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SUMMARY

Studies on the spectral change (type I) accompanying the formation of the enzyme-
substrate complex of the hepatic microsomal mixed-function oxidase have been made to
ascertain the relationship of the heme of cytochrome P-450 to this spectral change. Previously
work has suggested that the type II spectral change was due to ferrihemochrome formation.
Using ferriheme solutions as a model system, we have shown that spectral changes could be
induced by alteration of the electronegativity, or polarity, of one ligand of the heme by
variation of pH between 5.0 and 8.0. The spectral changes observed were similar with respect
to wavelengths of the peak, the trough, and the isosbestic point, as well as in magnitude in
relation to the heme concentration, when compared with the type I spectral change of
microsomes containing cytochrome P-450 as the only heme constituent. These findings
suggest that the two phenomena result from the same process: an alteration of the electro-
negativity of the sixth ligand of the heme. It is suggested that in microsomes the spectral
changes are due to the displacement of the sixth ligand from a hydrophobic region of the
apoenzyme (possibly the active site) by the substrate. It is suggested that two forms of
cytochrome P-450 exist: one form is the unreacted enzyme, and the other is the substrate-
bound enzyme. In the course of the metabolism of the substrate, the first form is converted
to,the second form in the presence of substrate, and this transition is accompanied by the
type I spectral change.

INTRODUCTION region (450 mp) of the spectrum (1, 2),

Since about 1964, attempts have been
made to understand the nature of an un-
usual hemoprotein, cytochrome P-450, pres-
ent in microsomes: the reason why the
absorption maximum of its reduced carbon
monoxide complex is displaced to the blue
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the causes of its unusual reduced minus
oxidized spectrum (3), and the manner in
which cytochrome P-450 functions in the
mixed-function oxidase reaction (4).

In 1964, Omura and Sato (3) showed
that the hepatic microsomal pigment which
binds CO contained protoheme. Evidence
that this pigment was a type b cytochrome
was obtained by conversion to a derivative
hemoprotein, by pyridine-hemochrome for-
mation, and by removal of the heme with
acid-acetone.

In 1963, Narasimhulu (5) observed that
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of the difference spectrum (6). The same
type of spectral change was observed by
Schenkman et al. (7, 8) and Remmer et al.
(9) with rat liver microsomes, and by Imai
and Sato (10, 11) with rabbit liver micro-
somes. These spectral changes were termed
type 12 spectral changes (8, 9). Another
type of spectral change, termed type II® (8,
9), was ascribed to ferrihemochrome forma-
tion because of its characteristics and be-
cause the chemicals causing it were all
amines and caused the displacement of CO
from cytochrome P-450 (8).

The type I spectral change was shown to
be due to formation of an enzyme-substrate
complex between the mixed-function oxi-
dase and its substrates (8, 11), and to
precede the oxidation reaction. Although
the concentration of cytochrome P-450 in
liver microsomes roughly parallels the con-
tent of mixed-function oxidase activity,
even following treatment of animals with
phenobarbital (12), the quantitative cor-
relation between enzyme activity and the
type I spectral change is more consistent
(13).

In the course of studies on the nature of
the substrate-induced spectral change and
its relationships to the mixed-function oxi-
dase, it was noticed that ferriheme could
serve as a model for ferricytochrome P-450,
and that the spectral change could be
imitated by altering the pH of the fer-
riheme solution. On the basis of information
obtained with ferriheme, and from earlier
studies, the mechanism of interaction be-
tween substrates of the mixed-function oxi-
dase and cytochrome P-450 is described,

*Type I spectral change is characterized by a
trough in the difference spectrum at 420 mu and
a peak at about 390 mu. Type I compounds are
substrates, such as hexobarbital, aminopyrine, and
chlorpromazine (8), of the mixed-function oxi-
dase which cause the type I spectral change.

