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potency to inhibit 17a-hydroxylase/17,20-lyase (CYP17A1) activity. Among new compounds,
the only oxazolinyl derivative comprising 5-oxo0-4,5-seco-3-yn- moiety potently inhibited
CYP17A1l. Binding modes of the oxazolinyl derivatives of [17(20)E]-21-norpregnene were
analyzed by molecular dynamics simulations, and model of alternate, water-bridged type II
interaction was proposed for these compounds. Eight new compounds, together with two
CYP17Al-inhibiting oxazolinyl derivatives synthesized earlier, abiraterone and galeterone were
evaluated for their potency to inhibit prostate carcinoma PC-3 and LNCaP cells growth.
Oxazolinyl and benzoxazolyl derivatives comprising 3B-hydroxy-5-ene moieties potently
inhibited prostate carcinoma cell growth; inhibitory potencies of 3-oxo-4-en- and 5-0x0-4,5-

seco-3-yn- derivatives were significantly lower.



CYP17A1 inhibitor — 17-(3-pyridyl)-androsta-5,16-dien-33-ol (abiraterone) [6] — has been
approved for treatment of prostate cancer in clinical setting. Besides inhibition of CYP17Al,
abiraterone elicits antitumor activity by blocking some downstream enzymes of the steroid
pathway [7]; competitively antagonizing subsequent androgen receptor signaling [8,9];
decreasing cell growth and proliferation (associated with DNA fragmentation and pro-apoptotic
modulation of p21, caspase-3, survivin, and transforming growth factor 3 [10]).

Another CYP17A1 inhibitor — 3B-(hydroxy)-17-(1H-benzimidazole-1-yl)androsta-5,16-
diene (galeterone) [11] — is under stage 3 of clinical trials for treatment of castration resistant
prostate cancer. The size and structure of azole substituent strongly affects the inhibitory potency
and other biological activities of these compounds: galeterone was 150-fold less potent than
abiraterone as CYP17Al inhibitor, however, it was found also to be potent androgen receptor
antagonist and degrading agent, and induced endoplasmic reticulum stress response [12-15].

Effects of abiraterone and galeterone in cultured prostate carcinoma cells, particularly in
androgen-dependent LNCaP and androgen-independent PC-3 cells, are well documented. Both
abiraterone and galeterone inhibit growth and proliferation of LNCaP and PC-3 cells in a time-
and dose-dependent manner, down-regulate expression of PSA and mutant androgen receptor
(T877A), and suppress androgens biosynthesis in LNCaP cells [9,10,13-15].

Data reported so far indicate that some nitrogen-containing derivatives of [17(20)E]-
pregnene may also be considered as promising candidates for the development of new cancer
treatment agents. Some 17(E)-picolinylidene androstene derivatives inhibited CYP17Al,
decreased growth, proliferation and induced apoptosis in breast and prostate carcinoma cells [16-
18]; oxazolinyl derivatives of [17(20)E]-21-norpregnene 1 and 2 (Figure 1) suppressed catalytic
activity of recombinant human CYP17A1 as potently as abiraterone [19,20].

Continuing investigation of derivatives of [17(20)E]-pregnene in the present study we have
synthesized four new oxazolines 3 - 6, and four new benzoxazoles 7 — 10 (Figure 1). Since the
inhibitory potency of oxazolinyl derivatives of [17(20)E]-21-norpregnene towards CYP17A1
apparently was dependent on their structure in a specific manner, we evaluated biological
activity of the new oxazolines 3, 4, 5 (lacking hydroxyl- or keto- substituent at C-3) and 6

(comprising truncated steroid backbone), as well as related compounds 7 — 10 (comprising bulky
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2. EXPERIMENTAL

2.1. MATERIALS AND GENERAL METHODS

Melting points were measured in glass capillaries; HRMS were registered on a Bruker ‘Apex
Ultra> FT ICR MS instrument in ion-positive electrospray ionization mode; '"H NMR and "°C
NMR spectra — on an AMX-III instrument (Bruker, 400 MHz) in CDCl; (chemical shift of
residual solvent protons was 7.25 ppm, of '°C in CDCl; - 77.16 ppm). Flash chromatography was
performed on (0.035 — 0.070 mm) silica gel from ‘Acros’, TLC — on Silica gel UV-254 HPTLC
plates and UV-254 PTLC plates from ‘Merck’.

Abiraterone was purchased from ‘ChemlLeader Ltd’ (Shanghai, China), galeterone — from
‘Selleck’; recombinant CYP17A1 [21] was obtained from Institute of Bioorganic Chemistry of
National Academy of Sciences of Belarus (Minsk, Belarus). Pregnenolone, didodecyldimethyl
ammonium bromide (DDAB), and Triton X 100 were purchased from ‘Sigma’. 2’-{[(E)-3p-
Hydroxyandrost-5-en-17-ylidene]methyl}-4’.5’-dihydro-1",3’-oxazole 1, 2’-{[(E)-3-oxoandrost-
4-en-17-ylidene]methyl}-4’,5’-dihydro-1’,3’-oxazole 2, [17(20)E]-3B-acetoxy-pregna-5,17(20)-
dien-21-oic acid 18, [17(20)E]-3-oxopregna-4,17(20)-dien-21-oic acid 19, ethyl [17(20)E]-3B-p-
toluenesulfonyloxypregna-5,17(20)-dien-21-oate 11, and ethyl [17(20)E]-3-oxopregna-4,17(20)-
dien-21-oate 14 were synthesized as reported earlier [20], other reagents and solvents were
purchased from ‘Aldrich’, ‘Merck’, and ‘Acros’.

Three-pronged screen-printed graphite (graphite printing pasta Achison, USA) working and
auxiliary electrodes (AVTOKOM, Russia, http://www.membranes_moscow.ru), and a reference
silver/silver chloride Ag/AgCl electrode were used in this study. Diameter of the working

electrode surface was 2 mm.

