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LIST OF TRIVIAL NAMES -

cholesterol = 5—cholesteae-3g-ol

cholesterol side—chain
cleavage enzyme -— total of three proteins performing side—chzin
cleavage of cholestercl yielding pregnenolones
anéd isoczprozldehyde {(cf. section 2.2)

corticosterone
corticetropin
cyclic AMP
cyelic GMP

dibutyryl cyclic AMP

follitropin
25-hydroxycholesterol
isocapro#ldehyde
lutropin

oestradiol
prégnenoloﬁe

testosterone

4—p;egnene-116,21fdiol—3,204dione )
ACTH, adrenocorticotropic hormone
adenosine cyclié—B',5'~monophosphéte
guanosine cyclic—-37,5"-monophosphate

NB—Z'-O—dibutyryl adenosine cyclic—
37,5 -monophosphate i

FSH, follicle-stimulating hormome
5fcholescene—3g,25-d151

4-methyl pentaznal

LH, luteinizing hormone
1,3,5{10)—-cestratriene—~3,178 ~diol
5=pregnene—35-ol-20-one

4-androstene—178-ol-3-cne
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Chapter 1

INTRODUCTION AND SCOPE OF THES THESIS

l.1. General Introduction

The testis in-man and in general in mammals has two very important
functions, i.e. the production of spermatozoa, necessary for sexual
reproduction, zand the production of male steroid hormones, the androgens,
necessary for the development and maintenance of spermztogenesis and
primary and secundary sex characteristics.

The production of spermatozoa occurs in a specialized compartment
within the testis, viz. the seminiferous tubule (Fig. 1.1). Starting from
primordial germ cells, spermatozoa are formed through the intermediate
formation of spermatogonia, spermatocytes and spermatids. All the
spermatogenic cell types are surrounded by the Serteli cell which is
present io the outer region of the seminifercus tubule. The Sertoli cell
more or less guides the whole process of spermatogenesis and is under
hormonal regulation of follitropin and androgens. Hypophysectemy, which
results in deprivation of hormones, causes drastic disturbances ia-
spermatogenesis, i.e. a large reduction in number and different types of
spermatogenic cells. . R ’

The production of steroid hormones occurs in the Leydig cells. The
Leydig cells are present in the interstitial tissue, the tissue surrounding
the seminiferous tubules (see: TFTig. 1.1) comprising besides ieydig cells,
macroephages, fibroblasts, bleod and lymph vessels and nerve endings.

Steroid production by the Leydig cell of e.g. testosterone is
influenced by several factors. Lutropin and prolactin (both protein
‘hormones originating from the pituitary) are invelved in inecreased stereoid
production and formatien of Iutropin receptors (Purvis et al., 1979).
Oestradiol, made from testosterone either peripherally, by Sertoli cells or
by.Leydig cells (for a review, see: Van def Molen et ;i., 1981; see also;
Remmerts et al., 1982a2), impairs steroid production in twe ways: 1. eithexr
by reducing the synthesis of Iutropin in the pituitary with ensueing
reduction in blood levels of lutropin {Tcholakian et al., 1978; Chowdhury
et al., 1980); 2. or via a local effect in the testis by reduvcing the
activity of Leydig cell enzymes involved in production of testostercne
(Dufau et al., 1979; Brinkmana et al., 1980; Nozu et zl., 1981). Recent

results suggest that Sertoll cells can influence steroidogenesis in Leydig
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Fig. 1.1. Histology of testicular tissue of an adult rat (fixed with
glutaraldehyde and stained with periodic acid Schiff and
hematoxylin, X 100)s The cylindrical parts represent the
seminiferous tubules which contain the germinal cells at
different stages of development and Sertoli cells. The
interstizial tissue is present in between the seminiferous
tubules and comprises Leydig cells, macrophages, fibroblasts,
blood and lymph vessels, nerve endings.

cells via a “gonadotropin—releasing hormone—like"-protein (Clayton et al.,
1980; Sharpe & Fraser, 1980; Sharpe et al., 1981l). The effect of this
"gonadotropin-releasing hormone—like"-protein on sterbidogenesis can be
either inhibitory (Bé&langer et al., 1980z,b) or stimulatory (Sharpe &
Cooper, 1982).

Steroid production occurs in testis Leydig cells (androgens), ovarian
granulesa and theca cells (progestagens and oestroegens), as well as in
adrenal.fasciculata’cells {(corticosteroids). Stimulation of steroid
production in these various cell types is caused by piruitary hormones,
corticotropin, follitropin or lutropin, depending on the stercidogenic cell
type. The rate-limiting step in steroid production, stimulated by hormones
is the conversion of cholesterol to pregnenolone by the mitochondrial
cholesterol side-chain cleavage "enzyme” (for a more detailed descriptien,

see: Chapter 2).
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1.2. Scope of this thesis.

L

n principle, the work described ir this thesis has been concerned
with the elucidation of the mechanism of hormonal activation of testicular
Leydig cells by lutropin. It has been shown that specific reéeptprs for
lutropin are present in the plasma membrané of the Leydig cell (De Kretser:
et al., 1971a,b).” Binding of lutropin to these receptors resulets im
aétivation of adenylate cyclase to produce cyclic AMP {Cooke et al., 1976).
Increased amounts of cyclic AMP can activate cyclic AMP-dependent protein
kinase, which has been shown for rat Levdig cells (Cooke et al., 1976} and
human z2drenzal cells (Saez et zl., 1978), according to fhe following a2qua-—
tion (Lincolr & Corbin, 1978; Weber & Hilz, 1878): '
RyCy + & cyclic M‘;Rz;cyclic AMP, + .2C

. where R2CZ is the dimerié, inactive holoenzyme, R is the specific cyclic
AMP-binding protein, zud € the zective catalytic subunit of the kinase. The
action of Lutropin can be mimicked by dibutyryl ecyclic AMP (for a-review,
see: Marsh, 1976}, and it is possible therefore that stimulation of steroid
production by lutropin involves phosphorylation of key enzymes concerned in
regulation of steroid productiom. In face, many cellular responses to
hormonal regﬁlacion are knowan to involve phesphorylation of proteins (for 2
review, see: Lincoln & Corbin, 1978). Initizl experiments performed with
Leydig cells isolated from adult rat testes demonstrated that lutropin
inducéd'phosphc:ylation 0f specific proteins in combination with an
increased testosterone production (Cecke et al., 1977). Hence, it was
decideé_to investigate the possible role of 1ut£opin—dependent
phosphoproteins in the regulation of testicular stercid production.

timulation of steroid production by lutropin may involve phosphorylation
of the choleszercl side—chain cleavage enzyme ltself, or, indirectly, the
intermediaté actién of specific phosphoproteing. & schematic representation
of the lutropin—dependent formation of phosphoproteins is shown in Fig.
1.2, Tﬁe indicated effect of lutrorpin-dependent phosphoproteins on
cholesterol availability s discussed in Chapter 2 (micrefilaments) and
Chapter 5 (specific protein synthesis)-

- -Expefimencs described in this thesis have been performed with rat
tumouT Leydig cells because of the zlmost pure Leydig cell preparations
which can be isolated and‘the ease ©of isolation of a large number of
(tumouvr) Levdig cells from individual rats. The use of tumour Levdigz cells
instead of normal testis Leydig cells was justified ian view of the similar

responses ro lutropin with respect to binding- of lutropin o its receptor
T P P E
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Fig. 1.2. Possible mechanism of lutropin action on (tumour) Leydig cells
to increase steroid production. Pregnenclone made from
cholesterol may take 2 different rToutes, as indicated, to get

into the cytosol (for explanatiom, see: section 1.2).
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of proteims and increased stercidé production {(Cooke et al., 197%9a).
Experiments were designed tTo stddy:'gf the kiuetics cf dncreased
sregnenclene production and increased phosphorylation of specific proteins
after addirienm of Iutropin; b. the subcellular ‘localization ©f the
lutrcpin—dependenz phosphosroteins with particular reference to
mitochondria;. c. effects of inkibitors of protein synthesils or of -
Qﬁcrofilamen: formation on lutropin—dependent pregnenolome production and
phesphorylation of proteins. .

On the basis of the results obtainéd (¢f. Chapter 4) possidble roles
for lutropin-dependent phosphoproteins are discussed in Chapter 5 in
combination with z discussion of litefatu:e data pertaining to hormonal
regulation of steroidogemesis. A hypothesis on the regulation of stercid

production is propesed in secticn 5.4.






Chapter 2

MOLECULAR  ASPECTS OF THE CHOLESTEROL SIDE~CHAIN CLEAVAGE ENZYME AND
REGULATION OF ITS ACTIVITY BY LUTROPIN

2.1. Introduction

The rate—limiting step of steroid p{éduction in steroidogenic ceils is
the conversion of cholesterol into pregnenclone. Choleszerol used in
steroid production Is mainly derived from uptake by steroidogenic cells of

. cholesterol present in high—density lipoproteins (rat), rather than from
de—-nove synthesis from zcetate {Anderson & Dietschy, 1978; Chen et al.,
%980; McNamara et al., 1981). Cholesterol in Leydig cells is present almost
completely as free (unesterified) chelesterol (see: Van der Molen &
Rommerts, 1981). The product of cheolesterol side—chain cleavage,
pregnenclone, leaks out of the mitochondrion (Shears & Boyd, 1982) and is
subsequently transformed to several other steroids, such as progasterone,
dehydroepiandrosterone, testosterone, oestradiol {(Van der Molen &
Rommerts, 1981; Fig. 2.1.). The present knowledge about the cholesterol
-side—chain cleavage enzyme complex has been reviewed recently by Simpson
(1979) and Kimura (1981). This chapter will deal more specifically with the
action of the cholesterol side—chain cleavage enzyme complex in some detail
to indicate the possible ways in which lutropin-dependent phosphopreteins

may congrol its activity.
2.2. The cholesterol side~chain cleavage enzyme

The conversion of cholesterol into pregnencione, the actual cleavage
of 6 carbon atoms from the cholesterol side-chain, is performed by a
complex of 3 different proteins, collectively named the “cholestercl side-
chain:cleavage enzyme—complex”. Purification of the “enzyme” has shown that
it consists of: .
- & cytochrome P~450 type hemoprotein;
an NAbPH—cytochrome P—450~reductase comprising an FAD-containing
flavoprocéin and a non-heme iron—sulphur protein (Simpson & Boyd, 1967;
Bryson & Sweat, 1968).
The latter two enzyme proteins of the cholesterol side-chain cleavaje
enzyme have received the following names depénding on their origin:
adrenodoxin reductase/testodoxin reductase (the FaD-ccentaining
flavoprotein); adenodoxin/testodoxin (the non—héme iron-sulphur prozein).

23
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cHg§© CH3éO
+
CHq NAP (P) CHa
2
HO 0O
pregnenclone progesterone
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é CHy -3
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.-OH 5] o 3. OH
CHa NAD (F) CH3 CHy
2 &
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17a-hydroxypregnenolone 17a~hydroxyprogesterone 17c«hydroxy, 20c-dihydro
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Fig. 2.]l. Pathways involved in biosynthesis of testicular steroids from
-cholesterol: 1. cholestercl side—chain cleavage “enzyme™; 2. 3p-
hydroxysteroid dehydrogenase; 3. 17z-hydroxylase; 4. steroid-
Ci7-2p=lyase; 5. l7f-hydroxysteroid dehydrogenase; 6. 20u-
hydroxysteroid dehydrogenase; 7. aromatizing enzyme coumplex. The
Figure is reproduced by courtesy of Drs. Van der Molen &
Rommerts (1981) with minor modifications.
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Side—chain cleavage of cholesterol involves CTweo consecutive
hydroxylatioms of carbon atoms 22 and 20, in this order {Alsema et al.,
1980; Larroque et all, 1981). Cleavage of the carbon—-carbon bond between
the positionms 20 and 22 of (20R, 22R)20,22-dihydroxycholesterol will
finally result in formation of pregnenolone and isocaproaldehyde'(gee e.g
Larroque et al., 1981). A schemaric representation of the cholesterol side-
':chain cleavage rezctions is showr in Fig. 2.2. Reducing equivalents
éequiréd for the ﬁydroxylations are supplied by NADPH and are transferred
to the cytochrome P-4530 via adrenodoxin reductase and adrenodoxin (Fig.
2.3). This transfer appears to involve some kind of shuttle mechanism (Xido
& Kimuyra, 1979; Lambeth et al., 1979; Hanugoklu & Jefcoate, 19%980). All
three components of the cholesterol side—chain cleavage enzyme are present
at the inner—side of the inner-mitochondrial membrane. The cytochrome P-450
is embedded in the membrane, adrenodoxin is present at the matrix side of
the membrane, whereas adrenodoxin reductase is pértially buried in the
membrane {(Kide & Kimura, 1979), but is also présenc in zhe mitochondrial
matrix (Lambeth,ét al., 1980). Adrenodoxin is thought to shuttle feducing

equivalents from its reductase ro the c¢ytochrome P-450 (Fig. 2.4.).

Accumulation of cholesterel in mirochondria does not lead necessarily
to increased stexoid production as shown by Farese & Prudente {1978b)- In
this respect one may consider a metabolic difference between steroidegenic
and nom-steroidogenic cholesterol present in mit/ochondrial The presence of
cholesterol at the matrix side of the mitochondrion required for'binding of
chelesterol to the cytochrome P—450. The solubility of unesterified
cholesterol in water is very low (Haberland & Reynolds, 1%73). Iun
stéroiddgenic mitochondria, cholesterol is present in the inner— and outer—
~ mitochondrial membranes (Kimura, 1981)- The amount of cholesterol present.
in the inner-half of the inner-mitochondrial membrane could be congidered
as a steroidogenic cholesterol poecl, whereas a ﬁon—steroidogenic
.cholesterol pool could be the residual amount of cholestercl present In the
suter-mitochondrial membrane and in the outer—half of the inner-
mitochondrial membrane {(cf. Mason et al., 1978; Kimura, 1981). Depletion of
tﬁersteroidogenic cﬁolesterol pool (by side—chain cleavage) is counteracted
by redistribution of cholesterol over the mitochondrial membranes. This
redistribution wight iavolve inter-membrane transport and intra—membrane
"flip~flop” of cholesterol (¢f. Kimura, 1981; see also: section 5.4).

The rate-~limiting aspect of cholesterol gide-chain clea§age appears to
be a2 linited availabiitf of cholesterol for the cytochrome P-450 (e.g-
Tarese & Prudente, 197835 Toaff et al., 1979). The cholesterol. binding site
of the cytochrome P-450 is buried in the hydrophobic phospholipid billayer

{Seybert et al.; 1979) and binding of cholesterol is a very rapid process.
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cholesterol

i 0,, NADPH
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0 NADPH

Pregnencione + isocaproaldehyde

Fig. 2.2. Cholesterol side—chain cleavage.
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Hydroxylated

o stemzd
NADPH/R' Oxidized Fe '
\ Steroid
{ Adrenodoxin
Cytochrome
reductase Adrenodo P- 459
NADP" Reduced Fest Hz0
+ +
G2
Fig. 2.3-

Mechanlsm of action of the cholesterol side—-chain cleavage
"enzyme”.

Stirmulazion of stercid production is supposed to involve an increase in the
availability of cholesterol for the cytechrome P-450. Several theoretical
possibilities can be considered which could result in increased amounts of
cholesterel available for side-chain cleavage (Fig. 2.5):

1. uptake oI extracellular cholestercol, which is supposed to be the major
source of cholesterol {(Gwynne et al., 15763 Watanuki & Hall, 1979);

2. release of cholesterel from cholestérol esters stored in fat droplets by
the action of cholesterol esterase (Trzeciak & Boyd, 1873);

3- transport of cholesterel through the cell to the mitochendrien by means
cf the cytoskeleton (Crivello & Jefcoate, 1979); ’

4. increased transport of cholesterol across the mitochondrial membranes to
ingrease the steroidogenic pool of cholesterel. This process may involve
the zetion of a labile or rapidly-turning-over proﬁein {to be discussed
in sections 4.5 and 5.3.3) as suggested by e.g. Jefcoate et al. (1874},
Farese & Prudente {1978D1); -

5. some effect on the inner-mitochondrial membrane {(or perhaps on the
cholesterol side—chain cleavage enzyme) to improve the association of
cholesterol with rhe cytochrome P-450 (e.g. Kido et al., 1979; Hanugoklu
& Jefcoate, 1980).
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Fig. 2.4. Proposed shuttle mechanism for adremodoxin in transfer
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from adrencdoxin veductase te cytochrome P—450.
Adbreviations: AR, adrenodoxin reductase: ADX, adrenodoxin; P~
430, cytochrome P-4530; OX, oxidized; RED, reduced; incide,
matrix side of the mltoc‘bovdrﬁal membrane; A, Kido & Klmura,
197%; B, Lambeth et, al., 1979, Light & Orme-Johuson, 1981.
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Pessible ways to increase the aV"TI.c.bil‘_‘.ty of cholesterol for
the mitochondrial cholesterol side—chain cleavdge enzyme (for
explanation, see: section 2.2).

L
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2.3. Availability of cholesterocl

In the rat, cellular cholesterol is mainly derived from high—density
lipoproteins {cf. section 2.1)- This iz different from ﬁhe human situvation
in which it iz mainly derived from low—density lipoproteins (Carr et al.,
1980; Winkel et al., 19'80). These lipoproteins are probably synthesized as
the consequence of the action of lipoprotein lipase (present on the outside
of e.g. blood vessel endothelial cells) on very low&—densi"ty lipoproteins
and chy-lomicrons circulating in the blood (Tall & Small, 1978; Assmaﬁ &
Schriewer, 1980). Uptake of lipoproteins by ste.rbid.ogenic cells is
initiated after binding of the lipoprotein to its receptor (e.g. Chen et
al., 1980}. Uptake of high-density lipoproteins by rat ovaries could be
stimulated by lutropin (Strauss. I17 et al., 1982) and uptake of 1ow—vdens-ityw
lipoproteins by mouse .tumour adrenal cells could be stimulated by -
corticotropin (Hall -& Nakamura, 1979). Intracellular transpolt of
cholesterol to the mitochondria is alse stimulated by hormones as indicated
by the increased cholesterol content of wmitochondria in regpeonse to
hormonal stimulation of cells {Farese & Prudente, 1978b). Cellular uptake
and intracellular transport phenomena appear to involve the cytoskeleton
(e.g. Crivello & Jefcoate, 1978; Murono et al., 1982). The cytoskeleton is
constituted of protein fibers of different diameter present in the
cytoplasm and nucleoplasm (Chaly et al., 1977; Henderscom & Weber, 1979; De
Brabander, 1982). Among the various protein fibers one can discern.
microfilaments (fibers constituted of contractile proteins, i.e. actin,
myoé.in_) and microtubules {fidbers constituted of tubulin).

The c¢ytoskeleton enables a very orderly organization and localization
of the various components present inside the ceil‘ For example,
mitochondria appear to be in close association with microtubules (Heggeness
et al., 1978; Aufderheide, 1979, 18803 Pardue et al., 1581; Bzall & Singer,
1982) and wicrofilaments (David-Ferreira & David-Ferreira, 1980; see also:
Ball & Singer, 1982). Even the activity of some enzymes may be controlled
by the cytoskeleton. For example, microtubules appear to be involved in
regulation of activity of adenylate cyclase {(Hagmann & Fishman, 1980;
Rasenick et zal., 198l1). Moreover, cyclic AMP-dependent protein kinase has
been localized on microtubules (e.g. Browne et zl., 1982).

Lutropin— or corticotropin—stimulated steroid production is inhibited
by disvuption of microfilaments with inhibitors su-ch as cytochalasin B or
by cellular uptake of liposowmes cont-aining anti-actin {Crivello & Jefcoate,
1978, 1979; Hall et al., 1979z; $ilavin et =21., 1980). Contradictory
results have been obtained with rat adrenal and luteal cells regarding the

invelvement of microtubules in increased steroid production (e.g. Crivello
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& Jefcoate, 1578; Azhar &, Menon, 1981). Cholesterol transport to
mitochondria has been implicated in the studies mentioned zbove.

~ The rat adremal appear§ to have a considerable amount of cholesterol
present in an esterified form (Davis & Garren, 1966; Trzecizk & Boyd,
1973). Hydrolysis of the cheolesterol estexrs can be stimylated by
corticotropin (Vahouny et 31l., 1978). The release of cholesterol from
intracellular esterified stores is umder the influence of cholesterol ester
hydrolase, a protein present In the cytosol and conéisting.of four subunits

of approximately 41000 Da {Beckett & Boyd, 1977).

In w.hat way then could it be pessible for lutropin to increase the
availaﬂility of cholesterol for the cholesterol side—chain cleavage enzyme
via phosphorylation of proteins? Apart from an effect on specific protein
synthesis (Fig. 1.2; see: Discussion in Chapier 5), one may counsider
effects on the cytoskeleton, or on the cholestercl ester hydrolase.
Regarding the latter, it has been described that stimulation of the
activity of cholesterol ester hydrolase by corticotropin appears to involve
phosphorylation of the enzyme (Beckett & Boyd, 18977; for a rewview, see:
Boyd & Gorbaﬁ, 1980). In contrast to adrenal ceils, cholesterol in Leydig
cells is present almost entirely in an unesterified form, which may
circumvent the need of activation of cholesterol ester hydrolase in Leydig
cells by lutropin. -

Phosphorylated proteins are probably involved in regulation of the
cytoskeleton. Most of the present lirerature data refer to phosphorylation
of myosin light—chain, a brotein of 20000 Da present in microfilaments of
muscle and nom=muscle cells {for reviews: Adelstein &-Eisenberg, 1880;
Stuwll, 1980). Contraction of microfilaments correlated with vthosphorylation
of myosin light=chain (Janis et al., 1980; Somlyo et al., 1982).
Phosphorylation of wmyosin light—chain is performed by myosin light—chain
kinase. The activity of myosin light-chain kinase can be stimulated in a
Ca2+/calmodulin—dependent preocess {<cf. Bhalla et al., 1982). However,
cyclic AMP-dependent phespherylation of the kinase results ip decreased
activity of myocsin light-chain kinase (Adelstein et al., 1878; Bhalla et
al., 1982), =zad the degree of phosphorylation of myosin light~chain will
decline concomitant with the decline in activity of its kinase {gee:
Adelstein et 2l., 1978). Perhaps, lutropin action in tumour Leydig cells
may involve a similar phosphorylation of microfilament protéins. Whether
this kind of altered phosphorylation of micrefilament proteins amight apply
‘to stimulation of Leydig cells by lutrepin will be further discussed in

-

section 4.5,
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2.4, Regularion of mitochoadrizal emzyme activities

Stimmlaticn of Leydig cells with lutropin results in activation of the
witochondrial cholesterol side—chain cleavage enzyme which results in
increased steroid preduction. In one way or another some wmolecular signal
should be producéd after binding of Ilutropin to its receptor in the cell
membrane to bring about stimulation of the cholesterol side—chain cleavage
enzZyme .

Hormones such as glucagon, o —adrenergic heormones 6: vasopressin may
control activity of liver enzywmes iavolved in glycolysis, fatty acid
syathesis, the citric acid ecycle. This appears to involve an increzsed
cytosol calcivm councentration by stimulatioa of Caz+—release from
mizochondria (for a recent review, see: Williamson et al., 1981). The
effect of iInsulin on these liver enzymes Is quite the oppoesite of what is
observed in the presence of e.g. glucagon. The exacr relationship of
insulin to intracelliuslar calcium homeostasis is still rather confused (ef.
Wiilliamzson et al., 1981). Perhaps the effects of insulin on cellular
metabolism are mediated by small protein faciors relezsed from the plasma
membrane as shewn for insulin activation of pyruvate dehydrogenase (Kiechle
et al., 1981; Seals & Czech, 1881).

In relation to stercid production, the presence of stimulatory factors
in evtosel and post-wmitochondrial supernatants isolated from testes or
adrenzl cells treated with hormone in-vivo and in—vitro respectively, has
been documented (Bakker et al., 1%78; Neher et al., 1%82). Apart froum
protein factors, including polylysine (Mason et al., 1878; Kide & Kimura,
1$81), polyphospholipids may be involved im regulation of mitochondrial
cholesterol side—chain cleavage activity (Farese & Sabir, 187%9; Farese et

al., 1980a; for discussion, see: Chapter 5).

2.5. Conclusions

Increazsed steroid production in the presence of hormone appears o
result from increased availability of cholesterol for the mitcchondrial
cholesterol side-chain cléavage enzyme. Availability of cholesterol may be
increased by processes related to microfilamenfs and protein synthesis.The
way to actually increase the availability of cholestercl may iﬁvolve:
phosphorylated proteins, zlterations in the intracellulax az+;homeostasis,
pclyphospholipids, polyiysine, protein factor(s) or soluble factor(é} of

unknown character.
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Chzpter 3

MATERTALS AND METHCDS

3.1. Intreduction

Regulation of steroidogenesis by lutropin was studied in Leydig cells
isolated from Leydig cell tumours by collagenase dispersion ¢f fumour
-‘tissue fragments {(Fig. 3.1). The properties of the isolated cells have been
described (Cooke et al., 1%7%a). Tumour Leydig cells were incubated
generally ‘at 329C (in some experiments at 37°C) under a humidified
atmosphere of 3% C0s in air, to study the effects of Jutropin on synthesis
of stercids (pregnenclore) ané phospherylation of proteins. Subcellular
fractions were isolated to investigate the subcellular localization of the
.effects elicited by lutropin. An attempt was made to characterize further
the lutropin-dependent pregnenolone production and phosphorylation of
proteins by using inhibitors of different cellular processes. Some
experiments were performed with Leydig cells from immature and mature rat
testes (cf. Appendix Paper II).

