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Summary-The binding characteristics of substrate and effector ligands to testicular microsomal 
cytochrome P-450 (17a-hydroxylase/C,,_,, lyase) have been investigated by difference spectroscopy. 
Steroid products and their analogs induce oxygen-mediated damage of microsomal P-450 activities of 
cultured Leydig cells, whereas testosterone acetate protects P-450 from this damage [I]. Progesterone and 
17a-hydroxyprogesterone, the enzyme’s substrates, bound stoichiometrically to microsomal P-450 with 
unusually high affinity (& = 23-51 nM). These properties of the enzyme may be responsible for the 
extremely efficient metabolism of these intermediates in androgen biosynthesis. The binding affinities of 
inhibitory effeetor ligands were determined in competition experiments with the substrates. Several 
steroids which have varying effects on damage of P-450 in cultured Leydig cells inhibited substrate binding 
similarly (&, = 3.8-12.8 PM). Aminoglutethimide did not inhibit substrate binding. The results suggest 
that steroid binding to P-450 is necessary but not suthcient to increase oxygen free-radical damage of the 
testicular microsomal P-450. Testosterone acetate, which diminishes P-450 loss in Leydig cell cultures, was 
also bound stoichiometrically with high affinity (K,, = 17 nM) and produced a unique spectra, with maxima 
at 408 nm, an isosbestic point at 418 nm and minima at 428 nm. Therefore, the protection of P-450 in 
cultured Leydig cells probably results from binding of testosterone acetate at the active site of P-450. 

INTRODUCTION 

The hydroxylation of progesterone to form 
17a-hydroxyprogesterone and the subsequent cleav- 
age of the two carbon side-chain of the latter steroid 
to form androstenedione are catalyzed by a cyto- 
chrome P-450 enzyme of the smooth endoplasmic 
reticulum in mammalian testes [2,3]. Recently, an 
apparently homogeneous P-450 enzyme, which cata- 
lyzed both the hydroxylase and lyase reactions, has 
been purified from pig testes microsomes [4]. The 
regulation of these P-450 activities by luteinizing 
hormone (LH) has been studied in detail. Both 
enzyme activities, as well as the P-450 content of 
microsomes, are increased by chronic treatment of 
intact or hypophysectomized rats with LH or its 
analog, human chorionic gonadotropin (hCG) [5,6]. 
In contrast, acute treatment of rats or of purified 
Leydig cells maintained in culture with high doses of 
LH or hCG causes a decrease in hydroxylase and 
lyase activities as well as a decrease in P-450 
content [6-l 11. Studies of purified cultured Leydig 
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cells have demonstrated that both the positive 
(chronic) and negative (acute) effects of LH/hCG are 
mediated by cyclic AMP [lo, 121. 

The acute CAMP-stimulated loss of P-450 activities 
in Leydig cells is due to oxygen-mediated damage of 
the cytochrome, induced by interaction of steroid 
products with the P-450 [l, lo]. The CAMP- 
stimulated decrease in P-450 activities could be pre- 
vented by reduction of the oxygen tension in which 
Leydig cells were cultured or by blocking the CAMP- 
stimulated increase in steroid production with amino- 
glutethimide. The oxygen-tension sensitive decrease 
in P-450 activities could be induced by treatment of 
Leydig cells with steroid products or product analogs, 
as well as with CAMP. Therefore, we proposed that 
the decrease in microsomal P-450 activities of Leydig 
cells resulted from oxygen free-radical damage of the 
cytochrome P-450, initiated by binding of the steroid 
product to form a pseudosubstrate-P-450+ com- 
plex. This type of complex releases damaging oxygen 
free-radicals because the pseudosubstrate cannot be 
hydroxylated. In contrast to several other steroids, 
testosterone acetate actually preserved rather than 
destroyed the P-450 activities of cultured Leydig cells. 

