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ABSTRACT: Detailed analyses of the pH variation of kinetic parameters for the forward aldehyde reduction 
and reverse alcohol oxidation reactions mediated by recombinant human aldose reductase, for inhibitor 
binding, and for kinetic isotope effects on aldehyde reduction have revealed that the pK value for the 
active site acid-base catalyst group Tyr48 is quite sensitive to the oxidation state of the bound nucleotide 
(NADPH or NADP+) and to the presence or absence of the Cys298 sulfhydryl moiety. Thus, the Tyr48 
residue of C298A mutant enzyme displays a pK value that ranges from 7.6 in the productive “*NADP+ 
complex that binds and reacts with alcohols to 8.7 in the productive “*NADPH complex that binds and 
reacts with aldehyde substrates. For wild-type enzyme, Tyr48 in the latter complex displays a lower pK 
value of about 8.25. Assignment of the pK values was facilitated by the recognition and quantitation of 
the degree of stickiness of several aldehyde substrates in the forward reaction. The unusual pH dependence 
for Valdehyde/Et and DVa]dehyde, which decrease roughly 20-fold through a wave and remain constant at high 
pH, respectively, is shown to arise from the pH-dependent decrease in the net rate of NADP+ release. 
The results described are fully consistent with the chemical mechanism for aldose reductase catalysis 
proposed previously (Bohren et al., 1994) and, furthermore, establish that binding of the spirohydantoin 
class of aldose reductase inhibitors, e.g., sorbinil, occurs via a reverse protonation scheme in which the 
ionized inhibitor binds preferentially to the *E*NADP+ complex with Tyr48 present as the protonated 
hydroxyl form. The latter finding allows us to propose a unified model for high-affinity aldose reductase 
inhibitor binding that focuses on the transition state-like nature of the *E-Tyr48-OH.NADP+-inhibitor- 
complex. 

In 1994, Tyr48 was established as the active site acid- 
base catalytic residue for the reaction catalyzed by aldose 
reductase (AR)’ and, by analogy, other members of the aldo- 
keto reductase superfamily (Bohren et al., 1994). The role 
of Tyr48 was established on the basis of site-directed 
mutagenesis, X-ray crystallographic, and kinetic findings on 
wild-type and mutant aldose reductase enzymes. A novel 
chemical mechanism was proposed in which hydride transfer 
from NADPH to the aldehyde substrate is facilitated via 
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polarization of the carbonyl moiety by the hydroxyl group 
of Tyr48, whose apparent pK is shifted to a value of 8.4 by 
interaction within a hydrogen-bonding network comprised 
of Asp43 and Lys77. At the time, the pK value for Tyr48 
was based on the pK of 8.4 determined from the log (VI 
KglyceraldehydeEt) versus pH profile, with an assumption that 
DL-glyceraldehyde was a nonsticky substrate, Le., its dis- 
sociation from the productive *E.NADPH.aldehyde complex 
occurs faster than its reaction forward to give alcohol product. 
However, recent stopped-flow kinetic studies using D-xylose 
as a substrate indicate that aldehydes are sticky (Grimshaw 
et al., 1995a,b), and thus the true pK value for Tyr48 is likely 
to be lower than previously assigned. We have therefore 
reinvestigated the pH dependence of the kinetic parameters 
for both the aldehyde reduction and alcohol oxidation 
reactions mediated by recombinant human aldose reductase 
(hAR). We have also reexamined the pH dependence of 
inhibitor binding and kinetic isotope effects on aldehyde 
reduction, in order to resolve the issue of aldehyde substrate 
stickiness and determine the true pK of the catalytic Tyr48 
residue in various productive enzyme complexes. 

Previous attempts to conduct detailed pH studies using 
aldose reductase have been plagued by a number of technical 
difficulties. The low turnover number for AR has hampered 
pH studies which rely on large changes in both VIE, and K,,, 
values to establish important ionizing groups on the enzyme 
and substrate(s). In addition, a number of side reactions have 
been documented that can further compromise the accuracy 
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of initial rate measurements (Grimshaw, 1990; Grimshaw 
et al., 1990a). The presence of “activated’ or “oxidized” 
forms of the enzyme, which occur naturally (Grimshaw & 
Lai, 1995) or can be produced during purification and storage 
of the native enzyme, has been a recurring problem because 
these modified enzyme forms often display drastically altered 
kinetic properties with respect to both substrates and inhibi- 
tors (Srivastava et al., 1985; Bhatnagar et al., 1989; Del Corso 
et al., 1989; Grimshaw et al., 1989; Vander Jagt & Hunsaker, 
1993; Cappiello et al., 1994). 

The C298A mutant hAR, by virtue of its resistance to 
oxidative modification, enhanced stability, and increased 
values for both turnover number and K,,, value for the 
nucleotide cofactors (Grimshaw et al., 1995b), is ideally 
suited to the type of detailed pH studies required to resolve 
these questions relating to the chemical mechanism of aldose 
reductase catalysis. Recent kinetic studies (Petrash et al., 
1992, 1993; Bohren & Gabbay, 1993; Bhatnagar et al., 1994) 
have established that Cys298 is largely responsible for the 
observed oxidative modulation of aldose reductase activity, 
consistent with the location of the Cys298 sulfhydryl group 
within the active site pocket as revealed by crystallographic 
studies of several E.NADP+mion complexes (Wilson et al., 
1992; Harrison et al., 1994; Bohren et al., 1994). As we 
have shown (Grimshaw et al., 1995a,b), replacement of 
Cys298 with an alanine residue alters the rate of several steps 
along the reaction pathway. The rate constant for the enzyme 
conformational change occurring during nucleotide exchange 
is increased 8.7- and 17-fold for NADP+ and NADPH, 
respectively, while the apparent rate constants for xylose 
binding and hydride transfer are decreased 5.5- and 2-fold, 
respectively, for the C298A mutant enzyme as compared to 
the wild-type enzyme. In the present paper, we have taken 
advantage of the unique stability and kinetic properties of 
the C298A mutant enzyme to evaluate the stickiness of 
aldehyde substrates and the pH dependence of substrate and 
inhibitor binding and of catalysis mediated by human aldose 
reductase. Our results reveal a strong dependence of the 
Tyr48 pK value on the oxidation state of the bound nucleotide 
and on the presence or absence of the cysteine sulfhydryl 
moiety. In addition, analysis of the pH profiles for both 
substrates and inhibitors offers new insight into the preferred 
protonation state of the active site Tyr48 residue required 
for optimal binding and catalysis, which should be useful in 
the design of more potent and specific aldose reductase 
inhibitors. 
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concentrations of aldehyde. NADPH was added just prior 
to the addition of enzyme to start the reaction. In the 
direction of alcohol oxidation, or for full initial velocity 
patterns involving variation of both nucleotide and substrate 
concentration for either NADPH or NADP+, reactions were 
monitored using a Spex Fluoromax photon-counting spec- 
trofluorimeter, as described (Grimshaw et al., 1995a). Due 
to the sensitivity of the Spex instrument, nucleotide concen- 
trations could readily be varied in the 0.2-5 p M  range. Care 
was taken to ensure that the concentration of enzyme was 
always at least 10-fold lower than the lowest nucleotide 
concentration used to avoid problems associated with the 
extremely tight binding of nucleotides by hAR (Del Corso 
et al., 1990; Grimshaw et al., 1990b). For V/E, and VIKE, 
pH profiles, the nucleotide concentration was in all cases 
shown to be saturating (at least 10 x Km). Each data point 
was determined in duplicate over at least 5 substrate 
concentrations. Control assays, lacking either substrate or 
enzyme, were routinely included, and the rates, if any, were 
subtracted from the observed reaction rates. 

