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I t  has been reported that  kidney and liver particulate preparations contain bound 
pyridine nucleotides which may be removed by  a variety of methods 4, ~. If the pyridine 
nucleotides are bound to various enzymes, the question arises as to the availability 
of these bound nucleotides to dehydrogenases and to enzymes which split pyridine 
nucleotides. In order to eliminate the influence of certain complicating factors such 
as diffusion and permeability, it appeared advantageous to study the availability 
of enzyme-bound pyridine nucleotides in a model system containing only one soluble 
crystalline enzyme which forms a stable complex with DPN***. Three such model 
systems are known. Mammalian TPD* **, when crystallized from rabbit muscle, firmly 
binds two moles of DPN per mole of enzyme 6. The bound DPN can be removed by  
charcoal 6 or ultracentrifugation:, or can be converted to reduced diphosphopyridine 
nucleotide (DPNH). Since T P D - D P N H  as well as T P D - D P N  have low dissociation 
constants s, the availability of enzyme-bound DPNH also can be studied with this 
system. Two other enzymes which are known to form stable complexes with pyridine 
nucleotides are yeast TPD ~ and horse liver alcohol dehydrogenasO °. 

I t  also appeared at the outset of this work that  comparisons of the rates of 
splitting of different bonds of bound DPN would provide information concerning 
the mode of at tachment of DPN to the enzyme. In addition, since crystalline prepara- 
tions of TPD can be obtained in an active or inactive form (TPD a or TPDi)--depending 
on the state of oxidation of sulfhydryl groups--the effect of sulfhydryl groups on the 
availabihty of enzyme-bound DPN may be assessed. 

In this report it is shown that  free DPN is more readily available to enzymic 
at tack than is DPN-TPDi,  which in turn is more readily available than DPN-TPDa. 
In fact, the latter appears to be completely unavailable for reduction by other de- 
hydrogenases. However, D P N H - T P D  a is as readily available to other enzymes as 

* Cont r ibu t ion  No. 162 of t h e  McCol lum-Pra t t  In s t i t u t e .  Aided by  g r an t s  f rom the  Amer i can  
Cancer  Society  as r e c o m m e n d e d  b y  t he  C o m m i t t e e  on Growth  of t he  Na t iona l  Resea rch  Council,  
t h e  Rockefel ler  F o u n d a t i o n  and  t he  Wi l l i ams  W a t e r m a n  F und .  P re l imina ry  repor t s  of th i s  work  
have  been  g iven  1, ~,a. 

* * P r e sen t  Address  : Biological Division,  Oak  Ridge  Na t iona l  Labora to ry ,  Oak  Ridge,  Tennessee .  
*~* The  following abbrev ia t ions  will be used :  DPN, d iphosphopyr id ine  nucleot ide ;  T P N ,  tr i-  

phosphopyr id ine  nueleot ide ;  D P N H  a n d  T P N H ,  t he  reduced  fo rms ;  Tris,  t r i s ( h y d r o x y m e t h y l ) -  
a m i n o m e t h a n e ;  DPNase ,  d iphosphpoyr id ine  nuc leo t idase ;  E D T A ,  e thy lened iamine te t r aace t i c  
acid t e t r a s o d i u m  sal t ;  ATP,  adenos ine  t r i p h o s p h a t e ;  T P D ,  t r iose p h o s p h a t e  dehyd rogenase ;  
D P N - T P D a ,  D P N  b o u n d  to ac t ive  T P D  ; D P N H - T P D a ,  D P N H  b o u n d  to act ive  T P D  ; D P N - T P D  i, 
D P N  b o u n d  to inac t ive  T P D ;  H D P ,  hexose  d iphospha te .  
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free DPNH. The observation by CORI et al. 11 that DPNH-TPD is as rapidly oxidized 
by lactic dehydrogenase as free DPNH has been confirmed and extended to includ~ ~ 
other enzymes. 

METHODS 

E n z y m e  preparations 

DPNase  was prepared according to the method of KAPLAI~," et al. 13 from extracts  of zinc-deficient 
mats  of wild type Neurospora crassa. 

Adenosine deaminase was prepared essentially according to ~{APLAN et al. 13. The preparat ions  
obtained by  use of this procedure contained varying amoun t s  of opaque material  which limited 
the a m o u n t  of enzyme t h a t  could be assayed in a spectrophotometer .  Two modifications were 
introduced in order to obtain  a clear colorless solution. The insertion of these additional steps in 
the procedure of KAPLAN et al. led to a product  5 t imes purer  than  tha t  reported by those authors,  
The first modification, inserted after  the first alcohol precipitation, was to filter a solution of the 
enzyme th rough  a Buchner  funnel containing a pad made up of equal quanti t ies  of activated 
charcoal and permut i t ,  the weight of each being 2/3 the am oun t  of takadiastase taken as s tar t ing 
material .  The second modification, inserted af ter  the acetone precipitation, was to t reat  a solution 
of the enzyme, containing 9-1o mg protein/ml,  with an equal volume of Alumina CT (13. 5 mg/ml). 
After IO minutes  of gentle stirring, the suspension was centrifuged and the superna tan t  was 
precipi tated wi th  alcohol at  - - I 2 ° C  in accord with the directions of KAPLAN et al. This fina 
p roduc t  assayed 700-85 ° u /mg  protein. The enzyme was lyophilized and stored as a powder  at 
- -18  ° C. No loss of activity was observed after one year  of storage. 

Snake venom pyrophospha ta se  was prepared according to a modification 14 of the procedure 
of HURST AND BU:rLER 1~. The s tar t ing  material, lyophilized venom of Crotalus adamanteus, was 
purchased from the Ross Allen Inst i tu te .  The purified enzyme was stored as a lyophillzed powder  
at  - - 1 8  ° C, and in this s tate  exhibited no loss of activity after  one year ' s  storage. 

D P N  kinase was prepared f rom pigeon liver is and pyridine nucleotide t ranshydrogenase  
was isolated from Pseudomonas fluorescens 1~. D P N  isocitric dehydrogenase was obtained from 
yeast  Is, and lactic dehydrogenase was prepared from rabbi t  muscle 1~. TP1N" isocitric dehydrogenase 
was obtained as a phospha te  or Tris extract  of an acetone powder  of washed, minced pig hear t  2° : 
aldolase was crystallized from rabbi t  muscle 2~. Horse liver and yeast  alcohol dehydrogenases 
were crystallized by  the methods  of ]3ONNICHSEN 23 and RACKER, respectively 23. 

T P D  was crystallized from rabbi t  muscle s in the presence 3. or absence of 0.002 2~/EDTA. 
Prepara t ions  of T P D  obtained in the absence of E D T A  required activation by  sulfhydryl reagents 
whereas T P D  crystallized in the presence of E D T A  exhibited full activity in the absence of 
sulfhydryl  reagents. 

