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Human Aldose Reductase: Subtle Effects Revealed by Rapid Kinetic Studies of the 
C298A Mutant Enzyme? 
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ABSTRACT: Transient kinetic data for D-xylose reduction with NADPH and NADPD and for xylitol oxidation 
with NADP+ catalyzed by recombinant C298A mutant human aldose reductase at pH 8 have been used 
to obtain estimates for each of the rate constants in the complete reaction mechanism as outlined for the 
wild-type enzyme in the preceding paper (Grimshaw et al., 1995a). Analysis of the resulting kinetic 
model shows that the nearly 9-fold increase in Vxy~osJEt for C298A mutant enzyme relative to wild-type 
human aldose reductase is due entirely to an 8.7-fold increase in the rate constant for the conformational 
change that converts the tight (Ki NADP+ = 0.14 p M )  binary *E*NADP+ complex to the weak (Kd NADP+ = 
6.8 p M )  E*NADP+ complex from which NADP+ is released. Evaluation of the rate expressions derived 
from the kinetic model for the various steady-state kinetic parameters reveals that the 37-fold increase in 
Kxrlose seen for C298A relative to wild-type aldose reductase is largely due to this same increase in the net 
rate of NADP+ release; the rate constant for xylose binding accounts for only a factor of 5.5. A similar 
17-fold increase in the rate constant for the conformational change preceding NADPH release does not, 
however, result in any increase in Vxy~itol/Et, because hydride transfer is largely rate-limiting for reaction 
in this direction. By contrast, the rate constant for conformational clamping in the opposite direction 
(weak - tight binary complex) is not greatly affected by the mutation, suggesting that Cys298 does not 
regulate the rate of closure of the nucleotide enfolding protein loop, but does stabilize the closed 
conformation. The rate of hydride transfer is reduced 2-fold in the C298A mutant, which, when combined 
with the increase in Vxylose/Et, results in a small, but significant, primary deuterium isotope effect on 
turnover (DVxy~ose = 1.07). These results demonstrate the utility of using the kinetic model developed for 
the wild-type enzyme to analyze transient kinetic data in order to ascribe changes in kinetic parameters 
(WE,, K,, DV, etc.) to changes in individual rate constants in the overall mechanism. 

Cysteine 298 appears to be a key residue in defining the 
unique properties of aldose reductase (AR)' as a member of 
the broader NADP-dependent aldo-keto reductase super- 
family. Unlike the important active site residues which have 
been shown to participate in the catalytic mechanism, 
including Tyr48, Lys77, Asp43, and possibly His1 10 (Tarle 
et al., 1993; Bohren et al., 1994), Cys298 is not strictly 
conserved among the members of this enzyme superfamily 
(Qin & Cheng, 1994; Bruce et al., 1994). Yet, chemical 
modification of this residue can lead to pronounced changes 
in the kinetic properties of AR, most often expressed as an 
increase in VIEt for aldehyde reduction, and a much larger 
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increase in the K,  for the aldehyde substrate, such that 
VIKaldehydeEt shows a net decrease (Petrash et d . ,  1992, 1993; 
Bohren & Gabbay, 1993; Bhatnagar et al., 1994). Modifica- 
tion of Cys298 can also result in a pronounced loss of binding 
affinity for some, but not all, compounds developed as 
potential aldose reductase inhibitors (ARIs) for the prevention 
and treatment of diabetic complications (Vander Jagt & 
Hunsaker, 1993; Bhatnagar et al., 1994), a factor which may 
be important in predicting the success of ARI therapy in vivo. 

Cys298 has been the target of site-directed mutagenesis 
studies aimed at establishing structure-function relationships 
for hAR. Studies in which Cys298 was converted to a serine 
residue (C298S mutant) showed that this residue is not an 
essential component of the catalytic machinery (Petrash et 
al., 1992, 1993; Bhatnagar et al., 1994) and further estab- 
lished that Cys298 is the residue involved in the formation 
of "oxidized" or "activated" enzyme forms (Bohren & 
Gabbay, 1993). However, the kinetic properties of the 
C298S mutant enzyme are clearly distinct from those of the 
oxidized enzyme form, since the latter shows no increase in 
VIE, for aldehyde reduction and a much larger decrease in 
ARI binding affinity (Vander Jagt & Hunsaker, 1993; 
Grimshaw & Lai, 1995). Unfortunately, our understanding 
of these subtle kinetic and mechanistic effects has until now 
been limited to a discussion of the observable kinetic 
parameters, e.g., VIEt, K,, DV/K, and so forth, with no reliable 
means to assign an observed change to a specific step or 
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steps in the reaction mechanism. The use of stopped-flow 
kinetic methods combined with a complete kinetic model 
for wild-type hAR, presented in the preceding paper (Grim- 
shaw et al., 1995a), now provides us with that ability. 

The Cys298Ala mutant was originally developed as one 
of many mutants designed to identify the cysteine residue 
responsible for the thiol sensitivity of the aldose reductase 
enzyme (Bohren & Gabbay, 1993). The thiol sensitivity of 
the purified enzyme is reflected in the partially oxidized 
enzyme forms which are generated either during purification 
or storage of the enzyme (Vander Jagt et al., 1988, 1990; 
Grimshaw et al., 1989; Bhatnagar et al., 1989; Liu et al., 
1989; Robinson et al., 1994; Cappiello et al., 1994). 
Preliminary studies of C298A mutant hAR showed that some 
properties were similar to the C298S enzyme, but some were 
quite different. Thus, C298A displayed an increase in VIE, 
for aldehyde reduction and a larger increase in the Kaldehyde 

value, similar to the changes noted for the C298S mutant. 
However, unlike the C298S mutant, Ki values for inhibition 
by various ARIs were comparable for C298A mutant and 
wild-type enzyme. 

