibrium between the sensltlzer and a reference compound of known

one-electron reduction potential. A number of heterocycllc nitre-com-

pounds have thus been studied and the results published In several '
1 2 3 7—9

papers ' ' ' , A few attempts have been made to theoretically cal-

culate the electron affinity for small molecules by ab Inltto methods, with

varying results

275
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Recently a MO-SCF method, HAM/.T, developed by Åsbrink, Fridh nnd
4

Mndhulm and parameterized for molecules containing II, C, O, N and F,

has been published. Good agreement between calculated ionization poten-

tials and photo electron spectra of a large number of molecules is reported.

Good agreement has also been obtained between calculated and measured
13 14

electron affinities ' . We have therefore undertaken to calculate the

electron affinity of a number of substituted nitroimidazoles and nltrofuranes

using HAM/3 and to compare the calculated valurs with the measured one-

electron reduction potentials.

RESULTS AND DISCUSSION

In this work the five-membered heterocycllc compounds listed in Table 1

are studied. The geometries of the molecules were taken from Refs 15,1G

Fig. I shows a plot of the calculated electron affinities of the substituted

> -01

00 0 5 10 15 2 0
Electron af f in i ty (eV)

Fig. I. 1'ulne-nidiolytlc-illy me:i.sun>d »ne-cloctrnn reduction potenti.'ilfl
plotted VM electron.'iffinilli;» cnlcubtod by IIAM/M.
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TABLE I EAleV,
Nr Formula -E7 (V) (HAM/3) Ref

1

2

3

4

5

6

7

8

9

10

I
(CHjljOH

XJL
H

XT
CH,

OjN^N^COjCH
CHj

O2NX1CHCH2

CHJ

O J N X ^ C H ^
CH,

H

CH,

QiN^COaH

OiN -̂̂ CHNOH

0486

0 542

0243

0300

0395

0400

0418

0475

0317

0 253

133

094

196

195

1.51

158

1 11

1.14

173

146

8

1

3

7

7

7

3

3

1

1

nttrolmidiizoleH :ind nitrofiiruncfl, 11 Ht ed in T.-ihlo I, vs their correspond-

ing nno-Ploot ron reduction potentlnls :it pil 7 in ;iqtiaouH solution (K_), tukrn

from Refs I, :), 7, fl.
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Some of the molecules listed tn Table 1 are dissociated at pH 7 due to

pKa less than 6. This effect Is not treated In the calculations and could

therefore give rise to some discrepancies In the obtained one-electron

reduction potentials.

It is noteworthy that all calculated electron affinities In this work have

positive values. This Is not surprising since the calculations show that the

LUMO (Lowest Unoccupied Molecular Orbital) Is centered mainly on the

electronnfflnic nitro group and is coupled to the rest of the ring through a

i -bond, between the nitrogen atom and the adjacent carbon, perpendicular

to the molecular plane.

The uncertainty In the HAM/3 method Is about one 1 ilf eV In the cal-

culated electron affinity. This may seem rather large on the scale used In

Fig. 1, but for similar molecules the errors should be approximately the

same and HAM/3 gives a satisfactory correspondence between electron

affinity and one-electron reduction potential for the group of molecules

studied in this work. This might also be expected to be the case for other

groups of molecules with a common baste structure. Another advantage

is the low cost and short computer time required for HAM/3 compared

to other methods.

The calculation of the electronafflnttles for different substituted nttro-

aromntlc compounds can probably be used as a first screening as the redox

properties of these compounds are Important as a measure of the radlo-

senBltlzatlon efficiency. The amount of laboratory work may thus be re-

duced to the study of compounds with suitable reduction potentials,

Parker and Nenner and Schultz have shown theoretically that a plot

of the reduction potentials vs the clectronafflnltles should give a straight

line with unit slope taking Into account the differences In eolvatlon energies

between the molecules and their onions. Using experimental values Nanner

and Schultz , however, found n discrepancy from unit slope and Interpret -
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ed this as being due to the effect of soivation energy on electronaffinity.

In this work the slope of the line in Fig. 1 is found to be 0.24.

We intend to continue these investigations with other groups of mole-

cules, such as six-membered heterocyclics and substituted benzenes.

The authors express their gratitude to professor L'. Lindholm and Dr.

1.. Åsbrink and Dr C. Fridh for the use of the HAM/:t program.

We also wish to thank Professors L. Révész and T. Westermark for

valuable comments on this paper.
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The electron affinities of a number of substituted nitrobenzenes have been calculated by a semi-
empirical quantum mechanical method HAM/3. Good correlation is found between the calculated
electron affinities and one-electron reduction potentials measured by the pulse radiolysis technique.
A comparison is also made between published experimentally measured electron affinities and the
electron affinities calculated in this paper.

In a previous paper' we described our studies on the one-electron reduction
potentials of substituted nitroimidazoles and nitrofurans and their corresponding
electron affinities calculated by the quantum mechanical method HAM/3. The
redox properties of these compounds have been correlated to their radiosensitization
efficiency on hypoxic cells.2 Although only a few substituted nitrobenzenes, e.g.,
p-nitroacetophenonc (PNAP), have been discussed as radiosensitizers we have in this
work chosen to measure the one-electron reduction potentials of a number of sub-
stituted nitrobenzenes in aqueous solution at pH 7 by the pulse radiolysis technique
and to compare these with the electron affinities calculated by HAM/3.

EXPERIMENTAL

The computerized pulse radiolysis system is described elsewhere/ The 7 MeV microtron
accelerator delivered 180 mA pulses of 0.2-1 (is duration. The absorbed doses were in the
range 400-2000 rails. Dosimetry was carried out by means of a secondary emission monitor
calibrated against the KSCN reference system assuming Cn(SC'N)j = 2.15x10*. All
solutions contained i mol dirr3 t-BuOH as OH- scavenger and were buffered at pH 7 with
sodium phosphate buffer. Chemicals of Merck or Fluka p.a. quality were used as received,
except for the t-BuOH which was purified by fractional distillation after addition of solid
K.OH and 3 g dnrJ sodium borohydridc. Solutions were made oxygen free by purging
with Ar (ACA SR-quality containing < I p.p.m. O3)

RESULTS AND DISCUSSION

The pulse radiolysis method is based on the measurement of one-electron transfer
equilibrium between a reference of known one-electron reduction potential K\
(where I and 7 denote a one-clcctron transfer process at pH 7) and the substance S
with unknown one-electron reduction potential, i.e., S +<) *•• S + Q . The position
of the equilibrium, which is determined by observation of the transient absorptions
of the radical anions Q~ and/or S~, is a measure of the difference in reduction
potentiate.

