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ABSTRACT. Xylose reductase from the yeasandida tenuigCtXR) is a family 2 member of the aldo

keto reductase (AKR) superfamily of proteins and enzymes. Active site His-113 is conserved among
AKRs, but a unified mechanism of how it affects catalytic activity is outstanding. We have replaced
His-113 by alanine using site-directed mutagenesis, determined a 2.2 A structure of H113A mutant bound
to NADP', and compared catalytic reaction profiles of NADH-dependent reduction of different aldehydes
catalyzed by the wild type and the mutant. Deuterium kinetic isotope effects (KIE&}.0and Keaf

Km xyloseShow that, relative to the wild type, the hydride transfer rate condtart 0.16 s*) has decreased

about 1000-fold in H113A whereas xylose binding was not strongly affected. No solvent isotope effect
was seen Olficar andKeal Km xylose for HL13A, suggesting that proton transfer has not become rate-limiting

as a result of the mutation. The pH profiles of Ikg{Km xyiosd for the wild type and H113A decreased
above apparentiy, values of 8.85 and 7.63, respectively. TApK, of —1.2 pH units likely reflects a
proximally disruptive character of the mutation, affecting the position of Asp-50. A steady-state kinetic
analysis for H113A-catalyzed reduction of a homologous series of meta-substituted benzaldehyde derivatives
was carried out, and quantitative structdreactivity correlations were used to factor the observed kinetic
substituent effect okcar andkeal Km aidenyaeinto an electronic effect and bonding effects (which are lacking

in the wild type). Using the Hammett scale, electronic parameter coefficientd ¢f +0.64 kea) and

+0.78 [Kcal Km aidenyad Were calculated and clearly differ fropfkcalKaidenyad and p(kea values of+1.67

and approximately 0.0, respectively, for the wild-type enzyme. Hydride transfer rate constants of H113A,
calculated from kinetic parameters and KIE data, display a substituent dependence not seen in the
corresponding wild-type enzyme rate constants. An enzymic mechanism is proposed in which His-113,
through a hydrogen bond fromeR to aldehyde O1, assists in catalysis by optimizing tkeGCbond

charge separation and orbital alignment in the ternary complex.

The aldo-keto reductases (AKR%)constitute a large  NAD(P)-dependent oxidoreductase activity 2). AKRs are
protein superfamily and are widespread in natdje They single-domain proteins g£36 kDa mass and share a com-
all seem to bind to NAD(P) and with few exceptions display mon (3/a)g barrel fold. The canonical active site conforma-

tion of AKRs involves a tetrad of Tyr-51, Lys-80, Asp-46,
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(P-15208-MOB to B.N.), the National Institutes of Health (D.K.W.), (2). In @ multiple sequence alignment across all current 14
and the Keck Foundation. K.L.K. is supported by a grant from the AKR families, the positions of the tetrad residues are highly

University of California Systemwide Biotechnology Research Program, ~gnserved. sugaesting a common mechanistic basis of
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Synchrotron Radiation Laboratory are funded by the U.S. Department catalytic action ).

of f{lﬁfgy ang_ byt the N(?ti?naLlnSt]thth Off H?haltrllilmA L of An enzymic mechanism for AKRs has been suggested
e coordinates and structure factors for the mutat.o : : : :
tenuisxylose reductase have been deposited into the Protein Data BankWhICh assigns roles in catalysis to Tyr-51, Lys-80, and Asp-

under the accession number 1R38. Coordinates are numbered according6 (4—10). Tyr-51 is widely believed to function as the
to the DNA sequence with the initiator methionine as residue 1. general acid/base catalyst of the reactidn10). The —NH,

Numbering within this paper follows the convention of the mature an i i ;
protein in which the initial methionine is processed off; hence residue group of Lys-80 is protonated under the physiological pH

numbers differ by one. conditions and brought into position through a salt link
* Corresponding author. Phone:43-316-873-8400. Fax+43-316- interaction with the carboxylate side chain of Asp-46. It is
873-8434. E-mail: bernd.nidetzky@tugraz.at. thought to donate a hydrogen for bonding with a lone electron

8§ Graz University of Technology. . - :
Il University of California. pair on the oxygen of the phenolic hydroxyl of the tyrosine.

L Abbreviations: AKR, alde-keto reductase; AR, aldose reductase; The K, of Tyr-OH is thus depressed from a value=10.5
hAR, human AR; XR, xylose reductase [alditol:NAD(P)L-oxi- in aqueous solution to a value between about 7 and 9 in

doreductase; EC 1.1.1.21]; CtXR, XR fro@andida tenuis BA, _
benzaldehyde; 3X-BA, BA substituted in the meta position on the both the enzymeNADPH complex 6-8, 11) and the

aromatic ring; 3X-BzOH, substituted benzyl alcohol; KIE, kinetic teme_‘ry complex4, 5). The _FKa shift by Zl-_5 pH units is
isotope effect; S-KIE, solvent kinetic isotope effect. required for Tyr-51 to function as an effective proton donor
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Ficure 1: (A) Overlap of wild-type CtXR (green bonds) and H113A (gray bonds) that includes the nicotinamide from the mutant structure.
Hydrogen bonds between catalytically important residues are depicted as gold dotted lines. (B) RepresEptative (Blue; contoured

at 1.4) andF, — F. (green; contoured atd electron density. Phases were calculated from the final refined H113A model with the
side-chain atoms of Asp-50 omitted. Side chains are colored as in panel A.

for carbonyl group reduction. Characterization of CtXR  The present paper describes experiments that were de-
mutants Y51F and K80A yielded results supporting these signed to explore the role of His-113 in the NADH-dependent
basic components of the AKR catalytic mechanigi) ( reduction of aldehydes by CtXR. We report enzyme kinetics

