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1. Introduction

Aldose reductase (ALR2) belongs to the aldo-keto reductase (AKR) superfamily of enzymes, is the first
enzyme involved in the polyol pathway of glucose metabolism and has been linked to the pathologies
associated with diabetes. Molecular modelling studies together with binding constant measurements
for the four inhibitors Tolrestat, Minalrestat, quercetin and 3,5-dichlorosalicylic acid (DCL) were used
to determine the type of inhibition, and correlate inhibitor potency and binding energies of the com-
plexes with ALR2 and the homologous aldehyde reductase (ALR1), another member of the AKR superfam-
ily. Our results show that the four inhibitors follow either uncompetitive or non-competitive inhibition
pattern of substrate reduction for ALR1 and ALR2. Overall, there is correlation between the ICs, (concen-
tration giving 50% inhibition) values of the inhibitors for the two enzymes and the binding energies (AH)
of the enzyme-inhibitor complexes. Additionally, the results agree with the detailed structural informa-
tion obtained by X-ray crystallography suggesting that the difference in inhibitor binding for the two
enzymes is predominantly mediated by non-conserved residues. In particular, Arg312 in ALR1 (missing
in ALR2) contributes favourably to the binding of DCL through an electrostatic interaction with the inhib-
itor’s electronegative halide atom and undergoes a conformational change upon Tolrestat binding. In
ALR2, Thr113 (Tyr116 in ALR1) forms electrostatic interactions with the fluorobenzyl moiety of Minalre-
stat and the 3- and 4-hydroxy groups on the phenyl ring of quercetin. Our modelling studies suggest that
Minalrestat’s binding to ALR1 is accompanied by a conformational change including the side chain of
Tyr116 to achieve the selectivity for ALR1 over ALR2.

© 2008 Elsevier Ltd. All rights reserved.

ALR2 belongs to the aldo-keto reductase (AKR) superfamily of
enzymes responsible for a wide variety of distinct and sometimes

The polyol pathway of glucose metabolism is often linked to the
development of various complications of diabetes, a global and
continually growing epidemic."? These include progressively
degenerative pathologies such as peripheral neuropathy,’ retinop-
athy,* cataract formation,® cardiovascular disease® and nephropa-
thy in the form of kidney lesions.” Aldose reductase (ALR2; EC
1.1.1.21), a ubiquitous protein which has been isolated and purified
in the brain, kidney, liver, lens, and skeletal muscle tissue, 2! is the
first enzyme of the polyol pathway, converting glucose into sorbi-
tol.!? It is the over-utilisation of this biochemical pathway which
has been linked to the tissue-based pathologies associated with
diabetes? and with the widespread nature of the disease under-
scoring the potential in the development of a potent aldose reduc-
tase inhibitor (ARI), providing an obvious strategy in preventing or
delaying the onset of diabetic complications.
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overlapping biological functions from synthesis, modification and
metabolism of metabolically vital compounds such as steroids!'3-16
(including progesterone signalling in breast mammary cells'’) to
facilitating the NADPH-dependent reduction of endogenous and
xenobiotic aldehydes and dicarbonyl compounds.®'8-22 Members
of this superfamily are composed of approximately 315-330 resi-
dues, and generally form monomeric proteins with a molecular
weight of 36 kDa?>?* adopting an o/B-TIM barrel structure.2>2®
To date, none of the currently available ARIs have been approved
for clinical use (outside of Japan) due to toxicity problems and lack of
specificity towards the target enzyme.?” Recently, we have demon-
strated that a number of thoroughly investigated ARIs readily inhibit
3(17)o-hydroxysteroid dehydrogenase (AKR1C21),%28 a member of
the AKR superfamily. However, the lack of specificity is due mostly
to the degree of structural and sequence (~65%) homology ALR2
shares with another key AKR-aldehyde reductase (ALR1, EC
1.1.1.2).2° Biochemical, molecular modelling and crystallographic
studies have shown that most known ARIs inhibit ALR1 due to the ac-
tive sites of both enzymes containing common characteristics in the
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manner by which they bind substrate and inhibitor?>>° including a
conserved hydrogen-bonding interaction between the polar phar-
macophore of the inhibitor with conserved active-site residues
Tyr, His and Trp that line an anionic-binding site.>*” Non-con-
served residues present at the C-terminal end of the o/-TIM barrel
structure of both enzymes are responsible for the varied substrate
specificity®®3° and account for the difference in inhibitor potency
between the two enzymes. Both enzymes catalyse the NADPH-
dependent reduction of an assortment of aldehydes, ketones, small
sugars,?!232440-42 and are involved in the detoxification process
by removing reactive aldehydes.*> Whilst the more hydrophobic
nature of the active site of ALR2 makes it more suitable to reduce a
number of lipid aldehydes,** ALR1 has specialised roles in the regu-
lation of the pro-inflammatory response,**> metabolism of prosta-
glandins,*® and detoxication of reactive dicarbonyl compounds
such as methylglyoxal and 3-deoxyglucosone.'®%?

