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ABSTRACT

Three cytochrome P-450 forms were highly purified
(8-12 nmol/mg) from the hepatic microsomes of the untreated
coastal marine fish Stenotomus chrysops (scup) by detergent
solubilization and column chromatography. Scup cytochromes
P-450A, P-450B and P-450E (labeled in order of elution from
the first ion exchange column) had distinct spectroscopic
properties, substrate profiles and minimum molecular weights
on SDS-polyacrylamide gels (52.7, 45.9 and 54.3 K,
respectively). The three purified cytochrome P-450 isozymes
yYielded different peptide maps when digested with
a-chymotrypsin or S. aureus V8 protease. An additional
hemoprotein fraction called cytochrome P-450 fraction D was
also resolved and partially purified. This cytochrome P-45
pPreparation was characterized by a red shift in the '
CO~ligated, reduced difference spectrum with a chromophore
near 451 nm. The scup NADPH-cytochrome P-450 reductase was
purified to electrophoretic homogeneity (My = 82.6 K), had
a specific activity of 45-60 U/mg with cytochrome ¢ and
contained both FAD and FMN.

Scup cytochrome P-450E (M; = 54.3 K) is the major
aryl hydrocarbon hydroxylating form in untreated hepatic
microsomes as judged by both its abundance (30-50% of the
total resolved cytochromes P-450) and catalytic activity
with benzo[a]pyrene (turnover number = 0.9 nmol product/nmol
P-450/min). Further, reconstituted cytochrome P-450E was
. inhibited 70-80% by 100 uM 7,8-benzoflavone in catalytic
* assays, similar to the 80-90% inhibition of benzo[alpyrene
hydroxylase in microsomal incubations. Analysis of
benzo[a]pyrene products derived from reconstitutions of
purified cytochrome P-450E revealed that greater than 50% of
the oxidation occurred at benzo-ring positions, like the
product profile observed in incubations with microsomes.
The molecular weight of the purified cytochrome P-450E is
identical to the major microsomal hemoprotein induced by
3-methylcholanthrene pretreatment, suggesting cytochrome
P-450E is the major aromatic hydrocarbon-inducible

Ccytochrome P-450 form in scup. Rabbit antisera raised
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against purified scup cytochrome P-450E reacts in
Ouchterlony diffusion analysis with cytochrome P-450E
antigenic determinants in microsomes but not purified
cytochrome P-450A. Further, the antisera cross-reacts with
an apparent 3-methylcholanthrene-inducible cytochrome P-450
isozyme purified from trout liver (TLM-4a; Williams and
Buhler, Comp. Biochem. Physiol. 75C: 25-32, 1983), giving a
pattern of fusion without visible spurring in Ouchterlony
analysis. These observations imply common antigenic
determinants for the apparent major 3-methylcholanthrene-
inducible cytochrome P-450 forms in trout and scup.

Monooxygenase reconstitution experiments indicated that
purified scup cytochrome P-450A actively hydroxylated
testosterone at the 68 position (turnover number = 0.8
nmol/min/nmol cytochrome P-450). Reconstituted cytochrome
P-450B oxidized testosterone at two different sites
tentatively identified as the 2-a and 15-a positions (total
turnover number = 0.07 min-1). Cytochrome P-450 fraction
D produced several metabolites upon reconstitution (sum
turnover number = 0.2 min—1) including two chromatograph-
ically similar to l6a- and 16B-hydroxytestosterone.
Reconstituted cytochrome P-450E was a pPoor catalyst of
testosterone hydroxylase but the only detectable product was
6 B~-hydroxytestosterone (turnover number = 0.04 min‘l).
However, besides benzo[alpyrene, reconstituted cytochrome
P-450E was active with 7-ethoxycoumarin, acetanilide and
7,8-benzoflavone as substrates.

Addition of purified scup cytochrome bs to mono-
OXygenase reconstitutions had a stimulatory effect on some
catalytic rates. The magnitude of the cytochrome bg
stimulation depended on the P-450 isozyme and the substrate
used in the reconstitution; cytochrome P-450A was generally
influenced by the presence of cytochrome bg. This rate
stimulation was greater than the effect obtained with
purified rabbit liver cytochrome bg. In an extreme
example, cytochrome P-450E was completely inactive in
reconstitutions of 7-ethoxyresorufin O-deethylase (an
activity associated in microsomes with aromatic hydrocarbon
induction) in the presence or absence of rabbit cytochrome
bs but the addition of scup cytochrome bg to the
reconstitution led to an observed O~deethylation rate of 7.0
min~l. It is uncertain whether these cytochrome bg
effects are exhibited in microsomes or in vivo but the
stimulation in reconstitutions appears to be important in
the evaluation of catalytic activity with purified isozymes.
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CHAPTER 1

HEPATIC MONOOXYGENASE METABOLISM AND

THE CYTOCHROME P-450 SYSTEM

Xenobiotics such as pesticides, hydrocarbons and
industrial wastes are distributed throughout the biosphere.
The world oceans as the ultimate sink receive inputs from
land runoff, atmospheric fallout, large scale dumping and
spills of a chronic or acute nature. Anthropogenic
contributions are significant both as point sources (Dunn
and Stich, 1976) and via general atmospheric transport (Duce
and Duursma, 1977; Neff, 1978). Polycyclic aromatic
hydrocarbons (PAHs) are abundant in the aquatic environment
(Giger and Blumer, 1974; LaFlamme and Hites, 1978).and it is
clear that global transport occurs. Neff (1978) has
estimated the annual flux into the aquatic environment at
about 700 metric tons for benzo[a]pyrene and 230,000 metric
tons for total PAH. Polychlorinated biphenyls are a second
class of hbiquitous environmental contaminants (Risebrough
and de Lappe, 1972; Kimbrough, 1974). Polychlorinated
compounds are derived entirely from man's industrial
activity, in contrast to PAHs which have varied origins.
Many these diverse foreign compounds potentially present
both a toxicoldgical and mutagenic threat to aquatic

inhabitants (Stegeman, 1981). While there are some data
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suggesting a relationship between total environmental
contamination and the incidence of tumors in fish (Brown et
al., 1973; Mearns and Sherwood, 1973, Smith et ai., 1979),
the demonstration of a direct cause and effect relationship
" has been extremely difficult. Consequently the impact of
these molecules on aquatic inhabitants is currently being
investigated.

Foreign compounds are usually lipophilic and this
property leads to facile transfer across cellular
membranes. Significant accumulations of foreign compounds
can occur within living tissues (Neff, 1978; Pancirov and
Brown, 1977; Risebrough and de Lappe, 1972). One frequent
response of organisms to the passive uptake of lipophiles
involves enzymatically increasing the polarity of the
unwanted compound by metabolism (Goldstein et al., 1974; Lu
et al., 1976). Chemical modification by oxygen insertion
leads to a more favorable partitioning of the derivative,
further metabolism or conjugation, and potential attenuation
of the molecule's biological activity. Many of the these
metabolic oxidations are catalyzed by a multi-enzyme
cytochrome P-450 monooxygenase system which is primarily
located in the microsomal fraction (membranes derived from
the endoplasmic retiéulum, lysosomes and other cellular
components) of hepatic tissues (Lu et al., 1976). Almost
exclusively hepatic metabolism will be considered for the
remainder of this thesis because liver is the major organ

for xenobiotic metabolizing activities.
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The observation that aquatic species possess these
catalytic capacities is not novel (Creaven et al., 1965;
Buhler and Rasmusson, 1968). However, subsequené work has
suggested that certain untreated fish are very efficient at
hydroxylating the model hydrocarbon substrate benzo[alpyrene
(Ahokas et al., 1975; Stegeman and Binder, 1979). The
metabolic fate of PAHs such as benzo[alpyrene is important
in aquatic species because the cytochrome P-450 linked-
monooxygenase processing of these compounds is involved in
rutagenesis (Jerina and Daly, 1974; Sims and Grover, 1974).
Prior PAH exposure enhances the capacities of the cytochrome
P-450 complement in mammals to form mutagenic derivatives of
benzo[alpyrene by inducing cytochrome P-450 isozymes which
preferentially form the ultimate mutagen (Rasmussen and
Wang, 1974; Wood et al., 1976).

There are several major questions to address in aquatic

toxicology. What is the biochemical nature of the

benzo[ alpyrene hydroxylase activity in aquatic species i.e.
how is the system in fish similar or different to that found

in higher animals? What is the biological significance of

the cytochrome P-450 monooxygenase system i.e. does it
function in an adaptive manner, or is there an involvement
between the metaboliém of natural compounds and the foreign
PAHs? It is recognized that PAHs and man-made contaminants
are only one class of potential substrates for cytochrome
P-450 monooxygenases in vivo. Naturally occurring compounds

(or their relatives) such as flavones (Stegeman and Woodin,
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1980) or safroles (Ryan et al., 1980) and endogenous
molecules including fatty acids (Lu et al., 1969), bile
acids (Danielsson and Sjovall, 1975), prostaglandins (Kupfer
et al., 1978) and vitamin D3 (Hansson et al., 1981) are

also substrates in vitro.
Mammalian Hepatic Monooxygenase Systems

A scheme for cytochrome P-450-linked microsomal electron
transport is presented in Figure 1-1 and the electron
transfer components are summarized in Table 1-1. The
terminal electron acceptor of this monooxygenase system is a
cytochrome P-450 whose name is derived from its character-
istic reduced} CO-difference spectrum (Omura and Sato,
1964). This cytochrome is a membrane-bound hemoprotein
which coordinates the substrate and molecular oxygen at its
active site. The cytochrome P-450 receives two electrons in
single-electron transfer steps during the catalytic cycle,
pPrimarily from its membrane-bound attendant, the NADPH-
dependent cytochrome P-450 reductase. The two-electron
reduced [cytochrome P-450-02-substrate] complex fragments
to produce water and an oxylide radical which inserts an
OXygen atom into the substrate (White and Coon, 1980).
Cytochrdme P~450 formally catalyzes hydroxylations reflected
as alkene epoxidations, 0-, S- and N-dealkylations and C-,

N- and S-oxidations.
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Figure 1-1.

Pathways of hepatic microsomal electron transfer.
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TABLE 1-1

Mammalian Liver

Microsomal Electron Transfer Components

Molecular Prosthetic
Enzyme Weight (kD) Group Reference

cytochrome bg 16 1 Fe protoporphyrin I1Xx 1
NADH-cytochrome

bs reductase 33 1 FAD 2
cytochromes P-450 ca 50 1 Fe protoporphyrin IX 3
NADPH-~cytochrome

P-450 reductase 74-78 1 FAD & 1 FMN 4

kD, kilodaltons
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The cytochrome P-450 reductase is a flavoprotein which
normally accepts electrons from the reduced cofactor NADPH.
Other in vitro electron transfer pathways include the
reduction of NADPH-cytochrome P-450 reductase by high NADH
concentrations (Noshiro et al., 1980), the reduction of
cytochrome P-450 by cytochrome b5 (West and Lu, 1977;
Bonfils et al., 1981) and the reduction of cytochrome b5
by the NADPH-cytochrome P-450 reductase (Enoch and
Strittmatter, 1979). The physiological importance of these
additional electron transfer pathways for xenobiotic
oxidation is uncertain. Reconstitution studies suggest the
NADH-mediated cytochrome bs-dependent pathway for
monooxygenase metabolism is a quantitatively minor
contributor (ca 10%) to total benzo[alpyrene oxidation

potential (West and Lu, 1977). Cytochrome b. and the

5
NADH-cytochrome b5 reductase are clearly involved in a
separate microsomal pathway for fatty acid desaturation
(Oshino and Omura, 1973).

A short review of the replete mammalian literature will
establish the framework for how the research problems are
viewed in animals. One characteristic of the cytochrome
P-450 monooxygenase system is its induction by a broad range
of molecules. Early in the development of this field the
use of inducers allowed researchers to infer the existence
of multiple metabolic pathways (Conney, 1967). The

variability in cytochrome P-450 monooxygenase metabolism is

derived from the existence of multiple forms of cytochrome
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P-450 (Lu and West, 1980). This isozyme family shares the
same heme prosthetic group and certain other phys}cal
characteristics but has varied origins (Johnson, 1979).
Responses to different inducers allow one to establish a
simplified scheme for organizing the patterns of microsomal
metabolism. Two broad classes of inducers have been
distinguished. PAH inducers (Figure 1-2), e.g. 5,6-benzo-
flavone, benzo[alpyrene, dimethylbenzanthracene, 3-methyl-
cholanthrene (3MC) and many polychlorinated biphenyl |
isomers, elicit similar responses which shall be refefred to
as 3MC-type. The second major class of inducers are
typically barbiturate-based drugs of which phenobarbital is
the most commonly used and this will be called the PB-type.
Other inducers such as pregnenolone l6a-carbonitrile (Lu et
al., 1972b), ethanol (Koop et al., 1982), 2-a¢etylamino-
fluorene (Astrom et al., 1983) and isosafrole (Ryan et al.,
1980) do not fall neatly into either of the pigeonholes
outlined above.

The typical 3MC-type response measured in microsomes is
an increase in the cytochrome P-450 specific content, an
increase in benzo[a]lpyrene hydroxylase activity (also known
as aryl hydrocarbon hydroxylase, AHH) with little change in
h N-demethylating activities, and a sensitivity of the
benzo[a]pyrene hydroxylase activity to 7,8-benzoflavone
inhibition (Wiebel et al., 1971). Several of these relevant

aromatic hydrocarbon structures are displayed in Figure

1-2. Frequently, a spectroscopic shift of the CO-ligated,
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7,8 -BENZOFLAVONE 3-METHYLCHOLANTHRENE

7-ETHOXYCOUMARIN POLYCHLORINATED BIPHENYL

CH3CH20

12 1

CH2CHAO 10
O ey
NZ 8 4
7 6 5
7-ETHOXYRESORUFIN BENZO [cc] PYRENE

Figure 1-2, cCardinal hydrocarbon structures.
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reduced cytochrome P-450 complex Amax from ca 450 nm to
448 nm (Alvares et al., 1967) accompanies the induction
events.

PB treatment induges a greater number of activities in
mammalian liver including a proliferation of smooth
endoplasmic reticulum, increased levels of cytochrome P-450,
NADPH-cytochrome P-450 reductase and elevated cytochrome
P-450-linked N-demethylation levels (Conney, 1967). Pheno-
barbital increases benzo[a]pyrene hydroxylase to a lesser
extent than 3MC-type inducers and produces a catalytically
different cytochrome P-450 complement with no spectroscopic
shift, and with stimulation by 7,8-benzoflavone (Wiebel and
Gelboin, 1975).

Certainly the cytochrome P-~450 monooxygenase system is
complex and precise details can best be unraveled in
purified systems. As an aid.to the ensuing discussion,
Table 1-2 displays the salient features of cytochrome P-450
isozymes purified from two common laboratory animals. A
minimum of seven distinct purified cytochrome P-450 forms
have been characterized in rabbit liver (Haugen and Coon,
1976; Johnson and Muller-Eberhard, 1977b; Koop et al., 1981,
1982; Dieter et al., 1982). These cytochrome P-450 forms
- are enumerated according to their electrophoretic mobility
on sodium dodecyl sulfate (SDS) -polyacrylamide denaturing
gels with the caveat that measurements made in different
laboratories frequently exhibit inconsistencies. A nomen-

clature introduced by Professor M. J. Coon and coworkers has
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taken root in the field and is the reference frame for
rabbits. Each rabbit cytochrome P-450 species is prefixed
LM for liver microsomal and numbered in order of increasing
apparent subunit molecular weight upon SDS-PAGE analysis.
The substrate specificities for various cytochrome P-450
species overlap extensively (Guengerich, 1977) so the
catalytic discriminations are only on a relative basis in
most cases.

Analysis of the different reports on rabbit cytochrome
P-450 isozymes supports several generalizations. LM-2 is
the major form present in microsomes after phenobarbital
induction. It has been purified to homogeneity and is the
best characterized of all animal cytochrome P-450
pPreparations (Johnson, 1979). LM-4 is the major cytochrome
P-450 induced in adults by 3MC-type inducers (Johnson and
Muller-Eberhard, 1977a) and LM-4 has also been induced in
adult rabbits by pretreatment with isosafrole (Delaforge et
al., 1982). It has 7-ethoxyresorufin O-deethylase activity
but is inefficient at aggregate benzo[alpyrene hydroxylation
(Johnson and Muller-Eberhard, 1977¢c). L1LM-6 is the minor
induced form of cytochrome P-450 in adult microsomes upon

3MC-type treatment and is the major induced form found in
} neonates (Norman et al., 1978). It has high activities with
both 7-ethoxyresorufin and benzo[a]pyrene which are
sensitive to 7,8-benzoflavone inhibition (Norman et al.,
1978). LM-2 is quite different from LM-4 and LM-6 in

substrate specificity, spectroscopic characteristics,
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antibody cross-reaction (Dean and Coon, 1977; Johnson and
Muller-Eberhard, 1977b) and COOH- or NHz-termina; sequence
(Haugen and Coon, 1976; Black et al., 1982). These three
isozymes are highly enriched in rabbit liver microsomes
after a particular induction regime while the more mundane
LMs 1 and 3a-c appear to be under a different type of
regulation (Koop et al., 1981, 1982; Dieter et al., 1982)
although LM-3a is induced by chronic alcohol exposure,

Rat liver microsomes are similarily wealthy in
Cytochrome P-450 isozymes. Guengerich (1982a) has character-
ized eight different forms purified from rat liver under
various conditions. There is no established nomenclature in
rats so reference is made wherever possible to the active
inducer for the cytochrome P-450 isozyme in question. The
major rat PB isozyme has a preference for benzphetamine and
N,N-dimethylaniline N-demethylations (P-450b; Ryan et al.,
1979). The major rat 3MC-type isozyme efficiently catalyzes
benzo[a]lpyrene hydroxylase, 7-ethoxyresorufin and 7-ethoxy-
coumarin O-deethylase (P-450c; Ryan et al., 1979). A rat
cytochrome P-450 specifically induced by pregnenolone
léa~-carbonitrile has also been purified and analyzed
(Elshourbaghy and Guzelian, 1980). Lack of antibody cross-
k reactions indicate the pregnenolone l6éa-carbonitrile form
has antigenic determinants different from either the PB or
3MC isozymes and is a distinct polypeptide. An isosafrole-
inducible cytochrome P-450 has also been purified and

characterized (P-450d; Ryan et al., 1980). The isosafrole-
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inducible form shares some antigenic determinants with the
3MC-inducible form but is distinct by several othgr criteria
including subunit molecular weight, catalytic profile and
peptide map. This isosafrole-inducible form is almost
certainly identical to a minor aromatic hydrocarbon-
inducible form identified by purification from rats induced
with hexachlorobiphenyl (Goldstein et al., 1982; Parkinson
et al., 1983). Amino-terminal sequence analysis indicates
no homology with the major PB-, 3MC- or isosafrole-inducible
cytochrome P-450 isozymes (Botelho et al., 1979; Botelho et
al., 1982). Several "endogenous" cytochrome P-450 has also
been resolved from microsomes after various treatments (Ryan
et al., 1979; Cheng and Schenkman, 1982; Guengerich et al.,
1982a; Waxman et al., 1983). These cytochrome P-450 forms
have poor catalytic activity with many xenobiotic test
substrates and often appear to be more active with steroid

. substrates (e.g. P-450a and UT~A; see Table 1-2).

The effort in purifying the mouse cytochrome P-450
complement has been less assiduous to date. Two research
groups have reported a resolution of two fractions after
different induction regimes. Fractions A2 and C2 have
been purified from microsomes after PB treatment (Huang et
E al., 197¢6). AlSo two forms, labeled P-448 and PI-450,
have been resolved after 3MC induction (Negishi and Nebert,
1979). The subunit molecular weights were identical in the
later case; however, distinctions arose in the A and

max
substrate discrimination. Cytochrome PI-450 was twice as
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efficient at metabolizing benzo[a]pyrene while cytochrome
P-448 preferred acetanilide by a similar margin. Although
these differences are not striking they were upheld by
immunochemical criteria and peptide mapping.

Multiple cytochromes P-450 have been detected in other
animals (e.g. Abe and Watanabe, 1983; Tsuji et al., 1980)
including humans (ex. Guengerich et al., 1981). The
potential number of cytochrome P-450 species in a given
animal is a matter of contention. Some researchers prefer
to view the diversity as parallel to immunoglobulins
(Nebert, 1979). Technical difficulties in purifying the
membrane proteins and the lack of stringent criteria for
cytochrome P-450 homogeneity and identification make it
difficult to evaluate the true extent of the diversity.
Amino acid and nucleic acid sequence analysis suggest that,
at least in some cases, the major isozyme induced in a given
animal species is related to the analogous protein inducible
under similar conditions in a different animal species
(Heinemann and Ozols, 1983; Fuji-Kuryama et al., 1982;
Botelho et al., 1979). However, within the same animal
species the major cytochrome P-450 forms responding to
different inducer types are more distantly related
immunochemically (Thoﬁas et al., 1976a, 1976b; Dean and
Coon, 1977) and in NH2-terminal sequence analysis (Botelho
et al., 1979).

The field of cytochrome P-450 metabolism and induction

is fascinating both because the complicated interactions of
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compounds in their roles as potential substrates, inhibitors
and inducers further confuse the in vivo implications, and
because the processing of aromatic hydrocarbons is
associated with mutagenesis. The formation of aromatic
epoxides (arene oxides) is particularily deleterious (Jerina
and Daly, 1974; Sims and Grover, 1974). 1In the case of
benzo[a]pyrene the most mutagenic metabolite, a benzo-ring
diol-epoxide, is preferentially formed by isozymes which are
3MC-inducible (Wood et al., 1976; Pezzuto et al., 1978).
This illustrates a potential disadvantage to both metabolism

and induction.
Monooxygenase Activities in Aquatic Species

When one turns to the aquatic sphere the number of
reports is considerable but the picture is much more
fragmented. Several comparative studies have established
exhaustively that aquatic organisms have the complete
cytochrome P-450 monooxygenase and conjugating system
described in mammals (Buhler and Rasmusson, 1968; Bend et
al., 1975). The enzymes are qualitatively similar by
substrate profile (Pohl et al., 1974), subcellular
localization (Stegemaﬁ et al., 1979), EPR spectrum (Chevion
et al., 1977; Stegeman and Chevion, 1980) and tissue
distribution (Stegeman et al., 1979). Marine fish will
respond predictably in the laboratory to 3MC-type inducers

(Elcombe and Lech, 1979; James and Bend, 1980) but show no
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PB induction response (Bend et al., 1975; Elcombe and Lech,
1979; Balk et al., 1980). Fish respond to isosafFole
(Vodicnik et al., 1981) and there are reports of an effect
obtained with pregenolone l6a-carbonitrile (Hansson et al.,
1980) in addition.

Elevated levels of AHH in fish are attributed on the
basis of kinetic evidence to environmental induction in
several cases (Payne, 1976; Stegeman, 1978; Kuralec et al.,
1977; Stegeman et al., 198l). It has been suggested for
several years that the cytochrome.P—450 monooxygenase system
(more specifically, AHH activity) should be a convenient
monitor of environmental quality given its characteristic
induction response (Payne, 1976). Nevertheless the utility
of this catalytic activity applied as a diagnostic tool
requires critical evaluation by a definition of baseline
conditions and careful consideration of confounding
variables (Stegeman, 1981).

Chemical induction experiments have demonstrated
exhaustively that numerous marine fish species possess
hepatic microsomal benzo[a]pyrene hydroxylase activity in
the untreated state and yield a 10- to 35-fold induction
upon 3MC-type treatment in the laboratory. 1In all but two
cases the response to 3MC-type inducers is an increased
benzo[a]lpyrene hydroxylase activity with an enhanced
sensitivity to 7,8-benzoflavone inhibition. No response was
elicited in one exceptional case (Bend et al., 1975); this

is attributed to pharmacokinetic difficulties with the
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treatment route as the animal were inducible with other
methods (James and Bend, 1980). The resulting bepzo[a]-
pyrene hydroxylase activity was stimulated by 7,8-benzo-
flavone in the second atypical case (James and Bend, 1982)
-- certainly this observation warrants further investigation.
The benzo[alpyrene hydroxylase activity is extra-
ordinarily high in the untreated state for two cases:
European lake trout (Ahokas et al., 1975) and scup (Stegeman
and Binder, 1979). This raises the possibility of
environmental induction but is certainly tentative. One
approach to verify the induced character of the benzo[a] -
Pyrene hydroxylase activity has been the application of the
in vitro inhibitor 7,8-benzoflavone which in the case of
mammalian liver appears to be a reliable indicator of 3MC-
induced activities (Thorgeirsson et al., 1979). 1In
untreated fish, however, the sensitivity of the benzo[a]-
pPyrene hydroxylase activity to 7,8-benzoflavone falls into
two categories. Little skate (Bend et al., 1976), croaker
(Stegeman et al., 1981) and a majority (greater than 80 %)
of sheepshead (James et al., 1979) are stimulated by 100 uM
7,8-benzoflavone in a pattern identical to observations in
mammals. But many aquatic species (including to date all
K fish with high levels'of benzo[a]pyrene hydroxylase
activity) are inhibited by 7,8-benzoflavone =-- scup
(Stegeman and Binder, 1979), rainbow trout (Elcombe and
Lech, 1979), brook trout (Stegeman and Chevion, 1980) and

the estuarine killifish (Stegeman, 1979). One formal
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possibility for this second category is that endogenous fish
cytochromes P-450, unlike the mammalian counterpa;ts, are
sensitive to 7,8-benzoflavone. Alternatively, these
observations may reflect partial inductions in several
species. Thus, some clarifying investigations are necessary
before AHH activity levels may be used as an unambiguous
criterion to‘evaluate potentially induced states in fish.

A closer examination of hepatic microsomal cytochrome
P-450 monooxygenase characteristics from aquatic species is
informative. Table 1-3 summarizes the few cases where
Ccytochrome P-450 preparations which have been purified from
aquatic species.

Little skate. Raja erinacea have a very low benzola]-

pyrene hydroxylase activity which was stimulated in vitro
three-fold by 100 uM 7,8-benzoflavone. Treatment with 3MC-
type inducers produces up to a 35-fold induction of benzo[a]-
pyrene hydroxylase activity (Bend et al., 1976) however the
microsomal CO-ligated, reduced difference spectrum does not
shift from 450 nm. Two cytochrome P-450 fractions have been
resolved from dibenzanthracene-treated microsomes (Table
1-3). The so-called P~448 fraction had a turnover number of
0.8 nmol product/nmol P-450/min with benzo{[a]pyrene upon

b reconstitution, is very sensitive to 7,8-benzoflavone
inhibition and has a Amax at 448 nm (Bend et al., 1979).

A cytochrome P-451 fraction has also been separated in
larger quantities (reported to be 2:1) which readily

accounts for the lack of a wavelength shift in microsomes.
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TABLE 1-3

Liver Microsomal Cytochromes P-450
Purified from Aquatic Species*

Molecular Preferred Other
. Species nmol/mg Weight (kD) Substrate Comments Reference
little skate P-448 1.6 -- BP inhibited by ANF 1
P-451 0.95 - ? stimulated by ANF 2
spiny lobster D1 14 52 progesterone active steroid

hydroxylation 3

rainbow trout LM-2 10 54 ? activates
aflatoxin 4,5
LM-4a 11 57 BP same as LM-4b? 4,6,7

LM-4b 11 57 7-ER, BP "major" BNF
induced form 4,6,7

- *Abbreviations: ANF, 7,8-benzoflavone; BNF, 5,6-benzoflavone; BP, benzo[a]-
pyrene; 7-ER, 7-ethoxyresorufin; kD, kilodaltons.

References
Bend et al., 1979
Ball et al., 1979
James and Little, 1980; James and Shiverick, 1983
Williams and Buhler, 1983a
Williams and Buhler, 1983c
. Williams and Buhler, 1982
Williams and Buhler, 1983b
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This cytochrome P-451 fraction was relatively inactive
toward benzo[alpyrene with a turnover number of 0.08 min-l
upon reconstitution and was stimulated by 7,8-benzoflavone
(Ball et al., 1979).