In  this paper  DPN--TPDa refers to a dialyzed solution of D P N - T P D  which had been re- 
crystallized 5 t imes in the presence of EDTA.  Dialysis was for 8-12 hours  against  200 volumes of 
o.oo2 M E D T A  p H  7.4, and then  for 6-12 hours  against  20o volumes of distilled water. D P N - T P D  i 
refers to a dialyzed solution of D P N - T P D  which had been recrystallized five t imes in the absence 
of EDTA. Dialysis was for 8-12 hours  against  200 volumes of o.oo2 M phosphate  or Tris buffer 
p H  7.5, and then  for 6-12 hours  against  2oo volumes of 0.oo05 M buffer. 

D P N H - T P D  a was prepared f rom D P N - T P D  a. A cell containing D P N - T P D  a (3.5' IO-4 M 
bound DPN),  Tris (9" lO-3 M), arsenate (9" lO-3 M) and gtyceraldehyde (2" lO -3 M) was allowed 
to s tand at  room tempera ture  for 15 minutes  following the addition of the glyceraldehyde. The 
p H  of the reaction mix ture  was  8. 4. The D P N H - T P D a  complex was precipitated with ammon ium 
sulfate at  p H  8.5 and 0.88 saturat ion.  The amorphous  precipitate was dissolved in 4 volumes 
of 0.05 M Tris p H  8. 5 and either used immediately or subjected before use to another  precipitation 
followed by  dialysis for 2 hours  against  200 volumes of o.i M Tris adjusted to p H  and then for 
3 hours  against  20o volumes of o.oo5 M Tris p H  8. 5. The results obtained with bound D P N H  did 
no t  va ry  with the  preparat ive  method.  Sixty % of the enzyme activity present  in the original 
D P N - T P D  a was  recovered after  the first a m m o n i u m  sulfate precipitation. The same percentage 
of original D P N  was recovered as a m m o n i u m  sulfate precipitable D P N H .  An essential requirement  
in this prepara t ion was maintenance of the p H  at 8. 4 to 8.5 in order to prevent  the T P D  catalyzed 
conversion of D P N H  at  lower p H  values to a compound which exhibits considerable light absorp-  
t ion a t  29o m/2 *~. 

Coenzyme and substrates 
The free D P N  and D P N H  with which bound nucleotides were compared were obtained by  heat ing 
the bound nucleotides in a boiling water  ba th  for 1. 5 minutes.  This denatured the TPD and  lib- 
erated the free nucleotide. For  measurements  based on the alkaline fluorescence of DPN,  the 
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coagu la ted  T P D  was  n o t  r e m o v e d  since it  d issolved in t he  ho t  alkali  used  to develop fluorescence.  
W h e n  t he  ra te  of  r educ t ion  or ox ida t ion  of free D P N  or D P N H  by  var ious  dehydrogenases  was  
m e a s u r e d  spec t ropho tomet r i caUy,  t he  coagula ted  pro te in  was  r emoved  by  cen t r i fuga t ion  and  t he  
s u p e r n a t a n t  used.  

Free D P N  and  D P N H ,  ob ta ined  by  h e a t  coagula t ion  of the  appropr ia t e  T P D  complex ,  did 
no t  differ, w i th  respec t  to reac t ion  ra tes  wi th  o the r  enzymes ,  f rom D P N  and  D P N H  obta ined  
f rom o the r  sources.  D P N ,  of a p p r o x i m a t e l y  8 o %  pur i ty ,  as a s sayed  by  reduc t ion  wi th  e thano l  
and  alcohol dehydrogenase  2e, was  ob ta ined  f rom t he  S igma Chemical  Company .  D P N H  of 8o % 
p u r i t y  was  prepared  and  a s sayed  enzymica l ly  wi th  alcohol dehydrogenase  27. T P N  was  ob ta ined  
f rom the  P a b s t  Labora tor ies  and  was  95 % pure.  ATP,  2 ' -adenyl ic  acid and  hexose  d iphospha t e  
were ob ta ined  f rom Schwar tz  Labora tor ies .  5 ' -adenyl ic  acid was pu rchased  f rom the  E r n s t  
Bischoff  C o m p a n y .  

A ctivi/y measuremen/s 
Neurospora D P N a s e  ac t iv i ty  was  m e a s u r e d  b y  following the  d i sappearance  of alkaline fluorescence 
f rom success ive  a l iquots  2s. The  ac t iv i t ies  of t akad i a s t a se  deaminase ,  snake  v e n o m  pyrophos -  
pha ta se ,  and  D P N  kinase  were followed by  enzymic  m e t h o d s  which  are described in a sepa ra te  
pape r  29. The  va r ious  enzymic  reac t ions  were s topped  by  placing a l iquots  in appropr ia te  buffers  
which  h a d  been hea t ed  in boil ing wate r  for one m i n u t e  before and  af ter  the  addi t ion  of the  al iquot .  
An  a l iquo t  t a k e n  15 to  3 ° seconds  a f te r  the  s t a r t  of the  react ion was  set  a rb i t ra r i ly  as zero reaction.  
H e a t i n g  also served to  conver t  bound  to free nucleot ides  which  could t h e n  be assayed.  

In  all cases, the  b o u n d  nucleot ide  and  t he  free nucleot ide  control  were tes ted  a t  approx-  
ima te ly  equal  concen t ra t ions .  In  order  to correct  for differences in ra te  due to s l ight  differences 
in concent ra t ion ,  t he  d a t a  ob ta ined  were p lo t ted  as % of to ta l  react ion ve rsus  t ime.  W i t h  th is  
t r e a t m e n t  of t he  data ,  as long as the  init ial  D P N  concen t ra t ion  is in t he  range  where  initial 
reac t ion  ve loc i ty  is direct ly  p ropor t iona l  to t he  subs t r a t e  concen t ra t ion  (below the  Michaelis  
c o n s t a n t  (Kin) for t he  enzyme) ,  t he  init ial  veloci ty  expressed  in t e rms  of % of to ta l  reac t ion  is 
fair ly i n d e p e n d e n t  of the  init ial  subs t r a t e  concent ra t ion .  Compar i sons  of t he  init ial  reac t ion  
velocit ies of b o u n d  and  free D P N  were m a d e  by  reference to the  p lo t ted  data .  

The  ac t iv i t ies  of  t he  DPN- l inked  dehydrogenases  were m e a s u r e d  by  following the  appea rance  
or d i sappearance  of l ight  absorp t ion  a t  34 ° m# .  A B e c k m a n  Model D U  spec t ropho tome te r  and  
i .2 ml  capac i ty  silica cells of one cm l ight  p a t h  were used.  The  protocols  for t he  var ious  dehydro -  
genases  are g iven  in t he  legend to Table  VI.  

T P D  ac t iv i ty  was  m e a s u r e d  a t  r oom t e m p e r a t u r e  in a s y s t e m  con ta in ing  in I.O 5 ml, 0 .5-2.0 
mic rog rams  of T P D ,  3o-5 o mi c rog rams  of aldolase, 65 /*moles Tris  p H  8.5, 8.1 /*moles a r sena te  
p H  8.2, 5 /*moles cys te ine  hydrochlor ide ,  2 /*moles E D T A  p H  8.o, 0.72 /*moles D P N  and  2. 5 
/*moles of hexose  d iphospha te .  The  reac t ion  was  s t a r t ed  by  t he  addi t ion  of hexose  d iphospha te .  
P ro te in  was  de t e rmined  spec t ropho tomet r i ca l ly  TM. 