In this study, we present pre-steady-state transient kinetic 
data to support the assignment of each of the rate constants 
for C298A mutant hAR, based on the kinetic model 
developed for the wild-type enzyme in the preceding paper 
(Grimshaw et al., 1995a). The results will show that the 
primary effect of the cysteine - alanine substitution is to 
alter the rate of the conformational change that allows 
relaxation of the tight binary E-nucleotide complex to the 
more weakly bound complex, from which the nucleotides 
can dissociate. As we have shown for the wild-type enzyme, 
this conformational “clamping” appears to be a key to hAR’s 
catalytic prowess as a broad-specificity aldehyde reducing 
catalyst. Smaller, but significant, changes are also ascribed 
to the rate of aldehyde binding and of hydride transfer at 
the ternary complex stage of the reaction mechanism. Thus, 
the changes in the observable kinetic parameters can in each 
instance be directly correlated with changes in the individual 
rate constants using the kinetic model. The procedure 
described here should prove valuable for the detailed kinetic 
and mechanistic interpretation of other mutants of this 
important class of NAD(P)H-dependent aldo-keto reduc- 
tases. 

MATERIALS AND METHODS 

The mutant C298A human aldose reductase construct was 
prepared by oligo-directed mutagenesis, and the enzyme was 
overexpressed in Escherichia coli and purified essentially 
as described (Bohren et al., 1991). Enzyme was stripped of 
all nucleotide using the method of Ehrig et al. (1994), and 
the protein concentration was estimated using nm = 48.2 
mM-’ cm-I. All other chemicals and methods were as 
described for the studies of the wild-type enzyme (Grimshaw 
et al., 1995a). 

RESULTS 
Nucleotide Binding. Progress curves (quenching of en- 

zyme fluorescence) for nucleotide binding to C298A mutant 
hAR were in all cases best fit using a single exponential 
(Figure 1). Unlike the wild-type enzyme, we saw no 
evidence with the C298A mutant enzyme for a second slower 
phase using either NADP+ or NADPH over a wide range of 

1 

2 
3,4 
5 

0.0 0.1 0.2 

time (sec) 
FIGURE 1: Stopped-flow progress curves for NADP+ binding to 
C298A mutant hAR monitored as quenching of enzyme fluores- 
cence (294 nmF>315 nm). Reactions in standard phosphate buffer 
contained 1.5 p M  enzyme and the following concentrations of 
NADP‘: 2 pM (1); 4 pM (2); 6 pM (3); 10 pM (4); and 45 pM 
(5). Actual progress curves shown are averages of 3-4 kinetic 
transients; solid lines were calculated using rate constants (Table 
1) determined for a two-step binding mechanism by KINSIM/ 
FITSIM analysis of the entire data set for each.nucleotide. First- 
order rate constants (kobs) determined from Bio-Kine analysis of 
individual progress curves showed standard errors of 1 % or better. 
Inset: Plots of kobs versus nucleotide concentration with NADPH 
(0) and NADPf (0) show saturation kinetics; solid lines were 
calculated from fits of the kobs data as described in Results. 

Scheme 1 
k5 ki k3 

kz k4 k 
- E = E-NADPH = *E*NADPH - *E*NADPH*RCHO 

ki o .‘!k7 
kl4 kt z 

E ‘kTj- E*NADP+ *E*NADP+ *E*NADP+*RCH20H 
ki i ks 

nucleotide concentration. This observation is consistent with 
the idea that partial oxidation at Cys298 is primarily 
responsible for the biphasic nucleotide binding kinetic data 
reported by others (Kubiseski et al., 1992). Plots of kobs 

versus nucleotide concentration ([nucleotide]) displayed 
saturation behavior (inset, Figure l), consistent with a two- 
step binding mechanism ( k 1 - b  (NADPH) or k14-k11 

(NADP’)) as detailed in Scheme 1 for wild-type enzyme in 
the preceding paper (Grimshaw et al., 1995a), where E is 
C298A mutant hAR, RCHO is D-xylose, RCH20H is xylitol, 
and *E is the isomerized form of the enzyme. Similar to 
the procedure used for the wild-type enzyme, data for kobs 

as a function of nucleotide concentration were fitted either 
using a simple equation describing the two-step binding 
mechanism or using least-squares analysis of the progress 
curves themselves by the KINSIM/FITSIM software package 
to obtain estimates for each of the rate constants. As shown 
in Table 1, the derived values routinely displayed standard 
errors less than 20%, and the values obtained by the two 
different fitting procedures were in reasonable agreement. 
In general, the weak initial E*NADP(H) complexes of the 
C298A mutant enzyme displayed Kd values only 2-fold 
higher than those estimated for the wild-type enzyme. 
However, the extent of “clamping” to form the tight *E*- 
NADP(H) complex, as reflected by the ratio of initial Kd to 
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Table 1: Rate and Equilibrium Constants for Nucleotide Binding to C298A Mutant hAR 
nucleotide fitting method Kd @M) kl (M-I s - ' )  k2 (s-') k3 (s-l) kqa ( s - ' )  K,b (nM) &/K, 

NADP' Sigmaplot 2.1 i 2.3 102 f 30 (0.9) 24 114 
Fitsim 6.8 (2.5 f 0.1) x lo8 1700 * 90 100 f 4 2.0 * 0.1 138 49 

