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ABSTRACT: Transient kinetic data for partial reactions of alcohol dehydrogenase and simulations of progress 
curves have led to estimates of rate constants for the following mechanism, a t  p H  8.0 and 25 OC: 
E + E-NAD' + *E-NAD' + E-NAD+-RCHzOH + E-NAD+-RCHZO- + *E-NADH-RCHO + 

E-NADH-RCHO E-NADH + E 
Previous results show that the E-NAD+ complex isomerizes with a forward rate constant of 620 s-l [Sekhar, 
V. C., & Plapp, B. V.  (1988) Biochemistry 27,5082-50881. The enzyme-NAD+-alcohol complex has a 
pK value of 7.2 and loses a proton rapidly (>lo00 s-l). The transient oxidation of ethanol is 2-fold faster 
in DzO, and proton inventory results suggest that the transition state has a charge of -0.3 on the substrate 
oxygen. Rate constants for hydride ion transfer in the forward or reverse reactions were similar for short-chain 
aliphatic substrates (400-600 s-l). A small deuterium isotope effect for transient oxidation of longer chain 
alcohols is apparently due to the isomerization of the E-NAD+ complex. The transient reduction of aliphatic 
aldehydes showed no primary deuterium isotope effect; thus, an isomerization of the E-NADH-aldehyde 
complex is postulated, as isomerization of the E-NADH complex was too fast to be detected. The estimated 
microscopic rate constants show that the observed transient reactions are  controlled by multiple steps. 

x e  mechanism of horse liver alcohol dehydrogenase (EC 
1.1.1.1 ) has been extensively investigated, but rate constants 
for each step in a complete mechanism have not been deter- 
mined under one set of conditions, and the kinetic significance 
of intermediates in the transient reactions has not been fully 
evaluated (Pettersson, 1987). The three-dimensional structures 
of the apoenzyme and its complexes with coenzyme and sub- 
strates show that the enzyme changes conformation upon 
binding coenzyme (Eklund & BrandBn, 1987; Colonna-Cesari 
et al., 1986); the rate of this conformational change could limit 
the transient rate of oxidation of alcohol (Sekhar & Plapp, 
1988). A proton is released from the enzyme-bound alcohol 
with an apparent rate constant of 250 s-' at pH 7.6 (Morris 
et al., 1980; Shore et al., 1974), but this reaction could be 
controlled by isomerization of the enzyme-NAD+ complex. 
Spectral evidence for an intermediate, such as E1-NAD+- 
RCH20-, in the oxidation of p-nitrobenzyl alcohol was ob- 
tained with enzyme that had cobalt substituted for the active 
site zinc (Koerber et al., 1983; Sartorius et al., 1987), but the 
rate constants for formation and oxidation of such alkoxides 
have not been estimated. The availability of computer pro- 
grams for kinetic simulations (Barshop et al., 1983; Zimmerle 
et al., 1987) now make it possible to combine data from various 
partial reactions and to describe the mechanism more com- 
pletely. 

EXPERIMENTAL PROCEDURES 
Reagent-grade chemicals were used as received unless 

specified otherwise. Phenol red was obtained from Fisher 
Scientific, and chlorophenol red and thymol blue were from 
Nutritional Biochemicals. Pyrazole, 2,2,2-trifluoroethanol 
(Gold Label), and deuterium oxide (99.8% pure) were from 
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Aldrich. Acetaldehyde (MCB/Aldrich), propanal (Eastman), 
butanal, benzaldehyde, hexanal, benzyl alcohol, 1 -propanol, 
and 1-butanol (Fisher) were distilled prior to use. Ethanol-& 
1 -propanol-I ,1 -d2, 1 -butanol-& and benzyl alcohol-a,a-d2 
were from Merck Sharp and Dohme Isotopes. LiNAD' and 
Na2NADH were grade I reagents from Boehringer-Mann- 
heim. Solutions of coenzymes and substrates were prepared 
just before performing kinetic studies. Concentrations of 
coenzymes were determined with c260 = 18 mM-' cm-' for 
NAD+ and c340 = 6.22 mM-' cm-' for NADH. Crystalline 
horse liver alcohol dehydrogenase (Boehringer-Mannheim) was 
dissolved in a high ionic strength buffer and freed of ethanol 
by gel filtration on a column of Sephadex G-50 equilibrated 
with the appropriate buffer. For routine experiments, 33 mM 
sodium phosphate buffer, pH 8, was used, but 1 mM buffer 
was used when enzyme was prepared for pH dependence or 
proton release experiments. The concentration of active sites 
of enzyme was determined by titration = 7.2 mM-' cm-') 
with NAD+ and pyrazole (Theorell & Yonetani, 1963). 
NADD' was prepared as described by Ganzhorn and Plapp 
(1988), except that a linear gradient of 5-250 mM sodium 
phosphate buffer, pH 8, was used to develop the DEAE-Se- 
pharose column. 

