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SULPHITE OXIDATION BY A PLANT MITOCHONDRIAL SYSTEM 

I.  PRELIMINARY OBSERVATIONS 

by 

J. M. TAGER AND NIILO RAUTANEN 

Plant Physiological Research Institute, University o I Pretoria (South AJrica) 

In  t h e  b io logica l  o x i d a t i o n  of m a n y  s u l p h u r - c o n t a i n i n g  o rgan ic  compounds ,  t h e  

s u l p h u r  is u l t i m a t e l y  c o n v e r t e d  to  ~ o r g a n i c  su lpha t e  (for rev iews,  see FROMAGEOT 1 and  

GREENBXRG2). T h e  o x i d a t i o n  of cys te ine ,  for example ,  can  l ead  to  t h e  f o r m a t i o n  of 

i n o r g a n i c  su lph i t e  and  finally,  inorgan ic  su lpha t e  (PIRIE a, MEDES4). Since  t h e  i n  vitro 

o x i d a t i o n  of s u l p h i t e  is c a t a l y z e d  b y  t races  of h e a v y  m e t a l  ions, i t  is possible  t h a t  t h e  

f inal  s t ep  in t h e  b io log ica l  o x i d a t i o n  of t h e  su lphur  of cys t e ine  is n o n - e n z y m i c  (KEAR- 

NEY AND SINGERS). HEIMBERG et al. ~, howeve r ,  h a v e  d e m o n s t r a t e d  t h a t  p r e p a r a t i o n s  

f rom m a m m a l i a n  l ive r  and  k i d n e y  and  f rom severa l  m i c r o o r g a n i s m s  ca t a lyze  an  e n z y m i c  

o x i d a t i o n  of su lph i te .  A s imi la r  e n z y m e  h a d  been  e x t r a c t e d  f r o m  ra t  l ive r  m i t o c h o n d r i a  

b y  SINGER AND KEARNEY 7. 

In  a r e c e n t  s t u d y  (RAUTANEN AND TAGER 8) i t  was  shown t h a t  oa t  m i t o c h o n d r i a  

b r i ng  a b o u t  t h e  o x i d a t i o n  of seve ra l  a m i n o  acids, i nc lud ing  cys te ine ,  D u r i n g  the  course  

of t h e  s tudy ,  n e u t r a l i z e d  s o d i u m  b i su lph i t e  was  used  as a k e t o n e  f ixa t ive  in ce r t a in  ex-  

pe r imen t s ,  and  a v igo rous  o x y g e n  u p t a k e  was  o b s e r v e d  w h e n  m i t o c h o n d r i a  were  in-  

c u b a t e d  in t h e  p resence  of th i s  r eagen t .  Af t e r  e s t ab l i sh ing  t h a t  t h e  o x i d a t i o n  is enzymic ,  

we began  a s t u d y  of t h e  p rope r t i e s  of t h i s  sys tem.  In  th i s  paper ,  t h e  resu l t s  of exper i -  

m e n t s  on t h e  co fac to r  r e q u i r e m e n t s ,  inh ib i to r s  and  s t o i c h i o m e t r y  of t he  su lph i t e  ox ida -  

t i on  s y s t e m  are  p re sen t ed .  

MATERIAL AND METHODS 

Etiolated seedlings of Algerian oats, Avena sterilis (L.) Mal. ssp. byzantina (C. Koch) Thell., 
were grown as previously described (TAGER~), and the aerial portions used as a source of mitochondria. 
The material was harvested 6 days after sowing, when the aerial portions, consisting of the coleoptiles, 
first leaves and first internodes, were about 6 cm high. The material was washed in tap water, rinsed 
with distilled water, dried superficially and kept at 5 ° C for 2 to 48 hours. 

Isolation o] mitochondria 
Approx. 6o g of the plant material were placed in a cold mortar with 90 ml 0. 5 iV/sucrose-o.oI M 

ethylenediaminetetraacetic acid, pH 7.0, cut finely with scissors and ground with a pestle for about 
30 seconds. The suspension was filtered through a layer of muslin and centrifuged for 5 minutes 
at approx. 50o × g in a Servall SS-I centrifuge. The residue was discarded and the supernatant 
centrifuged for a further 15 minutes at approx. 2o,ooo x g. The sedimented mitochondria were 
suspended in 4 ° m l  0. 5 M sucrose with the aid of a Potter-Elvehjem homogenizer and recentrifuged 
for 20 minutes at approx. 20,000 × g. The washed mitochondria were suspended in 0. 5 M sucrose 
and the volume of the suspension adjusted so that the total nitrogen content was 0.35 to 0:6o mg 
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p e r  o. 5 ti l l .  A l l  m a n i p u l a t i ( m s  x~ere p e r f o r m e d  in  a c o l d  r{}om i n a i u t a i n e ( 1  a t  ~lt}prl)x. 2 ( ' .  T ] l c  m i t ( ) -  

chc)n{lrial suspensMn was used imme{l ia te ly  af ter  p repara t ion .  

