
Pergamon 
Biochemical Pharmacology, Vol. 49, No. 8, pp. 1043-1049, 1995. 

Copyright @ 1995 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
ooo6-2952/95 69.50 + 0.W 

0006~2952(95)00037-2 

KINETIC CHARACTERISTICS OF ZENECA ZD5522, A 
POTENT INHIBITOR OF HUMAN AND BOVINE LENS 

ALDOSE REDUCTASE 

PETER N. COOK,* WALTER H. J. WARD,*? J. MARK PETRASH,t. 
DONALD J. MIRRLEES,* CHRISTOPHER M. SENNITT,* FRANK CAREY,* 

JOHN PRESTON,* DAVID R. BRXTTAIN,* DAVID P. TUFFIN* and 
RALPH HOWE* 

*ZENECA Pharmaceuticals, Mereside, Alderley Park, Macclesfield, Cheshire, SK10 4TG, U.K.; and 
$Department of Ophthalmology and Visual Sciences, Washington University School of Medicine, 660 

South Euclid Avenue, Campus Box 8096, St Louis, MO 63110, U.S.A. 

(Received 1 July 1994; accepted 5 January 1995) 

Abstract-Aldose reductase (aldehyde reductase 2) catalyses the conversion of glucose to sorbitol, and 
methylglyoxal to acetol. Treatment with aldose reductase inhibitors (ARIs) is a potential approach to 
decrease the development of diabetic complications. The sulphonylnitromethanes are a recently 
discovered class of aldose reductase inhibitors, first exemplified by ICI 215918. We now describe enzyme 
kinetic characterization of a second sulphonylnitromethane, 3’,5’-dimethyl-4’-nitromethylsulphonyl-2- 
(2-tolyl)acetanilide (ZD5522), which is at least lo-fold more potent against bovine lens aldose reductase 
in vitro and which also has a greater efficacy for reduction of rat nerve sorbitol levels in vivo (EDGE = 

2.8 mg kg-’ for ZD5522 and 20 mg kg-’ for ICI 215918). ZD5522 follows pure noncompetitive kinetics 
against bovine lens aldose reductase when either glucose or methylglyoxal is varied (& = K,, = 7.2 and 
4.3 nM, respectively). This contrasts with ICI 215918 which is an uncompetitive inhibitor (K, = 100 nM) 
of bovine lens aldose reductase when glucose is varied. Against human recombinant aldose reductase, 
ZD5522 displays mixed noncompetitive kinetics with respect to both substrates (Ku = 41 nM, K,, = 
8 nM with glucose and K, = 52 nM, K,, = 3.8 nM with methylglyoxal). This is the first report of the 
effects of a sulphonylnitromethane on either human aldose reductase or utilization of methylglyoxal. 
These results are discussed with reference to a Di Iso Ordered Bi Bi mechanism for aldose reductase, 
where the inhibitors compete with binding of both the aldehyde substrate and alcohol product. This 
model may explain why aldose reductase inhibitors follow noncompetitive or uncompetitive kinetics 
with respect to aldehyde substrates, and X-ray crystallography paradoxically locates an AR1 within the 
substrate binding site. Aldehyde reductase (aldehyde reductase 1) is closely related to aldose reductase. 
Inhibition of bovine kidney aldehyde reductase by ZD5522 follows uncompetitive kinetics with respect 
to glucuronate (K,, = 39 nM), indicating a selectivity greater than 5-fold for bovine aldose reductase 
relative to aldehyde reductase. 
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Aldose reductase (aldehyde reductase 2, ALR20) 
(EC 1.1.1.21) catalyzes the NADPH-dependent 
reduction of a wide variety of aldehydes to their 
corresponding alcohols. The enzyme catalyzes the 
reduction of the open-chain form [l, 21 of glucose 
to sorbitol. Excessive flux through this pathway has 
been implicated in the damage to nerve, retina, lens 
and kidney which is associated with long-term 

t Corresponding author. Tel. 01625-515998; FAX 01625- 
5830741586278. 

