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Abstract--Animal studies indicate that aldose reductase inhibitors represent a pharmacological method for inhibiting the onset 
of diabetic complications that is independent of blood sugar control. This has spurred the development of aldose reductase 
inhibitors (ARIs). To facilitate the rational development of more potent and direct ARIs, more specific knowledge of the 
structural and pharmacophoric requirements of the site at which ARIs interact are required. Co-crystallization of human placental 
aldose reductase with the inhibitor zopolrestat has been reported to result in a complex where the inhibitor is almost completely 
sequestered in the hydrophobic pocket which forms the substrate site. Zopolrestat's observed location, which makes the active 
site pocket inaccessible to solvent or further productive binding of substrate, is not supported by published inhibitor structure- 
activity relationships (SAR) studies or kinetic results which indicate that aldose reductase inhibitors such as zopolrestat are 
either non-competitive or uncompetitive inhibitors. Using a 5-iodoacetamido analog of alrestatin as an affinity labeled aldose 
reductase inhibitor, an inhibitor binding site on aldose reduetase has been located. This inhibitor binding site contains a number 
of pharmacophoric elements previously proposed for the inhibitor site. Its location and composition is consistent with reported 
kinetic data, SAR observations, stereochemical requirements, and quantum chemical calculations. 

Introduct ion 

Recent results from the Diabetes Control and Com- 
plications Trials (DCCT) conclude that very tight 
control of hyperglycemia is beneficial in delaying the 
onset and progression of retinopathy, neuropathy and 
nephropathy) This observation corresponds with moun- 
ting experimental evidence that links the abnormal 
accumulation of sorbitol to the development of diabetic 
complications. 2"3 Sorbitol is a sugar alcohol that is 
formed by the reduction of glucose by the NADPH- 
dependent enzyme aldose reductase (AR). Animal 
studies demonstrate that aldose reductase inhibitors 
(ARIs), when administered from the onset of hyper- 
glycemia, prevent the onset and progression of polyol 
accumulation-linked complications in a dose-dependent 
manner. 2-4 These prevention studies, which indicate that 
aldose reductase inhibitors represent a pharmacological 
method for inhibiting the onset of diabetic 
complications that is independent of blood sugar 
control, have spurred the development of aldose 
reductase inhibitors. 

While a number of structurally diverse aldose reductase 
inhibitors have been developed, many possess side 
effects independent of their ability to inhibit aldose 
reductase. These include 'hydantoin rash' associated 
with the presence of the imidazolidine-2',4'-dione group 
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in several inhibitors and the elevation of hepatic 
transaminases with several non-hydantoin inhibitors. 5 To 
facilitate the rational development of more potent ARIs 
devoid of side effects, greater knowledge of the struc- 
tural and pharmacophoric requirements of the site at 
which ARIs interact is required. Crystallographic data 
from human placental aldose reductase indicates that 
the enzyme differs from other reductases in that it folds 
into an ot/~ barrel with a core of eight parallel [~ 
strands, the adjacent strands of which are connected by 
eight peripheral (x-helical segments running parallel to 
the [3 sheet. 6 NADPH is bound in an unusual extended 
conformation across the barrel with the nicotinamide 
ring centered in a large, deeply elliptical hydrophobic 
pocket which forms the substrate site at the carboxylate 
terminal end of the [3 barrel. Adjacent to the accessible 
side of the nicotinamide ring, where the substrate or 
product is presumably located, is an unidentified region 
of electron density. 6 This unknown electron-dense 
region was subsequently identified as citric acid which 
was present at a 25 mM concentration in the crys- 
tallization media] Subsequent replacement studies a l so  
indicate that cacodylate and glucose-6-phosphate bind 
to this citrate binding site when present in the 
crystallization buffer. Co-crystallization with the ARI 
zopolrestat ((3- { [5-(trifluoromethyl)-2-benzothiazolyl]- 
methyl}-4-oxo-3H-phthalazin-l-yl)acetic acid) also res- 
ulted in a complex where the carboxylate group of 
zopolrestat bound to this region where citrate, 
cacodylate and glucose-6-phosphate bind. Zopolrestat 
was almost completely sequestered in the large, deeply 
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elliptical hydrophobic pocket which forms the substrate 
si te)  From its carboxylate binding adjacent to the 
nicotinamide ring, the inhibitor protruded from the 
center pocket perpendicular to the NADPH ring with an 
unusually large number of contacts with the substrate 
site and a high degree of hydrophobic interaction with 
essentially the entire substrate pocket at the carboxyl- 
terminal end of the 13 barrel. Zopolrestat's observed 
location in the active site pocket makes the active site 
inaccessible to solvent or further productive binding of 
substrate. This contradicts kinetic results which indicate 
that aldose reductase inhibitors such as zopolrestat are 
either non-competitive or uncompetitive inhibitors 2"9J° 
but not competitive inhibitors. Using the affinity label 
5 -i o d o a c e t a m i d o- l,3-dio x o- l H-benz[ de ]isoquinoline- 
2(3H)-acetic acid, an iodoacetamido analog of the ARI 
alrestatin, H an inhibitor binding site on aldose reduc- 
tase more consistent with reported kinetic data, SAR 
observations, stereochemical requirements, and quant- 
um chemical calculations, has been located. 

Experimental 

Chemistry 

Melting points were determined using a Thomas-Hoover 
melting point apparatus and are uncorrected. Compound 
structures were confirmed by ~H NMR, elemental 
analyses and/or MS spectra. ~H NMR spectra were 
obtained with an IBM NR/250 FFNMR (250 MHz) with 
D20 or DMSO-d 6 as solvent and internal reference. 
Mass spectra of the synthetic compounds were obtained 
with either a Kratos MS25 RFA or Kratos MS-30 mass 
spectrometer. FAB mass spectra of isolated protein 
segments were conducted on a Joel SX102 mass 
spectrometer using glycerol. 

