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Abstract

Several members of the short-chain dehydrogenase/reductase (SDR) enzyme family play
fundamental roles in adrenal and gonadal steroidogenesis as well as in the metabolism of steroids,
oxysterols, bile acids, and retinoids in peripheral tissues, thereby controlling the local activation of
their cognate receptors. Some of these SDRs are considered as promising therapeutic targets, for
example to treat estrogen-/androgen-dependent and corticosteroid-related diseases, whereas others
are considered as anti-targets as their inhibition may lead to disturbances of endocrine functions,
thereby contributing to the development and progression of diseases. Nevertheless, the
physiological functions of about half of all SDR members are still unknown. In this respect, in
sificotools are highly valuable in drug discovery for lead molecule identification, in toxicology
screenings to facilitate the identification of hazardous chemicals, and in fundamental research for
substrate identification and enzyme characterization. Regarding SDRs, computational methods
have been employed for a variety of applications including drug discovery, enzyme
characterization and substrate identification, as well as identification of potential endocrine
disrupting chemicals (EDC). This review provides an overview of the efforts undertaken in the
field of virtual screening supported identification of bioactive molecules in SDR research. In
addition, it presents an outlook and addresses the opportunities and limitations of computational
modeling and /n vitro validation methods.
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1 Introduction

1.1 The short-chain dehydrogenase/reductase (SDR) superfamily

The SDR enzyme family consists of over 47,000 members found in archaea, bacteria, and
eukaryota, with more than 80 members identified in the human genome [1]. They share a
common core structure, the so-called Rossmann-fold, consisting of up to seven stranded
parallel B—sheets flanked by three a—helices on each side. This core structure is crucial for
NAD(P)(H) binding and includes a Tyr-(Xaa)s-Lys motif essential for the catalytic center.
The conserved Tyr residue acts as a catalytic amino acid promoting the proton transfer by
the support of a hydrogen bond between Lys and nicotinamide ribose, which lowers the pK,
of the Tyr [2]. The catalytic center is frequently occurring with a conserved Ser residue,
stabilizing the bound substrate. Despite this substantial structural similarity, SDRs generally
share low sequence identity of 20-30%. In addition to the classic SDRs, consisting of one
globular structure, there are extended forms with additional domains fused to the N- or C-
terminus [3].

SDRs are catalyzing carbonyl-alcohol oxidoreduction, isomerization, decarboxylation,
epimerization, C=N reduction, enoyl-CoA reduction, dehydration, and dehalogenation
reactions. They are involved in the metabolism of a wide range of molecules, including
steroid hormones, oxysterols, bile acids, prostaglandins, retinoids, fatty acids, amino acids,
sugars, and various xenobiotics [3]. Probably the most extensively studied SDRs are
hydroxysteroid dehydrogenases (HSDs) with key roles in adrenal and gonadal
steroidogenesis, including 3p-HSDs and 17p-HSDs, as well as enzymes with 3a-HSD, 11p-
HSD and 17B-HSD activities catalyzing the metabolism of steroids in peripheral tissues and
thereby controlling local steroid hormone action [4]. Generally, 3a-HSDs are assigned to the
family of aldo-keto reductases (AKR); however, several SDRs are reported to have 3a-HSD
activity such as 17p-HSD6, 178-HSD10 or members of the retinol dehydrogenase (RODH)
subfamily [5, 6].

Some of these HSDs are investigated as potential therapeutic targets for estrogen- and
androgen-dependent diseases such as osteoporosis, endometriosis, and breast and prostate
cancer or corticosteroid-related diseases such as dyslipidemia, visceral obesity and diabetes,
wound healing, atherosclerosis, osteoporosis, glaucoma, neurodegenerative disease, and
cognitive impairment [7-13].

The similarity of the core structure of various SDRs needs to be taken into account when
developing specific inhibitors to avoid the inhibition of other members causing off-target
effects. In this respect, a major challenge remains the identification of the substrates and
functions of “orphan” enzymes with yet unknown substrates and physiological functions.
Approximately 50% of the SDRs have been poorly or not investigated so far, although some
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of these orphan enzymes have been associated with diseases [14-17]. Molecular modeling
and virtual screening (VS) approaches can not only facilitate the identification of selective
inhibitors by excluding molecules that bind to off-targets, but they may also support the
identification of substrates for orphan enzymes [18]. Another application of the modeling
approach includes the identification of toxic industrial and environmentally relevant
chemicals [19-21]. Due to their involvement in steroid biosynthesis and metabolism, SDRs
represent potential sites for molecular initiating events of endocrine disrupting chemicals
(EDCs) [22-27].

1.2 Computer-aided drug design

Besides experimental methods, a plethora of computational techniques is available to
support the identification of novel bioactive molecules in the context of both drug discovery
and toxicology. The majority of these techniques rely on the concept of similarity introduced
by Johnson and Maggiora, based on the assumption that similar compounds exert similar
bioactivities [28]. Computational models can be generated based on the properties of known
active compounds (preferably in comparison to known inactive molecules) to search for
similar compounds in large chemical databases in the course of a VVS. For example, 2D
similarity-based methods (Fig. 1A) can employ molecular fingerprints to represent the 2D
structure of molecules. The degree of similarity among the molecules is then determined
with similarity coefficients, most prominently among them the Tanimoto coefficient (Tc)
[29, 30].

Structure-based pharmacophore models (Fig. 1B) use a higher degree of abstraction, as they
solely represent the interaction patterns between a ligand and its macromolecular target.
According to IUPAC, pharmacophore models are defined as “the ensemble of steric and
electronic features that is necessary to ensure the optimal supra-molecular interactions with
a specific biological target and to trigger (or block) its biological response” [31]. These
features do not describe specific functional groups, but the type of interactions these
chemical functionalities can be involved in. For example, many pharmacophore modeling
tools include hydrogen bond donor (HBD) and acceptor (HBA), hydrophobic (H), positively
(PI) or negatively (NI) ionizable, and aromatic (Aro) features in their default settings [32—
35]. In addition, some types of steric constraints, either shape or exclusion volumes (X\ols)
(or both) are commonly available. XVols for example can be added to mimic the binding site
and to prevent the mapping of compounds that would clash with the binding site and
therefore be inactive. The shape of a known active molecule can also be added to a model to
restrict the virtual hits to those with similar volumes and geometries compared to the initial
training compound. A scoring function is then employed to calculate how well a compound
geometrically fits a pharmacophore model. Widely used pharmacophore modeling programs
include Phase (Schrodinger Inc.), DS Catalyst (Biovia), LigandScout (Inte:Ligand GmbH),
Molecular Operating Environment (MOE), and others (as reviewed in [36]).

Shape-based methods (Fig. 1C) in principle rely on the shape similarity between a query
compound and the molecules under investigation to prioritize compounds for biological
testing. Additionally, many shape-based modeling tools provide the option to include
chemical information such as pharmacophore features [37, 38] (also referred to as color
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features in ROCS [39, 40]), atom types as in Phase Shape [41], or electrostatic potentials in
ShaEP [42]) to improve the performance of the shape model. Similar to pharmacophore
modeling, scoring functions are employed to determine the degree of shape overlay and, if
applicable, the extent to which a compound fulfills additional requirements of the model.

Other than the methods mentioned so far, docking does not rely on the concept of similarity,
but rather aims to calculate the free binding energy between a macromolecular target and
potential ligands. For this purpose, the molecules under investigation are placed within the
empty binding pocket of the target, which needs to be defined by the user prior to docking.
Each created docking pose is then evaluated with a score estimating the binding energy [43],
thus predicting the likelihood of binding (Fig. 1D). For a comprehensive description of
docking and scoring as well as frequently used programs, a recent work by Sotriffer is
recommended [44]. In some docking programs, also the flexibility of amino acids in the
binding site is considered, e.g. in GOLD [45]. The /n sifico methods described in this section
have also been employed for the investigation of SDRs. Successful application examples for
selected SDRs are described in detail in the following sections.

2 Examples from the SDR family

2.1 Drug development

2.1.1 11B-hydroxysteroid dehydrogenase type 1—The inactive glucocorticoid
cortisone is converted to the biologically active cortisol by 11p-hydroxysteroid
dehydrogenase type 1 (11p-HSD1) using NADPH as cofactor (Fig. 2). 11p-HSD1 is
expressed in tissues such as liver, adipose tissue, adrenals, skeletal muscle, skin, pancreas,
hippocampus, as well as in macrophages [46, 47]. The reverse reaction is catalyzed by 11p-
HSD2, thereby ensuring mineralocorticoid receptor (MR) activation by aldosterone in
kidney and colon as well as fetal protection in the placenta from excess amounts of maternal
glucocorticoids [48]. Transgenic mice selectively overexpressing 118-HSD1 in the adipose
tissue develop metabolic syndrome including insulin-resistant diabetes, hyperlipidemia,
hypertension, and visceral obesity [49, 50], whereas hepatic overexpression of 11p-HSD1
caused metabolic syndrome without obesity [51]. Enhanced 113-HSD1 expression can also
be detected in adipose tissue of obese patients and in skeletal muscles of diabetic patients
[52-56]. In contrast, 11p-HSD1 knock-out mice were found to be resistant against the
development of diet- or stress-induced diabetes [57], suggesting pharmacological inhibition
of this enzyme as a therapeutic option for metabolic diseases. Furthermore, inhibition of
11p-HSD1 showed favorable therapeutic effects in wound healing [58, 59], skin aging [60],
osteoporosis [8, 61], atherosclerosis [62—65], glaucoma [66—68], and cognitive functions
[69-73]. Although various 118-HSD1 inhibitors have been reported and a few also have
entered clinical trials, no 11p-HSD1 inhibitor has reached the market so far [74]. Structural
variety is prevailing between the different 118-HSD1 inhibitors; nevertheless, the crystalized
protein structures are comparable [75]. However, for selection of a protein structure for /n
silico evaluations, the detected dissimilarities upon ligand binding should be considered. The
protein data bank (PDB) currently contains 29 human, 5 mouse, and 3 guinea-pig 11p-HSD1
crystal structures. To date, only X-ray crystal structures in complex with inhibitors but not
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with a substrate are accessible for the human isoenzyme. In contrast, no crystal structure of
11B-HSD?2 is available to date.

Schuster et al. first reported the use of pharmacophore modeling to identify structurally new
classes of 118-HSD1 inhibitors [76]. To perform VS of different databases, they designed
two ligand-based multi-feature pharmacophore models as the 113-HSD1 protein structure
was not experimentally resolved at the beginning of their study. They classified their
pharmacophore models according to the 118-HSD activity of the training compounds
employed for the model generation as 11p-HSD1-selective and 11p-HSD non-selective. The
virtual hits found by the pharmacophore models contained steroid-like compounds, the
known unselective 11B-HSD inhibitor glycyrrhetinic acid (GA), related triterpenoids, and
novel structural classes. The /n vitro 118-HSD1 and 11p-HSD?2 inhibition profile of the
active VS hits showed similar selectivities as the training set compounds used for the 11p-
HSD1-selective and the 113-HSD-unselective pharmacophore model construction.