$ Abbreviations: ALRl, aldehyde reductase 1, aldehyde 
reductase; ALR2, aldehyde reductase 2, aldose reductase; 
ALR21, ALR2 which is insensitive to inhibitors; ALR2S, 
ALR2 which is sensitive to inhibitors; ARI, aldose 
reductase inhibitor; E, enzyme; E’, enzyme in modified 
conformation; EDgS, dose required to give 95% effect; I, 
inhibitor; ICKY, concentration giving 50% inhibition; ICI 
215918, (2,6-dimethylphenylsulphonyl)-nitromethane; k,,, 
turnover number; K, and K,i, dissociation constants for 
inhibitor at zero and saturating substrate concentrations 
respectively; S, substrate; ZD5522, 3’,5’-dimethyl-4’- 
nitromethylsulphonyl-2-(2-tolyl)acetanilide. 

diabetic complications [3]. Recently, methylglyoxal 
has been shown to be a good substrate for ALR2 
and a model of diabetic complications has been 
proposed in which it plays a major role [4]. The 
mechanisms of tissue damage in diabetes appear to 

Fig. 1. Structure of ZD5522, 3’,5’-dimethyl-4’-nitro- 
methylsulphonyl-2-(2-tolyl)acetanilide. 
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involve the following: decreased myoinositol, altered 
Na+/K+ ATPase activity, covalent modification of 
proteins by increased glucose and acetol (produced 
from methylglyoxal), accumulation of sorbitol and 
fructose in the cytoplasm leading to hypertonicity 
and osmotic uptake of water, and reduced NADPH, 
resulting in oxidative stress [3-51. ARIs have been 
shown to delay the onset of, prevent, and in some 
cases, to reverse tissue damage in diabetic animals 
[3]. Inhibition of ALR2, therefore, offers a potential 
approach to the treatment of diabetic complications 
in man. The sulphonylnitromethanes are a recently 
discovered class of ARIs, with ICI 215918 being the 
first to be characterized in terms of enzyme 
kinetics [6]. ZD5522 (Fig. 1) [7] is also a 
sulphonylnitromethane and has been selected for 
detailed study because of its higher potency in vitro 
and in vivo. We present characterization of inhibition 
of human recombinant and bovine lens ALR2 by 
ZD5522. This work includes the first description of 
the effects of a sulphonylnitromethane on either 
human ALR2 or utilization of methylglyoxal. 

A possible problem during therapy with ARIs is 
specificity for the target enzyme. Aldehyde reductase 
(aldehyde reductase 1, ALRl) (EC 1.1.1.2) exhibits 
high homology to ALR2 in terms of structure and 
function [8,9]. We have probed the selectivity of 
ZD5522 by characterizing the inhibition of bovine 
ALRl. 

Both ALRl and ALR2 appear to follow a 
compulsory ordered mechanism where NADPH is 
the first substrate to bind and NADP+ is the last 
product to dissociate [ 10-141. Protein fluorescence 
and kinetic studies indicate that ALR2 undergoes 
conformation changes on binding and dissociation 
of nucleotide, showing that a Di Iso Ordered Bi Bi 
mechanism is followed [13,14]. The observed 
kinetics of inhibition of ALR2 are discussed in terms 
of this mechanism. A model is proposed which may 
explain the apparent paradox where ARIs follow 
noncompetitive or uncompetitive kinetics with 
respect to aldehyde substrates (reviewed in Ref. 3), 
but X-ray crystallography locates an AR1 within the 
substrate binding site [15]. 

MATERIALS AND METHODS 

Materials 

Reagents were purchased from the Sigma Chemical 
Co. (Poole, Dorset, U.K.), BDH (Lutterworth, 
U.K.) and Unipath Ltd (Basingstoke, Hants, U.K.). 
Bovine ALR2 and ALRl were partially purified as 
previously described [16]. Human recombinant 
ALR2 was purified to homogeneity as described by 
Petrash et al. [17]. ZD5522 was synthesized at 
ZENECA Pharmaceuticals [7]. 

Methods 

Measurement of ARIpotency in vivo. The potency 
of orally administered ARIs was determined by 
measuring sorbitol levels in the sciatic nerves of rats 
with streptozoticin-induced diabetes [18]. 

In vitro assay of ALR2 and ALRI. Assays were 
performed at 37” in phosphate buffered saline 
(137 mM NaCl, 2.7 mM KCl, 8.1 mM NazHP04 and 
1.5 mM KHzPO,), pH 7.3, containing 100@4 

NADPH. With human recombinant ALR2, glucose 
was varied from 0 to 250 mM and methylglyoxal 
from 0 to 8OpM. With bovine ALR2, glucose was 
varied from 0 to 100 mM and methylglyoxal from 0 
to 16 PM. For bovine kidney ALRl, glucuronate 
was varied from 0 to 2mM. The reaction was 
initiated by the addition of enzyme to about 25 nM 
for ALR2, and protein to approximately 0.2 mg mL_’ 
for ALRt and then followed spectrophotometrically 
at 34Onm, taking the extinction coefficient of 
NADPH as 6200 M-l cm-‘. 

