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SUMMARY

The microsomal fraction of term placenta was incubated with a range of concentrations of several
bile acids and non-ionic detergents {deoxycholate, cholate, taurocholate, Triton X-100, Tween 80, Lubrol
PX, Lubrol WX and digitonin) and then centrifuged at 120,000g for 1h. Aromatase activity was
progressively depleted from the pellet with increasing detergent concentration for each detergent except
Tween 80 (up to 5% concentration). Since a cytochrome P-450 monoxygenase system is assumed to
be involved in androgen aromatization, two detergents, deoxycholate and Triton X-100;, were also
examined for their ability to remove NADPH cytochrome ¢ reductase activity and cytochrome P-450
from the microsomes. Although the cytochrome was removed from microsomes at detergent concen-
trations similar to those for aromatase, approximately 2- to 3-fold higher detergent concentrations
were required to deplete the microsomes of reductase activity. Each detergent used inhibited aromatase
activity in the microsomal homogenate in a concentration-dependent manner that roughly paralleled
the concentration-dependent depletion of aromatase activity from the pellet. Aromatase activity was
measured in the supernatant (120,000 g-h) from the cholate- and deoxycholate-treated microsomes by
diluting the supernatant to lower detergent concentrations. Significant amounts of aromatase activity
could not be measured in the 120,000 g-h supernatant from non-ionic detergent-treated microsomes
even after dilution to lower detergent concentrations. Dilution of the cholate- and deoxycholate-soluble
preparations to lower detergent concentrations resulted in an aromatase-active. precipitate with a 3-fold
higher specific activity than the original microsomes. Deoxycholate- and cholate-solubilized aromatase
activity is included in a Sepharose 6B column, eluting at an approximate molecular weight of 100,000
to 120,000 daltons.

INTRODUCTION nificant for solubilization and purification studies
since, if correct, the entire 3-step process of aromati-
zation would be catalyzed by a single enzyme (not
necessarily a single protein) rather than by three sep-
arate enzymes.

Thompson and Siiteri {7] recently described the
reconstitution of aromatase activity from DEAE-cel-
lulose-separated NADPH cytochrome ¢ reductase
and cytochrome P-450 obtained from digitonin-solu-
bilized placental microsomes. However, only 15-20%
of the aromatase activity in the microsomes was re-
covered in the digitonin supernatant. The cytochrome
P-450 moiety was particularly unstable during
DEAE-cellulose column chromatography, limiting the
usefulness of this procedure for purification of the
cytochrome. Symms and Juchau [18] obtained par-
tially purified placental cytochrome P-450 from the
calcium chloride precipitate of the post-mitochondrial
supernatant using cholate solubilization followed by
ammonium sulfate precipitation. Evidence that this
solubilized cytochrome is involved in aromatization
is indirect and further purification of this material,
mentioned briefly in [16], is apparently accompanied
by very low yields.

Proper choice of the detergent used to initially

* Presented in part at the V International Congress of Solubilize aromatase may be crucial for its eventual
Endocrinology, Hamburg, F.R. Germany, July, 1976, purification and characterization. We studied the abi-
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Estrogens play a eritical role in many human physio-
logical processes. However, definitive studies on the
regulation of estrogen biosynthesis and the enzymic
mechanism of estrogen formation are severely limited
until the enzyme that catalyzes the formation of
estrogens from androgens is solubilized and purified
to homogeneity [1,2]. Estrogen synthetase (aroma-
tase) is localized in particulate fractions of many ster-
oidogenic tissues including human term placenta, a
particularly rich source [3, 4]. Studies using placental
microsomal aromatase, that await confirmation with
the purified enzyme, suggest that (a) androgen aroma-
tization requires three moles of both molecular
oxygen and NADPH and the participation of cyto-
chrome P-450 [5-8], (b) androgens are converted to
estrogens at a single active site without free inter-
mediates {9-11], despite the identification of 19-hyd-
roxy- and 19-oxo-androstenedione as “intermediates”
of androstenedione aromatization [12-14], and (c¢)
several different active sites accommodate various
androgen substrates [15-17]. The concept of aromati-
zation embodied in hypothesis (b) is particularly sig-
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lity of several bile acids and non-ionic detergents, in-
cluding digitonin, to solubilize placental microsomal
aromatase. The effects of these detergents on micro-
somal aromatase are compared in this report.

EXPERIMENTAL

Materials

The substrate for most of the aromatase assays,
[18-3H,4-'4CJ-androstenedione, was prepared as de-
scribed previously [19]. [4-'*C]-Androstenedione was
purchased from Amersham Searle. [*H]-Estrone and
[*H]-estradiol-178, purchased from Amersham
Searle, were purified by Zaffaroni paper chroma-
tography (developed in hexane-benzene (1:1, v/v))
before use. The detergents used in this study and the
following chemicals and enzymes were obtained from
Sigma Chemical Company: dithiothreitol (DTT),
NADPH, cytochrome c, catalase and lactate dehydro-
genase.

