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TRIPHOSPHOPYRII)INE NUCLEOTIDE* 

by 

E L I Z A B E T H  F. N E U F E L D * * ,  NATHAN O. KAI 'LAN AND S I D N E Y  P. COI~O\VICK 

McCollum-Pratl Institute, The Joh,s  Hopkins Universily, 
Baltimore, 3i~tryland (l:.,~.,q.) 

TPN has been found to contain a monoester phosphate grouping in the 2'-position 
of the adenylic acid ribose x. Some information relating to the significance of the monoester 
group in TPN has been obtained from studies on the pyridine nucleotide transhydro- 
genase from Pseudomonas fluorescens 2. These studies suggested that a'-adenylic acid by 
competing with TPN could activate certain electron transfer reactions catalyzed by the 
Pseudomonas enzyme. In the present paper, data will be presented showing that 2' 
adenylic acid can act as a competitive inhibitor of TPN linked systems, whereas this 
nucleotide has no effect on DPN specific dehydrogenases. 

MATERIALS AND METHOD 

The TPN-isocitrate dehydrogenase was obtained from pig hear t  by the method of GRAFFLIN 
AND OCnOA 3. The phosphogluconic acid dehydrogenase was the yeast  prepara t ion of HORECKER 
AND SMYRNIOTIS 4. Glucose-6-phosphate dehydrogenase (Zwischenferment) was prepared by the 
procedure of KORNBERG 5. The TPN-gluta th ione  reductase was the enzyme of MAPSON AND GODDARD 6 
and was prepared from peas as described previously 7. The cytochrome c reductase was the liver 
enzyme of I-{ORECKER 8.**. The yeast  extract  used in these exper iments  was prepared from brewers 
yeast  by  the method of KORNBERG AND PRICERg; tile source of the "malic enzyme" was an extract  
from an acetone powder  of pigeon liver 1°. Yeast alcohol dehydrogenase and hear t  lactic dehydrogenase 
were obtained by  the procedure of RACKER 11 and STRAUB respectively 12. 

The TPN and DPN prepara t ions  were obtained from the Sigma Chemical Co. and were ap- 
proximate ly  80 (~o pure. TPNH,  D P N H  and desamino TPN were prepared as outlined previously 13,14,7. 
5'-adenylic acid was obtained from the E rns t  Bischoff Co., Inc. The 2 ~ and J -adenyl ic  acids were 
prepara t ions  supplied by the Schwarz Laboratories.  Cyclic 2-3-adenylic acid was prepared by the 
method of ]3RO~VN AND TODD 15. Tile various inosinic isomers were prepared by the procedure described 
by SHUSTER AND KAPLAN 16. 

2 ' -Phospho-adenosinediphosphoribose (P-ADPR) was prepared by cleaving TPN at the nicotin- 
amide-ribose bond with Neurospora DPNase 17. After the reaction was complete, the mixture  was 
made acid to congo red with dilute nitric acid and the P - ADP R precipitated with five volumes 
of cold acetone. The product,  after washing with acetone aml ether, gave a molar rat io of phospha te  
to ribose to adenine of 3:2 : i. 22 mg of P - : \ D P R  were obtained by  this method from 5 ° mg of T | 'N .  

* Contr ibut ion No. 94 of the McCollunl-Pratt  Inst i tute ,  Johns  Hopkins  University. Aided by 
grants  from the American Cancer Society as recommended by the Committee on Growth of the 
Nat ional  Research Council and the Rockefeller Foundat ion.  

The following abbreviat ions  will be used : TPN, t r iphosphopyr id ine  nucleotide ; DPN, diphospho- 
pyridine nucleotide; T P N H  and DPNH,  the corresponding reduced nucleotides; AMP, adenylic acid; 
IMP, inosinic acid; ADPR, adenosine diphosphate  ribose; I ' -ADPR,  phospho adenosinediphosphate  
ribose; and OAA, oxaloaeetate. 

** Present  address: Depar tmen t  of Plant  Biochemistry,  Universi ty of California, Berkeley 4, 
California. 

*** \Ve should like to express our thanks  to Dr. B. L. HORECKER for supplying the cytochrome c 
reductase used in these studies. 
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RESULTS 

Studies with the T P N  cylochrome c reduclasv 

In tim course of experiments on the reductase, it was obserw~d that the oxidized 
form of TPN would inhibit the reduction of cytochrome c by TPNH. This inhibition is 
illustrated in Table I; the inhibition was found to be competitive as determined by the 
LINEWEAVER-[~URI,2 plot TM in Fig. I .  
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Fig.  z. C o n i p e t i t i v e  i n h i b i t i o n  of  c y t o c h r o m e  c r e d u c t a s e  a n d  T I ' N  isoci tr ic  d e h y d r o g e n a s e  b y  nuc leo-  
t i t les.  (A) L i n e w e a v e r - B u r k  p lo t  of T P N  a n d  2 '  A M P  on l i v e r  c y t o c h r o m e  c r e d u c t a s e ,  (C - -  T P N H  
m o l a r  c o n c e n t r a t i o i a  ~'< rooo) (V = v e l o c i t y  f rom 15 sec imds  to  t 8 o  s eco n d s  a f t e r  s t a r t  of r eac t i on ) .  
Coni l i t ions  s a m e  as in T a b l e  I. (t3) I /V  < I /C plo t  of 2 '  A M P  i n h i b i t i o n  of T P N  isoci tr ic  d e h y d r o g e n a s e .  
(C ~ T P N  c o n c e n t r a t i o n  m o l a r  ~ 1ooo), V - -  v e h ) c i t y  f r o m  3 ° see<rods to  t- ,o a f t e r  i l f i t i a t ion  of 

r eac t i on ) .  C o n d i t i o n s  as in T a b l e  IV.  