In general, stimulation of 1-2 x 106 Leydig cells was performed with
ovine lutropin (tumour Leydig cells: 1000 ngz/ml; immature and mature Levdig
cells: 100 ng/ml) and l-methyl-3-isobutylxanthine (0.23 oM}, a
phosphodiesterase inhibiter. Addition of l=-methyl~3-isobutyixanthine to

Leydig cells isclated from mature rat testes significantly increased

-

tumour

fragments
!
collagenase-treatment (25 min at 37°C)

in 2 shaking waterbath

i

% .
addition of 0.15 M NacCl

filtration of suspension (60 um gauze)

E

v
centrifugation of celis (10 min at 100 g}
with 2 sinale wash with medium’ -

Fig. 3.1. Scheme for isolation of tumour Leydig cells.
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synthesis of the lutropin—induced protein in the presence of a submaﬁimal
dose of Iutrépin, althoughk no effect of this inhibitor could be ob;erved
with maxiﬁally stimulating amounts of ‘lutropia (Janszen er al., 1978a).
Addition of l-methyl-3-isobutylxanthine slightly stimulated control and
lutropin—stimulated pregnenclome production. Pogsitive (stimulatory) effects
of l-methyl—-3-iscbutylxanthine on lutropin-dependent pregnencloae
production and phosphorylation of proteins were taken into ceonsideration

during its continued application {with lutropin) in the experiments.
3.2. Estimation of pregnenolome production

Estimation of steroid production was directed at the assay of the
amount of pregnenolone produced, since pregnenolone is the first sterecid
molecule synthesized from cholesterol by the mitochondrial cholesterol
side—chain cleavage enzyme. To estimate the amount of pregnenolone produced
in steroidogenic cells it is essential to block thg activity of
preguenolone metabelizing enzymes. In tumour Leydig cells no pregnenolone
production could be demomstrated in the absence of inhibitors of
preganenclone metabolism. Inhibitors used were cyanoketome (5 pM; inhibitor
of AS, 3g~hydroxysteroid dehydrogenase) and SU 10603 (19 uM; inhibitor of
17c¢—-steroid hydroxylase) (for details on enzymatic conversicns inhibited,
see: Fig. 2.1). A 50 times concentrated solution of these inhibitors was
prepared in ethanol/medium (1:9, by vol.). Final concentration of ethanol
during incubation of cells was approximately 0.27%. The presence of 2%
etharol during incubation of cells gave rise to a decrease in the amount of
pregnenolone assayed of approximately 25%. The degree of inhibition of
" pregnenolone metabolism in the presence of the iahibitors was approximately
50% {(cf. Cooke et al., 1979a).

In experiments on the kinetics of increased (with lutropia) and
decreased (with cycloheximide, see: section 4.5) pregnenolone production,
the amount of pregnenolone present at the end of the various incubation
periods used, should be determined as accurate as possible. To this end,
cells includiang medium were extracted with ethyl acetate. In all other
experiments the medium only was extracted, since the amount of pregrenolone
retained by the cells was approximately 10%Z (Rommerts et al., 1982b).
Pregnenolone production was expressed relative to the number of cells (i.e.
per 106 cells) or to the amount of protein.

Various inhibitors have been tested for their possible effects on
lutropin-dependent pregnenclone production and phosphorylation of proteins.

To evaluate possible damage of the cholesterol side-chain cleavage enzyme,

34



pregnenolone production In the presence of Z5-hydroxycholesterol was
determined (see: segtion 4.3; Appendix Paper III). Some inhibiltors
adversely affected pregunenclone production in the presence of 25-
hydroxycholesterel, which mighr imdicate a questionable specificity of the
inhibitor used. Cycloheximide (89 uM), for example, -did not Inhibic
pregnenolone production ia the presence of 25-hydroxycholesterel (32 ud),
indicating that eycloheximide does not impair the cholesterol side—chain

cleavage enzyme per sé.
3.3. Phosphorylation of proteins

Tumeur Leydig cells were incubated with radicactive phosphate to
enable detection of phosphoproteins. Labelling of proteins was performed by
incubation of cells in Krebs Ringer buffer devoid of phosphate (cf.
Appendix Paper I). Leydiz ceils were incubated with 32P—pbcsphate (carrier—
free; 75-200 uCi/ml) for 60 min to approximate an intracellular steady
state concentration of radiczctive phosphate. Incubations with 32?-
phosphate for 30 min or less, clearly showed an effect of lutropin/l-
methyl-3-isobutylxanthine on uptake of the 32?—phcsphate- The latter
interfered with a nroper appraisal of the effects of lutropin on
phosphorylacion of proteins. Phosphorylaticn of proteins in Leydig cells
was stopped by the addirtion of 2 cold (0°C) medium centaining fluoride and
phosphate (inhibition of phosphatases). This medium was made iso—osmotic in
order not to impair subsequent subeellular fractionation {see: nexf
section). Phosphorylated proteins were isolated via: lysis of cells with
sedium dodecyl sulphate (SDS), precipitation of (phosphorylated) proteins
with acetone, washing ¢f the phosphorylatsd proteins to remove radioactive
phosphate and phospholipids/iipoproteins. Fimally, proteins were dissolved
in an SDS—containing sample medium enabling SDS-polyacrylamide gel
electrophoresis of phosphorylated proteins. For guantitative evaluation of
the effects of lutropin.on protein phospherylation, see below {secrtion
3.5).

3.4. Isolation and incvbation of subcellular fractions

Subcellular fracticns isclated from tumour Leydig cells were: nuclei,

mitochondria and post—mitochorndrial supernatant (Fig. 3.2). The post-—

mitochondrial supernatant was further separated in microsomes and cytesol.
Approximately 20-4C = 105 tumour Leydig cells were used for preparation of
subcellular fractions. Nuclei, wmitochondria and post—mitochondrial

superTnatzant fractions isclated were characterized on the basis of the
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tumour Leydig ceils
homogenization of 10-15x10" cells
per ml homogenization med!um

1¢ min at 500 g

nuclei ’ supernatant
i wash 2 times with
homogenization medium 10 min at 15000 g

mitochondria

N -
post-mitechondrial supernatant

3 h 40 min at 199000
or 17 min at 1329000

[XiaT]la]

microsomes cytosol

Fig. 3.2. Scheme for isolation of subcellular fractions from tumourileydig
cells.

distribution of marker enzfmes.

Subcellular fractionation of tumour Leydig cells was performed after
disruption of cells with a Dounce glass homogenizer (cf. Appendix Paper 1),
with a motor—driven teflon—-glass Potter tube (3 x 20 sec at 1100 eycles per
min), with sonication (Gellerfors & Nelson, 1979} or by using nitrogen
pressure homogenization (Hunter & Commerford, 1961). The Dounce homogenizer
gave the best results for homogenization ¢f cells as reflected in an
adequate distribution of warker enzymes.

Tumour Leydig cells were pretreated with or without lutropin/l-methyl—-
3-isobutylxanthine prior to subcellular fractionation. For pregnenolene
production, subecellular fractions isolated were incubated in a sucrose
medium fortified with an NADPH-generating mixture (cf. Van der Vusse et
al., 1974), but lacking calcivm to avoid damage of mitochondria inflicted
by czalcium (see: section 5.3.2). Because of the mitochondrial localization
of the cholesterol side—chain cleavage enzyme, special care was bestowed on
igsolation of uwitochondria. The intactness of the mitochondrial membranes
was tested with the NADPH~generationg mixture in incubations for
pregnenolone production. Pregnenolone production in freshly isclated cells
was not increased by addition of this NADPH-generating mixture, indicating
the presence of intact cell membranes. When membranes of isolated
mitochondria were disrupted by freezing or sonication, pregnenoclone
production was complately dependent on the presence of the NADPH-generating
mixture. To estimate the relative intactness of the isolated mitochondria,
prégnenclone production was determined in the absence or presence of the
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NADPB—geaerating mixture. Pregnenclene production in the absence of the
NADPH-generating mixture was 453%4 + 15 (mean + S5.D.; o = 6} of the
pregnenclone production in the preseance of the NADPE-generating mixture.
Phosphorylsted proteins in subcellular fractions were isclated affer
prelabelling of tumour Leyéig cells with 32P—phosphate. To stuéy possible
dephosphorylation which might occur during isolation of subecellular
fractions, aligquots of the cellular homogenate were kept on ice and
‘phosphorylated proteins were isolated after trichlerocacetic acid
precipitaticn of proteins at different times. Isolation of the post—
mitochondrial supernatanc (which took about one hour) did not appear to
affect significantly phosphorylation of lutropin—dependent phosphoproteins.
However, dephosphorylation of lutropin—dependent phosphorylaticn was
conspicuous after isolation of microsomes and cytosol (which took another 4
hours). Isolation of microsomes and eytosol was also pérformed very rapidly

using the Airfuge (17 min) (Fig. 3.2; Appendix Paper IV).
3.5. Separation and estimation of phosphorylated proteins

Phosphorylated proreins were separated using SDS-polyacrylamide gel
electrophoresis with SDS/§-15% polyacrylamide slab gels. after fizatiom,
stzining and drying of slab gels, autoradiography was performed. The
avtoradiogrammes were scanned in order to obtzin densitogrammes.

Estimation of the 32P—incorporation into lutropin—dependent
pbospﬁoproteins at the cellular level was performed with densitograms, by
comparison of peak heighrs of lutropin—dependent phosphoproteins with the
peak height of a lutropin-independent phosphoprotein, resalting in a peak
height ratio. A relative specific acrivity for lutropin-dependent
phosphoproteins in subcellular fractions (based on peak height) was
calculated. Subcellular localization of lutropin-dependent phosphoproteins
was based on comparison of either relative gpecific actitivies of lutropin-

“dependent phosphopré;eins and markers (for nuclei, mitochondriz, post—
mitochondrial supé:natant%_or pezk height patterns in densitegrams (for

microsomes, cytosel).
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Chapter &

EFFECTS OF LUTROPIN ON TUMOUR LEYDIG CELLS

4.1. Introduction

This chapter deals with results obtazined with tumour Leydig cells. The
effects of lutropin on pregnenolone production and phosphorylation of
.proteins were studied to f£ind out whether phosphorylated proteims might be
involved in regulation of steroid production. The correlation of the
effects of lutropin on pregnenolone production amd phosphorylation of
proteins was studied either with freshly isclated cells (section 4.2) or
with cells incubated for two days (section 4.3). In other experiments the
subcellular localization of lutropin~dependent phosphoproteins was
determined (section 4.4). Finally, the possible involvewent of specific
phosphoproteins inm protein synthesis and in microfilaments has been

considered (secrion 4.5).

4.2, Kinetic studies of lutropin—dependent pregnemolone production and

protein phosporylation (Appéndix Paper I)

Incubation of tumour Leydig cells at 32°C with lutropin/l-methyl-3—
isobutylxanthine, resulted in increased pregnenolone production (Fig. 4.1)
and ingreased phosphorylatien of zt least five proteins (Fig. 4.2) within 5
nin after addition of 1utropin/1—metby1-3;isobutylxanthine. The molecular
masses of the lurropin-dependent phosphoproteins were: 17000, 20000, 22000,
25000, 33000, 43000, 57000 and 76000 Da. The 20000 Da protein was
dephosphorylated (see: next section) under the influence of lutropin. By
comparison of peak height ratios it was concluded that phosphorylation of
at least the lutropin-dependent phosphoproteins of 17000, 22000, 24000,
" 33000 and 57000 Da was significantly increased within 5 min zfter the
azddition of lutropin/l-methyl-3-isobutylxanthine. The similar kineties of
increased pregnenolome production and phosphorylation of these specific
proteins in the presence of lutropin/l-methyl-3-isobutylxanthine suggested
that phosphorylation of-these proteins may be involved irn lutropin—

dependent steroid production.
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Fig. 4.1. Effect of incubation time on pregnenolome production ir tumour
Leydig cells in the absence () or presence (+) of lutropin/l-
methyl-3-isobutylxanthine. Tumour Leydig cells were incubated
for 60 min, and lutropin/l-methyl-3-isobutylxanthine was added
with inhibizors of pregnenolone metabolism at different time
intervals before the end ¢f the incubation period (as indicated
in min). Results shown are means + $.D. (n = 3} *, p< 0.023;
#%_ p< 0.005). ‘

4.3. Lutropin—dependent pregnenclcone producticn and protein phosphorylation

in cultured tumour Leydig cells {Appendix Paper 1IT)

The fast response of the phosphorylation of specific proteins in
freshly isolated tumour Leydig cells teo lutropinm indicated that lutropin—
dependent phosphoproteins could be essential for increased steroid
preduction. However, this fast response made it impossible to assess in
ﬁore detazil the importance o0f each individual lutropin-dependent
phosphoprotein for increased sferoid production. Preliminary results with
tumour Leydig cells in culture for two days showed a gradually declining
response to lutropin of both opregnenolone production and
(dephosphorylation of proteins. The kinetics of the declining responses
were investigated because these kinetics might indicate which ilutropin-

dependent phosphoprotein correlated best with lutrepin-dependent
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Fig. 4.2. Kineties of lutropin-dependent phosphorylation of specific

proteins in tumour Leydig cells. Tumour Leydig cells were
incubated for 60 min with radiocactive phosphate, and lutropin/l-—
mezhyl-3-isobutylxanthine was added at different time intervals
before the end of the incubation period (as indicated in min).
The figure shows the autoradiogram obtained zfter §DS—
polyacrylamide gel electrophoresis of the isclated
phosphorylated proteins. Arrows indicate lutropin-dependent
phosphoproteins and their molecular masses in daltons.

pregaenolone production, i.e. which phosphoprotein could be essential for
increased steroid production.

In this series of experiments, incubations were also performed with
dibutyryl cyelic AMP and 25-hydroxycholesterol. The response of cells to
dibutyryl cyclic AMP might indicate whether formztion of endogenocus cyclic
AMP was impaired. The response of cells to 25~hydroxycholesterol was used
to determine changes in the zetivity of the cholesterol side—chain cleavage
enzyme (Mason & Robidoux, 1978; Alsema et al., 1980; Toaff et al., 1982).
During culture of cells for two days at 329, the responsiveness was tested
in incubations for 60 min in che presence of Ilutropin/l-methyl-3-
isobutylxanthine. It was found that pregnenolone production as well as
(de)phosphorylation of proteins was declining, with no effect on lutropin-—
independent protein phosphorylation. Similar results were obtaimed with

dibutyryl cyelic AMP, which suggested that during culture some defect
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occurred in the regulation of stercoidogenesis after formation of cﬁ'clic
AMP. Pregnenolone productilon in the presence of 25—hydroxycﬁolesterbl also
declined during culture. EHowever, this decline of pregnenclome production
was slgnificantly less than the decline of pregnenclone production during
incubations in the presence of lutropin/1—methyl—é—isobutylxanthine or
dibutyryl cyclic AMP. These results of similar declines of pregnenolone
production and of {de)phosphorylation of proteims did not enzble assigoment
of 2 specific phosphoprotein as a possidble cause for the decreased
pregnenclone production. In fact, the similar declines -indicated thar a
commonr factor was Iinvolved. Decreased phosphorylation of the lutropin-
dependent phosphoprotein of 57000 Da (the regulatory subunit of the type II
cyclic AMP-dependent protein kinase; C‘ooke et al., 19794) suggested that
the activity of cyclic AMP-dependent protein kinase had changed.

Estimation of the activity of cyelic AMP—depea&ent protein kinase
showed a declipe in kinase activity of cells maintained at 32%¢. This
decline in kinase zctivity (on a per cent basis) was coemparable to the
decline in (de)phos§horylation of lutrepin—dependent  phosphoproteins and in
stimulated pregnenolone production in the presence of lutropin/l-methyi-3-~
iscobutylxanthine. However, during culture, stimulated pregnenolone
production had decreased _somewhat more {(on a per ceant basis) thaz the
‘activity of cyclic AMP-dependent protein kinase and {de)phosphorylation of
lutropin-dependent phosphoproteians. The declire in kinase activity closelyl
pérallelled the decline ;i.n phosphorylation of the lutropin-dependent
phosphoprofein of 57000 De (see above). This may reflect 2 decrease in’ the
amount of cyclic AMP-dependent protein kimase during culture.
Hypophysectouy of tumour bearing zrats (at day 7 prior to isolation of
tumour Leydig cells) did not inflvence the steroid response to lutropin/l-
methyl-3—iscbutylxanthine during incubation of celils). Hence, these results
suggest that maintenance of cyclic AMP~dependent protein kinase does not
require the continuous presence of lutropin.

The more or less similar declinzes in (de)phosphorylatlon of protelnsr
and stimulated pregnenclone production observed with tumour Leyd:.g cells
during short-term culture suggested that lutropin-dependent phosphoproteins
of 20000, 22000, 24000, 33000 and 57000 Da (and possibly 43000 and 76000
Da; cf. Appendix Paper IV) might be egsential for acute regulation of
stercid productiocn by lutropin (see zlso: Appendix Paper I)-lLutropiﬁ“
dependent phosphorylation of the 17000 Da protein decreased faster than.
{de)phosphorylation of all other lutropin-dependent phosphoproteins. In
view of the similar residual activities on day 2 of culture of
phosphorylation of the 17000 Da protein {9%) and of lutropin-stimulated
pregmenolone preduction (13%) (cf. Appendix Paper IIi) in combiznagtior with
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Fig. 4.3. Lutropin-dependent dephosphorylation of a 20000 Dz protein. -
Tumour Leydig cells were incubated for 60 wmin with radicactive
phosphate and without (-} or with {+) lutropin/l-methyl-3-
isobutylxanthin (for details, see: legend to Fig. 4.2).

the relatively slow phosphorylation of the nuclear 17000 Dz protein (ecf.
Appendix Paper I}, perhaps orne might comsider this protein to be involved
in long~term maintenance of steroid production (see also: sectionm 4.5).

Investigation of tumour Leydig cells im short-term culture showed alse
the lutropin~dependent dephosphorylation of a protein of 20000 ba (Fig.
4.3). The effect of lutropin/l-methyl-3-isobutylxanthiane on
dephosphorylation of this 20000 Da protein was also declining during
culture similar to the declining phosphorylation of the lutrepin~dependent
phosphoproteins mentioned above.

Summarizing, it is apparent that during culture of tumour Leydig cells
at 32°C a graduzl decline in the activity of eyeclic AMP-dependent protein
kirnase ocgurs. This decline in activity of cyclic AMP-dependent protein
kinase may account for the decreased responsiveness of tumour Leydig cells
to lutropin with respect to {de)phesphorylation of specific proteilns.
Moreover, this decline iz kinase activity may:cont:ibute {i.e. be partly

regponsible) for the decrezsed pregnenolcme producticn in the presence of
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lutropin/l-methyl-3-iseobutyixanthine. Lutropin~dependent phosphoproteins

may be essential for acute and long-term regulation of steroid preducticn.

4.4. Subeellular  localization of lutropin—dependent phosphoproteins
(Appendix Papers I, II and IV) and pregnenclome production by isclated
mitochondria (Appendix Paper I} ' '

The rate~limiting step in steroidogenesis is the conversionm of
cholesterol into pregnemolome by the cholesterol side-chain cleavage enzfme
which is present in mitochondria {see: section 2.2). It was of great
interest therefore te investigate whether the éubcellular Iocalization of
the lutropin-dependent phosphoproteins would iadicate a possible
relationship with the localization and activity of the cholestercl side-
chain cleavage enzyme in mitochondria. However, it was found that nome of
the lutropin-dependent phosphoproteins of 17000, 20000, 22000, 24000,
33000, 43000, 57000 and 76000 Da was preseat in mitochondria.

The 17000 Da lutropin-dependent phosphoprotein was isolated in the
nuclear fraction, the 24000 and 33000 Dz phosphoproteins were isclated with
the microsomes, while phosphoproteins of 20000, 22000, 43000 and 76000 Da
were isolated in the cytosol. The 57000 Da lutropin-dependent
phosphoprotein was present in microscmes (approx. 30%) and eytosol (approx.
70%). The presence of lutropin—dependent phospheproteins in microsomes and
cytosol isclated from tumour Leydig cells is shown in Figure 4.4. Furthe;
investigation of lurropin—dependent phosphoproteins showed that the 33000
Da microsemal phosphoprotein was pfesent in 40S ribesomal subunits
{Appendix Paper II). This lutropin-dependent phosphoprotein of 33000 Dz
appears similar to the ribosomal protein S$6 with regard to its wmolecular
mass, its presence in 408§ ribosomal subunits, and its sensitivity towards
phosphorylation in the presence of Inhibitors of protein syanthesis.

Pregnenolone production in mitochondria isolated from non~stimulated
tumour Leydig cells or cells previously treated with Ilutropin/l-methyl-3-
isobutylxanthine for 60 min, and frozen prior to incubation.for another 30
min with an NADPH~generating mixture (ef. Van der Vusse et al., IBT&)'ﬁas
approximately the same (900-1000 ng/mg protein). Eowever, isolaticn of
mitochondria frow control and lutropin/l-methyl-3~isobutylxanthine-
stimulated cells, without freezing of mitochondria, showed a 2.5~fold
increased pregnenclone production in incubationm of mitochondria from
stimulated cells as compared to mirtochondriz from contr61 celis (ecf.

Appendix Paper I).
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Fig. 4.4. Tocalization of lutropin—dependent shosphoproteins in microsomes
and cytesol isolated from tumour Levdig cells incubated for 60
win with radiozctive phosphizte aad without (-) or with {(+)
lutropin/l-methyl-3-iscbutylxanthine {(for derails, sze: legend
te Fig. 4.2). -

These results may indicate that control mitochondria contained
sufficient cholesrercil for the lutropin—dependent pregmenclone production
(see also: Jefcoate et al., 1574). Perhaps this amount of choleszarol was
constituting the non—-steroidogenic pool of cholesterol {ef. section 2.2),
net readily accessible for the cholesterol Side—cﬁain cleavage enzyme.
Freezing of mitochondria might have reandered the non-steroidogenic
cholesterol steroidogenic which was used for pregnenclone production in the

presence of NADPH.

4.5. Imvolvement cf microfilaments and proteln synthesis in Iutropin action

(Appendix Paper 1IV)

Several published studies have demonstrated the inhibitory action of
nbibitors of micrefilament formatiom and inhibitors of protein synthesis
on hormone-induced steroid production {for discussion, see: sectionsil3
and 5.3.3 resp.). It appeared very likely therefore, that hormonal
regulation of stercid production might iavolve activation of microfilaments
and synthesis of some proteln factor. As s consequence, the availability cf
cholesterol for the cholesterol side—chain cleavage enzyme might -increase
as a result ol the actions of microfilaments and this protein factor {(ef.

section 2.2).
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The lutropin—dependent phosphoproteins of 20000, 43000 and 76000 Da

present in the cyrosol isclated from tumour Leydig cells may be related to
microfilaments. The molecular masses, the isolation in the cytosel, the
phosphorylation of the 76000 Dz protein and the dephosphorylation of the
20000 Dz protein indicated that the 20000 znd 76000 Da lutropin—dependent
phosphoproteins are very similar to the microfilament proteins myosin
light-chain (the 20000 Da protein) and its kinase (the 76000 Da protein)
{cf. Bhalla et al., 1982; section 2.3). In addition, the lutropin-dependent
phosphopreotein of 43000 Da, which is alsoc present in the cytosol, amd actin
have the same molecular mass (e.g. Riddle et zl., 1%7%a). Incubation of
tumour Leydig cells with cytochalasin B (50 uM; cf. Murono et al., 1580;
Azhar & Menon, 1981) to disrupt microfilaments resulted in a decrease of
control and lutropin—dependent pregnenolone production by approximately 60%
and 457% respectively, but control and lutropin-dependent phesphorylation of
proteins were unéffected {Appendix Paper IV). In general, control steroid
production is not influenced by inhibitors of microfilaments or protein
synthesis. The fact that control pregnenclore production was inhibited by
cytochalasin B may be explained by a slightly srimulated pregnenclone
production in tumour Leydig cells, which has been suggested to account also
for the inhibitory effect ~of cycloheximide on control pregnenolone
production {cf. Appeﬁdix Paper I1). Addition of cytochalasia B had no
effect on phosphorylation of proteins, which may reflect that activation of'
cyclic AMP—de;endeht protein kinase does not involve microfilaments.
These results suggested that microfilaments could be involved in Iutropin
regulation of steroid production in tumour Leydig cells. From these results
it cannot be excluded that zctivation of microfilaments ocecurs via
(de)phosphorylation of lutropin-dependent phosphoproteins (see also:
section 2.3).

Protein synthesis is mnecessary for hormone—dependent steroid
production (for discussion: section 5.3.3). The lutropin—-dependent
phosphoprotein of 17000 Da was isclated with the npuclear fraction, which
suggested a possible role of this phosphoprotein in preotein synthesis at
the level of DNA-transcription. Addition of actimomycia I (10 ug/ml) to 2 h
préinCubate& cells did not affect lutropin-dependent pregnenolone
production within one hour. Therefore, synthesis of (m)RWA and the
lutrepin—dependent phosphorylation of the nuclear protein of 17000 Da (see:
section 4.3) may be of little significance for acute regulation of stercid
production.

Still, 2 possible protein factor appears to be required for hormone—
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Mechanism involving . Mechanism involving

regulator protein(s) rapidly-turning-over protein(s)
amino acids ’ amino acids
E§—'_ cycloheximide = cycloheximide
regulator protein{s) 4%:——-Iutropin
(long half-life)
+ lutropin rapidly-turning-over protein{(s}

{short half-iife)
labile protein(s)

(short half-1life)

. o

steroid producticen

Fig. 4.5. Possible mechanisms for the role of protein synthesis in the
regulation of sterold productien. -, inmhibiteory; +, stimulatory
(for explanation, see: section 4.5).

dependent steroid production on the basis of the inhibition of hormone-
dependent steroid production in the presence of inhibitors of mRNA
translation, such as cycloheximide and puromycin. The very rapid inhibition
of hormone-dependent steroid production resulted in qualifications of the
protein factor in question as a "rapidly-turning—over protein(s)” (Garren
et al., 1965} and as a "labile protein{s)” (Cooke et al., 197%c¢). To
account for the synthesis of the protein factor, two models have "been
proposed. The possible protein factor required for hermone-dependent
steroid production either could be present as a regulator protein(s), as
proposed by Cooke et al. (1978c), or could be newly synthesized as proposed
by Garren et al. (1963). ) '

Cooke et al. (1979c) proposed that lutropin stimulation of sceroid
production in testis Leydig cells caused transformation of a stable
regulator protein(s) into a protein with a short half-life (i.e. into a
labile protein(s); Fig. 4.5). The stable regulator protein(s) was believed
to be synthesized independently of Ilutropin azction. In this respect one
might consider the presence of a certzin amount of regulater protein{s) in
preincubated cells which, in the presence of cycloheximide, would permit z
transient iIncrease of steroid production after addition of lutropin {see:
Fig. 4.53). However, in perifusion experiments with immature Leydig cells it
was not possible to demonstrate a transient response of steroid production.
If a regulator protein(s) exists, it is apparently of minor importance to
~lutropin—dependent steroid production.

As an alternative, the possibility could be censidered that horwone—

dependenz steroid production depends on a newly synthesized rapidly-
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turning-over protein(s) (Garren et al., 1965; Fig. 4.5).

