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Isomerization of an enzyme-coenzyme complex in yeast alco-
hol dehydrogenase-catalyzed reactions
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Abstract: In this work, all the rate constants in the kinetic mechanism of the yeast alcohol
dehydrogenase-catalyzed oxidation of ethanol by NAD", at pH 7.0, 25 °C, have been esti-
mated. The determination of the individual rate constants was achieved by fitting the reac-
tion progress curves to the experimental data, using the procedures of the FITSIM and
KINSIM software package of Carl Frieden. This work is the first report in the literature
showing the internal equilibrium constants for the isomerization of the enzyme-NAD™ com-
plex in yeast alcohol dehydrogenase-catalyzed reactions.
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INDRODUCTION

The kinetic mechanism of yeast alcohol dehydrogenase (YADH) (EC 1.1.1.1, cytoplas-
mic, constitutive) has been investigated by numerous workers.!~1! These investigations es-
tablished conclusively the kinetic mechanism of this enzyme with a variety of substrates.

The partial set of individual rate constants in the kinetic mechanism was reported by
Dickinson and Dickenson,# obtained with initial rate methods. In this work, a novel ap-
proach was applied, in order to obtain a full complement of all the rate constants in the
mechanism. The values of all rate constants, throughout the entire catalytic cycle, in the
yeast alcohol dehydrogenase-catalyzed oxidation of ethanol with NAD™, have been deter-
mined, including the isomerization step, at pH 7.0, 25 °C. This was achieved by using the
procedures for fitting the reaction progress curves to the experimental data, as described by
Carl Frieden.12-14

EXPERIMENTAL
Materials

The kinetic measurements in this work were performed with a single batch of a yeast alcohol
dehydrogenase preparation (lyophilized powder), donated by Dr. A. Karsten of Boehinger Mannheim. NAD*
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(Grade V, 99 %) and NADH (Grade IV, dipotassium salt, 98 %) were obtained from Sigma. Ethanol and
acetaldehyde were obtained from Sigma and distilled before use; their concentrations were determined enzy-
matically.!> All other chemicals were of the highest grade purity obtainable from commercial sources.

Methods

The concentration of the enzyme protein in solution was determined according to Hayes and
Velick!® and the concentration of enzyme active sites by the fluorescent method of Leskovac ez al.17 Ini-
tial velocity studies were performed and reaction progress curves were recorded in a double-beam
spectrophotometer fitted with thermostated cuvette holders; the reaction rates were determined from the
initial linear phase of reaction progress curves at 25 °C. The kinetic measurements were performed in 0.1
M sodium phosphate buffer, pH 7.0, supplemented with 0.5 mM EDTA and 0.325 mM glutathione. The
initial rate data were collected at 4 or 5 different concentrations of a variable and of a constant substrate.
The initial rate data in the forward direction, oxidation of alcohols, obtained by varying the concentration
levels of both substrates, were fitted to Eq. (1) with the Fortran program of Cleland.!8

) _ VlAB (1)

Ey KinKp+Kpd+K,B+AB

where vy, is the initial rate (M s 1), £ the concentration of enzyme active sites (M), V; the catalytic constant
in the forward direction (s ™), K and K the Michaelis constants for NAD" and alcohols (M), K4 the in-
hibitory constant for NAD™ (M), and 4 and B the concentrations of NAD™ and alcohols (M), respectively.

In the fully reversible, Steady-State Ordered Bi Bi mechanism, the rate equation in the reverse direction
is analogous to Eq. (1):

Vo _ VaPQ #))
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In the reverse direction, reduction of aldehydes, the kinetic constants are: V5, the catalytic constant in the
reverse direction (s 1), K and Kp the Michaelis constants for NADH and aldehydes (M), K, the inhibitory
constant for NADH (M), and O and P the concentrations of NADH and aldehydes (M), respectively.!

For the estimation of the rate constants, the KINSIM and FITSIM software packages,'214 obtained
from Professor Carl Frieden and revised by Dr. Quoc Dang, were implemented throughout this work. The
KINSIM and FITSIM software packages may be obtained from the Carl Frieden’s website, and downloaded
directly from the same: http://biochem.wustl.edu/cflab/.

