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Since catalase and superoxide dismutase could be shown not to move from
the medi um i nto the cel ls , the protections caused by these enzymes were due
to actions in the suspending medium. Hence O~

’ and H~
’0~

’ generated in the
medium are intermediates in the 0.E.R.

We have actually worked on a number of lated problems during the
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1Ilc JOSIISA L OF tiiOiO( iCAi. (‘ ,IFMIATR\
Vol . 25(1. N~ IS , Issue uI August 10 . pp 6107 611 ) . 1975

Pt’t, t i , d in I S

Isolation and Characteriz ation of a Manganese-containing
Superoxide Dismutase from Yeast*

I Received for publ Rut 1(111 January 10, 197Sf

S. 1). RAV INDRANAT H AND I. FRII)OVtCH

From (he f lepartm i ’nt  of Bwchs ’rn istr v . Duke Univer s j tvM e d i e a l  Center , D urham , North Carolina 2 7 7/ I)

The (-V ,uii i l ,  i—( ’t is i t  ye superoxide dlsnlUtase cit ye a s t  has been shown to be local ized m the
mitochondr ial mat ri x. ‘[his enzyme has been isolated in good yield 1 m m  bakers yeast .  Its molecular
we ig ht is 91t {(OO . If ~i tt ’tr ,Imer . being c- ii niposed if tour subunitr. of equal ‘i/.e I’~x piisurt’ to  s t t dwm
d,id&’c~ I sW ili’ ,it IIK)° c~Iiise’il d iss  i- t a t~oI1 into iluner’.. wh i le siIrIiItIr I r(’at ine’Iit l,iit in the ’ presence iii
/ - t t ie r cap t ~it t li~t nitl cause d cit l i ip!e te (l IssOcli lt i t it i  ir i t i)  t I l I t i l I I t i iets. Ih is  t n / v i ne  t - t l lta ins I 11(1111 (I I

manganese per su bunit anti u s  thsit rpt t in in the visible suggest ’ . ~s 1rt( III in the resting c t itV f l l t .
\ ‘.~ rl , i t€ ’  cauu- .cd part ia l It leach ing. presumably ‘iv reduc t  iOfl t o  \Ini II). lie ut t t i i t i O  at id t t i f iu t ) t I l , it  (III \v ;i’,

det i ’ rtnoted . I’his t’n- ,\ mt has u l t - t i v i t  cituiparuihie to that  of i t  her it re’ . I i i i ISlV reported st iperoxide
disnic itaser. and like th e -ha-ken mit t ic hi,ndrial and the baet~’ria i c ’ n/vrn , s . i t s  t i l e ’  iii rea ct ion o t b
ta I ls as th~ p~ i’. r t u s i ’iI , t l t t i v ’ 7 h I ‘ r v s t , i t ’ .  of high qua lity w i re east ! prepared

S~i~,e’ri~ ii le (iisiiuil,i. .t~ . ~ h u h  ( rI ’  ut l i ( f0 (.’ aui t tng (‘tF/StllCS Ifi In the ’ n i i t t ic honilria Ill th is  i t rgan isau uI,iil wliiis&’ piro pert II’S
t hat their  suh’.t r : t t t  i— a f re e r . i i fu  t i  l i u t ’ .e lIven iso lated tIne! m i ! it , I l t’  a i I , ’ t  re ’ l , it i.in-,liii; a th e lucketi liver t u i t i t e -hi ndrlal

iud i t -d  I ro n  a ‘ . a r ue ’ t v ’i re’ .~pir In g t i rgu i i i usms .  ‘ l u c y  serve the enzy m e’
s i r  s ’ . i  of t o i l  rig the ’ t t l \ i i i t \  i t t  t l iol (’c -u lul r i i \V ge’Il IP t , I t , I l V t i —

i- ,il t~ s,- i’. t ’ ; i g ung t i l e’ — a f a r s a l t - f r e t ’  radical , liv ssa v i f  the \t&tF%UMS ~NI( ItW1R(I05
O t t  1 ) ,. ()~ ‘ / 11 • H 

~
( )

~ 
. ( I. Superoxtde Cvt i tehr t irne ~~. I~ f it ’  II. and nit r i ,f t l uc ’  tet raz i i llum were tililulilied

hi uu r i t l 5  t ! ipt-r  anti flu,- . h r  ni, i t iganese ’ , or Iron f ri to t he ~~iu~iiu i  ( L t - i ~~t , ii I’,,. ‘s h u t  i - a r f l i t xv t f le t h %l  u i - i i iu I ,u s t -  ,ilid
I t - t i -  i i .i- r i i ie d. i t ’ . t ’  have’ bI t ’tt ti,unil Ut ~~ t o -  places . ilit ’t hvl. uniinit t ’ i t is I i - t i t t ! s i- f l irt ’  pr afit i  is ‘I he Rees e Ange l r i  I

li iu ~ . the cilpper an d z inc I’l / ’ .  me’s ar , t - h a r u i c t e r u s t t c  if the ‘n  i’ ’ . l otti e ,, l i t -—i- — “ i t t  , , t t ur i i , t : i  k ‘sas h e d  ‘s it h  Ii i M ~\ . i t  ill.
- ‘1 , 1 1 , 1  ,iiid It S s~ 11( 1 \ it , i l , ’F  0,15 i t — t i 1  ii, ts ,,sfi its as the’ at - i t t  or alka li

t i t I of i i i  ii iii ii I f  the i t  in u ’ .  t i  has e 11(111 tint the III \t’ ~l i i in thu ,ii~ ti m e i run 55 t i l t  Ills e 1t i i l t l i r  t t t  d
f itul ld ti ((t ic t t ’ r iu i  (2 — - i)  and in blue i~r i i t i  mI ~~iy  i . f ; u uind t iter isit h n i h -F s t i - i l i ’  t h e  ( \ t  , i - l I uu l , st Ii t Ile o a f  -‘ rio . Is ,—

t h 1 t i i n l tt g  e ’ I t / \  t i l l’ .  litist’ a - i - l i  -‘t i- l i  i t t  l i t i ,  l i- i  . 1 (7 , ss i t h  Ii ill si s ,dui i i i i  I i t t ’  it till .i - \ i r  ut r i t -d f ’ , m t , e - , — s t  i — i  ‘s i— a
1-t i ,iu,cl it iii it,ui_ ht i t i t f r i ~, i t ( I  ~~ uihi e’s i t t  i l t t i i t i t i  ii u t  s l ’ if i l&’i i i I ’ l. ir ilu m , t iii t he I li- i ~t hi,u,in I I ‘ iii i _ t i n h~~ 1 h i h i  ~~i I ‘ s i -. i li- i t r i - i t

i , ,  rihin~i 1 ,- I’.t it au th I l ,m r t  ri- i I I ii \ Aihi fot ’ s- , , f ,i’ -, ‘s a’. titt’ iit’tffi nc - il, u ta,t r u t e d  I hat t lu ~ m, u i i g , i u i - s i -  11(11 I he i ru i i i - , it t  O t t
- i t ’  it li t O  8 t h t i n t  h g  I ‘ Rr , i i fs Iii

i t ig sut lu’ r i i xi i lc’ t i t — i n ul  i — i - s  f r u i t t i  I—_
~ b r a  bur t  i / i  in- , l ie — e ly Suj n- r i ’ s iu f t  t l i s i i t , i t , i . e  st - i —  , t ’ .s ,i s i - f t ’ it f i i - r  10 te rms “i It’ . . it i i i i t 5  t~re la t t ’hl Iii t i l l ’  t t t ,m t i gu i t i t ’ — l ’  U h t i t t u l i l i t o T :  i i t,’’. t o,’ t i - t n  c hic kt ’t i  , i i f i i f , t t  fit- re-t hin t ii - i t i t ,  f i r - t n t -  i Its ui ~~ k s oil u u i t i  s iu f ,v.t th us

