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Abstract 

17β-HSD14 belongs to the SDR family and oxidizes the hydroxyl group at position 17 of estradiol and 

5-androstenediol using NAD+ as cofactor. The goal of this study was to identify and optimize 17β-

HSD14 nonsteroidal inhibitors as well as to disclose their structure-activity relationship. In a first 

screen, a library of 17β-HSD1 and 17β-HSD2 inhibitors, selected with respect to scaffold diversity, 

was tested for 17β-HSD14 inhibition. The most interesting hit was taken as starting point for chemical 

modification applying a ligand-based approach. The designed compounds were synthesized and tested 

for 17β-HSD14 inhibitory activity. The two best inhibitors identified in this study have a very high 

affinity to the enzyme with a Ki equal to 7 nM. The strong affinity of these inhibitors to the enzyme 

active site could be explained by crystallographic structure analysis, which highlighted the role of an 

extended H-bonding network in the stabilization process. The selectivity of the most potent 

compounds with respect to 17β-HSD1 and 17β-HSD2 is also addressed.  
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Introduction 

Human 17β-hydroxysteroid dehydrogenase type 14 (17β-HSD14), also called DHRS10 and retSDR3, 

is an oxido-reductase belonging to the SDR (Short-chain Dehydrogenase-Reductase) family.1,2 In 

vitro, the enzyme oxidizes the hydroxyl group at position 17 of estradiol (E2) and 5-androsten-3β,17β-

diol (5-diol) in presence of the cofactor NAD+, however, in vivo, its natural substrate is still unknown. 

While Sivik et al.3 described a broad distribution pattern of 17β-HSD14 across various tissues based 

on immunohistochemistry studies, Northern blotting experiments showed that the enzyme is 

predominantly expressed in the brain, liver and placenta2 as well as in the kidney.4 Furthermore, 

immunofluorescence studies revealed cytosolic localization.2 

In order to understand the function of 17β-HSD14, the enzyme needs to be further characterized. 

Inhibitors are useful chemical tools, which can be used not only to characterize the binding site of an 

enzyme but also to get insight into the physiological role of the latter upon in vivo administration. 

With the exception of compound 1, which we recently presented,5 no inhibitor has been reported for 

this enzyme. 

The crystal structure of the human 17β-HSD14 has been determined recently as the holo protein (PDB 

ID: 5JS6 and 5JSF) and as the ternary complex with the nonsteroidal inhibitor 1 (PDB ID: 5ICM). 

17β-HSD14 is a tetramer.5 The binding cavity was shown to be rather lipophilic with a conical shape. 

The substrate active site is narrow in the vicinity of the catalytic triad and is solvent exposed at the 

other end. Tyr253’ from the C-terminal chain of the adjacent unit in the tetramer reduces the size of 

the active site. 

Up to now 14 different 17β-HSD subtypes have been reported.6 17β-HSD1 and 17β-HSD2, the two 

best characterized subtypes, predominantly catalyze the oxidation and reduction of estrogens and 

androgens. Inhibitors of these two enzymes have already been reported.7–20 While 17β-HSD1 is a 

cytosolic enzyme and shows a reductive activity in vivo (activation of estrogens), 17β-HSD2 is 

membrane-bound and catalyzes the oxidation of estrogens and androgens to their less potent analogues 

similarly to 17β-HSD14. However, 17β-HSD2 and 17β-HSD14 differ in their tissue distribution 

pattern since in contrary to 17β-HSD14, 17β-HSD2 is not present in the human brain temporal lobe.21 
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The presence of 17β-HSD14 in the brain might indicate that this enzyme is involved in the regulation 

of active estrogens and androgens in this organ.2 

The goal of this work was to identify 17β-HSD14 nonsteroidal inhibitors and to optimize their 

structures, which led to highly active compounds. The inhibitor optimization was performed following 

a ligand-based approach. The synthesis and biological evaluation of highly active compounds with a 

nonsteroidal scaffold together with four new crystal structures of the ternary complexes are reported. 

Analysis of the crystal structures of the ternary complexes revealed the location of the inhibitor 

binding sites as well as the resulting protein-inhibitor interactions and a complex pattern of hydrogen 

bonds (H-bonds) contributing to the strong affinity of these compounds to the enzyme. The 

physicochemical properties of the new inhibitors as well as selectivity considerations were also 

addressed. 

 

RESULTS  

Design of 17β-HSD14 inhibitor candidates  

Although 17β-HSDs belong to the same superfamily they share a low overall sequence identity. 

Nonetheless, considering the fact that 17β-HSD1 and 17β-HSD2 catalyze the same reaction as 

17β-HSD14, the substrate binding site of the three enzymes should exhibit a high structural similarity. 

Based on this idea, it was assumed that some inhibitors developed for 17β-HSD1 and 17β-HSD2 

should also bind to 17β-HSD14 and that a common scaffold could be used as starting point, to 

optimize them for 17β-HSD14 binding. In a first screen, a small library of 34 17β-HSD1 and 17β-

HSD2 inhibitors, chosen on the basis of structural diversity (Figure 1), was tested for 17β-HSD14 

inhibitory activity using a radioactive displacement assay. This assay was performed with the 

recombinantly expressed enzyme in a bacterial suspension since the pure protein was not available at 

that time. Thereby sets of active and inactive compounds were identified. 
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Figure 1: Scaffold of inhibitors from a 17β-HSD1 and 17β-HSD2 library tested for 17β-HSD14 

inhibitory activity.  
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While the series of tested naphthalenes A and thiophene amides B contained mostly inactive 

compounds, the dihydroxyphenylbenzenes C, -thiophenes and -thiazoles D showed examples of low to 

moderate inhibitory activity against 17β-HSD14 (between 10% and 45% inhibition at 1 µM). In 

addition, some of the latter derivatives were also reported to possess very high potency for 17β-HSD1 

and/or 17β-HSD2 (IC50 in the low nM range), which might lead to difficulties achieving high 

selectivity for 17β-HSD14. These parent scaffolds were therefore not considered for further 

optimization. Some members of the pyridine ketone class E also showed remarkable inhibitory 

activity for 17β-HSD14, paralleled by rather low or moderate activity against 17β-HSD1 (Table 1, 

compound 2), which rendered this class as promising scaffold for further investigations. They were 

therefore chosen as a starting point for the development of new 17β-HSD14 inhibitors. 
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Table 1: Most interesting compounds identified in a first screen. 

Cmpd Structure 

Inhibition of  

17β-HSD14 

% Inh. @ 1 µMa 

Inhibition of  

17β-HSD1 

IC50 (µM)b 

Inhibition of  

17β-HSD2 

IC50 (µM)c 

2 B C

5

N
2

O

F

OH

OH

Me

A

 

62% 1.27  0.10  

3 B C

5

N
2

O

OH

OH

Me

A

 

0% 5.48  0.26 

4 B C

O

F

OH

OH

Me

A

 

19% 0.29 0.04  

5 
B C

OH

Me

6

N
2

O

OH
A

 

32% 19.65 0.26 

a Recombinant 17β-HSD14 enzyme, bacterial suspension, substrate [3H]-E2 [18.3 nM], NAD+ [7.5 mM], mean value of 3 

determinations; standard deviation < 10 %.  

b Placental 17β-HSD1 enzyme, cytosolic fraction, substrate [3H]-E1 + E1 [500 nM], NADH [0.5 mM], mean value of at least 

3 determinations; standard deviation < 20 %. 

c Placental 17β-HSD2 enzyme, microsomal fraction, substrate [3H]-E2 + E2 [500 nM], NAD+ [1.5 mM], mean value of at 

least 3 determinations; standard deviation < 20 %. 

 

The most interesting hits identified in the preliminary screen are listed in Table 1. The compounds can 

be categorized into 2,5- (2, 3) and 2,6-substituted (5) pyridine ketones and the 1,4-substituted phenyl 

(4). In the 2,5-compound class, 2 and 3 (62% inhibition at 1 µM vs 0%) differ by the presence/absence 

of a fluorine atom in ortho position to the OH group of the C-ring, suggesting the importance of this 

atom for inhibitory activity. Furthermore, comparison of 2 with 4 (62% inhibition at 1 µM vs 19%) 
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shows that the pyridine core B is more potent than the phenyl analog, pointing toward the importance 

of the nitrogen atom in the B-ring for activity. Concerning the 2,6-compound class, comparison of 5 

with 2,5-substituted 3 (32% inhibition at 1 µM vs 0%) shows that moving the A-ring from 5- to 6-

position leads to a gain in activity. 

Furthermore, considering the selectivity aspect, the poor inhibitory activity of the 2,6-substituted 5 

toward 17β-HSD1 (IC50= 19.65 µM), compared to the 2,5-substituted analog 3 (IC50= 5.48 µM) 

suggests that the 2,6-substitution pattern might improve selectivity for 17β-HSD14 over 17β-HSD1. 

Selectivity against 17β-HSD2 does not become obvious with the set of studied test compounds. 

Consequently, the 2,6-pyridine ketone class was selected for optimization and the derivatives, with 

modification at the A-ring as well as at the C-ring by substituents with different properties were 

synthesized. Special attention was paid to the physicochemical properties of the designed compounds 

in order to focus on compounds which should have a promising bioavailability profile according to the 

Veber rules22 and the Lipinski rules of 5.23   

 

Chemistry 

The synthesis of compounds 1, 6, 8, 9, 11-23, 25, 29 and 33 was achieved in four steps starting from 

the dibromopyridine derivatives 1d and 33d and analogous benzene 29d, respectively (Scheme 1). 

Lithiation with n-butyl lithium24 and nucleophilic addition to the appropriate aldehyde provided the 

alcohol intermediates 1c, 11c-15c, 29c and 33c. For the synthesis of compound 23 (Scheme 1), 

arylbromide 23e was used to prepare the corresponding Grignard reagent. Nucleophilic addition to the 

carbaldehyde 23d afforded the alcohol intermediate 23c. Oxidation with 2-iodoxybenzoic acid resulted 

in the corresponding ketones 1b, 11b-15b, 23b, 29b and 33b. Subsequently, Suzuki couplings25 with 

different arylboronic acids afforded compounds 1a, 6a, 8a, 9a, 11a-23a, 25a, 29a and 33a using either 

standard conditions (Cs2CO3, 80 °C, overnight) or microwave irradiations (Na2CO3, 150 °C, 60 min, 

150 W). Cleavage of the methoxy groups with boron tribromide gave the final compounds 1, 6, 8, 9, 

11-23, 25, 29 and 33.  
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Scheme 1. Synthesis of compounds 1, 6, 8, 9, 11-23, 25, 29 and 33. 
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1b, 11b-15b, 23b, 29b, 33b 
  

a c

f

Cmpd   RAr    X R1 R2  R3 OH-Pos
  
1  6-(3,4-dihydroxyphenyl)  N H 4-F H      3  
6  6-(4-hydroxy-3-methylphenyl)  N H 4-F H      3  
8  6-(3-fluoro-4-hydroxyphenyl)  N H 4-F H      3  
9  6-(2-fluoro-3-hydroxyphenyl)  N H 4-F H      3  
11  6-(2-fluoro-3-hydroxyphenyl)  N H 2-F 4-F      3  
12  6-(2-fluoro-3-hydroxyphenyl)  N H 2-OH H      3  
13  6-(2-fluoro-3-hydroxyphenyl)  N H H H      2  
14  6-(2-fluoro-3-hydroxyphenyl)  N H 3-OH 4-OH      2  
15  6-(2-fluoro-3-hydroxyphenyl)  N H 3-OH 6-OH      2  
16  6-phenyl     N H 4-F H      3   
17  6-(3-N,N-dimethylamino)-phenyl) N H 4-F H      3  
18  6-(3-hydroxyphenyl)   N H 4-F H      3  
19  6-(3-hydroxyphenyl)   N H 2-OH H      3  
20  6-(3-hydroxy-4-methylphenyl)  N H 4-F H      3  
21  6-(4-fluorophenyl)   N H 4-F H      3  
22  6-(3-chloro-4-fluorophenyl)  N H 4-F H      3  
23  5-(3-fluoro-4-hydroxyphenyl)  N H 4-F H      3  
25  6-(thiophen-3-yl)    N H 4-F H      3  
29  3-(2-fluoro-3-hydroxyphenyl)  CH H 2-OH H      3  
33          6-(2-fluoro-3-hydroxyphenyl)  N   CH2OH 4-F H      3  

 

Reagents and conditions: a) n-BuLi, anhydrous THF, -80 °C to room temperature, 1 h; b) Mg, 

anhydrous THF, 60 °C, 2 h, 80 °C, 5 h; c) 2-iodoxybenzoic acid, anhydrous THF, 60 °C, 2-4 h; d) 

Cs2CO3, Pd(PPh3)4, RArB(OH)2, DME/water (2:1), 80 °C, overnight, for compounds 1a, 6a, 8a, 9a, 

12a-15a, 17a-20a, 22a, 23a, 25a, 29a and 33a; e) Na2CO3, Pd(PPh3)4, RArB(OH)2, DME/water (2:1), 

microwave irradiation (60 min, 150 W, 150 °C), for compounds 11a, 16a and 21a; f), BBr3, 

CH2Cl2, -80 °C to room temperature, overnight.  
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The precursor 33d was prepared starting from citrazinic acid, which was first brominated with 

commercial phosphorus oxybromide and then reacted with methanol. Reduction of the formed ester 26 

and protection of the primary alcohol 33e with TBSCl afforded compound 33d (Scheme 2).  

