*’449"2;0’ - * ,‘ B * ’ o *f’*f’f”'i" "**’*I* I '*'.jf =

National Library ~ Bibliotheque nationale - CANADIAN THESES -~ THESES CANADIENYES
of Canada -  du Canada = ON MICROFICHE SUR MICROFICHE —

’

OV E\-aﬂ-!u— \tvxuwu—q,

UNIVERSITY/UN/ VERSITE. %

DEGREE FOR WHICH THESIS WAS PRESENTED/ | -
GRADE POUR LEQUEL CETTE THESE FUT PRESENTEE. ‘V\"dr\'e/* gmm
:\\— YEAR THIS DEGREE CONFERRED/ANNE‘E D’OBTENTION DE CE GRADE G 7q

NAME OF SUPERVISOR/NOM DU DIRECTEUR DE THESE A\‘Q‘M T DMLSO“V

Permission is hereby granted to the NATIONAL LIBRARY OF L’autorisation est, par la présente, accordée & la B/BLIOTHE-

Lo

'CANADA to microfilm_this thesis and to lend or sell copi,eé,,, ...QUE_NAT/ONALE DU _CANADA ﬂamicrali(mézcette thdseet. .. ..
of the film. ) v ' de pré‘tervoq de vendre des exemp/a/re; du f/'/m.'

The author reserves other publiéation rights, and neither Ihe L’ayteur se réserve( les autres droits ae Vprub//'é‘at}‘on: n/':/a‘

thesis nor extensive extracts from it ma’yrberprinted'or other-  ~ thése ni de'longs extraits de celle-ci ne doiverit étre imprimés = :
: yvise reproduced withouf the author’s written permission. ] ou autrement reproduits sans .|’ éui’orisan’oﬁécﬁte de /';‘iutgt‘/r.‘ .
; , B : ] , e

DATED/DATE. S . 17 SIGNED/SIGNE,

PERMANENT ADDRESS/RESIDENCE FI

NL-D1 (3-74)



e ,,l* .

National t-ibrary of Canada- - -- - -
Collections Development Branch

-Bibliothéque nationale duCanada — — —— ——— — —— ———~
Direction du développement des collections

7 - CMMW—SOM@deuhwmadimnm

Microfiche Service sur ‘microfiche

NOTICE

AVIS

\/rp_n,crofdmlng Every effort has been made to ensure

The quahty/ of this microfiche is heavily dependent
upon the quality of the original -thesis submitted for

h;ghest quallty of reproductlon possublé

i

La 'quallité de cette microfiche dépend grandement de
la qualité de la thése souniise au microfilmage. Nous

avons tout fait pour assurer une quallte supeneure

de reproductlon

If pages are missing, contact the umversuty whlch
granted the degree.

Some pages: may have indistinct print especiallvyv
if the original pages were typed with a poor, typewnterv

ribbon or if the university sent us a poor photocopy

g

Préviouélyicopyrighted materials (journal articles, v
jpubiish‘ed'-tests, etc.) are not filmed.

" laisser a désirer, surtout si les pages originales ont été

S'il manque des pages,
avec l'université qui a conféré le grade.

- - o

La qualité d'impression de certaines pages. peut

dactylographiées & |'aide d‘yn ruban usé ou si l'univer-

sité nous a fait parvemr une photocople de mauvaise

quallte

Les documents qui font déja 1'objet dun dront

d’auteur (articles de fevue, examens publiés, etc) ne

veutllez communiquer

2

Reproductlon in full or in part of this f|Im is gov- - v

'emed by the Canadian Copyright Act, R.S.C. 1970,
c)\C30 Please read the authorlzatlon forms whlch

aocompany this thests R,

~ THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

Ottawa, Canada . .
K1A ON4

sont pas microfilmés.

" La reproduction, méme partielie, de ce microfilm
_est soumnise a la Loi canadienne sur le droit d’auteur,
“SRC 1970, c. C-30. Veuillez prendre connaissance des

LA THESE A ETE
- MICROFILMEE TELLE QUE
NOUS L’AVONS RECUE

NL-339 (Rev. 8/80)

- “formules d’autorisation qui-accompagnent cette-thése.— -



THE EFFECTS OF FREE RADICALS AND OXYGEN ON THE ACTIVITY OF S e
GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE AND THE MEMBRANE ’
PERMEABILITY OF RESEALED ERYTHROCYTE GHOSTS - -

¥

by

’

Spencer . Kam-lun Kong

B.Sc., Hong Kong University, 1973

»

»

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF

THE REQUIREMENTS FOR THE DEGREE OF

’ SR " MASTER OF SCIENCE

___in the Department

of

Kinesiology

: <:> Spencer Kam-lun Kong 1979
SIMON FRASER UNIVERSITY
- July 1979 R

All rights reserved. This thesis may not be

———— reproduced in whole or in part, by photocopy —

. or other means, without permission of the author.

L



PARTIAL COPYRIGHT LICENSE - . o .

{‘hereby grant to Simon Fraser Univédrsity the right to lend
my thesis, ;rojecf or extended essay (the title offwhich,is shown below)
to users of the Simon Fraser University Library, and to make partial or -
single copies only-farrsuch users or in response to a request from the
library of any other universify, or other educational fnsfifufién,Aon

its own behalf or for one of its users. | further agree that permission

"”for mUTTIple copying of this work for scholarly purposes may be granfed%_
by me or the Dean of Graduate Studies. It is understood that copying
or publication of this work for financial gain shall not be allowed

without my writften permission. S S o L

Title of Thesis/Project/Extended Essay

1}~2—-d CATS Ci;-*&QJL\flJlLCAQLS causd CDQE%r-’ ow *&L&.CLCJ\*)\L‘1

S Q;u.

Author:

g

(signature)

~ kq**kﬂ:*&4}~ai¥¢kﬂ¢ii

s (name)

\5 A‘uq\ﬁ;‘\” lﬂ‘(‘?

(dafeﬂ




APPROVAL

5

Name; Spencer Kam-lun XKong
Degrea: Master of Science

Title of Thesis: The effects of free radicals and oxygen
‘ on the activity of glyceraldehyde-3-
phosphate dehydrogenase and the membrane
permeability of resealed erythrocyte ghosts,

[ - — - P e R — U,

Bxanlnlng Committee:

Chairperson:

T R TR D A i e W T i i i e S 4 WD wn D WL B D WP am e A s e e

External Examiner

Akuig. st UT?rﬂ

Date Approved--------- ---------



e & = R

ABSTRACT

o~
v

. A ) ‘ ;

Free radical forms of cxygen‘are known %o cause.damage to
LRw.

living cells and tissues, and oxygen plays an amkivalent

rcle In bo+th enharncing or retarding cellular free radical

_processes, A study cf free-radical dam agreg&o;plasma;_k

membranes was undertaken o obtain a better understanding of
the mechanisms of free-radical damage tc living Célis
involving (1) the rela*ive effectivenass of H202, .CH, 02~
and e- ; (2) interactions between these radicals ; and (3)
the effects of oxygen. | '

-

Memtranes were isclated from human _erythrocytes in the form'

.. of resealed gbostg,uhichNaraﬁimpermeablémrgmpola:1ﬁlou;mhwﬁm”,_fﬁ,fﬁwﬁ”

molecula;kueight ncn—elecirolytes. Damage was estihated
from (i) the permeability of memkranes *o
glyceraldehyde-3—phosphéte (G3P) and NAD, and (2)'

the inactivac{ion cf membrane-bound G3P dehyd:cggpasgfﬂ
(G3PDH) . The radiclysis of water by gamma-irfadiafion,whs

used as the scurce cf free radicals: - H202,';OH, 02- and e-,

it s et e e

Ghosts were more suscep*ible to irradiation +han

“erythrocytes by anméfdériéfhﬁééhitude;

B

i et



Using appropiate mixtures of scavesngers such as catalase,

superoxide dismutase and formate, “he ra*tes of increase in

permeabili+y (R{ml)) and ‘loss of activity of G3PTH (ﬁ(enz))

per molecule of each kind of free radicals were measured.
~ . ’ —— ) -

_R(enz) of 02- and H2C2 were 12-fold, and of ,OH 17-fold that

of e-, Hence wi+th respect *o Rkenz): .OH > 02- = H202 >

e-. R(mb) of s- and H202 were about 1.5-foidAand of .OH

3-fold tha+ of 02-, Hence,;with respect +o R(mb): .OH >

H202sz e- > 02-, Comparison between H202 added as a .
chemical reagsnt and H202 fcrmed by irradiation showed that
membranes cr G3PDH were ralatively inert to reagent H202 but

3

markedly suscepfible to the latter,

e

The interactions between free radicals and oxygen were
studied, and thke fcllowirg mixtures were found tc induce
greater damage than that which cculd be acccun*ed fcr by the

independent actions of the constituent free radicals: 8

.OH + H202, and (2) .OH + H202 '+ 02-. 1In con*rast,-the - - - .
fcllowing mixtures 'were found to induce less damage: (1)

H202 + 02-, and (2) cxidizing radicals (.6H,~H202).+

reduéing radicals (e-, H.). The résults suggest that a

Haber-Weiss like interactioﬁ”gééurs between H202 and 02- and



also between H202 and .OH to produce a species mcre potent -

than either in causing increased permeability. The decrease

”

in damage ctserved in *he simultanecus presence cf cxidizing
. . . . ]

Tu.

and reducing radicals reveals ar antagonistic effect by

vhich each tends *o modefate the damage by *the other,

Permeabiiity was 10-fold more resistant'to free-radical

‘damage than G3PDR in air-saturated media. However, further

increases in oxygen concentrations from 230 uM tc 1150 uM in

media containing (i) nc scavsngers,: (ii) fcrmate, (iii) - i
catalase plus dismutase, increased *the aerobic rates of S

increase in permeability by 60-, 7.5- and 9.5-fold

ey

respectively, but increased the acsrobic rates of enzymic o

inactivation bywz,lz,mAJZ:,andWSJS:foldl_wThnghmenzymic L o
inactivaticn is mcre sen;itiie than permsability +o the |
presence of émall amcunt of oxygen (less than 230 uM) the , ,A .
1attef is more sensitive at,ﬁigheriéoncenfrations of 6xygen :
(above 230 uM), These differences in Sénsitivity +0 oxygen
e arefindependent of the nafure of free radicals causing the

" damage. A’mechanism is therefore propcsed for the "cxygen

effect" in radiation damage in which 02 (1) interacts with .

e- and H,, producing 02-, thus_allowing~a Haber-Weiss 1like . ' BN

reacfionwﬁith H202, and (2) the fur+her increases in damage - ' %

AL




3

at increased concentra*ions of oxygen are primarily due *o

interactions of oxygen with sites of initial- damage.

The order of effectiveness cf free radical scavengers in
inhibiting *he increase in permeability caused by

qamma 1rrad*at10n was:

formate (90%) > nitrcgen (65%) >catalase (60%) > dismutass .

(32%) . S L

and with respact tc enzymic inactivation,

nitrogen (100%) > formate (77%) > dismutase (48%) catalase

(Bu%)

Ev1dently, free~ rad*cal damage *o tlssuns is only partly due
7+o ‘the dlrec+ actions of 1nd*v:.dual free radicals, a
:substantial fracticn being bcth the resul+ of interactions
between the radicals and of the propagation of initial
damage in'freéV:adical»chain'reéctiéns, Hitﬁloxygen

amplifying the chain propagation by increasing branchihg.
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GENERAL INTROLUCTION

A1l respiring organisme are caught in a cruel conflic+t 'in -
that the oxygen which supports their sxistence ig a toxic

substance in whose presence they survive only by virtue of

an elaborea‘te"sys:féﬁ cf defences (Fridovich 1975). The toxic
effects of oxygen'a;e caused by ths intermediates fdrmed in

the univalent pathways.of reduction to Qater. ‘In?erﬁediates
such as 02-, ,OH, and H202 are formed as electrons aré added

cne by one as shcwn in the follouing schema: ~F

02 # 3= —ccme—=-=- S 02~
02= + o= + 2H+ ----- > H202 e e s e e
H202 + e~ =~====-==--- > ,0H + OH-

.OH + é- 4+ Ht =====- -> EB20

Thes2 intermediates are free radicals, which are chemical

species having a lcne unpaired electron in an outer orbital.
The strong terndency to pair this lone electron makes free

radicals very reactive, Undoubtedly, the accumulation of



me+abolism, Subs*an*ial quantities of catalase, superoxide

-protoporphyr*a, carc*nogen°51s, aging, radiation sickness,
fHowever, little is krown of +ho vays by whlch the radicals

cf the plasma memkrane of a cell is vital for its existence,

i
\
1
\
I
[\
|
. i : = .
!
e \:'ﬁ:&. T R

it

such species in a living cell weculd result ir damage to *the
molecular fabric of the cell, In facﬁ,tthése radicals are :

continually produced ih low concentrations during cellular

dismutase, glutathiohé peroxidase, and sulphydryl ccmpcunds

ir cells of aerobic. crganﬂsms have evolved to previde = — I”
adequate protection under or@inary conditions,Agut |
pathological'situaticns~arisé in which such defences are
overpowered, for instarce, in irradiation orréhemcthetépy;:w;:
Evidence of toxicity of these free radicais in biological.
systems is.abdndant: glucose-6-phosphate dehydrecgenase

deficient haemoly ic araenmia, erythroprcietic

~and brain and lnns ~damage hyvpro -oxidant drugs etc._ e

S

produce their toxic effects. Since the functional integri+y

and since *he unsaturated fatty acids of membranes are known 7 :
tc be susceptible *o daﬁage by free radicals, the memktrane
constitutes one of the important sites in the cell of which'

damage by free radicals may explain the toxic effects cf

ttese radicals. Therefore we choose membranes to be the

target o =tudy +h= +ox4c1+y of cxygen fraee radicals. The
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1 of cur s+tudy is tc answer the following gquesticns:

>
+

To what extent are membranes vulnarable tc attack by free

" radicals.as compared to the cells from which they are

2)

3)

4y

5)

'.6).

-

As

mol

.

prerequisite to rational prevention, control and treatwent

of

derived ?°

What is the rela*ive effectiveness cf the individual

radicals in pféduciﬁqldamage to3mémtranes?’

3

By what mechanisms do they produce damage?

Does oXygen.affect *+he damage +o membranes caused by free

radicals and by wha* mechanisms?

What are *he interactions between different types of .

-

radicals when they are produced‘in a mixture?

How do such interac*ions modify the damage ? .-

v

-

with cther diseases, advances in understanding of

scular mechanisms of free radical pathology ate

+he discrders., The answers tc these questicns may enable



© us to undeérstand more about the characteristics cf these

i

radicals, their reactions with membranes and some cf the

mechanisms of +heir *oxici+ty. 1In addressing fhese

questions, we selected *he plasma membranes of erythrocyte o Cod

SOy

ghosts'as the target fcr free-radical damage, and .,

 gammé-irradiated'aqﬁecus buffer as the.source of pctentially

-

n e 'damaqing“free“radicais7*fbr*fﬁé“beIbving reasone T

Rasealed ery+hrocyte ghosts represen* a suitable membrare

P -

system for +his study, as they are devecid of cytcplasmic
- contents and resemble native plasma membranes in at least . .
+wo important aspects: (a) they have the same ccmposition:

of the major structural componénts of rlasma memEranes.
> 22 7 : :

. ramely lipids and prcte'ins,‘ (b) théy possess .b,ermreabil(:&y
”'"*characteffstics;“Similar”to”piaémaﬁmémhranéé"W{fh’fééﬁécf”fam T
- ~alkali ions and nonelectfolyfes._ Thesé ghosts'weré prepared
£’fr0m ery+hrocytes by aliowing the cytoplasmic contents to :

leak out during a brief osmotic rup*ure of *he mertranes.
The leakimg membranes can be ‘resealed by incuba+ticn in’
isotonic buffer at 37 deg C for an hour. Resealing restores

the characteristic permeability to alkali icns., However,

R

uring resealing some of the cytoplasmic'contents, namely

o

‘enzymes and low molecular weight molecules;, a;gwretained.




. . simplest mnancfeiApgeéaei%g~ihese~fad1€a%s~f:ee—frcm*

'~0rgaﬁélleé like4nﬁ¢lei and mifdihondria are nét;fcﬁnd'inu‘
ghosfs ; mature ary‘hrocy+es lack such organell--. As .
_c:ite:ié'fCr damage ge selected (1) Fhe activity cf
'lqliceraldehyde-34phospha£e’dehydrogenase (G3§DHL as an :B'

oxidation sensi+ive SH-enzyme and (2) the parmeability of

+he membrane 0 rclat‘vply low molecular welgh+ sukstrates ¢

as an'4naexrof‘its func+ional integrity. Permeahili;y can

be convanlanfly measurad by m,k””g,use of th enzyme G3PDH, .

~which is bcund on the cgtoplaémic side of the meth;apeé.

Since “he rescaled gkosts are inpermeablevto:théasubstrates;

. NAD and GBP ofvtﬁis enzylé }de v on of ths actlv +y of *he
 ¢nzyme +owards aubk-_a es added =x+efnally lnd*ca*ec an

increase'of membrane's permeabili+y , and therefore danage

U U - - .

7'?0 +he memktrane.

“Ir examiniﬂg théﬁcticn;'cf-fréefadiqéls,’it lasunecés sazy
+c make a choics among *he various-availaﬁ}é*:éthcdé'cf
’producing free radicals./—ﬁethods of produding .CH, 02- . and
H202 are d*scussed in detail in a rncen+ symp051um (S1ngh

1978). 0f these nethcds, gamna-*rradla ion prcv¢dec the

Contanlmaf"ng;S*d=-nrn5nr+q;' The hteakdggaggg;yaigr by

gamma radiaticn produces .OH, H202, .H and e- as the majcr

2



»piodGCts.w'Inuéhe'p:séenCerf'02, 02~ is fcréedrfrcm .H and

e-, Each of thaso frea radlca*s can be- selec ively produced

in an aqueous solut;cn by ustng T'adlcal =cavanger= to remove

f*he other ﬁree radlcal ' 1+erna+1v=1y, all these radicals

can -be pcauced_simultaneously.v Theréfdre, effects of S

';in&iviénai~radica}SWaﬁd¥variOusfmiifuresiof"free*radicaESA***A*

can be studied, ~Gamma-irradiaticn in ccmbination with free

-radical scavang was thus chosen in cur study for its

§3 mp11c1+y in appl*ca*lon and versa+tility in producing free

radicalsz 'Pu;thermorel it is the most exhaustively studied

+

system"and i+s maier E;ee.radical,prcducts are well

established.

»

inhisWthesis'consists*ofwﬂ~sections~correspondingmtt*baperS"‘*

"in preparation. fer or submi*ted for publication.

»

In séction>i“we show an ambivalen+ role cf oxygen'iq eithér
enharncing c¢r protectinq‘against free radical damage, aﬁd ’
shew memhraneseas cne cf,Ehe_structu:es most sen;itive to
éqgravétéon of démage by oxygen;’ This section was

ccn**ﬂbu*nd mainly by Dr ~Allan Davison and is intended for

-

LUSE S R LY

publ* a+1on as a shor* no: e, revzew*ng our present knowledge

. of the contradictori effects of cxygen cn-free-radical




£

A"

damage to biological systems. Detailsd accounts cf

we+ticdology are therefcre deferred to section 2, and 'é?'

yveférenceas *o the.oriqinalhpapers;aré'prgvided.’ The -

suthor's contributions *o this section are the da*ta con

-.dzmade <o er?throoYté qhésts:by'irradiafion and editing of

the tex+t,
S ) , K
Iv gsection 2 we Summarize the methods used fcr'preparing

%ésealed‘qhosts frem erythrocytes and for producing free

radicils by gamma-irradiaticn under differen* concentrations

of ovxyger. Hare we present evidence that oxygen
ubapbiquously potentiates damage to plasma membranes by the

 fYew radicals studied, and that erythrocyte ghost cells ars

3 svuitabls +arget for +the study cf free-radical induced

dsumage.

