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ABSTRACT: Liver alcohol dehydrogenase catalyzes the reaction of NAD* and benzyl alcohol to form NADH
and benzaldehyde by a predominantly ordered reaction. However, enzyme-alcohol binary and abortive
ternary complexes form at high concentrations of benzyl alcohol, and benzaldehyde is slowly oxidized to
benzoic acid. Steady-state and transient kinetic studies, equilibrium spectrophotometric measurements,
product analysis, and kinetic simulations provide estimates of rate constants for a complete mechanism with
the following reactions: (1) E = E-NAD* = E-NAD*-RCH,0H = E-NADH-RCHO = E-NADH
= E; (2) E-NADH = E-NADH-RCH,0H = E-RCH,0H = E; (3) E-NAD* = E-NAD*-RCHO
—E-NADH-RCOOH=E-NADH. Theinternal equilibrium constant for hydrogen transfer determined
at 30 °C and pH 7 is about 5:1 in favor of E-NAD*-RCH,OH and has a complex pH dependence. Benzyl
alcohol binds weakly to free enzyme (K3 = 7 mM) and significantly decreases the rates of binding of NAD*
and NADH. The reaction of NAD* and benzyl alcohol is therefore kinetically ordered, not random. High
concentrations of benzyl alcohol (>1 mM) inhibit turnover by formation of the abortive E-NADH-RCH,-
OH complex, which dissociates at 0.3 s™! as compared to 6.3s~! for E-NADH. The oxidation of benzaldehyde
by E-NAD™* (K, = 15 mM, V/E = 0.4 s7!) is inefficient relative to the oxidation of benzyl alcohol (K,
= 28 uM, V/E = 3.1 s7!) and leads to a dismutation (2RCHO — RCH,0H + RCOOQOH) as E-NADH
reduces benzaldehyde. The results provide a description of final product distributions for the alternative
reactions catalyzed by the multifunctional enzyme.

The mechanism of horse liver alcohol dehydrogenase is
classically described as ordered bi bi, but random addition of
substrates and abortive complexes have been described (Dalziel
& Dickinson, 1966a,b; Ainslie & Cleland, 1972). Theenzyme
can also oxidize aldehydes to acids by a dismutation (Abeles
& Lee, 1960; Dalziel & Dickinson, 1965; Hinson & Neal,
1972, 1975; Battersby et al., 1979; Anderson & Dahlquist,
1982a; Henehan & Oppenheimer, 1993). Rate constants for
all steps of the various reactions should be determined for a
quantitative description of the mechanism.

The on-enzyme or internal equilibrium constant, Kjy, for
the hydrogen-transfer step is of interest because of the proposal
that efficient enzymes shift the equilibrium constant for bound
substrates toward 1 (Albery & Knowles,1976; Burbaum et
al., 1989; Burbaum & Knowles, 1989). Direct spectropho-
tometric measurements with liver alcohol dehydrogenase gave
avalue of about 1 (Theorell & Yonetani, 1962), but transient
kinetics and NMR results suggest that Kjp, is about 10:1 in
favor of the enzyme-NAD*-alcohol complex (McFarland &
Chu, 1975; Jacobs et al., 1974; Anderson & Dahlquist, 1980;
Nambiar et al., 1983; Sekhar & Plapp, 1990). Kj,: could be
affected by pH, since the pH dependence of the transient
oxidation of alcohol shows a pK value near 7 and a proton is
a product (Theorell & Yonetani, 1962; Brooks et al., 1972;
Shore et al., 1974; Kvassman & Pettersson, 1978; Sekhar &
Plapp, 1988).
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X-ray crystallography data for horse liver alcohol dehy-
drogenase crystallized with NAD* and p-bromobenzyl alcohol
have been interpreted as if the complex were enzyme-NAD*-
alcohol (Eklund et al., 1982), but direct microspectrophoto-
metric determinations suggested that most of the coenzyme
was NADH (Bignetti et al., 1979). Schneider et al. (1985)
suggested that the complex is an abortive complex with NADH
and the alcohol, but no data or mechanism for NADH
formation was presented. NADH could be produced if the
alcohol were oxidized to aldehyde and then to the acid.

The purpose of this work is to describe a complete
mechanism for the enzyme acting on benzyl alcohol and
benzaldehyde, to determine Kj, and its pH dependence, to
evaluate the significance of random pathways and abortive
complexes, and to describe the composition of the equilibrium
mixture of enzyme, coenzyme, and substrate. Our experi-
mental approach uses simulation of the progress curves for
the various reactions, so that all kinetic and equilibrium data
are integrated in one mechanism.

EXPERIMENTAL PROCEDURES

Materials. Crystalline horse liver alcohol dehydrogenase
obtained from Boehringer-Mannheim was freed of ethanol
by gel filtration through Sephadex G-50 or by dialysis and
was clarified by centrifugation. The concentration of protein
was determined by UV absorption (Azg = 0.455/cm for 1
mg/mL). The concentration of active sites (normality) was
determined by titration with NAD* in the presence of 10 mM
pyrazole (Theorell & Yonetani, 1963). The enzyme was
homogeneous by electrophoresis and chromatography; 95%
of the subunits could bind NAD*. At 30 °C, the enzyme has
a turnover number of 2.3 s~! (3.5 units/mg) as assayed by a
standard procedure (Plapp, 1970). LiNAD™ (grade I) and
Na;NADH (grade I) were obtained from Boehringer-
Mannheim. Benzylalcohol and benzaldehyde were redistilled
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FIGURE 1: Mechanism for liver alcohol dehydrogenase acting on
benzyl alcohol and benzaldehyde, including the substrate inhibition
pathway and the dismutation reaction. E represents enzyme, A is
NAD*, B is benzyl alcohol, Q is NADH, P is benzaldehyde, and R
is benzoic acid. The step numbers correspond to the kinetic constants
listed in Table III.

before use. [a-13C]Benzyl alcohol (99%) was obtained from
MSD Isotopes.

