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I .  Introd~tctlon 

When oxygen is added to an av_aerobic suspension 

o f  mi tochondda  supplied with bo th  ant imycin  and a 
respiratory substrata,  the b cy tochromes  become 
rapidly reduced; and then,  when  the oxygen  is 
exhausted they become reoxidised (review [i  ] ). A 
widely accepted explanation for this curious behaviour 
o f  the mitochondria l  b cy tochromes  is that ,  in the 
presence o f  oxygen,  cy tochrome  cx can oxidise semi- 
ubiquinone to ubiquinone thereby promot ing  the 
reduction of  cytochrcme bs66 by the ubiquinol/ 
semiubiquinone couple [2--5~. In the present work  
we describe a similar, rapid, ant imycin-dependent ,  
oxygen-induced reduct ion o f  b-type cy tochromes  Ln 
membranes isolated f rom aerobically and anaerobically 

grown cells ofParacoccus denitrificans. Hitherto this 
, h e n o m e n o n  has no t  been demonstra ted in bacteria. 
Our present observations extend the similarities [6] 
between the respiratory chain o f P .  denitrificans and 
the mitochondrial  respiratory chain. In addit ion,  
changes are shown to  occur in the cy tochrome  system 
ofP. denitrificans in adapting to anaerobi0sis. 

2. l~ te r ia l s  arid methods  

Paracoccus denitrificans @dicrococcus denitrificans 
NCIB 8944) was grown anaerobically with succinate 
as substrate and nitrate as the added terminal electron 

Abbreviation: HQNO, 2-n-heptyl4-hydroxyqufnoline-p.r-oxide 
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acceptor  as in [7] but  in 5 litre volmnes. Cells were 
grown aerobically at 30°C in 10 ~itre volumes in the 
same medium as that used-for the anaerobic cultures 

except  that KNO3 was omit ted,  air wa:; supplied 
through a #ass  sparger, and the culture was stirred 
magnetically. Membrane vesicles were prepared f rom 
ceils which were harvested during exponential  growth,  
treated with lysozytve,  and then broken by  osmotic  
shock,  all as described [8 ] .  The membrane vesicles 
were stored at 1--4°C for up to 7 days. Protein was 
determined by  the F01in method  in [91 . 

The kinetics of  oxidation and reduction of the 
cytochromes  were [bllowed using a dual-wavelength 
spec t rophotometer  equipped with a regenerative 
stopped-flow apparatus [19 ] .  The amplifier ou tpu t  
was displayed in parallel on  a storage osciUoscope and 
on a strip-chart pen recorder. The oscilloscope dis- 

played the absorption changes which occurred during 
the first 0.5 s or 1 s after mixing the anaerobic sus- 
pension o f  membranes with oxygenated buffer .  The 
pen recorder followed the complete cycle o f  absorp- 
t ion changes which occurred after mixing: a t ta inment  
of aeroNosis, the aerobic steady state, and ~he retu_rn 
to the anaerobic state on depletion o f  the added 
oxygen.  Details o f  the equipment  used are ia [111 - In 
the present work the slit-width was 0,5--1.0 mm,  the 
time constant  was 5 ms, and the reaction time at the 
start o f  ob~et ~-~~io_n (the continuous-f low phase) was 

12--15 ms. 

3. Results and discussion 

Reduced minus oxidised difference spectra 

[12-14] have provided evidence for the presence in 
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ae rob ica l ly  g rown  P. denitrif icans o f  t w o  b- type  c y t o -  
ch romes  w i t h  a b s o r p t i o n  m a x i m a  at  5 6 0  nna a n d  
566  n m  at  r o o m  temperature .  When a n  anae rob i c  sus- 

p e n s i o n  of membranes, isolated from aerobically- 
grown  cells, was m i x e d  w i t h  o x y g e n  these two  b - t y p e  
c y t o c h r o m e s  were  ox~dised in  the  absence  o f  an t i -  
m y c i n  b u t  r educed  in the  presence  o f a n t i m y c i n  
( f ig . l ) .  M e a s u r e m e n t s  m a d e  over the  first  0 .5  s o f  the  

