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Probes of a Role for Remote Binding Interactions on Hydrogen Tunneling in the
Horse Liver Alcohol Dehydrogenase Reaction
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ABSTRACT. A tunneling contribution to hydride transfer has been demonstrated previously in the oxidation
of benzyl alcohol catalyzed by an active-site mutant (F93W) of horse liver alcohol dehydrogenase (LADH)
[Bahnson, B. J., et al. (1998jochemistry 325503-5507]. Mutation of a residue that lies directly behind

the nicotinamide ring of the bound cofactor has further shown that side-chain bulk can contribute to
catalytic efficiency and tunneling in a correlated fashion [Bahnson, B. J., et al. (P98@) Natl. Acad.

Sci. U.S.A. 9412797-12802]. Second site mutations of F93W have now been made at positions more
remote from the active site. In particular, we have focused on an isoleucine residue that interacts with the
adenine moiety of the NAD cofactor, 20 A from the nicotinamide ring. Replacement of this remote
residue with glycine (F93W:1224G), alanine (F93W:1224A), valine (FO3W:1224V), and leucine (F93W:
1224L) is concluded to destabilize the binding of NADAIl double mutants exhibited Ky for NAD*

that is 2-25 times higher than that for the F93W enzyme. However, neither the catalytic efficiency for
turnover of benzyl alcohokLa/Kmbenzy! aiconol] NOT the relationship between the secondarkr andkp/kr

isotope effects for benzyl alcohol oxidation was significantly affected. The lack of differences observed
in the isotope effects indicates that these mutations have little effect on the extent of hydrogen tunneling
in the reaction. The complete removal of the side chain at position 224 in the FO3W:1224G enzyme
resulted in a less than 5% decrease in the ratio of the secondary isotope effects, maintaining the ratio
above the semiclassical limit for the indication of tunneling in the reaction. By conkaftr NAD*
increased 60-fold for this mutant. The results obtained with F93W:1224G are consistent with remote
interactions that affect the association and binding of cofactor in a reactive conformation. However, once
this conformation is achieved, hydride transfer and its tunneling component proceed as with the single
FI93W mutant enzyme, uninfluenced by the remote mutation. Replacement of other side chains, with
a-carbon positions from about 8 to over 20 A from the C4 position of the nicotinamide ring, demonstrated
a similar insensitivity ofkca/Kmenzy! aiconoyt0 protein modification. Comparison to earlier studies with
active-site mutants of LADH implicates a role for proximal, but not distal, side chains in the modulation
of hydrogen tunneling for this enzyme.

Enzymatic catalysis has long been thought to be facilitated reacting carbon of the nicotinamide ring and the adenine ring
by binding interactions involving substrate moieties that do near the surface of the protei®) ( Although the second order
not directly participate in the chemical step of the reaction reaction of wild-type enzyme with benzyl alcohol is partially
(2). While the role of countless active-site residues has beenrate-limited by aldehyde product release, it has been possible
extensively characterized in a wide variety of enzymatic to make the chemistry more rate limiting with only a single,
systems, the significance of remote binding interactions hasactive-site mutation. Analysis of the relationship between
been less often investigated. Horse liver alcohol dehydro- the ku/kr and ko/kr isotope effects on benzyl alcohol
genase (LADH)is an excellent system for probing the role oxidation catalyzed by the alcohol binding pocket mutant,
of binding interactions that are far removed from the active F93W, indicated that hydrogen tunneling occurs in this
site of the enzyme. LADH catalyzes the transfer of hydride reaction 8). The observed deviation from classical, thermally
ion from an alcohol substrate to the NARofactor, yielding activated hydrogen transfer is expected to be highly sensitive
an aldehyde and the reduced cofactor, NADH. X-ray to the height and width of the reaction barrier and, thus,
crystallography has shown that the NADbinds in an should be greatly influenced by the arrangement of residues
extended conformation with 15 A between the buried, in the active site.

