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1-Benzopyran-4-one Antioxidants as Aldose Reductase Inhibitors
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Starting from the inhibitory activity of the flavonoid Quercetin, a series of 4H-1-benzopyran-
4-one derivatives was synthesized and tested for inhibition of aldose reductase, an enzyme
involved in the appearance of diabetic complications. Some of the compounds obtained display
inhibitory activity similar to that of Sorbinil but are more selective than Quercetin and Sorbinil
with respect to the closely related enzyme, aldehyde reductase, and also possess antioxidant
activity. Remarkably, these compounds possess higher pK, values than carboxylic acids, a
characteristic which could make the pharmacokinetics of these compounds very interesting.
Molecular modeling investigations on the structures of inhibitors bound at the active site of
aldose reductase were performed in order to suggest how these new inhibitors might bind to
the enzyme and also to interpret structure—activity relationships.

Introduction

Aldose reductase (alditol:NADP* oxidoreductase, E.C.
1.1.1.21, ALR?2) is the first enzyme of the polyol path-
way. Several experimental data link glucose metabolism
through this pathway to long-term diabetic complica-
tions such as cataract, neuropathy, nephropathy, and
retinopathy. Aldose reductase inhibitors (ARIs) should
therefore be able to safely prevent or arrest the develop-
ment of diabetic complications.

Among available orally active ARIs, two different
chemical classes possessing an acidic proton have been
reported: cyclic imides (spirohydantoins, such as Sor-
binil) and carboxylic acid derivatives.}=3 While their in
vitro activity is similar, the in vivo activity is lower for
carboxylic acids than for cyclic imides; in vivo, in the
streptozotocin-induced diabetic rat, the most active
carboxylic acids Tolrestat, Zopolrestat, and Zenarestat
are active p.o. in reducing sorbitol levels in sciatic nerves
with EDsp values of 4.8, 1.9, and 3.7 mg/kg, respec-
tively;® Ponalrestat is active at the dose of 25 mg/kg;3
the EDsp values for the lens are 18.4 mg/kg for Zopol-
restat and 23 mg/kg for Zenarestat.® On the contrary,
Sorbinil shows EDsg values in nerves and lens of 0.25
and 0.5 mg/kg, respectively.? The plasma half-life in
man of Sorbinil (34—52 h) is markedly higher than that
of carboxylic acids such as Tolrestat (10—11 h), Zenar-
estat (8 h), and Ponalrestat (13 h), the plasma half-life
of Zopolrestat being the highest of this class of com-
pounds (27.5 h).3 A possible reason for this behavior in
vivo could be that Sorbinil has higher pK, values than
carboxylic acids, with resultant better pharmacokinetic
properties.12 On the other hand, Sorbinil causes some
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hypersensitivity reactions,?* and there is therefore a
need for new ARIs with pK, values higher than those
of carboxylic acids.?

Moreover, besides enhancing the flow rate of the
polyol pathway, hyperglycemia may induce pathological
long-term complications in different ways,® among
which oxidative stress may play a relevant role.® 4-Hy-
droxy-2,3-trans-nonenal (HNE), whose generation is
enhanced in hyperglycemic conditions,”2 is one of the
major toxic products of lipid peroxidation and exerts a
marked effect on normal cell functions.® HNE is reduced
by ALR2,1011 and inhibition of its metabolism by Sor-
binil, a molecule devoid of antioxidant activity,'? en-
hances its toxicity in vitro.'®4 Moreover, in lenses
cultured with HNE, the antioxidant Trolox prevents
HNE-induced cataract, whereas Sorbinil, which is quite
effective in preventing the development of hyperglyce-
mic cataract, accelerates the progression of HNE-
induced cataract.!® ARIs possessing antioxidant activity
would therefore seem to be desirable. On the other hand,
ALR? itself can be oxidatively modified to enzyme forms
that are less sensitive to several ARIs,6718 which may
affect their responsiveness to ARI therapy.

Naturally occurring flavonic compounds (2-phenyl-
4H-1-benzopyran-4-one derivatives) are substances en-
dowed with a large number of pharmacological activi-
ties. In particular, they are antioxidants and are able
to inhibit ALR2.%°

Many papers have appeared in the past reporting that
flavonoids (such as glycosyl derivatives or aglycons)
possess ALR2 inhibitory activity;2°~26 however, no de-
finitive structure—activity relationships have been es-
tablished, and the results indicating the importance of
substituents present on the flavone nucleus seem some-
what controversial. Moreover, since at the time these
studies were performed the crystal structure of ALR2
had not yet been solved, it was not clear how inhibitors
might bind to the enzyme, and a structure-based ap-
proach was not possible.
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Table 1. Inhibitory Activity toward ALR22

. o.__R2
R |
® 4 R3
(o]
Comp. R i3 R ALR, 1C50
OH
1 5,7-0H OH
OH 32.87 (38.62-27.98)
OH
2 5,7-OH ‘@*OH H 9.57(11.50-7.96)
OH
3 7-0H OOH H 6.52 (7.48-5.68)
4 7-OH —@—OH H 13.63 (16.58-11.21)
5 7-OH —@ H 14.65 (18.02-11.91)
6 5-OH —@ H 0% inh. at 39 M
7 —@ OH 0% inh. at 39 pM
8 7-OMe —@ H 32% inh. at 83 yM
9 7-0H H H 137 (157-119)
10 6,7-0H @ H 3.98 (4.63-3.42)
1 6-NO,, 7-OH @ H 3.87 (4.74-3.16)
126 7-OMe ""‘f‘@ Onle H 0% inh. at 69 M
121 7-OH o <:> oMe H 7.01 (8.58-5.63)
12m 7-OH ’°“'“© H 6.61 (7.64-5.72)
13a 6-OH —on—{ >‘°“ H 13.12 (16.25-10.59)
13b 6-OMe o <:>‘°” H 40% inh. at 72 uM
13¢ 7-OH “°“1‘< : }°” 2.50 (2.98-2.09)
13d 7-OMe ‘C*‘z—Q"” H 37% inh. at 68 uM
13e 7-0H -erar—{_H—on H 41.01 (46.65-36.05)
13t 7-OH - (cH; { >—0H H 2035 (35.20-24.47)
oH
13g 7-OH e *%}"” H 3,14 (3.86-2.55)
13h 7-OH H 10.89 (12.36-9.59)
~CH,
13i 7-OH H 22.27(27.59-17.98
131 7-OH ‘C”@“’” '°“@ 14.22 (15.96-12.5
13m 7-O0H ‘CH@—W '°“= 0% inb. at 14 uM
14 7-COOH —CHFQ—OH H 10.89 (12.50-9.48)
15 7-OH -CH; —CH; oH 85.69 (105.42-69.65)

16 7-CH,-COOH 1.30(1.50-1.12)

17 7-OH 60.49 (71.07-51.48)

18 7-OMe

|
Q
x
o
I

OH 18% inh, at 77 uM

a1Csp (95% CL) (M) or percent inhibition at a given concentra-
tion. Sorbinil: 1Csp 1.85 (2.14—1.60) uM.

In our study, the lead compound is the aglycone ARI
Quercetin (1) (Table 1). We started to simplify this
molecule (compounds 2—9, Table 1) in order to under-
stand which part of the compound is most important
for the inhibition of ALR2 and for selectivity. In fact,
Quercetin is able to inhibit many enzymes, including
aldehyde reductase (alcohol:NADP™ oxidoreductase,
E.C.1.1.1.2, ALR1), a member of the aldo-keto reductase
family sharing the highest homology in structure with
ALR2. Although the physiological function of ALRL1 is
not completely understood, inhibitors should neverthe-
less not bind to this enzyme, to avoid side effects.* Thus,
after having established the importance of the hydroxy
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group at position 7 of the benzopyrone nucleus, we
synthesized and tested derivatives substituted also at
position 2 and/or 3. The most interesting compounds
here synthesized were tested as ARIs, ALR1 inhibitors,
and antioxidants. On the basis of the results obtained,
we also synthesized carboxylic acid derivatives of 4H-
1-benzopyran-4-one, to compare their activity/selectivity
with the most active phenolic compounds obtained.
To date, crystal structure investigations of complexes
of ALR2 with carboxylic acid inhibitors such as Zopol-
restat?” and Tolrestat?® or spirohydantoins (Sorbinil)?®
as well as modeling studies?®3° have provided a descrip-
tion of the interactions of these compounds bound at
the active site of ALR2. It is now of interest to investi-
gate how our inhibitors, which are devoid of the car-
boxylic acid functional group, might interact with the
enzyme. Therefore, a representative set of compounds
was docked and energy-minimized in the ALR2 binding
site, and the resulting structures were used to rational-
ize the structural features most important for inhibition
and to provide a basis for discussion of structure—
activity relationships in this class of compounds.

Chemistry

7-Hydroxy-2-(4'-hydroxyphenyl)-4H-1-benzopyran-4-
one (4) and 7-hydroxy-6-nitro-2-phenyl-4H-1-benzopy-
ran-4-one (11) (Table 1) were prepared starting from the
reaction between the appropriate 2-hydroxyacetophe-
none and (substituted)benzoyl chloride in the presence
of 3 and 4 equiv of LIHMDS,3! respectively, followed by
acid cyclization (Scheme 1); 7-methoxy-2-(4'-methox-
yphenyl)-4H-1-benzpyran-4-one (4a) was then converted
to 4 by treatment with HBr (48%).

