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ABSTRACT. The role of honcovalent interactions in the catalytic mechanism of aldose reductase from the
yeastCandida tenuisvas determined by steady-state kinetic analysis of the NADH-dependent reduction
of various aldehydes, differing in hydrophobicity and the hydrogen bonding capability with the binary
enzymeNADH complex. In a series of aliphatic aldehydes, substrate hydrophobicity contributes up to
13.7 kJ/mol of binding energy. The aldehyde binding site of aldose reductase appears to be 1.4 times
more hydrophobic than-octanol and can accommodate a linear alkyl chain with at least seven methylene
groups €14 A in length). Binding energy resulting from interactions at position$ ®f the aldehyde

is distributed between increasing the catalytic constant 2.6-fold and decreasing the apparent dissociation
constant 59-fold. Hydrogen bonding interactions of the enzymngeotide complex with the C-RB}
hydroxyl group of the aldehyde are crucial to transition state binding and contribute up to 17 kJ/mol of
binding energy. A comparison of the kinetic data of yeast aldose reductase, a key enzyme in the metabolism
of b-xylose, and human aldose reductase, a presumably perfect detoxification catalyst [Grimshaw, C. E.
(1992) Biochemistry 3110139, clearly reflects these differences in physiological function.

Aldose reductase [alditol:NAD(P) oxidoreductase, EC Lys77 residues, resulting in an apparent shift ofkkmits
1.1.1.21] (ALR)! a member of the aldo/keto reductase for this tyrosine from 10.5 to 8.41@). The catalytic residues
superfamily, catalyzes the NAD(P)H-dependent reduction of are all completely conserved in yeast ALRs 6, 13, so
aldehydes to their corresponding alcohols with very broad that it is safe to assume that yeast ALR will follow the same
specificity. The enzyme is widely distributed in nature and catalytic mechanism as hALR. Modification of one cysteine
occurs as a predominantly monomeric, approximately 35- residue (Cys298) in hALR results in enzyme forms that
kDa protein in mammalian tissues, plants, and micro- display altered kinetic properties4—17). Interestingly, this
organisms such as fungi and yeasts. The current understandeysteine is not conserved in the yeast enzyntess( 13,
ing of the catalytic mechanism of ALR rests on the and, probably, the ALR fronCandida tenuiss therefore
biochemical and structural studies on mammalian ALRs ( not sensitive to oxidative modificatiorL®. The kinetic
3), and it is clear that there is an overall structural relationship mechanism of human, porcine, and yeast ALR was shown
between ALRs from mammals and microbds-6). Mam- to be compulsory ordered with coenzyme binding first and
malian ALR contains arug/fg-barrel structural motif, to  leaving last {5, 18-21). The turnover number in aldehyde
which NADPH binds in an extended conformatiof),(and reduction by hALR is limited by an enzym¢ADP isomer-
has a deep, very hydrophobic substrate binding pocket atization step that precedes the release of nuclead)deRrom
the COOH-terminal end of the barrél{9). The hALR, crystallographic analyses of the ALR apoenzyrBg gnd
like the related aldehyde reductasd) stereospecifically  holoenzyme T, §), it is clear that the movement of a
transfers the 4ro-R hydrogen, in the form of the hydride  nucleotide binding loop is required for coenzyme binding
ion, from the C4 of the nicotinamide ring to the face of and release. Unfortunately, binding of the aldehyde substrate
the carbonyl carbon of the substrath).( The active site in the active site of the ALR crystal has not been observed
contains Tyr48 as the proton donor during aldehyde reductionyet, but has been studied by molecular modelihg, (29).
whereas H|3110 is |mporta}nt_for the orientation of the The physiological functions of hALR are thought to
substrate in the substrate binding pockst1]). The [Ka include the detoxification of a wide range of reactive
of Tyr48 is effectively perturbed by the adjoining Asp43/ 4 onyi-containing metabolite&3, 24 and the formation

of intracellular polyol as a mechanism to counteract negative

. TS“Pporrt]e?t bé th‘ta Sﬁj%‘ilan %“?ﬁeimi”tis.te”gm "*a”dF' U”g ory OSMOtiC effectsZ5). Under normal physiological conditions,
(cgrrz:]v;”g-sfzgegg. ran ) and the Austrian Science Foundation y,o hA| R_mediated aldehyde reduction does not represent

* Correspondence should be addressed to this author at the Institute@ ‘high-flux’ metabolic route, and the kinetic properties of
of Food Technology, Muthgasse 18, A-1190 Wien, Austria. Tele- hALR seem to be in contrast to wideheld tenets of enzymic

g%%r‘cgzma(;i?kt‘gg(;?G'eZ?“' Fax: 4(43)-1-36006-6251. E-mall:  harfaction 6—28) and use of binding energy for efficient

L Abbreviations: hALR, human aldose reductase; yALR, yeast aldose Catalysis R9). Grimshaw @4) outlined elegantly that ALR
reductase (fronCandida tenuiks has probably evolved to enzymic perfection as a detoxifi-
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cation catalyst by acting with low turnover numbers, but for kinetic studies with yALR following purification by anion
comparable and high catalytic efficiencies, with a wide exchange chromatography on DEAE-Sepharose, gel filtration
variety of substrates containing an aldehyde as functionalon Sephadex G25 c, and concentration by freeze-drying.
group. Transition-state stabilization by noncovalent interac- Judged from analysis by TLC and HPLC, the products were
tions of the enzyme with nonreacting portions of the aldehyde >99% pure. The 5-deoxy-xylose, synthesized by reported
substrate is thus very small. The hALR binds the coenzyme, methods 86), was a kind gift of Dr. A. Stte (Technical
NADPH, extremely tightly, with a dissociation constant University Graz, Austria).