Protein concentration. This was determined by the 
Folin method. 

Kinetic analysis. All data were analysed by 
multivariate nonlinear regression using the program 
‘GraFit’ [19]. The best fit equations are given in the 
Results section. A suitable rate equation to describe 
each data set was identified as follows. An F-test 
was used to compare the residual sum of squares 
following fitting of a number of different equations. 
The most suitable rate equation was chosen on the 
basis of having the largest number of fitting 
parameters, none of which was redundant [20]. The 
F-test estimates the probability, P, that the 
improvement in fit associated with the extra 
parameter is due to chance alone. The term is 
justified by the data if P is low (~1%) and rejected 
if P is high (>5%). When the most suitable equation 
had been identified, the quality of fit was assessed 
by the following criteria. The parameter values and 
standard errors had to be reasonable, and the 
residual differences between observed and calculated 
rates had to be small and show a random distribution 
POI. 

REXJLTS 

Potency of 205522 in vivo 

During hyperglycaemia, ALR2 activity is thought 
to lead to accumulation of sorbitol in nerves and 
consequent neuropathy. Based on studies with the 
ALR2 inhibitor ponalrestat, it is believed that nerve 
conduction can be restored in diabetic rats by a 95% 
reduction in rat sciatic nerve sorbitol levels [21]. The 
dose of compound giving this effect is termed EDgg. 
Similar work on ZD5522 (unpublished results) also 
indicates that a large reduction in sorbitol levels is 
required to restore nerve conduction in diabetic rats. 
ED95 values for ZD5522 and ICI 215918 are 2.8 and 
20 mg kg-‘, respectively. These studies indicate that, 
in terms of EDg5, ZD5522 is seven times more potent 
than ICI 215918. 

Inhibition of bovine lens and human recombinant 
ALR2 by 205522 

Our preparations of bovine ALR2 follow biphasic 
kinetics with respect to both substrate and inhibitor. 
This behaviour has previously been reported for 
ALR2 from several sources [6,14,22]. The form 
with a high affinity for glucose is sensitive to 
inhibitors and is referred to as ALR2S. The form 
with a low affinity for glucose is insensitive to 
inhibitors and is referred to as ALR21. Only ALR2S 
was characterized in detail because ALR21 activity 
was very low at physiological levels of glucose and 
was difficult to measure with accuracy. 
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Fig. 2. Plots for inhibition of bovine lens and human recombinant ALR2 by ZD5522 with varying 
glucose or methylglyoxal. Assays were performed as described in Materials and Methods, and data 
analysis as described in Results. The best fit lines are shown as v against [Zl plots at different substrate 
concentrations and were calculated by fitting equation 1, where K,’ is allowed to vary according to 
equation 3. The rate is plotted as moles NADPH utilized per mole of enzyme per second (units set-‘). 
The enzyme concentration was estimated using equation 1. In order to aid clarity, values are plotted 
as the means of duplicates which vary by less than 15%. ZD5522 concentration is plotted on a log,, 
scale. (a) Bovine lens ALR2 with glucose: (0) 100 mM; (0) 50 mM; (Cl) 25 mM; (A) 12.5 mM; (x) 
6.25 mM. (b) Bovine lens ALR2 with methylglyoxal: (0) 16 PM; (0) 8 PM; (0) 4 ,uM; (A) 2 PM; 
(x) 1@4. (c) Human recombinant ALR2 with glucose: (0) 250 mM; (0) 100 mM; (A) 50 mM; (Cl) 
20 mM; (x) 10 mM. (d) Human recombinant ALR2 with methylglyoxal: (X) 100 PM; (0) 50 FM; (A) 

20 ,uM; (0) 10 @f; (0) 5 PM. 

The mechanism of inhibition was determined 
when varying either glucose or methylgloxal (Fig. 
2(a)-(d) and Table 1). All data were analysed by 
multivariate non-linear regression (see Methods). 
Tight binding kinetics are observed in all cases, 
allowing the turnover number (number of moles of 
product per mole of enzyme per second, kc,, value) 
to be estimated by assuming that the concentration 
of active enzyme equals the calculated concentration 
of inhibitor binding sites. Equation 1 [22] can be 
fitted to the observed initial rates; 

enzyme does not exhibit any significant ALR21 
activity so that the c@] term is not required. [El, is 
the concentration of inhibitor binding sites and ~0 is 
given by the Michaelis-Menten relationship: 

~0 = k&%Sl/Wm + PI> (2) 
Ki’ is the apparent dissociation constant for the 
inhibitor according to equation 3 [22]: 

