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Inhibition and Inactivation of Estrogen Synthetase (Aromatase) by 
Fluorinated Substrate Analoguest 
Patrick A. Marcotte and Cecil H. Robinson* 

ABSTRACT: 19,19-Difluoroandrost-4-ene-3,17-dione (1) and 
19-fluorcandrost-4-ene-3,17-dione (2) have been synthesized, 
and the interaction of these compounds with the estrogen 
synthetase (aromatase) activity of human placental microsomes 
has been studied. 1 has been found to cause time-dependent, 
irreversible inactivation of this enzyme (Ki = 1 pM, kinact = 

E s t r o g e n  synthetase (aromatase) is a key enzyme that is 
involved in the conversion of androgens (male sex hormones) 
into estrogens (female sex hormones). Aromatase and an- 
drogen Sa-reductase are the enzymes that catalyze reactions 
of an important branch point in biosynthetic steroid trans- 
formations. Since the androgen/estrogen balance is considered 
to be a factor in many biological processes (Motohashi et al., 
1979), work in this laboratory and elsewhere has focused on 
the development of specific inhibitors of the above enzymes 
(Blohm et al., 1980; Brodie et al., 1977; Covey et al., 1981; 

0.023 min-l). A possible mechanism of this process is enzy- 
matic generation of an acyl fluoride through oxidation of 1. 
Compound 2 does not cause inactivation, and this substrate 
analogue has been shown to be converted to estrone in high 
yield by this enzyme system. 
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Marcotte & Robinson, 1981; Metcalf et al., 1981; Schade & 
Schubert, 1979; Schwarzel et al., 1973). In particular, the 
extraordinary importance of aromatase has led to much work 
with preparations of microsomes from human term placenta 
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despite the limitations introduced by the impurity of this source 
of enzyme. 

We here report the time-dependent, irreversible inactivation 
of the aromatase activity of human term placental microsomes 
by 19,19-difluoroandrost-4-ene-3,17-dione (1). 19-Fluoro- 

0 4b-U 0 AAJ 
1 2 

androstene-3,17-dione (2)' is also oxidized by this enzyme 
system, but that process does not lead to inactivation: the 
substrate analogue is converted in high yield to estrone. Ev- 
idence as to the probable mechanism for the interaction of 
these compounds with aromatase is presented. 

Materials and Methods 
General. Placental microsomes were prepared as described 

by Ryan (1959). The aromatase activity was measured by 
the release of tritium into the aqueous medium from [1,2- 
3H]androst-Cene3, 17dione (40-60 Ci/mmol, purchased from 
New England Nuclear Corp.) as described by Thompson & 
Siiteri (1974) and Reed & Ohno (1976). Protein was de- 
termined by the method of Lowry et al. (1951). Unlabeled 
androst-4-ene-3,17dione was purchased from Steraloids, Inc., 
and all biochemical reagents were from Sigma Chemical Co. 
Dehydroisoandrosterone was purchased from G. D. Searle and 
converted to androst-5-ene-3fl,178,19-triol 3,17-diacetate as 
described by Kalvoda et al. (1963). (Diethy1amino)sulfur 
trifluoride (DAST) was prepared from sulfur tetrafluoride 
(Matheson) as described by Middleton (1975). Cyanuric 
fluoride was purchased from Alfa-Ventron Corp. 

Melting points were determined on a Kofler hot stage and 
are uncorrected. NMR2 spectra were obtained on Perkin- 
Elmer R-12B (60 MHz) or Bruker FT (300 MHz) spec- 
trometers in CDC13 solutions with Me4Si as the internal 
standard. Chemical shifts are expressed as 6 values (Me,Si 
= 0), with signal multiplicities shown as s (singlet), d (doublet), 
t (triplet), and m (multiplet). Infrared spectra were obtained 
on a Perkin-Elmer 521 spectrometer with chloroform solutions. 
Mass spectra were determined on a Du Pont DP-102 spec- 
trometer and a Kratos MS-50 instrument. Elemental analyses 
were determined by Galbraith Laboratories Inc., Knoxville, 
TN. All chromatographic separations were performed on 
Woelm dry-column silica gel from EM Reagents, and ana- 
lytical thin-layer plates were obtained from Macherey Nagel 
and Co., West Germany. High-pressure liquid chromato- 
graphic separations were performed on a Waters Associates 
Model 6000 instrument. 