T A B L E  I 

E F F E C T  O F  V A R I O U S  N U C L E O T I D E S  ON I N H I B I T I O N  O F  T P N - c Y T O C H R O M E  C R E I ) U C T A S E  

R e a c t i o n  m i x t u r e s  c o n t a i n e d  o.o 5 ml  of a 5 °o c y t o c h r o m e  c so lu t ion ,  0.08 M K 2 H P O 4 ,  o.o 4 m i c r o -  
mo le s  T P N H .  T o t a l  v o l u m e  3 ml.  R e a c t i o n  s t a r t e d  b y  a d d i t i o n  of  2oo 7 c y t o c h r o m e  c r e d u c t a s e .  
R a t e  of  r e d u c t i o n  of c y t o c h r o m e  c m e a s u r e d  b y  c h a n g e  a t  55 ° i111/ b e t w e e n  t 5 an(l zSo s eco n d s  

a f t e r  a i l d i t i o n  of e n z y m e .  

Fina l  Per cenl 
Nuclealidc addc,l concentration inhibition 

T P N  -'.5 " l o  5 30 
T P N  7'  l o  5 46 
T P N  1 .4 .1o  4 81 
I ' - A D I ' R  I. 4 . lO ~ 71 
D P N  1.4" 1 o -a o 
A D P R  I. 4 . ~o -a o 
d e s a m i n o  T P N  ~.o- i o- 4 13 
2 '  A M P  l . e . i o  a 73 
3 '  A M P  \ . 2 . t o  a o 
5 '  A M P  1.2-To -a 8 
2 '  I M I '  I .o. Io  :/ 1 _' 
3 '  I M P  i.  5 -IO a 7 

R c / e r e . ( e s  p. 535. 
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Table I lists the effect of other nucleotides on the reductase. DPN and ADPR, in 
concentrations fifty times higher than that found effective with TPN, do not inhibit this 
reaction. However, P-ADPR (TPN with the nicotinamide removed) is almost as potent 
an inhibitor as TPN. Desamino TPN has little inhibitory action on the cytochrome c 
reductase. This finding might be expected since the reduced form of the deaminated 
nucleotide reacts much more slowly than TPNH in this reaction. 

z" AMP also acts as a competitive inhibitor of the reaction (see Table I and Fig. I). 
5' AMP and 3' AMP have little or no effect on the reduction of cytochrome c. The inosinic 
acid isomers also do not compete with TPNH in the reaction. 

inhibition o~ Zwischen/erment by adenylic acid isomers 

"Fable II  shows that 2" adenylic acid is a much more effective inhibitor of the 
Zwischenferment of yeast than is either of the other isomers of adenylic acid. The inhibi- 
tion by the 2' adenylic was found to be competitive. 

T A B L E  I I  

INHIBITION OF Z\VISCHENFERMENT BY VARIOUS ADEN~,'LIC ACID ISOMERS 

R e a c t i o n  m i x t u r e s  c o n t a i n e d  o . o i  M g l y c y l g l y c i n e  bu f f e r ,  p H  6.56,  t o  m i c r o m o l e s  MgC12, o. i m l  of  
a i / i o  d i l u t i o n  of t h e  Z w i s c h e n f e r m e n t  p r e p a r a t i o n  5, 0 .25  m i c r o m o l e s  T P N ,  in  a t o t a l  v o l u m e  of  3 ml .  
R e a c t i o n  s t a r t e d  b y  a d d i t i o n  of  ~o m i c r o m o l e s  g l u c o s e - 6 - p h o s p h a t e .  R a t e  m e a s u r e d  b y  c h a n g e  in  

o p t i c a l  d e n s i t y  a t  34 ° m/ ,  b e t w e e n  t5  a n d  6o s e c o n d s  a f t e r  a d d i t i o n  of  s u b s t r a t e .  

Nuc[,'otidc Final Per cent 
concenlratio~ inhibition 

2 '  A M P  3" I ° - a  72 
e '  A M P  6- IO - a  91 
3 '  A M P  3" IO a 15 
3 '  A M P  6 .  IO - a  24 
5 '  A M P  6 . I O  a 24 

Studies with phosphogluconic acid dehydrogenase 

Phosphoglueonic acid dehydrogenase is generally regarded as a TPN specific en- 
zyme. However, it was found that  when high concentrations of DPN are used some 
reaction between DPN and the dehydrogenase system occurs. This reaction of DPN with 
the phosphogluconate system is stimulated by cysteine. This stimulation takes place 
both with the purified and the crude enzyme. Stimulation is illustrated in Fig. 2. Activa- 
tion with cysteine when TPN is the pyridine nucleotide has also been observed. 

2' AMP inhibits the reduction of both TPN and DPN which is promoted by the 
phosphogluconic acid dehydrogenase. The inhibition is much more pronounced when 
DPN is the oxidizing agent as demonstrated in Table I II .  This occurs when the level of 
DPN is 2o times higher than TPN. The data suggest that the affinity of the TPN for the 
enzyme is considerably greater than that of DPN, and because of this difference in 
affinity tile 2' AMP is more inhibitory when DPN is the coenzyme. However, the inhibi- 
tion produced by 2' AMP suggests that the reaction with DPN is catalyzed by the same 
protein that reacts with TPN. 

