12172 Biochemistry2000,39, 12172-12180

Selective Recognition of Glutathiolated Aldehydes by Aldose Reductase
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ABSTRACT. In this study, the selectivity and specificity of aldose reductase (AR) for glutathionyl aldehydes
was examined. Relative to free aldehydes, AR was a more efficient catalyst for the reduction of
glutathiolated aldehydes. Reduction of glutathionyl propay@l(i-Cys(propanal)-Gly] was more efficient

than that of Gly-Cys(propanal)-Gly andaminobutyric acid-Cys(propanal)-Gly suggesting a possible
interaction between-carboxyl of the conjugate and AR. Two active site residues, Trp20 or Ser302, were
identified by molecular modeling as potential sites of this interaction. Mutations containing tryptophan-
to-phenylalanine (W20F) and serine-to-alanine (S302A) substitutions did not significantly affect reduction
of free aldehydes but decreased the catalytic efficiency of AR for glutathiolated aldehydes. Combined
mutations indicate that both Trp20 and Ser302 are required for efficient catalysis of the conjugates. The
decrease in efficiency due to W20F mutation with glutathionyl propanal was not observed with
y-aminobutyric-Cys(propanal)-Gly or Gly-Cys-(propanal)-Gly, indicating that Trp20 is involved in binding
the a-carboxyl of the conjugate. The effect of the S302A mutation was less severe x@larCys-
(propanal)-Glu rather than glutathionyl propanal was used as the substrate, consistent with an interaction
between Ser302 and Gly-3 of the conjugate. These observations suggest that glutathiolation facilitates
aldehyde reduction by AR and enhances the range of aldehydes available to the enzyme. Because the
N-terminal carboxylate is unique to glutathione, binding of the conjugate witlutb@boxyl facing the

bottom of thea/s-barrel may assist in the exclusion of unrelated peptides and proteins.

Aldose reductase (AR)s a cytosolic, ¢/S)s barrel protein opathy, neuropathy, and nephropathy, and in transgenic mice,
with a wide tissue and species distribution (for review see lens-specific overexpression of AR accelerates sugar cataract
refs 1 and 2). It is a member of the aldo-keto reductase (5). Nonetheless, the clinical utility of AR inhibitors remains
superfamily (AKR1B1;3) and catalyzes the reduction of a uncertain 6, 7). In several studies, inhibitors of AR do not
broad range of aromatic and aliphatic aldehydes, including interrupt or reverse progressive hyperglycemic injury. (
aldo-sugars. During cellular hyperglycemia AR catalyzes the Moreover, unlike cataractous lenses, diabetic nerves or
NADPH-dependent reduction of glucose to sorbitol. Because kidneys do not accumulate high concentrations of sorbitol
the cell membrane is relatively impermeable to sorbitol, the (1), yet they show functional improvement upon inhibition
progressive osmotic stress due to intracellular sorbitol of AR (2, 7). Thus, a better understanding of the physiologi-
accumulation has been suggested to be a significant causeal role of AR under normoglycemic and hyperglycemic
of tissue injury and dysfunction associated with long-term conditions is essential for critically evaluating the benefits
diabetesZ, 2, 4). This view is supported by the observations of anti-AR interventions and for assessing the long-term
that inhibition of AR prevents or delays several pleiotropic consequences of chronic AR inhibition.
complications of diabetes such as cataractogenesis, retin- Recent kinetic and structural studies suggest that under

normolgycemic conditions, reduction of glucose may be an
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of AR alters HNE metaboll_sm in isolated perfused hearts Table 1: Oligonucleotide Primers for Site-Directed Mutagenesis
(13) and enhances HNE toxicity to vascular smooth muscle
cells in culture {4). In vivo, feeding AR inhibitors increases
the steady-state concentration of HNE in the kidney and the
number of apoptotic smooth muscles during vascular inflam-
mation (L5). Taken together, these observations suggest that _ )
reduction and detoxification of lipid-derived aldehydes may Of the analysis was compared with the standard GSH
be an important normoglycemic function of AR. analyzed under S|m|la_1r conditions.