Syntheses. 19-Oxoandrost-5-ene-38,17&diol Diacetate (3).  
A solution of 10 g of androst-5-ene-3&178,19-triol 3,17-di- 
acetate was dissolved in 250 mL of acetone and chilled to 0 
"C. Jones reagent (24 mL of an aqueous solution containing 
2 M CrO, and 3 M H2S04) was added over 2 min with vig- 

I References to these compounds have appeared in the patent litera- 
ture (U.S. Patents 3 101 356,3 101 357, and 3 257430), but we could not 
find any chemical or biological characterization of the compounds in the 
literature. 

Abbreviations: NMR, nuclear magnetic resonance; HPLC, high- 
pressure liquid chromatography; TLC, thin-layer chromatography; 
EDTA, ethylenediaminetetraacetic acid; NADPH, nicotinamide adenine 
dinucleotide phosphate (reduced form); DAST, (diethy1amino)sulfur 
trifluoride. 

orous stirring. After 3 min of further reaction at 0 "C, the 
reaction was quenched with excess 2-propanol, and the product 
was isolated by partitioning the reaction mixture between 
chloroform and water. The organic phase was washed with 
saturated aqueous NaCl, dried with Na2S04, and evaporated 
to an oil. Crystallization from methanol yielded 7.5 g of 3: 
mp 137-140 OC [lit. mp 150-153 OC (Jen & Wolff, 1963)]; 
NMR 6 9.7 (s, 1, 19-CHO), 5.9 (m, 1, C-6 H), 0.9 (s, 3, 
18-CH3). 
19,19-Di~uoroandrost-5-ene-3~,17~-diol Diacetate (4). A 

solution of 2.5 g of 3 dissolved in 10 mL of (diethylamino)- 
sulfur trifluoride (DAST) was heated in an oil bath at 60 OC 
for 5 h. The mixture was cooled, carefully diluted with 
methylene chloride, and poured into crushed ice. The organic 
layer was washed with saturated NaHC03, dried with Na2- 
SO,, and evaporated to a thick oil. After filtration through 
silica gel (elution with 1:49 acetone-chloroform), the product 
was crystallized from methanol to yield 750 mg of crude 
19,19-difluoroandrost-5-ene-38, 178-diol diacetate (4). An 
analytical sample was purified by HPLC (Waters p-Porasil 
column equilibrated with 67.5% hexane-30% ethylene chlo- 
ride2.5% acetonitrile) and recrystallized from hexane: mp 
140-143 OC; IR v,, 1730, 1250 cm-'; NMR 6 6.1 (t, 1, JHF 
= 55 Hz, 19-CHF2), 5.9 (m, 1, C-6 H), 0.9 (s, 3, 18-CH3). 

19,19-Difluoroandrost-S-ene-3P,I 7&diol(5). The diacetate 
(4,750 mg) was treated with 30 mL of 3% methanolic KOH. 
After 3 h at 25 OC, the reaction was neutralized with acetic 
acid, the bulk of the methanol evaporated in vacuo, and the 
product precipitated with water. The solid product was re- 
covered by filtration, washed with cold water, and thoroughly 
dried, yielding 600 mg of 19,19-difluoroandrost-5-ene- 
38,178-diol (5). An analytical sample (from purified di- 
acetate) was crystallized from methanol-water: mp 159-161 
OC. 
19,19-Difluoroandrost-4-ene-3,17-dione (1). The preceding 

diol (5, 600 mg) was dissolved in 100 mL of toluene and 10 
mL of cyclohexanone. After distillation of 5 mL (to remove 
moisture), 1.5 g of aluminum isopropoxide was added and the 
reaction heated to reflux for 1 h. The product was isolated 
by extraction with ethyl acetate and purified by column 
chromatography on silica gel (elution with 1:24 acetone- 
chloroform). Final purifxation was effected by reverse-phase 
HPLC (Whatman M9-ODS column equilibrated with 80% 
acetonitrile-20% water) and crystallization from ether-hexane. 
Pure 19,19-difluoroandrost-4-ene-3,17-dione (1, 205 mg) 
showed the following: mp 109-110 OC; IR Y,, 1736, 1660, 
1610 cm-'; 300-MHz NMR (Figure 1A) 6 6.08 (t, 1, JHF = 
55 Hz, 19-CHF,), 6.04 (s, 1, C-4 H), 0.95 (s, 3, 18-CH3); mass 
spectrum, M+ 322. Anal. Calcd for CI9H2,O2F2: C, 70.79; 
H, 7.50; F, 11.70. Found: C, 70.80; H, 7.63; F, 11.73. 
19-Fluoroandr~t-4-ene-3,17-dione (2). This compound was 