Trout. The levels of benzo[a]lpyrene hydroxylase

activity are very low in brook trout (Salvelinus fontinalis)

and rainbow trout (Salmo gairdneri; Elcombe and Lech, 1979;

Stegeman and Chevion, 1980). These observations make
environmental induction a less attractive hypothesis despite
a sensitivity to 7,8-benzoflav6ne inhibition. It is
possible that 7,8-benzoflavone inhibition in these cases
betrays an example of trace induction where an inhibitor-
susceptible and aromatic hydrocarbon-inducible cytochrome
P-450 form is present at very low levels. Such a
possibility is difficult to exclude until the sensitivity of
an immunochemical assay is available to distinguish
cytochrome P-450 isozymes. Another species, European lake

trout (Salmo trutta), however, has a much higher

benzo[a]pyrene hydroxylase activity in the untreated state
(Ahokas et al., 1975, 1977) yet the cytochrome P-450
difference spectrum peaks near 450 nm. These complications
conspire against using a single catalytic activity as an

E unambiguous index of induction. Indeed, distinctions
between untreated male and female trout in the levels of
cytochrome P-450 and sensitivity to 7,8-benzoflavone suggest
a hormone-related difference in the cytochrome P=-450

monooxygenase complement (Stegeman and Chevion, 1980).
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Treatment with 5,6-benzoflavone in rainbow trout causes
the enrichment of a microsomal hemoprotein at 57,000 daltons
from virtually undetectable levels in the controi and a
40-fold increase in benzolalpyrene hydroxylase activity
(Elcombe and.Lech, 1979). Subsequently a cytochrome P-450
form has been purified and characterized from the microsomes
of 5,6-benzoflavone treated rainbow trout (Williams and
Buhler, 1982; 1983b). This cytochrome P-450 form which the
investigators have more recently termed trout LM-4b (see
Table 1-3 and Chapter 2, footnote 12) has a CO-ligated,
reduced difference spectrum which is blue-shifted to near
447 nm, a molecular weight around 57,000 and is catalytic-
ally active with benzol[alpyrene (1.1 nmol product/nmol
cytochrome P-450/min) and inhibited by 7,8-benzoflavone upon
reconstitution.

Croaker. Micropogon undulatus have a low benzo[alpyrene

hydroxylase activity which is induced 15-fold by pre-
treatment with benzo[alpyrene concomitant with a 1 nm blue
shift in the spectrum to 449 nm (Stegeman et al.;'l981).
Benzo[ alpyrene hydroxylase activity is slightly stimulated
in the control state but upon induction the inhibition by
100 uM 7,8-benzoflavone is greater than 90%.

Estuarine marshminnow. Fundulus heteroclitus is one of

the species believed to have suffered pollution-related
induction (Stegeman, 1978). The differences between control
and polluted sites are significant on an AHH activity basis

but not by the criteria of catalytic efficiency (nmol
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product per nmol cytochrome P-450) in this case. Generally,
untreated Fundulus are quite sensitive to 7,8-benzoflavone
inhibition but fish treated with benzo[alpyrene sﬁowed a
two-fold induction of benzo[a]lpyrene hydroxylase activity
and a slight wavelength shift toward 449 nm (Stegeman, 1979)
indicating a capacity for further induction.

Winter flounder and sheepshead. Two species show a

natural cline of benzo[a]pyrene hydroxylase activity and a
concordant sensitivity to 7,8-benzoflavone. This pattern
may be the consequence of partial induction in the field.

Over 400 winter flounder (Pseudopleuronectes americanus)

surveyed as individuals exhibited a dynamic range from high
benzo[alpyrene hydroxylase activity which was strongly
inhibited by 7,8-benzoflavone to low benzo[a]pyrene hydroxyl-
ase activity which wés stimulated by 7,8-benzoflavone
(Foureman and Bend, 1982). Benzol[alpyrene hydroxylase
activity levels were also correlated with 7-ethoxyresorufin
O-deethylase activity which in mammals is tightly linked

with 3MC induction. Sheepshead (Archosargus probatocephalus)

also have shown a similar range of individual natural
"variation (James et al., 1979; James and Bend, 1980). 1In a
majority of cases benzo[a]lpyrene hydroxylase activity was
low and it was also sfimulated by 7,8-benzoflavone. Treat-
ment with 3MC then induces 16-fold higher benzo[alpyrene
hydroxylase activity which was inhibited by 7,8-benzoflavone
(James et al., 1979) and a 1-2 nm spectral shift was

observed (James and Bend, 1980).
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Scup. Untreated freshly sampled populations of

Stenotomus chrysops (formerly S. versicolor) have high

levels of cytochrome P-450 and the amount of benzo[a]pyrene
hydroxylase activity is remarkably elevated (Stegeman and
Binder, 1979). Congruent with this observation the benzo[a] -
pyrene hydroxylase activity is routinely sensitive to
7,8-benzoflavone inhibition. Measurements on over 100 field
sampled individuals have uncovered no exceptions to the
generalization of high benzo[a]pyrene hydroxylase activity
and inhibition by 7,8-benzoflavone (Stegeman et al., 1981).
Induction experiments have proven that in some scup the
microsomal monooxygenase activity is responsive with a
three-fold increase in benzo[alpyrene hydroxylase activity,
a greater elevation in 7-ethoxyresorufin O-deethylase
activity and a wavelength shift to 448 nm (Stegeman et al.,
1981). The induction experiment also revealed a 54,000
dalton hemoprotein associated with the hydrocarbon-
treatment. However this induction pattern is not readily
reproduced and it is believed that many untreated scup in
the waters off Cape Cod have already expressed their full
detectable induction response.

Thus, the results of induction experiments in several
fish species indicate a common state is achieved with
3MC-type inducers. Aromatic hydrocarbon pretreatment
produces an induction of aryl hydrocarbon (benzo[alpyrene)
hydroxylase activity, 7-ethoxyresorufin O-deethylase

activity and an increased inhibition of benzo[a]pyrene
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hydroxylase activity by 7,8-benzoflavone in hepatic
microsomes (Elcombe and Lech, 1979; James and Bend, 1980).
Untreated fish already possess this set of features in somé
cases i.e. elevated benzo[a]pyrene hydroxylase and
7-ethoxyresorufin O-deethylgse activities which are both
extremely sensitive to 7,8-benzoflavone. Aromatic hydro-
carbon induction has also been associated with a blue-shift
in the CO, reduced difference spectrum of the hepatic
microsomal cytochrome P-450 or the increase of a particular
microsomal hemoprotein (Elcombe and Lech, 1979; Stegeman et
al., 198l). Such observations have been taken as evidence
of a specific cytochrome P-450 isozyme induced by aromatic
hydrocarbon pretreatment in these fish species.

Analysis of benzo[a]lpyrene metabolites produced by fish
hepatic microsomes indicates a strong preference for benzo-
ring metabolism (ca 50 % of the total products) in scup
(Tjessum and Stegeman, 1979), trout (Ahokas et al., 1979),
Fundulus and winter.flounder (Stegeman et al., 1983), starry
flounder and coho salmon (Varanasi and Gmur, 1980). Little
skate is one of few fish species examined where significant
metabolism in other regions occurs (Bend et al., 1979). 1In
general, regiospecific metabolism of benzo[a]lpyrene at
B benzo-ring positions is associated with 3MC-type induction
in mammals (Pezzuto et al., 1978) and this metabolism is
related to the mutagenic action of benzo [a]pyrene (Wood et
al., 1976). Benzo[a]pyrene metabolites produced by liver

microsomes from scup or winter flounder are active in
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bacterial mutagen assays and scup liver microsomes can
activate several related PAHs including dimethylbenz-
anthracene and dibenzanthracene (Stegeman et al.; 1982b).
These observations are consistent with active PAH metabolism
in fish analogous to that found in mammals upon 3MC-type
induction.

Some differences exist in patterns of induction in fish
and mammals. While 3MC-type inducers do not generally
affect NADPH-cytochrome P~450 reductase levels in mammals
(Conney, 1967) significant induction of the NADPH-specific
cytochrome ¢ reductase in fish has been observed (Yarbrough
and Chambers, 1978; Stegeman, 1979). Interestingly,
benzo[a]pyrene also induces the levels of microsomal
cytochrome b5 three-fold in at least one fish species
(Stegeman, 1981). While 3MC induction in mammals is also
associated with elevated levels of the conjugating enzymes
this is not the general case in fish. Epoxide hydrolase and
glutathione-S-transferase activities are constant during
otherwise successful inductions (Balk et al., 1980; James
and Bend, 1980). The consequent toxicological risk has not
been assessed but may be significant in light of mammalian
models. Several studies have established that the major
route of clearance fdr benzo[alpyrene in fish is hydroxyl-
ation and conjugation. Up to 90% of the absorbed dose was
found in the liver or bile as glucuronide conjugates in one
system (Varanasi and Gmur, 198l1). Prior laboratory

induction can increase the rates of metabolism and clearance
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of another polycyclic aromatic hydrocarbon, 2-methyl-
naphthalene, (Statham et al., 1978) demonstrating that

induction has effects on xenobiotic processing in vivo.

Both laboratory (James and Bend, 1980) and field
observations (Kurelec et al., 1977) indicate that the
effects of induction in fish are long-lasting. This
strengthens the suggestion that certain characteristics may
be attributable to environmental induction. However
complications arise due to high natural variation within
populations (James and Bend, 1980) and the possible
dependence of benzo[alpyrene hydroxylase activity on
reproductive status (Stegeman et al., 1982b; Stegeman and

Chevion, 1980) which preclude simple interpretations.
Scope of Thesis Research

The goal of research in the field of xenobiotic
metabolism is to address the question of how foreign
compounds affect natural populations. What is the capacity
of marihe organisms to metabolize xenobiotics and what
parameters influence this? What are the metabolic roles of
the cytochrome P-450 monooxygenase constitutents? What are
" the toxification/detoxification pathways?

It is clear that only the first half of one question
has been adequately characterized in the literature -- there
is a reasonable picture of what capacities exist in vitro

and how they might relate in vivo. Yet, precise
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descriptions are lacking for regulation of these complex
patterns of metabolism. Until the various cytochrome P-450
isozymes have been more rigorously identified it is
difficult to study their distribution and regulation.
Further, the availability of purified cytochrome P-450 forms
from lower animals will provide valuable information in the
comparative biochemistry and interspecies relationships of
this interesting family of isozymes.

The marine teleost fish Stenotomus chrysops (scup) was

chosen at the onset for detailed investigations because it
is a species which represents the premier research guestions
posed in marine systems. Fortunately, their microsomal
activities have been extensively characterized (Stegeman and
Binder, 1979; Stegeman et al., 1979; Stegeman et al., 1981)
and the data set in Dr. Stegeman's laboratory representing
collections since 1973 is an adequate base for my strategy
of characterization by resolution, purification and reconsti-
tution of the cytochrome P-450 monooxygenase cdmponents. As
discussed above, the properties of microsomes prepared from
untreated scup suggest that the feral population we are
studying is partially induced. This makes the results
particularly relevant as they can be related to effects

" observed in natural populations. My dissertation research

has sought to specifically address three questions in scup:
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l. What is the nature of the cytochrome(s) P-450
responsible for the high benzo[a]pyrene hydroxylase activity?

2. What is the catalytic spectrum of the remaining
cytochrome P-450 forms?

3. How might these monooxygenase activities be related

to induction?

A cautionary word on the strategy I have adopted is in
order. The major focus of my research has been to purify
the monooxygenase components in order to characterize the
individual catalytic entities. Purification is the best
method (in my opinion) to verify the conclusions about the
nature of the catalysts responsible for microsomal
metabolism because assessments of catalytic function in
microsomal studies based on kinetic data are necessarily
tentative. However, the results with a purified system can
also be somewhat ambiguous. It is necessary to reconstitute
activity after purification because the cytochrome P-450
monooxygenase system involves multiple cofactors and
membrane-associated enzymes. The precise method of purifi-
cation and reconstitution of catalytic activity can
influence the subsequent studies. Consequently, it is
“advisable to consider data from both microsomal preparations
and the reconstitutions before drawing conclusions.

Purification of membrane proteins requires solubil-
ization of the components with detergents but the physical

picture of events during this process is hazy (Helenius,



-48-

1975) . Such treatment extracts the proteins out of the
natural phospholipid vesicles into mixed detergent-lipid
vesicles or micelles of a smaller size. The solubilized
membrane proteins are then purified in a detergent environ-
ment by conventional techniques of column chromatography ahd
selective precipitation. Solubilization facilitates the
resolution of different hydrophobic proteins but interrupts
the catalytically essential interactions between cytochrome
P-450 and NADPH-cytochrome P-450 reductase. The two
proteins must be returned to intimate association by the
reconstitution in the absence of detergents in order to
regain monooxygenase activity. While catalytic specificity
resides with the particular cytochrome P-450 (Lu et al.,
1972a), the cytochrome P-450 reductase and a lipid
environment are required for activity (Lu et al., 1969). The
lipid requirement is frequently not absolute since some
detergents may play that role (Denk, 1979), however there is
some specificity to the type of lipid used in reconstituted
systems and diacylglyceroyl phosphatidylcholiné has been
identified as the most active component (Strobel et al.,
1970).

Two reconstitution systems are widely reported in the
R literature. Most popﬁlar is the nonmembranous dilauroyl-
glyceroyl phoshatidylcholine (DLPC) system where the
monooxygenase components aggregate together with some
associated phospholipid in a complex of approximately

800,000 daltons (French et al., 1980). Maximum turnover
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rate can only be achieved with a steady state 1l:1 molar
ratio of cytochrome P~450 to NADPH-cytochrome P-450
reductase under these conditions (Miwa et al., 1979; French
et al., 1980). This catalytically competent complex is
readily formed with a Kd = 50 nM (Miwa et al., 1979) but

is both an inefficient use of the NADPH-cytochrome P-450
reductase and extremely unnatural. The cytochrome P-450 is
present in 15- to 20-fold molar excess of its reductase in
mammalian microsomes (Peterson et al., 1976). Native scup
hepatic microsomes contain cytochrome P-450 and
NADPH-cytochrome P-450 reductase in the approximate molar
ratio of 22:1. Supplementation of rat microsomes under
various conditions with purified NADPH-cytochrome P-450
reductase indicates that either or both monooxygenase
components can be rate-limiting. The nature of the limiting
component and the magnitude of the effect depends on both
the substrate and the experimental treatment of the
microsomes (Miwa et al., 1978).

It would appear that an alternative membranous liposomal
system would be the preferable medium for reconstitution.
Egg yolk phosphatidylcholine has been used for this purpose
to recreate optimal cqnditions where a 22-fold excess of
b cytochrome P-450 over NADPH-cytochrome P-450 reductase was

still operating at Vna (Ingelman-Sundberg and Glaumann,

X
1977; Ingelman-Sundberg and Johansson, 1980). The catalytic
rate and substrate specificity is the same as the DLPC

system in most cases; more importantly, the requirement for
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stoichiometric reductase levels is relieved. I have adopted
the DLPC system due to its technical simplicity but I am
cognizant of the potential pitfalls. .

A subsidiary issue in reconstitution is the role of
cytochrome b5 in cytochrome P-450 monooxygenase
catalysis. An absolute requirement for cytochrome b5 in
reconstitutions has been demonstrated only under a limited
number of conditions with four substrates to date (Sugiyama
et al., 1980; Kuwara and Omura, 1980; Coon et al., 1980;
Vatsis et al., 1982). Cytochrome b5 stimulates the rate
of turnover but is not obligatory (Imai, 1981; Vatsis et
al., 1982; Waxman and Walsh, 1982, 1983) in many other
cases. It has been postulated that the reduction of
cytochrome P-450 by the second electron is a partially
rate-determining step in overall turnover. Cytochrome b5
is more efficient at delivering the second equivalent than
the NADPH-cytochrome P-450 reductase in this view
(Hildebrand and Estabrook, 1971; Bonfils et al., 1981)
although the in vivo meaning of this effect remains
obscure. The cytochrome b5 levels are frequently much
lower in fish than mammals relative to cytochrome P-450.
Further, the NADH synergism associated in mammalian
microsomes with the Beneficial effect of cytochrome b5 is
generally not evident in the few fish systems which have
been examined. 1Initially it appeared to me that cytochrome

b5 was not an active participant in microsomal xenobiotic

oxidation. However, microsomal aminopyrine N-demethylase
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activity is efficiently supported by NADH in scup (Stegeman
et al., 1979) suggesting the intermediacy of cytochrome b5
in the microsomal electron transfer manifold and I have
revised my earlier estimate.

The research described in this thesis is presented in
the order one might follow when endeavoring to reproduce
it. Chapter 2 details the solubilization, resolution and
purification of ;he various scup microsomal monooxygenase
components including the NADPH-cytochrome P-450 reductase,

cytochrome b cytochrome P~450A, cytochrome P-450B,

5°
cytochrome P-450 fraction D and cytochrome P-450E. The
physical characterization of these enzymes is also contained
in that chapter. Chapter 3 describes the reconstitution of
these components in a DLPC system and assays of'catalytic
activity and product analysis. Chapter 4 synthesizes the
conclusions from the foregoing chapters to present a summary
of the questions which have been answered and the new
research questions which have been unmasked. Finally,
Chapter 5 (Appendix) contains several experiments which were.

indirectly related to the thesis research as outgrowths of

queries that arose along the way.
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CHAPTER 2

RESOLUTION AND PURIFICATION OF THE SCUP HEPATIC

MICROSOMAL MONOOXYGENASE COMPONENTS

Introduction

It was necessary to purify and characterize the
individual enzymes in order to study the scup monooxygenase
components. The resolution of five hepatic microsomal
cytochrome P-458-containing fractions is described in this
chapter. Three cytochrome P-458 forms were highly purified
from this milieu as well as the NADPH-cytochrome P-45@
reductase and cytochrome bS' All of these proteins were
derived from untreated scup hepatic microsomes prepared ffom
fish caught in local Woods Hole waters and held less than one
week.

Chapter 3 will document the reconstituted monooxygenase
activities of these resolved cytochromes P-45¢. Certain
catalytic activities or enzymatic products are diagnostic of a
given cytochrome P-458 form and thus, the contribution of
various forms can be detected in impure fractions. However,
monooXxygenase catalytic activity was not a feasible method for
routine evaluation of fractions during the course of
purification since it requires an intervening column to remove

detergent followed by reconstitution. Instead, physical
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properties such as optical spectrum and molecular weight on
SDS-PAGE have served as valid isozymic discriminators in this

work.,

Materials and Methods

Chemicals

Cholic acid was treated with activated charcoal in hot
90% ethanol-water and recrystallized from 50% aqueous ethanol.
Stock solutions were prepared from 28% (w/v) cholic acid
titrated with KOH to pH 7.5. Deoxycholic acid (Cal-Biochem)
was prepared as a 10% (w/v) stock solution titrated with NaOH
to pH 7.5. DEAE-Sephadex (DEAE-A25) and DEAE-cellulose
(Whatman DE-52) were prepared by washing on a fritted glass
funnel with 8.5 M ammonium sulfate, 8.5 M dibasic potassium
phosphate, #.5 M monobasic potassium phosphate, distilled
water, the starting column buffer without detergent and the
resin was titrated to the desired pH. CM-cellulose (Whatman
CM-52) was prepared in an analogous fashion except the order
of the phosphate buffer washes was reversed. Hydroxylapatite
(Bio-Rad HTP) and Sephadex G-75 (Pharmacia superfine) gels
were washed, poured and equilibrated according to the
instructions of the manufacturer with the exception that the
buffers were not degassed prior to use. Ion exchange resins
were used only once in order to improve reproducibility. The

biospecific 2',5'-ADP-Sepharose affinity column was prepared
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by Dr. David R. Light, Department of Chemistry, MIT. All
other reagents were the highest grade available commercially
and were used without further purification. Purified trout
hepatic cytochromes P-450 (TLM-4a and TLM-4b; Williams and
Buhler, 1982; 1983b) were the generous gifts of Dr. David
Williams and Professor Donald Buhler, Department of
Agricultural Chemistry and Environmental Health,Sciences
Center, Oregon State University. Rat liver NADPH-cytochrome

P-458 reductase was purified to electrophoretic homogeneity by

standard methods (Waxman and wWalsh, 1982),

General Methods

Protein concentration was estimated by a modified Lowry
assay (Bensadoun and Weinstein, 1976) using a l:1 bovine serum
albumin:lysozyme (w/w) standard chosen for a balanced protein
reaction from the BioRad product bulletin. Briefly, the
protein sample was diluted to 1.8 ml with distilled water and
35 ul of 8.5% sodium deoxycholate carrier was added. The
solution was vortexed, precipitated by the addition of 335 ul
of 24% (w/v) TCA, again vortexed and incubated for ten
minutes. Finally, the sample was centrifuged and the
supernatant fraction was removed. A standard two ml Lowry
assay was performed in the same tube on the pelleted residue
and a linear response in A75ﬂ was observed between 2 and 20 ug
protein under these conditions.

UV-visible spectra were obtained on a Perkin-Elmer model

554 spectrophotometer equipped with a recirculating water bath
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at 18° ¢ (for spectra of protein chromophores) or a Cary 118C
dual beam spectrophotometer. Concentrations of hemoglobin,
cytochromes P-458 and cytochrome b5 were determined
spectroscopically (Waterman, 1978; Stegeman et al., 1979)
using an extinction coefficient of 91 mM_l cm—1 (CO-ligated,
reduced minus CO difference, Asgg-49g) for cytochrome P-450
and 185 mM-l cm-l (reduced minus oxidized difference,

) for cytochrome b Partially purified cytochrome b

Ra24-409 5° 5
concentrations were measured spectroscopically after reduction
with dithionite. Discontinuous sodium dodecyl sulfate
polyacrylamide slab gel electrophoresis was performed
(Laemmli, 1970) and gels were stained with Coomassie Brilliant
Blue (Vesterberg, 1971). Gel scanning was performed on a
Zeineh soft laser scanning densitometer (Biomed) in the
laboratory of Professor Frank Solomon, Department of Biology,
MIT. Apparent molecular weights were determined from a
semilog plot of the molecular weight of the standards
phosphorylase a (94K), bovine serum albumin (68K), pyruvate
kinase (57K), glutamate dehydrogenase (53K), ovalbumin (43K),
carbonic anhydrase (29K), soy bean trypsin inhibitor (21.5K),
sperm whale myoglobin (17K) and lysozyme (14.4K) versus
migration distance.

The scup NADPH-cytochrome P-458 reductase flavin
cofactors were identified by modifications of literature
methods (Mayhew and Massey, 1969; Light et al., 1981).

Approximately 8.6 nmol purified enzyme was extracted on ice
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with 5% TCA in 98.10 ml for ten minutes. The supernatant
fraction was withdrawn after centrifugation and the pellet was
washed with 50 ul of 5% TCA. The combined TCA e;tracts were
neutralized with 68 ul 1M NaZHPO4. An aliquot of neutraliized
extract ;as separated with a DuPont 8806¢ HPLC on a Zorbax 25
cm C-18 reverse-phase column utilizing a 5-208% linear

+ -
acetonitrile gradient in 50 mM NH HCOO , pH 6.5, at 2

4
ml/min, The flavins were detected by absorbance at 436 nm and
quantitated by peak area from a standard curve linear between
58 and 508 pmol flavin using a Hewlett-Packard 3390A
integrator. FMN and FAD standard solutions were prepared in

.35 M Na HPO4/5% TCA, pH 6.8, according to their published

2
extinction coefficients (FAaD, 11.3 mM.l cm.-l at 450 nm, 37

mM-l cm“l at 260 nm; FMN 12.2 mM-l cm-l at 450 nm, 27.1 mM

1
cm-1 at 260 nm; Dawson et al., 1969). The enzymic flavin
identifications were confirmed by coinjection with authentic
FAD and FMN,

NADPH-cytochrome P-458 (cytochrome c¢) reductase activity
(EC 1.6.2.4) was routinely determined at 3¢° in 8.2 M KP,, PH
7.7 (Stegeman et al., 1979). One unit (U) was defined as 1
umole cytochrome c¢ reduced per minute under standard
conditions. Apparent Ko values were determihed by

extrapolation from a Lineweaver-Burke plot of initial rates

measured in triplicate at six substrate concentrations.
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Enzyme Purification

The NADPH-cytochrome P-45@0 reductase was assayed
spectrophotometrically based on its ability to reduce the
non-physiological electron acceptor cytochrome c. The purity
of this enzyme was evaluated by specific activity (umol
substrate converted to product per min per mg protein), A277
/A456 (protein to flavin) ratio and appearance on SDS-PAGE.
Cytochrome b5 was assayed by its characteristic reduced minus
oxidized difference spectrum and appearance on SDS-PAGE.
Purity was evaluated by A4l3/A295 (heme to protein) ratio and
specific (heme) content. The cytochromes P-450 were detected
by their characteristic CO-ligated, reduced difference
spectrum and purified on the basis of their differing apparent
molecular weights judged by SDS-PAGE and the Xmax of their
CO, reduced difference spectrum. Purification was routinely
evaluated by A416/A295 (heme to protein) ratio, sﬁecific
content and appearance on SDS-PAGE,

Scup hepatic microsomes were prepared from untreated fish
(Stegeman et al., 1979) with the inclusion of a wash step
utilizing .1 M NaPPi, pPH 7.4, containing 10 mM EDTA. The
wash step was effective in removing extraneous proteins as
judged by a ca 58% higher cytochrome P-45¢ specific content
with no diminution in cytochrome P-450 recovery. Microsomes
were frozen in liquid N2 and stored in the same or a -78° C

freezer until use. The hepatic monooxygenase components were

purified at p-4° C, whereas buffers were routinely prepared at
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temperature and titrated to the indicated pH values (reported
at room temperature) before adding the detergent component
from a stock solution. The concentrations of glycerol and
Emulgen in the buffers are given as v/v percentages while the
PEG 6000, cholate and deoxycholate concentrations are w/v
percentages. Phenylmethane sulfonyl fluoride (PMSF) was added
as a solid just prior to the use of the solubilizing buffer.
All columns were poured, equilibrated and run in accord with
standard chromatographic procedures by gravity feed at rates
of 180 to 50 ml/hr depending on the nature of the resin and
column dimensions. A295 (protein), A413 (heme) and A416
(heme) measurements for column fractions were corrected by

subtracting the A The protein absorbance was measured at

650°

A295 to avoid the UV component of the Emulgen (A max - 276 nm)

present in most of the column buffers.

A. NADPH-cytochrome P-450 reductase.

The scup hepatic microsomal NADPH-cytochrome P-45@
reductasé was purified by modifications of the standard
chromatographic procedure on DEAE-A25 and 2',5'-ADP-Sepharose
(Strobel and Dignam, 1978; Yasukochi and Masters, 1976).
Microsomes were pelleted at 100,800g for 6¢ minutes and
resuspended to 10 mg protein per ml in 8.2 M Tris-Cl, pH 7.7
containing 38% glycerol, 1 mM DTT, 1 mM EDTA and #.1 mM PMSF.
The microsomal proteins were solubilized while stirring on ice
by dropwise addition of aqueous 28% Emulgen 913 (Kao-Atlas,

Japan) to a final 1.5% concentration. After twenty minutes
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the solution was treated with #.83% protamine sulfate, added
dropwise from a 1.5% (w/v) aqueous stock, solutidon and
stirring was continued for ten minutes. The soluble fraction
was obtained by centrifugation at 106,8008g for 9¢ minutes,

The solubilized enzyme activity was chromatographed on a
DEAE-A25 ion exchange column1 which had been equilibrated in
several bed volumes of 50 mM HEPES, pH 7.7 containing 20%
glycerol, 1 mM DTT, 1 mM EDTA and #.15% Emulgen 913 (hence
“column buffer™). The column was washed with column buffer to
elute several red cloudy fractions containing cytochrome
P—4562 and was then developed with a linear gradient of
#-6.4 M KCl in four bed volumes of column buffer. The
NADPH-dependent cytochrome ¢ reducing activity eluted as a
broad peak near the end of the gradient. The fractions
containing the highest activity were pooled, supplemented with
2 uM FMN3, concentrated several fold by ultrafiltration in an
Amicon stirred cell (XM-58) and dialyzed overnight against
fifteen volumes of colummn buffer without the detergent.

The retained fraction was chromatographed on an 8 ml bed
volume 2',5'-ADP-Sepharose column equilibrated in the dialysis
buffer. The column was washed with five volumes of 20 mM KPi,
PH 7.7 containing 28% glycerol, 1 mM DTT and 8.1% DOC (20 mM
buffer); five column volumes.of 100 mM KPi' PH 7.7 containing
20% glycerol, 1 mM DTT and @.1% DOC; and briefly with 20 mM
buffer again. Finally, the enzyme activity was eluted with a
linear # to 1.2 mM NADP in five bed volumes of 20 mM buffer.

