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ABSTRACT

The mechanism of an electrode reaction consisting of two successive one-electron (le) transfer steps,
coupled with dimerization of the intermediate product under conditions of - steady-state convective
diffusion, has been theoretically analyzed for the situation where the second electron-transfer step is

" accompanied or preceded by protonation of the intermediate product. The resulting relationships have
been used to examine the electrochemical behavior of the biologically important NAD * /NADH redox
couple. The model, which scems best to fit the experimental data involves: (a) le reduction of NAD *
NAD, which can dimecrize, followed at more ncgative poteatial by concerted protonauon and le reducuon
of NAD to NADH, where the proton donor is an HB species such as H;O % or NHJ; (b) an apparently
single-step 2e oxidation of NADH to NAD*. Possible causes for the differences in electrochemical
NAD* reduction and NADH oxidation are considered in terms of ‘the xmphcatxons of theory

INTRODUCTION

There has been i mcreasmg interest in examining the electrochemmal reduction of
nicotinamide adenine dinucleotide (NAD *; DPN *; eoenzymeI) and the electro-
chemiical oxidation of 1 ,4-dihydronicotinamide ademne dmucleonde (NADH
DPNH,; coenzyme I reduced) from the analytical viewpoint, and as a possible basis
for more thoroughly elucxdatmg the role of the NAD* /NADH redox couple in
btologlcal redox | processes (cf. refs. cited in ref. 1). However, there is still uncertamty
concerning the exact nature of the mechamsms involved, e.g. possrble causes for the
cathodic reduction of NAD * involving two one-e‘lectron (le) steps well separated in
potentlal and’ the anodic oxidation of ‘NADH. involving a single 2e step at a
consrderably more posmve potentlal, whereas the grossly reversrble enzymatlc 2e
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oxidation and reduction occur at pH7 at a computed formal ‘potential roughly
intermediate between the electrochemical reduction and oxidation potentials.

The present paper is an attempt to modify existing theory for electrode reaction
mechanisms so as to make it applicable for the most general situations which may be
involved in the NAD* /NADH redox system, and then to examine this system on
the basis of the theory, evaluating, in so far as it may now be possible, the energetic
and kinetic parameters for the individual steps in the overall redox processes, and
indicating the type of additional information needed, thereby furnishing objectives

for future research.
FORMULATION OF MECHANISTIC MODEL FOR NADH/NAD* COUPLE

The reduction of NAD ™ at mercury electredes and the oxidation of NADH at
solid electrodes * proceed according to the overall reaction,

NAD* +2e+ H* =NADH (1)

The mechanism, which best accounts for the electrochemical reduction of NAD * [1]
consists of two le steps with rapid dimerization of the intermediate radical NAD ie.
schematically:

A+e=B )
B+e+HX=C+X~ 3)
2B-B, (4)

where A represents NAD*, B the NAD radical, HX a general proton donor, C
NADH and B, the dimer (NAD),.

At present, it is not clear whether proton and electron transfer to the NAD
radical occur in one step (eqn.3) or whether NAD is protonated before eleciron
uptake. The most recent investigation of NADH oxidation at GC and Pt electrodes
[2] indicates that the ‘primary product is protonated NADH*, which deprotonates
relatively slowly to NAD. Thus, in addition to the single step described by eqn. (3),
the following sequence will also be considered:

B+HX=BH*"'+X"~ (5)
BH* +e=C (6)

The presence in the mechanism of a second bimolecular reaction, i.e. eqn. (3) or {5),
greatly complicates the theoretical analysis. Therefore, we shall assume that, to a
first approximation, two conditions are fulfilled:

(1) The solution is so well buffered that the concentrations of proton donor HX
and preton acceptor X 7, ie. cfx and c%-, are constant in the whole solution
including the diffusion and reaction layers.

(2) When protonation of the eqn. (5) type is involved, it is completely mobile so

* Abbreviations used for solid electrodes: Au, gold; GC, glassy or vitreous carbon; Pt, piatinum.
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that in the whole solutlon spaee the concentrauons of B and BH*, ie. cB and cBH+ .
. satlsfy the ethbnum : : : S

, KH—CBH+Cx /CBCHx [ B , o ‘ )

whete Kyis the ethbrmm constant for protonatxon reacuon (5) ‘
_ In view of the rather slow deprotonation of NADH™* seen for NADH oxidation
-at solid electrodes [2], the latter assumption may not be ~]usufied On the other hand,
the limiting current due to thé second electron uptake in NAD™* reduction at
mercury electrodes does not seem to be influenced by the slow preceding chemical
reaction [1}.

THEORY FOR THE MECHANISTIC MODEL

Jacq [3] has considered the mechanism consisting of two successive le transfer
steps coupled with dimerization of the intermediate. Assuming that (1) the equi-
librium in reaction (4) is shifted towards the dimer and (2) the dimerization is
sufficiently rapid that the reaction layer thickness g is small compared with that of
the Nermnst diffusion layer §, the current-potential relationship was derived by
applying the approximate maethod of Brditka et al. [4]. The resulting equation * can
be easily modified for the mechanistic model just outlined. Thus, if the dimerization
of eqn. (4) is completely irreversible, the equation for the current—potential curve is

Y3 =3X2%/4N _ (8)

where X and ¥ are functions, expréssed by eqns. (9) and (10), of the dimensionless
current J and of the dimensionless kinetic parameters A, a and b:

X={(a+b)T—2(p/p'~ ' /aR)}/(a—b) (9)
Y= {abJ —bp/p’ +aq’cd /qc}} /(a—b) | (10)
The dimensionless current J is defined by

J=—1/(FAD§"'8) ’ (11)

where [ is the current, F the Faraday constant, 4 the electrode area, D the diffusion
“coefficient and C2 the bulk concentration of NAD *. The thickness of the diffusion
layer at the rotating disc electrode (RDE), G(RDE), is given [5] by ‘ .