 

Scheme 2. Synthesis of precursor 33d. 

N

OH

Br Br N

OTBS

Br Br

33d

N

OH

OH OH

O

33e

ca,b

 

Reagents and conditions: a) i) POBr3, 130 °C, 0.5 h, 150 °C, 1.5 h, ii) MeOH, room temperature, 

overnight; b) NaBH4, EtOH, 85 °C, 3 h; c) TBSCl, imidazole, DMF, room temperature, 18 h. 

 

The synthesis of the pyridine N-oxide 30 was achieved in four steps starting from the previously 

described alcohol intermediate 12c. The Suzuki coupling reaction with 2-fluoro-3-

methoxyphenylboronic acid under standard condition afforded compound 30c. Oxidation into the 

pyridine N-oxide 30b was performed by means of meta-chloroperoxybenzoic acid and further 

oxidation with 2-iodoxybenzoic acid resulting in ketone 30a. Cleavage of the methoxy groups with 

boron trifluoride dimethylsulfide complex afforded the final pyridine N-oxide 30 (Scheme 3).  
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Scheme 3. Synthesis of N-oxide 30. 
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Reagents and conditions: a) Cs2CO3, Pd(PPh3)4, 2-fluoro-3-methoxyphenylboronic acid, DME/water 

(2:1), 80 °C, overnight; b) m-CPBA (77%), CH2Cl2, 0 °C to room temperature, overnight; c) 

2-iodoxybenzoic acid, anhydrous THF, 60 °C, 2 h; d) BF3·SMe2, CH2Cl2, room temperature, 

overnight.  

 

The synthesis of compound 24, lacking the A-ring, was performed by coupling of the pyridine 

carbaldehyde 24c with the arylbromide 23e followed by the oxidation to ketone 24a as previously 

described (Scheme 4). The synthesis of compounds 26 and 27 was realized by amination of 1b with 

different nonaromatic N-heterocycles following the procedure described by Bollinger et al.27 to obtain 

compounds 26a and 27a. Compound 28, with the A-ring linked via an ether bridge to the pyridine 

moiety, was synthesized by reacting the 6-bromopyridine derivative 1b in a copper-catalyzed 

O-arylation using picolinic acid as ligand,28 resulting in compound 28a. All methoxy groups were 

cleaved with boron tribromide to provide compounds 24 and 26-28 (Scheme 4). 
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Scheme 4. Synthesis of compounds 24 and 26-28. 
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O
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24 R = H
26 R = piperidin-1-yl
27 R = 4-methylpiperazin-1-yl
28 R = O-Ph  

Reagents and conditions: a) Mg, anhydrous THF, 60 °C, 2 h, 80 °C, 5 h; b) 2-iodoxybenzoic acid, 

anhydrous THF, 60 °C, 3-4 h; c) N-heterocycles , K3PO4, 1,4-dioxane, 100 °C, 2-4 d, for compounds 

26a and 27a; d) Cu(I)I, picolinic acid, K3PO4, DMSO, 80 °C, 3 d, for compound 28a; e) BBr3, 

CH2Cl2, -80 °C to room temperature, overnight. 

 

The synthesis of the trisubstituted C-ring derivative 10 was achieved in four steps starting from the 6-

bromopyridine-2-carbaldehyde 10d (Scheme 5). Suzuki coupling with 2-fluoro-3-

methoxyphenylboronic acid afforded the 6-substitued carbaldehyde 10c. Nucleophilic addition of the 

in situ formed Grignard reagent of arylbromide 10e, oxidation of the formed alcohol with 2-

iodoxybenzoic acid and cleavage of the methoxy groups with boron tribromide resulted in the desired 

compound 10.  

The arylbromide 10e was obtained following a three-step procedure starting from 2-bromo-5-

fluorophenol 10h. First, a modified Casiraghi-formylation reaction using paraformaldehyde in the 

presence of magnesium chloride and triethylamine gave the intermediate 10g.29 Subsequent Dakin 

reaction with hydrogen peroxide and sodium hydroxide30 followed by protection of the formed 

dihydroxy compound 10f with methyliodide afforded compound 10e.  
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The synthesis of trisubstituted pyridines 31 and 32 was achieved in seven and eight steps, respectively, 

starting from compound 10d (Scheme 5). Protection of the aldehyde group with trimethyl 

orthoformate gave the 2-dimethoxy derivative 31f. Iodination with lithium diisopropylamide and 

iodine31 afforded the 5-iodo-6-bromo derivative 31e in moderate yield. For compound 31, subsequent 

Suzuki coupling with 2.4 equivalents of 4-methoxy-3-methylphenylboronic acid provided the 5,6-

bisubstituted pyridine 31d. The reaction with 2-fluoro-3-methoxyphenylboronic acid resulted, under 

the same conditions, selectively in the mono-coupled derivative 32e, still brominated in 6-position. 

Further, a second Suzuki coupling with 4-methoxy-3-methylphenylboronic acid performed on 32e 

yielded the asymmetric pyridine 32d. Both, 31d and 32d were deprotected with acetic acid to form the 

aldehydes 31c and 32c. For 31, a nucleophilic reaction with the in situ formed Grignard reagent of 

compound 23e resulted in the alcohol intermediate 31b. For 32 the corresponding alcohol 32b was 

obtained after lithiation of arylbromide 23e with butyl lithium and subsequent nucleophilic reaction. 

Oxidation with 2-iodoxybenzoic acid and ether cleavage with boron tribromide gave the final 

compounds 31 and 32. 
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Scheme 5. Synthesis of compounds 10, 31 and 32. 

NBr

O

h

NBr

OMe

OMe
j

c,d

N

O

OH

F

OH

R2

R1

a

a

N

O
F

OMe

Br

F

OMe

OMe

N

O
F

OH

OH

OH

F

Br

F

OH

R

10

10c

b,c,d

g
+

10e

10d

31  R1 = 4-OH, R2 = 3-Me

32 R1 = 3-OH, R2 = 2-F

31f      

10h   R = H
10g   R = CHO
10f    R = OH    

e
f

N R3

OH

R2

R1

31d  R1 = 4-OMe, R2 = 3-Me, R3 = CH(OMe)2

31c  R1 = 4-OMe, R2 = 3-Me, R3 = CHO

32d  R1 = 3-OMe, R2 = 2-F, R3 = CH(OMe)2

32c  R1 = 3-OMe, R2 = 2-F, R3 = CHO

N

OMe

OMe
Br

F

OMe

32ea

NBr

OMe

OMe

I

31e     

N

OH

OMe

F

OH

R2

R1

31b  R1 = 4-OMe, R2 = 3-Me

32b  R1 = 3-OMe, R2 = 2-F

b (for 31b), 
m (for 32b)

k

k

a

 

Reagents and conditions: a) Cs2CO3, Pd(PPh3)4, RArB(OH)2, DME/water (2:1), 80 °C, overnight; b) 

Mg, anhydrous THF, 60 °C, 2 h, 80 °C, 5 h; c) 2-iodoxybenzoic acid, anhydrous THF, 60 °C, 3-4 h; d) 

BBr3, CH2Cl2, -80 °C to room temperature, overnight; e) (CHO)n, MgCl2, Et3N, anhydrous THF, 

80 °C, 5 h; f) 1 M NaOH, H2O2, THF, room temperature, 4 h; g) MeI, K2CO3, DMF, room 

temperature, overnight; h) HC(OMe)3, p-TsOH, anhydrous MeOH, reflux, 4 h; j) LDA, anhydrous 

THF -80 °C, 3 h, I2, anhydrous THF, -80 °C to room temperature; k) acetic acid/water (2:3), reflux, 

2 h; m) n-BuLi, anhydrous THF, -80 °C to room temperature, 1 h. 
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Calculation of physicochemical parameters 

For each synthesized compound, the molecular weight (MW) was calculated to be in the range of 300 

to 400 g/mol, aside from the trisubstituted compounds 31-33 with a slightly higher MW. The log P 

was calculated in silico (using Molinspiration32) and turned out to be below 5 except for 31-33. The 

total polar surface area (TPSA), the number of rotational bonds as well as the number of H-bond 

donors and acceptors fulfill the Veber rules22 and the Lipinski rules of 5.23 In addition, considering the 

potential role of the enzyme in the brain, the capability of the inhibitors to cross the BBB should also 

be taken into account. The physicochemical properties to be met by compounds showing a good BBB 

penetration are described by Pajouhesh and Lenz.33 These criteria are matched for most of the 

synthesized compounds especially for 17 and 28 as examples. The solubility range of most of the 

compounds was also determined by mixing several concentrations of the studied inhibitors in 100 mM 

phosphate buffer at pH 7.4 and analyzing its precipitation status at different time points (0, 1, 2 and 

24 h). A table summarizing the physicochemical parameters can be found in the Supporting 

Information (Table S3). The pKa values of the OH groups at the A- and at the C-ring were determined 

in silico for all compounds (using Marvin Sketch), showing that the introduction of a fluorine group in 

ortho position to a OH group decreases the pKa value by about one unit (e.g. pKa OH/C-ring: 7.8 for 

8, 8.8 for 7). 

 

Biological evaluation 

Inhibition of 17β-HSD14 determined with a fluorimetric assay 

A fluorimetric assay, quantifying the NADH fluorescence built up during the catalytic reaction, was 

used to evaluate the inhibitory activity of the synthesized compounds. In the assay, the purified 

recombinantly expressed human enzyme, E2 as substrate, NAD+ as cofactor, and the inhibitor were 

used as already reported.5 Due to the low sensitivity of the assay, a high enzyme concentration 

(between 3.0 µM and 3.5 µM) and a high concentration of substrate E2 (32 µM) was necessary. The 

results are expressed as percent of inhibition measured at an inhibitor concentration of 2 µM. The 

inhibition constant Ki was experimentally determined using an inhibitor concentration ranging from 
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2.6 µM to 100 µM or 260 nM to 10 µM, depending on the inhibitor potency. As the inhibitor and 

protein concentrations were in the same range, no classical kinetic analysis could be applied.34,35 The 

results were analyzed applying the quadratic Morrison equation for tight binding (see Supporting 

Information).36 When the inhibitor was not sufficiently soluble at the required concentration, no Ki 

could be determined and the results were expressed as percent inhibition at the highest soluble 

concentration of the inhibitor. The results are shown in Tables 2-5. Compounds showing less than 10% 

inhibition at a concentration of 100 µM were considered to be inactive.  

Aggregation 

It was verified that the compounds did not aggregate or induce aggregation of the protein by testing 

the compounds with and without detergent (0.5% v/v Tween 20). No significant changes in the 

inhibitor activity could be noticed at the different conditions. 

