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Studies  on the  inf luenee,~d tlil~.sr~x~ine, o n  ox ida t ive  p h o s p h o r y l a t i o n  a n d  assoc ia ted  
reac t ions  in submi todhan~hi i~  ~ i d & s  h a v e  r evea l ed  severa l  new t h y r o x i n e  effects. 
The  r a t e  of t he  ~ :~[P ~,~dtnng~, reac t ion  was  r educed  b y  t h y r o x i n e  a n d  this  
inh ib i t ion  was  double+l I hyz~flttia-~gt~ie.Eayroxine to  the  i n c u b a f i o n  m e d i u m  af te r  the  
par t ic les  r a t h e r  t h a n  ibfff~w,e. J]]tu, ingr~ased inh ib i t ion  of t h e  e x c h a n g e  r eac t ion  was  
assoc ia ted  w i t h  a rednmi i ,m iin tt~O)watios a n d  a loss of t he  s t i m u l a t o r y  effect of 
t h y r o x i n e  on  subst ra~e ,  ~xxii~lmiiom. 

T h e  i m p r o v e m e r r t  iin [P~0) nataii~-ih~ file presence  of t h y r o x i n e  r e p o r t e d  ear l ier  has  
now been  shown  t o  !be llm~gdky dim. t~, a n  inh ib i t ion  of t h e  A T P a s e  a c t i v i t y  of t he  
part icles .  

The  p rev ious ly  :r~lr~t¢~l .~fiinttikt~0n of s u b s t r a t e  ox ida t i on  b y  t h y r o x i n e  has  
been shown  to  be :more t ~ m ~ m m e d t  a t  lower pa r t i c le  concen t r a t i ons .  At  x2 ° this  
s t i m u l a t o r y  effect was~nmltitdlli~y~ie .~li)w r a t e  of t he  t e r m i n a l  p h o s p h a t e - t r a n s f e r r i n g  
reac t ions  unless  phosph~mdLlatfiiom w a ~ u n c o u p l e d  b y  2 , 4 - d i n i t r o p h e n o l .  

T h y r o x i n e  a!:¢o : inc~e~efl  t~m, at~soEbancy of t h e  s u b m i t o c h o n d r i a l  pa r t i c l e  su~- 
pensi()ns, b u t  th is  effe~t:~[p~:m~dltx~,l~e u n r e l a t e d  to  and, of t h e  o the r  t h y r o x i n e  effects. 

These  d a t a  sugges t  rdhm iidtit~iifibn of the  t e r m i n a l  p h o s p h a t e - t r a n s f e r r i n g  re- 
ac t ions  b y  thyrox ine ,an~l  .~,ma(.,dfii~ ana logues  m a y  be respons ib le  for t h e  r e d u c t i o n  
in p h o s p h o r y l a t i o n  :effi~iientxy 5W tfliese c o m p o u n d s .  D e p e n d i n g  u p o n  t h e  t y p e  of 
p r e p a r a t i o n  used  a n d , o n  ~ltheimm~/a~ibn: cond i t ions  these  inhibi tor)"  effects m~.:," m a s k  
the  s t i m u l a t i o n  of s u b s ~ ,  ,+x~ii~iim~ 

12~\Tr/t 0 D U CT IO N 

M a n y  s tudies  h a v e  s u g g e a ~ f l  uttatt tfliere is an  assoc ia t ion  b e t w e e n  the  effects of t he  
t h y r o i d  h o r m o n e s  :on ,o~fltcfii~B~ l~tlo.~phorylation in  v i t ro  a n d  t h e  ac t ion  of these  
h o r m o n e s  i n  v i vo .  ~]owe~x~m, ttti~, nemdt~ o b t a i n e d  wi th  i so la ted  m i t o c h o n d r i a  h a v e  
no t  been  consL-.ten~. ~ m e  i i~m~fi~at~rs  h a v e  r e p o r t e d  u n c o u p l i n g  b y  thdnroxine 2,~, 
some h a v e  f o u n d  1no :effiec~g ~ ~mfld ¢,fli~r~ h a v e  r e p o r t e d  a s t i m u l a t i o n  of oxidat ionS,  6. 
In  th is  l a b o r a t o r d - ~ e  iixtB~mme off ttli~moxine on ox ida t ive  p h o s p h o r y l a t i o n  has  been  
s tud ied  w i th  submitodhQm~h~iv]i l~mmiUles*~r, ~. Th i s  w o r k  e s t ab l i shed  t h a t  t h y r o x i n e  
s t i m u l a t e d  t h e  rate<ff,~mi~Imii~m off.~uueinate or D P N H  a n d  i m p r o v e d  t h e  P[O ra t ios  
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obtained. These s t imula tory  effects were always found when thyroxine  was added 
to the incubat ion medium prior to the submitochondria l  particles. However,  when 
the order of addi t ions was reversed so t ha t  the  thyroxine  was added to the medium 
after  the particles, its effects on oxidative phosphorylat ion were markedly  altered. 
Under  such conditions thyror_ine reduced P/O ratios and  did not increase the  oxidation 
rate.  The da t a  in this  paper  provide an explanat ion for the  change in thyroxine  effects 
which result  from reversing the order of additions.  Thyroxine  has been found to 
inhibit  the exchange of inorganic phosphate  with the terminal  phosphate  of ATP. 
The ex ten t  of the  inhibi t ion was doubled by  adding the  thyroxine  to the incubat ion 
mixture  af ter  the submitochondr ia l  particles. Thus,  the  inhibition of phosphorylat ion 
which occurs under  similar conditions may  be due to a slowing of the terminal  phos- 
phate- t ransfer r ing  reactions. 

As well as establishing an inhibi tory effect of thyroxine  on the ATp-32P ex- 
change, the present  s tudy  has emphasized the  dist inct ion between the effects of 
thyroxine  on oxidative phosphorylat ion and those of 2,4-dinitrophenol,  Al though 
both  compounds under  appropr ia te  condit ions can reduce P/O ratios and inhibit  
the  ATP-~zP e x c h a n g e  process, D N P  accelerates ATPase  ac t iv i ty  while thyroxine  
has been found to inhibit  ATPase activity.  This inhibit ion of ATPase ac t iv i ty  by 
thyroxine  is probably  largely responsible for the  increases in P/O ratio in the presence 
of thyroxine  which were previously reported 4. 

