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ABSTRACT. Microbial xylose reductase, a representative aldo-keto reductase of primary sugar metabolism,
catalyzes the NAD(P)H-dependent reductiomofylose with a turnover number approximately 100 times
that of human aldose reductase for the same reaction. To determine the mechanistic basis for that
physiologically relevant difference and pinpoint features that are unique to the microbial enzyme among
other aldo/keto reductases, we carried out stopped-flow studies with wild-type xylose reductase from the
yeastCandida tenuisAnalysis of transient kinetic data for binding of NAGand NADH, and reduction

of b-xylose and oxidation of xylitol at pH 7.0 and 2% provided estimates of rate constants for the
following mechanism: Et+ NADH = E-:NADH = *E-NADH + b-xylose == *E-NADH-D-xylose =
*E-NAD*-xylitol = *E-NAD* == E-NAD* == E + NAD™. The net rate constant of dissociation of NAD

is ~90% rate limiting fork.o: Of D-xylose reduction. It is controlled by the conformational change which
precedes nucleotide release and whose rate constant of #0260 times that of completely rate-limiting
*E-NADP* — E-NADP" step in aldehyde reduction catalyzed by human aldose reductase [Grimshaw,
C. E,, et al. (1995Biochemistry 3414356-14365]. Hydride transfer from NADH occurs with a rate
constant of approximately 170 In reverse reaction, the *SADH — E-NADH step takes place with

a rate constant of 157§ and the rate constant of ternary-complex interconversion (3'8largely
determines xylitol turnover (0.9°%). The bound-state equilibrium constant frtenuisxylose reductase

is estimated to be-45 (=170/3.8), thus greatly favoring aldehyde reduction. Formation of productive
complexes, *ENAD* and *EENADH, leads to a 7- and 9-fold decrease of dissociation constants of initial
binary complexes, respectively, demonstrating that 12-fold differential binding of NAQH- (16 «M)

vs NAD" (K; = 195 uM) chiefly reflects difference in stabilities of-SADH and ENAD™. Primary
deuterium isotope effects d@a: andkealKyyiose Were, respectively, 1.5% 0.09 and 2.09t 0.31 in KO,

and 1.26+ 0.06 and 1.58t 0.17 in D,O. No deuterium solvent isotope effect kya/Kxyiose Was observed.

When deuteration of coenzyme selectively slowed the hydride transferPg¥a/Kxyios9 Was inverse
(0.89 £+ 0.14). The isotope effect data suggest a chemical mechanism of carbonyl reduction by xylose
reductase in which transfer of hydride ion is a partially rate-limiting step and precedes the proton-transfer
step.

The catabolic pathway ob-xylose in yeasts and fungi  cooperate to facilitate nucleophilic attack of the hydride ion
starts with NAD(P)H-dependent reduction pfxylose to to there-side of the substrate carbonyl group [reviewed in

xylitol, catalyzed by xylose reductase (XR).ike well ref 4 (5-7)]. The nicotinamide ring of NAD(P)H is
characterized mammalian aldose reductases, XR is a membepositioned such that stereospecific transfer of the 4Rpro-
of the aldo-keto reductase (AKR) superfamily, ¢). In hydrogen takes place. Positional conservation of tetrad

the systematic classification of AKRS;(for recent updates,  residues Tyr-51, Lys-80, His-113, and Asp-46 in the enzyme
see the AKR Webpage at the URL address http://www. from Candida tenuis(CtXR; AKR 2B5) and conserved
med.upenn.edu/akr/) yeast XRs have been classified intoa_sjde stereospecificity of hydride transfe8) (suggests a

subfamily 2B. The proposed catalytic mechanism of AKRs ¢atalytic mechanism of xylose reductase common to other
involves four active-site residues (Tyr/His/Lys/Asp) which  akRs.

: : The turnover number of aldehyde reduction catalyzed by
. IBS&IJpported by the Austrian Science Funds, Grant P-12569-MOB y3mmalian AR is completely limited by a slow conforma-
0 B.N.

* To whom correspondence should be addressed. Phoné3){1- tional change which precedes the release of NAQE 10).
36006-6274. Fax:443)-1-36006-6251. E-mail: nide@edv2.boku.ac.at. Crystallographic analysis of aldose reductase in complex with

1 XR, xylose reductase; CtXR, xylose reductase f@amdida tenuis inhihi —
AR, aldose reductase; hAR, human aldose reductase; AKR, aIdo-ketoNADPH (11, 12), AMP (13), and inhibitors {4-17) has

reductase; @&HSD, Ju-hydroxysteroid dehydrogenase; NADDR) provided strong support in favor of the suggestion that the
[42H]-NADD. kinetic “isomerization” step reflects structural rearrangements
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of the enzyme, including movement of loop B, made by hAR pertains to the 200-fold faster rate constant of the
residues Gly-213 to Leu-227, that folds over the nucleotide conformational “isomerization” that precedes the release of
in the productive binary complex. Positional change of this NAD(P)". The physiological implications of that difference
loop from a closed (*E) to an open (E) position probably are discussed. A model of the chemical mechanism of
controls dissociation of the coenzym@—(11). At equilib- carbonyl reduction by CtXR is presented which is based on
rium, the slow opening reaction contributes 100 and 650- isotope-effect data, and unique properties of XR are pointed
fold to lowering the dissociation constants of the initial out.

enzymenucleotide complexe®). K; values of NADPH and

NADP" are thus in a low nanomolar range. Formation of a MATERIALS AND METHODS

reactive *ENADPH complex capable of reducing practically ) ) , i
any, potentially toxic aldehyde, may be the physiological Materials. If not mentioned otherwise, all materials were

rational for the extremely tight binding of nucleotides by 99-5% pure. 2-Propandk was from Sigma. A-side deute-
hAR (18). rium labeled NADH (NADD} was prepared enzymatically

(22). It was purified by anion exchange chromatography on
a MonoQ column (Amersham Pharmacia). Analysis‘Hy
NMR showed the deuterium content of NADD to be greater
than 98%bp-arabino-2-Hexos-ulose @-glucosone”; 2-keto-
D-glucose) was prepared fromrglucose using pyranose

