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&Tective aromatase inhibitors haue been developed that contain atyl functionalities at the 7a-position 
of the steroid nucleus. The exact interactions of 7a-substituted androstenediones with the active site of 
aromatase is unknown. Fluorescent derivatives may provide a useful spectroscopic method for exam- 
ining the binding of these inhibitors to the microsomal complex and pur@ed aromatase protein. 
Dinitrophenyl, dansyl, and naphthyl derivatives of 7a-(4’-amino)phenylthio-4-androstene3,17-dione 
and androstenedione were synthesized as potential fluorescent agents. An in vitro assay with human 
placental microsomes was used to evaluate aromatase inhibitory properties. These fluorescent com- 
pounds were effective competitive inhibitors and have apparent Ki values ranging from 24.1 to 86.7 nM. 
(Steroids 55:123-127, 1990) 
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Aromatase is the cytochrome P450 enzyme complex 
responsible for estrogen biosynthesis in vivo. Inhibi- 
tors of this enzyme complex may be useful in control- 
ling reproductive processes and in treating estrogen- 
dependent disease states such as endometrial cancer 
and postmenopausal breast cancer.13 The therapeutic 
ef5cacies of aromatase inhibitors such as Chydroxy- 
androstenedione and aminoglutethimide are being in- 
vestigated; these inhibitors produced regression of 
hormone-dependent breast tumors in both ratsle3 and 
humansc6 

Previous work from our laboratory has illustrated 
that substitution at the 7a position of androstenedione 
results in inhibitors of enhanced at5nity for aroma- 
tase.7-13 This group of inhibitors includes competitive, 
af5nity, photoaf5nity, and enzyme-activated irrevers- 
ible inhibitors. 7a-(4’-Amino)phenylthio-4-androstene- 
3,17-dione, 7cu-APTA (l), is one of the most potent 
competitive inhibitors, with an apparent K of 18 nM.s 
Additionally, 7a-(4’-amino)phenylthio-1,4-androsta- 
diene-3,17-dione, 7a-APTADD (2), is one of the most 
effective mechanism-based inhibitors of aromatase re- 
ported to date, with an apparent Ki of 9.9 nM and a 
half-time of inactivation (7~) of 1.38 minutes.i2 
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exact interactions of 7a-substituted andro- __ _ . _ _ 
stenediones with the active site of aromatase are un- 
known. Fluorescent derivatives may provide a useful 
spectroscopic method for examiniq the binding of 
these inhibitors to the microbomal complex and puri- 
5ed aromatase protein. Results from these studies 
could further expand information concerning struc- 
ture-activity relationships of aromatase inhibitors. 
Such fluorescent ligands may also be useful in studies 
of tissue and cellular distribution of the aromatase en- 
zyme complex. We report the synthesis of four 5uo- 
rescent 7a-substituted steroids and their inhibitory ac- 
tivity in microsomal preparations from human term 
placenta. 

EKpdlWtd 

All melting points (mp) were taken with a Fisher-Johns 
(Fisher ScientiAc, Pittsburgh, PA, USA) melting point 
apparatus and are uncorrected. Proton nuclear mag- 
netic resonance (NMR) spectra were performed on a 
multinuclear IBM AF-270 pulse NMR spectrometer, 
infrared (IR) spectra were recorded on a Beckman IR 
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4230 spectrophotometer, ultraviolet (UV) spectra 
were obtained on a Beckman DU-40 spectrophotome- 
ter, and fluorescent emission spectra were recorded on 
Farrand spectrofluorometer MK-2 equipped with an 
x-y recorder. Mass spectra (MS) were taken with a 
Kratos MS-30 instrument at ionization energy of 70 
eV. Elemental analyses were performed by Galbraith 
Laboratories, Inc. (Knoxville, TN). 

Steroids were obtained from Searle Laboratories 
(Skokie, IL) or Research Plus (Bayonne, NJ) and were 
checked for purity by mp, thin-layer chromatography, 
or NMR. All other chemicals were purchased from 
Aldrich Chemical Co. (Milwaukee, WI). Solvents and 
chemical reagents were dried and purified prior to use 
when deemed necessary. Biochemicals were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). 
[ l/3-3H]Androst-4-ene-3, 17-dione (28 Ci/mmol) was 
obtained from New England Nuclear (Boston, MA). 
Radioactive samples were detected with a Beckman 
LS 6800 liquid scintillation counter using Formula 963 
(New England Nuclear) as the counting solution. 