The current study investigates the characteristics of 
binding of substrates and other effector steroids to 
microsomal P-450 preparations obtained from mouse 
testes. The binding of the substrates, progesterone 
and 17a-hydroxyprogesterone, and the protective 
ligand, testosterone acetate, all of which produce a 
strong spectral signal, were monitored directly by 
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difference spectroscopy. The binding of other effector 
ligands, steroids that affect the P-450 activities of 
cultured Leydig cells, was evaluated in competition 
experiments with the substrate ligands. 

EXPERIMENTAL 

Preparation of microsomes 

Adult male outbred mice were killed by cervical 
dislocation and the testes were collected on ice. 
Decapsulated testes were homogenized in 3 vol of 
ice-cold phosphat~EDTA buffer (100 mM KPO.,, 
1 mM EDTA, pH 7.4) containing 25 mM sucrose 
with 7 strokes of a Teflon-glass homogenizer 
(Potter-Elvehjem). The resulting homogenate was 
centrifuged at 15,000g for 30min to remove mito- 
chondria, nuclei and cell debris. The supernatant was 
then ~nt~fuged at lOO,~g for 60 min and the 
microsomal pellet was collected. The microsomes 
were washed by resuspending the pellet in 
phosphate-EDTA buffer and resedimenting the pellet 
at 100,OOOg for 60min. The washed microsomal 
pellet was resuspended (microsomes from 4 testes per 
ml) in phosphat~EDTA buffer containing 20% 
glycerol and stored at -70°C until use. 

Spectrophotometric assays 

All spectrophotometric data were obtained as 
difference spectra at room temperature on an Aminco 
DW2 dual beam s~trophotometer, scanning from 
350 to 550 nm with a 3.0 mm slit width. The concen- 
tration of cytochrome P-450 was determined from the 
difference (A450-A490) of the CO-saturated reduced 
complex minus the reduced complex, using an ab- 
sorption coefficient of 91 mM-’ cm-‘, as described by 
Omura and Sato [I 31. Steroids were obtained from 
Sigma and Steraloids and were recrystallized prior to 
use. Steroids were dissolved in methanol so that the 
appropriate concentration could be added in small 
aliquots and the final MeOH concentration would 
not exceed 5% (v/v). 

The binding of ligands producing a strong spectral 
signal was determined from difference spectra at the 
appropriate wavelengths; A,,-hzo for progesterone 
and 17a-hydroxyprogesterone and A,,-+& for tes- 
tosterone acetate. The steroid was added in a small 
volume of MeOH to the sample cuvette and an 
equivalent volume of MeOH was added to the refer- 
ence cuvette and the contents of both were mixed 
with a glass rod. Equilibration was rapid; spectra 
recorded 15-30 min after addition of steroids were 
identical to those recorded 2-3 min after steroid 
addition. Since binding of these ligands was stoichio- 
metric at total ligand [L,] concentrations less than the 
concentration of P-450 [P,], A absorption contents 
(AC) were determined and used to calculate the 
concentration of P-450-ligand complex: [PL] = 
AA/AC 1. Dissociation constants for these ligands 
were determined by mixing equimolar amounts of 
P-450 and ligand and recording the spectral signal 

(AA), followed by serial 2-fold dilution of the 
samples, which favors dissociation of the PL com- 
plex. The concentration of P-45~ligand complex 
[PL] was calculated as described above and the 
concentration of free ligand [L] was calculated by 
subtraction from total hgand ([L] = [L,] - [PLJ). The 
data from at least 3 dilutions were used to catculate 
the fraction bound (r = [PL]/]P,]) and the dis- 
sociation constants for these ligands (I&) were ob- 

tained from the slopes of Scatchard plots (r/IL] vs r). 
These experiments were repeated with at least two 
different preparations of microsomal P-450 for each 
ligand. 