The turnover number for reduction ofxylose by CtXR
(keat ~® 17 sH? is approximately 100 times that of human
aldose reductase (hARYor the same reaction1). By
contrast, values Okca/Kyyiose are similar for both enzymes
indicating that high and low maximum rates have evolved . ; ) .
with marginal changes in specificity. A recent comparative 2-oxidase fromTrz_imetes_ multicolo(23). Using aQaIyss by
analysis of steady-state kinetic parameters of CtXR and hAR ' -C @nd HPLC, its purity was found to be 95%. .
has underlined a specific physiological role of CtXR in the ~ EnzymesCtXR was purified to apparent homogeneity
NAD(P)H-dependent reduction ofxylose with high flux- from cell extracts ofC. tenuis CBS 4435 as described
ional efficiency @0). Unlike hAR, CtXR was shown to utilize ~ recently (9). Stock solutions of the enzyme in 50 mM Tris/
binding interactions with nonreacting parts of the aldehyde HCI buffer, pH 7.0, containing 0.1% (w/v) Tween 20 were
to bring about specificity fom-xylose and decrease the  Prepared by concentrating protein af@ to about 16-20
activation free energy for the rate-limiting step reflected by Mg/mL using a stirred Amicon ultrafiltration cell equipped
the value ok (20, 21). keatin an ordered bi-bi mechanism ~ With @ YM 30 membrane. Protein was stored in aliquots at
such as that of CtXR10) and hAR @) is a function of all —70'°C. Before use, _buffer was exchanged by gel'flltratl'on
first order rate constants in the respective direction but only and if present, turbidity was removed by ultracentrifugation
rate constants for the chemical step and product dissociatiort 9000@. The molarity of solutions of CtXR was deter-
step depend on the substrate. In other words, skagéor mlngd frqm measurements of the absorbance.at 280 nm with
CtXR shows significant variation across a series of structur- @ Hitachi U-3000 spectrophotometer and using a value of
ally related aldehyde substrate0), the net rate constants 54 000 M* cm™ for the molar extinction coefficient of
of steps involved in coenzyme release are probably not CtXR at 25°C, which is based on amino acid analysg}. (
completely rate limiting for turnover by this enzyme. Transient Kinetic StudiesStopped-flow measurements

The present paper reports experiments that were designeavere carried out with an Applied Photophysics instrument
to advance the mechanistic basis for the observed differencegmodel SX.18 MV) equipped with modular optical system.
in steady-state kinetic properties of CtXR and hAR, and Data acquisition and analysis were done with Applied
characterize features of enzyme/substrate interaction thatPhotophysics software. When 100 was shot into a flow
appear to be unique to XR among AKRs. Analysis of cell having a 1-cm path length, the fastest time for mixing
transient kinetic data recorded in stopped flow studies and two reactant solutions, introduced from two separate syringes,
simulation experiments were used to determine the completeand recording the first data point was approximately 1.5 ms.
kinetic mechanism of NADH-dependent reduction mf All experiments were done in triplicate for each reactant
xylose by the yeast enzyme and obtain estimates of micro-concentration, and the resulting stopped-flow traces were
scopic rate constants. Isotope-effect studies were utilized toaveraged and then used for further analyses. Detection was
characterize the chemical step of carbonyl reduction pertain-by absorbance or fluorescence. Appropriate controls were
ing to the relative timing of hydride transfer and proton recorded in all cases to exclude the possibility of artifacts.
transfer, and the relative contributions of hydride transfer Reactions were carried out at 28 in 50 mM potassium
and proton transfer to rate limitation f&, and Kea/Kyyiose phosphate buffer, pH 7.0, using final concentrations of the

A kinetic transient for binding of NADH and NADwas enzyme (based on a molecular mass of 36 kDa) that were
observed for the first time with an aldo/keto reductase, which constant across a series of reactant concentrations but
suggests that subtle differences exist in the mechanism ofotherwise varied between 5.5 and 16:M. Binding of
coenzyme binding used by individual members of the NAD" and NADH was measured as quenching of intrinsic
superfamily. The overall kinetic scheme of CtXR is found Protein fluorescence which occurred upon mixing of enzyme
to be similar to that of hAR. Slow physical kinetic steps solution and nucleotide solution from two separate syringes.
occur at the level of binary enzymmicleotide complexes, The excitation wavelength was at 295 nm and the emission
and they probably reflect conformational changes in enzyme Wavelength was at 335 nm The nucleotide concentrations

structure. The most striking difference between CtXR and employed ranged between 25 and 1Q@@ NAD* and
5—100 uM NADH and binding was monitored for-56

2 Similar turnover numbers of 21 and 17*have been determined different concentrations of NAD(H). The absorbance of

for CtXR-catalyzed reduction a-xylose with NADPH and NADH ~ NADH at 335 nm leads to significant quenching of tryp-
as the coenzyme, respectivello). tophan fluorescence in the absence of true binding, and
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therefore, NADH concentrations greater than 100 were The correlation coefficient of regression analysis was gener-
not used. For measurement of multiple turnover transients, ally greater than 0.985, and unless mentioned otherwise
enzyme (1322 uM) was premixed with saturating concen- problems with strongly correlated parameter estimates were
trations of NADH (110u«M) or NAD* (1.5 mM) in one not observed. Linear double reciprocal plots were fitted to
syringe, and the other syringe contained the substrate solutioreq 1 wherev is the initial rate, E is the enzyme and A is the
(0.08-1.5 M p-xylose or xylitol) plus nucleotide at the same substratek..is the turnover number art, is the apparent
concentration as in the enzyme solution. Therefore, the final Michaelis constant for A.
concentration of nucleotide (11@M NADH, 1.5 mM
NAD™) did not change upon mixing the two solutions. For v = Kot [EI[AV( Ko H[A]) (1)
measurement of single turnover transients, the enzyme ) o
reservoir contained 142M CtXR and optionally, the same ~ Equation 2 was usgd to determine isotope effect§ when one
or a smaller concentration of nucleotide. The final concentra- Substrate was varied, whe&,x and Ey are the isotope
tion of substrate in single and multiple turnover transients €ffects minus 1 ok.a/Ka andkea, respectively. The fraction
was adjusted by varyingfxylose] (not the volume) added of deuterium in the labeled substrate or the solvent is given
from the syringe containing the substrate solution. ReactionsbY Fi-
\(lzeie‘srggglt':/)girf;?lr)r? the change in absorbance at 340 nm v =k [ENAV Ka(1+ FEy) + [AIL + FEY)  (2)
Nucleotide Binding to CtXR Monitored by Fluorescence.
Steady-state fluorescence measurements were carried out
25+ 1 °C equipped with a Hitachi F-2000 spectrofluorom-
eter with a thermostated cell compartment. Fifty millimolar
Tris or 50 mM potassium phosphate buffer, both pH 7.0

Pseudo-first-order rate constants of kinetic transieks) (

E%ere calculated from single- or double-exponential fits to
averaged stopped-flow traces using Applied Photophysics
software, based on nonlinear regression algorithm. The
' decision of whether a double exponential fit the data

\t/)vermeel;sse?_r?s t'rr:g'Caf:c'hBr:nd(')rf]gngfngieyastgegzgn}:ngges_ significantly better than a single exponential was based on
y uring qu INg o INtrinsic tryptop u variance analysis, the confidence intervals of the estimates

cence of CIXR, as described above. The enhancement Otfor kobsand the statistical correlation of parameter estimates.

