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Gly-224 residue of yeast alcoho! dehydrogenase was mutated by site-directed mutagenesis
to isoleucine, which is the corresponding amino acid residue of horse liver alcohol dehydro-
genase. The mutated gene on M13 vector was subcloned in YEp13 and used to transform
Saccharomyces cerevisiae 302-21# 2 strain, and the expressed protein was purified. The tum-
over numbers of mutant enzyme for ethanol and acetaldehyde were decreased compared
to wild-type enzyme. The results of product inhibition studies indicated that the reaction
mechanism was changed to Iso Theorel-Chance from Ordered Bi Bi. We supposed that
Gly-224 was related to the enzyme reaction mechanism.
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INTRODUCTION

The structure and mechanism of alcohol dehydro-
genase (EC 1.1.1.1, ADH) have been extensively stu-
died (Eklund and Branden, 1987). Various alcoho! deh-
ydrogenases from different sources have been disco-
vered, isolated and reported. Horse liver alcohol dehy-
drogenases (HLADH) and yeast alcohol dehydrogenase
(YADH) have been major objects of studies( Branden
et al., 1975; Klinman, 1981). The tertiary structures for
apoenzyme and holoenzyme of HLADH were deter-
mined by X-ray crystallography (Eklund et al., 1982).
The tertiary structure of YADH has not been identified
but its gene was cloned and the amino acid sequence
is known (Bennetzen et al., 1982). Between HLADH
and YADH, there are many differences in amino acid
sequence, but the amino acid residues of sites related
to reaction such as substrate and coenzyme binding
site are somewhat conserved (Jomvall et al., 1978). On
the basis of the tertiary structure of HLADH, an active
site conformation of YADH was proposed in which
Gly-224 (according to HLADH amino acid sequence)
is located at coenzyme binding site (Plapp et al,
1987). In this paper we have mutated Gly-224 residue
to isoleucine, which is the comesponding amino acid
residue of HLADH, and compared the kinetic proper-
ties of the mutant enzyme and native enzyme. Th-
rough initial velocity and product inhibition studies the
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enzyme reaction mechanism was investigated.

MATERIALS AND METHODS

Microorganisms and vectors

M13mp19-YADH | virus for template DNA prepar-
ation was obtained from Dr. Bryce V. Plapp, The Univer-
sity of lowa (Ganzhomn and Plapp, 1988). E. coli CSH50,
CJ236 and XL1-Blue strains as host cell for mutation,
YEp13 plasmid as a shuttle subcloning vector and
Saccharomyces cerevisiae 301-21%#2 (Y02; MATa, adh
1-11, leu2, trp1) which could not produce active
alcohol dehydrogenase as host cell for YEp13-ADH
were prepared by Dr. E. T. Young, The University of
Washington. For native enzyme production, Saccharo-
myces cerevisiae Y24 strain was used.

Media

The culture medium for E. coli containing M13mp
19-YADH | DNA was YT medium, E. coli strains con-
taining YEp13-YADH | was grown in LB medium con-
taining ampicillin (50 pg/ml). 2YT medium was used
for preparation of single-stranded template DNA of
DNA sequencing and Sc-Leu selective medium and
YPD medium containing antimycin A (1 pg/ml) for se-
lection of the yeast cells transformed with YEp13-
YADH 1. For YADH | purification, seed culture medium
was Sc-Leu medium and main culture medium was
YPD medium.
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Reagents and apparatuses

The mutagenic oligonucleotide (the sites of mutation
are underlined), GGT/ATT/GAC/ATT/GGT/GAA/GG
(Ile-224) was synthesized and supplied by Korea Basic
Science Center. Klenow fragment and T4 DNA ligase
were obtained from KOSCO. Restriction enzymes Sphl
and EcoRI were obtained from Pharmacia. The seque-
nase kit was from USB. The column materials for ADH
purification, DEAE-Sepharose CL-6B and Octyl-Sepha-
rose CL-4B were purchased from Pharmacia, standard
protein marker for SDS-PAGE, NAD"Li salt (99%) and
NADH (98%) as coenzyme from Sigma Chemical Co.
95% Ethanol and 99% acetaldehyde for substrate from
Ducksan Pharmaceutical Co. and Fluka, respectively,
were redistilled prior to use.

A Varan Cary 210C spectrophotometer was used
for enzyme activity assay by measuring the change
in absorbance at 340 nm.

