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the observations reported herein: (1) Keister, D. L.
(1963), J. Biol. Chem. 238, PC2590. (2) Shen, G. M.,
Yang, S. Y., Shen, Y. K., and Yin, H. C. (1963), Sci.
Sinica Peking 12, 685.
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The components of the couple NAD +-NADH interact with each other.

Similar interactions

were demonstrated with the components of NADP+-NADPH and (1-n-propyl nicotinamide

chloride)-(1-n-propyl-1,4-dihydronicotinamide) systems.

In each case, there is a nonstereo-

specific hydrogen exchange with no net oxidation-reduction and the formation of a reversible

complex.

Another colored complex is formed also, but there is no evidence that the forma-

tions of these two complexes are dependent upon each other.

Of the numerous enzyme-catalyzed reactions involv-
ing NAD* and NADP *, the transhydrogenase systems
are of biological importance (Colowick et al., 1952;
Kaplan, 1961). In these reactions, a direct and stereo-
specific hydrogen exchange is observed (San Pietro
et al., 1955). Among the nonenzymic reactions, the
reduction of 1-benzyl-3-acetylpyridinium chloride by
NADH and NADPH was described as a model system
for the transhydrogenases (Cilento, 1960). A direct
and nonstereospecific hydrogen transfer was demon-
strated in the nonenzymic reduction of the 3-acetyl-
pyridine analog of NAD + by NADH (Spiegel and Drys-
dale, 1960; Drysdale et al., 1961). The observed
oxidation-reduction was attributed to the reactivity
of the 1-substituted pyridinium ring for hydride ab-
straction. Similar systems, wherein a net difference
between the E; values of the couple dinucleotide

* Supported by research grants from the Committee on
Research, University of California School of Medicine, the
Arthritis and Rheumatism Foundation (Northern Cali-
fornia Chapter), and the United States Public Health Serv-
ice (grants 2A-5124 and A-1359).

systems was observed, were suspected to exchange hy-
drogen with a net oxidation-reduction. Thus a mix-
ture of NADH and 2-aldehydepyridine adenine
dinucleotide gave similar results to those found with
the 3-acetylpyridine adenine dinucleotide and 1-
benzyl-1,4-dihydronicotinamide reduced 1-methyl-3-
acetyl pyridinium iodide (Spiegel and Drysdale, 1960).
Recently, PrNDH! was shown to rapidly reduce
NAD+ to NADH (Ludowieg and Levy, 1962). While

! Abbreviations: NAD *(T), NADH(T), oxidized and
reduced nicotinamide adenine dinucleotide containing
tritium at C-.-4 of the nicotinamide ring; NADP*+(T),
NADPH(T), oxidized and reduced nicotinamide adenine
dinucleotide phosphate containing tritium at C-4 of the
nicotinamide ring; PrND *, 1.n-propyl nicotinamide as a
cation; PrND *-iodide and PrND +*-chloride as halides of
PrND *; PrND *(T), 1-n-propyl nicotinamide with tritium
at C-4 as a cation; PrND *(T)-iodide and PrND *(T)-
chloride as halides of PrND+(T); PrNDH, 1-n-propyl-
1,4-dihydronicotinamide; PrNDH(T), tritium labeled
PrNDH at C-4; Tris, tris(hydroxymethyl)aminoethane;
DEAE-cellulose, diethylaminoethyl-cellulose; GSSG, GSH,
oxidized and reduced glutathione.
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studying this reduction, it was found that a direct
isotopic exchange was also in progress between NAD +-
NADH and (PrND +-chloride)-PrNDH systems (Ludo-
wieg and Levy, 1963). A preliminary account of the
properties of these systems is the purpose of this
report.

EXPERIMENTAL

Materials.—Crystalline alcohol dehydrogenase, lac-
tic dehydrogenase, glutathione reductase, glutamic
acid dehydrogenase, 3-NAD+, and 3-NADP* were
obtained from the Sigma Chemical Co. DEAE-cellu-
lose was obtained from Carl Schleicher and Schnel
Co., Keene, N. H.

