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ABSTRACT. The participation of Val-292 in catalysis by alcohol dehydrogenase and the involvement of
dynamics were investigated. Val-292 interacts with the nicotinamide ring of the bound coenzyme and
may facilitate hydride transfer. The substitution of Val-292 with Ser (V292S) increases the dissociation
constants for the coenzymes (NADy 50-fold, NADH by 75-fold) and the turnover numbers by 3

fold. The V292S enzyme crystallized in the presence of NAIDd 2,3,4,5,6-pentafluorobenzyl alcohol

has an open conformation similar to the structure of the wild-type apo-enzyme, rather than the closed
conformation observed for ternary complexes with wild-type enzyme. The V292S substitution perturbs
the conformational equilibrium of the enzyme and decreases the kinetic complexity, which permits study
of the hydride transfer step with steady-state kinetics. Eyring plots show thaHhdor the oxidation

(V1) of the protio and deuterio benzyl alcohols is 13 kcal/mol and that the kinetic isotope effect of 4.1 is
essentially temperature-independent. Eyring plots for the catalytic efficiency for reduction of benzaldehyde
(V2/Kp) with NADH or NADD are distinctly convex, being temperature-dependent from 5 teC2&nd
temperature-independent from 25 to 30; the kinetic isotope effect of 3.2 fov./K, is essentially
independent of the temperature. The temperature dependencies and isotope effécentbv./K, are

not adequately explained by semiclassical transition state theory and are better explained by hydride transfer
occurring through vibrationally assisted tunneling.

Valine-292 is located in the nicotinamide binding pocket and the contribution of the dynamics of horse liver ADH to
of the coenzyme binding domain of liver alcohol dehydro- catalysis need to be determined. Kinetic complexity usually
genase (ADHY. In ternary complexes of the enzyme with hinders the ability to observe the isotopically sensitive steps
NAD* and an alcohol or with NADH and a formamide, the of the reaction catalyzed by wild-type ADH, but substitutions
side chain of Val-292 is abou A from the nicotinamide  of certain amino acids in the enzyme can affect substrate
ring, on the face opposite to the one involved in hydride binding and unmask the hydrogen transfer stepS).(
transfer (, 2). If Val-292 is involved in facilitating hydride ~ Temperature dependencies and kinetic isotope effects provide
transfer, changing this residue should affect catalysis. Thediagnostic information on the mechanism of hydrogen
Val292Ser substitution (V292S) was found to alter the transfer 8—10, 12.
mechanism and to unmask hydride transfer steps, which
permitted study of the contribution of dynamics to catalysis. EXPERIMENTAL PROCEDURES

Evidence that hydrogen transfer can proceed with quantum Materials.LINAD * and NaNADH were purchased from
mechanical tunneling in various enzymatic reactions has led Roche Molecular Biochemicals. Benzyl alcolooé-d, (98.6%
to a growing awareness that protein dynamics are involved D) was from MSD Isotopes. B-[4-°H]NADD was prepared
in enzymatic catalysis3( 4). Theoretical models suggest that from NAD™ and ethanobls (Aldrich, 99+% D) with yeast
hydrogen tunneling can be facilitated by protein or substrate alcohol dehydrogenasel¥) and purified on a DEAE-
fluctuations, e.g., vibrationally assisted tunnelig-9), or Sepharose column developed with a linear gradient ef 10
without these dynamics, e.g., corner-cuttidg)( Hydrogen 250 mM sodium phosphate buffer, pH 8. Benzyl alcohol and
tunneling has been shown to occur in the oxidation of benzyl benzaldehyde were redistilled before use.

alcohol catalyzed by yeast alcohol dehydrogenddy py Preparation of the Enzymédhe plasmid pBPEGADH
ADH from Bacillus stearothermophilu€l?), and by horse  (16) was used for expression of wild-ty[gADH, and the
liver ADH with various amino acids substituted3 14). plasmid pBPP/V292%gADH was created for expression

The involvement of tunneling in the reduction of aldehydes 0f V292S ADH in Escherichia colistrain XL1-Blue from
Stratagene. Partially random mutagenesis used the Stratagene

Quick Change method, with degenerate oligodeoxyribo-

T This work was supported by NIH Grants T32 GMO8365 and

AA00279 and by NSF Grant MCB 95-06831. nucleotide mutamers. The mutamers with the following
#The X-ray coordinates and structure factors have been depositedsequences were synthesized by Life Technologies, Inc.:
in the RCSB Protein Data Bank with the entry name 1JU9. GCA TAT GGT GTG AGC GTA ATT (G/A)(TI/CIG)C
* Corresponding author. E-mail: bv-plapp@uiowa.edu. GGA GTA CCT CCT GAT TCC and CGT ATA CCA CAC

1 Abbreviations: ADH, alcohol dehydrogenags, Equus caballus
horse; V292S, substitution of Val-292 with Ser; KIE, kinetic isotope TCG CAI TAA (CIT A/_G‘/C GCCT CA_T GGA GGA CTA
effect. AGG, where the underlines mark the sites of mutation. After
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transformation in XL1-Blue cells and selection for ampicillin-
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data were fitted to the appropriate equations using NONLIN

and tetracycline-resistant colonies, plasmids were isolated,(20).

and mutations were identified by the loss of &gal
restriction site (CGCAG). The V292S mutation was con-
firmed by complete sequencing of the V292S ADH cDNA.
The enzyme was purifiedL6) and judged to be more than

Temperature Dependency Studikstial velocities were
measured over a temperature range-065 °C. The studies
were done in 10 mM N#,0;, 0.25 mM EDTA, at pH values
close to the pH-independent regions, pH 9.2\fprand pH

95% pure upon electrophoresis of denatured protein in a7 for V./K, to minimize the effects of rate changes due to
polyacrylamide gel in the presence of sodium dodecyl sulfate temperature-dependent shifts in pH. The pH of the buffer

and of native protein in an agarose gel.