Datu Processing. Reciprocal initial velocities were plotted 
versus reciprocal substrate concentrations, and the experi- 
mental data were fitted to eq 1-10 by the least-squares 
method, assuming equal variances for the u or log Y values 

MATERIALS AND METHODS 

With the exception of the methods outlined below, all other 
chemicals and methods have been described in the two 
preceding papers (Grimshaw et al., 1995a,b). 

Assay Conditions. Unless otherwise noted, initial velocity 
and inhibition patterns were determined in 50 mM buffer 
consisting of 2-(N-morpholino)ethanesulfonic acid (Mes) (pH 
5.5-6.5), Mopso (pH 6.5-7.5), Popso (pH 7.5-9.0), di- 
ethanolamine (pH 9.0-9.5), or ethanolamine (pH 9.5- 10.5). 
Overlaps were used in all cases, and checks were made to 
ensure that the buffers used would neither inhibit nor activate 
the enzymic reaction.* Aldehyde reduction was normally 
followed by using a Cary 3 spectrophotometer and associated 
kinetic analysis software. Standard reaction mixtures con- 
tained saturating NADPH (100-200 pM) and variable 

u = VA/(K f A )  (1) 

u = VA/[K(l f Z/Kis) + A ]  (2) 

u = VA/[K + A( 1 + Z/Kii)] (3) 

u = VA/[K( 1 f Z/Kis) + A( 1 f Z/Kii)] (4) 

u = VA/[K(l + FiEviK> + A(l  + FiEv)I ( 5 )  

log Y = log[C/( 1 + H/K, ) ]  (7) 

log Y = log[C/( 1 + K,/H)] (8) 

log Y = log[C/( 1 + W K ,  + K,/H)] (9) 

log Y = log{[Y, f YH(K2/H)]/(1 + K,/H)} (10) 
(Wilkinson, 1961), and using the Fortran programs of Cleland 
(1979). The points in the figures are the experimentally 
determined values, while the curves are calculated from fits 
of these data to the appropriate equation. Linear double- 
reciprocal plots were fitted to eq 1. Data conforming to 
linear competitive, uncompetitive, and noncompetitive in- 
hibition were fitted to eqs 2, 3,  and 4, respectively. Data 
for kinetic deuterium isotope effects3 when one substrate was 

Ethanolamine derivatives were used for assays above pH 9 since 
we discovered that the Capso buffer used in previous pH studies at pH 
9.5- 10.0 (Bohren et al., 1994) displays competitive inhibition versus 
xylitol and uncompetitive inhibition versus xylose ( K ,  = 15 mM at pH 
9.5). 

The isotope effect nomenclature used is that of Northrop (1977) 
and Cleland (1987) in which a leading superscript indicates the isotope 
effect being studied. Thus, DV, DV/K, and Dk are primary deuterium 
isotope effects on VIEt, VIKE,, and k ,  respectively. 
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FIGURE 1: pH profiles for the forward and reverse reactions 
catalyzed by C298A mutant hAR with D-XylOSe and D-XylitOl as 
the variable substrate, respectively. log(Vx,~o,,/Et) (O), log( V/ 

V/Et are s-I, and those of V/KE, are M-I s-l. Curves and pK values 
shown were calculated from fits to eq 7, 8, or 10, as described 
under Results. 

KxyloseEt) (O), log(Vxy1ito1/Et) (A), log(v/Kxy~ito~Et) (A). The units of 

varied were fitted to eq 5, where F, is the fraction of 
deuterium in the nucleotide, EVIK and EV are the isotope 
effects minus 1 on V/KEt and WEt, respectively, and A is 
the concentration of the substrate used. Equation 6 was used 
when isotope effects were seen on WEl, VIK,Et (K, = 
K N * ~ p ~ ) ,  and V/K& (Kb = Kaldehyde) in a sequential mech- 
anism where full initial velocity patterns were determined 
with deuterated and unlabeled nucleotide cofactors. 

Data for pH profiles were fitted to eqs 7-10, which 
describe respectively a log Y versus pH curve that decreases 
with unit slope below pK1 (eq 7); decreases with a slope of 
-1 above pK2 (eq 8); decreases both below pK1 and above 
pK2 with slopes of $1 and -1, respectively (eq 9); and shows 
two plateau values (YL at low pH; YH at high pH), with pK2 
being the point where Y is the average of the two plateau 
values (eq IO). In eqs 7-10, H is the hydronium ion 
concentration ([H+]), and C is the pH-independent value of 
Y at the optimal state of protonation. 

RESULTS 

p H  Profiles for  Aldehyde Reduction and Alcohol Oxida- 
tion. As shown in Figure 1 and tabulated in Table 1, pH 
profiles for V/KxyloseEt and VIKxy~ito~Et with C298A mutant 
enzyme displayed reciprocal behavior, with the former 
decreasing a factor of 10 per pH unit above a pK of 9.3 f 
0.1 and the latter decreasing a factor of 10 per pH unit below 
a pK of 7.6 f 0.1. This is the behavior expected for the 
acid-base catalytic group that facilitates hydride transfer in 
both directions, previously identified as Tyr48 (Bohren et 
al., 1994). VxyloselEt displayed a wave decreasing 19-fold 
above a pK of 8.1 f 0.1. Vxylitol/Et, however, was pH- 
independent over the range pH 6.5-10.5, with a value of 
0.090 f 0.005 SKI. pH profiles qualitatively similar to those 
described for C298A-mediated reduction of D-xylose were 
observed for reduction of DL-glyceraldehyde using either 
enzyme (Figure 2), except that the pK values determined 
for wild-type enzyme were routinely shifted to lower pH by 
about 0.6 unit. Vglyceraldehyde/Et for each enzyme again 

displayed a wave, decreasing an average of 25-fold above 
an apparent pK value of 7.0 f 0.2 for wild-type and 7.7 Z!Z 

0.3 for C298A mutant enzyme, respectively. 
p H  Profiles for  Dead-End Inhibition with C298A Mutant 

hAR. The pKi versus pH profiles for three dead-end 
inhibitors versus D-xylose or D-xylitol are shown in Figure 
3, and the corresponding pK and limiting Ki values are listed 
in Table 1. Inhibition patterns versus D-xylose or xylitol 
were in each case measured at a saturating concentration of 
nucleotide cofactor. l-Pyrrolidinecarboxaldehyde (PCA), an 

Mandelic acid Sorhiiiil 

HYo tl 
I-Pyirolidine carhoxaldehyde 

(PCN 

uncharged amide analogue of the aldehyde substrate, dis- 
played linear noncompetitive inhibition versus D-xylose. The 
pK,, value (equal to -log K,,) determined for the competitive 
inhibition component from fits to eq 4 decreased through a 
wave above an apparent pK of 8.7 f 0.1, with an overall 
4.5-fold drop in binding affinity on the high pH plateau 
(Figure 3). Thus, binding of the neutral PCA molecule to 
the *E*NADPH binary complex is favored when Tyr48 is 
present as the protonated hydroxyl form. The pK,, value for 
the intercept component of PCA inhibition versus D-xylose, 
found to be equal within experimental error to the pK,, value 
for purely competitive inhbition by PCA versus xylitol in 
the reverse reaction, thus represents PCA binding to the *E*- 
NADP' complex. Furthermore, because the pK,, versus pH 
curve for competitive inhibtion by PCA versus xylitol is flat, 
PCA binding to the binary *E-NADP+ complex must not 
be affected by the protonation state of Tyr48, in contrast to 
the results obtained for PCA binding to *E.NADPH. 
Binding of the simple organic acid DL-mandelic acid, which 
also displayed purely competitive inhibition versus xylitol 
in the reverse reaction, was similarly diminished upon 
deprotonation of Tyr48 with an apparent pK of 7.8 f 0.2 in 
the *E.NADP+ complex. The magnitude of the wave in 
pK,, value for DL-mandelic acid (pK, 3.4), which is present 
as the carboxylate anion over the entire pH range studied, 
corresponds to a 20-fold preference for inhibitor binding 
when Tyr48 is protonated. Versus D-xylose at pH 8.0, DL- 
mandelic acid displayed essentially uncompetitive inhibition, 
and fitting the data to eq 3 gave a K,, value (6 mM) equal to 
the K,, for competitive inhibition versus xylitol (data not 
shown). Fitting the same data to eq 4 to detect any slope 
effect in the inhibition by DL-mandelate versus D-xylose 
indicated that the K,, value for binding to *E.NADPH must 
be at least 10-fold greater than the K,, value determined for 
binding of the monoanionic inhibitor to *E.NADP+. 

