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Diphosphopyridine nucleotide (DPN) and its reduction product constitute one of the 
most important cosubstrates in a large number of biological oxidation-reduction 
reactions. The oxidation-reduction potential has been the subject of study by various 
authors 1-5. Early values of the oxidation-reduction potential of the DPN system were 
derived from the equilibrium and from the thermochemical data. The E 0' value for 
the DPN system at 3o°C and pH 7 was estimated by BORSOOK x to be --o.28 V. 
A more recent calculation based on the data of RACKER2, 8 has yielded a value of 
- -o .3o V. Difficulties in such determinations lie in the inaccuracy in determining the 
equilibrium constants and the uncertainty in the potential values of the substrate 
systems. More recently, careful studies were made by BURTON AND WILSO~ 4, and by 
RODKEY 6. Their results essentially agree with each other. Calculating from the equi- 
librium data, BURTON AND,WILSON arrived at the value of --0.325 + 0.0o4 V at 3 °0 
and pH 7. RODK~-Y determined E o' by direct potentiometry and his value was 
reported to be --o.318 4- o.oo3 V at 3 °o and pH 7. 

In the present work studies on the electrochemical behavior of the oxidized and 
reduced diphosphopyridine nucleotide at the dropping mercury electrode will be 
reported. Coulometric technique has been used to study the number of electrons 
involved in the oxidation-reduction process of the DPN system and in the quantitative 
electrolytic reduction of DPN at polarographically controlled potential. 

EXPERIMENTAL 
Materials 
Oxidized D P N  was obta ined  f rom P a b s t  Labora tor ies  and  was used w i thou t  fu r the r  purif icat ion.  
I t  was assayed  89.3 % by  enzymic  reduc t ion  wi th  e thano l  and  alcohol dehydrogenase  and  de te rmi -  
na t ion  of the  absorp t ion  a t  34 ° m/~61 Alcohol dehydrogenase  was ob ta ined  from Nut r i t iona l  Bio- 
chemicals .  Tris  buffer  was  prepared  f rom 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  obta ined  from Sigma 
Chemical  Co. ( "S igma  7-9 buffer") .  HCI, KCN, CdCI 2, K H 2 P O  v citric acid were e i ther  r eagen t  
grade  or C.P. grade  and  were used wi thou t  fu r ther  purif icat ion.  T e t r a m e t h y l a m m o n i u m  chloride 
was  of whi te  label grade m a n u f a c t u r e d  by E a s t m a n  Kodak .  

Apparatus 
A Leeds  and  N o r t h r u p  glass  electrode p H - m e t e r  was used  for p H  and potent ia l  m e a s u r e m e n t s .  
Polarographic  m e a s u r e m e n t s  were made  wi th  a Sargen t  mode l  X X I  a u t o m a t i c  recording polaro- 
g raph .  This  i n s t r u m e n t  was also used as a power supp ly  in mil l icoulometr ic  s tudies  and  micro-scale  
control led potent ia l  electrolysis,  s ince i ts  o u t p u t  potent ia l  was  precisely known.  Micro cells for 
coulometr ic  and  electrolysis s tudies  were cons t ruc ted  according to DE WRIES AND KROON ?. Large  
scale electrolysis was  per formed wi th  m a n u a l l y  control led potent ia l  in Sargen t  electrolysis vessels  
wi th  in te rchangeab le  half  cells. A model  D-612 filtered D.C. power  supp ly  made  by  Elect ro  
P roduc t s  Laborator ies ,  Chicago was  used as t he  polarizing uni t .  Cur ren t  was measu red  with a 
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S impson  D.C. mul t ip le  range  a m m e t e r .  The  Leeds and  N o r t h r u p  p H  me te r  was used as the  
po ten t i a l  control l ing i n s t r u m e n t  when  the  applied potent ia l  was below 1.1 V. Voltages above 
1.1 V were control led wi th  an  RCA v a c u u m  t ube  vol tmeter .  

