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In  order to determine whether a ytereospecific transfer of hydrogen from the reduced 
coenzyme to liver alcohol dehydrogenase occurs the pure enzyme was incubated with re- 
duced diphosphopyridine nucleotides containing tritium in the 4-a- or &@-position of the 
dihydropyridine ring. After denaturation and lyophilization a significant proportion of 
the radioactivity added in the former, but not the latter, case appeared in the volatile 
fraction, and was shown to be contained in ethanol introduced originally in a form tightly 
bound to enzyme. This hydrogen transfer-exchange was enhanced by the addition of 
ethanol to the reaction mixture. In the case of yeast alcohol dehydrogenase a comparable 
reaction was absolutely dependent on the presence of alcohol, 

Attempts to elucidate the mechanism of action 
of liver alcohol dehydrogenase (LADH) with alcohol 
or acetaldehyde as substrates in this laboratory 
(Shiner et al., 1960; Mahler et al., 1962) as well as 
elsewhere (Theorell and Chance, 1931 ; Theorell, 
1959; Theorell and McKee, 1961, and references 
therein; Shifrin and Kaplan, 1960) have indicated 
that the most likely path involves the formation 
of a binary complex between enzyme and DPX+ 
or DPKH as an obligatory first step. I t  has also 
been suggested that there is a more or less complete 
transfer of the active hydrogen from DPXH to the 
enzyme on binding and that this binding between 
DPXH and enzyme occurs perhaps at  a disulfide 
linkage of the latter, with the resulting thiol proton 
blocked toward exchange in the native enzyme 
(Baker, 1960). 

\ ] ( 1 )  [ %,,,, _J -8 - 1)PS + 

-SH 

Indeed, in this earlier work all attempts to prove 
the occurrence of this reaction with the native 
enzyme protein were unsuccessful but some success 
attended its demonstration by sulfhydryl titration 
of an enzyme denatured by heat in the presence of 
DPSH.  The interpretation of these results, how- 
ever, was not without ambiguity, and a more direct 
proof appeared desirable. 

The present studies were therefore undertaken 
with the view of showing that the mechanism 
shown in equation (1) is operative. With tritium 
used in place of the active hydrogen in DPKH, a 
transfer of the label to the disulfide linkage should 
give rise to a sulfhydryl group which might, espe- 
cially after denaturation, readily exchange protons 
with the aqueous solvent medium. The resulting 

* For paper IV of this series see Xlahler et al. (1962). 
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water after equilibration should then be enriched 
with tritium with measurable radioactivity. 

EXPERIMESTfiL 

Materials.-Diphosphopyridine nucleotide, oxi- 
dized form (DPX+), 97.574 pure, was obtained 
commercially from Sigma Chemical Co., St. Louis, 
310. 

Enzymes.-Twice-crystallized horse liver alcohol 
dehydrogenase, as either a dry powder or a suspen- 
sion in phosphate buffer a t  dry ice temperatures, 
was supplied by Worthington Biochemical Corpora- 
tion, Freehold, X. J. Before use this preparation 
was recrystallized once more according to the pro- 
cedure of Bonnichsen and Brink (1958) and sus- 
pended in glycylglycine-sodium hydroxide buffer, 
pH 8.5. Specific activities from 70-97% accord- 
ing to the assay of Bonnichsen and Brink (1958) 
were obtained. This enzyme contains alcohol, 
relatively tightly held by the protein. When 
alcohol-free samples of the enzyme were needed, 
the enzyme solution after recrystallization was first 
dialyzed against 0.01 M phosphate buffer, pH 7.0, 
for a period of 24 hours with several changes of the 
buffer solution and then lyophilized and the dry 
enzyme resuspended in glycylglycine buffer. Ac- 
tivity of the lyophilized enzyme was always found 
to be lower than that of the starting material 
(5O-7Oy0). Previous unpublished studies by R. 
H. Baker, Jr., have also indicated that the various 
kinetic parameters determined for this alcohol- 
free enzyme do not correspond to those obtained 
with the fully active, alcohol-containing enzyme, 
and that, furthermore, the apparent mechanisms 
of action of the two types of enzyme preparation 
are not identical. The absorption coefficient used 
for the determination of this protein was a%%'"'' = 
0.455, and the molecular weight was assumed to be 
73,000, with two equivalent active sites/molecule 
(Bonnichsen and Brink, 1958). 

