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SUMMARY 

The study of the oxidative metabolism of steroids as catalyzed by cytochrome P-450 offers a unique 
challenge to our understanding of critically important biochemical events in a wide variety of areas 
of investigation. The approaches currently used in our laboratory are to better define (1) the milieu 
of the heme iron of cytochrome P-450 for the binding of the substrate and (2) the potential role 
of organic peroxides as key intermediates in oxygen activation by cytochrome P-450. The present 
report, although highly speculative, hopefully will stimulate others to expand further and test the 
hypotheses presented, i.e. the role of steering groups on the substrate molecule which orient the substrate 
to facilitate hydroxylation at specific sites and the presence of higher valence states for the heme 
iron-substrate complex of cytochrome P-450 associated with oxygen activation prior to substrate hy- 
droxylation. 

Cytochrome P-450 is a nearly ubiquitous pigment 
functional in the oxidative metabolism of a wide var- 
iety of organic compounds [l-4]. This hemoprotein 
serves to activate molecular oxygen for the insertion 
of an atom of oxygen into the organic substrate mole- 
cule [S]. In this way non-polar lipophilic molecules 
become more polar and sites for conjugation with 
other compounds are generated. In general terms, this 
enzymatic process has long been recognized as a hy- 
droxylation reaction or a mixed function oxidation 
reaction [S, 61. Four general observations can be 
made about cytochrome P-450 catalyzed reactions: 
(a) A substrate must have suitable lipophilicity and 
appropriate stereochemical configuration to permit 
binding at a site adjacent to the heme iron of cyto- 
chrome P-450; (b) There is a source of reducing equiv- 
alents in the form of reduced pyridine nuclrotides; (c) 
There is a suitable series of electron transfer com- 
ponents required to catalyze the reduction of cyto- 
chrome P-450 by equivalents originating from reduced 
pyridine nucleotides; and (d) Molecular oxygen is 
bound to reduced cytochrome P-450 to form a ter- 
nary complex of oxygen, substrate, and the heme iron 
of cytochrome P-450. 

The study of steroid metabolism as catalyzed by 
cytochrome P-450 offers a unique opportunity to gain 
a fuller understanding of the molecular events occur- 
ring and the factors which dictate the requirements 
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of substrate structure to initiate the hydroxylation 
reaction. 

Cytochrome P-450 catalyzed steroid hydroxylation 
reactions take place in mammalian tissues within dif- 
ferent organs and sub-cellular organelles. The in- 
fluence of transport of various steroids dictated by 
the compartmentation of the enzyme system [7] 
makes this study extremely complex. Many steroido- 
genie organs such as the adrenal, testis and ovary, 
have cytochrome’s P-450 associated with mitochon- 
dria where a unique iron-sulfur protein and a flavo- 
protein serve as necessary electron transport com- 
ponents [7, S] for the transfer of reducing equivalents 
from NADPH to cytochrome P-450 (Fig. 1). It should 
be noted that the one-electron transfer iron-sulfur 
protein (adrenodoxin) interacts at two steps [9, lo] 
during the cyclic function of cytochrome P-450. Of 
greatest interest, however, is the specificity [l 1, 121 of 
the mitochondrial cytochrome P-450 for the steroid 
molecule undergoing hydroxylation. It has been pro- 
posed [ 131 that a specific cytochrome P-450 is func- 
tional in the hydroxylation of cholesterol at carbons 
20 and 22 for side chain cleavage to pregnenolone 
and that this cytochrome P-450 is distinct from a 
similar hemoprotein which catalyzes the 11/Ghy- 
droxylation of C21-steroids such as deoxycorticoster- 
one, deoxycortisol, progesterone, and 17a-hydroxy- 
progesterone. Little is known [ 141 of the 1 S-hydroxyl- 
ation of corticosterone to form aldosterone except 
that mitochondrial cytochrome P-450 is a necessary 
component of this reaction system. Likewise, our 
knowledge of the cytochrome P-450 catalyzed reac- 
tions required for the formation of steroids such as 
androgens and estrogens is still limited and requires 
further study [ 15, 171. 
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Fig. 1, The electron transport sequence functional in adrenal cortex mitochondria for cytochrome 
P-450 catalyzed reactions. The individual reactions for the interaction of cytochrome P-450 with a 
steroid substrate(s), electrons from reduced adrenodoxin, and oxygen have been described by Estabrook 

et al. (7 see page 27). 