Preparation of placental microsomes

Human term placentas, obtained from area hospi-
tals, were kept at 4°C; tissue processing began within
1-2h after birth. The following procedures were per-
formed at 4°C. The cotyledon tissue was severed from
the chorionic plate, cut into small pieces and rinsed
thoroughly with 19, KCI. Buffer was added (0.24 M
sucrose in 0.05 M Tris—-HCl, pH 7.4; one part by vol.
to 3 parts tissue by weight) before tissue homogeniza-
tion. The microsomal fraction was coliected by high-
speed centrifugation (120,000 for 1h) of the low
speed (10,000 ¢ for 20 min) supernatant from the hom-
ogenized tissue. The microsomal pellet was washed
twice by high-speed centrifugation: first in a buffer
composed of 16.7% glycerol (v/v}) and 0.37 mM EDTA
in 0.05M Tris-HCI (pH 7.4) followed by a wash in
0.067 M phosphate buffer (pH 7.4). DTT (1 mM) was
included in the homogenization and washing buffers
in the preparation of microsomes for some experi-
ments. The aromatase specific activity in the micro-
somes prepared with DTT was generally higher than
those prepared without DTT but the results expressed
in relative values in this report were not affected. The
final microsomal pellet was suspended in distilled
water, lyophilized and stored at —20°C. Unless stated
otherwise, all centrifugations refer to a 120,000 g-h
centrifugation in an MSE SS8-75 ultracentrifuge at
4°C. The detergent-soluble portion refers to the super-
natant of a centrifuged detergent-microsome mixture.

Detergent solubilization studies

The ability of the various detergents (except digi-
tonin) to remove aromatase and NADPH cytochrome
¢ reductase activities and cytochrome P-450 from the
microsomal fraction was determined in the following
way. Lyophilized washed microsomes were homogen-
ized in 0.067 M phosphate buffer (pH 7.4, except pH
7.9-8.1 when deoxycholate or cholate detergents were
used). Detergent solutions were made in the same
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buffer used for the microsomal homogenate. Aliquots
(0.5ml) of the microsomal homogenate were added
to centrifuge tubes containing 7.5ml of a solution
containing detergent to achieve the indicated concen-
tration. A 19 solution of digitonin, made fresh for
each experiment, was prepared by dissolving the com-
mercially supplied powder in 20% glycerol
(v/v}-0.067 M phosphate buffer (pH 7.4) at 70°C using
SN NaOH to raise the pH to 11-12. The solution
was neutralized by addition of 5 N HCl and, after
cooling slowly to room temperature, it was centri-
fuged at 4°C to remove any precipitated detergent,
Less than 4% of the digitonin precipitated under these
conditions. Microsomes were homogenized in 20%,
glycerol-0.067 M phosphate buffer (pH 7.4) and ali-
quots (4 ml) were mixed with a sufficient amount of
a digitonin solution for the final detergent concen-
tration indicated. For each detergent used, the deter-
gent-microsome mixture was incubated for 10 min at
4°C without shaking and centrifuged; the resulting
pellets were homogenized in 1 ml of 0.067 M phos-
phate buffer and -assayed for aromatase activity and
protein, and for NADPH cytochrome ¢ reductase ac-
tivity and cytochrome P-450 where indicated.

The re-acquisition of detergent-inhibited aromatase
activity was measured by diluting the detergent-solu-
bilized enzyme preparation to a lower detergent con-
centration in the aromatase assay. The amount of
aromatase activity equivalent to 1009 in these experi-
ments was determined by assaying a fractional
amount of the microsomal homogenate before deter-
gent addition equal to the fractional amount of the
supernatant from detergent-treated microsomes
added to the assay flask. For convenience, the fraction
of the supernatant used in the assay mixture was kept
constant while the final detergent concentration was
varied by changing the amount of detergent added
to the aromatase assay.

Gel chromatography

Sephadex G-100 and Sepharose 6B columns
0.9 cm x 55 cm) were equilibrated and eluted at 4°C
with 0.3% sodium deoxycholate or 19/ sodium cho-
late, 109 glycerol (v/v), 0.43 mM EDTA and 1.05mM
DTT in 0.06 M phosphate buffer (pH 7.9). The elution
rate was approximately 6 mi/h.