Sorbinil, which displayed linear uncompetitive inhibition 
versus D-xylose and linear competitive inhibition versus 
xylitol (data not shown), gave essentially superimposable 
bell-shaped pK,, and pK,, versus pH profiles, respectively, 
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Table 1: Comparison of pK and Plateau Values Determined from the pH Variation of Kinetic Parameters for Recombinant Wild-Type and 
C298A Mutant Human Aldose Reductase 

parameter eq fitted PKI PK2 CQ 

C298A Mutant, Forward Reaction 
8 9.3 lt 0.1 6.1 i 0.3 M-I S K I  log(VIKxyloseEt) 

log(vlKg1yceraldehydeEt) 8 9.0 h 0.1 9000 it 400 M-I s-' 
log(VxydEt) 10 8.1 i 0.1 1.9 i 0.1; 0.10 f 0.01 s-l 
log( Vglyceraidehyde/&) 10 7.7 i 0.3 2.3 & 0.1; 0.10 f 0.01 s-' 
pK,, PCA vs xyloseb 10 8.7 * 0.1 2 0 l t l ; 9 3 & 5 m M  
pKi, rorbinil vS xylose 9 7.4 rt 0.1 8.7 & 0.1 53 f 10 nM 
DV/Kglyceraldehyde 10 8.4 f 0.2 1.84 & 0.02; 2.37 * 0.05 

log~v~Kxyl*tolEl~ 7 7.6 f 0.1 0.35 0.02 s-l 

pK,s rorbinil vs xylitol 9 7.4 f 0.2 8.8 f 0.1 81 f 9 n M  
pK,s mandeiate vs xylitol 10 7.8 f 0.2 2.5 k 0.4; 47 * 8 mM 

C298A Mutant, Reverse Reaction 

log(Vxy1itodG) C 0.090 f 0.005 s-l 

pK,, PCA vs xylitol C 4 5 f 5 m M  
Wild-Type, Forward Reaction 

log( V/KglyceraldehydeEt) 8 8.4 f 0.1 12 900 =k 600 M- s-l 
log( Vglyceraldehyde/Et) 10 7.0 f 0.2 0.73 f 0.03; 0.038 f 0.002 S K I  

a For pK, profiles, eqs 9 and 10 were used with Y = l/Kl. The value tabulated for C is Ki, however, not l/K,. For eq 10, the VIE,, K,, or isotope 
effect value at low pH is given first, followed by the high pH value. * Inhibition is noncompetitive; the curve for the intercept effect (pKi, ) is flat 
and equal to the pK,, versus xylitol curve. pH-independent value. 

L A  A 
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PH 

FIGURE 2: pH profiles for the forward direction catalyzed by wild- 
type and C298A mutant hAR with DL-glyceraldehyde as the variable 
substrate. Wild-type hAR: log(V/Et) (A), log( V/KEt) (A); C298A 
mutant hAR: log(V/Et) (O), log(V/KE,) (0). The units of V/Et are 
s-I, and those of VIKE, are M-' s-] .  Curves and pK values shown 
were calculated from fits to eq 8 or 10. 

with apparent pK values of 7.4 f 0.1 on the acidic side and 
8.7 f 0.1 on the basic side. Sorbinil also displayed linear 
uncompetitive inhibition versus NADP+ in the reverse 
reaction, and the apparent Kii value increased with increasing 
concentration of xylitol as expected if the inhibitor binds 
only to the productive *E-NADP+ complex (data not shown). 
Thus, the pK of 7.8 and 7.4 determined for inhibition by 
DL-mandelate and sorbinil, respectively, versus xylitol and 
the pK of 7.6 observed for VIKxylitOlEt must be the true pK 
for Tyr48 in the productive *E.NADP+ complex. Likewise, 
the pK of 8.7 determined for the competitive component of 
PCA inhibition versus D-xylose represents the true pK for 
Tyr48 in the productive *E-NADPH complex. 

pH Profiles for Isotope Effects. Primary deuterium isotope 
effects determined for C298A mutant hAR by direct com- 
parison of initial velocities measured at a saturating con- 
centration of NADPH or NADPD with DL-glyceraldehyde 

1 ' 1 '  , ' I '  
7 . 4  0.7 

g= 
1 

7.8 I Y a 1  n 

6 7 0 9 10 

PH 

FIGURE 3: pK, profiles in the forward and reverse directions 
catalyzed by C298A mutant hAR with D-xylose and D-XylitOl as 
the variable substrate, respectively. pKll sorblnll vs D-xylose (A), 

D-XylOSe (O), pKts KA vs D-XyhtOl(0) (equal to pK,, KA vs D-Xylose). 
The units of K, are M. Curves and pK values shown were calculated 
from fits to eq 9 or 10. 

as the variable substrate are plotted as a function of pH in 
Figure 4. As shown, DVIKglyceraldet,yde increased through a 
wave as the pH increased, while DVg]yceraldehyde remained flat 
or showed a slight decrease. A fit to eq 10 of the 
DVIKglyceraldehyde data yielded an apparent pK Value (8.4 f 
0.2) close to that determined from the log( VIKgIyceraldehydeEt) 
profile (9.0 & 0.1). Note that even at pH 10 the DVglqceraldehyde 

value did not fall below 1.00 and thus did not approach the 
equilibrium isotope effect value, DKeq = 0.93 (Cook et al., 
1980). Although not as complete as the C298A mutant data, 
a similar trend was noted for wild-type enzyme, with DV/ 
Kglyceraldehyde increasing from 1.71 at pH 5.5 to 1.98 at pH 
10, while DVglyceraldehyde remains essentially constant. 

Isotope Effects on Initial Velocity Patterns. Isotope effects 
on the kinetic parameters Vxy~oselEt, VIKxyloseEt, and VIKNAD- 
PHE, for C298A mutant enzyme were obtained from fits to 
eq 6 (or to a similar equation in which the logarithm is taken 

PKIS sorbmil VS D-xYlitol (A), PKis mandelate VS D-xYlitol (a), PKis PCA VS 



14378 Biochemistry, Vol. 34, No. 44, 1995 Grimshaw et al. 

2.5 L 

v 1.5 t 
L 
0 

>- 

I 
1.0 F---l-----.i 
0.5 t 

1 

0 . 0 1 '  ' ' ' ' ' " 
6 7 a 9 10 

PH 

FIGURE 4: pH variation of deuterium isotope effects for wild-type 
and C298A mutant hAR determined by direct comparison with DL- 
glyceraldehyde as the variable substrate at saturating NADPH or 
NADPD. Curves and pK values shown were calculated from fits 

fits of initial velocity data to eq 5 .  DV/Kglyceraldehyde: wild-type (A), 
to eq 10 Of DVglyceraldehyde and DV/Kglyceddehyde Values determined from 

C298A (0); DVglyceraldehyde: wild-type (A), C298A (a). 

