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1. Introduction

The actions of trophic hormones upon steroido-
genic tissues are initiated by binding of the hormonal
ligands to specific, high-affinity receptors in the tar-
get-cell plasma membrane. In the Leydig cell, the
acute steroidogenic response to trophic hormone
stimulation appears to be mediated by a highly com-
partmentalized activation pathway, in which minute
increments in cAMP production cause a dose-related
increase in protein kinase activity and testosterone
biosynthesis [1--5]. These changes are preceded by
corresponding increases in the binding of cyclic AMP
to the regulatory subunit of the predominant type 1
protein kinase holoenzyme of the Teydig cell cytosol
[1,6]. To further analyze the hormonal control of
steroidogenic enzyme activity, we investigated the
consequences of cyclic AMP-induced activation of
protein kinase during gonadotropin action. This was
performed by an initial anualysis of the cyclic AMP-
dependent phosphorylation of endogenous substrates
in a cell-free system, followed by studies on LH/WCG
or dibutyryl cyclic AMP-induced phosphorylation of
proteins in isolated Leydig cells.

2. Materials and methods

2.1. Preparation and incubation of Leydig cells

Levdig cells were prepared from testes of 50-day
0ld rats by dispersion with collagenase as in [7]. Cells
were incubated with purified hCG (CR119, 10 000
U/mg, or dibutyryl cyclic AMP (Bt,cAMP; Becton
Dickenson and Co, Rutherford NJ). Testosterone and
cvelic AMP production were measured in incubation
media by direct radioimmunoassay as in [1,7].
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2.2. Phosphorylation of endogenous substrates
Leydig cells (9 X 10%) were centrifuged at 120 g
for 10 min and the cell pellet weighing 3.9 g was fro-
zen and thawed 3-times in dry ice-acetone. The resi-
due was taken up in 50% (w/v) 20 mM Tris—11ICl
buffer (pH 7.4) containing 10 mM theophyliine and
1 mM mercaptoethanol (buffer A), homogenized in a
Potter-Elvehjem glass tissue homogenizer, and cen-
trifuged at 360 000 X g for 90 min. Aliquots of cyto-
sol (100 ul) containing 300 ug protein, were incu-
bated at 30°C with 5—10 uM [ZP]ATP (25-30 Ci/
mmol, New England Nuclear, Boston MA) prepared
in 100 u buffer B (80 mM potassium phosphate,
10 mM magnesium acetate, 10 mM theophylline,
10 mM mercaptoethanol (pH 6.5)) in the presence or
absence of 50 pM cyclic AMP. The phosphorylation
reaction initiated by the addition of [**P]ATP was
performed for either 15—60 s (shorter time course) or
1-30 min (longer tine course). The sample was then
brought to a final concentration of 2% sodium dode-
¢yl sulfate (SDS), 5% mercaptoethanoi and 10% glyc-
erol, and heated at 100°C for 15 min. Aliquots of
250 ul were then analyzed by electrophoresis on
SDS—10% polyacrylamide slab gels [8]. Forradioau-
tography , dried gels were exposed to sheets (usually 4)
of X-ray film (Kodak XR), which were then devel-
oped in a Kodak X-omat rapid developer. Estimates
of the molecular mass (M,) of phosphorylated pro-
teins in SDS slab gels were obtained from plots of log
M_ vs relative mabilities of standard proteins. Absorb-
ance tracings of the autoradiograph were made using
the relative absorbance at 633 nm with a Zeineh Soft
Laser scanning microdensitometer (LK B, Instruments,
Rockville MD).
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2.3. Endogenous protein phosphorylation in intact
cells

Leydig cells were resuspended in 5 mM Hepes
buffer (pH 7.4) containing 140 mM NaCl, 4 mM K(l,
2.5 mM CaCl,, 1.0 mM MgCl,, 5.8 mM glucose and
0.1% bovine serum albumin, to give a final cancentra-
tion of 10% (w/v). Aliquots of 2 m] containing 107
cells were incubated for 30 min with 1 mCi [**P]-
orthophospharic acid (50 mCi/mmol, New England
Nuclear, Baston MA) at 34°C. After this preincuba-
tion, cells were diluted 5-fold with Hepes buffer to
3.9 X 10° ccll{ml and incubated in the presence or
absence of hCG or Bt,cAMP. The total incubation
mixture volume of 220 ut, was composed of 200 ul
32p.prelabeled cells, hCG or Bt,cAMP in 10 ul Hepes
buffer, and 10 pl 2.75 mM MIX. The incubation was
terminated by addition of 8DS stopping solution and
subsequently analyzed by 10% SDS slab gel electro-
phoresis as in [8] followed by autoradiography. In
other experiments, the reaction was siopped by addi-
tion of 100 ul Hepes bulfer containing 9.5 M urea,
2% NP-40 (Nonidet P40, Shell, Bethesda Research
Lab: Rockville MD) 2% ampholines of pH range 3—10
(LKB, Rockville MD) and 5% mercaptoethanol. Sam-
ples were kept at 0°C and analyzed by two-dimen-
sional gel electrophoresis and autoradiography [9].
Isoelectric focusing was performed in 7 5% polyacryl-
amide gels containing 8 M urea, 2% pI1 3—10 ampho-
lytes, and 5% glycerol. The gels were overlayered with
6 M urea and polymerized for 2 h at room tempera-
ture, then samples were applied and overlayered with
6 M urca and 10% ampholines. The gels were run at
10°C for 16 b at 300 V. After electrofocusing, the
gels were removed and the pH gradient was measured
at 22°C using a surface electrode (Ingold Electronics)
and 4 Beckman pH meter. Gels were then equilibrated
with SDS sample buffer C (10% (w/v) glycerol, 5%
(w/v) 3-mercaptoethanol, 2.3% (w/v) SDS in 62.5 mM
Tris—HCI buffer (pH 6.8)) for I h at room tempera-
ture, und subjected to SDS gel electrophoresis and
autoradiography.