8(RDE) =1.61DV3p\/6,= 12 . . o c - (12)
where » is the kinematic viscosity and « the angular rotation velécity. For the
dropping mercury el_ectrode, the classical expression involving the drop-time # can be

S(DME) = (3«:1):/7)"2’ S m

Equatxon (20) in ref., ¥ for the cument-potcnual cuxve mvolves a sxgmﬁcant typographxcal error: Y’/S
shouldberadasYz/Zi o : . ) _
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If the mechanism of eqns. (2)-(4) is consxdered, the kinetic para.meter A is ngen by ;
N =8%%k,ciD ! : - (14)"'
where k&, is the dimerization rate constant, while for the mecbamsm of | eqns (2) and :

(4)-(6),

R =(1+ Kycl /%) 8% gc3D ! o - (15) \
The kinetic parameters a and b are defined by . -
a=(1+p)/p | ' '(16) |
b=(1+q')/q - an

where p, p’, ¢ and g’ are the dimensionless rate constants for the electron-transfer
steps, i.e.

p=k, 8D} _ ‘
p'=k,8D"! (18)
q=k,8D!
q'=k;8D"

The cathodic, &, and anodic, k,, rate constants depend on the electrode potential E.
For the first electron uptake described by eqn. (2), these dependences are given by

ky =k{ exp| —ay F(E— E{) /RT] : 19)
ki =k} exp[(1 — &) F(E~ E}) /RT] , (20)
where k{ is the apparent rate constant, E? the formal redox potential of reaction (2)
and e, the apparent cathodic charge-transfer coefficient.

If the second electron uptake proceeds according to eqn. (3), the cathodic, k,, and
anodic, k5, rate constants are given by

k, = ki exp| —a, F(E— Ef) /RT] - ,-(21)'
ky = k3%%- exp[(1 — a,) F(E— E§) /RT] » - (22)

where the parameters k2, @ and EJ refer to reaction (3) and have the sumlar
significance as above, but k9 is now a second-order rate constant.

If, alternatively, the second electron transfer proceeds according to eqn. (6), the
potential-dependent rate constants are

k, =k2(kﬂ’-‘x-m/cx*) exp[—azF(E—Ef)/RT] ' Lo (23)
Ky = k3 exp[(1 — &y ) F(E— EP) /RT] N @4

Consequences foliowing from the general equation for the current—potent:al curve'
were only briefly mentioned by Jacq [3). The simplified scheme involving a single
electron-transfer step with dimerization of the product was considered by;Bomvla—,



- 5-5'ten-e ‘an ‘Cauqul& [6]. who denved and dlscussed the equatxon for the current-—j

. “ipotentzalfcurve, ‘using’a. _method sumlar to’ that in: refs 3'and 7. Therefore, it isiin:

_order to ana.lyze equ. (8) in detail. The relevant expenments are usually performedf,
'under'such ‘conditions that only one component ‘has a non-zero bulk concentration.
A ,Consequently, the eathodxc and anodic reactions can be considered: separately It is.
- useful’ to"realize. that ‘the functions X :and -Y have a’ -straightforward meaning
masmuch as. they are. dn'ectly related to the dimensionless coneentratxons of B and.
B, at the electrode surfa.ee, ie. cB and cB {3, 7]

Y=e/R>0"" - S @)
X~ ""2CB /‘-‘Azo . ; - S o oo o -_(26)
Cathodzc eIeczmde reacnon

The bulk conoentrauons ‘of all components except that of A are assumed to be
zero. The: steady-state current—pctenual curve is glven by eqn (8), with- X and Y
bemg glven by :

(a +b)T— 2p/p

a—b ~O | : | | | - (27)
Y= —””Q->o L | o (28)

Analysn.. of the current—potentxal relat:onshlp can be based on the differing depend-
encies of kinetic parameters a and b on the electrode potential E; a exponentially
decreases and b exponentially increases with increasingly positive E. (cf equns.
16-22). The two functxons, a(E) and. b(E ) mtersept at E=E*,

: (I)_Casefor—,E>E‘ :
It‘E>E"rso that b>a, 7
-:—J+2p/p'b<0 - ' o e A : (29)

Y= —al+p/p'>0 e o S - o (30)
The mequahtles 29 and (30), together with b>»a, mdxcate that the dLmensmnless
- current J satisfies the inequality: _ _ 7 - 7 -
- p/(+p)>T>2p,pb=0 c ] (31)'
- It should be noted that. J = p/(l + p) is the equauon for the nreversxble cathodlc

wave conespondmg to reaction (2) alone, ie. w1thout coupled chemlcal or electro-
_ chetmm.l reactions (3) or (4). :

By inserting eqns. (29) and (30) into eqn. (8) and. neglectmg the torm 2 P /p’b the .
t—potenual equatxon 1s obtamed in the form o ,

l+p l+p L (32)
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If E can be made sufficiently negative so that p>> 1 but the inequality b>>a still
holds, J approaches J; =1 and the limiting current [, is given by (cf. eqn. 11)
I,=—FAD§7'c? ’ (33)

In this case, eqn. (32) is the equation for the le cathodic wave corresponding to
reaction (2) followed by dimerization of its product (eqn. 4). Equation (32) can be
rewritten as

L—I_D anr\"”? '

=D Yo exp|a, F(E— E?) /RT] + (3—11) exp| F(E—EP)/RT] (34)
which coincides with the equation derived for this case by Bonnaterre and Cauquis
(6]

As discussed in ref. 6, the plot of log{(I, — I)I "] vs. E (the logarithmic or log
analysis) has generally two limiting reciprocal slopes: (2 /3X2.303RT/F) for E — o0
and 2.303RT /o, F for E - —oco. When the first term on the right-hand side of eqn.
(34) considerably exceeds the second term in the potential region where log analysis
of the cathedic wave can be performed with sufficient accuracy (usually for I/1;
between 0.1 and 0.9), only the latter limiting slope is found and the half-wave
potential Ei 72 is given by

E{%, = E{ +(2.303RT/«, F) log(k{ 6D~ ") _ .(35)

which is the expression for E,,, of the cathodic wave corresponding only to
irreversible electron-transfer reaction (2).

If, on the other hand, the second term on the right-hand side of eqn. (34) prevails,
eqn. (34) is better rewritten as

1?3173/ (1, — I) = 4N exp| —F(E — E{) /RT] (36)
The plot of log[12/31,‘/ 3/(I, —I)] vs. E is linear with the reciprocal slope of
2.303RT/F* and

Efy = ED + (2.303RT/3F) log(3A?) (37)

The dependence of E[7; on the bulk concentration of A through A2 (cf. eqn. 14 or 15)
is characterized by the slope:
AE[;; /Alogc, =2.303RT/3F (38)

When protonation reaction (5) occurs, E {72 will also depend on the concentrations of

* In comparing egn. (36) with the similar equation_ on p. 206 of ref. 6, namely,
E=E°—(RT/F) n[ *°(ja—) "1~ (RT/3F) m[3FD 8- 172(2) ']

where j is the current density: the dxtferent definition of A%. =(2A2/c2) (cf. eqn. 2 of ref. 6) and the
incorrect presence of concentration c§ in the last term or the right-hand side of the latter equauon should
be noted. .
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”pfotohfd-onor HX and proton 'acceptof,» X7:oo

AE,/"; / logcm; -G 303RT/3F) zcﬂx/ x-_ . (39)
A rev Kucﬂx/(-‘x C SRR : L
El A /A logcx— =— (2 303RT/3F ) - - (40)

1+KH Hx/Cx—

Onoe the value of E, 1s determmed and that of E° is. known dxmenzatlon rate

constant k, can be evaluated from eqn. (37).
If, in the potential reglon E> E*, E cannot be made sufficxently negative to fulfil

the inequality p > 1, J is gwen by the more general eqn. (32) and docs not reach the
limiting value.

