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ABSTRACT: Aromatase is a cytochrome P-450 enzyme complex that catalyzes the conversion of androst-
4-ene-3,17-dione (AD) to estrone and formic acid through three sequential oxygenations of the 19-methyl
group. To gain insight into the catalytic function of aromatase as well as the mechanism of the hitherto
uncertain third oxygenation step, we focused on the aromatase-catalyzed 19-oxygenation of 3-deoxyan-
drogens: 3-deoxy-AD (1), which is a very powerful competitive inhibitor but poor substrate of aromatase,
and its 5-ene isomer4, which is a good competitive inhibitor and effective substrate of the enzyme. In
incubations of their 19S-3H-labeled 19-hydroxy derivatives2 and5 and the corresponding 19R-3H isomers
with human placental microsomes in the presence of NADPH under air, the radioactivity was liberated in
both water and formic acid. The productions of3H2O and3HCOOH were blocked by the substrate AD or
the inhibitor 4-hydroxy-AD, indicating that these productions are due to a catalytic function of aromatase.
A comparison of the3H2O production fromS-3H substrates2 and 5 with that from the corresponding
R-3H isomers revealed that the 19-pro-R hydrogen atom was stereospecifically (pro-R:pro-S ) 100:0)
removed in the conversion of 5-ene substrate5 into the 19-oxo product6, whereas 75:25 stereoselectivity
for the loss of thepro-Randpro-Shydrogen atoms was observed in the oxygenation of the other substrate,
2. The present results reveal that human placental aromatase catalyzes three sequential oxygenations at
C-19 of 3-deoxyandrogens1 and4 to cause the cleavage of the C10-C19 bond through their 19-hydroxy
(2 and5) and 19-oxo (3 and6) intermediates, respectively, where there is a difference in the stereochemistry
between the two androgens in the second 19-hydroxylation. It is implied that the aromatase-catalyzed
19-oxygenation of 5-ene steroid4 but not the 4-ene isomer1 would proceed in the same steric mechanism
as that involved in the AD aromatization.

Aromatase is the cytochrome P-450 enzyme that mediates
the biosynthesis of estrogens from androgen precursors (1-
3). The aromatase reaction was shown to involve three
oxygenation steps, each of which requires 1 mol of O2 and
1 mol of NADPH (4-8) (Figure 1). The first 19-methyl
oxygenation occurs with retention of configuration (9, 10).
The second hydroxylation reaction, which removes ste-
reospecifically the 19-pro-R-hydrogen of the 19-alcohol (11,
12), yields a 19,19-gem-diol that chemically eliminates water
to give the readily isolated 19-aldehyde. A tritium isotope
effect in the first but not in the second hydroxylation is
observed in the aromatization of [19-3H,4-14C]AD1 (9, 10,
13). In the case of AD, following the third oxygenation step,
C-19 and 1â,2â-hydrogens are eliminated as formic acid and
water, respectively, to produce estrone. The resulting formic
acid retains the 19-pro-Shydrogen of the parent 19-alcohol.
It is now thought that a substrate-dependent variation occurs
in the stereospecificity of the elimination of the C-2 hydrogen
(14). Considerable speculation continues as to the site and

mechanism of attack of the third mole of O2. A leading theory
for the third step proposes nucleophilic attack of the heme
ferric peroxide species on the 19-aldehyde intermediate to
produce a 19-hydroxy-19-ferric peroxide intermediate (7, 15,
16). It is proposed that enolization of a carbonyl group at
C-3 of the intermediate toward the C-2 position would be a
prerequisite for the cleavage of the C10-C19 bond (7, 16-
20).