Suitable enzyme activity assays are fundamental for selectivity testing of potential
inhibitors. Regarding 118-HSD1 inhibitors, 11p-HSD2 is usually chosen as counter screen
because cross-inhibition of 11p-HSD2 would cause cortisol-induced MR activation in the
kidney, resulting in hypertension. Taking into account that the different SDR family
members share considerable structural similarity, but rather low primary sequence similarity,
other enzymes such as 3g-HSDs and 17p-HSDs should be included in the selectivity
assessment of 11B-HSD1 inhibitors.

By determining the biological activities in HEK-293 cell lysates or intact cells expressing
human recombinant 11p-HSD1, 11p-HSD2, 17p-HSD1 or 17B8-HSD2, Schuster et al. tested
the potency and selectivity of their VS hits [76]. 11B-HSD1 activity was inhibited by more
than 70% at 10 UM by 7 out of 30 tested compounds, but only 3 of them displayed
reasonable selectivity over the other tested SDRs. This is not surprising as some of the
unselective hits belonged to the triterpenoids resembling GA. The authors observed similar
kinetic parameters for the three 113-HSD1-selective chemicals in differentiated mouse
adipocytes and myotubes, metabolically relevant tissues endogenously expressing 11p-
HSD1. Other studies showed significant species-specific variability in the potency of various
11B-HSD1 inhibitors [77-79], indicating significant differences in the 3D organization of
the hydrophobic substrate-binding pocket of human and mouse 118-HSD1. Thus, species-
specific variability must be considered and the use of suitable human cell lines endogenously
expressing 11p-HSD1 is indicated.

Glucocorticoids are recognized by several different proteins during synthesis (CYP11B1),
distribution (cortisol-binding globulin, transport proteins such as P-glycoprotein), peripheral
metabolism (11p-HSDs), receptor action (MR, glucocorticoid receptor (GR)), and
degradation (5p-reductase, CYP3A4). These proteins recognize some common structural
features and inhibitors of 11p-HSD1 might therefore bind to other glucocorticoid
recognizing proteins as well. To address this, Schuster et al. tested their most active hits in
GR- and MR-dependent reporter gene assays. Reduced tissue-specific glucocorticoid
reactivation and therefore blockade of the GR-mediated gene expression are responsible for
the therapeutic effects of an 118-HSD1 inhibitor. The ability of an 11p-HSD1 inhibitor to
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also act as a GR or MR antagonist would rather enhance its therapeutic benefit by reducing
GR-dependent stimulation of hepatic gluconeogenesis and decreasing cortisol-mediated MR
activation in macrophages. Their most active compound showed only weak GR and MR
antagonistic effects, with a 6-10-fold preference for 118-HSD1 inhibition and can therefore
be used as starting point for further investigations.

The selective 11p-HSD1 pharmacophore model generated by Schuster et al. [76] was further
used to assess its potential to identify new lead structures for 11p-HSD1 inhibitor
development [80]. Enzymatic testing of the virtual hits led to the discovery of an 11p-HSD1
inhibitor with an ICsg of 4.8 uM. Lead optimization studies revealed arylsulfonylpiperazine
scaffolds as a new class of selective 11p-HSD1 inhibitors.

This pharmacophore model was additionally employed to search for selective 113-HSD1
inhibitors derived from constituents of medicinal plants [81]. The virtual hit list contained to
a large extent scaffolds from the chemical class of triterpenoids such as corosolic acid. This
is a known constituent of Eriobotrya japonica, which is used in the traditional Chinese
medicine as antidiabetic treatment. An earlier study, investigating the potential of extracts
from traditionally used antidiabetic medical plants to inhibit 11p-HSD1 activity, found leave
extracts of £. japonica preferentially inhibiting 118-HSD1 over 113-HSD2 [82]. Thus, the
VS hit corosolic acid was tested for inhibition of the human 113-HSD enzymes in a lysate-
based assay and revealed selective inhibition of 11B-HSD1 with an ICsg of 810 nM. In order
to discover additional secondary metabolites inhibiting 11p-HSD1, bioassay-guided
phytochemical analyses were implemented. These investigations led to the identification of
several molecules from the triterpenoid ursane type with 1Cgq between 1.9 and 17.4 uM.
However, an enhanced 11B-HSD1 inhibitory activity could be detected by mixtures of these
moderately active compounds. Additive effects of constituent mixtures are a common
finding in phytotherapy and often explain their therapeutic effect. Binding mode prediction
performed by docking studies indicated a flipped interaction pattern of the triterpenoids with
interactions to Thr124 and Tyrl77 instead of the catalytic residues. The identification of
11B-HSD1 inhibitors in traditionally used antidiabetic medical plants indicated a possible
mode of action — a further application field for pharmacophore modeling.

Further studies using the 11p-HSD pharmacophore models from Schuster et al. [76] for
model refinement [83] and subsequently as screening tool for 11p-HSD1 inhibitor
identification among constituents of the traditionally used Greek medical plant Pistacia
lenticus [84], are described in the supplementary information.

For the identification of new 11p-HSD1 inhibitors Miguet et al. [85] developed a homology
model to predict the 3D structure of 118-HSD1. Structure-based VS of a reference database
composed of molecules with known activities towards 11p-HSD1 was used to validate the
model showing its ability to discriminate between 118-HSD1 inhibitors. The reference
database included 19 11p-HSD1 inhibitors, 3 weak inhibitors, 3 non-inhibitors, and 2
substrates. To distinguish between virtual hits based on activity data of a reference database,
it would be advantageous if the different activity categories would be more equal. Scoring
calculations were further used as numerical cut-offs, filtering the virtual hit list after VS of a
natural molecules database. As in the meantime, the first experimentally derived 11p-HSD1

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2019 November 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beck et al. Page 7

X-ray structure became available, the results derived from the homology model were
confirmed by molecular modeling based on the crystallographic structure. Several hits of the
VS belonged to the flavonoids, with 2 hits already known as 118-HSD1 inhibitors. The
remaining candidates were not enzymatically tested, and, unfortunately, no follow up
evaluation of these hits was reported.

Yang et al. combined ligand-based pharmacophore modeling and molecular docking for the
identification of synthetic 11p-HSD1 inhibitors [86]. In a virtual docking approach, the
SPECS database was screened and the 3000 compounds with the highest docking score were
selected for a second, more computationally expensive docking calculation. Furthermore, a
ligand-based pharmacophore model on the basis of three selective 113-HSD1 inhibitors was
generated and used as a query to additionally filter the 3000 selected compounds. High fit
and docking scores, as well as drug likeness were selection criterions for compounds to be
further biologically tested for their activity on human and mouse 11p-HSDs. Therefore, a
scintillation proximity assay (SPA) was performed using microsomes prepared from
HEK-293 cells stably expressing human and mouse 113-HSD1 or 11p-HSD2, respectively.
Significant differences in the inhibitory potential of the compounds were observed when
comparing their activities against human and mouse 11p-HSD1. Whereas 11 out of 121
tested compounds revealed 1Cgq values of 0.26 — 14.6 UM against the human enzyme, 6
substances showed ICsg values between 0.48 — 12.49 uM against the mouse enzyme. Among
these inhibitors, only two displayed overlapping activity for human and mouse 11p-HSD1
with ICgq values of 0.69 uM and 3.57 uM, and 0.48 uM and 2.09 UM, respectively. In regard
to subsequent animal studies, selectivity over 11p-HSD2 was tested only for the mouse
isoenzyme and just for compounds inhibiting mouse 11p-HSD1. Selectivity was ensured;
however, appropriate selectivity determination requires at least the inclusion of human 11p-
HSD2, and ideally also other SDRs. The ideal case for preclinical assessments in drug
development would include cross-species activity. Importantly, significant species-specific
differences regarding the potency of diverse 11p-HSD1 inhibitors have previously been
reported, implying critical variability in the 3D conformation of the active site of human and
mouse 11B-HSD1 [77-79].

In a consecutive study, Yang et al. successfully used 11p-HSD1 structure-based
pharmacophore models as initial screening tools, followed by a docking approach for hit
selection [87]. Only compounds interacting with the catalytic residues Tyr183 and Ser170
were chosen after the docking evaluation for further biological assessment. In contrast to
their earlier study where they found 11 out of 121 hits as inhibitors for the human 11p-
HSD1 [86], 9 out of 56 tested compounds displayed selective and dose-dependent 11p-
HSD1 inhibition with 1Csq values of 0.85 - 7.98 uM. The mouse enzyme was inhibited by 6
compounds with ICsq values between 0.44 uM and 8.48 uM, of which 4 inhibited human
and mouse 11B-HSD1 with comparable 1Csq values.

Shape-based screening combined with fast rigid docking was applied by Xia et al. to find
11B-HSD1 inhibitors [88]. The 1000 best ranked compounds of each screening were
combined for further ligand-flexible docking calculations. By manual inspection of the top
200 molecules in the final hit list, 70 structurally diverse molecules were chosen for
biological testing by SPA, of which 14 compounds inhibited 113-HSD1 by more than 50%
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at 1 uM, 8 of them had ICsq values <100 nM, and 3 inhibitors already being reported [89—
91]. In addition, by analyzing the binding mode conformations, a new hydrophobic sub-
pocket was discovered. However, the interacting residues of this sub-pocket were not
described, although this would further support inhibitor development. During the validation
of this finding with a molecule fitting into this pocket, a novel scaffold was identified that
inhibited 11B-HSD1 with an I1Csqg of 45 nM. Selectivity over 113-HSD2 was only verified
for the two compounds with the most favorable ADME prediction profiles. However, since
pharmacokinetics can be improved after lead identification, it would be of interest to obtain
selectivity information for all 11p-HSD1 inhibitors. Moreover, to improve further study
designs, it would be important to know the difference between the hit rates of shape-based
screening and rigid docking. In an independent, subsequently performed study, Xia et al.
designed a new class of derivatives of 1-arylsulfonyl piperidine-3-carboxamides using
medicinal chemistry tools [92]. For lead structure selection and following animal studies, the
compounds were tested against mouse and human 11p-HSD1 and 11p-HSD2. They found a
large lipophilic group at the amino moiety as favorable for cross-species potency.
Unfortunately, they did not mention if this bulky lipophilic group also targets their
previously identified hydrophobic sub-pocket, which could be interesting for further
inhibitor development studies.

A similar approach was performed by Lagos et al. who used shape-based query hypotheses
as a filter during a structure-based VS process [93]. Steroidal compounds were excluded
from the query in order to avoid similarity of the virtual hits with this scaffold type. Top
scored compounds were visually analyzed for their binding features and selected for testing
in cell-based assays. For this purpose, they used the liposarcoma-derived adipose cell line
LS14, differentiated into adipocytes and endogenously expressing 113-HSD1 [94]. Of 39
compounds tested, two selectively inhibited 113-HSD1 over 113-HSD2 with I1Csq values
around 5 pM. Selectivity over 11p-HSD2 was also tested in differentiated LS14 cells,
although its expression was marginal. However, the use of an intact cell-based testing system
as an initial biological assessment tool has the disadvantage that the compounds do not have
direct access to their target and the ranking of the obtained biological activities cannot be
used to draw conclusions on the performance of the VS approach.