?ucéteggdvevfluoresg?nc; gerrnnj]frfotﬂm&?x' SAifOtimr?) orr]lbtmg;nnghen general saturation behavior was observed, eq 3 was
0 as used o dete € the dissociation constant ot o g it the data whereblmax is the maximum rate

the enzymeNADH complex. The fluorescence titrations constant and®™is an apparent half-saturation constant
were carried out at an enzyme concentration of B\8 Al PP uratl '
Measurements were done after adding-®2L aliquot from _ app

concentrated stock solutions (1 mM NADH, 3 mM NAD Kops = Ko AV(KA™+ [AD ®)
and appropriate corrections for dilution were made. Controls Resuilts for a two-step binding mechanism of nucleotides (eq
were obtained by the same procedure without enzyme, and

. . 4) in which the first step is fast relative to second step, were
corrections for the blank values at the corresponding nucleo- .
. . . .analyzed by using eqs 5 and 6.
tide concentrations were made in all cases. Scatchard analysis

was used to determine the dissociation constant of the binary E + Nu= ENu=*ENu (4)

enzymenucleotide complexes as well as the number of

NADH binding sites in CtXR on a molar basis. Kops 1= Ko + K; [NU],, (5)
Steady-State Kinetic Studigsxperiments were performed '

at 25°C in 50 mM potassium phosphate buffer, pH 7.0. Kops.2= Kg + kg [NU],o/ (K4 + [NU] o) (6)

Initial rates were measured with a Beckman DU-640 spec-

trophotometer recording the depletion of NADH at 340 nm. wherek,ps ;andkoss 2are observed rate constants for the fast

Control assays containing the enzyme and NADH, and and slow kinetic transient, Nu and Nuare free and total

NADH and the substrate ensured that blank rates werenycleotide concentrations, respectively, #d=k./ky) is a

negligible under the conditions employed. The total volume dissociation constant. Rate constant numbering refers to eq

per assay was 1 mL, and reactions were initiated by adding4 wherebyk; and k, and ks and k, relate to the first and

20uL of NADH, dissolved in water. All initial velocity data  second step of binding, respectively. Since binding of NADH

were obtained under conditions in which one substrate wasis tight relative to the enzyme concentration used in our

varied at a constant and saturating concentration of theexperiments (5.516.9uM), eq 7 was used to analyze the

second substrate. Primary deuterium kinetic isotope effectsgata.

on apparent kinetic parameters for aldehyde reduction were

obtained by using NADD. Deuterium solvent isotope effects Kobs = K4 1+ KaEnapn/Eiot (7)

were determined at saturating concentrations of NADH or

NADD usingp-xylose orp-glucosone as the varied substrate. Where Enapn/Eqt is the fraction of enzyme liganded with

Phosphate buffer with £D were brought to “pH” with DCI ~ NADH, and Enapn is given by eq 8.

using correction for the isotope effect on the response of

the pH electrode according to pB meter readingt 0.4  Enapn = {(Kg + [Elo + [Nulyo) —

24 A N [(Ka + [Elige + INUlio)* = 4[E]io[NUI, 312 (8)
Data ProcessingReciprocal initial velocities were plotted

vs reciprocal substrate concentrations, and the experimentaRate constants for coenzyme binding were obtained by using

data were fitted to eqs-18 by the least-squares method, and nonlinear fits of eqs 58 to experimental data. Alternative

using the Sigmaplot program, ver. 5, for Windows (Jandel). graphical procedures were not used.
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) . o . . constantsky,g for fast (open circles) and slow (full circles) kinetic
Ficure 1: Representative kinetic transients of NADinding to transient of nucleotide binding. Values ks showed standard

CtXR measured as quenching of protein fluorescence in a stopped-geviations of less than 10%.
flow experiment. Reactions were carried out at°€5in 50 mM

potassium phosphate buffer, pH 7.0, using ZM enzyme and 0.4
NAD™ at the concentrations jgM indicated. Solid lines are double
exponential fits of the data. 0.2 %
e 5
Simulation of Transient-State ReactiorBxperimental o 00 10
stopped-flow progress curves of nucleotide binding and 2 ey 2
enzymatic reactions with-xylose and xylitol were analyzed 2
by using the interactive simulation program KINSINX5j. § -0.4 1 s 40
KINSIM simulations used the observed values of rate & 0 | 30
constants and the actual starting concentrations of enzyme, ’
coenzyme, and substrate. Comparison of experimental and 0.8 - 100
simulated progress curves was used to obtain estimates for
rate constants which were not directly observable in stopped- -1.0 ‘ ‘ ‘ ' '
flow measurements. 0 20 40 60 80 100 120
time [ms]
RESULTS FicUrRe 3: Representativekinetic transients of NADH binding to

CtXR measured as quenching of protein fluorescence in a stopped-
Kinetic Transients of Nucleotide Bindinfo characterize gg‘t"’ases’?ﬁﬁ:'rgﬁggpﬁaetaec?)%?fzr‘”%ﬁ %a(;”idsiﬁgtm?éﬁgy?noergw .
blndlng of NAD_JF a_nd NADH to QtXR, we carried out NADH at the concentrations iaiM indicated. Solid lines are double
transient-state kinetic studies by using fluorescence stoppedexponential fits of the data.

flow measurements. Fluorescence traces were recorded at

varied [NAD'] or [NADH], and quenching of intrinsic  used to fit by nonlinear regression the data for the range
tryptophan fluorescence at 335 nm (following excitation at 50-500M NAD™* and determinds (273 + 111 s1) and

295 nm) served as reporter of the binding event. Representay, (40 + 9 s™%). The data obtained at very high NAQvere

tive progress curves of binding of NACare shown in Figure  not used in the calculation because the valuk,gfslightly

1. The curves were in all cases fit best by two exponentials, decreased when NADwas present at 500M or greater.
reflecting a fast phase and a second slower phase of bindingThis decrease may be caused by the increasing filter effect
Biphasic transient-rate behavior is fully consistent with atwo- at high [NAD']. It is most probably not due to specific

step mechanism of nucleotide binding in which rapid binding interactions of CtXR and NADand was not further
formation of a weak complex,EAD™, precedes the slow pursued.

