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1. The inactivation of horse liver alcohol dehydrogenase by pyridoxal 5'-phosphate
in phosphate buffer, pH8, at 10°C was investigated. Activity declines to a minimum
value determined by the pyridoxal 5'-phosphate concentration. The maximum
inactivation in a single treatment is 75 %. This limit appears to be set by the ratio of the
first-order rate constants for interconversion of inactive covalently modified enzyme
and a readily dissociable non-covalent enzyme-modifier complex. 2. Reactivation was
virtually complete on 150-fold dilution: first-order analysis yielded an estimate of the
rate constant (0.164min-1), which was then used in the kinetic analysis of the forward
inactivation reaction. This provided estimates for the rate constant for conversion
of non-covalent complex into inactive enzyme (0.465min-') and the dissociation constant
of the non-covalent complex (2.8 mm). From the two first-order constants, the minimum
attainable activity in a single cycle of treatment may be calculated as 24.5 %, very close to
the observed value. 3. Successivecycles ofmodification followed by reduction with NaBH4
each decreased activity by the same fraction, so that three cycles with 3.6mM-pyridoxal
5'-phosphate decreased specific activity to about 1 % of the original value. The absorption
spectrum of the enzyme thus treated indicated incorporation of 2-3mol of pyridoxal
5'-phosphate per mol of subunit, covalently bonded to lysine residues. 4. NAD+ and
NADH protected the enzyme completely against inactivation by pyridoxal 5'-phosphate,
but ethanol and acetaldehyde were without effect. 5. Pyridoxal 5'-phosphate used as an
inhibitor in steady-state experiments, rather than as an inactivator, was non-competitive
with respect to both NADH and acetaldehyde. 6. The partially modified enzyme (74%
inactive) showed unaltered apparent Km values for NAD- and ethanol, indicating that
modified enzyme is completely inactive, and that the residual activity is due to enzyme that
has not been covalently modified. 7. Activation by methylation with formaldehyde was
confirmed, but this treatment does not prevent subsequent inactivation with pyridoxal
5'-phosphate. Presumably different lysine residues are involved. 8. It is likely that the
essential lysine residue modified by pyridoxal 5'-phosphate is involved either in binding
the coenzymes or in the catalytic step. 9. Less detailed studies of yeast alcohol
dehydrogenase suggest that this enzyme also possesses an essential lysine residue.

Pyridoxal 5'-phosphate has become a popular
reagent for the selective modification of lysine
residues (Means & Feeney, 1971), and many enzymes
are reversibly inactivated by this reagent (see,
e.g., references in Chen & Engel, 1975b). A
universal feature, however, is the persistence of
a small fraction (5-25%) of the activity, even
after prolonged incubation with pyridoxal 5'-
phosphate at saturating concentrations. Various
explanations have been advanced. Thus Goldin &
Frieden (1972) conclude that modification of
the reactive residue, lysine-126, in bovine glutamate
dehydrogenase (EC 1.4.1.3) decreases but does not
abolish catalytic activity. Johnson & Deal (1970),
discussing the residual activity of pyruvate kinase
(EC 2.7.1.40) treated with pyridoxal 5'-phosphate,
propose that unfolding unmasks non-essential
residues which then compete with the remaining
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essential residues for the reagent. McKinley-McKee
& Morris (1972) suggest that in horse liver alcohol
dehydrogenase (EC 1.1.1.1) there may be two
mutually exclusive sites for attack by pyridoxal
5'-phosphate.
For glutamate dehydrogenase, recent evidence

(Chen & Engel, 1975b) suggests a simpler explanation
of the residual activity. In the presence of pyridoxal
5'-phosphate at saturating concentrations there
appears to be an equilibrium between Schiff base,
only slowly dissociable and therefore apparently
inactive, and a non-covalent complex which is
rapidly dissociable and therefore active in the normal
catalytic assay. In the present paper we have sought
to establish whether the reaction between horse liver
alcohol dehydrogenase and pyridoxal 5'-phosphate
follows a similar mechanism to that proposed for
glutamate dehydrogenase.
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Experimental
Horse liver alcohol dehydrogenase was purchased

