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Abstract—Spectral studies of human placental microsomal cytochromes provided evidence that andros-
tenedione will bind cither to two separate cytochromues or to two sites on the same cytochrome.
Scatchard and Lineweaver-Burk plots indicated the presence of a binding site with high affinity and
low capacity and a second site with a lower aflinity but higher capacity. Both sites were discernible
in the presence of high concentrations of NADPH. and similar binding constants were obtained. The
absorption maximum (450 nm) of the carbon monoxide complex of NADPH-reduced placental cyto-
chrome P-450 could be abolished completely by additions of low concentrations of androstenedione.
19-hydroxyandrostenedione or 19-oxoandrostenedione, but not by high concentrations of 19-norandros-
tenedione, [9-nortestosterone. pregnenolone or benzo[a]pyrene. Compounds capable of binding signifi-
cantly to placental microsomal cytochrome P-430 appeared to fall into three categories: C-19 or C-18
steroids. with structures similar to that ol androstenedione or 19-norandrostencdione: C-18 steroids
with structures very similar to that of fi-estradiol: or substances capable of forming ferrihemochromes.
A large number of forcign organic compounds which produced type-1 binding spectra in rat liver
microsomes cxhibited either no or very minimal binding to placental cytochrome P-450. Most com-
pounds that exhibited significant binding to placental cvtochrome P-450 also were inhibitors of rates
of androstenedione aromatization {aromatase activity). Important exceptions were carbon monoxide.
metyrapone and nicotinamide. Diethylstilbestrol acted as a refatively potent inhibitor of aromatase
activity but displayed no discernible binding. Results of the study strongly supported a functional

role for placental cytochrome P-450 in the aromatization reaction.

In very rccent years studies [1-6] have appeared in
the literature that have verified and extended the ori-
ginal observations of Meigs and Ryan [7] concerning
the presence of cytochrome P-450 in the endoplasmic
reticulum of human placental cells. Various properties
of this cytochrome(s) have been described in the same
reports. and solubilization and partial purification
also have been achicved [2]. As yet, however. a defini-
tive biochemical role for placental microsomal cyto-
chrome(s) P-450 has not been demonstrated convinc-
ingly. although scveral possible functions have been
postulated. On the basis of binding specificity.
Thompson and Siiteri [3.5] have proposed that the
cytochrome may serve as the terminal oxidase in the
conversion of androstenedione to estrone. a mixed-
function oxidative reaction which is not inhibited by
high concentrations of carbon monoxide (CO). (In
earlier studies, Meigs and Ryan [7] also proposed
this function for the cytochrome.) The placental micro-
somal mixed-function oxidation of foreign organic
compounds including benzo[a]pyrene [8.9] and
19-norsteroids [3,5.7] can be inhibited readily by

* This investigation was supported by Rescarch Grants
HD-04839. PHS. NIH: CRBS-250 National Foundation
{(March of Dimes); and Training Grant GM-01160. NIH.
This paper has been presented in various parts at the
annual meetings of the Federation of American Socictics
for Experimental Biology. Atlantic City. N.J. 1974 and
1975.

CO. indicating a possible role for the cytochrome in
these drug-metabolic reactions. Other investigators
[10. 117 have suggested that placental cytochrome
P-450 may be functional in the facilitated transport
of oxygen from the maternal to the fetal circulation.
One group of workers [12] has postulated that cyto-
chrome P-450 of the endoplasmic reticulum may faci-
litate transport of oxvgen from the cell surface to the
mitochondria. The possibility that cytochrome P-450
may be observable in human placental microsomal
[ractions solely as a result of mitochondrial cross-con-
tamination recently was ruled out [4].

The purpose of the present investigation was to
provide further information on the nature and poss-
ible functions of this highly interesting cytochrome.
Evidence is presented for the presence of two or more
CO-binding pigments in placental microsomal frac-
tions. A large series of drugs and steroids was studied
to provide further insights into the binding specificity.
apparent relative aflinity. maximal spectral changes
producible and numbers of apparent binding sites.
Additional cvidence was found to support our carlier
theory [6] that the lack of observable drug-metabolic
activities in placental microsomes is due, at least in
part. to extremely low aflinities of drug substrates for
placental cytochrome P-450. This contrasts with ex-
tremely high atfinitics for certain endogenous steroids.
Evidence is presented that androstencdione and
related steroids are capable of preventing CO from
complexing with NADH-reduced placental microso-
mal cytochrome P-430.
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MATERIALS AND METHODS