prepared from androst-5-ene-38,178,19-triol 3,17-diacetate 
(2.5 g) by a procedure identical with the preparation of the 
19,19-difluoro compound (1) from the 19-oxo compound (3). 
However, the 19-fluor0 product was not the major product of 
the reaction between the 19-alcohol and DAST. The crude 
reaction mixtures containing a small amount of 19-fluoro- 
androst-5-ene-38,17@-diol diacetate and 19-fluoroandrost-5- 
ene-38,17Bdiol were carried through without characterization 
and subjected to Oppenauer oxidation. The final product was 
purified via silica gel chromatography (elution with 1 :24 
acetone-chloroform), reverse-phase HPLC (Whatman M9- 
ODS column equilibrated with 80% acetonitrile-20% water), 
and silica gel HPLC (Waters p-Porasil column equilibrated 
with 60% hexane-30% ethylene chloride-10% acetonitrile). 
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FIGURE 1: (A) 300-MHz NMR spectrum of 19,19-difluoro- 
androst-4-ene-3,17-dione (1). (B) Spectrum of 19-fluoroandrost-4- 
ene-3,17-dione. Both compounds were dissolved in CDC1,. The peak 
at 8 1.5 is due to trace water contamination. 

This protocol resulted in isolation of 1.8 mg3 of (chromato- 
graphically homogeneous, >95% pure) 19-fluoroandrost-4- 
ene-3,17-dione (2): mp 11 1-1 13 OC; in the 300-MHz NMR 
(Figure 1B) the diastereotopic 19-methylene group (6 4.6-4.9) 
exhibits the 50-Hz coupling constant due to fluorine; mass 
spectrum, M+ 304. Anal. Calcd for ClgHzsO2F (exact mass 
measurement): 304.1832. Found: 304.1838. 

I9-Carboxy-3,17-dioxoandrost-4-ene-l9-~arbonyl Fluoride 
(6). 19-Carboxyandrost-4-ene-3,17-dione (400 mg) was 
slurried in 10 mL of methanol, treated with 1 equiv of aqueous 
1 M NaOH (1.27 mL), evaporated, and thoroughly dried. The 
residue was slurried in 10 mL of dry acetonitrile, and 1 mL 
of cyanuric fluoride was added dropwise. The salt dissolved 
as the reagent was added. After 5 min at 25 OC, the reaction 
mixture was diluted with ether and washed with water, and 
the organic phase was dried with Na2S04 and evaporated to 
dryness. The chloroform-soluble product (the evaporated 
residue contains a large amount of insoluble byproducts) was 
purified by column chromatography on silica gel (elution with 
1:19 acetonechloroform), which led to the isolation of material 

This very low yield synthesis was carried out after attempts to re- 
produce the patent synthesis were unsuccessful. No effort has yet been 
made to improve the yield, nor have the major products been charac- 
terized. 

V O L .  2 1 ,  N O .  1 1 ,  1 9 8 2  2775 

that exhibited absorbance in the ultraviolet and showed the 
expected Rf on silica gel TLC. HPLC (Waters p-Porasil 
column equilibrated with 60% hexane-30% ethylene chlo- 
ride-10% acetonitrile) resolved the crude product into two 
components. 19-Carboxy-3,17-dioxoandrost-4-ene- 19-carbonyl 
fluoride (6,21 mg) was crystallized from hexane: mp 155-160 
"C; IR v,, 1823, 1733, 1675 cm-'; mass spectrum, M+ 318. 
Anal. Calcd for C19H2302F: C, 71.68; H, 7.28; F, 5.97. 
Found: C, 71.49; H, 7.34; F, 5.77. 