as a crystalline suspension from Boehringer Corp.
(London) Ltd., LondonW5 2TZ, U.K., and prepared
for use as described by McKinley-McKee & Morris
(1972). Enzyme concentration was determined by the
method of Theorell & McKinley-McKee (1961).
When its purity was checked by starch-gel electro-
phoresis, the enzyme was found to consist mainly
of isoenzyme EE, with trace amounts of isoenzymes
EE', EE' and ES' (Pietruszko & Theorell, 1969).
Catalytic activity was measured fluorimetrically
(Dalziel, 1962) with a routine assay mixture
containing 8.5mm-ethanol and 85,pM-NAD+ in
0.05M-potassium phosphate buffer, pH8 at 25°C,
unless otherwise specified.
Most of the other procedures were similar to those

described previously (Chen & Engel, 1975b). The
rapidity of inactivation of alcohol dehydrogenase by
pyridoxal 5'-phosphate at 25'C, however, hindered
precise kinetic analysis. For most experiments,
therefore, the enzyme was incubated with pyridoxal
5'-phosphate at 10°C. The micro-pipettes used for
sampling were also cooled to 10°C to minimize
warming during transfer to the assay mixture. A
high recorder-chart speed (30cm (12in)/min] was
also used to minimize reactivation occurring during
assay.

Methylation of horse liver alcohol dehydrogenase
with formaldehyde and NaBH4 was attempted by the
methods of Jrnvall (1973a) and Tsai et al. (1974).
In experiments according to the latter method,
NaBH4 (2.5mg) was added to the enzyme (1 mg/ml)
in 1 ml of 0.05M-sodium pyrophosphate buffer,
pH9. Additions (10,ul) of 9.25% (v/v) formaldehyde
in the same buffer were made every 10min for 1 h at
4°C. After the final addition of formaldehyde, the
reaction mixture was kept in ice for 30min before
being dialysed extensively. The control was treated in
the same way except that formaldehyde was omitted.
In the alternative procedure (Jornvall, 1973a) enzyme
(1mg/ml) was incubated at 4°C with 25mM-
formaldehydein0.05M-sodiumpyrophosphatebuffer,
pH 8.5. After 30s, NaBH4 was added and the mixture
was kept cold for another 30min. After extensive
dialysis, the enzyme activity was assayed. The
methylated enzyme was treated with pyridoxal
5'-phosphate in the same way as the native enzyme.

Results
Fig. 1 shows that incubation of horse liver alcohol

dehydrogenase with pyridoxal 5'-phosphate in
phosphate buffer, pH 8, at 10°C caused gradual loss of
catalytic activity. A steady residual activity was
reached within about 20min. The attainable inacti-
vation increased with the concentration of pyridoxal
5'-phosphate to a maximum achieved with 1 mm-

modifier (Fig. 1, inset). With this concentration of
pyridoxal 5'-phosphate the residual activity was
25-26% of the initial value. These results are
qualitatively similar to those obtained by McKinley-
McKee & Morris (1972), although the inactivation
proceeded much faster at the higher temperature
used in their study.
A reversible two-stage reaction for pyridoxal

5'-phosphate and enzyme (Scheme 1), as reported
previously for glutamate dehydrogenase (Piszkiewicz
& Smith, 1971; Chen & Engel, 1975b), is taken as
a working model for the reaction with horse liver
alcohol dehydrogenase. The evidence of McKinley-
McKee & Morris (1972) suggests that the inactivation
involves formation ofa Schiffbase, and it is provision-
ally assumed in what follows that a Schiff base is the
end product ofthe two-stage reaction. Since pyridoxal
5'-phosphate was present in all cases in great molar
excess over the enzyme, it was possible to attempt a
pseudo-first-order analysis of the time-course of
inactivation. Since the minimum residual activity
obtainedwasapprox. 25 %, theratio k2/kf2(Scheme 1)
is approx. 3 (i.e. 75/25), in contrast with the situation
for glutamate dehydrogenase, for which this ratio
is 12-13 (Chen & Engel, 1975b). In the latter case,
it was possible to adopt an 'initial-rate' approach by
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Fig. 1. Time-courses of inactivation of horse liver alcohol