2.2. CHEMICAL SYNTHESIS

2.2.1. Methyl [17(20)E]-6f-methoxy-3a,5a-cyclopregn-17(20)-en-21-oate 12

Tosylate 11 ( 1.025 g, 2 mmol) was added to boiling solution of CH;COONa (0.82 g, 10 mmol)
in abs. methanol (60 mL), then the mixture was heated under reflux for 3 h, cooled, and
evaporated. The residue was treated with benzene (100 mL) and water (50 mL); the benzene

extract was washed with brine (30 mL), dried over Na,SO4 and evaporated. Compound 12 was
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46.6, 48.3, 50.9; 53.8, 56.7 (C9, C10, C13, C14, C6-OCH;, C21-OCHs); 82.3 (C6); 108.0 (C20);
168.0 (C17); 177.0 (C21).

2.2.2. [17(20)E]-6p-Methoxy-3a,5a-cyclopregn-17(20)-en-21-oic acid 13

Methyl ester 12 (537 mg, 1.5 mmol), 4M aqueous NaOH solution (1.2 mL) and iso-propanol (10
mL), was stirred and heated under reflux until the hydrolysis was complete according to TLC (~
3 h), then the mixture was acidified with diluted aqueous HCI to pH 2 and extracted with ethyl
acetate (4 X 15 mL). Extract was dried over anhydrous Na,SO,, evaporated, and the residue was
purified by silica gel flash chromatography in hexane:ethyl acetate:CH3;COOH (75 : 24 : 1)
mixture to obtain acid 13 (405 mg, 1.17 mmol, 78 %) as white solid. HRMS, calculated for
[C22H3305]": 345.2430; found: 345.2217; '"H NMR: 0.43 and 0.66 (each 1H, m, H-4); 0.88 (3H,
s, H-18); 1.04 (3H, s, H-19); 2.74-2.89 (3H, m, H-6 and H-16); 3.33 (3H, s, CH30); 5.54 (1H, t,J
= 2.3 Hz, H-20); °C NMR: 13.3 (C4); 18.7, 19.4; 21.5, 22.7, 24,4, 25.0 (C2, C3, C4, C15, C18,
C19); 30.4, 30.9, 33.5, 34.4, 35,2, 35.6(C1,C5, C7, C8, C12, C16) ; 43.6, 48.3; 51.2, 53.7, 56.7
(C9, C10, C13, C14, C6-OCH3); 82.3 (€6); 107.9 (C20); 172.24 (C17) 179.8 (C21).

2.2.3. Ethyl [17(20)E]-3-0x0-4,5-epoxypregn-17(20)-en-21-oate 15

Ethyl [17(20)E]-3-oxopregna-4,17(20)-dien-21-oate 14 (1.43 g, 4 mmol) was dissolved in
methanol (40 mL), the solution was cooled to 4°C, then aqueous 30% hydrogen peroxide (4.8
mL) and aqueous 4M NaOH (4.0 mL) were added, and the mixture was stirred at 4°C for 18 h.
Thereafter the mixture was poured into mixture of 10% Na,S,03 solution (150 mL) and chopped
ice (50 g), neutralized with 5% aqueous HCI. The white precipitate was separated, washed with
water and dried to obtain crude epoxide 15 (1.24 g, 3.32 mmol, 83 %) as mixture of related
4a,50- and 4B,5B- isomers in a ratio of 3:1. Analytical sample was purified by silica gel flash
chromatography in hexane:acetone (7:1) mixture. HRMS, calculated for [Co3H3304]": 373.2379;
found: 373.2376; "H NMR for 4a,50-isomer : 0.84 (3H, s, H-18); 1.16 (3H, s, H-19); 1.27 (3H, t,
J =7.2 Hz, ethyl); 2.97 (1H, s, H-4); 4.13 (2H, q, ] = 7.2 Hz, ethyl); 5.51 (1H, t, J = 2.5 Hz, H-
20); '"H NMR for 4p,5p-isomer: '"H NMR: 0.85 (3H, s, H-18); 1.07 (3H, s, H-19); 1.27 3H, t, ] =
7.2 Hz, ethyl); 3.04 (1H, s, H-4); 4.13 (2H, q, J = 7.2 Hz, ethyl); 5.53 (1H, t, ] = 2.5 Hz, H-20).



the consequent formation and degradation of related tosyl hydrazone being monitored by TLC.
The mixture was then diluted with dichloromethane (50 mL) and neutralized with excess of
NaHCOs;. Then water (50 mL) was added, dichloromethane layer was separated, the aqueous
layer was extracted with dichloromethane (2 X 25 mL); the combined extract was washed with
brine (20 mL), dried over Na,SO4 and evaporated. 4,5-Secosteroid 16 (440 mg 1.24 mmol, 62
%) was isolated by silica gel flash chromatography in hexane:ethyl acetate (3:1) mixture as
colorless glass. HRMS, calculated for [C,3H3303]": 357.2430; found: 357.2431; '"H NMR: 0.88
(3H, s, H-18); 1.10 (3H, s, H-19); 1.27 (3H, t, ] = 7.2 Hz, ethyl); 1.92(1H, t, J = 2.3 Hz, H-4);
4.14 (2H, q, J = 7.2 Hz, ethyl); 5.54 (1H, t, J = 2.5 Hz; H-20); '’C NMR: 13.9, 14.4, 18.6, 20.5,
21.6, 24.5 (C2, Cl11, Cl15, C18, C19, OCH,-CHj3); 30.3, 30.9, 33.6, 34.7, 38.0, 46.2 (C1, C6, C7,
C8, C12, C16); 47.6, 50.9, 53.0; 55.8 (C9, C10, C13, C14); 59.7 (OCH,-CHj3); 68.2 (C4); 86.0
(C3); 109.1 (C20); 167.36 (C17); 175.1 (C21); 214.1 (CS).

2.2.5. [17(20)E]-4,5-seco-5-oxopregn-17(20)-en-3-yn-21-oic acid 17.