Shave et al. employed another method containing shape-based calculations but without the
need for any detailed structural information of the target [95]. They used Ultra-fast
Recognition with Atom Types (UFSRAT), an algorithm that considers the shape and the
electrostatics of atoms to score and retrieve candidate molecules capable to make similar
interactions to those of the supplied query. The non-selective 113-HSD1 inhibitor
carbenoxolone was used to generate the query. VS of a database against the query resulted in
a hit list of the most similar compounds. Biological testing was implemented against 11p-
HSD1 reductase and dehydrogenase activity. Out of 26 tested compounds, 4 inhibited the
reductase activity in a SPA cell-based assay with 1Csq values between 0.067 and 11.3 uM
and the dehydrogenase activity of recombinant human 11p-HSD1 protein with KPP of 26 -
248 uM. Interestingly, the top virtual hits displayed totally different scaffolds compared to
the query molecule but showed similarity to already known 118-HSD1 inhibitors (Fig. 3).
Thus, UFSRAT has demonstrated its ability for scaffold hopping during the VS screening
process. However, the query molecule carbenoxolone is an unselective 11p-HSD inhibitor,
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exhibiting activity against 118-HSD1 and 11B-HSD2. For this reason, biological testing of
the selected virtual hits against 11-HSD2 would be required for further development of
these compounds. Moreover, choosing a selective 11p-HSD1 inhibitor as a query molecule
for the UFSRAT algorithm may even improve the success of this approach.

A number of adamantine-containing selective 11p-HSD1 inhibitors have been reported [96].
Tice et al. used them to generate models of the 113-HSD1 binding site with the help of a
proprietary structure-based drug design program of Vitae Pharmaceuticals called Contour
[97]. The most satisfactory poses were selected, and based on them a medicinal chemistry
program was initiated to improve potency, selectivity, and physical properties, supported by
additional modeling. This led to the identification of a class of spirocyclic ureas selectively
inhibiting 11p-HSD1 with I1Csq values in the lower nanomolar range.

Using the same drug design platform Contour, Xu et al. developed a novel class of 11§-
HSD1 inhibitors by incorporating a 1,3-0xazinan-2-one ring system [98]. Prior to the
medicinal chemistry program, the available 113-HSD1 X-ray structures were examined and
a template compound bearing a 1,3-oxazinan-2-one ring docked into the 2BEL structure of
11B-HSD1. Subsequently, more than 5000 molecules were designed /n silico by adding
fragments directly to the template compound. Structure-based drug design and lead
compound optimization studies revealed a highly potent 11p-HSD1 inhibitor with 1Cgq
values of 0.8 nM using recombinant human 11p-HSD1 in a microsomal preparation of CHO
cells and 2.5 nM in differentiated human adipocytes. Testing inhibitory activity against 11p-
HSD2, 17p-HSD1, 3p-HSD2, and three CYP isoenzymes showed >1000-fold selectivity for
11B-HSD1. The same results were observed when examining its potential to bind to GR,
MR, FXR or hERG. In regard to subsequently performed animal studies, pharmacokinetic
parameters were measured in several species. In addition, distribution into mouse adipose
tissue could be observed with proportional plasma concentrations levels and three times
higher concentrations in the liver. However, due to the poor potency against mouse 11p-
HSD1, but comparable activity towards human and cynomolgus monkey 118-HSD1, the
latter species was selected as /n vivo model for 11p-HSD1 inhibition. Oral administration,
after suppression of endogenous plasma glucocorticoid levels with dexamethasone and
challenge with cortisone 21-acetate after 5 h of compound administration, revealed reduced
cortisol production by 85% compared to the vehicle control. However, the authors described
no further details how the animal study was conducted as for instance the number of animals
used. As they aimed to specifically target the adipose tissue, this measurement only provides
data about the overall 11p-HSD1 activity. Therefore, they determined in a consecutive
preclinical characterization study the inhibitory activity of their lead compound ex vivoin
cynomolgus monkey and human adipose tissue [99]. Remarkably, the enzyme inhibition was
minor in cynomolgus monkey tissue and 30-fold less pronounced in human adipose tissue
compared to cultured differentiated preadipocytes. They proposed the high lipophilic nature
of the compound and therefore its uptake and sequestration into lipid droplets as a possible
reason for this observation. Based on these investigations, they established a modified assay
strategy for lead compound identification, newly including analysis in human and non-
human primate adipose tissue. This approach led to the identification of a new 11p-HSD1
inhibitor candidate, of which toxicological assessment was introduced in regard to Phase |
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clinical studies. An adapted, more general version of this testing cascade is shown in the
biological limitation section.

Several different computational methods have been applied to discover new selective 11p-
HSD1 inhibitors and successfully identified structurally diverse virtual hits in biological
assays as potential lead compounds for further drug development. However, computer-aided
drug design is also advantageous for lead optimization. In order to improve selectivity,
potency and pharmacokinetic parameters of initially discovered 11p-HSD1 inhibitors,
several groups implemented scaffold hopping and structure-activity relationship (SAR)
studies on the basis of docking studies [100-105]. Following chemical synthesis the same
approach is often also used for binding mode explanations [106-108].

2.1.2 17B-hydroxysteroid dehydrogenase type 1—To date, 14 different human
17B-hydroxysteroid dehydrogenase (17B-HSD) enzymes, belonging to the SDR family with
the exception of the aldo-keto reductase AKR1C3 (17p-HSD5), have been described [109].
Several of the 17p-HSDs are essentially involved in the local metabolism of estrogens and
androgens, thereby controlling ER and AR signaling in a tissue- and cell-dependent manner

(Fig. 4).

17B-HSD1 reduces in an NADPH-dependent reaction the weak estrogen estrone to the
potent estradiol. It also catalyzes the conversion of dehydroepiandrosterone (DHEA) to 5-
androstene-3p,17p-diol [110]. The human placenta, ovaries, and mammary gland are the
predominant expression sites of 178-HSD1 and therefore of considerable relevance for the
gonadal and peripheral synthesis of estradiol [111]. Studies demonstrating a correlation of
17B8-HSD1 mRNA expression levels and poor breast cancer prognosis [112-114] suggest the
local inhibition of estradiol biosynthesis by targeting 17p-HSD1 as a promising therapeutic
strategy against breast cancer, especially in postmenopausal women, where estradiol
originates mainly from extragonadal sites. Importantly, i, vivo studies found a reduction in
tumor size in mice stimulated with exogenous estrone after co-treatment with specific 17p-
HSD1 inhibitors [115, 116]. In addition, high 17p-HSD1 expression levels were shown to be
associated with endometriosis [117, 118], endometrial cancer [119], and uterine leiomyoma
[120], offering additional therapeutic opportunities.

Although the number of reported 17p-HSD1 inhibitors is increasing, to date no compound
made it into clinical trials. Currently, over 20 crystal structures of the 17p-HSD1 protein
have been published. The binding pocket consists of an elongated hydrophobic channel,
formed by Leu149, Val225, Phe226, and Phe259, and hydrophilic residues at each end
allowing interactions with the catalytic essential residues Ser142 and Tyr155 on one side and
His221 and Glu282 on the other side. A flexible loop (amino acids 188-201) in the crystal
structure, which compromises the exact definition of the substrate binding pocket and
therefore influences the predictivity of VS studies, is not well resolved [121] (Fig. 5).

Hoffrén et al. were the first to describe structure-based pharmacophore models for the
discovery of 17p-HSD1 inhibitors [122]. They validated their pharmacophore models with
molecules bearing the structural and chemical features of steroids and flavonoids. The most
potent training compound applied in the model validation was coumestrol. However,
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coumestrol also displays inhibitory activity against 17p-HSD5 and is not selective for 17p-
HSD1, which needs to be taken into account in model and hit validation [123]. The
selectivity and sensitivity of a pharmacophore model strongly depend on the compounds
selected for its generation and validation. Ideally, if available, selective inhibitors are chosen
for model development. Thus, because phytoestrogens and steroidal scaffolds frequently
display cross-reactivity against other enzymes and receptors involved in steroid action, non-
steroidal structures are preferred, not only for the modeling and validation, but also as lead
structures to increase selectivity. Since the VS hits from Hoffrén et al. were not validated by
biological testing, no further information is available on the selectivity of the pharmacophore
model as well as on the identified hits.

Even though selective inhibitors are usually chosen for therapeutic applications, polyvalent
inhibitors with synergistic beneficial effects may be advantageous in some circumstances.
Chanplakorn et al. reported a significant increase of estrogen sulfatase and 178-HSD1
expression after neoadjuvant therapy with aromatase inhibitors (Als) in postmenopausal
women suffering from estrogen receptor-a. (ERa)-positive breast cancer [124]. They
proposed that the observed expression changes are a result of compensatory responses to
estrogen depletion in breast carcinoma tissue. To prevent the compensatory estradiol
production triggered by chronic treatment with Als, Dual Aromatase-Sulfatase Inhibitors
(DASI) have been developed as an alternative to administration of a combination of drugs
for each target [125-127]. Aromatase catalyzes the conversion of 4-androstene-3,7-dione to
estrone, which is then conjugated by estrogen sulfotransferase to estrone sulfate that can
serve as a storage upon hydrolysis in breast cancer tissue by steroid sulfatase (STS), and
further reduction by 17p-HSD1 leads to estradiol production. Thus, hormone-dependent
breast cancer might be more effectively treated using a polyvalent drug. Designing these
DASIs, Woo et al. integrated the inhibitory STS pharmacophore into the scaffold search for
Als, allowing minimal structural changes to preserve aromatase inhibition [128]. Thus, the
use of specific inhibitors for each relevant target as well as inhibitors with activities against
synergistic targets represents a promising approach to prevent the development of resistance.

Focusing exclusively on 17p-HSD1, inhibitors can target several sites including reversible
and irreversible inhibition of the binding of the substrate, of the cofactor NADPH at the
Rossmann-fold, or both by so-called hybrid compounds (Fig. 6) consisting of a steroidal
core and extended side chains to occupy the cofactor binding site [129, 130].