dehydrogenase bypyridoxal 5'-phosphate
Alcohol dehydrogenase (0.26mg/ml) was incubated at
10°C in 0.05M-potassium phosphate buffer, pH8, with
pyridoxal 5'-phosphate at the following concentrations:
0.36imM (O), 0.50mm (v), 0.90fmM (O), 1.2mm ( ), 3.6mm
(A). Samples were withdrawn for assay at intervals. The
residual activity at equilibrium in such incubations is
plotted against pyridoxal 5'-phosphate concentration
in the inset.
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k+j k+2
E+pyridoxal 5'-phosphate ' E-pyridoxal 5'-phosphate E'-pyridoxal '-phosphate

k-1 k-2

Scheme 1. Proposed two-step mechanism for reaction ofpyridoxal 5'-phosphate with horse liver alcohol dehydrogenase and
bovineglutamate dehydrogenase

making sufficient measurements in the early part of
the time-course, before the back reaction became
significant. With the much more evenly poised
equilibrium shown in Fig. 1, this simplified analysis is
not satisfactory, and the reversible first-order reaction
must be treated as such. For a reversible reaction:

k

A ~B
it is readily shown (e.g. Frost & Pearson, 1961) that

-dAt/dt= (k+k')-k'Ao (1)

where Ao and A, are the concentrations ofA at time 0
and time t, and B is assumed to be initially absent.
By integrating eqn. (1) and introducing A,, the
concentration of A at equilibrium, eqn. (2) may be
derived:

In [Ao-A] (k+k')t (2)

Thus the process obeying apparent first-order kinetics
is the approach to equilibrium, characterized by the
effective rate constant (k+k'), rather than the
approach to 100% conversion with a rate constant k,
as for an effectively irreversible reaction.

In Scheme 1, the assumption is made that the
initial formation of the intermediate complex and
its dissociation are much faster than the first-order
interconversion of intermediate complex and Schiff
base (Kitz & Wilson, 1962; Piszkiewicz & Smith,
1971; Chen & Engel, 1975b). Eqn. (2) can therefore
be modified to deal with the reaction under present
consideration as shown in eqn. (3):

In -AC
-= kapp. t

[ k2[pyridoxal 5'-phosphate] \ k

(kll/k+1)+ [pyridoxal 5'-phosphate] J
(3)

where AO, At and A, represent the enzyme activity
initially, at time t, and at equilibrium respectively,
and kapp, is the value of the apparent pseudo-first-
order rate constant for any given concentration of
pyridoxal 5'-phosphate. In eqn. (4) the expression for
kapp. is rearranged in a linear form:

1 -k2 1 r1+1 k-
kapp. -k-2 k+2 L k+1 pyridoxal5'-phosphate]]

Thus in contrast with cases in which the breakdown
of the Schiff base is negligible during the early stages
of inactivation, it is not possible here to evaluate k12
and k11/k+j merely by plotting l/kapp. against
(pyridoxal 5'-phosphate]l. In the present case,
k2 must be first evaluated, and then l/(kapp.-k2)
may be plotted against [pyridoxal 5'-phosphate]-l.

Fortunately direct estimation of k-2 is possible.
Preliminary experiments showed that activity could
be fully restored by either dialysis or extensive
dilution, and indeed the progress curves in assays
of partially inactive enzyme showed some tendency
to curve upwards. An attempt was therefore made to
estimate k.2 by first-order analysis of the time-course
of reactivation. Dilution displaces the equilibrium
between the intermediate complex and free enzyme
(Scheme 1). If, as seems likely, k..I1> k+2, the initial
phase of reactivation is rate-limited by the conversion
of Schiff base into intermediate complex governed
by the rate constant k-2. The experiment proved less
easy than the equivalent procedure for glutamate
dehydrogenase (Chen & Engel, 1975b), because,
even at 10°C, the reactivation of horse liver alcohol
dehydrogenase is much faster than that of glutamate
dehydrogenase at 25'C. Fig. 2 shows the cumulative
results of three separate experiments. The first-
order plot (Fig. 2 inset) shows some scatter but
nevertheless allows estimation of k.2 (0.164min-1)
from the slope. This estimate was then used in the
kinetic analysis of the inactivation process.