yE.4ST ALCOHOL DEHYDROGENASE.-l'eaSt ak0- 
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hol dehydrogenase, prepared by Boehringer, Stutt- 
gart, Germany, and supplied by California Corpo- 
ration for Biochemical Research, Los Xngeles, i n  
saturated ammonium sulfate was recrystallized 
once (Racker, 1958) ; two different preparations 
had specific activities of 18 and 37 units mg of 
protein respectively. For this protein, concentra- 
tion was determined by the method described by 
Warburg and Christian (1941) and modified by 
Layne (19.38) ; the molecular weight was assumed 
to be 150,000, with four equivalent active sites/ 
molecule (Hayes and Velick, 1954). 

GLUCOSE DEHYDRoGEshsE.-G1Uco~e dehydro- 
genase was prepared in the laboratory from fresh 
beef liver (Brink, 1953). 

PREPARATION OF TRITIUM-LABELED D P S  +.- 
The method employed for this preparation was essen- 
tially that of Jarabak and Talalay (1960) in which 
the basic cyanide complex of D P S +  was equili- 
brated with tritiated water prior to decomposition. 
Since the D P S  +-4-T concentration in the effluent 
liquid upon chromatography was very low, it was 
concentrated to a smaller volume (100 ml) either 
by lyophilization or by flash evaporation before 
precipitation with acetone. Starting with 714 mg 
of 97.59& DP?;+, a yield of 408 mg of dry product 
was obtained which upon assay with ethanol and 
alcohol dehydrogenase proved to be 76% pure by 
weight. Specific activity of the product was 
3879 f 26 cpm per pmole on the basis of a molecular 
weight of 750. 

was reduced enzymatically with alcohol dehydro- 
genase as described by Rafter and Colowick (1958). 

~ - ~ ~ - T R I T I o - D P K H  (DPKH-a-T) .-The pro- 
cedure used the unpublished method of Mahler 
and Suzue for the preparation of DPSH-a-D by 
means of reaction ( 2 )  catalyzed by the enzyme 
glucose dehydrogenase. 

4-p1-TRITIO-DPSH (DPSH-6-T) .-DPS +-4-T 

D-glurOSe 3. I>PN +-4-T (or -1)) 2 
D-gluconolactone + 1)PXH-a-T (or -1)) ( 2 )  

A typical preparation was as follows: DP,I+-4-T 
(20 mg) and D-glucose (180 mg) were dissolved in 
1 ml of 0.5 M tris(hydroxymethy1)aminomethane 
(Tris). One ml of 0.5 M Tris containing some 3 
units of glucose dehydrogenase was added and the 
mixture allowed to stand a t  room temperature for 
half an hour. When the reduction was complete 
as determined spectrophotometrically at  340 mp 
the product was separated as in the case of 
DPNH-p-T. Yields of the product were almost 
quantitative. 

It was found that neither glutamic acid dehydro- 
genase nor glyceraldehyde phosphate dehydrogen- 
ase catalyzing reactions (3) and (4) was suitable 
for preparing the a-isomer, since the reaction did 
not go to completion in ( 3 )  and isolation posed a 
problem with (4). 