Table 2: Kinetic Isotope Effects for C298A Mutant hAR 
Determined by Direct Comparison of Initial Velocity Patterns with 
NADPH and NADPD 

parameter D-xylose" DL-glyceraldehydeb 
DValdehyde 1.07 f 0.02 1.08 f 0.01 
DVIKaldehyde 2.70 f 0.09 1.91 If 0.04 
D V I K ~ ~ ~ ~ ~  1.01 f 0.05 1 .OO f 0.03 

a Sodium phosphate buffer, pH 8.0. Mops buffer, pH 7.0. 

of both sides) of the entire data set determined at pH 8 
consisting of the complete initial velocity patterns for both 
NADPH and NADPD (each pattern contained 20 duplicate 
data points determined at four fixed concentrations of 
NADPWD and five variable concentrations of aldehyde 
substrate). These results and those from a similar study using 
DL-glyceraldehyde and wild-type enzyme at pH 7 are listed 
in Table 2. In each case, the observed value of D V / K ~ ~ ~ p ~  
was not significantly different from unity, and thus the kinetic 
reaction must be strictly ordered, with NADPH binding first, 
followed by aldehyde substrate (see below). 

DISCUSSION 

As a result of extensive X-ray crystallographic and site- 
directed mutagenesis studies, the active site residue Tyr48 
was identified as the acid-base catalyst which donates a 
proton in the aldehyde reduction reaction and accepts a 
proton in the alcohol oxidation reaction mediated by 
recombinant human aldose reductase (Harrison et al., 1994; 
Bohren et al., 1994). The reciprocal behavior with pH 
observed in the log(V/KE,) versus pH profiles shown in 
Figure 1 for reaction of D-xylose and xylitol in the forward 
and reverse reaction directions catalyzed by C298A mutant 
enzyme, respectively, is fully consistent with this assignment. 
Thus, Tyr48 must be protonated for aldehyde reduction and 
ionized for alcohol oxidation, with the overall active site 
maintaining a net zero overall charge. We include in this 
global charge the positive charge on the nicotinamide ring 
of NADP' and the Lys77+-Asp43- couple that should 

Scheme 1 
*EH*NADP+ 

\kl klo[RCHzOHI ks' 
*E*NADP+ *E*NADP+*RCH20H -----) 

k4' 
ks 

*E*NADPH -E 

remain overall electroneutral over the pH range studied. 
Reduction of DL-glyceraldehyde by either wild-type or 
C298A mutant aldose reductase displays a similar pH 
dependence to that seen with D-xylose (Figure 2). Through 
a detailed analysis of the pH dependence of the kinetic 
parameters for substrate binding and catalysis, inhibitor 
binding, and kinetic isotope effects, we can now assign pK 
values for the crucial Tyr48 residue in the various productive 
complexes of both wild-type and C298A mutant aldose 
reductase. 

p H  Profiles for Xylitol Oxidation and Xylose Reduction 
by C298A Mutant Enzyme. The pH behavior for reaction in 
the direction of xylitol oxidation is analyzed first since it 
fits the simplest model. As shown in Figure 1, log(V/ 
KxylitolEt) decreases at low pH below a simple pK of 7.6. 
Vxylitol/Et, on the other hand, is pH-independent over the entire 
range of pH 10.5-6.5. Essentially the same pK value of 
7.8 is observed for the binding of the competitive inhibitor 
DL-mandelate (Figure 3), but in this case binding is lost at 
high pH rather than at low pH as we observe for the substrate 
xylitol. The same pK value of 7.4 is also seen for 
competitive inhibition by sorbinil, although this pH profile 
is more complex and will be analyzed in more detail below. 
The fact that the same pK value of 7.6 0.2 is seen in both 
the V/Kxy~ito~Et and pKi, profiles for the competitive inhibitors 
indicates that this represents the true pK value for Tyr48 in 
the productive *E-NADP+ complex of the C298A mutant 
enzyme and, furthermore, that xylitol is not a sticky substrate. 
The latter fact is consistent with the results obtained from 
stopped-flow studies conducted at pH 8 (Grimshaw et al., 
1995b). 

The observed pH dependence of the kinetic parameters 
for xylitol oxidation is best described by the model in Scheme 
1, in which binding of the alcohol substrate (RCH20H) and 
catalysis can only proceed via the *E*NADPf complex in 
which the Tyr48 group is unprotonated. The sequence of 
steps leading up to *E*NADP+ is not included because 
NADP' is saturating for all the pH profiles in question. The 
rate constant numbering scheme is taken directly from the 
preceding papers (Grimshaw et al., 1995a,b), and KI is the 
acid dissociation constant for Tyr48 in the binary *EH.- 
NADP+ complex. Net rate constants (Cleland, 1975) are 
used for the catalytic sequence (ks' = kskd(k7 + k ~ ) ,  including 
hydride transfer and release of the aldehyde product) and 
for NADPH release (k41 = k4k2/(k2 f k3)). 

Assignment of the pK value in the productive *EH.NADPH 
complex has been more problematic. Previously, a pK value 
of 8.4 was assigned to the ionization of Tyr48 in this complex 
based on the observed pK in the log( V/KglyceraldehydeEt) profile 
and an assumption that the aldehyde substrate was not sticky 
(Bohren et al., 1994). Stopped-flow studies using D-xylose 
have now clearly demonstrated that aldehyde substrates are 
indeed sticky for both wild-type and C298A mutant enzyme 
(Grimshaw et al., 1995a,b). Unfortunately, a suitable 
competitive inhibitor versus the aldehyde substrate was not 
available at the time these pH studies were initiated. 
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Scheme 2 
kidRCHO1 

‘’11 k5[RCHO] 

*E*NADPH d *E*NADPH*RCHO K z =  (kidki7) 
kl 6 

k w l l  k, WI 
*EH-NADPH d *EH*NADPH*RCHO -% 

Biochemistry, Vol. 34, No. 44, 1995 14379 

pH unit above the pK of 8.7, most of the enzyme will be in 
the ionized Tyr48-0- form which is not competent for 
aldehyde reduction, and the effective k7 value and thus the 
cf Value Will be very low, with the result that DV/Kaldehyde X 
Dk7. The difference in DV/Kaldehyde values on the low pH and 
high pH plateaus thus provides another estimate for the 
stickiness ratio. Comparing the DV/Kglyceraldehyde value for 
C298A mutant enzyme (Figure 4) on the high pH plateau 
(2.37) with that on the low pH plateau (1.82), we calculate 
a value for Cf of 0.67 which compares well with the value 
of 1 estimated by the pK shift method. A similar analysis 
Using the pH Variation Of DV/Kglyceraldehyde for wild-type 
enzyme (Figure 4) gives a stickiness ratio of 0.38 for DL- 
glyceraldehyde which would correspond to a pK shift of 0.15 
unit. Thus, the true pK for Tyr48 in the wild-type *EH*- 
NADPH complex must be equal to 8.4-0.15 2 8.25, or 
roughly 0.45 pH unit lower than the pK determined for 
C298A mutant enzyme. 