3. Results

Initial studies were performed to characterize the
endogenous substrates phosphorylated by cyclic
AMP-dependent protein kinase in a cell-free system.
Incubation of Leydig cell extracts with cyclic AMP
for 15—-60 s caused phosphorylation of 4 cyclic AMP-
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dependent bands of M_21 000,25 000, 33 000 and
37000 (fig.1, above) and two minor bands of

M, 66 000 and 105 000, with maximum phosphoryla-
tion at 30 s (fig.1, below). In addition, two cyclic
AMP-independent phosphorylated bands were
observed with M, 12 000 and 16 00Q. During a longer
time course of 1-30 min, cyclic AMP-stimulated
phosphorylation of additional cytosol proteins of

M. 12000, 15000, 29 000 and 170 000 {not shown),
corresponding to bands 10,9, 6 and 1. Proteins of
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g 1. Cyclic AMP-induced phosphorylation of protein sub-
strates in Leydig cell extracts. Above is shown an autoradio-
graph of SDS—polyacrylamide gel electrophoresis of T.eydig
cell extracts incubated with [2PYATP for [5-60 s in the
presence (e——®) ar absence (o———o0) of 50 uM cAMP. The
labeied proteins are numbered 1—10 on the left and these
numbers are indicated on the corresponding plots ot densito-
metric measurements of the gel autoradiograph shown below.
Values were expressed as relalive absorbance at 633 nm.
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M, 29 000 and 170 000 were not phosphorylated dur-
ing the shorter time course; those of M, 12 000 and
15 000 were phosphorylated at the earlier times but
did not then appear to be cyclic AMP-dependent, and
the corresponding densitometric measurements
showed that phosphorylation of these proteins
reached a maximum at 5 min.

During stimulation of Leydig cells with hCG
(0.03—6 pM) for 10 min, a dose-related increase in
phosphorylation was observed in 10 bands of M,

22 000, 25 000, 30 000, 39 000, 42 000, 53 000,
58 000, 62 000, 75 000 and 90 000 (fig.2, above,
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Fig.2. Phosphorylation of protein substrates in hCG-stimu-
lated Leydig cells. (Above) Autoradiogram of SDS—poly-
acrylamide gel electrophoresis of Leydig cells prelabeled with
[**PJorthophosphoric acid and stimulated with increasing
concentrations of hCG or 5 mM dibutyryl cAMP (Bt,cAMP)
for 10 min. The hCG-induced phosphorylated bands are
labeled 1—-10 on the right. (Below) Plot of densitometric
measurcments of the autoradiogram shown above.
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Fig.3. Cyclic AMP and testosterone production during gona-
dotropic stimulation of Leydig cells in vitro for 30 min.

numbered 101, respectively). The maximum hCG-
stimulated phosphorylation was increased 0.5--6-fold
over control levels, and the £Dsg for hCG was 0.10—
0.3 pM (fig.3, below). These increases in phosphoryla-
tion correlated with hCG-induced increases in cyclic
AMP and testosterone production, and the £D 5 of
hCG for testosterone stimulation was 0.5 pM (fig.3).
Incubation of Leydig cells with Bt,cAMP caused
phosphorylation of 10 bands that were identical to
those stimulated by hCG. Of the cyclic AMP-depen-
dent phosphorylated bands observed in the Leydig
cell extracis, 5 proteins with M, 21 000, 25 000,

29 000, 37 000 and 66 000) corresponded to the
hCG-stimulated protein bands observed in the intact
Leydig cells stimulated by hCG or Bt,cAMP,

The nature of the phosphorylated substrates was
evaluated by treatment of *P-labeled Leydig cell
extracts with trypsin and other enzymes. Trypsin
treatment caused complete disappearance of all phos-
phorylated bands from the gels, whereas neither
deoxyribonuclease I nor ribonuclease caused any
change in the 32P-labeled bands. In addition, no sig-
nificant differences in total phosphate incorporation
were observed afier trichloroacetic acid precipita-
tion, followed by sequential heating and washing to
remave RNA and phospholipids.

