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ABSTRACT

The human enzyme g#hydroxysteroid dehydrogenase 14 {IHSD14) oxidizes the hydroxyl group
at position 17 of estradiol and 5-androstenedicdgu®IAD* as cofactor. However, the physiological
role of the enzyme remains unclear. We recentlgritesd the first class of nonsteroidal inhibitoos f
this enzyme with compouridshowing a high 1¥HSD14 inhibitory activity. Its crystal structureas
used as starting point for a structure-based opditiain in this study. The goal was to develop a
promising chemical probe to further investigateg¢heyme. The newly designed compounds revealed
mostly very high inhibition of the enzyme and fagven of them the crystal structures of the
corresponding inhibitor-enzyme complexes were k&gbl The crystal structures disclosed that a
small change in the substitution pattern of the poumds resulted in an alternative binding mode for
one inhibitor. The profiling of a set of the mositgnt inhibitors identified.3 (K; = 9 nM) with a good
selectivity profile toward three HSDs and the estrogen receptor alpha. This irgribisplayed no
cytotoxicity, good solubility, and auspicious pretéd bioavailability. Overall, 13 is a highly
interesting 1p-HSD14 inhibitor, which might be used as chemigalbe for further investigation of

the target enzyme.

Keywords: 178-hydroxysteroid dehydrogenase type 14; inhibitogructure-based design;

crystallography



1. INTRODUCTION

178-hydroxysteroid dehydrogenase type 14p(HSD14), also known as DHRS10 and retSDR3,
belongs to the Short-chain Dehydrogenase-Redu¢&BR) superfamily [1,2]In vitro, the human
enzyme catalyzes the oxidation at the 17 positiolwo prominent steroid hormones, estradiol (E2)
and 5-androstene33L7B-diol (5-diol), in presence of the cofactor NAQhus converting them into
their less active analogs, estrone (E1l) and deleyimodrosterone (DHEA), respectively [2].
However, considering the low turnover of the enzyime E2 and 5-diol (0.024 and 0.017 mjn
respectively) and the low binding affinity of boslibstrates (about 6 uM) [3], it is not really clear
whether the enzyme is only involved in steroid tation or contributes to other pathwaiysvivo.
The enzyme was described by Sigkal. [4] to show a broad distribution across various tissiges
evaluated by immunohistochemistry studies, whiletheyn blot analyseslemonstrated that the
enzyme is predominantly expressed in brain, liygacenta and kidney [2,5]. gHSD14 is a
cytosolic enzyme, and its quaternary structureistsief a homotetramer [2,3].

The crystal structures of humanptASD14 in binary complex with NAD(PDB codes: 5JS6 and
5JSF) reveal that the enzyme has a rather lipephoinical active site, which is narrow in the
proximity of the catalytic triad and open to thdveat at the other end [3]. In addition the binding
pocket is reduced in size by the penetration o258t from an adjacent enzyme monomer of the
tetrameric assembly.

The first class of nonsteroidal inhibitors for tieiszyme was recently described by us [6]. One ®f th
most promising inhibitors was compourid (Figure 1) [6]. It is a member of the phenyl(6-
phenyl)pyridin-2-yl methanone (PPPM) class and lgixhia strong inhibitory effect on the enzyme
s(Ki= 13 nM). The crystal structure of this inhibitorcomplex with the enzyme (PDB code: 5L7Y )
shows that the inhibitor adopts a conformation veitbomplementary shape to the substrate binding
pocket, induced by the carbonyl group between tlen@the C ring [6]. The compound is bound to
the active site via different interactions: The mosevant ones are two strong H-bond contacts

between the 3-OH group on the C ring and the ditalgsidues Tyr154 and Ser141. Another H-bond



interaction between the 3-OH group on the A rind &ta149 is also observed. The pyridine ring of

the inhibitor addresses the hydrophobic pocket éatiloy Trp192 and Leul195 (Figure 1).

Figure 1. Schematic representation of the binding mode eofpmundl in the binding pocket of
178-HSD14. Amino acids with polar functional groupse alored in red. Prevalent hydrophobic
amino acids are colored in blue. The different mtelkare highlighted with gray lines. H-bonds are

depicted as orange dotted lines.

The goal of this study was to characterize the ibopdnode of new inhibitors and their interactions
with 173-HSD14 and to optimize the structure of compounéh order to develop a promising

chemical probe that could be used to further irigatt the enzyme.

Structure-based optimization df was first undertaken to extensively exploit potainthew
interactions provided by the enzyme and therebyaeaod the inhibitory activity of the compounds.
Then the newly designed compounds were synthestested for 1B-HSD14 inhibition and for
seven of them the crystal structures of each qooreding inhibitor-enzyme complex were
determined. This structural information was cruéisla better understanding of the structure-atstivi
relationship (SAR), additionally disclosing a sadtbinding mode in case of one inhibitor. The
profiling of the most potent inhibitors was subseafly initiated: Their selectivity toward three
relevant 1B-HSD subtypes and the estrogen receptor alpha)(BRng with their cytotoxicity and

solubility were determined experimentally and thpysicochemical properties were calculated.



2. RESULTSAND DISCUSSION

2.1 Structure-Based Design of the new Inhibitors

The scaffold of compoundl was used as a starting point for structure-basedifiations with the
intention to identify the key interactions betwdba individual inhibitors and the protein and fenth
on to optimize the geometry of the inhibitbfor a higher affinity to 13-HSD14.

Previous studies have shown that in the PPPM dlassnteraction of the 3-OH group of the C ring
with Tyrl54 from the catalytic triad is essentialachieve high inhibitory activity [6]. The increab
acidity of the 3-OH function, boosted by the substbn with an adjacent fluorine atom (ontho
position to the OH group), correlates with a sigiifit gain in inhibitory activity. Thus, the 3-OHH
pattern at the C ring was maintained during thesesgbent development process.

In the first optimization stratedy) we focused on the replacement of the linking caybgroup ofl
(Chart 1), acting as a bridge between the B anish@C The crystal structure of the protein in comple
with 1 disclosed that the carbonyl group is importanintiuce the overall V-shape of the inhibitor
scaffold to perfectly match the architecture of pgretein’s active site (Figure 2). Interestinglgiet
carbonyl group does not form any direct interactiath neighboring amino acids of the protein.
Therefore, the role of this linker (“X”) was invéagted by replacing the carbonyl group with polar
linker groups such as an ether oxygen, a secoradaiye, or apolar groups such as a tertiary amine
and an ethenyl group. The geometry of the modifiedffold (angle between the B and C rings)
should be kept similar to that @fleaving the positions of the B and C rings virtyalhchanged in
the protein Furthermore, amide groups were introduced to eelérg distance between the B and C

ring and to evaluate the consequences of shiftiagyridine B ring in the substrate binding site.

Chart 1. Optimization strategie@) and(l1) startingfrom compoundL.

OH

0} 1 (I



Additionally, a relatively large hydrophobic pocketext to the B ring in the direction of the exit
vectors at the 5 and 6 position of the pyridinee¢c@s observed in the crystal structure o8-HSD14
with compoundL (Figure 2). Therefore, another optimization siygitgl) was selected to address this
hydrophobic pocket by extending the pyridine card fusing the A ring with the B ring resulting in a
quinoline-based scaffold. In addition, the rigidaf the quinoline scaffold compared to that of the
pyridine-based inhibitors [6] was anticipated toldmeficial for inhibitory activity [7]. Furthermer
the establishment of another scaffold would perhgpg access to compounds with modified
pharmacokinetic properties. Hydrophilic and hydmipk substituents can be introduced in 6 or 7
position of the quinoline moiety, which would eralb explore the chemical space in this region of

the binding pocketChart 1).

Figure2. Close-up view of the binding pocket as formed he trystal structure of pHSD14
obtained as ternary complex wittand NAD" (PDB code: 5L7Y) [6]. The protein is displayed irag

by use of the solvent-excluded surface. The intikig shown as stick model. Carbon atoms of the
ligand 1 are shown in yellow. The relatively large hydropitopocket adjacent to the B ring is

highlighted in green. All structural representasiovere prepared with PyMOL [8].



2.2 Pan Assay Interference Compounds

In order to identify undesired compounds, which migind nonspecifically to numerous biological
targets, all designed compoun@sl{, Tables 1-3) were validatéd silico using the PAINS-remover
computer tool [9,10]. As none of them was assigasdinspecific binder, all were considered for

synthesis.

