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ABSTRACT. The relationship between substrate mobility and catalysis was studied with wild-type and
Phe93Ala (F93A) horse liver alcohol dehydrogenase (ADH). Wild-type ADH binds 2,3,4,5,6-pentafluoro-
benzyl alcohol in one position as shown by X-ray results, #8dNMR shows five resonances for the
fluorines of the bound alcohol. The twoetafluorines exchange positions with a rate constant of about

4 s71, indicating that mobility (ring flipping) of the benzyl alcohol is relatively restricted. The wild-type
enzyme binds 2,3-difluorobenzyl alcohol in two alternative conformations that are related by a ring flip
and a small translation of the fluorinated benzene ring, ané’EhEMR spectrum shows three resonances

for the two bound fluorines, consistent with the two orientations. Phe-93 interacts with the bound benzyl
alcohols, and the F93A substitution decreases the rate constants for hydride transfer for benzyl alcohol
oxidation and benzaldehyde reduction by 7.4- and 130-fold, respectively. The structure of FO93A ADH
crystallized with NAD" and 2,3,4,5,6-pentafluorobenzyl alcohol is similar to the structure of the wild-
type enzyme complex except that the pentafluorobenzyl alcohol is not found in one positioffFThe
NMR spectrum of the F93A ADHNAD *—pentafluorobenzyl alcohol complex shows three resonances
for the bound fluorines. Line shape analysis of the spectrum suggests the bound pentafluorobenzyl ring
undergoes rapid ring-flipping at about 20 00G.sThe F93A substitution greatly increases the mobility

of the benzyl alcohol but modestly and differentially decreases the probability that the substrate is
preorganized for hydride transfer.

Theories of enzyme catalysis invoking three point attach- of benzyl alcohol and good inhibitors of horse liver alcohol
ment for stereoselectivityl], ground-state destabilizatioR)( dehydrogenase. X-ray crystallography shows that penta-
or transition state stabilizatiorB) imply that substrates are  fluorobenzyl alcohol binds in a single conformation in the
firmly bound to enzyme active sites. However, examination substrate binding pocket, in a mode that appears poised for
of motions of substrates or inhibitors bound to enzyme active hydride transferZ3). The fluorinated alcohol interacts with
sites show the bound molecules can have significant mobility several amino acid residues, including Phe-93, and rotation
(4—10). The relationship between the dynamics of bound of the benzene ring would require movement of several
substrates and the rate of the chemical step of the catalyzedesidues. Since the rotation requires the local changes in
reaction is not well understood. Substrate motions are protein conformation, the rotation of the phenyl rings of
considered to be important for the preorganization that inhibitors bound to enzymes can define the time scale of
facilitates catalysis1(1—14). Preorganization involves the protein motions at the active sit@4).

appropriate arrangement of the protein and the substrates so To elucidate the roles of substrate motions in catalysis,
that the chemical environment is primed for the reaction. we determined the effects of the F9B£ubstitution on the
Protein and substrate dynamics are involved in the alcoholrates of catalysis and examined the binding of fluorinated
dehydrogenase reaction, which proceeds with hydrogenhenzyl alcohols to wild-type and F93A alcohol dehydro-
tunnellng 0.5—22), but how motions facilitate CatalySlS IS genases using9F NMR and X-ray Crysta”ography_ The
not known. Studies on the mobility of enzyme-bound results provide quantitative information on the relationship

substrates or inhibitors are required to understand how thepetween substrate mobility and the chemical step of catalysis.
dynamics at the active site affect catalysis.

2,3,4,5,6-Pentafluorobenzyl alcohol, 2,4-difluorobenzyl EXPERIMENTAL PROCEDURES
alcohol, and 2,3-difluorobenzyl alcohol are close analogues ) _ ) )
Materials. Wild-type crystalline horse liver alcohol de-
tThis work was supported NIH Grants T32 GMO8365 and hydrogenase (EE isoenzyme), LINADand NaNADH were
AA00279. purchased from Roche Molecular Biochemicals. 2,3,4,5,6-

*The X-ray coordinates and structure factors have been deposited
in the RCSB Protein Data Bank with the entry names 1MGO for the

F93A enzyme crystallized with NADand 2,3,4,5,6-pentafluorobenzyl 1 Abbreviations: ADH, alcohol dehydrogenase; PFB, 2,3,4,5,6-
alcohol and 1MGO for the wild-type enzyme complexed with NAD  pentafluorobenzyl alcohol; 2,3-DFB, 2,3-difluorobenzyl alcohol; 2,4-
and 2,3-difluorobenzyl alcohol. DFB, 2,4-difluorobenzyl alcohol; F93A, substitution of Phe-93 with

* Corresponding author. E-mail: bv-plapp@uiowa.edu; phone: 319- Ala; rmsd, root-mean-square deviatidp, mixing time; NOE, nuclear
335-7909; fax: 319-335-9570. Overhauser effect.
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Pentafluorobenzyl alcohol (98%), 2,4-difluorobenzyl alcohol uM pentafluorobenzyl alcohol with an equal volume ef&0
(99%), and 2,3-difluorobenzyl alcohol (94%) were purchased mM pyrazole and 2 mM NAD, while measuring the

from Aldrich. Benzyl alcohole,a-d; (98.6% D) was from

increase of absorbance at 294. The progress curves were

MSD Isotopes. Deuterium oxide (99.9% D) was purchased fitted to an equation that describes a first-order process. The

from Aldrich. The trifluoroacetic acid was from Pierce.
(4R)[4-H]NADD was prepared from NAD and ethanobs
(Aldrich, 99+% D) with yeast alcohol dehydrogenassy

observed rate constants at the varied concentrations of
pyrazole were fitted using the HYPER progra28)(to obtain
the rate constant for the dissociation of pentafluorobenzyl

and purified on a DEAE-Sepharose column developed with alcohol.

a linear gradient of 16250 mM sodium phosphate buffer,

X-ray CrystallographyThe wild-type horse liver alcohol

pH 8. Benzyl alcohol and benzaldehyde were redistilled. The dehydrogenase used for the crystallography was recrystallized