Steady-State Kinetic¥he concentration of enzyme active
sites was determined by titration with NADn the presence
of pyrazole (7). The extinction coefficient (at 294 nm) of
the complex of NAD and pyrazole with V292S ADH is
6.8 mM~1 cm™L. The specific activity of V292S ADH is 49
units/mg, with a turnover number of 34%sin the standard
assay 18). Coenzyme concentrations were determined by

was measured at each temperature. Due to the temperature
dependence of thekp for V4, to be discussed later, the pH-
independent rate fol; was used for the fitting of the
temperature dependence. The data for the temperature
dependencies of; andV./K, were fitted to the logarithmic
forms of the Arrhenius and Eyring equations using NONLIN.
The logarithm of the data values correctly weights the error,
which was proportional to the magnitude of the value. The

absorbance at 260 or 340 nm. Most studies used 33 mMeffect of temperature oW; was determined by varying the

sodium phosphate and 0.25 mM EDTA buffer, pH 8, at
25 °C. Enzyme activities were determined on a Cary 118C
spectrophotometer or on an SLM 4800C fluoromefegg €
340 nm,Aem = 460), with computer-fitting of the progress
curves to obtain the initial velocities. The isotope effects on

concentrations of NAD and benzyl alcohol or benzyl
alcohola,a-d; in a constant ratio. The data were fitted using
the program NONLIN to eq 1, which is the equation for a
sequential bi reaction wheReis the concentration of alcohol
and the ratio ofA/B ([NAD *]/[benzyl alcohol]) is fixed.

steady-state kinetic parameters were obtained by comparing

deuterated and nondeuterated substrates, varying both the
substrate and coenzyme concentrations, and the data were
fitted to the equation for a sequential bi reaction. The steady-

state kinetic data were fitted using Clelands’ prografr®}.(
Transient Kinetics.A BioLogic SFM3 stopped-flow

i VB? L KiaKb_ i K
(2 ,a= A - i
a+ bB+ B? ratio ratio

a

Ky (1)

The temperature dependence ¥/K, was determined by
measuring the initial velocities at a concentration of benz-

instrument (dead time of 2.4 ms) was used to study the aldehyde that was less than 0.05 of #eat each temper-

transient kinetics. Binding of NADwas monitored by the

ature, with varied concentrations of NADH or NADD. The

increase in absorbance at 294 nm due to the formation ofdata were fitted to the MichaelidMenten equation1(). The

the enzyme-NAD "—pyrazole complex, and the binding of
NADH was studied by the quenching of protein fluorescence
(Aex = 294 nm, Aem = 310-384 nm) in the presence of
N-cyclohexylformamide. The rates of coenzyme binding
were measured for varied concentrations of NABnd
pyrazole or NADH andN-cyclohexylformamide. The progress
curves were analyzed by the BioKine software and were
found to fit a first-order process.

The transient reaction of benzyl alcohol oxidation was
studied at a fixed concentration of 5 mM NADvarying
the concentration (0.2656 mM) of benzyl alcohol or benzyl
alcohole,a-d,, and by measuring the absorption at 332 nm,
near the isosbestic point for free and enzyme-bound NADH
(e = 5500 M1 cm™).

pH Dependency StudieShe pH dependencies of benzyl
alcohol oxidation and benzaldehyde reduction at@5in
the range of 5.59.5, were studied using 10 mM bjRO;
and 0.25 mM EDTA buffer adjusted to the desired pH and
a final ionic strength of 0.1 with gPQ,, NaH,PQy, and Na-
HPQ,. Buffers at or above pH 9.5 contained 10 mM;R&-,
0.25 mM EDTA, and 5 mM sodium carbonate. The buffers
were made at double-strength and diluted 2-fold for the final
reaction mixture, using enzyme in weakly buffered solutions.
At each pH,V; (kea) and catalytic efficiencyVi/Kp (Keaf
Km), for benzyl alcohol oxidation were determined by varying
the concentration of benzyl alcohol at a fixed concentration
of NAD™ (4 mM) and fitting the data to the Michaelis
Menten equation. The kinetic constants for the reduction of

same concentration of benzaldehyde was used for both
NADH and NADD assays.