Methods 
Enzymic. Spec t ropho tomet r i c  m e a s u r e m e n t s  were made  wi th  a B e c k m a n  model  DU spectro-  
pho tomete r ,  w i th  qua r t z  cells of i cm  l ight  pa th .  B c t h  oxidized and  reduced D P N  were measu red  
by  enzymic  a s say  wi th  alcohol dehydrogenase .  Tris buffer  of p H  8.83 was used as the  m e d i u m .  
5 ml  D P N  s tock solut ion (approx imate ly  i m g  per ml  tris buffer) was p ipe t ted  into a io ml  vo lu-  
metr ic  flask, o.o2 ml  alcohol dehydrogenase  (0. 4 m g  protein) and  o. 5 ml  alcohol were t h e n  added .  
The  increase in l ight  absorp t ion  a t  34 ° m/ ,  was t hen  t aken  af ter  3 ° min  or when  i t  reached  a 
c o n s t a n t  m a x i m u m  value.  A molzr  ex t inc t ion  coefficient of 6.22-1o 6 cm ~ mole -1 was  used to  
m a k e  calculat ions.  

Polarographic. Curren t -vo l t age  curves  were usua l ly  t aken  unde r  an  applied potent ia l  s t a r t i n g  
f rom o up  to the  potent ia l  a t  which hydrogen  ion is reduced.  An ex terna l  s a tu r a t ed  ca lomel  
electrode (S.C.E.) was  used as t he  reference electrode for all polarographic  m e a s a r e m e n t s .  All 
solut ions to be po la rographed  were deaera ted  for lO-15 min  wi th  n i t rogen freed of o:(ygen ( same  
deaera t ion  for all so lu t ions  used  in coulometr ic  analys is  and  controlled potent ia l  electrolysis) .  
The  d ropp ing  H g  electrode used here  has  a m*/, tl/8 value  of 2.17 mg*', sec-V, in o.I M p H  7.65 
tr is  buffer  a t  the  po ten t ia l  on the  diffusion cu r r en t  p la teau .  All m e a s u r e m e n t s  were m a d e  a t  25 o C. 

Coulometric. The  mil l icoulometr ic  t echn ique  of DE VRmS AND KROON 7 was used for t he  
p re sen t  s tudies .  0. 3 ml  D P N  solut ion was placed in one cell and  an  equal  a m o u n t  of CdC12 so lu t ion  
was  placed in a second cell connec ted  in series wi th  the  first cell. A potent ia l  equal  to E 1 + E 2 
was  applied across the  cells in series for a p p r o x i m a t e l y  3 hours ,  where  E 1 and  Ez are the  po ten t i a l  
va lues  a t  the  p la teau  of the  two diffusion cur ren t s  measu red  separate ly .  Oxygen-f ree  n i t rogen  
was passed  over  t he  solut ion du r ing  the  course  of electrolysis. Ord ina ry  mar ine  ba rome te r  capi l lary  
t ub ing  wrapped  wi th  an  in terna l  gauge  22 Ag-wire Ag-AgCI reference electrode s was found  very  
sa t i s fac tory  wi th  t r is  buffer, since t he  la t te r  conta ins  chloride ions. 0.3 ml  solut ion was a conven ien t  
a m o u n t  for th i s  procedure.  

Electrolysis. Micro-scale electrolysis was carried ou t  in t he  s ame  type  micro cells used  in 
mil l icoulometry,  wi th  all procedures  essent ia l ly  the  same  except  t h a t  the  electrolysis was  per-  
formed for a m u c h  longer  period of t ime.  Large scale electrolysis was pe i fo rmed  in a H-cell  ac- 
cording to p rocedures  of LINGANE 9. Mercury  was used bo th  as ca thode  (the working  electrode) 
and  anode.  At  t he  anode,  H g  was  oxidized to the  oxide. E i the r  a s a t u r a t e d  calomel electrode 

i1,0#a .~ 
l inked t h r o u g h  an  a g a r b r i d g e  or an  Ag-AgC1 electrode l° 
m a y  b-e used  as the  reference electrode. Deaera ted  D P N  
solut ion in o.I M, p H  7 tr is  buffer  was used as the  catho-  
lyte;  the  same  buffer  w i thou t  D P N  was placed in the  
anode  c o m p a r t m e n t .  A glass s t i r rer  was m o u n t e d  near  the  
so lu t ion -mercury  interface.  