E~ect o/ adenylic acitts on isocitric dehydrogenases 

Table IV presents the effect of nucleotides on the TPN isocitric dehydrogenase of 
pig heart. 2' AMP is a potent inhibitor of the reaction; the inhibition is competitive as 

R e [ e r e n c e s  p.  5 3 5 .  
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] ; ig .  2. C y s t e i n e  a c t i v a t i o n  of  p h o s p h ( ) g l u c o n i c  ac id  ( l ehydr (~genase .  Rcacti(11] m i x t u r e  c o n t a i n e d  
3.5 m g  DI )N,  5 / I m ° l e s  p h o s p h o g l u c o n i c  a c i d ,  1o m i c r o n l o l e s  c y s t e i n e ,  o .o8  31 p h o s p h a t e  p H  7.5, 
t o t a l  v o l u m e  3 ml.  o . [  ml  c r u d e  e x t r a c t ,  a n d  o.I 1111 of  tt I / 2 o  d i l u t i o n  of  t h e  p u r i f i e d  enzyme ,  w a s  

u s e d  r e s p e c t i v e l y ,  l ( eac t i ( )n  s t a r t e d  l /y a d d i t i o n  ()f t )h<)s l )hl)gluc/mate .  

'1".\ 131.1~: 111 

EFFI£CT OF 2 ~ - A I ) E N Y L I C  ACII1 ON P H O S P i l O ( i L U C O N I C  A C I D  I ) Y I f Y I I R O G E N A S E  

All s a m p l e s  c o n t a i n e d  o .o  5 31 p h o s p h a t e  ( p H  7.51, Io m i c r o m o l e s  c y s t e i n e  a n d  o.2 m] of  a t t o  20 
d i l u t i o n  of  e n z y m e .  R e a c t i o n  i n i t i a t e d  w i t h  l o  1n ic r / /moles  p h o s p h o g l u c o n a t e .  R a t e  e q u a l s  o p t i c a l  

d e n s i t y  c h a n g e  < Iooo  a t  34 ° nl H f r o m  15 t<1 t 2 o  s e c o n d s  a f t e r  s t a r t  o f r e a c t i / m .  

I ' v r i d l ' m '  n m ' l c o t  i dc  , I .'il P R a h "  l ' c r  c e n t  
a d d r d  2 • 1~1 a M i n h i h i h ' o n  

T I ' N  0 .  ] o s  192 
T I )N  0 . 1 o  s ~ )04 40  
1 ) P N  1. 3 • lO a 32 
D I ' N  1. 3 -~o a 4 87 

T.XBI.Ig  IX" 

E F F E C T  O F  V A R I O U S  NUCLEOTIDI~ :S  ON T H F  T | ) N  iSOCITRIC D E . H Y I ) R O G E N A S E  OF PIG HIe. ART 

R e a c t i o n  m i x t u r e  c ( m t a i n e d  o . t  ~1/ p h o s p h a t e  ( p H  7.5),  o .e5  n l i c r o m o l e s  T I ' N ,  o.I  I111 of a l / z o  
d i l u t i o n  of  e n z y m e  s. T o t a l  v o l u m e  3 ml .  lCeac t ion  s t a r t e d  w i t h  I o m i c r o m o l e s  i s o c i t r a t e .  R a t e  r e p r e -  
s e n t s  c h a n g e  in  c)pt ical  d e n s i t y  :~ i o o o  a t  34 ° In/* b e t w e e n  i a n d  3 n l i n u t e s  a f t e r  s t a r t  ()f r e a c t i o n .  

: \ ' l t H ~ . h ' d c  a d d e d  R a l c  P e r  c e n l  
: . l~J a M t n h i h i l i o n  

o 94 
/ . \MI '  15 8 4 

3' AMI'  ~,z 34 
5' AMI'  85 9 
C y c l i c  AM 1' 89 0 
2' I M P  94 o 

Re/ere~zccs p. ,5,35- 
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i l lus t ra ted  in Fig. IB.  Seine inhibi t ion  is also observed with  the  3' AMP, whereas  5' AMP 
has p rac t i ca l ly  no effect. Al though  bo th  the  2' and  3' adeny la tes  inhib i t  the  react ion,  
the  2 3 cyclic AMP is wi thou t  effect. I t  appears  from these s tudies  t h a t  the  monoes ter  
group is essent ial  for the  inhibi t ion  and t ha t  the  2' AMP is a much be t t e r  inh ib i tor  than  
e i ther  the  3' or 5' isomers.  2' IMP does not  inhib i t  the  react ion.  The fact  t ha t  th is  nucleo- 
t ide  is not  act ive m a y  be corre la ted  with the  finding t ha t  desamino T P N  is comple te ly  
inac t ive  in the  isocitrate react ion.  

Magnesium ion has  only a s l ight  s t imu la to ry  effect on the  ra te  of reduc t ion  of TPN 
by  isocitrate. However ,  as shown in Table  V, the  presence of inagnes ium considerably  
decreases the  inhibi t ion  exer ted  by  the  adenyl ic  acids. This is pa r t i cu l a r ly  significant 
with 2' AMP, where the  ra te  is increased six fold by  the  presence of magnes ium.  