2.3 Physicochemical Parameters

Prior to synthesis, the physicochemical propeiifesll designed compoundg-{17, Tables 1-3) were
computed to only consider compounds, which matdin &i good predicted bioavailability profile.
The molecular weight was selected to fall into ageaof 250-400 g/mol. ThelogP, the total polar
surface area (tPSA), the number of rotational b@misH-bond donors and acceptors were calculated
in slico and adhered to the Veber Rules [11] and the Ligssule of five [12]. The potential ability
of the designed compounds to cross the blood lrairier (BBB) was also taken into account, as
178-HSD14 has been reported to be present in the [hiispecially for the pyridine derivativds

5 as well as for the quinoline® 11, 13, and 17 the physicochemical properties fit well with the
profile defined by Pajouhesh and Lenz [13] for conmpds showing a good BBB penetration (i.e.
MW < 450 g/mol; H-bond donor < 3; H-bond acceptor;<number of rotatable bonds < &7.5-
10.5; tPSA < 60-70 A. The calculated physicochemical parameters apererentally determined

solubilities are summarized in Table S1 (Supportirigrmation, Sl).

2.4 Chemistry

The synthesis of compoun@s8 was achieved starting from the brominated pyridirevatives2c,

6¢, and 8c (Scheme 1). The reaction of the 2,6-dibromopyridinewith the phenol derivatived
provided 2b using sodium hydride as base, whereas the reautitn the aniline derivative3c
afforded the secondary amirigh in the presence of lithium hexamethyldisilazafidiMDS).
Activation of carboxylic acid6d and 8c with thionyl chloride and subsequent reaction wittle
appropriate aniline derivatives¢ or 3c) resulted in the amide€b and 8b, respectively. Suzuki
coupling reactions[14] oBb, 3b, 6b, and8b with 2-fluoro-3-methoxyphenylboronic acid gave the

7



methoxy intermediates2a, 3a, 6a, and 8a. Wittig olefination [15] of la [6] with
methyltriphenylphosphonium bromide afforded theeath derivative5a. Methylation of3a and6a
with methyl iodide using sodium hydride as baseviged additionally the methoxy intermediatés
and8a. The methoxy groups were cleaved with boron tritide (for compound&-4 and6-8) or with

boron trifluoride dimethylsulfide complex (for compnd5).

Scheme 1: Synthesis of compoun@s8.?

N F 7 F
| + aorborc | d
_ _— N —_—
Br” N7 X Y OMe Br "N° X OMe

2C X =Br 2d Y=0H 2b Xx=0
6C X = NH, 3C Y = NH, 3b X =NH
8¢ X =CO,H 6d Y = COH 6b X = NHCO
8b X = CONH
NS NS
N7 X oMe 90 N7 X OH
F F
OMe 2aX=0 OH 2X=0
3aX=NH 3 X=NH
e 4a X = NMe Df 4 X =NMe
lJax=CO ——> 5aX=CCH2 EﬁXZCCH2
6a X = NHCO D - 6 X = NHCO
7a X = NMeCO 7 X=NMeCO
8a X = CONH 8 X = CONH

% Reagents and conditiona) for 2b: 2c, 2d, NaH, DMF, 100 °C, overnightp) for 3b: 2c, 3c,
LHMDS, 1,4-dioxane/THF 1:1, room temperature, hfor 6b (6¢c + 6d), 8b (8¢c + 3c) i) SOCH,
DMF, toluene, reflux, 4 h, ii)) BN, DCM, 0 °C to room temperature, overnigltt) CsCQO;,
Pd(PPR)4, 2-fluoro-3-methoxyphenylboronic acid, DME/water2:1), 80 °C, overnight;
€) MePhP'Br~, n-BuLi, THF, 0 °C to room temperature, overnightNaH, Mel, DMF, 0 °C to room
temperature, overnighgy) for 2-4 and6-8, BBr;, DCM, -80 °C to room temperature, overnighy;for

5, BFSMe,, DCM, room temperature, overnight.

Compound®-12 were synthesized in three steps starting from thenbquinoline9c, 11c, and12c
and 2-bromonaphthalenelQg), respectively (Scheme 2). Lithiation with-butyl lithium and

nucleophilic addition to 4-fluoro-3-methoxybenzaigde ©d) provided after oxidation with

8



2-iodoxybenzoic acid the ketone intermedidasl?2a. Compoundd.lc and12c were synthesized by
regioselective bromination of the appropriate glim® N-oxides [16]. For compoundS-11, the
methoxy groups were cleaved with boron tribromigleereas fod2 boron trifluoride dimethylsulfide

complex was used.

Scheme 2: Synthesis of compound@s12.?

R F
! N a,b
+ )
P OMe
X~ Br |
o

9c R,=H,X=N od
10c R,=H, X=CH

11c R,=Me, X =N

12¢ R,= OMe, X =N

R F
1 AN Ry N F
Z ~Z
X OMe X OH
% o}

9a R,=H,X=N 9 R,=H,X=N

10aR,=H,X=CH 10 R,=H, X = CH
11aR,=Me, X =N 11R,=Me, X=N
12aR,=OMe, X =N 12 R,=OH, X=N

% Reagents and conditionst) n-BuLi, anhydrous THF, -80 °C to room temperatureh; )
2-iodoxybenzoic acid, anhydrous THF, 60 °C, 2dp;for 9-11, BBr; DCM, -80 °C to room

temperature, overnight) for 12, BF:SMe,, DCM, room temperature, overnight.

The synthesis of compound$-17 was enabled starting from precursdd@b (Scheme 3). For the
synthesis ofl3b, 4-bromo-1-fluoro-2-methoxybenzen&3¢) was used to prepare the corresponding
Grignard reagent. The latter was reacted with camgd3d[17] in a nucleophilic addition and
afforded, after oxidation of the formed alcohol wiR-iodoxybenzoic acid, precursdBb. The
reaction of 13b with Zn(CN), using Pd(PPJ, as catalyst afforded the nitril&3a which was
subsequently used to prepare the correspondingzodér derivativelda in a microwave-assisted
reaction [18]. Amination 013b was performed using similar conditions to the dascribed by Zeng

et al. [19] to afford compoundl5a. Subsequent amide formation using Boc-glycine E@Bt/

EDCHCI as coupling reagents provided compougd. Suzuki coupling ofL3b with 4-methoxy-3-



methylphenylboronic acid gave the methoxy interragli7a. All methoxy groups were cleaved with
boron tribromide to afford compounds$-15 and 17. Compoundl16a, after ether cleavage, was

additionally treated with trifluoroacetic acid tfiaad 16 as trifluoroacetate salt.

Scheme 3: Synthesis of compound$-17.2

X
EI ¢
Br
13d 3e
NCW m
‘,\\I—NH
13aR= OMe 14a R = OMe
c 13 R=oH =2 ¢ 14 R=on =@
X F B F
13 — - P 4. | ~ O
HoN N R HN N R,
o K& 0
NHR
15a R = OMe 1 16aR, =Boc, R, = OMe
H d 1 12
! 15 R=OH = 16 R,=H,R,=OH ~Jan
N F
L Me
N R
® I
R
17a R = OMe
17 R=oH =

#Reagents and conditiona) Mg, anhydrous THF, 60 °C, 2 h, 80 °C, 4d);2-iodoxybenzoic acid,
anhydrous THF, 60 °C, overnight} Zn(CN),, Pd(PPE),, DMF, 120 °C, 3 hd) BBr; DCM, -80 °C
to room temperature, overnighdy NaNs, NH,Cl, DMF, microwave irradiation, 30 W, reflux (open
vessel), 30 minf) Cul, NH,OH, L-Proline, KCO;, DMSO, 85 °C, 15 hg) Boc-Gly-OH, HOB,
EDCHCI, DIPEA, DCM, 40 °C;h) TFA, DCM, 1 h, room temperaturg) CsCO;, Pd(PPk),, 4-

methoxy-3-methylphenylboronic acid, DME/water (2:8) °C, overnight.

10



2.5 Biological Evaluation of 17p-HSD14 I nhibitory Activity

The inhibitory activities of the synthesized compds were evaluated by means of a
fluorescence-based assay, quantifying the fluoresceof NADH produced during the catalytic
reaction. The assay was carried out as alreadyrtezb¢3,6], using the purified, recombinantly
expressed enzyme, E2 as substrate, NA® cofactor, and the inhibitors. Percentages luibition
(measured at an inhibitor concentration of 2 uMwadl as binding affinitiesK;) were determined.
For 9a, no K; could be measured due to its limited solubilitthu$, its inhibitory activity was
expressed as percentage of inhibition at the higtodsble concentration of the inhibitor (100 pM).
Starting from inhibitorl, the linker between the B and the C ring was itigated following our first
optimization strategy concept by replacing the oayb group with different functional groups. Ether
2 (K; = 58 nM), amined (K; = 47 nM), and methylaminé (K; = 42 nM) were shown to be equipotent
ligands with slightly decreased affinity comparedLt(K; = 13 nM). The introduction of an ethenyl
group resulted in a ten times more potent inhitBtdK; = 1.5 nM), whereas the presence of an amide
linker led to a strong decrease in inhibitory atyi6: K; =686 nM, 8: K; =336 nM) and the
methylated amide7( K; = 2030 nM) was even detrimental fortASD14 inhibition compared tb

(Table 1).

