
J. Steroid Blochon. Molec. Biol. Vol. 43, No. 4, pp. 319-333, 1992 09604)760/92 $5.00 + 0.00 
Printed in Great Britain. All rights reserved Copyright © 1992 Pergamon Press Ltd 

F U R T H E R  E V I D E N C E  T H A T  T H E  M I T O C H O N D R I A L  

P R O T E I N S  I N D U C E D  BY H O R M O N E  S T I M U L A T I O N  I N  

M A - 1 0  M O U S E  L E Y D I G  T U M O R  C E L L S  A R E  I N V O L V E D  

I N  T H E  A C U T E  R E G U L A T I O N  O F  S T E R O I D O G E N E S I S  

DOUGLAS M. STOCCO 
I~partmcnt of Biochemistry and Molecular Biology, Texas Tech University Health Sciences Center, 

Lubbock, TX 79430, U.S.A. 

(Received 30 March 1992) 

Sammm'y--In previous studies we and others have described several mitochondrial proteins 
which are synthesized in response to acute hormone stimulation in several steroidogenic 
tissues. In both MA-10 mouse Leydig tumor cells and primary cultures of rat adrenal cortex 
cells, these proteins consist of a family of 37 ldlodalton (kDa) and" 32 kDa precursor forms 
and fully processed forms which are 30 kDa in molecular weight. The nature of the appearance 
of these proteins and their subcellular localization to the mitochondria, the site of the rate 
limiting step in steroidogenesis, has led to the speculation that they may be involved in the 
acute regulation of steroidogenesis. In the present study we have taken advantage of another 
steroidogenic cell, the R2C rat Leydig tumor cell, to perform studies which further indicate 
that these mitochondrial proteins are involved in the regulation of steroidogenesis. Unlike the 
MA-10 cell which requires hormone stimulation for steroid production, the R2C cell is a 
constitutive progesterone producer whose steroid production cannot be further increased with 
hormone stimulation. We have shown that the R2C cell line is less sensitive to the inhibition 
of steroid production by the metal chelator orthophenanthroline (OP) than is the MA-10 cell. 
We have demonstrated that progesterone production and the 30 kDa mitochondrial proteins 
remain present in the R2C cells at a concentration of OP which completely inhibits 
progesterone production and totally eliminates the 30 kDa proteins in MA-10 cells. As further 
evidence for the role of these proteins in steroidogenic regulation, we have isolated several 
revertants of the R~C parent (P) cell line which have lost the ability to synthesize progesterone 
constitutively, but which can be stimulated to synthesize this steroid by trophic hormone and 
cAMP analog. In these revertants, designated (R), the normally constitutively present 30 kDa 
proteins are greatly decreased compared to controls, but reappear in large amounts following 
hormone stimulation. Taken together, these data provide further evidence that the 30 kDa 
mitochondrial proteins are involved in the acute regulation of steroidogenesis in Leydig cells. 

INTRODUCTION 

Acute steroidogenesis in steroidogenic tissue is 
regulated by the conversion of cholesterol to 
pregnenolone by the cholesterol side-chain 
cleavage complex (CSCC) which resides in the 
inner mitochondrial membrane[I-7]. More 
specifically, the activity of CSCC is determined 
by the availability of the substrate cholesterol to 
this enzyme complex [8-15]. Thus, the transfer of 
cholesterol from cellular stores as well as the 
outer mitochondrial membrane to the inner 
mitochondrial membrane represents the true 
rate limiting step in steroidogenesis. This step 
has been shown to require de n o v o  protein syn- 
thesis in all steroidogenic tissues studied [16-19]. 
In previous studies we have shown that hormone 
stimulation of MA-10 mouse Leydig tumor cells 

results in the induction of a series of 30 kDa 
proteins which were found to be associated with 
the mitochondria[20-22]. In a subsequent 
report we demonstrated that the 30 kDa mito- 
chondrial proteins were synthesized in a dose- 
responsive manner to both hCG and cAMP 
analog and also that they arose from two larger 
precursors [23]. Also, we have demonstrated that 
in MA-10 cells two of these proteins are modified 
by phosphorylation [24], a process thought to 
be indispensable for the acute regulation of 
steroidogenesis [25]. In addition, we were able 
to show that these proteins were present consti- 
tutively in the R:C rat Leydig tumor cell line 
which synthesizes large amounts of steroid in 
the absence of hormone stimulation [22]. Our 
belief that these proteins may be involved in the 
acute regulation of steroidogenesis is further 
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strengthened by the findings of Orme-Johnson 
and co-workers who have detected and charac- 
terized similar proteins in the mitochondrial 
fractions of adrenal, luteal and primary cultures 
of Leydig cells in response to the appropriate 
hormone stimulation [26-34]. Yet another study 
has described the induction of mitochondrial 
proteins similar to these in response to tropic 
hormone stimulation of small luteal cells [35]. 