Synthetic Methods 

The preparation of 7a-APTA has been described else- 
where .e 

7cu-[4’-(2”,4”-Dinitropbenyl)amino]phenylthio-4-an- 
drostene-3,17-dione (4). 7o-APTA (20 mg, 0.05 mmol) 
in 0.5 ml ethanol and 40 mg of sodium bicarbonate in 
0.5 ml of distilled water were added to a solution of 40 
mg (0.028 ml, 0.2 mmol) of 2,4-dinitrofluorobenzene in 
1 ml of ethyl alcohol. The mixture was stirred for 15 
hours at room temperature. The solution was concen- 
trated to remove ethyl alcohol, and 10 ml of water was 
then added. It was extracted with ethyl acetate and 
dried (Na2SOd). After rotary evaporation of solvent, 
the residue was chromatographed over 10 g of silica 
gel (dichloromethane-ethyl acetate, 10 : 1). Recrystalli- 
zation in methyl alcohol provided 22 mg (78.3%) of 
pure 4: mp 223 to 224 C; IR (KBr) 3,310,3,080,2,920, 
2,880, 1,735, 1,670, 1,590, 1,4!@, 1,330, 800 cm-l; iH- 
NMR (270 MHz, CDCl3) 6 0.93 (s, 3H, Cis), 1.23 (s, 
3H, Ci,), 3.64 (m, lH, C,H), 5.68 (d, J = 1.2 Hz, lH, 
CdH), 7.19 (d, J = 9.5 Hz, lH, ArH coupling), 7.25 (d, 
J = 8 Hz, 2H, ArH), 7.49 (d, J = 8 Hz, 2H, ArH), 8.20 
(dd, J = 9.5, 2.6 Hz, lH, ArH), 9.18 (d, J = 2.6 Hz, 
lH, ArH), 9.93 (s, lH, NH). Analysis calculated for 
C31H33N3OaS: C, 64.68; H, 5.78; N, 7.30. Found: C, 
64.22; H, 5.78; N, 7.16. 

7a-(4’-Dansylamino)phenylthio-4-androstene-3,17- 
dione (5). To a stirred solution of 20 mg (0.05 mmol) of 
7cr-APTA in 5 ml of the mixture of acetone and 0.1 M 
of Na2C03 (1: l), pH 9.5 to 10, was added 57 mg (0.2 
mmol) of dansyl chloride. The reaction mixture was 
stirred at room temperature in the dark for 10 hours. 
The solution was filtered and concentrated in vacua. 
The residue was flash-chromatographed over 10 g of 
silica gel (dichloromethane-ethyl acetate, 4 : 1) to af- 
ford a yellow powder 5 (4.5 mg, 14.3%): mp 165 C 

(dec.); ‘H-NMR (270 MHz, CDC13) 6 0.90 (s, 3H, C18), 
1.20 (s, 3H, Ct9), 2.88 (s, 6H, N(CH&), 3.40-3.41 (m, 
lH, C,H), 5.58 (d, J = 1.2 Hz, lH, CdH), 6.87 to 6.91 
(m, 3H, ArH & NH), 7.16 to 7.20 (m, 3H, ArH), 7.46 
(dd, J = 8.5, 7.5 Hz, lH, ArH), 7.59 (dd, J = 8.5, 7.5, 
Hz, lH, ArH), 8.20 (dd, J = 7.2, 1.2 Hz, lH, ArH), 
8.38 (d, J = 8.5 Hz, lH, ArH), 8.52 (d, J = 8.5 Hz, lH, 
A&). Exact mass calculated for C3iH3rN30$ m/e: 
643.2664; found m/e: 643.2670. 

7*(1’-Naphthyl)thio4androstene-3,17-dione (6). 4,6- 
Androstadiene-3,17-dione (4,6-ADD, 170 mg, 0.6 
mmol) was dissolved in 1-naphthalenethiol (0.25 ml, 
1.8 mmol) under argon, and a small piece of sodium 
metal (approximately 10 mg) was added to the solu- 
tion. The reaction was heated to 75 to 80 C in oil bath 
for 18 hours. A crude solid was obtained when cooled, 
which was then washed with petroleum ether and fil- 
tered. The residue was chromatographed over 10 g of 
silica gel (hexane/ethyl acetate, 2 : 1). The product was 
recrystallized with ethyl acetate to afford 202 mg 
(76%) of white crystals of compound 6: mp 228-230 C 
(dec.); IR (KBr) 3,010, 2,900 (br), 1,740, 1,650, 1,625 
cm-l; ‘H-NMR (270 MHz, CDC13) 6 0.93 (s, 3H, Cis), 
1.23 (s, 3H, C,,), 3.64 to 3.68 (m, IH, C,H), 5.65 (d, J 
= 1.6 Hz, lH, C,H), 7.43 (dd, J = 8, 7 Hz, lH, ArH), 
7.50 to 7.62 (m, 2H, ArH), 7.73 (dd, J = 7, 1 Hz, lH, 
ArH), 7.86 (dd, J = 10, 8 Hz, 2H, ArH), 8.4 (d, J = 8 
Hz, lH, ArH); MS m/e (relative intensity) 444 (M+, 
0.03), 284 (0.35), 160 (0.52), 115 (1.00). Analysis calcu- 
lated for C29H32O2S: C, 78.34, H, 7.25. Found: C, 
78.06; H, 7.13. 

