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SUMMARY 

The effect of the inhibi tor  2-heptyl -4-hydroxyquinol ine  N-oxide on the reduction 
by  fon.aate of fumara te ,  O 8 and  cytochromes was studied in ext rac ts  of Vibrio 
succinogenes. The inhibi tor  causes 9 ° ~o inhibit ion of the couple between formate  
and  fumara te  bu t  less t han  xo % inhibition of the formic dehydrogenase  or fumara te  
reductase act ivi ty .  Spect rophotometr ic  studies showed t h a t  z -hep ty l -4-hydroxy-  
quinoline N-oxide causes an appreciable delay in the reduct ion of bo th  cytochromes  
b and c b y  formate.  No effect of the inhibi tor  on the oxidat ion of reduced cy tochrome b 
by  fumara te  could be detected. Wi th  succinate as subst ra te ,  the inhibi tor  causes a 
delay in the reduct ion of cy tochrome c but  no delay in the reduction of cy tochrome b 
was detected.  The effect of o ther  inhibi tory  agents on the reduction of fumara t e  b y  
formate  and H 2 was also studied. 

Oxygen consumpt ion  wi th  formate  as subst ra te  is not  inhibited by  2-heptyl-  4- 
hydroxyquinol ine  N-oxide,  bu t  a marked  increase in H 2 0  a format ion occurs in the 
presence of this inhibitor.  The formate  peroxidase sys tem of this ex t rac t  is par t ia l ly  
inhibi ted by  2-heptyl -4-hydr0xyquinol ine  N-oxide.  

The implicat ions of these findings with  regard to the role of cy tochrome b as 
an electron carrier between the formic dehydrogenase and the fumara te  reductase,  
and  the role of the cytochromes  in the oxidat ion of formate  b y  O 2 are discussed. 
i t  is suggested tha t  the presence of the H~Oa-producing formate  oxidase sys tem 
and the formate  peroxidase sys tem explains the microaerophilic na ture  of this 
organism when grown with  Oa as an electron acceptor. 

INTRODUCTION 

In the preceding paper  ~, enzyme systems which couple the oxidat ion of either H~ 
or formate  to the reduction of fumaxate were demons t ra ted  in extracts  of Vibrio 
succinogenas. D a t a  were also presented which were consistent wi th  the hypothesis  
t ha t  the cytochrome b of this vibrio is an in termedia te  electron carrier in these 

Abbreviation: QO. 2-heptyl-4-hydroxyquinoline N-oxide. 
* Present address: American Meat Institute Foundation, Chicago, Ill. (U.S.A.). 
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coupled sys tems since this  cy toch rome  is reduced b y  H z or fo rmate  and  is oxidized 
b y  fumara te .  

This  present  paper ,  t h r o u g h  the use of the  inhibi tor  QO, presents  fur ther  evidence 
for the  role of the cy tochrome b of the vibrio. This evidence is based on the  observat ion  
t h a t  th is  inhibi tor  inhibi ts  bo th  the reduct ion  of the cy tochromes  and f u m a r a t e  b y  
formate .  The  abi l i ty  of cer ta in  o ther  inh ib i tory  t r e a t m e n t s  to inhibi t  the couple 
between formate  and f u m a r a t e  is also described. 

The inh ib i to ry  act ion of QO has  also been used to  characterize the mechan i sm 
of fo rma te  ox ida t ion  wi th  O.o as an electron acceptor.  The results  suggest t h a t  an 
unusua l  mechan i sm for O~ consumpt ion ,  which includes a fo rma te  oxidase sys t em 
which forms HzO~ and  a peroxidase sy s t em which des t roys  H 2 0  2, exists in this  
organism.  Evidence  regard ing  the role of the cy tochromes  in On consumpt ion  is also 
presented.  F ina l ly ,  an hypothes i s  is presented  which suggests t h a t  it  is the existence 
of th is  unusua l  mechan i sm for O2 consumpt ion  which explains  the microaerophi l ic  
t y p e  of g rowth  which this  o rganism manifes t s  wi th  O2 as an electron acceptor.  
E x p e r i m e n t a l  d a t a  are presented to suppor t  this  la t te r  hypothes is .  

M A ' I E R I A L S  AND M E T H O D S  

QO was  k ind ly  supplied b y  Dr. J .  W. LIGHTBOWN. I t  was dissolved in o.ox N K O H .  
V ~ e n  i t  was  necessary to  compare  results  w i th  and  wi thou t  this inhilzitor, an equal  
vo lume  of o.ox N K O H  was added  to the react ion mix tu re  wi thou t  inhibi tor .  H 2 0  2 
was de te rmined  as described in the preceding paper  1. 

Spec t ropho tomet r i c  s tudies of cy toch rome  reduct ion were conduc ted  as pre-  
v ious ly  described x in anaerobic  cuve t tes  wi th  a Cary  au toma t i c  recording spectro-  
pho tome te r .  I t  was  possible to record the spec t rum between 600 and  500 m/~ wi thin  
x min  f rom the  t ime of addi t ion  of subs t ra te .  Fol lowing this  recording,  the i n s t r u m e n t  
was reset at  600 mt~ and  ano the r  spec t rum was recorded. This procedure  was  repea ted  
in order  to  follow the ex ten t  of cy toch rome  reduct ion at  var ious  t ime in te rva ls  af ter  
subs t r a t e  addi t ion.  