Although the active site of AR is compatible with binding __ El€ctrospray lonizatiorMass SpectrometfESHMS). The
and reduction of a wide range of hydrophobic aldehydes identity of the GS-aldehyde conjugates was established by

(8—10), the unsaturated aldehydes generated during peroxi-ESI-MS using a Micromass ZMD single quadrapole spec-
dation may not be available to AR due to their rapid trometer. The tuning and calibration solution consisted of

conjugation to glutathionel@). Therefore, in most glu- poly(ethylene glycol) (PEG2000) in water/methanol (50:50

tathione-proficient cells, the aldehydglutathione adducts v/v) containing 0.1% acetic acid. For gdditi_onal calibration
rather than the free alkenals are likely to be the endogenous?round m'z 300, GSH was used, which displays a well-
substrates available to AR. Indeed, our studies show that AR"@S0lved peak atz 307. The capillary, the cone, and the
is an efficient catalyst for the reduction of aldehyde- €Xtractor were operated at 3.5, 40, and 3 V, respectively,

glutathione conjugatesl(, 12, 14). Nonetheless, the ef- with 40 psi nitrogen' at a flow rate of 0.5 L/min. The source
ficiency and specificity with which the enzyme recognizes ?IOCk and desolvation temperature were set at 80 and 200
these conjugates has not been assessed. In the present papef: "€spectively. Typically +10 uM solution of the
we report that glutathione conjugates bind to the AR active conjugates were prepa_tred in apeton|tr|Ie(water/acet|c acid (50:
site in a specific orientation that enhances the efficiency and °0:0-1 V/V/v) and injected into the ion source of the
the range of aldehydes accessible to AR and minimizes SPectrometer using a Harvard syringe pump at a flow rate
inhibition by unrelated proteins and peptides. of 10 uL/min. The mass spectrometer was set to scan from
m/z 100—-750 with step size of 0.5, a dwell time of 2 ms,

mutant primer

W20F 3-GCCCTGGAGGGGACTTGAAGGTACCCAACCCCAGG-3
S302A  3-CCTTGTGGGAGGTACAGGCCAACAAGGCACAGACC-3

MATERIALS AND METHODS and a scan speed of 45. When dimers of dehydrated ions
_ . were observed, the cone voltage and the source block
Materials Acrolein, propanal, nonanaans-2-nonenal,  temperature was varied to optimize formation of the parent
transtrans2,4-decadienal, anttans-4-decenal were pur-  molecular ion.
chased from Aldrich. GlutathiongGlu-Cys-Glu, NADPH, Molecular Modeling The structure of GS-propanal was

bL-glyceraldehyde, 5/&lithio-bis (2-nitrobenzoic acid; DTNB),  constructed from the coordinates of GSH (PDB entry 1gra;
Dg—dithiothreitol and {H]-glutathione were purchased from 17) and 2-cyclopropylmethylenepropanal (PDB entry 1hrn;
Sigma. Sephadex G-25 (PD-10) columns were purchased;g), with the starting conformation of GSH the same as that
from Pharmacia fine chemicals (Uppsala, Sweden). The Gly- iy the crystal structure of glutathione reductase. For AR, the
Cys-Gly was purchased from Bachem. The HNE was 1 76-A structure complexed with NADPand glucose-6-
synthesized as its dimethyl acetal from the dimethyl acetal phosphate was used (PDB entry 2&6); for the model. The
of fumaraldehyde as described previoudl§)( The peptide  GS-propanal was positioned in the active site of AR using
y-aminobutyric acid-Cys-Gly was custom synthesized by the program O. The aldehyde moiety of GS propanal was
New England Labs. All other reagents used were of analytical positioned such that the carbonyl oxygen of the aldehyde is
grade. 2.9 A from both the NE2 of His110 and the hydroxyl group
Synthesis and Purification of Glutathione Conjugates of Tyr48 and is in the same position as the carboxylate
Reduced glutathione and its analogues were incubated withoxygen of zopolrestat2Q). This resulted in the carbonyl
individual aldehydes in 1:1 mole ratio in 0.1 M potassium moiety being parallel to the nicotinamide ring of NADPH.
phosphate buffer (pH 7.4) at room temperature. The progressTwo distinct starting orientations of GS-propanal, termed as
of the reaction was monitored by following the decrease in orientation 1 and 2, were examined. The propanal group was
Amax Of the aldehydes and by measuring free GSH content oriented similarly in both models, and the positioning of the
by DTNB. The conjugate was purified by HPLC using Rainin  GS-propanal residuesGlul and Gly3 were switched in the
reverse phase ODS;£column. The column was preequili-  two models.
brated with 0.1% TFA in water (solvent A). One milliliter Site Directed Mutagenesi§he QuickChange site-directed
of conjugate £ 10 umol) was injected into the column. The  mutagenesis kit (Stratagene) was used to construct cDNA
conjugates were eluted using a gradient consisting of solventsequences encoding tryptophan-to-phenylalanine and serine-
A and solvent B (acetonitrile) and monitored at 220 nm. The to-alanine substitutions at 20 and 302 positions, respectively.
gradient was generated at 1 mL/min such that solvent B The oligonucleotide primers (Table 1) for both strands of
reached 10% in 20 min and 25% in 35 min. The solvent B the plasmid were custom-synthesized from Sigma Genosys.
was then held at 25% for 30 min, after which time its The pET21D expression vector containing human AR cDNA
concentration was raised to 60% in 10 min. was used to prepare site-directed mutants, as per the
Amino Acid AnalysisThe conjugates after lyophilization — manufacturer’s (Stratagene) instructions. First, single mutants
were hydrolyzed in a vapor-phase-automated hydrolyzer of W20F and S302A were prepared, and then a double
(Perkin-Elmer, Foster City, CA). The PTC-amino acids mutant was constructed using cDNA expressing W20F and
formed after derivatizing with PITC were analyzed using oligonucleotide primers for S302A. The identity of the clones
an Applied Biosystems 420/H PTC amino acid analyzer, containing the desired mutations was confirmed by complete
which is connected to an online 130/A HPLC. The accuracy nucleotide sequence analysis. The plasmids encoding wild-
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type and mutant AR genes were transfected into BL21(DE3) barrel, whereas Gly3 at the C-terminal of the conjugate faces
competent cells (Novagen). The cultures were grown in the downward. In this orientation, the Glu1-O11 of the conjugate
presence of ampicillin, and the protein expression was is within bonding distance of Ser302-OG and Glul-O12
induced by addition of IPTG. The purification of wild-type could hydrogen bond with Ser302-N and Ser302-OG. The
as well as mutant proteins was carried out as describedGly3 could form hydrogen bonds with the active site residues
previously @1). Trp20, Val47, and Tyr48. Because in both orientations the
Reduction of the Recombinant EnzymBsfore each binding of the conjugate to the active site could be stabilized
experiment, stored proteins were reduced by incubating with by multiple hydrogen bonds, it is difficult to readily predict
0.1 M DTT at 37°C for 1 h in 0.1 Mpotassium phosphate ~Which of the two orientations represents the preferred mode
buffer (pH 7.0) containing 1 mM EDTA. Excess DTT was ©f binding to the active site. Hence, we generated site-
removed by ge| filtration over a Sephadex G-25 (PD_]_O) directed mutants in which the two key b|nd|ng reSidueS,
column, preequilibrated with nitrogen-saturated 0.1 M potas- 1TP20 or Ser302, were substituted with related amino acids
sium phosphate buffer (pH 7.0) containing 1 mM EDTA. in which the expected hydrogen bonds will not be formed