I iv€ ’ r Iii ii hi ut ’ ’ ~ ss- hi-r, ’ ,is t hi’ t u g  r ati , I / t i lt  i ll  / ‘ .  it le’ f t - t~it X , i h t t l i m um u II:, tr t i t -  re ift u t i ll i t  t i l t  r t , f t l im t -  h -i l l !  I t t  iii Ii’. a

bias- in c t ’ r ’ . ihr i ,t -ytes n- i’, ij rur.’ lat~’d lit l I t - , of I i i , -  it t h& ’ rs I II I. ht’ nIii .il f l i ts i f  It l ii i- mI lle r a ’ .— t s —  ‘ s t - r i  I r r f i m rn i t d  at ,~
- 

- h lu ux u t t g  I ii nil it (I ii:, M IMtt ~1S5IhIifl l i e - h i t ’  h uller at pIt , SI hi’. resu l t  has lilt’. ot i s  inlp lii ,t t  u,i i’ .  i i - t i ,  r toog the i t r ig i t i  i t t  i r o n i n g  Ii I si F T i  I - ~ II I m l  -i I T t iY I li t r t’ t i Iue te ira,. ’f i uni . (I
t t i I t t , i  h,itiil r ta  ( i l l .  I~lto .. fa r . - u r I s -  ‘ t i c  t t i l t -i hi t ’ lh i l r t , I I  ‘ .upt ’ t is - ut il t i l t  I ~ iii,’thi i i iu iu t - , .10 8) , i u u  i t  n M  rIlail lavi li, 111(1 ( ‘ I t Isuh iC s,iil f t lt
mdc il u ’ . i u i u i l . i — c -  ha’-, ( ‘ i -e u, is lu it ed and I li ii -‘s i— . i , l t t ,IiIt l’t l f r t i n u  f i l e- ss ,, r i - r  t~ a f ina l  ‘ l u t e , - i t t  - i i i  nt ,tnd 11% then i-s t sing h — ,
clue -ken u se r  III l- u t r t r i t - r  — I - i t lv u t  the e ’ v t u l u t i u u t i , t r s  unip lil 1 I i it \ t a l ,  V tl i nt -’ t- i i i  I~~ f0 it su c h i I i i t’t t ’ . its that  the alisii rhan,-e it

- ~i)  h u t  in h, i t t — i - i  i t - - i  enis itue’ i i i  r,- , t s i- i f hi it ra te  i ii i t  iui i t i  o n elIon’. i - f  the-  u l i~t’ r i - l u It l i r u — h i f i  l i - t o t - c - i l  liii’ prt k I:-’. tt i t  , tt i t i  the itt sut fs ’r s i , i i -  disnnut u _ i ’  s s , t s  t hi ’ t i t i t ’ it  is thai ,lnlt ulit Yth i t  Ii citust’d
tn i t t t t - h it t i d r u af Cr,,’’. i to - s  re-i f ((iri s ( b u t t  t it ld lt u nti l lIt it t t ~ hiunelriuti ‘it t - , inhibit ion
siIpl’ ruuX ld e  dIsmiil u se s  he ‘t j u t - u  .\ (-it IipI’r Int l / iilt ’u i t t  l i i i -i hi’ ’ st ’ ’chr i ,nie red t t t ’ t it tn  .issuis t i n  stiper~’side dlsmutase a c t i v i t y

ung s i i p ’ r i t x t d & ’  di’.~~~ut~i ’ t -  ii is (Hen ist t hu l t t ’ ( l  f r i t n i  eas t  I I .0 and ~~~ —
, 

. hf Ii’ss s t u ls i l  st. t f u , , r ,  ssas the ph.iitic hc m ucal umi t r i t h luc

55 ,1’. f l iOf l d  ‘i f i t -  s u t t o l u i r  l i t  liii’ i’ r r l ’ s pt i l lt lm i tg  i t i / \  liii ’. hiitifi(I fl 
t (’t rit l oi tU f i i  r i- u n li ii ,t’.~ t iv t hus , iine ilnIt it l , t c t t s  i t s  iii the Iiiriuit’r

- , i s ’ . , ts i -q i . , I . it a unt i l ’ . it t  i ii,’ l i t t e r  is s ,us lOt- . t r i th’ r i -s is on
th e ‘. l - ’ .~ l’- ut t i t h e r , - u k , t r s  it uc i t  Is \~. e lit re ret l l ir t  the - - - I s , , ,  rs l,tii ,I, - gels O t I s  ie’rti rtnt’iI ii i i ’ n t t t u i g t .’ L)as’ i s i i~ i and
Ishila t lu ll III 5 Iit l t r g : t t u t - - .u-  i t  l i ta l t l i lig  s iu i iu’ r i i st t le  Ih t’ .mt l t Ist’ ‘ .u ip ’ -r i ,  s t ir i l i r un t i t t u s u ’  • u, t i v i t ’, s’ ,l’. ‘u iifi,i’il tilt tIi,’st~ gil’ . is iri s u t u i m s is
t r t t m  “it t hu r - in t i - s I e r r  j s t i t m - . 55- lilt -h appl’ .Irr. Iii he I i i  ,ul i ieih i t ,  ‘ .t r i f u i - , f  11 1 , 1  I lie c s . t u t u i h i ’  s , ’ u i s u t i s r  (-iIpIw r - intl / i f lt  i- ’ t i t a u t unf

l ’ t i ! V u i i u  ‘s _ is 1 11 , - r i - I t t  nit -il f F 101 the cya ni de Ins~ mlsi tis -t’ ti ; il ig i luu -s i
I his w u ,r k ‘s -as s i m t t at i’d  in lull by l{eseuu ri-h t ; r t n t s  i ‘NI t i t ~.S l u i t i tau n i n g ru i rs i t i t ’  f t s  ri rl i hig i i i - — ,- ii I t s  ii’. st ains ill Ih~’ ri - —I i-