The peak activity was estimated to elute in a fraction
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corresponding to about #.13 mM NADP. The fractions containing
the highest activity were pooled, concentrated by
ultrafiltration and dialyzed against 250 volumes of 20 mM KPi,
PH 7.5 containing 20% glycerol, #.1 mM EDTA and @.85% DOC to
remove NADP and DTT. The purified scup NADPH-cytochrome P-458
reductase was stored in the dialysis buffer at -78° C and the

catalytic activity was stable for at least six months.

The overall scup cytochrome P-450 purification strategy
was detergent solubilization of microsomes, fractionation with
polyethylene glycol 6808 and resolution of the various
cytochrome P-458 fractions by ion exchange chromatography on
DEAE-cellulose. The resolved cytochrome P-458 forms were
further purified by a combination of rechromatography on
DEAE-cellulose, column chromatography on hydroxylapatite and
CM-cellulose. Partially purified cytochrome P-458 samples
were stable for at least six months when frozen in liquid N2
and stored at -78° C.

Hepatic microsomes (typically 1 g microsomal protein)
were suspended at 18 mg protein per ml in 6.2 M Tris-Cl, pH
7.4 containing 30% glycerol, 1 mM DTT, 1 mM EDTA and 4.1 mM
PMSF (Ic = 0.25 adjusted with KC1l) and solubilized while
stirring by the dropwise addition of potassium cholate and
Emulgen 911 to final concentrations of 8.5% and £.2%,
respectively. After 30 minutes the solution was centrifuged

at 100,068g for 75 minutes and the pellet was discarded. The

soluble fraction was then treated with PEG 6040 by the
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dropwise addition of a 50% aqueous stock solution to a final
concentration of 6% while stirring continuously. After
fifteen minutes the cloudy solution was centrifuged 35,880g
for fifteen minutes and the large grey pellet was discarded.
The supernatant fraction was adjusted to a final concentration
of 20% PEG 6008 by further addition while stirring and after
fifteen minutes was centrifuged 100,0806g for 90 minutes. The
bright, clear orange supernatant fraction was discarded and
the deep red pellet was dissolved in a minimum volume of 1¢ mM
HEPES, pH 7.5 containing 206% glycerol, 1 mM DTT, 8.1 mM EDTA,
#.5% cholate and #.2% Emulgen 911 (hence abbreviated buffer
I).

The concentrated soluble cytochromes P-450 were
chromatographed on a DEAE-cellulose column4 which had been
equilibrated with no more than one bed volume of buffer I.

The column was washed with 20 mM KPi, pH 7.5 containing 20%
glycerol, 1 mM DTT, @.1 mM EDTA, #.5% cholate and @.2% Emulgen
911 (buffer II) until no more visible color eluted (ca one bed
volume) and then the column was developed with a linear

> in buffer II. The

gradient (4-5 bed volumes) of #-6.5 M KCl
KCl gradient was monitored with a YSI model 31 conductivity

bridge. The five fractions containing cytochrome P-450 were
labeled A-E in order of their elution from the DEAE-cellulose
column. NADPH-dependent cytochrome ¢ reductase activity was
found to elute between cytochrome P-458E and cytochrome bS‘
Complete resolution of cytochrome P-458A from hemoglobin was

obtained in later experiments by an initial wash with buffer I
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after loading (hemoglobin does not bind to the column in 10 mM

HEPES) .

B. Cytochrome P-450E.

Cytochrome P-450E was further purified by dialyzing the
pooled DEAE-cellulose fractions against twenty volumes of
buffer I (without detergent) overnight and chromatographing
the retained fraction on a hydroxylapatite column6 which had
been equilibrated in buffer I including 6.2% Emulgen 911 but
no cholate. The column was developed with five bed volumes of
20 mM KPi, pH 7.5 containing 20% glycerol, 1 mM DTT, 9.1 mM
EDTA and @6.2% Emulgen 911 (20 mM buffer III), five bed volumes
of 50 mM buffer III and the cytochrome P~450 was eluted as a

sharp peak with 100 mM buffer III.

C. Cytochrome P-450A,

Fractions containing cytochrome P-450A, derived from the
first cytochrome P-458 peak of several separate DEAE-cellulose
column resolutions, were pooled on the basis of a blue-shifted
CO-ligated, reduced difference spectrum and a 53K polypeptide
in SDS-PAGE analysis. The pool was dialyzed overnight against
fifteen volumes of buffer I (without detergent) and chromato-
graphed on a DEAE~-cellulose column4 which had been
equilibrated in buffer I without detergent, The column was
washed with buffer I coﬁtaining #.25% cholate and 9.1% Emulgen
911 and developed with buffer II. SDS-PAGE analysis indicated

that the heme containing fractions which passed through the
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column without binding also possessed a 53K polypeptide while
the putative cytochrome P-450B (see below) and most other
contaminants were bound7. The dilute unbound fractions,
pooled on the basis of their A416/A295 ratio and prominent 53K
polypeptide on SDS-PAGE, were concentrated by ultrafiltration
utilizing an Amicon XM-50 membrane and dialyzed overnight
against twenty volumes of buffer I without detergent.

The retained fraction was chromatographed on a
hydroxylapatitecolumn4 which had been equilibrated in the
dialysis buffer. The column was washed with two bed volumes
of 20 mM buffer III, four bed volumes of 50 mM buffer IIT and
finally, the cytochrome P-450 was eluted with 100 mM buffer
III. The peak fractions were pooled on the basis of their
A416/A295 ratio, concentrated by ultrafiltration with an XM-58
membrane and dialyzed overnight against 4¢ volumes of buffer I
without detergent.

The retained fraction was rechromatographed on a
hydroxylapatite column4 which was developed with one bed
volume of 20 mM buffer III, two bed volumes of 78 mM buffer
IIT and the cytochrome P-459 was eluted as a sharp band with
150 mM buffer III. The peak fractions, pooled on the basis of
their A416/A295 ratio, were concentrated by ultrafiltration
and dialyzed (with one change) for twenty-four hours against
49 volumes of 12 mM KP,, PH 6.5 containing 20% glycerol, 1 mM
DTT and #.1 mM EDTA.

The retained fraction was chromatographed on a

CM-cellulose column4 which had been equilibrated in the
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dialysis buffer., The column was washed briefiy with 10 mM
KPi, PH 6.5 containing 26% glycerol, 1 mM DTT, 8,1 mM EDTA and
#.1% Emulgen 911 (10 mM buffer IV), followed by four bed
volumes of 280 mM buffer IV and the cytochrome P-450 was eluted

with 25 mM KCl in 20 mM buffer IV.

D. Cytochrome P-450B,

A pool of cytochrome P-450B, derived from a standard
DEAE-cellulose column resolution and identified by its 46K
polypeptide on SDS-PAGE and CO-ligated, reduced difference

spectrum A near 449 nm, was dialyzed overnight against

max
twenty volumes of buffer I (without detergent) and
chromatographed on a DEAE-cellulose column4 which had been
equilibrated in the dialysis buffer. The cytochrome P-450 was
eluted as a sharp pink band with buffer I containing @.5%
cholate and 0.2% Emulgen 911. The peak fractions were pooled
on the basis of their A416/A295 ratio and dialyzed overnight
against twenty volumes of buffer I (without detergent).

The retained fraction was chromatographed on a
hydroxylapatite column4 which had been equilibrated in buffer
I containing #.2% Emulgen 911. The column was washed briefly
with the equilibration buffer, followed by two bed volumes of
20 mM buffer III and the cytochrome P-450 was eluted as a
diffuse pink band with 50 mM buffer III. The peak fractions
were collected and pooled on the basis of their A“G/A295

ratio.
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E. Cytochrome P-450 Fraction D,

A pool of cytochrome P-459, isolated from a standard
resolution on DEAE-cellulose and possessing a CO-ligated,
reduced difference spectrum Amax near 451 nm, was dialyzed
overnight against fifteen volumes of buffer I without
detergent and chromatographed on a DEAE-cellulose column4
which had been equilibrated in one bed volume of buffer I.
The column was briefly washed with buffer II and developed
with a linear gradient of #-0.4M KC1l in six bed volumes of
buffer II. The peak, spread over several fractions, was

pooled on the basis of A ratio and red-shifted CO,

116”2295
reduced difference spectrum and was dialyzed overnight against
twenty volumes of buffer I containing 10 mM mercaptoethanol
but no detergent.

The retained fraction was chromatographed on a
hydroxylapatite column4 which had been equilibrated in buffer
I‘containing #.2% Emulgen 911. The column was washed with one
bed volume of 20 mM buffer III, followed by two bed volumes of
50 mM buffer III and the cytochrome P-458 was eluted as a

sharp band with 160 mM buffer III. The peak fractions were

/A ratio.

pooled on the basis of their A 295

416

F. Cvytochrome bS'

Scup cytochrome b5 was purified by modifications of
Strittmatter, et al. (1978) as described by Waxman and Walsh

(1982). The fractions from several DEAE-cellulose column
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resolutions which contained cytochrome b5 were pooled,
concentrated by ultrafiltration utilizing an Amicon PM-10
membrane and dialyzed overnight against fifteen volumes of 20
mM Tris-Ac, pH 8.1 containing #.1 mM EDTA (buffer V). The
retentate was chromatographed on a DEAE-cellulose column6
which had been equilibrated with buffer V containing @0.4% DOC.
After a brief wash with the equilibration buffer the
cytochrome b, was eluted with a linear gradient of #-8.2 M
NaSCN (six column volumes) in buffer V containing 6.4% DOC.
The peak fractions, pooled on the basis of their A4l3/A295
ratio and appearance on SDS-PAGE, were concentrated by
ultrafiltration and dialyzed overnight against fifteen volumes
of buffer v,

The retained fraction was chromatographed on a
hydroxylapatite column8 which had been equilibrated in the
dialysis buffer. The column was washed with one bed volume of
buffer V, three bed volumes of buffer V containing 560 mM KC1
and the remaining cytochrome b5 was eluted with buffer V
containing 56 mM KPi and 9.4% DOC., The flow-thru fractions,
and the peak which was eluted with 58 mM KPi' were pooled,
concentrated by ultrafiltration, and dialyzed overnight
against 48 volumes éf buffer Vv,

The retained fraction was rechromatographed on a
DEAE-cellulose column4 which had been equilibrated in the
dialysis buffer. The column was washed with ten bed volumes

of buffer V containing #.1% DOC and developed with a linear
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gradient of #-06.2 M NaSCN (ten bed volumes) in buffer V. The
cytochrome b5 eluting as a sharp peak near the end of the
gradient was dialyzed overnight against twenty volumes of
buffer I without detergent.

The retained fraction was chromatographed on a
hydroxylapatite column4 which had been equilibrated in the
dialysis buffer. The column was washed in five bed volumes of
buffer I without detergent, five bed volumes of buffer III
without detergent and finally 50 mM KPi, pH 7.4 containing 20%
glycerél, l mM DTT, 6.1 mM EDTA and 8.1% DOC. The peak
cytochrome b5 fractions eluted by the 50 mM KPi wash were
pooled, concentrated by ultrafiltration and dialyzed
exhaustively against buffer I without detergent. A second
cytochrome bg fraction which was eluted by buffer III (without
detergent) contained residual Emulgen 911 judged by a high
Asgg® This fraction was concentrated by ultrafiltration and
applied to a G-75 column (60 x 6.8 cm) which had been
equilibrated in buffer V containing #.4% DOC at a flow rate of
2 ml/min. The peak fractions, eluting in the void volume and
free of Emulgen 911, were pooled and dialyzed exhaustively
against buffer I without detergent., Cytochrome b5 fractions

were stored at -78° C in the dialysis buffer.

Nonionic Detergent Removal

Emulgen 911 was removed from the purified cytochrome
‘P-450 preparations by repeating the hydroxylapatite

chromatography but replacing the Emulgen 911 in the column
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buffers with #.4% cholate or #.1% DOC., Briefly, the
cytochrome P-450 sample was dialyzed overnight aéainst twenty
volumes of buffer I without detergent and chromatographed on a
hydroxylapatite column6 which had been equilibrated with
buffer I containing #.2% Emulgen 911. The column was washed
with five bed volumes of 280 mM buffer III containing 2.4%
cholate or #.1% DOC until the column effluent fell below an
A276 of b.gs (typically ca three bed volumes). The column
could be further washed with 50 mM buffer III containing 8.1%
DOC and the cytochrome P-458 was finally eluted as a
concentrated band with 200 mM buffer III containing 6.1% DOC.
The peak cytochrome P-450 fractions were combined, frozen in

liquid N, as small aliquots and stored at -78° C. Typical

2
recoveries on this column chromatography step were 78% with
little change in the specific content of the resulting

preparation (see Figure 2-14, lanes e and f).

Protein Chemistry

A, Peptide mapping,

Proteolytic peptide mapping of the cytochrome P-450 forms
was accomplished by the method of Cleveland et al., (1977) as
modified by Waxman and Walsh (1983). The individual
cytochrome P-450 samples were diluted to ca #.14 mg protein
per ml and dialyzed extensively against @.125M Tris-Cl, pH 6.7
containing 15% glycerol. The samples were denatured by mixing
5 ul of 2.5% (w/v) SDS with 48 ul of dialyzed protein and

incubation in a boiling water bath for one minute. Protease
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(Staphylococcus aureus V8 protease, Miles or a-chymotrypsin,

Worthington) was added in 5 ul of buffer to yield final
concentrations of 5 and 20 ug S. aureus V8 protease per ml or
1l and 5 ug a-chymotrypsin per ml, and digestion was allowed to
proceed for 94 min at 37° c. The digestion was stopped by the
addition of 30 ul dye/denaturant (final concentrations: 10%
2-mercaptoethanol, 5.915%>bromophenol blue and #.5% SDS) and
the samples were incubated in a boiling water bath for five
minutes. The digestions were analyzed by SDS-PAGE on 13.5%
polyacrylamide separating gels with a long (3.5 cm) stacking
gel.

B. NH.,-terminal sequence analysis.

2
Purified cytochrome P-450E (8-9 nmol, ca 12 nmol/mg) was

prepared for sequencing by co-precipitating the protein with
125 ug DOC per ml in 6% TCA. The supernatant fraction was
removed by centrifugation after holding the sample on ice for
15 min and the pellet (acidic from the residual TCA) was
washed three times with 4 ml ice cold acetone to remove the
heme. The apoenzyme was lyophilized to dryness twice from 2
ml of 88% formic acid. The apoenzyme was applied to the
spinning cup in 6.4 ml of 88% formic acid and the sample was
run through a blank wash cycle in the absence of
phenylisothiocyanate or heptafluorobutyric acid. The washed
protein sample was subjected to sequential Edman degration on
a Beckman 890C Automated Sequenator operated on a 8.1 M

Quadrol single or double cleavage program (Brauer et al.,,
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1975) in the Protein Sequencing Facility maintained by
Professor R. Sauer, Department of Biology, MIT.

PTH-norleucine (3.5 nmol) was added as an internal
standard to the fractions and the 2-anilinothiazolinone-amino
acid derivatives were converted to PTH-amino acids by
incubation at 89° for ten minutes in 1 M HCl. The PTH-amino
acid derivatives were extracted with ethyl acetate9 and
analyzed by a combination of gas-liquid chromatography on a
Hewlett-Packard 5830A gas chromatograph using a 18% SP4@0
column under conditions which resolved the PTH derivatives of
ala, gly, val, pro, ile and leu (Nial, 1973), and HPLC on a
Waters RCM C-18 column which was effective for all
organic-extracted derivatives (Sauer et al., 1981). Residue
identification was based on HPLC retention time in comparison
to authentic PTH-amino acid standards with confirmation by
gas-liquid chromatography for most residues as noted above.
PTH-gly was verified by a further 36 min acid conversion of
the phenylthiocarbamyl (PTC)-gly which coeluted on HPLC with
PTH-asp. Quantitation was based on HPLC detector response
factors supplied at the Facility after taking extraction
efficiencies into account as judged by recovery of the PTH-nL
internal standard.

C. Immunochemical analysis.

Antibodies to cytochrome P-4508E were raised in New
Zealand white male rabbits by subcutaneous immunization.
Pre-immune sera was collected for three weeks by bleeding from

the ear artery. Immunogen was prepared by mixing equal
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volumes of purified cytochrome P-456E (1.8 mg/ml in 180 mM
buffer III containing 8.2% Emulgen 911; ca 18 nmol/mg) and
Freund's complete adjuvant (Difco) in a double syringe
apparatus, The emusified immunogen was judged to be stable by
oozing a few drops into a beaker of water and noting that only
the first drop dispersed. Each rabbit was primed by the
subcutaneous injection of 50¢ ug protein (1 ml total volume)
at four sites along the back. Four and six weeks after the
prime each rabbit received é boost consisting of 40 ug protein
diluted in 10 mM KPi, PH 7.4 containing 150 mM NaCl (PBS) and
mixed with an equal volume of Freund's incomplete adjuvant
(Difco). The immunogen used for the boosts was found to be
unstable unless a few drops of 2 M NaCl were added.

Seven days after the second boost the rabbits were bled
(35-50 ml blood per rabbit) from the ear. The blood was
allowed to clot at room temperature for one hour and sera was
collected by centrifuging twice at 40080g for fifteen minutes.
The crude IgG was precipitated with 40% saturated ammonium
sulfate by addition of the solid salt while stirring and the
'pellet was collected by centrifuging 15,0089 for fifteen
minutes. The precipitate was redissolved in PBS and
precipitated again with 40% saturated ammonium sulfate. This
precipitate was collected by centrifugation, redissolved in a
small volume of PBS and dialyzed extensively against the same
buffer to remove excess ammonium sulfate. The retentate was
clarified by brief centrifugation at 15,8089 and stored at

(o]

-20" C. Crude IgG protein concentrations were estimated by
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application of an El% = 13 at 280 nm (Thomas et al., 1979).

Ouchterlony double diffusion analysis was performed as
described by Thomas et al., (1976b). A solution was prepared
containing 1 M glycine, 8¢ mM NaCl, 15 mM NaN3, .2 mM EDTA
and 10 mM KP, in 24.5 ml at pH 7.4 (adjusted with NaOH) and
225 mg agarose (SeaKem, medium grade; final concentration
#.9%) was dissolved by heating on a steam bath until
dissolution occurred. Emulgen 911 was added to 8.2% causing a
cloudy appearance and the final solution (sufficient for a
dozen slides) was placed in a 5¢° C water bath during the
pouring operation. The molten agarose solution was layered
onto clear glass microscope slides from a 18 ml pipette and
adhered by capillary action. The gels were punched after
cooling to ambient temperature and the slides were stored in a
sealed box under a moist atmosphere.

A satisfactory punch was obtained from Professors Eisen
or Steiner, Department of Biology, yielding a uniform pattern
with a 1 mm diameter center well, six 1 mm diameter outer
wells and 2 mm interwell distances., The agarose cores were
removed by aspiration through a pasteur pipette to form the
wells., Crude IgG (30 mg/ml) from each immunized rabbit was
pléced in the center well and concentrated purified cytochrome
P-450 samples (5-15 uM) were placed in the outer wells,

Dilute samples of purified scup cytochrome P-450A were
concentrated prior to analysis by dehydration in a dialysis

membrane using Aquacide as the absorbant. Reactions were
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allowed to proceed overnight in a moist atmosphere and the
precipitin lines were visualized directly or by staining with

naphthol blue-black as described by Thomas et al. (1976b).
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Results and Discussion

A. Scup hepatic microsomal NADPH-cytochrome P-450

reductase,

The NADPH-cytochrome P-458 reductase was efficiently
solubilized by Emulgen 913 treatment and chromatographed on
DEAE-A25 with reasonable purification although the activity
eluted in an inconveniently large volume (Figure 2-1). An
impressive purification occurred on the biospecific affinity
column (Figure 2-2) affording virtually homogeneous enzyme in
two column chromatography steps. A summary of the scup
NADPH-cytochrome P-45@ reductase purification is presented in
Table 2-1. Two other purifications (not shown) have been
effected with yields based on activity of 35% and 23% and
final specific activities of 46.4 and 69.2 U/mg. The purified
scup NADPH-cytochrome P-45@ reductase migrated as a single
polypeptide in SDS-PAGE experiments with a molecular weight of
82,608 + 1500, distinct from the 77,720 + 100 obtained for
purified rat NADPH-cytochrome P-45¢ reductase (Figure 2-3;
Yasukochi and Masters, 1976).

HPLC analysis (Eigure 2-4) revealed that the purified
scup NADPH-cytochrome P-450 reductase contained 1.4 FAD and
.80 FMN per 82.6 kD and the UV-visible spectrum of the scup
NADPH-cytochrome P-450 reductase indicated it was isolated as
the one-electron reduced neutral blue semiquinone (Figure

2-5). Oxidation of the enzymic flavin with a slight excess of
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Figure 2-1. Scup NADPH-cytochrome P-450 reductase
chromatography on DEAE-A25. Scup hepatic microsomal
NADPH-cytochrome P-45¢ reductase was solubilized with Emulgen
913 and centrifuged as described in the methods section. The
soluble protein (1200 mg) was chromatographed at 4~ C on a
DEAE-A25 column (350 ml bed volume) in 5¢ mM HEPES, pH 7.7,
containing 26% glycerol, 1 mM DTT, 1 mM EDTA and 0.15% Emulgen
913. Approximately 14 ml fractions were collected throughout
the chromatography. Fractions #13-21 flushed through the
column and were pooled for cytochrome P-45¢ recovery. The
column was developed in a 1400 ml linear gradient of 8-0.4 M
KC1l in the column buffer at fraction $25 (arrow). Fractions
$88-110 contained the highest enzyme activity and were
combined for further purification.
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Figure 2-2., scup NADPH-cytochrome P-45¢ reductase
chromatography on 2'5'-ADP-sepharose. The peak enzyme
activity obtained from DEAE-A25 chromatography (Figure 2-1)
was concentrated and dialyzed against column buffer withous
detergent. The retained fraction was chromatographed at 4° ¢
on a 2'5'-ADP-sepharose column (8 ml bed volume). The column
was developed with the buffer schedule described in the
methods section. The enzyme activity was eluted with a linear
gradient of @-1 mM NADP in 4¢ ml of 26 mM KP,, pPH 7.7,
containing 20% glycerol, 1 mM DTT and 0.1% DAC at fraction §33
(arrow). The fractions (#48-55) containing the peak activity
were pooled, concentrated and dialyzed to remove NADP,
Approximate fraction volumes collected were: 16 ml (#1-14); 8
ml ($14-32); 1.35 ml (#33-62).
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Figure 2-3. SDS-PAGE of NADPH-cytochrome P-458 reductase
purified from rat and Scup hepatic microsomes, Discontinuous
7.5% polyacrylamide gel electrophoresis was performed by the
method of Laemmli, 1979, Samples were loaded as follows: lane
a, molecular weight standards (see methods), 5 ug each; lane
b, 4 ug purified rat NADPH-cytochrome P-45¢ reductase; lane c,
5 ug purified scup NADPH-cytochrome P-45g reductase; lane d, 3
ug purified scup NADPH-cytochrome P-45g reductase,
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Purification of

TABLE 2-1

Scup NADPH-cytochrome P-458 Reductase

Total a Total Activity Specific Purif-
Step Protein Activity Recovery Activity ication
(mg) (Units) (%) (U/mg) (fold)
Microsomes® 1285 256.1 - 8.199 -—
100,0009
supernatant 1196 256.6 109 @.216 1.1
DEAE-A25 d
chromatography 184 156.2 61 1.59 7.5
N.qm.l>0vm
Sepharose 1.2 54 21 44.8 225
%protein was estimated by a modified Lowry assay.
UH U equals 1 umole cytochrome c reduced per minute at 30°C in 8.2M Kp

PH 7.7.

Crhis represents approximately 48 fish livers pooled.

mmmm Figqure 2-1.

®see Figure 2-2,

Mi
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Figure 2-4, HpPLC analysis of scup NADPH-cytochrome P-45g
reductase flavin content. Approximately .6 nmol purified
eénzyme was extracted with 5% TCA as described in the methods
section and an aliquot of the neutralized extract was injected
onto a reverse-phase C-18 HPLC column at time zero,. The
flavins were Separated with a 5-2¢% linear gradient of
acetonitrile in 5¢ mM ammonium formate, pH 6.5, at 2 ml/min.
The flavins were detected by their absorbance at 436 nm and
identifications were confirmed in a Separate chromatogram by
coinjection with authentic standards,
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Figure 2-5, uv-visible Spectrum of purified scup
NADPH-cytochrome P-45¢ reductase. The 2'5'-ADP-sepharose
eluate (18.6 uM) was dialyzed to remove NADP and scanned;
inset, the visible (flavin) region expanded, before and after
the addition of 25 uM potassium ferricyanide. The broad
absorbance of the semiquinone charge-transfer complex was
readily detected in the enzyme as isolated.
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potassium ferricyanide yielded the typical oxidized flavin
spectrum and an A277/A450 = 8.0 which compares to 8.7 and 7.4
reported for rat (Vermilion and Coon, 1978) and rabbit (French
and Coon, 1979), respectively. Application of the published
extinction coefficients (Vermilion and Coon, 1978) for the
neutral semiquinone (E585 = 2,4 mM“l cm per enzymic flavin)
and fully oxidized forms (E456 = 16.6 mM-1 cm-1 per enzymic
flavin) gave values which agreed (within 6%) for the enzymic
flavin concentrations (20.6 nmol flavin per mg protein)
supporting the notion of a one-electron reduced state for the
scup enzyme as isolated. This supposition was validated in
the laboratory of Professor William Orme-Johnson by the
detection of a strong organic radical signal (g = 2.6¢) in the

77°

K electron spin resonance spectrum of the enzyme
(performed by N. R. Orme-Johnson; not shown). An isosbestic
point between the one-electron reduced semiquinone and fully
oxidized states was determined for the scup NADPH-cytochrome
P-450 reductase as 498 nm with an extinction coefficient of
3.9 mM-l cm © per enzymic flavin. The air-stable one-electron
reduced, neutral semiquinone is a well known redox state for
mammalian P-450 reductases although generally it is achieved
by reduction with NADPH or dithionite (Vermilion and Coon,
1978). The isolation of the scup NADPH-cytochrome P-45@
reductase in this form probably reflects the presence of
thiols in the column buffers rather than novel properties for

this enzyme species.

The apparent Km of the purified scup NADPH-cytochrome
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P-450 reductase was 24 uM for cytochrome c and 14 uM for
NADPH, consonant with the values reported in microsomes of 21
and 13 uM, respectively (Stegeman et al., 1979). The turnover
number with cytochrome ¢ under standard assay conditions was
2200 min-l per enzymic flavin while the uncoupled NADPH
oxidase backgroundlg without the addition of an electron
acceptor is 2,3 min“1 per enzymic flavin. A similar #2.2%
oxidase background has been reported for the rat enzyme
(Vermilion and Coon, 1978). Assays with scup NADPH-cytochrome
P-450 reductase performed in 8.3 M KPi, pH 7.7, at 3p° C for
direct comparison with the mammalian NADPH-cytochrome P-450
reductases resulted in 20-25% lower specific activities in
part due to the loss of the FMN cofactor from the scup enzyme
in high salt. Supplementation with FMN had a slightly
stimulatory effect under high salt conditions but did not
restore activity above the levels measured under standard

assay conditions.