The most potent and thoroughly investigated ARIs are the orally
active carboxylic acid-based inhibitors such as Tolrestat and the
cyclic imide molecules based on Sorbinil.? To correlate enzyme-
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inhibitor interaction with inhibitor binding constants for ALR1
and ALR2, the active-sites of the enzymes were compared, along
with molecular modelling calculations and inhibitory activity mea-
surements. Structurally diverse compounds which are quite potent
in vitro such as Tolrestat,3**’ the cyclic imide- Minalrestat,>® the
phenolic flavonoid- quercetin®® and the salicylic acid-based com-
pound, DCL, were investigated, with each compound previously
identified via crystallographic analysis, with the exception of quer-
cetin, as an inhibitor capable of binding to the active site of either
or both ALR2 and ALR1.

2. Results
2.1. Enzyme Kinetics

Kinetic analysis revealed uncompetitive inhibition with all ARIs
and the reductase activity of ALR2, whilst ALR1 displayed uncom-

petitive inhibition with Tolrestat and quercetin and mixed levels of
competitive and non-competitive inhibition with Minalrestat and

Table 1

Inhibitor binding constants AH and ICsq values of ALR2 and ALR1 for ARIs

Inhibitor ICs50 (UM) Inhibition pattern AH Total AH Anionic-binding site

ALR2 ALR1 ALR2 ALR1 ALR2 ALR1 ALR2 ALR1

Tolrestat 0.26 2.19 0] U -92.5 —75.7 —43.5 —49.5
Minalrestat 0.28 0.04 U M -87.1 —76.6 (—85.3) -32.0 -33.1
Quercetin 5.92 384 U U -60.1 —49.1 -26.8 -26.8
DCL 127 11.32 0] M -31.1 —46.7 -24.7 —24.2

AH values (kcal/mol) for the anionic-binding sites in ALR2 and ALR1 (Tyr48/50, His110/113 and Trp111/114, respectively) are also given.
2 ICsq value reported by Carbone et al.>* Inhibition pattern is indicated by the letters U and M for uncompetitive and mixed-type inhibition, respectively. AH value for
Minalrestat given in parentheses was calculated with the model including the proposed change in the side chain conformation of Tyr116 in ALR1.

a ALR2 (3,5-dichlorosalicylic)

30 -

|

-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
1/S
b ALR1 (3,5-dichlorosalicylic)
60 - >

1/S

Figure 1. Inhibition patterns of the reductase activities of ALR2 (a) and ALR1 (b) by DCL. DCL concentrations: 150 (M), 75 (<>), 45 (a), 15 (O) and 0 pM (#) in (a); and 30 (¢), 15
(A),11.25 (m), 7.5 (O) and O uM (A) in (b). Converging lines indicate mixed-type of competitive and non-competitive inhibition with respect to substrate, pL-glyceraldehyde
(mM), whilst parallel lines indicate uncompetitive inhibition. Velocity is expressed as micromol/min/mL.
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DCL (Table 1 and Fig. 1). Based on the ICso (concentration giving
50% inhibition) values, Minalrestat proved to be a 6-fold more po-
tent inhibitor of ALR1 than ALR2, although the ICsq of 0.28 UM re-
ported in this study is higher than a previously reported value of
0.07 uM.*® Like Minalrestat, DCL was a more potent inhibitor of
ALR1 (11.3-fold) whilst Tolrestat (8.1-fold) and quercetin (6.5-fold)
proved to be better inhibitors of ALR2. These overall kinetic results
resemble those from previous evaluations of ARIs*>*4” using vari-
ous substrates, with the majority of inhibitors displaying similar
uncompetitive inhibition in vitro.