r eac t ion  ( f i g . l e , f )  show tha t  the  a n t i m y c i n - d e p e n d e n t  

r e d u c t i o n  was c o m p l e t e  wif if in the  per iod  o f  the  f low 
( i  5 ms) .  Measu remen t s  over  a longer  per iod  ( f ig . lg ,h )  
show tha t ,  in  the  presence  o f  a n t i m y c i n ,  the  b - type  
c y t o c h r o m e  m e a s u r e d  a t  560  n m  was s lowly  oxddi~ed 

during the aerobic phase, while the b-type cytochrome 
measured at 566 nm remained largely reduced until 
the  r eac t ion  m i x t u r e  b e c a m e  anae rob i c ,  a t  wh ic h  t ime  
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F i g . 1 .  E f f e c t  o f  a n t i m y c i n  o n  t h e  k i n e t i c s  o f  o x i d a t i o n  a n d  

reduction of the b-type cytochromes in membranes from 
aerobically grown P. denitH~cans. The stopped-flow dual- 
wavelength spectrophotometer measurements were made 
with the measuring and reference wavelengths hldicated and 
were." r e c o r d e d  ha  paz-a l le l  o n  a s t o x a g e  o s c i l l o s c o p e  ( a , b , e , f )  
and a chaxt recorder (c,dg,h). The major syringe, maha- 
rained at 27°C, contained m 20 ml: 75 mM potassium phos- 
phate (pH 7.5), membrane vesicles (30 mg protein), gramici- 
din D (2/~g), 30 ram NH~CI, 0.2 told NADH, alcohol 
dehydrogenase (! rag), ethanol (0.2 ml) and rotenone (4 rag). 
Where indicated (e--h) 12.5/.~M anthnycin Was included. Tim 
nai.r~or s y r i r t g e  c o n t a L n e d  7 5  m ~ t  p o t a s s i u m  p h o s p h a t e  

(pH 7.5) eoWdnuously bubbled with oxygen at room temper- 
ature. 
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it  was  reo:ddJsed_ The  a n t i m y c h l - d e p e n d e n t ,  o x y g e n  
i n d u c e d  r e d u c t i o n  o f  t he  t w o  b - t y p e  cytoc~omes in 
the  m e m b r a n e s  f r o m  aerob ica l ly  g rown P. dcngtrificans 

is consistent with the previous observation [~4] flint in 
the  s t eady  s ta te  these  t w o  b - t y g e  c y t o c h r o m e s  are 
r educed  to  a greater  e x t e n t  aerobicaUy in  the  presence  
ofant_mn~y : i n  t h a n  anae rob ica l ly  in  the  absence  o f  an t i -  
mycha.  

F igure  2 shows the  resul ts  o f  s imilar  e x p e r t m e n t s  

p e r f o r m e d  wi th  m e m b r a n e s  f r o m  cells g r own  anae ro -  
b ica l ly  w R h  n i t r a t e  as t he  a dde d  terrrdnal  e l ec t ron  
accep tor .  As w i t h  m e m b r a n e s  f r o m  aerob ica l ly  grown 
cei ls,  t he  i~atroducfion o f  o x y g e n  resu l ted  in  an  an t i -  

mycin-dei~endent reduction of the b-type cyt0chrome 
measured at 566 nm (fig.2f~a). Unlike the membranes 
f r o m  aerobica l ly  g rown  c~lls, there  was n o  an t imych~-  
d e p e n d e n t  r e d u c t i o n  o f  t he  b - t y p e  c y t o c h r o m e  
m e a s u r e d  a t  560  n m  (fig.2e,g);  a n d  the  b - type  cy to -  
c h r o m e  m e a s u r e d  at 566  n m ,  w h i c h  was r e duced  o n  

adoption c [  o x y g e n  ha ~he presence  o~ an~rnyc~n ,  
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Fig.2. Effect of antimyd.u on the kinetics of  oxidation and 
reduction oL- the b-type eytochromes in membzanes ,from 
anaerobicaUy grown P. dengtrifgcans. Conditions were as for 
f~g_ l ,  e x c e p t :  t h a t  g.he m e m b r a n e s  ( 4 0  m g  p r o t e L r t )  ~ ' ~ e  