All the procedures were carried out af@. The DTT-free, and examined the steady-state kinetic parameters of these
reduced proteins were used within 3 h. mutants with aldehyde conjugates of glutathione and its
analogues.

Aldose Reductase Assayhe enzyme activity was mea- L . .
sured at room temperature in a 1-mL reaction mixture SteadySt.a;e KlnetlcldPr;)pdertlehS of AR and SdMectgd
containing 0.1 M potassium phosphate buffer (pH 7.0), 1 I(\j/]utantcsj with Free A2 eny es‘l’2e WTdAR <2';1n Its Sz'te'
mM EDTA, 10 mM glyceraldehyde, and 0.15 mM NADPH directed mutants W20F, S302A, and W26F S302A
at 25°C. The reaction was monitored by measuring the displayed identical molecular weight bands on SIFAGE

disappearance of NADPH at 340 nm, using Varian Cary 100 and Western blots were stained by anti-AR antibodies (data
Bio double beam spectrophotometer. One unit of the enzymenOt shown). The steady-state kinetic parameters of the WT

activity is defined as the amount of enzyme required to and mutant forms Of. AR were determlngd using-
oxidize 1umol of NADPH/min. The control cuvette con- glyceraldehyde, 'acroleln', or HNE as the variable substrate.
tained all the components of reaction mixture except the N @greement with previous measuremerits) (WT AR

enzyme. The substrate concentration was varied over a rang _eqL‘CEd HNE and glyceraldehyde Wit.h high catalytic ef-
extending from 0.2 to 57 times theK. Initial velocity was iciency, whereas reduction of acrolein was 10-fold less

measured at79 different concentrations of each substrate. ©fficient. Nonetheless, no significant differences were ob-
Individual saturation curves used to obtig andK,, were served between the WT AR and its site-directed mutants in

