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Abstract—Mouse 3(17)a-hydroxysteroid dehydrogenase (AKR1C21) is a member of the aldo-keto reductase superfamily that catal-
yses the oxido-reduction of steroid hormones such as estrogens, androgens and neurosteroids. Inhibitors of aldose reductase (AR), a
member of the same superfamily, were evaluated against AKR1C21. Models of the enzyme-inhibitor complexes suggest that Tyr118
and Phe311 are important residues for inhibitor recognition and orientation in the active site of AKR1C21.

© 2008 Published by Elsevier Ltd.

1. Introduction

The aldo-keto reductase (AKR) superfamily comprises
NAD(P)(H)-dependent oxidoreductases that catalyse
the reversible reduction of carbonyl-containing com-
pounds to the corresponding alcohols.! These enzymes
exhibit broad substrate specificities, with substrates
ranging from alcohols and monosaccharides to steroids
and prostaglandins. Proteins of the AKR superfamily
possess the characteristic TIM-barrel structural motif
comprising eight parallel B-sheets each associated with
an a-helix that runs anti-parallel to the B-sheet.” Based
on sequence identity, proteins of the AKR superfamily
are divided into 14 families, namely AKR1 to AKR14.
Within each family, proteins are further divided into
sub-families based on the type of reactions they cata-
lyse.? Proteins belonging to the same sub-family have
60% sequence identity but share no more than 40% se-
quence identity with members from other families. The
largest family (AKR1) is divided into four sub-families,
which include aldehyde reductases (AKRI1A), aldose
reductases (ARs, AKR1B), hydroxysteroid dehydrogen-
ases (HSDs, AKRIC) and steroid S5B-reductases
(AKR1D).3#

Aldose reductase (EC 1.1.1.21) is the first enzyme of the
polyol pathway that catalyses the reduction of glucose
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to sorbitol. Over-utilisation of glucose via the polyol
pathway during diabetic hyperglycaemia results in intra-
cellular accumulation of sorbitol which is implicated in
the chronic complications of diabetes such as retinopa-
thy, neuropathy and nephropathy.>® Structural studies
of AR have identified a wide range of potential AR
inhibitors (ARIs) to combat complications arising from
undesired activity of this enzyme.”® Crystal structures of
AR in complex with these inhibitors have revealed resi-
dues involved in inhibitor recognition and binding®'°
and enabled implementation of successful inhibitor de-
sign strategies for the development of more selective
and potent inhibitors of AR. Most inhibitors of AR
can be classified into the following three groups: carbox-
ylic acids such as tolrestat and zopolrestat, cyclic imides
such as sorbinil and minalrestat and flavonoids such as
quercetin and myricetin.!'"!3 In spite of the rapid pro-
gress in identifying potential therapeutic compounds
that would specifically bind and inhibit AR, most com-
pounds identified to date have been unsuccessful in clin-
ical trials due to adverse side effects.!*!> These side
effects are attributed to the inability of these compounds
to selectively inhibit AR since most of these inhibitors
also inhibit aldehyde reductase (AKR1A1), which also
belongs to the AKR1 family.!®* AKR1A1 bears 65% se-
quence identity with human AR (hAR) and is involved
in the reduction of diverse aldehydes to the correspond-
ing alcohols.!” Recent studies performed in our labora-
tory have shown that close similarities in the amino
acid sequence and 3D structures of the two enzymes
are responsible for their inhibition by the same
compounds. '8:1?
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Here, we report inhibition of 3(17)a-hydroxysteroid
dehydrogenase (3(17)a-HSD), another member of the
AKRI1 family, by ARIs. 3(17)a-HSD (EC 1.1.1.209)
was isolated from rabbit and mouse tissues’*2?> and
has been recently identified as the 21st member of
the AKRIC sub-family (AKR1C21).2224 Although
AKRI1C21 shares over 70% sequence identity with other
mammalian HSDs it is unique in its ability to stereo-spe-
cifically reduce ketosteroids to the respective 17a-hydro-
xy derivatives. As such, AKR1C21 is the only AKR1C
member known to reduce 4-androstene-3,17-dione to
epitestosterone which is a 17a-epimer of testosterone
that has been shown to accumulate in mammary cyst
fluid and human prostate. Since mammalian HSDs reg-
ulate occupancy of steroid receptors by catalysing the
oxidation-reduction reactions of the corresponding ste-
roid hormones, they serve as important drug targets in
the pre-receptor regulation of steroid hormone ac-
tion.?>2% In this study, we evaluated the inhibition of
AKRI1C21 by different ARIs. The three different groups
of ARIs, namely, flavonoids, carboxylic acids and cyclic
imides, were found to inhibit AKRIC21. Our results
suggest that flavonoids are non-competitive inhibitors
whereas carboxylic acids and cyclic imides are competi-
tive inhibitors of AKRIC21. Competitive inhibitors
were docked in the active site of AKRI1C21 and struc-
tural comparisons were made with the ternary com-
plexes of these inhibitors in AR. The identification of
residues that may contribute to inhibitor selectivity from
this study may help develop selective inhibitors of AR
and 3(17)a-HSD, which are considered potential drug
targets.