2.2. Molecular modelling

The affinity for the bound or modelled inhibitor in either
enzyme was further examined via binding energy calculations,
utilising the protonation states observed for the inhibitors in pre-
vious crystallographic and modelling studies (Scheme 1)3°°0>1
Whilst the inhibitor binding constants (AH) were not as sensitive
in monitoring inhibitor affinity as well as the ICsq values, a change
in binding energies is observable and correlates with the varying
potencies of inhibitors. The total interaction energies are the larg-
est for the most potent inhibitor of ALR2—Tolrestat (—92.5 kcal,
ALR1 —75.7 kcal) and the smallest for the least potent inhibitor—
DCL (—31.9 kcal, ALR1 —46.7 kcal). Whilst the sum of the interac-
tion energy provides a strong indication towards inhibitor potency,
it is the individual interactions between inhibitor and residue(s)
which helps further the understanding of the ARIs mode of inhibi-
tion. This includes analysing the substrate-binding pocket, with
residues that actively participate in the catalytic mechanism—
Tyr48, Lys77 and His110 (corresponding residues are Tyr50,
Lys80 and His113, respectively, in ALR1) and the nicotinamide
moiety of NADP* 5253, As previously seen in high-resolution crystal
structures of ALR2 complexes, Tyr, Lys, and His remain in the pro-
tonated state whilst the inhibitor’s carboxylate group remains par-

Cl

3, 5-Dichlorosalicylic acid
(DCL)

HsCO

CFs

Tolrestat

tially deprotonated,®! providing electrostatic interaction between
the enzyme and inhibitor. These inhibitor interactions in total re-
main almost identical regardless of their selectivity for ALR2 and
ALR1 (Table 1). However, in the case of DCL, the inhibitor forms
approximately 80% of the total interaction with the catalytic resi-
dues of ALR2, indicative of the poorer nature of the inhibitor due
to the lack of meaningful interaction with other non- catalytic res-
idues of the active site. The opposite also holds true for the most
potent inhibitors. These inhibitors form multiple contacts produc-
ing total energy interactions with the catalytic residues that are
lower than 50% of the sum interaction and include Tolrestat
(ALR2; 47.1%) and Minalrestat (ALR2; 36.8% and ALR1; 43.2%).

2.2.1. DCL

In the crystal structure of ALR1:DCL>* (Fig. 2a) the inhibitor
formed a number of main-chain and side-chain interactions with
Trp22, Tyr50, His113, Trp114 and Arg312, all falling within 4 A of
the inhibitor. Arg312 is within hydrogen-bonding distance from
the 3-Cl atom of DCL (3.2 A and 2.7 A), with a binding energy of
—5.5 kcal, whilst the 5-Cl atom forms a hydrogen bond with the
side-chain nitrogen (NE1) of Trp22 (3.0 A, —4.2 kcal). The 2-OH
group of DCL forms a hydrogen bond with the side-chain nitrogen
(NE1) of Trp114 (3.2 A), whilst the carboxylate forms a hydrogen
bond with the OH of Tyr50 (3.4A) and the nitrogen (NE2) of
His113 (3.4 A). The modelled ALR2:DCL complex (Fig. 2b) forms
fewer interactions with active site residues. The majority are
formed by the carboxylate of DCL with the nitrogen (NE1) of
Trp111 (3.7 A), the nitrogen (NE2) of His110 (3.5 A) and the hydro-
xyl (OH) of Tyr48 (3.5 A). The 5-Cl atom of DCL forms van der
Waals contact with the carbonyl of Val47 (2.8 A) and = stacking
interaction with Trp20 (5.4 A, —5.9 kcal) whilst the bulky Phe122
which occupies the same space as Arg312 in ALR1 falls within
3 A of the inhibitor but produces an overall dispersive interaction
with the molecule.