Scup hepatic microsomal cytochromes

Successful solubilization of scup microsomal cytochromes
P-458 required carefully defined conditions. Scup cytochrome
P-459 rapidly denatured to cytochrome P-428 when solubilized
at room temperature by the method of Warner et al. (1978).
This observation has been indirectly confirmed with other
aquatic species (Williams and Buhler, 1982; James and Little,

1980) suggesting a general lability of cytochrome P-450 forms
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in lower animals which probably reflects the differences in
lipid composition or other temperature adaptations.
Denaturation to cytochrome P-420¢ also occurred when the
cholate concentration exceeded @.6% or the Emulgen 911
concentration exceeded @6.4%. Numerous other detergents
(including Triton X-108, deoxycholate, Tween 88, Triton B1956
and N1@1, Lubrol WX, Brij 35 and 3-{(3-cholamidopropyl)-
dimethylammonio]l-l-propane sulfonate) were tested individually
or in concert and found unsatisfactory. Solubilization was
ineffective at 4° C under low salt conditions unlike the case
in spiny lobster where a curious red band is formed (James and
Little, 198¢). After more than a year of effort (involving 34
separate solubilization attempts under a variety of conditions
and 2¢ DEAE column chromatographies) reproducible results were
obtained at moderate protein concentrations (18 mg/ml) in @.2M
Tris-Cl at 4°C with a mixture of #.5% cholate and #.2% Emulgen
911. The combined action of ionic and nonionic detergent was
particularly effective at protein concentrations chosen to
insure complete solubilization. Greatér than 90% of the
Ccytochrome P-450 was solubilized after 30 min under these
conditions, as judged by centrifugation at 100,0008g for 75
min, The subsequent PEG fractionation was sensitive to the
ionic strength of the solution so a constant I, = #.25 was
adopted. While PEG precipitation did not drastically enhance
the ensuing specific contents (judged by protein assays) it
removed many non-protein impurities, markedly improved

chromatographic resolution and served to concentrate the
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Figure 2-6, DEAE-cellulose ion exchange chromatography of
hepatic microsomal cytochromes P-458 from untreated scup. 460
nmol of detergent-solubilized, PEG—fractionatgd cytochrome
P-450 (see methods) were chromatographed at 4° C on a
DEAE-cellulose column (8¢ ml bed volume) equilibrated in
buffer I. The column was washed with buffer II to elute the
hemoglobin and was developed with a 350 ml linear gradient of
-8.5 M KC1 in buffer II at fraction $#12. Salt concentration
was monitored by conductivity bridge. Cytochrome P-45pg-~
containing fractions were combined as follows: A (fractions
$13-15); B (fractions $22-24); C (fractions $#28-32); D
(fractions #34-37); and E (fractions $42-47). Cytochrome b
eluted in fractions $#56-68. Fractions of approximately 5.5
were collected throughout the chromatography. The total
cytochrome P-45¢ recovery for the chromatography was greater
than 90%.

sml
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Figure 2-7. DEAE~-cellulose ion exchange chromatography of
hepatic microsomal cytochromes P-458 from untreated scup. 458
nmol of detergent-solubilized, PEG-fractionatgd cytochrome
P-450 (see methods) were chromatographed at 4 C on a
DEAE-cellulose column (90 ml bed volume) equilibrated in
buffer I. The column was washed with buffer I to elute
hemoglobin (fractions #7-11); washed with buffer II (arrow) to
elute cytochrome P-450 peak A (fractions #17-19):; and
developed with a 350 ml linear gradient of #-8.5 M KC1l in
buffer II (double arrow). The remaining cytochrome P-458-
containing fractions were combined as follows: B (fractions
$#29-31); C (fractions #32-35); D (fractions #36-39); and E
(fractions #45-49). Additional protein fractions included the
NADPH-cytochrome P-450 reductase (peak at fraction #58) and
cytochrome b, (fractions #59-62). Fractions of approximately
7 ml were co?lected throughout the chromatography. The total
‘cytochrome P-458 recovery for the chromatography was 73%.
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Cytochrome P-450 fraction in a low salt buffer. Recoveries in
the 6-20% PEG pellet ranged from 43 to 76% but where typically
58% of the initial microsomal cytochrome P-45¢ (six
experiments).

Hemoglobin, cytochrome b5 and five pools containing
cytochrome P-450 were resolved by DEAE-cellulose ion exchange
chromatography (Figure 2-6) after detergent solubilization and
PEG-fractionation of untreated scup hepatic microsomes using
conditions modified from West et al. (1979) applied at 4° c.
The five cytochrome P-458 pools (A-E; Figure 2-6) had co,
reduced difference spectrum absorbance maxima at 448, 449.5,
450.5, 451 and 447 nm, respectively. Recoveries of cytochrome
P-458 on this column chromatography step ranged from 55 to 87%
(six experiments) but were typically greater than 78%. The
distribution of cytochrome P-458 in the identified pools also
varied but cytochrome P-458E was consistently the largest
fraction, representing 30-50% of the cytochrome P-458
chromatographed. The cytochrome P-450 present in the
combination of pools A and B accounted for 15-2¢% of the
cytochrome P-45@¢ chromatographed. Cytochrome P-45¢ in pools C
and D was poorly resolved and heterogeneous so that the extent
of diversity was difficult to evaluate. NADPH-dependent
cytochrome ¢ reductase activity eluted between cytochrome

P-450E and the cytochrome b5 (see Figure 2-7),
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B. Cytochrome P-450E.

The prihary objective of this research project was to
Characterize the cytochrome responsible for the benzo{alpyrene
hydroxylase activity in microsomes., It was, therefore,
rewarding to find that pool E (Figures 2-6 and 2-7) which was
both the most highly purified and the most abundant cytochrome
pP-459 fraction1l also contained a major polypeptide of 54 kD
and a blue-shifted cytochrome P-45¢ éhromophore. These latter
properties are consistent with observations from hepatic
microsomes isolated after scup had been induced with
3-methylcholanthrene (Stegeman et al., 1981) suggesting that
Cytochrome P-450E derived from these untreated (but not
unexposed) fish would correspond to the major microsomal
hehoprotein induced by 3-methylcholanthrene. Cytochrome
P-450E was rechromatographed on DEAE-cellulose resulting in a
single heme peak coincident with the éole protein peak but
without further purification. Additional purification was
achieved by column chromatography on hydroxylapatite (Figure
2-8) to a final specific content of 11.7 nmol heme per mg
protein. SDS-PAGE analysis indicated that the final
preparation (Mr = 54,300 + 500 ) had no significant
contaminants (Figure 2-9). A summary of the cytochrome P-450E

purification is presented in Table 2-2,

UV-visible spectrum of cytochrome P-458E. Purified

cytochrome P-456E-(A416/A295 = 2,2-2.4) had oxidized



-93-

absorbance maxima at 416.5, 532 and 568 nm. The hemoprotein
absorbance maximum was 417.5 nm and the protein peak was
observed at 278.5 nm (A417/A28g = 1,17; Figurg 2-19) after
removal of the nonionic detergent (by exchange with
deoxycholate). The CO, reduced difference spectrum revealed a
typical cytochrome P-458 chromophore with a maximum at 447 nm.
Cytochrome P-450E was calculated to have an oxidized heme

extinction coefficient of Egig = 131 + 7.5 oML em™? from the

difference spectrum and a protein chromophore of El% (295 nm)
= 7.36 + 8.82,

NH, -terminal sequence analysis. It was interesting to

2
investigate whether cytochrome P-450E shared sequence homology

with its counterparts in higher animals because cytochrome
P-450E was one of the first highly purified forms isolated
from a lower animal. The cytochrome P-450E amino terminal
sequence determination by Edman degradation is presented in
Table 2-3. Three degradations were performed in order to
confirm the first nine residues and to rule out ambiguity
about the NH,-terminal amino acid. The cytochrome P-45@E
amino terminal sequence has no homology with any known
cytochrome P-45@ form including the reported sequences for the
major aromatic hydrocarbon-inducible cytochrome P-45@ species
in rat (P-450c; Botelho et al., 1979) or adult rabbit liver
(LM-4; Coon and Black, personal communication) or minor
aromatic hydrocarbon-inducible forms from rat (P-458d; Botelho

et al., 1982) or adult rabbit liver (LM-6; Black et al.,
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Figure 2-8, Hydroxylapatite chromatography of scup cytochrome
P-458E. 54 nmol of peak cytochrome P-4SQE (Figure 2-6,
fractions #43-45) were dialyzed and chromatographed on a
hydroxylapatite column (16 ml bed volume) as described in the
methods section. Fractions $24-26 were reserved on the basis
of their Aélf/A295 ratio and contained 39 nmol cytochrome

a

P-450E (to recovery 73%).
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Figure 2-9. SDS-PAGE analysis of scup cytochrome P-450E
purification, Discontinuous 9% polyacrylamide gel
electrophoresis was performed by the method of Laemmli, 1979.
Protein samples were loaded as follows: lane a, 32 ug
microsomes; lane b, 7 ug DEAE-cellulose peak E (Figure 2-6,
fractions #43-45); lane c, 5 ug hydroxylapatite peak (Figure
2-8, fraction #25).
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Figure 2-18. UV-visible spectrum of purified scup cytochrome
P-450E. A, purified sCup cytochrome P-450E (3 uM) after
nonionic detergent removal (see methods). B, the direct
spectrum of CO-ligated and CO-ligated, reduced forms of
purified scup cytochrome P~450E (8.53 uM); inset, the
CO-ligated, reduced difference spectrum,
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1982). These sequences are summarized in Table 2-4.

C. Cytochrome P-454A,

Pool A, resolved on the first DEAE-cellulose ion exchange
column (Figures 2-6 and 2-7), was interesting because it
possessed a blue-shifted CO, reduced difference spectrum
suggesting it might be involved in the metabolism of aromatic
hydrocarbons (see Chapter 1). This tenuous hypothesis was
strengthened by the observation that pool A eluted very early
in the chromatography, similar to the report for a hexachloro-
biphenyl-induced cytochrome P-45@ form purified from rat liver
microsomes (Goldstein et al., 1982).

Rechromatography of pool A on DEAE-cellulose revealed the
presence of two cytochrome P-458 forms (Figure 2-11) having
distinct CO, reduced difference spectra and different putative
molecular weights. The peaks were labeled A and B in their
order of elution from the column. The cytochrome P-450B
contaminant in pool A appeared identical to fractions labeled
B in Figures 2-6 and 2-7 as judged by reconstituted
testosterone metabolism (see Ch. 3), SDS-PAGE analysis and
UV-visible spectra (not shown). Cytochrome P-450A was then
chromatographed twice on hydroxylapatite columns with mediocre
recoveries and a notéble lack of purification. Finally, I
reasoned that poor binding to DEAE-cellulose might be
complemented by good binding to CM-cellulose. Consequently,
the cytochrome P-458A was chromatographed on a CM-cellulose

column to achieve an acceptable preparation with 7.9 nmol heme
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TABLE 2-4

Comparison of Amino Terminal Sequences from
Cytochromes P-458 Induced by Aromatic Hydrocarbons

mocvm P-450E

zmna P-450c

P-458d

Rabbit® LM-4
LM-6

1 5 10

H,N-Val-Leu-Met-Ile-Leu-Pro-Val-Ile-Gly...

2
mwzuHwmle:n|<mH|e<nlo~<um:mimn00yumlvsmloH:...
m~zc>~mnv:m|mmnuoH:|e<~|HHmlmmwtrm:|>wmuvno...

mmzuwHthmnuwno|>Hml>~mavuonrm:nmon|<mwne:u...
mmzcmmnuvmns<mHurmC|nH:lrm:|e5w3>mvn>mvc>m=...

mmmm Table 2-3.

Uwonmwso et al.,

“Black and Coon,

1979; 1982,

personal communication; Black et al., 1982,
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per mg protein. SDS-PAGE analysis indicated that the final
cytochrome P-450A (Mr = 52,700 + 308) had no significant
contaminants (Figure 2-12). A summary of the cytochrome
P-450A purification is presented in Table 2-5. With regard to
future purifications of this isozyme, I would recommend that
the cytochrome P-458A fraction resolved on the first
DEAE-cellulose column be concentrated and rechromatographed on
DEAE-cellulose (step II) to remove the cytochrome P-450B
contaminant. This step can be followed directly by
CM-cellulose column chromatography and a final chromatography

on hydroxylapatite should then be propitious.

UV-visible spectrum of cytochrome P-450A, Purified

cytochrome P-458A (A = 2.8) had oxidized absorbance

416”M295
maxima at 278, 417, 532 and 565 nm. The CO, reduced
difference spectrum revealed a typical cytochrome P-45¢

chromophore with a maximum at 447.5 nm (Figure 2-13).

D. Cytochrome P-450B.

Fractions eluting from the first DEAE-cellulose column in
the B region were further purified by rechromatography on
DEAE-cellulose to remove traces of cytochrome P-450A
cross-contamination. The cytochrome P-450B was finally
chromatographed on a hydroxylapatite column to yield a highly
purified enzyme containing 12,1 nmol heme per mg protein.
SDS-PAGE analysis indicated a major polypeptide (Mr = 45,900 +

900) and a trace low molecular weight contaminant (Figure
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Figure 2-11, DEAE-cellulose column resolution of scup
cytochromes P-45pA and P-45¢B., Fractions containing
cytochrome P-458A (125 nmol), derived from several initial
DEAE resolutions (see methods), were rechromatographed at 4 C
on a DEAE-cellulose column (25 ml bed volume) in buffer I
without detergent. The cytochrome P-458 fractions (#4-13; 490
nmol), containing a dominant 53 K polypeptide, were combined
as cytochrome P-450A,. The column was washed with buffer I
containing 0.25% cholate and #.1% Emulgen 911 at fraction #12;
35 mM KCl was added to the buffer wash (arrow); and a
cytochrome P-450 peak was eluted with buffer II (double
arrow). The cytochrome P-458 fractions which eluted (#36-39;
33 nmol) were labeled cytochrome P-450B on the basis of their
SDS-PAGE migration and CO, reduced difference spectrum,
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Figure 2-12. SDS-PAGE analysis of scup cytochrome P-450A
purification, Discontinuous 9% polyacrylamide gel
electrophoresis was performed by the method of Laemmli, 1979.
Protein samples were loaded as follows: lane a, 20 ug
microsomes; lane b, 24 ug 6-206% PEG fraction after
solubilization; lane ¢, 8 ug DEAE column pool A (Table 2-5,
step 1); lane d, 6 ug DEAE-cellulose column II peak (Figure
2-11, fractions #4-11; Table 2-5, step 2); lane e, 4 ug
hydroxylapatite column II eluate (Table 2-5, step 4); lane £,
3 ug CM-cellulose eluate (Table 2-5, step 5). This SDS-PAGE
experiment yields a calculated molecular weight of greater
than 53 K for cytochrome P-45ga, although the average for
several experiments is 52.7 K.
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Figure 2-13, UV-visible spectrum of purified scup cytochrome
P-45¢A. Purified scup cytochrome P-45¢A (1.3 uM) was scanned
after CM-cellulose chromatography (Table 2-5, step 5); inset,
the CO-ligated, reduced difference spectrum performed on an
aliquot of purified cytochrome P-450A (€.5 uM).
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2-14). Table 2-6 summarizes the purification of cytochrome

UV-visible spectrum of cytochrome P-45¢B. Purified

cytochrome P-450B (A416/A295 = 2.4) had absorbance maxima at
278, 416, 532 and 567 nm. However, the nonionic detergent

removal was probably incomplete as judged by broadening in the

/ = ¢§.88). The CO, reduced

UV region around 276 nm (A416 A280

difference spectrum revealed a chromophore absorbing maximally

at 449.5 nm (Figure 2-15). An oxidized heme extinction

coefficient of Eg1g = 115 £ 6.4 mM“l em™ ! was calculated from
the difference spectrum and cytochrome P-45¢B had an El% (295
nm) = 5.87 + 1.4 for the protein chromophore.

E. Cytochrome P-450 Fraction D..

The initial DEAE-cellulose ion exchange column revealed
that the scup microsomal cytochrome P-458 complement also
contained at least one red-shifted cytochrome P-458
chromophore in addition to the blue-shifted chromophores of
cytochromes P-450A and P-450E. I elected to further purify
the cytochrome P-450 fraction D proteins in light of the fact
that several phenobarbital-inducible cytochrome P-458 forms in
mammals exhibit a red-shifted spectrum (Haugen and Coon, 1976;
Ryan et al., 1979), and pursuing the hypothesis that an
analogue to phenobarbital-inducible forms might exist in scup
hepatic microsomes. Rechromatography on DEAE-cellulose

actually resulted in some net destruction of cytochrome P-458
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Figure 2-14. SDS-PAGE analysis of scup cytochrome P-45¢B
purification. Discontinuous 9% polyacrylamide gel
electrophoresis was performed by the method of Laemmli, 1978,
Protein samples were loaded as follows (see Table 2-6): lane
a, 20 ug microsomes; lane b, 24 ug 6-28% PEG fraction after
solubilization; lane ¢, 6 ug DEAE column pool B; lane d, 3 ug
DEAE-cellulose II eluate; lane e, 3 ug hydroxylapatite column
eluate; lane f, 3 ug purified scup cytochrome P-450B after
nonionic detergent removal by column chromatography.
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TABLE 2-6

Purification of Scup Cytochrome p-450R°

Total Specific Step
Step Cytochrome P-450 Content Recovery
{nmol) (nmol/mg) (%)
DEAE no~c5:.v
pool B 8a 4.6 -
DEAE-cellulose,
column II 50 8.4 63
m<a~0x<pmvmnmnmo
chromatography 14.5 12.1 36

mo<non=noam P-458 concentration was determined spectroscopically and
protein concentration was determined by a modified Lowry assay.

UHQm:nwmwma as containing cytochrome P-450B based on 46K polypeptide and
CO, reduced difference spectrum with absorbance maximum at 449 nm,

€49 nmol cytochrome P-450B were chromatographed. In addition to the
peak, 15 nmol cytochrome P-458 were recovered in less pure fractions.
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Figure 2-15. UV-visible spectrum of purified scup cytochrome
P-450B. Purified scup cytochrome P-450B (4.3 uM) was scanned
after nonionic detergent removal (see methods); inset, the
CO-ligated, reduced difference spectrum performed on an
aliquot of purified scup cytochrome P-450B (8.62 uM).
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Figure 2-16, SDS-PAGE analysis of scup cytochrome P-450
fraction D. Discontinuous 9% polyacrylamide gel
elctrophoresis was performed by the method of Laemmli, 1972.
Partially purified cytochrome P-458 fraction D (2.8 nmol/mg)
was prepared through the hydroxylapatite chromatography and
nonionic detergent removal step and 8 ug protein was loaded on
the gel. The major protein band is centered around 56.1 K.
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TABLE 2-7

Purification of Scup Cytochrome P-458 Fraction D

Total Specific Step
Step Cytochrome P-450 " Content Recovery
(nmol) (nmol/mg) {%)
DEAE o:noamﬂoanmw:<.c
pool D 70 1.2 -
Um>mtnm-:~omm.o
column II 33 .90 47
Hydroxylapatite
chromatography 14.5 2.8 44

mo<noo:noam P-450 concentration was determined spectroscopically and
pProtein concentration was determined by a modified Lowry assay.

cwoow D was identified by its CO-ligated, reduced chromophore which
absorbed maximally above 458 nm,

€The peak was pooled on the basis of >A /A ratio and CO, reduced
difference >5mx near 451 nm, Fractions mm:nmmm earlier in the gradient
comprised 22 nmol additional cytochrome P-450 with a lower CO, reduced
difference spectrum XA « Fraction D evidenced significant apparent
cytochrome P-426 in nﬁmxmvmonn:s which contributed to the low specific
content, :

o
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as judged by the formation of increased cytochrome P-428 and a
diminished specific content., A majority of the cytochrome
P-450 eluted in one major peak suggesting that multiple
chromatographic forms were not present in this region, unlike
cytochromes P-450A and P-450B which are cross-contaminated.
Some real purification was achieved by chromatography on a
hydroxylapatite column and the resulting hemoprotein(s)
fraction contained 2.8 nmol heme per mg protein., Clearly the
proper stabilizing conditions for the purification of .this
fraction have not yet been established. The partial
purification of cytochrome P-45@ fraction D is summarized in
Table 2-7.

SDS-PAGE analysis confirmed the suspicion that fraction D
was a heterogeneous mix of proteins (Figure 2-16) precluding
the assignment of a credible molecular weight to the
chromophore. The UV-visible spectrum after detergent removal
revealed absorbance peaks at 279, 419, 536 and 566 nm. The
co, reduced_spectrum indicated the presence of a cytochrome
P-450 chromophore which absorbed maximally near 451 nm and a
nearly equal amount of a (non-reducible?) chromophore
absorbing near 420 nm in the CO, reduced direct spectrum (not

shown).

Comparison of cytochrome P-450 forms.

Table 2-8 summarizes the physical properties of the
resolved cytochromes P-458, Brief inspection confirms the

notion that the CO, reduced difference spectra and the
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apparent molecular weights provide some discriminations
although spectroscopic criteria alone are not compelling.
Purified cytochromes P-450A, P-450B and P-450E are also
separated by SDS-PAGE (Figure 2-17).

Although cytochromes P-458A and P-450E show slight
differences in spectroscopic properties and apparent molecular
weights the qualitative similarity in catalytic properties
(discussed in Chapter 3) was a source of concern. Partial
proteolytic analysis was performed in order to establish tha;
each cytochrome P-45¢0 rep;esented a unique primary structure.
Further, it was of interest to determine whether scup
Cytochrome P-450E and the analogous form (TLM-4b12), purified
from 5,6-benzoflavone-treated rainbow trout by ﬁrs. Williams
and Buhler, are closely related. Incubation with S. aureus V8
protease (Figure 2-18) and a-chymotrypsin (Figure 2-19)
clearly demonstrated that each of the four cytochrome P-458
forms analyzed was digested to a different pattern of
polypeptides. The minimum conclusion from this experiment is
that each of the four purified cytochromes P-458 is a unique
primary structure.

Ouchterlony double diffusion analysis of antibodies
raised in rabbits to purified scup cytochrome P-450E showed
that the antibody cross-reacted with TLM—4a12, yielding a line
of fusion without visible spurring (Figure 2-28). Such a
fusion pattern without spurring is commonly associated with
iﬁmunochemical identity. The antibody raised against scup

cytochrome P-458E did not recognize cytochrome P-458A but it
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TABLE 2-8

Properties of Purified m5c~om=amnmm
Scup Cytochromes P-450

UV-visible >Umoqcm:om Peaks (nm)

Form MW CO, R difference Oxidized direct
E 54,.3K 447 278.5 417.5 534 567
A 52.7 447.5 278 417 532 565
B 45,9 449.5 278 416 532 567
Fraction b .
D - 451 279 419 536 566

MW determined by SDS-PAGE.

Prhe preparation was heterogeneous.
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Figure 2-17. SDS-PAGE analysis of purified scup cytochromes
P-450A, P-450B and P-450E. Discontinuous 9% polyacrylamide
gel electrophoresis was performed by the method of Laemmli,
1970. Samples of 3 ug protein for each cytochrome P-450 were
loaded on the gel. The 58K protein band below cytochrome
P-458A is a contaminant in that preparation of cytochrome
P-450A but is apparently not a cytochrome P-45¢ form,
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Figure 2-18. Cytochromes P-450 peptide mapping by partial
proteolysis with S. aureus V8 protease. Digestions were
performed in 0,25% SDS for 90 min at 37  C as described in the
methods section., The digest were analyzed by discontinuous
SDS-PAGE on a 13.5% separating gel. Protein samples (5 ug)
were loaded in each lane after incubation (from left to
right) with 8, 5 and 20 ug S. aureus V8 protease per ml. S.
aureus V8 protease (20 ug/ml) alone was loaded in the lane
marked V8 to indicate the origin of the protein doublet in
adjacent lanes.
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Figure 2-19, Cytochromes P-450 peptide mapping by partial
proteolysis with a-chymotrypsin. Digestions were performed in
8.25% SDS for 96 min at 37 C as described in the methods
section., The digests were analyzed by discontinuous SDS-PAGE
on a 13.5% separating gel., Protein samples (5 ug) were loaded
in each lane after incubation (from left to right) with @, 1
and 5 ug g-chymotrypsin per ml., =Chymotrypsin (5 ug/ml)
alone was loaded in the lane marked CT to indicate the origin
of one low molecular weight protein in adjacent lanes.,



P-4508

P-450A

P-450E

CT




-

SR WO, el - AL e G




-130-

Figure 2-26., Ouchterlony double diffusion gel analysis of
purified cytochromes P-450., Purified scup cytochrome P-450E
(8-15 uM), purified scup cytochrome P-458A (3.2 uM) and
purified trout liver cytochrome P-458 TLM-4a (5 uM) were
placed in the outer wells of the 2.9% agarose gel and crude
1gG (30 mg/ml) isolated from a rabbit immunized with purified
scup cytochrome P-450E was placed in the center well. The
proteins were allowed to diffuse overnight and the precipitin
lines were visualized directly. The purified scup cytochrome
P-450E in the top well was a sample of DEAE peak E (Figure
2-6, fractions #43-45) and the purified cytochrome P-458E in
the lower right lane was the immunogen., PBS, \
phosphate-buffered saline,
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did react with liver microsomal antigenic determinants which
appear identical to purified cytochrome P-458E. The
observation that scup cytochrome P-458E and trout cytochrome
P-450 TLM-4 are immunochemically similar has been confirmed by
other findings: antibody to trout cytochrome P-458 TLM-4b
inhibited catalytic activity with reconstituted cytochrome
P-450E and in scup microsomes (not shown); the antibody to
trout TLM-4 cross-reacted with scup cytochrome P-458E with an
identical pattern of fusion in Ouchterlony double diffusion

analysis (Williams and Buhler, personal communication).

F. Cytochrome bS'

Reports of cytochrome b5 stimulating activity in assays
reconstituting mammalian cytochromes P-458 (Vatsis et al.,
1982; waxman and Walsh, 1982) coupled with the low catalytic
activites observed when scup cytochromes P-450 were
reconstituted (Chapter 3) dictated the purification of scup
cytochrome b for tests in reconstitutions of catalytic
activity. The fractionation of cytochrome b5 was difficult to
reconstruct in the early stages of the cytochrome P-458
purification since it could not be assayed reliably at the
solubilization or PEG-fractionation step due to the
interference of hemoglobin and uncoupling effects of
detergentsl3. Approximately 25% of the microsomal cytochrome
b5 was recovered in the DEAE-column peak suggesting that
significant losses occurred in the PEG-fractionation,

The cytochrome b, fractions pooled from several

5
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DEAE—celluldse column resolutions all contained Emulgen 911,
Rechromatography on DEAE-cellulose resulted in some
purification but did not remove the Emulgen 911 despite
extensive washing. Subsequent chromatography on
hydroxylapatite resulted in partial binding but still without
effective removal of Emulgen 911, Finally, rechromatography
on DEAE-cellulose resulted in a significant purification of
cytochrome bS with decreased Emulgen 911 levels.
Hydroxylapatite chromatography yielded two fractions - one
which was free of Emulgen 911 and one which was still
contaminated. These two fractions appeared identical when
subjected to SDS-PAGE analysis. The cytochrome b5 fraction
which still contained Emulgen 911 traces was efficiently
rendered free of the unwanted detergent by gel filtration on a
Sephadex G-75 column (Figure 2-21)., The scup cytochrome b5
purification is summarized in Table 2-9,

The final preparation was highly purified (28.6 nmol heme
per mg protein) however SDS-PAGE revealed that it consisted of
two polypeptides - a major band of 24.5 kD and a minor band at
2@ kD (Figure 2-22). The reconstitution results'with'scup
cytochrome b5 reported in Chapter 3 made it essential to
determine if the high_molecular weight polypeptide was likely
 to be the cytochrome b5' A gel scan of the lane bearing an
aliquot from the G-75 column peak permitted the calculation
that the two polypeptides were present in a 3:1 molar ratio or
79:29 mass ratio. Further calculations showed that while 72

pmol of heme were loaded onto the gel, the low molecular
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Figure 2-21, Scup cytochrome b, chromatography on G-75.
Concentrated scup hepatic cytoghrome b5 (Table 2-9, step 5; 5
nmol) was chromatographed at 4~ C on a°2.8 x 62 cm Sephadex
G-75 (superfine; 40 ml bed volume) column in buffer IV
containing 8.4% DOC. The chromatography was performed at 2
ml/hr and 8.8 ml fractions were collected after 9.2 ml had
passed through the column. Fractions $#11 and 12 were combined
as the peak cytochrome b.. N.B., The cytochrome b. eluted
near the void volume, we?l in advance of the partially
included detergent micelles.
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Figure 2-22, SDS-PAGE analysis of scup cytochrome b
purification, Discontinuous 12.5% polyacrylamide ge?
electrophoresis was performed by the method of Laemmli, 1974.
Protein samples were loaded as follows: lane a, 20 ug
microsomes; lane b, 24 ug 6-28% PEG fraction after
solubilization; lane ¢, 20 ug DEAE column cytochrome b, pool
(Table 2-9, step 1); lane d, 14 ug DEAE-cellulose colufin II
eluate (Table 2-9, step 2); lane e, 3 ug DEAE-cellulose column
I1I eluate (Table 2-9, step 4); lane £, 3 ug hydroxylapatite
column eluate (Table 2-9, step 5); lane g, 3 ug G-75 column
eluate (Table 2-9, step 6).
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weight band represented 27 pmol protein while the high
molecular weight band constituted 82 pmol protein. 1If one
grants the reasonable assumption of one heme moiety per
polypeptide, then it appears to this investigator that scup

cytochrome b_. is a 24.5 kD polypeptide. The nature of the 2¢

5
kD species is unknown for the present and it is certainly
worth establishing in an unambiguous fashion whether scup
cytochrome b5 has a 24.5 K molecular weight. I would
recommend that in future scup cytochrome be purifications, the
Emulgen be completely removed at an earlier stage to afford
better chromatographic behavior. It would be useful to treat
the crude cytochrome b5 fraction with BioBeads (BioRad SM-2)
prior to DEAE-cellulose chromatography (Table 2-9, step 2).
The G-75 column was also effective in removing Emulgen if the
detergent was presént at only moderate levels and I would
perform that chromatography after step 2. Hydroxylapatite

chromatography and A-1.5m gel filtration should then provide

very pure protein with a superior recovery.