Fig. 3 shows plots according to eqn. (2) of
ln [(Ao-Ae)/(At-Ae)] against time. Most are reason-
ably good straight lines, although they inevitably
show some scatter as equilibrium is approached.
The slopes of these lines give a value of kapp. for each
concentration of pyridoxal 5'-phosphate. Fig. 4
is a plot, based on eqn. (4), of 1/(kapp.-k_2) against
[pyridoxal 5'-phosphate]'l. This plot is linear for
high modifier concentrations but shows significant
deviation from linearityat low pyridoxal 5'-phosphate
concentrations, where k.2 becomes dominant;
possibly this indicates inaccuracy in the estimation
ofk.2. The line in Fig. 4 clearly does not pass through
the origin, indicating that there is a kinetically
significant enzyme-modifier complex formed before
inactivation. Estimates of k-l1k+L (2.8 x 10-3M)
and k+2 (0.465min-1) were obtained from Fig. 4,
but their accuracy, especially that of the estimate of
k-1/k+1, depends on the reliability of the value for
k-2.
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Fig. 2. Reactivation ofhorse liver alcohol dehydrogenase by
dilution after inactivation by pyridoxal S'-phosphate

Alcohol dehydrogenase (1 mg/ml) was treated with 1.8mM-
pyridoxal S'-phosphate under the conditions of Fig. 1.
After 30min, the mixture was diluted 150-fold with 0.05M-
potassium phosphate buffer, pH8, and assayed at
intervals. The plot shows the combined results of three
such experiments. The inset shows a first-order plot of
the reactivation process.

According to Scheme 1, the minimum residual
activity attainable in the presence of saturating
concentrations of pyridoxal 5'-phosphate should be
(initial activity) x k-21(k+2+kL2), reflecting the frac-
tion of readily dissociable, intermediate complex in
equilibrium with the inactive Schiff base. The value
obtained from the estimates of k+2 and k2 is 24.5 %,
in close agreement with the measured minimum,
25-26% (Fig. 1).
The analysis of rates of inactivation and reacti-

vation may be compared with an equilibrium analysis
(Chen & Engel, 1975b) of the extents of inactivation
achieved with various concentrations of pyridoxal
5'-phosphate. The activity at equilibrium is given by
eqn. (5):

[pyridoxal 5'-phosphate]

k.1k_2(R- 1)_ +k )+I (5)
k-lk+k2(X- 1) k-2/k-

where X is the fractional activity of the Schiff base,
here assumed to be zero, and R is the fractional
residual activity at equilibrium in the presence of a
given concentration of pyridoxal 5'-phosphate.
A plot of [pyridoxal 5'-phosphate]-l against 1/(R-1)
should be linear, with a slope of k+1k+2/k.. kL2 and
an abscissa intercept of 1 +k.2/k+2. The reciprocal
of this abscissa intercept gives the maximum

2~~~~~~~

0

o 4 8 12
Time (min)

Fig. 3. Pseudo-first-order analysis of the inactivation of
liver alcoholdehydrogenase bypyridoxal 5'-phosphate

Conditions were as in Fig. 1. For details of the method of
analysis see the text. The pyridoxal 5'-phosphate concen-
trations were 0.18mM (A), 0.36mM (U), 0.60mM (v),
1.2mM (@), 1.8mm (0), 3.6mM (A), 5.OmM (o).

101,
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Fig. 4. Estimation of the true first-order rate constant for
covalent inactivation of horse liver alcohol dehydrogenase

by pyridoxal 5'-phosphate

(k,.-k-2)-1 is plotted against the reciprocal of the
concentration of pyridoxal 5'-phosphate. The estimate of
k-2 is obtained from the slope of the line in Fig. 2. The
estimates of k.,p., the apparent pseudo-first-order rate
constant for inactivation corresponding to each concen-
tration of pyridoxal 5'-phosphate, are obtained from the
slopes of the lines in Fig. 3. For the detailed justification
of this plot, see the text.

achievable fractional inactivation. McKinley-McKee
& Morris (1972) have also used this plot, basing it,
however, on different premises. In confirmation of
their finding, Fig. 5 shows a linear plot of our results.
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Fig. 5. Equilibrium analysis ofthe inactivation ofhorse liver
alcohol dehydrogenase by pyridoxal S'-phosphate

The plot shows the dependence of the residual activity, R,
on the concentration of pyridoxal 5'-phosphate. R, which
is expressed as a fraction of the original activity, was
measured atequilibriuminincubations ofalcohol dehydro-
genase with pyridoxal 5'-phosphate under the conditions
of Fig. 1. For the theoretical basis of this plot, see the text.

