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ABSTRACT: Human class P3fs is one of the alcohol dehydrogenase dimers that catalyzes the reversible
oxidation of ethanol. Thgs subunit has a Cys substitution for Arg-36869C) in the coenzyme-binding

site of thep:; subunit. Kinetic studies have demonstrated that this natural mutation in the coenzyme-
binding site decreases affinity for NADand NADH. Structural studies suggest that the enzyme isomerizes
from an open to closed form with coenzyme binding. However, the extent to which this isomerization
limits catalysis is not known. In this study, stopped-flow kinetics were used from pH 6 to 9 with recombinant
B369C to evaluate rate-limiting steps in coenzyme association and catalysis. Association rates of NADH
approached an apparent zero-order rate with increasing NADH concentrations at pH #51(42).

This observation is consistent with an NADH-induced isomerization of the enzyme from an open to closed
conformation. The pH dependence of apparent zero-order rate constants fit best a model in which a single
ionization limits diminishing rates ¢ = 7.2 £+ 0.1), and coincided witlVmax values for acetaldehyde
reduction. This indicates that NADH-induced isomerization to a closed conformation may be rate-limiting
for acetaldehyde reduction. The pH dependence of equilibrium NADH-binding constants fits best a model
in which a single ionization leads to a loss in NADH affinitykp= 8.1 4+ 0.2). Rate constants for
isomerization from a closed to open conformation were also calculated, and these values coincided with
Vmax for ethanol oxidation above pH 7.5. This suggests that NADH-induced isomerizatR866€ from

a closed to open conformation is rate-limiting for ethanol oxidation above pH 7.5.

Alcohol dehydrogenase catalyzes the NABependent  reportedly metabolize ingested ethanol significantly faster
reversible oxidation of alcohols (EC 1.1.1.1); addition of than those individuals who are homozygous forthsubunit
coenzyme is a prerequisite to substrate binding. Five classeg5). The 5363 isoenzyme has been implicated in protecting
of alcohol dehydrogenase isoenzymes, active as dimers, havénfants of African descent from alcohol-related birth defects
been identified in human tissud)( Class | isoenzymes (6).

contain thea, 3, andy subunits, while classes Il and Il The observed rates of ethanol metabolism in humans
contain ther andy subunits, respectively. The fourth class, expressing thed; or 5 subunit of alcohol dehydrogenase
consisting of ther subunit, is a predominant form in stomach  correlate with the large differences in steady-state kinetic
mucosal tissue2). parameters at pH 7.5 undier vitro conditions 7). The Ky,
Heterogeneity of the classf subunit ADH2 polymor-  yalue for NAD" with 58 is nearly 100 times higher than
phism) exists among racial groups, varying by single amino that with3,;, and theK, value for ethanol is over 700 times
acid substitutions at positions 47 or 369. WhergagArg higher. TheVma for ethanol oxidation with43s is over 30
47 and Arg 369) is found predominantly among the Anglo- times faster than that witj8;3;. Stopped-flow kinetics of
American populationf; (containing His 47 and Arg 369)  the purified enzymes at pH 7.5 reveal that the NADH
is found in 85% of the Asian population, aild (Arg 47 association rate constant wiflg3s is 100 times slower than
and Cys 369) is found in 25% of the African-American that with 8,8, (8). Whereas the rate-limiting step of ethanol
population 8,4). Individuals heterozygous for thf subunit  oxidation and acetaldehyde reduction wit, and 3.3 at

- . rod by R37-AAOTL17. R37-AA02342. P50 pH 7.5 is coenzyme dissociatioB, (10), the rate-limiting
IS WOrk was supporte: Yy -AA , - ) - 1
s step with 8385 has not been reported. The stopped-flow
AAQ7611, and a Scientist Development Award to CLS on K21- " - . -
AA00148. P kinetics of NADH association and dissociation are presented
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Ficure 1: Apparent zero-order NADH association rate constants g869C at pH 6.5. Shown in Figure 1 is the result of an experiment

with the enzyme (final concentration of/@N) conducted with excess DAC/®), as described in Experimental Procedures. Figure 1A
shows the exponential trace of apparent NADH association with the enzyme at a final NADH concentration\bf R0ery fifth data

point of over 400 is shown. The data fit best a single-exponential equationkyyitiy 41.1+ 0.2 st (solid curve). Figure 1B shows that,

with increasing NADH concentrations, the observed rates deviated from linearity, approaching an apparent zero-order rate constant; data
fit best the equatioto,s = AINADH]/(INADH] + B) (see Experimental Procedures), in whish= 168+ 1 st andB = 59 4+ 1 mM.