NADPH SigmaPlot 3.2 i 1.4 150 f 17 (0.12) 270 12 
Fitsim 2.8 (1.7!~0.i) x IO8 470*40 90 * 3 14 f 0.2 430 6.5 

a Broken brackets contain steady-state (WEl) values for reaction in the opposite direction. K,  = k2/kl(l.0 + (k3/k4)) is the dissociation constant 
for the tight *E*NADP' complex; the corresponding rate constants from Scheme 1 should be substituted for NADPH, with kld-k l i  (NADPH) 
equivalent to kl-kd (NADP'). 
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FIGURE 2: Single turnover stopped-flow progress curves for C298A 
mutant hAR-catalyzed D-xylose reduction monitored by absorbance 
change at 363 nm. Reactions in standard phosphate buffer contained 
12.5 p M  enzyme, 250 mM D-xylose, and 11.5 pM NADPH (H) or 
NADPD (D). Actual progress curves are shown; solid lines were 
calculated using rate constants determined for the complete kinetic 
mechanism (Scheme 1) by KINSIWITSIM analysis of the entire 
data set including progress curves determined for each nucleotide 
at a range of D-XylOSe concentrations. First-order rate constants 
(k,,,,,) determined from Bio-Kine analysis of the A363 ,,,, decrease 
for individual progress curves showed standard errors of 6% or 
better. Inset: Only slope values (K,,l,,,lkt,,,,) were determined from 
double-reciprocal plots of llk,,,,, versus l/[xylose] for NADPH (0) 
and NADPD (0) since the intercepts were not significantly different 
from zero. 

final Ki value, was about 13- to 16-fold less for the C298A 
mutant enzyme. This fact will become important in the 
discussion of the kinetic effects on turnover resulting from 
mutation of Cys298 to an alanine residue. 

Single Turnover Experiments. Figure 2 shows a repre- 
sentative pair of progress curves measured using NADPH 
and NADPD at 250 mM D-xylose. Such progress curves 
routinely displayed an increase in A363 nm during the first 30- 
50 ms due to the shift in absorbance maximum for bound 
NADPH, followed by a decrease in absorbance due to 
NADPH oxidation. The latter decrease in A363 nm was in all 
cases best fit using a single exponential. When the experi- 
mentally determined first-order rate constant (k,,,,,) was 
plotted in double-reciprocal fashion as l/k,,,,, versus 1 / [ ~ -  
xylose] with either NADPH or NADPD, the line appeared 
to pass through the origin (inset, Figure 2). A fit of these 
data to: 

where k,,, is the maximum value of k, A is the concentration 

of substrate (D-xylose), and K112 is the apparent half-saturation 
constant for A, confirmed that the k,,, values were not well 
determined. The problem occurs because the Kxylose value 
for xylose in a single turnover experiment, as estimated from 
the kinetic model,2 is 1.75 M. This value is far greater than 
the maximum D-xylose concentration used (545 mM), and 
thus we were unable to saturate the transient reaction in order 
to obtain a statistically significant value for k,,,,. Fitting 
the data in double-reciprocal form to a straight line and 
assuming an intercept value equal to zero, however, gave 
good values for the slopes (equal to ktr,ns/K,y~ose) of 20 f 3 
M-' s-' for NADPH and 7.9 f 3.0 M-' s-l for NADPD. 
These data confirm that, similar to wild-type hAR, there is 
a large primary deuterium isotope effect3 on the single 
turnover transient (Dktran5/Kl/~ = 2.5 f l.O), indicating that 
hydride transfer makes a significant contribution to the 
overall rate limitation of the single turnover transient. 

Multiple Turnover ("Burst Kinetics") Experiments. When 
the NADPH concentration was increased to 140 p M  to allow 
multiple turnovers, progress curves displayed "burst kinetics" 
with an initial exponential decline in absorbance followed 
by a steady-state rate of NADPH disappearance (Figure 3). 
However, the magnitude of the "burst" was much lower than 
for wild-type enzyme (see below). As a result, progress 
curve analysis using the Bio-Kine software only yielded 
accurate values for k,, as a function of D-xylose concentration. 
Fitting these data for the steady-state rate (ks5) to eq 1 gave 
the following results for NADPH, k,, = 2.1 & 0.1 s-' (equal 
to VxyIoselEt) and Kxylose = 7 3  k 13 mM (equal to Kxyiose), 
while for NADPD, k,, = 1.9 & 0.3 s-' and Kxylose = 165 * 
50 mM. The calculated primary deuterium isotope effects 
on k,, and kss/Kxrlose derived from these data are compared 
in Table 2 with the corresponding value determined from 
the single turnover experiments (D(kt,,,,/K,y~ose)), and with 
those determined by the conventional method of direct 
comparison of initial velocities (DVxy~ose and DV/Kxy~o,,). As 
we saw for the wild-type enzyme, multiple turnover progress 
curves for xylitol oxidation with NADP+ displayed only a 
steady-state phase as shown by a linear appearance of 
NADPH absorbance with time (not shown). Fitting the k,, 
data as a function of xylitol concentration to eq 1 gave k,, = 
0.13 f 0.01 s-l (equal to V,y~ , lo~ /El )  and K x y ~ , t o ~  = 340 f 60 
mM (equal to Kxylltol). 

The set of progress curves for both single turnover and 
multiple turnover experiments for reduction of D-xylose with 

Kx,lose estimated as (keff + k6)/ks, where kef[ = [( Uk7) + (1Ikj)l-l is 
the effective rate constant for a single turnover transient at infinite 
xylose concentration according to Scheme 1. 