fitted to a general MichaelisMenten equation using a the Kr, or the Kca‘/Km values for th_ese _al_dehydes (Table 2).
nonlinear iterative fitting procedure?). However, a slightly Iowe_r catalytic efficiency of W20F and
S302A was observed with HNE as the substrate, although
RESULTS the efficiency for the reduction of HNE by WT AR and the
double mutant (W20F S302A) was comparable. From
Docking of the Glutathione Conjugate to the AR Aeti  these data, we infer that the residues Ser302 and Trp20 do
Site Our previous studies show that AR catalyzes the not play a significant role in binding or catalysis of free
reduction of the free aldehydes as well as their glutathione aldehyde substrates of varying chain length.
conjugates. To examine the mechanism by which the Reduction of Glutathione Conjugates by AR and -Site
glutathione conjugate binds to the active site of AR, we Directed Mutants Since no significant changes in the
modeled the possible orientations of the conjugate at thereduction of free aldehydes were observed, we examined
active site of the enzyme. For this we used an extended formwhether the residues Ser302 and Trp20 selectively participate
of glutathione, since this has been suggested to be at or neain binding of glutathione conjugates. For this series of experi-
an energy minima. To further constrain the orientation, the ments, conjugates of acroleitrans-2-nonenal andrans
aldehyde function of the conjugate was positioned in the trans-2,4-decadienal, and glutathione were synthesized as
hydrophobic cleft with no steric clashes between the substratedescribed under Materials and Methods. The purified con-
and the enzyme, such that its carbonyl oxygen retains thejugates, glutathionyl propanal, nonanal, arahs-4-decenal,
geometry described for the carboxylate of the active site formed single well-resolved ions upon E8WS. Them/z
inhibitor zopolrestat. As shown in Figure 1, two distinct values of these ions were 364.4, 448.3, and 460.4, respec-
orientations of the glutathione conjugate are possible at thetively (data not shown). These values ate0.2 of the
AR active site, without a change in the geometry of propanal expectedwz values of the [M+ H]" ions of 1:1 adducts
group. The sulfur atom of GS-propanal is wiits A of the between glutathione and the aldehyde, indicating that these
sulfur atom of Cys298. In both orientations, multiple conjugates are simple Michael adducts between the thiol of
interactions between the glutathionyl backbone of the glutathione and the C-3 electron deficient center ofdlf:
conjugate and polar residues of the AR active site are unsaturated aldehydes. No molecular ions corresponding to
possible. In orientation 1, the N-terminal end of the conjugate a 1:2 adduct or a Schiff base were observed. For measure-
faces the bottom of the barrel, with selective hydrogen- ment of AR activity, the synthesized conjugates were appro-
bonding between Lys21(NE1), Trp 20(NE1), and O11 of priately diluted. Under these conditions, no significant disso-
Glul of the conjugate. Additionally, Val47-O could form a ciation of the conjugates was observed. Since conjugation
hydrogen-bond with N1 of Glul. The Gly3 of the conjugate removes unsaturation, the kinetic parameters obtained for
faces the lip of the barrel and is within bonding distance of the reduction of the conjugates were compared with those
the residues Ser302-N and Leu301-N. In contrast, in orienta-for the corresponding free aldehydes saturated at C-3, pro-
tion 2, thea-carboxylate group of Glul is at the lip of the panal, nonanal, antlans-4-decenal. As shown in Table 3,
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Ficure 1: Ribbon representation of the active site of aldose reductase bound to glutathionyl propanal and NADé&+dailbun backbone

of the enzyme is shown in gray. Glutathionyl propanal and NADPH are drawn as ball-and-stick models. Potential hydrogen bonds are
shown as dashed white lines. Carbon atoms of the ligands shown in dark gray, and nitrogen, oxygen, and sulfur are colored blue, red, and
yellow, respectively. Two possible orientations are shown. In orientation 1 (paneiGA),L of the conjugate is within bonding distance

of Trp20 and Gly3 could potentially interact with Ser302 and Leu301. In orientation 2 (panel B) possible interactions between Gly3 and
Trp20 andyGlul and Ser302 and Leu301 are shown. The figure was drawn using MOLSCRIPT.

AR displayed consistently higher catalytic efficiency with nyl propanal, in which case the./Kn increased 700-fold,
the glutathione conjugates as compared to the free aldehydeswith a 200-fold loweK,. Although the values of the kinetic
The maximal increase in catalytic activity was for glutathio- constants for the glutathione conjugates are similar to those
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Table 2: Steady-State Kinetic Parameters for Wild-Type (WT) and Mutant W20F, S302A, and W33B2A Forms of Human Aldose
Reductase

Km (uM) Keat (Min—1) Kimn/Keat (Min~YmM—1)
substrate WT W20F S302A W20FS302A WT W20F S302A W20R S302A WT W20F S302A W20H S302A
pL-glyceraldehyde 48 51 54 56 265 289 354 35.4 552 567 656 632
acrolein 880 711 772 703 43.7 40.3 36.1 48.5 50 57 47 69
4-hydroxyirans 31 28 33 35 36.4 224 279 36.0 1174 800 845 1029
2-nonenal

aKinetic parameters were determined in 0.1 M potassium phosphate containing 1 mM EDTAMIE®DPH, and varied concentrations of
the aldehyde; standard deviation20%.