The endoplasmic reticulum of many steroidogenic cytochrome P-450 of microsomes catalyzes a hy- 
organs also contains another type of cytochrome P- droxylation at carbons 17 and 21 of progesterone as 
450 which carries out hydroxylation reactions on dif- well as pregnenolone [20,21]. The microsomal frac- 
ferent compounds (steroids) [lS, 191 and which has tion of steroidogenic organs may also insert an 
associated with it a different complex of electron oxygen atom at other sites on the steroid nucleus 
transport carriers required to transfer reducing equi- (such as 68 and 15~) but these reactions appear to 
valents from reduced pyridine nucleotide, i.e. the be minor and not well characterized. It is well docu- 
flavoproteins NADPH-cytochrome P-450 reductase, mented however, that microsomal cytochrome P-450 
NADH-cytochrome 6, reductase and the hemopro- will not carry out a hydroxylation at sites similar to 
tein cytochrome h5 (Fig. 2). In the adrenal cortex the those observed with mitochondrial cytochrome P-450 
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Fig. 2. The electron transport complex of the endoplasmic reticulum proposed as functional for cyto- 
chrome P-450 catalyzed reactions. The Ravoprotein TPNH-cytochrome c reductase is indicated as fpT 
while the flavoprotein DPNH-cytochrome b5 reductase is designated as fpn. An unknown electron 
transfer component “X” is presumed to be required for reduction of cytochrome P-450 in the presence 
of TPNH. The cyclic reaction of cytochrome P-450 with substrate (S), electrons (e), and oxygen (0,) 

or carbon monoxide (CO) has been described by Es&brook et a1.[293. 
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and vice-versa. Also it is apparent that microsomal 
cytochrome P-450 of steroidogenic organs will meta- 
bolize only poorly if at all the wide variety of com- 
pounds oxidatively degraded by the cytochrome P- 
450 of liver microsomes. Thus, one must conclude 
that a high degree of specificity is associated with 
the various types of cytochromes P-450 of tissues such 
as the adrenal, testis, ovary, placenta, etc. 

Studies with the microsomal fraction from liver 
have revealed that many more sites of hydroxylation 
of the steroid molecule can occur as described by 
Gustaffson et al.[22,23]. Further, it is apparent that 
steroids represent but one class of a wide variety of 
substrates, since a large number of drugs, polycyclic 
hydrocarbons, etc. can also be hydroxylated by liver 
microsomal cytochrome P-450 [4, IS]. Because of 
observed differences in the metabolism of androgens 
and estrogens by liver microsomes [24,253, such as 
dependence on the sex, species, age, etc. of the animal 
used, a detailed examination of the interaction of a 
variety of steroids with liver microsomal cytochrome 
P-450 has been undertaken. 

The interaction of various steroids with liver micro- 
somai cytochrame P-450 

Optical spectral studies [26,27] of membrane 
bound cytochrome P-450 have shown that the addi- 
tion of a variety of substrates results in a series of 
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Fig. 3. Spectral changes observed during the interaction 
of liver microsomal cytochrome P-450 with varying con- 
centrations of androstanedione. An aliquot of the microso- 
ma1 fraction isolated from livers of male rats pretreated 
for five days with phenobarbital (i.p. 8Omg/kg) was 
diluted to a protein concentration of 2mg/ml using a 
buffer mixture- containing 0.05 M Tris-chloride (pH %4), 
@I5 M KC1 and 5 mM MgCl,. The microsomal susuension 
was divided equally into two-cuvettes and difference spec- 
tra were recorded using an Aminco DW2 split beam spec- 
trophotometer after establishing a baseline (a) of equal 
light absorbance. Aliquots of 30 mM androstanedione, dis- 
solved in ethanol, were added to the contents of the sample 
cuvette and an equivalent concentration of ethanol was 
added to the contents of the reference cuvette. The final con- 
centration of androstanedione in the reaction mixture is 
indicated together with the corresponding spectral change 