* Type II spectral change is characterized by a
trough in the difference spectrum at about 392 mu
and a peak in the Soret region between 425 mu
and 435 mu. Type II compounds cause this type of
spectral change and, with the exception of aniline,
are not substrates of the mixed-function oxidase.
Other type II compounds are pyridine, nicotine,
and nicotinamide, (8).
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and a possible mechanism of action of
P-450 in the drug-oxidase reaction is
suggested.

MATERIALS AND METHODS

Microsomes were prepared as previously
described (8) from 0.25M sucrose homog-
enates by differential centrifugation. Spec-
tra were recorded with a Cary model 14
recording spectrophotometer. Hemin was
obtained from Eastman Kodak and was
purified by dissolving it in chloroform. It
was washed eight times with 50% aqueous
methanol containing 0.5M HCl, as de-
scribed by Fox and Thomson (14). Chloro-
form was removed from the hemin by
drying under vacuum. Hemin was added to
0.1 ¥ NaOH just prior to use, at a concen-
tration of about 0.09 mm, and 0.1 ml of this
solution was diluted to 40 ml in 0.01 M
potassium phosphate buffer. Spectra were
determined within 5 min of dilution. Cells
with a 10-cm light path were used to enable
detection of spectral absorption changes in
dilute solutions. The effect of pH on the ab-
sorption spectrum could be observed by
making microliter additions of 4 M NaOH
or 4M HCI to the medium while monitoring
the pH of the solution. The extinction co-
efficient of cytochrome P-450 in the reduced
CO difference spectrum (A.so — Asoo) WaS
taken as 91 mM! ¢m™?, and the difference
in extinction coefficient of the pyridine-
hemochrome between the reduced and oxi-
dized forms was assumed to be 32.4 mm™
em between 557 my and 575 mu (3).

RESULTS

Microsomal type I spectral change. It
had previously not been possible to observe
the effect of substrates on the absolute
spectrum of cytochrome P-450 because of
the presence of the large amount of heme
(cytochromes bs plus P-450) in microsomes,
and because of the relatively small change
in absorption that occurs on addition of
substrates to liver microsomes. This prob-
lem has been circumvented in the present
work by the use of rabbit liver microsomal
preparations from which the cytochrome bs
had been removed. The resultant particles,
termed “P-450 particles,” contain cyto-
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chrome P-450 as the only source of heme,
and were kindly supplied by Miss H.
Nishibayashi (15).

The absolute .spectrum of cytochrome
P-450 in 0.1 M Tris-HCI (pH 7.5) was de-
termined by blanking out the contribution
to absorption by the microsomal particles
with a preparation of particles bleached
free of heme with H,O,.. The resultant ab-
sorption” spectrum, which has a maximum
at 419 my, is shown in Fig. 1 (solid curve).
The addjtion of hexobarbital to the sub-
strate saturation level causes a decrease in
the magnitude of the Soret absorption, with
a slight.shift of the maximum to 415 mp
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(dashed curve). Simultaneously, there is a
slight increase in absorption below 400 my,
with isosbestic points appearing at 407 and
365 mu. In the visible region there are de-
creases in absorption at about 533 mu and
around 570 mp, as shown previously by
Schenkman et al. (8) in difference spectra.
Both the decrease in absorption in the Soret
region and the increase in absorption in the
near ultraviolet regions of the spectrum are
small, less than 10% of the absolute absorp-
tion, and are better seen in the difference
spectrum (Fig. 2). The difference spectrum
shows the typical type I spectral change,
as described elsewhere (8). Although the
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F1a. 1. Speciral changes caused by the addition of hexobarbital to rabbit liver microsomal P-460 particles

Particles, containing P-450 in the ferric form, were suspended in 0.1 M Tris-HCI buffer (pH 7.5) to a
concentrstion of 1.4 mg of protein per milliliter (6.9 uM P-450), and spectra were recorded at room tempera-

ture against bleached particles in the spectrophotometer, in the presence (——-) and absence (

1.6 mu hexobarbital.
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F1G.2. Difference spectrum between samples of P-450 particles in the presence and absence of 1.6 mM hezobarbital

The two preparations shown in Fig. 1 were used.