Due to the lack of 17p-HSD1 X-ray structures co-crystallized with nonsteroidal inhibitors,
Schuster et al. constructed two structure-based pharmacophore models based on crystal
structures containing steroidal inhibitors in order to find new nonsteroidal 17p-HSD1
inhibitor scaffolds [131]. Whereas one model was developed based on the steroidal scaffold
equilin and expected to be an appropriate general screening tool, yielding a higher number
of false positive and unselective hits, the second model was constructed based on a hybrid
inhibitor, suggested to be more restrictive because of the underlying unique scaffold. /n7 vitro
testing of 14 selected virtual hits led to the identification of two nonsteroidal, selective 17p-
HSD1 inhibitors with moderate activities (ICsp 5.7 UM and 19 uM). Selectivity was tested
against 17p-HSD2, 17p-HSD3, the AKR 17p-HSD5, 11p-HSD1, and 11p-HSD2,
additionally revealing a nonsteroidal and a steroidal 11p-HSDZ1 inhibitor (1C5q 6.2 uM and

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2019 November 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beck et al. Page 12

3.8 UM, respectively) and a nonsteroidal 17B-HSD3 inhibitor (ICs5g 19 uM). These results
emphasize the relevance of including several structurally related enzymes for selectivity
evaluation. To increase the exclusion rate of compounds potentially causing off-target
effects, Schuster et al. tested an alternative approach using pharmacophore models of
structurally related enzymes [131]. Using these models as additional filters to exclude
compounds with a low degree of selectivity enriched the virtual hit list with more selective
compounds and therefore reduced the efforts for laborious biological testing. They applied
their previously constructed selective 11p-HSD1 pharmacophore model for a VS of the
scaffolds identified as 113-HSD1 inhibitors [76]. The nonsteroidal 11p-HSD1 inhibitor
mentioned above was identified as hit, and it was also found when removing the shape
restriction. Therefore, applying nonrestrictive pharmacophore models of related enzymes as
additional filter tools can assist the selection of virtual hits for biological testing by
eliminating promiscuous inhibitors.

Regarding the structural similarity of different proteins, Brown et al. demonstrated inhibition
of human lactate dehydrogenase (LDH) and of 178-HSD1 by binding of gossypol
derivatives to the Rossmann fold [132]. Thus, on one hand structural conservation provides a
basis for lead compounds targeting several related proteins but on the other hand it raises
concerns about their selectivity. Brown et al. did not test their gossypol derivatives against
other SDRs. Since gossypol was also found to inhibit 3p-HSD1, 17p-HSD3 [133], and 11p-
HSD2 [134], testing of the gossypol derivatives against other structurally related enzymes
will be crucial.

To create a pharmacophore model and define the ligand-protein interactions for both, the
ligand and the active site of the protein, Sparado et al. [135] superimposed five 17p-HSD1
X-ray structures. VS of a small in-house compound library and experimental validation of
the hits in a cell-free assay led to the identification of a moderately active 178-HSD1
inhibitor. Further SAR analysis, including scaffold hopping and rigidification, resulted in
two benzothiazole-scaffold bearing 17B-HSD1 inhibitors with 1Csq values of 44 and 243
nM, respectively. The subsequent selectivity testing not only consisted of an assay for the
related enzyme 178-HSD?2, but also for the ERa and ERpP. Depending on whether a
compound also binds to ERa and/or ERp and acts as agonist or antagonist, different effects
on ER-mediated signaling can be expected. Both compounds showed selectivity over 17p-
HSD2 but differences regarding their binding affinities against both ERs. The more potent
compound displayed considerable affinity to bind to ERa and ER, whereas the less active
compound was marginally active against both ERs. Further biological evaluation in a human
cell system endogenously expressing 178-HSD1 (T47-D cells) revealed potent inhibition of
estrogen formation with an 1Cg of 245 nM for the less active compound. Moreover, docking
investigations revealed a 180° flipped orientation of the two compounds, although they differ
only in a carbonyl and an amide-bridge, respectively. As described earlier, a flipped binding
orientation was also observed for corosolic acid and other triterpenes inhibiting 11p-HSD1
[81]. To improve the activity and selectivity for /n vivo use of their two 17B-HSD1
inhibitors, Sparado et al. conducted a follow-up optimization study [136]. SAR experiments
led to the identification of two new lead compounds, which were highly active against 17p-
HSD1 with ICs values in a cell-free assay of 27 nM and 13 nM and in T47-D cells of 258
nM and 37 nM, respectively. Both inhibitors were selective over 17-HSD2 and ERa./p.
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Furthermore, the potency of the inhibitors was tested against marmoset 17p-HSD1 and 17p-
HSD2 as the marmoset monkey can be used as an animal model for endometriosis. The lead
compounds almost completely inhibited 178-HSD1 at 50 nM when tested in marmoset
placenta microsomes. However, the compounds were less selective towards marmoset 17p-
HSD2 compared to the human enzymes (50 nM of the compounds inhibited marmoset 17§-
HSD2 activity by 51% and 40%, respectively).

Pharmacophore modeling using structure-based and ligand-based concepts were also applied
by Karkola et al. [137]. Four different approaches using docking, alignment of known
inhibitors, molecular dynamics (MD) simulation, and automated model generation on the
basis of a 17p-HSD1 crystal structure were implemented. VS led to the discovery of several
potential 17p-HSD1 inhibitors; however, their biological activities were not determined.
Biological testing of these hits would allow validating them as 17p-HSD1 inhibitors and
could provide information on the selectivity and sensitivity of the different pharmacophore
models.

StarCevi¢ et al. [138] performed a virtual high-throughput screening based on the 3D
structure of 17p-HSD1 in complex with equilin. The database was pre-filtered to reduce it to
compounds with similar size and shape as estrone. Concerning the large scaffold of hybrid
inhibitors, this approach may bias the V'S and its hit list, and potentially active hits may be
missed. During the visual inspection of the virtual hit list, compounds with potential
estrogenic effects such as steroids, flavonoids, or other phytoestrogens were eliminated. Of
18 enzymatically tested substances, three compounds bearing the central scaffold of aurones,
a 2-benzylidenebenzofuan-3(2H)-one structure, showed potent inhibition with ICgq values in
the lower nanomolar range (Fig. 7). Additionally, one hit was an already known 178-HSD1
inhibitor, thus validating the approach. However, a 2D similarity search with the aurone
derivatives as queries identified no new 178-HSD1 inhibitors. A SAR analysis revealed the
presence of a 6-OH group as essential for potent 17p-HSD1 inhibition by 2-
benzylidenebenzofuan-3(2H)-ones. Docking studies suggested that these inhibitors occupy
an ideal orientation in the active site by forming triple hydrogen bonds with the catalytic
residues Ser142 and Tyr155 and the cofactor.

A docking approach was also applied by Frotscher et al. [139], who studied the 3D
architecture of 17p-HSD1 in complex with estradiol for important chemical features
involved in the protein-ligand interactions to design steroid mimetics with nonsteroidal
scaffolds. These inhibitors should contain two polar groups with 11 A distance in between to
imitate the A-ring and the D-ring and a flat conformation similar to the steroids. In addition,
they discovered two residues in the active site, Tyr218 and Ser222, which are not directly
involved in steroid binding but may display promising new interaction partners for the
development of new inhibitors. Accordingly, phenyltetralone, phenylnaphthalene,
phenylquinoline, and phenylindole scaffolds were chosen for a medicinal chemistry program
with scaffold hopping and SAR analysis based on biological analysis with 17p-HSD1 and
17p-HSD2. Docking and MD simulations thereby helped to reveal the molecular
interactions of the synthesized compounds with the protein. This led to the discovery of a
(hydroxyphenyl)naphthalene derivative as potent 178-HSD1 inhibitor with selectivity
towards 17p-HSD2, ERa, and ERB. Moreover, pharmacokinetic studies demonstrated
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Caco-2 penetration, low inhibitory effects on the most important hepatic CYP enzymes, and
moderate metabolic stability in rat liver microsomes. For optimization of inhibitory activity,
selectivity and pharmacokinetic properties, novel substituted 6-phenyl-2-naphtols were
synthesized [140]. Molecular modeling supported SAR and binding mode explanation. The
new lead compound showed improved overall properties and can be further tested /n vivo.
The inhibitory activity was tested only against human 17p-HSD1. Thus, prior to animal
experiments, possible species-specific differences should be considered.

In a follow-up project, Marchais-Oberwinkler et al. [141] performed a SAR study to
optimize the 17p-HSD1 pharmacophore of Frotscher et al. [139] (Fig. 8). The study
highlights the restricted flexibility of the active site of 178-HSD1. Therefore, the enzyme
might not be able to adjust its geometry upon inhibitor binding. Targeting the polar ends of
the active site, the positions of the hydroxyl groups of the (hydroxphenyl)naphthalene
derivatives were optimized in order to allow formation of hydrogen bonds. By the
introduction of a hydrophobic core, the inhibitors are stabilized in the hydrophobic tunnel of
the enzyme. Furthermore, biological results and modeling studies indicated that the amino
acids Tyr218 and Ser222, characterized by Frotscher et al. as potential interaction partners
[139], are unlikely to form hydrogen bonds with this class of inhibitors. Available space with
potential -1t interactions close to position 1 of the naphthalene ring may be exploited by
introducing an aromatic substituent.

Applying a similar strategy of a ligand- and structure-based drug design mimicking steroids,
Bey et al. identified bis(hydroxyphenyl) azoles as potent 17p-HSD1 inhibitors [121].
Different azoles and hydroxyl substitutions were synthesized and evaluated for activity and
selectivity. Thereby, a 2,5-disubstituted oxazole displayed the most potent inhibitory effects
with good selectivity and pharmacokinetic properties. Further structural optimization
resulted in enhanced ICxgq values in the low nanomolar range, high selectivity profiles, and
good pharmacokinetic properties [142]. Interestingly, compared to the
(hydroxyphenyl)naphthalene class of 178-HSD1 inhibitors, the active bis(hydroxyphenyl)
azoles were predicted to form hydrogen bonds with Tyr218.

The approach of identifying new 17p-HSD1 inhibitors by structure-based drug design was
applied by several groups and led to the discovery of 17p-HSD1 inhibitors based on 2-
substitutions of estrone and D-homo-estrone [143] and on pyrimidinones [144]. This
strategy is commonly used in medicinal chemistry for optimization of known inhibitors and
lead compounds in a rational manner. Thus, VS offers an inexpensive and rapid approach to
identify novel compounds and helps to enrich compounds within a set of similar compounds
from the same scaffold [145].

2.1.3 17B-hydroxysteroid dehydrogenase type 2—173-HSD2 catalyzes the NAD*-
dependent conversion of the active estradiol into the weak estrogen estrone. Moreover, 17p-
HSD?2 is able to convert testosterone to 4-androstene-3,17-dione (androstenedione), 5a.-
dihydrotestosterone (DHT) to 5a.-androstanedione, 5-androstene-33,17p-diol to DHEA, and
20a-dihydroprogesterone to progesterone (Fig. 4) [146, 147]. Several tissues such as bone,
endometrium, uterus, breast, placenta, stomach, small intestine, and colon epithelium
express 17p-HSD2 [148, 149]. In the placenta, 17B-HSD2 protects the fetus from maternal
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androgens and estrogens. Decreased levels of estrogens in postmenopausal women and
androgens in elderly men result in an imbalance between bone formation and bone loss,
ultimately causing osteoporosis [150]. Among the most frequent pharmacological
interventions in Europe against osteoporosis is the administration of bisphosphonates and
selective estrogen-receptor modulators (SERMs) [151]. However, both treatment options
have limitations and there is a great demand for novel therapies. Especially SERMs are
associated with an increased risk for cardiovascular complications. Since 17p-HSD2 is
expressed in osteoblasts, its inhibition may provide a new approach to treat osteoporosis by
increasing local estradiol availability. This strategy is supported by an /n vivo study in
ovariectomized cynomolgus monkeys, where oral administration of a 17B-HSD2 inhibitor
led to maintenance of bone formation and strength [152]. Nevertheless, as increased
estradiol concentrations can also be related to severe disorders such as endometriosis or
breast cancer, it may be important to design 17p-HSD2 inhibitors that exclusively act in
bone tissue. Thus, the application route of these inhibitors might be a major challenge to
overcome.