Ethyl ester 16 ( 425 mg, 1.2 mmol), 4M aqueous NaOH solution (1.2 mL) and iso-propanol (10
mL), was stirred and heated under reflux until the hydrolysis was complete according to TLC (~
3.5 h), then the mixture was acidified with diluted aqueous HCI to pH 2 and extracted with ethyl
acetate (4 X 15 mL). Extract was dried over anhydrous Na,SO4, evaporated, and the residue was
purified by silica gel flash chromatography in hexane:ethyl acetate:CH3;COOH (75 : 24 : 1)
mixture to obtain 4,5-secoacid 17 (308 mg, 0.94 mmol, 78 %) as white solid. HRMS, calculated
for [Co1Hao03]":329.2117; found: 329.2111; "H NMR: 0.89 (3H, s, H-18); 1.10 (3H, s, H-19);
1,92 (1H, t, 2.3 Hz, H-4); 2.86 (2H, m, H-16); 5.56 (1H, t, J = 2.5 Hz, H-20); °C NMR: 13.8,
18.4, 20.6, 21.5, 24.3 (C2, C11, C15, C18, C19); 29.7, 30.6, 30.8, 33.5, 34.6, 37.9 (C1, C6, C7,
C8, Cl12, C16); 46.6, 47.6, 51.0, 53.0 (C9, C10, C13, C14); 68.3 (C4); 85.1 (C3); 108.8 (C20);
172.5 (C17); 178.30 (C21); 214.2 (C5).

2.2.6. Procedure for preparation of oxazolines 3 and 6.
Stirred mixture of acid (13 or 17, 0.5 mmol), triphenyl phosphine (524 mg, 2 mmol) and dry
CH;CN (5 mL) was cooled to +2°C, then mixture of CCl; (0.46 mL, 5 mmol) and CH3CN (2
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hydrochloride, diluted with benzene (40 mL), washed with saturated K,COj; solution (10 mL),
then with brine (20 mL), dried over Na,SO4, and evaporated. Isolation of the obtained oxazolines

was performed as indicated below.

2.2.7. 2’-{[(E)-6-Methoxy-3a,5a-cycloandrostan-17-ylidene methyl}-4’,5’-dihydro-1’,3’-
oxazole 3.

Compound 3 (113 mg, 0.31 mmol, 62 %) was obtained by silica gel flash chromatography in
hexane:acetone (5 : 1) mixture. HRMS calculated for [Co4H3sNO5]*: 370.2746; found: 370,2734;
'H NMR: 0.43 and 0.66 (each 1H, m, H-4) 0.86 (3H, s, H-18);1.03 (3H, s, H-19); 2.69 — 2.51
(3H, m, H-6 and H-16); 3.32 (3H, OCHj3;,), 3.88 and 4.22 (each 2H, m, CH,, oxazoline); 5.62
(1H, t, J = 2.5 Hz, H-20); °C NMR: 13.2 (C4); 18.9; 19.4,21.6, 22.8, 24.5, 25.0 (C2, C3, Cl1,
Cl14, C18, C19); 30.4, 33.5, 35.1, 35.4, 35.9 (C1, C5,C7, C8, C12, C16); 43.6, 46.3, 48.3, 53.9,
54.6, 56.7 (C9, C10, C13, C14, C4’, OCHj3); 66.9 (C5’); 82.2 (C6); 105.0 (C20); 165.4 (C2’);
169.5 (C17).

2.2.8. 2’-{[(E)-4,5-secoandrost-3-yn-5-on-17-ylidenemethyl}-4’,5’-dihydro-1’,3’-oxazole 6.
Crude mixture containing target oxazoline 6 was treated with boiled mixture of toluene:hexane
(3 : 4, 20 mL), the solution was stored for 4 h at r. t., and the precipitated triphenyl phosphine
oxide was filtered off. The solution was evaporated, and the residue was subjected to silica gel
flash chromatography in hexane:iso-propanol (6 : 1) mixture, followed by preparative TLC in the
same system to obtain oxazoline 6 (85 mg, 0.24 mmol, 48 %) as colorless viscous oil,
crystallizing during storage. HRMS calculated for [C,3H3,NO,]*™: 354.2433; found: 354.2428; 'H
NMR: 0.88 (3H, s, H-18); 1.10 (3H, s, H-19); 1.92 (1H, t, J = 2.4 Hz, H-4); 2.76 (2H, m, H-16);
3.91 and 4.25 (each 2H, m, CH,, oxazoline); 5.64 (1H, t, J = 2.5 Hz, H-20); °C NMR: 13.9,
18.6, 20.6, 21.6, 24.5 (C2, C11, C15, C18, C19); 30.1, 30.9, 33.6, 34.7, 34.9, 38.0 (C1, C6, C7,
C8, C12, C16); 46.0, 47.6, 50.9, 53.2, 54.4 (C9, C10, C13, C14, C4’); 67.0, 68.2 (C4, C5’); 85.0
(C3); 105.6 (C20); 165.3, 168.3 (C17, C2’); 214.21 (CS).

2.2.9. 2’-{[(E)-3 p-Methoxyandrost-5-en-17-ylidenemethyl}-4’,5’-dihydro-1°,3’-oxazole 4
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[C24H36NO,]"™: 370.2746; found: 370.2741; 'H NMR: 0.82 (3H, s, H-18); 1.01 (3H, s, H-19);
2.74 (1H, m, H-16); 3.05 (1H, m, H-3); 3.34 (3H, OCH3), 3.88 and 4.22 (each 2H, m, CH,,
oxazoline); 5.35 (1H, m, H-6) 5.66 (1H, br. t, J = 2.3 Hz, H-20); °C NMR: 18.4, 19.5, 21.1, 24.6
(Cl11, C15, C18, C19); 28.1, 30.3, 31.8(x2), 35.4, 37.1, 37.3, 38.8 (C1, C2, C4, C7, C8, C10,
Cl12, C16) ; 45.9;50.5, 54.2, 54.5, 55.7 (C9, C13, Cl14, C4’, OCH3); 66.9 (C5’); 80.36 (C3);
105.2(C20); 121.3 (C6); 141.1 (C5); 165.4 (C2’); 169.3 (C17).