Tissues. Human placentas were obtained at term
from the delivery rooms of the University and Group
Health Hospitals. Scattle. Wash. Homogenates were
prepared as described previously [2]. Microsomes
were prepared by first centrifuging the homogenate
at 14500 ¢ for 25 min in an International (model
B-20) refrigerated centrifuge in order to minimize
mitochondrial cross-contamination [4]. The micro-
somal fraction then was sedimented by centrifuging at
104000 ¢ for | hr or by precipitation with calcium
chloride as follows: a 10 M solution of CaCl, was
adjusted to pH 75 with NaOH. and 4 ml of the
CaCly solution 100 ml of supernatant was added to
the [4.500 ¢ supernatant [raction slowly with stirring.
The solution was stirred for an additional 5 min at
4 . This then was centrifuged at 22,000 ¢ for 30 min
and as much of the soluble fraction was removed as
possible. The pellets were resuspended i a solution
containing 10 = M Tris HCL (pH 771 10 M di-
thiothreitol. 1-13%, KCland § x 107+ M CaCl, in ap-
proximately one-third the original volume. This solu-
tion was centrifuged at 22,000 ¢ for 30 min and the
pellet was resuspended in the same solution a second
time and reeentrifuged. Procedures for precipitation
also were employed in which potassium sulfate. mag-
nesium sulfate or sodium chloride was substituted for
CaCl,. Specific activities of the aromatase system
were highest with calcium chloride-precipitated micro-
somes:  therefore this preparation  {requently  was
utilized in enzyme assayvs and purification procedures.
Microsomes precipitated with salts. however, were
less suttable for spectral unalyses because of rapid set-
thing m the cuvettes and also were obtained in a
somewhat lower vield per g of tissuc (wet weight).
For these reasons. microsomes prepared by ultracen-
trifugation also were utilized in many of the analyses.
Hepatic microsomes were prepared from adult, male.
Sprague Dawley rat livers according to the method
described by Mazel [13]

Chemicals. Radioactive chemicals, including [4-'7C ]
androstenedione. [4-"*Ctestosterone. [4-1*Cestrone
and  [4-'*Cp-estradiol  und  the  corresponding
tritiated steroids were obtained {from New England
Nuclear Corp. (Boston. Mass.). 19-Oxoandrostenc-
dione was prepared according to methods described

by Mueigs and Ryan [14]. Other steroids were
obtained  from  Steraloids.  Inc. Pawhng,  N.Y.

NADP . NADPH. NADH. glucose 6-phosphate. glu-
cose  6-phosphate  dehydrogenase. sodium  cholate,
reduced glutathione. sodium succinate and diethylsul-
bestrol were obtained from Sigma  Chemical Co..
Rochester. NY. Aminoglutethimide and metyrapone
were obtained as gifts from Ciba Pharmaceutical Co..
Summit. N.J. Hexobarbital was a gift from the Sterl-
ing Winthrop Rescarch Institute, New York, N.Y. All
other chemicals and solvents utilized were reagent
grade and ol the highest purity commercially avail-
able.

Enzvine assays and spectral analyses. Analyses of

rates of formation of 3-hydroxybenzofa]pyrene from
benzola]pyrene in placental microsomes were per-

formed as previously described [4]. Estimations of

rates of conversion of androstenedione to cstrogens
{uromatase activity) in placental microsomes were
determined according to the following procedure:

P. K. ZACHARIAL ¢f al.

Microsomes cquivalent to 20 23 mg protein were in-
cubated with shaking (30 60 rev min) in a Dubnoff
metabolic incubator at 37 for 30 min under a 1007
oxygen atmosphere. Typical incubation flasks con-
tained [4-"*Clandrostenedione (0-5 pCi 588 mCim-
mole). unlabeled  androstenedione (19 = 10 * M.
final concentration). 30 gmoles glucose 6-phosphate.
S units of glucose 6-phosphate dehydrogenase. 3
imoles NADPH uand sufficient potassium phosphate
buffer (005 M. pH 7-35) to provide a total volume
ol 37 ml The reaction was stopped by adding 23
ml dichloromcethane to the reaction vessels. The mia-
ture was shaken vigorously for 10 min. After transtor-
ring 20 ml dichloromethane. 25 ml ethyl acctate was
added and the mixture was shaken again and centri-
fuged. Twenty mi of the ethyl acetate laver was added
to the dichloromethane previously transferred. mixed
and evaporated 1o dryness. The residue was tken
up into O ml of 957, ¢thanol. The extracts were spot-
ted in 2:0-u1 quantities on top of known steroid stan-
dards for accurate visualization of substrate and
metabolites on the chromatograms. Activated Silica
gel (Baker. 100 nm) plates were employed with a
chloroform toluene cthyl acetate (4:8:3) developing
system. After development. the plates were air-dried.
spraved with 30" phosphoric acid and charred 10
vistalize the spots. The migration of steroids is illus-
trated in Fig. 1