<0.05uM, such that ALR is saturated with nucleotide at all Enzymes.The ALR from the yeas€andida tenuiCBS
times to generate the reactive binary enzyx#&DPH 4435 was produced and purified as described previods)y (
complex @4). The enzyme apparently derives most of the Initial Velocity Studies and Kinetic Analyse3he ALR
energy required for transition state stabilization from the tight from C. tenuisis able to use with comparable specificity
interaction with the coenzyme. NADPH and NADH for aldehyde reductiori®). Hence,

In contrast to hALR, the ALR from yeast is a key NADH was used as coenzyme throughout this Study. All
metabolic enzyme that catalyzes the first step in the pathwaymeasurements were performed with a Beckman DU-65
of p-xylose utilization, thus reducing-xylose to xylitol in ~ SPectrophotometer. ALR activity was assayed at°25
a NADPH- or NADH_dependent mannézq—32)_ HenCE, monitoring the oxidation of NADH at 340 nm 65 min,
this ALR is required for growth and energy, reflected, e.g., rate of 0.05-0.1 AA‘min™) in the direction of aldehyde
by the fact that the enzyme in yeast is inducibledbyylose reduction. All rates were corrected for the appropriate blank
(33). It therefore seems interesting to pinpoint differences readings, lacking either the substrate or the enzyme. The
in the kinetic properties of mammalian and yeast ALR that Standard reaction mixture (1-mL volume) containee-150
are expected to reflect the differences in physiological "M YALR and a constant, saturating concentration of 300
function, at least to some extent. Compared to hALR, #M NADH (apparenK, of 15.M; 18) in 50 mM potassium
noncovalent interactions between the binary enzyme Phosphate, pH 7.0. The aldehyde substrate was varied,
nucleotide complex and the substrate aldehyde could be mordypically in 7—10 different concentration points, over a
important with yALR, and this aspect of the catalytic concentration range covering approximately from 0.1 to
mechanism of yALR has not been investigated. Noncovalent 5—10 times theK;, for each aldehyde, and each point (initial
interactions are thought to be crucial to enzyme catalysis Velocity) was determined in triplicate. If not mentioned
(29), and Considering the Spectrum of a|dehydes reduced byotherWise, apparent saturation was achieved with all sub-
ALR (e.g., 15, 18, 33, it seems probable that enzyme  Strates, and at least 3 concentration points in the region of

substrate interactions for ALR would involve hydrogen bonds the Km were measured. All kinetic parameters were calcu-
as well hydrophobic bonds. lated by fitting the Michaelis Menten function (eq 1) directly

to the data (SigmaPlot, version 5) using an unweighted

In this work, we show that the ALR from the yeast . X
nonlinear least-squares analysis:

Candida tenuigan use binding energy derived from binding
of the aldehyde substrate for a significant transition state —

stabilization. The binding energy results predominantly from V(RO) = kea EIIROV(Kin ro + [RO)) (1)
(i) hydrogen bonding interactions of ALR with the hydroxyl
group at the 2 position of the aldehyde X7 kJ/mol) and
(ii) hydrophobic bonding interactions at the ALR substrate
binding pocket £14 kJ/mol). The C-2 hydroxyl group _ 2
functions as acceptor and probably as donor of hydrogen V(RO) = kead EIIROJ(Ky go + [RO] + [ROFTKiy) - (2)
bonds. The results are rationalized in terms of the metabolic
function of yeast ALR irp-xylose utilization as opposed to
the role of mammalian ALR as an aldehyde-removing
catalyst in cell detoxification.

In cases where substrate inhibition occurred, eq 1 was
modified to eq 2:

where V(RO) is the initial velocity, ke is the catalytic
constant, [E] is the total concentration of yALR, [RO] is the
varied substrate concentratidfy, ro is the apparent Michae-

lis constant for RO, anliis is the substrate inhibition constant
for RO. In the case of some aromatic aldehydes that are
MATERIALS AND METHODS poorly soluble in water (e.g., chlorobenzaldehyde), the

Materials. If not mentioned otherwise, all chemicals were Catalytic efficiency for aldehyde reduction by yALRa/
of the highest purity available and obtained from Sigma and Km ro, was derived from the linear part of the Michaelis
Fluka. Aliphatic aldehydes of the form R-CHO, where R is Menten curve, when at nonsaturating concentrations of
the alkyl chain with 3-8 carbon atoms (purity98%: aldehyde the reaction rate is linearly dependent on the
content of R-COOH<2%), were stored in sealed bottles, substrate concentration. It was also proven that concentra-
and agueous solutions of these aldehydes were made im1ions of free aldehyde greater than 0.5 M did not inactivate
mediately prior to use. Derivatives pfgalactose (2-deoxy, ~YALR, for example, by modification of lysine residues,
2-fluorodeoxy, 3-deoxy, 6-deoxy) were from Chemprosa during a 1-h incubation at 32C.
(Graz, Austria). The 3,6-anhydm-galactose was from RESULTS
Dextra Laboratories (U.K.).0-Arabino-hexosulosed-glu-
cosone)p-ribo-hexosuloser{-allosone) p-lyxo-hexosulose Aliphatic Aldehydes as Substrates of Yeast Aldose Reduc-
(p-galactosone), anotthreo-pentosuloser(-xylosone) were tase. Aldehydes of the form R-CHO, where R is an
prepared by the complete conversion of the correspondingunbranched alkyl chain, were used as substrates for the
p-aldoses (300 mM; 3CC) using pyranose oxidase as NADH-dependent reduction by ALR. The kinetic param-
described35). The resulting 2-keto-aldoses were employed eters change with increasing hydrophobicity of R (Table 1),
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Table 1: Apparent Kinetic Parameters of Yeast ALR with Aliphatic 3 20
Aldehydes of the Form R-CHO, Where R Is the Alkyl CHain §
Km kcat kca{Km —AAG of kca{Km i 154 o o