The substituted 2-benzyl-4H-1-benzopyran-4-one de-
rivatives 12a—o were synthesized starting from the
appropriate 2-hydroxyacetophenones 4b—d,g—i or 4-sub-
stituted-2'-hydroxy-4'-methoxydihydrochalchones 4e,f
by reaction with the appropriate ester in the presence
of NaH/pyridine (Scheme 1). The intermediate 1,3-
diketones were then cyclized to 12a—o with acetic acid/
sulfuric acid. The structures of 12b,l,m are shown in
Table 1. The intermediates 12n,0 are shown in Scheme
2; in the cases of 12a,c—i, only their chemical names
have been reported in the Experimental Section. Treat-
ment of 12a—i with BBr; afforded the phenolic com-
pounds 13a—m (Table 1). A short reaction time afforded
compounds still methoxylated at position 7 (13d) or 6
(13b) in the presence of the hydroxyl at position 4'. It
was possible to synthesize the compound with a hydroxy
group at position 7 together with a methoxy group at
position 4’ (121), starting from 2,4-dihydroxyacetophe-
none in which the 4-hydroxy group was protected as a
tetrahydropyranyl derivative; the tetrahydropyranyl
protecting group is easily removed during cyclization.
Compound 14 was prepared (Scheme 2) starting from
12n; treatment with CuCN followed by deprotection
with BBr3; and hydrolysis of the cyano group afforded
14.

Compound 15 was prepared as described in Scheme
3. The acetylation of the dihydrochalcone 15a afforded
15b which, after rearrangement in basic conditions and
subsequent cyclization in acidic medium, afforded 15c.
Deprotection with BBr3 afforded 15.

Compound 16 (Scheme 2) was prepared by treatment
of 120 with ethyl chloroformate to afford 16a, which was
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converted to 16b by treatment with KCN in DMSO.
Deptotection of the phenolic hydroxyl group with BBr3
and subsequent hydrolysis of the nitrile afforded 16.

3-Substituted-4H-1-benzopyran-4-ones 17 and 18
(Table 1) were obtained by treatment of 2,4,4'-trihy-
droxydihydrochalcone®2 with boron trifluoride—diethyl
etherate, followed by reaction with methanesulfonyl
chloride, as described in the general method.®2 17, thus
obtained, was converted into 18 by treatment with
diazomethane.

Results and Discussion

Biology. Starting from Quercetin (1), the minimum
requirement for inhibition of ALR2 (Table 1) was

established as being the presence of the 7-hydroxyl and
the phenyl at position 2 of the benzopyrone nucleus. The
importance of the hydroxy group in position 7 emerged
from the study of the activity of compounds 5—8. While
compound 5, which bears only the 7-hydroxyl, is still
active (I1Csp 14.65 uM), the corresponding methoxylated
compound 8 is considerably less active (32% inhibition
at 83 uM) (Table 1). Compounds 6 (with an OH at
position 5) and 7 (OH at position 3) are inactive at the
solubility limit in the assay mixture (39 uM). Given that
the pKj, value (7.30%4) of compound 5 approaches the pH
of the enzymatic assay, these compounds probably act
in their anionic forms, in line with the general view?4
regarding the importance of the presence of anionic
forms on the inhibition of ALR2. In support of this
hypothesis, the methoxylated compound 8, in which
proton dissociation is prevented, is found to be much
less active than 5. Moreover, the pKj, values of hydroxy
groups at positions 5 and 3 of the benzopyrone nucleus
are much higher, resulting in less acidic compounds (pKa
= 11.6%5 and 9.75,%6 respectively). The introduction of
an additional hydroxy group (compound 10) or a nitro
group (compound 11) at position 6 of compound 5 led to
more acidic compounds (Table 3), 3 times more active
than 5.

As regards the importance of the 2-phenyl moiety,
compound 9, in which the phenyl group was removed,
is 10 times less active than 5 (ICsp 137 uM vs 14.65 uM
for compounds 9 and 5, respectively). Therefore, an
aromatic substituent in this position is important for
activity. Thus, while maintaining the hydroxy group at
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Table 2. Inhibitory Activity toward ALR2 and ALR1?

1Cs0 ICso(ALRL)/
compd ALR2 ALRL ICs0o(ALR2)
1 32.87 (38.62—27.98) 10.34 (12.57—8.50) 03
5 14.65 (18.02-11.91) 45.21 (51.91—39.38) 31
9 137 (157-119) 114 (128—101) 1.0
11 3.87 (4.74-3.16) 27.5% inhib
at 91 uM
121 7.01 (8.58-5.63) 16.63 (19.86—13.93) 2.4
12m 6.61 (7.64—5.72) 39.17 (44.05—34.83) 5.9
13c 2,50 (2.98—2.09) 16.78 (18.40—15.30) 6.7
13g 3.14 (3.86—2.55) 13.23 (15.80—11.26) 42
16 1.30 (1.50-1.12) 128 (149—110) 98,5
Sorbinil  1.85 (2.14—1.60) 1.56 (1.91-1.27) 0.8

a1Cso (95% CL) («M) or percent inhibition at a given concen-
tation.

Table 3. pKj Values (25 °C) of Selected Compounds

compd pKa (£SD)
10 6.85 (0.09)
11 5.30 (0.12)
121 7.35 (0.07)
13a 8.89 (0.03)

position 7, we synthesized and tested derivatives sub-
stituted at position 2 and/or 3 (Table 1). Of the phenolic
compounds synthesized, the best compound is 13c, with
an ALR2 ICs value of the same order of magnitude as
that of Sorbinil, accompanied by a 10-fold increase in
selectivity with respect to ALR1 (Table 2). The methy-
lation of the 7-hydroxyl causes a drastic reduction in
activity (compound 13d), while that of the 4'-OH
(compound 121) causes only a 3-fold decrease in activity;
the same occurs if the 4'-hydroxybenzyl group is at
position 3 of the benzopyrone nucleus (compounds 17
and 18). The methylation of both hydroxyls of 13c
(compound 12b) leads to a completely inactive com-
pound.

To investigate the differences between phenolic and
carboxylic acid derivatives of the 4H-1-benzopyran-4-
one nucleus, we synthesized compounds carrying a
carboxy group at position 7. While the substitution of
the 7-hydroxyl in compound 13c with a carboxylic group
(compound 14) causes a reduction in activity, the higher
homologue (compound 16) is found to exert the same
activity as compound 13c, along with an increase in
selectivity: ALR2 is inhibited 2 orders of magnitude
more than ALR1.

Moving the hydroxy group from position 7 to 6
(compound 13a) causes a decrease in inhibitory activity;
this finding can be attributed to an increase in the pKj
value (pKj, of 13a is 8.89 vs pK, of 7.35 for 12I) (Table
3). The fact that the corresponding methoxy derivative
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13b is much less active suggests that compound 13a is
also likely to act in its anionic form.

The most interesting compounds, 13a,c,g, which are
more selective than Sorbinil and are only partially
ionized at the pH of the enzymatic assay (pH 6.80), also
possess antioxidant activity in AAPH-induced peroxi-
dation of liposomes (Table 4), even if less potently than
BHT. 13c,g were also evaluated as antioxidants in a
VLDL + LDL lipoprotein oxidation model, which simu-
lates the oxidation mechanism of atherogenesis.3” While
13c has an 1Csg value of 1.59 uM, 13g is more active
(ICs0 0.10 uM); in the same assay, BHT and Quercetin
display ICso values of 0.27 and 0.22 uM, respectively.

Molecular Modeling. Three compounds were se-
lected for computational analysis, namely, 13c, 4, and
16 (Table 1). They are among the most active ARIs
developed in this study and were chosen to represent
the most active members of the 7-hydroxy-4H-1-ben-
zopyran-4-one derivatives with a 2-benzyl substituent
(inhibitor 13c), a 2-phenyl substituent (inhibitor 4), and
a carboxylic derivative (16).

It is known from the crystal structures of complexes
of ALR2 with carboxylic acid inhibitors?’:28 and from
molecular modeling studies?°3%:38 that carboxylic acid
derivatives bind ALR2 with the carboxylate function
interacting with Tyr48, His110, and Trp111, which are
three key residues in binding and catalysis.3%4% Accord-
ingly, inhibitor 16 is expected to bind ALR2 with its
carboxylate in a similar position. As for inhibitors 13c
and 4, the acidic nature of the hydroxyl at position 7
(pKa 7.30%%) is fundamental to the inhibition of ALR2.
Indeed, methylation of the 7-hydroxyl, which prevents
dissociation, leads to completely inactive compounds.
This finding gives a clear indication that 7-hydroxy
flavones exert their inhibitory activity toward ALR2 in
their anionic, dissociated form and that the anionic form
produced by dissociation of this hydroxyl could resemble
the carboxylate function of inhibitor 16. For this reason,
inhibitors 13c and 4 are considered as dissociated
(anionic) in the docking and molecular mechanics
calculations presented below.

