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SUMMARY

ScHELIN, C., A. TUNEK, B. JERNSTROM AND B. JERGIL. Irreversible binding of
isolated benzo[a]pyrene metabolites to specific rat liver microsomal proteins. Mol.
Pharmacol. 18: 529-535 (1980).

[*H]Benzo[a]pyrene and seven isolated [*H]benzo[a]pyrene metabolites were incubated
with liver microsomes from control, phenobarbital-, and 3-methylcholanthrene-treated
rats, and irreversible binding to microsomal proteins was studied. For all compounds
tested, including benzo[a]pyrene-4,5-oxide, the binding was greatly enhanced in the
presence of a NADPH-generating system. All metabolites except 3-hydroxybenzo[a]-
pyrene bound more extensively to microsomal proteins from 3-methylcholanthrene-
treated rats than to proteins from phenobarbital-treated or control rats. Benzo[a]pyrene-
7,8-dihydrodiol bound much more efficiently than the other metabolites. The protein
binding patterns of the metabolites were examined by SDS-polyacrylamide gel electro-
phoresis and fluorography. The most extensive binding occurred to a few proteins in the
MW region of 45,000-70,000, and there were differences in the patterns between different
metabolites. The composite pattern of the metabolites corresponded to the binding
pattern obtained with benzo[a]pyrene. A major target protein in microsomes from 3-
methylcholanthrene-treated rats had the same mobility as purified cytochrome P-448.
Most binding to microsomes from phenobarbital-treated animals occurred to a 60,000
MW component. Binding also occurred to a protein which comigrated with cytochrome
P-450. The specificity and extent of metabolite binding to proteins may be of importance
for the development of cytotoxicity. Factors affecting the binding patterns are discussed.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PCH)' are primar-
ily metabolized by the cytochrome P-450-linked mono-
oxygenase system located mainly in the endoplasmic
reticulum. The result of the metabolism is more polar
products such as phenols, dihydrodiols, or further oxy-
genated compounds which become water soluble and
readily excretable dfter conjugation. During this metab-
olism reactive intermediates are formed which may bind
covalently to cellular macromolecules (1, 2).

BP is the most jthoroughly studied PCH, and it is
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! Abbreviations used; BP, benzo{a]pyrene; 3-OH-BP, 3-hydroxy-
benzo{alpyrene; 9-OH-BP, 9-hydroxybenzo{a]pyrene; BP-4,5-dihydro-
diol, 4,5-dihydro-4,5-dihydroxybenzo{a]lpyrene; BP-7,8-dihydrodiol,
7,8-dihydro-7,8-dihydroxybenzo{a]pyrene; BP-9,10-dihydrodiol, 9,10-
dihydro-9,10-dihydroxybenzo{ a]pyrene; BP-4,5-oxide, benzo{a]pyrene-
4,5-oxide; BP-3,6-quinone, benzo{a]pyrene-3,6-quinone; MC, 3-methyl-
cholanthrene; PCH, polycyclic aromatic hydrocarbons.

metabolized to several products in rat liver (3). The
metabolite pattern obtained depends on the state of
activation of the inducible cytochrome P-450-linked
monooxygenase system. Phenobarbital, for instance, in-
duces certain species of cytochrome P-450 and, thereby,
a preferential metabolism in the 4,5 region of the BP
molecule (4). MC, on the other hand, induces a different
form of the cytochrome (cytochrome P-448) which in-
creases the metabolic rate of BP and shifts the metabo-
lism to the 7,8 and 9,10 region of the molecule (4, 5). BP-
7,8-dihydrodiol is considered to be a proximate carcino-
gen of BP (6) and is converted to the ultimate carcinogen
by further oxygenation in the 9,10 region to isomeric BP-
7,8-dihydrodiol-9,10-oxides (7, 8). These may bind cova-
lently to DNA (9).

There are several reports on the binding of PCH and
PCH metabolites to DNA. Much less is known of their
binding to cellular proteins, and in particular to micro-
somal proteins, i.e., at the site of metabolic activation.
However, several toxic and carcinogenic compounds in-
cluding BP have been shown to bind covalently to micro-
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somal proteins after metabolic activation (10). We have
found that BP, MC, and the toxic aromatic compounds
phenol, benzene, and chlorobenzene bind irreversibly and
specifically to a few microsomal proteins after metabolic
activation (11). Although the major DNA-binding species
of BP are further activated primary metabolites, there is
no information available on the binding of such metab-
olites to microsomal or other proteins. We have examined
the incorporation of BP and individual BP metabolites
to microsomal proteins.