(2) Case for E<E* :
In the potential region E<E*, where b <a, eqps. (27) and (28) sunphfy so that X

and Y are given by

X=J—2p/(1+p)=0 (a1)
- 2 1

Y—b( l+p) =0 (42)

and J apparently satisfies the inequalities:

p/(t+p)=<s=<2p/(1+p) (43)

No restrictions are now imposed on E towards its negative ﬁmit, i.e. E— oo, and,
therefore, j; =2 can be achieved and

I,= —2FAD 3" 'c® (44)
By use of egns. (41), (42) and (8) we obtain:.

__» 2p _ ”’_(_3__)"’ -1 |
(J l+p)/(l+p J) - ax/)- b (45)

which, as compared with eqn. (32), also involves the parameter b for the second
electron-transfer reaction and is accordingly more complex.

We can again consider the situation that, in the potential region E > E*, E can be
made sufficiently negative for parameter p to satisfy the inequality p»l This
inequality must naturally also- hold in the potential region E<E* and egn. (45)
simplifies to : 7 S

-1 (3 )'3 R ~ B
7] R @
Itis appropnate at thls pomt to mtroduce the dlmensmnless current J’ defmed by

i A T s ' @1
" which approach& u.mty for E— —oo; t.he lumtmg current Il is ngen by eqn. (33) -



Substitution of eqn. (47) into eqn. (46) gives
7 (=T = (3/432) et | o (48)

whick: is the equation for the le cathodic wave corresponding to second electron-
transfer reaction (3) or (6) preceded by dimerization reaction (4) and, eventually, by
protonation reaction (5).

In order to analyze eqn. (48), the mechanism for proton involvement must be
specified. Thus, if simultaneous proton and electron addition to B occurs (eqn. 3),
eqn. (48) has the form: '

1(111)"|/3 =( 3 )l/3 kOSD cp_xexp[—alF(E-Ef)/RT]
(r; =1y \aN]  1+k28D'c%- exp[(1 —a,) F(E— ES) /RT]

(49)

The plot of log[I(I])~'/3/(I] — I)*/?] vs. E has, in general, two reciprocal slopes:
—2.303RT/F for E— oo and —2.303RT /a, F for E— — co. The former slope can
obviously be found in the region E < E* only when E? is sufficiently negative to E.
In the reverse case, i.e. E2 > E?, only the cathodic wave corresponding to the
irreversible second electron-transfer step can be found in the region E < E* (b<a).
The equation is then:

(; -0 \ax : 2 2
E, ,, for this irreversible wave is given by
2.303RT 2. 303RT

log[ (2)A~ 2] (51)

and obviously depends on the bulk concentrations of both A and HX. These
dependencies are characterized by the slopes:

EFS, =E? + log(k98D e Q,X)+

a, F

AE(7, /Alog ¢ = — (2.303RT/3a, F) (52)
AE7, /A log ¢l =2.303RT fa, F (53)

Similar equations can be written for the mechanisms involving protonation of B
(eqn. 5), followed by electron-transfer reaction (6).
In place of eqn. (49) we have:

()" :(_3_)'/3k38D"(KHc&x/c?(~)exp[—azF(E—-Ezo)/RT]
(5, -1)*"? \ax 1+ k38D ' exp[(1 — a,) F(E — E®) /RT]

where A is given by eqn. (15) and, analogously, instead of eqns. (50) and (51), we
have:

1(1))
(=17

(54)

—-13

1/3
= (412) (k98D ~'Kychy /c%-) exp| —a, F(E— E2)/RT]  (55)



2.303RT 2.303RT - .
E,,z —E° +—-2—F_—— lo g(k° 8D~ 'K,,cﬂx/cx ) +___, [(l)A 2] (56) A

The depeudence of Ei=. 72 on the concentrauon of A is glven oy eqn 52) and on the
concentrauons of HX and X~ by . . _

AES, _2303RT _ 2.303RT (Kxcax/Cx ) o '(-57)
Alogcd,  «F 3arF (1+ Kyeh /%) ' '
AE, _ 2.303RT |, 2.303RT _ (Kuchx/%-) (s8)
Alogel - o, F 30, F (1 + Kgelix/<%-)

On the other hand, when the pa.rameter F4 does not satisfy the inequality p > | in the
potential region E> E*, .I in thxs potentxal region is given by the more general eqgn.

(45).

The bulk concentrations of all components except C are to be assumed to be zero.
The dimensnonless concentrations of intermediates X and Y (egns. 25 and 26) are
now related to ¢2 and, analogously, J and A are given by eqns. (59) and (60) instead
of eqns. (11) and (14):

J—I/(FADS" 2) : (59) -
A =58%,c2D! : ‘ (60)

When these changes are made in eqns. (9) and (10} by multiplying both sides of the’
equations by (c /¢c2), we can proceed in the same way as for the cathodic electrode
reaction. The steady-state current—-potential curve is given by eqn. (8), where X and
Y result from the subsututxon of g’ for p and of q for p’ in eqns (27) and (28), ie.a
for & and & fora:

. (24(421 (ba+b)J -0 | | 61)
y= 0T 20 - o (62)

Sumlar subsutuuon in the equations for- the cathodic electrode reactxon ‘current
yields the equations valid for the anodic electrode reaction; consequently, only two
general equations for J are given: . :

(1) If E<<E* so that a > b, J satisfies the inequalities:

’ ) ’

1+q,>1>aq,_0__‘1 | (63)
and is given, analogously to eqn. (32), by _ 7 _
-4 _q (3 2/3 IS ST