The da ta  in this paper  also indicate t ha t  thyroxine  cannot  s t imula te  oxidation 
at  low tempera tures  unless 2,4-dinitrophenol is present  to uncouple phosphorylat ion.  
These findings suggest tha t  no s t imulat ion of oxidation by  thyroxine  can be observed 
under  conditions in which the te rminal  phosphate- t ransferr ing reactions are n:te- 
l imiting for oxidative phosphorylat ion 9. 

Studies by PACKER AND TAVPEL "-° indicated, for suspensions of an,~ther type  of 
mitochondrial  fragments,  t ha t  a relat ionship existed between absorbancy changes and 
~he degree of coupling of o.'ddative phosphorylat ion.  Th~woxine was found to increase 
the absorbancy of suspensions of the  particles used in this laboratory,  but  the changes 
did not  coincide with any  of the  other  thyroxine  effects. 

Thus,  the results presented below indicate t ha t  thyroxine  influences the  com- 
ponent  react ions of the  oxidative phosphorylat ion system in at least four dist inct  
ways. These findings make it possible to explain some of the apparen t ly  conflicting 
reports  in the l i terature.  

M E T H O D S  A N D  M A T E R I A L S  

Submitochondria l  particles were prepared by sonic dis integrat ion of rat-l iver mito- 
chondria  according to the method of KIELLF-Y AYD BRO.~K*L The particle.~ wer,: 
resuspended in 0.03 M phosphate  (pH 7.0) to give a stock suspension of 2 to 4 mg 
N/ml from which an aliquot was taken with a cal ibrated micropipet te  for each in- 
cubat ion.  

For measurement  of oxygen consumption the Clark oxygen electrode was used 
and  the  ou tpu t  was recorded linearly, as previously described n.  Vv'ith submito- 
chondrial  particles, phosphorylat ion was measured by es t imat ing  the incorporat ion 
of mP into ATP as before*L 

The ra te  of the A T P - = P  exchange process was meas-.Lred according to the method 

Biochim. Biophys. Acta, 69 (1963) 375-38~' 



THYROXINE AND OXIDATIVE PHOSPHORYLATION 377 

,~f BRONK AND K1ELLEY 9. ATPase  ac t iv i ty  was  measured  as the  appearance  of in- 
organic  phosphate .  

The  m e a s u r e m e n t s  of a b s o r b a n c y  were m a d e  at  41o mtL wi th  e i ther a B e c k m a n  
D U  s p e c t r o p h o t o m e t e r  or wi th  a Zeiss s p e c t r o p h o t o m e t e r  in I - c m  cuvet tes .  

All  b iochemica l s  were o b t a i n e d  commerc ia l ly .  L-Thyroxine  was  used as the  s o d i u m  
salt.  L-Isomers of all t h y r o x i n e  ana logues  were used wi th  the  e x c e p t i o n  of D,L- 
thyronine .  

RESULTS 

T'he influence of thyroxine on the rate of substrate oxidation 
Fig. i shows  the  re lat ionship  b e t w e e n  the  s t i m u l a t i o n  of o x i d a t i o n  b y  t h y r o x i n e  

and the  c o n c e n t r a t i o n  of sub'mitochondria l  particles.  For b o t h  substrates  the  per- 
centage  increase w i th  t h y r o x i n e  was  larger at  the  lower levels  of particle  ni trogen.  
This  increased e f fec t iveness  of  t h y r o x i n e  co inc ided  wi th  a decl ine  in t h e  o x i d a t i v e  
ac t iv i ty /rag  N in the  controls .  In fact,  Part  A indicates  that  in the  presence  of 
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Fig .  1. T h e  i n f l u e n c e  of  t h y r o x i n e  on  t h e  o x i d a t i o n  of  s u c c i n a t e  a n d  f l - h y d r o x y b u t y r a t e  b y  s u b -  
m i t o c h o n d r i a l  part ic les .  O - - O ,  Contro l  i n c u b a t i o n s  w i t h o u t  t h y r o x i n e ;  × - - × ,  i n c u b a t i o n s  in 
the  presence  of 2. 5- I o  -~ M t h y r o x i n e .  C o n d i t i o n s :  zo ~ m o l e s  A I ) P ,  z o / z m o l e s  A M P ,  x o / J m o l e s  
MRCI 2, 2 o / ~ m o l e s  p h o s p h a t e  ( p H  7.o) ] o  6 c o u n t s / r a i n  ssp,  5 / ~ m o l e s  s u c c i n a t e  or 2 0 / ~ m o l e s / ~ - h y d r o -  

x y b u t y r a t e  a n d  z / l m o l e s  D P N  + in 1.9 m l  t o t a l  v o l u m e  a t  38  °. 

t h y r o x i n e  the  o x i d a t i v e  a c t i v i t y  w i th  succ inate  was  a lmost  proport iona l  to  particle  
nitrogen.  Part  B shows  that  the  t h y r o x i n e  effect  was  smal ler  wi th  f l - h y d r o x y b u t y r a t e ,  
and  that ,  e v e n  wi th  thyrox ine ,  the  oxi 'dative a c t i v i t y  dec l ined  d i spropor t ionate ly  
at  low ni trogen levels .  

The  data  in Fig. x were o b t a i n e d  at 3 8°.  Table  I shows  that  the  inf luence of 
t h y r o x i n e  on succ inate  o x i d a t i o n  was  less p r o n o u n c e d  at z8  °, whi le  at Iz  ° t h y r o x i n e  
produced  no  change  in the  o x i d a t i o n  rate.  Table  I a l so  indicates  tha t  in the  presence  
of D N P  t h y r o x i n e  did s t imula te  succ inate  o x i d a t i o n  m a r k e d l y  at  the  lower  t empera-  
tures.  Thus ,  the  s t i m u l a t i o n  of succ inate  o x i d a t i o n  b y  t h y r o x i n e  did not  d e p e n d  
on  coupled  p h o s p h o r y l a t i o n .  Fur thermore ,  w h e n  o x i d a t i v e  p h o s p h o r y l a t i o n  w a s  un-  
coupled  b y  2 ,4 -d in i trophenol ,  tbe  t h y r o x i n e  effect on succ inate  o x i d a t i o n  was  less 
t empera ture  dependent .  