Two different structures of ALR2 have been consid-
ered for the modeling of the structures of the ALR2—
inhibitor complexes. In fact, it is known from previous
crystallographic?’-28 and modeling?°:30-38 studies that the
binding of inhibitors to ALR2 induces significant con-
formational changes in the enzyme. In particular,
conformational changes of a loop (residues 121—135)
and a short segment (residues 298—303) of the enzyme
have been linked to the opening of an additional

Table 4. Antioxidant Action of ARIs Tested in AAPH-Induced Peroxidation of Liposomes

nmol of MDA/mL + SE (no. of experiments)

5 min 15 min 30 min 40 min 60 min

control 1.422 4+ 0.252 2.250 £ 0.120 2.704 £ 0.165 2.922 +0.203 4.079 £ 0.437
(5) (5) (5) (4) (5)

13a 1.188 4+ 0.072 1.543 +0.332 1.460 + 0.2242 1.292 4+ 0.2222 1.269 + 0.154°
(4) 4) 4) (4) (6)

13c 2.020 + 0.205 1.950 + 0.102 1.895 + 0.3382 2.097 + 0.2472 1.811 + 0.258P
(3 (3) 4) (3 4)

13g 0.935 + 0.325 1.180 + 0.093P 1.067 + 0.128° 0.852 + 0.299b 1.528 + 0.399°
(4) 4) 4) (4) 4)

BHT 1.625 4+ 0.435 1.328 + 0.267° 1.326 + 0.096P° 1.227 + 0.0197b 0.937 4+ 0.243b
(3) (3) (3) (3) (3)

ap < 0.05 with respect to control. P p < 0.01 with respect to control.
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Eint= —44.5 kcal/mol

Eint = —39.0 kcal/mol

Eint = —41.1 kcal/mol

Eint= —44.0 kcal/mol

R

Eint = —54.4 kcal/mol

Figure 1. Orientations of inhibitor 13c with respect to selected amino acid residues composing the active site of ALR2 and

interaction energies (kcal/mol) of the inhibitor with the protein.

hydrophobic pocket, which is completely closed in the
structure of the apoenzyme and which binds hydropho-
bic aromatic substituents of inhibitors such as ben-
zothiazoles. The binding of inhibitors inside this pocket
provides very active and selective inhibitors with respect
to ALRL1. Since, in addition to the ionizable 7-acetic acid
or 7-hydroxyl functions attached to the benzopyrone
nucleus, our inhibitors possess a hydrophobic aromatic
substituent at position 2, we wished to determine
whether this substituent binds inside or outside this
pocket. Accordingly, two structures of ALR2 were
used: the crystal structure of the apoenzyme*! (closed
hydrophobic pocket) and the structure of ALR2 obtained
after docking and energy minimization of a bulky
inhibitor specifically designed to fit into the hydrophobic
pocket with a benzothiazole substituent®® (open hydro-
phobic pocket). The latter structure is very similar to
the crystal structure of ALR2 complexed with the potent
inhibitor Zopolrestat,?” whose coordinates are still not
available.

A novel strategy was devised for the modeling of the
complexes. First, initial orientations of the inhibitor in
the ALR2 binding site were assessed using DOCK 3.5.
DOCK retrieves families of orientations of inhibitors in
the binding cleft and scores them on the basis of the
interaction energy with the protein (sum of electrostatic
and van der Waals interactions). Generally, these
orientations cluster into families. However, since DOCK
does not allow conformational changes of ligands and
enzyme upon formation of the complex, i.e., it is rigid,
energy-minimization of the complexes with molecular
mechanics was performed to allow conformational
changes. In this study, all orientations within a 10 kcal/
mol energy interval from the most attractive orientation
found by DOCK were saved, and each significantly
different orientation was then optimized using AMBER
4.1.

Energy minimization of the complexes, in which both
the inhibitor and a significantly large portion of ALR2
were allowed to move, is particularly important in the
most conformationally flexible regions of the active site,
like those of the open hydrophobic pocket. In fact, the
starting structure we used for modeling was obtained
after docking and energy minimization of an inhibitor
that fits the hydrophobic pocket with a benzothiazole
substituent, while the inhibitors here reported possess
a phenyl substituent. Therefore, energy minimization
was necessary to allow conformational changes and to
correctly account for differences in binding benzothiazole
and phenyl substituents in this important region of the
active site. Finally, molecular modeling simulations of
the structure of the complex of ALR2 and Tolrestat?®
(which has a hydrophobic substituent different from
both benzothiazole and phenyl and were found to bind
in a rather different orientation and with different
conformational changes of the hydrophobic pocket) were
found to reproduce closely the crystal structure of the
complex solved later.

To estimate and compare the strength of the interac-
tions and to select the most favorable orientations in
the binding cleft, the interaction energies of the inhibi-
tors with the enzyme in each case were calculated. In
addition, for the more conformationally flexible inhibi-
tors, 13c and 16, the two conformations in which the
2-benzyl is perpendicular to the benzopyrone ring (owing
to the presence of the methylene spacer) but pointing
in opposite directions were both considered for docking.
These two conformations are almost energetically equiva-
lent in vacuo but lead to significantly different orienta-
tions inside aldose reductase.

Figure 1 reports the energy-minimized structures of
the complexes of inhibitor 13c with aldose reductase for
each orientation retrieved by DOCK, together with the
interaction energies of the inhibitor with the protein
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Eint = -36.9 kcal/mol

Eint = -37.9 kcal/mol
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Eint = —49.4 kcal/mol

Figure 2. Orientations of inhibitor 4 with respect to selected amino acid residues composing the active site of ALR2 and interaction

energies (kcal/mol) of the inhibitor with the protein.

calculated using the AMBER force field. In all orienta-
tions, the dissociated hydroxyl at position 7 of inhibitor
13c interacts with Tyr48, His110, Trplll, and the
positively charged nicotinamide ring of NADP™. This
result is of particular importance because it rationalizes
the need for a dissociated free hydroxyl at position 7
revealed by structure—activity relationships: intrigu-
ingly, this dissociated hydroxyl interacts with the most
important residues of the active site and replaces the
carbonyl oxygen of the aldehyde substrates,*? being
hydrogen bonded to the same residues and within 3.1
A from the reactive C4 of the nicotinamide ring of the
cofactor. Furthermore, the dissociated hydroxyl at posi-
tion 7 effectively resembles the carboxylate functional
group of several carboxylic acid inhibitors of ALR2 that
have been reported to date, on account of its ability to
bind Tyr48 and His110. In orientations 1 and 2, the O7
of the inhibitor hydrogen bonds to Tyr48 and His110
and the 2-benzyl substituent points in opposite direc-
tions, owing to the two different allowed conformations
of the inhibitor. In orientations 3 and 4, O7 hydrogen
bonds to His110 and Trplll and again the 2-benzyl
substituent points in opposite directions. Compared with
orientations 1 and 2, orientations 3 and 4 differ on
account of an almost 180° rotation of the benzopyrone
ring. Orientation 5 was found for the open form of the
additional hydrophobic pocket mentioned above. In this
orientation, O7 still interacts with Tyr48 and His110,
but the 2-benzyl substituent fits into the open hydro-
phobic pocket. This orientation is largely favored over
orientations 1—4, the interaction energy being about 10
kcal/mol more attractive in this case. Therefore, inhibi-
tor 13c probably binds aldose reductase by adopting
orientation 5, which combines strong interactions of the
dissociated hydroxyl at position 7 with the two hydrogen
bond donors Tyr48 and His110 with strong interactions
of the 2-benzyl substituent with the additional hydro-
phobic pocket. Worthy of note is that only one orienta-
tion (5) was found to fit into the open form of the
enzyme, at variance with the closed form of the enzyme,
where four different, less stable and probably less
specific, orientations were found.

The finding that inhibitor 13c fits into the additional
hydrophobic pocket lined by Trpl11ll and Leu300 has
important consequences for the selectivity of the inhibi-
tor for ALR2 with respect to ALR1. In fact, these two
enzymes differ mainly for the residues composing the
hydrophobic pocket, the rest of the enzyme being highly
conserved.?843 |nhibitors able to bind in this pocket have

been reported to be selective for ALR2.28 The finding
that inhibitor 13c binds in the hydrophobic pocket
accounts for the selectivity observed for this inhibitor.
Intriguingly, 7-hydroxybenzopyrone itself (compound 9),
which lacks the 2-benzyl substituent, is not at all
selective for ALR2, evidently because it lacks the
aromatic substituent that fits into the specificity pocket.
Besides specificity, the finding that this inhibitor is
considerably less active than 13c for the inhibition of
ALR2 demonstrates that the interactions between the
2-benzyl substituent and the hydrophobic pocket are
important for the affinity of inhibitors.

Figure 2 reports the optimized structures found for
inhibitor 4. As in the case of inhibitor 13c, the dissoci-
ated hydroxyl at position 7 interacts with Tyr48, His110,
and Trplll in all orientations, thus providing further
evidence of the importance of this functional group for
inhibitor binding to ALR2. In orientation 1, the O7
hydrogen bonds to Tyr48 and His110, while in orienta-
tion 2, the O7 hydrogen bonds to His110 and Trplll.
These two orientations differ mainly by virtue of a 180°
rotation of the benzopyrone ring. Orientation 3 was
obtained from the open structure of the hydrophobic
pocket. Remarkably, this orientation exhibits an 11 kcal/
mol more favorable interaction energy with the enzyme
than orientation 2 and is therefore largely preferred.
In orientation 3, O7 hydrogen bonds to Tyr48 and
His110, and the 2-phenyl ring fits into the open hydro-
phobic pocket. Therefore, despite the lack of the meth-
ylene spacer at position 2, one can still predict that
inhibitor 4 will fit into the hydrophobic pocket.