Mutagenesis and transformation

Mutation was carried out by using two primer me-
thod (Zoller and Smith, 1987). Single-stranded M13
template DNA containing uracil was prepared by in-
fection of E. coli CJ236 with M13mp19-ADH | virus
(Kunkel et al., 1987). The mutated DNA sequence was
confirmed by dideoxy DNA sequencing method (Sa-
nger et al., 1977). After confirming the mutation, dou-
ble-stranded M13mp19-ADH | DNA was isolated from
phage-infected E. coli XL1-Blue (Stratagene plasmid
mini boiling preparation protocol) and digested with
Sphl restriction enzyme. The 1.6 kb ADH | DNA frag-
ment was cut out from 1% low-melting agarose gel
after electrophoresis, and ligated to YEp13 plasmid
DNA which was prepared by Sphl digestion and bac-
terial alkaline phosphatase treatment. The ligation mix-
ture was added to competent E. coli XL1-Blue cells
and spreaded on the LB-ampicillin plate, according to
Sambrook et al. (1989). The transformants were cultu-
red in LB-ampicillin liquid medium and plasmids were
isolated by plasmid mini boiling preparation method.
The presence of 1.6 kb ADH | insert in YEp13 plasmid
was confirmed by EcoRI and Sphl digestion. The plas-
mid containing the insert was used for the transforma-
tion of yeast strain Saccharomyces cerevisiae 302-21 % 2
(Y02) by the lithium acetate method (Ito et al., 1983).
Transformants were selected on Sc-Leu minimal me-
dium plate in order to identify the acquisition of the
LEU2 marker gene. The transformants on Sc-Leu plate
were tested for ADH | gene expression on YPD agar
plate containing antimycin A (1 pg/ml).

Enzyme isolation and purification

Seed cultures in 50 ml Sc-Leu minimal liquid me-
dium were obtained by inoculating one-loop of the
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yeast transformant cells and incubation for 48 hours
at 175 rpm and 30°C (A«o= 5.0). These cultures were
used to inoculate 6 liters of YPD medium and culti-
vated with agitation at 30°C for 48 hours (Ago=10.0).
The cells were collected by centrifugation on GSA rotor
at 6500 rpm and 4°C for 5 min. The vyield of cells
was 10~15 g/liter (wet weight). The cells were stored
at —70°%C until use. The alcohol dehydrogenase was
purified by following the purification methods of
Ganzhomn et al. (1988) through lysis of cell by glass
bead beating, 10~18% polyethylene glycol 4000 frac-
tionation, DEAE-Sepharose CL-6B column (2.0X20 c¢m)
and Octyl-Sepharose CL-4B column (3.0X10 cm) ch-
romatography. The degree of purification was determi-
ned with 12% SDS-PAGE (Laemmli, 1970).

ADH enzyme activity assay

Enzyme activities were assayed in the reaction mix-
ture containing 995 or 990 pl of the assay solution
and 5 or 10 yl of enzyme sample. The assay solution
was made of 1.35 mg of NAD'Li and 1 ml of the
reaction solution containing Na;P,0,-10H,0 19.62 g,
semicarbazide . HCl 0.429 g, glycine 0.746 g 95%
ethanol 17.1 ml in 500 ml H,O (pH 9.0). The absorba-
nce change at 340 nm was measured and enzyme
activity (U/ml) was calculated by the equation of
L(AA;4/min) X dilution factor/(6.22 X volume(ml) of the
enzyme solution added to reaction mixture)].

Kinetic studies

The kinetic constants of the purified ADH | enzyme
to coenzyme (NAD*, NADH) and substrate (ethanol,
acetaldehyde) were determined. Initial velocity studies
were carried out at 30°C in 83 mM potassium phos-
phate buffer containing 40 mM KCI, pH 7.3. Activity
was determined by measuring the change in absor-
bance at 340 nm. The initial velocity data were fitted
to HYPER FORTRAN program (Cleland, 1979) for per-
sonal computer (modified by Dr. B. V. Plapp) and Km
and turnover numbers were determined.

Product inhibition studies

Product inhibition studies were performed by holding
the concentration of one substrate while varing the
concentration of the other substrate in the presence
of a product. A physiological buffer of 83 mM pota-
ssium phosphate and 40 mM KCl at pH 7.3 and 30°C
was used (Comell, 1983). A Fortran program was used
to estimate initial velocities by a linear or parabolic
fit of the data. Initial velocities were fitted to the app-
ropriate equations with the programs COMP, NON-
COMP or UNCOMP (Cleland, 1979).

RESULTS AND DISCUSSION
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G224l
TCGA

Gaz24g
TC G A

Fig. 1. Confirmation of site-directed mutagenesis in YADH
| gene at the site 224 residue from glycine (GGT) to isoleu-
cine (ATT) by Sanger dideoxy DNA sequencing method.