Ki’ = KbKii(Km + [S])/(Kh[S] + Ki;K,) (3) 

In the context of the present work, Ki, is the 

Vi = o.s~,{-K,I[E], - [I]/[E], + i + V((K~‘/[E]~ + dissociation constant for the inhibitor from complexes 

[II/M - 1)’ + 4Ki’/[W + 4Sl (1) formed prior to association of aldehyde substrate 

where W= V,,,dK,,, for ALR21. The high K,,, and 
(S) and Kii is the dissociation constant from 
complexes formed after association of aldehyde 

K,’ values for ALR21 mean that its activity is substrate. 
proportional to the substrate concentration under our When either glucose or methylglyoxal is varied, 
experimental conditions. The human recombinant ZD5522 follows noncompetitive kinetics against both 



1046 P. N. COOK et al. 

Table 1. Inhibition of bovine lens and human recombinant ALR2S by ZD5522 in the presence of 
glucose and methylglyoxal 

Human recombinant Bovine lens 

Enzyme Glucose Methylglyoxal Glucose Methylglyoxal 

& (nM) 41 r6 52 2 12 7.2 2 0.6 4.3 * 0.8 
& (nM) 8.0 f 0.7 3.8 f 0.2 7.2 f 0.6 4.3 ? 0.8 
KWI 6123mM 
k,, (see-‘) 

24?2@l 17klmM 3.4 * 0.3 /LM 
1.0 2 0.1 1.7 2 0.1 0.58 rt 0.03 0.42 * 0.08 

k,JK,,, (see-l M-l) 17 + 2 (4.2 * 0.6) x 104 34 -c 2 (1.2 + 0.3) x 105 

Assays and data analysis were performed as described in Materials and Methods. Values were 
obtained by fitting equations 1 and 2, where K,’ was allowed to vary according to equation 3. For bovine 
lens ALR2, there was no significant improvement in fit when K,’ was allowed to vary with substrate 
concentration, indicating that K, = K.. The best fit values are quoted 2 SE. 

bovine lens ALR2S and human recombinant ALR2. 
For the bovine enzyme, the value of K, is 
approximately equal to that for Kii (pure non- 
competitive kinetics) (Table 1). The value of Ki, is 
not equal to that of Kii (mixed noncompetitive 
kinetics) for the human recombinant enzyme. With 
each substrate, the value of Ki, is greater than Kil 
(Table l), indicating that the inhibitor binds with 
greater affinity after association of the aldehyde. 

Relative to bovine lens ALR2S, the human 
recombinant enzyme exhibits a higher Ki, for ZD5522 
by a factor of approximately 6 to 12 (Table 1). 
Higher K,,, (around 4- to 7-fold) and k,,, (about 2- 
to 4-fold) values are also observed for the human 
recombinant enzyme. Enzyme from each of the two 
sources displays similar Kii values for ZD5522. The 
Km and k,,, values for human recombinant ALR2 
using glucose or methylglyoxal are similar to those 
previously published for native and recombinant 
human enzyme [4,17,23]. 

Inhibition of bovine kidney ALRl by 205522 

The observed kinetics are uncompetitive with 
respect to glucuronate (Fig. 3) as described by 
equation 4: 

V = VmJS]I{Km + [S](l + MIKJI (4) 

where V,,,,, = 3.5 ? 0.4 nmol NADPH min-’ mg-’ . .._. 
protein, Km = 3.1 rt 0.2 mM and 
The value of K,,, is close to 
determined for ALRl from ox 
kidney [22]. 

DISCUSSION 

Characteristics of 205522 

Ki,=39+2n-M. 
those previously 
[lo] and bovine 

There are numerous examples where the reported 
potency of an AR1 varies between publications 
(reviewed in Ref. 24). This often seems to be due 
to the occurrence of two forms of the enzyme with 
different affinities for the inhibitor [6, 14,22,25]. 
Failure to resolve between the multiple forms leads 
to estimates of potency which average activity across 
the two phases. A change in the relative activity of 
the two phases then causes an apparent shift in 

0 2 4 6 a 10 12 

[D-glucuronate] (mM) 

Plots of inhibition of bovine kidney ALRl by 
ZD5522 with varying glucuronate. Assays were performed 
as described in Materials and Methods, and data analysis 
as described in Results. The best fit lines are shown as 
Hanes plots at different fixed inhibitor concentrations and 
were calculated by fitting equation 4. In order to aid clarity, 
values are plotted as the means of duplicates which vary 
by less than 10%. (0) OnM; (0) 30nM; (0) 6OnM; (W) 

120nM; (a) 240nM. 

potency. We have avoided such artefacts by 
successful separation of the two phases. 