The dissociation constants for inhibitory ligands 
(I) were determined from competition experiments 
with the chromogenic ligands (L), progesterone and 
17a-hydroxyprogesterone. For these experiments, the 
difference in absorbance (A390-&50) for an equimolar 
concentration of P-450 and ligand (L) was deter- 
mined in the absence of I and in the presence of 
20-320pM I, which was added to both the sample 
and reference cuvettes in a small volume of MeOH. 
The data were analyzed according to the method of 
Bessler et af.f14], describing the competition of a 
chromogenic ligand (L) and an inhibitory ligand (I) 
for a protein (P), (P + L + I$PL -t PI). The concen- 
trations of PL ([PL] = AA/A6 1) and L ([L] = 
[L,] - [PL]) were determined for each concentration 
of inhibitor (I) and plotted as ([PJPL]) - 1 [L] vs [I] 
(assuming GLi = 0, where K.,,, is the dissociation 
constant for the ternary compIex PLI). The slope of 
this plot gives the ratio of dissociation constants for 
L and I (m = &J&t), as in equation 4 of Bessler et 
aL[ 141, ([PJ[PL] - 1) [L] = (KdL [I])/&, . The slopes 
of these lines were determined by linear regression 
and I&, was determined from these slopes and the 
values for Kd, determined in the dilution experiments 
described above. 

RESULTS 

minding a~nitie~ of chromogenic iigands 

The binding of progesterone, 17a -hydroxy- 
progesterone or testosterone acetate to microsomai 
P-450 of mouse testis is accompanied by pronounced 
spectral changes. The change in A absorbance ob- 
tained from difference spectra as a function of total 
ligand concentration [L,], is illustrated in Fig. I. The 
change in A absorbance was large and directly pro- 
portional to the concentration of ligand added for 
ligand concentrations ranging from 0 to 75% of the 
P-450 concentration. There was also a small increase 
in A absorbance at high ligand concentrations. The 
insets to Fig. 1 illustrate the linear relationship of AA 
to [L,], which indicates stoichiomet~c binding of the 
ligand to the microsomal P-450. Since al1 the ligand 
is bound to P-450 over this range, the A absorption 
coefficient (AE) for the P-450-ligand complex ([PL]) 
can be accurately determined and used to calculate 
[PL] under conditions where the concentration of free 
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Fig. 1. Titration of testicular microsomal P-450 with chro- 
mogenic ligands. The indicated concentration of steroid 
ligand (L,) was added to microsomal P-450 (0.7-0.8pM) 
and the changes in A absorbance of the difference spectra 
were determined. The chromogenic ligands were: (A) pro- 
gesterone, (B) 17a-hydroxyprogesterone and (C) testos- 
terone acetate. The A absorption coefficient (AC) for the 
P-45Migand complex was determined from the linear por- 
tion of the binding curves (expanded in insets), as described 

in Experimental. 

ligand varies in the presence of an inhibitory ligand 
(below). The small increase in AA at very high ligand 
concentrations suggests that these ligands bind 
nonspecifically to a second class of low affinity sites 
in these microsomal preparations of testicular P-450. 
The fact that all three ligands are bound stoichiomet- 
rically suggests that all three bind to the same site. 
Pregnenolone also showed a pattern of binding sim- 
ilar to that illustrated for the other ligands (data not 
shown). 

The stoichiometric binding of these ligands pre- 
cludes determination of the dissociation constants 
(&) by graphical methods relying on the deter- 
mination of free ligand [L] over a wide range of total 
ligand concentrations, since [L] is zero or very small 

at all ligand concentrations below [PI. Therefore, Kd,_ 
was determined by mixing equimolar concentrations 
of P-450 and ligand (at which point [L] and [P] are 
greatest relative to [PL]) and measuring AA as these 
samples were serially diluted to promote dissociation 
of the PL complex. This allows the measurement of 
[PL] at varying concentrations of [L] for the deter- 
mination of KdL. This also demonstrates that KdL is 
independent of the concentration of P-450. The dis- 
sociation constants for the three chromogenic ligands 
are given in Table 1. All three ligands were bound 
with unusually high affinity. 