2. Results
2.1. Inhibition of AKR1C21 by ARIs

Compounds belonging to the three classes of ARIs,
namely, flavonoids (quercetin, quercitrin, myricetin
and chrysin), carboxylic acids (tolrestat and zopolre-
stat) and cyclic imides (sorbinil, fidarestat and minalre-
stat), were tested for activity against AKR1C21 (Table 1).
The potency of these compounds was measured in
terms of their ICsy values (concentration that causes
50% inhibition). Among the flavonoids, quercetin was
the most potent inhibitor with an ICsy value of
6.9 uM followed by myricetin (ICsy = 12.3 uM). Quer-
cetin-3-O-L-rhamnoside (quercitrin) has an ICs, of
33.3 uM, which makes it 4.8 times less potent than
quercetin. However, in AR the inhibitory activity of
quercitrin is one order of magnitude greater than that
of quercetin.?” Chrysin exhibited 36% inhibition at
12 uM concentration and was insoluble in the assay
buffer above this concentration. Between the two car-
boxylic acid derivatives, tolrestat was more potent
(IC50 =48 uM) than zopolrestat (ICso = 158 uM) and
among the cyclic imides, sorbinil and fidarestat failed
to inhibit AKRIC21 whereas minalrestat was inhibi-
tory with an ICsy of 27 uM. Our results suggest that
flavonoids are the most potent among the three groups
of inhibitors tested. Among the carboxylic acids and
the cyclic imides, minalrestat was more potent than tol-

restat, which in turn was more potent than zopolrestat.
The most potent inhibitors from each class were ana-
lysed further to determine their inhibition patterns.
Tolrestat and minalrestat were competitive inhibitors
of AKRIC21 with respect to the substrate R-1-indanol
(K; =22 uM and 10.4 uM, respectively) (Fig. 1A and
B). In contrast to this quercetin exhibited non-compet-
itive inhibition with respect to the substrate R-1-inda-
nol (K; (slope effect) =4.5+ 0.8 uM and K| (intercept
effect) = 11 £ 0.2 uM) (Fig. 1C). These inhibition pat-
terns are consistent with the nature of inhibition of
these compounds in AR.?"?°

2.1.1. AKR1C21-ARI complex models. Structure-activ-
ity relationship analyses of several AR ternary com-
plexes advocate the importance of polar groups such
as carboxylates, hydroxyls and imides for potent inhibi-
tion.’® In vitro, the carboxylic acid ARIs are potent
inhibitors of AR, however, this is not translated
in vivo due to their relatively low pK, values (generally
below 4) which make them ionised at physiological pH.
In the ionised form, these compounds are unable to
cross biological membranes and as such have poor phar-
macokinetics.3! Conversely, flavonoids and cyclic imides
have better pharmacokinetic properties due to their
higher pK, values which make them neutral or partially
ionised at physiological pH and can freely cross the
membrane barrier.>?> Therefore, in case of AKR1C21,
phenolic compounds such as the naturally occurring
flavonoids are good alternatives to the carboxylic acid
inhibitors. However, since quercetin showed a non-com-
petitive inhibition pattern, its binding site in AKR1C21
will be confirmed from a crystal structure analysis as
was done for the zopolrestat binding site in AR.?? In
an attempt to identify residues involved in inhibitor rec-
ognition and binding, tolrestat, zopolrestat and minalre-
stat were docked in the active site of AKR1C21 and
these enzyme-inhibitor complex models were compared
to the corresponding crystal structures of the AR ter-
nary complexes. A comparison of the type of interaction
between the inhibitors and the two enzymes was carried
out to provide insights for future development of more
selective and potent inhibitors against 3(17)a-HSDs.