Detailed studies indicate a time-dependent con- 
version of the inhibitor sensitive form into an 
insensitive form [ 141. For human ALR2, this appears 
to be reversed by thiol reagents [25]. We obtain 
single phase kinetics for human recombinant ALR2 
which was purified in the presence of dithiothreitol. 
Thiol reagents do not prevent the kinetic changes in 
bovine ALR2 [14] and we resolved two phases for 
the enzyme from this source even though it was 
prepared in the presence of mercaptoethanol. 

We present the first report of the effects of a 
sulphonylnitromethane on either human ALR2 or 
utilization of methylglyoxal. The characteristics for 
inhibition of utilization of methylglyoxal are very 
similar to those for utilization of glucose (Table 1). 
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Fig. 4. Proposed kinetic mechanism for inhibition of ALR2. Note that, for some inhibitors, the KS 
term also may reflect the binding to E-NADPH, and the K, term may be influenced by association 
with E.NADP+ (see Discussion). E, enzyme; E*, E in modified conformation; I, inhibitor; Ald, 

aldehyde, Ale, alcohol. 

The human and bovine enzymes have similar 
affinities for ZD5522 after binding of the aldehyde 
substrate (K,), and the human enzyme has a lower 
affinity prior to association with aldehyde (K&). Two 
sulphonylnitromethanes have been characterized as 
inhibitors of bovine ALR2. Previous work shows 
that ICI 215918 follows uncompetitive kinetics when 
glucose is varied [6,22], and now we demonstrate 
that ZD5.522 exhibits noncompetitive kinetics. The 
converse applies for inhibition of bovine ALRl. 
ICI 215918 is noncompetitive and ZD5522 is 
uncompetitive (see Table 1 and Ref. 6). Both 
compounds exhibit specificity in favour of ALR2S. 
ZD.5522 is more potent than ICI 215918 both in vitro 
and in vivo. 

ARIs may act as analogues of aldehyde substrate and 
alcohol product 

It has been suggested that ARIs use an 
allosteric site because they follow noncompetitive or 
uncompetitive kinetics with respect to aldehyde 
substrate [3]. This hypothesis conflicts with X-ray 
crystallography which has recently shown an AR1 
bound at the substrate site [15]. We now propose a 
model which may resolve this paradox. 

Detailed kinetic studies indicate that pig muscle 
ALR2 follows a Di Iso Ordered Bi Bi mechanism 
(see Fig. 4 and Ref. 13). Binding of coenzyme induces 
a conformation change, EaNADPH + E**NADPH, 
prior to association with the aldehyde substrate. 
Catalysis occurs and then the alcohol is the first 
product to be released prior to the rate limiting 
conformation change, E*.NADP+ --f E*NADP+. 
Human and bovine ALR2 are likely to follow the 
same mechanism because there is a high degree of 
conservation of primary structure (86% identity in 
aligned amino acid sequences) across these species 
[8,26]. There is also evidence for binding of 
coenzyme inducing conformation changes in ALRl 
[lo, 111 so that a Di Iso Ordered mechanism may 
be followed by both enzymes. 

Spontaneous activation in vitro converts ALR2S 
into ALR21 (see above). This process is characterized 
by increases in the values of kCOl, K,,, for aldehyde 
and Kii for some ARIs [14]. Activation presumably 
involves acceleration of the rate limiting step. It has 
been proposed that this increase in conformational 
preference for E rather than E* causes reduced 
sensitivity to those ARIs which preferentially bind 
to the E* form [6]. Some ARIs have similar potency 
for both ALR2S and ALR21[14]. These compounds 
could have similar affinities for both conformations. 

ARIs seem to follow noncompetitive kinetics because 
they compete with both the aldehyde substrate and 
the alcohol product (see Fig. 4 and Ref. 6). The 
uncompetitive component of inhibition seems to 
occur as a result of the rate-limiting nature of 
E*.NADP+ + E.NADP+, which enables formation 
of steady state levels of E*.NADP+.I [6]. The 
difference between uncompetitive and non- 
competitive kinetics in such a model is subtle. 
Uncompetitive inhibitors do not bind detectably 
prior to association of aldehyde substrate. This could 
be due to differences in molecular structure, or 
because of small changes in the equilibrium between 
EmNADPH and E*.NADPH. This hypothesis is 
consistent with X-ray crystallography which shows 
the acetic acid ARI, zopolrestat, located in the 
substrate/product binding site [15]. There is kinetic 
competition between representatives of three 
structural types of ARIs: the acetic acids, the 
sulphonylnitromethanes, and the spirohydantoins 
[22], suggesting that they use overlapping sites. 
Thus, ZD5522 appears to interact with the active 
site of ALR2. Further evidence for this mechanism 
comes from the following observations. 

