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SUMMARY 

The nonspecific phosphorylation reaction in submitochondrial systems obtained 
by sonication became nmch more specific in the presence of pyridine nucleotides. 
Phosphorylation of IDP was inhibited by increasing concentrations of NAD-, an 
inhibition which became biphasic upon the addition of hexokinase (EC 2.7.Lt), 
whereas phosphorylation of ADP was totally unaffected. The inhibition by NAD + 
was of a noncompetitive type with K~ = L5" Io -~ M. The nicotinamide part of the 
molecule was immediately responsible for the inhibitory effect. Although rotenone 
or antimvcin A interfered with the specificity promoted by NAD +, the pyridine 
nucleotide effect was not due to the introduction of an energy-ccmpeting NAD + 
reduction. No evidence was found of an initiated selective nucleoside triphosphatase 
reactien, so the regulation was considered to take place at a primary event of the 
energy conservation mechanism and possibly exerted by an allosteric change. 

It  is suggested that endogenous pyridine nucleotides which are lost upon sonic 
disintegration of mitochondria may constitute a factor for regulation of the nucleoside 
specificity during oxidative phosphorylation. 

INTRODUCTION 

Submitochondrial particles obtained by sonic irradiation show limited specific- 
i ty for the nucleoside part of di- and triphosphates involved in energy linked re- 
actions 1. As shown in the preceding article 2 the degree of specificity for nucleoside 
diphosphates as phosphate acceptors during oxidative phosphorylation in particulate 
systems varies with the substrate added. It is evident that for example IDP is 
phosphorylated to a much lower extent compared to ADP when NADH is the 
substrate, than when other substrates are used. A similarly low degree of efficiency 
can be demonstrated when ITP or GTP substitutes ATP as the energy source for 
suceinate linked NAD + reduction t. The increased specificity may reflect inherent 
properties of the phosphorylation site in the NADH flavin region of the respiratory 
chain but since the endogenous mitochondrial pyridine nucleotldes are lost upon 
sonic treatment a regulatory effect of these pyridine nucleotides upon nucleoside 
specificity could be a functional device worth investigating. Preliminary reports 

Abbreviation: TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine. 
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192 i. VALLIN, P. LUNDBERG 

fronl this laboratory a have supplied data which support this latter assumption and 
have shown oxidized NAD+ to be a most powerful agent to increase the nucleoside 
specificity. Experiments where NAD ~ have been substituted by analogues changed 
either in the nicotinamide or in the adenine part of the pyridine nucleotide molecule 
indicate the nicotinamide part to be responsible for the specificity induction effect. 

MATERIALS 

All nucieotides, alcohol dehydrogenase (EC I . I . I . I )  and antimycin A were 
purchased from Sigma Chemical Co. (St Louis, Mo., U.S.A.). 32p was obtained from 
the Radiochemical Centre (Amershanl, U.K.). Hexokinase (EC 2.7.1.1) was bought 
from Boehringer and Soehne GmbH (Mannheim, Germany) and N,N,A",N'-tetra- 
methyl-p-phenylenediamine (TMPD) from Eastman Organic Chemicals (Rochester, 
N.Y.U.S.A.). All other chemicals were of reagent grade. 

METHODS 

Sublnitochondrial particles of beef heart mitochondria were prepared according 
to L6w AND VALLIN 4 with the minor modifications introduced by VALLIN 5. Protein 
content was determined according to GORNALL et al. 6. Oxygen consumption was 
measured polarographically with a Clark oxygen electrode (Yellow Springs In- 
strumental Co. Inc. No. 4oo4) in a thermostable electrode chamber at 3 °° in a basic 
medimn containing 5 ° nlM glycylglycine buffer (pH 7-5), 6 mM MgC12, o.1 5 M sucrose, 
3 mM phosphate buffer (pH 7.5), 2 mM nucleoside diphosphate as indicated, 2o mM 
glucose, hexokinase in excess and o. 3 mg of submitochondrial particle protein per 
ml. 3 nlM sodium succinate or 5 mM sodium ascorbate plus o.3 mM TMPD was added 
as substrate giving a final volume of i.o ml. Phosphate esterification was determined 
by the ~2p distribution method described by LINDBERG AND ERNSTER 7. 