Cell-free ex t r ac t s  of V. succinogenes were prepared  as described in the  preceding 
paper  t f rom cells grown on fo rmate  and  fumara t e ,  and  stored under  H 2 at  o ° un t i l  
used. Acetone-dr ied  cells were prepared  according to the  m e t h o d  of GUNSALUS 2. In  
order  to prepare  cell-free ex t rac t s  of these acetone-dr ied cells, 50 m g  of cells were 
suspended  in 5 ml  of 0.03 M K 2 H P O  4 (pH 7.x) conta in ing  0.5 m g  f l -mercaptoe thanol .  
The  suspension was sonicated for r 5 min  and centr i fuged a t  4300 × g for 20 min  to  
r emove  large debris.  

Cell-free ex t rac t s  of Clostridium pasteurianum were used as the  source of hydro -  
genase. Cells were prepared  as described b y  WILSOX et al. 3 and d i s rup ted  b y  sonic 
oscil lat ion for 45 min.  The ex t r ac t  was centr i fuged at  I4ooo /. g for IO min to remove  
remain ing  whole cells and  large debris. 

R E S U L T S  

Inhibition of the couple barveen formatr and fumarate by QO 

Table  I shows t h a t  QO has l i t t le effect on formic dehydrogenase  ac t iv i ty ,  
measured  wi th  me thy lene  blue or  benzyl  viologen, whereas  the  react ion between 
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the formic debydrogenase and the fumarate reductase is almost completely inhibited. 
Although inhibitiori of formic dehydrogenase activity was always less than IO y0 in 
extracts assayed within 2 or 3 days after preparation, occasionally a more marked 
inhibition (20-40 %) of the formic dehydrogenase activity was observed in extracts 
which had been aged for several days. 

The ability of QO to inhibit the fumarate reductase activity of the extracts was 
next investigated. The fumarate reductase was assayed by a modification of the 
method of PECK et aZ.* which measures the uptake of H, in the presence of fumarate, 
C. @zsteurianum hydrogenase and benzyl viologen. Since the vibrio extract itself is 
capable of reducing fumarate with H,, and since this reaction is inhibited by QO, it 
was necessary to use very small amounts of vibrio extract in the presence of excess 
C. pastescrianum hydrogenase. Under these conditions, approx. go y(, of the rate of 
hydrogen uptake was dependent upon the presence of C, ~astczcrianzcm extract and 
benzyl viologen. The results shown in Table II demonstrate that QO causes consider- 
ably less than 12 o/o inhibition of the fumarate reductase, especially since about 10 o/o 
of the measured H, consumption can be attributed to the activity which was due 
to the H,-fumarate couple of the vibrio extract itself and which would be expected 

TABLE I 

EFFECT OF Qo ON FORMATE OXIDATION WITH VARIOUS ELECTRON ACCBPTORS 

The formate oxidation rate is expressed as ~1 CO, evolved/m ,i&mg protein at 37O with N, as gas 
phase calculated from CO, evolved between 5 and IO min after addition of electron acceptor. 
Warburg cups contained I I L mM K,HP04 (pH 6.2), o. 15 mg /?-mercaptoethanol, either Q. I ml 
of 0.01 N NaOH or 3.2 pg of QO and H,O to 3.15 ml. ro pmoles of sodium formate and the electron 
acceptor were added from the sidearm to start the reaction. 20 pmoles of methylene blue, 

20 yrmoles of sodium fumarate or 40 pmoles of benzyl vioiogen were added. 

Formate oxidation rate 240 2.70 I.50 0.08 r.54 I-54 
Inhibition by QO (YJ,) - 7 - 95 - 0 

TABLE II 

EFFECT OF QO ON FWMARATE REDUCTASE 

The rate of fumarate reduction is expressed as ~1 H, uptakejminlmg protein at 37” with H, as 
gas phase. Warburg-cup contents as in Table I[ except that 5 pmoles of benzyl viologen and 3.2 c&g 
of QO were added. 0.5 ml of C. pasteurianum extract and 50 pg of V. su~ti3zogm~s extract protein 
were used. Fumarate was present in the sidearm and was tipped after 30 rn& equilibration to 

start reaction. 

V. succ~mgeltes andC. pusteurianum extracts, benzyl viologen 32.8 
V. succinogmes altdC. pastcurianum extracts, benryl viologen. QO 28.2 

V. succa”~rugcnes and C. pastuuriannm extract 3.9 
V. succinoge*tes extract, benzyl viologen I-9 
V. succinagertes extract 2.3 

__-______- __._.. . _ 
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t o  be inhib i ted .  F r o m  the  resul ts  p resen ted  in Tables  I a n d  I I ,  i t  can  be concluded 
t h a t  ~ causes l i t t le inh ib i t ion  of formic dehydrogenase  or  f u m a r a t e  reduc tase  b u t  
causes m a r k e d  inh ib i t ion  of some inte, , -me~ate site coupl ing  the  two  enzymes.  

Inhibition of cytochrome reduction and oxidation by QO 

i n  order  to  e x a m i n e  the  re la t ionsh ip  of the  cy toch romes  of the  ~ibrio to  the  
inh ib i t ed  site, we inves t iga ted  the  ab i l i ty  of QO to  inh ib i t  the  react ions  of the  ty ro -  
chromes.  These  s tudies  were conduc ted  w i t h i n  2 or 3 days  f rom the  t ime  the  ex t r ac t s  
were p repared .  