MATERIALS AND METHODS

Chemicals. [G-’H]BP (19 Ci/mmol) was purchased
from the Radiochemical Centre, Amersham. [’H]BP-4,5-
oxide was a generous gift from Dr. Franz Oesch, Mainz.
It was also obtained from the National Cancer Institute
Carcinogenesis Research Program, Bethesda, Md. Iso-
topically labeled BP metabolites (3-OH-BP, 9-OH-BP,
BP-4,5-dihydrodiol, BP-7,8-dihydrodiol, BP-9,10-dihy-
drodiol, and BP-3,6-quinone) were obtained by incubat-
ing [*H]BP with liver microsomes from MC-treated rats.
The metabolites were isolated as described by Jernstrom
et al. (12). They were pure according to high-pressure
liquid chromatography and absorption spectra when
compared to authentic BP metabolites. All other chem-
icals used were of analytical grade.

Animals and treatments. Male Sprague-Dawley rats
(Anticimex, Stockholm), weighing 150-200 g, were al-
lowed food and water ad libitum. Phenobarbital (80 mg/
kg) was injected intraperitoneally on 3 consecutive days
and the rats were killed on the fourth day. MC (80 mg/
kg in corn oil) was injected once intraperitoneally 24-35
h before sacrifice. Control animals were untreated, but
we have ascertained in other experiments that the injec-
tion of saline or corn oil does not affect the results.

Preparation of microsomes. The rats were stunned by
a blow on the head and bled to death by severing the
carotid artery. Livers were excised immediately, chilled,
and homogenized in 2.5 ml of buffer (50 mm Tris-HCI,
pH 7.4, 10 mm MgCl;, 25 mm KCl, 0.35 M sucrose) per g
of tissue using a Potter-Elvehjem homogenizer with a
Teflon pestle. Microsomes were obtained by sedimenting
the postmitochondrial (10,000g for 10 min) supernatant
at 105,000 for 90 min. The pellet was washed once by
suspension in the buffer and sedimentation as above.
The final pellet was suspended in buffer without sucrose
at a protein concentration of 8-12 mg/ml, and aliquots
were stored under N at —70°C.

Analytical procedures. Protein concentrations were
determined by the procedure of Lowry et al. (13) using
bovine serum albumin as the standard. Cytochrome P-
450 was determined according to Omura and Sato (14).
The average cytochrome P-450 concentrations were 0.7
nmol/mg protein in control microsomes, 2.4 nmol/mg
protein after induction with phenobarbital, and 1.2 nmol/
mg protein after induction with MC.

Quantitative determination of irreversible metabolite
binding to proteins. The binding of BP or isolated BP
metabolites to microsomal proteins was performed in the
presence of a NADPH-generating system as previously
described in detail (11). The quantitative binding was

determined after extractions as described in (15). BP or
BP metabolites were added to the incubation mixture
dissolved in 10 ul of methanol, except for BP-3,6-quinone
and BP-4,5-oxide, which were added in 10 ul of dimethyl
sulfoxide. Amounts and specific activities of the sub-
strates and the incubation times used in different exper-
iments are indicated in each case.

Analysis of protein binding patterns by electrophore-
sis. Samples containing 100 pug of membrane protein
obtained from the incubations were treated for SDS-
polyacrylamide gel electrophoresis and electrophoresed
in slab gels as described earlier (11, 16, 17). After staining
and destaining, gels were treated with 2,5-diphenyloxa-
zole (18) before fluorography. Kodak X-Omat films were
exposed to the gels at —70°C for 1-6 weeks.

RESULTS

Metabolic activation is required for irreversible me-
tabolite binding. Appreciable irreversible binding of BP
or its metabolites to microsomal proteins occurred only
after metabolic activation. Incorporation of metabolites
to proteins in liver microsomes from phenobarbital- or
MC-treated rats in the absence of NADPH was below
10% of the binding obtained in the presence of a NADPH-
generating system. In microsomes from control rats,
where the incorporation was comparatively low for most
of the metabolites tested, the corresponding figure was
approximately 20%. BP-4,5-oxide, which in itself is sup-
posed to be a reactive intermediate, did not bind more
than the other metabolites in the absence of the
NADPH-generating system.