Stimulation of tumour Leydig cells with Iutropin/l-methyl-3-—-
isobutylxanthine—involved phosphorylafiou of & pretein similar to ribesomzl
protein $5 {the 33000 Dz phosphoprotein), which did not affect general
protein synthesis (Appendix Paper II). Hence, a specific effect of lutropiﬁ
stimulation of tumour Leydig cells on protein synthesis was investigated by
labelling of tumour Leydig cell proteins with radioactive amino acids.
However, no experimentsl evidence for synthesis of a2 specific protein could
be obtained after separation of proteins with $PS~polyacrylamide gel
electrophoresis. Ribosomal protein S$6 and the lutropin-dependent 24000 Da
phosphoprotein are present in micros¢omes. The molecular mass (24000 Da),
the subcellular lecalization and its being phosphorylated (cf. Van Steeg et
al., 1881), made it attractive to congider the possibility that the
lutropin—-dependent. phosphoprotein of 24000 Da might be similar to
initiation factdr eIF-4E (the wmRNA-cap binding protein; c¢f. Thomas et al.,
1981). The combined actions of lutropin-dependent phosphoproteing 55 24000
and 33000 Da might result in synthesis of the rapidly—-turning-over
protein(s). To explain the presence of this putative initiation factor of
24000 Da in microsomes, attachment to ribosomes might be considered, when
it is phosphorylated in the presence of lutropin.

In this respect & study on induction of tyrosine aminotransferase by
dibutyryl cyelic AMP in rat hepatoma cells is Yelevant (Snoek et al.,
1981)- Snoek et al. have shown that induction of tyrosime zminotransferase
igs caused by a specific effect on synthesis of tyrosine aﬁinotransfefase,
implying increased initiationm of tramslation of the tyrosine
aminotransferase mRNA. To evaluate the fncreased initiation of tramslatioen,
Snoek et al. studied the sensitivity of generzl protein synthesis and
synthesis of tyrosine amiunotransferzse to low concentrations of
cycloheximide (see also: Brooks, 1977; Riddle et al., 1979bﬁ Cycloheximide
inhibits elongation of translation (Siegel & Sisler, 19653). Inhibiticn of
protein synthesis will occur when the rate of slongazion beccmes less than
the rate of initiation. Inhibition of protein synthesis with a low
concentration of cycloheximide results in a certain degree of inhibition of
elongation {effect on protein synthesis, see: Appendix Paper IV). An
apparently §tronger inhibition of synthesis of z specific pretein will be
observed waen with the same low concentration of Eycloheximide the rate of
iniciation of tranélation is increased, e.g. by hormone treatment (Snoek et

.al., 1981; MonieT & Le Marchznd-Brustel, 1982). The identification of a
rapidly-turning-over protein(s) has not been described up to now, which
makes it impossidle to srudy the effects of low concentrations of

cycloheximide on synthesis of the presently elusive rapidly-turning-—over
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protein(s). Nevértheless, it is possible to study effects of low
concentrations of cycloheximide on the alleged activity of the rapidly-
turning—over protein(s), i.e. on increased steroid production.

Incubation of tumeour Leydig cells with low concentrations of
cycloheximide resulted in 2 significantly higher inhibition of lutropin—
stimulated pregnenolone production as compared to control pregnenolone
production. However, there was no difference in the inhibition of general
protein synthesis in comtrol and lutropin-stimulated cells. Analogous to
the results described by Smoek et al. (1981l), the significantly higher
inhibition of lutreopin-dependent pregnenolone production by 1ow.
concentrations of cycloheximide may suggest that stimulation of steroid
production in tumour Leydig cells by lutropin results in increased
iritiation of tramslation of a relatively stable (see above) mRNA(S) (i.e.
the mRNA(s) coding for the rapidly-turning-over protein(s)). Increased
initiation of translation might involve actions of lutropin-dependent
phosphoproteins of 24000 Da (eIF-4E?) znd 33000 Da (ribosomal protein 56).
Fig. 4.6 shows in drawing specific initiation of translation under the

influence of lutropin.

4.6. Conclusions

The similarities in kinetics of increased pregnenclone production and
increased (de)phosphorylation of specific proteins under different
experimental conditions suggest that lutropin—dependent phosphoproteins
could be essential for regulation of steroidogenesis. None of the lutropin-

dependent phosphoproteins (sece: Table 4.1) was - localized inside

Table 4.1. Lutrepin-dependent phosphoproteins in tumour Leydig cells.

Molecular mass Localization Significantly
in daltons ) phosphorylated
17000 nucleus : within 5 min
20000 = cytosol n.d.
22000 cytosol within 5 min
24000 microsomes within 5 min
33000 nicroscmes within 5 min
43000 " cytosol n.d.
57000 microsomes/cytosol within 5 min
76000 cytosal n.d.

n.d., not determired; m protein is dephosphorylated.

(3]
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mitochondria, and a possible regulation of mitochomdrial chélesterol side—
chaln cleavage activity by these phosphoproteins zppeared to be indirect.
Phosphopreoteins of 20000, 43000 and 76000 Dz may be related to.
the ﬁicrofilaments; phosphoproteins of 24000 and 33000 Da may be involved

in specific protein synthesis.

T . . s P ) )
ng ‘~-6- A visualizaticn of the proposed specific effect of lutropin (LH)
facing on protein synthesis. Lutropin sets the green signal for
BAZE

phosphorylation of 40 § ribosomal subunits (the blackened ones),
which are pushed over the hill by protein kinase and onto the

steroidogenesis mRNA-track by Mr. Initiation Factor {IF) (see
also: section 4.5).
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Chapter 5

' GENERAL DISCUSSION

5.1. Introduction

The basic biochemical mechanism uanderlying steroid production,
choelesterol side-chain cleavage, appears te be similar ia all cell cypes
known to produce steroids, i.e. adrenal cells, testis cells, ovarium cells.
Steroid production may wvary to a certain degree between the stercidogenic
c2ll tvpes in relation teo matters such as: the amount of steroids produced
per unit time, the contribution of lipoproteins to increase the awount of
cellular cholesterol, the involvement of cholesterol ester hydrolase.
Irrespective of these differences, ideally, any model delineating the way
in which stercid production occurs should be applicable to all
steroidozenic cell types.

This geneval discussion is an attempt.to integrate the results which
were described in the preceding chapters, and additional literature data in
a geaeral model on the acule control of steroid production. Several especté
of hormone—dependent steroid production (besides those invelving cyclic AMP
and CaZ+) have been described in the literature. It 1s presently difficult
to incorporate these different sspects of hormone—induced changes in
steroidogenic cells in a model on acute regulation of steroid production,
because of the as yet unknown physiological significance and the long—term
cheracter of some of these aspectsL Some examples are: a change in the
c2llular membrane potentizl in adremal cells stimulated with corticotropin
{(Lymangrover et al., 1982); the involvement of cyclic GMP (Nambi et al.,
1982); specific protein synthesis after long-term stimulation (> 1 h) with
hormone {(Janszen et al., 1977; 1978a,b; Nakamura et al., 1978; Dazord et
al., 1979, 19813 Durwood et al., 1980; Dubois et al., 1981; Losier &
YoﬁngLai, 1981; Rowe et al-, 1981; Younglai & Osoko, 1982); the reported
presence of 2 cyclic AMP~dependent protein kinase inside mitochondria
(Dimino et al., 1381); %he involvement of prostaglandins (Grotjan et al.,
1978; Haour et al.; 197%; Matsuoka et 3l., 1980).

The cholesterol side—chain cleavage enzyme is preéént in the inner—
mitochondrial membrane. Increased stercid producrion appears to result from
an increased availabilicty of cholesterol for the cholestexel side-chain
cleavage enzyme {(c¢f. secticns 2.2 and 2.3). The presentiy'described
hypothesis of steroid production {seciion 5.4) is concerned with a possible

way to increase acutely the availability of cholesterol for the chelesterocl
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side-chaln cleavage enzyme. It will be understood that the hypothesis of
steroid production is mainly theoretical and will require experimental

verification.
5.2. possible role for the individual lutropin—dependent phosphoproteins

In previous sections a possible roie for lutropin—dependent
phosphoproteins was described in relation to microfilaments (¢f. sections
2.3 and 4.5) and specific protein synthesis (cf. section 4.5). Lutropin-
dependent phosphoproteins of 20000, 43000 and 76000 Da could be related to
microfilaments in being similar to: myosin light-chain (rhe 20000 Da
protein); actin (the 43000 Da protein); myosin light-chain kinase (the
76000 Dz protein). Lutropiﬁ—dependent phosphoproteins of 24000 and 33000 Da
might be invelved in specific¢ protein synthesis. The 24000 Da
phosphoprotein might be similar to initiation factor elF-4E, whereas the
33000 Dz phosphoprotein appears to be ribosomal protein $S6.

The lutropin—dependent phosphoprotein of 57000 Da probably is the
vegulatory subunit of the type II cyelic AMP-dependent protein kinase
(Cooke et al., 1979d). Any suggestion concerning the possible role for the
lutropin—dependent phosphoproteins of 17000 and 22000 Da would be merely
speculation. Interesting aspects of these twoe phosphoproteins concern the
prominent localization in the nuclear fraction (the 17000 Da protein; DNA—
bound or membrane-bound?) and in the cytosol fraction {(the 22000 Da
protein) isolated from tumour Leydig cells, as well as the rather prominent
appearance of the respective phosphorylated protein bands observed in the
autoradiograms (relatively large amounts preseat?).

A summary of the above-mentioned possible roles for the ILutropin-—
dependent phosphoproteins is presented in Table 5.1. In agreement with the
observations for tumour Leydig cells, Leydig cells Isolated from immature
and mature rat testes alsc showed lutrepin-dependent phosphorylazion of
proteins of 17006,—33000, 57000 and 76000 Da {(Appendix Paper IT) and
dephosphorylaticn of a 20000 Da protein (unpublished cobservations).

No lutropin-dependent phosphoprotein could be demonstrated in the
witochondrial fraction isolated from tumour‘Leydig cells, which indicates
that regulation ¢f the mitochondrial side-chain cleavage enzyme via
specific phosphoproteins probably occurs indirectly. Conflicting results
have been deseribed regarding phosphorylation of the cholesterol side-chain
cleavage enzyme (cf. Appeandix Paper I; Defaye et al., 19282). Acute
regulation of steroid production by lutropin via specific phosphoproteins
related to microfilaments and protein synthesis appears attractive on the

basis of the results described in Chapter 4, in cembination with results
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Table 53.1. Pessible physioclegical role for lutropin—dependent

phospheproteins.
Melecular mass . . . :
Jsen Localization Possible function
in daltons
17000 nucleus ‘DNA-bound or membrane—bound
22000 cytosol - protein phosphatase inhibitor-1

troponin-I
calcium—efflux from mitechondrion
24000/33000 microsomes specific protein synthesis:
24000, cap—-binding protein
33000, ribosomal preotein 56

57000 wicrosomes/ regulatory subunit of cyclic AMP-
cytosol dependent protein kinase
43000/76000 cytosol present in microfilaments:
20000%* 43000, actin

76000, myosin light-chain kinase
20000, myosin light—-chain

%  protein is dephosphorylated.

described in the literature. The invelvement of the nucleus in acute
regulation of steroid production in the presence of lutropin appears

improbable (cf. section 4.5), although further experiments are necessary Lo

firmly prove this aotion.
5.3. Molecular aspects of steroid production
5.3.1. Polyphosphorylated lipids and stercid production

The cholesterol side-chain cleavage enzyme is (partly) embedded in the
inner-mitochondrial membrane. It is generally known that the activity of
membrane—Bound enzymes is dependent on the fluidity of the membrane.
Membrane fluidity is determined mainly by the ambient temperature and by
the type and degree of saturation of the phospholipids present in the
membrane. )

Phospholipids aﬁpear to be involved in regulation of enzymes present
in membranes {reviews by Berridge, 1981; Shukla, 1982). It has been shown
that excess phosphatidyl ethanolamine and phosphatidyl choline inhibit
cytochrome P—450 activity (Mason & Boyd, 1971; Umgar et al., 1973). Adrenal

mitochondrial membranes comprise relatively large amounts of both
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Table 5.2. Lipid composition of bovine adrenocortical mitochondria,

Wang et al., Hall et al.,
1974 187%b
Phosphatidyl choline approx. 42% approx. 38%
Phosphatidyl erhanolamine 39% S7%
Cardiolipin 13.5% 6%
Sphingomyelin : 2%
Phosphatidyl inmositol 47

7 indicates relative amount by weight.

phosphatidyl ethanclamine and phosphatidyl choline (Table 5-2; cf. Wang et
al., 1974) which ﬁight'be the cousequence of the presence of cytochrome P-
450-11g (cf. Wang et al., 1974). It is possible, therefore, that the
activity of cholesterol side-chain cleavage is repressed by the high
amounts of phosphatidyl ethanclamine and phosphatidyl choline. In contrast,
a polyphosphorviated 1ipid (i.e. cardiolipin) appears t¢ act as a positive
modulator of cholesterol side—chain cleavage activity. Cardiolipin (1,3~
diphosphatidyl glycerol) appears to interact with the cytochrome P-450,
thereby stimulating steroid production {(Lambeth, 1981). Half-maximal
stimulation of cholesterel side—chain cleavage activity was observed when
membranes with the reconstituted cholesterol side—chain cleavage enéyme
contained 10-20% {(by weight) of cardiolipin. Since the adrenal mitochondria
contain only small amounts of cardiolipin (see: Table 5.2), the enzyme is
probably mot fully activated (LamBeth, 1981).

In addition to the zbove-mentioned, it was recently suggested that
polyphospnolipids might be involved in corticotropin regulation of steroid
production by the cholesterol side—chain c¢leavage enzyme. Addition of
cardioiipin to rat adrenal mitochondriaz could mimic corzicotropin
stimulation of piegnenolone préduction (Farese & Sabir, 1979), and it was
shown. that corticotropin acutely ilacreased formation of polyphespholipids
in rat adrenal (Farese et al., 1979). - The specific phosphelipids invelved
were: diphosphoinositide (phosphatidyl irositoiI-4'-phosphate) and
triphosphoinositide {phosphatidyl inositel—-4',5*-diphosphate). Additiqn of
diphosphoinositides to mitochondria, or even te ceglls, zesulted in
stimulation of steroid production (Farese et al., 1980a). .

Studies with rat tumour Levcéig cells in our laboratory did not
indicate activation of polyphosphelipid synthesis afrer addition of

lutropin (Terpstra et al., 1983). Moreover, sddition of cardielipin or
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diphosphoinositide to isolated mitochondria resulted in an increased
pregnenolone production of approx. 25% and 50% resp., whereas
triphosphoinositide had no effect (Terpstra et al., 1983). Similar
experiments with mitochondria isclated freom rat adrenal showed much higheé
stimulated pregnenclone production {approx. + 70%} zfter addition of
cardiolipin or triphosphoinositide, whereas zddition of diphosphoinositide
to mitochondria resulted in an increase in pregneunolone production of
approx. 20% {Terpstra et al., 1983). In contrast, Lowitt et al. (1982)
reported a 2-3 fold increased amount of polyphosphoinositides in rat Leydig
cells treated with lutropin-

Similar to the results obtained by Terpstra et al. (1983), no
increased amount of polyphospholipids could be detected after stimulation
of rat granulosa cells with follitropin (Nzor & Yavin, 1982) or rat corpus
luteum with human cheriogonadotreopin (Tanaka & Strauss III, 1982)- With
respect to the latter investigation, Farese's group has described that
stimulation of bovine luteal cells with lutropin also resulted in
insignificant changes in the amounts of polyphosphoinositides (Davis et
al., 1981).

Most of the observations on stimulatory effects of hormounes on
polyphospholipid synthesis and of polyphospholipids on steroid production
originate from the group of Farese, and mainly concern rat adrenal; Other
investigators using ovarian or testicular cells could detect either no
effect or only a marginally increased amount of polyphosphelipids. These
results could reflect that a hormone—-dependent increase of
polyphosphelipids in steroidogenic cells is limited to adrenal cells
(related to the presence of cytochrome P-450-1137) and wmay constitute a

specialized feature of hormonal regulation of steroid production.

5.3.2. Calcium ions and stercid production

Hormone—-dependent steroid production can be increased by the presance
0of calcium ions (Van der Vusse et al., 1%73; Janszen et al., 1576). The
involvement of calcium-ions in hormone—dependent steroid production has
been studied by depletion of calcium ions in the incubation medium, by
inhibiting calwodulin (the protein which enables calcium regulation of
enzyme activity), or by using calcium ionophores. Depletion of calcium ions
has been employed in studies with rat testis Leydig cells (Janszen et al.,
1976}, rat adrenccortical ecells (Trzeciak & Mathé, 1981) and swine
granulosz cells (Veldhuis & Klase, 1982a). It was shown that depletion of

caleium fons did not affect basal steroid production, whereas hormone—
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stimulated steroid producticn was inhibited (Janszen et z2l., 1976; Trzeciak
& Math&, 1981; Veldhuis & Klase, 19822). Moreover, it appears that calcium .
ions are not required for activation of cyclic AMP-dependent protein kinasge
(Janszen et al,, 1%76) or for the conversion of exogenously supplied
pregnenolone (Lin et al., 1980; Farese et élﬁ 1881; Veldhuis & Klase,
1882a). ’ -

Transport of cholestercl to mitocheondriaz and side-=chain cleavage of
chelesterol by isolatéd mitochoundria were increased after fusion of
Ca2+/calmodu1in-containing liposomes with mouse adrenal tumour cells (Hall
et 2l., 198la) and rat testis Leydig cells {Hall et al., 1981%). In those
studies it wags suggested that ca?t/calmodulin may be inveolved in regulation
of transport of cholesterol to mitochondria, a process stimulated by
corticotropin and lutropin.

Calmedulin regulation of various enzymes and cellular processes has
been reviewed recently (Stoclet, 1981: Cheung, 1582). The effect of
Ca2+/ca1modu1in on micrbtubules may be of great iwmportance for the supplf
of cheolestercl to mitcchondria. Clark & Shay (1981) have observed some kind
of granular storage of cholesterol in microtubular structures. Stimulation
of murine adrenal cells and rat Leydig cells with corticotropin or
dibutyryl cyeclic AMP, resulted in dissociation of these microtubular
cholestercl—-containing granules.

2+—dependent protein kinase may also be involved in

Activation of z (a
steroidogenic cells. The lutropin-dependent phosphoprotein of 43000 Da has
a molecular mass similar to actin and might be considered as a ca*-
dependent phosphoprotein on the basis of the results obtained by Nosé &
Schulman (1%82). They have demonstrated the preseunce of a Ca2+-dependent
protein kinase in bovine brain eytoscl which is activated by Ca2+ plus
calmodulin. The most prominent substrate was a polypeptide with z molecular
mass of 45000 Da. The rather prominent phosphorylation of the £5000 Da
protein {¢f. Nosé & Schulman, 1982) and the lutropin-dependent
phosphoprotein of 43000 Da (ecf. Fig. 4.4), may indicate the presence of
many of these proteins iﬁ the cytosol in accordance with the ideaz that
these proteins may be similar to actin.

Several reports have described the inhibitory action of the caleium

ionophore A23187 on hormone—dependent steroid produciion (Lin et al 1980;

Say

Farese et al., 1981; Veldhuis & Klase, 1282b). The reported inhibizion of

hormone—dependent stercid preoduction by 423187 may be the consequence of
increased intracellular caleium concenmtration, since the concentration of
caleium ions in the incubation medium {e.g. 2.5 M, cf. Appendix Paper I;
in blood: 1.25 oM, Williamson et &l., 1981) is at least 1000 times higher

than the concentration in the cytosoel (0.3 pM, Becker et al., 198C). Eigh
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intracellular calcium concentratioas may account for: 1. inhibition of
protein synthesis observed in the pfesence of A23187 (Farese et al., 1981;
Veldhuis & Klase, 1982b), 2. possible damage of mitochondrié (cf. Hunter &
Haworth, 1979a,b; see also: Simpson, 1979). Moreover, high intracellular
calcium concentrations might iﬁterfere with chelesterol transport to
mitochondria (c¢f. section 2.3), since calcium ions can make microfilaments
more rigid {cf. e.g. review by Stocletr, 1981).

Stimulation of liver cells with hormones acting via cyelic AMP (e.g.
glucagon, B —adrenergic agents) or some other factor (e.g. a—adrenergic
agents, vasopressin, angiotensin II) {¢f. review by Williamson et al.,
1981) results in a redistribution of cellular calcium between mitochendria
(Chen et al., 1978; Babecock et al., 1979; Blackmore et al., 1879; Murphy et
al., 1980) and the endoplasmﬁc reticulum (Waltenbazugh & Friedmann, 1978;
Taylor et al., 1980), with possible extrusion of calt out of the cells (cf.
Williamsen et al., 1981). A hormone-dependent caleium pool in mitochoundria
is considered in the hypothesis on steroid production (section 5.4) to
acceunt feor the calcium inveolvement in hormone-dependent steroid production
(see above). It is presently unknown in what way the intracellular
redistribution of calecium ions might be explained (c¢f. Whiting & Barritt,
1982, and refs. therein). In the hypothesis on steroid production (section
5.4) a possible role of microfilaments in Caz+—reléase from mitochondria is

indicated.
5.3.3. Protein synthesis and. steroid production

Basal steroid preduction in rat Leydig cells (Cooke et al., 19753) and
rat adrenal cells (Gill, 1972; Fzrese et al., 1980a) is not inhibited by
inhibitors of protein synthesis, such as cycloheximide and puromycin.
However, basal steroid production in tumour Léydig cells is inhibited by
inhibitors of protein synthesis, possibly owing to a slightly stimulated
steroid production under basal condition (cf. Appeundix Paper II)-
Hormone—stimulated steroid production (i.e. with lutropin or corticotropin)
is inhibited by inhibitors of protein synthesis (Garren et al., 1965;
Schulster et al., 1974; Cooke et 2l., 1973; Appendix Paper II1). The degree
of inhibition of protein synthesis appears to parallel the deéree of
inhibition of corticotropin-stimulated corticosterone production (Schulster
et al., 1%74) or lutropin-stimulated testosterone production (Cooke et al.,
1875) (see also: Appendix Paper IV). Apparently, a protein factor(s) is
required for hormonal stimulation of steroid preduction. It has been
suggested that this protein{s) may increase the availability of chelesterol

for the cytochrome P-450 (see: section 2.2).
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The kinetics of inhibition.of hormone—dependent stercid producticon by
inhibitors of protein' syathesis indicated the following half-lifes for the
putative protein factor(s)A invol&ed: & min {Garren et al., 1965); 2-4 min
(Schulster et al., .1974'4); 13 min (Cooke et al., 1973); 3.5 min (Farese et
ai., 1880%); 6 min (Appendix Paper II). Garren et al. (1965) introduced the
name of "rapidily-turning-over protein(s)” to denote the protein factor(s)
required for hormone—dependent stercid production. )

) Lutropin—dependent phosphoproteins may be involved in regulation of
synthesis of the rapidily-turning-over protein(s) (cf. section 4.5), i.e.
lutropin—-dependent phosphoproteins may stimulate eizher DNA transcription
or mRNA 'translation, or both p;ocesses, to increase the amounts of the
rapidlyﬂ-tﬁrning-over protein(s}.

Experimen:.:s with aectinomycin D to inhibit RNA synthesis showed that
inhibition of {m)RNA synthesis does not impair corticetropin-depenrdent
(Garren et al., 1965) or lutropin-dependent {Cooke er al., 1579b) steroid
production. The mRNA(s) coding for the rapidly-turning-over protein(s)
appears to be rather stable (Garren et al., 1965; Cooke et al., 1579b;
Losier & YoungLai, 1981; section 4.5). Thus, an acute effect of lutropin—
dependent phosphopreoteins on transceriprion appears not required for
increased stereid prodﬁction.

Several studies indicaze that overall protein synthesis in
stercidogenic tissues or cells is not increased immediately after addition
of hormone (Garren et al., 1965; Cooke et al., 1%75; Younglai & Osoko,
1882; Appendix Pzper II). Regulation of protein synthesis appears 0 ocgur
at the initiation of traaslation (Lodish, 1976; Hunt, 1980a; Snoek et al.,
1981; Menier & Le Marchand-Brustel, 1982). Increased rate of initiation is
invelved in the effects of insulin on overall protein synthesis (Monier &
Le Marchand-Brustel, 1982), and in the effect of dibutyryl cyclic AMP on
specifiec protein synthesis (Snoek et al., 1%81). LutroPin—de;;endent
phosphoproteins of 24000 and 33000 Da may be invelved in specific proﬁein
s}nthesis (cf. section 4.5). Phosphorylation of initiation facter eIF-2 is
clearly involved in regulation of haemoglobin synthesis (see reviews by:
Austin & Clemens, 1980; Hunt, 1980b). The lutropin-~dependent phosphoprotein -
of 24000 Da might be similar to initiation factor elF—4E (cf. section 4.5).

The lutropin-dependent phosphoprotein of 33000 Da most probably is.
ribosomal protein $6. Up to five phosphorylated derivatives of protein 56
{(with an increasing aumber of phosphate groups) could be distinguished
using electrophoresis of pheosphorylated riboscomal proteins (-cf- Leader,
1980, In regard of the proposed role for protein $6 in specific protein

synthesis in the presence of lutropin (cf. section 4.5) it is interesting
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to note that it bhas been suggested that specific alterations in
phosphorylacion of the 86 protein ccould selectively influence the ability
of the ribosomal population to translate some specific mRNAs in the (;at)
brain (Roberts & Morelos, 1980). However, up to now, no report has
described selectivity of ribosomes for mRNAs on the basis of the presence
of a particular protein 56, i.e. a protein 36'with 2 gpecific number of
phosphate groups. Nevertheless, ribosomes with phosphorylated derivatives
of protein $6 appear to be used preferentially during the formation of
inigiation complexes in Heia cells (Duncan & McConkey, 1%82az,b) and
fibroblasts (Thomas et zl., 1982), whereas estimaticn of the protein
synthetie activity of ribosomes differing in the extent of phosphorylation
of ribosomal protein 56 showed no significant difference in the in-vitro
ability to synthesize polyphenylalanirne (Leader et al., 1981).

It is still puzzling in what way 2 specific effect om protein
synthesis induced by protein hormones (e.g. glucagen, lutropin), acting via
cyclic AMP, can be accomplished. It is known that mRNAs differ in the
efficiency of translation due to differences in the relative rates of
initiation (Lodish, 1976; Kozak, 1978}. This may have something to do with
a competition of mRNAs for ribosomes or some other factor(s) invelved in
initiation (e.g. Walden et al., 1981; Hall et al., 1982). On the basis of
the present kanowledge on initiation of translation, it appears that a
differential utrilization of mRNAs might be explained by 2 different
requirement of the varicus mRNAs for some specific initiation factors
(iacluding the 24000 Da cap-binding protein or eIF—~4E), as proposed by
Voorma (1983) (cf. also: Hall et al., 1982). These specific initiation
factors are required for unfolding {(i.e. melting of the secondary
structure; cf. Voorma, 1983) of the cap or leader—sequence on the 5'-end of
nRNAs in order to increase the accessibility of mRMNAs for ribosomes. In
this regpect one‘may consider complexes of a specific mRNA and proteins to
constitute ribonuclecoprotein particles.