formation of the more stable, productive NAD complex Fluorescence stopped-flow traces observed upon mixing
(see eq 4). Rate constanks,{ for the fast and slow transient  CtxR and NADH are shown in Figure 3. Experimental
were calculated at each [NAD and the analysis dfspsin progress curves were best described by two exponeatials,

dependence on nucleotide concentration is shown in Figurejndicative of a two-step binding mechanism of NADH

2. As expected for a two-step mechanism (cf. egs 4 and 5),closely similar to that of NAD. However, since quenching

a plot ofkous of the fast phase against the NARoncentra- of tryptophany! fluorescence can be caused by enzyme-bound
tion was linear. A Stra|ght line fit to the data had a Slope of and free NADH, the narrow range of useful nucleotide
(0.17+ 0.02) x 10° M~* s™* (corresponding tdq) and @ concentrations limited the analysis ke, in dependence of
y-axis intercept of 263t 73 s* (corresponding tak,). [NADH]. kopsfor the fast phase showed a linear dependence

Therefore,Ky (=ko/ki) is 1.55 mM. The wide range of  on [NADH]. A straight line fit to the data yielded a slope of
nucleotide concentrations used in the experiments rules out(1.70 4+ 0.20) x 106 M~* s (corresponding td;) and an

that saturation with NAD would have escaped detection.
The plot ofkyps Of the second phase shows saturation at high 3 At [NADH] of between 5 and 1%M, it was difficult to distinguish

concentrations of NAD, as required by the mechanism (eq  yhether a double exponential fit the kinetic transient better than a single
4). Equation 6 with a fixed value of 1.55 mM faty was exponential.
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Ficure 5: pH profiles for the NADH-dependent reduction of
D-xylose catalyzed by CtXR. Reactions were carried out at@5
in 50 mM potassium phosphate buffer using 2201 NADH.
Kinetic parametersk{s, open circleskea/Kyyiose full circles) were
obtained from nonlinear fits of initial velocities to eq 1. Lines
indicate the trend of the data.

in Table 1.P2k, andP20(keafKyyiosd Were not significantly

slower phase was dependent on [NADH] (Figure 4), and eq djfferent from a value of 1 whereas the solvent isotope effect

8 was employed to fit the data for [NADH} 25 uM using

a fixed value of 18mM for Ky (=ki/k;). The strong statistical
correlation between the amplitude akgls for the slower
phase limited the useful range of [NADH]. Estimates of 135
4+ 15 and 15+ 4 s! were obtained fork; and ki,
respectively. If one compares the rate constant riafk,

for binding of NAD" and NADH, a similar 7- and 9-fold
tightening is observed on formation of the productive *E
nucleotide complex, respectively.

Steady-State Nucleotide Bindirgcatchard analysis of the
data obtained for binding of NADH and NADgave K;
values of 12+ 2 and 290Gt 45uM, respectively. The binding
studies showed that CtXR has a single binding site for
NADH per each 36-kDa enzyme protomer (1.200.15).
The stability of the enzym&AD™ complex was too weak
to obtain a reliable value of stoichiometry of binding of
NAD™.

Isotope-Effect Studies at the Steady Staigal velocities
of aldehyde reduction were measured gOHN the presence
of a saturating concentration of NADH or NADD to
determine the primary deuterium kinetic isotope effects on
Keat andkeal Kagenyde They were recorded indD to determine

on ket measured withp-glucosone was 1.30. Note that
Dzo(kcalKglucosoné was 1.

Multiple Turnaver ReactionsFigure 6 shows a representa-
tive set of progress curves measured using NADH or NADD
at a concentration of 11@M which is saturating 7 x
Knapn) and allows multiple turnovers of the enzyme. The
reactions were followed by measuring the decreagedshm
due to the oxidation of NADH. Results are displayed for a
D-Xylose concentration of 150 mM which equalscZKyyiose
and one of 750 mM which is saturating in the steady state.
Note that the enzyme was presaturated with nucleotide in
these experiments. Forxylose concentrations of between
40 and 750 mM, the disappearance of NADH with time was
characterized by a short initial lag that preceded the actual
(exponential) kinetic transient which in turn was followed
by a linear steady-state phase of reaction (Figure 6). The
lag time decreased with increasimg)fylose] suggesting that
under these conditions, the rate of substrate binding is rate
limiting for the transient rate. Typically, the steady-state rate
was attained after approximately 40 ms. The zero-order rate
constant Ks9 was calculated fron\Agsonn{At in the linear
phase of reaction. Its dependence on substrate concentration

the solvent isotope effects on the same kinetic parametersshowed saturation at higlv{xylose]. A nonlinear fit of eq
Since experiments were carried out in pH(D) range where 1 to experimental data yielded values of 22 s for kea

both kear andkealKyyiose do not show significant pH depend-

and 76+ 8 mM for Kyyese in very good agreement with

ence (Figure 5), observable solvent isotope effect are realresults obtained from analysis of initial-velocity data. The

and do not reflect differences in pL profiles of kinetic
parameters recorded in,@8 and DO. Multiple deuterium

kinetic isotope effects were also obtained in these experi-
ments. Equation 2 was fitted to the data, and results are

summarized in Table 1. When NADH and NADD were
varied and-xylose was constant and saturating (700 mM),
there was no significant isotope effect &/Knapn (1.00

isotope effect onkss measured at a saturatirmrxylose
concentration of 750 mM was 1.80, corresponding reasonably
with a value of 1.56 foPk.y in Table 2.

In reverse reaction catalyzed by CtXR, multiple turnover
progress curves for xylitol oxidation did not show a pre-
steady-state burst or lag. They were characterized by the
linear appearance of NADH absorbance, and valuegsfor

+ 0.06). This finding is in excellent agreement with were calculated from these data. The dependendg;oh

requirements of an ordered-Hdi mechanism of CtXRX9)
where the rate of release of NADH from the ternary enzyme/

xylitol concentration was hyperbolic, and a fit of eq 3 to
data ofkss Vs [xylitol] gave ke = 0.92+ 0.23 st andKyjitol

substrate complex is expected to have a near zero value. At= 192+ 59 mM, in agreement with results of conventional

saturating concentrations ofxylose, the forward commit-
ment to catalysisZ7) will thus be infinite and so the isotope

initial-velocity studies.
Single-Turneer ReactionsStopped-flow measurements

effect onkca/Knapn iS completely masked. A value of 1.49  were carried out under conditions where the concentration

