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Abstract
The turnover numbers and other kinetic constants for human alcohol dehydrogenase (ADH) 4
(“stomach” isoenzyme) are substantially larger (10–100-fold) than those for human class I and
horse liver alcohol dehydrogenases. Comparison of the primary amino acid sequences (69%
identity) and tertiary structures of these enzymes led to the suggestion that residue 317, which
makes a hydrogen bond with the nicotinamide amide nitrogen of the coenzyme, may account for
these differences. Ala-317 in the class I enzymes is substituted with Cys in human ADH4, and
locally different conformations of the peptide backbones could affect coenzyme binding. This
hypothesis was tested by making the A317C substitution in horse liver ADH1E and comparisons
to the wild-type ADH1E. The steady-state kinetic constants for the oxidation of benzyl alcohol
and the reduction of benzaldehyde catalyzed by the A317C enzyme were very similar (up to about
2-fold differences) to those for the wild-type enzyme. Transient kinetics showed that the rate
constants for binding of NAD+ and NADH were also similar. Transient reaction data were fitted to
the full ordered bi bi mechanism and showed that the rate constants for hydride transfer decreased
by about 2.8-fold with the A317C substitution. The structure of A317C ADH1E complexed with
NAD+ and 2,3,4,5,6-pentafluorobenzyl alcohol at 1.2 Ǻ resolution is essentially identical to the
structure of the wild-type enzyme, except near residue 317 where the additional sulfhydryl group
displaces a water molecule that is present in the wild-type enzyme. ADH is adaptable and can
tolerate internal substitutions, but the protein dynamics apparently are affected, as reflected in
rates of hydride transfer. The A317C substitution is not solely responsible for the larger kinetic
constants in human ADH4; thus, the differences in catalytic activity must arise from one or more
of the other hundred substitutions in the enzyme.
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1. Introduction
Kinetic constants, including Km values, binding constants and turnover numbers, for
enzymes are determined by protein structure, but quantitative explanations are challenging
even when high resolution structures of the enzyme-substrate complexes are available.
Sometimes predictions based on examination of structures qualitatively fit the results of site-
directed mutagenesis, but magnitudes of the effects vary. For instance, substitution with an
arginine residue for a histidine residue that interacts with the pyrophosphate of the
coenzyme in yeast and human alcohol dehydrogenases can increase affinity for coenzymes
over a range of 2–50-fold [1–4]. Of course, the binding constants arise from the cooperative
effects of many amino acid residues that participate in binding. Furthermore, amino acid
residues that are distant from the active site may affect binding through dynamic effects,
such as altering conformational changes, and thereby affect several kinetic constants [5–6].
For the Ordered Bi Bi mechanism of ADH, release of the product coenzyme is typically
rate-limiting for turnover, so that changes in protein structure that increase dissociation
constants of coenzymes can increase activity [7].

The objective of this work is to explain what structural features contribute to the relatively
high activity of human alcohol dehydrogenase 4 (“stomach” or σ, coded by gene ADH7 [8]).
The kinetic constants of ADH4 are substantially larger (10–100-fold) than those for human
class I and horse liver alcohol dehydrogenases [2,9–15]. The different kinetic constants are
probably relevant for the different metabolic roles of the enzymes [16–19]. The amino acid
sequences of human ADH4 and the other class I human enzymes are about 69% identical
[8,19], and the three-dimensional structures are very similar [10]. The X-ray structures of
the human ADH1B*1 and human ADH4 superimpose with a root mean square distance of
0.60 Å for alpha carbon atoms if residues 113–130 and 244–262 (due to deletion of 117 in
ADH4 and substitution of glycine residues 260 and 261 in ADH1B*1 with asparagine
residues in ADH4) are excluded. Most of the amino acid residues involved in coenzyme
binding are the same in the two ADHs, but several residues differ in the substrate binding
site, contributing to differences in substrate specificity. A significant change is at residue
317, which is Ala in class I enzymes and Cys in ADH4, and it was suggested that this
substitution may account for differences in catalytic efficiency [10]. As shown in Fig. 1,
residue 317 contributes its backbone carbonyl oxygen to form a hydrogen bond with the
nicotinamide amide nitrogen of the coenzyme, and local changes in structure result in a twist
of the nicotinamide ring that could affect binding of coenzyme and hydride transfer. The
hypothesis that the A317C substitution increases the kinetic constants was tested by making
the substitution in the homologous horse liver alcohol dehydrogenase, E isoenzyme
(ADH1E), so that detailed kinetics and high-resolution structures could be compared in a
common structural background.