Ib gection 3 we . descrike +the methods fp: isolating:variéus‘
free radical forms of cxygen, and cbmpére the relative
&¥feyctiveness of each in regard to two diﬁféreﬁ;'q:}téria
for radia+tion damage, namely'ﬁhe activity ofbmemtrané-bound

G3IPDH and Perméability. . o \

' bt
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In section 4 we present resul+*s cf an investigation of
interactionrs among +he varicus radicals when present in a
mixture. We show that such interacticns modify the damage 3
sometimés synergistically, and sometimes by mutual f
quenching, The relative effectivaness of catalace, ?
superoxide dismutase, formate and mixtures of +these as
radioprotective agents are also compared.
. v )
N .
i
/// . ;
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ABSTRACT

Oxygen is kncwn *c mediate various kinds cf free-radical

damage in biological systems. However, in attemtting to

‘inveétigate IN VITRO i*s cellular role in free radical

damage, saveral instancesvwere found in which the Fresence . L
df oxygen protects against free radical damage, and only cne

instance in which i+ ircreased damage. The free radical

damage *o0 ca*alas2 initia+*ed by aséorbate‘was exéhined under

a*mospheres cf 100%,cxygen, aif}ror nitrogen, 'Either in *he

presence or aksence cf;a catalytic copper (II) ccnp%ex,

damage was greatest anasrobically, leas* under oxygen,- and

in+ermedia+e in the gpresence of air, Cecnsistent with this

finding, supéréxide was not.implicatzd in tha _destructive.
proceés, usingvsupercxiderdism?tase as a probe of its
involvement, Similirly,,the rate of haemolysis induced by
pro-oxidant ﬁrugs was éecreasedvby the presance cf cxygen.
Damage tc cy+ochrome c by gémma-irfadiation was studied at
dosaqes‘rangingvfrom 3 +0 160 krads in the presence and:
absence of formate (5mM), lecithin (egg yolk) (qu/iOOml),
and superoxide dismﬁtase;(1 nM) atvvarious partial Fressures

o B — e —
of oxygen. R consister* phenomenon in thess studies was an ' '



increése in damags by up +*o 50% af+ter the removal cf oxygen
under each of thé reaction ‘conditions studied, éxcept in the

presence of supercxide dismutase which in scme cases blocked

the preotective effect of oxygen. 1In contrast to these three

pro+ective ac*icns of cxygen, the only instance in which it

+0

vas found +c ‘have a des+tructive action was in the damage

,f~erythroéy£e ghest cells induced by gamma4irradiaticn. We

interpret'these findings, foqegher with suppbrting data f;om
analaédus chemical systenms as*evidende that'cxygen, 1like |
vo#her free radical reagents, may play an amhivalenf role in

bo+h initia+ting or inhibi+ing, enhancing or retarding

cellular free radical processes.
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SYSTEMS: EVICENCE FOR A DUAL ROLE AS BOTH

SENSITIZER AND EROTECTOR

by
Allan J. Davison and Spancar Kong

Rioenergetics Research Laberatory Kinesioiogy Department

- Simen Fraser‘University,_BritishMColumbia, Canada. VS5A 1S6.

The well =stablished rcle of oxygén in free radical damage
to living orgarisms has been emphasized recently in reviews
of oxygen toxicify (1 (2),.¢fmf£ee'faaicai géégéiégj (5)77
vy (5), of radiation damage (6) (7), of drug induced
haemolytic anaemias (8) (9), and of frea radical damage tor
erzymes initiated by pro-oxidants (10) (11) (12). |
Evolutionary'iﬁplications‘of'the hazards of atmospheric
oiygen.have been reviewed (13), also the presence ofv
superoxide dismutase in all aerobicrcells and ite absenée
frem bbliﬁate anaexobesr(1u) {15) p;evide—evldenee~ef~theff—¥~~w ~f

importance of protective mechanisms in living corganisms.




R

Oxygen‘concentration in a targeé fissue'is a déjéf”féé%bfwgw
determining tﬁevseverity of,thé damage produced ty radiation
(16y. Pcstulated int2rmediates in radiafion effectsiinclude
the superoxidé anion derived from +ha reaction of molecuiar
‘oxjgen wi+h hydrogen atoms, hydrated eiectrons, rerhydroxyl

/radicals etc. (17). Some radioprotective agenté are i

~thought *o act as scavéngers of these radical intermediates
(7)vwhile others acgjgy decfeasing local oiygen
concentfation, either through direct reaction with cxygen or
by}destroying the capacity of haemoglobin to transport
cxygen (18). The enhancement of radiation damage by the
presence of oiygen has been sxtensively documented in |
systems of various degrees‘of organizaticn, for examgle:
purified dry “rypsin (15), the breakage of DNA single

strands in mammalian cells (20)[Wfﬁé'éﬁfVival"éfWCﬁiiﬁiéa7 W

mammalian cells (21) or Erlich ascites tumour cells (16),

and the production of radiaticn myelopathy (22) (23).

Ir attemp*ing to define the role of oxygan and the
superoxide radical in free radical damage, We found

curselves forced +to document and explain a contrasting

protective action of oxygen when we found that the amcunt of

damage was substantially greater in the absence cf oxygen

SRS )

st tdi o rd



than in'its preseﬁce. This was cbserved in several only -
‘remoiely related sys+ems: gaﬁma-irradiation of cy*ochrome -
C, aséorbate‘induced destruction of catalase, and,_
pro-oxidant induced taemolysis. Discussion with cther

workars revealed tha+ protective actions of oxygen'against

- free radical damage probably odcﬁr more often *han

" destructive affects 1IN VITRO. However, inhibiticn of frze
radiéal reactions by oxygen have been reported much less
frequantly, since these-'negative' results are often lef+
unpublished. Raymbnd and ngntraub‘have’reported tha+
cxygen irhibits the polyme:ization of acrylamide initiated

by free radicals (24), and Polkman and co-workers have

con firmed %hese findings and utilized them in a clinical
assay for oxygen in blbbd'(25;2é;; ‘The inhibiigcﬂ 5£”mrA' | -
haemoglobin autoxidation bylsaturation with'oxyqen ié
another example (with cxygen'presumably playing a differént '
role) which may be clinically exploited in therpIOpoéed use
of hyperbaric oxygen in the treatment cof meihaemcglcbinaemia
(27) . Likewise,‘radiation damagé is not always increased~by

the preSence of oxygen (28) . Despit= the prevalenCe of the -

well established radiocsensitizing effects-of oxygen IN VIVO,
“he effects IN VITRO are not so clear cut. There have been - e

“, . - Y

at least *wo reports of protection IN VITRO by the presencs



16 1
of oxygen in_irradiat;d enzymes, namely *rypsin (29) and. .

=,

L

- chymotrypsin (30), and several reports that no effect of

oxygen could be détected, 2.9, in the-cases of cataiasé ' e 3

(31), carboxypeptidase (32), or’tibondv;ease (33). jThese - = é
inconsistént effects of oxygeﬁ were eiplained (28) on the
basis thatAridiationféctivated,ox}gén déstroys/semeAenzymes~—~www—u4w€4
but not otﬁgfs; and frcm the_tes@lts ctf Hutchinécn (34), on v
" the basis that thevpresence of sulphjdryl‘compounds in sonme
enzyme preparations may be Tequired for ogygeﬁ damaqe to

occur.,

orr (10)Vhas suggested that the destruction of catalase by.

ascorbate is mediated by +*he supefoxide radiéél. We

therefore axamined the,destructionwofrcétalasa»inuéhéfiwf~w~w~w~w—WWWﬂ%f
presence of ascofbate atrvarious dxygen’concentfationg 3nd'
in the prasence and absence of superoxide dismutase. In
100% oxygen, 13% oxygen and under anae:obiciconditichs'tﬁe’
acceleration cf destruction dué'td'presenCe of asccrbate was
40, 240, and 720% respectively ih thevabsence éf copper(}I)
(Figure 1) and 110, 320, and 1100% in the presence of |

copper(II) acetate (Figure 2), Taken together with failure

- -

of superoxide dismutase to inhibit the damage, +the results

appear +o exclude the rostulated role cf superoxide (10) as
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~a mediator of the damage while implicating oxygen as a
scavenger of at least some of the radicals-actuallf,
responsible for the damage.

3

+o assess the role cf oxygen radicals in

ot

In an att2mp
damage:to biological héﬁbrangs ipduced by PId;??idé?ﬁ,
subs+tances, a study was made of haemolysis'induced‘hy
enediol andApheﬁolic,pro-okidénts.f'The rates of haemolysis
éna héthaemolcglobin formafion'iﬁducea by ﬂbPAvwere ccmpafed
in air and,undér an atméSphe:e of‘nitroggﬁ.A”Neither,
haemolysis (Figure’B) nor{methaémogloﬁin fcrmatién.(Fiqure,'
4) was slowed by the reﬁovél‘of oxygeh,'raiher aécelerétion
ofvboth was -noted, haémolysis being abcuf 250% faster under

anaercbic conditions than in the presence of oxygeglmggglggémr

fCrmaiion of méthaemcglobin'about 300% fas?er. In ébntrast
the additicn of Co'tc”the gas mixturerto afcoﬁgentration.cff'
8% substantially'inhibited the methaemogloﬁin formation, but
without inhibiting haemolyéis.' Evidently; deépite;{he |
protective roleréf oxfgen, the,intgraétiénof-some co
binding érbtein with oxygen is a prerequisits to +the

accelsration of haemoglobir autoxida*ion by the

pro-oxidants, This protein might be haemoglobin or the

erythrocy+te's cyfothrbmé*bSiIike prafeln}??In either event a




dﬁal;role for'qugep as both'p;omoter'and inhibitor‘of the,,

formation,of methaémoglobin mdy be inferred from the

“results

Damaqe +¢ cytechrome c and to horceradlsh perox1da=e by

gamma—‘rradtation Wwae stuﬁre&'at dosages ranging- frcm“' to
160 krads (Flgure 5) , 1n the presence and absence cf

- formate, 1=ci+h*n, and superox.de dlsmutase at varlous

partial preseures of oxygen. Typlcal r°sults at 60 5 radc_

dosage are giver in Talle—i, The prnsence cf cxygen did not

enhance destruction, whether in the presencs or aksence of
either formate or lecithin, Instead, damage was

_corsistently grea*er in the:.absence of oxygen egcept where

~réEberoii§é/diémutase~ﬁastresehtr*ﬂﬁddingiformatEWtbﬁ“ﬂ"““”*'f”*m”
= ‘ ) -© v

ircrease the superoxide yield provided’a further incréasé in

~+he protec**'vc effect of oxyéen, uhtle ‘the - anaercblc and
- delayed damage were»ho*h nnhanced by +he presence cf’

féormate, Tha_addlt cn of léClthln had no effec* en +he
£

destruction occurring during“!rradiation, but?increased the

delayed damage 200 tc 300%; The'uresence°of supercxidé

smutasa 1ncreased ‘he amoun+ of aerobic damage, and in

fact removed ‘be ab*11+y oF oxygen to protect.

v
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In view of the vulnerability of'biological.membranES.to

l*pﬂﬁ au+ox~da+ion,rue axamlned the: suecep+1b111ty of

resealed ery hrocy;e ghost cells *o doses. of 30 tc 100 krads

of gamﬂa-radlatlon, it the presence of oxygen, alr, or
nitrogen. As a measure of the integrity of +the cell

membrane ve used both the activity of membrane-bcund

glyceraldehyﬁe-lfphosphate dehfdroqenase‘ and its

accessibility +o0 subs+ rates added externally (Figures 6 and

7). In bo*h cases damage was dramatlcally accclerated by
the presence of oxygep, and almost cOmplete,protectlcp,was
afforded by anaerobic conditions. 'Similafly,—subééantial
p:otéctiop nas'éfforded.by =uperox’de dlsmutaw-,.catalaéé,

S or a mixture ¢f *he “wo. - S

In rolatﬂon ‘her=fore +o a variety oF'+argéts, ﬁe ccncludé,'

tha* oxygen, and the supercx*de rad1c7i“p/Pll° scm=t1n=="
destructiVé, mere often had- a paradox1cal prctec+1ve rcle,

due to their abili+y to remove even more reactive free

radicals. In many studies of a variety of enzymes it hai

baen shown that hydrclehfaﬂiéals are.the mainidanagihg

speclas durlng -rradlatlon (35) Less :eactive radicals

+berefore somet1u°= rlay a pfotoc*lvc role. Powers, fecr

example (36) has'shoyngthat aqueous electrons;act;as
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- proted{ive‘agan?s,by reacting with hydroxyl radicals: OH + £
e ~=> OH— Thn sipplest expianat‘oﬁ of 'our data is tha+ ;
*he superoxﬂde radﬂcal p;otects agalns+ damage by hydrcxyl 2 3
radicals in . an analagouS»manner: - ;

- 02= .+ .Dﬁ4fF%r2aQ2,i10£: T x}i:f‘; e e f
This rcac**on “a= been proposed to accoun* for a supress*cn ]
of the ylald of supe*oxldn under condltlons in which 2 %

5

formaz:onxof'hydroxyl rad:cals is 1ncreased~(37) dur;ng thé
. ‘rradﬂaﬁzor of oxygenated vauer. “Thﬁ tnsults:pr=s=n+edvhere

cques* *he converse-‘]i.é. nnder th° condlt*cnc of our

experimentéi.thé presence of superoxlde radicals =uppre=sed

-;,

. the preduc iiO‘l} and action- ro,fg hyfr—oxf}lf -ra dﬂ.{:&l S ,,-'HH,S,,,,,H ef..L 3 s—— — T S

¢:3‘supp6rted'by the,finéing tha+ neterrﬁationvof hydroxyl E
radicalsvin-theprésence'of 6-hjdth?dépaiine'maydher ,%
.Aédecfegéed by,fhe'presepce,cf sqpéroxide~radiéals (38) . ;
isimilarly'nccbrd anditridoyiéh'rebortéa;fhafiéﬁgérégide'; ' ;
dismu*ase increaséd the oxidation of ferrocytochrome c by %
kfdroxyl ?adicals/*n photolysed watar, and- +h=y tcc conclude i
:Hét +he supe*ox*de rafical'acts as a scavengar cf hydroxyl g
rad"caié k;;;mjﬂ' ' ) ; i . ‘?wl x;ti;'v' ;

. :

i\
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In the irradiation of cultured cells, a dual role for cxygen

as a radiosensitizing and radioprotective agent depending on

+he irradiation *technique, has been described by Revesz (uoy -

~and explained in terms of a requirement for oxygen by.the 
radiation repéir mechanisms, an explanation not tenéﬁlé for
thg_praééctiveaction of oxygen in highly purified systenms.
7C1eafly‘thefrglés éf oxyéen radiéals inbradiation éamage
véry~dtamatically, depending on radiaticn_dose>and itsi
administra+icn, fhe naturerof’thérdamagevbeiné_meaéured, the

identi+ty of the targe+ substance, and the degree cof

organizaticn of +the system being studied,

Fcr exampl2, oxygen may act as a protective agent in those

agents

systems which are suscep*ible tc¢ damage by reducing

Hﬁy firtue of i#s ability *to scavenge reducing'free radicdis
such as electron§ or hydtogen atoms. 1In other systems which
.are particularly susceptible to oxidative or reductive |
damage by hydroxyl radicals, oxygen may inéreaée the yieid -
of supercxids radicals, which in +urn affo:d protectioh‘
against hydroxyl radicals. On *he other hanad, in systems

-which are susceotible %o lipid autoxida+ion, perhaps-

- involving superoxide radicals, or othéer intermediates in
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fe:m an~inte§ra1_patt”of the free radical chain propogation 7

.mechanism, and oxygen is required for the maximus aamaging'

4 » effect- - A v
. 1_ . . ‘ R . ) ) . B . n N 2
Conseqﬁently,,when oxygen is radiosensitizing'IN VIVO, the

commonly observed oxygen enhancement ratios of 2 tc 3 hay

&

representva}baIance'hetween'radioprotec{iveeahdf'”A' R - i Ty

radiosensitizieg effects, with seme or all of +he latter
beiné accdﬁnted for bty effects mediated hy,daMage,te N .” 5;,1
membranes-andvmehbrape bound proteinsi N k

S N

* - ) = -

I+ is perhaps not surprising that relatively/stahle'ééee'
radﬂcals such as cXygen or the superoxlde rad1ca1 sheuld act.

as -nhlbltors of processes which depend on more reactive

radical intermediates and in some cases on chain
propagat4on., Free radicals'commonly play the dual roles cf
chain initiators and chain’ term1na+ors and this prcperty of
oxygen is well known tc polymer chem*sts. Hhat-ls
surprising is that'this paradoxical property 6f cxygeg
'remains more or less undocumented in tﬁe biological and

biochemical literatures. In the light of the experimental

daia,renﬂ:teﬂ_hexefuéixolemioreoxygenfinucellseaeea

‘potential free radical protective agent or even as an _




antioxidan* under some circum

1 <

stances should be considered,

with thé superoxide'radical as ‘a mediater of this role in

‘some cases,

s

Y -
.-
-
.
!

@
.
x
*
4
-
2
R
[
-
2
w
L4 x
-
=



10,

11.

Gilbert, D. (1972) Aresthesicl, 37, 100-111, 0xygen

BIBLTIOGRAPHY - , L S S S
1., Haugaard, N. (1968) Phy%}olpgical Reviews. 48, . -5

311-375, Cellular mechanisms of oxygen tcxicity.

a

and life.

Demdpouloéﬁ’H.B. {(1973) Fed. Proc. 32,1859-1861. The
basis cf free radical patholcgy. ‘

A

Pryer, W. (1973) Fed. Proc. 32, 1862-1869.

 Free-radical reactions and +heﬂr 1mportanc¢ in

biochemical systems,

Slqter,-T F. (1972) Free radical mechanlsms in tlcsuo
injury. (Pion Press, London).

t4

Myers, L.S. (1973) Fed. Proc. 32, 1882-1894. Fre=
radical damage tc nucleic acids and their compcnents by
icrising radiation,

Milvy, P. (1973) Ead. Proc. 32, 1895-1302. Control
of free radical mechanisms in nucleic acid systems:
studies in radioprctection and radiosensitization.

Shochet, S., (1972) New Eng. J. Med. 286, S77-6uu, ' , L b
Hemolysis and changes iguggyzhrocyte membrane lirpids. ‘

Valentine .W. (1972) ann. Rev. Med. 23, 93-100
Red-cell enzyme def1c1¢nc1e= as a cause of haemolytic
disorders.,

orr. ¢ (1971) Biochemistry 6, 2995-3000, Studies on
ascorbic acid. TI. factors influencing the f
ascorbate-mediated inhibition cf cafa;§§g3 T o

Davison, A.J, and Wainio, W.W. (1365) .J. - Eiol.

"Chem. 243, 5023-5027. Reactions of oxygenated L

cytochrcme oxidase




12.

13,

14,

15.

16.

17.
18.

19.

20,

21,

ra
o

25

e

Hendriksen, T. (1967) Radiat Res. 327855:5655
Effect of oxygen on rad1a+1on-*nduced free radicals in
proteins. ' '

Shanklin, D.R. (1969) Perspect. Biol. Med. 13,
80-100. Oxygen toxicity in man,.

McCeord, J.M,, Keele, B,B. Jr.,, and Fridovichp I.
Proc., Nat, Acad, Sci. U.S«. 68 (1371) 102&\
enzyme-tased “hecry of otliga+te anaerobiosis: lthe
physiological . function cf superoxide dismutase?

Gregory, E. and Fridovich, I. (1973) J. Bactericl,
114, 1193-1197. Oxygen *oxicity and superoxide
dismutase, S

4
r

Gray,-L.H. and Scoft, 0.C. A, In: Dickens, F, Oxygen
in +he animzl organism. (196484), 537-553. Oxygen

’*ens*on and the radiosensi+ivity of *umours.

Draganic, I. and.Draqonic, Z. The radiation Chemistry
of wa*er, Academic Press, New Ycrk (9171).

Bacqg, Z.M. and Alexander, P. 1In: Dickens, F., Oxygen
in the Animal Organisem. (1964) 503-535,

Alexander P. (1957 Radiat, Res, 6, 653-660. Fffect
of oxygen on inactiva*tion of +rypsin by the direct
action of electrcns and alpha particles.

-

Palcic, B, and Skarsgard, L.D. (1372) Int. J.
Radiat, Biol. 21, #17-433, The effect of oxygen on
DNA single strand breaks produced by ionising radiation
in mammal*an cells,

Epp, E.R., Weiss, H., Dijordjevic, B.,- and Santomasso,
A. (1972). Radiat. Res. 52, 321-332. The :
radiosensitivity cf cultured mammalian cells exposed *o
single high intensity pulses of electrons in various

concentrations of oxygen.

1027. An




22,

“. 23.

24,

25,

26,

27.

28,

23.

30.

- Cancer Society, r.318.

31.

32,

26

Asbell, S.0. and Kramer, S. (1971) Radiology 98, .
678-681, Oxygen effec* cn production of

rtadiation-induced syelitis in ra+s,

Coy, P. and Dolman, C.I. (1971) Brit. J. Radiology
44, 705-707. Radia“ion myelopathy in relaticn tc oxygasn
lavyel, ' o

Raymond, S. and Weintraub, L. (1952) Science 130,
711. Acrylamide gel as a supporting medium fcr zone
electrophoresis,

Folkman,,J.,'Conn, H.,‘and Harmel, R. (1972) Science
180, 170-172, Acrylamide polymerisation: new method
for deternining cxygen content in blood.

Folkman, J. (1972). J. Exptl. Med. 133, 275

Measurement of oxygen content in blood and other liquids
by oxygen inhibition of chemical reactions.

Golds*ein, G.M,, and Doull, J. (1372) Proc. Soc.
Exptl., Biol. Med. 138, 137-139., Treatment cf

‘nitrite-induced me*hemoglobinemia with.hypertaric . . . .

oxygen.

Augenstine, L.G. (1962) Adv. Enzymol., 24, 359-413,

_The effect of ionising radiation on enzymes,

Butler, J., and EKobins, A. (1960) Nature 18€, 697-638.
Effect of oxygen on the inactiva*icn of +rypsin by
ionising radiaticnm.

3
1]

Mee, L.K. (1958). 26th Ann. Rept. British Empire

Suttcn, H.C. (1952). Discussions Faraday So0C.  Pp. .
281. '

Dale, W.M., Gray, L.H., and Meredith. W, (1949) Phil.
Trans. Roy. Soc. London 2422, 33-62 Inactivation cf
an enzyme (carboxypeptidase) by Y- and alpha- radiation.

£ ¥

ey

ot e

ot i bt b s At

ot A A 6 i i S

ge?é:w"-"“’:"'“"‘ v



33.

34,

35.

36,

37.

. 38,

33,

40,

-

27

Holmes, B. (1350) Nature 165, 266-263, Inactivation
of ribonuclease in dilute agueous scluticns,

Hutchinson, F. (1360) Radiat. Res., 14, 721-731. The
effect of oxygen and some other gases on the radiation
sen51t1v‘ty of dxy trypsin.