I I I I I I I 
-0.6 48 -;0 -12 -1, 4 . 6 ' , 8  

E, volts (vs.S.C.E.) 

Fig. i. Polarographic  waves  for tr is  
buffer  and  D P N  in tris buffer. 

T h e  v a l u e s  o f  t h e  d i f f u s i o n  c u r r e n t  c o n s t a n t  ( I  = ia/Cm "/" t ~/,) a r e  l i s t e d  i n  T a b l e  I.  

T h e  i n d i v i d u a l  I v a l u e s  a g r e e  w i t h i n  1 % .  T h i s  I v a l u e  s h o u l d  b e  u s e f u l  i n  c o m p u t i n g  

t h e  c o n c e n t r a t i o n  i n  a n  u n k n o w n  c a s e  f r o m  t h e  o b s e r v e d  v a l u e  o f  ia a n d  t h e  m e a s u r e d  

RESULTS AND DISCUSSION 

Polarographic studies 

o . I  M t r i s  b u f f e r  s o l u t i o n s  i n  t h e  n e u t r a l  p H  r e g i o n  

d o  n o t  y i e l d  a n y  p o l a r o g r a p h i c  w a v e s  o v e r  a w i d e  

r a n g e  o f  a p p l i e d  p o t e n t i a l s .  A d i l u t e  s o l u t i o n  o f  

D P N  (e.g. 1 . 3 5 . 1 o  -3  M )  i n  o . I M ,  p H  7 .65  t r i s  

b u f f e r  g a v e  a we l l  d e f i n e d  p o l a r o ~ a p h i c  w a v e  w i t h  

E l / e q u a l  t o  - - o . 9 3 6 V  (vs. S . C . E . )  (F ig .  I ) .  

W h e n  a s e r i e s  o f  b u f f e r  s o l u t i o n s  c o n t a i n i n g  

k n o w n  b u t  d i f f e r e n t  a m o u n t s  o f  D P N  w e r e  p o l a r o -  

g r a p h e d ,  t h e  c u r r e n t - v o l t a g e  c u r v e s  s h o w e d  t h a t  t h e  

d i f f u s i o n  c u r r e n t  w a s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

c o n c e n t r a t i o n  o f  t h e  e l e c t r o a c t i v e  m a t e r i a l  ( D P N ) .  
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values of m and t for the particular electrode used. Furthermore, the diffusion coeffi- 
cient of DPN may also be evaluated from the diffusion current constant by means 
of the Ilkovic equation. Thus D = (id/6o 7 n C m'/' :/ ,)2 = (• /6o7 n) 2 = 1.46" IO -e  
cm s sec -x. Although the theoretical basis for such calculation is not yet sufficiently 
established, the resulting value may be considered as approximately true. 

T A B L E  I 

DIFFUSION CURRENT CONSTANT FOR D P N  

DNP conch. (raM) i d ¢pa) I (idlcm'l'tll.) 

6.048 I9 .6  1.49 
3-o24 9.6 1.47 
1.512 4.9 1.49 
0 .756 2. 4 1.46 
0.378 1.2 1.44 

M e a n  v a l u e  1.47 

When ~Ed.e. was plotted against log i/id--i for the current-voltage curve of DPN 
in tris buffer a straight line with a slope of 0.08 was obtained. However, this plot 
was of no use in calculating the number of electrons involved in the reduction of 
DPN since the latter reaction was demonstrated to be irreversible at the dropping 
mercury electrode (see below). 

Another evidence for the irreversibility of the D P N  reduction at the dropping 
Hg electrode is the independency of its half-wave potentials from the pH of the 
supporting electrolyte at values below 7. Between pH 7 and 9 there is a slight shift of 
the half-wave potentials toward more negative values with increasing pH (Table II). 

T A B L E  I I  

E F F E C T  OF THE N A T U R E  A N D  T H E  p H  OF T H E  S U P P O R T I N G  E L E C T R O L Y T E  

ON THE HALF-WAVE POTENTIAL 

Supporting ele.afol#e Conch. (214) pH --Et/t V (S.C.E.) 