Kinetic Studies. Initial velocities were determined with a
Cary 118Cspectrophotometer interfaced toa Data Translation
A/D board in an IBM PC/XT by fitting the time courses to
a straight line or a parabola with a Fortran program. Kinetic
studies were also carried out using an SLM Aminco 4800
fluorometer, and the initial velocity data were fit to a straight
line or parabola with a least-squares analysis program provided
with the instrument software. The buffers used were 50 mM
sodium N-[tris(hydroxymethyl)methyl]-2-aminoethanesul-
fonate (TES! ) or 46 mM sodium phosphate and 0.25 mM
EDTA (pH 7.0). Steady-state data were analyzed with the
Fortran programs of Cleland (1979). A BioLogic SFM3
stopped-flow instrument with three syringes for variation of
the concentrations of reactants and a dead-time determined
to be 2.5 ms was used to measure the transient reactions. The
BioKine Software was used for data analysis. Some prelim-
inary experiments used a Kinetic Instruments stopped-flow
apparatus with a dead-time of 1.3 ms, designed by Dr. David
P. Ballou, and software from On-Line Instruments Systems
(Bogart,GA). For transient kinetics and equilibrium studies,
an extinction coefficient of 5500 M~lcm! at 328 nm was used
for the difference in absorption of NADH and NAD* bound
to enzyme and its complexes (Theorell & Bonnichsen, 1951;
Baici & Luisi, 1977; Andersson & Pettersson, 1982). The
kinetic simulation program, KINSIM, and an automatic fitting
routine, FITSIM, were used to estimate rate constants for the
overall enzymatic reaction by fitting several progress curves
simultaneously (Barshop et al., 1983; Zimmerle & Frieden,
1989).

NMR spectra were obtained on a Bruker WM360 NMR
instrument with a 10-mm, broad-band probe. The recycle
time was 2.7 s; 3000 scans were accumulated and processed
with 20-Hz line broadening.

RESULTS

Overview. The mechanism in Figure 1 describes the results
given below for the reactions of benzyl alcohol and benzal-
dehyde with coenzyme and liver alcohol dehydrogenase,
including the dismutation and a pathway containing the
enzyme-NADH-alcohol complex. Some of the rate and
equilibrium constants for this mechanism were directly
determined by the steady-state and transient studies. Other
rate constants were estimated by the simulation of progress
curves for the forward and reverse reactions. The full
mechanism was described in a stepwise fashion. The rates of
binding and dissociation of NAD* and NADH were deter-

! Abbreviations: TES, N-[tris(hydroxymethyl)methyl]-2-amino-
ethanesulfonate.
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Table I: Kinetic Constants for Liver Alcohol Dehydrogenase Acting
on Benzyl Alcohol and Benzaldehyde?

constant value constant value
K, uM 37 Kiq, kM 0.41
Ky, kM 28 KK/ Ks, uM 420
K, uM 120 KpKiq/ Ko, uM 6.8
Ko, sM 9.9 Vi, 571 il
Ky, uM 120 V2, 571 110
Ky, kM 240 K, pM 38
Kip, UM 26 Keqn, pM 20

4 Product inhibition studies, as described by Dworschack and Plapp
(1977), were used at 30 °C. The buffer was 50 mM sodium TES and
0.25 mM EDTA (pH 7.0) for the reverse reaction and 46 mM sodium
phosphate (pH 7.0) for the forward reaction. Studies in the forward
reaction used the SLM fluorometer, whereas the reverse reaction was
measured spectrophotometrically. Kinetic constants are for an ordered
bi bi mechanism, where K, Kb, Kp, and K are the Michaelis constants
for NAD*, benzyl alcohol, benzaldehyde, and NADH, respectively. V1
is the turnover number for benzyl alcohol oxidation, and ¥ is the turnover
number for benzaldehyde reduction. Corrections for nonsaturation of
fixed substrate used the equations in Plapp (1970). Standard errors of
fits were less than 20% of the listed values, Koqiand Kequare the equilibrium
constants calculated from the Haldane relationship (Cleland, 1963).
Values for the equilibrium constant have been estimated to be 20-60 pM
(Bernhard et al., 1970; Klinman, 1972; Luisi & Bignetti, 1974; Weidig
etal, 1977; Dunn et al., 1979). We determined a value of 24 pM at 25
°C by finding ratios of substrate concentrations that gave no net change
in coenzyme upon the addition of catalytic levels of enzyme.

mined by transient kinetics and fixed in all subsequent
simulations. The ordered mechanism (steps 1-5) was sim-
ulated using progress curves collected at high concentrations
of NAD* or NADH and noninhibitory concentrations (<1
mM) of benzyl alcohol and benzaldehyde. The kinetic
constants were then fixed in simulations of the abortive
pathway (steps 6-—8) for progress curves at high concentrations
of benzyl alcohol and varied concentrations of NAD™*. Several
different mechanisms for the substrate inhibition were tested,
including ones with simple deadend enzyme-alcohol and
enzyme-NADH-alcohol complexes. After the constants for
the ordered bi bi mechanism and the abortive complex
pathways were determined, the dismutation was simulated.
Ordered Bi Bi Mechanism. Steady-state initial velocity
and product inhibition kinetics with low concentrations of
benzyl alcohol are consistent with an ordered bi bi mechanism,
as reported in many previous studies. The kinetic constants
derived from product inhibition studies reported in (Table I)
provide the fundamental parameters for the mechanism. The
rates for coenzyme binding and dissociation were obtained as
described by Sekhar and Plapp (1988). The values given in
Table II were fixed in all subsequent simulations.
Transient data were collected with 10 uN enzyme and 1
mM NAD™ and varied concentrations of benzyl alcohol (0.04—
0.50 mM) or 11 uM NADH and benzaldehyde (0.02-0.1
mM), and the reaction curves were simulated with FITSIM
toobtain estimates of the rate constants for steps 2—4 in Figure
1 (Table IIT). Benzyl alcohol is oxidized in an initial
exponential phase controlled by hydride transfer, followed by
a steady-state increase in absorbance at 328 nm controlled by
the rate of dissociation of NADH (Theorell & Chance, 1951;
Dalziel, 1963). The initial phase was first order with a
maximal rate constant of 22 s-! at saturating alcohol levels.
The maximal amplitude of the exponential phase was about
60% of that expected on the basis of the active enzyme
concentration. The transient reduction of benzaldehyde was
first order witha maximal rate constant of 200s-1 at saturating
benzaldehyde. Theresults weresimilar tothose obtained using
20 mM pyrazole to trap the enzyme-NAD™* complex (Sekhar
& Plapp, 1988). The amplitudes in the reverse direction were
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Table II: Rate Constants for Binding of NAD* and NADH*

ky* ks
—E—NAD* =F-NAD* -—‘F NAD*—pyrazole ~E-NADH=E
ko k(* ko3 ks
k=36 X106 M1 51 k. = 22000 5!
ki* = 880s! k* =190s"!
ki3=1.2x108M-1s! k_13 was fixed at 0.01 s™!
ks=635"1 kos=21X 106 M5!