The question of the exact role of His-113 has been a topic @nd the X-ray structure of a H113A mutant and show that,
of controversy over the years. Site-directed replacements ofin CtXR, His-113 facilitates the reaction through the precise
His-113 by Asn, GIn, Glu, or Ala in different AKRs gave po_smonmg of fche substrgte carbon_yl group at the_act|ve site.
mutant enzymes that displayed low, however, robust activity 1HiS mechanism explains the high conservation of the
(4—11), indicating an auxiliary function for the histidine in  histidine throughout the superfamily, and we will discuss
the AKR catalytic mechanism. Analysis of kinetic conse- that it is consistent with observations made by others with
quences of the mutations using comparative pH and isotopedifferent AKRs.
effect studie_s led to considerati_on of different mec_hanis_tic MATERIALS AND METHODS
proposals. First, His-113 is required for substrate orientation
in the binding pocket § 8, 11), likely by donating a Materials.All chemicals and reagents have been described
hydrogen for bonding from the 42—H of its neutral elsewhere 16).
imidazole ring. Second, it assists in proton transfer from Tyr-  Mutagenesis, Enzyme Production, and Purificatiém
OH to the oxygen atom of the reactive carbonyl group in inverse PCR method was employed to mutate His-113 into
the reductive direction of the reactiod, (5, 11). In this alanine (7). The mutagenic oligonucleotide primers used
scenario, the side chain of His-113 is doubly protonated at are listed below with the mismatched bases underlined:
the optimum pH for reduction. A number of computational H113A (forward), 5GTTCTTGATCGCTTTCCCAATTG-
studies have suggested, however, that formation of a3'; H113A (reverse), BAAGTCAACGTAGTCAACCT-
positively charged imidazolium ring is energetically dis- TAAG-3'. Plasmid miniprep DNA was subjected to dideoxy
favored at AKR active sitesl 3, 14), although this notionis  sequencing to verify the introduction of the desired mutations
not without criticism (5). Penning and co-workers argue and that no misincorporations of nucleotides had occurred
that the delocalized positive charge on the imidazole ring is because of DNA polymerase errors. Expression of the
part of a catalytic proton relay between His-113 and Tyr-51 mutagenized gene i&scherichia coliwas carried out by
that facilitates carbonyl group reductiofy 6, 11). Consider- reported methodslg). SDS-PAGE analysis of induced and
ing the available evidence from previous experimental and noninduced cell extracts was used to confirm the synthesis
theoretical investigations, neither of the two mechanisms for of the recombinant protein. H113A was purified by Red 31
His-113 is ultimately persuasive, and a unified description dye ligand chromatographyl®). MonoQ anion-exchange
of how His-113 affects AKR catalytic activity is still chromatography that is used as the polishing step in the
outstanding. purification of the wild-type enzymel@) was omitted
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Table 1: Summary of H113A CtXR Data Collection, Refinement,
and Models

Data Collection

space group c2
unit cell
a(d) 179.98
b (A) 129.09
c(A) 79.87
p (deg) 90.82
monomers per asymmetric unit 4

resolution range (A)
no. of observations/unique reflections 306084/93679
Rmerge(Overall/high-resolution shell) 0.074/0.294
completeness (overall/high-resolution shell) (%) 99.4/100

302.2 (2.24-2.2)

I/a(1) (overall/high-resolution shell) 15.3/3.9
Model

protein atoms 10108

NADP* atoms 192

water molecules 827
Refinement

reflections used| (> 0) 91,348

Reryst 0.185

Reree 0.226

rmsd from ideal bond length (A) 0.011

rmsd from ideal bond angle (deg) 1.50

Kratzer et al.

type CtXR and H113A holoenzymes. Resultant structures
were energy minimized for 100 steps using the program CNS
(23). The final models were analyzed for substrate orientation
conducive to catalysis as well as potential polar and
hydrophobic interactions.

Steady-State Enzyme Kinetics and Ligand Bindilg.
experiments were carried out in 50 mM potassium phosphate
buffer, pH 7.0, and at 25C unless otherwise mentioned.
Initial rates of aldehyde reduction or alcohol oxidation by
H113A and the wild-type enzyme were measured with a
Beckman DU-800 spectrophotometer monitoring the con-
sumption and formation of NAD(P)H. Typical reaction
mixtures contained a concentration of H113A in the range
0.5-11.5uM, which is between 10- and 1000-fold above
the corresponding wild-type enzyme levels used. Time
courses of H113A-catalyzed reactions were monitored for
>15 min, compared te<5 min for the wild-type enzyme.
Other methods of the initial rate analysis have been reported
elsewhere 16).

Apparent dissociation constant&gape)) of the wild-
type enzyme and H113A complexes with NAD{Pyere
determined by fluorescence titration. Quenching of tryp-
tophan fluorescence (excitation 295 nm, emission 340 nm)

because the mutant precipitated on the column. Therefore,upon the addition of NADP to a solution of the wild-type

only the peak fractions of H113A eluting from the dye

enzyme or H113A (35 uM) served as a reporter of binding

column collection were used further. The H113A preparation and was recorded with a Hitachi F-4500 fluorescence

was electrophoretically pure (see Supporting Information).

spectrophotometer equipped with a temperature-controlled

Protein concentrations were determined with the BCA protein cell holder. Typically, 2-4 uL aliquots of the stock solution

assay (Pierce) using BSA as the reference.
Crystallization and Structure Determinatio@rystals of

the mutant holoenzyme were obtained using the vapor

diffusion technique in conditions similar to those of the wild
type. The protein stock solution used for crystallization was
17 mg/mL mutant protein in 10 mM Hepes and 3 mM
NADP*, pH 7.4. A drop composed of 2L of protein
solution and 1uL of well solution was suspended over a
well containing 0.35 M ammonium sulfate, 32% (w/v) poly-
(ethylene glycol) methyl ether 5000, and 100 mM citrate,

of NAD™ (2 mM) or NADP" (0.1 mM) were added
incrementally to yield a final nucleotide level 6f6Kj.

pH and Kinetic Isotope Effect&tudies of pH effects on
the catalytic rates of the wild-type enzyme and H113A in
the direction of NADH-dependent reduction of xylose were
carried out at 25°C in potassium phosphate buffer (pH
range 6.0-8.0) and Tris-HCI buffer (pH range 8:®.0) at
a constant value of = 0.02 for the molar ionic strength.
Initial rates were obtained under conditions in which [xylose]
was varied and [coenzyme] was constant and saturating

pH 5.6. These were harvested into a cryoprotectant contain-(>5Kmnape)x 230uM). Suitable control experiments showed

ing 75% well solution and 25% ethylene glycol and flash
cooled prior to data collection.

that the wild-type enzyme and mutant were stable in the
chosen pH range over the time of the assays. Primary

Diffraction data were collected on a Mar Research 345 deuterium kinetic isotope effects (KIEs) and solvent KIEs
imaging plate detector mounted on beamline 7-1 at Stanford (S-KIEs) on apparent kinetic parameters of aldehyde reduc-
Synchrotron Radiation Laboratory (SSRL). The crystals were tion by the wild-type enzyme and H113A were obtained

indexed, and reflections were integrated using DENZ9).(
Data were merged using SCALEPACK, yielding a 2.2 A
data set with afRmergeOf 7.4%. Other relevant data collection
statistics are given in Table 1.

The structure of the mutant was determined using molec-

ular replacement as implemented by EPN2R)( The search
object was the dimer of the wild-type apoenzyme [PDB
accession code 1JE21)] and was used to locate the two
dimers that compose the asymmetric unit. A correlation
coefficient of 0.56 and a crystallograpt#efactor of 41.5%
were observed for the initial model. Alternating cycles of
manual refitting using O22) and crystallographic refinement
using CNS 23) were used to produce the final model. Final

under conditions described elsewhere in deti) (

Data ProcessingKinetic parameters or ligand binding
constants were obtained from unweighted nonlinear least-
squares fits of experimental data to egs8lusing the
program Sigmaplot 2001 (for Windows, version 7.0). Initial
rate data yielding linear LineweaveBurk plots were fitted
to the equation

v = Ko EIAV(Kiy o 1 [A]) 1)

wherev is the initial rate, [E] is the molar concentration of
the enzyme subunit (36 kDa), [A] is the substrate or
coenzyme concentratiolig, is the turnover number (3),

statistics describing the refinement and model quality are andK, A is an apparent MichaelidMenten constant. Unless

given in Table 1.

