ACTA CHEMICA SCANDINAVICA B (1951) 1105—-1126

Studies on Liver Alcohol Dehydrogenase

I. Equilibria and Initial Reaction Velocities
HUGO THEORELL and ROGER BONNICHSEN

Medicinska Nobelinstitutets Biokemiska avdelning, Stockholm, Sweden

hen reduced diphosphopyridine nucleotide (DPNH) forms a compound

with horse liver alcohol dehydrogenase (ADH) the absorption maxi-
mum of DPNH shifts from 340 mu to 325 mu 1. This observation opened up
a possibility to carry out a more complete study on the stoichiometry, equi-
libria and kinetics in an enzyme-DPN system than had before been feasible.
The reversible reaction studied in these two papers is:

Alcohol + DPN = Acetaldehyde + DPNH + H*
ADH
The equilibrium constant,

K — {DPNH] [Acetaldehyde] [H+]
~ [DPN] [Ethanol]

earlier determined by Negelein and Wulff 2 at pH 7.9, was recently redeter-
mined at different pH values by Racker 3, using small concentrations of yeast
alcohol dehydrogenase. He found about the same value as Negelein and Wulff
at pH 7.9, K = 1.15 X 107, and furthermore found K to be independent of
pH within the investigated range, in agreement with the above formula.
The kinetic properties of yeast alcohol dehydrogenase were studied to some
extent by Negelein and Wulff 2. They assumed that alcohol and acetaldehyde,
as well as DPN and DPNH, combined reversibly with the protein, and found
the “dissociation’” constant to be 2.4 X 1072 for ethanol-enzyme and 1.1 X 1074
for acetaldehyde-enzyme; 9 x 1078 for DPN-enzyme and 3 X 107 for DPNH-
enzyme. However, in the theory developed by Negelein and Wulff no distinc-
tion was made between Michaelis constants and true dissociation constants.
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As all the experiments of Negelein and Wulff were carried out at pH 7.9 the
effect of variation in pH upon the kinetics was not investigated. Since hydro-
gen ions take part in the reaction it seemed to us to be of great interest to
investigate the equilibria and reaction velocities at varied pH values.

There was another problem in this connection that attracted our attention.
Practically all kinetic work on pyridine nucleotide enzyme systems has hitherto
been carried out with very small concentrations of the enzymes, compared
with the DPN or TPN concentrations. A rough calculation, however, shows
that this ratio may be entirely unphysiological. Since the liver contains about
1 g of enzyme (ADH) per kg wet weight # and the molecular weight (see below)
is 73 000 the liver alcohol dehydrogenase concentration is of the order of 1075 M.
If the ADH is located to parts of the liver cells, its concentration must be still
higher there. The total concentration of DPN is higher ® but we have to bear
in mind that the DPN has to serve as prosthetic group for many other en-
zymes, so that the concentration of free DPN and DPNH is probably very
low in the living cells. A difference between the dissociation constants of
DPN-ADH and DPNH-ADH will cause the equilibrium constant K to be de-
pendent on the ADH concentration. It might thus turn out to be a question
of enzyme concentration whether the reduction of acetaldehyde or the oxida-
tion of alcohol is preferred.

The substrates react only with the undissociated coenzyme-enzyme com-
pounds. The redox potentials of these are a function of the ratio between the
dissociation constant for the DPN-ADH complex (D,,) and the DPNH-ADH
complex (D,,,;). This follows from the simple fact that the enzyme-bound part
of the coenzymes must be in potential equilibrium with the free coenzymes.
The ratios between the concentrations of oxidized and reduced coenzyme in
free and bound form, however, will evidently be a function of the dissociation
constants of the complexes. Clark and his associates ® have studied this
effect in metalloporphyrin complexes with bases and derived the equations for
different cases, but insufficient attention has still been paid to its implications
in the pyridine- or flavine nucleotide enzyme systems. In the DPN-DPNH
systems the following formula is found to obtain (at 30°):

E, (complex) = E; (free DPN-DPNH) + 0.030 log %”_

red

The assumption is made that the radical formation constant is low. If the

ratio Do is > 1 the redox potential in the case of ADH will be raised from

red

the low level for the free DPN, DPNH equilibrium (— 0.282 V at pH 7 and
30° /Borsook 7/) to a level nearer the normal potential of alcohol, acetaldehyde
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(—0.163 V at pH 7, 25° /[Kalckar 8/). The reaction velocity in the system
would probably be favoured by the diminished potential difference, and the
equilibrium shifted so that the oxidation of ethanol would be favoured.

We therefore undertook to study the equilibria between the reaction part-
ners at pH 7, 8, 9 and 10 by the aid of spectrophotometry in the region 310—
350 my. When the ADH concentration was increased to the ‘‘physiological”
level around 1 mg per ml very marked effects on the equilibrium constant
appeared.