For the implementation of the KINSIM and FITSIM computer programs, two reaction progress curves
in the forward direction (E1, E2) and three in the reverse direction (A1, A2, A3) were analyzed; the starting
concentrations of substrates assured that reactions were predominantly ordered (Table I).

TABLE I. Starting concentrations of substrates used for recording the reaction progress curves

File number El E2 Al A2 A3
Enzyme (nM) 2.0 2.034 1.55 0.2 0.28
Ethanol (mM) 413.4 16.78 - - -

NAD" (UM) 488.45 495.6 - - -
Acetaldehyde (mM) - - 0.1939 20.27 0.1987
NADH (LM) — — 170.0 30.48 30.42

The experimental data were collected in the form of five files, each with 18 — 25 data points. The fitting
procedure was accomplished in three steps, as described in the Results section.
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RESULTS
Kinetic mechanism of action of enzyme

Yeast alcohol dehydrogenase (EC 1.1.1.1, constitutive, cytoplasmic) catalyzes the fol-
lowing reversible reaction!!:
R4 ) Ry

AN ™~
CHOH + NAD" === C=0 + NADH + H"
e e
Rz Rz
Analysis of the steady-state kinetic data indicates that the yeast enzyme follows the
steady-state random mechanism on the alcohol side, and the steady-state ordered mecha-
nism on the aldehyde side of the catalytic cycle, with lower aliphatic alcohols and alde-
hydes, including propan-2-ol111:20.21 (Scheme 1)
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Scheme 1.
Table II shows the steady-state kinetic constants for yeast alcohol dehydrogenase-cat-
alyzed oxidation of ethanol with NAD* at pH 7.0.

TABLE II. Steady-state kinetic constants of the yeast alcohol dehydrogenase catalyzed reaction: ethanol +
NAD" <= acetaldehyde + NADH + H*

Constant This work pH 7.0 25°C  Dickinson and Monger? pH 7.0 25 °C
18 s 350.5 + 32 454
Ky (uM) 239 + 38 109
Kis (uM) 1137 = 737 325
Kp (mM) 18.7 £ 11.8 21.7
VK, (mM-'s) 1485 + 105 4167
V\/Kg (mM-1sh 18.75 = 10.6 20.9
ViKia/K o s 1667 1353
v, s 1997 + 68 3846
Kq (uM) 924 + 6.7 96
Kio (uM) 16.8 + 6.1 12,5
Kp (mM) 0.49 + 0.04 0.93
ValKq (uMIshy 21.28 + 0.87 40
Vy/Kp (mM s 3992 + 221 4135
VaKig/Mq s 3587 501
Keq (X10%) - 0.068 0.195

Keq = ViKiKp/V2KiaKB
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Determination of rate constants

In order to determine the rate constants in the kinetic mechanism of the yeast enzyme, two
dozens reaction progress curves were recorded with YADH-catalyzed reaction: ethanol +
NAD' == acetaldehyde + NADH + H*, at pH 7.0, 25 °C, a dozen in the forward and a dozen
in the reverse direction, with widely different starting concentrations of the substrates.

The kinetic mechanism for this enzyme at neutral pH and with the above substrates, is
steady-state random from the alcohol side and strictly ordered from the aldehyde side of
the catalytic cycle (Scheme 1). Therefore, five reaction progress curves were chosen, with
starting concentrations of substrates which assured a predominantly ordered mechanism
for the best part of reaction progress curves (Scheme 2).
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Fig. 1. Reaction progress curves for the two experiments from Table I, one in the forward direction (E1) and
the other in the reverse direction (A1). The figures show the experimental points (open circles) and the cal-
culated reaction progress curve (full line) estimated by computer programs from the mechanism in Scheme
2, and assuming that the rate constants have the values listed in Table IV.
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The inclusion of the isomerization equilibrium k3,/k4; was justified by the direct
proof for the isomerization step obtained recently by Northrop.2223 Thus two reaction
progress curves in the forward direction (E1, E2) and three in the reverse direction (A1, A2,
A3) were analyzed; the starting concentrations of substrates assured that reactions were
predominantly ordered (Table I). The experimental data were collected in the form of five
files, each with 18 —25 data points. The fitting procedure was accomplished in three steps.

