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The binding of dimers of nicotinamide adenine dinucleotide, (NAD)2, to lactate, malate and alcohol dehydro- 
genase has been studied by the fluorescence quenching technique. While the alcohol dehydrogenase shows a low 
binding ability, malate and lactate dehydrogenases have been found to bind (NAD)2 in a specific way with high 
affinity. Malate dehydrogenase binds (NAD)2 more than NADH. All three dehydrogenases are inhibited by 
(NAD)2, which behaves as a competitive inhibitor with respect to both NAD ÷ and NADH. These results show that 
(NAD)2 is bound to the nucleotide-specific binding site of the dehydrogenases. (NAD)2 was found to stoichiome- 
trically react with ferricyanide at variance with NADH. The specific interactions with the NAD-dependent dehy- 
drogenases and the ability to enter in monoelectronic redox cycles suggest possible physiological roles for 
(NAD)z. 

Introduction Materials and Methods 

Recently the isolation and characterization of a 
mixture of three diastereoisomeric dimers of 4,4'-te- 
trahydrobipyridine type, (NAD)2, arising from the 
one-electron electrochemical reduction of NAD ÷ has 
been reported [1]. It was also shown that the super- 
natant of a standard mitochondrial preparation from 
rat liver is able to catalyze the oxidation of this 
dimeric product by molecular oxygen. In order to 
evaluate the role of this compound in the biological 
redox process we have investigated the possible bind- 
ing of (NAD)2 to some NAD-dependent dehydro- 
genases. In fact it is well known that NAD ÷ and 
NADH specifically bind to dehydrogenases and that 
the catalytic mechanism of these enzymes requires, in 
addition, binding of the specific substrates in a 
ternary complex [2]. It is therefore conceivable that 
(NAD)2 might also require similar binding before 
undergoing biological redox processes. In the present 
paper we report the results of this investigation. 

* To whom correspondence should be addressed. 

The enzymes lactate dehydrogenase, malate dehy- 
drogenase and alcohol dehydrogenase were obtained 
as purified samples in (NH4)2SO4 suspension from 
Boehringer-Mannheim, F.R.G. Polyacrylamide gel 
electrophoresis according to Davis [3] was routinely 
used to check the purity of these samples. Other 
chemicals were purchased in the purest available form 
and used without further purification. (NAD)2 pre- 
pared according to Carelli et al. [1], had an e26o of 
31 600 cm 2 'M -land e34o of 6400 cm 2 • M -1in H20. 
It was stored in the dry form at 20°C and dissolved 
just before use. 

Enzymic activity of the three dehydrogenases was 
tested as described [4]. The reaction between 
(NAD)2 or NADH and ferricyanide was studied by 
recording the absorption changes at 340 or at 420 nm 
with a Beckman ACTA 11I spectrophotometer. 

Thin-layer chromatograms were performed oll 
silica plates and developed with n-propanol /ammonia/  

water (20 : 20 : 3 v/v). 
Coenzyme binding was determined by the quench- 
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ing of  protein intrinsic fluorescence upon addition of  
NADH or (NAD)2 to the dehydrogenases. Fluor- 
escence spectra were taken at 20°C with a FICA 55 
corrected spectrofluorimeter.  The binding was also 
studied by dialysis experiments which were per- 
formed at 4°C in 0.25 M phosphate buffer, pH 7.1, 
using protein concentrations in the range 10-50/xM.  
The spectrophotometric  determinations of  (NAD)2 
inside (protein compartment)  and outside the dialysis 
bag were done after relatively short time intervals due 
to the instability of  (NAD)2 in these conditions. 

Results and Discussion 

The binding of  (NAD)2 to alcohol, lactate and 
malate dehydrogenase can be followed by fluorimetry 
as previously described for NADH [5]. In fact bind- 
ing of  NADH to dehydrogenases causes a relevant 
quenching of  the protein intrinsic fluorescence. This 
quenching has been at tr ibuted to the 340 nm absorp- 
tion band of  the nucleotide, which ovedaps the pro- 
tein intrinsic fluorescence peak and makes it a good 
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Fig. 1. Fluorimetric titration of dehydrogenases with NADH 
or (NAD) 2. Malate dehydrogenase (0.5 xtM, A, n), lactate 
dehydrogenase (0.8 ,aM, m, D) and alcohol dehydrogenase 
(2 ,aM,. ,  o) were titrated with NADH (open symbols) or 
(NAD) 2 (full symbols) at 20°C in 0.1 M phosphate buffer at 
pH 7.1. The fluorescence determinations were made immedi- 
ately after the addition of the nucleotide to the enzyme solu- 
tions. The excitation wavelength was 280 nm. The emission 
wavelengths were 310 nm (malate dehydrogenase), 345 nm 
(lactate dehydrogenase) and 338 nm (alcohol dehydrogenase). 
The inner filter effects were corrected for by parallel titra- 
tions of N-acetyltyrosine or N-acetyltryptophan ethyl esters. 
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acceptor for intramolecular energy transfer if bound 
to a protein. (NAD)2 too shows an absorption at 340 
nm but  at variance with NADH, is not fluorescent 
[6], even at 77 K nor in the presence of  dehydrogen- 
ases. Fig. 1 shows the quenc]fing of  intrinsic fluor- 
escence observed when malate, lactate or alcohol de- 
hydrogenase is t i trated with NADH or (NAD)2. 
Malate and lactate dehydrogenase appear to bind 
(NAD)2 with fairly high affinity (Kdiss = 1.5/IM and 
5/JNI, respectively) which in the case of  malate de- 

hydrogenase is even higher :han that for NADH. 
NAD ÷, which binds to dehydrogenase without a large 
effect on fluorescence, reduced the quenching effect 
of  (NAD)2, indicating a competi t ion of  the two nu- 
cleotides for the same site. It was impossible to deter- 
mine a binding constant of  (NAD)2 to alcohol dehy- 
drogenase by fluorescence quenching since this 
method does not allow us to reach high enough con- 
centrations of  protein or nueleotide due to the 
increasing weight of  inner filter effects [7]. 

