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Amino Acid Residues in the Nicotinamide Binding Site Contribute to Catalysis by
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ABSTRACT: Amino acid residues Thr-178, Val-203, and Val-292, which interact with the nicotinamide
ring of the coenzyme bound to alcohol dehydrogenase (ADH), may facilitate hydride transfer and hydrogen
tunneling by orientation and dynamic effects. The T178S, T178V, V203A, V292A, V292S, and V292T
substitutions significantly alter the steady state and transient kinetics of the enzyme. The V292A, V292S,
and V292T enzymes have decreased affinity for coenzyme (NBY30-50-fold and NADH by 35-

75-fold) as compared to the wild-type enzyme. The substitutions in the nicotinamide binding site decrease
the rate constant of hydride transfer for benzyl alcohol oxidation by 3-fold (for V292T ADH) to 16-fold
(for V203A ADH). The modest effects suggest that catalysis does not depend critically on individual
residues and that several residues in the nicotinamide binding site contribute to catalysis. The structures
of the V292T ADH-NAD *—pyrazole and wild-type ADHNAD *—4-iodopyrazole ternary complexes

are very similar. Only subtle changes in the V292T enzyme cause the large changes in coenzyme binding
and the small change in hydride transfer. In these complexes, one pyrazole nitrogen binds to the catalytic
zinc, and the other nitrogen forms a partial covalent bond with C4 of the nicotinamide ring, which adopts
a boat conformation that is postulated to be relevant for hydride transfer. The results provide an experimental
basis for evaluating the contributions of dynamics to hydride transfer.

Experimental and computational studies suggest thatmide ring that is not involved in hydride transfer (Figure 1).
dynamic motions facilitate hydride transfer catalyzed by If the motions of the protein are involved in facilitating the
alcohol dehydrogenasé-{5). Hydride transfer occurs with  reaction, the residues in the nicotinamide binding site may
hydrogen tunneling§—9), which occurs as the distance distort the nicotinamide ring. Amino acid substitutions at Val-
between hydride donor and acceptor atoms otfoarbon of 203 have been shown to decrease the extent of hydrogen
the alcohol and the C4 of the nicotinamide ring of NAD  tunneling in the catalyzed reactio8)( which suggests that
becomes about 2.7 AY). The distance between the carbon the substitution affects the hydride transfer step. However,
atoms in the pentafluorobenzyl alcohol ternary complex, the effects of the substitution on the rate constants of hydride
which is thought to mimic the Michaelis complex, is 3.4 A transfer have not been determined. Substituting the amino
(10). Therefore, the substrates must move closer togetheracids in the nicotinamide binding site and determining the
for tunneling to occur. Some of the decrease in distance mayeffects on the structure and mechanism can define the
be due to the normal fluctuations of the substrates. The contributions of these residues to catalysis.
nicotinamide ring could also adopt a boat conformation,
which should facilitate the overlap of the molecular orbitals EXPERIMENTAL PROCEDURES
at the transition state and decrease the energy barrier between Materials Wild-type crystalline horse liver alcohol de-

the ground state and the transition sta&{13). =~ pygrogenase (EE isoenzyme), LINADand NaNADH were
The amino acid residues in the nicotinamide binding site purchased from Roche Molecular Biochemicals. Pyrazole

of alcohol dehydrogenase (ADH)yal-292, Thr-178, and  \yas purchased from Aldrich and 4-iodopyrazole from Sigma.

Val-203, make close contacts with the face of the nicotina- genzy| alcohole,o-d, (98.6% D) was from MSD Isotopes.

(4R)-[4->H]NADD was prepared from NAD and ethanol-

T This work was supported NIH Grants T32 GM08365 and AA00279 (Aldrich, 99+% D) with yeast alcohol dehydrogenadd)

and NSF Grant MCB 95-06831. e .
*The X-ray coordinates and structure factors have been depositedand purified on a DEAE-Sepharose column developed with

in the RCSB Protein Data Bank with the entry names 1N92 for the @ linear gradient of 16250 mM sodium phosphate buffer,
wild-type enzyme complexed with NADand 4-iodopyrazole and  pH 8. The benzyl alcohol and benzaldehyde purchased from
1IN8K for the V292T enzyme complexed with NADand pyrazole. Fisher Scientific were redistilled before use.

* Corresponding author. Phone: 319-335-7909. Fax: 319-335-9570. . -
E-mail: bv-plapp@uiowa.edu. Preparation of the Enzyme§he ADH enzymes with

1 Abbreviations: ADH, alcohol dehydrogenase; PFB, 2,3,4,5,6- Substitutions at Val-292 and Thr-178 were created by
pentafluorobenzyl alcohol; PYZ, pyrazole; V2928, substitution of Val- partially random mutagenesis, using the plasmid pBPP/
292 with Ser; V292A, substitution of Val-292 with Ala; V292T, ;
substitution of Val-292 with Thr; T178S, substitution of Thr-178 with EqADH (15 and the Stratagen_e Quick Change methOd'.The
Ser: T178V, substitution of Thr-178 with Val: V203A, substitution of ~Plasmid for the V203A-substituted enzyme was obtained

Val-203 with Ala; rmsd, root-mean-square deviation. from Dr. Judith P. Klinmang). The degenerate oligodeoxy-
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Ficure 1: Stereo representation of the active site of horse liver alcohol dehydrogenase. Residues Val-292, Val-203, and Thr-178 are in the
nicotinamide binding pocket. Pentafluorobenzyl alcohol, the nicotinamide ribose offN&l the catalytic zinc are shown in gray. The
coordinates are from PBD entry 1HLID@).