Fig. 1 shows the mutation of the position of Gly-
224 to isoleucine. The expected change in codon se-
quence from GGT to AAT was confirmed. insertion
of 1.6 kb ADH | gene to YEp13 plasmid was confir-
med by the presence of 1.6 kb ADH | gene fragment
when treated with Sphl and of 6.0 kb fragment band
with EcoRIl. Saccharomyces cerevisiae 302-21#2 (Y02)
transformed with YEp13-YADH | could grow in Sc-Leu
plate and was resistant to antimycin A due to expres-
sion of the ADH | gene.

The purified G224 and G224l YADH proteins were
nearly pure and molecular weights were about 36 kDa
(corresponding to subunit molecular weight of YADH
I: 36250 dalton). The fractions with the highest activity
of Octyl-Sepharose column fractions were used for ki-
netic studies and specific activities were calculated
from the YADH | concentration (mg/ml) and enzyme
activity (U/mg). The protein concentration was deter-
mined from the absorbance at 280 nm, by using a
factor 1.26 A/cm per 1 mg/ml (Hayes and Velick,
1954). The specific activities of purified proteins were
289 U/mg for G224l-mutant enzyme and 828 U/mg
for wild-type enzyme (Table ).

The reactivity of the purified enzymes for NAD*
and NADH as coenzyme and for ethanol and aceta-
Idehyde as substrate were assayed and the kinetic pa-
rameters were determined (Table 1i). The turnover nu-
mbers were decreased 10-fold for ethanol and 4-fold
for acetaldehyde. Michaelis constants for NAD™, etha-
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Fig. 2. Product inhibition pattems for G224 and G224l yeast
alcohol dehydrogenase. A, inhibition by NADH (@, 0 mM:
<, 00125 mM: B, 0.025 mM: (], 0.05 mM: A, 010 mM:
4, 0.20 mM) at 500 mM ethanol, 2.42 nN G224 wild-type
enzyme. B, inhibition by NADH (®, 0 mM: O, 0.05 mM:
B, 0.10 mM: [, 0.20 mM) at 500 mM ethanol, 6.47 nN
G2241 mutant enzyme. 1/V is the reciprocal initial velocity
in (AA/min) .

nol and NADH increased by 5.5-fold, 3-fold and 3-
fold, respectively, but were nearly unchanged for ace-
taldehyde. Fig. 2 shows the inhibition pattem by
NADH as product inhibitor against NAD™ for G224
and G2241 YADH. The pattemn of G224 wild-type en-
zyme showed competitive inhibition pattem (Fig. 2A),
which is consistent with the Ordered BiBi mechanism,
but G224 mutant enzyme showed noncompetitive
product inhibition pattem (Fig. 2B). We carried out fur-
ther product inhibition studies in order to decide the

Table 1. Purification table of wild type and G224l YADHI proteins

Total Unit(U)

Total Protein(mg)

Specific Activity(U/mg)

G224 G224] G224 G224} G224 G2241
Protamine sulfate 86925 17268 1373 752 63 23
PEG precipitate 44289 8751 375 308 118 28
DEAE-Sepharose 42297 3233 104 27 407 120
Octyl-Sepharose 24829 3183 30 11 828 289
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Fig. 3. Product inhibition pattems for G224l yeast alcohol dehydrogenase. The buffer was 83 mM potassium phosphate,
40 mM KCl, pH 7.3. Velocities were measured at 30°C. A, inhibition by NAD" (@, 0 mM; O, 2 mM; B, 4 mM; [,
8 mM) against NADH (0.05, 0.1, 0.2 and 0.4 mM ) at 25 mM acetaldehyde, 11.2 nN enzyme. B, inhibition by acetaldehyde
(® 0 mM; C, 0.125 mM; ®, 0.3 mM; O, 0.5 mM) against ethanol (50, 100, 200 and 400 mM) at 10 mM NADLi, 56
nN enzyme. C, inhibition by ethanol (®, 0 mM; O, 125 mM; B, 250 mM; O, 500 mM) against acetaldehyde (1, 2, 3
and 4 mM) at 0.4 mM NADH, 11.2 nN enzyme. D, inhibition by NADH (@, 0 mM; O, 0.05 mM; B, 0.1 mM; O, 0.2
mM) against NAD* (0.4, 0.6, 0.8 and 1.6 mM) at 25 mM ethanol, 56 nN enzyme. E, inhibition by NADH (®, 0 mM;
O, 0.1 mM; B, 0.2 mM) against ethanol (50, 100, 200 and 400 mM) at 5 mM NADLi, 112 nN enzyme. F, inhibition
by acetaldehyde (®, 0 mM; O, 0.125 mM; B, 0.3 mM) against ethanol (50, 100, 150 and 200 mM) at 0.9 mM NADL,
56 nN enzyme. G, inhibition by acetaldehyde (®, 0 mM; O, 0.06 mM; B, 0.12 mM; J, 0.24 mM) against NADLi (0.4,
0.6, 0.8 and 1.6 mM) at 25 mM ethanol, 112 nN enzyme.
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Table Il. Kinetic constants of G224 wild-type(G224), G224l
mutant yeast alcohol dehydrogenase |

G224 G2241 EHLADH?