Further resolution of the hCG-induced phospho-
rylation products was performed by two-dimensional
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Fig.4. Two-dimensional gel clectrophoresis of phosphorylated
proteins in control (left) and hCG-stimulated Levdig cells
(right). Cells were incubated with 0.66 pM hCG for 10 min.
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gel electrophoresis, of which a representative auto-
radiogram is shown in fig.4. Ten discrete protein
bands with M, 22 000~ 105 000 were observed. The
hormone-induced increases in phosphorylation were
90—700% (fig.5.,6). being greatest in proteins with
M_ 30 000 with pI 5.35 (G,), 36 000, pI 5.35 (F),
42 000, pl 5.5 (E,), 38 000, pl 5.95 (E;), 42 00O,
pl 6.0 (Es), 42 000, pI 6.2 (E,). 58 000, pI 5.75 (C4)
and 105 000, pL 5.7 (B3). Seven of the bands in
which hormone-stimulated phosphorylation was
demonstrated by double-dimension gel electrophore-
sis were of identical M| with bands detected on one-
dimensignal gel electrophoresis after stimulation by
hormorne and Bt,cAMP.

RELATIVE ABSORBANCE AT 833 nm

g
1

I'ig.5 . Densitometric tracings of individual phosphorylated proteins derived from experiments shown in [ig.5, from control Leydig
cells, and from cells stimulated with hCG, In each panel, the control tracing is followed by the tracing of the corrcsponding stimu-
lated preparation. The densitometer was calibrated to 100% absorbance with the most heavily labeled protein (A, M, 105 000)
shown in the right panel, and the scale indicates relative absorbance.
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4. Discussion

These studies have demonstrated that at least 10
Leydig cell proteins are rapidly phosphorylated dur-
ing gonadotropin action, and that the same proteins
are labeled during stimulation with Bt,cAMP. Also,
the experiments with Leydig cell extracts revealed
that several of the proteins showing cyclic AMP-
dependent phosphorylation were coincident with
those obscerved in intact cells during hormone action.
In the Leydig cell, increases in cyclic AMP and stimu-
lation of cyclic AMP-dependent protein kinase have
been observed within 1—2 min after hCG stimulation
in vitro [1—=5]. Therefore, it is not surprising that
prominent increases in phosphorylation were detect-
able at 5and 10 min. After hormone-induced increases
of intracellular cyclic AMP, or addition of cyclic AMP
derivatives to cell extracts, very rapid cyclic AMP-
dependent phosphorylation was observed within 30 s
in the majority of protein substrates, with only 4 pro-
1eins reaching their maximum at 5 min. This is also
consistent with the timing of the steroidogenic pro-
cess, where pregnenolone increases after gonadotropin
action has a lag time of about 10 min and the increases
in testosterone follow at 15 min [10].

These studies present the first demonstration that
rapid, dose-related phosphorylation is induced by
gonadotropin in a number of proteins of the Leydig
cell. Hormone-dependent phosphorylation of a single
Leydig cell protein of M, 57 000 has been observed
[11]; this protein corresponds to one of those
described here, and could have a role in the acute
actions of gonadotropin. Recent studies in the adre-
nal gland have demonstrated phosphorylation andfor
dephosphorylation of 7 proteins with M, 14 000—
210 000 [12], at least two of which were similar to
those observed here. In contrast with the testis, dur-
ing ACTH or cyclic AMP-induced phosphorylation of
adrenal extracts, several proteins were dephospho-
rylated after initia! rapid phosphorylation. Since both
types of steroidogenic cells possess similar early
enzymatic pathways, and presumably a common
mechanism of activation of these enzymes, similari-
ties in the phosphorylation patterns may be expected
to occur. Also, in the adrenal, ACTH stimulates the
phosphorylation of a rapidly turning over mitochon-
drial protein that appears to influence the conversion
of cholesterol to pregnenolane [13]. In addition, cho-
lesterol esterase can be phosphorylated and activated
by cyclic AMP-dependent protein kinase [14,15],
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though the 2—3-fold stimulation was less than the
several-fold increase in steroidogenesis observed dur-
ing ACTH action [15].

The relationship between steroidogenic enzymes
and their activation through cyclic AMP-dependent
protein kinase during trophic hormone action can
now be investigated by parallel mapping of phospho-
rylated proteins and enzyme activity. In the testis,
such a correlation could prove difficult since the
Leydig cells comprise only a minor fraction of the
testicular tissue. Also, regulatory enzymes such as
mitochondrial cytochrome P450 [16], cholesterol
esterase [17] and 3 methyl-glularyl CoA reductase
[18] are present in extremely small quantities. How-
ever, the identification ol the proteins shown to be
phosphorylated during gonadotropin action repre-
sents an important goal in the elucidation of the
mechanjsms by which hormones control steroid bio-
synthesis and secretion.

In summary, the post-cyclic AMP/protein kinase
events evoked by gonadotropin action in the Leydig
cell were investigated by electrophoretic analysis of
phosphorylated protein substrates. These studies have
demonstrated that both hCG and dibutyryl cyclic
AMP induce phosphorylation of muliiple proteins in
the Leydig cell. These events arc corrclated with hCG-
stimulaled increases in cyclic AMP and testosterone
production, indicating that the steroidogenic response
to LH receptor occupancy is mediated by activation
of the cyclic AMP/protein kinase/phosphorylation
sequence during hormonal stimulation.
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