17β-HSD14 inhibitory activity 

Starting from the hit pyridine ketone 5, modifications were undertaken at the C-ring and A-ring by 

introduction of different substituents (R, R’, Chart 1). These substituents were selected to represent 

different electronic properties: electron donating or electron withdrawing, H-bond donor, H-bond 

acceptor, lipophilic and hydrophilic. Changes were also performed at the central B-ring by 

replacement of the nitrogen by a carbon or a N-oxide moiety. An additional phenyl ring (D) with 

various substituents (R’’) were introduced in 5-position as well as a hydroxymethyl group (R’’’) in 

4-position leading to trisubstituted derivatives.   

Chart 1: Modifications undertaken on the hit compound 5. 

A

B C

R´´

2

4

X

5

6

O
R´

R

R´´´
D

2

N
6

O

OH

Me

OH

5

A

B C

 

  

Page 14 of 82

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15 
 

Substituent variations on the C-ring 

In the first inhibitor screen it could be shown, that in the 2,5-pyridine class (Table 1) the addition of a 

fluorine atom in ortho position to the hydroxyl group at the C-ring (2 compared to 3) resulted in a 

notable increase in potency of the inhibitor. The analogous fluorinated compound 6 (2,6-substituted 

pyridine) was therefore synthesized and proved to bind 10 times more potent than the reference 

compound 5 (Ki = 245 nM for 6 vs 26 nM for 5, Table 2). The affinity enhancement caused by the 4-F 

substituent at the C-ring could also be observed using another substitution pattern at the A-ring: 3-F/4-

OH (Ki = 467 nM for 7 vs 36 nM for 8, Table 2). 

The influence of the substituent pattern used for the C-ring was subsequently studied in more detail 

with compounds containing a 2-F/3-OH phenyl A-ring motif (compounds 9-15, Table 2). Addition of 

a 2-OH or a 2-F to the 3-OH/4-F at the C-ring resulted in equipotent compounds (Ki= 13 nM; 11 nM 

and 9 nM, respectively for 9, 10 and 11). Replacing the 3-OH/4-F at the C-ring (9) by a 2-OH/3-OH 

motif (12; Ki= 64 nM) led to a slight decrease in affinity. Addition of a 4-OH group (14, K i= 405 nM) 

or of a 6-OH group at the C-ring (15, Ki= 796 nM) resulted in a strong decrease in activity. 

The presence of the 3-OMe group at the C-ring (16a, inactive at a concentration of 100 µM) was 

detrimental for the inhibitory activity compared to the 3-OH analogue (16, K i= 63 nM).  
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Table 2: 17β-HSD14 inhibitory activity and binding constant (Ki) of 2,6-pyridine derivatives with 

different substituents at the C-ring  

2

N
6

O
2

3

4

2

3

4

R2

R1

R4

R5

R3

5-16

A

B C

 

Compound R1 R2 R3 R4 R5 

17β-HSD14  

% inhibition 

@ 2 µMa 

K i (nM)a 

5 3-Me 4-OH H 3-OH H 34 245±21 

6 3-Me 4-OH H 3-OH 4-F 60 26±3 

7 3-F 4-OH H 3-OH H 16 467±91 

8 3-F 4-OH H 3-OH 4-F 67 36±5 

9 2-F 3-OH H 3-OH 4-F 72 13±5 

10 2-F 3-OH 2-OH 3-OH 4-F 76 11±3 

11 2-F 3-OH 2-F 3-OH 4-F 72 9±3 

12 2-F 3-OH 2-OH 3-OH H 65 64±4 

13 2-F 3-OH 2-OH H H 66 135±2 

14 2-F 3-OH 2-OH 3-OH 4-OH 25 405±177 

15 2-F 3-OH 2-OH 3-OH 6-OH 11 796±122 

        

16a H H H 3-OMe 4-F ni nd 

16 H H H 3-OH 4-F 57 63±3 

a Recombinantly expressed purified 17β-HSD14 enzyme, fluorimetric assay, substrate E2 [32 µM], NAD+ [1.2 

mM], 25°C, mean value of at least two independent experiments each with three technical repeats; ni: no inhibition 

(<10% inhibition at 100 µM), nd: not determined.  
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Substituent variations on the A-ring 

2,6-Pyridine derivatives containing the C-ring motif (3-OH/4-F or 2-OH/3-OH) were synthesized with 

different substituents at varying positions of the A-ring (Table 3).  

Compounds with one substituent in the 3- or 4-position (17: 3-NMe2, Ki= 7 nM; 18: 3-OH, Ki= 7 nM; 

19: 3-OH, Ki= 44 nM and 21: 4-F, Ki= 221 nM) showed that their substitution with a polar moiety at 

3-position (17, 18, 19) led to stronger binding compared to the one with a lipophilic group at 4-

position (21). This effect is confirmed in case the A-ring is disubstituted (22) with the 3-Cl and 4-F 

substituents, which led to a compound with a similar binding constant as the mono 4-F derivative 21 

(K i= 190 nM and 221 nM for 22 and 21, respectively). These lipophilic groups exerted a detrimental 

effect on the binding affinity, which was lower compared to the unsubstituted phenyl (16, Ki= 63 nM). 

The compounds with two substituents in 2/3- or in 3/4-positions of the A-ring (1: 3-OH/4-OH, Ki= 7 

nM; 6: 3-Me/4-OH, Ki= 26 nM; 8: 3-F/4-OH, Ki= 36 nM; 9: 2-F/3-OH, Ki= 13 nM) had similar 

binding constants with the exception of 20 (3-OH/4-Me, Ki= 47 nM) with a slightly decreased affinity. 

No significant difference in activity could be observed between mono- and disubstituted compounds at 

the A-ring as long as a 3-OH or a 4-OH moiety was present. In summary, the best affinities were 

achieved in the presence of a 3-OH or a 3-NMe2 moiety at the A-ring. 

In the 2,5-pyridine class, the affinity of 23 (Ki= 17 nM) with a 3-F/4-OH substitution pattern at the A-

ring was similar to that of compound 2 (Ki= 24 nM) with a 3-Me/4-OH substitution pattern at the A-

ring and fell into the same range of compounds in the 2,6-class. Furthermore the methoxy derivative 

23a was less active compared to the hydroxylated analogue 23 as similarly observed for compound 

16a. 
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Table 3: 17β-HSD14 inhibitory activity and binding constant (Ki) of pyridine derivatives with 

different substituents at the A-ring 

2

N
6

O
2

3

4

2

3

4

R2

R1

R4

R3

1, 6, 8, 9, 12, 16-22

A

B C
B

A

2, 23a, 23

2

3

4

R4

R3

2

N

5

O

2

4

3

R2

R1

C

 

Compound 
Position 

A-ring 
R1 R2 R3 R4 

17β-HSD14  

% inhibition 

@ 2 µM a 

K i (nM)a 

1 6 3-OH 4-OH 3-OH 4-F 69 7±1 

2 5 3-Me 4-OH 3-OH 4-F 60 24±9 

6 6 3-Me 4-OH 3-OH 4-F 60 26±3 

8 6 3-F 4-OH 3-OH 4-F 67 36±5 

9 6 2-F 3-OH 3-OH 4-F 72 13±5 

12 6 2-F 3-OH 2-OH 3-OH 65 64±4 

16 6 H H 3-OH 4-F 57 63±3 

17 6 3-NMe2 H 3-OH 4-F 57 7±1 

18 6 3-OH H 3-OH 4-F 65 7±2 

19 6 H 3-OH 2-OH 3-OH 51 44±3 

20 6 3-OH 4-Me 3-OH 4-F 64 47±7 

21 6 H 4-F 3-OH 4-F 37 221±46 

22 6 3-Cl 4-F 3-OH 4-F 44 190±45 

23a 5 3-F 4-OMe 3-OMe 4-F 12 57%±6b 

23 5 3-F 4-OH 3-OH 4-F 61 17±5 

a 
Recombinantly expressed purified 17β-HSD14 enzyme, fluorimetric assay, substrate E2 [32 µM], NAD+ [1.2 

mM], 25°C mean value of at least two independent experiments each with three technical repeats; b% inhibition @ 

22,2 µM 
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Variation of the A-ring 

In order to investigate the role of the phenyl A-ring, pyridine derivatives lacking the A-ring (24) or 

derivatives decorated with different heterocycles in 6-position of the B-ring (25-28) were designed 

(Table 4). Comparison of compound 24 (K i= 1541 nM) with 16 (K i= 63 nM) showed a decrease in 

activity. The nonaromatic piperidine 26 (K i= 407 nM) was also a weaker binder, while the 4-

methylpiperazine 27 (K i= 190 nM) showed a similar inhibitory activity, both compared to 16. 

 

Table 4: 17β-HSD14 inhibitory activity and binding constant (Ki) of 2,6-pyridine derivatives with 

different substituents in 6-position of the pyridine ring (different A-rings) 

2

N
6

O

OH

F

R
B C

16, 24-28  

Compound R 

17β-HSD14 

% inhibition 

@ 2 µMa 

K i (nM)a 

16 phenyl 57 63±3 

24 H 13 1541±146 

25 thiophen-3-yl 50 97±28 

26 piperidin-1-yl 43 407±16 

27 4-methylpiperazin-1-yl 31 190±21 

28 -O-phenyl 55 50±0 

a Recombinantly expressed purified 17β-HSD14 enzyme, fluorimetric assay, substrate E2 [32 µM], NAD+ [1.2 

mM], 25°C mean value of at least two independent experiments each with three technical repeats 
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Variations on the B-ring 

In the design section it was reported that in the 2,5-pyridine class the central ring played a crucial role 

in affinity. This aspect was also investigated in the 2,6-class by the synthesis of the phenyl analogue 

29 and the corresponding N-oxide 30 (Table 5). Comparison of the biological data of these compounds 

with the pyridine analogue 12 (K i= 64 nM) showed that both, the phenyl derivative 29 (Ki= 21 nM) 

and the N-oxide derivative 30 (K i= 132 nM) had a similar affinity as the pyridine 12.  

 

Table 5: 17β-HSD14 inhibitory activity and binding constant (Ki) for compounds with different B-

rings 

2

X
6

O
F

OH

OH

OH

12, 29, 30

A

B C

 

Compound X 

17β-HSD14  

% inhibition 

@ 2 µMa 

K i (nM)a 

12 N 77 64±4  

29 C 60 21±2  

30 N+-O- 47 132±13  

a Recombinantly expressed purified 17β-HSD14 enzyme, fluorimetric assay, substrate E2 [32 µM], NAD+ [1.2 

mM], mean value of at least two independent experiments each with three technical repeats 

 

Trisubstituted pyridines 

Based on the hypothesis that the C-ring and the carbonyl group of both the 2,5- and 2,6-pyridines 

achieve the same interaction as a consequence of binding in the same area, the similarity in affinity of 

the 2,5-derivative 23 (Ki= 17 nM) and the 2,6-derivative 8 (Ki= 36 nM, Table 3) suggested that the 
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available space for binding the additional ring must be large, even tolerating an A-ring attached to the 

5- or 6-position. Trisubstituted pyridines combining substitutions at the 5- and 6-positions were 

therefore synthesized (31 and 32, Table 6). These trisubstituted compounds turned out to be equipotent 

(31, Ki= 9 nM; 32, Ki= 15 nM) with a similar affinity compared to the disubstituted derivatives 6 and 

23. 

Introducing a hydroxymethyl group at the 4-position of the B-ring led to a slight decrease in activity 

(33 Ki= 86 nM compared to 9 K i= 13 nM, Table 6).  

 

Table 6: 17β-HSD14 inhibitory activity and binding constant (Ki) of pyridine derivatives with an 

additional D-ring or a substituent in 4-position 

2

N

5

6

O

2

4

3

R2

R1

OH

F

Me

OH

31, 32

A

B C 2

4

N
6

O

OH

F

F

OH

OH

A

B C
D

33  

Compound R1 R2 

17β-HSD14 

% inhibition 

@ 2 µMa 

K i (nM)a 

6   60 26±3  

23   61 17±5  

31 3-Me 4-OH 71 9±4 

32 2-F 3-OH 63 15±4  

33 - - 47 86±7  

a Recombinantly expressed purified 17β-HSD14 enzyme, fluorimetric assay, substrate E2 [32 µM], NAD+ [1.2 

mM], mean value of at least two independent experiments each with three technical repeats 
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Pan Assay Interference Compounds37 

All the biologically evaluated compounds were tested in silico for nonspecific binding in order to 

identify false positives using the Pains-remover computer tool.38 From the compounds analyzed, seven 

did not pass the filter, including 10, 12, 14, 19, 20, 29, 30 suggested as nonspecific binders. They all 

share as common characteristic a catechol moiety. It is known that catechols can be toxic,39 however, 

the inhibitory data of these compounds are presented as they are useful to establish a better structure-

activity relationship comprehension. In case these compounds turn out to be highly interesting, further 

assays should be performed to characterize their toxicity. 