1402
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The constant Ac is calculated from the equilibrium radicaljanion concentrations
at differing concentrations of S and Q.

By measuring the dose-normalized optical densities OD*,, ODQ- and OD, on
pulse radiolysis of aqueous solutions containing (Q and S), (Q) and (S), respectively,
the equilibrium constant is given by the equation

cor ()

(2)

The one-electron reduction potential E\ (in mV) is given by eqn (2)

„ AT In 10
£'(S-/S) -

which at 25°C can be written

xlogJC,

£i(S-/S) = £}(Q-/Q)- 59 log K O)
where E'(Q /Q) is the known one-electron reduction potential of a reference sub-
stance Q. In this work two reference substances, 9,IO-anthraquinone-2-sulphonate
(AQS) (£} = -375 mV) and duroquinone (DQ) (E\ = - 2 4 4 raV), have been used.

In fig. I is shown the equilibrium constant, Ke, as a function of the concentration
ratio [S]/[Q] for o-nitrobenzaldehydc, p-nitrobenzaldchyde and o-nitrobenzonitrile.
The transient spectra obtained on pulse radiolysis of ortho and para nitrobeoialdehyde
and nitrobenzonitrile are shown in fig. 2 and 3. The intense absorption bands are
below 400 nm, thus allowing monitoring of the electron transfer at the absorption
maxima of the reference substances: AOQ- - 430 nm, AAQSi- = 495 nm.

100

5U

10

-oa-Lf

C&r-

CL.

O

100
[SMQJ

yno

Fio. I.—Equilibrium constant», Kc, calculated from eqn (2) as a function of the concentration ratio
[SJ/IQJ. O, o-nitrobenzonitrile; O. o-nitrobenzaldehyde; A, jvnitrobeazaldehyde.
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A/nm

Fio. 2.—Initial transient spectra of 5 x 10-* mol dm-' o-nftrobenzaktehyde (O) and p-nitrobenz-
aldehyde (D) at pH 7.

275 300 325 350 375 400 425 450
A/nm

I'hi, 1 -Initial iramient spectra of 5 x 10 4 niolilm 'iwitlrobtfminilrilr ((.
(I I) al pH 7.
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A kinetic curve showing the electron transfer from o-nitrobenzaldehyde to duro-
ciuinone at the concentration ratio [S]/[Q] = 41 is plotted in fig. 4. The one-electron
reduction potentials measured by the pulse radiolysis technique in this work are
given in table 1, while the reduction potentials given in table 2 are taken from publica-
tions by Neta et ai* and Meisel and Neta.5

TABLE 1.—COMPARISON OF ELECTRON AFFINITIES CALCULATED BY HAM/3 AND ONE-ELECTRON
REDUCTION POTENTIALS DETERMINED PULSE RADIOLYTICALLY IN THIS WORK

-EJ/V

nitrobenzene 1.17 0.486
0-nitrobcn/:ildehydc 2.10 O.3SS
/7-nitrohcnzaldehydc 2.10 0.322
o-nilrobonzonitrilc 1.72 0.30X

T A B U 2.—COMPARISON <>F KLKCTRON AFFINITIES CALCULATI» BY HAM/3 AND ONE-ELECTRON
REDUCTION POTENTIALS FROM REF. (4) AND (5)

iR-nitroacctophenone
p-nilroacelophenone
0-nitrobenzoic acid
m-nitrobcnzoic acid
p-nitrobenzoic acid
<Mlinitrobenzcne
m-dinitrobenzcnc
p-dinitrobenzcnc

EA/tV

1.74
2.04
1.72
1.84
2.06
2.24
2.16
2.46

-£1/V

0.437
0.358
0.412
0.433
0.3%
0.287
0.345
0.257

ref.

5
5
4
4
4
4
4
4

In tables 1-3 are also given the electron affinities calculated according to the
semi-empirical quantum mechanical method HAM/3 developed by Åsbrink et al*
11 AM/3 is parameterized for molecules containing H, C, O, N and F and makes use
of a " diffuse " addition of i electron to the molecule in order to compensate for the
rearrangement energy. When the calculation is performed with the addition of
] electron it is possible to obtain the electron affinity directly from the calculated
lonization energy of the negative ion.

We have, for all substances except o-dinitrobenzenc, assumed that the atoms of
the ring and the nitro-group are planar and we have used bond lengths and bond
angles given by I'ople and Bevcridge.7 The oxygen-oxygen distance between the two
nitro-groups in o-dinitrobenzene with planar structure is very short ( « 1.7 A) and
we have therefore calculated the total energy and the electron affinity for four di Herein
geometries with the nitro-groups rotated symmetrically 0, 30, 60 and 90 relative
r<> the ring.

The total energy was found to have a minimum and the electron affinity a maximum
when the niCro-groups were rotated 3D1 (lig. 5) ami we have assumed the highest
electron affinity to be the correct value.
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Kic. 4.—Increase in absorption at 430 nm (absorption maximum for duroquinone) due to the electron

transfer from o-nitrobcnzaldehyde to tluroquinone.

All molecules studied in this work show positive electron affinities, the electron
being added to a 7i*-orbital centred on th: nitro-group and coupled to the benzene
ring, as shown in fig. 6.

The measured one-electron reduction potentials have been plotted against calcu-
lated electron affinities in fig. 7. The calculated electron affinities refer to isolated
molecules, i.e., approximately low pressure gas-phase conditions, while the pulse
radiolytically measured one-electron reduction potentials refer to the electron affinic
properties in solution. A correlation of the two properties should therefore take
into consideration the effect of solvation on the molecules and their corresponding

rotation angle/"

V<(,. 5.—Total energy and electron affinity against angle between nitro-gruups and benzene ring of
o-dinitrobenzene.
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li< •. (>.- -Schematic diagram showing the coupling between mlro-group and benzene ring

radical unions. According to Parker * and Nenner and Schult/ '' a plot of electron
affinities against reduction potentials should give a straight line with unit slope.
Using experimental values Nenner and Schultz, however, did not obtain unit slope
and interpreted this as being due to the effect of soivation on the electron atlinities.
The slope obtained from the plot in lig. 7 is 0.185, indicating that the solvation energy
tends to lower the one-electron reduction potential, i.e., make the solvated molecule
less electron allinic than predicted from its calculated electron affinity. As can be
seen from lig. 7 the one-electron reduction potential of o-nitrobenzonitrile is
higher than expected from the calculated electron affinity. This is probably due to
partial hydrolysis of the nitrile group to the corresponding amide and hence the
measured one-cketion reduction potential is a weighted mean of the reduction
potential of the two forms, liven if this is not taken into consideration we consider
the calculated electron allinity of o-nitrobenzonitrilc to be reasonably accurate
liable 3).