Table 1. Effect on horse liver alcohol dehydrogenase of
repeated cycles oftreatment withpyridoxal 5'-phosphate

Horse liver alcohol dehydrogenase (2.45mg/ml) was
incubated at 10°C in O.OSM-potassium phosphate buffer,
pH18, with 3.6mm-pyridoxal 5'-phosphate until the activity
reached a steady value (35min) and was then reduced with
freshly prepared ice-cold 40mM-NaBH4. Specific activity
was determined before and after dialysis against 0.05M-
potassium phosphate buffer, pH8. The whole procedure
was then repeated. The stoicheiometry ofincorporation of
pyridoxal 5'-phosphate at each stage was determined after
reduction with NaBH4 by measuring the E327 (Fischer
et al., 1963).

Residual activity (%)
Number A I. Pyridoxal 5'-phosphate

of Before After incorporated (mol/mol
cycles reduction reduction of subunit)

1 25.5 25.8 2.05
2 6.4 6.0 2.50
3 0.9 0.9 3.00

From the slope and the intercept of this line,
k+2/k.2 may be determined as 3.4, and the dis-
sociation constant for the intermediate complex,
k-l/k+1, as 6x 10-4M. The considerable discrepancy
between this value for the dissociation constant and
the previous estimate may reflect the relative
inaccuracy of the kinetic analysis.
From the estimated values of k-l/k+l and k+2/Lk2

it may be calculated that, under the conditions of the
reactivation experiment (Fig. 2), 99% of the initial
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Fig. 6. Protection of horse liver alcohol dehydrogenase
by coenzymes

Each point represents the activity of the enzyme at
equilibrium in an incubation under the conditions of
Fig. 1. Each incubation mixture contained, in addition
to 3.6mm-pyridoxal 5'-phosphate, NADH (a, v) or
NAD+ (b, 0) at the concentration indicated.

activity should have been regained. The mean
from the three experiments was in close agreement
with this value. This is not a stringent test of the
constants, but it does indicate the absence ofsecondary
irreversible changes.
McKinley-McKee & Morris (1972) found that

repeated cycles of treatment with pyridoxal 5'-
phosphate, followed by reduction with NaBH4
and dialysis, led to complete inactivation of horse
liver alcohol dehydrogenase. We have confirmed
their finding. As shown in Table 1, each cycle
decreased starting activity by a similar fraction, so
that, after three cycles, the activity was only about
1 % of its original value. Under our conditions,
however, the total incorporation of pyridoxal
5'-phosphate was only 2-3mol/mol of subunit,
in contrast with the earlier finding of 6-7mol/mol
of subunit. It appears that, at the lower temperature
used in our work, less non-specific labelling of lysine
residues occurs. Borohydride treatment alone does
not significantly decrease activity under the con-
ditions used.
The effects of NAD+, NADH and substrates

on the modification of horse liver alcohol dehydro-
genase by pyridoxal 5'-phosphate were studied as
previously described for glutamate dehydrogenase
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Fig. 7. Inhibition ofhorse liver alcohol dehydrogenase by pyridoxal 5'-phosphate in steady-state initial-rate experiments

The Figure shows Lineweaver-Burk plots of initial rates in 0.05m-potassium phosphate buffer, pH8, at 250C. Reactions
were initiated by the addition of 101 of alcohol dehydrogenase (0.12mg/ml) to a reaction mixture (3ml) containing
pyridoxal 5'-phosphate at the concentrations (mM) indicated, and (a) 2.5mM-acetaldehyde with various concentrations
of NADH, (b) 0.12mM-NADH with various concentrations of acetaldehyde. Each point represents the mean of three
measurements.

(Chen & Engel, 1975d), advantage being taken of the
possibility, for a reversible reaction, of equilibrium
analysis (Chen & Engel, 1974). In the studies of
protection by NADH, the concentration of NAD+
in the assay mixture was increased to 0.38mM to
combat product inhibition by NADH transferred
with the sample. Likewise, when acetaldehyde was
used as a protecting agent, the ethanol concentra-
tion in the assay mixture was raised to 42.5mM. If
the covalently modified enzyme is completely in-
active, the measured extent of inactivation of a
given sample should be independent of the assay
conditions. This was found to be the case.