Calculating the stoichiometry of the reactions required the molecular
weight of the pure ADH to be known. Dr. K. O. Pedersen, Institute of Phys-
ical Chemistry, Upsala, kindly made this determination by ultracentrifugation
and diffusion. ,

Further it was essential to determine the number of coenzyme molecules
bound to one molecule of ADH. This was accomplished by titrating a certain
amount of ADH with increasing amounts of DPNH, spectrophotometric
readings being made at 350 and 310 mu. Such experiments were carried out at
PH 7.0 and 10.0. Further data were obtained from the equilibrium experi-
ments at pH 7, 8, 9 and 10. It was found that one molecule of ADH
(M = 73 000) combined with 2 molecules of DPNH at pH 7—9; at pH 10 the
value was nearer to 1 mol DPNH/1 mol ADH.

The kinetics of the ADH-reactions were studied in different ways. The
Michaelis constants for DPN, ethanol, DPNH and acetaldehyde, were deter-
mined spectrophotometrically in Beckman cuvettes from the initial reaction
velocities of the appearance respectively disappearance of the 340 mu band.

Most of the experiments on reaction velocities reported in this paper were
carried out in Stockholm, but were completed with another set of determina-
tions in Philadelphia. The results of the experiments with rapid spectro-
photometry and the theory of reaction velocities in the ADH-system will be
given in part IT by H. T. and Britton Chance.

EXPERIMENTAL

Molecular weight. The sedimentation constant was found in two runs to be
899 = 4.86 and 4.90 Svedberg units, the diffusion constant, D,,, was found =
6.5 X 1077 cm?/sec by the ‘“normal” method, 7.3 X 1077 by the ‘“moment”
method. We determined the partial specific volume to 0.751. From these
values M = 73 000.

It may be mentioned that a sample of yeast alcohol dehydrogenase, crystal-
lized according to Negelein and Wulff 2 gave s,y = 7.61 which indicates its
molecular weight to be about twice that of liver ADH.
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The enzyme used in these experiments was prepared according to an earlier
description 4°. The concentration of the protein was measured from its light
absorption at 280 mu, 1 mg of protein per ml in a 1 cm cell giving an extinc-
tion of 0.455 4.

The activity of the enzyme was followed with a Beckman spectrophoto-
meter by measuring the density of the band of DPNH at 340 my. The extine-
tion value logl,/I, 340 mu, d = 1 cm = 0.938 for a solution containing 100 ug
per ml of DPNH was used 10,

This value can be recalculated to ¢ = 6.25 em™ X mM™. The activity
determination has not before been given in detail. 3 ml solution in a Beck-
man cuvette is made up to contain: glycine-NaOH-buffer m/10, pH 9.6;
0.75 mg DPN; semicarbazide m/100; 0.05 ml ethanol. The extinction at 340
my is determined. A suitable quantity of enzyme, containing 15—20 ug of
pure ADH in a small volume, is placed on a stirring rod and mixed into the
cuvette at £ = 0. The extinction at 340 myu is read after 3 minutes. Our best
preparations have given a density increase of 0.036 in 3 minutes per ug ADH
at room temperature (~ 20°). This gives the maximal turnover number = 140
mol DPN/mol ADH X min.

This value is considerably lower than the value 220 given by Bonnichsen and Wassén 9.
Their value, however, was calculated on the basis of a too high extinction coefficient for
ADH at 280 (1.0 instead of 0.455), and the assumption of M = 70 000. The recalculated
value, on the basis of M = 73 000 and & 44, = 0.455, for their turnover number would
be = 110. The difference from our somewhat higher value, 140, is due to the fact that
ADH gives beautiful crystals together with some inactive protein that can be removed by
repeated recrystallization.

Fig. 1 shows that the reaction velocity with DPNH and acetaldehyde as
substrate is strictly proportional to the enzyme concentration. The same
applies to the system DPN 4+ ADH 4 ethanol at higher pH.

The actual concentration of ADH is computed according to the activity
test to be
uM DPNH/sec uM

ADH] =
[ ] 2.34

where 2.34 is the turnover number per sec.
The purity of the enzyme can be determined by dividing this value with the
concentration of ADH determined from the extinction at 280 mu:

E950 X 10°
ADH] = — — uM
[ADH] 333 V
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where & g4 is the optical density (cm™) at 280 mu and 33.3 is the millimolar
extinction coefficient of pure ADH. The optical density at 280 myu would
include protein impurities.

The DPN was prepared according to LePage *; the purity has varied from
20 to 65 9%,. DPN prepared by the method of Neilands?, 60 to 85 %, pure,
has also been used; we found no difference in the results with 20 or 80 9, pure
DPN. The measurements of the DPN concentration and the preparation of
DPNH were both made with the enzymatic method 3.

A number of experiments on the equilibria at varied pH and ADH con-
centration were carried out in 1 cm Beckman cuvettes in a thermostat at
20°. 0.05 m phosphate, or pyrophosphate, or glycine buffers of pH 7, 8, 9 or
10 were mixed with ADH that had been dialyzed against the same buffer, and
suitable amounts of dilute ethanol added to make the volume = 3 ml. The
9
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light absorption was measured at every 5 myu in the region 310—350 mu. At
t = 0, 0.3 ml of DPN solution was added and readings taken at the shortest
possible intervals.