A Kinetic Instruments stopped-flow spectrophotometer with 
a path length of 2.0 cm and a dead time of about 1.3 ms and 
On-Line Instruments Systems software were used to obtain 
transient data and the observed rate constants. All reactions 
were studied at 25 "C in 33 mM sodium phosphate buffer, 
pH 8, unless stated otherwise. In general, enzyme (20 pN, 
0.8 mg/mL) in one syringe was mixed with an equal volume 
of coenzyme and substrate and/or other ligand from the other 
syringe. Concentrations given in tables and figures represent 
the final concentrations in the reaction mixtures. The change 
in absorbance ( 6  = 5.5 mM-' cm-I) at 328 nm, which is the 

I Abbreviations: E, horse liver alcohol dehydrogenase; NADD, 
(4R)-[4-*H]nicotinamide adenine dinucleotide. 
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0'03 3 Table I :  Kinetic Constants for the Transient Oxidation of Primary 
Alcohols" 

ethanol 1.0-50 4.1 180 3.8 44 

propanol 0.1-5.0 1.3 310 1.5 240 

butanol 0.1-7.5 0.51 310 1.3 610 

ethanol-d, 1.0-50 2.3 48 21 

propanol- / , / -dz 0.1-5.0 0.78 205 260 

butanol-d, 0.1-5.0 0.53 240 440 
hexanol 0.05-4.0 0.13 320 2400 

benzyl alcohol-a,a-d, 0.01-1.5 0.08 6.5 83 
"The formation of NADH from reactions of about IO pN enzyme 

with 2 mM NAD+ and varied concentrations of alcohols, producing an 
increase in absorbance at 328 nm, was fitted by an equation for a 
first-order reaction followed by a zero-order steady state. The first- 
order rate constants increased hyperbolically as the concentration of 
alcohol increased. Standard errors for estimated kinetic constants from 
a fit with HYPER were less than 15%. Concn represents the range used, 
K, is the apparent Michaelis constant, k,, is the maximum rate con- 
stant for the transient oxidation, and Dk denotes the ratio of k,, for 
protio substrate to that of deuterio substrate. 

benzyl alcohol 0.01-1.5 0.03 24 3.6 780 

isoabsorptive point for free and enzyme-bound forms of 
NADH (Theorell & Bonnichsen, 1951), was monitored for 
the oxidation of alcohols and the reduction of aldehydes. 
Maximum values for apparent rate constants for the oxidation 
and dissociation of alcohol and the reduction of aldehyde were 
obtained by fitting the observed rate constants to the expression 
kobs = k , , , [ S ] / ( K ,  + [SI) by using the HYPER program of 
Cleland (1979). The program NONLIN (C. M. Metzler, The 
Upjohn Co., Kalamazoo, MI) was used for general nonlinear 
regression analysis. Values for microscopic rate constants were 
estimated by progress curve analysis using the manual kinetic 
simulation program KINSIM (Barshop et al., 1983) and the 
automatic fitting routine FITSIM (Zimmerle et al., 1987). 

RESULTS AND DISCUSSION 
Oxidation of Alcohols. The rate of interconversion of 

ternary complexes can be limited by the transfer of hydride 
ion from alcohol to NAD+, the release of a proton to solvent, 
or other unimolecular steps. In order to probe for the rate- 
limiting step@), the apparent first-order rate constants for the 
transient (pre-steady-state) oxidation of a series of alcohols 
were determined with varied concentrations of alcohols. The 
data fit Michaelis-Menten kinetics, and Table I summarizes 
the kinetic constants and observed primary isotope effects. The 
enzyme is more reactive (k /K , )  on longer chain alcohols, as 
is well-known from steady-state kinetics (Sund & Theorell, 
1963; Pietruszko et al., 1973). A maximum rate constant of 
180 s-l for the oxidation of ethanol agrees well with the value 
previously reported (Brooks & Shore, 1971; Brooks et al., 
1972). This rate constant increased to 310 s-* for 1-propanol 
but was not much faster with 1-butanol and 1-hexanol. 

As the chain length of alcohol increased, the observed kinetic 
isotope effect decreased, consistent with an increased com- 
mitment to catalysis. An isotope effect, Dk, of 3.8 was observed 
for the transient oxidation of ethanol-d5, but this is a com- 
bination of primary and secondary isotope effects. Corrected 
for the contribution from secondary isotope effects, the ob- 
served primary isotope effect is about 2.6. The observed 
substrate isotope effect for 1-butanol was only 1.3. When the 
reactions of propanol or butanol with enzyme-NAD' complex 
(preformed in one syringe) were measured, the maximum rate 
constant was 440 s-I, and the isotope effect was 2. The small 
isotope effects could be due either to a small intrinsic isotope 
effect or to a rate-limiting step prior to hydride transfer. The 
latter is more likely because the intrinsic isotope effects de- 
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FIGURE 1 : Proton release and uptake in transient reactions. Oxidation 
of 7.5 mM I-propanol by 2 mM NAD+ in the presence of 20 p N  
enzyme and 30 p M  chlorophenol red at  pH 5.9 (AS7S, A). Proton 
uptake during the reduction of 0.5 mM acetaldehyde by 0.1 mM 
NADH with 20 p N  enzyme under turnover conditions (Am, O), and 
during the reduction of 20 mM acetaldehyde in the presence of 10 
mM pyrazole by 0.1 mM NADH (Asoo, O), at  pH 9 in the presence 
of 25 p M  thymol blue. The curves are fits to functions for a single 
exponential followed by a zero-order steady state (A), a line (0), and 
a single exponential (0). 