One of the major questions regarding the origin of nuclear
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is best considered as an ensemble of states, only some oinstances, very significant changes in cofactor binding.
which are competent for catalysid<7). This capacity to Additional screening of mutants of LADH at other remote
sample a range of ground-state structures may be especiallypositions, both lining the NAD binding pocket, as well as
critical for tunneling, given the distance dependence of such outside this cleft, has also yielded only small effectskgh
a process. Using a thermophilic alcohol dehydrogenase Kwpenzyi aiconoly
(ADHht) with significant homology to yeast and horse liver  Considering the mutants of LADH that have been char-
alcohol dehydrogenased,(8), Kohen and Klinman 4) acterized thus far with respect to hydrogen tunneling, an
detected hydrogen tunr)ehng at the elevated, optlma_l tem-absence of a change Ka/Kmpenzyi aiconoyimplies that the
perature of ADHht, which decreased below 30. This  tunneling component in the hydride transfer reaction is also
behavior was ascribed to a rlgldlflcatlon of the thermophilic ||ke|y to be unchanged_ This precedent suggests that the
protein with reduced temperature, a phenomenon generallyremote mutations leading to values Kby Ki(benzyl alconol)
assumed g, 10) and in some instances experimentally which are similar to wild-type are unlikely to have caused a
supported 11—-14) for proteins of thermophilic origin. The  significant change in the properties for hydride transfer. For
observation of less tunneling in the ADHht catalyzed reaction the LADH system, we conclude that interactions at or near
at lowered temperatures may be the result of a shift in the the reacting bonds are the key determinants in modulating
population of ground-state structures away from those that hydrogen tunneling. In the context of a static view, this would
favor the tunneling process, or it may be due to the loss of imply that remote interactions are not affecting the distance
a dynamic component(s) in the protein that facilitates the for hydride transfer. Similarly, in the context of a dynamic
hydrogen tunneling. model for tunneling, this would imply that any protein motion
In principle, both static and dynamic origins of tunneling coupled to hydride motion is affected only by proximal
could be enhanced by individual side chains, which are either residues.
proximal to the reacting bonds or remotely related to the
active site through a network of side chains or secondary MATERIALS AND METHODS
structural elements connecting the remote position to the ) . i )
active site. In a previous study, mutation of a bulky, Materials. Benzyl alcohol, semicarbazide hyo!rochlorlde,
hydrophobic side chain (Val203), which contacts the face Pyrazole, and NAD were purchased from Sigma, and
of the nicotinamide ring opposite the hydrogen transfer, has 2:3:4,5,6-pentafluorobenzyl alcohol was purchased from
been shown to decrease hoth the efficiency of benzyl aIcohoIA|d”Ch- Benzyl alcohol was distilled befor.e. use, and all other
oxidation and the tunneling contribution to hydride transfer Materials were used without further purification.
(15). In the present study, we have turned to a detailed Preparation of LADH Mutants The phagemid pBPP/
exploration of the role of a protein side chain that contacts LADH was used to express LADH iEscherichia coliXL1-
the bound cofactor, but is removed from the active site. Blue (Stratagene), unless otherwise noted).(All mutagenic
Studies of LADH with truncated cofactors have shown that oligonucleotides were purchased from Operon Technologies,
remote contacts are important for catalysis, though their Inc. and included codon mutations as well as silent mutations
specific effect on the chemical step of the reaction has not to create restriction sites. All plasmid purification steps were
been investigatedL6). For example, LADH-catalyzed reac- performed with kits and materials purchased from Qiagen
tion with nicotinamide mononucleotide resulted in a 8000- Inc. pBPEEGLADH containing the 1224G mutation was
fold decrease ifkeafKietmanoy Whereas nicotinamide hypox-  kindly provided by Dr. Bryce V. Plapp, University of lowa,
anthine dinucleotide resulted in a 2.5-fold decrease. The largelowa. Construction of FO3W pBPP/LADH was described
effect with nicotinamide mononucleotide was thought to be previously @).
due to a lack of the adenosine monophosphate moiety, which For FO3W:1224L, the oligonucleotide primet-&6G ATC
is necessary for the required conformational change uponATT GGG GTC GAC CTG AAC AAA GAC-3' was used
cofactor binding 17). to introduce the codon for leucine at position 224 (italicized,