2. Experimental Procedures
2.1 Materials

Materials were purchased from several suppliers: oligodeoxynucleotides used for cloning
and mutagenesis from Integrated DNA Technologies; Pfu DNA polymerase Turbo from
Stratagene; restriction enzymes and T4 DNA ligase from New England Biolabs; isopropyl-
β-D-thiogalactopyranoside (IPTG) from Research Products International; DEAE-Sepharose
Fast Flow and SP-Sepharose Fast Flow from Amersham Biosciences; pyrazole, 2,3,4,5,6-
pentafluorobenzyl alcohol and chloramphenicol from Sigma-Aldrich Chemical Company;
ampicillin from Research Products International; nicotinamide adenine dinucleotides
(LiNAD+, Na2NADH) from Roche. Benzyl acohol and benzaldehyde were purchased from
Fisher Scientific and redistilled. Bacterial media components were obtained from Becton
Dickinson and Company. Plasmid DNA was propagated in E. coli DH5α cells (Invitrogen).
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Plasmid DNA was purified with kits from Qiagen. DNA fragments were purified using the
Qiaquick gel extraction kit (Qiagen). The pET 23d(+) plasmid used for sub-cloning and the
E. coli BL21 (λDE3) Rosetta cells were obtained from Novagen.

2.2 Plasmid Construction and Mutagenesis
The open reading frame encoding wild-type horse liver alcohol dehydrogenase in the
plasmid pBPE [20] was sub-cloned into the expression plasmid pET23d(+) using standard
molecular biology techniques. Briefly, the gene was amplified by polymerase chain reaction
using primers complementary to the 5′ and 3′ region of the gene. The forward primer (5′-
GGAAACAGACCATGGGCACAGCAGGAAAAG-3′) encoded an NcoI site (underlined)
harboring the ATG start codon (italicized); the reverse primer (5′-
GCAGACATTTGTCTCGAGTCAAAACGTCAGGATGG-3′) encoded a XhoI site
(underlined) downstream of the stop codon (italicized). The amplified cDNA and
pET23d(+) plasmid were digested with the NcoI and XhoI restriction enzymes, and the
fragments were purified on an agarose gel and ligated overnight at 4 °C. The integrity of the
gene was verified by DNA sequence analysis. As a result of the NcoI digestion, Ser-1 would
be substituted with Gly in the protein. Therefore, the wild-type vector was mutated back to a
Ser prior to further mutagenesis using the primers described below.

The Stratagene QuikChange site-directed mutagenesis protocol was used to generate the
desired mutations, which were confirmed by DNA sequencing of the coding region by The
University of Iowa DNA Facility. The following primers (mutated bases in italics) were
used: A317C substitution, 5′-GGACGTACCTGGAAAGGATGTATTTTTGGCGG-3′ and
5′-CCGCCAAAAATACATCCTTTCCAGGTACGTCC-3′; G1S substitution, 5′-
GGAGATATACCATGAGCACAGCAGGAAAAG-3′ and 5′-
CTTTTCCTGCTGTGCTCATGGTATATCTCC-3′.

2.3 Enzyme Expression and Purification
Chemically competent E. coli BL21(λDE3) Rosetta cells were transformed with the newly
constructed vector and spread onto LB agar plates containing 100 μg/ml ampicillin (amp)
and 34 μg/ml chloramphenicol (cam). These plates were incubated overnight at 37 °C. A
single colony was used to inoculate 2 ml of LB-amp-cam medium and the culture was
allowed to grow to moderate turbidity (O.D.600 ~0.3). This culture (0.1 ml/plate) was used
to inoculate 20 LB-amp-cam agar plates. The plates were incubated overnight at 37 °C. The
resulting lawns were used to inoculate 1 l LB-amp-cam medium. The liquid culture was
incubated at 28 °C for 1 hr and expression of ADH was induced with 1 mM IPTG. The cells
were harvested by centrifugation 18–20 hr after induction. About 15 g of wet cells was
obtained, and the enzyme was purified by the published procedure [20]. The protein
concentration was determined spectrophotometrically using an extinction coefficient (ε280 =
0.455 cm−1mg−1ml). The concentration of active sites of enzyme (N) was determined by
titration with NAD+ in the presence of pyrazole [21].