Standard errors for observed rates at 2 mM NADH are slightly visible beyond the data points.

NAD(H) through structured water molecules. One structured and purified fromEscherichia colias described3( 19). The
water molecule is found between position 369 and the recombinant enzym@8369S containing a serine at position
pyrophosphate moiety withy31, while two additional water 369 was similarly expressed and purifi&D). The absence
molecules are located in the coenzyme-binding site of the of spurious mutations was established.

coenzyme-boun@y3; isoenzyme §, 11). Enzyme stability was evaluated from pH 5.5 through 10
X-ray structure studies with horse liver alcohol dehydro- 5t 25°°C. For these studies, enzyme (0.3 mg/mL) was
genase indicate that a conformational change is associateghcubated in buffer at a given pH, and the enzyme standard
with coenzyme binding 1(2). Studies by Plapp and co-  activity was measured by sub-sampling at various incubation
workers (3, 14) and others 15-17) have suggested with  times. Thes369C isoenzyme was judged stable from pH

the horse liver enzyme that such a phenomenon may bes 5 through 9 for at lea® h at 25°C; kinetic studies were
kinetically significant. This conformational step has been |imited to this pH range because stability of the enzyme
hypothesized to be the rate-limiting step of acetaldehyde gecreased dramatically above pH 9. T#869S mutant was
reduction with horse alcohol dehydrogenasg)(butithas  not stable at 25C at any pH value studied (data not shown).
not been tested by direct kinetic methods. We earlier reported All kinetic studies were examined with a buffer combina-
evidence of a humafi,3, conformational change at pH 10 . .
subsequent to NADH bindingl@), but evidence of such a tion of 15 mM PIPES and 15 mM BICINE. This buffer

' combination resulted in a minimal change in conductivity

phenomenop wittBsfs or any other h_uman alcohol dehy- across the pH range studietd. Enzyme standard activity
drogenase isoenzyme at physiological pH has not been f db toring the i i NADH
reported of 363 was measure y monitoring the increase in

: at 340 nm é&cm = 6.22 mMY) in a reaction mixture

_To explain the role of amino acid position 369 in NADH fontaining 2.4 mM NAD and 66 mM ethanol, in 0.1 M
binding and subsequent enzyme isomerization, we examine . X e
sodium phosphate, pH 7.0, at 2&, assuming a specific

stopped-flow kinetics of a site-directggi cDNA mutant ity of 5.8 unite/ o '+ of activi d
containing the Cys 369 that appeargin(3369C} across a activity OI 'f ungf mg. One unit of activity reduces one
wide pH range. We report here th@869C exhibits a micromole of NA ] pgr minute at 253C'. .
measurable apparent zero-order rate at pH 7.5 that is Stopped-Flow KineticsStopped-flow kinetics were per-
consistent with NADH-induced isomerization of the alcohol formed at 25°C on either a HITECH SF-51 instrument or
dehydrogenase enzyme. We show evidence that this con-2n Applied Photophysics SX-18MV instrument. Exponential

formational change is rate-limiting for coenzyme release at fraces were analyzed with either HITECH or Applied
pH 7.5. The rate-limiting role of this isomerization is also Photophysics software. Linear and nonlinear regressions were

examined for acetaldehyde reduction #869C. analyzed with SAS (Cary, NC), evaluating goodness-of-fit
by correlation coefficient ofF-statistic. All exponential traces
EXPERIMENTAL PROCEDURES fit best a single-exponential model; a sample exponential
Enzyme Preparation, Enzyme Stability, and Buffétse trace is shown in Figure 1A.
recombinant humafiy3s isoenzyme f369C) was expressed  pseudo-first-order NADH rate association constants were