Lsohted from cei~s g~own anaerobiealiy *~dth nitrate as the 
terminal ele,:tron acceptor, aud 1 mg r0tenone was present. 
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was s lowly  reoxid ised  du r ing  the  aerobic  phase 
(f lg.2h) .  

As in  m i t o c h o n d ~ a  [ 15 ] r e p l a c e m e n t  o f  ~he ant~- 

mydn  by HQNO d~d not result m a rap~d, oxygen- 
d e p e n d e n t  r e d u c t i o n  o f  the  P. dengtn'fgcans b - t y p e  
c y t o c h r o m e  m e a s u r e d  at  566  n m  (fig.3c,g).  However ,  
art a d d i t i o n  o f  H Q N O  did  abol i sh  the  an t /myc~n-  
d e p e n d e n t ,  o×ygen-~nduced  r e d u c t i o n  o f  the  b - type  
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'ig.3. Effect of HQNO and anfirayein on the oxidation and 
~ducfion kinetics of the b-type and c-type cytochromes in 
~embranes from anaerobically grown 1". denitrificans. Reac- 
ton conditions were as for rig.2. Where indicated the reaction 
tL~ture also contahaed 12.5 t~M anfimycin (b~fj,n), 50 vM 
[ Q N O  ( c ~ g . k , o ) ,  o r  b o t h  1 2 . 5 / ~  a n t i m y c ~ r ~  a n d  5 0  g ~ I  

!QNO (d,h,l.p). Measurements were made either at 566-575  
m (a -h )  or at 556 -540  nm ( i -p) .  
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c y t o c h r o m e  m e a s u r e d  a t  566 n m  (fig.3d¢n).  A s imilar  
a d d i t i o n  o f  H Q N O  did n o t  s ign i f ican t iy  af fec t  the  
o x i d a t i o n  or  reducdo:n  k inet ics  o f  the  c - type  cy to -  

c h r ome s  measu red  at  559  n m  ( f i g . 3 i - p ) ,  b u t  i t  
increased  b y  a b o u t  2-fold  the  t ime  requ i red  for  all 
the o x y g e n  in  the ma j o r  syr inge to be c o n s u m e d ,  
e i the r  h-L the  absence  ( f ig .3m,o)  or  in  the  presence  o f  

a n t i m y c i n  ( f ig .3n,p) .  Ta ke n  toge the r  wi th  the  previous  

obse rva t ions  [16] tha t  b o t h  n i t ra te  r e d u c t i o n  and  
o x y g e n  up t ake  are inl~Abited b y  H Q N O  b u t  o n l y  
o x y g e n  up t ake  is i n h i b i t e d  b y  a n t i m y c i n ,  the  p resen t  
da ta  m a y  be t aken  to  i m p l y  t ha t  HQNO a n d  a n t i m y c i n  
can  inh ib i t  at  d i f f e ren t  sites in  the  resp i ra to ry  cha in  

of ~maerobically grown P. denitrificans. 
The k ine t i c  spect ra  o f  r i g a  show the  e x t e n t  o f  the  

a b s o r p t i o n  changes  measu red  b e t w e e n  550  nrn  a n d  
566  n m  w h i c h  occur red  dur ing  the  first 15 ms o f  the  
r eac t ion .  With  m e m b r a n e s  f r o m  b o t h  ae rob ica l ly  and  
anae rob ica l ly -g rown  cells, e i ther  Ln the absence  or  in  