ribonucleotide mutamers were synthesized by Life Technolo- A BioLogic SFM3 stopped-flow instrument (dead time of
gies, Inc. The mutamers used for the Thr-178 substitutions 2.4 ms) was used to study the transient kinetics. Binding of
had the following sequences, where the underlines mark theNAD* was monitored by the increase in absorbance at 294
sites of mutation: GGC TGT GGA TTT TCT (T/G)(C/T)T  nm due to the formation of the enzymBAD*—pyrazole
GGT TAT GGG TCT GCA GTC and GAC TGC AGACCC  complex (L9), and the binding of NADH was studied by the
ATA ACC A(AIG)(A/C) AGA AAA TCC ACA GCC. The quenching of protein fluorescencée{ = 294 nm,Aem =
mutamers used for the Val-292 substitutions had the fol- 310-384 nm) in the presence ®i-cyclohexylformamide,
lowing sequences: GCA TAT GGT GTG AGC GTAATT  an aldehyde analogu€@ 21). The rates of coenzyme
(G/IA)(T/CIG)C GGA GTA CCT CCT GAT TCC and CGT  pinding were measured for varied concentrations of NAD
ATA CCA CAC TCG CAT TAA (C/T)(A/GIC)G CCT CAT  and pyrazole or NADH andN-cyclohexylformamide. The
GGA GGA CTA AGG. After transformation in XL1-Blue  progress curves were analyzed by the BioKine software and
cells and selection for ampicillin- and tetracycline-resistant fitteq a first-order process. The bimolecular rate constants
colonies, plasmids were isolated, and mutations were identi-yyere calculated from the first-order dependence on coenzyme
fied by thel loss of restriction endonuclease s.lte's. Th.e Thr- concentration. NADH binding to the T178S and V203A
178 mutations caused the loss ofBa;ri restriction site enzymes was studied without usiNecyclohexylformamide,
(ACTGGN), and the Val-292 mutations caused the 10Ss of 54’ the microscopic rate constants for the binding reactions
an I—_|gal restriction site (CGCA_G)' The mutations were were determined by progress curve analysis through the use
confirmed by complete sequencing of the ADH cDNAs by of the kinetic simulation program, KINSIM, and the auto-

The University of lowa DNA Facility. The enzymes were matic fitting routine, FITSIM 22). The transient oxidation

expressed and purified according to the published procedure . :
(15 and were judged to be more than 95% pure as reactions were followed by the change in absorbance at 328

determined by polyacrylamide gel electrophoresis in the " 4PO" the mixing of 1@N enzyme with NAD' and varied
y polyacry g P concentrations of benzyl alcohol or benzyl alcobgi-d,.
presence of sodium dodecyl sulfate. : "
o i i ) The maximum rate constant was calculated by fitting the
Kinetic StudiesThe studies used 33 mM sodium phos-  gata to the equation for a hyperbola. An extinction coefficient
phate and 0.25 mM EDTA buffer, pH 8, at 2&. The 4t 5500 ML cm 2 at 328 nm was used for the difference in

concentration of enzyme active sites was determined by absorption of NADH and NAD bound to the enzyme and
titration with NAD™ in the presence of pyrazold®). The its complexes Z3).

standard assayl{) was used to determine the specific .
activities of the substituted enzymes. Coenzyme concentra- <T@y Crystallography The crystals of wild-type ADH
tions were determined by absorbance at 260 or 340 nm.complexed with NAD and 4-iodopyrazole were prepared
Enzyme activities were determined on a Cary 118C spec-2S described by the general procedure used previol@ly (
trophotometer or an SLM 4800C fluorometég,(= 340 nm, Horse liver enzyme .from Boehringer Mannheim Corp.
Aem= 460 nm), with computer fitting of the progress curves (Roche) was recrystallized from 10% ethanol, and the crystals
to obtain the initial velocities. The initial velocity data for ~Wwere redissolved and dialyzed against 50 mM ammonium
the oxidation of benzyl alcohol and reduction of benzalde- N-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonate buffer
hyde with systematically varied concentrations of coenzyme and 0.25 mM EDTA, pH 6.7 (measured at 25). About 1

and substrate were fitted to the equation for a sequential bimL of 10 mg/mL enzyme was dialyzed at°€ against 10
mechanism. Dissociation constants for coenzymes andmL of the same buffer with 1 mM NAD and 1 mM
inhibitors were determined by inhibition studies. The isotope 4-iodopyrazole K; = 0.02uM; 24) as the concentration of
effects on steady-state kinetic parameters were obtained by2-methyl-2,4-pentanediol was raised over some days to 16%
comparing the rate constants for the protio and deuterio when crystals formed. The concentration of the diol was
substrates. The steady-state kinetic data were fitted usingfinally raised to 25%. The spectrum of the outer dialyzate
Cleland’s programsi1@g). showed that NAD, and no NADH, was present.
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Table 1: Steady-State Kinetic Constants for the Activity on Benzyl Alcohol and Benzaldehyde of Alcohol Dehydrogenases with Substitutions
in the Nicotinamide Binding Sife

kinetic constant rADH T178S T178V V203A V292A V2925 V292T
Ka (uM) 3.7 1.6 30 6.8 79 140 92
Kp («M) 23 12 29 94 140 220 270
Kp (uM) 30 11 730 65 290 440 480
Kq (uM) 1.7 0.95 2.9 10 35 80 40
Kia (M) 31 14 260 29 1100 1600 930
Kig (uM) 0.4 0.5! 1.8 2.1 14 30 19
Vi(s™) 2.2 1.0 3.9 2.2 49 6.3 9.3
Vo (sY) 22 8.0 65 30 91 160 190
Vi/Kp (MM~1 s71) 96 81 130 23 35 28 35
Vo/Kp (MM~1 571 700 720 90 460 320 360 400
Keq (PM)® 44 43 100 37 14 32 18
turnover no. (s)f 1.1 0.54 2.3 4.6 24 34 49
Kiavp (4M) 449 80 86 40
Ki,pentaﬂuorobenzyl alcohcﬂﬂM) 3-0_1 7.8 1.9 9.0 2.0 55
Ki,cyclohexylformamide(ﬂM) 9.0 19 11 23

