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17B3-Hydroxysteroid dehydrogenase type 3 and 5 (17(3-HSD3 and 173-HSD5) catalyze testosterone
biosynthesis and thereby constitute therapeutic targets for androgen-related diseases or endocrine-
disrupting chemicals. As a fast and efficient tool to identify potential ligands for 173HSD3/5, ligand-
and structure-based pharmacophore models for both enzymes were developed. The models were evalu-
ated first by in silico screening of commercial compound databases and further experimentally validated
by enzymatic efficacy tests of selected virtual hits. Among the 35 tested compounds, 11 novel inhibitors
with distinct chemical scaffolds, e.g. sulfonamides and triazoles, and with different selectivity proper-
ties were discovered. Thereby, we provide several potential starting points for further 173-HSD3 and
173-HSD5 inhibitor development.
Article from the Special issue on Targeted Inhibitors.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Hydroxysteroid dehydrogenases (HSDs) form a group of
enzymes from the short chain dehydrogenase/reductase and aldo-
keto reductase superfamilies, that catalyze the stereospecific
oxido-reduction reactions of alcohols or carbonyls using NAD(P)H
or NAD(P)+ as cofactor. In humans, 3a-, 33-, 7a-, 73-, 113-, 173-,
and 20a-HSDs are found [1-5]. 17(3-HSDs catalyze the oxido-
reduction of either 17(3-alcohol or 17-keto groups on steroids. In
humans, they catalyze the final step in male and female sex hor-

Abbreviations: 17(3-HSD, 173-hydroxysteroid dehydrogenase; AKR, aldo-keto-
reductase; GT, glutathione; H, hydrophobic feature; HBA, hydrogen bond acceptor;
Har, hydrophobic aromatic; RA, aromatic ring; HBA-F, hydrogen bond acceptor
including fluorine; HBD, hydrogen bond donor; HSD, hydroxysteroid dehydroge-
nase; PDB, protein data bank; PG, prostaglandin; PGFS, prostaglandin F synthase;
SDR, short-chain dehydrogenase/reductase; XVOL, exclusion volume sphere.
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mone biosynthesis and are therefore involved in their regulation:
highly active sex steroids require the presence of a hydroxy group
at position 17f3 on the steroid nucleus. Oxidation of the C17 alco-
hol either on dihydrotestosterone, testosterone, or 173-estradiol
to a ketone reduces the potency of these steroids. Similarly, the
reduction of the C17 keto group of 5a-androstanedione, A4-
androstene-3,17-dione, or estrone yields the biologically active
steroids. 173-HSDs catalyze the last biosynthesis step of most
active estrogens (estradiol and A5-androstene-33,173-diol) and
androgens (testosterone and dihydrotestosterone) [6]. By convert-
ing inactive or less active steroid hormones into more potent ones
and vice versa, 173-HSDs play a key role in hormonal regulation
and function in humans. Therefore, this family of steroidogenic
enzymes includes interesting therapeutic targets for the control
of estrogen- and androgen-dependent diseases like breast cancer,
prostate cancer, benign prostate hyperplasia, acne, and hair loss [7].
To date, 14 human 173-HSDs have been identified: they belong to
the short-chain dehydrogenase/reductase (SDR) family [6,8] or to
the aldo-keto-reductase (AKR) family [9].

Human 17B-HSD3 (also known as testicular 17[3-HSD, SDR12C3,
HSD17B3, EC 1.1.1.62) reduces the C19 steroid A4-androstene-
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3,17-dione to testosterone, which constitutes the second most
active androgen in men after dihydrotestosterone. By blocking 173-
HSD3 activity, testosterone biosynthesis is inhibited and therefore,
androgen-dependent diseases such as prostate cancer can be influ-
enced. Additionally, 173-HSD3 is found in large amounts in the
Leydig cells of the testis [10] and constitutes an interesting target
for selectively blocking spermatogenesis as anti-fertility agent for
males [7].

Human 17B-HSD5 (prostaglandin F synthase, PGFS, aldo-
keto reductase 1C3, AKR1C3, EC 1.1.1.188) has a unique status
among the 173-HSDs as it belongs to the AKR family. It is
a multifunctional enzyme that catalyzes the transformation of
A4-androstene-3,17-dione into testosterone (similar to 17f0-
HSD3) and also exerts high 3-keto- and 20-ketosteroid reductase
activities, including the conversion of dihydrotestosterone to 3o~
androstanediol [11], progesterone to 20a-hydroxyprogesterone
[12], and deoxycorticosterone to 20a-hydroxydeoxycorticosterone
[13]. Furthermore, its 11-ketoreductase activity preferentially
transforms prostaglandin (PG) D, to 9a,113-PGF; (PGF,a) [14].
17B-HSD5 can be found in the basal cells of the prostate and other
peripheral intracrine tissues such as liver, kidney, adrenal, prostate,
the theca cell layer of the ovary, the endometrium, the mammary
gland, and in several cancer cell lines [15,16]. Both 173-HSD3 and
173-HSD5 catalyze the formation of testosterone and 173-HSD3
is only present in significant amounts in human testis (therefore
absent in women). Thus it is likely that 17(3-HSD5 is responsible for
production of androgens in women and for the virilization in young
adults deficient in 173-HSD3 [16]. 173-HSD5 is considered as an
interesting therapeutic target comparable to 17(3-HSD3, especially
in oncology [7,9,17,18]. Furthermore, 173-HSD3 recently gained
attention as a potential target for endocrine disrupting chemicals as
the UV filter benzophenone-1 was reported to inhibit this enzyme
with an ICsq of 1.05 uM [19].

Due to the partly overlapping functions of 17(3-HSD3 and 173-
HSD5 and their potential therapeutic opportunities for cancer
treatment, it is highly interesting to investigate the impact of
17B-HSD3 and 173-HSD5 inhibitors as well as the concomitant
inhibition of both enzymes. Such a study profits from the avail-
ability of several highly active and structurally diverse inhibitors,
which are active on one or both enzymes. However, unbiased chem-
ical library screens or testing of multiple novel lead compounds
require substantial resources and we were seeking for an approach
allowing more efficient (faster) screens.

Molecular modeling offers well-established tools for speed-
ing up drug discovery and development [20-22], such as
pharmacophore-based virtual screening [23]. Successful modeling
reports on endocrine or cancer-related applications for HSDs, e.g.
173-HSD1, were published [24]. Only recently, the application of
theoretical models to virtual screening for 17(3-HSD3 inhibitors has
been reported [25]. In this work, a homology model for 17(3-HSD3
was developed and used for docking studies, which led to the iden-
tification of a novel chemical scaffold that inhibits 173-HSD3. The
inspection of the docked position helped in lead structure opti-
mization. As another example, Nashev and Schuster et al. showed
a pharmacophore-based virtual screening approach for identifying
17B3-HSD3 inhibitors among endocrine-disruptors from chemical
3D databases [19].