2.2.10. 2’-{[(E)-3 B-Chloroandrost-5-en-17-ylidene Jmethyl}-4’,5’-dihydro-1’,3’-oxazole 5
Oxazoline 3 (70 mg, 0.2 mmol) was dissolved in 1M solution of HCI in tetrahydrofurane (2 mL),
the solution was stored for 2 h at r. t., and then evaporated to dryness. The residue was treated
with CHCI; (15 mL), and saturated NaHCO3 solution (5 mL), chloroform layer was washed with
brine (15 mL), dried over Na,SOy, and evaporated. The residue was separated by silica gel flash
chromatography in hexane:iso-propanol (8 : 1) mixture, followed by evaporation, to obtain
compound § (62 mg, 0.17 mmol, 83 %) as white solid film. HRMS calculated for
[C23H33CINOJ*: 374.2251; found: 374.2250; 'H NMR: 0.82 (3H, s, H-18); 1.04 (3H, s, H-19);
2.75 (1H, m, H-16); 3.89 (1H, m, H-3); 3.89 and 4.24 (each 2H, m, CH,, oxazoline); 5.37 (1H,
m, H-6); 5.66 (1H, br. t, J =2.3 Hz, H-20); °C NMR: 18.4, 19.4, 21.0, 24.6 (C11, C15, C18,
C19); 29.8, 30.3, 31.6, 31.7, 33.4, 35.4, 36.6 (Cl1, C2, C7, C8, C10, C12, C16); 39.2, 43.5, 50.3
(C4, C9, C13); 54.1, 54.3, 60.2 (C3, C14, C4’); 67.0 (C5°); 105.2 (C20); 121.4 (C6), 141.0 (C5);
163.2 (C2’); 165.6 (C17).

2.2.11. Procedure for preparation of benzoxazoles 7 -10

Stirred mixture of carboxylic acid (13, 17, 18, 19, 0.5 mmol), triphenyl phosphine (524 mg, 2
mmol) and dry CH3CN (6 mL) was cooled to +2°C, then mixture of CCly (483 uL, 5 mmol) and
dry CH5CN (1 mL) was added by drops at +2°C. The resulting mixture was stirred at +2°C for 90
min, until clear solution formed. Solution of o-aminophenol (71 mg, 0.65 mmol) and dry
pyridine (200 uL, 2.5 mmol) in 1 mL of dry CH;CN was added by drops at +2°C, and the
mixture was stirred at +2°C for 10 min, then at 20°C for 20 min. Formation of intermediate

amide was proved by 'H-NMR and HRMS analysis of aliquots picked up from the reaction
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was dissolved in CHCI; (25 mL), treated with NaHCO3 saturated solution (10 mL), chloroform
layer was washed with brine (10 mL), dried over Na,SO,, and evaporated to dryness. Isolation of

the obtained benzoxazoles was performed as indicated below.

2.2.12. 2’-{[(E)-3 f-Hydroxyandrost-5-en-17-ylidene methyl}-benzo-[d]-oxazole 7(E)

Residue containing crude benzoxazole was separated by silica gel flash chromatography in
hexane:ethyl acetate (4:1) to obtain compound 18a (mixture of two products at 3 : 1

ratio, 143 mg, 0.32 mmol, 64%) as light beige solid. HRMS, calculated for [C2oH3¢NO;]™:
446.2695; found: 446.2695. 'H NMR for major product: 0.92 and 1.06 (each 3H, s, H-18 and
H-19); 6.17 (1H, t, J=2.0 Hz, H-20); '"H NMR for minor product: 1.07 and 1.19 (each 3H, s, H-
18 and H-19); 6.20 (1H, t, J=2.0 Hz, H-20). Pure E-isomer 18a(FE) was isolated by preparative
TLC in hexane:ethyl acetate (4:1) mixture (93 mg, 0.21 mmol, 42%). '"H NMR: 0.92 (3H, s, H-
18); 1.06 (3H, s, H-19); 2.02 (3H, s, Ac); 3.02 (2H, m, H-16); 4.61 (1H, m, H-3); 5.40 (1H, m,
H-6); 6.17 (1H, t, J=2.0 Hz, H-20); 7.27 (2H, m, aryl), 7.46 and 7.67 (each 1H, m, aryl). °C
NMR: 18.5, 19.4, 21.1, 21.5, 24.8,27.9 (C2, C11, C15, C18, C19, CHs-acetate); 30.9, 31.8, 31.2,
35.4, 36.8, 37.1, 38.2 (Cl1, C4, C7, C8, C10, C12, C16); 50.3; 54.2, 58.6 (C9, C13, C14); 73.9
(C3); 104.7 (C20); 110.4, 119.5, 119.7, 122.4, 124.6, 124.7, 140.0, 150.2 (C5, C6 and
benzoxazole); 163.9 (C2’); 170.0 (C17); 170.7 (CO-acetate). Mixture of acetate 18a(E) (89 mg,
0.2 mmol), K,CO3 (500 mg), MeOH (2.5 mL), water (1.5 mL) was heated under reflux for 45
min while stirring, CHCl; (20 mL) and water (10 mL) were added after cooling, the aqueous
layer was extracted with CHCl; (2 X 10 mL), the combined extract was washed with brine (10
mL), dried over Na,SO4, and evaporated, followed by crystallization from methanol to obtain
benzoxazole 7(E) (69 mg, 0.17 mmol, 86%) as light beige solid. HRMS, calculated for
[C27H3,NO,]": 404.2584; found: 404.2583. 'H NMR: 0.92 (3H, s, H-18); 1.05 (3H, s, H-19);
3.01 (2H, m, H-16); 3.52 (1H, m, H-3); 5.36 (1H, m, H-6); 6.17 (1H, t, J=2.0 Hz, H-20); 7.46
and 7.67 (each 2H, m, aryl). °C NMR: 18.5, 19.6, 21.1, 24.8 (C11, C15, C18, C19); 31.0, 31.7,
31.8 (x2) (C2, C7, C8, C16); 35.4, 36.8, 37.4 (C1, C10, C12); 42.4 (C4); 46.4 , 50.4, 54.3 (C4,
C9, C13); 71.8 (C3); 104.7 (C20); 110.2, 119.6, 121.4, 124.2, 124.4, 141.0, 142.3, 150.3 (CS5,
C6 and benzoxazole); 164.0 (C2*); 170.1 (C-17).