{he presence  o~ an t lmyc~n,  there  was ao a b s o r p t i o n  
m a x i m u m  at  a b o u t  552  n m  which  can be a t t r i b u t e d  
to  the c - type  c y t o c h r o m e s  o f P .  denitri3~cans [ i  2 ] .  
The  k ine t ic  spect ra  o f  the  two types  o f  m e m b r a n e  
di f fered  in  two  respect.s: 
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Fig.4. Kinetic spectra of the absorbance changes recorded 
during the first 15 ms after mL~ng oxygen with anaerobic 
membranes from (A) aerobically and (B) anaerobically grown 
P. denitri~cans. The stopped-flow, double-beam ~pectro- 
photometer measurements were recorded on a storage 
oscilloscope and made as described m fig.1 (foz A) and 
fig.2 (for B). The reference wavelength was mai_ritaLned at 
575 nm. AnfimycLn (12.5 t2M) was omitted (--o--) or included 
(--o--) as indicated. 
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( i )  In  t h e  a b s e n c e  o f  a n t i m y c i n ,  m e m b r a n e s  f r o m  
a n a e r o b i c a l l y  g r o w n  ceils  s h o w e d  g r ea t e r  a b s o r p -  
t i on  changes  a t  w a v e l e n g t h s  h ighe r  t h a n  556  n m  
t h a n  d id  t h e  m e m b r a n e s  f r o m  a e r o b i c a l l y - g r o w n  
cells. 

( i i )  In t h e  p re sence  o f  a n t i m y c i q ,  m e m b r a n e s  f r o m  
a e r o b i c a l l y  g r o w n  cells  h a d  a m o r e  ex t ens ive  

a b s o r p t i o n  b a n d  a t t r i b u t a b l e  to  t he  b - t y p e  c y t o -  
c h r o m e s  r e d u c e d  o n  a d d i t i o n  o f  o x y g e n  t h a n  d i d  
m e m b r a n e s  from. a n a e r o b i c a l l y  g r o w n  cel ls .  

These  d i f f e r ences  b e t w e e n  t h e  k ine t i c  s p e c t r a  o b t a i n e d  
w i t h  the  t w o  t y p e s  o f  m e m b r a n e  m a y  b e  d u e  t o  t h e  
c y t o c h r o m e  o ,  w h i c h ,  f r om r e d u c e d  +CO m i n u s  
r e d u c e d  d i f f e r e n c e  s p e c t r a ,  ha s  b e e n  s h o w n  [15 ,17 ]  
to  be  sy ,a thes i sed  in i n c r e a s e d  a m o u n t s  w h e n  P. deni- 
trificans is g r o w n  a n a e r o b i c a l l y .  H o w e v e r  t h e  signif i-  
cance  o f  c y t o c h r o m e  o for  t h e  p r e s e n t  s t u d y  m u s t  
r e m a i n  u n c e r t a i n  un t i l  i t s  a b s o r p t i o n  s p e c t r u m  a n d  

its t o c a t i o n  in t h e  r e s p i r a t o r y  cha in  are  k q o w n  (see  

[181). 
In c o n c l u s i o n ,  o u r  o b s e r v a t i o n  o f  an o x y g e n -  

i n d u c e d  r e d u c t i o n  o f  b - t y p e  c y t o e h r o m e  in  m e m -  
b ranes  f r o m  b o t h  a e r o b k : a l l y  a n d  a n a e r o b i c a l l y  g r o w n  
P. clenitrificans is c o m p a t i b l e  w i t h  t h e  p rev ious  
p r o p o s i t i o n  [19]  t h a t ,  in a d a p t i n g  t o  an  a n a e r o b i c  
e x i s t e n c e ,  P. denitrificans a d d s  n e w  c o m p o n e n t s  t o  a 
r e t a i n e d ,  a e r o b i c  r e s p i r a t o r y  cha in ,  w h i c h  c lose ly  
r e s e m b l e s  t he  m i t o c h o n d r i ~  r e s p i r a t o r y  cha in .  
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