2 The rate constants for NAD* binding and dissociation were obtained
as described by Sekhar and Plapp (1988) at pH 7 and 30 °C, in 46 mM
sodium phosphate buffer. The observed rate constants for varied
concentrations of NAD* and pyrazole were fit by SEQUEN with the
maximum isomerization rate of 890 (£130) s™! and a ko, for NAD* of
(2.1£0.3) X 106 M-1s-!, The progress curves were best simulated using
the mechanism given above, which includes the isomerization of E-NAD*
to F-NAD*. The standard errors of the fitted parameters were less than
15%. Since the isomerization rate is over 100 times faster than the rate-
limiting release of NADH, the overall rate constants for NAD* binding
were calculated from the rate constants, and the isomerization step was
not included in the simulations of the full mechanism. The calculated
kon [k)kl'/(k_l + k]')] isl4 X 106 M-! S'1 and the koﬂ‘ [k_lkl‘k_l‘/(kq
+k*)(k1* + k_1*)]is 150571, Therateof NADH binding was determined
by following the fluorescence quenching of the protein mixed in a 1:1
ratio with NADH (see Figure 4A). The rate of dissociation of NADH
was determined by mixing 10 uM enzyme-NADH with varied concen-
trations (0.1-1.0 mM) of NAD* at 2.5 and 5 mM pyrazole and following
the formation of the enzyme-NAD*—pyrazole complex at 294 nm (e =
9000 M~! cm™!). The errors for NADH binding rate constants were less
than 10% of the values.

Table III: Rate Constants for a Mechanism Including Abortive
Ternary Complexes and the Dismutation®

reverse (K_»)

step reaction forward (k,)
1 E+ A=EA 14X 106 M-1s1% 150512
2 EA+B=FEAB 32X 106M!s! 855!
3 EAB=EPQ 4757 240 5!
4 EPQ=EQ+P 795! 2.8 X 106 M1 5!
5 EQ=E+Q 635710 21X 10" M-1s 18
6 EQ+ B=EBQ 5.2 % 106 M-! gt 33005s-!
7 EBQ=EB+Q 0.32 s 34X 106 M-lgle
8 EB=E+B 7.9% 104514 1.1 X107 M1s1d
9 EA + P=EAP 4.0 X 107 M1 ! 1.0 X 105 s!
10 EAP+= EQR 0.38 5! 10X 10951 ¢
11 ‘EQR=EQ+R 1.5x10¢ s/ 1.0X 10" M-1s1/
12 EA+R=EAR 10X 105M!st¢ 14x10%s!8

@ Estimates are derived from kinetic simulations of transient reactions
asdescribed in thetext. Standard errorsare less than 15%, and cumulative
errors are 2-3-fold, as compared to the overall equilibrium constant.
b Coenzyme binding and dissociation rates (given in Table II) were fixed
throughout the simulations. ¢ This value was determined from NADH
binding to the E—alcohol complex (Figure 4B) and fixed in the simulation
of the abortive pathway. 4 Rate constants in both directions were simulated
in a fixed ratio of 7.2 mM, which was determined experimentally (Figure
4B). ¢ The oxidation of benzaldehyde to benzoic acid is irreversible, so
that a very small rate constant was fixed for the simulation of the
dismutation. / The rate constants were chosen arbitrarily such that the
ratio is equivalent to the K4 of 150 & 30 mM reported in the literature
(Andersson et al., 1981). £ The rate constants were chosen arbitrarily
such that the ratio is equivalent to the Ky determined experimentally in
this work, 14 mM.

about 80% of those expected for the concentration of enzyme.
The description of these reactions as first order does not imply
that the transient reactions are monophasic, as biphasic kinetics
are predicted from the equations for the ordered mechanism
(Pettersson, 1976) and have been studied extensively (Bern-
hard et al., 1970; McFarland & Bernhard, 1972; Luisi &
Bignetti, 1974; Hadorn et al.,, 1975; Dunn et al., 1979;
Kvassman & Pettersson, 1976; Weidig et al., 1977; Baici &
Luisi, 1977, Anderson & Dahlquist, 1982b; Andersson &
Pettersson, 1982). Rather than attempting to resolve the
possible phases, we fit the data to the complete mechanism
with kineticsimulation. The transient reactions are described
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FIGURE 2: Substrate inhibition by benzyl alcohol. The activity of 32
nN alcohol dehydrogenase was determined with 0.75 mM NAD*
and 0.04-50 mM benzyl alcohol in 50 mM sodium TES buffer, pH
7.0, at 30 °C. Velocities in units of A434/min have been multiplied
by 1000. (A) The data were fit withthe TWOONE equation (Cleland,
1979), v = V(dB + B?)/(c + bB + B?), with estimates of V' = 8.2
£06,b=1.1%0.2mM, c =0.065%0.009 mM2, andd =52 %
1.2 mM, for the mechanism in Scheme I. (B) The data for benzyl
alcohol concentrations from 0.32 to S0 mM (substrate concentrations
much larger than the apparent K of 0.043 mM) were fit to the
HYPRPLT equation, » = V(1 + B/Ki)/(1 + B/Kiy) where Kix=
kqu;/k-; =60%1.1mM,Kis=Kp=1.4%£03mM,and V= 133.3
+ 1.5.
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and fit well by the ordered bi bi mechanism given in Figure
1 and the rate constants for steps 1-5 in Table III, asillustrated
previously (Lee et al., 1988; Sekhar & Plapp, 1988, 1990;
Plapp et al., 1993). Interacting subunits are not required to
explain the biphasic kinetics.