Iatrou et al. (1578) have described the presence and non—utilization
of the pretamine mRNA during early stages of spermatogenesis in the rainbow
trout- After meiosis resulting in spermatid formation, translation of the
protamine mRNA can be detected. To account for the retarded translation of
the protamine mRNA, Iatrow et al. suggested storage-of the protamine mRNA
in ribonucleoprotein particles. The latter noticn may hold also for the
translational differences in spermatogenic cells of mice which showed
synthesis of different proteins im the different spermatogenic cells
(Fujimoto & Erickson, 1982). Perhaps vtilization of a specific mRNA is
related to the inhibitory azction of cyroplasmic RNA molecules (e.g. Pluskal
& Sarkar, 1981; Rosen et al., 1981).

61



Summarizing, hormone—-dependent steroid prodyction appears to involve
synthesis of a protein factor(s) whichk is a rapidly-turaning-over
p:otein(s). Syathesis of this protein fzector(s) in the preseance of hormone
might reflect a specific effect on tramslation via iacreased initiation of
translation of its stable mRNA(s). It is presently unkmown how a specific
effect on tramslation could be zccomplished. Specific phosphoproteins might
be involved in the release of the stable wRNA(s) from ribonucleoprotein
particles or in changing its secondary structure, as well as other factors,

to explain the proposed specific effect on protein synthesis.

5.4. A hypothesis on the regulation of basal and hormone—dependent steroid

production

In general, basal steroid productiom is notr inhibited by inhibitogs of
protein syathesis. The amount of chelesterol comsumed by adrenal cytochrome
P=-450 without corticotropin stimulation could be accounted for merely by
the amount of cholestercl present in the inner-half of the innex-
mitochondrial membrane (i.e. the stercidogeaic amount of cholesterocl;
Kimura, 1981). Basal pregnenolone production might be the consequence of a
redistribution of cholesterol in the inner-mitochondrial membrane via flip—
flop motion between the outer and Inner halves of the inner-mircchondrial
membrane (Fig. 5.1). '

timulation of (tumcur) Leydig cells with lutropin elicits several
intrzcellular responses which may result in acute and, possibly, long-term
regulation of the steroidogenic machinery. Considering the possible
physiqlogical role for the individuzl Iutropin-dependent phosphoproteins
(cf. séction 5.2), the following sequence of events may be involved in
acute regulation of steroid production {(Fig. 35.2).

Binding of lutropin to its receptor on the cell membrane restilts in
increased formation of cyclic AMP. Cyclic AMP diffuses from the cell
membrane into the cytosel and binds to-the regulatery subgnit of cyclic
AMP-dependent protein kinase which is attached to microtubules.
Subsequently, autophosphorylation of the regulatory subuanit of the kinase
takes place with ensueing release of the catalytic subunit. This catalytic
subunit starts off te phosphorylate proteins in its vicinity, providing a
very local (“compartmentalized™) effect of cyclie AMP. If more lutropin is
bound to its receptors, more cyeclic AMP will be made and, as a consequence,
more protein kinase molecules will be activated. This could resulr (via
phosphorylation of proteims) im extension of the part of the cytosol which
may participate inm the actual cellular responée to lutreopin {see also:

Hayes & Bruntom, 1982).
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Fig. 5.1. Flip—flop mechanism of "anon—bilayer”™ lipid (&) as proposed by
Cullis & De Kruijff (1978).

The activated kinase may cause changes in phosphorylatia;n of the
microfilament proteins.of 76000 and 20000 Da. Dephosphorylated 20000 Da
myosin light—chains induce relaxatiom of the microfilament proteins (e.g.
Adelstein et al., 1982; Somlyo et al., 1982). The resulting changes in the
cyroskeleton may influence the mkembrane characteristics of mitochondria,
since they are attached to the cytoskeleton. A possible iutropin—degendeﬁt
Caz+-efflux from mitochondria {cf. e.g. 3Babcock et al., 1679} may-

. ¢ounteract :the c}clic AMP~induced relaxation phencmenon, Sin-ce
Caz"'/calmodulin-dependent activat.ion of myosin iight-chain kinase will
cause rephosphorylation of the 20000 Dz phosphoprotein (cf. Cheung, 13882).
Perhaps, one should envisage local cycles of relaxation—conptractionm of the

nicrofilament proteins depending on the local concentrations of cyelic AMP
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LEYDIG CELL

Fig. 5.2.
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A hypothetical model on regulation of steroid production.
Abbreviations used: MF, microfilament; MT, microtubule; protein
kinase, c¢yclic AMP~dependent protein kinase (hatched part,
catalytic subunit). Symbels and corresponding numerical values
denote lutropin-dependent phosphoproteins. P, denotes
phosphorylated protein. The Figure does not indicate the exact
spatial arrangement aund changes of the various components. The
arrows marked (*) in the two frames on the right indicate the
direction of the relaxation process induced by cyclic AMP, as
well as the Ca’t—efflux from the mitochondrion. The altered
mitochondrial conformations drawn in the two frames on the right
denote mechanically disterted mitochondria.

Binding of lutrepin te the Leydig cell causes formation of
cyclic AMP which activates protedin kinase. Phosphorylation of
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STIMULATED EFFECT OF CALCIUM
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specific proteins results in relaxation of microfilaments and In
specific protein synthesis. Calcium Zfong lLeazking from the
mitochondria as a result of the microfilament relexation, induce
contraction of the microfilameunts. Repetitive c¢cycles of
relaxation—-contraction may induce microfilament wovements
enabling transport of cholesterol to the mitochondria.
Cholesterol is transferred ro the inner—half of the inner-
mitochondrial membrane with the aid of rapidly-turning-over
(RTO) protein. Effects elicited by caltlions {including
Caz+/calmodulin—dependeut phosphorylation of proteins; sece:
frame, far right, note of exclamation) and phosphatases abelish
the cyeclic AMP-induced effects. The role of the 22000 Da
phosphoprotein is iadistinct (for discussion, see: section 5.4).
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and CaZ¥ (see also: Adelstein et al., 1982). A relaxatiocn—contraction
process might  transiently increase the permeability of the mitochendrial
membranes for calcium ions, thereby leaking ocut of the mitochondria.
Moreover, increased membrane permcability might also favour mitochondrial
uptake of cholesterol which is transported to the mitochondria by
microfilaments (e.g. Crivello & Jefcoate, 1979). These acute effects will
cause an increase in the amount of chelesterol present in mitochondria, and
cholestercl could by—-pass the time—consuming flip—flop phencmenon (cf-
Kimura, 1981) in e.g. the-inner—mitochondrial membrane in the presence of
rapidly-turning-over proteins (cf. e.g. Farese & Prudente, 1978b; section
2.2). Once cholestercl is present on the matrix side of the inner-
aitochondrial membrane, its side-chain is being cleaved and pregnenclone is
formed (Simpson, 1979}

A specific efi~:zt o1 protein synthesis which may invelve the action of
the 24000 aad 33000 Da lutropin-dependent phosphoproreins (¢f. section
5.3.3) results in formation of the rapidly-turning-over protein(sg). In this
respect, wicrofilaments may alsc be involwved, as protein synthesis appears
to occur during attachment of polysomes to the ¢ytoskeleton (Heuser &
Kirschner, 1980; Cervera et al., 1981; Van Venrcooij et al., 1981). The
presently available evidence suggests that the secondary structure of 2
mRNA may limit its utilization in translation (Lodish, 1976; Kozak, 1%78;
Voorma, 1983). Lutropin—dependent phosphoproteins.might change the
confermation of the stable mRNA(s) coding for the rapidly-turning-over
protein(s) to enable its translation.

As a consequence of the microfilament movements (flutters?), ecytosol
calciunr may increase by a pulsatile leakage of c¢alcium 4dons from
mitochondria, and this in turn could azdversely affect the postulated
relaxation—contraction process, as well as protein synthesis (c¢f.
Discussion in section 3.3.2; increased cyrosol calcium involved in

desensitization?; cf. e.g. Morgan et al., 1982).

The next Important step is the return to basal activity of steroid
production when stimulation of cyclic AMP formation ceases. A possible
sequence of events enzbling restoration of basal activity may include the
following steps.

Phosphatases in the cytosol will remove phosphate groups«from (lutropin-—
dependent) phosphoproteins. Removal of the phosphate £rom the 57000 Da
regulatory subunit of ¢yclic AMP-dependent pro:ein kinase may Increase its
affinity for binding of the catalytic subunit of protein kinase. When the

reguiatory subunit and the catalytic subunit are recombined, cyclic AMP~
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dependent phosphorylation of proteins will cease. As a net result,
phosphorylation of the lutropin—dependent phosphoproteins, and the effects
on microfilaments and specific protein synthesis are abolished. The
propoéed pulsétile Ca2t-efflux from mitochondriz will stop, as well as
synthesis of the rapidly-turning-over protein(s). Calcium seguestration by
mitochondriz, enabled by energy generated in the process of oxidative
phosphorylation (cf. Williamson et al., 1981), resumes, whereas calcium
possibly bound to the endoplasmic reticulum (e.g. Becker et al., 1980;
Williamson et al., 1981) will be released zo the cytosol to waintain the
steady—state cytosol calcium concentration.

Calcium ions present in the cytosol may, in fact, accelerate the
return to basal activities by calmodulin—dependent activation of
phosphodiesterase (Purvis & Hansson, 1980) and protein kinase (for a
Vreview, see: Cheung, 1982). The latter will cause reduction of the amount
of cyclie AMP and formation of specific C32+—dependent phosphoproteins,
besides myesin light—chain (the lutropin—dependent phosphoprotein of
430007; cf. section 5.3.2).

As the result of the activities of phosphatases, ca?t and calmodulin,
as described above, the effects on specific protein syanthesis and
microfilaments elicited by lutropin via eyclic AMP will fade away when

cyclic AMP formation is stopped.
5.5. Concluding remarks

The presently described hypothesis is an attempt to incorporate the
many different observations made with different stercoidogenic cell types.
Interestingly, reconstitution experiments, showing'increased steroid
production by isolated nitochondria supplemented with cytosol fractions
isoclated frem lutropin-stimulated testes (Bakker et al., 1978) or
corticotropin—stimulated adrenals (Neher et al., 1982), may be difficult to
explain on the basis of the hypothesis. Any involvement of microfilaments
in this kind of stercid production is difficult to imagine. However, one
may still consider stimulatory actions of e.g. cholesterol, rapidly-
turning—over protein(s), present in cytosol fractions isolated from
hormone-stimulated cells, added to mitochondria with possibly altered
membrane characteristics.

The hypothesis‘described above (section 5.4) includes an important
zetion of Calt-ions and microfilaments, besides 2 specific effect on
protein synthesis, in hormonal regulation of steroid production. Cyclic AMP
and Ca2t-ions may interact in some kind of concerted mechanism (cf.

Adelstein et al., 1982; Giguere et al., 1%82) to bring about changes in
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microfilaments enabling transport of cholesterol (Crivello & Jefcoate, -
1979), synthesis and transport of the rapidly-turning—over protein(s) (cf.
section 5.4). The microfilament movements proposed in the hypothesis are
supposed to cause a transiently increased permeability of the mitochondrial
membranes resulting in a pulsatile leakage (“release”) of calcium ions from
the mitochondrion which might be‘sequestered subseguentliy by the
endoplasmic reticulum. Leakage of calecium=~ions from wmitochondria clearly
should involve increased permezbility of the inpner-mitochondrial membrane
as calcium (phosphate) is accumulated in the mitochondrial matrix {cf.
Williamson et al, 1981). C32+—efflux from mitechondria, compared with Ca2+—
upteke, is a relatively slow process, and Caz+-eff1ux can be stimulated in
some tissues by Na™—ions (Carafoli, 1579). Perhaps the postulated action of
phospherylated proteins in regulation of Caz+—efflux from mitochondria
‘{section 5.4) may provide a mechanism which accelerates efflux of calcium.
It remains to be demonstrated whether this notion is correct and whether
Na+—iops may alse take part in regulation of the proposed mitochondrial
CalT-efflex in horwone—sticulated stercoidogenic cells.

In the hypothesis, lutropin-dependent phosphoproteins of 17000 and
22000 Da have not been mentioned. Regulation of nuclear activities possibly
involving the lutropin-dependent phosphorylation of the 17000 Da protein is
as yet difficult to indicate. The lutropin-~dependent phosphoprotein of
22000 Da might be involved in regulation of ca?tefflux from mitochondria
(c£. Fleschner et al., 1982).

To verify the hypothesis, it is éssential to determine very éccurately
the proposed intracellular calcium displacements in steroidogenic cells. A
hormone-rvesponsive calcium pool present in mitochondria may be detected by
studying the release of 430a2% from mitochondria prelcaded with 45c52% -
within the cell, and isclated from control and hormome—stimulated cells.

It would zppear zattractive to study also the propesed involvement of
microfilaments in calcium-leakage from mitochondria with inhibitors of
microfilament formation. : -

Future experiments should be designed to detect the imtracellular
calecium displacements proposed to occur after hormonal stimulaticen of

steroidogenic c¢ells, as well as to isolate and characterize the rapidliy-

" - turning-over protein(s) regquired for hormone—dependent steroid production,

to further elucidate the intricare mechanism of steroid produeticon.
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SUMMARY

Steroids made by foetzl testis Leydig cells are causing the
development of the foetus inte zan Individuzl with male primary and
secondary characteristics. These steroids can be counsidered as “male-
individval-generating—hormones™, i.e. androgens. After puberty, "the
individual reaching his sexually mature state, androgens are also essential
for growth of spermatozoz, the male germinal cells, required for
sexual reproduction. Synthesis of androgens by testis Leydig cells can be
stimulated by a protein hormone, 1utropin, originating from the pituitary.
In principle, the work deseribed in this thesis is concerned with the
elucidation of the mechanism whereby lutropin-stimulation of Leydig cells
results in increased synthesis of androgens.

Synthesis of androgens, steroid hormones in general, depends on the
activity of several enzymes resulting in production of a great variety of
steroids. The rate-limiting step in the whole process of steroidogenesis,
the conversion of chelesterol intc pregnenolone, is performed by the
cholesteral side-chain cleavage enzyne consi;ting of three different
proteins (for details, see Chapter 2). The activity of this enzyme is
regulated by lutropin- Activation by protein hormones of specific cellunlar
activities in a great number of different ¢ell types has been shown to
involve phosphorylation of proteins. In combination with the amounts of
pregnenoione produced, the effects of addition of lutropin to tumcur Leydig
cells on phosphorylation of proteins has been investigated.

It was shown that addition of lutropin to tumocur Leydig cells resulted
in @ rapid increase in pregnenclone production concomitant with a2 rapid
increase in phosphorylation of seven proteins of 17000, 22000, 24000,
33000, 43000, 537000 and 76000 Da, and in dephosphorylation of a 20000 Da
proztein (sectionm 4.2). The similar kinetics of dincreased
(de)phosphorylation of proteins and increased pregnenolomne production after

addition of lutropin, suggested that lutropin-dependent phosphopreteins

. could be involved in regulation of stercid production- In order to find out

if these specific phosphoproteins may directly influence the activity of
the cholesterol side—chain cleavage enzyme present in mitochondria, a
subcelliular fractionation has been performed. However, none of the
Lutropin—dependent phosphoproteins was present in mitochondrial fractions
iselated from tumour Leydig cells (section 4.4). Apparently, regulation of
cholesterol side—chain cleavage in mitochoundria by specific phosphoproteins
occurs indirectly.

The rapid kinetics of (de)phosphorylation of proteins (cf. section

4.2) made 1t impossible to assess the importance of each individual
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phosphoprotein for increased prégnenolone production, 25 all lautropin-—
dependent phosphoP:oteiné could be equally inmvelved in regulation of
pregnenolone production. Short—term culture of tumcur Leydig cells enabled
2 further study with respect to which lutropin-dependent phosphoproteins
correlate best with increased b:egnenolone production. During culture of
tumour Leydiz cells 2 gradual decrease in response to lutropin stimulation
was observed for {de)phespherylation of proteins and pregnenclione
production in spite of an unimpaired cell wviability (section £.3). &
significant decrezse In activity of cyclic AMP-dependent protein kinase was
demonstrated in combination with a significant decrease ia lutropin-
dependent phosphorylation of the 57000 Da protein (the regulatory subunit
0f the type II cyclic AMP-dependent protein kinaée). During culture of
tumour Leydig cells the decreased activity of cyclic AMP-dependent protein
‘kinase may zaccount for the decrease in- lutrepiun-dependent

(de)phosphorylation of proteins, aud may coatribute to the decrease in

lutropin—dependent pregnenoclone productiecn {secticn 4.3). Morecver, the

combined results suggest that the nuclear 17000 Dz lutropin-dependent
phosphoprotein may be invelved in long—term regulation, and all other

Lutropin—-dependent phosphoproteins in acute regulation of steroid

ﬁroduction.

The possible physioclogical role for the lutropin-dependen:
pacsphoproteins of 20000, 22000, 24900; 33000, 43000 and 75000 Da was
further investigated by studying the subcellular localization and the
effects of inhibitors of protein synthesis and microfilament formation
(sections 4.4 and 4.5). The results cbtained may indicate that:

- microsomal phospheproteins of 24000 and 33000 Da could be involved in
synthesis of rapidly-turning—-over protein(s) required for lutropin-—
dependent steroid production;

— cytosol phosphoproteins of 20000, 43000 and 76000 Da could be part of
microfilaments which have been reported te enable cholesterol transporeg
through the cell to mitochondria. -

The results obtazined with tumour Leydig cells have deen combined with
the results described in the literature on hormone—dependent regulation of
stercid production to constitute 2 hypothesis on regulation of steroid
production (sectien 5.4). In short, it is proposed’ that bindinz of hormone
(corticotropin, follitropin or lutronin) to a steroidogénic cell results in
activation of cyclic AMP-dependent protein kinase causing increased
phosphorylation of specific proteins. These specific phosphoproteins, in
turn, give rise to microfilamen:t movements (which invelve Ca?toefflux from
mitochondria), synthesis of rapidiy-turning-over protein(s), as well as

some effect on the cell nucleus- The combined actiens of microfilaments and
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rapidly-turning—over protein(s} inerease the availabilicy of cholesterol
for the mitochondrial cholesterol side-chaim cleavage enzyme, resulting in
increased steroid production, whereas effects on nuclear processes might be
involved in long-term regulation of the steroidogenic activity of the cell
(Figs. 1.2 and 5.25% '






SAMENVATTING

De ontwikkeling van een foetus tot een individu met manneli jke
primzire en secundaire geslachtskenmerken wordt veroorzaakt door
steroIdhormonen, gemaakt door Leydig cellen die gevormd zijn in de foerale
testis. Deze sterofdhormonen zou men kunnen beschouwen als "manneli jk-
individu—genererende hormonen”, te weten androgenen. Na het bereiken van
het sexueel volwassen stadium, d.w.z. na de puberteit, zijn androgenen
‘eveneens esseatieel voor de groel van de spermatozoaz, de mannelijke
zzadcellen, die wnodig =zijan voor ges;lachtelijke voortpianting. De synthese
van androgenen in testis Leydig cellen kaﬁ gestimuleerd worden door een
eiwitheormoon, het Ilutropine, dat gemazkt wordt in de hypefyse. Het in dit
proefschrift beschreven werk beoogt een bijdrage te leveren tot de
opheldering wvan het mechanisme waardoor stimulatie van Leydig cellen met
lucropine resulteert in toegenomen synthese van androgenen.

De synthese wvan androgenen, en van sterofdhormonen in het algemeen,
berust op de akrivireit van verscheidene enzymen, waardoor veel
verschillende steroidhormonen kunnen worden gevormd. De snelheidsbepalende
'stap in hetg proces van de sterofdogen:se, de vorming van pregnenolon viz
cholestercl, word:t gekazalyseerd door h2t cholesterol zijketen—splitsend
enzym dat uit drie verschillende eiwitten bestzat (voor details, zie
Hoofdstuk 2)- De aktiviteit van dit enzym wordt gereguleerd door lutropine.
In het algemeen blijken eiwithormonen door fosforylering van eiwitlen
bepaalde cellulaire processen té kunnen befnvlioeden, zoals is aangetoond in
een groot aantal wverschillende celtypen. Derhalve is onderzocht of
stimulatie van de pregnenelonproduktie in {tumor) Leydig cellen door
lutropine mogelijk het gevolg is van fosforylering varn bepaalde eiwitten.

Stimulatie van tumor Leydig cellen met lutrepine resulteerde in ecen
snelle toenzme in de pregnenoclonproduktie en in een snelle teoename in
fosforvlering van zeven eiwitten van 17000, 22000, 2&0007, 33000, 43000,
57000 en 76000 Da, alsmede in defosforylering van een eiwit van 20000 Da
{(paragraaf 4.2). De overeenkouwstige snelheid van toegenomen
(delfosforylering van eiwitten en van toegenomen pregnenolonproduktie na
toevoeging van lutropine gaf aan, dat lutropine-gereguleerde fosfo-eiwitten
berrokken konden zijn bij de regulatie van de sterofdproduktie. Om na te
gaan of deze bijzondere fosfo-eiwitten een mogelijk direct effekt hebben op
de aktiviteit wvan het cholesterol zijketen—-splicsend enzym dat in
mitochondri&n gelokaliseerd is, is een subcellulaire frazktionering
vitgevoerd. Er was echfer geen lutropine—gereguleerd fosfo-eiwit zanwezig
in mitochondri&nfrakties die uit tumor Leydig cellen werden geTsoleerd

{paragraaf 4.4). Regulatie van het mitochondrizle cholegterol zijketen-
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splitsend %rnzym door bijzondere fosfe—eiwitten geschiedt blijkbaar

indireki.

De snelle (de)fosforylering van de lutropine-gereguleerde fosfo-
eiwitten (zie: paragraaf 4.2} maakrte het onmogélijk om het belang van elk
afzonderlijk fosfo-eiwit wvoor de toename in pregnenolonproduktie te
bepalen, aangezien alile lutropine-gereguleerde fosfo-eiwitten van evengroot
belang konder zijn voor de regulatie van de pregnenclonproduktie. Een korg-
‘durende kweek van tumor Leydig celien mazkte verder onderzoek naar het
belang van de afzonderiijke lutropine-gereguleerde fosfo-eiwitten voor een
toename in de pregnenclonproduktie mogelijk. Tumor Leydig cellen in kweek
vertoonden een geleidelijk afnemende TrTespons op lutropine van
(de)fosforylering van eiwitten en pregnenolonproduktie, ondanks een
onverminderd funktiomeren van de cellen (paragraaf 4.3). Exr werd een
belangrijke daling in aktiviteirz van het cyclisch AMP-afhankelijk proteine—
kinase zangetoond, die gelijktijdig optrad met een belangrijke vermindering
in 1utropine—gereguleérde fosforylering wvan het 57000 Da eiwit (de
regulerende subeenheid van het type 1Y cyclisch AMP—afhankelijk protefne—
kinase). De tijdens de kweek wvan tumor Leydig cellen afgenomen aktiviteit
van het cycliisch AMP-afhankeijk protefne-kinase verklaart mogelijk de
verminderde (de)fosforylering wvan de lutropine—gereguleerde fosfo-eiwitten,
en kan medeverantwoordelijk zliljn voor de verminderde respons op lutropine
voor wat betreft de pregnenclonproduktie (paragraaf 4.3). Daarenboven wijst
het totaal der resultaten op de mogelijke betrokkenheid van het 17000 Da
lutropine—gereguleerde fosfo—eiwir (aanwezig in de celkern) bij de lange
termijn—regplatie van de steroldproduktie, en van alle overige lutropine—
gereguleerde fosfo-eiwitten bij de acute regulatie van de steroidproduktie.

De mogelijke fysiologische betekenis van de lutropine-gereguleerde
fosfo—eiwitren van 20000, 22000, 24000, 33000, 43000 en 756000 Da werd
onderzocht door meer gedetailleerd onderzeoek naar de subeceliulaire
lokalisatie en de effekten van remumers van de giwitsynthese en van de
vorming van microfilamenten (paragrafen 4.4 en 4.5). De resultaten geven
aan dat:

- microsomale fosfo—eiwitten van 24000 en 33000 Da betrokken kunnen zijn
bij de synthese van siwitten met een korte levensduur (z.g. "rapidly-
turaing-over proteins’), ‘die nodig zijn voor de regulatie van de
sterofdproduktie  door lutropine;

- cytosol fosfoeiwitten van 20000, 43000 en 76000 Da deel kunnen uitmaken
van microfilamenten die betrokken blijken te zijn bij transport van
cholesterol naar mitochondria.

Op ground van de resultaten verkregen mat tumor Leydig cellen en de
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resultaten die beschreven zijn im de literatuur over heormoon—afhankeli jke
regulatie van steroildproduktie, is een hypothese voor rtegulatie van de
sterofdproduktie geformuleerd {paragrazf 5.4). In het kort wordt er
gesteld, dat bimnding van 2en hormoon {corticotropine, follitropine of
lutropine) z2an een sterofdogene cel resulteert in al;tivering van het
cyclisch AMP-afhankelijk protefne-kinase, met z21s gevolg een toename in
fosforylering van bepaalde eiwitcten. Deze fosfo-eiwitten veroorzaken op hun
beurt bewegingen in microfilamenten (die CaZt—efflux uit witochondridn mec
zich meebrengen), synthese van eiwitcten met een korze levensduur, als ook
een effekt op de celkern. De gekombineerde werkingen van microfilamenten en
de bijzondere, nieuw-gevormde eiwitten, verhogen de beschikbaarheid van
cholesterol voor het mitochondriale cholésterol zijketen—splitsend enzym,
resulterend in verhoogde steroIdproduktie, terwijl effekien op processen in
de celkern betrokken kunnen zijn bij lange termijn-regulatie van de

steroldogene aktiviteit wvan de cel (Figuren 1.2 en 5.2).
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Lutropin-dependent protein phosphorylation and steroidogenesis
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Tumour Leydig cells have been incubated in the presence or absence of lutropin
{luteinizing hormone. ‘LH"). Stmulation of cells with lutropin (1000ng/ml) in the
presence of l-methyl-3-isobutylxanthine (0.25mm) resulted in increased steroid
production and increased protein phosphorylation. When pregnenoclone metabolism
was inhibited, basal pregnenolone production was 26.9 + 7.4ng/60min per 10° celis:
sumulated preduction was 156.1£39.5ng/60min per 10° cells (means +s.0.. m=4).
Lutropin-dependent phospherylated proteins of molecular mass 17000, 22 000. 24000,
33000 and 57000 Da were detected. A significant increase of [**P]P; incorporation into
these phosphorylated proteins was observed concomitant with the incressed preg-
nenolone production. The occurreace of the phosphoproteins in nuclei, mitochondria
and postmitochondrial-supernatant was investigated- The 17000Da phosphoprotein
was found in the nuclear fraction. whereas the 22000. 24000, 3300C and 37000 Dz
phosphoproieins were localized in the postmitochondrial-supernatant fraction. Of the
chelesterol-side-chain-cleavage activity., 80.3 +6.1% (mean + s.D., n=235) was present
in the mitochondrial fraction isolated from tumour Leydig cells. and this activity was
2.3-fold increased when cells had been preincubated with lutropin/1-methyl-3-isobutyl-
xanthine (basal production: 194.6+28.6ng/30min per mg of protein: lutropin-
stimulated production: 498.8 +%1.5ng/30min per mg of protein: means + $.0.. # = 3).
The similarities in the kinetics of the phosphorylation of proteins and the pregnenolone
production after addition of lutropin/l-methyl-3-isobutylxanthine indicate that the
phosphoproteins could be invelved in the lutropin-dependent increase in siercidogénesis
in tumour Leydig cells. It remains to be demonstrated, however. 1o what extent the
phosphoproteins outside the mitochondria can influence the cholesterol-side-chain-
cleavage activity inside the mitochondria.