3F-BA Modeling.Polar hydrogens were added to the
crystal structures, and molecules offluorobenzaldehyde
(3F-BA) were manually placed into the active site of wild-

otherwise stated, estimates of kinetic parameters had standard
errors of <10%.

pH profiles that were level belowa and decreased above
pKa with a slope of—1 were fitted to eq 2. pH profiles
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displaying a constant value at hig{) and low pH C.)
were fitted to eq 3. In egs 2 and 8,is Keat OF KealKim yylose

)
log Y =1l0g[(C_ + CuK/H /(L + KJHD] (3)

log Y = log[C/(1 + KJ[H'])]

C is the pH-independent value &f K, is a macroscopic

dissociation constant, and {His the proton concentration.
KIEs or S-KIEs on steady-state kinetic parameters were

calculated from fits to eq 4 of initial rate data recorded with

v = keaf EIIAY {Ki a(1 + FEy) + [AIL + FE))} (4)

unlabeled and deuterium-labeled substrate or solvent. In eq

4, Ey and Eyk are the isotope effects minus 1 &g and
keal Km, respectively, anéf is the fraction of deuterium label
in the substrate or the solvent. Equations 5 and 6 were use

Ko ag = Knl”(KealKir) = 1/ Ckea— 1) (5)

Ky = Keal*ky = 1)/Ckep— 1) (6)

to obtain estimates for dissociation constants of central
enzyme-NADH—aldehyde complexe{ aq) (24) and the
rate constant of hydride transfer from NADH) (25),
respectively.P(k.afKm) and Pkes are KIES onkea and Keaf
Km. Pks is an intrinsic KIE onk; and is assumed to have a
value of~6.5 (26).

Data from fluorescence titration with NAD(Pyvere fitted
to the equation

(Elpouna= [E]tot[NAD(P)+]freel (Kq NAP(P)- +
[NAD(P) Jjred) (7)

where [Elound is the fractional saturation multiplied by
the molar concentration of the enzyme subunit {[E]
36 kDa), [NAD(P)]ee is the concentrated of unbound
coenzyme, anlynapryt iS an apparent dissociation constant.
Under conditions in which [E} ~ Kgnapey; [NAD(P) iree

is significantly smaller than the total concentration of added
coenzyme [NAD(P)]wt Therefore, eq 8 was used to fit
fluorescence quenching data:

[Elpouna= {(Kg NAP(P)- + [Eljor + [NAD(P)+]tot) -
[(Kq NAP(P)+ + [Eliot T [NAD(P)+]t0t)2 -
4[E],[NAD(P) 1,0} /2 (8)
RESULTS

X-ray Structure of the H113A MutanAs previously
observed in the wild-type CtXR holoenzyme structure, there
are four monomers (two dimers) in the asymmetric unit for
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are 0.13 and 0.41 A, respectively. As these two subunits have
the lowest temperature factors in their respective asymmetric
units, they were used as reference molecules for structural
comparisons and modeling. The most significant structural
difference occurs in the side chain of Asp-50.

The density and temperature factors for the Asp-50 side
chain suggest that it may be more mobile in H113A. In
monomers A, B, and C of the wild-type enzyme, temperature
factors of all the atoms in the Asp-50 side chain a/23
A2 Asp-50 of the wild-type monomer D has higher tem-
perature factors (2834 A?); nevertheless, the electron
density is unambiguous and indicates a single conformation.
For H113A, thef carbons of Asp-50 have temperature
factors of 23-27 A2, but the carboxylate atoms have values
ranging from 31 to 41 A indicating greater positional
disorder. The predominant conformation has the carboxylate
otated down toward where the His-113 imidazole was
ocated. When monomer B of the wild-type enzyme is
overlaid onto monomer D of H113A, the distance from the
mutant Asp-50 @1 to wild-type His-113 €1 is 2.12 A.
Hence, the primary conformation of Asp-50 in H113A would
be sterically excluded in the wild-type enzyme. A conforma-
tion with lower occupancy is similar to what is observed in
wild-type CtXR. The carboxylate of Asp-50 is held roughly
parallel to the Trp-82 side chain in both instances as shown
in Figure 1B. Although the resolution of the data prohibited
refining alternate conformations for this side chain, electron
density suggests approximately 75% in the major conforma-
tion. This places the Asp-50 carboxylates A from the
tyrosine hydroxyl, closer than the6.5 A in wild-type CtXR
but not as close as thre4 A His-to-Tyr distance observed
in the wild type.

Energy-Minimized Models of 3F-BA Binding.-Fiuo-
robenzaldehyde can be modeled into the active site in one
of two productive orientations (Figure 2). Both orientations
have the carbonyl carbon above the NADH C4 and the
carbonyl oxygen within hydrogen bond distance of the
tyrosine hydroxyl. In wild-type CtXR, the oxygen is held in
place by an additional polar interaction with His-113. This
interaction is obviously lacking in H113A, and there is more
variability in the oxygen position. For both the wild-type
enzyme and H113A the fluorine can be directed either into
a hydrophobic pocket or toward bulk solvent.

Kinetic Properties of the H113A Mutant Compared to
the Wild-Type Enzymé&teady-state kinetic parameters for
NAD(P)H-dependent reduction of xylose and NAde-
pendent oxidation of xylitol catalyzed by H113A and the
wild-type enzyme were determined and are compared in
Table 2. Apparent dissociation constants of binary en-
zyme-NAD(P)" complexes were obtained from fluor-
escence titration data and are also shown in Table 2. The
values ofKynapey- and the apparent Michaelis constants for
NAD(P)H were not changed muck:b-fold) as a result of

the H113A holoenzyme. Root mean square differencesthe mutation. However, turnover number and catalytic

between the monomers are less than 0.35 and 0.6 & for

efficiency for reaction with substrate in the presence of a

carbons and all atoms, respectively. The structure of H113A saturating coenzyme concentration were between 500- and

bound to NADP is highly homologous to the wild-type
XR—NADP* binary complex, with the NADP binding in

a conformation identical to that of the wild type and making
similar interactions. When comparing monomer B of the
wild-type enzyme to monomer D of the mutant structure,
root mean square deviations betweecarbons and all atoms

1000-fold decreased in H113A. The loss of catalytic profi-
ciency K./Kn) of the mutant, compared to the wild-type
enzyme, was identical within experimental error in the
forward and reverse directions of the reaction. Sikge
values of the wild-type enzyme and H113A for the substrates
xylose and xylitol were very similar, the observed decreases
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FiGure 2: (A) Surface representation of the wild-type CtXR active
site with energy-minimized structures offluorobenzaldehyde.
Asp-50, Tyr-51, His-113, NADH, and residues forming the

Kratzer et al.