(1) The values for K, and Kii are unchanged 
(within the limits of experimental uncertainty) 
when a different aldehyde substrate is used 
(Table l), consistent with the idea that ARIs 
do not bind to an enzyme form that includes 
aldehyde substrate or alcohol product. 

(2) For human plancental ALR2, a spirohy- 
dantoin, sorbinil, follows competitive kinetics 
with respect to benzyl alcohol in the reverse 
reaction and one of the pK values for l/Kis is 
similar to that for VmadK,,,, suggesting that the 
inhibitor and alcohol use overlapping sites 
[27]. Two factors may explain why ZD5522 
appears to act as an analogue of the aldehyde 
substrate and alcohol product in the forward 
reaction, whereas sorbinil does not function 
as an aldehyde analogue in the reverse 
reaction. First, the inhibitors have different 
structures, and second action as an aldehyde 
analogue is difficult to detect in the reverse 
reaction. This is because the inhibitor would 
have to associate with E*.NADPH or 
EaNADPH. The levels of these complexes are 
probably low in the reverse reaction because 
isomerization of E*.NADPH to E.NADPH is 
not rate-limiting for porcine ALR2 [13]. 
Indeed, the value of K, for ZD5522 is 5-14 
times higher than that of K,i for human ALR2, 
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suggesting weaker action as an aldehyde 
analogue (Table 1). The other sulphonyl- 
nitromethane, ICI 215918, follows uncom- 
petitive kinetics, suggesting that it, like sor- 
binil, only acts as an analogue of the alcohol 
product [6]. 

(3) NADP+ protects a closely related enzyme, 
human liver ALRl, from covalent modification 
at Arg residues. Addition of gluconate 
(product), trimethyl glutarate or diphenyl- 
hydantoin (inhibitors) together with NADP+ 
increases this protection [28,29]. 

(4) ARIs contain groups which resemble the 
carbonyl moiety of aldehyde reductase sub- 
strates. This may explain the function of key 
groups such as the acetic acid moiety of 
ponalrestat, the hydantoin of sorbinil and the 
nitro group of ICI 215918 and ZD5522. 

Apart from the X-ray crystallography studies on 
zopolrestat, all of this evidence on the nature of the 
AR1 binding site is indirect. It remains possible that 
Ki, and Kii for ZD5522 reflect association of the 
inhibitor at two different sites. This hypothesis is 
unlikely to be correct in the light of the indirect 
evidence and the greater simplicity of the one site 
model. 

Comparison of bovine lens and human recombinant 
ALR2 

Relative to bovine ALR2S, the human recom- 
binant enzyme has higher values for K&glucose), 
K,,,(methylglyoxal) and K,(ZD5522) (Table 1). 
These observations may reflect a higher ratio of 
E*nucleotide : Enucleotide for bovine lens ALR2S. 
The observation of a lower k,,, value for bovine lens 
ALR2S is also consistent with this idea because k,, 
is primarily dependent on the rate limiting step 
E*.NADP+ + E*NADP+. No comparable changes 
in Kii values are detected (Table l), presumably 
because changes in conformational preference are 
too small to be detected by changes in this parameter. 
This correlation between K,,,, Kii and k,,,, is predicted 
by the proposed mechanism of inhibition and is also 
consistent with the hypothesis that conversion of 
ALR2S to ALR21 occurs by acceleration of the rate- 
determining step [6]. 

Kineticproperties of ALR.2 in the absence of inhibitors 

The value k,JKm is a measure of enzyme 
specificity and is the pseudo-second order rate 
constant when the substrate concentration is well 
below the K,,, value [30]. The maximum value of 
kcOdK,,, is limited to about log see-’ M-’ by the rate 
of diffusion in water which controls the frequency 
of collisions between enzyme and substrate. For 
many enzyme reactions, kcOz/Km falls in the range 
106-lo8 set-* M-‘. Utilization of methylglyoxal by 
ALR2, therefore, is close to this typical behaviour 
(Table 1). Glucose may appear to be a poor 
substrate, but ALR2 uses only the open-chain form 
which is around 0.003% of the total in solution [ 1,2]. 
The value of kcnJK,,, for the aldehyde form, therefore, 
is approximately lo6 set-’ M-l and so is within the 
expected range. 