Aromatase has received considerable attention over the
last 40 years, with much effort directed at the development
of inhibitors to be used in the treatment of estrogen-
dependent breast cancer (21-24). For this reason, various
substrate analogues have been tested in a number of
laboratories as the inhibitors. We previously reported that
androst-4-en-17-one (1) (25, 26), the 3-deoxy analogue of
AD, and its 5-ene isomer4 (27) are excellent and good
competitive inhibitors of human placental aromatase, re-
spectively, although they are lacking a carbonyl group at
C-3, which has been thought to be essential for a proper
binding of the substrate to the active site of aromatase (7,
17-20, 28) (Figure 2). It has also been reported that
3-deoxysteroids1 and4 are oxygenated with aromatase to
produce the corresponding 19-alcohols2 and 5 and 19-
aldehydes3 and6 where the less powerful inhibitor4 is a
good substrate for the 19-oxygenation whereas the more
powerful inhibitor1 is a poor substrate (29). On the other
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hand, the introduction of a hydroxy group at C-19 of 4-ene
steroid1 enhances the affinity to the active site of aromatase
(25). In contrast, the same molecular modification of 5-ene
steroid4 markedly decreases the affinity (27), as evident in
the AD series (2, 3). The structure-activity relationships of
the 3-deoxysteroid analogue with these previous findings
reveal that there is a difference in the binding manner in the
active site between the 4-ene and 5-ene series of 3-deoxys-
teroids.

Taken together, 3-deoxyandrogens seem to play an im-
portant role as probes in elucidating not only the spatial
aspects of the interactions of the inhibitors (substrate) to the
binding (active) site but also the mechanisms of the catalytic

function of aromatase. This paper describes the determination
of the stereochemistry of the hydroxylation at C-19 of 19-
alcohols2 and5 as well as the identification of the cleavage
reaction of the C10-C19 bond by further oxygenation, using
human placental microsomes as a source of aromatase and
19S-3H-labeled 19-alcohols2 and5 as well as their 19R-3H
isomers as the substrates. 19-pro-R-Hydrogen was removed
stereospecifically in the case of the 5-ene substrate5 or
stereoselectively (pro-R:pro-S ) 75:25) in the other case.
The C10-C19 bond cleavage reaction, yielding formic acid,
was identified in the aromatase reaction of both substrates.

EXPERIMENTAL PROCEDURES

Materials. The 19S-3H-labeled 4-ene- and 5-ene-19-
alcohols2 (0.61 mCi/mmol) and5 (0.39 mCi/mmol) (19S-
3H:19R-3H ) 90:10 for2 and 70:30 for5) and their 19R-3H
isomers (0.55 mCi/mmol for2 and 0.21 mCi/mmol for5)
(19R-3H:19S-3H ) 90:10 for 2 and 70:30 for5) were
synthesized using a previously reported method (30). The
3H2O (18 µCi/mmol) was obtained from New England
Nuclear Corp. (Boston, MA). The 9-diazomethylanthracene
and 9-hydroxymethylanthracene formate were prepared ac-
cording to previous methods (31, 32). NADPH was pur-
chased from Sigma-Aldrich Co. (St. Louis, MO). 4-Hydroxy-
AD was synthesized according to a previous method (33).

Enzyme Preparation.Human term placental microsomes
(sedimented after 60 min at 105000g) were obtained as
described by Ryan (34). They were washed once with 5 mM
dithiothreitol solution, freeze-dried, and stored at-20 °C.
There was no significant loss in activity for 2 months.

Incubation Studies.Incubations were carried out using 50
mL Erlenmeyer flasks in a shaking water bath at 37°C in
air. Each flask contained 430 nM [19-3H]-19-alcohol2 or
5, 300 mM NADPH, 250 or 500µg (for the incubation with
5 or 2) of protein of placental microsomes, 100µL of
methanol, and 67 mM phosphate buffer, pH 7.5, in a total
volume of 4 mL. For each experiment, except for those for
determining the initial velocity conditions (triplicate incuba-
tions), four parallel incubations were performed. The initial
velocity conditions were obtained using 125, 250, or 500
µg of protein of placental microsomes and a 5, 10, or 15
min incubation period, respectively. After the incubation
period, the incubation flasks were placed in dry ice-ethanol
to stop incubation, and 0.3 mL of 10% H3PO3 was then added
to the incubation mixture to adjust the pH to 3. A 2 mL
aliquot of the mixture was subjected to lyophilization. Two
portions were taken from the sublimate fraction after
lyophilization. One 250µL fraction was used for counting
the radioactivity of3H. The second portion (1 mL) was
adjusted to pH 11 with 0.3 mL of 1 M NaOH solution and
lyophilized again. A portion (250µL) of this sublimate
fraction was subjected to radioactivity counting for3H2O,
and the residue fraction was dissolved in 1 mL of water of
which a 250µL portion was used for counting for3HCOOH.