FI93A enzyme was expressed in Bacherichia coliXL1-
Blue strain containing the plasmid pBPP/F9326), and
purified according to the published procedw2@)( The FO3A

in 10 mM sodium phosphate buffer, pH 7.0, with 10%
ethanol. These crystals were dissolved in a buffer containing
about 0.5 M KCI and dialyzed against 50 mM ammonium

enzyme was judged to be more than 95% pure as determined\-[tris(hydroxymethyl)methyl]-2-aminoethanesulfonate buffer,
by polyacrylamide gel electrophoresis in the presence of 0.25 mM EDTA, pH 6.7 (measured at 2&) until the KCI

sodium dodecyl sulfate.
Kinetic StudiesThe buffer was 33 mM sodium phosphate
and 0.25 mM EDTA, pH 8, at 25C. Coenzyme concentra-

and ethanol were removed. The enzyme solution was
clarified by centrifugation. The crystals of the 2,3-difluoro-
benzyl alcohol ternary complex were produced by dialysis

tions were determined by absorbance at 260 or 340 nm. Theof 10 mg/mL enzyme against 11% 2-methyl-2,4-pentanediol

concentration of enzyme active sites (N, normality) was

determined by titration with NAD in the presence of
pyrazole £8). Enzyme activity was determined on a Cary
118C spectrophotometer or an SLM 4800C fluorimefgy (
= 340 nmA.m = 460), with computer fitting of the progress

curves to obtain the initial velocities. The isotope effects on

the initial velocities for benzyl alcohol oxidation were

determined by measuring the initial velocities at a fixed

concentration of 2 mM NAD with varied concentrations

of protio and deuterio benzyl alcohol. The isotope effects

in 50 mM ammoniumN-[tris(hydroxymethyl)methyl]-2-
aminoethanesulfonate buffer, 0.25 mM EDTA, pH 6.7, with
1 mM NAD* and 17 mM 2,3-difluorobenzyl alcohol. The
final concentration of 2-methyl-2,4-pentanediol was raised
to 25%. The crystals of the F93A enzymiAD'—2,3,4,5,6-
pentafluorobenzyl alcohol ternary complex were produced
by dialysis of 26 mg/mL enzyme against 13% 2-methyl-
2,4-pentanediol in 50 mM ammoniuril-[tris(hydroxy-
methyl)methyl]-2-aminoethanesulfonate buffer, 0.25 mM
EDTA, pH 6.7 (measured at 25C), with 20 mM NAD*

for benzaldehyde reduction were obtained by varying both and 100 mM pentafluorobenzyl alcohol. The final concentra-
the substrate and coenzyme concentrations, and the data wergon of 2-methyl-2,4-pentanediol was raised to 20%.

fitted to the equation for a sequential bi reaction. The steady-

state kinetic data were fitted using Cleland’s prograg}.(
A BioLogic SFM3 stopped-flow instrument (dead time of

The data for the 2,3-difluorobenzyl alcohol ternary com-
plex were collected at 100 K with an R-Axis W+ mounted
on a rotating anode generator. Two data sets for the F93A

2.4 ms) was used to study the transient kinetics, and theenzyme-NAD ™—pentafluorobenzyl alcohol ternary complex
BioKine software was used for data analysis. The transientwere collected using the same crystal and were merged

oxidation reactions were studied with A0l enzyme, 2 mM
NAD*, and 10-240 uM benzyl alcohol or 33400 uM
benzyl alcohole,a-d,. The reduction was studied with 10
uN enzyme with 50uM NADH and 40-300 uM benz-
aldehyde or 10tM NADH or 100 uM NADD and 50—
5300uM benzaldehyde. An extinction coefficient of 5500
M-t cm™® at 328 nm was used for the difference in
absorption of NADH and NAD bound to the enzyme and
its complexes30). Values for the microscopic rate constants

during processing. A low-resolution data set206 A) was
collected with an R-Axis I+ detector and the high-
resolution data set (1-61.2 A) was collected at the IMCA-
CAT beam line at the Advanced Photon Source.

The data sets for the wild-type and F93A enzyme
complexes were processed using d*TREK (Molecular Struc-
ture Corp.). The structures were solved by molecular
replacement using AMORE3R) and the coordinates for the
refined wild-type ADH-NAD*-2,3,4,5,6-pentafluorobenzyl

were estimated by progress curve analysis using the kineticalcohol complex (1hld) as a mode?3). For the molecular

simulation program, KINSIM, and the automatic fitting
routine, FITSIM B1). An extinction coefficient of 26 M*

replacement the catalytic domains (residuesl5, 319~
374) and coenzyme binding domains (residues—1¥18)

cm ! at 328 nm for the absorption of benzaldehyde was usedwere treated independently of each other. The structures were

for the simulation and fitting of the benzaldehyde reduction refined by cycles of restrained refinement with REFMAC

traces. Twenty progress curves, 9 for benzyl alcohol oxida- (33) and model building with the prograf (34). The NAD*

tion and 11 for benzaldehyde reduction, were used for fitting. and fluorinated alcohols were not included in the initial
Transient kinetics were also used to determine the raterefinement of the models. The F93A substitution was made

constant for dissociation of 2,3,4,5,6-pentafluorobenzyl in the model only after clear negative density for the phenyl

alcohol from the wild-type enzymeNAD™—pentafluoro-
benzyl alcohol ternary complex, by trapping the IRAD*
complex with pyrazole. The enzym®&AD*—pyrazole
complex absorbs at 294 nrg). At saturating concentrations
of pyrazole the formation of the-ENAD*—pyrazole com-
plex is limited by the dissociation of pentafluorobenzyl

ring appeared in theéF,—F; map. The structures were
checked using WHATIF35) and PROCHECK 36).

1%F NMR SpectroscopyFor the wild-type ADH ternary
complexes, 100 mg of crystalline horse liver ADH from
Roche was dissolved in 2 mL of 1 mM sodium phosphate,
0.1 M sodium sulfate buffer, pH 8, and about 0.5 M KCI. It

alcohol. The rate constants were determined by mixing a was then dialyzed against 1 mM sodium phosphate, 0.1 M

solution containing 2&N enzyme, 2 mM NAD, and 100

sodium sulfate buffer, pH 8, until the KCI was removed.
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Table 1. Steady State Kinetic Constants with Benzyl Alcohol and
Benzaldehyde for Recombinant Wild-Type and F93A Enzymes

kinetic constant rADH F93A ADH
Ka (uM) 3.7 4.6
Kp (M) 23 18
Kp (uM) 30 1090
Kq (M) 1.7 0.26
Kia (uM) 31 A
Kig (uM) 0.4 0.036
Vi (s 2.2 0.31
Va(sY) 22 2.0
Vi/Kp (MM—1s572) 96 18
VolKp (MM~1s71) 700 1.8
Keq (PM)¢ 40 70
turnover number (3¢ 11 0.24
Ki pentafluorobenzyl alcohol«M) 3.0 51

aKinetic constants were determined at 25 in 33 mM sodium
phosphate and 0.25 mM EDTA buffer, pH 8K, Ky, K, Kq are the
Michaelis constants for NAD benzyl alcohol, benzaldehyde, and
NADH, respectivelyKi. andKjq are the inhibition constants for NAD
and NADH, respectivelyV is the turnover number for benzyl alcohol
oxidation, andV, is the turnover number for benzaldehyde reduction.
The standard errors of the fits were25%. ® Recombinant wild-type
enzyme from re22. ¢ From ref26. 4 Keq is the Haldane relationship
calculated from V1K Kig[H"1/VKiKia. Values for the equilibrium
constant have been estimated to be-38 pM (561-53). ¢ Turnover
number determined in a standard enzyme assay 4C2(54), based
on titration of active sites.

