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The one-electron reduction potential of  NAD ÷ has been determined 
using pulse radiolysis to s tudy electron-transfer equilibria between it and a 
low potential bipyridylium compound.  The determined value E~ (NAD÷/ 
NAD" ) -- - 9 2 2  + 8 mV (NHE scale) is used to calculate E~ (NAD"/NADH) = 
+282 mV. E~ for 1-methylnicotinamide, E~ (MeN÷/MeN" ) = - 9 1 8  -+ 7 mV. 

Redox couples involving an oxidant S and a reductant  SH: are of  major 
importance in electron transport  sequence such as oxidative phosphorylat ion.  
The involvement of  intermediate free radicals, e.g. semiquinones, in the reduc 
tion of  S to SH~ have long been known [1], but  it is only recently that  the 
energetics and kinetics of  the reactions of some such intermediates have been 
characterized in detail [2].  The pulse radiolysis method has been used to 
generate semiquinones (by one-electron reduction of  quinones) and measure- 
ments of  their electron-transfer equilibria [3] were used to calculate the po- 
tential of O:/O~ couple [4, 5]. 

The NAD÷/NADH couple is an important  component  of many biochem- 
ical electron transport  chains, but  although the one-electron intermediate 
(NAD") was characterized some years ago [6, 7] its existence in biochemical 
reactions is unknown.  We now report  measurements of  the energetics of  the 
one-electron reduction of NAD÷/NAD" which are of  importance in assessing 
the possible role of  NAD ° . 

Abbrev ia t ions :  N A D  +, n i c o t i n a m i d e  aden ine  d inuc l eo t ide ;  MeN +, 1-methylnicotinamide; V 2+, 
1,1'-butano-4,4'-dimethylo2,2'-bipyridyliurn; AM-l, 1-(2-hydroxy-3-methoxypropyl)-2-rnethyl- 
4-nitroirnidazole; NHE, normal h y d r o g e n  e l ec trode .  
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Nicotinamide adenine dinucleotide (NAD ÷) 98% and 1-methylnicotina- 
mide chloride were obtained from Sigma Chemical Company and used as 
supplied. 1,1'-Butano-4,4'-dimethyl-2,2'-bipyridylium dibromide (V :+) was 
prepared from 4,4'-dimethyl-2,2'-bipyridyl by the method described by 
Homer and Tomlinson [8]. 

1- (2-Hydroxy-3-methoxypropyl)-2-methyl-4-nitroimidazole (AM-l) 
was donated by Dr. A. Michalowski, Instityut Onkologii, Warsaw, Poland 
and 5-guanidino-l-methyl-4-nitroimidazole (NSC 43805) was donated by 
Professor G.E. Adams, Institute of Cancer Research, Shtton, Surrey. 

The pulse radiolysis method was used to generate NAD" and measure 
the position of its electron-transfer equilibrium (Reaction 1) with the redox 
indicator, V :+. 

+ 

NAD" + V ~+ ~ NAD ÷ + V" (I) 

Pulse radiolysis was first used to measure the equilibrium constants of free- 
radical electron-transfer reactions by Dorfman [9] and the general applica- 
bility of the. method has been recently reviewed [ I0]. V 2+ w~s chosen as 
other well known viologens such as methylviologen are of too high a reduc- 
tion potential such that equilibrium (1) was too far to the right for measure- 
ment. 

Pulse radiolysis of a deaerated aqueous solution containing 0.8 M iso- 
propanol, 2 mM NAD + and 2 mM phosphate buffer, pH 7 results in the pro- 
duction of NAD" which is the only radical present -~ 1 ", after the radiation 
pulse (0.2/~s duration, 1.5 Gy dose). NAD + is reduced by e~q to give NAD" ; 
"OH and H" are scavenged by the alcohol and the resulting radical also gives 
rise to NAD" [6, 7]. 