Substrate Inhibition and Abortive Complexes. High
concentrations of benzyl alcohol produce substrate inhibition
in initial velocity studies (Figure 2A). Previous work estab-
lished that inhibition by ethanol or activation by cyclohexanol
isdueto the formation of an abortive enzyme-NADH-alcohol
complex, from which NADH dissociates either faster or slower
than it does for the binary enzyme-NADH complex (Dalziel
& Dickinson, 1966a,b). The data in Figure 2A can be
described by a simple mechanism derived from the one in
Figure 1, when NAD* levels are saturating and with some
reasonable assumptions about the relative magnitudes of the
rate constants.

If we assume that k_¢ 3 k7 and k4 > ks or k7 (Scheme I),
the following equation is derived:

- kyV/ks(K ksB/k, + B)
KoKy, + (k_oky/Roky + K p)B + B

where Ky is the Michaelis constant for alcohol [ks(k-2 + k4)/
ka(ks + k)] and K is the dissociation constant for alcohol
from the enzyme—NADH-alcohol complex, i.e., k_¢/k¢. This
equation has the same form as the TWOONE function
(Cleland, 1979), which was used to fit the data in Figure 2A.
This analysis gave Kp= 1.4 mM, ks/k7 = 4, and Kp = 46 uM.
Alternatively, if we consider only the data for concentrations
of alcohol much higher than Ky, so that terms containing K
are eliminated, the data (Figure 2B) are described by a

0]
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FIGURE 3: Hyperbolic uncompetitive substrate inhibition by benzyl
alcohol against NAD*. (A) Enzyme concentration was 22 nN, and
the buffer was 50 mM sodium TES and 0.25 mM EDTA (pH 7.0,
30 °C). The initial velocities (AF/min) were determined on the
fluorometer with excitation at 340 nm and emission at 460 nm. The
data were fit to the equation for hyperbolic uncompetitive inhibition:
v=Vad/Kn+ A1 + I/Ky)/(1 + I/K,q)) where Vp,, = 0.41 £ 0.06
sLEKn=13£3uM, Kin =K =10£03mM,and Ky =84 =
2.3 mM. (B) Vj, values obtained from the fit to HYPER for each
benzyl alcohol concentration in A were fit with the hyperbolic replot
equation as in Figure 2B, where V3, = 0.37 & 0.01, Kj,= Kgp = 1.2
% 0.1 mM, and Ky = 8.7 £ 0.6 mM.
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hyperbolic function of the observed velocity against alcohol
concentrationand may be fit with HYPRPLT (Cleland, 1979)
to give a value of Kgp = 1.4 mM.

If the inhibition by benzyl alcohol is due to formation of
an abortive enzyme~NADH-alcohol complex that releases
NADH more slowly than does enzyme~NADH, high con-
centrations of benzyl alcohol should produce hyperbolic
uncompetitive substrate inhibition. The data (Figure 3A)
are consistent with the proposed mechanism (K, = 1.0 mM)
and show that deadend EB or EAB; complexes are not
significant over the range of concentrationsused. The binding
of pentafluorobenzyl alcohol to the enzyme-NADH complex
was also measured directly by titrating the complex and
following the quenching of NADH fluorescence at 440 nm
with excitation at 340 nm. The hyperbolic saturation gave
a dissociation constant of 0.82 £ 0.03 mM.

The benzyl alcohols also decreased the rates of binding of
NADH and NAD™* as determined by stopped-flow kinetics.
The results are described by the mechanism in Scheme II.
The rate constant for binding NADH decreased 6-fold upon
formation (K1, = 7.2 mM) of the enzyme—alcohol complex
(Figure 4). Andersson et al. (1984b) also obtained a value
of 7 mM at 25 °C and found that binding was independent
of pH in the range of 6-10.

Benzyl alcohol binds to free enzyme, and it has been assumed
that NAD* binds to the enzyme—alcohol complex. This was
tested by determining the rate of NAD* binding to the
enzyme—pentafluorobenzyl alcohol complex, which gave a
value of about 4000 M-! 57!, indicating that NAD* does not
bind to the enzyme-benzyl alcohol complex or that it binds
very slowly (Figure 5). Andersson et al. (1984b) also found
that the binding of NAD* was slower by at least an order of
magnitude when the enzyme was complexed with 2,2,2-
trifluoroethanol.
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FIGURE 4: NADH binding to enzyme-benzyl alcohol complex. (A)
Enzyme preincubated with varied concentrations of benzyl alcohol
was mixed with NADH in an equimolar ratio in 46 mM sodium
phosphate and 0.25 mM EDTA (pH 7) at 30 °C. The transient was
followed by quenching of protein fluorescence with excitation at 294
nm and emission at 330 nm, and the curves fit a second-order equation.
Rate constants as a function of NADH concentration were fit by
linear regression. (B) The bimolecular rate constants were fit to the
equation kope = (ko + koB/Kn)/(1 + B/Kp), to estimate the rate
constant for binding of NADH to enzyme-benzyl alcohol (at
saturating [B]) as (3.4 % 0.4) X 10° M! s, and a dissociation
constant, Ky, for B from EB as 7.2 £ 0.5 mM, as defined in Scheme
1.
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FIGURE 5: NAD® binding to enzyme-pentafluorobenzyl alcohol
complex. (A) NAD* binding was measured with 4 uN enzyme and
varied concentrations of NAD* and pentafluorobenzyl alcohol in 46
mM sodium phosphate buffer and 0.25 mM EDTA (pH 7) at 30 °C.
Quenching of protein fluorescence was measured with excitation at
294 nm and emission at 330 nm. Transient curves fit a first-order
reaction, and the rate constants obtained at varied concentrations of
NAD* were fit using linear regression. (B) The bimolecular rate
constants were analyzed with the equation given in Figure 4B, which
yielded a poorly defined rate constant for NAD* binding to the
enzyme-benzyl alcohol complex of 4000 M~! 5! and a dissociation
constant for the binary complex (Kp) of 4.9 & 0.7 mM.