The second product, 19-norandrost-4-ene-3,17-dione (45 
mg), was crystallized from hexane: mp 164-166 OC [lit. mp 
169-171 OC (Berkoz et al., 1963)l; IR v,,, 1735 and 1665 
cm-'; mass spectrum, M+ 272. 
Inhibition Experiments. Stock solutions (10 mM) of the 

19-fluor0 (2) and 19,19-difluoro (1) substrate analogues in 
methanol were prepared. A 1:lOO dilution of these solutions 
in water resulted in 1% methanol solutions 100 pM in steroid. 
A 2.5 mM solution of 19-carboxy-3,17-dioxoandrost-4-ene- 
19-carbonyl fluoride (6)  in acetonitrile was prepared, and the 
steroid was added directly to incubations with a microliter 
syringe. Up to 1% acetonitrile or methanol in buffer had no 
significant effect on aromatase activity or stability. 

Assays of aromatase activity were carried out in 10 mM 
potassium phosphate, 100 mM KC1, 1 mM EDTA, which 
contained 125 pM NADPH, 1 or 2 pM [1,2-3H]androst-4- 
ene-3,17-dione, and varying concentrations of inhibitors in a 
total volume of 2 mL at 37 OC. Rates of estrogen formation 
were determined by extraction of aliquots of the incubation 
with CHC13 and analysis of the radioactivity released into the 
aqueous medium. The usual time course was 9 min over which 
five points were taken. 
Inactivation Experiments. Preincubations of substrate 

analogues were contained in a total volume of 0.5 mL at 37 
OC, 0.9 mg of microsomal protein and 1 mM NADPH in the 
same buffer as above. Glucose 6-phosphate (10 mM), 0.1 
mg/mL glucose-6-phosphate dehydrogenase, and 5 mM 
MgC12 were added to ensure against depletion of reduced 
cofactor. The preincubation contained 1-10 pM steroid in- 
hibitors. Aliquots (0.05 mL) were withdrawn at intervals, and 
the aromatase activity was assayed by dilution into 1 mL of 
buffer containing 1 pM [ 1 ,2-3H]androst-4-ene-3,1 7-dione and 
125 pM NADPH. In some preincubations dithiothreitol ( 5  
mM) or ethanolamine hydrochloride (20 mM) was added. In 
the absence of any steroid, placental microsomes undergo loss 
of approximately 35% of their aromatase activity in 1 h at 37 
OC. 
Irreversibility of Inhibition Caused by 19,19-Difuoro- 

androst-l-ene-3,17-dione (1). In 2 mL of total volume at 37 
OC, 1.8 mg of microsomal protein was incubated with 10 pM 
1 in the presence of 1 mM NADPH, 10 mM glucose phos- 
phate, 5 mM MgC12, and 0.2 mg of glucose-dphosphate de- 
hydrogenase. The buffer was the same as that in kinetic 
assays. The control incubation lacked NADPH. After 1 h, 
the incubations were diluted with cold buffer, and the mi- 
crosomal pellet was precipitated by ultracentrifugation. The 
pellets were resuspended in buffer, diluted, centrifuged, re- 
suspended a second time, and allowed to stand at 0 OC ov- 
ernight. The amount of protein and the aromatase activity 
were assayed after both centrifugations and after standing 
overnight. The control incubation lost no more than 25% of 
its initial activity during the experiment. 
Aromatization of 19-Fluoroandrost-l-ene-3,17-dione (2). 

In 2 mL of total volume at 37 OC, 10 pM 2 was incubated 
with 1.8 mg of microsomal protein in buffer containing 1 mM 
NADPH. A control incubation lacked NADPH. The incu- 
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FIGURE 2: Kinetics of competitive inhibition of aromatase by var 
concentrations of 19-fluoroandrost-4-ene-3,17-dione (1): (m) 5 
(0)  1 pM; (A) no inhibitor (vs. 1 pM substrate). 
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FIGURE 3: Kinetics of competitive inhibition of aromatase by various 
concentrations of 19,19-difluoroandrost-4-ene-3,17-dione (2): (D) 
5 p M ;  (0) 1 pM; (A) no inhibitor (vs. 1 pM substrate). 

bations were quenched by extraction with CH2C12 (different 
incubations were quenched at different intervals), the organic 
extract was dried, and the solvent was evaporated. The com- 
position of the residue was analyzed on a Waters p-Partisil 
analytical HPLC column equilibrated with 60% hexane-30% 
ethylene chloride-10% acetonitrile. Products were detected 
and quantified by their ultraviolet absorbance at 225 nm. The 
analysis was calibrated by injection of calculated amounts of 
standards [2, 19-oxoandrost-4-ene-3,17-dione (8), estrone, 
estradiol]. In all extracts, the major components observed were 
unchanged inhibitor (2) and estrone. 