The last inhibitor considered was 16, the derivative
of inhibitor 13c, in which the 7-hydroxyl was replaced
by an acetic acid chain. The orientations found for this
inhibitor are reported in Figure 3. All orientations show
the carboxylate function close to Tyr48, His110, and
Trplll, in agreement with crystal structures of other
carboxylic acid inhibitors and previous molecular mod-
eling calculations. Orientations 1 and 2, in which one
oxygen of the carboxylate hydrogen bonds to Tyr48 and
His110, differ in the rotation of the 2-benzyl substituent.
In orientation 3, one oxygen of the carboxylate hydrogen
bonds to His110 and Trplll, while the rest of the
inhibitor points in the opposite direction from orienta-
tions 1 and 2. The latter orientation shows the carboxy-
late hydrogen bonded to Tyr48, His110, and Trpll11 and
the 2-benzyl substituent inserted in the open hydropho-
bic pocket (orientation 4). Again, this orientation is
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Figure 3. Orientations of inhibitor 16 with respect to selected amino acid residues composing the active site of ALR2 and

interaction energies (kcal/mol) of the inhibitor with the protein.

Figure 4. Superposition of the structures of inhibitors 13c (yellow), 4 (cyan), and 16 (green) bound at the active site of ALR2
(stereoview). The most favorable orientations for each inhibitor have been superimposed.

strongly preferred over the others, being about 9 kcal/
mol more attractive than orientation 1.

In summary, the modeling of ALR2—inhibitor com-
plexes predicts that the dissociated hydroxyl at position
7 of inhibitors 13c and 4 effectively binds the Tyr48/
His110 catalytic residues, thus providing a good struc-
tural replacement for the carboxylate functional group
of inhibitor 16 and of a huge series of carboxylic acid

inhibitors of ALR2 developed to date. In Figure 4 we
present the superimposition of the final structures of
the complexes of inhibitors 13c, 4, and 16 with ALR2
in their most favored orientations. As inferred from the
superimposition, all inhibitors nicely complement the
active site architecture. In addition to the interactions
established with Tyr48 and His110, all inhibitors bind
the 2-phenyl substituent in the hyrophobic pocket, thus
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enhancing inhibitory activity for ALR2 and selectivity
with respect to ALR1. Structures can also easily explain
why, starting from Quercetin which is highly hydroxy-
lated, removal of the hydroxyls at positions 3, 5, and 3'
leads to progressive enhancement of inhibitory activity.
In fact, apart from Tyr48 and His110, which interact
with O7, the other residues directly in contact with
inhibitors 13c, 4, and 16 are predominantly hydrophobic
in nature (Figure 4) and are not apt to give hydrogen
bonds with these hydroxyls. From structure—activity
analysis of the data in Table 1, the only hydroxyl that
leads to an increase in inhibitory activity is that in
position 4', which is coherently found to hydrogen bond
to Thr113 (Figure 4).

Experimental Section

Chemistry. UV—vis spectra were obtained by means of a
Perkin-Elmer spectrophotometer mod 4 16 equipped with a
thermostated cuvette holder. Melting points were determined
on a Buchi 510 melting point apparatus and are uncorrected.
1H NMR spectra were recorded on a Bruker AC200 spectrom-
eter (Centro Interdipartimentale Grandi Strumenti, Modena
University). Unless otherwise stated, spectra were recorded
in DMSO-ds. Chemical shifts are reported in ppm from
tetramethylsilane as internal standard. J values are given in
Hz. Microanalyses were carried out in the microanalysis
Laboratory of the Dipartimento di Scienze Farmaceutiche,
Modena University. Analyses indicated by the symbols of the
elements were within +0.4% of the theoretical values. TLC
was performed on precoated silica gel F254 plates (Merck).
Silica gel (Merck, 70—230 mesh) was used for column chro-
matography. The methyl esters were obtained from the cor-
responding acids by reaction with diazomethane in methanolic
solution. Petroleum ether (bp 60—80 °C) was used. Quercetin
(1) was purchased from Fluka, 5,7,3',4'-tetrahydroxyflavone
(2), 7,3 ,4'-trihydroxyflavone (3), and 6,7-dihydroxyflavone (10)
were from Extrasynthese; 7-hydroxyflavone (5), 5-hydroxyfla-
vone (6), and 3-hydroxyflavone (7) were from Roth. 7-Hydroxy-
4H-1-benzopyran-4-one (9) was prepared following the proce-
dure reported in ref 44. 7-Methoxyflavone (8) was prepared
from 7-hydroxyflavone by reaction with diazomethane in
acetone solution (mp 110—2, 111.5—2.5 °C*).

7,4'-Dimethoxy-2-phenyl-4H-1-benzopyran-4-one (4a).
A solution of lithium bis(trimethyl)silylamide (LIHMDS) in
THF (1 M, 18.0 mL, 18.0 mmol) was slowly added (15 min) to
a well-stirred solution of 2-hydroxy-4-methoxyacetophenone
(4b) (1.00 g, 6.0 mmol) in THF (50 mL) under a nitrogen
atmosphere at —78 °C. The reaction mixture was further
stirred at —78 °C for 1 h and then at 0 °C for 2 h. It was then
cooled again to —78 °C, and a solution of 4-methoxybenzoyl
chloride (1.00 g, 6.0 mmol) in THF (20 mL) was added. Stirring
was continued for 30 min at —78 °C and then at room
temperature for 4 h. The reaction mixture was poured into
water and ice (250 mL) and HCI (10 mL). It was extracted
with CHCI; (3 x 25 mL), and the combined extracts were dried
(NazS0O,). The solvent was evaporated and the residue mixed
with acetic acid (50 mL) and sulfuric acid (0.25 mL) and heated
at 100 °C for 1 h. After cooling the reaction mixture, water
(50 mL) was added, and the resulting precipitate was collected
and washed with water: yield 1.40 g (82%); mp 138—40 °C
(lit. mp 144—6 °C*); 'H NMR 8.20 (2H, m), 7.90 (1H, d, J =
8.78), 7.32 (1H, d, J = 2.30), 7.14 (2H, m), 7.07 (1H, dd, J =
8.78, J = 2.30), 6.86 (1H, s), 3.94 (3H, s), 3.88 (3H, s).

7,4'-Dihydroxy-2-phenyl-4H-1-benzopyran-4-one (4). A
suspension of 4a (0.30 g, 1.06 mmol) in HBr 48% (12 mL) was
heated at reflux for 15 h; the resulting reaction mixture was
cooled and the precipitate collected and washed with water.
Crystallization from methanol/acetone afforded 4: yield 0.13
g (48%); mp 308—10 °C (lit. mp 310—1 °C*’); *H NMR 10.70
(1H, s), 10.20 (1H, s), 7.89 (3H, m), 6.99 (4H, m), 6.71 (1H, s).
C15H1004: C, H.
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7-Hydroxy-6-nitro-2-phenyl-4H-1-benzopyran-4-one (11).
A solution of LIHMDS in THF (1 M, 24.0 mL, 24.0 mmol) was
added to a solution of 2,4-dihydroxy-5-nitroacetophenone (4c)*®
(1.20 g, 6.1 mmol). The procedure was then the same as for
4a, using benzoyl chloride (0.71 mL, 6.1 mmol): yield 0.72 g
(42%); mp 220—2 °C (acetone); 'H NMR 12.24 (1H, s), 8.48
(1H, s), 8.10 (2H, m), 7.60 (3H, m), 7.32 (1H, s), 7.02 (1H, s).
C15H9N05: C, H, N.

General Procedure for the Synthesis of Compounds
12a—n. A solution of the appropriate 2-hydroxyacetophenone
(4.0 mmol) and the appropriate methyl ester (4.4 mmol) in
anhydrous pyridine (8 mL) was added dropwise to a well-
stirred suspension of NaH (60% dispersion in mineral oil) (12
mmol) in anhydrous pyridine (8 mL). When the reaction
subsided, the mixture was heated at 90 °C for 15 min. After
cooling, the mixture was decomposed in 2 N HCI and extracted
with methylene chloride (3 x 25 mL). The combined organic
layers were washed with 1 N HCI (2 x 30 mL) and water (30
mL) and dried (NazSO,), and the solvent was removed under
reduced pressure. The residue was then dissolved in acetic acid
(20 mL) and concentrated sulfuric acid (0.1 mL). In the case
of 2-hydroxy-4-(2-tetrahydropyranyloxy)acetophenone starting
material (for 121, m), a solution of acetic acid (20 mL) and
concentrated HCI (1.5 mL) was used. The resulting solution
was then heated at 100 °C for 30 min. After cooling, the
solution was concentrated under reduced pressure; then water
was added (50 mL). The mixture was then extracted with ethyl
acetate (3 x 25 mL), the organic layer was dried (Na,SO.),
and the solvent was removed under reduced pressure. The
residue was then purified by means of column chromatography
(cyclohexane:EtOAc, 75:25) and crystallized from acetone/
petroleum ether.

6-Methoxy-2-(4'-methoxybenzyl)-4H-1-benzopyran-4-
one (12a) was synthesized by reaction between 2-hydroxy-5-
methoxyacetophenone (4d) and methyl 4-methoxyphenylace-
tate: yield 57%; mp 71—-2 °C; *H NMR (CDCl3) 7.56 (1H, d, J
= 2.93), 7.36 (1H, d, J = 8.96), 7.25 (3H, m), 6.95 (2H, m),
6.13 (1H, s), 3.90 (3H, s), 3.88 (2H, s), 3.83 (3H, s).