2.0 2.5

electron allinity/cV

i II.. 7. Mnr-i-leclion njuilion potentials measured with the pulse radiolysis technique plotted
against electron affinities calculated by HAM/3.

< hristopiiorou has discussed '"• " the lifetimes of parent negative ions and also
men experimentally determined electron affinities lor a few substituted nitroben/encs
ami hvn/onitrilcs. It is of interest to compare the ex pen menial and calculated
electron afiinitics and we have therefore tabulated the values in table .'.

II can be seen from table .1 that lor nitrobenzene, /»-nitrobcn/ontinle and ben/.o-
nitrile the calculated and experimental electron allinitics are itt j-ood agreement,
while for n- and w-dinilrobcii/ene there are dillercnces of 0.5-1 eV. I he uncertainty
in the !l \M; < niellnul is . 0 S e\ in the calculated election atlimly. On the other
hand, ;u.> systematic >M.>I in Hie calculation should he inncli smaller than 0.5 eV
for similar molecules. As iheie is good ayicciucnt bctweni calculated and experi-
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TABLE 3.—COMPARISON OF EXPERIMENTALLY DETERMINED I O AND CALCULATED ELEcrn<>N
AFFINfTIES

nitrobenzene

p-nilrobcnzonilrile
bcnzonilrile
m-dinitrobenzene
o-dinitrobenzene

EA!a\
Iref. (10)]

0.5; 0.7; 1.1;
1.19; 1.34
1.82
0.33; 0.24; 0.25
1.45; 1.26; 1.58
1.07; 0.66

£>I/eV
(HAM/3)

1.17

1.91
0.26
2.16
2.24

mental electron affinities of several of the molecules in table 3 and good corrc'ation
is found between the one-electron reduction potentials and calculated electron
affinities (fig. 7), there is some reason to believe that the discrepancies arise at least
partly from difficulties in the experimental determination of the electron affinities for
o- and m-dinitrobenzene.

We thank Prof. E. Lindholm and coworkers for kindly having made the HAM/3
program available. This work was supported by the Swedish Natural Science
Research Council.
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Abstract

A treatment based on the validity of a Hammet-like equation
combined with expressions for the free energy changes in a
chemical reaction may explain the behaviour of the correlation
of one-electron reduction potentials and electron affinities.
In the limited temperature range used AH and AS can be con-
sidered to be independent of temperature, which leads to a
simple form of the Hammet reaction constant, p=pa (1-f^/T).
By partitioning AH 0 and A S ° into external and internal parts

and assuming that AH°Ext=Y^T'l''e^'AH°Int and A S°Int = 0 it: can

be shown that a plot of one-electron reduction potential ex-
pressed in volts vs electron affinity expressed in eV should
be A E ^
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Introduction

It is by now well established that the sensitization efficiency
of nitroheterocyclic and nitroaromatic substances is to a large
extent related to their electron affinic properties in solution.
Electron affinity is defined as the energy change in a molecule
when an additional electron enters the LUMO. In order to per-
form theoretical calculations of properties such as electron
affinity or ionization potential one has to treat the molecule
as being unaffected by external fields. This requirement is far
from fullfilled in aqueous solution, where polarization effects
largely affect the MO's. In solution the property corresponding
to electron affinity is one-electron reduction potential or
polarographic halv-wave potential. Electron affinity and reduc-
tion potential/half-wave potential are often used synonymously
by scientists in radiation biology (1). Although, for a series
of compounds, there is a linear relationship between electron
affinity on one hand and one-electron reduction potential on
the other, one has to keep in mind that the two concepts are
not identical. We have in two papers discussed the relation of
electron affinities, calculated by the semi-empirical quantum
mechanical method HAM/3 (2), and one-electron reduction poten-
tials, measured by the pulse radiolysis technique, for a number
of substituted nitroimidazoles (3) and nitrobenzenes (4) and
found good correlation between the two properties. It can be
shown, using Hess law from classical thermodynamics, that a
plot of electron affinity (expressed in eV) vs one-electron re-
duction potential (expressed in V) should give a straight line
with unit slope. In neither of our studies we obtained unit slope
but rather a slope of around 0.2 Nenner and Shultz (5) have in a
similar study of pyridines obtained a slope of 0.6.

In this paper an attempt is made to offer an explanation to

this behaviour. It is based on the assumption that a Hammet-
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like equation for substituent effects 1s obeyed by the mole-
cules under consideration. A similar study on the substituent
effects In acid-base equilibria has been made by Hepler (6)>(7)
and Larson and Hepler (8). The line of reasoning 1n this paper
largely follows that of Hepler in ref. (6).

Measurement of one-electron reduction potentials

In the papers cited above (ref. 3 and 4) the measurements of
one-electron reduction potentials were carried out by the pulse
radiolysis technique. In this particular application use is be-
ing mad*» of a one-electron transfer between the molecule (S),
whose one-electron reduction potential is to be determined, and
a reference molecule (Q) with known one-electron reduction poten-
tial (eq. 1).

S : + Q Z S + Q7 (1)

The radical anions S7 and Q" were produced in kinetic competi-
tion reactions with solvated electrons according to eqs. 2
and 3.

e;q • Q - Q: (3)

This initial production of S* and Q~ is followed by attainment
of an electron transfer equilibrium according to eq. 1. By gene-
rating S" 1n large exess and by following the growth in absorb-
ance of the radical Q:, at a wavelength where S~ does not absorb
appreciably, It was possible to calculate the equilibrium con-
stant Kc for eq. 1 (eq. 4).