+ Abbreviations.f369C g o — examined using excess téans(N,N-dimethylamino)-
reviations: , expressed recom |n¢iaﬁ3, wnicn contains H H
a Cys 369:3369R. expressed recombinafits. DACA, (N.N)- cinnamaldehyde (DACA) as a substrate monitor at 464 nm

dimethylamino)cinnamaldehyde; PIPES, piperadipii-bis[2-ethane-  (19). Twelve to 25 data points at final NADH concentrations
sulfonic acid]; BICINE,N,N-bis[2-hydroxyethyl]glycine. of 6.6-50 uM NADH were used in the reactions, which



Human Liver Alcohol Dehydrogenase Kinetics Biochemistry, Vol. 38, No. 18, 199%831

contained final concentrations ofid\? enzyme and 7aM Scheme 1: NADH-Induced Enzyme Isomerization from an
DACA. These data fit well a line, the slope of which Open to Closed Conformation

represented the pseudo-first-order rate constant. Sample 9] '

correlation coefficients were generally0.910. Apparent Eopen + NADH === Egpz(NADH) == Ejg5.d(NADH)
zero-order NADH association rate constants were similarly ky ko

obtained at final NADH concentrations as high as 3.5 mM.

Data were fit to the equatiok,,s= AINADH]/(INADH] + length of 0.3 cm, monitoring the decrease of NADH over
B), whereB = half-maximal concentration ar&l= apparent time.

zero-order rate constant. Thestatistics of the 2635 data Calculation of Indvidual Rate Constantsn experiments

points were at least 2231. with 3369C, the observed NADH association rates ap-
Pseudo-first-order and apparent zero-order NADH as- proached an apparent zero-order, NADH-independent rate
sociation rate constants were confirmed by monitoring constant (Figure 1B). The apparent zero-order rate constants
NADH fluorescence emission through a 400 nm long obtained with3369C are consistent with a kinetic model
wavelength pass filter (33@ 3 nm excitation), eliminating  describing a two-step process, in which a first, NADH-
the DACA monitor from the reactionsl®). The apparent  dependent step is followed by a second step that is
NADH dissociation rate constants were simultaneously independent of NADH. The proposed NADH-binding se-

obtained 19). Data obtained from experiments with-260 guence is shown in Scheme 1, in which the apparent zero-
data points were fit to the equatidg,s— C + AINADH]/ order rate constant is. The pseudo-first-order NADH rate
(INADH] + B), whereB = half-maximal concentratiorA constants witt8369C, assuming the binding sequence shown
= limiting rate constant, an@ = NADH dissociation rate in the scheme, represerkg,/k_1. Assuming further that the
constant. enzyme functions by a sequential mechanism in which
Steady-State KineticTheK; values for NADH K;NADH) coenzyme binds before substratg)P" values obtained

were evaluated on a Perkin-Elmer Lambda 40 double beam/T0m steady-state kinetics represéntk-/kik,, and the ratio
spectrophotometer from pH 6 to pH 9 at 25. Six NAD" of K{NAPH and the pseudo-first-order rate constant produces

concentrations (0.1818 mM) and NADH concentrations k—». A combination of stopped-flow and steady-state kinetics,
(5—13004M) were examined at saturating ethanol concen- then, were used to evalugkg k-i/ki, andk-..

trations of 0.5 M at pH 6 through 7.5, and 1.5 M above pH RESULTS

7.5. A total of 72-95 data points were evaluated to produce

estimates oWmax for ethanol oxidationky,"A"", andKiM*°", Apparent NADH Zero-Order and Acetaldehyde Reduction.
Data were_anal_yz:_ad_ _for competitive, uncompetitive, and opserved NADH association rates WHBBIC B3B,) at final
noncompetitive inhibition mechanisms. NADH concentrations above 50 mM were not linearly