The equilibrium was established instantaneously with high concentrations
of ADH and then a further slow reduction of DPN followed. In such cases
we extrapolated our reading to ¢ = 0. When the ADH concentration was low
we had to wait until the equilibrium was established. In these cases no further
reduction occurred; it was thus very probably caused by some small amount
of reducing material in the ADH.

After having made enough equilibrium readings we added more ethanol
(0.1 ml, diluted 1 : 10) and semicarbazide to a final concentration of 0.01 M.
Full reduction of the remaining DPN was obtained in a few seconds with the
high, in 30—60 minutes with the lowest ADH concentrations. The light
absorption in the 310—350 mu region was read and corrected for the absorp-
tion determined before adding DPN. The dilution factors were taken into
account.

Fig. 2 shows the extinction values (X 103) obtained for the DPNH with
increasing amounts of ADH at pH 7. It is seen how the absorption band 340
my of the free DPNH gradually moves towards 325 myu, and decreases a little.
All the curves intersect at 328 my; this is thus an isosbestic point for free and
ADH-bound DPNH. The millimolar extinction coefficients for bound and
free DPNH from 4 = 310 to 4 = 350 myu are given in Table 1. The greatest
difference in extinction occurs at 350 mu (2.4 em™ X mM™), whereas the dif-
ference at 310 my is somewhat smaller (1.5 em™ X mM™). The values in
Table I are plotted in Fig. 3. (corr. for the light absorption of ADH!).

The results of the equilibrium experiments at pH 7, 8, 9 and 10 are given
in the Tables 2-5. The extinction coefficients are not included in the tables;
instead the DPNH extinction coefficients at 310 and 350 my after full reduc-
tion are plotted against the molarity of the ADH in Fig. 4.

Table 1. M:illimolar extinction coefficients for free, respectively ADH-bound DPNH
from 310 to 350 mu.

A, mp 310 1 315 | 320 | 325 | 328 | 330 | 335 | 340 | 345 | 350

|
Free DPNH 3.6 4.1 4.8‘ 5.3 | 5.65 5.8 6.1  6.25 6.1 5.7
i

Bound DPNH 5.1 5.5 5.7 5.8 | 5.65 5.6 5.3 | 4.7 4.1 3.3
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Fig. 3. Millimolar extinction of free and
ADH -bound DPNH.

Fig. 4. The extinction coefficients  of
DPNH calculated from the equilibrium expe-
riments in Tables 2—4. The abscissa gives
the micromolarity of the added ADH
(M = 73000) per 40 yM DPNH.
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The Fig. 4 clearly shows that two molecules of DPNH are bound to each
molecule of ADH at pH 7 and 8 and possibly somewhat less at pH 9. The
values at pH 10 were more uncertain, but not far from 1 mol DPNH per mol
ADH. It is further evident that both molecules of DPNH are so tightly bound
to the ADH at pH 7—9 that no dissociation constants can be calculated at
concentrations of the components. These determinations therefore had to be
carried out at much higher dilutions with a more sensitive instrumental arran-
gement (See part II).

Some direct spectrophotometric titrations of a certain amount of ADH
with increasing amounts of DPNH were carried out at 310 and 350 mu as well
in Stockholm as in Philadelphia. These experiments confirmed that 2 DPNH
were bound per 1 ADH at pH 7. The values obtained at pH 10 seem to indi-
cate that only 1 DPNH is bound per 1 ADH at this pH, and that the com-
plex is more dissociated than at pH 7—9. A couple of these experiments are
plotted in the Figures 5 and 6.

It is seen in the Tables 2—5 that the equiltbrium constant K is increased
with increasing ADH concentration to a new level in the presence of ADH in
excess, around 200 times its initial value at pH 7. With increasing pH this
effect is diminished, so that at pH 10 very little, if any, is left, see Fig. 7.
The slight increase in K with the highest ADH amounts at pH 10 may as well
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Table 2. Equilibria at pH = 7.0, 20°.

[ADH] | [C,HOH] ! [DPNlro % log [ADH
x 108 in04 x 104 Rea | K X107 | logK+11 gEr 7 :
0.003 10 400 0.40 79.6 1.20 0.08 0.48
0.003 1040 0.40 40.0 1.02 0.01 0.48
0.012 1560 0.45 48.2 1.29 0.11 1.08
0.025 1 560 0.45 50.4 1.47 0.17 1.39
0.050 780 0.45 46.8 2.2 0.35 1.70
0.099 260 0.45 46.4 6.7 0.83 2.00
0.099 26.8 0.45 20.4 13 1.11 2.00
0.148 104 0.45 51.2 23 1.36 2.17
0.197 31.2 0.45 40.0 39 1.59 2.30
0.197 5.4 0.34 26.5 80 1.90 2.30

[ 0.296 20.8 | 0.45 48.2 97 1.99 2.47

. 0.395 10.4 0.45 46.8 181 2.26 2.60

0.395 5.4 0.40 32.5 146 2.16 2.60

0.790 54, 035 35.5 192 0.28 2.90
Table 3. Equilibria at pH 8.0, 20°.