P-450 particles show the type I spectral
change, no drug-oxidase activity could be
demonstrated, owing to destruction of the
capacity to reduce cytochrome P-450 by
NADPH during the removal of cytochrome
bs.

Model for type I spectral change. The
type I spectral change could be duplicated
by using purified ferriheme in place of cyto-
chrome P-450, and by raising the pH in the
pH range of 5.0-8.0 instead of adding sub-
strate. Figure 3 shows the effect of altering
the electronegativity of one ligand of the
heme by changing the pH of the buffer solu-
tion; since the pK’; of the first hydroxyl on
the iron is 7.4-7.6 (16), the effect is due to

the replacement of a water ligand by a OH-
ligand on the iron of the heme. The absolute
spectrum of a ferriheme solution at differ-
ent pH values is shown in Fig. 3. Note the
appearance of an isosbestic point at 407 mpu
(shown more clearly in Fig. 4), embracing
curves for ferriheme absorption in the pH
range from 5.0 to 7.7. Above pH 8 there is
a shift of the absorption maximum to
lower wavelengths (up to 10 mu) as the
pH is raised further; the resultant curves
no longer intersect the isosbestic point, in-
dicating that a new species is forming that
differs slightly from the two observable at
lower pH values.
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F1a. 3. Spectral change caused by alteration in the pH of a solution of ferriheme
Ferriheme (0.223 uM) in 0.01 M phosphate buffer was titrated with 4 M HCl or 4 M NaOH, and spectra
were recorded at room temperature (18°) at pH 5.2 (—), 5.9 (----- ,63(¢--:),66(---),09(----),

and 7.1 (- - ).
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F1a. 4. Difference spectra of the effects of pH on ferriheme in solution

The solutions shown in Fig. 3 were used, the different solutions being compared with solutions of ferriheme
at pH 5.2. One solution at pH 5.4 was compared with a portion of the same solution at pH 3.9 (a). The pH
values for the sample and reference solutions of the different spectra were:

Curve Sample pH Reference pH

a 5.4 3.9
b 5.9 5.2
c 6.3 5.2
d 6.6 5.2
e 7.5 5.2
f 7.7 5.

g 10. 5.2

The curves were normalized to the baseline at 500 my, a region where they were relatively flat, because
slight differences in over-all absorption (baseline shifts) occurred on the expanded scale, and turbidity
changes were also magnified by the use of 10-cm cuvettes.

In the pH regions embraced by the
isosbestic point there is a continuous in-
crease in absorption at 396 mu as the pH
is raised, with a continuous decrease in ab-
sorption at 419 mu of approximately equal
magnitude. This is shown more clearly in
difference spectrum (Fig. 4) relative to pH
5.2. The maximal decrease in absorption at
419 mpu occurs at pH 7.7, but at that pH a
shift in the absorption peak at 395 mpu is
already beginning (curve f). At pH 104
the change at 419 mpu is not further in-
creased, but the absorption peak has been
shifted to 3856 mp (solid curve), and an-
other absorption peak appears in the blue
region of the spectrum; this curve does not
intersect the 407 my isosbestic point.

As with the spectral change on addition
of substrates to liver microsomes, the mag-

nitude of the pH-induced spectral changes
in the Soret and near ultraviolet regions is
low, representing less than 15% of the ab-
sorption at the maximum. In both cases
the change in the Soret region is about
equal in magnitude to that in the near
ultraviolet region.