Spectral characteristics 

The unique spectral changes produced by binding 
of testosterone acetate (Fig. 2) to testicular micro- 
somal P-450 have not been reported previously. 
The binding of progesterone and 17x-hydroxy- 
progesterone, the substrate for the hydroxylase and 
lyase reactions, respectively, produced a typical type 
I spectral shift, as shown in Fig. 3 for 
17a-hydroxyprogesterone, characterized by a max- 
imum at 390 nm, an isosbestic point at 406 nm and a 
minimum at 424 nm, which indicates a shift from the 
low spin to the high spin form of the cytochrome 
P-450 [ 151. Testosterone acetate is not a substrate for 
the enzyme [16], but has been shown to have a 
protective effect on the microsomal P-450 activities of 
Leydig cells maintained in primary culture [l]. The 
binding of testosterone acetate by testicular micro- 
somal P-450 was stoichiometric and of high affinity 
like the binding of the substrates, but differed consid- 
erably in its spectral characteristics. As illustrated in 
Fig. 2, the binding of testosterone acetate produced 
a unique spectra with maxima at 408 nm, an isos- 
bestic point at 418 nm and minima at 428 nm. To the 
best of our knowledge, this is the first report of such 
a unique spectral shift induced by steroid binding to 
a P-450. 

Inhibition of substrate binding by non-chromogenic 
steroids 

Competition experiments were done to determine 
the binding affinities of other steroids that affect the 
microsomal P-450 activities of Leydig cells but pro- 
duce little or no spectral change upon addition to 
microsomal P-450. The binding of these ligands can 
be measured by determining the decrease in A re- 

Table I. Dissociation constants for chromogenic ligand binding to testicular 
microsomal P-450 

Ligand (L) 

Progesterone 
I7a -Hydroxyprogesterone 

KdL (nM) 
Expt I Expt 2 Expt 3 Mean li: Range 

22 20 26 23 + 3 
52 50 N.D. 51 * I 

Testosterone acetate 5 30 N.D. 17 f 12 

Equimolar concentrations (0.75-I .O JIM) of microsomal P-450 and steroid ligand 
were mixed and the difference spectrum recorded as the mixture was diluted 
serially 2-fold, to favor dissociation. The concentrations of bound and free P-450 
and ligand were obtained and used to calculate the dissociation constants, &, 
as described in Experimental. 

N.D.: not determined. 
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Fig. 2. Difference spectra produced by binding of testosterone acetate to testicular microsomal P-450. 
Testosterone acetate (0.1-0.7 PM) was added to microsomal P-450 in 0.1 PM aliquots and difference 
spectra (increasingly larger) were recorded. The wavelengths of maximum and minimum absorption and 

of the isosbestic point are indicated. 

360 380 400 420 
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360 380 400 420 
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440 460 

Fig. 3. Inhibition by testosterone of 17a-hydroxyprogesterone binding to testicular microsomal P-450. 
Equimolar concentrations (0.8 FM) of microsomal P-450 and 17a-hydroxyprogesterone were mixed and 
increasing concentrations of testosterone were added. Progressively smaller spectra were recorded 
following the addition of increasing concentrations of testosterone: 0, 39, 78, 117, 231 and 305 PM, 

respectively. 
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Fig. 4. Determination of dissociation constants for in- 
hibitory ligands. The data from competition experiments 
were plotted according to equation 4 of Bessler et al. (1974), 
assuming Kdl, = 0, as described in Experimental. The slope 
of the plot is equal to the ratio of the dissociation constants 
for the chromogenic ligand and the inhibitory ligand 
(m = KdL/Kd,). In the experiment illustrated, the chromo- 
genic ligand (L) was 17a-hydroxyprogesterone and the 
inhibitory ligands (I) were: (a), testosterone; ( x ), an- 
drostenedione; (A), epitestosterone; (O), estradiol; and 

(A), cortisol. 