In the present study we have taken advantage 
of the unique characteristics of the R2C cell 
line in an attempt to demonstrate that the 
mitochondrial proteins induced in MA-10 cells 
are involved in the acute regulation of steroido- 
genesis. First, we have exploited the fact that 
the R2C cell line is less sensitive to the 
antisteroidogenic effects of the metal chelator 
orthophenanthroline (OP) than is the MA-10 
cell line. Second, we have isolated a revertant of 
the R2C cell line which no longer synthesizes 
high levels of steroid constitutively as does the 
parent, but which does so in the presence of 
LH/CG or cAMP analog. Using differential OP 
sensitivity in MA-10 and R2C(P) cells and the 
R2C(R) cells we have performed experiments in 
which the production of steroids were compared 
quantitatively t o  the presence of the 30 kDa 
mitochondrial proteins. In these studies, we 
have demonstrated that the synthesis of these 
mitochondrial proteins and steroid production 
are concomitant events and are highly correla- 
tive. These findings offer further support for 
our [20-24], and others [26-34] contention that 
these proteins are involved in the acute regu- 
lation of steroidogenesis. 

EXPERIMENTAL 

Chemicals 

Waymouth's MB 752/1 medium, horse 
serum, phosphate buffered saline containing no 
C a  2+ or  M g  2+ (PBS-), lyophilized trypsin- 
EDTA, and tissue culture grade sodium bicar- 
bonate were purchased from Gibco (Grand 
Island, NY). Phosphate buffered saline contain- 
ing Ca 2+ and Mg 2+ (PBS +) was obtained from 
Oxoid Ltd (Basingstoke, England). LH and 
hCG were obtained from the National Hor- 
mone and Pituitary Program NIDDK 
(Bethesda, MD). N 6, 2'-O-dibutyryladenosine- 
Y:5'-cyclic monophosphate (Bt2cAMP), 3-[(3- 
cholamidopropyl)dimethylammonio] l-propane- 
sulfonate (CHAPS), gentamycin sulfate, pro- 
gesterone and 1,10-phenanthroline or OP were 
purchased from Sigma Chemical Co. (St Louis, 

MO). [35S]Methionine-cysteine (Trans35S-Label; 
approx. 1000 Ci/mmol) was obtained from ICN 
Biomedicals Inc. (Irvine, CA). [1,2,6,7-3H]- 
(N)Progesterone (sp. act. l l5 Ci/mmol) was 
obtained from New England Nuclear (Boston, 
MA). Ampholines were obtained from Pharma- 
cia-LKB Biotech Inc. (Piscataway, N J). Other 
chemicals used in the preparation of isodectric 
focusing (IEF) gels were obtained from BioRad 
(Richmond, CA). 10-20% gradient gels were 
purchased pre-cast from Integrated Separation 
Systems (Hyde Park, MA). Dextran T - 7 0  w a s  

obtained from Pharmacia Fine Chemicals 
(Uppsala, Sweden). Decolorizing charcoal 
(Norit) was obtained from Fisher Scientific Co. 
(Fairlawn, N J). 

Cell culture 

The MA-10 cell line used in these experiments 
was a generous gift from Dr Mario Ascoli of 
The University of Iowa and was maintained 
using standard techniques[36]. R2C(P) cells 
were purchased from ATCC and were adapted 
for growth in Waymouth's medium plus horse 
serum also as described previously [37]. The 
R~C(R) subclones were isolated by plating an 
average of one cell for every two wells in several 
96 well plates (Coming, Coming, NY). The 
plates were inspected at regular intervals and 
only those wells having one clone were marked 
for further observation. Clones arising from 
single cells were then transferred to larger flasks 
for growth. A number of clones were tested for 
constitutive steroid production as described 
below and compared to the R2C(P) cell line. 
Clones displaying greatly reduced progesterone 
production were utilized in further experiments. 
The results obtained from one of these sub- 
clones are shown in the present study, but are 
representative of the results found with several 
of the subclones. 

For experiments in which progesterone pro- 
duction was measured, 50,000 cells were plated 
in each well of 96 well plates and grown for 24 h 
in medium plus 15% horse serum. In exper- 
iments designed to study the synthesis of mito- 
chondrial proteins, 1.5 x 10 6 cells were plated 
into each well of 12 well Coming dishes and 
grown for 24 h. After this time the medium w a s  