Department of Biockemistry (Dizision of Chemical Endocrinology), Medical Faculty, Erasmus University,

The effects of lutrepin (Juteinizing hormone,
“LH" on testis Levdig cells involve an increase in
the cyclic AMP concentration (Moyle & Rama-
chandran, 1973: Rommerts er al.. 1973: Podesta
er al.. 1978). which is followed by acuvation of
cyclic AMP-dependent protein kinase (Rubin &
Rosen, 1975: Cooke ef gi., 1976) and phosphoryla-
tion of proteins (Cooke er al.. 1977). It is unknown.
however. to what extent phosphorylated proteins
are involved in the lutropin-dependent increase
in steroidogenesis. It has been shown that: (1) the
rate-limiting step of steroidogenesis is the conversion
of cholesterol into pregnenolone by the chelesterol-

Abbreviation used: SDS. sodivm dodecyl sulphate.

Vol. 198

side-chain-cleavage-enzyme system inside mitochon-
dria (Simpson. 1979): (2) Levdig-cell mitochondria,
isolated after pretreatment of animals with human
choriogonadotropin. show increased steroid produc-
tion (Van der Vusse er al.. 1675} (3) cyiosol frac-
tions from lutropin-irezted rat testes can stimulate
the pregnenolene production by mitochondria from,
non-stimulated rat testes {Bakker er al. 1978): (4
lutropin  (100ng/ml) causes phosphorylation of
proteins in adult rat tesdis Leydig cells of 17000,
57000 and 76000 Dz (Cooke e al.. 1677). Hence.
it is possible that phosphoproteins are essential and
could link the action of lutropin at the plasma
membrane to the increased steroid production.

We have studied. in tumour Levdig cells. the

0306-3283/81/080339-08801.50/1 © 1931 The Biochemical Society
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o
correlation between the kinetics of phosphorylation
of proteins and steroid production in the presence of
lutropin/1-methyl-3-isobutylxanthine. as well as the
subeellular localization of the phosphorylated pro-
teins with particular reference to the mitochondria.

Materials and methods

Sheep lutropin (NTH-LH-S18: 1.03 i.u./mg) was a
gift from the Endocrinology Study Section of the
National Institute of Health, Bethesda. MD, US.A.
1-Methyl-3-isobutyixanthine was purchased from
Aldrich Chemical Co.. Milwaukee, WI. US.A.
[#*P1Crthophosphate (carrier-free) was purchased
from The Radiochemical Centre., Amersham,
Bucks.. UK. Cyanoketone (2a-cyane-175-hydroxy-
4.4'.17a-trimethylandrost-5-en-3-one). an inhi-
bitor of 3f-hydroxysteroid dehvdrogenase activity.
and SU-10603 [7-chloro-3.4-dihydro-2-(3-pyridyl)-
naphthalen-1{2MN-onzl. an inhibitor of 17a-hy-
droxylase activity. were kindly donated by Dr. R.
Neher from the Friedrich Miescher Institute. Basle.
Switzerland. Crude collagenase was purchased from
Worthington Biochemical Corp.. Freehold. NI.
U.S.A.

The properties of the tumour Leydig cells were
previously deseribed (Cooke er al., 197%4). Implan-
tation of tumour tissue was performed by injecting
small pieces of tumour subcutaneously into intact
male Wistar rats. substrain R -Amsterdam. 14-17
weeks of age. Rats were killed 4-7 weeks after
injecting the tumour tissue by decapitation after
hight diethyl ether anaesthesia, and cells were isolated
as described previously (Cooke er al.. 1979q). Cells
were incubated under an 0./CQO, (19:1) atmosphere
in a shaking water-bath (80 cycles/min) at 32°C.
Lutropin and l-methyl-3-isobutylxanthine were
added in a concentrated solution and final concen-
trations were 1000 ng/m! and 0.23 mM respectively.

Kinetic studies of phosphorylation of proteins
and pregnenolone production were performed by
addition of lutropin/l-methvl-3-isobutylxanthine at
different time intervals before the end of the incuba-
tion period. For studies of phosphorylation. cells
were preincubated for 1h in Krebs—Ringer buffer
(118.3mm-NaCl/4,75 mM-KCl/25mm-NaHCO,/1.2
mM-MgS0,/2.5mm-CaCl,). pH 7.3, without phos-
phate. containing 0.2% glucose and 0.1% albumin,
Incubations were performed with 200 i suspensions
containing 2 x 10° cells without or with lutropin/
I-methyl-3-isobutylxanthine. Labelling was started
by addition of 50xCi of [**Plorthophosphate.
Incorporaticn of label was stopped after 1h by the
additon of a cold {4°C) iso-osmotic medium con-
taining 0.125m-NaH.PG,. 82mm-Tris and 20mm-
NaF. pH7.3. Cells were centrifuged. resuspended
in SDS-containing lysing buffer (0. m-glycine/
0.1M-NaCl/10mm-EDTA/C.1% SDS/10 mM-5-

mercaptosthanol/20mm-NaF) and  boiled for
3—35 min. After boiling. the proteins were precipitated
by addition of acetone (4:1, v/v), washed with 70%
{v/¥) ethanol and diethyl ether, and finally dissolved
in the SDS-containing sample medium [50mMm-Tris/
HCI/10% glycerol (pH6.8). containing 2% SDS
and 1% f-mercaptoethanol]. The amount of protein-
bound [*Plorthophosphate was determined after
trichloroacetic acid precipitation of a portion of the
protein szmples on Whatman filers (3 MM
Chroma). Precipitates on filters were washed with
70% ethanol and ether. foliowed by counting of
P radioactivity on dry filters using methoxy-
toluene as scintillation  fluid,  Electrophoresis
was performed with SDS/8~15%-polyacrylamide
gradient slab gels essenually as described by
Laemmli (1970). with a Bio-Rad model 220 dual
vertical  slab-gel-electrophoresis  cell  (100mm x
[40mm x 1.5mm gels). After electrophoresis the
gels were fixed In methanol/water/acetic acid
(5:4:1. by vol.) for at least 1h. Staining of gels was
complete in 30—43min with PAGE Blue 83 (lg/
litre: BBH. Poole. Dorset, U.X.} in ethanol/water/
acetic acid (5:11:4m by vol.). containing lg of
CuSO, Nlitre. Destaining was achieved by a single
wash with methanol/water/acetic acid (30:63:7. by
vol.). The gels were dried on a Bio-Rad modei-224
gel-slab drver under continuous heating at 70-80°C.

After being dried. the gels were exposed to Kodak
X-ray film SB-5. The autoradiograms obtained
were scanned with a Gilford model-2400 spectro-
photometer.- The correlation between the amount
of radioactivity in the gel and the densitogram of the
exposed X-ray film was evaluated by using auto-
radiograms of known increasing amounts of radio-
activity.- The molecular weights of tht proteins
were calculated by comparison with the mobilities of
the standard proteins present in the Bio-Rad low-
molecular-weight-standard mixture.

For studies of pregnenolone production. cells
were preincubated for 1h in Krebs—Ringer buffer.

PpH7T.3. with 0.2% glucose and 0.1% albumin.

Incubations were for 1h in 3004 suspensions
containing 1 x 10% cells without or with lutropin
and 1-methyl-3-isobutylxanthine. in the presence
of cyancketone and SU-10603 at final concentra-
tons of SuM and 19um respectively. Inhibitors of
pregnenolone metabolism and lutropin/1l-methyl-3-
isobutylxanthine were added simultaneously. In-
cubations were stopped by the addition 2 x 2mi of
ethyl acetate. and production of pregnenolone was
determined by using a radicimmunoassay for
pregnenolone (Van der Vusse ef af., 1975).

For studies on the subcellular localization of
phosphorylated proteins and cholesterol-side-chain-
cleavage activity. cells were preincubated for 1h and
incubated for 1h (phosphorylation of proteins) or
+h {pregnenolone production} withcut or with
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lutropin/1-methyi-3-isobutyixanthine. Labelled phos-
phate was present during the whole 60 min incubation
period.

Homogenization of {10-15) x 10% cells in Iml of
0.25M-sucrose/1 mm-EDTA. pH 7.3. with or without
20mm-NaF for labelling and pregnenolone incuba-
tions respectively, was performed with 2 Dounce
glass homogenizer (clezrance 0.025-0.03mm: ten
strokes). Differential centrifugation resulted  in
isolation of three fractions: nuclei {10min at 500g).
mitochondriz  (10min at 15000g) and post-
mitochondrial-supernatant  (15000g supernatant).
Nuclear peileis were washed twice with homogeniza-
tion medium. These fractions were characterized
by determination of the DNA content and the
cholesterol-side-chain cleavage. moncamine oxidase
and lactate dehydrogenase activities in each fraction
as described previously (Van der Vusse er af.. 1974).

Pregnenolone production was determined by
incubation of subceliclar fractions (0.015-0.300mg
of protein/30040) for 30min in the presence of
inhibitors (Van der Vusse er al., 1974}, but without

. galcium in the incubation medium. Protein was
determined by the method of Lowry er al. (1951).
with bovine serum albumin as standard. Phosphoryl-
ated proteins were collected in the same way as
described zbove for cellular proteins, except that
postmitochondrial-supernatant proteing were. pre-
cipitated with trichloroacetic acid [final conen. 10%
{w/v)] before addition of SDS8-containing sample
medium. The subcellular localization of the lutropin-
dependent phosphoproteins was determined by com-
parison of the distributions of marker enzymes and

_lutropin-dependent phosphoproteins. For this pur-
pose the relative specific acuvitics of both marker
enzvmes and phosphoproteins were calculated in
the three fractions. Calculations of relative specific
activity for phosphoproteins were based on densito-
gram tracings of autoradiograms obtained after
electrophoresis. in two ways: (1) equal amounts of
the protein-hound radioactivity in the three fractions
were applied te the gel: (2) equal portions (e.g. one-
third} of the total fractions were applied to the gel.
Densitograms were obtained by scanning of the
various slots taken from the . autoradiograms. A
blank section of the film was used 1o set the baseline
and the peak heights of the lutropin-dependent
phosphoproieins were measured in the different

. fractions. The relative-specific-zctivity vajues were

calculated by dividing the percentage of a lutropin-
dependent phosphoprotein (based on peak height)
in a fraction by the percentage of protein in that
fraction. When necessary. corrections were made for
the portion of the fraction that was ‘used for
clectrophoresis. -

The two wmethods for determination of the
retative-specific-activity  values  {(n=13. equal

amounts of protein-bound radicactivity: 7= 2.
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equal portions: » = number of different cell prepara-
tions) resulted in similar distributions of the phos-
phoproteins. The total amounts of protein-bound
radioactivity In the varlous fractions were deter-
mined to calcuate relative-specific-zctivity values
for the incorporation of [**Plorthophosphate into
proteins by dividing the percentage of protein-bound-
radiozctivity in a fraction by the percentage of
protein in that fraction.

Resmits

The pregnenclone production in tumour Leydig
cells was stimulated within Smin after the addition
of lutropin/l-methyl-3-isobutylxanthine (Fig. 1)
The kinetics of lutropin-dependent phosphorylation
of tumour-Leydig-cell proteins can be derived from
the results presented in Fig. 2. Addition of lutropin/
1-methyl-3-isobutylxanthine resulted zlso within
5min in phosphorylation of proteins of 17000,
22000. 24000. 33000 and 57000 Da. The intensity
of the lutropin-dependent phosphoproteins and. for

250¢ -
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1504

00 4

,/

j é
.

40

. o

207

Pregnenolone (ng/ 107 cells)

Time tenind ... 2 .5 0 ' 50

Fig. 1. Pregnenolene productions in jumour Levdig cells
in the absence (=) or presence (+) of tutropin/ -methyl-3-
isobutvixanthine
Incubations were performed as described in the text.
Values are means + $.D. for duplicate incubations of
three different cell preparations. The significance of.
the lutropin-dependent increased pregnenclone pro-
duction was determined by Student’s paired r-test
with the corresponding incubations without lutropin/
i-methyl-3-isobutylxanthine: *P < 0.025: **P < 0.005. -
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O min

Smin

Asso

60 min

Fig. 2. Kinetics of lutrepin-dependent incorporation of [ Plorthophosphate into proteins of tumour Levdig cells
The Figure shows autoradiograms of [™Plorthophosphate-labelled proteins isolated from twmour Levdig cells
incubated for 0, 5 and 60min with lutropin/I-methyl-3-iscbutylxanthine (see the text) and separated by SDS/
polvacrylamide-gel electrophoresis. Included above are densitograms obtained with the 0 and 5min incubations.
Arrows indicate lutropin-dependent phosphoproteins (numerical values are molecular masses in daltons).

Table 1. Kinetics of lutropin-dependent incorporation of [3*Florthophosphare into proteins of tumour Leydig cells
Cells were incubated for 1h in the presence of [*Plorthophosphate, and lutropin/1-methyl-3-iscbutylxanthine was
added for the times indicated before the end of the incubation. Peak heights of the indicated proteins measured from
the densitograms were expressed as the percentage of the peak height of a standard protwein of molecular mass
40000 Da. Statistical analysis of the lutropin-dependent increments was done by Student’s paired r test with the
0-min incubation. Results are means + 5.D. (n = 3—4): *P < 0.05: **P < (.01,

Protein
molecular
mass (Da)

17000

22000

24000

33000

27000

35000

30000

72000

Incubation-time with
- lutropin/1-methyl-3-iso-
butylxanthine (min)

Incorporation (% peak height)
A

0
143+1.5
373+35
17.2+66
47.0+4.7
T25+52
89.0+1.8
78.0+53

106.3+ 3.8

5 10 60
330+35.2" 32.0+8.0" 56.5+ 8.7**
52715 S2.7+47* 50.5+4.0*
26.7+4.9* 28.0+5.0* 28.8+6.2*
60,7+ 7.6* 66.0 + 10.4* 652+ 7.9**
63.3 +35.0*= 95,0+ 3.6* 90.0 + 5.9%*
$1.3+3.2 50.3+0.6 83.3+2.2
§2.7+9.6 86.0+9.2 828+74

113.04 36 1127429 106.5+6.4

comparison, of three other lutropin-independent
phosphoproteins -of 35000, 30000 and 73000Da
was expressed relative to a lutropin-independent
phosphoprotein of 40000 Da (Table 1). The results

showed that phosphorylation of the 22000, 24 000,
33000 and 57000 Da proteins was almost maximal

‘after 5min of incubation with lutropin/1-methyl-3-

isobutylxanthine. whereas phosphorylation of the

[9R1
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Fig. 3. Characrerization of subcellular fractions isolated from rumowr Leyvdig cells
Subcellular distribution of cholesterol-side-chain-cleavage activity. monoamine oxidase. DNA and lactate dehydro-
genase is shown. Abscissae: the percentage of the total protein content in cach fraction is présented as cumulative
values. Ordinates; relative specific activity {percentage of total enzyme activity or amount of DINA per percentage of
total protein content). Abbreviations used: N. nuclear fraction: M. mitochondrial fraction: PMS. post-mitochondrial-
supernatant fraction, Results shown are mean values for three to five different cell preparations.
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Fig. 4. Subcellular distriburion of %P incorporatior into phosphoproieins and lutropin-dependent phosphoproteins in
Jractions of tumour Leydig celis
Relative specific activities of the incorporation of [*“Plorthophosphate into proteins of subcellular fractions and
relative-specific-acuvity values for the lutropin-dependent phosphoproteins. calculated as described in the text, are
shown, Results are means+3s.0. for twelve (%P incorporation) and three (phosphoproteins) different cell prep-
arations. For details, see the Materials 2ad methods section.

17000 Da protein increased during the whole 60min The correlation between steroid production and
incubation periocd. Finally, luiropin appeared to phosphorylaticn of proteins was further investigated
decrease the phosphorylation of z protein of at the subcellular level. Three subcellular fractions
20000 Da. were used: nuclegi. mitochondria and postmito-
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chondrial-supernatant. Particular  attention  was
given 1o the mitochondrial fraction. because of the
mitochondrial localization of the cholesterol-side-
. chain-cleavage activity (Simpson. 1979). The frac-
" tions were characterized by determining. in addition
1o the cholesterol-side-chain-cleavage activity.
the DNA content and the activity of monoamine
oxidase and lactate dehvdrogenase.

The resilts showed that the nuclear fraction con-
tained most of the DNA (55%) and that 96% of
the lactate dehvdrogenase activity was recovered in

- the postmitochondrizl-supernatant fraction. Most of
the activides of the mitochondrial marker enzymes
(70+-80%) were present in the mitochondrial frac-
tion. but significant nuclear contamination and seme
postmitochondrial-supernatant activities were also
present (Fig. 3).

. Preincubation of cells with lutropin/l-methyl-3-

- isobutylxanthine for 30min resuited in a 2.5-fold-
increased pregnenolone production in the isolated
mitochondria [194.6 - 28.6ng/30min per mg of
protein for the controls and 498.8+91.5ng/
30 min per mg of protein for the mitochondria from
Iutropin/I-methyl-3-isobutylxanthine-stimulated cells
(means+s.D.: n=3: P<0.0N)]. Relative specific
activities were calculated for the incorporation of
[**Plorthophosphate into proteins of the fractions
isolated {Fig. 4). In spite of the 4—5-fold purification

Melocular
mass (Dat

- 57000

o~ 33000

~— 24000
~—— 22000

" 17000

b AR

— - - -

- +
—_—
Postmitochondriat
supernatant

Nuclel Mitochondria

Fig. 5. Subcellular distribution  of phosphoryiated

proteins isolated from rumour Levdig cells incubated

without (=) or with (+) Buropin/l-methyl-3-isobuiyl-

xanthing

Autoradiograms  of [**Plorthophosphate-labelled
proteins in subcellular fractions of tumour Leydig
cells separated by SDS/polyacrylamide-gel ¢lectro-
phoresis arc shown. Equal portions of the total
amount of protein isolated in the fraciions were
applied.

of mitochondria in the mitochondrial fraction. the
relative-specific-activity value of this fractien for
P incorporation Into proteins was rather low
[0.65+0.35 {mean+ 5D n= 12}

The distribution of the separate lutropin-depen-
dent phosphoproteins is zlso shown in Fig. 4. The
17000 Da protein could oniv be detected in the

. nuclear fraction. whereas the 22000, 24000. 33000

and 37000Da proteins were concentrated in the
postmitochondrial-supernatant  fraction. A small
amount of the 37000Da protein was present in
the nuclear and mitochondrial fraction. Qualitative
anglyses of the subcellular distribution of phospho-
proteins showed that the phosphoproteins that had
been concenirated in the naclear and postmito-
chondrial-superantant fractions were present in the
mitochondrial fraction (electrophoresis with™ equal
amounts of protein-bound radicactivity} and that
the mitochondrial fraction hardly contained phos-
phoproteins (electrophoresis with equal portions:
Fig. 5).

Discussion

The aim of the present study was to Investigate

. the Kinetics of pregnenolene production and phos-

phorvlaiion of proteins in tumour Leydig cells after
addition of -utropin/i-methyl-3-isobutylxanthine.
Both steroid production and phosphorylation of
five proteing of 17000. 22000, 24000. 33000
and 57000Da were significently increased within
Smin after addition of lutropin/1-methyl-3-isobutyl-
xanthine.

The possibie role of the luropin-dependent phos-
phoproteins was further investigated by deter-
minaton of their subcellular localization. Char-
acterization of subcellular fractions with marker
enzymes showed that the distributions of the mito-
chondrial marker enzymes (cholesterol-side-chain- -
cleavage activity and monoamine oxidase) were

- similar and refiected an approx. 4-fold purification

of mitochendria. Marker-enzyme activities for the
nuclear and postmitochondrizl-supernatant fractions
were also present in the mitochondrial fraction. The
incorporation of **P into proteins showed z low
incorporation into proteins of the mitochondrial
fraction. After electrophoresis of equal amounts
of protein-bound radicactivity of subcellular frac-
tions. the autoradicgrams showed that the mito-
chondrial fraction contzined mainly nuoclear and
postmitochondrial-supernatan: phosphoproteins.
Thus. in spite of the 4-fold purification of mito-
chondria, there appeared to be a low incorporation
of [**Plorthophosphate into proteins of mito-
chondria. Morecover, part of this activity originated
from nuclear and postmitochondrial-supernatant
contamimation. On the basis of these observations it
is concluded that activity of protein phosphorylation
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in mitochondria is low. This conclusion is supported
by the results in Fig. 5. and so far there have been
reports on just a few mitochondrial proteins that
become phosphorylated. Among the latter, succinyl-
CoA svnthetase and pyruvate dehydrogenase are
the only phospheproteins that have been identified
(Weller. 1978). In fact. none of the lutropin-
dependent phosphoproteins could be demonstraied
in the mitochondrial fraction. The 17000 Da phos-
phoprotein was found in the nuclei and the 22000,
24000. 33000 and 57000 Da phosphoproteins were
found in the postmitochondrial-supernatant fraction.

The lurropin-dependent  phosphoprotein of
57000 Da appears w0 be the regulatory subunit of
the type-1I cvclic AMP-dependent protein kinase
(Cooke er al.. 19796). A partizlly membrane-bound
localization of this regulatory subunit (cf. Potter
& Taylor. 1979) could explain the presence of this
protein in all fractions isolated. Nothing is known
about the nature of the phosphoproteins of 22 000.
24000 and 33000Da. although thers have been
reports on cyclic AMP-binding proteins of similar
molecular mass that may have originated from the
57000 Da protein after proteolytic cleavage (Weber
& Hilz, 1978, 1979: Wallace & Frazier. 1975:
Jaynes er al., 1980). The 17000Da protein
could be involved in lutropin-induced protein
synthesis. both in adult Levdig cells {Cooke er al..
1977: Janszen et al.. 1377) and in tumour Leydig
cells (Janszen er al., 1978).

Hormone-dependent phosphorylation of proteing
has also been reported for other steroidogenic cell
types. such as rat adrenocortical cells (Podasta er al.,
1879}, porcine granulosa cells (Halpren-Ruder ef al.,
1980) and bovine luteal cells (Darbon er al.. 1980).
In those studies a large number of phosphoproteins
with molecular masses ranging from 43000 two
150000 Da was observed in cytosol fractions, but
none of these phosphoproteins were functionally
characterized. More recently, increased phos-
phorylation of phosphoproteins of 22000, 24000,
54000 and 210000Da was demonstrated in rat
adrenal quarters under the influence of cortico-
tropin (Koroscil & Gallant, 1980). The 210000 Da
phosphoprotein was reported to be localizéd in the
mitochondrial fraction, but the characterization of
the mitochondrizal fraction was not supported by the
distribution of proper marker enzymes. The rather
low incorporadon of labelled phosphate into mito-
chondrial proteins demonstrated in the present study
may rule out involvement of phosphoproteins with
enzymic proeesses occurring inside mitochondria.
Studies with reconstituted cholesterol-gide-chzin-
cleavage enzymes of bovine corpus luteum {Caron
ef al., 1975) and bovine adrenal (Defaye et al., 1981)
gave conflicting results with regard to phosphoryla-
ton of the enzyme. The mitochondrial membranes
may even prevent the entry of phosphoproteins
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into mitochondria. However. recent observations on
the possible importance of polyphosphoinositides
for stimulation of cholesterol-side-chain-cleavage
activity in the adrenal (Farese er al.. 1979, 1980:
Farese & Sabir, 1980) may suggest some role for
hormone-dependent phesphoproteins in the post-
mitochondrial-supernatant or cvtoscl. These phos-
phoproteins might stimulate synthesis of (poly}
phosphoinositides at the endoplasmic reticulum or
facilitate in some way their transport to the mito-
chondria, where increased amounis of mitochondrizl
phosphoinositides could be involved in stimulating
steroid production. It remains to be demonstrated

- to what extent the postmitochondrial-supernatant

proteins demonstrated in the present study with
tumour Levdig cells are involved in such a process.
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Lutropin increases phosphorylation of a 33 000-dalton riboesomal protein in

rat tumour Leydig cells
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Henk J. VAN DER MCLEN
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Addition of lutropin (luteinizing hormone. *LH") and 3-isobutylI-methylxanthine to
tumour Leydig gells stimulated phosphorylation of five proteins. of 17000, 22000,
24000. 33000 and 57000 Da. Phosphorylation of these proeins coincided with in-

creased pregnenolone production. Phosphorylation of 2 33 0600-Da protein was lutropin- .

dependent in Leydig cells isolated from z Leydig-cell tumour, from immature testes or
from mature testes. In wmour Leydig ceills this protein was present in the small
ribosomal subunii. Incubation of tumour Leydig cells with either cycloheximide or
puromycin inhibited both basai and lutropin-dependent pregnenolone production. by
approx. 909% and 98% respectively. In conirast, basal pregnenolone production in
Leydig cells from immature and mature tesies was insensitive to cvcloheximide or
puromycin. Cycloheximide or puromyein increased phosphorylation of the 33000-Da
phosphoprotein by approx. 130% and 80% respectively (effect of lutropin/3-iso-
butyl-1-methylxanthine on phosphorylation: 100%). The meolecular mass. the sub-
cellular localizetion and the sensitivity to pheosphorylation in the presence of
inhibitors of protein synthesis indicate that the 33 000-Da protein could be similar 1o

Department of Biochemistry (Division of Chemical Endocrinology), Medical Faculty, Erasmus University,

ribosomal protein $6.