aKinetic constants were determined at 25 in 33 mM sodium phosphate and 0.25 mM EDTA buffer, pH &@. Ky, Kp, andKq are the
Michaelis constants for NAD, benzyl alcohol, benzaldehyde, and NADH, respectivily andKiq are the dissociation constants for NARnd
NADH, respectively.V; is the turnover number for benzyl alcohol oxidation, avidis the turnover number for benzaldehyde reduction. The
standard errors of the fitted values ar@5%, which indicates that the values are well determiri&)l. Replicate experiments usually give values
within 2-fold of those reported.rADH is recombinant wild-type alcohol dehydrogenase; fronbréfFrom ref5. ¢ Calculated from the rate constants
for NADH binding (Table 3) because the initial velocity pattern had parallel litkgyis equilibrium constant calculated from the Haldane relationship,
V1KpKig[H 11/ V2KpKia. Values for the equilibrium constant have been estimated to b 3pM (48—50). f Turnover number determined in a standard
enzyme assay at 2% (17) based on titration of active sitesFrom ref51. " From ref52. ' From ref20.

The crystals of the V292T ADHNAD*—pyrazole ternary ~ RESULTS
complex were produced by dialysis of 15 mg/mL enzyme L ) o
against 17% 2-methyl-2,4-pentanediol in 50 mM ammonium Stgady—State Kinetics of Subsututgd Enzynhbs initial
N-[tris(hydroxymethyl)methyi]-2-aminoethanesulfonate buffer VElOCity patterns for the forward reaction (NAnd benzyl
and 0.25 mM EDTA, pH 6.7 (measured at Z5), with 10.6 alcohol), the reverse reaction (NADH _and ben_zalde_hyde),
mM NAD* and 5.5 mM pyrazole. The final concentration and t_he product and dead-end |_nh|b|t|on studies with t_he_
of 2-methyl-2,4-pentanediol was raised to 24%. substltut.ed enzymes are a}ll consistent with an ordered bi-bi

The crystals for both complexes were flash cooled in liquid S€duential kinetic mechanism (data not shown). The steady-
N,, and the X-ray data were collected at 100 K. The data state klr.1et|c' constants for the substituted enzymes are
for the wild-type ADH-NAD"—4-iodopyrazole complex ~Summarized in Table 1. _
were collected on an R-Axis W+ area detector with a The kinetic constants of the T178S enzyme do not differ
rotating anode generator and processed with d*TRE®.(  Significantly from those of the wild-type enzyme. The T178V
The data for the V292T ADHNAD*—pyrazole complex ~ Substitution increase¥, andV; (the turnover numbers for
were collected at the 19-ID IMCA-CAT beam line at the @lcohol oxidation and aldehyde reduction, respectively) by
Advanced Photon Source and processed using HKL20002—3-fold but decrease¥>/K, (the catalytic efficiency for
(25). Both structures were solved by molecular replacement Penzaldehyde) by 8-fold (Table 1).
using AMORE @6) and the coordinates for the refined wild- ~ The V203A enzyme also has steady-state kinetics similar
type ADH-NAD*—2,3,4,5,6-pentafluorobenzyl alcohol com-  to those of the wild-type enzyme, except tkgt(dissociation
plex (LHLD) as a model10). The AMORE program was constant for NADH) is increased 5-fold (Table 1). The kinetic
configured with the catalytic domains (residuesi?5, 319- constants determined for the V203A enzyme differ from
374) and coenzyme binding domains (residues—i38) those previously reporte¥/{ = 0.2 s, K, = 1.0 mM) where
treated independently of each other. The structures were300 mM potassium phosphate buffer, pH 7.0, containing 300
refined by cycles of restrained refinement with REFMAC MM semicarbazide hydrochloride was us&l (Ve obtain
(27) and model building with the program @§). Model kinetic constants similar to the published values when our
bias was avoided during the initial refinement by making V203A enzyme preparations are assayed in the 300 mM
residue 292 an alanine and by not adding NAdhd pyrazole ~ buffer and semicarbazide conditions.
or 4-iodopyrazole to the model. The V292T substitution was  The substitutions at Val-292 substantially decrease the
made, and the NAD and pyrazole were added only after affinity for the coenzymes, as determined by inhibition
the electron density maps clearly showed the positions for studies Kia, NAD*, by 30-50-fold; Kiq, NADH, by 35—
the ligands. Initially, the nicotinamide ring in the NAD  75-fold; Table 1). These enzymes bind AMP with affinities
molecule dictionary was set to be planar for both models. similar to that of the wild-type enzyme, which suggests that
However, the B, — F; andF, — F. electron density maps the binding of the AMP moiety of the coenzymes does not
clearly showed that the nicotinamide rings were not planar account for the changes in coenzyme affinity. The substitu-
in these structures, and therefore the monomer dictionarytions at Val-292 increas¥; by 2—4-fold andV, by 4—9-
used by REFMAC was modified to remove the restraints fold. However, the substitutions have modest effects on
on planarity and torsion angles for the nicotinamide ring. V/K, andVi/Ky, which decrease 2- and 3-fold, respectively.
The modified coenzyme is named NAJ in the coordinate files Despite the large effects on coenzyme binding, the kinetic
in order to distinguish it from the NAD listed in other mechanisms appear to be ordered bi-bi, as for the wild-type
structures. enzyme. Pentafluorobenzyl alcohol produces competitive