T=1¥y ‘1+q'(.4Az)_ s S CoTe _-(6.4)7



(2) If E> E* so that b > a, J satisfies the jinequalities:

q: L qu ) . o

1+q =J= 1+gq - (65)
and is given, analogously. to eqn. (45), by

ql
J—— 1 :
1+4q' ( 3 ) /3 1 ) . o
=|— a 66
432 _ (66)

. 2/3
2
q _—J
l1+g4
DISCUSSION OF MECHANISTIC MODEL

The question will now be considered as to the extend to which the mechanism of
two successive le transfer reactions with dimerization of the intermediate product
may account for the observed electrochemical behavior of the NAD*/NADH
couple at both mercury and solid electrodes. The available data do not allow
definitive conclusions to be drawn about either the nature of the proton
donor/acceptor couple HX/X ™ in the overall reacticn:

NAD* +HX+2¢e=NADH+ X"~ (67)

or the way in which this couple is involved in the reduction of NAD to NADH or
the oxidation of NADH to NAD. It is clear, however, that the rate of NAD
reduction at a Hg electrode increases with concentration of a proton donor such as
H;0* or NH; . This fact is anticipated by the mechanism represented by either
eqn. (3) or eqns. (5) and (6); the distinction is between successive and simultaneous
proton and electron transfers to NAD *. From a molecular viewpoint, the Franck—
Condon principle applies, i.e. the electron transition occurs at a fixed configuration
of the heavy particles including the proton. For the radiationless electron transition
to occur, the activated complex formed must correspond to the molecular situation
in which the electron energies in the initial and final states are equal within the
uncertainty limit. The situation in reduction of NAD to NADH is similar to that
encountered in inner-sphere electron-transfer reactions in solution, i.e. both electron
and atom transfer resulting in a significant change in molécular structure of the
reacting particle are involved. Following general theoretical considerations for such
electron-transfer reactions [8], formation of an activated complexv such as

E ]

H‘ x— . - ) . : . 7.
R—Q + salvent ) ( 68)

CONH,

* The word “simultaneous™ is used only figuratively in order to express that the proton and the electron
are transferred in a single, distinct (electro)chemical step.



5 can be envmaged" n‘recpectlve of whether a stable protonated radxcal NADH[+ 1s1 ‘
‘formed or - the “electron -is immedlately transferred from an'energy. level in the

.:electrode .to.an energy level in: the nicotinamide’ moxety to. form NADH: In the
- former case, the acétivated. complex corresponds to. the molecular situation. fa.vorable .
for the radxauonless rearrangement of the electromc subsystem in the NADH*X ™~
.’oomplex mvolvmg bond-breakmg in HX and C4)-H bond-forming in' the mco—'
: tmamlde moxety, NADH* and the solvent around it must subsequently undergo the

proper. reorgammtlon to form an acttvated complex whlch allows the rad:atmnless

“electron transfer from an electrode energy level to one in. the mcotmamxde monety in :
‘NADH*.

Altematwely, the actlvated complex (eqn. 68) correspond., to the state of the
system' favorable for the. radxatlomess rearrangement of the electromc subsystem -
involving electron transfer from clectrode to ‘micotinamide moxetv, in this case, the
stable intermediate NADH * is not formed on réduction of- NAD to NADH, which
then proceeds as a bxmolecular reaction (eqn. 3).

- Data on reduction of NAD * at Hg will be analyzed, assummg t.he proton donor
to be H,O*' Estimation of all the parameters of the mechanistic model is possible
only - for reduction of NAD to NADH in a single step (eqn.3). Analysis of the
mechanism involving protonation step (5) requires knowledge of the equilibrium
constant K for protonation of NAD, which is not available. Possible values of the
mechamsuc parameters for reduction of NAD to NADH mvolvmg such a protona-
tion step will be considered.

‘The data analysis is comphcated by possxble adsorptxon at Hg of. NAD+ and 1ts
reduction products. This problem is largely eliminated when excess tetracthylam-
monium cation (Tea™) is present. Therefore, only polarographic and voltammetric
data obtained at Hg in 0.4 3 TeaCl, carbonate buffer (pH 9—10) [9 10; present study
via ref. 11] will be considered. P

Formal potential for NAD + /NADH

Th° formal potent.na.l EY, of the NAD“"/NADH couple is related to the formal
potentials of the NAD™ /NAD and. NAD /NADH redox couples E} and EJ,
respectively,

E°=(E} +E§)/2 EEREE EEE R *_'_v (69)
The formal potenual Ef’, of the NADH‘*‘ /NADH couple can be calculated from
"EJ and the protonatxon ethbnum constant Ky » , )
,_E;-—Eg' + (RT/F) mKy ‘ s ] (70)
-At pH7 and 25°C the apparent formal potentlal E°’ of the NAD+ /NADH
couplc _ i } : R :
'E°'—E° + (RT/zF) ln(‘-'n o*/“n,o) -f P f- SO (71) |
is . —0. 315V Vs. NHE [12] or —0.557V 'vs. SCE. On msertlon of cH o+— 10 ‘7M '
and cﬂ '(',;—55 SMm eqn (71), E°= —ozgsv (SCE) 8 R sl
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Diffusion coefficients

The NAD* diffusion coefficient, D, can be calculated from ﬂ_le maximum
limiting current, I;, of the wave due to le reduction of NAD* to NAD:

D =[1,/708.1m*/*1}/) | 712)

-where I, is in p A, c° is the bulk NAD* concentration in m M, m the Hg flow-rate in
mg s~ ! and ¢, the Hg drop-time in s. The mean value of D, 3.5X 1076 cm? s/,
calculated from four measurements at 0.204—1.48 mM NAD™, agrees well with
those of 4.3 X 10 7% and 3.4 X 10 7% cm? s ™! previously reported for aqueous media
(ref. 1, p. 8). From measurement of 7, for NADH oxidation at GC, Pt and Au RDEs

D for NADH was caliculated to be 3.3 X 1076 cm® s ! [13].

Parameters for mechanistic model for NAD™ /NAD couple

The reduction of NAD* to NAD with subsequent dimerization of NAD is well
separated in potential at an Hg electrode from the reduction of NAD to NADH;
accordingly, its analysis may proceed independently of the analysis of the latier
process, except for the effect of pH. As previously discussed, when protonation
reaction (5) occurs, E, , for cathodic wave I corresponding to the reversible
NAD* /NAD reaction should depend on concentration of the proton donor H,O*
(eqn. 39). Experimentally, however, only neghglble pH dependence is found [9],
which would correspond either to k,_,cH o+ /cH o ¥ 1 or to simultaneous proton and
electron transfer on reduction of NAD to NADH (eqn. 3).