Several crystallographic analyses and modelling studies
have enabled detailed study of the inhibitor-binding site
in AR.3*37 On the contrary, the crystal structures of the
AKRI1C21 binary complex (with NADPH) and the
AKRI1C21 ternary complex (with NADP™ and substrate
epitestosterone) were solved very recently.?® % As such
the ligand-binding site of AKR1C21 has not been inves-
tigated to determine molecular determinants of inhibitor
binding and selectivity. Reminiscent of all members of
the AKR family, both AR and AKR1C21 catalyse the
reduction of a carbonyl group of substrates to a hydro-
xyl in an ordered bi—bi mechanism with the concomitant
conversion of NADPH to NADP™.2 Both enzymes have
a well-conserved 3D structure with the cofactor NADP*
bound at the bottom of a deep elliptical ligand-binding
site. Figure 2 shows a surface charge distribution map
of the AKRIC21 molecule superimposed on the active
site residues of the AR-zopolrestat complex structure.
The top end of the ligand-binding pocket is formed by
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Table 1. ARIs tested for inhibitory activity against AKR1C21 and their potencies shown in terms of ICs, values, % inhibition and no inhibition (ni)
at the indicated concentrations

Compounds Chemical structure AKRI1C21 ICso (uM) or % inhibition hAR ICsy (uM)

Flavonoids (phenolic derivatives) OH

O OH
Quercetin HO. O 0 6.9+0.9 22
H

|
o
OH 0 oy

OH

Quercitrin HO 333+ 10 0.15

O-L-Rhamanose

OH

(0]
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O O o OH 123+24 29
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Myricetin
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\
o o
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OH

H
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|
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HO

COLH

CF,
N N +
Zopolrestat N\%;Q 158 + 31 0.03
o}

Cyclic imides o NH
o
R o
Minalrestat N 27.5+3.3 0.07
F

0]

Br
O,

Y—NH
Sorbinil \@HN\)TO
0
O¥NH

F
o HN <o
Fidarestat ni at 125 uM 0.009
o NH»

(0]

ni at 50 uM 0.91

10,52,

The ICs, values for hAR inhibition by flavonoids,'! carboxylic acids and cyclic imides'®>?are also listed.

aromatic and apolar residues and the bottom comprises ring of the cofactor and the catalytic residues Tyr55
an anionic binding site delineated by the nicotinamide and His117 (Tyr48 and His110 in AR).3®#! The special
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Figure 1. Inhibition patterns for AKR1C21 by tolrestat (A), minalrestat (B) and quercetin (C). The activity was determined using the five
concentrations of R-1-indanol as the substrate in the absence (@) or presence of the inhibitor. The concentrations of tolrestat were 10 (O), 25 (A) and
50 uM (A), those of minalrestat were 10 (O), 20 (A) and 40 uM (A), and those of quercetin were 2 (O), 4 (A) and 8 uM (A).

arrangement of the active site tyrosine and histidine res-
idues and several residues lining the ligand-binding cav-
ity that interact with the inhibitor molecules is conserved
in the two enzymes. Since both enzymes have a well-con-
served active site and share 63% sequence homology, the
crystal structures of AR-inhibitor complexes were used
as a guide for docking the inhibitors in the active site of
AKR1C21 (PDB:2P5N). The enzyme-inhibitor interac-
tions in AKR1C21 and AR models were compared to
enable rational approaches to inhibitor optimisation.

2.2. Inhibitor-binding site

Potent ARIs such as tolrestat, zopolrestat and minalre-
stat are known to induce a conformational change upon
binding in the active site of AR.?®?° Similarly these
inhibitors may induce a conformational change upon
binding in the active site of AKR1C21. Since automated
DOCK does not allow for such changes, these inhibitors
were manually docked in the active site of AKRI1C21 in
an orientation similar to that in the crystal structure of
corresponding AR-inhibitor complex and torsion angles
of the side chains of residues coinciding with the inhib-
itor molecule were adjusted to avoid short contacts. Ste-
ric strain due to the docked inhibitor molecule was
relieved by energy minimisation of the AKRI1C21-
inhibitor complex. Interactions between the docked
inhibitors and the active site residues of AKRI1C21 were
compared to those between AR and the corresponding

inhibitor in order to identify residues unique to
AKRIC21 that are involved in inhibitor binding.