Values ofVinax for ethanol oxidationt<,,"AP*, andK,°tha! dependent on NADH and approached a zero-order rate of
were also obtained from pH 6 through 9 by varying 168+ 1 s that was independent of NADH concentration
simultaneously five concentrations of NA[0.1-1.6 mM) (Figure 1B). No changes in amplitude were observed,

and five concentrations of ethanol. At pH 6 through 7, the indicating that the phenomenon was not due to inhibitors.
concentrations ranged from 0.1 to 1.6 mM NABNd 20 to Changes in DACA concentration did not affect the observed
150 mM ethanol. At pH 8 through 9, the NACand ethanol  rates, indicating that the observed rate was not limited by
concentrations ranged from 0.5 to 8 mM and 30 to 240 mM, DACA association and dissociation rates. Deviation from
respectively. The 7295 data points at each pH fit well a linearity was not observed with human liv8869R (3,31)
sequential mechanism, as judged Bystatistic, residual at pH 7.5; observed rates with369R remained linearly
analysis, andt-statistic for the statistical significance of dependent on NADH concentrations to the limits of instru-
ethanol estimated parameter (data not shown). mental detection (about 1200 (data not shown).

Values ofVmax for acetaldehyde reductioi,,NAPH, and Apparent zero-order rate constants wji369C were
Kpacetadenydyyere obtained from pH 6.5 through 8.5. Acetal-  obtained from pH 5.5 to 9 (Figure 2). The apparent zero-
dehyde and NADH were varied simultaneously. At least 87 order rate constant at pH 5.5 was 68060 s, while that
data points were used in each analysis. Concentrations ofat pH 7.5 was reduced an order of magnitude ta42 s
NADH ranged from 0.01 to 0.1 mM at pH 6.5, 0.03 to 1 Above pH 7.5, the apparent rate constants were limited to a
mM at pH 7.5, and 0.1 to 1.4 mM at pH 8.5. Data fit well rate 30 times less than that at pH 5.5; at pH 9, the rate was
a sequential mechanism. Acetaldehyde concentrations range@3 + 1 s*. The pH dependence of the apparent zero-order
from 0.1 to 10 mM at pH 6.5, 1 to 200 mM at pH 7.5, and rate constants fit best a model in which a single ionization
5to 250 mM at pH 8.5. Additionally, acetaldehyde reduction limits diminishing rates 19). The resultingF-statistic was
was assayed witi369C at 1.66 mM NADH, the maximum  17-fold greater than the fit of the data to a linear model.
amount of NADH detectable in the double beam spectro- The K, was estimated to be 7.2 0.1. Apparent rate
photometer. The concentrations of acetaldehyde used at eacbonstants determined in the presence of excess DACA were
pH were 10 and 20 mM at pH 6; 65, 50, and 100 mM at pH confirmed at pH 7.5 by extrinsic enzyme (tryptophan)

7 and 7.5; 0.2 and 0.4 M at pH 8 and 8.5; and 0.6 and 1.2 fluorescence, as described in Experimental Procedures. The
M at pH 9. Kinetics were performed in a cuvette with a path apparent zero-order rate constant obtained at this pH, by two
independent experiments, produced rates of 2454 and
2Enzyme concentration is expressed per active site concentration26'3:|: 4.5 s, values that were not St.atiStica"y significant
(N)i Hlfman B3Bs contains two indistinguishable active sites per [Tom the rate constant of 33 sdetermined from the fitted
molecule. curve.
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oo T T Pseudo-First-Order Rate Constantt final NADH
concentrations below 50M, the observed NADH associa-
tion rates with3369C were approximately linearly dependent
on NADH concentration (Figure 3A). The pH dependence
n of these pseudo-first-order rate constants is shown in Figure
3B for 5369C (circles and solid line). From pH 5.5 to pH
6.5, the pseudo-first-order rate constants f869C were
about 2 s'. Above pH 6.5, the rate constant dropped
. precipitously to a value of 0.018 0.001s' at pH 9.2. The

1 data fit best a model in which a single ionization withk,p

700

Ll it

400

100 |

~
<

of 6.8 + 0.1 leads to a drop in pseudo-first-order rate
constants. The pH dependence of the pseudo-first-order rate
] constants previously reported f8869R fit a similar curve

] (dashed curve; refl9). The rate constants witf3369R,
however, were at least 4 times faster across the pH range
o b studied, and the i, value was shifted to 8.% 0.2.