Biochim. Biophys. .4cta, 69 ( t963)  3 7 5 - 3 8 6  
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TA H L E  1 

T H E  I N F L U E N C E  O F  T H Y R O X I N E  A N D  2 , 4 - D f N I T R O 3 P r ~ l ~ - g s ~ O g L  ~ ~ . :  ~.~TW_ 

O F  S U C C I N A T E  O X I D A T I O N  A T  V A R I O U S  T ~ - ~ I ~ / d / ~ K t l ~  

C o n d i t i o n s "  to  l t m o l e s  A D P ,  ~o tzmoles  AMt ' ,  ~o /~moles  MgCsl~. - ~ o , ~ s ~  pLY, 8 p h a t e  ( p H  7 0 )  
~o a c o u n t s / r a i n  a"P, 5 t t m o l e s  s u c c i n a t e ,  a p p r o x ,  o.2 x r ag  p ~ r t i c l e  , ~ 0 g ~ m  ~ , ~  p e r  i n c u b a t i o n  

vesse l .  I n c u b a t i o n  p e r i o d  e~8 m i n "  x.9 rn~ ~ce~q ~ , 0 ~ e . .  

F i n a l  ro , t cen t ra l ion  [:i , tal  ronce;;lrat'3o~ 
T e m p e r a t u r e  o f  d i n i i r o p h e n o l  pr,:~ent oi t h y r o x i n e  presen t  

I - o N o n e  N o n e  ,o.~o~:5 
1 2  ~ -N~ 'one  2..-3" I O  - ~  m o:o , r / , ,  ¢~ ~ o o  

, z  o ~,. io--4 M N o n e  ,o.~o_ze rz2  ~ 
IX  ~ 2 "  I O  - 4  ~ I  2 .  5 " I O  - b  ~,~I :0~'0..~6) E_~5 

28 ::~ N o n e  N o n e  , o : o ~  
28 ° N o n e  2. 5 • Io  -a i ,o:o~0 ~ .  
2 8  ° 2 " I O  - 4  M N o n e  o.,o~o ~ ~S 
28 ° 2- ~o -4 M 2.5- Io  -~ M ,o.a, o6 v, sb  

38 ~ N o n e  N o n e  o . a22  - -  
38o N o n e  2.5- ~o -~ M o.a,c~P_ n.5~ 7 
380 2- Io  ~4 M N o n e  o . . a ~  to5  
38 ° 2- IO -~ M 2.5" Io  -~ M .o.-~a2 r65  

T A B L E  II  

T H E  I N F L U E N C E  O F  T H Y R O X I N E  OB¢ ~X~J~-~.~itZ;, 

A N D  P H O S P H O R V L A T I O N  A S  A F U N C T I O N  O F  ~ I I I ~ R ~  

C o n d i t i o n s :  F o r  A T P a s e :  5 t t m o l e s  ATI ~, 5 t t m o l e s  A D I  ~, 67anmdh_~ ~ 0 ~ V a m t e  ( p H  7.ol. F~,r 
p h o s p h o r y l a t i o n  see t h e  l e g e n d  of T a b l e  I. T h v r o x i n e  a d d e d  wb ,we  :~kml~¢d] m,), gix;e ~ f inal  c o n c e n -  
t r a t i o n  of 2.5- l o - ~  M. I n c u b a t i o n  t i m e  I - 3  ra in ,  ~.9 m l  *oral  a*~lmm~¢:. "lithe. m ~ . ~ i ~ n  w a s  i n i t i a t e d  
b y  t h e  addit,_'on of  MgCl~ for  A T I ' a s e  a n d  of s u c c i n a t e  for  phosphcn33~lnnfi0m, lira ~ c~.~e~ t h e  p a r t i c l e s  
w e r e  e q u i l i b r a t e d  w i t h  t h e  i n c u b a t i o n  m e d i u m  fo r  3o sec b e f o r e  ,~he m¢:~t~tii0ra~ w.qs s t a r t e d .  Ea~'h 

a c t i v i t y  was  m e a s u r e d  w i t h  a s e p a r a t e  p~a:~iC]e I t n ~ ~ . ~ m  

m g  N / m l  ,~[tasurernenl  

A t  28  ° ;1~ ; 8  ° 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  

I n c u b a t i o l t  i n  the  presancr  17nc~lr~o~r ~l the ore~ou ," 
Con t ro l  o f  t lay toxDw tGmttvtll o[  t h v r o x i n e  

Cot t t ro t  ("~o ) Con t ro l (  %,/  

o. io6  A T P a s e  a c t i v i t y  
( lzmoles  A T t '  sp l i t /min~  0.32 0 .3"  Ioo  ,0~ ~0) o~7~ ,~9 

0.042 A T P a s e  a c t i v i t y  o. 2, o. 16 7t~ ,0,..~0, o:3"-" '~4 

o . I o 2  V/O r a t i o  o .56  0.62 aaa ,¢a.~,0~ o~73 Iz2 
o-o41 t ' / O  r a t i o  0.48 o .58  a2.a ,0~&% o.62 I38 

T h e  i n f l u e n c e  o f  thyrox i~w on .~ T P a s e  a n d  phos#hoE3_'!aooi~-a ~ & m z y . .  

