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11. POC samples were collected exclusively in lakes. We
collected POC samples to estimate phytoplankton
3'*C values. POC samples with more than 60%
phytoplankton were classified as pure phytoplank-
ton samples. POC samples were not collected in the
river because phytoplankton biomass is typically
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12. Plant samples were washed with tap water and a IN
HCI solution and then rinsed several times with
deionized water. All samples were dried at 60°C.
After drying, vascular plants were ground to a fine

owder with a mortar and pestle. A skinless, bone-
ess sample of muscle was taken from the upper body
of each fish, dried, and ground as above.

13. Samples for isotopic analysis were prepared by com-
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remains of organisms at higher trophic levels. The
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Expression of Bovine 17a-Hydroxylase Cytochrome
P-450 cDNA in Nonsteroidogenic (COS 1) Cells

Mauricio X. ZUBER,* EVAN R. SIMPSON, MICHAEL R. WATERMAN

Cortisol production requires the activity of only 17a-hydroxylase, whereas the
formation of sex steroids requires both 17a-hydroxylase and 17,20-lyase activities.
Studies in reconstituted enzyme systems have suggested that a single steroid hydroxy-
lase, 17a-hydroxylase cytochrome P-450 (P-450,,,), catalyzes both activities. By
expression of bovine adrenocortical P-450,7, in COS 1 (transformed monkey kidney)
cells, which normally contain no detectable P-450,,,, it has now been established in
situ that a single polypeptide chain does catalyze both the 17a-hydroxylase and the
17,20-lyase reactions. This heterologous system supports 17a-hydroxylation of preg-
nenolone and progesterone with equal efficiency, but catalyzes about five times as
much 17,20-lyase activity when 17a-hydroxypregnenolone is the substrate than when
17a-hydroxyprogesterone is the substrate. For these activities to be observed in COS 1
cells, newly synthesized apocytochrome P-450,;, must bind heme and insert into the
endoplasmic reticulum such that endogenous cytochrome P-450 reductase can support
hydroxylation. Thus, COS 1 cells are a useful system for expression and study of

various forms of cytochrome P-450.

TUDIES OF MICROSOMAL 17a-HY-

droxylase cytochrome DP-450 (-

450,7,), as with other eukaryotic cy-
tochromes P-450, have been complicated by
problems associated with purification from
their membrane (microsomal or inner mito-
chondrial) environments and subsequent re-
constitution of their activities in vitro. The
similarities in physical and biochemical char-
acteristics of different cytochromes P-450
(1) together with potential artifacts generat-
ed during solubilization, purification, and
reconstitution procedures (2) have made it
difficult to unambiguously assign one or
more activities to an individual form of
cytochrome P-450. Preparations of purified
adrenocortical and testicular P-450,7, pos-
sess 17a-hydroxylase activity necessary for
the production of cortisol, as well as 17,20-
lyase activity required for sex steroid forma-
tion (3). However, the ratio of these activi-

ties changes during purification procedures
(3) and in vivo under differing physiological
conditions (4). Also, in humans, deficiencies
associated with these activities have been
reported for either 17a-hydroxylase activity
(5) or 17,20-lyase activity (6). Thus, after
identifying and characterizing a complemen-
tary DNA (cDNA) clone specific for bovine
P-450,74 (7), we sought to clarify the uncer-
tainty surrounding the reported dual activi-
ties associated with the P-450,,, polypep-
tide chain.

