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INTRODUCTION 

The biosynthesis of estrogens from androgens is catalyzed by an enzyme complex 
termed aromatase. This cytochrome P-450 complex converts C,, steroids into C,, 
steroids containing an aromatic A ring. The isolation of aromatase activity in the 
microsomal membrane fraction from human term placenta was first reported by 
Ryan' in 1959. Early investigations on the biochemistry of aromatase focused on 
determination of substrate specifi~ity*-~ and cofactor requirements.',8 These studies 
demonstrated that three moles of NADPH and three moles of molecular oxygen are 
necessary for conversion of one mole of androstenedione, the preferred substrate for 
placental aromatase. Aromatase activity is found in numerous cells and tissues, 
including placenta, o ~ a r y , ~ - ' ~  testis,16-*' adip0se,2'-~~ b l a s to~ys t ,~~  and mam- 
mary carcin~rna.~*-~* Research interests in the aromatization reaction continue to 
expand from basic endocrinology and reproductive biology studies to aromatase 
inhibition for treatment of estrogen-dependent cancers. The international conference 
held in March 1987 demonstrated the extent of research activities on a r ~ m a t a s e . ~ ~  
This review will focus on recent advances in the biochemical and molecular aspects 
of the aromatase enzyme complex. 

BIOCHEMISTRY 

Mechanism of Aromatization 

The elucidation of the mechanism of the aromatization reaction began in the early 
1960's and continues to receive extensive study. Aromatization proceeds via three 
successive steps, with the first two steps being hydroxylations. The first step involves 
oxidation of the angular C- 19 methyl group to provide 19-hydroxyandrostenedione. 
19,19-Dihydroxyandrostenedione, isolated as 19-oxoandrostenedione, is formed by 
the second oxidation step. The exact mechanism of the last oxidation remains to be 
fully determined, with three postulated mechanisms under consideration (Figure 1). 

Fishman and  coworker^^^-^^ proposed that the first two sequential hydroxylations 
at the C-19 position are followed by a third hydroxylation at the 2p-position, yielding 
2p-hydroxy- 19-oxoandrostenedione (Figure 1 ; Path a). Estrone results from the 
spontaneous collapse of this intermediate with liberation of formic acid. However, 
Caspi et failed to show incorporation of the 2p-hydroxyl group into formic acid 
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FIGURE 1 Mechanism of Aromatiration 

under enzymatic or nonenzymatic condition with the synthesized [2p-'*O, 19-3H]-2fl- 
hydroxy-10~-formylandrost-4-ene-3,17-dione. Akhtar et ~l .~*-*  examined the loss of 
the C,,-methyl group during aromatization by use of '*02 and [3H]-intermediates. The 
pro-R hydrogen of C,,-3H intermediate is eliminated during aromatization and the 
pro-S hydrogen is incorporated into the extruded formic acid. Furthermore, oxygen 
atoms from ?he first and third oxidation steps also are incorporated into formic acid. 
These results have led to the proposal that the last oxidation step is a peroxidative 
attack at the C,, position" (Figure 1; Path b). A third possible mechanism involves 
the final hydroxylation occurring at the lp-position and the subsequent stereoselective 
removal of the 2/3-hydrogenJ2 (Figure 1; Path c). 

Purlfkation of Aromatase 

Aromatase is a membrane-bound cytochrome P-450 monooxygenase consisting of 
two proteins - aromatase cytochrome P-450 (P-450,,,,) and NADPH-cytochrome 
P-450 reductase. Cytochrome P-450,,,, is a heme protein which binds the steroid 
substrate and molecular oxygen and catalyzes the oxidations. The reductase is a 
faboprotein. is found ubiquitously in endoplasmic reticulum, and is responsible for 
transferring reducing equivalents from NADPH to cytochrome P-450,,,, . Purifi- 
cation of cytochrome P-450,,,, proved to be very difficult because of its membrane- 
bound nature, instability and low tissue concentration. In 198 1, Pasanen and Pelk- 
men4' utilized phenyl Sepharose column chromatography for a rapid and efficient 
initial purification step for placental P-450's. In 1982, Osawa and his collaborators 
reported that two distinct active protein complexes (termed aromatase I and aroma- 
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BIOCHEMICAL AND MOLECULAR ASPECTS OF AROMATASE 103 

tase 11) were solubilized from human term placenta with deoxycholate and separated 
by DEAE cellulose chr~matography.~~ Aromatase I1 converted androstenedione to 
estrone and was the major aromatase activity from placenta. In 1985, Mendelson et 
~ 1 . ~ ’  isolated cytochrome P-450ar0, with a molecular weight of 55,000 and a specific 
content of 2 nmol/mg protein using immunoaffinity chromatography with mono- 
clonal antibodies. Octylamino-agarose ~hromatography~~ and affinity chromato- 
g r a p h ~ ~ ~  also yielded purified cytochrome P-450a10, with low heme content. Chen et 
aL4* reported the amino terminal sequence of the octylamino-agarose purified protein. 