 

Crystal structures determination 

The inhibitors with the highest binding affinity were selected for crystal structure determination in 

order to get insight into their binding mode. Crystal structures could be obtained for four different 

inhibitors by co-crystallization of the protein in complex with cofactor and ligands (6, PDB ID: 5L7T; 

9, PDB ID: 5L7Y; 10, PDB ID: 5L7W; 12, PDB ID: 5EN4). The data collection, processing, and 

refinement statistics details are reported in the Supporting Information. The crystals were obtained by 

two different conditions, however, all crystal structures show the same tetragonal space group (I422) 

with only one monomer present in the asymmetric unit. The crystal structures disclosed, that the 

protein is a homotetramer, in accordance with a previous study.5 The structures obtained have a 

resolution ranging from 1.52 Å to 2.02 Å. The conformation of the protein in complex with inhibitor 1 

(PDB ID: 5ICM) has already been published5 and will not be the focus here. It will however be 

included in the structural comparison. 

 

Description of the inhibitor binding site 

The superimposition of all five ternary complexes reveals that binding of the different ligands does not 

induce conformational changes of the overall geometry of the protein (Figure 2), showing a mean 

RMSD of 0.15 ±0.04 Å between the alignment of the Cα atoms of the structures, as calculated with 
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COOT.40 The cofactor interacts with the Rossman fold region and experiences similar interactions as 

already observed for the 17β-HSD14 holo structure and in complex with inhibitor 1.5 The inhibitor 

binds into the substrate binding site, which is restricted by two α-helixes from the flexible loop (αFG1 

and αFG2, residues 189-212, in orange), a portion of the αF helix (containing the catalytic Tyr154, 

Lys158, in yellow), the short αEF helix (residue 142-146, in cyan), the segment that connects αE with 

βD (from Asn89 to Arg98, in green), and the C-terminal tail (in red, Figure 3). Furthermore, Tyr253’ 

from the adjacent monomer (in gray on the right hand side, Figure 3) is pointing toward the inhibitor 

binding site, reducing the volume of the active site cleft. The annotation of the different helices and β-

sheets follows the nomenclature described by Lukacik et al..2 The flexible loop is in a conformation 

that closes the binding pocket, reducing the size of the substrate binding site. Furthermore, the 

inhibitor binding site is predominantly hydrophobic, with two main hydrophilic regions: The first one 

corresponds to the two residues of the catalytic triad Tyr154 and Ser141, and the second one is formed 

by His93 and Gln148 (Figure 4). This second region shapes the binding site in a peculiar form and 

could be relevant for the achievement of selectivity considering that no other human SDR 17β-HSDs 

presents a histidine at this position. 

 

Figure 2. Superimposition of the crystal structures of 17β-HSD14 obtained in ternary complexes with 

five inhibitors: 1, 6, 9, 10, 12. (A) The enzyme 17β-HSD14 is shown as ribbon model (5ICM in 

orange, 5L7T in pink, 5L7Y in purple blue, 5L7W in ocher and 5EN4 in green); inhibitors are shown 

as stick models. The cofactor NAD+ is shown as thin line. (B) Close-up view on the binding pocket. 

The protein 17β-HSD14 is displayed by use of the solvent accessible surface. The carbon atoms of the 
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inhibitors are shown for 1 in orange 6 in pink, 9 in purple blue, 10 in ocher and 12 in green. Inhibitors 

are shown as stick models and cofactor as thin line. The water molecules W1 and W2 are represented 

in the same color as the corresponding inhibitor of the individual structures. W1 corresponds to water 

molecule 472 in 5ICM, 518 in 5L7T, 508 in 5L7Y, 496 in 5L7W, 450 in 5EN4; W2 corresponds to 

water molecule 530 in 5ICM and 502 in 5L7T, in the respective crystal structure. All structural 

representations were prepared with PyMOL.41 

 

Figure 3. Ribbon representation of inhibitor 6 in complex with the protein 17β-HSD14 and cofactor 

NAD+. The inhibitor binding site is delimited by αFG1 and αFG2 (orange), αF (the helix containing 

the catalytic Tyr154 and Lys158, yellow), αEF (cyan), αE and βD (green) and C-terminal tail (red). 

Inhibitor 6 is shown as stick model and its carbon atoms are colored in pink. The symmetry equivalent 

molecule containing Tyr253’ is shown in gray on the right hand side. The cofactor and Tyr253’ are 

shown as thin lines.  
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Figure 4. Surface representation of 17β-HSD14; color coded according to the Eisenberg 

hydrophobicity scale (from dark red for highly hydrophobic amino acids to white for highly 

hydrophilic amino acids).42 The cofactor NAD+ and amino acids are shown as stick models. The amino 

acid of the symmetry equivalent molecule is referred as prime (’). 

 

Description of the binding mode of inhibitors in complex with 17β-HSD14. 

In the surface representation, it is obvious that the V-shape of the inhibitor scaffold matches well with 

the geometry of the active site (Figure 2B). For all five crystallized inhibitors, additional water 

molecules are observed in the binding pockets: Water W1 is found for all inhibitors in the same 

position. W1 is localized between the B- and C-ring, at an approximate 4 Å distance from the B-ring. 

W1 establishes an H-bond interaction with the side-chain of Asn186 (d≈ 2.7 Å). Water W2 is only 

observed for 1 and 6 (Figure 2B) and found above the plane of the A-ring. W2 interacts with W1 (H-

bond contact d≈ 2.6 Å). In case of the other three inhibitors, the orientation of the A-ring plane is 

shifted, inducing the displacement of W2. 

Due to close similarity, only the interactions of 6 and 12, as representatives of the series, will be 

described in detail. The structures and details of the interactions of all inhibitors are shown in Figure 5 

(A: 6, B: 12; C: 9; D: 10). Inhibitors 6 and 12 have the same B-ring scaffold (2,6-pyridine) differing in 
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the nature of their A- and C-ring substituents. At the C-ring, the keto group and the pyridine ring of 6 

and 12 bind exactly at the same position. The angle between the keto group and the phenyl C-ring is 

identical in 6 and 12 independent of the presence or absence of the 2-OH group at the C-ring. 

The 3-OH groups at the C-ring of 6 and 12 interact via remarkably short H-bond interactions with the 

side chain of Tyr154 (6, d= 2.4 Å, 12, d= 2.5 Å) and the side chain of Ser141 (6, d= 2.5 Å, 12, d= 2.5 

Å) from the catalytic triad. The 4-F group at the C-ring of 6 is not involved in any specific interaction. 

The phenyl C-ring of 6 and 12 is stabilized by van der Waals contacts with the nicotinamide moiety of 

NAD+. The carbonyl group is not involved in any direct interaction. The central pyridine B-ring is 

anchored by van der Waals contacts with Trp192 and Leu195, which wrap around the top part of the 

pyridine ring. No close contacts are observed with His93. 

For 6, an H-bond interaction is formed between the 4-OH at the A-ring with the carbonyl backbone of 

Ala149 (d= 2.7 Å). The 3-Me group at the A-ring is not involved in any interaction. The aromatic A-

ring is not stabilized by any π-stacking interactions, however, van der Waals interactions with Pro96 

are observed. No water mediated H-bond interactions are observed; nonetheless, it is remarkable that 

W1 remains present in this lipophilic environment. In total, 91 van der Waals contacts are achieved by 

the ligand and its surface is buried to 94.0 % (considering only one monomer of the protein, the 

number of van der Waals contacts achieved are summed up to 86 and the buried surface is 87.4 %). 

In 12, a rotation of the A-ring plane is observed. Nevertheless, the altered orientation still allows the 3-

OH group at the A-ring to be at H-bond distance to Ala149-CO (d= 2.8 Å, as observed with 6). The 

aromatic A-ring can also establish a van der Waals interaction with the amino acid Pro96. In summary, 

82 van der Waals contacts are observed for 12 with 93.0 % of its surface buried in the protein binding 

pocket (considering only one protein monomer, the ligand achieves 80 van der Waals contacts and its 

surface is buried to 88.2 %). 
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Figure 5. Crystal structures of 17β-HSD14 in complex with cofactor NAD+, and inhibitors 6 (in pink, 

A), 12 (in green, B), 9 (in purple blue, C) and 10 (in ocher, D). The inhibitors are shown as stick 

models. The amino acids, within a distance of 5 Å, and the cofactor are shown as thin lines. H-bonds 

are depicted as dotted lines. Distances are given in Å. 

Interestingly, the crystal structure of 9 in ternary complex with 17β-HSD14 shows the presence of a 

second inhibitor molecule at the interface between two tetramers (Figure 6A). Close inspection of this 

interface binding site (Figure 6B) highlights that the inhibitor is stabilized through an H-bond 

interaction between the 3-OH group at the A-ring to the hydroxyl group of Ser44 side chain (d= 3.2 Å) 

and with a water molecule W405 (d= 2.6 Å), which is stabilized by Arg19 (d= 3.0 Å). The keto group 
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interacts with the other tetramer through a water molecule W434 (d= 2.7 Å), which is also bound to 

the NH from the backbone of Leu83´ (d= 3.0 Å) and the carbonyl group of the backbone of Tyr128´ 

(d= 2.9 Å). The copy of 9 binding to the interface is placed in a rather hydrophilic environment. The 

overall geometry of the interface ligand differs from that of the active site ligand: The dihedral angles, 

for the ligand in the active site and for the ligand binding at the interface, between the keto group and 

C-ring are -29° and 4° respectively, and between the keto group and the B-ring are 129° and -133° 

respectively (considering the plane through the keto group as 0°). The dihedral angle between C2 at the 

A-ring and the nitrogen at the B-ring is 131° for the ligand in the binding pocket and -60° for the 

ligand present at the interface. A superimposition of the interface and active site compounds can be 

seen on Figure 7.  

 

Figure 6. (A). Overall view of the crystal structure of two 17β-HSD14 tetramers in complex with 9. 

The protein monomers are shown as ribbon models and colored in gray. The inhibitors are shown as 

sphere models. The inhibitors located in the substrate binding site are colored in purple blue while the 

inhibitors located between the interfaces of the tetramers are shown in yellow. (B). Close-up view of 

the second ligand binding site of 9 located at the interface between two tetramers. The enzyme is 

displayed by use of the solvent accessible surface. Inhibitor 9 is shown as stick model. The amino 

acids are shown as thin lines. The amino acids of the symmetry equivalent molecule are referred to 

prime (’). H-bonds are depicted as black dotted lines. Distances are given in Å. 
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Figure 7. Superimposition of compound 9 based on the pyridine B-rings of the ligand at the interface 

(in yellow) and active site (in purple blue).  

 

Comparison of the 17β-HSD1, 17β-HSD2 and 17β-HSD14 structures 

The existing crystal structure of 17β-HSD1 in ternary complex with the cofactor NADP+ and E2 (PDB 

ID: 1FDT) allows the direct comparison with the 17β-HSD14 structure in complex with the cofactor 

NAD+ and estrone (E1, PDB ID: 5HS6). The superimposition reveals a structural conservation of the 

enzymes only in some regions (22% of sequence identity calculated with COOT,40 Figure 8). Small 

differences in the NAD+/NADP+ binding site can be observed between type 14 and type 1 (RMSD of 

1.6 Å calculated with COOT40 based on Cα alignment). This result was expected since both enzymes 

bind a different cofactor (NAD+ for 17β-HSD14 vs NADP+ for 17β-HSD1). The flexible loop in 17β-

HSD1 restricts the end of the binding cavity, while the corresponding loop in 17β-HSD14 is shifted 

upwards leaving the binding site widely open. This results in a smaller binding pocket for the type 1 

enzyme. Furthermore, while the catalytic triad is conserved in both enzymes, the steroids 

accommodate in the binding sites with different orientations and achieve distinct interactions.  