[ADH] | [C,H.OH]| [DPNlrot % 1 log [ADH]
x 104 % 108 x 104 Rea | K X100 |logK +11) 75
0.003 1040 0.40 71.4 0.69 — 0.16 0.49
0.003 104 » 35.1 0.73 — 0.14 0.49
0.012 520 » 65.5 0.96 — 0.02 1.09
0.025 520 » 66.3 1.00 +0 1.39

= 0.050 156 » 53.5 1.60 0.20 1.70
0.099 26 » 33.0 2.50 0.40 2.00
0.148 10.4 » 40.4 11 1.04 2.17
0.247 5.2 » 50.4 41 1.61 2.40
0.493 5.2 » 64.9 96 1.98 2.70

Table 4. Equilibria at pH 9.0, 20°.

[ADH] C,H.OH]| [DPN]y % 1 log [ADH]
x 104 [ 2x riO“ It X lg‘*ot R/ed K x 108 |log K + 11 + 7

0.003 104 0.40 78.0 1.08 + 0.03 0.49
0.003 10.4 » 38.8 1.03 + 0.01 0.49
0.012 31.2 » 58.4 1.06 + 0.03 1.09
0.050 31.2 » 56.9 0.98 — 0.01 1.70
0.099 10.4 » 40.0 1.05 + 0.02 2.00
0.148 5.2 » 45.8 3.1 0.49 2.17
0.247 3.6 » 49.5 5.0 0.70 2.40
0.493 2.6 » 54.9 10.0 1.00 2.70
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Table 5. Equilibria at pH 10.0, 20°.

[ADH] x | [C,H,OH] | [DPN 0t} % 11 log [ADH]
108 oo e Red | & X107 [logK+11l TERT,
0.003 10.4 0.4 63 0.46 — 0.35 0.49
0.003 1.04 » 41 1.36 + 0.13 0.49
0.012 3.12 » 50.4 0.70 — 0.15 1.09
0.025 3.12 » 48.5 0.63 — 0.20 1.39
0.050 2.08 » 46.0 0.81 — 0.09 1.70
0.099 2.08 » 47.6 0.92 — 0.04 2.00
0.247 2.08 » 54.5 14 0.15 2.40
0.493 2.08 » 62.2 2.3 0.36 2.70
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Fig. 5. Spectrophotometric  titration of Fig. 6. Spectrophotometric titration  of
ADH with increasing amounts of DPNH, ADH with increasing amounts of DPNH,
pH = 7. pH = 10.

be caused by traces of ethanol in the ADH-solution; a few micrograms would
be enough to cause this effect at pH 10, but would have no significance at the
lower pH-values.

The equilibrium constant, K, at low ADH-concentrations (0.004 x 107% M)
was found to be independent of pH and = 0.86 X 1071 on an average. This
value agrees reasonably well with that found by Racker 3, 1.15 X 10™. He
used yeast ADH; the difference between the two values may be a temperature
effect, since Racker does not give any temperature data. It should be pointed
out that K is independent of the ratio [DPNH] : [DPN] at low and high [ADH],
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Fig. 7. Equilibrium constant, K, at varied  ™ents with acetaldehyde; 4—8 ugjml of
[ADH] (M = 73000) and pH. Loy ADH and 180 ug/ml of DPN with ethanol.

K + 11 plotted against log [ADH] + 7. v = % —C min-1

x pH = 7 t Xe

O pH= 8 I = Acetaldehyde 1073 M
- pH =9 II = Ethanol 2 x 102 M
+ pH = 10 IIT = » 5§ x 104 M

but not at intermediate [ADH]. This is the reason why a considerable disper-
sion of the K values occurs in this region. Two determinations of K at pH
6.4, with excess of ADH, gave the values 128 and 134 x 10711,

If Borsook’s (7) value for the redox potential of the DPN-DPNH system,
— 0.282 V. at 30°, pH 7, is recalculated to 20°, we obtain — 0.275 V. Kalckar 8
calculated the potential of acetaldehyde-ethanol from Negeleins and Wulffs
data; he obtained the value B, = — 0.163 V. at 25°. This corresponds to
—0.156 V at 20°. Our value of K = 0.86 x 107! at pH 7, and 20° would give
the following value for the redox potential of acetaldehyde-ethanol:

Ey (20° C, pH 7) = — 0.275 + 0.0291 log 086 % 104 >1< ot = —0.156 V. This
is in exact agreement with Negeleins and Wulffs experimental data and
Kalckars calculation.

The redox potentials for the ADH-bound coenzymes at pH 6.4—10 were
calculated from the maximum values of the equilibrium constants in Tables
2—5, obtained with excess of ADH. The reasonable assumption was made
that the slope 0.029 V/pH for the free DPN and DPNH, and the slope 0.058
V/pH for acetaldehyde and ethanol obtains in this pH range. The results are
given in Table 6.
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Table 6. Values calculated from the equilibrium constants for the redox potentials of the
ADH-bound DPN—DPNH system.

pH Ej, pex, DPNH, free Ej, ppN, DPNH bound EY, ethanol, acetaldehyde
6.4 — 0.258 — 0.196 — 0.121

7.0 — 0.275 — 0.208 — 0.156

8.0 — 0.304 — 0.244 — 0.214

9.0 — 0.333 — 0.302 — 0.272
10.0 — 0.361 — 0.351 — 0.330

It is interesting to notice that the Ej for the enzyme complex approaches
the level of the aldehyde-ethanol potential very considerably so that at pH 8
the difference is only 30 mV. The slope of the calculated Z; curve for the com-
plex is partly steeper than for the free coenzymes, 0.058 V/pH from pH 8 to
9.5. The significance of this observation will be discussed later (p. 1121).

