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Competitive Inhibition and Suicide Inactivation of Human Placental Aromatase by Androst-4-ene-3,6-
dione Derivatives and 3a-Methoxyandrost-4-ene-6,17-dione
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Androst-4-ene-3,6-dione derivatives 2—4 and 3a-methoxy-4-en-6-one steroid 7 were prepared and tested for their
ability to inhibit aromatase in human placental microsomes. The 16a-bromide 2, the 16a-alcohol 3, and the 3a-methoxide
7 of this series were effective competitive inhibitors of aromatase with apparent K’s of 150 nm, 1.18 um, and 700 nM.
Compound 2 caused a time-dependent, biphasic loss of aromatase activity in the presence of reduced nicotinamide
adenine dinucleotide phosphate (NADPH) while compound 7 caused a time-dependent, pseudo-first order inactivation
of the activity, with &, ,..’s of 0.417 and 0.036 min~! for compounds 2 and 7. NADPH and oxygen were required for
the time-dependent inactivation and the substrate, androst-4-ene-3,17-dione, prevented it in each case.
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Aromatase, a unique cytochrome (cyt.) P-450 mono-
oxygenase complex, catalyzes the synthesis of estrone and
estradiol from 4-en-3-one androgens, androst-4-ene-3,17-
dione (androstenedione) and testosterone.! Estrogens are
involved in reproductive processes and are also implicated
in estrogen-dependent disease states such as endometrial®
and breast cancers.® Thus, inhibitors of aromatase may be
useful in controlling these physiological processes and
disease states. For this reason, the specific, irreversible
blockade of estrogen biosynthesis through suicide (mech-
anism-based) inactivation of aromatase has been intensely
pursued with the goal of developing practical clinical
drugs.®

Androst-4-ene-3,6,17-trione (1) is a prototypical suicide
inhibitor of aromatase.” Various derivatives at C-3 of
3B-hydroxy-4-en-6-one steroid 5 also inactivate aromatase
in a mechanism-based manner, while the 3-deoxy derivative
is a very potent competitive inhibitor but does not cause a
time-dependent loss of aromatase activity.” On the other
hand, effects of a substituent at the 16a-position of a
4-en-3,6-dione steroid and effects of stereochemistry of a
substituent at C-3 of a 4-en-6,17-dione steroid on
competitive inhibition and suicide inactivation of aromatase
have not been studied. Thus, we report here the synthesis
and evaluation of the 16a-derivatives of compound 1 and
3a-methoxy steroid 7 as aromatase inhibitors to elucidate
the structure—activity relationships of 4-en-6-one steroid and
their interaction with the catalytic site(s) of aromatase.

Experimental

Materials and General Methods [1,2-*H]Androstenedione (52 Ci/
mmol) (PH-distribution: 18+2/la+20¢=71/29) was purchased from
New England Nuclear Corp. (Boston, U.S.A.). Reduced nicotinamide
adenine dinucleotide phosphate (NADPH) was obtained from Kohjin
Co., Ltd. (Tokyo, Japan). The 4-ene-3,6-dione steroids 1—3 were syn-
thesized according to the methods reported previously.®?

Meliing points were measured on a Yanagimoto melting point apparatus
and are uncorrected. Proton nuclear magnetic resonance (*H-NMR)
spectra were obtained with JEOL PMX 60 (60 MHz) and JEOL GX
(400 MHz) spectrometers using tetramethylsilane as an internal standard,
and mass spectrum (MS) by a JEOL JMS-DX 303 spectrometer. Ultraviolet
(UV) spectra were determined on a Hitachi UV 150-20 spectrophotometer,
and infrared (IR) spectra on a Shimadzu IR-430 spectrophotometer.