5-Nitro- 1,3-dioxo- 1H- benz[de]isoquinolin- 2( 3H)-acetic 
acid. 3-Nitro-l,8-naphthalic anhydride (2.4 g, 9.9 
mmol) and glycine (0.85 g, 11.3 mmol) in dry DMF (20 
mL) were refluxed for 2 h. The hot reaction mixture was 
treated with activated charcoal, filtered and poured 
over crushed ice to form a yellow precipitate which was 
collected by filtration and dried to yield 2.5 g (84%) of 
5 -n i t ro -  1,3-dioxo-lH-benz[de]isoquinolin-2(3H)-acetic 
acid mp 267-270 °C (lit) 2 mp 273-275 °C). 

5 - A mino- l , 3 -dio xo- l H-benz[ de l isoquinolin-2 ( 3 H )-ac etic 
acid. 5-Nitro-l,3-dioxo-lH-benz[de]isoquinolin-2(3H)- 
acetic acid (2 g, 6.7 mmol) dissolved in 30 mL of DMF 
was hydrogenated in a Parr bottle 10% Pd/C (0.2 g) at 
50 psi for 5 h. The mixture was treated with activated 
charcoal, filtered and concentrated under vacuum. Ad- 
dition of water resulted in the formation of a heavy 
precipitate which was recrystallized from MeOH to 
yield 1.75 g (97%) of 5-amino-l,3-dioxo-lH-benz- 
[de]isoquinolin-2(3H)-acetic acid, mp 290 °C (lit. ~2 mp 
292 °C). 

5-Io do acetamido- 1,3-dioxo-lH-benz[de]isoquinolin-2(3- 
H)-acetic acid. Iodoacetic anhydride (35 mg, 0.1 

mmol) was added to a suspension of 5-amino-1,3-dioxo- 
1H-benz[de]isoquinolin-2(3H)-acetic acid (10 mg, 0.037 
mmol) in dry THF (5 mL) and refluxed for 1 h. The 
solvent was evaporated under vacuum and the 
remaining residue was dissolved in a minimum amount 
of acetone and precipitated with water to give 15 mg 
(95%) of 5-iodoacetamido-l,3-dioxo-lH-benz[de]iso- 
quinolin-2(3H)-acetic acid mp 230-234 °C (lit. I' mp 
223-225 *C). 

/ ~ C- 5- lodoacetamido-l,3-dioxo-lH-benz[de]isoquinolin- 
2(3H)-acetic acid. t4C-Iodoacetic anhydride (66.63 mg, 
0.188 mmol 1.316 mCi, specific activity = 7 mCi 
mmol -~, prepared from [2-14C]-iodoacetic acid and [2- 
t4C]-iodoacetylchloride by American Radiolabeled 
Chemicals, Inc.) was added to a suspension of 5- 
a m i n o- 1,3-dioxo- 1H-benz[de]isoqninolin-2(3H)-acetic 
acid (20.18 mg, 0.075 mmol) in dry THF (15 mL). The 
reaction mixture was refluxed for 3 h and stirred at 
room temperature overnight. Solvent was evaporated 
under vacuum and the remaining residue was 
redissolved in ca 5 mL of acetone and then precipitated 
with water. The precipitate was collected by filtration 
and dried to give 25.35 mg of ~4C-5-iodoacetamido-l,3- 
dioxo-lH-benz[de]isoquinolin-2(3H)-acetic acid (77% 
chemical yield; 0.132 mCi, 10% radiochemical yield, 
specific activity 2.29 mCi mmol -t) mp 230 "12. 

Biology 

Enzyme assay. Reductase activity was spectrophoto- 
metrically assayed on a Shimadzu UV2100U spectro- 
photometer by following the decrease in the absorption 
of NADPH at 340 nm over a 4 min period with DL- 
glyceraldehyde as substrate. H Each 1.0-mL cuvette 
contained equal units of enzyme, 0.10 M Na, K 
phosphate buffer, pH 6.2, 0.3 mM NADPH with/without 
10 mlVl substrate and inhibitor. Appropriate controls 
were employed to negate potential changes in the 
absorption of nucleotide and/or protein modification 
reagents or aldose reductase inhibitors at 340 nm in the 
absence of substrate. 

Enzyme purification. Recombinant rat lens aldose 
reductase ~3 was purified by a series of chromatographic 
procedures as previously described. ~3 Briefly, aldose 
reductase was released from Escherichia coli by 
sonication and the mixture was centrifuged at 10,000 x 
g for 10 min. The obtained supernatant was applied to a 
Sephadex G-75 column (2.5 x 90 cm) equilibrated with 
10 m/Vl imidazole-HCl buffer, pH 7.5 containing 7 mM 
2-mercaptoethanol and eluted with the same imidazole 
buffer. Th.e eIuent ,was collected in 220-drop aliquots 
(ca 10 mL) and fractions containing aldose reductase 
activity were applied to a Matrex Gel Orange A column 
(2.5 x 15 cm). The column was washed with the 
imidazole buffer (ca 500 mL) and the enzyme was then 
eluted with the same imidazole buffer containing 0.1 
mM NADPH. Fractions eluted with NADPH were 
chromatofocused on a Mono P (HR 5/20) column 
developed at a flow rate of 1 mL min -~ with Polybuffer 
74 (diluted 10-fold and containing 7 mM 2-mer- 
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captoethanol). The protein concentration of the eluent 
was monitored at 280 nm and peaks containing aldose 
reductase activity were collected and concentrated on 
Centricon 10 filters to a concentration of ca 1 mg mL -~. 