alkylchainof R #° (mM) (s} (M's™ (kJ/mol) g (] °

-CH-CHjs 1.0 365.0 13.0 36 - _} 10 4

-(CH)»CH; 15 63.6 283 445 6.2 . 4

-(CH)sCH; 2.0 116 326 2100 101 et 5 -

-(CH»)+CHs 25 6.2 340 4838 12.1 £

-(CHx)sCH; 3.0 54 333 7500 13.2 s

-(CHx)eCH; 35 24 216 9136 13.7 § 04w

-(CH)+CH; 4.0 15 11.0 7189 131 5 ]

aReactions were carried out at 28, pH 7.0, using a saturating é 5 . . § ; : .
concentration of 30@M NADH. The enzyme concentration was 15 5 10 15 20 25
nM. Standard deviations<15%.° Hydrophobicity coefficient of R,
relative to the hydrogen aton29). -AG(H,0 -> n-octanol) (kJ/mol)

Ficure 1: Relationship between the hydrophobicity of the aldehyde
but there is a differential effect on the catalytic constant, side chain, R, and the catalytic efficiency for the NADH-dependent
keas the apparent binding constatit,, and the specificity reduction.of the aldehyde by yAL.R. Data with full symbols were
constantkea/Km The values oKy decrease 243-fold as R~ USed for linear regression analysis.
changes from -ChCH; to -(CH,);CHz (Table 1). The 80
substrate binding pocket of ALR can therefore accommodate
the aldehyde group plus at least seven additional methylene
groups, and, assuming a carbararbon distance of 1.55 A, 704
the estimated length of this binding pocketd44 A and 1 \
hence well-comparable in size to the aldehyde binding pocket 60
of the hALR (7; ~ 12 A). The binding energy that is derived
from hydrophobic interactions of the ALl:Rucleotide com-
plex with the aldehyde at positions—8 is distributed 50 1
between a 2.6-fold increase la,:and a 59-fold decrease in
Km. In contrast, favorable interactions at positions97of 40 i : )
the substrate seem to be expended exclusively to lower the 0 1 2 3
apparentk,, rather than the activation energy of reaction Relative hydrophobicity of R
(Table 1). .AS evident from the variation of the catalytic FIGURE 2: Relationship between the hydrophobicity of the side
constant W'_th ghanges of R (Table 1), the occupancy of the chain, R, of a carboxylic acid, R-COOH, and the inhibition of the
substrate binding pocket by the aldehyde plus an alkyl restya| R-catalyzed reduction ob-xylose. The concentrations of
of at least -(CH),CHs is required for efficient turnover. A R-COOH,bp-xylose, and NADH were 300 mM, 700 mM, and 300
further increase of the hydrophobicity of R has little effect #M, respectively. Reactions were carried out at°25in 50 mM
onkee FOr R -(CH,)sCHs, thekey values decrease. The Potassium phosphate buffer, pH 7.0.
incremental Gibbs free energies of transfer of R from the
enzyme to water,—AAG,, were calculated relative to
-CH,CHjs, according to

Relative activity (%)

unbranched alkyl chain, seems to corroborate this notion.
Carboxylic acids act as nhoncompetitive, rather than competi-
tive inhibitors with respect to the aldehyde substrate,

AAG. = —RTIn K D_-xy_los.e,. whergas in alcohol oxjdation they act as competi-
b [(keafKmd cr-(chy,—crof tive inhibitors with respect to xylitol (not shown). However,
(keaf Km)(CHschzf(;Ho)] it is obvious from Figure 2 that the degree of inhibition (with

respect tao-xylose) is a function of the hydrophobicity of

wherex is the number of methylene groups of R. The total the carboxylic acid. The inhibition in response to the
binding energy contributed by the hydrophobic interaction hydrophobic character of R is biphasic (Figure 2). FoeR
with an aliphatic aldehyde is estimated to be approximately -(CHz2)sCHs and for R> -(CH;)sCHj, the inhibitory com-
14 kJ/mol (Table 1). When the values-eAAGy are plotted ~ Petence is a linear function of the hydrophobicity of R.
against the incremental Gibbs free energy of transfer of the Interestingly, the inhibition by carboxylic acids composed
group R fromn-octanol to water, according to 2.3R¥x of 4 or more carbons is significantly stronger than by those
(29), a linear relation is observed for the range of R from 2 With a shorter alkyl chain. Hydrophobic bonding interactions
to 5 carbons (Figure 1). The slope of the solid line in Figure at a position=C-4 thus seem to contribute especially to the
1 is 1.41, and thus the substrate binding pocket of ALR ground .state.blndmg, rather than the transition state binding,
appears to be approximately 1.4 times more hydrophobic thanof an aliphatic aldehyde to the Al:Rucleotide complex.
n-octanol. Aromatic Aldehydes as Substrates of Yeast Aldose Reduc-
The reduction ofK, by a factor of 2.4 log units with  tase. Aldehydes of the form R-CHO, where R is a
increasing hydrophobicity of the aldehyde (Table 1) could nonsubstituted or substituted aromatic ring, are known to
point out the contribution of hydrophobic interactions to comprise several excellent substrates for the ALRs from a
ground state binding of the aldehyde substrate. The patternmammalian sourcelb, 34. The catalytic efficiencies for
of inhibition of the ALR-catalyzed reduction ofxylose by the NADH-dependent, ALR-catalyzed reduction of aromatic
a series of carboxylic acids, R-COOH, where R is again an aldehydes, employed in nonsaturating concentrations ef 0.1
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Table 2: Apparent Kinetic Parameters of Yeast ALR with

Polyhydroxylated Aldehydés
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such asL-xylose, p-arabinose,b-lyxose, b-mannose,L-
glucose, and.-rhamnose were reduced with a more than
1000-fold reduced catalytic efficiency, relativedexylose.