The reduction of NAD + (and analogues) was studied by the change of absor- 
bance at given wavelengths in a Hitachi-Perkin-Ehner ~2 4 spectrophotometer. Sub- 
mitochondrial particles (o.I 5 mg protein per ml) were preincubated for 6 lnin in a 
medium containing 5 o mM Tris HC1 (pH 8.o), 6 mSI MgCI2, o.2 5 M sucrose, 2 nlM 
KCN and • m M  nucleosidetriphosphate as indicated. The reaction was started by 
addition of Io mM sodium succinate and 1.5 mM NAD+ (or analogue) giving a final 
volume of 3 rid. A homogeneous distribution of the reagents in the cuvette was attained 
by bubbling nitrogen through the reaction mixture for a short period of time and the 
temperature in the cuvette chamber was maintained at 3 o°. 

The liberation of phosphate from nucleosidetriphosphates was studied in a 
system equivalent to that used for oxidative phosphorylation except that phosphate, 
glucose and hexokinase were excluded and 2 mM ATP or [TP was used instead of 
the nucleoside diphosphates. Determination of Pi liberated was made according to 
LINDBERG AND ERNSTER 7. 

RESULTS 

Effects of ps,ridiue nucleoti~es on IDP phosphorylatiou 
The effect of increasing concentrations of NAD+ when added to a submito- 

clmndrial particulate system with succinate as tlle substrate and ADP or IDP as the 
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phospha te  acceptor  is demons t r a t ed  in Fig. I .  The efficiency of phosphory la t ing  
I D P  was m a r k e d l y  decreased in the  presence of the  pyr id ine  nucleot ide and the 
fur ther  add i t ion  of hexokinase  plus glucose seemed to change the inhibi t ion  f rom a 
l inear  in to  a biphasic  course. The same p a t t e r n  can be demons t r a t ed  with G D P  as the  
phospha te  acceptor  whereas  phosphory la t ion  of A D P  was comple te ly  unaffected by 
NAD+ addi t ions  bo th  in the  presence and absence of a hexokinase  t rap.  The decrease 
in p l losphory la t ive  capac i ty  ob ta ined  by  NAD + was not  followed by  a s inml taneous  
reduct ion  of the pyr id ine  nucleot ide  as checked f luorimetr ical ly.  Al though the 
phosphory la t ion  of I D P  was sensi t ive to increasing concentra t ions  of NAD + the  
oxygen  consumpt ion  remained  cons tan t  over  the  whole concentra t ion  range tes ted.  
Addi t ion  of NAD + gave no fur ther  change of the  pH-dependence  found for phos- 
phory la t ion  of IDPL 
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Fig. I. The effect of NADq on 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 i t h  succ ina te  as the  subs t r a t e .  The 
e lec t rode  c h a m b e r  c o n t a i n e d  in  a final vo lume  of Lo  ml, 5 ° mM g lycy lg lyc ine  buffer (pH 7.5), 
o.r 5 5I sucrose,  6 toNI 5{gCl~, 3 mM p h o s p h a t e  buffer (pH 7.5), 2 mSf A D P  or IDI ' ,  o. 3 m g o t  
s u b m i t o c h o n d r i a l  pa r t i c l e  p ro te in ,  NAD + as ind ica ted .  2o ma t  glucose and hexok inase  in excess 
were added  when  ind ica ted .  The r e a c t i o n  was  s t a r t e d  by  add ing  3 mM succ ina te  and  the  tem- 
pe ra tu re  was 3oL .', --~;,  A D P ;  ~ . - - /G,  I D P ;  KI--K~, I D P  q- glucose a n d h e x o k i n a s e .  

Fig. 2. The effect of ro tenone  on p y r i d i n e  nuc leo t ide - induced  decrease of I D P  phospho ry l a t i on  
w i t h  succ ina te  as the  subs t r a t e .  E x p e r i m e n t a l  cond i t i ons  as in Fig. I i nc lud ing  glucose and  hexo- 
kinase,  o. 4 nmoles  of ro t enone  pe r  mg  p ro t e in  and py r id ine  nuc leo t ide  (PN) concen t r a t i on  as 
ind ica ted ,  were used. C - ; 5 , N A D + ;  O - - o ,  NAD* l r o t e n o n e ;  A - - A ,  N A D H  -~ ro tenone.  