In 1987, Kellis and V i ~ k e r y ~ ~  developed a new isolation procedure for cytochrome 
P-450ar0, with high specific activity. The enzyme was extracted with sodium cholate, 
fractionated by ammonium sulfate precipitation, and subjected to column chromato- 
graphjy in the presence of substrate androstenedione and the nonionic detergent, 
Nonidet NP-40. This procedure yielded a highly purified and active cytochrome 
P-450,,,,, with the highest specific content of 11.5 nmol of cytochrome P-450 per mg 
of protein reported. Reconstitution of this cytochrome P-450ar0, with NADPH- 
cytochrome P-450 reductase and phospholipid resulted in complete conversion of 
androstenedione to estrone, thus, demonstrating that one cytochrome P-450 protein 
catalyzes all three oxidation steps. 

Molecular Biology of Aromatase 

Knowledge of the molecular biology of aromatase has advanced greatly in the past 
three years, with the research group of Simpson, Mendelson and colleagues providing 
many insights. These researchers utilized monoclonal and polyclonal antibodies4’ to 
cytochrome P-450a10, to screen a phage gtl 1 human placental cDNA library.’O*’l 
Initially, a complementary DNA clone coding for about 60% of the carboxy-terminal 
portion of aromatase was isolated. Restriction mapping and sequencing identified a 
full length cDNA complementary to mRNA encoding cytochrome P-45OaIO, .” The 
open reading frame encodes a protein of 503 amino acids; the report of HaradaS3 
agrees and confirms these results. The cDNA contains the sequences for the first 10 
amino acids of the purified protein and the sequences of all four cysteine-containing 
tryptic peptides isolated by Chen et ~ 1 . ~ * , ’ ~  from purified cytochrome P-45OarO,. This 
cDNA sequence was inserted into COSl monkey kidney cells, and aromatase mRNA 
and aromatase enzymatic activity were detected in transfected  cell^.'^ Finally, the 
cDNA clones have been utilized to examine the regulation of aromatase in ovarian 
and adipose tiss~es.”-’~ 

AROMATASE INHIBITORS - MOLECULAR PROBES OF THE ACTIVE 
SITE 

Inhibitors of aromatase have been developed over the past 15 years as potential 
therapeutic agents for controlling various physiological processes and/or disease 
states dependent upon estrogen biosynthesis. Currently, the most immediate use of 
aromatase inhibitors is the treatment of estrogen-dependent breast cancer. The 
aromatase inhibitors aminoglutethimide and 4-hydroxyandrostenedione have de- 
monstrated therapeutic effectiveness in the treatment of hormone-dependent breast 
tumors in both  animal^'^-^' and Numerous steroidal and non-steroidal 
aromatase inhibitors have been prepared and evaluated since 1973. These inhibitors 
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104 R.W. BRUEGGEMEIER 

have included competitive inhibitors, affinity labelling agents, and mechanism-based 
inhibitors (“suicide substrates”). Research summaries of aromatase inhibitors have 
been published from two international aromatase conferences,”.65 and recent reviews 
on aromatase inhibitors have also appeared.”-” 

Aromatase inhibitors have potential use not only as therapeutic agents, but also as 
biochemical tools. In particular, these agents can aid in studying the active site of the 
aromatase enzyme system. By designing steroidal analogs with substituents at various 
positions on the steroid nucleus, evaluation of the structural requirements needed for 
favorable interactions with the enzymatic site can be performed. Furthermore, selec- 
tion of appropriate substituents may provide “molecular probes” for deducing the 
types of drug-macromolecular interactions, such as hydrogen bonding, van der 
Waal’s forces, n-n interactions, or electrostatic forces. 

.Ttlucture-Actisit?. Relationships of‘ Steroidal Inhibitors 

In  1973, the first full report of inhibition of aromatase was published by Brodie and 
his colleagues.” who evaluated the relative inhibitory activity of 100 readily available 
steroids and nonsteroids in human placental microsomes. The initial structure- activ- 
ity relationships for aromatase inhibition were established, and subsequently con- 
firmed by other In summary, effective inhibition is observed with C,, 
steroids possessing an A/B trans ring junction. a ketone functionality at C-3, and a 
17-keto or 17fl-hydroxyl substituent. Steroids with extended linear conjugation, e.g., 
4.6-diene-3-one. 1,4,6-triene-3-one, and 4-ene-3,6-dione, are also effective inhibitors. 
ERective steroidal inhibitors that have been developed to date build upon this basic 
androstenedione nucleus and incorporate chemical substituents at varying positions 
on the steroid (Figure 2). 

