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SUMMARY 

Nicotinamide adenine dinucleotide kinase (ATP:NAD 2'-phosphotransferase, 
EC 2.7.1.23) from Azotobacter vinelandii cells catalyzes an exchange reaction between 
ADP and ATP. This exchange reaction is inhibited by NAD +. The nature of the rela- 
tionship between the exchange reaction and the biosynthesis of NADP + suggests a 
common enzyme bound intermediate for both reactions. The most reasonable possi- 
bility for this intermediate is a phosphorylated enzyme. Steady state kinetic studies 
on the enzyme yield complex results which may be related to the regulation of the 
enzyme. 

INTRODUCTION 

NAD + kinase (NAD:ATP 2'-phosphotransferase, EC 2.7.1.23) catalyzes the 
synthesis of NADP + by the phosphorylation of NAD + (refs. 1-3). The enzyme plays a 
vital role in biological systems since it is the major pathway for generating NADP +, 
the coenzyme for many biosynthetic reactions. Partial purification of the enzyme 
has been achieved from yeast cells~,4,, pigeon livera, 5, rat liver 6, spinach 7, and Azoto- 
bacter vinelandii cells s. The mechanis~ of action of the pigeon liver enzyme has been 
investigated by APPS 5 who proposed ~ rapid equilibrium random mechanism for this 
enzyme from his kinetic studies. In ttiis communication we will describe experiments 
which suggest the possibility that  the Azotobacter enzyme catalyzes the formation 
of NADP+ through a phosphorylated enzyme intermediate. 

PROCEDURES AND MATERIALS 

EXPERIMENTAL 

Materials 
NAD +, NADP+, ATP, ADP, 5'-AMP, threo-DsLs-isocitrate, sodium salt, and 

pig heart isocitrate dehydrogenase were obtained from Sigma Chemical Co., St. Louis, 
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Mo. 2-Mercaptoethanol was obtained from Eastman Organic Chemicals, Rochester, 
N.Y. DEAE-cellulose was obtained from Carl Schleicher and Schuell, Keene, N.H. 
Calcium phosphate gel was prepared according to the method of KEILEN AND HART- 
REE 9. Bovine serum albumin was supplied by Mann Research Laboratories, New York, 
I8-14CIADP was obtained from New England Nuclear, Boston, Mass. Eastman 
Chromatogram sheets precoated with cellulose were obtained from Fisher Scientific 
Co., Pittsburgh. 

Methods 
Purification of N A D  + kinase. NAD + kinase from A. vinelandii extracts was 

purified by a combination of ion-exchange cellulose chromatography, calcium phos- 
phate gel fractionation, and ammonium sulfate precipitation as previously described s. 

Assay of enzyme. The enzyme activity was assayed by a modification of the 
method of KORNBERG 2 as previously described s. Absorbance measurements were made 
with a Gilford Model 2000 spectrophotometer or a Cary 16o5 recording spectrophoto- 
meter  at 34 ° n m  in a standard cuvette with a I -cm light path. 

Protein determination. Protein determinations were routinely made by the 
procedure of LowRY et al. 1°. 

Electrophoresis. High voltage paper electrophoresis was carried out with a 
Camag HVE system. The buffer system used for separating NAD +, NADP +, ADP, 
and ATP consisted of 0.05 M sodium citrate, pH 4.5, containing 0.003 M MgSO 4. The 
electrophoresis was carried out for 60 rain on 20 cm x 40 cm sheets of Schleicher and 
Schuell 2o4o-B paper. The components were well separated and in order of increasing 
mobility were NAD +, NADP +, ADP, and ATP respectively. In those experiments in 
which it was necessary to resolve a mixture of AMP, ADP, and ATP the same buffer 
system was used and as expected AMP had the lowest mobility and was well separated 
from ADP and ATP. 