6 7 8 9 Apparent Equilibrium Dissociation Constants for NADH

pH The pH dependence of the apparent NADH-binding constant
FiGURE 2: The pH dependence of apparent zero-order NADH (K-1/k;) with S369C is shown in Figure 4. Each data point
association rate constants wilB69C. The pH dependence of in the figure was calculated from the NADH pseudo-first-
apparent zero-order NADH rate constants wiB69C is shown — order and apparent zero-order rate constants, as described

(®). Most standard error bars do not reach beyond the data points.. .
The data fit best a model in which a single ionization limits the " Experimental Procedures. Below pH 7.5, the calculated

&
=]

Apparent zero order
NADH rate constant (sec )

pH-dependent decrease in observed rate constants(1 + H*/ value for k-1/k;) was about 0.1 mM; this value increased
Ka) (solid curve), in whichr is the apparent rate constant at any an order of magnitude from pH 7.5 to 9.2; at pH 9.2 the
pH, andr is the limiting ratef = 23.4+ 1.1s'and Ka= 7.2+  calculated binding constant was over 2 mM. The instability

0.1. Kinetic assays of acetaldehyde reduction, described in Experl-of the enzyme above pH 9 precluded analysis at higher pH

mental Procedures, are also show). ( .
values; however, the pH-dependent pattern of the available

pdata fit best a model in which a single ionization leads to a

with $369C were obtained at pH 6.5, 7.5, and 8.5. RKae loss in NADH affinity for $369C. The [, of this ionization

for NADH varied from 0.10+ 0.02 mM at pH 6.5 to 0.28  Was estimated to be 8 0.2,

+0.03 mM at pH 7.5 and increased dramatically to &2 Equilibrium NADH-Binding Constants Estimates of

1.6 mM at pH 8.5. Th&,, for acetaldehyde varied from 1.1  KN*PH with alcohol dehydrogenase are obtained from steady-
+ 0.2 mM at pH 6.5 to 4.9 0.6 at pH 7.5. At pH 8.5, the  state kinetics by varying NADand NADH concentrations

K for acetaldehyde was 44 38 mM. Although saturating  simultaneously at saturating ethanol concentrations. These
NADH concentrations could not be obtained above pH 7.5, KiNP" values represent the equilibrium NADH-binding
assays of acetaldehyde reduction at 1.6 mM NADH with constant Ke*APH or k-1/k;), with enzymes that function by
saturating concentrations of acetaldehyde coincided with thea sequential mechanism, in which NADinding precedes

pH dependence of apparent zero-order rate constants at alethanol binding, and the mode of inhibition by NADH is

Steady-state kinetic constants for acetaldehyde and NAD

other pH values (Figure 2). competitive 21). If an internal isomerization is inserted into
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Ficure 3: Pseudo-first-order NADH association rate constants @869C. At NADH concentrations below %M, observed rates increased
linearly with NADH concentration. Panel A shows the results of a linear regression at pH 6.5 containing a final DACA concentration of
75 uM. Data fit the equatiorkons = Kerst—orde[NADH] + y (solid line), in whichkgrst—orger = 1.294 0.04uM~1 s71, andy, the intercept, is

16.6+ 1.3 s'* (sample correlation coefficient 0.99). Panel B shows the pH dependence of the pseudo-first-order rate constants obtained
for 5369C @). Data fit best a model in which a single ionization leads to a drop in pseudo-first-order rate comstanitél + K/H™),

in which r is the rate constant at any pH, ahik the limiting rate (solid curve);f, = 6.8 & 0.1 andf = 2.554+ 1.25 s1. The apparent

rate constants obtained previously wifB69R are also shown (dashed curve), producikig+ 8.1 + 0.2 (19).
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Table 2: The pH Dependence of NADH Dissociation Constants
with 5369C, 25°C
2000 [ . pH ko (sh? app. NADHy (s7)° Va2 (s71)°

6.1 20 44+ 12 2.98+0.15
- 7.0 29 22+ 2 3.67+£0.32
] 7.5 21 26+ 4 3.17+£0.25

4000

& 1000 -

~ 800 |
=, 600 7 8.0 7 nr 7.50+ 0.62
- 8.5 7 nr 9.80+ 0.63

8.9 12 nr 154 3.3

ak_, values were calculated froMNAPH values and NADH pseudo-
first-order rate constant8 Apparent NADH dissociation rate constants
were obtained by fluorescence as described in Experimental Procedures.
Estimates are shown with the standard error of the fit: nr, kinetic
i i estimates were not reproducibfé/max values for ethanol oxidation were
ucluvbodaobabedoloua bl obtained by steady-state kinetics as described in Experimental Proce-
5.0 6.0 7.0 8.0 9.0 10.0 dures. Estimates are shown with the standard error of the fit.