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 WE,, VIKE,, and k, respectively. 
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FIGURE 3: Multiple turnover stopped-flow progress curves for 
C298A mutant hAR-catalyzed D-xylose reduction. Reactions in 
standard phosphate buffer contained 12.5 y M  enzyme, 250 mM 
D-XylOSe, and 140 y M  NADPH (H) or NADPD (D). Actual progress 
curves shown emphasize the pre-steady-state burst; data were 
collected up to 10 s to establish the steady-state rate. The solid 
lines were calculated as described for Figure 2. The burst magnitude 
(-0.0250 f 0.010 A363 ",,,) for NADPH (dashed line) corresponds 
to 0.59 enzyme equivalents. Inset: Double-reciprocal plots of l/kss 
versus l/[xylose] for NADPH (0) and NADPD (0) show saturation 
kinetics for the linear, steady-state phase of the reaction. 

Table 2: Comparison of Calculated and Observed Deuterium 
Isotope Effects for C298A Mutant hAR 

measurementa Dkmax D(kmaxlKxylose) 
2.5 * 1.0 

burst: kburrt calcd from modelb 4.09 2.65 
stopped-flow steady state (kSJ 1.10 31 0.10 2.5 k 1.0 
initial velocity (Vxy~osJEr)  1.07 k 0.02 2.70 iz 0.09 
calcd "intrinsic" effect: Dk7 = ( k 7 ~ / k 7 ~ )  6.50 

single turnover (k,,,,,) -c 

a All measurements in 33 mM phosphate buffer (pH 8.0) at 25 OC. 
At saturating levels of NADPH and xylose, kburst = ( ( l /k3)  + ( l /k7))- ' ;  

+ 0.78)/(1.00 + 0.78) = 4.09. At limiting [D-Xylose], D(kburSt/Kxy~ose) 
= (Dk7 + (k7~k6) ) / (1 .0  + (k7wk6)) = 2.65. 'Not able to determine 
accurately since the maximum D-xylose concentration (545 mM) is 
much less than the apparent K,,I,,, (1.75 M). 

thus, Dkburst = (kburrtfdkburstD) = (Dk7 f (k7~/k3)) / (1 .0  f (kiwk3)) = (6.50 

NADPH and NADPD was analyzed using the KINSIM and 
FITSIM software according to the complete reaction mech- 
anism outlined in Scheme 1. As for the wild-type enzyme, 
analyses of the various sets of progress curves were used to 
refine the values for ks-ks, using both single turnover and 
multiple turnover experiments with either NADPH or 
NADPD. These simulations proved to be insensitive to large 
changes in the values of kg and klo. These rate constants 
were thus set at values high enough to be kinetically 
transparent, yet maintain a ratio (kglklo) equal to the Kxylitol 
value determined either by conventional steady-state kinetic 
methods or from the saturation kinetics observed for the 
linear phase of xylitol oxidation in multiple turnover experi- 
ments. The value of ks was limited to a narrow range by 
the Vxy~ito~/Et value determined for xylitol oxidation, and by 
the fact that the net rate corresponding to ks is at least 100- 
fold slower than any other step for reaction in this direction. 
However, as for the wild-type enzyme, because only one 
data set contributes significantly to the assignment of this 

Table 3: Estimated Rate Constants for the Reactions of D-Xylose 
and Xylitol" 

forward rev e r s e 
ki 1.7 x lo8 M-' S- '  kz 470 s - I  

k3 90 S K I  k4 14 s-l 
ks 40 M-I s-' k6 30 S-I 

k7 70 s - I  (1 1 s - I ) ~  ks 0.33 s-I (0.05 s - ~ ) ~  
k9 1.6 x 106s-I kio 5 x lo6 M-I s-l 

kl3 1700s-l kl4 2.5 x 108M-l s-l 

a Rate constants for the binding of NADPH (kl-k4) and of NADP+ 
(k11-kl4)  were estimated by progress curve analysis and were fixed in 
all simulations. The ratio of kg to klo was fixed at 0.32 M, equal to the 
Kxy1it0~ value. Eight progress curves, four forward and four reverse 
reactions, were used for these simulations. Standard errors were 20% 
or better. Values given in parentheses are for NADPD. Actual 
progress curves were used to estimate k 7 ~ ,  while ksD was calculated as 
k s ~  = k s ~ ~ K , ~ / ~ k i  (see text for details). The values of k5-k~ provided 
the best overall fits for both the NADPH and NADPD progress curve 
data sets. When the xylose concentration is corrected for the 0.02% 
level of free carbonyl form (Hayward & Angyal, 1977), ks = 2 x lo5 

ki I 2.0 s-' kiz 100 s - I  

M-I s-l 

Table 4: Comparison of Calculated and Measured Kinetic 
Parameters for C298A Mutant hAR 

parameter calcd measured" 
1.8 
0.066 

0.43 
2.8 
0.10 
0.007 

0.14 
6.8 

74 

3 20 

1.7 k 0.1 
0.15 iz 0.02 

56 iz 5 
0.03b 

0.12 rt 0.01 
xo.10 

280 rt 30 
0.06b 

a Determined from initial velocity studies in 33 mM phosphate buffer 
(pH 8.0) at 25 "C. bDetermined by fluorescence titration in 5 mM 
phosphate buffer (pH 7.0) at 20 "C (Ehrig et al., 1994). 

rate constant, the absolute magnitude of ks must be consid- 
ered approximate at this point. The ksD value was estimated 
as ksD = ( k s ~ ~ K ~ ~ / ~ k 7 ) ,  where Dk7 = k 7 ~ / k 7 ~  is determined 
directly from progress curves with NADPH and NADPD 
and DKeq = (k7~ /ks~) / (k ,D/ks~)  is the equilibrium isotope effect 
for NAD(P)D-linked reduction of an aldehyde to a primary 
alcohol, DKeq = 0.93 (Cook et al., 1980). Table 3 contains 
a list of the estimated rate constants determined for the 
mechanism shown in Scheme 1. 