11



Table 1. 178-HSD14 inhibition constantK() of pyridine derivatives with different linkers tageen

the B and C ring.

OH
1-8
173-HSD14
compd X
Ki (nM)?

1 C=0 13+5
2 O 58 + 12
3 NH 47 7
4 NMe 42 +8
5 C=CH, 1504
6 NHCO 686 + 54
7 NMeCO 2030 + 180
8 CONH 336 + 54

% Recombinantly expressed, purified BiSD14 enzyme, fluorimetric assay, [E2]= 32 uM,
[NAD'] = 1.2 mM, 25 °C. Mean and SD values of at lehsteé independent experiments each with

three technical repeats.

In the second approach the pyridine B ring of commold (K; = 13 nM) was expanded and led to the
equipotent quinoline-based inhibitd(K; = 12 nM, Table 2). The presence of the 3-OMe gratuijhe

C ring @a, no inhibition at 2 uM; 21% inhibition at 100 uMyas detrimental for the inhibitory
activity when compared to the 3-OH analogué9% inhibition at 2 uM). The role of the nitrogen
atom of the quinoline moiety with respect to thhilitory activity was further investigated by the
synthesis of the naphthalene derivatt@gK; = 6 nM), which was shown to have a similar inhdnit

constant as the quinoline anal®gThe nitrogen might not establish any specifieiattion with the

12



protein, however, it enhances the solubility of $hever its naphthalene analogl@ (~ four times,

Table S1, SI).

Table 2. 173-HSD14 inhibition constank() of quinoline and naphthalene derivatives.

N F
B
pz
X R

9a, 9, 10

173-HSD14

Compd X R
Ki (nM)?

1 - - 13+5
%a N OMe 21%
9 N OH 123, (69%)
10 CH OH 62

% Recombinantly expressed, purified pIHSD14 enzyme, fluorimetric assay, [E2] =32 uM,
[NAD'] = 1.2 mM, 25 °C. Mean and SD values of at lehstd independent experiments each with
three technical repeatspercent inhibition at 100 pM, standard deviatidi®%.° percent inhibition

at 2 pM, standard deviation <10%.

Furthermore, compour@l(K; = 12 nM) was decorated with different substituent§ or 7 position of
the quinoline moiety. A methyl group in 6 positi¢il: K; = 6 nM) did not influence the inhibition,
whereas a hydrophilic OH-group (compoudd, K; =119 nM) reduced the potency ten times
compared to that . In 7 position, the introduction of non-hydropbiBubstituentsi@: K; = 9 nM;

17: K; = 6 nM) as well as polar substituentd:(K; = 10 nM;15: K; = 34 nM; 16: K; = 23 nM) resulted

in inhibitors with similar potencies compared¢Table 3).

13



Table 3. 173-HSD14 inhibition constank() of 6 and 7-substituted quinoline derivatives.

6 AN F
R A | B
TN OH

(e}

917
178-HSD14
compd R
Ki (nM)?
9 H 12+3
11 6-Me 62
12 6-OH 1197
13 7-CN 9z+1
14 7-(tetrazol-5-yl) 102
15 7-NH, 34+7
16 7-NHGly 232

17 7-(4-hydroxy-3-methylphenyl) 6 + 2

% Recombinantly expressed, purified BISD14 enzyme, fluorimetric assay, [E2]= 32 uM,
[NAD'] = 1.2 mM, 25 °C. Mean and SD values of at lehsteé independent experiments each with

three technical repeats.

2.6 Crystal Structures Determination

Inhibitors of both, the pyridine and the quinoliseries, showing the best inhibitory activity for
178-HSD14, were selected for crystallization. Sevemkitors could be co-crystallized in complex
with the protein resulting in crystals of suffictequality for structure determinatio,(PDB code:
5060; 4, PDB code:5043; 5, PDB code:5042; 9, PDB code506Z; 11, PDB code506X; 13, PDB
code: 507C and6, PDB code: 5072). All crystals exhibited tetragosgmmetry in space group
(1422) with the asymmetric unit formed by only onenomer, which assembled with the other three
symmetry equivalent molecules to form the biolobietevant homotetramer. This was in accordance

with the findings of our previous study [3]. Theustures obtained have a resolution ranging between

14



1.35 A to 1.91 A. Data collection, processing agfihnement statistics can be found in the Table S2A

and S2B (SI).

2.7 Binding M ode of the Pyridine-Based I nhibitorsin Complex with 17p-HSD14 and SAR study

The superimposition of the crystal structures @& émzyme in ternary complexes with the pyridine-
based inhibitor®, 4 and 5 revealed that these three inhibitors, despite andadly varied linker
between the C and the B ring, bind in a similar enadl (Figure 3A). All inhibitors, in spite of their
different linkers, adopt the same V-shaped conftionaas observed fat. For all three crystallized
inhibitors, the same conserved water molecule (/19und at the same position as described for the
other known pyridine-based inhibitors [6]. As exieel; the ether oxyger2,(Figure 3B) is not
involved in any direct interaction with the proteifthe methyl amine4( Figure 3C) and the ethylene
moiety 6, Figure 3D) accommodate well in the hydrophobic pbdkrmed by Leu191, Trp192 and
Leul95 (amino acids shown in Figure 1). The enhdfiexibility of the ligand with the ether linker
is reflected in the split conformation of the A aBding of 2 (Figure 3B). Remarkably, the slightly
different valence angle between the B and C rind°j~generated by the ethylene linker when
compared to the respective anglelipushes the B ring ¢ into the direction of Leul95 leading to a
flip of the A ring plane of about 180° and resudtim an orientation of the OH and F substituents in
opposite direction to that in compoudd(Figure 3A). The 3-OH group at the A ring of dilet

inhibitors is within H-bond distance to the carbbibgckbone of Ala149d = 2.7-2.9 A).

15



Serl4l

Pro96

Serl4l

Figure 3. Close-up view of the binding pocket of the fouystal structures of BFHSD14 obtained

as ternary complexes with NADand the pyridine-based inhibitors:(PDB code: 5L7Y, A) [6],2
(PDB code: 5060, A and B,(PDB code: 5043, A and C), aBdPDB code: 5042, A and D). The
carbon atoms of the ligands are shownZIan yellow, 2 in orange (two conformers,in blue,5 in
purple and NAD in light beige. (A) Superimposition of the four stgl structures. The protein is
displayed in gray by use of the solvent-excludedase. Inhibitors and cofactor are shown as stick
models. The individual sites of the water molecWéd are represented in the same color as the
corresponding inhibitor in the various structurdél corresponds to water molecule 508 in 5L7Y,
472 in 5043, 488 in 5042 and 501 in 5060 (hiddehirzk the other water molecules) in the

respective crystal structures. In panels B, C andhB amino acids within a distance of 4.6 A are

16



shown as thin lines with the carbon atoms in whitdoond interactions are depicted as dotted lines.

Distances are given in A,

Replacement of the carbonyl moietl) for the ethylene groupb) led to an almost ten-fold more
potent inhibitory compoun8 (K; = 1.5 nM) compared t@ (K; = 13 nM). The crystal structure 6&f
revealed that the ethylene linker is more deeplyelun the hydrophobic pocket defined by Leu191,
Leul95 and Trp192 compared to the carbonyl grots linker is also beneficial for binding due to
its lower desolvation penalty compared to the caybanalogl whose polar oxygen is not involved
in any interaction at the protein binding site. Titipped A ring of 5 (compared tdl) led to an
improved geometry because this ring comes into ipribx to the hydrophobic region formed by
Pro95, Pro96 and Leul95 (van der Waals interagtidms&ddition, the 3-OH group attached to the A
ring is moved to a more favorable H-bond distartte 2.7 A) toward the carbonyl group of the
Alal49 backbone. All together these aspects mightrdsponsible for the gain in f-HSD14
inhibitory activity of 5 compared tdl. Compounds, 7, and8 lose affinity possibly owing to the
introduced polar amide linkers, which remain exposea predominantly hydrophobic environment.
In addition, the A rings of these inhibitors becopsatly solvent exposed, most probably due to the
fact that the compounds are rather long for théihsite, resulting in the loss of interactions g

A ring with the protein. Furthermore, the importdishape of these inhibito 7, and8 could not

be achieved.