as light beige solid. HRMS, calculated for [C,7H3,NO,]+: 402.2433; found: 402.2432. "H NMR
for major product: 0.96 and 1.23 (each 3H, s, H-18 and H-19); 6.17 (1H, t, J=2.0 Hz, H-20); 'H
NMR for minor product: 0.94 and 1.22 (each 3H, s, H-18 and H-19); 6.19 (1H, t, J=2.0 Hz, H-
20). Pure E-isomer 8(FE) was isolated by preparative TLC in hexane:ethyl acetate (4:1) mixture,
followed by crystallization from methanol (76 mg, 0.19 mmol, 38%). Light beige crystals with
m.p. 227-229°C, '"H NMR: 0.96 (3H, s, H-18); 1.23 (3H, s, H-19); 3.03 (2H, m, H-16); 5.75 (1H,
s, H-4); 6.17 (1H, t, J=2.3 Hz, H-20); 7.28 (2H, m, aryl), 7.47 and 7.67 (each 1H, m, aryl). °C
NMR: 17.5; 18.7; 21.1; 24.6 (C18, C19, C-11, C-15); 30.8; 31.9;:32.9; 34.0 (C-16, C-7, C-6, C-
2); 35.3; 35.5; 35.8; 38.8 (C-12, C-1, C-8, C-10); 46.3; 53.4; 54.0 (C-13, C-9, C-13); 104.9 (C-
20); 110.2; 119.7; 124.2; 124.3; 124.5; 142.3; 150.3; 163.7 (C4, C5 and benzoxazole); 169.3
(C2%); 170.8 (C17); 199.4 (C-3).

2.2.14. 2’-{[(E)-6f-Methoxy-3a,5a-cycloandrostan-17-ylidenemethyl}-benzo-[d]-oxazole 9(E).
Crude benzoxazole was purified by silica gel flash chromatography in hexane:ethyl acetate (4:1)
mixture to obtain compound 9 (mixture of two products at 3 : 1 ratio, 118 mg, 0.28 mmol, 56
%) as light beige solid. HRMS, calculated for [CosH3sNO,]": 418.2746; found: 418.2742. 'H
NMR for major product: 0.96 and 1.07 (each 3H, s, H-18 and H-19); 6.16 (1H, t, J=2.0 Hz, H-
20); '"H NMR for minor product: 0.92 and 1.04 (each 3H, s, H-18 and H-19); 6.17 (1H, t, J=2.0
Hz, H-20). Pure E-isomer 9(E) was isolated by preparative TLC in hexane:ethyl acetate (4:1)
mixture as light beige foam (75 mg, 0.18 mmol, 36%). '"H NMR: 0.46 and 0.67 (each 1H, m, H-
4) 0.96 (3H, s, H-18); 1.07 (3H, s, H-19); 2.80 (1H, t, J=2.6 Hz, H-6); 3.01 (2H, m, H-16); 3.35
(3H, s, OCH3); 6.16 (1H, t, J=2.5 Hz, H-20); 7.27 (2H, m, aryl), 7.46 and 7.66 (each 1H, m,
aryl).”’C NMR: 13.3 (C4); 19.0, 19.4, 21.6, 22.8, 24.6, 25.0 (C2, C3, C11, C14, C18, C19 );
30.5, 31.0, 33.5, 35.2,35.4,35.8 (Cl, C5, C7, C8, C12, C16); 43.6, 46.8, 48.3, 54.1, 56.7 (C9,
C10, C13, Cl14, OCHj3); 82.3 (C6); 104.4 (C-20); 110.3, 119.9, 124.2, 124.3, 142.3, 150.3
(benzoxazole); 164.0 (C2°); 170.4 (C-17).



phosphine oxide was filtered off, the solution was evaporated. The residue was separated by
silica gel flash chromatography in hexane:ethyl acetate (7 : 2) mixture, followed by purification
of the fraction containing benzoxazole 10 (mixture of two products at 3 : 1 ratio) '"H NMR for
major product: 0.98 and 1.13 (each 3H, s, H-18 and H-19); 6.18 (1H, t, J=2.0 Hz, H-20); 'H
NMR for minor product: 0.94 and 1.12 (each 3H, s, H-18 and H-19); 6.19 (1H, t, J=2.0 Hz, H-
20). Pure E-isomer 10 (E) was obtained by preparative TLC in hexane:ethyl acetate (3 : 1)
mixture as light beige foam (56 mg, 0.14 mmol, 28%). HRMS, calculated for [Cy;H3,NO,]™:
402.2433; found: 402.2418. '"H NMR: 0.98 (3H, s, H-18); 1.13 (3H, s, H-19); 1.93 (1H,t, T =2.4
Hz, H-4); 3.04 (2H, m, H-16); 6.18 (1H, t, J] = 2.3 Hz, H-20); 7.28 (2H, m, aryl), 7.47 and 7.67
(each 1H, m, aryl). °C NMR: 13.9, 18.7, 20.7, 21.7, 24.7.(C2, C11, C15, C18, C19); 29.8, 30.8,
30.9, 33.7, 34.8, 34.9, 38.1 (C1, C6, C7, C8, C10, C12, C16); 47.6, 51.0, 53.4 (C9, C10, C13,
Cl14); 68.2 (C4); 85.0 (C3); 105.0 (C20);  110.2, 119.7, 124.3, 124.5, 142.3, 150.3
(benzoxazole); 163.7 (C2); 168.9 (C17); 214.1 (C5).