F i g .  2 s h o w s  t h a t  a t  3 8  '-~ t h y r o x i n e  i n h i b i t e d  b e  ~ ~  ~ "  o f  t h e  s u b -  

m i t o c h o n d r i a l  p a n i c l e s .  H o w e v e r ,  i t  i s  a l s o  c l e a r  ~ ,  ~ n ] ~  ¢ r ~ m m ~ , ,  a ~  t h e  l o v e l  

o f  p a r t i c l e s  w a s  r e d u c e d  t h e  A T P a s e  a c t i ~ d t 3 - / ~  ~ _~ iilmrnmm~nd_ "l-~e. p r e s e n c e  o f  

2 . $ - I O - S M  t h y r o x i n e  p r e v e n t e d  t h i s  i n c r e a s e .  ~ c ~ c  ~ ~ * e d  t h a t  t h e  

i n c r e a s e s  i n  P / O  r a t i o  ca,a_~ed b y  t h y r o x i n e  a t  l o w  ~ ~ ¢ o ~ t ~  b e  L a r g e l y  d u e  

t o  t h e  s u p p r e s s i o n  o f  A T P a _ s e  a c t i v i t y  b y  t h 3 w o x i n e .  ] ~ a ~ e  M ~ ~ ¢ o m p a r i s Q n  
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of the  effects  of t h y r o x i n e  on A T P a s e  a.ctivity and P/O ratio. At  bo th  28 ° and  38 °, 
the  A T P a s e  a c t i v i t y  increased d i spropor t ionate ly  as the  particle  c o n c e n t r a t i o n  was  
reduced,  whim the  P]O ratio decreased.  At  38 ° t h y r o x i n e  inh ib i t ed  the  A T P a s e  
a c t i v i t y  at both  particle  levels,  but  at  28 ° the  ATr~.se ac t iv i ty  was  inh ib i ted  o n l y  at 
the  lower particle level.  On the  other  hand,  t h y r o x i n e  increased the  P /O ratio in all 
four sets  of condi t ions .  Thus ,  the  da ta  in Table  II indicate  that  the  inhib i t ion  of 
ATPase  a c t i v i t y  was  p r o b a b l y  not  ent ire ly  responsible  for the  i m p r o v e m e n t  in P]O 
ratio in the presence of thyrox ine .  
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F i g .  2. T h e  in f luence  of  t h y r o x i n e  on the  ATPase  
a c t i v i t y  of s u b m i t o c h o n d r i a l  part ic les .  O - - O ,  
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F i g .  3. The  absorbancy  of  t h e  s u b m i t o c h o n d r i a l  
part ic le  suspens ion  in t h e  presence  and  absence  
of t h y r o x i n e .  O - - O ,  T h e  absorbanc ies  of con-  
trol  suspens ions  at  4IO roll in the  absence  of  
t h y r o x i n e ;  × - - × ,  absorbanc ies  in the  pre- 
sence  of 2.5-  1o-S M thyrox ine .  Condi t ions :  
s a m e  as descr ibed in the  l egend for F i g .  I .  T h e  
a b s o r b a n c y  increased for several  m i n u t e s  after 

addi t ion  of the  particles,  and in each case  the  m a x i m u m  va lue  was reported.  T h e  absorbane ies  in 
the  presence  of t h y r o x i n e  were corrected for the  changes  in absorbancv  caused  by  the  addi t ion  

of  t h y r o x i n e  alone.  

The influence of thyroxine on the A TP-3aP exchange reaction 
T h e  d a t a  in Table  III  indicate  tha t  t h y r o x i n e  inh ib i ted  the  incorporat ion  of 

3up into  ATP. A p p r o x i m a t e l y  the  s a m e  percentage  inh ib i t ion  was  o b t a i n e d  over  a 
three-fold  range of particle  concentrat ions .  C o l u m n  B s h o w s  that ,  if the  order of  
add i t ions  was  reversed so that  the  t h y r o x i n e  was  added  to  the  i n c u b a t i o n  m i x t u r e  
after t h e  s u b m i t o c h o n d r i a l  particles,  the  percentage  inh ib i t ion  was  a p p r o x i m a t e l y  
doubled .  The  reason for the  increased inh ib i tory  effect of  t h y r o x i n e  w h e n  it w a s  
added  to the  i n c u b a t i o n  m e d i u m  after the  part ic les  is not  k n o w n .  H o w e v e r ,  one  
poss ibi l i ty  is sugges ted  b y  the  work  of LISSITZKV, ROQUES AND BE,'<EVENT at wh ich  
d e m o n s t r a t e d  tha t  a large proport ion  of the  t h y r o x i n e  molecu les  in an a q u e o u s  
so lut ion  at neutral  p H  m a y  b e c o m e  b o u n d  to  the  glass container .  In  the  present  ex-  

Biochim. B i o p h 3 , s .  .j ~ '"  6 9  ........ , (x963) 3 7 5 - 3 8 6  
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T A B L E  I l l  

~ 1 ~  ~ . I E . ~ - _ ~ Z Z E  O F  T H E  O R D E R  O F  A D D I T I O N S  O N  T H E  I N H I B I T I O N  

o ~  ~ .kTP-ZzP  EXCHANGE BY THYROXINE 

Cond i t ions : :  5 , # m m d ~  &YJrIPL ~Haxaoles A D P ,  2 o / t m o l e s  p h o s p h a t e  ( p H  7.o) to* c o u n t s ] r a i n  azp. 
C o l u m n  A:  ,eaextiiom mlammeE ~ i f l l  MgCIe a d d e d  t o  i n c u b a t i o n  m e d i u m  3o  see  a f t e r  p a r t i c l e s :  
C o l u m n  ]B: ~dh73~.o~&ne ~ 9 0  sec a f t e r  p a r t i c l e s ,  r e a c t i o n  s t a r t e d  w i t h  MgCl  e a d d e d  a f t e r  an  
a d d i t i o n a l  .30 ~ec .  ¢ ~ a ~ ,  o ~ t ~ 7  a n d  o. I89  m g  p a r t i c l e  n i t r o g e n  a d d e d  p e r  i n c u b a t i o n  w i t h  p r e p a -  
r a t i o n s  I,  2 m a d  .B w ~ e E y _  • i n c u b a t i o n  t i m e  2. 5 m i n  w i t h  p r e p a r a t i o n s  I a n d  2; a n d  I m i n  

w i t h  p r e p a r a t i o n  3. 