The spots were cut out and placed directly into
counting vials. Scintillution liquid (4 ¢ PPO and -1
¢ POPOP liter of toluene) then was added to the vials
and these were counted in o Nuclear-Chicago Mark
I liquid scintilation system.

Recoveries of the labeled individual compounds (ol-
lowing direet application of radiochemicals 1o thin-
layer sheets or following their extraction from incuba-
tion flasks were fully sufficient (83 97 per cent) w
allow calculations of total aromatase activity within
the system. Variability in aromatase activity between
placentas was considerable. but replication of values
for a given placenta was within 3 per cent. Radio-
chemical purities of the metabolites recovered were
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Fig. 1. Separation of steroids with  thin-taver chroma-

tography. Activated Silica gel plates (Baker. 100 nm) were

emploved with a chloroform toluene ethyl acetate (4:8:3)
developing system.
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confirmed by cstablishing constant *H,/'*C ratios in
three consecutive recrystallizations. It is important to
note that the testosteronc spot was radiochemically
pure. since 2-hydroxyestrone ran very close to the tes-
tosterone spot in this system. Several spots were
pooled in order to accumulate sufficient counts to
provide for a 95 per cent statistical confidence interval
for cach steroid. Rates of estrogen formation under
the described conditions were lincar for 1 hr and in-
creased linearly with increasing protein concentra-
ttons.

To determine the effect of varving CO concen-
trations on rates of aromatization of androstenedione
and hydroxylation of benzo[a]pyrene. appropriate
amounts of N,. O, and CO were mixed. and a con-
tinuous stream ol the gas of the desired composition
wis passed directly over the reaction mixture in the
incubation flask. This flask was scaled except for inlet
and outlet gassing needles. Microsomes. buffer and
cofactors were cquilibrated at 37 with the gas mix-
ture for 15 min prior to initiation of the reaction by
addition ol the appropriate substrate. N, and CO
were deoxvgenated prior to entry into the gas mixing
flask by bubbling the gases through a sintered dise
in a tall (60 cm) column of a solution contamning (-3°,
sodium hydrosulfite and 0-05°; anthraquinone-2-sul-
fonate in 01 N sodium hydroxide. All incubations
and preincubations were carried out with shaking in
the absence of light.

Analyscs of difference spectra were performed with
a4 model DW-2 recording spectrophotometer (Ameri-
can Instrument Co). Each spectrum was calibrated
with a holmium oxide filter. Specific experimental
details for various cxperiments in which spectral
analyses were performed arce given in the legends to
figures and tables. All spectra were recorded at 6 .
Concentrations of cytochrome P-450 were determined
by utilizing the absorbance difference between 450
and 500 nm and calculating with an extinction coefli-
cient of 100 mM ™! ¢m ' according to the method
of Greim [15]. Protein concentrations were deter-
mined according to the method of Lowry ¢t ul. [16].
Muaximal spectral changes inducible (E,,,) and spec-
tral dissociation constants (K.} were determined by
utilization of lincar transforms of the data. Double
reciprocal (Lineweaver-Burk) plots and plots of AA!
concentration vs concentration (Scatchard) were both
employed.