(muon thu \ - ~ - i t t 1 l ’ . t  lu? ,’’ ,  t i  h i - h I l t  anlI 1(1)1(1’ II’ l,!tIII- I. r u n  th e int l  in the tu t i s t ’ t i m t ’  i u i t l h i r i m u i l u , r  , s,uniul e t hu
t t nitp d i ’ t , i t i - . A rnis Orc ilnahit C Rest art - l I  I I f t i ,  t -  l iii’ n il,’, l i r  s * i - i ~~fi l  il i i , -  i - u i’. n i -  ‘ sa s  ull’Iu ’mni u i IIi ’d Ii’. Ihc methiid

I.’ 
— 

-—----— - — - - - -~~ — - — — -
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5 ’ - t i  t i l t  S i t i l l - Ill s - t i es 70. r i2 5 4  i l t ~’t~- ‘‘

‘(4,, , 
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- i - -

A Convenient Calibration of the
o . 4 -

Clark Oxygen Electrode i

I lt~ f i s t ’ mit ’ ‘I,isli c-  Ct”  v I e d  plat it i tuni eke l te ud ec  i l l  for the polarographic
t”s l i i lt t l i’ ii i f  dt s ’ tcu l’ ed iu\ ’ .gct t  (las ti~ eti t f le u c l t f t t f l e  tn studte ’u of - -

~~~~~
-

t i ’
~
’,g

~
- i t  ~ m u u t ’u I i i t f ung  i t ,~u u . I t t ins . ihe prohletii ci t ~.ul ibtt it i t ig t hese e lecitode s

~~ h~u’. (‘ s i t u  sti l’ . c’d tt i  se’ . et a! ss u. s -\dttt i t edi s - . the s implest of these t s  to Uce
t h e  knmiu.s ti st iIul ,ulIt~ ot ~~\ \  ~ eui - iii C(iiit (fllL t iOt l  cc tt li i ts  partIal pressure Ifi
il! t o  t.’uu lu. uu i t l i .’ the ecinu,et i Iu  . i t i t iu  cli I) In ~i Ir—e quf I ih t t i ted ‘iOItIt IeiflS hts

- t t t i ’ ,~~u t I i  . 1 1 0 1 1  s ill thet i he set to ful l  seal e c u R the rntv oammeter
hetug i i s c t f  t o ti ie ’ ,ts i i i ,  th e’ e i u t t e ’nt dii~’ Iei t i’diic - t ion u t  o\~igc n at the
t’ I c s t t du I l t i s  itiet l icid lack s p Icc is Iot l  hev ,IIise it t s  s e t i s l t i c e  to the tonIc ~- .

s I t ’:t g l li .t ~~~t the te tupet ,ul uu s’ e if the \( ‘IIIt i(it i t h u  it ig Cilhiht~iti ofl and to the
( u a l t i , i I f ’u t C s ’ t ( I I e  cit t i \5~~Lt ~ 111 the Ct lu . i i t i t l I l iC t l t  . ,int~t Ii chic’ ”. not tIllmW ~ for
s. u t u l t u , i i s iu ,lt ,m s e n s t t t ’ . l t \  e i e~it et than ‘ 4 hR si ( ( . 1(111 sc ,de. An

5) ‘,‘ ,u t  Is h lent t ’ ,’,Il niet hod t u t  - u l ih i t  ,u t i , ’ u  used knmas ’ . n amounts of N -\ l ) F I  . in the
F .  \c ’f l ce of ‘- tru hn itt oc hondl i,iI p.o Itch es , to ct ’t isum e kne ’c n auliounts of ~, -

ii (~~i I he ile’ ’,e- S S I t \  m l  f i t s - p u  ~tig Slihullitt)Ch&ltid iRIl pat-t ides for use
iii thu s t i C  Ili, itl cs _ is e l l t1 iu f l~ut ed hs Rt il itns ,tu t i and I. oct ps ’ t ( 1), v. ho UtI lIzed -

the s i t u ’  It ’ ,  proper t Ies ill f lle’ t u u / i l I t t i i t i  met h~ su l f i t e  to oxid Ize knowt i
, t t t t i i m i i t s ot N \ I) I l  I , t t , t I ,u’.’,’ cs ,is, , i I ’ . m u t i s ed in ti lts rneihod toco n’ .-e i-t 11.0-

) It) H I ) , a t u t f  t h u s  t O C l l t l i t t i a t e  utitp i C ’ , t s I c u t i  t l t f t ’  Iii the sa t t ahi e v teldso f ihe~e
c - m t u  tool p u ’ u. l i t s t~ ut ( f ,. Sti l l  ,unot het method of c ,u lihr ,utto n utilt ied 

*5,,’
~

\ , u c l t i l i i i ’ ,’ s t t t iS C pills xa t t b i t ie - tu l  s t i u s l i ll’, knc i’.u.n , it l ) c l t i t lt s  of ( ) ,  (4 ) ,

~ 
t i tct hutl c’hiyl i e n t t t ek  . u c t i i t I s  ( t ic  u - c  u I  e nzy m e s  old ss htch I’. based

t i l t ! , i illt iI) r e  , is l t i ~ ,t’.,Iul.ul’ile ,i~itf iil c \ I t c t i ’ iI’.e ceil l ip uf t l l iu ls  Is  cksu t  iNc. W e  
- , 

-

i i i - - .’. ( less i lie Si i ’ ,  11,1 i i tu lit id ss htch Is b- t , ts ~ sf o t i l u .  upon phe n s  lh~draitne and -

I’, t o  -, .ittidc t u f
~~- t i .  lhsd t  a/Inc 5 c 4 i i t t i .’ S t . t ) ’ t c ’ ill acid stili u l te ins . hut tn - ‘~ - 

-

,

nci ut i_ i l  I ’  ,Ilk.uI I t t C  “ it ultI l I t l i l ’ , It sl oss I , t iu t cu ~ t d t /e ’, by cs ,u ~ of art c~ cee dtngly ~ -

‘1 1) 1 1’ ,  5 , I i i l t tu _ i t t1  ,Iii, - i ’ , - 1 t ael is , ml ‘,ii,uit i t e ’ , i g t t uifl ‘( i 1’heti~ lhydr.titne Is

i , i f - i ~l I\  ~u si ~lti’ ,- ,f to ~- lus ~lit lclt t f l i i ’ , lm , by t ,’t t t ~~s ,u t t uele l i t . ,itiu,1 1’ihu,’tiy ldttt ii i dc
i’ ,,t~~I~ - s c i s  .ipluli . ‘s i ( h I i f ’ f I lie’ t u ieth od ,lc ’ ’-t . t t b e d  heIt ’ss e \p ( t ’ i f ” i (hcse
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~~ 
-~~~ h~ dt , i i u t i e ’ i t  h5 p iese tu ec m I t f c i t t ’ ,  s .unic le

~~~T h - . RfALS AN D METHODS

Phi i t ,  ~u i iJI u. ’u i ie ’ h is  di,i’, hI - r u , ! ’ ,- t 5 . j ’ .  h ’ t . i iu ~- ,l Itorn Ito “t i~~rt i ,i  ( ‘hcrntt,tiI
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‘