A B 

Y ? m a t ~ ' m t o n ,  .ll  gC l,_. Thyrox ine  added before Thyroxine  added after 
Preparation o].'tltvroa~t~e ~ t :  " !,moles/ml) part icl ts  particles 

~¢moh's phosphate l~moles phosphate 
exchangedtmin  Control ( % )  cxcha;tged/mi~. Control (~;~o) 

. . . . . . . .  

'~ 5 0 . 0 6 o  - -  0 .056  
5-- ~o -~' 3~t 5 0 .060  IOO 0 . 0 5 9  t o  5 

= -5" a~o--~ ~lt 5 o. 058 97  0-054  96 
11"" tl~O~u~ ~ ]  5 0 , 0 5 3  8 8  0 . 0 2 8  5 0  

2.5-- aco-~~ ~11 5 0 . 0 3 6  ~o o .o~8  32 
a-- ~ ~r~a ~I] 5 o.o?.Q 48 0 .004  7 

z ~) 5 0 .085  ~ 0 .082  - -  
~--5"" m~r-~' ~ 5 0-058 68 0 .035  43 

~ t o  0 .078  ~ 0 .069  --- 
: .5-- ~o-a" SII i o  0 .054  69  0.022 32 

~ 5 o .  ~ 9 4  - -  o .  1 7 4  

'_" ~fi-- ~ l I  5 o. ~39 72 o -o95  
~-- ~ - - ~  3~1I 5 o.~ ~9 61 0 .058  33 

p e r i m ~ t s , a f l a e ~ a ~ : a ~ x ~ h  was added  before the  par t ic les  m a y  h a v e  been  largely 
b o u n d  ~o ~ : 4 g ~ ,  x ~ e a s  t h a t  added  af ter  the  par t ic les  m a y  h a v e  become bound  
to  t h e  ~ .  

Table  ~ ~alba~ ~5tm~s t h a t  increas ing  t he  MgCI 2 concen t r a t i on  did not  reduce 
t h e  i n l ~ ' b i t a r ~  ~ (Mi ~ .  thyroxine .  

The i ~ ~  ~f t~2~dbur o~ the absorbancy of the particle suspension 

Fig.  3 d h o ~  ~ lfl~, ~ b s o r b a n c y / m g  N was unaf fec ted  by  di lu t ion of the  sub- 
mitoeJacm~viiad tl~r~rll~ ~ n s i o n  over  a five-fold range.  T h e  add i t ion  of 2.5" lO -5 M 
thyro-zmae ~ ~ pi~tazre considerably ,  however .  T h y r o x i n e  increased  the  ab- 
sorbmacy ~[ tmtl~a~t  m ~ l e  level of o.I mg  N/ml ,  b u t  a t  0.02 m g  N / m l  the  increase  
m o x x ~ , o d  * o  ~ ffOJ~g o 8  t h e  c o n t r o l .  T h e  s i g n i f i c a n c e  o f  t h e  e f f e c t  o f  t h y r o x i n e  o n  

a b s o r b  m a c ~  ii~ m ~ t  l l ~ 0 ~ r ~ ,  b u t  i t  d o e s  n o t  a p p e a r  t o  b e  r e l a t e d  t o  a n y  o f  t h e  o t h e r  

t h y r ~  ~ ~  ~ a  ~ ~ i r e c t i o n  o r  e x t e n t .  

T t ~  , reJa~o~la i~  ~ ~  N~yroxine concen t ra t ion  a n d  its effects on  s u b m i t o c h o n d r i a l  
p a r t i ~  

~ -  4 ~ ~ c h a n g e s  i n  t h e  v a r i o u s  m e a s u r e m e n t s  m a d e  w i t h  s u b -  

m i t e e h ~ r l  ~ ~ p lo t t ed  aga ins t  t he  ,,,~-'~ of ~h,~..~ mo la r  . . . . . .  *--*~0~ -~. 
t h y r ~ .  ~ ( ~  ~ a t e  t h a t  for all of t he  m e a s u r e m e n t s  except  absorbancy ,  
t h e  ~ ~ ~ e ~ r ~ . t i o n  of t h y r o x i n e  was  5" Io-6 M a n d  t h a t  t he  t hy rox ine  

.... l~Zachim. Biophys. Acta, 69 ( I963)  3 7 5 - 3 8 0  



THYROXINE AND OXIDATIVE PHOSPHORYLATION 3 ~ I  

effects  were o n l y  s l ight ly  increased b y  rais ing the  concentra t ion  from z.5" zo -~ M to  
5 - i o  -5 M. On the  o ther  hand ,  t h y r o x i n e  had  litt le effect on a b s o r b a n c v  be low 
2 .5 . IO-5  M but  raising the  c o n c e n t r a t i o n  f rom 2. 5 .  IO 0~ M to 5" IO-5 M m,)re than  
tripled the  increase in absorbaney .  

If the  percent  change  at z .  IO -~ M t h y r o x i n e  is c o m p a r e d  w i th  the  percent  
c h a n g e  at 5" I~ a M t h y r o x i n e ,  one  can ca lculate  that ,  for o x i d a t i v e  rate, P/O ratio," 