2.2.1. Tolrestat. Crystallographic analysis of AR in com-
plex with tolrestat revealed that tolrestat is bound in the
active site via H-bonding interactions with residues
Tyr48, His110 and Trplll (Fig. 3.1a).?® The binding
of tolrestat induces a conformational change brought
about by the displacement of residues Leu300 and
Phel22 of AR. This conformational change allows the
hydrophobic ring system of tolrestat to bind in the ‘spec-
ificity’ pocket formed between residues Trpl11, Leu300
and Phel22. In AR, the hydroxyl group of the naphthyl
ring of tolrestat is within van der Waals contact with
Phel15. The fluoride atoms of the trifluoromethyl group
interface with Ser302 and Cys303 with one fluoride atom
within H-bonding distance from the OH of Ser302. Tol-
restat was docked in the active site of AKRIC21 using
the crystal structure of AR-tolrestat ternary complex
(PDB:2FZD) as a template.** Similar to AR, the car-
boxylate moiety of tolrestat was within H-bonding dis-
tance of catalytic residues Tyr55 (2.6 A) and Hisl17
(2.6 A) (Fig. 3.1b). However, the H-bond between the
carboxylate oxygen of tolrestat and the NEI of
Trplll in AR is lost with the replacement of Tyrl18
in place of Trplll in AKRIC21. In AKRIC21, the
hydrophobic ring system of tolrestat is sandwiched by
the aromatic residues Trp227, Phel29, Trp86 and
Phe311. A fluoride atom from the trifluoromethyl group
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Zopolrestat .

Figure 2. Surface illustration of the AKR1C21 molecule with non-polar/aromatic residues coloured in white, positively charged residues are in blue
and the negatively charged residues are in red. The active site residues of hAR and AKR1C21 are superimposed and they are shown as sticks: blue
(AKR1C21) and pink (AR). The inhibitor zopolrestat (black) and the cofactor (blue) are shown. H-bonding interactions between the inhibitor and

catalytic residues are shown as dotted lines.

forms a H-bond with the main chain nitrogen of Phe311,
which is the counterpart of Cys303 in AR.

2.2.2. Zopolrestat. Zopolrestat is bound in the active site
of AR (PDB:2FZ8) with its carboxylate moiety within
H-bonding distance from the residues His110, Tyr48
and Trplll (Fig. 3.2a).#'%? Binding of zopolrestat in
AR induces a conformational change which opens the
‘specificity’ pocket, enabling the inhibitor to be com-
pletely sequestered in the cavity. As such, the two het-
erocyclic rings of zopolrestat form van der Waals
contacts with residues Thrl113, Leu300, Phell5,
Phel22 and Trplll of the ‘specificity’ pocket. The
phthalazinyl ring is packed between aromatic residues
Trp20 and Phel22 and benzothiazole ring m-stacks
against Trpl11, which is a major determinant for inhib-
itor binding and potency.'® In AKR1C21, the carboxyl-
ate moiety of zopolrestat is within H-bonding distance
from residues Tyr55 (2.5A), Hisll7 (2.7A) and
Tyr118 (3.0 A) (Fig. 3.2b). The benzothiazole ring of
zopolrestat makes van der Waals contacts with
Phe311, Trp317, Pro318 and Metl20 and m-stacks
against Tyr118. The phthalazinyl ring makes van der
Waals contacts with aromatic and non-polar residues
Trp227, Phel29, Ala24, Val54 and Trp86.

Crystallographic analysis of the two carboxylic acid
inhibitors, tolrestat?® and zopolrestat*! bound in the ac-
tive site of AR, has enabled identification of residues in-
volved in inhibitor recognition and binding. Both
inhibitors bind in the active site with the carboxylate
functional group in close proximity to C4 atom of the
nicotinamide ring of the cofactor and form hydrogen
bonds with Tyr48, His110 and Trplll, three key resi-
dues for inhibitor binding. Binding of these inhibitors
induces a conformational change that opens the ‘speci-
ficity’ pocket enabling additional interactions between
the enzyme and the bound inhibitors. Nevertheless, the
opening of the ‘specificity’ pocket is different for each