Our  bes t  p r epa ra t i on  of T P D  a ca ta lyzed,  in t he  presence of cys te ine  a t  28 ° C, t he  reduct ion  
of  lO,6OO mols  D P N / m i n / m o l  e n z y m e  (specific ac t iv i ty  = IO,6OO). Of the  T P D a  p repa ra t i ons  
used,  t he  average  specific ac t iv i ty  was  650o in the  presence of cys te ine  and  60 % t h a t  figure in t he  
absence  of reduc ing  agent .  The  average  T P Di  p repara t ion  h a d  a specific ac t iv i ty  of 2500 in t he  
presence  of cys te ine  and  showed  no ac t iv i ty  in t he  absence  of reducing  agent .  

Calculation o/degree o/ dissociation o / T P D - D P N  complexes 

In order to determine the availability of TPD-bound D P N  to other enzymes, it is 
essential to estimate the extent to which the observed availability is due to action 
of free D P N  liberated by dissociation of the complex. 

The dissociation constant expressed by VELICK et al. s for TPD-(DPN)  complexes, 
may  be written as follows: 

If" = [free e n z y m e  sites] [DPN]  
[bound e n z y m e  sites] (I) 

From data on charcoal-treated TPD, which can bind three moles of DPN,  these 
authors obtained values for K" of 6.4, 3.7, 0.96 and 0.o8. IO -6 moles per liter when the 
number of moles of D P N  bound per mole of total enzyme present were 0.58, 1.22, 
2.47 and 2.98 respectively. The drift of these values for K'  was interpreted by VELICK 
et al. s to mean that "the binding of I equivalent of D P N  thus appears to increase 
References p. z54. 
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the affinity of the protein for a second equivalent and the binding of a second equiv- 
alent appears to increase the affinity for a third". This interpretation can be modified 
to include the assumption that  the only enzyme species present in appreciable con- 
centrations were the free enzyme, TPD, and the fully saturatede nzyme TPD-(DPN)3. 
This assumption allows the calculation of a combined dissociation constant for the 
overall reaction, TPD-(DPN)3 ---> TPD + 3 DPN, by  use of the following equat ion ' :  

K m  = [TPD]  [DPN]  a 
[ T P D  - -  (DPN)a  ] (2) 

The data of VELICK et al. yields K ' "  values equal to 1. 4, 2.3, 1.9 and 2.2- lO -17 moles3/ 
liters 3, respectively. The constancy of the K ' "  values lends support to both the 
above quoted interpretation by  VELICZ et al. and to our modification of it. 

Unfortunately, K ' "  cannot be used for calculating the degree of dissociation 
of the "nat ive"  complex of TPD and DPN, since this complex has only two binding 
sites for DPN. However, by analogy, it appears reasonable that  the appropriate 
combined dissociation constant for the overall reaction in this case should be given 
by  the equation: 

K " =  [TPD] [DPN] ~ (3) 
[ T P D  - -  (DPN)  2] 

The value of K "  may  be determined from data obtained by  VELICK et al. s, whose 
measurements of dissociated DPN in the supernatant  of an ultracentrifuged solution 
of TPD-(DPN)2 gave K '  values between 2 and 4" IO-7 mols/liter. The data being 
unrecorded, we assume that  the TPD concentration in these experiments was 3." lO -5 
M, in agreement with recorded concentrations in similar experiments. From the 
value of K '  and the assumed TPD concentration, one may  calculate the equilibrium 
concentrations of bound and dissociated DPN tha t  must have been observed, and 
then obtain values for K "  between o. 7 and 1. 9 • lO -12 moles2/liters ". 

In the experiments reported in the present paper, the concentration of bound 
nucleotide added lies in the range 0.5 to 1.5" 1o -~ M. From equation (3), using an 
average value of 1. 3. lO -12 for K "  one can calculate that  the degree of dissociation 
of TPD-(DPN)2 should range between 7.8 and 3.8% respectively. From equation (I), 
using an average value of 3" IO-7 for K' ,  the calculated degree of dissociation ranges 
between 7.5 and 4.4% respectively. I t  is worth noting, however, that  the two equa- 
tions do not yield such similar results under other conditions. This point is illustrated 
by  one experiment in which the substrate was TPD-(DPN)2 from which approx- 
imately 6o% of the DPN had been removed by charcoal treatment.  If one assumes 
tha t  this material  consisted of a mixture of TPD(DPN)2 and free TPD, then equa- 
tion (3) can be applied, and it can be calculated that  when the concentration of bound 
nucleotide is close to I .  lO -4 M, then the degree of dissociation of bound DPN is 
about 0.9%. If  one assumes that  the partial  charcoal t reatment  had unmasked a 
third binding side, then equation (2) and (3) may be applied, with K "  ---- 2. lO -17, to 
give a value of about 1.5% dissociation. On the other hand, if one uses equation (I) 
in this case, with K '  -~ 3" lO-7, only 0.2 % dissociation is calculated. As will be shown 
in the experimental section, some data obtained with Neurospora DPNase are more 
compatible with the former values than with the latter and lend some support to 
the use of equations (2) and (3). 

• W e  are  i ndeb ted  to Dr .  ARDA A. GREEN for  sugges t ing  the  use  of th i s  equa t ion .  
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T A B L E  I 

DISSOCIATION CONSTANTS OF D P N  AND D P N H  OF VARIOUS ENZYMES 

I45 

En*yme KDPN KDPNIt Re]erence* 
moles/liter moles/liter 

Neurospora  D P N a s e  5" lO-4 - -  
S n a k e  v e n o m  p y r o p h o s p h a t a s e  3" lO-4 - -  
D P N  k i n a s e  6.  lO -4 - -  
T a k a d i a s t a s e  d e a m i n a s e  18. IO -4 - -  
T a k a d i a s t a s e  d e a m i n a s e  - -  7" 10 -4 
S k e l e t a l  m u s c l e  l ac t i c  d e h y d r o g e n a s e  i .  lO -5 5" IO-S 
D P N  - i soc i t r ie  d e h y d r o g e n a s e  4" i o  -4 - -  
H o r s e  l i ve r  a l coho l  d e h y d r o g e n a s e  2. 4.  lO -5 1. 5.  lO -5 
Y e a s t  a l coho l  d e h y d r o g e n a s e  9" lO-5 3" 1o-5 
P s e u d o m o n a s  t r a n s h y d r o g e n a s e  7" l ° - 5  - -  
G l u t a m i c  d e h y d r o g e n a s e * *  9" lO-3 i .  lO -4 

KAPLAN et al. 12 
D e t e r m i n e d  in  t h i s  s t u d y  
WANG AND I~APLAN 16 
KAPLAN et al. 13 
D e t e r m i n e d  in t h i s  s t u d y  
D e t e r m i n e d  in th i s  s t u d y  
D e t e r m i n e d  in t h i s  s t u d y  
THEORELLAND BONNICHSEN 1 
PULLMAN et al. 27 
COLOWICK et al. 17 
OLSON AND ANFINSEN 32 

* T h e  K m  v a l u e s  r e p o r t e d  in  t h e  p r e s e n t  w o r k  w e r e  o b t a i n e d  b y  c o n v e n t i o n a l  m e t h o d s .  
** T h e  g l u t a m i c  d e h y d r o g e n a s e  u s e d  in  t h i s  s t u d y  w a s  a g i f t  of  Dr .  J .  A.  OLSON. 

