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The Reaction Mechanism of Yeast Alcohol Dehydrogenase
(ADH), Studied by Overall Reaction Velocities

AGNAR P. NYGAARD* and HUGO THEORELL

Medicinska Nobelinstituiet, Biokemiska avdelningen, Stockholm, Sweden

Provious authors have investigated the kinetics of the yeast ADH
system at pH 7.9. This pH was unsuitable for distinguishing between
different possible reaction mechanisms, because the maximum overall
reaction velocities (Vi and V;) in both directions happened to be
similar. We have now found that Vi and V; are greatly different at
PH 17.15 and 6.0, and new kinetic data are presented. These data are
consistent with the postulate that coenzyme and substrate form
& ternary complex with the enzyme, in which a rate limiting intra-
molecular reaction takes place. The affinity of DPN for the enzyme
was found to inmcrease with increasing concentration of ethanol, and
vice versa, whereas the affinity of DPNH decreased with increasing
concentration of acetaldehyde and vice versa.

The reaction mechanism of Alberty postulating oxidation-re-
duction of the enzyme protein itself with the formation of enzyme-
substrate, or enzyme-coenzyme intermediates was found unlikely
from our experimental data. Our data exclude the reaction mechanism
probably occurring in the liver ADH system, which required that a
ternary coroplex, if formed, must be shortlived in comparison with
the enzyme-coenzyme complexes.

An enzymatic method for preparing reduced diphosphopyridine
nucleotide has been described.

Equations relating Michaelis constants, maximum velocities and the
equilibrium constant have been developed 1,23 in kinetic approaches to the
selection of possible mechanisms of enzyme action. The relationship between
these constants presents a means of testing the possibility of a particular
mechanism. ‘

Such an approach to the mode of action of yeast alecohol dehydrogenase
has been carried out by Negelein and Wulff 4 and by Hayes and Velick 5,8.
However, their data were obtained at pH 7.9 which did not allow clear dis-
tinction between different possible reaction mechanisms. This is evident from
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the fact that the relationship between the equations as developed by Alberty 2,
is determined by the ratio V/V *, and this ratio was less than 2 at that pH.
In an effort to obtain a greater V,/V, ratio and thereby to distinguish
more definitely between the different alternatives, we determined the overall
velocity constants at pH 7.15 and 6.0. It was found that V,/V, was 8.1 and
10, respectively, at these pH values. These conditions therefore were much
more favorable for distinguishing between various possible mechanisms.

MATERIALS AND METHODS

Crystalline yeast alcohol dehydrogenase (yeast:
ADH)

A commercial preparation from C. F. Behringer & Soehne, G.m.b.H., Mannheim,.
was used. The maximum turnover number of this preparation with acetaldehyde and:
DPNH was found to be 30 000 min™! at pH 7.15, and 23 000 min™ at pH 6.0 (23°). At
pH 7.9 Negelein and Wulff ¢ found 15 600 min™ for their preparation. The experiments.
were carried out in the presence of M/100 versene, since the enzyme is readily poisoned
by heavy metals. However, yeast ADH has recently been shown to contain zine ?, which
might be essential for the activity and removed by versene. We have therefore invest-
igated the velocity at pH 7.15 in the presence and absence of 0.001 M versene. No effect,
of versene was observed under these conditions.

DPN AND DPNH

(Oxidized and reduced diphosphopyridine nucleo-
tide).

DPN was prepared according to the method of Neilands and Akeson ¢, and this pre-
paration was reduced enzymatically to obtain DPNH.