In this study, we developed pharmacophore models for 173-
HSD types 3 and 5. A comprehensive pharmacophore model
collection has been established using (i) 3D X-ray crystallographic
data from 173-HSD5 in complex with active compounds and (ii)
in the absence of an experimentally determined 3D structure of
17B-HSD3, information on structurally diverse active 173-HSD3
inhibitors. The models were applied to virtually screen commer-
cial compound vendor databases and selected virtual inhibitor
candidates were tested for inhibitory potency with recombinant

enzymes. We identified inhibitors of 173-HSD3 and 17(3-HSD5
with interesting selectivity properties, which can be used as phar-
macological tools or lead structures in future projects.

2. Materials and methods
2.1. Chemicals

A4-Androstene-3,17-dione was purchased from Sigma. A4-
Androstene-3,17-dione (1,2,6,7-3H), 17B-estradiol (6,7-3H), and
estrone (2,4,6,7-3H) were obtained from NEN/Perkin Elmer,
cortisone-(1,2->H) from American Radiolabeled Chemicals (St.
Louis, MO), and cortisol-(1,2,6,7-3H) from Amersham Pharmacia
(Piscataway, NJ, USA). The fluorogenic substrate 8-acetyl-2,3,5,6-
tetrahydro-1H, 4H-11-oxa-3a-aza-benzo[de]anthracen-10-one for
17B-HSD5 [26] was synthesized by Dr. Josef Messinger (Abbott
Products GmbH, Hannover, Germany). Cofactors were purchased
from Serva (NAD"), and Fluka (NADPH). Candidate inhibitory sub-
stances were purchased from IF Labs, Vitas M, Maybridge, Enamine,
and Chembridge DBs.

HEK293 cell line originated from DSMZ (Braunschweig,
Germany). MCF-7 naive cell line as well as MCF-7 and HEK293 cell
lines, both stably transfected with human 173-HSDS5, together with
a polyclonal mouse anti-human 173-HSD5 antibody [27] and cDNA
for human 173-HSD5 (pET-h3a-HSD2) [28] were kindly provided
by Prof. Trevor Penning (University of Pennsylvania, Philadelphia,
USA). HEK293 cell lines stably transfected with either human 113-
HSD1 or 11(3-HSD2 have been described previously [29]. MTT
substrate (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium)
was purchased from Roche.

2.2. Study design

Before modeling, a data set was collected from literature that
comprised all compounds for which 17(3-HSD3/5 inhibitors were
measured, and X-ray crystal structures of 173-HSD5 with bound
ligands were retrieved from the Protein Data Bank (PDB) [30]. Phar-
macophore models were generated and theoretically validated,
if they were able to correctly recognize known 173HSD3 and -
5 inhibitors from the literature data set. Selected models were
applied to virtually screen commercial databases. After additional
in silico filtering, promising virtual hits were purchased and tested
for their in vitro activity on both enzymes. Tests were performed in
cell lysates or intact cell systems. Fig. 1 summarizes the workflow
of the study.

2.3. Data preparation

Databases of commercially available compounds were prepared
for virtual screening using the catDB module of Catalyst 4.11 (FAST
conformer generation, max. 50 conformers per molecule). Data
on compounds were submitted to conformational analysis using
DiscoveryStudio’s FAST conformer generation algorithm limited to
255 conformers per molecule and a maximum energy range of
20 kcal/mol above the calculated energy minimum.

2.4. Pharmacophore model generation

Ligand-based pharmacophore model generation is based on the
information of active and inactive ligands. The elucidation of the
model is based on the 3D alignment of the conformational models
from active compounds. A molecular superimposition algorithm
arranges the 3D structures in a way that equal chemical functional-
ities are located in similar positions. Pharmacophoric features are
then placed on the positions where all compounds share such a
chemical functionality. Importantly, the ligand-based model does
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Fig. 1. Workflow for virtual screening and biological evaluation of inhibitors for 17(3-HSD3 and 5. Asterisk denotes Ref. [19].

not represent a real molecule or a real association of functional
groups, but a purely abstract concept that accounts for the com-
mon molecular interaction capacities of a group of compounds
towards their target structure [31]. For common feature pharma-
cophore model generation Catalyst 4.11 was used [32]. Analogue
to structure-based approaches, spatial restrictions for the size of
virtual hits can be included to the model by adding a shape. In
this study, ligand-based pharmacophore models were developed
for steroidal and non-steroidal 17(-HSD3 inhibitors.

When a 3D structure of the molecular target with a bound,
bioactive small molecule is available (e.g. as an X-ray crystal struc-
ture), structure-based pharmacophore model generation can be
performed. The interactions between the protein and the ligand
can directly be translated into a model. Structure-based pharma-
cophore modeling was performed using LigandScout 2.03 [33].
The models were manually refined and exported in data for-
mats readable by used virtual screening software (e.g., Phase
by Schrédinger [34], MOE by CCCG, Catalyst/DiscoveryStudio by
Accelrys [32,35]). The models were exported and converted into
Catalyst/DiscoveryStudio pharmacophore models by the hypoedit
tool. The LigandScout models were reduced in their feature compo-
sition to ensure that the ligand was correctly recognized in Catalyst.
Spatial restrictions for fitting ligands were considered in two ways:
(i) the positioning of exclusion volumes spheres (XVOLs, forbidden
areas for the ligand) on amino acid residues from the binding site
and (ii) defining a ligand shape (volume) in which a mapping com-
pound must fit in order to be recognized as a virtual hit. Due to
the availability of X-ray crystal structures from the PDB, structure-
based models could be derived for 173-HSD 5 inhibitors.

2.5. Theoretical model validation
The generated models were evaluated using the literature data

set. Each model was used to virtually filter fitting hits from the
literature data set in order to evaluate the model’s ability to

identify bioactive compounds. This data set included 291 com-
pounds from diverse chemical scaffolds and with different activities
[17,25,36-59]. For 146 compounds, data on their inhibition of
173-HSD3 was available, while for 156 compounds, 173-HSD5
inhibition data were collected. For 11 of these compounds, inhi-
bition data for both enzymes was available. With respect to each
enzyme, the compounds were grouped in activity classes. Com-
pounds with ICsg or K; values up to 10 wM were regarded as active,
compounds with an ICsg or K; between 10 and 50 wM were grouped
as medium active, and compounds with higher IC5g or K; val-
ues were classified as inactive. For a number of compounds, only
activity values given as “% inhibition at a specific inhibitor con-
centration” were available. Those compounds were considered as
active or medium active, when this inhibition was considerably
high at low inhibitor concentrations. However, most of these com-
pounds could be assigned to the inactive categories because of low
% inhibition values at high inhibitor concentrations. A number of
compounds (17 for 173-HSD3 and 34 for 173-HSD5) could not be
categorized because of % inhibition values that did not allow an
estimation of their actual inhibitory potency. The composition of
the data set is summarized in Table 1.

