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Participation of Histidine-51 in Catalysis by Horse Liver Alcohol Dehydrogehase
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ABSTRACT. Histidine-51 in horse liver alcohol dehydrogenase (ADH) is part of a hydrogen-bonded system
that appears to facilitate deprotonation of the hydroxyl group of water or alcohol ligated to the catalytic
zinc. The contribution of His-51 to catalysis was studied by characterizing ADH with His-51 substituted
with GIn (H51Q). The steady-state kinetic constants for ethanol oxidation and acetaldehyde reduction at
pH 8 are similar for wild-type and H51Q enzymes. In contrast, the H51Q substitution significantly shifts
the pH dependencies for steady-state and transient reactions and decreases by 11-fold the rate constant
for the transient oxidation of ethanol at pH 8. Modest substrate deuterium isotope effects indicate that
hydride transfer only partially limits the transient oxidation and turnover. Transient data show that the
H51Q substitution significantly decreases the rate of isomerization of the enay&l®™ complex and
becomes a limiting step for ethanol oxidation. Isomerization of the enzj##d+ complex is rate limiting

for acetaldehyde reduction catalyzed by the wild-type enzyme, but release of alcohol is limiting for the
H51Q enzyme. X-ray crystallography of doubly substituted His51GIn:Lys228Arg ADH complexed with
NAD™ and 2,3- or 2,4-difluorobenzyl alcohol shows that GIn-51 isosterically replaces histidine in
interactions with the nicotinamide ribose of the coenzyme and that Arg-228 interacts with the adenosine
monophosphate of the coenzyme without affecting the protein conformation. The difluorobenzyl alcohols
bind in one conformation. His-51 participates in, but is not essential for, proton transfers in the mechanism.

Histidine-51 is thought to contribute to the acid/base Scheme 1
catalysis of alcohol dehydrogenasés-6). In structures of His51
the horse and human liver enzymes, His-51 is part of a z, Serd§
hydrogen-bonded system that connects the hydroxyl group | | m T
of a water or an alcohol ligated to the catalytic zinc through ¢—H -"‘;OJ_H ----- (I)—H ----- :N\/NH OH,
the hydroxyl group of Ser-48 with the-Bydroxyl group of R NAD
the nicotinamide ribose2( 6, 7). During alcohol oxidation,
this system could relay a proton to solvent, producing the
alkoxide intermediate (Scheme 1), which would be oxidized His51
by NAD*. An inverse solvent isotope effect on the hydrogen Zn Ser48 —
transfer step suggests that the alkoxide is stabilized by a low | .
barrier hydrogen bond to the serine hydroxyl gro8p9).
Recent computational studies support the proposed mechawr NAD
nism (10, 11), but the magnitude of the contribution of His-
51 to the chemical steps has not been established.
Chemical modification of histidine residues with diethyl
pyrocarbonate inactivated both horse and yeast A8
12). Substitution of His-51 with glutamine by site-directed

+
N: + HOH,

mutagenesis in both yeast and human ADHI1B/S()
moderately affects activity4( 5). Glutamine is nearly
isosteric with histidine and can form hydrogen bonds with
the nicotinamide ribose, but evidence for such structural
flexibility is lacking. The H51Q substitution in yeast ADH
decreased catalytic efficiency for ethanol oxidativi/'E:Kp)
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even though expectations should have an experimental basi&STT AG-3 (mutation site is underlined), was used as the
(13). Furthermore, many homologous ADHSs have Thr, Tyr, primer for mutagenesis of pBPP/ADH-E/H51Q. The muta-
or Asn at the position corresponding to His-514,( 15), tions were confirmed by restriction mapping and DNA
indicating that His-51 is not absolutely essential. Substitution sequencing of the complete coding region.

of Thr-51 in human ADH2 £z enzyme) with His decreases Purification. The mutated enzymes were purified by the
(rather than increases) by 3-fold catalytic efficiency with procedure previously describeti”{ 18) and appeared to be
ethanol (6). Small changes in activity found with site- homogeneous by the criterion of polyacrylamide gel elec-
directed mutations might be explained by effects on the trophoresis in the presence of sodium dodecyl sulfate. The
overall structure of the enzyme or by local changes in the concentration of active enzyme sites (N, normality) for the
hydrogen-bonded system. Of course, changes in steady-statpurified enzymes was determined by titration with NAD
kinetic parameters may not reveal the extent of participation in the presence of pyrazol&9). Automated Edman degrada-
of a residue in critical steps in the mechanism. To measuretion of the intact protein showed that amino-terminal
the contribution of His-51 to catalysis requires structural sequence Ser-Thr-Ala-Gly-Lys-Val-lle-Lys was obtained in
studies, steady-state and transient kinetics, pH dependenciegjood yield and thus was not acetylated, in contrast to the
and isotope effects, which together provide a comprehensiveacetylated enzyme that is isolated from horse Ii\a8).(
analysis of the participation of His-51 in the various steps  Steady-State Kineticdnitial velocities of the enzyme

in the mechanism. activity were determined by measuring the change in

We prepared the H51Q, K228R, and Q51R228 enzymesabsorbance at 340 nm with a Cary 118C spectrophotometer
previously and found that the steady-state kinetic constantsinterfaced to a computer with a Data Translation 2805 A/D
(K values) for ethanol oxidation and acetaldehyde reduction board. An SLM fluorometer (model 4800 C) was also used
measured at pH 8 for H51Q ADH change less than 3-fold, with excitation at 340 nm and emission at 460 nm. Data
whereas those for K228R ADH increase on average aboutWwere collected by using a computer interfaced to the
4-fold, and those for Q51R228 ADH increase about 15-fold fluorometer. Initial velocities were estimated by a linear or
(17). Lys-228 participates in binding of the adenosine parabolic fit of the data. The kinetic constants were calculated
monophosphate moiety of the coenzyme, and some effectswith the programs from Clelan@{).
of the K228R substitution on coenzyme binding are expected Transient KineticsTransient kinetics were studied with
(6). Maximum velocities for the forward and reverse reac- the BioLogic SFM3 stopped-flow instrument, which allows
tions change modestly, up to 3-fold, but dissociation of concentrations of substrates to be varied systematically with
coenzyme is predominantly rate limiting for turnover. three syringes. The dead time of the instrument was 2.3 ms.
Transient data show that the H51Q substitution significantly The transient data were collected atZ5and analyzed with
affects, in a similar way for both H51Q and Q51R228 ADHs, the BioKine software. The transient curves were best fit to
the rate constants and pH dependence for the binding ofa single exponential process by the equa#or= A exp-
NAD* as compared to the wild-type enzymi&), The effects ~ (—kit) + baseline, wheré\ is the absorbance at tinteAo
were attributed to the contribution of His-51 in deprotonating is the maximum absorbance changeis the observed rate
the catalytic zinc-bound water and the isomerization of the constant, and is time.
enzyme-NAD* complex. The K228R substitution also The transient reactions for the oxidation of ethanol and
affects binding of NAD but produces a different pH the reduction of acetaldehyde were followed by the change
dependence. To assess further the modulating effect of His-in absorbance at 333 nne & 5.5 mM™* cm™), which is
51 on catalysis, we examined various steps of the mechanisnear the isosbestic point for free and enzyme-bound forms
of H51Q ADH, where the role of the catalytic zinc can be 0f NADH (22). The kinetic simulation program KINSIM and
studied. We also determined structures, at 1.8 A resolution,the automatic fitting routine FITSIM2@) were used to
of ternary complexes of the Q51R228 ADH with NARnd estimate the rate constants from the transient progress curves
the substrate analogues 2,3-difluorobenzyl or 2,4-difluo- collected with the BioLogic instrument by fitting several
robenzyl alcohols. The results show how the enzyme canprogress curves simultaneously.
accommodate the H51Q and K228R substitutions, which is  pH Dependence StudieBuffers of 10 mM NaPO7, 0.25
relevant to the study on coenzyme bindirtj)( and the =~ MM EDTA, and sufficient HPO,, NaH,PO, and NaHPO,
present work. In addition, the structures show how alcohols to produce the desired pH and a final ionic strength of 0.1
bind in the hydrogen-bonded system with GIn-51 and how were used in the pH range of 5:9.5 (24). Buffers at pH