observed (curves b to f). 
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Fig. 4. The effect of various concentrations of different 
steroids on the magnitude of optical density change 
observed when steroids interact with liver microsomal 
cytochrome P-450. A series of experiments comparable to 
those described in Figure 3 were carried out using a wide 
variety of different steroids. The magnitude of absorbance 
change at 385 nm relative to 420 nm was determined after 
each addition of the ethanolic solution of a specific steroid 
and is expressed per mg of microsomal protein. Each 
titration curve represents a separate series of experiments 
using a fresh dilution of microsomes isolated from the liver 

of male rats pretreated with phenobarbital. 

spectral ~rturbations ascribable to a mod~~tion in 
the environment of the heme iron of cytochrome P- 
450. Using the technique of difference spectrophoto- 
metry one can readily show that the addition of in- 
creasing concentrations of a substrate such as andros- 
tanedione (Fig. 3) results in a progressive change in 
the spectrum characterized by a loss of absorbance 
at about 420nm and an increase in absorbance at 
about 387 nm, what has been termed a Type I spectral 
change [ZSJ. A plot of substrate concentration added 
versus the magnitude of optical change observed 
shows (Fig. 4) a hyperbolic function comparable to 
the substrate saturation characteristics for an enzyme. 
It should be noted that different steroids react in a 
different manner with liver microsomal cytochrome 
P-450. For example, androstanedione and andros- 
tenedione react to give the greatest spectral change 
while steroids such as deoxycorticosterone and corti- 
costerone react very poorly. Data of the type pre- 
sented in Fig. 4 can be plotted as the reciprocal of 
substrate concentration versus the reciprocal of the 
magni~de of optical absorbance change determined 
(Fig. 5). In this way, the magnitude of absorbance 
change at infinite steroid concentration can be esti- 
mated as well as the concentration of steroid necess- 
ary to half-saturate cytochrome P-450 (comparable 
to the value of K, obtained graphically from a Line- 
weaver-Burk plot of enzyme substrate saturation kine- 
tics). Thus, the term K, has been introduced [28] to 
signify the concentration of substrate required to 
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Fig. 5. Determination of the affinity constant for andros-. 
tanedione binding to cytochrome P-450 of liver micro- 
somes. Data of the type presented in Figure 4 was replot- 
ted as the function of the reciprocal of the concentration 
of androstanedione added versus the reciprocal of the mag- 
nitude of absorbance change at 385 minus 420nm. Liver 
microsomes from phenobarbital treated male rats were 

used at a concentration of 2mg protein per ml. 

obtain half-maximal optical spectral change. With 
liver microsomal cytochrome P-450 a I(, of 0.1 mM 
to about 1 mM is obtained with most drug substrates. 
In contrast, a K, of 1OpM to 1OOpM is observed 
with many steroids. It is assumed that the K, mea- 
sures the affinity of binding of the substrate molecule 
to cytochrome P-450 and undoubtedly reflects the 
steric restrictions and the hydrophobicity of the en- 
vironment of the heme moiety. It should be noted 
that the spectral change observed after the interaction 
of steroids with liver microsomal cytochrome P-450 
is not an additive process. For example, the addition 
of testosterone to liver microsomal cytochrome P-450 
previously titrated to a saturating concentration with 
androstenedione results in no further spectral change. 
Likewise, the addition of a drug substrate, such as 
hexobarbital or benzphetamine, results in no signifi- 
cant increase in spectral absorbance in addition to 
that obtained with many steroids. From experiments 
of this type it is concluded that the site of reaction 
of the substrate molecule on cytochrome P-450 is 
common for all substrates tested. 