Fig. 6(a) shows the residual activity of the enzyme
at equilibrium in the presence of different con-
centrations of NADH and 3.6mM-pyridoxal 5'-
phosphate. In contrast with the partial protection
observed in the studies of glutamate dehydrogenase,
NADH at a concentration of 0.5mM protected
alcohol dehydrogenase completely. This confirms
the observation of McKinley-McKee & Morris
(1972). In the same way the inactivation was
prevented by oxidized coenzyme, NAD+ (Fig. 6b).
In contrast with the coenzymes, however, the
substrates, acetaldehyde (up to 10mM) and ethanol
(up to 50mM) failed to offer any protection.

It is possible to distinguish (Chen & Engel, 1975d)
between the roles of pyridoxal 5'-phosphate as a
long-term 'inactivator', and as an 'inhibitor' of the
steady-state initial rate of the enzyme-catalysed
reaction over a time-scale within which Schiff-base
formation is negligible. Instantaneous inhibition

merely reflects rapidly reversible formation of the
intermediate enzyme-modifier complex. The Line-
weaver-Burk plots shown in Figs. 7(a) and 7(b)
demonstrate clearly that pyridoxal 5'-phosphate
used as an inhibitor in this way is non-competitive
with respect to bothNADH and acetaldehyde.
The kinetic properties of the native and pyridoxal

5'-phosphate-modified enzyme (74% inactivated and
reduced with NaBH4) were compared. From the
Lineweaver-Burk plots shown in Figs. 8(a) and 8(b)
the apparent K. values for NAD+ and ethanol were
approximately estimated. The native and modified
enzymes gave identical K. values for NAD+ (10-5M)
and for ethanol (3.65 x 10-4M). The chemical modifi-
cation was reflected, however, in decreased values of
V,,,,.. These findings reinforce the view that modifi-
cation abolishes the activity of the molecules
affected.
Enhancement of the activity of horse liver alcohol

dehydrogenase by modification of lysine residues has
been reported (Plapp, 1970; Jornvall, 1973a; Tsai
et al., 1974). If pyridoxal 5'-phosphate modifies
a strictly essential residue, modification of the same
residue by other reagents should abolish activity.
To ascertain whether the activating agent, form-
aldehyde, reacts with the residue that is modified
bypyridoxal5'-phosphatewithloss ofactivity, alcohol
dehydrogenase was treated first with formaldehyde
and borohydride and then with pyridoxal 5'-phos-
phate.

In our hands the method of Tsai et al. (1974), in
which portions of formaldehyde are added to an
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Fig. 8. Comparison of the kinetic behaviour of alcohol
dehydrogenase before and after chemical modification by

pyridoxal5'-phosphate
The modified enzyme was inactivated to the extent of74%
by incubation with pyridoxal 5'-phosphate, reduced with
NaBH4, and dialysed. The Lineweaver-Burk plots show
the results ofspectrophotometricinitial-rate measurements
in 0.05M-potassium phosphate buffer, pH8, at 25°C with
(a) 0.134mM-NAD+ and ethanol concentration varied,
(b) 14mm-ethanol and NAD+ concentration varied.
v, Native enzyme; 0, modified enzyme.

enzyme solution already containing NaBH4, yielded
completely inactive enzyme. The much lower enzyme
concentration (1 mg/ml) used in our experiments was
the only obvious difference. Addition ofbovine serum
albumin to make up the total protein concentration
to that (25mg/ml) used by Tsai et al. (1974) did not
prevent the inactivation. Activation was achieved,
however, by using the procedure of Jornvall (1973a),
in which formaldehyde is added first to the enzyme
and allowed to react before the addition of
borohydride. Under our routine assay conditions,
this resulted in a 60% increase in activity, confirming
the results of Jornvall (1973a). Tsai et al. (1974)
claimed that methylation partially desensitizes the
enzymes to substrate inhibition by ethanol. We
have confirmed this and shown (Fig. 9) that it accounts
for the apparent discrepancy between the results of
J6rnvall (1973a) and the much larger degree of
activation claimed by Tsai et al. (1974). Our activated
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Fig. 9. Dependence on ethanol concentration ofthe apparent
degree of activation of horse liver alcohol dehydrogenase

after methylation
Alcohol dehydrogenase was methylated by treatment with
formaldehyde and NaBH4, as described in the text.
Enzyme activity was assayed with reaction mixtures
containing 0.05M-potassium phosphate buffer, pH8, at
25°C, 85pM-NAD+ and ethanol at various concentrations.
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Fig. 10. Time-courses of inactivation of native and
methylated liver alcohol dehydrogenase by pyridoxal