inhibitor depending on distinct orientation of the bound
molecule. Docking of the carboxylic acid inhibitors in
the active site of AKR1C21 reveals common features
in the mode of binding for these inhibitors in the two en-
zymes. The H-bonding network between AR and these
inhibitors is conserved in AKR1C21. Although Trplll
is replaced by Tyrl118 in AKRIC21, it still forms H-
bond and van der Waals contacts with the inhibitors.
Since zopolrestat and tolrestat are orientated differently
in the active site of AKR1C21 they interact with differ-
ent residues in the hydrophobic cleft. The benzothiazole
moiety of zopolrestat is stacked in between Tyr118 and
Phe311 whereas the naphthyl ring of tolrestat is perpen-
dicular to Tyr118. Zopolrestat, being a larger inhibitor
binds much deeper in the ‘specificity’ pocket than tolre-
stat. As such, binding of zopolrestat to AKR1C21 may
result in a larger energy change due to greater opening
of the pocket than is the case for tolrestat, which may
be responsible for more potent inhibition by tolrestat
compared to zopolrestat.

2.2.3. Minalrestat. Minalrestat is bound in the active site
of AR with the carbonyl oxygen atoms H-bonded to
Tyr48 and Trpl11 while His110 forms a hydrogen bond
with the N1’ atom of the cyclic imide moiety
(PDB:1PWL) (Fig. 3.3a).%>*3 In AKR1C21, minalrestat
is bound in an orientation similar to that in AR how-
ever, the carbonyl oxygen atoms of the cyclic imide ring
are within hydrogen bonding distances of the hydroxyl
groups of Tyr55 (3.5A), Tryll8 (2.9 A) and Tyr224
(2.6 A), and the NE2 atom of His117 (2.7 A). The N1’
atom of the cyclic imide moiety is within hydrogen
bonding distance of the hydroxyl group of Tyr55
(3.1 A). Minalrestat binds AR with its isoquinoline ring
packed between the side chains of aromatic residues
Trp20, Phel22 and Trp219.4* In AKRI1C21, the aro-
matic rings of minalrestat form van der Waals interac-
tions with the surrounding aromatic residues Phe311,
Trp86, Trp227 and Phel29 (Fig. 3.3b). In AR, the 4-
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Figure 3. Stereo-view of the thgee inhibitors, tolrestat (1), zopolrestat (2) and minalrestat (3) bou{ld in the active sites of hAR (a) and AKR1C21 (b).
Amino acid residues within 4 A of the inhibitor are shown and H-bond distances are given in A.

bromo-2-fluorobenzyl group interacts with Phel22,
Leu300 and Trplll and the benzyl group m-stacks
against the side chain of Trplll. The 4-bromo-2-fluo-
robenzyl group enters the crevice of AKR1C21 formed
by residues Phe311 and Tyrl18, and the benzyl group

)\YSS H1L7
A24 b s
waly o
118
2.8
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n-stacks against Phe311 and Tyr118 with the 4-bromo
group present within van der Waals contacts of Cys87.
The fact that minalrestat exhibits a K; value of 10 uM
whereas sorbinil and fidarestat do not inhibit AKR1C21
could be attributed to the extensive H-bonding and van

)\Y‘i H117
A24 A
wa\a & i
118
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Figure 4. Superposition of the hAR and AKR1C21 inhibitor-binding sites with sorbinil modelled. The replacement of Trp20 and Trpl11 interacting
with the inhibitor in hAR with Ala24 and Tyrl18 in AKR1C21 is likely responsible for the difference in inhibitor potency for the two enzymes.
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der Waals interactions between minalrestat and
AKRIC21 (Figs. 3.3b and 4). Another important point
to note is that sorbinil is a relatively small inhibitor
which lacks the aromatic side chain present in minalre-
stat that interacts with residues of the ‘specificity’ pock-
et. The presence of this additional 4-bromo-2-
fluorobenzyl group in minalrestat may thus be responsi-
ble for its inhibitory activity against AKR1C21, and in
turn may suggest that additional interactions between
inhibitor and residues of the ‘specificity’ pocket in
AKRIC21 are crucial for inhibition.