Possible signijicance of the kinetics for inhibition by 
205522 

Inhibition of bovine lens ALR2S by ZD5522 
follows pure noncompetitive kinetics so that the lcso 

is independent of the concentration of glucose or 
methylglyoxal (Table 1). Conversely, inhibition of 
bovine kidney ALRl follows uncompetititive kinetics 
so that the binding affinity is at a maximum when 
glucuronate is saturating, and decreases at lower 
levels of the substrate with binding being undetectable 
on extrapolation to zero glucuronate. Thus, 
selectivity for ALR2S over ALRl is at least 5- to 9- 
fold, tending towards higher specificity for ALR2S 
as the concentration of glucuronate is reduced below 
saturation. However, several factors change on 
moving in vivo (e.g. ion concentrations, redox 
potential), with additional factors being involved 
(especially the presence of products and metabolism 
of the inhibitor). Thus, the significance of the 
measured selectivity for efficacy and side effects is 
not clear. 

ALR2 catalysed utilization of both glucose and 
methylglyoxal may be involved in the generation of 
diabetic complications [4,22]. ZD5522 is a potent 
inhibitor of both processes. The mixed non- 
competitive kinetics for inhibition of human 
recombinant ALR2 indicate that, as levels of glucose 
and methylglyoxal rise (perhaps as a result of 
inhibition), the concentration of ZD5522 required 
for 50% inhibition actually falls. 

In summary, ZD5522 is a potent inhibitor of the 
utilization of glucose and methylglyoxal by human 
recombinant and bovine lens ALR2. The kinetics of 
inhibition are such that elevation in substrate levels 
will not increase the 1~~~. ZD5522 displays selectivity 
for bovine ALR2S rather than ALRl. The compound 
also exhibits high efficacy in the reduction of sorbitol 
levels in rat nerve and so displays several properties 
suggesting that it may provide an effective treatment 
to reduce the development of diabetic complications. 

Acknowledgement-JMP was supported by NIH grants 
EY05856, P30EY02687, P60DK20579 and an unrestricted 
grant from Research to Prevent Blindness, Inc. 

REFERENCES 

1. Grimshaw CE, Direct measurement of the rate of the 
ring opening of n-glucose by enzyme-catalyzed reaction. 
Carbohydr Res 148: 345-348, 1986. 

2. Inagaki K, Miwa I and Okuda J, Affinity purification 
and glucose specificity of aldose reductase from bovine 
lens. Arch Biochem Biophys 216: 337-344, 1982. 

3. Kador PF, The role of aldose reductase in the 
development of diabetic complications. Medicinal Res 
Rev 8: 325-352, 1988. 

4. Vander Jagt DL, Robinson B, Taylor KK and Hunsaker 
L, Reduction of trioses by NADPH-dependent aldo- 
keto reductases. J Biol Chem 267: 436414369, 1992. 

5. Jain SK. Levine SN. Duett J and Hollier B. Elevated 
lipid-peroxidation levels in red blood ’ cells of 
streptozotocin-treated diabetic rats. Metabolism-Clin 
Exper 39: 971-975, 1990. 

6. Ward WHJ, Cook PN, Mirrlees DJ, Brittain DR, 
Preston J, Carey F, Tuffin DP and Howe R, Inhibition 
of aldose reductase by (2,6-dimethylphenylsulphonyl)- 
nitromethane: possible implications for the nature of 
an inhibitor binding site and a cause of biphasic kinetics. 



Inhibition of aldose reductase by ZD5522 1049 

In: Enzymology and Molecular Biology of Carbonyl 18. Mordes JP and Rossini AA, Animal models of diabetes. 
Metabolism 4 (Ed. Weiner H), pp. 301-311. Plenum Am J Med 70: 353-360, 1981. 
Press, New York, 1993. 19. Leatherbarrow RJ, GraFit (Version 3.01). Erithacus 

7. Brittain DR, Brown SP, Cooper AL, Longridge JL, Software Ltd, Staines, U.K., 1992. 
Morris JJ, Preston J and Slater L, European Patent 20. Mannervik B, Regression analysis, experimental error, 
Application: Publication number 0 469 887 Al, 1991. and statistical criteria in the design and analysis of 

8. Flynn TG, Aldehyde reductases, monomeric NADPH- experiments for discrimination between rival kinetic 
dependent oxidoreductases with multifunctional poten- models. Meth Enzymol87: 370-392, 1982. 
tial. Biochem Pharmacol31: 2705-2712, 1982. 21. Cameron NE and Cotter MA. Dissociation between 

9. Bohren KM, Bullock B, Wermuth B and Gabbay KH, 
The aldo-keto reductase superfamily. J Biol Chem 264: 
9547-9551, 1989. 