the enzyme recognizes fluorinated substrates. 9.5 or above had a final concentration of 10 mM4R&,
0.25 mM EDTA, and 5 mM sodium carbonate. The buffers
EXPERIMENTAL PROCEDURES were made as double strength and diluted 2-fold in the final

) ) reaction mixture with enzyme in weakly buffered solutions.
Materials. LINAD * (grade I) and NaNADH (grade I)  The K values for the pH dependencies were determined by
were obtained from Roche Molecular Biochemicals. Isoto- fitting the data with an iterative nonlinear least squares

pically labeled substrates (ethart|- 1-propanol-1,id,, program [NONLIN, from C. M. Metzler, The Upjohn Co.,

1-butanolel, cyclohexanok,, and benzyl alcohot,a-d;) or from M. L. JohnsonZ5)] to equations derived for various
and DO were purchased from MSD Isotopes, Inc. mechanisms of ionizatior26).
MutagenesisThe plasmid pBPP/ADH-E/H51Q was cre- A general mechanism with three ionizable groups that can

ated by site-directed mutagenesis with the Amersham mu-describe the pH dependencies is shown is Scheme 2.
tagenesis kit, version 2, starting with the plasmid pBPP Equation 1 describes a mechanism with a single ionizable
containing the cDNA for the horse E isoenzynis) The group where only the unprotonated form is active. Equation
oligodeoxyribonucleotide, '8SCA GAT GAC CAG GTG 2 describes a mechanism with one ionizable group, and only
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Scheme 2 dimer of the refined structure of the wild-type ADH
k, complexed with NAD and 2,3,4,5,6-pentafluorobenzyl
HE ——— alcohol (PDB entry 1hld) after removal of the waters and
ﬂKl pentafluorobenzyl alcohol and with residues 51 and 228
ke mutated to alaninesg)]. The initial maps clearly showed
HE ——— electron density for many waters, the difluorobenzyl alcohol,
1le and the side chains for glutamine at residue 51 and arginine
k at residue 228. The structures were refined by cycles of
E ——> model building with O 81) and least squares refinement with

) the program REFMAC32). Waters were added automati-
the protonated form of the enzyme reacts. Equation 3cally using the program ARP38) and confirmed by

describes a mechanism that involves two ionizable groups,inspection. The structure of the complex with 2,3-difluo-
and only the monoprotonated form is active. Equation 4 \ohenzvi alcohol was refined similarly, starting with the

describes a mechanism with one ionizable group where bothyqge| for the 2,4-difluorobenzyl alcohol. The structures were
forms_are actlve,_ and the unprqtonat_ed forn_1 is most active. o\ 51uated with Prochecl8) and found to have parameters
Equation 5 describes a mechanism with two ionizable groups ¢onsistent with other high-resolution structures. Figures were

where both the monoprotonated and unprotonated forms cany,ade with the MolRay interface to the POV-ray trace)(
react; the unprotonated form is most reactive. Equation 6 it final electron density maps B2 — F.) calculated at
describes a mechanism with two ionizable groups where eachy e standard deviation above the mean density.
enzyme form has finite activity, and the unprotonated form

is most active. For binding of competitive inhibitors, tgs RESULTS

is replaced with 4 (the binding constant) and the with
1/KymaxSo that the pH-independent binding constant and the
pK for the enzyme form to which the inhibitor binds are
obtained.

pH Dependence of Kinetic Constants for the H51Q
nzyme.Steady-state and transient kinetics were used to
etermine the pH dependencies for various reactions of the
H51Q enzyme over the pH range of-®0 and were
B + compared to the reactions for the wild-type enzyme (Figure
Kops = K/ (1 + [H71/K;) @) 1). In principle, the pH dependencies reflect ionization of a
4 group (or groups) that is involved in catalysis, but the kinetic
Kobs = Ky/(1 + KJ[HT]) ) complexity of the mechanism can shifkvalues from the
intrinsic values 85). Therefore, kinetic parameters for
Kops = Ko/ (1 + [H*]/K1 + K2/[H+]) 3) different reactions were determined so that different steps
in the mechanism could be studied. For purposes of
Kops= (K, + |%K2/[H+])/(1 + K,/[H ) (4) comparison, the results are grouped so that kinetics for the
forward reaction are on the left side and the kinetics for the
— + + + reverse reaction are on the right side for Figure—FA
Kops = (Ko + KKHTD/L + [HTVK + KAHTD) - ) Transient reactions relating to ethanol oxidation and NAD
i 4 binding are presented in Figure 1G,H. Fits of the data to the
Kobs = (ka[H"1/K, + Ky + Ko/ [HT])/ appropriate equations are given in Table 1.
1+ KJ/H] +[HTVKY) (6) The H51Q substitution significantly affects both the
observed K values and the magnitudes of the pH-
X-ray Crystallography.Crystals of the doubly mutated independent kinetic parameters (“limiting values” in Table
Q51R228 enzymel(y) were produced by dialysis of 10 mg/  1). Of particular interest, the pH dependence of the catalytic
mL enzyme in 50 mM ammoniurN-[tris(hydroxymethyl)- efficiency of ethanolVi/EKp, which reflects the apparent
methyl]-2-aminoethanesulfonate buffer, pH 7.0, 4CXpH pK value for the binary enzymeNAD* complex, has been
6.7 at 25°C), with 1 mM NAD' and 10 mM 2,3- shifted to a value of 8.4 from the value of 6.7 for the low
difluorobenzyl alcohol or 2,4-difluorobenzyl alcohol, against pH range of the dependence for the wild-type enzyme (Figure
gradually increasing concentrations of 2-methyl-2,4-pen- 1A). The binding of the competitive inhibitor trifluoroethanal,
tanediol. Crystals formed at about 12% 2-methyl-2,4- 1/Kq4t1rs to the H51Q enzyme exhibited a pH dependence
pentanediol, and the concentration was finally raised to 25%. with a pK value of 8.5, which is shifted up from the value
The crystals were thin rods, about 0.1 mm in the longest of 7.6 for the wild-type enzyme (Figure 1C). The similar
direction. Crystals were flash frozen, and data were collected pK values forVi/EiKp and 1Ky e suggest that the intrinsic
at 100 K. A data set for the complex with 2,4-difluorobenzyl pK of the H51Q ADH-NAD™ complex is about 8.5. The
alcohol was collected from a single crystal at the ID14-EH4 pK value for trifluoroethanol binding was also shifted from
beamline (using an ADSC CCD detector) at the ESRF in the value of 7.8 for the human ADH1B enzyme to 8.5 by
Grenoble, France. The data were processed using the prograrthe H51Q substitutions].
MOSFLM (27) and scaled using the program SCAL28J. The pH dependence for the steady-state turnoVegg()
Data for the complex with 2,3-difluorobenzyl alcohol were is also altered by the H51Q substitution. The weak pH
collected on the synchrotron in Lund, Sweden, using the dependence d¥./E; for wild-type ADH over the pH range
MAR345 detector and were processed and scaled using XDSof 6—10 is controlled by release of the product NADBY),
(29). whereas the H51Q enzyme has a complex dependence with
The structures were solved by molecular replacement usingpK values of 7.6 and 9.3, suggesting a change in the rate-
AMORE (30) and a starting model with coordinates for a limiting step for turnover (Figure 1E).



