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Abstract

Human aldo—keto reductases AKR1C1-AKR1C3 are involved in the biosynthesis and inactivation
of steroid hormones and prostaglandins and thus represent attractive targets for the development of
new drugs. We synthesized a series of N-benzoyl anthranilic acid derivatives and tested their
inhibitory activity on AKR1C enzymes. Our data show that these derivatives inhibit AKR1C1-
AKR1C3 isoforms with low micromolar potency. In addition, five selective inhibitors of AKR1C3
were identified. The most promising inhibitors were compounds 10 and 13, with 1Csq values of
0.31 uM and 0.35 pM for AKR1C3, respectively.
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Human aldo—keto reductases AKR1C1-AKR1C4 are involved in the biosynthesis and
inactivation of steroid hormones, neurosteroids, prostaglandins, products of lipid
peroxidation and xenobiotics. These AKR1C isoenzymes reduce carbonyl containing
substrates to alcohols and also act as 3-keto, 17-keto and 20-ketosteroid reductases to
varying extents. In this manner, they regulate the activity of androgens, estrogens,
progesterone and the occupancy and activation of their corresponding nuclear receptors.1-2
They possess a broad spectrum of physiological roles, but when differentially expressed they
are also involved in different pathophysiological conditions, such as hormone-dependent and
independent cancers for example prostate cancer,3-8 other hormone-dependent diseases,®
depression, epilepsy and neurodegenerative diseases.? These enzymes, and especially
AKR1C1 and AKR1C3, thus represent attractive targets for the development of new drugs.
As AKR1C enzymes share more than 86% sequence identity at the amino acid level and
interestingly, AKR1C1 and AKR1C2 differ in only one residue in the active site (Leu/
Val54), development of specific inhibitors is a challenging task.
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Anthranilic acid derivatives have been known as good inhibitors of AKR1C isoenzymes,
with Ki values in low micromolar or nanomolar range. Almost 30 years ago, Penning and
Talalay showed that indomethacin and mefenamic acid, nonselective NSAIDs, strongly
inhibit rat liver hydroxysteroid dehydrogenase AKR1C9, a model for human AKR1C
isoenzymes.10 Other nonselective NSA-I1Ds and selective COX-2 inhibitors also proved to
be potent inhibitors of AKR1C isoenzymes.311 This inhibition of AKR1C enzymes by
NSAIDs may thus explain the known antineoplastic effects of these drugs. To confirm the
hypothesis on involvement of AKR1C isoenzymes in COX-independent anti-proliferative
effects, Penning et al. developed selective inhibitors of AKR1Cs based on N-
phenylanthranilic acid and cholanic acid with 1Csq values in low uM range.3 Recently, we
synthesized a series of N-benzoyl anthranilic acid derivatives as inhibitors of penicillin
binding proteins.12 Due to their structural similarities to several known inhibitors of AKR1C
enzymes, we tested their inhibitory activity on AKR1C enzymes.13-14 We demonstrated that
these derivatives inhibit AKR1C isoenzymes in the low micromolar range. In addition, 5
compounds were found to be selective inhibitors of AKR1C3.

The compounds were synthesized by the formation of the amide bond between carboxylic
group of benzoic acid derivatives and the amino moiety of C-protected anthranilic acids.
The carboxylic acid groups were converted into acid chlorides using SOCI», followed by the
addition of the corresponding C-protected anthranilic acid derivatives. The esters were
subsequently deprotected with alkaline hydrolysis and where necessary an aromatic NO,
group was reduced into their corresponding amine by catalytic hydrogenation to obtain the
target compounds 1-16. The general experimental procedures for the synthesis of
compounds presented in Table 1 and their spectroscopic properties are described in Ref.12
The detailed synthetic procedure and the spectroscopic data of a representative compound
(11) are described in note.1>

Screening of the compounds against recombinant AKR1C1-AKR1C416 gave the results
presented in Table 1. We found that compounds that possessed either NO, (1-4) or NH,
group (5-7) at the meta position of B ring (R* = NO, or NH,) and in addition contained
different substituents on the anthranilic acid (A) ring were inactive on all AKR1C isoforms.
The only exception was compound 8 that had an additional fluorine atom positioned ortho
with respect to the NO, group on the ring B (R* = NO,, R® = F). It exhibited quite potent
inhibitory activity against AKR1C1 and AKR1C2 with ICgq values of 8.4 uM and 15.6 uM,
respectively, whereas no AKR1C3 isoform inhibition was observed.