Methods.—NAD *(T) was prepared by the cyanide-
exchange procedure for introducing deuterium into the
4-position of the nicotinamide ring of NAD* (San
Pietro, 1955). The radioactive dinucleotide was
purified by passing the reaction mixture through a
column of Darco, followed by elution with 29, pyridine
in 409 ethanol-H,O (LePage and Mueller, 1949;
Krakow et al., 1963). The isotopic dinucleotides
were 809, pure upon assay with enzyme and contained
about 909 tritium at C-4 and 109, at C-2 of the
nicotinamide, as determined by the pyridone method
of Pullman et al. (1954). Nicotinamide-4-T' was ob-
tained by heating NAD*(T) in an alkaline solution
of 0.3 M phosphate (Marcus et al., 1958). Under
these conditions, hydrolysis removes any tritium at
C-2 of nicotinamide (Kaplan, 1955). The isolation
and purification of the nicotinamide was carried out
as described by Loewus et al., (1953). In experiments
where the dinucleotide was purified by DEAE-cellulose,
the nicotinamide was repurified by sublimation.
This step was done routinely since a contaminant from
the cellulose exchanger often was present in the isolated
nicotinamide.

NADH (aT) was prepared by reduction of NAD +(T')
(400,000 cpm/umole) with glutamic acid dehydrogenase
and L-glutamate. The reduced dinucleotide was
separated in a DEAE-cellulose column (Pastore and
Friedkin, 1961). An aliquot of the eluate containing
pure NADH (aT') was diluted with nonisotopic NADH
to make a solution of 30 umoles/ml. The nicotinamide-
4-tritium labeled derivatives, PrND +(T)-iodide and
PrNDH(T) were prepared by micromethods based on
Karrer’s procedures (Karrer et al., 1936; Karrer and
Stare, 1937; Karreretal., 1937).

Preparation of PrND +(T')-Iodide. —Nicotinamide-4-
tritium (300 mg) in 5 ml of l-propanol containing 1
ml of n-propyl iodide was heated in a 10-ml volumetric
flask with glass stopper for 4 days at 60°. After the
addition of 10 ml of ether and cooling, PrIND +(T)-
iodide was removed from the solution. Recrystalliza-
tion in ethanol-H,O gave light-yellow needles. Yield,
500-600 mg, mp 198 °.

Preparation of PrNDH(T).—To a glass tube con-
taining 1000 mg anhydrous Na.CO; dissolved in 4
ml H,0, 600 mg (3 mmoles) of PrND *(T)-chloride
was added. This solution was magnetically stirred
and placed in an ice bath. The reaction was initiated
by the addition of 600 mg Na,S,0,, followed by the
passing of N, gas through the mixture for 5 minutes.
After 45 minutes the orange mixture was extracted
with six portions of CHCIl;, 10 ml each.? The CHCI;
layer was removed, dried over anhydrous Na,SO,,
and evaporated in vacuo to dryness at 30-40°. The

2 A high specific activity PrNDH(T) is obtained by re-
placing H,O with tritium-labeled H,O. In this case the
extractions were aided by the use of a mechanical test tube
shaker (Cyclomixer, Clay Adams, Inc., N. Y.).
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oily residue was dissolved in a minimal amount of
boiling H,O (10-15 ml). Upon cooling the solution
at 0° and seeding, pure PrNDH(T) crystallized out.
Yield, 150-200 mg, mp 91-93°. In this method,
PrND *(T)-chloride can be replaced by PrND+(T)-
iodide, provided that the volume of the reaction
mixture is tripled. Crystallization of PrNDH in
H.0 has been reported by Anderson and Berkelhammer
(1958). Contrary to their observation, PrNDH crys-
tallized in H,O can be kept in the dark at room temper-
ature in a vacuum desiccator for many months. How-
ever, care should be taken to keep this compound
dry and away from volatile organic solvents that cause
its rapid deterioration. PrND *-chloride was obtained
from PrND *-jodide and Dowex 2-Cl~- according to
the procedure described for the preparation of 1-
methyl nicotinamide chloride (Decker et al., 1962),
mp 193-194°, E,.. 4 X 10% at 266 mu in H,O. For
PrNDH, E,.. 7.3 at 360 mu in 0.1 M Tris, pH 8.5.