His-51 in Catalysis by Alcohol Dehydrogenase

— '_l' 6 T T T T T
Im 4_ ,_é B
g"o3_ MQ:S- -
> ~
E‘) _l I T ! 34 T T N N |
_ 6_(|:| T T I-‘_‘ 6-])l ) T 1 l-
= sl _Es_oo—o—o—m%_
RS .
=R i 84-:. ceo
318 1% 3} -
1 1 1 1 1 1 1 1 '} 1
T T T T T ) 1 T ) 1

_ E F
Imﬂ 1F '—I‘mz- i
> S
an OF ->
° &
— 3 1+ ]

-1 1 1 1 1 1 1 1 1 1 1
'_,‘m 2-G -'_"m6
(.}} 1
2 s
a4 14 1.0
2 5 4
— o)

0 1 1 1 1 1 A3

56 78 91011

pH

Ficure 1: pH dependencies for reactions catalyzed by wild-type
and H51Q enzymes. Data for wild-typ@Yand H51Q [0) enzymes

in plots A—F were determined from steady-state kinetics, and data
for plots G and H were determined by stopped-flow kinetics. (A)
pH dependence of,/EKy with ethanol. Data for the wild-type
enzyme are from reB7. (B) pH dependence of./EK, with
acetaldehyde. Data for the wild-type enzyme are fronB&f(C)

pH dependence of K4 for 2,2,2-trifluoroethanol. Data for the wild-
type enzyme are from re38. (D) pH dependence of Kj for
N-cyclohexylformamide. Data for the wild-type enzyme are from
ref41. (E) pH dependence &f/E; with ethanol. Data for the wild-
type enzyme are from re37. (F) pH dependence of./E; with
acetaldehyde. Data for the wild-type enzyme are fronB8ief(G)

pH dependence of transient oxidation of ethanol. Wild-type data
are from ref40. (H) pH dependence of NADassociation. Data
for the wild-type enzyme are from r&6. H51Q data are from ref
17.

The kinetics for oxidation of 2-chloroethanol were also
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protonated enzymeNADH complex is decreased by 3-fold
for the H51Q enzyme as compared to the wild-type enzyme
(Figure 1B and Table 1).

The pH dependence of inhibition By-cyclohexylforma-
mide of the H51Q enzyme was best fit to a mechanism with
one ionizable group where only the protonated form binds
the inhibitor (Figure 1D and Table 1). Th&walues of 10.5
(42) and 10.7 were observed for wild-type and H51Q
enzymes, respectively. Th&pvalue for N-cyclohexylfor-
mamide binding is a better measure of the pH dependence
of the binary (E-NADH) complex than the more complex
kinetic constant oW/./EK,, since binding is an equilibrium
measurement. At low pHN-cyclohexylformamide binds
about 40-fold less well to the H51Q enzyme than to the wild-
type enzyme.

The K value of 7.8 forV,/E; for acetaldehyde reduction
by the wild-type enzyme was shifted to & jof 9.5 for the
H51Q enzyme (Figure 2F and Table 1). The maximum
turnover numbersy,/E;, for wild-type and H51Q enzymes
are about the same at low pH.

Kinetic Isotope Effectdnformation about which steps are
rate limiting in the mechanism of the H51Q enzyme was
obtained by determining substrate deuterium isotope effects
for ethanol oxidation with steady-state kinetics over the range
of pH from 6.15 to 10.65, using a fixed concentration of 4
mM NAD* and varied concentrations of ethaml-The pH
dependence for catalytic efficiencyy/EK,, with ethanol-
ds gave a K value of 8.4+ 0.1, with a limiting value at
high pH of 4.7 mM?* s™1. The isotope effect oV/EK
decreased from 4.5 at low pH to 2.3 at high pH, where the
reaction becomes committed to catalysis. The small isotope
effect indicates that hydrogen transfer is partially, but not
completely, limiting for Vi/EiK,. The isotope effect on
turnover,V,/E;, decreased from 2.2 at low pH to 1.2 at high
pH, indicating that hydrogen transfer is partially rate limiting
at low pH but not at high pH.

The kinetic constants and substrate isotope effects were
also determined at pH 8 for different alcohol substrates in
order to further assess the rate-limiting steps. The magnitudes
of the turnover numberg,/E;, for the five different alcohols
are similar (Table 2), which would be consistent with a
common rate-limiting step. The isotope effects\4rE; for
the aliphatic alcohols indicate that hydride transfer is not
rate limiting. However, the deuterium isotope effect for
benzyl alcohol is 3.0, which is larger than the value of 1.4

studied because the rate of hydride transfer is greatly reducedbserved forVi/E; with the wild-type enzyme 26) and

by electron withdrawal of the chloro substitution, and the
pH dependence could reflect the intrinsik palues. The
pK value forVy/E; is shifted up by 2 pH units as compared
to wild-type ADH, and the value of 7.6 might be thK for

the enzyme-NAD*—alcohol complex (Table 1). Thekp
value of 9.1 forVy/EK, is somewhat higher than the value
of 8.5 observed for binding of trifluorethanol, but both of
these values give an estimate &f palues for the enzyme
NAD* complex (Table 1).

comparable to the value of 3.6 observed for the transient
reaction for oxidation with the wild-type enzym@)( These
results suggest that the relative magnitudes of rate constants
controlling turnover by the H51Q enzyme have changed so
that hydride transfer for benzyl alcohol (an intrinsically
slower substrate) is now partially rate limiting. For the wild-
type enzyme, the rate constant for hydride transfer with
benzyl alcohol is 9-fold smaller than with ethandD(43).