1,-glutamate + DP?;+-4-T + HzO 1’ 
a-ketoglutarate + NH4+ + DPXH-a-T ( 3 )  

1 The stereospecificity and nomenclature of these com- 
pounds have been reviewed hp Vennesland (1958). 

D-gl!rrraldehyde-:3-phosph.ate + DP?; -4-T + 
H?O ___f D-glycerate-3-phosph:ite + 

H;ZsO‘= 
1)PSH-a-T + H +  (4) 

Counting Procedure.-The radioactivity of the 
samples was determined i n  a I’ackard Tri-Carb 
Liquid Scintillation Spectrometer Model 314X. 
DPS+-4-T of known weight was dissolved in 1 ml 
of hydroxide of Hyamine 10-X2 and 20 ml of 
scintillator solution in a counting bottle. Solu- 
tions of the aqueous lyophilizate were made up as 
follows for counting: 0.3 ml of lyophilizate, 5 ml 
of absolute ethanol, and 13 ml of scintillator solu- 
tion. The scintillator solution had the following 
composition: 4 g of 2,5-diphenyloxazole, 100 mg 
of l,4,-bis-2-(5-phenyloxazolyl)-benzene in one liter 
of toluene. I t  was found that the quenching factor 
with 1 ml of hydroxide of Hyamine was almost 
identical to that with 0.3 ml of water. 

Equilibration Studies.-DPSH and alcohol dehy- 
drogenase of known concentrations mere incubated 
a t  room temperature in glycylglycine buffer pH 8.5 
for 5 minutes. Denaturation of the enzyme was 
effected either by heating the mixture for 5 minutes 
in boiling water, taking care to collect all water with 
an efficient reflux condenser, or by the addition of 
1% sodium lauryl sulfate. The mixture was then 
lyophilized and the radioactivity of the lyophilizate 
counted. Both methods of denaturation gave 
identical results. 

RESULTS ASI) Drscnssiou 

Solutions of liver alcohol dehydrogenase in gly- 
cylglycine buffer, pH 8.5, were equilibrated with 
DPSH-a-T and DPSH-P-T, respectively, the 
enzyme denatured, and the mixture lyophilized. 
The lyophilizate was collected and its radioactivity 
counted. The results of representative experi- 
ments are summarized in Table I. In general they 
were the results predicted on the basis of the 
hypothesis advanced in the introduction: exchange 
occurs; it requires the enzyme protein (experiment 
1 vs. 7 or 8) in native conformation (experiment 1 us. 
5) and is stereospecific for the coenzyme (experiment 
1 z’s. 6) ; and the exchangable protons are made more 
available after denaturation (experiment 1 us. 3) .  
Severtheless the exchange phenomenon demon- 
strated here must have an explanation different 
from that postulated earlier. In experiments 1 
and 3, in which the enzyme recrystallized from 
ethanol was used, the lyophilizate showed high 
radioactivity. However, in experiment 2 ,  where 
the enzyme contained a smaller quantity of ethanol, 
the activity of the lyophilizate was considerably 
lower. Unfortunately it has not been possible to 
perform equilibration studies with liver alcohol 
dehydrogenase that was completely free of ethanol, 
since all attempts to  rid the enzyme of the substrate 
by prolonged dialysis followed by lyophilization 

1 M solution of p -  
(diisohutyl-cresoxyethoxyethy1)-dimethrlbenzyl ammonium 
hydroxide in methanol. 

2 Trade name of Rohm and Haas; 
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TABLE I 
EQUIIJBRATIOS STI.UIES IVITH LIVER ALCOHOL DEHYDROGESASE (LhDH)  

No. Reaction I1 \I  (nil) Lyophilizate 

7-- Concentrations---- Total  Volume 
Exper. Enzyme X 10' DPNH X 10' of Reactants Cpn1/0.3 ml 

1 LAllH + IlPSH-a-T" 3 .?9 1 .30 1 1541 
4.11 1 .43 1 1460 ~ ._ 

2 LADH + DPSH-a-T"" 2 TO 1 35 2 252 
5 60 2 60 1 2y.2 

:3 LAIlH + DPSH-a-TC 3 29 1 .49  1 942 
4 IJL4DH + IIPXH-a-T + 0.17 ininole ethanol Catalvtic amount 1.06 1 15 1024 

~ 

(equilibrated for 1 hr.,  
5 LAIIHd + IIPXH-a-T4 
6 LADH + DPSH-O-T' 
7 Bovine serum albumin + IlPSH-a-'P 
8 IIPSH-a-T + buffern 

( - 0 , l )  
5.48 
4.11 
9 02 _.. 