Adams, G.E., Redpath, J.1l., Bisby, R.H., and Cundall,
R. B, (1372) Israel J. Chem. 10, 1073-1033., The use R
of free radical prcbes in *the study cf mechanisms cf
enzyme inactivation. :

Powers, E.,L. (1972) Israel J. Chem. 10, 1199-1211,
The hydra+ed elec*ron, the hydroxyl radical and hydrogen
porox'de in radia*ion damage in cells.

é
adams, G.E., Boag, J.W., and Michael, B.D. (1366)
Proc. Roy.. Soc. (London) a289, 321, Transient
species produced in irradiated water and aquecus
soluticns containing oxygen.

Cohen, G., and Heikkila, R.- -(1374) J. Biocl. Chenm. S
249, 2447-2452, Generation of hydrcgen-pe*ox*de,
superoxlde radical, and hydroxyl radical by
6-hydroxydopamine, dialuric acid, and related cytotoxic
agents., ‘ : ' .

Mc Cord, J.M. and Fridovich, I. (1973) Photochenm,.

‘Photocbiol. 17, 115-121, ‘Production of superoxide in

photolyzed waﬁer demonstrated +hrough the use cf
superoxids dismutase.

Revesz, L. (1374). 1In: 5th Interpational Hygertaric
Congress (Vanccuver, Canada)., Trapp, ¥W., E. Bannls+er,
A. Davison and P. Trapp (eds.) Simon Fraser
University. PRecovery process and the role of cxygen.

[ B

ra



o

28

FIGURE 1, EFFECT OF.THE CONCENTRATION OF OXYGEN ON THE

DESTRUCTION OF CATALASE BY ASCORBATE. Conditions were: 0,1
M phosphate bufferrpHA7.0, temperature 25 deg C,‘cafalase
concentra+*ion 10uM, ascorbaté concen*ration 10 mM. In each
ca;e,ratmospheresrof ni+trogen (Linde ﬁigh-p&rity gra&e7—leSSWf
fhan 5 parts per million oxygen);'or oiygen (Linde . '
high-puri+y gréde)%yere induced in rubber capped vials using

a Virtis gas manifold, by five cycles cf rep=ated evacua*icn

reintroduction of .the desired gas %c a
i

+o boiling, and

*»slight positive pressura,
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FIGURE 1. EFFECT OF THE CONCENTRATION OF OXYGEN ON THE
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DESTRUCTION OF CATALASE BY ASCORBATE,
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FIGURE 2. EFFECT OF THE CONCENTRATION OF OXYGEN ON THE o £

DES'IRUCTION OF CATALASF BY ASCORBATE IN THE PRES?NCE OF

COPPER., Ccnditions wer2: 0.1 M chosbhate bufiér £H :7.0,>

*emperaturs 25 deg C, catalase concenfr‘ation 10 uu}

ascorbate concentraticn 10 mM, copper(II) acetate :

concenttation 5 mM. \‘ﬁ ' I
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- FIGURE 2. EFFECT OF THE CONCENTRATEON OF OXYGEN ON TH&LV

DESIRU?TION OF CATALASE BY‘A5CORBATE IN;THE PRESENCE OF

COPPER.,
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FIGURE 3. EFFECT OF THE CONCENTRATION OF OXYGEN ON THE RATE

OF HAEMOLYSIS INDUCEL IN WASHED ERYTHROCYTES BY THE'PRESENCE

- OF 5 nM DOPA. Cbnditions vere: ~0.01'H phosphate tuffer bH

7.0 renderéd iso*cnic by the addi*ion of NaCl to 300 mOsM,

temperature 25 deg C, concentraticn of cells grirg/i:

1
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"FIGURE 3.
OF HAEMOLYSIS INDUCED IN JASHED EWYTHROCYTES BY

OF 5 nM DOPA.
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FPIGURE 4, EFFECT OF THE CONCENTRATION OF OXYGEN ON THE

FORMATION OF METHAEMCGLOBIN, INDUCED IN WASHED INTACT

. ERYTHROCYTES BY THE PRESENCE 5 mM DOP§.  Conditicns were: - 7 . .

0.01 ¥ phosphate tuffer pH 7.0 rendered isqtcnic;by the - , -'%

- 2ddi+icn of NaCl tc73007mOSH; temperature7257deg’c;' j
LConééﬁffé?iﬁn‘bf”ééIIE”SW% v/v., ST ' »
, . c o
.
.Symbols y i IR
Nltrogeﬁ : ;: -
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Air m 7
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' FIGURE 4. EFPFECT OF THE CONCENTRATION OF OXYGEN ON THE
_FORMATION OF METHAEMOGLOBIN, INDUCED IN WASHED INTACT
ERYTHROCYTES BY THE PRESENCE 5 oM DOPA. -
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FIGURE 5. EFFECT OF THE CONCENTRATION OF OXYGEN ON THE  ~

|
. P
«“Umm‘ww:m%;;mn

: ; f
DESTRUCTION OF CYTOCHERCME C BY GAMMA-IRRADIATION,

Conditions wesre: 0.1 M phosphate buffer pH —7/’:.0,f temperature
23.5 deg 7, cytochreme ¢ c‘oncentkraati’on 30 uH

 Symbols ' c
| Nitrogen ) 3 s e

Air T m- b
oxygen A . ;
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'FIGURE 5. EFFECT OF THE CONCENTRATION OF OXYGEN ON THE
DESTRYCTION OF CYTOCHRCHE C BY GAMMA-IRRADIATION.
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FIGUR f\ EFFECT OF THE CONCENTRATION CF OXYGEN CN THE’

'DESIRUCTﬁpN OF THE PLASHA HEHBRANE OF RESEALED ERYTHROCYTE
GHOSQ//;LiS BY GAMMA-~ IRRADIATION AT A RATE OF 0.5 KﬁﬁD/HIN.
Cond:tlons were: 0.01 H phosphate buffer pH 7.0 rendered\

" isotonic by *he addi*ion of NaCl *o 300 mOsM, temperature 25'

. deg C, concentraﬁibn of ghosts 1OM% v/v.
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FIGURE 6. EFFECT OF THE CONCENTSATION OF OXYGEN ON THE
DESTRUCTION OF THE PLASMA MEMBRANE OF RESEALED ERYTHROCYTE

GHOST CELLS BY GAHHA-IRRADIATION AT A RATE OF 0.5 KRAD/MIN.
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FIGURE 7. EFFECT OF THE CONCENTRATION OF OXYGEN ON THE

DESTRUCTION OF MEMERANE~BOUNC GLYCERALDEHYDe-3-PHOSPHATE

s e ﬁd‘&%%w.sm* ki

i e

DEHYDROGENASE OF RESEALED ERYTHROCYTE GHOST CELLS BY ;
GAMMA-TRRADIATION AT A RATE OF 0.5 KRAD PER MIN. Conditiocns B
- were: 0,01 M phosphate buffer pH 7.4 rendered isotcnic by §
the addi*ion of NaCl to 300 mOsM, temperaturs 25 deg C, i
concentration of ghosts 10 % v/v, 7
Symbols .
Centrol ©O m
Ni*rog=n +
AliT A @ <\
oxygen X
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FIGURE 7. ‘EFFECT OF THE CONCENTRATION OF OXYGEN ON THE
DESTRUCTION OF MEMBRANE-BOUND GLYCERALDEHYDe-3-PHOSPHATE -
DEHYDROGENASE OF RESEALED ERYTHROCYTE GHOST CELLS BY

'GAHMA-IERADIATION AT A RATE OF 0.5 KRAD PER MIN,

1.14
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A»T’ABLE 1. EFFECTS Of OXYGEN CONCENTRATI_O.N ON THE RATE C_JF'
DESTRUCTICN OF CYTCCHRCHE C,'DURING' GAHHAfIPRADIATICN,'--]‘TNVTHE
PRESENCE ‘OF FORMVA‘IE, SUISE_ROXIDE DISﬂUTASE, vOR LECITHIN.
"v;lues qiﬁen are‘uu cytochrome ¢ destrcyed per minute during
-60.5 krad of riﬁiaticn given over a period of’g;e ﬁour,w
baséd Gn'theIOXidised/reducedrdifference speCtzuh at 550 nm.
'Cohditions were 0.1 M phosphate‘buffer pH 7.0, téhperature
- 23.5 deg c, Cytqchrome c concentration 30 uM. Fcrmate when

present was at 5 mM, superoxide dismutass at 0.82 nM, and

lecit+hin at 0.005% final concen*ration in the reacticn

mixture.
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RATE OF DESTRUCTION OF CYTOCHROME C DURING

IRRADIATION (uM.min” ')

SYSTEM
Oxygen Air sz

Cytochrome ¢ .0965 + .012 110 + .04 .204 + .026

. - s . Z
Cytochrome c+ -
superoxide dismutase .I147 + .018 .127 + .016 134 + 017 N\
Cytochrome ¢ ‘ - A
in formate .0379*1;}005"~;06207:_;008fw~f:23r~:57029~ﬁm~ﬁvw~fw—m*m~fﬂ
Cytochrome < gf ' ’
in formate + , T _ :
superoxide dismutase .0302 + 004 .0439 + .006 - .213 + .027
Cytochrome ¢ , :
+ lecithin L1056 + .013 .Ill':_.Olk 177 :..022




SECTION 2

'ACTIONS OF GAMMA RADIATION ON RESEALED ERYTHROCYTE GHCSTS.

A COHPAFISON WITH INTACT ERYTHROCYTES AND A STOULY OF THE
EFFECTS OF OXYGEN

by
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Resealed erythrocyte ghoss proved a convenisnt ticlegical’
- target for investigation of the effects of various free

radical forms of oxygen on plasma membranes, The activity

-of membzaﬁe—beund'G3PDH provided a-means for assessing

permeability of'ghosts as weillas for providfnq additioﬁal
information on damage tofmembrané;bound protéiﬁs; - Rith -
respectrto pérmeability aﬁd inadtivation of memhrane-hcund
G3PDH, ghosts were mere suécéptihle +han erythrocytes to
free radicals produced-in‘thé:éémma-irradiatibn cf aqueons

solutions. The permeabilityqof irradiated ghosts was

immeasurably_greater than that of irradiated erythrocytes,

while inactivationwofWG3PDHmiaSWQ4-fold~greaterT*WThefww~;4WWf“W

sensitivity'of,ghosts 40 radiation damage was affectegf
stfoﬁqu by “he presence of‘oxygen dh:ing iriadiétion.l In
*+he presence of air, +he ratss of increase in permeab?lity
and inactivation cf G3PDH were 2.8- and 1.5-f0ld these in
»fhe presence of N2, The use of buffer saturated with oxygen,
accelerated +he aerotic rates of increase in permeébility

~and ipactivation of G3PDH by 60- and 2.7-fold respectively.

These results indicate *hat inactivation of G3PDH is

’ relatively insensitive to oxygen, while permeability is very

f
/
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sensitive %o oxygen, particularly at high cohcentiationslgf

oxygen. However, *he rate

order of magnitude greater

of inactivation of G3PDH was an

“than that of the increase in

permeability, indicating that the former is much moze

sensi*ive to irradiatiocn., The sensitivity cf irradiated

: 5 : e : e L
ghosts to cxygen Indicates that plasma membranes are at

" leas* one of the loci at which oxygen enhancas radiaticn

damage'torliving-célls. The major pechanism!of this'“dxygen

effect" is +he ability oonxygen'to-inc:ease +he branching

s

o0f free radiéal chain reactions‘propagating dahage after

t+heir ini*ia<ion withir the membrane.
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1. In+troduction,

nl S - i' ; Q,ijl,11f597,:_,4 _; y ';'
i 4’w;\ T ,,_c‘ fk B |
N |

Results frem studies cf irradiation of living cells or ’

tiésﬁés'(KOCh,'K:uuv'and'Frey 1373, Ewing‘i978) are

cellular

ot
=
o .

idifficult tc:interpfet'due tc the comblekity'of

system. 'In addition, *he protect:ve °fﬁects of catalace» g o ¢

e

7,(Fee and BergaAQ# 137¢%, Rapopor+ 197u), superox*dc

'dwsmu ase (Zwmmefman,frlohe, Wegerrand Hartmann 1973, Petkau:'

Vand Chelack 1376,'Petkau, Kelly, Chelack aﬁérBargfcct 1376, "7*~*ﬂ~;;
'Fee and T2itelbaam 1972), qlutathiéneV(Quitiliani 1377) asd '
glutathicné peroxidase (Nicholls 1972f in the cytoplaém

further complica{e,interpretation Qf’ﬁhé results, Since the

™

cyto+oxic‘effects of irradia +igT4dre largely dua *o _ ~

-

substra;es of ‘hese enzym=s (H‘chaOls and Hunt 1:78), +hcse

ccmpounds pro+°ct +he cell by remov1ng the free rad*cals

' which are produced in the radiolysis of-water. The'free
radiéals prcduced are e-; . 0H, H202,'dnd H. In thevpresence
of oxygen;fe- and .H wili_béfconvertéd to 02- (Draganic, .
N2radovic and D:aganic_1969)lb In a previous péper in this
series we described several 1nvestlga+1ons of the eff°c+s of

\.

oxXygen on isolated biological sSystems in which, far.frou

aggravating redia+ion damage, the presence of cxygen was

‘protective {Keng 1379+ — - —— : Y
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Clearly, 2 Be*ter understanding of the mechanisms &f 1
participation of cxygen in cellular radiation damage is . , ) H
. : - . . : -
reeded and shculd be cttainable from studies of irradiation e ‘j
cf individual cellular components, The func+ional integri+y SRR I

of the plasma membtranes is vital to “he cell's exis*erce and

+he unsaturatel fat+y actds found ir membranses are kncwn tc

. be suéceptible td,damége by free radicals (Raleigh, Kremeg
"aneraboury 1973, Ziemermann, Flohe, Heser and Hartmann

19373, Wille and Wilkinson 1967, Wills and Rotblat 1965).
. - e - . . I
'Th,refore, it is reascnable +o expect membranes *o be'onerof'

+he important sites in-+he cell at which damage ky free _

radicals may explain *hs *oxic effects of irradiation.
" 'Biclogical membranes are cri+ical targets in irradiated
cells ‘(Elper 1968) and major loci for the devalofment cf -

oxygen effeét (Alper 1371f. Alper found that damage tc DNA
B ) e . - r//, . - .

'if}adia;ed ou*side cells was not'enhanced by the presence of

oxygen; TIn coh*rast, 0.&.T. (oiygen enhancement ratio) of

dzamage *o DNA*i:radiaied infrécellul&rlj’was 1.3.  He
proposed +that “he membranz is neceegsary for +he enhancement

of damage “o DNA by cxygen. Furthermore, the o.e.r.'s for L

the }illiqﬁigﬁ aan-alian'cellsvatéfalsc commonly Bigher +han

- car te acccunteaifbr by DNA damage vhereas the o.e.r. fb:

damage *c meabranes was sufficiently high., Free-radical

-
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damage +o membranes has. also been demonstrated .by Eland

) 11975, 1978), by Popma (1970) and Dav150n and Popma (1978)

These seudles showed +hat” free radlca1= cau59d ox*datlcn of

lipid whlch was related +o the IYSlS of the membranes.’

»
-

-~

fzaxsuscept bili+y of plasqa membranes to .damage by freeA;_L;‘L

radlcal fogms of oxygcn has been of partlcular 1nterest, L

because of ‘the existence of. varlcqs haemolytlc anaenias ’

——

1nduced -by prc—ox*dant druqs, vitamin E def1C1ency, or

def1c1ency of one ¢cr c*hee'cf the antLOX1dan‘ enzymee (Jaecbl

'<//apd Jandl 1962a, 1962b Allen and Jandl 1961,_Pee, Eeegamini

and Briggs 1975). In each case the haemoly is is though¥ tc

8

be due to. atﬁack on the plasma membrane by ohe or mcre of

N~

thvrfree radﬂcal forms of oxygen, bu ,BﬁEE?Q?lEF;ZWEstW,W;eW

superoxide, hydrogepbperoxlée and hyd;oxyl’radicals'

- -4

‘resulting from aﬁ‘interastion between the first *wo.

Ghos*s pfepared from arythrocytes offer a near ideal
membrane system which contalns llttle cr no Cytoplasmlc'
conten+s and the blochemﬂcal and s+ructural characterlstlcs

f ery*hhocy+= ghosts are well es‘abllshed (Hoffnan 1958,

iScbrlev 1963 1966 Hanahan 1973, Taverna and- Langdon 1973,

-y
»

Wt
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Schroter 1375, Rodan, Fodan and Sha'afi 1976, Yung, Carlson
and Balzer 1372). Of. the“ﬁ‘fferent _tyepes cf gho=+5'prépared

o

from erythrocy+es, resealed ghosts bear close resemtlance to

+he plasma membranes of erythrocg*es in at least two

1mpor+apt a=p=c+s' ,(a) they have +he same composltlon ot
+he major =truc+ural componen+s of plasma membrane namely

lipids and protelns, (k) they possess ‘permeability

- characteristics similar to plasma membranes with respect to .

alkali ions and none}scﬁrolytes (Staros,.ﬁaley and Richards'

o

1974, Schwoch and Passow 1973). Furthermore}ithe

£ Rl b

_membrane-bcund G3PDE provides a convenient measure of

changes in permeablll‘y of the membrane, as well as a -

SN PR S AR R

measure of damage to *lis membrane-bound'protern.

" For the abocve reaso’n'= we °1ected'to exaéﬁnethe

e

suscep+1b111+y of +hese character*stwcs of resealed ghcstf=

Fisd | ot b s

to radlatlon damage, to compare- +he ghosts Hlth 1ntact

erythrocytes, and to examine the role cf oxygen in free

SR g s

, radical damage to the rplasma membrane;,zln +his study, we

will define cdnditions for the preparation and irradiation

cof ghqsts, and gshow that ghosts are particularly sensitive

to radiation and to the concentration of oxygern present

At it o, sty 4 st 3 s digsd L

during irradiation., ~Our results demonstrated that resealed -

ek . s e o
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ghosts are a suitable membréne system tc investigate

free-radical damage, especialiy the cftdtoiic;efféct of

- oxygen, In subseguent-studies wa ha&e further investigated

the role of oxygen in promecting iadiation damage in this

system with respect to both the relative effectivenéss of

~indiyidual free radicals and the role of interactions

between them in the mechanism of tHe "oxygen effect",

f{




2. Experimental
2.1 Materials » : : ] _

Glyéeraldéhyde-3-phosphate (63p), dithicthreitol (DTT) ,
Triton x-!OO and beta-NAD were supplied by Sigmé‘théhidéié" B

1+d, Sodium arsenate, scdium pyrcphosphate, of A.C.S. .

standard were supplied by Fisher Chemicals L+d4..
- 2.2, Methods

2.2.1. Ghest pregaration.

Récently cutdated huﬁan blbodwasobfainedffém-fhe'
vancouver Red Cross blcoq bank, stored’in |
citraté-phosphate;dexfrose buffer. Résealed.ghosts‘were
prepared according to the method of Steck and Kant (19374).
with the followiné mcdifications: 0.01 millimolar CaCl2 and
-4 millimclar MgCl2 vere inqluded in +he hypotcnic buffer

which had a final tonicity of 40 milliosmolar (pH 7.4).

,EI,Y't"h'rocytes ‘wers haemclysed in hypotonic buffer at 4 deg C,

during which most of the cytoplasmic contents were released = . |

from *he cells, The membranes were then resealed by

i iHP:h‘rUM: ke e 2 pn b




inéubation in iso*cnic buffer at 37 dégxc for 60 minutes.
Sﬁch rgsealing rastored the characﬁéristic permeability to
alkali ions, It was foﬁnd,that ghosts pfepared‘in the
presence of these low concentrations of Ca2+ and Mg2+

retained a smcoth and biconcave surface and weté more
resistant to fragmentation (Bramley and Colmaﬁf1QTé; Duchﬁn*“’
and Collier 1971). Also, when ghosts were prepared at 40 |
milliosmelar concentrations,'mést of them wculd remain

iﬁtaCt. At lower osmclarity;,frégmenta-ion takes rlace
(Bramléy,~%§ﬁeman and Finean 1871). ’Tﬁerefore, the
modification énsﬁred‘a higher yield bf resealed ghcsts.

éhosts prepafe& under fhése co#difions, however, :etained‘

ROTE hémogiobin (Dodge, Mitchell and Hanahén 1963).’ fe have
estimated tﬁe concentration*of”residuai’h&émoglotin”ff'bém' ”"
10% +/- 5% mean ccrpuscular.haemoglébin (Popma 1S574) . The -
activitiesrof residual ca*alase and dismutase were estimated
o be 10%4 units and 37 units per ml of packed ghosts which

are 12% and 8.7% of the activities in red blood cells.
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2.2.2, Determination of permeability of the plasma membrane

Membrane permeabiliti was-defermined by heasuring the
accessibility of +he membrane~bound | |
glyceraldehyds-3-phosphate dehydrogenase (G3PDH), found on
"the cytoplasmic side of ghoéts tovitsieiternally added
substrates; The-reseéled ghosts wefe ﬁofmally impermééblé
tc the substrate G3P and NAD., Therafcre when these were
added externally, an increase in total G3PDH aFtivity of fhg
ghost suspension indicates +he extentv§f any increase in
permeability., Using Triton X-100 to solubilise the
ﬁemhrane, the total G3PDH éctivity of the suspension éan be

measured from the ra+e of increase in absorbance at 340 nm.