For the model evaluation, the Search 3D Database protocol of
DiscoveryStudio 2.5 was employed with the fast search method
and a Minimum Interfeature Distance of 0.00001. All other settings
were kept as default.

Table 1
Number of compounds in the literature data set used for theoretical model quality
assessment.

Activity class 17B-HSD3 17B-HSD5
Active 117 53
Medium active 5 19
Inactive 10 50
Unknown 14 34
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2.6. Cloning of 178-HSDs for recombinant expression

Full ¢cDNA coding sequences of 173-HSDs were cloned into
different vectors for recombinant prokaryotic or eukaryotic expres-
sion as indicated (Table 2).

2.7. Eukaryotic enzyme expression

Human HEK293 cells were grown in DMEM medium (Invit-
rogen) supplemented with 10% FBS (Biochrom) and 1% peni-
cillin/streptomycin (Invitrogen) under humidified conditions
(37°C, 5% CO3). For MCF-7 cell cultivation, DMEM was replaced
by RPMI-1640 medium (Invitrogen). Medium for cells stably trans-
fected with human 17(3-HSD5 contained additionally 250 pg/ml
G418. For IC5¢ determination in experiments using intact cells the
FBS content was reduced to 0.1% FBS. Expression of 173-HSD5 was
confirmed by Western blotting and activity assays.

2.8. HEK293 cells stably transfected with human 178-HSD3

For stable transfection with 17(3-HSD3 HEK293 cells were cul-
tivated in a T-75 flask (Nunc) to 50% confluency. Cells were then
transfected with 8 ug pcDNA3 plasmid coding for 17(3-HSD3 in
24 ul of FUGENE 6 transfection reagent (Roche) and grown in the
presence of 300 pg/ml G418 for selection of stable transfected cells.
Old medium with untransfected dead cells was removed every
2-3 days and replaced by fresh medium. After 18 days, surviving
cells/colonies were visible and were transferred to new flasks or
6-well plates for cloning. Cells were further propagated in the pres-
ence of 250 g G418. In total 90 clones were received. Integration
and expression of 173-HSD3 was confirmed by PCR and activity
assays. Clones K2 and 28 were used in inhibitor studies.

2.9. Expression in bacteria and purification of 178-HSDs

Plasmids coding for human 17@3-HSD type 1, 2, 5, and 7 were
transformed into Escherichia coli BL21(DE3) Codon Plus RP (Strata-
gene) and for human 17(3-HSD4 into E. coli J]M107 (Stratagene),
respectively. Bacteria were grown in LB media supplemented
with ampicillin at 37 °C with continuous shaking. At ODgggnm = 0.8
expression was induced by IPTG (0.25 mM). Bacteria were har-
vested 4 h after induction by centrifugation and stored at —20°C
until use.

For inhibitor screening, 17(3-HSD type 1, 2, 4 and 7 expressing
bacteria were suspended in reaction buffer without lysis. In case
of 173-HSD5 bacterial lysate supernatant was used for inhibitor
screenings and ICsyp measurements. For this, bacteria were sus-
pended in PBS and lysed by four freeze-thaw cycles in the presence
of lysozyme (Merck) followed by DNA-digestion with endonu-
clease. After centrifugation of the lysate for 30 min at 4°C and
13,000 x g, the supernatant was aliquoted and stored at —20 °C until
use.

Kinetic analyses for 17(3-HSD5 were performed with further
purified protein. The 173-HSD5 present in the supernatant frac-
tion prepared as above was affinity purified via N-terminal GST-tag
on glutathione (GT) sepharose (GE-Healthcare) and cleaved of by
thrombin according to the manufacturer’s protocol. Eluted protein
was filtered (0.45 wm pore size) prior to assays. Expression and
purification was monitored by SDS-PAGE as described [60] and by
activity assays. Protein content was determined by Bradford assay
using BSA as standard.

2.10. In vitro inhibitor screening and specificity assays

Assays on aliquots of bacterial suspensions, bacterial lysates, or
cell pellets for enzymatic activity and enzyme inhibition of human

Table 2

Cloning of different human 173-HSDs into respective expression vectors.

Reverse primer: 5 — 3’

Forward primer: 5 — 3’

N-terminal tag

Vector

Accession number

NM_000413
NM_002153
NM_000414
NM_003739
NM.016371
NM_000197
NM_003739

Enzyme

TTTTGGTACCTAGGTGGCCTTTTTCTTGTAGTTAG
TTTGTCGACTTAATGTTGCTGTAGACGTTGCACG

TTTAAGCTTTTACTGCGGGGCGGCC

TTTTGGATCCAGCACTTTCTTCTCGGACACAGCATG

TTTGAGCTCTTTGGGCTCACCGCTGAGGTTC
TTTGGATCCATGTCCCAGCAGTGTGTAAAG

TTTGGTACCGTGGCCCGCACCGTGG

His6
GST
GST

Modified pGex 2T?
Modified pGex 2T?

PQE30

173-HSD4 SDR domain

17B-HSD1
17B-HSD2
17B-HSD5
17B-HSD7
17B-HSD3
17B-HSD5

TTTGGTACCTTAATATTCATCTGAATATGGATAATTAGGGTG
AAAAAAGCTTATAGGCATGAGCCACTGAGCCTG
TTTCTCGAGCTACCTGACCTTGGTGTTGAGCTTCAG

TTAATATTCATCTGAATATGGATAATTAGGGTG

TTTGGATCCATGCGAAAGGTGGTTTTGATCACCG
TTTGGATCCATGGGGGACGTCCTGGAACAG
ATGGATTCCAAACAGCAGTGTGTAAAG

GST
GST
No
No

Modified pGex 2T?

pcDNA3

Modified pGex 2T?
pcDNA3

2 Modified pGex 2T was used [60]. The coding regions were cloned into vectors via restriction sites (marked bold in primers), except for 173-HSD5, were the cds were blunt end ligated into the EcoRV restricted pcDNA3.
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Table 3
Enzymatic assay conditions for inhibitor screen and selectivity assays.
Enzyme Assay type Reaction Substrate Cofactor Buffer
17B3-HSD1 Bacterial suspension Red. Estrone (2,4,6,7->H) 15nM NADPH 100 mM NaPi, pH 6.6
17p3-HSD2 Bacterial suspension Ox. 17B-Estradiol (6,7->H) 21 nM NAD* 100 mM NaPi, pH 7.7
17p3-HSD3 Cell suspension Red. 4-Androstene-3,17-dione (1,2,6,7->H) 21 nM NADPH 100 mM NaPi, pH 6.6
173-HSD4 Bacterial suspension Ox. 17B-Estradiol (6,7->H) 21 nM NAD* 100 mM NaPi, pH 7.7
17p3-HSD5 Bacterial lysate or purified Ox. 4-Androstene-3,17-dione (1,2,6,7-°H) 21 nM NADPH 100 mM NaPi, pH 6.6
enzyme
17B3-HSD7 Bacterial suspension Red. Estrone (2,4,6,7->H) 15 nM NADPH 100 mM NaPi, pH 8, 0.05% BSA, 1 mM
EDTA
11B-HSD1 Cell lysate Red. Cortisone (1,6-*H) 200 nM NADPH 100 mM NacCl, 1 mM EGTA, 1 mM EDTA,
1 mM MgCl,, 250 mM sucrose, 20 mM
Tris—HCl, pH 7.4
11p3-HSD2 Cell lysate Ox. Cortisol (1,2,6,7-3H) 50 nM NAD* 100 mM NacCl, 1 mM EGTA, 1 mM EDTA,