Table 3: Apparent Kinetic Parameters for NADH-Dependent
Reduction of Aldehydes Differing in the Substituent at C2,
Catalyzed by Wild-Type CtXR and the H113A Mutant

wild type H113A
keat  KealKm  AAG 2 ket kealKm  AAGF2
substrate  (s1) (M~1s1) (kd/mol) (s1) (M~1s1) (kJ/mol)
propanal 5.3 34 0.014 0.22
methylglyoxal 10.8 1520 —9.4 0.083 11.1 -9.8
p-galactose 10.9 52 0.016 0.056
2-deoxyp- 2.8 7.2 0.0022 8.0
galactose
aCalculated by using the relationshifAG* = —RT In [(Keaf

Km c2 derivaivd/ (Keal Km paren)]. ° Because saturation in the substrate was
not achieved k./Km was determined from the linear part of the
Michaelis-Menten curve.

xylose reduction by NADPH than NADHk. values for
H113A were~5.5-fold higher with NADPH than NADH.
By contrast, the wild-type enzyme used NADPH and NADH
at similar turnover numbers. Rate-limiting steps kay are
clearly different for xylose reductions catalyzed by the wild-
type enzyme and H113A (see below), explaining a ratio of
NADPH- and NADH-dependent turnover numbers that is
greater for H113A than the wild-type enzyme.

Effect of the Substituent at tlheCarbon of the Aldehyde
SubstrateWe carried out a steady-state kinetic analysis for
NADH-dependent reduction of a series of aldehydes differing
in the substituent at the carbon atom. Kinetic parameters
for the wild-type enzyme and H113A are summarized in
Table 3. Comparison ok../Kn values reveals that the
o-carbonyl group of methylglyoxal, compared to the meth-
ylene group of propanal, makes a significant contribution to
specificity, which was similar in the wild-type enzyme and
H113A. Replacement of the QR( hydroxy group in
D-galactose by a hydrogen caused identical decreadeg in
Km for reactions catalyzed by the wild-type enzyme and

hydrophobic pocket are shown beneath the transparent surface. (BH113A. We conclude, therefore, that mutation of His-113

Surface representation of H113A with energy-minimized structures
of mfluorobenzaldehyde. Surfaces in (A) and (B) are colored by
electrostatic potential, and the fluorine is colored green. The figures
were created using the programs MolScripb)( Bobscript 26),
Raster3D 27), and GraspZ8).

Table 2: Apparent Kinetic Parameters for Xylose Reduction and
Xylitol Oxidation Catalyzed by Wild-Type CtXR and H113A
Mutant

parameter wild type H113A
Keat rea(S )2 12.4 (18.9) 0.024 (0.1
Kom sylose(MM) 91 (78p 123 (391%
Keat redKm xylose (M 1571 136 (241 0.19 (0.3
K napeyH (@M)© 39 (3.2 34 (2.8
kcat ox (571)a ll 9 X 104
Km xylitol (mM) 334 452
Keat o Kim xylitol (M -1 571) 3.3 0.0021
Kanapey” (uM)¢ 1889(1.3)¢ 72¢9(0.84)9

@ Keat rea@Nd Keat ox @re turnover numbers in the directions of xylose
reduction and xylitol oxidation, respectivelyValues in parentheses
were obtained with NADPH:S [Xylose] matchingKm xyiose Was used.
dValues in parentheses were obtained with NADPFrom fits of data
from fluorescence titrations with NADto eq 7.f From fits of data
from fluorescence titrations with NADRo eq 8.9 Standard errors were
<15%.

in KealKm for the mutant result from decreases in the value
of ko by about the same factor. Like the wild-type enzyme,
H113A showed arr2-fold greater catalytic efficiency for

does not bring about significant changes, compared to the
wild-type enzyme, regarding the effect of the carbon
substituent orkea/Km.

pH Effects on Kinetic Parameters for Xylose Reduction.
Kinetic parameters for NADH-dependent xylose reduction
by the wild-type enzyme and H113A mutant were obtained
in the pH range 6.69.0. pH profiles of logk.a/Km) and log
keat are shown in panels A and B of Figure 3, respectively.
The pH profiles in Figure 3A are level belowKp and
decrease with-1 slope above I§,. The data were fitted to
eq 2, and K, values of 8.85t 0.26 and 7.63t 0.06 have
been calculated for the wild type and H113A, respectively.
The pH profile of logkza: for the wild type was a wave. A
fit of the data to eq 3 gave aKp of 7.80+ 0.07. The pH
dependence of log.4 for xylose reduction by H113A was
not significant in the pH range examined.

Kinetic Isotope Effectdnitial rates of xylose reduction
were recorded using NADH or NADD as the coenzyme.
They were obtained under conditions in which [substrate]
was varied and [coenzyme] was constant and saturating (230
uM). Data were fitted to eq 4, and KIEs on kinetic parameters
are summarized in Table 4. For both the wild-type enzyme
and H113A, values oPk.y and Pk../K,, were greater than
1.00, indicating a significant normal isotope effect on the
catalytic rates. Using kinetic parameters in Table 2 and KIEs
in Table 4, egs 5 and 6 could be employed to obtain estimates
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Table 4: KIEs and S-KIEs on Kinetic Parameters for NADH-Dependent Xylose Reduction Catalyzed by Wild-Type CtXR and the H113A
Mutant

enzyme Pheaf PlealKm? I(7b (S_l) Ka aid® (mM) DOk, DOk o K
wild type 1.47+0.10 2.50+ 0.35 145 302 0.9% 0.05 0.91+ 0.03
H113A 1.38+ 0.06 1.614+0.13 0.16 75 0.95-0.03 0.93+ 0.08

a From fits of initial rate measurements to eq 4; superscripts D a@ifdicate primary deuterium and solvent deuterium kinetic isotope effects,
respectively? Calculated with eq 6 using data from this table and TableCalculated with eq 5 using data from this table and Table 2.

A Table 5: Apparent Kinetic Parameters and KIEs for
NADH-Dependent Reduction of 3X-BA Catalyzed by the H113A

S Q Mutant
o
2 A Keat KealKm k7 Ka aid®
3X-BA  (s)  (M7Ish)  DPka?  PkealKn? (S (MM)

o 0.026 4.1 1% 2.0 0.27 14
H:  0.014 11
0.047 12 16 1.7 0.41 5.2
I 0.030 18
r 0.018 42
N 0.041 20 29 2.1¢ 0.15 15
G, 0.024 850 24 1.9 0.08 0.025

aFrom fits to eq 4 Calculated with eq 6 using data from this table.
" T " T T ¢ Calculated with eq 5 using data from this tabl&tandard errors were
6.0 6.5 7.0 7.5 8.0 8.5 9.0 smaller thant0.2. ¢ Standard errors were smaller thai0.3.

pH

log(kcat/Km)

PPPPPPE
Z0TmOTOxT

2

an inverse S-KIE. The observed S-KIEs were on the
B borderline of significance considering the limits of detection
in our experimental assay®Pea, £3%; P2CkcalKim, +10%).
However, it was clear that the wild-type enzyme and H113A
did not differ in regard to S-KIEs on their kinetic parameters.
Structure-Activity Relationships for Reduction of Substi-
tuted Benzaldehydes by H113khitial rates of NADH-
dependent reduction of 3X-BA by H113A were measured
under conditions of varied [3X-BA] and constant [NADH]
. (230uM). Kinetic parameters were obtained from fits of the
- U data to eq 1 and are summarized in Table 5. Valudg #f
Km andk., showed a strong dependence on the variation of
s the substituent on the aromatic ring. A simple correlation of
T 60 65 70 15 80 85 90 log(Keaf Km) Or log kear With the electronic substituent param-
eter Hammetto was nonlinear (not shown), indicating a
complex substituent effect on the catalytic rates of H113A.
Ficure 3: pH profiles of logkcalKim xyiosd (A) and logkeat (B) for Therefore, we assessed the substituent dependences of log-

the NADH-dependent reduction of xylose catalyzed by wild-type : _ :
CIXR (open circles) and the H113A mutant (filled circles). Lines (<ca/Km) and 10gkeat in three-parameter correlations of the

represent fits of the data to the appropriate equation, as describedOrM:
in the text.