Table 11: Apparent Rate Constants for Proton Release or Uptake" 
substrate concn (mM) pH kobs (s-I) k328 (s-l) 

1 -propanol 7.5 5.9 180 110 
1 -butanol 2.5 5.9 170 IO0 
CFjCHzOH 8.0 7.6 >IO00 
pyrazole 7.5 7.6 >IO00 
ethanol 160 7.6 500 130 
1 -propanol 7.5 8.0 460 290 
1-butanol 2.5 8.0 460 

acetaldehvde 20 9.0 44 270 
I-propanol 25 9.0 450 210 

"About 40-50 pN of enzyme with 10-30 pM indicator in a weak 
buffer of 1 mM sodium phosphate or 0.5 mM Na4P2O7/H3PO4 and 33 
mM NaZS04 from one drive syringe was mixed with an equal volume 
of 4 mM NAD' and the stated concentrations of alcohol or pyrazole 
with the same concentration of indicator in the same buffer from the 
other syringe. Chlorophenol red (575 nm, 30 pM), phenol red (560 
nm, IO pM), and thymol blue (600 nm, 20 pM) were the indicators 
used for measurements at pH 5.9, 7.6 and 8.0, and 9.0, respectively. A 
biphasic disappearance of absorbance due to proton release was ob- 
served for the oxidation of alcohol, and the data were fitted to an 
equation for a single-exponential process followed by a zero-order 
steady state. Proton uptake at pH 9 during the reduction of 20 mM 
acetaldehyde, with 0.1 mM NADH and IO mM pyrazole (Figure l), 
was studied in the presence of 25 pM thymol blue. Acetaldehyde 
concentrations above 20 mM produced a superfluous release of protons. 
kob denotes the observed rate constant for proton release or uptake, 
and kjZ8 represents the rate constant for transient oxidation of alcohol 
or reduction of acetaldehvde. 

termined for the oxidation of alcohols by NAD+ are between 
4 and 8 (Cook & Cleland, 1981b,c; Damgaard, 1981; 
Scharschmidt et al., 1984). Thus, the results suggest that 
isomerization of the E-NAD' complex, which occurs at 620 
s-l at pH 8 (Sekhar & Plapp, 1988), is partially, but not fully, 
rate-limiting for the oxidation of longer chain alcohols. 

Proton 
transfer in the mechanisms of dehydrogenases is usually treated 
as a rapid equilibrium process. Nevertheless, the rate may 
be comparable to other rates in the mechanism or be limited 
by other steps. Figure 1 shows that proton release during the 
oxidation of 1-propanol was biphasic with a burst phase fol- 
lowed by a steady-state release of protons. Table I1 lists the 
apparent rate constants for proton release for different sub- 
strates or inhibitors. Proton release, koh, is faster than CO- 
enzyme reduction, k328, over a wide range of pH, suggesting 
that proton release from enzyme-bound alcohol precedes the 

Proton Release from Enzyme-Bound Alcohol. 
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FIGURE 2: Proton inventory for the transient oxidation of ethanol. 
Buffers at pL 8.0 and 25 OC containing different mole ratios of D20 
were prepared as described by Schowen and Schowen (1982). Rate 
constants for at least duplicate reactions of IO jtN enzyme, 2 mM 
NAD+, and 50 mM ethanol are plotted as points, and the curve results 
from the fit with NONLIN to the equation: k ,  = ko( 1 - n + n&)/( 1 
- n + n4R), where n is the mole fraction of D20 in the reaction medium 
and the fitted parameters were 152 s-' for ko, 0.37 for the fractionation 
factor in the reactant state (4R), and 0.73 for the transition state (h). 
Scheme I 
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transfer of hydride ion from alcohol to NAD+. With ethanol, 
1-propanol, and I-butanol a limiting value of 500 s-' was seen 
at pH 7.6 and higher. However, rates measured with pyrazole 
and trifluoroethanol suggest that proton release is very fast. 
When 2,2,2-trifluoroethanol or pyrazole were used instead of 
a substrate, the rate of proton release from the ternary complex 
seemed to be limited by a preceding step in the mechanism, 
the isomerization of the enzyme-NAD+ complex, with an 
estimated rate constant of about 1100 s-l at  pH 7.6 (Sekhar 
& Plapp, 1988). 

A rapid proton release is expected because of base catalysis 
by His-51 acting through the proton relay system (Scheme 
I; Eklund et al., 1982). Chemical modification of histidines 
in the liver enzyme (Hennecke & Plapp, 1983) and site-specific 
replacement of His-51 by glutamine in the yeast enzyme 
(Gould, 1988) support such a mechanism. It appears that 
neither binary complex isomerization nor loss of a proton from 
enzyme-bound alcohol is completely rate-limiting, but both 
of them partially limit the rate of hydride transfer, which 
results in small observed isotope effects on transient oxidation 
of longer chain alcohols. 