- I hus st-  -, - - ‘ . t u t ’ t t l  l , ’ ,t in h i  l’t l is t  - i t s  f t  t ,i., u i ’ .  (Psi ltl lC ,ufld l i t  I ‘ i i i  front the
‘-. _ , ‘ i , . u si t l u u — ? i i t , t v s , t  t 1 5 . iu h f l i t ’ . -  s m i , ‘ l - - ’ .,l m i , ,  I - t t ) K )  II’ ‘-I l i t  I Ii.’ii, (~ S S i l l -

I Ii ,tIit. u fl tg t i ’’ u _ — I - i  ni ‘-
~ - I ’ ( ih i lh u ’ , 

- “~ -

- 

~~~~~ 

.~~~

-~ 



I , u . , . ’ . - , I t ’  - . ,~~~~ , i , l  m i _ I. —t ’ - ’ i-5ngli t ‘ i ,  I,s Ii, An ,,- ,, ,,, u i i~~~~~ ii s,,ti, i s a,,,i ii-i,,t,mi,-uI lit pviu,tv - m u  5, , j u>rSjiii u % , i t ,

The Oxidation of Phcny lhydrazine: Superoxide and
Mechanismt

tiara P. Misrn ,ind Irwin Fri i ts- i’,iu

A 1JSTRA ul. The onidation i’i phenylluydrazine in buffered 10 an inuermedia le which fi rst accumufa t ed and was then
aqueous solutions is .t eornpl~x process involvung several In- ~unsumc d- Thms inicr medma ie app ears to be benvened iazon-
terme diates. Ii can b~ m u t a t e d by md ii i rations , such as ium mon The absorbanc e au 320 nm was due to a stable

in w hich case i OTA acis ms an inhibitor . II can also producl , whi ch was fbi identified . The lime course of osy~be inilialecf by otm y hemoglof un :  in which ca me chelaling geuu consump t ion paral lefed the increase in absorbance at
agents d, not interfe re. Superoside radical is boih a product 370 nm and lagged behmnd the changes at 280 urn Euiog’
of ihis reacuton intl a chain propagator Thc formation of enous bcnzcnediazoniurn ion accelerated uhe oaida luo n of

~~~ could be demon sl ra u m rd in ternis of a reduction of ni- phenyl hy dra t inc and eliminated the lag phase . Benzenedia.
iroblue tetra zotiu rn, ssh ic h ,s :,s prevented by su peros ide dis - zonium ion must iherefore read with pheny lhy dra zine to
mut ase . The imp o riauuc ~’ of ()~ in carrying t he reaction produce a very reacumv e intermedial e , possibly pheny ldi .
chains ‘ta’ sh own h~ the inhibition of phc nyl hg i ran in c oxi-  tuc enc A mechanism w as proposed which us consist ent with
d,iuu on 1st s imp eu -osi de ti isrnu utis e . h ydro ge n pert is id e accu~ the dn a. The intermediates and produc u of the oui idation of
mutated during ike reaeui,i n and could be de uccied w uu h cat- pheny th ydrazine include supero s ide radica l , hydrogen per-
aha ne The progre ss f m i t t s  osi d muuuo n could be monulot’ed in onu de . pheny th y dra zy l radical , pheny ldiazene , and ben-
terms o f oxyg e n consum ption and b y fo ltowing increases in zenediazonium ion This IS 3 minimal list: oihers remain to
absorba nce at 280 or 320 nusu The osi da u ion w as markedly be deuect ed and ide nu tf ued Ii app ears likel y that the diverse
autu xa lat y t ,c  and sup erouide dis m ut ase had ike effect of cx- biological effects of phenyfhydraz in e are largel y due to the
ten ding the iag period . The absorba ,imc au 280 nm was due reac u is iti es of uhese int erun uediatc u and prodt udln.

Phenythy d naz in e has tong been known is a hemol y ile and Frid ovich . t 9 ’ t t )  and leucofla v ins . f ny d roquinones , and
o gent ( Wm irb u rg ci uI - 9) 1 . L~ uuu bc rg I t .1 I egge , i94 2. ihi ots f M is ra and Frid ovuch , f 9 72a ; Mis ra . 19 74) It there-
Fleave n and White , i’t~ 4t  .I ni h;i , been shown io increase fore scennc d reasonable ihj i i hm s might also be Irue of the
ihe production f Il~O, st iiliin un iacu luun iimru eryuhroc ytcs ou udau uo ui of phcny lhy drazin e. in w huch case O,~ an d other
(Cohen and Hochsn e,i i . I9b4 f Severa l of the effects of radical mni erm ediat ev woutd have to be considered as possu-
pheny th ydra zine , mri i t vsgen. d epc n d e nu These include its bte agents of the biologi cal effec ls of 1km compound. The
iriact s-ahi on of pap,uin i ,A l I ts -n und ,st .u uii , 1973 ) ,  amine on ability of O, to reduce nutroblue icl razoliurn (Beauchamp
id.it’. (Pu ck and hleller,uian . 1974), lacloperosidase and and Fridos-ich , 197 11 and the availabihily of supcrouide di i’
iriose phosp hate dehy- t  r Im- ’. i-use (AIh is, r ct af. . 1973) , horse mutase s , w hich catal ytically scasenge O, (Fr idovuch ,
radish pcros id asc and ih 3-rou d perosidase (Hidaka and Ud 1974), provid ed the means for probing th e oxidat ion of
en fn iend . 1970; I l s I t i  ci al . 1970) , its inhibition of the pheny lhydra z in e. The repor l which fol lows describes stud ies
respiration 11 miucmchiindrua and of sub mi uo c ho nd ri at parli . of the mechanism of os id atuon of pheny th y draz ine. 0, ’ ,
des iAstn p,u . t el. and i ts desrn suhiiauio n of grasshopp er phcru 3 ldia zene . and benrenediazoruium ton appear to be in-
musi c (Sir ‘sin 3 . I it:. i i . I u  from the ,ns’oisemeni of termed iates and a t e n n at ,s- e mechanism is proposed Wh ile
phcny i i ; t ’rn’  us air iruienuruir,ii:,ic i C i t s 1t s m d  Genies , t his work was in progres s , o~ w as reported to be a product
f~ hif Iianiu . 91(I) h u e  ‘,n,mlm t , c  effu’ci ‘i Cu 1’ lEberson of lhc osudai,,,n of pheny th ydrazune by osy hemogt obin
intl Pee-san, 101 ,2 . tsu drirt f i  m d  ~

1gI- . 1 9 5 f f  and Ike for . (Gotdb erg mnd Slern . 197 Sf
ma uiu’n oIll ,O, IC -hen rind tlac hsteun , ‘(1-4. Aud ru~ih and
Ogg . t9 ’ i f, see- l i i t l e is know n about uhe air -t ,uda lion of Malerua is and Methods

phen y ih s dra i un c in buffered aqueous silal iOnS I miem.mg !ohius Hepar i ni zed human blood wat centn f uged
t he redu u,i , -,n - f m ,, lecu iar - -s ’ .~t ” n no l i t) ,  frequentl y and Ike eryth roc y ies were washed three times with isotonic