The data provided by  VELICK et al. s indicate that  DPN-TPDi and DPN-TPDa 
are equally dissociable. The same authors measured by  ultracentrifugation, the 
dissociation constant of DPNH-TPD and found K '  to lie between lO -5 and IO -6 
moles/liter. Although these experiments with the ultracentrifuge were termed some- 
what unsatisfactory, data based on the inhibition by DPNH of glyceraldehyde 
oxidation also indicate that  the value of K '  for DPN H -TP D ,  lies close to lO -5 moles/ 
liter. However, studies on the apparent equilibrium constant for the oxidation of 
glyceraldehyde-3-phosphate by TPD-(DPN) ,  in the presence or absence of phos- 
phateS0, 31 suggest that  DPNH-TPD~ and DPN-TPD~ have the same dissociation 
constant. Other evidence in support of this conclusion, that  the K'  value for D P N H -  
TPD~ is close to 3" lO-7 moles/liter, is based on studies of displacement of bound 
DPNH by DPN n. Because of the uncertainty concerning the K '  value for D P N H -  
TPDa, two calculations of DPNH-TPDa dissociation will be made based on the high 
and low K'  value extremes, I- Io -5 moles/liter and 3" lO-7 moles/liter, respectively. 

Calculation o] theoretical reaction rates/or dissociated pyridine nucleotides 

In order to estimate the extent to which apparent effects of various enzymes on 
bound pyridine uucleotides were actually due to dissociation, it was necessary to 
consider not only the degree of dissociation of the TPD-nucleotide complex but  also 
the affinity of the dissociated pyridine nucleotide for the particular enzyme used. 
If v represents the initial velocity of the particular reaction at a concentration S 1 
(equal to the amount of free pyridine nucleotide calculated to be present as a result 
of dissociation) while v, represents the velocity at a concentrations S,  (equal to the 
total bound nucleotide added) then it follows from the Michaelis-Menton equation 
that  

vl Sl(Km + S2) 
v 2 S 2 ( K m  + S1) 

where Km is the Michaelis constant for the enzyme used, and the ratio vl/v , × IOO, 
referred to in this paper as " theory",  is the theoretical value for the relative reaction 
rate of "bound DPN" that  would obtain if only its dissociated DPN had been avail- 
References  p.  154 .  
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able for reaction. Whenever the observed rate is appreciably higher than this theoret- 
ical rate, it may  be concluded that  D P N - T P D  has reacted without undergoing prior 
dissociation. 

RESULTS 

Action o/Neurospora DPNase on the bound DPN o /TPD 

Fig. I summarizes the data compiled in a series of experiments in which the initial 
rates of reaction of Neurospora DPNase on free and bound DPN were measured at 
various pH values. The graph records the ratio 

ra te  of  sp l i t t ing  b o u n d  D P N  
X I00 

ra te  of  sp l i t t ing  free D P N  

as a function of pH. Since the rate of splitting of free DPN is fairly independent of 
p H  in this range TM, the data also reflects fairly accurately the actual changes in rate 
of splitting of bound DPN. The striking feature of the data is the change in the avail- 
ability of bound DPN to DPNase as the pH is altered. I t  is also apparent that  
DPN-TPDa is less reactive to the Neurospora enzyme than DPN-TPDi,  the difference 
becoming very pronounced between pH 7-8. 

I t  seemed possible that  the lowered rate of splitting D P N - T P D  a could be due 
to an inhibition of the DPNase by TPDa. To test this, a mixture containing one-half 
free DPN and one-half DPN-TPD~ was compared with a solution of free DPN with 
respect to rate of splitting by  DPNase at pH 8.0. The mixture containing half free 
and half bound DPN reacted at 65 % the rate obtained with free DPN. This indicated 
the absence of DPNase inhibition by  D P N - T P D  a. 

In order to obtain further evidence that  the low reactivity of bound DPN was 
not at tr ibutable to inhibition of DPNase by  the TPD protein, the effects of p-chloro- 
mercuribenzoate (PCMB) and iodoacetate on the availability of bound DPN to 
DPNase were studied. VELICK 7 has reported tha t  PCMB quantitat ively displaced 
DPN from TPD. Either 1.2. lO -4 M PCMB or 5" lO-3 M iodoacetate was incubated 
with DPN-TPDa (I-  IO -4 M bound DPN) in o. I M Tris buffer at pH 7.4 for 38 minutes 
at  o ° C and 2 minutes at 37 ° C prior to the addition of DPNase. Free DPN, serving 
as control was treated in the same manner. The DPN which was or had been bound 
to TPD was split at  6o% the rate of free DPN. Comparison of this figure with those 
obtained in the absence of PCMB or iodoacetate indicates tha t  the sulfhydryl in- 
hibitors cause a considerable portion of the bound DPN to react like free DPN. I t  is 
clear, therefore, tha t  the low rate of cleavage of D P N - T P D  a by DPNase in the 
neutral pH range is a result of DPN-binding rather than being due to inhibition of 
DPNase by  the TPD. 

An important  question to answer is how much of the observed reaction rate of 
"bound D P N "  was due to DPN which had dissociated from the TPD. We have 
listed in Table I I  under the column " theory"  a theoretical value for the relative 
reaction rate of "bound DPN"  that  would obtain if only its dissociated DPN had 
been available for reaction. Comparison of the calculated relative reaction rate of 
dissociated DPN with the observed reaction rates of bound DPN presented in Table I I  
and Fig. I, indicates that  DPN bound to TPD i can be split by  DPNase without 
prior dissociation at any pH tested, DPN bound to TPDa can be split outside the 
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p H  range  7.4-8.o, b u t  wi th in  th is  p H  range  D P N  b o u n d  to TPDa cannot  be spl i t  
b y  DPNase .  S imi la r  compar isons  of the  d a t a  o b t a i n e d  f rom cha rcoa l - t r ea t ed  T P D  
(re ta in ing 40 % of i ts  or ig inal  D P N  content)  led to the  same conclusions. I t  can be  
seen t h a t  in al l  cases charcoa l  t r e a t m e n t  led to  a m a r k e d  decrease in the  ra te  of 
c leavage of the  r ema in ing  b o u n d  DPN,  a l though the  concen t ra t ion  of b o u n d  D P N  
was the  same in al l  tests .  In  the  case of D P N - T P D ~  a t  p H  7.4, the  observed  ra tes  of 
c leavage b y  D P N a s e  before and  af te r  charcoal  t r e a t m e n t  are  bo th  in good agreement  
wi th  t he  values  ca lcu la ted  f rom equat ions  (2) and  (3) for reac t ion  due to disso- 
c i a t ed  DPN.  