UV-visible spectrum of cytochrome b.. The oxidized
. po )

spectrum of purified scup cytochrome b5 (Figure 2-22)
contained peaks at 276, 412.5, 53¢ and 558 nm (A413/A295 =
5.2; A413/A28B = 2.3). The spectroscopic ratio of A413/A28g =
2.3 is near the 2.7-2.8 reported in mammals for apparently
homogeneous preparations with specific contents of 32-36

nmol/mg (Strittmatter et al., 1978; Waxman and Walsh, 1982).

The reduced difference spectrum had a peak at 423 nm and
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Figure 2-23, UV-visible spectrum of purified scup cytochrome
b.. Purified scup cytochrome b, (1.8 uM) was scanned after
G=75 chromatography (Figure 2-2?, fractions $#11 and 12);
inset, the dithionite-reduced difference spectrum performed on
an aliquot (8.23 uM) of purified scup cytochrome bs.
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evidenced the typical cytochrome b, chromophore. An

experimental extinction coefficient for the oxidized

hemoprotein was calculated as Eg13 = 145 + 5.6 mM™ 1 cn”! based

on the reduced difference spectrum. This value does not agree
extraordinarily well with the E,;, = 117 oML enm” reported
for oxidized steer liver cytochrome b5 (Strittmatter and
Velick, 1956) and I have no account for the apparent

difference,
CONCLUSIONS

The purification and characterization of the NADPH-
cytochrome P-450 reductase from scup hepatic microsomes
extends the supposition that cytochrome P-450 reductases from
a variety of sources are structurally similar (Guengerich,
1978; Yasukochi et al., 1979; Black and Coon, 1982). The scup
NADPH-cytochrome P-458 reductase flavin content of one FAD and
one FMN per polypeptide is similar to the observations made
with the_reductases purified from the hepatic microsomes of

little skate, Raja erinacea (Serabjit-Singh et al,, 1981), rat

(Yasukochi and Masters, 1976) and rabbits (French and Coon,
1979). 1In keeping with the comparable specific activities,
the calculated turnover number of 2200 min-l per enzymic

1 2760 min~! and

flavin compares favorably with the 20815 min
2790 min"l observed with the rabbit (French and Coon, 1979),

steer (Enoch and Strittmatter, 1979) and rat (Yasukochi and
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Masters, 1976) enzymes, respectively. These results raise the
possibility of structural homology between scup and mammalian
NADPH-cytochrome P-458 reductases in light of their functional
equivalence (Chapter 3) and could provide additional support
for the claim that cytochrome P-458 reductases from a variety
of sources share sequence homology (Guengerich, 1978; Black

and Coon, 1982).

The strategy of rechromatographing individual peaks on
DEAE-cellulose was useful as a confirmation that pool E
represented a single chromatographic form while cytochromes
P-450A and P-450B were both present at differing ratios in the
first two pools., The latter finding must be taken as a
caution in considering column resolution as a criterion for
making distinctions between cytochrome P-458 forms. Clearly,
only those chromatographic resolutions which are reproducible
can havé any force. 1In fact, aggregation phenomena and
detergent artifacts appear to be common in the resolution of
crude membrane fractions.

Criteria for cytochrome P-45¢ purity are subject to
debate. Specific contents (nmol CO-reducible heme per mg
protein) are reliablg in distinguishing non-hemoprotein
contamination but only to the extent that the protein
determinations are accurate (not a trivial objection!) and
assuming that the formation of apoenzyme or cytochrome P-42¢
is insignificant. Theoretical homogeneity based on specific

content can be determined from the reciprocal of the molecular
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weight -- approximately 28 nmol heme per mg protein for a 58 K
polypeptide. Specific content is the touchstone of purity in
the field of cytochromes P-45@ since it is easy to measure but
it is exiquous; multiple criteria are necessary to establish
purity and distinguish cytochrome P-4580 forms. SDS-PAGE
analysis will resolve proteins which differ by ca 5¢8 daltons
but cytochromes P-458 can have identical molecular weights and
all known microsomal cytochromés P-458 are in the 45-60K
region. Even immunochemical evidence can be misleading since
several pairs of distinct cytochrome P-450 forms can share
determinants (rat P-458c and P-45¢d, Ryan et al., 1988; rat
PB-4 and PB-5, Waxman and Walsh, 1982). Amino terminal
sequence analysis would seem to be unambiguous in establishing
a single polypeptide but after taking the 50% coupling yield
into account the method loses some of its power. Considered as
a group, however, these tests become much more convincing.
Scup cytochromes P-458A, P-4580B and P-450E are distinct
forms as judged by molecular weight, peptide mapping and CoO,
reduced difference spectra. The true extent of diversity in
the scup microsomal cytochrome P-450 complement is not yet
known. Probably a minimum of one unique cytochrome P-45¢ form
is present in each of the five identified DEAE-cellulose
column peaks (Figures 2-6 and 2-7). Peak A appears to be a
composite of P-450A and P-450B, and peak B is primarily
P-459B. The nature of peak C has not yet been disclosed but
product analysis of testosterone hydroxylase reconstitutions

(not shown) suggest it possesses unique activities., Fraction
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C hemoproteins have not been substantially characterized and
little more can be said about them. Peak D consists of at
least one cytochrome P-458 which is red-shifted, and peak E
is, by all criteria examined to date, exclusively cytochrome
P-458E,

The absorbance maximum near 417 nm for the purified scup
microsomal cytochromes P-45¢ indicates that these forms have
been isolated in the low spin state (Jefcoate and Gaylor,
1969) in the presence or absence. of nonionic detergent. This
agrees with 1.6° K electron spin resonance spectroscopy on the
microsomal cytochrome P-458 complement which detected no high
spin heme iron (Chevion et al., 1977). The direct oxidized
heme extinction coefficients of 131 and 115 mM-'l cm-l at 416
nm for scup. cytochromes P-450B and P-458E, respectively,
calculated from the CO, reduced difference spectrum, agree
with the same data for low spin mammalian cytochrome P-450
forms (110-117 mM~ ! en™Y; Haugen and Coon, 1976; Ryan et al.,
1979). The slightly higher extinction coefficient for scup
cytochrome P-450E probably reflects the proclivity to form
cytochrome P-420¢ in the preparations; a characteristic
observed in samples of cytochromes P-450E and fraction D, but
not cytochromes P-450A or P-450B.

The general tech;iques for microsomal cytochrome P-458
solubilization, resolution and purification will hopefully be
applicable to other aquatic species. It is my expectation

that research questions such as sex-dependent differences in

hepatic monooxygenases can be approached in other fish species
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by minor modifications of these techniques. Moreover,
additional interesting cytochrome P-450 forms can no doubt be
"fished" out of scup hepatic microsomes. The application of
antibodies raised against scup liver microsomal cytochrome
P-450E will also be useful in probing for these determinants
in extrahepatic tissues,

Chapter 3 will describe the results of reconstituting
monooxygenase activity with the resolved cytochrome P-458
isozymes. These results demonstrate the power of purification
techniques in dissecting isozymic contributions to metabolism

in liver microsomes.,
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Footnotes

l. 3.5 mg protein was chromatographed per ml settled resin.
The resin has an anomalously low protein binding capacity
under these conditions and the vantage point of experience
indicates that diligence must be exercised not to overload it.

2. A majority of this cytochrome P-458 could be recovered
by PEG 600¢ precipitation (vide infra).

3. The scup NADPH-cytochrome P-458 reductase seems to lose
FMN (and consequently catalytic activity with cytochrome c)
under high salt conditions and partially purified fractions
frequently showed stimulation of activity in the presence of
exogenous FMN., This FMN loss appears to occur particularly at
the DEAE-A25 chromatography step and the fear was that
apoenzyme might be unstable. '

4., 5 nmol of cytochrome per ml of packed resin was
chromatographed on this column,

5. More recently a #-8.4 M KC1l gradient was found to give
an improved resolution of the cytochrome P-45¢ fractions while
remaining effective in eluting cytochrome b5'

6. 10 nmol of cytochrome per ml of packed resin was
chromatographed on this column.

7. These absorbed proteins were eluted as heterogeneous
fractions by the higher ionic strength of buffer II.

8. 20 nmole of cytochrome per ml of packed resin was
chromatographed on this column.

9. PTH-arg and PTH-his remain in the aqueous phase under
these extraction conditions and would appear as blanks in the
analysis,

l8. The oxidase background measures the rate of NADPH
oxidation by the NADPH-cytochrome P-4589 reductase in the
absence of an added electron acceptor. It is assumed that O
is adventitiously being reduced to H,0, and/or ‘O at the
enzyme flavin active site in order t45 Dalance the“redox
stoichiometry. The oxidase background is an important
consideration in reconstitution experiments where high
concentrations of the NADPH-cytochrome P-4508 reductase are
used. Under these conditions the enzyme is also producing
reduced oxygen intermediates which may be responsible for
nonenzymatic substrate oxidation or may affect the
time-dependence of reconstituted monooxygenase turnover.

2

ll. In the experiment documented in Figure 2-6 (see also
Table 2-2) the cytochrome P-450E isolated in the eluted peak
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was 30% of the initial cytochrome P-45¢ in the microsomes and
most likely represented 50% of the microsomal cytochrome P-458
after a consideration of recoveries on the columh. Pool E
(fractions #42-47) represented 58% of the cytochrome P-45¢
chromatographed in Figure 2-6.

l12. TLM-4a and TLM-4b are the current names for purified
trout liver microsomal cytochrome P-458 forms originally
described as peak g (aka DEc HA,) and peak f (aka DEc HA,),
respectively (Williams amd Buhlér, 1982; 1983b). TLM-4a“and
TLM-4b are indistinguishable by UV-visible spectrum, SDS-PAGE
analysis, peptide mapping by partial proteolytic digestion,
and catalytic activity (Williams and Buhler, 1982; 1983b).
Antibodies prepared against either trout cytochrome P-45¢ form
cross-react with the other form yielding apparent lines of
identity in Ouchterlony diffusion analysis (Williams and
Buhler, 1983a). Subsequent work by Williams and Buhler has
revealed no credible differences between these two forms in
the opinion of this investigator. The evidence for a
distinction is based on a partial chromatographic resolution
of two peaks, slight differences in amino acid content and a
difference in the inhibition curve at low concentrations when
rabbit antibody raised against TLM-4b is added to
reconstitutions of TLM-4a- or TLM-4b-dependent benzo[alpyrene
hydroxylase activity. The discriminating reader will perceive
that I treat TLM-4a and TLM-4b as identical in my analyses
comparing TLM-4 with scup cytochrome P-450E.

13. The spectrophotometric assay requires the generation of
a reduced minus oxidized difference spectrum, Ferrous ’
cytochrome b, is generated by chemical reduction with
dithionite of enzymatic reduction in the presence of NADH
which requires the mediation of NADH-cytochrome b, reductase
(see Table 1-2). Hemoglobin undergoes a spectroséopic shift
(formation of deoxy Hb) in the presence of dithionite and
interferes with the spectroscopic observation of cytochrome b5
reduction., The enzymatic cytochrome b./cytochrome b
reductase redox couple is disrupted by detergent which
obviates the use of this method for fractions containing high
detergent concentrations,
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CHAPTER 3

RECONSTITUTION OF MONOOXYGENASE ACTIVITIES

MEDIATED BY PURIFIED SCUP CYTOCHROME P-45¢ FORMS

Introduction

The assay of catalytic activity with purified cytochrome
P-450 isozymes requires the reconstitution of the mono-
oxygenase system in a lipid environment. The NADPH-cytochrome
P-450 reductase is required for accepting electrons from NADPH
in a single two-electron transfer step and reducing the
cytochrome P-450 complex by delivering the electrons in
one-electron transfer steps to the cytochrome P-450 heme
active site. Both the cytochrome P-458 and its reductase are
lipophilic and their interactions are optimal in a hydrophobic
environment. The reconstitution events are generally
performed for technical convenience in an artificial lipid
system by mixing stoichiometric amounts of the two redox
catalysts together in the presence of sonicated DLPC, NADPH
and occasionally, additional proteins such as cytochrome b5.
Detergents, which are necessary during the purification

stages, frequently interfere at the reconstitution step by

preventing the formation of the catalytically active 1l:1l
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complex of cytochrome P-450 and NADPH-cytochrome P-450
reductase (see Chapter 1). |

High concentrations of the NADPH~cytochrome P-450
reductase flavoenzyme in the presence of NADPH can lead to the
production of reduced oxygen intermediates like superoxide
(see Chapter 2 and footnote 19 therein). The cytochrome P-450
activated oxygen complex is unstable and may also decay to
hydrogen peroxide without coupled substrate oxidation
" (Nordblom and Coon; 1977). Hydrogen peroxide and superoxide
are both deleterious to proteins and may participate in
nonenzymatic oxidation reactions. These types of problems
make reconstitution results more challenging to interpret and
require caution in the applications of this system.

Another facet of catalytic activityvanalysis is the
problem of which substrates should be tested. Cytochromes
P-450 are responsible for a variety of reactions and hepatic
microsomal forms are notorious for broad, overlapping
substrate profiles (cf. Guengerich, 1977; Guengerich et al.,
1982a). It is necessary to test a battery of compounds
- because few substrates appear satisfactory in meeting the
criteria of being isozyme-specific. I have used the patterns
of microsomal metabolism associated with aromatic hydrocarbon
induction in fish as a starting point in the analysis of the
catalytic activities possessed by the resolved cytochrome
P-450 forms. As noted in Chapter 1, data from both fish and
mammalian hepatic microsomal assays implicate benzo[alpyrene

hydroxylase and 7-ethoxyresorufin O-deethylase activities
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along with inhibition by 7,8-benzoflavone as properties linked
to an aromatic hydrocarbon-induced state.

It was essential to determine appropriate conditions for
reconstitution assays including the nature of the 1lipid
requirements and the restrictions of NADPH-cytochrome P-450
reductase purified from mammalian sources before these
monooxygenase activities could be investigated. The latter
was a crucial point because reconstitutions require
stoichiometric amounts (or molar excesses) of NADPH-cytochrome
P-450 reductase. Casual inspection of Table 2-1 will confirm
that scup livers are not a prodigious source of the enzyme,
and consequently rat NADPH-cytochrome P-450 reductase was
substituted wherever possible., Experiments with scup
NADPH-cytochrome P-450 reductase did not reveal any gross

differences except as noted (vide infra) with cytochrome

P-456A. A second tacit assumption was that incubation
conditions could be properly applied to different substrate
assays or the reconstitution of other cytochrome P-458 forms
after being developed in microsomes and further optimized by
reconstitutions of cytochrome P-450E assessed with
7-ethoxycoumarin O-deethylase assays. This logic,
unfortunately, has broken down recently and great care is
necessary in evaluating the data,

Despite all of the difficulties mentioned above it is
possible to press on and be enlightened by the diverse
catalytic activities. This chapter will describe the results

of several catalytic assays in both microsomes and
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reconstitutions of multiple scup cytochrome P-45¢ forms, based
on analysis of hydroxylated products. Product analysis is the
best method to reliably follow these monooxygenase reactions
but there are few continuous assays available. A simple,
continuous spectrophotometric assay of 7-ethoxyresorufin
O-deethylase activity which is superior to the more tedious
spectrofluorimetric method will also be detailed in this
chapter. This spectrophotometric assay has subsequently been
utilized to reliably assay monooxygenase activity in the

hepatic microsomes of several other fish species.

Material and Methods

Chemicals. 6a-0OH, 6 B-OH, 7a-0H, l4a-0H, 15a-0OH, l16a-OH
and 16 B-OH testosterone standards were obtained from the
Medical Research Council Steroid Reference Collection.. HPLC
solvents and authentic benzo{a)pyrene metabolite standards
were obtained from standard sources (Stegeman et al,, 1982c;
Tjessum and Stegeman, 1979)., Resorufin (practical grade) was
obtained from Matheson»Coleman and Bell, Norwood, OH.
7-Hydroxycoumarin (95%; Aldrich) was recrystallized once from
water, Other substrates and product standards were the
highest quality commercially available (Aldrich Chemical Co.

wherever possible).
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Synthesis and purification.

7-Ethoxyresorufin (more correctly 7-ethylresorufin) was
prepared by the method of Prough et al. (1978) with several
modifications. Briefly, the sodium salt of resorufin was
prepared by dissolving 1.2 g crude resorufin (5.6 mmol) in 15
ml anhydrous dimethylformamide containing 2 g anhydrous Na2C03
(19 mmol). After dissolution occurred, 4 ml ethyl iodide (5@
mmol) were passed slowly through a 1 ml alumina column and
then introduced into the solution. The reaction was refluxed
at 45°c for twenty-four hours and stopped by the addition of
58 ml water. The crude product was extracted into methylene
chloride, washed extensively with 8.1 M NaHCO, and evaporated
to dryness. The washed extract was redissolved in a small
volume of CHC13/CH3CN, 9:1 (v/v; solvent A) and
chromatographed in the same on a 2 x 30 cm silica gel 6@ (E.
Merck) column, The orange fractions which.eluted with an Re
of approximately 8.3 were individually spotted for TLC (silica
G) in solvent A. The fractions judged free of other |
chromophores were pooled, evaporated to dryness and
recrystallized in acetone. The 7-ethylresorufin obtained (161
mgl; 12% yield) was judged greater than 95% pure by a
combination of TLC, HPLC, 98 MHz 1H—NMR and elemental analysis
(Galbraith Laboratories, Inc., Knoxville, TN).

The resorufin (Rf = P.40) purchased commercially was
contaminated with resazurin (Rf = §.2) as judged by TLC

{silica G) in CH3CN/CHC13/CH3OH, 9:1:1 (v/v; solvent B).
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Consequently, it was derivatized by acetylation, purified as
7-acetylresorufin (acetoxyresorufin), deblocked and
recrystallized. The procedure was as follows: 1 g resorufin
was dissolved in 1406 ml dimethylformamide/pyridine/acetic
anhydride, 5:1:1 (v/v) and allowed to react overnight at room
temperature. The reaction mixture was evaporated to dryness,
redissolved in chloroform, washed with 8.1M NaHCO3 then water
and again evaporated to dryness. The crude acetylresorufin
was dissolved in a small volume of solvent A and
chromatographed in the same on a 2 x 50 cm silica gel 60
column. The orange fractions which eluted with an Rf of
approximately €.3 were individually spotted on TLC plates.
The pure fractions were combined, evaporated to dryness and
recrystallized from acetone. The acetylresorufin (250 mg) was
judged greater than 95% pure by‘TLC, 99 MHz lH-NMR and
elemental analysis. ‘

The acetylresorufin was hydrolyzed in methanol by
addition of 20 mM NaOH and the resorufin was collected as a
precipitate after adjusting the pH to 1 with HCl., The
precipitate was recrystallized in hot dimethylformamide
(warning: this step réquites caution as DMF is moderately
flammable). The resorufin was judged greater than 95% pure by

a combination of TLC, HPLC and elemental analysis.

General Methods,

UV-visible spectra were obtained on a Perkin-Elmer model

554 or Cary 118C dual beam spectrophotometer. Fluorescence
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measurements were determined with Perkin-Elmer model MPF-4 or
LS-3 recording spectrofluorimeters or a Turner 1160
fluorimeter. Liquid chromatography was performed on a DuPont
8800 or Waters Associates HPLC equipped with a 25 cm Zorbax
ODS or uBondapak C-18 reverse~-phase column, a 254 nm UV
detector and a Hewlett-Packard 3390A integrator,
Radioactivity was measured by scintillation counting in a
Beckman LS-1006C liquid scintillation spectrometer. lH—NMR
spectra were determined on a 990 MHz Jeol FT-NMR or a 250 MHz
Varian FT-NMR spectrometer. Melting points (uncorrected) were
measured on a Fisher melting point apparatus by heating at
5°c/min.

Extinction coefficients for resorufin and
7-ethoxyresorufin were determined from a known mass by
appropriate dilution into 6.1 M Tris, pH 8.8 containing 8.1 M
NaCl. Resorufin was titratedvin .2 M NaCl (adjusted to pH 11
with NaOH) using #.1 M HCl and the protonation of the
pPhenolate was followed by the loss of Agyye

Apparent Ko, and Ki values were obtained by extrapolation
from standard double reciprocal plots of concentration vs.
initial rate measuredrat five substrate concentrations in

duplicate.

Enzymes.

Purified rat liver microsomal epoxide hydrolase was the
generous gift of Dr. A. Y. H. Lu, Merck, Sharp and Dohme

Research Laboratories, Rahway, NJ. Purified rat liver
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microsomal cytochrome P-450 B -NF-B (Guengerich et al., 1982a)
was the generous gift of Dr. F. P. Guengerich, Department of
Biochemistry and Center of Environmental Toxicology,
Vanderbilt University, Nashville, TN. Purified rat liver
microsomal cytochrome P-458 PB-4 and cytochrome b5 (Waxman and
Walsh, 1982) were the gracious gifts of Dr. D. J. Waxman,
Department of Chemistry, MIT. Purified rabbit liver
microsomal cytochrome b5 was kindly provided by Dr. Y.
Takagaki, Department of Chemistry, MIT.

Scup hepatic microsomes were prepared from untreated fish
and stored as described in Chapter 2. Rat hepatic microsomal
NADPH~cytochrome P-458 reductase (35 U/mg) was purified to
electrophoretic homogeneity (Figure 2-3) as previously
described (Waxman and Walsh, 1982). Scup hepatic microsomal
NADPH~-cytochrome P-4508 reductase was purified as described in
Chapter 2 and standard reductase solutions were prepared by
dilution using an enzyme-bound oxidized flavin extinction
coefficient of 106.6 mM-1 cmml per flavin (Vermilioh and Coon,
1978) after fully oxidizing the enzyme by addition of
potassium ferricyanide. The purified NADPH-cytochrome P-450
reductase standard solutions (2 nmol/ml) were stored in 8.1M
Kp., pH 7.8 at -28°C ‘and the catalytic activity was stable for
at least three months,

Purified scup hepatic microsomal cytochromes P-450A,
P-450B, P-458E and fraction D were prepared and Emulgen 911
was removed as detailed in Chapter 2. Quantitation for the

purpose of catalytic assays was based on the CO, reduced
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difference spectrum near 450 nm., Catalytic assays were
performed in many cases utilizing a preparation of cytochrome
P-450A which had a lower specific content (6.2 nmol/mg) and a
significant contaminant near 50K on SDS-PAGE (see Figure 2-17)
but an impeccable UV-visible spectrum. This preparation of
cytochrome P-458A was similar to the more highly purified
sample both qualitatively and quantitatively in reductase
requirement and cytochrome b5 stimulation in either a
7-ethoxycoumarin O-deethylase or testosterone hydroxylase
assay, suggesting that the contaminant was not contributing to
the featured activities,

Purified scup hepatic microsomal cytochrome b5 was
prepared as detailed in Chapter 2. Solutions were
standardized by the reduced minus oxidized difference spectrum
prior to dilution and were stable in buffer at -2¢°c for at
least three months. The detergent-free fraction obtained in
step 5 (Table 2-9) was used after extensive dialysis as the
source of scup cytochrome b5 for most reconstitution assays.
The G-75 eluate (Table 2-9, step 6) was similar in its
appearance on SDS-PAGE and catalytic stimulating properties
however the total sample after dialysis was insufficient for a

complete analysis in reconstitution assays.

Assays of reconstituted monooxygenase activity

Acetanilide was prepared in a stock solution of buffer.
Othef substrates were added to incubations from 28-160X

concentrated stock solutions prepared in methanol or acetone.
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DLPC stock solutions (2 mg/ml) were prepared in b.l M KPi' pH
7.8 containing 6.1 mM EDTA, sonicated to optical clarity prior
to use and an aliquot was diluted to 160 ug/ml for a working
solution.

Reconstitutions were performed at room temperature by
mixing the purified NADPH-cytochrome P-450 reductase, purified
cytochrome P-450 and DLPC, followed by dilution with buffer
containing the substrate and incubation at 3G°C for three
minutes while shaking. The reactions were then initiated by
the addition of NADPH., Control incubations were carried out
inkparallel, typically with boiled protein samples but
occasionally utilizing assay tubes lacking NADPH or cytochrome
P-456. Blank values differed little under the various
conditions but boiled protein controls were generally adopted
as the most prudent method. Optimal lipid concentrations of S
ug/ml (cytochrome P-458E) or 26 ug/ml (cytochromes P-450A,
P-450B and fraction D) were chosen from titrations in either
7-ethoxycoumarin O-deethylase or testosterone hydroxylase
assays. Cytochrome P-450A was routinely reconstituted with
scup NADPH-cytochrome P-450 reductase while the other forms
were generally teconétituted with rat NADPH-cytochrome P-450
reductase. Unless noted otherwise the monooxygenase assays
were performed for 20-30 minuteé in a final volume of .4 ml
g.1 M KPi, pH 7.8 at 32°C to make conditions more uniform in

comparing substrates.,
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A, 7-Ethoxycoumarin 0O-deethylase (ECOD).

ECOD assays were performed at 3¢°C as described earlier
(Waxman et al., 1982), Briefly, duplicate incubations were
performed for the desired time period and halted by the
addition of 68 ul 2 M HCl., The reaction was extracted with

#.9 ml CHCl, and the aqueous phase was aspirated away.

3

Finally, 8.6 ml of the CHCl, phase was transferred to a fresh

3
tube containing 2 ml of 3¢ mM Na,B,0,, PH 9.2 and the
fluorescence of the aqueous phase was measured by excitation
at 370 nm and monitoring the emission at 455 nm., Quantitation
was based on the fluorescence of a 7-hydroxycoumarin standard
which was linear between 28 and 580 pmol under identical
conditions,

The standard reconstituted system contained 2¢ pmol
purified cytochrome P‘459,‘36 pmol purified NADPH-cytochrome
P-458 reductase, DLPC concentrations appropriate to the
cytochrome P-458 form (5 ug/ml for cytochrome P-458E; 20 ug/ml
for cytochromes P-458a, P-4SBB»and fraction D), 0.5 mM
7-ethoxycoumarin (Aldrich) and 0.5 mM NADPH. The activity of
reconstituted cytochrome P-450E was linear for at least 3¢
minutes at 36°C under these conditionsz.

The catalytic activities of scup cytochrome P-459 forms
were measured in some other experiments using 38 pmol purified
cytochrome P-458 and 45 pmol purified NADPH-cytochrome P-450
reductase incubated under otherwise standard conditions. 1In

experiments titrating NADPH-cytochrome P-450 reductase into a
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reconstituted system with rat cytochrome P-458 PB-4 or scup

cytochrome P-45¢E to investigate the properties of reductase
isolated from different sources, 12 pmol purified cytochrome
P-450 and 1 mM 7-ethoxycoumarin were employed under standard

assay conditions,

B. Benzolalpyrene hydroxylase (BP-OH).

Routine catalytic assay of aryl hydrocarbon hydroxylase
(BP-OH) activity was performed radiometrically in a final 59
ul volume (Binder and Stegeman, 198@). The [3H]benzo[a]pyrene
substrate was purified by dissolving in hexane and washing
three times with 8.15M KOH in 85% dimethylsulfoxide, followed
by a water wash or prepared by HPLC utilizing a acetonitrile/-
water gradient as described below. The resulting purified
substrate (extracted in hexane) was evaporated to dryness and
prepared as a stock solution in acetone. Specific
radiocactivity wés determined by liquid scintillation counting
of a known benzo[a)lpyrene mass or measuring the concentration
of the stock solution spectrophotometrically (E296.5 = 57.5
oMY em™? in methanol; CRC Handbook of Chemistry and Physics)
and counting an aliquét. All manipulations were performed
under red light to minimize photo-oxidation. The
reconstituted system contained 8-16 pmol purified cytochrome
P—éSﬂ, 1.5-2 equivalents purified NADPH-cytochrome P-450
reductase, 5 or 20 ug DLPC/ml as appropriate, 6.5 mM NADPH and
60 uM [G-3H]benzo[a]pyrene (40-160 uCi/umol). Complete

incubations were measured in triplicate while control
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reactions lacking cofactor were performed in duplicate.
Reactions were stopped with 100 ul of ¢.15 M KOH  in 85%
dimethylsulfoxide and extracted three times with #.5 ml of
hexane. Base-soluble radioactivity was quantitated by
counting a 60 ul aliquot of the aqueous layer in 3 ml of
Aquasol (New England Nuclear) which had been acidified with 28
ul of 8.6 M HCl. Scintillation counting efficiency was
determined with an [3H]toluene internal standard.