~~cur s in t i n e -dent step’. *0, O~ 
- as an in ne r inr d uai e This salin e and were Ihen lyse d by adm mnl ur e of an equal volume

has been slu itst n it, be Ike c,usc s t uru ng t h e reduction of ouy~ 0r waler Cel l siroma were removed by centr ufu gat uon at
gen by epinep hru ne i”’ lusr a and Frmdovirh . 19721 ,1, pyro gal tOO 000g for I ft A small amount u1 Na,S,Ou (—t O mgi
fol (Mar kl un tf ant I St t i k I s e l . 1974 1 . ats hemog ltibun mli was added no ensure ect mp f ele reduc l ion of Ike hemo-

tt i ,r intl rido.-,ch, ‘1 ‘2m - u . re dur~d (rrrrd~ sinc Misra giohin. which ss ,ms th cn se para le d from smatter molecu f es by
gel esc lus uon c hro malog raph ) oF 2 ml of the lysate on a 4

- - — .~~~~~~~--—  X Cli cm c,iiumn uui Sephade s 6-75 , which had been equiti .
I-tom us. D.p.ruinrni ol Ii’.s hn,n,or, u ’ - t . - i.n,’e,,,t’ . Medmcui brai ed and was etuted wil h nitrog en-purged 0 .05 N potass i-

i voice Du,harn. tS,itii I i -j u n o  2”iO Rusv,,-vd Juoc U / t m ’ i  liii. urn phosphate 0.10 M I~(’l au pH 7 . 4 TIme hemog lobin-con-
‘.aui~ * .s iuppo.ii’d fl purl b1 R.,e,is h I,,,n,, u - si I uiIlt 7 unit il l -

st-n (i i,, lie N,unnai Insi,ii,tes at ilvulib llnui,v.du “lit - ~nml ta m Ing efua ie was fou nd to be free of superoside dusm~ tasc
RihIm p up i t i - t i . I h o  tSr I S Ar.,5 (t,dirani’t RrsCim ,,h . ~~, tu Wa, conv ert ed to ouyhemoglobin by otygenalion and In
ii.’ - - ineth emsig lobln by Irea nmen u wu l k potassium ferr ucyanide
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‘~~~~ The Mechanism of the Activity-Dependent Luminescence of Xanthine 
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. Oxida se

.~~~~~~
‘ ‘~~~~ ELLEN K. HODG SON A N h i  I R W I N  ~R II ) OVI CH

t ivp ort r r term of Bituc -he ,r ig .st ry, llit ke’ I ruti u -i s i t t  I/~~t ,  - ( ‘i st - l i i i  rho iii , r r h  (‘ tiro li rio 27710
h(i’cm us i-il 1 t in, - 10, 1 ~u;h

- I lte - ss c-mmls luruuu ite ’sc enct ’ thtst m i m S  , u~ u ,t mmc ’s  I li t -  u - >  u i - i t  s u i t f i t  t m , oxt sf ,,, -a ’ reaction is
- ,- utah u (tiled (iv so peroxide di s u u  ut;mse - I ~ c m i , I - ,‘.u’ - anti f ,v  ~m - ;u ~~

. >~ , - r — - if h s t i  u su x 1 r . i d meit Is
I It is also s-n Ii rely de’ penude’tat upon I lit’ pru’ se nt-u’ u I  u : u u  lii i,;, ~ It thus a ~pt’a rs that t ime 0,

- - 
- - and lIii i~ prixlimcod dun mig the- aermu tu ic ac t uuurm of xanth uric’ i x  dose t nit-rod liii generate

- 
- . 

- - 
‘ I 011 w lu,u,- f u , i i i  i t i r t u , rurm ic ts with u- mic fsuuu i . t t i ’  to v u - l u  the’ c u r  ( t i m e - i t t ’  i i i  5th l (‘1) t . The

-
‘~~

- - - ‘
~ e pt-cu m .’.’ that is directl y responsi ble’ for light emiss ion ;ippm.’;irs t mm f t c ’  produced by

dm nae ruzti ( io um of carbonate radicals , s tu ice t h e ’ light i t it t T m e t i v  w,is a function of the square
- tat the’ ,‘ar hoita(e r,auucentu-a t utuum The’ t i tt , i  pro s ide’ tao i i- ,t so f l  t o s i t )>  uu,ist- that the ’ light’

emIt t i ng ~. ( 1 t : t ’ s  is  sing let iux~~gm’i i

Xa ui thui u.- ox idase causes a weak lumi- gated the production of light during the
ne’vce ’t ict ’ w hile c’at itly i iuig the aetobic oxt -  xanthiiie o xm ulmuse- react ton and have demon-
dation u t  its si i ) t ~ t rates u , 2 > . ArfIeson i j i  stra fed that ca rbonafs - is essentia l for this
observed that (his t t tmtnet (cetacc ’ Wa. ’ t fl- ltitfIIflesCcIIce , The actions of catalase , su-
hibited by c,tL iI;tm.e (Sr by superoxide ditsntu- perox ide dismutase ’ and scavengers of h~’ -
tase and deduced that both O~ and Fi~O~ droxyl radical were also reinvestigated ,
were essentia l iliterittedlates tn the light- and the result,s lead to a reaction scheme

- producing prtlct .-- m .- . SInce’ f t  had previously that accounts for the pt-operties of this sys-
- been suggested ‘-1 hi that ‘.tnglet oxygen tern.

- , - ciuu Id emit in the’ vi,si}ule liv the ft rrn;i( ion
of di iue’rs , fo llowed liv pt oltng and ‘- t  nt i u) t a -  Ni A ’I’ERIAI s ANI) METHOI)S

UCOU S emissIon i i )  e ’xci  i t t  ion e ’ r u e ’ ugv ,  Aria.’- X ;u t i fhuute ’  ct~~u l m — a - w a s  ~- i i - t u t u - id troni cream by a
- - - - 

- sun I 3 I c(incl uded that the em i t t  t ng spt’u It ’s p1 ‘‘ m i ii ni - u ( iou a s um ids P lu u t  i-ui1 si.’ St Cat.alus se was
- 

- in the xatltllfne ’ oxidast’ i~ ’,m c ’ t It s t m  s~ ;is .‘l~~
. Iu ,i it u .5u1;uiu ., ( ‘h,- utu j c a l l’ui lu i h u m m t i s  and wa s freed of

— gkt oxygen produced liv t h e’ (u) l lowfng ~-~~~~
- — 

i u m u t l , i u u u i t t . u ( i t u ~ ‘. ii i i i -u i t~~ut i i ’  u i m s t t > t t ; i s t ’  - 9  by repeated
tions 

- s ling i u u u  X NIJ l i i .-\ l i t ,,f lo uulu i .ui i l tu~~tion me nu-
- - 

f - r io t ’  , , f , t . u  tuuu ’d tr,uunu tIn’ .‘\ntucoru Co rporation (‘ s Itu-
(3f f  ‘ OIl , (1 . A ( lass’ u t u m Is sx,u _ . t s ’ . e - , i - , i  m t  yv(  l’s the method of