Affinity binding. Rat lens aldose reductase was passed 
through a NAP-5 desalting column (Pharmacia LKB, 
Piscataway, N J) equilibrated with 0.1 M sodium 
phosphate buffer, pH 7.6 to remove 2-mercaptoethanol. 
After determining the concentration of the dialyzed 
protein by the method of Bradford, ~5 an equal 
millimolar amount of 5-iodoacetamido-l,3-dioxo-lH- 
benz[de]isoquinolin-2(3H)-acetic acid dissolved in 0.1 
mM sodium phosphate buffer, pH 7.6 was added and the 
reaction was allowed to proceed at room temperature 
for 15 min. Unreacted reagent was then removed from 
the protein by gel filtration through a NAP-5 desalting 
column with 0.1 M phosphate buffer, pH 7.0, containing 
10 mM 2-mercaptoethanol. The protein fraction was 
concentrated, mixed with 100 mM Tris-HCl buffer, pH 
8.5 containing 0.1% SDS and 5% 13-mercaptoethanol, 
and heat denatured in a boiling water bath for 2 min. 
Sequencing grade trypsin (bovine pancreas, Boehringer 
Mannheim Biochemica) was then added to the solution 
in a ratio of 5:100 (w/w) and the protein was digested 
overnight at 37 *C. Overnight digestion was monitored 
by SDS-PAGE on a Pharmacia PhastSystem in which 
proteins were visualized with silver stain. The digested 
mixture was lyophilized, redissolved in 6 M guanidine 
hydrochloride, and sep-arated by reversed-phase high 
pressure liquid chroma-tography on a Vydac Ca column 
using a 0-75% linear gradient of A: H20--0.18% TFA 
and B: 40% aqueous acetonitrile-0.18% TFA with a 
flow rate of 0.5 mL min -t. (LKB HPLC system with 
model 2150 Pumps, 2152 Controller, and 2151 variable 
wavelength detector set at 210 nm.) Collected fractions 
were subjected to FAB mass spectroscopy in the 
presence of glycerol. 

Autoradiography. Sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE) was performed 
according to the method of Laemmli t6 using 1.5 mm 
15% polyacrylamide gels and bovine serum albumin 
(67 K), ovalbumin (43 K), carbonic anhydrase (30 K), 
soybean trypsin inhibitor (20.1 K) and ct-lactalbumin 
(14.4 K) as molecular weight standards. Protein was 
stained with Coomassie blue stain. After drying on a 
Pharmacia GSD-4 slab gel dryer, the gel was auto- 
radiographed for 14 days at -60  °C using HYPERFILM- 
MP (Amersham Life Sciences). 

Computer modeling studies 

Crystal coordinates of recombinant human aldose 
reductase complexed with NADPH (AR.NADPH) 6 were 
obtained from the Brookhaven Protein Data Bank. 
Using Quanta 3.3/CHARMm22 (Molecular Simulations 
Inc.), all water molecules were first removed from the 
crystal structure of AR.NADPH and then polar hydrogen 
atoms were added to the enzyme. The NADPH cofactor 
was modified to include all hydrogen atoms with a net 
charge o f - 4 .  The AR.NADPH complex was assumed to 

carry a net charge of -6  (-2 for AR and -4 for NADPH). 
Inhibitors were assumed to have a net charge of -1. 
Charge templates of Quanta 3.3/CHARMm were 
utilized for assigning partial charges to NADPH and 
inhibitors. 

The geometry of the AR-NADPH complex was optim- 
ized on HP-735 and SGI Crimson using the CHARMM ~7 
program with the Molecular Simulations parameter 
set. n The adopted basis Newton-Raphson algorithm 
with an energy gradient < 0.01 kcal mol -t A -~ and zero 
energy tolerance was utilized for geometry optim- 
ization. A distance dependent dielectric D(e) = 4r was 
used to approximate electrostatic screening by water 
molecules. In the absence of water molecules this is a 
widely used approximation. A cut off at 14.0 A was 
used for non-bonded interactions. Non-bonding lists 
were updated heuristically. Electrostatic interactions 
were treated with the force switch method 19 and a 
switching range of  8-12/~.  Van der Waals interactions 
were calculated with the shift method 19 and a cutoff of 
12 /~. No constraints were imposed on geometry 
optimizations. 

Inhibitors were manually docked into the identified 
inhibitor binding region of the AR.NADPH complex. 
Interaction energies (AE) between the AR-NADPH 
complex and inhibitors were calculated using the 
equation AE = EAR.NADPH. I - -  [ EAR-NADPH + Et ] where 
EAR.NADPH. t , EAR.nADp a and E t are the energies of the 
optimized AR.NADPH-inhibitor complex, AR-NADPH 
complex and inhibitor, respectively. 