5'-phosphate
Samples of native alcohol dehydrogenase (v) and methyl-
ated enzyme (o) were incubated with 3.6mM-pyridoxal
5'-phosphate under the conditions of Fig. 1.

preparation, when assayed as described by Tsai
et al. (1974) with 0.17M-ethanol and 0.34mM-NAD+
in 0.05M-pyrophosphate, pH9, was indeed four to
five times as active as the native enzyme.
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Incubation of such methylated enzyme with
pyridoxal 5'-phosphate revealed that it was still
subject to inactivation, although to a lesser extent
than the native enzyme. Fig. 10 shows the time-
courses of inactivation of native and methylated
alcohol dehydrogenase by pyridoxal 5'-phosphate
(3.6mM). The activity of the native enzyme declined
to 25% of the initial value, compared with 41 % for
methylated enzyme.

Discussion

In considering the inactivation ofalcohol dehydro-
genase by pyridoxal S'-phosphate it is important to
establish whether the loss of activity results from the
modification of a single essential residue, or whether
the effect is less specific and less complete. If the
first alternative is to be entertained, an explanation
must be found for the persistence of a significant
fraction of the activity after prolonged incubation
with the modifier at saturating concentrations.
According to the scheme of McKinley-McKee &
Morris (1972) the residual activity is determined by
the relative affinities for pyridoxal 5'-phosphate of
two groups, one an essential lysine residue, the other
a non-essential residue, which react with the modifier
in a mutually exclusive manner. Our alternative
hypothesis involves a two-stage reaction at a single
site (Scheme 1). Residual activity is attributed to the
presence of an intermediate complex in equilibrium
with the Schiff-base adduct.
The use of a low temperature in the present

studies has allowed kinetic as well as equilibrium
analysis of the inactivation reaction. The evidence of
saturation kinetics (Fig. 4) provides a strong argument
for a two-stage reaction in which a second-order
process is followed by a first-order transformation.
Positive evidence in favour of the single-site
hypothesis comes from the agreement between the
observed minimum activity (Fig. 1) and the value
predicted according to Scheme 1 from estimates of
k+2andk2 obtained by kinetic analysis ofinactivation
and reactivation.
The stepwise inactivation on repeated cycles of

treatment with pyridoxal 5'-phosphate and NaBH4
(Table 1) is difficult to explain on the basis of the
'two-site' hypothesis. If both sites were lysine
residues, and their reactions with pyridoxal 5'-
phosphate were mutually exclusive, the second cycle
of treatment would be without effect. Recognizing
this difficulty, McKinley-McKee & Morris (1972)
suggested that the second site may be an arginine
residue, or even the zinc atom. The latter
suggestion cannot be entirely excluded, but the
first is difficult to reconcile with their finding of
a single new peak in the amino acid analysis of the
modified protein, corresponding to 6-N-pyridoxyl-
lysine. On the basis of the equilibrium hypothesis,

on the other hand, the stepwise decrease in activity
is to be expected. The Schiff base should be reduced
by borohydride, and pyridoxal 5'-phosphate, either
free or non-covalently bound, is also reduced and
thereby rendered incapable of further inactivating
the enzyme. After dialysis, the second cycle should
decrease activity by the same proportion as the
first. Thus, since the first cycle, under our conditions,
leaves 25-26% active enzyme, the second cycle
should leave 25-26% of that remainder, i.e. 6-7%.
The observed value (Table 1) was 6.4%.
The finding (Figs. 8a and 8b) that partial modifi-

cation alters only Vmax. values and not Km values
indicates a decrease in the concentration of
catalytically active enzyme and suggests again
that the residual activity is due to the persistence of
native enzyme.