17B-Cyano-16a,17a-epoxyandrost-4-ene-3,6-dione (4) Jones reagent
(1.11 ml) was added to a solution of 178-cyano-16a,17a-epoxyandrost-5-
en-3p-o0l (300mg, 0.96mmol), obtained according to a previous paper,®

in acetone (30ml) at room temperature and the resulting mixture was
stirred at room temperature for 30 min. The reaction mixture was then
poured into water (300ml) and extracted with AcOEt (200mi x 2). The
organic layer was washed with 5% NaHCO; solution and water and dried
(Na,S0,). Evaporation of the solvent gave a solid residue, which was
recrystallized from MeOH to afford 4 (155mg, 50%) as pale yellow plates:
mp 221.5—-223°C. '"H-NMR (60 MHz, CDCl,) é: 1.03 (3H, s, 18-Me),
1.20 (3H, s, 19-Me), 3.93 (1H, s, 16p-H), 6.26 (1H, s, 4-H). IR (KBr):
2250 (CN), 1705 and 1680 (C=0) cm™!. UV A3%F%H nm (g): 250.1
(1.14 x 10%). Anal. Caled for C,,H,3NO5: C, 73.82; H, 7.12, N, 4.31.
Found: C, 73.56; H, 7.18; N, 4.25.

3a-Methoxyandrost-4-ene-6,17-dione (7) p-Toluenesulfonyl chloride
(1.8 g, 9.44mmol) was added to a solution of 3-hydroxyandrost-4-ene-
6,17-dione (5) (1.0 g, 3.31 mmol) in pyridine (34 ml) under ice-cooling and
the mixture was first stirred under ice-cooling for 20 min and then stirred
at room temperature for 20 h. The reaction mixture was poured into water
(350 mi) and extracted with AcOEt (300ml x 2). The organic layer was
washed with 5% HC!, saturated NaHCO, solution and water, and dried
(Na,SO,). After evaporation of the solvent, an oily residue obtained
was subjected to silica gel column chromatography (silica gel 80g,
hexane-AcOEt) to give the crude 3f-tosylate 6 (350mg), of which
methanolic solution (10 ml) was heated at 80 °C for 30 min. Evaporation
of the solvent afforded a solid, which was recrystallized from MeOH to
give 7 (120mg, 11% from 5) as colorless needles: mp 141—142°C.
1H-NMR (400 MHz, CDCl;) §: 0.910 (3H, 5, 18-Me), 0.973 (3H, 5, 19-Me),
3.384 (3H, s, 30-OMe), 3.715 (1H, m, 38-H), 6.381 (1H, dd, /=1.5, 4.9 Hz,
4-H). IR (KBr): 1740 and 1690 (C=0) cm™'. UV 15575 nm (¢): 235.5

(6.02 x 10%). EI-MS mj/z: 316 (M*). Anal. Caled for C,,H,505; C, 75.91;

H, 8.92. Found: C, 75.64; H, 8.96.

Enzyme Preparation Human term placentas were obtained from
Imaizumi Hospital (Sendai, Japan) and were used within a few hours of
delivery. Placental microsomes (particles sedimenting at 105000 x g for
60 min) were obtained as described by Ryan.” They were washed twice
with 0.5 mM dithiothreitol solution, lyophilized, and stored at —20 °C. No
loss of activity occurred during the period of the study.

Screening Assay Procedure Aromatase activity was measured accord-
ing to the original procedure of Thompson and Siiteri.'® This assay
quantitates the production of *H,O release from [1,2-*H]androstene-
dione by aromatization. All enzymatic studies were carried out in 67 mm
phosphate buffer, pH 7.5, at a final incubation volume of 0.5ml. The
incubation mixture contained 180 um NADPH, 1 um [1,2-*H]androstene-
dione (3.0x10°dpm), 40ug of placental microsomal protein, var-
ious concentrations of inhibitors, and 25 ul of MeOH. Incubations were
performed at 37°C for 20min in air and terminated by the addition of
3ml of CHCl,, followed by vortexing for 40s. After centrifugation at
700 x g for 5min, aliquots (0.3 ml) were removed from the water phase
and added to a scintillation mixture for the determination of tritiated water
production.