(OD,

<0DQ " 00obs>
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Here OD. is the dose-normalized optical density for a given
ratio fSj/fQj and OD and 0DQ are the dose-normalized optical
densities when only S or Q are present respectively. The one-
electron reduction potential of S was then obtained from eq. 5.

At 25°C:

E)(S"-/S) = EJ(Q"-/Q) - 59-logK. (6)

The indices 1 and 7 denote the one-electron reduction potential
at pH 7 expressed in mV.E7(Q~ /Q)is the known one-electron re-
duction potential of the reference compound.

Calculation of electron affinities

The electron affinities of the molecules listed in table 1 and
2 were calculated by the semi-empirical quantum mechanical method
HAM/3 developed by Asbrink, Fridh and Lindholm (2). This method
which is parameterized for molecules containing H,C,O,N and F
makes use of "diffuse" addition of 1/2 electron in order to com-
pensate for the rearrangement energy. The electron affinity is
obtained directly from t!ie ionization energy of the negative ion.

Results and discussion

The Hammet equation has been extensively used to explain and to
quantify the effect of substitution on the pKa values for a large
number of aromatic carboxylic acids (9). The equation has also
been used to predict the relative radiosensitization efficiency
of various nitrogen containing heterocyclic and aromatic com-
pounds. Thus a Hammet-like equation may provide a means to pre-
dict the effect of substitution on redox as well as acid-base
equilibria. By combining a Hammet-like equation (eq. 7)

logKc = P.,, (7)
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with Gibbs-Helmholtz equation from thermodynamics the following

expressions were found for A H ° , A S ° and ACp° in eq. 1.

fiH° = R olnlO T2|£ (8)

AS0 = RolnlO(p+T|^) (9)

ACp° = R al nlO(T
2-^-+ 2T-&) (10)

Here p is a function of T and the solvent characteristics such
as dipole moment, and o depends only on some intrinsic property
of the solute. In the temperature range studied (25°C), A H ° can
be considered to be independent of the temperature i.e. ACp°=O.
This means that the parenthesis in eq. 10 must be zero. The solu
tion of this differential equation is

P = P.(l-y-) (")

where o^is the limiting value for p at high temperature, and
8j is the so-called isokinetic temperature. Using these expres-
sions for p and <5p/6T and combining with eqs. 8 and 9 we obtain

AH° = p.AS0 (12)

The enthalphy and entropy changes in the reaction may be further
divided into external and internal parts. The external part be-
ing the contribution from orientation and polarization effects
of the solvent and the internal part originates from some intrinsic
property of the solute. In this case from the electron affinity
of the solute (eqs. 13 and 14).

AH° - AH° E x t + AH° I n t (13)
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For a symmetrical reaction as in eq. 1 one can assume that

AS' . .=0 i.e. &S =AS Ext- The magnitude of AH Ext is dependent

on the exchange of energy between the solvent and the solute
and thus also dependent on A H ° , .. Hence AH°r t may be con-
sidered as a product of A H . . and some function of the nature

(pq.

= Y(T,e,y)AH° Ir.t (15)

We may now turn our attention to the study of A G and hence to
t£l. TheGibb's free energy change may be expressed as:

AG° = AH° - TAS° = Int Int (16)

As it was assumed that AH is independent of T it follows from

eq. 15 that y(T,e,u) should be independent of T. This can be

proved if we consider the expression for A G ° (eq. 16) in which

AG0 is replaced by -RT lnlO-p-o. This relation combined with

eq. 16 yields an expression for o(eq. 17).

a =
1

RlnlOpT Int (17)

a is by definition considered to be a function of the inductive

effect of the substitutents (or A H ° J . ) . This means that the

factor 1/pT-(1+Y)(T/P--1) is a constant. Inserting p from eq. 11

and rearranging we obtain (eq. 18).

---p7(l+Y) = const. (18)

This shows that y is independent of T.

Since AH° I n t is assumed to be a function of the intrinsic pro-

perties of the molecules in eq. 1 it may be described as:

Int = - N . - A E A (19)



where N. is Avogadoros number.AG may now be expressed in terms
1 A 1

of AE, i.e. A 6 =-FAE 7- Combining eq, 16 and 19 thus gives:

^ ^ (20)
The factor N./F will be unity if A E A is expressed in eV and

1AE7 in V. As can be seen from eq. 20 almost any slope can be
obtained depending on T and the choice of solvent. Since > is
independent of T it follows from eq. 20 that <"E7 should be pro-
potional to Tat constant AEA. This is not obvious since A E 7 is

defined according to eq. 5 and logK is generally a function of
1

T. The only case in which AE, can be propotional to T, as suggest-

ed in eq. 20, is i f K is independent of T. Table 3 shows K

for nitrobenzene relative to 9.10-anthraquinone-2-sulphonate

(AQS~) as a function of T. As can be seen K is v i r tua l ly inde-
1pendent of T and hence A E7 is propotional to T according to eq. 5

and eq. 20. In f i g . 1 we have gathered the data in refs. 3 and 4

on a common plot using the difference in E, and EA towards duro-

quinone (E=-244 mV, EA=2.77 eV) instead of using the absolute

figures for these variables. The slope in f i g . 1 is 0.16, and

the correlation coefficient is 0.83. Since the plot includes

both nitroimidazoles and nitrobenzenes this indicates that the

solvent polarization and temperature effects are responsible

for the slope in f i g . 1 according to eq. 20.
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Table and figure texts

Table 1.

Difference in one-electron reduction potentials and calculated
electron affinities for substituted nitroimidazoles from ref. 3
relative to duroquinone (E=244 mV EA=2./7 eV).

Table 2.

Difference in one-electron reduction potentials and calculated

electron affinities for substituted nitrobenzenes from ref. 4

relative to duroquinone.

Table 3

The equilibrium constan, K , for nitrobenzene relat ive to 9.10-

anthraquinone-2-sulphonate at different temperatures.

Figure 1.

Plot of difference in one-electron reduction potentials vs

difference in calculated electron affinities relative to duro-

quinone for the substances listed in table 1 and table 2.



10(1?)

Table 1.