+ 0.06 has been determined i, in the experiment with

of NADH or NADD constrained the reaction to a single

varied nucleotide. It is in good agreement with data reported turnover of the enzyme present (14/). Absorbance traces
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Table 1: Primary Deuterium and Deuterium Solvent Isotope Effects on Kinetic Parameters of Aldehyde Reduction Catalyzed by CtXR

chatb D(kca{ K) Dzokcatb Dzo(kca{ K)
D-xylose HO:¢1.55+ 0.09 H,O: 2.09+ 0.31 NADH:91.044 0.06 NADH: 0.97+ 0.12
D,0:¢1.26+ 0.06 D,0O: 1.58+ 0.17 NADD:90.82+ 0.05 NADD: 0.89+ 0.14
p-glucosone HO: 1.224 0.06 HO: 1.64+ 0.21 NADH: 1.30+ 0.04 NADH: 1.11+ 0.09

a2The nomenclature of Northro@) is used, wherebfk... and®(k../K) are primary deuterium isotope effects kg andk:a/K, andP=Ck., and
PO(k:o{K) are the corresponding solvent isotope effetfSIADH] and [NADD] were saturating at 22@M (~15 x Kyapn). ¢ Primary deuterium
isotope effect measured in,@8 or D,O. ¢ Solvent isotope effect measured with NADH or NADE- and P-test statistics show that this value is
not significantly different from 1.

114 - Table 2: Estimates of Microscopic Rate Constants for
NADH-Dependent Reduction af-Xylose and NAD-Dependent
Oxidation of Xylitol Catalyzed by CtXR

kk (L7+£02)x 1FM s’ k, 315+34s?
ks 134+ 15st k, 154+4s?
ks 200Mtst ke 55stbe

(L.Ox 1P M-1g2)ab
0 | k, 170 s1(26 shbe ke 3.851(0.54sYP

kg 1x10Ps? kio 5x 1P M- 1gt

96 - ki1 40+9 st ki 2734+ 111 st
kiz 263+ 73 st K14 (017:|: 002) x 1PM-1st

aValue obtained when correction is made for the 0.02% free
90 T T T T aldehyde form in aqueous solution ofxylose @5)."° Sensitivity

0 10 20 30 40 50 analysis forks—ks was carried out in which the values for the rate
constants were changed systematically within a-0.5-fold range of
the reported valueks and ks make the major contribution to the
FIGURE 6: Representative progress curves of NADH-dependent dependence dfons on [p-xylose] and the observed progress curves in
reduction ofp-xylose in multiple-turnover stopped flow experi- ~ multiple and single turnover reactions; the estimated valueksfand
ments. Reactions were carried out at’5in 50 mM potassium ks are£20%.°Values in parentheses g andksp assuming a value
phosphate buffer, pH 7.0, using zM enzyme and 11@M NADH. of 6.5 (9) for the intrinsic isotope effecPk), in good agreement with
Results are shown fobfxylose] of 750 mM (full circles) and 150  results of KINSIM analysis of progress curves for reduction-af/lose
mM (full triangles) using NADH. Open circles show the reaction With NADD (see Figure 6).
at 750 mMb-xylose using 5.5«M enzyme and 11&M NADD.
Solid lines were calculated for the mechanism in Scheme 1 using . . —
KINSIM and the rate constants in Table 3, considering that the Studies with NADH and NAD (see Table 2). The “on” and
enzyme was preincubated with NADH or NADD before starting “off” rate constants of xylitol do not appear to contribute to
the reaction. rate limitation in reverse and forward reaction catalyzed by

_ CtXR, respectively (see the Discussion). Thereftseand

were recorded in the presence ofjylose] of between 40 k,, were set at values high enough to be kinetically
and 300 mM, and the decrease AgionmWas in all cases  transparent with the constraint thiefkio equalsKyyior ~
best fit by a single exponenti&lThe amplitude 4Assonm 200 mM (19). An estimate of 1708 for the hydride transfer

was independent of the{xylose] and corresponded to the rate constant) was calculated as follows. Release of NAD

111 A

108 A
105 |
102

NADH [M]

93 1

time [ms]

total Cloncentration of NADH or NADD oxidized (7m) takes p|ace with a net rate Constaiqlﬁg of 18.6 st
The first-order rate constantsuf9 calculated from the  Now, assuming that the value of 6.5 for the intrinsic isotope
kinetic transients showed a linear dependenceoaxy[ose]  effect of NADPH-dependens-xylose reduction catalyzed

(not shown), yielding slope values of 46 and 19"\~ for by hAR [Pk; (9)] is applicable to the corresponding NADH-
experiments conducted with NADH and NADD, respec- dependent reaction of CtXR, the relationshig, = 1.55=
tively. These slopes correspond ka/Kiye. for the tran- Dk, + Cy4/(1 + Cyr) was used to obtain an estimate of 9 for
sient reactions. Thu¥(knalK3jiosd = 2.42, which indicates  Cy (which is a rate constant ratio and will be discussed later).
that hydride transfer makes a substantial contribution to rateIn its simplest form, G ~ ki/ki, ;;and thusk; ~ 170 s%.
limitation of the single turnover transient rate. Dependence dfyans0n [D-Xylose] and isotope effects dg./
KINSIM Analysis of Progress Cues.Progress curves ob-  K,y0se Were used to obtain estimates f@r(~200 M s7%)
tained in multiple and single-turnover stopped-flow meas- andks (~55 s%), respectively. The net rate constant of xylitol
urements were analyzed using KINSIM and assuming the oxidation,k; = kske/(ks + k7), was constrained to a value of
mechanism shown in Scheme 1 (as discussed later). Valuesf 0.92 s which equals.. in this direction, and thukg ~
of ki—ks andki1—kis were those from transient-state binding 3.76 s. Values for microscopic rate constants are sum-
marized in Table 2. Simulated progress curves using the
4When p-xylose] was between 300 and 750 mM, the observed initial above rate constants fky—k;4 are shown in Figure 6 where
Aﬁﬁp"ﬂ was up :03 éimes |arg(e);b) thant the Vallue expected g_om tt0ta| they are compared to experimental data obtained with NADH
{N ADH} D Witk oo o o Theubation fimé..-for this _ in multiple-turnover reactions. In the reactions with NADD,
decrease was approximately 1500, Reactions containing or lacking ~ Only k7 andks were allowed to vary becauge andks were
the enzyme yielded identical absorbance traces in this initial phase, assumed to be independent of deuteration of nucledtige.