As no crystal structure is available for 17β-HSD2, the comparison between the structures of type 2 and 

type 14 is not possible.  
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Figure 8. (A) Superimposition of 17β-HSD1 (yellow, PDB ID: 1FDT) and 17β-HSD14 (light blue, 

PDB ID: 5HS6) structures as ternary complexes. (B) Close-up view of the superimposed substrate 

binding pocket. The proteins are shown as ribbon model. The steroids are shown as stick models. The 

amino acids, involved in binding of the steroids (Tyr154 for 17β-HSD14; Tyr155, Ser142 and His 221 

for 17β-HSD1), and the cofactors are shown as thin lines. The carbon atoms of E1 in complex with 

17β-HSD14 are colored in light blue and the carbon atoms of (E2) in complex with 17β-HSD1 are 

colored in yellow. H-bonds are depicted as black dotted lines. Distances are given in Å. 

 

Selectivity 

Taking into account that the parent scaffold of the new 17β-HSD14 inhibitors was derived from 17β-

HSD1 and 17β-HSD2 inhibitors, it was of utmost importance to study their selectivity profile with 

respect to 17β-HSD1 and 17β-HSD2 binding. 

The 17β-HSD1 and 17β-HSD2 inhibition assay was performed using a radioactive assay, quantifying 

the amount of [3H]-labeled E2 (for type 1) and [3H]-labeled E1 (for type 2) formed after incubation 
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with protein, cofactor and the inhibitor as previously described.43 The results are shown in Table 7, 

expressed as percent inhibition when tested at an inhibitor concentration of 1 µM.  

As expected the 2,5-pyridine 23 showed the highest affinity for 17β-HSD1 (47% inhibition) compared 

to the 2,6-pyridines (6-20, 9-23% inhibition), which were all nearly inactive in 17β-HSD1. 

Inhibition of 17β-HSD2 was slightly higher than that of 17β-HSD1 for the compounds with a 2,6-

substitution pattern (between 30% and 62% inhibition at 1µM concentration for 6-20) and much 

higher for the 2,5-pyridine ketones (64% and 85% when tested at 1 µM concentration for 23 and 2, 

respectively).  

A direct comparison of the 17β-HSD1 and 17β-HSD2 inhibitory activities with those of 17β-HSD14 is 

however problematic as different conditions were used in the assays.  

However, under the applied condition in the 17β-HSD2 inhibition assay, using the Cheng-Prusoff 

equation for competitive inhibition, a calculated Ki (cKi) could be estimated: For a compound with an 

IC50 of around 1 µM (50% inhibition at 1 µM) a cKi of about 450 nM was expected (with Km 17β-

HSD2 = 400 nM in this assay44 and [S]= 500 nM).  

With 48% and 43% inhibition of 17β-HSD2, compounds 9 and 10 showed a cKi ≥450 nM. 

Comparison of their Ki values for 17β-HSD2 and 17β-HSD14 binding allowed to calculate a 

selectivity factor (ratio of Ki(HSD2)/Ki(HSD14)), which could be estimated to be around 35 for 9 and 

≥41 for 10.Compounds 9 and 10 are relatively selective 17β-HSD14 inhibitors. The selectivity profile 

of 12 toward 17β-HSD2 (with only 30% inhibition at 1 µM) should be even better.  
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Table 7: 17β-HSD14 binding constant (Ki) and 17β-HSD1/ 17β-HSD2 inhibitory activities (% 

inhibition) of the most interesting compounds. 

Compound 

17β-HSD14  

K i (nM)a 

  17β-HSD1    

% inhibition    

@ 1 µMb 

  17β-HSD2     

% inhibition     

@ 1 µMc 

2 24±9  47% 85% 

5 245±21 6% 85% 

6 26±3 9% 62% 

9 13±5 23% 43% 

10 11±3  12% 48% 

12 64±4 13% 30% 

18 7±2 13% 34% 

20 47±7 14% 37% 

23 17±5 47% 64% 

a Recombinant purified 17β-HSD14 enzyme, fluorimetric assay, substrate E2 [32 µM], NAD+ [1.2 mM], 25°C, 

mean value of at least two independent experiments each with three technical repeats. 

b Placental 17β-HSD1 enzyme, cytosolic fraction, substrate [3H]-E1 + E1 [500 nM], NADH [ 0.5 mM], mean value 

of 2 determinations; standard deviation < 20 %. 

c Placental 17β-HSD2 enzyme, microsomal fraction, substrate [3H]-E2 + E2 [500 nM], NAD+ [1.5 mM], mean 

value of 2 determinations; standard deviation < 20 % 

 

As steroidomimetics, the synthesized compounds might show undesired binding affinity to the 

estrogen receptors (ERs) α and β.  Wetzel et al. reported that the most interesting compounds 2-5, 

identified in the first screen, showed very low affinities to both ER subtypes (< 0.1 %, taking E2 as 
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100% reference).45 It is therefore assumed, that the synthesized compounds, which bear the same 

scaffold, do not bind tightly to the ERs.    

 

DISCUSSION 

The combination of the biological results, the crystal structures of the five ligands in ternary complex 

with the protein and the physicochemical properties provide the basis for the understanding of the 

structure-activity relationship study of the 2,5- and 2,6-substituted pyridine derivatives. 

Focus on the C-ring part 

The 3-OH group at the C-ring achieves important H-bond interactions with Tyr154 and Ser141, which 

stabilize the inhibitor in the enzyme binding site. The increase in acidity of this OH moiety, enhanced 

by the addition of a fluorine atom in ortho position to the OH group, correlates with a gain in binding 

affinity. The crystal structures indicate that the H-bond length between the 3-OH group at the C-ring 

and Tyr154 is rather short (d= 2.3 - 2.5 Å). This result supports the hypothesis of Hwang et al.46 which 

describes that in SDR enzymes, the pKa of the OH group from the catalytic tyrosine is decreased 

(through electrostatic interaction with the protonated catalytic Lys-NH3
+ and NAD+) and that this Tyr-

OH is present as deprotonated species in the active site. In our structures, the negatively charged (or at 

least highly polarized) Tyr154-O- can interact via H-bond interactions with 3-OH groups at the C-ring 

of the inhibitors, leading to a strong contact between the inhibitor and the protein. This interaction 

becomes even more stable in presence of an increasingly acidic OH group at 3-position, once it is 

more strongly polarized O(δ
-)-H(δ+). 

In addition, it can be seen in the crystal structures that the inhibitors are involved in a more complex 

H-bonding network via the interaction with Tyr154, also including the ribose-OH groups of the 

cofactor, Lys158, Asn88, Asn89 and two to three water molecules (Figure 9). The highlighted H-

bonding network reinforces the strength of the interaction between Tyr154 and the OH group at the C-

ring of the inhibitor,47 thereby strongly stabilizing the ligand in the binding pocket.  
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Figure 9. H-bonding network stabilizing the inhibitor 12 in the 17β-HSD14 binding site. The carbon 

atoms of 12 are colored in green and shown as stick model. The amino acids, involved in the H-

bonding network, and the cofactor NAD+ (beige) are shown as thin lines. H-bond interactions are 

depicted as dotted lines. Distances are given in Å. Water molecules are shown as spheres. The water 

molecules present in all protein-inhibitor complex structures are colored in red, an additional water 

molecule is visible in the case of the complexes with 1 and 12 (higher resolution crystal structures) 

and is colored in green. 

The H-bond donor/acceptor profile involved in the interaction between the 3-OH group at the C-ring 

and Tyr154/Ser141 can be interpreted in more details: a deprotonated Tyr154 implies that the 3-OH 

group at the C-ring of the inhibitor interacts with Tyr154-O- as H-bond donor and with the hydroxyl 

group of Ser141 as H-bond acceptor. For the inhibitors also bearing a 2-OH group at the C-ring 

moiety, an intramolecular H-bond with their keto groups can be formed and no interaction with 

Tyr154 is expected (the OH group of Tyr 154 is already involved in a contact with the ribose-OH and 

the 3-OH group at the C-ring inhibitor, and is not available for an additional interaction). In addition, it 

can be remarked that the rigidification induced by the intramolecular H-bond does not correlate with 

an increase in binding affinity (comparison of compounds 9 and 10).  

Replacing the 3-OH group at the C-ring by a 3-OMe moiety was shown to be detrimental for 

inhibitory activity (16a: no inhibition @100 µM compared to 16: Ki= 63 nM). When compound 16a 

was modeled into the crystal structure of 17β-HSD14 (Figure S1A, Supporting Information), it 

resulted in a shift of the binding pose (compared to the compounds observed in the crystal structures, 
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see Figure 5), which could allow an H-bond interaction between the oxygen of the 3-OMe group and 

the OH group of Tyr154 of the catalytic triad, however, the H-bond contact is only possible when the 

3-OMe group acts as an acceptor (Figure S1A, Supporting Information). The inactivity of this 

compound confirms the hypothesis that an H-bond donor in 3-position of the C-ring is necessary for 

the inhibitory activity of the compound. In addition, no interaction with Ser141 could be observed in 

the presence of the 3-OMe group in the model structure. 

Focus on the A-ring part 

Based on the biological results, it is evident that the removal of the A-ring leads to a strong decrease in 

activity (16, Ki= 63 nM compared to 24 Ki= 1541 nM), indicating an important interaction of the 

A-ring with the protein. The crystal structures show that no amino acid is able to achieve a π-stacking 

interaction in the vicinity of the aromatic A-ring. This result suggests that the aromatic A-ring must be 

stabilized by hydrophobic interactions with Pro96. 

Furthermore, it can be observed that the introduction of a 3-OH or 4-OH group on the A-ring induces 

a slight increase in affinity compared to the unsubstituted A-ring. Either these hydroxyl moieties 

interact with the carbonyl backbone of Ala149 via a weak H-bond interaction or the benefit of a strong 

interaction with Ala149 is decreased by the desolvation cost. It is also striking that neither an electron 

donating nor an electron withdrawing group has an influence on the potency. 

The significant affinity enhancement of the dimethylamino derivative 17 was investigated using the 

modeled structure (Figure S1B, Supporting Information). Here, the NMe2 moiety comes into close 

contact with the carbonyl group of Ala149. A strong interaction would only be possible between the 

NMe2 group and the carbonyl oxygen when the tertiary amine is protonated. However, taking into 

account the pKa value of the NMe2 group it is unlikely that this group is charged. The gain in affinity 

might come from additional hydrophobic interactions between the latter group and Pro96. 

In the complex structure with 6 the 3-Me group at the A-ring interacts neither with the protein nor with 

the solvent. Instead, it is pointing toward an empty cavity, while the 3-OH group of 12 is oriented in 

the opposite direction interacting with Ala149. The swapped orientation of the 3-Me group at the A-
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ring of 6 might result from electrostatic repulsions between the methyl group and the carbonyl moiety 

of Ala149.  

Regarding the equipotent 2,5- 23 (Ki= 17 nM) and the 2,6-substituted derivative 8 (Ki= 36 nM), it was 

previously suggested, that the C-rings of both compounds achieve the same interaction and that the 

space available for accommodating the A-ring at either 5- or 6-position must be large to host a ring at 

both positions. From the modeled structure of 23 (Figure S1C, Supporting Information), it can be 

assumed that the A-ring in 5-position fits well into the binding pocket, interacting through 

hydrophobic contacts with Met199. Furthermore, the modeled 2,5,6-trisubstituted derivative 31 (Ki= 9 

nM) also suggests that compounds bearing rings at 5- and 6-position can fit in the cavity and may 

achieve an intramolecular π-stacking interaction (d= 4 Å, Figure S1D, Supporting Information). 

