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SUMMARY

PEIsACH, J. & MANNERING, G. J. (1975) A re-evaluation of the optical titrations of
the 430 and 455 nm chromophores of ethyl isocyanide complexes of mammalian
hepatic cytochrome P-450. Mol. Pharmacol., 11, 818-823.

A computational method is presented from which one may calculate the pK for the pH-
induced spectral changes of the 430 and 455 nm chromophores of ethyl isocyanide
complexes of rat liver microsomal cytochrome P-450. For the rat liver heme protein from
control and phenobarbital- or 3-methylcholanthrene-treated animals, the pK for the loss
of the 430 nm absorption is equal to the pK for the gain of the 455 nm absorption,
establishing that the two chromophores are in pH equilibrium with one another in all
three preparations. This equilibrium is maintained even when the change in pH occurs
after the addition of ethyl isocyanide. It is concluded that the appearance of 430 nm
absorption after the addition of ethyl isocyanide to reduced cytochrome P-450 does not
necessarily represent conversion of this cytochrome to cytochrome P-420.

INTRODUCTION

Ever since the initial observations of
Imai and Sato on reduced liver microsomal
cytochrome P-450 (1), the unusual optical
difference spectrum in the Soret region
formed after the addition of ethyl isocyan-
ide has been used to differentiate this type

of heme protein from others. A typical So-"

ret maximum is observed at 430 nm, and a
second peak, extraordinary for EtNC? com-
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plexes of hemoproteins, is seen at 455 nm.
When the pH of the reduced microsomal
suspension is raised, EtNC addition leads
to a smaller 430 nm absorption while the
455 nm peak is increased in intensity. Imai
and Sato suggested that the interconver-
sion of the 430 and 455 nm chromophores is
pH-dependent and were able to demon-
strate this phenomenon with microsomes
from PB-induced rabbits. If the cyto-
chrome P-450 is denatured to form cyto-
chrome P-420, only the 430 nm absorption
difference is seen after the addition of
EtNC, regardless of the pH of the prepara-
tion (2).

? The abbreviations used are: EtNC, ethyl iso-
cyanide; PB, phenobarbital; 3-MC, 3-methylcholan-
threne.
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In subsequent studies, using rat liver
microsomal cytochrome P-450, Sladek and
Mannering (3) observed that the crossover
of a plot of optical density vs. pH for both
the 430 and 455 nm absorptions obtained
with microsomes from 3-MC-treated ani-
mals was not the same as that observed
with preparations from either control or
PB-treated animals. These authors, how-
ever, suggested similar pH-dependent in-
terconversions of the 430 and 455 nm chro-
mophores in all preparations, even though
the crossovers of the respective titration
curves were different.

In a recent study (4) a new analysis of
published optical data for the effect of pH
on the EtNC complexes of cytochrome P-
450 in liver microsomes (1, 3) and in par-
tially purified preparations (5, 6) was pre-
sented. Computer-aided fitting of these
data to a titration equation used to relate
optical density, pH, and pK demonstrated
that the 430 and 455 nm absorptions of
EtNC-treated cytochrome P-450 were in-
deed in pH equilibrium in the case of the
microsomal cytochrome from control or
PB-treated animals and in some of the
partially purified preparations. Here the
pPK for the loss of the 430 nm absorption
with increasing pH was equal to the pK of
the gain of the 455 nm absorption. On the
other hand, in preparations from 3-MC-
treated animals the respective pK values
for the 430 and 455 nm absorption changes
as a function of pH were so different from
each other as to suggest that the pH-de-
pendent equilibrium did not exist. In that
study the lack of pH dependence was attrib-
uted either to the formation of an interme-
diate state or to the paucity and possible
inaccuracy of the data.

In our present study we have carefully
re-examined the effect of pH or. the Soret
maxima of the EtNC complexes of cyto-
chrome P-450 from control and PB- and 3-
MC-treated rats. In all instances the 430
and 455 nm chromophores were demon-
strated to be in pH equilibrium. A careful
study was also made of the crossover
points for the titration curves, and these
differ significantly from those previously
published (3). Finally, we show that the
pH-dependent equilibrium of the 430 and
455 nm chromophores is maintained even
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when the pH is altered after the addition
of EtNC to reduced microsomes.