Assays

(a) Enzymes. All aromatase assays performed in the
absence of digitonin in the assay medium were in-
itiated by adding an aliquot of the enzyme solution
or suspension to a 25-ml Erlenmeyer flask containing
[1B8-*H,4-**C]-androstenedione (7 nmol; 1.4 x 10°
dpm. *H; 5130 dpm. *C) in 1 drop of propylene
glycol, 0.5 mg of NADPH and, for some experiments,
a sufficient amount of a detergent solution to achieve
the final detergent concentration indicated, made up
to 2 ml with 0.067 M phosphate buffer (pH 7.4, except
pH 7.9 when cholate or deoxycholate were included
in the assays). The incubations, performed at 37°C
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with shaking in air, were terminated with 0.3 ml of
109, trichloroacetic acid and processed for quanti-
tation of *H,0 as described previously [19]. The
duration of the incubation varied from 10min to
60 min to ensure that the extent of aromatization was
neither too great (beyond about 30% aromatization
the progress of the reaction is nonlinear) nor too
small (the extent of aromatization should be at least
0.5 to 1% for the d.p.m. *H,O produced during aro-
matization to be sufficiently above background).

The aromatase assays containing digitonin in the
assay medium were done as described above except
the substrate was [4-!*CJ-androstenedione (6.3 nmol,
8.3 x 10° d.p.m.). These incubations were terminated
with an equal vol. of ethyl acetate and a mixture of
non radioactive steroids (50 ug each of androstene-
dione, testosterone, estrone and estradiol-17f8) in
0.4 ml ethanol. The assay medium was extracted three
times with ethyl acetate. The organic extracts were
pooled, evaporated, the residue taken up in methanol
and applied to a AGIX2 (Bio Rad) column (Smm x
60mm) in methanol. The radioactivity in the
androgen fraction (first 2ml methanol elution) and
the estrogen fraction (subsequent 5 ml methanol elu-
tion) was measured [20]. Control experiments using
mixtures of [**CJ-androstenedione and [*H]-estra-
diol-17f, and duplicate microsomal aromatase incu-
bations using [15-3H,4'*CJ-androstenedione (*°H,0
assay) or [4-'*CJ-androstenedione (AGIX2 column
assay) validated this assay method.

To check the proportionality between estrogen bio-
synthesis and *H,0 produced when [18-*H,4-1*C]-
androstenedione is the substrate and the aromatase-
active fractions from the deoxycholate-Sepharose 6B
column are the enzyme source, equimolar amounts
(7amol) of [18-*H4-'*Cl-androstenedione and
[4-'*Cl-androstenedione were separately incubated
with the aliquots of several Sepharose 6B fractions
so that the final deoxycholate concentration in the
assay was 0.045%. The incubations containing
{18-*H,4-'*C]-adrostenedione were terminated and
processed in the usual manner for tritiated water
quantitation. The incubations containing [4-'*C]-
adrostenedione were terminated by adding an ethanol
solution containing, as carrier steroids, 20 ug each of
testosterone and androstenedione, 50 ug each of
estrone and estradiol-17f and measured amounts of
[®H]-estrone and [*H]-estradiol-178 to assess the
estrogen recovery after purification. The contents of
these incubation flasks were extracted with ethyl acet-
ate and the extracted steroids were separated by
paper and thin layer chromatography as previously
described [15].

NADPH cytochrome ¢ reductase activity in placen-
tal microsomes and in the fractions after Sepharose
6B chromatography was measured by the procedure
of Phillips and Langdon [21]. Lactate dehydrogenase
and catalase were assayed by the method of Kornberg
[22] and by the method described in the Sigma
Chemical Co. catalog [23], respectively. The phos-
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phate buffer in the catalase assay was replaced by
the column elutign buffer.

Cytochrome P-420 from deoxycholate- and chola-
te-soluble microsomal proteins was separated on a
Sepharose 6B column and measured in the column
fractions using a Cary 14 spectrophotometer with the
procedure of Omura and Sato [24]. The amount of
cytochrome P-420 is taken as proportional to the
absorbance difference between 420 nm and 435 nm.
In the data shown in Fig. 5, a AA(420 nm—435 nm)
value of 1 cm is equivalent to 0.0039 absorbance units,

Cytochrome P-450 was measured using an Aminco
DW-2 spectrophotometer with the technique de-
scribed by Thompson and Siiteri [6] for placental
microsomes.

(b) Protein. The method used to measure the pro-
tein concentration in the microsomes has been de-
scribed [19]. The A;zon, Was measured in the frac-
tions from Sepharose 6B column chromatography of
deoxycholate- and cholate-solubilized microsomes
with the column elution buffer in the reference
cuvette.