10. Daly AK and Mantle TJ, The kinetic mechanism of 
the major form of ox kidney aldehyde reductase with 
D-ghCUrOniC acid. Biochem J 205: 381-388, 1982. 

11. Worrall DM, Daly AK and Mantle TJ, Kinetic studies 
on the major form of aldehyde reductase in ox kidney: 
a general kinetic mechanism to explain substrate- 
dependent mechanisms and the inhibition by anti- 
convulsants. J Enzyme Znhib 1: 163-168, 1986. 

12. DeJongh KS, Schofield PJ and Edwards MR, 
Kinetic mechanisms of sheep liver NADPH-dependent 
aldehyde reductase. Biochem J 242: 143-150, 1987. 

13. Kubiseski TJ, Hyndman DJ, Morjana NH and Flynn 
TG, Studies on pig muscle aldose reductase. Kinetic 
mechanism and evidence for a slow conformation 
change on coenzyme binding. J Biol Chem 267: 6510- 
6517, 1992. 

14. Grimshaw CE, Shabhaz M, Jahangiri G, Putney CG, 
McKercher SR and Mathur EJ, Kinetic and structural 
effects of activation of bovine kidney aldose reductase. 
Biochemistry 28: 5343-5353, 1989. 

15. Wilson DK, Tarle I, Petrash JM and Quiocho FA, 
Refined 1.8 A structure of human aldose reductase 
complexed with the potent inhibitor zopolrestat. Proc 
Nar Acad Sci 90: 9847-9851, 1993. 

16. Ward WHJ, Sennitt CM, Ross H, Dingle A, Timms 
D, Mirrlees DJ and Tuffin DP, Ponalrestat: a potent 
and specific inhibitor of aldose reductase. Biochem 
Pharmacol39: 337-346, 1990. 

17. Petrash JM, Harter T, Tarle I and Borhani D, 
Involvement of cysteine residues in catalysis and 
inhibition of human aldose reductase. J Biol Chem 
267: 24833-24848, 1992. 

22. 

23. 

biochemical and functional effects of the aldose 
reductase inhibitor, ponalrestat, on peripheral nerve 
in diabetic rats. Br J Pharmacol 107: 939-944, 1992. 
Ward WHJ, Cook PN, Mirrlees DJ, Brittain DR, 
Preston J, Carey F, Tuffin DP and Howe R, 
(2,6-Dimethylphenylsulphonyl)nitromethane: a new 
structural type of aldose reductase inhibitor which 
follows biphasic kinetics and uses an allosteric binding 
site. Biochem Pharmacol42: 2115-2123, 1991. 
Wermuth B, Biirgisser H, Bohren KM and von 
Wartburg J-P, Purification and characterisation of 
human-brain aldose reductase. Eur J Biochem 127: 
279-284, 1982. 

24. Poulsom R, Comparison of aldose reductase inhibitors 

25. 
in vitro. Biochem Pharmacol36: 1577-1581, 1987. 
Vander Jaat DL, Robinson B. Tavlor KK and Hunsaker 
LA, Aldose reductase from human skeletal and heart 
muscle. Interconvertible forms related by thiol- 
disulphide exchange. J Biol Chem 265: 20982-20987, 
1990. 

26. 

27. 

28. 

29. 

30. 

Schade SZ, Early SL, Williams TR, Ktzdy FJ, 
Heinrickson RL, Grimshaw CE and Doughty CC, 
Sequence analysis of bovine lens aldose reductase. J 
Biol Chem 265: 3628-3635, 1990. 
Liu S-Q, Bhatnagar A and Srivastava SK. Does sorbinil 
bind to the sub&ate binding site of aldose reductase? 
Biochem Pharmacol44: 2427-2429. 1992. 
Wermuth B, Inhibition of aldehyde reductase by 
carboxvlic acids. Adv Exoer Med Biol 284: 197-204. 
1991. . 
Bohren KM, von Wartburg J-P and Wermuth B, 
Inactivation of carbonyl reductase from human brain 
by phenylglyoxal and 2,3-butanedione: a comparison 
with aldehyde reductase sunerfamilv. Biochim Bioohvs 
Acta 916: i85-192, 1988. . . 

* , 

Fersht AR, Enzyme Structure and Mechanism (2nd 
Edn). WH Freeman and Company, New York, 1985. 