Inhibition Studies with the Substrate AD and the Inhibitor
4-Hydroxy-AD.In the experiments with 4-ene substrate2
(430 nM), AD at a concentration of 0.5, 1.0, or 10µM or
4-hydroxy-AD at 1.0 or 10µM was added to the standard
incubation mixture, and in the experiments with 5-ene
substrate5 (430 nM), AD at 25, 50, or 200 nM or 4-hydroxy-
AD at 25, 100 or 200 nM was added to the standard

FIGURE 1: Aromatization sequence of AD with human placental
aromatase.

FIGURE 2: Structures of 3-deoxyandrogens and stereochemistry of
[19-3H]-19-alcohols2 and5.
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incubation mixture. The incubations were carried out at 37
°C for 15 min. The radioactivity levels of the3H2O and3-
HCOOH fractions released from the3H substrate2 or 5 were
determined as described above.

DeriVatization of3HCOOH with 9-Diazomethylanthracene.
The combined residue fractions obtained from the incubation
experiments using 19S-3H-labeled substrate2 or 5 (2.95×
104 dpm from2 or 1.72× 104 dpm from5) were separately
dissolved in 6 mL of H2O and HCOONa (4 mg, 59µmol),
and 3 M HCl (2.5 mL) was added to the solution. The
mixture was slowly added to a solution of 9-diazomethy-
lanthracene (64 mg, 0.29 mmol) in dry ether (6 mL), stirred
at room temperature, and then allowed to stand for 24 h in
the dark (31, 32). Subsequently, H2O (3 mL) was added to
the mixture, and then the product was extracted with ether
(10 mL × 2). The solvent of the combined organic layer
was evaporated under a stream of N2 gas to yield the residue
that was subjected to preparative TLC (silica gel, 0.5 mm
thickness, 20× 20 cm; E. Merck, Darmstadt, Germany;
solvent, hexane/EtOAc) 5/1). The 9-hydroxymethylanthra-
nyl formate fraction (Rf ) 0.50) was collected and extracted
with EtOAc. The recovery of HCOOH during the whole
procedure was 88% or 90% in the experiment with3HCOOH
from 2 or 5. After evaporation of the solvent, the obtained
3H-labeled ester (ca. 12 mg) was diluted with nonlabeled
ester (22 mg) and recrystallized five times from EtOAc to
show a constant specific activity.

RESULTS

Incubation of 19R-3H-labeled 19-alcohols2 and5 and their
19S-labeled isomers with human placental microsomes in
the presence of NADPH under aerobic conditions followed
by lyophilization under acidic conditions (pH 3) yielded an
acid-volatile fraction. This was again lyophilized under
alkaline conditions (pH 12) to fractionate the radioactivity
of 3H in water and acidic product fractions. When as a control
test, 3H2O and 3HCOOH were separately added to the
incubation mixtures without the labeled substrate, and the
resulting mixtures were subjected to the fractionation pro-
cedure, the radioactivity of3H2O was recovered in the water
fraction, and that of3HCOOH was done in the acidic fraction,
with a rate of more than 97% in each case. The rate of3H
release into the two fractions linearly increased with incuba-
tion time (up to 15 min) and with increasing amounts of the
microsomal preparation (up to 500µg of protein) for both
substrates (at 430 nM) (data not shown). On the basis of
these results, an incubation mixture comprising 430 nM (1.73
nmol) substrate, 500µg of the microsomal protein for an
experiment with 4-ene substrate and 250µg of the protein
for an experiment with 5-ene substrate5, and a large excess
amount of NADPH (300 mM, 1.3 mmol) at 37°C for 15
min was chosen as the standard assay conditions. The
conversion rates of each substrate to3H2O and 3H acidic
product were less than 15% and 5%, respectively, of the used
substrate under the standard conditions. A significant amount
of the radioactivity of3H was not observed in the water and
acidic product fractions in the absence of NADPH or using
the boiled microsomal preparation (95°C for 10 min).