2910 Biochemistry, Vol. 42, No. 10, 2003

Rubach and Plapp

Table 2: Substrate Isotope Effects on Benzyl Alcohol Oxidation and Benzaldehyde Reduction Catalyzed by Alcohol Dehydrogenases

isotope

effect wild type® T178S T178W V203A¢ V292A1 V2923 V292T"
v 14+0.1 2.3+0.2 1.6+0.3 3.4+ 0.2 4.0+0.1 4.3+ 0.7 3.6+ 0.2
PVi/Kp 16+0.5 4.4+ 04 2.6+ 0.6 4.1+ 0.6 3.8+ 0.3 3+1 4.1+ 0.6
PV, 1.1+0.1 1.1+ 0.1 1.2+ 0.1 1.3+ 0.1 1.7£0.1
PV,/Kp 16+0.5 3.1+ 0.5 2.8+ 0.2 3.1+ 0.2 3.4+ 0.3

2 The superscript D represents the ratio of kinetic constants with protio and deuterio sub%tates.ref53. ¢ Substrate concentrations were

2 mM NAD* and 8-100uM benzyl alcohol or 2 mM NAD and 12-150uM benzyl alcohole,,a-d,. ¢ Substrate concentrations were-180uM
NAD* and 16-1004M benzyl alcohol or 14120uM NAD* and 36-260uM benzyl alcohole,a-d,. ¢ Substrate concentrations were-11D0uM
NAD" and 70-610 uM benzyl alcohol or 16-100 uM NAD* and 1306-1200uM benzy! alcohole,o-d, 1.7—-16 uM NADH and 17-150 uM
benzaldehyde or 1:715 «M NADD and 30-300uM benzaldehyd€’. Substrate concentrations were-B0D0xM NAD ™ and 100-910u4M benzyl
alcohol or 96-820uM NAD* and 155-1400uM benzyl alcohole,a-d,, 21—185uM NADH and 190-1700uM benzaldehyde or 19175 uM
NADD and 556-5000uM benzaldehyde? Substrate concentrations were-&20uM NAD* and 6406-5800uM benzyl alcohol or 86-720 uM
NAD* and 156-1400uM benzy! alcohole,,a-d,, 20—200uM NADH and 250-2200uM benzaldehyde or 25230 uM NADD and 400-3500
uM benzaldehyde? Substrate concentrations were-4880 M NAD* and 166-1500uM benzyl alcohol or 46-380 uM NAD* and 246-2200
uM benzyl alcoholet,a-d,, 20—190 «M NADH and 360-3200uM benzaldehyde or 206150 uM NADD and 440-4000uM benzaldehyde.

Table 3: Rate Constants for Transient Reactions of Alcohol Dehydrogenases

rate constant wild tyge T178S T178V V203A V292A V292S V292T
Konnapt (M ~ts7)P 1.2 1.4+ 0.2 0.15+ 0.01 0.11+ 0.03 0.25+ 0.06
Kot nan* (S7) 36 20 170 180 230
KonnapH (UM ~1s71)P 11 12+ 0.1 3.7£0.1 9+ 3 7+2 13+ 2.3
KoftnaoH (S71) 55 6.2+ 0.1 20+ 1 130 210 250
Kmax oxidatiof S~ )¢ 24+ 3 2.6+ 0.1° 29+ 1f 1.5+ 0.2 49+ 0.7 6.3+ 0.6 9+ 1
PKmax oxidatiofs 3.6£05 3.1+ 0.2 3.8+ 0.4 3.8+£0.4 3.5+ 0.3 4.3+ 0.3 3.6+ 0.2

aFrom ref29.P1 uMt st =1 x 10° M~ s72. ¢ Calculated fromkor = Kon(Kia) OF kon(Kig). Kia and Kiq are from Table 19 Maximum rate
constants for the transient oxidation of benzyl alcoR@ubstrate concentrations were 2 mM NABNnd 0.16-3 mM benzyl alcohol! Substrate
concentrations were 5 mM NADand 0.25-1.5 mM benzyl alcohol9 Substrate concentrations were 10 mM NABNd 0.46-10 mM benzyl
alcohol." Substrate concentrations were 10 mM NABnd 56-1000uM benzyl alcohol! Substrate concentrations were 5 mM NABNnd 0.26-
5.0 mM benzyl alcoholl The knax is theV; from the steady-state dataThe superscript D represents the ratio of kinetic constants with protio and
deuterio substrates.

inhibition against benzyl alcohol as the varied substrate andV292A, V292S, and V292T enzymes increase as compared
uncompetitive inhibition against NADas the varied sub-  to those for wild-type enzyme (Table 3), accounting for
strate. LikewiseN-cyclohexylformamide produces competi- increased turnover numbers (Table 1).
tive inhibition against benzaldehyde as the varied substrate The transient oxidation of benzyl alcohol was studied to
and uncompetitive inhibition against NADH as the varied determine the effects of the substitutions on the rate constant
substrate. The dissociation constants for these substratdor hydride transfer. The substitutions decrease the rate
analogues are similar for the wild-type and mutated enzymes,constants for the transient oxidation of benzyl alcohol
suggesting that the substrate binding sites are not affectedknax oxidatiod by up to 16-fold (Table 3). The transient reaction
by the mutations. with the wild-type enzyme shows an initial “burst” of NADH

All of the substituted enzymes have increased substrateformation that is controlled by hydride transfer, followed by
kinetic isotope effects for benzyl alcohol oxidation (Table a steady-state phase controlled by release of NADH from
2). The enzymes with substitutions at Val-292 and the the enzyme-NADH complex 9, 30). The reactions with
V203A enzyme also have increased kinetic isotope effectsthe T178S and T178V enzymes show burst phases for the
for benzaldehyde reduction. The increased isotope effectstransient oxidation of benzyl alcohol, which suggests that
for the steady-state reactions suggest that hydride transfercoenzyme release is rate limiting for the overall oxidation.
has become more rate limiting for the substituted enzymes.In contrast, the reactions for the oxidation of benzyl alcohol
The amino acid substitutions in the nicotinamide binding site by the V203A, V292A, V292S, and V292T enzymes have
do not drastically alter the catalytic efficiencies or kinetic no observable burst phase, and together with the observation
mechanisms of the enzymes but have unmasked the hydrideof significant isotope effects oW, (Table 2), the results
transfer steps. Release of coenzymes in each direction is ratsuggest that hydride transfer is significantly rate limiting for
limiting for turnover by the wild-type enzyme, but hydride the turnover of benzyl alcohol catalyzed by these enzymes.
transfer is more rate limiting for the substituted enzymes. The rate constants for the transient reduction of benz-