OH o}

Quercetin

Br

O F

Minalrestat

Scheme 1. Chemical structures of ARIs.
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Figure 2. The inhibitor binding sites. (a) ALR1:DCL, (b) ALR2:DCL, (c) ALR2:quercetin, (d) ALR1:quercetin, (e) ALR2:Minalrestat, (f) ALR1:Minalrestat, (g) ALR2:Tolrestat,
(h) ALR1:Tolrestat. Residues of the anionic-binding site (Tyr, His and Trp) and residues within 4 A of ARIs are shown with corresponding hydrogen bonds illustrated as blue

dotted lines and distances given in angstroms. Figures were prepared using PyMOL.5?

2.2.2. Quercetin

The orientation of quercetin within the active site of ALR2 was
based on modelling studies of 1-benzopyran-4-one antioxidant
derivatives*® (Fig. 2c). The 7-OH group of quercetin forms hydrogen
bonds with the nitrogen (NE2) of His110 (3.2 A) and the OH of
Tyr48 (2.6 A), whilst the side chain of Thr113 (0G1) forms a hydro-
gen bond with the 3- and 4-OH groups on the phenyl ring (2.5 A),
producing a binding interaction energy of —5.3 kcal. Trp111 (NE2)
forms a hydrogen bond interaction with the benzopyran oxygen
(3.1 A), however it is the m stacking interaction between the 3,4-
hydroxyphenyl and the Trp side chain (3.8 A) that largely contrib-
utes to the interaction energy (—12.6 kcal). Similarly in ALR1 (Fig
2d), Trp114 stacks with the same phenyl group (4.0 A, —11.3 kcal)
but fails to make a hydrogen bond contact, whilst the 7-OH group
of quercetin forms equivalent hydrogen bonds with His113 (2.8 A)
and Tyr48 (2.9 A), and the 3-OH group forms a hydrogen bond with
the side chain nitrogen (ND2) of Asn83 (2.9 A). Along with Trp111/
114, quercetin makes a large number of additional (and most likely
stabilizing) hydrophobic contacts including Trp20, Val47, Trp79,
Phe115, Phe122, Leu300 and Tyr309 in ALR2 for a combined inter-
action energy of —30.3 kcal and in ALR1 Trp22, Trp82, Tyr116,
Phe118, Phe125, Trp220 and Pro301 for a combined interaction en-
ergy of —29.1 kcal, in excess of the total anionic-binding site inter-
action for either enzyme (Table 1).

2.2.3. Minalrestat

The crystal structure of ALR2 complexed with Minalrestat has
been published®’ (Fig. 2e). The cyclic imide moiety of the inhibitor
interacts with the catalytic residues His110 (NE2; 2.8 A) and Tyr48
(OH; 2.6 A), and Trp111 (NE1; 2.8 A), which in addition to the
hydrogen bonding, m stacks with the fluorobenzyl group (3.5 A,
—9.6 kcal). Additional hydrogen bonding interactions are formed
with Thr113 (0G1; 2.9 A) and Leu300 (N; 3.1 A). The isoquinoline
ring forms a number of hydrophobic contacts with residues
Trp20, Val47, Trp79, Trp111, Phe115, Phe122, Trp219 and Leu300
(—46.4 kcal). In ALR1 (Fig. 2f) the cyclic imide moiety makes simi-
lar interactions with the side chain nitrogen (NE2) of His113 (O;
3.1A, N; 3.4A), the hydroxyl (OH) of Tyr50 (N; 3.7 A, O; 3.3 A),
and the side chain nitrogen (NE2) of Trp114 (O; 3.8 A). One signif-
icant difference between the ALR2 crystal structure and the ALR1:
Minalrestat model is the failure of the fluorobenzyl group to =
stack against Trp114 due to steric interference by Tyr116 that
would be present within the specificity pocket described for
ALR2, where the dispersive interaction of Tyr116 is replaced by
the smaller Thr113 and may account for the difference in AH for
ALR1. The loss in interaction energy between ALR1 and Minalrestat
resulting from Tyr116 is partly compensated for by Arg312
(—10.3 kcal). Additionally, the isoquinoline ring of Minalrestat
forms a number of hydrophobic contacts with residues Trp22,
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lle49, Trp82, Trp114, Phel18, Phel25, Pro301 and Met302
(—33.3 kcal) of ALR1.