"I'AI3LE V 
E F F E C T  OF MAGNILSIUM ION ON I N H I B I T I O N  OF tSOC1TRIC ACID 

D E H Y D R O G F N A S E  B'," A I ) E N Y L I C  AC1D I S O M E R S  

Conditions as in Table I V  

. \ ' u c h ' o t i d e  a d d e d  . l i e  w n  l¢  d c  P e r  c e n t  
6 . I o  :~ 3 I  3 " z~J ~ ,~l  c o n t r o l  r a h '  

0 O I 0 9 

2 '  A M P  o 12 I 1 

3 '  A M P  o 3 9  3 6  

5' AMP o 75 7 ° 
O ~L 1 2 2  l i 1  

2' AMP -i 73 08 
3" AMI) -t- 90 83 
5' AMP ~r io8 Ioo 

KORNBERG AND PRICER 8 have  r epor t ed  two isocitric dehydrogenases  in yeast .  One 
is specific for T P N  whereas  the  second reacts  only  wi th  DPN.  The purif ied TPN isocitric 
dehydrogenase  from yeas t  was found to be inh ib i ted  by  2' AMP. However ,  the  D P N  
enzyme was not  affected by  the  mono- 0.300 
nucleot ide.  An indica t ion  t h a t  two 
dis t inct  isocitrate enzymes exist  in yeas t  
can be ob ta ined  from the  effect of 2' AMP 
on crude ext rac ts .  As can be seen from 
Fig. 3, 2' AMP inhibi ts  only the  reduct ion  0.200 
of T P N  and not  of D P N  in such ext rac ts .  
This  can be con t ra s t ed  to the  finding o 
with the  phosphoglueona te  dehydroge-  
nase where the  reac t ion  with  e i ther  TPN 
or D P N  is inh ib i ted  b y  the  2' AMP. 

O.lO0 

F i g  3. E f f e c t  of  2 '  A M P  o n  T P N  a n d  D P N  
isoci tr ic  d e h y d r o g e n a s e s  of y e a s t .  All r e a c t i o n  
m i x t u r e s  c o n t a i n e d  c r u d e  e x t r a c t  o. 4 t111, o. t .)I 
p h o s p h a t e ,  p H  7.0,  2.1 ml ,  D P N ,  o r  T U N  o. 3 
m i c r o m o l e s ,  MgCl~ 20 m i c r o l n o l e s ;  2 m i c r o -  
m o l e s  5 '  A M P ,  an t i  i o  m i c r o m o l e s  2 '  A M P  
w h e n  a d d e d .  T o t a l  v o l u m e  3 ml .  R e a c t i o n  

i n i t i a t e d  w i t h  ~o m i c r o m o l e s  of  i soc i t ra te .  

/ 

I t I I I I 
~' 2 '  3 '  4 '  5 t  6 '  

M I N U T E S  

7' 
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During the course of the above experiments, it was noted that some of our crude 
pig heart extracts could promote the reduction of DPN by isocitmte. This reduction took 
place at a much slower rate than with TPN. It was noted as in the ease of the yeast 
extract that 2' AMP would inhibit the TPN reduction but was without effect on the 
course of the DPN reaction. This suggested that two distinct isocitrate oxidizing enzymes 
were also present in pig heart*, and the following observation supports this view. It was 
found by ammonium sulfate fractionation, that a preparation could be obtained which 
would only catalyse DPN reduction by isocitrate. 2' AMP had no effect on this partially 
purified fraction. Fig. 4 illustrated the difference in behavior of the I)PN-linked isoeitric 
and phosphogluconic dehydrogenase systems. With fhe former, which is DPN-st~eeific, 
2' AMP does not inhibit the reaction appreciably, whereas with the Iatt(r, which is non- 
specific and primarily a TPN enzyme, 2' AMP strongly inhibits the reduction of DPN. 

O.5 
PHOSPHOGLUCONIC DEH. ISOCITRIC DEH. 

0.4 (PIG HEART) 

o 

uJ~ 0 . 2 ~  
0.1 

'1  
0 4, 8 12 16 20  0 4 8 12 16 

M I N U T E S  
Fig. 4- Compar i son  of 2' AMP ac t ion  on phosphogluconic  acid, dehydrogenase  from yeas t  wi th  DI)N 
isoci tr ic  dehydrogenase  from pig  hear t .  For phosphogluconic  dehydrogenase  test ,  see Table  l I I .  The 
D P N  isocitrate tes t  con ta ined  o. 5 micromoles  DPN, 5 micromoles  5' AMP, phospha t e  pH 7.0 M / t o  
2.o ml, xo micromoles  MgCI 2, o.2 ml pig hea r t  ex t rac t .  Total  w) lume 3 ml. Reac t ion  i n i t i a t ed  with 

IO microlnoles  isoci t ra te .  TO micromoles  of 2' AMI ) added in each case. 

Studies with the "malic enzyme" o~ pigeon liver 

The TPN specific "malie enzyme" is also inhibited by 2' AMP (Table VI). This 
inhibition was found to be competitive with TPN. Magnesium ion, as was found with 
the isoeitrate system, exerted considerable protection against the effect of tile 2' nu- 
cleotide. Manganese also was active in decreasing the inhibition. 