- He -rs mut rid ~ t~&’r i lOt . The’ im iaimg anese- con t aini ng ho -
- 

OH ‘ I) ,. - (MI 1)~.’ I B) pi t- i ts iii- dt 5 tu ut u — i-  w i . ’  prepared from Esc h vr um — hia
- 

- More recently S auf t T and co-workers (~~I cu lt mis pre’ s i i tm usl v  dvsc r ih au ’d - I I’ The acetaldehyde
- 

- have shown that the luminescence I1CCOfl~~ 
used w i ’ .  f re’ s t t l v  di s t ml lc ’ d daily . All other materials

• - 5 ’ - - -  - i ’s -ti wi - r i ’  reagent gradt’ Lumines cence measur e-
- 

panying the oxidation u I  }L10.2 by pe’rio- n i - r u t ’ .  wer e uu uttde ’ ~ ‘ it h ei th er ii Nuc lear Chicag o
- date , prevtous lv attrtbuted to singlet ~~~~ Mark 1 liquid ss - t n t u l f t i tm , mr i  counter or a Packard Tn,-gun , is act WIlly depend ent upon carbonate. ( ‘ iOu s c t t u ( i t f t ut iemn ‘.1tu’s- t ru i r ,uet , ’ r , Model 3003. In

-
- 

- 
i 1mev :-tigge ’ r’ tet t that t h e  act ual em i t t  tug either cast ’ the’ ctuu rsc id e ’ ns’e’ circuit was turned off

- 
- - o  

- species was produced hu ~ a reacti on involv- ,mt usl the s t gu m m i l from a control s t m ’ i  Wmi ’. subtracted
‘ ing carbonate radicals . We’ have re invt ’s-t t- from the’ su 14i u . i f  giv en I s  tmut ’  lurntnesccnt reaction

0~ 
, - This work w Ots sup por ts -u i ru full hi,  re~enrch R~ St I.1’S

i
u~~ 

- - The 1)epende’nce upon Carbonate
- t,~I fu-oni the Uniu-d Si mo’s Arriiy Ui .— u’ ,, ru - l  (f ffit-e’ , l>is r- When 4 x 10 M xanthine oxjdase cata-

-

‘ 

!~ ham, N 1’ lyzed the oxidation of 10 m~i acet.aldehyde

.
~~ .‘i (‘ is pc i t g iu u I i971- luy A ,uleu.’ lii’ s’. Inn

- - A l l  r > g it ’  of re; ’ r uumtm u etu t i iu in ins fo r in ri-si ’ rs i’d
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Superoxide , Hydrogen Peroxide , and Singlet Oxygen in Lipid
Peroxidation by a Xanthine Oxidase System *

iRece is’ ed to r pub l icat nun , Jul y 2 1 , 19751

EDWIN WELLES KELLOGG , Ill AND IRWIN FRtnovIcH

Fro m the Department of B t o ch en lf s t ry ,  Duke Uni vers ity Medical Center , Durham , North Carolina 27710

I. Xt inth iner cxiul ; us c - act ing aerobic-ally upotu acetaldehvde was found to cause the pertixidation of
liuiuulenate. i’hms was demuinstr ,ited by mn- reased ahsemrba nt’e at 233 nm dime to diene e-unjugati uun and hmy
th e detect itun of a Imp ml ps’rtix ide s~iu u on thin lay e’r c -h rt rn mit tug ra h is.

2. Supe’ruuxide du- .uutu i iase inhibi ted I fi~ lipid per u ux i d a t t t ut u , as m u d  ca ta lase . t hus indicating that both
0, and H 30, were e’sse’nt ia l mntern iediates . Scavengers tit sing le- I tixygeit u I.. inhitmit ed the peruixidat ion
of iiniile-nuitt’ sv hu - r u-t m s scavengers ml h t y - dr u mxy - l  rad ical  did nut - These e i f u - e - t s . w hich we re utbse rved in the
absence ot iron salts , led to the pr iu 1 uui- ..u l I hat O~ atud H ,() , can direc t iv give rise Iii singlet imxvgen , as
fmuIltiss r, . 02 - U,0, — . OH OH - ~ 0,’.

3. Thu5 proposal was further supported thrttugh the use oh 2 ,5-di rneuhylfu nt itu , as an indicating
scax- et uge ’ r of su nglet t i x \ g m- n  ‘I ltus , w hi t, th is compound ssm u s c ’xp u used t u u a  k t t u s s t t  suuurce m it singlet (uxygen ,
It g m uvu - a prtudt ict which se mi s u1 t e - c i ahu l s -  by thin lay-en ch ruttnt ut i t g raphy . This pruidut -i was a lstu etbsenx-ed
w he n  2.5- ds iun-t hy - l lu i rat i  S t t u s  u ’ \ I ut u se-u f  t m u  the xanth m ne u u x ts j , m —s- s y ’ . i t - t t u~ in w lmic - h cast- i t s  at- -unici la tton was
pre-x - u’ntc-d liv s m i l t e - r i t s t u b -  d l i su tu t i t a s t ’  tin h ua lm t lm t ’ . t ’ . hut tiuui by s m ,is c - t igers mm l h~~l r t t xv l  rusehica h

The’re recently has been a surge of t i t e rs - s t  mum the tueroxida- implicated as the c a us a t i v e  agent. 1-here too , iron salts were
tw it  cu t lipids This t i l t - re- st f u l i w’ . upon the early- u huse ’ r sum t mt t t s present i i  c lm iuid the issu e ’s.
by Hochsteiri ci at. ~a) of an enzvumt,c , NAIYr’H-depen dett i  It seemed i u c u e - -s t i ry  Itt exp lore the t- uu - em x tdat i u un sit unsatu-
oxidatio n of microsu,mal lipids , and it derives frmuin the t t hvmi ius rated lipids liv the smuui th u ne i x i u f  must- s y s t e m , under simple and
ini purt;unc(’ of unsaturated lupids fit,’ the structural and func- wel l  defined e’uindit i u u t u s , so t hat nti’ch,mtui’ .m’. m ight lit.. tIm’.-
tm um na l  in te g r t tv  of he m lt ugmc a l memlurautes l’hts literature us c-e ’nut ’d t im - ri’ r emst l t hy - Flit’ p i ’ ru x idm i t i uu t t  iii lm nm ul enat e has heen
amp le- but its impact is unclear. Ini ut , sa l t s  and chelat ing -a t idie ’ d in thus  us mv l1ie- re- s t i l t s  i i?  th s -s s -  s t m i i l i es  and the
i : :u t it - . . such as AO l’ uur 10  1 . -N , has-c hie’euu u s c - u )  r ou t i ne l y  ( my me - h u mi n is t n  I l u c y -  sttg ge ’ -~t luirt it t he’ lutist ’ . uI th is  ne-pu nt
most workers 1 i t ’ - t - m . ’ t -  they- have appeared t i m augment the rate
iii lipid pertux idat ton. l’ederstun and Aust (3 , 4 )  neuted t hat MA TERIALS AN t) MFTIIOt)S
xant h ne ox id misc , w hile a(-t ing tIc— rohi ie t ully- opt in xanth ne, ‘l’h im if iart u it uric at - mu l , uuum unnul o l . ~ c a r i4c’to ’ . m. . ast -o rbic acid , cat iilase .
cuu uld cause lipid pc -r u ux u u la t un  Since se ,is u- t i ger s uI 0, and utf bovine se’ ntnu alh uui -uuru . au mu l hemiug luu bmn w i-re uihtsum ned Iruut,u the Sigma
sing le- I tuxy ’gen in hi (itt ed t (us ’s- rota-i uded I hat ( ) , genera ted Che i,u m m mu I 1 ’ ‘ t h e -  u , i u , u l  - si- was i i  ,m ’ .m~ - i i  il ly ml mal t  ce-si - f i t  I re’ e mu u - I  a
huy x an thins - mix id misc, gtive rise in (s ir , ,  lii su uug let mi xygen wit mc h t tu y - u uu m ul f ire-se ’ re’s t i r e  - mi nd it was al ’ ., t t re-i -u i - 1  a iii unttr i-tint mini in st tin