2 0 0  

1 5 0  

J 
fig 

O 

i o o  

h i  
¢O 
e r  

i i 

5 0  

/J 
/ 

/ 
l 

.J 

/ 

d,•'/,p" 
i¢ 

Q 

1 

Oxidation rote 
(3 

~ Optical density 

! 
/ 

• / ~  P / O  r a t i o  Jb-- 

/ 

J 

Pho~oeot¢ 
" ~ e~chanoe 

AT ~cse  

/ 
- 6  - 5  - 4  

L O G  T H Y R O X I N E  C O N C E N T R A T I O N  

Fig. 4- The  re la t ionship  be tween  the  molar  c o n c e n t r a t i o n  of t h y r o x i n e  and the  various  measure-  
m e n t s  m a d e  ,vith s u b m i t o c h o n d r i a i  particles.  Tile  po ints  at  each t h y r o x i n e  c o n c e n t r a t i o n  were  
nbtai.n.ed by ca lcu la t ing  the  ratio of the  va lue  o b t a i n e d  in the  presence  of t h y r o x i n e  to tha t  of 
the  control  and m u l t i p l y i n g  by  -,oo. Each  po int  represents  the  average  of  such  ratios o b t a i n e d  
wi th  two  separate  part ic le  preparat ions .  E x c e p t  for the  m e a s u r e m e n t s  of  o x i d a t i v e  rate and  P / O  
ratio,  which  were m a d e  in the  s a m e  e x p e r i m e n t s ,  each  of  the  ac t iv i t i e s  was  measured  us ing  separate  
part ic le  preparat ions .  O - - O ,  R a t e  of  succ ina te  ox idat ion" O - - O ,  P /O ratio with succ inate :  
~ - - t 2 ,  absorbancy  at  41o m ] t  X - - - × ,  rate of ATP-SzP  exchange" & ~ & ,  ATPase  ac t iv i ty .  
For each i n c u b a t i o n  a p p r o x i m a t e l y  o.o8 m g  of  s u b m i t o c h o n d r i a l  part ic le  n i trogen was  used in 
a final v o l u m e  of I.(~ ml  at 38°:  for o ther  cond i t i ons  see the  l egends  of  Figs. i to 3, and Tables  I1 

and  III ,  

and A T P a s e  ac t iv i ty ,  the  percent  c h a n g e  at the  lower t h y r o x i n e  concentra t ion  was  
b e t w e e n  1/2 a n d  ~/3 o f  t h a t  a t  t h e  h i g h e r  c o n c e n t r a t i o n .  F o r  A T P - a 2 P  e x c h a n g e  o n  
t h e  o t h e r  h a n d ,  t h e  p e r c e n t  c h a n g e  a t  z - x o  . 5  M w a s  l e s s  t h a n  t /a  o f  t h e  v a l u e  a t  

5" lO -5 M. This  fact  sugges t s  tha t  the  inh ib i t i on  of  e x c h a n g e  was  d is t inct  f rom t h e  
o ther  t h y r o x i n e  effects.  Also  it is clear t h a t  at the  h igher  t h y r o x i n e  concentra t ions  
the  increase  in o x i d a t i v e  rate  a n d  P /O ratio  m a y  be l imi t ed  b y  a suppress ion  of th?  
t e r m i n a l  p h o s p h a t e - t r a n s f e r r i n g  react ions.  

Bioahim. Biophys. Acta, 69 (z963) 3 7 5 - 3 8 0  
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The influence of thyroxine analogues 

The  d a t a  in Tab le  IV show t h a t  the  presence  of iodine a t o m s  on the  t h y r o n i n e  
s t r u c t u r e  was  essent ia l  in order  to  observe  a n y  of t he  effects descr ibed  a b o v e  on 
ox ida t i ve  p h o s p h o r y l a t i o n ,  ATP-3°-P exchange  or  A T P a s e  ac t iv i ty .  E x c e p t  for a sl ight 
inh ib i t ion  of A T P a s e  ac t iv i ty ,  t h y r o n i n e  i tself  h a d  no effect. 3 ,5 -Di iodo thy ron ine  
was  a b o u t  2 5 %  as effect ive as t h y r o x i n e  for s t i m u l a t i n g  o x i d a t i o n  a n d  i t  had  no 
effect on the  P / O  rat io,  in sp i t e  of i ts inh ib i t ion  of A T P a s e  ac t iv i ty .  I t s  lack of effective- 
ness in s t i m u l a t i o n  of ox ida t ive  p h o s p h o r y l a t i o n  m a y  be due  to  i ts  s t r ik ing  inhib i t ion  
of t h e  A T P - a 2 P  e x c h a n g e  react ion.  Similar  c o m m e n t s  can be m a d e  a b o u t  3,5,3'- 
t r i i o d o t h y r o n i n e  which  s t i m u l a t e d  ox ida t ion  b u t  also p r o f o u n d l y  inh ib i ted  the  
ATP-a~P e x c h a n g e  process. 

T h e  acet ic  acid ana logues  of bo th  t h y r o x i n e  and  3 ,5 ,3"- t r i iodothyronine  were 
r e p o r t e d  ear l ier  to  inh ib i t  p h o s p h o r y l a t i o n  markedly7 ,  8. These  resu l t s  are conf i rmed  
b y  t h e  d a t a  in Tab l e  IV, a n d  it is clear t h a t  t h e  inh ib i t ion  of p h o s p h o r y l a t i o n  coincided 
wi th  t h e  comple t e  inh ib i t ion  of t h e  A T p - 3 " P  exchange .  The  fact  t h a t  the  acet ic  acid 
ana logues  inh ib i t  A T P a s e  a c t i v i t y  as well as the  p h o s p h a t e  e x c h a n g e  reac t ion  and  
phospho ry l a t i on ,  ind ica tes  t h a t  t h e y  are ac t ing  as t rue  inh'~bitors and  not  as uncoup l ing  
agen t s  of t he  2 ,4-d in i t rophenol  type .  

A comparison of the various effects of thyroxine as a function of the sequence of additions 

Tab le  V shows the  res tdts  of two  r e p r e s e n t a t i v e  e x p e r i m e n t s  in which  a n u m b e r  
of t h y r o x i n e  effects were s t u d i e d  w i th  the  s a m e  p repa ra t i on .  In  each  case incubati~n.~ 
were  car r ied  ou t  in which  t h y r o x i n e  was a d d e d  to  t h e  i n c u b a t i o n  m e d i u m  before 
a n d  a f te r  t he  s u b m i t o c h o n d r i a l  part ic les .  These  d a t a  show t h a t  z.5" lO -5 M t h y r o x i n e  
a d d e d  a f te r  t he  par t ic les  abo l i shed  the  s t i m u l a t i o n  of ox ida t ion  r a t e  a n d  phospho ry -  
l a t ion  ra te ,  a n d  m a r k e d l y  inh ib i t ed  the  A T P - a 2 P  exchange .  However ,  a l t e r ing  the  
s e q u e n c e  of add i t i ons  did  not  change  the  inh ib i t ion  of A T P a s e  a c t i v i t y  or the  increase 
in  a b s o r b a n c y  caused  b y  thy rox ine .  These  f indings conf i rm the  lack  of cor re la t ion  
be tween  the  changes  in a b s o r b a n c y  a n d  the  t h y r o x i n e  effects on ox ida t i ve  phosphorv -  
l a t ion  a n d  A T P - ~ P  exchange ,  a n d  m a k e  it un l ike ly  t h a t  the  s ame  inh ib i t o ry  act ion 
of t h y r o x i n e  was  invo lved  in suppress ing  the  r a t e  of ATP-32P e x c h a n g e  and  ATPa~e 
ac t iv i ty .  