In agreement with previous reports [6,8,9], we 
found that (NAD)2 is unable to act as a coenzyme 
with the dehydrogenases tested. It rather inhibits 
these enzymes as shown in Fig. 2, where the enzymic 
activity of  malate and lactate dehydrogenase is plott-  
ed as a function of  the concentration ratio ( N A D ) J  
NADH. A Dixon plot of  alcohol dehydrogenase inhib- 

ition by (NAD)z at different NAD ÷ concentrations 
and saturating concentration of  EtOH is shown in 
Fig. 3. 

A K~ of  approx. 40 /.zM was obtained in this set of  
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Fig. 2. Inhibitory effect of (NAD)2 on malate and lactate 
dehydrogenase. Malate dehydrogenase (MDH) activity was 
measured in 0.2 M Tris-HCl buffer, pH 8/50 /aM NADH]600 
~M oxalacetate/50 pm enzyme. Lactate dehydrogenase 
(LDH) activity was measured in 0.2 M Tris-HC1 buffer, pH 
8/25 ~M NADH/600 ~tM pyruvate/l nm enzyme. The 
(NAD) 2 concentration was varied as indicated. The activity 
was measured at 25°C. 
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Fig. 3. Dixon plot for inhibition of alcohol dehydrogenase by 
(NAD) 2. Reaction mixture contained 0.2 ~tM liver alcohol 
dehydrogenase/75 mM semicarbazide/20 mM glycine/10 mM 
ethanol/75 mM pyrophosphate buffer, pH 8, and the follow- 
ing amounts of NAD÷: 50 ~M (N); 100 ~tM (zx); 150/2M (~); 
200 ~ (o). The incubation was made at 25°C. V is express- 
ed as mol NADH formed/min -1. 

experiments, which is in keeping with the impossibil- 
ity of determining the association constant for 
(NAD)2 binding to alcohol dehydrogenase by 
fluorimetry. The kinetic data altogether suggest that 
(NAD)2 is a competitive inhibitor with respect to 
NAD ÷ and NADH. Dialysis experiments, which 
would allow independent determination of  the affin- 
ity constants, could not be conducted at the equili- 
brium, since (NAD)2 slowly decomposes at neutral 
pH values. However, at short time intervals, when the 
system is still far from the equilibrium, the (NAD)2 
concentration was significantly higher in the protein 
compartment. All the dehydrogenases tested appear 
to bind (NAD)2, but with very different binding con- 
stants. Malate dehydrogenase shows the greatest 
binding ability for (NAD)2, alcohol dehydrogenase 
the lowest, and lactate dehydrogenase an intermedi- 
ate value, as shown by fluorimetric and kinetic mea- 
surements. (NAD)2 appears to bind to the dehydro- 
genases at the same site of  NAD ÷ and NADH. In fact 
fluorimetry and steady-state kinetics show competi- 
tion between (NAD)2 and the oxidized or reduced 
pyridine nucleotides. The variable affinity of  (NAD)2 
for these dehydrogenases could reflect structural dif- 
ferences in nucleotide binding sites, already ob- 
served by other techniques, e.g., X-ray crystallogra- 

p h y  [5]. These differences may influence the reactiv- 
ity of  alcohol and malate dehydrogenase complexes 
with NADH toward redox agents like O; [10]. The 
(NAD)2-dehydrogenase complexes do not appear 
to undergo redox process with their specific sub- 
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Fig. 4. Estimation of (NAD)2 oxidation product as enzymati. 
cally active NAD ÷. Reaction mixture contained 45 ,uM 
(NAD) 2 or 46 IsM NADH/75 mM semicarbazide/20 mM gly. 
cine in 75 mM pyrophosphate buffer, pH 8. When indicated 
by a single arrow 30 ~M (final concentration) KaFe(CN)6 
was added. Double arrow indicates the addition to the reac- 
tion mixture of 20 mM ethanol and 0.9 ,uM liver alcohol de- 
hyrogenase. 

strates. Nevertheless it could well be that the bind- 
ing of  (NAD)2 to dehydrogenases affects its reactiv- 
ity in redoxy processes. It should be recalled that the 
dehydrogenases used in the present study were found 
to inhibit the dimerization of NAD' to (NAD)2 [11]. 
The lack of  reactivity as a dehydrogenase coenzyme 
does not rule out a possible physiological formation 
and role of  (NAD)2, which can be oxidized by bio- 
logical systems such as liver homogenates [ 1] or plant 
enzymes [12]. (NAD)E can be also reoxidized to 
NAD ÷ both electrochemically [13] and photochemi- 
cally [14]. Furthermore, in the present investigation 
we have found that in contrast with NADH, (NAD)z 
reacts stoichiometrically in aqueous solutions at neu- 
tral pH with ferricyanide, yielding ferrocyanide and 
NAD + (see Fig. 4). The latter compound was identi- 
fied both by thin-layer chromatography and by its 
ability to substitute authentic NAD ÷ in the alcohol 
dehydrogenase reaction. As a whole, these findings 
indicate a different reactivity of  (NAD)z with respect 
to either NAD ÷ or NADH. Therefore, while (NAD)z 
has not been so far identified in vivo, its ability to 
bind dehydrogenases and to easily undergo single- 
electron transfer processes could be of  physiological 
meaning. 
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