Assays were performed with an increased protein
concentration in a final volume of 6.2 ml for benzo(alpyrene
product analysis. 1In some incubations for product analysis, 2
ug (ca 40 pmol) of purified rat epoxide hydrolase was included
to trap nascent epoxides. The rat epoxide hydrolase possessed
no benzo[alpyrene hydroxylase activity in reconstitutions with
rat NADPH-cytochrome P-450 reductase under identical
conditions in routine catalytic assays. The reactions were
stopped with one volume of ice cold acetone at the end of the
incubation, anthraquinone (ca 8.5 ug) or 6B-hydroxy-
testosterone was added as an internal standard, and the
reaction mixtures were extracted twice with two volumes of
ethyl acetate. The combined organic extracts were dried under
a stream of N, and redissolved in a small volume of pure
acetonitrile or methanol. Two HPLC solvent systems were
employed for product separations for ﬁhe two experiments
described below. Labeled products were separated by HPLC in
the traditional acetonitrile/water system on a reverse-phase

C-18 column using a gradient system of 40-608% acetonitrile (20
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min), 60-85% acetonitrile (20 min) and 85-88% acetonitrile (3
min) in water at 35°C and a 2 ml/min flow rate. The order of
elution was 9,18-diol; 4,5-diol; 7,8-diol; anthraquinone
(internal standard); 1l,6-quinone; 3,6-quinone; 6,12-quinone;
phenol I (including 9-0H); phenol II (including 3-0H) and
benzo[alpyrene under these conditions (Stegeman and Kaplan,
1981). The benzo[a]pyrene products were identified by
retention time and quantitated by UV absorbance or liquid
scintillation counting, with unlabeled anthraquinone used as
the internal standard. A second HPLC solvent system,
methanol-ethanol/water, was applied to improve the resolution
of the 4,5-/7,8-dihydrodiols and phenols I/I1. Labeled
products were separated using a gradient of 5¢-66% B (15 min),
66-75% (25 min) and 75% B (8 min) at 35° C and 1.5 ml/min flow
where the strong solvent, B, was methanol/ethanol, 2:1 (v/v;
Burke et al., 1977b). The order of metabolite elution was
identical to the acetonitrile/water system but anthraquinone
could not be used as an internal standard because it eluted
near the 7,8-dihydrodiol., 1Instead, 68-hydroxytestosterone,
eluting prior to the 9,19-dihydrodiol, was adopted as an
internal standard. The benzolalpyrene products were
identified by co-injection with unlabeled standards and
quantitated by liquid scintillation counting the collected
peaks. Both data sets were corrected for extraction
efficiencies previously determined for individual metabolites
(diols, 83%; quinones, 73%; phenols, 78%; Stegeman et al.,

1982c¢).
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c. 7,8-Benzoflavone hydroxylase.

Oxidation of 7,8-benzoflavone was detected by the HPLC
method of Stegeman and Woodin (1988). The reconstitution
conditions utilized 48 pmol purified cytochrome P-458, 68 pmol
NADPH-cytochrome P-450 reductase, 5 or 28 ug DLPC per ml as
appropriate, 160 uM 7,8-benzoflavone (Aldrich) and 9.5 mM
NADPH in a final volume of #.4 ml, Some incubations were
augmented with 2 ug (ca 48 pmol) purified rat epoxide
hydrolase to trap nascent arene oxides. The reactions were
stopped with one volume of ice cold acetone and extracted
twice with two volumes of ethyl acetate. The combined organic
extracts were dried under a stream of N, or under reduced
pressure and resuspended in a small volume of pure
acetonitrile, Thevproducts were separated by HPLC on a
reverse-phase C-18 column utilizing a 30 min linear gradient
of 48-70% acetonitrile in water at a 2 ml/min flow rate.
Products were quantitated by peak areas using a
Hewlett-Packard 3390A integrator and activities‘were expressed
in arbitrary integration units/min/nmol cytochrome P-459

because no product standards were available for quantitation3.

D. Acetanilide hydroxylase,

Acetanilide hydroxylase activity was measured with a
reconstituted system containing 40 pmocl purified cytochrome
P-450, 60 pmol purified NADPH-cytochrome P-450 reductase, DLPC

at 5 or 20 ug/ml as appropriate, 4 mM acetanilide (Aldrich)
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and 8.5 mM NADPH in a final volume of 1 ml, Hydroxylated
products were extracted (Koop et al., 1981) by quenching the
reaction with 2 ml ice cold ethyl ether, addition of 9.1 g
NaCl (a saturating quantity) to each tube, removing the
organic phase and re-extracting the aqueous layer with 1 ml
ethyl ether. The combined ether extracts were evaporated to
dryness, redissolved in the HPLC mobile phase and analyzed by
HPLC. Products were separated isocratically on a reverse-phase
column in an 85% HZB/IS% CH3CN solvent system, identified by
retention time and quantitated by reference to a standard
curve generated with authentic 4-hydroxyacetanilide (aka
4-acetamidophenol; Aldrich) using a Hewlett-Packard 3390A
integrator. The retention times for 4-hydroxyacetanilide,
3-hydroxyacetanilide and the parent compound were 2.8, 4.1 and
18.5 min, respectively, under these HPLC conditions at 2
ml/minq. This solvent system was superior to the CHBOH/HZO,
2:1 (v/v) mobile phase (Guenther et al,, 1979) used in earlier
experiments by virtue of its improved peak heighf/area ratio,
diminished back pressure, sharper resolution of 3-hydroxy-

acetanilide and total time per injection.

E. J-Ethoxyresorufin O-deethylase (EROD) .

7-Ethoxyresorufin O-deethylase activity was measured at
room temperature by either continuous spectrofluorimetry
(Prough et al,, 1978) or utilizing the continuous
épectrophotometric assay developed as an improvment. A

Saturated stock solution (ca 4¢9¢ uM) of 7-ethoxyresorufin in
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methanol was prepared fresh daily by dissolving a crystal of
7-ethoxyresorufin in hot methanol, allowing the solution to
cool to room temperature and filtering., The concentration was
verified by dilution into buffer and measuring the Asgo (Eugs
= 22.5 mM-l cm-l; Prough et al., 1978), The reconstituted
system contained 48 pmol purified cytochrome P-4586, 68 pmol
purified NADPH-cytochrome P-450 reductase, 2 uM
7-ethoxyresorufin, 5 or 20 ug DLPC per ml as appropriate and
#.5 mM NADPH in either 1 ml (for the spectrophotometer) or 2
ml (for the spectrofluorimeter) of #.1 M KP, o pH 7.8.
Microsomal assays were also performed in 6.1 M Tris-Cl, pH 8.0
containing #.1 M NaCl without any great difference in observed
rate. Resorufin product formation was followed
fluorimetrically by emission at 585 nm when excited at 536 nm
or spectrophotometrically by exploiting the potent resorufin
visible chromophore‘at 572 nm (E572 = 73 ng.l cm-l). The
visible assay was much more convenient as it did not require
daily calibration and was not subject to quenching artifacts.
The visible extinction coefficient was reliably applicable at
PH 7.5 and higher, regardless of buffer and salt conditions.

Further, in parallel reactions the same rate was measured for

incubations in either the fluorimeter or spectrophotometer.

F. Testosterone hydroxylase,

Testosterone hydroxylase activity was measured by either
an HPLC (Stegeman et al., 1982a) or TLC (Waxman et al., 1983)

method. The reconstitution contained 30-40 pmol purified
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cytochrome P-450, 1.5 equivalents purified NADPH-cytochrome
P-450 reductase, 5 or 206 ug DLPC per ml as approgriate, .5 mM
NADPH and 25 uM [4-14C]testosterone (52 uCi/umol) or 168 uM
[1,2,6,7,16,17-3H]testosterone (25 uci/umol) in a final volume
of .4 ml .1 M KPi' PH 7.8. The reactions were quenched with
one volume of ice cold acetone, extracted twice with 2 ml of
ethyl acetate and the combined organic extracts were
evaporated to dryness.

Prior to extraction for HPLC analysis each sample was
spiked with unlabeled l17-epitestosterone as an internal
standard. The extracts were resuspended in a small volume of
pure methanol and analyzed on a C-18 reverse-phase column.
Testosterone metabolites were separated with a gradient of
@-30% solvent D (280 min), 30-80% solvent D (30 min) and 140%
solvent D (30 min) at a flow of 1 ml/min where the weak
solvent (C) wa§ composed of 45% CH3OH/55% H,0 (v/v) and the
strong solvent (D) was composed of 55% CH3OH/16% CH3CN/35% Hzo
(v/v). The order of elution from the HPLC.column was 6a-0H,
15a-0H, 7a-OH, 6B-0OH, l4a-0OH, l6a-0H, 1la-0H, 1 -OH, 118-0H
and 2p-0OH testosterone; androstendione; testosterone; and
l7-epitestosterone under these conditions. All standards were
resolved to baseline.except the 15a/7a-0H and 28/118-0OH
testosterone pairs. Products were identified by relative to
standards and quantitated by liquid scintillation counting,
with the aid of the unlabeled internal standard.

When TLC analysis was contemplated, the [14C]testosterone

was purified by spotting on a 20 x 20 cm silica plate (8.2 mm
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thick, aluminum-backed; E. Merck F-254) and chromatographed
twice in the same dimension in CHZCIZ/acetone, 4:1 (v/v;
solvent E). The UV-active spotted was cut out of the plate,
eluted with ethyl acetate, filtered through glass wool, dried
down and resuspended in benzene/ethanol, 9:1 (v/v). Stock
solutions of testosterone were calibrated by UV absorbance
(Eyyy = 17 mM~! en™t in methanol; CRC Handbook of Chemistry
and Physics) or liquid scintillation counting. An appropriate
aliquot of the [14C]testosterone solution was evaporated in
each assay tube prior to reconstitution of the monooxygenase
system, and at time zero a small aliquot of the assay mixture
was withdrawn and liquid scintillation counted to establish an
accurate substrate concentration., The dried organic extracts
from the incubation were resuspended in a small volume of
ethyl acetate and spotted on 28 x 20 cm silica plates.
Unlabeled steriod standards were spotted in adjacent laneé and
thé plates were developed once in solvent E, air dried for 30
min and then developed in the same dimension with CHC13/ethy1
acetate/ethanol, 4:1:6.7 (v/v; solvent F). The metabolites
l5a-0H, 16a-0OH, l14a/7a-OH, 6a-OH, 68-0H, 16B-OH, 2B-0OH and
2a-0H testosterone were resolved under these conditions. The
l4a/7a-0H testosterone pair were poorly resolved from each
other and 15a-0OH testerone is known to migrate near 1la-OH
testosterone (Waxman et al., 1983) however they could be
resolved in other TLC solvent systems. The [14C]-1abe1ed

testosterone products and parent compound were visualized by

autoradiography involving the exposure of film (Kodak X-OMAT
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AR) for 48-72 hours. The radioactive bands were cut out for
direct quantitation in Liquiscint (National Diaghostics) by
liquid scintillation counting or were eluted in ethyl acetate
for further chromatographic characterization. Product
formation was calculated for each metabolite as a percentage
of the total radioactivity in the lane for the purpose of
normalization (because no internal standard was used), and
then converted to absolute values based on the initial
substrate concentration in the incubation.

Products were tentatively identified by Re in comparison
to the standards in adjacent lanes on the same plate.
Identification was supported by additional TLC experiments
mixing the radiolabeled metabolites with unlabeled steriod
standards and observing the coincidence of radioactivity
derived from the unknown enzymatic metabolite with the UV
absorbance of the carrier steroid standard. Enzymatic 68-0OH,
16a-0OH and 16 B-OH testosterone metabolite identifications were
pursued by TLC in both benzené/acetone, 2:3 (v/v; two
developments in the same dimension), and solvent system E (two
developments in the same dimension) from incubations of
reconstituted cytochrome P-458A and cytochrome P-45¢ fraction
D. The enzymatic 15a-0H (cytochrome P-45¢B) and 68-0H
(cytochrome P-450E) testosterone metabolite identifications
were supported by TLC development twice in the same dimension
with solvent F, HPLC further corroborated the
identitification of 6B-0OH testosterone metabolites from scup

cytochromes P-45fA and P-450E as well as 16a-OH testosterone
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metabolites produced by reconstituted scup cytochrome P-458

fraction D.

Microsomal incubations were performed for each activity
assay in parallel to the monooxygenase reconstitutions under
identical substrate, cofactor and buffer conditions utilizing
P.81-9.1 nmol scup microsomal cytochrome P-450., Purified
cytochrome b5 was added to some reconstituted monooxygenase
assays at concentrations stoichiometric with the molar amount
of purified cytochrome P-458 present. The scup cytochrome b5
possessed no monooxygenase activity when reconstituted with
NADPH-cytochrome P-450 reductase and assayed for ECOD, EROD or
BP-OH.

Practical limits of detection in the reconstitution
assays were: ECOD, 108 pmol 7-hydroxycoumarin; acetanilide
hydroxylase, 58 pmol individual hydroxyacetanilide;FBP-OH, 1.5
pmol polar product; testosterone hydroxylase, 5 pmol
individual produét; EROD, 5 pmol resorufin product/min by UV

or 1 pmol resorufin product/min by fluorescence.
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Results and Discussion

Characterization of 7-ethylresorufin (7-ethoxyresorufin).

CH3CH20 0 0
\5[::]:N/ 7-Ethoxyresorufin

The synthetic product migrated as a single vivid orange

spot on TLC with an Rf = #8.32 in solvent system A. The orange
crystals melted at 228-229°% (literature 231—232°C; Prough et
al., 1978). 7-Ethylresorufin migrated as a single peak on
reverse-phase HPLC in H20/CH3CN, 3:1 (v/v), run isocratically.
The 90 MHz lH—NMR was performed in CDCl3 and revealed chemical
shifts of &61.48 (t, 3H, J = 6.8 Hz), &4.15 (q, 2H, J = 6.8
Hz), 65.30 (s, 1H), 66.32 (d, lH, J = 1.9 Hz), 66.87 (m,
2d4), &67.43 (8, 1H, J = 9.8 Hz) and §7.70 (d, 1H, J = 9.8 Hz)
ppm relative to the tetramethylsilane (TMS) internal standard.
The elemental analysis was satisfactory (Table 3-1). The
UV-visible spectrum of 7-ethylresorufin in buffer is displayed
in Figure 3-1., The calculated extinction coefficient at 482

nm was 22,3 + 0.89 mM-l cm™? (literature value = 22,5 mMml

¢m " ; Prough et al., 1978). 7-Ethylresorufin was weakly

fluorescent with a Xmax (excitation) = 493 nm andlkmax

(emission) = 586 nm.
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TABLE 3-1

Elemental Analyses

a

weight percentage

compound C H N 0
qtmn:<wnmmo~cmmzcn calculated 69.70 4.60 5.81 19,90
found 69,35 4,72 5.63 19.91
7-Acetylresorufin: calculated 65.88 3.55 5.49 25.08
found 65.59 3.63 5.44 25,29
Resorufin: calculated 67.44 3.48 6.79 22,34
found 67.60 3.31 6.57 22,52

8guantitative microanalysis was performed by Galbraith Laboratories,

Inc., Knoxville, Tennessee,
b .
popularly called 7-ethoxyresorufin.

7T-ethylresorufin is the rigorous chemical name for the compound
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Derivatization and purification of resorufin.

0
\W:::I:N/ 7¥Acetylresorufin

The light orange flakes of acetylresorufin had a melting

point of 229-229.5°C and an Rf = 0.25 on TLC in solvent system

A, The 90 MHz lH—NMR spectrum was performed in CDCl3 and
contained peaks at § 2.35 (s, 3H), § 5.308 (s, 1H), S 6.34 (d,
14, J = 2 Hz), 6 6.87 (dd, 1H, J = 9, 2 Hz), 8 7.17 (44, 1lH, J
=9, 2 Hz), 6 7.44 (d, 1H, J = 9.8 Hz) and 6§ 7.88 (4, 1H, J =
9.8 Hz) ppm with respect to the tetramethylsilane (TMS)

internal standard. The elemental analysis was satisfactory

(Table 3-1).

HO 0 0
\T:::I: :I:::r? Resorufin
N/

The resorufin which was obtained from this derivative was
a fine black powder and decomposed above 300°C in the melting
point apparatus. It was judged free of Cl ions by a negative
Beilstein test. The compound migrated as a single pink spot

on silica TLC with an R, = 0.40 in solvent system B, The 250

f

MHz lH—NMR spectrum of a saturated solution in CD,0OD/NaoD had

3
peaks at §6.34 (d, 2H, J = 2.2 Hz), 66,70 (dd, 24, J = 7.1,

2.4 Hz) and § 7.48 (d, 2H, J = 9.7 Hz) ppm with respect to the
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sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) internal
standard. The compound migrated as a single peak on
reverse-phase HPLC in an isocratic H,0/CH,CN, 85:15 (v/v)
solvent system., The elemental analysis was also satisfactory
{(Table 3-1)., The UV-visible spectrum in buffer is depicted in
Figqure 3-1. The calculated extinction coefficient at 572 nm

was 73.2 + 2.7 mM~1 en™! which is at variance with the

literature value (E,,, = 48 oM~ L cm-l; Prough et al.,, 1978)
presumably reflecting my efforts to purify the resorufin.
Resorufin has a PK, = 6.1 (most likely the phenoléte) below
which the chromophore at 572 nm is lost. Fluorescence
spectrophotometry revealed a Amax (emission) = 585 nm and a
Amax (excitation) near 575 nm. The fluorescence excitation
spectrum is congruent with the UV-visible absorbance spectrum,
Excitation at 510 or 530 nm yielded 39% and 50%, respectively,

of the maximum fluorescence elicited by excitation at 575 nm.
MonooXygenase Assays

A. Microsomal 7-ethoxyresorufin O-deethylase assays.

. CH3CH20 NADPH, Oz
N +CH3C ~H
' 7- ETHOXYRESORUFIN

O-DEETHYLASE

Figure 3-1 highlights the clear distinction between the
absorbance spectra of 7-ethoxyresorufin and resorufin at 572

nm. I pursued the 7-ethoxyresorufin O-deethylase assay in the
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-— RESORUFIN

7-ETHOXYRESORUFIN

EXTINCTION COEFFICIENT (mM Tem 1)

[ [}

300 500 . 700
WAVELENGTH (nm)

Figure 3-1, UV-visible spectrum of resorufin and 7-ethoxy-
resorufin, Resorufin (1.6 uM) and 7-ethoxyresorufin (8.4 uM)
were dissolved in 8.1 M Tris-Cl, pH 8.8, containing 2.1 M NaCl
and scanned,
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visible spectrophotometer in view of the vaunted extinction
coefficient for resorufin. Addition of a limiting
7-ethoxyresorufin quantity to a complete microsomal incubation
elicited a typical resorufin visible spectrum with an A572
equivalent to 85% of the amount predicted assuming E = 73

572
M-1 cm-l. These data were interpreted as a confirmation of

m
the experimentally determined extinction coefficient. The
assay conditions at pH 8.8 and Ic = 0.2 were optimal for
untreated scup hepatic microsomes and turnover numbers of 3-5
nmol product/nmol cytochrome P-450/min were routinely observed
with no background activity., Microsomal EROD activity had a
sharp pH dependence with a peak at 7.8 to 8.8. The rate of
resorufin formation is linear over a range of 5-15¢ ug
protein/ml5 and generally first order in time until substrate
exhaustion begins to occur. The apparent microsomal Ko for
7-ethoxyresorufin was #.24 uM and 7,8-benzoflavone was an
extremely potent competitive-type inhibitor with an apparent
KI = 0.088 uM,

Given the continuous nature of this monooxygenase assay
it was possible to determine the NADPH coupling in microsomes
under 7-ethoxyresorufin turnover conditions:

NADPH oxidation (+ 7-ER)
NADPH oxidation (- 7-ER)

54.6 nmol/min/mg
5.9

net 48.7 nmol/min/mg
7-ER oxidation = 3.5 nmol/min/mg
3.5/48.7 = 7.2% coupling
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I have not yet uncovered any major pitfalls in the
visible 7-ethoxyresorufin O-deethylase assay. For instance,
resorufin is not an inhibitor in scup microsomes as has been
reported in other systems (Burke et al., 1977a) nor does it
appear to be reduced by the NADPH-cytochrome P-450 reductase
(Mayer et al., 1977). While NADPH—cytochrome P-450 reductase
may treat 7-ethoxyresorufin as a substrate, I have found no
clear effect on O-deethylase catalysis and hence it is unclear
whether "iminoquinone®™ reduction is a transient on the
reaction pathway, as suggested by others (Warner and Neinms,
1979). Two observations are technically important. First,
7-ethoxyresorufin at 5 uM concentrations was inhibitory so the
substrate was generally kept at 2 uM which corresponds to less

than 6.2 A equivalents of resorufin product. Second, stock

572
solutions of 7;ethoxyresorufin stored on the benchtop in
methanol at room temperature degraded within 24 hours to
multiple UV-active products (detectable by TLC) which may be
inhibitory. Consequently, it is best to make fresh substrate
solutions daily. It can be calculated that 16 pmol of
resorufin product corresponds to #.6615 OD units in 8.5 ml
using the extinction éoefficient of 73 mM-l cm—l at 572 nm,
Assuming this amount 'is produced over a period of ten minutes

the conservative limit of detection for the visible assay is 1

pmol/min.
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B. 7-Ethoxycoumarin O-deethylase activity.-

CHaCH20 o’ NADPH , O, HO 00 9
> + CHzC-H
Y 7-ETHOXYCOUMARIN =

O-DEETHYLASE

Microsomal ECOD activity had a broad optimum near pPH =
7.8 and was inhibited 68-78% by 188 uM 7,8-benzoflavone. A
standard substrate concentration of 8.5 mM 7-ethoxycoumarin
was adopted although the microsomal apparent K, is 18 um,
Reconstituted cytochrome P-450E monooxygenase activity was
readily assayed with 7-ethoxycoumarin as a substrate.
Titration of DLPC into the reconstituted system evoked a
3~-fold stimulation of monooxygenase activity at 5 ug/ml and a
diminution of activity at higher 1lipid concentrations (Figure
3-2). The apparent Ko for 7-ethoxycoumarin was #.27 mM at
optimal lipid concentrations suggesting that the observed
decrease in monooxygenase activity at higher lipid
concentrations might be due to an increase in the apparent K
of the substrate with elevated lipid concentrations. The ECOD
activity of reconstituted cytochrome P-458E was inhibited
78-80% by 100 uM 7,8-benzoflavone, like the effect in
microsomes,

The electron transfer efficiencies of purified scup and
rat NADPH-cytochrome P-458 reductase were compared by
titrating purified scup cytochrome P-450¢E (Figure 3-3A) or
purified rat cytochrome P-45¢ PB-4 (Figure 3-3B) with each of

the two NADPH-cytochrome P-458 reductases. These titration
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Figure 3-2, DLPC titration into cytochrome P-450E -
monooxygenase reconstitutions of ECOD. The standard catalytic
assay (see methods section) was performed for 380 min at 3¢ C
utilizing 28 pmol purified cytochrome P-450E, 308 pmol purified
rat NADPH-cytochrome P-450 reductase and variable
concentrations of DLPC. The vertical bars display the range
for duplicate incubations.
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curves, yielding comparable rates with a given cytochrome
P-45¢ form, indicate the two NADPH-cytochrome P-450 reductases
are functionally equivalent in reconstitution experiments.
Subsequently, rat NADPH-cytochrome P-458 reductase was
routinely used for reconstitutions of scup cytochromes P-458¢
in place of scup NADPH-cytochrome P-458 reductase due to the
greater availability of the enzyme purified from rats. The
exception to this rule occurred with purified scup cytochrome
P-450A; NADPH-cytochrome P-450 reductase titration experiments
with this form indicated that the rat NADPH-cytochrome P-450
reductase was 5-fold less effective in the reconstitution of
monooxygenase activity (Figure 3~4)., This result appears to
be attributable to a slower electron transfer rate rather than
a decreased association constant for the binary protein
complex because saturation occurs at the same molar ratios for
both scup and rat NADPH-cytochrome P-450 reductase. While
detailed studies were not pursued with purified scup
cytochrome P-450B or fraction D, preliminary experiments
indicated that rat NADPH-cytochrome P-450 reductase was a
perfectly competent reductant for these cytochrome P-4509

forms.

Cytochromes P-45¢ catalyze a variety of oxidations (noted
in Chapter 1) and therefore I tested several substrates in
order to characterize the purified scup cytochrome P-450
forms. I have focused on activities associated in microsomes

with the aromatic hydrocarbon-induced state in fish because I
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Figure 3-3, Reconstituted cytochrome P-45¢ titration with
purified rat and scup NADPH-cytochrome P-458 reductases. The
standard §COD assay (see methods section) was performed for 20
min at 36  C utilizing 5 ug DLPC/ml, 12 pmol purified
Cytochrome P-450 and variable purified NADPH-cytochrome P-45¢
reductase. Vertical bars indicate the range of duplicate
incubations. A, purified scup cytochrome P-450E titrated with
purified rat (O) and scup (A) NADPH-cytochrome P-450
reductase. B, purified rat cytochrome P-45g¢ PB-4 titrated

with purified rat (O) and scup (a) NADPH-cytochrome P-450
reductase.
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Figure 3-4., Reconstituted cytochrome P-45gA titration with
purified rat and scup NADPH-cytochrome P-45¢ reductases. The
standard ECOD assay (see methods section) was performed for 372
min at 3¢° C utilizing 20 ug DLPC/ml, 30 pmol purified
cytochrome P-458A and variable purified scup

(M) or rat (®) NADPH-cytochrome P-458 reductase. The values
represent single incubations for each reconstitution due to
the shortage of purified Scup NADPH-cytochrome P-450
reductase.
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wished to know which form(s) possessed aryl hydrocarbon
hydroxylase activity. Reconstitution conditions aeveloped in
7-ethoxycoumarin O-deethylase assays of cytochrome P-450E
monooxygenase activity were applied to the other substrate

assays without further optimization.

C. Benzolalpyrene hydroxylase activity.

1 2
. 10 ‘ 3 NADPH | 02 R
O“ a BENZO [« | PYRENE -

YN HYDROXYLASE

HO

Reconstituted cytochrome P-458E was the most active form
with benzo(a]lpyrene in catalytic assays (Table 3-2). Although
this oxidation was 3-fold less than the turnover rate observed
in microsomes, it remains an order of magnitude greater than
the limits of detection for activity in the reconstitutions of
the other forms. The BP-OH activity of reconstituted
cytochrome P-450E was inhibited 7¢-86% in the presence of 100
uM 7,8-benzoflavone like the 89-909% inhibition observed in
untreated scup microsomes (Stegeman and Binder, 1979; Stegeman
et al., 198l). Reconstitution experiments with impure
fractions after resolution on DEAE-cellulose support the
notion that a predominant fraction of the BP-OH activity is
associated with peak E and that the other forms are an order

of magnitude less active with benzo[a]pyrene (not shown).
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BP-0OH product profile. The hepatic microsomal oxidation

of benzo[alpyrene at benzo-rihg positions is associated with
the aromatic hydrocarbon-induced state in mammals but is
common with untreated fish species including scup (Stegeman,
1981). Benzo-ring dihydrodiols are major metabolites isolated
from incubations with scup microsmes and have been
unambiguously identified by mass spectrometry (Stegeman et
al., 1983), The HPLC analysis of benzol[alpyrene metabolites
produced by reconstituted cytochrome P-458E (Table 3-3, Figure
3-5) supplemented with purified rat epoxide hydrolase revealed
a marked selection for oxidation at benzo-ring positions (7,8-
and 9,18-dihydrodiols) as observed in scup hepatic microsomes
(Stegeman et al., 1981; 1983) which contain endogenous
microsomal epoxide hydrolase. The BP-OH product profile in
the presence of epoxide hydrolase is informative because many
of the benzolalpyrene phenols coelute in the standard HPLC

separation (Tjessum and Stegeman, 1979).