suggesting that with the instrument used, mixing two solutions of which ; ; ; —
one contains 0.6 or 1.5 M-xylose requires about 3 ms to proceed to was calculated fronPk; by using the relationshipke

completion (not shown). Atfxylose]= 300 mM, analysis of progress ~ Kern"Ked®k7 wherebyPKeq = 0.93 is th? equilibrium isotope
curves was therefore done for 3 ms. effect for NAD(P)D-dependent reduction of an aldehy2#®).(
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Scheme 1
E + NADH —"_ E-NADH —’4_ *E-NADH + D-xylose <_’ *E-NADH'D-xylose
k k k,
2 4 6 k8 T k7
k14 kip k1o
E +NAD* @® ENADY @ *E-NAD™ + xylitol @2 *E-NAD*xylitol

ki3 ki1 kg
Results of the simulation for reaction with NADD are shown for reduction of benzaldehyde by liver alcohol dehydrogenase
in Figure 6. (30, 31). Transient kinetics of NADH-dependentxylose

reduction by CtXR are best described by a single exponential
DISCUSSION with an amplitude corresponding to the concentration of the
Overall Kinetic Scheme of Xylose Reductagealysis of limiting [NADH]. Now, because the rate constant of xylitol

transient kinetic data for binding of NADH and NADand oxidation, ks, must be much smaller thda or ks, it follows
reduction ofp-xylose and oxidation of xylitol reveals an thatke > ks, suggesting a mechanism of CtXR in which the
expanded ordered kinetic mechanism for this enzyme, aSratga of xyhtol_ dissociation is much faster than the rate of
shown in Scheme 1. Estimates of microscopic rate constantg?/itol formation by ternary-complex interconversion.
were obtained that allow one to accurately model stopped- !Sotope EffectsWhen NADD is used in place of NADH
flow progress curves and calculate values of steady-state/OF réduction ofo-xylose, a significant primary deuterium
constants that agree well with those obtained in conventionaliS0tope effect is observed d@a andkealKyyiose and on the
binding and initial-velocity studies. The reaction mechanism Kinetic transient rate constankma/Kijse Qualitatively,
Of CtXR is Characterized by the occurrence Of two SIOW, this indicates that hydnde transfer contributes to rate limita-
physical kinetic steps which probably reflect conformational tion of the catalytic sequence of CtXR and is also a slow
changes of CtXR at the level of binary enzymecleotide step of the overall steady-state reaction as well as the
complexes. At saturating concentrations mkylose and transient reaction. The observation of an isotope effect on
NADH, the rate of dissociation of *BNAD™* to give E -+ keat that is smaller than the isotope effect @gu/Kyyiose
NAD™ accounts for-90% of rate limitation for the forward ~ Suggests a mechanism in which the rates of chemical
turnover number in the steady state. Hydride transfer from reduction and nucleotide release are partially rate limiting
NADH is only ~10% rate limiting forkes: In the transient for kear In the detailed analysis of isotope effects, however,
state, however, the net rate constant for substrate binding,it is most useful to consider how individual rate constants
K. (=kski[D-xylose]/s + K,) wherebyk, =~ k;) chiefly in the form of commitment factors contribute to reduce the
controls the observed rate over a wide range of substrateintrinsic isotope effect on the catalytic step of hydride transfer
concentrations. This result explains the absence of a detect{°k7) to the experimentally observed isotope effect on rate
able pre-steady-state burst of NADH consumption in multiple- constants or kinetic parameters (for reviews, see2@tnd
turnover stopped-flow measurements conducted with CtXR 32).
at [D_Xy|ose] < 750 mM. In reverse reaction, Chemistry of We shall discuss first the iSOtOpe eﬁ:eCtIQEl. Since there
ternary-complex interconversion by hydride transfer from IS only one isotope-sensitive step in the mechanism, we can
xylitol is the slowest step and its net rate constant equalsWrite
Keat Of ~1 st in this direction. b b D

Release of Xylitol Is Not Rate Limiting for Transient Rate Kear= (Cky + Cyp + C K/ (1 + Cyy + C))
of p-Xylose ReductionContrary to binding of NAD and
NADH, binding to CtXR of aldehyde or alcohol was
fluorescently silent (results not shown), and therefore, the
observed rate constants for the transient kinetic phases in
single and multiple turnover experiments required interpreta-
tion so as to derive the mechanism in Scheme 1. In single-
turnover experiments af-xylose reduction, each of the steps
from substrate binding to release of the alcohol product Cyr = K[(1/Kk;) + (1kg) + (1/ky)(L + Kyofkye) + (1Ko
contributes to transient rate behavior. In a theoretical analysis
of the ordered kinetic mechanism of NARlependent  and by using the rate constants from Table 3 we calculate
dehydrogenase<9), it has been shown that at saturation C,; = 10.6 and therefor@k.; = 1.47, corresponding to a
with the second substrate, the relative magnitudes of ratevalue of 1.55 forPk. determined from initial-velocity
constants;—kg determine whether the pre-steady-state rate measurements.
will be biphasic or occur in a single phase. Wheis much The isotope effect Oca/Kyyiose aNd kmna Kiihe, is given
smaller tharks + ko, a single transient with an amplitude py the relationship
corresponding to the concentration of the limiting reactant
is expected. On the other hand, whem~ kg + ko, a fast D(kca/nymse) = (Dk7 +C + chKeo>/(1 +C+C)
and slow transient will be observed. In such a case, the
amplitudes of both transients will be of significant magnitude whereC; is the forward commitment factor and equals the
and dependent on the substrate concentration used, as showexpressionk;/ks. The calculated value o€ = 3.1 and

whereCy; is a comparison between the rate constant for the
isotope-sensitive step and rate constants for all other forward
unimolecular steps, ard is the reverse commitment factor,
respectively C; is given by the ratidkg/ko. It is very small

and does not contribute to the valuePf,. The expression

for Cys is
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Table 3: Comparison of Calculated and Measured Kinetic rate limiting for kea: of NAD(P)H-dependent carbonyl reduc-
Parameters for CtXR tion catalyzed by CtXR ando3HSD. Sequence comparison
of CtXR and hAR, based on hAR X-ray structurekl),

