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Abstract

The substrate specificities of yeast alcohol dehydrogenases | and Il from Saccharomyces
cerevisiae (SceADH1 and SceADH2) and Saccharomyces carlsbergensis (ScbADH1) were studied.
For this work, the gene for the S. carlsbergensis ADH1 was cloned, sequenced and expressed. The
amino acid sequence of ScbADH1 differs at four positions as compared to SceADH1, including
substitutions of two glutamine residues with glutamic acid residues, and has the same sequence as
the commercial yeast enzyme, which apparently is prepared from S. carlsbergensis. The
electrophoretic mobilities of ScbADH1, SceADH2 and commercial ADH are similar. The kinetics
and specificities of ScbADH1 and SceADH1 acting on branched, long-chain and benzyl alcohols are
very similar, but the catalytic efficiency of SceADH?2 is about 10 to 100-fold higher on these
substrates. A three dimensional structure of SceADH1 shows that the substrate binding pocket has
Met-270, whereas SceADH2 has Leu-270, which allows larger substrates to bind. The reduction of
a series of p-substituted benzaldehydes catalyzed by SceADH2 is significantly enhanced by electron-
withdrawing groups, whereas the oxidation of p-substituted aromatic alcohols may be only slightly
affected by the substituents. The substituent effects on catalysis generally reflect the effects on the
equilibrium constant for the reaction, where electron-withdrawing substituents favor alcohol. The
results are consistent with a transition state that is electronically similar to the alcohol, supporting
previous results obtained with commercial yeast ADH.
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1. Introduction

The zinc-containing, medium-chain alcohol dehydrogenases catalyze the interconversion of
ethanol and NAD™ to acetaldehyde and NADH, and they are commonly found in bacteria,
yeasts, plants and animals [1-3]. Mammalian ADHs react efficiently with a great variety of
alcohols, aldehydes, and ketones, but yeast ADHs have more restricted specificities and are
most active on ethanol and acetaldehyde [4,5]. The yeast S. cerevisiae produces three ADH
isoenzymes - ADH1, ADH2, and ADH3. ADH1 is the constitutive, cytoplasmic form that
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reduces acetaldehyde during fermentation of glucose [6-8]. A three-dimensional structure of
this enzyme has been determined (2HCY .pdb). ADH2 is also a cytoplasmic form, but it is
repressed by glucose and functions to oxidize ethanol in aerobic metabolism [9]. ADH3 is a
mitochondrial form, perhaps involved as a shuttle for reducing equivalents in NADH [10]. The
kinetic constants of the S. cerevisiae enzymes are similar, except that ADH2 has about a 20-
fold lower K, and 10-fold higher catalytic efficiency (V1/Ky,) for ethanol [11].

The mechanism of hydrogen transfer catalyzed by yeast ADH was studied extensively in a
series of significant papers, using substituted benzyl alcohols and benzaldehydes [12-16].
However, the studies led to conflicting conclusions about the structure of the transition state.
Quantitative structure-activity relationship studies with p-substituted benzyl alcohols and
aldehydes suggested that the transition state resembled alcohol with little or no charge
development at C-7 [14]. In contrast, the a-secondary ky/kT isotope effects for oxidation of
benzyl alcohols were within error the same as the equilibrium isotope effects, suggesting that
the transition state resembles aldehyde [15]. Further studies of the isotope effects suggested
that hydride is transferred with quantum mechanical tunneling, with coupled motion and a
transition state similar to alcohol [16]. The commercial enzyme used for these studies has much
less activity on the aromatic substrates than on ethanol or acetaldehyde, but the cloned
isoenzyme | from S. cerevisiae (SceADH1) had “no detectable activity” on benzyl alcohol,
i.e., less than 1/10° of the activity on ethanol [4]. Thus, the origin of the activity on benzyl
alcohol is uncertain, and we sought to determine which ADHs are active on benzyl alcohol and
benzaldehyde.