The enzyme solution was clarified by centrifugation and

assayed for activity. Deuterium oxide was added to make

the solution 10% BO. The sample was concentrated to a
volume of 0.5 mL using a Millipore centrifugal filter unit.
Fluorinated benzyl alcohol, LINADand trifluoroacetic acid

Table 2. Kinetic Isotope Effects and Rate Constants for the
Oxidation of Benzyl Alcohol and Reduction of Benzaldehyde by the
Wild-Type and FO93A Enzymés

kinetic parameter wild-type ADH F93A ADH
Pv,P 1.4+0.1° 1.1+0.1
PV4/KP 1.6+ 0.5 25+04
PV,P 1.1+0.1° 29+0.2
PV,/K P 1.6+ 0.5 3.2+0.2
kmax, oxidation(sil)d 24 + 4° 3.3+ 0.6
Kmax, reduction(S ™ 1)¢ 320+ 5C¢° 224+0.2
kaax, oxidation 3.6+ 0.5 4+1
Pkimax, reduction 1.9+ 0.3 3.44+0.2

a Experiments were performed at 25 in 33 mM sodium phosphate
and 0.25 mM EDTA buffer, pH 8 The superscript D represents the
ratio of kinetic constants with protio and deuterio substret€som
ref 55. ¢ Maximum rate constant for the transient oxidation of benzyl
alcohol (20-250 uM) at a fixed concentration of 2 mM NAD or
benzaldehyde (0.055.3 mM) at a fixed concentration of 100M
NADH. The maximum rate constant was determined by fitting the
observed rate constants with the program HYPE®. (¢ From ref40.

andV,/K, to essentially the same value (Table 2) suggests
that hydride transfer has become more rate limiting for
benzaldehyde reduction.

The transient kinetics were studied to determine the effects
of the FO3A substitution on the rate constants for each step
in the mechanism. The rate constants for the transient
coenzyme binding reactions were determined previo@sy (

The transient reaction for the oxidation of benzyl alcohol
catalyzed by the FO3A enzyme has an initial exponential
“burst” phase controlled by hydride transfer, followed by a
steady-state phase controlled by coenzyme release. The

(titrated to pH 7.3) were added to the enzyme solution and "®&ction progress curves are similar to those for the transient

the sample volume was adjusted to 0.6 mL by addition of
buffer containing 10% BD. The F93A ADH-NAD*—

oxidation of alcohols by the wild-type enzyméQj. With
the FO93A enzyme the rate constant for the burst phase at

pentafluorobenzyl alcohol sample was prepared using theSaturating concentrations of benzyl alcohighs; oxidatio IS
same procedure except the purified enzyme was concentrated -fold lower than theknax for the wild-type enzyme (Table

to 10 mg/mL before dialysis against the 1 mM sodium
phosphate, 0.1 M sodium sulfate buffer (pH 8). The 1D
fluorine 1°F NMR spectra were collected with a 500 MHz
Varian spectrometer. The 2BF°F-EXSY NMR spectra
(37) were collected with a 300 MHz Bruker spectrometer,
using mixing times of 25200 ms. All samples contained
10% D,O for the transmitter lock and 5@M trifluoroacetic
acid for chemical shift referencé&; values were determined
by the inversionr-recovery method38), andT, was calcu-
lated from the line width of the peak. The program Mexico
(39) was used to fit the line shape of thé83.9 ppm peak in
the spectrum of the F93A ADHNAD *—pentafluorobenzyl
alcohol ternary complex.

RESULTS

Kinetics of F93A ADH Initial velocity data for the
oxidation of benzyl alcohol and reduction of benzaldehyde,

2). The substrate isotope effect on gy for benzyl alcohol
oxidation Pkmax, oxidatio) iS Similar for both enzymes.

Transient reduction of benzaldehyde by the FO3A enzyme
differs from the wild-type enzyme in that it lacks an
exponential burst phase. Thgax of 2.2 s for hydride
transfer to benzaldehyde for the F93A enzyme is decreased
145-fold from the rate constant of 320'sobserved with
the wild-type enzyme (Table 2). THg.x for benzaldehyde
reduction by the F93A enzyme has almost the same value
asV,, thekes for benzaldehyde reduction under steady-state
conditions. The kinetic isotope effects are also similar for
both the transient and steady-state experiments (Table 2).
This suggests that the hydride transfer step, not the coenzyme
release step, is rate limiting for benzaldehyde reduction by
the F93A enzyme.

The microscopic rate constants for benzyl alcohol oxida-

tion and benzaldehyde reduction were estimated from the
simulation and fitting of the transient data by KINSIM/

with systematically varied concentrations of coenzyme and FITSIM (Table 3). Even though the rate constant for hydride
substrate, were collected for the F93A enzyme and fit to the transfer k;) has decreased 7-fold for benzyl alcohol oxidation

equation for a sequential bi reaction (Table 1). The F93A
substitution significantly affects the kinetic constants, in-
creasing affinity for NADH by 10-fold, as measured by the
inhibition constant, and decreasing the turnover numbérs (

andV,) for the oxidation and reduction reactions, by about
10-fold (Table 1). The increase of the isotope effectd/pn

with the FO3A enzyme, the rate constant for the release of
NADH (ks) has also decreased and remains the rate-limiting
step in benzyl alcohol oxidation (Table 3). Due to the large
decrease of the rate constant for hydride transfer to benz-
aldehydeK_3), hydride transfer is limiting for benzaldehyde
reduction catalyzed by the F93A enzyme, in contrast to the
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Table 3. Estimated Rate Constants for the Oxidation of Benzyl
Alcohol and Reduction of Benzaldehyde by Wild-Type and F93A
Alcohol Dehydrogenasés

Table 4. X-ray Data and Refinement Statistics for F93A and
Wild-Type ADH Complexed with NAD and Fluorobenzyl
Alcohols

Reaction scheme: kq ky enzyme F93A wild-type
E === E-NAD" === E-NAD"-RCH,OH alcohol pentafluorobenzyl  2,3-difluorobenzyl
ks k2 PDB entry 1MGO 1MGO
ks ks ks space group P1 P2
=== E-NADH-RCHO E-NADH =—=E molecules per unit cell 1 2
ka ks ks cell dimensions, A 44.1,51.3,935,  50.1,180.3, 86.9
- cell angles, deg 91.9,103.0,109.8 90.0, 105.9, 90.0
rate constant wild-type ADM F93A ADH resolution range, A 20:601.2 20.6-1.8
ki (M~1s™Y) 1.2 (& 0.12)x 1P 1.9 & 0.18)x 10 measured reflections: 199422, 455785 118298, 243387
ko1 (sh 56+ 6 220+ 2 unique, total
ko (M~ts™) 3.7 0.37)x 1C¢° 8.7&4.1)x 1¢° completeness, % (outer shell)  86.6 (84.5) 88 (50)
koo (sh) 5845 110+ 50 Reym, % (outer shel) 7.3(29.0) 4.0 (18.0)
ks (s7Y) 38+3 5.1+ 0.2 mean<I>/g<I> (outer shell) 5.3 (1.5) 16 (3.1)
k(s 310+ 30 2.3+£0.1 Rialue Riree, teSt 98 18.8,21.0,1.0 17.9,21.4,1.5
ke (s79) 66+ 6 360+ 40 rsmd for bond distancés 0.019 0.012
kg (M1 8.3 0.83)x 10° 25&0.29)x 1P rmsd for bond angles 1.84 1.29
ks (s79) - 55+0.5 0.30+ 0.03 water molecules per dimer 465 453
1o Y y'C
ks M7's) 11E01)x 10 1.3 (E0.13)x 10 aRsym = (2|l — <I>])/Z<I>, wherel is the integrated intensity of