P h o s p h a t e - c i t r a t e  o. i 3 .20 o.92 
P h o s p h a t e - c i t r a t e  4.3 ° 0.92 
P h o s p h a t e - c i t r a t e  o. I 5.23 0.9 I 
P h o s p h a t e - c i t r a t e  o. i 6 .20 o.91 
P h o s p h a t e - c i t r a t e  o. i 7. I o o.92 

Tr i s  o . i  7.25 0.92 
Tr i s  o.x 7.44 0.93 
Tr i s  o. 1 7.57 o.92 
T r i s  o. x 7.9 ° 0.93 
T r i s  o . I  8.o9 0.93 
Tr i s  o.z 8.28 0.94 
Tr i s  o.x 8.53 o.93 
Tr i s  o. i 8.68 o. 94 
"Iris o. I 8.97 0.95 
Tr i s  o.1 9.24 0.96 

T e t r a ~ n e t h y l  0.3 4 .96 o.97 
• a m m o n i u m  c h l o r i d e  1.38 

T r i s  ( o . x M  in  K C N )  o.1 0.95 
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A numerical value of 3 was derived for n from the E,/, vs. pH plot if reversibility 
was assumed for the electrode reaction. 

It should be noted that the half-wave potential of DPN in the phosphate-citrate 
buffer solutions is nearly the same as in the tris buffer. When o.3 M aq. solution of 
tetramethylammonium chloride was used as the supporting electrolyte for DPN, the 
polarogram obtained showed two separate waves of nearly equal wave heights with 
half-wave potentials at --0.97 and --1.38 V (vs. S.C.E.) respectively. The waves are 
considerably more drawn out than in the buffered solutions. When the current-voltage 
curve was taken for DPN in tris buffer containing o . I M  KCN, no polarographic wave 
occurred either at - -0.94 V or at more negative potentials. It is well known n that 
DPN forms with cyanide an  addition compound DPN-CN. The DPN-CN complex 
resembles reduced DPN in its absorption spectrum and certain other chemical 
properties. The present investigation indicates that this addition compound is not 
reducible at the dropping mercury electrode. 

If the reduction of DPN at the dropping Hg electrode were a reversible reaction, 
the half-wave potential would have assumed the same value as the oxidation- 

reduction potential of the DPN 
,j system. The deviation of the 

half-wave potential of DPN from 
• 2 the oxidation-reduction paten- 
,1 tial represents the cathodic over- 
~ 1 . voltage at the current density 

, / ' i "  corresponding to id/2. The exist- ~_1 
ence of such an overvoltage may 

-2 ~ also be used as the most con- 
, , , J , , , , , , t ~ clusive evidence for the irrever- 

o.1 a2 0.3 0.* 0.s ~ or 0~ ag to t~ 1.2 sibilityof the electrode reaction. 4D~lied voltage, volts ( vs. Ag-AgCl) 
Fig. 2. Compos i te  ca thodic-anodic  wave  for the  D P N  The DPN system belongs to the 
sys t em.  Curve  I ob ta ined  before electrolysis.  Curve  2 so-called "sluggish systems", 

obta ined  af ter  x25 rain electrolysis,  which require long periods of 

time to establish significant potential at the indicator electrode. Hence, in the poten- 
tiometry a "mediator" of suitable normal potential has to be added to the DPN system 
to "poise" the electrode potential. While the cathodic processes involve negative 
overvoltages, the overvoltages for the anodic processes are positive (see Fig. 2). 

Coulometric measurements and  electrolysis 

Attempts were made to calculate the number of electrons involved in tile reduction 
of DPN, since this is one of the most important quantities for the elucidation of the 
reaction mechanism. In the present case, however, this was not possible either from 
the diffusion current data or from the pH vs. Ell, plot, since the thermodynamic 
reversibility of the wave could not be established. Consequently, independent deter- 
minations of n by means of direct coulometric measurements had to be made. 

The millicoulometric technique used here is based on the principle that for a 
certain amount of current passed through two cells in series, there is an equivalent 
amount of electrochemical change occurring in each cell. The change in the concen- 
tration can be determined by measuring the decrease in wave height. If one cell 
contains a compound for which the number of electron change is known, a comparison 
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of the concentration changes in the two cells will lead to the number of electrons 
involved in the reaction of the substance in question. 