Kinetics of Transient Reaction$ransient kinetics were  aldehyde by wild-type and substituted enzymes were too fast
used to determine how the rate constants for the binding ofto determine with the BioLogic instrument. For the wild-
the coenzymes were affected in the substituted alcoholtype enzyme, the rate constant is 320 £9). The small
dehydrogenases (Table 3). The V292A, V292S, and V292T isotope effects oW, and the similar values of the calculated
substitutions decrease the bimolecular rate constant forrate constants for NADrelease K napt) and the turnover
binding of NAD™ by 5—10-fold as compared to the wild- numbersY>) suggest that NAD release is the rate-limiting
type enzyme, but they do not affect the rate constant for the step for the overall reduction of benzaldehyde. Therefore,
binding of NADH. The rate constants calculated for dis- the rate constants for hydride transfer to benzaldehyde are
sociation of coenzymeskdinap* and Ko napn) from the at least as large as the turnover numbers and do not seem to
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FiGurRe 2: Superposition of the V292T ADHNAD —pyrazole (gray) and the wild-type ADHNAD —4-iodopyrazole (white) complexes.

Amino acid residues adjacent to the site of the V292T substitution are shown. The OG1 of Thr-292 forms a hydrogen bond with the OG
of Ser-182 and a new water molecule (WAT1), which hydrogen bonds to the carbonyl oxygen of Val-290. The steric contacts of the
different enzymes with the nicotinamide ring are essentially the same.

be affected as much by the substitutions as are the constants - — -
for benzyl alcohol oxidation. Table 4: X-ray Data and Refinement Statistics for Wild-Type and

X-ray CrystallographyThe structure of the V292T ADH V292T Horse Liver Alcohol Dehydrogenases

complexed with NAD and pyrazole was determined so that enzyme wild type V2927
the structural basis for the changes in the hydride transfer complex with NAD" 4-iodopyrazole  pyrazole
and coenzyme dissociation rate constants could be evaluated?PB entry 1N92 IN8K

. . ., space group Py Py
For comparison, we also determined the structure of the.WI|d- molecules per unit cell 1 1
type ADH—NAD*—iodopyrazole complex at high resolution  cell dimensions, A 51.0,92.5, 442  51.4,92.7,44.3
(to 1.5 A). Complexes of wild-type horse ADH with NAD- cell angles, deg 102.9,109.8,91.7 103.0,109.9, 91.9
pyrazole and NAD—iodopyrazole were previously solved ~ 'esolutionrange, A 20:61.47 20-1.13
at 2.9 A resolution1), and structures for the human class meﬁ::id {g{ﬁcnons' 109109, 227408 218390, 613593
1B (B isoenzyme) complexed with 4-iodopyrazole have been Comp|ete},ess, % 88.8 (69) 81.6 (46.2)
solved to 2.4 or 2.2 A32, 33). The V292T ADH-NAD*— (outer shell)
pyrazole and the wild-type ADHNAD*—iodopyrazole Rsym % (outer shelf) 5.4 (12.7) 5.8(16.7)
complexes both crystallized in a triclinic space group that rgvea”gfmoﬂzg(s‘:‘j};r shell 155'91(4581)3 ot ff gG'f% 7 35
contains one dimeric molecule in the asymmetric unit. The rsmd for bond distances <A 0.016 0ol
X-ray data and refinement statistics for the structures are rmsd for bond angles, deg 1.63 1.70
given in Table 4. The crystal of the V292T ADHNAD*— estd errors in coordinates, A 0.042 0.023

no. of water molecules 581 707

pyrazole complex diffracted to 1.13 A with the data being
46% complete in the highest resolution shell and 68%  ®Rym= (3|F — OO)/3 00 wherel is the integrated intensity of a
complete for the 1.271.22 A resolution shell. All of the ~ given reflection” Rawe= (3 |Fo — kFd/3 |Fol, wherek is a scale factor.
data were used during refinement. Riee (54) was calculated with the indicated percentage of reflections
. . not used in the refinemerftDeviations from ideal geometry.

The wild-type ADH-NAD—iodopyrazole and V292T
ADH—-NAD*—pyrazole complexes have the “closed” con-  In both complexes, the NADand pyrazole molecules are
formation and are isomorphous with the complexes of wild- bound in the same positions as seen previou3ly-33),
type ADH with NAD*' and pyrazole or 4-iodopyrazole but the higher resolution yields more details on the bond
determined previously3(@). The protein structures of the distances and angles of the ligands. In both structures, N1
V292T ADH—pyrazole and wild-type ADHiodopyrazole of the pyrazole ring is ligated to the active site zinc atom,
complexes are almost identical. Thr-292 adopts the sameand N2 of pyrazole forms a partial covalent bond with C4
rotamer conformation as Val-292, and the carbonyl oxygen of the nicotinamide in the NADwith bond lengths of about
of these residues forms a hydrogen bond with the nitrogen 1.7 A (Figure 3, Table 5). When the structures are refined
in the carboxamido group of the nicotinamide ring (Figure using a model for the NAD—pyrazole complex that has the
2). The hydroxyl group of Thr-292 forms hydrogen bonds covalent bond between C4 and N2 fixed at 1.5 A, fge-
with the hydroxyl group of Ser-182 and with a new water F. electron density maps clearly show difference densities
molecule, which is also hydrogen bonded to the carbonyl that indicate that the C4N2 bond distance must be longer
oxygen of Val-290. A similar water molecule is hydrogen than 1.5 A.
bonded to the OG of Ser-292 and the carbonyl oxygen of NMR studies using®N-labeled pyrazole for the wild-type
Val-290 in the structure of the V292S enzym®).(The ADH—NAD"—pyrazole complex also suggest that N2 of
V292T enzyme has a hydrogen bond between Thr-292 andpyrazole forms a bond with the nicotinamide ring of NAD
Ser-182 at 2.94 A as compared to the wild-type enzyme that(34). The partial covalent bond seen in these structures
has a van der Waals contact of 3.44 A between CG2 of explains the shift in the UV absorption spectrum from 260
Val-292 and OG of Ser-182. to 290 nm upon formation of the ADHNAD™—pyrazole
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Ficure 3: Puckered conformation of the nicotinamide ring of NAD in the V292T AEMAD —pyrazole ternary complex. The nicotinamide
ring of NAD™ forms a partial covalent bond, with the N2 in pyrazole (PYZ), with a distance of 1.7 A (red dashed line)FTheR
electron density map is shown contoured at2.7