On  the  o t h e r  hand ,  the  resul ts  do es tab l i sh  t h a t  the re  was  a clear  as.~ociation 
b e t w e e n  the  increased  inh ib i t ion  of the  ATP-a2P  excl;aiag~ l~i-oc~.~.~ tl;,tt a cc~mpan ied  
the  add i t i on  of t h y r o x i n e  a f te r  t h e  par t ic les ,  a n d  the  inh ib i t ion  of phosphory la t ion .  
I t  is also a p p a r e n t  t h a t  the  inh ib i t ion  of p h o s p h o r y l a t i o n  was  no t  a t rue  uncoup l ing  
s ince  i t  was  n o t  a c c o m p a n i e d  b y  an increase  in ox ida t i on  ra te  or in A T P a s e  ac- 
t iv i ty .  

F ina l ly ,  it  should  be no ted  t h a t  Tab le  V shows the  inh ib i t ion  of A T P a s e  and  
A T P - a 2 P  e x c h a n g e  by  t h y r o x i n e  u n d e r  condi t ions  in which  t h e  s u b m i t o c h o n d r i a l  
pa r t i c les  were  a d d e d  to  an  i n c u b a t i o n  m e d i u m  which  was  comple te  excep t  for MgClz. 
T h e  MgCI 2 was  a d d e d  to  s t a r t  t he  react ion .  I f  t h e  o rder  of add i t ions  was c h a n g e d  so 
t h a t  t he  par t ic les  were  a d d e d  to  a m e d i u m  c o n t a i n i n g  p h o s p h a t e  a n d  MgC1 z, and  
t h e  reac t ion  was  s t a r t e d  b y  the  add i t i on  of nucleot ides ,  the  s a m e  inh ib i t o ry  effects 
o f  t h y r o x i n e  were  observed.  Thus ,  on ly  the  t ime  of add i t i on  of t he  t h y r o x i n e  a l t e red  
its effects on t h e  A T P - ~ P  exchange .  
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DISCUSSION 

f h e  va r ious  th~woxine effects descr ibed  a b o v e  can  be cons idered  t o g e t h e r  by  reference 
to a p roposed  m e c h a n i s m  of ox ida t i ve  phosphoryla t ionS,9:  

.ktr~.,tue~.d ~ + BG,,xldtze~l ~ + X- ->  A(oxlaized~ + B~reduct-,:l + X* 

X* (DNP)..> X -[- energy 

X" + P ~ -=."'~__~- ~ P - , . . , .  

( t )  

In th is  f o rmu la t i on  A a n d  B are consecu t ive  m e m b e r s  of t h e  e lec t ron  t r a n s p o r t  chain"  
X is a h3~pothetical i n t e r m e d i a t e  which  can  exis t  in a h igh  e n e r g y  f o r m  X*" a n d  P 
r ep resen t s  inorgan ic  phospha t e .  E q n .  2 is respons ib le  for a t  least  some of t h e  A T P a s e  
a c t i v i t y  a n d  for t h e  low P / O  ra t ios  o b s e r v e d  w i t h  t h e  par t ic les .  P rev ious  s tud ies  9 
ind ica ted  t h a t  E q n .  2 was  t h e  s i te  of 2 ,4 -d in i t rophenol  ac t ion.  I n  t i g h t l y  coupled  
in t ac t  m i t o c h o n d r i a  E q n .  z is a lmos t  c o m p l e t e l y  absen t .  T h e  A T P - ~ P  e x c h a n g e  
process  is r e p r e s e n t e d  b y  the  s u m  of E q n s .  3 a n d  4, whi le  E q n .  4 is p r e s u m a b l y  
c a t a l y s e d  by: t he  A D P  e x c h a n g e  e n z y m e  of WADKINS AND LEHNINGER ta a n d  requ i res  
Mg 2+ (see ref. 9)- In  LEHNINGER'S f o r m u l a t i o n  t4 E q n .  4 invo lves  an  a d d i t i o n a l  s t e p  in  
which  p h o s p h a t e  is t r a n s f e r r e d  f rom X ~ P to  t h e  e n z y m e .  

In  ternxs of th is  m e c h a n i s m  the  resu l t s  p r e s e n t e d  a b o v e  a n d  those  pub l i shed  
ear l ier  4"s ind ica t e  t h a t  t h e  s t i m u l a t i o n  of o x i d a t i o n  occurs  b y  an  acce le ra t ion  of 
Eqn .  i .  This  r eac t ion  is necessar i ly  v a g u e  since t h e  m a n n e r  in which  p h o s p h o r y l a t i o n  
is coupled  to  e lec t ron  t r a n s p o r t  is u n k n o w n .  T h e  d a t a  are  equa l ly  cons i s t en t  w i t h  
a t h y r o x i n e  effect on the  coup l ing  process,  t h e  dehydrogenases ,  or  w h a t e v e r  o t h e r  
s t ep  m a y  be r a t e - l imi t ing  for e lec t ron  t r a n s p o r t .  However ,  T a b l e  I shows t h a t  
th3woxine d id  no t  s t i m u l a t e  succ ina te  ox ida t i on  w h e n  E q n .  3 was  r a t e - l im i t i ng  unless  
2 ,4 -d in i t ropheno l  was  a d d e d  to  acce le ra te  E q n .  2. T h e  d a t a  in Fig.  I a lso sugges t  
t h a t  some  c o m p o n e n t  essent ia l  for t he  o x i d a t i v e  s y s t e m  m a y  be lost on d i lu t ion  of 
the  par t ic les .  T h y r o x i n e  p r o d u c e d  a pa r t i a l  r e s to r a t i on  of t h e  lost ac t iv i ty .  