pH

FiIGUrRE4: The pH dependence of NADH eqUilibriUm dissociation Scheme 1, apparent NADH dissociation rates represent the

constants with$369C. Estimates ok_i/k; with 3369C were . .
calculated from apparent NADH zero-order rate constants and limiting rate of eitherk, or k. AtpH 6, 7, and 7.5, these

pseudo-first-order rate constants (circles) (see Experimental Pro-fates coincided with calculated, values.
cedures). Data fit best a model in which the equilibrium dissociation  Values ofVimax for ethanol oxidation were obtained across
constant was governed by a single ionizatiors F(1 + KyH) a wide pH range (Table 2). From pH 6 to 7.5, ¥g. was

solid curve), in whichr is the value of the constant at any pH, . .
éndf is the ?imiting constant; g, = 8.1+ 0.2 andf = 110 iylp approximately constant, at about 3.5 s™. Above this pH

=
=3
=}

Apparent k_/k
153
S

100 -
80 b

60

=y value, theVmax increased with increasing pH. At pH 8.9, the
VmaxWas 15.7 £ 3.3) s'1, a value 5 times higher than that
Table 1: Values oKNAPH with 3369C, 25°C2 at lower pH values. The values Wf,. at and below pH 7.5
pH KNAH (M) F-statisti® pvalue were nearly 10-fold lower than the gsnmateskog. Apove
o1 Y 1201 ool pH 7.5, however, th&/ .« values coincided well with the
70 oot o 5905 <001 calculated values df_».
7.5 46+ 4 4238 <0.01
8.0 48+ 3 4243 <0.01 DISCUSSION
8.5 150+ 10 11234 <0.01
8.9 610+ 50 5055 <0.10 A combination of steady-state and stopped-flow kinetics

a Estimates are shown with the standard error of the fitstatistic was used to identify the individual rate constants that govern
shown is that obtained by fitting the data to competitive inhibition. NADH binding to5369C and the extent to which this limits
¢ Level of significance for the ratio of th€&-statistics derived from ethanol oxidation and acetaldehyde reduction from pt96
competitive versus noncompetitive fits. TRestatistics derived from  Thj5 recombinant human classglalcohol dehydrogenase
fits to uncompetitive inhibition were at least 2-fold lower than the . S iy
F-statistic derived from fits to competitive inhibition. Conta|n§ a Cys fo'r Arg substitution at position 3_69' The
recombinant protein represents the natyfalsubunit ex-
_ . pressed in 25% of the African-American population. Taés
the sequence mecham;m (see Scheme), the mo_de of '”h'b'rsoenzyme exhibits the highestmy and K, values for
tion remains competitive, but th&N*°" value is NOW  gthanol and NAD of any Class | alcohol dehydrogenase.
composed of a combination of rate stegs,K-2/kiko). We describe in this paper a rate-limiting apparent zero-order
The K{N*PH value for 369C was studied at varying pH  rate with NADH association t¢369C. This indicates that
values (Table 1). Th&; NPH values increased 4-fold from  NADH association to human alcohol dehydrogenfs®;
pH 6.1 to 8.0, and the values increased dramatically aboveoccurs in two steps: an initial coenzyme recognition and a
pH 8 to over 600 at pH 8.9. Across the pH range studied, subsequent NADH-induced enzyme isomerization (Scheme)
the competitive mode of inhibition clearly predominated over that is independent of NADH concentration. The kinetics
other possible inhibition modes. This result is consistent with gre not consistent with a scheme where enzyme isomerization
a reaction sequence mechanism that follows a sequentials followed by coenzyme binding, because product inhibition
mechanism. profiles with NAD" and NADH were competitive (Table
Apparent NADH Dissociation Rate Constants and Ethanol 1). Also, those experiments performed with DACA demon-
Oxidation From theKNAPH estimates obtained by steady- strate that there is no change in amplitude with increasing
state kinetics and the pseudo-first-order rate constantsNADH concentrations and DACA will only bind to a
obtained from stopped-flow kinetics, the pH dependence of productive binary complext9). Therefore, we conclude that
k_, was calculated witl$369C (Table 2). The values &f the data presented here are most consistent with two steps,
varied with increasing pH from 7 to 29°'% in which an initial NADH-binding event is followed by a
The pH dependence of apparent NADH dissociation rates concentration-independent event.
was obtained by fluorescence stopped-flow kinetics (Table The first, concentration-dependent step in NADH binding
2). These rates did not differ statistically from pH 6 to 7.5, with f38; (ky and k-; in Scheme 1) is dependent on a
varying between about 20 and 44'sAbove pH 7.5, the  substituent with al§, value of about 8.1 (Figure 4). Several
observed rates became unreliable; amplitudes became indistheories have been suggested to explain the pH dependence
cernible from the background. Assuming the mechanism in of coenzyme binding to horse and human alcohol dehydro-
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genase enzymes. Adolph and co-work&)ssiggested with  most likely to be influenced by charged groups close to the
horse alcohol dehydrogenase that the pH dependence obeoenzyme-binding site. These dynamics must prepare the
served with the first NADH-binding step is actually defined active site for substrate binding and “charge” the catalytic
by the net charge of the protein, a hypothesis first proposedzinc. Substituents such as His5243), or Lys228 @4), have