DPNH was prepared by modification of existing methods, the main difference being:
that boiling of the solution to inactivate the enzyme was avoided. To 25 ml of 0.1 M
sodium carbonate/bicarbonate buffer pH 9.6 was added 0.4 ml ethanol, 300 ug yeast
ADH, and 1 ml of DPN solution (20 mg/ml in H,0). During the reaction periog, three-
additional 300 ug portions of ADH, four 1 ml portions of DPN solution, and four portions.
of 0.4 ml ethanol were added. When about 90 %, of the DPN was reduced, the solution
was placed under vacuum for some 5 minutes, to remove acetaldehyde, the pH was.
adjusted to 10.0 and a last addition of enzyme finally made. 80 ml ethanol were added
and the solution kept at —10° C for 10 minutes. The precipitate containing the enzyme
was removed by centrifugation and discarded. DPNH was precipitated by adding 320~
ml ethanol + 400 ml ether at —10°. The precipitate flocculated in 5—10 minutes, was
collected by centrifugation, washed with ether and dried. The yield was approximately
70 % of the theoretical. There remained 2—4 9 unreduced DPN. A solution containing-
60 mg DPNH per ml was only moderately yellow.

The oxidation of DPNH or reduction of DPN was followed by fluorescence measure-
ments as described previously ®. For concentrations of DPNH above 16 uM, a sensitive
recording spectrophotometer was used. This apparatus was constructed at this institute-
and will be described elsewhere. The use of these instruments allowed more accurate:
determinations of the kinetic constants than can be obtained in an ordinary Beckman.
spectrophotometer.

* V¢ = maximum velocity for forward reaction.
Ve = » » » Treverse »
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All the kinetic constants presented in this paper have been determined twice and
" found to check within + 10 9, with the exception of those obtained at low concentration
.of the second reactant where the deviations were somewhat higher.

Alberty ? has introduced a new type of kinetic constant, called K,,, which
‘may be calculated by several different methods from kinetic data at concen-
trations of A and B, insufficient to saturate the enzyme (for instance, A =
DPN, B = ethanol in our case).

K,y is a function of ordinary and apparent’ Michaelis constants:

Kpp = K'yKy + [Bo] (K's — K,) = KK’y + [4,] (K's — Kg) (1)

where K, and K = ordinary Michaelis constants; [A,] and [B,] = concen-
‘tration of A or B at = 0; and K’, and K’y = apparent Michaelis constants
for A and B, respectively. The apparent Michaelis constant is determined in
the same way as is the ordinary K, except that the concentration of the
reactant which is kept constant (the second reactant) is made insufficient
‘to saturate the enzyme, preferentially below K . We have determined K,,
in both ways indicated in the equation above and presented the average value
iin Table 1, column I, and in Table 2.

Our sensitive fluorimetric and spectrophotometric methods made it pos-
-gible to determine with a fair degree of accuracy the initial velocities even
in such cases where both A and B were low and the changes occurring in the
-concentration of DPNH therefore small and decreasing rapidly within a few
.8econds.

RESULTS AND DISCUSSION

Linear relationships have been obtained between reciprocal initial velo-
-cities and reciprocal concentrations of substrate and coenzyme over large
-concentration ranges, and no deviation from straight lines were observed at pH
6.0. However, at pH 7.15, deviation towards higher activity took place when the
-eoncentration of DPN and alcohol were very high (See Fig. 1). This occurred
above 100 mM alcohol in the presence of 800 uM DPN, but was not observed in the
‘presence of 38 uM DPN and 280 mM alcohol, nor in the presence of 6.2 mM
-aloohol and 800 uM DPN. There are of course several possible explanations
for this activation. For example, the catalytic reaction of the ADH-DPN-alcohol
-complex may be increased due to changes in the charge distribution on
the surface of the enzyme at alcohol concentrations high enough to in-
fluence the dielectric constant. The activation is not observed at low DPN
-concentrations because other steps may be rate limiting. In this connection
it may be recalled that liver ADH was inhibited by concentrations of aleohol
higher than 5§ mM. Under the conditions studied, the dissociation of the
ADH-DPNH complex was the rate-limiting reaction, and this complex may
have been stabilized by the high alcohol concentrations due to changes in the
dielectric properties of the medium. This is in agreement with the interpretation
of the effect of salts on this reaction.