Partial purification of placental cytochrome P-430.
Partial purification of the placental microsomal P-450
cvtochrome(s) was accomplished by modifying the
procedures described by Symms and Juchau [2] and
by aflinity chromatography. Calcium chloride-precipi-
tated microsomes (prepared as described above) were
used as the starting material in these procedures. Micro-
somal pellets were resuspended by gently homogen-
izing in a 0-16 M solution of sucrose such that the
final protcin concentration was 15 25 mg/ml. For
each ml of the solution. 0-44 ml glycerol. 0-20 ml
potassium phosphate buffer (1-0 M. pH 7-7). 0-03 ml
of 01 M EDTA and 0-02 ml of freshly prepared di-
thiothreitol were added. The microsomal suspension
then was sonicated three times at full output (150
W) for 20 sec cach with a Branson Sonifier. model
W-I85D. To each ml of the sonicated mixture. 0-16
ml of a 10°, sodium cholate solution containing 10 *

=~
N3
n

M butylated hydroxytoluene was added and stirred
under anacrobic conditions for 30 min. The mixture
then was centrifuged at 22,000 ¢ for 30 min and the
supernatant placed in a prechilled graduated cylinder.
To the sonicated. solubilized preparation. suflicient
ammonium sulfate (240 mg/ml) to produce a 427,
saturation was added slowly with stirring. The pH
was maintained at 7-7 by adding a few drops of 2
N NH,OH. The mixture then was stirred for 20 min
and centrifuged at 20.000 ¢ for 10 min. To the super-
natant. suflicient ammonium sulfate (70 mg;ml) to
produce a 50°, saturation was added slowly with stir-
ring. The pH was maintained at 77 with 2 N
NH,OH. The mixture was stirred for 20 min and
centrifuged at 20000 ¢ for 15 min. The supernatant
fraction was carcfully removed as completely as poss-
ible. and the precipitate was redissolved in a small
volume of 0-01 M potassium phosphate buffer (pH
7-7) containing 20°, glvcerol. 107+ M dithiothreitol.
3% 107+ M EDTA and 005°, sodium cholate. This
resuspended preparation was either analyzed immedi-
ately. further processed or divided into small volumes
and stored anacrobically at —85 . A 4-fold purifica-
tion was obtainable with this procedure

RESULTS

Studics on the binding of several steroids as well
as a large number of nonendogenous compounds to
human placental microsomal cytochrome P-430 indi-
cated a high degree of structural specificity (Table 1).
None of the nonstcroidal compounds investigated
produced clearly observable type-1 difference spectra
i most preparations. although hexobarbital. amino-
pyrine and ethylmorphine did producc very weak
type-I spectral changes in onc partially purified prep-
aration. In several subsequent preparations. however.
no definitive type-I spectral changes could be detected
at concentrations excecding 1073 M. Desmethylimi-
pramine. benzo[a]pyrenc. diethylstilbestrol. ethanol
and benzphetamine at similar concentrations also
failed to produce spectral changes in placental micro-
somes, whereas the same compounds produced
readily observable spectral changes in rat hepatic micro-
somes. Several steroids also failed to produce dis-
cernible spectral changes in any of the preparations
studied even when present in high concentrations
(>10"* M). Included in this group were cortisol.
deoxycorticosterone.  pregnenolone,  progesterone,
cholesterol. estrone. estriol and sodium taurocholate.
Steroids which produced very weak type-I binding
spectra included dehydroepiandrosterone
{Kg=38x 107" M) and sodium deoxycholate
(K, > 1072 M}. Compounds cxhibiting intense type-1
binding spectra were close structural congeners of
androstenedione for the most part. An important
exception to this rule. however. was ff-estradiol and
two of its hemisuccinate derivatives {Table 1). Binding
constants obtained with these compounds were highly
variable from preparation to preparation and in some
instances. no binding could be observed. Hemisuce-
cinate derivatives of androstenedione (substituted :t
the 6 and 17 positions) also exhibited relatively pro-
nounced difference spectra with comparably high
apparent affinities but were not studied in the same
preparation and arc therefore not included in Table
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Table 1. Binding parameters observed with solubilized. partally purified human
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placental microsomal cyvtochrome

P-450*
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the same sample of partially

purified placental eytochrome P-450 for

all determinations. Protein concentration in the cuvettes was 16 mg'ml. NDT indicates that no determination was

macle.