1 .87 1 
1.5!) 1 
1.34 1 
1.94 1 

24 
177 
21 
25 

0 Heated in boiling water after 5 minutes of cc1iiilit)ration. * Erizyine was freed of most of the ethanol by dialysis. En- 
zyme was not denatured after equilibration. d Enzyme denatured prior to  equilibration. 

failed. It wa> therefore decided to analyze the 
lyophilizate for ethanol. Since this was present in 
rather small quantities, separation by processes 
such as distillation could not be employed. The 
method of Brink and co-workers (19.54) was used 
for determining the ethanol content in the lyophili- 
zate. In order to remove the ethanol it was treated 
with an excess of D P S +  and yeast alcohol dehydro- 
genase. It has been shown by Loewus et al. (19.53) 
that the reaction catalyzed by yeast alcohol 
dehydrogenase is stereospecific for ethanol. There- 
fore, if the radioactivity is in the originally enzyme- 
bound alcohol, it should have been introduced by 
liver alcohol dehydrogenase, and since yeast alcohol 
dehydrogenase has the same stereospecificity, the 
radioactivity in  the ethanol should be removed by 
the DPX +-yeast alcohol dehydrogenase treatment. 
Accordingly the lyophilizate obtained on treatment 
of DPSH-a-T with liver alcohol dehydrogenase 
(henceforth called lyophilizatc I) was nitdc 0.5 M 
in Tris, D P S +  and yeast alvohol dehydrogenase 
were added at intervals, and the mixture was then 
lyophilized. The radioactivity of this lyophilizate 

TABLE I1 

ALCOHOL DEHYDROCEXASE (LADH), BY YEAST ALCOHOL 
DEHYDROGESASE (YADH)-DPN TREATMENT 

I t E M O \  AL OF LABEL, ORIGIX.4LLY INTRODUCED WITH LIVER 

Cpm/ Ethanol 
0.3 nil Content 

Exper. il 
(DPSH-a-T, 8.1 X lyophilizitte I 710 116 pg/nil 

SO-4 M; LADH, Iyophilizate I1 46 5 pg/ml 
1.8 x 10-4 M) 

ExDer. B 
i DbSH-a-T, 1.27 X Iyophilizate I 463 

10-3 M ;  LADH, lyophilizate I1 48 
2.5 x 10-4 M) lyophilizate I11 28 

When this enzyme was subjected to similar equili- 
bration studies with the two isomers of DPSH-T 
it was found (Table 111) that no activity resulted 
in the lyophilizate. However, when a trace amount 
of ethanol was introduced in the equilibrium mix- 
ture containing DPKH-a-T the lyophilizate ob- 
tained showed activity, indicating that in at least 
this case there is definite evidence for an obligatory 
dependence of the exchange phenomenon on the 
presence of ethanol. 

TABLE I11 
EQL-ILIBRATI(JS STCDIES XVITH YEAST ALCOHOL I ~ H Y I I R O G E A A S E  (YADH) 

Exper. 
X O .  Reaction 

1 Y.4IIH + L)PSH-a-TU 
2 YADH + DP?;H-a-Th 
:i Y 4 n H  + 1)PYH-m-T 

Concentrations Total  Volume 
Enzyme X D P N H  X of Reactants Cpm/O.B nil 

101 11 10' 11 (nil) LvoDhilizate . .  