AKR1C3 inhibition was, however, achieved with compounds 9-13. On the basis of these
results we were able to postulate an initial structure—activity relationship for 1C3 isoform
inhibition. We found that the presence of the hydroxy group at the meta position on the B
ring (R* = OH, compounds 9-13) was essential for selective AKR1C3 inhibition. However,
if the hydroxyl group was transformed into an ethoxy (R* = OEt, compound 14) or butoxy
(R* = OBu, compound 15) moiety, the inhibition shifted towards AKR1C1-C2 isoforms,
whereas inhibition of AKR1C3 was almost completely lost. The importance of the hydroxyl
group was also confirmed when we compared the inhibitory activities of compounds 2
(3.4% AKR1C3 inhibition) and 3 (3.5% AKR1C3 inhibition), bearing a NO, group at the
meta position on B ring (R* = NO,), with their corresponding hydroxy analogs 10 (ICso =
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2.2 uM) and 11 (ICsq = 5.2 pM). The same pattern was observed when inhibitory potency of
compounds 5 and 6 were compared to the inhibitory potency of compounds 9 and 11. The
latter two compounds possessed a OH group (R* = OH) instead of a NH, moiety at the meta
position of B ring (R* = NH,): again this substitution led to increased AKR1C3 inhibitory
potency (Table 1). We also found that the substitution on the anthranilic acid (A) ring does
not play a significant role in AKR1C3 inhibition as the inhibitory potencies of compounds
9-13 which bear variable substituents on this ring gave comparable 1Csq values ranging
from 1.9 to 12.7 uM. However, due to some subtle differences in the 1Cgq values we
hypothesized that introduction of a large bromine atom to the meta position on the A ring
(R1 = Br) to yield compound 13, would produce a more potent inhibitor. Compound 13 was
found to have an 1Csq value of 1.9 uM for AKR1C3 (Table 1). Compound 16 inhibited all
three isoforms 1C1-1C3, with ICgps of 3.2, 6.5, and 7.5 pM, respectively.

Those compounds that were selective AKR1C3 inhibitors in the primary screen against
1C1-1C3 isoforms, were subjected to a confirmatory screen which included AKR1C4.
These compounds showed even better inhibitory potencies (Table 1), which we assign to
differences in assay procedures and conditions.1® As the 1Csq values for compounds 9-13
were determined on all AKR1C isoforms, we were able to calculate the range of selectivity
for the most potent AKR1C3 inhibitors. Here, the most promising compound was 13 with an
ICsq value of 0.35 uM on the AKR1C3 isoform and it exhibited 286-, 180- and 86-fold
selectivity for AKR1C3 in comparison with isoforms 1C1, 1C2 and 1C4, respectively (Table
1). Also, compound 10 seems very promising as it was similarly selective as compound 13.
These two inhibitors of AKR1C3 are amongst the most potent selective non-steroidal
inhibitors published so far. The only significantly more potent inhibitors were steroidal
lactones, which were active in nanomolar concentrations. However, their selectivity over
other AKR1C isoforms has not been demonstrated.1718

To enhance our understanding of the results of enzymatic assays and to confirm our
postulated SAR we used molecular docking®20 to predict the hypothetical binding pose of
compound 13 in the active site of AKR1C3 (PDB code 152A).21 The predicted binding pose
of 13 showed several important interactions. With its carboxyl group, it was predicted to
form H-bonds with the catalytic tetrad members Tyr55 and His117 (Fig. 1). Surprisingly, the
other part of compound 13 (ring B) was predicted to bind to the SP3 binding pocket?1.22
composed of Tyr24, Glu192, Ser221 and Tyr305 which is similar to the binding mode of
indomethacin.23 The 3-hydroxy group of ring B was predicted to form H-bonds with Ser221
and the backbone nitrogen of GIn222. Additional —m interactions were predicted to form
between ring B and Tyr24. The interactions with SP3 binding pocket seem to be crucial for
good AKR1C3 inhibitory activity in this series as compounds 14 and 15 with alkylated
hydroxy groups exhibited lower AKR1C3 inhibition, most probably due to the loss of H-
bonds with Ser221 and GIn222. It is interesting to note that this hypothetical binding pose is
different from binding poses of highly related N-phenylaminobenzoate, 22 which were
shown to occupy the SP1 binding pocket (formed by Ser118, Asn167, Phe306, Phe311, and
Tyr319), similarly as flufenamic acid.23