Fig.  x shows a typica l  recording of several  t ime  in te rva l s  fol lowing reduc t ion  wi th  
fo rmate .  Af te r  25 rain, the  ex t en t  of r educ t ion  of b o t h  cy toch romes  b a n d  c wi th  
f o r m a t e  is abou t  8o % of t h a t  which can  be ob t a ined  b y  add i t ion  of hydrosulf i te .  
I t  will also be no ted  t h a t  cy tochrome  b approaches  8o % reduc t ion  more  slowly t h a n  
cy toch rome  c. x/~g per  ml  of QO causes a definite de lay  in t h e  appea rance  of b o t h  
the  cy toch rome  b a n d  c peaks.  "Ibis m a r k e d  inh ib i t ion  of cy toch rome  reduc t ion  c a n n o t  
be due  to  inh ib i t ion  of the  formic dehydrogenase  since i t  has  been shown t h a t  the  
dehydrogenase  is inh ib i ted  less t h a n  Io  %, b y  s imi lar  concen t ra t ions  of QO. 

Fig. 2 i l lus t ra tes  the  ox ida t i on  of the  reduced  cy toch romes  b y  f u m a r a t e  in the  
presence a n d  absence of QO. There  is no d o u b t  t h a t  f u m a r a t e  causes  the  ox ida t ion  
of  r educed  c y t o c h r o m e  b, since only  the  p e a k  due  to  cy toch rome  c r emains  af ter  the  
add i t ion  of fumara t e .  Due  to  the  ove r l app ing  of the  b a n d  c peaks ,  i t  is difficult t o  
e s t ima te  if a n y  of t he  c y t o c h r o m e  c has  been oxidized b y  fumara t e .  Since QO, a t  
a concen t ra t ion  th ree  t imes  grea te r  t h a n  tha*_ used in the  e x p e r i m e n t  of Fig.  x has  
no visible effect on cy toch rome  ox ida t ion ,  i t  can  be  conc luded  t h a t  inh ib i t ion  by  
QO of cy toch rome  b o x i d a t i o n  by  f u m a r a t e  was  no t  de tec ted  b y  th is  me thod .  I t  is 
of in teres t  to  no te  t h a t  in Escherichia coil no effect of th is  inh ib i to r  on the  reduct ion  
of cy toch rome  b I b y  f o r m a t e  was  de tec ted ,  a l t hough  the  ox ida t ion  of reduced cyto-  
ch rome  b I b y  NOa-  was  inh ib i ted  s. 

Fig.  3 shows a typ ica l  recording a t  var ious  t ime  in te rva l s  following add i t ion  of 
succinate.  On  c o m p a r i n g  this  reduct ion  wi th  the  to ta l  reduc t ion  ob ta ined  wi th  hydro -  
sulfite, i t  would  a p p e a r  t h a t  a l i t t le  more  t h a n  x/z of the  cy toch rome  c is reduced  by  
succ ina te  a n d  a b o u t  x/3 of the  cy toch rome  b is reduced.  The  effect of QO on the  course 
of cy toch rome  reduc t ion  b y  succ ina te  is also i l lus t ra ted .  A l t h o u g h  the  reduc t ion  of 
cy toch rome  b is aga in  only  par t ia l ,  no obvious  difference in the  e x t e n t  o r  r a te  of 
r educ t ion  of c y t c h r o m e  b can be de tec ted  whe the r  or  n o t  the  inh ib i to r  is present .  
On the  o the r  hand ,  t h e  inhib i t ion  of cy toch rome  c reduc t ion  is obvious.  The  t echn ique  
used  has  the  d i s a d v a n t a g e  t h a t  the  ra te  of c y t o c h r o m e  reduc t ion  c a n n o t  be followed 
since the  cy tochrome ,  in the  absence of inhibi tor ,  is u sua l ly  more  t h a n  5 ° % reduced 
before the  first s p e c t r u m  can be t aken .  Therefore ,  these d a t a  should  on ly  be in t e rp re t ed  
t o  ind ica te  t h a t  the  inh ib i t ion  by  QO of c y t o c h r o m e  b reduc t ion  b y  succinate  canno t  
be  de tec ted  u n d e r  condi t ions  where  QO inhib i t ion  of b o t h  cy toch rome  b and  c re- 
duc t ion  b y  f o r m a t e  a n d  of cy toch rome  c reduc t ion  by  succ ina te  can  be readi ly  detected.  
This  cr i t ic ism also appl ies  to  the  expe r imen t  i l lus t ra ted  in Fig. z where  no inhibi t ion  
of c y t o c h r o m e  b ox ida t ion  by  f u m a r a t e  wa~ detec ted .  I f  ~ is used  a t  a concen t ra t ion  9 
t imes  h igher  t h a n  shown in Fig. 3, there  is still  no de tec tab le  inhib i t ion  of cy toch rome  b 
reduc t ion  b y  succinate .  

I t  was  necessary  t o  eva lua t e  the  effect of QO on the  succinic dehydrogenase  itself. 
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Nitroblue  t e t razo l ium was used to assay  succinic dehydrogenase  ac t iv i ty  since it 
is one of the few electron acceptors  which is reduced b y  succinate wi th  these ex t rac t s  ~. 
The succinic dehydrogenase  was not  found to be inhibi ted  b y  QO since there  was no 
inhibi t ion of n i t rob lue  t e t razo l ium reduct ion b y  succinate in the presence of QO. 
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Fig .  2. O x i d a t i o n  of  r e d u c e d  c y t o c h r o m e s  b y  
f u m a r a t e .  A n a e r o b i c  c u v e t t e s  a s  in F ig .  x w i t h  
19 m g  e x t r a c t  p r o t e i n .  2 tumoles  o f  f o r m a t e  
w e r e  in t h e  s i d e r a r m .  A f t e r  e v a c u a t i o n ,  t h e  
f o r m a t e  w a s  t i p p e d  in o r d e r  t o  r e d u c e  t h e  
c 3 - t o c h r o m e s .  T h e  s i d e a r m s  w e r e  r e p l a c e d  w i t h  
n e w  s i d e a r m s ,  c o n t a i n i n g  e i t h e r  o.x m l  o f  
o . o i  N N a O H  or  o.x m l  o f  a s o l u t i o n  o f  Q O  
( ioo  t lg /ml) ,  w i t h  a m i n i m u m  of  a e r a t i o n .  T h e  
c u v e t t e s  w e r e  a g a i n  e v a c u a t e d  a n d  t h e  s i d e -  
a r m s  t i p p e d .  T h e  s i d e a r m s  w e r e  t h e n  r e p l a c e d  
w i t h  s i d e a r m s  c o n t a i n i n g  o.x m l  o f  o.2 M 
f u m a r a t e  a n d  a g a i n  e v a c u a t e d .  T h e  s p e c t r a  
s h o w n  a t  t h e  t o p  of  t h e  f i g u r e  w e r e  r e c o r d e d  