Solvent Isotope Effect and Transition-State Structure. A 
proton inventory for the pre-steady-state oxidation of ethanol 
was determined by studying the kinetics at saturating con- 
centrations of NAD+ and ethanol (Figure 2). The rate of 
reaction was faster in D20, and an inverse solvent isotope effect 
of 2.0 was observed. The data were fitted most simply by the 
Gross-Butler equation with one protonic site having different 
fractionation factors in reactant and transition states. 

The data suggest that the reactant state is enzyme-bound 
alkoxide. A q5 of about 0.5 is suggested for a protonic site 
hydrogen bonded with hydroxide or alkoxide ion in aqueous 
medium (Schowen & Schowen, 1982), but in the gas phase 
or nonaqueous solvents fractionation factors are lower, and 
in acetonitrile a value of 0.31 has been measured by Kreevoy 
and Liang (1 980) .  Water is excluded from the active site in 

Table 111: Kinetic Constants for the Transient Reduction of 
Aldehydes and Cyclohexanone" 

concn K ,  k,, kor k / K m  
substrate (mM) (mM) (s-l) (s-I) (mM-' S-I) 

acetaldehyde 
acetaldehydeb 
propanal 
propanal* 
butanal 
butanalb 
hexanal 
benzaldehyde 
benzaldehydeb 
cyclohexanone 
cvclohexanoneb 

0.1-10 
0.1-10 
0.1-10 
0.1-10 
0.02-1 .o 
0.025-1.0 
0.02-1 .o 
0.025-2.5 
0.025-2.5 
10-225 
10-225 

2.1 390 240 
5.8 350 220 
0.49 410 110 
0.60 480 100 
0.05 490 81 
0.06 550 80 
0.04 520 74 
0.49 320 52 
0.70 170 56 
38 84 fast' 

35 fast' 38 

185 
61 

8 50 
710 

9700 
8700 

14000 
660 
250 

2.2 
0.91 

"Enzyme (about 10 pN) reacted with 0.1 mM NADH or NADD 
and the varied concentration of aldehyde and 20 mM pyrazole, which 
limited the reaction to a single turnover (McFarland & Bernhard, 
1972). At low concentrations of aldehyde, the reaction was described 
by a single-exponential function, but when concentrations of aldehyde 
were saturating, fits to a double-exponential function were better. In 
some cases, inhibition at high concentrations of aldehyde was observed; 
these data were excluded. During the reduction of butanal, the bi- 
phasic nature of the reaction (fast phase followed by a slow phase) was 
evident even at low concentrations. The first-order rate constants (for 
the faster phase, when biphasicity was observed) were fitted with HY- 
PER to obtain the maximal rate constants (kma,) and Michaelis con- 
stants (K,). Apparent rate constants for the desorption of alcohol 
(koff) from the ternary complexes (E-NAD+-alcohol) were measured 
by following the formation of E-NAD+-pyrazole complex at 300 nm (e 
= 7.2 mM-l cm-I), which is concomitant with dissociation of alcohol 
and occurs after the reduction of aldehyde by NADH. Standard errors 
in the estimation of kinetic constants were 15% or better. bNADD was 
used. 'The rate of formation of E-NAD+-pyrazole was the same as 
that of transient reduction of cyclohexanone, and hence the desorption 
of cyclohexanol was assumed to be rapid. 

the enzyme-substrate complex; hence, a q5 value of 0.37 is 
reasonable. As shown above (Scheme I), the hydroxyl group 
of Ser-48 forms a hydrogen bond with the oxygen of the al- 
coholate and can be responsible for the observed solvent isotope 
effect. The other protonic sites in the hydrogen-bonded system 
have fractionation factors of unity (Schowen & Schowen, 
1982). A q5 of 0.73 for the protonic site in the transition state 
suggests that the charge on the alkoxide in this state is -0.3 
(0.37°.31 = 0.73). This implies that the transition state is not 
symmetric, but more like aldehyde, with the hydride ion closer 
to C-4 of the nicotinamide than to alcoholate. 

The transition state suggested for the oxidation of ethanol 
might be different with other substrates. Theoretical calcu- 
lations suggest that the reaction of formaldehyde with an 
NADH analogue has a symmetric transition state, with the 
charge on alkoxide being -0.5 (Tapia et al., 1988). The 
transient rate of oxidation of benzyl alcohol has an inverse 
1.3-fold solvent isotope effect (Schmidt et al., 1979), not 2-fold 
as we found with ethanol. 