I. The results obtained in these studies are in rather
good agreement with less extensive carlier studies
[1 5]. Examination of the data imdicated that when
maximal spectral changes were expressed i terms of
the CO complex. two groups ol values could be dis-
cerned. One group of steroids exhibited maximal
values approximately double those of a second group:
[ androstenedione.  19-hydroxyandrostenedione.
19-ox0androstenedione. I d.6-androstatriene-3.17-
dione and f-estradiol all produced maximal values
in the range of 0-010 to 0012 absorbance units:nmole
of cytochrome P-450. Other steroids produced maxi-
mal values in the range of 0-005 to 0006 absorbance
units/nmole  of cytochrome  P-450. The  apparent
affinities (as measured by K, values) of most of the
steroids studied were approximately two orders of
magnitude greater for placental eytochrome P-450
than for the hepatic evtochrome. Fxceptions to this.
however. included  testosterone.  19-nortestosterone
and f-estradiol. Androstenedione also appeared to
bind either o two separate type-T binding sites on
the same cytochromal molecule or to two separate
cytochromes. Lincar transforms of the binding data
revealed a high affinity. low capacity primary binding
site and a secondary site with lower aftinity but higher
capacity (Fig. 2). This phenomenon was observable
mn all preparations i which lower concentrations
were studied except [or two preparations which had
been stored for extended periods. Scatchard and
Lineweaver Burk plots both indicated the presence
of two separate binding sites. K, values varied con-
siderably in different preparations: some approached
1077 M for the secondary site in partiadly purified
preparations and others were as low as 100 7" M for
the primary site  usually observed in fresh micro-
somes prepared by ultracentrifugation (see Methods),
Essentially identical binding constants for androstene-
dione were observed when microsomes were analyzed
in the presence of high concentrations (=10 * M)
ol NADPH.

Ascorbate. reduced glutathione or succimate did not
appear capable of reducing placental microsomal
cvtochrome P-450 at concentrations exceeding 1077
M. NADH could partially reduce the cyvtochrome in
certain preparations. but exhibited a very high degree

[

ol variability for this capacity. In general. NADPH
was much more cffective than NADH as a reducing
agent, but likewise exhibited considerable variability
which appeared related to the stability of the reduc-
tase. Additions ol sodium hydrosulfite to NADH-
or NADPH-reduced cyvtochrome P-450 always pro-
duced an additional large increase in the concen-
tration of reduced cytochrome P-450. even though as
much as 30 min was allowed for reduction by the
nucleotides. NADH produced no further reduction of
the cytochrome in the presence of excess NADPH
(3 x 10°* ML but NADPH normally produced a

425 nm//x 106

\\\ Emax =0 0051 /mg protein
ks 15 x107M
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Fig. 2. Scatchard plot of the binding of androstenedione

to eytochrome P-450 in freshly prepared human placental

microsomes. Microsomes were resuspended in potassium

phosphate buffer (-1 M. pH 7-4); protein concentration
was 36 mg/ml
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Table 2. Effects of potential inhibitors and activators on aromatase activity in ritro

Final conen Tape of spectral

Compound tested ", of Control change* Apparent K,
Amimoglutethinnde 47 Il 6l = 10 "M
Dhctin Istitbextrol 37 ND
Potasstunt cyamde 38 NDT
Anihne 72 1l 40 % 10 ¢ M
Nicotinamide 9X 1 1210 * M
Menvrapone 97 11 I3~ 10 7 MF
Carbon monoxide 110% 450 nm maximum
treduced form)

Benzolalpyrene M 96 ND
Hevobarhital M 101 ND
Amiopyrine 4 M 98 ND
Clofibrate 1w *M 99 NDT
N -acetylimimoluorene 1w *M 44 ND
Sodium cholute 10 *M 4 I X 10 S M
Sodium Tauryl sulfate Sx10 M 4 NDT
Dithiothreitol 164 M 84 ND
Acctone "M 104 ND
Theophyltine 10 *M 100 NDT
NADH S0P M 123 427 nm maximum.

409 nm minimum
Hydrosyvlamine Se 10 "M 140 NDT

*1 refers to a spectral change with an absorption maximum near 390 nm and
a mimimum near 420 nm: I refers to a spectral change with an absorption maximum
near 430 nm and @ minimum near 400 nm:; ND indicates that no spectral change
was detectable at the concentration indicated: NDT indicates that no determination
was made.

F Data taken from Bergheim et ol [17].

T Control for this experiment was 95%, N, and 5%, O,.

small increase in the absorbance maximum at 450
nm when added to microsomal preparations contain-
ing high concentrations (3 x 10”* M) of NADH.

Compounds cxhibiting type-I spectral changes in
both placental and hepatic microsomal preparations
exhibited much morce intense changes in the placenta
il these changes were expressed in terms of the cyto-
chrome P-450 concentrations  (Table 1). When
expressed in terms of protein concentrations the
changes observed in hepatic microsomes were slightly
more pronounced.