2.2.4. Tolrestat

The crystal structures of ALR2% (Fig. 2g) and ALR1>! (Fig. 2h)
complexed with Tolrestat have been published. Like DCL, the car-
boxylate group of Tolrestat interacts with His110/113 (NE2; ALR2
2.6 A 3.1A ALR1 3.0A, 3.0A), Tyr48/50 (OH; ALR2 2.6 A, ALR1
2.6 A) and Trp111/114 (NE1; ALR2 2.8 A, ALR1 3.1A). In ALR1,
the side chain torsion angles of Arg312 differ from those in the bin-
ary complex and the salt bridge with Asp313 is missing. Overcom-
ing such an interaction to affect binding to the active site may
account for the difference in Tolrestat’s potency between the two
enzymes. In both ALR1 and ALR2, Tolrestat is held firmly by a num-
ber of hydrophobic interactions, for ALR2 mediated by Trp20,
Val47, Trp79, Trp111, Phel15, Val130, Phel122, Trp219 and
leu300 (—51.3 kcal) and for ALR1 Trp22, Ile49, Trp82, Phel18,
Phe125, Trp114, Trp220, 11e299, Pro301 and Met 302 (—31.8 kcal).
Like the aforementioned quercetin and Minalrestat complexes for
either enzyme, the hydrophobic interaction energies for ALR2 are
in excess to the total binding energies in the anionic-binding site.

3. Discussion

ALR2 inhibition has been widely studied in vitro with analysis
overwhelmingly demonstrating the inhibition of the enzyme by a
large number of compounds that are in some cases only several
orders of magnitude more potent than for ALR1. It has been dem-
onstrated in a number of animal studies that the inhibition of
ALR2 significantly impedes the development or progression of dia-
betic retinopathy and cataract formation,”® however these ARIs are
not without side effects. In particular, carboxylic acid-containing
compounds generally have difficulty in achieving appropriate lev-
els in target tissues, and whilst cyclic imides and their related
derivatives appear to adequately reach target tissues, they demon-
strate a number of side effects? and thus far failed to complete
clinical testing or have been abandoned all together. Regardless
of the failure of several ARIs to reach a commercial market they
remain a strong and important area of focus for the treatment of
diabetes.

Porcine ALR1 shares 97% sequence homology and a conserved
active-site structure with human ALR1,>” making structural com-
parisons between the two enzymes possible. Crystallographic
information gathered from ternary complexes of ALR2 or
ALR1°#531 makes possible the calculation and analysis of binding
energies and molecular interactions between active site residues
and ARIs thereby providing an insight for the mechanism of inhibi-
tion. High-resolution crystallographic analyses are used to deter-
mine the inter-molecular interaction of the enzyme-inhibitor
complex and the mechanism of catalysis as they can reveal the
protonation states of active site residues and bound inhibitor.>°
Supported by crystallographic analyses of ALR1 and ALR2,345531
in this study we demonstrate that whilst the anionic interaction
in the active site of either enzyme can strongly anchor an inhibitor,
it is an interaction that does not drastically influence ARI selectiv-
ity between the two enzymes given their homologous nature. This
remains the domain of the hydrophobic contacts put upon the
inhibitors at the C-terminal loop of the enzymes. Apart from the
anionic binding site and Cys298, the active site of ALR2 is remark-
ably apolar and it marks the greatest difference from ALR1. In
ALR1, Arg312 and Asp313 contribute greatly to the overall enthal-
pic component of inhibitor binding with compounds containing
electronegative moieties such as halides and carboxylates.>® In
our modelling and analyses of ALR2, the inhibitor DCL fails to make
a stabilizing contact similar to that with Arg312 in ALR1, with the
Cl atoms at the 3- and 5-positions of the benzene ring being in al-

most direct conflict with the apolar residues of Val47, Phe121 and
Phe122, suggesting that the carboxylate group is almost the sole
contributor to the weaker inhibition of the enzyme. However,
ALR2 does show significant competitive inhibition with phenyl
acetic acid-based inhibitors®®, such as those with halide substitu-
ents at the 2- and 6-positions (PDB code 2IS7) pointing towards
the anionic-binding site and Cys298, thus avoiding any possible
steric conflicts with the hydrophobic residues. In the crystal
structure of ALR1 bound to Tolrestat®!, it was shown that to
accommodate the trifluoro group of the inhibitor the side chain
conformation of Arg312 changes and that a Arg312Ala mutant of
ALR1 improves the potency of the inhibitor indicating that
Arg312 is another important determinate of inhibitor selectivity
for ALR2 over ALR1.