The hydrogen exchange and the stereospecificity
of the reaction were studied in mixtures containing
the oxidized and reduced dinucleotides, with one of
these components being radioactive. Controls were
run in which a single (radioactive) component was
incubated under the same conditions as those used
in the reaction mixture. The amount of tritium
present in the reduced and oxidized dinucleotides was
determined after purification by adsorption of the
reaction mixture in a refrigerated DEAE-cellulose
column (5 X 2.5 cm) equilibrated with 0.01 m glycylgly-
cine, pH 7.5 (Pastore and Friedkin, 1961). The
oxidized dinucleotides were eluted with 0.01 M NaCl in
glycylglycine buffer, pH 7.5. On the NAD *-NADH
exchange, NADH was eluted with 0.1 m NaCl in 0.01
M glycylglycine, pH 7.5. On the NADP+-NADPH
exchange, NADPH was eluted with 0.2 M NaCl in
0.01 M glycylglycine, pH 7.5. Fractions of 2 ml each
were collected and only the fractions which showed the
absorption ratio 260,340, corresponding to the pure re-
duced dinucleotide, were pooled and enzymically re-
oxidized. No attempts were made for the complete
recovery of the reaction products from the DEAE-
cellulose column. Other fractions which were suspected
to be contaminated were discarded.

The tritium distribution and the extent of the
isotope in the nicotinamide ring of the isolated dinucleo-
tides were determined as shown in equations (1) and
(2). The enzymic reoxidation of NADH(T) with
acetaldehyde is stereospecific with respect to the
reduced position of the dihydronicotinamide ring
(Fisher et al., 1953). Thus, the isolation of ethanol
by lyophilization of the medium and the nicotinamide
from the remaining reoxidized NAD *+(T) determines
the specific activity as well as the isotopic distribution
in the reduced and oxidized dinucleotide. A similar
method was proposed for the determination of stereo-
specificity on nicotinamide dinucleotide—linked enzymes
(Fernandez et al., 1962).

NAD*(T) + NADH > NADH(T) + NAD* (1)

alcohol

NADH(T) + acetaldehyde “dehydrogenase

NAD +(T) + ethanol(T) (2)

The outline for the isotopic exchange between NADP +-
(T) and NADPH is shown in equations (3) to (5).
The reduced dinucleotide was reoxidized with GSSG
and glutathione reductase, which catalyzes specifically
the transfer of hydrogen from the opposite side of
the dihydronicotinamide ring used by alcohol dehydro-
genase to the disulfide bond of GSSG (Sterm and
Vennesland, 1960). Any tritium transferred from
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NADPH(T) to the substrate is present in the H.O
of the medium since the hydrogen of reduced gluta-
thione exchanges freely with H,O. Thus the specific
activity and the isotopic distribution in the reduced
dinucleotide are determined from the nicotinamide
of NADP +(T) (equation 4) and the H,O of lyophiliza-
tion (equation 5).