Results  

Based on previous studies which indicate that the 5- 
iodoacetamido-affinity-labeled analog of the ARI 
alrestatin (5-iodoacetamido- 1,3-dioxo- IH-benz[de]iso- 
quinoline-2(3H)-acetic acid) selectively binds rat lens 
aldose reductase, tl radiolabeled 5-iodoacetamido- 1,3- 
dioxo-lH-benz[de]isoquinoline-2(3H)-acetic acid poss- 
essing 14C in the tz-acetyl position of the iodoacetamido 
group was prepared by reacting t4C-iodoacetic 
anhydride with 5-amino-l,3-dioxo-IH-benz[de]iso- 
quinolin-2(3H)-acetic acid. Equimolar amounts of this 
inhibitor dissolved in 0.1 M Na, K phosphate buffer, pH 
7.4, were combined with recombinant rat lens aldose 
reductase 13 purified through a series of chromatographic 
steps which included gel filtration on Sephadex G-75, 
affinity chromatography on Matrex Gel Orange A, 
chromatofocusing on a Mono P column, and then 
dialyzed against 0.1 M Na,K phosphate buffer pH 7.4) 4 
Following removal of unreacted affinity label by gel 
filtration, the affinity labeled enzyme was heat 
denatured and digested overnight with trypsin. 
Autoradiography of the SDS-PAGE of an aliquot of the 
digested protein indicated that alkylation of radiolabel 
was limited and apparently specific (Fig. 1). The 
digested mixture was then lyophilized, redissolved in 6 
M guanidine hydrochloride, and separated by reversed- 
phase HPLC on a Vydac Cs column (Fig. 2). The 
location of the inhibitor-bound fractions was identified 



1316 P.F. KADOR etal. 

A B 

Figure 1. SDS-PAGE stained with Coomasie Blue (A) and autoradiograph (B) of trypsin-digested rat lens aldose reductase reacted with 
radiolabel 5-iodoacetamido-alrestatin. Identical digest was applied to two lanes in A while the third lane contained the molecular weight 
standards bovine serum albumin (67 K), ovalbumin (43 K), carbonic anhydrase (30 K), soybean trypsin inhibitor (20.1 K) and tx-lactalbumin 
(14.4 K). The black arrows in A indicate molecular weights while the white arrows in A and B indicate the corresponding location of protein 

fragments containing radiolabel. The gel was slightly overloaded to demonstrate the limited nature and apparent specificity of the label. 
Please note that the author has enhanced the gel in order to sharpen the bands. 
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Figure 2. Separation and identification of protein fractions containing radiolabel from trypsin-digested rat lens aldose reductase labeled with 
radiolabel 5-iodoacetamido-alrestatin. A illustrates protein separations detected at 210 nm obtained by reversed-phase HPLC on a Vydac C s 
column using a 0-75% linear gradient of A: H20-0.18% TFA and B: 40% aqueous acetonitrile-0.18% TFA with a flow rate of 0.5 mL min -n. The 
location of fractions containing radiolabel was subsequently determined through liquid scintillation counting (B). C illustrates the chemical 

structure of 14C-5-iodoacetamido-l,3-dioxo-lH-benz[de]isoquinolin-2(3H)-acetic acid. 

b y  a n a l y z i n g  e a c h  f r ac t i on  c o l l e c t e d  o n  a l i q u i d  
s c i n t i l l a t i o n  coun te r .  T h e  e n t i r e  p r o c e d u r e  w as  t h e n  
r e p e a t e d  w i t h  n o n - r a d i o l a b e l e d  5 - i o d o a c e t a m i d o - l , 3 -  

dioxo-lH-benz[de]isoquinoline-2(3H)-acedc ac id  a n d  
i so l a t ed  f r a c t i o n s  c o r r e s p o n d i n g  to p r e v i o u s l y  i d e n t i f i e d  
i n h i b i t o r - b o u n d  f r ac t i ons  we re  a n a l y z e d  by  m a s s  
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spectrometry. Using FAB-MS and collision MS a 
mixture of two inhibitor-bound fragments were observed 
which corresponded to the tryptic fragments *%er-Val- 
Thr-Pro-Ala-Argm and “Val-Ala-Ileu-Asp-Met-Gly-Tyr- 
Arg4’. Identification of 264Ser-Val-Thr-Pro-Ala-Arg269 was 
based on the appearance of a 940 mass peak and a 629 
mass peak where the inhibitor fragment (311) was 
removed. The second fragment “Val-Ala-Ileu-Asp-Met- 
Gly-Tyr-Arg4’ was identified by the presence of peaks at 
masses 1235, 1251 (methionine sulfoxide), 1267 
(methionine sulfone), 924 (-inhibitor fragment) and 941 
(sulfoxide-inhibitor fragment). Based on the chemical 

nature of the affinity label, the label was deduced to be 
bound to *%er and vyr of rat lens aldose reductase. 
Because of the close homology between the rat lens 
and human placental aldose reductase,*‘*” these 
residues correspond to 263Ser (263Ser-Val-Thr-Pro-Glu- 
Arg26*) and “Tyr (33Val-Ala-Ileu-Asp-Val-Gly-Tyr-Arg@). 
In addition to similar primary structures, comparison of 
rat lens to human placental aldose reductase is justified 
because both enzymes have similar kinetic properties, 
activation by sulfate, inhibition by chloride, and 
relative inhibition profiles with aldose reductase 
inhibitors.*’ 

Figure 3. Optimized structure of aldose reductase illustrating the location of the identified inhibitor site (yellow box) in which ?yr and Z63Ser 
are located in close proximity to the adenine ring of the nucleotide cofactor and the substrate site (red box). 



A
ld

o
se

 R
ed

uc
ta

se
 I

nh
ib

it
or

 S
it

e 

A
. 

S
id

e 
V

ie
w

 

B
. 

T
o

p
 

V
ie

w
 

C
. 

E
nd

 V
ie

w
 

>.
 