Simulation of the Abortive Complex Pathway. Transient
data were collected at inhibitory concentrations (0.7-50 mM)
of benzyl alcohol and varied NAD* concentrations (0.33-1
mM). These reaction curves, and those collected at low
concentrations of benzyl alcohol and benzaldehyde, were
simulated with several possible abortive pathways, with fixed
values for steps 1-5. The best fit was obtained with the
mechanism shown in Figure 1. The data were also fit with
a mechanism that included a step where NAD™ binds to the
enzyme-benzyl alcohol complex, but the dissociation constant
obtained from the simulation for this step was 3 orders of
magnitude larger than that suggested by the linked equilibria
in steps 1, 2, and 8. Furthermore, the poorly determined
estimate of the rate constant for association was 12 000 M-!
s~!, which would make the step kinetically insignificant.

For the mechanism in Figure 1, the simulated rate constant
for dissociation of NADH from the enzyme-NADH-benzyl
alcohol complex was 0.3 57!, which agrees well with the estimate
of 0.4 57! from the steady-state data. Kamlayand Shore (1983)
found that bound ethanol decreased the rate of dissociation
of NADH by 4-fold. Alcohol dissociates from the enzyme—
NADH-alcohol complex (step 6) with a constant estimated
tobe 1.2 mM from the steady-state inhibition studies (Figures
2and 3) and 0.8 mM from direct binding experiments, When
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FIGURE 6: Benzaldehyde oxidation. The assays were carried out at
5.6,7.1, 10, 12, and 25 mM benzaldehyde with 1.0 mM NAD*, 0.5
uN enzyme, and 50 mM sodium TES (pH 7.0, 30 °C). An aliquot
of the reaction solution was removed before addition of the enzyme
and added to the quench solution in order to estimate the benzoic
acid in the benzaldehyde. After addition of the enzyme, aliquots
were removed at 5, 15, 30, and 55 min of reaction time, and the
reaction was quenched in the solvent system for HPLC. The
composition of reaction mixtures was determined using an Altex
Ultrasphere octyl column (4.6 mm X 25 cm) and a 5-cm guard column
filled with L.C8 pellicular packing (Supelco) developed with aceto-
nitrile/aceticacid/water (30:1:69). The Millipore Waters LC detector
was set at 254 nm. Benzyl alcohol, benzoic acid, and benzaldehyde
were well resolved with elution times of 7, 9, and 13 min, respectively.
Areas under the peaks were integrated with a Hewlett-Packard 3388A
integrator. The data points are an average of duplicate assays. The
apparent K, was 15 £ 2 mM, the turnover number was 0.4 £ 0.1
57!, and the V/K was 26 & 5 M-! 57!, For comparison, the constants
for benzyl alcohol oxidation and benzaldehdye reduction are listed
in Table I. The dismutation reactions were simulated using the
mechanism shown in Figure 1. The lines shown in the figure are
kinetic simulations, and the microscopic rate constants are given in
Table I11.

the association and dissociation rate constants were not fixed,
the simulation gave a ratio for k_¢/ ks of 0.6 mM, which agrees
well with the values from other experimental determinations.
The dissociation constant for the enzyme—alcohol complex
(step 8) determined from the stopped-flow experiment was
7.2 mM, and the data were simulated well with k_g/ks fixed
in this ratio. The values obtained are given in Table III.

Dismutation Reactions. Liver alcohol dehydrogenase can
oxidize aldehydes to the acid with NAD™, but kinetic data for
benzaldehyde have not been reported. The oxidation of
aldehyde produces NADH, which reduces another molecule
of aldehyde, leading to a dismutation that occurs with no net
change in coenzyme oxidation.

RCHO + E-NAD* — RCOOH + E-NADH

RCHO + E-NADH — RCH,OH + E-NAD*

2RCHO — RCH,0H + RCOOH

The kinetic parameters for benzaldehyde dismutation were
determined by measuring the production of benzyl alcohol
and benzoic acid (Figure 6). The rates of production of acid
and alcohol were equal within experimental error, as required
by the stoichiometry of the dismutation. The data were
simulated using the mechanismin Figure 1. The fitted curves
are shown in Figure 6, and the rate constants are listed in
Table III.

Benzoate is not reduced by NADH, but it binds to the
enzyme~NADH complex with a K; of 150 (£30) mM
(Andersson et al., 1981). It is also a competitive inhibitor
against ethanol or benzyl alcohol, with a dissociation constant
of 14 (£3) mM with | mM NAD* in 46 mM sodium phosphate
buffer and 0.25 mM EDTA (pH 7) at 30 °C.
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FIGURE 7: Spectrophotometric determination and pH dependence
of internal equilibrium. (A) 25 uN enzyme was mixed with 1.0 mM
benzyl alcohol and 0.1 mM benzaldehyde, at pH 7.05 and 30 °C, and
spectrum (1) was taken; then NAD* (to 25 uM) was added and
several spectra (2) were recorded over 42 min. Finally, isobutyramide
(t00.1 M) was added and spectrum (3) recorded. (B) pH dependence.
Enzyme stock solution (approximately 1.15 mN) was prepared from
crystalline enzyme by dialysis in 1 mM sodium phosphate buffer
containing 0.1 M sodium sulfate (pH 7.1) and diluted into various
33 mM sodium phosphate buffers to give final pH values from 5.85
to 9.04. The equilibrium mixture contained 25 uN enzyme, 25 uM
NAD*, 1 mM benzyl alcohol, and 0.1 mM benzaldehyde ina 10-mm
cuvette at 25 °C. The reference cuvette contained 25 uN enzyme.
The total concentration of coenzyme available for reduction to NADH
was determined by adding isobutyramide to 0.1 M after 30 min of
reaction at pH 8.7. Ki, was calculated as A3zs/(Asinat — A328). The
pH dependence is described by the mechanism in Scheme III and the
equation Kinapp = (ko + k:K2/[H*])/(1 + [H*]/K, + K;/[H*]),
where k, = 0.260 = 0.008, k; = 0.538 £ 0.009, pK; = 6.48 % 0.05,
and pK; = 8.11 £ 0.15.