Focus on the B-ring part 

Investigating the importance of the nitrogen at the B-ring indicates that inhibitor 12 (K i= 64 nM) and 

its phenyl analogue 29 (Ki= 21 nM) show similar affinities. Obviously, the nitrogen does not achieve 

any specific interaction with the protein, as confirmed by the crystal structure. However, the pyridine 

moiety enhances the solubility for the compounds of this inhibitor class. Concerning the N-oxide 

derivative 30 (K i= 132 nM), the previously observed interaction between the 3-OH group at the A-ring 

of compound 12 with Ala149 can no longer be accomplished, however, this OH-group can now 

address the backbone carbonyl group of Gln150, as observed in the modeled structure (Figure S1E, 

Supporting Information). An additional H-bond interaction of N+-O- with Gln148 could be gained, but 

the high desolvation penalty induced by the introduction of the charges might not be compensated, 

overall resulting in no increase in affinity. 

Second binding site for compound 9 

For compound 9, a second binding pose at the tetramer interface was observed. The inhibitor was 

refined to an occupancy of 80% at this additional binding site, suggesting that this ligand exhibits a 

lower affinity for this region compared to the active site. The binding of the inhibitor in this position 

might be irrelevant for the inhibitory process. The presence of compound 9 in this place might be an 
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artefact resulting from crystal packing as the binding at the interface does not induce any 

conformational change of the ternary structure and of the ligand binding site. However, it is striking 

that Michiels et al.48 reported in their NMR studies that phytoestrogens might also bind at the dimer 

interface of 17β-HSD1. 

Comparison of the 17β-HSD1, 17β-HSD2 and 17β-HSD14 structures 

A positive influence of a fluorine atom in ortho position to a phenolic hydroxyl group was already 

reported during the development of 17β-HSD1 dihydroxyphenylthiophenes inhibitors49 and 17β-HSD2 

hydroxyphenyl-N-methylsulfonamide thiophenes inhibitors.50 As no crystal structures of 17β-HSD1 

and 17β-HSD2 in complex with these nonsteroidal compounds are available, their binding modes 

remain unclear. As 17β-HSD type 1, type 2 and type 14 belong to the SDR superfamily, they share 

similarities in the region in the vicinity of the catalytic triad. The presence of the complex H-bonding 

network was also identified in the type 1 enzyme after analysis of its crystal structure (PDB ID: 

1FDT). It could be expected that the 17β-HSD1 and 17β-HSD2 inhibitors with an acidic OH-phenyl 

group have a similar binding mode, interacting with the catalytic triad as observed in the crystal 

structure of type 14. Therefore, these new 17β-HSD14 structures in complex with nonsteroidal 

inhibitors can represent a useful comparative data for 17β-HSD1 docking studies and 17β-HSD2 

homology modelling. 

Basis for structure-based drug design 

Based on these results, it should be possible to optimize the current ligands using structure-based drug 

design. In this compound class the interactions with the catalytic Tyr154 and Ser141, as well as with 

Ala149 are very important to anchor the ligand scaffold in the correct position. Specific interactions 

involving His93 and Gln148 in inhibitor binding should result in an improved activity and selectivity, 

particularly as His93 is not present in other human SDR 17β-HSDs. Addressing the water molecule 

W1 should also lead to an additional interaction with the protein. As the active site is open and solvent 

exposed, the polar amino acids which are in close neighborhood to the active site next to the surface 

could also be targeted by specific interactions.  
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CONCLUSION 

Nonsteroidal 17β-HSD14 inhibitors have been identified. The initial hits identified in a preliminary 

screen in the 2,6-susbtituted pyridine class showed a Ki around 250 nM/300 nM which was optimized 

to result in six highly active compounds with Ki< 15 nM and two with a Ki of 7 nM. The 

considerations of substituent effects applied during optimization were successful. It appears that at the 

C-ring, an acidic 3-OH group is essential to achieve high potency, interacting via strong H-bond 

contacts to Tyr154 and Ser141 thereby stabilizing the interaction through an extensive H-bonding 

network. The structure-activity relationship found for the A-ring shows, that a 3-OH or a 4-OH group 

increases the potency of the inhibition by interacting with Ala149. The crystal structures in complex 

with the inhibitors confirm the rather large active site, reduced by the C-terminal chain from an 

adjacent monomer. The new 17β-HSD14 inhibitors show good physicochemical properties, which 

should be associated with a good bioavailability profile. They also present a good selectivity profile 

toward both closely related subtypes 17β-HSD1 and 17β-HSD2. The determined crystal structures 

give important insights not only to characterize the novel protein target but also to understand the 

binding poses of these nonsteroidal inhibitors and provide the basis for their further structure-based 

optimization.  

 

EXPERIMENTAL SECTION 

1. Chemistry 

1.1. Chemical methods 

Chemical names follow IUPAC nomenclature.  

Starting materials were purchased from Acros Organics, Alfa Aesar, Combi-Blocks, Roth and Sigma 

Aldrich and were used without further purification. Anhydrous THF was freshly distilled from sodium 

benzophenone ketyl.  

Microwave irradiation experiments were carried out in a CEM-Discover apparatus. 
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Column chromatography was performed on silica gel (0.04-0.063 mm, Macherey-Nagel) and reaction 

progress was monitored by TLC on aluminium sheets (Silicagel 60 F254, Merck). Visualization was 

accomplished with UV light at 254 nm and 366 nm, respectively.  

Preparative HPLC was performed with a Varian PrepStar 218 gradient system using a ProStar 320 

detector. A ProntoSIL C18 column (5.0 µm, 120 Å, 250-32 mm) was used as stationary phase with an 

acetonitrile/water gradient containing 0.1% TFA at a flow rate of 20 ml/min. All solvents were HPLC 

grade. Detection was performed at a wavelength of 254 nm. 

Mass spectrometry was performed on a Q-Trap 2000 (Applied Biosystems) equipped with an 

electrospray interface (ESI). 

1H and 13C NMR spectra were measured on a JEOL ECX-400 spectrometer (at 400 MHz and 

100 MHz, respectively). Chemical shifts are reported in δ (parts per million: ppm), using residual 

peaks for the deuterated solvents as internal standard:51 2.05 ppm (1H NMR), 29.8 ppm and 206.3 ppm 

(13C NMR), acetone-d6; 7.26 ppm (1H NMR), 77.2 ppm (13C NMR), CDCl3; 2.50 ppm (1H NMR), 39.5 

ppm (13C NMR), DMSO-d6. Signals are described as s, bs, d, t, q, dd, ddd, dt and m for singlet, broad 

signal, doublet, triplet, doublet of doublets, doublet of doublet of doublets, doublet of triplets and 

multiplet, respectively. All coupling constants (J) are given in Hertz (Hz).  

Infrared spectroscopy was performed on a Bruker ALPHA FT-IR spectrometer as neat sample. 

All tested compounds have ≥ 95% chemical purity as evaluated by HPLC. The Shimadzu®-system 

consisted of a LC-20AT pump, an SIL-20A autosampler and a SPD-M20A PDA detector. The system 

was operated by the standard software LCsolution®. A RP C18 NUCLEODUR® (125 mm x 4 mm, 

5 µm) column (Macherey-Nagel) was used as stationary phase. All solvents were HPLC grade. In a 

gradient run the percentage of acetonitrile was increased from initial concentration of 30% at 0 min to 

90% at 15 min and kept at 90% for 5 min. The injection volume was 20 µl at a flow rate of 

1.00 ml/min. UV spectra were recorded at a wavelength of 254 nm.  

Marvin sketch was used for the calculation of the pKa data (Marvin 15.9.14, 2015, Chemaxon 

(http://www.chemaxon.com). 

The following compounds were prepared according to previously described procedures: (1a),5 (1),5 

(10g),29 (10f),30 (15d),52 (31f),53 (33f)26 (using commercial POBr3, max. temp: 150 °C), (33e)26. 
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1.2. General chemical procedures 

1.2.1. General procedures for alcohol formation 

1.2.1.1. Method A1 

A solution of n-BuLi (1.0 eq, 2.5 M in hexane) was diluted with anhydrous THF (0.8 M) and 

arylbromide (1.0 eq) in anhydrous THF was slowly added at -80 °C under argon. The resulting 

solution was stirred for 15 min at -80 °C, then the appropriate aldehyde (1.0 eq) was added and the 

reaction solution was stirred for additional 15 min at -80 °C followed by room temperature for 2 h. 

The mixture was quenched with saturated NH4Cl and extracted with ethyl acetate. The combined 

organic layer was washed with brine, dried over magnesium sulfate, filtered and evaporated to dryness 

under reduced pressure. The product was purified by column chromatography. 

 

1.2.1.2. Method A2  

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

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

anhydrous THF was added and the reaction mixture was stirred at 80 °C. The end of the reaction was 

monitored by TLC. The mixture was quenched with brine and extracted with ethyl acetate. The 

combined organic layer was dried over magnesium sulfate, filtered and evaporated to dryness under 

reduced pressure. The product was purified by column chromatography. 

 

1.2.2. General procedure for alcohol oxidation - Method B 

2-Iodoxybenzoic acid (1.2 eq) was added to a solution of alcohol derivative (1.0 eq) in THF and the 

reaction mixture was stirred at 60 °C. After the end of the reaction (monitored by TLC) the mixture 

was cooled to room temperature, quenched with saturated Na2S2O3 and extracted with ethyl acetate. 

The combined organic layer was washed with water and saturated sodium bicarbonate, dried over 

magnesium sulfate, filtered and evaporated to dryness under reduced pressure. The product was 

purified by column chromatography. 

 

1.2.3. General procedures for Suzuki coupling 
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1.2.3.1. Method C1 

A mixture of arylbromide (1.0 eq), boronic acid (1.2 eq), cesium carbonate (4.0 eq) and 

tetrakis(triphenylphosphine)palladium (0.02 eq) was solved in DME/water (2:1) and degassed with 

argon. The mixture was stirred overnight at 80 °C. The reaction mixture was cooled down to room 

temperature, quenched with water and extracted with ethyl acetate. The combined organic layer was 

washed with brine, dried over magnesium sulfate, filtered and evaporated to dryness under reduced 

pressure. The product was purified by column chromatography.  

 

1.2.3.2 Method C2 

A mixture of arylbromide (1.0 eq), boronic acid (1.2 eq), sodium carbonate (2.0 eq) and 

tetrakis(triphenylphosphine)palladium (0.02 eq) was solved in DME/water (2:1) and degassed with 

argon. The mixture was exposed to microwave irradiation (60 min, 150 W, 150 °C) and quenched with 

water after reaching room temperature. The mixture was extracted with ethyl acetate and the combined 

organic layer was washed with brine, dried over magnesium sulfate, filtered and evaporated to dryness 

under reduced pressure. The product was purified by column chromatography.  

 

1.2.4 General procedure for amination of bromopyridine - Method D 

A mixture of bromopyridine (1.0 eq), appropriate N-heterocycle (1.1 eq) and potassium phosphate 

(4.0 eq) in 1,4-dioxane was stirred at 100 °C. At the end of the reaction (monitored by TLC) the 

mixture was cooled to room temperature, quenched with 1 M sodium hydroxide and extracted with 

ethyl acetate. The combined organic layer was dried over magnesium sulfate, filtered and evaporated 

to dryness under reduced pressure. The product was purified by column chromatography.  

 

1.2.5. General procedure for ether cleavage - Method E 

A solution of methoxy derivative (1.0 eq) in dry dichloromethane was cooled to -80 °C and boron 

tribromide (1 M in dichloromethane, 5 eq per methoxy function) was slowly added under argon. The 

reaction mixture was stirred at -80 °C for 1 h and then allowed to warm to room temperature 

overnight. The mixture was cooled in an ice bath, quenched with water and extracted with ethyl 
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acetate. The combined organic layer was washed with brine, dried over magnesium sulfate, filtered 

and evaporated to dryness under reduced pressure. The product was purified by column 

chromatography. 