MATERIALS AND METHODS

Cytochrome P-450 concentrations were
determined by the method of Omura and
Sato (2). ‘

Male Holtzman rats weighing 90-110 g
were divided into three groups. For a 4-day
period members of the first group were
injected daily with a 1.6% solution of so-
dium PB (40 mg/kg) in NaCl; members of
the second group, with a 0.8% solution of 3-
MC (20 mg/kg) in corn oil; and the third,
control group, with corn oil. About 20 hr
after the last injection, three to four ani-
mals from a single group were killed by
decapitation, and washed liver micro-
somes were prepared according to the
method of Sladek and Mannering (7). Mi-
crosomes were diluted to a final concentra-
tion of 1 mg of protein per milliliter with
0.2 M phosphate buffer. Na,S,0, in excess
of that needed to reduce the cytochromes
completely was added, and the sample was
divided into two cuvettes. EtNC (4.24 nm)
was added to one cuvette, and the optical
spectral difference in the Soret region was
recorded on an Aminco-Chance DW-2 spec-
trophotometer. Individual aliquots of the
same microsomal suspension were diluted
in phosphate buffer in order to study the
effect of pH in the range of 6.0-8.0 so that
nine equally spaced values of pH were
used for the titration.® Each titration, us-
ing microsomes from a particularly treated
animal, was repeated three times, each
time using a new preparation of micro-
somes pooled from three to four livers. Op-
tical densities of the difference absorption
maxima at both 430 and 455 nm for each
titration were iterated and fitted by least-
squares analysis to the algorithm

B
1+ 1050

where Y is the optical density at any pH, A
is the optical density at the end of the
titration, B is the computed optical density
difference at the pH extrema of the titra-

3In the amounts used in these experiments,
EtNC and Na,S,0, did not alter the pH of any of the
strongly buffered microsomal suspensions.

Y=A+
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tion (low pH value minus high pH value),
X is the pH at which the spectrum is ob-
served, and C is the computed pK. Data
were plotted on a Hewlett-Packard model
7004B x-y recorder interfaced to a Honey-
well model 6000 computer with a Time
Share Peripheral plotter controller. The
crossovers of the titration curves were read
directly from the computer-generated
plots.

In another type of study, the spectral
difference between reduced liver micro-
somes (1 mg of protein per milliliter)
treated with EtNC and untreated reduced
liver microsomes was determined in 1 ml
of 25 mM phosphate buffer, pH 6.5. Concen-
trated phosphate buffer was added to each
cuvette in order to raise the pH to about
7.5, and the spectral difference was once
again determined. In both cases the spec-
tral ratios of the 430 and 455 nm absorp-
tions were calculated. In a converse experi-
ment the difference spectrum of the EtNC
complex was determined in 25 mm phos-
phate buffer, pH 7.5.* Concentrated buffer
was added in order to lower the pH to
about 6.5, and the spectrum was once
again recorded. Each experiment was per-
formed in triplicate, using hepatic microso-
mal preparations from control and PB- and
3-MC-treated animals.

RESULTS

Least-squares fits of titration data to the
algorithm for control and PB- and 3-MC-
induced rat liver microsomal cytochrome
P-450 are shown in Fig. 1. As can be seen
from the analysis presented in Table 1, the
pK for the loss of the 430 nm absorption is
equal to the pK for the increase of the 455
nm absorption in each of the three prepara-
tions, thus confirming the original conclu-
sions of Imai and Sato (1) and Sladek and
Mannering (3). The computed ratios of ex-
tinctions for both high- and low-pH forms
of each chromophore, AA,;, and AA;, as
well as the pH crossing, are also given in
Table 1. It should be noted that the pH
crossover as well as the pK values for the

* The addition of microsomes altered the pH, but
no further change was observed after the addition of
Na,S,0, or EtNC. Recorded pH values were those
observed after the addition of reagents.
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preparations from control and PB-treated
animals are the same but differ signifi-
cantly from those for the preparation from
3-MC-treated animals.

In the pH jump experiments, the spec-
tral ratio of the 430 to 455 nm absorptions
is constant for a particular preparation at
any pH; differences in the ratio depend
only upon the treatment of animals (Table
2). Thus the pH-dependent equilibrium

‘demonstrated for the 430 and 455 nm chro-

mophores is maintained even after the cy-
tochrome P-450 is ligated to EtNC.

DISCUSSION

The presence of both 430 and 455 nm
chromophores is ubiquitous to EtNC com-
plexes of all preparations of cytochrome P-
450, whether bacterial (8, 9) or mamma-
lian (1, 2) in origin. The 430 nm chromo-
phore cannot necessarily be ascribed to the
presence of cytochrome P-420 since it is
observed even when cytochrome P-420 is
shown to be absent.