RESULTS

Detergent depletion of aromatase activity from placen-
tal microsomes

Each of the detergents used in this study was first
investigated for its ability to remove aromatase ac-
tivity from placental microsomes by measuring the
aromatase activity remaining in the pellets obtained
after centrifugation of the detergent-microsome mix-
ture. The relative aromatase specific activity measured
in the recovered pellet after partial microsomal solu-
bilization in digitonin, cholate, taurocholate and the
Lubrol detergents is shown as a function of detergent
concentration in Fig. 1. Since there is substantial evi-
dence that a cytochrome P-450-NADPH cytochrome
c reductase system is involved in aromatization [6-8],
we compared the ability of two detergents, deoxycho-
late and Triton X-100, to deplete microsomes of
NADPH cytochrome ¢ reductase activity and cyto-
chrome P-450 as well as aromatase activity. The total
and specific activities of aromatase and reductase re-
covered in the residual portion of placental micro-
somes are shown in Fig. 2. For both detergents, sub-
stantially higher detergent concentrations were
required to deplete the microsomes of reductase ac-
tivity. The extent of cytochrome P-450 removal as
a function of detergent concentration for both deoxy-
cholate and Triton X-100 is very similar to that seen
for removal of aromatase activity.

The results shown in Fig. 2b for deoxycholate de-
pletion of aromatase activity from the microsomes
were essentially independent of the protein concen-
tration (from 0.1 to ! mg/mi) and were not affected
by ultra sonication (Branson sonifier, power setting
7, 30% duty cycle, 30s) in the presence of the deter-
gent.

The approximate concentration of detergent
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Fig. 1. Depletion of aromatase activity from microsomes after detergent treatment. A microsomal

homogenate was incubated with various detergents at the indicated concentration and then centrifuged

as described. The aromatase specific activity was measured in each recovered pellet and the value

observed is expressed as percent of the specific activity in the pellet obtained from a microsomal

treatment in detergent-free buffer. The detergents used are: (A) cholate; (O) digitonin; (M) taurocholate;
(0) Lubrol WX; (@) Lubrol PX.

required to remove 50% of the initial aromatase ac-
tivity from the microsomes is, in the order of increas-
ing concentration, the Lubrol detergents (0.01-0.02%),
Triton X-100 (0.02~0.03%), deoxycholate (~0.04%,
taurocholate (~0.1%), digitonin (0.18%) and cholate
(~0.35%). This order is the same as that of the critical
micellar concentration (cmc) of these detergents [25]

Reiative aromatase activity (o)

.20

except digitonin, where the cmc is not given. We were
unable to demonstrate any ability of Tween 80 to
remove aromatase activity from microsomes up to 5%
detergent concentration.

For all detergents used except for the Lubrol deter-
gents and digitonin, the aromatase activity in the in-
soluble peliet could be reduced to less than 5% of

(b)
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Fig. 2. Depletion of cytochrome P-450, aromatase and NADPH cytochrome ¢ reductase activities

from microsomes after detergent treatment. The microsomes were mixed with various amounts of

(a) TritonsX-100 or (b) deoxycholate and treated as described in the legend of Fig. 1 and Experimental.

Measured relative to the amount of buffer-treated microsomes were () cytochrome P-450; aromatase

(A) specific activity and (@) total activity; NADPH cytochrome c¢ (A) specific activity and (O) total
activity.
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its value in the detergent-free incubation, while
30-60% of the protein remained in the pellet. The
Lubrol detergents caused a reduction of about
80-85% of the aromatase activity and most (85-100%)
of the protein remained in the pellet. With 0.359; digi-
tonin, 25%, of the aromatase activity and 55% of the
protein remained in the pellet after centrifugation.

For each detergent used, except the Lubrol deter-
gents, aromatase activity can be measured in the
supernatant from detergent-solubilized microsomes.
In most cases, dilution of the supernatant to lower
detergent concentrations is necessary to detect aroma-
tase activity since the amount of detergent required
to solubilize aromatase also inhibits the enzyme. The
pertinent data are given in the next section for two
bile acid detergents, deoxycholate and cholate, and
one non-ionic detergent, Triton X-100. With digi-
tonin, however, maximal aromatase activity was
observed in the supernatant at a digitonin concen-
tration of 1 mg digitonin/mg protein (or 0.2% digi-
tonin in Fig. 1), confirming the data of Thompson
and Siiteri [7]. We also observed, as they show, that
higher digitonin concentrations (>0.2%) resulted in
lower amounts of aromatase activity in the super-
natant. This reduced recovery of aromatase activity
is apparently not due to digitonin inhibition of the
solubilized enzyme since aromatase assayed in undi-
luted supernatant and in supernatant diluted by a fac-
tor of 7 into phosphate buffer both show the reduc-
tion of aromatase activity at the higher detergent con-
centrations. Qur data also confirm qualitatively the
concentration-dependent appearance of NADPH
cytochrome ¢ reductase activity in the supernatant
from digitonin-treated microsomes shown in Fig. 1
of [7]. The reductase activity in the pellets after cen-
trifugation of 0.05 and 0.1% digitonin-treated micro-
somes increased to about 150% of its value in the
detergent-free incubation. At higher digitonin concen-
trations (between 0.1 and 0.35%) the reductase activity
was gradually depleted from the pellet and transferred
to the supernatant.