The acuon of luiropin {(luteinizing hormone. "LHY)
on steroidogenesis in rat tumour Leydig cells is
accompamed by activation of protein kinase and
phesphorylation of pfoteins. and increased synthesis
of specific proteins (Janszen er al. 1978: Cooke
et al.. 1979: Bakker et al. 1581: for a review, see
Rommerts & Brinkmann, 1981). It is not known
whether. ang if so how. phosphorylated proteins or
newly. synthesized proteins are related to the
rate-limiting step in steroid production. ie. the
cholesterol-side-chain-cleavage activity in mito-
chondria. Lutropin-dependent phosphorylation of
five proteins (17000, 22000, 24000, 33000 and
57800 Da) has been demonstrated in rat turnour
Leydig cells, and phosphorylation of these proteins
cotneided with increased steroid production {Bakker
er al. 1981} The 17000-Da protein was isolated
from the nuclear fraction. and the other four proteins
were isolated from ihe postmitochondrial super-
natant. None of the luiropin-dependent phospho-
-proteins was localized in mitochondria. Hence a
direct effect of these phosphoproteing on the
cholesterol-side-chain-cleavage enzyme  appears
unliikely.
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Hormone [corticotropin (ACTH) or lutropinl-
stimulated steroid production is dependent on.

_protein synthesis (Schulster ef el. 1974: Cooke

eral.. 1975: Farese e gl.. 1980). Lutropin-dependent
phosphoproteins present in the postmitochondrial
supernatant may be involved i regulation of protein
synthesis essential for steroidogenesis. In the present
study we have therefore further investigated the |
localization and properties of the phosphoproteins
present in the postmitochondrial supernatant. with
particular reference to the ribosomes.

Materials and methods

Details of chemicals and methods uwsed for
isclation and incubation of tumour Leydig cells have
been described previously (Bakker er al. 1981).
[#*P]P, (carrier-free) and U-'*C-labelled r-zmino
acids mixture (100-500Ci/mol) were purchased
from New England Nuclear. Boston, MA, US.A.

Isolation of testis Leydig cells from immature (21—
23 days)and mature (90—100C days) Wistar rats {sub-

- strain R -Amsterdam)y was performed as described

by Janszen er al (1976}, except that no dextran-

" 0306-3283/82/060809-07501.50/1 © 1982 The Biochemical Society |
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céntrifugation step was used. Incubation of cells was
essentially as described by Bakker er al (1981). In
brief, cells were preincubated for 60min and
incubated with or without lutropin/3-isobutyl-1-
methylxaathine as indicated (lutropin  concen-
trations: 100ng/mi for immature and mature testis
Leydig cells, 1000ng/ml for tumour Leydig cells:
_ 3-isobutyl- I-methylxanthine: 0.25mm), Incubations
were performed in the presence of inhibitors of
pregnenolone metabolism or [*PIP,. and with or
without cycloheximide (8%9uM) or puromycin
(120 um).

For isolation of ribosomes. tumour Leydig celis
were incubated at 32°C under an atmosphere of 5%
CC. in air in Krebs—Ringer buffer without phosph-
ate {(pH 7.3). with 0.2% glucose and 0.1% albumin
{4 107 cells/2.5ml). Labelling was performed for
60min with 1254Ci of [**PIP, in the absence or

presence  of lutropin/3-isobutyl-1-methylxanthine

_or cycloheximide. as indicated. Subsequently. cells

were transferred to tabes containing Smi of
0.125M-NaH,PC,/20mm-NaF/82 mm-Tris (pH 7.3).
Ribosomes were isolated as described by Walton &

- Gill (1973}, Cells were centrifuged (10min at 100 g).

resuspended and homogenized in (.25 m-sucrose/

50mMm-Tris/ECL (pH 7.5)/25 mm-KCl/5 mm-MegCl./

20mm-NaF. with a Dounce glass homogenizer as
described by Bakker er al. (1981). After removal of
cell debris (10min at 100g) and nuclei plus mito-
chondria (10min at 15000 g). the isolated post-
mitochondrial supernatant was adjusted w0 4%
Triton X-100 and 1% sodium deoxycholate. A
ribosomal peilet was obtained by centrifugation
in a Beckman SW 40 rotor for 2h at
29000rev./min  (105000g,. ). Ribosomes were
resuspended in 150 ¢ of TMD buffer 12 mm-Tris/

tat

33000

LHMIX,

L&)

33000

LH/MIX. ..

605  40%

805 403 603

+

Fig. 1. Subcellulgr localization of the lutropin-dependent phosphoprotein of 33000 Da and the effect of cycloheximide on
its phosphorylation
Tumour ~Leydig cells were incubated for 60min with [*¥PIP, in the absence {~) or presence (+) of
lutrepin/3-isobutyl- I-methylxanthine (LH/MIX): (@) without cycloheximide: (4} with cycloheximide. Ribosomes were
isolated {see the Materiais and methods section) and proteins were separated by sodium dodecyl sulphate/
potyacrylamide-gel electrophoresis. Each panel shows the protein staining (on the left) and the corresponding

radicautogram (on the right).
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HCl (pH 7.5)/0.5 mm-MgCl,/0.1 mm-dithiothreitol ).
The suspension was adjusted to 250mm-KCI by
addition of 504 of 1M-KCl in TMD buffer, and
layered on top of a Iinear 15-35% sucrose gradient
(11ml} in 10mMm-Tris/HC! (pH 7.5)/250 mm-K Cl/
2mm-MgCl,. The gradients were centrifuged in a
Beckman SW 40 rotor for 15h at 25500rev./mm
(80900 g,, ). The 4, pattern of the gradient was
recorded. Fractions of the gradient containing the
408 and 608S subunits were pooled and adjusted to
10 mm-MgCl,.. Ribosomal proteins were pre-
cipitated by the addition of 0.7vol. of ethanol.
Finally. proteins were analysed by sodium dodecyl
sulphate/polyacrylamide-gel electrophoresis (Bakker
et al, 1981).

For determination of incorporation of **C-labelled
amino acids into proteins, cells were incubated in
Minimal Essential Medium (Grand Island Biclogical
Co.. Grand Island. NY, U.S.A.)" contaming (per
lizre): 1.19 g of L-glutamine, 100mg of streptomycin.
100000 units of penicillin and 625 ug of Fungizone.
Incubations were performed at 32°C under 2ir/CO,
{19:1) in medium containing 1% foetal-calf serum.
During 60 min of preincubation. tumour Leydig cells
attached to Petri dishes (approx. 2 x 10° cells/dish).
Incubations for 30min in the presence of 10uCi of
MCabelled amino acids were performed in a final
volume of approx. 8504 with or without lutropin/
3-isobutyl- I-methylxanthine. After incubation, at-
tached cells were washed with § x I'ml of 0.9% NzCl
and then 5 x 1 ml of 10% trichloroacetic acid (all at
4°C). Finally. cells were dissolved in 1mi of
I1M-NaOH for determination of radioactivity and
proteir  content. For determination of ncor-
poration of |**P[P, into proteins. an incubation
similar to that described above was performed with
cells attached to Petri dishes (approx. 2 x10°®
cells/dish). Incubations were for 60 min with 125 pCi
of [¥PIP, in 2ml of Krebs—Ringer buffer without
phosphate (pH 7.3). containing 0.2% glucose and
[9% foetal-calf serum.

Results

Ribosomes were isolated from tumour Leydig
- cells that had been incubated for §0min with [2P]P,
with or without Ilutropin/3-isobutyl-1-methyl-
xanthine. After homogenization of the celis, the 408
and 60S ribosomal subunits were separated on
15-35% sucrose gradients. Phosphorylated proteins
obtained from the ribosomal subunits were separated
by sodium dodecyl sulphate/polyacrylamide-gel
electrophoresis. The lutropin-dependent 33000-Da
phosphoprotein was present in the 408 subunit {Fig.
1). Phosphorylation of a protein with the same
molecular mass was stimulated by lutropin also in
immature and mature testis Leydig cells (Fig. 2)

Effects of inhibitors of protein synthesis on preg-
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nenolone production and phosphorylation of pro-
teins were investigated with concentrations of
cycloheximide (89 ¢M) and puromycin (120 um) as
described by Cocke er all (1975) for mature testis
Leydiz cells. These concentrations inhibited protein
synthesis in all Leydig cells investigated to the same
extent {approx. 959%). Cycloheximide or puromycin
mhibited both basal and lutropin-dependent preg-
nenolone production in tumour Leydig cells by
approx. 90% and 98% tespectively {Table I). In
contrast, 2 specific phosphorylation of the 33000-
Da protein was detected in the presencs of cyclo-
heximide (Fig. 3) or puromycin {results not shown).
Phosphorvlation was increased by 130% and 80% in
the presence of cycloheximide and puromycin
respectively [stimulation by lutropin/3-isobutyl-1-
methylxanthine = 100% (Table 1: see also Fig. 1)1
Moreover, a synergism of lutropin and cyclohex-

- imide was observed with regard to phosphorylation

of the 33 000-Da protein (Table 1).

17000

e
sy
+

Mature

LH/MIX... - + .

Immature

Fig. 2. Radioautogram showing the lutropin-dependent
phosphorviation of the 33000-Da protein in immature
and mature testis Leydig cells
Leydig cells were incubated for 60min with
[2P]P, in the absence (—) or presence (+) of
lutropin/ 3-isobutyl-I-methylxanthine (LH/MIX).
Phosphorylated proteins were isolated and separated
by sodium dodecyl sulphate/polyacrylamide- ge
electrophoresis. Arrows indicate lutropin-dependent
phosphoproteins and their molecular masses in

datrons.
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Table 1. Effeet of inkibitors of protein syntkesis on pregrencione production and incorporation of 12PP, into the
. 33060-De prosphoprotein in tumour Leydig cells
Celis were incubated for 60min with inkibitors of pregnenclone metabolism or (PP, as descrided previcusly
(Bakker er g/, 1981). Parailel incubations (in duplicate) wers performed In the absence () or presence {+) of cvclo-
heximide {CX). puromyein {PUR) or jutropin/3-isobutyi-1-methylxanthine {LH/MIX). Pezk keights of the 33000-
Dz phosphoprotein measured from the densitograms were expressed as the percentage of the peak height of a
standard protein of molecular mass 46000 Dz, Results are means + 5.D.. for the numbers of different cell preparations
shown in parentheses. Statistcal analysis was done by Students paired f test: n.s.. not significant.

Phosphate in 33 000-Da protein
A

regnencions -
p A Effect of
. CX PUR ) hange versus Change versus  inhibitor versus
LE/MIX {(8%uv) (1204M) (ng/10° cells) —LE/MIXT (%5 of peak height)  --LE/MIX S LE/MIX

- — — 41,1481 (5 — 69.3+63 {4 —_ —

+ — - 2500 +£31.1 (5 P <0005 TR2£37(4) P<O025 —

- + - 4.7+ 1.6(5} PLO00S 814+7.1(4) P<0.005 —

+ + - 7.0+ 1L7(5) P<0.005 90.5+4.3 (4 P <0005 P <0005

—_ - -+ 4.2+ 1.5(5) P<0005 75.3+£55(3) P<0.025 —

+ - + 5.1+ 1L7(5) P <0005 §2.3+46.8(3) P<0.01 ns.

33000 : éff\ 57060
T '
41 N
I t ¥
| 1 Y
|1
i
o
$ s
Acen

g,

ST

e

Fia. 3. Effects of lfutropin/3-ispburyl-F-methyvixanthine and cvelokeximide on phosphoryvlation of proteins of tumour
. Levdig cells
Phosphorviated proteins were isolaied from cells incubated in the presence of lutropin/3-isobutyl- 1-methyixanthine .
with or without cyvcloheximide. Radioautograms obtained after sodium dodecyl sulphate/poivacrylamide-gel
efectrophoresis wers scanned with a Gilford specirophotomerer {for full details see Bakker e al. 1981). Arrows
indicate lutropin-dependent phosphoproteins. The large arrew indicates the additionzl phosphorylation of the
33000-Da phosphoprotein observed in the presence of cveloheximids, Numerical values are molecular masses in

daitons.

Kinetic studies of the inhibition of pregnenclone pregnencione production after addition of cyclo-
producticn and the phosphoryviation of the 33000- heximide was more or less the same, which indi-
Da protein were performed with cvcloheximide. The cated the possible involvement of 2 protein(s) with 2

decrease with time in baszal and lutropin-stimulated half-life of approx. 6min (Fig. 4). A gradually
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‘nenolone production in immature and mature testis g' = é = e e m
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P 4 o = —en == —
heximide (Table 2) or puromycin (resulis not g}' 2% . S¥SS
shown). .55 g_ +H
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Increased phosphorylation of the 33000-Da 25 = L Pocasa
ribosomal protein might be the consequence of 'E E E
increased specific radioactivity of [y-32P]ATP caused 52
by imcreased uptake of [**P]P, in the presence of E z
lutropin/3-isobutyl-1-methylxanthine. On the other g5 Nar |1+ +
hand, phosphorylation of the 33000-Da protein may R =
be involved in regulation of protein synthesis. There- £ )
fore incorporation of [¥PJP, and ¥C-labelled °s [
amino acids into proteins was determined. How- T E = 1+ +
. : . o =
ever, no effects of lutropin/3-isobutyl-1-methyl- e -

xanthine could be demonstrated (Table 3).
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. Teble 3. Incorporation of [*P\P, and “*C-labelled amino acids into proteins of tumour Levdig cells

Cells were incubated in the absence (=) or presence {(+) of lutropin/3-isobutyl- I-methylxanthine with either 125 ¢Ci
of |**P1P; or 10Ci of "“C-labelled amino acids. Incorporation of label was determined as described in the Materials
and methods section. Resuits shown are values obtained with duplicate incubations {mean T range).

Expt. 1
Luiropin/ J-isobutyl-
l-methyix;anthine 60 min per mg}
- 587.0+57.1
+ 523.1+34.2

{1077 ¥Pe.pim./

Expt. 2 Expt. 3
{107*x “*Cd.p.m./. (10~ x “Cd.p.m./
30minpermgl ~  30min per mg)
101.4+5.4 [65.1+3.5
101.8+10.8 162.4+6.5

Discussion

- The aim of the present study was to investigate .

further the localization of lutropin-dependent phos-
phoproteins demonstrated in tumour Leydig cells
(Bakker er al. 1981). which might be involved in
regulazion of steroidogenesis. The results indicate
that a lutropin-dependent phosphoprotein of 33000
Da was present in the 408 ribosomal subunit isolated
from tumour Leydig cells. Cycloheximide and
puromycin also stimulated phosphorylation of this
protein. under conditions in which basal and
. lutropin-dependent pregnenoclone productions were
inhibited. The decrease with time in pregnenoclone
production under basal and stimulated conditions
was zbout the same. which suggests the possible
involvement of a protein(s) with a short half-iife
(approx. 6min).

Unlike tumour Leydig celis. basal pregnenolone .-

- production in immature and mature testis Leydig
celis was not inhibited by cycloheximide (or puro-
mycin). Basal pregnenclone production expressed as
ng/60min per 10* cells in tumour Leydig cells is
relatively high (approx. 80 times and 6—7 times the
basal pregnenolone producuon in immature and
mature testis Levdig cells respectively). Apart from
different -contents of Levdig cells in the various
preparations (cf. Janszen ef al.. 1976: Cooke et al.
[679). the higher basal pregnenclone production in
tumour Levdig cells may be due to increased basal
amounts of cvelic AMP {¢f. Cooke er al. 1976,
1979). This would explain the comparable kinetics of
inhibition by cycloheximide of pregnenclone produc-
tion under basal and stimulated conditions (Fig. 4).

Effects of protein-synthesis inhibitors on phos-
phorylation of ribosomal protein S6 ‘have been
reported  (Gressner & Wool, 1974: Lastick
& McConkey., 1980). The molecular. mass. the
subcellular localization and the sensitivity to phos-
phorviation in the presence of inhibitors of pro-
wein synthesis suggest that the 33000-Da protein
could be similar to pretein 86, Immazure and mature

testls Levdig cells alse showed a lutropin-dependent |

phosphioprotein of 33000-Da. which suggests that
in Levdig cells from rat testis lutropin-depencent
phosphorylation of ribosomal protein 86 occurs.

The increased. phosphorylation of ribosomal
protein S6 in the presence of inhibitors of protein
synthesis has been explained by inhibiton of
metabolism of cyclic nucleotides (Gressner & Wool.
{974: Leader, 1980). However. increased amounts
of cyclic AMP will probably stumulate cyelic
AMP-dependent protein kinase in a non-specific
way. resulting in increased phosphorviation of all
cyclic AMP-dependent phosphoproteins. In the pre-
sent study we observed an effect only on phos-
phorylation of protein $6. Therefore. increased
phosphorylation of a specific protein in the presence
of cvcloheximide or puromycin cannot be easily
explained by a non-specific ingrease in cyclic AMP.
Moreover. since no effect of lutropin/3-isobutyl-
1-methylxanthine could be detected on the in-
corporation of [*PIP, into proteins phosphoryi-
ation owing to changes in the specific radioactivity of
|4-**P]ATP is unlikely. The increase in phosphoryl-
ation of ribosomal protein S6 was hnigher in the
presence of cycleheximide than of puromycin, which
may be related to the different actions of cvclo-
heximide and puwromycin. The action of cyclo-
heximide (inhibition of the peptidyl-transiocation step
of elongation) involves binding to the ribosome.
resulting in inhibition of passage of the ribosome

‘along the’ mRNA. The action of puromycin,

however, involves binding to the growing peptide
chain. which causes release of this peptide chain and
dissociation of the ribosomal subunits. Hence: the
greater stimulation of phosphorylation of ribosomal’
orotein 86 in the presence of cycloheximide shown
in our study and in other studies (Gressner & Wool.
1974: Lastuck & McConkey. 1980) might be due 10
steric hindrance at the ribosome. Phosphoryvlation of
protein 86 in the presence of cycloheximide in-
creased with tme. which may indicate that its
phosphorylation continues under the influence of the
basal activity of probably cyclic AMP-dependent
protein  kipase (see above). whereas dephos-
phoryiation 1s impaired or even impossible. owing to
the presence of cvcloheximide. During incubations
of ribosomes isolzted from bovine adrenal (Walton &
Gill. 1973) and corpus luteum (Azhar & Menon.
1975} with cyclic AMP-dependent protein kinase.
phosphorylation of a single protein in the 40S
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subunit and of six to twelve proteins in the 608
suburnit has been observed. The greater number of
rhophoproteins in those studies may represent an
artifzct in virro (see. e.g.. Krebs & Beavo. 1979).
Phosphorylation of ribosomal protemm S6 has
been frequently related to increased protein syn-
thesis (Leader. 1980). However. in tumour Leydig
cells incorporation of amino zcids into proteins
was not stimulated by lutropin/3-isobutyl-1-methyl-
.xanthine during 30min of incubation. whereas
lutropin-dependent phosphoryiation of protein 86
was almost maximal after 5Smin of incubation
{Bakker et al.. 1981). It is possibie. however, that
synthesis of some specific protein, Le. the rapidly-
turning-over protein(s) required for hormone-
dependent steroid production. is increased via
phosphorylatior of proteins involved in protein
synthesis. : :
It is known that cyclic AMP can stimulate
phosphorylation of protein $6 in some other cell
types: hepatocytes (Gressner & Wool, 1976).
thymocytes (Wettenhall & Howletr, 1879). HelLa
cells (Lastick & McConkey. 1980}, Moreover. cyclic
AMP can stimulate synthesis of specific proteins
such as tyrosine aminotransferase (Wicks er al.
1969: Snoek e al.. 1981) and phosphoenolpyruvate
carboxykinase (Iynedjian & Hanson. 1977) in rat
hepatocytes and hepatoma cells, with no detectable
increase in general protein synthesis. The increased
synthesis of 1tyrosine ammotransferase in rat
hepatoma cells in response to cyclic AMP appears
to reflect an increase in the rate of initiation on the
tyrosine aminotransferase mRNA (Snoek er al.
1981). In Leydig cells a similar mechanism could
operate for the induction of the rapidiy-turning-over
protein(s} required for lutropin-dependent steroid
.production. The lutropin-dependent phosphoryl-
ation of ribosomal protein $6 and proteins of 22000
and 24000 Da (Bakker er al.. 1981) might partici-
pate in this mechanism of specific translation.

This work was financially supported in part by the
Dutch Foundation for Medical Research (FUNGO).
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SYNCPSIS

The correlation between changes in hormone—dependent pregnenoclone
production ané phosphorylation of six proteins has been investigated with
tumour Leydig cells cultured at 32°C or 379C for two days in order teo
establish which phosphoprotein may play a predominant role in the
regulation of stereid production.

Pregnenolone productionw and phosphorylation of proteins of 17000, 22000,
24000, 33000 and 57000 Da which were stimulated =zfter addition of
‘lutropin/l-methyl=3-isobutylxanthine (LH/MIX; 1000 ng/ml and 0.25 mM resp.)
or dibutyryl cyelic AMP {(dbeAMP; 0.5 mM) declined after a two days culture
period to approx. 15% and 40% of the original activities. A 20000 Da
phosphopretein was dephosphorylatéd under the influenze of LE/MIX or
dbcAMP, and this hormone—dependent dephosphorylation alse decreased during
culture.

LE~independent protein phosphorylation was not changed even after five days
of culture at 32%C. Tncubation of cells at 37°C rather than 32°C
significantly stimulgted pregnenolone production on day 0, whereas on day 1.
cells were less acrive ar 37°C than ac 32°C.

The'capaci:y of the cholesterol side—chain cleavage (CSCC) activity (tested-
with 25-hydroxycholesterocl; 32 uM) which was at least seven~-fold greater
than the maximal Lﬁ/MIX-stimulated activity, was on day 2 approx. 44% of
the activity oa day O.

These results indicate that in isolated cells in culture a defect in
thé stercidogenic pathway develops between cyelic AMP (cAMP) and CSCC. This
defect may be at the level of the hormone—dependent protein phosphorylation
because phosphorylatioﬁ of 211 the 6 phosphoproteins studied decreased to
the same extent. The change in Lg;stimulated phosphorylation of the 57000
Dz protein (the regulatory subunit of the type II éyclic AMP-dependent
protein kinazse) during culture closely correlated with the decline.in
acfivity of control and cAMP-stimulated protein kinase during culture of
cells at 3290 and at 37°C. Thus, ﬁhe decreased activity of cAMP-dependent
protein kiﬁase may accouni for the observed changes in phosphorylation of
LH-dependent phosphoproteins aznd will contribute to the decreased steroid

production.
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INTRODUCTION

Paosphoproteins play 2 very impertant role in the regulétion of
cellular wnmetadelisw (Cehen, 1982). Hormornes can regulate the
phosphorylaticn of these phosphoproteins via three different protein kinase
systems {NMishizuka et al., 1979). Studies with adrenal cell mutants
containing reduced activiiies of zdenylatre dyclasgse and cAMP-dependent
protein kinase have shown that the cAMP-dependent protein kinase system is
essential for hormone-stimulated steroid production {Rae et al., 1979,
1980; c¢f. 2lso: Lin et al., 1982).

Eormonal stimulation of steroidogenie cells is accompénied by an
increase in the cAMP concentration (reviews by Marsh, 1976; Schimmer,
1980), activarzion of cAMP-dependent protein kinase (Cooke et al., 1576;
Podesta et z2l., 197%; review Dby Scaimmer, 19%80) and 3Iacreased
phosphorylation of proteins (Cooke et ai, 1977; Podesta ot al., 1979%;
Korescil & Galilant, 1980; Bakker et al., 1981). The similarities in thae
kinetics of increased steroid preduction and phosphorylation of specific
proteins after addition of ACTH or LH suggest that phosphoproteins could be
esgential for regulation of steroid production (Koroseil & Gallang, 1980;
Bakker et al., 1981; Dathon et al., 198L1). .

We have recently demcustrated that phesphorylation of five proteins of
17000, 22000, 24000, 23000 and 37000 Da and pregnénolone productien in
tumour Leydig ceils are increased within 5 min after addition of LH/MIX
(Bakker et al., 198l). Hence, all these LH-dependent phosphoproteins could
be essential for acute regulation of steroid production by‘LH. Hdwever, the
rapid phospherylation of the five LE-dependent phosphoproteins made it
impossible teo assess with kinetic experiments the importance of individual
rhosphoproteins. Recently, several studies have reported a decrease in
stimulated stevoid productien of Leydig cells in culture (Hsueh, 1980;
Hunter et al. 1982; Murphy & Moger, 1982; Rommerts et al., 1982; Verhoeven
et al-, 1982). Preliminary results with tumour Leydig cells in culture also
showed a2 decreae in LH-stimulated formation of phosphoproteins. Hence,
experiments were carried out to invesrigate which phosphoproteins decreased
in parallel with steroid producricn. Such phosphoproteins might be
important for the regulation of the {SCC activity, and might be involwved im

the decreased responsiveness of cultured Leydig celils.



MATERIALS AND METHODS

Chemicals and methods used for isolation and incubation of tumour

Leydig cells were essentially as described previously (Bakker et al., 1981;
1982).
(Y"32P)adenosine—5'—triphosphate {1000-3000 Ci/mmoli; v -——32P—ATP) was
purchased from New England Nuclear, .Bostomn, Mass., U.S.A. Cyclice
adenosine-3':5'-monophesphate (cAMP), N6—2L0—dibutyryl cyelic AMP (dbcAMP)
and adenosine-5'-triphosphate (ATF) were from Boehringer, Mannheim,
Germany. 5-Cholestene—38,25-diol (25-hydroxycholesterol) was from
Steraleids Inc., Wiltom, NH, U.S.A.

Isolation and incubation of tumour Leydig cells

Tumour Leydipg cells were obtained by dispersion of rumour fragments
(Bakker et al., 1981) with cellagenase containing 0.1% albumin for 25 min
at 37°C. Isolated Leydig cells were immediately incubated in Petri dishes
(1-2 x 106 cells per dish; 35 x 10 mm) with 2 ml Minimum Essential Medium
(Grand Island Biol. Comp., Grand Island, NY, U.S.A.), containing per litre:
1.19 g L-glutamine, 100 mg streptomycin, 100,000 1.U. penicillin and 625
pg Funglzone. '

Incubations were performed at 32°C or 37°C under an 2ir/C0, (95 ¢ 5)
atmosphere in.medium containing 1% foetral calf SeTum. During the first bhour
of incubation, Leydig cells attached to the Petri dishes. Attached cells
were washed three times with Krebs-Ringer buffer without phosphate (pH 7.3)
containing 0.27 glucose and 0.1% albumin, immediately before the estimation
of pregnenclene production or protein phosphorylation during the 2nd (day
0), 20th {day 1) or 44th hour (day 2) of incubation. Final concentrations
of chemicals added to the Leydig cells in this medium were: LH, 1000 ng/ml;

MIX, added with LH, 0.25 mM; dbeAMP, 0.5 mM; 25-hydroxycholesterol, 32 pM.