log kcat
=}
=

pH

) o log(kea{Kpy) O l0g Koo = po + A + BV, 9)
of the dissociation constant of the ternary comp{gxq and

the hydride transfer rate constdmtrespectively. Comparison  wherex is the Hansch hydrophobicity parametey, is the
of calculated values shows thiat was slowed~1000-fold molecular volume, and andB are parameter coefficients.
in the reaction catalyzed by the mutant, compared to the sameThe data in Table 5 were fitted to eq 9, and results of multiple
reaction by the wild-type enzyme. By contrast, the effect of linear regression analysis are summarized in Table?6.
the mutation orkg aq Was small. We also determiné; values of >0.8 together with highF values ¢6) at a
and Pk../Kn, for the wild-type enzyme at pH 8.0 and 8.75. significance level P = 0.09) indicate a useful fit of eq 9
Values ofPk. andPk.ofKy, were constant within the limits  and the parameter coefficients shown in Table 6. The
of experimental error for the KIEH5% for Pk.,; +-15% for calculated electronic, hydrophobic, and steric substituent
Pk.afKm) as the pH was increased from 7.0 to 8.75. effects on logk.a/Km) and logk..: were significant statisti-
Initial rate measurements were carried out ygorHhnd DO cally. Table 6 also shows a fit to eq 9 kf,/Kn values for
solvent at pL 7.0, where L is H or D. They were performed 3X-BA reduction catalyzed by the wild-type enzym8teric
under conditions in which the catalytic rates of the wild- and bonding effects of the substituent on the H113A-
type enzyme and H113A were pL-independent. Data re- catalyzed reaction were clearly lacking on the corresponding
corded at varied [xylose] and constant [NADH] were fitted reaction of the wild-type enzyme. The value @kca/Km)
to eq 4, and S-KIEs are summarized in Table 4. Values of measures the electronic substituent effect on the catalytic
DOk o/Km and PPk, for reactions catalyzed by the wild- efficiency of 3X-BA reduction. It was strongly decreased in
type enzyme and H113A were smaller than 1.00, indicating the reaction of the mutant, compared to the wild-type reaction
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Table 6: StructureActivity Relationship Analysis for Kinetic Parameters of NADH-Dependent Reductions of 3X-BA by H113A and the
Wild-Type Enzyme

enzyme kinetic parameter ob ° VP rzc F P

H113A KealKm (M~1s71)2 0.78+0.22 0.32+ 0.09 0.32+0.13 0.93 20.0 0.018
Keat (5712 0.64+0.23 —0.124+ 0.09 —0.26+0.14 0.81 6.2 0.086

wild type KealKm (M~1s71)2 1.674+0.28 —0.06+ 0.12 -0.11+0.17 0.94 32.7 0.003

a From fits of the data to eq 9.0, 7, andVyy are the electronic, hydrophobic, and stekig,| substituent parameters, respectivélZoefficient
of determination.

1.2 H113A-NADP*, which reveals almost identical binding
— 10 modes of cofactor in the wild-type enzyme and mutant
E: holoenzymes.
&) 081 The positions of most residues in the active site remain
£ 061 unchanged between wild-type CtXR and H113A; however,
E 04 - rotation of the Asp-50 carboxylate due to the loss of the
o histidine side chain displaces atoms as much as 3 A.
<02 A Modeling 3F-BA into the active site highlights the fact that
g‘s 0.0 - this places the Asp-50 carboxylate approximately 3.5 A from
= the predicted position of the substrate carbonyl. It is expected
< 021 that this would inhibit a negative charge developing on the

04 aldehyde oxygen in the transition state (see later).

-0.2 0.0 0.2 0.4 0.6 0.8 Mutation of His-113 Slows the Hydride Transfer Step.
Replacement of His-113 by alanine resulted in a marked loss
of enzyme activity by a factor of about 1000, compared to
ElliLIJDRI—f é’«é eHr?égrrl]’lteigL%tﬁgaéhgf Sgiogg-%;ﬂglr ;aetg gon\ﬁ%nts fgr the wild-type enzyme. The effect of the mutation was almost
CtXR (opgn circles) and the H113A mutant (¥i|led ci);cles). éI/'Fi)1e exclusively on the catalytic rate a_nd not on apparent blndlng
kealKsx—ga values for H113A are corrected for hydrophobic and of coenzymes or SUbStr"’_‘teS' Th's 5”990”5 t'he no'ﬂgn that
steric substituent effects, as shown in Table 5. Straight-line fits of the main function of the side chain of His-113 is to facilitate
the data are indicated, and results of regression analysis are showrthe chemical reaction. The magnitude of the decreag&gn
or keof K for the mutant is consistent with a secondary role

in which the electronic effect was predominant. Furthermore, of His-113 in catalysis by CtXR (see later). KIEs on kinetic
kea Of the wild-type enzyme was devoid of any substituent parameters for xylose reduction by the wild-type enzyme
effect (not shown). Figure 4 displays Hammetit plots of the and H113A were used to estimate that hydride transgr (
second-order rate constants of 3X-BA reduction by H113A was slowed by=3 orders of magnitude as a consequence of
and the wild-type enzyme. the mutation. Employing the relationshpAG* = —RT In

We determined KIEs orkey and Kea/Km for H113A- (k7 H1134k7 wild tpe), the decrease ik; for the mutant corre-
catalyzed reduction of several 3X-BA substrates, as shownsponds to a destabilization of the transition state of hydride
in Table 5. Equations 5 and 6 were used to obtain estimatestransfer by about 16.9 kJ/mol.
for kz andKq ag (Table 5). Bothk; andKq aiq varied across Interpretation of KIEs.KIEs were diagnostic of major
the substrate series, but structaeetivity relationship  cpanges in the location of partly rate-limiting reaction steps
analysis of the substituent effect according to eq 9 was not .5 ,sed by replacing His-113 by alaning./Kn is a term
attem_pted, considering a limited number of data points and i, 4 comprises all of the steps in the catalytic cycle from
experimental scatter of abot20%. xylose binding to xylitol release. By contragte includes
DISCUSSION also steps outside this part of the reaction sequence such as

nucleotide exchange steps. During NADH-dependent reduc-

H113A Holoenzyme Structureevidence from X-ray tion of xylose by the wild-type enzyme, the net rate of NAD
structure determination and ligand binding experiments release is~90% rate-limiting fork.o: (31), reflected byPkeat
indicates that the NAD(P) binding properties and the NADPH being much smaller thaRk./Kn,. In the case of H113A,
vs NADH specificity of wild-type CtXR are maintained in  the values ofPk.s and Pk.o/K, are similar, which implies
the H113A mutant. Therefore, this suggests that interpreta-that the overall catalytic cycle is mainly rate-determining in
tions of the kinetic consequences of the mutation can bethe reaction of the mutant. The fact that the valuélaf/
based on the assumption that the active site has not beerK,, is smaller for H113A than the wild-type enzyme suggests
globally disrupted by site-directed replacement of the original that the observed isotope effects are controlled by different
side chain with the side chain of alanine. The kinetic data commitment factors (which are partition ratios for enzyme
are in excellent agreement with the X-ray structure of complexes that undergo the isotope-sensitive step in the
forward and reverse directions). Now, because hydride