TABLE II 

ACTION OF D P N A s E  ON BOUND DPN 

Temp. 37 ° C, total volume i mh DPN-TPD a was twice treated with Norit A (I3. 5 mg/ml) a 
pH 6.0. DPN-TPD i was treated once with charcoal. Approximately 60 % of the bound DPN was 
removed from both forms of TPD. Reaction mixtures contained DPN, free or bound, (i.3. lO-4 M 
for DPN-TPD a, DPN-TPDi and DPN-TPD i (charcoal-treated); o.9" Io -4 M for DPN-TPD a 
(charcoal-treated)), buffer (o.I M), and the reaction was started by the addition of DPNase. 

Buffers: KH2PO 4 and pH 7.4 Tris. 

pH 
DPN-TPD a* DPN-TPDi 

Native Charcoal-treated Native Chamoal-treated 
(Theor~= 7**) (Theory= I-2) (Theory= 7) (Theory ~ z-2) 

5 . 0  SO I I  - -  - -  

7"4 8 . 5  2 . 5  2 9  I I  

rate bound DPN × IOO 
* Values represent rate free DPN 

** Theory represents rate which would be expected from the dissociation of DPN from the TPD. 

F o r  the  following reasons we have  re jec ted  the  poss ib i l i ty  t h a t  the  increased 
ava i l ab i l i t y  of bo th  D P N - T P D  a and  D P N - T P D  i to  D P N a s e  a t  p H  values  outs ide  
the  neu t r a l  p H  range  is s imply  due to  dissociat ion of the  complex.  (a) The  dissociat ion 
cons t an t  of the  D P N - T P D  i complex  is i ndependen t  of p H  in the  p H  range  7.o to  8.3 
according  to the  d i rec t  measurement s  of VELICK et al.8; (b) As will  be demons t r a t ed  
in a l a te r  sect ion,  D P N - T P D  a is unava i l ab le  to  the  ac t ion  of deaminase  t h roughou t  
the  p H  range  5.9 to  8.5. 

The  increased ava i l ab i l i t y  of D P N - T P D  to D P N a s e  outs ide the  neu t r a l  p H  
range  mus t  therefore  be  a t t r i b u t e d  to  some subt le  change in the  l inkage  be tween 
D P N  a n d  T P D  ra the r  t h a n  to  ac tua l  dissociat ion.  T h a t  th is  change,  wha teve r  i ts  
na ture ,  is a revers ible  one, is i nd ica t ed  b y  the  following exper iment .  D P N - T P D a  
(DPN conc. 1 .7 .1o -4 M) was incuba ted  a t  p H  5.8 in 0.05 M phospha te  for t h i r t y  
minu tes  a t  o ° C and  then  th ree  minu tes  at  37 ° C pr ior  to  neu t ra l i za t ion  to p H  7.8 
wi th  p H  8.0 buffer (final Tr is  conc. o.15 M).  The  reneu t ra l i zed  D P N - T P D  a was then  
t r e a t e d  wi th  the  DPNase .  F ree  DPN,  serving as a control  was hand led  in the  same 
way.  The  b o u n d  D P N  was spl i t  b y  D P N a s e  a t  lO% the  ra te  of free DPN.  This 
i nd i ca t ed  t h a t  the  effects of ac id  p H  on the  ava i l ab i l i t y  of bound  D P N  are reversible.  

The  p H  dependence  of the  ra te  of sp l i t t ing  of b o u n d  D P N  suggested  t h a t  a t  
p H  values  in the  neu t r a l  range,  a new group on T P D  becomes ava i lab le  for b ind ing  
D P N  in a m a n n e r  which makes  i t  inaccessible  to  the  ac t ion  of DPNase .  A model  for 
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this kind of binding is provided by the known reaction between DPN and bisu]fite ~8. 
The absorption of light at 340 m/~ by the product is maximal at pH 6.8 and falls with 
change of pH. Fig. 2 shows the inhibitory effect of bisulfite on the rate of DPNase 
action as a function of pH. The curve for inhibition of DPNase by bisulfite corresponds 
closely to the curve for formation of the DPN-bisulfite complex, as measured by 
34 ° m/z absorption. This indicates that the DPN-bisulfite complex cannot be split 
by DPNase, the reaction rate being due to free DPN. Two conditions might combine 
to give a pH optimum for DPN-bisulfite complex formation. The first is that, as in 
other addition reactions with DPN, H ions should be released. Decreasing the pH 
would favor dissociation of the addition compound. On the other hand, increasing 
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Fig. I .  Rate  of reaction of DPNase  on bound  D P N  as a function of pH.  With  the rate  of reaction 
of DPNase  on free D P N  arbi t rar i ly  set a t  ioo for each pH,  the curves give the relative rates of 
reaction of DPNase  on bound  DPN.  Systems contained (final concentrations) D P N  ( i , i  to 1. 5. 
Io  -4 M), buffer and sufficient DPNase  to split i /2 the free D P N  in 2 to 5 minutes.  Total  volume 
1 ml. Temp. 37 ° C. Buffers : p H ' s  4.5, 5.9 and 6.7, phospha te  (o.o9 M) ; p H  7.5, phospha te  (o.o 4 M) ; 
p H ' s  7.4 and 8.0, Tris (o.I M) ; p H  8. 4, pyrophospha te  (o.07 M) ; p H ' s  8.5 and 8.9, glycine (o.o9 M). 
Aliquots taken ato. 5, i, 2, 4.5, io  and 3o minutes.  • Inact ive  TPD-bound  DPN, O Ac t iveTPD-  

bound  DPN. 

Fig. 2. Inhibi t ion of DPNase  by  bisulfite as a function of pH.  The p H  is plot ted versus the ratio : 

DP~Case act ivi ty  in presence of bisulfite 
X ioo 

DPNase  act ivi ty in absence of bisulfite 

Systems contained D P N  (1.2.1o -4 M), bisulfite when present  (1%) buffer and DPNase.  Temp. 
37 ° C, total  volume I ml. Buffers: p H ' s  6.2, 6.8, 7.4 and 8. 4, Tris (o.i M); p H  5.7, phospha te  
(o.I M). Aliquots taken at  0.5, I.O, 1.5, 2.5 and 5 minutes  after the addition of DPNase.  Prior  to 
DPNase  addition, mix tu re  wi th  and wi thout  bisulfite were incubated 15 to 3 ° minutes  at o ° C  

and 2 minutes  at  37 ° C. 
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the pH would favor the formation of sulfite from bisulfite with a consequent decrease 
of the addition compound. The similarity of the pH activity curves for DPNase 
action on the DPN bisuliite mixture and on DP N-T PDi  suggests the analogy tha t  
an addition compound between bound DPN and an ionizable side group of TPD 
could account for the results obtained. 