. (sijomif[gl) iil(;UIatéd mszureﬂ provides a plausible explanation of the 200-fold (40/0.2)
K:IIIADH (M) 29 15 difference in the rate constak;, as follows. In hAR, salt-
Kaylose (MM) 108 78 link interactions of Asp-216 with Lys-21 and Lys-262, and
KinapH (UM) 19 16 (12 interactions involving Cys-298 stabilize the closed conforma-
Keat (xylitol) (s71) 0.84 0.92 tion of the enzymeucleotide complex9, 35). These key
ES;:ZT(%\%) 2%)% (23y 22079 interactions are absent in CtXR: Asp-216 and Cys-298 of
Kinap+ (M) 198 (554% 195 (290Y hAR are not positionally conserved in CtXR, and the putative
aUsing relationships of microscopic rate constants to kinetic nucleotide-enfolding loop of CtXR has a 4-amino-acid-long
parameters derived by using the concept of net rate cons@&me)( insertion at a position corresponding to Pro-215 and Asp-
b Data from ref19 assuming a molecular mass of 36 kDa for CtXR. 216 in hAR @).
¢ This work. 4 Data from fluorescence fitratiof Data calculated by Reductase Property of CtXR and Other AKRke rate
using the maximunobsevable value of 72 s* for k. constant of hydride transfer from NADH to the carbonyl

group of b-xylose k;) catalyzed by CtXR is much faster

therefore, P(KealKyyiosd = D(kma)JKi;’l%se) = 2.34, in good than the rate constant of the corresponding enzymatic hydride
agreement with the experimental values. The data predicttransfer from xylitol to NAD" (k). Hence, our kinetic
thatp-xylose is a sticky substrate of CtXR; i.e., it reacts to characterization is used to classify CtXR as “reductase”. The
give product at a rate faster than the net rate of dissocia-rate constant ratid,/ks, provides an estimate of 45 for the
tion from the ternary complex (for the general case, see ref value of the bound-state equilibrium constait.d at pH 7
27). and 25°C. A even higher value of 217 was determined for

Comparison of Nucleotide-Induced Conformational Changes Kiy, of NADPH-dependent reduction ofxylose catalyzed
in CtXR and Other Aldo/Keto Reductas€&gansient kinetics by hAR (9). The actual rate constants of enzymic hydride
of nucleotide binding have been studied with mammalian transfer from NAD(P)H are much the same for yeast and
aldose reductas®,(10), 3o-hydroxysteroid dehydrogenase human enzyme. These results strongly support the contention
(33, 30-HSD; AKR 1C9), and CtXR (this work). In all cases, of a closely similar functional involvement of conserved
results provide strong support in favor of a two-step binding catalytic-tetrad residues during aldehyde reduction catalyzed
mechanism where a conformational change in enzyme by CtXR and hARK;x of CtXR is considerably smaller than
structure is required for formation of the productive binary the external equilibrium constarkd) of 520 for the NADH-
complex and causes a decreas&jrfor the initial complex dependent reaction in solution at pH 7. Therefore, this implies
of enzyme and nucleotide. The X-ray structure of hAR)( that, unlike hAR, CtXR has evolved enzymic mechanisms
is in good agreement with the interpretation of the kinetic (such as differential binding of NADH vs NAD to bring
events, suggesting that movement and ordering of a mobileabout a significant change & relative to the value of the
loop are triggered through anchoring the coenzyme in the external reaction equilibrium constant (see later).
active site. The second, slow kinetic transient revealed in  The results for CtXR are revealing with regard to catalysis
stopped-flow progress curves of coenzyme binding by by aldo-keto reductases in general. They show clearly that
porcine AR (0) likely has causal relationship to the quasi-unidirectional hydride transfer to the carbonyl group
positional change of this loop. However, as shown far 3  of an aldehyde can be achieved with much the same
HSD (33), it may not be a direct reporter of this event. In efficiency from the very tight hARNADPH complex as well
case of &-HSD which utilizes NADPH and NADH, the as from the 3200€16/0.005)-fold weaker, thus, probably
kinetic transient was NADPH-specific and could be abolished less reactive CtXRNADH complex. In case of the latter
through mutation of Arg-276, which provides an electrostatic complex it would seem, however, that specific binding
linkage with the 2phosphate group of AMP, thus serving interactions with the natural sugar substrate are used to
as the “anchor” for NADP(H) binding33, 34). Arg-276 of compensate for the smaller intrinsic reactivity toward alde-
3a-HSD is positionally conserved in CtXRBY; The results hyde reduction. It is also interesting to compare the NAD(P)H-
for CtXR present the first report of a kinetic transient upon dependent reaction of CtXR and hAR withxylose, and
binding of NADH and NAD' to an AKR member. It seems, the NADPH-dependent reaction ofx3HSD with andros-
therefore, that (subtle) differences prevail among individual tendione {, 33). While alcohol oxidation by CtXR and hAR
aldo/keto reductases with regard to the molecular mecha-occurs at slow rate relative to aldehyde reduction, turnover
nisms underlying the observable kinetic events during numbers of carbonyl reduction and alcohol oxidation by 3
coenzyme binding. HSD are similar. Stopped-flow nucleotide binding studies

The magnitude of the “conformational tightening” in the conducted with 8-HSD have provided evidence that nucleo-
binding of NAD(P)H (s/ks) and NAD(P) (kiokii) is tide dissociation rates are not rate limiting in forward and
determined mainly by the rate constant for the rearrangementreverse reaction of this enzym@&3j, suggesting that chem-
from the closed to the open position and distinguishes amongistry may constitute the major rate-limiting step in either
individual AKR members. It is in a 10-fold range fo3 direction. Now, since X-ray structures have shown the closely
HSD (33) and CtXR, but in a 10861000-fold range for h AR similar configuration of catalytic tetrad residues of hAR)
(9). The opening rate constant for 48AD(P)" (ky,) is very and -HSD (34, 36), the active-site machinery of aldo-keto
small for hAR (0.2 s?) but considerably greater for CtXR  reductases per se is not predisposed to determine unigque
(40 s1) and -HSD (11 s?). Note that unlike hAR, the  catalytic properties of a “reductase”. Subtle variations in
net rate constant of release of NAD{F¥ not completely enzyme structure, possibly proximal to the conserved tetrad,
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may contribute to finely tune enzyme activities for func- in however, only moderate agreement with our experimental
tionning in oxidative or reductive direction. observations (0.89).