The  inh ib i t ion  of A T P a s e  a c t i v i t y  probabt_y occur red  t h r o u g h  a s lowing of E q n .  2. 
This  i nh ib i to r  3, effect of t h y r o x i n e  is d i r ec t ly  oppos i t e  to  t h a t  of 2 ,4 -d in i t ropheno l  
a n d  resu l t s  in increased  P / O  ra t ios  b y  ra i s ing  t h e  p r o p o r t i o n  of X* e n t e r i n g  E q n ,  3. 

T h e  inh ib i t ion  of A T P - 3 " P  e x c h a n g e  was  due  to  a s lowing of t he  overa l l  r a t e  of 
Eqns .  3 plus  4- This  inh ib i t ion  was  d o u b l e d  b y  a d d i n g  t h e  t h y r o x i n e  to  t h e  i n c u b a t i o n  
m e d i u m  af te r  t h e  par t ic les  r a t h e r  t h a n  before.  I n  t e r m s  of  t h e  a b o v e  m e c h a n i s m  t h e  
inh ib i t ion  of ATP-a~P  e x c h a n g e  shou ld  cause lower  P/O ra t ios  u n d e r  a n y  cond i t i ons  
in which  the  r a t e  of E q n .  3 was s lowed s u b s t a n t i a l l y  m o r e  t h a n  t h e  r a t e  of E q n .  2. 
Tab le  i l i  a n d  Fig. 4 show t h a t  th i s  cond i t ion  was  m e t  a t  a t h y r o x i n e  c o n c e n t r a t i o n  
of i -  i o  -~ M, or  more ,  a d d e d  a f te r  t h e  par t ic les .  Ea r l i e r  d a t a  4 ind ica t ed  t h a t  a t  leas t  
2 .5- IO -5 M thxn-oxine a d d e d  a f te r  t h e  par t ic les  was  r equ i red  to  lower  t h e  P / O  rat ios .  
These  f indings s t rong ly  sugges t  t h a t  t he  r educ t i ons  in  P/O ra t io  r e p o r t e d  p rev ious ly  ~ 
a n d  in Tab le  V (columt,  B) as t he  resul t  of t h y r o x i n e  add i t i on  were  due  to  an  inh ib i t ion  
of Eqns .  3 a n d  4- Tab le  IV shows t h a t  t h e  i n h i b i t o r y  effects of t e t r a i o d o t h y r o a c e t i c  
acid a n d  t r i i odo thy roace t i c  ac id  7 also r e su l t ed  f rom a b lock ing  of t he  A T p - a 2 P  
e x c h a n g e  r a t h e r  t h a n  f rom a t r u e  uncoupl ing .  
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The  obse rved  increases  in the  a b s o r b a n c y  of the  par t ic le  suspens ions  in t h e  
presence  o[ t h y r o x i n e  tai led to  coincide wi th  a n y  of the  o the r  t h v r o x i n e  effects..Thax.~. 
it appea r s  un l ike ly  t h a t  the  t h y r o x i n e  effects on ox ida t ive  phosphor3. 'Iation resu l ted  
f rom a n y  gross physical  changes  in the  part icles .  

A l t h o u g h  some inves t iga to r s  us ing s u b m i t o c h o n d r i a l  par t ic les  h a v e  failed t~,- 
find t h y r o x i n e  effects on ox ida t ive  p h o s p h o r y l a t i o n  I5, P E N E F S K V ,  PULLMA-~, DATr, A 
AND RACKER 16,I7 showed  t h a t  IO -~ M 3 ,5 ,3 ' - t r i i odo thy ron ine  inh ib i t ed  t h e  soluble 
A T P a s e  t h e y  found  to be a c o m p o n e n t  of t he  p h o s p h o r y l a t i o n  s y s t e m  of hea r t  rrd~to- 
chondr ia .  The i r  e x p e r i m e n t s  also i nd i ca t ed  t h a t  at  a h igher  c o n c e n t r a t i o n  of 3~5-3"- 
triiodothvronine.i  . . . . .  P /O ra t ios  a n d  ox ida t ive  r a t e  were  reduced .  The  m o r e  h igh ly  fra~- 
m e n t e d  par t ic les  used  b y  PENEFSKY et al. t~ a n d  th is  a u t h o r  m a y  be phys ica l ly  more  
accessible to  t h y r o x i n e  t h a n  thbse  p r e p a r e d  b y  TAPLEY e~ at. xa us ing  d ig i tonin .  F u r t h e r -  
more ,  it  is c lear  t h a t  a n y  va r i a t i on  in t h e  re la t ive  ac t iv i t i es  of t h e  c o m p o n e n t  reac t ions  
of t he  ox ida t ive  p h o s p h o r y l a t i o n  s y s t e m  could a l te r  t he  d i rec t ion  or e x t e n t  of t h e  
r e su l t an t  effect of t h y r o x i n e  on t h e  process. 

I n c u b a t i o n  condi t ions  are  also i m p o r t a n t  in d e t e r m i n i n g  the  overal l  t h y r o x i n e  

effect. This  autho~ missed b o t h  the  inh ib i t ion  of A T P a s e  a n d  of t h e  ATP-32P  e x c h a n g e  
in an  ear l ier  series of e x p e r i m e n t s  4 in which  the  reac t ions  were in i t i a t ed  b y  the  add i t i on  
of t he  par t i c les  a n d  no equ i l ib ra t ion  per iod was  al lowed.  

T h e  effect of t h y r o x i n e  on the  ATP-a~P  e x c h a n g e  in s u b m i t o c h o n d r i a l  par t ic les  
s t r o n g l y  sugges t s  t h a t  it  is an inh ib i t ion  of the  t e r m i n a l  p h o s p h a t e - t r a n s f e r r i n g  
reac t ions  wh ich  is responsible  for the  " u n c o u p l i n g "  effect of t h y r o x i n e  in whole  
m i t o c h o n d r i a .  E v i d e n c e  s u p p o r t i n g  th is  v iew will be pub l i shed  shor t ly .  
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