First step. Four rate constants were initially estimated from the steady-state kinetic data; in
an ordered mechanism, some of the rate constants can be determined directly from the kinetic
constants (Table II). In an ordered bisubstrate mechanism, k; = V>Ki/Kq and kg = Vo/K.2*
Further, with the yeast enzyme, the rate limiting step in the reverse direction is predominantly
the dissociation of the ENAD" complex; thus 4, is approximately equal to V5. The dissociation
constant of the ENAD™ complex at pH 7.0 (300 uM) was determined independently?; from
this value, the rate constant k; can be estimated from the relationship &1 = k»/Kg nap - Thus the
initial estimate of the rate constants k1, &y, k7 and kg was accomplished. The initial estimates of
the rate constants ks, kg, ko and ky were taken from the work of Dickinson and Dickenson.4

Initially, each file was fitted visually using the FITSIM program, changing always
only one rate constant at a time. This procedure was repeated several hundred times, with
each file in tumn, until a satisfactory visual fit was obtained for each file with a single set of
rate constants. In this way, a crude estimate of all the rate constants was obtained.

Second step. In the second step, all five files were introduced into the KINSIM pro-
gram together with all the rate constants estimated as described above. Then, all the rate
constants were kept fixed, except for one pair, such as ky/k, or ksy/ky, etc.; then, the sum of
the squared differences between the calculated and experimental data points (sum of
squares of SSQ) was determined. This procedure was repeated over one hundred times
with many different combinations of rate constants until an absolute minimum in SSQ was
obtained. This was the best statistical fit, and is labeled in Table III as the “best fit”.

TABLE III. Rate constants in an Ordered Bi Bi mechanism (Scheme 2)

Rate constant Best fit Calculated
ky (uMlsh 7.0 7.0+02
ky s 2100 2100 = 57

ky/lky (mM) 158.8 158.5
kg shH 4000 3978 + 97
ko sh 35000 35036 + 869
ks sh 11000 10896 + 158
ke (uM-1s ) 5.0 4.99 + 0.04
kq sh 395 388 =5
kg (uM-1s) 28.5 28.1 £0.5
Kgnap' (uM) 300 300
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Third step. In the third step, all five files were introduced into the KINSIM program, to-
gether with all rate constants labeled as the “best fit”. Then, again, all the rate constants were
kept fixed, except for one pair, such as ky/k or ks/ky, etc.; the value for each pair of rate con-
stants plus the standard error was calculated and introduced into Table III as the “calculated”
value. The individual rate constants k3 and k4 could not be calculated, but only their ratio.

Recently, the value of the equilibrium constant for the isomerization equilibrium
(kgo/kz1) was reported to be 75.22:23 From this value, it was possible to estimate the equilib-
rium constant ky/k3, (Table IV).

TABLE IV. Thermodynamics of the yeast alcohol dehydrogenase reaction, at pH 7.0, 25 °C

e ks ks o . K
E g2 EA &= A s=—* EAB#— EAB #—= EQ &— E

L K Kz #1p g Kg
Rate constant Dissociation constant (kﬁrﬁgl)a
ky (uMlshy 7+02 (11> kylky (uM) 300 -20.08
ky sh 2100 =57 (3900)°
kalks (uM) 158500 ()P kailhy —~ 75¢ 10.70
kanlksy (uM) 21104 -15.26
kg sh 3980 =97  (4000)° kio/kg 8.75 537
ko sh 35040 = 870  (35000)P
ks sh 10900 + 160 (11000)° kslks (uM) 2180 15.18
ke (uM1shy 5.0 +0.04 (4.3)
k; sh 388 + 5 (480)° kolkg (uM) 13.80 27.73
kg (uMlshy 281 £0.5 (44)b
Total 23.64
Kgq=0.000068° 237

3 The Gibbs free energy was calculated from the relationship AG? =— RT'In Kegs Y Data in parentheses are

from the steady-state kinetic measurements of Dickinson and Dickenson®, at pH 7.0, 25 °C.; © Taken from
Northrop.2223; 9 Calculated from the equilibrium constant, ky/ks = (kyy/ks; Y(kao/kso); @ Calculated from the
Haldane relatioship, Koq = V1KigKp / V2KiaKp.