F
ig

ur
e 

4.
 S

id
e,

 t
op

 a
nd

 e
nd

 v
ie

w
 o

f 
th

e 
id

en
ti

fi
ed

 i
nh

ib
it

or
 s

it
e 

of
 a

ld
os

e 
re

du
ct

as
e 

il
lu

st
ra

ti
ng

 th
e 

lo
ca

ti
on

 o
f 

th
e 

nu
cl

eo
ph

il
ic

 3
~I

'y
r 

an
d 

~3
S

er
 r

es
id

ue
s,

 t
he

 c
ar

bo
xy

la
te

 
bi

nd
in

g 
~

A
rg

, 
ad

en
in

e 
ri

ng
 

of
 th

e 
bo

un
d 

N
A

D
PH

 w
hi

ch
 fo

rm
s 

th
e 

pr
im

ar
y 

li
po

ph
il

ic
 (

va
n 

de
r 

W
aa

ls
' 

in
te

ra
ct

iv
e)

 b
in

di
ng

 re
gi

on
 a

nd
 ~

l P
ro

 w
hi

ch
 r

ep
re

se
nt

s 
th

e 
se

co
nd

ar
y 

li
po

ph
il

ic
 (

va
n 

de
r 

W
aa

ls
' 

in
te

ra
ct

iv
e)

 
bi

nd
in

g 
re

gi
on

 
D

is
ta

nc
es

 a
re

 s
um

m
ar

iz
ed

 i
n 

T
ab

le
 1

. 



An aldose reductase inhibitor site 1319 

The two identified residues were localized on the opti- 
mized structure of recombinant human aldose reductase 
complexed with NADPH (AR.NADPH) derived from 
crystal coordinates 6 using Quanta 3.3/CHARMm22 after 
all water molecules were removed from the crystal 
structure and polar hydrogen atoms were added. In the 
optimized structure of the AR.NADPH complex, 39Tyr 
and 263Ser are located in close proximity to the adenine 
ring of the nucleotide cofactor (Fig. 3). Together with 
the imido group of ~ A r g  the hydroxyl groups of 39Tyr 
and 263Ser form a plane that is nearly parallel to a plane 
formed by the adenine ring and 26~pro. As illustrated in 
Figure 4, between the two planes is a deep, sterically 
constrained cleft which contains a number of attributes 
previously proposed for the aldose reductase inhibitor 
site. 22-24 These include the presence of multiple 
nueleophilic regions, represented by 39Tyr and 263Ser, a 
sterically constrained nucleophile containing region 
(~gTyr), a primary planar lipophilic (van der Waals' 
interactive) region (adenine ring) and a nearly coplanar 
secondary lipophilic (van der Waals' interactive) region 
(~S'Pro), anionic or carboxylate binding region(s) 
(~Arg and 6-amino group of adenine ring) and 
selective hydrogen bonding regions (272Asn, adenine 
ring). The relative distances between these residues are 
summarized in Table 1. 

To determine whether the identified cleft can theor- 
etically bind other ARIs, a number of structurally 
diverse inhibitors (Fig. 5) were manually docked into 
this cleft and the geometry of each docked complex 
was minimized. Each of the optimized docked 
complexes was further reoptimized until energy 
changes of less than 0.05 kcal mol -I were obtained. 
Manual docking was conducted on the assumption that 
hydrophobie bonding through van der Walls' inter- 
actions occur and that charge-transfer interactions occur 
through either reversible nucleophilic interaction and/or 
ionic bonding. 22-2s The negative charges associated with 
either the earboxylate or hydantoin rings were 
'anchored' to this site through either the imine group of 
n~Arg or the 6-amino group of adenine while the 
adenine ring and 261pro were used for hydrophobic 
binding. Interaction energies (AE) between the 
AR.NADPH complex and each inhibitor, calculated 
using the equation AE = EAR.NADPH. t -- [ EAR.NADP H 4- E I ] 
where EAR.NADPH.t, EAR.NAm, H and E I are the energies of 
the optimized AR.NADPH.inhibitor complex, AR. 
NADPH complex and inhibitor, respectively, resulted in 

energetically favorable interaction between inhibitor 
and the AR.NADPH site (Table 2). Depending on the 
alignment of the negative charge of the inhibitors with 
either 268Arg or the 6-amino group of adenine, several 
possible conformations of the AR.NADPH-I complex 
can be formed with the inhibitors. Formation of the 
AR.NADPH.I complex also resulted in hydrogen bond 
formations which further 'anchor' the inhibitors to the 
AR.NADPH complex and acceptable alignments of 
either 39Tyr and 2S3Ser for nucleophilic interaction with 
appropriate inhibitor functional groups. These calcula- 
tions, however, reflect only intermolecular interactions 
associated with the 'fit' of the AR-NADPH.I complex 
and cannot reflect potential nucleophilic interactions 
between the acceptor and 39Tyr and 263Ser. 

Discussion 

Crystallographic analyses are an invaluable tool in 
identifying protein structures and their site of inter- 
action with other molecules. Crystallization of aldose 
reductase has provided insight into the unusual 
extended conformation of the NADPH binding con- 
formation of the Enzyme.NADPH complex and the 
location of the substrate site within a deeply hydro- 
phobic pocket. Subsequent studies have indicated that a 
number of charged compounds from the buffer medium 
co-crystallize in the citrate binding site adjacent to the 
nicotinamide ring within this hydrophobic pocket 
including citrate, cacodylate, and glucose-6-phosphate. 
Binding to the same site was also observed in the co- 
crystallization with zopolrestat where citric acid (from 
the crystallization buffer) was displaced by the 
carboxylate group of zopolrestat. 7"8 This location which 
predicts aldose reductase inhibitors to be competitive 
rather than uncompetititive or non-competitive 
inhibitors and assumes that ARIs inhibit merely through 
anionic bonding, is inconsistent with observed kinetics, 
SAR and quantum chemical calculations (Table 3). 8,27 