Effect of detergent on microsomal aromatase activity

Each detergent tested inhibited microsomal aroma-
tase in a concentration-dependent manner. The extent
of this inhibition was determined by including various
amounts of detergent in the aromatase assay. The
relative aromatase activity as a function of detergent
concentration is shown in Fig. 3 (a-series) for three
detergents. The inhibition of aromatase activity
caused by these detergents and by each of the other
detergents used in this study follows a similar concen-
tration dependency as the removal of aromatase ac-
tivity from the microsomal pellet by each detergent.
Although aromatase activity declines rapidly with in-
creasing detergent concentration, NADPH cyto-
chrome ¢ reductase activity is pot inhibited by up
to 0.25% deoxycholate or Triton X-100.

To determine if this inhibition of aromatase activity

is reversible, placental microsomes were mixed with
a sufficient quantity of detergent to fully deplete the
microsomes of aromatase activity, and the detergent-
soluble portion was diluted to lower detergent con-
centrations and assayed for aromatase activity. For
comparison purposes, a similar experiment was per-
formed using the detergent-microsome mixture with-
out centrifugation (a mixture of detergent-soluble and
-insoluble components). The results of those experi-
ments, presented in Fig. 3 {b-series), show that aroma-
tase inhibition by the detergents can be reversed, at
least partially, by decreasing the detergent concen-
tration through dilution. The aromatase activity
regained after dilution of the supernatant from the
bile acid-treated microsomes reached a constant value
at the lower detergent concentrations. With cholate
and deoxycholate, the extent of aromatase reacti-
vation was not strongly dependent on the co-presence
of soluble and insoluble microsomal components in
the assay. However, the presence of insoluble com-
ponents was required for significant reacquisition of
activity in Triton X-100-, taurocholate-, and the
Lubrol detergent-solubilized preparations. The maxi-
mal recovery of aromatase activity from detergent-
solubilized preparations in the absence/presence of
detergent-insoluble components was: taurocholate,
27%/83%; the Lubrol detergents, <5%/17% and Tri-
ton X-100, 13%/100%. To determine if microsomal
phospholipid enhances the small amounts of aroma-
tase activity detected in the diluted supernatants from
Triton X-100- and taurocholate-treated microsomes,
aliquots of a phospholipid mixture obtained by a
chloroform—methanol (2:1, v/v) extraction of a pla-
cental microsomal preparation were added to aroma-
tase assays containing aliquots of the supernatants,
In neither case was significant stimulation of aroma-
tase activity observed.

We observed that the dilution of deoxycholate-
solubilized microsomes to lower deoxycholate con-
centrations resulted in the formation of an aromatase-
active precipitate. This precipitation was investigated
by diluting the supernatant from 0.3% deoxycholate-
solubilized microsomes to various final deoxycholate
concentrations and separating the insoluble and sol-
uble portions by centrifugation. The aromatase ac-
tivity and protein concentration were measured in the
supernatants and re-suspended pellets. The results,
shown in Fig. 4, indicate that the amount of aroma-
tase activity recovered in the pellet is inversely pro-
portional to the detergent concentrations after dilu-
tion. About 809, of the starting activity at a specific
activity about 3-fold higher than the initial homo-
genate was found in the peliet after dilution to 0.02%
deoxycholate. Also, a constant fraction (about 20%)
of the deoxycholate-solubilized activity remains in
solution as the detergent concentration is decreased,
suggesting that its solubility is independent of the
detergent concentration. An experiment diluting 1%
cholate-solubilized aromatase in the same way gave
similar results, i.e, an aromatase-active precipitate
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Fig. 3. Aromatase activity as a function of detergent concentration. {a) Aliguots from a microsomal
homogenate were added to the aromatase assay buffer containing detergent at the indicated concen-
tration. The activity is expressed relative to a detergent-free incubation. The data obtained from (1)
deoxycholate, (2) cholate and (3) Triton X-100 are shown. (b) Aromatase activity in (@) microsomes
or () the detergent-soluble portion of microsomes. The microsomal homogenate is mixed with an
excess amount of detergent (more than that required to deplete microsomes of aromatase activity),
centrifuged if required, and diluted to the indicated detergent concentration. The aromatase activity
is given in percent relative to the fractional amount of the initial microsomal homogenate before
detergent addition equal to the fractional amount assayed from detergent-treated microsomes. The
initial detergent concentrations used were: for detergent-microsome mixture—(1) deoxycholate (0.1%;,
0.3%, 0.6%), (2) cholate (0.5%, 1%), (3) Triton X-100 {0.1%, 0.2%, 0.3%); for detergent-soluble por-
tion—{1) deoxycholate {0.3%), (2) cholate (1%}, (3} Triton X-100 (0.2%, 0.4%). In all cases, the results
obtained were independent of the initial detergent concentration used.

and a constant fraction of apparently soluble aroma-
tase activity.