suiting from the addition of inhibitory ligands to a 
preparation of microsomal P-450 which is in equi- 
librium with bound chromogenic ligand, such as 
progesterone or 17a -hydroxyprogesterone. An ex- 
ample of the changes in difference spectra resulting 
from the addition of testosterone to an equimolar 
mixture of testicular microsomal P-450 and 
17a-hydroxyprogesterone is illustrated in Fig. 3. The 
largest signal for the difference spectra was obtained 
in the absence of testosterone and respectively smaller 
signals were produced by addition of 20-320 PM 
testosterone. It is clear from these spectra that only 
the magnitude of the signal is changed, and not its 
characteristics. These experiments were done with an 
equimolar concentration of P-450 and chromogenic 
ligand so that most of the high affinity sites but not 
the low affinity sites would be occupied, rather than 
with excess ligand. In the presence of a vast excess of 
chromogenic ligand the affinity of the inhibitory 
ligand appears to be greater because of displacement 
of the low affinity 
these experiments 

binding. The data obtained from 
were analyzed with the method 

of Bessler et a1.[14] by plotting the product 
([p,]/[pL] - 1) [L] against the concentration of the 
inhibitory ligand [I]. This should yield a straight line 
if the termolecular complex PLI does not form 
(KdL, = 0; i.e. both ligands compete for the same site 
on the protein). As shown in Fig. 4, all steroid hgands 
which displace 17a-hydroxyprogesterone gave linear 
relationships between ([P,]/[PL] - 1) [L] and [I]. Sim- 
ilar data were obtained in a second experiment using 
17a-hydroxyprogesterone as the chromogenic ligand 
and in a third experiment using progesterone as the 
chromogenic ligand. As would be expected, the slopes 
of the secondary plots from the latter experiment 
were about one half the magnitude because of the 
higher affinity of the P-450 for progesterone (Table 
2). The average values for &, from these experiments 
are given in Table 2. Cortisol was clearly a less potent 
inhibitor of substrate binding than were testosterone, 
androstenedione, epitestosterone and estradiol, 
which were similar. Aminoglutethimide, a potent 
inhibitor of the mitochondrial P-450 side-chain cleav- 
age enzyme, did not inhibit binding of substrate to 
microsomal P-450 when added at concentrations up 
to 320pM. 

DISCUSSION 

The data presented herein demonstrate that the 
substrate ligands, progesterone and 17a-hydroxy- 
progesterone, are bound stoichiometrically and with 
very high affinity by mouse testicular microsomal 
cytochrome P-450 preparations. Testosterone acetate 
binding was very similar to substrate binding, except 
that the characteristics of the difference spectra were 
distinct from those produced by substrates. The 
binding of all three ligands showed evidence of a 
small amount of nonspecific binding in these P-450 
preparations. It was also demonstrated that steroid 
products of the enzyme and other steroids inhibit the 
binding of substrates in a competitive fashion, but 
bind far less tightly than the substrates. 

Our data concerning the binding of substrates to 
testicular microsomal P-450 differ in two significant 
respects from previously reported data. First, the 
stoichiometric binding of substrate to this P-450 has 
not been reported previously. Second, the dis- 
sociation constants for substrate binding in these 
microsomal preparations are two orders of mag- 
nitude lower than those reported for the purified 

Table 2. Dissociation constants for ligands that inhibit substrate binding to testicular 
microsomal P-450 

Inhibitor (I) Expt I Expt 2 Expt 3 Mean + Range 

Testosterone 3.4 3.9 4.2 3.8 + 0.4 
Androstenedione 4.3 3.9 5.2 4.5 + 0.7 
Epite-stosteronc 4.6 4.5 5.2 4.8 + 0.4 
Estradiol 5.3 5.0 5.1 5.1 f0.2 
Cortisol 13.6 11.9 N.D. 12.8 + 0.9 

Dissociation constants for inhibitory ligands were determined from competition 
experiments, as described in Experimental. 