Because of the lack of 17p-HSD2 crystal structures, Vuorinen et al. applied ligand-based
pharmacophore modeling to find novel inhibitors [153]. Biological testing of the VS hits in a
cell-free assay revealed 7 out of 29 tested compounds (of initially 202,906 compounds
subjected to /n silico screening) with I1Csq values between 0.24 UM and 33 pM. Among the
active compounds, phenylbenzene-sulfonamides and —sulfonates displayed the main class of
structural scaffolds. In addition, a search for structurally similar molecules was performed
using this new class of 178-HSD2 inhibitors. With a simple 2D similarity search, one (1Csg
of 3.3 uM) out of 16 compounds was found to inhibit 178-HSD2. In parallel, the
pharmacophore model was refined, used for VS, and 14 derivatives were biologically tested.
Among them, 5 hits revealed ICgq values between 1-15 pM. Although the compounds used
for pharmacophore model generation were selective against 17p-HSD1, the selectivity of the
newly identified 17p-HSD2 inhibitors remains to be determined. The active inhibitor-
derivatives were tested for their selectivity against 17p-HSD1, 17p-HSD3, 11p-HSD1, and
11B-HSD2. Only one of the overall 13 discovered inhibitors showed activity against 17p-
HSD1 (IC5q 18 pM), being still 18 times more active against 17p-HSD2. Unfortunately, the
most potent 17p-HSD2 inhibitor (1Csq 0.24 pM) was also active against 178-HSD3 (I1Csq
8.5 uM) and 11p-HSD1 (ICsq 2.1 pM). Two compounds were equipotent against 17p-HSD2
and 11p-HSD1 and two substances showed even higher inhibitory activity against 17p-
HSD3 than 17p-HSD2. However, all tested compounds were selective against 11p-HSD2. In
addition, the specificity of the initial pharmacophore model was improved by creating a
refinement database including the original training compounds, the newly discovered active
compounds, as well as the inactive substances. Thus, the ability of the model was enhanced
to find active hits from a database.

Wetzel et al. [154] used the findings from their previous 17p-HSD1 inhibitor study [155] for
the development of a new class of 178-HSD2 inhibitors. Their former project was based on a
structure- and ligand-based design strategy including docking of two potent heterocyclic
substituted biphenylol 17p-HSD1 inhibitors and evaluation of their interaction pattern in the
active site of the enzyme. A three-point pharmacophore model built the basis for a medicinal
chemistry inhibitor design concept. One of the most promising 17p-HSD1 inhibitors (ICsq 8
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nM) showed 48-fold selectivity against 17p-HSD2 (1C5¢ 382 nM) in cell-free lysate assays.
Nevertheless, this compound was selected by Wetzel et al. as starting point for 178-HSD2
activity optimization experiments in order to gain selectivity against 17p-HSD1. However,
considerably more potent 17B-HSD2 inhibitors with lower selectivity factors toward 17p-
HSD1 were obtained as well. Unfortunately, the authors did not provide a reason for their
particular selection of the starting compound. Structural optimization led to the discovery of
bicyclic substituted hydroxyphenylmethanone derivatives as a new class of 17p-HSD2
inhibitors. The most promising compound displayed 13-fold selectivity over 17p-HSD1 with
an ICgq value of 101 nM.

2.1.4 17B-hydroxysteroid dehydrogenase type 3—17p-HSD3 reduces
androstenedione to testosterone using cofactor NADPH. It is almost exclusively expressed in
the testis [156]. The rare autosomal recessive disorder 46, XY disorder of sex development
(also known as male pseudohermadophroditism) emphasizes the importance of 17p-HSD3
for testosterone production [157, 158]. 178-HSD3 deficiency leads to impaired
masculinization of male external genitalia and the affected individuals are born with female
or ambiguous external genitalia [159]. However, even though 17B-HSD3 is predominantly
expressed in testis, it was reported that 17p-HSD3 mRNA was upregulated in prostate
cancer [160]. Importantly, Day et al. recently reported that treatment with specific 17p-
HSD3 inhibitors significantly decreased androgen-dependent growth of xenografts
expressing 17p-HSD3 in castrated mice [161]. The therapeutic efficacy of 17p-HSD3
inhibitors might be limited by the coexpression of 17p-HSD5 (AKR1C3), which catalyzes
the same reaction and is expressed in prostate cancer [162, 163]. Therefore, a combined
treatment targeting both enzymes should be envisaged. Like 178-HSD2, 178-HSD3 is
anchored to the endoplasmic reticulum membrane by an N-terminal transmembrane domain,
and its catalytic domain faces the cytoplasmic compartment [164, 165]. For both membrane
proteins experimentally derived 3D structures are still not available. Thus, Vicker et al. built
a homology model, validated by known 17p-HSD3 inhibitors, to support structure-based
drug design [166]. Homology models depict the active site not as accurate as crystal
structure-derived models. However, used in a docking approach, it allows for a prediction of
an inhibitor’s interactions with the active site and helps to uncover the chemical features that
are important for its activity. The established 17p-HSD3 homology model revealed the
highly hydrophobic nature of the active site. Potential interactions include r-m interactions
of aromatic rings with Phe205 and other hydrophobic interactions with residues such as
Val213, 11e148, Phel51, Trp153, and Leu252. The homology model was then used for
docking-based VS. Biological testing in a cell-based assay revealed a novel lead compound
with an ICsq of 770 nM for 17p-HSD3, with selectivity over 178-HSD1 and 17p-HSD2.
Docking into the homology model and subsequent scaffold hopping, considering potential
interactions with the active site, led to the discovery of new compounds, with the most
potent inhibitor showing an ICgq of 200 nM in intact cells of human origin (Fig. 9). The
activity of this 17p-HSD3 inhibitor was further confirmed in an /7 vivo hormone-dependent
prostate cancer model, where castrated mice showed significantly decreased androgen-
dependent growth of tumor xenografts expressing human 173-HSD3 [161]. Moreover,
significantly lowered plasma testosterone levels were observed in treated mice.
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The hydrophobic character of the active site of 17p-HSD3 described by Vicker et al. was
further supported by two ligand-based pharmacophore models generated by Schuster et al
[167]. One model was based on steroidal and another one on nonsteroidal 17p-HSD3
inhibitors as different interaction patterns might be established within the binding pocket.
After the screening of several databases and an additional /n silico filtering approach, the
selected virtual hits were tested in a cell-based assay for 17p-HSD3 inhibition. In addition,
specificity was tested against 17p-HSD1, 178-HSD2, 17p-HSD4, 17p-HSD5, 178-HSD?7,
11B-HSD1, and 113-HSD2. Two out of 15 tested compounds found by the steroid-based
pharmacophore model and 2 out of 16 hits form the non-steroidal model showed > 40%
inhibition of 17p-HSD3 at 2 pM of test substance. Of the tested compounds, 3 derived from
the steroidal and 5 from the non-steroidal model revealed 2-4 fold more potent inhibition
against 17p-HSD5 (AKR1C3) than 17p-HSD3. Furthermore, one 17p-HSD3 inhibitor
displayed equipotent activity to 17B-HSD5 and even stronger inhibition against 11p-HSD1,
whereas as a second 17p-HSD3 inhibitor was capable to inhibit 17p-HSD1. These
investigations again emphasize the importance of an expanded selectivity profiling including
structurally and functionally related enzymes.

2.2 Enzyme characterization and substrate identification

Although the sequence of the human genome has been solved and all genes are accessible, to
date the physiological role of more than half of all SDR members still remains unknown or
poorly examined. /n silico approaches assist not only in the process of lead compound
identification during drug development for well-characterized enzymes, but can also support
the deorphanization and characterization of enzymes in order to explore their physiological
functions and to identify additional drug targets.

2.2.1 17B-hydroxysteroid dehydrogenase type 10—The homotetrameric single
domain multifunctional enzyme 17p-HSD10 has diverse substrate specificity and, in healthy
tissues, is located in mitochondria [168, 169]. 17p-HSD10 is expressed in various regions of
the brain, the liver, heart, kidney, and gonads. In addition to its promiscuous substrate
spectrum, it was shown that proteins and peptides such as the Alzheimer’s disease (AD)
related amyloid-p (Ap) peptide or ERa can bind to 17p-HSD10, thereby inhibiting its
activity [170]. 178-HSD10 contains a unique p-hairpin structure at residues 102-107, which
is distinct from all other NAD*-dependent SDRs and thought to be the recognition site for
AB [171, 172]. Thus, 17p-HSD10 is also known as Ap binding alcohol dehydrogenase
(ABAD). The inhibition of 17p-HSD10 by ERa binding seems to be estrogen-dependent
[173], and high levels of intracellular estradiol disrupt the described interaction and the
released unbound 17B-HSD10 then was suggested to convert estradiol to estrone. However,
regarding its mitochondrial localization it remains to be demonstrated that interaction of
17p-HSD10 with AB and ERa indeed occurs under patho-physiological conditions.
Furthermore, 17p-HSD10 has been proposed to catalyze the oxidation of steroid modulators
of GABA(A) receptors [174]. Thus, clearly further research is needed to elucidate the
physiological substrates and interactions of this enzyme. Nevertheless, altered 17-HSD10
function can be found in patients suffering from AD, certain cognitive disabilities, multiple
sclerosis, and in chemotherapy-resistant osteosarcoma patients showing an overexpression of
17p-HSD10 [170].
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In order to understand the molecular basis of the substrate promiscuity of human 17p-
HSD10, Nordling et al. [175] generated a homology model and performed docking
experiments with known substrates to examine structure-function relationships. The active
site was found to be a wide cleft, consisting of mainly hydrophobic residues and containing
at the bottom of the pocket a polar region with the highly conserved catalytic triad Ser155,
Tyr168, and Lys172. For the docking calculations different steroids were selected to
simulate the following site- and stereo-specific enzyme activities: 3a-OH to 3-oxo
conversion and 17B-OH dehydrogenase activity. 17p-HSD activity was mimicked with
optimal distances and geometry for estradiol, testosterone, DHT, and 3p-androstanediol.
Five-a reduced steroids such as 3a,5a-androstane,17-one revealed ideal hydrogen bond
distances to Tyr168, Ser155, and NAD* for 3a-HSD activity. In contrast, 3-hydroxylated
compounds or 5B-reduced steroids such as the bile acid ursodeoxycholic acid (UDCA)
showed inappropriate distances to Ser155 (>4 A), therefore restricting the oxidation
reaction. However, in an expanded follow-up study including kinetic measurements, they
found 17p-HSD10 acting as 7p-hydroxysteroid dehydrogenase for the bile acids UDCA and
iSOUDCA, respectively [176]. To explain this novel substrate specificity on both equatorial
and axial positions of the steroidal compounds, they generated again a homology model, this
time based on the orthologous rat crystal structure (PDB entry 1E6W [177]), whereas the
model of the former study was obtained using the related 7a-HSD (PDB entry 1IFMC
[178]). Interestingly, the observed molecular distances for isoUDCA to the catalytic triad
were identical for the hydroxyl group of Tyr and the C4 atom of NAD™, but decreased in this
docking application from 4.26 A to 2.1 A. Unfortunately, the exact pose of isoUDCA and
therefore the parts of the substrate involved in the interaction, was not displayed for both
approaches. This might clarify structural differences of the homology models and may
explain the observed distance difference. In addition to the 7B-hydroxysteroid
dehydrogenase activity of 17B-HSD10, they detected novel activities, namely the oxidation
of 20B- and 21-hydroxyl groups in Co; steroids such as glucocorticoids.