The initial effort was directed to the identification of3-
HCOOH released in the acidic product fraction. This fraction
obtained from the incubations with 19S-3H substrate2 and

5 was diluted with nonlabeled HCOOH and then treated with
9-diazomethylanthracene according to a method previously
reported (31, 32), followed by TLC purification, yielding
3H-labeled 9-formyloxymethylanthracene as shown in Figure
3. After addition of nonlabeled 9-formyloxymethylan-
thracene, the labeled formate ester was subjected to repeated
crystallization from ethyl acetate, yielding a constant specific
activity level in each case. This shows that3HCOOH is
released by the cleavage of the C10-C19 bond of each
substrate in the incubation. On the basis of specific activity,
it was calculated that approximately 70% or 80% of the
radioactivity in the acidic fraction obtained from labeled
substrate2 or 5 was identified as3HCOOH.

To clarify whether the release of3H2O and3HCOOH is
due to a catalytic function of aromatase, the natural substrate
AD and the inhibitor 4-hydroxy-AD (35) were separately
added to the standard incubation mixtures, and production
of 3H2O as well as3HCOOH was determined. The substrate
prevented the production in a dose-dependent manner in all
experiments using 19R-3H- and 19S-3H-labeled substrates2
and5 irrespective of the stereochemistry of the labeling; 1
µM AD caused about 90% inhibition of the production in
the experiments with substrate2 whereas 200 nM AD did it
in the experiments with the other substrate. The inhibitor
also blocked the production from the 19S-3H-labeled sub-
strates in a dose-dependent manner (Figure 4).

The recovery of the radioactivity released from the3H
substrates into3H2O and 3HCOOH under the standard
conditions is given in Table 1. The stereochemistry of the
19-hydroxylation of 19-alcohols2 and5 was next calculated
on the basis of the stereochemistry of the3H labeling at C-19
of the substrates along with the relative amount of3H2O
released from the 19R-3H substrate to that of the 19S-3H
isomer, respectively. The results indicate that the 19-pro-R
hydrogen atom is stereosepecifically (pro-R:pro-S) 100:0)
removed in the case of 5-ene substrate5 whereas a 75:25
ratio of removal for pro-R:pro-S is obtained for 4-ene
substrate2. Then, the rates of 19-hydroxylation of the 19-
alcohols2 and5, giving the corresponding 19-aldehydes3
and6, and the C10-C19 bond cleavage, yielding HCOOH,
were calculated from the recovery (%) of3H2O and3HCOOH
on the basis of the stereochemistry of the3H labeling at C-19
of each substrate along with the stereochemistry of the 19-
hydroxylation (Table 1). The 19-hydroxylation rate [pmol
min-1 (mg of protein)-1] of 5-ene substrate5 was about
2-fold that of 4-ene substrate2 whereas the rate of the C10-
C19 bond cleavage of substrate5 was about 4-fold that of
the other.

FIGURE 3: Derivatization of3HCOOH produced from [19-3H]-19-
alcohols2 and5 into 9-hydroxymethylanthranyl formate.