The decrease in absorption at 419 mp of
the ferriheme solution (A — Ase0), When
expressed on the basis of ferriheme concen-
tration, ranged from 9.5 to 10.8 mM? cm™
at the maximum change (pH 7.7 — pH
5.2). When expressed in a similar manner,
on the basis of the cytochrome P-450 con-
tent, the magnitude of the spectral change
(A420 — Aso0) Obtained on addition of hexo-
barbital to suspensions of P-450 particles,
rabbit liver microsomes, or rat liver micro-
somes was also about 11.0 mM~ cm™.
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DISCUSSION

In this study, ferriheme solutions ranging
in concentration from 0.05 to 15 uM were
examined. The extinction coefficient above
10 pM concentration at pH 7.5 was about
65 mM cm™?, but, in agreement with Inada
and Shibata (17), in more dilute solutions
(0.05-0.95 uMm) the extinction coefficient
was 120 mM? cm™ at pH 7.3. As shown in
Figs. 3 and 4, the extinction coefficient is
pH-dependent, increasing with the pH
value to a maximum at about pH 7.5 and
decreasing thereafter. The decrease in ex-
tinction coefficient with increasing concen-
tration of ferriheme is accompanied by a
shift in the absorption maximum to shorter
wavelengths, similar to that seen on in-
creasing the pH value above 8. Although
the extinction coefficient is decreased at
higher concentrations and the absorption
maximum is shifted to a lower wavelength
(about 390 my), the same spectral change
with pH is observed when examined as a
difference spectrum against a solution of

ferriheme at pH 5.5. Most probably this

hyperchromicity is the result of polymeriza-
tion and is similar to the phenomenon ob-
served with polynucleotides (18), since
with more concentrated solutions the fer-
riheme can be removed from solutions at
pH 5.0 by centrifugation at only 600 X g
for 15 min. In more dilute solutions, how-
ever, the pH of the reference solution could
be reduced to as low as 3.9 (Fig. 4) without
inducing a significant spectral change.

In partial agreement with Inada and
Shibata (17) was the finding that there is
a time-dependent decrease in the magnitude
of ferriheme absorption in the near ultra-
violet. In 55 min, at pH 7.3, there was a
3-8% decrease in the 395 mu absorption
peak, but at pH 8.6 there was essentially no
decrease in absorption of ferriheme solu-
tions at concentrations of 0.115-1.15 umM.

Earlier (8) suggestions as to the manner
of substrate interaction with ferricyto-
chrome P-450 of liver microsomes proposed
that the compounds producing type II
spectral changes interact with the iron at
the CO-binding site of the heme, whereas
the site of interaction of the type I com-
pounds was considered to be different. The
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current investigation gives insight into the
manner of interaction of the type I com-
pounds, and suggests that cytochrome
P-450 exists in two related forms, both
present in liver microsomes from normal
animals in about equal amounts.

The duplication of the type I spectral
change of ferriheme solution with respect
to wavelength of the absorption peak,
trough, isosbestic point, and magnitude (on
the basis of heme concentration) strongly
suggests that the effects in ferriheme and
in ferricytochrome P-450 result from the
same phenomenon, an increase in the elec-
tronegativity or polarity of the sixth ligand*
of the heme. This spectral change was ac-
complished with ferriheme by changing the
ligand from water to OH-, and with fer-
ricytochrome P-450 by possibly -displacing
the sixth ligand from one part.of the
enzyme to a more polar region. The chem-
ical nature of the sixth ligand to the heme
is at present unknown. It is possible that
the sixth ligand is displaced from the active
site of the enzyme itself. Since the many
substrates of the mixed-function oxidase of
liver microsomes have in common only the
property of being lipid-soluble (19), it is
assumed that the active site of the enzyme
is in a hydrophobic region of ‘the apoen-
zyme, as suggested by Imai and Sato (11).
The sixth ligand is probably not reteased to
the medium, since alteration of the pH of
the medium containing microsomes:does not
cause a spectral change, nor does it alter
the substrate-induced spectral change®. In
contrast, changes in pH profoundly alter
the ethylisocyanide-binding spectrum of
ferrocytochrome P-450 when the heme is
reduced with dithionite (20).

From the similarity between the magni-
tude of the change in absorption at 420
myu (based on ferriheme concentration)
with pH and ferricytochrome P-450 with
hexobarbital, it would appear that the frac-
tion of heme reacting to cause the spectral

‘The ligand of the microsomal heme which
interacts with oxygen and CO has arbitrarily been
designated as the sixth ligand for ease in: referring
to it, as has the ligand of ferriheme which is re-
placed by OH-. .