Km kca kca{Km kca{Km ' 10_3 . . .

substrate (mM) (Sff) ([Mflsfl) ( (Mf)l Si) This corresponds to a loss of at least 17 kJ/mol of binding
bL-glyceraldehyde 50 155 7760 32 energy. A similar estimate of the contrl_b_ut_lon of the C-2
p-erythrose 1.6 36.4 22189 554 hydroxyl group was made from the specificity constants of
p-xylose 87.0 182 211 1055 pL-glyceraldehyde, based on free aldehyde species (Table
L-arabinose 27.0 13.0 480 1600 2), and propionaldehyde (Table 1), when it is assumed that
p-ribose 217 8.2 39 78 ;
L-lyxose 681 109 16 53 the hydroxyl group of the primary alcohol at C-3 pi-
b-glucosé ~9000 26.0 4 20 glyceraldehyde will not show notable interactions. Accord-
p-galactose 228 147 66 330 ingly, hydrogen bondings at C-2 contribute approximately

16.8 kJ/mol of binding energy.

2 Reactions were carried out at 2&, pH 7.0, using a saturating S
A weak, but significant preference of yeast ALR for the

concentration of 30M NADH. The enzyme concentration was 15
nM. Standard deviations 15%. ° [kea/Km]' = fkea/Kn]; f, correction configuration C-3 §), in b-xylose compared to-ribose, and
for the free aldehyde in solutior24, 38. ¢ Determingt_ion of kinetic_ _C-4(9), in L-arabinose compared texylose or inp-ribose
parameters hampered because of strong uncompetitive substrate inhibi- .
tion (inhibition constant<Ks). compareq toL-lyxose, was observed, Wlth an apparent
contribution of 6.4 and 1.0 kJ/mol, respectively (Table 2).
10 mM, were measured and are expressed relative to theA drastic decrease in catalytic efficiency for the reduction
physiological substrate-xylose. All catalytic efficiencies  of p-galactose is noted relative to the corresponding aldo-
with aromatic aldehydes were significantly higher than that pentosei-arabinose. The loss of binding energy of 3.9 kJ/
observed withb-xylose: pyridine-2-carbaldehyde (6.6-fold), mol for p-galactose suggests nonfavorable interactions of the
pyridine-3-carbaldehyde (3.3-fold), pyridine-4-carbaldehyde enzymenucleotide complex with the C-Bf hydroxyl group
(6.7-fold), 3-nitrobenzaldehyde (5.8-fold), and 3-chloro- of the aldehyde.
benzaldehyde (4.5-fold). However, when correction is made Many interactions of ALR with polyhydroxylated sub-
for the free aldehyde species pixylose in solution (see  strates are likely to involve hydrogen bonds. Estimates of
below and Table 2), the catalytic efficiencies are 7Q@600- the contribution of hydrogen-bonding interactions at the
fold higher for the aldopentose than for the aromatic transition state for aldehyde reduction have been obtained
aldehydes. It is noteworthy that enzyme activity was by kinetic studies using a series of derivativep-afalactose
observed only when R was a six-membered ring. In contrast,in which the hydroxyl groups were substituted by hydrogen
when R was a five-membered ring, like in pyrrole-2- and, in the case of the 2 position, by fluorine (Table 3). The
carbaldehyde, furane-2-carbaldehyde, and thiophene-2-decrease in catalytic efficiency for the reduction of 2-deoxy-
carbaldehyde, no reaction was observed. The ALR-catalyzedp-galactose was more than 1000-fold comparedpto
reduction of b-xylose was not inhibited by one of the galactose, thus again highlighting the important role of
aromatic five-ring aldehydes, indicating that these compo- hydrogen-bonding interactions at C-2 of the substrate7(
nents do not even bind to the binary AuRicleotide kJ/mol). In contrast, the catalytic efficiency for the reduction
complex. In contrast, 1-formylpiperidinel?), a six-ring of the 2-deoxy-2-fluoro derivative was only 6-fold lower than
aldehyde, was a competitive inhibitor with respect to that with the parent sugamp-galactose. This reduction
D-xylose, with an inhibition constant of 150 mM. corresponds to an overall loss of 4.4 kJ/mol of binding
Polyhydroxylated Aldehydes as Substrates of Yeast Aldoseenergy. Interestingly, the effect is due to a large, 15-fold
Reductase.The apparent kinetic parameters for aldehyde reduction inke.,; whereas aldehyde binding seems even tighter
reduction were determined with a series of polyhydroxylated with the substituted derivative. The substitution of the
aldehydes (aldoses), composed sefi3carbon atoms (Table  hydroxyls with hydrogen at C-3 and C-6 pfgalactose had
2). The variation of the catalytic efficiency spans almost 4 little effect on the corresponding catalytic efficiencies (Table
log units, reflecting a 4.4-fold variation ik and a 425- 3). Hence, the C-&) hydroxyl group, e.g., im-galactose,
fold variation in the Michaelis constant for the aldehyde (the L-arabinose, and-xylose, does by itself not contribute to
Km for p-glucose ® 9 M was not considered). However, binding energy via hydrogen-bonding interactions with ALR.
there is good evidence that the free aldehyde species is theHowever, nonfavorable interactions with the GRB(hy-
actual substrate of ALR3(7; this work), and so a correction  droxyl, e.g., inp-ribose and.-lyxose, are avoided in these
for the amount of free aldehyde in solution is necessary for substrates. The primary alcohol at C-6, in turn, seems not
a direct comparison of the kinetic parameters, showkaé ( to be involved in any enzyme/substrate interaction involving
Km)' values in Table 2. The 17.3-fold increase in catalytic hydrogen bonds, and, as shown for aliphatic aldehydes (Table
efficiency for p-erythrose, relative tmL-glyceraldehyde, 1), the contribution to binding energy of hydrophobic
corrborates the results obtained with aliphatic aldehydes (cf.interactions at this position is very small, too.
Table 1) indicating that four ‘subsites’ in the ALR substrate  Interaction of Aldose Reductase with the Open-Chain
binding pocket must be occupied to achieve fast turnover. Aldehyde Form of AldosesGrimshaw 87) used bovine
The specificity constantk{/Km)', is highest with.-arabinose kidney ALR to measure the rate constants of ring opening
and the physiological substrate;xylose. As with human  of p-glucose and concluded that the enzyme does not by
hALR but to a much higher extent, specific steric require- itself catalyze the ring-opening reaction and acts as reagent
ments for the hydroxyl group at the 2 position of the substrate trapping the free carbonyl form of the sugar. However,
were observed with the yeast enzyme. The R}2(nfig- kinetic studies with analogs of sugars that, relative to the
uration is of crucial importance to transition state binding parent compounds, contain a significantly increased fraction
so that substrates with the inverted, (§2(configuration of open-chain aldehyde species in aqueous solution have to
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Table 3: Apparent Kinetic Parameters of Yeast ALR with Analogs Table 4. Apparent Kinetic Parameters of Yeast ALR with Various