NADP*(T) + NADPH _ >

NADPH(T) + NADP+ (3)
glutathione
NADPH(T) + GSSG __

reductase
NADPH(T) + 2GSH(T) (4)
GSH(T) + H,0 —> GSH + H.0(T) (5)

For the tritium exchange between PrNDH and PrND --
(T)-chloride the mixture components were separated
by paper chromatography (Whatman 3MM) using
709, 1-propanol in 0.1 M Tris, pH 10 at 4°, and were
detected with the use of mineral light, lamp Model
SL-2537 (Ultraviolet Products, Inc.). A bright fluores-
cent fast-moving spot corresponded to PrNDH and a
dark slow-moving spot corresponded to PrND +-
chloride.? These compounds were eluted with cold
709, 1-propanol buffer solution and further character-
ized by their absorption spectra and chemical properties.

The interaction between the oxidized and reduced
1-substituted nicotinamide derivatives was studied by
spectrophotometry. Concentrated reaction mixtures
were scanned from 400 to 600 myu in cylindrical cells
of known light-path lengths. These solutions were
further diluted and scanned in cells wherein the path
length was proportionally increased to this dilution.
Spectral measurements were obtained with a Cary
Model 11 recording spectrophotometer. Aqueous buf-
fered solutions were the usual medium for these experi-
ments. However, because of the limited solubility
of PrNDH in H,0, at final concentration for each
reactant of 0.1 M or higher, mixtures in 509, ethanol-
buffer solutions were used.

For radioactive measurements samples of the
tritium-labeled compounds were dissolved in 6 ml of
ethanol to which was added 0.6 ml of H.,O followed
by 8.4 ml of the scintillation solution made of toluene
containing 6 g/100 ml of 2,5-diphenyl oxazole and 0.1

¢ In paper chromatography PrND *-chloride moves as a
single component. However, when PrND *-iodide was run
on paper chromatography, two components closely sepa-
rated from each other were spotted by the mineral light
lamp. Upon elution with H;O, the fast-moving spot was
identical with the absorption spectrum of PrND +.iodide,
and the slow-moving component was identical with the
absorption spectrum of PrND +*-chloride. The absorption
spectrum of a water solution of PrND *.iodide shows two
absorption bands with max at 266 mu (E = 4 X 10% and
226 mu (E = 16.6 X 10%), and a shoulder at 270 my. In
the case of PrND *-chloride, the absorption band at 226
my is absent. Yet in experiments wherein PrND *(T)-
iodide was isolated by paper chromatography the specific
activity of the two components was identical. Apparently
the iodide anion was responsible for the band with max at
226 my (Smith et al., 1956; Kosower et al., 1957). The
purity of PrNDH isolated by paper chromatography (as
measured by absorption spectra) may not be as great as if
it were isolated as a crystalline compound or derivative.
The impurities which unavoidably were present in paper
chromatography elutions could not amount, however, to a
quantity which would make the isotopic results unaccept-
able. Isotopic data obtained with PrNDH isolated as a
pure crystalline compound is in good agreement with the
data obtained by isolating PrNDH on paper chromatogra-
phy (Ludowieg and Levy, 1963).
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Fic. 1.—Dilution effect on the spectra of PrND +-
chloride and PrNDH mixtures. A is 15 mmoles PrINDH
and 15 mmoles PrND *-chloride in 10 ml of 50% ethanol in
0.1 M Tris, pH 8.5. Spectra were immediately recorded in
0.1-mm cells; B is A after 10-fold dilution, spectra recorded
in 1.0-mm cells; C is A diluted 100-fold, spectra recorded
in 10.0-mm cells; D is A diluted 1000-fold, spectra recorded
in 100-mm cells. Broken curve is spectra of 0.75 M PrNDH
in 0.1 mm cells. The contribution of PrND *-chloride to the
absorbance of the solution was negligible. All dilutions
were made in the dark immediately after the mixtures were
prepared.

400 440

/100 ml of 1,4-bis-2-(5-phenyloxazolyl)-benzene and
0.1 g/100 ml of 1,4-bis-2-(5-phenyloxazolyl)-benzene,
and counted in the Packard Tri-Carb automatic
liquid scintillation spectrophotometer. The efficiency
of counting was of the order of 4-57.