a given reflection® R.ae = (Z|Fo — kF|)/Z|Fo|, Wherek is a scale
factor. The Ryee (56) values were calculated with the indicated
percentage of reflections not used in the refinemeRbot-mean-square
deviations (rmsd) from the ideal geometry of the final model.

a Determined from the simulation and fitting of the progress curves
for the transient oxidation of benzyl alcohol and the reduction of
benzaldehyde at pH 8 and 26. The data were fitted to the mechanism
shown. The benzyl alcohol oxidation reactions usegIGF93A ADH,

2 mM NAD", and 26-240 uM benzyl alcohol. The benzaldehyde
reduction reactions used LN F93A ADH, 50uM NADH and 40~
5300 4M benzaldehyde or 1@N F93A ADH, 50-5300 uM benz-
aldehyde and 10@M NADH P From ref40. ¢ From ref26.

fluorobenzyl alcohol bound to the active site zinc. Electron
density that could be due to the pentafluorobenzyl alcohol
is present at the active sites, but it is ambiguous and does
reduction by the wild-type enzyme where the rate constant not allow for fitting of the alcohol in a single conformation.
for NAD* dissociation is rate limiting (Table 3). The substitution opens up the substrate binding site and
The rate constants can be used to estimate dissociatiorallows the benzyl alcohol to bind in other conformations or
constants for the substratd&; for benzyl alcohol K-,/k,) undergo more large scale motions. The pentafluorobenzyl
has increased from 0.016 mM for the wild-type enzyme to alcohol can be modeled in the same position as seen in the
0.13 mM for F93A ADH, andKq for benzaldehydekg/k_,) wild-type enzyme structure, as well as in a conformation
has increased from 0.08 to 1.4 mM. The 8-fold decrease in that occupies the space created by the FO3A substitution. In
affinity for benzyl alcohol is similar to the 17-fold decrease the final structure, the electron density in the active site of
in affinity for pentafluorobenzyl alcohol (Table 1). The the B subunit was fitted with 2-methyl-2,4-pentanediol.
effects of the FO3A substitution on the rate constants for However, the electron density could be due to pentafluoro-
hydride transfer appear to be related to the altered bindingbenzyl alcohol bound in multiple conformations. The electron
of the substrates. density at the active site of the A subunit is not adequately
Structure of the F93A ADH Crystallized in the Presence modeled by methylpentanediol and could also be due to
of NAD" and Pentafluorobenzyl Alcoholhe structure of pentafluorobenzyl alcohol bound in multiple conformations,
the F93A enzyme was determined to evaluate the basis forwhich would include some in which the-carbon is not in
the decreases in the affinities for the benzyl alcohols. The the correct orientation for hydride transfer.
F93A enzyme crystallized with NADand pentafluorobenzyl The active sites should have bound pentafluorobenzyl
alcohol in a triclinic space group with one dimer in the alcohol because the inhibition constant for the pentafluoro-
asymmetric unit. The X-ray data and refinement statistics benzyl alcohol is 5kM, and the concentration of the alcohol
are summarized in Table 4. The structure of the F93A used in the crystallization was 100 mM. Indeed, a penta-
complex is very similar to the structure of wild-type ADH fluorobenzyl alcohol molecule is located farther down in the
complexed with NAD and pentafluorobenzyl alcoh@3). substrate binding pocket near the sulfur of Met-306 in subunit
The peptide backbone,&toms of the F93A and wild-type A, but not in subunit B, and an additional pentafluorobenzyl
enzyme dimers superimpose well, with a rmsd of 0.24 A. alcohol molecule is bound in a small cleft between Pro-136
The NAD', the catalytic zinc and the proton relay system and His-138 on the surface of the B subunit. These
are in the same positions and conformations in the F93A pentafluorobenzyl alcohols were modeled with partial oc-
and wild-type enzyme structure®d). The structure does not  cupancies, suggesting low affinities, and their binding
suggest how the F93A substitution affects affinity for NADH, probably is due to the very high concentration of penta-
but the structure of the binary enzymBADH complex fluorobenzyl alcohol. The binding sites are distant from the
could be different than the one with NAD coenzymes in the active sites and are not likely to be relevant
The major differences between the F93A and wild-type to catalysis.
enzyme structures are in the conformations of the leucine Structure of the Wild-Type ADHNAD*'—2,3-Difluoro-
side chains at the active site, in particular, Leu-116 (Figure benzyl Alcohol CompleXhe structure of the ADHNAD*—
1). This probably arises from the increased flexibility at the 2,3-difluorobenzyl alcohol ternary complex was solved to
binding site due to the F93A substitution. The structure of determine if the enzyme could distinguish the hydrogens
the F93A enzyme was refined without including penta- from the fluorines and bind the 2,3-substituted benzyl ring
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Ficure 1: Structural comparison of the 2,3,4,5,6-pentafluorobenzyl alcohol ternary complexes with FO3A and wild-type alcohol
dehydrogenase. The coenzyme binding domains of the F93A (white, PDB entry 1IMGO) and wild-type (black, PDB entry 1HLD) were
superimposed using the program The 2,3,4,5,6-pentafluorobenzyl alcohol (PFB) of the wild-type ADH complex is shown in gray.

Ficure 2: Alternative binding conformations of 2,3-difluorobenzyl alcohol at the active site of horse liver alcohol dehydrogenase. The
final 2|F, — F¢| electron density map covering the bound alcohols is shown (contoured aj.1.0

in one conformation.2,3-Difluorobenzyl alcohol binds to
the enzyme-NAD* complex, is a competitive inhibitor
against alcohols and is unreactive as a substrate K for
2,3-difluorobenzyl alcohol is 6.5 0.4uM at pH 8, 25°C.
The 2,3-difluorobenzyl alcohol ternary complex crystallized
in a monoclinic space group with two dimers in the

the motions of the atoms in the two conformations are the
same and should have the same temperature factors. This
assumption was made because the values for the temperature
factors and occupancies are highly correlated. Thus, the
occupancies for the atoms of the 2,3-difluorobenzyl alcohol
in the alternative conformations were adjusted during refine-

asymmetric unit. The X-ray data and refinement statistics ment so that the temperature factors would have similar

are summarized in Table 4.