The protein sequence of commercial yeast ADH is microheterogeneous [6], and it was
suggested that the preparations contain ADH1 and ADH2 [17]. We noted that commercial
preparations of yeast ADH are electrophoretically heterogeneous, with major components
migrating with mobilities similar to that of the major enzyme isolated from S.
carlsbergensis, brewer’s yeast, and to SceADH2, but different than SceADHL. S. cerevisiae is
a top fermenting yeast for brewing ales, and S. calsbergensis is a bottom fermenting yeast for
brewing lager beers [18]. These are related species [19], but S. carlsbergensis is also named
S. pastorianus and may be a hybrid between S. cerevisiae and S. monacensis [20] or between
S. cerevisiae and S. bayanus [21]. We cloned and expressed the gene for ADH1 from S.
carlsbergensis and compared its activities on various substrates with the activities of SceADH1
and SceADH2. SceADH2 was identified as the isoenzyme most active on the aromatic
substrates, and it was used to repeat the studies on the p-substituted benzyl alcohols and
benzaldehydes.

2. Experimental Procedures
2.1. Materials

2.2. Cloning

All alcohols were obtained from Aldrich or Fisher Scientific and redistilled before use. DEAE-
Sepharose CL-4B and Octyl-Sepharose CL-4B were purchased from Pharmacia P-L
Biochemicals. LINAD™ and Na,NADH were the best grades available from Boehringer
Mannheim, and pyrazole was purchased from Eastman Kodak. Commercial yeast ADH was
obtained from Boehringer Mannheim Corporation, Cooper Labs, or Sigma Chemical Co.

and Expression

Genomic DNA was isolated from S. carlsbergensis strain Y379-50 by standard procedures
[22]. DNA fragments of about 1600 base-pairs produced by restriction enzyme Sphl were
identified by hybridization with the ADH1 gene from S. cerevisiae and subcloned into the yeast
expression plasmid YEp13, which was transformed into E. coli strain DH5a [23]. Colonies
containing the ADH gene were identified by hybridization with the SceADH1 gene, and the
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plasmid was purified and characterized by restriction mapping and DNA sequencing [24]. One
strand of the plasmid was sequenced with four different primers, providing the complete
sequence for the coding region and 283 nucleotides of the 5" and 186 nucleotides of the 3’
flanking regions. (The DNA sequence for the Saccharomyces carlbergensis ADH1 has been
deposited in the GenBank/Embl Data Bank with accession number FJ195977.) Yeast strain
302-21#2, which does not produce ADHSs [11], was transformed with the plasmid, and cells
with the YEp13 plasmid were selected on synthetic medium lacking leucine.

2.3 Enzyme purification and characterization

Yeast transformed with plasmids expressing the ADH1 and ADH2 genes from S. cerevisiae
and the ADH1 gene from S. carlsbergensis were grown in rich media, and the recombinant
enzymes were purified as described previously [11,25]. The final enzyme preparations
appeared to be at least 90 % pure by polyacrylamide gel electrophoresis in the presence or
absence of sodium dodecyl sulfate [26]. Enzyme concentrations were determined by titration
of the active sites with NAD™ in the presence of 10 mM pyrazole [27].

2.4. Enzyme kinetics

3. Results

Activities on various substrates was determined in 83 mM potassium phosphate, 40 mM KClI,
and 0.25 mM EDTA buffer, pH 7.3, at 30 °C, conditions that are similar to those in living yeast.
The initial velocities for the change of absorbance at 340 nm on CARY 118C
spectrophotometer were estimated by a linear or parabolic fit to the progress curve. Because
the enzyme activities on many of the alcohols (other than linear aliphatic alcohols) studied here
were relatively low, large amounts of enzyme (up to 0.1 mg/ml) were used. Contamination of
solutions by readily oxidized alcohols was minimized by using redistilled alcohols and purified
water. Activities were always at least 5 times higher than the activity determined in the absence
of added alcohol. For assays with poor substrates, progress curves were obtained for about 5
min, and any small “burst” of activity (due to contaminants) was ignored in the analysis of the
initial velocity. As a test of the procedures, tert-butyl alcohol was tested as a substrate and
“activity” was less than 1/10th of the activity on the poorest substrate. Concentrations of
alcohols were used that did not produce substrate inhibition, and the highest concentrations are
reported in the results. The kinetic data were fitted to the appropriate equations using the
programs HYPER for fitting to the Michaelis-Menten equation when one substrate is varied,
SEQUEN or PING PONG for fitting initial velocity data for studies when coenzyme and
substrate concentrations were each varied over a 9-fold range for a total of 25 combinations of
concentrations, and COMP or NONCOMP for product inhibition studies [28]. The standard
errors of the kinetic constants were usually less than 25 % of the values, indicating good
precision and fits. In general, the values should be reproducible within a factor of 2.