Time-Dependent Inactivation Procedure Various concentrations of in-
hibitors 2 and 7 were incubated with placental microsomes (1 mg protein),
600 um NADPH, and MeOH (50 ul) in 67 mM phosphate buffer, pH 7.5,
in a total volume of 1 ml at 37 °C in air. Aliquots (50 yl), in duplicate, were
removed at various time periods (0—12min) and added to a solution of
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TABLE 1. In Vitro Aromatase Inhibitory Activity”

Inhibitor

IC5o" (um) K9 (um)
4-Ene-3,6-dione steroid
1 17-one 0.48 0.045
2 16a-bromo-17-one 32 0.150
3 l6a-hydroxy-17-one 31 1.18
4 17p-cyano-16a,17a-epoxide >100
4-Ene-6,17-dione steroid
7 3o-methoxide 8.2 0.700

8 3f-methoxide > 100

a) Substrate: 1 um [1,2-*H]androstenedione. b) The concentration of inhibitor
required to give 50% inhibition of aromatase activity. ¢} K, was obtained by analysis
of Dixon plots (see Figs. 1B and 2B), in which K, for the natural substrate,
androstenedione, was about 60 nm. :

[1,2-3*H]androstenedione (1 uM, 3 x 105 dpm), NADPH (180 uM) in 67 mm
phosphate buffer, pH 7.5 (total volume, 0.5ml); the mixture was then
incubated at 37 °C for 20 min. Tritiated water released was determined as
described above.

Results and Discussion

Chemistry Oxidation of 17f-cyano-16a,17a-epoxyan-
dost-5-en-3p-0l,% obtained from the corresponding 16a-
bromo-17-keto steroid by reaction with potassium cyanide
under controlled conditions (aqueous pyridine,'® room
temperature), with a large excess of Jones reagent at room
temperature produced the 4-ene-3,6,17-trione 4'Y (50%).
Reaction of 38-hydroxy-4-ene-3,17-dione 5 with p-toluene-
sulfonyl chloride in pyridine gave the unstable 3-tosylate 6,
which, without purification, was treated with MeOH under
heating to gave the 3a-methoxide 7 (11%). The stereo-
chemistry at the C-3 position was unambiguously de-
termined by the spectral data along with a comparison
with the 3f-methoxy isomer 8.9

Biochemical Properties Results of studies on the re-
versible inhibition of aromatase activity in human pla-
cental microsomes by the 4-ene-3,6-dione steroids 2—4 and
the 3o-methoxide 7 are shown in Table I; compound 1
and 3f-methoxide 8 are listed for comparison. Analysis
of the data in the table shows that an introduction of a
hydroxyl group or a bromine atom to C-16a of compound
1 lowered the inhibitory activity toward aromatase in each
case. It is noteworthy that the 16a-bromide 2 which has a
more lipophilic substituent than the 16a-alcohol 3, is a more
effective inhibitor, in which IC,, the concentration rquired
to give 50% inhibition of the enzyme activity, was 3.2 um
for the bromide 2 and 31 um for the alcohol 3 (cf., IC;, for
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Fig. 1. Lineweaver-Burk Plot (A) and Dixon Plot to Determine the
Apparent Inhibition Constant K; (B) for the 16a-Bromide 2

Each point represents the mean of duplicate determinations. Inhibition experiments
with the 16a-alcohol 3 gave essentially similar plots (data not shown).

compound 1: 0.48 um). Compound 4 having a cyano group
at the C-17 position was a very weak aromatase inhibitor
(IC50>100 um). The 3o-methoxy steroid 7 with a 4-en-6-one
system was also an effective inhibitor of aromatase
(IC50=28.2 um) and, moreover, blocked the enzyme activity
to amuch greater extent than the 38-isomer (IC5, > 100 uMm).