2.4. Steady-State Kinetics
Initial velocities for the change of NADH concentration were determined fluorometrically
using an excitation wavelength of 340 nm and monitoring the emission at 460 nm using a
FluoroLog SPEX 3-21. All assays were done at 25 °C in the presence of 33 mM sodium
phosphate, 0.25 mM EDTA, buffer, pH 8.0, and started with the addition of enzyme. Initial
velocities were calculated by fitting the curves either with a linear or parabolic function.
Data for the forward reaction obtained with varied concentrations (5 concentrations over a
nine-fold range) of both NAD+ and benzyl alcohol showed an intersecting initial velocity
pattern and were fitted to the equation for a sequential bi mechanism with the program
SEQUEN [22], which gave good estimates of the Michaelis constants for NAD+ and benzyl
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alcohol, the dissociation constant for NAD+ (Kia), and V1. Similar data for the reverse
reaction with NADH and benzaldehyde showed a parallel initial velocity pattern and gave a
poor fit for the dissociation constant for NADH (Kiq) when fitted with the program
SEQUEN, and therefore these data were fitted with the program PINGPONG [22], which
provided the true Michaelis constants for benzaldehyde and NADH and V2. (The kinetic
mechanism for ADH1E has been established to be Ordered Bi Bi, but since the commitment
factors favor the reaction of NADH and benzaldehyde, the initial velocity pattern can appear
to be ping pong.) Product inhibition studies were used to determine the inhibition
(dissociation) constants for NAD+ or NADH by varying the concentration of one coenzyme
over a range from 0.3–2.5 times the Km, fixing the substrate concentration at near saturation,
and varying the concentration of the inhibitor coenzyme over a range from 0–5 times the Ki
value. These data were fitted to the equation for competitive inhibition (COMP [22]).

2.5. Transient Kinetics
A Bio-Logic SFM-3 stopped-flow instrument with a path length of 1.0 cm and a dead time
of 2.5 ms was used to obtain transient data. All reactions were studied at 25 °C in 33 mM
sodium phosphate and 0.25 mM EDTA buffer, pH 8.0.

The rate constant for binding of NAD+ was determined by trapping the enzyme-NAD+

complex with pyrazole [23,24]. Enzyme (15 μN final concentration) was allowed to react
with varied concentrations of NAD+ (32–238 μM) and 10 mM pyrazole, and the change in
absorbance at 293 nm was monitored for the formation of the E-NAD+-pyrazole complex.
The progress curves were fitted using the Bio-Kine software to an exponential function to
determine the observed first-order rate constant. From the dependence of kobs on NAD+

concentration, the second-order rate constant for binding of NAD+ was calculated.

Binding of NADH to the enzyme was measured by the quenching of intrinsic protein
fluorescence in the enzyme-NADH complex [25,26]. Enzyme (2.1 μN) was allowed to react
with varied concentrations of NADH, and the reaction was followed by the fluorescence
emission between 315–384 nm with excitation at 297 nm. Values for microscopic rate
constants for the simple binding mechanism, E + NADH = E-NADH, were estimated by
simulation of the full progress curves using KINSIM/FITSIM [27].

The transient reactions of coenzyme and substrate were studied with 14 μN enzyme, fixed
concentration of coenzyme (1 mM NAD+ or 64 μM NADH) and varied concentrations of
benzyl alcohol or benzaldehyde. The reactions were monitored by the change in absorbance
of NADH at 328 nm where the free and enzyme-bound forms of NADH have the same
extinction coefficient (isosbestic point) of ε = 5.5 mM−1cm−1 [28]. The microscopic rate
constants for a complete Ordered Bi Bi mechanism were estimated by using KINSIM/
FITSIM to fit the progress curves for the forward and reverse reactions, with the rate
constants for coenzyme binding fixed as determined independently.