Although homology models are not as precise as high-resolution X-ray structures, they
represent a valuable basis for the analysis of substrate recognition and specificity.
Furthermore, the 178-HSD10 crystal structure resolved by Kissinger et al. [172] almost
entirely confirmed the hydrophobic residues predicted by the homology model generated by
Nordling et al. to be involved in substrate binding [175].

To analyze the role of 17-HSD10 in AD pathogenesis and as part of a structure-based drug
design process, Kissinger et al. crystallized the human 173-HSD10 in complex with NAD*
and a small molecule inhibitor (PDB 1U7T) (Fig. 10). In line with Nordling et al., they
described the substrate binding pocket as flexible and highly hydrophobic cleft, supporting
the multi-substrate specificity of the enzyme. Superimposition with the rat enzyme, for
which already three resolved protein structures were available, showed very similar overall
chain fold [177]. Interestingly, the inhibitor was found to form covalent adducts with the
bound cofactor NAD™. Although the human protein structure was successfully resolved, no
molecular modeling studies for substrate or inhibitor identification were implemented so far.

2.2.2 17B-hydroxysteroid dehydrogenase type 14—The physiological functions of
17B-HSD14 still remain unclear. Expression analysis revealed a cytoplasmic localization of

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2019 November 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beck et al.

Page 19

17p-HSD14 with high expression in liver, placenta, and brain, but absence in steroidogenic
tissues such as testis and ovary [179]. In contrast, Sivik et al. [180] reported intense 17p-
HSD14 immunohistochemical staining patterns in breast, ovary, and testis. The observed
discrepancy may be due to differences in antibody specificity; thus, further confirmatory
expression studies are necessary.

Lukacik et al. provided structural and functional information building a basis for the
deorphanization of this enzyme and leading to the renaming of the DHRS10 gene to
HSD17B14[179]. The resolution of the 17p-HSD14 holo enzyme crystal structure
represented a major achievement to deduce functional consequences. Besides the typically
conserved regions of SDRs, such as the Rossmann-fold or the catalytic triad consisting of
Serl41, Tyrl54, and Lys158, the active site of 17p-HSD14 displayed a deep and broad
hydrophobic cleft. An in vitro substrate screening using purified recombinant 17p-HSD14
and including 50 different steroids comprising androgens, estrogens, progestin,
glucocorticoids, bile acids and oxysterols revealed rather low catalytic turnover of estradiol
and 5-androstene-3B,17p-diol using NAD* as cofactor. Non-saturable kinetics were found
for testosterone. Docking calculations for structural comparison of estradiol binding within
17p-HSD1 and other 17p-HSDs showed a comparatively loose binding of estradiol in the
active site cleft of 17p-HSD14. However, this extensive and open active cleft may also be
due to lack of a co-crystallized substrate in the X-ray structure, and substrate binding might
result in an induced fit. Evidence for an induced fit upon cofactor binding was recently
provided by Bertoletti and Braun et al., who resolved the crystal structure of 17p-HSD14 as
the holo form with NAD™ and as ternary complexes with estrone and the first nonsteroidal
inhibitor of 17B-HSD14 [181]. The residues 189-212 were found to form a flexible loop
adopting a closed conformation in the presence of cofactor and reducing the size of the
active site. The geometry of the active site in the ternary complexes with the inhibitor or
estrone bound showed the same closed state delimiting an elongated, conical shaped binding
site with the catalytic triade at the apex of the cone and a solvent-exposed opening site.
However, estrone was found in an atypical binding pose with the A-ring next to the
nicotinamide structure of the cofactor and forming an H-bond with Tyr154 of the catalytic
triade instead of the actual reaction position 17. Furthermore, the position 17 itself was not
observed to introduce any other interaction. Chemical modification of this inhibitor scaffold
applying a ligand-based approach led to the identification of five new 178-HSD14 inhibitors
with K;j values in the lower nanomolar range [182]. The 17B-HSD14 crystal structure
determination in complex with these new inhibitors revealed a highly similar binding mode
compared to previously reported non-steroidal 178-HSD14 inhibitor.

2.2.3 Application of structural modeling for substrate identification—Favia et
al. [183] introduced a molecular docking protocol to identify candidate substrates for 27
SDR members with resolved X-ray structures and known catalytic function. The enzymes
included oxidoreductases, lyases, and isomerases, whereby half of the proteins were from
bacterial organisms and half from eukaryotes. They docked the known substrates and
products together with > 900 human metabolites from the KEGG pathway metabolite
database to each protein. In two thirds of all cases, the actual known substrate or product
was found within the top 5% of all docked compounds. For the remaining third, allowing
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full flexibility of the side chains enhanced the rate of recognition of their natural substrates.
However, increasing the degrees of freedom is not a practicable solution for docking of large
libraries as it also increases the required computational time and capacity. Nevertheless,
rigidity of a docking calculation can result in an increased rate of false negative and false
positive hits. A closer look at the 2D structural similarity of the top-ranking compounds to
the substrate revealed rather weak correlation. Metabolites resembling the natural substrate
were indeed identified; however, only some of the top-ranking compounds showed
reasonable correlation of the similarity with the docking rank. This may be explained by the
large hydrophobic binding pockets and induced fit, allowing the enzyme to bind various
molecules, an essential property of multi-functional SDR enzymes. In addition, Favia et al.
clustered the substrates into steroids, small polar molecules, coenzyme A derivatives,
nucleotide sugars, and others, and investigated whether the use of representatives of each
structural class might provide similar information on substrate preferences of an enzyme as
the whole dataset. Even though they found that the rank of a group representative correlated
well with the mean rank of the corresponding cluster, this approach seemed to be too
abstract for substrate identification calculations. The diversity within a cluster is important
as it covers structurally related compounds with great affinity variations; thus defining a
class representative will decrease the ability to identify potential candidate substrates.

In this respect, Hermann et al. conducted a structure-based docking study on a selection of
high-energy intermediate forms of potential substrates for the amidohydrolase superfamily
member Tm0936, and they were able to predict three substrates with substantial catalytic
rate constants [184]. Their study was based on two important facts: first the X-ray structure
was already resolved, and second the number of possible catalytic reactions could be
reduced to a limited set of mechanistically associated conversions. For this approach to be
successful, it seems crucial to already have some information on the mechanistic details of
the enzyme. Regarding SDRs, they show very broad substrate diversity, making it difficult to
restrict possible substrates to a specific subclass of molecules. A pharmacophore-based VS
approach for substrate identification of enzymes not belonging to the SDR family where no
prior knowledge about the binding site of a protein is necessary was employed by
Mallipeddi and Joshi et al. [185]. Detailed description of this study can be found in the
supplementary information. However, all of the above mentioned studies validated their
approaches by modeling known substrates and they did not include a subsequent in vitro
evaluation of the substrate-like compounds.

Reinhardt et al. examined tropinone reductase-like SDRs (TLRs) of the Brassicaceae
Cochlearia officinalis and the closely related Arabidopsis thaliana in silicoand in vitro for
their catalytic capacities due to the uncertainty of their denomination and biological function
[186]. Two TLRs sharing 79% sequence identity and one sharing 61% identity with a known
tropinone reductase were chosen for homology modeling, substrate docking and /in vitro
validation. Although tropinone was successfully docked in a favorable position into the
binding pockets of all three enzymes, none of them was able to reduce tropinone or nitrogen-
containing analogues /n vitro. A more detailed investigation of the substrate binding sites
revealed a small and hydrophobic pocket, where compounds with a charged nitrogen atom
can hardly be accepted as substrates. Therefore, small lipophilic carbonyl compounds were
used for further docking applications, in which they were predicted as substrates. Biological
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testing confirmed these /n silico predictions, even though highly different kinetic
characteristics were obtained. These results enabled them to generate pharmacophore
models to identify further substrates by VS of small compound libraries. The resulting hit
list was again docked into the binding sites to evaluate for keto or aldehyde functions in the
reactive position. The four scaffolds recognized by all of the pharmacophore models were
selected for biological assays. All three TRLs reduced the four compounds /n vitro, however,
with different kinetics. Thus, this pharmacophore-based approach succeeded in the
identification of new substrates. This study also emphasizes the importance of /n vitro
testing of hits from VS when using models based on reference proteins sharing high
sequence identity. Especially small scaffolds may easily adopt a favorable docking pose
without acting as a substrate. Nevertheless, VS techniques for substrate identification are
always dependent on the available database. A potential substrate can only be found if
contained in the database. Another limitation of pharmacophore models is that only
compounds matching the defined chemical features are retrieved. If a model contains one
feature more or less than a potential substrate, it will not be found in the virtual hit list.
Hence, applying this approach for substrate identification should rather include open
models, retrieving a higher number of hits.

Another example of rather unusually high sequence identity (71%) among SDRs can be
found for carbonyl reductases (CBR) 1 and CBR3. CBR1 has a role in phase | metabolism
of a wide range of carbonyl containing xenobiotics, and it also catalyzes the conversion of
some endogenous substrates including prostaglandins, steroids, and lipid aldehyde, although
the physiological role in converting these endogenous substrates requires further research. In
contrast, the function of CBR3 has not yet been extensively characterized [187]. Pilka et al.
established an /n7 vitro substrate profile for CBR3 that they then used for an /n silico
structure-activity relationship comparison with CBR1 [188]. The results revealed a much
narrower substrate spectrum for CBR3 compared with CBR1. Orthoquinones, isatin-like
compounds, and oracin were the only tested substrates shared between the two enzymes.
None of the endogenous substrates of CBR1 served as substrate of CBR3. The resolution of
a CBR3 crystal structure, substrate docking calculations, and site-directed mutagenesis
studies allowed them to identify residues that are critical for substrate recognition and
enzyme conformation. Although CBR1 and CBR3 share high sequence similarity, their
active sites differ in regard to shape, size, and surface properties. A major difference lies in a
short segment of the substrate binding loop containing Trp229 and Ala235 in CBR1 and
Pro230 and Asp236 at analogous positions in CBR3, respectively. Thus, a large hydrophobic
barrier is formed in CBR1 by Trp229, in contrast to a rather open binding pocket with an
additional charge contributed by Asp236 in CBR3. Furthermore, Met141 and GIn142 in the
active site of CBR1 and CBR3, respectively, had significantly different effects on the
catalytic activity, although the residues are of similar size. The observations of this study
were further supported by El-Hawari et al. [189]. Thus, CBR3 clearly has a substrate
spectrum distinct form that of CBR1.