Time course of metabolite binding. The irreversible
binding of BP and seven BP metabolites to liver micro-
somes from control, phenobarbital-, and MC-treated rats
after metabolic activation was studied as a function of
time at a substrate concentration of 0.8 um (Fig. 1). The
extent of binding was highest to microsomes from MC-
treated rats for all substrates tested except for 3-OH-BP,
which initially bound more efficiently to microsomes
from phenobarbital-treated rats. BP-7,8-dihydrodiol
bound most extensively of all substrates examined to
microsomes from MC-treated animals. This reaction ap-
peared to be comparatively rapid, since the binding was
complete within the first 10 min of incubation. In con-
trast, the binding of the other substrates progressed with
a significant rate for at least 30 min. The time-dependent
binding was also examined at a substrate concentration
of 8 uM (not shown). The incorporation curves were very
similar to those obtained at 0.8 um, except that the
incorporation was more extensive (cf. Fig. 2).

Effect of metabolite concentration on binding. The
irreversible binding of BP metabolites to microsomal
proteins after further activation was examined at various
metabolite concentrations (Fig. 2). For most metabolites
the extent of binding to microsomes from both treated
and untreated animals increased roughly linearly with
increasing substrate concentrations.

At all substrate concentrations examined the binding
to microsomes from MC-treated rats was quantitatively
higher than the binding to microsomes from control or
phenobarbital-treated rats. An exception was 3-OH-BP,
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F16. 1. Quantitative determination of the irreversible binding of BP and BP metabolites to liver microsomes from control (W), phenobarbital

(A)-, and MC (®)-pretreated rats
Incubations were
activities: BP, 19 Ci/

ormed as described in the experimental section using a substrate concentration of 0.8 uM and the following specific
1; 3-OH-BP, 0.84 Ci/mmol; 9-OH-BP, 0.66 Ci/mmol; BP-7,8-dihydrodiol, 0.53 Ci/mmol; BP-9,10-dihydrodiol, 0.47 Ci/

mmol; BP-4,5-dihydrod$ol, 0.54 Ci/mmol; BP-4,5-oxide, 0.44 Ci/mmol; and BP-3,6-quinone, 1.32 Ci/mmol.

which bound preferentially to microsomes from pheno-
barbital-treated ani Of the compounds tested, BP-
7,8-dihydrodiol was activated to products that bound
more extensively to microsomes from MC-treated rats
(1.1 nmol incorporated/mg membrane protein) than the

~ products from the pther compounds (less than 0.4 nmol).

The incorporation linto microsomes from phenobarbital-

treated or control animals was 0.1 nmol/mg protein or
less. In no case was a saturation in metabolite binding
observed. Concentrations exceeding 8 uM were not tested
due to a limited supply of metabolites. However, we have
tested the incorporation of BP up to a concentration of
50 uM without obtaining a saturation in the binding.
Binding patterns to microsomal proteins. The protein
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F1G. 2. Effect of substrate concentration on the irreversible binding of BP and BP metabolites to liver microsomes from control (W),

phenobarbital (A)-, and MC (@)-pretreated rats

Incubations were performed as described in the experimental section using three substrate concentrations. The incubation time was 30 min.
The specific activities at 0.8 uM were the same as in Fig. 1. At 4 uM they were reduced to 1/10, except for BP-4,5-oxide and BP-3,6-quinone, which
had the same specific activities as at 0.8 uM. The specific activities at 8 uM were (given in the same order as in Fig. 1.) 0.95, 0.042, 0.033, 0.027,

0.024, 0.027, 0.44, and 1.32 Ci/mmol, respectively.

binding patterns of BP or individual BP metabolites were
examined by SDS-polyacrylamide gel electrophoresis
and fluorography after incubation of microsomes with
BP or metabolites and a NADPH-generating system
(Fig. 3). In essence, appreciable binding occurred to a few
proteins mainly in the MW region of 45,000-70,000. There

were differences, however, in the binding patterns of
different metabolites, but the composite patterns essen-
tially add up to the pattern of BP itself.