Equilibrium Studies. When the enzyme was mixed with
NAD™ and benzyl alcohol, the absorbance at 328 nm increased,
consistent with the formation of NADH which absorbs
maximally at 325 nm in the enzyme complex (Theorell &
Bonnichsen, 1951). The magnitude of the increase was much
less than would be expected if all of the bound coenzyme were
converted to NADH. There was often a slow increase in
absorbance occurring over some minutes, which was also
observed by Theorell and Yonetani (1962). The slow reaction
could be due to the dismutation or other reaction of aldehyde,
resulting in the formation of more NADH, which is firmly
bound to the enzyme. When enzyme was mixed with
saturating levels of alcohol and aldehyde and then mixed with
NAD*, more stable spectra were obtained, as shown in Figure
7TA. The experiment was designed to use stoichiometric
concentrations of enzyme and coenzyme and to drive all of
the enzyme into ternary complexes with high concentrations
of substrates. The initial absorbance at 328 nm reflects the
fraction of ternary complexes present as enzyme-NADH-
aldehyde. The total concentration of coenzyme that was
reducible to NADH was determined by adding isobutyramide
to the reaction mixture, trapping the NADH as the tight
enzyme-NADH-isobutyramide complex (Theorell & Mc-
Kinley-McKee, 1961). The difference between the total
coenzyme concentration and the concentration of NADH
before the addition of isobutyramide represents the concen-
tration of NAD™ at equilibrium. The NADH to NAD* ratio
gives an estimate of Kiy.. At pH 7.0 and 25 °C, about 20%
of the coenzyme is NADH, corresponding to a Ky of 0.25.
Similar results were obtained at 30 °C and when the
concentrations of benzyl alcohol and benzaldehyde were
lowered to 0.2 and 0.02 mM. The same equilibrium position
was reached when NADH, rather than NAD*, was added to
the enzyme—substrate solution.

The formation of enzyme-bound NADH was pH dependent
(Figure 7B), but not as would be expected if a single group
ionizing in the pH range 6-9 controlled K. A reaction
mechanism with two ionizable groups can explain the data
(Scheme I1I). HEAB, EAB,and EAX in Scheme Il represent
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FiGURE 8: Composition of the equilibrium reaction mixture. An
equilibrium mixture (see Figure 7) containing 25 uN enzyme, 25 uM
NAD*, 1.0 mM benzyl alcohol, and 0.1 mM benzaldehyde in 46 mM
sodium phosphate and 0.25 mM EDTA (pH 7.0, 30 °C) was followed
spectrophotometrically at 328 nm at 5-min intervals, and aliquots
were removed and quenched at 1, 30, and 60 min of reaction.
Isobutyramide (0.1 M) was added after 60 min of reaction time. The
aliquots were analyzed by HPLC using the same protocol as for the
benzaldehyde oxidation experiments (Figure 6). Parallel blank
reactions were made without enzyme and NAD* to determine the
rate of benzoic acid production due to oxidation in air. A very slow
rate of 0.05 uM/min was observed and corrected for. The NADH
concentration was calculated from the absorbance at 328 nm. The
equilibrium experiment was simulated using the rate constants in
Table I11, and the lines represent the production of NADH and benzoic
acid.
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different states of protonation of enzyme complexed with
NAD™ and alcohol, related by the pX values, and k, and kx
represent microscopic internal equilibrium constants. An
equation derived for this mechanism fits the data well (Figure
7B).

Benzoicacid production during the equilibrium experiment
was monitored using a protocol similar to that used in studying
the dismutation. The results in Figure 8 show that the
equilibrium is established very quickly, and the rate of
production of the acid is relatively slow. However, as the
dismutation removes aldehyde from the reaction, the NADH
concentration slowly increases.

The internal equilibrium was also studied by '3C NMR.
The signal for [a-13C]benzyl alcohol shifted and broadened
upon the addition of NAD™Y to the mixture of enzyme and
benzyl alcohol with initial concentrations of 1.4 mN enzyme,
2 mM NAD* and 2 mM benzyl alcohol. The 1*C signal of
benzyl alcohol shifted from 64.81 ppm for the free alcohol to
65.12 ppm in the enzyme-alcohol complex and 65.60 ppm in
the ternary complex. No benzaldehyde was detected in the
NMR spectrum (196 ppm for free aldehyde). The composition
of the reaction mixture after the 12-h NMR experiment was
analyzed by UV and HPLC, and the mixture was found to
contain 1.1 mM NADH, 1.2 mM benzyl alcohol, and 0.6 mM
benzoic acid. No benzaldehyde was detected by HPLC
analysis. These results show that the dismutation occurred
during the 12-h NMR data acquisition, even at 4 °C, which
slows down the dismutation (Anderson & Dahlquist, 1982a).
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FIGURE 9: Simulations of reactions in crystallization experiments.
The crystallizations were simulated using the mechanism in Figure
1 and the kinetic constants given in Table III. The simulation used
initial concentrations of 0.25 mN enzyme, 0.65 mM NADH,and 1.1
mM aldehyde. The equilibrium is quickly established between the
enzyme-NAD*-alcohol and enzyme-NADH-aldehyde ternary com-
plexes with the enzyme-NAD*-alcohol favored about 5 to 1. However,
after about 10° s, benzaldehyde is substantially oxidized and the
concentrations of enzyme-NADH binary and enzyme-NADH-
alcohol ternary complexes begin to increase. By 106 s, the enzyme
is mostly in the enzyme-NADH binary and the enzyme-NADH-
alcohol ternary complexes.

Composition of Equilibrium Mixtures Used for X-ray
Crystallography. Asreported previously (Ekiund et al., 1982),
reaction mixtures set up to resemble those used for crystal-
lography, with 0.25 mN enzyme, 0.16 mM NADH, 1.1 mM
p-bromobenzaldehyde, and 5% 2-methyl-2,4-pentanediol, and
allowed to incubate at room temperature for 24 days at pH
7, contained about 60% of the coenzyme as NAD* (with the
rest various degradation products) and 70% of the substrate
as benzyl alcohol and 30% as benzoic acid. After incubation
for 21 days at pH 7 without enzyme, 85% of the NAD* can
be recovered, but NADH is mostly converted to NAD* and
degradation products. These analyses led to the conclusion
that the crystals contained predominantly NAD* and alcohol.
The origin of the acid was not explained, but it could arise
from the dismutation.