X-ray crystallography of the F93W enzyme ternary mutations underlined) and a silent mutation (bold) to create
complex has shown that the cofactor NAB bound as in a Sal restriction site in the F93W construct. For FO3W:
other LADH structures, with the adenine moiety near the [224A and F93W:1224V, the primer8T GGG GTC GAC
surface of the protein, sandwiched between the side chaindNNC AAC AAA G-3' was used to introduce the GCC and
of isoleucine residues 224 and 26%). The single mutant ~ GTC codons for alanine and valine, respectively, at position
1224G LADH was kinetically characterized by Fan and Plapp 224 and a silent mutation to createsal restriction site in
(18) and shown to have a decreased ability to bind cofactor, the FO3W construct. F93W:K228R was constructed sequen-
together with only a small effect on catalytic efficiency. tially, starting from the wild-type LADH gene. The primer
1224G was also shown to cause changes in cofactor associas'-C ATC AAC AAA GAC CGGTTT GCA AAG GCC-3
tion and to affect the deuterium isotope effect on ethanol introduced theCGG codon for argenine at position 228 and
oxidation, with values oPV/K of 4.0 and®V of 1.5, as the FO3W mutation was incorporated as for F93W:1224G,
compared to wild-type values of 2.9 and 1.1, respectively. described below. These primers were used to make mutations
These isotope effects suggested that chemistry was more ratéo the appropriate pBPP/LADH construct using the Sculptor
limiting with 1224G, but more extensive measurements were In Vitro Mutagenesis System (Amersham). The primer 5
required to probe the nature of hydride transfer in the GCA TTT TCC ACATTG CGG AGT CCA GAG TGG
reaction. Starting with F93W LADH, we have made a series GAT GAC TTT ATC ACC-3 (noncoding) introduced the
of hydrophobic substitutions at position 224. The present TGG codon for tryptophan at position 93 and silent mutations
studies indicate that tunneling and catalytic efficiency are to create aBsiDI restriction site. This primer was used with
unaltered using benzyl alcohol as a substrate, despite, in some selection primer, which changedad site to aMlul site
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in the ampicillin resistance gene of 1224G pBEBLADH
and K228R pBPP/LADH to introduce the FO3W mutation
using the Chameleon Double-Stranded Site-Directed Mu-
tagenesis Kit (Stratagene). This method was also used with
the primer 5-CCC AAT GAT COG GGC CGCTTT GGC
TGC TTT ACA GCC C-3 (noncoding) to introduce the
AAA codon for lysine at position 215 and a restriction site
for Ncil and with the primer 5GAT CCT GGC CGQGGCC
GGC TGCTNCACA GCC CAT-3 (noncoding, N= G/C
incorporated 50/50) to introduce ti&CA codon for alanine
at position 212 as well as atad restriction site in the FO3W
construct. Expression plasmids for FO3W:1269A and FO3W:
V294A LADH were constructed from FO3W pBPP/LADH
using the QuickChange Site Directed Mutagenesis Kit
(Stratagene), which required a complementary set of primers.
Only the coding sequence primer is given for each mutagen- =%
esis reaction. The primef-&GT GTG GAT TTTTCC TTT
GAA GTC GCT GGA CGT CTC GAC ACT ATG G-3
introduced the GCT codon for alanine at position 269 and
anAatll restriction site. The primer'sGGT GTG ACG GTC V .
ATT GTG GGC GCGCCT CCT GAT TCC C-3introduced g qe 1. Diagram of NAD" bound in F93W LADH (5). The
the GCG codon for alanine at position 294, as well as a cofactor is shown in thin black lines and the side chains of lle224,
BsdHII restriction site. Trp93, Val203, Lys212, Gly215, Lys228, lle269, and Val294 are
Mutations were initially identified by restriction digest with abeled and shown in heavy black lines. The substrate analogue,
the approbriate endonuclease and were confirmed b Se_tr'lfluoroethanol is also shown in heavy black lines, near the catalytic
Pp p g y. zinc atom. The reacting carbon of NADs marked with an arrow.
quencing. DNA sequencing was performed both by using
T7 Sequenase 2.0 from Amersham and by the DNA 1224V, and F93W:I224F. An examination of the X-ray
Sequencing Facility at UC Berkeley. Purification of LADH  crystal structure of the FO3W enzyme indicated that these
mutants was based on the procedure of Park and Pi&pp ( side chains should be accommodated without obscuring the
Mutant proteins were purified to 95% homogeneity as binding of cofactor. A diagram of the bound cofactor is
determined by SDSPAGE @0) and agarose gel electro- shown in Figure 1, indicating the positions of the 93 and
phoresis 19, 21). 224 side chains. Double mutants were also constructed of
Steady-State Kineticsnitial velocity studies were done ~F93W at five additional sites to make FO3W:I269A, FO3W:
using a Hewlett-Packard 8452A spectrophotometer, monitor- K228R, FO3W:G215K, FO3W:K212A, and FO3W:V294A