The K-values indicate that the equilibrium states for [DPN - ADH] =
[DPNH-ADH] will be ethanol: acetaldehyde — 60 at pH 7, and = 10 at pH
8, instead of respectively ~ 10 000 and 1000 for the equilibria with small
amounts of ADH. The coupling of the coenzymes to the enzyme thus in this
case greatly favours the oxidation of ethanol to acetaldehyde — a reaction
that would seem rather improbable without this effect. It should be noticed
that acetaldehyde, when formed in the liver, is rapidly oxidized by aldehyde
oxidase and thus removed from the equilibrium.

The experiments on tmitial reaction velocities were carried out as follows:
The Beckman cuvettes were first charged with buffer, coenzyme and sub-
strate. The enzyme was pipetted into a small excavation on the end of a small
glass rod and stirred into the solution at £ = 0. Readings were taken at 15
second intervals. Since the reaction velocity rapidly decreases with time the
initial velocity had to be determined by extrapolating to zero time, and all
activities of the enzyme referred to initial velocity. As an expression
Co—C
t Xe
¢, =y DPN/ml at time ¢, ¢ = y enzyme/ml.

All the buffers used were made 0.1 %, with respect to glycine in order to
stabilize the enzyme; our stock solutions of enzyme contained 5—6 mg of

¢

for initial velocity we use min., ¢y =9 DPN/ml at zero time,
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Fig. 13. Michaelis constant for acetalde-
hyde. Phosphate buffer pH 10; DPNH
6.12 ug per ml. 5 cm cuveites were used. ’
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enzyme per ml. Dilutions from this stock solution were made for each set of
experiments, since solutions containing less than 50 ug per ml retained their
full activity for only a few hours. When alcohol was used as substrate the
buffers were made 0.01 M with respect to semicarbazide in order to bind the
acetaldehyde.

The Fig. 8 shows the results of some experiments on the initial reaction
velocities under varied conditions described in the figure legend. It is seen
that DPNH and acetaldehyde are brought to rapid reaction by the ADH at
pH 6 and 7. At higher pH-values the velocity drops sharply (curve I).

The curves II and III show that the reaction velocity in the system
DPN + ethanol + ADH depends upon the pH in a somewhat complicated
way. High concentrations of ethanol, far exceeding the Michaelis constant
(see below) cause the reaction velocity to increase continuously from pH 6 to
between 9 and 10 (curve II), whereas small concentrations (500 uM, curve IIT)
lower than K, give a velocity maximum around pH 8. The explanation is the
difference in limiting factors in the two cases, as will be shown below and in
part II.

The initial reaction velocity in the system DPN 4 ethanol + ADH is
decreased in a pH-dependent way by the addition of DPNH (see Fig. 9). The
effect is most pronounced at lower pH-values. This experiment shows that
DPN and DPNH compete about the same position at the enzyme. It further
illustrates the higher affinity to ADH of DPNH compared with DPN.

The Figs. 10—13 illustrate the results of some measurements on the initial
reaction velocities under conditions given in the figure legends and plotted in
the way suggested by Lineweaver and Burke 4. These experiments were made
in Stockholm in the way described above. In the figures, c,, ¢, and e are given
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Table 7.
1 II I11 v A% VI
Ko I M v Max. turnover
Compound varied max number
in concentration PH | Theorell Theorell cor:ef k) Mol. substrate 4
(= ————————min
and and 3| Mol. ADH
Bonnichsen | Chance
Ethanol 6.8 1.200 1.1* 132
8.2 540 1.5 180
9.0 730 1.5 180
9.8 2.000 5.5 * 330
Other alcohols 10 | 220-—-410 6.6 400
DPN 7 12
8 7
9 15
10 17 30 4.6 280
Acetaldehyde 7 120 451 5400
8 52 17 2040
9 2500 8 960
10 1000 4.5 270
DPNH 7 17 39 4700
7 13
8 4
9 _
10 6

! Km for DPNH taken as 15 uM.

in ug (y) per ml. They were completed by some determinations in Philadelphia
in the cases where low concentrations and high sensitivity were required

(¢f. part II). The results are summarized in the Table 7.

The values of K,, in column III are those given in the Figs. 10—13. The
maximal reaction velocities, V,,,., found in these experiments were converted
to k; (for definition see part II) by using the known molecular weights of
DPNH and ADH, and by converting minutes to seconds:

1 1
ky=_—_ X 173000 X — V
663 60

max

= 18 V,,, sec!
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This value was used at pH 9.8—10, where ADH binds 1 DPNH; but where
ADH binds 2 DPNH, thus at pH 6.8—9, the effective molecular weight of
ADH is 707, and |

ks =09 V,,, sec?