b e f o r e  t h e  a d d i t i o n  o f  f u m a r a t e .  

F ig .  3. R e d u c t i o n  of  c y t o c h r o m e s  b y  s u c c i n a t e .  
C o n d i t i o n s  as  in Fig .  x w i t h  2 5 m g  e x t r a c t  
p r o t e i n  a n d  o.2 m l  6f  o.  4 ~ I  s u c c i n a t e  a d d e d  

t o  s t a r t  t h e  r e a c t i o n .  

W A V E L E N G T H ,  m./..t 

Effect of iron chelators on the couple between formate and fumarate 

In  an a t t e m p t  to reveal  the na tu re  of the  in te rmedia te  site which is inhib i ted  
by  QO, o ther  reagents  were tes ted for thei r  abi l i ty  to  inhibi t  the  couple be tween 
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fo rma te  a n d  fumara te .  I ron-chela t ing  agents  were inves t iga ted  since QO is known 
to  form a coordina t ion  c o m p o u n d  when reacted wi th  ferric chloride 6, and  since 
LASCELLES AND STILL 7 repor ted  t h a t  the reduct ion  of f u m a r a t e  b y  H a in Escherichia 
coli is much  more  inhib i ted  b y  0-phenanthrol ine  at  a concent ra t ion  of 2 - I o  -3 M than  
is the  reduct ion of me thy lene  blue by  H e. ~,Ve therefore tes ted the  ab i l i ty  of an iron 
che la tor  such as m,m'-dipyridyl to inhibit  the couple. We have  also tes ted  other  iron 
chelators  such as o-phenanthrol ine  and t iron (d isodium-x,2-dihydroxybenzene-3 , f -  
d isul fonate  monohydra t e )  on the formic dehydrogenase  and on the f o r m a t e -  fumara t e  
couple. The resul ts  were essential ly the same as t hey  were wi th  ~,x ' -dipyr idyl .  
Table I I I  compares  the inhibi t ion pa t t e rns  of QO and x ,x ' -d ipyr idyl .  

T A B L E  I i i  

137HIBITION O F  FOR31.~_TE O X I D A T I O N  BY ( 2 0  A N D  ~ . ~ t - D I P Y R I D Y L  

I n h i b i t o r  I n h i b i t i o n *  
E l e c t r o n  accep tor  Ink*rbitor concen t ra t  ion  

(M)  

M e t h y l e n e  b l u e  Q ( ~  4"  i o  -~ 7 
F u m a r a t e  Q ( )  4"  1 o - 6  9 5  
M e t h y l e n e  b l u e  x , x '  d i p y r i d y l " "  l .  I • i o  - a  2 0 - 3 0  
F u m a r a t e  ~ ¢ , , C - d i p y r i d y l  * * t .  t - t o  - a  4 ° 

" G a s  e v o l u t i o n  m e a s u r e d  a s  i n  T a b l e  I .  
** ~ , ac ' -D ip~kTidvI .  w a s  d i s s o l v e d  in  t.-'50,o, e t h a n o l .  A n  e q u a l  a m o u n t  o f  s . 2 5 ° ~ /  e t h a n o l  w a s  

a d d e d  t o  t h e  c u p s  w i t h o u t  ~ , ~ t ' - d i p y r i d y l .  

The  resul ts  d e m o n s t r a t e  t h a t  ~ ,~ ' -d ipyr idyl  does not  exhibi t  the same pa t t e rn  
of inhibi t ion t h a t  QO does. QO is a re la t ive ly  specific inhib i tor  of the  f o r m a t e -  
f u m a r a t e  couple and  a re la t ive ly  poor inhibi tor  of the  formic dehydrogenase  at  the 
concent ra t ions  used. On the o ther  hand ,  when compared  wi th  QO, the o rd ina ry  
i ron-chela t ing agent  is a much  poorer inhibi tor  of the couple. In fact,  it is difficult 
to decide whe the r  or  not  the  o rd ina ry  i ron-chela t ing agent  has  any  specific effect 
on the couple since the per  cent inhibi t ion wi th  fumara t e  as acceptor  is not  a great  
deal h igher  t h a n  the  per  cent inhibi t ion with  methy lene  blue. FeSOa (xo -~ ~d) does 
no t  reverse the inhibi t ion of the couple by  QO, while it  does cause some reversal  of 
the inhibi t ion of the  formic dehydrogenase  b y  QO and  of bo th  the formic del .ydro-  
genase and  the  couple b y  ~ ,a ' -d ipyr idyl .  Pre incubat ion  of enzyme wi th  formate  under  
N ,  pr ior  to  the addi t ion of QO does not  ,'elieve the inhibi t ion of the couple by  QO, 
a l though  it does p reven t  the small  a m o u n t  of inhibi t ion of the formic dehydrogenase  
caused b y  QO. The  inhibi t ion of the formic dehydrogenase  of E. coli by  i ron-chelat ing 
agents  has  been discussed b y  PECK AND GEST s. 