The results described herein for human AR can be 
compared with an earlier pH study of bovine AR, in which 
Liu et al. (1993) reported a simple pK of 7.5 in both the 
log( ValdehydelEt) and log( V/Ka1dehydeEt) profiles using p-chlo- 
robenzaldehyde as the substrate. However, because data 
were collected only up to pH 8, the wave in lOg(valdehyde/Et) 
we observe for either wild-type or C298A mutant human 
enzyme may have been misinterpreted as ionization of the 
active site acid-base catalyst. For reaction in the reverse 
reaction, the bovine enzyme displayed a pK of 7.5 in the 
log( V/Kalcoho&t) profile using p-chlorobenzyl alcohol as the 
substrate, similar to our results for xylitol (Figure l), but 
the log(valcohol/Et) profile again displayed a break below a 
pK of 6.5. On the basis of the similar pK values of 7.5 for 
the log( V/KEt) profiles for reaction in each direction, these 
authors concluded that the identity of the bound nucleotide 
(e.g., NADPH versus NADP+) had little effect on the pK 
value for the active site acid-base catalytic residue. By 
contrast, our results clearly indicate that when NADP+ is 
bound, the pK for Tyr 48 is further shifted to lower pH by 
an additional 1.1 units from the value of 8.7 seen in the *EH-- 
NADPH complex, a value which is itself shifted about 1.8 
units down from the pK of 10.5 seen for free tyrosine in 
solution. The presence of the cysteine sulfhydryl of Cys298 
in the wild-type enzyme accounts for about a 0.45 pK unit 
shift toward stabilizing the ionized form of Tyr48 relative 

Menadione has been reported as a competitive inhibitor 
versus aldehyde substrates for both aldose and aldehyde 
reductase (Bhatnagar et al., 1988, 1991), but in our hands 
this compound was ineffective. After screening a number 
of simple aromatic and aliphatic amides and esters containing 
a carbonyl moiety to mimic that of the substrate, we selected 
1 -pyrrolidinecarboxaldehyde (PCA) as an effective inhibitor 
versus the aldehyde substrate. 

Comparison of the log(V/KxylOseEt) profile for C298A 
mutant enzyme (Figure 1) with the pKi, profile for the 
competitive component of inhibition by PCA versus D-xylose 
(Figure 3) confirms that D-xylose is a sticky substrate. Thus, 
the pK of 9.3 in the log(V/Kxy~oseEt) profile is shifted 0.6 unit 
to higher pH from the true pK of 8.7 seen for the competitive 
inhibitor. Because the stickiness of the aldehyde substrate 
results in a shift in the pK observed in the lOg(VIKa1dehydeEt) 
profile, the reaction in the forward direction is best described 
by the model of Cook and Cleland (1981b), as shown in 
Scheme 2, in which the aldehyde substrate (RCHO) can bind 
to the enzyme whether or not Tyr48 is protonated (*E or 
*EH), but catalysis can only proceed when this group is 
protonated (*EH). The rate constant numbering scheme is 
again taken directly from the preceding papers (Grimshaw 
et al., 1995a,b) with the addition of steps for Tyr48 
protonation in and RCHO binding to the *E-NADPH 
complex, and where K2 = kI8/kl7 is the acid dissociation 
constant for the ternary *EH*NADPH.RCHO complex. 
Because k8 << k9 (Grimshaw et al., 1995a,b), the net rate 
constant k7’ = k7k9/(k8 + k9) M k7. The 0.6 unit pK shift we 
observe for D-xylose reduction by C298A mutant enzyme 
corresponds to a stickiness ratio (kdk6) of 3.0 (ApK = log( 1 + k7/k6) (Cleland, 1977)), which compares favorably with 
the k7/k6 ratio of 2.3 determined from stopped-flow studies 
at pH 8 (Grimshaw et al., 1995b). For DL-glyceraldehyde 
reduction the pK shift is only 0.3 unit, which corresponds to 
a stickiness ratio of k7/k6 1. 

To corroborate the stickiness ratios for C298A mutant 
enzyme and to obtain an estimate for the true pK value for 
Tyr48 in wild-type enzyme where the relevant competitive 
inhibition pH profiles are not available, we turn to the pH 
Variation of DV/Kaldehyde: 

where Dk7 is the maximum observable isotope effect: C, = 
kdk9 x 0 (Grimshaw et al., 1995a,b) is the reverse commit- 
ment factor, and the pH dependence derives from the 
apparent decrease in the forward commitment factor (Cf = 
k7/k6) as Tyr48 becomes ionized at high pH and the effective 
concentration of the productive *EH.NADPH complex 
decreases. Thus, 1 pH unit below the pK of 8.7 for C298A 
mutant enzyme, essentially all the enzyme will be present 
as the protonated Tyr48-OH form required for aldehyde 
reduction, the value of Cf = k7/k6 will be maximal, and the 
observed DV/Kaldehyde value will be minimal. Conversely, 1 

Given Dk7 * 6.5 for D-xylose reduction (Grimshaw et a1.,1995a,bj, 
the apparent Dk7 value for DL-glyceraldehyde reduction is likely not 
the intrinsic effect and may be reduced from this value by “internal” 
commitment factors (Cook & Cleland, 1981a). Thus, if k7 consists of 
a sequence of steps: 

k27 
*E.NADPH.RCHO LS OE-NADPH-RCHO 

OE.NADP&.RCH,OH 2 *E-NADP+.RCH~OH 4 
including pre- ( k ~ ,  kxj  and post-catalytic ( k m  k30) conformational 
changes as well as the isotope-dependent hydride transfer step (k27 and 
k28), then k7 and Dk7 will be given by: 

where DKes = Dk27/Dk28 is the equilibrium effect, C, = (k2$k29)[1.0 + 
(k3dk9)] and Cf = kdk26 are the reverse and forward “internal” 
commitment factors, respectively, and Dk27 is the intrinsic deuterium 
isotope effect on hydride transfer. 
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to the pK of 8.7 observed for the *EH*NADPH complex of 
the C298A mutant enzyme in which the -SH moiety is 
replaced by a hydrogen atom. 

At this time, it is premature to assign a single structural 
basis for the observed pK shifts. The enhanced perturbation 
of the pK for Tyr48 in the wild-type enzyme relative to the 
C298A mutant can be correlated with an increase in the 
extent of clamping observed for nucleotide binding to the 
respective enzymes as monitored by stopped-flow methods 
(Grimshaw et al., 1995a,b). Several careful crystallographic 
studies (Wilson et al., 1992, 1993; Harrison, et al., 1994; 
Bohren et al., 1994) show that the Cys298 sulfhydryl moiety 
and the hydroxyl group of Tyr48 are in close proximity to 
the C4-position of the nicotinamide ring within the enzyme 
active site. Yet, in each of the crystal structures studied to 
date, the nucleotide cofactor in the “locked” enzyme con- 
figuration is NADP’ which is bound in the presence of an 
anionic species (Harrison et al., 1994; Bohren et al., 1994; 
Ehrig et al., 1994). It remains to be established whether the 
relationship of active site residues to each other and to the 
nicotinamide are similar in an NADPH crystal form of the 
enzyme. Structurally, the interaction of the sulfhydryl group 
of Cys298 with the nucleotide enfolding loop and the 
nucleotide appears to be a key interaction (Gabbay et al., 
unpublished). The crystallographic data are thus consistent 
with the conclusion from our stopped-flow kinetic studies 
that modification of the Cys298 thiol group leads to a weaker 
interaction with the nucleotide enfolding loop. 