The reduction of an aldehyde should show a normal solvent 
isotope effect with the proposed transition state. The rate of 
benzaldehyde reduction by NADH in D 2 0  was decreased as 
expected, but only by 15% at the most. This change was too 
small to attempt a proton inventory. Similar observations were 
reported earlier for the reduction of naphthaldehyde by 
Schmidt et al. (1979). In contrast, Welsh et al. (1980) found 
an inverse isotope effect of 1.5-2.0 for the reduction of p-  
methoxybenzaldehyde catalyzed by yeast alcohol de- 
hydrogenase. The significant kinetic steps in the reduction 
of benzaldehyde by the yeast enzyme appear to be different 
from those of liver enzyme. 

Reduction of Aldehydes. The kinetics of transient reduction 
(single turnover) showed saturation behavior (Table 111). The 
maximum rate constant for acetaldehyde reduction was sig- 
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nificantly faster than the value of 90 s-l previously reported 
(Kvassman & Pettersson, 1976). We could reproduce the 
results of other workers (Jacobs et al., 1974; Kvassman & 
Pettersson, 1976) with benzaldehyde as a substrate. A smaller 
value of K, and a larger k/Km with increased chain length 
of aldehyde parallel similar observations with alcohols. 
However, it was surprising that the apparent maximum rate 
constant for the transient reduction of aldehyde did not change 
significantly with the substrate and that there was practically 
no substrate isotope effect. In contrast, substrate isotope effects 
of 1.9 and 2.4 were observed with benzaldehyde and cyclo- 
hexanone, respectively. 

The intrinsic isotope effects for the reduction of aliphatic 
aldehydes by the horse enzyme have not been directly deter- 
mined. However, Cook et al. (1980) determined that the 
isotope effect on the equilibrium constant (DK,) for the re- 
action of ethanol with NAD+ is 1.07. If the intrinsic kinetic 
isotope effect for the oxidation of ethanol is 8 (Damgaard, 
198 I ) ,  the calculated intrinsic isotope effect for the reduction 
of aldehyde would be 7.4. Thus, the lack of isotope effect on 
the rate of reduction of aldehydes is not due to a negligible 
intrinsic effect but stems from a rate-limiting step prior to 
hydride transfer. With 3-acetylpyridine adenine dinucleotide 
(an analogue with a more positive redox potential than 
NAD+), a kinetic isotope effect of 3.3 was observed by us for 
the reduction of acetaldehyde, supporting the argument that 
the intrinsic isotope effect for the reduction of aldehyde is 
sizable. Furthermore, the turnover numbers for the reduction 
of acetaldehyde with enzymes imidylated at Lys-228 are 
800-1 100 s-l (Zoltobrocki et al., 1974; Plapp et al., 1986). 
This modification places a bulky group in the active site, 
resulting in weaker binding and faster dissociation of co- 
enzyme. The rate-limiting step is changed from coenzyme 
dissociation to hydride transfer. Thus, the rate constant for 
reduction of acetaldehyde by native enzyme could be faster 
than the observed rate constant of 400 s-l, and the data imply 
that there is a rate-limiting step(s) prior to reduction of al- 
dehyde. 

Binding of NADH. If the rate constant for a conformational 
change that occurs when NADH binds to enzyme is slower 
than that of hydride transfer from NADH to aldehyde, a 
limiting rate for the reduction of aldehydes and no substrate 
isotope effect would be observed. The dependence of observed 
rate constant for NADH binding on the concentration of 
NADH (Figure 3) showed no evidence of saturation in the 
concentration range studied, suggesting that the rate of con- 
formational change is faster than 1000 s-l and not within the 
range of measurement of our stopped-flow apparatus. The 
slope of the line in Figure 3 represents the bimolecular rate 
constant for the binding of coenzyme, 1.0 X lo7 M-' s-', which 
agrees with the rate constant measured by others (Plapp et 
al., 1973; Kvassman & Pettersson, 1979). 

These studies (Figure 3) and others (Geraci & Gibson, 
1967) suggest that isomerization of E-NADH is relatively fast. 
Kinetics of acetaldehyde reduction by preformed E-NADH 
complex showed an increase in limiting rate constant to 600 
s-l, suggesting that isomerization of enzyme-NADH complex 
could be partially rate-limiting. However, when NADD was 
used (in the E-NADD complex), no isotope effect was ob- 
served on reduction of acetaldehyde. Therefore, the rate- 
limiting step must be at the ternary complex level. From the 
proton uptake studies, it is evident that the aldehyde is not 
protonated prior to hydride transfer. The rate constant for 
proton uptake is an order of magnitude slower than that of 
hydride transfer and corresponds to the rate of dissociation 
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FIGURE 3: Dependence on concentration of binding of NADH. 
Enzyme was mixed with NADH, and the reaction was monitered by 
the decrease in absorbance (10 pN enzyme and 50-100 pM NADH) 
due to the shift in the spectrum of NADH at 355 nm in the 
stopped-flow spectrophotometer or by protein fluorescence quenching 
(2 pN enzyme and 13-27 pM NADH, X, = 285 nm and X, = >315 
nm) in a Durrum-Gibson stopped-flow spectrofluorometer. Points 
are average values from two to four reactions fitted to an equation 
for a first-order process, and the line is fitted by NONLIN. 

of alcohol. Thus the rate-limiting step prior to hydride transfer 
is probably an isomerization of the E-NADHaldehyde com- 
plex. Such an isomerization has been invoked to explain the 
kinetic isotope effects for the reactions catalyzed by yeast 
alcohol dehydrogenase (Cook & Cleland, 198 la). 