Results 
Substrate analogues 19-fluoro- (2) and 19,19-difluoro- 

androst-4-ene-3,17-dione (1) have been synthesized and found 
to be inhibitors of the aromatase activity of human term 
placental microsomes (Figures 2 and 3). The monofluoro 
compound (2) binds more efficiently: with 1 pM substrate 
50% inhibition of activity is observed at 2.9 p M .  Under the 

IS 
I: 15 30 45 60 

PREINCUB AT ION ( m i  nut c s  ) 

FIGURE 4: Kinetics of NADPH-dependent inactivation of aromatase 
by various concentrations of 19,19-difluoroandrost-4-ene-3,17-dione 
(1): (m) 5 pM; (0) 1 bM; (0) 0.5 rM; (A) no inhibitor (background 
loss of activity). (Inset) Analysis of inactivation rates (corrected for 
background). 
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same conditions the difluoro compound (1) causes 50% in- 
hibition at 4.8 pM. The inhibition by both substrate analogues 
has been found to be competitive with substrate (androst-4- 
ene-3,17-dione). 

Both compounds were tested as to their ability to induce 
inactivation of the aromatase activity of the microsomal 
preparation. 19,19-Difluoroandrost-4-ene-3,17-dione (1) has 
been found to cause progressive, time-dependent, irreversible 
loss of activity. Figure 4 demonstrates the kinetics of this 
process. Analysis4 by the method of Kitz & Wilson (1962) 
demonstrates a Ki of 1 .O p M  and a kinact of 0.023 min-I ( t l l P  
at saturating inhibitor = 30 min). The inhibition appears 
irreversible since microsomes preincubated with 19,19-di- 
fluoroandrost-4-ene3,17-dione (1) did not regain activity upon 
exhaustive washing or after standing 20 h following removal 
of the inhibitor. In the absence of NADPH the rate of in- 
activation is sharply reduced, implying the inactivation involves 
oxidative enzymatic activation5 of the substrate analogue. We 

This analysis (inset to Figure 2) subtracts the rate of the background 
loss of activity from the rate observed in the presence of various con- 
centrations of 1. 
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believe it probable that covalent modification of the enzyme 
takes place; however, we have not yet demonstrated this point 
with radiolabeled inhibitor. 

Oxidation of the 100-difluoromethyl group of 1 by aro- 
matase would yield a 100-hydroxydifluoromethyl (7) inter- 
mediate. Elimination of fluoride would generate acyl fluoride 
(6) (Scheme I). Therefore, authentic acyl fluoride was 
synthesized from the corresponding carboxylic acid and its 
interaction with the enzyme studied. These experiments were 
complicated by the hydrolytic instability of the acyl fluoride 
in buffered aqueous solution (10 mM potassium phosphate, 
100 mM KCl, 1 mM EDTA). The acyl fluoride (6) exhibits 
A- 242 nm and c 15 OOO in this system; the carboxylate anion 
formed by hydrolysis exhibits A,, 253 nm and t 11 000. 
Therefore the hydrolysis could be monitored by changes in the 
ultraviolet spectrum of the steroid solution (50 pM steroid in 
2% acetonitrile-buffer). The half-life of acyl fluoride was 
found to be 14 min at 37 OC. 

In studies of the initial rate of estrogen synthesis with 1 pM 
substrate, the acyl fluoride (6)  was found to be a reversible 
inhibitor, causing 50% inhibition at 4 pM. In short-term 
preincubations, 6 appeared to cause some loss of aromatase 
activity. However, the maximum loss of activity observed in 
incubation with 10 pM acyl fluoride was approximately 50% 
(over 30 min); longer incubations did not result in further 
inactivation possibly because of the disappearance of the acyl 
fluoride from solution. 