The observed rate constant for the transient oxidation of

The pH dependencies for acetaldehyde reduction catalyzedoenzyl alcohol is 248 with a deuterium isotope effect of
by the H51Q enzyme were also determined with steady-state3.6 for the wild-type enzymegj, andV/E; with the H51Q

kinetics. The K of 8.6 for the dependence of catalytic
efficiency with acetaldehydevf/E:Ky) on pH for the wild-
type enzyme is shifted to 10 for the H51Q enzyme, and the
maximum value for catalytic efficiency at low pH for the

enzyme is 2.4 ¢ with an isotope effect of 3.0 (Table 2).
For the H51Q enzyme, no transient burst was observed for
oxidation of benzyl alcohol, suggesting that the hydride
transfer step is slower than the release of NADH. It appears



3018 Biochemistry, Vol. 43, No. 11, 2004 LeBrun et al.
Table 1: pH Dependence of Kinetic Constants for Wild-Type and H51Q Alcohol Dehydrogenases
constant eq né. pK limiting values
Wild Type

NAD * associatioh 3 6.94+0.2,9.0+ 0.1 kb=2.40.4)uM st
V1/EiKethanof 3 6.7+ 0.1,9.0+0.1 ko =22 (1) mM1s?t
1/Kd,trif|u0roethano? 1 76:t 01 LKd max — 025 6:002)/1'\/'71
V1/Et 2—chioroethandl 1 5.54+0.2 ka=0.10 #0.02) st
kmax,transient oxidation of etharfml 1 6.4 ka =155 §1
Vao/EiK acetaldenyde 2 8.6+ 0.1 ko = 300 #20) mM st
1/Kd,cyclohexylf0rmamid% 2 10.54+ 0.1 LKd max — 0.149 &0005)/1'\/' -1
V2o/E acetaldenyde 2 7.80+ 0.05 ko = 140 #=10) st
NADH associatioh 2 9.24+0.2 ko =11 F1)uM1s?

H51Q
NAD* associatioh 4 8.0+0.2 ko =3.4 0.9y mM1st

ka=60 &7) mM1s

V1/EiKethanol 1 8.4+ 0.2 ka=11 E2) mM1s?
1/Kq gitiworoethandi 1 8.5+ 0.1 1Kgmax= 0.24 @#0.01)uM*
VllEt,chhloroethanAI_ 1 7.6+0.1 ka= 0.49 &I:OOl) st
V1/EK 2—chioroethand 1 9.1+ 0.2 ka= 3.6 (0.5) mM1s?
VllEt,ethanol 6 7.6+0.3 ke =10.25 (:|:0.05) st

9.3+ 0.4 kp=3(*1)s?

ka=10 *2) s

kmax,transiem oxidation of ethanol 5 7.8+0.1 kb =20 (ZI:Z) Sﬁl

9.6+ 0.1 ka=93 *6) s
VZ/EtKacetaIdehyde 2 10.03+ 0.05 k, = 102 (:|:5) mM-1tst
1/Kd,cyclohexylformamide 2 10.7+£ 0.1 11Kd max — 6.1 (:|:0.4) li
VZ/Et,acetaIdehyde 2 9.5+ 0.1 ko =110 10) st
NADH associatioh 2 9.5+0.1 ko=8 (£1)uM1st

2The data, usually at 2%C, were fitted to logarithmic forms of the equations given in Experimental Procedufesmn ref36. ¢ From ref37.
4 From ref38. ¢ From ref39. f From ref40. 9 From ref41. " From ref42. ' From ref17.1 At 30 °C.
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FiGUrRe 2: Transient reactions of the H51Q enzyme. (A) Transient
oxidation of protio- [O0) and deuterio- @) ethanol. The reactions
were studied with 1«N H51Q enzyme with 2 mM NAD and
varied concentrations of ethanol at 25 at pH 8 in 33 mM sodium
phosphate buffer. (B) NADH dissociation. The rate of dissociation
of the enzyme-NADH complex was determined by mixing the
enzyme-NADH complex (about 1@N) with varied concentrations
of NAD™ (0.17-1.04 mM) with a fixed, saturating concentration
of 15 mM pyrazole. As the NADH is displaced by NADthe
enzyme-NAD* complex is trapped by pyrazole, and the formation
of the enzyme-NAD *—pyrazole complex is followed at 294 nm.
The data folky,s as a function of the concentration of NADQvere
fitted with HYPER @1), and the calculated maximum rate constant
yields the rate constant for the dissociation of NAD&| of 4.6
+02st

45). Catalytic efficiency for benzyl alcohol oxidation is
similar for wild-type (63 mM?* s™%; ref 26) and H51Q
enzymes (100 mvt s71).

Transient Kinetics and Simulation of thev€all Mech-
anism The transient kinetic studies of alcohol oxidation can
more directly measure hydride transfer steps. An exponential
“burst” phase due to the accumulation of the complexes with
NADH followed by a linear steady-state turnover is observed
for the transient kinetics of ethanol oxidation when hydride
transfer is faster than release of NADH. The burst reaction
for the wild-type enzyme is controlled by the hydride transfer
in the conversion of ENAD"—ethanol to EENADH—
acetaldehyde since isotope effects of-3682 were observed
(8, 46).

The observed first-order rate constant for the transient
oxidation of ethanol by the H51Q enzyme shows a hyperbolic
dependence upon the concentration of alcohol, and the
maximum rate constant is determined from the fit of the data
to the HYPER equation (Figure 2A). When ethadglas
used as substrate at pH 8, the H/D isotope effect was-1.5
0.2, indicating that hydride transfer is not a major rate-

that the H51Q substitution has decreased the rate constanimiting step. Over the pH range of 6.690.36, the rate

for hydride transfer from benzyl alcohol by 10-fold.
The catalytic efficiencyVi/EKy, for the aliphatic sub-

constant for the exponential burst phase for the H51Q
enzyme increased from 1.3 to 80'gFigure 1G). Below a

strates, ethanol, propanol, and butanol, increases withpH value of 6.65 no burst was observed, suggesting that
increasing chain length for the H51Q enzyme. These resultsNADH release may no longer be the rate-limiting step. The
are similar to those for wild-type ADH44). A longer chain data for the H51Q enzyme were best fit to a mechanism with
helps to position the alcohol by hydrophobic interactions for pK values of 7.8 and 9.6 with a maximum rate constant at
faster hydride transfer. The small isotope effects for these high pH of 93 s* (Table 1). The pH dependence of the burst
good substrates (propanol and butanol) indicate that hydridedata resembles the pH dependence that was observed for
transfer is not rate limiting. In contrast, the isotope effect of E; for the H51Q enzyme (Figure 1E and Table 1). In contrast,

5.9 onV4/EKy, for benzyl alcohol is larger than the value of
1.6 for the wild-type enzyme2@) and comparable to the
value expected for an intrinsic deuterium isotope effé¢t (

the pH dependence of hydride transfer for wild-type ADH
has a K value of 6.4, and the unprotonated form of the
enzyme is most reactive with a maximum burst rate constant
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Table 2: Substrate Deuterium Isotope Effects for H51Q Alcohol Dehydrog&nase

Vi/EKp

substrate VI/E; (579 DVy/EP Ky (mM) (mM~ts) PV/EKp?
ethanol 1.1+ 0.1 0.55+ 0.05 1.9+0.2
ethanolds 0.77+ 0.06 14 1.3:0.2 0.61+ 0.06 3.1
propanol 1.5+ 0.1 0.11+ 0.01 14+ 1
propanol-1,1d, 14+0.1 1.0 0.14+ 0.02 11+1 1.3
butanol 4.2+ 0.3 0.045+ 0.005 94+ 7
butanolés, 3.7£0.2 11 0.046+ 0.002 76+ 4 1.2
cyclohexanol 1.15 0.06 1.6+0.1 0.72+ 0.04
cyclohexanold;, 0.56+ 0.02 2.0 1.4#0.2 0.33+ 0.02 2.2
benzyl alcohol 2.4£0.1 0.023+ 0.001 1035
benzyl alcohole,,a-d; 0.80+ 0.06 3.0 0.046t 0.005 171 5.9

a|nitial velocities were determined at 2& in 33 mM sodium phosphate buffer, pH 8. A fixed concentration of about 4 mM NABs used,
and the alcohol concentrations were varigRatio of values of protio to deuterio alcohols.