Dissociation of Alcohols from Ternary Complex. The rate 
of dissociation of alcohol from the E-NAD+-alcohol complex 
was measured by trapping the E-NAD' complex with satu- 
rating concentrations of pyrazole (Table 111). The rate of 
formation of E-NAD+-pyrazole corresponds to the rate of 
desorption of alcohol, provided that the rate of hydride transfer 
is significantly faster than the release of alcohol. This is 
probably true for longer chain aldehydes and aromatic al- 
dehydes such as benzaldehyde. For acetaldehyde, however, 
the rates of hydride transfer and alcohol release could be 
comparable, and the formation of E-NAD+-pyrazole repre- 
sents the lower limit for release of ethanol. 

As might be anticipated, the apparent rate constant for the 
desorption of alcohols gradually decreases as the chain length 
is increased. Aromatic substrates and long-chain aliphatic 
substrates should make favorable contacts with hydrophobic 
amino acid residues in the active site and be more tightly bound 
(Sund & Theorell, 1963). For secondary alcohols, however, 
this rate constant seems to be fairly large (Lee et al., 1988). 
For example, with cyclohexanone, the rate of formation of 
E-NAD+-pyrazole is the same as the rate of reduction, sug- 
gesting that the release of cyclohexanol is very fast. 

The pH dependence for dissociation of 1 -butanol (Figure 
4) indicates that this rate is maximal below a pK of 7.2. 
Apparently, the enzyme-bound alcohol must be protonated in 
order to dissociate rapidly, and a functional group or system 
with a macroscopic pK of 7.2 governs this process. The mi- 
croscopic origin of this pK is probably either His-51 or the 
enzyme-bound alcohol itself, which are connected by the hy- 
drogen-bonded system (Scheme I).  A functional group that 
deprotonates with a pK between 6 and 7 to increase the rate 
of oxidation of alcohols has been reported for several substrates 
and has been assigned to this hydrogen-bonded system (Brooks 
et al., 1972; Kvassman & Pettersson, 1978; Pettersson, 1987; 
Sekhar & Plapp, 1988). A pK of 7.2 observed for dissociation 
of 1-butanol agrees well with the pK of this macroscopic 
system. 

Simulations and Estimation of Rate Constants. Steady- 
state kinetics, product and dead-end inhibition studies, and 
isotope exchange at  equilibrium show that the simplest 
mechanism that describes the action of the horse enzyme is 
predominantly Ordered Bi Bi with the probable isomerization 
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Table IV: Estimated Rate Constants for Alcohol Oxidation and Aldehyde Reduction' 
ki k? k3 t b k 
k-i k-2 k 3  k-4 k-5 k 4  

E E-NAD+ = *E-NAD+ == E-NAD+-RCH*OH =e E-NADH-RCHO E-NADH G E 

k 7 ]  1 k-7 

E-NAD*-pyrazole 

substrate 
rate constant ethanol 1 -DroDanol 1 -butanol benzvl alcohol 
ko (M-l S I )  2.4 X IO5 1.2 x 106 9.7 x 105 3.7 x 106 
k-,  (s-l) 560 410 84 58 
k4 (s-') 490 (1 50)b 380 (280) 380 (390) 38 (6.2) 
k-4 (s-') 610 (360) 600 (550) 600 (820) 310 (110) 
k5 (s-') 64 39 17 66 
k-,  (M-I s-l) 9.2 x 104 1.3 X lo6 2.8 X lo6 8.3 X IOs 

'Rate constants for the binding of NADH and NAD' (purified on a DEAE-Sepharose column) and pyrazole were estimated by the progress curve 
analysis [as in Sekhar and Plapp (1988)] and were fixed in all simulations: kl  (4.5 X IO7  M-' s-l), kml (2.3 X IO4 s-l), k2 (620 s-l), k2 (64 s-l), k6 
( 5 . 5  s-l), k4 ( 1 . 1  X IO7 M-l s-l), k7 (1.2 X los M-Is-l ), a nd k-7 (0.01 s-I). Eight progress curves, four forward and four reverse reactions, from the 
experiments described in Tables I and 111 were used for these simulations. Some of the rate constants for the oxidation of 1-propanol and reduction 
of propanal are different from those reported previously, where only reactions in the forward direction were analyzed (Sekhar & Plapp, 1988). 
Standard errors in the estimation of the rate constants were 10% or better. bValues given in parentheses are for deuterio substrates; for these 
substrates all rate constants as obtained for protio substrates were fixed except the isotope-sensitive ones, k,  and k4. 