In some cases the concentration of the reaction partner that was kept con-
stant was found to have been insufficient to give maximal reaction velocity at
high concentration of the variable partner. The values marked * in column
V were then corrected by the aid of the known K,, for the constant partner.

The col. VI gives the maximal turnover numbers of substrate per mol.
ADH (M = 73 000) and minute.

The K, -values in col. IV are to be regarded as preliminary, especially in
the case of acetaldehyde and DPNH, because these may to some extent react
directly with one another even without ADH.

It is seen from the Table 7 that the K, for ethanol passes a minimum
around pH 8, and the same is true for DPN and acetaldehyde, whereas the
K,, for DPNH shows a minimum at pH 9, too low to be determined with the
available technique.

The Michaelis constants, compared with the values for the maximal
velocities, readily explain the experimental results shown in Fig. 8. The reac-
tion velocity with acetaldehyde and DPNH (curve I) decreases very rapidly
when the pH increases from pH 7 to 10, because the K, increases at the same
time as V,,, decreases. The reaction velocity in the DPN 4 ethanol system
increases continuously with increasing pH in the presence of high concentra-
tions of ethanol (II) because V,,,, increases, and because even the comparativ-
ely high K, at pH 10 does not play any role. At low ethanol concentrations
(ITII) the influenée of the minimum in K,, at pH 8 predominates so that a
velocity maximum at this pH will result. A pH-value of 9.2—10 is, however,
to be preferred for determining ethanol quantitatively 1.

SPECIFICITY

The pure ADH does not react with methanol + DPN to any measurable
extent. This is surprising since Rge 1® in clinical cases found ethanol to act
as an antidote in methanol poisoning, supposedly by displacing ‘“methyl
alcohol from the inner surface of the cells”. Zatman 17 in experiments with
impure ADH, prepared according to Lutwak-Mann 18, found methanol to be
oxidized at one ninth of the rate for ethanol. A competitive inhibition of
methanol oxidation by ethanol was observed. The only possible explanation
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seems to be that methanol oxidation ¢n vivo requires some catalyst besides
ADH + DPN.
The higher homologues of ethanol react if they contain the group

—-(:}—CH2—OH. Thus secondary butanol reacts, but not tertiary butanol or

isopropanol. Ethylene, glycol, and g-hydroxybutyric acid do not react, neither
does acetone (with DPNH + ADH). It is obviously important for the practial
use of the ADH-method % for determining ethanol in blood samples or organs
that methanol, acetone, acetoacetic acid and f-hydroxybutyric acid do not
react.

Some experiments on the initial reaction velocity on higher aliphatic
alcohols are shown in Fig. 14. The Michaelis constants are lower for these
alcohols than for ethanol, but the maximal reaction velocity is practically
the same, as required by the theory (cf. part II). Lutwak-Mann 18 in experi-
ments with impure horse liver ADH used several alcohols as substrate, and
found the highest turnover with ethanol and slightly lower values for propanol.
The reaction with amyl alcohol was slow and with methanol very slow.

In 1949, professor R. A. Morton, Liverpool, sent us a sample of crystalline
retinene with the suggestion to try whether it could react with DPNH + ADH
to give vitamin A. Before our experiments on this problem were carried out,
Bliss 1* showed that liver extracts could convert the alcohol vitamin A to the
corresponding aldehyde, retinene, and discussed the possibility that the ADH
present in his extracts might be responsible for the reaction. This was con-
firmed in experiments on the reverse reaction with pure ADH 4+ DPNH +
retinene, carried out by one of us (R. B.) and R. Hubbard at the Carlsberg
Laboratory in Copenhagen. It seems therefore possible that ADH may be
present in the retina exerting another important physiological function in the
formation mechanism of rhodopsin.

DISCUSSION

It is interesting to compare the normal potential values calculated here
with some other oxidoreduction enzymes:

Cytochrome b: +0.04 V
“0ld” yellow ferment: —0.06 »
Free riboflavin: —0.185 »
ADH-—DPN(H) —0.21 »

DPN(H) —0.28 »
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Fig. 14. Michaelis constants for various Fig. 15. Redox potentials in the ADH-
alcohols. Glycine-NaOH buffer pH 10. system. The straight lines for CoH OHCH 4-
DPN 180 pg per ml. Enzyme 8 pug per ml. CHO and DPN-DPNH are calculated accor-
ding to Borsook (7) and Kalckar (8). The
points (o) on the DPN - ADH—DPNH -
ADH line are calculated from the equilibrium

data at high [ADH].

Unsuitably large potential differences seem thus to be overbridged by
nature by the different dissociation constants in the coenzyme-enzyme systems.

In the flavin enzymes it is a well-known fact that absorption maximum at
445—450 my in the free riboflavinmono-or dinucleotides are displaced some-
what towards longer wavelengths when they are coupled to different enzyme
proteins, for instance to 465 mu in the “old” yellow ferment 2. Kuhn and
Boulanger # assumed this shift to be due to a linkage between the protein

|
component and the NH (3) group in the riboflavin. In fact we were lead by

analogy to look for /a,n analogous 'shift in the 340 mu band in DPNH-ADH.