Values of the observable kinetic parameters (e.g., Vxr~ose/ 
E,, Kxylose, etc.) were also calculated by substituting the 
estimated rate constants from Table 3 into kinetic expressions 
derived according to Scheme 1 (see supporting information 
in Grimshaw et al., 1995a). As shown in Table 4, the 
agreement between the measured and calculated values is 
quite good. As a further check on the internal consistency 
of the proposed kinetic model, the calculated Keq value (1.4 
x l O I 3  M-', based on the free carbonyl form of D-XylOSe 
(Hayward & Angyal, 1977)) was found to be in fair 
agreement with the published values (average value of 5.2 
x l O I 3  M-I, based on free carbonyl form) for reduction of 
the a-hydroxyaldehydes, DL-glyceraldehyde (Kormann et al., 
1972), and D-xylose (Moonsammy & Stewart, 1961). 

Magnitude of the Pre-Steady-State Burst. The size of the 
pre-steady-state burst is determined by (1) the relative rates 
for the sequence of steps (including hydride transfer) that 
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FIGURE 4: KINSIM simulation comparing the pre-steady-state burst 
for wild-type and C298A mutant hAR. KINSIM simulations 
generated using the estimated rate constants from the appropriate 
kinetic model show reaction progress curves for total NADP+ 
production (solid line), formation of the steady-state level of *E-- 
NADP+ (dashed line), and the linear steady-state rate of NADP+ 
production (dotted line). Extrapolation back to time zero shows 
that the “apparent” burst for the C298A mutant enzyme (0.59Et) is 
much less than for wild-type enzyme (0.97.Q. 

produce *E.NADP+ and (2) the net rate for release of 
NADP+ from *E-NADP+. This is shown graphically in 
Figure 4 where we compare the simulated progress curves 
for D-xylose reduction with NADPH for wild-type and 
C298A mutant hAR at 75 and 250 mM D-xylose concentra- 
tion, respectively. KINSIM was used along with estimated 
rate constants from the respective kinetic models for the two 
enzymes to simulate both total NADP+ production and 
formation of the steady-state level of *E.NADP+. The net 
rate for *E.NADP+ production is largely fixed by k5’ = k5k7- 
[~-xylose]/(k6 + k,),  because of the large apparent Kxylose 
values for wild-type (350 mM) and C298A mutant enzyme 
(1.75 M) for the pre-steady-state transient reaction. Thus, 
for wild-type enzyme k5’ = 13.8 s-l and for C298A mutant 
enzyme k5’ = 7.0 s-l. The net rate constant (Cleland, 1975) 
for NADP’ release, k11’ = kllk13/(k12 + k13), is 0.19 s-l for 
wild-type and 1.9 s-l for C298A hAR, respectively. The 
fraction of Et present as *E*NADP+ during steady-state 
turnover ( ~ * E . N ~ D P +  = *E*NADP+/Et) at a certain concentra- 
tion of D-xylose is given by: 

which is 0.98 for wild-type enzyme and 0.73 for C298A 
mutant enzyme. Finally, we must correct for rate of reaction 
during the linear steady-state phase, which when extrapolated 
back to time zero will effectively reduce the “apparent” burst 
from the actual f*E.NADp+ value. This correction is ap- 
proximately given by multiplying 0.693/k5’ (the t1 /2  corre- 
sponding to k~’) by the steady-state rate constant ( ~ I I ’ ) .  Thus, 
for wild-type enzyme the correction is quite small (O.OIEt), 
while for the C298A mutant enzyme the correction (0.15Et) 
results in a net “apparent” burst of 0.73-0.15 = 0.58Et, 
which agrees quite well with the 0.59 Et burst observed 
experimentally at 250 mM D-xylose (Figure 3). 

DISCUSSION 

The utility of a kinetic model is a direct function of its 
ability to describe changes in the observable kinetic param- 
eters (e.g., WEt, Km, DV, etc.) in terms of individual rate 
constants in the mechanism, so these changes can ultimately 
be translated into structure-function relationships within the 
constraints of the enzyme’s three-dimensional structure. 
Previous studies have shown that modification of the Cys298 
residue in hAR, either by chemical (Del Corso et al., 1989; 
Liu et al., 1989, 1992a,b; Bhatnagar et al., 1989, 1994; 
Giannessi et al., 1993; Cappiello et al., 1994) or molecular 
biological means (Petrash et al., 1992, 1993; Bohren & 
Gabbay, 1993), results in enzyme forms displaying altered 
kinetic properties. Comparison of the results in Table 4 with 
the corresponding results from the preceding paper (Grim- 
shaw et al., 1995a) shows that substitution of Cys298 with 
an alanine residue results in a nearly 9-fold increase in the 
forward rate of D-xylose reduction, a 37-fold increase in 
Kxylose, and a small, but significant increase in the deuterium 
isotope effects on both Vxylose and VIKxylose. By applying the 
pre-steady-state kinetic data reported here to the kinetic 
model, we can now rationalize each of these changes in terms 
of the individual rate constants. 

Analysis of the Kinetic Model. Inspection of Table 3 
reveals that the major effect of the C298A mutation is on 
the rate constants (k, I and k4) for the conformational change 
that opens the nucleotide enfolding loop and allows the 
release of NADP+ in the forward, and of NADPH in the 
reverse, reaction, respectively. For reaction in the forward 
direction, the observed increase in VxylOsJEt follows directly 
from the 8.7-fold increase in kll, since this is the overall 
rate-limiting step. In the reverse reaction, the 17-fold 
increase in k4 does not translate into a corresponding increase 
in Vxy~,tol/Et because the rate of hydride transfer (ks) is the 
slow step in the alcohol oxidation direction. Furthermore, 
because, as we have shown (Grimshaw et al., 1995a), Kxylose 
E kl ilks, it is the 8.7-fold increase in kl1 that makes the major 
contribution to the 37-fold increase the apparent Kxylose value. 
Thus, the major effect on the Kxylose value for the C298A 
mutant arises from a change in the rate constant for a step 
which occurs at a point in the mechanism where neither 
aldehyde substrate nor alcohol product is involved! 