ing the production of NADH at 340 nme(= 6.22 (cf. Figure 1). Relative to the mutations studied previously
mM~lcm ). Measurements were done at pH 7, %5 in at position 203 in the nicotinamide-binding site, all of the

300 mM potassium phosphate and 300 mM semicarbazide-Mmutations described in this paper are more removed from
hydrochloride. The concentration of active sites was deter- the active site of the enzyme. For example, the distance

mined by spectrophotometric titration with NADin the ~ Detween the reacting carbon of the nicotinamide ring (C4)
presence of 10 mM pyrazo|@2)_ and theoa-carbon of lle-224 is 20 A

Steady-State Kinetic Constant$he kinetic constants
calculated from the initial rates of benzyl alcohol oxidation
for FO3W are compared to those for FO3W:1224G, F93W:

dI224A, FO3W:1224V, and FO3W:I224L in Table 1. These
parameters were determined using a fixed concentration of
NAD™ (10 mM) and varying concentrations of benzyl alcohol
or a 10-fold excess over thiy for benzyl alcohol and
varying concentrations of NAD Fixed concentrations of
either NAD' or benzyl alcohol were saturating concentrations
dfor all mutants examined. Values kf,/Ky vary by less than

a factor of 2 for all of the mutants studied. The Michaelis
constants for benzyl alcohol also showed little variation
among the mutants. Effects of the mutations were only
evident in the Michaelis constants for NADwhich for the
mutants at 1le224 varied from about 2 to 25 times larger
than for F93W LADH.

Steady-state parameters were also determined for mutant
enzymes with substitutions at positions 269, 228, 215, 212,
RESULTS and 294, all of which are removed from the active site. There

were reasons to suspect a potential role for each of these

Mutants Five double mutants were constructed of FO93W residues in catalysis. Each is conserved among most animal
at lle-224: FO3W:1224G, FO3W:I1224A, FO3W:1224L, FO3W: alcohol dehydrogenase®4). X-ray crystallography of the

lle224

Lys228

y Lys212
Ala213
.. Gly215

Kinetic Isotope EffectsKinetic isotope effects were
measured at pH 7, 28, in 300 mM potassium phosphate,
300 mM semicarbazidehydrochloride, and 10 mM NAD,
using doubly labeled benzyl alcohol substrates as describe
previously B8, 23). Briefly, primary kinetic isotope effects
were determined by comparison of the rate of tritium transfer
from [1-*H]benzyl alcohol or [13H,1-H]benzyl alcohol to
the rate of protium or deuterium transfer frormp-“C(U)]-
benzyl alcohol or [1,PH,,ring-**C(U)]benzyl alcohol, re-
spectively. Secondary kinetic isotope effects were determine
simultaneously by comparison of the relative reaction of
substrates that were protium, deuterium, or tritium labeled
on the benzylic carbon at the nontransferring hydrogen.
Quenching of the reaction mixtures at50% conversion
was followed by quantitation of radioactivity in the substrate
and products using reversed-phase HPLC and dual-I#hel (
14C) liquid scintillation counting.
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Table 1: Kinetic Parameters and Isotope Effects for the Oxidation of Benzyl Alcohol Catalyzed by Mutants of LADH

parameter Fo3w FO3W:1224A Fo3w:1224L FI3W:1224G FI3wW:1224V
Keal Ky (MMt 5732 4.6 43 3.4 3.0 2.7
KM(benzy! alcohon(mMM)? 0.07 0.1 0.2 0.3 0.1
Kmpnapy (MM)?2 0.04 0.8 0.1 11 0.2
k/kr (primaryy 7.61+ 0.03 (38) 7.77£0.04 (21) 7.40¢ 0.05 (21) 7.5 0.11 (14) 7.45¢ 0.05 (19)
ku/kr (secondary) 1.310+ 0.003 (38)  1.30% 0.005(21) 1.289-0.005(21) 1.294: 0.011 (14) 1.309: 0.004 (19)
ko/kr (primaryy 1.854 0.01 (41) 1.86+ 0.01 (23) 1.85+ 0.01 (19) 1.81 0.01 (21) 1.81 0.01 (22)
ko/kr (secondary?) 1.045+ 0.003 (41) 1.039: 0.003 (21) 1.03@: 0.003 (20)  1.045:0.003 (21)  1.03: 0.004 (21)
In(ku/kr)/In(ko/kr), primary? 3.294+0.02 3.29+ 0.03 3.26+ 0.04 3.39+ 0.04 3.39%+ 0.02
In(ku/kr)/In(ko/kr), secondary 6.2+ 0.4 6.9+ 0.6 8.6+ 0.8 5.9+ 0.5 9.1+ 1.1