2.8 Binding Mode of the Quinaline-Based Inhibitors in Complex with 178-HSD14 and SAR
study

From the crystal structures & 13 and 16 (Figure 4),it became apparent that all these ligands
adopted the same binding mode. In addition, theagsrof the three quinoline-based inhibit&r<l3,
and16 are located in the same region compared to thadofi pyridine-based inhibitors described so
far: The 3-OH group of the C ring experiences Hébameractions with the catalytic Tyrl54 (d = 2.4-
2.5A) and Ser141 (d = 2.4-2.5 A) (Figure 4A, 4Bl digure 5). The quinoline core addresses the

hydrophobic region formed by Pro95, Pro96, LeuIBh192 and Leul95 (amino acids shown in
17



Figure 1). The primary amine substituentl6fis in H-bond distance with the carbonyl group & th
side chain of GIn150 (d = 2.9 A), while no intefantwith the protein can be observed for the witril
substituent ofi3. These three inhibitors showed high inhibitiorthe# enzymel; = 12 nM, 9 nM and

23 nM for 9, 13 16, respectively) in the same range as the pyridieevdtives. The additional

hydrophobic interactions of the quinoline core rhetith the pocket formed by Leul9l1, Trpl92,
Leul95 and Met199 may have compensated the lodsoA ring and the H-bond interactions with
Alal49, which were observed for compouh@e.g.9: K; = 12 nMvs. 1: K; = 13 nM). The conserved

water molecule W1 is present in a similar positassrdescribed for the pyridine-based inhibitors.

Figure4. Close-up view of the binding pocket of the supeosgd crystal structures of HSD14
obtained in ternary complexes with NABNd different inhibitors. The protein is displayadyray by
use of the solvent-excluded surface. Inhibitors eoféictor are shown as stick models. The carbon
atoms of the NADare shown in light beige. The water molecules W1-aMsrepresented in the same
color as the corresponding inhibitor of the induadl structures. (A) The carbon atoms of the ligands
are shown forl (PDB code: 5L7Y) [6] in yellow an® (PDB code: 506Z) in blue. (B) The carbon
atoms of the ligands are shown ®@iin blue, 13 (PDB code: 507C) in green ardé (PDB code:
5072) in light orange. (C) The carbon atoms oflijends are shown f& in blue andL1 (PDB code:

506X) in red.
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Trp192 Trp192
Leul95 Leu195
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Figure5. Close-up view of the binding pockets of the crystatictures of 1FHSD14 in complex
with cofactor NAD and inhibitors. The carbon atoms are shown in fsu® (A, PDB code: 5062),
green forl3 (B, PDB code: 507C), light orange fbé (C, PDB code: 5072) and red fit (D, PDB
code: 506X). The inhibitors and cofactor NARre shown as stick models. The amino acids are
shown as thin lines with carbon atoms in white. Wager molecule W@ represented as red sphere.
W6 corresponds to water molecule 419 in 506X. Hdsoimteractions are depicted as dotted lines.

Distances are given in A.
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As already remarked in our previous work [6], repig the 3-OH group at the C ring by a 3-OMe
moiety resulted in a strong drop of the inhibitamtivity (9a, 21% inhibition at 100 pM), certainly
due to the missing H-bond interaction with the lggi@aTyr154.

No crystal structure could be obtained fianibitors 14, 15, 12 and 17 in complex with 1B-HSD14
and NAD'. A model structure can provide insight on the riat&ions achieved by a ligand with the
protein and therefore can sustain the understarafit8AR studies. First to validate the method, the
quinoline-based inhibito® was modeled into the crystal structurelofThe simulation suggested a
binding mode for9, which was identical to the co-crystal structuréggre S3, Sl), validating the
model structure. A model structure was created1fbhrl5, and 17. From their simulations, these
ligands are not expected to perform any additiomaraction compared t8 (Figures S4A-D, Sl).
The 6-OH group ofl2 is located in a lipophilic environment, which iafavorable. The predicted
interactions made by the liganti® 14, 15, and17, as observed in the different models, correlatié we
with their respective inhibition constar€;E 119 nM, 10 nM, 34 nM, , 6 nM, and 12 nM fi2, 14,

15, 17, and9 respectively).

The crystal structure of compourid displays a deviating binding mode for this ligamtien
compared to the other inhibitors described prewo(Sigure 4C). The entire compound is pushed
deeper into the active site and induces an alteoedormation of the sidechain of Tyr253’ of the
neighboring monomer of the tetramer. The C rindDbfs stacked behind Tyr253'. The 3-OH group
of the C ring remains within H-bond distance to #ige chain OH group of the catalytic Ser141
(d = 2.4 A). Furthermore, the 3-OH group of thei@yris also in H-bond distance with the carbonyl
group of the backbone of Pro184 (d = 3.4 A). Howetke important and direct H-bond contact
between this 3-OH group and the side chain of T4ridund in all other structures of HSD14 in
complex with inhibitors, is not present anymorestéad, the carbonyl group of the ligand interacts
with Tyr154 mediated via the water molecule \(d& 2.7 and 2.8 A). The 6-methylquinoline moiety
is completely buried in the hydrophobic pocket cosgd of Pro95, Pro96, Leul9l, Trp192 and
Leul95 and, in addition, the quinoline nitrogenvithin H-bond distance to the sidechain of GIn148

(d=3.1 A, Figure 5D). This deviating binding moaight result from steric repulsion of the added

20



methyl group in position 6 with Met199 of the priatevhich pushes the ligand deeper into the active
site of the enzyme. In the position described, methylated quinoline moiety is able to form
optimum hydrophobic interactions with the pocketried by Leul91, Tpr192, Leul95, Met199 and
Thr205 (Figure 5). As the deviating binding modetio¢ 6-methylquinoline derivativél did not
parallel a significant change in inhibition streamgtompared to9 (Ki=6nM vs. K; =13 nM,
respectively), the cumulative hydrophobic effeatsl ahe new interaction with water W6 seem to
compensate the loss in the direct interaction td.34.

Interestingly, the water molecule W6 is entrappednediate a contact between ligand and protein.
This water is also found at the same position & 2B-HSD14-NAD" complex structures withl
and13 andin the 1B-HSD14 holoenzyme complex with NAPDB code: 5JSF (S205 variant) and

5JS6 (T205 variant), Figure 7).

S Serl41l v

Tyrl54

[

|
Figure 7. Superimposition of the crystal structures of th@-HED14 in complex with the cofactor
NAD" (PDB code: 5JSF (S205 variant) and 5JS6 (T20%ng)iand 1B-HSD14 in complex with
NAD™ and the inhibitord1 (PDB code:506X) and13 (PDB code: 507C). The carbon atomsl8f
are colored in green and those1dfin red. The inhibitors and cofactor NARre shown as stick
models. The amino acids are shown as thin lings e@dtbon atoms in white. H-bonds are depicted as
dotted lines. The water molecule W6 is represemeagd for 506X, in pink for 5JS6, in green for

507C and in blue for 5JSF, and corresponds to watdecule number 419, 424, 403 and 439,
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respectively, in the different crystal structur€be latter two water molecules are hidden by therot

two waters in the superimposition of the four stnues.

In the case of the protein complex with, the water molecule W1 is shifted upward due to the
different conformation of this inhibitor (Figure 200 be remarked, three additional conserved water
molecules (W2-W4) can be observed in the structofed 13, 16, and 11, located in the pocket
usually occupied by the A ring of the pyridine-bdsgehibitors (Figure 4). In case of the complextwit
16, one water molecule (W3) is displaced by the amgimmap of the glycine moiety of the inhibitor.
Compounds9 and 11 differ only in the presence/absence of a methglugrat position 6 of the
quinoline ring. Their crystal structures in compleih the protein reveal that these two compounds
are stabilized by the protein via different intdi@cs. This result was unexpected and highlights ho
difficult it is to predict the binding mode of armpound using docking studies in case of highly

flexible proteins.

2.9 Comparison of the Structures of 178-HSD14 and 17p-HSD10

178-HSD10 and 1B-HSD14 share the highest sequence identity betweeprotein members of the
178-HSD family (27.5 % as calculated with Cluster omg@gogram from the UniProt database [20]).
Therefore, the selectivity aspect toward$-HSD10 should be taken into account for the designe
178-HSD14 inhibitors.

The crystal structure of the f-HSD10 (PDB code: 1U7T [21]) has been reportedamplex with
the inhibitor AG18051 [21], which is covalently linked to the cofactor BA (NAD-
AG18051 adduct) and can be compared to thg-HBED14 in complex with the pyridine-based
inhibitor 1 (PDB code: 5L7Y [6], Figure 6).