of p-Galactose an@-Xylosée 2-Oxoaldehydes
Km kcat kca[Km —AAG Km kcat kca{Km —AAG
substrate (mM)  (sH (Mtsh (kd/mol) substrate (mM) (s M~1s) (kJ/mol)
p-galactose 228 14.7 66 - D-xylosone 4.6 19.1 4154 7.4
2-deoxyp-galactose <0.06 >-17 D-glucosone 51 23.9 4684 (17.5)
2-deoxy-2-fluorop-galactose 92 1.0 11 —4.41 p-galactosone 5.3 21.2 4004 10.2
3-deoxye-galactose 127 9.7 76 0.35 p-allosone 6.4 225 3520 hd
6-deoxyp-galactose 198 15.1 77 0.38 phenyglyoxal 4.2 14.9 3540 -
3,6-anhydroe-galactose 0.6 8.3 13833 13.25 methylglyoxal 6.3 26.3 4176 —5.0¢
(acyclic aldehyde form) (0.1%) (57043) (16.76) 11.8
D-xylose 87 18.2 211 - a2 Reactions were carried out at 28, pH 7.0, using a saturating
5-deoxyp-xylose (no pyranose 1.1 26.9 24455 11.8 concentration of 30&M NADH. The enzyme concentration was 15
form, ~4% free aldehyde) nM. Standard deviations ares15%.°nd, not calculated because

catalytic efficiency withp-allose was<0.1% of that ofpb-xylose.
¢ Relative topL-glyceraldehyde (Table 2J.Relative to propionaldehyde
(Table 1).

a Reactions were carried out at 28, pH 7.0, using a saturating
concentration of 30¢M NADH. The enzyme concentration was 15
nM, or 150 nM with poor substratek.§ < 10 s'%). Standard deviations
are <15%.° Correction foro-hydroxyaldehyde hydratior24).

modification ofp-galactose, the gain in binding energy for
or the analog is only 13 or 16.8 kJ/mol with correction for
hydration. Interestingly, substrate inhibition was strong with
3,6-anhydroe-galactose Kis 15 mM), but absent with
D-galactose.

Interaction of Aldose Reductase with 2-Oxoaldehydes.
The substitution of the hydroxyl group by a carbonyl group
at the 2 position of an aldose yields aldos-2-uloses, so-called
‘osones’. Aldos-2-uloses have been implicated in the sugar-
induced cross-linking of proteins, thus causing tissue damage,
and are thought to be physiological targets of the action of
mammalian ALRs39, 40. When used as substrates of yeast
ALR, a drastic increase in the catalytic efficiencies, relative
to the corresponding aldose sugars without correction for
free aldehyde, was observed. The apparent decrease in the
activation energy fok../Kn is in the range of 710 kJ/mol
1; ENH ENELRO ;Ts E_N'_ROH N E (Table 4). According to Vuorinen and Serriadil, the free

) ) ) ) aldehyde species of xylosone in solution will be very low
Ficure 3: Reaction coordinate diagram comparing the NAD(P)H- (<1%). However, because a proportion at equilibrium of

dependent reduction af-xylose by human (solid line) and yeast : .
(dashed line) aldose reductase, where E is enzyme, NH and N ared-5% free aldehyde fan-xylosone would still be 25 times