To facilitate a comparison, schematic binding patterns
in the most interesting region are shown in Fig. 4. The
major binding components have been assigned according
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Fi16. 3. Binding patterns of BP and BP metabolites to microsomal proteins from livers of control (C), phenobarbital (PB)-, and MC-

pretreated rats

Incubations were performed for 30 min at a substrate concentration of 13 uM. The specific activities used were the same as in Fig. 1.

Electrophoresis and fluorography were performed as described in the experimental section.

to their molecular weights. The most striking differences
in binding specificity between microsomes from pheno-
barbital- and MC-treated rats occurred in two compo-
nents, one with an apparent MW of 52,000 present in
microsomes from phenobarbital-treated rats and one
with a MW of 56,000 present in microsomes from MC-
treated animals. These components had the same mobil-
ity in the gel as two prominent protein bands seen after
phenobarbital or MC treatment, respectively. We have
found in other experiments that these bands have the
same mobilities as purified cytochromes P-450 and P-
448. Another difference observed was in the binding to a
60,000 MW component, which was more prominent in
microsomes from phenobarbital-treated rats than from
MC-treated rats. The binding to control microsomes was
comparatively weak for all substrates.

A comparison of the protein binding patterns of BP
and BP metabolites to microsomes from phenobarbital-
treated rats reveals that different metabolites yielded
different patterns. The principal target for BP-4,5-dihy-
drodiol, BP-4,5-oxide, and BP was the 60,000 MW com-
ponent. BP-7,8-dihydrodiol, on the other hand, bound
equally well to this component and to the 50,000 MW
component, while 3-OH-BP and 9-OH-BP bound more
to the 50,000 and 52,000 MW components and less to
that of 60,000 MW. There was also a strong radioactive

PB MC
80 K
58 K
56 K
52 K
850 K

ABCDEFGH ABCDEFGH ABCDEFGH
Fi1c. 4. Schematic protein binding patterns of BP and BP metab-
olites
The electrophoretic patterns of Fig. 3 in the MW region 45,000~
70,000 have been redrawn. A, BP; B, 9-0H-BPF; C, 3-OH-BP; D, BP-7,8-
dihydrodiol; E, BP-9,10-dihydrodiol; F, BP-4,5-dihydrodiol; G, BP-4,5-
oxide; H, BP-3,6-quinone.

C

band at MW 20,000 in both the 3-OH-BP and the BP
patterns (Fig. 3).

The protein binding pattern of BP-7,8-dihydrodiol to
microsomes from MC-treated animals differed markedly
from those of the other metabolites. There was little
radioactivity associated with the otherwise conspicuous
56,000 MW component, and the pattern was dominated
by the 50,000 MW component together with 58,000 and
72,000 MW bands that were specific for this metabolite.
In contrast, BP, 3-OH-BP, and 9-OH-BP bound prefer-
entially to the 56,000 MW component, but also to the
52,000 MW component. The intensity of the binding
patterns obtained with the other metabolites was gener-
ally very weak (Fig. 3).

DISCUSSION

The results presented in this paper show both quanti-
tative and qualitative differences in the irreversible bind-
ing to microsomal proteins of further activated BP me-
tabolites. In general, the extent of binding was higher to
microsomes from phenobarbital-treated and, particu-
larly, from MC-treated animals than to microsomes from
untreated animals. The requirement of a NADPH-gen-
erating system shows that metabolic activation is a pre-
requisite for significant binding to occur.

The metabolism of BP is enhanced in the 7,8 and 9,10
regions of the molecule when the reaction is catalyzed by
microsomes from MC-treated rats, resulting in an in-
crease in the formation of BP-7,8-dihydrodiol and 9-OH-
BP (4). BP-7,8-dihydrodiol is further activated to the
corresponding 9,10-oxide (7, 8, 12), whereas the active
form of 9-OH-BP is probably the corresponding 4,5-oxide
(12), both of which are major DNA binding species (12,
19, 20). We found here that BP-7,8-dihydrodiol bound
more extensively than other metabolites to proteins in
microsomes from MC-treated rats. The most likely ulti-
mate binding species in this case was BP-7,8-dihydrodiol-
9,10-oxide, in analogy with the activation preceding bind-
ing to DNA (9). It should be pointed out, however, that
a final identification of binding metabolites has to await
their isolation from microsomal proteins. The only BP
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metabolite isolated after hydrolysis of microsomal pro-
teins so far is BP-4,5-dihydrodiol, indicating that the
binding agent in this case was BP-4,5-oxide (21) or a
derivative of this oxide.