Action o] snake venom pyrophosphatase on the bound D P N  o / T P D  

In  Table I I I  are presented the results of a series of experiments in which the initial 
rates of splitting of bound and free DPN by  snake venom pyrophosphatase are 
compared. Over the p H  range used, both forms of bound DPN could be split readily 
without prior dissociation from TPD. I t  is not certain whether there is a real effect of 
p H  on the reaction rate of bound DPN with pyrophosphatase, but  it should be 
noticed that  variation of pH differently affected the actions on bound DPN of 
DPNase and pyrophosphatase.  As the pH was increased from neutrality, D P N - T P D  i, 
in comparison to free DPN, became more available to DPNase and less available to 
pyrophosphatase. Around p H  8.5, pyrophosphatase did not distinguish, in terms of 
relative reaction rate, DPN-TPD~ from D P N - T P D  i, whereas DPNase at this pH 
split D P N - T P D  i much more rapidly than D P N - T P D  a. DPN-TPD~ was more readily 
available to pyrophosphatase than to DPNase, the availability to pyrophosphatase 
being close to tha t  measured for DPN-TPDi .  

TABLE III 

ACTION OF SNAKI~ VENOM PYROPHOSPHATASE ON BOUND DPN 

The reaction mixtures contained MgCI 2 (o.o 5 M), buffer (o.I M), bound or free DPN (l.I. lo-4M 
in experiments with DPN-TPDa, and i .3" lO-4 M in experiments with DPN-TPDi), and sufficient 
pyrophosphatase to split half the free DPN in 3-5 minutes. Total volume I ml. Temp. 37 ° C. 
Buffers: pH's 7.4 and 8.o, Tris; pH 6. 7, phosphate; pH 8.5, glycine. Rates are expressed as in 

Table II. Theory = 8. 

pH 
Substrale 

6.7 7.4 8.o 8. 5 

D P N - T P D a  37 33 34 45 
D P N - T P D i  - -  67 57 48 

Study of the relative rates of splitting of bound DPN by  crude snake venom and 
Armour's  intestinal phosphatase yielded the same numerical results obtained with 
snake venom pyrophosphatase. This indicates tha t  the relative rates of splitting of 
bound DPN are determined by  the DPN bond under a t tack and not by  the nature 
of the pyrophosphatase used. 

Studies with D P N  kinase 

In experiments with DPN kinase it was found the DPN-TPDi  was converted to 
TPN faster than was D P N - T P D  a. Both forms of bound DPN apparently could be 
converted to TPN without prior dissociation of DPN from TPD. This would indicate 
tha t  although TPN has been found by  others 8 not to bind to TPD, conditions have 
been found which allow the deduction that  a T P N - T P D  complex was formed, at 
least transiently. The experimental data  are given in Table IV. 
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TABLE IV 

ACTIOn OF DPN KINASE ON BOUND DPN 

In a total volume of I ml at 37 ° C were DPN, free or bound (o. 7. lO -4 M), MnC12 (2. lO .3 M), 
nicotinamide (I. Io-2M), ATP (8. io-3M), Tris buffer pH 7.4 (o.i 3I), and the reaction was started 

by the addition of DPN kinase. 

Rate  bound D P N  
Substrate R a t e l r e e D P N  ~ × t oo  

TPD-DPN a 20 
TPD-DPNi 47 
Theory 8 

Effect o/ takadiastase deaminase on bound D P N  

W h e n  the  re la t ive  rates of deamina t ion  of bound  D P N  were measured  (Table V), it 

was found, in agreement  wi th  the  results obta ined  wi th  o ther  enzymes,  t ha t  D P N -  

T P D  i was a t t acked  faster  t han  D P N - T P D , .  In  contras t  to studies wi th  Neurospora 
DPNase ,  i t  was found t h a t  the ra te  of deamina t ion  of D P N - T P D ~  was independent  
of pH.  Comparison of the observed rates wi th  the ra te  calculated for dissociated 

D P N  led to  the conclusion t h a t  D P N - T P D  a, unlike D P N - T P D  i, cannot  be a t tacked  

by  deaminase wi thou t  prior  dissociation. The  s imilar i ty  of the  calculated and observed 

re la t ive  react ion rates and the p H  independence of the  lat ter ,  indicate  t ha t  the  disso- 

c ia t ion cons tant  for DPN-TPD~,  which can be calculated f rom our ra te  data,  is in 

agreement  wi th  tha t  der ived from equi l ibr ium da ta  of VELICK e~ al. s for D P N - T P D i ,  

and  is independen t  of pH.  

TABLE V 

RATE OF REACTION OF BOUND DPN AND DPNH WITH TAKADIASTASE DEAMINASE* 

The reaction mixtures contained: DPN or DPNH (bound or free) (i. Io -4 M in experiments with 
DPN-TPDa, 1.5" lO --4 M in experiments with DPN-TPDi and o.5" lO -4 M in experiments with 
DPNH-TPDa), buffer and sufficient takadiastase deaminase to split half the free nucleotide in 
2 to 5 minutes. Total volume i ml. Temp. 37 ° C. Buffers: pH's 7.4 and 8.o, Tris (o.i M); pH's 5.9, 
6.6 and 7.5, phosphate (resp. o.I M, o.o8 M and o.o 4 M); pH 6. 7, glyglyglycine (o.06 M); pH 8.5, 

pyrophosphate (o.o 7 M). 

p H  
Substrate 

5,9 6.6 7.4 8.0 8. 5 

DPN-TPDa 7.8** 8.0 5.0 5.0 5.0 
DPNH-TPD a - -  _ _  7 ° - -  _ _  

DPN-TPDi - -  26 4 ° - -  - -  

rate bound nucleotide 
* Values represent rate free nucleotide × lOO. 

** The theory for DPN-TPD a or DPNi is 5-8; that for DPNH-TPD 8 (K z = 3" t°-T) or 38 (K = 
I " I0- -5) .  

Since D P N - T P D  i can, wi thou t  prior  dissociation, be deamina ted  and D P N - T P D a  
cannot ,  i t  is suggested tha t  ac t iva t ion  of T P D  results in the format ion of a new en- 
z y m e - D P N  bond  which serves to protect  the adenine amino group from reaction 
wi th  deaminase.  Reduc t ion  of D P N - T P D a  to yield D P N H - T P D  a resul ted in a great ly  

increased avai labi l i ty  to deaminase.  Regardless of the  K '  for D P N H - T P D  used, 
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c a l c u l a t i o n s  of t h e o r e t i c a l  r e a c t i o n  r a t e s  d u e  t o  d i s s o c i a t e d  D P N H  i n d i c a t e  t h e  b o u n d  

D P N H  m u s t ,  w i t h o u t  p r i o r  d i s soc i a t i on ,  b e  r e a d i l y  a v a i l a b l e  to  d e a m i n a s e .  T h i s  

i n d i c a t e s  t h a t  t h e  b o n d  w h i c h  p r o t e c t s  t h e  a d e n i n e  a m i n o  g r o u p  of  D P N - T P D a  is 

n o t  p r e s e n t  i n  D P N H - T P D a .  