removed, cells washed twice with PBS + and 
Waymouth's medium lacking serum placed 
back on the cells. Stimulation and radiolabeling 
of the cells was performed as described below. 
In the OP dose-response experiments, 100 #1 of 
Waymouth's medium containing maximally 
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stimulating doses o f  Bt2cAMP and the appro- 
priate dose of  OP was placed directly on the 
cells for the incubation periods described in the 
legend for Fig. 1 at 37°C in a humidified atmos- 
phere containing 5% CO2. At the end of  the 
treatment period, the medium was removed and 
frozen at - 2 0 ° C  until radioimmunoassay 
(RIA) for progesterone could be performed. In 
experiments measuring progesterone pro- 
duction, the cells in the wells were solubilized 
with 0.01% SDS and analyzed for protein 
content. 
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Fig. 1. Effect of OP on progesterone production and protein 
synthesis in MA-10 and R,C(P) cells. Cells were grown as 
described in Experimental. In experiments designed to 
measure progesterone production, MA-10 cells were sub- 
jected to maximally stimulating doses of Bt, cAMP (1 raM) 
while R2C(P ) cells were unstimulated. In each case, varying 
concentrations of OP were also placed on the cells and 
following a 2 h incubation period the medium was collected 
and subjected to RIA for progesterone while the cells in the 
wells were solubilized and assayed for protein content. Each 
point represents the mean of 4 observations within an 
experiment performed 4 times. Standard deviations (SD) are 
depicted by the vertical bars. In experiments designed to 
determine the effects of OP on protein synthesis in whole 
cells, Waymouth's medium minus serum containing 
25 # Ci/ml [35S]methionine-cysteine was placed on the cells in 
the presence of the appropriate doses of OP for a 2 h period. 
At the end of this time, the cells were washed twice with 
PBS + followed by the addition of 100#1 of cold 10% TCA 
to the wells. After at least I h at 4°C, the cells were scraped 
from the wells and washed onto glass fiber filters with 
several volumes of 5% TCA. The filters were dried and 
assayed for radioactivity in a liquid scintillation counter. 
Each point represents the mean of 4 observations within an 
experiment which was performed in duplicate. SD are 

shown by the vertical bars at each point. 

R/A 

Quantitation of  progesterone was performed 
by RIA as described previously [38], directly on 
aliquots of  the medium from control and treated 
cells. Antibodies to progesterone were obtained 
from Holly Hills Biological (Hillsboro, OR). 
Analysis of  the RIA data was performed using 
a computer program specifically designed for 
this purpose. The data were expressed as ng 
progesterone per mg protein per unit time. 

Radiolabeling of ceils 
In experiments to determine the effects of  OP 

on protein synthesis in whole cells, Waymouth 's  
medium minus serum containing 25/~Ci/ml 
[35S]methionine-cysteine was placed on 50,000 
cells in separate wells of  96 well plates in the 
presence of  the appropriate doses of  OP for a 
2 h period. At the end of  this time, the cells were 
washed twice with PBS + followed by the ad- 
dition of  100/~1 of  10% cold TCA to the wells. 
After at least 1 h at 4°C, the cells were scraped 
from the wells and washed onto glass fiber filters 
with several volumes of  5% TCA. The filters 
were dried and assayed for radioactivity in a 
liquid scintillation counter. In experiments in 
which mitochondrial proteins were analyzed, 
radiolabeling of  proteins was accomplished by 
covering the cells with Waymouth 's  medium 
containing the appropriate level of  hormone 
as well as [35S]methionine-cysteine at concen- 
trations given in the figure legends. At the end 
of  the labeling period, the medium was removed 
and the cells washed 3 times with PBS + prior to 
further processing. 

Preparation of protein samples for electro- 
phoresis 

For isolation of  mitochondria, cells were 
washed with PBS + and scraped from dishes in 
a buffer consisting of  0.25 M sucrose/0.01 M 
Tris/0.01 M EDTA, pH 7.4 and homogenized 
using a Potter-Elvejhelm motor-driven glass 
homogenizer with a Teflon pestle. Homogenates 
were centrifuged at 600g for 15 min and the 
supernatant was collected and centrifuged at 
13,000g for 15min. The mitochondrial pellet 
was washed once in sucrose-Tris-EDTA buffer 
and again collected by centrifugation. Mito- 
chondrial pellets were then solubilized in a small 
volume of  IEF lysis buffer (IEF lysis buffer; 
9.8 M urea; 2% CHAPS; 2% ampholines and 
100raM dithiothreitol). Following centrifu- 
gation in an Eppendorf  centrifuge, aliquots of  
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the solubilized mitochondrial proteins were 
assessed for radioactivity by liquid scintillation 
counting. Previous studies in our laboratory 
have indicated that mitochondria prepared 
using this method have approx. 5% contami- 
nation with plasma membranes and 23% 
contamination with cytosol [20]. 

Two-dimensional gel electrophoresis (2-D 
PAGE) 

Equal cpm from each sample were then 
applied to the IEF gels and 2-D PAGE was 
performed on the mitochondrial proteins as 
described previously [20-24, 39, 40]. At the con- 
clusion of electrophoresis, gels were prepared 
for fluorography[41] using Resolution (E.M. 
Corp., Chestnut Hill, MA), dried under moder- 
ate heat and vacuum and exposed to X-ray film 
at -80°C for the appropriate length of time. 
Radioactive molecular weight protein standards 
for the second dimension were included in each 
series of experiments, pH gradients of the IEF 
gels were determined using a surface electrode. 