Structural comparison of the Rossman-fold regiomveen the two enzymes reveals that the cofactor
is found with a nearly identical geometry in theket, with a RMSD value of 0.6 A after alignment
of the Gu of the protein (calculated with fconv [22]). Theusture of the substrate binding site
deviates among both enzymes, although the posditidhe catalytic triad is preserved. The flexible
loop of 1B-HSD14 @FG1 andaFG2 segments) is slightly longer than the one spoeading to
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178-HSD10. In addition, 1¥-HSD10 bears a solvent-exposed loop, (bop, residues 94-114,
Figure 6), which is essential for the interactidril@3-HSD10 with-amyloid-protein (4) [23] and
does not exist in PFHSD14. In both 1f-HSD10 and 1f-HSD14, the C-terminal tail is
unstructured. However, in the case of¥SD14, the C-terminal tail is involved in the irdetions
between two monomers. Moreover, His93 and GIn1d48de the V-shaping of the substrate binding
site of 1P-HSD14. For type 10, His93 is replaced by Ala95 aml consequence GIn162
(corresponding to GIn148 for fHSD14) is flipped to the outer side of the bindpacket while the
side chain of GIn165 in BFHSD10 is oriented toward the center of the bindpugket. Taken
together, these facts result in a shallower binghogket for 1p-HSD10 compared to the one of type
14. The inhibitorsl andAG18051 occupy a similar region in type 14 and 10, redpelst However,
the inhibitor for 1B-HSD10 adopts a rather planar geometry, reinfolyethe hydrophobic residues

Leu206 and Leu209 (Figure 6).
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Figure 6. Superimposition of the BfHSD14 (yellow, PDB code: 5L7Y) and A-HSD10 (orange,
PDB code: 1U7T) structures. The proteins are shasvnbbon models. The ligands and cofactors are
shown as stick models and their carbon atoms doeecbas the corresponding protein structutg. (
Overview of the complexes structureB) (Close-up view on the flexible loops of ftHSD10 and
178-HSD14 @FG1 andaFG2). C) Close-up view on the ligand binding pocket®) Chemical

structures of inhibitoll and theNAD-AG18051 adduct.

2.10 Selectivity toward 17p-HSD1, 17p-HSD2 and 17p-HSD10

The reference compourld used as the starting point of this study, wadenstd from a library of
known 1PB-HSD1 and 1B-HSD2 inhibitors [24,25]. It was therefore importda validate whether
the preference for binding to f-fHSD1 and 1B-HSD2 of the new inhibitors was maintained or
whether the optimized compounds showed good seilgctrofiles in favor of 1p-HSD14. In
addition, as mentioned previously, the investigatibthe selectivity profile with respect to bindito
178-HSD10 is of high concern considering the high sege identity between BHSD 10 and
178-HSD 14 enzymes.

We selected inhibitors that displayed good inhifyitactivity for 1B-HSD14 ; < 100 nM) to
validate their selectivity profile toward g-HSD1, 1B-HSD2, and 1B-HSD10. The ability of the
selected 14 inhibitors to inhibit these enzymes stadied using a competitive assay, by quantifying
the formation of JH]-E2 (for 1-HSD1) and {H]J-E1 (for 1B-HSD2 and 10) after incubation of the
protein with labeled substrate, cofactor, and iitbib [26]. The results of these assays are shown i

Table 4 and expressed as percentage of inhibition.
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Table4. 173-HSD1, 1PB-HSD2, and 1B-HSD10 inhibitory activities of the most interegfin

compounds.
17B-HSD1 17B-HSD2 17B-HSD10
compd
%inh.at1uM  %inh.at1pM % inh. at 1 pM
1 8 56 n.i.
2 69 100 17
3 57 82 n.i.
4 99 100 19
5 88 100 n.i.
9 6 76 n.i.
10 64 96 n.i.
11 12 78 n.i.
12 20 71 n.i.
13 n.i. 56 n.i.
14 n.i. 52 n.i.
15 21 83 n.i.
16 3 63 n.i.
17 11 80 n.i.

a

Placental 1B-HSD1 enzyme, cytosolic fraction, substrate®H-E1 + E1] = 500 nM,
[NADH] = 0.5 mM, mean value of two determinatiostandard deviation < 10%, n.i.: no inhibition.
® Placental 1f-HSD2 enzyme, microsomal fraction, substratéH-E2 + E2] = 500 nM,
[NAD'] = 1.5 mM, mean value of two determinations; stadddeviation < 10%° Recombinantly

expressed I#HSD10 enzyme, bacterial suspension, substfet€ER] = 25 nM, [NAD] = 0.75 mM,

mean value of three determinations; standard dewiat 10%, n.i.: no inhibition.
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2.10.1 Selectivity of the Pyridine Derivatives

The first approach to modify the scaffold of theigine derivatives resulted in the production cfsle
selective compound2-6), which showed even higher inhibition of @ASD1 (57-99% 1F-HSD1
inhibition at 1 uM) and of 1F#HSD2 (82-100% 1F-HSD2 inhibition at 1 uM) compared to the
initial compoundl (8% 17B-HSD1 inhibition and 56% PBfHSD?2 inhibition, both measurements at 1
UM).

The ethylene linker derivativé is highly active on 1F-HSD1 (88% at 1 pM) and gHSD14

Ki = 1.5 nM) while the carbonyl linker derivatideis inactive on 1-HSD1 (8% at 1 uM) but highly
active on 1p-HSD14 ;=13 nM). It is striking that a minimal change tine structure of the
inhibitor leads to such a difference intASD1 inhibitory activity and has no influence on
178-HSD14 activity taking into account that both enagarcan bind the same substrate/product. A
rational explanation for the observed selectivitpfie of the inhibitors toward ¥HSD1 and
178-HSD2 in structural terms appears rather diffictdt establish. Due to the conformational
properties of the IZHSD1 binding pocket - with the flexible loop resting the remote part opposite
to the catalytic triad, and the existence of sdveomformations of the flexible loop [6]- it is
extremely challenging to perform reliable dockingdées. However, it can be imagined that the
pyridine derivatives do not bind in the same wayli-HSD1 and to 1F-HSD14, leading to
differences in the inhibitory activities. The lacka crystal structure of BHSD2 does not allow a
detailed conclusive comparison.

With respect to 1F-HSD10, only compound® and4 showed a weak inhibitory activity (17% and
19% inhibition at 1 uM, respectively) while all thether synthesized derivatives were inactive
suggesting an overall very convincing selectivityofe toward 1B-HSD10 (Table 4). This
selectivity might be explained by the rather flabometry of the active site of B-HSD10, which
clashes with our V-shaped inhibitors.

Taking together the activity and selectivity prefof the pyridine derivatives, it appeared reaskmnab

to focus further investigations on the quinolinassl with the methanone linker.
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2.10.2 Selectivity of the Quinoline Derivatives

The quinoline-based compoun@sl7, obtained from thesecond optimization strategy, resulted in
inhibitors which showed no significant &HSD1 inhibitory activity at 1 uM. Only the naphteae
derivative 10 fell out of this profile and exhibited higher fEHSD1 inhibitory activity (64%
inhibition at 1 pM).

A direct comparison of the $HSD1 and 1B-HSD2 inhibitory activities with those of fHSD14

is problematic as the assays were performed usifgretht conditions. However in our previous
study, an 1g-HSD2 IGyof 1 uM was assessed for compounb]. Taking into account the kinetic
constant of the assal({ = 403 nM [27], substrate concentration = 500 nMgalculated; (cK;) for

1 can be estimated to be about 450 nM using the CRemgpff equation [28]. The determinkgfor
1in the 1B-HSD14 assay was 13 nM. Compouhds therefore about 35-fold more selective for
178-HSD14 compared to BHSD2. As compound$3, 14, and 16 exhibited a 1F-HSD2 inhibition

in the same range 49452-63% inhibition at 1 uM), it can be expected they will be as selective as
1 toward 1B-HSD2, thus underlining the satisfactory seleggivdliscrimination of the quinoline-
based inhibitors against i-HSD1 and 1B-HSD2.

The affinity of quinoline-based inhibitors towardftHSD10 was minor. Similar to the pyridine
derivatives, the selectivity toward A-HSD10 might be explained by the quite flat actsiee
geometry of the enzyme. It certainly does not ackayked inhibitors, even if the angular shape of
the quinolines-based compound is less pronouneedttie V-shape of the pyridines-based analogues.
Taken all together, inhibitord3, 14, and 16 show a good selectivity profile toward fEHSD1,

178-HSD2 and 1-HSD10 exhibiting signatures comparable to thahebyridine-based.

2.11 Activation of the estrogen receptor alpha (ERa)

The synthesized compounds are structurally derfveah 1, which is a steroidomimetic (mimic of
estradiol). Estradiol is known to induce cell pimiation upon binding to the ERNn the estrogen

sensitive organs like the breast or the endometriinshould therefore be verified if the newly
synthesized compounds might show undesired efisctsctivating the ER, which would complicate

the interpretation of amn vivo experiment studying the physiological role ofp4¥SD14. The
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molecule should therefore not behave as an agohibe ERi. Based on their BFHSD14 inhibitory
activity and selectivity profile toward #HSD1, 1 B-HSD2, and 1§-HSD10, compounds, 13, 14,

and 16 were selected to evaluate their potential agoniftiects in an estrogen receptor-dependent
reporter gene assay. This assay was dose-depgndmmformed in U20S-ER cells [29] as
previously described [30,31]. At the highest comion (1000 times higher than the reference
concentration of 1M E2), the pyridine derivativel induced a weak agonistic response (13%
compared to E2 which was set to 100%, Figure S1 vdlile the quinoline-based inhibitols, 14,

and 16 did not induce any significant estrogen-dependesiponse different from the control
(DMSO). Quinoline-based compound8, 14, and 16 were thereforeconsidered as better chemical

probes compared to the pyridine-baged

2.12 Cytotoxicity evaluation

Seven compoundd (5, 11-14 and16), selected on the basis of thei3dSD14 inhibitory activities,
were evaluated for their cytotoxic effects on theK293 cell line by a colorimetric assay (reduction
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrdzom bromide (MTT)) [32]. Compounds, 5, 12,

14, and 16 displayed a very low cytotoxicity (kg> 100 uM). Due to insufficient solubility,1 and

13 could not be tested at 100 uM, however, the aHitsved 80% survival at a concentration of 20

UM, the maximally possible concentration testedFé S2, Sl).