In the present study we asked the questions: Is it 
possible to gain more specific information about the 
heme environment by employing steroids of differing 
structures and by evaluating both the tightness of 
binding, i.e. the K, as well as the magnitude of inter- 
action? With such information, could a general 
hypothesis be developed to explain the multiple sites 
of hydroxylation on the steroid nucleus observed dur- 
ing its oxidative metabolism by liver microsomal 
cytochrome P-450? 

The results of these experiments may be briefly 
summarized as follows: 

(1) Cholesterol and its derivatives do not appear 
to bind to cytochrome P-450. 

(2) C-21 steroids are only poorly bound to cytoch- 
rome P-450. 

(3) For the C-19 steroids, the more hydrophilic the 
molecule the poorer it binds, i.e. polyhydroxy com- 
pounds do not bind well to cytochrome P-450. 

(4) When the extent of binding is expressed per 
nmole of cytochrome P-450, steroids are equally 
bound to liver microsomal cytochrome P-450 using 
either male and female rats except for estradiol and 
testosterone. Estradiol binds better to liver micro- 
somal cytochrome P-450 from male rats while testos- 
terone binds better to microsomes from female rats. 

(5) The tightness and extent of binding appears to 
be related to the rate of metabolism of various ster- 
oids as evaluated by loss of spectral binding in the 
presence of NADPH and oxygen (see below). 

(6) The presence of a keto group at carbon 3 or 
17 enhances binding over that observed when a hy- 
droxyi group is at carbon 3 or 17; a K, of S-10@ 
is observed for steroids containing a keto function 
while a K, of IO-25pM is obtained for those which 
have a monohydroxy functional group, and K, of 25 
to 5OOkM is observed with polyhydroxy steroids. 

(7) Steroids with 3ix-hydroxy, 17-keto groups dis- 
play better binding than those with 3fl-hydroxy, 17- 
keto groups. 

(8) The presence of a 45 double bond attenuates 
binding; i.u. binding is enhanced by reduction of the 
double bond, and 

(9) The rather unexpected result has been obtained 
which shows that in general, 5p compounds bind bet- 
ter than 5r compounds. 

A +~zrrul hypothesis. The observation that func- 
tional groups on the steroid molecule. notably keto 
functions at carbons 3 and 17, markedly enhance the 
interaction of the steroid with ferric cytochrome P- 
450 suggests an extension of a proposal made ear- 
lier (291 concerning the possible mechanism of sub- 
strate hydroxylation reactions catalyzed by cyto- 
chrome P-450. If one envisions (Fig. 6) the functional 
groups of the steroid molecule serving as the fulcrum 
which is attached by a chelation type interaction with 
a cation, such as magnesium or manganese, coor- 
dinated by the two carboxyl groups of the propionic 
acid residues of the heme moiety, it is possible to 
speculate on potential sites of oxygen attack on the 
steroid nucleus. For example, presume (Fig. 7) the 
keto-function on carbon 3 of andros~nedjone is the 

Fig. 6. A schematic representation of the possible spatial 
orientation of a steroid molecule over the plane of the 
heme of cytochrome P-450. The presence of a cation inter- 
acting with the propionic acid residues of the heme and 
the 3-keto function of 8 steroid is shown at the left. The 
location of the heme iron is designated by the dotted area 
in the center of the porphyrin ring system. Precise molecu- 
lar distances have not been included in the drawing of 

this molecular depiction. 
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Fig. 7. Schematic demonstration of possible molecular dis- 
tances required for the binding of a steroid molecule to 
cytochrome P-450. The lower portion of the figure repre- 
sents a side view of the plane of the heme of cytochrome 
P-450 showing on the left a cation interacting with the 
propionic acid residues of the heme and oxygen bound 
to the heme iron (center). Two possible structural conhgur- 
ations of steroids are shown above. Distances were deter- 
mined from measurements using molecular models. Precise 
structural configurations are not represented and these 
drawings represent only the concept of the hypothesis dis- 

cussed in the text. 