OH
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Figure 3-5, HPLC separation of benzo[a]pyrene metabolites
formed by reconstituted cytochrome P-458E in the presence of
purified rat epoxide hydrolase. The incubation was performed
with 40 pmol purified scup cytochrome P-450E, 8¢ pmol purified
scup NADPH-cytochrome P-458 reductase, 48 pmol purified scup
cytochrome b., 40 pmol purified rat epoxide hydrolase, 5 ug
DLPC per ml, 68 uM benzolalpyrene and 8.5 mM NADPH for 20 min
at 39 C. The reaction was stopped with acetone and extracted
with ethyl acetate (see methods section). The organic extract
was evaporated to dryness and resuspended in pure methanol,
Benzol{alpyrene and its metabolites were separated by the
methanol-ethanol/water gradient (described in the methods
section) after injection onto a reverse-phase C-18 HPLC column
at time zero., Products were detected by absorbance at 254 nm
and identified (see also Table 3-3) by retention time in
comparison to authentic standards.

The peak immediately preceding the 9,18-diol is
6 f~hydroxytestosterone which was used as an internal for this
experiment, The broad peak eluting near 6 min was an
unidentified compound which appeared to be derived from
benzo[alpyrene as judged by radioactivity. I and 11 refer to
phenol peaks I and 11 as detailed in Table 3-3. N.B.
Benzo[a]lpyrene-4,5~-diol and 6,12-quinone were present in
fleeting quantities if at all.
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TABLE 3-3

Benzo[a]pyrene Metabolites Formed by
Purified Reconstituted 5cup Cytochrome P- -450€°

Metabolite: pmol/nmol P-450/min (% of total)
Experiment I P-450E P-450E + EH
9,18-dihydrodiol 17 ( 8) 124 (42)
4,5-dihydrodiol ND (--) ND (--)
7,8-dihydrodiol 14 ( 7) 1606 (34)
1,6-quinone 14 ( 7) ND (--)
3,6=-quinone 141 (69) 62 (21)
6,12-quinone ND (--) ND (--)
phenol I (9-0H) 9 ( 5) 8 ( 3)
phenol II (1-,3-,7-0H) , 9 ( 5) ND (=--=)
TOTAL 204 292
Metabolite: ] b
Experiment II Microsomes P-450F P-450E + EH
9,lﬂ-dihydtodibl 222 (26) 53 (12) 239 (28)
4,5-dihydrodiol ND (--) ND (--) ND (--)
7,8-dihydrodiol 188 (22) 46 (19) 226 (27)
1,6-quinone 127 (15) 35 ( 8) 49 ( 6)
3,6-quinone 132 (16) 77 (17) 130 (15)
6,12-quinone . ND (-=) ND (--) ND (--)
phenol I (9-0H) 183 (12) 54 (12) 68 ( 8)
phenol 1I (1-,3-,7-0H) 75 ( 9) 177 (49) 136 (16)
TOTAL 847 442 848

ND, not detectable where the limits of detection were
estimated as 2 pmol/nmol cytochrome P-458/min,
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@lncubations were performed for 28 min at 3¢° ¢ in 8.1 M
KP., PH 7.8. 1In experiment I the reconstituted system
contained 40 pmol scup cytochrome P-450E (specific content =
9 nmol/mg), 68 pmol rat NADPH-cytochrome P-450 reductase and
2 ug rat epoxide hydrolase (EH) where indicated. Products
were identified on reverse-phase HPLC by retention time in
the acetonitrile/water solvent system and quantitated by UV
absorbance or liquid scintillation counting., 1In experiment
II the reconstituted system contained 49 pmol scup
cytochrome P-450E (specific content = 6 nmol/mg), 88 pmol
scup NADPH-cytochrome P-450 reductase, 40 pmol scup
cytochrome b, and 2 ug rat epoxide hydrolase (EH) where
indicated. %he microsomal incubation similarly contained 49
pmcl cytochrome P-458. Products were identified on
reverse-phase HPLC in the methanol-ethancl/water solvent
system by coelution with unlabeled standards and quantitated
by liquid scintillation counting.

bThe results of two incubations were averaged.
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The marked elevation of the 7,8~ and 9,1@-dihydrodiols in
the presence of purified epoxide hydrolase clearly illustrates
that in both experiments cytochrome P-450E was forming an
abdndance of benzo-ring arene oxides which could be hydrated
to dihydrodiols, or could rearrange nonenzymatically to
phenols and may oxidize further to quinones (Table 3-3). The
two experiments summarized in Table 3-3 were performed with
different cytochrome P-458E preparations reconstituted without
and with purified séup cytochrome bs.and the incubations
differed vastly in the total amount of ethyl acetate-
extractable products. The reconstituted systems produced
primarily quinones or phenols in the absence of epoxide
hydrolase for both experiments. The effect of added epoxide
hydrolase on the appearance of dihydrodiols indicates that at
least the cytochrome P-450E preparation utilized in experiment
I was relatively free of epoxide hydrolase contamination.

The amplification of total ethyl acetate-extractable
products in the presence of epoxide hydrolase is not matched
by a similar effect in routine catalytic assays where total
base-soluble products were not altered by the presence of
"epoxide hydrolase. This discrepancy suggests that the
extraction of benzo{alpyrene metabolites is variable or being
influenced by factors such as the concentration of protein.
Experiment II is also puzzling in that epoxide hydrolase did
not produce dihydrodiols at the great expense of phenols and
quinones, as might be expected (and is reflected in Experiment

I). This observation also suggests that product recovery was
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problematic. Nonetheless, the regio-selective pattern of
benzo-ring oxidation by reconstituted cytochromé P-450E is
unambiguous in. both experiments,

The major difference in BP-OH products between scup
microsomes and reconstituted cytochrome P-450E (other than the
depressed dihydrodiols without epoxide hydrolase) is the
higher ratio of quinones to phenols produced in one
reconstitution. The experimental conditions under which
phenols will be oxidized to quinones are elusive to me and it
is not obvious why one or the other product will predominate.
This may be due to the low protein concentration or low rates
of product formation in the reconstitution experiments; an
increased quinone/phenol ratio is a trend observed with
microsomal incubations under low protein concentrations
(Stegeman et al., 1983) although4these conditions may also be
synonymous with poor recovery of phenols. Yet, a similar
pattern of prominent quinones has been observed with
reconstitutions of the major aromatic hydrocarbon-inducible
cytochrome P-450 purified from rat (Holder et al., 1974) and
adult rabbit livers (LM-4; Wiebel et al., 1975) in the absence
of epoxide hydrolase. Benzo-ring dihydrodiols increased
roughly ten-fold to 36% of the total hydroxylated products
when epoxide hydrolase was added to the rat Cytochrome P-459

reconstitution (Holder et al., 1974).
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D. 7,8-Benzoflavone hydroxylase activity.
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7,8-Benzoflavone may exert its inhibitory influence by
virtue of being an alternative substrate (Stegeman and Woodin,
1989). The initial rate of substrate disappearance in scup
microsomes suggests it is an excellent substrate with a
turnover number near 16 nmol product/nmol cytochrome P-458/min
(Stegeman and Woodin, unpublished observations). Further, the
kinetics of 7,8-benzoflavone inhibition in microsomal EROD

assays was the competitive type (vide supra). Consistent with

the observation of metabolism in microsomes, I have found that
reconstituted cytochrome P-450E oxidizes 7,8-benzoflavone to
the saﬁe major metabolites produced by microsomes (Figure 3-6)
-- a dihydrodiol (Rt = 3.3 min) and a putative phenol (Rt =
12.2 min), The tentative identification of the 12.2 min peak
as a phenol was based on the increase of this peak with
microsomal incubations in the presence of the epoxide
hydrolase inhibitor, trichloropropylene oxide (Stegeman and
Woodin, 1988) and the diminution of the peak by the addition
of epoxide hydrolase to monooxygenase reconstitutions with
cytochrome P-450E.

The rate of product formation in microsomes was 21 and 3

units/min/nmol cytochrome P-458 for the diol and phenol,
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respectively (Figure 3-6). The formation rates were 1.8 and
1.5 without epoxide hydrolase or l.4 and #.82 in-the presence
of epoxide hydrolase for the diol and putative phenol,
respectively, in the monooxygenase system reconstituted with
purified cytochrome P-450E. Thus, in the reconstituted
system, the diol/phenol ratio was increased from #.67 to 1.6
by the addition of epoxide hydrolase., The reasons for the
presence of significant diol in the reconstitutions without
epoxide hydrolase, or the difference in ratio of diol to
phenol produced by microsomes and the epoxide hydrolase-
supplemented reconstitutions, are not known,

More detailed studies of 7,8-benzoflavone metabolism in
rat liver microsomes have led to the identification of a
primary metabolite (40%), a 7,8-dihydrodiol, and a stable
5,6-oxide (40%) plus additional phenols and unidentified
products (Nesnow and Bergman, 1986; Vyas et al., 1983). The
major aromatic hydrocarbon-inducible rat liver cytochrome
P-450 (P-45@c; Table 1-2) forms a great deal of the
7,8-dihydrodiol when reconstituted in the presence of epoxide
hydrolase. However, the 5,6-oxide is chemically stable and a
very poor substrate for rat liver epoxide hydrolase (Vyas et
al., 1983). Hence, only limited quantities of 5,6-dihydrodiol
are formed by rat liver microsomal incubations or the
reconstituted rat cytochrome P-450c monooxygenase system., It
seems likely that the major product is the 7,8-dihydrodiol in
scup microsomes and reconstitutions of scup cytochrome P-450E,

in analogy to the observations with the mammalian
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Figure 3-6. HPLC analysis of 7,8-benzoflavone metabolism by
scup hepatic microsomes and purified, reconstituted scup
cytochrome P-450E. Reconstitutions and microsomal ingubations
were performed (see methods section) for 20 min at 30" C
utilizing 40 pmol cytochrome P-456, The reaction was stopped
with acetone and extracted with ethyl acetate. The organic
extract was evaporated to dryness and resuspended in pure
methanol., Oxidation products were separated by reverse-phase
HPLC on a C-18 column (see methods section). 1Injection was at
time zero in the elution program and a 254 nm absorbance
detector was used. The peaks eluting at 3.3, 12.2 and 22.4
min correspond to the dihydrodiol and putative phenol
resulting from the oxidation of 7,8-benzoflavone, and the
parent compound, respectively. A, boiled cytochrome P-450E
reconstitution; B, reconstituted cytochrome P-450E; C,
microsomal incubation,
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monooxygenase system, The complexity of 7,8-benzoflavone
oxidation revealed in mammalian systems (Vyas et al., 1983)
suggests several minor products could be co-chromatographing
in the putative phenol region (Figure 3-6). The stable
5,6-oxide, if it were formed by scup cytochromes P-450, would
certainly elute near the putative phenol peak.

Monooxygenase reconstitution of scup cytochromes P-4508A,
P-450B and fraction D are much less active with
7,8-benzoflavone as a substrate (Table 3-2). The low rate
measured for fraction D may represent nonenzymatic oxidation
as a result of reduced oxygen species formed by uncoupled
oxidation of NADPH., Cytochrome P-45@B is truly inactive under
these conditions. Therefore, scup cytochrome P-450E appears
to possess most of the 7,8-benzoflavone hydroxylating
activity. 7,8-Benzoflavone is a much easier substrate than
benzo[alpyrene with which to work because it is commercially
available in a very pure state and it is not light-sensitive.
It might supplant benzo[a)]pyrene as abrapid sensitive assay of
aryl hydrocarbon hydroxylase activity in some monooxygenase
systems when the tritium labeled substrate is widely

available,

E. Acetanilide hydroxylase activity.

The literature on mammalian monooxygenase metabolism
contains several reports documenting the induction of
acetanilide hydroxylase activity by aromatic hydrocarbon-

pretreatment (Atlas and Nebert, 1976; Nebert and Jensen,
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1979). It is also alleged that in mammals acetanilide
hydroxylase activity is more closely associated with a
blue-shifted cytochrome P-458 form which is less active with
benzo{alpyrene than another particular form, the so-called
PI—450 (Nebert et al., 1981)., The various resolved scup
cytochrome P-458 forms were reconstituted and assayed for
acetanilide hydroxylase in order to test the validity of this

claim in a fish species.

H-N-C - CHs H-N-C-CH3
NADPH , Op
ACETANILIDE -
HYDROXYLASE o

As might be expected given the association with aromatic
hydrocarbon metabolism, acetanilide was a substrate in scup
microsomes with an apparent K. = .8 mM and optimal activity
at pH = 7.8, Microsomal acetanilide hydrokylase activity was
inhibited 70% by 1066 uM 7,8-benzoflavone suggesting this
activity was associated with aromatic hydrocarbon-inducible
forms. Only purified cytochrome P-450E was active with
acetanilide in reconstitution experiments (Table 3-2),
although purified cytochiome P-450A may possess a low but
relevant activity (the limit of detection was unsatisfactorily
high for this incubation). However, these data do not support
the hypothesized distinction between the cytochrome P-459
forms on the basis of benzo[alpyrene and acetanilide

hydroxylase activity (cf. Negishi and Nebert, 1979).
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F. 7-Ethoxyresorufin O-deethylase activity;

CH3CH-0 0
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Earlier experiments had amply demonstrated that
microsomal EROD activity was induced by aromatic hydrocarbon
pretreatment in some scup (Stegeman et al., 1981). The
extreme sensitivity of the microsomal activity to
7,8-benzoflavone inhibition coupled with the metabolism of the
latter by reconstituted cytochrome P-458E intimated that
cytochrome P-458E would possess EROD activity. Yet, neither
reconstituted cytochrome P-458E nor P-458A was active in EROD
activity assays (Table 3-2) when reconstituted with either
scup or rat NADPH-cytochrome P-450 reductase in either the
spectrophotometric or spectrofluorimetric assay. Additional
experiments (not shown) with resolved partially purified scup
cytochrome P-4508 forms did not detect activity in
DEAE-cellulose peaks A-E (Chapter 2) after reconstitution.
Against the possibility that the reconstitution assays of EROD
activity were being {mpropetly attempted, the positive control
of purified rat liver cytochrome P-458 g-NF-B (Guengerich et
al., 1982a; Table 1-2) was reconstituted under identical
conditions and yielded normal EROD activity (2 nmol
product/nmol cytochrome P-458/min) in my hands. The scup

monooxygenase reconstitutions were also demonstrated to have
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no inhibitory effect on scup microsomal EROD activity,
buttressing the notion that the reconstitution conditions were

not grossly flawed.

G, Testosterone hydroxylase activity,

The scup cytochrome P-450 forms other than P-458E had
been virtually inactive in all the catalytic assays described
to this point. In part this was not too surprising because
the assays were chosen for their relevance to aryl hydrocarbon
hydroxylase activity. It was imperative, however, to
demonstrate that the other discrete scup cytochrome P-4540
forms had credible catalytic activities. Testosterone
hydroxylase assays were selected for this purpose because the
possibility of multiple hydroxylated products affords great

flexibility in assaying metabolism by various cytochrome P-450

forms.
CHy O
" , OTHER
NADPH, 0 PRODUCTS
TESTOSTERONE 4,0
HYDROXYL ASE

OH
68 -HYDROXYTESTOSTERONE

Scup hepatic microsomes produce numerous testosterone
metabolites although'GB-OH testosterone is approximately half
of the total (not shown). Reconstitutions of purified
cytochrome P-450 forms and assay of catalytic activity with
testosterone revealed some kinetic differences between the
purified forms (Table 3-2). Reconstituted cytochrome P-450E

was the least active form, supporting my assertion that
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Figure 3-7, TLC separation of testosterone metabolites
produced by reconstituted scup gytochromes P-45$.14Incubations
were performed for 30 min at 3¢ C with 25 uM [4-""C]-
testosterone, #.5 mM NADPH, 30 pmol purified scup cytochrome
P-450, 30 pmol purified scup cytochrome b., 45 pmol purified
scup NADPH-cytochrome P-458 reductase and DLPC (as
appropriate). The reactions were stopped with acetone,
extracted with ethyl acetate, the organic extracts were an
chromatographed on a 280 x 280 cm silica TLC plate with
development in solvent E followed by development in solvent F,
and autoradiography was performed as described in the methods
section. The labels indicate the position of hydroxylated
testosterone standards chromatographed in adjacent lanes. The
organic extracts form incubations were spotted as follows:
lane 1, testosterone alone (no protein); lanes 2 and 3,
reconstituted purified cytochrome P-458A (two separate
preparations); lane 4, reconstituted purified cytochrome
P-450B; lane 5, reconstituted cytochrome P-458 fraction D;
lane 6, reconstituted purified cytochrome P-450E.
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cytochrome P-450E is directed toward aromatic hydrocarbons.
TLC analysis of the testosoterone metabolites provided clear
distinctions between cytochromes P-458A, P-450B and fraction D
(Figure 3-7). Reconstituted cytochrome P-450A almost
exclusively produced a single metabolite which was
chromatographically identical to 6B-OH testosterone.
Reconstituted cytochrome P-450E formed a chromatographically
identical metabolite in much more limited quantities.
Reconstituted cytochrome P-450B produced several metabolites
including two which were chromatographically similar to 15a-OH
and 2a-0H testosterone (see methods). Rechromatography of the
putative éa-oﬁ testosterone metabolite, isolated from
incubations with reconstituted cytochrome P-450B, resulted in
some degradation of the radiolabeled compound to a species
with a larger Rf in solvent F. Moreover, the primary
radioactive spot migrated slightly in advance of the carrier,
These results cast doubts on the identity of this metabolite
as 2a~-0H testosterone and no standards are available with an

equivalent R Cytochrome P-458 fraction D reconstitutions

e
formed a complex suite of products although two metabolites,
comigrating with 168-0H and 16a-0H testosterone, were
prominent. Finally, although cytochrome P-458 fraction C has
received almost no attention, preliminary reconstitution
experiments indicated that in addition to other products, it

formed metabolites which chromatographed in the poorly

resolved 7a/l4a-hydroxytestosterone region.
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Separation and identification of testosterone metabolites
is a challenging task and the results must be viewed with some
caution, Standards are not available for all possible
metabolites so that identification by liquid chromatography
must be considered tentative., High resolution mass
spectrometry for structural confirmation has not yet been
performed on the metabolites isolated from reconstitutions or
microsomal incubations with the exception that 68-0H
testosterone has been confirmed as a major metabolite isolated
from scup microsomal incubations. The gross product profile
certainly is useful for distinguishing cytochrome P-450 forms
in the interim. For example, the most polar metabolite
(putative 15a-0H testosterone) formed by reconstituted
cytochrome P-45@B appears to be unique to that scup cytochrome

P-450 isozyme.

Monooxygenase reconstitutions in the presence of

cytochrome bS’

The relatively low catalytic activities observed with the
scup cytochrome P-450 reconstitutions were a source of some
concern. Moreover, the inability to locate EROD activity in
any of the cytochrome P-450 reconstitutions was particularly
troublesome, Several different reconstitution conditions were
evaluated with the view to optimize the ensuing catalytic
activity. Variations included utilization of Tris, HEPES or
MOPS assay buffers, inclusion of 28% glycerol, 40 ug DOC/ml or

.5 mg bovine serum albumin per ml in the assay buffer, or
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reconstitution with dimyristoylphosphatidyl choline. None of
these permutations enhanced the catalytic activity (ECOD or
BP-0H) with reconstituted cytochrome P-450E above levels in
the standard assays as described.

Rabbit cytochrome b5 also had little effect in cytochrome
P-45P0E reconstitutions. However, the literature precedents
(cited in Chapters 1 and 2) were so encouraging that I felt

compelled to purify scup cytochrome b, for the purpose of

5
testing its effects in the scup reconstitutions. A survey of
scup cytochrome P-458 reconstitutions, analyzing for ECOD
activity in the presence of rabbit or scup cytochrome bS'
demonstrated profound stimulations depending on reconstitution
conditions (Table 3-4). Reconstituted cytochrome P-450A-
dependent monooxygenase activity had the striking requirement
for scup NADPH-cytochrome P-450 reductase noted earlier
(Figure 3-4) and was stimulated 2- to 4-fold by the
supplementation with either cytochrome bS‘ Scup cytochrome b5
yielded the same or greater stimulation in comparison to
rabbit cytochrome b5 for all reconstitutions. Because the
absolute numbers are very low with reconstituted cytochrome
P-450B it is difficult to know whether the stimulation is real
and if so, precisely what the stimulation factor is.
Unfortunately, the more accessible cytochrome P-4SGE-
manifested none of these effects and was an inadequate model

for studying the nature of the cytochrome b5 stimulation.,



~-204-

The activity differences in reconstitutions of purified
cytochrome P-450A with NADPH-cytochrome P-458 reductase and
cytochrome b, isolated from scup or mammalian liver were
sufficiently surprising as to justify additional experiments
to establish the nature of this catalytic effects. Titration
of scup cytochrome b5 into a reconstitution of cytochrome
P-450A with either rat or scup NADPH-cytochrome P-459
reductase yielded a hyperbolic increase in ECOD activity with

saturation near one cytochrome b, molar equivalent per

5
cytochrome P-458A but preserving the 5- to 6-fold difference
between reconstitutions with scup and rat NADPH-cytochrome
P-45¢ reductase (Figure 3-8). Additionally, comparison of
scup and rabbit cytochrome b5 confirms the catalytic
distinction with saturating gquantities of cytochrome b5 and
this stimulation does not occur in the absence of lipid
(Figure 3-9). These data, taken together, argue for a protein
complex of equimolar cytochromes P-458 and b5 whose catalytic
competence is lipid-dependent. Both of these properties have
been observed in other systems (Sugiyama et al., 19808; Vatsis
et al., 1982; waxman and Walsh, 1983) and this asserts that
scup cytochrome b5 (rather than some trace contaminant) is
responsible for the striking effect.

Because cytochrome P-450A showed such a large cytochrome
b5 stimulation it éppeared that this could account for the
absence of EROD activity in the standard reconstitutions.

However, cytochrome P-458A, when reconstituted with scup

NADPH-cytochrome P-450 reductase and scup cytochrome bS'
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Figure 3-8, Scup cytochrome b, stimulation of reconstituted
scup cytochrome P-4580A ECOD: t?trations in the presence of
purified rat and scup NADPH-cytochrome P~-450 reductase. The
standard ECOD assay was performed (see methods section) for 3@
min at 3¢° C utilizing 2¢0 ug DLPC/ml, 38 pmol purified scup
cytochrome P-458A, 68 pmol purified scup (M) or rat (@)
NADPH-cytochrome P-458 reductase and variable purified scup
cytochrome b.. The values represent single incubations for
each reconst?tution due to the shortage of purified scup
cytochrome b, and NADPH-cytochrome P-458 reductase.



-208-

O
ol

TURNOVER NUMBER, min’!
O
N

0.1

0

CYTOCHROME bs, molar equivalents

Figure 3-9., Cytochrome b, stimulation of reconstituted scup
cytochrome P-45fA ECOD: tItrations in the presence and absence
of lipid. The standard ECOD assay was performed (see methods
section) for 39 min at 380  C utilizing 8 or 28 ug DLPC/ml, 20
pmol purified scup cytochrome P-458A, 3¢ pmol purified scup
cytochrome P-450 reductase and variable purified scup (A,A) or
rabbit (@,0) cytochrome b.. The filled symbols represent
reconstitutions in the présence of 20 ug DLPC/ml and the empty
symbols represent reconstitutions in the absence of DLPC. The
values represent single incubations for each reconstitution
due to the shortage of purified scup cytochrome b5 and
NADPH-cytochrome P-450 reductase,
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remained ipactive with 7-ethoxyresorufin., Much to my
surprise, cyﬁochrome P-450E was extraordinarily active
(turnover number = 7,1 min-l) when reconstituted under
identical conditions. This activity appears to be entirely
dependent on scup cytochrome b5 as cytochrome P-450E
reconstitutions with scup NADPH-cytochrome P-4508 reductase
alone are inactive, and reconstitutions supplemented with
rabbit cytochrome b5 are also catalytically incompetent.
Stimulation was observed for both cytochrome P-458E and
cytochrome P-458A in a limited number of BP-OH assays with
reconstitutions containing scup cytochromeAbs. The apparent
turnover numbers were 8.9¢ and 9.16 min.l for cytochrome
P-450E and P-450A, respectively, under the new conditions.
These various stimulations .are summarized in Table 3-5, The
data from Tables 3-4 and 3-5 persuasively argue that
cytochrome bg stimulations depend on both the cytochrome P-450
form reconstituted and the substrate chosen. N.B. 1In the
extreme cases for each, cytochrome P-450A is stimulated
78-fold in the hydroxylation of testosterone and cytochrome
P-450E is stimulated 4@6-fold above the limit of detection for
7-ethoxyresorufin O-deethylation. This makes extrapolation

between different activity assays a dangerous exercise,
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TABLE 3-5

Assays of Reconstituted Monooxygenase

Activity Supplemented with Purified Scup Cytochrome b a

5

nmol product/nmol cytochrome P-458/min

Substrate P-459A P-450E
Benzo[a]pyrene P.16 (4X) 0.99 (2X)
7-Ethoxyresorufin zcv 7.1 (490X)
7-Ethoxycoumarin® .42 (20X) 2.2 (1.1X)
Testosterone® 0.88 (76X) 0.04 (ca 1.2X)

®Reconstitutions were performed with 1,5-2 equivalents scup NADPH-
cytochrome P-450 reductase and 1.8 equivalents scup cytochropme Um under
otherwise standard mo:amnwo:m. The 7-ethoxyresorufin O-deethylasé assay
was performed at 3¢ C in this case rather than room temperature. Values
in parenthesis represent the approximate stimulation factor relative to
reconstitution with rat NADPH-cytochrome P-450 reductase and no

supplementing cytochrome Um.
Ucmnm abstracted from Table 3-4,

®bata abstracted from Table 3-2.
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CONCLUSIONS

The choice of monooxygenase reconstitution in the non-
membraneous DLPC system can potentially cause artifacts. One
study (Ingelman-Sundberg and Johnson, 1988) has suggested that
DLPC and an egg yolk phosphatidylcholine vesicle system yield
similar substrate specificities for reconstituted rabbit
cytochrome P-4580 LM-2. However, incorporation into microsomal
phospholipid vesicles slightly altered the patterns of
metabolism, In the same study, rabbit cytochrome P-450 LM-2
was generally more active in the DLPC system rather than
vesicles but cytochromes P-450 LM-3 and LM-4 were often more
active in vesicles. One advantage of vesicles is the relief
of a stoichiometric requirement for NADPH-cytochrome P-450
reductase. Saturation of monooxygenase activity occurs near
one cytochrome P-450 reductase molecule per twenty cytochrome
P-450 molecules, like the molar ratio found in microsomes,
Clearly there is a need for further investigations into the
physical nature of the reconstitution system.

The catalytic activity profile of the four reconstituted
scup cytochrome P-45¢ forms supports my expectation that
cytochrome P-4506E is relatively efficient in the metabolism of
aromatic hydrocarbons. The standard substrates benzo[al-
pyrene, acetanilide and 7-ethoxyresorufin are all
preferentially hydroxylated by cytochrome P-456E, in contrast
to the much lower activities portrayed by reconstitutions of

cytochromes P-450A, P-450B and fraction D. The ability of
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reconstituted cytochrome P-458E to metabolize 7,8-benzoflavone
is consistent with the benzo[a]pyrene hydroxylase inhibition
by 7,8-benzoflavone in both hepatic microsomes and the
reconstituted cytochrome P-458E system. The suite of
benzo[a]pyrene metabolites formed by reconstituted cytochrome
P-450E is highlighted by a regioselective pattern of
benzo-ring oxidation similar to the product profile observed
in microsomal incubations (Stegeman et al,, 1981). I shall
argue in Chapter 4 that purified cytochrome P-458E is both the
form responsible for the prominent benzo{a]lpyrene
hydroxylating activity in scup microsomes, and the major
cytochrome P-450 form induced by aromatic hydrocarbon
pretreatment. The data summarized above are relevant to that

claim.