REsSULTs AND DisCUSSION

The mixing of a 10 ~2 M colorless solution of PrIND +-
chloride with a 102 M light-yellow solution of PrNDH
gave a solution with little increase in color intensity.
At higher concentrations (0.7-1.5 M), an instantaneous
orange color occurred. In these solutions the spectra
showed a definite broadening and distortion of the tail
absorption band which on dilution was almost com-
pletely abolished (Fig. 1). Reaction mixtures which
were left standing at room temperature for a few hours
showed residual absorption bands of higher intensity.
At lower concentrations (10 —4 M) the spectra of the reac-
tion mixture scanned from 240 to 400 mu merely repre-
sented the sum of the two component spectra. In solu-
tions containing only PrNDH or PrND *-chloride the in-
tensity and shape of the absorption band was unchanged
upon dilution when recorded in absorption cells wherein
the light-path length was proportionally increased to
the dilution.

On paper chromatography only two spots were
observed corresponding to PrND +-chloride and
PrNDH. In mixtures left for 3 or more days at 4°
or for a few hours at room temperature it was possible
to identify a third component (orange) with a mobility
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Fi1c. 2.— Dilution effect on the spectra of NAD* and
NADH mixtures. I is 1.5 mmoles NADH and 1.5 mmoles
NAD+* in 10 ml of 0.1 M Tris, final pH 8.2. Spectra were
immediately recorded in 1-mm cells. II is I after 10-fold
dilution, spectra recorded in 10-mm cells; IIJ is I after 100-
fold dilution, spectra recorded in 100-mm cells. Broken
curve is the spectrum of 0.075 M NADH in 1-mm cells.
The contribution of NAD + to the absorption of the solution
was negligible. All dilutions were made in the dark immedi-
ately after the mixtures were prepared.

falling between PrND *-chloride and PrNDH. This
compound, after elution with cold 709, 1l-propanol,
showed, however, only an absorption spectrum with
max at about 300 mg. It seems that the orange
component was a degradation product from the
standing of the reaction mixture, since the isolated
components under similar conditions did not give the
same orange compound. That the color of the reac-
tion is dependent on the presence of the two compo-
nents was shown by removing most of the PrNDH from
the mixture with CHCIl; extractions. The remaining
H,O layer was essentially colorless and contained
PrND *-chloride with little PrINDH. Similar spectro-
photometric changes are found in the interaction of
NAD+ with NADH (Fig. 2). The high molecular
weight and expense of the dinucleotides did not per-
mit mixtures of higher concentration than 0.15 M for
each component. Unlike the interaction of PrND +-
chloride with PrNDH, no residual band (degradation
product) was found when fresh dinucleotide mixtures
were diluted. The instability of these complexes was
evident since, on dilution, spectrophotometric evidence
of such interactions was no longer obtainable.

Electron paramagnetic resonance experiments in
films obtained by the lyophilization of mixtures or by
the mixing of reactant solutions using flow conditions
and up to 0.75 M final concentration for each compo-
nent were unsuccessful in detecting a free radical inter-
mediate. The electron paramagnetic resonance spec-
trometer used was a Varian V-9502 adapted for both
stopped and continuous-flow operations* (Yamazaki
etal., 1960).

¢ These experiments were performed in cooperation with
L. Piette and W. Langford, Varian Associates, Palo Alto,
Calif.

Biochemistry

TABLE I
Isotoric EXCHANGE BETWEEN NAD *(T) aND NADH?*

Products Analyzed

Incuba- (cpm/umole)
tion NAD+ NADH Ex-
Time Nicotin- Nicotin- change
Expt. (hr) amide amide Ethanol? (%)
A 0 44,000 264

4 35,700 3,760 4,670 19
8 26,430 7,800 9,800 39
12 19,800 11,500 14,200 57
24 20,200 11,100 13,700 55
B 8 34,600 4,100 4,990 20
C 8 1,430 1,770 7

aIn A, the reaction mixture contained 30 umoles of
NAD +(T) (45,200 ¢cpm/umole) and 30 umoles of NADH
in a final volume of 1 ml of 0.1 M Tris, pH 8. Incubation
temp, 30°. Keeping all conditions the same as A, expts
B and C contained 3 and (.3 umoles of each dinucleotide,
respectively, in a final volume of 1 ml. ¢ Ethanol of
lyophilization after NADH reoxidation with acetaldehyde
and alcohol dehydrogenase, control corrected.