The parameters of the mechanistic model for the NAD*/NAD couple (i.c.
formal potential £?, apparent rate constant k?, apparent charge-transfer coefficient
a, and dimerization rate constant k4), can be evaluated from data obtained by cyclic
voltammetry at a hanging mercury drop electrode (HMDE) and polarography ata
dropping enercury electrode (DME).

(1) Cyclic voltammetry

The theoretically expected behavior on cyclic voltammetry of a reversible electron
-transfer reactioh followed by irreversible dimerization of the product [14] is
characterized by the variation of the cathodic peak current function J. (eqn. 73), the
cathodic peak potential E_. and the anodic-cathodic peak current ratno L./I,. w1th
the variable parameter ¢ (eqn 74), where v is the polarization rate:

Jpe =1, /602AD'/ %!/ (73)
Y=k, °RT/Fp : (74)

J,. varies only slightly with {, approaching limits of 0.526 at high ¢ (low v) and
0.446 at low ¢ (high v).

Here E . depends on both v and c¥ at the sufficiently low values of v, which
satisfy the condition of ¢ = 10:

E, =E? + (RT/3F)[ln ¢ — 3.12] - (75)
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At sufﬁcxently hlgh 0. (Iow :p), '-—E, approaches the value found for the
revemble electron~transfer reacuon a.lone, ie. - , .

,E;—E. ——o.ozss R R R S ~ (10)

-- The peak current ratm isa funcuon of the quantlty, log(zpnFof/ RT) = Iog(kdc T),
where 7 is the time. from . E? to the cyclic voltammetric switching potential E,, and
varies - from zero at _sufficiently. low o, where. dimerization outruns the ox1datlon
Teaction, to one at high v, where oxidation outruns:dimerization. . _

' The cyclic voltammetric behavior of 0.20 and 0.40 mM NAD* in. 0 aM TeaCl
and 62.5 mM carbonate - buffer (starting potenu:al —0. 9V) was examined for
0=0075-616 V's™!. - .

‘The expenmenta.l cathodxc peak current functmn, R /Aco , varies only shghtly
with v; the mean value is 450 pA s'/2cm™2mM 'V~ 12 at low © and 425 at high

v. The corre..pondmg calculated D values for NAD™ are 2.1 X 10 =5 and 2.5 X 10~%
cm2 s~!, respectively; these are somewhat lower than those obtained from the DME
I,. However, the necessary correction for background current introduces a 5-7%
error in the limiting and peak currents, resulting in a -10—15% error in D, ie. a
possible difference in D from the two methods of 20-30%.

In Fig. 1, the function E,. —0.0197 log c? is plotted vs. logo. At 0<1V s~} the
points for all three NAD+ concentrations fall on the same straight line for Wthh
regression analysis yields a slope of —16 mV, from which the value of E? +
0.01971logk; = —0.996 V can be inferred using eqn. (75). On the other hand, the
function does not reach the limit expected at high v, because it is then controlled by
the electron-transfer step; this is supported by anodic-cathodic peak potential
separation of 65—8C mV at high o,

> -uzl— °
P . Q
v B .o 2
[+3
Q
§ R "
& -w08 ) v 4 A ———-
2 - S
< 7 T aem"®
& B a4 g ©
. | -t6ew ° fep",
-0al [ aag ¥ O
- o U
"‘" -aomv . e
] 1 1 } i ] ) ] ]
=1 T I B 2 E
Lo’ (v/‘ls") ‘

Fxg | Vanauon of ‘the t‘uncuon E —0 0197 logc thh polanzauon rate, o, for lhe more positive
cathodic peak’ of NAD+ on cyclxc voltammeu'y at a HMDE (area=0.0183 cm?®) at following NAD *
concentration, €% (A) 0049 ‘mM; (Q).020 mM; (0) 040 mM. (——=) ‘Theoretical dependence
calculated from ref. 14 for =020 m M, E°—_-—l 123V and kd—z 7X 10° M1 sTh (+=:=>) liear
reg,ressxonfromallexpenmentalpomtsato<le o : R
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The fact that, at sufficiently high o, E_. becomes mdependent of v and is related
to E9 by eqn. (76), enables calculation of both ED and k4 from a single cyclic
voltammogram, if the electron-transfer step is revetsxble (Positive feedback was used
for iR compensation in all fast-scan cyclic voltammograms [15].)

Although the fast-scan cyclic voltammetry data on the NAD* /NAD couple do
not correspond strictly to a reversible clectron-transfer step, the extent of control of
the electrode reaction by the electron-transfer step is obviously small. The cathodic
and anodic peak currents are rather insensitive to a small decline from reversibility;
the more significant error in calculation of k4 from their ratio may be underestima-
tion of the time 7.

The following procedure was used to evaluate k. From the peak potentxals E?
was inferred as E? =(E, +E,)/2; the value of this operative formal potential
depended shghtly on v (35 SOOV s '), i.e. —1.138 to —1.150 V. The mean k4 of
27X 10° M ~1 (8 experiments at 4 v and 2 concentrations) was obtained by the
peak current ratio method {14]. The difference between E® and E, generally
exceeded 0.1V,

Use of E? +0.0197logky = —0.996 V, obtained from slow-scan cyclic voltam-
metry, and kg =2.7 X 108 M ~! s~ ! gives E} = —1.123 V. The expected dependence
of E,. —0.01971og ¢° on log v corresponding to the latter two values is shown by the
dashed line in Fig. 1.

The operative value of E? used in the calculation of k, is about 24 mV more
negative than that found from slow-scan cyclic voltammetry; this would correspond
to overestimation of k4 by 25% or less.

(2) DME polarography
Equation (34), which is relevant for evaluation of k4, E?, k7 and «; from cathodlc
wave I, can be written as
-1 1.\ /3
'~ =exp|a, F(E— E{,) /RT]| + (Elz) exp| F(E— E{5) /RT] (77)
Because E /, for this wave does not appreciably depend on pH [9), the expression
for A has the form of eqn. (14) and E;7. 72 and E;7; are given by eqns. (35) and (37).
On the basis of eqn. (77), plots of log{(Z; —I)I ~'] vs. E are expected to be
curvilinear, with reciprocal slopes approaching 39 mV for E — oo and 2.303RT/a, F
for £~ —oco. Because only the second term on the right-hand side of eqn. (77)
depends on ¢, the variation in reciprocal slope with concentration can be observed
in the region of log{(f; — I)I '] between — 1.3 and 1.3, where the log analysis can
be reliably perform=d. Here E, , is expected to depend on A ie.