Quantitation of proteins on gels 

Proteins of interest on 2-D gels were quanti- 
tated using a BioImage Visage 2000 (BioImage, 
Ann Arbor, MI) computer assisted image analy- 
sis system as described previously[21-24]. 
Briefly, X-ray images of 2-D PAGE protein 
profiles were scanned, captured and spotlists of 
the proteins automatically generated. The im- 
ages were then adjusted for differences in the 
amount of radioactivity loaded onto the gels by 
selecting a number of identical proteins in each 
gel which did not change with hormone treat- 
ment and determining the ratios of the total 
integrated intensities of these proteins in each 
gel in an experimental series using the Visage 
2000. Proteins on the 2-D gels described in this 
study were then quantitated using a compara- 
tive log software program and the results re- 
ported as total corrected integrated intensity in 
each spot. 

RESULTS 

Effects of OP on progesterone production and 
protein synthesis in MA-IO and R2C(P) cells 

MA-10 and R2C(P) cells were incubated in 
the presence of various concentrations of OP for 
a period of 2 h. OP is a metal ion chelator and 
as such inhibits the activity of both the mito- 
chondrial matrix protease as well as the inner 

membrane protease I. Thus, the signal and 
targeting sequences present at the 1',1 terminal of 
the mitochondrial precursor proteins cannot be 
removed and the precursor proteins are unable 
to be inserted into the mitochondria [42]. We 
have previously demonstrated that treatment of 
MA-10 cells with OP results in complete inhi- 
bition of the processing of the 37 kDa precursor 
protein into the 32 and 30 kDa forms [23]. 

In the case of the MA-10 cells, maximally 
stimulating concentrations of Bt2cAMP were 
included while no stimulation of the R2C(P) 
cells was required to obtain maximum pro- 
gesterone production. In a separate series of 
experiments treatment of the cells was identical 
to that described above with the exception that 
25 #Ci/ml [35S]methionine-cysteine was also in- 
cluded in the incubation mixture. As shown in 
Fig. 1, OP results in a rapid decrease in pro- 
gesterone production in MA-10 cells, reaching 
zero at a concentration of 1 mM. In contrast, 
the R2 C(P) cell line is less sensitive to the effects 
of OP on steroidogenic activity and at 1 mM 
approx. 50% of the progesterone producing 
capacity remains. Also as depicted in this figure, 
OP has significant effects on protein synthesis 
in both the MA-10 and R2C(P) cell lines. At 
1 raM, protein synthesis is decreased by approx. 
40% in MA-10 cells and 75% in R2C(P) cells. 
The implications of this will be discussed later. 

Effects of OP on the synthesis of the hormone 
induced mitochondrial proteins in MA-IO and 
R2C(P) cells 

Shown in the electrophoretograms in Fig. 2 
are the effects of OP on the synthesis of the 
30kDa mitochondrial proteins in BhcAMP 
stimulated MA-10 cells and non-stimulated 
R2C(P) cells. In MA-10 cells it can clearly be 
seen that with increasing concentrations of OP, 
the 30kDa mitochondrial proteins decrease 
rapidly and are totally absent at 1 mM. In 
contrast, in R2C(P) cells the 30 kDa mitochon- 
drial proteins persisted at all concentrations of 
OP employed in the incubations. It should be 
noted that the pattern of 30 kDa mitochondrial 
proteins is somewhat different in the two cell 
types with proteins 1, 2 and 3 in MA-10 cells 
having the same isoelectric points as proteins 1, 
2a and 3 in R2C(P) cells. Also 30 kDa protein 
2 in R2C(P) cells is absent in MA-10 cells while 
30 kDa protein 4 in MA-10 cells is absent in 
R2C(P) cells. This has been previously described 
and is a result of post-translational modification 
of the proteins since it has been demonstrated 
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Fig. 2. Effects of OP on the synthesis of the 30 kDa mitochondrial proteins in MA-10 and R2C(P) cells. 
For these experiments, cells growing as described in Experimental were harvested and 1.5 × 106 cells were 
plated into each well of 12 well Coming dishes. The cells were grown for 24 h, washed twice with PBS + 
and covered with Waymouth's medium minus serum containing varying concentrations of OP. Once 
again, the MA-10 cells also received 1 mM Bt2cAMP while the R2C(P ) cells were left unstimulated. All 
cells received 1.0 mCi/ml [35S]methionine-cysteine. Incubations were continued for a 6 h period at 37°C 
after which time the cells were washed, harvested and mitochondria isolated as described. Mitochondrial 
pellets were solubilized and subjected to 2-D PAGE as described. The 30 kDa mitochondrial proteins are 
pointed to by arrows in each of the photographs shown in this figure, while the cell type and concentration 
of OP are also shown on the photographs. These results are typical of an experiment performed in 