The percentage of ghcst éﬁéﬁénéfbhﬁihichﬁféﬁﬁéfi@ébI§7f6“CBP”7WJ"

\’/ -
is given by the ratio of G3PDH activity in the atsence_&f

Triton ¥-100 to that in the presence of.Triton X-100, thus:

G3PDH activity (-Tri+on)
% permeable ghosts = -=eececccrcccccccrcccrccaa-- x 100%

G3PDH activity (+Tri+cn)

e st i b

ST

% intact ghos*s = 100% - % permeable ghosts

Mky“w"‘“ R
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2.2.3. Determina*ion cf the activity cf memLrane-bound

G3PDH "’\ B .

S,

G3PDH was assayed according to tﬁe method of Steck and Rant
(1974) except that DIT was used insteadrofqusﬁeineVHC1;
The'asséy'méde use of the reduction of NAD to NADH by G3P
catalysed by G3PDH. The reactioh was followed by the
increase in ahsorbanceATA) at 340 nm whichk is due io NADH. -
The assays were perform2d on a Beckman DB spectrcphctometer
a£ 25 deg C, and the course of reaction was,recorded on a
Beckman 10 inch sfrip chart recorder. The activitf of the

r
enzyme was calculated from the rate of increase cf.

absbrbance between the f;rst'égg sg;qnd minp}grofiﬁye
reaction. The percentage df active enzyme of the irraéiated
samples was obtained from the ratio of thé remainirg enzymic
activity of the solutilised membranes at anf'given dcsa to
that a* zero dose, | |
G3EDH activity j+Triton) at any dcée
% active GIPDH = ====-m-=m-=oe=moe om-—- e el R x100%
G3PDH activity (+Triton) at zero dose .
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2.2.4, Irradiaticn conditions

The radiation snource was a GAMMACELL 200 (Atcmic Energy of

i

Canada Ltd.J. The dcse rate was 0.5 krad/min. (3.13 x o %

10%19 ev}1-1min—1). ‘irradiation was performed at 25 deg C.
Ghost ;ggggnéionS'éontaining 10%v/v. ghosts were stored in 40
ml glass tubes containing 40 ml isotcnic buffer and radical

scavengers.

2.2,5. Induction of atmospheres other -than air

Pcr atmospheras o*her than air, the fellowing prccedure was

" used to sa*tura*e samples with N2 or 02 for irradiation: 40

ml samples of isofdnic‘bﬁffefrééﬁ%éiﬂin&raiéégi;éé free
:adical scavengers'were sealed in glass tﬁbes with rubter
caps. Membkranes weré added Snly after fiﬁshing was finished
tc avoid frothing. Aalthough catalase'or supetoxide
dismutase ﬁas present in the buffer, frcthing vas

M n2gligible, due to +he low goncentrations of these proteins.

A short narrow bored needle was inserted th;ough the rubber‘

cap until i+ was ab +he meniscus, - The needle was
connected *o 3 sucticn pump by t?q@ﬁfpfessﬁfe‘tﬁfiﬁq%**W4”%”*W“‘4”‘*?‘

Deaeration of the buffer was carried out.until nc more

i i b



bubbling waé Qbservéd; The.tubing was then removed and a
second long needle was inserted until its tir was just above
%he bet+tom of fhe glass tube.4 Nitrogen or oxygen was |
supplied slowly tc ﬁéinfain'a steady slovw rate of'bﬁbbling
for 20-30 hin.v At the end of such flushing, the short
needle was wi+hdrawn before the gas vwas +urned off to leave
a sligbt positive pressure inside the tube. After the
sgcond needle was withd:ﬁwn, memtranes wereyadded by a
syringe and the tube was shéken_to mix’?ﬁEJZuspension. Thé
csample was then reédy for irradia+ion. Leakagé cculd be
detected if bubbling was observed when thé cap‘was wet with
a small qtantity of water, The nitrogen us2d was

'ultra-high purity' from Linde, and contained less than 2

ppRr oxygen. However, since the memtranes were
air-equlitrated befors intrcduction intc the anaerchic
media, "anaercbic" in these experiments implies a residual
cxygen concentration of about 25 micromolar. Oxygeh
concentration diminishes progressively during irradiation,
and soluticns containing oxygen ihitially at 25 (anaerobic),
230 (aeréted) and 1156 (oxygenated)‘micromolar'wchld reach

values of 0, 236 and 1136 micromolar after about 8 minutes, °
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2.?.6..7Analysis of data ,<‘ y 51
. , 'ﬁ
Each_of the slopés of tﬂe‘graphs in Figures 1 tb 4 Qere, .éi
obtained by regressicn ana;jsis 6f 18 experimentil“f"'a i
observatiohs representing on the average 3 s=parate !
experimenﬁs. Therregreésion analeis;was~éarriea—eut by- ungfué@
linear regressiqn using the Uniyetsityrof Alber+a APL g
statistical package "SIPZ"; _ The results were:further %
confirmed using +the APL progréﬁ““ANCOVA1“'baseé cn #he é
1methods described in Sokal and Rehlf (1969) for anél?sis cf :%
‘covariance. The standard errors of +he slopés of graphs of" %
. . ’ 4
- permeabili*y as a function of time are on the average less %
than +/-30% while those of enzymic inactivatioh are less . %
than +/-20%. The asymm2try of:the gamma scurce, the - - S : -
inevitable variation in’the cytcplasmic contents and é
+ccophercl content of the membrane,p:°parations are probghliz é
+he major sources of errors tha* aéccunt for fhé standardl | %
deviations cf oﬁr data. However, thése effects would be» 'g
small in éomparisog to the effects of freeiradiéals\;ingg é
irradiation in the.ahsence of externally added gcavénéérs '%
produced signifiéant damage to the mambranes. B ;%
) ST - o =
y

ot st St o] b




59

. Erythrocytes irradiated in air-sa+urated buffer shcwed no
change in permeability up to a dcse of'150vkrads},3They«were

as stable as unirradiated erythrccyteé or ghosts'(Figure 1)

which'werérgncﬁﬁated in air-satﬁrated buffer atfzé”degﬂc;’
: In contrast, ghosts irradiated in'airfsaturéted tuffer
showed a marked ihcréase in permeability. This:grgate:mm},;,
sensiéivityrof ghosts to irradiation than'erythrbcytés is
reflected in the fact that the rate of ihcréase inrtheir
permeébilitj waé/gggy times that cf,unirradiated ghosts -

{(Table 1). ErYthrocytesAare resistant to irradiaticn also

with respect to inactivation of G3PDH. There was cnly a

B T

slight lcss of acgivity of;G3PDH’inccmparsonwith’/’\>
unirradiated ghosts (Figure 2).' The rate of inactivation of .
G3?DH was 22-foldrgreater in ghosts (8U.3§10¥—3 per ﬁou:).
than iﬁ erythrocytes (3.9x10*f3 per hour) irradiéted under-
the same aerobic conditionsn(T;ble‘1).

-~
Ghosts exposed to diffe;ent concentraticnS»of oxygen during

“irradiation shouedgmq;ked~Qi£fefeaeesﬂinmbo%h—pefmeabiiity¥’~fwfj—

@nd enzymic inac:ilaiinn,iEiguLas;3,andfuy*ﬂglheglsmgﬁ; -

damage was observed under anaerqtic conditions while the




’most,damaee éae obsarved ih'rhe presence of 1 armosphere of
oxygen. REtes of inactiﬁ2+ion of G3PDH<were’an»crder cf

magn1+ude greater +than ra*es of 1ncrease ‘in permeabllwty in
all cases except in cxygenated buffer—(tablelly,_lndlcatlnq

a gréater ensi+ 1v1ty of +hls enzyme *¢ rad1atlon than

O w r,‘h bR el

membrane.permeablll+y. The sen51t1v1+y of permeab 11ty and-

G3PDH to concentra+1cns of oxygen can be’ compared u51ng data

'in Table 13 The rates of increase 1n permeablllty of ghosts
v'rrad4ated in the presence of air, and in the preeence of 1

a+mosphere of oxygen are reSpectlvely 2. 8- and 170 -fold that

in the presence of nltroqep. The correspond:ng ratios in
+he case of inactiva+ion of G3PDH'are 1.5 and 4

'respectively. The greater difference‘between the oxygen

7enhancement :at;os'rn ‘the case of permeabﬂlﬂ+y indicates -
tHat an increment of oxygen is far more ef factive in
increasing rate of chanqe'of permeabiiity than in
accelereting inéctivatién of’meﬁbrane-bound G3PDH.. This
greaéer sensi{ivity'of membrane permeability tc cxygen is

" petter illustrated by the observation rhat +he aerchic rate

of increase in permeability is increased 60~fold by the

increﬁen+¥$n—GOﬁeeﬁ*ra*ienmeé—exygé%—¥hi&e—iha%erdé——;f;gegege

1aae%r¥atieafei—sakhﬂgisgonlyf1ncrvasedrhyrzrlrfclﬂ4rrrrrrrr

Therefore, enzf\ﬁc inactivation is relatively insensitive to

Vo

o R Tl it
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- oxygen comparedvtc permeability but more sensitiﬁé to L .':_“  £
irrédiatién.}r;n autCCafalytic coﬁponént in damage;to
permeability is appéfent iﬁ the presehce cf_cxygen,ras
in%icated by the;incipient cuﬁVétuﬁéVOf thé'piot in Figuﬁe

3. 'The absence of such a phenomenon. in the presence of air -

:AW,Wsuggegiﬁ;tha:wa,centaquth:éSholdrcogcentzatipn cf -oxygen—is-
required‘to érecipitéta\gnautocatalytic breakdown cf the
structuraliintegrity cf‘membranes. , ,

| N o .o
The effec* of oxygenlcn ghosts in the absence of radiation
vas-fuﬁther investigated In a ;ontrél study-iﬁ whi¢h'ghosts_
were incubatéd in ir oxygen-saturated tuffer at 25'degﬁg.',

Permeability 2nd less cf 2nzymic activity O?Z{;ése ghcsts

Wtsrevfoundwto;bemonl}mslightlgmgzeakezw%haaﬁthefeeatfeiu«ﬂfWfﬂ~
(i.é. ghos*s incubatzd in buffer a+ 25 deg C in the
"presence of air) (Pigures 3 and 4). -Thns,.#hersimultaneoﬂs‘— B

presence of beth oxygen and gamma-irradia+ion are required

for +he synerqgism displayed.

-
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4, Discussion,
4.1. Comparison of erythrocytes and ghcsts ’
Ir addi+icn %*o “he substan+ial amcunt c¢f enzymes (catalase, t
superoxide dismotase, glu*tathione peroxidase and ) \<:::)4

pc+-haemoglobin reductase) that protect +he-red blecod cells

from oxidative damage, “h= aburdance of orgaric ioiééiieg“In";’*
+he ;ells alsc aids in scavenging free radicals in a

néﬁspecific manner, thereby protecting the mewbrares., The

ihosts have lost mos* cf their cy*oplasmic contents dﬁring
Sypotcnic hemclysis and furthermcre the alteraticn cof the

%

iatiie structure of +he menmiranes dus to the osmctic shock

2

éeakens the hydrorhotic in£eractions in the membrane
iioodward and Zwaal 1972).‘ Both o0f these could ;qgtribupe ’
to *he §reate: suiscé;tirbilityscf'ghcsts towards radiation .
damage. 1IN VIVO, ;ed blood cells mus+ last over 100 days,

ésc even slow rates cf damage may be quite unacceptitle., The

"kigh concantration of catalase and superoxide dismutase in -

t+he red blcod cells are evidently necessary for prectection

R

el

Koo e

bt Py

—against cxidative stresses, sihce *he lov concentrations of
——t an s ind i ot provide

comple*e pro*ecticn against radiation. ‘Baxfjer, in the ,

0 S i



W

abséncglof prc-oxidant stresses, *he relative stability of
ghosts indica*es that these residual enzymes are adequate to
cope with +the ongcing fluxes of free radipals‘éven in the

1

" presence of pure oxygen (Pigﬁre§‘& and. 4).

@ N & Yo
? > ;'Q; 'V - < A . . . .
- - B s .o S R ooy 'ﬂb';.' - e
o= N - .o« - LT .
"4.2. Fffacts of concentrations-of .oxygen
P
a2 ~ e Y - :

Ghosts irradiated underx different cdoncentrations of oxygen
showed marked differences in damage to" permeability and

. " ] . ;; ‘
-~ G3PDH, The magni*ude of damage to membrares isgsimilar to

L

.

that observed in studies 'of mammalian cells (RKoch, Kruuv and
Prey 1973). The inc;eaée‘in damage wi¥h incréasing

‘concen+tration cf cxygen indicated +he familiar oxygen

ephan%emqnt of radiaticn damage (Ewing‘1978: var Hemm2n,
Meuling and Bleichkrod+ 1378, Yuhas and Li 1378,

Howard-Flanders 13960).

-

. - . ® 4
S i

The greater radia*ion resistance of permeability in
_-comparison with G3PDH at moderate concentratior cf oxygen

]

- - - ' N ‘ ' V . )
(i.2. ' in air-saturated buffer) can be explained as fcllows.

s mere sites—of damage by free radicals are probably required
”ﬁ,,,7L~774:9;9tcdﬁbéQingayge:;able,changegisgperneabiliiy+441he "

protective features provided by the architecture of membrane

— B . -
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+o lipi+ spreading of’chaiﬁ reactions.vithin the memltrane is
probably quite importan+ in preserving +he membrane under
mode:ateloxidative stresses (Demopoulos 1973b)., Proteins
acre among the importan+t components in this protective

' '

mechanism, Th2 proteins interrupt +the midzcne of the 1lipid

. . Ly g— o e L . : S g
bilayers and the aromatic amino acid residues, which are

aburdant in this region, can delocalise +he unpaired

Electrons resulting from abstraction or addition in chain

s o
prepagating sequences cf reactions, Thus the chain

reactions that propagate damage deep into the memtrane may
be slewed or +termina*=d. Hydrogen bonding withir the
memtrane also indirectly protects some molecular sites

against hydrcgen abstraction by free radicals. Ghost’

‘membrares, unlike mifochondrial membranes, are devcid of =
iron-sulphur prote%ns which are potent catalysts for 1lipid
au~oxidation (Hanstein and Hatefi, 1570). Resul+*s from
s*udias using chagtrcpic agents suggest that thénlipcphiiic
r=gion cg‘the mehhranes is profected from atgsck,by oxygen -
in solu<icn (Hatefi and Hanstein 1970) . In additicn, i P
vi+tamin E in thé memliranes acts as an antioxidant (Tapgpel '

) v S

-

1373), The above exrlanaticns are reasonable in view cf the
ke 2EE SPYIE BEAp2CUALLBAS @2F L6 < _— .
faii: tha* ,0H, 02- and H202 are kncwn to cause lipid

peroxidaticn in membranss (S+tock and Dbtnandy'1971, Wills

e




and Wilkinson 1367, Wills and Rotblat 1965) and that the
parallel ‘increase ir 1lipid peroxidaticn.and pefmeability of
ghosts reporied by our }aboratoryh(Popma~197u, Daviscn aréd
Pépma 1§78) suggested a direct re1a+*onship between ligid

-peroxidation and *ho increase in permeability of ghos_-.‘wy

That autocataiysis is cbservedaonly in the damage £é¥/

permeab11~+y and'ﬂo‘lfc G3PDH may‘rnflsc+ +h=3coh+ihucus~
rature ofcghmhrane and the intimaté relaticn be+ue=n the
lipids belng necessary for the develcpment of the oxygen
effect. 1In con<rast, <he isqlated nature cf molecules of
G3PDH in +he memtrane has partly prevented autocatalysis. .
Ié was further supported by the observations that ;h;

-autocatalytic-i dc reas2 in pe;mnab*}*ty was observed -alsoin -

cxygenated buffers ccntaining scavengers (Kong 1373), tut

again i* was not cbserved in enzymic inac
ambivalen* role c¢f thes molecular architecture cf tha
memkrane in providing an antioxidant effect at lcw

ccncentration of coxygen and a facilitatory effect to

oxidative damage a* high concentraticn cf oxygen can thus

cxola*n 1ts ab*1’°y in oropagat*ng +he following chain

reac+icns (Tappel 1973}

“/
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,6,6, ‘.{f,
\ Chain reactions
N 8. - ]
~ ) . i
L. ¢ 02 ====--- > 100. (1 o

LCO..+ LH =-----> LOOH + L, , (2)

. . N\, ) ) - . . L
B \

N .
- AN

Chain branch%ng:

- .
LOOH ~===mcm—=a > 10, + ,OH .
LO. + LH =----- > LOH + L. (4)
L,OH 4+ LH ====== > H20 + L, = (5)

Since the ra*e of~reaction (1) be*ween the radical formed in

+he lipids and dissolved 02 depends 5nkthe concentration of

02 in +he memtrane, 2 high ccncentratich of 02 markealy

increases the overall raie., In oxygen-saturated sclutiens,

the concentration of 02 ir the membrane woufd be higher tﬁaﬁ , 5

in ths aqueous phase, since thé’Sclubility of 02

(B

e 7-8

times higher in nonpolar +than in polar media. PFurthermore,

branching .in the chair reaction due “0 spontaneous!

decbmppsi{ién"df’§£€7unstagle LOOH produced would multiply
, _ -

PN
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tte number of‘f:eé radicals dramatically, thus increasing
+he number of chains iDemopoulos 19735); Of the two
radicals formed in (3), L0. could only propagaté laterally .
wi+hin each 1lipid layer, (Tappel 1973), but .0OH leing )

mcbile, could initiate chainé in any direction, thus

éffectively spreadingppercxidation *+hroughout the memkbrane, - - f e
The extreme vulnerability of biological systems to .OH may |
be explained in terms of the failure of the protective .
systems Suilt into th2 membrare's architecturs, sifce . OH
being mecbils can propaga*e chain reactiqn§ longitudinally. 
From the foregoing, it can be seen that 02 accelera+tes lipid
oxidatiogiby allowing and accelerating the fcrmaticn of

lipid hydroperoxides, thus increasing the number and leng*h
of the ensuing chairn reactions, A+ low _concan+ration cf iggﬁ, I
+ermination of *he chains may compe*te more effectively'uith L

reacticn (1). Ths cernc2n+ration of LOCH would be low du2 '

bo+h *0 lack .cf availability of 02, as well as t¢ the

ircreased chain termina*ion. Thus in anaerobic soluticns,

+he prcpaga*icn of percxidatiorn due *o0o L, wculd s*ill

ceveraz*e bu+ chain tranching would not occur. Hence *“ke

di £fference in damage be*ween oxygen-saturated soluticns and

sclutions cf lower oxygen concentration is due *¢
- ~N e

differences bo*th n l=ng*h and in number ofschain reac+ions
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withir the mémbrane; Our observations SUpport such a ‘ '
@echanism. First;hth%’low,initiél rate followed by 5@ " -
ipcreasinq rate is characteristic of bighchipg frée radical :
chain reactions. Second; oxygen is kncw;:toAact\bcfh as a 713
chain initihting'énd és a *termina*ting species in chain 7 n‘,né
rgactiqgé (Purdie>1971,.Huyser 19%9, havfson and,Kaminéky ; 7 é
1974). The wefy low initial rates of @nmcredse of . ~§
parmeability;by éha pixture 5f radicalé in the presence 6f_ _t*,; . %
oxygen could be due to‘termination cf chain reactions by 74“::£_ ;,%h
éx}gen. Farthermore lipid pefo;idétionrwaé'fohﬂd'to be : \, %
independent cf “he preseﬁcé‘of Q;Ygen during pércx{deuu %
fcrmation ini+iated Lty gamma/;adiatidh, but ;hé.sub;equent E
fofmation/of;pérgildé=incgéased markédly'if oxygen'uag . é
present in.thqrﬁost;iiradiatioﬂ period (Wills and iilkinsén R f
1967) . o _ T 77
The pechanisp of cxygen gnhaﬁcement of-damai@_to ig
iembrane-bonnd'GBfDE may bevquite different, as indicated by :
:the moTE linear‘d;mage éhoun in Piqure 4, ;bamﬁge due to

- L . ) :
reactive species such as lipid peroxides arising in the .
meatrane and thus co-oxidation cannot be excluded in viev of
f§e;SEV§:eraIaqe“tcﬁ]euhraneﬁinufheﬁpiesence—offtxygen. —
'?faawstﬁéies—eﬁ—iff&dia%eéfsa%ghyézyl—eeapennasrgix;nag Bl
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found tha*t the major products formed in the presence of
oxygen were sulfinic and sulﬁgnic acids (Purdie 1371) which

were responsible for the iractivation of sulphydryl enzymes

»

(Buchahan 1978, Lin 1378)., Therafore oxygen might increase. -

damage *o memtrané-bcund G3PDH by increasing the fcgmation

> .

of these acids. oo, 5 ‘ .l

-
Y

These results d2mcnstrate not only that ghosts censtitute a |

ccnvenient and sénsitive system for investigation cf effects

-

of radiaticen on plasma membranes, but more importantly, that

4

membranes are one of the few identified loci fer the origin

of the "oxygsn effect" observed in irradiated cells.

-
+ «
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/T’ABLE 1. EFFECTS CF CONCENTB}TICNS OF OXYGEN ON RATES OF

DAMAGE TO MEMERANE-BCUND G3PDH AND HEMERANE>OF EFYTHROCYTES ‘\V\M
AND GHOSTS. The rates of increase in permeability aré

obtained from the slopes in Figure 1.‘ The rafes ware .
expiessed'in log per4cent of intact gﬁbsts,remaining after

each hour c¢f irradiation., The rates of inactivation of

el ko
.