N.D.: not determined. 
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microsomal P-450 (hydroxylase/lyase) obtained from 
porcine testes [4, 17, 181. The higher affinity of micro- 
somal preparations of P-450 for steroid substrates is 
most likely due to hydrophobic interactions of both 
the P-450 and steroid substrate with the microsomal 
membrane. It should be noted that the values deter- 
mined for the K,,, of the hydroxylase and lyase 
reactions are also lower for microsomal preparations 
of P-450 [6] than the values determined using the 
purified enzyme preparation [16-181. Both the stoi- 
chiometric nature of substrate binding and the high 
affinity of the P-450 for its substrates may be of 
importance to the control of testicular steroido- 
genesis. The steady-state concentrations of pro- 
gesterone and 17x-hydroxyprogesterone are very low 
relative to the concentrations of the products (less 
than IO%), even in Leydig cells which are syn- 
thesizing androgens at a maximal rate* [7,9]. In 
addition, we have previously demonstrated that the 
P-450 activities are present in excess of those required 
to maintain a maximal rate of steroidogenesis [ 1, lo]. 
Therefore, an excess of P-450 enzyme, which is 
capable of binding stoichiometric quantities of sub- 
strate, would ensure that free intermediate is bound 
and metabolized to androgens. 

The present findings are consistent with the finding 
that both hydroxylase and lyase activities are associ- 
ated with a single cytochrome P-450 in testicular 
microsomes [4, 171. The microsomal P-450 prepara- 
tions we used could be titrated completely with either 
progesterone or 17a-hydroxyprogesterone. In addi- 
tion, the P-450-substrate complexes for both pro- 
gesterone and 17a -hydroxyprogesterone had nearly 
identical molar absorptivities. Therefore, it would 
appear that both substrates bind to a single active site 
on the enzyme, as would be expected. 

Neither the stoichiometric, high affinity binding of 
testosterone acetate to testicular microsomal P-450 
nor the unique spectral changes induced by this 
binding have been reported previously. The demon- 
stration that the P-450 preparation could be titrated 
fully with testosterone acetate indicates that this 
steroid also binds to the single active site of the 
enzyme. Suhara et a/.[161 demonstrated that the 
highly purified testicular hydroxylase/lyase P-450 
also catalyzes an oxidase reaction 
(17/I-hydroxysteroid + 17-ketosteroid), but testos- 
terone acetate did not serve as a substrate for this 
reaction. The stoichiometric, high affinity binding of 
testosterone acetate is of particular importance in 
regard to our previous finding that this steroid is 
capable of preserving microsomal P-450 activities in 
Leydig cell cultures [ 11. In addition, the unique spec- 
tral changes induced by testosterone acetate binding 
to P-450 also support a unique role for testosterone 
acetate. 

The present study demonstrates that products of 

*Quinn P. G., Stalvey J. R. D. and Payne A. H.: un- 
published observations. 

the enzyme and other steroids compete with substrate 
for binding to the P-450 with a similar degree of 
effectiveness. However, aminoglutethimide, which is 
a potent inhibitor of mitochondrial P-450 cholesterol 
side-chain cleavage, was found not to inhibit the 
binding of substrates to the microsomal P-450 en- 
zyme. The Kd value for estradiol is in agreement with 
the value determined for the purified enzyme [18]. 
The apparent Kd's for inhibitory steroid binding are 
sufficiently low to be consistent with the hypothesis 
that binding to the active site is necessary but not 
sufficient for a steroid to influence the production of 
oxygen free-radicals by the P-450 complex. It has also 
been demonstrated that there is no correlation be- 
tween H,O, production or substrate mono- 
oxygenation with the optical binding spectra in liver 
microsomes [19,20]. Our results are consistent with 
these reports. 

In summary, our findings demonstrate that testi- 
cular microsomal P-450 binds its hydroxylase/lyase 
substrates stoichiometrically and with very high 
affinity. These properties of the P-450 are probably 
responsible, in large part, for the extremely complete 
and efficient metabolism of progesterone to an- 
drogens in Leydig cells. The products of the 
hydroxylase/lyase as well as epitestosterone, all of 
which induce oxygen-mediated damage of the P-450, 
inhibit substrate binding. Testosterone acetate was 
stoichiometrically bound with high affinity, as are 
substrates, but produces a unique spectral signal 
when bound. These results suggest that it protects the 
P-450 of cultured Leydig cells by binding to the active 
site of the enzyme. 
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