triplicate. 
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by tryptic mapping that the 30 kDa proteins 
are identical to each other [22]. In Fig. 3, the 
relationship between the production of pro- 
gesterone and the quantity of the 30 kDa mito- 
chondrial proteins synthesized is shown. In 
MA-10 cells, there is a concomitant decrease in 
the ability of the cells to produce progesterone 
in response to Bt2cAMP and the presence of the 
30 kDa proteins, with both steroid production 
and the proteins being completely absent at 
1 mM. In R2C(P) cells, however, while pro- 
gesterone production does decrease significantly 
with increasing concentrations of OP, at 1 mM 
OP approx. 50% of the steroid production 
observed in control cells remains. In contrast to 
the MA-10 cells, the 30 kDa mitochondrial pro- 
teins remain present in R2C(P) cells at all con- 
centrations of OP. It is important to point out 
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Fig. 3. Comparison of progesterone production and the 
quantity of the 30kDa mitochondriai proteins in MA-10 
and R2C(P) cells. This figure is a summary of the data 
shown in Figs 1 and 2. The 30 kDa mitochondrial proteins 
shown in Fig. 2 were quantitated using the Visage 2000 
image analysis system as described in Experimental. The 
values given for corrected integrated intensity represent the 
sum of the total integrated intensity of the 30 kDa mito- 
chondrial proteins following correction of the gels for 
protein loading differences which may have occurred. Thus, 
the values given represent the integrated intensity of the 
30 kDa proteins in relation to several mitochondrial marker 
proteins which were determined to remain unchanged in the 
presence of tropic hormone or Bt2cAMP. This calculation 
was critical since OP was shown to have a significant effect 
on overall protein synthesis in these cells as noted in Fig. I. 
The data shown here are from a representative experiment 

which was performed in triplicate. 
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Fig. 4. Progesterone production in MA-10, R2C(P) and 
R2C(R ) cells. Cells were grown as described and 50,000 cells 
of each type were plated in each well of 96 well Coming 
dishes. After 24 h the cells were washed and the appropriate 
treatments were placed on the cells. The doses of the 
hormones used were maximal in all cases being 50 ng/ml for 
both LH and hCG and I mM for Bt2cAMP. Incubations 
were carried out for 2 h at 37°C after which time the medium 
was collected, assayed for progesterone content by RIA and 
the cells were sohibilized and assayed for protein content. 
The data shown are the means of 4 observations within an 
experiment performed in triplicate. Progesterone production 
in unstimulated MA-10(P) and R2C(R) cells are 7.0 + 0.7 
and 9.5 + 2.0, respectively, and as such cannot be seen on 

the graph. 

at this time that the units used to express the 
content of the 30 kDa proteins are corrected 
integrated intensity. This is calculated by com- 
paring the quantity of these proteins present on 
the gels to that of a series of marker proteins 
which do not change with hormone treatment. 
Since overall protein synthesis is decreased by 
approx. 75% at 1 mM OP in R2C(P) cells, the 
absolute amount of the 30 kDa proteins is actu- 
ally lower in OP treated cells. However, when 
compared to other proteins in the mitochondria, 
they remain at high levels, decreasing by only 
approx. 50%. The important point, however, is 
that these proteins are still present at all concen- 
trations of OP and can be readily quantitated 
from 2-D gels with the Visage 2000. 

Progesterone production in MA-IO, R2C(P) and 
R2C(R) cells 

In these experiments progesterone production 
was compared in MA-10, R~C(P) and R:C(R) 
cells in the presence of maximally stimulating 
doses of LH, hCG and dbcAMP. It should be 
noted that the R~ C subclone is referred to as a 
revertant subclone in that it appears to have 
reverted back to the normal Leydig cell pheno- 
type of low basal steroid production and high 
stimulated steroid production, but this desig- 
nation is merely descriptive. As shown in Fig. 4, 
hormone stimulation of MA-10 cells results in 
very large increases in progesterone production. 
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In contrast, the constitutive steroid producing 
R2C(P) cells produce large amounts of pro- 
gesterone in the absence of hormone stimulation 
and this level is not further increased by any of 
the hormones employed. The R2 C(R) displayed 
yet another pattern of progesterone production 

following hormone stimulation. Stimulation 
with both LH and hCG resulted in signifi- 
cant increases in progesterone production over 
that seen in controls, but was much lower 
than that seen in MA-10 cells. Treatment with 
dbcAMP, however, resulted in the production 
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of progesterone at levels observed in both stimu- 
lated MA-10 cells and stimulated or non-stimu- 
lated R2C(P) ceils. These observations indicate 
that the Re C(R) cells, while having the enzy- 
matic machinery necessary for the production of 
progesterone, appear to have LH/CG receptors 
which are either fewer in number or less func- 
tional than those in the MA-10 cells and is in 

agreement with earlier observations on these 
cells [37]. 

Synthesis of the 30 kDa mitochondrial proteins in 
MA-IO, R f ( P )  and R2C(R) cells 

Figure 5 depicts a series of photographs of 
2-D PAGE mitochondrial protein profiles of 
MA-10, R2C(P) and R2C(R) cells. It can deafly 

(B) 

6.8 6.5 6.5 6.0 

6.8 6.5 6.3 6.0 
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Fig. 5. Comparison of the synthesis of the mitochondriai 30 kDa proteins in MA-10 (A), R2C(P ) (B) and 
R2C(R) (C) cells. Photosraphs of the 2-D PAGE protein profiles of mitochondria from control and 
Bt2cAMP stimulated cells are shown in this figure. In each case, 1.5 x 106 cells were plated into each well 
of 12 well Coming dishes and grown for 24 h as described. The cells were washed with PBS + and covered 
with Waymouth's medium minus serum containing 1.0 mCi/mi [3SS]methionine-cysteine. In halfof the cells 
I mM Bt2cAMP was also included in the incubation. Incubations were for 6 h at 37°C at which time the 
cells were washed once again and the cells harvested and mitochondria isolated as described. Mitochon- 
drial pellets were solubilized and subjected to 2-D PAGE and subsequent analyses also as described. The 
cell type and treatment are given on the photographs while the molecular weight values are depicted on 
the y axis and the isoelectric points on the x axis. Arrows point to the 30 kDa mitochondrial proteins. 