Our strategy was to analyze the activities
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catalyzed by bovine P-450;7, in situ by
expressing this enzyme in mammalian cells
that do not normally express the P-450,7,
gene. An S$V40 expression vector containing
a cDNA encoding the complete amino acid
sequence of bovine P-450,7, (pcD-17a2)
has been used. A successful system for
expression from such pcD vectors (8) is
provided by COS 1 cells from the kidney of
the African Green monkey (9). These cells
are potentially useful for expression of a
mammalian cytochrome P-450 enzyme,
such as P-450,,, since they originate from
kidney that contains constitutive forms of
cytochrome P-450 necessary for the metab-
olism of fatty acids (10), vitamin D (11), and
xenobiotics (12). Thus kidney endoplasmic
reticulum contains cytochrome P-450 re-
ductase, the ubiquitous flavoprotein neces-
sary for P-450,;, function. In addition,
Northern blot analyses of bovine or human
kidney RNA indicate that these tissues do
not express the P-450,7, gene (7). Thus,
COS 1 cells should be an ideal model system
to support microsomal cytochrome P-
450,74 activity. These cells have been used
for the expression of another microsomal
enzyme, uridine diphosphate-glucuronyl-
transferase (13), but the only eukaryotic
expression system previously used for study
of cytochrome P-450 is yeast, in which rat
liver P-450.—atalyzing aryl hydrocarbon
hydroxylase activity has been expressed (14).
Our results demonstrate that both 17a-
hydroxylase and 17,20-lyase activities are
catalyzed by bovine P-450,7, when it is
expressed in COS 1 cells.

Transfection of COS 1 cells with pcD-
1702 yielded detectable P-450,7, by indi-
rect immunofluorescence (Fig. 1). Further-
more, the subcellular distribution of P-
450,7, as determined by immunofluores-
cence coincided with that of the kidney
microsomal flavoprotein cytochrome P-450
reductase (Fig. 1). When Northern blot
analyses were performed (Fig. 2A), only
RNA from cells transfected with pcD-17a2,
and not those transfected with a different
pcD vector or mock-transfected cells, hy-
bridized with a P-450,;,—specific probe. As
expected, the signal indicated longer tran-
scripts than the one found in RNA from
cultured bovine adrenocortical cells (BAC)
since part of the SV40 sequence in the
vector is also transcribed. Immunoblot anal-
ysis of cell protein from pcD-17a2 transfect-
ed cells revealed a protein that comigrated
with the P-450;7, from cultured BAC (Fig.
2B). Taken together, these results indicate
that bovine adrenal P-450,7, is synthesized
in the pcD-17a2 transfected COS 1 cells
and is probably inserted into the correct
subcellular compartment, the endoplasmic
reticulum.
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Table 1. Rates of formation of selected steroid products in COS 1 cells transfected with pcD-17a2.
Rates were determined by measuring the conversion of '“C-labeled substrates after 1/2-hour incuba-
tions with progesterone and pregnenolone and 3-hour incubations with 17a-hydroxylated substrates as
described in the legend to Fig. 3. After autoradiography, the spots corresponding to the indicated
substrates and products were scraped and the radioactivity was determined by scintillation spectrometry
(18). Control cells or cells transfected with pBAdx-6 showed conversion rates not detectable above

background levels.

Concentration Amount per plate
Substrate (M) Product (nmoV[l)lco ul:)
Pregnenolone 10 17a-OH pregnenolone 3.80
Progesterone 10 17a-OH progesterone 3.92
17a-OH pregnenolone 10 Dehydroepiandrosterone 0.69
17a-OH progesterone 10 Androstenedione 0.17
17a-OH pregnenolone 1.0 Dehydroepiandrosterone 0.190
17a-OH progesterone 1.0 Androstenedione 0.021
17a-OH pregnenolone 0.1 Dehydroepiandrosterone 0.044
17a-OH progesterone 0.1 Androstenedione 0.003

For COS 1 cells to support steroid 17a-
hydroxylase activity, certain criteria must be
met. Protoheme must be bound as a pros-
thetic group by the apocytochrome P-
450,7,, and the bovine adrenocortical P-
4507, must be inserted into the endoplas-
mic reticulum such that the endogenous
monkey kidney cytochrome P-450 reductase
of the COS 1 cells can transfer electrons

from reduced nicotinamide adenine dinucle-
otide phosphate (NADPH) to P-450,7,. In
addition, the COS 1 cells must provide an
adequate supply of NADPH to support
17a-hydroxylation. As shown in Fig. 3, all
these criteria are satisfied since pcD-17a2
transfected cells catalyzed the production of
17a-hydroxyprogesterone from progester-
one. Furthermore, the 17a-hydroxylated