2 The structure-activity relationship analysis for NADH-dependent ~ transfer catalyzed by the mutant takes place at a slow rate,
reduction of 3X-BA by wild-type CtXR has been reported elsewhere it is probable thaPk../Km for HL13A represents the intrinsic

(16). However, to assess the kinetic consequences of replacing His-; A i
113 by alanine, we needed to determine kinetic data for the wild-type isotope effect ork; [~6.5 26)] reduced only by internal

enzyme and H113A under exactly identical conditions. Results for the COMMitments. A precatalytic equilibrium involving the
wild-type enzyme are in excellent agreement with the published data. Xylose-bound enzyme may be responsible for a forward

Hammett
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Scheme 1: Kinetic Mechanism of Xylose Reduction by pH profile of the H113A mutant, irrespective of possible

Wild-Type Enzyme and H113A Involving a Precatalytic perturbations of i, values by substrate stickiness. However,

Isomerization of the EnzymeNADH —Xylose CompleR there is of course the possibility that His-113 is involved in
ky ks, determining the apparenKp of another pH-sensitive group

*ENADH + D-xylose «— *ENADHD-xylosc g—= *ENADHD-xylose on the wild-type holoenzyme. A proximally disruptive nature
ks ke of the mutation His— Ala could affect indirectly the pH-

. ks Tl ko dependent ionization of this other enzyme group (see later).
E + NAD*+ ylitol <—— *ENAD*xylitol The X-ray structure of H113A shows that the side chain

of Asp-50 rotates to a position within 2.2 A of the position

Isotope effect Commitment factor occupied by the imidazole ring of His-113 in the wild-type
Pkeal Kot = Chr + Cot PKeCOI(1 + Co+ C [ Cr= kalke(1+ ksilke) enzyme. In H113A, there is a distance~eb A between the
Pk = (*ky + Cur+ PKeqCo/(1 + Cys+ C) [ Cr= ko << 1 carboxylate of Asp-50 and the phenolic hydroxyl of Tyr-
Cvir=ky(1/ky + 1K 1) 51, which according to structural considerations is a good
a All forward steps after formation of xylitol are comprised ka Canqldate to which thg experlmgnta{apvalqes .m the pH
K's; is the net rate of the positioning stép and equalsksky)/(k; + profiles of logkealKm) might be assigned, taking into account
ke). PKeq is the equilibrium isotope effect on the hydride transfer the possible perturbations by substrate stickiness. Previous
step. In the case of H113As is expected to be much greater thaa studies of pH effects on AKR catalytic rates have assigned
andk. pK. values on the basic limbs of pH profiles iy (4, 5)

, , . o andk:./Kn (6, 7) to tyrosines structurally equivalent to Tyr-
commitment to catalysi€X), which has a substantial internal 51 However. we emphasize that our data do not per se
part Ci—in = kilks1, Whereks, is the rate constant for the g 5nort any K.-to-group assignment. Tyr-51 would be a
off” isomerization of the ternary complex), as shown in - gycrurally and functionally well-informed guess, also
Scheme £ Clearly, for Ci—i» to have a high value in the  cqnsidering that there are a small number of residues in the
reaction catalyzed by H113/As, must be smaller thak;. catalytic site which ionize in the relevant pH range: Tyr-
In other words, replacement of His-113 by alanine seems 05 | y5.80 (not likely because the salt link interaction with
cause large decreases in the W|Id-type_enzyme values forihe side chain of Asp-46 is expected to stabilize the
both rate constantke; anq k7. Interpretation of KIEs for protonated side chain of the lysine, thus elevating Ks)p
H113A-catalyzed reduction of 3X-BA by H113A cor- 5,113 (pH effects on the reaction catalyzed by the H113A
roborates the suggestion that mutation of His-113 strongly y,tant rule out this possibility).
affects steps of an internal equilibrium prior to the hydride The distance betweend® of His-113 and Tvr-OH in the
transfer step. KIE data for reductions of xylose and 3X-BA . ; L y .

. : . ™ > wild-type enzyme is~4 A. This distance, compared with
also imply that manifestation of the effect of the mutation is the distance of Tyr-51 and Asp-50 in H113A, is clearly too
relatively independent of the structure of the nonreacting part big to explain the observetipK, on account 01: differential
of the aldeh)_/de subsirate. . . . hydrogen bonding. Interestingly, Lys-80 which interacts with

Interpretation of pH Effects and Discussion of a Possible Tyr-51 and Asp-46 in both wild-type and H113A holo-
E(;Ie l(_)|f l}'g}éﬁiﬂ%ﬁ”%ﬂ Ascr'gv(\faﬁlgzlse%%g:gcgf stee ¢ enzyme structures experiences the greatest change in mi-
prip e MAY VP pend SRS o roenvironment as Asp-50 changes its conformation in the
outside the catalytic sequence, i.e., after xylitol has dissoci- mutant. This may account for an indirect effect of the
ated, we discuss first the pH prqflles of 16g{Kr). The mutation on the protonation equilibrium of holo-CtXR,
pH profile of logk.a/Km) for the wild-type enzyme shows possibly involving Tyr-51

an apparent iy, of 8.85, above which the activity is lost. . .
These results are relevant mechanistically. A catalytic

Therefore, because xylose does not ionize in the pH range i
scenario for alde-keto reductases has been propogkd)

studied, this indicates that a pH-sensitive group on the: ° i - ¢ .
enzyme-NADH complex must be protonated for substrate " which a side-chain NH group of His-113 facilitates proton
transfer from Tyr-51 by donating a hydrogen for bonding

binding and/or catalysisThe pH profile of lo Km) for
I y oy GlcalKem) with the phenolic oxygen of the tyrosine. If exactly this