We have also been unable to demonstrate protection against 
inactivation induced by 1 by addition of either thiol ( 5  mM 
dithiothreitol) or amine (20 mM ethanolamine hydrochloride) 
to the incubation, circumstantial evidence that a reactive al- 
kylating agent is not released from the active site. The de- 
composition of synthetic acyl fluoride (6) in buffer containing 
20 mM ethanolamine hydrochloride can be monitored by 
changes in the ultraviolet spectrum (a shift from 242 to 250 
nm), and that species has been found to have a half-time of 
2 min at 37 OC in this buffer. 

Our mechanistic rationale for studying the interaction of 
19,19-difluoroandrost-4-ene-3,17-dione (1) and placental 
aromatase was the possibility of enzymatic conversion of the 
difluoromethyl moiety into an electrophilic acyl fluoride (6), 
with subsequent covalent modification of the enzyme. How- 
ever, the inconclusive nature of the experiments with synthetic 
acyl fluoride and aromatase leaves the question of the mech- 
anism of the inactivation caused by 1 as a matter for con- 
jecture. Our results do show that if 6 is the causative agent 
of enzyme inactivation, it must be produced by fluoride elim- 
ination at the active site and not free in solution. Charac- 
terization of the enzyme-inhibitor linkage might demonstrate 
the mechanism of the process, but these experiments await the 
synthesis of radiolabeled 1 and the isolation of a more purified 
enzyme preparation. 

We turn now to experiments with the related monofluoro 
compound 19-fluoroandrost-4-ene-3,17-dione (2). The same 
electrophile postulated to be formed from 1 might be produced 
from 2 if the enzyme were to carry out two rapid successive 
hydroxylations followed by elimination of one hydroxide anion. 
This evidently does not happen: the monofluoro substrate 
analogue (2) does not cause time-dependent loss of activity 
greater than the background. We have shown that 2 is aro- 

~ 

The rate at which placental microsomes lose aromatase activity in 
the absence of any steroidal compound is accelerated severalfold by 
NADPH (to a maximum of 35% over 1 h at 37 "C). Therefore, in the 
absence of cofactor, the activity is stabilized with respect to both the 
inactivation induced by 1 and the background loss of activity. 

Scheme I1 
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matized by placental microsomes. Incubation of 1.8 mg of 
placental microsomal protein, 1 mM NADPH, and 2 (6.06 
pg, 20 nmol) resulted in production of 2.8 pg of estrone (52% 
conversion) in 40 min. The identity of the product isolated 
by HPLC was confirmed by its mass spectrum. Substantial 
1Pfluoro starting material (1.8 pg) remained in the incubation, 
demonstrating that aromatization of 2 (Scheme 11) is the 
predominant pathway in its reaction with aromatase. 

No 19-oxoandrost-4-ene-3,17-dione (8) could be detected 
(limits of detection 0.5 pg). Also, 19-fluoroandrost-4-ene- 
3,17-dione (2) was stable to incubation with aromatase in the 
absence of NADPH, and organic solvent extracts of our pla- 
cental microsomal preparation did not contain significant 
quantities of species that interfered with the analysis. 

Discussion 
This paper reports inactivation of human placental aro- 

matase by 19,19-fluoroandrost-4-ene-3,17-dione (1). A 
probable mechanism of inactivation is enzyme-catalyzed ox- 
idation of the substrate analogue and elimination of hydrogen 
fluoride, thereby forming an electrophilic acyl fluoride (6)  
(Scheme I). Inactivation would follow from covalent modi- 
fication of an enzyme nucleophile. The lack of protection 
observed by the addition of nucleophilic trapping agents and 
the failure of synthetic acyl fluoride to mimic the inactivation 
process rule out formation of acyl fluoride (6) in solution, 
followed by rebinding to the enzyme and subsequent inacti- 
vation. 