TI178

E.a

V292

NAD+

Ficure 4: Effect of puckering on the distance between the reacting carbons. The active sites of the V292’NADH pyrazole ternary

complex (black and gray) and the wild-type ABIMAD*—2,3,4,5,6-pentafluorobenzyl alcohol ternary complex (white) determined to 1.1

A (unpublished results) were superimposed. The overlay shows that the puckering of the nicotinamide ring could decrease the distance
between the C4 of the nicotinamide ring and thearbon of the alcohol by about 0.7 A.

complex (6, 31). The spectrum of NADH bound to the Table 5: Geometry for the Nicotinamide Rings in the

enzyme has an absorption maximum at 325 ﬂﬁ).(ThUS, NAD+—Pyrazole Complexes with V292T and Wlld-Type Alcohol
the absorption of the NAD-pyrazole complex at 290 nm ~ Dehydrogenases
is further evidence that the pyrazole has not formed a normal enzyme, ligand
covalent bond with the NAD in the ternary complex. wild type,
The nicotinamide ring in the NAD—-pyrazole complexes V292T, pyrazole 4-iodopyrazole
adopts a boat conformation where the nicotinamide N1 and subunit subunit subunit subunit
C4 atoms are not in the same plane as atoms C2, C3, C5, A B A B NAD*®
and C6 (Figure 3). The relevant angles and bond distancesbond lengths (&)
for the nicotinamide ring in the NAD-pyrazole complex l(\l:%—gg igg ig? i-ig i-ig 1'33‘15
re given in Table 5. rimposing th nzyme bindin 3 : . : : :
goem%ini of thgbs?rjctirizeof tEgSNEBtpflrggile )(/:oript))lef Y cac 1.53 15215 153 1398
' : C4-C5 147 145 152 149 1.384
and wild-type ADH complexed with NAD and 2,3,4,5,6- C5-C6 1.31 1.35 1.32 1.33 1.379
pentafluorobenzyl alcohol (determined to 1.1 A; unpublished ~ C6-N1 1.37 1.41 136 148  1.347

results) shows that the puckering of the nicotinamide ring ~ ¢4-N2 (pyrazole)  1.70 173 176 175

L . Zn—N1 (pyrazole) 2.14 2.15 2.22 2.20
allows Thr-178 to move about 0.2 A toward the nicotinamide puckering geometfy

ring (Figure 4). This small movement appears to be = gN1 (deg) 14.0 8.9 16.3 17.4
significant and shows that the protein can adopt conforma-  aC4 (deg) 220 258 180 200

tions in which the residues could transiently strain the _ twist (A) 092 34 3.5 12
nicotinamide ring. 2 For the structure of the zwitterion determined by neutron diffraction

The V292S and V292T enzymes have similar kinetic at0.65 A 65). ® aN1 describes the angle between the planes defined

- by atoms C2N1-C6 and C2-C3—C6, aC4 is the angle between
constants and affinities for coenzyme (Table 1). However, planes defined by atoms G&4—C5 and C2-C3—C6, and twist is

the V292S enzyme crystallizes in the open form in the e gistortion of the boat as calculated by the distance in angstroms
presence of NAD and pentafluorobenzyl alcohol5) between C5 and the plane defined by atoms-C3—C6 (39).

whereas the V292T enzyme crystallizes in the closed form
in the presence of NADand pyrazole. That V292T ADH  stabilization of the ternary complex by the formation of the
crystallizes in a closed conformation may be due to the NAD*—pyrazole adduct. We concluded previously that the
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V292S enzyme also adopts a closed conformation during binding and the conformational equilibrium, which could

catalysis 9).
DISCUSSION

Amino acid residues in the nicotinamide binding site are
involved in the binding and preorganization of the nico-

arise because of effects in either conformational state.
Nevertheless, we think it is significant that Val-292 is
adjacent to residues 29298, which form a loop that
undergoes a large conformational change upon the binding
of coenzyme and allows the catalytic and coenzyme binding
domains to move closer togeth&g]. In the open and closed

tinamide ring for catalysis, but the quantitative contributions ¢,.ms of the wild-type enzyme, Val-292 has essentially the
to catalysis need to be established. Decreasing the stericgyme conformation. Ser-292 is accommodated in the open

interactions of the protein with the nicotinamide ring should
give the nicotinamide more room in which to move and may
allow conformations that are not productive for hydride

transfer. On the basis of the reported 40-fold decrease of

Keal Kim,benzyt aiconotVith the V203A substituted enzym8)( we

conformation without causing steric hindran&g, @nd Thr-
292 makes the same interaction with the nicotinamide ring
in the closed conformation as Val-292 of the wild-type
enzyme does (Figure 2). However, a new water molecule is
hydrogen bonded to the hydroxyl groups of Ser-292 and Thr-

expected that the substitutions would have large effects onygo (Figure 2), and residues in the loop are slightly shifted

the rate constants for hydride transfer. We further expected

that the rate constants might correlate with the changes in

in both structures relative to the wild-type enzyme. After
superimposing thet-carbons of the structures of the wild-

the size of the side chain of the substituted residue. Thetype (PDB entry 8ADH) and V2925 (1JU9) enzymes in the

kinetic studies on the alcohol dehydrogenases with substitu-

tions in the nicotinamide binding pocket show that the
substitutions have significant, but modest, effects on the
catalytic efficiencies of the enzymes for the oxidation and
reduction reactions\vy/Ky, Vo/Kp; Table 1) and on the rate
constants for hydride transfer for benzyl alcohol oxidation
and for coenzyme binding (Table 3).