Table 3: Steady-State Kinetic Parameters for the Reduction of Aldehydes and Aldgblydathione Conjugates by Wild-Type (WT) and
Mutant W20F, S302A, and W20 S302A Forms of Human Aldose Reductase

Km (uM) Keat (Min~2) KealKm (Min~YmM~1)

substrate WT W20F S302A W20F S302A WT W20F S302A W20H S302A WT  W20F S302A W20F S302A
propanal 6370 6450 4990 11 000 26.0 256 216 24.4 4.1 4.0 4.3 2.2
GS-propanal 30 350 230 620 91.5 127.7 143.3 117.5 3050 365 623 190
nonanal 22 20 24 22 220 229 246 25.2 1000 1145 1025 1146
GS-nonanal 45 29 18 74 16.0 22.8 18.7 27.0 3556 786 1039 365
trans-4-decenal 68 53 48 44 216 222 199 20.7 318 419 415 471
GS+transdecenal  10.0 75 43 105 16.9 275 259 245 1690 367 602 233

a Glutathione conjugates were synthesized by reacting unsaturated aldehydes with reduced glutathione, purified and quantified as described in
the text. Since conjugation removes unsaturation, the kinetic constants obtained with the conjugates are compared with the corresponding free
saturated aldehyde; standard deviatior20%.

reported earlier]0), slight differences were noted, presum- glutathione, reduction of the propanal conjugates of three
ably due to lower NADPH concentrations in the assay buffer glutathione analogues by AR and its site-directed mutants
used earlier 10). Nonetheless, under identical reaction was examined. The propanal conjugateyGiu-Cys-Glu,
conditions, significantly higher catalytic efficienciek.4/ Gly-Cys-Gly, andy-aminobutyric acid-Cys-Gly were syn-
Km) were also observed with the glutathionyl nonanal and thesized and purified as described under Materials and
glutathionyltrans-4-decenal as compared to the free alde- Methods. Upon ESVMS, them/z values obtained for these
hyde, indicating that in comparison to the free aldehydes, conjugates were 435.3, 292.2, and 319.2, respectively,
glutathione conjugates are better substrates of AR. indicating that like glutathione, these peptides form a 1:1
An enhancement of catalytic efficiency due to glutathi- adduct with acrolein but do not form Schiff bases. The
olation was also apparent when W20F:AR and S302A:AR reduction of propanal conjugates of these peptides was
were used as catalysts for the reduction of propanal andcatalyzed by WT AR with variable efficiency. Substitution
glutathionyl propanal. However, as compared to a 700-fold of the C-terminal Gly with Glu did not decrease the catalytic
increase irk.a/Km Observed with the WT AR, this difference  efficiency of the enzyme. In fac;Glu-Cys(propanal)-Glu
was only 90- to 150-fold for these site-directed mutants. was reduced more efficiently by WT AR than glutathionyl
Since the parameters for the reduction of propanal were notpropanal, indicating that the presence of an additional
affected by S302A and W20F substitutions, these observa-negative charge at the C-terminus of the conjugate facilitates
tions suggest that the Ser302 and Trp20 are involved in catalysis. However, the propanal conjugate of the peptide in
binding of the glutathionyl conjugate but not free propanal. which theyGlu of glutathione was replaced by Gly [Gly-
The critical role of Ser302 and Trp20 in binding the Cys (propanal)Gly] was reduced less efficiently by WT AR
glutathione backbone of the aldehyde conjugates is also(Table 4), suggesting that the Glul residue of glutathione
apparent from comparisons of the catalytic efficiencies of may be important in binding of the conjugate to the active
nonanal andrans-4-decenal with their corresponding glu- site of the enzyme. That this is partially due to thearboxyl
tathione conjugates. While glutathiolation enhanced the group of Glul is indicated by the lower catalytic efficiency
efficiency with which WT AR catalyzes the reduction of of the enzyme withy-aminobutyric-Cys-(propanal)-Gly as
nonanal andrans-4-decenal, no significant enhancement in compared to glutathionyl propanal.
efficiency was observed with W20F:AR and S302A:AR. As with the glutathionyl propanal, the reduction)aélu-
Moreover, the catalytic efficiency of the double mutant with Cys(propanal)-Glu was less efficient when W20F:AR or
the glutathione conjugates of nonanal arehs4-decenal S302A:AR was used as catalysts instead of WT AR.
was lower than with free aldehydes. In all the cases, the However, the efficiency for the reduction ofGlu-Cys-
increase in th&, or decrease il../Ky was in the order of  (propanal)-Glu by S302A:AR was 67% of that observed with
W20F + S302A > W20F > S302A (Table 3). Thus, the WT enzyme, as compared to efficiency for reduction of
collectively, these data indicate that Ser302 and Trp20 areglutathione propanal which was 20% of that of WT AR. The
critical determinants of the catalytic efficiency of the enzyme less severe decrease in the reductiop®lu-Cys(propanal)-
for the reduction of glutathione conjugates but not the free Glu as compared to glutathionyl propanal suggests a potential