The effect o/2' and 3' adenylic acids on oxaloacetate carboxylase o~ pigco~ liver 

TPN has been reported to stimulate the decarboxylation of OAA by pigeon liver 
extraets~9,20. It was therefore thought of interest to test the activity of the adenylic 
isomers on this deearboxylation. Table VII summarizes the results of such studies, and 
also confirms the marked TPN stimulation of the reaction. Neither 2' nor 3' adenylic 
acid affects the decarboxylation of OAA in the absence of TPN or metal (Expt. I A). 
However, in the presence of TPN and metal, inhibition by 2' AM P results; no inhibition 

* Since the comple t ion  of th i s  work, a much more de ta i led  and comple te  repor t  on occurrence 
of DPN isoci tr ic  dehydrogenase  in an ima l  t i ssues  has been publ i shed  by PLaUT AND SUNG lu. Our 
resul ts  confirm the  ex is tence  of th is  enzyme  in p ig  hear t .  I t  is of in te res t  to note t h a t  addi t ion  of 
cyan ide  ion at  t i m e  increased the  a c t i v i t y  of the  p ig  hea r t  enzyme.  

Re/ere*~ces p. 535. 
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T A B L E  V[  

E F F E C T  O F  M E T A L  I O N S  O N  T H E  I N t t l B I T I O N  O F  T H E  " M A L I C  E N Z Y M E "  B Y  2 '  A M P  

R e a c t i o n  m i x t u r e s  all c o n t a i n e d  M / I O  p h o s p h a t e  ( p H  7.5), o . 2 / ~ m o l e s  T P N  a n d  o.o 5 m l  of c r u d e  
p i g e o n  l i v e r  e x t r a c t .  R e a c t i o n  i n i t i a t e d  b y  a d d i t i o n  of 2o m i c r o m o l e s  of d ~ m a l a t e .  O t h e r  a d d i t i ( m s  
as g i v e n  in T a b l e .  T o t a l  w ) l u m e  3 ml .  R a t e  equa l s  op t i ca l  d e n s i t y  c h a n g e  × i ooo a t  34 ° m/~, t.5 s e c o n d s  

to  I 2o  s e c onds  a f t e r  a d d i t i o n  of t h e  m a l a t e .  

Metal a&h'd /~moles -" " ! l I P  umoles Nale lnhihilion 
added per cen( 

o o 144 - -  
o lo  63 45 
o 2 0  t 2  89 

lo  (MgC12) o I59  - 
IO (MgCI~) io  ~38 13 
Jo (MgC12) 2o 96 3 ° 
0. 3 (MnC12) o 131 
0. 3 (MnC12) 2o 98 -'5 

r F A B L E  V I I  

E F F E C T  O F  N U C L E I ) T I D E S  O N  D E C A R B O X Y L A T I O N  O F  O A 2 \  

M a i n  c o m p a r t m e n t  of \ V a r b u r g  vesse l  c o n t a i n e d  3 ° m i c r o m o l e s  of O A A ,  p lus  a d d i t i o n s  s h o w n  in 
Tab le ,  in  o.1 M a c e t a t e  bu f f e r  p H  o . i  M N a A c ,  F i n a l  t o t a l  v o l u n l e  3 ml.  A f t e r  3'  e q u i l i b r a t i o n ,  
o. 3 m l  of p i g e o n  l i ve r  e x t r a c t  w a s  t i p p e d  in f r o m  s i d e a r m .  T e m p e r a t u r e  3 o:'. ( ;O 2 p r o d u c t i o n  m e a s u r e d  
f r o m  2 to  15 m i n u t e s  a f t e r  a d d i t i o n  of e n z y m e .  All v a l u e s  c o r r e c t e d  for n o n - e n z y m i c  d e c a r b o x y l a t i o n .  

T t ' N  MnCI., -'" A 311 ~ 3" A 3 I P  ( ()~ Inhibition 
added llnwles added iimoles add*'d /*moles added Hmoles produced IH per cent 

E x p t ,  I A o o o 46 
o o o o 46 - -  
o o 4 ° o 5 ° o 
o o o 4 ° 43 7 

E x p t .  t B 
o.2 3 o o I 5 o  - -  
o.2 3 4 ° o 88 42 
o. 2 3 o 4 ° 146 3 

E x p t .  2 A 
o 3 o o 67 - -  
o 3 60 o ; 8  0o 
o 3 o 0o 36 48 

E x p t .  2 B 
o.2 3 o o ~35 
0.2 3 60 o (39 49 
o.2 3 o 60 127 5 

under the same conditions takes place with 3' AMP (Expt. I B). In the presence of Mn 
but  in the absence of TPN,  both mononucleotides inhibit (Expt. 2 A). However,  addit ion 
of TPN abolishes the inhibition produced by  the 3' AMP (Expt. I B and 2 B). 5' AMP 
has no effect under  any conditions on the CO 2 release from OAA. The significance of the 
above experiments will be presented in the discussion. 

Inhibition o~ TPNH glutathione reductc~se o/peas by various nucleotides 

I t  would appear from the da ta  presented above that  2' AMP can act as an inhibitor 
in all TPN specific systems. The inhibition, however, does not occur with the glutathione 
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"I'A BIA£ V I I I  

I N H I B I T I O N  O F  T ] ) N H - G I A ! ' I * A T t t l O N I , ;  RI '21)UCTASE ply  \ : A R I O I I S  NUCLI,;OTII)I~. 'S 

R e a c t i o n  m i x t u r e s  c o n t a i n e d  o, 3 m i c r o m o l e s  "I*PNtl,  ,11/ io  p h o s p h a t e  ( p H  7.5),  o.I  ml e n z y m e .  
R e a c t i o n  s t a r t e d  w i t h  lo  m i c r o m o l e s  o x i d i z e d  g l u t a t h i o n e .  R a t e  m e a s u r e d  b y  c h a n g e  in o p t i c a l  
d e n s i t y  a t  34 ° ni l /  b e t w e e n  ~5 an(] I 2o s e c o n d s  a f t e r  l ) e g i l l n i n g  of  r e a c t i o n .  O n e  lllicl 'ol/]Ole n u c l e o t i d e  