The data in Table 1 indicate that the effect of the Cys298 - Ala mutation on the nucleotide-induced conformational 
change is almost totally one of stabilizing the tightly bound 
*E-NADP(H) conformation, since the rate constants for the 
loop closing reactions (k12 and k3) are not affected by the 
mutation. The shift in equilibrium away from the tight 
complex in the C298A enzyme averages 15-fold, which 
corresponds to a difference of about 1.5 kcal/mol in free 
energy. According to Fersht (1988), this energy difference 
translates into the loss of roughly a single hydrogen bond 
between uncharged groups in the C298A versus the wild- 
type binary *E-NADP(H) complex, although the specific 
interactions involved remain to be identified. Formation of 
the weak initial E.NADP(H) complex also shows about a 
2-fold increase in Kd value relative to the wild-type enzyme. 

X-ray crystallographic studies show that the Cys298 
sulfhydryl group is 4.1 8, from the nicotinamide C4-position 
of the bound cofactor in a number of E*NADP+.anion 
complexes (Wilson et al., 1992; Harrison et al., 1994; Bohren 
et al., 1994). These crystallographic studies also show that 
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constants estimated for wild-type enzyme. As noted above, 
this decrease has almost no effect on VaIdehyjJEt since kl I is 
rate-limiting. In the reverse reaction, the net effect on Vxylitol/ 
Et is also small, since the 2-fold decrease in kg is almost 
exactly offset by a change in the partitioning ratio (kdk7) so 
the net rate constant (ks' = k6kg/(k6 + k7)) is unchanged for 
wild-type and C298A mutant enzyme. It is difficult at this 
point to pinpoint what could be the cause of this 2-fold 
decrease in hydride transfer rate. As we have already noted, 
the Cys298 thiol group is in close proximity to the active 
site, although clearly not involved in the actual hydride 
transfer reaction itself. The case may simply be that the 
proper alignment of aldehyde substrate, key active site 
residues, and the dihydronicotinamide ring of NADPH cannot 
be achieved in the presence of a truncated Ala298 residue. 

One key to the unique catalytic ability of hAR to efficiently 
reduce a broad range of aldehyde substrates appears to be 
the very tight binding of the nucleotide cofactors (Grimshaw, 
1992). The molecular mechanism whereby this tight binding 
is translated into catalytic efficiency remains to be estab- 
lished. It is clear, however, that the presence of Cys298 
stabilizes the proper configuration of the flexible loop which 
holds the nucleotide tightly bound in both the *E-NADPH 
and *E*NADPH.xylose complexes. Comparison of the 
crystallographic data for the open (Rondeau et al., 1992) and 
closed (Wilson et al., 1992, 1993; Harrison et al., 1994; 
Bohren et al., 1994) conformations of wild-type hAR 
confirms that alignment of this flexible protein loop affects 
the positioning of not only the nucleotide, but also the key 
active site residues. Thus, it is not surprising that hydride 
transfer itself is affected to a minor degree by the C298A 
mutation. What is surprising is that there is apparently little 
effect on the intrinsic isotope effect, although, given the 
precision of these rate constant estimates, it would be 
premature to argue about the relative symmetry of the 
transition state for hydride transfer between the wild-type 
and C298A mutant enzymes. Such discussion must await 
more precise determination of the intrinsic effects, such as 
can be obtained by the multiple isotope effect method of 
Hermes et al. (1982). 

Deuterium Isotope Effects. The larger isotope effects on 
the observable kinetic parameters for the C298A mutant 
enzyme (Table 2), relative to what we see for the wild-type 
enzyme, can also be understood in reference to the same 
changes in rate constants already described. Of particular 
interest is the detection of a small but significant isotope 
effect on Vxylose/Et. As we described for the wild-type 
enzyme (Grimshaw et al., 1995a), the commitment factor, 
that controls the extent to which the intrinsic isotope effect 
on hydride transfer (Dk7) is expressed on Vxy~osJEt ,  is Cvf 2 
k d k 1 1  in: 

Vxylose = (Dk7 + cv, + c , D K ~ Y ( ~ * o  + cv, + cr> (4) 
D 

Because k7 has decreased nearly 2-fold and kll has increased 
nearly 9-fold, the wild-type value of Cvf = 565 falls to Cvf 
E 38 for the C298A mutant enzyme. The estimated DVxy~ose  
is thus 1.14, which is in good agreement with the experi- 
mental value of 1.07-1.10 (Table 2). For DV/Kxy~ose (also 
D(ktrmJKxylose)) the key commitment factor is Cf = (k7H/k6) 
in: 

segments of the nucleotide enfolding loop are thoroughly 
disordered with high B factors. There appear to be several 
points where the loop is anchored by specific interactions, 
e.g., Asp216 which forms a salt link with Lys21. The 
interaction of the sulfhydryl group of Cys298 with the 
nucleotide enfolding loop and the nucleotide appears to be 
another 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. 