The three effective inhibitors, 2, 3 and 7, were further
studied in order to characterize the nature of their
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Fig. 2. Lineweaver-Burk Plot (A) and Dixon Plot (B) to Determine the
Apparent Inhibition Constants (B) for the 3a-Methoxide 7
Each point represents the mean of duplicate determinations.

interactions with the catalytic site(s). Aromatization was
measured at several concentrations of the inhibitor in the
presence of increasing concentrations of the androstene-
dione substrate. Lineweaver—Burk plots of the results
obtained are shown in Figs. 1A and 2A. All three steroids
exhibited clear-cut competitive-type inhibition with the
apparent inhibition constants (K,), obtained by analysis of
Dixon plots (Figs. 1B and 2B), of 150nM, 1.18 uM, and
700nMm for 2, 3, and 7, respectively, in which the apparent
K, for androstenedione is about 60nM (Table I). The
16a-bromide 2 has relatively high affinity (K;/K,,=2.5) for
binding to the catalytic site(s) of aromatase. The 16a-alcohol
3 has much higher K; than that (45 nm) of the parent steroid
1. This is conceivable from the previous findings on the
relative affinities of the natural substrates,!? androstene-
dione and 16a-hydroxyandrostenedione, for aromatase
(60nm for the former vs. 1.06 um for the latter). It has
previously been reported that steroids having an a-side
substituent at C-6'® and C-7'* of androstenedione have
relatively high affinity for aromatase. The present results
obtained with the 3a-methoxide 7 along with the previous
ones'®!% are helpful in understanding the stereochemical
properties of aromatase inhibitor.

The 16a-bromide 2, the most potent 4-en-3,6,17-trione
derivative examined in this study and the 3a-methoxide 7
were then tested for their abilities to cause a time-dependent
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Fig. 3. Time-Dependent Inactivation (A) and Concentration-Dependent
Inactivation (B) by the 16a-Bromide 2 of Aromatase Activity

Each point represents the mean of duplicate determinations. The results obtained
by the first 3-min preincubation time in Fig. 3A were employed for the analysis in
Fig. 3B. B: k.. =0.417min"!.

inact

inactivation of aromatase. The two compounds were
incubated with aromatase in the presence of NADPH in air
and remaining aromatase activity was measured. The latter
caused a time-dependent, pseudo-first order inactivation of
aromatase during the first 12min. On the contrary, a
time-dependent, biphasic inactivation of aromatase activity
was caused by the former, and since the slopes of the rates
of inactivation are linear only at the initial time period (i.e.,
3min), these earlier times were used to obtain k,,, values
of varying concentrations of inhibitor. With increasing
inhibitor concentrations, increasing k,,, values were
obtained for both compounds (Figs. 3 and 4). Double
reciprocal plots of k,,, vs. inhibitor concentration yielded
K;’s of 625 and 800 nM and k;,,.,’s of 0.417 and 0.036 min ~?,
respectively, for compounds 2 and 7 (Figs. 3B and 4B).

NADPH and oxygen were essential for the time-
dependent activity loss, and the addition of equimolar
androstenedione (1 um for compound 2 and 6um for
compound 7) prevented the inactivation in each case (Table
).

Web*9 previously reported that compound 1 and its
3p-reduced steroid derivatives are suicide substrates for
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Fig. 4. Time-Dependent Inactivation (A) and Concentration-Dependent
Inactivation (B) by the 3a-Methoxide 7 of Aromatase Activity

Each point represents the mean of duplicate determinations.
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Tasie II. NADPH and Oxygen Dependency and Substrate Protection
Experiments for Compounds 2 and 7

Inhibitor and ~_ACHVIY Inhibitor and Activity
. remaining i remaining
conditions (%)? conditions (%)?
2% 22 2+N, atmosphere 93
7 59 7+ N, atmosphere 94
2—NADPH 96 2 + androstenedione® 91
7—-NADPH 95 7 + androstenedione® 98

a) Preincubations with inhibitors were carried out for 8 min at 37°C. The values
are the mean of triplicate determinations. b) Compounds 2 (1 uM) and 7 (6 um)
were preincubated in the presence of NADPH (600 uMm) in air. ¢) Equimolar
androstenedione (1 uM for experiment with compound 2 and 6 um for experiment
with compound 7) was added to the incubate.