From stopped-flow experiments, Imai
and Mason (10) demonstrated that the addi-
tion of EtNC to reduced cytochrome P-450
from a mammalian source leads first to the
appearance of the 455 nm absorption, fol-
lowed by the one at 430 nm. It can be
argued that EtNC is a chaotropic reagent
which is sufficiently disruptive to protein
structure, much like salts (11), urea,® and
other organic reagents (11, 12), as to con-
vert it to cytochrome P-420 which exhibits
the characteristic 430 nm absorption (2).
An argument against this hypothesis is
that for all microsomal preparations,
whether from control, PB-treated, or 3-
MC-treated rats, the pH dependence of the
relative intensities of the 430 nm and 455
nm chromophores was the same whether
changes in pH were made before or after
the addition of EtNC (Fig. 1 and Table 1).
Thus the pH-dependent equilibrium re-
sponsible for generating the two chromo-
phores is not perturbed by the presence of
EtNC, and the appearance of the 430 nm
absorption after the addition of EtNC is
not necessarily indicative of protein dena-
turation.

5 J. O. Stern and J. Peisach, unpublished observa-
tions.
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F1G. 1. Computer-generated titration curves for
effect of pH on 430 and 455 nm chromophores of ethyl
isocyanide complexes of cytochrome P450 in micro-
somes from control and phenobarbital- and 3-methyl-
cholanthrene-treated rats.

The optical data, expressed as optical density dif-
ference (compared to reduced cytochrome P-450) per
nanomole of cytochrome per centimeter of light path,
were fitted to the algorithm as described in the text.
Individual symbols (®, A, B) represent the data
obtained for a titration using a single preparation of
microsomes pooled from three or four animals in a
single treatment group. Thus, for each type of prepa-
ration, three titration curves are shown. The upward
arrow is at the pK for the decrease of the 430 nm
absorption, whereas the downward arrow is at the
PK for the increase of the 455 nm absorption, both as
a function of pH. The horizontal lines crossing the
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To what structures, then, do we ascribe
both the 430 and 455 nm chromophores?
Much evidence has been presented to indi-
cate that cytochrome P-450 preparations
are heterogeneous (3, 13-16). The heteroge-
neity may extend down to the local envi-
ronment of the heme (17). For the ferric
protein, the presence of an alkyl thiol,
such as from cysteine, has been implicated
from EPR studies (18, 19). Peisach et al.
(20) have suggested that the formation of
the 430 or 455 nm chromophores after the
addition of EtNC to the ferrous protein is
dependent upon the relative bond
strengths of the two axial ligands of the
heme. That is, displacement of the sulfur-
containing ligand would lead to the forma-
tion of a 430 nm chromophore whereas dis-
placement of the trans axial ligand would
lead to the formation of the 455 nm chromo-
phore. The differences in reactivity elicited
by EtNC which are dependent upon the
type of animal treatment may reflect dif-
ferences in the chemical structure of the
heme ligand trans to the thiol (20). On the
other hand, if the chemical structure of
this as yet unknown ligand is the same in
all preparations of hepatic cytochrome P-
450, then the pH-dependent optical phe-
nomena discussed here for EtNC ligation
are either governed by differences in local-
ized accessibility of the heme site to EtNC
or more likely by internal ligand exchange
reactions which themselves are pH-depend-
ent as are found in cytochrome c (21).

What, then, of previous studies of liver
microsomal cytochrome P-450 from 3-MC-
treated rats, in which the pK values for
the disappearance of the 430 nm chromo-
phore and the appearance of the 455 nm
chromophore are different from one an-
other (4)? The most likely explanation is
that the calculated difference is within the

arrows represent the standard deviation of each com-
puted pK value. The computed difference in optical
density of a particular chromophore at high and low
pH, AA, as well as the pK value and pH titration
curve crossover, is given in Table 1. The cytochrome
P-450 concentrations in microsomes from control and
phenobarbital- and 3-methylcholanthrene-treated
rats were 099 + 0.11,290 * 0.19, and 231 * 0.06
nmoles/mg of protein, respectively.
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TaBLE 1
Analysis of computed titration curves for ethyl isocyanide complexes of preparations of microsomal cytochrome
P-450 from control and phenobarbital- and 3-methylcholanthrene-treated rats

The average values for the three titrations of any particular group and their respective standard
deviations of computer-determined pK values are given for the 430 nm (pK,;,) and 455 nm (pK,y) chromo-
phores. o denotes the standard deviation of mean differences between any pair of pK values determined at
430 and 455 nm and is an indication of the reliability of the congruence of the pK values. The pH crossover
determined visually from the titration curves given in Fig. 1 refers to the pH, and its standard deviation, at
which the computer-generated curves for a single preparation expressing the loss of 430 nm absorption and
the gain of 465 nm absorption, as a function of increasing pH, cross. The terms AA ,;, and AA 4 are the
average computed differences and their standard deviations, expressed in units of optical density per
nanomole of cytochrome P-450 per centimeter of light path, of the individual chromophores at pH extrema in
the titration curves, while the term AA (5,:AA .55 is the average ratio and standard deviation of these optical
density differences.