This same type of experiment was also performed
using the supernatant from Triton X-100-treated
microsomes. The microsomes were homogenized in
0.2, Triton X-100, centrifuged and the supernatant
diluted to 0.013% Triton X-100. This diluted prep-
aration was centrifuged and aromatase activity and
protein concentration measured in the recovered
supernatant and homogenized pellet. Approximately
15-20%, of the recovered protein and aromatase ac-
tivity were found in the precipitate with the balance
remaining in the supernatant.

Since the aromatase assay is only sensitive to the
final step in estrogen biosynthesis, the transfer of the
1B hydrogen from the androgen molecule to water
[26], we attempted to detect the presence of inter-
mediates in estrogen biosynthesis at inhibiting deter-
gent concentrations. [4-*C]-Androstenedione was in-
cubated with placental microsomes and NADPH in
the presence of either 0.29, deoxycholate or 0.29; Tri-
ton X-100. The steroid substrate and products formed
during the incubations were extracted and separated
by paper chromatography, as described in Experi-
mental. With deoxycholate, only radioactive estrone,
estradiol-178 and testosterone were detected in addi-



Placental estrogen synthetase solubilization 225

2 .

2 1001

2

©

@ 801

o

1]

£ 601

£

o

§ 401

o

2

2 204

°

x
0 b——r T T 7 T T v T . ——
O 01 02 03 04 05 .06 .07 .08 .09 a2

Deoxycholate concentration (%)

Fig. 4. Aromatase distribution in the pellet and supernatant after dilution and centrifugation of the
supernatant from deoxycholate-treated microsomes. Microsomes were incubated with 0.3% deoxy-
cholate and centrifuged. Aliquots (1 ml} of the supernatant were diluted to the indicated deoxycholate
concentration and centrifuged. The data shown are (@) total aromatase activity in the diluted super-
natant before the final centrifugation step, (A) total aromatase activity in the final pellet, (l) total
aromatase activity in the final supernatant and (O) the arithmetic sum of the total aromatase activity
in the pellet and supernatant. The data are expressed relative to the amount of aromatase activity
measured in 1 ml of the first supernatant (0.3% deoxycholate) after dilution to 0.03% deoxycholate
in the assay.

tion to the substrate. With Triton X-100, less than
5% of the '4C-label was identified as 19-hydroxy-
androstenedione and about 259 as estrone and 7%
as testosterone. Thus, in neither case was an inter-
mediate of aromatization found in the absence of the
phenolic end product.

Stability of detergent-solubilized aromatase

Solubilization of microsomal aromatase is a necess-
ary but not sufficient preparatory condition for aro-
matase purification. A half-life of microsomal aroma-
tase activity in phosphate buffer at 4°C of about 1.6
days attests to the relative lability of this enzyme.
A longer half-life is preferable for conventional purifi-
cation methods. Glycerol (10%, v/v) and DTT (1 mM),
when included in the phosphate buffer, extended the
half-life of microsomal aromatase to 15 days. Aroma-
tase activity recovered in the supernatant after micro-
somal solubilization in several detergents with gly-
cerol and DTT had the following half-lives at 4°C;
0.3% deoxycholate; 1.5-1.6 days; 0.5% and 1% cho-
late, 3-4.3 days; 0.2% Triton X-100, 6-7 days.

Gel chromatographic separation of deoxycholate-
soluble microsomal components

One requirement for a solubilized membrane prep-
aration is that the component under investigation is
not excluded by a gel column with an exclusion limit
equal to or less than that of Sepharose 4B [27]. This
solubility criterion was applied to aromatase activity
in the supernatant of deoxycholate-solubilized micro-
somes. An aliquot of the supernatant was applied to
Sephadex G-100 and Sepharose 6B columns equili-
brated and eluted with deoxycholate-containing
buffer. Aromatase activity eluted at the void volume
of the Sephadex G-100 column. The elution profile
of the Sepharose 6B column showing the inclusion
of aromatase activity as well as NADPH cytochrome
¢ reductase activity and cytochrome P-420 is given