1 mM MgCl,, 250 mM sucrose, 20 mM
Tris-HCl, pH 7.4

173-HSDs type 1, 2, 3, 4, 5, and 7 were performed accordingly to
the procedure described in [61]. Details for assay setup are shown
in Table 3. Inhibitor candidates were dissolved in DMSO and added
at a final concentration of 2 wM for screening and specificity assays
(1% DMSO final). In case of IC5g determination compound concen-
trations varied between 0.005 and 5 wM.

Inhibitor testing of human 113-HSDs was performed basically
as described previously [62]. Briefly, HEK293 cells stably express-
ing the recombinant enzymes 113-HSD1 and 2 were lyzed and
assayed immediately for conversion of 200 nM radiolabeled sub-
strates cortisone and cortisol, respectively, in the presence of
500 wM cofactors NADPH or NAD®, respectively. For evaluation
of inhibitory potential conversion of control assay (assay without
inhibitor) was set to 0% inhibition. All assays were run in duplicates
and mean values reported. ICsqg values were determined by the “one
site saturation” model of the SigmaPlot kinetics module. Condi-
tions for enzyme inhibition assays in this study are summarized in
Table 3.

2.11. Inhibition studies in intact mammalian cells

MCF-7 and HEK293 cells stably transfected with human 17f3-
HSD5 (1x 108 and 1.5 x 10% cells, respectively per well) were
seeded in 6-well plates (Nunc) and cultivated in 2 ml of appro-
priate culture media and conditions as described above. At 90%
confluence, medium was removed, cells were washed in PBS and
medium with low FCS 0.1% was added containing 3H-labeled A4-
androstene-3,17-dione (6.25 nM) and DMSO (0.1%) with or without
inhibitor (from 0 up to 5 or 10 wM). After 24 h incubation, cell
culture supernatants were collected, radiolabeled substrate and
products extracted by SPE and analyzed on HPLC as described in
[61].

2.12. Cell viability tests

HEK293 or MCF-7 cells not transfected or stable transfected with
173-HSD5 were grown in 96-well plates in full medium conditions
at 37°C (4.5 x 10% cells per well) in the presence of compound 2-9
(dissolved in DMSO, 1% final) in concentrations up to 100 M. After
24 or 48 h, cell viability was analyzed using a MTT assay (Roche).
Absorbance was detected with a plate reader Safire Il (Tecan).

2.13. Inhibitor studies with fluorogenic substrate for 178-HSD5

Assays were performed in a final
and at 37°C. Various concentrations of the fluorogenic
substrate  8-acetyl-2,3,5,6-tetrahydro-1H, 4H-11-oxa-3a-aza-
benzo[de]anthracen-10-one in (0.01-2 M, 1% ethanol final),
DMSO with and without compound 2-9 (0.01-2 uM, 1% DMSO

volume of 250l

final), freshly prepared NADPH (200 uM final) and 3.125 pg of
purified 173-HSD5 were added to 100 mM Na-phosphate buffer,
pH 6.6 in a 96 well plate designed for fluorescence measurements
(black walls, transparent bottom, Greiner). Reaction was started
by addition of enzyme. The increase in fluorescence emission
at Aem=510nm (Aexc =450nm) was detected in real-time until
saturation was achieved by use of a Safire II plate reader (Tecan).
Earlier tests showed that the emission spectrum at Aexc =450 nm of
compound 2-9 did not interfere with detection of the fluorescent
product. Initial velocities were obtained from linear time curves
(at 200-300 s of incubation). K; values were determined using the
Sigma Plot “Single Substrate, Single Inhibitor” Kinetics model.

3. Results and discussion

3.1. Ligand-based pharmacophore modeling for 173-HSD3
inhibitors

No three dimensional structure has so far been reported for
173-HSD3. Therefore, ligand-based models were developed for vir-
tual screening. Multiple steroidal inhibitors were already reported
[55,63]. However, more recently, a number of non-steroidal
inhibitors have been published [49,64]. As the steroidal com-
pounds probably establish a different interaction pattern within
the binding pocket compared to the non-steroidal inhibitors,
pharmacophore models were established for both substance
groups separately. The first 17(3-HSD3 model was developed from
three steroidal, highly active 17@HSD3 inhibitors: compounds 1
(EM-1324CS) [65], 2 (400604-64-0) [52], and 3 (400604-65-1) [52]
(Fig. 2).

To generally exclude too spacious compounds from DB search
hitlists, compound 3 (400604-65-1) was mapped into the model
by using the Compare/Fit (Best Fit) algorithm, transformed into a
shape query, and merged with the original hypothesis. The final
model consisted of six features, two hydrogen bond acceptors
(HBAs) and four hydrophobic (H) features (Fig. 3A). The HBAs
were placed on the keto group on C17 and the 3a-hydroxy group
of the steroid. Three out of the four H features represented the
steroidal core while the fourth one indicated the hydrophobic
substituent attached to the 3@-position. The model was able to
recognize 16 compounds from the literature data set: ten 17f3-
HSD3 inhibitors (active class), of which two were reported inactive
on 17p-HSD5, five 17B-HSD5 inhibitors (active class), and one
compound that was inactive on 17(3-HSD5. Obviously, model 1
represented chemical features involved in the inhibition of both
17B-HSD3 and 5. All hits from model 1 had exclusively a steroidal
scaffold.

For the second 17B-HSD3 model, highly active, structurally
diverse, non-steroidal, and preferably rigid compounds were
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4,1C5o=0.02 nM

5,1Cso = 60 nM

Fig. 2. Training set compounds for 173-HSD3 model 1 (compounds 1-3) and model 2 (compounds 4 and 5). Compounds are numbered in bold face and corresponding ICso

values given to the right.

selected as templates. Compounds 4 (864746-90-7) [44] and 5
(BMS-586) [55] fulfilled these criteria (Fig. 2).

The shape of 4 (864746-90-7) was added to the model following
the same workflow as for 173-HSD3 model 1. Although both train-
ing compounds were from totally different chemical classes, six
chemical features were identified as common to these molecules:
two HBAs, two aromatic rings (RAs), one H, and one hydrophobic
aromatic (Har) feature (Fig. 3B). The well-fitting of the rigid and
most active compound 4 (864746-90-7) suggested that the model
accurately described chemical features that are favourable for 173-
HSD3 inhibition. In the theoretical model evaluation, model 2
recognized 10 compounds, which were all reported to be active on
173-HSD3 without further information on their activity on 173-
HSD5. None of the hits derived by model 2 had a steroidal scaffold,
they all belonged to the class of tetrahydrodibenzazocines (similar
to compound 4).