Aromatase Reaction Mechanism Biochemistry, Vol. 44, No. 32, 200510841



DISCUSSION

The intent of this study was to explore the steric mode of
the aromatase-catalyzed 19-oxygenation of 19-alcohols2 and
5 having no oxygen function at C-3, yielding 19-aldehydes
3 and6, respectively, as well as whether aromatase catalyzes
the cleavage of the C10-C19 bond of the aldehydes as
observed in the AD aromatization. One of the two hydrogen
atoms at C-19 of the alcohols will be transferred to water of
the medium by the aromatase-catalyzed 19-oxygenation and
the other hydrogen atom released with formic acid by the
subsequent 19-oxygenation involving the C10-C19 bond
cleavage reaction. When 19R-3H-labeled 19-alcohols2 and
5 and their 19S-3H-labeled isomers were separately incubated
under aerobic conditions with human placental microsomes
and NADPH, the radioactivity was recovered in both water
and acidic fractions. The production of3HCOOH in the acidic
fraction was confirmed by the derivatization to [3H]-9-
formyloxymethylanthracene. The production of3H2O and3-
HCOOH was efficiently blocked by the natural substrate AD
or the typical suicide substrate 4-hydroxy-AD in a dose-
dependent manner (Figure 4). There would be scarcely any
contamination of the 19-hydroxysteroid dehydrogenase activ-
ity in the microsomal preparation as the reason causing extra
release of3H2O. The results indicate that the productions of
3H2O and3HCOOH are principally due to a catalytic function
of aromatase. It was previously predicted that 3-deoxyan-
drogens1 and 4 are converted into 19-aldehydes3 and 6
through 19-alcohols2 and5 by human placental aromatase
in each (29). Thus, it is proven that aromatase catalyzes the
cleavage of the C10-C19 bond of the 19-aldehydes, namely,

the third oxygenation of the parent 3-deoxy-19-methyl-
steroids having no conjugated 4-en-3-one structure.

We then studied the stereochemistry of 19-hydrogen
removal during the conversion of 19-alcohols2 and5 to the
corresponding 19-aldehydes3 and 6. The stereochemistry
of the 19-hydrogen removal was calculated to be 75:25 in
the case of 4-ene substrate2 or 100:0 in the case of 5-ene
substrate5 for 19-pro-R:19-pro-S (Table 1). The apparent
kinetic tritium isotope effect has not been observed for the
hydroxylation of 19-hydroxy-AD (11-13), giving 19-oxo-
AD. Moreover, we recently studied the kinetic deuterium
isotope effect on the 19-oxygenation of 19-alcohols2 and5
with human placental aromatase, using their 19,19-2H2-
labeled analogues as substrates (36). Gas chromatography-
mass spectrometric analysis of the recovered 19-alcohols and
the products, 19-aldehydes3 and6, revealed that there is no
apparent kinetic isotope effect on the 19-oxygenation in each
case. On the basis of this, it is reasonable to think that the
apparent tritium isotope effect is not involved in the
hydroxylation of 19-alcohols2 and5, although there is no
direct evidence. Thus, the stereochemistry of the hydroxy-
lation is valid. The stereospecificpro-R hydrogen loss is
consistent with the previous result (11, 12) obtained in the
oxygenation of 19-hydroxy-AD in the estrogen production
from the natural substrate AD, indicating that a 4-en-3-one
system, especially the C-3 carbonyl group of AD, does not
essentially play a critical role in the stereospecificpro-R
hydrogen loss during the aromatization sequence. We previ-
ously reported that the 4-ene steroid1, an excellent competi-
tive inhibitor of aromatase (Ki ) 37 nM), is a poor substrate
for the 19-oxygenation by the enzyme, while the 5-ene
isomer4, a relatively weak competitive inhibitor (Ki ) 120
nM), is a good substrate for the 19-oxygenation [9.7 vs 45
pmol min-1 (mg of protein)-1 for 1 vs 4] (25-27, 29).
Introduction of a hydroxy group at C-19 of the former steroid
increases the affinity to aromatase (Ki ) 13 nM for
19-alcohol2) (25); in contrast, the same molecular modifica-
tion of the latter markedly decreases the affinity (Ki ) 1000
nM for 19-alcohol5) (27) as seen in a series of ADs (2, 3).
Taken together, we proposed that 3-deoxysteroids1 and4
would bind to the active site of aromatase in a different
manner where the 5-ene steroid4 would bind to the active
site in a manner similar to that involved in the AD binding
(27, 29). The present findings concerning the stereochemistry
of the 19-oxygenation of 19-alcohols2 and5 are consistent
with the previous proposal from the viewpoint of the steric
mode of aromatase reaction.