a|nitial velocities were measured at pH 7, 26 in 300 mM potassium phosphate and 300 mM semicarbazide hydrochloride, either at varying
benzyl alcohol conditions with 10 mM NADor with at varying NAD™ concentrations with~10 times theKy, for benzyl alcohol and were fit to
the Michaelis-Menten equation using the program Kaleidagraph. Errors on steady-state parameters are less than 1098 Bepalued errors
are standard deviation of the mean; the number of determinations is in parenti&sess are calculated as in Jonsson et 38).(

Table 2: keafKm for the Oxidation of Benzyl Alcohol Catalyzed by
Second Site Mutants of F93W LADH and Distances to the Active
Site from the Mutated Residéie

mutation KealKm (MM~ 572) C4N......CA (A
V203A 0.13 7.0
V294A 2.4 7.6
1269A 2.2 10.3
K228R 3.4 18.8
K212A 4.2 19.4
G215K 3.7 22.8

a|nitial velocities were measured at pH 7 and 25 in 300 mM

Table 3: Inhibition of FO3W and F93W:1224G LADH by
2,3,4,5,6-Pentafluorobenzyl AlcoRol

variable substrate

inhibition Kis (uM) Kj (uM)

FI3wW NAD"™ uncompetitive 29-1
benzyl alcohdl competitivé 424+ 4

FO3W:1224G NAD uncompetitive 28t 2
benzyl alcohdl  competitive 87t 7

2 These apparent inhibition constants were obtained from fits of initial
velocities at pH 7 and 2%C in 300 mM potassium phosphate and 300
mM semicarbazide-HCI. The concentration of inhibitor was varied from
0 to 83 uM. The data were fit to the nonlinear expressions for

potassium phosphate and 300 mM semicarbazide hydrochloride, atcompetitive, noncompetitive, and uncompetitive inhibition with the

varying benzyl alcohol concentrations with 10 mM NARnd were
fit to the Michaelis-Menten equation using the program Kaleidagraph.

results from the best fit showr2). ® The concentration of benzyl
alcohol was fixed at 8&M, and the concentration of NADwas varied

Errors are less than 10% of value. Distances were measured in thefrom 35 to 518:M. ¢ The concentration of NADwas fixed at 41uM,

X-ray crystal structure of the ternary complex of FO3W LADH with
NAD* and trifluoroethanol15). ® C4N is the hydride acceptor carbon
of the nicotinamide ring of NAD, and CA is thea-carbon for the
side chain of interest.Data reported previouslylp).

FI3W enzyme 15) showed that one of the methyl groups
of Val294 interacts with the “front side” of the nicotinamide
ring, opposite of Val203. Val294 lies in the loop involved
in the conformational change following cofactor binding,
moving about 10 A in the ternary complex as compared to
the apoenzymel(y, 25). Lys212 and Gly215 are at the

and the concentration of benzyl alcohol was varied from 34 to 243
uM. 9 The concentration of benzyl alcohol was fixed at 0.31 mM, and
the concentration of NAD was varied from 0.4 to 3.2 mM.The
concentration of NAD was fixed at 1.3 mM, and the concentration of
benzyl alcohol was varied from 0.12 to 0.98 mM.he data can be
also be described by noncompetitive inhibition to giviaof 75 +

14 and aK; of 139 + 35 uM.

termination of the dissociation constant of the enzyme
NAD* complex. For FO93WKj, was found to be 0.09 mM,
while Kj, for FO3W:1224G was found to be 5.7 mM. This