Since it is a definitely established fact that the 340 mu band is caused by
the reduced pyridine ring in DPNH, the shift in absorption maximum on
coupling with ADH must be caused by some group in the protein being linked
in one way or the other to the pyridine. This would give an explanation
to the differences in the dissociation constants of the DPN-ADH and the
DPNH-ADH compounds.

The calculated redox potentials of the enzyme-coenzyme compound at
different pH give additional evidence of the existence of an acid group in the
ADH that is linked to the pyridine. As will be seen on Fig. 15 the slope
?(li—i)E'—It)I is = 0.029 from pH 6.38 to pH 7.8, 0.058 up to pH about 9.7, and
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probably 0.029 above this value, though further experimental data will be
needed to verify this. The observed slopes indicate that an acid group in the
DPNH - ADH with pK’ 10 is influenced by the oxidation of DPNH - ADH,
so that its pK’ is changed to 7.8. This is readily understandable since the

+
tertiary, uncharged pyridine-N in DPNH becomes a quaternary \N.# on

oxidation. The difference in pK’, two pH-units, is of the expected oxlder of
magnitude in such a case. If the DPNH-linked group in the protein is titrated,
with pK’ = 10, so that the bond to the DPNH is broken, one would expect
ADH to bind half as much DPNH at pH 10 as at lower pH values, as in fact
was found experimentally.

Proteins may contain three kinds of groups with pK-values around 10,
amino groups, tyrosine hydroxyls and sulfhydryl groups. G. Wald and R.
Hubbard kindly informed us very recently that the ADH-activity was strongly
inhibited by p-chloromercuribenzoic acid, and that this inhibition was rever-
sed by glutathione. We therefore measured the extinction coefficient of the
DPNH—ADH complex at pH 7 before and after the addition of p-chloro-
mercuribenzoic acid (0.0003 M). The maximum at 325 mu was tmmediately
shifted to 340 mu upon the addition of the inhibitor. Monoiodoacetic acid, that
according to Lutwak-Mann 8 does not inhibit the ADH activity, had no in-
fluence on the position of the band, nor had chloroacetophenone.

These observations seem to demonstrate that 1) a sulfhydryl group in the
ADH is linked to the dihydropyridine in DPNH, 2) that this linkage causes the
band shift from 340 to 325 my, and 3) that this linkage is essential for the
enzymatic activity of the DPNH—ADH complex. ADH gives no color in
the nitroprusside test. The sulfhydryl groups if present are thus masked in
some way (‘“b-groups”, Hellerman et al.®) so that] they do not react with
this reagent nor with monoiodoacetic acid or chloroacetophenone.

The activity of the alcohol dehydrogenase from yeast is according to Lut-
wak-Mann 28 inhibited by monoiodoacetic acid. It is therefore possible that
this ADH contains unmasked sulfhydryl groups coupling to DPNH in an
analogous way as in liver-ADH. We hope to be able to report shortly if the
340 mu band of DPNH is displaced by the complex formation with yeast
ADH.

As far as we know the possibility of a direct interaction of enzyme SH-
groups with coferments like DPN and TPN has never before been considered.
Work on other DPN-linked enzyme systems than ADH is in progress.
It is interesting to recall that Hellerman, Lindsay and Bovarnich
found d-aminoacid oxidase to be inhibited by p-chloromercuribenzoic acid
in competition with the prosthetic group, flavineadenine-dinucleotide. A
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similar mechanism thus seems to operate in this flavine enzyme as in the
ADH-DPN. .

Evidently the linkage HS- to pyridine can stabilize the bond between
DPNH and ADH, so that the dissociation constant of the DPNH - ADH
becomes 200 times lower than for DPN - ADH at pH 7. It is further to be
expected that this difference would be diminished at higher pH for the follow-
ing reasons. As will be shown experimentally in part II, the dissociation con-
-stant, D,,,, of the ADH - DPNH is 107 at pH 7 and 3 x 107% at pH 10. The
D,, moves the opposite way with pH, from 2 X 1075 at pH 7 to a lower value
near 3 X 107% at pH 10.

Meyerhof, Ohlmeyer and Maohle * found that DPN forms addition com-
pounds with cyanide and bisulfite, presumably of the formulas

\ . CONH, 7'\ .co.NH,
| i
| gm—ox CH—SO; Na

N N
I

The reactions were reversible and, in the case of bisulfite, rapid. ¢Bisulfit
reagiert so rasch dass in seiner Gegenwart die enzymatische Reoxydation von
CzH, spektroskopisch nicht gemessen werden kann.” The absorption band in
the near ultraviolet had s maximum at 320 mu instead of 340 mu. Our
DPNH-ADH complex may thus be analogous with the bisulfite-DPN addi-
tion produect.