Thin layer chromatography. An alternate method for the separation of AMP, 
ADP, and ATP was thin-layer chromatography on sheets of polyethylenimine cellu- 
lose (PEI-cellulose). Eastman chromatogram sheets precoated with cellulose were 
impregnated with a 2% solution of polyethylenimine, and dried at room temperature 
overnight. The sheets were developed in 2 M NaC1 and then in water. These washed 
sheets were dried at room temperature overnight and then used for separating the 
nucleotides. For separating the nucleotides the solvent system was 1.6 M LiC1. Prior 
to development after the sample was applied, the chromatogram was dipped in 
anhydrous methanol to remove excess salt. The solvent system gave good resolution 
of the nucleotides. In this method ATP had the lowest RF value. 

Detection and quantitation of radioactivity. Autoradiography was carried out on 
the samples subjected to thin layer chromatography on PEI-cellulose. The chromato- 
grams were exposed to Ilford Type G X-ray film for varying lengths of time, and the 
dark bands on the developed films were compared with those bands on the chromato- 
grams which corresponded to the nucleotides. The nucleotides were detected by short 
wave ultraviolet light. The specific activities of the nucleotides could not be quanti- 
tated since the PEI-cellulose sheets yielded a high background of material which 
absorbed ultraviolet light. For quantitation the nucleotides and coenzymes were 
separated by high voltage electrophoresis and the bands or spots corresponding to 
each nucleotide or coenzyme eluted separately for radioactivity measurement and 

Biochim. Biophys. Acta, 25 o (i97 I) 86-9I 



88  B . P .  ORRINGER, A. E. CHUNG 

s p e c t r o p h o t o m e t r i c  analysis .  The  e lu t ion  was accompl i shed  by  c u t t i n g  ou t  t he  

a p p r o p r i a t e  bands  and  a l lowing  the  p a p e r  to  s t a n d  o v e r n i g h t  i n a p p r o x i m a t e l y  3 ml  
of  wa te r .  A l i q u o t s  of  t he  s u p e r n a t a n t  so lu t ion  were  m i x e d  w i t h  IO ml  of  a so lu t ion  

c o n t a i n i n g  5.5 g of  2 ,5 -d ipheny loxazo le ,  o . i  g 1 ,4 -b i s -2- (5-phenyloxazo ly l ) -benzene ,  

667 ml  t o luene  and  333 ml  T r i t o n  X - I o o ,  and  the  m i x t u r e  c o u n t e d  in a B e c k m a n  

L S - I o o  l iqu id  sc in t i l l a t ion  counter .  T h e  b a c k g r o u n d  r a d i o a c t i v i t y  f rom a sec t ion  of  

t he  e l e c t r o p h o r e t o g r a m  t r e a t e d  in a s imi la r  m a n n e r  as t h e  sample  was  s u b t r a c t e d  

f rom the  va lues  o b t a i n e d  for t he  c o m p o u n d s  which  were  be ing  s tudied .  T h e  specific 

r a d i o a c t i v i t y  of  each  c o m p o u n d  was ca l cu la t ed  f rom the  r e c o v e r e d  r a d i o a c t i v i t y  and  

t h e  ne t  a b s o r b a n c e  of  t h e  sample  at  260 nm.  The  va lue  used  for eM for A T P ,  A D P ,  

and  A M P  was  15.4" lO 6 and  for  N A D  + and  N A D P  ÷ 18.  IO 6. T h e  r e c o v e r y  of  radio-  

a c t i v i t y  b y  the  e lu t ion  t e c h n i q u e  desc r ibed  was  b e t w e e n  8o and  9 o % .  

R E S U L T S  

[8-14CIADP-A T P  exchange reaction. T h e  r e q u i r e m e n t s  for t he  e x c h a n g e  r eac t ion  

b e t w e e n  [8-1aCIADP and  A T P  are s u m m a r i z e d  in Tab l e  I. I t  m a y  be  seen t h a t  t he  

r eac t i on  is d e p e n d e n t  on n a t i v e  e n z y m e  and  m a g n e s i u m  in a d d i t i o n  to  t he  nuc leo t ides .  