Estimation of pregnenolone preoduction

Pregnenolone production was determined with 1 x 10% cells in a final
volume of approx. 2 ml during a 60 min incubation period in the presence of
inhibitors' of pregnenolone merabolism (Bakker et al., 1981). After
incubation the medium was extracted two times with 2 mwl ethyl acetate, and
the amount of pregrenclone was determined by radioimmunozssay. Attached
cells were washed with 0.15 M NaCl and dissolved in 1 ml 1 M NaOH for

determination of the amount of protein.



Phosphoryiation of proteins

) Phos?horylation.of proteins was performed with 2 x 105 ceile in 2
final volume of zpprox. 600 pl, incubated for 60 min with 100 nCi (32P)Pi.
Afrer incubation, -cells were washed with cold (0-49C) 0.125 M NaE,P0,,
82 mM Tris/HCI and 20 mM NaF (pH 7.3). Cells were dissolved ic hor (&0-
QOOC) sodium dodecyl sulphate (SDS)-contéining lysing buffer and
phosphorylated proteins were isolated, separated Dy SDS—polyacrylamide gel
electrophoresis and quantified zs described previcusly (Bakker et al.,
1981). '

Estimation of activity of cAMP-dependent pretein kinase

Activity of cAMP—dependent pretein kinase was estimated essentially as
described by Corbin et al- {1%73). Buffer sclutions used were: Buffer A: 10
-mM KH,PO, ., 10 mM EDTA, 2 m¥ thecphylline (pE 6.5); Buffer B: 17 mM KE,PO,,
6 mM magnesiuvm acetate (pH 6-8). Additional solutions made with Buffer B
were: 400 mM NaF; % pM cAMP; 10 mg/ml hiscones (Worthingtom Blochem. Cozp.,
Freehold, NJ, U.8.A.), contzining 2 pg/ml ATP.

Attached cells {2 x 108 per dish) were washed with Krebs-Ringer buffer
without phosphate as described above and were subsequently detached from
the dishes with 1.2 ml Buffer A, contziniag 0.1% Triton X-100. Lysis of
cells was performed by sonication for 5 sec at 09C. Protein kinase activity
was assayed in triplicate in a firnal volume of 100 pl- 5 pl 400 oM NaF,
10 pl Buffer B (= without cAMP) or 10 pl 6 pM cAMP, 15 pl (v-32p)aTp
(approx. 0.2 nCi; in Buffer B), 50 Pl histones/ATP solution were mixed and
kept on dce. After the addition of 20 pl enzyme sclution in Buffer A
(approx. 6 pg protein) incubation was carried.out for 10 min at 37%.
Incubation was stopped by the 1. : 1 (by vol.) addition of 20X
.crichloroacetic acid (TCA). Precipitated histones were dissolved in 200 pl
SDS-containiag lysing buffer {(Bakker et al., 1981} together with 10-20 pl
1 M Tris. Washihg of phosphorylated histones was performed by precipitation
with 20% TCA and redissolution in SDS~contaiaing lysing buffer (+ Tris)
(two times). Histones dissolved in SDS—containing lysing buffer were
assayed for 32P—radioactivity and the amount of protein (Peterson, 1977).

Blank incubations (i.e. without the addition of enzyme solution)
contained less than 0-2% of the adéed amount of {Y—BZP)ATP, which was less
than 14% of the amount of radicactivity incorporated inzo histones in
contrel incubations. The coefficient of variation of triplicate eszimatioﬁs
of protein kinase activiry was B.3% + 3.2 (mean #+ S.D.; n = 28).
Incorperation of 32p into histones in the presence of cAMP was 4-6 foid

higher than {n control incubations.



RESULTS

Characterization of cell wviabilicy

Isolated tumour Leydig cells could be maintained in culture for more
than seven days without morphological signs of degeneration. A slight
increase in protein content (at 32%C on day 2 versus day O: 18%Z + 18, p <
0.005, m = 24; at 37°C on day 1 versus day 0: 15% + 3, p < 0.005, n = 24)
and incorperation of 146—labelled amino acids in proteins (at 32 °C om day
2 versus day 0: 21% + 16, not significant, n = 6; at 37°C on day I versus
day 0: 47% + 25, p < 0.003, n = 6} during’.culture indicated that the cells
alse remained functionally viable. TE{e electrophoretic patterns of LH-
independent protein p‘nosphorylaiion on day 0 znéd day 5 were similar (Fig.
1).

A B

Fig. 1. Effeect of culture on LH-independent protein phosphorylation.
Tumour Leydig.cells were cultured for 1 h (&) or 120 h (B) and
subsequently incubated for 60 mir with (32P)P-. Phosphorylated
proteins were isolated and separated by $DS-polyacrylamide gel
electrophoresis. The Figure shows the autoradiogram obtained.



Pregnenolotte production

Pregnenclone preducticn by tumour Leydig cells incubated at 32°C was
determined onm day 0O, day 1 and day 2 of culrure in the presence of LH/MIX,
dbcAMP or 25-hydroxycholesterol. Stimulated pregrnenclone production {(i.e.
control production subtracted) decreased with time under 2all conditions
tested (Ta@le 1}. Basal pregnenolone production decreased from approx. 45
ng on day 0 and 1 to approx. 153 ng/60 wmin/mg protein on day 2.

Pregnenolone production stimulated with LH/MIX or dbeAMP on day 1 and
day 2 was approx. 75% and 17% of the activity om dzy 0 (Table 1). DbsAMP-
stimulated pregnenolone production was always significantly higher (p <
0.05) than the LE/MIX~stimulated pregnenclone production. The (SCC activity
estimared with 25-hydrowxycholesterol, which waé alwéys at least seven—fold
higher than the LH/MIX-stimulated activity and a2t least four-fold higher
than the dbcAMP-stimulated activity, was approx- 93% (on day 1) and approx.
447 (on day 2) of the activity on day 0. '

Incubation of cells at -37°C instead of 32°C resulted in a
significantly higher stimulated pregnenclone production on day O, whereas
pregnenolone production by cells incubated for 24 h at 27°C was

significantly lower {p < 0.005; n = 12; Table 1}.

Protein phosphorylatien

Phosphorvlation of proteins was investipated in the zbsence or
presence of LH/MIX or dbcAMP. Both agents stimulated phosphorylation of
five proteins of 17000, 22000, 24000, 33000 and 57000 Dz and
depnosphorylation of a protein of 20000 De {(Fig. 2Z; Table 2)-
Phosphorylation of most of the proteins on day 0 was significantly lower
with dbcAMP than observed with LH/MIX, especially for the 17000 Da protein.
However, dephosphorylacion of the 20000 Da protein was the same with LH/MIX
or dbcAMP (Table 2)., For comparison of the effects of LH/MIX and dbcaMP on
pregnenclone producticn and {(de)phosphorylation of proteins see Fig. 3.
LH/MIX~stimulated phospherylation of the 17000 Da protein decreased more
zapidly than (de)phosphorylaticr of the five other LH-dependent
phosphoproteins (see: Table 2). Changes in incubation temperature [27°%

versus 32°C) had no significant effects on protein phesphorylation.

cAMP-dependent protein kinase

The decreased phosphorylation of the Lli-dependent phosphoprcotein of
57000 Da (the regulatory subunit of the type ITI cAMP-dependent priotein
kinasec; cf. Cooke et al., 1979) suggested a deérease in activity of cAMP-
dépenden: protein kinase. Hence, protein kinase enzyme activity was

determined with histones as substrate.



Stimulated pregnenolone production during short-term culture of tumour Leydig cells

Table 1
+ LB/MIX + dheAMP + 25mhydroxycholestefol
(g/60 min/mg protein) (ug/60 min/mg protein) {(Hg/60 min/mg protein)
A
day 0 32°% 0,23 + 0.11 (100) 0.47 + 0.13 (100) 1.68 + 0.26 (100)
37% 0,31 + 0,13 (100) 0.67 + 0.06 (100) 2,00 + 0,23 (100)
daay 1 32°%C 0.16 % 0,05 (72) 0.35 + 0.09 (74) 1,57 4 0,25  (93)
37%  0.t1 £ 0.10  (36) 0.31 + 0.13 (46} 1.45 + 0.27  (72)
day 2 32% 0.03 + 0.02 (13) 0.09 + 0.07 (206} 0.74 + 0.48 {d4)

Tumour Leydig cells.were incubatedin duplicate for 60 min in the presence of LE/MIX, dbcAMP or
25-hydroxycholesterol, and inhibitors of pregnenclone metabolism. Contrel productions were sub-
tracted. Results are means + 5.D. (n = 4). After incubation of cells at 37°C instead of 32°C
stimulated pregnenclone production was significantly increased on éay 0 {p < 0.005} and
significantly decreased on day 1 (p < 0,01; n = 12). DbcAMP-stimulated pregnenclone production
was significantly higher thén the LH/MIX-stimulated pregnenolone production: p < 0.05. The
25-hydroxycholesterol-stimulated pregnenclone production {in per cent) was significantly higher
than LH/MIX- and dbcAMP-stimulated pregnenolone production on day 1 ang day 2: p < 0.05. The
values in parentheses give the effect of the adjuvant expressed as the percentage of the effect

on day 0.
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Autoradiogram showing the effects of culture on LE-dependent
protein phosphorylation. Tumour Leydi

§ cells were cultured for 2
days and incubated for 60 min with (®*P)P, on each day of culture

in the absence (=) or presence (+) of LH/lMI.X {see: Materials and
Methods). Phosphorylated proteins were isolated and separated by
SDS=polyacrylamide gel electrophoresis. For the contrel samples
only the autcoradiogram of phosphorylated proteins isolated on day
0 is shown. Numerical values denote molecular masses in Daltons-
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Table 2 LH/MIX- and @bcAMP-stimulated phosphorylation and dephosphorylation
{z) of proteins during short-term culture of tumour Levdig cells

Molecular + LE/MIX + dbcAMP
mass _ . . .
(% peak height) {% peak height)
17000 pa  day O 19.1 + 5.2, (100) 4.1 + 1.1 (100}
day 1 10.5 ¥ 0.4 (58) 1.8% 1.6 (44)
day 2 175 1.6 (9 1.8% 2.5 (44)
22000 pa  day © 11.2 + 3.4° (200) 8.2 + 5.0 (100)
day 1 5.6 % 1.7° (50 3.1 % 5.8 (99)
day 2 5.1 % 5.7 (46) 4.8 7 4.0 (59
24000 pa -day O 9.4 + 1.7° {100) 4.6 £ 3.2 (100}
day 1 4.5% 2.7 (48} 2.7% 2.3 (59)
day 2 3.5 % 5.3 (37) 2.7 1.4 (59)
. n
33000 Da - day O 13.4 £ 3.50 (100) B.1 + 1.2 (100)
day 1 8.9 % 4.0, (66) 6.7 % 1.5, (83)
day 2 3.1 % 0.4 {23) 2.6 % 1.2 (32}
57000 b2 day 0 7.6 + 3.3 (100) 6.1 + 2.05 (100)
day 1 5.8 % 2.4, (78) 2.9 % 1.2, {47
day 2 4.3F 2,10 (57) 3.2 %.0.3 (52)
= a a .
20000 pa® day © 25.9 +11.0% (100) 27.3 + 2.2% (100}
- day 1 18.9 = 8.22 (73) 19.2 ¥ S.0% (70)
day 2 10.8 ¥ 2.4° (42) 15.1 ¥ 1.0°  (59)

Tumour Leydig cells were incubated at 32°C with (32P}Pi in the presence -
or absence of LE/MIX cxr dbcAMP. Densitogram tracings of autoradiograms
were obtained after electrophoresis of phosphorylated proteins. Phosphor-
vlation of Li-dependent phospheoproteins was expressed relative to the
phosphorylation of an LH-independent phosphoprotein of 40000 Da as a peak
height ratio (Bakker et al., 1981). Values shown are stimulated (de)phos—
phorylation of proteins {comtrel values subtracted). Pezk helght ratios
of protein phosphorylation not stimulated by LE/MIX or dbcAMP on day 1
and day 2 were less than 10% different from the peak height ratio on
day 0. Results are means + S.D. of three different cell preparations.
Statistical analysis was performed with the corresponding control incuba-—
tion on each day of culture. a, p < 0.05; b, p < 0.01. DbcaMP-stimulated
phosphorylation of proteins was significantly lower on day 0 relative to
LE/MIX-stimulated phosphorylation (17000 Da, p < 0.023; four other phos-
phoprotéins: p < 0.05). Numbers in parentheses dencte the effect of the

adjuvant expressed as the percentage of the effect on day 0.
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Fig. 3. Effect of culture period on LH/MIX (e)~ and dbcAMP (o)-stimulated

pregnenclone production and phosphorylation/dephosphorylation of
proteins in fumour Leydig cells at 32°C. Results are means + S.D.
(n = 3=4; from Tables 1 and 3).

*, significantly different (p < 0.05) from coantrol 1ncubatlons on
each day.

cAMP-independent and cAMP-siimulated activiry of protein kinase
declined continvously during the two days culture period (Table 3). Protein
kinase enzyme activity {always assayed at 37°C) was not significantly
decreased when cells were cultured for 24 h at 37°C Iustead of 32°C (Table
3)- The decline in stimulated phosphorylation of the 57000 Da protein in
the presence of LH/MIX occurred in paralle% with the decline in activiry of

cAMP-independent and cAMP-dependent protein kinase enzyme activity (Fig.
4. '
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Table 3. Activity of cAMP-dependent protein kinase during short-term culture of tumour

Leydig cells at 32% and 37%

control with added cAMP
32% 37% 32% 37%
day 0 9.2 + 2.9 (100) 9.9 + 4.5 (108) 45.6 + 26.2 (100) 48.9 + 37.7 (107)
day 1 6.5 + 2.4 (13%) 6.0 + 1.5 (65%) 35,0 + 22.8 (77%) 29.8 + 18.8 (65%)
day 2 5.5 + 1,9 (60%) n.d. 25,4 + 12.3 (56%) n.d.
3 . 32

Values are incorporation of 10~ x P-cpm/10 min/mg protein. Stimulation of kinase
activity by cAMP was 4-6-fold. Results are means + S.D, obtained with three different
cell preparations and for each cell preparation three different enzyme assays. Numbers
in parentheses denote the activity expressed as the percentage of the activity on day 0
at 329C. '

%, significantly different from activity on day 0, p < 0.05 (paired t-test);

n.d. = not determined.
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DISCUSSION

Specific phosphoproteins are probably important for regulation of
hormene—~dependent stereid production- In tumour Leydig cells, 1H
stimulatiqn resulted in increased pregnenolone produétion and increased
phosphorylafion of five proteins of 17000, 22000, 24000, 33000 and 57000 Da
(Bakker et al., 1981). To investigate which LH~dependent phosphoproteins
might be essentizl for regulation of steroid production, changes in
hormone—dependent pregnenclone proauction and protein phosphorylation were
studied during short—-term culture of tumour Leydig cells.

During short—term culture of tumeour Leydig cells LH-dependent

pregnenolone production and (de)phosphorylation of specific proteins
declined in parallel. Incubation of cells ar 379C instead of 32°C resulred
in 2 significant increase ia pregnenolone preduction on day 0, whereas
after 24 h incubation at 37°C pregnenolone production was significantly
lower. Cell viability was apparently not changed, because there were no
morphelogical indicatious for cell degeneration when cells had been
cultured for mere than seven days. Moreover, protein content and
incorporation of l'I‘C--fl.::;.bellec’l amineo acids inte proteins increased during
the culture period, indicating that cells also malintained general
functional activities. The constant pattern of hormone-independent protein
phosphorylation suggests that also many specific functional zactivities are
maintained during the culture period.
From these observations we have concluded, that the changes which occurred
in the LH-dependent protein phosphorylation and steroid production are
rather specific and cannot be attributed to non—specific effects resulting
from cell damage.

Addition of dbcAMP instead of LH/MIX to tumour Leydig cells on day 0
resulted in significantly higher stimulated pregnenolone production (see
also: Carr et al. 1981l) and significantly lower phosphorylation of hormone—
" dependent phosphoproteins. The greater stimulation of protein
phosphorvlation by LH/MIX (especially the 17000 Da protein), when compared
to dbcAMP, may reflect stimulation of other than cAMP-dependent protein
kinase systems (Nishizuka et al., 1979). Hewever, it is difficult to
explain zhe relatively high protein phosphorylaticon and low steroid
preduction in the presence of LH/MIX in comparison with the relatively low
protein phosphorylation and high steroid production induced by dbeAMP. Tt
may be possible that high deoses of LH cause, in addition to stimulétory
actions, z2lso inhibitory actions. ’

A remarkable feature of the hormonal response of cultured tumour

Leydig cells was the dephosphorylation of a 20000 Da protein in the
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presence of LH/MIX or dbcAMP. A similar observation has been described for
rat adrenal cells imcubated with ACTE (Koroscil & Gallant, 1980). The
LE/MIX~stimulated dephosphoryiation of the 20000 Da protein also decreased
curing églture. Similar to observations with adr;nal cells (Korescil &
Gallant, 1980) the 20000 Da pfotein in tuﬁour Leydig cells is alcso present
in the cytosol fraction (results not shown). )

LH-dependent phesphorylation of the 17000 Da nuclear protein (cf.

"Bakker et al., 1981) decreased faster during culture than
{(de)phosphorylation of all other LH~dependent phosphoproteins. In
combinmation with the relatively slow phosphorylation of the 17000 Da
protein after azddition of LH/MIX (Bakker et al}, 1981), rhese observations
could indicate that phosphorylati&n of the 17000 Da protein is not directly
involved in the acute regulation of steroid production by LH.

The capacity ¢f the CSCC activity in tuwmour Leydig cells estimated
with 25—hydroxycholesterol (cf- Mason & Robidoux, 19735: Alsema et al.,
1980; Toaff et al., 1982) was significantly higher and decreased
significantly less than the DH/MIX- or dbcAMP-stimulated pregnenolone
production. Thus, the CSCC capacity is probably not rate-limiting for the
LH/MIX- (or dbeAMP-) stimulated steroid production, but apparently the
control of the CSCC changes during culture of the Leydig cells. Both the
LE/MIX—- and dbcAMP-stimulated steroid production decreased in .culture and
this suggests that the major changes relevant to the control of {SCC ocecur
after formation of cAMP.

Specific protein phosphorylation declined in culture, and the
gsimilarities in the decline of hormone-stimulated phosphorylation and
dephosphorylation of specific proteins indicate that a defect at the level
of protein phospherylation developed-during culture. The decline in
phosphorylation of the LH-dependent phosphoprotein of 57000 Da, which has
been identified as the %egulatory subunit of the type 11 cAMP-dependent
protein kinase (cf- Cooke et al., 1979), suggested that the activicy of
cAMP-dependent protein kinase had decreased. Estimation of protein kinase

_enzyme activity in broken cells showed a significant decrease in activity
of caMP-dependenr and ~independent protein kinase. The decline in protein
kinase activities parallelled the decline in LH-dependent phosphorylation
of the 37000 Da protein, suggesting that the decline in protein kiunase
activity might be caused@ by decreased zmounts of the cAMP-dependent pr?teiﬂ

 kinase. ) 7

Stimulation of CSCC in Leydig cells by LR is tﬁe final step in a-
cascade of events and amplification steps. This cascade includes cAMP

formation, activation of protein kinase, phosphorylation of proteins and
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protein synthesis. Various dose-response relationships of these activities
have been compared. It has been shown that the dose-response curve for
hormone~dependent cAMP production znd steroid production are at completely
different hormene levels (Cooke et al., 1976; Schumacher et al., 1979;
Darbon et al., 1981; review by Schimmer, 1980). The cAMP concentrations for
binding to or activation of protein kinase and steroid preduction are more
comparable (Cooke .et al., 1978; Podesta, 1978; Schumacher et al., 1979),
but still far from perfect. However, dose-response curves for protein
phosphorylation and stercid production coincide almost perfectly (Cooke et
al., 1977; Koroscil & Gallant, 1980; Darbon et al., 1981l; Gonzalez—Martinez
et al., 1982). The kinetics of protein phesphorylation and steroid
production also correlate (Koroscil & Gallant, 1980; Bakker et al., 1981;
Darbon et al., 1981). Measurement of endogenous protein phosphorylation
therefore appears to represent gquantitatively the most reliable parameter
for initial events occurring after hormeonal stimulation of Leydig cells and
it shows the best correlation with the functional response, i.e. with
steroid production.

The extent of phosphorylation of most of the LE-dependent proteins
after two days culture was decreased to approx. 40%, whereas steroid
production was decreased to 13%. This difference may indicate that other
factors in between protein phosphorylation and activation of {SCC, such as
synthesis of specific proteins, may also decrease concomitant with the
accompanying effects on the CSCC activity.

Cells incubated for 1 h at 37°C (day 0) were more active in
pregnenolone production than ceils at 32°C, as can be expected from geneval
temperature effects on erzyme activities. In contrast, cells incubated for
it a at 37°C produced less amounts of steroids than cells incubated for 24
h at 329C. These results may indicate that the specific processes of
protein kinase and protein phosphorylation are also stimulated at highef
temperature. These small temperature effects, however, could not be
detected in protein phosphorylation and protein kinase activity and are
probably masked by the experimental conditions.

Phosphorylation of Leydig cell proteins has been documentced for
freshly isolated rat Leydig cells {Cooke et al., 1977; Bakker et al.,
1981), in rat Leydig cell extracts {Cooke et al., 1979%; Dufau et al.,
1981) and in primary cultures of porcine Leydig cells (Gonzalez-Martinez et
al., 1982). '

In cultured mouse Leydig cells dbcAMP was unable te maintain
testosterone responsiveness for more than three days, which suggested a
block in the steroidogenic pathway (Huanter et al., 1982). However,

decreased activity of cAMP-dependent protein kinzse might partly explain
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The results with mouse Leydig ceils. The present results do not indicate
which factor(s) are necessary to maintain the adtivity of cAMP-dependent
protein kinase in cultured cells. Moreover, tumour Leydig cells isclated
from mature male rats seven davs after'hypophyseétomy, responded oo TH/MIX
or dbcAMP (reéults not shewn) comparable éo cells iscolated from sham=—
operated znimals. These results Indicate that LH is not important for
maintenance of protein kinase but only for activation (see alisc: Hsueh,
1980). '
In c¢onclusioen, decreased activities of at least one important
shosphoprotein, i.e. the {regulatory subunit of) cAMP-dependernt protein
Linase, significantly contribute to the decreased steroid production of
cultured (tumour) Leydig cells. It is not clear, however, which facter(s)

are ‘important for the maintenance cf this enzyme.

ACKNOWLEDGEMENT

This’wo:k was financially supported in part by the Dutch Foundation for
Medical Research {FUNGO).

REFERENCES

Alsema, G.J., Degenhart, H.J. & Hoogerbrugege, J. (1980) J. Steroid Biochem.
13, 539-543. - ’
Bakker, G-H., Hoogerbrugge, J.W., Rommer:ts, F.F.G. & van der Molen, H.J.
T (1981) Bicchem. J. 198, 339-346.
Bakker, G.H., Hoogerbrugze, J.W., Rommerts, F.F.G. & van der Molen, H.J.
(1%82) Bicchem. J. 204, B809-815.
Carr, B.R., Ohashi, M., Parker Jr., C.R- & Simpson, E.R. (1981) J. Clin.
Endocr. Metab. 52, 1124-1128. .
Cohen, P. (1982) Nature 296, 613-620.
Coocke, B.A., Lindh, L.M. & Janszen, F.H.A. (1976} Biochem. J. 160, 439-446.
Cocke, B.A., Lindh, L.M. & Janszen, F.H-.A. (1977} Biochem-. J- 168, 43-48.
Cooke, E.A., Lindh, L.M. & van der Molen, H.J. (197%) J. Endocz. 83, 32P-

33P.

Corbin, J.D., Soderling, T.R. & Park, C.R. (1973) J. Bicl- Chem. 248, 1813-
1221. : )
Darbon, J.M., Ursely, J. & Leymarie, P. {1931) Eur. J. Biochem. 119, 237~

243.

Dufau, M.L., Sorrell, S.H. & Catt, K.J. {1%81) FEBS Lett. 131, 229-234.
Gonzalez—Martinez, A., Benahmed, M., Bowwmelaer, M.C., Haour, F., Saez, J.M.
& Dazord, A. (1982) Biochem- Biophys- Res- Comwmun- 105, 334-340.

Hsueh, A.J.W. (1980} Biochem. Biophys. Res. Commun. 97, 506-512.

Hunter, ¥.C., Magee-Brown, R., Dix, C.J. & Cooke, B.A. (1982) Molec. Cell.

’ Endoer. 25, 35-47.7

Koroscil, T.M. & Gallant, S. (1980} J. Biol. Chem. 255, 6276-6283.

Lin, T., Lincoln, T.M., Brown, N., Murono, E.P., Osterman, J. & Wankin,
H-R. (1982) Endocrinology 111, 13%1-1393.

Marsh, J.M. (1976) Biol. Repred. 14, 30-53.

Mason, J.I. & Robidoux, W.F. {1973) Molec. Cell. Endocr. 12, 269-308.

Murphy, P.R. & Moger, W.H. (1%82) Biol. Reprod. 27, 38-47.

Nishizuka, Y., Tzkai, Y., Hashimoto, E., Kishimoto, A., Kuroda, Y., Sakai,

18



K. & Yamamura, H. (1979} Molec. Cell. Biochem. 23, 153-165.

Peterson, G.L. (1%77) Anal. Biochem. 83, 346-356. :

Podesta, E.J., Dufau, M.L. & Catt, X.J. (1976) Molec. Cell. Endocr. 5, 109—
122.

Podestz, E.J., Dufauw, M.L., Solano, A.R. & Catt, X.J. (1978) J. Biol. Chem.
253, 8994-9001.

Podesta, E.J., Milani, A., Steffen, H. & Neher, R. {1879) Proc. Watl. Acad.
Sei. {U.S5.4.) 756, 5187-5191.

Rae, P.A., Gutmaon, N.8., Tsaoc, J. & Schimmer, EB.P. (1979) Proc. Natl.
Acad. Sci. (U.S.A.) 76, 1896-1900.

Rae, P.A., Zinman, H., Ramachandrarn, J. & Schimmer, B.P. (1980} Moleec.
Cell. Endocr. 17, 171-179. ’

Rommerts, F.F.G., van Roenburg, M.J.A., Lindh, L.M., Hegge, J.A.J. & van
der Molen, H.J. (1982) J. Reprod. Fert. 65, 289-297.