*# Unpublished observations.
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change in both cases is the same. Thus, if
all the ferriheme is present in the alkaline
form at pH 7.7, when conversion to a third
species begins, the optical density change
per millimolar concentration of heme per
centimeter is an accurate measure of the
maximal change in absorbance at 419 mpu.
If appreciable amounts of the third species
or acid form of ferriheme exist, however,
the optical density value per millimolar
concentration of heme per centimeter would
actually be greater, and, by analogy, the
corresponding value in liver microsomes
(11 mM! ¢m™) would reflect an interaction
between hexobarbital and a fraction of the
ferricytochrome P-450 molecules present in
the microsomes. Although addition of
aminopyrine (3 mm) to a rat liver micro-
some suspension containing saturating
amounts of hexobarbital (3 mM) does not
increase the magnitude of the type I spec-
tral change further, the possibility exists
that only a part of the heme is interacting,
since part of the hemoprotein may already
have endogenous substrates bound to it.
We have thus described two forms of fer-
ricytochrome P-450. One form, with an in-
tact sixth ligand and relatively greater ab-
sorbance at 420 my, is the one that interacts
with substrates of the mixed-function oxi-
dase prior to their oxidation. After inter-
action with substrates, the first form is
converted to the second form, which dif-
fers in that it has substrate bound to the
apoengyme, the sixth ligand of the heme is
altered, possibly at a different site on the
protein, and the absorption at 390 mpu is
greater. These two forms are interconver-
tible, as shown by the variation in ferri-
heme absorption with changes in pH, and
after removal of substrate from the micro-
somes (8). The relative amounts of the two
forms present in isolated liver microsomes
would depend on the solubility of the
endogenous substrates in the homogenizing
and washing media, and on how much of
the substrate remained bound to the enzyme
during the preparation of the microsomes.
A possibility which must be considered is
that cytochrome P-450 exists as a dimer in
which the hemes interact, as suggested by
at least two authors (21, 22). From the
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similarity between the ferriheme spectral
change and the ferricytochrome P-450 spec-
tral change, it would be expected that the
molar heme contents of the two would be
similar. Unfortunately, there is still con-
troversy over whether the basic unit of fer-
riheme in solution is a monomer (17, 23)
or a dimer (16, 24).

Whether cytochrome P-450 exists as a
monomer or & dimer with respect to heme,
it is clear that the spectral change caused
by the addition of substrate to the mixed-
function oxidase depends on the presence of
substrate in the molecule. Preliminary data
suggest that the alteration of the sixth
ligand of the heme permits a faster flow of
reducing equivalents to the heme.® After
reduction, the sixth ligand is free from the
apoenzyme, as evidenced by its ability to
combine with CO or O..

It may be suggested that the sequential
steps in drug metabolism are the following.
(a) The substrate interacts with the
apoenzyme, altering the sixth ligand of the
ferriheme, possibly shifting it to a more
polar region of the apoenzyme. (b) Reduc-
ing equivalents flow from NADPH to the
heme, resulting in a release of the sixth
ligand from the enzyme. (¢) The sixth
ligand interacts with oxygen (or carbon
monoxide) in the medium, with a rapid re-
lease of electrons to the oxygen. (d) The
“activated oxygen” interacts with the ad-
jacent substrate. (e) The oxidized sub-
strate, which is now more polar, is released
from the enzyme, and the hemoprotein re-
turns to its previous state.

Steps (c) and (d) must be exceedingly
rapid relative to step (b), since attempts
to observe an oxygenated intermediate by
spectral and electron spin resonance meth-
ods have been unsuccessful. The rate of re-
duction of cytochrome P-450 is rather slow,
since only about 2-3 mumoles are reduced
per minute per milligram of microsomal
protein in normal rats at 18°.°
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