X-ray Crystallography.Crystals of the V292S enzyme
were produced in hanging drops using 10 mg/mL enzyme
in 50 mM ammoniumN-[tris(hydroxymethyl)methyl]-2-
aminoethanesulfonate buffer, pH 7.0, at°6, with 9%
2-methyl-2,4-pentanediol, 10.6 mM NAD and 20 mM
2,3,4,5,6-pentafluorobenzyl alcohol. The well reservoir con-
tained 18% 2-methyl-2,4-pentanediol. The crystallization
conditions are the same as used for producing wild-type
crystals of the ternary complex with 2,3,4,5,6-pentafluoro-
benzyl alcohol, except the concentrations of the coenzyme
and inhibitor are 10-fold higher. Crystals were flash-cooled,
and the data were collected at 100 K with an R-AxisHY
mounted on a rotating-anode generator. The data sets were
processed using MOSFLM2Q) and scaled using SCALA
(22). The structure of the V292S enzyme was solved by
molecular replacement using AMOREJ) and coordinates
for the refined wild-type ADH-NAD*—-2,3,4,5,6-penta-
fluorobenzyl alcohol ternary compleX)(as a model. The
catalytic domain (residues-178, 319-374) and coenzyme
binding domain (residues 17®818) were treated indepen-
dently of each other. A composite-omit map for the dimer
was produced with the program CN34, and the program
O (25 was used for model building. The structure was
refined by cycles of model building and least-squares
refinement with REFMAC 22). Model bias was avoided
during the initial refinement by making residue 292 an Ala,

benzaldehyde were determined by varying the concentrationsand by not adding NAD or 2,3,4,5,6-pentafluorobenzyl

of both benzaldehyde and NADH and fitting the data to the

alcohol to the model. The structure was checked using

equation for a sequential bi reaction. The pH dependency WHATIF (26) and Procheck?7).
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Table 1: Steady-State Kinetic Constants for Recombinant enzyme is %M (2). The dissociation constants for 2,3,4,5,6-
Wild-Type and V292S Enzymes pentafluorobenzyl alcohol arei@V for V292S ADH and 3

uM for wild-type (31). Adenosine monophosphate binds with

kinetic constant rADH V292S ADH
Y 3.7 120 very similar affinity to both enzymes; for wild-type, thé
K:&‘M; 23 220 is 44 uM (32), and for V292S enzyme, thi; is 86 uM.
Kp (uM) 30 440 This suggests that the decrease in coenzyme binding affinity
Kq (uM) 1.7 80 is not due to effects on the binding of the AMP moiety of
Kia (uM) 31 1640 the coenzyme. Once the coenzyme is bound, inhibitors bind
Kia UA1) o 39 equally well to the V2925 and wild-t
Vi (sY) 29 6.3 qually well to the and wild-type enzymes.
Va(s) 22 160 The transient kinetics and isotope effects were studied to
wﬁb gmm_lz_lg 7?)8 3%% determine the rate of hydride transfer from benzyl alcohol
Keq(EM)b 44 32 and the kinetic basis for the large changes in coenzyme
turnover number ()¢ 1.1 34 affinity. Stopped-flow experiments show that the bimolecular

aKinetic constants were determined at 25 in 33 mM sodium rate constants for binding of NADand NADH to the V292S
phosphate and 0.25 mM EDTA buffer, pH 8K, Ky, K,, andKq are enzyme decrease 10-fold and 1.5-fold, respectively, as
the Michaelis constants for NAD benzyl alcohol, benzaldehyde, and compared to the wild-type enzyme (Table 3). The rate

NADH, respectively.Kix and Ki; are the dissociation constants for ; ot
NAD* and NADH. respectivelyV; is the turnover number for benzyl constants calculated for dissociation of the complexes of

alcohol oxidation, and/; is the turnover number for benzaldehyde ~€Nnzyme with NAD or NADH are 180 and 220 s,

reduction. The standard errors of fits wer@5%. b Keqis the Haldane respectively (Table 3). Thies for NADH is 40-fold larger

relationship calculated fromViKpKig[H*]/V2KeKia. Values for the and thek for NAD™ is 3-fold larger than the respective

equilibrium constant have been estimated to be 25 pM 26—30). rate constants for dissociation of coenzyme from the wild-

¢ Turnover number determined in a standard enzyme assay &€ 25 g I

(18), based on titration of active sites. type enzyme. Release of coenzyme is rate-limiting for
catalysis by wild-type enzyme39), but the increased

dissociation rate constants for the V292S enzyme suggest

that the faster turnover numbers are due to faster release of

coenzyme and that hydrogen transfer may have become more

RESULTS

Kinetic Mechanisminitial velocity data for the forward -y
and reverse reactions with systematically varied concentra-ate-limiting.
tions of coenzyme and substrate were collected for the The transient oxidation of benzyl alcohol by the V292S
recombinant wild-type and V292S enzymes and fitted to the enzyme has no observable burst phase and gives a rate
equation for a sequential bi reaction. The V292S substitution constant at saturating concentrations of substrdigs) (Of
increases by 3-fold the turnover number for the oxidation 6.3 s (Table 3), which is the same as the steady-state
of benzyl alcohol and by 7.3-fold the turnover number for turnover number. Thi&y.for V292S is 4-fold smaller than
the reduction of benzaldehyde (Table 1). The affinity for that of the wild-type enzyme. The isotope effectlany is
coenzymes, as measured by inhibition constants, decreasefarger than the KIE ofkyax for wild-type ADH and has the
substantially Kia, NAD*, by 50-fold; Kiq, NADH, by 70- same value as the KIE ori (Table 3). The substrate isotope
fold). Vi/K, and V2/K,, decrease somewhat from the values effects forV; and Vy/K, are 3-fold larger for the V292S
of the wild-type enzyme, by 3.4-fold and 2-fold, respectively. enzyme as compared to the wild-type enzyme (Table 3). The
The results indicate that the V292S substitution significantly increased isotope effects for the steady-state reactions and
affects the kinetics of the enzyme, especially coenzyme the lack of a burst phase in the transient reaction indicate
binding. that hydride transfer is significantly rate-limiting for the
Results of product and dead-end inhibition studies are oxidation of benzyl alcohol by the V292S enzyme. For
consistent with an ordered bi-bi mechanism (Table 2). The reduction of benzaldehyde, the isotope effect¥gK, were
dissociation constants for the dead-end inhibitors binding to 2-fold larger for the V292S ADH than for wild-type ADH
the V292S and wild-type enzymes are very similar. Kae  (Table 3), whereas the isotope effects\grare comparable.
for N-cyclohexylformamide, an aldehyde analogue, with the The small isotope effect 0w, and the similar rate constants
V292S enzyme is 12M, whereas thé&; with the wild-type for turnover (Table 1) and NAD dissociation (Table 3)