The next largest effect of the C298A mutation is on the 
xylose binding step. As we saw for the nucleotide-induced 
conformational change, the reaction is affected in primarily 
one direction, in this case, a 5.5-fold decrease in ks relative 
to the wild-type enzyme. By contrast, k6 is increased only 
slightly, with the net effect being that the C298A mutant is 
less efficient at binding D-xylose to form the productive *E*- 
NADPH-xylose complex, but once formed, the off-rate for 
xylose dissociation is comparable for the two enzymes. A 
similar but smaller effect (ca. 2-fold) is seen for xylitol 
binding, although, given the uncertainty in the kg and klo 
values, we cannot define their relative contributions to Kxylitol. 

The value for ks, after correction for the 0.02% level of free 
carbonyl form for D-xylose in aqueous solution (Hayward 
& Angyal, 1977), is still only 2.0 x lo5 M-I s-l, which is 
far below the predicted rate for a diffusion-controlled process 
(ca. lo8 M-' SI ). Thus, ks must consist of a two-step 
sequence, analogous to what we have described for nucle- 
otide binding: 

k25 

k24 k26 
*ENADPH + RCHO *ENADPWRCHO 

OENADPHORCHO (3) 

where the first step, a rapid equilibrium binding of xylose 
to form the initial *E*NADPH*RCHO complex, is followed 
by an active site reorganization to yield the productive 'E. 
NADPH-RCHO complex in which hydride transfer takes 
place. The observed 5.5-fold decrease in ks could thus reflect 
either a decrease in k25 or a net decrease in the Key = (k23/ 
k24) for the rapid equilibrium binding step. 

The stopped-flow data require that k25 for D-xylose 
reduction not be significantly slower than k3 or k7. Thus, if 
k25 were much slower than k3 or k7 (but still larger than k11, 
to ensure that burst kinetics were observed), expression of 
the intrinsic isotope effect on k7 would be reduced or 
eliminated. As we have shown for both the wild-type and 
C298A mutant enzymes, the stopped-flow data clearly 
display a substantial deuterium isotope effect on the burst 
phase of the reaction (Figures 2 and 3). The estimated value 
of Dk7 = k d k 7 ~  6.5 is furthermore near the maximum 
expected for the intrinsic primary deuterium isotope effect 
on an NAD(P)H-dependent carbonyl reduction reaction 
(Scharschmidt et al., 1984). However, with the smaller 
substrate, DL-glyceraldehyde, there is evidence that the step 
corresponding to k25 does make an important kinetic contri- 
bution to the expression of the intrinsic deuterium isotope 
effect (Grimshaw et al., 1995b). 

The rate constants for hydride transfer decrease almost 
2-fold for the C298A mutant enzyme compared to the rate V/Kxylose = (Dk7 + C, + C:K,,)/( 1 .O + C, + C,) (5) D 
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kll must decrease in the same order, while the contribution 
of k5, or the sequence of steps which comprises ks, must 
increase going from C298A to C298S, and finally to oxidized 
hAR. The decrease in k5 value, which reflects binding of 
the aldehyde substrate to the *E-NADPH complex, is 
paralleled by the increase in K, value for sorbinil, a potent 
ARI for the wild-type enzyme which binds preferentially to 
the *E-NADP+ complex (Liu et al., 1992b; Ward et al., 1993; 
Ehrig et al., 1994). 

In terms of the enzyme structure, the trend in k l ~  and k5 
values for the various enzyme forms suggests that removing 
the -SH moiety from wild-type enzyme to yield the Ala298 
mutant enzyme has a greater effect on the conformational 
change, but a smaller effect on aldehyde or ARI binding. 
Substitution of the -SH moiety by an -OH group has the 
opposite effect. Thus, in the C298A mutant the conforma- 
tional change shows a small effect, and the large effect is 
seen for aldehyde and ARI binding. Finally, for oxidized 
hAR, which the studies of Mura and co-workers (Del Corso 
et al., 1989, 1993; Giannessi et al., 1993; Cappiello et al., 
1994) suggest may consist of a mixed disulfide between 
Cys298 and an organic thiol such as cysteine or glutathione, 
there is apparently no effect on kl I ,  but the binding of either 
DL-glyceraldehyde or Sorbinil is drastically worsened. The 
latter result suggests that a mixed disulfide formed at the 
Cys298 position may be able to interact directly with the 
active site in such a way that the closed conformation of the 
nucleotide enfolding loop is stabilized, but the binding of 
aldehyde or ARI in the catalytic site is essentially blocked. 
Furthermore, the net effect on ValdehydelEt  depends on the 
nature of the organic thiol used to generate the mixed 
disulfide with AR; neutral thiols such as 2-mercaptoethanol 
yield an increase in turnover number, while zwitterionic 
thiols such as glutathione or cysteine result in a decrease in 
Valdehyde/Et (Cappiello et al., 1994). It will be interesting to 
see if these turnover numbers truly reflect the kl values for 
the various mixed disulfide forms of AR. 

It has been proposed (Ward et al., 1993) that the decrease 
in ARI potency seen for the oxidized or “ARI-insensitive” 
form of AR could be explained by a decrease in the steady- 
state concentration of the *E.NADP+ complex that binds 
ARIs due to an increase in the forward isomerization rate 
constant (k11 in Scheme 1). However, in order to account 
for the observed 10- to 1000-fold increase in the K, value 
(Table 4) by this mechanism, the steady-state concentration 
of *E*NADP+ would have to decrease from the 0.99Et level 
established for the wild-type enzyme (Grimshaw et al., 
1995a) to roughly (0.10-O.Ol)Et, respectively. For the 
C298A mutant enzyme, which shows about the same K, value 
for Sorbinil as wild-type enzyme, we can calculate from the 
rate constants in Table 3 that *E.NADP+ will comprise 97% 
of Et during the steady-state reduction reaction at a saturating 
level of D-xylose, which is only 2% less than for wild-type 
enzyme. Similarly, for the C298S mutant enzyme, for which 
we have argued above that kl I must be faster than wild-type 
but slower than the C298A mutant enzyme, the steady-state 
level of *E-NADP+ will be similar. Thus, the 10-fold 
increase in K, for Sorbinil cannot be explained solely by an 
effect on kll. A similar argument can be made for the 
oxidized enzyme form where ValdehyddEt  (and thus the steady- 
state level of *E.NADP+) is the same as wild-type, but the 
K, Sorbinil value has increased 1000-fold. The large increase 
in K, value for most but not all (Grimshaw et al., 1989; 