It is expected that BP-4,5-oxide should be one of the
activated metabolites which bind irreversibly to micro-
somal proteins. However, the binding of BP-4,5-oxide
was greatly enhanced in the presence of a NADPH-
generating system, suggesting that an additional activa-
tion is required before binding. This indicates that the
metabolic activation of BP starting with oxide formation
in the 4,5 position might be more complicated than is
presently recognized, and that several metabolic steps
are required before binding to proteins.

The electrophoretic studies showed that the binding
patterns to microsomal proteins differed both for the
different metabolites studied and after various treat-
ments of the animals. The binding pattern of BP to liver
microsomes from phenobarbital-treated rats was domi-
nated by a 60,000 MW band. Some of the BP metabolites
examined, particularly BP-4,5-diol, BP-4,5-oxide, and
BP-7,8-diol, also bound extensively to this component.
However, there was a very low binding of BP and BP
metabolites to the 60,000 MW component in microsomes
from control or MC-treated animals. A possible expla-
nation for the difference is that the component is induced
by phenobarbital treatment. This appears less likely,
however, since there is no visible enhancement in protein
staining at 60,000 MW. We have also found in preliminary
experiments that the binding of BP to 60,000 MW ma-
terial in microsomes from control rats is enhanced after
the addition of cytochrome P-450 purified from pheno-
harbital-treated rats.

An important question then is which factor(s) deter-
mines the specificity in the binding of BP metabolites to
their target proteins. One possibility is that reactive
metabolites will bind close to their site of activation in
the membrane. This suggestion is borne out by the
binding of metabolites to the 56,000 MW component in
microsomes from MC-treated rats. This component co-
migrates with purified cytochrome P-448 in the gel, in-
dicating that the binding protein is cytochrome P-448, an
enzyme which participates in the metabolic activation of
BP and its metabolites. Similar evidence applies to the
52,000 MW component in microsomes from phenobarbi-
tal-treated animals which comigrates with purified cyto-
chrome P-450. We have also found in preliminary exper-
iments that BP will bind irreversibly to a protein which
comigrates with cytochrome P-450 on incubation with a
reconstituted activating system consisting of NADPH-
cytochrome P-450 reductase, cytochrome P-450, and
NADPH. The identities of the metabolite binding com-
ponents of 50,000 and 60,000 MW are not known pres-
ently, but we are examining whether the former might
be epoxide hydratase.

The most likely metabolic route leading to covalent
binding of metabolites to microsomal proteins is through
the formation of reactive oxides by the mixed-function
oxidase system. Provided that protein binding occurs
close to the site of activation in the membrane, similar
binding patterns would be expected for different BP
metabolites after activation to oxides. The patterns dif-

fered markedly, however, and other additional explana-
tions for the binding specificity have to be found. One
possibility is that the kind of metabolite formed is crucial;
important factors may be the positions of the reactive
oxide or other substitutions in the molecule or the kind
of primary metabolite that is activated (quinone, dihy-
drodiol, or phenol).

It is also possible that metabolic conversions other
than oxide formation will produce reactive metabolites
capable of binding covalently to proteins. For instance,
dihydrodiols may be dehydrogenated to catechols with a
subsequent formation of semiquinones or quinones. How-
ever, this pathway is catalyzed by dihydrodiol dehydro-
genase, which is a soluble enzyme (22) and therefore
most likely absent from our incubations.

It has been suggested that there is a connection be-
tween the binding of toxic compounds to proteins and
their toxicity (10, 23). In order to evaluate this possibility
intracellular target proteins for the toxic compounds
should be isolated, and the effect of binding examined.
So far, a few cytosolic proteins have been identified
which bind polycyclic hydrocarbons irreversibly (24), but
nothing is known of the identity of target proteins in
other subcellular fractions. The present work shows that
only a few microsomal proteins will bind metabolites of
BP and that the protein binding patterns differ for the
metabolites. Of prime importance now is to isolate mi-
crosomal target proteins and to examine in which manner
the binding will affect their function.
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