, l lat lo,~l le/r ic  ;t~ethod 

Oxygen  ut / take  was de t e rmined  a t  3o C by the  c{mventiona] \Vart)urg nie thod (/;MBREIT el gd.l°}. 
The s ide-arm {}f each War l iu rg  vessel con ta ined  0.2 ml IO% po t a s s ium hyd rox ide  anil folded filter 
t)aper. In the  e x p e r i m e n t s  with azide and  cyanide ,  p o t a s s i u m  hydrox ide  was omitte(1 in {}rder to 
min imize  changes  in the  concen t ra t ions  of the  inhil)itors.  The  same  values  f{)r oxygen  up t ake  du r ing  
the  ox ida t ion  ()f su lphi te  were ot) tained with or w i thou t  po t a s s ium hydrox ide  in prel i in inary experi-  
men t s ,  l : lasks and  m a n o m e t e r s  were equil i l )rated for 5 m i n u t e s  with s topcocks  {)pen and  5 minu t e s  
with s topcocks  closed. The  ac t iv i ty  is expressed  as Qo2 (1~I O 2 per nIg mitoch{mdrial  N in t}o nIinutes).  

Nilro~el~ determination 

Nit rogen  was determine(I  by mic ro -Kje ldah l  digest ion,  us ing  niercuric su lpha te  as ca t a lys t  and  
hydrogen  peroxide  to ha s t en  the  digest ion.  The  a m m o n i a  p roduced  was s team-dis t i l l ed  into 2 % 
horic acid and  t i t r a t ed  with o.ol N su lphur ic  acid, us ing  bromocresol  g r een -me thy l  red as indicator .  

Nulphite and sulphate determination 

Sulphi te  and  su lpha te  in the  reac t ion  m i x t u r e  were de ter In ined af ter  p ro te ins  had  been removed.  
Uranyl  ace ta te  was used to prec ip i ta te  proteins ,  as descr ibed by  I.ETONOFF AND RI~'INHOLD H. Sulphi te  
was de t e rmined  iodometr ica l ly .  For the  d e t e r m i n a t i o n  of su lphate ,  we first t r ied the  benzid ine  n m t h o d  
of LETONIIFV AND REINHOLDIL HEIMBERG et al. n used th i s  m e t h o d  in the i r  s t u d y  (if su lphi te  ox ida t ion .  
\Ve found,  however,  t h a t  in t he  presence of sulphi te ,  th i s  m e t h o d  gives i r regular  wtlues for su lpha te .  
\Ve finally de t e rmined  su lpha te  tu rb id ime t r i ca l ly  af ter  p rec ip i ta t ion  {if the  su lpha te  in acid solutMn 
as b a r i u m  sulphate ,  as descr ibed by  ZAHN 12. 

Reagent., 
Analyt ical  grade s o d i u m  bisu lphi te  was used;  so lu t ions  were neut ra l ized  wi th  po t a s s ium 

hyd rox ide  and  made  up  daily. C y t och rome  c, adenos ine-5-phosphor ic  acid (AMP), d i sod ium adenos ine  
t r i p h o s p h a t e  (ATP) and  95 % d iphosphopyr id ine  nucleot ide  (DPN) were ¢)btained from Nut r i t i ona l  
Biochemica ls  Corporat ion.  A p repa ra t i on  of l iver coenzyme  concent ra te ,  con ta in ing  4 % triphosph{}- 
pyr id ine  nucleot ide  (TPN), 7 °8 D P N  and 13 L ip inann  un i t s  of coenzyme A per  mg, was obta ined  
f rom A r m o u r  and  Co. Quar tz  glass double-dis t i l led wate r  was used in all t he  metabol ic  exper imen t s .  

RESULTS 

E n z y m i c  nature o / the  oxidation 

F r o m  t h e  r e s u l t s  p r e s e n t e d  i n  T a b l e  I,  i t  c a n  b e  s e e n  t h a t  o a t  m i t o c h o n d r i a  c a t a l y z e  

a v i g o r o u s  o x i d a t i o n  o f  s u l p h i t e ,  w h e r e a s  i n a c t i v a t i o n  b y  h e a t i n g  a t  9 °0  C fo r  I m i n  

r e s u l t e d  i n  a b o l i t i o n  o f  t h e  o x i d a t i o n .  I t  w a s  c o n f i r m e d  t h a t  m a n g a n e s e  i o n s  c a t a l y z e  

a n o n - e n z y m i c  o x i d a t i o n  o f  s u l p h i t e ,  a n d  i n  a d d i t i o n ,  i t  w a s  o b s e r v e d  t h a t  c o b a l t o u s  i o n s  

h a v e  t h e  s a m e  e f f ec t .  

T A B L E  1 

THE I~21)'FECT OF HEAT-INACTIVATION OF OAT M[TOCHONDRIA ON THE OXIDATION OF SULPHITE 

Mitochondrial Sulphite Qo,, 
preparation M - 

ITntreated 2 -  l o  2 95 
3" io 2 198 
4" IO 2 335 

I n a c t i v a t e d  2 " 1 0  2 12 

3" ~o 2 z3 
4 - 1 0  ~2 28 

Assay  nf ix tu re  : p o t a s s i u m  p h o s p h a t e  buffer  a t  p H  7.4, 2. , o 2 M ; m a g n e s i u m  chloride, 2- I o a M ; 
cy toch rome  c, 3" IO-5 ill; mi tochondr i a l  suspens ion ,  o. 5 ml;  sucrose, o. 4 :TI. Fiual  v()lume, I mh  

Re/erences p. I21. 