in Fig. 5. The molecular weight of the aromatase-
active component is estimated to be 100,000-120,000
daltons, using three marker proteins (catalase, lactate
dehydrogenase and bovine serum albumin) on the
Sepharose 6B column. Twenty-cight percent of the
aromatase activity applied to the column was re-
covered in fractions 31 through 50. About one-third
of the total area under the A,g, profile is found in
the aromatase-active fractions, indicating an approxi-
mate 3-fold purification of aromatase relative to the
total deoxycholate-solubilized microsomal proteins.
Deoxycholate-solubilized NADPH cytochrome ¢
reductase preceded aromatase activity on the column
and cytochrome P-420 eluted at a lower average mol-
ecular weight. The broad cytochrome P-420 profile
may indicate some contamination with hemoglobin.
The elution of aromatase activity coincident with the
overlapping elution profiles of the reductase and cyto-
chrome P-420 is consistent with the concept that
these proteins are required for aromatization. Very
similar elution profiles (aromatase and cytochrome ¢
reductase activities, cytochrome P-420 and A,g,) were
obtained after the application of the supernatant from
1% cholate-solubilized microsomes to a Sepharose 6B
column equilibrated and eluted with 1% cholate.
Aromatase activity was measured in the Sepharose
6B column fractions by quantitating the 3H,O
formed during the aromatization of [18-3H]-andro-
stenedione. Although the direct proportionality
between the amount of estrogen formed from andro-
stenedione and the amount of 3H,O formed from
[18-3H]-, or [18,28-*H]-androstenedione in placental
tissue fractions is well established [4,5, 19, 26, 28],
this proportionality was measured for chromatogra-
phically separated, deoxycholate-solubilized aroma-
tase activity. Accordingly, the aromatase-active frac-
tions obtained from the Sepharose 6B column were
incubated with ['#C]-androstenedione or [18-3H]-
androstenedione as described in Experimental. The
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Fig. 5. Gel chromatographic separation of deoxycholate-solubilized aromatase activity. An aliquot of

the supernatant from 0.3%, deoxycholate-treated microsomes was applied to a Sepharose 6B column

and eluted with 0.3% deoxycholate. The absorbance at 280 nm (—), aromatase (A) and NADPH

cytochrome c¢ reductase (@) activities and the cytochrome P-420 content (0) were measured in the
indicated fractions.

ratio of pmol ['*C]J-estrogen per pmol *H,O0, relative
to the same ratio determined for placental micro-
somes, was 1.03 for the supernatant of deoxycholate-
solubilized microsomes and 1.08 and 0.95 for fractions
38 and 39, respectively, in Fig. 5. As a control, frac-
tion 24 was inactive when assayed for aromatase
using both androgen substrates.

DISCUSSION

We conclude that placental microsomal aromatase
is soluble in 0.3% deoxycholate or 1%, cholate, based
on the following operational criteria for solubiliza-
tion: (a) aromatase activity remains in the superna-
tant after centrifugation at 100,000 g for at least 1h,
and (b) aromatase activity is not excluded by the
Sepharose 6B column equilibrated with the solubiliz-
ing detergent. These criteria are similar to those pro-
posed by Kahane and Razin[27] for membrane solu-
bilization. Additional evidence that aromatase is sol-
uble in deoxycholate comes from the apparent separ-
ation of two placental microsomal protein com-
ponents involved in aromatization, NADPH cyto-
chrome ¢ reductase and cytochrome P-450, by solu-
bility in deoxycholate and by gel chromatography.

All of the detergents used in this study, except per-
haps the Lubrol detergents, satisfied the first criterion,
although the maximal amount of aromatase activity
measured in the supernatant after treatment of the
microsomes with the various detergents differed con-
siderably. The largest amount of aromatase activity
was measured in the supernatant from deoxycholate-
treated microsomes. Compared with deoxycholate,
significantly larger cholate concentrations were
required to release microsomal aromatase to the
supernatant. However, similar patterns are seen for

the reacquisition of aromatase activity after dilution
to lower cholate or deoxycholate concentration from
microsomes treated with these bile acids or the super-
natants from those treatments (see Fig. 3 (ib,2b)).
The ability of two of the other detergents used, the
non-ionic detergent Triton X-100 and the other bile
acid detergent taurocholate, to solubilize aromatase
is less clear. Although (a) the amount of measurable
aromatase activity in the supernatant of taurocholate-
treated microsomes, after dilution of the supernatant
to lower taurocholate concentrations, is nearly equal
to that from cholate-treated microsomes and (b) two
aromatase components, the reductase and cyto-
chrome P-450, are depleted from placental micro-
somes by Triton X-100 in a manner similar to that
observed for deoxycholate, we measured much larger
amounts of aromatase activity with the combination
of soluble and insoluble microsomal components than
with the soluble components alone. This suggests that
either aromatase solubilization in these latter two
detergents is incomplete, ie, that a component
necessary for aromatase activity is present only in
small amounts in the supernatant, or the taurocho-
late- or Triton X-100-solubilized reductase and cyto-
chrome are modified in a way which inhibits normal
interactions in the absence of insoluble components.
Phospholipid extracted from placental microsomes
failed to stimulate aromatase activity in these super-
natants. The effectiveness of the non-ionic Lubrol
detergents towards solubilization of the cytochrome
P-450 and the reductase was not fully investigated
since virtually no aromatase activity was detected in
the supernatant of Lubrol-treated microsomes. Even
the combination of Lubrol-soluble and insoluble
microsomal components had relatively low levels of
aromatase. However, this may signify only the inacti-
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vation or inhibition of an aromatase component(s)
rather than an inability to solubilize any com-
ponent(s).