7cr-(2’-Naphthyl)thio4androstene-3,17-dione (7). 4,6- 
ADD (170 mg, 0.6 mmol) was added to a melted and 
stirred solution of 2naphthalenethiol (200 mg, 1.2 
mmol) at 80 C under argon, and a small piece of so- 
dium metal (approximately 10 mg) was then added. 
The reaction was heated at 80 C for 24 hours. A white 
powdered solid was obtained when slowly cooled. The 
solid was then washed with petroleum ether and fil- 
tered. The residue was chromatographed over 10 g of 
silica gel (hexane/ethyl acetate, 4 : I) and recrystallized 
with ethyl acetate to get 165 mg (62%) of white crystals 
of compound 7: mp 205 to 206 C; IR (KBr) 3,015,2,900 
(br), 1,730, 1,660, 1,640 cm-r; lH-NMR (270 MHz, 
CDC13) 6 0.95 (s, 3H, C,s), 1.25 (s, 3H, C,,), 3.69 to 
3.70 (m, lH, CTH), 5.73 (d, J = 1.5 Hz, IH, C4H), 7.44 
to 7.54 (m, 3H, ArH), 7.64 to 7.89 (m, 4H, ArH); MS 
m/e (relative intensity) 444 (M+, 0.12), 284 (0.75), 160 
(0.95), 136 (l.OO), 115 (0.81). Analysis calculated for 
C29H3202S: C, 78.34; H, 7.35. Found: C, 78.61; H, 
7.23. 

Biochemical Methods 

Placental microsomes were prepared as previously de- 
scribed. l3 

Competitive inhibition studies. Various concentrations 
of 4-androstene-3,17-dione (60-500 NM; 200,000 dpm) 
and a single concentration of inhibitor were preincu- 
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bated with propylene glycol (100 pl), nicotinamide 
adenine jlinucleotide phosphate (1.8 mu), glucosed 
phosphate (2.85 mM), and glucose-6-phosphate dehy- 
drogenase (5 U) in 0.5 ml at 37 C for 5 minutes. Placen- 
tal microsomes (0.07 to 0.12 mg) were resuspended 
and diluted to 3.0 ml with 0.1 M of sodium phosphate 
butrer solution, pH 7, and added to the preincubated 
mixture. The solution was incuba 

r 
at 37 C for 15 

minutes. The reaction was stopped y the addition of 5 
ml of CHCls to the incubate. After vortexing for 20 
seconds, the CHCls-quenched samples were centri- 
fuged at 1,250 x g for 10 minutes. Aliquots (200 ~1) of 
the aqueous layer were mixed with 5 ml of scintilhition 
cocktail, and counted for ‘H radioactivity by liquid 
scintillation spectrometry. Assays were run in dupli- 
cate, and control samples containing no inhibitors 
were run simultaneously. Blank samples were incu- 
bated with boiled microsomes. The results were ana- 
lyzed by weighted regression programs.14 Protein con- 
centrations were determined by the Bradford protein 
aMy. 
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Resnlts 

Two fluorescent analogs were prepared by derivatiza- 
tion of the effective competitive inhibitor, 7aAPTA. 
The synthesis of derivatives 4 and 5 was accomplished 
by alkylation of the free amine group of 7a-APTA with 
2,4dinitrofluorobenzene and dansyl chloride, respec- 
tively (Scheme 1). In the synthesis of these dansyl- 
amine and dinitrophenyl (DNP) derivatives, the pH 
range of the reactions is critical. 2,4Dinitrofluoroben- 
zene readily reacts with the amine functionality, with 
sodium bicarbonate (0.9 to 1 .O no) used in the reaction 
to optimize the pH range of 8 to 9. On the other hand, 
the optimal pH for dansylation is 9.5 to 10.5. How- 
ever, the dansylamine product 5 decomposed at room 
temperature and was stored under nitrogen in the dark 
at 4 C. The yield of DNP derivative 4 was 78.3% and 
was greater than the yield of 14.3% for derivative 5. 