The products of oxidation of benzyl alcohol in a reaction mixture containing 2 mM NAD™, 50
mM benzyl alcohol, and 10 to 30 pug/ml of enzyme at pH 7.3 and 30 °C were also determined.
The production of NADH was followed at 340 nm. Production of benzaldehyde was determined
by HPLC. Aliquots of 200 pl were taken at various times of reaction (up to 90 or 180 min) and
immediately quenched in 800 pl of acetonitrile/acetic acid/water (30:1:69) containing 1 mM
p-bromobenzoic acid as a internal standard. Samples were chromatographed on an Altex
Ultrasphere Octyl column (4.6 mm x 25 cm) developed with acetonitrile/acetic acid/water
(30:1:69) at 1 ml/min, with detection of the products at 254 nm [29].

3.1. Characterization of S. carlsbergensis ADH1

As compared to the gene for SceADH1, the DNA sequence for ScbADH1 differs at 12 positions
in the coding region and 2 in the 3'-flanking region. These changes would result in four
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substitutions in the amino acid sequence, as listed in Table 1. In three out of these four positions,
ScbADH1 has the same amino acid sequence as does SceADH2 and commercial ADH, thought
to be from S. cerevisiae [6], but SceADH1 and SceADH?2 differ at 23 amino acid residues
[9]. We conclude that ScbADH1 is the homolog of SceADH1. The ScbADH1 gene differs at
41 of 1044 nucleotides in the coding region of the S. pastorianus ADH1 gene. The sequence
of the SceADH1 gene [8] showed five differences as compared to the protein sequence
determined from the commercial enzyme, but preparations of commercial enzyme may be
microheterogeneous [17]. Our sequencing of the SceADH1 gene [11] and X-ray
crystallography (2HCY .pdb) gave the same sequence and showed that residue 20 is tyrosine,
not histidine. Mass spectrometry of tryptic peptides of high quality commercial yeast ADH
confirmed the amino acid compositions predicted from the DNA sequence for ScbADH1 (data
not shown). The results show that commercial yeast enzyme apparently is prepared from S.
carlsbergensis.

The differences in amino acid sequences of the ADHSs are also apparent on gel electrophoresis
under non-denaturing conditions, at pH 8.4, where enzyme is located by activity or protein
stain (Table 2). ScbADH1 migrates faster than SceADH1, slower than SceADH3, and at about
the same rate as Sce ADH2 or commercial enzymes (which are heterogeneous and have a broad
band). All enzymes migrate with the same relative molecular weight under denaturing
conditions. The increased mobility of ScbADHL1 relative to SceADH1 can be explained by the
two additional negative charges due to the glutamates at positions 127 and 147. Electrophoretic
mobilities are also altered with site-directed mutations that change one charge [25,30,31].
However, the change in mobility is not simply proportional to the change in charge, and
although SceADH1 and SceADH2 have the same calculated net charge they migrate
differently.

The kinetic constants of ScbADH1 obtained from initial velocity studies are most similar to
those for SceADH1 for the oxidation of ethanol and reduction of acetaldehyde (Table 3).
SchADH1 appears to have about a 2-fold higher turnover number for reduction of acetaldehyde
than SceADH1 does, which might explain the vigorous fermentative ability of S.
carlsbergensis. SceADH2 has lower turnover numbers than the ADH1s, but catalytic efficiency
is higher because the Ky, (Michaelis constant for ethanol) and K, (Michaelis constant for
acetaldehyde) are 7 to 20-fold smaller. The kinetic mechanism for yeast ADHSs acting on
ethanol and acetaldehyde is predominantly ordered Bi Bi, as shown by previous experiments
[11,32,33].