TABLE I 

REQUIREMENTS FOR [x4CIADP-ATP EXCHANGE 

The complete system in a total volume of I. 14 ml contained: potassium phosphate buffer (pH 7.0), 
57/~moles: ATP, 2.2/~moles; [14C]ADP, 2.o/zmoles containing I . I . IO 6 disint./min; MgSO 4, 
io #moles. The reaction was initiated with 0.02 ml enzyme containing o.16 mg protein with a 
specific activity of 7 enzyme units/mg protein. Either Mg 2+ or ATP was omitted from the 
incubation as indicated and in the experiment with boiled enzyme, the enzyme was heated at 
ioo ° for 8 min prior to addition of substrates. The reaction mixture was incubated at 37 ° for i h. 
At the end of this time the reaction was terminated by immersing the reaction tube in a boiling 
water bath for i min. In the experiment in which ATP was omitted i . I  /~moles of ATP and 0.8 
/,moles of AMP were added after the reaction had been terminated. Aliquots of each reaction 
mixture were removed and subjected to high voltage electrophoresis and subsequent analysis as 
described in EXPERIMENTAL PROCEDURES AND MATERIALS. The radioactivity recovered from the 
electrophoretograms were converted to total ElaCIATP in the reaction mixtures. The recoveries 
of ATP from the electrophoretograms varied between 80 and 9o%. 

System [14C~A TP recovered 
(disint./min) 

Complete 64 3oo 
Minus Mg 2+ 2 70o 
~Ilimts ATP 6 80o 
Boiled enzyme 6 700 

I n  t he  absence  of  A T P  in t h e  in i t i a l  i n c u b a t i o n  m i x t u r e  no  A M P  or A T P  was gene-  

r a t ed .  Th i s  l a t t e r  e x p e r i m e n t  i nd ica t e s  t h a t  t he  e n z y m e  p r e p a r a t i o n  c o n t a i n e d  no 
m y o k i n a s e  a c t i v i t y  wh ich  m i g h t  h a v e  a c c o u n t e d  for  t he  i n c o r p o r a t i o n  o f  rad io-  

a c t i v i t y  in to  A T P .  
The effect of  N A  D + on [8-14C ] A D P - A  T P  exchange reaction. In  o rder  to  es tab l i sh  

t h a t  t h e  [14C~ADP-ATP e x c h a n g e  r eac t ion  was  r e l a t ed  to  t he  f o r m a t i o n  of  N A D P  ÷ 
f r o m  N A D  +, c o m p e t i t i o n  e x p e r i m e n t s  were  car r ied  ou t  in which  t h e  r a t e  of  t he  
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T A B L E  I I  