VOL. 1 8  (1955) SULPHITE OXIDATION BY MITOCHONDRIAL SYSTEM I 113 

T A B L E  I I  

T H E  I~FFECT OF A D D I T I O N  OF COFACTORS ON S U L P H I T E  OXIDATION BY OAT MITOCHONDRIA 

A d d i t i o n s  

Cytoehrome c D P N  A T P  Liver  coenzyme Qo~ Exper iment  M a g n e s i u m  
chloride concentrate 

2 . zo_~ M 3 . I o - 5 M  z o - * , ~ I  z o - 3 3 1  o.6 mg  

. . . . .  3 8 
- -  + - -  - -  - -  I 2 2  

+ . . . .  88 
+ + - -  _ _  _ _  1 8 5  

- -  -~- -~- -~- - -  IO 3 
-[- + -7 - -  - -  169 
+ + + + - -  172 

+ - -  + + - -  13o 
+ + - -  + - -  214 
+ + + + - -  233 

+ + - -  _ _  _ _  239 
+ + - -  - -  4- 237 

2"1o -2 M ;  mi to -  

Co/actor requirements 

The results of experiments to determine the 
effect of various cofactors on the oxidation of 
sulphite by oat mitochondria are presented in 
Table II. In the absence of added cofactors, the 
rate of oxidation of sulphite was low. For the 
maximal rate of oxidation, both magnesium and 
cytochrome c were necessary. ATP at lO -3 M 
was without effect and DPN at lO -4 M caused 
only a slight increase in oxygen uptake. Liver 
coenzyme concentrate, which contains DPN, 
TPN, and coenzyme A, was without effect at a 
concentration of 0.6 mg per vessel. AMP in- 
creased the rate of sulphite oxidation. As shown 
in Fig. I, the degree of stimulation of sulphite 
oxidation was a function of the AMP concen- 
tration. No disappearance of inorganic phos- 
phate could be detected during the oxidation 
of sulphite in the presence of lO -2 M AMP. 

Effect o/sulphite concentration on the rate o/ 
oxidation 

It  may be calculated from the second dis- 

O 300 

002 

200 

100 

Assay  m i x t u r e :  p o t a s s i u m  phospha t e  buffer a t  p H  7.4, 2. lO -2 M ;  sulphi te ,  
chondr ia l  suspension,  o. 5 ml ;  sucrose, o. 4 M. F ina l  volume,  3 ml. 

,'o ,'5 2'0 2'5 
AMP IVlx'lO 3 

Fig. I. Inf luence of AMP concen t ra t ion  on 
the  ra te  of ox ida t i on  of sulphi te .  Assay 
m i x t u r e :  p o t a s s i u m  phospha t e  buffer a t  
p H  7.4, 2"1o-2 M ;  m a g n e s i u m  chloride,  
2. IO -3 M ;  cy tochrome  c, 3'  lO-5 M;  sul- 
phite ,  2-1o 2 M ;  mi tochondr i a l  suspen-  
sion, 0.5 ml ;  sucrose, o. 4 M. F ina l  volume,  

3 ml. 

sociation constant of sulphurous acid (5" IO-~) tbat the ratio of sulphite to bisulphite 
ions in a neutral solution is 5 ° : I. Since the pH of the reaction mixtures, in which the 
activity of the sulphite oxidation system was measured, was approx. 7.1, it may be 
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assumed that the  sulphi te  concentration was approx,  equal  to the concent la t ion  ()f 
neut ra l ized  sodium bisulphi te  used. 

308 

6 ~ 

20C 

fO0 

2O 

C 

B 

' 20 ' t o  
Timo in rninufos 

F i g .  2. R a t e  of  oxidation of sulphite with time 
measured at three sulphite concentrations. Assay 
mixture: potassium phosphate buffer at p H  7.4,  
2 .  i o  - e  31 ; magnesium chloride, - -  i o  a M ; cyto- 
chrome c, 3 '  lO ~ M ;  mitochondrial suspension, 
0 .5  ln l ;  s u c r o s e ,  0. 4 M .  F i n a l  v o l u m e ,  l m l .  S u l -  
p h i t e  concentration: curve A,  z .  l o  2 31;  curve 

B, 3" I o  ~ :ll : c u r v e  C, 4" t ° - 2  M .  

400 

Qo2 

300 

200 I 

100 

Sulphite ffl x 102 

Fig. 3- Rate of sulphite oxidation as a function of 
substrate concentration. Assay mixture: potas- 
s ium phosphate buffer at p H  7.4, 2 . ] o  2 3 I ;  
magnesium chloride, 2 . [ o  3,11; cy tochrome c, 
3 .1o  5 M ;  mitochondrial suspension, o. 5 ml ;  
sucrose, o. 4 3 I .  F ina l  vo lume,  i m]. Each curve 
represents the results of a separate experiment. 

A typical experiment in which oxygen uptake was measured at three sulphite con- 
centrations is presented graphically in Fig. 2. Some decline in activity during the second 
3o minute period was found in all experiments. A slight lag period in the oxidation of 
sulphite was often observed. The activity of the sulphite oxidation system as a function 
of substrate concentration is shown in Fig. 3- The maxinmm rate of sulphite oxidation 
was not obtained even at highest concentration of sulphite (4"Io 2 M) used in the ex- 
periments. 