Studies of the interaction of aromatase and 6 are compli- 
cated by the intrinsic reactivity of the acyl fluoride. There 
may also be a difference in the conformation of the enzyme 
and its susceptible nucleophiles when it is carrying out oxi- 
dative catalysis on the difluoromethyl substrate analogue (1) 
as opposed to when it binds acyl fluoride (6) encountered from 
solution. Mechanistic arguments must remain speculative until 
synthesis of a radiolabeled inhibitor and characterization of 
the enzyme-inhibitor linkage are accomplished. 

The related 19-fluoroandrost-4-ene-3,17-dione (2) has been 
shown to be an alternate substrate for aromatase: this sub- 
strate analogue is converted to estrone without significant 
inactivation of the enzyme. The high-yield conversion implies 
that this transformation takes place (Scheme 11) without re- 
lease of a geminal fluorohydrin (9) or an aldehyde intermediate 
(8), but because 8 is also aromatized by the enzyme (Morato 
et al., 1961) and might not have been detected in small 
amounts, this point remains uncertain. The enzyme must not 
oxidize the postulated fluorohydrin intermediate (9) to the 
19-dihydroxyfluoro moiety as this would presumably result 
in carboxylic acid (or possibly acyl fluoride) formation and 
not in aromatization. 

Because of the in vivo utility of some other previously dis- 
covered aromatase inhibitors (Brodie et al., 1977, 1979, 1981), 
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experiments are in progress to determine whether 19,19-di- 
fluoroandrost-4-ene-3,17-dione has in vivo activity. Although 
the inactivation by this compound occurs more slowly than 
that caused by other reported inactivators of aromatase (Covey 
et al., 1981; Metcalf et al., 1981), the difluoromethyl group 
is chemically stable and resistant to enzymatic degradative 
processes. Specific action in vivo as a result of hydroxylation 
at C-19 of the steroid structure by aromatase is therefore a 
possibility. 
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Inhibition of Chorismate Mutase Activity of Chorismate Mutase-Prephenate 
De hydrogenase from Aerobacter aerogened 

Herbert S.-I. Chao and Glenn A. Berchtold* 

ABSTRACT: Inhibition data (Iso values) have been obtained for 
inhibitors of the chorismate mutase activity of chorismate 
mutase-prephenate dehydrogenase from Aerobacter aerogenes. 
Several 1-substituted adamantane derivatives were investi- 
gated; the order of decreasing inhibitory activity with the 
various substituents was -P032- >> -P(OCH3)02- > -C02- 
> -CH2C02- > -SO2- > -SO3-. 3-Chloroadamantane- 1 - 

%e classic work of Gibson that established the importance 
of chorismic acid in the biosynthesis of aromatic amino acids, 
and numerous other substances, in bacteria, fungi, and higher 
plants has been reviewed (Gibson & Pittard, 1968; Haslam, 
1974; Lingens, 1968; Weiss & Edwards, 1980). Of the 
metabolic transformations available to chorismate (l), the 
rearrangement to prephenate (2), catalyzed by chorismate 
mutase, has attracted most attention since such enzyme-cat- 
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acetic acid was slightly less effective than adamantane-1-acetic 
acid. 2 4  1 -Carboxy- 1,4-dihydrobenzyl)acrylic acid (19), an 
analogue of prephenate, was an effective inhibitor. Other 
substances investigated, including 2,4,1O-trioxaadamantane- 
1-acetic acid (15), 5-enolpyruvylshikimic acid (20), and 1- 
(carboxyethy1)- 1 ,4-dihydrobenzoic acid (18), failed to inhibit 
chorismate mutase activity under the conditions investigated. 

alyzed reactions, formally oxy-Cope rearrangements, are rare 
in biochemical systems. The transformation 1 - 2 (Figure 
1) is the first step from the chorismate branch point for the 
biosynthesis of tyrosine and phenylalanine in the plant world. 

Chorismate mutase exists as a monofunctional enzyme in 
many species of microorganisms and higher plants. Strepto- 
myces aureofaciens possesses such a mutase (Gorisch & 
Lingens, 1973, 1974; Gorisch, 1978). The Occurrence of bi- 
functional enzymes with chorismate mutase activity is com- 
mon. The enteric bacteria Aerobacter aerogenes and Es- 
cherichia coli, for example, have a chorismate mutase-pre- 
phenate dehydrogenase and a chorismate mutase-prephenate 
dehydratase. The rearrangement of 1 to 2 occurs in the ab- 
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