Digitonin was observed to satisfy the first criterion
for aromatase solubilization. Aromatase activity was
removed from the digitonin-treated microsomes and
was detected in the supernatant after centrifugation.
Dilution of the supernatant to lower digitonin con-
centrations was not necessary to detect aromatase ac-
tivity, but with dilution the aromatase activity was
enhanced. The maximal amount of aromatase activity
in the supernatant was measured at a concentration
of 0.2%, digitonin, which corresponds to 1 mg digi-
tonin/mg protein, the ratio of digitonin to protein
reported [7] to result in the maximal aromatase ac-
tivity in the supernatant. Qur recovery of about 18%
of the aromatase activity present in untreated micro-
somes in the 0.2% digitonin supernatant is consistent
with the 15-20% recovery reported by Thompson and
Siiteri [7]. There is no information to determine if
the aromatase or the aromatase components in the
supernatant from digitonin-treated microsomes would
satisfy the second criterion for solubilization. Thomp-
son and Siiteri [7] did not report the molecular
weight values of the placental microsomal NADPH
cytochrome ¢ reductase or cytochrome P-450 com-
ponents they obtained from the digitonin supernatant.

Several properties of the aromatase recovered in
the digitonin and deoxycholate supernatants can be
compared. First, larger fractions of aromatase activity
are obtained in the deoxycholate supernatant (about
45%; compared with 15-20°% found in the digitonin
supernatant). Second, aromatase from the digitonin
supernatant remains in the supernatant after extensive
dialysis or passage through a Bio-Gel P-10 column
which removed most of the detergent [7], whereas
the majority of deoxycholate-solubilized aromatase
activity precipitates on dilution to lower deoxycholate
concentrations. For this reason, deoxycholate was in-
cluded in the gel column equilibration and elution
buffer used in this study but .it is not unreasonable
to expect that the aromatase components may
become soluble without detergents at later stages of
purification. Third, cytochrome P-450 in the digitonin
supernatant was lost irreversibly after DEAE-cellu-
lose column chromatography [7]; there was no evi-
dence of inactivation of this component after Sephar-
ose 6B column chromatography of the deoxycholate
supernatant. This difference may reflect the influence
of either column material or the detergent used.

Symms and Juchau [18] reported the cholate solu-
bilization and partial purification of placental micro-
somal cytochrome P-450 by ammonium sulfate preci-
pitation. There is no basis for comparison of results
since they reported no attempt to determine if the
cytochrome P-450 they partially purified is a com-
ponent of aromatase.

Much of the work reported here was performed
using deoxycholate. But the similarity of the results
with deoxycholate and cholate in the few instances
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where the two detergents could be directly compared,
together with the extended half-life of cholate-solubi-
lized aromatase relative to deoxycholate-solubilized
aromatase, suggests that the use of cholate may be
preferable. Aromatase activity recovered in the super-
natant after Triton X-100 solubilization demonstrated
a half-life about twice that of cholate solubilized aro-
matase. Perhaps a mixture of Triton X-100 and cho-
late may combine the solubility properties of cholate
and the high stability of Triton X-100. These aspects
are being currently investigated.

The observation that the concentration-dependent
depletion of aromatase activity from the microsomes
is similar to the concentration-dependent inhibition
of microsomal aromatization suggests that the mech-
anism of enzyme inactivation is related to the disrup-
tion of the microsomal aromatase components upon
solubilization. The reacquisition of aromatase activity
from deoxycholate-solubilized microsomal com-
ponents after dilution concomitant with precipitation
of aromatase activity is consistent with that concept.
However, measurement of aromatase activity in the
supernatants from (a) digitonin-treated microsomes,
(b) 0.3% deoxycholate-treated microsomes diluted to
0.02%; deoxycholate and (c) 0.2% Triton X-100-treated
microsomes diluted to 0.013% Triton X-100 argues
that aromatization does occur in solution and that
aromatase inhibition by detergent is not related to
solubilization.
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