Table 2: Product and Dead-End Inhibition Studies for V292S Liver Alcohol Dehydrogenase

substrate

inhibitor varied fixed pattern Kis (M) Kii (uM)P
NADH (0—100) NAD* (178-1250) CHCH,OH (250000) comp 30
NAD* (0—1000) NADH (28.5-200) GHsCHO (970) comp 1640
AMP (0—190) NAD" (90—-600) GHsCH,OH (300) comp 86
CsFsCH,OH (0—100) NAD" (71-500) GHsCH,OH (1000) uncomp 1.8
CsFsCH,OH (0—5) CsHsCH,OH (129-900) NAD" (4000) comp 2.0
N-cyclohexylformamide (6-100) NADH (25-180) GHsCHO (500) uncomp 13
N-cyclohexylformamide (6-40) GsHsCHO (240-1800) NADH (200) comp 11

anitial velocities were measured at 26 in 33 mM sodium phosphate buffer, pH 8.0, and 0.25 mM EDTA. ConcentratiopdVjrare listed
in parentheses for each compound. Data were fitted to the equations for competitive (comp) and uncompetitive (uncomp) inhibitikig,isvhere
the slope inhibition constant ark is the intercept inhibition constarftK; values were corrected for the concentration of fixed substrate, yielding
the dissociation constants for binding of the inhibitors to the enzymoenzyme complexes.
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Table 3: Rate Constants and Kinetic Isotope Effects for Native and
V292S Enzymes

kinetic parameter wild-type ADH VV292S ADH
Konnapt (M71s72) 1.2x 108 11x 10
KoftnaD* (S72) 57 22C¢°
kon,NADH (Mflsfl) 1.1x 107b 7.3x 105
Kot,napH (S71) 5.9 180°
krna><.o><idation(57l)uI 24b 6.3
kaax,oxidatior? 36) 4.3

RV 1.4+0.1 4.3+0.7
PV,e 1.1+0.1 1.3+0.1
PVi/Kpe 1.6+0.5 344+1.2
PVo/K e 1.6+ 0.5 3.1+0.2

a Experiments were performed at 26 in 33 mM sodium phosphate
and 0.25 mM EDTA buffer, pH 8. The errors of the determined values
are<25%, unless otherwise indicatéd=rom ref33. Theko, for NAD "
binding to wild-type enzyme was calculated using the equatigh=
kiko/(kz + k1), using the mechanism in Scheme 1 and the published
rate constants3@). ¢ Calculated fromksit = kon(Kia) OF kon(Kig) (Table
1). 9Maximum rate constant for the transient oxidation of benzyl
alcohol (0.16-5 mM) at a fixed concentration of 5 mM NAD © The
superscript D represents the ratio of kinetic constants with protio and
deuterio substrate§From ref34.

2.0
1.5
1.0
0.5
0.0

s
th

-1.0

log ¥, s'l; log V/K, mM'ls'l

Ficure 1: pH dependence of benzyl alcohol oxidation and
benzaldehyde reduction catalyzed by V292S ADH. (A) Initial
velocities for the steady-state oxidation of benzyl alcohol were
studied at 25°C with 4 mM NAD" and varied concentrations
of alcohol. TheV; (®) parameter was fit to the equatiofYops =
Y/(1 + [H*)/K,), which describes a mechanism in which only
unprotonated enzyme reacts with the substrate. VK, (O)
parameter was fit to the equatiolops= Y{ 1 + ([HTV/Ky) + (Kof
[H™D}, which describes the mechanism where only singly pro-

tonated enzyme reacts with the substrate. The fitted parameters for,

Vi gave a [K; value of 6.7+ 0.2 and a limiting value at high pH
of 6.2+ 0.4 s'1. Vy/Ky has two X, values, 8.1+ 0.2 and 10.3+
0.1, and a limiting rate at optimal pH of 453-4) mM~ s, (B)
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which is similar to the K, of 6.4 for the dependence
observed for the transient oxidation of benzyl alcohol by the
wild-type enzyme 36). With the wild-type enzyme, the
transient oxidation of benzyl alcohol is controlled by the rate
constant for hydride transfer, and the KIE is 333) The