7-Methoxy-2-(4'-methoxybenzyl)-4H-1-benzopyran-4-
one (12b) was synthesized by reaction between 2-hydroxy-4-
methoxyacetophenone (4b) and methyl 4-methoxyphenylace-
tate: yield 56%; mp 172—5 °C; *H NMR 7.90 (1H, d, J = 8.56),
7.31 (2H, m), 6.99 (4H, m), 6.12 (1H, s), 3.93 (2H, s), 3.89 (3H,
S), 3.76 (3H, S). C13H1504: C, H.
7-Methoxy-2-[(4'-methoxyphenyl)ethyl]-4H-1-benzopy-
ran-4-one (12c) was synthesized by reaction between 2-hy-
droxy-4-methoxyacetophenone (4b) and methyl 4-methoxyphe-
nylpropionate: yield 94%; mp 78—80 °C; 'H NMR (CDCls) 8.10
(1H, d, 3 = 8.60), 7.15 (2H, m), 6.99 (1H, dd, J = 8.60, J =
2.30), 6.85 (3H, m), 6.10 (1H, s), 3.93 (3H, s), 3.81 (3H, s), 3.00
(2H, m), 2.90 (2H, m).
7-Methoxy-2-[(4'-methoxyphenyl)propyl]-4H-1-benzopy-
ran-4-one (12d) was synthesized by reaction between 2-hy-
droxy-4-methoxyacetophenone 4b and methyl 4-methoxyphe-
nylbutanoate: yield 78%; mp 63—5 °C; *H NMR 7.90 (1H, d,
J =28.80), 7.15 (2H, m), 7.10 (1H, d, 3 = 2.42), 7.02 (1H, dd, J
=8.80, J = 2.42), 6.91 (2H, m), 6.15 (1H, s), 3.89 (3H, s), 3.72
(3H, s), 2.58 (4H, m), 1.99 (2H, m).
7-Methoxy-2-(3',4'-dimethoxybenzyl)-4H-1-benzopyran-
4-one (12e) was synthesized by reaction between 2-hydroxy-
4-methoxyacetophenone (4b) and methyl 3,4-dimethoxyphe-
nylacetate: yield 66%; mp 176—8 °C; *H NMR 7.90 (1H, d, J
= 8.57), 6.98 (5H, m), 6.13 (1H, s), 3.93 (2H, s), 3.89 (3H, s),
3.77 (3H, s), 3.76 (3H, s).
7-Methoxy-2-(diphenylmethyl)-4H-1-benzopyran-4-
one (12f) was synthesized by reaction between 2-hydroxy-4-
methoxyacetophenone (4b) and methyl diphenylacetate: yield
59%; mp 146—8 °C; 'H NMR 7.93 (1H, m), 7.34 (11H, m), 7.05
(2H, m), 5.97 (1H, s), 3.87 (3H, s).
7-Methoxy-2-[(2-naphthyl)methyl]-4H-1-benzopyran-4-
one (12g) was synthesized by reaction between 2-hydroxy-4-
methoxyacetophenone (4b) and methyl 2-naphthylacetate:
yield 54%; mp 182—4 °C; *H NMR (CDCl;) 8.12 (1H, d, J =



1-Benzopyran-4-ones as Aldose Reductase Inhibitors

8.50), 7.90 (4H, m), 7.50 (3H, m), 6.98 (1H, dd, J = 8.50, J =
2.40), 6.82 (1H, d, J = 2.40), 6.18 (1H, s), 4.10 (2H, s), 3.88
(3H, s).
7-Methoxy-2-(4'-methoxybenzyl)-3-benzyl-4H-1-ben-
zopyran-4-one (12h) was synthesized by reaction between
2'-hydroxy-4'-methoxydihydrochalcone (4e)3? and methyl 4-meth-
oxyphenylacetate: yield 25%; mp 108—10 °C; *H NMR (CDCls)
8.17 (1H, d, J = 8.77), 7.40 (5H, m), 7.15 (2H, m), 6.95 (1H,
dd, J = 8.77, J = 2.25), 6.86 (2H, m), 6.80 (1H, d, J = 2.25),
4.09 (2H, s), 4.02 (2H, s), 3.91 (3H, s), 3.80 (3H, s).
7-Methoxy-2-(4'-methoxybenzyl)-3-[(1,1'-biphenyl-4-yl)-
methyl]-4H-1-benzopyran-4-one (12i) was synthesized by
reaction between 2'-hydroxy-4'-methoxy-4-phenyldihydroch-
alcone (4f) (prepared starting from biphenylcarboxaldehyde
and 2-hydroxy-4-methoxyacetophenone following the general
procedure described®?) and methyl 4-methoxyphenylacetate:
yield 7%; mp 101—2 °C; *H NMR (CDCls) 8.16 (1H, d, J = 8.89),
7.10 (15H, m), 4.07 (2H, s), 3.98 (2H, s), 3.89 (3H, s), 3.81 (3H,
S).
7-Hydroxy-2-(4'-methoxybenzyl)-4H-1-benzopyran-4-
one (12l) was synthesized by reaction between 2-hydroxy-4-
(2-tetrahydropyranyloxy)acetophenone (4g)*® and methyl
4-methoxyphenylacetate: yield 32%; mp 171—4 °C; 'H NMR
10.69 (1H, s), 7.83 (1H d, J = 8.72), 7.31 (2H, m), 6.90 (3H,
m), 6.78 (1H, d, J = 2.20), 6.03 (1H, s), 3.90 (2H, s), 3.76 (3H,
S). C]_7H1404: C, H.
7-Hydroxy-2-benzyl-4H-1-benzopyran-4-one (12m) was
synthesized by reaction between 2-hydroxy-4-(2-tetrahydro-
pyranyloxy)acetophenone (4g)*° and methyl phenylacetate:
yield 40%; mp 167—-9 °C; *H NMR (CDCl3) 10.69 (1H, s), 7.84
(1H, d, 8.71), 7.32 (5H, m), 6.89 (1H, dd, J = 8.70, J = 2.25),
6.77 (1H, d, J = 2.18), 6.07 (1H, s), 3.98 (2H, s). C16H1203: C,
H.
7-Bromo-2-(4'-methoxybenzyl)-4H-1-benzopyran-4-
one (12n) was synthesized by reaction between 4-bromo-2-
hydroxyacetophenone (4h)* and methyl 4-methoxyphenylac-
etate: yield 56%; mp 93—5 °C; 'H NMR 7.92 (2H, m), 7.65
(1H, dd, J = 1.80, J = 8.49), 7.30 (2H, m), 6.92 (2H, m), 6.22
(1H, s), 3.96 (2H, s), 3.75 (3H, s).
7-[(Dimethylamino)methyl]-2-(4'-methoxybenzyl)-4H-
1-benzopyran-4-one (120). A solution of 1-(4-[(dimethylami-
no)methyl]-2-hydroxyphenyl)ethanone (4i)>* (2.80 g, 14.5 mmol)
and 4-methoxyphenylacetic acid methyl ester (2.88 g, 16.0
mmol) in anhydrous pyridine (8 mL) was added under stirring
to a suspension of NaH (60% dispersion in mineral oil (2.08 g,
52.0 mmol) in anhydrous pyridine (5 mL). The reaction
mixture was warmed to 100 °C for 20 min and then cooled,
and anhydrous ether was added; the yellow precipitate was
then collected and washed with diethyl ether. The solid was
dissolved in acetic acid (30 mL), and concentrated HCI was
added (1.5 mL). The resulting mixture was heated to 100 °C
for 1 h; after cooling, the solvent was removed under reduced
pressure and the resulting mixture was brought to pH 10.0
with NaOH, 5 N; the mixture was extracted with ethyl acetate
(3 x 30 mL); the organic layers were dried (Na,SO.), and the
solvent was removed under reduced pressure to afford an oil:
yield 1.85 g (39.5%); *H NMR (CDCls) 8.12 (1H, d, J = 8.05),
7.42 (1H, d, 3 = 1.0), 7.35 (1H, dd, J = 8.05, J = 1.0), 7.40
(2H, m), 6.90 (2H, m), 6.13 (1H, s), 3.87 (2H, s), 3.83 (3H, s),
3.54 (2H, s), 2.29 (6H, s).

General Procedure for the Synthesis of Compounds
13a—m. To a stirred solution of 12a—i (1.35 mmol) in
anhydrous methylene chloride (30 mL) at 0 °C under N
atmosphere was added a BBr3 solution in methylene chloride
(4 equiv for 12f,g, 5 equiv for 12a—d,h,i, 6 equiv for 12e); the
solution was left to stand at room temperature for 24h, then
it was cooled again to 0 °C, and water and ice were added.
The resulting precipitate was collected and washed with water,
then purified by column chromatography (methylene chloride:
methanol, 96:4), and crystallized as described. Shortening the
reaction time (3 h instead of 24 h) afforded compounds 13b,d
from 12a,b, respectively.