was t hen the i m mediate ca u se mit  the lip id pcru)xid atit un The w i th  s uper ux i de- d ust u uut tu se I~ re i ue ’ mut u- d washi ng user  an X M - l t M t  A
I )umiiltu uiIl rid ul t ra t  tin mem hrarie I r u m  the A in scmu n Corp - a- mt hto it an vu i - u i - i t s  iv of singlet oxygen w i t h  unsaturated lipids ~ u 8) e’ t teci on the ru - su lus  Start-h iSiuluble . 1,intnen) and t - buty l  alcohol were

makt-s this a very reasontuhie suipposltion. Supe’nuuxide disn,u- purchased inuma the Fushc’r Sc - ien ti lu u Cit ELY1’A and tn i c hf u ur t iac etu c
lose has been used rept-atedly t i m exp ose the invuulvennent ofO , at ud we’re tr u e, M, u t t u i - ’ . t , i . (‘ tile- mo m, anti He’ll , w hile pota~mium iodide
iii the chain of events leading to lipid peroxidation by the and Ie- r rmu chluuride were ’ Irom Raker and Adam suur u . l .in uu leni c acid was

obtaine d Inuim Mann , and was stored in uacuu at 20° Potas s iumxant hmru e o x - h a- - i -  -- - ‘ - Is-it , (3 , 4 , 9, 10), but the presence tif
phuis phates a-nrc - Irium .1 ‘1’. Raker and , unless otherwise specified ,

chelated iron sal t . ’  md ml.. a complicating factor which hinders buffers made fro m these salts were passed thriuu gh a Chelex 1(M)
int erpretation of these data. In tine study (11),  th e xanthine -uilumn . to remun-e trace meta ls. l’he (‘helex 100 was fro m Bio- Rad
oxid ase system was see-n to mount an oxidat ive at tack upon the lal)OratOnieS Inc. l )mn ,eth uis yethane . trite, Eastman Chemical (~ t i - a-As

lipids of lysosomal membranes In this case , superoxide dismu- soured over metallic siidiuitu and was passed through a column uuf
alumina , lii re move’ peruix ides , on the day of use 2,5-I) imet hy lfura n ,

tase augmented lys is rather than inhibiting It , and OH was 2,5- diphen~lhiran, and t .4 - dia’abicyclui~’2,2.2~iuctane were purc hased
f nuim the- Aldrich ( ‘ h i -m ic t u l  (‘ m u  l’he dume’thy- liu iran w a, distil led , and
the Ir5ct io n co lle cted between 83 $.Y was used where indicated In

• This work was supported in full by Research Grants GM-10287 and t u i her c as es , it was used as s uppli ed I)up heny lfur an was recr ystal l ized
HL-i7&l3 from the National Ins t i tutes of Health , Bethesd a, Maryland Iruum ~C’ ~ ethanol , while d iazabicy clu unc tan e was recrystal l ized fr uum
and I-tDRP-l-P-12140-L trim s the tJniled States Army Research Offuce , unetuune Supe’nuixide disn,utase from bovine erythrocytcs was purified
Durha m, North Carolina 277iii1 fu r i’ ruett Lmmhu iralt ur mur r, as previously described ( i2 )  It was freed ol
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The In t era ct ion of Bovine Erythrocyte Superoxide
Dismut a se wi th  I-hid rogen Peroxide: Chernilurninescence
and Peroxid at i on~
Ellen K. Ilodgson and Inwin Fridovich~

AB STRA C 1 Reaction of bovmne erythroc)-te superoxide dis- return to the ground state by emitting light. Imid-azo le at id
mutase w i t h l i -O~ s e t s  .m c ciutnpat tued by a iun iu ne ’ .cc’nc -c sa nth mn c g.ive electronical ly excited products se f luise quan-
w httsc In tens i ty  se .us a func t ion of the concentrat ion of 11201 tu nt eff iciency was gremu tcn than that  of the group on the en-
and whose duration ss .us coinci dent w i th  the m n ac t m va t m on  of iy nte , w hereas urate , lormate , and tr ieth y lamine gas- c prod -
t he en,vme by this reagent. Oxygen , which pnotected ucts w ith much low er luminescent efficienc ies. This super-
against in-acII v .m t ion , a lso ditnunished the luminescence 5ev- ox ide d ismutase could catalv ,c the peroxidation of a wide
era l other compounds w hich prevented the inact ivat i on by range of compounds , including fe rroc~ toc hrome m , luminol ,
} l O ~ als o modif ied the luminescence. Thus urate , formate , diphcn~ lisobenzofuran , dianisidinc , and linoleic acid In
,iiid t r i e th ) lamine inhibited luminescence whereas mnti dai- control expcri tn ett ts . boiled en,yme se as ina ctiv c. This per-
olc and santhine augmented i t .  Ihe..c seeming ly contrar y o . . td a t mv e .tc t iv i ly can lead to unexpected effects w he n su-
e ff ec ts can he exp lained b~ ,u .” .uurttng t h u  the compounds peroxide dismuta se is added to 1I;O~- produeing s~~s te rmus , is
w h i c h  protected the eniyrnc were perox iduir’d in cont pet u- a probe for the involvement of 0: -

~ Se.. e r, u) exam ples from
(ton wi t h the Sensit ive group c)n the en/t ine The lumines- the l iterature are cited to i l lust rate the mts mn t e nprc t at ion s
cence arises because th at group on the en/ytne w a s  oxtd mied w hich this prexi ous lv unrecognized peroxid at tvc ac t i v i t y
to a product in an ele etront c ,uI l y esc ut cd s t . t te . w hich could can generate.