Each of the four subunits has a “closed” conformation,
similar to the structures of other ternary complexzs; 41—
43). The NAD" is bound in the same position and interacts
with the same residues as described previoug8). (The
electron density for the fluorinated benzyl ring of the 2,3-
difluorobenzyl alcohol is best fit by two alternative confor-
mations of the ring that are related by a 186tation about
the C1 to C4 axis (ring flip) and a small translation (Figure
2). If the 2,3-difluorobenzyl alcohol is modeled in either one
of the two conformations, significant positive density in the

|Fo—F| difference electron density maps is present for the
atom positions for the other conformation. To determine the
relative occupancies of the conformations, we assumed tha

2With respect to the different positions for the binding of benzyl

alcohols, we use “conformation” in the sense that the inhibitors have

different orientations in the complexes.

values. The 2,3-difluorobenzyl rings at the active sites fit
best with equal (0.5:0.5) occupancies. The difference electron
density maps calculated with these occupancies showed no
significant positive or negative contours. The peptide back-
bones and the side chain rotamers of the residues in the active
sites of the four subunits superposition well. The only
exception is that the side chain of Leu-116 in the D subunit
has a slightly different rotamer conformation as compared
to the other subunits.

The 2,3-difluorobenzyl alcohol conformers are slightly
offset in the same plane as the ring, so the rings and
methylene groups of the conformers do not overlap. In one

of the conformations the prB-hydrogen points toward the

C4 of NAD™ and is oriented for hydride transfer, but in the
other conformation thpro-R hydrogen is pointed away from

the nicotinamide ring. The two conformations of the 2,3-
difluorobenzyl alcohol make different contacts with the
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Table 5. Contacts between Atoms of the 2,3-Difluorobenzyl A
Alcohol and the Enzyme and Coenzyme

con-
formation atoms distances (A) to residue, atoms

AorB Ol 2.6Ser480G 3.1NADNC5 3.1 His67 NE2

A C7 3.6NADNC4 3.7Phe93Cz

A C3 3.7Leull6 CD1 3.8Leull6 CD2

A C4 3.6Leu57CD1 3.6Leull6 CD2

A C5 3.6Leu57CD2 3.7 LeuldlCD1

A C6 3.1NADNO7 3.2NAD NC7 3.3 Ser48 CB 60 ~61 —62 ~63 ~64 ~65 66 ~67 68 ~69 ~70 ~71 'pp,,:
A F2  2.9NAD NC7 3.0NAD NO7 3.1 NADNC3

A F3 3.4Val294 CG2 3.5Leull6é CD2 3.8 Leu309 CD2 B
B C7 3.9NADNC4 4.0Phe93CZz

B C3 3.5Leull6CD1

B C4 3.8Leull6 CD1 3.5Leu294 CG2

B C5 35NADNO7 3.61le318CD1 3.7 Val294 CG2

B C6 3.2NADNC3 3.3NADNO7 3.4 NAD NC7

B F2  3.3Ser48CB 3.3Leu57CD2 3.8LeuldlCD1

B F3 3.1Leull6CD1 3.1Leu57CD1 3.5Leu57CD2

77317232 -33 _34 35 -36 -37 ~38 -39 -40 -41 -42  ppm
amino acid side chains in the active site (Table 5). The Ficure 3: 1D '%F NMR spectra of difluorobenzyl alcohol ternary
positions of the 2,3-difluorobenzyl rings probably differ complexes with wild-type alcohol dehydrogenase. (A) ABH
because of the differences in the bond lengths and van deNAD " —2.3-difluorobenzyl alcohol complex (boumdetafluorine,

. . —60.8 and—63.9 ppm; boundrtho-fluorine, —69.9 ppm). The
Waals radii for fluorine as compared to hydrogen. The length sample contained 3.5 mN ADH, 3.8 mM NAD3.8 mM 2,3-
of an aromatic carbonfluorine bond is 1.3 A 44), and difluorobenzyl alcohol. (B) ADH-NAD*—2,4-difluorobenzyl al-
fluorine has a slightly elliptical van der Waals radius of 1.34 cohol complex (boungara-fluorine, —35.3 ppm; boundrtho-
A (45). An aromatic carborhydrogen bond has a length of ~ fluorine, —39.5 and+—40.5 ppm). The sample contained 1.5 mN
1.1 A (44) and an aromatic hydrogen has a van der Waals AP 1.5 MM NAD", 1.8 mM 2,4-difluorobenzyl alcohol.
radius of 1.0 A £6). These differences make the van der
Waals contact radius for the side of the benzene ring with
the fluorines larger than that of the unsubstituted side and

Table 6. %F NMR Chemical Shifts for Fluorinated Benzyl Alcohols
Free and Complexed to Alcohol Dehydrogenases

can account for the offset ring positions of the alternative ortho meta para
conformations. The results show that binding of benzyl €nzyme
alcohol is flexible, which should affect the rates of catalysis. _Comp'ex free bound free bound  free bound
19F NMR Spectra of Fluorinated Benzyl Alcohols Bound W"g';y%eFB —70.0 —69.9 —64.1 —60.8,-63.9
o 10 ) 3-
to Wild-Type ADHThe 1D*F NMR spectrum of the 2,3 wild-type  —40.3 —39.5-405 _35.6 —35.3

difluorobenzyl alcohol ternary complex shows three broad- 5 4.prp

ened peaks (Figure 3A and Table 6). The sharp peaks atwild-type —69.6 —66.2,—69.4 —87.4 —82.7,—85.9 —79.6 —81.3

—63.3 and—66.9 ppm are due to impurities. The peaks at PFB

—63.9 and—69.9 ppm include both bound and free reso- F93APFB —69.6 —68.3 —87.4 —83.9 —79.6 —78.7

nances. The presence of three peaks for the bound species _aChemicaI shifts are in ppm and are referenced to trifluoroacetic

indicates that the 2,3-difluorobenzyl alcohol binds in more acid.

than one conformation, as shown by the X-ray results. The

spectrum does not show significant temperature dependencdor bound and free difluorobenzyl alcohol prevent determi-

between 4 and 43C (data not shown), which suggests the nation of the relative occupancies of each conformation from

exchange between the bound conformations is not rapid. Thethe integrals of the peaks for the bound ligand and the rate

19F, 9F-EXSY NMR spectrum of the 2,3-difluorobenzyl of exchange between the bound species through 2D EXSY

alcohol complex (data not shown) shows cross-peaks be-and saturation transfer experiments.

tween the peaks at60.8 and—63.9 ppm in the 1D spectrum. The spectrum of the ADHNAD™—2,3,4,5,6-pentafluoro-