A second approach to the design of fluorescent aro- 
matase inhibitors was to replace the phenyl substit- 

uent. Fluorescent moieties were incorporated directly 
onto the 7a-position by a Michael addition of the moi- 
ety to 4,6-androstadiene-3,17dione. The naphthylthio 
derivatives 6 and 7 were prepared from 4,6-androsta- 
diene3,17dione and l- or 2-naphthalenethiol under 
base catalysis (Scheme’ 2). The syntheses were 
straightforward, and the desired compounds were ob- 
tained in high yields (62% and 76%, respectively). Ul- 
traviolet absorption and fluorescence emission wave- 
lengths of synthetic aromatase inhibitors 4 through 7 
are shown in Table 1. 

Enzyme kinetic studies of aromatase inhibition 
were performed using preparations of human placental 
microsomes. Aromatase activity was assayed under 
initial velocity conditions by the radiometric method 
which measured the amount of ‘HZ0 released as an 
index of estrogen formation. The dansylamine deriva- 
tive of 7cu-APTA, compound 5, was not stable in the 
buffer solution and was not tested for enzyme inhibi- 
tion. The results of the kinetic analysis using human 
placental microsomes are shown in Table 2. Com- 
pounds 4,6, and 7 exhibited competitive inhibition, as 
determined from the Lineweaver-Burk plots and the 
weighted regression analysis.14 These results are plot- 
ted as l/velocity versus l/[substrate] (Figures 1 and 2). 

TabJe 1 Ultraviolet absorption and fluorescence emission 
wavelengths 

Compound 
uv. &nml Fluorescence, h,,,,,, 

(nm) hn) 

: zz 
365 
515 

f 
224 
225 z 
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Table 2 Apparent Ki values for fluorescent aromatase inhibi- 
tors 

Compound 
V InBX 

(nmol/mg/min) 

4 86.7 k 12.3 147.9 k 5.6 
6 24.1 f 7.1 230.7 f 17.8 
7 38.9 f 9.2 203.6 2 11.4 

Apparent K,,, for androstenedione in these assays ranged from 
58.8 nu (~17.1) to 68.5 nM (-tll.l). 

Discussion 

The introduction of a 7cr-substituent on the andro- 
stenedione molecule imparts similar or greater affinity 
of the steroid analog for the aromatase enzyme.7-12 
Furthermore, numerous effective inhibitors in this 
group of steroid derivatives have phenyl substituents 
at this 7cw-position. Incorporation of other aryl moi- 
eties, such as fluorescent aromatic groups, would 
provide potentially new aromatase inhibitors with 
unique characteristics. 

ti 

O- 
0 10 

l/PI 

Figure 1 Double reciprocal plot of aromatase inhibition by 
compound 4. Varying concentrations of androstenedione were 

Flgun 2 Double reciprocal plot of aromatase inhibition by 

incubated with aromatase at the indicated inhibitor concentra- 
compound 7. Varying concentrations of androstenedione were 
incubated with aromatase at the indicated inhibitor concentra- 

tions. Each point represents the average of two determinations 
with variation of less than 7%. 

tions. Each point represents the average of two determinations 
with variation of less than 7%. 

The dinitrophenyl derivative of 7a-APTA (4) and 
the two 7cw-naphthylthio derivatives of androstene- 
dione (6 and 7) were prepared in high yields and 
demonstrated good to excellent inhibition of placental 
microsomal aromatase. Compounds 6 and 7, the 
naphthylthio derivatives, exhibit a high affinity for aro- 
matase, as demonstrated by the excellent apparent Ki 
values of 24.1 and 38.9 nM. These results indicated 
that 7o-substituents with bulky, planar functionalities 
can interact effectively at the active site of aromatase. 
Additionally, as evidenced by a higher Ki and lower 
affinity of compound 4, modifications that extend the 
7cr-substituents away from the steroid nucleus lead to 
a decrease in affinity for the enzyme complex. Thus, 
the studies further extend the structure-activity rela- 
tionships of this class of important aromatase inhibi- 
tors . 

The fluorescent derivatives described here, com- 
pounds 4, 6, and 7, interact with high affmity to the 
aromatase enzyme complex. These agents may serve 
as biochemical probes in spectroscopic studies with 
the aromatase protein. Additionally, these fluorescent 
aromatase inhibitors may also be useful as fluorescent 
ligands in studies of tissue and cellular distribution of 
the enzyme complex. 
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