3. Discussion

Structural comparisons of the inhibitor-binding sites in
AR and AKRI1C21 reveal that the hydrogen bonding
interactions between the inhibitors and active site resi-
dues Tyr55, Hisl17 and Tyr118 (Tyr48, His110 and
Trplll in AR) are conserved (Fig. 4), and that the
inhibitors are likely to be orientated in the active sites
of the enzymes in a similar manner. In AR, Trpl11 is in-
volved in van der Waals contacts and H-bonding inter-
actions with all ARIs and therefore is considered an
important residue for inhibitor recognition and bind-
ing.'® In AKR1C21, Tyr118 forms H-bonds with zopol-

restat and minalrestat, and is involved in van der Waals
contacts with the naphthalene ring of tolrestat. Addi-
tionally, the aromatic side chain of Tyrl18 m-stacks
against the benzothiazole ring and the isoquinoline ring
of zopolrestat and minalrestat, respectively. As such, it
is likely that Tyr118 is an important residue for inhibitor
binding in the active site of AKR1C21. In AR, Trp20 is
also an important residue that forms H-bonding and
van der Waals interactions with the inhibitors.!° Muta-
genic analysis has revealed that the presence of an aro-
matic residue at this position is crucial for inhibition
by sorbinil.** This is related to the fact that sorbinil,
being a small compound, interacts mainly with the aro-
matic Trp20 and does not interact with the residues of
the ‘specificity’ pocket. In AKR1C21, this aromatic res-
idue is replaced by a much smaller residue, alanine
(Ala24) (Fig. 5) which may explain why sorbinil, an
inhibitor of AR fails to inhibit AKR1C21.

The three ARIs discussed in this study induce a con-
formational change which opens the ‘specificity’ pock-
et of AR enabling the inhibitors to bind to the active
site. In AR, the ‘specificity’ pocket comprises residues
Thr113, Phell5, Phel22, Vall30, Leu300, Ser302 and
Cys303.?% Inhibitors that form van der Waals contacts
with these residues tend to be more selective for AR

1 11 21 31 41
AKR1C21 MNSKCHCVILNDGNFIPVLGFGTALPLECPKSKAKELTKIAIDAGFHHFD
hAR -=--MASRILLNNGAKMPILGLGTWK---SPPGQVTEAVKVAIDVGYRHID
. ::**:* :*:**:** L% e T-kkk k- -h-*%
51 61 71 81 91
AKR1C21 SAS DHVGEAIRSKIADGTVRREDIFYTSKVWCTSLHPELVRASLE
hAR NENEVGVEIQEKLREQVVKREELFIVSKLWCT!HEKGLVKGACQ
_* **j_*:.** *k . k. R A IR Vk k- ok k Kk ) * %k - .
101 111 121 131 141
AKR1C21 RSLOKLOFDYVDLYLIHYPMALKPGEENFPVDEHGKLIFDRVDLCATWEA
hAR KTLSDLKLDYLDLYLI PTGFKPGKEFFPLDESGNVVPSDTNILDTWRA
sik k. okkokhkhkhkkhkok  -khkk-k kk-kk k:o-o- *k ok
151 16l 171 181 191
AKR1C21 MEKCKDAGLTKSIGVSNFNYRQLEMILNKPGLKYKPVCNQVECHPYLNQM
hAR MEELVDEGLVKAIGISNFNHLQVEMILNKPGLKYKPAVNQIECHPYLTQE
ks ok kk kokk-dkkdkk: kokkkkkIhAAAAA, kk - kkkkkk ok
201 211 221 231 241
AKR1C21 KLLDFCKSKDIVLVAYGVLGTQRYGGWVDQONSPVLLDEPVLGSMAKKYNR
hAR KLIQYCQSKGIVVTAYSPLGSPDRP-WAKPEDPSLLEDPRIKAIAAKHNK
*t:::*j**_**:_**_ * % - * L%k kk- -k - s = Woe W e
251 261 271 281 291
AKR1C21 TPALIALRYQLORGIVVLNTSLKEERIKENMQVFEFQLSSEDMKVLDGLN
hAR TTAQVLIRFPMQRNLVVIPKSVTPERIAENFKVFDFELSSQDMTTLLSYN
*.* - =% sk -k R hkk dkk - okdk-kkhkk-hkk K ) *
301 311 321
AKR1C21 RNMRYIPAAIFKGHPNWPFLDEY
hAR RNWRVCALLSCTSHKDYPFHEEF
*k ok Lk s akk ok