0.10 b NapE+ Table 3: Estimated Rate Constants for the Mechanisms of Ethanol
0.08 L Acetaldehyde Oxidation and Acetaldehyde Reduction Catalyzed by Liver Alcohol
TR Dehydrogenasés
rate constants wild type H51Q@
4 ke (M~1sY) 45 x 10° 49x 10°
D o] koa(sY) 23000 1000
- ke (s7) 620 19
1 koa(s)) 64 2100
7 ks (M~1s71) 2.4x% 10 1.20 ¢0.02) x 10°
0.0 0.1 0.2 0.3 0.4 0.5 0.6 ks (s 560 56+ 1
Time, sec ke (s79) 490 50+ 10
ks (s 610 650+ 60
Ficure 3: Transient data and fitted simulated curves for the ks (572 64 340+ 80
oxidation of ethanol and the reduction of acetaldehyde with the ks (M~1s7Y) 9.2x 10 1.2 (£0.1) x 1CP
H51Q enzyme. The data were fitted to the mechanism given in ks (579) 55 4.6
Scheme 3 using FITSIM. The H51Q enzyme (8N) reacted with ks (M~1s7) 1.1x 10 8.0x 10°

4.0 mM NAD" and 1.9 mM ©) or 2.5 mM () ethanol. The H51Q
enzyme (9.4M) reacted with 2Q«M NADH and 1 mM (©) or 2
mM (O) acetaldehyde. For clarity, data are not shown for 1.88 m
ethanol and 2.0 mM acetaldehyde. The lines showing the fits are
covered by the data points. The data were collected at pH 8, 25
°C.

aThe microscopic rate constants for the mechanism given in Scheme

M 3 were estimated by simulation of transient data using the KINSIM/
FITSIM programs 23). ® Data for the wild-type enzyme are from ref
8. Errors were less than 10% of the valué$he microscopic rate
constants for binding of NADand NADH to the H51Q enzyme were
determined by kinetic simulations of transient data as previously
. described17). The rate constant for dissociation of the enzyiNADH
of 155 s (40). At pH 8, the rate constant for the exponential complex was determined as shown in Figure 2B. Thus, the rate constants
burst reaction for H51Q enzyme is decreased by 11-fold asfor NAD* and NADH binding ki, k-1, ko, k-2, ks, andk-¢) were fixed
compared to wild-type ADH. for these simulations. Errors for these rate constants were less than

The rate constant for the dissociation of NADH was 13% of the values. Six progress curves, three forward and three reverse

. . Figure 3), were used in the simulation, and Risquared value of
determined for the H51Q enzyme at pH 8 (Figure 2B). For 8.99988 W;s obtained. a

the wild-type enzyme, the release of NADH is the rate-
limiting step for ethanol oxidation with a rate constant of scheme 3
5.5 s1 (36). The rate constant for dissociation of NADH

frc_)m the H51Q enzyme is simillar to the wild—type enzyme E-NAD" L E*NAD" L E-NAD'-RCH,OH

with a rate constant of 4.6 This rate constant is close to k., k3

the turnover number of about 2sfor ethanol oxidation, k lk_l kg || Ay

suggesting that the release of NADH is also a rate-limiting kg ks

step for ethanol oxidation by the H51Q enzyme. E ——= E-NADH =—= E-NADH-RCHO
The transient kinetics of acetaldehyde reduction were ke ks

determined at pH 8 with 1&N H51Q enzyme, 1Q«M

NADH, and varied concentrations of acetaldehyde. A complex (step 2), which was required because the rate
maximum rate constant of 62~ was determined for  constant for binding of NAD reaches a limiting value at
saturating concentrations of acetaldehyde. This value ishigh concentrations of NAD (17). The estimated rate
comparable to the turnover number of 54 for V.,/E;, which constants for reactions of the wild-type and H51Q enzymes
was determined from steady-state kinetids){ and is are compared in Table 3 for the overall mechanism given in
decreased 6-fold as compared to wild-type AD8). ( Scheme 3.

The effects of the H51Q substitution on the overall  For the oxidation of ethanol, the major rate-limiting step
mechanism were defined more quantitatively by using the for turnover by wild-type and H51Q enzymes appears to be
KINSIM/FITSIM programs to fit data from transient reac- the release of NADH. Significantly, the H51Q substitution
tions for ethanol oxidation and acetaldehyde reduction decreases the rate constdaqtfor transfer of hydrogen from
(Figure 3). The mechanism for the simulation included the the alcohol to NAD by a factor of about 10. This change is
kinetically significant isomerization of the enzymbAD* not apparent in the turnover number because release of
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NADH is rate limiting. The eXpr_eSS_ion _for the steady-state Table 4: X-ray Data and Refinement Statistics for Q51R228 Horse
turnover number for alcohol oxidation in terms of the rate Ljver Alcohol Dehydrogenase Complexed with NARnd

constants in Scheme 87) is Vi/E; = kokakske/(Kqksks + kokasks Difluorobenzyl Alcohols

.+ kokaks + kok—4ks + koksks) gnd i§ calculated from the values  gifiuorobenzy! alcohol 2.4- 2.3-
in Table 3 to be 3.2°¢, which is comparable to the value space group P1 P1
of 1.7 s observed from steady-state kinetic data)( PDB entry 1Qv6 1Qv7
P P . dimeric molecules per 1 1
The H51Q substitution significantly affects other steps in unit cell
the r_nec_:hanism. The rate constants for unimolecular StepScell dimensions (A) 443,511,927 44.1,51.0,92.5
for binding of NAD" are changed more than 10-fold, which  cell angles (deg) 91.6,103.1,109.9 91.6,103.0,109.9
incidentally does not change the overall dissociation constant resolution range (A) . 161.8 20-1.8
for NAD* (17). However, the increase in the rate constant Measured reflections: 124354,63963 132501, 67918
for the isomerizationk-,, from 64 to 2100 s!, and the total, unique
or _ -2 ; completeness (%) 93.3 (93.6) 95.1 (94.5)
decrease in the rate constant for release of alcohol from the  (outer shell)
E—NAD"—alcohol complexk-s, from 560 to 56 s for the Rsym (%) (outer shelf) 6.3 (22) 11 (39)
H51Q enzyme change the rate-limiting step for acetaldehyde gveanﬂfm““gg;t’%}eef shell) 17557 (?ég)3 - Z.73 8(2252)2 -
i H alue MNfree . 0, L. .0, Ly L.
reducitlon to release of alcohol. The fitted value kog of rmsd for bond distances (&) 0.020 0.020
56 s! compares well to the turnover numbéfiAE;) of 54 rmsd for bond angles (deg) 1.8 1.8
s! for acetaldehyde reduction that was determined from water molecules per 579 489