Figure 3 represents the isotopic exchange of the
dinucleotide couples NAD+-NADH and NADP +-
NADPH, as well as the isotopic exchange between
the components of the PrNDH-(PrND +-iodide)
system. The results of these experiments are shown in
Tables I to IV.? The direct tritium exchange between
NAD* and NADH reached equilibrium in about 12
hours. The total specific activity of the isolated
NADH (11,500 + 14,200) was about 579, the radio-
activity of the NAD+(T) (45,200), which was the
starting radioactive component in this system (Table
I, expt. A). This exchange also was observed in
more dilute solutions, but at a slower rate (Table I,
expts. B, C). Since the dinucleotide concentration
level of these experiments (3 X 10—* M) (Table I,
expt. C) approaches the concentration commonly used
in enzymic reactions, these results explain, in part, the
lack of absolute asymmetry observed in enzymic reac-
tions requiring long periods of incubation (Krakow
et al., 1963). Studies on mixtures containing NADP +-
(T) and NADPH showed that the equilibrium is
reached at about the same time as in the NADH-NAD +
system (Table II). About 3 hours of incubation was
required, however, in the NAD +-NADH (aT) couple
(Table III). It appears that in this system the rate
of exchange is dependent on the nature of the initial
tritium-labeled component used in the incubation
mixture. Also, it shows that the nonenzymic reduc-
tion of 3-acetylpyridine adenine dinucleotide by
NADH(aD), an experiment described by Drysdale
et al. (1961), was accompanied by an isotopic racemiza-
tion involving no net oxidation-reduction.

Enzymic methods for demonstrating the distribution
of tritium at C-4 of the nicotinamide ring were avail-
able only for the dinucleotide couples. The almost
equal amount of tritium on both sides of C-4 of the
nicotinamide ring established the symmetry of the
isotopic exchange (Tables I and II). The isotopic
exchange of the couples (PrND +(T)-iodide)-PrNDH
and (PrND +-iodide)-PrNDH(T) is shown in Table

5 In experiments where PrINDH and PrND *-iodide were
incubated for 12 hours, about 159, of the PrNDH was
destroyed, with no apparent change in the concentration
of the PrND *-iodide component, In the dinucleotide
systems the amount of oxidized dinucleotide hydrolyzed
amounted to less than 159, in 12 hours, with slight de-
crease (ca. 4%) in concentration of NADH. Thus the con-
centration of the couple components does not necessarily
remain constant throughout the incubation period.
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F1c. 3.—Isotopic exchange of 1-substituted nicotinamide couples. In each case, R represents n-C,H; or
the dinucleotide residues of NAD + or NADP+, The anion group has been purposely omitted.

TABLE 11 TABLE IV
Isotoric EXCHANGE BETWEEN NADP+(T) aNnD NADPH® IsoToric EXCHANGE BETWEEN PrND *+-10DIDE AND PrNDH
Products Analyzed Incuba- Products Analyzed
Incuba- (cpm/umole) tion (cpm/upmole)
tion NADP+ NADPH Ex- Time Per +- Exchange
time Nicotin- Nicotin- change Expt (hr) Iodide PrNDH (%)
(hl‘) amide amide Hgo b ( %) A° 0 2510 920 3
0 59,100 300 1.5 1070 1600 60
1 53,000 2,800 3,200 10 3.0 975 1680 63
4 46,500 5,800 7,200 22 4.5 780 1960 74
8 34,000 12,600 14,100 45 . €.0 845 1800 68
12 23,000 16,600 19,000 60 B 0 0 654 0
1.0 190 520 28
% Reaction mixture contained 30 pmoles NADH and 30 2.0 151 497 23
umoles of NADP*(T) (60,000 cpm/umole) in a final 3.0 184 483 28
volume of 1 ml of 0.1 M T'ris, pH 8. Incubation temp, 30°. 9.0 190 418 32