G3PDH were calculated fron gye slopes in Figure 2. The
!
_ A ; _
rates were expressed in log /per cent activity remaining
. o / - .

af+er each hour of irradiation., —Conditions were:r 0.01 M,

i 4,,_1.‘,}.*\” AT T

phosphate buffer pH 7.u/;gndered isotonic by the addition of-

A e

~NacCl tc 300 mOsM., temperature 25 deg C, concentration of

ghos*ts or erythrocytes Idfﬁ/v, dcse'rate of
\V

£ } -~ .
gamma-~irradia+ion 0.5 krad/min., Irradiation was carried out

K
in buffer solutions air-saturated by atmOSpharic‘air unless §
. . e e e 4
oxygen or pitroger is specified. Thg/ negative rates é
indicated no significant damage. The slopes and their %
s-andard ;rrors were ottainred by regression-analysis (see ) g
nethziﬁf. The s*tandard errcrs of *+h2 rates of increase iIn ,g
permgéabili+ty and enzyaic inactiva*ion are on th2 average ﬁ

PSR,

P

less *han +/-30% and +/-20% -espectively.

PR




“TABLE 1,

AND GHOSTS,

rate of
increase in
permeability
x 10*-3

unirradiated ghosts
in buffers: 7
air-saturated{ "0.37 +/-1.6

oxygenated f1.66+/-2.2,6

irradiated ghosts
in buffer:

a‘r-saturated 16.45+/~3.15
oxygenated 2,75+/-3.29 (ini+ial)

986 +/-223 (final)

~nitrogen _5.75+/-0.67
é:ythrocytes
irradiated in ,
air-saturated -0.10+/-0:36
buffer . '

___55,5+/-7.62

EFFECTS\CFf CONCENTRATIONS OF OXYGEN ON RATES OF —
DAMAGE TO MEMERANE¥BCUND G3PDH AND MEMERANE OF EFYTHROCYTES

rate of / v ,
inactivation of| ”

G3PDH /‘

x 10%-3 j

B Y R O PR

L d

-4,.11+/-6.01

0. 97+/-1 'ae

(

8“.28+/-7. 99
119,5+/-16.5(ini tlal) ' \

229.B+/-11.6(final)
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" FIGURE 1. COMPARISON OF THE EXTENT OF RADIATION DAMAGE TO
PERMEABILITY OF ERYTHROCYTES AND GHOSTS IN THE PEESEN‘;CE OF
ATR. Log per cent ghocts of erythrocytes remalnlng }ntact

afteL each hour of 1rradiatﬂon was plotted agalnet dlme in

hour. Ccndltlons were: 0.01 M, —phosphate buffcr pH 7.4

rendere&’lso+on1c by the addl+1on of Nacl “to 300 moeu.,
+emperatu*e 25 deg C, concen*ratjgn of qhosts cr

erythrqpytesv10%v/v, dcse rate qf gamma—;rrad1at1oniglg
krad/min, . dose rate of gamma-irradiaticn 0.5 krad)min.

Irradiation was carried out in buffer solutions

air-saturated by atmcspheric air unless cxygen or nitrcgen:

is specified. The slopes and their standard errcrs were

cbtained by regressicn analysis (see Methods). “;>
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Unirradiated ghosts

»

Un1rrad1ated ghosts + 02

Syabols
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FIGURE . COMPARISON OF\ THE EXTENT OF RADIATYON DAMAGE TO

PERMEABILITY OF EFYTHROCYTES AND GHOSTS IN THE PRESENCE OF

'TIME (HOURS) . *

/ » 7 }

AIR. o | -
&.00 © 1,00 5.80 /,.\
T S ~ o

: /
— ~4 B
o T—J!“"'“‘*“**bo, ;

- : ]

Ho v e}

—0 ]

] -

Ir

(8]

—w ©

Q9 o

@ o

=

o |

N .

o 1o

O, - o

0

=3
o m
L *

N _ /\ L
iV & L4
? ~ . s :;Q
.00 - 1.00 2.00 3.00  4.0Q 5.00



4

FIGURE 2. COMPARISON OF THE EXTENT OF RADIATION CAMAGE TO
ACTIVITY OF G3PDH GF ERYTHROCYTES AND GHOSTS IN THE PRESENCE
"OF AIR. Log per cent 63PDH remaining active after each héur .

of irradiation was plotted agains* +ime in hour. Conditions

were as described in Figure 1.

o e ok B,
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Symbols

‘Unirradiated ghosts ‘O m
\. . c e

Unirradiated ghosts + 02 X - % . - . .

Irradiated ghests ">§l‘f+_

’Irradiated‘e:ythrocytes A g?\ , S “




FIGURE 2. COMPARISON OFP THE EXTENT OF RADIATION DAMAGE TO

ACTIVITY OF G3PDH OF ERYTHROCYTES AND GHOSTS-IN THE PRESENCE

OF AIR.
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FIGURE 3. EXTENT OF RADIATION DAMAGE TO PERMEABILITY OF

--GHOSTS AT DIFFERENT CONCENTRATIONS OF O&XGEN. Log per cent
. \ . :

ghosts remainirng intact after ‘each hour of irradiation was

plctted against time in hour, Conditions were as describde

in fi@ure 1. Unirradiafed ghosts incubated at 25 deg C in

ait-saturated buffer were used as contrel. Unirradiated

ghosts were also incubated in oxjgen-Saturated buffer to

- ponitor effect of oxygen in +he absence of irradiation. . .

Symbols
. Nitrogen O m 7
0xygen A @ | 3

s
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FIGORE 3. EXTENT OF RADIATION DAMAGE TOAPERHEABILITY OF

GHOSTS AT DIPFERENT CONCENTRATIONS oF OXYGEN.
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FIGURE 4, EXTENT OF RADIATION DAMAGE TO ACTIVITY OF G3PDH

OF GHOSTS AT LIFFERENT CONCENTRATIONS OF OXYGEN. Lcg per

cert G3PDH remaining active after each hour of irradiation

was plotted against +ime in hour. Conditions were as

described in Figure 3.

Symbols
Nitrogen 4 '
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ABSTRACT N : R,

The féléti;e effecfivensss ofaox}dfziﬁg (.OH, H202),
imbivaient (02-) and {he<reQucing fras ‘radicals: (e-‘aﬂi

. €02-), in causing éélage-to Iembranes‘ana'neubrane-bouﬂ&

G3PDH of resealed ery*hrocytn ghosts has beon deterllﬂﬁd.

Rates of damage tc uentrane-bound G3PDE (B(nnz)) were

~ measured and the ra*tes of danage *o_ me,h anes,jﬁlnb)) figra

assesssa by measuring changes inp permnabili ty of the
resealed ghosts tc the relatively lcw nolecular wel gh
substrates of.thls enzyme, Each of the radicals vas -
tselectively iscla*ed from the mixture prodﬁceg &ﬁrin@‘

,gampafirradiation,'using appropiate~mixtufes of scavengyrs

sach as cataLase,'superoxide disnutase and fcrmate. 0¥,
02- and H202 were apprcxina+ely equally eff°c+1ve in
actlvatlng nenb*ane-bounH'GBPDH whlle, e- and C02— vere
the-least effactive.. R(enz) for 02- and‘H202 were 10~¥Yold
B ‘ ’ - 77‘ )
ard fpr .0B 15-fo0ld, that of e-,’ iﬂmh)/ ngc vere gvx
similar for e- and B202; abcut tuice +hat of 02- while that,

. for ,0H is 3-foid +ha+ of 02-. Henqs,wwith respgct tc

P(ab): .OB > e- ='B202 > 02-, and with respect tc R(sdz):

OH> > 02- = H202 >} e-. The difference between *he -

. ., ~— - .
effectiveness of the sost damaging and the least dalig}nq

Pl
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‘free radicals was more than 10-fold greater in damage to I
erzyme “hanl “c megbrare, .Ccmparison be*ween H202 added as a i
Cchemical reagent 2nd H202 formed by irradiation showed that :
- - - B N B ?
: : . , 1.
membranes and memtrane-bound G3PDH were relatively inert to ;
. ; . , e !
Toagent H202 tu: markedly susceptible to the latter,- .
r
b .
- ) c
\ et -~
. - \7
R e R
3 N ) s :
- - "‘7 ‘ o
< - ° %
e




S e

1, -In*roduction’

- k]

OF all ‘he f*ee fadlcalc pﬁoduced in the rad'oly51s of
ater, e- and OH have been *he most extens1v01y ctud;ed

,Haﬁj reanlons of hydrated electrons (e-) and*hydroxy;

. v .
- . s . -
. .

~radicals (.OH) with preteins and enzymes have been

dccumentedg(hdams et al.' 1963,41971;.1973, Hasuda, dﬁadia
'and Groscweire*.1é71, Licht‘n;'Ogdan and S*e4n-1972). Pdlse
raaﬂoly51s st ud:es cf =uch reactlons have revealed certaln’ﬂ
4aglno ac:d'r351dues uh:ch areﬁpar cularly reactive rowards
“these radicals. " The ratehcoﬁstants,of reactlons cf free )

‘radicalsfhith‘biologicallylimportant_molecules‘haVe’been -

ieil docuﬁented by Anbar and Neta (1967) However, here , Ag

. az

“ ‘D

“few _tudles oF thEII -nteractlons wlth blologlca1

membranecsy Early studles of rad1a+1on,effec+s on

hosts d:d not prov1de 1nfcrma-1on on +he
reaettons cf free radicals wlth membranes (Goldsteln 197u,v’
”Koter =nd Leyko 1373) .- Recent studles by Blsby et ‘al.
?1(!975) have attempted to 1nvestlgat= ‘the’ react:onc cf e- and'”
VQOH wﬂth erythtocyte ghos+ membranes.v They féund tha+ e-;

eacted rapldly w*tb membranes at a T~ate greater +han/10*10

=71, s—1r However, ib“?eactlons w.th +he dlsulphid° llnkages o

ef p*ﬁ%ﬁtnf’ﬁﬁ*é'ChSErveﬁ*“ThIS‘Sﬁggetfeﬂ/+h“‘HtEEntﬁrTﬁ%“"ﬂ*”'Tmm‘*”“’
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Lo : - e —

exposed disulphide bonds on the surfaces of *he piasma
membraﬁe. The'iowvreactivities 0f N-ace+*yl neuraminic acid
and N-acetyl glucoéamine which are on *he ex:tericr sﬁrface
of erythrocyts membrane, cannot account for the cbserved

’

rzactivity of e~. Thus, the sites of reacticns c¢f e- remain

ik oAl st e i

ankncwh, one possibility being therpeptide~b0ﬁdsﬂeff5ﬂrface
proteins, The carbonyl carbor cf peptide linkage of
proteins has been knewr to be quite reactive toﬁards e=

~ (Paraggi and Bettleheim 13977), but th2 possible reactiens
wi+h peptide linkages'uere no* investigaied.‘ Attack,by'.OH
or aromatic amino acids‘of prctein components cf +the
membrane was not detectad. However, transient Species

produced by the reacticns of .0H with carbchydrate residues

.of the memkrane surface were observed. .. .

Barber ét'al. (1378) found +hat lécithin reacted

efficiently with .0OH and competed with cther intramembrane
sclutes, This may explgin»the absence of products from the
reactions ba2%+ween .0H and ardmatic amino acids ohserved in

Bisby's(1375) study. Also, reactions tetwgen .0H and

solutes incorporated'into-the synthe+ic 1lipi kbilayers

indicéfédwéﬁéiffeédoé ééwéiffusionigf ,OH through the "

- bilaysrs. Consequences of .OH attack cn lecithin tilayers

-

ot b 3 55 e



92

iQﬁfndeq: 'iqueased fluidityrof the.po;ar’head group
region, increased visccsity of hydrbphcbic region cf the
lecithin bilayers and appearance of water in +he bilayers.,
In contras*, e- réacted very slowly with lecithin, the rats
censtan* being about 10*77ﬂ;1.s-1. ?he:ratg constants cf

K

the . reactions of e- with solutes were decreased cne

thousand- fold when “he solutes ware solubilised in the lipid
bilayers.v The resul+ indica*ed 1Qwv;éactivity of e- *cwards
lipids and the restricted diffusicn impcsed on 2- by the

lipid layers

Superoxide aﬁions,wer, reported to pérmeate stromal
‘membranes cf erythrocyte vesicles with sﬁrprising case, and
cause ly;is ofrthe~membranes_{Lyneh>éndemidcvichf4978h)ww~~w~fﬂ~fﬁfﬁ4—ﬁ
which is inhibited by superoxide dismutase, Lipid f
peroxidaticen caused bf 02- ié catalysed by metal ccﬁplexes
(Svingen 1378), énd toth 02- and singlet oxygeishive‘been
shown to propagate *he resulting chain reactions. Single+
oxygen has beeh'implicated in céusing lysis of erythrocyte
memkranes (Bland et al 1378, Kellog and Fridovich 1975,

1377, Lynch and Pridcvich 1978b). A direct rela*icnghip

betweern 1ipid‘pefoxidation and lysis of-erythrocyte ghosts

has been dehonstrateﬁ in our labbfatory (Popma 1974, Davison

ard Popma 1878). ” 7 .
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The reacticns ¢f free radicals with +the SH-enzymes G3PDH and
papain, have been studied (Buchanan and Armstrong 1378, Lin
and Armstrong 1978). ,Thesé studies sﬁggest that oxidaticn

of the SH groups at the catalytic sites were respcnsible for

*ke ihéctiiatioh cf tha enzynmes. Thesé SH gréﬁps, wﬁiéﬂréfe
fesponsible for th2 covalert binding of acyl groups of the
substragés possess marked reactivity towards electtcphilic
reagents (Frizdman 1373). Thus, their reactions with
oxidizing radicals wculd be much faster thar those of less
reactive SH groups. 62- was found to bé_qne>of th; most |
effective radicals in causing irrevarsible inactivation'on_,
the enzyme; while H2C2 oxidized the Sﬁ groups to éulphenic
acid causing damage which was reversed by DTT, thersby.
restcring the enzymic activity. 1Inactivation by the

reducing radicals ,H and e- did not appear to be

appreciable, .

In a previous s=udy (Kong 1979), resealed ghosts were shovwn

tc be suitable *argets for studying the role of oxygen in

free-radical damage in that they are sensifive tc radiation |

damage and aisplayia B;anpncgd”ﬁgxygen effectﬂngith,oxygenﬁif”lwwi

rharcemen+ ratios well over one. The present study is an

T JITY R

“:vi“»“x T SRR



investigaticn of the effécts of_02-, H202 aﬁd e- in
producing damage to the plasma membranes of erythiocyte
ghosts, as assessed ty the change in permeability cf the
resealed ghosts and the inactivation of membrane-bound

G3PDH. The inactivaticn cf membrane-bcund G3PDH rrovided

information on the behaviour of thsese radicals wit£ respect - -
tc an intracellular protein which is adscrbzd orn the

pemtrane and an SH-enzyme of erythrocytes. Ghosts were
subjectsd to the actidn of these frea radicals,‘to assess
their relative effectiveness in induging damag; to

memhranés. After ipi+ial expériments using chemical scurces
of free rgdicals, Gamma-irradiated aqueous scluticn was

chosen as the source of thess fre¢ radicals, which are
ot '

fcrmed from the radiclysis of water, -Radiolysis of water in . - =

~ ™~ I3 LT
the absence of 02 produces the following primary fres

radicals (Draganic and Draganic 13971, Suallow_1973§.

»

H20 =<==~~-> e-, H., .0H, H202 ) (1)

and +heir initial yields are : G(e-)=2.8, G(H.)=0.6,

"G(.0H)=2.8 and G (H202)=0.6 (Draganic e* al. 196%a, 1969b,

1971, 1372, 1973). G is the number of molecules cr ions

formed per 100 ev, energy absorbed.



In thé presence of oxygen, the following subsequent

reactions occur, resulting in a variety of s=ccndary

radicals,

02 + e- --->02- k = 1.88 x 10%10 M-1.s~1 (2)
02 + H =-=> HO2 _ k = 1,90 x 10%10 M-1.s-1 (3)
HO2 --=> H+ + 02- pk = 4,8 (Behar 1970) (4)

HCOO- + ,OH -==> COO- + H20 k = 2.5 x 10%3 M-1.s-1 (5)

The abovg ra+tz constants were taken frem Anbar and Neta

(1367). , -

Some of these radicals can be selectively isolated frcm the
mixture by using apprcpriate radical scavengers to remcve
other radicals. 'Thus, the effects of a single type of

radicals or a combination of ri@icals can be studied

o T ) VLI S _ - o
independently. The further question of the results of

intleractions between “hese free radical forms of oxygen,

S e LR L
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yhe-her cooperat;v ¢r inhibitory have also/pggﬁ (
investigated and the results will b2 presented ina
subsequent publicaficn (KEong 1979).
S
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2. Experimental

L | : g

2.1 Ma*erials ) o é

et

o ok b b i

Glycerdldehyde-B-phosphate (G3P), di+hicthreitol (DTT),

catalase; TritonAﬁ-ioo and beta-NAD wereWSuppligd hY”éi&ﬁé"
Chemicals L*d.  Sodium arsenate, sodium pyrophosrthate,
sodium forma*e of A.C.S. standard werevéuppiied by Pisher
Chemicals L+d. Superoxide dismutase was prepared in our
1aboratory_éccording to the method of McCord and Fridovich
(1969) . The preparation has an activity of 2301 units/mg
rrotein, ~Catalasé was obtained from Sigma Chemicals with an’
activity of 2500 units/ﬁg'of protein, Both =nzymes were
added to a final CBhééﬁiféfiéﬁféfmeWEQVEl'iiIéIWWQOTH”ﬁﬁitEW"”W
superoxide dismutase and 50 units catalase per ml solution) | {
in the buffer éoluticns.' These concentrations were
confirmed *o be sufficient to scavenge substantially in
excess of 90% of the superoxide anions and H202 genera%ed-
during irradiation (Sutton, Roberts and Winterbourn 1376,

Davison and Kaminsky 1974).

2.2. Hethods - ’ .

See section 2.



- >

2.3.1. Produc+tion of superoxide radicals
e~ and ,H produced ih (1) .react with 02 readily, and are

converted to 02-, by the reactions (2) and (3)., Hence the

irradiation of air-saturated soluticn will produce an amount -

of 02— equal to that of e- and .H Cataiase was used as
scavenger for H202, It catalysss the decompositicn cf H202
as in (7). TFormate is an =ffective scavenger of .0H
(Draganic 1369%b) and it is used in ourvstudy becauée of the
increase in yield éf 02- due to reacticn (6). Thuib\
irradiation of air-saturated aqueous solut{cn containing 10

millimolar formate and catalase (50 units/hl) will produce

predominantly 02~. The total yield of 02- . will ke given by - -

G(02-)= G (e-) +G(H.) +G (.OH) =6.2

H202 + H202 -=~===- > 2020 + 02 k= 3.4 x 10%7 M-1,2-1 (7)

(Herbert and Pins=nt 1348)
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2.3.2, Produc*ion of HINZ

If superoxide dismutase (20.4 units/mly was used instead of
catalase in +he above solution, 02- produced will be

converted to H202 according to (8). : .

e . ahaa i

2H+ + 02- + 02- ====-=> H202 + 02 k = 2 x 10%¥9 M-1,s-1 (8)

(Rabani, Klug and Fridovich 1372)

Therefore G(H202) =G (H202)+0,.5xG (02-)=0,6+3.1=3,7"

2.3.3., Production cf hydrated eo-

In nifrogen saturated solution, the':adicals formed are

- given in (;). It follows frdm +the above discussion that
formate iﬁ ths irradiated soluticn will remove .OH as well
as .H Formate is not reactive towards e- (k(HCOO-'+ e=) é
10%-6) but ﬁe;y ;éaC{ive téwérdsn.ﬂ

H + HCOO- =-=---> H2 + COO- k = 2.5 x 10%8 H#-1,s-1 (3)

o




Peaction (6) will not rroceed in the absence 6f c2.
Therefore, carboxyl radicals vill be precduced frcm reactions-
(5) and (9). The majcr radicals produced anaerokically are

-

e- (G=2.8), CO2- (G=3.4) and H202 (G=0.6).