With a predominantly hydrophobic active site, the largest mea-
surable interactions were observed between the apolar residues of
the ALR2 active site and inhibitor. These overall enthalpic contribu-
tions increase with the measured in vitro potency of the inhibitor
(Tolrestat > Minalrestat > quercetin). In crystal structures of ALR2,
it has been observed that a number of hydrophobic residues dis-
play different side chain conformations>°>*° in particular
Leu300, which in ALR1 is replaced with proline. The predominant
contribution of this residue to inhibitor selectivity has been the
hydrogen bond present between its main chain nitrogen and the
AR, particularly in the case of ALR2-Minalrestat (and another cyc-
lic imide fidarestat®®) crystal structure, an interaction not afforded
by Pro301 in ALR1. In our modelling studies of quercetin we ob-
served that the enthalpic interaction of this ARI with ALR2 was
affected by the conformation of Leu300 and its proximity to the
3,4-dihydroxyphenyl moiety, which in turn altered the efficient 7t
stacking interaction with Trp111. We did not observe a hydrogen
bond interaction between Leu300 and the 3,4-dihydroxyphenyl
moiety of quercetin, which is immediately surrounded by Phe122
and Phe115, and present within 4 A of the side chain of Leu300,
suggesting that hydrophobic interactions are the main contribu-
tors to inhibitor potency.

4. Conclusion

Our comparative inhibitor modelling and binding studies sug-
gest that, whilst the H-bonding interactions between the polar
heads of the inhibitors and the residues lining the anionic-binding
site are conserved and contribute equally to inhibitor binding,
additional non-conserved contacts are responsible for the differ-
ence in inhibitor potencies for ALR2 and ALRI1. In particular,
Arg312 in ALR1 (missing in ALR2) forms an electrostatic interac-
tion with DCL and undergoes a conformational change upon bind-
ing of Tolrestat. These interactions contribute to stronger binding
to ALR1 in case of DCL and weaker binding in case of Tolrestat.
Thr113 in ALR2 (Tyr116 in ALR1) forms an electrostatic interaction
with the fluorobenzyl moiety of Minalrestat which in turn 7 stacks
against the side chain of Trp111. In the ALR1 model, the bulky side
chain of the Tyr116 does not hold the fluorobenzyl moiety in place
and the & stacking interaction with the Trp is missing. The fact that
a correlation between the binding energy and ICsq value is not evi-
dent in this case suggests that a conformational change may occur
upon the binding of Minalrestat including a change in the side
chain conformation of Tyr116, allowing for a m stacking (3.8 A)
interaction to occur between the fluorobenzyl moiety and Trp114
(Fig. 3 and Table 1), similar to the one seen in ALR2. Attempts
are currently underway to determine the crystal structure of
ALR1 in complex with Minalrestat to obtain a more detailed pic-
ture of the inhibitor’s binding conformation. In the case of querce-
tin, the additional H-bonding interactions with Thr113 contribute
to the favourable binding and improved inhibitor potency for
ALR2 over ALR1.
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Minalrestat

Figure 3. Superimposition showing the interaction between Tyr116 and Trp114 in
ALR1 and Minalrestat with (yellow) and without (green) the proposed conforma-
tional change in the side chain of Tyr116 that results in the 7 stacking between the
fluorobenzyl moiety of Minalrestat and Trp114. Figure was prepared after energy
minimisation.

5. Experimental
5.1. Materials

Coenzyme (NADPH) and chemicals of the highest purity were
purchased from the Sigma-Aldrich Chemical Company, Fluka and
MERCK.