To conclude, we have evaluated a series of N-benzoyl anthranilic acid derivatives for their
inhibition of aldo—keto reductases AKR1C1-C4 and discovered some new selective
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inhibitors of AKR1C3, an important drug target. The results represent an important basis for
the synthesis of next generation of AKR1C3 inhibitors. As the synthetic procedures to
obtain structurally related derivatives are very straightforward, we are certain that further
improvements can be achieved. Both phenyl rings (A and B) offer several possibilities for
the introduction of new functionalities at different positions. The most promising way
forward is to synthesize compounds which retain moieties that seem to play an important
role for selective AKR1C3 inhibition and to explore the SAR of different compounds with
varied substitution patterns on the anthranilic acid phenyl ring. These optimized compounds
will have the potential to be further developed into drug candidates for treatment of hormone
dependent and independent forms of prostate and breast cancers.
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provide compound 11. Yield, 74% (117 mg).Spectroscopic data for 2-(3-hydroxybenzamido)-4,5-
dimethoxybenzoic acid (11): White solid; Yield: 51% (2 steps); R; 0.49 (CH2Clo/MeOH/ACOH =
9/1/0.1); Mp: 245.0-248.0 °C; 1H NMR (400 MHz, DMSO-dg): § 3.79 (s, 3H, OCH3), 3.87 (s,
3H, OCHjg), 6.95-7.03 (m, 1H, Ar-H), 7.32-7.39 (m, 3H, Ar-H), 7.49 (s, 1H, Ar-H), 8.52 (s, 1H,
Ar-H), 9.91 (br s, 1H, NHCO), 13.51 (br s, 1H, COOH); 13C NMR (100 MHz, DMSO-dg): &
55.54 (2C), 102.98, 107.47, 112.83, 113.84, 117.15, 119.01, 129.95, 135.95, 136.98, 143.58,
153.25, 157.76, 164.41, 169.72; HRMS (ESI) mvz calcd for C1gH15N205 [M+H]* 318.0978,
found 318.0969; HPLC purity: 95.54%, retention time: 14.06 min. HPLC was performed on an
Agilent Eclipse C18 column (4.6 x 50 mm, 5 um), with a flow rate of 1.0 mL/min, detection at
254 nm, and an eluent system of: A = 0.1% TFA in H>O; B = MeOH. The following gradient was
applied: 0-3 min, 40% B; 3-18 min, 40% B —80% B; 18-23 min, 80% B; 23-30 min, 80% B —
40% B. The run time was 30 min, at a temperature of 25 °C.
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19.
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described previously (13). Inhibition of the individual isoenzyme was monitored
spectrophotometrically in the direction of oxidation, with 1-acenaphthenol as a substrate and
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(&)340 = 6220 M_lcm_l) in the absence and presence of each of the compound. The assays were
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X-114 and 5% DMSO as a co-solvent. A substrate concentration of 30 uM (K,), 60 uM (Ky,) and
100 pM (<K;y,) and an enzyme concentration of 0.1 uM, 0.3 pM, and 1.5 uM were used for assays
with AKR1C1, AKR1C2 and AKR1C3, respectively, in the presence of 2.3 mM NAD™. Screening
was performed at 10 M concentration of compounds. For compounds that showed more than 30%
AKR1C1-AKR1C3 inhibition, IC5q values were determined. The measurements were performed
on a Biotek PowerWave XS microplate readers with initial velocities calculated, and the ICgg
values were determined graphically, using GraphPad Prism Version 4.00 (GraphPad Software,
Inc.).The secondary inhibition assay: The potency of the compounds was determined also by
measuring their ability to inhibit the NADP+ dependent oxidation of S-(+)-1,2,3,4-tetrahydro-1-
naphthol (S-tetralol) catalyzed by AKR1C1-AKR1C4 enzymes. The continuous assay was
conducted using a 96-well plate format and the reaction measured the appearance of NADPH
fluorimetrically (Exc/Emi, 340/460 nm) on a BIOTEK Synergy 2 Multimode plate reader. The
assay mixture consisted of 100 mM phosphate buffer, pH 7.0, Stetralol (in DMSO), inhibitor (in
DMSO0), 200 uM NADP™*, and purified recombinant enzyme to give a total volume of 200 pl, and
4% DMSO. The concentration of Stetralol used in the assays for each AKR1C isoform was equal
to the Ky, value for the respective enzyme. The Km value obtained for Stetralol for AKR1C1,
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progress curves was calculated with the GENS5 software. Inhibition data were fit using Grafit 5.0[y
= (range)/(1+1/1C5q)s) + background] to give the IC50 values.
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Figure 1.
The predicted binding conformation of compound 13 (blue) in the active site of AKR1C3.

Relevant enzyme residues are shown as green sticks, the catalytic tetrad is presented as
yellow sticks, the co-crystallized indomethacin as magenta sticks and the cofactor as orange
sticks. Compound 13 occupies a portion of the SP3 pocket which up until now has only been
occupied by indomethacin.
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