The only nonsteroidal compounds that exhibited
significant binding were those which produced type-I1
(or similar) difference spectra. Not all of the com-
pounds exhibiting tvpe-1I difference spectra were
effective inhibitors of placental aromatase activity
(Table 2). Metyrapone and nicotinamide exhibited no
detectable inhibitory effects at concentrations of 1073
M or greater. Aminoglutethimide. aniline and potas-
sium cyanide. on the other hand. were relatively effec-
tive inhibitors. CO. which binds to ferrous heme of
cytochrome P-450. displayed no inhibitory effects on
the conversion of androstenedione to estrogens. No
inhibition could be detected in the presence of limit-

ing O, and high concentrations of NADPH (Table
3) in agreement with previous observations by Meigs
and Ryan [14]. Under identical reaction conditions
and with the same microsomal preparations. conver-
sion of benzo[a]pyrene to 3-hydroxybenzo[a]pyrene
was readily inhibited by CO (Fig. 3). The capacity
of CO to inhibit benzo[a]pyrene hydroxylation in
placental microsomes was roughly equivalent to its
capacity to inhibit the reaction in rat hepatic micro-
somes.

The presence of relatively low concentrations
(<1077 M) of androstenedione and closely related
steroids in placental microsomal preparations could
completely prevent the appearance of an absorbance
maximum at 450 nm when the cytochrome was
reduced by NADPH (Table 4). Interestingly, sub-
strates for placental mixed-function oxidation reac-
tions that are inhibited by CO did not exhibit this
effect. Compounds which exhibited no significant
type-I binding to the placental cytochrome likewise
did not produce the effect. Addition of androstene-
dione to both the sample and reference cuvettes also
eliminated the absorbance maximum at 450 nm sub-
sequent to reduction with excess NADPH and equi-

Table 3. Effect of CO on rates of conversion of androstenedione to metabolites at
low concentrations of O,*

Gas phase I'estosterone

100", O, 374

1007, N, 22
S 0L 95N, 046
30, 0. 98 CO 616
SO 0OL 197, CO. 76", N 626
20", O RN, 683

Rates of product formation (pmoles.mg protein min}

Estrone fi-Estradiol Total estrogenst
8% 19 07
14 s 20
128 4 133
122 23 146
120 19 140
172 26 199

* This cxperiment was repeated three times with similar results except that absolute

values varied more than 10-fold and rates of f-estradiol formation were proportion-

ately higher in the other experiments.
+ Total of cstrone plus fi-estradiol.
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with nitrogen: A A rate of the reaction with carbon
monoxide as the balance of the gas phase.

libration with CO. Thus the effect was observed re-
gardless of the scquence of addition of components
to the cuvettes.

In order to gain preliminary insights into the rela-
tive aflinity of the placental microsomal cyvtochrome
for CO vs O,. varying ratios of these gases were bub-
bled through sample and reference cuvettes lor 60 sec
and analyzed by split beam spectrophotometry. Im-
mediately prior to recording of the difference spectra.
the reducing agent was added 1o the sample cuvette
and repetitive scans were run for a period of approxi-
mately 10 min. After no further change in the spec-
trum could be detected. the absorbance difference
between 450 and 500 nm was measured and recorded
at varying O,:CO ratios. The results are presented
in Fig. 4. With sodium hydrosulfite. maximal ubsor-
bance differences could be observed with as high as
50°, concentrations of O, With NADPH. however.
a marked decrease in the absorbance difference was
observed with only 107, concentrations ol O,. Since

Table 4. Effects of steroids on the 450 500 nm absorption
maximum of the placental cytochrome P-450 CO complex

Compound tested™ Final IM] conen Absorpiion (450 300 nmy)

None

N
Andrestencdion : ot [
Lo ivdrosvandrostene
dione Sodn T [RXISN
-Oroandiostenedione oot 000
Festosterone Lo [VERER}
9= Nortestasterone m (ARSI
T9-Norundrostenedione IR 0024
Pregnenolone I Ul
Benzolafpyrenc o 0N

*Compounds were dissolved in absolute cthanol: a
maximum volume of 10 gl was added to sample and refer-
ciice cuvettes. Both cuvettes contained 2 ml of the micro-
somal suspensions (ultracentrifuged samples. sce Methods).
CO and steroids: NADPH (2 x 10 * M. final concen-
tration) was present only in the sample cuvetie. Protein
concentration was 4-3 mg protein/ml. Spectra were run im-
mediately after addition of steroids to sample and reference
cuvettes. Fifteen min was allowed for reduction after addi-
ton of NADPH.
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Fig. 4. Absorbance differences (AA 450 300) measured in
human placental microsomes as a function of CO coneent-
ration [ A A sample and reference cuvettes con-
tined microsomes (32 mg protein mb and carbon monox-
ide at the concentrations indicated. The sample cuvette
contained sodium dithionite. © C. Same as above
exeept NADPH (3 - 10 * M. final concentration) was uti-
lized as the reducing agent. Balinee of the gas phase was
oxygen in both cases.