6-Hydroxy-2-(4'-hydroxybenzyl)-4H-1-benzopyran-4-
one (13a): from 12a; yield 83%; mp 218—20 °C (acetone); *H
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NMR 9.91 (1H, s), 9.34 (1H, s), 7.45 (1H, d, J = 8.94), 7.28
(1H, d, 3 = 2.94), 7.16 (3H, m), 6.76 (2H, m), 6.08 (1H, s), 3.87
(2H, S). C15H1204: C, H.
6-Methoxy-2-(4'-hydroxybenzyl)-4H-1-benzopyran-4-
one (13b): from 12a; yield 61%; mp 148—50 °C (acetone); *H
NMR 9.39 (1H, s), 7.54 (1H, m), 7.37 (2H, m), 7.18 (2H, m),
6.76 (2H, m), 6.15 (1H, s), 3.89 (2H, s), 3.84 (3H, S). C17H1404:
, H.
7-Hydroxy-2-(4'-hydroxybenzyl)-4H-1-benzopyran-4-
one (13c): from 12b; yield 83%; mp 258—60 °C (acetone/
petroleum ether); *H NMR 10.70 (1H, s), 9.34 (1H, s), 7.84 (1H,
d, J =8.71), 7.16 (2H, m), 6.88 (1H, dd, J = 8.71, J = 2.30),
6.76 (3H, m), 6.00 (1H, s), 3.84 (2H, s). C16H1204: C, H.
7-Methoxy-2-(4'-hydroxybenzyl)-4H-1-benzopyran-4-
one (13d): from 12b; yield 14%; mp 188—90 °C (acetone); *H
NMR 9.34 (1H, s), 7.88 (1H, d, J = 8.60), 7.17 (2H, m), 7.05
(2H, m), 6.78 (2H, m), 6.09 (1H, s), 3.90 (3H, s), 3.87 (2H, s).
C17H14O4: C, H.
7-Hydroxy-2-[(4'-hydroxyphenyl)ethyl]-4H-1-benzopy-
ran-4-one (13e): from 12c; yield 61%; mp 200—3 °C (acetone/
petroleum ether); *H NMR 10.69 (1H, s), 9.15 (1H, s), 7.83 (1H,
d, J = 8.65), 7.05 (2H, m), 6.89 (1H, dd, J = 8.65, J = 2.24),
6.82 (1H, d, J = 2.24), 6.68 (2H, m), 6.04 (1H, s), 2.88 (4H, s).
C17H14O4: C, H.
7-Hydroxy-2-[(4'-hydroxyphenyl)propyl]-4H-1-benzopy-
ran-4-one (13f): from 12d; yield 61%; mp 210—12 °C (acetone/
petroleum ether); *H NMR 10.67 (1H, s), 9.11 (1H, s), 7.85 (1H,
d, J = 8.67), 7.03 (2H, m), 6.89 (1H, dd, J = 8.66, J = 2.22),
6.83 (1H, d, 3 = 2.09), 6.82 (2H, m), 6.08 (1H, s), 2.57 (4H, m),
1.94 (2H, m) C1gH1604: C, H.
7-Hydroxy-2-(3',4'-dihydroxybenzyl)-4H-1-benzopyran-
4-one (13g): from 12e; yield 55%; mp 235—7 °C (acetone/
petroleum ether); *H NMR 10.65 (1H, s), 8.80 (1H, s), 7.84 (1H,
d, J =8.70), 6.89 (1H, dd, 3 = 8.71, J = 2.25), 6.78 (1H, d, J
= 2.22), 6.72 (2H, m), 6.60 (1H, m), 6.03 (1H, s), 3.78 (2H, s).
C16H1205: C, H.
7-Hydroxy-2-(diphenylmethyl)-4H-1-benzopyran-4-
one (13h): from 12f; yield 53%; mp 255—8 °C (acetone); *H
NMR 10.70 (1H, s), 7.87 (1H, d, J = 8.71), 7.36 (10H, m), 6.91
(1H, dd, 3 =8.79, 3 = 2.18), 6.73 (1H, d, J = 2.25), 5.61 (1H,
S). C22H1603: C, H.
7-Hydroxy-2-[(2-naphthyl)methyl]-4H-1-benzopyran-4-
one (13i): from 12g; yield 26%; mp 225—8 °C (acetone); ‘H
NMR 10.67 (1H, s), 7.89 (5H, m), 7.53 (3H, m), 6.90 (1H, dd,
J=8.71,J = 2.25), 6.78 (1H, d, J = 2.16), 6.15 (1H, s), 3.29
(2H, S). C20H1403: C, H.
7-Hydroxy-2-(4'-hydroxybenzyl)-3-benzyl-4H-1-benzopy-
ran-4-one (13I): from 12h; yield 11%; mp 178—80 °C (acetone/
petroleum ether); *H NMR 10.62 (1H, s), 9.26 (1H, s), 7.88 (1H,
d, J =8.78), 7.25 (5H, m), 7.01 (2H, m), 6.97 (1H, dd, J =
8.78, J = 2.20), 6.74 (1H, d, J = 2.20) 6.69 (2H, m), 3.94 (2H,
S), 3.93 (ZH, S). C23H1304: C, H.
7-Hydroxy-2-(4'-hydroxybenzyl)-3-[(1,1'-biphenyl-4-yl)-
methyl]-4H-1-benzopyran-4-one (13m): from 12i; yield
31%; mp 210—3 °C (acetone/petroleum ether); *H NMR 10.70
(1H, s), 9.25 (1H, s), 7.90 (1H, d, J = 8.75), 7.50 (9H, m), 7.00
(2H, m), 6.88 (1H, dd, J = 8.75), 6.75 (1H, d, J = 2.24), 6.66
(2H, m), 3.98 (4H, S). C29H2204: C, H.
7-Cyano-2-(4'-methoxybenzyl)-4H-1-benzopyran-4-
one (14a). To a solution of 12n (1.60 g, 4.64 mmol) in
anhydrous DMF (10 mL) was added CuCN (0.45 g, 5.10 mmol).
The reaction mixture was then heated at 150 °C for 3 h. After
cooling, the reaction mixture was added to a solution of FeCls
(2.0 g) in water (40 mL) and the resulting mixture extracted
with CHCI3. Column chromatography (cyclohexane:AcOEt, 70:
30) afforded 0.72 g (53%) of 14a: mp 98 °C; *H NMR 8.30 (1H,
d,J=150),8.11 (1H, d, J = 8.14), 7.85 (1H, dd, I = J = 1.50.
J = 8.14), 7.35 (2H, m), 6.95 (2H, m), 6.30 (1H, s), 4.00 (2H,
s), 3.76 (3H, s).
7-Cyano-2-(4'-hydroxybenzyl)-4H-1-benzopyran-4-
one (14b). A solution of 14a (0.66 g, 2.24 mmol) in methylene
chloride (40 mL) at 0 °C was treated with BBr;3 (1 M solution
in CHxCly) (11 mL, 11 mmol). The resulting solution was
stirred at room temperature for 3 h and cooled at 0 °C, water
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was added, the organic layer was dried (Na,SO,), and the
solvent was removed under reduced pressure to obtain 0.50 g
(80%) of compound 14b: mp 192—5 °C; *H NMR 9.40 (1H, s),
8.26 (1H, d, J = 1.55), 8.13 (1H, d, J = 8.17), 7.85 (1H, dd, J
= 8.17, J = 1.55), 7.20 (2H, m), 6.77 (2H, m), 6.28 (1H, s),
3.94 (2H, s).

7-Carboxy-2-(4'-hydroxybenzyl)-4H-1-benzopyran-4-
one (14). 14b (0.35 g, 1.26 mmol) was dissolved in 70% H-
SO, (w/v) (10 mL) and heated at reflux for 90 min. Then the
solution was cooled and poured into water and ice (80 mL). A
dark solid formed which was washed with ethyl ether and then
with acetone, to yield a white solid which was purified by
crystallization from acetic acid/methanol: yield 0.105 g (28%);
mp 273—6 °C; *H NMR 13.20 (1H, s), 9.30 (1H, s), 8.10 (1H, d,
J = 8.16), 8.03 (1H, d, J = 1.50), 7.95 (1H, dd, J = 1.50, J =
8.18), 7.20 (2H, m), 6.75 (2H, m), 6.25 (1H, s), 3.93 (2H, s).
C17H120s: C, H.

Acetic Acid 4-Methoxy-2-(3-propionyl)phenyl Ester
(15b). Acetyl chloride (0.74 mL, 10.48 mmol) was added
dropwise to a stirred solution of 15a%? (1.50 g, 5.24 mmol),
triethylamine (3.5 mL, 25.1 mmol), and N,N-dimethylami-
nopyridine (0.070 g, 0.57 mmol) in methylene chloride (20 mL)
at 0 °C. The reaction mixture was allowed to warm to ambient
temperature for 1 h; then the volume was reduced in vacuo.
The concentrate was diluted with EtOAc, washed with 1 N
HCl and water, and then dried (Na,SO,), to give, after
purification (column chromatography methanol:methylene
chloride, 1:40 v/v), 1.47 g (85.5%) of 15b, as an oil: *H NMR
(acetone-dg) 7.95 (1H, d, 3 = 8.77), 7.20 (2H, m), 6.93 (1H, dd,
J=257,J3=8.77),6.87 (2H, m), 6.75 (1H, d, J = 2.57), 3.90
(3H, s), 3.79 (3H, s), 3.20 (2H, m), 2.91 (2H, m), 2.28 (3H, s).