N A D P H  had no effect on P/O rat ios with I D P  or GDP as the  phospha te  
acceptor  and N A D P  + was about  half as effective as NAD+ of tl le same concent ra t ion  
to diminish these P/O rat ios.  This t ype  of par t ic les  are unable  to reduce N A D P  + 
wi thout  the  fur ther  addi t ion  of N A D H  to complete  a t r anshydrogenase  sys tem s. 

E~'ccts of rotet~oi~e and aJ#im),cin A 
Fig. 2 demons t ra t e s  t ha t  the  effect of NAD + on P/O rat ios  ob ta ined  with 

I D P  as pl !osphate  acceptor  could be essent ia l ly  coun te rac ted  if ro tenone was added  
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194 I. VALLIN, P. LUNDBERG 

to  a s y s t e m  w h e r e  s u e c i n a t e  w a s  t h e  s u b s t r a t e .  R o t e n o n e  was,  h o w e v e r ,  less e f fec t ive  
!f N A D +  was  r e p l a c e d  b y  N A D H .  

A s i m i l a r  a n d  e v e n  m o r e  p r o n o u n c e d  d e c r e a s e  in p h o s p h o r y l a t i v e  a c t i v i t v  as 

well  as  P / O  r a t i o  cou ld  be  d e m o n s t r a t e d  u p o n  t i le  a d d i t i o n  of N A D  + to  p a r t i c l e s  

p h o s p h o r y l a t i n g  I D P  w i t h  a s c o r b a t e  plus T M P D  as t h e  s u b s t r a t e  (Fig. 3). As  seen  

f r o m  t h e  f igure,  tiffs effect  of NAD~ was  a l m o s t  c o m p l e t e l y  a b o l i s h e d  b y  a f u r t h e r  

a d d i t i o n  of a n t i m y c i n  A, w h e r e a s  t h e  a d d i t i o n  of r o t e n o n e  was  less ef fec t ive .  A 

c o m p a r i s o n  w i t h  Fig.  2 i n d i c a t e s  t h a t  t h e  r o t e n o n e - i n d u c e d  i n h i b i t i o n  was  less 
c o m p l e t e  if T M P D  plus a s c o r b a t e  was  u s e d  i n s t e a d  of s u c c i n a t e .  

F u r t h e r  i n v e s t i g a t i o n  of t h e  r o t e n o n e  effect  b y  t i t r a t i o n ,  Fig.  4, r e v e a l e d  t h a t  

t h e  g r a d u a l  r e t u r n  of t h e  c a p a c i t y  t o  p h o s p h o r y l a t e  I D P  fo l lowed  a s i g m o i d a l  p a t t e r n .  
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Fig. 3. The effect of rotenone and ant imycin A on NAD~ -induced decrease of IDP phosphorylation 
with ascorbate plus TMPD as the substrate.  Experimental  conditions as in Fig. 2, but  with 5 mM 
ascorbate plus o. 3 mM TMPD instead of succinate. The rotenone concentrat ion was o. 4 nlnole/mg 
protein and the ant imycin A concentrat ion o.3 pg/mg protein. O -  ";, without  inhibitor;  W -  El, 
x- rotenone;  2 . - - ± ,  t- ant imycin A. 

Fig. 4. The effect of rotenone on NAD+-induced decrease of IDP phosphorylat ion with succinate 
as the substrate.  Experimental  conditions as in Fig. i with the following modifications : the NAD 
concentrat ion was 5" io 4 M; 2o mM glucose and hexokinase in excess was added to the medium. 
• represents the control without  NAD + present. 

Structural background o[ the N A D  ~ effect 
V a r i o u s  a n a l o g u e s  of N A D  + were  t e s t e d  for  t h e i r  r e g u l a t o r y  effects  (Tab le  i ) .  