Prepara- PKaso pKiss o pH AA 45 AA 55 AA (50:AA 455
tion crossover
Control 6.89 + 0.18 7.07+0.07 0.15 7.75+0.05 0.120 + 0.011 0.061 = 0.002 1.98 = 0.20
PB 7.00 £ 0.14 7.07+£0.17 0.20 7.76 = 0.05 0.104 = 0.003 0.063 = 0.005 1.69 =0
3-MC 6.28 + 0.10 6.51 +0.14 0.19 6.74 =+ 0.02 0.103 + 0.009 0.046 = 0.002 2.24 = 0.27

TABLE 2

Effect of pH on spectral ratio of 430 and 455 nm absorptions of ethyl isocyanide complexes of cytochrome P-450
from control and phenobarbital- and 3-methylcholanthrene-treated rats

For any given microsomal preparation, the optical difference spectrum of the ethyl isocyanide complex of
reduced cytochrome at pH 7.5 was determined and the spectral ratio A ;55:A s Was calculated. Concentrated
buffer (1 M) was added to lower the pH to 6.5, and the difference spectrum and spectral ratio were again
determined (Decreasing pH). In another set of experiments the initial pH of the preparations of 6.5 was
raised to 7.5 (Increasing pH). For each initial pH and for every microsomal preparation, experiments were
performed in triplicate. Within the experimental error, the spectral ratio determined at any pH for a
particular preparation remains constant.

Preparation Decreasing pH Increasing pH
pH A 50'A s pH A 50'A 45
Control 7.42 " 1.05 = 0.05 7.58 0.98 + 0.15
6.49 5.51 = 0.16 6.44 5.54 + 0.58
PB 7.47 1.06 = 0.08 7.51 1.12 =+ 0.10
6.51 4.87 = 0.26 6.52 5.44 = 0.56
3-MC 7.46 0.56 = 0.10 7.54 0.49 = 0.05
6.52 1.31 + 0.22 6.53 1.46 = 0.16

-

experimental error of the study. For the another. A similar treatment of published

analysis based on the work of Sladek and
Mannering (3), only five data points were
published for each preparation. Our pres-
ent analysis, based on many more data
points and on experiments performed in
triplicate, would suggest that even with
cytochrome P-450 from 3-MC-treated rats
(Table 1) the 430 and 455 nm chromophores
are in pH-dependent equilibrium with one

data of Imai and Siekevitz (12) on EtNC
complexes of rat liver microsomal cyto-
chrome P-450 from control and 3-MC-
treated animals leads to the same conclu-
sion (Table 3), even though only seven pH
values were used in that study. It is inter-
esting, however, that the relative extinc-
tion coefficients (expressed as a function of
change in optical density in Table 1) are
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TABLE 3
Analysis of computed titration curves for ethyl
isocyanide complexes of rat liver microsomal
cytochrome P-450 from control and 3-
methylcholanthrene-treated rats, based
on published data of Imai
and Siekevitz (12)

The published titration data were photographi-
cally enlarged and printed on grid paper. The coordi-
nates for seven values of pH, determined visually,
were then fitted to the algorithm as described in the
text. The pK for the loss of the 430 nm absorption
(pK,s0) and that for the increase of the 455 nm absorp-
tion (pK,;s) as a function of increasing pH, as well as
the pH at which the generated titration curves
cross, are given below.

Preparation PKuso pK.s pH crossover
Control 6.94 6.97 7.89
3-MC 6.42 6.32 6.82

quite different for the various prepara-
tions. Furthermore, the titration curve
crossovers determined in this study are
significantly different from those deter-
mined previously (3). These new values
are also close to those determined recently
(6) for partially purified soluble prepara-
tions of cytochromes P-450 obtained from
PB-treated (PB III) or 3-MC-treated (3-MC
III) rats. It is our contention that these
differences in the physical properties of the
430 and 455 nm chromophores are based on
structural differences in the vicinity of the
prosthetic group of the cytochromes P-450
in the various preparations, and will ulti-
mately be related to enzymatic properties.
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