The presence of cross-peaks suggest exchange is occurringenzyl alcohol ternary complex shows seven peaks (Figure

between the two resonances. However, since one of the4A and Table 6). The peaks at66.2 and—69.4 ppm are

resonances results from both free and bound species it isfrom the boundrtho-fluorines, but the peak at69.4 ppm

not clear how much of the cross-peak intensity is due to has both bound and free components. Thealues for the

exchange between the bound states and how much is due tdound fluorine atoms are about 1.5 s at’25 The line width

the exchange between the bound and free states. of the peak at-85.9 ppm, corresponding to a bounttta-
The 1D F NMR spectrum of the 2,4-difluorobenzyl fluorine, is 106 Hz at 23C. TheT; values for the unbound

alcohol ternary complex also shows three broadened peakdluorines are slightly different from those of the bound

for the bound inhibitor (Figure 3B and Table 6). The presence fluorines, with aT; of 1.45 s for the unboundrtho- and

of three resonances for two bound fluorines suggests thepara-fluorines and aT; of 1.8 s for the unboundneta

inhibitor binds in more than one conformation. The peaks fluorine. The spectrum for the pentafluorobenzyl alcohol

at —35.3 and—40.5 ppm in the spectrum of the 2,4- ternary complex does not show significant temperature

difluorobenzyl alcohol ternary complex include both bound dependence between 4 and 35 (data not shown), which

and free resonances (Table 6). The sharp peaks32t3 suggests that exchange between the bound resonances is not

and—35.4 ppm are due to impurities. The overlapping peaks rapid. The peaks slightly broaden as the temperature de-
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-66 -68 -70 -72 -74 -76 -78 -80 -82 -84 -86 ppm Ficure 5: Exchange rates determined by saturation transfer and

EXSY experiments. (A) Saturation transfer from the resonance at
—85.9 ppm to the resonance at82.7 ppm of the®r NMR
spectrum for the wild-type ADHNAD"-2,3,4,5,6-pentafluoro-

B benzyl alcohol complex. The fitted data give an observed exchange
rate constant of 1.2 0.1 s'1. The peak at-85.9 ppm was saturated
for increasing lengths of time, 0 to 0.15 s, in steps of 0.0075 s, and
the effects of the saturation on the integral of the peak &2.7
ppm was monitored. The measured integrals at each saturation time
were normalized to the integral of the peak-af9.6 ppm. The
normalized integrals (1) at time)(were fitted to the equation: t)(

L =[k-1/(1/T1 + k-1)]exp[(LTy + k-a)f] + [L/Ty/(1/T1 + k-1)] (57)

using NONLIN (68). (B) The change in the ratio of the integral of
the metafluorine peaks on the diagonahl) to the integral of the
A O ! metafluorine cross-peaks %) with the mixing time of the pulse
66 -68 -70 -72 -74 -76 -78 -80 -62 -84 -86 ppm sequencetf). The fitted data give an observed rate constant of 6.9
Ficure 4: 1D *F NMR spectra of 2,3,4,5,6-pentafluorobenzyl + 0.3 s1. The la/las at differentt, values was fitted to the
alcohol ternary complexes with wild-type and F93A alcohol equation: ha/las = {[1 + exp2ktn)]exp(—t-RI}4[1 — exp
dehydrogenase. (A) Wild-type ADHNAD*—2,3,4,5,6-pentafluoro- 2kt)]exp(—tyR)} (57) using NONLIN G8). R (1/Ty) is equal to
benzyl alcohol complex (bourmtho-fluorines,—66.2,—69.4 ppm; 0.76 s1.
freeortho-fluorines,—69.6 ppm; boungbara-fluorine, —81.3 ppm,

free parafluorine, —79.6 ppm; boundnetafluorines,—82.7 and

—85.9 ppm; freametafluorines,—87.4 ppm). The sample contained

2 mN ADH, 2 mM NAD" and 2.5 mM pentafluorobenzyl alcohol.

(B) F93A ADH—NAD*—2,3,4,5,6-pentafluorobenzyl alcohol com- Ppm

plex (boundortho-fluorines,—68.3 ppm; fre@rtho-fluorines,—69.6 | | L. l.90
ppm; freeparafluorine, —79.6 ppm; boungara-fluorine; —79.6
ppm, boundnetafluorines,—83.9 ppm; freametafluorines,—87.4 . »
ppm). The sample contained 0.68 mN F93A ADH, 0.7 mM NAD "
0.68 mM pentafluorobenzyl alcohol.
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creases from 25 to 4C, which is likely due to changes in
viscosity. The resonance at85.9 ppm has a line width of
150 Hz at 4°C. The chemical shift of theetapeak at—82.7
shifts about 0.8 ppm over the 31 degree temperature range.
A saturation transfer experiment was used to measure the
rate of exchange between the twwetafluorine atoms of | |
the enzyme-bound pentafluorobenzyl alcohol. The effect of i ? ! .' ° et

[ -80

--75

L 70

increasing saturation of the peak &a89.5 ppm on the 5

intensity of the peak at82.7 ppm was measured and fitted

to an equation based on a first-order decay equation (Figure .

BA). I?igting (’;he ?ailurat.ion)tra_nlsdfer data for: the peateaﬁljl o "85 70 75 .80 -85 .90 ppm

ppm (boundmetafluorine) yields an exchange rate of 1. . 1oe 1oe. -

sL The dqta from the saturatiqn transfer experiment show IEIIELE)R*'EEZ.,3,2:5,6F-[I)Ee)§'l?aYﬂl’:lol\ggi)Zgg)clltr:l?oﬁ]:)'ihceovn\'l]lpl)?egp'?héljsgmp|e

that there is not much magnetization transfer, only about ¢contained 2 mN ADH, 2.2 mM NAD, and 2.5 mM 2,3.4,5,6-

23%, between the peaks corresponding tomeeafluorines pentafluorobenzyl alcohol. Thig, for the spectrum was 150 ms.

of the bound alcohol during the saturation pulse. Even though The peaks corresponding to theetafluorines are indicated by the

the 0.15 s saturation pulse effectively removed the peak at3ray circles. The cross-peak due to the exchange is indicated by

- the dashed circle.

—85.9 ppm, the other peaks in the spectrum were not

severely affected (after the large effect of the saturation pulsefluorine cross-peak is due to the NOE between theriveta

on the intensity is accounted for). fluorines, which are 4.7 A from each other. This NOE
The °F, 19F-EXSY spectra of the wild-type ADH contribution to the cross-peak should be the same as the NOE

NAD*-2,3,4,5,6-pentafluorobenzyl alcohol ternary complex cross-peak between tipara- andortho-luorines, which are

show several cross-peaks between the five enzyme-boundhe same distance from each other asrttetafluorines but

fluorines (Figure 6). The cross-peaks are due to the confor-are not undergoing exchange. When the spectrum is collected

mational exchange of the fluorines or the NOEs between with at, of 25 ms, the integrals for the cross-peaks of the

the fluorines. A small portion of the volume of theeta metafluorines are six times larger than the integrals of the

- -65
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cross-peaks of thertho-andpara+esonances. This suggests
the cross-peaks of the two boumdetafluorines have a
significant contribution from the exchange that occurs as the
enzyme-bound pentafluorobenzyl ring undergoes a° 180
rotation. The peak integrals of tileetafluorine cross-peaks
and diagonal peaks at increasingralues were fitted to the
equation shown in Figure 5 and give a rate constant of 6.9
+ 0.3 s’ for the exchange (Figure 5B). The rate constant
obtained from fitting the change in the integrals of theta
andparafluorine NOE cross-peaks to the same equation is
1.0+ 0.2 s'% The rate due to the contribution of the NOE
intensity to the cross-peak should be the same fontat
fluorines as for thgpara- andortho-fluorines and subtracting
the rate of 1.0 s' from 6.9 s? gives 5.9 s! as the rate
constant for exchange, i.e., ring flipping.