2.6. X-ray crystallography
The A317C alcohol dehydrogenase (0.7 ml, 11 mg/ml) was dialyzed (five exchanges)
against 10 ml ammonium N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonate buffer
(pH 7.0, 4 °C), 0.25 mM EDTA, and on the fifth exchange, the dialysis buffer also contained
5 mM 2,3,4,5,6-pentafluorobenzyl alcohol and 11 mM LiNAD+. Crystals formed after the
slow, cumulative addition of 100% 2-methyl-2,4-pentanediol (MPD) to about 14% MPD,
and the final concentration of MPD was brought to 25%. The resulting crystals were
mounted on fiber loops and flash cooled at 100 °K by immersion into liquid N2. X-ray data
were collected at 100 K using beam line 4.2.2 at the Advanced Light Source at Berkeley
with X-rays at 0.80 Å, at 97 mm distance with 0.5 deg oscillations over 360 degrees. Data

Herdendorf and Plapp Page 4

Chem Biol Interact. Author manuscript; available in PMC 2012 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were processed with d*TREK [29]. Structures were solved by molecular replacement with
the coordinates for the refined complex of wild-type ADH complexed with NAD+ and
2,3,4,5,6-pentafluorobenzyl alcohol (1HLD.pdb, [30]). The initial model for the A317C
enzyme had Ala-317. The structure was refined by cycles of restrained refinement with
REFMAC [31] and model building with the program O [32] and checked with PROCHECK
[33].

3. Results and Discussion
3.1. Kinetic characterization

The steady-state kinetics of A317C ADH1E fit the typical Ordered Bi Bi mechanism for
ADH1E. Steady-state kinetic constants for the oxidation of benzyl alcohol and the reduction
of benzaldehyde catalyzed by the A317C enzyme were comparable to those for the
recombinant wild-type horse E enzyme (Table 1). The largest differences were a 1.8-fold
decrease in the Michaelis constant for benzyl alcohol, about 1.7-fold increases in the
dissociation constants for the NAD+ and NADH, and a 2.3-fold increase in the catalytic
efficiency for the oxidation of benzyl alcohol. Although these changes are small, they appear
to be significant. However, as shown in Table 1, the kinetic constants for human ADH4 are
15–40-fold higher than those for horse ADH1E, and the A317C substitution at Ala-317 does
not increase the kinetic constants to such a level. As an illustration that substitutions in horse
ADH1E can affect the kinetic constants, the values obtained for V292S ADH are also
presented in Table 1. The V292S substitution indirectly affects coenzyme binding by
altering the conformational equilibrium [6].

Since steady-state kinetic constants are macroscopic (ratios of rate constants), transient
kinetics data were collected and used to estimate microscopic rate constants for each step in
the mechanism (Table 2). The binding of NAD+ fits a pseudo first order process and was
linearly dependent on NAD+ concentration (data not shown); the rate constant was about 1/2
that of the wild-type enzyme (Table 2). Data to estimate the rate constant for dissociation of
the enzyme-NAD+ complex were not obtained. The binding of NADH was also pseudo first
order, but the apparent rate constants and extent of reaction changed as the concentration of
NADH was varied, as expected for a reversible equilibrium, allowing rate constants for the
forward and reverse reaction to be estimated (Fig. 2). These rate constants were similar to
those determined for wild-type enzyme (Table 2).

The remaining rate constants were estimated by using transient kinetic data for the reactions
with NAD+ and benzyl alcohol or NADH and benzaldehyde. (The aromatic substrates are
used for this work because they are good substrates and the rate constants for hydride
transfer can be measured, and we can compare results with other ADHs.) As shown in Fig.
3, the transient curves have some evidence of a “burst” phase, resulting from rapid hydride
transfer followed by slower steps. The estimated rate constant at saturating concentrations of
benzyl alcohol was 20 s−1. However, the exponential and steady-state phases are not very
well separated, and, in any case, the observed rate constants are complex functions of rate
constants for several internal steps. Thus, the family of 8 transient progress curves for the
forward and reverse reactions were simulated to provide estimates for the microscopic rate
constants (Table 2). For these simulations, the rate constants for binding of coenzyme were
fixed at the values determined from the independent transient studies. In such simulations,
the progress curves are fitted with non-linear least squares analysis, and the standard errors
for each rate constant are estimated. As given in Table 2, the errors are acceptably small,
indicating good fits. Nevertheless, these are estimated rate constants, and different
concentrations of substrates and different restraints in the simulations can produce somewhat
different values, as the “FitSpace” may be large in multidimensional fitting [34]. The rate
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constants for hydride transfer for the oxidation of benzyl alcohol and the reduction of
benzaldehyde (k3 and k−3) appeared to decrease by 2.8-fold.