by Lively and co-workers32). This hypothesis predicts that been suggested to mediate coenzyme binding to horse alcohol
11 and horse alcohol dehydrogenase, with Arg at positions dehydrogenase. The data reported here cannot address either
47 and 369, could be more attractive to NADH thayf,, possibility, although site-directed mutagenesis studies at
with a His at position 47, oB38s, with a Cys at position position 51 with human alcohol dehydrogenase isoenzymes
369. Pseudo-first-order NADH rate constants at pH 7.5 of have been investigated, and the results suggest that substitu-
8.9 (£ 0.6), 3.7 @& 0.4), and 0.48+ 0.03) s* with 34531, tions at this position do not significantly influence coenzyme
22, andpsfs, respectively, support this hypothesis (Figure binding (L0).

3B; ref 19). Amino acid position 369 may function as a mediator of

The K, of 8.1 observed in Figure 3 withgf3; for initial coenzyme binding. The Cys for Arg-369 substitution with
NADH binding is consistent with the deprotonation of a B369C certainly affects the rate of NADH-induced isomer-
cysteine residue such as Cys 369. As Burnell and co-workersization. At pH 7.5, the value df, with the mutant enzyme
have pointed out3), an electrostatic repulsion of NADH is 42 (& 0.4) s! (Figure 2B). The same rate step wjih)3;
by the thiolate ion formed by the deprotonation of Cys-369 is at least 120078, a value nearly 30 times faster than that
would occur at pH values above pH 8. This is consistent with the 3369C. Water molecules in the coenzyme-binding
with the increase itk_,/k; seen above this pH. Studies with  site near position Cys369 appear to play an integral role in
369S, a mutant that contains the neutrally charged serinebinding @). Moreover, comparison of the X-ray crystal
at position 369, were inconclusive, because the enzyme wasstructures of coenzyme-bound horse alcohol dehydrogenase
not stable at 25C during the 3-4 h needed for kinetic  and the apo-enzyme indicate that at least 12 structured water
experiments. The results presented here indicate that aminanolecules are displaced from the coenzyme-binding site
acid position 369 is involved in the initial NADH-binding  during coenzyme binding (T. Hurley, personal communica-
step. The difference betwe¢h3: (with an Arg at position tion). Desolvation may play a role in enzyme isomerization,
369) andBsBs in pseudo-first-order NADH association rates but there is not enough structural information of the apo-
(Figure 3B) suggests that a positive charge at position 369isoenzymes to identify water definitively as a mediator in
is important for high-affinity NADH binding. coenzyme binding.