Fig. 1. Immunofluorescence of bovine P-450,5, (left) and endogenous monkey cytochrome P-450
reductase (right) in the same COS 1 cell. The night before transfection, COS 1 cells were passaged from
a confluent 100-mm culture dish by trypsinization. They were placed in 1 ml of Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum. The suspension was diluted 1 to
100 with the same medium, and 0.5 ml was added to multiwell dishes containing cover slips.
Transfection was accomplished by incubation of the cells for 1 hour with diethylaminoethyl-dextran
(250 pg/ml; Pharmacia) and pcD-17a2 (10 pg/ml) in serum-free DMEM at 37°C (15). After 5 hours
of incubation with chloroquine (52 pg/ml) (16) in DMEM containing fetal calf serum, the cells were
washed and incubated for an additional 66 hours in the same medium without chloroquine.
Immunofluorescence (Zeiss Photomicroscope III) of P-450,7, was determined (17) by using rabbit
immunoglobulin G (IgG) specific for pig testis P-450,5, as primary antibody and rhodamine-
conjugated goat antibody to rabbit IgG as secondary antibody. Immunofluorescence of cytochrome P-
450 reductase was determined by using rabbit IgG specific for pig liver cytochrome P-450 reductase as
primary antibody and fluorescein-conjugated goat antibody to rabbit IgG as the secondary antibody
(Cooper Biomedical).
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product was further converted to androsten-
edione by 17,20-lyase activity, thus demon-
strating that both activities reside on the P-
4507, polypeptide chain. Similarly, when
pregnenolone was used as substrate, 17a-
hydroxypregnenolone and dehydroepian-
drosterone (DHEA) were formed. In fact, at
the end of 8 hours most of the pregnenolone
had been converted to DHEA. This last
result suggested a much higher lyase activity
when 17a-hydroxypregnenolone was the
substrate than when 17a-hydroxyprogester-
one was the substrate. To investigate the
relative rates for the different substrates for
P-450,7,, we measured the initial rates at
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Fig. 2. (A) Northern blot analysis of P-450,7,
messenger RNA from total RNA (10 pg) pre-
pared (I8) from BAC and COS 1 cells. The night
before transfection COS 1 cells were passaged
from a confluent 100-mm culture dish by trypsin-
ization. They were placed in 5 ml of DMEM
containing serum, and 1 ml of the suspension was
added to each of five 100-mm culture dishes
containing 10 ml of the same medium. Transfec-
tion was carried out as described in Fig. 1 by
means of pcD-17a2 (10 pg/ml) or pBAdx-6 (10
pg/mi) (Adx, a control plasmid in the same pcD
vector, but containing the complete coding se-
quence of bovine adrenodoxin). Also shown is an
analysis of RNA from mock-transfected COS 1
cells (—) and from BAC cells maintained in the
absence (—) or presence of 1 pM ACTH (+) for
12 hours. (B) Immunoblot analysis (18) of P-
450,57, from cell homogenates from COS 1 and
BAC cells as described in (A). In all cases 50 pg of
protein was used except for adrenocorticotropin-
stimulated BAC cells (10 ug). The second anti-
body was '*I-labeled goat antibody to rabbit
IgG, and the arrow denotes the position of migra-
tion of purified pig adrenal P-450,,.
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substrate concentrations of 10 pA{ (Table
1). The rates of 17a-hydroxylation were
similar for pregnenolone and progesterone
and approximately five times those for the
conversion of 17a-hydroxypregnenolone
into DHEA at the same substrate concentra-
tion (Table 1). The amount of androstene-
dione formed from 10 pA 17a-hydroxy-
progesterone was, in contrast, 1/20 of that
of 17a-hydroxyprogesterone from proges-
terone (Table 1). When the 17,20-lyase
activity was also measured at 1/10 and 1/100
times the substrate concentrations, the
amount of androstenedione formed was again
much lower than that of DHEA formation.