NAD(P)H and NAD(PY, RO and ROH are-xylose and xylitol, higher than that fop-xylose, the kinetic parameters of the
and TS is the transition state, respectively. The arrows shGiv aldosones and the parent aldoses have to be compared with

values for the action of the human (solid) and yeast (dashed) caution. Substrate specificity, determined from a comparison
ggﬁ)s/gﬁisSee Table 5 for the individual rate and equilibrium ¢ oo\ tic efficiencies in Table 4, reveals a different picture
' than that obtained from the kinetic data for the aldoses in
the best of our knowledge not been carried out. The kinetic Table 2. It appears that enzymsubstrate interactions at
parameters for reduction by yALR of intrinsically ‘acyclic  positions other than C-2 are not significantly contributing
aldehyde’ analogs af-galactose, 3,6-anhydm-galactose, to binding energy for the series of osone substrates in Table
and 5-deoxys-xylose were determined and used for a 4. Other dicarbonyl compounds, methylglyoxal and phenyl-
comparison with those for reduction okgalactose and  glyoxal, are reduced with similar catalytic efficiency as the
p-xylose, respectively. The equilibrium composition of aldos-2-uloses.
5-deoxyp-xylose in solution lacks the pyranose species, and, Comparison of the Kinetic Properties of Yeast and Human
analogous tm-erythrose, it will probably contain a 160 ALR. A comparison of the kinetic parameters of yeast and
200-fold greater fraction of the free aldehyde species than human ALR for the NADH- and NADPH-dependent reduc-
that ofb-xylose, existing predominantly>©9%) in pyranose  tion of b-xylose, respectively, is shown in Table 5 and as a
form. Compared to-xylose, the catalytic efficiency for the  free energy diagram in Figure 3, where a standard free energy
analog is 115-fold higher (Table 3), thus accounting for an of ALR, nucleotide, ana-xylose equal to zeroanda 1.0 M
extra binding energy of 11.8 or 19.7 kJ/mol when corrected standard state for substrates and products were assumed. In
for the free aldehyde species. The latter value is alreadyFigure 3, E is the enzyme, NH and N are NAD(P)H and
close to a value of 21 kJ/mol, predicted theoretically from NAD(P)*, respectively, and RO and ROH avexylose and
the 0.02% fraction of open-chain aldehyde in an aqueousxylitol, respectively. Marked differences between the two
solution ofp-xylose orp-galactose. The kinetic data for the enzymes are found at the free energies of the binary enzyme
open-chain derivative ob-galactose indicate a 200-fold nucleotide complexes and the ternary enzymeleotide
increase of catalytic efficiency, relative to the corresponding aldehyde complexes. The binary-EH and E-N com-
parent sugar. Probably because of adverse effects byplexes of yALR are destabilized by 4.4 and 6.1 kcal/mole

Free energy (kcal/mole)

-15 ¢+~
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Table 5: Comparison of the Kinetic Parameters of Aldose
Reductase fronC. tenuisand Man

parameter yeast ALR human ALR
Keatr (s7Y)° 17.0 0.20
Km ro(mM)ed 76 15
Keat/Km,ro (M -1 571) 224 133
Keato (S71)° 11 0.05
Km,ron(mMmM)e 209 150
Keat dKmpron (M~1s7%) 5.26 0.33
Kinaoey* (uM) 195 0.006 (0.08)
Kinape)H («M) 16 0.010 (0.09)
ratio: Kinaoey*/KinappH 12.2 0.6 (1.9
ratio: (kcat,/Km,RO)/(kcat,JKm,ROH) 42.6 400
Haldané 520 240 (640)
log fraction ofKeq (%) 60 ~100 (94)

a Determined at 25C, pH 7.0, in 50 mM phosphate buffer (adapted
from ref 18). b Determined at 28C, pH 8.0, in 33 mM phosphate buffer
(adapted from re8). ¢r, aldehyde reduction; o, alcohol oxidation; RO,
p-xylose; ROH, xylitol.9Based on totalp-xylose concentration.
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for the product xylitol are weak and comparable for both
enzymes. Hence, unlike hALR, yALR bindeth thermo-
dynamically favored products, ROH and NADweakly and
makes a differential use of the intrinsic binding energy of
RO and NH, relative to ROH and N. Differential binding
of substrate(s) and product(s) as a principle in evolutionary
maximizing the catalytic effectiveness of enzyme action has
been described26—28).

DISCUSSION

Steady-state kinetic studies for the NADH-dependent
aldehyde reduction by ALR from the yeasandida tenuis
revealed significant differences to the mechanistically and
structurally well-characterized human ALR that have hitherto
not been pointed out. The differences pertain especially to
the contribution of noncovalent enzymaldehyde interac-
tions in the catalytic mechanism of the yeast enzyme,

¢ Calculated from the experimental parameters for the Haldane relation- reflecting the different functions in physiology of hALR and

ship of an ordered bi-bi mechanis#?j, and the apparent equilibrium
constantKeq, contains the concentration of hydronium ions; reported
Keq values are 0.55& 10° M~1 and 0.575x 10 M~* for NADH-
and NADPH-dependent reduction, respectivedl)(f Calculated as
100(log &cafKm ratio)/[log (kealKm ratio) + log (K; ratio)]). ¢ Data in
parentheses are from réfl obtained at 15C in K-Mops buffer, pH
8.0.