2.3. ELECTROCHEMICAL MEASUREMENTS

Electrochemical experiments were performed using an AUTOLAB PGSTATI12 potentiostat
(EcoChemie) equipped with GPES software. All electrochemical measurements were performed
at room temperature in 1 mL of 0.1 M potassium phosphate buffer, pH 7.4, containing 0.05 M
NaCl and 0.04% Triton X-100. For preparation of enzyme electrodes, 1 pL. of 0.1 M DDAB in
chloroform was applied on the surface of a graphite electrode. After evaporation of chloroform
(10 min), 1 pL of 15.7 uM CYP17A1 was applied. The enzyme electrodes were then kept at 4°C
for 12 h'in-a wet chamber to prevent complete electrode drying. Chronoamperometric assays
were performed in 1 mL of 0.1 M potassium phosphate buffer, containing 0.05 M NaCl and
0.04% Triton X-100, pH 7.4, at fixed working electrode potential of -0.45 V (vs. Ag/AgCl), and
constant stirring. Titration was performed with ethanol solution of pregnenolone, after reaching
the steady-state current; concentration of the tested compounds was varied from 1 puM to 30 pM.
Inhibitory activities of compounds 3-10 and galeterone were calculated from
chronoamperometric titration data, analyzed by the non-linear regression method

(electrochemical Michaelis—Menten model equation I = (Imax [S])/(Km + [S])), using OriginPro
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of CYP17A1 complex with inhibitor abiraterone). Single protein unit and crystallographic water
molecules were retained, and abiraterone molecule replaced with one of the two new inhibitors
by superimposing steroid cores. Initial ligand conformations were generated by simulated
annealing followed by minimization using MMFF94 force field. Two structures were generated
for each inhibitor: one containing bound water molecule at 6-th coordinate position of Heme
iron, and another with free 6-th coordinate position. Structures were then solvated in water box
(90 x 100 x 90 10\), and ions were added at 0.15M concentration to neutralize the system net
charge, and mimic physiological ionic strength. Emplaced ligand and generated bulk water
molecules were initially minimized, while protein atoms together with bound crystallographic
water were kept fixed. Then, the protein Co atoms were harmonically constrained, and whole
system was minimized, heated to 300K and equilibrated for 150 ns at pressure target of 1.01325
bar. Constrains on protein atoms were subsequently gradually released, and production runs of
60 ns were initiated. Equilibrium nature of trajectories was confirmed by root mean square
deviation (RMSD) curves not showing significant trends after initial 20 ns (Supplementary data,
Figs. S-3, S-7, S-12, S-17). Protein stability was verified by per-residue root mean square
fluctuation (RMSF) analysis (Supplementary data, Figs. S-4, S-8, S-13, S-18), where Ca atoms
of rigid core residues experienced fluctuations of less than 1A on RMS average. To avoid
possible non-equilibrium effects, initial 20 ns was stripped prior to trajectory analysis.

Force field parameter set for the protein was CHARMM?27 with CMAP dihedral
correction. Parameters for the ligands were obtained by SwissParam server [22]. Heme partial
charges were adopted from [23]. Water model was TIP3p. VMD package [24] was used for
initial® structure preparation, MD trajectory post-processing, analysis, and visualization.
Computations were performed on 8-core Intel(R) Xeon(R) CPU ES5-1620 v3 with NVIDIA
GPGPU (CUDA) acceleration, and 32-core Intel(R) Xeon(R) CPU ES5-2670 workstations.
NAMD software [25] was used to perform the simulations using periodical boundary conditions
with the Ewald summation method. Plots were produced with Matplotlib Python package
[26,27].



densities in RPMI 1640 medium supplemented with 10% fetal calf serum (FCS; Gibco, Grand
Island, NY), and 1% penicillin/streptomycin (Gibco) in a 5% CO, atmosphere at 37°C for 24 hr.
The cells were seeded at 2 X 10* cells/well for 48 h, then treated with tested compounds at the
designated concentrations, and incubated for an additional 96 h. Effect of compounds on cell
growth was examined by MTT assay [28].

Solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5 mg/mL) was
added, and the cells were incubated for 4 h, followed by absorbance measurement at 570 nm,
with ‘SpectraMax 190’ microplate reader. Viability of treated cells was expressed as a
percentage relative to control. Each experiment was performed in triplicate and independently

repeated at least four times.



2). Reported earlier tosylate 11 [20] was transformed to compound 12 by treatment with
methanol in the presence of CH3COONa in 85% yield. Formation of 6B-methoxy-3a,5a-cyclo
fragment accompanied with transesterification of 21-carboxylic group (additional experiments
showed that ethyl esters of pregn-17(20)-en-21-oic acid transformed to related methyl esters
under aforementioned conditions). The methyl ester 12 was subjected to alkaline hydrolysis, and
obtained acid 13 was introduced into reaction with triphenyl phosphine, carbon tetrachloride, and
ethanolamine, in the presence of triethyl amine, to give oxazoline 3 in 62% yield. Oxazolines 4
and 5 were prepared from compound 3 in high yields by acid catalyzed methanolysis, or
treatment with HCl in tetrahydrofurane, respectively (Scheme 1).

For preparation of oxazoline 6 comprising seco-A pregnene moiety, ketosteroid 14 [20]
was chosen as starting compound. Selective epoxidation of A* with hydrogen peroxide under
alkaline conditions led to compound 15 (mixture of 40,50- and 43,5B- epoxides in a ratio of 2 :
1) in 83% yield, which without separation of isomers was subjected to Eshenmoser
fragmentation. Treatment of the compound 15 with p-tosyl hydrazine in dichloromethane - acetic
acid mixture (3 : 1) led to ethyl ester 16, which was subjected to alkaline hydrolysis, and the
resulted acid 17 was transformed to the oxazoline 6 in 48% yield according the procedure
mentioned above.

We have performed a synthesis of benzoxazolyl derivatives 7 - 10 (scheme 3) starting from
steroid acids 13, 17, 18, 19, and o-aminophenol, according the procedure used for synthesis of
oxazolines, with following modification: the cyclization step was carried out in the presence of
pyridine -instead of triethyl amine. Preliminary experiments revealed that cyclization of
intermediate amides (shown in brackets) in the presence of strong bases gave target
benzoxazoles in low yield, and was accompanied by formation of complex mixture of
byproducts.

If the cyclization step was conducted in the presence of pyridine at 50°C during 3 h, yield of
benzoxazoles 7 - 10 was > 50 %, however, in contrast to synthesis of oxazolines, all these
benzoxasoles were obtained as mixtures of two products.