Name AE(V) *EA(eYj

1. 1-Hydroxyethyl-

2-Methyl- 0.242 1-44

5-Nitroimidazole

2. 2-Methyl -
5-Nitroimidazole 0.298 1.83

3. 1-Methyl -
5-Fonnyl- 0.001 0.81
2-Nitroimidazole

4. 1-Methyl -
5-Acetoxy- 0.056 0.82
2-Nitroimidazole

5. 1-Methyl -
5-Ethyl- 0.151 1.26
2-Nitroimidazole

6. 1-Methyl-

fj-Hydroxymethyl 0.156 1.19

?-Nitroimidazo1e

7. 2-Nitroimidazole 0.174 1.66

8. 1.2-Dimethyl-

5-Nitroimidazole 0.231 1.63

9. 2-Nitro-
5-Furoic acid 0.073 1.04
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Table 2.

Name AE(V)

1. Nitrobenzene

2. o-Nitrobenzaldehyde

3. p-Nitrobenzaldehyde

4. m-Nitroacetophenone

5. p-Nitroacetophenone

6. o-Nitrobenzoic acid

7. m-Nitrobenzoic acid

8. p-Nitrobenzoic acid

9. o-Dinitrobenzene

10. m-Dinitrobenzene

11. p-Dinitrobenzene

0.242

0.111

0.078

0.193

0.114

0.168

0.189

0.152

0.043

0.101

0.013

1.60

0.67

0.67

1.03

0.73

1.05

0.93

O./l

0.53

0.61

0.31
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Table 3.

T°K

298

3C8

317

327

338

KC

39.5

29.9

26.5

27.9

27.7
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Abstract

The reaction of OH with glutathione (Y-glu-cys-gly) in neutral
and alkaline aqueous solution has been studied by pulsed radio-
lysis. In addition to the sulphur centered 6S-(GSS6~) radical
formed by electron transfer or hydrogen abstraction from GS"
(6SH) at least one carbon centered radical is formed with pH-
dependent yield by hydrogen abstraction from the y-carbon or the
amino group on the y-glutamyl moiety. The latter radical is trans-
formed in a first order reaction most probably to a carbon cen-
tered radical on the cystein group. No evidence for the formation
of carbon centered radicals was found in comparable experiments
with cysteine and 2-mercapto-propionyl-glycine.



The reaction of the hydroxyl_j^a

in neutral and alkaline solution

Introduction

Recent observations indicates that oxygen fails to enhance the

radiosensitivity in human cells which have a greatly decreased

glutathione level ( <10 per cent of the normal) as a result of

a genetically defined deficiency of glutathione synthetase. In view

of the assumed competition between oxygen and sulphydryl compound^ fo>-

bioradicals ' ' the lack of "oxygen effect" suggests that molecular

thiol compounds other than glutathione, which are present in the

enzyme-defect cells in about 40 per cent of the normal non-protein -

SH concentration, are less efficient in the postulated competition

process' ''.

Vie have in the present work investigated in some detail the

oxidation of glutathione by pulse-radiolytically generated OH-

radicals in neutral and alkaline aqueous solutions. For com-

parison, similar investigations were made with two other thiol

compounds: cysteine was chosen as a natural thiol compound

representing the sulphydryl containing amino-acid com-

ponent of glutathione; and 2-mercapto-propionyl glycine was

selected as representing in part, another amino-acid component

of glutathione, and for its lack of a free amino group.

Experimental

Details of the pulse radiolytic set-up are described elsewhere' '.

2-mercapto-propionyl-glycine (MPG) was synthetized by Santen

Pharmaceutical Co., Osaka, Japan, and was a gift from the Company.
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All other chemicals were of Merck p.a. quality and useri as

received. The solutions were prepared from triply distilled

water and were made oxygen-free by purging with Ar (AGA-SR

quality <1 ppm 0-), or saturated with N^O (AGA). The 7 MeV

microtron accelerator delivered 200 ns - 1 \>s pulses with

current 50-100 mA. Dose per pulse: 1-6 krad.

Results and discussion

The generally accepted mechanism for OH-radical interactions

with -SH containing molecules in the absence of oxygen can be

summarized by reactions 1-4

FSH +

RS" +

RS- +

OH-

OH-

RS"

"1
— *

X
k3

%

RS- +

RS- +

RSSR'-

H?O

OH"

2k,
RS- + RS- RSSR

The RSSR" radicals formed by react ion 3 have been shown to
/O Q ]Q\

absorb in the 400-420 nm region^ ' ' ' with extinction co-
3 3 - 1 - 1

efficients -> 8-10 dm mol -cm . Transient spectra on pulse

radiolysis of 5-10 mol-dm" of glutathione (henceforth denoted

GSH) at pH 9.5, 5-10~? mol-dm"3 cysteine (Cys-SH) at pH 9.6

and 5-10 mol dm 2-mercapto-propionyl-glycin (MPG) at pH 9.2

shown in figures 1-3. The common feature in the transient spectra isr

strong absorption band with maximum around 400-420 nm. In the case of

cysteine this absorption decays according to second order
2k 5 -1

kinetics with rate constant— = 2.3-10 cm'Sec , a decay presumably

qoverned by the recombination of the RS-radicals (reaction 4).

In solutions of MPG the decay of the 410 nm absorption follows

mixed order kinetics indicating a complex decay process, where-

as for qlutathione the decay is strictly first order with a
4late constant of 2-10 -1 . This clearly indicates that a
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different reaction path than the recombination of the GV
radicals is operative. The reversible reaction 3 has been

studied for a number of -SH compounds by Hoffman and Hayoi
For GSH they reported k, and k - to be 6.2-108 dm3 -mol^-

5 - 1 3
and 1.6*10 sec respectively which gives Kn ., = 3.910

3 -1 9
dm -mol . The value for k , is in marked variance with the

4 -1first order decay rate constant 2-10 sec found in this
work. Hoffman and Hayon arrived at their value for k , by
irradiating oxidized glutathione (GSSG) in the presence of
t-BuOH as OH-scavenger and monitoring the decay of the GSSG"
radical formed by reaction 5

(3)

'aq
GSSG GSSG"

The first order decay constants for the GSSG'-radical, produced
according to eq.5 in the presence of 1 mol-dm t-BuOH, at pH 9.8
at differing concentrations of the glutathione anion GS
are plotted in figure 4. The rate constant at[GS"l - 0 is in
excellent agreement with the one reported by Hoffman and Hayon,

but decreases with increasing GS" concentration to about
4 -12-10 sec . This may be interpreted as follows: increasing

the GS" concentration pushes the equilibrium reaction 3 further
to the right which enables the majority of the GSSG'-radicals
to decay via an alternate mono-molecular pathway i.e.