In order to confirm that the hydride transfer step was actually being measured, we
determined the progress curves with α,α-d2-benzyl alcohol, and the transient reactions were
considerably slower than with protio benzyl alcohol. Simulations of these reactions, in
which all of the rate constants except for step 3 were fixed, showed that the deuterium
isotope effect on k3 was 5.2 ± 1.0, consistent with this step being hydride transfer [7,35].
Thus, the A317C substitution appears to significantly decrease the rate constant for the
chemical step. The decrease in k3 also accounts for the diminished burst phase (Fig. 3)
relative to wild-type enzyme since the slowest step, dissociation of NADH (k5), is
comparable in magnitude to k3 and the transient reaction is controlled by both steps. The
decreased rate constant for hydride transfer is also reflected in the steady-state oxidation of
benzyl alcohol, as the isotope effects on V1/Et and V1/EtKb are 2.2 (data not shown),
suggesting that hydride transfer is partially rate-limiting for turnover.

3.2. X-ray crystallography
A317C ADH1E was crystallized with NAD+ and 2,3,4,5,6-pentafluorobenzyl alcohol, which
is an unreactive analogue of the substrate of benzyl alcohol that binds in a mode that
resembles the expected Michaelis complex [30]. Data were collected to 1.2 Ǻ resolution at
the ALS synchrotron. Table 3 summarizes the data processing and refinement statistics. The
overall structure is essentially identical to the structure of the wild-type enzyme, except near
residue 317 where the additional sulfhydryl group displaces a water molecule that is present
in the wild-type enzyme (Fig. 4). The electron density map for A317C ADH permits the
unambiguous placement of the atoms, but there is no density for the water that is hydrogen-
bonded to Ser-182 in the wild-type horse or other Class I enzymes. Instead, there is strong
density for the sulfhydryl group of Cys-317, which makes a hydrogen bond (3.1 Å) to the
hydroxyl group of Ser-182. This interaction does not immobilize the side chain of Ser-182,
however, as the hydroxyl group also occupies an alternative position, with 30–35%
occupancy (in both subunits of the dimeric enzyme) in which the hydroxyl group of Ser-182
forms a hydrogen bond (2.8 Å) with the carbonyl oxygen of Gly-179. Such an alternative
position is not observed in the structure of the wild-type enzyme determined at comparable
resolution. In contrast to the structures of human ADH4 as compared to human ADH1B*1
(Fig. 1), the nicotinamide rings of NAD+ are almost exactly superimposed in the wild-type
and A317C horse enzymes, as are all of the other amino acid residues and the
pentafluorobenzyl alcohols. There is no significant difference in B factors for the overall
protein or the atoms near the A317C substitution for the two horse ADH structures.