Introduction of the 19-hydroxy group to parent steroids1
and 4 increased the ability to serve as a substrate for the
19-hydroxylation, the3H2O production from [19-3H]-19-
alcohols2 and5, respectively [about 34 vs 78 pmol min-1

(mg of protein)-1 for 2 vs 5] (Table 1). The3HCOOH
production (the C10-C19 bond cleavage) rate of 19-3H alcohol
5 through 19-aldehyde6 was about four times that of 4-ene
isomer2 through aldehyde5 [about 7.5 vs 31 pmol min-1

(mg of protein)-1 for 2 vs 5]. It is implied that higher
production rates of3HCOOH, compared to those above,
should be obtained under substrate saturation (initial velocity)
conditions. Kinetic constants for aromatization of 19-
hydroxy-AD, an intermediate of aromatization of the sub-
strate AD, with aromatase in human placental microsomes
have been reported to be 200 pmol min-1 (mg of protein)-1

FIGURE 4: Inhibition of production of3H2O and3HCOOH from
[19S-3H]-19-alcohols2 and5 by the inhibitor 4-hydroxy-AD. [3H]-
19-Alcohols2 and5 (0.43 µM) were separately incubated for 15
min with human placental microsomes (500µg of protein for2
and 250µg of protein for5), NADPH (300 mM), and 4-hydroxy-
AD (1 and 10µM for experiments with substrate2 and 10, 20,
100, and 200 nM for those with substrate5). The results are
presented as the mean( SD (n ) 4). (/) p < 0.01 and (//) p <
0.001, compared with control (0µM).
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of the Vmax value and 46 nM of theKm value [cf. Km and
Vmax values for AD aromatization: 14 nM and 96 pmol min-1

(mg of protein)-1, respectively] (2). Thus, it was found that
the 5-ene 19-alcohol5 served as a good substrate for
aromatase.

The third step of the overall process, ADf estrone,
involves the oxidative C10-C19 bond cleavage and aroma-
tization of the steroidal A-ring. The original theory of Akhtar
and co-workers shows that the third oxygenation utilizes a

ferric peroxy intermediate of the cytochrome P-450 heme
in a nucleophilic attack on the aldehyde function of the 19-
oxo-AD to yield a peroxy intermediate8 (Figure 5) (5, 37).
The fragmentation of the 19-hydroxy ferric peroxide directly
occurs with the release of formic acid and estrogen. Robinson
and co-workers indicated, via the use of chemical model and
enzymatic studies, the importance of both the C19-aldehyde
function and enolization of the C-3 carbonyl group, produc-
ing a 3-hydroxy-2,4-diene-19-aldehyde molecular species,

Table 1: Recovery of Radioactivity Released from 19-3H-Labeled 19-Alcohols2 and5 into 3H2O and3HCOOH Fractions by Human Placental
Aromatase and Stereochemistry of 19-Hydrogen Atom Removal by 19-Oxygenation

recovery, %a [production rate, pmol min-1 (mg of protein)-1]c stereochemistry of 19-H removalb

substrate 3H2O 3HCOOH R:S(range)

[19R-3H]-19-alcohol2 10.32( 0.19 (33.9( 0.62) 1.15( 0.03 (8.8( 0.23) 75:25 (74.7:25.3-75.5:24.5)
[19S-3H]-19-alcohol2 4.39( 0.14 (33.9( 1.08) 1.88( 0.06 (6.2( 0.20)
[19R-3H]-19-alcohol5 11.81( 0.48 (78.0( 3.2) 2.31( 0.09 (35.5( 1.4) 100:0 (99.7:0.3-100.7:-0.7)
[19S-3H]-19-alcohol5 5.06( 0.25 (78.4( 3.9) 4.14( 0.15 (26.3( 1.2)