 

1.3. Detailed synthesis procedures and compound characterization 

(4-Fluoro-3-hydroxyphenyl)[6-(4-hydroxy-3-methylphenyl)pyridin-2-yl]methanone 

hydrochloride salt (6). According to method E the title compound was prepared by reaction of (4-

fluoro-3-methoxyphenyl)[6-(4-methoxy-3-methylphenyl)pyridin-2-yl]methanone (6a) (110 mg, 

0.31 mmol, 1.0 eq) with boron tribromide (3.1 ml, 3.1 mmol, 10 eq) in dichloromethane (6.0 ml). The 

crude product was purified by column chromatography (cyclohexane/ethyl acetate 3:1) and the 

hydrochloride salt was prepared by means of 2 M hydrogen chloride solution in ether to give 85 mg 

(0.24 mmol/ 75%) of the analytically pure compound. C19H14FNO3·HCl; MW: 360; mp: 194-195 °C; 

1H NMR (DMSO-d6, 400 MHz): δ 10.29 (bs, 1H), 9.71 (bs,1H), 8.12-7.96 (m, 2H), 7.85-7.81 (m, 1H), 

7.79-7.73 (m, 1H), 7.71 (dd, J = 8.8 Hz, 2.2 Hz, 1H), 7.56 (ddd, J = 8.4 Hz, 4.5 Hz, 2.1 Hz, 1H), 

7.33 (dd, J = 11.0 Hz, 8.5 Hz, 1H), 6.89 (d, J = 8.4 Hz, 1H), 2.18 (s, 3H); 13C NMR (DMSO-d6, 

100 MHz): δ 191.9, 157.1, 155.4, 154.2 (d, J = 248.2 Hz), 154.1, 144.8 (d, J = 12.5 Hz), 138.3, 132.7 

(d, J = 3.1 Hz), 129.3, 128.5, 125.6, 124.2, 123.2 (d, J = 7.8 Hz), 121.7, 121.3, 120.0 (d, J = 4.4 Hz), 

116.0 (d, J = 19.1 Hz), 114.9, 16.2; IR: 3390, 1661, 1611, 1597, 1583, 1526, 1510, 1427, 1235, 1119, 

756 cm-1; MS (ESI): 324 (M+H)+.7 Hz), 115.8 (d, J = 6.8 Hz), 56.4; MS (ESI): 310, 312 (M+H)+; 

HPLC analysis: retention time = 12.29 min; peak area, 97.6%. 

 

(4-Fluoro-3-hydroxyphenyl)[6-(3-fluoro-4-hydroxyphenyl)pyridin-2-yl]methanone 

hydrochloride salt (8). According to method E the title compound was prepared by reaction of (4-

fluoro-3-methoxyphenyl)[6-(3-fluoro-methoxyphenyl)pyridin-2-yl]methanone (8a) (148 mg, 

0.42 mmol, 1.0 eq) with boron tribromide (4.2 ml, 4.2 mmol, 10 eq) in dichloromethane (8.0 ml). The 

crude product was purified by column chromatography (cyclohexane/ethyl acetate 2:1) and the 

hydrochloride salt was prepared by means of 2 M hydrogen chloride solution in ether to give 92 mg 

(0.25 mmol/ 61 %) of the analytically pure compound. C18H11F2NO3·HCl; MW: 364; mp: 206-207 °C; 
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1H NMR (acetone-d6, 400 MHz): δ 8.16 (dd, J = 8.1 Hz, 1.2 Hz, 1H), 8.11 (dd, J = 8.0 Hz, 7.5 Hz, 

1H), 7.93 (dd, J = 8.5 Hz, 1.7 Hz, 1H), 7.90 (dd, J = 3.2 Hz, 1.7 Hz, 1H), 7.88-7.82 (m, 2H), 7.72 

(ddd, J = 8.5 Hz, 4.5 Hz, 2.1 Hz, 1H), 7.31 (dd, J = 10.8 Hz, 8.5 Hz, 1H), 7.13 (t, J = 8.7 Hz, 1H); 

13C NMR (acetone-d6, 100 MHz): δ 192.3, 155.6, 155.4 (d, J = 249.3 Hz), 155.2 (d, J = 2.35 Hz), 

152.6 (d, J = 240.0 Hz), 147.2 (d,J = 12.9 Hz), 145.5 (d, J = 13.3 Hz), 139.3, 134.2 (d, J = 3.3 Hz), 

131.6 (d, J = 5.9 Hz), 124.8 (d, J = 7.47 Hz), 124.11 (d, J = 3.2 Hz), 123.0, 122.6, 121.3 (d, 

J = 4.2 Hz), 118.9 (d, J = 3.0 Hz), 116.6 (d, J = 19.2 Hz), 115.3 (d, J = 20.0 Hz); IR: 3380, 1660, 

1598, 1582, 1524, 1430, 1235, 754 cm-1; MS (ESI): 328 (M+H)+; HPLC analysis: retention time = 

11.63 min; peak area, 98.8%. 

 

 (4-Fluoro-3-hydroxyphenyl)[6-(2-fluoro-3-hydroxyphenyl)pyridin-2-yl]methanone 

hydrochloride salt (9). According to method E the title compound was prepared by reaction of (4-

fluoro-3-methoxyphenyl)[6-(2-fluoro-3-methoxyphenyl)pyridin-2-yl]methanone (9a) (126 mg, 

0.35 mmol, 1.0 eq) with boron tribromide (3.5 ml, 3.5 mmol, 10 eq) dichloromethane (6.0 ml). The 

crude product was purified by column chromatography (cyclohexane/ethyl acetate 2:1) and the 

hydrochloride salt was prepared by means of 2 M hydrogen chloride solution in ether to give 117 mg 

(0.32 mmol/ 92%) of the analytically pure compound. C18H11F2NO3·HCl; MW: 364; mp: 198-199 °C; 

1H NMR (DMSO-d6, 400 MHz): δ 8.15 (t, J = 7.8 Hz, 1H), 8.00 (ddd, J = 7.9 Hz, 2.1 Hz, 0.9 Hz, 

1H), 7.92 (dd, J = 7.7 Hz, 1.0 Hz, 1H), 7.70-7.64 (m, 1H), 7.55 (ddd, J = 8.5 Hz, 4.5 Hz, 2.2 Hz, 1H), 

7.31 (dd, J = 11.0 Hz, 8.5 Hz, 1H), 7.29-7.22 (m, 1H), 7.12-7.04 (m, 2H); 13C NMR (DMSO-d6, 

100 MHz): δ 191.7, 154.6, 154.3 (d, J = 125.5 Hz), 151.9, 149.2 (d, J = 146.2 Hz), 145.6 (d, 

J = 12.6 Hz), 144.9 (d, J = 12.4 Hz), 138.4, 132.5, 127.3 (d, J = 9.1 Hz), 126.7 (d, J = 8.1 Hz), 

124.4 (d, J = 4.1 Hz), 123.3 (d, J = 7.5 Hz), 122.9, 120.2, 119.8 (d, J = 4.5 Hz), 118.5 (d, J = 3.2 Hz), 

116.0 (d, J = 19.3 Hz); IR: 3155, 1655, 1593, 1481, 1293, 1225, 750 cm-1; MS (ESI): 328 (M+H)+; 

HPLC analysis: retention time = 10.82 min; peak area, 98.4%.  

 

[6-(3-(N,N-Dimethylamino)-phenyl)pyridin-2-yl](4-fluoro-3-hydroxyphenyl)methanone 

trifluoroacetate salt (17). According to method E the title compound was prepared by reaction of [6-
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(3-(N,N-dimethylamino)-phenyl)pyridin-2-yl](4-fluoro-3-methoxyphenyl)methanone (17a) (105 mg, 

0.30 mmol, 1.0 eq) with boron tribromide (1.5 ml, 1.5 mmol, 5 eq) in dichloromethane (4.0 ml). The 

crude product was purified by column chromatography (cyclohexane/ethyl acetate 5:1) and preparative 

HPLC (gradient water/acetonitrile/trifluoroacetic acid 80:20:0.1�35:65:0.1, in 120 min) to give 

75 mg (0.22 mmol/ 74%) of the analytically pure compound. C20H17FN2O2·TFA; MW: 450; mp: 146-

147 °C; 1H NMR (acetone-d6, 400 MHz)*: δ 9.06 (s, 1H), 8.17 (dd, J = 8.0 Hz, 1.0 Hz, 1H), 8.09 (t, 

J = 7.8 Hz, 1H), 8.00-7.92 (m, 2H), 7.82 (ddd, J = 8.5 Hz, 4.6 Hz, 2.1 Hz, 1H), 7.61 (dd, J = 2.5 Hz, 

1.7 Hz, 1H), 7.40 (ddd, J = 7.7 Hz, 1.5 Hz, 0.9 Hz, 1H), 7.35-7.26 (m, 2H), 6.85 (ddd, J = 8.2 Hz, 

2.7 Hz, 0.8 Hz, 1H), 2.99 (s, 6H); 13C NMR (acetone-d6., 100 MHz)*: δ 192.1, 157.1, 155.3, 155.3 (d, 

J = 249.3 Hz), 152.1, 145.4, (d, J = 13.0 Hz), 139.6, 139.1, 134.3 (d, J = 3.4 Hz), 130.2, 124.9 (d, 

J = 7.6 Hz), 123.5, 123.3, 121.6 (d, J = 4.3 Hz), 116.5 (d, J = 19.2 Hz), 115.7, 114.5, 111.7, 40.6; IR: 

3400, 1657, 1594, 1529, 1504, 1580, 1434, 764 cm-1; MS (ESI): 337 (M+H)+; HPLC analysis: 

retention time = 14.62 min; peak area, 98.9%. *measured as base. 

 

2. Biological methods 

2.1. 17β-HSD14 inhibition assay. 

In a preliminary study compounds 1-5 were tested using a radioactive displacement assay (Procedure 

A, % of inhibition at a concentration of 1 µM). The newly synthesized compounds were tested using a 

fluorimetric assay (Procedure B, as percent inhibition at 2 µM, percent inhibition at the concentration 

of highest solubility of the compound and Ki). Procedure A and B use the same enzyme source, 

obtained from a bacterial culture. In procedure A, the assay is performed with a bacterial suspension, 

and in procedure B with the purified form of the enzyme. Due to differences in assay conditions only 

results within the same assay can be compared.  

 

2.1.1. Enzyme expression.  

The pET based plasmid containing the coding sequences of the human gene HSD17B14 (using the 

T205 variant), with a N-terminal 6His-tag and a TEV (Tobacco Etch Virus) protease cleavage site was 
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used for the transfection of E. coli BL21 (DE3) pLysS competent cells. The transformed bacteria cells 

were grown overnight in 100 mL of Terrific Broth medium containing 100 µg/mL of ampicillin at 

37°C. Subsequently, 25 mL of the overnight culture were transferred in 1 L of the aforementioned 

medium and allowed to grow at 37 °C until an OD600 of 0.4 was reached. Then the temperature was 

lowered to 15° C. When the culture reached the OD600 of 1.0 the cells were induced with 0.5 mM of 

IPTG. The bacteria cells were harvested by centrifugation and conserved at -80° C overnight before 

proceeding with the purification. 

 

2.1.2. Radioactive assay using Procedure A. 

The bacterial pellet obtained was resuspended in 100 mM phosphate buffer pH 7.7. The bacterial 

suspension was incubated with [3H]-E2 (final concentration: 18.3 nM) in the presence of the potential 

inhibitor in DMSO (final concentration in assay: 1µM,  final DMSO concentration: 1%) at 37°C. The 

enzymatic reaction was started by addition of NAD+ (7.5 mM) and incubated for 2 h. The reaction was 

stopped by addition of 0.21 M ascorbic acid in a methanol/acetic acid mixture (99:1, v/v). Substrate 

and product were extracted from the reaction mixture by SPE (Strata C18-E columns from 

Phenomenex on a vacuum device). Separation and quantification of the radioactive steroids was 

performed with HPLC (Luna 5µm C18(2), 125 x 4.00 mm from Phenomenex, with an 

acetonitrile/water mixture (43:57, v.v), flow rate 1mL/min). Substrate conversion in % was calculated 

after integration of the product and substrate peaks. Inhibition was calculated based on conversion 

without potential inhibitor (DMSO only) which was set to 0% inhibition. 

 

2.1.3.. Enzyme purification and Assay using Procedure B.  