GS- GS"
K-3

GSSG — > Products

At [GS J = 0 no equilibrium condition exists right after
the pulse and the GSSG -radicals disappear due to the re-
laxation of the reversible reaction (3) and reaction (6),
i.e. immediately after the electron pulse

"obs -3



From figure 4 k__ is found to be 1.410 sec"

As can be seen from the transient spectra of GSH, CysSH and

MPG there are marked differences in the 280-300 nm region for

the three compounds. In the case of GSH the absorption moni-
4 -1

tored at 280 nm builds up with at a rate of 5-10 sec . The

build up can not be correlated to the decay of the

GSSG -radicals since this would require equal decay and form-

ation rate constants. Consequently the growth in absorption

at the high energy flank has to be assigned to another species.

Furthermore the initial G-value for GSSG"- is not equal to
G(eIn) + G(OH-) + G(H-) = 6.1 in N,0 saturated solution,

aq c 8 3
but about 25?, smaller at pH 9.3. Since kQ is 6.2-10 dm

-1 -
•sec the initial absorption of GSSG • is taken as a mr-Mvi'

,3 (10) dm molyield of GS«. Assuming e(GSSG-) to be 8-10

it can be seen from figure 5 that G(GSSG~) never reaches

the value 6.1 at any pH. At pH-9 this may be explained

by reaction 4 being favoured as equilibrium 3 is pressed

to the left due to the low GS" concentration. At pH>9.2,

-1

of the

-1

which corresponds to the pKa value for equilibrium?(2)

GSH GS

the low G(GSSG~-) value may possibly be explained either by a

decrease in the extinction coefficient for GSSG"- due to de-

protonation of an amine group or by the formation of another,

not sulphur centered, radical resulting from OH-attack on GS

(reaction 8).

OH- GS — * -GS 8

Pulse radiolysis conductivity experiments were carried

out to check the G(RSSR~-) value for GSH. The cange in conductivity

immediately aft^r pulse due to reaction 2 can be written.
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;:C-,\ - C(OH)[xOH" - 2xGS" +

The specific conductivities of GS" and GSSG: are small compared to

xOH'. Taking XOH~ to be 180 and assuming 2xGS" - \GSSG to

be ^20 G(GS3G:) is found to be 3.6 at pH = 10.5 in fair agreement

with 3.25 obtained from optical measurements at 410 m. Although

this indicates the formation of another species by either OHaddi-

tion or hydrogen abstraction promt deprotonation of GS- (or GSSG- ),

probably being more acid than GS", can not be completely ruled

out on these grounds.

The growth of the 280 nm absorption above DH 9.5 suggests a

monomolecular rearrangement reaction. No growth of this

absorption is found below pH 9. It may thus be assumed that OH-

attack on glutathione at pH>9 can lead to the formation of two

species: GS- and -GS~, the latter undergoing subsequent rearrange-

ment (reaction 10 ), with k|0 = 5-10 sec" as mentioned abov .

•GS" -> -G^" 10

At a longer timescale the absorption at 280 nm disappears

according to second order kinetics with the rate constant.
7 3 1 - 1

2k = 5-10 dm moi #sec , which is attributed to the recombi-

nation of 'G^S".
i o

Increasing the total concentration of GSH to 5*10 mol-dm

at pH 8.3-10.2 results in a substantial decrease in the decay

of GSSG"-. There is also a drastic change in the decay of -G^S",

from second to first order, with first order decay constant of

about (2-3)-103 sec"1. These findings indicate that GSSG"- is

stabilized by the presence of GSH and GS" and that -G,S" pro-

bably abstracts a hydrogen atom from GSH leading to the formation

of GSSG *. At pH • 10.2 -G^S" regains near second order decay

resulting from the decrease in GSH concentration with incresinq pi I.

These results are summarized in table 1. Assuming G(-GS~) ~

'- G ( ° H - ) 0 H * G(H) t G(e"aq) - G(GSSG") =1.5 at pH 9.3 the ex-

tinction coefficients for -GS" dnd-C-S"1 at 230 m», are esti-

mated to be 5.5-10' and 8.4-103 dm 3-mortem" 1 respectively.
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The glutathione molecule contains essentially four exchangable
(2)protons: Two carboxylic, with pKa values 2.5 and 3.7V ', and

-SH and -NH3 with pKa values 9.2 and 9.5 respectively. As mention-

ed earlier, the formation of the -G,S"radical is dependent on the

pH of the solution in such a manner that no formation of the 280 nm

absorption is found below pH 9. We therefore believe that this

absorption is connected to deprotonation of the -NH~ and/or -SH

groups in the molecule.

Since GSH, containing both amide and amine groups, may be viewed
both as an alifatic amine and an amide it becomes necessary to consi-
der the OH* reaction mechanisms for these substances. OH- radicals
react with amines about ten times faster than with amides. The site
of attack is strongly dependent upon the degree of protonation of
the amine group. At low pH (i.e. < pKa for the -NH, group) t he-
site of attack is mainly H-abstraction from the s-carbon, while
at pH > pKa for the -NH^ group abstraction occurs at the a-carbon
or at the amine group itself. The rate of attack also increases by
about a factor of ten as the amino group is deprotonated* '.

In the case of N-methylated alifatic amides H-abstraction occurs ex-
clusively at the N-substituted methyl group, but the rate of abstrac-
tion is,as mentioned earlier, a factor of ten slower as compared to
an amine"9-20 ) j n e s e reactions are summarized in reactions 18,
19, 20.

OH- + R - CH2 - CH2 - NH* •• R - CH - CH2 - NH* + H?0 11

OH- + R -
c c c ^>>

R ru m MU

OH- + H - C0NHCH3 • RCONHCH2 + HgO 13
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Hayon et al'20' discuss the implications of these reactions nn
the radiolysis of peptides and suggest that radicalr formed in
reaction 13 can have extinction coefficients in the range
6 000-14 000 dm3 mole"1 cm"1 at 235-270 nm.

Thus it seems probable that abstraction of the y-carbon H-atom or
the amino H-atom is effective in the case of an unprotonated amino
group on the y-glutarayl part in GSH. This radical is then transfor-
med into a carbon-centered radical on the cystein part attached to
tne amide nitrogen. We therefore assign the following structures
to the radicals 'GS~ and -G^".