3.2. Substrate Specificities

The Kinetic constants describing the activities of these ADHSs on various alcohols are compared
in Table 4. SceADH1 and SchADH1 show about the same specificities, but SceADH2 has
significantly higher activity (V1/E; and V1/Ky) for all of the alcohols. These results again
confirm that the cloned S. carlsbergensis gene codes for ADH1. The secondary and branched
chain alcohols are oxidized with much lower turnover numbers and catalytic efficiencies than
the linear, primary alcohols. The variation in turnover numbers is consistent with hydride
transfer being rate-limiting for catalysis, as has been confirmed by the significant deuterium
isotope effect on V1/E; for oxidation of 2-propanol [34,35]. All of these enzymes prefer the S-
isomer of butanol as compared to the R-isomer. Similar results were obtained earlier with
commercial yeast ADH [5,36]. In general, increasing the size of the alcohol or introducing
branching with additional methyl groups decreases catalytic efficiency for SceADH1 [4,11].
The yeast enzyme is inactive towards secondary alcohols where both alkyl groups are ethyl or
larger [5], and we detected no activity with cyclohexanol as a substrate (although we found it
to be a competitive inhibitor against ethanol with a K; value of 7.8 mM).
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In order to determine which yeast ADHSs are active on benzyl alcohols and aldehydes, we
surveyed the activities of the three isoenzymes. Table 5 shows that the activities (V/K,) on
these aromatic substrates are 3 to 5 orders of magnitude lower than the activities on ethanol
and acetaldehyde (Table 3). SceADH1 and ScbADH1 show similar substrate specificities, but
SceADH2 is about one order of magnitude more active (V/E; and V/K,) than SceADH1 and
ScbADH1. The activity of SceADH1 on benzyl alcohol is about 1/10° of that on ethanol,
confirming the previous conclusion [4]. Significantly for these studies, SceADH2 is about 100
times more active than SceADH1 is on benzyl alcohol.

Since the rates of oxidation of benzyl alcohol as determined by the change in NADH
concentration are so slow, it is important to ascertain that benzyl alcohol is being oxidixed to
benzaldehyde. The formation of benzaldehyde from benzyl alcohol upon oxidation with
NAD™ as catalyzed by SceADH1, ScbADH1 and SceADH2 was confirmed by HPLC analyses.
The concentrations of the products benzaldehyde and NADH were very similar throughout the
course of the reaction, indicating a stoichiometric reaction. The rates of the reaction were
comparable to those determined by steady-state kinetics. No benzoic acid was detected,
suggesting that yeast ADH does not catalyze the dismutation of benzaldehyde, in contrast to
the action of horse liver ADH [29].

The activity of acommercial preparation of yeast ADH on benzyl alcohol gave a V1/E; of 0.058
s~ and a V4/Kp, of 1.7 M~1s71 which is about 4 times larger than the values obtained for the
cloned SceADH1 or ScbADH1 (compare to Table 5). Since the commercial preparation is
electrophoretically heterogeneous, it may contain a mixture of ADH1 and ADH2. Using the
kinetic constants (V1/Kp) for the cloned enzymes, we can estimate that the commercial enzyme
has about 3 % ADH2, which would contribute about 75 % of the activity on benzyl alcohol.
The percentage may vary with different preparations, of course.

3.3. Quantitative structure-activity relationships

The relationships for the reactions of the p-substituted benzyl alcohols and benzaldehydes were
studied previously with commercial yeast enzyme [12,14], but it seemed prudent to repeat these
studies using a single enzyme form. The kinetic constants for SceADH2 acting on p-substituted
aromatic alcohols and aldehydes were determined by varying the concentrations of both
coenzyme and substrate and fitting the data to the equation for a sequential bi-substrate reaction,
which provides true kinetic constants. As shown in Table 6, the p-substitutions have relatively
small effects on alcohol oxidation, in particular on V1/E; and V1/Ky, which report on the
hydrogen transfer step and the catalytic efficiency, respectively. The Kinetic constants are
similar to those observed previously [14], except that the turnover numbers are somewhat
higher in the present study. It is difficult to compare the values directly because alcohol
oxidation is faster at pH above a pK of 8.25 [13], and the previous study was done at pH 8.5
and 25 °C and the present study at pH 7.3 and 30 °C.

For the reduction of the aldehydes, in contrast, the p-substituents have large effects, with
electron-withdrawing substituents increasing V,/E¢ and V,/K,, by about 100-fold over the range
studied (Table 7). The overall magnitude of the electronic effects on V,/E; is very similar to
the previous results [12], but the turnover numbers are about 30-fold larger in the present study,
in part due to the lower pH used in the present study. The Michaelis constants for the
benzaldehydes are similar in magnitude to those in the previous study, but the dependence of
V,/Kp on the electronic effects differs. The internal consistency of the kinetic constants was
checked by calculating the Haldane relationship, Keq = V1KKiq[H*1/V2KpKja, which gave
reasonably good agreement with the values determined by Klinman [14] for the p-CH30-,
CHs-, Cl-, and Br- compounds.
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The classical approach for analyzing the electronic effects of substituents uses the Hammett
equation, supplemented by consideration of the hydrophobicity, molar refractivity, and van
der Waals radii of the substituents, which may be factors in determining the enzyme specificity
[37,38]. Multiple linear regression of the data for benzyl alcohol oxidation showed no
significant correlation of the kinetic constants with any of these factors, because the rate
constants were essentially not affected by the substituents. Fig. 1 shows the relationship of
V1/E¢ and V1/Ky,. with o*, which describes reactions in which electron donation by resonance
to the reaction center is important [37]. In contrast, the reduction of the benzaldehydes as
measured by V./E; or V,/K}, showed a good correlation with o™ with a p value (slope of the
dependence) of 1.9 or 1.7 (Fig. 2). The substituent effects on K, alone are relatively small, as
shown by inspection of the data in Table 7 and the similar slopes of the lines in Fig. 2.
Combinations with additional factors resulted in modestly better fits, but more data points
(additional substituted benzaldehydes) would be required to justify including the other factors.