Affinity and photoaffinity labels provide an alternative 
method for binding site identification. The use of 
affinity and photoaffinity analogs of known aldose 
reductase inhibitors as specific probes to gain insight 
into the nature of aldose reductase inhibition and to 
refine the initial spatial requirements of the inhibitor 
site has previously been reported.n'2g-3° Although bind- 

Table 1. Residues forming the aldose reductase inhibitor binding site 

Distance in ,& 
Ser Tyr Arg Adenine Pro 
O-H O-H =N-H -NI~ Center* Center 

Ser O-H - 7.40 6.46 6.42 5.88 8.24 
~Fyr O-H 7.40 - 12.69 8.23 9.61 5.52 
~ Arg=- N-H 6.46 12.69 - 6.63 4.29 11.53 
~' Pro Center* 8.24 5.52 11.53 8.01 8.14 - 
raAsn NI'I 2 4.55 4.76 8.19 4.29 4.92 4.60 

*Center of purine ring. 
*Center of pyrrolidine ring. 
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Aldose Reductase Inhibitors 

Structure 

[fCOzH 

O N O R = H 

R = NHCOCH z 
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Alrestatin 
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CH~ 
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R= 
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O H 
~--N" 

- , ° , ,  

Sorbinil 

O H 

AI 1567 

OH 0 

HO OH 

OH 

Querce~n 

Figure 5. Structures of aldose reductase inhibitors investigated. 

ing of  these affinity labeled un- or non-competitive 
inhibitors is less than that observed for classical affinity 
labeled competitive inldbitors, the selectivity of affinity 
labeled ARIs has been established through protection 
and competition studies "'2s-3° and, presently, through 
autoradiographic analyses. Studies with 5-iodoacet- 

a m i d o- 1,3-dioxo- 1H-benz[de]isoquinoline-2(3H)-acetic 
acid, an affinity labeled analog of the ARI alrestatin 
suggests that inhibitor binding to a sterically 
constrained cleft located between the imido group of 
268Arg, the hydroxyl groups of 39Tyr and 263Ser, and the 
adenine ring of the nucleotide cofactor is also possible. 
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Inhibitor 

Airestatin ' 

Iedoacetamido 
Alrestatin b 

Tolrestat c 

Ponalrestat d 

Zopolrestat ~ 

Table 2. Summary of inhibitor site binding by aldose reductase inhibitors 

Interaction Distance (A) Distance (A) Hydrogen 
Energy AE 0 of ~ 0 of ~3Ser  Bonding* 
(kcal tool -m) to Aeceptor* to Acceptor* 

(a) -21.1 >7 6.56 acid-Arg 
(b) -17.5 >7 6.53 acid-adenine NH 2 

(a) -27.1 3.67 4.65 
(b) -27.7 6.31 4.14 
(c) -23A 3.61 4.71 
(a) -7.9 3.27 4.81 
(b) -9.9 >7 >7 
(a) -10.6 4.46 6.01 
(b) -19.8 >7 3.93 
(a) -19.5 >7 >7 

(b) -23.3 >7 >7 

Epalrestat ~ 

Sorbinil s 

(e) -25.9 >7 >7 

(a) -15.1 5.21 3.60 

(b) -21.2 >7 5.08 
(a) -16.2 6.94 5.88 

(b) -18.9 6.91 3.30 

(c) -17.9 >7 5.88 

AI 1567 h (a) -19.8 >7 4.69 

(b) -9.9 >7 5.23 
(e) -17.5 >7 4.44 

Quercetin i (a) -14.5 5.95 5.40 

(b) -30A 5.56 5.24 

acid-adenine NH 2 
acid-Arg 
amido carbonyl-Asn 

~/r4)-CH 3 -Ser 
acid-Arg 
acid-Adenine Nil z 
4'-cabonyl-Arg 
N-benzthiazoline--Ans 
acid-Asn 
4'-carbonyl-Arg 
N-benzthiazoline-Ans 
acid-Arg 
4'-carbonyl-Asn 
acid-Tyr 
carbonyl-Asn 
acid-Arg 
2'-carbonyl-Asn 
l'-imide--Arg 
2'-cadxmyl-Asn 
1-ether O--Arg 
l'-imide-adenine 
2'-carboayl-Asn 
1-ether O--Arg 
4'-carbonyl-Arg 
l'-I-IN-adenine 
2'-carbonyl--Ser 
2'-carbonyl-Ser 
4'-carbonyl-Arg 
4-carbonyl-Asn 
hydroxyls-Arg, Pro, 
Tyr, Phosphate 
4-carbonyl-Asn 
h},droxyls-T},r, Pro 

a--c represent different conformations. 
*Nucleophiles are: °l-carbonyl of 1,3Mioxo-IH-benz[de]isoquinoline-2(3H)-acetic acid; bct-acetamido 
position of leaving group of 5-iedoacetamido-l,3-dioxo-lH-benz[de]isoquinoline-2(3H)-acetic acid; 
Cthioxcarbonyl of N-[(5-trifluoromethyl-6-methoxy-l-naphthalenyl)thioxomethyl]-N-methylglycine; u4- 
carbonyl of (3-[4-brorno-2-fluorobenzyl]-4-oxo-3H-phthalazin-l-yl)acetic acid; '4-carbonyl of (3-{[5- 
(trifluoromethyl)-2-benzothiazolyllmethyl}-4-oxo-3H phthalazin-l-yl)acetic acid; fl-carbonyl of 5,(E)-5- 
[(E)-2'-rnethyl-3'-phenylpropenylidene]-rhodanine-3-acetie acid; s4'-carbonyl of S-6-fluorospiro ehroman- 
4,5'-imidazolidine-2',4'-dione; h4'-earbonyl of 2-fluorospirofluorene-9,5'-imidazolidine-2',4'-dione; %- 
carbonyl of 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4-oxo-4H-ehromen. 
'2.01-2.55 A. 