•GS "02C - C - (CH2)2 - CONH - CH - CONH - CH£ - C0~
NHO CH2

"02C - CH - (CH2)2 - CONH - C - CONH - CH2 - C0~

s"

The transformation of -GS" into -GjS" is quite reasonable
since it may proceed via an intramolecular ring formation
with subsequent H-atom transfer. The rather high extinction

coefficients reported for three types of radicals' ' are
also quite reasonable since the 'G^S" radical has a high de-
gree of resonance stabilization over the peptide bonds.

Hence the conclusion is that glutatMone has at least
one additional, easily abstractable,hydrogen atom. That this is
not the case for cystein and MPG is shown by the fact that in
both fig. z and fig. 3 the G-value for the RSSR"- radical is
6.1 resulting in complete conversion of the OH- and H* radicals

into RS-. A scheme may therefore be postulated for
the OH- attack on glutathione at pH 7-10. (Figure 6)
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Further studies of the reactions of other radiolytically
produced radicals with GSH and with cysteine-glycine, gluta-
nrine-c,steine and other, low molecular thiol compounds are
in progress to test the possible uniqueness of glutathione in
regard to the formation of both sulphur and carbon centered
radicals.

This work was supported by the Swedish National Science Research

Council, the Swedish Cancer Society and the International Atomic

Energy Agency (contract 1725/R4/RB).
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Fig. 1
-3 -3Transient absorption spectrum of 5-10 mol-dm .

Glutathione at pH 9.5. Dose 8.14 krads. (O) initial
absorption, (a) after 70 ps.

Fig. 2
-3 -3Transient absorption spectrum of 5-10 mol-dm .

Cysteine at pH 9.6. Dose 8.9 krads. (o) initial
absorption, (p) after 70 ys.

Fig. 3
-3 -3Transient absorption spectrum of 5*10 mol-dm .

Mercapto-Propionyl-Glycin (MPG) at pH 9.2. Dose 6.5 krads.
(O) initial absorption. (A) after 50 ps. (•) after 130 us.

Fig. 4
First order decay constant för the GSSG** radical as a
function of the glutathione anion (GS*) concentration.

Fig. 5
Yield of GS- (monitored as GSSG-') as a function of pH.

Fig. 6
Proposed reaction scheme for the reaction of OH* radicals
with glutathione. The dotted arrow indicates that at higher

-2 -3GSH concentrations (> 10 mol-dm ) hydrogen abstraction by

•G^" from GSH competes efficiently with the recombination of
•G,S~ (table 1).

Table 1
The decay kinetics of GSSG"» and -G.S" listed as function of
the total GSH concentration and pH. The dose in these parti-
cular experiments was held around 6 krads.



Table 1

mol-dm PH

Firs t order decay

of GSSG"-

Fi rs t order decay
1of-6,5

Second order decay"

of - G ^ " 2k2g0

(dm3-mor1-sec'')

" 3ID

5-10"3

10" 2

S-lo ' 2

5-10"2

9.2

9.13

9.17

9.3

10.2

3.5-104

2'104

1-104

2.4-103

2.5-103

3'103

5.3-107

5.0-107

4.5-107
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Abstract

A HPLC study has been carried out to test the proposal made in
an earlier paper that C-centered radicals are formed, in addi-
tion to sulphinyl radicals, in the radiolysis of gluthathione

(GSH) at pH >9. An additional peak was obtained in the chroma-
-3 -3togram when 5*10 mole dm GSH at pH 10.5 was irradiated at

a dose rate of approximately 3 krad microsecond" . A number of
peaks were also obtained from the decay products of the GSSG"
radical.
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Introduction

The generally accepted mechanism for the OH- radical reaction

wi ":h reduced glutathione(y-glu-cys-gly), GSH is the formation

of sulphinyl radicals, GS*. In a previous paper (ref. 1) we have

obtained kinetic indications that another, not sulphur centered,

radical is also produced by pulsed radiolysis of GSH. This radi-

cal is then transformed by a monomolecular rearrangement into

a second radical (eq. 1). The radicals in fig. 1 denoted -GS"

and -G,S~ were assumed to be

•GS" = "02C - C - (CH2)2 - CONH - C ^ - CONH - CH2 - C02

IUU ru

NH2 CH2

S*

'02C - CH - (CH2)2 - CONH - CH - CONH - CH2 -

NH2 CH2

respectively. The decay kinetics of the GSSG" radical ion

(formed in eq. 2) was found to follow first order kinetics and

it was concluded that this decay was not governed by the recom-

bination of GS- radicals in which case the decay should follow

second order kinetics. Instead a monomolecular pathway which

should not involve sulphur-sulphur bond cleavage was assumed

(eq. 3).

OH- + GS" • -GS~ -• -G^" •*• Products (1)

GS- + GS" t GSSG7 (2)

GSSG: - Products (3)

We have in the present work used HPLC (High Performance Liquid

Chromatography) in an attempt to obtain further information con-
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cerning the assumptions made in paper (1) about the possible

formation of C-centered radica'is produced in eqs. 1 and 3.

Experimental

Irradiations were carried out by means of a 7 MeV microtron
accelerator and a Co>- source with dose rates 3 krad pulse
at a frequency of 10 pulses sec* and 0.12 krad sec" respective-
ly. The HPLC instrument used is an ALTEX model 332 microcomputer
based chromatograph. The HPLC column is an ALTEX Lichrosorb RP-
C18 prepacked column with a particle size of 10 micrometer. The
optical detection system consists of an eight jil flow cell in
which the absorbance was recorded at 254 nm. In all experiments
the eluting solvent consisted of 0.05 mole dm potassium dihydro-

genphosphate adjusted to pH 3.1 with phosphoric acid (ref. 2).
3 -1The flow rate was set at 1 cm min at 1500 psi (100 bar). The

samples were applied to the top of the column by means of a 20
microlitre sample loop injector. All solutions were buffered with
sodium or potassium phosphate buffers and were deaerated with
argon and/or dinitrogenoxide (AGA SR quality) prior to irradiation.
All chemicals were of Merck p.a. quality and were used as received.