3.2. Structure-based pharmacophore modeling for 178-HSD5
inhibitors

Pharmacophore modeling for 17(3-HSD5 inhibitors was facil-
itated by the availability of 3D structural information on

Fig. 3. Pharmacophore models 1 and 2 for 173-HSD3 inhibitors developed from
steroidal compounds. (A) Model 1 consists of two HBAs (green), four H features
(cyan), and the shape of compound 3 (grey). (B) Model 2 is composed of two RA
features (brown), two HBAs including fluorine (green), one H feature (cyan), one
Har feature (blue), and the shape of compound 4 (grey). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

protein-ligand complexes. As a first step, all published structure
information currently available for 173-HSD5 were collected and
analyzed [47,50,53,66,67]. X-ray crystal structures of human 173-
HSD5 bound to small molecule ligands were collected from the
PDB (Table 4) [30]. Only complexes with co-crystallized inhibitors
(Fig. 4) were used for model generation: 1ry8, 1s2a, 1s2¢, and 1zqg5.
The molecular interactions between the co-crystallized ligands and
the binding site were analyzed in order to identify common and
therefore important features for ligand binding (Table 5). Addi-
tionally, the X-ray crystal structures of 1ry8, 1s2a, 1s2¢, and 1zq5
including their co-crystallized ligands were superimposed using
LigandScout (Fig. 5).

The analysis of enzyme-inhibitor interactions from X-ray crystal
structures (Table 5) and the visual inspection of the 3D overlay of
the structures (Fig. 5) both showed that the binding modes consid-
erably differ from each other. The ligand binding domain is able
to accommodate structurally highly diverse ligands, which bind
to different regions of the active site. Thereby, the binding site
conformation moderately changes so that it can adapt to different
ligands. Especially in the complex with the large ligand 6 (rutin),
an enlargement of the binding cavity can be observed in the crystal
structure. Although all compounds are observed to bind within the
same cavity of the enzyme (the substrate binding site), not all of
them interact with the structures responsible for catalytic activity
(cofactor NADPH, Asp50, Tyr55, Lys84, and His117). It is striking
that the steroid lactone 8 (EM-1404) does not contact any of these
amino acids or the cofactor molecule. Due to these highly divergent
binding modes, each complex was used separately as a template for
pharmacophore model generation.

The general workflow for model generation comprised the fol-
lowing steps: (i) structure-based pharmacophore model generation
with LigandScout, (ii) export of the model into DiscoveryStudio,
and (iii) adaption of the model to Discovery Studio’s requirements
for finding active compounds. We ended up with four models for
17BHSD5 inhibitors, each one derived from a different X-ray crystal
structure.

1ry8-model. Compound 6 (rutin, Fig. 4) is a large natural product
composed of the flavonoid quercetin and the disaccharide ruti-
nose, consisting of rhamnose and glucose. In the X-ray structure of
rutin bound to 173-HSD5, the bottom of the ligand binding domain
is filled with water molecules which form a hydrogen bonding
network with rutin. All these interactions with water were disre-
garded for model building. Only five hydrogen bonds were directly
observed between the enzyme binding pocket and rutin (with
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Table 4

X-ray crystal structure of 17(3-HSD5 with co-crystallized ligands found in the PDB.
PDB code Ligand Ligand activity X-ray resolution in A Reference
1ry0 Prostaglandin D, Substrate 1.69 [47]
1ry8 Rutin 1C50 =70 pM 1.69 [47]
1s1p Acetate n.d.? 1.20 [50]
1s1r Acetate n.d. 2.00 [50]
1s2a Indomethacin Ki=2.1pM 1.70 [50]
1s2¢ Flufenamic acid Ki=3.1pM 1.80 [50]
1xf0 A4-androstene-3,17-dione Substrate 2.00 [66]
1zq5 EM-1404 ICso=3.2nM 1.30 [53]
238 Bimatoprost None reported 2.00 [67]
2fgb Polyethylenglycol None reported 1.35 [53]

2 n.d. - not determined.

6 (rutin)
ICso = 70000 nM

)

8 (EM-1404)
IC50 =32nM

HO O
\©)< F
7 (flufenamic acid)
K;=3100 nM

OH
O O
o) e A
N

9 (indomethacin)
K, = 2100 nM

Fig. 4. Co-crystallized inhibitors of 17(3-HSD5.

Tyr55, Tyr216, His217, Trp227, and the cofactor NADPH). Because
the hydrogen bond with Tyr216 started from the same hydroxyl
group as the one to His217, the second one was not included into
the model. The hydrogen bond with Trp227 was located at the other
end of the binding pocket - inrelation to all other observed interac-
tions. The large distance between the chemical features prevented

many smaller, active compounds from fitting into the rutin-based
model; therefore, it was deleted from the final pharmacophore. Two
hydrophobic contacts were elucidated for the model: the rhamnose
methyl group interacts with Met120 and Phe311, while ring B from
the flavonoid part is embedded between Tyr24, Leu54, and Tyr55.
The final model consisted of two HBAs including fluorine (to Tyr55

Fig. 5. 3D overlay of 173-HSD5 substrate binding site binding different inhibitors. Color coding: 6 (rutin) - red, 7 (flufenamic acid) - grey, 8 (EM-1404) - black, and 9
(indomethacin) - green. The cofactor is highlighted in ball-and-stick style. For better comparison, two perspectives are depicted. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of the article.)
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Fig. 6. Structure-based pharmacophore models derived from 173-HSD5-inhibitor X-ray crystal structures. 2D depictions show protein-ligand interactions in the respective
X-ray crystal structures represented in the 1ry8-model (A), 1s2a-model (C), 1s2c-model (E), and 1zq5-model (G). The composition of the 3D pharmacophore models is
illustrated for the 1ry8-model (B), 1s2a-model (D), 1s2c-model (F), and 1zq5-model (H). Chemical features in the pharmacophore models are color-coded: yellow - H feature,
green - HBD, red - HBA, grey — XVOL. The shape of compound 7 is shown as volume encoded by aggregated hydrophilicity (blue) and lipophilicity (grey). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Table 5
Important ligand-protein interactions identified by the comparison of X-ray crystal
structures of 173-HSD5 with bound inhibitors deposited in the PDB.