Multiple Isotope Effects and Reaction Chemistfhe Reduction of the Reaet Aldehyde Group a-Glucosone.
absence of a deuterium solvent isotope effeck@fKyyiose When in the presence of a system for enzymatic regeneration
andkca suggests that proton transfer which must occur during of NADH (23) the CtXR-catalyzed reduction ofglucosone
the reduction of an aldehyde to the corresponding primary was allowed to proceed until substrate depletion was greater
alcohol is probably not a slow step of the NADH-dependent than 50%, a single product was detected which coeluted and
reduction ofb-xylose catalyzed by CtXR. This finding isin  comigrated with authentio-fructose in HPLC and TLC,
good agreement with recent theoretical studies-gfycer- respectively (results not shown). Therefore, reported kinetic
aldehyde reduction by hARB, 38) in which the reduction  parameters and isotope effects pertain exclusively to the
process was shown to be determined primarily by hydride reduction of the aldehyde group in the dicarbonyl substrate.
transfer while the energy barrier for the proton transfer was The a-carbonyl group ob-glucosone is expected to bring
found to be very small37, 38).> The multiple deuterium about a large increase in intrinsic chemical reactivity of the
isotope effect method was used to distinguish between aldehyde toward reduction, relative to an aldehyde containing
concerted and stepwise mechanisms of hydride transfer andan a-hydroxy group. It has been shown by Penning and co-
proton transfer in the CtXR-catalyzed reductiorpefylose workers that nonenzymatic rates of NADPH-dependent
(39). If the reaction was concerted, hydride transfer and reduction of dicarbonyls are-10° times faster than corre-
proton transfer would be independent of one another andsponding rates of reduction of single-carbonyl compounds
thus equivalence of substrate isotope effectsJ0 End DO (41). For the enzymatic reaction catalyzed by CtX¥RKca/
expected §9). When enzymatic reactions were carried out Kgyeosond Was significantly smaller that(keafKxyiose), indicat-
in DO, values of(KealKxyiosd andPkea were smaller than  ing that the contribution of hydride transfer to rate limitation
corresponding isotope effects for reactions done {®H  of the catalytic sequence is smaller for the reduction of
Likewise, when using NADD in place of NADH(K.af p-glucosone, compared to reductionmkylose. However,
Kxyiosdp andPLkeap Were inverse, indicating that substrate differences in chemical reactivity betweerglucosone and
isotope effects and solvent isotope effects are not independenb-xylose are not nearly expressed in the enzymatic rates and
of one another. Therefore, deuteration of coenzyme to corresponding isotope effects dk./K. Therefore, the
selectively slow the hydride transfer step and running the presumably large propinquity effect of tbecarbonyl group
reaction in RO affect different steps in the mechanism of appears to be efficiently eliminated at the active site of CtXR.
CtXR-catalyzed reduction ob-xylose; in other words,  Part of this differential rate enhancement in the enzymatic
hydride transfer and proton transfer take place in a stepwisereactions witha-hydroxy anda-oxo aldehydes may be
manner. In principle, the results do not allow to deduce which derived through positioning (for the general case, seéZef
step comes first in the reaction mechanism of CtXR. in which the C-2 R) hydroxy group of the substrate is
However, it is chemically reasonable (see réf37, and thought to play a key role2(Q).

38) to assume that (partial) formation of alcoholate by  The ghservation of a solvent isotope effectignbut not
nucleophilic attack of hydride ion from NADH to the one 0NKeafKgiucosoneWas unexpected. If the value 810k
carbonyl group of the aldehyde precedes protonation of the refiects partly rate-limiting proton transféthe absence of
oxygen atom of the alcoholate. In this scenario, the origin 4 solvent isotope effect Ol K giucosoneSUGGESLS a reaction
of the inverse solvent isotope effect Ba/Kyyiose Observed o ctxR with p-glucosone in which proton and hydride
when using NADD is uncertain. However, a possible tansfer take place in two distinct steps whereby addition of

interpretation would be as follows. The phenolic side chain the proton occurs after the first irreversible step of the
of Tyr has a fractionation factor or exchange equilibrium (aaction likely hydride transfer.

constant in RO (®) of 1.13 @0). By contrast® values of
most hydrogen bonds arel (40). Now, although we would ) :
like to propose a rate-limiting transition state of aldehyde mecham;m_ Ofl CIXR 'f Es??ful to analyze the role of the
reduction by CtXR that is early with respect to proton €Nzyme INb-xylose metabolism.

transfer, hydrogen bonding interactions between the proton (1) The netrate constant of NADrelease by CtXR (18.6
donor, likely Tyr-51, and the carbonyl oxygen of the s 1) is approximately 100-fold fastgr thant the net rate of
aldehyde are expected to develop in the transition state of VADP' release by hAR (0.273). This mostly explains the
hydride transfer and cause polarization of the carbonyl group. 0Pserved differences between yeast and human enzyme with
The predicted solvent isotope effect for such a transition state "€SPeCt tdka Of D-xylose reduction and the fact that substrate

would then bedeactant stalPuansiion sae= 1.13/1.0= 1.13, specificity KealKaienyad is partially expressed in the value
of ket for the yeast enzyme.

5|t must be emphasized that a value of 4.73 was measur@eP{l./ (2) The relgtlvely small variation icalKiyiose fOr (?tXR
Kgyeoraisenyc in the reaction catalyzed by hAB) Results of theoretical ~ and hAR whilekea changes by 2 orders of magnitude as
studies by Kador and co-worker87) are difficult to reconcile with result of an evolutionary mechanism appears to be a
these experimental findings. Varnai and Warst#g) (suggested that ~ manjfestation of optimized enzyme-transition state comple-

because the calculated energies of the transition states for hydride L
transfer and proton transfer in the stepwise reduction-glyceralde- mentarity in two aldo-keto reductases. The observed value

hyde by hAR lie close enough to each othe2(kcal/mol), both steps ~ 0f 100—-200 M1 572 for kealKyyiose Mainly reflects constraints
may contribute to rate limitation of the catalytic cascade. However, in placed by the Haldane relationship for NAD(P)H-dependent

general one must be aware of the fact that the information contained aldehyde reduction catalyzed by two virtually unidirectional
in the observed solvent isotope effects may be complex and not

necessarily disclose the presence or absence of rate limitation by the€NZymes (see later). The observed 80-fold increa&gyine
proton-transfer step. for CtXR, relative to hAR, mirrors the widely held principle

Physiological Implications of Kinetic Datalhe kinetic
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of maximization of K, in the evolution of enzymes of (6) The bound-state equilibrium constant of CtXR strongly
primary catabolism toward optimizing their reaction rates favors NADH-dependent reduction pfxylose. This finding
(43). lends strong experimental support to the intuitive suggestion

(3) Differential binding of NADH and NAD in the steady ~ of a metabolically unidirectional function of XR in physiol-
state, reflected by a measurégdiapn/Kinap+ ratio of 0.082, ogy of C. tenuis

is determined almost entirely by 10-fold difference in nucleo-

tide “on” rates, thudg4/k; ~ 0.10. By contrast, nucleotide ACKNOWLEDGMENT
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