In the following calculations, all data relate only to the linear parts of the
plots. '
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Table 1. Kinetic data from Table 2 inserted into four formulae representing different reaction

sequences 2.
I 1T III Iv
Ternary com- | Special case of | A group in the | Relative stable
plex formed, re- | I. Affinity of | enzyme is oxi- | ADH . DPN(H)
latively slow |ADHfor DPN(H)| dized/reduced complexes,
intramolecular | not influenced | by substrate (or | shortlived ter-
transformation | by substrate, | coenzyme) with | nary complex
of the complex.| or wvice versa | the formation of formed
General mech. enzyme-sub-
of Alberty 2 strate interme-
v diates
Buffer: - Vt *k — VE paxx Vi Vi
phosphate, p = | Kea® = - A Ko = o BYHH ] Hea = (Vr) B | Ka= (Vr) B
0.1 + versene, 10 un x 101 x 1012 x 101
M/1000
pH 7.15 1.1 17.9 2.2 0.27
pH 6.0 0.81 45 0.45 0.045

* Keq = 0.9 X 1071 over the whole pH range.
eq

s+ 4 — Kad.DPNH ; For the definition of these constants, see Alberty 2.
Kalc . DPN

*x% B —

KppnH - Kald

KppN + Kalcohol

Table 2. Michaelis constants and maximum reaction velocities for yeast alcohol dehydro-
genase (23°). Buffer: phosphate, u = 0.1 + versene, M[1000.

Concentration of second reactant Kinetic Constants
pH 7.15 pH 6.0 prH 7.15 pH 6.0
uM uM wM pM
185 185 K'y, DPNH 14 12
5000 5000 Ky, DPNH 38 24
13.5 13.2 K’,,, aldehyde 250 140
150 80 K'y,, aldehyde 550 300
0.62 x 10¢ 5.6 x 104 K’m, DPN 200 167
84 x 10¢ 84 x 104 K’m, DPN 57 . 160
38 Vi K’n, ethanol 50000 96000
800 800 K'y,, ethanol 18000 100000
KppnH - ald * 5500 1300
Kppn - ale 4.2 x 10¢ 16 x 10¢
Vg, sec™® ** 61 38
Vy, sec™? 491 380
Vel Ve 0.124 0.100

* For definition of these constants, see Alberty 2. The constants can be calculated in two
ways, and average values have been used (see eq. (1)).
** Py is ma.xxmum veloeity of ethanol oxidation.

Vn
T

”»

Mol.wt. of enzyme is 150 00058,
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Fig. 1. Lineweaver-Burk plot of yeast alcohol dehydrogenase with varied alcohol concentration.
Conc. of DPN: 770 uM. Buffer: phosphate, p = 0.1 + M|1000 versene. pH = 7.15, 23° C.

It is apparent from Table 1 that case I agrees well with the experimental
data. This equation was developed 2 by the steady state treatment of a reaction
between enzyme and two substrates (one of the substrates may be coenzyme)
to form a ternary complex, in which an intramolecular reaction occurs to form
another ternary complex. The velocity of this reaction is assumed to be slow
compared with the rates of formation and breakdown of binary and ternary
complexes. From this relationship- it is not possible to decide whether two
or more intermediary complexes are formed, or whether the substrate and
the coenzyme combine and dissociate in a certain order. However, the in-
vestigations of Hayes and Velick ® have shown that binary complexes of the
composition ADH-(DPN), and ADH.(DPNH), can be formed in the ab-
sence of substrate. Whether binary complexes of the type ADH-alcohol or
ADH acetaldehyde can be formed is not known. It has been reported that
some acetaldehyde is nonspecifically attached to yeast ADH 4. Liver ADH
contains bound ethanol in non dialyzable form 10,