Amino acid residue 1ry8 1s2a 1s2¢ 1295
NADPH? H/2 HBDs H HBD -
Tyr24 H/HBA H H -
Leu54 H H H H
Tyr552 H/2HBA/Ds H 2HBAs -
Trp86 H H H
His117?2 HBD HBA - -
Ser118 HBA
Met120 H H H
Ser129 HBA - - HBD
Asn167 HBA/D - - HBA
Tyr216 2HBA/Ds H HBA-F -
GIn222 HBA - -
Arg226 HBA - - -
Trp227 2HBAs H H H
Phe306 H/HBA H -
Ser308 HBA - - -
Phe311 H H H -

a Catalytically active amino acid residue or cofactor, HBA - hydrogen bond accep-
tor, HBD - hydrogen bond donor, HBA/Ds - hydrogen bond acceptor and donor,
HBA-F - hydrogen bond acceptor including fluorine, H - hydrophobic feature.

and Tyr216), one hydrogen bond donor (HBD) to the cofactor, and
two Hs (Fig. 6A and B). From the literature data set, rutin itself and
two 173-HSD3 inhibitors (active class) from the class of anthranil-
amides (compare compound 5) were recognized by the model. No
information on 17f-HSD5 inhibition was available for these two
hits.

1s2a-model. 17(3-HSD5 establishes contacts with compound 9
(indomethacin) via hydrogen bonds from His117 GIn222, Phe306,
and a water molecule. All these interactions were incorporated into
the pharmacophore model as HBAs. Four H features were deter-
mined for the model: two on the chlorophenyl moiety, one on the
methyl group on the indole core, and one on the six-membered ring
of the indole substructure. The 1s2a-model was composed of these
eight chemical features and 14 XVOLs defining spatial restrictions
of the binding pocket (Fig. 6C and D). In the model validation screen-
ing, the 1s2a-model correctly retrieved two 173-HSD5 inhibitors
from the literature data set: compound 9 itself and a derivative
thereof. The 173-HSD3 activity of these compounds was not avail-
able.

1s2c-model. Compound 7 (flufenamic acid) is anchored in the
ligand binding domain via a hydrogen bonding network involv-
ing Tyr55, His117, Tyr216, and the cofactor molecule. Hydrophobic
contacts were observed for the two aromatic rings and the triflu-
oromethyl group. The final model consisted of three H features,
three HBAs, and one HBD. Eight XVOLs were placed on surrounding

Table 6

amino acid residues and the cofactor molecule in order to represent
steric constraints by the binding site. In this model, an additional
shape derived from the bioactive conformation of compound 7 was
included in order to improve the models restrictivity (Fig. 6E and
F). From the public data test set, only compound 7 (flufenamic acid)
was found by the model.

1zq5-model. Interactions between compound 8 (EM-1404) and
173-HSD5 include hydrogen bonds (carboxyl oxygen from the
lactone ring with Ser118, amide oxygen with water, and amido
nitrogen with Ser129) and hydrophobic contacts. These were com-
piled into the 1zq5-model consisting of 5 H features, 2 HBAs, one
HBD, and 16 XVOLs (Fig. 6G and H). The hitlist from the literature
data set consisted of two 173-HSD5 inhibitors, compound 8 itself
and an additional highly active, steroidal 17(3-HSD5 inhibitor. For
both compounds, no information on 173-HSD3 inhibitory actions
was available.

One 173-HSD5 inhibitor with a steroid lactone scaffold (EM-
1424, 1C50 =9.5nM) was recognized by two models, model 1 and
the 1zq5-model.

All models showed their ability to recognize known active com-
pounds from a pool of compounds with different activities on
173-HSD3 or 5, the literature data set (Table 1). Except of model
1, no inactive compounds were found by the models. However,
model 1 also returned the highest number of active compounds.
The low number of hits in total for all models (n=36) proved that
the models were sufficiently restrictive for using them for database
screening, which aims at so-called cherry picking (a retrieval of a
very restricted database subset from which only a few compounds
are selected for testing).

3.3. Virtual database screening

The two ligand-based models for 17(3-HSD3 inhibitors and
the four structure-based models for 17(3-HSD5 inhibitors were
employed for virtual screening of eight commercial databases
(Table 6).

From all virtual hits, only compounds fulfilling Lipinski’s Rule
of Five [68] were further evaluated. This rule predicts that poor
absorption or permeation properties are more likely for compounds
with more than 5 hydrogen bond donors, 10 hydrogen bond accep-
tors, a molecular weight of greater than 500, and a calculated Log P
value greater than five. Over 60% of all virtual hits matched this
rule (Table 6). As a further criterion, all hits were virtually screened
against a general, experimentally validated pharmacophore model
for 17(3-HSD3 inhibitors, which has already led to the identifi-
cation of UV filters from the benzophenone class as 173-HSD3
inhibitors [19]. This model discarded about 75% of all database hits

Commercially available databases screened with the pharmacophore models for 17(3-HSD3 and 17(3-HSD5. For each model, the number of hits returned from the screening of
the respective database is given. Additionally, the hits fulfilling the filter criteria Lipinski Rule of Five and mapping into an already experimentally validated pharmacophore

model for 17(3-HSD3 inhibitors [19] are shown.

Database (size) Model 1 Model 2 1ry8-model 1s2a-model 1s2c-model 1zq5-model
Asinex Gold (n=224,371) 4,517 6,786 5,893 10 46 19
Asinex Platinum (n=114,652) 4,655 5,707 5,784 5 6 44
Chembridge (n=422,648) 9,193 13,442 9,091 11 224 28
Enamine (n=359,492) 12,627 13,586 14,441 26 63 31
IF-Labs (n=126,645) 4,535 5,121 2917 7 49 15
Maybridge (n=59,652) 610 1,497 1,957 20 26 0
Specs (n=216,823) 7,089 6,911 4,713 8 43 28
Vitas-M (n=187,819) 8,228 5,239 3,261 3 85 25

Hits from all databases (n=1,712,102) 51,454 58,289 48,057 90 542 190

% hits from all databases 3.01 3.40 2.81 0.005 0.03 0.01
Hits matching Lipinski Rule of Five 25,704 37,605 35,691 49 495 107

Hits matching filtering model 7,326 11,795 20,173 29 380 24

Hits remaining after filtering 3,921 8,190 17,125 21 370 12

% hits after filtering 0.22 0.48 1.00 0.001 0.02 0.0007
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Table 7
Inhibition of human 17@3-HSD3 and 5 activities in vitro by compounds selected by
in silico screening.