pKa value for the pH dependence ®i/K, is 8.1 for the
V292S enzyme. This is lower by about half of a pH unit
than the value for the pH dependence of the wild-type
enzyme 84). The KIEs for benzyl alcohol oxidationvg,
V1/Kp) by the V292S enzyme are essentially independent of
pH over the pH range of 6-510.5. The large isotope effects
suggest that the commitments to catalysis are small, and thus
the measuredkpvalues approximate the true values for the
V292S enzyme complexed with NAD(V1/Kp) or NAD™

and benzyl alcohoN) (37). The K, for the pH dependence

of Vo/K,, for the V292S enzyme is lower by 1 pH unit than
that of the wild-type enzyme3@). The pH dependence of
the KIE for Vo/K, of benzaldehyde reduction by V292S
enzyme (data not shown) decreases from a value of 3.1 at
pH 7 to a value of 2.6 at pH 9.2. The&Kpof 8.0 for the
dependence o¥, on pH (Figure 1) is the same as that for
the wild-type enzyme34). The substitution of an uncharged
amino acid residue for another might not be expected to
change the pH dependencies for catalysis. However, the
differences of 0.51 in pK, values are significant and
probably result from changes in rate constants that are
affecting macroscopicky, values 87).

The temperature dependencies of the pH dependencies for
V; andV,/K, were also examined, so that changes in rates
due to the temperature dependence ¥f palues could be
accounted for. Thel, for Vi with the V292S enzyme was
found to be temperature-dependent, changing about 0.7 pH
unit over a 50°C temperature range. A van't Hoff plot of
the pH dependence fof; data at arg of 25 °C gaveAH =
9.4 £ 1.5 kcal/mol, AS = —0.03 £ 4.90 cal/(moiK),

AC, = —0.85=+ 0.35 kcal/(moiK). The AH of ionization

is similar to that for a histidineAH = 6.3 kcal/mol, AS =

—5.5 cal/(moiK); ref 38 or a water coordinated to zinc
(AH = 11-13 kcal/mol; ref37). The (K, for the dependence

of V./K, on pH did not vary noticeably with temperature.
Temperature Dependenci@he V292S substitution alters
coenzyme binding and exposes the hydrogen transfer steps
for study by steady-state kinetics. The temperature depend-
encies for catalysis and the isotope effects were studied in

The initial velocities of steady-state reduction of benzaldehyde were order to evaluate the contribution of protein dynamics and

studied at 25C using varied concentrations of benzaldehyde and
NADH. V, (@) was fitted to the equationYqps = {Y1 + (Y2K4/
[HD}/(@ + Ky/[H*]), which describes a mechanism with oke
and limiting rates at low pHY;) and high pH ¥1). VJ/K (0) was
fitted to the equation:Yons = Y/(1 + Ky/[H™]), which describes a

tunneling in the oxidation and reduction reactions catalyzed
by V292S ADH. The pH-independent rate constant calculated
from the p<, for V; at each temperature was used for the
analysis of the temperature dependenc¥;ofrhe data were

mechanism in which only the protonated form of the enzyme reacts analyzed in different ways to enable comparisons with the

with the substrateV, has a |K; of 8.0+ 0.2 and a limiting rate at
low pH of 320+ 30 s'! and a limiting rate at high pH of 2.5 20
s L Vu/K, has a [K; of 9.5+ 0.2 and a limiting rate at low pH of
3904+ 30 mMtsL

suggest that NAD release is the rate-limiting step for the

literature. The Eyring plots fov; (Figure 2A) show nearly
parallel slopes for the protio and deuterio benzyl alcohols
with significant values oAH*, 12.8 kcal/mol, for the protio
substrate and a\H* of 13.6 kcal/mol for the deuterio
substrate (Table 4). The difference in the enthalpy of

steady-state reduction of benzaldehyde. Fast rates of benzactivationsAAH* (AAH* = AH*; — AH%p) for the substrates
aldehyde reduction by the V292S enzyme precluded a studyis not significant, 0.8+ 1.0 kcal/mol. The ratio of the

of the transient reaction.

pH DependenciesThe pH dependencies for the steady-
state reactions of the V292S enzyme differ from those for
the wild-type enzyme (Figure 1). However, thi dor the
dependence of; on pH with the V292S enzyme is 6.7,