Conversion of 1 pM 17a-hydroxypreg-
nenolone to DHEA occurred at a rate of 0.2
nmol per hour per plate. When the same
concentration of pregnenolone was used,
more than 1 nmol of DHEA was formed by
2 hours, indicative of a rate higher than 0.5
nmol per hour per plate. Thus, it is possible
that lyase activity is facilitated when the
product of the 17a-hydroxylase reaction
(which is the substrate for the lyase reaction)
is already in contact with the enzyme. Fur-
ther studies are necessary, however, to prove
the concerted nature of this reaction.

Our studies demonstrate that bovine ad-
renal P-450,,, expressed in COS 1 cells
catalyzes both 17a-hydroxylase and 17,20-
lyase activities in situ, thus confirming the
observations of Hall and colleagues (3) who
used purified enzyme preparations. These
results emphasize the fundamental role that
this enzyme plays in the pathways of steroid
hormone biosynthesis, located as it is at an
important branch point in these pathways.
How each of the activities is controlled to
maintain a physiological balance between
glucocorticoid production on the one hand
and adrenal C19 steroid production on the
other remains to be elucidated. Perhaps the
previously observed changes in ratios of
17a-hydroxylase to 17,20-lyase activities
upon purification (3) and in response to
physiological conditions (4) are the result of
the interaction of P-450,,, with the envi-
ronment of the endoplasmic reticulum.
Variations in these activities associated with
human deficiency states (5, 6) presumably
result from mutations that alter the interac-
tions of substrates with the enzyme. Thus,
P-450,,, is an example of a more general
class of cytochromes P-450, namely, those
that are involved in metabolism of endoge-
nous substrates and that catalyze multistep
reactions that use a single active site; other
examples include cholesterol side-chain
cleavage cytochrome P-450, 11B-hydroxy-
lase cytochrome P-450, and aromatase cyto-
chrome P-450. From studies based on site-
directed mutagenesis, COS 1 cells transfect-
ed with pcD vectors should provide a useful
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Fig. 3. Autoradiogram of thin-layer chromatogra-
phy plate showing conversion of progesterone
(Prog) to 17a-hydroxyprogesterone (17-Prog)
and androstenedione (A) by COS 1 cells trans-
fected with pcD-17a2. Transfected cells main-
tained in serum-containing DMEM were incubat-
ed at 37°C with 1 pM progesterone containing 4
x 10* cpm of ["“C]progesterone (0.1 pM). By
the time of the assay, each 100-mm culture dish
contained about 0.25 mg of total cell protein. At
the indicated times, the culture medium was
removed, and the steroids were extracted with
dichloromethane and chromatographed on a
coated silica gel plate with a mixture of chloro-
form and ethylacetate (75:25% by volume) prior
to autoradiography (18). Identity of steroid prod-
ucts was determined by comigration with authen-
tic standards and confirmed by radioimmunoassay
and high-performance liquid chromatography.
The polar metabolites below 17-Prog are uniden-
tified.

system with which to study structure-func-
tion relations within this interesting group
of enzymes.
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A G Protein Couples Serotonin and GABAg
Receptors to the Same Channels in Hippocampus

R. ANDRADE, R. C. MALENKA, R. A. N1coLL*

Both serotonin and the selective y-aminobutyric acidg (GABAg) agonist, baclofen,
increase potassium (K*) conductance in hippocampal pyramidal cells. Although these
agonists act on separate receptors, the potassium currents evoked by the agonists are
not additive, indicating that the two receptors share the same potassium channels.
Experiments with hydrolysis-resistant guanosine triphosphate (GTP) and guanosine
diphosphate analogs and pertussis toxin indicate that the opening of the potassium
channels by serotonin and GABAGg receptors involves a pertussis toxin—sensitive GTP-
binding (G) protein, which may directly couple the two receptors to the potassium

channel.