~Id(]e([  J l i  e a c h  c a s e ,  

l'cr ccllt 
XII¢]FcdldF inkihiti, n 

T I ' N  ()9.o 
I ) P N  52 .o  
2' A M I '  IO. 5 
I ' - A  1) 1 ' R  4 . 0  
A I ) I ' R  o 
3 '  . \ M I '  ~).o 
5 ' - \ M I '  r l . o  
d e s a m i n o  T I ' N  5.o  
N M N  i 7.o 
N M N  2'  , \ M I '  34 .o  

reductase (Table VIII). Both TPN and DPN will act as inhibitors of this reductase. 
P-ADPR, which is almost as potent an inhibitor of the cytochrome reductase as TPN, 
(see Table I) has very little effect on the glutathione system. The fact that DPN is active 
and P-ADPR is not suggests that the nicotinamide moiety of the TPNH may be of more 
signilicance in the mechanism of action of the pea enzyme. 

Effect o/adenylic acids o~z crystalline )'east alcohol deh)'dro~em~sc 

All three adenylic acid isomers at a concentration of o.oi M were found to be 
without influence on the rate of the I)PN-specific yeast alcohol dehydrogenase reaction. 

Effect o~ 2' A M P  on lactic acid dehydrogenase 

Lactic acid dehydrogenase reacts with TPN at approximately I/'5oo the rate of 
DPN. However, the oxidation of TPNH by pyruvate is not affected by o.oi M 2' AMP. 
This further indicates that the inhibition produced by this mononucleotide is restricted 
to TPN specific enzymes. 

1)ISCUSSION 

WILLL\MS e2 has reported the inhibition of some DPN dehydrogenases by adenine, 
adenosine, and ATP. The concentrations required for inhibition were much higher than 
that obtained in this paper with 2' AMP on the TPN systems. Furthermore, the effect 
on the TPN enzymes seems to l)c more specific since the inhibition occurs largely with 
2' AMP and to a much lesser degree with the other isomers of adenylic acid. 

The data presented in this paper strongly suggest that  the monoester phosphate 
group of TPN plays an important role in the binding of the coenzyme to the apoenzyme. 
This is illustrated in the experiments with the TPNH cytochrome c rednctase in which 
TPN and P-ADPR are competitive inhibitors of TPNH whereas DPN and ADPR are 
without effect on the reaction of the reductase. The inhibition of the cytochrome reduc- 
tion by 2' AMP and the inactivity of the other adenylic acid isomers indicate that the 
2' position is intimately concerned with the linkage of TPN to the enzyme. The impor- 
tance of the 2' phosphate grouping is further shown by the inactivity of the synthetic 
3' TPNH to function as an electron donor ca. 
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Consideration of the activities of the various mononucleotides on the TPN isocitric 
dehydrogenase are of interest in attempting to interpret the function of the 2' phosphate 
grouping of TPN. The 2' AMP inhibits the reaction to a much greater degree than the 
3' or 5' isomers. The inhibition by the 3' nucleotide is larger than that found with the 
5' compound. The fact that the cyclic 2 ' -3 '  AMP has no inhibitory action indicates that 
the additional phosphate of TPN must be in the monoester form for activity. It  is of 
significance that the 2' IMP is inactive as an inhibitor of the isocitrate dehydrogenase, 
since desamino TPN is inactive in the reaction. This relationship strengthens the ap- 
proach used in this paper in gaining information as to the enzyme-binding flmction of the 
various groupings in the TPN molecule. 

The possibility exists that the monoester group in the 2' position is involw~d in a 
bond to the amino group of the purine. Indirect evidence for such a binding comes from 
unpublished experiments with the takadiastase deaminase which has previously been 
found to deaminate 3' and 5' adenylic acids but not the 2' isomer 24. It  has now been 
found that 2', 3' cyclic AMP is deaminated by the enzyme. This suggests that the 2' 
phosphate may interact somehow with the amino group, and that this interaction may 
prevent the action of the deaminase. There is no evidence available as yet as to how 
either the amino group or the 2' phosphate group of TPN interact chemically with the 
various enzymes. However, the evidence reported in this paper indicates that the mono- 
ester phosphate of TPN is intimately concerned with the linkage of the coenzyme to the 
enzyme. 

The addition of Mg + ~- produces an interesting effect in lowering the inhibition by the 
adenylic nucleotides of the isocitric dehydrogenase. This is particularly so since the metal 
has little influence on increasing the rate of the reaction. One possibility for the protection 
by Mg may be that it increases the binding of TPN to the protein and that the enzyme- 
metallo-adenylate complex is much more dissociable than the corresponding TPN com- 
plex. From the results in Table VI, it is evident that  both Mg and Mn cause similar 
effects on lowering the inhibition of the "malic enzyme" induced by z' AMP. 