Binding to this alternate region is more consistent with 
reported kinetic data, SAR observations, stereochem- 
ieal requirements, and quantum chemical calculations 
as summarized in Table 3. 

Kinetic studies conducted with reversible, structurally 
diverse ARIs indicate that aldose reductase is inhibited 
by either a non-competitive or uncompetitive mech- 
anism when either aldehyde or NADPH is varied. In 
addition, kinetic and competition studies suggest the 
ARIs are bound to a single allosteric regulatory site on 
the enzyme. 2~'3°-33 Aldose reductase follows a com- 
pulsory ordered kinetic mechanism where reduced 

coenzyme binds before the aldehyde. The AR. 
NADPH.aldehyde complex is then converted to AR- 
NADP+-alcohol through a hydride shift which pre- 
sumably results in a conformational change which 
allows the release of alcohol and then, the subsequent 
release of NADIW) 4z5 On the other hand, ARIs are 
competitive with alcohol substrate in the reverse 
reaction where the alcohol is oxidized by a hydride 
shift from the AR.NADP+.alcohol complex to form the 
AR.NADPH-aldehyde complex. 36'37 Inhibitor binding to 
the AR.NADPH complex (or AR.NADPH.aldehyde 
complex) is consistent with these kinetic observations 
of  uncompetitive or non-competitive inhibition since 
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Table 3. Comparison of inhibitor site characteristics with experimental observations 

Experimental Observations Crystal Structure Affinity Labeled Site 
Identified Site 

Kinetics indicate un- or non- 
competitive inhibition with respect 
to substrate in the forward 
(reductive) step and competitive in 
the reverse (oxidative) 
step2,3,~.8,10.24.38.39 

Both carboxylic acid and non- 
carboxylic acid containing inhibitors 
bind to the same site 2+~° 

Hydrophobic substituents enhance 
inhibitory potency 2,m2,n~ 

Reactive nucleophile present at site 
where ARIs interact with 
protein ~'.~-~ 

Both ionic and nucleophilie charge- 
transfer interactions can occur 2'23 

Location of substrate site suggests 
competitive inhibition in both the 
forward and reverse reaction 

Carboxylate required 

Hydrophobic substituents enhance 
binding affinity of inhibitors at the 
substrate site 

No reactive nucleophile available 

Only ionic interaction occurs 

Location of nucleophile is n/a 
specific n~3,u,~ 

Reversible and irreversible ARIs 
interact at the same site ~°'41 

No 

Irreversible inhibitors not n/a 
competitive with substrate or 
NADPH u 

Reactive carbonyl groups in non- No 
carboxylic acid containing inhibitors 
increase inhibitory activity u 

4-Nitrobenzenesulfonyl-fluoride No 
suggests tyrosine to be present 
where ARIs interact with enzyme ~ 

2-Bromo-4-nitroacetophenone No 
reactivity suggests the presence of a 
guanidine group in the interaction of 
ARIs with the enzyme 22 

Stereoselective inhibition No 
O c c u r s  2 ,22,31,38 

Inhibitory susceptibility of the stored 
enzyme is altered depending on 
inhibitor structure. Marked changes 
in secondary structure and kinetic 
properties occur that result in 
enzyme activation with decreased 
sensitivity to inhibition by ARIs u'34 

Relationship of increased substrate 
activity to decreased inhibition not 
apparent since more lipophilic 
inhibitors appear to have greater 
decrease in ability to inhibit 

Observed allosteric location which 
may affect release of nucleotide 
could be un- or non-competitive in 
forward and competitive in reverse 
reaction 

Docking studies indicate both 
carboxylate and non-earboxylate 
containing ARIs can bind 

Site contains adenine ring and 
nearly coplanar ~1 Pro for van der 
Waals interactions 

39Tyr and ~ Ser present 

Both ionic and nucleophilic charge- 
transfer interactions can occur 

Yes 

Yes 

Irreversibly-bound inhibitor is not 
competitive with substrate or 
NADPH 

Molecular modeling suggests that 
nucleophilic interactions with 
reactive carbonyls possibly occur 

39Tyr located at site 

~ A r g  located at site 

Positions of nucleophiles allows 
stereospecific inhibition to occur 

Altered secondary structure with 
some unfolding of lipophilic (van 
der Waals' interactive) regions at 
the inhibitor site while the adjacent 
hydrogen bonding regions are less 
affected could account for 
differences in reduced inhibitory 
activity for inhibitors such as 
sorbinil while quercetin or tolrestat 
were less affected. 

the presence of  inhibitor may not interfere with 
a ldehyde  binding but could prevent  potent ia l  a l los te r ic  
changes  required for the  re lease  of  a lcohol  from the 
inhibi tor .AR.NADP÷.alcohol  complex.  In the reverse  
react ion where  alcohol is oxidized,  the formation o f  an 
inhib i tor .AR-NADP ÷ complex could interfere with 
potent ia l  a l loster ic  changes required for the assoc ia t ion  
o f  a lcohol  to the AR-NADP* complex  to form the  

AR.NADP+-alcohol  complex.  The resulting inhibit ion 
would appear  compet i t ive  with respect  to the a lcohol  
substrate. 