H113A displays a similar decrease at high pH above an , ) o>
mechanism of His-113 was operable in wild-type CtXR, one

apparent i, of 7.63, indicating a\pK, of ~ —1.2 pH units, )
compared to the corresponding pH profile of the wild-type Would expect that pH profiles of l0g/Km) for the H113A

enzyme, caused by the mutation. These data show C|e(,31r|ymutant are shifted to a significantly higher (not lower) value
that the side chain of His-113 is not the ionizable group °f apparent a.
responsible for the pH dependence of leglKm) seen in
the pH profile of the wild-type enzyme. If it were, the 4 The observed I, of 8.85 in the pH profile of log(a/Kn) for the
observed K, would be eliminated from the corresponding Wild type is apparent and may be perturbed from its correct position
because xylose is slightly sticky. In the wild type, the stickiness ratio
(Sy), which is a ratio of the net rate constant of hydride transfer from
3The reverse commitmenkgks) is probably not significant in NADH and the net rate constant of xylose release, has a valu@ df
reactions catalyzed by the wild-type enzyme and H113A, considering (31). Substrate stickiness may thus displace the appakgrio higher
that hydride transfer to NADoccurs at a slow rate. Although the value value by log(1+ S;) (ApKa= 0.61). The determination of a kinetically
of kg is not known exactly for HL113A, we found no evidence tkat unperturbed value of Ky by recording the pH profile of i for a
would be increased, compared to the rate constants of other steps oftompetitive inhibitor was not possible due to the lack of availability

the catalytic cycle, as a result of the mutation. The ratikg@Kn values of an appropriate inhibitor. Likewise, we did not attempt to set up
for xylose reduction and xylitol oxidation was not strongly affected by reaction conditions such that the catalytic step of aldehyde reduction
the mutation. In a previous study of the wild-type enzyr3&) (we is totally rate-limiting. A slow, thus nonsticky aldehyde substrate that
have shown that hydride transfer is partly rate-limiting kK in would be more appropriate than xylose for detailed kinetic characteriza-

both directions of the reaction. tions is not available for CtXR.
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The pH profile of logk.s: for the wild type is a wave with  substrate in the binding pocket. The finding of Bohren et al.
an apparentlg, of 7.80, in which logk.,: decreases from a  (6) that His-113 determines the large stereochemical selectiv-
constant value at the optimum pH of 6.0.0 to a lower ity of hAR for R- overS-configured 2-hydroxyaldehydes was
constant value at pH<9.5 Considering that lod¢a/Km) is particularly relevant considering the close structural similari-
not pH-dependent aroundKp 7.80, the pH profile of log ties among the physiological substrates of CtXR (xylose)
keat may reflect the pH dependence of steps outside the and hAR (glucose). CtXR requires hydrogen-bonding inter-
catalytic cascade. To test this hypothesis, we determined theactions with the CZ) hydroxy group to achieve full catalytic
pH dependence &k, if the rate of the noncatalytic step- competence for reduction of 2-hydroxyaldehydag)(We
(s) decreased with increasing pH, the valué’lkef; should find that the H113A mutant prefersgalactose over 2-deoxy-
decrease abovekp = 7.80. HoweverPk.,; was constant in  b-galactose as a substrate for NADH-dependent reduction
the pH range 7.008.75. Therefore, this result implies that to the same extent as the wild-type enzyme. This result can
a group of K, 7.80, which is showing under conditions of be interpreted to mean that the imidazole side chain of His-
saturation in xylosekg,) but is lacking when the xylose 113 is not involved in the interactions with the 2-OH group
concentration is limiting K../Km), must be protonated for  of the substrate or that another group on the enzyme or
an optimumcatalytic rate; and the noncatalytic step which perhaps water is capable of replacing it for noncovalent
is partly rate-limiting fork.; also decreases as the pH is bonding in the H113A mutant. Modeling experiments in
increased abovely 7.80 so that the ratio of it and the which a xylose molecule was docked into the active site of
chemical reaction remains constant. Obviously, these dataCtXR have suggested that thed Nf Asn-309 is the most
suggest a conformational change in protein structure of thelikely candidate to donate a hydrogen for bonding to the
wild-type enzyme, which takes place as a result of xylose substrate CE) hydroxy group. The net loss of transition
binding. state stabilization energy a£7—8 kJ/mol in the reaction

The k.ot of the H113A mutant is not pH-dependent in the with the 2-deoxyp-galactose, compared to reaction with
pH range 6.6-9.0. Therefore, this implies that the pH- D-galactose, would be consistent with the removal of a strong
dependent ionization of a functional group in the H113A hydrogen bond between uncharged donor and acceptor
holoenzyme is completely masked at the level of the ternary groups. In the model of xylose binding, His-113 is not
complex (i.e., under substrate-saturated reaction conditions) brought into position to serve as a candidate interaction
Plausible explanations of this pH dependence are that xylosepartner with the 2-OH. Its B2, however, may be hydrogen-
combines only with the protonated state of HL113A-NADH, bonded with the carbonyl oxygen of the substrate (see later).
or binding to xylose partially locks the H113A holoenzyme In conclusion, we have found no evidence that His-113
in the correct protonation state for activity either by specific contributes to a stabilization of the transition state of CtXR-
bonding interactions with the pH-sensitive enzyme group or catalyzed reduction of xylose by providing noncovalent
by solvent exclusion from the active sfte. interactions with the 2-OH.

Summarizing, the pH profiles of l0ka and logkealKim) Structure-Activity Relationships for Reduction of Aro-
for the wild type and H113A do not suggest an important matic Aldehydes by H113A. (A) Electronic Effecthe
role of His-113 in general acid catalysis to carbonyl group positive values of 0.78 and 0.64 fatk.a/Km) and p(Kea),
reduction by CtXR. The absence of a solvent KIE on kinetic respectively, show that (1) electronic-withdrawing substit-
parameters for the mutant supports this notion, as follows. uents speed the reaction of H113A with 3X-BA and (2) the
If His-113 were the actual proton donor of the reaction or electronic substituent effect on the enzymic rate is similar
facilitated proton donation from another group such as Tyr- under conditions of limiting and saturating substrate con-
51 (4, 5), the replacement of His-113 would be expected to centration.p(k.afKm) for the wild type E+1.7) is signifi-
slow substantially the proton transfer step in the mutant. cantly greater thano(k.a/Km) for H113A, revealing a
Now, irrespective of whether hydride transfer and proton substantially higher sensitivity of the wild-type enzyme
transfer occurs in the same transition state or in different catalytic efficiency to the electronic substituent effect. In the
transition states, relatively slow catalytic proton transfer wild type, the hydride transfer rate constnis devoid of
should be manifested in a sizable normal S-KIEkanand a substituent effect, electronic or otherwid#)( The pro-
keal K for xylose reduction by H113A. posed catalytic scenario for 3X-BA reduction by the wild

No Evidence of Noncealent Bonding of His-113 with the  type involves a substantial decrease in positive charge at the
Substrate C2(R) Hydroxy Grouprevious studies of human  reactive carbon of the aldehyde upon moving along the
aldose reductase (hAR; AKR 1B1), mammalian aldehyde reaction coordinate from the holoenzyme and free 3X-BA
reductase (AKR 1A1), ando3hydroxysteroid dehydrogenase to the transition statelg). In contrast to the wild typek; of
(AKR 1C9) have shown that His-113 assists in orienting the