NAD* 0.16~0.17 0.92 0.0039

Km(mM) Ethanol 17~21 53 0.35
Acetaldehyde 0.74~1.1 096° 040
NADH 0.0994~0.11 0.34¢ 0.0058

V, (sec™) 340~360 39

V, (sec™) 1700~1800 471

Activity (sec™™) 400 201

Initial velocity studies were performed at pH 7.3 and 30°C
in a physiological buffer of 83 mM potassium phosphate
and 40 mM KCl (Comell, 1983). Km is the Michaelis cons-
tant. V, and V, are the tumover numbers of forward and
reverse reaction, respectively.

2Data from Ganzhom et al. (1987) and Gould and Plapp
(1990).’Data from Park and Plapp (1991). “The kinetic cons-
tants for acetaldehyde reduction were determined from as-
says at 366 nm using a 10 mm path-length cuvette. The
highest NADH concentration was 0.4 mM.

reaction mechanism of G224I mutant enzyme. The
results are shown in Fig. 3 and summarized in Table
ll. Under the condition of saturated (>5XKm) or un-
saturated NAD™ concentration, the inhibition pattemn
by acetaldehyde was competitive (Fig. 3B, F) and at
unsaturated NADH, the inhibition pattem by ethanol
was noncompetitive (Fig. 3C). But the inhibition pattern
by acetaldehyde at unsaturated concentration of etha-
nol was noncompetitive (Fig. 3G).

Comparing the amino acid residues of the coenzyme-
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Fig. 4. Scheme for Iso Theorell-Chance (A) and Ordered Bi
Bi (B) mechanism of yeast alcohol dehydrogenase.

E: YADH |, F: isomerized YADH |, B and P: ethanol and
acetaldehyde, A and Q: NAD" and NADH.
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binding site of the active site between HLADH and
YADH 1, Asp, Lys and Phe around the adenine ribose
of the active site are the same but 224 amino acid
residue is different (HLADH :lle, YADH :Gly). It has
been known that the affinity of HLADH to coenzyme
and substrate are much higher than those of YADH
as shown in Table Il. In our lle-224 mutant enzyme,
the expected increments of affinity to coenzyme were
not seen (Table ). But we could observe from the
results of product inhibition studies (Table 1II) that su-
bstitution Gly-224 to lle changed the reaction mecha-
nism to Iso Theorell-Chance (Fig. 4) (Laidler and Bun-
ting, 1973). In this mechanism, the formation of the
ternary complex of enzyme, coenzyme and substrate
is insignificant kinetically and release of the first pro-
duct is accompanied by the conformational change
of enzyme. We assumed that the substitution of Gly-
224 residue to isoleucine resulted in instability of the
ternary complex of YADH |. The computer modeling
on the basis of X-ray crystallography of YADH 1 is need-

Table 111. The summary of product inhibition studies of G224} yeast enzyme

SUBSTRATE (mM) INHIBITOR  Km Kis Kii \ Inhibition pattem Fig. 2
FIXED VARIED (mM) (mM) (mM) (mM) (min~") G224 G224 or 3
EtOH NAD" NADH

500 0.4-3.2 0-0.2 2.00 0.35 1.20 3.6 NC C 2A, 2B
CH;CHO NADH NAD*

25 0.05-0.4 0-8 0.37 4.3 8.1 0.35 NC C 3A
NAD* EtOH CH;CHO

10 50-400 0-0.5 140 0.19 1.9 C NC 3B
NADH CH;CHO EtOH

0.4 1-4 0-500 1.1 66 170 0.79 NC NC 3C
EtOH NAD* NADH

25 0.4-1.6 0-0.2 0.70 0.075 0.49 0.28 NC C 3D
NAD* EtOH NADH

5 50-400 0-0.2 99 0.62 23 uC NC 3E
NAD* EtOH CH;CHO

0.9 50-200 0-0.3 120 0.98 0.58 C NC 3F
EtOH NAD™ CH;CHO

25 0.4-1.6 0-0.24 0.84 0.13 0.92 0.58 NC NC 3G

2product inhibition pattems of wild-type YADH | with Ordered Bi Bi mechanism (Gould and Plapp, 1990; Ganzhom et

al., 1987).
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ed to explain the effect of the substitution in detail.
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