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Interaction between Uncouplers of Oxidative Phosphorylation and Staphylococcus aureus Infected 
Liver Mitochondria 

Mice in t raper i tonea l ly  infec ted  wi th  a v i ru len t  s t ra in  of 
Staphylococcus aureus S m i t h  (t  x l09 cells) have  been  
observed to  die wi th in  260 min  ( i  20 min) following the  
chal lenge 1. The mechan i sm of d e a t h  is as ye t  unknown.  
Dur ing  the  p a s t  10 years  suff ic ient  d a t a  h a v e  been  accu- 
m u l a t e d  in our  l abo ra to ry  to  ind ica te  t h a t  t h e  p a t h o g e n  
p ro found ly  influences t he  normal  me tabo l i sm of t he  hos t  ~. 
Recent ly ,  t he  poss ibi l i ty  of uncoupl ing  of ox ida t ive  
phosphory la t ion  by  the  s taphylococca l  ' t ox in '  (whole 
s taphylococc i  and  all the i r  t ox ins  as p roduced  in t h e  hos t  
are  encompassed  in th i s  express ion  ' tox in ' )  has  been  
specu la ted  s. This  r epor t  is concerned  wi th  t he  P /O ra t io  
of s taphylococca l  infec ted  l iver m i tochondr i a  as well as 
t h e  effects  of uncouplers  of ox ida t ive  phospho ry l a t i o n  
in vi t ro .  Changes  in t he  popu la t ion  to  ' energ ized '  a n d  
"non-energized '  l iver  m i tochondr i a  4 following S. aureus  
infect ion in vivo have  also been  recorded  f rom elect ron 
micrographs .  

W h i t e  mice  (30 g) were  fas ted  ove rn igh t  and  t h e n  in- 
ocu la ted  w i t h  S. aureus  as prev ious ly  descr ibed  s. S tudies  
were m a d e  3 h a f te r  t he  chal lenge or  80 min  before t he  
average  dea th  t ime  of 260 min. Liver  h o m o g e n a t e s  were 
f reshly  m a d e  in 0 . 2 5 M  sucrose using a high speed  t issue 
grinder .  Mi tochondr ia  were  used for  t h e  ox ida t ive  phos-  
pho ry l a t i on  s tudies  in LEHmNGER'S m e d i u m  7 excep t  t h a t  
f luoride was  replaced wi th  ma lona t e  in equimolar  
a m o u n t s  s. Resp i r a to ry  s tudies  were  done  by  the  s t a n d a r d  
m a n o m e t r i c  t echn iques  9. Resp i r a t i on  was  fol lowed for 
60 min  a t  30°C. The  uncoup l ing  agen t s  used  were  2,4- 
d in i t ropheno l  (3 X l 0 4 M ) ,  o l igomycin  (2 fxg/3 ml) and  
a n t i m y c i n  A (1 ~g/3 ml). 

E lec t ron  mic rographs  of t he  mi tochondr i a l  popu la t ion  
of no rma l  and  infec ted  l iver  h o m o g e n a t e s  in 0 . 5 M  sucrose 
were  o b t a i n e d  b y  the  m e t h o d s  descr ibed  e lsewhere  1°. 
'Ene rg i zed '  and  ' non-energ ized '  m i t o c h o n d r i a  were 
ident i f ied  4 and  the i r  re la t ive  d i s t r ibu t ion  (%) in t he  

en t i re  popu la t ion  was  ca lcula ted  and  averaged  f rom 5 
e lec t ron  micrographs .  