5.2. Purification of porcine ALR1

ALR1 was purified from porcine kidney utilising a previously pub-
lished procedure.? Briefly, porcine kidneys were diced and homog-
enised in 10 mM sodium phosphate (pH 7.0) containing 5 mM 2-
mercaptoethanol and 5 mM EDTA (buffer A). The homogenate was
centrifuged, and the proteins in the supernatant were fractionated
by adding ammonium sulfate (35% and 65% saturation). The pellet
was resuspended in buffer A and purified by successive column chro-
matography including affinity Blue Sepharose, anionic exchange Q-
Sepharose and gel filtration Superdex 75 (Pharmacia). The purified
and desalted enzyme was stored in 5 mM Tris-HCl (pH 6.5) buffer
containing 5 mM 2-mercaptoethanol.

5.3. Expression and purification of recombinant human ALR2

Plasmid construction, bacterial cell expression and protein puri-
fication were carried out using previously described protocols.*®
Briefly, the bacterial cells transfected with the expression plasmids
were cultured in a Luria-Bertani medium and the expression of re-
combinant ALR2 was induced by the addition of 1 mM isopropyl 1-
thio-B-p-galactopyranoside. The cells were collected, lysed and
centrifuged. The supernatant fraction was immediately applied to
a Sephadex G-75 column equilibrated with 20 mM imidazole-
HCl (pH 7.2) containing 7 mM 2-mercaptoethanol. The enzyme
fractions were applied to a MonoP column equilibrated with the
imidazole buffer, and eluted with 1:10 diluted Polybuffer 74 (Phar-
macia) containing 7 mM 2-mercaptoethanol. Active fractions were
pooled, concentrated and dialysed against the imidazole buffer.
The dialysed protein was then finally applied to a Blue Sepharose
column, and eluted with a linear gradient of 0-1 M NaCl.

5.4. Assay of enzyme activity

Enzyme activity was measured by monitoring the decrease in
NADPH absorbance at 340 nm and maintained at 298 K. The final
reaction mixture for ALR2 activity consisted of 50 mM potassium
phosphate (pH 6.2), 0.1 mM NADPH, 5 mM bpi-glyceraldehyde,
5 mM 2-mercaptoethanol and 0.4 mM lithium sulfate in a total vol-
ume of 1.0 mL. The activity of ALR1 was determined in 50 mM
potassium phosphate buffer (pH 6.7) containing only NADPH and
the substrate. The inhibitors were dissolved in dimethyl sulfoxide,
and added into the reaction mixture, in which the final concentra-
tion of dimethyl sulfoxide was less than 1.5%. The ICsq values were
estimated from non-linear regression analyses of percent inhibi-
tion versus inhibitor concentration graphs and expressed as the
means of at least three determinations. The inhibition pattern
was analysed by fitting the initial velocities determined using var-
iable concentrations of pi-glyceraldehyde in the Lineweaver-Burk
plot.

5.5. Molecular modelling

To relieve any steric hindrance of the ARIs superimposed in the
corresponding active sites, ALR2 complexed with quercetin and
DCL, and ALR1 complexed with Minalrestat and quercetin, the
models were subjected to energy minimisation. Taking into ac-
count inter-atomic van der Waals distances, initially the side chain
conformations of amino acid residues were manually adjusted to a
minimum to accommodate each superimposed inhibitor where
necessary in order to conserve the conformational aspects of inhib-
itor binding. Energy minimisation was carried out using the pis-
covir 2.7 program (Biosym Technologies, San Diego, California,
USA) on a Linux workstation following published protocols found
to be effective for visualising a protein-ligand complex in its lowest
energy conformation.®®®! Briefly, calculations including a con-
stant-valence force field incorporating the simple harmonic func-
tion for bond stretching and excluding all non-diagonal terms
were carried out (cut-off distance of 26 A) using the steepest-des-
cent and conjugate-gradient algorithms (down to a maximum
atomic root-mean-square derivative of 10.0 kcal/A and 0.01 kcal/
A, respectively). Force-field potentials and partial charges were
automatically assigned and visualised using Insightll, with the con-
tributions of the proposed residues to the binding of inhibitor cal-
culated using Discover. Additionally, the crystal structures of ALR2
containing Minalrestat and Tolrestat (PDB codes 1PWL and 2FZD)
and ALR1 containing Tolrestat and DCL (PDB codes 3CV7) were
used to extract the contribution of the active-site residues towards
inhibitor binding.
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