E~ect o/magnesium and cytochrome c concentration 

As shown in Figs. 4 and 5, the activity of the sulphite oxidation system is a function 
of the concentration of magnesium ions and of cytochrome c in the reaction mixture. 
The system was found to be saturated with magnesium ions at a concentration of approx. 
2. Io -3 M and with cytoehrome c at a concentration of approx. 6. Io -5 M. For comparison, 
the effect of these cofactors on the oxidation of hydroquinone and of succinate by oat 
mitochondria is shown in Table III. Hydroquinone oxidation by mitochondrial cyto- 
chrome oxidase was found to be almost completely dependent on the presence of exoge- 
nous cytochrome c. There was a slight inhibition of hydroquinone oxidation when mag- 
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n e s i u m  ions  were  a d d e d  in add i t i on  to  c y t o c h r o m e  c. Succ ina te  o x i d a t i o n  was  una f fec ted  

b y  a d d e d  c y t o c h r o m e  c. 

200 
9 

10C 

I I 
o ) * 6 '~ 

Magnesium hl x 10 3 

• 200 

002 

Fig. 4. Effect of magnesium chloride concentra- 
tion on the rate of oxidation of sulphite by oat 
mitochondria. Assay mixture: potassium phos- 
phate buffer at pH 7.4, 2. IO 2 M; cytochrome 
c, 3' lO-5 M; sulphite, 2. io -~ M; mitochondrial 
suspension, 0. 5 ml; sucrose, o. 4 M. Final volume, 

i ml. 

100 

/ 

Cytochrome c I~tx'lO 4 

Fig. 5. Effect of cytochrome c concentration on 
the rate of oxidation of sulphite by oat mitochon- 
dria. Assay mixture : potassium phosphate buffer 
at pH 7.4, 2.1o .2 M; magnesium chloride, 
2" 10 -3 M; sulphite, 2. lO -2 M; mitochondrial 
suspension, 0. 5 ml; sucrose, 0. 4 M. Final volume, 

I ml. 

TABLE II I  

T H E  E F F E C T  OF M A G N E S I U M  IONS A N D  C Y T O C H R O M E  C ON T H E  O X I D A T I O N  OF H Y D R O Q U I N O N E  

A N D  S U C C I N A T E  B Y  OAT M I T O C H O N D R I A  

Additions 

Substrate Magnesium chloride Cytochrome c Qo, 
2 .zo -s M 3 "Io-8 M 

Hydroquinone, - -  - -  14 
9 " I o - 3 M  + - -  26 

- -  + 1 9 4  
+ + 161 

Succinate, + - -  214 
2 ' I o - 2 M  + + 226 

Assay mixture: potassium phosphate buffer at pH 7.4, 2. lO -2 M; mitochondrial suspension, 
0. 5 ml; sucrose, 0. 4 M. Final volume, 3 ml. 

Seve ra l  o t h e r  d i v a l e n t  ca t ions  were  t es ted .  As m e n t i o n e d  above ,  m a n g a n e s e  a n d  

c o b a l t o u s  ions  ca t a lyze  a n o n - e n z y m i c  o x i d a t i o n  of su lph i te .  Ca lc ium and  zinc ions  
i n h i b i t e d  t h e  su lph i t e  o x i d a t i o n  s y s t e m  (Table IV). 

I n h i b i t o r  s t u d i e s  

Since  t h e  su lph i t e  o x i d a t i o n  s y s t e m  is s t i m u l a t e d  b y  a d d e d  c y t o c h r o m e  c, i t  was  
e x p e c t e d  t h a t  h e a v y  m e t a l  r e a g e n t s  w o u l d  inh ib i t  t h e  r eac t ion .  I t  was  found  t h a t  

c y a n i d e  d id  in fac t  i nh ib i t  o x y g e n  u p t a k e  (Table V). C o n t r a r y  to  expec t a t i ons ,  h o w e v e r ,  
az ide  d id  n o t  i nh ib i t  su lph i t e  ox ida t ion .  C y t o c h r o m e  oxidase ,  as m e a s u r e d  b y  t h e  o x i d a -  

t i on  of h y d r o q u i n o n e  p lus  c y t o c h r o m e  c, and  succ inox idase  were  b o t h  i n h i b i t e d  b y  
az ide ;  b u t  t h e  su lph i t e  o x i d a t i o n  s y s t e m  was  g r ea t l y  s t i m u l a t e d  b y  az ide  (Table VI) .  
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"I'.\ BI.I'~ IV 

THE EFFECT Ot: CAI.CIUM, MAGNESIUM ANI) ZINC? IONS ON SULt 'HITF ONII)ATION 
13Y OAT MITOCIIONI)RI\  

A ddi!icms 
. . . .  Inhibi t ion 

Exper iment  ( 'alcium Z i n c  M a g n e s i u m  Qo z ¢~r ~tlmulatio~t 
chloride sulphate chloride % 

.' " I o a J l  2 • IO - a  ,ll .' • I o  -a , I [  

t 95 
i O0 3 ° 

! 157 05 

i 73 -'3 

2 249  

- ] 397  59 
• ' 123 5 I 

A s s a y  m i x t u r e :  p o t a s s i u m  p h o s p h a t e  b u f f e r  a t  p H  7.4, 2.  [o ~ M ;  c y t o c h r o m e  c, 3" i o  5 M ;  
m i t o e h o n d r i a l  s u s p e n s i o n ,  o .5  m l ;  s u c r o s e ,  0. 4 M .  E x p e r i m e n t  r : s u l p h i t e ,  2 .  i o  ~ M a n d  f i n a l  v o l u m e ,  
3 m l .  E x p e r i m e n t  2 :  s u l p h i t e ,  4" l o  ~ M a n d  f i n a l  v o l u m e ,  ~ ,nl .  