0 & OH o d o N H 2  

4-OH-A 7a -APTA 

0 0 

PED; MDL 18,962 7a -APTADD 
FIGURE 2 Steroidal Aromatase Inhibitors 
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BIOCHEMICAL A N D  MOLECULAR ASPECTS OF AROMATASE 105 

Modifications of the A-ring of the androstenedione molecule initially focused on 
substitution at C-4. 4-Hydroxy-4-androstene-3,17-dione (4-OHA) and 4-acetoxy-4- 
androstene-3,17-dione (4-AcOA) are effective inhibitors in ~ i t r o , ~ ~ , ~ ~  produce enzyme- 
mediated ina~t iva t ion ,~~ inhibit reproductive process in v i v ~ , ~ ~  and cause regression of 
hormone-dependent mammary rat t ~ m o r s . ~ ~ , ~ ~  4-OHA is now under clinical investi- 
gation for the treatment of advanced breast cancer in postmenopausal 
Other C-4 substituents, such as thiols'l and amines," are not as effective as 4-OHA. 
A limited number of inhibitors with substituents at other positions of the A ring have 
been reported. 1 -Methyl- 1,4-androstadiene-3,17-dione is a potent inhibitor of aroma- 
tase in vitro and in vivo and suppresses gonadal and peripheral aromatization in 
juvenile female rats.83 On the other hand, bulky substituents at the la-position are 
poor  inhibitor^.^^ At the C-3 position, replacement of the ketone with a methylene 
provided effective  inhibitor^.'^ Thus, the spacial requirements of the A-ring for 
binding of the steroidal inhibitor to aromatase are rather restrictive, permitting only 
small structural modifications to be made. Incorporation of the polar hydroxyl group 
at C-4 enhances inhibitory activity. 

In contrast to the SAR of the A-ring, bulky substitutions at the C-7 position of the 
B-ring have provided several very potent aromatase  inhibitor^.^^ 7a-(4'-Amino)- 
phenylthi0-4-androstene-3,17-dione (7a-APTA) is a very effective competitive inhibi- 
tor, with an apparent Ki of 18 nM. This inhibitor has also demonstrated effectiveness 
in inhibiting aromatase in cell  culture^^^-^^ and in treating hormone-dependent rat 
mammary Evaluation of various substituted aromatic analogs of 7a- 
APTA provided no correlation between the electronic character of the substituents 
and inhibitory a~tivity. '~ Affinity labeling derivatives of 7a-APTA produced inacti- 
vation of aromatase, with a [14C]-analog demonstrating covalent binding to aroma- 
tase.88*89 An effective mechanism-based inhibitor of aromatase, 7~-(4'-amino)- 
phenylthio-l,4-androstadiene-3,17-dione (7a-APTADD) with an apparent K, of 
9.9nM, was also developed by this research group and has the most rapid rate of 
inactivation reported to date." Recent results of various 7-substituted 4,6-andros- 
tadiene-3,17-dione  derivative^".^^ suggest that only those derivatives that can project 
the 7-aryl substituent into the 7a pocket are effective inhibitors. Modifications on 
other positions of the B-ring that have provided aromatase inhibitors include 6a- 
bromo and 6P-bromo analogsg3 and 6a- and 6/?-hydropero~yandrostenediones.~~ 
Overall, the most effective B-ring modified aromatase inhibitors are those with 7a-aryl 
derivatives, with several analogs having 2-10 times greater affinity for the enzyme 
than the substrate. These results suggest that additional interactions occur between 
the phenyl ring at the 7a-position and amino acids at or near the enzymatic site of 
aromatase, resulting in enhanced affinity. 

The other position of androstenedione that has received considerable investigation 
is the C- 19 methyl position, the site of enzymatic oxidation. 10-Propargyl-4-estrene- 
3,17-dione (PED; MDL 18962) was the first compound designed as a mechanism- 
based inhibitor of aromatase; it was synthesized and studied independently by three 
research g r o ~ p s . ~ ' - ~ ~  This agent is an effective inhibitor in vitro and in and is 
now under clinical investigation. Other 19-substituted aromatase inhibitors evaluated 
include difluoro analogs,'04 thiiranes and o x i r a n e ~ , ' ~ ~ - ' ~ ~  epoxysteroids,"' and thiol 
and amino  analog^.'^^,"^ The 19-R-isomers of the thiiranes and oxiranes were potent 
inhibitors and showed affinity 36 to 80-fold greater than the corresponding 19-S-isom- 
ers. Spectral titrations of microsomal preparation and purified P-450,,,, demon- 
strated that the binding of the 19R-isomers to the enzyme shifts the Soret maximum of 
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106 R. W. BRUEGGEMEIER 