After the initial NADH-binding step, humagsf; may It has been suggested that zinc-bound water in the active
wrap itself around the coenzyme molecule as the result of site mediates coenzyme binding to horse alcohol dehydro-
NADH-induced isomerizatiork; andk—, in Scheme 1). This  genase25—28). If the water molecule mediates coenzyme
hypothesis is supported by the appearance of an apparenbinding with3383, then the K, of the water molecule would
zero-order rate constant that limits NADH association rates be shifted far down to 7.2 with NADH association. It would
(Figure 1B). Evidence of the zero-order rate constant was suggest that deprotonation of the water molecule leads to a
reproducibly observed witt8369C across the pH range slower rate of enzyme isomerization.
studied by both substrate absorbance and enzyme tryptophan The rate-limiting step in NADH association is the con-
fluorescence techniques. The apparent zero-order rate coneentration-independent step representedbyissociation
stants were obtained with low millimolar concentrations of of NADH is governed by one of two concentration-
NADH at rates easily detectable with our stopped-flow independent step-, or k-;. A comparison of apparent
apparatus. NADH, rates and calculatekl, rates suggests thét,; is

With horse alcohol dehydrogenase, Adolph and co-workers the rate-limiting step in NADH dissociation wii369C at
(15) stated that NADH association approaches an apparentpH 7.0 and 7.5 (Table 2). This suggests thiadindk_, play
zero-order rate constant of about 1200. Ve saw similar a minor role in NADH binding relative to isomerization. At
results with 316, and 5,6, at pH 7.5. We are reluctant, pH 7.5, theVnafor ethanol oxidation withs5s is about 3.2
however, to attribute this observation to a rate constants (Table 2), a value nearly 7 times slower thian, the
because the rate is very close to the limits of detection with rate of enzyme isomerization from the closed to open
our stopped-flow instrument (126A500 s?'). We were conformation. At and above pH 8, however, the values
unable to definitively assign enzyme isomerization as a calculated fork_, coincide withVnax for ethanol oxidation,
kinetically significant step in coenzyme binding with, indicating thatk—, may be rate-limiting in this pH range.
andp,f.. Apparent zero-order rate constants would have to  TheVnaxfor acetaldehyde reduction with3s is reportedly
be at least 120078 at pH 7.5. This rate would be about 300 about 40 st at pH 7.5 {7), a value very close to that .
times faster than th¥n.« for acetaldehyde reduction with  The rate of acetaldehyde reduction from pH 6 to 8 coincided
11, suggesting that the step is kinetically insignificant at well with predicted values ok, (Figure 2B). These data
this pH. Evidence of a zero-order isomerization step was suggest that the isomerization of the binary complex to form
reported for NADH binding tq3,53, only at high pH (9). a closed enzymecoenzyme complex may be at least

The pH dependence of an open to closed conformation partially rate-limiting for acetaldehyde reduction. The ap-
with 5369C is consistent with mediation by a single ionizable parent rate of acetaldehyde reduction at pH 8.5 probably
group, with a K, of 7.2 (+ 0.1) (Figure 2B), that limits the ~ underestimates the actual rate under saturating NADH and
rate of isomerization when deprotonated. These data areacetaldehyde conditions because experiments were limited
consistent with the pH dependence observed by Sekhar ando 1.6 mM NADH, a concentration that is subsaturating for
Plapp (4), using NAD' binding to the horse liver alcohol $369C at this pH. In contrast, the rate-limiting step of
dehydrogenase. The NADH-induced isomerization step is acetaldehyde reduction wifhs; and,f3; is reported to be
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coenzyme releas®). Hardman proposed, on the basis of
steady-state kinetics, that the rate-limiting step of acetalde-
hyde reduction with horse liver alcohol dehydrogenase is
coenzyme isomerizatioriL®), a hypothesis also suggested
by Cook and Cleland29). Our data are the first to directly
indicate that the enzyme isomerization step is rate-limiting
with a human alcohol dehydrogenase isoenzyme.

This pH-dependent study of NADH binding to recombi-
nant humangsfs (8369C) by stopped-flow kinetics and
steady-state kinetics indicates that amino acid position 369
is involved in initial recognition, as well as in a subsequent
NADH-induced isomerization step. The data presented here
indicate that this isomerization step from the open to closed
conformation may be the rate-limiting step of acetaldehyde
reduction by the enzyme. In addition, isomerization of the
enzyme from the closed to open conformation is the rate-
limiting step of NADH release, and may be the rate-limiting
step of ethanol oxidation above pH 7.5.
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