relative to the corresponding complexes of human ALR,
reflecting dissociation constants;(values) for NADH and
NAD* that are 1600- and 32 500-fold higher than the
corresponding dissociation constants of hALR for NADPH
and NADP'. In contrast to hAR that binds NH and N with
nearly equal affinity, the dissociation constant of BH is
much lower than that of EN for yALR. With a Kinap+/
Kinapn ratio of 12.2, the ratio of catalytic efficiencies for
YALR, [(Keat /Km rd)/(Keat dKm ron)], coOnstitutes only a 60%
log fraction of the equilibrium constant, compared to-94
100% for hALR (Table 5). By this criterion, yALR appears
to be less highly evolved than hALR for an essentially
unidirectional catalysis. (It is to our knowledge not clear
whether the yALR-mediated reduction ofxylose occurs
at equilibrium or off equilibriurin vivo.) However, one has
to consider the constraint of the NAINADH ratio of
approximately 3-10 during microbial growth 43, 44,
especially under oxygen limitation as in during fermentation
of b-xylose by yeast. Thi; ratio of yALR (Table 5) seems

yALR. The role of hydrogen-bonding interactions and
hydrophobic bonding interactions with portions of the
substrate other than the aldehyde group for transition state
stabilization has to the best of our knowledge not been
studied with any other ALR enzyme before. The results, in
addition, are in good agreement with previous studies that
used site-directed mutagenes2sl and molecular model-
ing (22) to identify interactions involved in the binding of
the aldehyde substrate to the active site of hALR.
Structural Differences of Human and Yeast ALR and
Implications for Catalysis.The ALRs from mammalian and
microbial sources exhibit a 40% sequence ident®y, (
reflecting an overall structural similarity. The critical
catalytic residues of human ALR2( 45, 4§ are strictly
conserved in YALR§, 6, 13, indicating that the chemical
mechanism of catalysis is identical in both enzymes.
However, compared to hALRL), reactant binding is several
orders of magnitude weaker as catalysis is faster with the
ALR from yeast (Table 5). The different kinetic properties
may be explained on the basis of (i) small differences in
primary structure and (i) a differential use of binding energy
in catalysis of the two enzymes. In aldehyde reduction by
human ALR, conformational changes in a nucleotide-
clamping loop (residues Gly-213 to Leu-22Z7%;are required
for the tight association with NADPH and, then, for release
of NADP*. The rate-limiting step is a conformational

to be matched to this physiological situation, and a drastic rearrangement of the ALIRIADP* binary complex prior to
decrease of this ratio is thus expected to result in strongerrelease of the oxidized nucleotid8)( A cysteine residue

product inhibition of yALR by NAD'". Interestingly, the
dissociation constant for-BN, when N is NADP, is low

for yALR (1.5 uM; 18). The ternary ENH—RO complex

of hALR, compared to that of the YALR, is stabilized by an
additional 2.3 kcal/mol, reflecting a 51-fold lower apparent
Km of the human enzyme far-xylose. However, apparent
‘tighter’ binding of aldehyde in hALR is probably a
consequence of the slow nucleotide releg®erdther than
due to a real increase in binding affinity relative to yALR.
The free energy barrier, shown by arrows in Figure 3, is
very similar for both enzymesx14.5 kcal/mol, based on
D-xylose without correction for the free aldehyde form). The
major difference between yALR and hALR is that the energy
for transition state stabilization is derived from interactions
with both NHand RO in yALR (this work), but apparently
with NH only in the case of hALRZ4). Binding affinities

(Cys-298) stabilizes the closed conformation of the clamping
loop (16). Oxidation or mutation of this cysteine residue in
human ALR leads to a 9-fold increase in catalytic constants
and a 46-50-fold increase of the apparent binding constants
for NADPH and aldehydel®). It is noteworthy that the
increase irKy, for the aldehyde is actually due to an increase
in the rate constant for the loop movement, that is, a reaction
step not at all involved in aldehyde binding6j. In the
ALRs from yeast, however, the residues of the clamping loop
are poorly conserved, and the residue Cys-298 is not found
at all (5, 6, 13, thus explaining weaker reactant binding and
faster turnover (Table 5), relative to the human enzyme. The
difference in catalytic efficiencies for nonpolar, aromatic
aldehydes such as pyridine-3-carboxaldehyde for yeast and
human ALR is more than 1300-fold, reflecting a 3400-fold
higher K., for the yeast enzyme. In addition to kinetic
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argumentation3), this result seems to reflect differences in (2) Binding Effects.On the basis of binding effects alone,
the substrate binding pocket of hALR and yALR. Variations the deoxy and deoxyfluoro analogues should both be poorer
in the substrate binding pocket among the functionally substrates than the parent compound. However, because the
diverse members of the aldo-keto reductase superfamily havefluorine substituent can accept, although not donate, hydro-

been recently pointed ou#’, 46.

Noncazalent Interactions: Hydrophobicity Grimshaw
(24) showed that for hALR the catalytic efficiencies for the
reduction of various aldehydes are fairly constant, once
correction is made for the free aldehyde present in solution.
In addition, the values fdk,: are identical within statistical
significance, reflecting the slow isomerization step of the
enzymeNADP complex in aldehyde reduction. In marked
contrast, the values of../Kn for ALR from C. tenuis

gen bonds whereas the hydrogen substituent cannot partici-
pate in either hydrogen-bonding interaction, the deoxy
analogues should be worse than the deoxyfluoro, which was
observed. For yALR, removal of all hydrogen-bonding
interactions at C-2 im-galactose results in a loss of binding
energy =17 kJ/mol. In contrast, fluorine, in 2-fluoro-2-
deoxyb-galactose, can partially replace the hydroxyl group,
suggesting that the fluorine, thus the original hydroxyl, acts
as an acceptor of hydrogen bond(s). The failure of the

increase 253-fold across a series of aliphatic aldehydes offluorine to replace the hydroxyl at the 2 position completely