Inspection of the structures of the wild-type and A317C horse enzymes provides no obvious
explanation for the somewhat different kinetic constants presented in Tables 1 and 2.
However, 2–3-fold effects on kinetics are small in terms of the energetics of binding, and the
structural changes might be expected to be small. Nevertheless, the 2.8-fold decrease in the
rate constants for hydride transfer could be explained by alterations in the enzyme dynamics.
Hydrogen is transferred with quantum mechanical tunneling, which is very sensitive to the
donor-acceptor distance and protein dynamics [36,37]. Thus, substitutions of amino acid
residues that contact the substrate or coenzyme can modulate the apparent degree of
tunneling, as was determined with kinetic isotope effects in horse liver ADH [38,39].
Although tunneling is affected by substitutions of various amino acids, the rate constants for
hydride transfer may only decrease moderately, for instance, up to 16-fold for the V203A
enzyme [35]. It appears that the structure of ADH is relatively stable, but adaptable, and can
tolerate substitutions, such as A317C, without greatly affecting catalysis.
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It appears that the A317C substitution is not solely responsible for the 10–100-fold increases
in kinetic constants for human ADH4 as compared to other class I enzymes. Since human
ADH 4 differs at about 115 of 374 residues compared to the other class I enzymes, the
differences in kinetics could arise from one or more of the other substitutions. For instance,
the Ala-182/Cys-317 pair in ADH4 may alter flexibility as compared to the Ser-182/water/
Ala-317 in the class I ADHs (see Fig. 4). Phe-309 is in the substrate (alcohol) binding site of
ADH4, but it also makes a close contact with the nicotinamide amide nitrogen, whereas
Leu-309 in Class I ADHs is farther away from the amide, and these differences could affect
binding of coenzyme. However, the F309L/C317A substitutions made in ADH4 had no
effect on binding of NAD+ while causing large (up to 180-fold) effects on catalytic
efficiencies for various aliphatic substrates [10]. The rationale for our experimental design
was to examine only one residue that seemed most likely to be responsible for changes in
activity, but future studies could examine other amino acid residues at or near the active.
Moreover, residues that are more distant from the active site, such as the Gly/Asn
substitutions at residues 260 and 261, may also indirectly affect structure and dynamics.
Explaining how structure determines the different kinetic constants remains a challenge for
ADH and other enzymes.
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Fig. 1.
Comparison of the structures of human ADH1B*1 and ADH4. In the green, stick
representation is ADH1B*1 (1deh.pdb [43]), showing the hydroxyl group of Ser-182
hydrogen bonded to a water molecule, which is also hydrogen bonded to the carbonyl
oxygen of Ala-317, and hydrogen bonds from the carbonyl oxygens of Val-292 and Ala-317
to the nicotinamide amide nitrogen of the NAD coenzyme. In atom coloring with spheres is
the superposition of ADH4 (1dis.pdb [44]), showing Ala-182 and Cys-317 with its sulfur
atom replacing the water in ADH1B*1. The hydrogen bonds to the nicotinamide ring are
retained. Note that the nicotinamide rings in the two structures are twisted relative to one
another. (The colors are present in the online version.)
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Fig. 2.
Binding of NADH determined by transient kinetics and simulation. Enzyme (2.1 μN) was
allowed to react with 3.9 (○), 5.8 (▵) or 17.5 μM (□) NADH. The progress curves were fitted
(lines) to the mechanism, E + NADH = E-NADH, where the relative fluorescence of the E-
NADH complex was 49 % of that of free E.
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Fig. 3.
Representative progress curves for the transient oxidation of benzyl alcohol and the
reduction of benzaldehyde. Enzyme (14.4 μN) was allowed to react with 1 mM NAD+ and
83 (○) or 500 μM (□) benzyl alcohol or with 64 μM NADH and 160 (▵) or 650 μM
benzaldehyde (⋄). These progress curves and four additional ones with intermediate
concentrations (not shown) were fitted with FITSIM to the mechanism with the rate
constants given in Table 2, with an overall R-squared value of 0.9998. The lines are the
fitted curves.

Herdendorf and Plapp Page 12

Chem Biol Interact. Author manuscript; available in PMC 2012 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Comparison of the structures of wild-type and A317C horse liver alcohol dehydrogenases.
In the green, stick representation of wild-type ADH, a water molecule is hydrogen-bonded
between the hydroxyl group of Ser-182 and the carbonyl oxygen of Ala-317, and the
nicotinamide amide nitrogen is hydrogen bonded to the carbonyl groups of Val-292 and
Ala-317 (based on 1hld.pdb [30], data extended to 1.14 Å, unpublished). In atom coloring
with spheres is the superposition of A317C ADH with the water molecule displaced by the
sulfur atom on Cys-317 and a hydrogen bond between the sulfur of Cys-317 and the
hydroxyl group of Ser-182 (this study, 3oq6.pdb). The hydrogen bonds to the nicotinamide
ring are present in both structures. Note that the nicotinamide rings in the two structures are
in the same positions. The 2|Fo| − |Fc| electron density map for A317C ADH is shown. (The
colors are shown in the on-line version, and the gray scale figure in the printed version
shows that the two structures are almost identical except for the water molecule (no density
in the map for A317C ADH) and the sulfur atom of Cys-317 (hydrogen-bonded to Ser-182).
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Table 1

Steady-state kinetic constants for recombinant wild-type, A317C and V292S horse liver and recombinant
human wild-type class 4 alcohol dehydrogenases acting on benzyl alcohol and benzaldehydea.