surface exposed end of the helix that contains Val203, whoseincrease of about 60-fold is comparable to that reported for
N-terminus is directed at the pyrophosphate group of the the single mutant 1224G enzyme as compared to wild-type
cofactor. 11e269 is the other half of the “isoleucine sandwich” LADH (18).
around the adenine ring of the cofactor. It contacts the The kinetic mechanism of benzyl alcohol oxidation was
cofactor through main-chain interactions, as well, making a also investigated more thoroughly with FO3W and F93W:
hydrogen bond to a hydroxyl group of the nicotinamide 1224G. Dead-end inhibition studies with 2,3,4,5,6-pentafluo-
ribose ring. Last, the side chain of Lys228 hydrogen bonds robenzyl alcohol yielded the kinetic constants of inhibition
to a hydroxyl group of the adenine ribose ring. shown in Table 3. These data were obtained from nonlinear
Table 2 listsk.o/Ky for benzyl alcohol oxidation for these fits of initial velocities using the equations for competitive,
mutants and the distances between each residue and the activeoncompetitive, and uncompetitive ordered inhibition kinet-
site of the enzyme. In contrast to the previously reported ics (26). The FO3W enzyme showed uncompetitive inhibition
findings for position 20315), all mutants show very little  with 2,3,4,5,6-pentafluorobenzyl alcohol against NAD
effect onkcalKmgpenzyi aiconoy Small effects were observed on  consistent with the mechanism that is ordered in this
Ku for NAD* and benzyl alcohol as well, with the single direction. The F93W:1224G enzyme gave similar results, and
exception of FO3W:I269A. In the latter cad€y values of it appears from these experiments that neither the FO3W nor
about 1 mM were observed for both substrate and cofactor.the 1224G mutation changes the overall kinetic mechanism
In addition to the steady-state experiments described of the benzyl alcohol oxidation reaction. 2,3,4,5,6-Pentafluo-
above, kinetic constants for FO3W and F93W:1224G LADH robenzyl alcohol was clearly competitive against benzyl
were determined by varying the concentration of benzyl alcohol with FO3W:1224G. However, with FO3W, the inhibi-
alcohol and NAD and fitting the initial rates to the rate tion was not clearly competitive or noncompetitive. It is
equation for a competitive ordered mechanis?s)( The likely that the inhibitor binds to other enzyme forms, such
results of these experiments agreed with the data collectedas ENADH, causing mixed inhibition. This is more likely
under pseudo-first-order conditions and allowed for a de- to be an issue with the FO93W enzyme than the FO3W:1224G
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enzyme, which is expected to release the reduced cofactor
at an increased rate. These inhibition patterns with FO3W
and F93W:1224G were comparable to those observed with
wild-type and the single mutant 1224G using trifluoroethanol
as the inhibitor {8).
Kinetic Isotope EffectsThe nature of the hydride transfer

step in the LADH catalyzed oxidation of benzyl alcohol has
been studied previously by a detailed examination of primary -1

/n a(cat/KM)

and secondary competitive kinetic isotope effects. Solely on FoH €

the basis of the difference in mass for H, D, and T, the ratio 2r b 7
of In(ku/kr) to In(ko/kr) for either primary or secondary SL.a
isotope effects is expected to be 337) For reactions 2 8 10

4 6
Intk,, k) intk, k)

Ficure 2: Correlation between the lk&/Ky) and the ratio of In-
(ka/k7)/In(ko/kr) for the secondary isotope effects observed with
site directed mutants of alcohol dehydrogenase [pointsreported
previously (L5)]. Point a, V203G; point b, FO93W:V203A, point c,

involving a moderate amount of tunneling where it is more
probable that H will be transferred by tunneling than either
D or T, the ratio of Inky/kt) to In(kp/kr) can be much larger

than 3.3 23, 28). This is the case for the FO3W enzyme,

where the ratio of Ii/kr) to In(ko/kr) is 6.2 for the (50550 S0 6 "\ o0al' s point &, FO3W:1224V: point f, FO3W:
secondary isotope effects. The detection of tunneling from 554 point g, FO3W:I1224L; point h, FO3W:I224A; point i, FO3W:

the deviations in the ratio of the isotope effects has beenpoint j, L57F.