2.3.4. Production of .0H

,0H radicals can be isclated in air-saturated buffer Ly

adding bo*h catalase and disnutaseﬁto the medium.

o
O



3.1. calculation of R(mb) and R(enz)

Figure 1 is;a’gtéph‘of +he permeability of membranes as‘?’f

function of. time, $hafslopéswd£4tﬁe—eurvesﬁinhFiéﬂfe 1
represent the rate at which 02-,'H202, and e- plus CO2-

respectively, causge damage to the membrane.. In crder to

compate-fhe effectivenass ofreach'kind“ofrradical inycausing _

*ke damage, each sloge is ﬁiVided by’tﬁg‘Yiéld G of thé
;crresponding kind of radical pe;’190.ev. T@e:ratidfsas
denoted by R(mb)., Similarly, R{enzy,is_éaléulated forbeqch
kind of radical. The R values are listed inLTéblé 2. -R(mb)

~and R(enz) were calculated assuming *hat all of *he radicals

b mtstess = [ it L i

RSN )

PSSR

x

formed contributed %c the olserved damage, -This is of -
COﬁrse nct likely sfnce in addiiioh to disproportionation of

the free radicals, a certai

=}

fraction cf the rédicalsvreacts>

o !
[
Q
)]

‘with the membrane %o pro damage ‘to the membtrane, while

another fraction reacts vith_memﬁ?ané-bcund G3PDH, causing -
the inactivation, Assuming £ *o be +he fractiop of radical

that reacts with the membranc; D be the observed rate of

b s 41 b e

‘damage o memkrane; r and R be the real and apparent value

" for rates cf damage rper rédical, then




s

calcula+ted in our study were apparent values. £ is

- -proportional *o-the rsactivity of the radical and r is

€. f. =D . (10
£ . r=0D/6 j {5 o
simes R =D/G — — o o -

, '
*herefere R = £ ., ' : : C(12)

v

The same rela*ion can te obtained for damage tc

pembrane-bound G3PDH. Since we cannof estimate £, the true

r values could no+ te obtained. Hence the R values

ﬁfopofticnal tc +he the probggiiity tha+ one hit of the

radical would produceidamage, i.e.,,efféctivénﬁps of the FER
radicaly Tﬁus, R'represents the éro&uct of'thgse two
charaetefigtics or the effectiveldésﬁrﬁctibe—pover of the

radical,

Since H202 was prcduted[together~uith e- and C02- in the

irradiated formgte sclu*ion saturated wi+h nitrogen, *he R o
: s ; G , 4 . , , A

values Calculated_lay te affected'by H202. The \éghvyield



’.}fcjtqnieaétivegéoz— (aaaas, Redpath ‘B sby and Cundall 1972 )
:may c#uSe i%;%f*a-” fr actzon of H202 tc be re&ﬁced The

j;p:bbabiiitf §f 2= reacting ulth‘HZOZ wquLd be-veryﬂlcw'owing'
to fhclb*qh _aac+4vi?y of e- with the mﬁnbrana . The relovﬁl

‘cf 9202 Hould caise ‘hﬁ R valnes of *he rﬂduc1ng radicals,
— .

. 1391%of 3292~uan—xeaevad~hy €02-5 - +han- vh*61€€?*7 and

‘G(e-.) .u'eula bz 2,8, R{ab) weuld then te 0f 37x10%-3. This

~

7vould reproce +ha laxlmuq\zéfb) Ogg‘helobher extreme, if

?‘he*e were ro ‘nte:ac*lons between the,radlcals, i,et
3' daaaggfb7.individual radicals were add%;g;e, then E(;b)
.Qoqlé'be‘0,79x10*~3. Hence'the aciuiI:B(mb! for ihei‘
f':édﬁ;iﬁq'radicals'vcﬁld‘b;" | »

" "

D ‘3‘,,.7,;,1,‘0:%:3;,>,,}unb),, > 0.79x10%=3 - . e
-,1 v . - <»:.“ ( 7?{" . - —v - - . .»_ *

Siiila:}y,fﬁhe aupper and 1bver'bcunds’fcr;R(enzf can'be_

-~

shoWwn ié bha
o
7. _ S
1.14x10%-3"> X(enz) > 0,25x10%-3 ,’ o o -

azoz.oz'oz- is produced~asfthe)only free radical in <he

a*r-sa*n*ated agueous solu‘lcns ccnta‘nlng fcrnate and

superoxide d:snutase,‘cr formate and catalase respectlvely.



'~ G3PDH and om permeability of memlkranes

— o4

Hoewever, cxygen presént at 230 micromolar in the
air-saturated soluticns'may further enhance any damage
proéuced by these radicals, iuefﬂﬁit may increase their R

g
I

values. Unfortunately, such oxygen effects cannc* be

-distinquiéhed in our study,:but'if thévaere'present they

'might be expected to show up in an autocatalytic character

of the kineti¢s of d3%truction. Such effects were ncted
cnly fcr;mixturés of radicals in +he presence cf 100%

oxygen. . . -

3.2, Effects of free radicals on ac+ivity of memkrane-bound

9

Trte logarithms of the,pércehtage cf intact ghosts remaining

hS

Vafter a period of irradiation are pl&tted;in F{gure 1 which
sﬁows'tﬁg effects of ccmbiﬁa?idns of scavé;gers cn memkrane
Vpermeability, each comtination choseﬁ to yield[sel;gti%ely'
02~, H202, .Oﬂ'o: é- {Table 1), —Simiiarly thé;icss 6f

activity of membrane-bcund G3§DH, epreséed as a percentage
-¢cf ;ctivity af zero,que, is plot+ed against time in Figure

2, In bo*h figures, unirradiated ghosts vwere used -as a '

control. B
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Table 1 summarizes +he yields of free radicals produced

under different condi<ions and the gradients of the

T ST S TS NITEN

*

corresponding curves plot+*ed in Figqures 1 and 2. The R/

e T L

~values for individual radicals are compared in Table 2.

5

Bs shown in Figures 1 and 2, the logarithms of lcss of

enzymic activity and of increase in permeabilitypof intact
ghosts wereblinear with dose (or time) (the average |
correla+tion coefficieni is 0.85), except for thé increase of
permeabiiity due to .OH (?.e.'kair+saturated solutiCa\w
ccntaining both catalase and superoiidé'dismutase). In
general, the rates of damage to membrane-bound G3PDH wer=
about'teﬂ-fold greater than ;o,permeabilitf;"ln étser

werds, the membrane permeability is more resistarnt to damage

AN

by radicals +han is membrame-bound G3PDH. Irradiation of
air-saturated soluticns_coptéin}ng fofmétgvin_thevpresence
of either catalase orvsuperckiae‘dismutase;Aproduced the
same change in permeabili+ty b(t'diffefent rates cf
inactivati9n nf G3PDH. Anaeroﬁic soluticns prcvided
significan*t protecticn to membrane-bound G3PDH. Coqparispn

. ‘ /- , :
of the rates obtained from the-slcopes of the grarhs dc not

directly indicate the effedti nessfofaeachukigdwpifradigal‘

ir inducing damage, due to the different quantities of - E

i g e

*
i Ii,uis.g‘m“ mmwum,w‘wm;, N
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radicals produced undzr the aifferenf conditions. The R

values in Table 2 offer a mcre accurate compariscn of these
radicals. .OH, 02- and H202 were about equally effective in
inac*ivating membrane-tound G3PDH while e~ and CC2- were the

least effective, | R(enz; for 02- and H202 were tZ2-fold and
for ,0H was 17?fg;g‘that éf e-. R(mb) of e~ ard H202 were
about 1.5-f01d and of .OF 3-fold of that of 02-. Tharefore,
the differsnce between the effectiveness of the wmcst
damaging and the least damaging fre¢ radicals was greater in - .

damage to enzyme than toc membrane; a+ least 10 times the

latter. Hence, ir the order of decreasihg ‘R(mb) : .OH > e-

H202 > 02- and in c*der of decraas*ng R(enz): OH >> 02-

H202 >> 5/, Thus OH was the most powerful radlcal in

caus:ng“&amagc to both membrane and membranc-bound G3PDH,

3.3. Ccmparison cf reagen* H202' with H202 produced by

radia+ion

Reagent H202 was added *o a ghos£ suspensicn to a final
concentration of 120 micromolar. Comparison Qf?the damagz

due +o :eageﬁ£‘H202 with +hat due to H202 prcduced by

irradiation in *he E;e§gvge of formate plus supercxide

dismufase indicat ed a r klnq az forence (Figures 3 and 4) .




[

Even though n2 R value can be calculated for teagent H202,

i+ is obviocus that radioljt{cally produced H202 is far more

des+truc+ive,

s *J*‘#&*J;Lwni FREN TERTI

-
H
_ P 2




e 108

4, Discussicn.

Each of th radicals, ..0OH, H202, 02- and ee(plus COZ-L

produced i rajiolysis of water was more destructive to

membrane+bound G3PDH than to the membrane permeahiiiff:by én

order of magnitude,~deépite‘the EelafiveVinacccssibility,ofoWﬂ,mm,ﬁfwéAQ
G3PDH., This striking difference may be attributedﬂlargely |
to the hydrophilic character of~thes$ radicals which,‘f&en

combined ‘witk *+he2 lack of waier inside %he lipid bilayers,

effecéively excludes *he production »f +hese damaging

,radicals in +the midst cf vulnerable lipids, since sitz2g of

unsatura*ed fat*ty acids are known *to occur deep within the

hydrophobic region cf *he membrane. RAlternatively, several

~reighbouring sites cf damage may be required to groduce an -

observable increase in permeabili+y.

The greatsr inactivation of G3PDH‘by“radicals with high

raductiorn potentials indicates tha* oxidative damage may be

the major means of inactivation. This supports the findings

tha*t the cxida=ion of +he sulfhydryl group at +the enzyme. h -

cataly*ic site was fcurd “oc be related +o" thHe inactivation

of the enzyme (Buchanar and Armstrong 1378, Lin and

Armstroeng 1378). The linear rela+ionship between *he
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logari+thm of t=1wzymc= ac‘1v1ty and dose, as found in mos+

i:radiatedienzymes (Swallow 1973), indicates that a constan+ .

frattioh of enzynme waS‘inactivated by a gijen,aMCuntrcf
radiation. ThisAbehaviourAuasvexpeé{ed“since +he
probability of *+he radicals reacting with the ac*ive and
viééctivated enzyme éhould be similar,

Since formate is *he orly scavenger among thoée used that
can_diﬁfuse +hrough +he memkrane cf etythrécytes_(ﬂhittam
1364), superoxide dismutase ard catalase'pan_only remcve 02-
ar.d H202 formed on the outside or that diffusing to-éhe‘

cutside of rcsealcd ghos--. However, the quantity cf free

A
radﬂcals fcrmed on the outside of th2 ghosts is » \%
gnlf_can+1y greater than that inside the ghosts cwing to

+he much =maller volumes of ‘he ghosts comparcd tc the rulk
of the sclutien, Mcreover, the ghost membrana‘lc berheable
+o H202 (established An 6ur cxpnrﬂmentc) and 02- (Lynch and
*F:idoﬁich 19785), h@ncc ‘hesﬁ radicals can ecstabliceh an
equilibriumrccncentration on both sides cf the meémtrane.
Thkus, “he effects cf these two scavengers will be less

affeczed by the permealbili+y ba:rler of the ghests than

mﬂgh+ at fﬂrs* he expcctai 7Th{§u£§»§gggggped by findings

+ha+ externally addeé supe:oxide iismutase can effectively .« .. -~

~

iﬁ?ﬁ%"’*"’” gt s S o
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inhfbiﬁ‘Lysis ofAe:ythrocyte vesicles by 02- generaxzed
inside the fésicles (Lynch and Fridevich 1978b).
Furthermore, residual catalase and dismutase in the ghosts

weuld remove most of +thz free radicals fcrmed in +he

cytorlasmic space of *“ha ghosts.,

4,1, Effects of superoxide anions

In comparison with ¥hz other free radicals studied, 02- is

the least effective in causing lysis cof the ghcs+ membranes.

N

"2 much more effec+ive damage *o sry*throcyte vesicles by 02-

wvas repor+ed by Lynch (1978D) . waever,~the presence cf

complexed m2+als in +heir reaction medium may have catalysed .
p , S Yy

';ihe,lipid’peroii@atidn by 02- (Svingan 1978) as well as by

,0H formed in *he xanthine-ganthine oxidase system (Buetiner
1378) . The mechanism by which 02- increases permeability is
rc* established in +he present s+udy. It may be *that 02-
causes oxidaticn of lipids in membrane by reacting with
+heir unsa*uratad fat+ty acids., Althouqh its reacfivi{y';
+owards olefines is lcw (Primer énd Rcsenthaikj978, Bielski
ard Richter 1977, Kasckaiiz and Hatefi 1975), cosplexed

QEtaIs'Such’agﬂaaéﬁééf:§wiiiE6§§H§fé"EEEEI complexzs are

 knewn +o catalyse lipid peroxida*ionm by 02= (Svingen 1978).



- - 1M1

Ir view o0f *he residual content of resealed ghosts, reaction ’

S

of 02- wiih double bends of lipids may bes possible. A more
plausible mechanism is the reaction of 02- with membrane SH

groups, since i+ is known to be reactive towards SH groups

(liscussed below). The observations that lipid peroxidationr4

increases *the content of reactive SH groups in the memktrane,

vhereas agents binding SH'qropps accelera%e:thé cnset cf
liéid pe:pxiﬁation kfébiné&n 1565, 1966), éugqest that 02-
might'increéée permeabality by oxidizing the memtrane SH
groups. That the reduczsd state of thermembrane SH groups is
vital to the structural intéérity of memﬁrane is further

demonstra*ed by the lysis of membranes as a result cf the

reaction of SH groups with SH agents (Carter 1973, Zipursky,
P < .

Stephens, Brown and larsen 13974). Some of theSe SH qrogpgwﬁwr;wﬁ

are shown to te atéessib;e to vater éolubievagents
(zZipursky, Stéﬁhéns;,Broun and Larsén 197u). The low R (mb)
ﬁaf be dus to the negatiQe charge of 02-. The charge cn
this radical would have hindered its diffusion intc the
hydrophobic rsgion of the plasma membrane, thus érevénfing
it from reacting wifh,the unsaturated bonds of the fatty

acids in *he lipid layers. Its reaction with thchomponents

of +the menmtrane would thus be confined to those expcsed on

tte surface eﬁ:anauﬂnﬁaae?eéfghes%s%;>{tfrezciusicnffmyw

-
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+he more reactive lipid region of +he membrane prctably
preven+ted +he radical from producing a significant amcunt of

damage +o the memtrane's permeability,

In contrast, 02- was one of the most strongly iractivating

radicals *cwards memtrane-bound G3PDH. This ccntradictery

behaviour of 02- can be explained byritS»reactivify'téwéfGS"

SH groups. It was shown that 02~ was reactive towards SH
~ ’ C '

groups in +he active siiésrdf pure'G3PDH,i.e.  fhefSH groups
belonging to cys 149 ip +he four subunits (COnwaf and
Koshland 1968, Teipel and Koshland 1970); The lcw pK of'5.9
observed in tﬁe hclosnzyme (BuchananAand Armstrong 1978)°
suggested that icnisa*ion of SH probably facilitates the
initial damage “o G3EDH by 02- in reactio%,(10).' iin (1378)

suggested ths sequence of reacticmns (13)-(18) to account for =

oy

¥

the inac*ivation of SH-2nzymes by 02-,

-

E-SH + H+ + 02- --=> E=S. + H202 (13

E-S. + 02 =--> E-S00. - (14)

v

E-500, + 02- ¢ H+ ---> E-S00H + 02 ~(13)



E-SOOH + H20 =---> E=-SOH + H202 7 (16)

E-SOH + 02- + H+ ===-= > E-S0. + H202 (17
) |

E-SQ. ---> inactive ehzyme (18)

In Spite‘of “he facts that the amount cf 02~ produced in +he
bulk of the medium is significantly greater than that

produced inside ﬁhe'ghcsts, that 1% isrhydrophilic, and that

b e et et i

fresiddai‘supéroxide dismutas2 is present in the ghoéts,‘02-
is effective in inactiyatinb G3PDH for three reasons;
Firstly, ressaled ghcsfs are permeable to 02- (Lynch and
Fridoviéﬁ 1978a) . Thus 02- prodﬁced outside ghosts can
ﬁreactrwith,G3PDHWon,ihewcyteplasmicﬁsidefmﬁThisﬁpe:meabilitgngWﬁmmbvwéﬁf
of membranes to 02~ imtlies existance of aniorn chanﬁels
because the negative charge on 02- would otherwise hinder | ol

its diffusion through the 1lipid bilayers. Secondly, its low

oAb B 1S i R b e b

reactivity towards memtranes allcvwed .mcst of 02- tc permeate

FEFTIN

+*he membrane and react with G3PDH. Other membranous SH
groups, including thcse of residual hemcglobin in the ghosts

are probably secondary sites of a*tack by 02-, This is due

+0 the lower reac*ivity of intramembranous SH than the

aqueous catalytic SH qroupé. 7Thirdly, +he rasiduval

: "MW‘MMM»H, A e
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. superoxide dismutase in our ghosts removes some cf 02- on

the cy*orlasnmic side of the membrane. - However, C2- reaching
ar- element of volume adjacent to +the cytcplasmic side c¢f the
membrane would no% be effectively removed by the residual

enzyme due to the electrostatic repulsicn between the

memtrane,and,dismn:asefbecanse,mgstAéfﬂtheAenzymehionldwbgﬂ
negatively charged (Lynch and Fridoviﬁh 1978b), iis

isoelectric péint being 4,395 (Bannister, Bannister and Wood
1971) . This would mean a diminished concentraticn QfA )

dismutase in +*he 2lement of volume adjacent *o the internal

sur face of the memiranc where G3PDH is located. Therefore

the small amcunt of residual dismutase would not affect *he

R(mb) or R{enz) of 02- significantly.‘

4.2. Effects of hydra*ed electrons

Frem our data, we cannot separate the éffects cf_e-'and co2-

‘'since they were produced *ogether. Howaver, most c¢f the

damagé{in the presence o6f N2 plus fprmaté can be attributed
tc e- in visw 0f the relatively low reactivity of the CO2-

(Adams, Redpath, Bisty and Cundall 1372), and the relaiively

é&éiiﬁéhduéiéugf”ﬁfﬁiiprqduced (Table 1). The sphere cf

R 1 .
vater arous#d the hydrated e- impedes its fresdcm tc traverse

= N



the lipid:bilayers. Fven if it can pass through anion
channels like 02-, lts r°lat1ve1y higher react1v1+y would
causé most of it 0o be consumed in rcactlons wi*hln the
cbannels.> In*solutlcn therefore, omne wculdrexpect 1ts
access to reactlon= with prote*ns bound on th= cytoplacm1

side or u1+h1n the memtrane +o be 11m1+ed Tha

c

concentration of e- p&oduced on the cytoplasmlc =1de is o

a small fraction of the totalrradlcal yield. . lec, qwlnq

nly

to

the highk reactfvity of e-'with'the'surfaée“of*ths*ﬁehtraHE7”ﬂ”

'most of e- is‘removed'by the membrané., These considerati
may °xpla*n the lcw lavel of 1nac+1va+10n of memltrane-tou
G3PDH.*sR==u1ts €rom Bisby (1978) and -Barber (1978) seem’
support this 2xplanation. Barber found a thousand fold 4

in +he rate constants of ‘he reac‘ions of e~ due to the

ons
nd
to

Iop

oo
g L L ‘u,..-_m.;.;,.wtg._;m“‘.\\‘wwﬁ RO R S —

l p1d=1ay=r and Bisby conflrmed the low react1v1+y tcward

me mbranous. SH groups cf e-ythrocyte ghosts.

The gfeater damaqé tc membrane pe:meability~caused by e~
conpar*son with 02- 1s probably due *o 1ts hlgher
reactivity., Nevertheless, the moderate damage agaln

reflects the restricted reactivity of e— with lipids due

'*'4*5‘hY&fOPhiliC“Ch&fﬁﬁf“f. —farbony&—carbon—of~tte’pepti&e

S

in

":O

- hondssln4smxfacespxcteJnsspsababl¥sccap;iseseae—cizthg—s
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_téfget sites, The main cénsequence of +hls ¢nterac+1cn is
reductive deaminaticn (N a, Slazq and Hayon 1970, Faragg*
ard Bettleheim 1377, Floscmann and Westhof 1978 Mittal and

Hayon 197&, ﬁus+g4 Joshl and R:esz 1977) 1ead4ng-tc peptide,

breakago and felaace o‘ nalonaldehydns (Tappel and Adhikari

-

- T?’Tﬁy e e 71 e -

o

-NH-CHR-C=0 + &=  =2===2> -uﬂ-éﬂnfé-o* (19

4 2.

-NH-CHR-(-07# H#  ---=-=> -FH2 + CAR=C-0"  (20)

CRR=C-0 <==---> C(HF-C=0 | (21

4.3, Effects of H2Z02

aH2025was found *o cause reversible damage to pure G3PDH and

+o papaln (Bucbanan and Arns “rong 1978, L_n and Arastrcng

f1978) by oxla%zing +he cnzyllc SH +o sulphenlc acid whlch (:lx_ i

o can be reﬂuced e} SH by DTT,

-~

E-SB + H202 =---> E-SOE + H20 (22)




dismutase, has a higher isoelectric peint (pH 5.7 This

Beans +tha* *he residual catalass is-morz effective in

Vprotecting'neihrane-bound GBPDd:? Thus ihé cbserved;dalaée

 §

E-SOB + HS-D-SH ---> E-SS-D-SH + H20 (23 £ 4
E-SS-D-SH ==-> E=SH + DS2 -~ (24) g
S S ' ' T S |
Lok ’§

: : L . e o , g
"However, our data revealed only the additional irreversible > ’“%
,1nactivarraﬁﬂbﬁéausp 4ncubatlon u1th DTT did no+‘te§;ore a VJ%
enzyme actlvzty.: Reversible damagg,'if:pqesent, would not 7
- hava beesrn detpcted in *he current study since DTT was .
1 ) N . - - S - - ﬁr—

- - B B - . . 5. Z
,fgétinely present in *hke assay ma2dium, *he pogsible} :
contribution of .OH and 02- in the’p*escﬂce'of'both'fctmate g
ard superoxide di smutase is negllglble due to- the - :
,effectiveness of *hese scavengers. Si ngle+ 02 may howev ?
ke 1nvclv=d as i+ is *he'modynanlcally feas*ble te produce :
’"s nglet 2 via 02 ‘dismutation. Hownver,’thls ie nct 11 Fely B
.when +he a1suu ation was ca+a1ysed by =uperox1de dismutase ?
(Koppenol and ‘Bu+ler 1377, Petkau andlchelack 1976{. ?
Fur*herno-‘,'the residual catg}ase'foﬁnd‘in our ghdsts is !