0=AE,,, /Alogc® =0.0197 V (78)

In the plot of log{(I, — I)I ~!] vs. E for NAD* wave I (Fig. 2), the reciprocal slopes
for E— — oo and oo are 120 and 40 mV respectively; the former slope con‘&sponds
to an «, of 0.5.

From Fig.2 E; and E ,‘}2 were evaluated as follows. Extrapolation of !.he linear
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Fig. 2. (O) Plot of log{(f; —I)I ~!] vs. potential E for the more positive cathodic wave of NAD ¥ (0.745
mM) at a DME; (— — —) extrapolated from data at the most negative potentials. (A) plot of log $™
vs. E, calculated from eqn. (79) for a; =0.5 and E;'/"z =—097V. .

log plot at E— — o to log[([l —I)I "'} =0 gives E,/2 = —0.97 V. Using this value
and «, =0.5, a plot of log S™ vs. E was constructed, where

s =[(h D1 —exp{F(£- Bi) /RTY | @1/1)7 o

Such a plot should be linear with a reciprocal slope of 59 mV; the constructed plot is
linear with a reciprocal slope of 65 mV, close to that expected. At logS™' =0,
E=ET, =-0994V.

The plot of E; ,, vs. logc® [9] is linear with a slope, AE, , /A logc° of 46 mV
(Fig. 3A). This value, which differs from that expected (cf. eqn. 78), indicates the
limit in interpretation of the polarographic behavior in terms of the mechanism
considered. In fact, E,; 172 is 'more positive than would correspond to the values of
kd =27X10° M~ ! s V-and EQ = —1.123 V derived from cyclic voltammetry, e.g.
using E53 = —0.994, a value of EY +0.0197logk, = —0.937 V is calculated from
eqn. (37), which is ca. 60 mV more positive. than the —0.996 V derived from
slow-scan cyclic voltammetry. This inconsistency is disturbing since the slow-scan
cyclic voltammetric and the polarographic measurements involve approximately the
same time-scale; it-is probably due to adsorption of NAD™* and /or its reduction
products, ‘which is not completely suppressed by adsorption of . Teat and which
increases with mcreasmg NAD™* concentration and in the absence of Teat (cf.
: polarographlc behavxor when K"‘ replac&s Tea [l]) ' .
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Fig. 3. Varation of E, ,, for the more positive (A) and more negative (B) cathodic waves of NAD + at the
DME with NAD * concentration ¢%.

At sufficiently low NAD* concentration, the polarographic and cyclic v_oltam—
metric data are reasonably consistent, e.g. values of E? + 0.0197logk, and E? in
Tablel. It should be noted that the value of E° = —1.13V (SCE) for the
NAD™* /NAD redox couple derived from the polarographlc measurements is- in
fairly good agreement with that of EX = —0.922 V (NHE), i.e. E?=—116 V (SCE),
inferred from pulse radiolysis experiments [16}].

The kinetic parameters of the electron-transfer step, k? and «,, can be rehably
evaluated from polarographic data only at higher NAD* concentration; k? =2 X
1072.cm s™! was evaluated by eqn. (35), using EiT, = —097V, a, =05 at

TABLE |

Comparison of formal potentials for NAD * /NAD couple based on nola:ographxc and cychc voltammet-
ric measurements ¢

Method Qap-/mM (E®+0.0197 log k4)/V E%V Ref.

DME 0013 —1.003 —1.130 9
0.026 ~—1.003 ~1.130 :
0.053 —0.994 —LI21 -
0132 —0.982 -1109

cv 0.20 —0.99 -L123. . n.
0.40 —0.996 ~1123 o

¢ The DME polarcgraphic data from Fig. 3A [9} were used with the assumption that, at low TNAD®
concentration, E; ,, = E{7; 73 The diffusion layer thickness & was calculalcd by eqn. (l3), E° was mlculaled s
using kg =2.7X10% A~ 1 s~ .
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75 :mM _E(Cf- I"'8-2) and E. =;l 123V A rough esumate of k° from'{'
: lforc- O.ZmM)lleIO lcrns LA

; For the NAD /NADH couple, E2 N calculated from E 0 of -0 295 V for the
'NAD*“ /NADH couple using eqn. (69), is 0533V :
~The DME" cathodic. wave: I, corresponding to" reducuan of NAD to NADH
_occursat: potenuals as negauve as. 1.6 V; itslog analysis (Fig.4) yieldsa: reczprocal ﬁ
,slope of 108 mV: It is apparent. that, if the reduction of NAD proceeds.according to -
© eqn. (3), it must be quite mevermble, although the wave is also shlfted neganvely by -
' ,the effect of the prwdmg dimerization reaction. ' :

Equauons (50) or (SS) are relevant for analysis of wave II the. reclprocal slope ot‘
the logl ICH) '/ (L, — 1 )"2/3] 4 vs. E plot should be 2.303RT/a, F. The dependence
. of E,; J20R NAD* concentration ¢c® is-expected to be characterized- by eqn: (52),

,wlule the dependence of E,; 12 0N pH is described by eqgns. (53) or (57).. In. the latter
case, i.e. for the mechanism. mvolvmg the protonatxon of NAD (eqns 5 and 6), the A
' inequality kuchi,0+/Chi,0 < | should hold, as previously discussed. - =
- The mdlcated I-E. plot (Fig. 4) is practically linear with a reciprocal slope of 120
mV, which oorresponds to «, =0.5. Here, E; s is lmearly dependent on log c° (Fig.
3B) with a slope of —37 mV, in excellent agreement w1th that of — 2 303RT/3a2F
=»—39 mV.expected for az =05. v
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O
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{1017 on r.tn'{a(xl ;1),':‘-

T

[
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.,:Fg 4. (0) Plots 6f log[(ll-l)l ‘]. and (A) ot‘ log[ll "/’("'-5'—1)-2/31 vs. polenual E for the more
neganve cathodrc wave of NAD+ (0745 mM) Sl e . L
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Since the effect of pH on E, /, can only be investigated in the narrow range of pH
9-10 [9,10}, a reliable slope cannot be inferred. The dependence of E, can be
measured more easily [10]; based on three points between pH 72 and 9.3 AE /ApH
is —21 mV {10).