Arrhenius preexponential factorg\)( for the protio and
deuterio substrates is close to unity (189.46, Table 4).
The kinetic isotope effect of 4.1 oW, is essentially
temperature-independent within the experimental variation
of the data (Figure 2B).
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T °C TOC Table 5: X-ray Data and Refinement Statistics for V292S Horse
55 40 30 15 5 Liver Alcohol Dehydrogenase
-1 Pt 7.5
2 ] E space group P2
~ 3l 15 70 cell dimensions, A 46.3,180.4, 462= 107
resolution range, 02.
] luti A 20:02.0
g Ar 1 6.5 number of reflections: unique, total 41073, 82843
-~ SF b 5 6.0 completeness, % (outer shell) 90.8 (84.9)
= 6 F 4 = Rsym: % (outer shelB 3.7 (6.5)
TFA i 55 meandUoO{outer shell) 11.4(8.9)
PR T T T Rialue Riree test %8 0.197,0.231,1.5
L L rsmd for bond distancés 0.012
1.6 4 =16 rmsd for bond angles 1.53
1.4 :{% KII II J SN 1.4 no. of water molecules per dimer 164
Qﬂ 12k l - QA 12 #Rym = (_Z\I — OO)/=00 wherel is the integrat_ed intensity of a
— = given reflection® Raue = (Z|F, — kF|/Z|Fo|, wherek is a scale factor.
Lor 1 =10 The Ryee (39) values were calculated with the indicated percentage of
08 B - 08 Fp e reflections not used in the refinemefRoot-mean-square deviations
ol 1 1 0.6 [ T T (rmsd) from the ideal geometry of the final model.
3.03.1 3.23.3 343.5 3.6 3.03.1 3233343536
1000/T 1000/T substrates are similar (Table 4). The kinetic isotope effect
FIGURE 2: Eyring plots for the temperature dependenc#pénd of 3.2 for V2/K, is essentially constant over the entire
V2/K, for V292S ADH and deuterium isotope effects. The buffers temperature range (Figure 2D). As compared to the KIE of
gi{gafi%%'uorp t?gﬁfﬁhsltcedhwvgé :Vgx?ggtig'r']' Zfobg)nr\zlixllKgicﬁw)ol 1.8 determined for the transient reduction of benzaldehyde
VN1 H _
(m); V; for oxidation of benzyl alcohot:,a-d, (®). (B) Kinetic Catalyz.ed .by.Wlld type enzymea§), the large value of the
isotope effect onV; for oxidation of benzyl alcohol &). (C) V./K,, kinetic isotope effect for the V292S enzyme suggests

Reduction of benzaldehyd¥,/K,, for reduction of benzaldehyde that V./K, is controlled by the hydrogen transfer step.
with NADH (m); V2/K, for reduction of benzaldehyde with NADD  Although the kinetic parameter¥; and V./K, contain

(®). (D) Kinetic isotope effect onV/K,, for reduction of benz-  gifferent combinations of rate constants, the significant
aldehyde 4). isotope effects indicate that each is controlled by the hydride
transfer step. Therefore, the temperature dependencies pro-
vide information about the chemistry of the forward and
reverse reactions.

Table 4: Thermodynamic Values from the Temperature
Dependence of Reactions Catalyzed by V292S Alcohol

Dehydrogenase
AG X-ray Crys_tallography'.l’he structure of the V2_928 enzyme
AHF AS (kcal/mol), was determined in order to evaluate the basis for the large
Eyring® (kcal/mol) [cal/(molK)] 25°C chgnges in kingtic; constants. The X-ray data collection and
Vi(H) 128105 122118 16.39% 0.02 refinement statistics are sumr_narlzed in Table 5.The V292_S
V1 (D) 13.6=+ 0.9 —12.24 3.0 17.23+ 0.04 enzyme has the entire dimeric molecule in the asymmetric
unit, but the three-dimensional structure of each subunit is
) Ea ) very similar to that of the native apo-enzyme crystallized in
Arrheniu$ _ (kcalimol) AT Adlho the absence of ligand4(@). The V292S enzyme structure is
Vi(H) 134+£02  3.8¢1.0)x 10  1.05+0.46 closely superimposable on the native apo-enzyme (rmsd
Vi) 142£09  361.2)x 100 0.37 A) and the G293A/P295T enzyme (rmsd0.23 A)
AGH (42), which are both found to be in the “open” form. The
AHF AS (kcal/mol), ACyF electron density map around the V292S substitution confirms
van't Hoff¢  (kcal/mol) [cal/(mokK)] 25°C  [cal/(mokK)] the mutation and shows the quality of the final refined
VoK, (H) 3.240.8 —225+2.7 9.804+0.03 —2734+89 electron density map (Figure 3). The hydroxyl of Ser-292 is
Vo/Kp(D) 32409 —246+31 10.58+0.04 —236494 hydrogen-bonded to a water molecule (Wat 1) that makes

2 Fitted to the equation: Ink(T) = In (ke/h) + AS/R — AH*/RT. contacts with the carbonyl oxygen of Val-290 (Figure 3);
> Fitted to the equation: |k = In A — EJRT. °Fitted to the equation:  thjs water molecule fills space that is created by the V292S
In (KT) = In (kg/h) — (AH*/R_'D + (AS/R) + AC[—(LIR) + (Tr/RT) substitution.
+ (1/R) In (T/Tr)], whereTr is the reference temperature, 26. The V292S enzyme was crystallized in the presence of
NAD™ and 2,3,4,5,6-pentafluorobenzyl alcohol, but electron
The Eyring plots forVo/K;, (Figure 2C) are convex, with  density was observed only for the ADP portion of the
an apparent break in the data at about 5 Vi/K, is coenzyme. No electron density is observed for the nicotin-
temperature-dependent for both protio and deuterio substratesimide riboside of NAD or the 2,3,4,5,6-pentafluorobenzyl
in the range between 5 and 28 and temperature-  alcohol. The active site zinc has a water molecule as its fourth
independent from 25 to 5TC. The data in the two regions ligand.
can be fitted separately to the Eyring or Arrhenius equations, When wild-type enzyme is crystallized in the presence of
but the choice of the temperature ranges is somewhatNAD " and 2,3,4,5,6-pentafluorobenzyl alcohol, the enzyme
arbitrary, and the errors of the fitted parameters are largeis in a “closed” form, which results from a rotation of about
(>20%). Thus, we think that the van't Hoff equation is a 10° of the catalytic domain toward the coenzyme binding
better way to fit the data, as it describes h@wK, changes = domain (). Although the V292S enzyme was crystallized
over the entire temperature range. The parameters from then the presence of NAD and 2,3,4,5,6-pentafluorobenzyl
fits for the van't Hoff plots for the protio and deuterio alcohol at concentrations high enough to saturate the active
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Ficure 3: Structure of the region with the V292S substitution. The fin&L2- F.| electron density map covering residues 2294 and
267 and bound waters is shown (contoured@t 1