Anomalous p H  Behavior of VaIdehyjdEr and Dvaldehyde. The 
model in Scheme 2 cannot, however, account for the wave 
we observe in the 10g(Va]dehy&/Et) profile for xylose with 
C298A or for DL-glyceraldehyde with either wild-type or 
C298A mutant enzyme. A wave could result if both the 
protonated (*EH.NADPH.RCHO) and unprotonated (*E-- 
NADPH-RCHO) ternary complexes were catalytically com- 
petent, with the latter showing a 20-fold lower turnover 
number. In that case, however, the log( VIKaldehydeEt) profile 
would also show a wave. A more likely explanation is 
another pH-dependent step outside the catalytic sequence 
comprising VIKaldehydeEt that becomes slower by a factor of 
20 as the pH is increased. Previously, we ascribed this wave 
to a net decrease in the rate of NADP’ release at high pH 
(Bohren et al., 1994), and thus we have modified the kinetic 
model for aldehyde reduction, as shown in Scheme 3, to 
include a second ionizable group (shown by a preceding H, 
as in *HE) that controls the net rate of NADP’ release. 
Hence, kl ,’ is the net rate constant for NADP+ release from 
the protonated enzyme (*HE) at low pH, while k19’ is the 
corresponding rate constant at high pH. 

In order to understand the pH Variation of Valdehyde/Et, We 
begin with the following equation, which describes Valdehyde/ 
Et as a function of pH according to Scheme 2 (Cleland, 
1977): 

Valdehyde/Et = k,’/[l + (k7’/k11’) + (K,/H)I (12) 
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and which displays asymptotes to the curve at low and high 
pH that cross at pK,,, given by: 

PKapp = PK, + log[l + (k7‘/k/klI‘)I (13) 

The only assumption made in the derivation of eq 12 is that 
k17 >> Valdehyde/Et, which for hAR implies that k17 >> k l ~ ’ ,  a 

Scheme 3 
kidRCHO1 

k16 “11 kb[RCHO] 

*HE*NADPH d *HE*NADPH*RCHO 

I 8 1 1  kt-i[H*l 

*HEH*NADPH d *HEH*NADPH*RCHO --% 
k6 
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good assumption given how rate-limiting NADP+ release has 
been shown to be (Grimshaw et al., 1995a,b). Assuming 
for the moment that pK2 = pK1 = 8.7, eq 13 predicts that 
the pK observed in the lOg(Valdehyde/Et) profile will be shifted 
to higher pH by the kinetic factor log[l + (k,’/kll’)l. We 
know from stopped-flow studies with C298A mutant enzyme 
at pH 8 that k7’klI’ 38 (Grimshaw et al., 1995b), which 
translates into a pKapp value of at least 10.3. Next, we take 
into account the slowing of NADP+ release at high pH by 
substituting the expression for kl 1’,~9’: 

k11’,19’ = [ k l ~ ’  ki;(KJH)I/[1.0 -k (K,/H)I (14) 

in place of k l ~ ’  in eq 13. Equation 14 resembles eq 10 in 
form, with the value decreasing from kl I’ at low pH through 
a wave above pK3 to a value equal to k14 at high pH. Since 
we know that k19’ is about 20-fold slower than ~ I I ’ ,  the break 
in the log( Valdehyde/Et) profile will not appear until pKapp of 
11.6! Thus far, we have only collected data up to pH 10.5 
and have not yet detected any break in ~ o ~ ( V , ~ I , , ~ / E ~ )  due to 
Tyr48 ionization. We cannot therefore determine either the 
pK2 value or the effect of Tyr48 ionization on the relative 
binding affinity of the aldehyde substrate. 

The model in Scheme 3 can also account for the pH 
variation of DValdehyde shown in Figure 4. Again, we start 
with an equation for DValdehyde derived for Scheme 2: 

D 
Va]&hyde = (Dk, + CVf + C:Kq)/( 1 .o f C V f  + cr) (1 5 )  

where C, = kdk9 x 0 (Grimshaw et al., 1995a,b) and Cvf is 
given by the following expression: 

cv ,  = ( k 7 4  1’>/[1 + (K,IH)I (16) 

Substituting k11’,19’ from eq 14 in place of ~ I I ’  in eq 16 yields: 

cv ,  = [k7{ 1 .o + W3/H)Il/ 
[{ 1 .o + (~,/H)H4 I’ + k19’(K3/H))l (17) 

where essentially the same pK3 value (8.1 f 0.1) controls 
the wave seen in the ~ O ~ ( V ~ ~ I , ~ ~ / E ~ )  profile (Figure 1) and 
that (7.7 f 0.3) observed for DL-glyceraldehyde reduction 
(Figure 2). According to eq 17, as C V ~  increases above pK3 
x 8 from a value equal to k,/klI’ on the low pH plateau to 
a value equal to k7/k19‘ on the high pH side of the break in 
Vglyceraldehyde/& the observed DVglyceraldehyde for the C298A 
mutant enzyme should decrease to a value very close to unity 
at high pH. Assuming a value of k7/kl1‘ for reduction of 
DL-glyceraldehyde equal to the ratio k7lkIl’ 38 determined 
using D-xylose at pH 8 (Grimshaw et al., 1995b), and 
recognizing that Vglyceraldehyde/Et at pH 8 .O is already down 
about 2-fold from the Optimal rate at low pH, the DVglycer.r&jehyde 

values calculated using eq 15 are 1.07 at low pH and 1.00 
on the high pH plateau. Thus, the predicted behavior for 
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DVglyceraldehyde as a function of pH is consistent with what we 
observe experimentally (Figure 4). As the pH continues to 
increase above pKapp 11.6, VglyceraldehydelEt should Start to 
decrease and DVglyceraldehyde to increase as the ionization of 
Tyr48 results in the catalytic sequence becoming rate-limiting 
for the overall reaction, until eventually DVglycerddehyde becomes 
equal to the maXiInUm observed DV/Kaldehyde 

Several examples have been reported in the literature 
where, despite an increase in both DV/K and DV beyond the 
break in the pH profiles as predicted by Scheme 2, the 
increase in DV plateaus at a value that is lower than the 
maximum DV/K value. In each case, this unusual behavior 
has been ascribed to a slow, pH-dependent step occurring 
outside of the sequence of steps comprising VIKE, for the 
substrate. For instance, in the oxidative deamination of 
alanine catalyzed by alanine dehydrogenase, the rate of 
isomerization of the initial E.NAD+ complex to a form that 
can productively bind alanine and proceed through catalysis 
is largely rate-limiting at neutral pH. The rate constant for 
this conformational change decreases a factor of 10 per pH 
unit at low pH, just as does the net rate constant for the 
hydride transfer sequence. Thus, below the break in the log- 
( Va,an,nJEt profile, the isotope effects on both DV/Ka~anlne and 
DValanine increase, but DValanlne plateaus at a value (1.35) 
significantly less than that for DV/Kalanlne (1.97) (Grimshaw 
& Cleland, 1981). Yet, to our knowledge, hAR is the first 
example of a dehydrogenase where DV remains constant, or 
even decreases slightly at the same time that the DV/K value 
is increasing beyond the break in the log( V/KEt) profile. 

At present, we have not assigned pK3 to the ionization of 
any particular residue in the protein structure. Recently, 
Srivastava and co-workers have addressed this question using 
solvent perturbation methods and concluded that the high 
pH “break” in the log( ValdehydelEt) profile derives from 
ionization of a cationic acid such as histidine (Liu et al., 
1994). Unfortunately, because they ascribe this same pK to 
the active site residue involved in acid-base catalysis of the 
hydride transfer reaction, they cite these results as evidence 
that HisllO, and not Tyr48, serves this function in aldose 
reductase. We now understand that the “break” in the log- 
(ValdehydelEt) profile is really a wave and, furthermore, that 
the pH variation of DValdehyde is not consistent with pK3 being 
assigned to ionization of the active site catalytic residue. 
Rather, the lack of an increase in DValdehyde above pK3 must 
result from an increase in the extent of rate limitation by a 
second, pH-dependent step that lies outside the catalytic 
sequence of steps that comprise VIKaldehydeEt. However, the 
results of Liu et al. (1994) do suggest that the rate of 
nucleotide exchange for both wild-type and C298A mutant 
enzyme may indeed by modulated by ionization of another 
His or Lys residue which remains to be identified. 