a [19-3H]-19-Alcohols2 and 5 were separately incubated with human placental microsomes under the respective standard conditions (n ) 4,
mean( SD). The radioactivity of the3H2O and 3HCOOH fractions obtained by two successive lyophilizations was counted as described and
expressed as percent of the radioactivity of the used substrate.b The stereochemistry was calculated on the basis of the equation: (recovery rate of
3H2O from [19R-3H] substrate, %)/(recovery rate of3H2O from [19S-3H] substrate, %)) (X × RR + (1 - X) × RS)/(X × SR + (1 - X) × SS).
X ) the ratio of removal of the 19-pro-R-hydrogen atom to that of the total 19-hydrogen atom. RR or SR ) the stereochemistry ofpro-R labeling
at C-19 of [19R or S-3H] substrate used. RS or SS ) the stereochemistry ofpro-S labeling at C-19 of [19R or S-3H] substrate used. (RR and SS )
0.90 each for2 and 0.70 each for5; SR and RS ) 0.10 each for2 and 0.30 each for5). c The production rate [pmol min-1 (mg of protein)-1] was
calculated on the basis of the recovery (%), incubation period (15 min), amounts of microsomal protein (500µg for 2, 250µg for 5) and substrate
(1.73 nmol), and the stereochemistry of3H labeling of the used substrate.

FIGURE 5: Proposed mechanisms for the C10-C19 bond cleavage of 3-deoxyandrogens and AD aromatization by placental aromatase.
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in facilitating aromatization (7, 16, 19). Semiempirical
molecular orbital calculations have also demonstrated that
the enolization activates the C1-position for hydrogen atom
abstraction in the aromatization sequence (18). These previ-
ous findings predicted that the enolization occurs prior to or
concomitant with the cleavage of the C10-C19 bond in AD
aromatization. It was also reported that the 2-ene derivative
of 4-ene 19-aldehyde3, of which the C1-position is activated
by the C-2 double bond, serves as a substrate for aromatase,
with conversion to 3-deoxyestradiol and 3-deoxyestrone (39).
However, 3-deoxy-19-alcohols2 and5 do not have the C-2
double bond which activates their C1-positions, respectively.
Thus, the present findings that the aromatase-catalyzed C10-
C19 bond cleavage of 19-alcohols2 and5 proceeded through
their 19-aldehydes3 and 6, yielding formic acid, clearly
indicate that the activation of the C1-position is not essential
in the bond cleavage reaction. It is likely that the A-ring
aromatization sequence proceeds through the C10-C19 bond
cleavage of 19-oxo-AD, producing the 1(10),4-dien-3-one
intermediate11, followed by enolization of the 3-carbonyl
group to yield estrone as shown in Figure 5.

The structural features of the steroidal moiety produced
by the aromatase-catalyzed C10-C19 bond cleavage of the
3-deoxyaldehydes3 and 6 are currently unknown. On the
basis of the mechanism of the C10-C19 bond cleavage of
19-oxo-AD, 1(10),4- or 1(10),5-diene steroid9 or 12 may
be produced from 19-aldehydes3 or 6 where the endocyclic
diene9 may be isomerized to the thermodynamically more
stable exocyclic diene10. The study of the structural
determination is now underway in our laboratory.

In conclusion, human placental aromatase catalyzes the
stereoselective or stereospecific 19-pro-R-hydrogen atom
removal from [19-3H]-19-alcohol 2 or 5, yielding the
corresponding 19-aldehydes3 and6 as well as the cleavage
of the C10-C19 bond of 19-aldehydes3 and6. We reported
that the C-17 carbonyl function is essential for tight binding
to the active site in series of 3-deoxysteroids (25-27). Thus,
this function would play a critical role in the steric mode of
the 19-hydroxylation followed by the cleavage of the C10-
C19 bond by anchoring the 3-deoxysteroids via hydrogen
binding to an active site amino acid. It has been thought
that anchoring the substrate AD by hydrogen binding of an
active site amino acid of aromatase such as302Glu (40), 473-
Lys (41), 310Thr (28), or 480His (20) with the C-3 carbonyl
function is necessary for the whole process of the aromati-
zation reaction. The molecular structure of the A-B-C-D
ring system of AD, or an androst-4-ene system, along with
the 17-carbonyl group rather than C-3 carbonyl group would
play an important role in the recognition and binding of a
substrate (inhibitor) by aromatase. The present results give
new insights into not only a catalytic function of aromatase
but also the mechanism of the natural substrate aromatization.
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