" The pL profile of logk.a/Km) for the wild-type enzyme displays a
5 We do not imply that the value of lok, of the wild type remains plateau in the range pL 6:8.0 in O or D,O solvent. The ob-
constant at pH values greater than 9. In fact, a significant perturbation served S-KIE onk../Kn is therefore real and does not reflect the

of apparent g, seen in the pH profile of lodga/Krm) is predicted for difference in pL-dependent ionization of a functional enzyme group in
the pH profile of logkeatbecause steps involved in NADelease, rather H.O and DBO. If we consider (1) the g, of 7.63 in the pH profile
than catalysis, are 90% rate-limiting1). If the pK, value of the log- log(keafKm) for H113A and (2) the fact that amino acid side chains are
(keal Km) profile was thus shifted outward by the expectetl pH units weaker acids in BO than HO, the ApK, being~0.4—0.6 pH unit, a
[=log(1 + 9)], the K, would escape detection in the ldgy profile. pL dependence ok.a/Knm is expected for the mutant above pD 7.0.
6The possibility that the Ig. seen in the lod¢a/Km) profile is However, we emphasize that a sizable normal S-KIEk@#K, for
perturbed in the lod..: profile because of a change in rate-limiting  H113A at pL 7.0 could not have escaped our detection: a pL-dependent
steps is unlikely and not considered here. Release of Nislearly ionization of the functional group ofa, = 7.63 on the mutant may

not rate-limiting in the reaction catalyzed by H113A, as suggested by not differ by more than 10% in ¥ and DO solvent under these
similar KIEs onkea and Keaf Km. conditions.
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H113A displays a significant dependence on the variation alanine leads to identical decreases in the forward and reverse
of the substituent on the aromatic ring. Obviously, the catalytic rates of the mutant, compared to the wild-type
mutation causes an increased sensitivity of the catalytic stepenzyme. The suggested mechanistic scenario involves a trans
of hydride transfer to a substituent effect which may be addition of hydrogens to C1 and O1 with an (likely anti-
complex and whose constituent electronic and bonding coplanar) arrangement of tlwetype bond orbitals of C4H

factors remain unresolved, however. of NADH and O-H of Tyr-51. In the productive complex,
(B) Steric and Bonding Effect$tructure-activity rela- the 7* antibonding orbital of the carbonyl group (i.e., its
tionship analysis of the substituent dependencedspand lowest unoccupied molecular orbital) is expected to be

keafKm for 3X-BA reduction by H113A has revealed the positioned such that it points toward the-€4 bond orbital
sensitivity of the mutant catalytic rates to changes in steric of NADH. The hydrogen bond donor group at His-113 would
and hydrophobic characteristics of the substituent. By thus assist in optimizing both charge separation within the
contrast, steric and bonding factors are lacking completely reactive carbonyl group (a Coulomb effect) and orbital
in the reaction of the wild type with the same series of alignment of nucleophile and substrate to facilitate the
substrates. Interestingly, the structural variations of the hydride transfer stef86). In the reverse reaction when xylitol
substituent do not have the same effectkanand keafKm is oxidized, a lone pair of electrons on O1 of the primary
for H113A. alcohol group is expected to delocalize into the antibonding
We have looked at how 3X-BA might bind in the active o* orbital of the adjacent CH bond, thereby destabilizing
sites of the wild-type enzyme and H113A using modeling this bond and facilitating hydride transfer to C4 of NAD
experiments. The docking studies show that 3F-BA can be Again, positioning through bonding with His-113 will be
positioned into the active site in two different orientations: important. Interestingly, a group of flavin-dependent oxi-
one in which the fluorine is inserted into a cluster of doreductases which are thought to operate by a hydride
hydrophobic residues composed of Trp-82, Phe-114, Phe-transfer catalytic mechanisr3%—38) seem to make use of
131, and Trp-314 and another in which the fluorine is a conserved histidine in a way very similar to that proposed
directed toward the solvent (Figure 2). As the volume and for CtXR.
polarity of the meta group are increased, we expect the latter Sequence changes partly explain why a seemingly inco-
conformation to be favored because steric conflicts would herent picture is derived from characterizations of His-113
arise between the substituent and the hydrophobic pocketmutants of different AKRs. Phe-114 of CtXR is replaced by
A Unified Role of His-113 in AKR Catalysi€?an the a tryptophan in hAR Z). The Ne1—H of this tryptophan
observations made herein and by others be reconciled in adonates a hydrogen for bonding with the carboxylate group
unified mechanism of His-113 in catalysis to carbonyl group on inhibitors bound with the enzyméNADP* complex @3,
reduction by AKRs? We think that current AKR structures 39) and, according to modeling experiments, interacts with
together with results from site-directed mutagenesis arethe 2-OH on aldehyde substratd$). His-113 of hAR may
consistent with anajor function of His-113 in the precise  thus form a bifurcated hydrogen bond with both carboxylate
positioning of the carbonyl group for catalysis. Additional oxygens on inhibitors or with the oxygens at C1 and C2 of
roles such as H-bonding with nonreacting groups on the 2-hydroxyaldehydes. In this scenario, His-113 is posi-
substrate &, 8, 11) and fine-tuning of general aciehase tioned in the center of a network of hydrogen bonds that
catalysis 4, 5, 11) may occur in certain but obviously not contributes to substrate binding and catalysis by hAR.
all AKR members. In the mechanism we would like to However, a recent ultra-high-resolution structué)(of an
propose, the B2 of His-113 is protonated in the ternary hAR—NADP*—inhibitor complex reveals hydrogen bonds
complex and acts as a hydrogen donor for bonding with O1 from Oy—H of Tyr-51 and N2—H of His-113 to one
of the substraté The orbital interactions resulting from this  carboxylate oxygen of the inhibitor and fromeN-H of Trp-
conformation would direct a lone pair of electrons on O1 114 to the other oxygen. The presence of Phe-114 in the
toward the phenolic proton of Tyr-51, enabling another strong yeast enzyme suggests that binding of 2-hydroxyaldehydes
hydrogen bond in the reactant state. The carbonyl groupby CtXR and hAR must be different. In fact, mutation of
would thus be strongly polarized, making the C1 more Phe-114 into a tryptophan results in weakening (rather than
electron-deficient overall and hence reactive for the nucleo- improving) apparent binding of xylose by a factor of
philic attack by a hydride ion. The partial negative charge approximately 30 (R. Kratzer and B. Nidetzky, unpublished
thus present on O1 would be stabilized by the interactions results).
with Tyr-51 and His-113. We envision that the environment
of the phenolic proton of Tyr-51 that is hydrogen-bonded to ACKNOWLEDGMENT
O1 will change synchronously as hydride transfer to C1
occurs and, consequently, thé&pof O1 increase8.By
contrast, the interactions betweer2\-H and O1 in the
RCH=O reactant state and RGBH product state are  gpPPORTING INFORMATION AVAILABLE
probably similar, which would explain why replacement of
the imidazole side chain of His-113 by the methyl group of ~ One figure showing the purification of the H113A mutant
documented by SDSPAGE. This material is available free
8 No1 is assumed to be unprotonated, in agreement with experimentalOf charge via the Internet at http://pubs.acs.org.
and theoretical studies of the protonation state of His-113 in the active
site of aldose reductasé3, 14, 33). Tautomerization of the neutral REFERENCES
imidazole ring may be disfavored electrostaticaBg)(

9 This does, however, not imply that hydride transfer and proton 1. Hyndman, D., Bauman, D. R., Heredia, V. V., and Penning, T.
transfer will occur in a fully concerted (synchronous) fashion. M. (2003) Chem.-Biol. Interact. 143144, 621—-631.
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