Effect of  QO on tlw couple between n.2 and flo~:urate 

In  order  to  de te rmine  whether  or not  the QO-inhibi ted  site which c~=v,e~* a 
fo rma te  to  f u m a r a t e  is s imilar  to the one coupl ing H 2 to fumara te ,  the effect of QO 
on the react ion between H 2 and fumara t e  was studied.  This  react ion can be s tudied 
wi th  m u c h  lower enzyme  concent ra t ions  because the hydrogenase  and  the  f u m a r a t e  
reduc tase  are in m u c h  higher  concent ra t ion  in ex t rac t s  t han  the  formic dehydrogenase .  
Q O  at  x.2- xo 4 M caused no inhibi t ion of the hydrogenase  as measured  b y  me thy lene  
blue reduct ion.  At  the  same concent ra t ion ,  it  caused 87 % inhibi t ion of f u m a r a t e  
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reduc t ion  b y  H 2. These  e x p e r i m e n t s  were c o n d u c t e d  u n d e r  a p p r o x i m a t e l y  t h e  s a m e  
cond i t ions  as shown  in Tab l e  I of t h e  p reced ing  p a p e r  I. i / ~ g  pe r  ml  of A n t i m y c i n  A 
or I / zmole  per  ml  of a m y t a l  d id  n o t  inh ib i t  the  r educ t ion  of f u m a r a t e  b y  h y d r o g e n .  

We h a v e  also i nves t i ga t ed :one  o t h e r  p rocedure  which  will p re fe ren t i a l ly  uncoup le  
the  h y d r o g e n a s e  f rom the  f u m a r a t e  reduc tase .  If  the  cells are first  m a d e  in to  an  
ace tone -powder  (cells d r ied  in cold ace tone  a n d  ether)  before be ing  d i s r u p t e d  b y  
sonic oscil lation, the  cell-free e x t r a c t s  are  unab le  to  couple  the  h y d r o g e n a s e  to  the  
f u m a r a t e  reductase .  Methy lene  blue can still  be  r educed  b y  H 2, a n d  the  couple  can  
be res to red  wi th  ca t a ly t i c  q u a n t i t i e s  of benzy l  viologen.  N e i t h e r  t he  h y d r o g e n a s e  no r  
the  f u m a r a t e  r educ t a se  is m a r k e d l y  i n a c t i v a t e d  in these  ex t r ac t s .  I t  wou ld  a p p e a r  
t h a t  the  so lven t  t r e a t m e n t  has  p re fe ren t ia l ly  i n a c t i v a t e d  some i n t e r m e d i a t e  site(s) 
necessary  for t he  couple  be tween  the  t w o  enzymes .  

Effect of QO on the forme.te oxidase system 
I t  was  shown t h a t  these  e x t r a c t s  oxid ized  f o r m a t e  w i t h  O a (see ref. I ) .  I n  o rde r  

to  e x a m i n e  the  role of the  c y t o c h r o m e s  in th is  reac t ion ,  the  ab i l i ty  of QO to  inh ib i t  
this  fo rma te  ox idase  sy s t em was  tes ted.  T h e  resul ts  are shown  in Fig.  4. I t  will be  
no t ed  t h a t  QO has  l i t t le  or  no ab i l i ty  to  inh ib i t  the  ini t ia l  r a t e  of 0 2 c o n s u m p t i o n ,  
b u t  QO does cause a more  r ap id  decline in the  r a t e  of O~ u p t a k e .  This  decl ine in  the  
ra te  of 0 2 c o n s u m p t i o n  sugges ted  the  poss ib i l i ty  t h a t  QO caused  a m o r e  r a p i d  a c c u m u -  
l a t ion  of an  i nh ib i to ry  end  p r o d u c t  such as H~O 2. W h e n  the  W a r b u r g - c u p  c o n t e n t s  
were a s sayed  for H 2 0  2 i t  was  found  t h a t  in t h e  absence  of QO, a b o u t  o.5 t, mole  of  
H 2 0  2 was  fo rmed  du r ing  t h e  c o n s u m p t i o n  of 8 .4/~moles  of O a whereas  in  the  presence  
of QO a b o u t  3 . 3 / , m o l e s  of HaO 2 were fo rmed  d u r i n g  the  c o n s u m p t i o n  of 6.o t~moles 
of Oa. These  va lues  for the  a m o u n t  of H a O  2 are  p r o b a b l y  s l igh t ly  low due  to  t h e  
presence  of r educ ing  subs tances ,  such as f l -mercap toe thano l ,  in t h e  e n z y m e  p rep-  
a r a t i on  which  could  reac t  wi th  H 2 0  a. There  was  also some v a r i a t i o n  in  the  ra t io  
of H20~  fo rmed  to O 2 c o n s u m e d  d e p e n d i n g  u p o n  t h e  b a t c h  of e x t r a c t  which  was  used. 

T h e  fact  t h a t  m o r e  H ,O~  a c c u m u l a t e d  in the  presence of QO sugges ted  t h a t  
QO was  at  least  pa r t i a l l y  i nh ib i t i ng  a reac t ion  which  could  dispose of the  H20~  which  
was  fo rmed  b y  the  f o r m a t e  oxidase  sys tem.  T h e  obv ious  m e c h a n i s m  for H .O~  disposal  
in th is  c a t a l a se -nega t i ve  o rgan i sm was  the  f o r m a t e  pe rox idase  s y s t e m  which  was  
descr ibed  in tile p reced ing  pape rL  I t  was  found  t h a t  th is  f o r m a t e  pe rox idase  sys t em,  
as a s sayed  u n d e r  the  cond i t ions  shown  in Tab le  I I I  of the  p reced ing  paper ,  w a s  
a b o u t  5 ° % inh ib i t ed  b y  I / ~ g  per  ml  of QO. 