The concentrations of the various enzyme forms at the pH
of the X-ray crystallography studies can now be estimated
using the mechanism and the set of rate constants obtained
in this study (Figure 9). This is done with the assumptions
that p-bromobenzyl alcohol has the same reactivity as benzyl
alcohol and that the temperature (4 °C) and 2-methyl-2,4-
pentanediol used as precipitant (25%) do not affect the relative
magnitudes of the rate constants. As determined from the
spectrum of the outer dialysate of the reaction mixture (Plapp
et al., 1978), the mixture establishes an initial equilibrium
position at 0.5 mM NAD*, 0.5 mM alcohol, 0.37 mM
aldehyde, and 0.026 mM NADH. The simulations give
comparable concentrations and show that the enzyme would
be predominantly complexed with NAD* and alcohol during
a quasi equilibrium period, as demonstrated by the direct
studies of the internal equilibrium (in Figures 7 and 8).
Eventually, however, the slow oxidation of aldehyde results
inthe disappearance of aldehyde and NAD* and the formation
of alcohol and NADH, so that the abortive complex with
NADH and alcohol can form. We also found that reaction
of 25 uN enzyme with 21 uM NAD* and 1 M methylpen-
tanediol at pH 7 and 25 °C formed 15 uM NADH in 60 min.

DISCUSSION

These studies extend previous knowledge of the reactions
catalyzed by liver alcohol dehydrogenase by including path-
ways with abortive complexes and the dismutation. They
also provide an estimate of the internal equilibrium constant
and the rate constants for a complete mechanism. The
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mechanismis the simplest one that is consistent with the results,
but it would be more complicated if kinetically significant
intermediates in the interconversion of ternary complexes or
isomerizations were included (Sartorius et al., 1987; Sekhar
& Plapp, 1990). Nevertheless, the results allow calculation
of the concentrations of all known reactants and forms of
enzyme at any given set of concentrations, using kinetic
simulation.

The common feature of the reactions is the classical ordered
bi bi mechanism (steps 1-5 in Figure 1). With low concen-
trations of benzyl alcohol and benzaldehyde, most of the
reaction flux occurs through this pathway. The mechanism
with supersaturating concentrations (more than 25 times the
K value) of benzyl alcohol also includes a pathway involving
the abortive enzyme-NADH-benzyl alcohol complex (steps
1—-4and 6-8). For reactions that proceed for more than some
minutes, the slow production of benzoic acid occurs through
the dismutation pathway (steps 9-11 and 4-2), which
irreversibly changes the final reaction composition.

Internal Equilibrium. K. (enzyme-NADH-aldehyde/
enzyme~NAD*-alcohol) estimated from the rate constants
in Table ITIis 0.19. This value agrees closely with the value
determined directly by spectrophotometric observations (Fig-
ures 7 and 8), which is 0.22-0.25. Because highconcentrations
of substrates were used in order todrive all enzyme into ternary
complexes, about 25% of the absorbance at 328 nm is due to
the abortive enzyme-NADH-benzyl alcohol complex, which
accounts for the difference in values.

The value for K, is somewhat different than would be
calculated simply by comparing the maximal rate constants
for the single turnover reactions in the forward and reverse
directions: 22/200=0.11. Thesereactionsreflect the hydride-
transfer steps, as there are significant isotope effects (2-3-
fold) with deuterated substrates (McFarland & Bernhard,
1972; Luisi & Bignetti, 1974; Dunn et al., 1979; Sekhar &
Plapp, 1990). However, the observed rate constants are
transient relaxation constants that are a function of several
microscopic rate constants in the mechanism and only
approximate the hydride-transfer rates (Pettersson, 1976). If
the intrinsic deuterium isotope effect for hydride transfer (step
3) is 6, the isotope effects for the transient reactions are
calculated to be about 2.5 for the mechanism in Figure 1.
These predictions fit the observed isotope effects and serve to
confirm the validity of the simulations.

The UV microspectrophotometry of crystals of binary and
ternary complexes of the enzyme suggested that most of the
complexes contained 100% of the coenzyme as NADH
(Bignetti et al., 1979). The production of NADH in crystals
prepared from a solution containing NAD* and p-bromobenzyl
alcohol could be explained by the dismutation (Figure 9),
since the crystals had 6 months to react before the microspec-
trophotometry. On the other hand, crystals prepared with
NAD*and 2,2,2-trifluoroethanol also contained NADH, and
this alcohol is not detectably oxidized by the enzyme. Thus,
NADH is forming by another reaction, which is probably due
to the oxidation of 2-methyl-2,4-pentanediol, present at 2 M
in the crystals. Methylpentanediol is a poor substrate (Plapp
etal., 1978) and the equilibrium position favors NADH if the
kinetic characteristics of the 2-butanol/2-butanone pair apply
(Adolph et al., 1991), but it would not react if the concen-
trations of competing substrates or inhibitors were sufficiently
high. However, before the spectroscopic measurements, the
crystals were washed with a buffer containing 30% methyl-
pentanediol and no substrates. Coenzyme does not dissociate
from the enzyme under these conditions, but as the concen-
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trations of substrates and inhibitors are decreased, methyl-
pentanediol could react. Thus, NADH can form by various
reactions, and further studies are required to determine the
composition in the crystals.