1 .49 1 .07 1 38 
0 .74  1 .45  1 . 4  72 
1 .49 1 16 1 41 - . - ._ _ _  - - . _ _  - - 

4 TADH (denatured) + DPSH-a-T 1 4!) 1 19 1 36 

ti Y-4DH + (trace ethanolc) + l)PSH-a-Ta 1 49 1 78 0 8  1269 
5 YAIIH + DPSH-@-TCi 1 40 1 82 1 41 

Ileiiatured 1)v heating in boiling tvatc'r for 5 minutes. h Denatured by the addition of lr: sodium lauryl sulfate. c Ap- 
prox. 10- * \I. 

(lyophilizate 11) was again counted. Iteiults oh- Experiments 4 and 6 in Tables I and 111, re- 
tained (experiment A, Table 11) indicnte that most spectively, show that tritium from DPXH-a-T can 
of the radioactivity was in the ethanol. Since one also be transferred with use of catalytic amounts 
DPX+ treatment did not conipletely remove all of liver alcohol dehydrogenase or yeast alcohol 
the radioactivity, lyophilizate 11 from a separate dehydrogenase with small amounts of ethanol 
experiment was subjected to an additional DPS+-  present in the equilibration mixture. A plausible 
yeast alcohol dehydrogenase treatment. It was mechanism for all the observed phenomena is shown 
found (experiment B, Table 11) that the second in Scheme 1. 
treatment succeeded in removing tritium from the It is possible that the DPXH-a-T contains a 
lyophilizate almost completely. minute amount of DPK+ as postulated, though we 

Yeast alcohol dehydrogenase can be crystallized have been unable to detect the latter species spec- 
free of ethanol by the method of Racker (19.58). trophotometrically using liver alcohol dehydro- 
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[ADH( CHsCH20H)nI + CHSCHTOH 
DPSH-a-T J t +  CHiCHzOH 

1>PS+ + [AUH(CH,CH>OH),,] Jr U P S H  + [.%DH(CHaCHO).] 7 DPX+ + [ilDH(CHaCHTOH)n] 
denaturation 

ADH 1 + CHICHTOH 
Scheme 1 

genase and ethanol. Samples of DPSH-a-T that 
mere pretreated with sodium hydrosulfite in order 
to insure complete reduction prior to equilibration 
gave results similar to those obtained with the 
untreated DPKH-a-T. I t  is, however, conceivable 
that just a few molecules of unreacted D P S +  are 
sufficient to produce acetaldehyde, which in turn 
could react with DPSH-a-T present in relatively 
large amounts to produce tritium-rich ethanol and 
regenerating DP-1; +, which could again react with 
the unlabeled ethanol to continue the process. 
An intriguing but less plausible alternative would 
postulate a direct, enzyme-catalyzed exchange of 
hydrogens between D P S H  and CH3CH20H, inde-  
pendent of the presence of DI’S and CHsCHO. 
In this context the recent demonstration of cataly- 
sis by liver alcohol dehydrogenase of dismutation 
(Abeles and Lee, 1960) and isomerization reactions 
(Van Eys, 1961) may be pertinent. It must also 
be emphasized that the reaction described here is 
an exchange not with free but with enzyme-bound, 
relatively tightly held ethanol, present in all prepar- 
ations of liver alcohol dehydrogenase crystallized 
by the standard procedure and not removed by 
such treatments as dissolving the enzyme in buffer 
or treating it with Sephadex. As can be seen from 
the data of Table 11, this alcohol is present to the 
extent of 10-20 molecules per molecule of enzyme 
protein. 

The exchange reaction described here, i.e., the 
stereospecific exchange of label between DPSH-a-T 
and alcohol, Le. ,  the reduced substrate, in the 
presence of liver alcohol dehydrogenase or yeast 
alcohol dehydrogenase, would seem to be a particu- 
larly simple and convenient diagnostic for the 
determination of stereospecificity of pyridine- 

nucleotide-linked enzymes. All that is required 
is enzyme, substrate, and samples of DPNH-a- and 
3-T . 
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