It would be tempting to speculate upon the different possibilities implied
in these observations. However, we still lack information on the amino acid
composition and the nature of the sulfur compounds in ADH. Some preli-
minary experiments showed that simple sulfhydryl compounds like thiogly-
colic acid, cysteine, and glutathione do not give any spectroscopically observ-
able addition compounds with DPN at pH 7—10. The nitroprussid test remai-
ned negative after the addition of an equivalent amount of DPNH to ADH
at pH 9.5. '

DPN and DPNH may further be assumed to be linked by way of their
phosphoric acid components to some unknown group or groups in the ADH.
This linkage, however, would probably not be influenced to any great extent
by the oxidation state of the pyridine component.

Much more work has to be done in order to elucidate the chemical mecha-
nism of the interaction between ADH, DPN and alcohol. Such work on the
basis of the observations presented above is in progress.
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THE PHYSIOLOGICAL OXIDATION OF ALCOHOL

Ethanol is combusted in the human body, mainly in the liver, at a rate of
7 g per hour, at 70 kg body weight. The rate is independent of the ethanol
soncentration down to the limit of the Widmark test, around 0.1 %/y, in the
blood? . In terms of micromolarity this figure corresponds to 2000 uM,
around three times the K, at physiological pH. It is thus obvious that a
rectilinear course of the physiological ethanol combustion is to be expected
from the kinetic data down to values too low to be determined by the Wid-
mark method, under the assumption that the k3 of human DPNH-ADH is
not largely different from horse DPNH-ADH. The content of ADH in the
horse liver can now be calculated under the assumption that enough of free
DPN is available to give maximal turnover of ethanol. If 1 molecule of ADH,
M = 73 000, turns over 140 mols of ethanol per minute, and the observed rate
is 7 g ethanol per hour, 1.32 g ADH would be required. This figure agrees very
well with the value estimated from the preparative yields, about 1 g per kg
liver, since a human liver weighs about 1.5 kg. It thus seems reasonable to
assume that the ADH content will be about the same in horse and human liver.
The turnover number is very probably higher at 37° than at 20°, so that less
ADH would be required, but on the other hand it is not probable that the
ADH works quite at maximal velocity, with excess of DPN, under physio-
logical conditions. These effects would more or less compensate one another.

The results discussed above seem to give convincing evidence to prove that
ADH is the enzyme essentially responsible for the physiological combustion of
ethanol. The possibility of an oxidation of alcohol by catalase and hydrogen
peroxide has been considered by Chance . In the case of ethanol, such a
mechanism may not play any great role because the rectilinear course of
ethanol oxidation is scarcely compatible with the catalase kinetics. On the
other hand the physiological oxidation mechanism of methanol actually
proposed by Chance 7, is rendered more probable by these data which show
no methanol activity for liver ADH.

SUMMARY

1. The molecular weight of horse liver alcohol dehydrogenase (ADH)
is = 73 000, that of yeast alcohol dehydrogenase is around twice as high.

2. When increasing quantities of ADH are added to DPNH, the absorp-
tion maximum shifts from 340 to 325 mu and becomes somewhat lower.
There is an isosbestic point for free and ADH-bound DPNH at 328 myu. The
millimolar extinction coefficients for both forms in the region 310 to 350 my
are given.
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3. By the aid of these extinction differences it was possible to establish
that two molecules of DPNH are bound to one molecule of ADH from pH
7-—9, at pH 10 around 1 DPNH/1 ADH.

4. The equilibrium constant

x  [PPNH] [CH,CHO] [li+]
= [DPN] [C,H;0OH]

was found to be raised on the addition of increasing amounts of ADH to new
Jevels when ADH was in excess over DPNH. K became around 200 times
higher at pH 6.4—7.8, around 20 times higher at pH 9, and only slightly
higher at pH 10..

5. This increase in K is due to the DPNH being more firmly bound to
ADH than DPN. The redox potentials of the coenzyme-enzyme complex
were calculated from the equilibrium data and were found to approach the
level of the potentials for the ethanol-acetaldehyde. The conclusion is drawn
that the coupling of DPN and DPNH to ADH greatly facilitates the oxidation
-of ethanol to acetaldehyde.

6. Data for the Michaelis constants and the maximal reaction velocities,
and their variations with pH are given.

7. The substrate specificity of the ADH was studied. It is especially
interesting that the ADH-system does not react with methanol, but with
many higher primary alcohols, including vitamin A.

8. p-Chloromercuribenzoic acid inhibits the enzyme activity (G. Wald
and R. Hubbard). We found the same reagent to cause an immediate shift
of the 325 mu band of the DPNH-ADH complex to 340 mu. It is concluded
that sulfhydryl groups of the ADH are linked to DPNH in the active complex,
most probably to the pyridine ring, since the whole absorption band derives
from this part of the molecule. This seems to be the first observation of
pyridine nucleotides being activated by enzyme SH-groups.

9. The concentration of ADH in the liver, around 1 g per kg wet weight,
fits very well to the known rate of the physiological ethanol oxidation. The
Michaelis constant gives an explanation of its rectilinear course with time.
It is concluded that the ADH-system, and not catalase + H,0,, is the physio-
logical catalyst for ethanol oxidation.

The authors’ thanks are due to the Rockefeller Foundation, to Svenska Malt-

drycksforskningsinstitutet and Stiftelsen Therese och Johan Anderssons Minne for
grants.
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