more pronounced in the secondary isotope effects in all of

the mutants of LADH examine®(15). The lle224 mutants ~ ADHht, which is homologous to LADH, indicate that protein
are not an exception to this observation, with only negligible flexibility plays a critical role in supporting nuclear tunneling
effects in the ratios of the IRk{/kr) to In(ko/ks) for the in an enzyme-catalyzed reaction. The influence of a protein
primary isotope effects, which are all about 3.3, but with Vibration on hydrogen transfer has been modeled, for
secondary isotope effect ratios ranging from 5.9 for F93w: example, by Schwartz and co-worke@0), who propose
1224G to 9.1 for F93W:1224V (Table 1). These secondary that coupling of a protein normal mode to the hydrogen
isotope effect ratios are not very different than that observed transfer reaction coordinate may substantially increase the
with F93W, and all are significantly greater than the rate for hydrogen transfer. In this model, side-chain interac-
semiclassical limit for the detection of tunneling in the tions with substrates or within the protein itself could

reaction. participate in the protein mode that is coupled to the reaction
coordinate.
DISCUSSION It has long been recognized that proteins use binding

interactions to facilitate catalysis. These binding interactions

This study was conducted in the context of efforts to may lie close to the reacting bonds or may be quite far away
understand how enzymatic hydrogen tunneling is affected jn the case of large, extended cofactors. The LADH studies
by the nature of interactions between a bound substrate anctarried out with mutants of Val203 demonstrate the role of
its cognate protein. As discussed in recent revieys), a proximal active site binding interactiod 29). LADH
nuclear tunneling is expected to be exquisitely sensitive t0 js an ideal system in which to gauge the role of remote
both the internuclear distance between reacting atoms anthinding interactions, due to the extended conformation of
the energetic relationship between bound reactant(s) ancthe bound cofactor and the well documented role for
product(s). Enzymes are expected to modulate the overallhydrogen tunneling in substrate oxidation. The high sensitiv-
barrier shape for their catalyzed reactions, and may therebyjty of tunneling to reaction barrier shape allows a unique
contribute to tunneling through a combination of static and 5sessment of the role of side-chain interactions in the
dynamic factors. LADH-catalyzed reaction. The present study describes an

Earlier investigation of a single residue that resides behind in depth investigation of the effect of a series of side-chain
the nicotinamide ring of bound cofactor (Val203) indicated alterations at position 224. Additionally, other residues that
that catalytic efficiency and hydrogen tunneling are optimal are remote from the reaction center have been examined
when position 203 is sufficiently bulky to orient C4 of the (Figure 1).
nicotinamide ring (hydride acceptor) such that it is in close  Residue 224 is of particular interest because of its large
proximity to C1 of the alcohol substrate (hydride donor). distance from the reacting carbons in the active site, together
Reduction in the size of residue 203 produced a regular with its direct interaction with a portion of the bound

decline in bothkealKmpenzyl aconoy @nd the signature of
tunneling, Inka/kr)/In(ko/ky), Figure 2. The decrease in
tunneling observed with the V203A mutation was found to
be accompanied by a 6-0.8 A increase in the distance

cofactor. X-ray crystal structures and structures inferred from
sequence alignments for both alcohol dehydrogenases and
other NAD' binding proteins24, 31) indicate a hydrophobic
residue at a position analogous to 224 in LADH; adenylate-

between the reacting carbon atoms, as observed in the X-raybinding protein motifs contain this hydrophobic residue, as

crystal structures of mutant enzyme complexés 29). This

well (32). Earlier studies by Plapp and co-workei8)(had

result is consistent with models that relate internuclear shown that mutation of 1le224 led to a relatively small effect
distance to tunneling efficiency and can be most simply on the magnitude okca/Kwmetanoy This effect on catalysis
interpreted in terms of a static role for valine 203 in contrasted with a 30-fold decrease in the rate of association
modulating the reaction coordinate width. However, more of NAD* and a 200-fold increase iKunap) as compared
recent studies of a thermophilic alcohol dehydrogenase,to wild-type enzyme, which is unexpected in the context of
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Scheme 1
In(k)

K, K,
E + NAD* ——= EeNAD" =— E'eNAD'

yeast and horse liver alcohol dehydrogenase at@4J3,
15, 23). Such behavior would place LADH to the left of the
gray area in Figure 3.

The data at position 224 serve as a control for previously
published data for a mutant of LADH at position 203 (Figure
2). They also suggest that mutant forms of LADH with
unaltered values fokea/Kmpenzyl aiconony Will retain their
tunneling capacity. The screening of a series of remote
positions for the effects of side-chain modification was,

In(k,/k,)

In(1)— therefore, pursued by investigation of rate alone. The residues
examined are highlighted in Figure 1 and the results are
1/T summarized in Table 2. While the choice of residues was
FIGURE 3: (A) An Arrhenius plot of rate, Ir), against 1T (temp, complicated, given the large number from which to chose,
K), for a light isotope L4, i.e., H) and a heavier isotopéy( i.e., there was a rationale for studying each of them, as discussed
D). The region of interest, where the curvature fgrandL, is in the ResultsQuite remarkably, not a single residue outside

high, is shaded. (B) An Arrhenius plot of the isotope effectdn( — ne picotinamide-binding site has been found toéa
ko) against 1T. The corresponding region of interest is shaded, d trated effect talvtic effici in LADH. d it
showing that in this region of little change in rate, there is an 9€monstrated efiect on catalylic efnciency in » despite
appreciable change in the isotope effect. measurable changes in theyKor cofactor.