) ‘ o R ‘ i

12% of +hat cf red blood cells, and unlike supercxide: H

[T

b, $ et aneeh e

Tk

tc 63208 =quires scac other explanation. Very likely, some

feactzve species, pefhaps ligid pe*oxldes, ar151ng frou th=

ke iR AR
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. - 6’ . . ‘ - A
int eractlon cF 5202 with the membranés'could not te removed -

by ca+a1as Ca‘alas:.addpd externally _protects both
membfane and mpmbrane-bound G3PDH (more de+a‘1°d study has =
beenrsubm:t ted for publlcatlon) ‘hus 1nd1cat1nq that R

exter al catalase °ffec+1vely remOV°d H202 produced in the-

'*bulk of +h= aqueous medlnm, The R(mb) and R(enz): cf ﬁzozwf{’f,wf
ia*c the sum= of damage dua to H202 and ‘he reac+lve species
VThnﬁd*:féfencafinufeac+ivity towards cédlula: con=ti*uents:
,be;wenn rnagnnt H202, and H202 p*oduced by radda*icn was

bcerved by Kl@ba“off (1958) . It was found tha+ much hlghnr
_Vconcankrarlcne of reagant H202 had,+o bégused +o‘produce
effects equal in magndtudo to thc °ffedts of v-adla*lon.
;Alder (1963) Found +ha+ H202 whlch “had benn,ganerated,ﬂwﬂ_mwiw,d;m;m,”;ﬂ
'enz}m;cally, p"oduced damage to cells comparable tc Lhat of -
/H202 proddced by radlgtlon. “This suggestsvthdt a ccntinuous
’lowilevel'ofrquz is dore damaging than a maximumvdosé; or

that free radicals mediating or accompanying its ptcductién'

were Tesponsible fer most,oflthe damage




'u.u. Effects of ,0H

Tha hlgh R(mb) for .CH could bn expl alned by the. hlgh

:egct;v1ty,qf . OH +ouards phOSpha*ldyl Cholﬂna (ra

censtant is>5.1x10*8 M-1.s-1) (Barbar and Thomas 1978),, and

|
|

|
|
|
' t T b g e Rk i e S eSS #L‘q i ?"xf:‘f—aﬁm‘},xf‘ RENENE e

\

the,lagk of restriction by the hydrovphebic regiom cf the - -

qembiénes upon its mcvement., Since erythrocyte mgmbranes
>&§ ccntain”approiiméteiy 30 mole% of phosphatidyl choline, thej

are particularly suscap ible *o a+téckrﬁy’.OHv’ The ;;5

crossl’nk¢ng between llplds and the increase in fluidity of

the pclar }ead region ~bserved in lecithin bilayers attacked N

by +OH mayvéiso occur in ghcst membranes, 1éading te

penetration of water channelé into the hydrophobic region of
_the membrane., Also, cholesterol which exists in_ equ*molar,ingWJ,W;w_ﬁf
cencentra*ion to rhosrholipids in the erythrocyte memtran- " '
is known to form hydroperoxides with .OH (Allen, a.0.

1961). The hydropercxides disrupt packing of liride in the

memtrane, lea?igg to leakiness of the membrane (Lamela, i

Yamane and Trézzolo 1373, Bland, Madden and He:bg;t‘1975),

in addition to *triggering autocatalytic 1ipid,autoxidation.

The acceleration of thn damage to membranes in the presence

of oxygnnrobserved may be due to free radical chain
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of .

. ~ '1 b >. ' - -
unsaturat=d fat*y acids predominate., The orgarnic radicals
formed by *he addi+icn cf .O0H or absiraction cf .H frcwm
crganic molecules by .0H, are mainly consumed by addition
feactionf or by d!sproportiqnation. However;rin the

presence of 02, they;react”at diffusicn controlled rates

with 02 to produce 02- or hydroperoxides, The presence of - —

water channels in the hydrogphobic regicn as a resul+ of

damage “cgethar with water formed in reaction (25) further

: LY

facili+tates the production and mobili+y of 02-. Thus 02-
{_

radicals probably aid in propagating +the chain reactions

within +the membrane, and in “his locaticn are unlikely to be

scavenged by superoxide dismutase outside +he memkranes.

Paaiolysis of water pr=viously excluded from the midzone of

-

“membranes due to +he hydrophobic nature of this ragion could -

then occur, and sc accelerates damage +tc membranes, The
curvature cf the rlot c¢f damage to memtranes in the presence
of catalése and dismu+ase could bs partly due tochis effect
(Figure 1). The vater chanhals-cherved by Barber (1978)

may be partly due %o this reaction. - .
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The commor fea*ture of 02-, H202 and ,OH that enakles them to

produce dahagé'to memkrane-bound G3PDH is the permeability

of the memtranes +o these radicals, The higher E(enz) for

R S R PP O

.OH was attributed +c its higher reduction potential. Bray

(1970) reported a value of +2.3 v, for .OH/H20 pair;t This B

value compar=d *¥o. +71.1 and +0.4 V. for“ng and H202
respectively (George 1965, Mason 1965). éﬁis is in

agreement with the order of R(enz) of these radicals.
B : ; - i

. The factcrs governing +he effectiveness of‘a free radical in
causing damage to memkrane permeability and memb:ane-bcﬁnd
G3PDH are many and complex,. Hdwéver;tour study taken with
thé results of others, allows us *o define éope‘cf thésé

- factors: - (a) the reactivity of the radical towards specific -
components of membrane (or components of membrane~tcund
G3PDH) the alteration of which wouid effectively affect thé
integrity of the memtrane (or membfane—bound G3éDH); forv
instance, *the effectiveness of the oxida*ive free radic&ls
agree with their known react;vity towards SH groups at the
active site of membrane-bound G%ﬁDH and the reactivity of

.OH towards lecithin of membran%. (b) Accessibility cf such

componepts *o the radical. This\inpludes permeatkility

characteristics of +he membrane tc the radical as well as




122

the extent of exposure of the reactive. groups on the
- membfane, Th= normal rermeability of the ghosi membrane
allowed 02- *o at<ack SH groups on the cytoplasmic‘side of

the membrane, while e-, though more reactive was diminishad

in effectiveness due *to the restricted diffusicn impoSed on

it by the 1ipid layers. Damage to the memtrane can alse . = .

alterrihe accéssibility of its,susceptiblé sites +¢ free
radicals., Conformaticnal changes of damagsd membrane
proteins’may produce deleterious effects on packing of 1lipid
bilayers (Yonei; Todo and Ka+c 1379), and such changes also
render the SH groups and'aréﬁatic'residues in the
;intramembrancus pcrtion of the pfotein; moie accessible fo
radical attack., Lipids associated with the pfoteins also
tecome more ac’,cess,i,,ble to free radicals by virtue cf the
aqueous channels rrovided byithé confofmational changes of
the membranous protein; as well as the{deCreased hydrOphobic
interactions of protefn SH groups with +he lipids (Robinson
1965, 1966, Carter 1973). (c) Reactions of *he radical wich

@

other compcnents whose al*eration produced only minor

- f

effects., This is an .important factor in determining the

guantities of radical reaching the components mentioned in

(a) .  These components could be considered intrimsic

nonspécifiq'stavgﬁqGTS“in”fhé’méibfiﬁé: "The suprisingly
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B )

moderate damage by e- *o membranes as ccmpared “c its high

ity illustza*es *his, most of the e- which at+temp=xs

4
V]
v}
Q
.
’J
<

]
ot

to diffuse +hrough “h2 memfrane via agueous channels fcrmed
by proteins -eacts with thes2 proteins and very little +hus

reaches the cytoplasmic side, (4) hydrcphilic character of

the radical, All four radicals studied are ei+her charged . ..

or polar, Th2 highly unfavourabl2 entropic facter in

r's

interactions of *hese radicals wi+h +he lipidé is probably-

ot

one of the post ipper<an+ determinants of the relatively low

damage +o the memkiranes caused by +hese radicals.
y

memkrane causzd destruction of membrane priot2ins and 1lipid,

resulting in an increase in permeability., The fact that +the

(o1
[o}}
g
»
e
[t
jol}
=
D
ot
0]
I
Q
[
8]
[« ]
$ae
h
h
®
o]
P
‘V‘ﬁ
+
-~
[¥8
o]
jol}
n
(o]
rh
H
2V
jo T}
e
0
o
-t
n
-
(g]
h
(a1}
[N
Hh
L)
11
o]
1]
=)
o+

redox potentials and reactivities, were cf a similar crder
cf magritude demonstrates <ha* a widz variety of reac+ions
‘contributes effectively +0 the breakdcwn of the rpermeability
barrier, Furthermore, “he procteins associated with ths

memtranes were porc*ec*+ed against free radicals by the lipids

c¢f the meplrane, excep* in +he case of those radicals to

which +he membrane was permeablé. These factcrs im +he

design of Iipid tilaysrts in the plasma membrane *hus appears

*c have Lbesn of evecluticonary advantagsz,

S

M&ﬁw;::m-mmy. <
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TABLE ¢, FFFECTS OF FFREE RALDICALS ON PERMEABILITY AND -
ACTIVITY OF MEMBEANE-ECOUOND G3PDH. The yields of free
radicals wer2 given ir molecules cr ions per 100 ev. cf
radiation. The ra*te of damage to permeabili*y and activity

of G3PDH were calcula=<€d from the slopes of plots given in

this paper, The rTa*tes were oxpressed in log per cen+t cf

ghosts :eﬁaining iﬁtactrané;log per Cént activitf reﬁﬁiﬁinq
after each hreur of i:zadiation, Conditions were: 0.01 M,
prosphate buffer pB 7,4 rendered isoteonic by <the additien of
¥aCl <o 300 mosM., *emperature 25 deg C, concentraticn cf
ghosts cr ery*hrocy%es 10%v/v, dcse rate of

gama-irradiz<ion 0.5 krad/mir. Irradiation was carried ou+

wicne saturated by atmospharic air unless

iz buffer sclu
oxygen or ni*rogen ig specified, Catalase, supercxide o

édismu*ase or €o-ma‘te when presen: ware at final

¢

cencenvra*ions 5€ 50 uri+syml, 20.4 uni+s/ml, and 10EM. :n
*he buffer sclu+icns, The slopes and their s+ardard errors
ware ob-ained bty zegressior aralysis (see Me<hcdg). The
s*andard errcrs of mcst of the slecpes of the plots of
pzraeabilii+y 2nd enzyeic inacfivéticn are less than +/-30%

ard +/-20% respec*tivszly,



TABLE 1, EFFECTS CF FEEE RADICALS ON PERMEABILITY AND

RCTIVITY OF MEMBRANE-BCUND G3PDH.

~

scavengers = radicals produced rate of rate cf

[

H202 02~ o= C02- “‘increase Higgctivation'

m;mwsﬁu‘f&z R

b i

)

in oﬂ G3PDH
permeability
T : X 10%-3 x T0%-3

SR DD G AR R AR R D R D WD R D N e R WS W D e D S D R R R D R L D R WD TR R Gn WS W E R Gr W R AP AP S T R M WD AR GD ED R A AR

“ -

formate 3.7 3.54/-1.6 29.74+/-3,93

dismu+ase

el g

formate 6.2 3.93+4/-1.07 £3.93+/-8.76

'catalase

N2 0.6 2.8 3.4 5.45+4/-1.33 6.40+/-2,27 ;
formate ?
catalase 2.8 5.05+/-1.42 32.47+,-3.68 -
dismutase _ : - é

T - - T T D T A T e el M 0 ey
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TABLE 2. THE EFrFEC)TrIVE’NESS ;OF ﬂébZ, Oé-,;; AKD .0OH 1IN
CAUSING DAFAGE TO PI.AS!;A MEMBRANE AND MEMBRANF-BCUND G3PDH.

R (mb) aﬁd R(enz) were cbtained by dividing therrates in

Table 1 by the yield of the corresponding free radical in

molecules cr ions per 100 ev, Conditions were as described

in Table 1.
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TABLE 2. THE EFFECTIVENESS OF H202, 02-, e- ANDrscﬁ IR

CAUSING DAMAGE TO PLASMA MEMBRANE AND MEMBRANE-BGCUND G3PDH.

radical R{(mb) x 10*-3 R(enz) "x 10%*-3
e o - e - S e S G s - h _-.’---L- ...... | ---.’.’.’.Ié\{;”;-;i—---
H202 0.95+/-0.47 8,04+/-1,38 i
02- 0.63+/-0,2 8.63+/-1.76
e- + CO2- >0.794/-0.22  >0.25+/-0.1
<0l 97+/-0.27 <1. “‘4’/'0. us
. OH - 1.80+/=-0,58 - 11:60+/-1: 76~ S —

et G e a0 e e e

Vi ol Bt a s

B S AN AR b 13122 T i 0 itk < L e
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FIGURE 1. {COHPARISON CF THE EFFECTS OF 02-, HZOZ,'.OH“"AND
e- ON PERNFABILITY OF PLASMA MEMBRANES OF GHOSTS. ALogrper‘
cernt éhosts remaining intact after each hourrof irradiation
vere plot+ed agains* time in hour. Conditions were: 0.01

¥. vphosphate buffer pR 7.4 rendered isctonic by the ]

addition of_NaCi +o 300 Qosﬁ.; tempefaturerzgraégmé,
ccncentratioﬁ of ghos*s or erythrpcytes IOSV/V,.dcse rate of
gamma-irradiation 0.5 krad/mia. Ifradiation was carried ont’
ir buffer solu*icns saturated by atmospheric air-ﬁnless

cxygen cr nitrogen is specified. Ca*alase, superoxide

P

Pl

" dismutase or formate when present were at final
concentraticns of 50 uni+s/ml, 20.4% units/ml, and 10mM. in

-+t e buffer .soluticns. The slopes and *heir standard

errors were c¢b*ained by ragressicn analysis described

ir Methods,

Symbols
C;ntrol + '
. tOH ' x
02 - * 7 v : " Y
I - R202 77777770—7—7 J— | ;

H202 + e= + CC2- A
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FIGURE 1. COMPARISOY OF THE EFFECTS OF 02-, H202, .OH AND
~e- ON PEPMEABILITY OF PLASMA MEMBRANES OF GHOSTS.” |
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FIGURE 2. COMPARISON CF THE EFFECTS OF 02-, H202, .OH AND

"ea-rox ACTIVITY Of’ MEMEFANE-BCURD G3PDH OF GHOSTS. ~Log per

cert activity remaining after each hour cf irradiation were.

‘plotted against +ime in hour. Conditions were as described
in. Pigure 1.
- . L]
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" FIGURE 2. COMPARISON OF THE EFFEGTS OF 02-, H202, .OH AND

e- ON ACTIVITY OF MEMBRANE~BOUND G3PDH OF GHOSTS.
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FIGUERE 3. COHPARfSOR CF vTHE EFFECT OF REAGENT H2C2 AND
RADIATION INDUCED H2C2 ON PERHEABILITY"OF MEMEBRANES., Log
perT cent ghos+s rnmain4ng intact aftaer each héﬁr cf

irr adlatlon were plot*ed agalnst +ime in hotr. Conditions

‘b-s.../
were as described in Flgure 1.

Symbols _7 S , o :
Control ) . 7ﬁt R T o S
S Rad*atlon--nduced H202 ¥

Reagen* H202- v m
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FIGURE 3. COMPARISON OF THE EFFECT OF REAGENT H202 AND

4

RADIAIION INDUCED H202 ON PERMEABILITY OF MEMBRANES.
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" FIGURE 4, COMPARISON OF THE EFFECT OF REAGENT H2C2 AND N
PADIATICN INDUCED H2C2 ON ACTIVITY OF MEMBRANE-BCUND G3PDH., \
log per cen*t activity remaining after each hour cf B

irradiation w2r2 plot*ed against time in hour, Conditions

were as descriked in Figure 1,

Symbols
Centrol , +
Radia+icn-induced H202 @

Reagent H202 ot
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FIGURE 4., COMPARISON OF THE EFFECT OF REAGENT H202 AND

'RADIATION INDUCED H202 ON ACTIVITY OﬁlﬁEMBRANE-BCUNDrG3PDH.
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ABSTRACT . | :

The occurence of +the Haberiieiss'reactién,and Other

in+eractions betwser free radicals has Leen investigated’iﬂ
’

+he effec*s cf mix*ures of free radicals on permeaktility of i

gﬁoéiéﬁéﬁﬁﬁBHWEEEAEEiiii?y'Effiéiﬁfiﬁ€¥boﬁﬁ5'm”W
. L <
glyceraldeﬁyde-B-phosphaﬁe dehydrcgenase (G3PDH) of resealed-

erythrocy*e ghosts, The followinq mixtures were fcund to

]

induce damages greate ;ﬁtha tha+ whi ch could be acccun+ed{for
bv +he _ndepanden‘ ac‘*ons of +he constituent free radicals:
(1} .0OBE + H202, and (2} .OH + B202 + 02-.; In contrast, +he

following Bix*ures were found to induce less damagz‘ than

i

ha+ predicted on the basis of independent actions cf

‘constituent free radicals: (1) B202 + 02- and (2) . _ ~ E ¢
oxidizing radicals (.08, B202) + :educing;;adicals {(e-, H.).

‘These resul*s sugges*t 3 Haber-Weiss like interactién between- e é9m
B202 ard 02- énd,an interaction between H202 ard .O0H to

produce a species mor2 pctent than either in cauiing

increased permeabili+y., The decrease in da;age cbserved in

+he simul*anecus presence of oxidizing-and reducing radicals

sugges ~ed an anuaqon¢s+rc effect by which ‘each tends tc

.

scdzrate damage by *he o*her. Inactlvatlon of G3PDH was

o s im0

fcund *o be mor2 sarsi+ive to radiation. than perléabiiity by

<
{‘\
W&aﬁfi&w S




"folleowing crder of effectiveness expressed in terms of
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an order of‘magnitude,’uhile permeability was more sensitive
toc the enhancement of'damage bydoxygen, Comparison of the
effectiveness of free radical scavengers in inhibiging the .

: ’ - . L - )

inéreaSe in permeability caused by free radicals showed the

percentage of protectien: . T - p

Pcrmats (30%) > nitrcgen (65%) >catalass (60%) > dismutase

(32%)

2and with respsct *o0 enzymic inactivaticn,

ritrogen (100%) > forma*e (77%) > dismutase (MB%) = catalase

The findings cf the.present study alleow us +0 propose a
mechanism'fcr the "oxygen effect® in radiatiﬁd damage, The

“oxygen~effect“vis dus to the interaction of oxygen with e-

and H., producing 02-. As a result, a Haber-Weiss like

reaction can cccur, The further increase in damage at

irncreased concentraticns of oxygen is due to the interaction

3 B s i@ N
of oxygen with sites of initial made,




-and 02- and (2) an unexplained interacticm between the

‘effect have been made in studies of radiation damage tc

1. Introduction.g

Ofy the interactions tetween free radicals,-two impértant

examples widély ehcountered in studies of bidlcgical damage

mediated by oxjgen are : (1) the interaction between H202

concentration of cxygen and the extent of radiaticn damage,
+he so called M"oxygen effect";’ The effect of oxygen on
radidtion damage £o cells has‘been wellrdbchﬁéﬁt;d {Koch, .
Kruuv and Frey 1373, Howard-Flarders 1960, Ewing 1978,‘Van
Hemmen, Meuling and Eleichrddt 1978, Yuhas ahd Li 1978).

The effect of oxygen in enhancing cellular damage while

iﬁvariably_dbserved, is s*ill unexplained (Alper 1356, Adams

J372LL,ﬁAt;empts,towelu;idate,themmgghanism4g£m;hg;ngggn

il

'cellular cém;cnents such as sulphydryl compounhs

(Quintiliani,fBadiello, Tamba, %;féndirand Gcrih‘1977,
purdie 1971), nucleotides (Michaels énd Hu;t'1977,‘ |
Srivastavar1974, Van def,Schans ard Blok71969y,'énd lipids
(wills and Wilkinson 1967, Raleigﬁ,rxrembers and Gaboury

1377). Biolecgical membranes have been considered to 'be

-

bbbty i A s ke o

i, | b

critical *argets in irradiated cells (Alper 1368) and to be

it b i arl i € o, b i

major loci fcr the development of oxygen effect (Alper

s

% Lo o




197 1), In.previous stﬁdiesr(Kong“1979; Davisbn and Rong
1977y, we have shown that whereas tha presence of cxygen

usually ccnfers protection against tadiation damaje to

purified broteins in aqueous solution (Davison and Kaminéky
1979), the permeability and activity of membrane-bound - _
qlycefa&dehyﬂe-i-ﬁhesphatefdehydfoqenase@{GQPBH}W0£~fese&leé~—éAA5fﬁA+k+

erythrocyte qhosts showed a marked enhanceﬁent in the

presence of oxygen. Hence, resealed ghcsts censtitute one

og a small number of rad*at10n1+arqets whlch can be used to

1nvest1qaﬁe‘the "oxygen effect" in a relatively ﬁell

A

‘characterized medium.