7-Methoxy-2-methyl-3-(4'-methoxybenzyl)-4H-1-ben-
zopyran-4-one (I5c). To a stirred suspension of NaH (60%
dispersion in mineral oil) (0.70 g, 17.4 mmol), in DMSO (8 mL),
at room temperature was added dropwise a solution of 15b
(1.87 g, 5.69 mmol) in DMSO (5 mL). The reaction mixture
was stirred for 1 h at room temperature and then slowly
poured into a ice/water mixture containing oxalic acid. The
aqueous mixture was extracted with EtOAc, which in turn was
washed with water, dried (Na,SO,), and evaporated in vacuo
to give an oil. The oil was dissolved in acetic acid (25.0 mL)
and concentrated HCI (1.5 mL) and then refluxed for 30 min.
The reaction mixture was then poured into water and ex-
tracted with ethyl acetate, which was then washed with water,
dried (Na;SO,), and purified (column chromatography meth-
ylene chloride:methanol, 95:5): yield 0.30 g (17%); mp 103—6
°C (acetone/petroleum ether); *H NMR 8.22 (1H, d, J = 8.67),
7.28 (2H, m), 7.05 (1H, dd, J = 8.67, J = 2.24), 6.90 (3H, m),
3.99 (3H, s), 3.96 (1H, s), 3.87 (3H, s), 2.50 (3H, s).

7-Hydroxy-2-methyl-3-(4'-hydroxybenzyl)-4H-1-ben-
zopyran-4-one (15). The procedure was the same as reported
for compound 13a: vyield 56%; mp 247-50 °C (acetone/
petroleum ether); *H NMR (CDCl3) 10.60 (1H, s), 9.00 (1H, s),
7.88 (1H, d, 3 =8.74), 7.02 (2H, m), 6.85 (1H, dd, 3 = 2.24, J
=8.72), 6.78 (1H, d, J = 2.24), 6.65 (2H, m), 3 70 (2H, s), 2.38
(SH, S). C17H1404: C, H.

7-(Chloromethyl)-2-(4'-methoxybenzyl)-4H-1-benzopy-
ran-4-one (16a). Ethyl chloroformate (1.67 mL, 17.5 mmol)
was slowly added to a stirred solution of 120 (1.88 g, 5.82
mmol) in benzene (15 mL) at 0 °C. A precipitate separated
out which slowly dissolved. Stirring was continued at room
temperature for 18 h, then water was added, the organic layer
was washed twice with water and then dried (Na,SO.), and
the solvent was removed under reduced pressure. The product
was purified by column chromatography (cyclohexane:EtOAc,
62.5:37.5): yield 1.40 g (76.5%); mp 103—5 °C (CH.CI./EtOAc);
'H NMR (CDCl3) 8.17 (1H, d, J = 8.2), 7.48 (1H, d, J = 1.0),
7.37 (1H, dd, 3 = 8.2, 3 = 1.0), 7.42 (2H, m), 6.90 (2H, m),
6.15 (1H, s), 4.67 (2H, s), 3.89 (2H, s), 3.83 (3H, s).

7-(Cyanomethyl)-2-(4'-methoxybenzyl)-4H-1-benzopy-
ran-4-one (16b). A solution of 16a (0.50 g, 1.59 mmol) in
DMSO (3 mL) was added to a suspension of KCN (0.13 g, 2.0
mmol) in anhydrous DMSO (2 mL) at 70 °C. The solution was
stirred for 1 h at 80 °C, then poured into cold water, and
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extracted with ethyl acetate (3 x 50 mL). The organic layer
was dried (Na,S0.), the solvent was removed under reduced
pressure, and the residue was purified by column chromatog-
raphy (cyclohexane:EtOAc, 62.5:37.5): yield 0.070 g (14%); mp
107-9 °C; *H NMR (CDCl;) 8.15 (1H, d, J = 8.15), 7.47 (1H,
d, J =1.0), 7.25 (3H, m), 6.90 (2H, m), 6.14 (1H, s), 3.88 (4H,
s), 3.82 (3H, s).
7-(Cyanomethyl)-2-(4'-hydroxybenzyl)-4H-1-benzopy-
ran-4-one (16c). A solution of BBr; in CH,Cl, (1 M, 0.91 mL,
0.91 mmol) was added to a solution of 16b (0.070 g, 0.23 mmol)
in methylene chloride (10 mL) at 0 °C. Stirring was continued
for 3 h at room temperature, then the reaction mixture was
cooled, water was added, and the aqueous layer was extracted
with CH.Cl, (2 x 5 mL). The combined organic layers were
dried (NazSO,), the solvent was removed under reduced
pressure, and the residue was crystallized from acetone: yield
0.030 g (45%); mp 190—3 °C dec; 'H NMR 8.05 (1H, d, J =
8.10), 7.57 (1H, d, J = 1.0), 7.45 (1H, dd, J = 8.10, J = 1.0),
7.15 (2H, m), 6.75 (2H, m), 6.21 (1H, s), 4.80 (1H, broad s),
4.24 (2H, s), 3.91 (2H, s).
7-Acetyl-2-(4'-hydroxybenzyl)-4H-1-benzopyran-4-
one (16). A solution of 16¢ (0.030 g, 0.10 mmol) in 70% H,-
SO, (w/v) (2 mL) was heated at 130 °C for 2 h; then the solution
was cooled and poured into ice-cold water (8 mL). The oily
residue was purified on TLC (cyclohexane/EtOAc/acetic acid,
25/75/1) and crystallized from acetone/petroleum ether: yield
0.06 g (19%); mp 218—20 °C; *H NMR (acetone-ds) 11.00 (1H,
broad s), 8.39 (1H, s), 8.02 (1H, d, 3 = 8.05), 7.52 (1H, d, J =
1.4), 7.40 (1H, dd, J = 8.05, J = 1.4), 7.27 (2H, m), 6.85 (2H,
m), 6.13 (lH, S), 3.95 (ZH, S), 3.86 (2H, S) C18H1405: C, H.
7-Hydroxy-3-(4'-hydroxybenzyl)-4H-1-benzopyran-4-
one (17). Boron trifluoride—diethyl etherate (0.98 mL, 7.75
mmol) was added dropwise to a solution of 2',4,4'-trihydroxy-
dihydrochalcone®? (0.50 g, 1.94 mmol) in anhydrous DMF (5
mL) at 10 °C. Methanesulfonyl chloride (0.45 mL, 5.81 mmol)
was then added and the solution heated at 50 °C for 90 min.
After cooling, water was added and the mixture was extracted
with methylene chloride (2 x 25 mL) and then with ethyl
acetate (2 x 25 mL). After the combined organic layers were
dried (Na,;SO,), the solvents were removed under reduced
pressure and the residue was purified by column chromatog-
raphy (cyclohexane/EtOAc, 50/50): yield 0.28 g (54%); mp
205—6 °C (acetone/petroleum ether); *H NMR 10.69 (1H, s),
9.13 (1H, s), 8.09 (1H, s), 7.88 (1H, d, I = 8.72), 7.10 (2H, m),
6.91 (1H, dd, 3 = 8.72, J = 2.27), 6.83 (1H, d, J = 2.12), 6.67
(2H, m), 3.56 (2H, S). Ci16H1204: C, H.
7-Methoxy-3-(4'-hydroxybenzyl)-4H-1-benzopyran-4-
one (18). An ethereal solution of diazomethane was added to
a solution of 17 (0.050 g, 0.19 mmol) in absolute methanol (50
mL) at 0 °C until the solution became slightly yellow; the
solvent was then removed under reduced pressure and the
residue crystallized from acetone/petroleum ether: yield 0.020
g (38%): 'H NMR 9.12 (1H, s), 8.16 (1H, s), 7.95 (1H, d, j 8.78),
7.10 (4H, m), 6.63 (2H, m), 3.90 (3H, s), 3.59 (2H, s).
C17H1404: C, H.

Determination of the Proton Dissociation Constants
(pKa). The compounds being studied were dissolved in DMSO
at a concentration of about 3.5 mM. Samples (15 uL) of this
solution were each added to 3 mL of buffer at a constant ionic
strength®? (I = 0.1 M) and with pH increasing each time in
increments of 0.25 unit; UV—vis spectra were recorded, and
the pH of the solution was measured with a combined electrode
(Orion SA 520) calibrated with buffers at pH 4.01, 7.00, and
10.01. The numerical values of the proton dissociation con-
stants of the compounds under study were calculated from the
change in absorbance at the maximum A of the dissociated
forms following the procedure reported in ref 53; pK, values
were then corrected for ionic strength as described therein.>?

Antilipoperoxidant Assay. 1. AAPH-Induced Peroxi-
dation of Liposomes. Linoleic acid (LA) was purchased from
Sigma, 2,6-di-tert-butyl-p-cresol (BHT) from Schuchardt
(Munchen, Germany), and 2,2'-azobis(2-aminopropane) hydro-
chloride (AAPH) from Polysciences, Inc. (Warrington, PA).
13a,c,g and BHT were dissolved in THF and evaporated to
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dryness under nitrogen. The LA (2 mg/mL) was added and
suspended by simple vortexing in Tris buffer (50mM), pH 7.4.
This suspension was then processed through a Thermobarrel
Extruder (Lipex Biomembranes Inc., Vancouver, Canada) to
form micelles in which the final concentration of antioxidants
was 0.2 mM. The antioxidant activity of the compounds was
assessed by evaluating the AAPH-induced malondialdehyde
(MDA) production in micelles. The MDA was measured by the
thiobarbituric acid (TBA) test in antioxidant-containing mi-
celles incubated with AAPH (10 mM) at 37 °C in a shaking
waterbath. Aliquots (0.7 mL) of the micelles in suspension were
removed at regular intervals, and an equivalent amount of 20%
TCA was added; 1 mL of this mixture was added to 1 mL of
0.67% TBA. The solution was heated for 10 min in a boiling
waterbath and then cooled in ice-cold water. Samples were
then processed through an equivalent amount of hexane to
extract the lipids. The pink aqueous phase, containing the
MDA, was then separated from the hexane layer by centrifu-
gation at 2.000g for 15 min and the MDA measured at the
spectrophotometer at 535 nm, using a molar absorption
coefficient (¢) = 1.49 x 10° (L mol™* cm™).5 The data are
expressed as means + SE. Significance was estimated using
Student’s two-tailed t-test; the criterion for significance was
p < 0.01.