EMBRANE RECEPTORS OFTEN
signal cellular responses via sec-
ond messenger systems. One

ubiquitous feature of such indirect coupling
systems is their dependence on guanosine
triphosphate (GTP)-binding proteins (G
proteins) for the transmembrane signaling
process. A number of distinct G proteins
have been identified and some of the intra-
cellular second messengers and effectors as-
sociated with their actions elucidated [for
review, see (1)]. A great deal is now known
about the role of these G proteins and
assorted second messengers in controlling
metabolic and secretory processes in a varie-
ty of cells. G proteins are present in extraor-
dinarily high concentrations in the mamma-
lian central nervous system (CNS) (2); for
example, Go accounts for 1% of membrane
protein. Moreover, on the basis of the GTP
sensitivity of the receptor binding of neuro-
transmitter agonists (3, 4) it is believed that
G proteins are associated with many types of
brain neurotransmitter receptors. However,
little is known about the functional roles
these G proteins play in controlling neuro-
nal excitability and, hence neuronal commu-
nication in the CNS. Here we demonstrate
that serotonin (5-HT) and y-aminobutyric
acidg (GABApg) receptors modulate the
same potassium channels through a mecha-
nism that involves a pertussis toxin—sensitive
G protein. We suggest, as has been pro-
posed for muscarinic inhibition of the heart
(5), that G proteins may directly couple
receptors to the K* channels in mammalian
brain.
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Fig. 1. 5-HT and baclofen hyperpolarize pyrami-
dal cells by separate receptors but through a
common conductance mechanism. (A) The hy-
perpolarization to 5-HT (10 wa), but not to
baclofen (10 pM), is abolished by application of
spiperone (5 pM) for 20 minutes. The drugs were
added to the superfusion medium and were ap-
plied by switching the inflow to the drug-contain-
ing medium. The resting membrane potential was
—58 mV. (B) Continuous voltage clamp record
of the outward currents evoked by 5-HT (30 pM)
and baclofen (30 uAM) applied in the bath alone or
together. Note that the response evoked by the
combined application of the two drugs is no
larger than that evoked by 5-HT alone. (C) Bar
graph of responses, such as those in (B), recorded
from five cells. The bracket represents the stan-
dard deviation for the responses.

The methods we have used here are simi-
lar to those used in other studies from our
laboratory (6). Rat hippocampal slices, 400-
wm thick, were cut and placed in a holding
chamber for at least 1 hour. A single slice
was then transferred to the recording cham-
ber and held between two nylon nets, sub-
merged beneath a continuously superfusing
medium that had been gassed with 95% O,
and 5% CO,. The composition of this medi-
um was 119 mM NaCl, 2.5 mM KCl, 1.3
mM MgSOy, 2.5 mM CaCl,, 1.0 mM
NaH,PO,, 26.2 mM NaHCO;, and 11.0
maM glucose. The temperature of the medi-
um was maintained between 29 and 31°C.

Application of either 5-HT (7) or baclo-
fen (8), a GABAg agonist (9), to CAl
pyramidal cells, causes large hyperpolariza-
tions, which are due to a selective increase in
K™ conductance; neither of the responses
desensitizes with repeated applications. Al-
though both compounds increase K* con-
ductance, they do so via distinct receptors.
There are no antagonists for GABAg recep-
tors, but spiperone blocks responses to 5-
HT, which are mediated by a 5-HT'1a recep-
tor (10). Concentrations of spiperone that

. abolish responses to 5-HT have no effect on

responses to baclofen (Fig. 1A), indicating
that these two agonists act through different
receptors. If the increase in K* conductance
evoked by these two receptors resulted from
entirely separate mechanisms one would ex-
pect that the maximal currents generated by
the two agonists would summate. This is
not the case (Fig. 1, B and C). When near
maximal concentrations of 5-HT and baclo-
fen are applied together, the current is no
larger than that produced by 5-HT alone.
The results of five experiments are summa-
rized in Fig. 1C, and indicate that the size of
the maximal responses to the two agonists
are similar and that there is no additivity
between the currents activated by the two
receptors. These findings indicate that 5-HT
and baclofen act on different receptors, but
contro] the same conductance.

5-HT1a agonists (11) and baclofen (12)
inhibit adenylate cyclase. It is therefore pos-
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