4. Discussion

4.1. Enzyme structure and substrate specificities

The cloning and sequencing of the ADH1 gene from S. carlsbergensis shows that ScbADH1
differs from SceADH1 by four amino acid residues, which change the electrophoretic mobility
of the proteins, but cause only small effects on the kinetic constants for enzymatic activity on
various substrates. It appears that commercial yeast ADH is produced from S. carlsbergensis
and contains predominantly ADH1. The commercial ADH does not appear to be produced
from S. pastorianus, which is the name also used for S. carlsbergensis. However, commercial
ADH preparations are usually heterogeneous and may also contain ADH2. The ADH2 gene
from S. carlsbergensis should also be cloned so that ScbADH2 can be characterized. SceADH2
has an electrophoretic mobility similar to that ScbADH1, but clearly differs by having higher
activity (V1/E; and V1/K.y,) on aliphatic, branched chain, and aromatic alcohols.

SceADH2 is more active than SceADH1 on the larger alcohols. These enzymes differ in 24
amino acid residues (if position 20 is considered), but the only difference in the substrate
binding site is Leu-270 in SceADH2 as compared to Met-270 in SceADH1 and ScbADH1.
SceADH3 also has Leu-270 [10], and its activity on benzyl alcohol should be determined. The
M270L substitution in SceADH1 increases catalytic efficiency with butanol, pentanol, and
hexanol, but not on ethanol or propanol [11]. Residues distant from the active site must be
implicated in the 10-fold higher catalytic activity of SceADH2 as compared to SceADH1 on
ethanol (Table 3), but these have not been identified.

A three-dimensional structure of SceADH1 complexed with NAD™ and 2,2,2-trifluoroethanol
has been determined by X-ray crystallography (2HCY .pdb), which makes it possible to explain
the higher activity of SceADH2 as compared to SceADH1 on benzyl alcohol. A model of the
yeast enzyme was constructed by replacing the trifluoroethanol with the benzyl alcohol,
positioning the hydroxymethyl group so that the pro-R hydrogen is directed toward C4 of the
nicotinamide ring, and rotating the benzene ring into the position with optimized contacts with
the amino acid residues (Fig. 3). SceADH1 has Thr-45, Trp-54, Trp-92, Met-270 and Tyr-294
in close contact with the substrate, but Met-270 makes a bad contact (1.8 A) that is not relieved
by changing rotamers. The M270L substitution would relieve some of the steric hindrance as
illustrated in Fig. 3. Nevertheless, some close contacts remain, and we must assume that the
enzymes are somewhat flexible if benzyl alcohol can bind and be oxidized.

Horse liver ADH has a large substrate binding site and readily accommodates and efficiently
oxidizes benzyl alcohol, cyclohexanol, and branched chain alcohols [39-41]. The horse
enzyme has much higher activity than SceADH1 does on branched chain alcohols [4]. The
lower activity of SceADH1 with larger alcohols apparently reflects the restricted substrate

Chem Biol Interact. Author manuscript; available in PMC 2010 March 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pal et al.

Page 7

binding pocket. Enlarging the substrate binding pocket in SceADH1 with the T45S and W92A
substitutions produced enzymes that were more active on branched chain and benzyl alcohols
as compared to wild-type SceADH1, and the double substitution inverted the relative
specificity for ethanol as compared to hexanol by a factor of 5000 [4]. The horse enzyme has
Ser-48, Phe-93 and Val-294 corresponding to Thr-45, Trp-92 and Met/Leu-270 in yeast ADH.
It remains to be determined why SceADH1 is twice as active as horse ADH on ethanol, whereas
horse ADH is 24,000 times more active than SceADH1 on benzyl alcohol.