This experiment is representative of an experiment performed in triplicate. 

327 



328 DOUGLAS M. STOCCO 

be seen that Bt2cAMP stimulation of MA-10 
cells results in the synthesis of a series of 30 kDa 
mitochondrial proteins which we have described 
previously [20-24]. In the R2C(P) cells, the pat- 
tern is quite different. In these cells, we have 
previously shown that proteins identical to the 
30kDa proteins indued  in MA-10 cells are 
present constitutively in the R2 C(P) and cannot 
be further induced with Bt2cAMP [22]. Exper- 
iments performed here and shown in Fig. 5 
are consistent with those earlier studies. The 
R2C(R) cells, however, which produce much 
less progesterone constitutively have also lost 
most of the constitutive presence of the 30 kDa 
proteins. Stimulation of the revertant cells with 
Bt2cAMP not only results in the production of 
large amounts of progesterone as seen in Fig. 4, 
but also results in a very large increase in the 
synthesis of the 30 kDa mitochondrial proteins. 
Quantitation of the mitochondrial proteins with 
the Visage 2000 in all three cell types in the 
presence and absence of hormone stimulation is 
shown in Table 1. 

Effects of  LH, hCG and Bt2cAMP on the syn- 
thesis of the 30kDa mitochondrial proteins in 
R2C(R) cells 

The photographs shown in Fig. 6 illustrate 
2-D PAGE mitochondrial protein profiles from 
R2C(R ) cells treated with different stimuli. 
While very small amounts of the 30 kDa pro- 
teins remain present in unstimulated R2C(R) 
cells, this amount is many fold smaller than that 
found in R2C(P ) cells. As shown in this figure, 
stimulation with LH, hCG and Bt:cAMP all 
result in significant increases in the amount of 
these proteins present in the mitochondrial pro- 
tein fraction. Stimulation with Bt2cAMP, how- 
ever, results in a much larger increase in the 
total amount of the 30 kDa proteins synthesized 
during the same incubation period than either 
LH or hCG. Quantitation of the 30 kDa pro- 
teins shown in Fig. 6 are shown in Table 2. It 

can readily be seen that while stimulation of the 
R2 C(R) cells with LH and hCG results in 5- to 
6-fold increases in the synthesis of these pro- 
teins, stimulation with Bt2cAMP results in a 
25-fold increase, a relationship which closely 
parallels that seen in progesterone production in 
response to these stimuli. 

DISCUSSION 

Acute stimulation of steroidogenesis by tropic 
hormones in steroidogenic tissues requires de 
novo protein synthesis [16-19]. This observation 
was first made almost three decades ago and 
many studies have been performed in the hope 
of unequivocally characterizing the nature and 
mechanism of action of this protein(s). It is now 
generally believed that the role of the newly 
synthesized protein(s) is to aid in the delivery of 
cellular stores of cholesterol to the inner mito- 
chondrial membrane where cleavage of this 
substrate to pregnenolone occurs [7-15]. A num- 
ber of interesting candidates for this cyclohex- 
imide sensitive, "labile protein" have arisen over 
the years, with some of the most promising 
being Steroidogenesis Activator Polypeptide 
(SAP) [43-45], an 8.2 kDa steroidogenic stimu- 
latory protein which is virtually identical to 
endozepine [46-48] and the mitochondrial 
(peripheral type) benzodiazepine receptor 
(MBR) [49-53]. 

In addition, our laboratory and that of Orme- 
Johnson have proposed that several mitochon- 
drial proteins are intimately involved in the 
acute regulation of steroidogenesis in Leydig, 
luteal and adrenal cells [20-24, 25-34]. These 
proteins are rapidly synthesized in response to 
tropic hormone or cAMP analog and recent 
studies indicate that they are part of a family of 
proteins in which 37 and 32 kDa proteins are 
precursors which are processed by the removal 
of a signal and a targeting sequence to 30 kDa 
proteins prior to being directed to the inner 

Table 1. Quantitation of the 30 kDa mitochondrial proteins in control and Bt2cAMP stimulated MA-10, 
R2C(P) and R2C(R) cells 

