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1. Introduction

The binding of the coenzymes, NAD" and NADH,
to horse liver alcohol dehydrogenase (EC 1.1.1.1) has
been extensively studied [1]. One of the more interest-
ing and still unexplained phenomena observed is the
effect of pH on the stability of the binary enzyme—coen-
zyme complexes. The dissociation constant Kg g for
the binding of NADH exhibits a small increase be-
tween pH 6 and 9, followed by a large increase be-
tween pH 9 and 10 [2—4] . The dissociation constant
K, o for the binding of NAD", on the other hand,
decreases gradually between pH 6 and 10 [3-6].
There is strong evidence suggesting that the pH-effect
on Kg ¢ can be attributed mainly to an interaction
between the positive charge on the pyridinium ring
of NAD'" and the pH-dependent charge of the active-
site zinc ion [1,3,6], but the reason for the sharp
change of K g between pH 9 and 10 has remained
obscure.

It has recently been suggested that arginine-47 in
the amino acid sequence of liver alcohol dehydrogen:.
ase is part of a common binding-site for negative
charges on the coenzyme and coenzyme fragments
such as AMP and ADP-ribose, or coenzyme-compe-
titive anions such as Pt(CN), 2~ [7] . Neutralization
of this positively charged amino acid residue at high
pH could, possibly, be one of the main factors respon-
sible for the drastic change in the dissociation constant
for NADH between pH 9 and 10. This idea has now
been tested by determination of the effect of pH on
the kinetics of inhibition of horse liver alcohol dehy-
drogenase by Pt(CN)4 2", AMP, and adenosine.

North-Holland Publishing Company — Amsterdam

2. Materials and methods

Materials and methods used in the present investi-
gation were the same as those described in a previous
report on the inhibition of horse liver alcohol dehy-
drogenase by coenzyme-competitive anions at pH 7
[7]. Experiments at pH 6—8 were carried out in so-
dium phosphate buffers of ionic strength 0.1, and
0.1 M glycine—NaOH buffer was used at pH 9-11.

Determinations of the inhibitory effect of
Pt(CN)4?-, AMP, and adenosine were made by mea-
surement of the enzymatic reaction velocity (v, cal-
culated per active site of the protein) for about 25
different combinations of concentrations of substrate
(0.3—10 mM ethanol) and coenzyme (3—60 uM
NAD") at 46 different concentrations of the inhi-
bitor (I), observations being fitted to the modified
Dalziel relationship [8]

1/v=¢o + ¢2/ [S] +(1 + [T}/K)(¢1 + b12/

[S1)/[NADY (1)

by standard statistical procedures described elsewhere
[9]. Estimates of Dalziel coefficients obtained in the
absence of inhibitors (¢;) agreed well with those re-
ported previously [8,10], and no non-random devia-
tions from a Dalziel type of rate behaviour were obser-
ved in the presence of inhibitors. The choice of the
above mode] was based upon regression analyses show-
ing that all inhibitors tested were strictly competi-

tive with NAD" between pH 6 and 10.5. Preliminary
estimates of the inhibition constant K; were obtained
from replots of the ratio of slopes of Lineweaver—Burk
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Fig. 1. Effect of Pt(CN),* - on Lineweaver—Burk plots for the
oxidation of ethanol by NAD" in the presence of liver alcohol
dehydrogenase. Reactions were performed at 25°Cin 0.1 M
glycine—NaOH buffer pH 10, containing 2.6 nN enzyme,

10 mM ethanol. and varied amounts of NAD* (3—60 uM) and
Pt(CN), %~ (0-5 mM).

graphs with respect to NAD" vs the concentration of
inhibitor, using the relationship (cf. Eq. (1)):

Slope in the presence of 1

=1+ {1}/K|. 2
Slope in the absence of I LYK @

Final estimates of K; were computed statistically [9].

3. Results

3.1. Inhibition by Pt{CNJ,*~

The complex anion Pt(CN), >~ has previously been
shown to function as a coenzyme-competitive inhibi-
tor of liver alcohol dehydrogenase at pH 7, yielding
inhibition kinetics conforming to Eq. (1) [7]. The
same rate equation was found to govern the inhibi-
tory action of Pt(CN)4 2~ on the enzymatic oxidation
of ethanol by NAD" over the entire range of pH-values
tested in the present investigation. This is illustrated
in fig. 1 by example of the Lineweaver—Burk plots
obtained at pH 10 using 10 mM ethanol, which show
that the inhibition by Pt(CN), 2~ is strictly competi-
tive with NAD" under such conditions. The linear
dependence of the reciprocal reaction velocity on the
inhibitor concentration at different pH is indicated
by the normalized replots of slopes according to Eq.
(2) given in fig. 2, from which it can be seen that the
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Fig. 2. Normalized replots of slopes according to Eq. (2) for
the inhibition of liver alcohol dehydrogenase by Pt(CN), *~

at different pH. Reactions were performed at 25°Cin 0.1 M
glycine—NaOH buffer (pH 9—11) or sodium phosphate buf-
fer of ionic strength 0.1 (pH 6—8).

inhibition constant for Pt(CN), 2~ steadily increases
with increasing pH between 6 and 10.8. Final estima-
tes of K; for Pt(CN)4 2-at different pH were calcula-
ted statistically by non-linear regression analysis, and
the values obtained are listed in table 1.