steady-state kinetics and the maximum rate constant of 62__unitcell
s 1 for the transient reduction of acetaldehyde. The expres- 2Rym = (3|l — OO)/300 wherel is the integrated intensity of a
sionV,/E; = k71k72k73k74/(k72k73k74 + kok_zk_4 + K_1k_3K_4 given reflection Riawe = (3 |Fo — kFCl)_/leolr W_herek is a scale factor.
+ k1K K4 4 Kk 1k oks + k_1k_ok_3) reduces tck 5 since The Rfree value was calculatgd with the indicated percentage of
. . ; . reflections not used in the refinemefRoot-mean-square deviations
k_, is large relative tdk, k-4 is Iarge_ relative td(z_;, and th_e (rmsd) from ideal geometry in the final models.
other rate constants are large relativétg the microscopic
rate constant for alcohol release. ) ,
X-ray CrystallographyStructures were determined for the the_overall conformation of the Q51R228 enzyme is very
doubly substituted Q51R228 ADH complexed with NAD similar to the structures of ternary complexes of the wild-
and 2,4-difluorobenzyl alcohol or 2,3-difluorobenzyl alcohol YPE €nzyme. N _
in order to demonstrate that GIn could substitute for His-51 ~ Figure 4 shows that the positions of the difluorobenzyl
and maintain hydrogen-bonding interactions with the coen- alcohols in the two different complexes are well-defined in
zyme. Moreover, it is of interest to determine how Arg-228 €lectron density maps. The difluorobenzyl alcohols bind in
can replace Lys in the structure because we used theSimilar positions, with the fluorine atoms oriented away from
Q51R228 enzyme for the studies on the pH dependence 0fthe.nlcotlham'lde ring and interacting hydrophobically with
coenzyme binding1(7) and because the Lys is substituted @mino acid side chains. L|k_eW|se, Figure 5 _shows that the
with Arg in many of the homo'ogous dimeric p|ant ADHs pOSItIOﬂS for the GIn-51 residue are We”'d.eﬂned, although
(14). The K228R substitution has moderate effects on the carboxamido groups have somewhat higher temperature
coenzyme binding 7). The difluorobenzyl alcohols are factors than the peptide backbone atoms.
unreactive as substrates but sterically similar to benzyl As shown in Figure 6A, GIn-51 can readily participate in
alcohol and thus potentially good analogues of the Michaelis the hydrogen bond network that connects the alcohol bound
complex of the enzyme, as we found for 2,3,4,5,6-pentafluo- to the catalytic zinc, as the carbonyl oxygen of the carboxa-
robenzyl alcohol§). Thus, the structures can show how the mido group is in position to hydrogen bond to thehgdroxyl
enzyme recognizes differently substituted benzyl alcohols, group of the nicotinamide ribose, at a distance of 2.5 A.
increasing our knowledge of enzyme specificity. Although the electron density clearly defines the position of
Although the crystals were small, the X-ray data are very GIn-51, it cannot unambiguously define whether the carbonyl
good to 1.8 A. The refinements provide excellent structures, 0xygen or the amido nitrogen of the carboxamido group
with good statistics (Table 4), and all amino acid residues forms the hydrogen bond to the ribose. In the refined
except cysteines 174 (Zn ligands at the active site) are in structure of the complex with 2,4-difluorobenzyl alcohol, the
allowed regions of the Ramachandran plot. One dimeric amido nitrogen is 3.2 A from the carbonyl oxygen of Val-
molecule is found in the asymmetric unit, but the two 294 and thus may form a hydrogen bond (Table 5). The
subunits have very similar structures, with an rmsd of 0.13 amido nitrogen is 3.3 A from the'dwydroxyl group of the
A for superpositioning of subunits A and B of the Q51R228 ribose, which is a hydrogen bond donor to the carbonyl
enyzme complexed with 2,4-difluorobenzyl alcohol and 0.08 oxygen of lle-269. Furthermore, the water molecule that is
A for the subunits of the enzyme with 2,3-difluorobenzyl hydrogen bonded to the carbonyl oxygens of Val-294 and
alcohol. Both structures have the “closed” conformation as Gly-270 also must be an acceptor of a hydrogen bond from
is usually found for ternary complexes of ADH8). The the amido group of GIn-51. Thus, the best interpretation,
subunits of the Q51R228 enzyme complexed with 2,4- based on consideration of the hydrogen bonds, is that the
difluorobenzyl alcohol superimpose onto the subunits of the carboxamido oxygen of GIn-51 makes a hydrogen bond with
wild-type enzyme complexed with 2,3-difluorobenzyl alcohol the 2-hydroxyl group of the ribose, which would require
(IMGO.pdb) with an rmsd of 0.24 A (average for eight that the alcohol bound to zinc retains its proton in the
subunits since the wild-type enzyme has four subunits in the complex.
asymmetric unit) or the wild-type enzyme complexed with  However, the temperature factors for the atoms in the
4-iodopyrazole (1N92.pdb) with an rmsd of 0.21 A. Thus carboxamido group are somewhat higher than for atoms in
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difluorobenzyl alcohol. (B) Complex with 2,3-difluorobenzyl alcohol.

the peptide backbone, and we suggest that the carboxamidaince the affinity for the coenzyme is not altered by the H51Q

could rotate so that the amido group donates a hydrogen tosubstitution. Although the glutamine cannot act as an acid
the 2-hydroxyl group. This might occur when an aldehyde or base catalyst, and it would block access of solvent water
or formamide binds to the enzym& ADH complex. In any to the ribose in the observed position, there is sufficient space
case, GIn-51 fits well into the structure and apparently for the side chain of the GIn-51 to rotate away from the ribose

stabilizes the binding of the coenzyme as well as His-51 doesand allow access of solvent.



3022 Biochemistry, Vol. 43, No. 11, 2004 LeBrun et al.
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Ficure 6: Structures of the Q51R228 enzyme complexed with NARd difluorobenzyl alcohols. Hydrogen bonds (dashed red lines) are
inferred from the close contacts (2:8.2 A). (A) Complex with 2,4-difluorobenzyl alcohol. (B) Complex with 2,3-difluorobenzyl alcohol.

the similar interactions could produce the same effects with

Table 5: Distances in the Active Sites of Liver Alcohol oo
respect to coenzyme binding and the proton relay system.

Dehydrogenases Complexed with Difluorobenzyl Alcohols

enzyme wild type  Q51R228 Q51R228 The difluorobenzyl alcohols bind in a position (Figures 4
difluorobenzyl alcohol 2.3 23 2.4- and 6) that is shifted slightly from the position found for
resolution (A) 1.8 1.8 1.8 2,3,4,5,6-pentafluorobenzyl alcohol in the complex with the
distance between atoms (A) wild-type enzyme and NADbut very similar to the position

Zn—S C46 2.33 2.34 2.27 :

Zn—S C176 227 218 220 found with p-bromobenzy! alcohol or one of the conforma-
Zn—NE2 H67 2.10 2.08 2.18 tions for 2,3-difluorobenzyl alcohoB( 49). The methylene
éfg&g}g%i 278 22%3% 222721 22-26?5 carbons (C7) of the difluorobenzyl alcohols in the complexes
OG S48-02N NAD 564 290 589 Wlth .Q51I322$ ADI-_| are about 4.0 A from C4 of the
NE2 H51—-02N NAD 3.03 nicotinamide ring, with thero-R hydrogen of the alcohol
NE2 H51-03N NAD 3.09 pointing away from the nicotinamide ring, whereas in the
0 1269-03N NAD 2.70 2.92 2.91 0 ; ‘e
OE1 Q502N NAD 571 253 wild type enzyme Wl't8t1 pe_ntaﬂuorobenzyl alcohol, _th_e dis
NE2 Q51-03N NAD 4.82 332 tance is about 3.4 A, v_wth t.hpro.—R hydrogen pointing
NE2 Q51-0 V294 3.28 3.15 toward C4 of the nicotinamide ring (1HLD.pdb; ré).
C4AN NAD—C7 ALC378  3.66, 3.86 3.91 4.06 Rotations about the single bonds in the difluorobenzyl