4.2. Transition State Analysis

Klinman previously studied structure-activity relationships with commercial yeast ADH [12,
14]. The major observations were a substantial electronic effect on the turnover for
benzaldehyde reduction (p value of 2.1 against 6™ for V,/Ey), no electronic effect on turnover
for benzyl alcohol oxidation, a modest electronic effect on benzaldehyde binding (p value of
—0.9 for 1/Kp), and a p value of 1.5 on the equilibrium constant for aldehyde reduction. The
hydride transfer steps were predominantly rate-limiting as the average kinetic isotope effects
(using NADD or NADH) were 3.6 on Vo/E; (kc4) for aldehyde reduction and 4.0 on V4/E; for
oxidation of dideutero alcohols. The isotope effects could also be analyzed to show that the
Michaelis constants for aldehyde or alcohol approximate the dissociation constants. Because
the electronic effects on Vo/E; were offset by the effects on binding of aldehyde so that the net
value of p of 1.2 calculated for V,/K, was similar to the effect on the equilibrium constant, it
was concluded that the electronic effects are on the ground state, rather than on the transition
state. The lack of an electronic effect on benzyl alcohol oxidation then led to the conclusion
“that there is little or no development of charge at C-7 at the transition state relative to the
alcohol in the ground state” [14]. The implication that the transition state resembles the alcohol
is puzzling because subsequent studies on the secondary isotope effects suggested that bond
hybridization at the transition state resembles the aldehyde [15,42]. However, the interpretation
of the isotope effects is complicated by the fact that hydride transfer occurs with quantum
mechanical tunneling [16,43], and interpretation of secondary isotope effects can be affected
by a lack of synchrony in rehybridization of the donor and acceptor carbons [44].

Structure-activity relationships were also studied with horse liver ADH for which benzyl
alcohols and benzaldehydes are excellent substrates [45]. However, hydride transfer is not rate-
limiting for steady-state reactions with wild-type enzyme, and a chemically activated form of
liver ADH, for which hydride transfer is at least partially limiting, was used. Significant
substituent effects were found with four p-substituted benzaldehydes, with a p value of 1.1 on
Vo/E; and an average deuterium kinetic isotope effect of 2.3, and a p value of about 0.6 on
Vo/Kp. The reaction of three p-substituted benzyl alcohols showed only small substituent effects
on V4/E;, but a p value of —0.6 can be estimated for the effects on V1/Ky. These results are
qualitatively similar to those with yeast ADH.

The interpretation of the results from the studies with the p-substituted aromatic substrates is
complicated because of the involvement of the catalytic zinc that binds the oxygen of the
substrate and the histidine that participates in acid/base catalysis through a hydrogen bond relay
system. The enzyme can modulate the development of charge in the transition state. By analogy
with the homologous horse liver ADH, we can suggest that the alcohol binds to the catalytic
zinc, becomes deprotonated by the catalytic histidine, and is stabilized as the alkoxide by a low
barrier hydrogen bond to the hydroxyl group of Thr-45 [39,46,47]. Rapid reaction kinetics
suggest that the zinc-OH, loses a proton to form zinc-OH™ before alcohol displaces the water
[48]. Subsequently, the hydride ion is transferred from the alkoxide to the oxidized
nicotinamide ring and the zinc-bound aldehyde is formed. The inverse solvent isotope effects
for the hydride transfer step (2-fold faster in D,0 than H,0O) with ethanol or benzyl alcohol
and a proton inventory study with ethanol suggest that the transition state has a charge on the
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oxygen of —0.3 [40,46]. Thus, the transition state may more closely resemble aldehyde than
alcoholate, with respect to the charge on the oxygen, but the charge at C-7 in the transition
state may be different.