Since these  d a t a  a n d  the  d a t a  p re sen t ed  in  the  previou.~ p a p e r  sugges ted  t h a t  
an  i m p o r t a n t  m e c h a n i s m  for O ~ c o n s u m p t i o n  in these  e x t r a c t s  i nvo lved  a c o m b i n a t i o n  
of a f o r m a t e  oxidase  s y s t e m  which  fo rmed  H i O  , a n d  a f o r m a t e  pe rox idase  s y s t e m  
which  de s t royed  H 2 0  2, the  poss ib i l i ty  was  cor~ idered  t h a t  th is  u n u s u a l  m e c h a n i s m  
for O2 c o n s u m p t i o n  exp la ined  t h e  o b s e r v a t i o n  t h a t  th i s  o r g a n i s m  exh ib i t s  a mic ro-  
aerophi! ic  t y p e  of g rowth  when grown w i t h  O~ as an  e lec t ron  acceptor .  P r e v i o u s  
s tud ies  h a v e  shown  t h a t  th i s  o r g a n i s m  will  uti l ize O~ as an  e lec t ron  accep to r  for  
g r o w t h  on ly  if t he  O a c o n c e n t r a t i o n  is be low 4 %. 

F r o m  the  o b s e r v a t i o n  t h a t  H , O a  is fo rmed  even  in the  absence  of QO u n d e r  t h e  
condi t ions  shown in Fig. 4, i t  was  conc luded  t h a t  t h e  pe rox idase  was  n o t  ac t ive  
e n o u g h  u n d e r  those  cond i t ions  to  d e s t r o y  all of t h e  H , O  2 f o r m e d  b y  t h e  ox idase  
sys tem.  I f cond i t ions  could  s o m e h o w  be a l t e red  to  reduce  the  a c t i v i t y  of t h e  o x i d a ~ .  
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but  not  the peroxidase, the result should be tha t  less H20, _, should be produced per 
mole of O o consumed. The most  obvious method for achieving this  result would be 
to lower the O 2 concentrat ion of the atmosphere.  

Fig.  4- Ef fec t  of  Q o  on o. ,  u p t a k e  in 
cell-free ex t r ac t s .  E a c h  c u p  c o n t a i n e d  
I t o  m m  K±HPO~ (pH 6.2); I i m g  e x t r a c t  
p ro t e in ,  o . i  5 m l  of  o/ 2 o / o  K O H  in t h e  
c e n t e r  well ,  HoO to  3.o mI  to t a l  v o l u m e  
a n d  31 lg  QO w h e r e  i nd i ca t ed .  Af ter  
e q u i l i b r a t i o n  u n d e r  N ,  gas  for  Io rain, 
t h e  c u p s  were  f lushed  w i t h  a i r  for 8 m i n  
be fo re  t i p p i n g  i ~ / , m o l e s  of s o d i u m  for- 
m a t e  f rom t h e  s i d e a r m .  A r eac t ion  mix -  
t u r e  w i t h o u t  f o r m a t e  was  u sed  as  an  
e n d o g e n o u s  b l a n k  b o t h  for  c o r r e c t i n g  O 2 
u p t a k e  a n d  H~O 2 va lues .  Af t e r  35 m i n ,  
a l i q u o t s  were  r e m o v e d  a n d  d i l u t e d  to  
4 .o  m l  ~-ith 5 % t r i ch lo roace t i c  acid .  Pre-  
c i p i t a t e d  p r o t e i n  w a s  r e m o v e d  b y  cen-  
t d f u g a t i o n .  T h e  s u p e r n a t a n t  s o i u t i o n s  
were  a n a l y z e d  for  H=O z b y  t h e  p r o c e d u r e  
in M A T E R I A L S  A N D  METHODS.  S t a n d a r d  
c u r v e s  for  H20.2 were  d e t e r m i n e d  w i t h  t h e  
s a m e  p r o c e d u r e  u s ing  30 ° o H~O 2 (F i scher  

Cer t i f ied  R e a g e n t )  as a s t a n d a r d .  
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Fig.  5. F o r m a t e  ox idase  a c t i v i t y  by  who le  
cells a t  v a r i o u s  O z c o n c e n t r a t i o n s .  C u p  con-  
t e n t s  as  in Fig.  4 w i t h  o . I  m l  of a w a s h e d  cell 
s u s p e n s i o n  c o n t a i n i n g  o . 3 t  m g  cells (dry  
weight} .  T h e  c u p  used  to  m e a s u r e  endo -  
g e n o u s  gas  u p t a k e  a n d  t h e  c u p  u n d e r  air  
w e r e  a l lowed  to  e q u i l i b r a t e  in air.  T h e  c u p s  
u n d e r  t o o %  O 2 a n d  2 0 %  a i r - 8 o %  No were  
e q u i l i b r a t e d  for  2o m i n  before  t i p p i n g  x5 it- 
mo les  f o r m a t e  f rom t h e  s i d e a r m .  Af t e r  
IO5 rain, t h e  c u p  c o n t e n t s  were  a n a l y z e d  for 
H 2 0  , as in Fig.  4. T h e  e n d o g e n o u s  c u p  was  
u sed  as  b l a n k  for c a l c u l a t i o n  of Oo con -  
s u m p t i o n  a n d  H 2 0  z p r o d u c t i o n .  T h e  t o t a l  
/ ,mo le s  of  0 2  c o n s u m e d  a n d  HzO. - , f o r m e d  p e r  

c u p  are  s h o w n  on  t h e  figure.  