Action o[ dehydrogenases on bound D P N  

W h e n  t h e  r e d u c t i o n  of b o u n d  D P N  w a s  c a t a l y z e d  b y  v a r i o u s  d e h y d r o g e n a s e s ,  i t  was  

f o u n d  t h a t  D P N - T P D  i w a s  m o r e  r a p i d l y  r e d u c e d  t h a n  D P N - T P D a  ( T a b l e  VI) .  T h i s  

i n f o r m a t i o n  a g r e e s  w i t h  t h e  g e n e r a l i z a t i o n  t h a t  h a s  d e v e l o p e d  i n  t h i s  p a p e r  t h a t  

D P N - T P D  i is m o r e  r e a d i l y  a v a i l a b l e  to  o t h e r  e n z y m e s  t h a n  D P N - T P D a .  C o m p a r i s o n  

of  t h e  o b s e r v e d  r e a c t i o n  r a t e s  w i t h  t h e  t h e o r e t i c a l  r a t e s  c a l c u l a t e d  for  d i s s o c i a t e d  

TABLE VI 

A C T I O N  O F  D E H Y D R O G E N A S E S  ON B O U N D  N U C L E O T I D E S  

Total  volume I ml. Room temp. Lactic dehydrogenase: DPN reduction: the reaction mixture 
contained DPN, free or bound (0.72. lO -4 M), sodium lactate (o.i M), hydroxylamine (0.o8 M), 
buffer (o.i M), and lactic dehydrogenase. The reaction was s tar ted with the  addition of enzyme. 
Buffers were p i t  6.7, phosphate;  pH 's  7.2, 8.0, Tris; pH 's  8.8, 9.9, glycine. DPNH oxidation: the 
reaction mixture  contained DPNH, bound or free (4.5" IO-S M), Tris buffer pH 7.4 (o.I M), 
sodium pyruvate  (o.02 M), and lactic dehydrogenase. The reaction was s tar ted by  the addition 
of enzyme. Yeast DPN isocitric acid dehydrogenase: the reaction mixture contained DPN (0.72. 
lO -4 M), MgCI, (o.0o6 M), 5'-adenylic acid (5" lO-5 M), KCN (o.oi M), sodium isocitrate (0.0025 
M), potassium phosphate  buffer pH 6. 7 (o.i M), and the reaction was started by  the addit ion of 
isocitric dehydrogenase. Pseudomonas transhydrogenase: the reaction mixture contained DPN 
(0.72. lO -4 M), TPN (o. 3. lO -4 M), MgCI~ (0.003 M), 2'-adenylic acid (o.oo32 M (when present)), 
sodium isocitrate (o.ooi5 M), KCN (o.oi M), Tris buffer pH 7.4 (o.i M) and sufficient pig hear t  
extract  to reduce all the TPN in 15 seconds. After TPN reduction, the transhydrogenase reaction 
was s tar ted by  the addition of enzyme. Horse liver and yeast alcohol dehydrogenase: DPN reduction : 
the  reaction mixtures contained DPN ( i . i .  lO -4 M), ethanol (0.34 M) and Tris pH Io.I  (o.35 M), 
in addition to enzyme used to s tar t  the reaction. DPNH oxidation: the reaction mixtures contained 
D P N H  (4.5" lO-6 M), acetaldehyde (o.o 5 M), Tris buffer pH 7-4 (o.i M), in addit ion to enzyme 
used to s tar t  the reaction. Glutamic acid dehydrogenase: DPN reduction: the reaction mixture 
contained DPN (o.69. lO -4 M), histidine buffer pH 8.1 (o.i M), potassium glutamate (o.oi M), 
and enzyme. The reaction was star ted by the addition of glutamate. DPNH oxidation: the  reaction 
mixture contained DPNH (4.5" lO-5 M), histidine buffer pH 8.1 (o.i M), a-ketoglutaric acid 
(o.oi M), ammonium sulphate (o.o2 M), and the reaction was started by the addit ion of enzyme. 

Rate bound nucleotide 
>( IOO 

Rate/re* nucleotide 

DPN-TPDa DPNH-TPDa DPN-TPDi 

Dehydrogenase pH lound theory /ound theory /ound theory 

K ' =  K ' =  
3 "1o-7 i .~o -5  

Lactic dehydrogenase 

Isocitric dehydrogenase 
Liver  alcohol dehydrogenase 

Yeast  alcohol dehydrogenase 

Transhydrodenase 
Glutamic acid dehydrogenase 

6.7 25 39 
7 .2 27 39 
8.o 31 39 
8.8 34 39 
9.9 23 39 
7.4 - -  - -  8O-lOO 
6.7 15 8.5 

io . i  52 26 
7.4 - -  - -  ioo 

IO.I 18 12 
7.4 - -  - -  7 o- loo  
7.4 14 14 
8.1 15 8 8O-lOO 

49 39 

46 84 
28 8. 5 
78 26 

25 69 - -  - -  
67 12 

17 59 
63 14 

i i  46 
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DPN revealed that  DPN bound to inactive TPD can without prior dissociation be 
reduced by other dehydrogenases. The reaction rates measured when DPN-TPD~ 
served as substrate indicated that  DPN bound to active TPD could not be reduced 
by  other dehydrogenases and that  only dissociated DPN was available for reaction. 
While the observed and calculated values show some disagreement, it is clear that  
in those cases in which relatively high rates of reduction of DPN-TPD~ were observed 
(liver ADH and lactic dehydrogenase), the theoretical rates due to dissociation were 
also relatively high. 

From the results obtained in the experiments with adenosine deaminase, it was 
concluded that  the dissociation of DPN from TPDa was independent of pH. Since 
the reaction rate of DPN-TPDa with the various dehydrogenases was due only to 
dissociated DPN, the reaction rate should be independent of pH. When the reduction 
of DPN-TPDa by  lactic dehydrogenase was studied over the pH range 6.7-9. 9, the 
rate of reduction relative to free DPN was indeed found to be independent of pH. 

In marked contrast to the results obtained with bound DPN, the various de- 
hydrogenases catalyzed the oxidation of DPNH-TPD~ 8O-lOO% as fast as free 
DPNH. These data are in agreement with the work of CORI et al. n who studied the 
oxidation of DPNH-TPD~ by  lactic dehydrogenase, as well as the more recent work 
of  MAHLER 38, who studied the oxidation of D P N H - T P D  a by  cytochrome c reductase. 
Est imation of the dissociation constant of DPNH-TPD~--which  was considered to 
be equal to the dissociation constant of DPN-TPDa- - l ed  CORI et al. n to conclude 
that  the concentration of dissociated D P N H  could not account for the observed 
rate of oxidation of DPNH-TPD~.  If  we consider that  K '  given by  CORI et al. n for 
D P N H - T P D  is equal to K '  for DPN-TPD,  then our data obtained with four enzymes 
supports the conclusion tha t  bound D P N H  may  be oxidized without prior dissociation. 
Corroborative evidence is supplied by  our data with glutamic acid dehydrogenase 
even when K '  is assumed to be lO -5 moles/l*. 