the form R-CHO, with R ranging in size from -G8H; to
-(CHp)6CHs. Hence, unlike the human enzyme, yALR relies
on specific (hydrophobic) interactions with the aldehyde for
catalytic competence, in termslof/Km reflecting the overall
activation free energy. However, the contribution of 14 kJ/
mol to the binding energy for R of -(CHtCHj, relative to
-CH,CHjs, is not high when a value of 13 kJ/mol for the
intrinsic binding energy of one alkyl group is taken into
considerationZ9). The 2.6-fold variation ok, in response

suggests the presence of one hydrogen bond with an apparent
strength ofx~4.4 kJ/mol in which the hydroxyl acts as the
donor. The remaining approximately 13 kJ/mol of binding
energy is distributed between hydrogen bonds in which the
C-2(R) hydroxyl group of the substrate acts as acceptor. The
contribution of hydrogen bonds to lower the activation energy
of the rate-determining step in yeast ALR is demonstrated
by the 15-fold decrease df., for the reduction of the
fluorodeoxy analogue, relative -galactose. This again

to structural features of the substrate is, however, significantPoints out the differential use of binding energy, derived from

and indicates that, in contrast to hALR, the ALR from yeast
can use binding energy derived from hydrophobic interac-
tions with the aldehyde to reduce the activation energy for
the rate-determining step, representedkhy

Noncasalent Interactions: Hydrogen Bondingin spite
of its broad substrate specificity, the active site of hALR is
not permissive and can discriminate 26-fold between the
stereosisomers of polyhydroxylated aldehydes such-as
xylose and.-xylose @). In terms ofk../Kn, a His-110—
Ala mutant enzyme displayed a reduced (4-fold) preference
for b-xylose. Molecular modeling of aldehyde binding at
the active site of hALR Z2) suggested that the correctly
oriented 2-OH group has hydrogen bonds wittlLtbf Trp-
111, aresidue not conserved in yeast ALRs, O7 of NADPH,
and N2 of His-110.

To obtain estimates of the energetic contribution of
hydrogen bonds in catalysis of yALR, we have used a

interaction with the aldehyde substrate, in catalysis of human
and yeast ALR.

Unlike the 2 position, the substitution of the hydroxyls
by hydrogen at other carbon atoms had no effect on the
catalytic efficiency for aldehyde reduction. The ALR from
C. tenuisseems to discriminate between sterecisomers of
C-2(R) sugars primarily because of avoiding nonfavorable
interactions with hydroxyls at positions3 that are not
oriented properly. For example, the 6.2 kJ/mol loss of
binding energy observed for the reduction pfribose
compared to that of its C-3 epimar;xylose, matches the
incremental Gibbs energy of a (nonfavorable) transfer of a
hydroxyl group from an aqueous to a nonpolar environment
such as-octanol.

Physiological Implications.The hALR has recently been
described as an ‘ideal aldehyde removeagd) that (i),
because of its lovK; nappn, IS Saturated with cofactor at all
times, thus creating a ‘superreactive enzyN&DPH com-

complementary approach to site-directed mutagenesis thapjex, and (ji) reduces a broad range of substrates with similar
involves specific modifications of the aldehyde substrate 5,4 high catalytic efficiency. To achieve the latter, hALR
rather than the enzyme. Deoxy and fluorodeoxy analoguesgoes not rely on specific interactions with nonreacting

of sugars such as-galactose seem ideal for such studies

portions of the aldehyde substrate. In many yeasts such as

because of the sterically conservative nature of the substitu-c_tenuis the ALR-catalyzed reduction to xylitol is the initial

tion (47 ,49. The variations in the observed values kg

step in the catabolism af-xylose, and thus high efficiency

andkea{Km with deoxygenated substrate analogues, comparediy carrying the carbon flux rather than catalytic flexibility is
to the parent compound, are interpreted as a combination Ofrequired for the yALR. In agreement with this notion, the

electronic effects and differences in binding, particularly at
the transition state.

(1) Electronic Effects.The transition state of the ALR-

catalyzed aldehyde reduction is assumed to contain a partiak.;: counterpart enzyme.

negative charge on the substrate oxydE?).( Replacement

of one hydroxyl ofpb-galactose by a more electronegative
fluorine could arguably destabilize the transition state, thus
slowing the reaction. The opposite situation is expected for

ALR from C. tenuiscan now be classified according to its
kinetic properties as a relativetgonospecifichighk.,;aldose
reductase as opposed to hALR, tad specificity low-

In a series of polyhydroxylated
aldehydes, th&.;;andk..{Kn, values for reduction by yALR

vary 4.4- and 80-fold, respectively (this work), whereas
across the same substrate range these kinetic parameters are
constant for hALR 24). Matched to the physiological role

deoxy analogues in which the substituent is hydrogen. Sinceof yALR, the preferred substrates of this enzymemarglose

this trend is not at all observed with yALR, noncovalent
enzyme/substrate interactions with the hydroxyl group(s) of
the aldehyde are apparently important for catalysis.

and L-arabinose (based on the free aldehyde form), and
specificity is achieved primarily by hydrogen-bondirgl(7
kJ/mol) and to a lesser extent by hydrophobic bondint4
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kJ/mol) interactions of the yALRNADH complex with the

R portion of the R-CHO substrate. Unlike hALR, yALR-
mediated catalysis is selective amt adapted for the
reduction of structurally diverse and potentially toxic alde-
hydes. It is interesting that evolution of aldose reductase
arrived at mechanistically and (probably) structurally con-

servative solutions that allow the enzyme to act as catalyst

(@) in cell detoxification, like hALR, or (ii) in mainstream
catabolism of pentose sugars, like yALR.
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