T A B I . E  V 

CYANIDE INHIBITION OF SULPHITE OXIDATION BY OAT MITOCHONDRIA 

Cyanide,  3I  Qo., Inhib i t ion  % 

o 254 
1 0  -4 1 5 2  4 ° 
i o  a 13 8 46  

A s s a y  m i x t u r e  as  d e s c r i b e d  fo r  Vig.  i .  

T A B I . E  V I  

THE EFFECT OF AZIDE ON THE OXIDATION OF SULPH1TE, HYDROQUINONE AND SUCCINATE 
BY OAT MITOCHONDRIA 

Inhibi t ion  
A zidc 

Q o 2 or s t imulat ion M % 
Substrate 

S u l p h i t e  
2- lO 2 i l l  

o 227 
i o  3 293 ~ 22 

i o  -2 438  + 72 

35 
77 

A s s a y  m i x t u r e  : p o t a s s i u m  p h o s p h a t e  b u f f e r  a t  p H  7.4, 2 • lO -2 M ; m a g n e s i u m  c h l o r i d e ,  2 • t o  a : l l  ; 
c y t o c h r o m e  c, 3" i o  5 M ;  m i t o c h o n d r i a l  s u s p e n s i o n ,  o. 5 m l ;  s u c r o s e ,  0. 4 ~,~f. F i n a l  v o l u m e ,  3 m l .  

S u c c i n a t e  o 18 t 
2 ' I O  2 3 l  lO :| 1 i ~  

Io  2 42 

H y d r o i t u i m m e  o i 00 
9 " I o - a  2~I t o  a ( ) l  03 

1 o  2 2 4  _ _ . 8 5  
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F u r t h e r  s t u d y  of th is  p h e n o m e n o n  showed  t h a t  t he  degree  of s t i m u l a t i o n  is a f u n c t i o n  

of t he  az ide  c o n c e n t r a t i o n  (Fig. 6). A t  a su lph i t e  c o n c e n t r a t i o n  of 3" I o - 2 M ,  t h e  s y s t e m  

b e c a m e  s a t u r a t e d  w i t h  az ide  at  approx .  2. I o - 2 M  and  the  a c t i v i t y  dec l ined  v e r y  s l igh t ly  

as t he  az ide  c o n c e n t r a t i o n  was inc reased  f rom 2" I o - 2 M  to 4" I o - ~ M .  H e a t  i n a c t i v a t i o n  

of m i t o c h o n d r i a  abol i shed  su lph i t e  o x i d a t i o n  in t he  absence  a n d  in t he  presence  of azide.  

P y r o p h o s p h a t e  was  an ef fec t ive  inh ib i to r  of su lph i te  ox ida t ion ,  whi le  f luor ide h a d  

no effect  e v e n  at  a c o n c e n t r a t i o n  of IO ~M (Table VII ) .  D i n i t r o p h e n o l  d id  no t  effect  

su lph i t e  o x i d a t i o n  s ign i f ican t ly  (Table vii). 
At  c o n c e n t r a t i o n s  r a n g i n g  f rom IO 5M to  I o - 3 M ,  m o n o i o d o a c e t a t e  h a d  no signi-  

f icant  effect  on t h e  su lph i t e  o x i d a t i o n  s y s t e m ;  b u t  a t  Io-2M, i t  g r ea t l y  s t i m u l a t e d  o x y g e n  

u p t a k e  (Table VII ) .  

TABLE VII 
0O 2 

T H E  E F F E C T  O F  P Y R O P H O N P H A T E ,  F L U O R I D E ,  2 , 4 - D I N I T R O -  

P H E N O L  A N D  M O N O I O D O A C E T A T E  O N  S U L P H I T I ~  O X I D A T I O N  

B Y  O A T  M I T O C H O N D R I A  
400  

Inhib i t ion  
Inhibi tor  Concentration Q o,~ or s t imulat ion 

M % 

Pyrophosphate o 16 7 
6. 7 . io  4 177 + 6 200 
6.7.1o 3 115 __31 
1. 3. IO a 72 - - 5 7  

Fluoride o 217 
l O  - 4  2 1 6  o 

l O  - 3  2 1 7  o 

1°-2 207 - -  7 

Dinitrophenol o 374 
Io -° 391 + 4 
IO -~ 411 + io 
1 0 - 4  4 ° 2  + 7 

I°-a 344 - -  8 

Iodoacetate o 365 
lO -5 273 + 2 
IO-4 394 -- 8 
I°-a 338 - -  7 
lO -2 651 + 78 

,4zide M x 10 2 

Fig. 6. Effect of azide concentra- 
tion on the rate of sulphite oxida- 
tion by oat mitochondria. Assay 
mixture : potassium phosphate 
buffer at pH 7.4, 2.IO 2 M; mag- 
nesium chloride, 2. Io -a M; cyto- 
chrome c, 3"1o-S M; sulphite, 
3"1o-2 M; mitochondrial suspen- 
sion, 0. 5 ml; sucrose, 0. 4 M. Final 

volume, i ml. 