Mechanism of benzoxazole formation was previously investigated [30]. According to this

mechanism, amide A is in equilibrium with cyclol B, which reacts with triphenylphosphine
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presence of two benzoxazoles (in a ratio of = 3 : 1) differing in chemical shifts for H-20, H-18,
and H-19 resonances (see Experimental section, 2.2.12. — 2.2.15.). 2D '"H NOESY NMR
spectrum of crude compound 18a unequivocally reveals that the major product is 17(20)E-
benzoxazole, and the minor product is a related 17(20)Z- isomer (Figure 2). Similar patterns
were observed in 'H NMR spectra of benzoxazoles 8, 9, and 10. Separation of crude
benzoxazoles 18a, 8, 9 and 10 by preparative TLC allows to obtain pure 17(20)E-isomers
18a(E), 8(E), 9(E) and 10(E). Removal of acetate protective group in compound 18(E) gave
benzoxazole 7(E).

We tested compounds 3 — 10 as CYP17A1 inhibitors by sensitive electrochemical
method, using the enzyme immobilized on a DDAB-modified electrode, according the assay
reported earlier [19,20]. In the presence of oxygen and substrate (pregnenolone), decrease in
catalytic current was observed, as shown by amperometric curve. Presence of inhibitors in the
system led to reduced amperometric response.

Among new oxazolines, only compound 6 potently inhibited CYP17A1 activity. Under
conditions used, compound 6 in a concentration of 1 uM caused 75.8% inhibition of CYP17A1
activity (Supplementary data, Fig.'S-1). This value was close to related values for compounds 1
(78.6%, Supplementary data, Fig. S-2), 2 (53.9%) and abiraterone (56.3%) [19,20]. Compounds
3,4, 5, 7-10, and galeterone in concentrations of 1 pM, 10 uM and 30 pM did not markedly
inhibit CYP17A1 activity.

Previous docking studies revealed that E-isomer of compound 1 cannot form a stable
complex with CYP17A1 active site in a manner identical to abiraterone [19]. X-Ray structure of
abiraterone complex (BRUK) shows a direct coordinate bond between nitrogen atom of ligand
and heme iron (distance 2.04A). Equilibrium molecular dynamics (MD) simulations presented
here confirm that the binding site configuration is unlikely to accommodate E-isomers of
compounds 1 and 6 in such a manner for heme iron to form a direct coordinate bond to nitrogen
or oxygen atom of oxazoline moiety. Nevertheless, differential UV absorption data indicate a
change in high-spin/low-spin equilibrium compound 1 complex (data for compound 6 obtained
to date was of insufficient quality, so not shown), which is usually deemed to originate from

nitrogen-containing ligand replacing water molecule at the 6™ heme coordinate position.
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This binding mode, often identified as 'incomplete’ binding, is characterized by smaller Soret
band shift in UV spectrum. We observed the similar reduced (compared to abiraterone) shift for
CYP17A1 complex with E-isomers of compound 1 [19]. This observation, combined with failure
of computational docking to produce stable structures of these complexes, led us to the
hypothesis that active site water might be involved, and an alternate type II interaction takes
place.

To assess the possibility of such a water-bridged binding mode, for each complex we
have built a pair of model structures: one with a water molecule placed at the heme 6™
coordinate position (complexes Clw and C6w), and another with no such molecule (complexes
C1 and C6). We also built a model for complex with abiraterone, to be used as reference. MD
trajectories of 60 ns length revealed clear predominant structures in cases where water molecule
was included, as well as in complex with abiraterone (Fig. 3).

We analyzed some important geometric parameters of ligand binding mode in model
complexes (Supplementary data). In complexes Clw and C6w, average distance between
nitrogen atom of oxazoline moiety (N), and the oxygen of water molecule at heme 6™ coordinate
position (OH), as well as angle between N, OH, and heme iron (Fe), were found to be nearly
optimal for hydrogen bond formation (3.19A and 125° in Clw; 2.92A and 126° in C6w). This
bond stability is confirmed by very low fluctuation of N-OH distances (Figure 4). From the
Figure it is clear that in both C1w and Céw N-OH distances at points of peak density (2.89A in
Clw; 2.87A in C6w; estimated from interpolated 2D histograms, see top-left inset on Figure 4)
are lower. than 3A, and average distances presented above are slightly overestimated, because of
temporary 'unbound' modes admixed in small fraction.

In Clw complex we also observed additional hydrogen bond between 6™ coordinate
water and Thr-306 located on I-helix (Figure 3B, Supplementary data, Fig. S-10). Both these
bonds must significantly reduce active site water mobility (which was not directly observed in
our MD simulations due to longer time scale of this process). On the contrary, with free heme 6™
position in complexes C1 and C6, there was apparently no possibility to form any bond between
nitrogen or oxygen moiety and heme iron, as N to Fe average interatomic distance well exceeded

4A (Average N-Fe distances were 5.22A in C1; 5.86A in C6). Average angle between sulfur
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Data obtained by MD simulations, therefore, do not support the hypothesis taken by
default in docking studies that E-isomers of A" compounds 1 and 6 are bound identically to
abiraterone when forming complexes with CYP17A1 active site. Instead, as was shown by MD
data presented here, the overall geometry of these compounds is favorable for formation of
alternate, water-bridged complexes, with N-(H-bond)-OH-Fe connectivity, unlike in case of
abiraterone, where direct N-Fe bond exists to support octahedral geometry of heme iron
coordination sphere.

On the remote side (relative to heme), abiraterone is known to be anchored by hydrogen
bond between 3-OH group and Asn-202 amide oxygen (calculated average donor-acceptor
distance 2.79A; Supplementary data, Fig. S-5). We observed the same bonding pattern in model
complexes Clw and CI1 (calculated average donor-acceptor distance 2.90 and 2.86A,
correspondingly; Figure 3, also see Supplementary data, Figs. S-10, S-19). On the contrary,
compound 6 is lacking A ring of steroid moiety, but, instead, it carries a polar carbonyl group in
ring B at position 5. This carbonyl group oxygen atom was found to be able to form a hydrogen
bond with Arg-239 side-chain amino group in model complexes C6w and C6, which remained
stable in course of simulation (calculated average donor-acceptor distance 2.92 and 2.75A,
correspondingly; Figure 3, also see Supplementary data, Figs. S-15, S-23). Therefore, according
to our models, despite the lack of steroid ring A and hydroxyl group at position 3, which is
capable of interaction with Asn-202, in complex of CYP17A1 with compound 6, Arg-239

provides an equivalent remote-side anchor for the bound ligand.



inhibitory potency on_structure of steroid moiety. Oxazolinyl and benzoxazolyl derivatives
comprising 3B-hydroxy-5-ene fragments (1 and 7) were found to be potent inhibitors of prostate
carcinoma cell growth, only slightly weaker than abiraterone and galeterone. Inhibitory potencies
of 3-oxo-4-ene derivatives (2 and 8), and 5-oxo-seco-A derivatives (6 and 10) were significantly
lower; compounds 3, 4, 5 and 9 slightly decreased growth of PC-3 and LNCaP cells.