The infected l iver  m i t o c h o n d r i a  have  a h igh  ra te  of 
oxygen  up take  (Table). The uncoupl ing  ac t ions  of dini-  
t rophenol ,  o l igomycin  and  a n t i m y c i n  A are clear ly 
ind ica ted  b y  the  s igni f icant  fall of P :  O ra t io  in t h e  n o r ma l  
l iver mi tochondr ia .  I n t e r ac t i ons  of t he  chemica l  uncoup-  
lers in v i t ro  w i th  t he  uncoupl ing  act ion of S. aureus in 
v ivo indica te  t he  s imi la r i ty  of t he  l a t t e r  w i t h  t h a t  of 
d in i t rophenol .  The  ' t oxemic '  m i t o c h o n d r i a  f rom infec ted  
mouse  l ivers show less response  to  t h e  s t imu la t ive  ac t ion  
of d in i t ropheno l  in regard  to  oxygen  u p t a k e  c o m p a r e d  to  
no rma l  l iver mi tochondr ia .  P h o s p h a t e  es ter i f ica t ion of 
infec ted  mi tochondr i a  is no t  suppressed  b y  d in i t ropheno l  
to  t h e  e x t e n t  found  in t h e  un in fec ted  mi tochondr ia .  The  
P : O  ra t ios  ind ica te  t h a t  t he  uncoupl ing  ac t ion  of S. 
aureus ' t ox in '  in v ivo is more  effect ive  t h a n  t h a t  of 
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Uncoupling of oxidative phosphorylation by staphylococcal toxin action in vivo (n = 5) 

Condition Oxygen uptake Phosphate uptake P: O Ratio 
[zatoms/mg N % control [zM % control Ratio % control 

Energy State of Mitochondria 
*Energized* *Non-energized* 
(%) (%) 

Normal 
Control (normal) 3.4 (± 0.2) 100 8.8 (~: 2.0) 100 2.5 (4- 0.3) 
+ DNP 4.4 (4- 0.4) 130 b 4.6 (4- 1.0) 52 b 1.0 (4- 0.1) 
+ Oligomycin 2.2 (:t: 0.3) 62 b 1.8 (4- 0.1) 19 b 0.2 (q- 0.02) 
+ Antimyein A 0.0 0 b 0 b 0 

Infected 
Control (infected) 4.2 (4- 0.4) 100 2.2 (4- 0.2) 100 0,5 (4- 0.1) 
-I- DNP 4.6 (4- 0.5) 110 1.6 (4- 0.1) 72 u 0.3 (4- 0.07) 
+ Oligomycin 1.9 (4- 0.07) 45 b 0.4 (4- 0.2) 14 b 0.1 (4- 0.05) 
-t- Antimyein A 0 0 b 0 0 b 0 

Mitochondria distribution in vivo 
Normal liver - -  - -  
Infected liver - -  - -  

Infection effect 
Infected control 
as % normal control 124" 

M 

25 b 

100 
40 b 
8 b 
0 b 

100 
60 b 
20 b 
0 b 

m 

m 

w 

35 (-I- 4) 65 (-4- 4) 
22 (+ 5) 78 (-t- 5) 

20 b 62 b 120 b 

i Difference is significant from the normal or infected control (p < 0.05). 
Difference is significant from the normal or infected control (p < 0.01). 
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Electron micrographs of mouse liver mitochondria: (A) Normal and (B) after 3h of S. aureus challenge. 

d in i t rophenol  a t  t he  o p t i m u m  concent ra t ion  used in vi t ro.  
Ol igomycin ,  on the  o ther  hand,  suppresses b o t h  oxygen  
up take  as well  as t he  phospha te  es ter i f icat ion ra tes  of 
infected mi tochondr i a  more  e f fec t ive ly  than  t h a t  of the  
normal  mi tochondr ia .  Comple te  uncoupl ing is no ted  in 
mi tochondr i a  t r ea ted  w i t h  a n t i m y c i n  A in b o t h  normal  
and  infected mi tochondr ia .  

E lec t ron  micrographs  show a decrease of the  'energized '  
mi tochondr ia l  popula t ion  and an  increase of  'non-  
energized '  mi tochondr ia l  popula t ion  due  to the  s taphylo-  
coccal  ' t ox in '  ac t ion in v ivo  (Table, Figure).  