The new results for reactions of p-substituted substrates with SceADH2 are qualitatively similar
to the previous ones, but differ somewhat in the magnitudes of the effects and are more simply
interpreted. The new results show that there are good linear correlations for both V,/E; and
Vo/Kpwith 6*, producing p values of 1.9 and 1.7 with p-substituted benzaldehydes, respectively
(Fig 2). In contrast to the previous results [12], it appears that there is no significant effect of
the p-substituents on binding of the benzaldehydes. Note that V,/K, describes the bimolecular
reaction of the enzyme-NADH complex with benzaldehyde to form the enzyme-NAD*
complex and free benzyl alcohol, whereas V,/E; describes the conversion of the ternary
enzyme-NADH-benzaldehyde complex to form free enzyme, NAD* and benzyl alcohol. When
hydride transfer is the rate-limiting step and the kinetic mechanism is rapid equilibrium random
[12,14], the difference in the p values for V,/Ky and V,/E¢ would correspond to the p value for
the binding of aldehyde. However, fitting of log(1/K;,) against 6™ gave a p value of —0.2 £ 0.2,
not a statistically significant fit. The p values of 1.7-1.9 appear to be larger than the p value of
1.5 for the equilibrium constant, which would be consistent with a substituent effect on the
transition state. This would imply that the transition state develops some negative charge
relative to aldehyde (as the hydride ion attacks), which is stabilized by electron withdrawing
groups (promoting the reduction). The p values of 2.3-2.6 for reactions of benzaldehydes with
NaBH, and HCN also suggest development of some negative charge [12], but as noted above,
enzyme catalysis may modulate the charge and have different p values.

For the oxidation of the benzyl alcohols, the substituents slightly, but not significantly, affect
V1/E; and V1/Kp, and there does not appear to be an effect on binding of the alcohol (slope of
Hammet plot = —0.13 + 0.38). In contrast, the previous results with yeast ADH found that
binding of alcohol was favored by hydrophobic effects [14].

Because it appears that hydride transfer is the rate limiting step for alcohol oxidation or
aldehyde reduction, and there are only small effects of the substituents on binding, we can
simplify the analysis of the effects by considering only the V/K,, parameters, which report on
the energetics of the conversion of free substrate to the transition state for the forward and
reverse reactions: E-NAD" + alcohol == E-NADH + aldehyde. This reaction is described by
a rearranged Haldane equation: KeqKia/Kiq = (V1/Kp)/(V2/Kp). This relationship requires that
P(Keg) = p(V1/Kp) — p(V2/Kp), and the present results fit within experimental error: (-=1.5=0.1
—1.7), when the reaction is written for alcohol oxidation. The conclusion from this analysis is
that the major effect of the substituents is due to the free energies of the ground states of the
substrates rather than the transition state energies. Electron withdrawing substituents promote
aldehyde reduction because they favor the thermodynamics of the reaction. The activation
energies for alcohol oxidation may be slightly affected by the p-substituents, whereas the
activation energies for aldehyde reduction are significantly affected by the substitutents. The
structure-activity studies do not fully define the transition state, but the lack of significant
substituent effects on alcohol oxidation is consistent with a transition state that electronically
resembles alcohol. Further studies of isotope effects and a comprehensive analysis of the
tunneling are required.

The structure-activity results with SceADH2 are consistent with the previous studies with
commercial ADH, and the same general interpretation applies, but how can we account for the
quantitative differences between the previous and present studies? Different enzyme
preparations were used, and it is possible that the commercial enzyme was a mixture of
isoenzymes, although the ADH2 in that preparation might have contributed most of the activity.
Different buffers and pH values were used, and the lower pH used in this study would facilitate
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the reduction of aldehydes by promoting protonation of the alcoholate. Experimental errors
giving a 2-fold difference on kinetic constants would yield differences of 0.3 on log plots,
which is similar to the average differences between fitted and experimental values in Figs. 1
and 2. In order to increase the confidence in the kinetic analyses in this study, the range of
compounds was extended to the -CN and -CF3 compounds, which are much more electron-
withdrawing. Using a narrower range of compounds gives different p values. It is also possible
that hydride transfer is not completely rate limiting for all substrates with SceADH2, but the
extremely low turnover numbers and catalytic efficiencies compared to good substrates is most
consistent with a rapid equilibrium random mechanism. Despite the differences in the studies,
it is gratifying that the major features of the structure-activity relationships are the same for
the yeast ADHSs.
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ADH | from Saccharomyces cerevisiae

SceADH2 and SceADH3
ADH isoenzymes Il and 111 from S. cerevisiae
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Fig. 1.