aldehydes.
Reduction of Conjugates of Glutathione Analogués

interaction between Ser302 and Gly3 of glutathione propanal
at the AR active site. The decrease in the catalytic efficiency

assess the contribution of individual amino acid residues of of the W20F:AR as compared to WT AR was comparable
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Table 4: Steady-State Kinetic Parameters for the Reduction of Aldehyde Conjugates of Glutathione and Analogs by Wild-Type (WT) and
Mutants W20F, S302A, and W20F S302A Forms of Human Aldose Reductase

Km (uM) Keat (Min™2) KealKm (MiN~YmM™1)
propanal conjugate WT W20F S302A W206FS302A WT W20F S302A W20H S302A WT W20F S302A W20H S302A
yGlu-Cys-Gly 30 350 230 620 91.5 127.7 1433 117.5 3050 365 623 190
yGlu-Cys-Glu 19 260 21 267 71.4 150.0 52.7 99.7 3758 577 2510 373
Gly-Cys-Gly 50 46 33 52 97.2 1209 516 71.2 1944 2628 1564 1369
y-amino-butyric 38 46 40 50 915 949 55.0 53.6 2408 2063 1375 1072

acid-Cys-Gly
@ Propanal conjugates of glutathione and analogues were prepared as described in the text; standard<d@@&gion

when either glutathionyl propanal ¢«Glu-Cys(propanal)- 24) are expected to form hydrogen bonds with carbonyl of
Glu was used as the substrate, showing that substitution ofaldehyde substrate, and Cys298 is located too close to the
the C-terminal glycine of the conjugate with Glu does not NADPH ring (9) to provide significant anchoring to glu-
alter its efficacy as a substrate of AR. This is consistent with tathione conjugates. The active site of the enzyme is,
the binding mode of the conjugate in which the N-terminal however, large-12 A deep and & 13 A wide—and could
Glul, rather than the C-terminal Gly3 of the conjugate, readily accommodate glutathiolated aldehydes, depending
interacts with Trp20. As indicated above, deletion of the free upon the conformation of the protein-bound glutathione. For
N-terminal carboxyl group of the conjugate appeared to our studies, we used an extended form of the glutathione
decrease the catalytic efficiency with which it is reduced by molecule. Although in solution and in crystals glutathione
the WT enzyme. Howevek:./Kn, of y-aminobutyric acid- adopts a folded conformation, it usually binds in an extended
Cys-(propanal)-Gly was not different from that of W20F: form to most glutathione binding proteins such as glyoxalase
AR, although the conjugate was reduced less efficiently by I, T4 glutaredoxin, glutathione peroxidase and reductase, and
S302A:AR than the WT AR. These observations suggest thatz class glutathion&transferases26—29).
deletion of thea-carboxyl group of Glul does not affect  \when modeled with the glutathione in the extended form
the decrease in efficiency observed with the S302A mutation, anq the aldehyde carbonyl is constrained to the geometry
while it annuls the consequences of the W20F mutation, expected of the substrate, two distinct orientations of the
suggesting a specific interaction between Trp20 but not mplecule were suggested. As shown in Figure 1, these
Ser302 with theo-carboxyl of Glul of the conjugate. This  orientations differ in the position of the glutathione backbone.
mode of binding is consistent with orientation 1 (Figure 1). |n orientation 1, the N-terminus faces the bottom of the barrel
with Gly3 of the conjugate interacting with Ser302 and
DISCUSSION Leu301 and the’Glul of the conjugate close to Trp20 and