anchor point. In this case, the steroid molecule would 
lie over the plane of the porphyrin ring so that car- 
bons 15 and 16 can be readily attacked by oxygen 
bound to the heme iron. Or conversely, if the keto 
group of carbon 17 serves as the point of attachment, 
then carbons 2 or 5 would serve as the most likely 
points of hydroxylation. It should be noted that car- 
bon 7 is equidistant between a functional group on 
carbons 3 or 17 indicating a higher probability for 
hydroxylation at this point. 

It appears that a critical distance of 65 to 7A is 
necessary from the point of attachment of the steer- 
ing group to the site of hydroxylation. The wide var- 
iety of substrate molecules available today together 
with the analytical methods powerful enough to 
resolve differences in the chemistry of various hydroxyl- 
ated products make it conceivable to test the vali- 
dity of this hypothesis. 

The metabolic transformation of steroids. As de- 
scribed above, the addition of various steroids to liver 
microsomes results in a spectral change indicative of 
an interaction with cytochrome P-450. In the presence 
of oxygen and NADPH, the hydroxylation of the ster- 
oid is initiated and a loss of substrate binding spec- 
trum (Fig. 8) is observed. The time required for the 
loss of the substrate induced spectral change can be 
expressed as the time required to return to one-half 
the initial absorbance and is designated by the term 
tl/2. It should be noted that tl/2 is related to first 
order velocity constant for the rate of hydroxylation 
of the steroid. As shown in Fig. 9 the tl/2 is propor- 
tional to the concentration of steroid added to the 
reaction mixture, i.e. the higher the concentration of 

t -I 
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Fig. 8. Spectral changes associated with the hydroxylation 
of androstanedione using liver microsomes. An aliquot of 
microsomes prepared from the livers of male rats pre- 
treated with phenobarbital (i.p. SOmgjkg) was diluted 
to a protein concentration of 2 mg per ml in a buffer mix- 
ture containing 0.05 M Tris-chloride (pH 7.4) 0.15 M KCl, 
5 mM MgCl,, 8 mM sodium isocitrate, and excess isoci- 
trate dehydrogenase and placed in a spectrophotometer 
cuvette. The absorbance change at 420nm minus 450nm 
was measured using an Aminco DW2 dual wavelength 
spectrophotometer. An aliquot of NADPH was added as 
shown and the cytochrome b, of liver microsomes reduced 
(upward deflection of the recorder tracing). The addition 
of an ethanolic solution of androstanedione to give a final 
concentration of 6.6pM results in a rapid downward de- 
flection of the trace indicating a loss of absorbance at 
420 nm and its interaction with cytochrome P-450 (cf. Fig. 
3). As the androstanedione is oxidatively metabolized the 
absorbance change slowly increases and returns to the ori- 
ginal level. The time required (tl/2) to restore one-half of 
the change in absorbance measured upon addition of 
androstanedione is indicated. Temperature; 23°C. Time 

proceeds from left to right. 
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Fig. 9. The influence of various concentrations of andros- 
tanedione on the half-time required for the loss of the 
absorbance change observed during the interaction of the 
steroid with liver microsomal cytochrome P-450. A series 
of experiments were carried out as described in Figure 8 
and the t1/2 for the reaction determined. It should be 
noted that the inflection in the curve at a concentration 
of androstanedione of about 5 PM approximates the con- 
centration of steroid requtred to half-saturate the cyto- 
chrome P-450 as determined from spectral binding studies 

of the type described in Fig. 3. 
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Fig. 10. The effect of various steroids on the half-time 
required for the loss of the absorbance change observed 
during the interaction of the steroid with liver microsomal 
cytochrome P-450. Experiments similar to those described 
in Figure 8 and 9 were carried out using the steroids indi- 
cated. It should be noted that the greater the t1/2 the 

slower the steroid is metabolized. 