Kinetic constant rADHb A317C V292Sc ADH4d

Ka (μM) 3.4 5.5 140 140

Kb (μM) 11 6.1 220 230

Kp (μM) 31 23 440 460

Kq (μM) 1.7 2.4 80 51

Kia (μM) 26 41 1600 880

Kiq (μM) 0.44 0.71 30 6.0

V1/Et (s−1) 2.0 2.6 6.3 54

V2/Et (s−1) 21 21 160 660

V1/Et Kb (mM−1s−1) 180 420 28 240

V2/Et Kp (mM−1s−1) 680 900 360 1400

Keq (pM)e 45 80 32 57

Turnover number (s−1)f 1.6 1.4 34 31

a
Kinetic constants were determined at 25 °C in 33 mM sodium phosphate, 0.25 mM EDTA, buffer, pH 8.0. Ka, Kb, Kp, Kq are the Michaelis

constants for NAD+, benzyl alcohol, benzaldehyde, and NADH, respectively. Kia and Kiq are the inhibition constants for NAD+ and NADH,
respectively. V1/Et is the turnover number for benzyl alcohol oxidation, and V2/Et is the turnover number for benzaldehyde reduction. The
standard error of the fits were generally < 15% of the values.

b
Recombinant wild-type enzyme data from [40].

c
Data from [6].

d
Human ADH4 data from [13] determined at 37 °C in 83 mM potassium phosphate, 40 mM KCl and 0.25 mM EDTA buffer, pH 7.3.

e
Keq is the Haldane relationship calculated from V1KpKiq[H+]/V2KbKia. Directly estimated values range from 35–70 pM.

f
Turnover number determined in a standard enzyme assay at 25 °C [41] based on titration of active sites.
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Table 2

Estimated rate constants for the oxidation of benzyl alcohol and reduction of benzaldehyde by wild-type and
A317C alcohol dehydrogenases by the Ordered Bi Bi mechanisma.

E ⇌
k−1

k1
E‐NAD+ ⇌

k−2

k2
E‐NAD+ − RCH2OH ⇌

k−3

k3
E‐NADH‐RCHO ⇌

k−4

k4
E‐NADH ⇌

k−5

k5
E

rate constant wild-type ADHb A317C ADH

k1 (M−1s−1) 1.2 (± 0.12) × 106 5.9 (± 0.25) × 105c

k−1 (s−1) 56 ± 6 72 ± 4

k2 (M−1s−1) 3.7 (± 0.37) × 106 2.8 (± 0.75) × 106

k−2 (s−1) 58 ± 5 43 ± 2

k3 (s−1) 38 ± 3 14 ± 0.4

k−3 (s−1) 310 ± 30 106 ± 2

k4 (s−1) 66 ± 6 68 ± 3

k−4 (M−1s−1) 8.3 (± 0.83) × 105 1.1 (± 0.26) × 106

k5 (s−1) 5.5 ± 0.5 4.4 ± 0.2 (5.9 ± 0.2)d

k−5 (M−1s−1) 1.1 (± 0.11) × 107 1.5 (± 0.12) × 107c

a
Determined from the simulation and fitting of the progress curves for the transient oxidation of benzyl alcohol and the reduction of the

benzaldehyde at pH 8 and 25 °C. The data were fitted to the mechanism shown. Eight progress curves, four forward and four reverse reactions
(some shown in Fig. 3) were used for the simulation.

b
Data from [42].

c
The rate constants for coenzyme binding were determined independently and fixed in the simulation.

d
Rate constant determined independently as shown in Fig. 2.

Chem Biol Interact. Author manuscript; available in PMC 2012 May 30.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Herdendorf and Plapp Page 16

Table 3

X-ray data and refinement statistics for A317C horse liver alcohol dehydrogenase complexed with NAD+ and
2,3,4,5,6-pentafluorobenzyl alcohol.

PDB entry 3OQ6

space group P1

cell dimensions, Å 44.34, 51.31, 92.21

cell angles, deg 91.98, 102.95, 110.11

no. of dimeric molecules per unit cell 1

resolution range, Å 20.0–1.20

no. of observed reflections 765672

no. of unique reflections 214172

completeness, % (outer shell) 92.2 (83.6)

Rmerge, % (outer shell)a 6.1 (28.1)

mean〈I〉/σ〈I〉(outer shell) 9.4 (3.0)

Rvalue, Rfree, test %b 0.135, 0.162, 0.5

rmsd for bond distances, Åc 0.014

rmsd for bond angles, degc 1.62

estd errors in coordinates, Å 0.026

no. of water molecules 1098

a
Rmerge = (Σ|I − 〈I〉|)/Σ〈I〉, where I is the integrated intensities of a given reflection.

b
Rvalue = (Σ|Fo − kFc|)/Σ|Fo|, where k is a scale factor. The Rfree value was calculated with the indicated percentage of reflections not used in the

refinement.

c
Root-mean-square deviations (rmsd) from ideal geometry of the final model.
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