Practical Consequences of the Kinetic Mechanism. Analy- 
sis of the kinetic model clearly shows that for both wild- 
type and C298A mutant hAR the predominant enzyme form 
during steady-state turnover of aldehyde reduction is *E*- 
NADP+ (Grimshaw et al., 1995a,b). Thus, a linear competi- 
tive inhibitor versus xylitol should be a linear uncompetitive 
inhibitor versus D-xylose, and the K,, and K,, values should 
be nearly equal. In addition, because the decrease in Vddehyde/ 
Et at high pH results from a slowing in the net rate of NADP+ 
release for both wild-type and C298A mutant enzyme, the 
near equivalence of K,, and K,, should hold over a wide range 
of pH. Data for inhibition by both sorbinil and PCA 
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(comparing pK,, versus D-xylose with pK,, versus xylitol) 
confirm that this is the case (Figure 3). To our knowledge, 
this is the first demonstration for an aldose reductase inhibitor 
of an equivalence for the K,, for inhibition versus aldehyde 
and the K, for inhibition versus alcohol over a wide pH 
range. That these compounds act as competitive inhibitors 
versus the alcohol substrate in the back-reaction by binding 
to the E*NADP+ complex was previously shown in studies 
of both aldose and aldehyde reductase (Wermuth, 1991; Liu 
et al., 1992; Harrison et al., 1994; Ehrig et al., 1994). Ward 
and co-workers (Ward et al., 1993) in a study of biphasic 
inhibition kinetics suggested that most, if not all, aldose 
reductase inhibitors function by binding to a putative ‘‘E*-Q’ 
complex which is, in fact, equivalent to our *E-NADP+ 
complex. 

The same kinetic rationale suggests why there are no 
known aldose reductase inhibitors that show other than 
competitive inhibition versus the alcohol substrate. During 
steady-state turnover for alcohol oxidation, very little enzyme 
is present as the *E-NADPH complex, while during steady- 
state turnover in the opposite direction virtually all the 
enzyme is present as the *E*NADP+ complex. Thus, 
compounds that bind effectively to either *E*nucleotide 
complex (e.g., PCA in Figure 3) will show noncompetitive 
inhibition versus the aldehyde substrate, but only competitive 
inhibition versus the alcohol substrate. The apparent K, value 
for inhibitor binding to a particular enzyme form is given 
by: 

app Ki = (true Ki)/(Ei/Et) 

where Ei is the concentration of the enzyme form to which 
the inhibitor binds and Et is the sum total of all enzyme 
forms. Thus, if Ei is less than 1% of E,, the apparent K, 
value for binding to Ei will be so high as to preclude detection 
of inhibitor binding by steady-state kinetic studies. Such is 
the case for binding of aldose reductase inhibitors to *E-- 
NADPH when studied in the direction of alcohol oxidation. 

Ordered Reaction Mechanism. Work from other labora- 
tories has suggested a random kinetic mechanism for 
aldehyde reduction mediated by AR isolated from several 
different mammalian species, based on the observation of a 
significant primary deuterium isotope effect on V/KNAD& 
(Bhatnagar et al., 1988, 1994). In a strictly ordered bi-bi 
kinetic mechanism, Cook and Cleland (1981a) have shown 
that the V/K isotope effect for the first substrate to add must 
be equal to unity since extrapolation to a saturating concen- 
tration of the second substrate increases the forward com- 
mitment factor (Cf in the following equation): 

to such a level that the maximum observable isotope effect4 
on the hydride transfer step is completely masked. As shown 
in Table 2, the isotope effect on V/KNADpHE, measured by 
direct comparison of full initial velocity patterns for both 
DL-glyceraldehyde and D-xylose is not significantly different 
from unity, and thus aldehyde reduction mediated by aldose 
reductase must follow a strictly ordered kinetic mechanism. 
This conclusion is entirely consistent with the stopped-flow 
results, which suggest that it is only after NADPH has bound 
that the enzyme is able to undergo the necessary structural 
reorganization to form an active site configuration capable 
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of aldehyde reduction. The discrepancy in D V J K ~ ~ ~ p ~  values 
likely derives from the questionable practice of using high 
concentrations of sulfate ion (0.4 M) in the assay buffer to 
enhance the reaction velocity (Srivastava et al., 1985; 
Bhatnagar et al., 1988, 1989, 1994). The reported Km and 
Ki values for NADPH and NADP+ under such assay 
conditions are extremely high (30-48 pM) as compared with 
the submicromolar values determined in our studies (Grim- 
shaw et al., 1995a,b) and elsewhere (Del Corso et al., 1989; 
Ehrig et al., 1994). The practice of using high sulfate ion 
concentrations should not be employed for detailed kinetic 
and mechanistic studies since monovalent and multivalent 
anions have been shown to both inhibit and activate the 
reactions catalyzed by aldose reductase in both directions 
(Hayman & Kinoshita, 1965; Grimshaw et al., 1989; Bohren 
et al., 1991; Harrison et al., 1994). Under such conditions, 
the kinetic mechanism becomes random, and thus, kinetic 
results obtained with the use of sulfate are suspect. 

Inhibitor Binding and Preferred Ionization States. We 
next address the preferred protonation state of the Tyr48 
residue and the various inhibitors as determined from dead- 
end inhibition studies as a function of pH and place these 
results in the context of the normal catalytic reaction 
mechanism. The neutral aldehyde analogue inhibitor PCA 
displays linear noncompetitive inhibition versus D-xylose 
with a K,i value identical to the Ki, obtained as a linear 
competitive inhibitor versus xylitol (Figure 3). Within a 
factor of about 4, PCA binds to either *E*NADP+ or *E-- 
NADPH with about equal affinity, but it is only in the latter 
complex where PCA binding is sensitive to the protonation 
state of Tyr48, preferring, as does the aldehyde substrate, to 
bind when Tyr48 is protonated. The 4.5-fold decrease in 
binding affinity (increase in Ki, value) for PCA inhibition 
versus D-xylose upon deprotonation of Tyr48 provides a good 
estimate of the relative binding affinity of the substrate for 
the two protonation states in Scheme 2. The fact that PCA 
binding is not affected by ionization of Tyr48 in the *E*- 
NADP’ complex merely reinforces the idea that the relative 
contribution of various active site residues (e.g., Tyr48, 
His1 10, Trpll  1, Cys298, etc.) to the alignment and binding 
of both substrates and inhibitors may well be different 
depending on whether NADPH or NADP’ is bound. 

Binding of the simple organic acid DL-mandelate is clearly 
favored when Tyr48 is protonated, as evidenced by the 20- 
fold increase in Ki, value (decrease in pKi,) for competitive 
inhibition versus xylitol as the pH is increased (Figure 3). 
On the basis of the nearly uncompetitive pattem obtained 
for inhibition versus D-xylose at pH 8, we can estimate that 
binding of DL-mandelate to *E-NADP+ is favored at least 
10-fold relative to binding to *E*NADPH. This is particu- 
larly surprising since, given the pK value for Tyr48 in the 
respective *E*nucleotide complexes, at pH 8 the NADP+ 
complex (pK 7.6) will be mostly present in the less favored 
*E-Tyr48-0-*NADP+.mandelate- form, while the NADPH 
complex (pK 8.7) will be mostly in the favored *E-Tyr48- 
OH-NADPH-mandelate- form. Thus, despite an overall 
active site charge of -1 in each of the two complexes, 
binding of the mandelate anion is still favored by 10-fold 
when NADP+ is the bound nucleotide. Combining these two 
factors results in a 200-fold preference for mandelate binding 
in the optimal *E-Tyr48-OH*NADP+-mandelate- with Tyr48 
protonated and an overall net active site charge of zero 
relative to the *E-Tyr48-OH*NADPH*mandelate- complex 
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with NADPH bound and an overall net charge of -1. As 
we will discuss in more detail below, we ascribe the 200- 
fold stabilization of an enzyme complex with the stoichi- 
ometry *E-Tyr48-OH*NADP+.anion- as a small indication 
of the transition state stabilization which enables aldose 
reductase to catalyze the efficient reduction of a broad 
spectrum of aldehyde substrates. 