Two questions remain to be addressed. First, with regard
to position 224, why is the Michaelis constant for NAD
increased without an accompanying effect on the efficiency
of hydrogen tunneling? This can be most simply understood
in the context of coupled equilibria (Scheme 1), in which
the capacity of NAD to bring about a well-documented,
catalytically essential conformational change is compromised
for mutant proteins. In the context of the present studies,
we conclude that once the concentration of NAB high
enough to drive enzyme toward-HAD™, tunneling pro-
ceeds as for wild-type.

models that involve a role for remote binding interactions
in catalysis.

Analyses of hydrogen tunneling in systems different from
LADH have indicated the possibility of structural effects that
lead to little or no change ik../Ky for protiated substrate,
together with sizable effects on the degree of tunneling. This
can be understood in the context of comparative Arrhenius
plots for a light and heavy isotope, which demonstrate a
transition from moderate to extensive tunneling (gray region
of Figure 3). Such a transition produces curvature in
Arrhenius plots such that the rate may change relatively little i ] ] )
with temperature. By contrast, since the temperature region 1he second question of great interest is why Val203 is
for curvature is isotope dependent, the temperature depenihe only residue that has been shown to produce a change
dence of the isotope effects shows anomalies, and extrapoin both catalytic efficiency and tunneling. Clearly, the data
lates to isotope effects on Arrhenius prefactors that can be@massed thus far argue for a proximal, but not a distal, effect
greater or less than the semiclassical limit of unity. Behavior in the modulation of hydrogen transfer efficiency. This may
Of th|s nature has been reported for g|ucose Oxidw ( be underStOOd by ConSIderIng the Computatlonal WOI’k of
and, more recently, observed in a mutant form of lipoxyge- Bruice and co-workers3@), who argue that the nicotinamide
nase that shows little change ka. together with a very  fing assumes a quasi-boat conformation during catalysis. The
different temperature dependence of the isotope effects tharPulky, hydrophobic residue behind C4 of the nicotinamide

seen with wild-type enzyme (K. Rickert and J. Klinman, ring is expected to influence such a conformational change.
unpublished results). Interestingly, theoretical studies done by Schwartz and co-

For this reason, we made the decision to explore the workers have shown that mathematical coupling of a protein
relationship between Ikg/kr) and Inko/kr) for mutants of ~ mode to the reaction coordinate could increase the hydrogen
LADH that contain side chains of varying size and hydro- transfer rate, substantiall@). Close proximity would be a
phobicity at position 224. This comparison of kplkr) to prerequisite for any interacting vibrations, and it is possible
In(ko/kr) as a probe for tunneling is preferable to the study that only nearby residues would participate in these modes.
of temperature-dependent isotope effects because of theHdowever, we note that the X-ray crystal structure charac-
increasing importance of kinetic complexity at temperatures terization of both V203A and FO3W:V203A LADH indicate
different from 25°C in the LADH reaction. an increase in the distance between C4 of bound cofactor

The results in Table 1 indicate that position 224 can and C1 of substratelb, 29). This suggests that a simple
tolerate quite drastic alterations without substantial effects change in barrier width may be the dominant feature
on In(ky/k7)/In(ko/kr). Within experimental error, there are  controlling tunneling efficiency in LADH. For the future,
only very small differences in the signature of tunneling for biophysical studies appear to be essential, which will permit
the mutants, leading to the conclusion that tunneling in a direct analysis of dynamical features of both wild-type and
LADH is essentially unaffected by the side chain at position mutant forms of protein. In this way, it may be possible to
224. This failure to see any indication of a change in document changes in the dynamical features of a protein
tunneling wherkcalKwpenzyi aicononyiS Unaltered is consistent  structure that accompany changes in reaction properties and
with earlier conclusions of only moderate tunneling in both tunneling.
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