Ficure 4: Comparison of the V292S and apo-enzyme structures. The coenzyme binding domains of the V292S enzyme (in black, PDB
entry 1JU9) and apo-enzyme (unfilled, PDB entry 8adh) were superimposed using pOgiidme changes in conformation of residues
290-294, 263-268, 178, and 31#318 are shown.

sites, the V292S enzyme is in the open conformation of the rate of hydride transfer due to perturbed interactions with
apo and G293A/P295T enzymes. The structural basis for thethe nicotinamide ring. Indeed, the rate constant for alcohol
effect of the mutation on the conformational change is not oxidation decreases somewhat with the V292S enzyme
obvious from a comparison of the structures. (Table 3), but the large effect of the substitution on coenzyme
The main differences between the V292S and the apo-binding and the perturbation of the enzyme conformational
enzyme structures are local effects due to the mutationchange were unexpected.
(Figure 4). The side chain of Ser-292 does not overlap the The V292S substitution does not affect the binding of
atoms of Val-292 in the wild-type enzyme, and the side chain AMP, but decreases the affinity for NADand NADH by
of lle-291 has different rotamer conformations in the two gt least 50-fold. This suggests the V292S enzyme forms the
enzymes. In the V2928 structure, the residues of the catalyticinitial complex with coenzyme, but does not readily undergo
domain are shifted slightly (about 0.25 A) more toward the the conformational change. In wild-type ADH, residue 292
coenzyme binding domain, as compared to the structure ofjs |ocated at the beginning of a loop of the coenzyme binding
the native apo-enzyme, resulting in a more closed conforma- gomain that moves upon the binding of coenzyme and allows
tion (Figure 4). The difference may result from the V292S  the catalytic and coenzyme binding domains to come closer
substitution or from crystallization under different conditions. together. The Val to Ser substituton may reduce the
The V292S enzyme was crystallized at pH 7 in the presencenydrophobic interactions with the nicotinamide ring so that
of NAD", whereas the apo-enzyme was crystallized at pH the ring is less tightly bound and can only stabilize the closed
8.4 without nucleotide. The apo and V292S enzymes conformation to a limited extent. Interactions with the
crystallize in different space groups. nicotinamide ring are critical for the conformational change,
since the enzyme crystallized with ADP-ribose is in the open
DISCUSSION conformation 42).

Effects of the V292S Substitution on Structure and Mech- As illustrated in Scheme 1, the binding of NAs a two-
anism.Modeling the V292S substitution in the structure of step process, with an isomerization that apparently corre-
a ternary complex of native ADHLJ suggested that removal sponds to the conformational change observed by X-ray
of a methyl group would create more space behind the crystallography. For wild-type enzyme, rate constants have
nicotinamide ring of bound NAD and might decrease the been calculated from analysis of transient data for the binding
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Scheme 1 residues 293298 that need to rearrange during the confor-
k| X mational change.
E+A p EAk=FA Catalytic DynamicsTheV292S substitution increases the
-1 -2

rates of dissociation of coenzyme and unmasks the hydride
transfer step while the catalytic efficiencieg/K) remain
similar to those of the wild-type enzyme. Previously,
substitutions in the substrate binding site were found to
unmask hydride transfer and hydrogen tunnelibg).(The

: - - substitutions change rate-limiting steps so that significant
in the dissociation constant for NAD(Kis, Table 1), the  soiqne effects become apparent and the mechanisms of

turnover number\(;, Table 1), and the overall rate constant  c4¢ajysis can be probed more readily than with the wild-
for binding of NAD' (ko Table 3) indicate the rate constants type enzyme.

in Scheme 1 are affected by the V292S substitution. Values ~ 1o temperature dependence of benzyl alcohol oxidation