The rate constant for the dissociation of 2,3,4,5,6-penta-
fluorobenzyl alcohol from the wild-type ADHNAD"—
2,3,4,5,6-pentafluorobenzyl alcohol ternary complex was
determined by measuring the rate at which the wild-type
ADH—NAD™ complex is trapped by pyrazole, once the penta-

fluorobenzyl alcohol dissociates. At saturating concentrations

of pyrazole, the rate constant for pentafluorobenzyl alcohol
dissociation is 0.5t 0.1 s'*. This rate constant is one-tenth
the value of the constant calculated for ring flipping.

%F NMR Spectrum of the F93A ADHNAD"—2,3,4,5,6-
Pentafluorobenzyl Alcohol Ternary Compl&he °F NMR
spectrum of the F93A ternary complex was examined to
determine the effects of the substitution on the mobility of
the bound pentafluorobenzyl alcohol. The spectrum for the
fluorines of the pentafluorobenzyl alcohol bound to the F93A
enzyme shows only two peaks, &68.3 and—83.9 ppm,

that are separated from the peaks of the free alcohol (Figure

4B and Table 6). The peak for the bouadho-fluorines is

at —68.3 ppm, which is approximately the average of the
chemical shifts for the twortho-fluorine peaks;-66.2 and
—69.4 ppm, in the spectrum for the wild-type enzyme ternary
complex (Figure 4A). The peak for the boumettafluorines

at —83.9 ppm (Figure 4B) is approximately the average of
the chemical shifts for thmetafluorines in the spectrum of
the wild-type enzyme ternary complex,82.7 and—85.9
ppm (Figure 4A). The peak for the bouipara-fluorine is

at the same chemical shift as the peak for the frae-

fluorine, —79.6 ppm. These results suggest the two separate

peaks for theortho- and metafluorines are averaged to a
single peak due to “fast” flipping of the benzyl ring.

The spectrum for the F93A ADH pentafluorobenzyl
alcohol ternary complex is temperature dependent. A5
the peak at-83.9 ppm has &; of 1.0 s and a line width of
258 Hz. At 5°C the peak at-83.9 ppm has &; of about 1
s and a line width of 320 Hz. This line width is corrected
for contributions from changes in viscosity by subtracting
the amount the line width has increased from 25 t&4n
the spectrum of the complex of wild-type enzyme with
pentafluorobenzyl alcohol. For the F93A enzyme spectra,
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FiGure 7: Exchange rate determined from line shape analysis of
the 1°F NMR spectrum of the FO93A ADHNAD *—pentafluoro-
benzyl alcohol ternary complex. The fitted data for the peak at
—83.9 ppm give a rate constant for exchange of 20 0G0 Ehe
program MEXICO 89) was used to fit the line shape. In the absence
of exchange, the difference in chemical shift between the bound
metafluorines of the F93A ADH-NAD *—pentafluorobenzyl al-
cohol complex was assumed to be the same as for the wild-type
enzyme complex at 28C (1516 Hz). The midpoint distance of the
theoretical resonances in the absence of exchange was fixed at
—83.9 ppm. We assumed the exchange was occurring through a
two-site exchange modebT).

The line shape for the peak-a83.9 ppm was fit using the
program Mexico. The-83.9 ppm resonance at 2& was
best fit by an exchange rate constant of 20 000(Bigure
7). The difference in Hz between the peaks for the meia
fluorines bound to the F93A enzyme, in the absence of
exchange, was set at 1516 Hz (3.2 ppm). This was based on
the difference in Hz between thmetapeaks of the wild-
type enzyme complex, which are in slow exchange.

Using the value of 1516 Hz may be an incorrect assump-
tion, but the chemical shift difference between the pairs of
peaks for bound pentafluorobenzyl rings of inhibitors bound
to enzymes have ranged from 2.3 pph@)(to 6 or 8.5 ppm
(47). The effect of removing the ring current of the phenyl
ring on the spectrum is not likely to be large. The fluorines
of pentafluorobenzyl alcohol bound to wild-type enzyme are
not in van der Waals contact with the Phe-93 side chain, and
the contribution of ring currents on the fluorine chemical shift
are thought to be rather small compared to the effect of short-
range electronic effects of nearby carbonyl and amide groups
(48). With dihydrofolate reductase, the effect of a ring current
on the fluorine of 6-fluorotryptophan that is within van der
Waals contact of an indole side chain of another tryptophan
residue was calculated to be at me€1.4 to 0.47 ppm48).
Fitting the line shape using 916 Hz (1.95 ppm) as the diff-
erence gives a rate constant of 7308 svhich is still signif-
icantly faster than the observed rate constants of 1.9 and 5.9
s 1that were determined with the wild-type enzyme complex.

DISCUSSION

The central issue addressed in this work is the relationship
between substrate motions and catalytic activity. The in-
volvement of substrate motion in catalysis by alcohol
dehydrogenase has been inferred from the involvement of
hydrogen tunneling in the reactioh—22). Moreover, since

the peaks for the bound fluorines broaden into the baselinethe rate constant for hydride transfer increases as the number

as the temperature decreases tdC5 but no other peaks

of carbons in the alcohol substrate increagé}, (it appears

appear. The enzyme is not sufficiently stable to examine thethe reaction is facilitated by a higher probability of a

temperature dependence of the spectra aboV€ 25he lack
of the two peaks for the bounattho- and meta-fluorines

preorganized conformation.
The studies on the fluorinated alcohols bound to wild-

and the broadening of the peaks at low temperatures suggestype alcohol dehydrogenase show the alcohols are mobile

the resonances for tleetho- andmetafluorines of the bound
pentafluorobenzyl alcohol are averaged by “fast” exchange.