Results and discussion

According to the reaction scheme outlined in fig. 1 there should
be at least two products, in addition to GSSG, formed in the radio-
lysis of glutathione. The rate and equilibrium constants reported
in ref. (1) are given below.

k] = 5-10
4 sec"1

2k2 = 5-10
7 dm3 mole"1 sec'1

2k3 = 2.3-1O
9 dm3 mole"1 sec"1
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k4 = 2-10
4 sec"1

K = 4.4-103 dm3 mole'1

Irradiation of GSH at varying concentration and pH have been
carried out using Coy-rays and 7 MeV electrons in order to
study the effect of dose rate on product formation. To establish
which product peaks have their origin in the GSSG7 radical ion
GSSG was irradiated in the presence of 1 mole dm t-BuOH. In
this case OH- is completely scavenged and the only reactive
species left is the hydrated electron which reacts according to
eq. 4.

e" + GSSG -• GSSGr (4)

The HPLC chromatogram from this experiment is shown in tig. 2.
In all chromatograms displayed in this work the peaks at 1.5
minutes arise from the additional buffer and water content in
the column as the sample is injected. These peaks are present
when a sample lacking glutathione is injected. As can be seen
this chromatogram consists of 5 peaks with retention times 2.1,
3.0, 3.5, 6.0 and 10.5 minutes. The peaks at 3.5 and 10.5 minutes
were readily identified as GSH and GSSG respectively, from chroma-
tograms of solutions containing these compounds only. The HPLC-
chromatogram of 5*10 mole dm GSH at pH 9.9 irradiated by y-
rays at a dose rate of 0.12 krad sec 1s shown in fig. 3a. The
chromatogram in fig. 3b was obtained by irradiation at pH 10.5
with a pulsed electron beam. There 1s a marked variance in pro-
duct composition in the two cases. Due to the low dose rate the
concentration of -G,S" radicals, assumed to be formed according to
the reaction scheme in fig. 1, in the steady btate Y"iri"adiation
is expected to be very low because of hydrogen abstraction by
^ S " from GSH, thus suppressing the recombination of -G^".
Hence no peak in fig.3a should arise from the recombination pro-
duct of -GnS". In fig. 3b a new peak with retention time 4.1
minutes appears. In fig. 4 the chromatogram of 5-10 mole dm
GSH at pH 10.5 irradiated by 7 MeV electrons is shown. In this
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chromatogram only the peaks with retention times 2.1, 3.0, 3.5
and 10.5 minutes appears. The data obtained in the various ex-
periments and the corresponding experimental conditions are sum-
marized in table 1.

A discussion about the identity of the products corresponding to
the various peaks obtained may start from an assumption of the
possible decay modes of the GSSG" radical. Evidently the first
order decay of GSSfir may proceed along two different ways e.g.

GSSG GSS- + G"

GSSG : •*• GSS' + G-

(5)

(6)

The G" ion, if formed, is if an alkyl ion type and should there-
fore undergo fast protonation. In pulse radiolysis conductivity
experiments no increase in conductivity due to protonation of the
G" ion was observed at pH 9.5. This leads us to believe that the
decay of GSSG" occurs via eq. 6, since GSS" is likely to be much
less basic than G~. The G- radical may then abstract a hydrogen
atom from GSH forming GH. The other product formed should be de-
tected as GSSH as the solution is acidified prior to HPLC-analysis.
To test the possible formation of GSSH from GSS" GSSH was selective-
ly generated from GSSG according to eq. 7 (ref. 3).

H 2S + GSSG •*• GSSH + GSH (7)

It was thus possible to identify the peak with retention time
3.0 minutes as GSSH. As can be seen from table 1 the peak with
retention time 4.1 minutes is only formed in the electron irra-

-3 -3diation of 5*10 mole dm GSH at high pH. This is consistent
with the reaction scheme proposed in fig. 1 with respect to the
occurence of the recombination product of #G,S". In the pulsed
electron irradiation the concentration of 'G,S* radicals was
sufficiently high to cause 85% recombination while in the y-
radiolysis experiments essentially no recombination occured. It
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is thus possible to assign the peak at 4.1 minutes with the
recombination product of #G,S~. The identity of the peaks at
2.1 and 6.0 minutes remain to be established. Both peaks occur
in the reaction of the hydrated electron with GSSG in the y-
radiolysis. The peak at 6.0 minutes originates evidently from
GSSG7 (fig. 2), since it is not formed at low pH (table 1).
As to the identity of this peak we have no idea presently.
However, it seems probable that the first order decay of GSSG"
does not proceed according to eq. 6 only but also, in parallell,
to some other product.

The number of peaks obtained under the various experimental con-
ditions is in accordance with the expected number of products
from fig. 1. Only one expected product has not been determined
in the chromatograms, namely GH, but it may seem probable that
the peak at 2.1 minutes originates from this product.
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Figure texts

1. Reaction scheme of OH radicals towards glutathione. The dotted

arrow indicates that at sufficiently high concentrations of

GSH (>10~2 mole dm"3) hydrogen abstraction by GS" from GSH

may compete efficiently with the recombination of '6-|S .

2. HPLC-chromatogram of 4*10 mole dm GSSG at pH 9.7 irradiated

by r-rays at a dose rate of 0.12 krad sec-1

3a.

3b.

5-10"3 mole dm"3 GSH at pH 9.9 irradiated by Y-rays. Dose

rate 0.12 krad sec .

5-10"3 mole dm"3 GSH at pH 10.5 irradiated by a 7 MeV pulsed

electron beam with pulse length 3 microseconds and pulse fre-

quency 10 pulses sec" . Dose rate approximately 3 krad micro-

second" .

4. -2 -3

5-10 mole dm GSH at pH 10.5 irradiated under the same con-

ditions as in fig. 3b.
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Reaction

e a q
 + GSSG

2.1

X

3.0

X

3.5

X

4. 1 6.0

X

10.

X

b Comment

pH 9.7

(a)

OH + GSH x x x

x x x

pH

pH

pH

PH

pH

3.1
(a)

9.9

(a)

3.1

(b)
10.5

(b)
10.5

(b.c)

OH -i- GSH

x x

X X

Text: Occurence of peaks in the radiolysis of 5*10 mole dm

GSH and GSSG at different pH.

a) doserate 0.12 krad sec"

b) 3 krad microsec
-2 -3

c) concentration of GSH was 5*10 mole dm
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