A relationship bet~veen the metal and nucleotide also appears to exist as indicated 
by the studies with OAA decarboxylase. Our results confirm the findings of others'°, 21 
on the TPN stimulated OAA decarboxylafion of pigeon liver. It is of interest to note 
that metal appears to be essential for the inhibition by the 2' or 3' AMP on the OAA 
decarboxylase. The presence of TPN seems to completely overcome the inhibition pro- 
duced by the 3' AMP, but only partly prevents the inhibition of 2' AMP (see Table VII, 
Expts. I B and 2 A). In the absence of TPN, but in the presence of metal, the 3' AMP 
inhibits even though the compound appears to have a low affinity for the decarboxylase. 
It should be emphasized that TPN must have a considerable greater affinity for the 
enzyme than does 2' AMP, for relatively large levels of the mononucleotide are required 
to produce inhibition. Because crude pigeon liver extracts were used in our experiments, 
it is possible that more than one decarboxylase was involved. One of these enzymes 
may be specifically TPN activated. 

The results of this study suggest that when both DPN and TPN are active in a 
reaction, it may be possible to ascertain by the inhibitory action of 2' AMP whether 
one or two enzymes are involved. This is illustrated by the observation that ~' AMP does 
not inhibit DPN isocitric dehydrogenases, but will inhibit the reduction of DPN catalysed 
by the phosphogluconic acid dehydrogenase whichis primarily aTPN enzyme. On the other 
hand, z' AMP does not inhibit the oxidation of TPNH by lactic dehydrogenase, which 
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c a n  be  c o n s i d e r e d  a D P N  e n z y m e ,  s ince  T P N  r e a c t s  in th i s  s y s t e m  a t  a p p r o x i m a t e l y  

1 /5oo  t h e  r a t e  of  D P N .  

SlrMMARY 

Oxidized TPN, and P-AI )PR have been found to be competit ive inhibitors of the TPNH-  
cytochrome c reductase of horse liver. _,' AMI' also competi t ively inhibits, at  soinewhat higher 
concentrat ions.  DPN, ADPR, dcsamino TPN, 3' AMI~, 5' AMP, 2' IMP, and 3' IMP produce very 
slight or no inhibition. 

Glucose-6-phosphate dehydrogenase (Zwischenferment) is inhibited l)y a concentrat ion of 
3"~° 3 ].l 2' AMP, whereas l i t t le inhi lf i t ion results with either 3 ' o r  5' \ M P .  

I t  has been found tha t  Dt 'N when present  at high concentrat ions will react with the yeast 
phosphogluconic acid dehydrogenase system. Cysteine has been found to activate this enzyme 
part icularly when DPN is used its coenzyme. ; '  AMI' inhibits the reduction of both DPN and TPN; 
the inhibition is much greater when I) I 'N is the electron accepter. 

,' AMP competi t ively inhibits the TPN isocitric dehydrogenase from pig heart. 3' AMP also 
inhibits but  to a lesser degree. The cyclic z' 3' .\MP, 5' .\MI~, and -,' IMP do not inhibit. 2' AMP has 
been found to inhibit the TPN specific isocitrate dehydrogenases from pig heart  and l)rewers yeast, 
bu t  is wi thout  effect on the activity of the 1)I'N specii?c isocitric dehydrogenases from these sources. 

Magnesium ions cause a considerable decrease in the inhibition produced by 2' AMP on the 
TPN is0citrate system. A similar eflect of Mg as well its Mn is observed with the "malic enzyme"  
from pigeon liver. 

Both 2' and 3' AMl~inhibits OA:\ deearboxylation in pigeon liver: this inhibit ion requires the 
addition of metal.  TPN st imulat ion of OAA decarboxylatiotl has been confirmed. TPN reverses the 
inhibit ion produced by 3' AMP, lint is less effective against  z' AMP. 

None of the adenylic acid isomers at a concentrat ion of o.o, ,11 inlluence the yeast  alcohol 
dehydrogenase reaction. -/ :\M1 ~ also does not inhibit  the oxidation of TI )NH by lactic dehydrogeuase. 
The only TPN specific enzyme etTect which has been found not to be inhibited by 2' AMP is the 
glutathione reductase from peas. 

The results  are discussed with respect to the significance of the monoester  phosphate  group 
of TPN in the react ions of this coenzwne. 

R I:'S ( L\ll:; 

].e TPN oxyd6 et le P- , \ l ) lq~ sent des inhibiteurs compOtitifs de la Tl )NH-cytochrome c 
rdductase du foie de cheval. I.e 2' AMP inhibe aussi compdti t ivement,  fl des concentrat ions un peu 
plus dlevdes, l.e DPN,  I 'ADPR, le ddsanlino-TPN, le 3' AMP, le .5' AMP, le - '  IMP et le 3' IMP 
inhibent  tr,2~s peu ou pas  du tout.  

La glucose-6-phosphate deshydrogdnase (Z,vischenferment) est inhibde par  une concentrat ion 
tie 3" TO a 31 en - '  AMI', landis  que le 3' ou le 5' AMI' produisent  une inhibition tr6s faible. 

Si le DPN est prdsent "/ concentrat ion (levde, il rdagit avec le systbme phosphogluconique dds- 
hydrogdnase de llt levure, lxt cystdine active oct eilzyme part icul ibrement quand le 1)I 'N est employ6 
comme coenzyme, l.e 2' AMP inhibe la rdduction fl la fois du DPN et du TPN;  l ' inhibit ion est 
beaucoup plus grande qualld le DPN est l 'accepteur d'dlectrons. Le 2' , \MP inhibe compdti t ivenmnt 
la TPN-isoci tr ique deshydrogdnase (lu coeur du pure. l.e 3' AMI' l ' inhibe dgalement, mais fl un degrd 
moindre, l.e 2 ' -3 '  AMP cyclique, le 5' AMP et le 2' IMP ne l ' inhibent  pas. Le 2' AMP inhibe les 
isocitrate ddshydrog6nases Iides au TPN (lu coeur de porc et de la levure de l)oulangerie, mais est 
sans effet sur l 'activit6 des is(;citrique deshydrogdnases (le mdlne origine lides au DPN. 