A n a l o g u e s  w i t h  s u b s t i t u t i o n  in  t h e  n i c o t i n a m i d e  p a r t  of t h e  mo lecu l e  h a d  a w e a k e r  
r e p r e s s i v e  effect  on  p h o s p h o r y l a t i o n  of I D P .  T h i s  effect  was ,  h o w e v e r ,  r e t a i n e d  in 

a n a l o g u e s  s t r u c t u r a l l y  c h a n g e d  in t i le  a d e n i n e  p a r t  of t i le  molecu le .  I f  t h e  n i c o t i n -  

a m i d e  p a r t  of t i le  N A D  + mo lecu l e  t h u s  was  m a i n l y  r e s p o n s i b l e  for  t h e  i n d u c t i o n  of 
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nucleoside specificity, nicotinamide or nicotinamide mononucleotide could not sub- 
stitute the entire pyridine nucleotide. 

For comparison, the efficiency of the various N A D  + analogues as electron 
acceptors in a succinate linked reversal of electron transfer with ITP or ATP as the 
energy source is demonstrated in Table II. Analogues with a high capacity to interfere 
with the synthesis of ITP (Table I) did not turn out as good electron acceptors 
(Table II) and thus there was no obvious correlation between these two functions. 

T A B L E  I 

T H E  E F F I ~ C T  O F  NAN ~ A N A L O G U G S  ON I D P  P H O S P H O R Y L A T I O N  XVITH S U C C I N A T E  AS T H E  S U B S T R A T E  

E x p e r i m e n t a l  cond i t ions  as in  Fig. I, i nc lud ing  glucose and  hexokinase .  

Dinueleotide Respiration Phosphorylation 
added (l~atoms 0 consumed (I ~moles Pi esterified 
(5" zo-4 3I) per rain per mg protein) per rain per mg protein) 

PlO 

- -  o.IS8 O.lO 7 0.57 
NAD+ o.196 0.047 0.24 
3-AAD+ o.154 0.060 0.39 
3-PAD + o. 16I o.o57 o.35 
N H I )  ~ 0.220 0.043 0.20 
3-AHD+ o. 175 0.03 t o. i 8 
3 - P H D  +- o.182 0.055 0.30 
T N A I )  * o.186 o.o58 o.31 

A b b r e v i a t i o n s :  3-AAD+, 3 - a c e t y l p y r i d i n e - a d e n i n e  d inuc leo t ide ;  3 -PAD +, 3-pyr id ine-  
a l d e h y d e - a d e n i n e  d inuc leo t ide ;  N t l D  +, n i c o t i n a m i d e - h y p o x a n t h i n e  d inuc leo t ide ;  3-AItD+,  
3 - ace ty lpy r id ine  h y p o x a n t h i n e  d inuc leo t ide ;  3 -PHD +, 3 - p y r i d i n e a l d e h y d e - h y p o x a n t h i n e  di- 
nuc leo t ide  ; T N A D  +, t h i o n i c o t i n a m i d e - a d e n i n e  d inuc leo t ide .  

T A B L E  I I  

R E D U C T I O N  O F  NAN + A N D  S O M E  A N A L O G U E S  B Y  8 U C C I N A T E  

S u b m i t o c h o n d r i a l  par t i c les ,  o. 15 mg  p ro t e in  per  ml, were p r e i n c u b a t e d  for 6 min  (3 o°) in a m e d i u m  
c o n t a i n i n g  5 ° mM Tris-HC1 (pH 8.o), 6 mM MgC12, o.25 M sucrose,  z mM I<CN and  1 mM ATP  
or ITP.  The r eac t ion  was s t a r t e d  by  a d d i t i o n  of 1.5 mM p y r i d i n e  nuc leo t ide  and  lO mM succ ina te .  
F i n a l  vo lume  3 nai. The spec t ra l  p rope r t i e s  of the  ana logues  from P a b s t  Labora to r i e s ,  Mi lwaukee ,  
\Visc., U.S.A., c i rcu la r  OR-IS  (1961). 