Table 5: Comparison of C298A, C298S, and “Oxidized” with 
Wild-Type hAR“ 

C298ANT C298SIWT “oxidized”IWT 
parameter ratiob ratio‘ ratiod 

ValdehydelEt 8.7 3.5 1 .o 
Kaidehyde 37 55 55 
KI sorbmil 1 10 1000 
ki 1 8.7 3.5 1 .o 
ks 5.5 15 55 
a Comparison given as kinetic parameter ratio (enzymeIWT) where 

a ratio > 1 indicates a larger value for the modified enzyme relative to 
wild-type hAR (WT). This study. Data from Petrash et al. (1992). 

Data from Vander Jagt and Hunsaker (1993). 

Similarly, because k7H has decreased nearly 2-fold while k6 
remains constant, the Cf = 5.2 for wild-type enzyme falls to 
Cf = 2.3 for the C298A mutant enzyme, resulting in a 
calculated value of DV/Kxylose  = 2.65, again in excellent 
agreement with the experimental values determined by 
stopped-flow for both the burst phase (2.5 zk 1.0) and the 
linear phase (2.5 zk 1 .O) of the reaction, and by conventional 
initial velocity methods (2.70 f 0.09). Due to the slow rate 
of hydride transfer in the reverse reaction (kg = 0.33 s-I), 
the value for C, = kgH/kg 0 is not a factor in either eq 4 or 
eq 5. The influence of the kdk6 ratio, also referred to as the 
“stickiness” of the aldehyde substrate (Cleland, 1977), will 
become apparent in our discussion of pH profiles in the 
ensuing paper (Grimshaw et al., 1995b). Unfortunately, the 
largest isotope effect we might have observed, namely, DkbUrst 
= 4.09, could not be accurately determined due to the very 
high Kxylose  value. 

Comparison of Cys298-Modified Enzyme Forms. Using 
the same type of analysis allows us to draw some interesting 
conclusions regarding the various Cys298-modified enzyme 
forms, namely, C298A, C298S, and “oxidized” human aldose 
reductase. The basic assumption is that the V a l d e h y d d E t  Value 
is largely controlled by kll. If that were not the case, and 
the k7/k11 ratio were to change such that k7 became a 
substantial contributor to the overall rate limitation for the 
reaction, we should see a significant increase in DValdehyde. 

For example, the Y48H mutant hAR shows large and 
equivalent isotope effects On both V a l d e h y d d E t  and VIKaldehydeEtr  

consistent with the sequence of steps containing the hydride 
transfer being rate-limiting for the reduction reaction at all 
concentrations of aldehyde (Bohren et al., 1994). Since we 
have already determined that neither the oxidized hAR 
enzyme form nor the C298S mutant shows any large DValdehyde 

(Grimshaw and Lai, unpublished results), this assumption 
appears to be valid. Thus, because Kaldehyde = k11/k5, the 
apparent Kaldehyde will directly reflect changes in both kl I and 
k5. Changes in Valdehyde/Et,  on the other hand, relate only to 
changes in kll, and therefore changes in V I K a l d e h y d e E t  give 
the effect on k5 directly, since V/KaldehydeEt  is merely the ratio 
of the other two kinetic parameters. 

Table 5 lists a comparison of compiled data for the relative 
change in the observable kinetic parameters ValdehydelEt  and 
Kaldehyde for C298A, C298S, and “oxidized” hAR relative to 
the values for wild-type enzyme. The trend in the parameter 
values is clear-all of the enzymes display roughly the same 
increase in K, for DL-glyceraldehyde, but the relative increase 
in ValdehydelEt value ranges from a maximum of almost %fold 
for C298A, to 3.5-fold for C298S, and finally no change for 
oxidized hAR. By the above reasoning, the contribution of 
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Bhatnagar et al., 1989, 1994; Petrash et al., 1992, 1993; 
Bohren & Gabbay, 1993; Vander Jagt & Hunsaker, 1993) 
ARIs as inhibitors of the C298S and oxidized hAR enzymes 
must therefore be due to steric or other effects occurring at 
the active site. 

These studies demonstrate the usefulness of combining 
steady-state, pre-steady-state, and isotope effect measure- 
ments to localize the subtle kinetic effects observed in a 
mutant enzyme within the particular steps in the overall 
reaction mechanism. The dominant effect observed for the 
C298A mutant enzyme is ascribed to an increase in the rate 
of opening of the nucleotide-enfolding loop which precedes 
nucleotide exchange, with lesser effects on the rates for 
aldehyde binding and subsequent hydride transfer. The 
elevated V/Et and K, values for C298A reveal this mutant 
to be ideally suited to the type of pH studies described in 
the succeeding paper where the important role of Tyr48, the 
active site acid-base residue integrally involved in catalysis 
and inhibitor binding, is further clarified. The changes in 
specific steps affect many of the observable kinetic param- 
eters, and it is only through the use of the complete kinetic 
model that it has been possible to confidently interpret these 
subtle changes in the context of individual rate constants 
within the overall reaction mechanism. 
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