that are reasonable and consistent with the observed klnetir(vl) by V292S ADH shows parallel dependencies for the
pf;llrameters ark11= 4.7 x 100 M~ s L ka=28x 10 protio and deuterio substrates with significaxiti* values
s, ke = 690 s%, andk, = 240 s”. The rate constants ot apout 13 kcal/mol (Table 4) and no experimentally
indicate that the V292S substitution has decreased thegjgnificant temperature dependence of the kinetic isotope
equilibrium constant for ;tep 2 b_y about 3-fold and increased oot (Figure 2B). Temperature-independent isotope effects
the rate constants for dissociatidn, andk—, 12-fold and 516 seen with reactions that occur through ground-state
3.7-fold, respectively. Althqugh th(_a equilibrium position for hydrogen tunneling, but these reactions usually have very
step 2 should favor the '|so_m'er|zed complex (FA),+ and gmall AH* values @4). Temperature-independent isotope
binding of a substrate or inhibitor to the enzymAD effects and significanaH* values have been observed with
complex could also affect the conformation, the three- gaijjys stearothermophilugicohol dehydrogenasel2),
dimensional structure is open in the crystals. Crystal lattice ¢ .cosine oxidase4b), A%-desaturase4g), methylamine
contacts seem to be sufficient to perturb the delicate dehydrogenas@), aromatic amine dehydrogenadé)( and
equilibrium. trimethylamine dehydrogenasd9j. The temperature de-
The propensity of the V292S enzyme to be in the open pendence data for the reductive half-reaction of ethanolamine
conformation explains the low affinity for coenzyme, but by methylamine dehydrogenase closely resembl&/thtata
raises the question of whether the enzyme assumes a closefbr the V292S enzyme (significattH* values and essentially
conformation when the ternary Michaelis complex forms. temperature-independent isotope effects). The kinetics of
The inhibition constants for the dead-end inhibitd¥s  these enzymes have been explained with vibrationally
cyclohexylformamide and 2,3,4,5,6-pentafluorobenzyl alco- assisted tunneling models, which use a fluctuating potential
hol and the catalytic efficiencies with benzyl alcohol and energy barrier3—8, 50.
benzaldehydeMy/Ks, V2/K;) are very similar to those for the In these models, thermal fluctuations alter the symmetry
wild-type enzyme. This suggests that the substrate bindingand the distance between the product and reactant \@ells (
sites for the V292S and wild-type enzymes are very similar 5). These thermal fluctuations come from the natural motions
and that the V292S enzyme can adopt a closed conformationof the substrates and protein and affect catalysis either by
in the enzyme-coenzyme complex. Since the conformational changing the distance between the reactants or by exciting
change with wild-type enzyme affects the substrate binding productive vibrations. Because the fluctuations decrease the
pocket, we expect that the inhibition constants should be width of the energy barrier, the hydrogen atom can tunnel.
different if the V292S enzyme remains in the open confor- with vibrationally assisted tunneling, theH* represents the
mation during catalysis. The ADH enzymes that have the enthalpy of an energy barrier that must be overcome in order
G293A/P295T substitutions4{) or isonicotinimidylated o preorganize the substrates and active site so that hydrogen
lysines @3) also crystallize in the open form with coenzyme  transfer can occur. This preorganization energy is temper-
bound. The catalytic efficiencies of these two enzymes are ature-dependent and isotope-independ&nt). We think
very different from those of the wild-type enzyme and are that the vibrationally assisted tunneling model best describes
thought to stay in the open conformation during catalysis. the data for the temperature dependence for the oxidation
The G293A/P295T enzyme haska for 2,3,4,5,6-penta-  of benzyl alcohol by V292S ADH. A corner-cutting model
fluorobenzyl alcohol of 3 mM, 1¥fold higher than theK; is not consistent with the significant magnitude fdt* and
with the V292S enzyme. Thus, we suggest that the V292S the temperature-independent isotope eff&tlQ, 50.
enzyme has a closed conformation dUring hydrlde transfer. The temperature dependence of benza|dehyde reduction
Substitution of Val-203, which is adjacent to Val-292 and (V./K) was analyzed by fitting all of the data to the van't
also near the nicotinamide ring, with Ala creates more spaceHoff equation, which rigorously takes into account the
behind the nicotinamide ring. However, the structure of the temperature dependence/fi*, or heat capacityXCy). The
V203A—NAD"—2,2,2-trifluoroethanol complex is in the temperature-independent KIE (Figure 2D) is consistent with
closed form, with catalytic and coenzyme domains 0.5 A the ground-state and vibrationally assisted tunneling models,
closer than they are in the wild-type structud)( The but not with the semiclassical or the rigid-barrier tunneling
V203A and wild-type enzymes bind coenzyme with similar models of hydride transfer. The nonlinear temperature
affinities. The V203A mutation reduces the hydrophobic dependence is also consistent with the vibrationally assisted
interactions with the nicotinamide ring, but Val-203 may not tunneling model %0). The significantAC,* value for the
be in a position to affect the conformation of the enzyme, benzaldehyde reduction by V292S ADH (Table 4) suggests
unlike Val-292 which is adjacent to the flexible loop with that protein fluctuations or conformational changes affect the

of NAD™ with values of 620 st for k, and 65 s? for k_
(33). For the V292S enzyme, a similar analysis was not
possible because a limiting rate for complex formation was
not observed (up to 200°8. Nevertheless, the alterations
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organization of the reactants1). The similar, small enthal-
pic contributions for protio and deuterio substrates obtained
from the van’t Hoff fits indicate that thermal activation is a

modest contributor to the reaction. As the temperature of
the reaction increases, the enzyme may favor a state that i
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functionally preorganized for tunneling over a state that has REEERENCES

a higher enthalpy for preorganization, resulting in a nonlinear
temperature dependence.
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The present studies provide evidence for a role of protein
dynamics in both the oxidation of alcohols and the reduction
of aldehydes. Although the V292S ADH has altered coen-
zyme binding, the rates of hydride transfer and catalytic
efficiencies are not greatly affected, indicating that Val-292
is not the only residue that contributes to catalysis. Future
studies are required to develop theoretical models that
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