S taphylococcal  ' t ox in '  causes degree or  p ropor t ion  un- 
coupling in vivo.  The  uncoupl ing act ion has a s imi la r i ty  
wi th  t h a t  of d in i t rophenol  act ing in vi t ro .  I t  is thus  specu- 
la ted t h a t  the  s taphylococcal  tox in  p robab ly  allows oxi- 
da t ion  to  proceed wi thou t  phosphoryla t ion .  The  in terac t ion  
studies in v i t ro  be tween  d in i t rophenol  and infected mi to-  
chondr ia  fur ther  suggests t h a t  the  'uncoupled '  mi tochon-  
dria  f rom infected animals  respond less ef fec t ively  to the  
chemical  uncoupler  in v i t ro  than  normal  mi tochondr ia .  
The  inhibi t ion of phosphory la t ing  electron t ranspor t  
caused by o l igomycin  xx, x~ is aggrava ted  under  infected 
condit ions.  

I n  one of our  recent  s tudies x3 we have  observed an 
increase of long-chain f a t t y  acids of the  l ipid composi t ion  
of  l iver  fol lowing s taphylococcal  infection.  This  m a y  
con t r ibu te  to  t he  uncoupl ing of ox ida t ive  phosphory la t ion  
in infected mi tochondr i a  u,a*. Fur ther ,  t he  r e l a t ive  
d i s t r ibu t ion  of sa tu ra ted  long-chain f a t t y  acid is found to  
be more  t h a n  the  unsa tu ra t ed  long-chain  f a t t y  acids in 
t he  infected l iver  x3. The  fall  of unsa tu ra t ed  long-chain 
f a t t y  acid, par t icu la r ly  l inoleic acid, m a y  induce a damag-  
ing effect  on the  mi tochondr i a  x*. Thus  the  inh ib i to ry  ef- 
fects of o l igomycin  on the  electron t ranspor t  sys tem appear  
to have  been accen tua ted  under  infected condit ions.  The  
increase of the  'non-energized '  mi tochondr ia l  popula t ion  
in the  infected l iver  subs tan t ia te  the  possibi l i ty  of uncoup-  
l ing act ion by  the  s taphylococcal  ' t ox in '  in vivo*. 

The  mechan i sm of the  uncoupl ing act ion of s taphylo-  
coccal ' t ox in '  in the  body  of the  host  is ye t  to be resolve- 
ed 3,15. The  present  s tudy,  however ,  brings for th  fresh 
evidences  to suppor t  the  site of uncoupl ing to be a t  the  

phosphory la t ing  s tep of oxidat ion.  Inhib i t ion  of e lec t ron 
t r anspor t  in ox ida t ion  can be due to  mi tochondr ia l  d a m -  
age. The  host  shows signs of hypog lycemia  when  infect-  
ed xs while  an  increase of oxygen  consumpt ion  by  the  
whole an imal  has no t  been demons t r a t ed  s. On  the  o the r  
hand,  A T P  product ion  is badly  impa i red  due  to  uncoup-  
l ing of ox ida t ive  phosphory la t ion  caused by  the  s taph-  
yloccocal  ' t ox in '  xs Thus  the  host  is unable  to  succeed in 
this adap ta t ion  to ma in ta in  energy  product ion .  

Rdsumd. Des mic rophotograph ies  61ectroniques de 
mi tochondr ies  du foie de souris infect6es par  des s taphi lo-  
coques m o n t r e n t  une d6croissance de la popula t ion  6ner- 
gis6e, ce qui  sugg~re un d6couplement .  Les mi tochondr ies  
du foie des an imaux  infect6s ava ien t  un t a u x  61ev6 
&absorp t ion  d 'oxyg~ne  et  ind iquen t  une act ion de d6cou- 
p lement  de la S. aureus plus effect ive que  celle du dini t ro-  
phenol  employ6e in v i t ro  dans une concent ra t ion  opti-  
male. Le d6couplement  semble avoir  lieu au s tage de 
phosphory la t ion  de l 'oxydat ion .  
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