Pyridine .4 bsorption change Extinction 
mtcleotide at wavelength co@cient 

(rim) (raM) 

Acceptor reduced 
(nmoles/min per mg protein) 

With A 2"1 ° With 1 T P  

NAD + 338 6.2 47 13 
3-AAD+ 363 9.1 53 19 
3-PAD+ 358 9.3 42 12 
N H D  ÷ 338 6.2 76 9 
3-AHD+ 361 9.0 64 15 
3-PHD+ 350 9-4 32 12 
T N A D  ~- 395 I I . 3  36 7 

A b b r e v i a t i o n s  : see Table  I. 
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196 I. VALLIN, P. LUNDBERG 

,.'gAD+ reduction or ITPase ? 
The experiments described so far could indicate that addition of NAD+ intro- 

duced conditions for an energy-dependent reversal of electron transfer which would 
compete for the high energy generated in the case where the affinity between nucleo- 
side triphosphates like ITP or GTP and hexokinase is less pronounced. The effect of 
rotenone and antimycin A would then be an inhibition of the reversed electron 
transfer reaction. If there were a delicate balance between two such energy competing 
systems, a change in equilibrium would follow from a moderate variation in the 
amount of hexokinase added. The results obtained were, however, reverse to what 
then would be expected, a decrease in hexokinase concentration gave more IDP 
phosphorylated, whereas more hexokinase added tended to diminish the phosphoryla- 
t ire activity in the presence of NAD+. The effect of NAD+ could possibly be visualized 
as an initiation of a preferential hydrolysis of the ITP formed. The data reported so 
far were obtained almost exclusively in the presence of hexokinase, but the proposed 
effect would be more accentuated if the trap was omitted from the system. An 
experiment where high initial concentrations of nucleoside triphosphates were added 
under etherwise identical conditions is shown in Table I II .  The quotient between 
ITP/ATP hydrolyzed remained essentially unchanged except upon the addition of 
NAD + in combination with ascorbate plus TMPD, where splitting of ATP was the 
more stimulated activity. 

T A B L E  I I I  

ATPase  AND ITPase  IN AN AEROBIC SYSTEM 

The m e d i u m  c o n t a i n e d  5 ° mM g lycy lg lyc ine  buffer (pH 7-5), 6 mM MgCI~, o . i  5 mM sucrose,  
2 mM ATP or I T P  and  0.3 mg  of s u b m i t o c h o n d r i a l  pa r t i c l e  p ro t e i n  per  ml. A d d i t i o n s  where  
i n d i c a t e d  were 5 mM s o d i u m  succ ina te ,  Io  -a M N A D  +, 5 mM sod ium asco rba t e  and  o. 3 mM 
TMPD.  The  final v o l u m e  was i ml  a nd  the  t e m p e r a t u r e  was  3 o°. D e t e r m i n a t i o n  of Pi  l i b e r a t e d  
d u r i n g  5 min was m a d e  co lo r ime t r i ca l l y  acco rd ing  to  LINDBERG AND ]~RNSTER 7. 

A dditio~s A mounts of P1 released ITPase/A TPase 
(pmoles Pi per rain per mg protein) 

A TP  I TP  

None o.374 o.25 ° o.67 
Succ ina te  o.385 o.261 o.68 
Succ ina te ,  NAD + o.365 0.266 0.73 
NAD+ o.371 o.254 o.68 
Ascorba te ,  TMPD o.437 o.3o9 0. 7 I 
Ascorbate ,  TMPD,  NAD  + o.619 o.36o o.58 

Type of i~hibition 
A kinetic study of the NAD ~ effect on phosphorylation of IDP is demonstrated 

in Fig. 5. From the Lineweaver-Burk plot emerges that the inhibitory effect was of 
a noncompetitive type and additional experiments gave a K~ value for NAD + of 
i .  5 • I O  - 4  M .  

These experiments indicate that the regulatory influence of NAD 5 is exerted 
on a level which probably is separate from the final phosphorylative event. 

Biochim. Biophys. Acta, 256 (1972) 191-198 
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D I S C U S S I O N  

We have demons t r a t ed  earl ier  9 t ha t  the  energy-dependen t  reduct ion  of NAD + 
can compete  wi th  the  synthes is  of ATP  for pa r t  of the  energy generated.  A similar  
cempe t i t ion  between energy- l inked t r anshydrogenase  react ion and oxida t ive  phos-  
phory la t ion  was inves t iga ted  in the  same type  of par t ic les  by  LEE ANI) ERNSTER ~°. 