steroid added to the reaction mixture, the longer the 
spectral change persists. When a variety of steroids 
are tested in this manner (Fig. 10) marked differences 
in the t1/2 for a fixed concentration of steroid is 
observed indicating marked differences in the rate of 
metabolic transformation. Thus, a series of spectral 
measurements permit the evaluation of the extent of 
interaction of a steroid with cytochrome P-450 and 
provide an estimate of the relative rates of hydroxyl- 
ation using levels of steroids that approach those 
present under physiological conditions. 

Activated oxygen. The challenge remains, however, 
to understand the molecular events occurring after 
the substrate molecule has assumed its proper spatial 
orientation to the heme of cytochrome P-450. What 
is the chemical nature of the oxygen that is incorpor- 
ated into the product; how is the reaction facilitated 
in this ternary complex? A number of interesting new 
observations [30-333 have been made by Hrycay, 
O’Brien and Rahimtula while working with us in 
Dallas. It is apparent that organic peroxides can also 
serve as reactants with ferric cytochrome P-450 form- 
ing complexes of iron comparable to the ferry1 and 
perferryl states postulated for peroxidases and myo- 
globin, and in this way catalyze the oxidative conver- 
sion of a variety of substrates. As postulated in Fig. 
11 the perferryl (+ 5) state of the iron (A in Fig. 11) 
can arise by the known sequence of reactions for 
cytochrome P-450 of two individual one electron 
additions together with the interaction of atmospheric 
oxygen. Alternatively the perferryl state can be 
formed by the interaction of ferric cytochrome P-450 
with an organic peroxide. The subsequent donation 
of electrons from the substrate molecule, analogous 
to that proposed for the interaction of substrates with 
complexes I and II of peroxidase, permits a step-wise 
sequence of reactions necessary for oxygen insertion 
into the substrate molecule. Preliminary studies using 
androstanedione as substrate and cumene hydroper- 

e’ from NADH,NADPH,TMPD or a suitoble 
substrate for P-450 hydroxylation 

Fig. 1 I. Postulated scheme for the reaction of organic per- 
oxides with cytochrome P-450. The cyclic reaction of 
cytochrome P-450, as illustrated in Figure 1 and 2, has 
been abbreviated by omitting the steps showing the inter- 
action of the substrate molecule. It is proposed that the 
substrate complex of ferric cytochrome P-450 (Fe3’) can 
undergo reduction by an electron derived from NADPH 
via the flavoprotein reductase and then interact with 
oxygen to form oxygenated reduced cytochrome P-450. 
The addition of a second electron derived from reduced 
pyridine nucleotide or the interaction of the substrate com- 
plex of ferric cytochrome P-450 with an organic peroxide 
(XOOH) forms a complex of cytochrome P-450, oxygen 
and substrate where the heme iron is in a valence state 
equivalent to + 5 (A in the figure). Donation of a reducing 
equivalent from the substrate converts the perferryl form 
of the iron to the ferry1 (+4) state in a manner analogous 
to that proposed for peroxidase reactions. Loss of a second 
reducing equivalent from the substrate completes the cyclic 
pattern of cytochrome P-450 function restoring the ferric 

state. 

oxide as the oxidant indicate that the mechanism pro- 
posed above also may be appropriate for the meta- 
bolic conversion of steroids as well as drugs and poly- 
cyclic hydrocarbons. 

Again, the wide variety of steroid substrate mole- 
cules available together with the excellent chemistry 
that has developed to study steroids, lends itself as 
a means to evaluate the incorporation of 180 from 
the organic peroxide into the substrate. This new 
approach to understanding the mechanism of func- 
tion of cytochrome P-450 is under intensive study in 
our laboratory. 
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