DISCUSSION 

The most striking and consistent result that  we have obtained is that  substitution 
of active TPD for inactive TPD is attended by  a decreased availability of the bound 
DPN to other enzymes. This was the case for all enzymes that  we have used with the 
possible exception of snake venom pyrophosphatase. From this fact we might 
predict that  agents such as glutathione which activate sulfhydryl enzymes should 
also indirectly conserve DPN in  vivo. Since it is probable that  in muscle a large part  
of the DPN is bound to TPD, the different reactivities of DPN-TPDa and DPN-TPDj 
could be the basis of a regulatory mechanism by  which DPN would be protected from 
degradative enzymes when TPD is active and would become available for reduction 
by  other enzymes when TPD is inactive. 

The difference in react ivi ty of D P N H  and DPN bound to TPDa may  also be of 
some physiological significance. If under anaerobic conditions, muscle TPD is in the 
active form, one might expect that  a large part  of the DPN would be linked to the 
TPD in such a manner tha t  it would not be available to other enzymes. This might 
result in a preferential utilization by  muscle of an oxidative pathway that  involves 

* Since this work has been completed, NYGAARD AND R U T T ~ R  34 have reported experiments 
which are similar to ours with respect to reaction of the bound D P N  of TPD with dehydrogenases  
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triose phosphate since DPN would be only reduced by  TPD. The bound D P N H  
formed in such a reaction could then readily be oxidized by  pyruvate  and lactic 
dehydrogenase. Under aerobic conditions, it is possible that  the TPD may exist 
largely in the inactive form, leading to a decrease in the rate of glycolysis. If  this 
were the case, then the DPN would not be linked by  the bond which is present in 
DPN-TPDa,  and would be available to other dehydrogenases. For example, the 
DPN could become available to enzymes in the citric acid cycle which would operate 
under aerobic conditions. Hence the additional DPN binding in TPDa may  be a 
factor in the operation of the Pasteur effect. 

The data presented offer information on the mode of binding of DPN to TPD. 
I t  was found that  DPN-TPDa had to dissociate before it could be deaminated or 
reduced by  various dehydrogenases, whereas DPNH-TPD~ could be deaminated or 
oxidized as rapidly as free DPNH. This indicated the existence of a D P N - T P D  bond 
which disappears upon reduction of DPN to DPNH. Since DPN-TPDi  could be 
deaminated or reduced without prior dissociation, the bond must also disappear 
when TPD becomes inactive. RACKER AND KRIMSKY a5 and VELICK 7 have provided 
spectrophotometric evidence for the existence of a bond between DPN and active 
TPD. Observed spectral changes indicated that  addition of sulfhydryl inhibitors or 
acyl phosphates abolished the bond 85. I t  should be stressed that  the bond being 
discussed is not the only link between pyridine nucleotides and TPD, since DPN or 
D P N H  are bound to TPD in situations where the secondary bond under discussion 
is absent. Some information as to the nature of this pr imary binding in DPN-TPDi  
will be described elsewhere. 

The great importance of the secondary bond is the intimate association with 
enzyme activity. RACKER AND KRIMSKY 35 have suggested that  the bond is formed 
between enzyme sulfhydryl group and position 4 of the nicotinamide ring which is 
eventually hydrogenated ~. Our data may  be interpreted to agree with their theory 
since we have shown that  the bond was broken when the nicotinamide group was 
reduced or the enzyme sulfhydryl group was absent. Our data obtained with dehydro- 
genases and deaminase, confirm RACKER AND KRIMSKY'S spectral data  of a pH-  
independent bond present between DPN and active TPD. However, formation of a 
bond between nicotinamide and sulfhydryl should release hydrogen ion and con- 
sequently the bond formation should be pH-dependent.  In fact, the data obtained 
with DPNase can be interpreted to indicate tha t  a pH-dependent bond is formed 
between TPD and the nicotinamide group of DPN. I t  is difficult to extend RACKER 
AND KRIMSKY'S theory to explain why in DPN-TPD~, D P N - T P D  i, and DPNH-TPDa,  
the adenine amino group reacts differently. The relationship of the adenine group of 
the DPN to the sulfhydryl group of the protein is a problem which appears to merit 
further clarification since it has recently been shown that  the adenine group of DPN 
is involved in a link with an SH group of yeast  alcohol dehydrogenase aT. 

SUMMARY 

I. I t  has  been found tha t  the Neurospora DPNase can cleave the bound DPN of inactive 
muscle triose phosphate  dehydrogenase (TPDi) without  prior dissociation of the pyridine nucleotide. 
The ratio, rate of splitting DPN-TPDi / ra te  of splitting free DPN, is pH-dependent,  a min imum 
being observed a t  pH 6.7. DPN bound to active triose phosphate dehydrogenase (TPDa) is also 
cleaved without  prior dissociation if the reaction is run outside the  pH range 7.4-8.o. Within  
tha t  pH range, DPN bound to TPDa is not  split by  DPNase, the limited reaction observed being 
due to dissociated DPN. 
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2. Takadiastase deaminase will readily deaminate the bound DPN of TPDi al though at  a 
rate  considerably slower t han  free DPN. On the other hand, no deamination of D P N - T P I )  a 
occurs. Since TPDa has additional SH groups, some type of relationship is suggested between a 
protein SH group and the amino group of the adenine moiety of the oxidized DPN. D P N H  
bound to TPD a is deaminated by  the takadiastase enzyme at  a rate comparable to free DPNH,  
suggesting t ha t  reduction of DPN alters the interaction between the adenine amino group anti 
the protein. 

3. Snake venom pyrophospha tase  splits the DPN bound to TPDa and TPD i. The rate of 
split t ing is somewhat  slower with TPD a. 

4. The bound D P N  can also be phosphoryla ted  by ATP in the presence of D P N  kinase to 
form TPN.  This phosphoryla t ion  occurs wi thout  prior dissociation of the D P N  and occurs at 
a faster rate with TPD i than  with TPD a. 

5. The bound D P N  of TPDi is available to a number  of dehydrogenases,  but  the reaction 
rate with these dehydrogenases is slower than  tha t  of free DPN. D P N - T P D  a does not react with 
other  dehydrogenases.  However  D P N H - T P D a  is readily available to these same dehydrogenases.  

6. I t  is concluded from the above studies tha t  the DPN found on T P D  a is bound to the 
protein th rough  at  least two linkages. One is th rough  a binding found also in TPDi and a second 
through a grouping which may  involve the nicotinamide moiety and which has also been indicated 
by  the studies of RACKER AND I~RIMSKY 35. 
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