2.1.3.1. Enzyme Purification.  

The cell pellet, previously obtained after IPTG induction, was resuspended in a buffer containing 50 

mM Tris, 500 mM NaCl, 0.5 mM TCEP, 250 mM glucose, 1 mM NAD+, 0.5% (v/v) Triton X-100 and 

cOmplet Protease Inhibitor Cocktail Tablet (Roche, Germany) adjusted at a pH of 8. The cells were 
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disrupted with a high pressure homogenizer (EmulsiFlex-C5™, AVESTIN, Mannheim, Germany) and 

the obtained homogenate was centrifuged at 17700 g for 2h at 4°C. The supernatant was applied to a 

Ni-NTA column (5 mL HisTrap FF, GE Healtcare Life Sciences, Freiburg, Germany). Two washing 

steps were applied: in the first, to remove the DNA, a buffer composed of 50 mM Tris and 1.5 M NaCl 

was run against the Ni-column. The second washing step was then performed with a buffer containing 

50 mM Tris, 500 mM NaCl, 0.5 mM TCEP, 250 mM glucose, 0.25 mM NAD+ and 21 mM imidazole 

to remove the unspecific binding proteins. The target protein was eluted by increasing the imidazole 

concentration in the buffer to 300 mM. TEV protease was added to the protein mixture to cleave the 

N-6His-tag and the product solution was dialyzed overnight at 4°C to reduce the imidazole 

concentration in the sample (50 mM Tris, 500 mM NaCl, 0.5 mM TCEP, 250 mM glucose and 0.25 

mM NAD+). A second Ni-NTA column was used for separation of the TEV protease from the 17β-

HSD14. In this step the protein was collected from the flow through of the column, while the TEV 

protease remained on the column. With the goal to increase the purity of the protein, an additional 

purification step, using a size exclusion chromatography (Superdex 75 26/60, GE Healtcare Life 

Sciences, Freiburg, Germany) was performed with a running buffer comprising 50 mM Tris, 500 mM 

NaCl, 0.5 mM TCEP and 250 mM glucose. To the isolated target protein, an NAD+ solution 0.25 mM 

(batch for enzymatic assay) or 0.6 mM (batch for crystallization studies) was added. The protein 

solution was flash-frozen in liquid nitrogen and stored at -80°C.  

 

2.1.3.2. Fluorimetric assay using Procedure B. 

The potential inhibitor (in DMSO, final DMSO concentration in assay: 1%) was added to a mixture of 

NAD+ (1.2 mM) and E2 (32 µM) in 100 mM phosphate buffer pH 8. The enzymatic reaction was 

started by addition of the purified enzyme (1 mg/ml) and the production of the fluorescent NADH 

formed was measured continuously for 15 min at 25°C. The fluorimetric assays were recorded on a 

Tecan Saphire 2 (λex at 340 nm and λem at 496 nm). The slit width for excitation was 7 nm and for 

emission 15 nm. Reactions were performed in 200 µL volumes. The assay was run in 96 well-plates in 

duplicate, each experiment resulting from three technical repeats. A linear relationship between 
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product formation and reaction time was obtained. The slope of the progress curves was calculated by 

linear regression. The inhibitors do not show fluorescence at the concentrations used in the assay. 

The Ki values were calculated using the Morrison equation36 (see Supporting Information). For 

calculation, three constants were necessary: the substrate concentration (32 µM), the Km for 17β-

HSD14 with this substrate E2 (6.18 µM5) and the concentration in active protein, which was 

determined experimentally for each experiment (3.2 or 3.3 µM), using the procedure detailed by 

Copeland.36 The fitting and data analysis was performed using GraphPad Prism 7. 

 

2.2. 17β-HSD1 and 17β-HSD2 inhibition assay. 

17β-HSD1 and 17β-HSD2 were partially purified from human placenta according to previously 

described procedures.43 The enzyme was incubated with NADH (500 µM) in the 17β-HSD1 assay and 

with NAD+ (1500 µM) in the 17β-HSD2 assay, in the presence of the potential inhibitor in DMSO 

(final concentration in assay: 1 µM, final DMSO concentration: 1%) at 37°C. The enzymatic reaction 

was started by addition of the radioactive substrate (either [3H]-E1 (final concentration: 500 nM) in the 

17β-HSD1 assay or [3H]-E2 (final concentration: 500 nM) in the 17β-HSD2 assay following a 

previously described procedure.54 Separation and quantification of the radioactive steroids were 

performed by HPLC coupled to a radiodetector. 

 

3. Protein co-crystallization with inhibitors 6, 9, 10, 12.  

Protein activity was verified before performing the crystallization studies for each inhibitor. The co-

crystallization of 17β-HSD14 in complex with the four inhibitors 6, 9, 10 and 12 was performed by 

sitting drop vapor diffusion technique.  

For the crystallization of inhibitors 6 and 9 in complex with the protein an inhibitor stock solution in 

pure DMSO was added to the protein solution (9.5 mg/mL) containing 0.6 mM NAD+ with a final 

inhibitor concentration of 0.8 mM and a DMSO concentration of 1%. 2 µL of the mother liquor 

containing 0.1 M CHES, 1 M tri-sodium citrate, pH 9.5, was mixed with 2 µL of the protein solution. 
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After growing for 4 weeks at 18°C, the crystals were exposed to a cryo buffer composed of the mother 

liquor with the addition of 20% (w/v) glucose and 0.4 mM of either 6 or 9, and subsequently flash-

frozen in liquid nitrogen.  

The inhibitors 10 and 12 were crystallized under different conditions. The same concentration of the 

protein containing 0.6 mM of NAD+, was mixed with inhibitor and DMSO, to the final concentration 

of 4 mM of inhibitor and 5% DMSO. Afterwards, 2 µL of this protein-inhibitor solution were mixed 

with 2 µL of mother liquor composed of 0.1 M HEPES, 20% (w/v) PEG6000 and 5% (v/v) DMSO, 

adjusted to pH 7.0. Crystals were grown at a temperature of 18°C for four weeks. The crystals 

obtained with 10 were exposed to a cryo buffer obtained by the combination of mother liquor with the 

addition of 20% glucose and successively flash-frozen with liquid nitrogen. The crystals resulting 

from the complex with 12 were kept at room temperature. 

Details about the crystallographic data collection, structure determination and refinement can be found 

in the Supporting Information. 
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Figure 1: Scaffold of inhibitors from a 17β-HSD1 and 17β-HSD2 library tested for 17β-HSD14 inhibitory 
activity.  
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Scheme 1. Synthesis of compounds 1, 6, 8, 9, 11-23, 25, 29 and 33.  
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Scheme 2. Synthesis of precursor 33d.  
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Scheme 3. Synthesis of N-oxide 30.  
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Scheme 4. Synthesis of compounds 24 and 26-28.  
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Scheme 5. Synthesis of compounds 10, 31 and 32.  
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Chart 1: Modifications undertaken on the hit compound 5.  
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Table 2: 17β-HSD14 inhibitory activity and binding constant (Ki) of 2,6-pyridine derivatives with different 
substituents at the C-ring  
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Table 3: 17β-HSD14 inhibitory activity and binding constant (Ki) of pyridine derivatives with different 
substituents at the A-ring  
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Table 4: 17β-HSD14 inhibitory activity and binding constant (Ki) of 2,6-pyridine derivatives with different 
substituents in 6-position of the pyridine ring (different A-rings)  
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Table 5: 17β-HSD14 inhibitory activity and binding constant (Ki) for compounds with different B-rings  
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Table 6: 17β-HSD14 inhibitory activity and binding constant (Ki) of pyridine derivatives with an additional D-
ring or a substituent in 4-position  
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Figure 2. Superimposition of the crystal structures of 17β-HSD14 obtained in ternary complexes with five 
inhibitors: 1, 6, 9, 10, 12. (A) The enzyme 17β-HSD14 is shown as ribbon model (5ICM in orange, 5L7T in 

pink, 5L7Y in purple blue, 5L7W in ocher and 5EN4 in green); inhibitors are shown as stick models. The 

cofactor NAD+ is shown as thin line. (B) Close-up view on the binding pocket. The protein 17β-HSD14 is 
displayed by use of the solvent accessible surface. The carbon atoms of the inhibitors are shown for 1 in 
orange 6 in pink, 9 in purple blue, 10 in ocher and 12 in green. Inhibitors are shown as stick models and 

cofactor as thin line. The water molecules W1 and W2 are represented in the same color as the 
corresponding inhibitor of the individual structures. W1 corresponds to water molecule 472 in 5ICM, 518 in 
5L7T, 508 in 5L7Y, 496 in 5L7W, 450 in 5EN4; W2 corresponds to water molecule 530 in 5ICM and 502 in 

5L7T, in the respective crystal structure. All structural representations were prepared with PyMOL.32  
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Figure 3. Ribbon representation of inhibitor 6 in complex with the protein 17β-HSD14 and cofactor NAD+. 
The inhibitor binding site is delimited by αFG1 and αFG2 (orange), αF (the helix containing the catalytic 

Tyr154 and Lys158, yellow), αEF (cyan), αE and βD (green) and C-terminal tail (red). Inhibitor 6 is shown 
as stick model and its carbon atoms are colored in pink. The symmetry equivalent molecule containing 

Tyr253’ is shown in gray on the right hand side. The cofactor and Tyr253’ are shown as thin lines.  
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Figure 4. Surface representation of 17β-HSD14; color coded according to the Eisenberg hydrophobicity scale 
(from dark red for highly hydrophobic amino acids to white for highly hydrophilic amino acids).33 The 

cofactor NAD+ and amino acids are shown as stick models. The amino acid of the symmetry equivalent 
molecule is referred as prime (’).  
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Figure 5. Crystal structures of 17β-HSD14 in complex with cofactor NAD+, and inhibitors 6 (in pink, A), 12 
(in green, B), 9 (in purple blue, C) and 10 (in ocher, D). The inhibitors are shown as stick models. The 
amino acids, within a distance of 5 Å, and the cofactor are shown as thin lines. H-bonds are depicted as 

dotted lines. Distances are given in Å.  
 

174x171mm (300 x 300 DPI)  
 

 

Page 77 of 82

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



  

 

 

Figure 6. (A). Overall view of the crystal structure of two 17β-HSD14 tetramers in complex with 9. The 
protein monomers are shown as ribbon models and colored in gray. The inhibitors are shown as sphere 
models. The inhibitors located in the substrate binding site are colored in purple blue while the inhibitors 

located between the interfaces of the tetramers are shown in yellow. (B). Close-up view of the second ligand 
binding site of 9 located at the interface between two tetramers. The enzyme is displayed by use of the 

solvent accessible surface. Inhibitor 9 is shown as stick model. The amino acids are shown as thin lines. The 
amino acids of the symmetry equivalent molecule are referred to prime (’). H-bonds are depicted as black 

dotted lines. Distances are given in Å.  
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Figure 7. Superimposition of compound 9 based on the pyridine B-rings of the ligand at the interface (in 
yellow) and active site (in purple blue).  
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Figure 8. (A) Superimposition of 17β-HSD1 (yellow, PDB ID: 1FDT) and 17β-HSD14 (light blue, PDB ID: 
5HS6) structures as ternary complexes. (B) Close-up view of the superimposed substrate binding pocket. 

The proteins are shown as ribbon model. The steroids are shown as stick models. The amino acids, involved 
in binding of the steroids (Tyr154 for 17β-HSD14; Tyr155, Ser142 and His 221 for 17β-HSD1), and the 

cofactors are shown as thin lines. The carbon atoms of estrone (E1) in complex with 17β-HSD14 are colored 
in light blue and the carbon atoms of estradiol (E2) in complex with 17β-HSD1 are colored in yellow. H-

bonds are depicted as black dotted lines. Distances are given in Å.  
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Figure 9. H-bonding network stabilizing the inhibitor 12 in the 17β-HSD14 binding site. The carbon atoms of 
12 are colored in green and shown as stick model. The amino acids, involved in the H-bonding network, and 

the cofactor NAD+ (beige) are shown as thin lines. H-bond interactions are depicted as dotted lines. 
Distances are given in Å. Water molecules are shown as spheres. The water molecules present in all protein-

inhibitor complex structures are colored in red, an additional water molecule is visible in the case of the 
complexes with 1 and 12 (higher resolution crystal structures) and is colored in green.  
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