Obviously, both mechanisms suggested for the reduction of NAD only quahta-
tively explain the effect of pH; both equs. (53) and (57) predict a slope AE; ,, /ApH
= —2303RT/a, F= —120 mV for a, =0.5. The problem is probably due to the
simultaneous involvement of different proton donors such as the buffer components
{10). In fact, since the increase in H;O* concentration is controlled by the decrease
in concentration ratio of proton donor to proton acceptor of the buffer system, the
changes may mutually compensate each other in the effect on the NAD reduction
rate. The involvement of other proton donors in the NAD reduchon is strongly
supported by the effect of NH;™ ion concentration, i.e. AE, ,, /Alog cfix = 100 mV
for HX=NH] [I0].

The subsequent calculation of &2 is therefore limited by the assumption that
H,O0™ is the only proton donor. The value obtained, which can be revised when new
results are available, is used in the following section to illustrate possible conse-
quences resulting from the type of mechanism considered.

If the reduction of NAD is assumed to proceed accordmg to eqn. (3), k can be
calculated from eqn (51) Using E,/2 = —1.634V atc® =0.745 mM, EJ = 0 533V,
ky=27X10°M~'s™! and a, = 0.5, a value for k3 o+ of 1.5X 10" cms~'is
obtained at pH 9.1, from which k3 =1.9X 107" cm s~ ' M ! (activity coefficient
of H;O* =1).

EVALUATION OF PROPOSED MECHANISTIC MODEL

The preceding discussion indicates that the mechanism represented by eqns.
(2)-(4) or that involving protonation of NAD (egns. 5 and 6) constitute a reasonable
basis for qualitative interpretation of the electrochemical behavior of - the
NAD* /NADH redox couple. The quantitative explanation is less satisfactory,
particularly in respect of the effect of proton donor on reduction of NAD. This does
not necessarily mean that the mechanism should be revised, as the effect of a single
proton donor has not so far been thoroughly investigated except for NH; [10].
Unfortunately, in the latter case, cross-data on the effect of NAD™ concentration
are not available. However, the effect of NH ] itself indicates the experiments which
should be undertaken in order to understand better the electrochemical behavior of
the NAD* /NADH couple, particularly as contrasted to its biological behavior.

Subsequent discussion considers some consequences of the proposed mechanism
based on the quantitative parameters evaluated for the mechanistic model.

Reduction of NAD™*

The dependences of parameters a and b on the electrode potential E for several
values of k? and kJ for the mechanistic model represented by eqns. (2)-(4) were
calculated (Fxg SA) using eqns. (16)—(22).
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The prevrous theoreucal analysxs mdlcated that the. dxmensmnless current Vs
g generally satisfies mequalmes (31) or {43) for: the cathodic. reaction: and (63) or (65)
. for the anodic reaction. Based on the values of the kinetic parameters, the potential
- E*, corresponding to. the intersection of functions @ and b can be found and the

functrons 2p/(1+p) and 2¢°/(1 + g’) plotted.

Fork{=2X10"2cm s™! and k2 =19X 10" cms™! M"‘ E"“— —1 24V
_For the cathodic  reaction, the: current—potenual curve in the potential reglon
».E> —1.24 V-is'given by eqa. (32). ‘The function 2p/(1 +p)for k?=2X 1072
s is shown in curve ¢, of Fig. 5B; it is apparent that E can be made suffrclently
negauve so that p>» 1 in this region. Therefore, the current reaches the limiting value
given by egn. (33) and the current—potential curve is described by eqn. (34), which
was actually used in ‘the analysis of NAD* wave I (cf. dotted curve for Hg in Fig.
5B).

L0Go or LOGDH

. [+
PO‘I’ENT!ALI v

Fig. 5. (A) Vanauon of the parametcrs a (cu:ves 1-4) and b (curves 5~8) with potential E for several
values of the apparent rate constants k{ (cm s ='): (1) 2%1072; (2) 2; (3) 20; ¥ oo]; and. k9 (cm s~}
MTY: (5)1.9x10°', (61 9x|o- ; (7 1.9X 10%; (8) oo. Valuesoftheotherparameters §=3.07X1073
cm; D= 35><l0"‘s cm2 s™h cH (',—SSSM, pH=9.1; EP=-LI123V; E°-—0$33V & =a;=0.5. (B)
Variation of thc dimensionless current J with potential E for NAD* reductxon and NADH oxidation.
(For clamy. J is considered 2s neganve for reducuon and positive for ondauon. although in the text Jis
always expressed as a positive quantity. (-7 ) Experimental’ cathodic waves of NAD ¥ (0.745 m M) at
a DME and experimental anodic waves of NADH at RDE (30 sps) of GC (1 mM NADH) Au (L1 mM)
and Pt (1.1 mM); (—————): dependences of 24'/(1+q’) on E calculated for k3 =1.9%10 " cm s ™!
M7 (a)) and 1.9X10 ™' cm s™! M 7" (a,); other parameters are the same as for Fig. SA, except that
-'8 8.1X10 % cm (cf. eqn.12) and ‘D=33%1075 cm? 5=\ Curve ¢, is the dependence on E of
- 2p/(l +p) calculated t‘or k°'—2>< 10 “2em s"' with the other parameters bemg the same as for Flg. 5A.



In the potential region E< —1.24V, the current—potential curve is gene:ally
given by eqn. (45). Since the inequality p > 1 is satisfied in this reglon and Ez > E°
eqn. (50) is applicable for the analysis of NAD* wave IL .

Oxidation of NADH

For the anodic reaction, the function 2¢’/(1 + q") for k2 =19X10"" cm s~}
M ~! was calculated for a RDE (30 rps) (curve a, of Fig. 5B). Gbviously, the current
is negligible at E< —1.24V. At E> —1.24V, eqn. (66) applies. Analysis of the
right-hand side of eqn. (66) shows™ that (3/4X?)'/%22" ' =100 at E> —085V,
where eqn. (66) can be simplified to

J=2q"/(1+¢q’) (80)
The limiting anodic current 7, is given by
I, =2FAD § ' (81)

Thus, the anodic wave of NADH, corresponding to the set of parameters for the
mechanistic model, which were evaluated from the data on reduction of NAD ™ at
Hg, is, in fact, curve a, of Fig. 5B. For this wave E, ,, should be independent of
proton donor concentration.

Electrocatalysis via mediator action

The oxidation of NADH was investigated at GC, Pt and Au clectrodes [13]. The
rate of oxidation markedly depends on the state of the electrode surface, and the
electron transfer proceeds to at least some extent through mediator redox systems
located close to the electrode surface such as redox couples formed by oxygen
adsorbed at Au and Pt surfaces, and by organic functionalities resulting from
oxidation of a carbon surface.