I 1 I I I I 

S b 7 8 9 IO 11 

PH 
FIGURE 4: pH dependency for dissociation of l-butanol from the 
E-NAD+alcohol complex. The rate constants were measured after 
mixing 20 p N  enzyme and 0.2 mM NADH in a weak buffer with 
saturating concentrations of butanal (20 mM) and pyrazole (20 mM) 
in double strength buffers of the desired pH. These were 20 mM 
Na4P207 adjusted to the desired pH with H3P04 and to a final ionic 
strength of 0.2 with sodium phosphate buffer for pH 5.5-9.0, and 
66 mM Na2HP04 adjusted with glycine above pH 9. The increase 
in absorbance due to E-NADt-pyrazole was fit by a single expo- 
nential. NONLIN was used to fit the pH dependence with the equation: 
kob = (k,,, + (km&/[Ht])]/(I + K,/[H+]). Values of 630 s-l for 
k,,,, 0.4 s-l for kmi,, and 7.2 for pK, were obtained. 

of the enzyme-NAD' complex (Wratten & Cleland, 1963; 
Dworschack & Plapp, 1977; Silverstein & Boyer, 1964; Plapp 
et al., 1986). Structural studies (Eklund et al., 1981; Eklund 
& Brandin, 1987), relaxation studies (Coates et al., 1977; 
Hardman, 1981), and transient kinetics (Sekhar & Plapp, 
1988) confirm that the binding of NAD' to the enzyme is a 
two-step process and show that a rapid association is followed 
by an isomerization of the E-NAD' complex. To assign values 
for all the rate constants in the mechanism, we analyzed the 
progress curves. Initial estimates were obtained by manual 
simulations of each curve with KINSIM, and then all curves were 
simultaneously fitted with FITSIM. Figure 5 shows that the 
data agreed reasonably well with the progress curves simulated 
for the mechanism and constants in Table IV. 

The rate constants estimated from simulations (Table IV) 
were used to calculate kinetic constants, such as K,, Kia, Kbr 
K,, Kp, VI, V,, and Kcq, by using the equations from Plapp 
(1973). These calculated values agreed very well with those 
determined by steady-state kinetics (Dworschack & Plapp, 
1977), indicating that the estimated rate constants are con- 
sistent with the experimental observations. 

However, the mechanism in Table IV does not account for 
the observation (Table I)  that oxidation of alcohols of in- 

a. 0.050 
(Y 

0.025 

0.000 
0.00 0.05 0.10 0.15 

Time, I 

FIGURE 5: Progress curves simulated for the mechanism in Table IV 
for the transient oxidation of l-butanol and the reduction of butanal 
(pseudo single turnover) a t  pH 8 and 25 "C. Enzyme (10 pN) reacted 
with 2 mM NAD' and 0.1 mM (0)  or 0.75 mM (B) butanol; enzyme 
(7 pN) reacted with 0.1 mM NADH and 50 pM (A) or 0.25 mM 
(0) butanal in the presence of 20 mM pyrazole. 

creasing chain length approached a limiting rate and had a 
decreasing substrate isotope effect. As discussed previously, 
the isomerization of the E-NAD' complex precedes and 
partially limits the rate of oxidation of alcohols. Loss of the 
proton from alcohol and its release to solvent may also be 
kinetically significant, controlling the rate of a subsequent 
hydride-transfer step. Thus, we incorporated the release of 
proton from alcohol into the mechanism and attempted to 
estimate the rate constants (Table V). This simulation was 
improved by constraining the ratio of k4 to k4 to fit a pK value 
of 7.2. Nevertheless, standard errors for some of the rate 
constants were large, indicating that a range of values could 
describe the data. The rate constant for the loss of the proton 
may be as fast as lo4 s-l, but the observed rate constant will 
be less than 620 s-I due to a limiting rate of isomerization of 
the E-NAD' complex. 

The rate constants in Table V were used to simulate t h e  
progress curves for oxidation of alcohols, reduction of alde- 
hydes, release of a proton, and release of alcohols from ternary 
complexes. The apparent first-order rate constants for the 
simulated curves agreed well with the rate constants observed 
(Table VI). These simulations also showed the following. (1) 
The observed rate of proton release is not very sensitive to 
changes in the input rate constants. The actual rate constant 
for proton release ( k 5 )  could be restricted to 500 s-I by the 
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Table V: Estimated Rate Constants for the Mechanism with an Alkoxide Intermediate" 
.rr, k4 k k k7 

k a  k-4  k-5 k+ k-7 
*E-NAD' E-NAD+-RCH20H E-NAD+-RCHzO- E-NADH-RCHO C E-NADH = E 

4 t k 4  

E-NAD'-pyrazole 

substrate 
rate constant ethanol 1 -propanol I-butanol benzyl alcohol 

k-, (s-l) 4900* 4800* 600 160 
k4 (s-') 8000* 5800* 7300 3600* 
k4 (&)* 1300* 960* 1200 560* 
ks (s-') 520 490 450 23 
k-5 (s-') 530 680 620 240 
k6 (s-') 61 43 17 170 
k, (M-l s-ll 2.2 x 105 2.0 x 106 2.9 X IO6 3.2 X lo6 

k ,  (M-l s-I) 3.2 X I O s *  2.1 x 106* 1.0 x 106 2.0 x 106 

" Rate constants for steps 1, 2, 7, and 8 were fixed with the values given in Table IV. The ratio of k4 to k4 was maintained at 6 so that the pK 
value for the ionization of E-NADt-alcohol is 7.2. Standard errors for the estimated rate constants were 10% or better, except for those marked 
with an asterisk, for which the error limits ranged from 30 to 50%. If the ratio of k4 to k4 was not fixed, standard errors for several rate constants 
were larger than 50%, and the calculated pK for step 4 ranged from 7.3 to 8.3. *This is the apparent first-order rate constant at pH 8; multiply by 
IO8 M-l for the second-order rate constant. 