when bound at the active site. The crystallographic and NMR
studies on the ADHNAD*—2,3-difluorobenzyl alcohol
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ternary complex suggest the 2,3-difluorobenzyl alcohol binds pentafluorobenzyl ring is rapidly flipping, with a rate constant
in at least two different conformations (Figures 2 and 3), of about 20 000 This flip rate is rather fast, but the bound
which are likely to interconvert. Analysis of the saturation alcohol now has a larger space in which to move. Solid-
transfer and'*F, °F-EXSY data for the ADH-NAD"— state deuterium NMR studies on alpha-lytic protease have
2,3,4,5,6-pentafluorobenzyl ternary complex suggest that thefound the ring flipping rates of the four tyrosines in the
pentafluorobenzyl ring of the enzyme-bound inhibitor rotates enzyme to vary from less than 36 to more than 10s*!
(flips) with a rate constant of about 4’sthe average of 1.9  (50). These studies suggest the rate constant of 20 000 s
and 5.9 s! (Figures 4 and 5). The rotation of the bound for the rotation of the pentafluorobenzyl alcohol bound to
pentafluorobenzyl ring requires the movement of several the FO3A enzyme is reasonable.

active site residues. Therefore, the rate constantof#0s A comparison of the rates of hydride transfer and rates of
ring flipping prowde_s atime scale for motions of amino acid pentafluorobenzyl alcohol flipping for the wild-type and
residues at the active site. _ FO93A enzymes suggests that the increase in substrate
_ Itislikely that the bound alcohols have motions on a faster yopjlity decreases the rate constant for hydride transfer. This
time scale. The structure of the crystalline 2,3-difluorobenzyl probably reflects the ability of the enzyme to preorganize
alcohol ternary complex shows toecarbon of the alcohol, — he supstrates for hydride transfer. Without the phenylalanine
from which the hydride is transferred, can access an alternativegjye chain in the active site. the substrates have a decreased
conformation in which th@ro-Rhydrogen is notin-line for  rqpapility for thea-carbon to orient in the correct confor-
t_rans_fer to the nicotinamide ring (Figure 2). This conforma- \ation for hydride transfer to occur. Thus, in the F93A
tion is also observed fgpara-bromobenzyl alcohol bound o7y me the ensemble of bound substrate conformations is
at the active site23, 49). The observation of these different  gpifteq toward conformations that are nonproductive for
a-carbon positions in the crystal structures suggests the qaiqysis. It is surprising that the greatly increased mobility of
benzyl alcohol accesses them when the enzyme is in solutionye g pstrate decreases the rate constant for hydride transfer
The role of Phe-93 in substrate binding was investigated o m penzyl alcohol by only 7-fold. However, the mobility
by kinetic, crystallographic and NMR studies on the FO3A ¢ the inhibitor was determined from pentafluorobenzyl ring
substituted enzyme. Phe-93 is located in the substrate blndlng.ﬂippingn and the effect of the F93A substitution on the
pocket and interacts with the methyleree-darbon) of the 1 qpjjity and orientation of thei-carbon was not directly
bound pentafluorobenzyl alcohol (Figure 1) or 2,3-difluoro- jetarmined. It is possible that the methylene group remains
benzyl alcohol (Figure 2). The distance betweenitf@rbon i, 4 productive conformation while the pentafluorobenzyl

of the pentafluorobenzyl alcohol and the CZ of Phe-93 is yinq rotates, but the alcohol does not appear from the X-ray
3.5 A. The presence of the Phe-93 side chain restricts therasults to bind in a single conformation.

bindi f ti f thex- and S-carb in th
inding contormations o @ and f-carbons in the The differential effects of the FO3A substitution on the

substrates, which is thought to lead to the binding of hvdri ¢ ; L > ;
substrates in an orientation that facilitates hydride transfer Nydride transfer rate constants for oxidation and reduction

of the proR hydrogen 49). We expected the F93A substitu- may be due to the chemica_l bonq_structure of the alcohol
tion to decrease the affinity for the pentafluorobenzyl alcohol, 2d aldehyde and their differing abilities to access conforma-
benzyl alcohol and benzaldehyde. However, the increasedions thz_at are productive for catalysis. While ligated to the
affinity for NADH and differential effects on hydride transfer active site zinc, the alcohol can rotate about the two single
were not expected. The rate constants for hydride transferPonds of the methylene carbon{@7 and C#C1) and the
catalyzed by the F93A enzyme, as compared to the wild- Zn—0 bond to produce orientations fgvore}ble for hydnde
type enzyme, decrease by 7.4-fold for benzyl alcohol transfer to the C4_ of the nicotinamide ring9j. With
oxidation (i) to a value of 5.1 s and by 130-fold for benzaldehyde, rotation about the double bond of the carbonyl

benzaldehyde reductiork () to a value of 2.3 s (Table group cannot occur, so the molecule can only rotate about
3). In addition, hydride transfer is now the rate-limiting step the 20 and C#C1 bonds, which makes the benzaldehyde

for benzaldehyde reduction by the F93A enzyme. It is less mobile. In the absence of the Phe-93 side chain, ben;yl
surprising that the value &f ; for the F93A enzyme is now ~ &lcohol, as compared to benzaldehyde, may more readily
less than the value dfs, whereask_s for the wild-type fo.rm the correct conformation for hy'd.nde f[ransfer. With the
enzyme is almost 10-fold larger thig (Table 3). The rate  Wild-type enzyme, the lack of flexibility with the aldehyde
constant for hydride transfer is proportional to the energy IS counteracted by the side chain of Phe-93, which restrains
barriers between the Michaelis complexes (ground states forth€ bound conformations. This can explain the 130-fold
the reactions) and the transition state. Thus, the altered rated€crease in the rate constant for hydride transfer to benz-
constants reflect differences in the interactions of the @ldehyde that occurs with the FO3A substitution.
substrates at the active site. The studies presented here support the idea that enzymes

The F93A substitution does not affect the overall structure have high catalytic efficiency when the substrates are bound
of the enzyme. The major difference between the wild-type in suitable orientations and that substrate mobility is a factor
and F93A ternary complexes is in the binding of the in the rates of catalysis. However, the differential effects of
substrates. The substitution removes the steric interactionshe increase in mobility on the rate constants of hydride
of the phenylalanine side chain, which increases the mobility transfer for the alcohol and aldehyde show that the relation-
of the bound substrates. This is shown by the lack of ship between substrate mobility and the rate of the chemical
definitive electron density for the pentafluorobenzyl alcohol step is not simple. Further studies are required to provide
in the F93A structure and the increased rate of exchangequantitative correlations between substrate mobility and the
from the%F NMR experiments. Line shape analysis of the rates of catalysis with alcohol dehydrogenase and other
spectrum for the F93A enzyme complex suggests the enzymes.
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NOTE ADDED AFTER PRINT PUBLICATION
Because of an error, 1&N F93A ADH and 206-240uM

benzyl alcohol in footnote a of Table 3 were published

incorrectly (10uM F93A ADH and 206-240 uN benzyl

alcohol, respectively) in the version published on the Web
12/03/02 (ASAP) and in the December 31, 2002, issue (Vol.

41, No. 52, pp 1577015779). The correct electronic version

of the paper was published 01/08/03, and an Addition and
Correction appears in the February 4, 2003, issue (Vol. 42,
No.

4),
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