O, 1s rapidly removed in the presence of dithionite
but not by reduced pyridine nucleotides. this effect
probably explains the differences observed with the
two reducing agents. The results suggested that the
affinity of the eytochrome for CO was relatively low
compared with its aflinity for O, More detailed
studics will be required for confirmation of this
suggestion. sinee the results may also indicate a4 more
rapid reoxidation of the cvtochrome in the presence

of O,.

DISCUSSION

The results of the present mvestigation appear o
indicate the presence of at least two cytochromes
P-430 in human placental microsomes apart from the
cross-contaminating mitochondrial cytochrome P-450
[4]. One of these cyvtochromes binds androstene-
dione-similar steroids quite specifically and seems to
represent a predominant form in the endoplasmic
reticulum of placental cells. Tt would seem highly
probable that this ¢yvtochrome would function as the
terminal oxidase in the mixed-function oxidative con-
version of androstenedione to estrone. & major func-
tion of the placental  syncitiotrophoblast. The
demonstration of discrete populations of binding sites
for androstenedione. however. recalls the question of
whether different cytochromes may be involved in the
three hydroxylation reactions required in the aromati-
7ation sequence. Although androstenedione. 19-hyd-
roxvandrostenedione and 19-oxoandrostenedione did
not appear to produce additive effects on the type-1
difference spectrum with respect to - the sceondary
binding site. the question of additivity on the primary
site was difficult 1o assess. However. neither ol the
lutter two steroids appeared to bind to discrete popu-
lations of binding sites in any of the preparations in-
vestigated  (in which  androstenedione did — exhibit
biphasic binding) and their K, values also tended o
indicate that they probably bind to the secondary site.
Testosterone also appeared to bind only to one site

probably the secondary site. These observations
would tend to corroborate those ol Bellino and
Osawa [17]. who contended  that androstenedione
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and testosterone undergo aromatization catalyzed at
separate enzyme sites, and of Menini and Engel [18].
who suggested that androstenedione is the primary
substrate for the aromatization reaction. Two popula-
tions of binding sites could indicate the presence of
two sites on the same molecule or of two separate
cytochromes. The latter possibility would seem the
more probable but the former has not been ruled out.

Observations on the placental hydroxylation of
benzo[apyrene provide an additional suggestion of
multiple eytochromes P-450 in placental microsomes.
Inhibition by CO of this mixed-function oxidation
implics. but does not prove. the involvement of cyto-
chrome P-450 in the reaction. Lack of observable
binding of benzo[a]pyrene to placental microsomal
cytochrome P-450 (as determined  with  tandem
cuvettes according to methods deseribed by Jakobs-
son et al. [19)) as well as lack of any correlations
between aryl hydrocarbon hydroxylase activity and
concentrations of cytochrome P-430 or positions of
spectral maxima [4] indicates that if a cytochrome
P-450 (or P-448) is involved. it may constitute only
a very small fraction of the total present in placental
MICTOSOMCS.

A somewhat  clusive  fl-estradiol-binding  cyto-
chrome P-450 may represent still another form of this
placental microsomal pigment. Its absence from some
preparations that exhibited strong androstenedione-
binding spectra speaks for a scparate cytochrome
(which also exhibited greater lability than the andros-
tenedione-binding form). fi-Estradiol undergoes vari-
able rates of hvdroxylation at positions 2 [20. 21] and
6 [22.23]. and 1t scems feasible that o cvtochrome
P-450 which binds f-cstradiol could function in those
reactions. Binding of the estrogen to placental cyto-
chrome P-450 could suggest a possible negative feed-
back on the aromatization reaction. The studies of
Schwarzel et al. [24]. howcever, tend to rule out any
negative feedback role for cstrogens.