The fitting procedure described above, permitted the estimation of all the rate con-
stants in the mechanism, and the calculated data were compared with experimental results.
The goodness of the fit is shown in Fig. 1.

Figure 1 shows the reaction progress curves for the two experiments from Table I, one
in the forwared direction (E1) and the other in the reverse direction (A1). The figure shows
the experimental points (open circles) and the calculated reaction progress curves (full line)
calculated by computer programs from the mechanism in Scheme 2, and assuming that the
rate constants have the values listed in Table IV. In Fig. 1, a satisfactory fit between the
measured data and the computer fit to the same data, was achieved.
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DISCUSSION

In this work, the kinetic properties of two different preparations of yeast alcohol
dehydrogenase are compared. The first one was the home-made preparation of Dickin-
son,3# and the second one was the commercial preparation of the yeast enzyme investi-
gated in this work; the steady-state kinetic parameters for both preparations are shown in
Table II. The individual rate constants in the mechanism were estimated by steady-state ki-
netic methods for the home-made preparation, and by procedures for fitting the reaction
progress curves for the commercial preparation (Table IV).

The individual rate constants in the mechanism are shown in Table I'V; despite the dif-
ferences in enzyme preparation, the rate constants are almost identical for both prepara-
tions, except those which are connected with the binding and release of coenzymes.

From Table I, it can be seen that the maximum rate relationship,2! V,K;a/Kx < V5, is
satisfied for the redox pair ethanol/acetaldehyde at pH 7.0; this is consistent with an ordered
addition of products in the reverse direction, reduction of aldehyde. On the other hand, the
V2KiyKq function is almost equal /7 for ethanol and acetaldehyde at pH 7.0. In the past, this
equality was usually interpreted as a fact implying that the dissociation of the ENADH com-
plex is the rate-limiting step in the forward direction, oxidation of alcohols.#25

The mechanism shown in Scheme 1 is compatible with deuterium kinetic isotope ef-
fects reported for ethanol, PV = 1.8, P(V1/Ks) = 1.8, and P(V;/Kg) = 3.2,3 around neutral-
ity. With ethanol, the effect on D(V1/K ) was smaller than on P(V/Kp), suggesting that
NAD" binds before ethanol; the still significant size of P(V1/K ) is probably due to disso-
ciation of NAD™ from the ternary complex.®

This work presents the first complete report in the literature of internal equilibria in the
yeast enzyme-catalyzed oxidation of an alcohol by NAD™, including the isomerization of
the enzyme-NAD™ complex.

Acknowledgments: This work was financially supported by the Ministry of Science and Technology of
the Republic of Serbia.

U3BOJI

MN30MEPU3ALIMIA EH3VM-KOEH3MM KOMINIEKCA Y PEAKIIMJAMA KOJE
KATAJIMIIE AJIKOXOJI-JEXUIPOTEHA3A KBACILIA

BIIAIVIMIP HECKOBAHl, CBETIIAHA TPUBUE 1 JPATUBA MEPUYMH!

1TexH0/l0ml<u cpaxyaitieis, Hosu Cao u Zﬂpupobuo-Mauiemamu'mu cpaxyaitieis, Hosu Cao

Y 0BOM pajly, MU CMO OIPE/INIIN CBE KOHCTAHTE Op3MHE Y KHHETHYKOM MEXaHU3MY aJIKO-
XOJI-IEXU/IpOreHase KBacla, Koja KaTajuiie oKcuanujy etanona ca NAD', wa pH 7,0, 25 °C.
ITojepunauyne KOHCTaHTe Op3KMHE CMO M3padyHalH U3 KpHUBa Iporpeca peakiyje, y3 ynoTpeoy
FITSIM u KINSIM xomnjyTepckux nporpama Kapna ®pugena. Y oBoM papy cy, IpBH IIyT Y
JITEPATypH, 00jaB/heHe HHTEPHE PABHOTEXHE KOHCTAHTE 3a M30Mepu3anujy eH3sumM-NAD' kom-
IIeKca y peakiyjama Koje KaTallulle alnkoXoj-eXuporeHasa KBacua.

(ITpumsbeHo 5. aBrycra, peBuupano 8. HopemOpa 2002)
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