Comparison of effects of oxazolinyl and benzoxazolyl derivatives comprising the same
steroid moieties revealed that oxazolinyl derivatives were more potent inhibitors in PC-3 cells,
while effects of the benzoxazolyl derivatives on PC-3 and LNCaP cells growth were less
selective. These data also show that for [17(20)E]-21-norpregnene derivatives inhibition of PC-3
and LNCaP cells growth does not directly correlate to their ability to inhibit CYP17A1 activity.
Oxazolines 1, 2, 6 potently inhibited CYP17Al1 activity, while benzoxazoles 7, 8, 10 were not
active, nevertheless the potency of these compounds: to inhibit the growth of PC-3 and LNCaP

cells was almost equivalent.

CONCLUSIONS.

Oxazolinyl derivatives of [17(20)E]-21-norpregnene comprising 3p3-hydroxy-5-en- (1), 3-oxo-4-
en- (2), and 5-0x0-4,5-seco-3-yn- (6) moieties efficiently inhibited CYP17A1 activity and prostate
carcinoma PC-3 and LNCaP cells growth. Structural models of CYP17A1 complexes with
17(20)E- isomers of compounds 1 and 6, built by molecular dynamics simulations, revealed that
geometry of these compounds makes binding mode with water-bridged heme iron coordination
preferential against the mode with direct nitrogen to iron bond, unlike in case with abiraterone.
Benzoxazolyl derivatives (7, 8, and 10, respectively) were inactive toward CYP17A1, however,

inhibited growth of PC-3 and LNCaP cells not less potently than oxazolines (1, 2, and 6).
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INCUBATION

Compound Glso, UM
PC-3 LNCaP
1 11.0 14.8
2 14.1 24.3
3 28.0 43.5
4 >50 >50
5 39.0 >50
6 15.9 32.1
7 11.2 7.9
8 14.0 239
9 >50 38.0
10 11.1 19.0
Abiraterone 8.7 23.0
Galeterone 7.1 4.2




CCL /7 CH3CN, 2°C, 90 min, then HoN(CH»),0OH, (CH3CH)3N, 27C—->20C, 2 h; d —
CH;O0H, p-TSA, reflux, 1 h; d — 1M HCl1/ tetrahydrofurane, r. t., 2h.

Scheme 2. a —-H,0,, NaOH / CH;0H - H,O0, 2°C, 18 h; b — p-TsNHNH, / CH,Cl, - CH;COOH,
r. t., 3h; ¢ — NaOH / i-PrOH, reflux, 3h; d — PhsP, CCly / CH;CN, 2°C, 90 min, then
H,N(CH,),OH, (CH3CH,)3N, 2°C—20°C, 2 h.

Scheme 3. a — Ph;P, CCl, / CH;CN, 2°C, 90 min; b — 0-H,N(C¢H,)OH, Py, 2°C—20°C, 30 min;
¢ — PhsP, CCly / CH;CN, Py, 50°C, 3 h; d — isolation of 17(20)E-isomer; ¢ — K,COs3 /
CH;0H - H>0, reflux, 30 min.

Scheme 4. The proposed scheme for formation of benzoxazole derivatives of 17(20)-
norpregnene.

Fig. 2. Fragment of 2D NOESY '"H NMR spectrum of isolated mixture of (E)- and (Z)- 2’-[(3B-
acetoxyandrost-5-en-17-ylidene)methyl]-benzo-[d]-oxazoles 18a.

Fig. 3 Ligand binding modes in model CYP17Al/abiraterone complex (A), and water-bridged
model complexes of CYP17A1 with compounds 1 (B, complex Clw), and 6 (C and D, two
views of complex Céw active site). Structures presented here correspond to average values
(A), or, in cases when average was significantly biased by additional minor mode,
estimated probability density function maxima (B-D), of binding mode key geometric
parameters (for details see text).

Fig. 4 Geometric parameters fluctuations in model water-bridged complexes of CYP17A1 with
compounds 1 and 6: Clw (A), and C6w (B), calculated from MD trajectories. Densely packed
points indicate stable binding mode. Vertical axis of 2D plot: distance between oxazoline
nitrogen atom and heme iron. Horizontal axis of 2D plot: angle formed by oxazoline nitrogen,
coordinated water oxygen, and heme iron. Each point on 2D plot corresponds to single MD
frame, sampled every 8ps. Green mark denotes the average value, and red mark — the peak
maximum of estimated probability density function (PDF). Estimated PDFs are shown on small
insets on top-left corners. Histograms level units are frame counts.

Fig. 5 Geometric parameters fluctuations in model complexes of CYP17A1 with compounds 1
and 6: C1 (A), and C6 (B), calculated from MD trajectories. Loosely packed points indicate that
no stable binding mode can be predicted from the simulation. Vertical axis of 2D plot: distance
between oxazoline nitrogen atom and heme iron. Horizontal axis of 2D plot: angle formed by
oxazoline nitrogen, heme iron, and CYS388 sulfur atom. Each point on 2D plot corresponds to
single MD frame, sampled every 8ps. Green mark denotes the average value, and red mark — the
maximum peak of estimated probability density function (PDF). Estimated PDFs are shown on
small insets on top-left corners. Histograms level units are frame counts.



3. Computational modeling of [17(20)E]-21-norpregnene oxazolinyl derivatives binding
modes in CYP17A1 active site

4. Inhibition of prostate carcinoma PC-3 and LNCaP cells growth.
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