In the presence of low concentrations of the viologen redox indicator 
[NAp +]/[V :+] = 100--4000) there will be negligible initial reduction of V :+ 
to V" by the radiation-produced free radicals during the first few microsec- 
onds, but if Reaction I +occurs there will be a subsequent grow-in of the ab- 
sorption spectrum of V'. The equilibrium yield of this absorption will de- 
pend on the concentration of NAD + and V ~+ and upon the equilibrium con- 
stant K,. 

Oscfllogram la shows the radical V "+ obtained by pulse radiolysis of a 
deaerated solution containing only isopropanol and the viologen. This re- 
prese+nts the absorption if all the radiation-produced radicals were converted 
to V'. Observations at several wavelengths between 300 nm and 900 nm 
gave the absorption spectrum characteristic of such a radical [11]. Oscillo- 
gram lb shows the build-up of absorption after the radiation pulse of a solu- 
tion containing 0.8 M isopropanol, 5.2 mM NAD + and 13.7/zM V 2+. An 
equilibrium absorption is observed ~ 50 ~s after the pulse. In the presence of 
a lower concentration of V :+ (e.g. 4.6 pM) the approach to equilibrium is 
slower (oscillogram lc) and the equilibrium absorption is lower as expected. 

The difference in one-electron reduction potential AE between two 
redox compounds is given by 

AE = (RT/nF) in(K,'fr) -- 59 (log K, + log fr) at T = 295 + 2 K (2) 

where K, is the equilibrium constant and fr is the activity coefficient ratio. 
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Fig.1. Osc i i log rams  showing  the  bu i ld -up  of a b s o r p t i o n  at 550  n m  fo l lowing  pulse  rad io lys i s  of 
deaera ted  s o i n t i o n s  c o n t a i n i n g  0.8 M i s o p r o p a n o l  and  (a) 0 .25  mM V2+; (b) 13 .7 /~M V ~+ and  5.2 
rnM NAD+; (c) 4.6 #M V 2+ and 5.2 m M  N A D  +. 
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The activity of  individual ions cannot  be determined, but  the mean activity 
coefficient, f ± of  ions of charge zl and z2 in a fully-dissociated aqueous elec- 
t rolyte  can be estimated us~ing the Debye-Hiickel expression [12] 

log f ± = - 0 . 5 0 7 1 z l z ~ l I 1 / 2 ( 1  + 3.28 a i l l ~ )  -~ (3) 

where I is the ionic strength and ai is the ion size parameter (taken as 0.5 
r i m ) .  

Following a suggestion by Drs. Land and Swallow to  use the kinetic 
salt effect  to determine the apparent charge on the NAD" radical to use in 
calculating ionic strength effects on K~, we measured the rate of  formation 
of the V" absorption in solutions containing 1 mM NAD ÷, 25 pM V :+, 0.2 M 
isopropanol and 0--0.113 M sodium perchlorate (7 solutions, I = 0.003 to 
0.115). The rate decreased 2-fold as I increased over this range; a plot of  
log~0k~ vs. [I1~/(1 + I ~)  - 0 . 2 / ]  gave an initial slope of - 2 .  This indicates an 
apparent charge of  - 1  on the NAD" species should be used for ionic strength 
correction using Equations 2 and 3 in this system. 

For I ~< 0.13 we estimate from 9 solutions of  [NAD +]/[V 2+] ranging 
from 96 to 3846 KI = 848 + 123 and log fr ~< 0.297 (TableI) .  Hence AE 
( E ~ ( V : + / V ' + ) - - E ~ ( N A D + / N A D ' ) )  = 187-+ 4 mY. Since E~(V~+/V ~) = - -735  
-+ 5 mV (see below) E~ (NAD+/NAD" ) = - 9 2 2  -+ 8 mV. 

Similar experiments were carried out  using 1-methylnicotinamide. For 
I ~< 0.018 we estimate from 4 solutions of  [MeN +]/[V 2+] ranging from 188 
to 528 K, = 1007 -+ 136 and log fr ~< 0.112 (Table I). Hence A E ( E ~ ( V : + / V . + )  .. 
E~ (MeN+/MeN" ) = 183 -+ 4 mV and E~ (MeN+/MeN" ) = - 9 1 8  -+ 7 mV. 