Corrected integrated intensities 

Treatment 30 kDal 30 kDa2 30 kDa2a 30 kDa3 30 kDa4 Totals 

MA- I 0 control 0.00 0.00 0.00 0.00 0.00 
MA-10 + Bt2c),MP 8.66 8.58 I 1.14 9.97 38.35 
R2COP) control 7.35 3.98 0.78 5.92 18.03 
R2C(P) -I- Bt2cAMP 6.62 4.89 0.94 8.35 20.80 
R2C(R) control 0.86 0.96 0.21 0.00 2.03 
R2C(R ) + Bt2cAMP 3.90 7.11 4.48 4.81 20.30 

This table represents the data obtained from the quantitation of the 30 kDa mitochondrial proteins 
shown in Fig. 5. The numbers given are in units of total integrated intensity which have been 
corrected as described in Experimental for differences in loading of protein which may have occurred. 
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Fig. 6. Effects o f  LH, hCG and Bt 2cAMP on the synthesis o f  the 30 kDa mitochondrial proteins in R2C(R) 
cells. For  these experiments, cells were grown as described and 1.0 x 106 cells were plated into each well 
of  12 well Coming dishes. After 24 h, cells were washed and covered with Waymouth's  medium containing 
no treatment, 50ng/ml LH, 50 ng/ml hCG or I mM BhcAMP.  Each group of  cells also received 
1.0 mCi/ml [3SS]methionine-cysteine. Incubation was for 6 h at which time the cells were harvested, 
mitochondria isolated and mitochondrial pellets solubilized. Proteins were separated by 2-D PAGE, 
prepared for fluorography and analyzed as described. The arrows on the gels point to the 30 kDa 
mitochondrial proteins. Only those areas of  the gels containing the 30 kDa proteins are shown for the 

sake o f  clarity. This experiment is representative of  an experiment performed in triplicate. 

mitochondrial membrane [23, 34]. It has been 
well established that processing and insertion of 
precursor proteins into the mitochondria during 

Table 2. Quantitation of the effects of LH, hCG and Bt2cAMP on 
the 30 kDa mitochondrial proteins in R2C(R ) cells 

Corrected integrated intensities 

Treatment 30kDal 30kDa2 30kDa3 30kDa4 Totals 

Control 0.25 0.35 0.32 0.00 0.92 
LH 1.53 1.96 0.19 0.90 4.58 
hCG 1.96 2.60 0.19 0.51 5.26 
Bt2cAMP 2.61 3.78 8.87 8.22 23.48 

This table represents the data obtained from the quantitation of the 
30 kDa mitochondrial proteins shown in Fig. 6. The numbers 
given are in units of total integrated intensity which have been 
corrected as described in Experimental for differences in loading 
of protein which may have occurred. 

the process of mitochondrial assembly occurs at 
points of very close contact between the outer 
and inner mitochondrial membranes referred 
to as contact sites [54-63]. We and Orme- 
Johnson's group have suggested that when such 
processing occurs the contact points thus 
formed may allow for the transfer of cholesterol 
from the outer to the inner mitochondrial mem- 
brane by an as yet unknown mechanism. Such 
a relationship has been demonstrated for phos- 
pholipids [64, 65] and has been suggested as a 
possible mechanism for the transfer of sterols 
between membranes [65]. 

Thus, the present studies were performed to 
determine if stronger correlations could be 
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made for the appearance and the quantity of 
these proteins present in the mitochondria and 
the acute synthesis of steroids. We have at- 
tempted to correlate progesterone production in 
both the MA-10 and R2C cells with the total 
production of the 30 kDa mitochondrial pro- 
teins. In these studies we have assumed that the 
total of the 30 kDa proteins represent the sum 
of the product of the processing of the 37 and 
32 kDa precursors and thus give an accurate 
indication of the amount of precursor which has 
been processed in a given period of time. This 
strategy was necessitated in part by our earlier 
observations that we were unable to demon- 
strate the existence of the 32 kDa mitochondrial 
precursor proteins in R2C(P) cells on 2-D 
gels [22]. The reasons for this are unclear, but 
since the nature of the lesion whereby the 
R2C(P) cells constitutively produce progester- 
one is not known, it is not possible to speculate 
on this at the present time. It is also interesting 
to note that the 2-D PAGE mitochondrial pro- 
tein profiles obtained from the R2C(R ) cells are 
somewhat different than those seen in the 
R2C(P) cells. They are also different than those 
seen in the MA-10 cells. The reasons for these 
differences are not understood but may be re- 
lated to the fact that steroidogenic mitochondria 
are morphologically and functionally different 
from non-steroidogenic mitochondria and the 
change from a constitutively steroid producing 
mitochondria to a non-constitutively steroid 
producing mitochondria could result in a 
change in many of the proteins. 