CONCLUSION

The goal of this study was to develop news-HSD14 inhibitors as chemical probes to further
characterize the enzyme and to investigate theaftais protein. Starting from the pyridine-based
inhibitor 1, a structure-based approach was followed and W6ima@bitors were synthesized, divided
in two classes: pyridine-based and quinoline-baked/atives. The pyridine-based compountiS)
turned out to be highly potent (kf compoundb is 1.5 nM) but non selective towardfASD1 and
178-HSD2. The novel quinoline-based compoun@sl®) are very promising considering their

potency and selectivity profiles towardftASD1, 1B-HSD2, and 13-HSD10, especially inhibitors
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13, 14, and16. Furthermore, these three compounds display rataxitity in the tested cell line and
do not show any significant agonistic propertiest §even of the synthesized inhibitors the crystal
structures of the corresponding inhibitor-enzymenpiexes were resolved. The crystal structures
highlighted the binding mode of the inhibitors imetsubstrate binding pocket and confirmed the
importance of the H-bond interactions between ttalgtic Ser141 and Tyrl54 and the 3-OH of the
C ring inhibitor. The 3D-structures also disclosledt a small change in the substitution patterthef
compounds resulted in an alternative binding madeohe inhibitor, which would have been very
difficult to predict. In addition the crystal sttuces have underlined the existence of several
conserved water molecules, which play an impomaletin ligand stabilization.

Based on his potency and selectivity profile, coomubl3 is suggested as a very promising tool
compound and will be further investigated for metabstability, cell permeability, CYP-enzymes

interaction, efflux pump transporters, pharmacam®efore potentialn vivo use.

EXPERIMENTAL SECTION

1. Chemistry

1.1 Chemical Methods

Chemicals are named according to IUPAC nomenclattating materials were used as purchased
from Acros Organics, Alfa Aesar, Combi-Blocks andjrga Aldrich without further purification.
Reaction progress was monitored by TLC on aluminigmaets (Silicagel 60 F254, Merck) and
visualization was accomplished with UV light. Alliecrowave irradiation experiments were carried
out in a CEM-Discover apparatus. Column chromatalgyavas performed on silica gel (40-63 um,
Macherey-Nagel). Purification with preparative HPL@as carried out on a Varian
PrepStar 218 gradient system using a ProStar 32@tde A ProntoSIL C18 column (5.0 um, 120 A,
250-32 mm) was used with an acetonitrile/water igiratdcontaining 0.1% TFA at a flow rate of
20 mL/min. All solvents were HPLC grade. Detectigas performed at a wavelength of 254 .
and °C NMR spectra were recorded on a Bruker AV lI-3@@ctrometer (at 300 MHz), a JEOL

ECX-400 spectrometer (at 400 MHz and 100 MHz, respely) and on a JEOL ECA-500
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spectrometer (at 500 MHz and 125 MHz, respectivéemical shifts are reporteddrvalues (parts
per million: ppm), using the hydrogenated residoesgeuterated solvents as internal standard [33]:
2.05 ppm H NMR), 29.8 ppm and 206.3 ppm*C NMR), acetonak; 7.26 ppm {H NMR),
77.2 ppm C NMR), CDCL; 2.50 ppm H NMR), 39.5 ppm C NMR), DMSO4ds. Signals are
described as s (singlet), bs (broad singlet), dilft&), t (triplet), q (quartet), dd (doublet ofuliet),
ddd (doublet of doublet of doublet), dt (doublet taplet) and m (multiplet), respectively. All
coupling constantsJ) are given in Hertz (Hz). Infrared spectroscopysvgeerformed on a Bruker
ALPHA FT-IR spectrometer as neat sample. Elememtalysis was carried out on a vario MICRO
elemental analyzer. Mass spectrometry was perfororedh Q-Trap 2000 (Applied Biosystems)
equipped with an electrospray interface (ESI). pbaty of the tested compounds was evaluated by
HPLC. The Shimadzu system consisted of a LC-20Ampuan SIL-20A autosampler and a SPD-
M20A PDA detector. The system was operated by thadard software LCsolution. A RP C18
NUCLEODUR (125 mm x 4 mm, 5 um) column (Machereyghla was used as stationary phase. All
solvents were HPLC grade. In a gradient run thecgggage of acetonitrile (containing 0.1%
trifluoroacetic acid) in water (containing 0.1%fltroroacetic acid) was increased from an initial
concentration of 30% at 0 min to 90% at 15 min ket at 90% for 5 min (HPLC-method A) or from
an initial concentration of 10% at O min to 90%®2atmin and kept at 90% for 5 min (HPLC-method
B). The injection volume was 25 uL at a flow rafeldd0 mL/min. UV spectra were recorded at a

wavelength of 254 nm. All tested compounds ha@&% chemical purity.

The following compounds were prepared accordingraviously described procedures: (4-fluoro-3-
methoxyphenyl)[6-(2-fluoro-3-methoxyphenyl)pyridhyllmethanone 1a) [6], 2-bromo-6-

methoxyquinoline 12¢) [16], 7-bromoquinoline-2-carbaldehydis¢) [17].
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1.2 General Procedures

1.2.1 General Procedurefor Suzuki Coupling

Method A [6]

A mixture of arylbromide (1.0 eq), boronic acid A®&q), cesium carbonate (4.0 eq) and
tetrakis(triphenylphosphine)palladium (0.02 eq) veissolved in DME/water (2:1), degassed and
charged with argon. The mixture was stirred ovdmit 80 °C. The reaction mixture was cooled
down to room temperature, quenched with water aticheed with ethyl acetate. The combined
organic layers were washed with brine, dried ovagnesium sulfate, filtered and evaporated to

dryness under reduced pressure. The crude prodwscpwrified by column chromatography.

1.2.2 General Proceduresfor Ether Cleavage

Method B1 [6]

A solution of methoxy derivative (1.0 eq) in dryckioromethane was cooled down to -80 °C and
boron tribromide (1.0 M in dichloromethane, 5.0 methoxy function) was slowly added under
argon. The reaction mixture was stirred at -80 o€ I h and then allowed to warm to room
temperature overnight. The mixture was cooled daevith an ice bath, quenched with water and
extracted with ethyl acetate. The combined orgdajers were washed with brine, dried over
magnesium sulfate, filtered and evaporated to diyneder reduced pressure. The crude product was
purified by column chromatography.

Method B2 [34]

To a solution of methoxy derivative (1.0 eq) in watous dichloromethane, boron trifluoride
dimethylsulfide complex (35 eq per methoxy funcjiamas added dropwise under argon and the
reaction mixture was stirred at room temperaturermight. The mixture was quenched with water
and extracted with dichloromethane or ethyl acefBie® combined organic layers were washed with
brine, dried over magnesium sulfate, filtered andperated to dryness under reduced pressure. The

crude product was purified by column chromatographgreparative HPLC.
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1.2.3 General Procedurefor N-methylation

Method C

A solution of amide derivative (1.0 eq) in DMF wemoled down to 0 °C and sodium hydride (60%
wi/w, 1.5 eq) was added. The mixture was warmeaaoonrtemperature for 20 min and cooled down
again to 0 °C. lodomethane (2.0 eq) was added hedréaction mixture was stirred at room
temperature. The end of the reaction was monitbye@LC. Water was added to quench the reaction
and the aqueous layer was extracted with ethylageeThe combined organic layers were washed
with brine, dried over magnesium sulfate, filtesetl evaporated to dryness under reduced pressure.

The crude product was purified by silica gel coluthnomatography.

1.2.4 General Procedurefor Amide Formation

Method D

A solution of carboxylic acid derivative (1.0 eq2®M), thionyl chloride (2.0 eq) and DMF (catalytic
amount) in toluene was refluxed at 110 °C for 4nder argon atmosphere. The mixture was cooled
down to room temperature and the solvent as wethasexcess of thionyl chloride were removed
under reduced pressure. The residue (0.2 M) wasolded in dry dichloromethane and the
appropriate amine (1.0 eq) as well as trimethyl@m{h.0 eq) were added at 0 °C under argon
atmosphere. The reaction mixture was stirred amrdemperature overnight. The solvent was
evaporated to dryness under reduced pressure ancesidue was taken up in ethyl acetate. The
organic layer was washed with 0.5 M hydrochloricasaturated sodium bicarbonate and brine, dried
over magnesium sulfate, filtered and evaporateathtoess under reduced pressure. The crude product

was purified by silica gel column chromatography.