Despite extensive investigations, the physiological func- Val 47. The alternative model (orientation 2) places the
tion(s) of AR remains unclear. Our previous studies show YGlul within hydrogen bonding distance of Ser302 and
that AR is a more efficient catalyst for the reduction of Leu301 and Gly3 close to Val47. To distinguish between
medium-chain hydrophobic aldehydes than aldoses, suggestthese possibilities, and to assess whether binding of the
ing that the enzyme may be involved in the metabolism and conjugate in a specific orientation is required for optimal
detoxification of lipid peroxidation products@). Several  catalysis, we systematically altered the amino acid residues
of the aldehydes derived from lipid peroxidation are, Of the glutathione b'ackbone as well as.the. active site and
however, strongly electrophilic and readily conjugate with m_easured changes in the ste;ady_-state I_<|net|cs of the enzyme
glutathione to form Michael adduct®3). That these adducts ~ With free aldehydes and their thiol conjugates.
are reduced by AR in vivo is demonstrated by our observa- The catalytic efficiencies of the enzyme with different
tion that the formation of glutathionyl dihydroxynonene (GS- substrates and its site-directed mutants were compared using
DHN) from HNE is inhibited in the rat hearts perfused with the steady-state parametet/Kn. In case of AR, the values
the AR inhibitor, sorbinil £3). Nevertheless, the specificity —of K, do not correspond to a unitary rate constant and are
of AR for glutathione-aldehyde adducts has not been not a direct measure of substrate bindihg30, 31). Because
assessed. Moreover, it remains unclear how, despite a highlythe overall rate of the catalytic cycle is limited by the slow
hydrophobic active site, the enzyme catalyzes the reductionisomerization of the binary complex (E:NADR: values
of hydrophilic glutathione conjugates with high efficiency. reflect the rate of release of the oxidized nucleotide and are
Thus, to gain further insight into the mechanism by which relatively insensitive to the aldehyde binding and catalysis.
AR catalyzes the reduction of glutathione conjugates, we However, analysis of the reaction scheme shows khat
examined potential interactions between glutathione and theK,, of the aldehyde substrate corresponds to the unitary on-
active site residues of AR. Our molecular modeling studies rate constant of the aldehyde binding to enzyrh@ @nd
show that the constraints placed on the glutathione binding provides a measure of relative catalytic efficiencies under
by the high hydrophobicity of the active site could be similar reaction conditions that show small change&.in
overcome by the interactions of the conjugate and the scant,As expected, the catalytic efficiency of AR was not severely
but appropriately located, residues surrounding the active site.affected by mutations at positions 20 and 302, indicating
The critical ionizable polar residues at the active site of AR that these changes do not cause gross perturbation in the
are His110, Tyr48, and Cys298. However, none of the protein structure and do not severely affect the binding or
residues could directly interact with the glutathione backbone catalysis of free aldehydes. Nonetheless, as compared to the
of the conjugate. The residues His-120)and Tyr-48 (9, WT enzyme, slightly lower catalytic efficiencies of W20F:
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FIGURE 2: Stereo perspective view of thecarbon backbone trace of the structure of aldose reductase with glutathionyl propanal and
NADPH bound to the active site. The glutathionyl propanal and NADPH are drawn as stick models. NADPH is shown in cyan, Cys-
propanal is colored green, and the glycine and glutamate are shown in red. The molecule is viewed down the C-termifidsaofethe

and the conjugate is oriented with its N-terminus facing the bottom of the barrel, and the carbonyl of propanal is constrained to the orientation
adopted by the carboxylate of the active site inhibitor zopolre&@t The figure was drawn using MOLSCRIPT.

AR and S302A:AR were observed with HNE as the substrate. with Leu301, which with the 4-OH derivative of nonenal
As suggested by our previous studid®)( C,—Cs gauche could interact with Ser302. Thus, substitution of Trp20 could
conformation of nonenal, with an otherwise all anti confor- affect the binding of aldehydes with4 carbons, whereas a
mation, results in the £and G methylene groups in contact mutation at Ser302 could alter the binding of aldehydes with
with Trp20 and the gand G methylene groups in contact >8 carbons. This is consistent with our present data showing
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that W20F and S302A mutations selectively affect the kinetic AR. Because this was not observed, we infer that Gly3 does
parameters of the C-9 aldehyde (HNE) but not the C-3 notinteract with Trp20. Conversely, our experiments suggest
aldehydes (glyceraldehyde and acrolein). The comparablethat Gly3 of the conjugate interacts with Ser302 of AR. This
catalytic efficiencies of the WT enzyme and W20FS302A: interaction is suggested by the observation that although the
AR suggest that in the double mutant, both the medial and catalytic efficiency of S302A:AR was 20% of the WT
the distal interactions are altered, allowing a more relaxed enzyme, with glutathionyl propanal as the substrate, the
fit of the aldehyde at the active site. efficiency of this mutant was 70% of WT AR whenGlu-