2 For the wild-type enzyme, the numbers represent averages for thealcohols can lead to a small shift in the benzene ring so that
g’g;;{r‘zf‘z%pendem Sur?un'ts 't;‘ the asymmetric f“mL( and f_ordthe el is in the position observed for the pentafluorobenzyl
enzyme, the numbers are averages or the two In ependen . . .
subunits? PDB entry IMGO 49). ¢ ALC378 is the bound alcohol. aICOhd where hydrOgen tranSf.er to C4 of the _n|cot|nam|de
ring would appear to be most direct. The 2,3-difluorobenzyl
The orientation of the side chain of GIn-51 in the complex alﬁgrgltggdbsef ?ﬁewr'.lg'thil?nzgénZt;r;t\;vgg]rgosr?szgns’
of the Q51R228 enzyme with NADand 2,3-difluorobenzyl W € benz Ing 1S Tipp u sh!
slightly, indicating that there is substrate mobilitg¢9y.

alcohol (Figure 6B) is somewhat different than in the ) o
However, only one major conformation is observed for the

complex with 2,4-difluorobenzyl alcohol (Figure 6A). The '’ . ;
carboxamido oxygen may form a hydrogen bond with the difluorobenzyl alcohols in the complexes with the Q51R228

2'-hydroxyl of the ribose, as the distance is about 2.7 A, but €nZyme. In these complexes, the two fluorines interact with
the amido nitrogen is 4.8 A from the-Bydroxyl group due  hydrophobic side chains of Val-57, Leu-116, Phe-140, Leu-
to a rotation of the carboxamido group. The amido nitrogen 141, and Val-294, but such interactions are weak and only
is 3.3 A from the carbonyl oxygen of Val-294, but it makes ©one factor in bindingg0). The difference in conformational

a hydrogen bond to the water that is hydrogen bonded to preference of wild-type and H51Q ADHs for the 2,3-
the carbonyl oxygens of Gly-270 and Val-294. It is not difluorobenzyl alcohols may also be related to the small
obvious from the structures why the interactions of GIn-51 differences in the distances between the oxygen of the alcohol

in the two different complexes are somewhat different, but and the zinc or hydroxyl group of Ser-48 (Table 5).
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FiGure 7: Positions of Arg-228 in the Q51R228 enzyme and of Lys-228 in the wild-type enzyme. The coenzyme binding domains of the
structures were superimposed. The gray and color-coded model is the Q51R228 enzyme (1QV6.pdb), and the green model represents the
wild-type enzyme complexed with NADand 2,3-difluorobenzyl alcohol, determined at 1.8 A (IMGO.pdb). There is a small shift of
Ser-367 and Leu’;3?62 in the Q51R228 enzyme as compared to the wild-type enzyme, dukitens of the subunits superimpose with

an rmsd of 0.22 A.

If the protonated benzyl alcohols bind to the Q51R228 DISCUSSION
enzyme, that is, with the hydroxyl group of the alcohol ) o ) _
donating a hydrogen to the nearby hydroxyl group of Ser- His-51 appears to have a significant role in catalysis by
51, the distances between the alcohol oxygen and itsorse liver alcohol dehydrogenase, as suggested from studies
neighbors should be longer than if the alkoxides were present0f three-dimensional structures of the enzyme and its
We expect that an alkoxide would interact more strongly, COMplexes, pH dependencies of the kinetics of catalysis, and
with shorter distances, with the positively charged zinc and chemical modification. The contribution of His-51 to ca-
hydrogen-bonded partners than would a protonated alcohol.talys's was evaluated by using site-directed mutagenesis to
Benzy! alcohol probably binds as the alkoxide at pH 7 in substitute the ionizable imidazole group with the neutral
wild-type ADH, as this would explain the appareiit palue cgrquamido group of glutamine and _by examining the
of 6.4 for the dependence of the hydride transfer rate on pH kinetics of various steps of the mechanlsm.'Prgwous work
(43) and the inverse solvent isotope effect due to a low- showed that the pH dependence for NADinding was

. : significantly altered by the H51Q substitution, and we
gﬁ(gﬁagyifr%e?egzHfﬁr?ﬁs?ggﬂlsgor?; dfilé%g?osr: ttmitnﬂlﬁe concluded that His-51 would facilitate the ionization of the

) . water ligated to the catalytic zinc and the isomerization of
protonated alcohol and that the zinoxygen distance h NAD+ lex that controls bindi Th
increases from about 1.95 A for the alkoxide to 2.15 A for - ¢ o2y complex that controls bindind 7). The
th duct aldehvdd. él The dist b d'b o present results show that the H51Q substitution significantly
the prot ulct_a eny Q('j tr)]' eads ancfeg ;Zr.\]fle eb eenl changes the pH dependencies and rate constants for binding

Ie ﬁal"?‘yz'cz E?C ?hn € :)xyg(?trr: t?] H51 MUOTrODENZYl ™ and reaction of alcohols, further supporting a role for His-
ajcoho 'Z ) 5 1§rf ehcom_lpzjex Wi € Qdegzydme, 4S5 51 in base catalysis. The results will be discussed in terms
compared to 2. or the wild-type enzyme, and the distance ¢ o enzyme species that are involved in the various kinetic
between the alcohol oxygen and the serine hydroxyl is 2.7 parameters.

A for the H51Q enzyme, as compared to 2.6 A for the wild- The pH d dencies f tic effici EK
type enzyme (Table 5). The slightly longer distances for € pH dependencies for catalytic efficien®/EKs, on

H510 ADH istent with a bound alcohol rath ethanol and the binding of 2.,2,2—trifluoroethanol are shifted
thanQan alkoa):ied?ore consistent with a bound aiconot rather from a K of about 7.2 for wild-type ADH to about 8.5 for

o o . o H51Q ADH (Figure 1 and Table 1). Th&pvalue for wild-

As shown in Figure 7, the arginine side chain in the type ADH was also found for the pH dependences/df
complex of the Q51R228 enzyme with NADand 2,4-  Ek, for cyclohexanol and K; for 2,2,2-trifluoroethanol in
difluorobenzyl alcohol is readily accommodated in the another study52). For the simple ordered bi-bi mechanism,
coenzyme blndlng Site, with Only a small shift of the peptlde this Fj( value arises from the enzymNAD+ Comp|ex and
backbone of the catalytic domain as compared to the wild- js most reasonably interpreted as being due to the water
type enzyme. The position of Lys-228 represents the |igated to the catalytic zinclj. The water is displaced by
predominant conformation in the wild-type enzyme; a water the hydroxyl group of the alcohols, as shown by X-ray
molecule bridges between theamino group and the  crystallography 2, 6, 53). His-51 could facilitate deproto-
adenosine phosphate. In the Q51R228 enzyme, two watemation of the zine-water through the proton relay system
molecules are displaced by the guanidino group, which and lead to more favorable binding, whereas GIn-51 would
makes a hydrogen bond to thé&t8/droxyl group of the not. The pH dependence is not abolished by the H51Q
adenosine and interacts with the adenosine phosphatesubstitution because the zinwater is still present, and thus
Although Arg-228 fits well into the AMP binding site, small  we suggest that His-51 modulates the ionization of the zinc
steric and electrostatic effects decrease affinities for coen-ligand. The H51Q substitution decreases the catalytic ef-
zymes by 3-7-fold (17). ficiency for oxidation of ethanol at pH 7 by 35-fold, but
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only 2-fold at high pH where the zirewvater can ionize
without assistance by His-51.