The pH profile for sorbinil inhibition is bell-shaped with 
pK values of 7.4 and 8.7, and thus the most potent inhibition 
(highest pKi value) occurs between these two pKs. The 
obvious interpretation, and that preferred by Srivastava and 
co-workers who published a similar pH profile for sorbinil 
inhibition versus p-chlorobenzyl alcohol (Liu et al., 1992), 
is that the neutral form of sorbinil (pK of 8.4-8.7, depending 
on solvent polarity; Sarges et al., 1988) binds to the enzyme 
only when the active site Tyr48 is ionized. However, the 
bell-shaped pH profile can also occur as the result of a 
“reverse protonation” scheme (Cleland, 1977) in which 
exactly the opposite combination, namely, sorbinil anion 
bound to the enzyme with a protonated Tyr48, gives rise to 
the observed inhibition. These two possible configurations 
(sorbinilO plus *E-Tyr48-O--NADPf versus sorbinil- plus 
*E-Tyr48-OHo.NADP+j will display identical bell-shaped 
pH profiles, with the latter, less prevalent combination 
present at a level equal to 10(pK1-pK2) = or only 5% of 
the total. Equation 18 thus predicts that the true Ki will be 
20-fold lower than the observed value, i.e., in the 2.5-4 nM 
range, which compares favorably with values for the most 
potent aldose reductase inhibitors (Dvomik, 1987)! 

If one could test the equivalent of sorbinil anion at pH 
6.6 where the Tyr48 residue in *E*NADP+ is completely 
protonated, the K,, value measured would be in the nanomolar 
range. Much more is involved, however, than simply binding 
an anion at the enzyme active site, since DL-mandelate anion 
shows at best a binding constant (2 mM at pH 6.5) that is 
1000-fold weaker than the best aldose reductase inhibitors. 
The recent crystal structure showing the potent aldose 
reductase inhibitor zopolrestat bound to the E*NADP+ 
complex of human AR confirms not only that the carboxylate 
moiety is bound in precisely the location predicted (Harrison 
et al., 1994) but, furthermore, that a large number of 
interactions between enzyme and bound inhibitor, including 
van der Waals contacts and hydrogen bonds, combine to 
explain the high binding affinity for this compound (Wilson 
et al., 1993; Ehrig et al., 1994). Such is likely to be the 
case for the whole class of inhibitors based on the phenyl- 
acetic acid pharmacophore. Yet, recognition that sorbinil, 
as a representative of the spirohydantoin family of inhibitors, 
also inhibits by combining as the anionic species with the 
*E*NADP+ complex enables us to propose a unified model 
for aldose (and, by analogy, aldehyde) reductase inhibitor 
action. 

In chemical terms, the preference for binding anionic 
compounds when Tyr48 is present as the neutral -OH form 
makes perfect mechanistic sense. Catalysis of pyruvate 
reduction by lactate dehydrogenase relies on significant 
polarization of the carbonyl group in the E-NADHmpyruvate 
complex prior to hydride transfer (Deng et al., 1994). 
Binding at the active site via the carboxylate moiety further 
enhances the enzyme’s ability to restrict the conformational 
freedom of the substrate so the optimal geometry for carbonyl 
polarization and subsequent hydride transfer can be attained. 
Similarly, aldehyde reduction by liver type alcohol dehy- 
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drogenase relies on polarization and conformational restric- 
tion of the substrate carbonyl group via coordination to the 
active site Zn2+ ion (Pettersson, 1987). We can assume that 
aldose reductase, which does not have the advantage of either 
a divalent metal ion or a substrate carboxylate tether, must 
still facilitate in some manner the polarization of the carbonyl 
group prior to or in concert with the hydride transfer step. 
Thus, in the transition state there should be a partial negative 
charge on the substrate oxygen with the proton that was 
formerly attached to the hydroxyl moiety of Tyr48 now 
partially bonded to both the substrate and the Tyr48 phenolic 
oxygen atom. For catalysis of aldehyde reduction, the 
transition state is reached via an initial *E-Tyr48-OH-- 
RCHOoNADPH complex, while for alcohol oxidation the 
initial complex consists of *E-Tyr48-0-*RCH20H-NADPf. 
Binding of a monoanionic compound as an *E-Tyr48-OH*- 
NADP'aanion- complex thus resembles the transition state 
configuration derived by binding the uncharged alcohol 
substrate to the enzyme with Tyr48 ionized; the only 
difference is that catalysis can proceed in the latter complex, 
but not in the former. Essentially the same type of transition 
state analogue complex can be formed with lactate dehy- 
drogenase when oxalate binds preferentially to the E-NAD' 
complex in which the catalytic histidine residue is protonated 
(Winer & Schwert, 1959; Holbrook & Gutfreund, 1973). The 
fact that some compounds, such as PCA (Figure 3) and 
alrestatin (Ehrig et al., 1994), show a competitive inhibition 
component versus aldehyde substrate, and thus can also bind 
to the *E-Tyr48-OH.NADPH complex, simply means that 
the active site can accommodate these structures. However, 
only complexes that contain the transition state analogue 
configuration-namely, *E-Tyr48-OH*NADPf.anion--will 
display the tight binding properties. By the same reasoning, 
our results suggest that the transition state for aldose 
reductase-catalyzed aldehyde reduction will lie far toward 
alcoholate formation, at least with respect to proton transfer. 
The large solvent isotope effect observed for m-glyceral- 
dehyde reduction by wild-type hAR at neutral pH (D20V/ 

Kglyceraldehyde = 4.73 f 0.23; Bohren et al., 1994) is consistent 
with such a transition state structure. In addition, recent 
studies of the H112Q mutant of the closely related human 
aldehyde reductase have convincingly demonstrated that 
when catalysis is forced to occur in a discrete stepwise 
manner, hydride transfer to generate the bound alcoholate 
species occurs prior to the proton transfer step (Barski et 
al., 1995). 

The aldose reductase active site has evolved to function 
as an excellent reductase but a very poor alcohol dehydro- 
genase. To a large extent, this effectively one-way catalysis 
is accomplished by a mechanism involving changes in the 
active site configuration that depend on the oxidation state 
of the bound nucleotide, as well as the presence of the 
sulfhydryl group of Cys298 which modulates interaction with 
a sophisticated nucleotide enfolding loop. Determination of 
the pK value and preferred ionization state for the catalytic 
Tyr48 residue, by means of pH studies of substrate and 
inhibitor binding, catalysis, and isotope effects, has clarified 
the mechanism for the normal reaction and provided insight 
into the high-affinity binding of aldose reductase inhibitors 
in a complex that resembles the transition state for hydride 
transfer. This improvement in our conceptual understanding 
should resolve several prevalent contradictions and ambi- 
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guities and should enable the development of specific and 
potent aldose reductase inhibitors. 
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