Elimination of the NADPH-dependent absorption
maximum at 450 nm by prior or subscquent additions
of low concentrations of androstenedione. 19-hydroxy-
androstenedione or 19-oxoandrostenedione appears
to provide a reasonable explanation for the lack of
inhibition of aromatasc by CO. This hypothesis scems
particularly attractive since substrates for CO-inhi-
bited placental mixed-function oxidations did not
exhibit this effect. Such observations may remove the
last scrious objections to carlier suggestions regarding
the functionality of placental microsomal cytochrome
P-450 in cstrogen biosvnthesis from  endogenous
androgens [5.7]. Details of these phenomena will be
published elsewhere. It 1s intercsting 1o note, however,
that Bergheim et al. [ 1] reported that steroids could
modify the difference spectrum produced by metyra-
pone. possibly displacing it from binding. A possible
explanation for these kinds of observed spectral
changes is based on considerations of interactions of
carbon monoxide with polymers of cytochrome ¢
[25]. Tt is suggested that the binding of androstenc-
dione or similar structurally related steroids to pli-
cental microsomal cytochrome P-430 may produce a
conformational change in the apoprotein which
results in a change in the reactivity at the sixth ligand-
ing position. This change could then prevent CO from
binding to the heme as well as displace previously
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bound CO. Carcful studies will be required to verify
this hypothesis. If the observed spectral changes truly
represent o change in the availability of the sixth
coordination site for CO, an important question
which remains concerns the capacity of O, to bind
to the same site. Preliminary studics presented in this
report (Fig. 4) tend to indicate that placental micro-
somal cyvtochrome P-450 possesses a relatively low
affinity for CO in the presence of small amounts of
O, following reduction with NADPH. Quantitative
clfects of androstenedione on the relative affinitics of
the cytochrome for O, vs CO remain to be investi-
gated. It is known that relative athinities of CO vs
O, can vary markedly among heme proteins and that
such aflinities can be altered considerably by the pres-
cnce of other substances. i.c. organic phosphates [26].
It should be noted. however. that low concentrations
of androstenedione could completely climinate the
absorbance maximum at 450 nm. cven in the presence
ol deoxygenated CO. Also. it is of significance that
the absorption maximum was much less readily de-
creased in the presence of dithionite. In some di-
thionite-reduced preparations.even high concentrations
(> 10"* M) produced little effect on the absorption
at 450 nm. After reduction with NADPH. however.
the absorption maximum consistently was abolished
completely with low concentrations of androstene-
dione (< 1077 M). Although Thompson and Siiteri
5] have suggested that lack of inhibition of aroma-
tase may be explained in terms of a low clectron flux.
it now secems more reasonable to believe that lack
of inhibition may be duce to displacement of CO from
the cytochrome by androstenedione, which normally
is present in reaction vessels in relatively high con-
centrations (> 107 % M). (We were unable to observe
inhibition at androstenedione concentrations of 107 °©
M and at lower concentrations the substrate is de-
pleted rapidly.) Displacement could occur as a result
of an allosteric transition as suggested above or could
be due to a very rapid reoxidation of the ferrous cyto-
chrome to the ferric form. Additional research will
be required to resolve this question.

[t should be reemphasized that considerable varia-
bility in certain measured parameters was observed
between placentas. This was particularly noticeable
in measurements of K values. quantitics of NADPH-
reducible CO- eytochrome P-450 complex. and bind-
ing with fi-estradiol. In addition. we also observed
vartability in the types of spectra produced with
3.6.17-androstenctrione. In most preparations [4] we
observed classical type-1 binding spectra with variable
intensity and high apparent affinity. In two others,
however. we observed difference spectra with absorp-
tion minima near 483 nm and maxima near 413 nm.
In both of the latter cases the preparations had been
solubilized and partially purified. but no such
phenomenon was observed in two other similar prep-
arations. We observed no  definitive  correlation
between the intensities of the absorbance maxima of
the CO vs androstenedione complexes. in contrast o
data reported by Thompson and Siiteri [5]. Andros-
tenedione could produce very high values cven fol-
lowing 70 80 per cent conversion of the eviochrome
P-450 to P-420.

Further significant progress in the resolution of the
above problems and hypotheses probably will require
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the preparation of highly purified cytochromes. The
maximum purification obtainable via ammonium sul-
fate fractionation was 4-fold in our cxperiments.
Attempts to purify further by means ol aftimity
chromatography have met thus far with only partal
success. A 25-fold puritication was achicved but with
only an extremely low (<2 per cent) vield. Further
work in this arca is currently in progress.
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