Assay mixture : potassium phosphate buffer at pH 7.4, 2. IO 2 3//; magnesium chloride, 2. Io-aM ; 
cytochrome c, 3 . i o - 5 M ;  mitochondrial suspension, 0. 5 ml; sucrose, 0. 4 M. Final volume, I ml. 
Sulphite concentration: 2. io e M in pyrophosphate experiment and 4" lO-2 M in other experiments. 

Effect o] sul pttydr yl compounds 

In  a p r e l i m i n a r y  e x p e r i m e n t ,  i t  was  obse rved  t h a t  g l u t a t h i o n e  a t  a c o n c e n t r a t i o n  
of 10-321//caused a 3 3 %  inh ib i t i on  of t h e  su lph i t e  o x i d a t i o n  sys tem.  Two  o t h e r  su]phy-  

dry l  compounds ,  L-cys te ine  and  th iog lyco l l a t e ,  were  t e s t e d  for t h e i r  effect  on t h e  sys tem.  
The  resu l t s  of t w o  e x p e r i m e n t s  are  p r e s e n t e d  in Fig.  7. As cys te ine  i tself  is ox id ized  by  

oa t  m i t o c h o n d r i a ,  t h e  va lues  for su lph i t e  o x i d a t i o n  were  co r r ec t ed  for t h e  o x y g e n  u p t a k e  
in t h e  p resence  of cys te ine  alone.  Th iog lyco l l a t e  is n o t  ox id ized  b y  oa t  m i t o c h o n d r i a .  
B o t h  L-cys te ine  and  t h i o g l y c o l l a t e  s t rong ly  i nh ib i t ed  the  su lph i t e  o x i d a t i o n  sys tem.  

Relerences p. ±22. 
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lOOj Cyste,ne 

80F 

6C 

2C 

k i 

SH Compouna P'lxlO 2 

F i g .  7. E f f e c t  o f  s u l p h y d r y l  c o m -  
p o u n d s  o n  t h e  r a t e  o f  s u l p h i t e  o x i -  
d a t i o n  t)y o a t  i n i t o c h o n d r i a .  A s s a y  
m i x t u r e  a s  d e s c r i b e d  i n  T a b l e  V I I I .  

T . \  1~1.1'; V l l l  

THE FIgFECT OF .\SC()RBIC ACII) ON SULPHITE OXI1)ATION 13Y 
OAT M 1TOCHONI)RIA 

Ascorbic acM Q"~ 
3I Sulphite Sulphitc l)i//ercncc 

0 
I 0 11 

5 " 1 0  a 

I O 2 

34 s z7 , 32~ 
73 35 38  
81 143 ¢)z 
N l 2 I I 1 3 ° 

A s s a y  m i x t u r e :  p o t a s s i u m  p h o s p h a t e  b u f f e r  a t  p H  7.4,  
-,. t o  ~AI ; m a g n e s i u m  c h l o r i d e ,  2 • t o  a ) , I  ; c y t o c h m m e  c, 3" [o  s 
.1l;  s u l p h i t e ,  4 '  l o  2 M ;  m i t o c h o n d r i a l  s u s p e n s i o n ,  o. 5 m l :  
s u c r o s e ,  0. 4 AI .  F i n a l  v o l u m e ,  i m l .  

Effect o/ascorbic acid and pyruvatc 

Since the inhibitory effect of sulphydryl com- 
pounds may have been due to their acting as reducing 
agents, a reducing compound of different nature, as- 

corbic acid, was tested. "File results of the experiment are presented in Table VIII .  
Ascorbic acid itself was oxidized by oat mitoehondria, possibly through cytochrome 
oxidase. At lO .3 M, oxidation of ascorbic acid was negligible, and there was an 88°o 
inhibition of sulphite oxidation in the presence of this concentration of ascorbic acid. 
At the two higher concentrations of ascorbic acid, both sulphite oxidation and ascorbic 
acid oxidation were inhibited when the two compounds were added together. 

Since there is an equilibrium in aqueous solution between the enol and 3-keto forms 
of ascorbic acid, an addition compound should be formed between ascorbic acid and 
bisulphite. The inhibition of sulphite oxidation by ascorbic acid could therefore be due 
to its action as a reducing agent, to the formation of an inhibitory addition compound, 
or to both. An experiment with the e-keto compound, pyruvate,  in which inhibition of 
sulphite oxidation was obtained (Table IX) lends support to tile idea that  bisulphite-keto 
compound addition products may be inhibitory ±o the sulphite oxidation system. 

"17.\131.t£ I X  

THE EFFECT OF PYRUVATE ON SULPHITE OXIDATION BY OAT MITOCHONDRIA 

Pj,ruvale Qo., Inhibition 
M . % 

o 35 t 
I 0 3 277 z t  

5"  to  a : 0 9  4 ° 
t o  2 r42  59  

A s s a y  m i x t u r e  a s  d e s c r i b e d  f o r  T a b l e  V I I I .  