Effects of the Substitutions on Coenzyme Bind8gh-
stitutions of Val-292 decreased affinities for NADand
NADH (Table 1); decreases ikonnapt @and increases in
Kot napt @NdKor napn TOF the substituted enzymes can account
for these effects (Table 3). As described previously for the
V292S enzymeR), the substitutions at position 292 probably
decrease affinity for coenzyme by perturbing the equilibrium
of the conformational change of the enzynmenzyme
complex. When horse liver ADH binds coenzyme, a rotation
of about 10 brings the catalytic domain closer to the
coenzyme binding domain to create the closed form of the
enzyme 85—37). For the wild-type enzyme, a limiting rate
constant of 540 ¢ for binding of NAD" at saturating

open conformation, with an rmsd of 0.36 A, residues-292
298 superimpose with an rmsd of 0.48 A. Likewise, after
superimposing the structures of the wild-type (1N92) and
V292T (IN8K) enzymes in the closed conformation, with
an rmsd of 0.11 A, residues 29298 superimpose with an
rmsd of 0.18 A. The structural effects of the substitutions at
Val-292 are subtle but apparently sufficient to perturb the
energetics of the flexible loop during the conformational
change so that the affinity for coenzymes is changed by 30
75-fold. For comparison, the Gly293Ala and Pro295Thr
substitutions may lock the enzyme in the open form, and
they decrease affinity for coenzymes-4@40-fold 38).
Structures of the Enzym&AD"—Pyrazole Complexes.
The near-atomic resolution for the structures of the V292T
ADH—NAD"—pyrazole and wild-type ADHNAD*—4-
iodopyrazole complexes shows that the nicotinamide rings
are in a boat conformation (Figures 3 and 4). The puckering
is associated with the formation of a partial covalent bond
between C4 of the nicotinamide ring and a nitrogen of the
pyrazole. This puckered conformation may mimic the

concentrations was observed, and rate constants for anconformation of the nicotinamide ring at the transition state

isomerization, which is probably related to the conforma-
tional change, could be determined from analysis of the
transient datal9). The rate constants for the binding of
NAD™ with the T178S, V292S, V292T, and V292A enzymes
depended directly on NADconcentration (up to 200°9),

of the catalyzed reaction. The €84 and C4C5 bond
distances (average of 1.50 A; Table 5) reflect the change
from aromatic (1.39 A) to single bond character. Although
pyrazole does not appear to be a transition-state analogue,
as it does not resemble an alcohol, the geometry of the

and no limiting rate was observed with the stopped-flow complexes (Figure 4) shows that the position of N1 of the

instrument used in the present studies. Thus, a unique set opyrazole is close to that of O1 for a bound alcohol and N2
rate constants for the isomerization could not be determined.of pyrazole (which must be negatively charged before it

Nevertheless, the decreased affinities and rate constants fofeacts with the NAD) is close to the position expected for

binding of NAD' and the increased turnover for benzalde-
hyde reduction\{;) indicate that the substitutions at position

a hydride ion in flight.
The puckered nicotinamide ring of NAOs not observed

292 must increase the rate constant for the isomerization ofin the structure of the wild-type ADHNAD™—pentafluo-

the enzyme-NAD* complex from the closed to the “open”

robenzyl alcohol complex (Figure 4), and puckering has not

conformation. As discussed previously for the V292S peen described before in any other structure of an enzyme
enzyme, a 4-fold increase in the rate constant could accounicomplexed with NAD and a relevant substrate analogue. A
for the results §). Similar analysis indicates that the twisted boat conformation has been observed for the reduced
substitutions of Val-292 could shift the equilibrium constant nicotinamide ring in a Comp|ex with horse liver ADH' but
for “closing” from 10 to values in the range from 1t0 3. thjs seems to involve reaction of water with C6 of the
The three-dimensional structure for the binary complex nicotinamide ring 89). The relevance of this structure for
of the V292S enzyme with NAD is in the open conformation, the catalytic mechanism is not apparent because no such
whereas the structure for the ternary complex of the V292T water is observed in other ternary complexes that resemble
enzyme is closed. Examination of the structures does nota Michaelis complex (PDB entries 1HLD, 1N8K, 1MGO,
provide a simple explanation for the effects on coenzyme 1AXE, 20HX, 1LDE, 1LDY, 1BTO, 3BTO, and 1E3]).
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Quantum mechanical/molecular mechanical calculations for hydride transfer, and the hydride dor@cceptor distance
on the oxidation of benzyl alcohol by ADH suggest that the is increased, resulting in a 16-fold decrease in the rate
nicotinamide ring of NAD adopts a boatlike conformation  constant for hydride transfer.