1.2.5 General Proceduresfor Alcohol Formation
Method E1 [6]
A solution of n-BuLi (1.0 eq, 2.5M in hexane) was diluted withhgdrous THF to a final

concentration of 0.8 M and arylbromide (1.0 egamydrous THF was slowly added at -80 °C under
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argon. The resulting solution was stirred for 15 i -80 °C. A solution of the appropriate aldehyde
(1.0-1.1 eq) in anhydrous THF was added and theiogasolution was stirred for additional 15 min
at -80 °C and at room temperature for 2 h undeorardhe mixture was quenched with saturated
ammonium chloride and extracted with ethyl aceféle® combined organic layers were washed with
brine, dried over magnesium sulfate, filtered amdperated to dryness under reduced pressure. The

product was purified by column chromatography.

Method E2

A mixture of arylbromide (1.0 eq), magnesium tugsn(1.1 eq) and a catalytic amount of iodine in

anhydrous THF was stirred for 2 h at 60 °C undgpmr A solution of the appropriate aldehyde in

anhydrous THF was added and the reaction mixtusestired at 80 °C. The end of the reaction was
monitored by TLC. The mixture was quenched witnériand extracted with ethyl acetate. The
combined organic layers were dried over magnesiulfats, filtered and evaporated to dryness under

reduced pressure. The crude product was purifiezblymn chromatography.

1.2.6 General Procedurefor Alcohol Oxidation

Method F [6]

2-lodoxybenzoic acid (1.2 eq) was added to a swiutif alcohol derivative (1.0 eq) in THF and the
reaction mixture was stirred at 60 °C. After thel e the reaction (monitored by TLC) the mixture
was cooled to room temperature, quenched with a@adisodium thiosulfate and extracted with ethyl
acetate. The combined organic layers were wash#d water and saturated sodium bicarbonate,
dried over magnesium sulfate, filtered and evaporad dryness under reduced pressure. The crude

product was purified by column chromatography.

1.3 Detailed Synthesis Procedures of Selected Compounds

(7-Bromoquinalin-2-yl)(4-fluor o-3-methoxyphenyl)methanol (13c).

According to method E2 the title compound was prepared by reaction ofrofrm-1-fluoro-2-
methoxybenzenelBe) (5.27 g, 25.7 mmol, 1.2 eq) with 7-bromoquinoixearbaldehydel3d)[17]
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(5.05 g, 21.4 mmol, 1.0 eq). The crude product uwsesd in the next step without further purification.

CiH1BrENO,; MW: 362;M S (ESI): 362, 364 (M+H)

(7-Bromogquinalin-2-yl)(4-fluor o-3-methoxyphenyl)methanone (13b).

According tomethod F the title compound was prepared by reaction ofpiteiously obtained (7-
bromoquinolin-2-yl)(4-fluoro-3-methoxy-phenyl)meti@ (13c) with 2-iodoxybenzoic acid (7.20 g,
25.7 mmol, 1.2 eq) overnight. The crude product wesshed with methanol to give 5.96 g
(16.5 mmol, 77%, two steps) of the analyticallygaompound. GH;,BrFNG,; MW 360;'H NMR
(CDCls, 400 MHz):5 8.39-8.38 (m, 1H), 8.33 (d,= 8.5 Hz, 1H), 8.11 (d] = 8.5 Hz, 1H), 7.95 (dd,
J=8.4Hz, 2.0 Hz, 1H), 7.87 (ddd,= 8.4 Hz, 4.5 Hz, 2.0 Hz, 1H), 7.80-7.73 (m, 2M)18 (dd,
J=10.7Hz, 85Hz, 1H), 3.98 (s, 3H®*CNMR (CDClk, 100 MHz): & 191.6, 156.0 (d,
J=256.1 Hz), 155.4, 147.8 (d= 11.1 Hz), 147.2, 137.4 (d~= 1.3 Hz), 132.7, 132.4 (d,= 3.6 Hz),
132.2, 129.0, 127.6, 126.3 (@= 8.1 Hz), 124.6 (dJ = 1.3 Hz), 121.4, 115.8 (d,= 3.5 Hz), 115.8

(d,J = 19.2 Hz), 56.5M S (ESI): 360, 362 (M+H)

2-(4-Fluor 0-3-methoxybenzoyl)quinoline-7-car bonitrile (13a).

A mixture of (7-bromoquinolin-2-yl)(4-fluoro-3-medhxyphenyl)-methanone (13b) (180 mg,
0.50 mmol, 1.0 eq), zinc cyanide (59 mg, 0.50 mmol, 1.0 eq) and
tetrakis(triphenylphosphine)palladium (17 mg, On@20l, 0.03 eq) in dimethylformamide (2.5 mL)
was degassed and charged with argon. The mixtusesiiveed for 3 h at 120 °C. The reaction mixture
was cooled down to room temperature, diluted wittyleacetate and washed with water and brine.
The organic layers were dried over magnesium sylfatered and evaporated to dryness under
reduced pressure. The crude product was purifiecbhymn chromatography (neat dichloromethane)
to give 105 mg (0.34 mmol, 69%) of the analyticaliyre compound. {gH;;FN,O,, MW: 306;

'H NMR (CDCl, 400 MHz): § 8.57-8.56 (m, 1H), 8.42 (dd]=8.6 Hz, 0.6 Hz, 1H), 8.24 (d,
J=8.6 Hz, 1H), 8.03 (d) = 8.4 Hz, 1H), 7.95 (dd] = 8.3 Hz, 2.0 Hz, 1H), 7.88 (ddd= 8.4 Hz,
4.5 Hz, 2.1 Hz, 1H), 7.82 (dd,= 8.5 Hz, 1.6 Hz, 1H), 7.20 (dd,= 10.7 Hz, 8.5 Hz, 1H), 3.99 (s,
3H); *C NMR (CDCl;, 100 MHz): 191.2 (dJ = 1.3 Hz), 156.4, 156.2 (d,= 256.7 Hz), 148.0 (d,
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J=11.1 Hz), 145.6, 137.5, 136.3, 132.1 J& 3.7 Hz), 130.9, 129.4, 129.2, 126.4 Jc 8.2 Hz),

123.6, 118.2, 115.9 (d,= 18.9 Hz), 115.7 (d] = 3.6 Hz), 114.1, 56.31 S (ESI): 307 (M+H].

2-(4-Fluor 0-3-hydr oxybenzoyl)quinoline-7-car bonitrile (13).

According to method B1 the title compound was prepared by reaction of4-ft(oro-3-
methoxybenzoyl)quinoline-7-carbonitril€l3a) (92 mg, 0.3 mmol, 1.0 eq) with boron tribromide
(2.5mL, 1.5 mmol, 5.0 eq) in dichloromethane (@®I0. The product was purified by column
chromatography (cyclohexane/ethyl acetate —-2t11) and preparative HPLC (gradient
water/acetonitrile/trifluoroacetic acid 70:30:810:90:0.1 in 120 min) to give 53 mg (0.18 mmol/
60%) of the analytically pure compound.AdsFN,O,; MW: 292; mp: 222-223 °C;'H NMR
(acetoneds, 500 MHz):6 9.09 (bs, 1H), 8.71 (dl= 8.6 Hz, 1H), 8.63 (dd) = 1.5 Hz, 0.7 Hz, 1H),
8.31 (d,J= 8.5 Hz, 1H), 8.21 (d) = 8.6 Hz, 1H), 8.01-7.97 (m, 2H), 7.81 (ddds 8.5 Hz, 4.5 Hz,
2.2 Hz, 1H), 7.29 (dd) = 10.8 Hz, 8.5 Hz, 1H)**C NMR (acetonads, 125 MHz): & 191.8, 157.5,
155.8 (d,J=250.2 Hz), 146.2, 145.6 (d,=13.5 Hz), 138.7, 136.6, 133.5 (@= 3.5 Hz), 131.8,
130.7, 129.9, 125.2 (d,=7.8 Hz), 123.9, 121.5 (d,= 4.7 Hz), 118.8, 116.8 (d,= 19.3 Hz), 114.6;
IR: 3066, 3035, 2236, 1674, 1323, 864cl S (ESI): 293 (M+H); Elemental analysis calculated
(%) for C7HgFN,O,0.8 HO: C 66.58, H 3.48, N 9.13. Found: C 66.44, H 3.R™.15; HPLC

analysis: retention time = 11.82 min; peak areeQ®9 HPLC-method A.

2. Biological M ethods

2.1 17p-HSD14 Enzyme Expression and Purification

The pure recombinant BHSD14 enzyme was obtained via heterologous expresssing a
pll-Torontol vector and the competent cells BIpRYsS strain of E.coli as previously described
[3,6]. The protein purification was performed apptytwo steps of affinity chromatography (Ni-NTA
column) followed by size-exclusion chromatographiie stability of the protein was increased by
addition of the cofactor (NAD and of 250 mM glucose to the buffer during pegfion and storage.