® H,O of lyophilization after NADPH reoxidation with
GSSG and glutathione reductase, control corrected.

TaBLE III
IsoTtoric ExcCHANGE BETWEEN NAD * AND NADH (oT)®

Products Analyzed

Incuba- (cpm/umole)
tion NAD+ NADH Ex-
Time  Nicotin- Nicotin- change
Expt (hr) amide amide Ethanol® (%)
1 0 80 3770
2 3 1270 212 2460 33
3 8 1350 566 1910 35

o Incubation mixture contained 30 umoles of NADH (oaT)
(3870 cpm/umole) and 30 umoles of NAD™* in a final
volume of 1 ml of 0.1 M Tris, pH 8. Incubation temp, 30°.
b Ethanol of lyophilization after NADH reoxidation with
acetaldehyde and alcohol dehydrogenase, control corrected.

IV. In all these systems, regardless of the nature
of the radioactive component, at equilibrium the amount
of tritium on the reduced species was about two-thirds
the total radioactivity of the reaction mixture. From
statistical considerations, this is the amount of radio-
activity which one would expect for a complete isotopic
exchange between the couple components if such an
exchange had proceeded through the formation of a
complex intermediate.

The qualitative nature of the experiments reported
in this paper does not demonstrate the detailed mecha-
nism of hydrogen exchange. However, the direct hydro-

* Reaction mixture contained 80 umoles of PrND *(T)-
iodide (2680 cpm/umole) and 80 umoles of PrNDH in a
final volume of 2 ml of C.1 M Tris, pH 10. Incubation
temp, 30°. ? Reaction mixture contained 80 umoles of
PrNDH(T) (680 cpm/umole) and 80 umoles of PrND *-
iodide in a final volume of 2 ml of 0.1 M Tris, pH 10. In-
cubation temp, 30°.

gen transfer and symmetry of the reaction seem to
favor an ionic process involving a hydride exchange.
So far, electron paramagnetic resonance does not sup-
port an alternate mechanism in which the hydrogen
exchange takes place in two successive electron steps,
free radical intermediates.

Mixtures containing the couples NAD+-NADH
and (PrND +-chloride)-PrNDH were expected to
interact with each other on the basis of the tendency
of NAD * to accept electrons and NADH to give them
up (Pullman and Pullman, 1959). Spectrophotometric
studies presented here suggest that such interaction
probably proceeds through the formation of a chargs
transfer complex as described in the theory of Mulliken
(Mulliken, 1952; Kosower, 1960; Kosower, 1962;
Szent-Gyorgi, 1960). A similar type of complex seems
to be formed by mixing solutions of tryptophan or
indolic compounds with NAD + and other 1-substituted
nicotinamide derivatives (Cilento and Giusti, 1959;
Alivisatos ef al., 1961). These systems, however, do
not exchange hydrogen directly between the two
components (unpublished experiments by the authors).

Thus it is the interesting feature of the dinucleotide
and alkylnicotinamide couples that there is an obliga-
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tory hydrogen exchange through the formation of an
intermediate complex. However, there is no evidence
as yet to suggest that the isotopic exchange process
and the appearance of what may be a charge transfer
complex are dependent upon each other. A similar
phenomenon seems plausible also in the oxidation of
NADH by its 3-acetylpyridine analog, observed by
Spiegel and Drysdale (1960), wherein a pale-yellow
solution mixture changes to orange upon freezing.
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