The reactiens:

VOH + H202 ========- > H20 + HO2. . (1)

t

HO02, + H202 =------=-=> ,0H ¢+ H20C + 02 - (2)

Wwere proposnd or-glnally by Haber and Willstatter in 1931 as
chain rnactlons in a mechanism for the decompasiticn cf H202‘

1n1t1ated by iron ions. These reactlonsvbeca@e.later known

as tha "Haha*-walss cycle" (Haber and Weiss 1934), Reaction’

(2) has frgﬁuently been invoked (Beauchamp and Fridovich
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1370, Goscin ard Fridovich 1372, Hodgson and Fridovich

1976a, Hodgson and Fridovich 1376b, McCord 1374, Fee and
Teitelbaum 1972, Zimmermann, Flohé, Weser and Hartmann 1973)
to explain the fact that catalase and dismutase fprotect

biological systems against damage much more than the : ?

,indiiidual,xeac;ivities.oimozfior H202 would suggest: —Since-
attempts +o demonstrate4reaction (2) have failed (Halliwell
i976, McClune and fee 1976), and several authors have
reébrted a émall rate constaﬁtl(less than 2 H-1.s-1)7forj

this ;eéction (Ferradini, Foos, Houee and Pucheault 1978, )

Koppenol; Butler and van Leeuwen 1975? Dainton ﬁaé‘Roub;tta;' -

1953, Czapski and All=n 1962), the validity of using

reaction (2) *o explain previocus cbservations was therefore i

~ questioned. However, it was found that complexed metals . o L
catalyse teaction (2) (fong, McCay, Poyer, Misra énd Keele
1973, 1976, McCord and Day 1378, Halliwell 1978) in a
"Fenton" type‘reaction. -In this mechanism, 02- reduces an
iren (;II) (or o*her fransition letai) chelate. The reduced
Be+*al may then react with H202 tc produce ,0H, *thus:

B

M(N}+ + 02= ==m=m===- > H(N-1)+ + 02 (3)

- H(N-1)+ 4+ H202 ~-===---- > M(N)+ + ,0H + OH- (4)

,
T I AR Ty N Sy
bR
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In view of the abundance of metalloproteins and complexed
metals in biological +tissues, reactions (3) and (4) may well

Y

occur in processes causing damage o biclogical systems.

In some systems, a pro*ective rols for 02- has been inferred

from é destructive ac+icn of superokide dismutase in
radiation induced damage to cytochrome c (Davison and
Kaminsky 1374) and from a decreased production of ethylens
in the reaction of 6-hydroxydopamine with oxygen (Coher and

Heikkela 1974). 1In contrast,.H202 was found to enhance

deamage +o bacterial spéres caused bj .CH (Powers 1372).

-

"The study of the complex intsractions b2tween free radicals
is thus prerequisite +o a be%ter undefstanding of the |
behaviour cf mixtu:es qf frée radicals in, énd their teoxic
effects on, blological systems. The technique emg}cyed in
our previous study (Rong 1373) forx iéolating individﬁal free
radicals proved +c be a useful tocl for produc*icn cf well
characterized and relatively clean mixtures of free

radicals. Hakingruse of +he knowledge of kinstics of damagew

to ghosts by different free radicals (Keng 1979), we will

show the coccurence of the Haber-Weiss reaction and cther
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in+teractions between free radicals including cxygen. Re LA

will also consider the Zmplications of these findings for

3 p Gt

selecting amcng varicus pcssible mechanisms fcr the "oxygen

effectm, ‘ ’ o,

T

L

N
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—ca%alase, Triéoﬁﬂi?ibarasd beta~NAD wers supplied bty Sigma

" added to a firal corcentration of 20 ugs/ml (i.e.

2, Experimen<al

2.1 Materials

Glyceraldehyde-3-phosphate (G3P), dithiothrei+tol (DTT),

Chemicals Ltd. Scdium arsena+te, sodium pyropﬁosphﬁte,
scdium formate of AjC.SL standard were supplied by Fisher
Chemicals 1L+d, Superoxid=s dismutase was prepared invcﬁr
laboratofy'according +c the method of McCord and Fridevich

(1963)., The preparaticn has an ac*ivity of 2301 units/mg

proteir, Ca*alase was obtained from Sigma Chemicals with arn-

activity of 2500 uni+ts/mg of protein., Both enzymes vere

superoxide dismu+ase ard 50 units catalase per ml sclution)

in %he buffer soluticns, +these concentrations are sufficient

+n scaverge vir*ually all “he superoxide anions and H202
generated during irradiatien (Sut*on, Roberts and

Winterbcurn 1376, Davison and Kaminsky d;?u).

20.4 urnits
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2.2.1. 1Analysis of data

Each of the slopes of the graphs in Figures t to 6 were

obt+tained by regressicn analysis of 18 experimental

obServatibﬁs"fébrese’Eiﬁé~6ﬁ"£55755355§é’?iééparate

experiments. The reéression anélysiskwas-qarried'out ky e

1ﬁneér :egreésion using the Uhng;sity'of;glpgxtgﬂpét*; ' _;u, I R
A stétiSticalrpackags "STPZ".(tThe results, ihéiudinqj"

comparison of initial and final slopes, were: further

confirmed using‘the APL program "ANCOVA1" basad con the

e i sk 4By i 0

methods described in Sckal and Rohlf (1969) for analysis of

covariance. The standard errors of the slopes of graphs of

e e s i

’””@éfﬁéébﬁlii?”éé”affﬁiéfién"bf“fihé*EIE“bﬁ*fhé‘aVEraQEfIESs

[P |

than +/-30% while thcse of enzymic inactivaticn are less

RYRTINSPN

than'+/-20%;v The ratios in Tables 3 and 4 are analyséd by ¢t
test for deviations frcm»unity._ Details are discussed in
ﬁhe descriptions of the corresponding tables. Standard

errorsidf radiochemical yields (G) are of the order of 4%

. (Draganic et.al, 1963%a, 1969b, 1971, 1373). The asymmetry

of the gamma source, the inevitable variation in the

-

cyfoplasmic ccntents and tocbphercl content of the memktrane

prepafations are protably the major sources of errors that




_membranes.

account for +he standard deviations of our data. However,

‘tlese effects would ke small in comparison to the effects of
. free radicals'since irradiaticn in the absence“of externally

added scavengers produced significant:damagé +0 the
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3, Resultes.

?

‘Figures 1 to 6 represent plots of permedbility and activity

of G3PDH,as a functicn df irradiaticﬁ dosage (time) in the

presence of different combinations of scavengers. Tables 1

and 2,summariieﬁthe;slcpesuoﬁ these plots together with-the-
yields cf free radicals under the stated conditicns, These‘v

slopes represent +the tates of damage to the membrahé and tov'

|
|
|
1
"
ot i
‘ o

S !

G3PDH by +he various mixturesjdf free radicalse From thé
R(mb) and R(enz).valués for the individual free radicals‘
"established in a‘pﬁevicng'study (Rong 13739), the theoretical .

.rates of damage by each mixture cf free radicals can be

calculated. These calculated wélues ara to,be'compared to S :

_the slopes of the plecte in _the last columns in *ables 3 and

4. Ratics much greater than or lessLthaﬁ 1 indic;tés
disag}eemenf'bgtyeen +the ¢al¢ulated andvexperimental rates, - 3
and there%o&e synergistic ccoperation between, or mutual
arnihilaticn of, +the free radicals causing the biological"
damagéf  The initial and final sloﬁesldf tﬂe plots of

permeability and enzymic inactivation in aerated, anaerobic’

and oxyaénéted bufferg are compared in Tables 5 and 6.

' These ratios express the oxygen enhancement of permeabili+ty

“and enzymic inactivation.

S

A A b b1 B3
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ACoopeiation in indﬁciggvdamage vas noted among censtitﬁente
of the following mixtures of free radicals:“(1j H2d2 + ,0H

+ 02-, (2yu.0H + H202. and inteiaeticns decreas*ng daﬁaqe
‘were notead 1n (3) H202 + 02- in the p*esence of formate, (u);

ox1dizing radicais (.OB + H202) + reduc1ng radicalc radicals

e- 4 HO.

3.1. Mixtures of .OH, H202 and 02=. .

AThe observed:ratee of,damage to the pezmeability of
‘membranes ené to memkrane-bound GéPbH by H202 and C2- when
simultaneously present (i;e; irradiation in the.preseﬁee of
'fofmate) were eﬁly 38% and 33% of the rates predicted fromn

the sum of +h° effects of these radicals 1nd*v1dually (Tab‘e

75). These_recults therefore 1nd1cate that 1nteraCt10n= ‘
between tﬁese radicals interfere with the destructive |
effects ef‘the indivi&uai‘free7fadicals. In contra--, in
the absence @f scaﬁenqers. irrediation.of air-=saturated =
aqueeus bufferrproduceS-[OH, H202 andiOZ- simultaneously
(Tables 1 and 2) and *his }ixture produced damage at rates
greater than the calcuiated rates, indicating cocperativer’

~W:interactions~betjeenmthEufree*réﬁtcaisigiﬁﬂﬁitivn“nf%“*‘"“‘*_

B NS
~ superoxide dismutase to the mixture decreased the rate of
- .
¢



. erzymic inactivation tc the calculated‘réte;iindicating that

no interacticn affecting the rate of:this'damaée qccérs
Vbetween:HZOZ and ;OH 1Téb1e>u).r Howeve:fvthe rate cf
increasev}n permeability~isfstiil 50% g:eaterrthan the
‘calculated value (Tatle 3), fThese results suggest that Y

and H202 probably interact in an indirect manner towards +he -

S PR

menmbrane and that compcnents of the membrane itself are

involved in the interactions which produce the observed

.

enhancement of rate, - . R e e

3.2. Mixture of oxidizing free radicals (.0H and 8203) +
reducing radicals (e~ and H,)

The damage to permeakili+ty in anaerobic soluticns is quits

Wégﬁéi&é};ﬁiémgé éﬂéﬁn inifable 1. It is ihteresting gc note
that damage in anaercbic soluticms is greaterlthqﬁ in’
air-saturated soluticns containihgvformate. This is not
surprising in view of the high R (mb) of reducing radicals . -
(Rong 1379), Qs shown in Table 3, we found no significanf
difference between the observed and calcul?ted rates’Ef;'

damage *to permeability. The rate of inactivation cf G3PDH

B ,,is,,mkedly_dec;easeLaﬁemhs_secoadAicu{;of—Lppaéia%iMHf

LY

(Piqure 4) “o a constant (72% of initial rate), In

/
i

)"")"‘}{ '
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césﬁrast, ‘when pure G3PDH was 1rrad a+2d, no such effect was' .

cbserved (Buchanan and Armstrong 1978). The rate. cf loss of
enzymic activity vas proportional to dcse'and reached 66$'of

i i - - L . ‘.)7‘
its zerc-dose activity af;er'loo krads of irradiaticn. 2g

-

p01nted ou* *n sec*zop 2, anaerob*c medla contaiasi\:S aM ™

: oxygen 1n +ho first few mlnu*es. Th= initial ratec™of -

démage may fhus b= affcctad by the small anount cf 02~
7 p:esen-.' Th:s nay‘pa:-ly explaln the high initial rate‘of
L ﬁnzymicipactil&tienfig'ccifazfseé?wiéh-%héea}eﬁ%afeﬁrafﬁrﬁ%*.
XTablé'u),-taking,into'accbﬁnt £he*high R{(enz) of 02~ and
+he occufgéhce‘éﬁ theanbét-igiss reéctiéh (seé disdq;sion).
’Iﬁeiefére the'fate of iﬁactivatiop’af?ér two hcursccf | >
irradiation ‘was taken aé:the anééroﬁic Tate, During this

S—period, all of the‘éxygen free radicals would have been -

- consuned.- Nevertheless, 02- would ot affect the rate of

‘increase in perneability.51gn1ficgntlyvowlng to its low

= - . "

"P(lrb). T ' |

3.3. Effects of O0Xygen on the actions of;fnge gadicals

ot ’ - - ’
. dfu - s
‘.

A ccnnon feature cf +he danage in oxygenatsd soluticns is A .

[

.

A l_LQMMMMMm&M
‘pe:neab_llty and, *o a smaller ex‘en;4giggngnh:ane =bound
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G3PDH., Ttis iﬁdicate&rén acceleration of damage which is

st bbb,

absen* irn ai:-saturafed and qnaerobic scluticns, except in

Gt i e T AR

z*hn case cf damage By— 0H 6 menbranec in a;r-=atu;a+ed

et

Ko

solut_on : Aqa*r'*ha k*netlcs of damage ‘o mnmbrane-bound

"

GBPDB in oxygnna+ed eolut-cn= was dlfferen+ than that to

T -
My

pnrn°=b ll*y, En,tha* curvature= ucro slighﬁ-and appeared
P 1. %
k <.

only in the ini+ial pcrtion~of the' piots. In fact the

BT R PR SRN WRTI )

e  damags in the p#e;;nrsgef catalasa’ aad,disan:ase,ln, S //f
: ezygenateﬂ gclutlcn= Was l*ae%; i Rates cf danage +c ‘ N gw

/1, u fbﬂfleab~1-ty and le;tgane boﬁ}é G3pDA ;n all of the )
) ;%cxygenated.;oiutlcns were close tc thcse of ‘the ' _ ///?
Ecc*rngpchdﬂng air-sa*urated solut ons (Tables 5 and 6),’ . r" ;

T RATORER

e

s

~he case.cf catalase plus di@nutase; Therefore : 2

,*he ;ncrezsed concenf:a:;cn of oxygen did no* ‘ncreace the

e b vl

R N TSI NS S
b
]
Q
1
a
oF
|
e}

fipitial rates of damage in most cases, In fact, a seeling;y-'g .
praéectivé éffeét cf oxjgen"bn aembranes wasrébsérved in the f"'}
£irst +wo ﬁours of irradia+ion in éxygenatéa solu}ions ‘ - :‘;
contéiging hé\s&ive;gers. In the simultaneous presence of | -

’cétalaseﬁané dismun*tacse, the initiﬁl rates are increased by

’ ‘ S . S o
v : cxygen, The reascn for this is nec*t kmcwn. However, the

fA;MWWﬂwmﬁighmlalggsmin;ihg4lasi4cg1n1nsgafgiahlggigandgﬁgclgarly

>

illns*rate th2 immense enhancement of damage doe t¢ cxygen

-

in +he subsequen*t pericd of irradiation., The ratics cf

< ’ ) .

!
¥
z
k3
&
Ly
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i

al rates of increase in permeability -are an

J-se
)

*

[0

al to

:j

rfi 2
crder of magnitude'greater +han the correspénding ratios for
enzymic inactivaticn, as can be seen by a_compariscn of the

last columns of Tables 5 ard 6, This damage torpermeability

has arn overwhnlmlng autocatalytic compcnen* while

au+oca alysis is abs=n+ orrcon+r1bu+es much 1=ss with
raspect tc damage “o the enzyme, _ ‘

] ( » - Paa v : S
In +he simnl+aneous Fresence of}ﬁismutase, catalase, formate
and oxygen, virtually all of the radicals fcrmed in

'radiblysis of vaté: wculd be removed. Under thase

citcumstances, most cf “he damage to +he ghos+s uculd be due

“o the direc+ effect of radiation, together with +he

ralat:vely small guantlt*esréf radicals formed inside the
intac*t ghcsts, Organic radicals would ke formed in the
lipid and proteins cf *he membranes, The effect of'oxygen
cr *he réactivities 0f $hase radicals is shown in Figures |
and 2. The relatively small amour+t of damage in ccmparison
¥i+h o*her coxygerated soluticns reflecté a Telatively low

vield of radicals fore=d by direct efféctS’of irradiation,

‘e

oo TAa*her th§344h341.1l4£§4:£aﬂi.l.lggﬂfgihﬁS& radicals.

s
’

\....“.‘H\

ol
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3.4, Comparison of the protective effects of various free

The relative effectiveness cf free radical scavengers in

protecting mexbrarnes and G3PDH is listed in descending créer

in Tables 1 and 2. As shown by a coﬁfarisonlcf Pigures 1

and 3 arpd as’reflected in the values of slopes in Table 1,

" iwn:immm‘;.,mmﬂ:ﬁmfm{ Hrelsoindikaon i aaidin 4 i s b bz

the SGQ?GDSEIS vary iﬂ,thei;Ag;gzggxiye;gffgc:;:c,ﬁenbzanﬁﬂ e
perneab@iity in descending crder of effectiveness as
follows:
fcrpate (30%) > nitrogen (65%) >catalase (60%) > dismutase ° : ;
(32%) ,
v ; i
— = - = 71,‘;7 JR— e — —— — ‘i
|
3

The percentages ir parentheses express +the fact that, the

E el

ol Lk

scavenger decreasss the rate of damage in comparison with
eedia ccp+aining nc scavengers, by that percentage. Fer
instance, *he rate in +he presence of formate is 10% of-that
ir +he absence of scavengers, Comparison of Piqures 2 and R
4, and as shown by datarin Table 2, the'order~o£

effectiveness wi+th respect to inactivation of G3FDH is: i S

ritregen (100%) > formafe (77%) >idisnugase (48%) = catalase

(34%)
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For reasons menticngd in section 3.2, the protective effect : =
) ) N . & . ) . R
ﬁof\gé was estima®ed from the final slope of the curve in
. ) - ) . o
Fiqure 4, Comparison of damage in oxygesnated buffers also
] shows £h§t formate is protective,
. RN )
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4. Discussion
4,1. Interactions amcng free radicals‘that enhance damage

The mixture containing H202 and ,0H was found tc produce

oot ittt et o sk B e €L s

f“?amagetopérmabili:yggiqlratetwojoldgrea:erthanxhat ~No

St ],

aécounted for by *he independent,actions ofAthe constituent : 5
free radicals. Since ,0H is highly reactive ané reacts at
or close to the site dt wvhich it is formea; ité interaction
with B202 is not likely. Therefcre <the enhénced rate would
rot be due to direct interaction between .OH and H202.
Powers (1372) has cbserved similar synergistic effects of

H202 and ,OH in his study of radiation damag2 to cells. He

suggested that orgaric radicals were produced in the ccurse

of abs*rac*ion of H ty .,0H in reaction (5), wi+h ,0H +hen

q;ing Tegenerated ty reaction (§6). I o é,
PH2 + ,0H =~----=--- > RH, + B2Q : (5)
PH, + H202 -------=> R + .OH "+ OH- + H+ - (€) T

&

~ The curren* da*a cecrfirs tkat these or similar processes

7~ *=X® vlace i{n cell m=siraneés. Since the organic radicals
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formed are probably lipid or protéin radicals fixed in {hé

membranes, th2 reac+ive species formed in reacticn (6) would
be confihed to *he mentrape, reacting aﬁ the sites cf their
formation, thus *he absence of similar enhancement in damage

+o G3PDH.

The mixture con*aining .0H, H202, and 02- was also fourd *o
‘produce damage torboth permeabiliti and G3PDH at rates |
greaée: than th= calculated rates. VThe enhanced rate of
increase in permeabélity&ts'exblicable in ﬁe:q@ﬁcf the
synergistic interac+ions both bé{veen H202 and .CH and
between H202 ard 02-. The synergistic effect of .OH aﬁd

B202 alone canno* acccunt for +he enhancemen+ in damage

cbserved in +his case, since this mixture was observed to

produce an gnhaﬁcenent of the rate so g:eat,(Table 1) tha+
02~ vduld have to account for 30% of the anhanced rate if
théfé’was no synergistic effect betwean 02- and .O0B., It has
beenAShQHn'tHétzoz- alone could con*ribute only iB% (Kcngf*:L///f\‘~\\‘\
i979)._ Moreover, the concentration of H202 in this mixture

(G=0.6) is less *than *hat present in the mixture menticned

ir the previous case (6=2.3), and 02- and .OH do not seem to

o irteract synergistically (ratic In Table 3 for catalase is
~——--—¢close to Y} Therefcre; the Haber-Welss or some similar s
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reacticn mus* be invcked "¢ account.for part of +the

erhancement, Since the synergistic sffect of .OH and H202

2

is absent in inac+iva*ion of G3PDH, +*he enhanced rate cf

enzymic irac+ivation is due mainly to +the Haber-feiss
reac*ion, consisten+ with the smaller enhancemept *“han in

+the é§é2>of permeability (Table-4), Addition cf catalase or

1
n

superoxide dismutase *o abolish the Haber-Weiss reacticn and

thus +the accompanying onhancemen+, yields rat2s close to the
Y :

-

calculated rates for changes both in permeability and.-- —
erzymic inactivation (Tables 3 and -4), Evidently, in this

case the Haber-Weiss reoaction plays its conventicnal

b

destructivé role in damage to biclogical systems., 1In the

nex* secticn, in contrast, a situation is descrited in which

*

the’Haber-HelssArgacticn paradoxically plays a‘protective

role,
<
4,2. Hater-W2iss like interacticnrs among frae radicals
wvhich decrease danége
-4 ) - P
The mixture of H202 and 02- was found to induce damage %o

both permeabili+y and G3PDH by 60% less than the calculated

Awwfra;gimﬁmhisﬁthaxla:iﬁngsnggesisgagggdezatingmpgactica

batween 02- aff™H202. Interactions batween H202 and 02~

&
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have long b2sn known %0 occur in biological systems and the

Haber-Weiss reag¥ior has been invoked tc 2xplain it. If +he
, VA ,

Haber-Weiss reactiorn did occur in our case, 02- and H202

would be remcved by reaction (2) and replaced by .0H,>3nd/

since formats in +he medium removes .0H, the net resylt

]

would be decrease in *he co