The value may be compared with a reported polarographic half-wave 
potential in phosphate buffer  for the one-electron reduction of  NAD + of 
--0.69V when corrected to the NHE scale [13].  The very rapid (diffusion- 
controlled) bimolecular disappearance of  NAD r in aqueous solution presents 
a major problem in the achievement of  thermodynamic reversibility under 
polarography conditions, bu t  does not  interfere with the present measure- 
ments because the posit ion of equilibrium is determined before this natural 
radical decay can occur. 
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T A B L E  I 

[V ~+] ( p m o l ' l  -~) [ N A D  ÷] ( m m o l ' l  -~) [MeN ÷ ] ( m m o l . l  -~) K~* AE**  

4.6  5 .2  8 2 6  1 8 6  
9 .1  5 .2  7 7 2  1 8 4  
9 .1  10 .3  1 0 0 4  1 9 4  

13 .7  5 .2  9 0 4  1 8 8  
2 6 . 0  5 .0  6 6 4  1 8 0  
2 6 . 0  10 .0  6 8 6  1 8 4  
4 6 . 8  9 . 0  7 9 8  1 8 8  
5 2 . 0  5 .0  9 7 1  1 9 0  
52 .0  6 . 0  1 0 0 3  1 9 2  

2 6 . 5  7 .5  1 0 6 2  1 8 4  
2 6 . 5  14 .0  1 2 0 4  1 8 9  
5 3 . 0  1 0 . 0  8 9 2  1 8 0  
53 .0  1 5 . 0  8 6 9  1 8 0  

* o b s e r v e d  e q u i l i b r i u m  c o n s t a n t ,  w h e n  corrected  for  dep le t ion  of  so lu t e ;  all s o l u t i o n s  
1 re too l .1  -I  p h o s p h a t e  ( p H  7) a n d  0 .8  m o l . l  - l  i s o p r o p a n o l .  
* * A E  is corrected  for  ion ic  s t r e n g t h  effects .  

conta ined  

The reduction potential of V 2+ was determined by similar measurement 
of electron-transfer equilibria between V 2+ and the two 4-nitroimidazole 
compounds. The potentials of NSC 43805, - 6 0 2  + 5 mV (O'Neill, P., per- 
sonal communication) and AM-l, - 5 8 3  + 4 mV were both determined using 
1,1'-propano-2,2'-bipyridylium dibromide, ( -548  + 3 mV [14]), as the re- 
ference compound. Establishing these reference potentials in this step-wise 
manner was necessary because of the exceptionally low potential of the 
NAD÷/NAD" couple. 

The two-electron potential E~ (NAD÷/NADH) = - 3 2 0  mV [15] and 
using the relationship E~ = (Et~ + E~)/2 we find E~(NAD"/NADH) = +282 mV. 

NADH can only act as a one-electron donor in reducing substrate S if 
the free energy change derived from the E~(NAD °/NADH) couple is less posi- 
tive than that from the E~ (S/S;(SH")) couple. 

We now see that E~(NAD"/NADH) > >  E~(02/O2-) ( -155  mV, 1 molO2 
[4, 5]) in contrast to flavins where E~(FH"/FH:) ( -150  mV [11, 16] ) ~E~ 
{O:/O~-). If the reaction of reduced flavins or NADH with molecular oxygen 
proceeds via a rate-determining step of the form 

FH: (NADH) + O2 -~ FH" (NAD") + O:- 

then the rate of NADH oxidation would be markedly slower than that of 
FH2, in agreement with the known stabilities of NADH and FH: in oxygen- 
ated solutions. 

NADH may still reduce substrates of potentials E~(S/S ~ (SH)) > E~ 
{NAD"/NADH) by a two-electron process (H- transfer) to give SH: if 
E~(S/SH2) > E~ (NAD/NADH). 

This work is supported by the Cancer Research C~mpaign. I thank 
Dr. P. Wardman for helpful discussion. 
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