C O M P E T I T I O N  B E T W E E N  [ 1 4 C ] A D P - A T P  EXCHANGE AND N A D P +  FORMATION 

T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d  t h e  f o l l o w i n g  c o m p o n e n t s  in  a t o t a l  v o l u m e  o f  I . i  7 m l ;  p o t a s s i u m  
p h o s p h a t e  buf fe r  ( pH  7.o), 68. 5 / * m o l e s ;  E14C]ADP w h e n  a d d e d ,  1 .68 /*moles  w i t h  a speci f ic  a c t i v i t y  
of  5.6" lO 5 d i s i n t . / m i n  p e r / * m o l e ;  A T P ,  1 . 97 /*mo le s ;  MgSO4, i o / * m o l e s ;  a n d  N A D  + as  i n d i c a t e d .  
T h e  r e a c t i o n  w a s  i n i t i a t e d  w i t h  0.02 m l  e n z y m e  c o n t a i n i n g  o.16 m g  p r o t e i n  w i t h  a spec i f ic  a c t i v i t y  
of  7 e n z y m e  u n i t s / m g  p r o t e i n .  I n c u b a t i o n  w a s  c a r r i e d  o u t  a t  37 ° for  i h. T h e  r e a c t i o n  w a s  t e r m i -  
n a t e d  b y  h e a t i n g  for  i r a in  a t  IOO °. A n  a l i q u o t  of  t h e  r e a c t i o n  m i x t u r e  w a s  a n a l y s e d  for  N A D P  ÷ 
f o r m a t i o n  b y  a d d i n g  excess  i s o c i t r a t e  a n d  i s o c i t r a t e  d e h y d r o g e n a s e .  F r o m  t h e  i n c r e a s e  in  A340 nm 
t h e  N A D P +  c o n t e n t  w a s  d e t e r m i n e d .  A n o t h e r  a l i q u o t  w a s  s u b j e c t e d  t o  h i g h  v o l t a g e  e l ec t ro -  
p h o r e s i s  as  d e s c r i b e d  p r e v i o u s l y  in  EXPERIMENTAL PROCEDURES AND MATERIALS, a n d  t h e  A T P  
b a n d  w a s  e l u t e d  a n d  m o n i t o r e d  for  r a d i o a c t i v i t y  a n d  c o n c e n t r a t i o n .  T h e  [14C]ATP f o r m e d  was  
c a l c u l a t e d  f r o m  t h e  spec i f i c  a c t i v i t y  of  t h e  [14C]ADP a n d  t h e  r a d i o a c t i v i t y  f o u n d  in  t h e  A T P  
b a n d .  No c o r r e c t i o n  w a s  m a d e  for  t h e  r e c o n v e r s i o n  of  ~14C]ATP b a c k  to  [14C~ADP s ince  t h e  
[~4C~ATP w a s  d i l u t e d  w i t h  u n l a b e l e d  A T P  a n d  w a s  t h e r e f o r e  t r a p p e d  in  t h e  A T P  pool.  No 
d e t e c t a b l e  a d e n o s i n e  t r i p h o s p h a t a s e  a c t i v i t y  w a s  d e t e c t a b l e  in  s e p a r a t e  e x p e r i m e n t s  w i t h  e n z y m e  
of  c o m p a r a b l e  p u r i t y  u n d e r  s i m i l a r  e x p e r i m e n t a l  c o n d i t i o n s  in  t h e  a b s e n c e  of  A D P .  

N A D  [14C]ADP N A D P  + [x4CIATP [a4C]ATPformed 
formed 

Formed Inhibition Inhibition of 
NA D + formatiin 

(t~moles) (nmoles/h) (nmoles/h) (nmoles/h) 

19. 4 --  26.0 - -  - -  - -  
19. 4 + 15.6 lO. 4 18.1 1. 7 

9.5 --  33.7 - -  - -  - -  
9.5 + 23.2 lO.5 69.8 6. 7 
3.8 - -  25.4 - -  - -  - -  
3.8 + 18.6 6.8 78.9 11. 7 
2.0 - -  21.8 - -  - -  - -  
2.0 + 16.6 5.2 82.2 15.8 
0.34 --  13. 9 . . . .  
0 .34 + 13. 4 0.5 95.6 191.2 

E14C~ADP-ATP exchange was determined in the presence of varying concentrations 
of NAD ÷. In Table II  it may be seen that, at constant [14C]ADP concentration 
as the concentration of NAD + is decreased from 2.2. IO 2 M to 4"1°-4 M, the [14C]- 
ADP-ATP exchange rate increased from 18 nmoles to 96 nmoles E14CJATP formed/h. 
At the highest concentration of NAD + used, the ratio of exchange to inhibition of 
NADP + formation by ADP is 1.7; and, at the lowest concentration of NAD + used, 
this ratio increased to 191. These data strongly indicate that NAD + and ADP compete 
for a common enzyme bound intermediate. 