The dimensionless current—potential curves for the NADH oxidation are shown
by dotted lines in Fig. 5B. The E, ,, values (0.40 V at GC, 0.82V at Pt, 1.02 V at Au)
are more negative than that of 1.32V for curve a,. This shift can be interpreted in
terms of electrocatalysis of the rate-determining step (rds),

NADH + H,0 — NAD + H,O* +e - (82)

by a mediator redox system as discussed in ref. 13. In the electrocatalytic mecha-
nism, the electroactive redox couple is that of the mediator, which requires the
kinetic analysis to be carried out with respect to the formal potential of the mediator
redox system. However, the coupling of the catalyzed rds with the follow-up
dimerization and with the NAD* /NAD electrode reaction, can be analyzed at least
formally on the basis of the mechanistic model proposed

The electrocatalytic effects should be reflected in the magnitude of the rate

* For kg =2.7X10% M ~! s7! (2 =1 mM and A2 =5.4X 102, the value of the paramcter g is inferred
from Fig. SA. - :
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constant: kz. ‘We shall therefore mvesngate ‘the hypothenca.l situation that .lc2
'mcz'eased ‘by several orders .of magnitude. Using the relations derived for the two
mechamsms suggested, we shall try to predict the shape and the posmon of the
anodic and cathodic waves corresponding to such an increase in &9, as well as the
-conditions under which the reversible electrochemical behavxor of the
NAD*/NADH couple can be found, such as are enoountered under biological
condltlons.
“First, let us assume that kQ for charge-transfer reaction (3‘ is 10 orders greater
than that evaluated from the data on reduction of NAD ™, i, k3 =1.9X 10~
~! M ™1, with the other parameters unchanged Inspection of Fig. 5A reveals that
in this case E* = —0.77 V. With respect to the cathodic reaction, the current must
clearly be practically negligible at E> —0.77V (cf. curve ¢, of Fig. 5B). For
E < —0.77V, the current—potential curve is described by eqn. (45). Since A2 =5.4 X
162 for the DME, ¢ =0.745 mM and b < 10 ~* (cf. Fig. 5A), the right-hand side of
egn. (45) = 100 and egn. (45) simplifies to

J=2p/(1+p) : : (83)

with the limiting cathodic current given by eqn. (44). Thus, the expected cathodic
wave of NAD* coincides with curve c, of Fig. 5B. Qualitatively, this corresponds to
the situation that the second eleciron uptake, egn. (3), outruns dimerization of the
intermediate radical so that only a single 2e cathodic wave should be observed.

For the anodic reaction, the current—potential curve, again given by eqn. (80), is
shown as curve a, in Fig. SB for which E, /, is about 0.4 V more negative than the
EQ of 0.533 V.

Further increase in &3 has no effect on the cathodic wave of NAD ™Y, as the
cathodic reaction is now controlled by the rate of the first-electron uptake, eqn. ),
and the wave coincides with ¢, of Fig. 5B.

On the other hand, with i increasing k2, the anodic wave of NADH shifts towards
more negative potential. Because E* simultaneously shifts towards more positive
potential (cf. Fig. 5A), at sufficiently large £ (= 10° cm s~' M ~!) the inequality
g’ > 1 may be satisfied in the potential region E < E* and the single 2e anodic wave
may start to split into two le waves. The latter case corresponds to the situation that,
with increasing eclectrode potential, the rate of oxidation of NAD to NAD™
decreases and starts to be outrun by _the dimerization of NAD.

When 42 =19X 10" " cms™! M ™!, increase in &P above 2X 10 "2 cm s ! has
practically no effect on the cathodic wave of NAD * (dotted line in Fig. 5B), and no
effect on the anodic wave of NADH. However, when &2 is sufficiently large, e.g.

1.9X 107 cm's—! M !, so that the reduction of NAD ™ is conirolled by the first
electron uptake (eqn. 2) (cf. curve c, of Fig. 5B), increase in k9 shxfts the single 2¢
cathodic wave of NAD * to more positive potential.

The limiting situation arises when both k9 and &9 are sufficiently large * that E*
coincides wnth E°’ for the NAD* /NADH redox couple (eqn. 71) and p>1 or

> Bycsumauon, k?zZOOcms and £0210%cm s~ AL
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q'> 1 in the potential region close to E¥. In this case, irrespective of the mechanism
of proton transfer in the reduction of NAD to NADH, the cathodic wave of NAD+ '
is given by

(v-1) 3
[A+P)s—2]* 4N
where P is given by

(1-P) | (84)

P=exp[2F(E—E*)/RT| =b/a S (85)
Analogously, the anodic wave of NADH is given by k
=y 3

G (e + )] =z P~ —1) | (86)

Owing to the third power of b or a in eqn. (84) or (86), the right-hand side of
these equation > 1, except if P is very close to unity *. Thus, eqns. (87) and (88)
practically hold for the cathodic and anodic reactions respectively, and are the
equations for the reversible 2e cathodic and anodic waves:

J=2/(1+P) (87)
J=2/(1+P7Y) - (88)

This situation was sought in the electrochemical behavior of the NAD* /NADH
couple, based on its reversible behavior under biological conditions, but has not
been found. The main reason is most probably the slow rate of reaction of the
NAD/NADH couple which requires transfer of the proton from or to a third
species. This reaction can be successfully catalyzed in the anodic direction by a
mediator redox system located at the electrode surface, and in the cathodic direction
hopefully by the presence of a suitable proton donor. Once the rate of this reaction
is sufficiently rapid, the rate of reaction of the NAD* /NAD couple becomes the
limiting factor responsible for an even smaller decline of - the electrochemical
behavior of the system from the reversible level.

Experimentally observed adsorption phenomena, which may be of 1mportance
are not covered by the mechanism considered; the question of double-layer effects
has also not been discussed. Nevertheless, the main features of the electrochemical
behavior of the NAD* /NADH redox couple can be understood in téerms of the
proposed mechanism. In connection with the hydride transfer hypothesis used to
account for the NAD+ /NADH redox couple under blologlcal conditions, further
effort should obviously be directed towards the further explication of the role of the
proton in the electrochemical transformation of NADH to NAD* and vice versa.

* For A2=5.4X 10> (DME; ¢° =0.745 mM), 3/47%b% or 3/4X%a 3~|o21 at 5—-50' The nght—hand side
of eqns. (84) or (86) >1 for (1—P) or (P~ —1)>+lo-'°
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