aromatase and irreversibly bind to aromatase, probably
through a sulfhydryl function, and that the oxygen function
(carbonyl, hydroxyl, or ester group) at C-3 of the inhibitors
is essential for a mechanism-based inactivation of aromatase
activity, although the mechanism itself is unknown.
Considering these along with the present results (Figs. 3
and 4 and Table II), it can be concluded that compounds
2 and 7 are suicide substrates for aromatase analogous to
compound 1 and its 3f-reduced derivative, respectively,
although their irreversible bindings to aromatase have not
been unambiguously determined.! Furthermore, the
16a-alcohol 4 having a 4-ene-3,6-dione structure may also
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be a suicide substrate for aromatase. Compound 2 has a
chemically reactive a-bromoketone structure in the
D-ring.'V However, this did not cause any significant
time-dependent inactivation under conditions without
NADPH in an affinity-labeling manner (Fig. 3A), showing
that the time-dependent inactivation observed in this study
depends on a mechanism-based inactivation.'® However,
compound 2 may interact irreversibly with the microsomal
proteins rather than aromatase to result in the dis-
appearance of the steroid from the incubate (chemical
dependent elimination). Bednarski et al.'” previously
reported that a time-dependent, biphasic loss of aromatase
activity caused by suicide substrates containing a 19-thiol
group may be responsible for the metabolic dependent
elimination from the incubate. Thus, the time-dependent,"
biphasic loss caused by compound 2 is probably a result of
the chemical- or metabolic-dependent elimination of the
inhibitor from the incubate, since compound 2 was stable
in phosphate buffer at 37 °C for up to 10 h (data not shown).

The 3a-methoxide 7 is the first suicide substrate for
aromatase having a 3a-oxygen function in a 4-en-6-oxo
system. It is not clear whethér or not the 3a-oxygen function
plays a similar role to the 38 one in the formation of the
reactive intermediate (a potent electrophile) which binds in
a covalent manner with nucleophile in the aromatase active
site. Human placental microsomes contain non-aromatase
cyt. P-450 catalyzing benzphetamine demethylation'® and
hydroxysteroid oxidoreductases.'® Considering this, it is
speculated that the time-dependent inactivation observed
with compound 7 would, in part, depend on the 3-oxo
steroid 1 produced from it during the preincubation through
demethylation of the 3a-methoxyl substituent and sub-
sequent oxidation of the resulting 3a-hydroxyl function. It
is believed that compound 7 with its unique structural
feature as aromatase inhibitor can facilitate further the
elucidation of the spatial relationships of the substrate
molecule to the active site of aromatase and of the
development of a suicide inhibitor with a new structural
feature.

Acknowledgments We wish to thank Prof. Toshio Nambara of Tohoku
University for providing data of elemental analysis. This work was
supported in part by a Grant-in-Aid for Scientific Research from the
Ministry of Education, Science and Culture, Japan.

References and Notes

1) @) E. A. Thompson and P. K. Siiteri, J. Biol. Chem., 249, 5373 (1974);
b) M. Akhtar and S. 1. M. Skinner, Biochem. J., 109, 318; oY.
Osawa, B. Tochigi, Y. Higashiyama, C. Yarborough, T. Nakamura,
and T. Yamamoto, Cancer Res. Suppl., 42, 3299s (1982); d) J.
Fishman, ibid., 42, 3277s (1982); e) J. Kellis, Jr. and L. E. Vickery,
J. Biol. Chem., 262, 4413 (1987).