Fig. 5 illustrates an experiment in which 0 2 consumption and H 2 0  2 production 
with formate as substrate were measured under atmospheres of varying O= concen- 
tration. This experiment was conducted wi*h dilute suspensions of whole cells in 
order to duplicate a~ closely as possible the conditions under which this organism 
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grows. The results  show t h a t  as the  O: conc~nbration of  the  a tmosphe re  is increased,  
the  ra t io  of H 2 0  ~ p roduced  to O 2 consumed  also ~ .  This  increased a m o u n t  
of HaO 2 is p robab ly  responsible for the  more  r a p i d  decline in the  ra te  of Oz con- 
sumpt ion  at  higher  O~ concent ra t ions .  

Dt~CUSSIOX 

The fact t h a t  QO inhibi ts  bo th  the  reduc t ion  off ~.- toehrome b by  fo rmate  and  the  
reduct ion  of f u m a r a t e  by  formate ,  lends fu r the r  s u ~  t o  the  suggest ion t h a t  cyto-  
chrome b funct ions  as a q u a n t i t a t i v e l y  i m p o r t a n t  electxon carr ier  be tween  the  formic 
dehydrogenase  and  the  f u m a r a t e  reduc tase  in  th is  o~-ganism. 

I t  should be emphas ized  t h a t  the  resul ts  o b t a i n e d  wi th  this  inh ib i tor  do not  
p rove  t h a t  cy tochrome  b is a requi red  i n t e rmed ia t e  in  th i s  react ion since t h e y  only  
es tabl ish  t h a t  the  inh ib i ted  site is necessary  for  b o t h  ¢y tochrome b and  f u m a r a t e  
reduct ion  by  formate .  Never theless ,  to t  purposes  of  discussion we h a v e  cons t ruc t ed  

MB, BV 

FORMIC / 
D E H Y D R O ~  C Y T ~ ~  ¢ 

INHINITION ..C~"T~-~IN~IJ',IE D ~ 5UCCINIC 
DEHYDROGENASE 

Fig. 6. Pa th  of e lectrons from fo rma te  ,or b ~ - ~  to ¢Ttochroraes and  fumara te .  

an electron t r a n s p o r t  scheme (Fig. 6) which  ~ a possible p a t h w a y  of e lectron 
flow which is consis tent  wi th  the  d a t a  presented_ I n  thi~ scheme,  X represen ts  t he  
site which QO inhibits .  The  scheme shows that .  witlh f o r m a t e  as subs t ra te ,  QO would  
inhibi t  the  reduc t ion  of cy tochrome  b, of  c y t t ~  ¢, a n d  of fmnara te .  W i t h  succi- 
na te  as subs t ra te ,  QO would inhibi t  t h e  r educ t ion  of  t3etochrome c, b u t  no t  the  re- 
duc t ion  of cy tochrome  b. I t  is of in te res t  t o  po in t  o u t  t h a t ,  wi th  the  except ion  of 
formic dehydrogenase ,  the  scheme _resembles t h a t  vrhieh has  been p o s t u l a t e d  for 
m a m m a l i a n  mi tochondr ia .  Bo th  LIGHTBOIqrX .~L%'ID J _ i @ N  t a/!d CHANCE 1° h a v e  shown 
in m a m m a l i a n  mi tochondr ia ,  wi th  succ ina te  a s  s ~ ~ t e ,  the  reduc t ion  of cyto-  
ch rome  c b u t  no t  of cy toch rome  b is inh ib i ted  b y  QO. The  scheme presen ted  m u s t  
only be r ega rded  as a t e n t a t i v e  one since severa l  fac t s  h a v e  no t  been expe r imen ta l ly  
es tabl ished which would  be requi red  before t h e  s cheme  could be accep ted  in i ts  
ent i re ty .  For  instance,  a l t hough  we were  tm_a_hle t o  de tec t  a n y  inhibi t ion of the  re- 
duc t ion  and  .oxidation of c3rtochrome b b v s a o : i n a t e  a m l  f u m a r a t e  b y  the  m e t h o d s  
avai lable ,  these reaction:~ should be  followed kitmtieall.~- in  order  to  insure  t h a t  QO 
does no t  inhibi t  t h e m  to any  degree. Also, t h e  scheme  assmnes  w i thou t  a n y  experi-  
m e n t a l  verif ication t h a t  the  dehydrogeaases  a n d  t h e  ¢y tochromes  are all in ter -  
connected  and  t h a t  only one site of ac t ion  off ~ exis t s  in  th is  organism.  