CBR1 shares 27% sequence identity with the fruit-fly Drosophila melanogaster carbonyl
reductase sniffer, which was reported to prevent age-related neurodegeneration [190]. The
mechanism underlying the role of sniffer in neurodegeneration remains incompletely
understood. To study the substrate binding site of sniffer and obtain hints towards potential
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physiological substrates, Sgraja et al. resolved the crystal structure of sniffer in complex
with NAD* [191]. The structure revealed that the dinucleotide-binding site and the substrate-
binding loop adopt similar conformations compared with porcine and human CBR1.
Compared to other SDRs, the substrate-binding loop is shorter in all three enzymes. For
most SDRs, this loop remains disordered until the substrate has bound. However, in the
sniffer protein this loop adopts a well-defined conformation even in the absence of a bound
substrate. Crystallization of the sniffer protein in complex with an artificial substrate such as
9,10-phenanthrenequinone, p-nitrobenzaldehyde, or menadione, which were described
earlier as sniffer substrates, was not successful. Thus, these compounds were
computationally docked into the binding site after crystallization. Plausible docking poses
could be found for 9,10-phenanthrenequinone and menadione. The previously mentioned
tryptophane residue corresponding to position 229 in the human enzyme seems to be highly
conserved and was also found to be involved in substrate binding in the sniffer protein.
Furthermore, the observed binding modes led the authors to suggest that the unoccupied
space in the binding pocket should allow binding of larger substrate molecules such as
steroids or prostaglandins. In this respect, Martin et al. recently showed that sniffer is able to
catalyze the NADPH-dependent reduction of the lipid peroxidation product 4-oxonon-2-enal
into the less reactive 4-hydroxynon-2-enal, thereby providing a possible explanation for the
mechanism of protection from oxidative stress in Drosophila melanogaster [192].

2.3 Virtual screening applications in toxicology focusing on SDRs

Molecular modeling applications are not only useful for substrate and lead compound
identification, but they can also facilitate the identification of hazardous chemicals in
predicting interactions of compounds with so-called anti-targets that may lead to severe
adverse health effects. Although the different applications pursue distinct goals, the actual
computational algorithm distinguishes not between screening of a drug candidate, potential
substrate or hazardous compound. There are only few VS reports focusing on SDRs and
toxicological questions so far, and they will be introduced briefly.

A large number of exogenous substances such as dyes, food additives, body care products
and cosmetics, as well as chemicals used for industrial production or agriculture are
produced and placed on the market every year, often with insufficient safety assessment.
Hazard characterization and risk evaluation of synthetic chemicals on human health and the
environment are important for safety management strategies; and in this respect the
interference of xenobiotics with the endocrine system may cause harmful effects and is a
topic of high actual interest [19, 193]. These so-called endocrine disrupting chemicals
(EDCs) can disturb hormone synthesis, metabolism, and hormonal signaling, thereby
potentially contributing to major diseases.

Nuclear steroid receptors such as ER, AR, MR, GR, and progesterone receptor (PR) are
among the most extensively investigated targets for EDC action. However, biosynthesis and
peripheral metabolism essentially impact on tissue- and cell-specific regulation of steroid
levels and action. Several SDRs are involved in the local interconversion of inactive and
active steroid metabolites, and it is important to include them in the evaluation of potential
EDCs. Covering all these potential enzymes and receptors for biological testing represents a
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major challenge. Computational approaches can be highly useful in a first step to identify
new EDCs and to gain insights into the mechanism of action, thus helping to prioritize the
chemicals for further biological evaluation [19]. In such a proof of concept study, Vuorinen
et al. aimed at identifying potential EDCs inhibiting 11p-HSD2, which converts the potent
glucocorticoid cortisol into the inactive cortisone, thereby protecting MR from excessive
cortisol [21]. Elevated MR activation by glucocorticoids due to 11p-HSD2 disruption or
congenital deficiency causes the syndrome of apparent mineralocorticoid excess (AME),
characterized by severe hypertension, hypokalemia, and hypernatremia [194, 195]. 11B-
HSD?2 is also expressed in non-mineralocorticoid target tissues such as the placenta, where it
ensures fetal protection from maternal glucocorticoids [196, 197]. Impaired 113-HSD2
function has been associated with altered fetal growth, impaired angiogenesis, and a higher
risk for cardio-metabolic and neuropsychiatric disorders in later life [198, 199]. Thus,
Nashev et al. applied a ligand-based 113-HSD pharmacophore model for VS of a database
containing putative EDCs [21]. In total, 29 hit compounds virtually matched with the
chemical features of the model, of which 5 substances were tested in a cell-free assay for
11p-HSD1 and 11p-HSD2 inhibition. AB110873, a silane-coupling agent used as rubber
additive, and the antibiotic lasalocid, applied in chicken and turkey breeding, were thereby
found to inhibit 11BHSD2 activity (IC5q 6.1 pM and 14 pM, respectively). Besides 118-
HSD2 inhibition, the silane AB110873 showed concentration-dependent MR activation,
which resulted in enhanced interleukin-6 (IL-6) expression and mitochondrial reactive
oxygen species (ROS) production in macrophage exposed to this compound. Docking
studies were implemented to understand the binding mode of AB110873. Interestingly,
AB110873 adopted the same hydrophobic interactions as aldosterone and in addition
occupied a hydrophobic side pocket of the receptor. A newly generated structure-based MR
pharmacophore recognized AB110873 as a hit, demonstrating the ability to find compounds
with quite different, non-steroidal scaffolds. However, regarding risk assessment, it remains
to be shown whether relevant concentrations of these substances can be observed in the
human body, especially in industry workers producing and processing them.

The importance of 17p-HSD3 during male sexual development is highlighted by specific
defects in HSD17B3, leading to 46, XY disorder of sex development [143-145]. Inhibition
of 17p-HSD3 activity during early development until puberty by EDCs might lower plasma
testosterone levels, thereby disturbing the masculinization process and contributing to male
reproductive disorders. For this purpose, Nashev et al. developed a ligand-based
pharmacophore model to search for 178-HSD3 inhibitors from a database containing
putative EDCs [19]. VS revealed several benzophenones (Fig. 11) used as UV-filters in
cosmetics, sunscreens, and as plastic additives. Upon biological testing of selected virtual
hits and structurally similar derivatives that are environmentally relevant in intact cells,
benzophenone-1 (BP-1) was found to be the most potent 17p-HSD3 inhibitor with an 1Csq
value of 1.05 uM. Moderate inhibition with 1Cgy between 5.9 uM and 10.3 uM were found
for BP-2, 3-benzylidene camphor (3-BC) and 4-methylbenzylidene camphor (4-MBC).
Notably, BP-1, 3-BC and 4-MBC were not found as virtual hits but were included in the /n
vitro testing because of their structural similarity to the initially identified UV-filter hits. In
addition to 17p-HSD3, the related SDRs 17p-HSD2 and 11-HSD1 were also inhibited by
these UV-filter chemicals (17p-HSD2: ICsq for BP-2, 3-BC and 4-MBC of 10.0 pM, 6.3 uM
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and 5.8 uM; 11B-HSD1: IC5q for BP-2, 3-BC and 4-MBC of 12.2 yM, 2.3 uM and 2.9 uM,
respectively), emphasizing the need to include several related SDRs for the safety
assessment of these chemicals.

As benzophenones may be regarded as steroid mimetics, they may directly bind to nuclear
steroid receptors. Therefore, the investigated UV-filter chemicals were also tested for direct
effects on the androgen receptor (AR). Several UV-filters antagonized the AR, with BP-1,
BP-2, and BP-3 displaying the most potent activities with I1Csq values between 2.2 uM and
5.7 uM. These results emphasize that VS as initial filtering tool for the discovery of active
compound classes can aid the identification of EDCs. Additionally, as metabolites can be
equally or even more active than their parent substances, major metabolites should be
included in safety analyses. For example, whilst benzophenone-3 (BP-3) displayed no
inhibitory activity against 178-HSD3, it is rapidly demethylated /n vivoto the potent 178-
HSD3 inhibitor BP-1 [200]. Of note, pharmacophore-based SAR studies, implemented to
analyze the differences in the activities of the tested UV-filters on 17p-HSD3, indicated that
the loss of activity of BP-3 was due to the ether group. Nevertheless, for the risk assessment,
the concentrations of BP-1 reached /n vivo in the testes need to be determined in order to
assess the relevance of 178-HSD3 inhibition.

2.4 Limitations

2.4.1 Computational applications—Despite the many reported success stories, /7
silico approaches for the identification of chemicals binding to a cognate protein are facing
several challenges. The predictive power of VS workflows is determined by the quality of
the data underlying the model or workflow. Thus, the biological data of the training and test
compounds used for model generation and validation must be critically evaluated [201]. The
following aspects should therefore be considered: the biological data should be based on
suitable /n vitrotesting systems employed for activity determination (i.e. purified protein or
cell lysates allowing for a direct access of a given chemical to the corresponding protein),
activity cut-offs to exclude unspecific effects, use of suitable positive and negative controls,
consideration of species differences (i.e. data and model must be for the same species), and
verification of the original references when using compound databases. The majority of
these issues is equally important for the biological validation of virtual hits, to guarantee a
correct subsequent model refinement. Hence, they are discussed in more detail below. These
issues refer not only to compounds determined as active, but also to confirm inactive
molecules. These data are scarce because proven inactive compounds for a specific target,
i.e. negative results, are rarely reported. Compounds confirmed as inactive can provide
valuable insights into unwanted properties that cannot be tolerated for a compound to
interact with a macromolecular target. In addition, they can help estimating and adjusting the
selectivity and sensitivity of an /in sifico workflow. Rather restrictive models are often
employed in the drug development process to find few potential drug candidates and keep
the number of false positive virtual hits low. In contrast, toxicological applications aim to
identify all conceivably harmful substances and can accept lower VS hit rates. Additionally,
most in silico workflows were generated with drug-like compounds where a lot of data may
already be available. Toxicologically relevant molecules such as environmental chemicals
occupy a different chemical space, for which a workflow was not optimized. Nevertheless,
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the identification of structural compound classes acting on a given target, which are then
further biologically evaluated, can yield important information for the prioritization of
follow-on experiments.

For many members of the SDR family, structural information is currently not or only
partially available. For example, many available crystal structures are not including the
cofactor, and several SDRs bear a transmembrane binding anchor that is usually not covered
in the crystal structures. The experimental 3D resolution of these membrane proteins still
remains challenging as is the alternative approach of homology modeling due to the low
sequence similarity among SDRs. The lack of suitable x-ray crystallographic data thus limits
structure-guided design strategies for several SDR family members. Alternatively, ligand-
based methods can be applied to target these molecules.

Different computational programs can generate different V'S results even when the same
chemical library and protein structural information are used, and each approach by its own
yields valuable results [202, 203]. Thus, combining different computational programs may
be crucial for substrate identification or toxicological approaches, where a more complete
recovery of the active compounds is needed [204]. Another drawback in the V'S process,
especially for substrate identification purposes, represents the fact that the available
chemical databases are not fully representative. While a lot of databases containing small
drug-like compounds are available (e. g. ChREMBL [205]), less data is easily accessible for
endogenous substrates or environmental chemicals. The gaining knowledge of existing
metabolites and extending existing databases such as the human metabolome database [206],
will improve future VS applications aiming at substrate identification.