Stoichiometry o~ the reaction 
In Table X, the results of an experiment are given in which sulphite disappearance, 

oxygen uptake and sulphate production were measured simultaneously. For each mole 

Re/evences  p. z21.  
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of sulphite disappearing, half a mole of oxygen was taken up and one mole of sulphate 
was formed, in accordance with the equation 

s o 3 - -  + i/2 02 ~ s o 4 - -  

W i t h  heat inactivated mitochondria, sulphite disappearance, oxygen uptake and sul- 
phate production were low. 

T A B L E  X 

STOICHIOMETRY OF THE SULPHITE OXIDATION SYSTEM 

Per mg mitoehondrial N in 6o minzttes 

Mitochondrial Sulphite Sulphate [ormed 
preparation 0 2 absorbed disappearing t t moles 

t t atoms t~ raoles 

U n t r e a t e d  35 .8 35 .6  33 .3  
H e a t - i n a c t i v a t e d  3.5 6 .0  3 .7  

A s s a y  m i x t u r e  as  d e s c r i b e d  f o r  T a b l e  V I I I .  

DISCUSSION 

The sulphite oxidation system of oat mitochondria differs in at least some respects 
from the "sulphite oxidase" of rat liver described by HEIMBERG et al. s. The cofactor 
requirements of the rat liver enzyme were not studied. Experiments with inhibitors, 
however, indicated that heme or copper groups were not involved in the animal enzyme. 
The oat mitochondrial system exhibits a requirement for exogenous cytochrome c, and 
is strongly inhibited by cyanide. I t  may thus be inferred that  cytochrome oxidase is 
part of the plant sulphite oxidation system. In addition, the plant system requires mag- 
nesium ions for maximal activity, while it is not clear if the animal enzyme has this 
requirement. It is not stated whether the oxidation of sulphite by rat liver residue is 
stimulated by azide and monoiodoacetate or not. The plant sulphite oxidation system 
is greatly stimulated by both azide and monoiodoacetate. 

Oat mitochondria, like those from other sources, contain an integrated complex of 
enzymes and coenzymes. The endogenous coenzymes may mask the coenzyme require- 
ments of the sulphite oxidation system, when the usual test is carried out of demonstrat- 
ing increased enzyme activity on the addition of one or more coenzymes. Thus although 
it is well known that  succinate oxidation is linked to the cytochrome system, added 
cytochrome c has no effect on the oxidation of succinate by oat mitochondria. Similarly, 
the oxidation of pyruvate by oat mitochondria through the Krebs cycle is unaffected 
by added cytochrome c or DPN (TAGERg). A detailed study of the cofactor requirements 
of the oat sulphite oxidation system will have to await purification of the enzymes 
involved. At this stage we can only state that magnesium ions are essential and that  
cytochrome oxidase is involved. 

The lack of inhibition of the oat sulphite oxidation system by monoiodoacetate 
indicates that  sulphydryl groups are not necessary for the activity. Indeed, the inhibition 
of the enzyme system by glutathione, cysteine and thioglycollate suggests that disul- 
phide linkages may be essential. PETERS AND WAKELIN 13 found an inhibition of trypsin, 
chymotrypsin and chymotrypsinogen by thiol compounds and interpreted this to be due 
R e / e r e n c e s  p .  I 2 I .  
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to the scission of essential disulphide linkages. Oi1 the basis of the observation tha t  
rhodanese is protected by glutathione and cysteine against a slow inhibition by cyanide, 
Si)RBO 14 suggested tha t  the prosthetic group of this enzyme contains a disulphide 
linkage. 

The inhibition of the oat  sulphite oxidation system by keto compounds seems to be 
due to the formation of addit ion products between the keto compounds and bisulphite. 
At first sight this inhibition m a y  appear  to be due to a reduction of the concentrat ion 
of sulphite in the reaction mixture.  Yet pyruva te  inhibits the system effectively when 
the ratio of the concentrat ion of pyruvate  to the concentrat ion of neutralized sodium 
bisulphite is approx. I to 4o, and the effective concentrat ion of sulphite is reduced only 
by about  2.5 °o in this case. Thus it is clear tha t  the inhibition by compounds like pyru-  
vate cannot  be explained in this way. A possible explanation is tha t  the addition product  
competes with sulphite for essential groups in the enzyme system. 

A peculiar feature of the oat sulphite oxidation system is the marked stimulation 
of act ivi ty  by  azide and AMP. From the relationship between concentration of azide or 
AMP and st imulation of activity,  it appears tha t  these compounds  do not act catalyti-  
cally, and are effective at concentrat ions stoichiometrically similar to the concentrations 
of sulphite used. In experiments which will be reported on in a later paper, we have 
found that  a similar s t imulat ion is given by creatinine, histidine and thiamine. This 
has led us to believe that  the st imulat ion is non-specific and is given by certain hetero- 
cyclic N-containing compounds.  

The significance of the sulphite oxidation system in the metabolism of plants is not  
clear. I t  is known tha t  plants obtain their sulphur from the soil in the form of inorganic 
sulphate;  but  very little is known of the mechanism by which inorganic sulphate is 
reduced and conver ted to sulphur-containing compounds  of metabolic importance (for 
review, see BERSlN~a). Nevertheless, it is of interest to  note tha t  the reduction of sulphate 
in Desulphovibrio involves a cytochrome (Pos~(;ATE~), as has been shown in the case 
of our sulphite oxidation system, which requires cytochrome c. Therefore there is the 
possibility tha t  the sulphite oxidation system described in this paper may play a role in 
the assimilation of sulphate by catalyzing the reduction of sulphate to sulphite. This 
possibility is being investigated. 
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SUMMARY 

t. Mitochondria isolated from etiolated oat seedlings contain an enzyme system which oxidizes 
inorganic sulphite to sulphate. 