The pneceding paper (Hodgson and Fntdos-ieh , 1975) de- uncriticall y appi~ ing superoxide dismutase as a test for 02
scri bes the un’Jc t us - ,m l m t u n  of the copper- at td / i nc-con tu inung in perox idc -g e tte rat tng systems
su pc rox mde dismutase hi, II -0~, -N mec hanism was proposed
In which 11202 first reduces the Cu 24 an d then reacts w i th  Materials and Method s
t he Cu 4 , so generat e d, to gt e-c mu potent sixi d mtnl , w hich rc- The manganese-containing superoxide dismutase was
mains bound to the meta l . This be)und t ux ud m int , in turn , ml- prepared Irom ~ m m -he ’r a -/ mto 1-0/i as previousl y described
t,ic l.’i an ,idj acen l h i s t l d l ne  re s mm ltic mind s u  de - str oys t he In’ ( Ket .’le CI al., 970). l uminescent intensity was measured
teg nt l y of the ca tmtl ~ tIc s ac In the course ol these studies w e w i t h  the photometer described by Mitchell and Ilaslings
observed a chcmilummnescencc during the neacl ion of Il .’0 2 ( 19 7 1 )  which se a s calibrated w i th  the stable standard light
w i t h the enzyme and noted addution al l y that superoxide di..- source descrI bed by i l a s t m t tgs  and We ber (1963) . Some of
mut mmsc can act .iS a peroxidase. Since superox ide disntutase t he memus uremcnt s w-cne made w i th  a Nuclear Chicago
is often used as a test for ( ) -  in oxidait uc  and tn ehent i lu- \1, irk I liquid scinti l lation c o u n t e r  with the coincidence cir-
mmnescent reacttons min d since 11-0 ; us oftet , -i product tif Cui t in m ic i t s a le d.  Rutt es of change of absorbance were ne-
suv h re,t c ! I t )ns , t his peroxidative act mo n of superox ude di..- cu rled w i t h  ,t (uilfe nd Model ~U00. The absorption spec-
mutase can , if nni i r preci ated . lead to misinter p rc umu tu o n of tru m of eytoc hrotne e w as recorded with an Aminco DW - 2
t he observat ions 1 he c hen i m l u mt nescenc e and the peroxida- w hereas the spectrum of linoleic acids was taken with a
h u m s w hich accompany the interaction of supcroxmde d i5tnu- (‘any  Model I S The bleaching of diphenylisobcnzofuran
tase wi t h 11202 were there fore studied both to gaIn under- seas follow-ed at 410 nnt (Merke l et at., 1972). The perox-
stan ding of their mechanisms and to expose the dangers of t.tmi t ion of dianisidine se -as follow-ed at 460 not (Fridovich ,

- - ~~~~- -~~~~~~~~-— _ - - —-- — - — - 

_
~ 1963) .  Al l  other materials and pni~~edunes were ex ae tI~ as

Frooi thc Department of 13m u. hcuuu ustr y ,  1)ukc I : umusc r sui ~ Medical described in the pnecedtng paper (Ilodgson and 1-ridovich ,
Cent er , Durham , Nuirt h ‘‘-a rotuna 277 10 Rem eiu ’ u’d June- 1. 1Q75 [iii’. 197 5).
work was  su pported in full by Re cmu rc h (;ra nt ’ .  I 51 - ut )2 M7 from ihe
N,u um ontu l Inst itutes of Health , Bethesda , St. mr ~lmu nd , and Rl)RP-IP- Resu lts
12 4 l 0 - 1  (ru in thuc S ‘ e m ut . .  Ord m n,uuuc e Rcscm irch i Olfiec . I) tmrh ,unu , 

- - -N irthu ( ar u t f mu u , u  ( ‘hef lh i!laO7i,u ’m - t -ePlee. Admixture of superoxtde dms mulase
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IReprinted from Biochemistry , (1975) 14, 5294-I 
- -(‘ 4 yright 1975 by the Amenican Chemical Society and reprinted by permission of the copyright owner.

The Int eracti on of Bovine Erythrocyte Superoxide Dismutase
with H ydrogen Peroxide: Inactivation of the Enzyme~
Ellen K. I-lodgson and Irwin Fridovich5

ABSTRACT : Bovine erythrocyte superoxide dismutase was eluding xanthine , orate , formate , and azide, protected the
slowly and irreversibl y inactivated by h ydrogen perox ide. enz yme against inactivat ion by H202. Alcohols and benzo-
The rate of this mnact tvat ion was directl y dependent upon ate , which scavenge hydroxy l radical , did not protect. Corn-
the concentrations of both H202 and of enzyme, and its see- pounds with special affinity for singlet oxygen were similar-
ond-order rate const ant at p11 10.0 and 25 0 was 6,7 M 1  ly ineffective. The data were interpreted in terms of the re-
sec ”t . Inactivation wa s preceded by a bleaching due to duetion of the enzyme-bound Cu 24 to Cu~, by U202, fol-
rapid reduction of Cu~~ on the enzyme , -and following this lowed by a Fenton ’s type reaction of the Cu+ with addition-
there was a gradual reappearance of a new absorption in the at H2O~, This would generate Cu2” -Ol-I. or its ionized
visible region , which was coincident with the loss of catal yt- equivalent . Cu~’ -O. , which could then oxidative ly attack
Ic activity. Inactivation of the enzyme was p11-dependent an adjacent histidine and thus inactivate the enzyme. Corn-
and indicated an essential Ionization whose pK a was ap- pounds which protected the enzyme could have done so by
proximatel y 10,2. Replacement of 1-120 by D20 raised this reacting with the bound ox idant , in competition with the
pK 0 but did not dintinish the catal ytic activity of superoxide adjacent histidine.
dismutase , measured at pIt 10.0. Several compounds. in-

S uperoxide dismutases catal yze the reaction 02 + °2 The superoxide dismutase of bovine erythrocytes is charac-
+ 2 E-1~ 

— 11202 + 02- By thus scaveng ing 02 they serve ten sIle of the corresponding enzymes found in the cytosols
to protect respiring cells against its deleterious reactivities. of eukaryotes and it is the most thoroughl y stud ied of these
___________________________________________________ 

enzymes ( Fridovich, 1974 , 1975). Its molecular weight is
32000 and it is made up of two identical subunits, each of

‘From the Department of Biochemistry, Duke University Medical whic h contains one Cu2+ and one Zn2” . X-ray diffractionC~ntc r . Durham , North Carolina 277 10.  Ret-cut-e d June 2, 1Q75. This - -
work was supported in f u l l by Research Granis GM -t 02 87 from the anal ysis has shown ( Richardson et al,, 197 5) that the Cu-
Nationa l Institutes of I lca t ib , Bethesda , Mary land. and RDRP-IP- and Zn24 are in close proximity, as was predicted by Fee
124 10 . 1 from the t S Army Ordinance Res earch Office , l)urham , and Gaber (1972) , They arc , in fact , joined by a common Ii-North Carolina. gand, w hich is the imidazole ring of histidine-61. In addi-
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Superoxide Dismutase : A Photochemical Augmentation Assay 1
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