DISCUSSION 

The data presented indicate that ADP is an inhibitor of NADP + formation by 
NAD ÷ kinase. The enzyme catalyzes an exchange reaction between E14CIADP and 
ATP. The exchange reaction requires magnesium ions and intact enzyme. Competition 
experiments with varying concentrations of NAD+ and a constant concentration of 
ADP indicate that the exchange reaction relative to the biosynthesis of NADP + 
increases with decreasing concentration of NAD +. At the highest concentration of 
NAD+ used, the inhibition of formation of NADP+ by ADP was close to the rate of 
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exchange of E14C]ADP into [14CIATP. These observations indicate that a common 
enzyme-bound intermediate exists for both the exchange reaction and the biosynthesi:; 
of NADP ÷. The rationale behind this conclusion is discussed extensively by JENCKS 1l. 
I f  a common enzyme-bound intermediate such as a phosphorylated enzyme exists, 
and if the formation of this intermediate is the rate limiting step in the reaction, then 
both NAD ÷ and ADP will compete for this intermediate. In the presence of NAD ÷ 
alone the intermediate will be converted exclusively to NADP +. In the presence of 
ADP and saturating concentrations of NAD ÷ the formation of NADP + will be 
decreased by the same amount as the formation of ATP from ADP, i . e .  the exchange 
reaction will be equal to the inhibition of NADP+ formation. This situation is ap- 
proached with the kinase reaction. If  on the other hand NAD ÷ is at less than saturat- 
ing levels, the formation of enzyme bound intermediate will no longer be the rate 
limiting step and in the presence of ADP and the inhibition of NADP ÷ formation will 
be much smaller than the exchange reaction. This again is the result observed with 
the kinase. Here the ratio of exchange to synthesis of NADP + increases about Ioo-fold 
as the NAD + concentration is decreased. 

The conclusion obtained from the exchange experiments is supported by steady 
state kinetic studies on the reaction. In Table I I I  a summary of the effects of ATP 

T A B L E  I I I  

EFFECT OF A T P  CONCENTRATION ON LINEWEAVER--BURK PLOTS OF INITIAL VELOCITY VS. NAD 4 
CONCENTRATION 

The in i t i a l  ve loc i ty  for the  enzyme  reac t ion  was de t e rmined  a t  4 different  concen t r a t i ons  of 
NAD+ v a r y i n g  be tween  1.7. lO-4 and  i .  lO -3 M for each concen t ra t ion  of A T P  ind ica ted .  P lo ts  
were o b t a i n e d  by  p l o t t i n g  rec iprocal  in i t ia l  ve loc i ty  vs. reciprocal  NAD+ concen t r a t i on  13. The 
p lo ts  were ana lyzed  by  the  leas t  squares  me thod  and the  slopes and  in te rcep t s  w i t h  the i r  
s t a n d a r d  dev i a t i ons  obta ined .  E a c h  po in t  on each g raph  was done in dupl ica te .  

A T P  Slope ~ S.D. Intercepts :~ S.D. 
(3,I × ~o 3) 

6.84 0 . 0 2 0 ± 0 . 0 0 2  o.o41 ± 0 . 0 0 5  
3.91 0.022 ~ o.oo 3 o.o42 ~ o.oo9 
1.71 o.o18 ~ o . o o I  0.053 ± 0 . 0 0 4  
1.62 O.Ol 9 ~ 0.002 0.063 ~ 0.oo 4 

on the initial velocity of the enzyme reaction as a function of NAD ÷ concentration is 
given. The results indicate within experimental error that parallel line kinetics are 
obtained, which suggest a ping-pong mechanism. The reciprocal experiment where the 
effects of NAD+ on initial velocity with varying ATP concentration yielded complex 
results in which the primary plots did not intersect at any one point. A partial explana- 
tion could be that NAD + has a dual function in the catalytic reaction as previously 
suggested by CHUNG 12. The Azotobacter enzyme probably exists in the native state 
as a dimer, and NAD + serves a structural role in maintaining the dimeric state in 
addition to its function as a substrate. Further studies on product inhibition yielded 
the following results, ADP was non-competitive with respect to ATP and competitive 
with respect to NAD + which supports a ping-pong mechanism. However, NADP + 
was non-competitive with respect to ATP, and with NAD + varying the primary plots 
intersected to the right of the ordinate. In a simple classical ping-pong mechanism it 
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would be expected that  NADP + would be competitive with ATP and non-competitive 
with respect to NAD ÷. 

In summary,  it is suggested tha t  the mechanism of NAD ÷ kinase involves an 
enzyme bound intermediate most probably a phosphorylated enzyme. The final proof 
of the existence of this suggested intermediate will be dependent on the isolation of 
the enzyme in a homogeneous state. 
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