Case II represents the general mechanism described above with the ad-
ditional assumption that the affinity of the coenzyme for the enzyme is un-
influenced by the concentration of substrate, and vice versa. Negelein and
Wulff ¢ and Hayes and Velick 5,8 in kinetic studies of yeast ADH at pH 7.9
found the equation presented in column II to agree well with their experi-
mental data. However, it is clear from our data that yeast ADH does not follow
this reaction mechanism at pH 7.1 and 6.0. First, the relationship between
kinetic constants does not give the correct equilibrium constant (see Table 1).
Second, as shown in Table 2, the apparent Michaelis constant, K, of DPN
and alcohol, as well as DPNH and acetaldehyde were in most cases affected
by changes in the concentration of the second reactant. K, for alcohol and
DPN decreased with increasing concentrations of the second reactant at pH
7.1, whereas at pH 6.0 there was no effect. K, for acetaldehyde and DPNH
(both at pH 7.1 and 6.0) increased with increasing concentration of the
second reactant.
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Case III presumes an oxidation-reduction of the enzyme itself with the
formation of enzyme-substrate intermediates. The involvment of thiol groups
of DPN-linked enzymes in hydrogen transfer has been suggested by several
authors 1%, but strong arguments have been presented against such a mecha-
nism for yeast ADH 13,4, The results obtained with deuterium-labeled sub-
strate exclude all mechanisms of yeast alcohol dehydrogenase which allow
hydrogen exchange with the medium. Such an exchange would probably
have taken place if thiol groups were directly involved in the hydrogen trans-
fer. Case III is therefore improbable from ‘previous experiments. Our own
data may not be accurate enough to eliminate this reaction scheme. In the
unlikely case that 10 9, error in the determination of each of the different
kinetic constants added up in the same direction, the error in K could give
a deviation from 0.9 to 0.44 or from 0.9 to 2.2 (See Table 1).

In case IV the assumption has been made that the ternary complex is
extremely short-lived and dissociates into products much more rapidly than
do the binary complexes (ADH-DPN and ADH.-DPNH).

In some recent experiments ® we have confirmed that liver ADH appears
to follow Case IV. Considering the great difference in the properties of yeast
and liver ADH 5% it is not surprising that the two enzymes could catalyze
the same reaction in different manners. A further difference was revealed by
the reaction velocities in the presence of sodium chloride. This salt had no
effect on V; and V, for the yeast enzyme, whereas ¥V, was increased and
V. was decreased with the liver enzyme ?. At relative low concentration of
the second reactant, yeast ADH was competively inhibited by 0.15 M NaCl
using alcohol, DPN and DPNH as variable reactants. The effect of formate 9,
however, was qualitatively the same with both enzymes: strong inhibition
was observed except in the presence of high alcohol concentrations.

Thanks are due to Dr. William Rutter for valuable discussions and to Miss Ann Louise
Swanson for skilful technical assistance.

The authors are indebted to Statens Medicinska Forskningsrid, Knut och Alice Wal-
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REFERENCES

. Haldane, J. B. 8. Enzymes, Longman’s, Green and Co., London 1930, p. 80.

. Alberty, R. A. J. Am. Chem. Soc. 75 (1953) 1928.

. Theorell, H. and Chance, B. Acta Chem. Scand. 5 (1951) 1127.

Negelein, E. and Wulff. H. J. Biochem. Z. 293 (1937) 351.

Hayes, J. E., Jr. and Velick, S. F. J. Biol. Chem. 207 (1954) 225.

Velick, S. F. in The Mechanism of Enzyme Action, The Johns Hopkins Press, Balti-
more 1954, p. 491.

. Vallee, B. L. and Hoch, F. L. J. Am. Chem. Soc. 77 (1955) 821.

. Neilands, J. B. and Akeson, A. J. Biol. Chem. 188 (1951) 1.

. Theorell, H., Nygaard, A. P. and Bonnichsen, R. Acta Chem. Scand. 9 (1955) 1148.
. Kaplan, N. O. and Ciotti, M. M. J. Biol. Chem. 211 (1954) 431.

. Barron, E. 8. G. and Levine, S. Arch. Biochem. and Biophys. 41 (1952) 175.

. Mackinnon, D. J. and Waters, W. A. J. Chem. Soc. 1953 323.

. Kaplan, N. O., Colowick, 8. P. and Neufield, E. F. J. Biol. Chem. 195 (1952) 107.
. Vennesland, B. and Westheimer, F. H. in Mechanism of Enzyme Action, Johns Hop-
kins Press, Baltimore 1954, p. 357.

ot ot bt ot ok
PODHO©ET ORI

Received June 3, 1955.
Acta Chem. Scand. 9 (1955) No. 8