Compound no. Inhibition (%) of Found by model(s)

17B-HSD3  17B-HSD5
1-1 5.5 -4.6 Model 1
1-2 5.9 -0.9 Model 1
1-3 32.1 -0.9 Model 1
1-4 41.32 20.6 Model 1
1-5 9.4 27.8 Model 1
1-6 17.0 -4.8 Model 1
1-7 50.82 -2.5 Model 1
1-8 6.0 -2.5 Model 1
1-9 4.5 24.8 Model 1
1-10 24.6 25.6 Model 1
1-11 325 40.32 Model 1
1-12 19.1 67.12 Model 1
1-13 11.9 -1.0 Model 1
1-14 17.5 5.9 Model 1
1-15 39.8 42.6% Model 1
2-1 55.62 57.73 Model 2
2-2 57.5% 31.9 Model 2
2-3 12.2 125 Model 2, 1ry8-model
2-4 20.6 18.6 Model 2
2-5 19.1 29.9 Model 2
2-6 17.2 5.6 1s2c-model
2-7 20.6 11.8 1s2c-model
2-8 16.9 3.2 Model 2
2-9 25.0 94.43 Model 2
2-10 8.4 12.3 Model 2
2-11 19.1 15.8 Model 2
2-12 20.9 80.9? 1s2c-model, 1ry8-Model
2-13 27.8 53.23 Model 2
2-14 21.6 54.02 Model 2
2-15 10.0 335 Model 2, 1ry8-model
2-16 13.8 13.6 Model 2
2-17 27.2 7.3 1s2c-model
2-18 15.0 2.1 Model 2
2-19 35.3 25.6 Model 2
2-20 9.4 16.7 Model 2

2Compounds revealing inhibition above 40% arbitrary chosen as a threshold. Com-
pound concentration was 2 wM for in vitro assays.

(Table 6). Compounds that were returned by more than two mod-
els were given prioritization for biological testing. Only hits with
high geometric fit values into the models were further considered
and visually inspected. From the top-ranked compounds (by fit val-
ues), the most structurally diverse ones were selected for biological
testing (Table 7).

3.4. Validation of virtual screen by enzymatic tests

Model 1. Fifteen substances, 1-1 to 1-15, were identified by
model 1 as putative inhibitors of human 173-HSD3 and subse-
quently screened for inhibitory efficiency on the enzyme in an
in vitro enzymatic activity test at a fixed substance concentration
of 2 wM. Two inhibitor candidates, 1-4 and 1-7, were able to lower
the catalytic activity of 17(3-HSD3 to an appreciable extent by 41.3
and 50.8%, respectively. The most potent inhibition of 17[3-HSD5
was observed with substance 1-12, which reduced enzyme activ-
ity by 67.1% followed by compounds 1-11 and 1-15 with only weak
inhibition of around 40%. Overall, the 15 compounds selected via
model 1 contained two preferential inhibitors of 173-HSD3 and
three inhibitors of 17(3-HSD5 with modest selectivity. Thus, 5 out
of 15 tested compounds (33%) showed bioactivity in the low micro-
molar range.

Model 2. Sixteen compounds retrieved by model 2 were eval-
uated in vitro. Two substances, 2-1 and 2-2, were able to inhibit
173-HSD3 by more than 50%. Compound 2-9 inhibited 17@3-HSD5
activity by 94.4% (Table 7), while a weaker inhibition, i.e. between
50% and 60%, was measured for 2-1, 2-13, and 2-14. In summary, 5

outofthe 16 studied compounds (31%) showed bioactivity. Notably,
compound 2-1 was the only dual 17(3-HSD3/5 inhibitor identified
in this study.

1ry8-model. From the 1ry8-model hit lists, three compounds
were biologically tested. It is noteworthy that all of these hits
were consensus hits with model 2 or the 1s2c-model. One hit, 2-
12, performed well with inhibiting 17(3-HSD5 selectively by 80.9%
(Table 7).

1s2c-model. The 1s2c-model returned small molecular weight
hits from the database searches. Three out of the four hits that were
tested in vitro were exclusively found by this model. The consensus
hit with the 1ry8-model - compound 2-12 - was very efficient and
selective inhibitor of 173-HSD5 (Table 7).

1s2a-model and 1zq5-model. The most restrictive models from
the model set, 1s2a-model and 1zq5-model, returned very small
hit lists from the commercial database screening. Among these
hits, none fulfilled the required criteria to be selected for enzymatic
validation.

All active compounds identified by the virtual screening
approach are shown in Fig. 7.

3.5. Specificity assays for best inhibitors

Until that point, the inhibitor screens were focussed on finding
new lead compounds for 17(3-HSD3 and 5 inhibitors develop-
ment. However, as many further HSDs beside 173-HSD3 and 5
are known to catalyze the conversion of steroids, we expanded the
testing panel to non-target enzymes, i.e. those with less affinity to
androgens. We included 173-HSD1 responsible for the majority of
reduction of estrone to estradiol [69], a reaction, which can also be
catalyzed by 173-HSD5 [9]. We also included 173-HSD2 because
this enzyme is able to catalyze the oxidization of testosterone [70],
which is the reverse reaction to testosterone synthesis catalyzed
by 173-HSD5 [9]. The 173-HSD4, although more important in [3-
oxidation of fatty acids [71], was taken into account because it is
highly expressed in all tissues and the enzyme may complement
173-HSD2 activity [72]. Another abundant enzyme, 17(3-HSD7 was
chosen because it has a pivotal role in cholesterol synthesis and
its dual activity in androgen and estrogen reduction [73]. Beside
enzymes acting at position 17 of the steroid scaffold we included
also 11B-HSD1 and 2 to check the impact on the conversions at
position 11. Therewith we intended to verify the impact of can-
didate compounds on key enzymes modulating the glucocorticoid
metabolism.

The tested compounds turned out to be mostly specific to
173-HSD3 and 5 (Table 8). The strongest inhibitors of 17(3-HSD5,
substances 1-12, 2-1, 2-9, and 2-12 had no effect on the non-target
enzymes. The weaker inhibitors, like 2-1 and 2-2, were mostly non-
specific because 173-HSD1 as well as 113-HSD1 and 2 were also
moderately inhibited. In further testing for 113-HSD1 and 2, inhibi-
tion was lower than 30% at a concentration as high as 20 wM. This
was seen for substances 1-11, 1-15, 2-9, 2-12, 2-13, and 2-14. In
case of 2-1 and 1-12 inhibition was higher but the corresponding
IC50 values were in the wM range (Table 9).

3.6. Invitro ICsq for best inhibitory substances of human
17B-HSD5

Four of the best inhibitors for 173-HSD5 were characterized
in more detail by further in vitro experiments, in which we
checked the biological potency of inhibitors with ICsg measure-
ments. We assayed the reduction of A-4-androstene-3,17-dione to
testosterone in the presence of cofactor NADPH with recombinant
173-HSD5 in bacteria to maintain the compatibility with previous
assays in this study. Substance 2-9 turned out to inhibit 17(3-HSD5
with 50% efficiency at a concentration as low as 290 nM. Three to
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Fig. 7. 173-HSD3 and 17B-HSD5 inhibitors identified by the virtual screening approach.
Table 8
Inhibitory efficiency of selected compounds on 17(3-HSDs and 113-HSDs.
Compound no. Inhibition (%)
17B-HSD52 17p3-HSD3? 17B-HSD1? 17pB-HSD2?2 173-HSD42 17B-HSD7? 11B-HSD1P 11B-HSD2P
1-4 20.6 41.3¢ -0.1 -12.5 -1.9 7.0 n.d. n.d.
1-7 -2.5 50.8¢ 39.0 2.5 -0.2 -84 n.d. n.d.
1-11 40.3¢ 325 -1.1 21.7 -3.6 -3.8 7.2 12.6
1-12 67.1¢ 19.1 8.3 3.7 0.8 4.6 51.3 52.6
1-15 42.6¢ 39.8 22.8 14 33 -6.7 n.d. n.d.
2-1 57.7¢ 55.6¢ 19.6 -11.4 5.4 -3.5 66.9 9.4
2-2 319 57.5¢ 42.4 -04 33 -3.8 n.d. n.d.
2-9 94.4¢ 25.0 25.6 -4.9 -1.7 0.6 n.d. n.d.
2-12 80.9¢ 20.9 4.7 -1.8 -3.1 7.0 n.d. n.d.
2-13 53.2¢ 27.8 -6.5 12.0 -6.5 -9.0 n.d. n.d.
2-14 54.0¢ 26.1 28.6 -4.2 -1.7 23 n.d. n.d.