in the transition statedj. The calculations show that the C4 In contrast, the V292T substitution causes a 2.5-fold
and N1 atoms deviate from the plane of the other atoms in decrease in the rate constant for hydride transfer from benzyl
the nicotinamide ring by as much as°l@nd 10, respec- alcohol (Table 3) apparently without changing the steric

tively. Molecular dynamics simulations on the wild-type interactions with the nicotinamide ring (Figure 2). The
ADH—-NADH—benzaldehyde complex show that fluctua- decrease in the rate constant for hydride transfer could be
tions of the protein cause the nicotinamide ring of NADH due to the new hydrogen bond network formed between Ser-
to bend, with angles for the deviation of C4 being as large 182, Thr-292, the new water molecule, and Val-290, which
as 20 (40). Resonance Raman experiments that examinedperturbs the dynamics at the active site (Figure 2). The
NADH bound to lactate dehydrogenase suggest that therelatively small decrease in the hydride transfer rate constant
nicotinamide ring of NADH attains a puckered conformation could mean that dynamics do not have a large role in
with C4 being about 150ut of the plane of the ringl@). catalysis or that the dynamics are only slightly perturbed by
It has been argued that the nicotinamide ring does notthe V292T substitution. The isotope and temperature de-
pucker during catalysis by ADH because no seconday pendencies of the reactions catalyzed by the V292S enzyme
isotope effect at the N1 position of the nicotinamide ring suggest that, even with the decrease in steric interactions
was observed4(). It was expected that N1 should change with the nicotinamide ring, the motions of the protein and
bond order as the nicotinamide ring attains a boat conforma-substrates may be involved in facilitating the chemical
tion. However, computational studies on the effect of ring reaction b).
deformation on the aromaticity of benzene suggest that the The lack of puckering of the nicotinamide ring in the wild-
aromatic nature is retained when the carbons are puckeredype ADH—NAD*—pentafluorobenzyl alcohol complex,
out of the plane of the ring by as much as’{82). If the which appears to resemble the ground state of the reaction,
nicotinamide ring of NAD retains its aromatic nature while  suggests that the ring is not substantially destabilized by the
puckering and there is no change in bond ordei>N ground state binding interactions. The dynamic motions of
secondary isotope effect at the N1 position is not expected.the protein, acting through the amino acid residues in the
Nevertheless, the observation of the puckered nicotinamidenicotinamide binding site, may assist in straining the nico-
ring in the ADH-NAD "—pyrazole complexes together with tinamide ring and moving the substrates from the ground
the resonance Raman and computational results supports thetate to the transition state positions. The effects of the amino
idea that the nicotinamide ring can adopt a conformation that acid substitutions in the nicotinamide binding site on the rates
brings the reacting carbons of the substrates closer togetheof hydride transfer to NAD (Table 3) and the movement
and lowers the barrier for the transition state of the reaction. of Thr-178 toward the nicotinamide ring (Figure 4) suggest
Effects of the Substitutions on the Hydride Transfer Step. that the interactions of the protein can assist in destabilizing
Substitutions of amino acid residues in the nicotinamide the nicotinamide ring. These effects are consistent with the
binding site have significant effects on the rate constant for results from two different calculations on the reactions
hydride transfer from benzyl alcohol. The effects are not catalyzed by alcohol dehydrogenase, which found a correla-
drastic, however, with the largest being a 16-fold decreasetion between the interactions of Val-203 and Thr-178 and
(Table 3). We might expect larger changes (greater than 100-the activation energy for the reactiod)(and increased
fold) when a residue that interacts with a substrate is fluctuations of the Val-203 and Thr-178 side chains in the
substituted. The modest effects of the substitutions suggestransition state region of the reactio8).(
that no single residue in the nicotinamide binding site  The V203A enzyme has diminished tunneling as compared
controls catalysis and therefore that many residues areto the wild-type enzyme 8), which suggests that the
involved in facilitating hydride transfer. The substitutions substitution does not allow reacting carbons to get close
in the nicotinamide binding site could affect the rate constant enough together for tunneling to occur. Since the rate
for hydride transfer by decreasing the steric interactions with constant for hydride transfer is not severely affected by the
the nicotinamide ring, by perturbing the dynamics of the diminished tunneling (16-fold decrease), it appears that
protein and nicotinamide ring, or by a combination of the tunneling does not make a large contribution to catalysis by
two mechanisms. alcohol dehydrogenase, relative to the overall rate of ac-
The effects of the T178S, V203A, V292A, and V292S celeration caused by the enzyme. This is supported by the
substitutions on hydride transfer are consistent with the ideacalculations on the reaction catalyzed by alcohol dehydro-
that removing methyl groups from the amino acid side chains genase, which suggest that tunneling makes a small contribu-
that interact with the nicotinamide ring gives the nicotinamide tion, about 2-fold, to the overall rate accelerati@®) 9).
ring more room in which to move and to access orientations However, the involvement of tunneling in the reaction is
that are not productive for hydride transfer. This mobility important for what it reveals about the involvement of protein
would lead to a decrease in the rate constants for hydrideand substrate dynamics in the chemical steps of the reactions
transfer 43). The structure of the V203A ADHNAD"— catalyzed by alcohol dehydrogenase and other enzyfdes (
trifluoroethanol ternary comple»8) shows that the increase  45).
in space behind the nicotinamide ring, due to the V203A  The effects of the amino acid substitutions on the enzyme
substitution, allows the nicotinamide ring to rotate about kinetics suggest that the residues in the nicotinamide binding
5-6° around the CZN1 glycosidic bond toward the site contribute not only to the rates of hydride transfer but
substituted residue and away from the alcohol. This resultsalso to the energetics of the conformational change that
in a conformation where C4 may not be optimally oriented occurs upon coenzyme binding. Calculations on the reactions
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catalyzed by alcohol dehydrogenase suggest that the equi- 18
librium motions of the residues in the nicotinamide binding 19
site are coupled to the reaction coordinate for hydride transfer
(3, 4, 46, 47). However, the exact motions and their
correlation with the chemical step are not known. The 5
experimentally measured rate constants for hydride transfer

should be useful information for the computational efforts 22.
that are determining the contribution of protein dynamicsto 23.

catalysis by alcohol dehydrogenase.
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