Purity was confirmed by SDS page and mass spectrpiiesults not shown).
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2.2 Inhibition of 17p-HSD14

Inhibitory activities were evaluated with a fluoeinic assayollowing the already described protocol
[6], using the purified, recombinantly expressedyene, E2 as substrate, NARs cofactor, and the
inhibitors. A high enzyme concentration (betweer2 2AM and 3.4 uM) and high substrate
concentration (E2 = 32 uM) had to be used becaftigbeolow sensitivity of the assay. As the
inhibitor concentration studied was in the sameyeaas the enzyme concentration used, no classical
kinetic analysis could be applied for the determareof K; [35,36]. The data were analyzed using the
guadratic Morrison equation for tight binding initdos [37].

Briefly, to a mixture of NAD (1.2 mM) and E2 (32 uM) in 100 mM phosphate buffet 8, the
potential inhibitor was added in DMSO (final DMSOncentration in assay: 1%) and the enzymatic
reaction was started by addition of the purifiedyane (1 mg/mL). The production of the fluorescent
NADH formed was measured continuously for 15 minaomecan Saphire 2. A linear relationship
between product formation and reaction time wagiobtl and the slope of the progress curves was
calculated by linear regression. THevalues were calculated by means of the Morrisamagon
using the procedure detailed by Copeland [22] &vipusly described [6]. The fitting and data

analysis were performed using GraphPad Prism 7.

2.3 Inhibition of 17p-HSD1 and 17p-HSD2

178-HSD1 and 1B-HSD2 were partially purified from human placentec@ding to previously
described procedures [27, 36]. For th@-HSD1 inhibition assay the cytosolic fraction wasubated
with [NADH] = 500 uM, and the potential inhibitoras added in DMSO (final concentration in
assay: 1 pM, final DMSO concentration: 1%) at 37iiG phosphate buffer (50 mM, pH 7.4). The
enzymatic reaction was started by addition of #micactive [2,4,6,7H]-E1 in a mixture with the
unlabeled substrate E1 (final concentration: 500 aMl stopped with Hgghfter 10 min. Separation
and quantification of the extracted radioactiveraitks were performed by HPLC coupled to a
radioflow detector. The PBFHSD2 inhibition assay was performed similarly ibating the
microsomal fraction in the presence of [NAE 1500 uM and [2,4,6,7H]-E2 in a mixture with the
unlabeled substrate E2 (final concentration: 500.nM
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2.4 Cloning and Expression of recombinant human 17p-HSD10

The full length coding DNA sequence of humanp-HSD10 (according to data base entry
NM_004493.2 without the start codon ATG) was anigdiffrom HelLa cDNA using the forward
primer 5-TTTGGATCCGCAGCAGCGTGTCGGAGCG-3" and the everse primer 5'-
TTTGAGCTCAAGGCTGCATACGAATGGC-3' and cloned into a adified pGex vector
(constructed from pGex-2T (Qiagen) by Leendsral. [39]). Sequence correctness was verified by
Sanger sequencinly-terminally GST-tagged BFHSD10 enzyme was expressedinoli BL21 DE3

Codon Plus RP (Stratagene).

2.5 Inhibition of 17p-HSD10

A suspension of the bacterial pellet in 100 mM piage buffer pH 7.7 was incubated with [&H-

E2 (final concentration: 25 nM) in presence of plogential inhibitor in DMSO (final concentration in
assay: 1uM, final DMSO concentration: 1%) at 37F@e enzymatic reaction was started by addition
of NAD" (0.75 mM) and stopped by means of 0.21 M ascabid in a methanol/acetic acid mixture
(99:1, viv) after an incubation time of 30 min. Strate and product were extracted from the reaction
mixture by SPE (Strata C18-E columns from Phenomene a vacuum device). Separation and
guantification of the radioactive labeled steroikre performed with HPLC (Luna 5um C18(2), 125
x 4.00 mm from Phenomenex, with an acetonitrileavanixture (43:57, v/v), flow rate 1 mL/min).
Substrate conversion is given in % as calculatest aftegration of the product and substrate peaks.
Inhibition was calculated based on conversion withmtential inhibitor (DMSO only) which was set

to 0% inhibition.

2.6 Solubility

The solubility range of most of the compounds watenined by mixing a solution of the studied
inhibitors in DMSO at several concentrations in h@ phosphate buffer at pH 7.4 (final DMSO
concentration: 2%) and visually assessing the pitation status at different time points (0, 1,ritla
24 h).
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2.7 Reporter Gene Assay in U20S-ERa Cells

The assay was performed in U20SeE€ells, a generous gift from Dr. Monroe [29] asviwasly
described [30,31]. The cells were pre-cultured IMBEM/F12 medium containing 10% fetal calf
serum (FCS) and 250 pg/mL zeocin and 2.5 pg/mLtiblds. Experiments were performed with
DMEM/F12 medium containing 5% dextran coated chalr¢®CC) stripped FCS and, 100 ng/mL
doxycycline for ER expression. U20S-ERcells at a density of 8000 cells per well (24-well plate)
were transfected with Odlg of the (ERE}tk-Luc reporter plasmid using Attractene Trandfect
Reagent (ATR, Qiagen). Cells were treated 24 hr éftasfection with the test compounds. All test
compounds were dissolved in DMSO and added in athatythe DMSO concentration in the test did
not exceed 0%. As controls, cells were treated either with%.DMSO (negative control) or FM

E2 (positive control). Cells were harvested 24thrafeatment; luciferase activity was measuredh wit
a commercial kit (Promega, Mannheim, Germany) andl fprotein content was measured using a
bicinchoninic acid (BCA) protein assay. Luciferasgivity was calculated in relative luciferase anit
(RLU) per mg of protein. Experiments were conductbdee times with technical triplicates.
Statistical analysis was performed using a pairest. A probability of < 0.05 was defined as

significant. < 0.05, **p < 0.01, compared to the solvent control.

2.8 Cytotoxicity Assay

Potential cytotoxicity of inhibitor4, 13, 14, and16 toward HEK293 cells was determined by an MTT
assay [33] as previously described [38]. The cekse seeded into 96-well plates overnight at a
1 x 10 cells/well density. Series of inhibitor concenwas (from 0 to 10Q:M) were added to the
wells and incubated for 72 h, at 37 °C under 5%.0@e cell viability was subsequent evaluated by

the MTT colorimetric assay.

3. Crystallography: Co-Crystallization of the Protein with I nhibitors
The co-crystallization of J#HSD14 in complex with the cofactor NARnd the different classes of
inhibitors was performed following the already désed and optimized protocols [3,6].
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The final inhibitor concentration of 4 mM was inated with the protein solution (9.5 mg/mL)
containing 0.6 mM NAD and 5% DMSO for 30 min. The mixture was then drged at 10,00Q

for 20 min in order to separate the precipitanteAfiards, 2 UL of the supernatant was mixed with
2 uL of mother liquor composed of 0.1 M HEPES, 2084v) PEG6000 and 5% (v/v) DMSO,
adjusted to pH 7.0. Crystals of sufficient quafity data collection were grown at a temperature of
18 °C for 10 days and then exposed for a few sectmd cryo buffer obtained by the combination of
mother liquor with the addition of glucose (20% )vAnd of the respective inhibitors (4 mM final
concentration). Finally, the specimens were sudeglgsflash-frozen in liquid nitrogen. Diffraction
data have been collected on BL14.1 at the BES®¥ettron storage ring operated by the Helmholtz-
Zentrum Berlin [41]. Data collection, processinglatructure determination details can be found in

the supporting information (Table S2A and S2B).

4. MOE Models

The inhibitors9, 12, 14, 15 and17 were modeled inside the crystal structure (PDBec&il7Y[3]) by
removing the parent ligantl and minimized with MOE [42]. During minimizatiothe AMBER12
force field was applied. The heavy atoms of thetginoand the 3-OH group at the C ring of the
inhibitors were fixed to maintain the direct intetian with Tyr154 resulting in the most prominent
binding mode observed for the inhibitors descrilfed 173-HSD14. In order to give the ligand
sufficient freedom to move, the residues His93,188 and Met199 were also allowed to move

unrestricted during minimization.

ASSOCIATED CONTENT
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5-androstenef8173-diol; E1, estrone; ER, estrogen receptor; SARucstire activity

relationship; PPPM, phenyl(6-phenyl)pyridin-2-yl tm@none; DHEA, dehydroepiandrosterone,

lithium hexamethyldisilazane, LHMDS; dichlorometkeaCM; H-bond, hydrogen bond.
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Highlights

* Novd highly potent 178-HSD14 inhibitors as promising chemical probes
* Binding modes of inhibitors elucidated with X-ray crystallography
* New and unexpected binding mode of one inhibitor discovered