2. For the maximal rate of oxidation of sulphite, the mitochondria must be supplemented with 
magnesium ions and cytochrome c. 

3. The sulphite oxidation system is inhibited by cyanide and pyrophosphate, but not by fluoride. 
dinitrophenol or low concentrations of monoiodoaeetate. High concentrations of monoiodoacetate 
greatly stimulate the sulphite oxidation system. 

4- Azide causes a marked stimulation of the sulphite oxidation system. Maximum stimulation 

Y?efl'rences p. l-'J. 
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is ob ta ined  a t  azide concen t r a t ions  of t he  same  order  of m a g n i t u d e  as t he  concen t ra t ion  of su lphi te  
used.  Adenos ine  m o n o p h o s p h a t e  behaves  s imi la r ly  to azide. 

5. The  sulpbi te  ox ida t ion  s y s t e m  is inh ib i ted  by  su l fhydry l  compounds ,  ind ica t ing  a possible  
role of d i su lph ide  l inkages  in the  sys tem.  

6. The  su lphi te  ox ida t ion  s y s t e m  is inh ib i ted  by  ascorbic acid and  by  p y r u v a t e .  

Rt~SUM]~ 

1. Les mi tochondr i e s  isolges de germes  d ' avo ine  &iol6s con t i ennen t  un  sys t~me e n z y m a t i q u e  
qui  oxyde  le sulfite min6ra l  en  sulfate .  

2. Pour  obteni r  la vi tesse  m a x i m u m  d ' o x y d a t i o n  du sulfite, il t au t  a jou te r  a u x  mi tochondr ie s  
des ions m a g n 6 s i u m  et  du  cy toch rome  c. 

3. Le sys t~me  o x y d a n t  le sulfite es t  inhib6 pa r  les cyanures  et  les py rophospha t e s ,  ma i s  non  
pa r  les fluorures,  le d in i t roph~nol  ou de faibles concen t ra t ions  de monoiodoac6ta te .  Des concen t ra t ions  
~lex~es de mono iodoac &a t e  s t i m u l e n t  f o r t emen t  le sys t~me  d ' o x y d a t i o n  du sulfite. 

4. Les  asides p r o v o q u e n t  une  s t i m u l a t i o n  ne t t e  du  sys t~me d ' o x y d a t i o n  du sulfite. La  s t imu-  
la t ion m a x i m u m  est  ob tenue  ~ des concen t ra t ions  en azide du  m 6 m e  ordre de g r andeu r  que  la concen-  
t r a t i on  en sulfite employ& L 'ad6nos ine  m o n o p h o s p h a t e  a l e  mSme c o m p o r t e m e n t  que l 'azide. 

5. Le sys t~me o x y d a n t  le sulfite est  inhib6 pa r  les corps sulfhydryl6s ,  ce qui  ind ique  un  r61e 
possible  de l ia isons d isul fures  dans  le systSme.  

6. Le sys t~me  o x y d a n t  les sulfi tes es t  inhib6 par  l 'acide ascorbique et pa r  le py ruva t e .  

Z U S A M M E N F A S S U N G  

i. Aus  v e r k i i m m e r t e n  Gers tese tz l ingen isolierte Mi tokondr ien  en tha l t en  ein E n z y m s y s t e m ,  
welches du rch  O x y d a t i o n  inorganisches  Sulfit in Sulfat  verwandel t .  

2. U m  die H6chs tgeschwind igke i t  der O x y d a t i o n  von Sulflt zu erreichen, is t  es notwendig ,  den  
Mi tokondr ien  Magnes iumi onen  u n d  C y t och rom c hinzuzufi igen.  

3. Das  Su l f i t -Oxyda t ions sys t em wird d u t c h  Cyan id  und  Py rophospha t ,  jedoch n ich t  d u t c h  
Fluorid,  D in i t ropheno l  oder niedr ige K o n z e n t r a t i o n e n  yon  Monoiodoaze ta t  g e h e m m t .  Hohe  Konzen-  
t r a t ionen  yon  Monoiodoaze ta t  ve ru r sachen  eine grosse S te igerung  des Su l f i t -Oxyda t ionssys tems .  

4. Si~ureazid v e r u r s a c h t  eine bedeu tende  S te igerung  des Su l f i t -Oxyda t ionssys tems .  Der  gr6sste  
Ste igerungseffekt  wurde  bei SAureaz idkonzent ra t ionen  derselben Gr6sseno rdnung  wie die angewand te  
Su l f i tkonzen t ra t ion  beobachte t .  A M P  verh~l t  s ich ghnl ich  wie SAureazid. 

5. Das  Su l f i t -Oxyda t ions sys t em wird  durch  Su l fhydry lg ruppen  g e h e m m t ,  wodurch  m a n  auf  die 
M6glichkei t  schl iessen k6nnte ,  dass  Disu l f idb indungen  eine Rolle in d e m  Sys t em spielen. 

6. Das  Su l f i t -Oxyda t i ons sys t em wird durch  AskorbinsAure und  Brenz t raubensAure  g e h e m m t .  
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