Recent reports (Plapp, 1970; J6rnvall, 1973a;
Tsai et al., 1974) that non-specific lysine-modifying
reagents, notably formaldehyde, enhance the activity
of horse liver alcohol dehydrogenase seemed, at
first sight, difficult to reconcile with the view that the
enzyme contains a highly reactive essential lysine
residue. In the present experiments, however,
formaldehyde-activated alcohol dehydrogenase was
still susceptible to inactivation by pyridoxal 5'-
phosphate (Fig. 10). This suggests that different
lysine residues are modified by the two treatments.
The argument rests, however, on the unproven
assumption that the activation by formaldehyde is
complete under our conditions.
A preliminary experiment with yeast alcohol

dehydrogenase showed that this enzyme is also
inactivated by pyridoxal 5'-phosphate. In view of the
limited extent of the homology between the amino
acid sequences for the two alcohol dehydrogenases
(Jornvall, 1973b), this indication that the essential
lysine residue has been conserved during evolution
is highly significant.
We conclude that horse liver alcohol dehydro-

genase, like ox liver glutamate dehydrogenase, reacts
reversibly with pyridoxal 5'-phosphate in two stages,
initial formation of a rapidly dissociable and pre-
sumably non-covalent complex followed by reaction
to give a Schiff base. A single essential lysine residue
is probably involved, but its complete modification,
leading to complete inactivation, requires several
cycles of treatment each followed by fixation with
borohydride, and entails the incorporation of
1-2mol of pyridoxal 5'-phosphate per mol of
subunit elsewhere in the protein.
The studies of protection and steady-state

inhibition were undertaken in the hope of obtaining
some clues as to the role ofthe essential lysine residue.
The non-competitive inhibition (Figs. 7a and 7b)
means that neither NADH nor acetaldehyde at
saturating concentrations can displace the inhibitor
from its non-covalent complex with the enzyme.
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Conversely, therefore, in this complex pyridoxal
5'-phosphate does not prevent the binding of
coenzyme or substrate. In the protection experiments,
however, complete protection by coenzymes is
observed (Figs. 6a and 6b). This contrasts with the
partial protection by coenzymes found with other
NAD+-linked dehydrogenases (Ronchi et al., 1969;
Chen & Engel, 1975a,c,d), and means that, when the
modifier is covalently attached to the essential
lysine residue, the coenzyme can no longer be
bound. This alone is, of course, sufficient to explain
the total inactivation of the enzyme by pyridoxal
5'-phosphate. It would also, however, be consistent
with a more general mechanism for the nicotinamide
nucleotide-linked dehydrogenases (Chen & Engel,
1975a) in which an essential lysine residue is involved
in orientation of the coenzyme or in catalysis.

Unlike the coenzymes, the substrates, acetaldehyde
and ethanol, do not protect alcohol dehydrogenase
against modification by pyridoxal 5'-phosphate.
These results, which contrast with those for glutamate
dehydrogenase (Chen & Engel, 1975d) are consistent
with the different mechanisms of these two dehydro-
genases. Liver alcohol dehydrogenase obeys a
compulsory-order mechanism (Theorell & Chance,
1951; Dalziel, 1963), forming binary complexes
with only the coenzymes. Glutamate dehydrogenase,
however, follows a random-order mechanism (Engel
& Dalziel, 1970; Silverstein & Sulebele, 1973);
hence the protection by both NADH and 2-oxo-
glutarate.

Despite the clues given by the experiments dis-
cussed above, confident assignment of a role to the
'essential' lysine modified by pyridoxal 5'-phosphate
will depend on identification of this residue within
the primary sequence and three-dimensional structure
of horse liver alcohol dehydrogenase.

Note Added in Proof (Received 13 May 1975)

Since this work was completed, two papers have
appeared that have an important bearing on the
subject (Sogin & Plapp, 1975; Dworschack et al.,
1975). These workers have modified horse liver
alcohol dehydrogenase at pH 8.4 and 25°C with
pyridoxal, causing activation, and with pyridoxal
5'-phosphate, causing partial inactivation, after first
acetimidylating about 80% of the lysine residues.
They have identified the lysine residue involved in
activation and inactivation as lysine-228. There are,
however, important differences between their detailed
kinetic findings and ours, and, since their experi-
mental procedure also differs from ours, it cannot
be assumed that the residue modified under our
conditions is also lysine-228.

This work was supported by a research grant to P. C. E.
fromthe Enzyme Chemistryand Technology Committee of

the Science Research Council, and also by financial
assistance to S.-S. C. from the British Council and the
Lee Foundation, Singapore.
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