2) T. H. Rizkallah, H. M. M. Tovell, and W. G. Kelly, J. Clin.
Endocrinol. Metab., 40, 1045 (1975); P. C. MacDonald, C. D. Edman,
D. L. Hemsell, J. C. Porter, and P. K. Siiteri, Am. J. Obstet. Gynecol.,
130, 448 (1978).

3) H. A. Harvey, A. Lipton, and D. J. Santen, Cancer Res. Suppl., 42,
3261s (1982); A. M. H. Brodie, ibid., 42, 3312s (1982); idem, Biochem.
Pharm., 34, 3212 (1985); A. M. H. Brodie, R. C. Combes, and M.
Dowsett, J. Steroid Biochem., 27, 899 (1987); D. Henderson, ibid.,
27,905 (1987); J. P. Van Wauwe and P. A. J. Janssen, J. Med. Chem.,
32, 2321 (1989).

4) D. F. Covey, “Steroid Biosynthesis Inhibitors: Pharmaceutical and
Agrochemical Aspects,” ed. by D. Berg and M. Plempel, Ellis
Horwood Ltd., Chichester, England, 1988, pp. 534—571.

5) D.F. Covey and W. F. Hood, Endocrinology, 108, 1597 (1981).

NII-Electronic Library Service



3080

6)

7)
8)

9)
10)

11)
12)

13)

14)

a) M. Numazawa, M. Tsuji, and A. Mutsumi, J. Steroid Biochem.,
28, 337 (1987); b) M. Numazawa, M. Tsuji, A. Mutsumi, and M.
Nagaoka, Chem. Pharm. Bull., 37, 735 (1989); c) M. Numazawa, A.
Mutsumi, and M. Tsuji, Steroids, 54, 299 (1989).

M. Numazawa, M. Tsuji, and Y. Osawa, Steroids, 48, 347 (1986).
M. Numazawa, M. Satoh, S. Satoh, M. Nagaoka, and Y. Osawa,
J. Org. Chem., 51, 1360 (1986).

K. J. Ryan, J. Biol. Chem., 234, 268 (1959).

M. Numazawa, M. Nagaoka, and Y. Osawa, J. Org. Chem., 47,
4024 (1982).

F. L. Bellino, S. S. H. Gilani, S. S. Eng, Y. Osawa, and W. L. Duax,
Biochemistry, 15, 4730 (1976).

M. Numazawa, T. Konno, R. Furihata, and S. Ishikawa, J. Steroid
Biochem., 36, 369 (1990).

L. Tan, E. G. Hrycay, and K. Matsumoto, J. Steroid Biochem., 19,
1329 (1983); Y. Osawa, Y. Osawa, and M. J. Coon, Endocrinology,
121, 1010 (1987).

R. W. Brueggemeier, E. E. Floyd, and R. E. Counsell, J. Med. Chem.,
21, 1007 (1978); M. Numazawa, M. Tsuji, K. Kurouchi, A. Mutsumi,

15)

16)

17)

18)

19)

Vol. 38, No. 11

and M. Nagaoka, Tohoku Yakka Daigaku Kenkyu Nempo, 33, 57
(1986).

The majority of known inhibitors causing a time-dependent
inactivation of aromatase has been evaluated as a suicide substrate
for aromatase without unambiguous results concerning their
irreversible bindings to aromatase, principally because their
radioactive derivatives are not available.

Similar observations have also been obtained using various
bromoacetoxy steroids for aromatase inactivation in the presence or
absence of NADPH. "

P. J. Bednarski, D. J. Porubek, and S. D. Nelson, J. Med. Chem.,
28, 775 (1985).

Y. Osawa, T. Higashiyama, and N. Yoshida, Abstracts of Papers,
8th International Congress of Endocrinology, Kyoto, July 1988,
Abstract No. 15-19-002.

K. J. Ryan, “Maternal-Fetal Endocrinology,” ed. by D. Tulchinski
and K. J. Ryan, W. B. Saunders Company, Philadelphia, 1980, pp.
3—16.

NII-Electronic Library Service