Pt(CN), 2~ was, similarly, found to act as a coen-
zyme-competitive inhibitor of the enzymatically cata-
lyzed reduction of acetaldehyde by NADH at pH 7
and 10, yielding inhibition constants agreeing well

Table 1
Effect of pH on dissociation constants for binary-complex
formation between liver alcohol dehy drogenase and
various ligands

pH Dissociation constant in uM for
Pt(CN),?~ AMP Adeno- ADP- NADH
sine ribose
6.0 40 35 3000 9 0.21
7.0 65 45 3500 16 0.40
8.0 100 90 3800 21 0.46
9.0 200 140 4000 36 0.99
10.0 620 430 3900 145 5.0
10.5 1600 1700 5000 - -
10.8 4000 — — - -

Standard deviations of constants for Pt(CN),?~and AMP are
8-12%, and for adenosine 14—20%. Previously reported data
for ADP-ribose [12] and NADH [4}] are included for com-
parison.
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Fig. 3. Normalized replots of slopes according to Eq. (2) for
the inhibition of liver alcohol dehydrogenase by AMP at
different pH. Conditions as in fig. 2.

with those determined for the reaction between etha-
nol and NAD".

3.2. Inhibition by AMP and adenosine

Analyses of the kinetics of inhibition of the enzy-
matic reaction between ethanol and NAD* by AMP
and adenosine revealed that the latter coenzyme frag-
ments are strictly competitive with NAD" at pH
6-10.5, as has previously been reported for the inhibi-
tion kinetics observed at pH 7 and 10 [11]. Fig. 3
shows normalized replots of slopes according to Eq.
(2) for the inhibition by AMP at different pH, and
fig. 4 the corresponding data for the inhibition by
adenosine. Estimates of the inhibition constants for
AMP and adenosine at different pH, obtained on
fitting Eq. (1) to the experimental data, are listed in
table 1.

4, Discussion

Theorell et al suggested earlier that the increase in
Kg g at high pH might indicate that the pyridine
ring in NADH is bound to an ionizing group in liver
alcohol dehydrogenase with a pX around 10, possibly
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Fig. 4. Normalized replots of slopes according to Eq. (2)
for the inhibition of liver alcohol giehydrogenase by adenosine
at different pH. Conditions as in fig. 2.

a sulphydryl group [1,3]. They later found that the
dissociation constant for the binary complex formed
between enzyme and the coenzyme fragment ADP-
ribose shows a pH-dependence which is parallel

with that of Kg g, indicating that the general feature
of the pH-dependence of Kg g can be attributed to
the interaction between the protein and the ADP-
ribose moiety of NADH {5,12] . The fluorescence—
polarization studies of Kaplan et al. [13] and Weiner
[14] lend strong support to this idea in showing that
the nicotinamide ring of NADH is being held with
the same degree of tightness to the protein between
pH 6 and 10.

The crystallographic data reported by Brandén et al.
[15] provide evidence that the ADP-ribose molecule
binds in an extended conformation to liver alcohol
dehydrogenase, with the adenine end lying in a hydroph-
obic pocket at some distance from the active-site re-
gion and the terminal ribose pointing into the active-
site cleft towards the catalytically essential zinc ion.
Any part of the molecule could, therefore, contribute
signficantly to the stability of the binary enzyme—
ADP—ribose complex, and it is not obvious a priori to
what extent the different interactions between en-
zyme and ligand are affected by variations of the pH.
The important contribution of the terminal ribose
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moiety in the binding of ADP-ribose has been em-
phasized by Yonetani [12]. The inhibition data in
table 1, however, show that the pH-dependence for
the binding of AMP parallels that of the binding of
ADP-ribose between pH 6 and 10, indicating that the
interaction between enzyme and the terminal ribose
in ADP-ribose is essentially independent of pH over
the range tested. It is, similarly, evident from the data
in table 1 that the effect of pH on the binding of AMP
and ADP-ribose cannot be attributed to the adenosine
portion of the ligands; adenosine binds weakly to the
enzyme, yielding an inhibition constant that remains
essentially unaffected by pH between 6 and 10.

These observations strongly suggest that the pH-
dependence for the binding of AMP and ADP-ribose
can be attributed mainly to interactions between the
enzyme and the negatively charged phosphate
group(s) of these ligands. Evidence for the presence of
an anjon-binding site located in the region of the pro-
tein where the phosphate group of AMP binds has
been obtained kinetically [7], and is supported by
crystallographic data showing that the complex anion
Pt(CN)4 % ~binds at approximately the same position
in the protein as the phosphate groups of ADP-ribose
[16] . The inhibition data for Pt(CN),; 2 reported in
table 1 provide direct evidence that the anion-binding
capacity of this site exhibits a pH-dependence analo-
gous to that for the binding of AMP, ADP-ribose and
NADH, and the present results seem to establish that
the general feature of the variation with pH of the
dissociation constant for NADH, particularly the
sharp decrease above pH 9, to a major extent reflects
the pH-dependence of the interaction between the
anion-binding site on the protein and the phosphate
groups of the coenzyme.

Arg-47 in the amino acid sequence of liver alcohol
dehydrogenase has been suggested to be part of the
above anion-binding site [7], and crystallographic da-
ta confirm that Pt(CN)4%~and the phosphate groups
of ADP-ribose are bound sufficiently close to Arg-47
to allow the formation of a salt bridge involving the
guanidinium group of Arg-47 [16]. Since the reactive
cysteine and lysine residues in the protein seem to
have no central function in the binding of the ADP-ri-
bose portion of the coenzyme [11,17], the present
results might indicate that the drastic decrease of the
dissociation constant for NADH at high pH is caused
by neutralization of the positive charge on Arg-47.
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No firm conclusion can be drawn in this respect,
however, as the anion-binding capacity of the coen-
zyme-binding site may be constituted by other pH-
dependent factors than the presence of a single posi-
tively charged group in the protein.
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