Previous studies have defined the key features o f  the 
AR inhibitor binding region to include a para l le l  
pr imary and secondary l ipophi l ic  (van der W a a l s '  
in teract ive)  region,  a s t edca l ly  constrained charge-  
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transfer pocket where nucleophilic interaction can 
occur from several possible directions, an anionic 
binding region and hydrogen bonding groups located 
adjacent to the lipophilic regions which can help 
anchor inhibitors to the site. 2s-2s These key features are 
aligned so that stereospecific inhibition can occur. 32"3s 
The key feature of the present model is that the 
inhibitor binding region is formed /n situ after 
nucleotide binding to the enzyme occurs. The adenine 
ring forms the primary van der Waals' interactive 
binding region while 261pro provides a nearly coplanar 
secondary van der Wanls' interactive binding region. 
Inhibitor binding to the presently defined AR.NADPH 
complex is consistent with a previously proposed model 
for the AR inhibitory site which was based on a 
combination of AR enzyme inactivation experiments, 
SAR observations, stereochemical requirements and 
quantum chemical calculations. Previous kinetic in- 
hibition and inactivation studies of AR 4-nitro- 
benzenesulfonyl fluoride, a reagent known to inactivate 
tyrosine residues, and 2-bromo-4'-nitroacetophenone, a 
reagent which reacts well with guanidine groups, have 
suggested the presence of both tyrosine and arginine at 
the enzyme site occupied by inhibitor molecules. 22-26 
Molecular modeling studies and quantum chemical 
calculations have also suggested that charge-transfer 
interactions can occur in a sterically constrained 
inhibitor site pocket on the enzyme through nuc- 
leophilic interaction with residues at two potential 
locations and that binding of an acidic inhibitor moiety 
can occur. 22-25~ Alignment of the acidic inhibitor 
moiety with either 26SArg or the 6-amino group of 
adenine in the proposed AR.NADPH-I complex results 
in the appropriate positioning of select inhibitor 
functional groups for nucleophilic interaction with 
either 39Tyr or 263Ser. This positioning introduces 
stereochemical constraints which are in agreement with 
observed stereochemical ARI requirements. 

Experimentally, purified aldose reductase often looses 
its ability to be inhibited by select ARIs. This loss of 
inhibition is less observed with lipophilic ARIs 
containing hydroxyl moieties than with rigid ARIs 
which interact with the enzyme only through van der 
Waals' interactions. A possible explanation for this 
observation assumes destabilization during purification 
with some unfolding of lipophilie (van der Waals' 
interactive) regions at the inhibitor site while the 
adjacent hydrogen bonding regions are less affected. 
Nucleotide binding has been observed to change with 
modification of 29SCys so that a weakened interaction 
between the NADPH and enzyme occurs presumably 
through altered interaction with the T-mono- 
phosphoadenoside 5'-disphosphoribose of NADPH and 
enzyme. 4° This resulted in reduced inhibitory activity 
for inhibitors such as sorbinil while quercetin or 
tolrestat were less affected. The present model in which 
the adenine ring forms the primary lipophilic binding 
region is also in agreement with these observations. 
Structurally rigid compounds such sorbinil are primarily 
bound and aligned to the adenine ring by van der 
Waals' interactions which in turn positions the 2'- 

carbonyl group for nucleophilic interaction with res- 
idues on the enzyme. In contrast compounds such as 
quercetin are anchored onto the site by multiple 
hydrogen bonding and interaction with the secondary 
lipophilic (van der Waals' interactive) site in addition 
to van der Waals' interactions with the adenine. As a 
result, changes in the positioning of the adenine ring 
would be expected to affect the proper alignment of 
sorbinil for interaction with the enzyme to a greater 
extent than it would with quercetin. 

Limited docking studies with sorbinil and its N-methyl 
analog have also been conducted on the substrate 
binding region identified by co-crystallization with 
zopolrestat. This substrate site, which is comprised of 
the nicotinamide portion of NADPH, 4STyr, It°His and 
29aCys, is much larger and less sterically hindered than 
the presently proposed AR.NADPH-I site, so that 
eompotmds bind with larger interaction energies. Based 
on diagrams of the published AR-zopolrestat complex, s 
the interaction energy of zopolrestat was computed to 
be -41.8 kcal mol -~. Substituting sorbinil in place of 
zopolrestat so that the negative charge of the hydantoin 
ring corresponds with the carboxyl group of zopolrestat 
resulted in a AE value of -38.3 kcal mol -~. 
Subsequently turning the sorbinil molecule so that the 
negative charge of the hydantoin ring faced the 
opposite direction resulted in a similar value of -42.9 
kcal mol -I. Substituting sorbinil with its inactive and 
neutrally charged N-methyl analog resulted in an 
energy value o f - 2 9 . 4  kcal mol -I for the initial 
conformation and -37.4 kcal mol -~ for the corresponding 
opposite conformation, a decrease of-8.9 and -5.5 kcal 
tool -t, respectively. These results do not support the 
observed stereospecific inhibition of aldose reductase 
by sorbinil and published structure activity results. 

While the observed binding of zopolrestat to the 
substrate site cannot be disputed, specific binding of 
st(u. cturally diverse aldose reductase inhibitors to this 
site is not supported by observed experimental kinetic, 
SAR, affinity and photoaffinity studies and quantum 
chemical calculation. The presently proposed alternate 
site contains a number of pharmacophoric elements 
previously proposed for the inhibitor site and docking 
studies with a variety of structurally diverse inhibitors 
are consistent with a number of observed experimental 
studies. 
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