The data obtained from millicoulometric measurements may be substituted into 
the following equation to calculate the number of moles of the compound that  is 
reduced: 

[ (,1/1/.1 A N =  1 - -  ] N  

where AN is the amount of material which is reduced, N is the number of moles of 
the compound in the-cell before electrolysis, i x and i= are the diffusion currents at 
the beginning and end of a run, t 1 and t 2 are the corresponding drop times. Typical 
results are listed in Table I I I .  

T A B L E  I I I  

C O U L O M E T R I C  A N A L Y S I S  ON D P N  

i d (ua) t (se.) 
Expt. No. Compound Comn. (raM) LJN (raM) 

initial final initial final 

I CdCll* 1.68 11.1o 9.6o 3.9 o 3.63 o.212 
D P N  o.82 3.16 2.36 3.9o 3.72 o.2o8 

2 CdC12* 1.63 12.56 8.16 3.2o 3.15 o.57I 
D P N  1.o9 3.22 1.68 3.1o 3.o9 o.522 

* CdC12 in o . I M  KCI. 

These /IN values gave ratios of approximately unity. Hence it may be concluded 
that  n = 2 which is reasonable for DPN reduction on 
the basis of other experimental evidence. Thus the 
electro-reduction may be represented by the commonly 
accepted equation : 

D P N  + + 2H+ + 2 e - - +  D P N H  + H+ 

In another series of experiments, single micro cells 
containing 0.3 ml of approximately I miUimolar DPN 
solutions were used for simultaneous polarographic and 
electrolysis studies. A polarogram was taken before 
electrolysis, then the solution was subject to electrolysis 
at a controlled potential for several hours until an appre- 
ciable fraction of the oxidized DPN was converted to 
the reduced form. A polarogram taken after 125 min 
electrolysis showed a composite wave consisting of an 
anodic wave due to the oxidation of D P N H  and the 
cathodic wave (Fig. 2). Fig. 3 shows a study of the 
changes of the cathodic and anodic diffusion currents 
with time. 

Preliminary experiments on large scale electrolysis 

o~Onodic 

-2 

I I 
100 200 300 

rime (,,in) 

Fig. 3. Changes  in the  ca thodic  
and  anodic diffusion cur ren t s  
dur ing  the  course of electro- 

lysis. 

using a H-cell and 50 ml DPN solution were conducted at a controlled potential 
according to the procedure of LI~rGAI~rE 9. Small aliquots were removed from time to 
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time, and the optical densi ty  readings were taken  at  34 ° m/z. The readings showed 
a s teady increase with time. At the end of electrolysis the absorption spectrum was 
also measured between 300 and  400 m ~  and  i t  possessed the characteristic shape of 
the redticed DPN. The final reading in optical  densi ty  at 340 m/~ indicated tha t  
the spectrophotometrical ly measurable amoun t  of reduced D P N  corresponds to 70% 
of the tota l  DPN reduced by  enzyme*. Fur ther  studies of this technique coupled 
with the applicat ion of au tomat ic  in s t rumen ta t ion  (e.g. potentiostat)  should develop 
a convenient  and  precise preparat ive method for reduced DPN. 

At the wr i t ing  of this paper, an article by  CARRUTHERS AND TECI-I on the polaro- 
graphy of the di- and  tr iphosphopyridine nucleotides appeared in  the l i terature TM. 
According to these authors TPN has a half-wave potent ia l  of - -1 .23  V (vs. S.C.E.) 
in a o.5 M, pH lO.3 to lO.6 tris buffer, and based on these polarographic properties 
an analy t ica l  method was devised for the quant i ta t ive  determinat ion of D P N  and 
TPN in the extracts of l iving tissues, especially mouse liver. 
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SUMMARY 

The electrochemical behavior of diphosphopyridine nucleotide was studied at the dropping Hg 
electrode. The half-wave potentials and the diffusion current constant were measured, and the 
effect of the pH and the nature of the supporting electrolyte on the current-voltage curves were 
also studied. The irreversibility of the electrode reaction was established. Overvoltages were 
observed for the cathodic and anodic waves. 

Th e number of electrons involved in the electrode reaction was determined by direct coulo- 
merry. Controlled potential electrolysis was suggested as a preparative method for reduced DPN. 
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