Since the dehydrogenase reaction produces a proton and
the enzyme-NAD*-benzyl alcohol complex reacts most
rapidly above a pK of 6.4 (Kvassman & Pettersson, 1978),
Kin: could be pH-dependent. The pH dependence (Figure
7B) shows that the reaction is not simply enzyme-NAD*—
alcohol = enzyme-NADH-aldehyde + H*. The data are
consistent with the reactions shown in Scheme III, where two
ionizable groups control the equilibria. Since the alcohol is
ligated to the catalytic zinc and hydrogen-bonded to His-51
through a potential proton relay system, formation of zinc
alkoxide or deprotonation of His-51 could influence the internal
equilibrium (Eklund et al., 1982). The pX values of 6.5 and
8.1 estimated from the data in Figure 7B describe the system
macroscopically, and they are reasonable values for an
imidazole and a hydroxyl group bound to zinc. The assign-
ments, however, are not certain, and it has been argued that
the pX of 6.5 is controlled by His-51 (Dworschack & Plapp,
1977, Cook & Cleland, 1981) or the alcohol (Kvassman &
Pettersson, 1980; Kvassman et al., 1981; Andersson et al.,
1984b). ThepX of 8.1 has not been observed by other methods,
but a pKX of 8.6 for dissociation to alkoxide was assumed in
order to interpret pH-dependent isotope effects (Cook &
Cleland, 1981). The transient reduction of benzaldehyde is
independent of pH from 7.9 to 10 (Kvassman & Pettersson,
1978), suggesting that the dissociation of EPQH to EPQ (pX
=17.8, Scheme II) has little effect on hydride transfer. Indeed,
the microscopic internal equilibrium constants (k, and k)
are not greatly affected by pH, and the pH dependence could
arise from indirect effects on enzyme structure.

The Kin. has also been estimated for the reaction of ethanol
and acetaldehyde to be about 1 at pH 7 and 23.5 °C, from
very careful spectroscopic measurements and calculations that
depended upon knowledge of the dissociation constants of
coenzymes (Theorell & Yonetani, 1962). Other work gave
an estimate of 0.15 at 25 °C and pH 7.3 (Nambiar et al.,
1983). We found a value of about 1 from kinetic simulations
of transient reactions with ethanol, 1-propanol, and 1-butanol,
and their aldehydes (Sekhar & Plapp, 1990). Dickinson and
Dickenson (1978) found a weak pH dependence for yeast
alcohol dehydrogenase, with the Ky of 0.075 at pH 7.05 rising
to 0.15 at pH 8.9.

The estimations of Kiy, for these substrates show that the
on-enzyme equilibrium is shifted substantially toward a value
of 1. At pH 7, the position is shifted by a factor of 10* for
benzyl alcohol/benzaldehyde and 104 for ethanol/acetalde-
hyde, as compared to K.q. This shift may arise by quasi boat
puckering of the nicotinamide ring (Almarsson et al., 1992),
but which interactions between the enzyme and substrates
are responsible for this shift are not obvious from inspection
of the structures of the enzyme ternary complexes.

Random Pathways. Although the kinetic mechanism of
alcohol dehydrogenase is described as compulsory or preferred
ordered, it has been suggested that steady-state kinetics is
inadequate to establish the extent of reaction by alternative
pathways (Andersson et al., 1984a). A random pathway has
been proposed for the reaction of NAD* with primary and
secondary alcohols (Silverstein & Boyer, 1964; Dalziel &
Dickinson, 1966a,b; Ainslie & Cleland, 1972). Our stopped-
flow results suggest that the enzyme-benzyl alcohol complex
does not bind NAD™ fast enough to contribute significantly
to reaction flux. The mechanism derived from these studies
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includes an abortive enzyme—NA DH-~alcohol complex, which
can dissociate to enzyme-alcohol, but it does not include a
step with binding of NAD* to this binary complex. The
binding of benzyl alcohol to free enzyme (K4 = 7 mM) is weak
relative to binding to the enzyme~-NAD* complex (26 uM)
ortheenzyme-NADH complex (0.63 mM). Thus, the binary
complex does not affect the slopes of the uncompetitive
substrate inhibition pattern (Figure 3). This behavior is in
contrast to the results with cyclohexanol, which gave essentially
competitive substrateinhibition (Dalziel & Dickinson, 1966b).

The reaction of NADH and benzaldehyde is presented as
ordered in Figure 1 since our data can be explained without
including an enzyme~aldehyde complex. Such complexes have
been demonstrated with 4-(2’-imidazolylazo)benzaldehyde,
benzaldehyde, and (dimethylamino)cinnamaldehyde (Mc-
Farland et al., 1974; Anderson & Dahlquist, 1980; Andersson
et al., 1984a). The azo aldehyde forms a deadend complex
that must dissociate before NADH can bind and react, but
the enzyme—~cinnamaldehyde complex reacts as well as free
enzyme does with NADH and produces a random pathway
(Andersson et al., 1984a).

Dismutation. The oxidation of aldehydes catalyzed by liver
alcohol dehydrogenase has been shown for a number of
substrates: formaldehyde, acetaldehyde, butyraldehyde, oc-
tanal, heptanal, p-(trifluoromethyl)benzaldehyde, and di-
methylcinnamaldehyde (Abeles & Lee, 1960; Dalziel &
Dickinson, 1965; Henehan & Oppenheimer, 1993; Hinson &
Neal, 1975; Battersby et al., 1979; Anderson & Dahiquist,
1982a; Dahl & Dunn, 1984). The kinetic data show that the
reaction is catalytically inefficient (¥/K) relative to alcohol
oxidation. Turnover numbers (¥) can be faster than alcohol
oxidation due to the coupled, ping-pong mechanism, which
bypasses the slow steps of coenzyme dissociation (Figure 1).
For instance, V for butyraldehyde oxidation is 14 times faster
than for butanol oxidation, but ¥/Kis 100-fold slower (Dalziel
& Dickinson, 1965). For benzaldehyde oxidation, V is 2.5-
fold and V/K is 4200-fold slower than benzyl alcohol oxidation.
The extents of hydration could affect the relative rates.
Acetaldehyde is about 50% hydrated, whereas benzaldehyde
is about 10% hydrated (Abeles & Lee, 1960; Anderson &
Dahlquist, 1982a). Formaldehydeis completely hydrated and
is one of the best substrates for the dismutation, and
formaldehyde methyl hemiacetal is oxidized to methyl formate
(Kendal & Ramanathan, 1952; Abeles & Lee, 1960).
Although these dismutation reactions may be relatively slow,
their physiological significance cannot be discounted.

Liver alcohol dehydrogenase is 2 multifunctional enzyme.
Simulation of steady-state and transient kinetic data can
describe the reactions completely.
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