The reaction of 2-chloroethanol also gives useful informa-
tion about the K values of the enzyme complexes. For the
oxidation of 2-chloroethanol, hydride transfer is apparently
rate limiting because the turnover numbers for 2-chloroeth-

LeBrun et al.

enzyme-NAD " —alcohol complex. The H51Q substitution
has significantly decreased the rate constant for the transient
reaction and has altered the pH dependence from that
observed for wild-type ADH (Figure 1G; ref0).

The (K value of 9.5 for the turnover of acetaldehydg/(
E;) supports the conclusion that the H51Q enzyN&D+—

anol are 50- and 9-fold smaller than the rate constants for gicohol complex has akpof 9.6. Release of alcohol is the

dissociation of NADH from the wild-type and H51Q
enzymes, respectively (Table 1). The electron-withdrawing

chloride significantly decreases the rate of hydride transfer.

The (K value of 9.1 for the catalytic efficiencyi/EK,
indicates that theko for the H51Q enzymeNAD* complex
has shifted from the value of 7.2 for the wild-type enzyme.
The pH dependence for the turnover numbers for the
oxidation of 2-chloroethanol shows that th& pf the
enzyme-NAD"~alcohol complex is shifted up from 5.5 for
wild-type ADH to 7.5 for H51Q ADH (Table 1).

The K values of free water, ethanol, 2-chloroethanol, and

2,2,2-trifluoroethanol of 15.4, 15.9, 14.3, and 12.4, respec-

tively, are decreased in the ternary complexes with the wild-
type enzyme and NADto 7.6, 6.4, 5.5, and 4.89). The
systematic depression dkalues is probably due to ligation
of the alcohol to the catalytic zinc adjacent to the positive
charge of the nicotinamide ring. From the analysis of the
H51Q enzyme, thekvalues for water and 2-chloroethanol
in the ternary complex are increased by2Lunits, to 8.5

rate-limiting step for the turnover of acetaldehyde at pH 8
as determined from the simulation of the overall mechanism
(Scheme 3 and Table 3). On the assumption that the release
of alcohol is rate limiting over the observed pH range, the
pK value of 9.5 may be assigned to the protonation of the
enzyme-NAD " —alcoholate complex prior to the release of
alcohol. The protonated form of the alcohoHRH) should

be released faster than the alkoxide form (RRCas the
alkoxide should be stabilized by its interaction with the
catalytic zinc ion and the positive charge of the nicotinamide
ring of NAD™. The [K value of 9.5 for the H51Q enzyme is
shifted up as compared to th& palues of 6.6-7.2 that are
observed for the release of alcohols from the enzyme
NAD*—alcohol complex in the wild-type enzym®, (54,

55). In the wild-type enzyme, theifvalue is lower because
His-51 can donate a proton to the alkoxide through the proton
relay system. It is important to note that the transient rate of
reaction of the wild-type enzymeNADH —aldehyde com-
plex, that is, the hydride transfer step, is pH independent

9.1 and 7.6, respectively. These results suggest that His-51,,ar the range of pH 6-09.9 with aromatic aldehydeg3,
contributes to the ionization of the alcohol through the proton 56). Thus, the state of protonation of His-51 does not appear

relay system.
The pH dependencies for the turnover numbgft;, and

the observed rate constant for the transient oxidation of

ethanol for H51Q ADH are similar (Figure 1E,G) but
complex because isomerization of the enzyhN&D™
complex k), release of NADH Ks), and hydride transfer
(kq) are each partially rate limiting. As discussed previously,
NAD™ association to ADH is a two-step process that includes
a bimolecular binding step and an isomerization that could
be due to a conformational chandk?). The apparent rate
constant for association of NADis given by the equation
kiko/(k-1 + ko), for the mechanism in Scheme 3, but since
k. is small relative tok—_; for H51Q ADH at pH 8, the
equation simplifies td;k/k_,. Because the pH dependence
for NAD* binding to the H51Q enzyme (Figure 1H) is
similar to that for the Q51R228 enzymé&7j, where the
association rate constant is controlleddapver the observed
pH range, the i value of 8.0 that is observed for NAD
association to H51Q ADH is most likely due to the
isomerization stepk.. The observed pH dependence is
probably due to the ionization of the catalytic zingater,
where the zinc hydroxide electrostatically attracts the positive
charge of the nicotinamide ring and properly positions the
NAD™ for the conformational change.

The pH dependence for the transient oxidation of ethanol
by the H51Q enzyme is described bl palues of 7.8 and

to affect the reduction of aldehydes over this pH range, and
the H51Q substitution should not affect this step.

The ionization of the binary enzym&lADH complex was
analyzed by studying the pH dependence of the binding of
N-cyclohexylformamide. Thekvalue of 10.7 for the H51Q
enzyme is close to the value of 10.5 that is observed for
wild-type ADH (41). For the wild-type enzyme,Kvalues
of 10 and 11.2 have also been observed for isobutyramide
(52) and 4trans(N,N-dimethylamino)cinnamaldehydg7),
which are inhibitors that bind to the-ENADH complex.
lonization of the catalytic zinc water may account for the
pK value, which is shifted about 2 units higher in the
enzyme-NADH complex than in the enzymeNAD* com-
plex. The positive charge on the oxidized nicotinamide ring
should depress theKpvalue of the water as compared to
the neutral, reduced nicotinamide ring. Binding f
cyclohexylformamide is tightest at low pH because the
inhibitor can more readily displace a water as compared to
the hydroxide. Although thekpvalue is not affected by the
H51Q substitution, the affinity is decreased by 40-fold. This
may result from altered hydrogen-bonding interactions in the
ternary complex, where the amido group of GIn-51 would
donate a hydrogen bond to thét®droxyl of the NADH
and the carbonyl group of the inhibitor would accept a
hydrogen bond from Ser-48 in order to form the complete

9.6 (Table 1 and Figure 1G). The complexity suggests that Neétwork of hydrogen bonds. As compared to the network
there are differential changes in rate-limiting steps as a illustrated in Figure 6, the carboxamido group of GIn-51

function of pH. The small substrate isotope effect of 1.5 for

would be rotated 180and the water might be displaced.

the exponential burst reaction at pH 8 suggests that the As presented previously, the pH dependence of NADH

hydride transfer is only partially rate limiting. In the low
pH region, the K value of 7.8 may be controlled by the
isomerization of the ENAD* complex. At higher pH, the
pK value of 9.6 may correspond to the deprotonation of the

association provided akpvalue of 9.5 for the free H51Q
enzyme, a value very similar to th&alue of 9.2 for the
wild-type enzyme 17). Thus His-51 does not control the
pH dependence for NADH association to the free enzyme.
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