FIGURE 3 Spacial Map of the Actibe Site of Aroniatase. Volume calculations were performed with 
SY BYL (Tripos Associates. St. Louis. MO) using energy-minimized structures of androstenedione and 
several potent aromatase inhibitors. Volume differences of the A and B ring between the inhibitors and 
androstenedione are superimposed around the stick structure of androstenedione. Figure 3A represents the 
\ieu along the edge of the steroid nucleus. with the d a c e  belorn the steroid. Figure 3B represents another 
\leu rotated along the )I axis, with the 3-keto functionality in the foreground and the D ring in the back. 
(See Rear for Colour Plate) 
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Figure 3A 

Figure 3B 
COLOR PLATES for Brueggemeier Figure 3. 
Special Map of the Active Site of Aromatase. 
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BIOCHEMICAL AND MOLECULAR ASPECTS OF AROMATASE 107 

the ferric enzyme, producing the high spin form of the enzyme. Consequently, the 
oxygen atom of the oxirane and the sulfur atom of the thiirane are bound to the heme 
iron in the inhibitor complexes. Thus, effective inhibitors have been prepared with 
geometrically small functionalities at the C- 19 position, suggesting that the active site 
of the enzyme can accommodate small changes in structure and will result in a 
catalytically active enzyme complex. 

In summary, the structure-activity relationships of steroidal aromatase inhibitors 
suggest that the spacial requirements for interaction of agents with the active site of 
aromatase are very restrictive, permitting only small structural changes to be made on 
the A-ring and at C-19. Incorporation of aryl functionalities at the 7a-position of the 
steroid is the exception, and inhibitors with such modifications exhibit enhanced 
affinity for the enzyme. A spacial map of the active site of aromatase (Figure 3), 
derived from molecular modeling and computational chemistry of potent  inhibitor^,^^ 
provides a topological model which can serve to facilitate development of more 
effective aromatase inhibitors. 

Structure-Activity Relationships of Nonsteroidal Inhibitors 

Several nonsteroidal agents have demonstrated effective aromatase inhibition (Figure 
4). These agents possess a heteroatom as a common chemical feature and interfere 
with steroid hydroxylations by the binding of this heteroatom with the heme iron of 
the cytochrome P-450's. In general, these inhibitors are less enzyme specific and will 
inhibit, to varying degrees, other cytochrome P-450-mediated hydroxylations in 
steroidogenesis. 

Aminoglutethimide (AG), an anticonvulsant, is an inhibitor of cholesterol side 
chain cleavage and of aromatase.""'3 AG was withdrawn from use as an anti- 

c1 c1 

aminoglutethimide 

CH 2 

I 
mic on az ole 

CN 

CSG 16949A fenarimol 

FIGURE 4 Nonsteroidal Aromatase Inhibitors. 
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108 R W BRUEGGEMEIER 

convulsant in 1966 due to side effects of adrenal dysfunction. Nevertheless, AG was 
found to be an effective endocrine therapy for metastatic breast cancer in post- 
menopausal women,”4 ’ ”  and treatment with AG and hydrocortisone was equally 
effective as adrenalectomy in these patients.”6 Several closely related analogs of AG 
have been and exhibit similar aromatase inhibitory activity to AG with 
diminished effects on other cytochrome P-450 enzymes. 

Several heteroaromatic compounds have also exhibited potent inhibition of aroma- 
tase. Miconazole. ketoconazole, clotrimazole and other imidazole derivatives are 
more effective than AG in inhibiting aromatase but are less effective than steroidal 
inhibitors.’”-’” Fenarimol, a pyrimidine carbinol agricultural fungicide, caused a 
dose-dependent decrease in aromatase activity in vitro and in ~ i v o . ’ ~ ~ . ’ ~ ~  Recently, two 
selective aromatase inhibitors, CSG 16949A’16 and R 7671 3,12’ have been described 
and are now undergoing further drug development. Finally, flavonoid derivatives, 
such as 7,8-benzoflavone (1-naphthoflavone) and chrysin have shown aromatase 
inhibitory activity.’” In summary, effective nonsteroidal aromatase inhibitors con- 
tain a heteroatom incorporated into or attached directly to a planar ring. This 
structural feature permits the molecule to potentially interact at the “A-ring’’ site and 
facilitate the binding of the heteroatom with the heme iron of the cytochrome P-450. 

CONCLUSIONS 

Significant progress on the biochemistry of aromatase has been made within the past 
few years, resulting in purified cytochrome P-450,,,, , cDNA sequences, and inform- 
ation on the aromatase gene. Evaluations of various aromatase inhibitors have 
resulted in the development of structure-activity relationships of steroidal and nonste- 
roidal agents. Investigations with these agents and new inhibitors as “probes” of the 
active site of purified aromatase will provide valuable information on enzyme struc- 
ture at the molecular level and can aid in elucidation of the final step of aromatization. 
Future research with purified protein and with the enzyme complex in its native, 
membrane-bound environment will enhance the development of more specific and 
effective inhibitors for the treatment of estrogen-dependent breast cancer. 
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