During the course of previous studies [23] we 
observed that progesterone production in MA- 
10 mouse Leydig tumor cells was more sensitive 
to the effects of OP than it was in the R2C rat 
tumor Lcydig cells. Our current observation 
that the quantity of the 30 kDa mitochondrial 
proteins was highly correlated with progester- 
one production in these two cell types at differ- 
ent concentrations of OP lends strong support 
to our belief that they are involved in the acute 
regulation of steroid production. This is all the 
more striking when one considers that OP has 
a greater effect on protein synthesis in R2 C cells 
than in MA-10 cells. Thus, in R2 C cells in which 
75% inhibition of total cellular protein synthesis 
has occurred, the 30 kDa mitochondrial pro- 
reins continue to be synthesized and progester- 
one continues to be produced. This is in sharp 
contrast to the MA-10 cells in which protein 
synthesis is inhibited by only 40%, but the 
30 kDa proteins are completely absent and pro- 

gosterone production is completely inhibited. 
While we arc aware that inhibition of protein 
synthesi s itself results in a loss of steroidogenic 
capacity, it is convincing that when hormone 
stimulated proteins no longer appear in the 
mitochondria of MA-10 cells progesterone pro- 
duction ceases, while in R2 C cells, progesterone 
production remains at a high level and these 
proteins are present, albeit at reduced levels, in 
the mitochondria. This observation is in keeping 
with our hypothesis that it is during the inser- 
tion and processing of the precursor proteins at 
sites of specific contact between the inner and 
outer mitochondrial membrane that cholesterol 
transfer may occur. 

Isolation of the R2 C revertant subclones also 
provided another means to explore the corre- 
lation between the quantity of progesterone 
produced and the amount of the 30 kDa mito- 
chondrial proteins present in the cells. That the 
R2C cells would "revert" from constitutive ster- 
oid producers to a non-constitutive producing 
phenotyp¢ is of great interest. This phenomenon 
has been observed not only in our laboratory 
but in others as well (unpublished observations) 
and may be a result of the adaptation of the 
R2C cells at low cell densities for growth from 
F-10 medium containing 15% horse serum and 
2.5% fetal bovine serum to Waymouth's 
medium containing 15% horse serum as de- 
scribed previously [37]. The R2C(R) cells thus 
isolated displayed greatly diminished constitu- 
tive production of progesterone and a corre- 
sponding decrease in the amount of the 30 kDa 
proteins present in the mitochondria. Stimu- 
lation with gonadotropin resulted in a modest 
increase in both progesterone production and 
the synthesis of the 30 kDa proteins whereas 
stimulation with BhcAMP resulted in stimu- 
lation of progesterone synthesis comparable to 
that seen in the R2C(P) or MA-10 cells and a 
correspondingly large increase in the quantity of 
the 30 kDa proteins. Once again, in this series of 
experiments, the correlation between progester- 
one production and the quantity of these pro- 
teins found in the mitochondria was very high. 
That gonadotropin stimulation of the R2C(R) 
cells was lower than that seen with BhcAMP is 
indicative of the lack of functional LH/CG 
receptors as was indicated in a previous study 
with R2C cells[37]. This fact, however, has 
allowed us to even more convincingly show the 
relationship between the 30 kDa proteins and 
progesterone production as shown in the data 
presented in Fig. 4 and Table 2. Analysis of 
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these data indicated that the correlation co- 
efficient between progesterone production and 
the total integrated intensity of the 30 kDa 
proteins following LH, hCG and Bt2cAMP 
stimulation was 0.992. 

While we are aware that the data presented in 
this study do not constitute absolute proof of 
the involvement of these mitochondrial proteins 
in the acute regulation of steroidogenesis, the 
high degree of correlation between their pres- 
ence and progesterone production make them 
excellent candidates for such a role. This may 
be all the more relevant in view of recent 
studies which have shown the activity of SAP 
to be marginal in stimulating steroid production 
in isolated rat adrenal mitochondria [67]. Also, 
while a recent report [53] has indicated that 
tropic hormone stimulated steroid production 
in Y-1 adrenal cells and MA-10 Leydig tumor 
cells could be inhibited by flunitrazepam, a 
benzodiazepine which binds with high affinity 
to the mitochondrial benzodiazepine receptor, 
this inhibition was only 30-60%, leaving large 
amounts of steroid still being synthesized, 
especially in the case of the MA-10 cells where 
inhibition was only 30-40%. Thus, while it 
is clear that proteins such as SAP and the 
MBR may play some role in the local regulation 
of steroidogenesis these roles appear to be 
minor in view of the low level of stimulation 
observed or the incomplete inhibition of 
steroidogenesis caused by interfering with their 
activity. 

The results reported here further indicate a 
strong correlation between the appearance and 
quantity of the 30 kDa mitochondrial proteins 
and progesterone production in MA-10 and 
R2C cells. Studies currently underway in our 
laboratory also point to a strong correlation 
between progesterone production and the quan- 
tity of the 30 kDa mitochondrial proteins in two 
different MA-10 cell constructs. One construct 
was made through transfection of the wild type 
with a mutant gene of the type 1 regulatory 
subunit of  the cAMP-dependent protein kinase 
while the second construct results in the over- 
production of a cAMP phosphodiesterase. 
While additional studies will be required to 
unequivocally establish if the 37, 32 and 30 kDa 
mitochondrial proteins function in the acute 
regulation of steroidogenesis during their pro- 
cessing and insertion into the mitochondria, 
correlative evidence available at this time would 
seem to make them strong candidates for this 
role. 
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