Table VI: Comparison of Calculated and Observed Kinetic 
Constants for Reactions of Ethanol and Acetaldehyde" 

kinetic constant calculated determined 
koxidn (s-') 210 180 

k,,,,, ethanolb (s-I) 200 240 
kH*' (s-') 610 50od 
krdn (s") 400 390 
krdn, NADD (s-l) 75  360 

koxidn, ethanol-ds (S-I) 41 47 

K,' (DM) IO 1 Of .. . 
" Progress curves were simulated by using the rate constants given in 

Table V and the NONLIN program was used to compute kinetic con- 
stants. koxidn and kdn represent the apparent rate constants for tran- 
sient oxidation of ethanol and reduction of acetaldehyde, respectively. 
An intrinsic isotope effect of 6 was used to calculate kinetic constants 
with deuterio substrates. *Apparent rate constant for the dissociation 
of ethanol from the enzyme-NAD'-ethanol complex. Rate constant 
for proton release from the E-NAD'-ethanol complex. Measured at 
pH 7.6. eEquilibrium constant for the reaction of NAD' with ethanol. 
fSund and Theorell (1963). 

preceding rate constant of 620 s-I for the isomerization of the 
enzyme-NAD+ complex. (2) When a substrate isotope effect 
of 6 was introduced in the simulations, the observed rate 
constant for the oxidation of ethanol agreed well with the one 
calculated from the simulated progress curve, but the rate 
constant for the overall reduction of acetaldehyde by NADD 
was 4 times larger than the corresponding rate constant cal- 
culated from the simulated data (Table VI). Therefore, the 
mechanism in Table V does not explain the lack of isotope 
effect on the reduction of aldehydes. 

An intrinsic primary isotope effect would not be observed 
on the rate of hydride transfer from reduced coenzyme to 
aldehyde if one of the preceding steps were rate-limiting. As 
described earlier, binding of NADH is not saturable up to lo00 
s-I, and hence the isomerization of E-NADH does not sig- 
nificantly limit the rate of hydride transfer. However, an 
isomerization of the enzyme-NADH-aldehyde complex (e.g., 
a rearrangement around the catalytic zinc) is first-order and 
could limit the rate of reduction of aldehyde. Thus, another 
step was added to the mechanism, and manual simulations 
were performed to produce a reasonable set of rate constants 
(Table VII). These rate constants for ethanol oxidation and 
acetaldehyde reduction are consistent with all of the experi- 
mental observations, including the dissociations of ethanol and 
a proton from the E-NAD+-ethanol complex. Despite the 

Table VII: Estimated Rate Constants for the Reactions of Ethanol 
and Acetaldehyde' 

ki k k3 k4 
E E-NAD' 'E-NAD' E-NAD+-RCH,OH C 

k-i k-2 k 4  k d  
b k 

k-5 k-e  
E-NAD+-RCH~O- === *E-NADH-RCHO 

k7 ks 

k-7 k-e 
E-NADH-RCHO E-NADH e E 

step forward (k,) reverse (kJ  
1 

4 1.6 x 104 s-I 

4.5 x 107 M-l s-I 
2 620 s-l 
3 

5 780 s-I 
6 5500 s-1 
7 45 s-1 
8 5.5 s-I 

3.2 X IOs M-I s-I 

2.3 x 104 s-I 
64 s-I 
3600 s-I 
2600 s-I 
3 100 s-I 
1500 s-I 
2.3 X los M-I s-I 
1.1 x 107 M-1 s-I 

"Rate constants for steps 1, 2, 4, and 8 were fixed in the simulations. 
As the number of variables in this scheme is more than the number of 
input progress curves, FITSIM did not yield estimations with reasonable 
standard errors. Hence, manual variation with the program KINSIM 
was used to estimate these rate constants. The ratio of k4 to k4 was 
fixed at 6, so that the pK of the enzyme-NAD'-alcohol complex is 
7.2. 

overall consistency, the magnitudes of several of the rate 
constants remain provisional until confirmed by direct mea- 
surements of the rates of individual steps. Furthermore, there 
may be additional intermediates, or isomerizations, that have 
not been detected. Additional experiments are required to 
define the structures of the intermediates identified here by 
kinetic studies. The results provide a minimal mechanism for 
liver alcohol dehydrogenase. 
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