Phos. rate 

20 A ~ N A D  ÷ 

10 3 5-10 2 1 
[zDp] <MI 

Fig. 5. Lineweavcr I3urk plot of tile rate of phosphate esterification vcrsus the concentration 
of IDP. Experimental conditions as in Fig. ~ without glucose and hexokinase and with various 
concentrations of IDP and NAD+ as indicated. The phosphorylative rate is expressed as/~moles 
Pi esterified per min and per mg protein. 

l : rom Figs. I -  3 it is evident ,  however,  t ha t  the  add i t ion  of NAD = to par t ic les  oxidizing 
succinate  or ascorba te  plus TMPD does not  cause a decrease in phosphory la t ive  
ac t i v i t y  or P/O ra t io  if A D P  is the  phospha te  acceptor  even if hexokinase  is omi t t ed  
from tile system. The incomple te  r e sp i ra to ry  control  in these par t ic les  5 seems to 
cause condi t ions where the  level of p r i m a r y  high energy in t e rmed ia te s  is insuffmient 
to counterac t  tile e lectron flow in an un inh ib i t ed  re sp i ra to ry  chain as in the  present  
systems.  The energy-compet ing  sys tems ment ioned  above are both  charac te r ized  
bv  two separa te  sources of reducing equiva lents  and  the presence of a r e sp i ra to ry  
inhibi tor .  A number  of evidences favour  the  conclusion t ha t  the  decrease in I D P  
phosphory la t ion  caused b y  NAD~ is not  due to  the  in t roduc t ion  of an energy com- 
pe t ing  NAD= reduc t ion :  

(a) No reduct ion  of the  NAD + added  could be de tec ted  f luor imetr ical ly  even in 
h ighly  sensi t ive measurements .  

(b) The decrease in I D P  phosphory la t ion  was not  accompanied  by  a s inml tane-  
ous decrease in r e sp i ra to ry  ac t iv i ty .  

(c) Rotenone  could subs t i tu te  an t imyc in  A only pa r t i a l ly  when counterac t ing  
the influence of NAD + on I D P  phosphory la t ion  with  ascorba te  plus TMPD as the  
subs t ra te .  

(d) Var ia t ions  in hexokinase  concent ra t ion  gave no indica t ion  of two energy-  
compet ing  sys tems  in equi l ibr ium. 

(e) No correlat ion between ab i l i ty  of var ious  NAD+ analogous to suppress  
I D P  phosphory la t ion  and to act  as e lectron acceptor  in a reversed electron 
t ransfer  system.  

Biochim. t3iophys. /cta, 256 (I972) 19I I98 
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(f) NADH depressed the IDP phosphorylation activity in the presence of a 
complete rotenone block. 

We have been unable to correlate the decrease in phosphorylative capacity 
caused by NAD + with a simultaneous stimulation of the ITPase. The inhibition 
was further noncompetitive and thus a direct interaction of NAD + on the binding 
site for inosine nucleotides on the phosphorylation enzyme was less likely. The 
demonstrated effect of respiratory inhibitors like rotenone and antimycin A, plus 
the fact that  the ratio between IDP and ADP phosphorylated varied with the 
different substrates added and the number of energy conservation sites involved 2 
would sooner suggest that  the specificity of the phosphorylation process is regulated 
prior to the ultimate phosphorylation reaction. 

From the data presented it is evident that  the nicotinamide part  of the pyridine 
nucleotide plays the immediate rSle when phosphorylation of IDP is affected but 
also the size of the molecule is of certain importance. 

I t  is tempting to suggest that  the pyridine nucleotide interacts directly with 
respiratory chain components preceding the energy conservation sites involved 
possibly by causing conformational changes. Rotenone or antimycin A, respectively, 
would then restore these enzymatic changes. The ability to select between the different 
nucleoside parts may also inlply that  an early involvement of IDP or ADP in the 
energy conservation sequence before the ultimate phosphorylation event has to be 
taken into consideration. 

Endogenous pyridine nucleotides which are lost upon sonic disintegration of 
mitochondria seem thus to have a regulatory effect on the specificity of the pr imary 
phosphorylation event. The data suggest that  allosteric regulation of pr imary pro- 
cesses in oxidative phosphorylation may play a r61e hitherto unobserved in intact 
mitochondrial systems. 
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