2. VLDL + LDL Lipoprotein Oxidation Model.> LDL
+ VLDL lipoproteins were isolated from the plasma of a
normocholesterolemic subject by means of affinity chromatog-
raphy (Iso-Lab Inc., Akron, OH). Protein content (Coomassie
Blue, Sigma, albumin as standard) was adjusted to 70 ug/mL
using phosphate buffer (pH 7.40). Cupric ions were added as
oxidant at 25 uM in a total volume of 400 uL. Oxidation was
continued for 6 h at 37 °C and then halted by the addition of
10 uL of 10 mM EDTA and 1 mL of 10% trichloroacetic acid;
1 mL of thiobarbituric acid (TBA) (0.67 g/100 mL) was then
added and the samples were heated at 95 °C for 2 h. The
fluorescence of TBA-reactive substances was read at 525 nm
excitation and 554 nm emission versus a blank. A control
sample with no added antioxidants was measured along with
the compounds tested, which were dissolved in methanol (100
uM) and added to the incubation mixture at concentrations
ranging from 0.05 to 10 xM. All samples and controls were
measured in duplicate (differences between duplicates within
10%). The percent inhibition of the samples versus the control
was determined, and the concentration required to inhibit
oxidation by 50% (ICsg) was calculated.

Enzyme Section. Bovine lenses and kidneys for the
purification of ALR2 and ALR1, respectively, were obtained
locally from freshly slaughtered animals. ALR2 was partially
purified as described.®® Briefly, the bovine lenses were sus-
pended in sodium phosphate buffer (pH 7.00), containing 5 mM
dithiothreitol. After centrifugation at 22.000g at 4 °C for 20
min; the supernatant was subjected to ion-exchange chroma-
tography (DEAE DE52), eluted with a linear gradient of NacCl,
and stored at —20 °C. ALR1 was partially purified following
the procedure reported in the literature.®® Briefly, bovine
kidneys were homogenized in 3 vol of 0.25 M sucrose, 2.0 mM
EDTA dipotassium salt, and 2.5 mM f-mercaptoethanol in 10
mM sodium phosphate buffer (pH 7.20). The homogenate was
centrifuged (16.000g at 4 °C for 20 min) and the supernatant
subjected to ammonium sulfate fractional precipitation. The
pellet obtained between 45% and 75% of salt saturation was
redissolved in 10 mM sodium phosphate buffer containing 2.0
mM EDTA dipotassium salt and 2.0 mM S-mercaptoethanol
at a protein concentration of approximatively 20 mg/mL;
DEAE DES52 resin was added to the solution and then removed
by centrifugation; the supernatant containing ALR1 was then
stored at —20 °C. No appreciable contamination by ALR1 in
ALR?2 preparations or vice versa could be detected as is clear
from the Ky values for p-glucose (ALR2, K, 25.1 £ 1.9 mM;
ALR1, no activity at up to 150 mM) and the ICs, values for
Valproate (ALR2, 1Csq 61.7 (57.4—66.3) uM; ALR1, 1Cs, 2.01
(1.37—2.93) uM).%6

The assay for ALR2 activity was performed at 37 °C as
described, using 4.7 mM b,L-glyceraldehyde as substrate in
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0.25 M sodium phosphate buffer (pH 6.80), containing 0.38 M
ammonium sulfate and 0.11 mM NADPH. ALR1 activity was
assayed at 37 °C using 20 mM p-glucuronate as substrate and
0.12 mM NADPH in 0.1 M sodium phosphate buffer (pH 7.20).
The inhibitory activity against ALR2 and ALR1 of the com-
pounds was tested by including the inhibitor dissolved in
DMSO in the reaction mixture. DMSO in the assay mixture
was kept at a constant concentration of 1%. A reference blank
containing all the above reagents, except the substrate, was
used to correct for the nonenzymatic oxidation of NADPH. The
enzyme concentrations in the inhibitory study were 3.5 mU/
mL for both enzymes. ICsp values (the concentration of the
inhibitor required to produce 50% inhibition of the enzyme-
catalyzed reaction) were determined from least-squares analy-
ses of the linear portion of the log dose—inhibition curves. Each
curve was generated using at least four concentrations of
inhibitor causing an inhibition between 20% and 80% with two
replicates at each concentration.® The 95% confidence limits
(95% CL) were calculated from T values for n — 2, where n is
the total number of determinations.5’

Computational Procedures. The geometries of the in-
hibitors were completely optimized using the AM1 Hamilto-
nian. Inhibitors 13c and 4 were considered dissociated at the
7-hydroxyl on account of the low pK, value of this hydroxyl,
and inhibitor 3 was dissociated at the 7-acetic acid group. For
inhibitors 13c and 16, which possess a methyl spacer at
position 2 between benzopyrone and phenyl, the two confor-
mations in which the phenyl ring is rotated by +90° with
respect to benzopyrone were both optimized with AM1.

The two structures of ALR2 used for docking and molecular
mechanics calculations are the crystal structure of the ALR2—
NADP* holoenzyme*' (closed structure of the hydrophobic
pocket described in the text) and the ALR2 structure that we
previously obtained after docking and energy minimization of
a bulky inhibitor in the active site (open structure of the
hydrophobic pocket). %8

Docking of inhibitors was performed using the program
DOCK 3.5,%8 which consists of several modules. The module
SPHGEN®® was used to generate clusters of overlapping
spheres that describe the accessible surface of the active site;
52 and 74 spheres were used to describe the active sites of
the closed and open structures of ALR2, respectively. The
module CHEMGRID®° was then used to precompute and save
in a grid file the information necessary for force-field scoring.
This scoring function approximates molecular mechanics
interaction energies and consists of van der Waals and
electrostatic components.®°As for inhibitors 13c, 4, and 16,
partial charges on atoms were calculated with electrostatic
potential fits to a 6-31G* ab initio wave function using
Gaussian94, followed by a standard RESPS1%? fit. These
charges were also used for the molecular mechanics calcula-
tions described below. van der Waals parameters of inhibitors
were set consistently with the DOCK database.®® The program
DOCK 3.5 was then run to find and score orientations of the
inhibitors in the active site. Each orientation of each ligand
was filtered for steric fit with a DISTMAP grid® with polar
and nonpolar contact limits of 2.3 and 2.8 A, respectively.
Orientations that passed this steric filter were evaluated for
van der Waals and electrostatic complementarity using the
grids calculated by CHEMGRID.

All orientations within a 10 kcal/mol range of interaction
energy from the best scoring orientation found by DOCK were
visually inspected using the computer graphics program
MidasPlus® and found to cluster into families. Each signifi-
cantly different orientation, representing each family, was then
energy-minimized with molecular mechanics. The AMBER
4.155 program with the Cornell et al.®® force field was used for
this purpose. van der Waals parameters of the inhibitors were
reassigned to be consistent with the Cornell force field, and
partial atomic charges were the same as those used for DOCK.
Parameters for NADP™* were taken from our previous simula-
tions.2930.38 As for ALR2, all Lys and Arg residues were
positively charged, while Glu and Asp residues were negatively
charged; the 6H, ¢H or protonated forms of histidines were
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assigned on the basis of favorable interactions with their
environment. His110, a histidine involved in the binding of
inhibitors,?”?8 deservers particular mention. Previous modeling
studies by Lee et al.5"® suggested that this histidine is
protonated mainly on account of its close proximity to the
carboxylate group of Zopolrestat in the crystal structure of the
complex with ALR2.2” However, X-ray crystallography at 1.8
A resolution is not able to assign its protonation state
unambiguously. On the contrary, there are pieces of experi-
mental evidence from pH-dependent Kinetic profiles and
mutagenesis studies that His110 is likely to be neutral at
physiological pH.36°-7"1 These studies indicate that the pro-
nounced hydrophobic nature of the region surrounding His110
and its proximity to the positively charged Lys77 would serve
to depress the pK, of the imidazole side chain, making it
unlikely to be protonated. Recent modeling studies of sub-
strates in the ALR2 binding site would also suggest that
His110 is not protonated.*? Accordingly, in the present work,
His110 was modeled as neutral in its eH tautomeric form, i.e.,
with the eH proton directed toward the inhibitory binding cleft.

Conjugate gradient minimization (2000 steps) was then
performed. All protein residues within 10 A from the inhibitor
were allowed to move during minimization. A distance-
dependent dielectric constant with a 4r dependence and a 10
A nonbonded cutoff were adopted in all simulations. Interac-
tion energies of the inhibitors with ALR2 were recalculated
using the optimized structures and the Cornell force field,
using the module ANAL of AMBER 4.1. Calculations and
graphical display were performed on Silicon Graphics O2
workstations.
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