Schimmer, B.P. (1980) Adv. Cyecl. Nucl. Res. 13, 181-213.

Schumacher, M., Schifer, G., Lichtenberg, V. & Hilz, H. (1979) FEBS Lett.
107, 398-402.

Toaff, M.E., Schleyer, H. & Strzuss III, J.F. (1982) Endocrinoclogy 111,
1785-1790.

Verhoeven, G., Keninkx, P. & de Moor, P. {1982) J. Steroid Biochem., in
press.

19






Appendix Paper IV

{Submicted o Molec. Cell. Endocr.)






POSSIBLE FUNCTIONS QOF LH-DEPENDENT PHOSPHOPROTEINS AND PROTEIN SYNTHESIS IN
THE REGULATICN OF CHOLESTEROL SIDE-CHAIN CLEAVAGE ACTIVITY IN RAT TUMOUR
LEYDIG CELLS

Ger H. Bakker, Jos W. Hoogerbrugge, Fockc F.G. Rommerts and Henk J. van der
Molen

Department of Biochemistry (Division of Chemical Endocrinclogy), Medical

Faculty, Erasmus University, Rotterdam, The Netherlands

Correspondence to:
’G-H- Bakker

Department of Biochemist£y IT.
Medical Faculty

Erasmus University Rotterdam
P.0. Box 1738

3000 DR ROTTERDAM

The Netherlands




SYNGFSIS

Stimulation of tumour Leydig cells with lutropinfl;ﬁetbyl—B—
isobutylxanthine (LE/MIX; 1000 ng/ml and 0.25 mM, resp.) resulted in
increased phosphorylation of seven proteins of 17000, 22000, 24000, 33000,
43000, 57000 and 76000 Da, and in dephosphorylation of a protein of 20000
Da. None of these phosphoproteins was present in mitochondria. The
- possible role of these extra—mitochondrizl Li-dependent phOSphoproﬁeins for
sreroid production has been investigated in wmere detail.

Addition of actinomyein D (10 pg/ml} to tumour Leydig cells did not
affect LH-dependent pregnenclone production withian 1 h. Hence, synthesis of
(m)RNA and LH—dependent phosphorylation of the nuclear phosphoprotein of
17000 Da appear not important for acute regulation of steroid producticn.
The 20000, 22000, 43000, 70% of the 57000, and the 76000 Da phosphoproteins - -
were present in the cytoscl fractiom. The phosphorylaticn of the 76000 Da
concomitant with dephosphorylation of the 20000 Da protein Suggestgd that
these (phospho)proteins represent the microfilament proteins myosin light-
chain (the 20000 Da protein) and its kinase (the 76000 Da protein)..
éytocﬁalasin B-(SO uM) inhibited control and LE-dependent pregnenclone
production by approx. 50%, but had no effect on protein phosphorylation.

Addition of LH (100 ng/ml) to perifused Leydig cells from immature
rats preincubated with cycloheximide (8% pM) did not cause a transient
stimulation of pregnenolone production, suggesting that relatively stable
precursor protein(s) are probably not obligatory for regulation of stercid
production.

The 24000, 33000 and 30% of the 57000 Da phosphoproteins were present
in the microsomal fraction of tumour leydig cells. Effects of LH on
synthesis of specific proteins could not be detected using SDS-
polyacrylamide gel electrophoresis of radioactively labelled proteins.
However, increasing concentraticens of cycloheximide (0.2 - 0.8 aM)
inhibited LH~dependent pregnenolone production significéntly more than
unstimulated steroidogenesis. These specific effects of -low coucentrations
of cycloheximide occur when hormones reguléte initiation of protein
synthesis. _

In conclusion, the present results suggest that the LH—dependent
phosphoproteins may play a role iIn the regulation of the cytoskeleton aad
specific synthesis of presently unidentif;ed rapidly~turning-over
protein(s) which ultimately influence(s) the mitochondrial cholesterol.

side—chain cleavage (CSCC) activity.



Abbreviations used: ACTH, adrenocorticotropic hormene;
cAMP, adenosine cyclic 3',5'-monophosphate;
CSCC, cholesterol side—chain cleavage;
25-hydroxycholesterol, 5—cholestene-38,25~diol;
SDS, sodium dodecylsulphate.



_INTRODUCTION

Additioﬂ of lutropin/l-methyl-3-iscbutylxanthine (LH/MIX:; 1000 ng/ml
and 0.25 mH{ Tesp.) to tumour Leydig cells resulted in increased
phosphorylation of five proteins of 17000; 22000, 24000, 33000 and 57000 Da
(Bakker er 2l., 1981). A 20000 Da protein was dephosphorylated by LH/MIX
(Bakker et al., 1583). The similarities in the kinetics of phosphorylatiom,
dephosphorylation and pregnenolone production after addition of LE/MIX
under different experimental conditions (Bakker et al., 1981, 1983}
suggested that all Li-dependent phosphoproteias may be essential for LE-
regulation of stercid production in tumour Leydig cells. None of these
specific LH-dependent phosphoproteins was present in the mitechoundria,
which indicates that regulatiom of cholesterol side—chain cleavage (CSCC)
activity by these specific phosphoproteins occurs indirectly.

Hormonal regulation of sterocidogenesis requires the continucus
synthesis of protein(s) (Garren et al., 1965; Schulster et al., 19743 Cooke
et al., 1975; Farese et al., 1980; Bakker et al., 1982; Mori & Marsh,
1982). The amount of the specific regulator proteins may be controlled by
changes in the rate of synthesis of mRNA, transformation of relatively
stable, pre—existing precursor proteins or via changes in the rate of
initiation or elongation of wWRNA translation. LH action on tumour Leydig
cells invelves phosphorylation of the nuclear 17000 Da protein (Bakker et
al., 1981) as well as phosphorylation of the ribosomal protein S6 (Bakker
et al., 1982). Hence, LH-dependeunt phosphoproteins may be involved in
synthesis of the protein factor(s) required for LH-dependen: steroid
production at the level of DNA transcriptiom and/or mRNA translation.

"Moreover, phosphoproteins may influence the—cytoskeleton (e.g. Janis et

al., 1980; Bhalla et al., 1982), which has been shown to be important for
szerodd production {Crivello & Jefcoate, 1978; Hall et al., 1979; Silavin
et al., 1980). '

The present study was undertaken to iavestigate which subcellular
activities may be regulated by the iundicated iH—depeudent phesphoproteins
and whether these activifies might be involved in the regulation of steroid

production.

MATERIALS AND METHODS

Chemicals used, procedures for isolation of Leydig cells from immature
rat tesces and tumour Leydig cells, incubation conditions, SDS-—

polyacrylamide gel electrophoresis of phosphorylated proteins,



incorporation of JH~- znd 1*C-labelied amino acids into proteins have in
essence been described“previously (Bakker et al., 1981, 1982). (4,5-
3H)Leucine (58 Ci/mmol} and (5—3H)uridine (5 Ci/mmol) were purchased from
The Radiochemical Centre, Amersham, Bucks., U.K. Actinomycin D was
obtained from Boehringer, Mannheim, Germany. Cytochalasin B was from S$Sigma,
St. Louis, MI, U.S.A. 5-Cholestene-3f£,25-diol (25-hydroxycholesterol) was
from Steraloids Imc., Wilton, NH, U.S.A. Experiments were performed
generally with 1-2 x 105 cells preincubated at 32°C for 1 h, and incubated

for another hour.

Effects of actinomycin D

The effects of actinomyein D {10 pg/ml) were investigated on
inceorporation of 2 pCi 3H—uridine or 3H-leucine into macromolecules, and on

'

control and LH-dependent pregnenolone production.

Perifusion of immature Leydig cells

Perifusion of immature Leydig ¢ells was performed as described
previously (Rommerts et al., 1982). Immature Leydig cells were preincubzted
on a2 special suppert in a Petri dish prier to perifusion. Perifusion of

' cells was performed with Minimum Essential Medium containing 1% foetal calf
serum and either cycloheximide (89 uM) or cyclcheximide plus LH (100 ng/ml)

as explained in the legend to Figure 2.

Effects of low concentrations of eycloheximide

The effects of low concentrations of cycloheximide (0.2-0.8 uM) on
protein synthesis and LH-dependent pregnenolone production were studied
with tumour Leydig cells. Tumour Leydig cells were incubated with L4 amine
acids for 30 min or with inhibitors of pregnenolone metabolism for 60 min

(Bakker et al., 1982).

Subcellular fractionation

Microsomes (139000 x g . pellet) aand cytosol (195000 =x g,
supernatant) were isolated from the post—mitochondrial superuvatant prepared
according to Bakker et al. (198l). The medium for homogenization of tumour
Leydig cells (Freienstein & Blobel, 1974) comtzined: 10 mM KC1, 10 mM
Tris/HC1 (pE 7.5), 1.5 nM MgCl,, 2 wM dithiothreitol, 20 mM NaF. After
homogenization of tumour Leydig cells with a Dounce glass homogenizer, the
osmolarity of the medium was adjusted to that of 0.15 M NaCl by addition of
0.1 volume of & buffer containirng: 1 mM KC1l, 200 aM Tris/HCI (pH 7.5), 30
=M MgCl,, 20 mM dithiothreitol, 20 mwM NaF. For subfractionation of the

postmitochondrial supernatant a Beckman SW 40-rotor {40000 rpm — 199000



"8,y) for 3 h 40 min, or a Beckman Alrfuge (100000 rpm - 132000 ga;) for 17
min was used.

Electrophoresis of phosphorylated proteins

SDS—polyaecrylamide gel electrophoresis of phosphorylated proteins was
" performed with equal portions of the proteins present in the micresomal and
cyrosol fractioms. Derzils on measurement of LH effeects on protein

phosphoryilation have been published elsewhere (Bakker et al., 1981).

RESULTS

Subcellular fractionation

Subfractionation of the post-mitochondriazl supernatant isolated from
tumeur Leydig cells showed that the LH-dependent phosphopreteins of 24000
znd 33000 Da zppeared to be coacentrated in the microsomal fraction,
whereas the 20000, 22000, 43000 and 76000 Da phosphoproteins were

concentrated in the eytosol fractioca (Fig. 1 and Table 1). The 57000 Da was

Table 1 Subcellular localization of lutropin—depeﬁdent phosphoproteins in

microsomal and cytesel fracrions of tumour Leydig cells

Molecular mass FraéFlon

in Daltons Microsomes Cytosol
20000 6% + 6 S4% + 6
22000 LY ¥ & S6% + 4
24000 L 94% T 7 6% F 7
33000 95% + 7 5%+ 7
43000 8L F 5 9272+ 5
37000 32% + 4 687 + 4
76000 Sk ¥ 7 952 + 7

Microsomes andrcytosol were isolated and equal portions of the fractions
were separated with §$DS-polyacrylamide gel electrophoresis (see: Fig. 1).
For all the proteins indicated, the LH effects on protein phosphorylation
were measured from the peak heights in densitograms obtained frow.
microsomes and cytosocl. The sum of the LH/MIX—indﬁced peak in!cytOSol and
.microsomal fractions was -tzken as 100Z. The distribution of the
phosphoproteins over the two subcellular fractions was calculated from the
relative contributions of the LH/MIX-induced protein phosphorylation.

Results are means + S5.D. (from four different subcellular fraccionafionsy
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Fig. 1. Autoradiogram showing the localization of LH-dependent
phosphoproteins in microsomal and cytoscl fractions of tumour
Leydig cells.
Tumour Leydig cells (15 x 106 } were 1ncubated in the presence of
P-P; without (=) or with (-t} LH/MIX. Microsomes and cytosol were
obtained using the Airfuge (see Materials and Methods). Arrows
indicate LH~dependent phosphoproteins with their molecular masses
in Daltouns.

for 30% present in microsomes and for 70% in the cytosol (Table 1). Almost
ro mutval contamination of the fracticons was observed and the pattern of
LH-independent phosphoproteins was completely different. Phosphorylation of
the 20000 Da was peculiar, becaus_e under the influence of LE/MIX
phosphorylation of this protein decreased.

The 43000 and 76000 Da proteins were clearly present in the cyrtosol
fractions, but were difficult to observe in preparations of phosphorylated
proteins from intact cells. In addition, the intensity of especially the
43000 Dz phosphoprotein band in the a\itoradiogram was dependent on the
fractionation procedure, as the band was mere pronounced after isolation,
using the Airfuge (centrifugation time 17 min) than using t‘ne normal

ultracentrifuge {centrifugation time 3 h 40 min).

Experiments with cytochalasin B

To study a possible involvement of microfilaments in LH-dependent

steroid production, the effect of cytochalasin B on LH-dependent



pregnenclone productioq 2nd phosphorylation of proteins was éstimated.
Cytochalasin B inhibited control and LE/MIX-stimulated pregnenclone
production by approx. 50% and 45% resp. (Table 2), whereas cytochalasin B
inhibited pregnenolone production in the presence of 25-hydroxycholesterol
for mot more than 15%. No effect could be Gbserved on (ée)phosphorylation
of protgins under cocntrol and LH/MIX*stimulate& conditicns (results not

showmny.

Experiments with actinomycin D

The possible iavolvement of (m)RNA synthesié in Lﬁraction was studied
with actinomycin D- Addition of actimcomycin D Zo tumour Leydig cells caused
an almost complete inhibition of incorporation of 3H~uridiue, with no
inhibition of incorporation_of 3H-leucine or Li-dependent pregnenolone

production {Table 3).

Perifusion of immature Leydig cells

The presence of a relatively steble precursor protein which could give
rise to formation of protvein(s) with a short half-life after adminfstration
of LH was estimated during perifusion of immature Leydig cells in the
presence of cyclohexiﬁide. 1f a stable precursor protein plays az role, LH
stimulation of preincubated Leydig cells in the presence of cycloheximide
would induce a transient increase in stercid production. However, no such
transient increase in pregmenolone production could be demonstrated apart
frowm a slightly increased pregneﬁolone production during the perifusion,

which was LH-independent (Fig. 2)-

Protein synthesis and pregnenolene production

Protedin synthesis-in tumcur Leydig cells was alsc investigated By
comparison of S$DS patterns of newly synthesized L4 1avelled proteins from
. cells incubated for 15 min with or ;ithout LH/MIX. However, no effects of
'LH/MIX on the qualitative pattern of protein synthesis could be observed
(resulrs not shown). -
Quantitative effects of various low concentrations of cycloheximide on
incorporation of l4c-labelled amino zcids into proteins and pregnenolone
produétion in tumour’Leydig célls_wgre z2lso determined. Overall protein
synthesis was equally ichibited in contrel and LH/MIX-stimulated cells,
" whilst inhibition of LH—dépendent pregnanolone producticn was significantly
higher than inhibition of control pregnenclone production-(p < 0.005; Fig.
3). The lines drawn in Fig. 34 do not rum ia parallel {p <« 0.01),
indicating that increasing doses of cycloheximide resulted in a2 greatér

inhibitozy effect on stimulated cells than on unstimelated cells.



Table g Effect of cytochalasin B (50 EM) on pregnenclone production in

tumour Leydig cells

no cytochalasin B with cytochalasin B % inhibition
(ng/n/mg protein) (ng/h/mg protein)
Control 57.5 +  26.9 25.5 + 16.7 58.3 + 9.7
LH/MIX 421.8 + 93.9 229.0 + 49.8 45.7 + 3.2
25-0E~chol 983.0 + 231.0 848.5 + 210.0 14.0 + 1.7

Tumour Leydig cellsiattached to a Petri dish were preincubated for 1 h,
folleowed by incubation for 1 h at 32°C. Incubations were with or without
LH/MIX, or with 25-hydroxycholesterol (25-0CH-chol; 32 pM). The average
percentage inhibition was calculated from the individual values obtained
within each experiment- Statistical significance of the imhibition by
cytochalasin B was p< 0.01 (paireé] t—test) under all conditions tested.
Results are means % S5.D. obtained in three different experiments with

duplicate incubartions.

Table 3 Effect of actinomycgin D on incorporation of Jg~uridine and 3H_-

leucine into macromolecules, and on LH-dependent pregnenclone preduction

Cellular activicy % decrease
Incorporation of 3H-ul:"idine 97 + 3 (3)
Incorporation of 3g-leucine 4+ 11 (3)
LH-dependent pregnenolone production 4+ 5 (68)

Tumour Leydig cells attached to a Petri dish were preincubated for 2 h,
followed by incubation for 1 h ar 37°C in the presence of 3H-uridine, 3a-
leucine or inhiBitors of pregnenclone metabolism, and with or without
actinomycin D (10 pg/ml). The average percentage decrease was calculated
from individual values obtained within each experiment. Results are means +
S.D. with the number of different cell preparations in parentheses. Basal
and LH-dependent pregnenolone production {in ng/h per mg protein) were 183
+ 82 and 622 + 400 (mean + S.D.; a = 6)-
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Fig. 2. Effect of cycloheximide (89 pM) cn LH-dependent pregnenolone

production during perifusion of Leydig cells isclated from
immature Tat testes

Perifusion of 1 h preincubated cells was performed with nediuvm
containing cycloheximide (solid lines) or with nedium containing
cycloheximide plus LE (100 ng/ml) (dashed lines). Results shown
are the awmounts of pregunenolone released ineto the perifusien
redivm during 10 min periods. Results obtained with the same group
of cells are connected via the (solid or dashed) lines. Results
shown were obrtained with cells from three differeat cell
preparations.
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Fig. 3. Effects of low concentrations of cycloheximide on pregnenolone 7

productlon (A) and incorporation o‘ iC-isbelied aminc zcids into
preteins (B) in tumour Leydig cells

Tumour Leydig cells were preincubated for 1 h and incubated with
various doses of cycloheximide, and with (dashed lines) or
without (solid lines) LE/MIX- Incubations were carried out for, 60"
win for estimation of preghenolone (A) or for 30 min with i4go
labelled amine acids (B). Results are expressed as the percentage
of the z¢tivity in the 2bsence of cycloheximide. Mean values of
duplicate incubarions from three (A) or two (B) different cell
preparatious are shown. Inhibition of LH-depeandent pregnenolone
production was significantly higher than inhibiricn of control
pregnenolone production {p < 0.003). Lines drawn in panel A do mot
run in parallel {p < 0.01). Statistical anaslysis was performed
with Student's paired t-test.
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~ DISCUSSION

Protein synthesis and cellular microfilaments appear to be required.
for LE~dependent steroid productiom, and the extra—mitochomdrial LE-
dependent phosphoproteins of 17000, 22000, 24000, 33000 and 57000 Da in
rumour Leydig cells (Bakker et al., 1981l) may plzy 2 role im regulatiom of
protein synthesis and/or the cytoskeleton. )

We have shown previously, that the LH-dependent phosphoprotein of
17000 Da is localized in the nucleuns (Bakker et al., 1981) and this may’
suggest that nuclear activities aré required for the effect of LH on
protein synthesis and LH-stiwulated steroid production. Inhibition of
{m)RNA synthesis with actinomycin D, however, had no effect on LH—~dependent
pregnenolone production. This may indicate that (m)}R¥A synthesis is not
required for the acute steroiﬁcgenic response to LH in fumour ieydig celis,
similar to observations made with adremal tissue for ACTH (Garren et z21.,
'1965), testis Leydig cells for.LH (Cooke et 31.,'1979b) and ovarium
foliicles for LE {(Losier & YoungLai, 1981).

'.Fractionation of the post=mitochondrial superanatant isolated from
tumour Leydig cells showed the presence of LH—dependent phosphoproteins in
cytosol and microsomes. LIi—dependent phosphoproteins of 20000, 22000,
43000, 57000 and 76000 Da were present in the cytosel. The combination of
the molecular masses, the cytosel iocalization, the phosphorylaticn of the
76000 Da protein coinciding with dephosphorylation ¢f the 20000 Dz protein, -
suggests that the 20000 and 76000 Da phosphoproteins could be similar to
myosin llght—chain znd myosin light—chain kinase respectively.{Adelstein et
al., 1578; Bhalla et al., 1982). The Lﬂ—éependent phosphoprotein of 43000
Da present in the cyrosol and actin share the same molecular mass {e.g.
Riddle et al-;_19?93). Leydig cells isolated from immature and mature rat
testes alsc showed LH=-dependent phosphorylaticn of a 76000 Da protein (see:
Bakker et zl., 1982) and dephosphorylation of a 20000 Da protein
(unpublished results). These results suggest that the 20000, 43000 and
76000 Da phosphoproteins may be related to microfilaments. The LE-dependent
phospnorylation of  these putafive microfiiaments.proteins might indicate
:hét activatioﬁ of microfilaments via phosphorylation of proteins could be
esséntial-for hormone—dependent sterbid production {Crivello & Jefcoate,
1978; Hall et 2l., 1979; Silavin et al., 1980).

This hypothesis wag furher tested by incubaticn cf tumour Léydig
cells with cytochalasin B. Cytochalasin B sigaificantly dinhibited both
control and LH-dependent pregnenclone production, whereas a rather small,
although significant, effect on 25-hydroxycholesterol-stimulated

pregnenolone producticn and no effect on phosphorylation of proteims could
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be demonstrated. Pregnenclone production in the presence of 25-
hydroxycholesterol gives an estimation of the CSCC activity (cf. e.g. Toaff
et gl., 1982). The (apparent) unaffectedness of CSCC and protein
phosphorylation iIn the presence of cytochalasin B suggests that CSCC and
activation of cAMP-dependent protein kinase de not involve microfilaments,
which are influenced by cytochalasin B.

The effect of cytochalasin B on unstimulated pregnenolone production may be
explained by the fact that pregnenolene production in tumour Leydig cells
is slightly stimulated by 6ther factors than LH. This has been discussed
earlier to explain the inhibitory effect of cyclcocheximide orn control
preganenolone production (Bakker et al., 1982).

Protein synthesis is mnecessary £6r hormone-dependent steroild
production (e.g. Schulster et al., 1974; Cooke et al, 1975). Since nuclear
processes are probably not involvaed in the acute steroidogenic response
(see above), the protein factor(s) required either could be present as a
precursor protein(s) as proposed by Cooke et al. (157%2), or should be
newly synthesized as proposed by Garren et al. (1965)-

Cooke et al. (197%z) proposed that stimulation of steroié production
in testis Leydig cells may involve transformation of a stable precursor
protein(s) into an active protein with 2 short half-life. It was suggested
that this precursor protein(s) could be synthesized independent of LE
action. If this is true, the presence of precursor protein(s) might enable
a transient steroid response when protein synthesis is inhibited by e.g.
cycloheximide. However, the perifusion experiments with immature Leydig
cells in the present study did not show experimental eidence for the
presence of a regulator protein(s). Hence, if such precursor protein(s) do
exist, these are apparently of minor importance for Li-dependent stereoid
production.

Hormone-dependent steroid productiorn may thus rely on newly
synthesized rapidly-turning—over protein(s) (¢f. Garren et al., 1965). We
have shown, in agreement with others, that overall protein synthesis in
steroidogenic tissues and cells is not increased shortly after addition of
hormone (Garren et al., 1965; Cooke et al., 1975; Bakker et al., 1982;
Younglai & Osoko, 1982). Moreover, we and others have not been able to
demonstrate acutely increased synthesis of specific proteins after amalysis
of labelled proteins with SDS-polyacrylamide gel electrophoresis (Janszen
et al., 1977; Losier & YoungLlai, 1981; Younglai & Osoko, 1982). An effect
of LH on induction of a specific protein, however, could be shown after 2
h {Janszen et al., 1977) (see also: Nakamura et al., 1978).

Stimulation of (tumour) Leydig c¢cells with LH results in

phosphorylation of ribosomal proteim S6 (Bakker et al., 1982) and the
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ficrosemal 24000 Da protein. The combined action of these phosphoproteins )
could be responsible for a specific effect on translation. Regulation of
pretein synthesis occurs at the level of initiation of tranmslation (Lodish,
1975; Hunt, 1980a), as described for effects of inswlin on overall protein
synthesis (Monier & Le Marchand-Brustel, 1932) and for the effect of
dibutyryl cAMP on synthesis of tyrosine aminotransferase {Snoek et al.,
1981). Phosphorylation of imitiation factor eIF-2 in reticulocytes appears
to be clearly involved in the regulation of haemoglobin synthesis (see
reviews by Auvstir & Clemens, 1980; Hunt, 1880b). In this context the- 24000
'.Da LE—dependent phosphoprotein present in microscmes may have properties
" similar to iniriation factor eIF-4E (the mRWA-cap binding protein;.'see:
Thomas et al., 1%981). However, no further direct experimentzl evidence for
an effect oun protein synthesis could be cobtained.

Low concentrations of cycloheximide have been used to study the
control mechanisms for synthesis of 2 labile protein required for growth (;f
cultured f£ibroblasts (Brooks et al., 1977; Riddle et =21., 1979b) and
induction of tyrosice sminotransferase in rat hépatoma cells {Smoek et al.,
- 1981). Cycloheximide inhibits elongation of translation (Siegel & Sisler,
1965). Inhibition of protein synthesis irn the presence of ¢ycloheximide
oecurs when the rate of elongation becomes less than the rate of
initiation, and an apparently greater inhibition of protein synthesis will
be observed when at the same low concentration of ¢cycloheximide the rate of
initiation of translation is increased, ¢.g. by hormone treatment (Snoek et
al., 1281; Monier & Le Marchand-Brustel, 1982). Incubation of tumour Leydig
cells with low concentrations of cycloheximide resulted in a significantly
higher inhibition of LH/MIX-stimulated pregnenclome production as compared
“to-control pregnenolone production. However, there was no difference in
inhibition of overzll protein synthesis in con;rol ané LE/MIX-srimulated
cells. In analogy with the results described by Snoek et al. (1981), the
significantl§ higher inhibition ¢f c¢ycloheximide may indicate, although
indirectly, increased initiation of tranmslation ¢f 2 specific mRNA(S)
coding for t‘he rapidly=turning=over protein (g). The LH-dependent
phosphoproteins of 24000 (eIF-4E?) and 33000 Da (ribosomzl protein 34)
present in the microsomal faction might be involved in this specific
process. - -

The imcrease of the inhibition of LE/MIX-stimulated pregnenclone
producticn with increasing doses of cycloheximide is significantly Thigher
than the increazse of the inhibiticn of unstiamulated pregaenclone
‘production. Yt has been founrd, however,  that .the relative effect of

cycloheximide on translation=-controlled synthesis of a singlie specific
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protein under control and stimulated conditions is the same (Smoek et al.,
1981; see also: Brooks, 1977; Rossow et al., 1979). Hence, the aberraunt
effects of ¢ycloheximide on pregnenclone production may indicate the
synthesis of more than one gspecific protein. Obvliously, further experiments
on the isolation of such proteins are required for further elucidation of

the mechanism of hormonal control of the CSCC activity.
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