Hammett plots of the quantitative structure-activity relationship for oxidation of p-substituted
benzyl alcohols by SceADH2. The data are from Table 6, where V1/E; (o) and V1/Ky, (m) are
plotted against the ¢* values for CH30-, CHz- CH(CHg),- H-, Cl-, Br-CFs-, from left to right.
The lines were calculated by linear regression, but the slopes were not significantly determined:
for log (V1/Ey) slope is (0.19 + 0.25)c*, and for log (V1/K}) slope is (0.06 + 0.36)c *.
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Fig. 2.
Hammett plots of the quantitative structure-activity relationship for reduction of p-substituted
benzaldehydes by SceADH2. The data are from Table 7, where V,/E; (o) and V,/K, (m) are
plotted against the ¢* values for CH30-, CH3-, H-, Cl-, Br- CN-, from left to right. and lines
were calculated by linear regression with the following results.

Log (V2/E)=(1.89 + 0.21)c* +(1.34 + 0.087),F=80.3,R*>=0.94

Log (V2/Kp)=(1.68 + 0.39)0* +(3.22 + 0. 16),F=18.4,R*=0.79
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\

Fig. 3.

Model of the active site of yeast alcohol dehydrogenase with benzyl alcohol bound. The
coordinates are based on the structure of the SceADH1 complexed with NAD* and 2,2,2-
trifluoroethanol (2HCY .pdb), with benzyl alcohol replacing trifluoroethanol. In this model, the
oxygen of benzyl alcohol binds the catalytic zinc and the hydroxyl group of Thr-45. The
benzene ring makes some unfavorable steric contacts with the three labeled aromatic amino
acid residues and especially with Met-270. By substituting Met-270 with Leu-270 (which has
the compact isopropyl group) these bad contacts are relieved, but the other close contacts
remain.
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Table 2
Relative Electrophoretic Mobilities of the Yeast Alcohol Dehydrogenases

SceADH1 SchADH SceADH2 SceADH3

0.29 0.45 0.50 0.09

The Rf values are calculated relative to the dye front in electrophoresis in 6% polyacrylamide gel under non-denaturing conditions [26].
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Kinetic Constants for Yeast Alcohol Dehydrogenases
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Kinetic constant® SceADH1P SchADH1 SceADH2°
K, (uM) 160 190 110
Ky, (uM) 21,000 18,000 810
K, (uM) 740 1080 90
Kq (tM) % 210 50
Kia (M) 950 1300 580
Kig (1M) 31 50 11
Vi/E (57 360 480 130
V,/E, (579 1800 3500 1000
Activity (s 54 400 500 220
Keq (pM)® 12 16 12

aActivity was measured at 30 °C in 83 mM potasium phosphate buffer, pH 7.3, containing 40 mM KClI, and 0.25 mM EDTA. Ka, Kp, Kp and Kq are the

Michaelis constants for NAD™, ethanol, acetaldehyde and NADH, respectively; Kj values are the inhibition constants, and V1/Et and V2/Et are the turnover
numbers for ethanol oxidation and acetaldehyde reduction. The kinetic constants for SceADH2 were determined from product inhibition studies. The

errors were less than 15 % of the values.
b

Data from [25].
c

Data from [11].

d . . A L
The turnover number in the standard assay [49] is based on titration of active sites.

eThe equilibrium constants calculated using the Haldane equation, Keq = (V1KpKiq[H+])/(V2KbKia), are similar to the established value of 12 pM at 30

°C [50].
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Table 5
Survey of Activities on Benzyl Alcohols and Benzaldehydes?
Enzyme Benzyl alcohol p-Methoxy- benzyl alcohol Benzaldehyde p-Methoxy- benzaldehyde
VIE (s
SceADH1 0.012 0.058 0.91 0.075
SchADH1 0.011 0.11 0.52 0.071
SceADH2 1.9 0.87 12 0.86
K, (mM)
SceADH1 34 11 33 2.9
SchADH1 24 22 23 3.4
SceADH2 49 6.9 14 5.9
VIK, (M1571)
SceADH1 0.32 53 27 26
ScbADH1 0.48 4.5 23 21
SceADH2 38 130 860 150
Highest Concentrations of Alcohols and Aldehydes (mM)
SceADH1 25 15 32 5
SchADH1 25 15 32 5
SceADH2 25 35 55 5

aAssays used 2 mM NAD™ and different concentrations of NADH (250 uM NADH for benzaldehyde and 100 pM NADH for p-methoxybenzaldehyde).
Vis V1 for alcohols and V2 for aldehydes. Km is the Kpp for the alcohols and Kp for the aldehydes. The kinetic constants are apparent because the

concentrations of coenzymes were not saturating.
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