Figure 5. The amino acid sequences of AKR1C21 and hAR were aligned using the program CLUSTALW (version 1.83) with default values for all
parameters, introducing as few insertions (shown by hyphens) as possible to conserve conformational aspects of the molecules. Identical residues are
represented by ‘*’, highly conserved residues as “:’, weakly conserved substitutions are represented by ‘" and the unmarked residues are non-

conserved. Catalytic residues of the enzymes are shaded in green and residues interacting with the inhibitors are shaded in grey, respectively.
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relative to other family members such as aldehyde
reductase. The difference in potency of these inhibitors
for the two enzymes is attributed to differences in the
residues of the C-terminal loop that partly form the
‘specificity’ pocket.*>#¢ In this study, we have identi-
fied residues I1e306, Ala308, Ile310, Phe311, Trp317
and Pro318 (Fig. 5) of the C-terminal loop of
AKRIC21 that are involved in van der Waals interac-
tions with the three modelled ARIs. Out of these,
I1e306, Ala308, Ile310 and Phe311 are non-conserved
between AR and AKRI1C21 and could be responsible
for the differences in the potency of these inhibitors
for the two enzymes. Of particular importance is
Phe311, which forms van der Waals contacts with
the heterocyclic rings of tolrestat and m-stacks against
the benzothiazole ring and the isoquinoline ring of
zopolrestat and minalrestat, respectively. Its main
chain nitrogen atom forms a H-bond with a fluoride
atom from tolrestat. Based on these observations, it
is possible that Phe311 plays an important role in
inhibitor binding and selectivity, a role similar to that
reported for Leu300 in AR.'Y

Moreover, the extent of the conformational change that
is induced upon binding of inhibitors to AR may vary in
AKRI1C21, which may partly account for the difference
in inhibitor potency between the two enzymes, as re-
flected in the 1Csq values listed in Table 1. It is possible
that the flavonoids induce little or no conformational
change since they have relatively similar ICs, values
for both enzymes whereas zopolrestat, tolrestat and
minalrestat that induce a conformational change upon
binding to AR show considerably less potency against
AKRI1C21. While these compounds are less potent
against AKR1C21 compared to AR, they may be useful
as a starting point for the development of selective and
more potent inhibitors of 3(17)a-HSDs.

Molecular modelling and kinetic analysis of ARIs
against AKRIC21 confirm two important structural
features necessary for the inhibition of the AKRs.!"
The first being the presence of a charged group such
as the carboxylate moiety in tolrestat, the phenol group
in quercetin or the cyclic imide moiety in minalrestat.
These charged groups are important for electrostatic
interactions with the positively charged nicotinamide
ring of the cofactor and with the active site residues.
The second important feature is the presence of a hydro-
phobic ring system that is involved in m-stacking and
van der Waals interactions with the non-polar and aro-
matic residues of the binding pocket. In AR, interac-
tions between the aromatic side chains of the
inhibitors and the hydrophobic residues of the ‘specific-
ity’ pocket are crucial for inhibitor potency and selectiv-
ity.>*47  Similarly in AKRI1C21, the hydrophobic
residues lining the ligand-binding cavity that interact
with the aromatic side chains of these inhibitors would
serve as important determinants for inhibitor binding
and potency. However, the exact role of these residues
in inhibitor binding has yet to be confirmed by site-di-
rected mutagenesis. These structural features may form
an important basis for future design of selective inhibi-
tors for 3(17)a-HSDs.

4. Conclusion

Molecular modelling and kinetic studies identified new
inhibitors against AKRI1C21 with competitive and
non-competitive inhibition patterns. The inhibitors pos-
sess a core template that utilises H-bonding and van der
Waals interactions with the enzyme to position the polar
head of the inhibitor to interact with the catalytic resi-
dues Hisl17 and Tyr55 of AKRIC21. Phe311 and
Tyr118 are important determinants for inhibitor recog-
nition and binding in AKR1C21 and mutagenic analysis
of these residues (Tyr118 and Phe311) would help con-
firm their exact role in inhibitor recognition and selectiv-
ity. Additionally, it will be important to determine the
crystal structure of AKR1C21 in complex with inhibitor
in order to confirm the interaction with key amino acid
residues and their role in achieving the optimal inhibitor
binding conformation. Knowledge of the type of inter-
actions between the enzyme and inhibitor can be used
to design compounds that are tailored to selectively bind
and inhibit 3(17)a-HSDs.