Regarding successful VS applications, /n silicotools should not be seen as isolated
approaches, but rather as complementary to experimental techniques. Thus, the biological
validation of virtual hits using appropriate /n vitro testing systems is of utmost importance
and will therefore be discussed in detail in the following section.

2.4.2 Biological validation—As mentioned above, biological assays are essential to
validate virtual hits. To avoid biased results, the limitations of the /n vitro testing systems
should be known and considered for data interpretation. The enzyme activity analysis of
selected virtual hits has to be conducted under cell-free conditions (i.e. purified protein or
lysates expressing the protein in an environment with very low background). Equally
important is the appropriate selection of the assay detection technology. Compounds can be
regarded as false positive due to interference issues with the assay signaling (for example
autofluorescence of certain compounds for fluorescence detectors). Data obtained from
intact cells can only be used to verify active hits but do not allow appropriate ranking of hits
with different activities, nor does it allow exclusion of inactive molecules. Whereas a test
compound has direct access to its target in cell-free systems, a compound’s concentration in
intact cells depends on the presence of transport proteins, intracellular binding proteins, as
well as metabolizing enzymes. Thus, negative results in cell-based assays do not allow
drawing unambiguous conclusions about the biological activity of a virtual hit. Moreover,
results from cell-based assays can be influenced by parameters such as passage number of a
cell line and therefore different expression levels, conditions of cell handling, and medium
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composition. Similarly, problems may be evident in preparation of cell lysates and protein
purification, where different handling can lead to different activity of an enzyme preparation.
Thus, ideally data on a series of compounds should be obtained with the same material.
Using the same procedure and inclusion of appropriate positive and negative controls
facilitates comparison with results obtained other studies. Nevertheless, upon initial
confirmation, active hits need further comprehensive biological characterization including
selectivity assessment, analysis of species-specific differences and /n vivo
pharmacodynamics and pharmacokinetics.

Although the members of the SDR family share considerable structural similarity, the
primary sequence similarity is rather low. Koch et al. [207] proposed that structural
similarity rather than primary sequence similarity should be chosen as criterion for whether
a certain chemical affects the activity of a related enzyme. Therefore, the closest structurally
related enzymes should be included for selectivity testing. Because of the high number of
orphan SDRs, the function and substrate specificity of the closest relatives of a given
enzyme are often unknown and no suitable assay read-outs for selectivity assessment are
available. Thus, deorphanization of SDRs is important to improve the physiological
understanding of these enzymes and to discover potentially novel drug or anti-drug targets.

The lack of assay read-outs for testing potential substrates to deorphanize enzymes hampers
the attempt of substrate identifications. Unlike other protein families, SDRs do not share a
common activity element that can be used as read-out. For instance, the activation of G
protein coupled-receptors (GPCRs) involves well-described steps that can be monitored,
such as the accumulation of second messengers. This allows for the detection of specific
changes upon receptor activation [208]. SDRs, however, are enzymes with a remarkably
broad substrate specificity, which impedes the monitoring of activation-specific changes.

Species-specific variabilities have been reported for inhibitors and substrates of different
HSDs [77, 79, 209]. These observations suggested significant differences in the 3D
conformations of the enzymes from different species. During the drug development process,
a lead compound ideally inhibits the human enzyme as well as the orthologue of the species
(usually rodents) in which the preclinical or safety studies are conducted. However, Moller
et al. compared the activities of 17B-HSD1 inhibitors in different species and found that the
most potent inhibitors of the human enzyme lacked inhibition of the rodent enzymes [209].
Moreover, they were not able to predict the species-specific effects by molecular docking
calculations. In this regard, an initial enzymatic assay including only the orthologue of the
subsequently used animal model species would miss potential inhibitors for human
applications. Abdelsamie et al. performed structural optimization studies to enhance the
potency of a 17p-HSD1 inhibitor against the rodent enzyme and performed docking and
homology modeling applications to elucidate the interspecies differences [210]. The
observed species-specific protein-ligand interactions might offer valuable information for
the design of new inhibitors.

Achieving tissue-specific enzyme inhibition can be important for therapeutic applications in
order to reduce potential side effects. Therefore, a compound should be tested in suitable /n
vitroand in vivo testing systems to elucidate its tissue distribution. Moreover, regarding
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toxicological studies, tissue distribution and accumulation studies could help to assess the
potential of compounds acting as EDCs. In this context, Hamilton et al. developed a test
cascade for the development of 11B-HSD1 inhibitors as described above [99]. To summarize
the limitations involved in the biological validation of virtual hits described in this review
and to provide a potential solution approach, we adapted the former cascade to a more
general screening strategy (Fig. 12).

3 Conclusion

Computational tools offer a rational, cost-effective addition to large high-throughput
screening (HTS) studies by enriching virtual hits from large databases applying target-
specific filters. They can be employed in various application fields such as lead compound
identification during drug development, toxicological screenings including EDC assessment,
but also for substrate identification and enzyme characterization. This review highlights the
efforts made in these areas for the family of SDRs, particularly focusing on HSDs. Several
SDRs are involved in steroid synthesis and metabolism as well as in the metabolism of
xenobiotics, suggesting that these enzymes may be susceptible to endocrine disruption. /n
silico design for therapeutic 118-HSD1 and 17B-HSD1 inhibitors comprise the majority of
studies conducted. Only few studies investigated HSDs as EDC targets and applied VS tools
as pre-filter to identify compound classes rather than specific substances. Regarding the
large number of orphan SDRs, new methods are required for substrate identification, where
computational approaches could offer valuable support. However, these investigations into
SDRs are rather at the beginning, and need to be extended.

For the appropriate application of /n sificotools and subsequent biological validation of
virtual hits, careful consideration of the limitations of the individual approaches is crucial.
The reported successful studies including computational and biological analyses of SDRs
raise the expectations of increasing numbers of studies performed in this area.
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AB amyloid-B

AD Alzheimer’s disease
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AKR
AME
AR
Aro
BP
CBR
CYP
DASI
DHEA
DHT
EDCs
ER
FXR
GA
GPCR
GR

H6PDH

HBA
HBD
hERG
HSD
HTS
LDH
MR
MD
MOE

NI
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aromatase inhibitor

aldo-keto reductase

apparent mineralocorticoid excess
androgen receptor

aromatic feature

benzophenone

carbonyl reductase

cytochrome P450

dual aromatase-sulfatase inhibitor
dehydroepiandrosterone
5a-dihydrotestosterone

endocrine disrupting chemicals
estrogen receptor

farnesoid X receptor
glycyrrhetinic acid
G-protein-coupled receptor
glucocorticoid receptor
Hexose-6-phosphate dehydrogenase
hydrophobic feature

hydrogen bond acceptor

hydrogen bond donor

human ether-a-go-go related gene
hydroxysteroid dehydrogenase
high-throughput screening

lactate dehydrogenase
mineralocorticoid receptor
molecular dynamics

Molecular Operating Environment

negatively ionizable
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PAINS Pan-Assay Interference Compounds
Pl positively ionizable

PDB Protein Data Bank

PR progesterone receptor

ROS reactive oxygen species

SAR structure-activity relationship

SDR short-chain dehydrogenase/reductase
SERM selective estrogen receptor modulator
SPA scintillation proximity assay

STS steroid sulfatase

Tc Tanimoto coefficient

TRL tropinone reductase-like

UDCA ursodeoxycholic acid

UFSRAT Ultra-fast recognition with atom types
VS virtual screening

XVols exclusion volumes
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. Review of virtual screening approaches in SDR research including drug
development, enzyme characterization and toxicological applications

. In silico design for therapeutic 118-HSD1 and 17p-HSD1 inhibitors comprise
the majority of studies
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. Computational approaches could offer valuable support for substrate
identification

. Discussion of limitations of computational modeling and /n vitro validation
methods
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Figure 1.
Principles of commonly applied virtual screening tools exemplified on the crystal structure

of 17p-HSD1 in complex with a steroidal inhibitor. (A) Based on the 2D structure of the
inhibitor (the estradiol analogue E2B, 3-[3",17’B-dihydroxyestra-1",3",5"(10")-trien-16"p-
methyl]benzamide, PDB code 3HB5 [211]), structurally similar compounds can be retrieved
from a compound database in the course of a 2D similarity-based search. (B) A
pharmacophore model can be created based on the ligand-target interactions patterns in the
crystal complex. Exclusion volumes (Xvols, gray spheres) can be added on residues lining
the binding site, thereby mimicking the steric constraints of the pocket. Red arrows: HBA,
green arrows: HBD, yellow spheres: H features. (C) The shape of the inhibitor defines the
3D space in which other active chemicals may fit. (D) Diverse compounds from a chemical
database docked into the binding pocket of 17p-HSD1.
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Figure 2.

Conversion of cortisone to cortisol by 118-HSD1 using NADPH, supplied by hexose-6-
phosphate dehydrogenase (H6PDH), and oxidation of cortisol to cortisone catalyzed by 11pB-
HSD2 using NAD™ as cofactor.
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Figure 3.
Carbenoxolone (top) and hit molecule with a preserved key pattern of atoms involved in

hydrogen bonding [95].
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Figure 4.
Selected 17p-HSDs involved in estrogen and androgen steroid metabolism.
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Flexible loop
(residues 188-201

Figure 5.
Substrate binding pocket of 17p-HSD1 with the co-crystallized ligand equilin (PDB 1EQU),

catalytic key residues (Ser142 and Tyr155), a flexible loop (residues 188-201) and NADP*.

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2019 November 05.



syduasnuepy J0yINy Siapun4 DA adoing ¢

sidiiosnuelA JoyINy sispun4 DIAd adoin3 ¢

Beck et al.

Page 49

His221

Serl42

Figure 6.
The hybrid inhibitor EM1745 (gray) occupies both the steroid and the co-factor (green)

binding site in 178-HSD1 (PDB entry 115R). The co-factor conformation was taken from the
PDB entry 3HB5.
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Figure 7.
Equilin and E respectively Z form of 2-benzylidenebenzofuran-3(2H)-one structure.
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Figure 8.
Revised pharmacophore for 17p-HSD1 inhibitors (adapted from Marchais-Oberwinkler et
al. [141]).

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2019 November 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Beck et al.

Cl

Page 52

Cl

Q——
515 I

Virtual hit lead compound
STX2171

Figure 9.
Virtual screening hit compared to 178-HSD3 inhibitor STX2171 found by Vicker et al.
[166].
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Figure 10.

Binding pocket of 17p-HSD10 with residues of the catalytic triad and co-crystallized ligand
covalently bound to NAD* (PDB 1U7T).
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Figure 11.
Benzophenones (BP-1, BP-2, BP-3), 3-benzylidene camphor (3-BC), and 4-
methylbenzylidene camphor (4-MBC).
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Figure 12.
Potential screening strategy for biological validation of /n sifico derived hits.
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