Les ions magndsium diminuent  considdrablement l ' inhibition produite par  le 2 ' , \ M P  sur le 
systbme TPN-isocitrate. Une action analogue du Mg, aiusi que du Mn, s 'observe avec l ' " enzyme  
malique" du foie de pigeon. 

Le 2" et le 3' AMP inhibent  tous les deux la d~carltoxylation de I 'O.\A par Ie foie du pigeon; 
cette inhil)ition n 'a  lieu qu 'aprbs  addition (l'un mdtal. I.a s t imulation par  le TI 'N de la d6carboxy- 
lation de I 'OAA a ~td confirmde. Le TPN suppr ime l ' inhibition provoqude par  le 3' AMP, mais est 
moins eflicace centre l ' inhibition par  le 2' ;\MIL 

Aucun des isom6res de l'acide addnylique, fl la concentrat ion o.oI 3I, n'a d'influence sur l 'activitd 
de l 'alcool-deshydrog6nase de la levure, lie 2' . \MP n ' inhibe pas non plus l 'oxydat ion du T P N H  
par  la lactique d6shydrog6tmse. Le seul enzyme lid au TPN qui n 'est  pas inhib6 par  le 2' AMP est 
la glutathion-rdductase des pois. 

L ' impor tance  du groupe phosphate  monoester  du TPN dans les rdactions de ce coenzyme est 
discutde it la lumibre de ces r6suItats. 
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ZUSAMMENFASSUNG 

Es wurde festgestellt, dass oxydier tes  T I ' N  und P - A D P R  kompet i t ive  Hemmungs fak to ren  von 
TPNH-Cytoch rom c-Reduktase aus Pferdeleber darstellen. 2' AMP ist  bei einigermassen erh6hten 
Konzentra t ionen gleichfalls ein kompet i t iver  Hemmungsfak tor .  DPN, ADPR,  Desamino TPN, 
3' AMP, 5' AMP, 2' IMP und 3' IMP verursachen nur  sehr wenig oder gar keine Hemmung.  

Glukose-6-1qmsphat-Dehydrogenase (Zwischenferment) wird durch eine Konzent ra t ion  von 
3" ~ o a 31 2' AMP gehemnlt,  w~hrend die hemmende  \Virkung von 3'- oder 5' AMP nu t  sehr gering ist. 

Es wird bewiesen, (lass DPN in hohen Konzent ra t ionen mit  dem Phospho-Glukons/ iuredehydro-  
genasesystem der Here reagiert. Es erwies sich, class dieses Enzym besonders durch Cystein aktiviert  
wird, wenn man DPN als Coenzym beniitzt. 2' AMP h e m m t  die Redukt ion von sowohl DPN als 
TI 'N ; (lie H e m m u n g  ist viel bedeutender,  wenn DPN den Elek t ronenannehmer  darstellt. 

2' AMP wirkt  kompet i t iv  helnnlend auf TPN-/s0zi t ronens/ iuredehydrogenase aus Schweinsherz. 
Auch 3' AMP wirkt  hemmend,  jedoch in geringerem Masse. Zyklische 2'-  3' AMP, 5' AMP und 
2' IMP wirken nicht hemmend.  Es erwies sich, dass 2' AMP auf TPN-spezifische lsozitronensfmre- 
dehydrogenase aus Schweinsherzen und Brauereihefe hemmend  wirkt,  jedoch keine Wirkung auf 
(tie AktivitSt der aus denselben Quellen s t ammenden  DPN-spezifischen Isozitronens~uredehydro- 
genasen ausiibt. 

Magnesiumionen verursachen ein bedeutendes Herabsinken der H e m n m n g  des TPN-lso-  
zitronens/iuresystems durch 2' AMP. Durch Mg und Mn wird eine /ihnliche \Virkung auf das "Apfel- 
sS~ure-Enzynl" (malic enzyme) aus Taubenleber  ausgeiibt. 

Sowohl 2'- als 3' AMP hemmen die Dekarboxyla t ion  von OAA in Taubenleber;  diese H e m m u n g  
ben6tigt  (lie Hinzufi igung yon Metall. Die durch TPN verursachte  Steigerung der Dekarboxyla t ion 
yon OAA wurde bekr~ftigt. TPN macht  die durch 3' AMP verursachte  H e m m u n g  rtickg~ngig, ist 
jedoch gegen 2' AMP weniger wirksam. 

Bei einer Konzentra t ion  von o.ol M beeinflussen keine der Adenyls/iurenisomere die Hefen- 
Alkoholdehydrogenasenreaktion.  2' AMP wirkt  nicht hemmend  auf (tie Oxydat ion  von T P N H  durch 
Milchs~iurendehydrogenase. Gluta th ionreduktase  aus Erbsen ist das einzige TPN-spezifische Enzym, 
welches durch 2' AMI" nicht gehemmt  wird. 

Die Ergebnisse werden er6rtert,  indem die Bedeutung der Monoes te rphosphatgruppe  von TPN 
in den Reaktionen dieses Coenzyms in Betracht  gezogen wird. 
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