5. Experimental
5.1. Enzyme Kkinetics

Recombinant AKR1C21 was expressed and purified to
homogeneity as described previously.?>>* The dehydro-
genase activity of the enzyme was determined at 25 °C
by monitoring the rate of formation of NADPH at
455 nm with an excitation wavelength of 340 nm. The
reaction mixture consisted of 0.1 M potassium phos-
phate, pH 7.4, 0.25mM NADP®, I mM R-l-indanol
(Fluka) and enzyme in a total volume of 2.0 ml. One
unit (U) of enzyme activity was defined as the amount
that catalyses the formation of 1 umol of NADPH per
min. All inhibitors were dissolved in methanol, except
for zopolrestat and chrysin that were insoluble in meth-
anol and were dissolved in a 1:1 mixture of dimethylsulf-
oxide and methanol stock solution. The stock solution
was diluted further with methanol and 25 pl of this
was added to the reaction mixture. The final concentra-
tion of methanol in the reaction mixture was less than
2%. Initially, the ICsq values for the inhibitors were
determined and then their inhibition patterns and K; val-
ues were analysed using five concentrations of the sub-
strate by the Lineweaver—Burk plot, Dixon plot and/or
Cornish-Bowden plot®! of the velocities obtained with
four concentrations of the inhibitor. The ICsy and K;
values are expressed as means * standard deviation of
three determinations.

5.2. Molecular modelling

Based on the high sequence similarity (63%) and a well-
conserved active site the crystal structures of the AR ter-
nary complexes were used as templates for docking
respective inhibitors in the active site of AKRIC21
(PDB:2P5N). The structural coordinates of the hAR ter-
nary complexes were obtained from the RCSB protein
data bank (http://www.rcsb.org). Among the several
AR structures available, 2FZD was used for docking
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Figure 6. Superposition of the AKR1C21 inhibitor-binding site before and after docking zopolrestat. The manual changes in the side chains of

Met120, Trp227 and Phe311 to accommodate the inhibitor are shown.

tolrestat, 2FZ8 was used for zopolrestat and IPWL was
used for minalrestat. All ARIs used in the modelling
study are known to induce a conformational change
upon binding in the active site, especially in the flexible
C-terminal loop. Since automated DOCK does not al-
low for any such changes, these inhibitors were manu-
ally docked in the active site of AKRIC21 after the
two enzymes were superimposed in InsightIl. The inhib-
itors were docked in an orientation similar to that of the
crystal structure of the corresponding AR-inhibitor
complex. The polar heads of the inhibitor molecules
were placed within hydrogen bonding distance of the
catalytic residues Tyr55 and His117. Since carboxylic
acids have a relatively low pK, value which makes them
ionised at physiological pH, the hydrophilic head
(COOH) was bound in the COO™ form, with the nega-
tive charge shared between oxygen atoms of the carbox-
ylic moiety. The cofactor used in the docking studies
was NADP". Hydrogen atoms, partial charges, atomic
potentials and bond orders were assigned to the pro-
tein—inhibitor complexes using the automatic proce-
dures within the Insightll 2.1 package (Biosym
Technologies Inc., San Diego, CA). Any clashes be-
tween the newly docked inhibitor molecules and the side
chains of the residues of the binding pocket were re-
moved by adjusting the torsion angles. The side chain
of Trp227 was adjusted to avoid clashes with the aro-
matic rings of zopolrestat and minalrestat whereas tor-
sion angles of Metl20 and Phe311 were adjusted to
avoid close contacts with all 3 inhibitors (Fig. 6).

All AKR1C2l-inhibitor complexes were energy mini-
mised to reduce steric hindrance using the Discover
2.7 package (Biosym Technologies Inc., San Diego,
CA) on a Linux workstation. The constant valence
force field incorporating the simple harmonic function
for bond stretching and excluding all non-diagonal
terms was used (cut off distance of 26 A). Minimisa-
tion calculations were done using the algorithms steep-
est descents and conjugate gradients down to a
maximum root mean square derivative of 10.0 kcal/A
and 0.01 kcal/A, respectively. Molecular dynamics
were then performed using leapfrog algorithms in Dis-
cover. Dynamics were equilibrated for 2 ps with times
steps of 1fs and then continued for 4 ps with time

steps of 2 fs at 350 K. The resulting structure was ex-
tracted and energy minimised. This protocol allows
some degree of conformational change to accommo-
date the inhibitor molecule in the active site and has
been found to be effective for visualising the pro-
tein-ligand complex in a conformation close to its
lowest energy structure.***’ Energy minimisation of
the protein-inhibitor complexes resulted in a slight
shift in the residues of the C-terminal loop, mimicking
the conformational change it induces upon binding to
AR. Figures were generated using PyMOL (DeLano
Scientific, San Carlos, CA, USA) and MolScript.*°
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