The fact  t h a t  QO is an effective hahibi tor  for  b o t h  t h e  couple be tween  fo rmate  
and  f u m a r a t e  and  the  couple be tween  I-I s aaad ffmmatate suggests  t h a t  the  p a t h w a y  
of electron t r anspo r t  be tween  fo rma te  a n d  l[vanmurate is  s imi lar  to  the  pathw.a:;:: :---~-: , ~-~-rt 
H~ and  fumara te .  The  inabi l i ty  oi  An t imyc in  A t o  s a l ~ t i t u t e  for QO as an inhib i tor  
is s imilar  to  effects observed  wi th  o the r  n t iexold~ ~-~ temst i .  
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The  impl ica t ions  of the  effect of QO on the  enzyme sys tems respGnsible for 
ox ida t ion  of fo rma te  by  0 2 will now be discussed. The resul ts  which have  be~-fi-~re- 
sen ted  indicate  t h a t  in ex t r ac t s  QO does not  inhibi t  O2 u p t a k e - w i t h  formate  bu t  
t h a t  QO does cause an increase in H.,O., product ion.  I t  has  also been shown t h a t  QO 
causes a par t ia l  inhibi t ion of the formate  peroxidase system.  The mos t  obvious  
i n t e rp re t a t i on  of these da t a  is t ha t  a mechan i sm which involves  a combina t ion  of 
Eqns .  x and  z is a q u a n t i t a t i v e l y  i m p o r t a n t  mechan i sm for the  oxida t ion  of fo rmate  
by  O2 

H C O O H  + C)., ----- Ct)., + l-I.zO_. (I) 

H C O O I q  + HzO. z ~ *  CO., + 2H.,O (2) 

This  in t e rp re t a t ion  is based on the fact t h a t  the fo rmate  peroxidase  sys tem in 
the  ex t r ac t s  is inhib i ted  by  QO and  on the  observa t ion  t h a t  an increased a m o u n t  
of H~O 2 is formed dur ing  0 2 consumpt ion  in the  presence of QO. The existence of 
a n o t h e r  fo rma te  oxidase sys t em which does not  form HzO 2 and  which is not  inhibi ted  
b y  QO canno t  be ruled out.  However ,  the  fact t h a t  at  least 3-3 ~moles  of H~O2 were 
formed dur ing  the  u p t a k e  of 6.0 ~moles  of O~ in the  presence of QO suggests  t h a t  
the  m e c h a n i s m  i l lus t ra ted  by Eqns .  I and z is responsible for at  least half  of the total  
O2 consumpt ion .  

T h e  fact t h a t  QO does not  inhibi t  the initial  ra te  of O .  consumpt ion  on formate  
indicates  t h a t  ne i the r  cy tochrome  b nor cy tochrome  c par t i c ipa tes  in the  fo rmate  
oxidase  sys t em because  QO inhibi ts  the reduct ion  of cy tochrome b and cy tochrome  c 
by  formate .  Since this fo rmate  oxidase sys tem does not  involve  cytochromes ,  and 
since it  forms apprec iable  a m o u n t s  of HzO 2, it m a y  be similar  to the  one proposed 
by  HAUGE ~2 to  be opera t ive  in Aspergillus niger. 

HzOz 
~ 1  r - ~  

FORM,~,TE ~ H z 0  

" C Y ~ O E H R O M E  ( b  o r  c )  

x 

Fig. 7- t ' a t h w a y  for  o x y g e n  u t i l i z a t i on .  

A l t h o u g h  the  fo rmate  oxidase sys tem a p p a r e n t l y  does not  involve cy tochrome  b 
or c, the  f o r m a t e  peroxidase  sys tem m a y  involve cy tochromes  b or c since this  sys tem 
is par t i a l ly  inh ib i ted  by QO. A possible scheme of electron t r a n s p o r t  dur ing  formate  
ox ida t ion  by  O= is shown in Fig. 7- In this  scheme, X is the  site which .~ inhibi ted  
b y  ~R). T h e  m e c h a n i s m  proposed by this scheme would predic t  t h a t  one molecule 
of fo rma te  would  be oxidized by 0 2 wi thou t  the  media t ion  of cy tochromes  b or c 
to  yield a molecule of H=O 2. A second molecule of fo rmate  would  reduce  cy toch romes  
b or ¢. The  reduced  cy toch rome  could then  react  wi th  the  molecule of H,O~ to  form 
H=O t h r o u g h  the  med ia t ion  of a cy toch rome  peroxidase.  A cy tochrome  peroxidase  
s y s t e m  has  been  d e m o n s t r a t e d  in P. fluorescens (see ref. t3).  The  fact t h a t  QO inhibi t s  
t h e  f o r m a t e  peroxidase  should  not  be in t e rp re t ed  as final proof  t h a t  the  ey tochromes  
are  invo lved  in th i s  sy s t em for the  same  reasons which h a v e  a l ready  been discussed 
wi th  regard  to  the  role of cy tochromes  in f u m a r a t e  reduct ion.  
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It  seems reasonable  to  conc lude  that  this  unusua l  o x i d a s e - - p e r o x i d a s e  s y s t e m  
is responsible  for the  res tr i c ted  use of Oa as an e lectron acceptor  for growth  at  low 
partial  pressures of  O2. The  a m o u n t  of  the  tox ic  product ,  HaOa, which  a c c u m u l a t e s  
dur ing  the  ox ida t ion  of  formate  is d e p e n d e n t  u p o n  the  ratio of  the  ve loc i t ies  of  
Eqns .  I and 2. The  e x p e r i m e n t  i l lustrated in Fig.  5 d e m o n s t r a t e s  t h a t  an increase 
in O2 concentrat ion  results  in increased H 2 0  ~ product ion  p r e s u m a b l y  because  the  
ve loc i ty  of  Eqn.  I is increased w i t h o u t  a corresponding  increase in the  ve loc i ty  of  
Eqn.  2. Growth  of the  vibrio  would ,  therefore,  be inh ib i ted  at higher  0 2  concentra t ions  
due  to  the  a c c u m u l a t i o n  of tox ic  H202.  Since this  e x p e r i m e n t  was  c o n d u c t e d  wi th  
a di lute  suspens ion  of  whole  cells, it is felt tha t  the  result  can be used to  exp la in  the  
e x t r e m e  sens i t iv i ty  to 0 2 wh ich  this  organism exh ib i t s  during  growth.  
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