In all the cases examined, a comparison of catalytic Cys(propanal)-Glu was the substrate, indicating that removal
efficiencies of WT AR with free and glutathiolated aldehydes of Gly3 overcomes the loss of efficiency due to the Ser302A
reveals that glutathiolation enhances the efficiency of the mutation. Thus, together these data are consistent with the
enzyme (Table 3), indicating that the glutathione conjugates binding of the conjugate to the AR active site in orientation
are better substrates of AR than the corresponding uncon-1 and suggest that the conjugate binds to AR with its
jugated aldehydes. The increase in catalytic efficiency due N-terminal facing the bottom of the barrel (Figure 2).
to glutathiolation was, however, dependent on the structure  The N-terminala-carboxylate is a motif unique to glu-
of the parent aldehyde. Greater enhancement was observeghthione and is selectively recognized by most glutathione
by the C-3 aldehyde (700-fold) than with C-9 or C-10 binding proteins. Although glutathione binding enzymes such
aldehydes (35-fold). Thus, it may appear that the catalytic as T4 glutaredoxin32) and glutathione S-transferas&s)
advantage conferred by glutathiolation may be simply a form contacts with other residues of glutathione, proteins
matter of size. Since the conjugate is larger than the aldehydesuch as glyoxalas@$§) and glutathione reductas2g) show
it interacts more extensively with the active site residues via predominant or exclusive recognition of the N-terminus of
hydrophobic/van der Waal interactions. However, the ob- the peptide with little or no specific interaction with Gly3.
servation that the catalytic advantage could be abrogated byThus dominant interaction of AR via the glutamyl end of
substitutions at positions 20 and 302 of AR indicates that glutathione suggests an adaptation analogous to glyoxalase
selective hydrogen bonds rather than nonselective hydro-and glutathione reductase. This interaction may also help the
phobic interactions mediate recognition of the conjugate at enzyme in discriminating between glutathione and other
the AR active site. Indeed, the glutathione conjugates of peptides. Should AR bind to the conjugate in orientation 2,
aldehydes were reduced by W26F S302A:AR with an  with the C-terminal glycine inside thg-barrel, the active
efficiency that was between 6 and 13% of WT AR, even site of the enzyme is more likely to be occupied by unrelated
though the catalytic efficiency for the reduction of the free proteins and peptides with similar C-termini. It is also
aldehyde was not significantly affected. Furthermore, the significant that the glutathione binding site of AR is defined
3—5-fold catalytic advantage due to glutathiolation, observed by residues located at the two ends of the amino acid
with the WT AR with C-9 and C-10 aldehydes was overcome sequence (20 and 302), which suggests that the entire

by these mutations indicating a critical role of Trp20 and architecture of the protein rather than a subsidiary domain,
Ser302 in orienting and/or recognition of the glutathione is involved in glutathione binding.

conjugate at the AR active site. _ The high catalytic efficiency of AR with glutathiore
Specific recognition and binding of glutathione at the AR g|dehyde conjugates suggests that the glutathiolation en-
active site is further supported by the results of our pances the range of aldehydes accessible to AR. Previous
experiments with these site-directed mutants and glutathionest,dies show that the AR is particularly efficient at reducing
analogues. In general, these results show that Trp20 plays anpranched saturated and unsaturated medium chain alde-
more critical role in orienting and binding of the glutathione hydes, with carbon chain lengths varying from five to nine.
conjugate than Ser302, because as compared to WT AR, thexjdehydes with carbon chains less than five or more than
kinetic efficiency of W20F:AR was more severely affected njne are reduced less efficiently. Presumably due to decreased
than that of S302A:AR. Additionally, our data suggest that fiexibility, the catalytic efficiency also decreases with
Trp20 stabilizes the conjugate by interacting with the jncreased unsaturation (e.g., tag/Kn values for the series,
carboxyl group ofyGlul of the conjugate. The significance hexanalfrans2-hexenal, anttanstrans2,4-hexadienal are
of the Trp2G-Glul interaction is underscored by the 3660, 220 and 140; ref0). Thus, glutathiolation by removing
observation that the decrease in catalytic efficiency due to ynsaturation and providing additional specific interactions
the W20F mutation observed with glutathionyl propanal was with the active site residues converts aldehydes to a form
not evident wheny-aminobutyric acid-Cys(propanal)-Gly  more suitable for AR and in essence recruits aldehydes that

o-carboxylate (in the/-aminobutyric acid analog) both the

WT and the W20F:AR catalyze the reduction of the REFERENCES
conjugate with comparable efficiencies, suggesting specific

interaction between Trp20 the-carboxylate of Glul. That
Glul interacts with Trp20 is also suggested by the observa-
tion that the reduction of Gly-Cys(propanal)-Gly by W20F:
AR was more efficient than by the WT enzyme, whereas
W20F:AR was a poor catalyst for the reductionydslu-
Cys(propanal)-Glu. This observation also rules out a possible
interaction between Gly3 of the conjugate and Trp20 of AR,
since this interaction would predict the®lu-Cys(propanal)-
Glu should be reduced as efficiently by W20F AR as WT
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