2 Enzyme inhibition at a compound concentration of 2 WM
b Enzyme inhibition at a compound concentration of 20 wM, n.d. - no inhibition detectable.
¢ Compounds revealing inhibition above 40% arbitrary chosen as a threshold.
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Table 9
ICs values for the most potent inhibitors of human 17@3-HSD5.
Compound ICs50 (LM)
17B-HSD5 11-BHSD1 11B-HSD2
1-12 1.04 + 0.12 146+1.0 233+26
2-1 1.21 £ 0.05 4.3240.37 n.a.
2-9 0.29 + 0.03 n.a. n.a.
2-12 1.26 £ 0.18 n.a. n.a.

Enzymes were tested in vitro in the following reactions. For 173-HSD5 - androstene-
dione to testosterone (NADPH), 11B-HSD1 - cortisone to cortisol (NADPH),
113-HSD2 - cortisol to cortisone (NAD"); n.a. - not analyzed due to low inhibitory
potency.

four times higher concentrations of substances 2-1, 2-12, and 1-
12 were necessary to lead to comparable effects (Fig. 8, Table 9).
The catalytic activities of human 11(3-HSD1 and 2 were analyzed
in cell lysates. No significant influence on 113-HSD activities was
seen with the most potent 17[3-HSD5 inhibitor 2-9. Beside this,
only high amounts of substances 1-12 and 2-1 dose-dependently
lowered enzymatic activities (Table 9).

3.7. Inhibition mechanism for substance 2-9

For the best inhibitor of 17(3-HSD5 in the dataset, com-
pound 2-9 we used an isoform specific fluorogenic probe to
check the inhibition mechanism. The efficiency of the best
inhibitor 2-9 was confirmed by inhibition constant (K;) deter-
mination using in that case purified 17(3-HSD5 protein and the
fluorogenic synthetic substrate 8-acetyl-2,3,5,6-tetrahydro-1H,4H-
11-oxa-3a-aza-benzo[de]anthracen-10-one. Our results suggest
that compound 2-9 competes with the substrate for the active
site of 173-HSD5 in a classical competitive mechanism (Fig. 9)
with a K; of 0.18 wM. In the same assay setup we determined the
Michaelis—Menten constant (Kp, ) for the synthetic substrate being
1.1 pM.

3.8. ICsg determination for substance 2-9 in experiments with
intact cells

We further validated the inhibitory potency of compound 2-9
in the more complex biological system of living cells and per-
formed an ICsg determination in intact cells. MCF7 and HEK293
cells stably expressing human 173-HSD5 (expression verified by
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Fig. 8. IC5o for compounds inhibiting A4-androstene-3,17-dione reduction cat-
alyzed by human 173-HSD5. Fitted curves from Sigma-Plot “One site saturation”
module. Symbols for compounds are indicated in the figure.
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Fig. 9. Lineweaver-Burk-plot for the evaluation of K;. Conversion of 8-acetyl-
2,3,5,6-tetrahydro-1H, 4H-11-oxa-3a-aza-benzo[de]anthracen-10-one to fluores-
cent product catalyzed by purified recombinant human 17@3-HSD5 was monitored
in the presence of different concentrations of inhibitory substance 2-9. Data were
fitted by Sigma-Plot Kinetics module.

Western blots; not shown here) were incubated with the radioac-
tively labeled substrate A4-androstane-3,17-dione and in presence
of increasing concentrations of compound 2-9. We used two dif-
ferent cell lines to look for cell line dependent effects on inhibitory
activity and incubated the cells in serum-depleted medium (0.1%
FBS) to eliminate influences of serum steroids. Incubation at low
serum level for up to 24 h had no noticeable influence on cell via-
bility in comparison with cells incubated in full medium. ICsy for
MCF-7 and HEK293 stably expressing 173-HSD5 were 330 nM and
200 nM, respectively.

To exclude that observed catalytic inhibition was due to cell
death we checked cell viability with MTT assay with substance con-
centrations up to 100 wM. Viability of neither cells was strongly
influenced by substance 2-9 (data not shown).

This study presents the development of a pharmacophore model
set based on information from active and inactive ligands as well
as on the 3D structure of protein-ligand complexes. New phar-
macophore models for 17(3-HSD3 inhibitors have been developed
and proven their ability to identify bioactive inhibitors from large
compound collections. All models that served as in silico filter pre-
vious to biological testing showed true positive hit rates of 25%
and more. Besides, this work presents the first pharmacophore-
based virtual screening study on 173-HSD5 inhibitors. To our best
knowledge, for none of the 173-HSD3/5 inhibitors identified in this
study, any bioactivity has been reported. One of the discovered
inhibitors, compound 2-9, inhibited 173-HSD5 in the nanomo-
lar range. The compound seems to be specific as it showed only
weak or no influence on tested off-target enzymes. However, potent
inhibitors of 173-HSD5 also need to be checked against AKR1C1-
AKR1C2 in future screens due to the high sequence identity that
exists between these enzyme isoforms.

4. Conclusions

The presented workflow consisted of a two-phase approach.
In the in silico phase, systematic pharmacophore modeling, vir-
tual screening, and compound selection for biological testing were
accomplished. In the second phase, in vitro evaluation of these test
compounds involved initial bioactivity screening at a single com-
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pound concentration, ICsg and subtype selectivity assessment of
the most promising hits, subsequent mode-of action determina-
tion, and the investigation of the ex vivo activity in different cell
types. The combined approach efficiently led to the discovery of
a series of structurally diverse and novel 173-HSD 3/5 inhibitors
with different selectivity profiles. The structural diversity of the
introduced inhibitors allows for a design of more potent 17f3-
HSD3/5 inhibitors as pharmacological tools or starting points for
drug design. The here presented pharmacophore models can be
further optimized and applied to the virtual screening of additional
commercially available databases, which may lead to the discovery
of more, structurally diverse 173-HSD3/5 inhibitors.
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