The stimulation of reconstituted monooxygenase activity
by cytochrome b5 remains a controversial field., Because the
NADH-cytochrome b5 reductase (EC 1.6.2.2) was not present in
the reconstitution, if the stimulation involves electron
transfer steps then the cytochrome b5 must be receiving an
electron from the NADPH-cytochrome P-458 reductase and

interacting with one or more states of the cytochrome P-450,

NADPH NADPH - CYTOCHROME cyTocHrome 02
_ P-450 REDUCTASE > p-450
S-0OH
CYTOCHROME M
by

Such redox events are known in mammalian systems and the
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cytochrome b5 stimulation is proposed to originate from the
ability of cytochrome b5 to transfer the second electron to
the ferrous cytochrome P-45@8-substrate-oxygen complex,
Addition of the second electron is a partially
rate-determining step in some cytochrome P-450 systems
(Gunsalus et al., 1973; Bonfils et al., 1981), and hence if
cytochrome bg can accomplish the transfer at a rate with the
ability of NADPH-cytochrome P-458 reductase to reduce the same
: compiex then an acceleration of overall turnover will ensue,
The incorporation of cytochrome b5 into the monooxygenase
reconstitution decreased H202 formation concomitant with
increased catalytic activity in one study (Ingelman-Sundberg
and Johnson, 1988). This improved coupling has been
interpreted to reflect facile delivery of the second electron
to the oxyferrous cytochrome P-45¢-substrate complex by
cytochrome bS‘

Further experimental evidence in favor of this model in
the scup monooxygenase reconstitutions awaits the purification
of additional scup cytochrome b5. However, several specific
predictions can be tested as they have been in mammalian
systems (Sugiyama et al., 1980; Vatsis et al., 1982; Waxman
and Walsh, 1983). First, the model makes redox capability a
prerequisite for effective stimulation, The prediction is
that reconstitutions supplemented with apo-cytochrome b5 will
not manifest improved monooxygenase activity. Second, the

model implicates a ternary stoichiometric complex (with

cytochrome P-450 and NADPH-cytochrome P-458 reductase) whose
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formation is mediated by hydrophobic interactions. Cytochrome

b. reduction by NADPH-cytochrome P-450 reductase- is dependent

5
on the presence of lipid (Enoch and Strittmatter, 1979). The
prediction is that proteolytic removal of the hydrophobic
*membrane binding" segment from cytochrome b5 will destroy
hydrophobic interactions and abolish the stimulation of
monooxygenase activity.

I have no data on the question of whether cytochrome b5

involvement occurs in scup hepatic microsomes or in vivo.

This is an area worthy address; the first half of the question
can almost certainly be approached by titrating purified scup

cytochrome b, into hepatic microsomal incubations.

5
The absolute dependence of EROD activity on scup

cytochrome b, is astonishing but not unique. Reconstituted

5
rabbit cytochrome P-45@ LM-2 monooxygenase metabolism was
dependent on cytochrome b5 in the case of prostaglandin |
(vatsis et al., 1982), p-nitrophenetole (Kuwahara and Omura,
198¢) and acetanilide (Coon et al., 1980) hydroxylation. The
metabolism of p-nitroanisole by reconstitﬁted rabbit
cytochrome P-450 LM-3c also required cytochrome b5 (Sugiyama
et al., 1980) and the cytochrome P-458 had a cytochrome b5
binding constant sufficiently low to enable purification on an
affinity column of immobilized cytochrome b5 (Miki et al.,
1988)., The differences in cytochrome b5 stimulation observed
when reconstituted cytochrome P-458E was assayed with various

substrates (Table 3-5) is difficult to rationalize., Witness

that 7-ethoxycoumarin and 7-ethoxyresorufin are both
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O-deethylated (same chemical reaction on a similar nucleus)

but with enormous differences in cytochrome bg stimulation,

z
7-ETHOXYCOUMARIN 7-ETHOXYRESORUFIN

However, there is precedent for this type of perverse behavior
with the reconstitution of rabbit cytochrome P-458 LM-4 in
prostaglandin monooxygenase assays where the cytochrome b5
stimulation varied for a series of similar prostaglandin
substrates (Vatsis et al., 1982). The curious behavior
outlined here may account for the report of a pregnenolone
l6a-carbonitrile-induced rat cytochrome P-458 form
(Elshourbagy and Guzelian, 1988) which lost its characteristic
ethylmorphine N-demethylase activity upon purification. I
suspect that rat cytochrome b5 could be a participant in the
monooxygenase metabolism of that substrate by that form,

It would be prudent to reassess the reconstituted
monooxygenase activity of cytochrome_P-456A with
7,8-benzoflavone and acetanilide in light §f,the elevated
BP-OH activity with cytochrome P-450Alreconstitutions when
augmented with scup cytochrome bS' Cytochrome P-450A is
potentially a minor form induced by aromatic hydrocarbon
pretreatment; as such it probably would possess activity
(albeit low) with other substrates associated with aryl
hydrocarbon hydroxylase activity. The inclusion of cytochrome

b5 may well raise the activity of reconstituted cytochrome
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P-450A above the limits of detection in several substrate
assays.

Chapter 4 will summarize the progress this thesis
research has made toward providing answers to the three
questions which I‘posed for investigation in Chapter 1.
Further, there are new questions, as always, which have been

raised by these contributions and these are entertained.
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FOOTNOTES

1., The fruits of working part-time for two days had a street

value of $8¢00 at Pierce Chemical Co.'s asking price ($50 per

mg). As an added bonus the synthetic material was pure, unlike
the sample purchased from Pierce.

2. A different experiment with 18 pmol scup cytochrome P-4508E
and 15 pmol rat NADPH-cytochrome P-4508 reductase indicated
that the activity was linear for at least 60 min.

3. These rates do not correspond to the units of Stegeman and
Woodin (1980) which were measured planimetrically.

4, 2-Hydroxyacetanilide (R, = 6-7 min) appears to be unstable
in the acetonitrile/water solvent system and chromatographs
poorly. However, other experiments using the traditional
methanol/water system show that neither microsomes nor the
reconstituted forms produced detectable 2-hydroxy- or
3-hydroxyacetanilide, as noted in the results section. These
observations nominate 3-hydroxyacetanilide as a useful
internal standard although it was not used as such in this
study.

5. Significant rate deviations were recorded at microsomal
protein concentrations below 5 ug/ml.

6. No difference was found in preliminary reconstitution
experiments between purified rabbit and rat liver microsomal
cytochrome bs.
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CHAPTER 4

SUMMARY :

THE HEPATIC MONOOXYGENASE SYSTEM OF SCUP

The original intention of this research project was to
purify and characterize the monooxygenase components in the
liver microsomes of a marine fish. I planned to investigate:
the nature of the cytochrome(s) P-450 which catalyzed BP-0H;
the catalytic activities of the remaining isozymes; and how
these activities might be related to induction in the field
(see Chapter 1, scope of thesis research). The rationale was
to gain biochemical insight into aryl hydrocarbon
hydroxylating activities which are relevant to the
environmental toxicology of coastal marine populations exposed
to hydrocarbon pollutants., The comparative biochemical
aspects of the monooxygenase characterization were attractive
because at the outset no monooxygenase from a lower animal had
been dissected thoroughly. 1In support of the third objective,
this study also sought to more rigorously establish the
likelyhood of environmental induction in the field by direct
immunoquantitation if possible. Unfortunately, this final
goal has not yet been fully realized. The means for the task

are now available but not the time.
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Resolution and purification of scup hepatic microsomal
cytochromes P-458 clearly demonstrates the existence of four
cytochrome P-458 forms; probably there are several additional
isozymes present. The extent of microsomal cytochrome P-458
diversity expressed in a given species is still controversial
although there is convincing evidence for at least seven forms
in rabbit liver (Koop et al., 1981; 1982), and eight forms in
rat liver (Guengerich et al., 1982a), as summarized in Table
1-2. The cytochrome P-450 forms which I find (speaking as a
biologist) to be "interesting” in fish at the moment, are
those with identified functions i.e. pollutant metabolism and
steroid hydroxylation. Naturally, I do not wish to exclude
the metabolism of other xenobiotics (flavones, safroles) or
endogenous molecules (vitamin D, bile acids, prostaglandins,
fatty acids) but so little is known in these areas that it is
hardly worth speculation.

I believe that with regard to aromatic hydrocarbon
metabolism in scup hepatic microsomes the picture is now quite
clear from this work. Cytochrome P-450E is the isozyme
principally responsible for the aryl hydrocarbon (benzol[a]~-
pyrene) hydroxylase activity in liver microsomes. Three lines

of evidence support this assessment:

l. The ability of reconstituted cytochrome P-45¢E to
metabolize benzo[alpyrene and 7,8-benzoflavone (Table
3-2; Figure 3-6) is consistent with the benzolalpyrene

hydroxylase inhibition by 7,8-benzoflavone observed in
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microsomes, Cytochrome P-450E is a more efficient
catalyst of BP-OH than cytochrome P-450A, P-450B and
fraction D by a factor of five-fold or more. Further, I
estimated that cytochrome P-450E constititutes 30-50% of
the hepatic microsomal cytochrome P-450 complement in

field samples (Table 2-2 and Figure 2-6).

2, The suite of benzo[a]pyrene metabolites formed by
reconstituted cytochrome P-450E (Table 3-3 and Figure
3-5) shows a regioselective pattern of benzo-ring
oxidation similar to the product profile observed in
microsomal incubations (Stegeman et al., 198l1). However,
while the major benzo([alpyrene metabolizing form must
necessarily be similar to microsomes in BP-OH product
profile, this does not preclude other scup cytochrome

P-450 isozymes from producing the same pattern.

3. The 54,3006 molecular weight of the purified isozyme
(Figure 2-9) corresponds to that of the microsomal
hemoprotein associated with BP-OH activity in analysis of
individual scup sampled in the field (Stegeman et al.,

1981).

Thus I make the claim that by the criteria of both abundance
and catalytic efficiency purified scup cytochrome P-450E is
the major if not sole aryl hydrocarbon hydroxylase activity in

this teleost. The purification work also supports the
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correlation of a 54K hemoprotein with BP-OH activity in liver
microsomes (Stegeman et al., 1981).

Cytochrome P-450E appears to also be the major aromatic
hydrocarbon-inducible form in scup hepatic microsomes. The
evidence for this claim is indirect because I have not
purified cytochrome P-450E from chemically induced scup
livers. Nonetheless, I believe the data are convincing and no
great leap of faith is required. Cytochrome P-450E is
identical in molecular weight to the major scup microsomal
hemoprotein (54K) induced by 3-methylcholanthrene pretreatment
(Stegeman et al., 1981). The catalytic activities of
reconstituted cytochrome P-450E (Table 3-2) with
benzolalpyrene, 7-ethoxyresorufin, 7-ethoxycoumarin and
inhibition by 7,8-benzoflavone are entirely consistent with
the properties of hepatic microsomes isolated from chemically
induced scup (Stegeman et al., 1981) and other fish species
(Elcombe and Lech, 1979; James and Bend, 1980). Further, the
cytochrome P-45@E-carbon monoxide, reduced difference spectrum
with a maximum at 447 nm (Figure 2-19) readily accounts for
the blue-shift observed in the microsomal cytochrome P-450
difference spectrum after aromatic hydrocarbon induction in
several fish species-including scup (James and Bend, 198¢;
Stegeman et al., 1981). Finally, a datum I find most
compelling is the immunochemical similarity between scup
cytochrome P-458E and the trout aromatic hydrocarbon-inducible
cytochrome P-4560 TLM-4., Unlike scup cytochrome P-458E, trout

cytochrome P-450 TLM-4 is nearly undetectable in untreated
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liver microsomes and the induction is clearcutl.' The
immunochemicai studies with antibodies raised against both
scup cytochrome P-450E and trout cytochrome P-450 TLM-4
implicate cytochrome P-450E as the major aromatic hydrocarbon-
inducible form in scup. The fact that both antigens
cross-react in apparent lines of identity with either
antibody, while some other fish cytochromes P-458 (scup
‘cytochrome P-450A, Figure 2-20; trout cytochrome P-45¢ TLM-2,
Williams and Buhler, 1983a) are inactive, provides strong
evidence for structural similarities between scup cytochrome
P-450E and trout cytochrome P-450 TLM-4,

If scup cytochrome P-450E is the major hydrocarbon-
inducible form, then the abundance (38-58% of the total
microsomal cytochrome P-450) in field samples supports our
growing belief that feral scup exhibit activity levels
rivalling the maximally induced state. Studies exploiting
immunochemical techniques have demonstrated that after
intraperitoneal injection of 3-methylcholanthrene the major
aromatic hydrocarbon-induced cytochrome P-4580 form comprises
66-90% of the Long-Evéhs or Sprague-Dawley rat hepatic
microsomal cytochrome P-458 complement (Thomas et al., 1979;
Pickett et al., 1981; Guengerich et al., 1982b). This form
was elevated from 3% of the microsomal cytochrome P-458 in
untreated Sprague-Dawley rats while a more modest induction of
cytochrome P-45¢ LM-4 (from 22%) to 59% in New Zealand white

rabbits has been reported using an indirect immunoperoxidase
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method (Guengerich et al., 1982b).

Although I believe the scup populations I sampled were
environmentally induced, it is not yet possible to identify
the nature of the inducer. Coastal fish contain a plethora of
potential inducers including polychlorinated biphenyls.

Tissue residues of PCBs in scup sampled near New Bedford
Harbor, approximately 15 miles from my major collection site,
are 2-19¢ ppm wet weight (J. Farrington, personal
communication). This level of contamination could be
responsible for the apparent induction of cytochrome P-458-
linked activities in this species as it has been sufficient in

some other fish systems (Binder, 1982).

The catalytic activities of reconstituted cytochrome
‘P-450E relative to the other monooxygenase reconstitutions
show that cytochrome P-450E possesses all the enzymatic
activities associated with aryl hydrocarbon hydroxylase
activity including BP-OH, EROD, acetanilide hydroxylase and
7,8-benzoflavone hydroxylase (Table 3-2). For the present,
the data suggest that the EROD activity is restricted to
cytochrome P-450E while the bulk of these other activities are
also associated with -cytochrome P-450E.

Early work analyzing individual scup livers for
microsomal monooxygenase characteristics (Stegeman et al.,
1981) had indicated EROD might not be directly associated with
BP-OH or lévels of the 54K microsomal hemoprotein. This

suggested to us that, while EROD activity was clearly linked
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with the aromatic hydrocarbon-induced state, the majority of
this activity might be mediated by a minor aromatic
hydrocarbon-inducible cytochrome P-450 form. The dramatic
cytochrome bg dependence of EROD activity in reconstitutions
of purified scup cytochrome P-450E (Table 3-5) provides a
ready explanation for the apparent dissociation between EROD
and BP-OH microsomal monooxygenase activities. It is
plausible that cytochrome b5 is a partially rate~-determining
component for EROD activity in microsomes under some
conditions. The differences in the apparent degree of EROD
and BP-OH activity induction (James and Bend, 1980; Stegeman
et al., 1981), assuming a single cytochrome P-458 catalyst,
could be a reflection of cytochrome b5 involvement in
microsomal monooxygenase metabolism. Although cytochrome b5
was not assayed in the earlier study with scup there is a
precedent for cytochrome b5 induction (three-fold) by aromatic
hydrocarbon pretreatment in croaker (Stegeman, 1981).

Scup cytochrome P-458E is similar catalytically to its
isozyme equivalent in trout liver microsomes. Cytodhrome
P-45¢ TLM—42 has been purified from 5,6-benzoflavone~-treated

rainbow trout (Salmo gairdneri) to a specific content of 11

nmol/mg (Williams and Buhler, 1982). Reconstituted trout
cytochrome P-45¢ TLM-4 hydroxylated benzo[a]lpyrene with a
turnover number over 1 min~} and was inhibited ca 70% by 100
uM 7,8-benzoflavone (Williams and Buhler, 1983b). EROD
activity with reconstituted trout cytochrome P-458 TLM-4 was

2.3 min-1 (Williams and Buhler, 1983b) yet I suspect it is
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also problematic and cytochrome bs—dependent. The trout
cytochrome P-450 TLM-4 difference spectrum was blue-shifted to
near 447 nm like scup cytochrome P-450E.

Purified trout cytochrome P-458 TLM-4 had a molecular
weight near 57,0080 (like the major aromatic hydrocarbon-
inducible microsomal hemoprotein in trout; Williams and
Buhler, 1982; Elcombe and Lech, 1979) suggesting it is
somewhat different from scup cytochrome P-458E. These
differences were confirmed by peptide mapping in comparison to
the purified scup cytochrome P-450 forms (Figures 2-18 and
2-19). The differences in primary structure of the scup and
trout cytochrome P-450 forms contrasts with the immunochemical
similarities found to exist (Figure 2-28). This
immunochemical identity was rewarding in view of reports that
rabbit and rat cytochromes P-458 cross-react poorly in
Ouchterlony gels (Thomas et al., 1976a; 1976b), because scup
(order Perciformes) and trout (order Salmoniformes) are
distantly related fish species. These observations with
antibodies to scup cytochrome P-458E then hold out the
potential for using immunochemical probes of these
determinants for studies in other fish species.

Several applications for antibody directed against scup
cytochrome P-450E come to mind. First, field studies in feral
scup to quantitate levels of cytochrome P-450E can more
directly investigate correlations of BP-OH with tissue PCB

residues or other indicators of exposure. Second, more
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extensive investigations of Fundulus sp. populatjons at
chemically defined environmental sites can be pursued.
Fundulus sp. offer the advantages of a restricted geographical
range and the opportunity for laboratory breeding or rearing
studies to confirm hypotheses and control for genetic
components to variability. Third, cytochrome P-450E
determinants could be surveyed in deep sea fish (Stegeman,
1983) or other species of interest such as winter flounder
(Stegeman and Woodin, 1983). Nor is the list of experimental
applications limited to the ideas above.

While scup cytochrome P-450E had the greatest aryl
hydrocarbon hydroxylase activity of the four reconstituted
forms, the nature of cytochrome P-450A has been an enigma to
me. Cytochrome P-458A had a catalytic profile identical to
cytochrome P-450E but exhibited only about 20% the activity
with the exception of testosterone hydroxylase activity. The
similarities in UV-visible spectrum and denatured molecular
weight were sufficient to raise the spectre that cytochrome
P-4506A might be a modified form or derivative of cytochrome
P-450E. 1In order to discredit that proposal I established
that cytochromes P-450E and P-450A have distinct primary
Structures as judged by proteolytic peptide mapping (Figures
2-18 and 2-19). Further, rabbit antisera to cytochrome P-450E
did not cross-react with cytochrome P-45pA implying that
extensive immunochemical similarities do not exist between the

two scup isozymesB.
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An appealing correlation with the literature emerged
after I had established that cytochromes P-450A and P-450E
were genﬁinely different cytochrome P-450 forms. A second
aromatic hydrocarbon-inducible cytochrome P-458 exists in rats
(Goldstein et al., 1982; Guengerich et al., 1982a; Parkinson
et al., 1983) which is also induced by isosafrole (Ryan et
al., 1988; see P-458d, Table 1-2). One property of this
so-called minor inducible form is elution from DEAE-cellulose
under low salt conditions analogous to the observations with
scup cytochrome P-450A, Further, the rat minor inducible form
has a blue-shifted CO, reduced difference spectrum and a
molecular weight (52-53K) slightly lower than the major
cytochrome P-458 induced by 3-methylcholanthrene pretreatment.
Monooxygenase reconstitutions of purified isosafrole-induced
rat cytochrome P-458d have low but real BP-OH or ECOD
activity, and proficiently hydroxylated testosterone at the 68
position (Ryan et al., 1980). These physicochemical
properties are shared by scup cytochrome P-450A and justify
the hypothesis that cytochrome P-458A is a minor form induced
by aromatic hydrocarbons in scup liver in strict analogy to
the minor inducible form in mammals. While I have never
treated scup with isosafrole, the compound is an active

inducer in rainbow trout (Vodicnik et al.,, 1981).

The physicochemical and catalytic data on the scup NADPH-
cytochrome P-450 reductase are all consistent with the notion

that both the structure and function of this enzyme are highly
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conserved over broad taxonomic lines. It would be useful to
perform peptide mapping on scup and mammalian NADPH-cytochrome
P-450 reductases to probe for sequence homologies as a test of
these theories. The reasons for this possible functional
conservation are not known precisely but they could be
rationalized as reflecting the lack of a diréct catalytic
responsibility for monooxygenase substrate specificity. A few
minimal structural requirements would seem to exist if the
only physiological role for the NADPH-cytochrome P-450
reductase is the function as an attendant, for the purpose of
relaying reducing equivalents from NADPH to the hemoprotein.
The cytochrome P-450 reductase must possess the binding sites
for NADPH and both flavins and the appropriate domains for
interaction with cytochromes P-45¢ and membrane lipids. It is
tempting to speculate that all microsomal NADPH-cytochrome
P-450 reductases characterized to date, represent this
optimized minimum, from which stems their perceived
conservation of structure and function., The mechanism of
enzymatic cytochrome P-458 reduction is understood in some
detail from studies in rat and rabbit liver systems (Oprian et
al., 1979; Vermilion ét al., 1981; Iyanagi et al., 1981).
These mammalian NADPH-cytochrome P-450 reductases deliver two
electrons in single electron transfer steps at nearly equal
mid-point potentials during the catalytic cycle. It can be
argued that these similar mid-point potentials represent the
complete optimization of function for this enzyme. The

postulate of a single function for the NADPH-cytochrome P-450
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reductase may be an over simplification; other physiological
functions may exist for the enzyme in liver or other tissues.
This array of potential activities includes reduction of
guinones in hepatic tissue and participation in the production
of activated oxygen intermediates in circulating leukocytes.,
The literature is not yet rotund with the
characterizations of microsomal cytochromes P-450 isolated
from aquatic species (see Table 1-3). Seminal wérk in little

skate, Raja erinacea, demonstrated the existence of multiple

cytochrome P-450 forms in a fish séecies (Bend et al., 1973;
1979). One of these partially purified cytochrome P-459
fractions possessed aryl hydrocarbon (benzo{a]pyrene)
hydroxylase when reconstituted. A highly purified preparation

(14 nmol/mg) from spiny lobster, Panulirus arqus, has been

characterized (James and Little, 1980).‘ This cytochrome P-454¢
D1 fraction was active in the 16a hydroxylation of
progesterone (30 min_l) and testosterone (2 minnl; James and
Shiverick, 1983) when reconstituted with pig liver NADPH-
cytochrome P-450 reductase. These data suggest a role in
steroid metabolism4 for spiny lobster cytochrome P-458
fraction D1 although the cytochrome P-45¢ form was inactive in
the hydroxylation of the arthropod molting hormone ecdysone.
More recently multiple cytochrome P-45@8 forms have been
resolved from 5,6-benzoflavone~-treated rainbow trout, Salmo
gairdneri (wWwilliams and Buhler, 1982; 1983b). 1In addition to
cytochrome P-450 TLM-4 (discussed earlier in this thesis, see

footnote 2), a cytochrome P-45¢ TLM-2 has been resolved which
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is physically, immunochemically and catalytically\distinct
from isozyme TLM-4 (Williams and Buhler, 1983a).  Elaborate
characterization for cytochrome P-458 TLM-2 has not yet been
published although it is reported to activate aflatoxin to
mutagenic species (Williams and Buhler, 1983c).

Many open questions remain in aquatic molecular
toxicology. These research problems should prove amenable to
approaches outlined herein, based on a reliable technique to
resolve multiple cytochrome P-458 isozymes from untreated
fish. One emphasis of research in the future will certainly
involve a definition of the interactions between steroids and
xenobiotics through influences of induction, inhibition and
patterns of metabolism (Colby, 1980). The reproductive status
of an individual fish probably impacts on its ability to clear
foreign compounds and may determine the ultimate toxicological
effect of pollutants. Conversely, the inducing effects of
aromatic hydrocarbons may represent a destabilizing factor in
the steroid balance of an individual at a critical stage in
its development. These complex phenomena are under current
investigation (e.g. Hansson et al., 1988; Stegeman et al.,
1982a). Surely the importance of hepatic monooxygenase
systems transcends their role in the activation of foreign
compounds and further progress can be expected in the
hydroxylation of endogenous substrates.

An important question in the toxicology of aquatic
organisms is the complete absence of an induction response to

phenobarbital treatment in hepatic microsomal studies (Bend et
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al., 1973; Elcombe and Lech, 1979; Balk et al., 1988). A
variety of PB-type inducers are also ineffective (reviewed by
Stegeman, 1981). This raises the questions of whether the
structural gene is missing in aquatic organisms, or whether
the mechanism of induction might be fundamentally different or
absent. The availability of cDNA clones derived from
transcripts of mammalian cytochrome P-458 genes affords one
experimental tool to probe this question. Screening with a
mammalian cDNA for homologies in a fish genome could provide a
clue to whether the PB-inducible cytochrome P-458 gene
equivalent is present in fish genomic DNA. Alternatively, the
purification of fish cytochrome P-458 forms may yet yield an
isozyme with catalytic properties similar to the major
PB-inducible cytochrome P-45@¢ form in mammals i.e. potent
aflatoxin activations, high N-demethylation activity and/or
sensitivity to turnover-dependent inactivation by barbiturates
(Waxman and Walsh, 1982). To this end I have sought among the
resolved scup cytochrome P-450 forms to reconstitute the
monooxygenase activity for aminopyrine N-demethylation without
notable success. This activity exists in scup liver
microsomes and no doubt is present in some of the
reconstitutions but at a level beneath current reliable limits
of detection.

The role of microsomal monooxygenase activities in
extrahepatic tissues is intriguing. These studies are
generally limited in scope until the experimental methodology

has been practiced in liver, because microsomes are less
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abundant in extrahepatic tissues and monooxygenase activities
are typically low. One exception to this generalization is
the high benzphetamine N-demethylation activity of sheepshead
and black drum gill microsomes (James et al., 1979).

Induction of monooxygenase activities in the extrahepatic
tissues of aquatic species is also a sadly néglected field
with few reports (i.e. James and Bend, 1989). Scup heart
microsomes present another fascinating problem -- the levels
of cytochrome P-450 are relatively high (8.2 nmol/mg) but the
monooxygenase activities measured to date have been very low
(Stegeman et al., 1982c). We are now in a position to
supplement heart microsomes with purified scup
NADPH-cytochrome P-458 reductase and/or purified scup
cytochrome b5 in order to discover potentially limiting
monooxygenase components., Further, the application of
antibodies to scup cytochrome P-450E may reveal the expression
of these cytochrome P-450 antigenic determinants in heart or
other extrahepatic tissues., Thus, this thesis project rather
than merely closing a chapter of research, has opened a new
volume of research problems to be investigated by other sturdy

experimentalists,
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Footnotes

1. Recently immunochemical data was presented by Williams and
Buhler (Second International Symposium on Responses of Marine
Organisms to Pollutants) showing that trout cytochrome P-450
TLM-4 was induced 100-fold by aromatic hydrocarbon
pretreatment.

2, ©See footnote 12, Chapter 2 for an explanation and
reconciliation of the nomenclature. TLM-2 is a 54K cytochrome
P-458 which is inactive with benzo[alpyrene when
reconstituted. At the Second International Symposium on
Responses of Marine Organisms to Pollutants held in Woods Hole
on April 27-29, 1983 it was agreed to refer to scup cytochrome
P-450E and the 57K cytochrome P-458 purified from trout liver
(TLM-4b) as the apparent major 3-methylcholanthrene-inducible
forms in these species. It is anticipated that this
concession will ease some potential confusions until a proper
standardization can be reached.

3. There are several caveats to this assertion, First, the
concentration of cytochrome P-458A in the Ouchterlony gel
(Figure 2-20@) may have been insufficient to form an impressive
precipitin line if the recognition reaction occurred; although
other experiments with increased concentrations of P-450A
argue against that possibility. Second, the Ouchterlony was
performed in #.2% Emulgen 911 and there are reports (Thomas et
al., 1983) that purified isosafrole-induced rat liver :
cytochrome P-4506d reacts poorly in the presence of Emulgen.

4. The physiological meaning of testosterone metabolism by
hepatic microsomal monooxygenases is believed to involve the
inactivation of the hormone. I view testosterone as a model
steriod nucleus with the sites of oxidation potentially
applicable to other steriod molecules., The idea that sites of
oxidation by a cytochrome P-458 form are common to multiple
steroid substrates is supported by the study with spiny
lobster cytochrome P-458 fraction D1 (James and Shiverick,
1983) and other investigations (Waxman et al., 1983).
Moreover, the multiple products derived from testosterone are
useful to identify and distinguish various cytochrome P-458
isozymes by what some investigators characterize as a
testosterone hydroxylase "fingerprint."
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5. Aflatoxin is a potent hepatocarcinogen in trout (Lee et
al., 1968) and this species is particularly sensitive to AFBl
carcinogenicity. Scup microsomes are not proficient at the
activation of aflatoxin to mutagenic derivatives (Stegeman et
al,, 1982b) although this would be consistent with aflatoxin
metabolism at sites other than the 2,3 double bond (J. J.
Stegeman, personal communication) which is involved in
formation of the ultimate mutagen.
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CHAPTER 5

APPENDIX

I. Monoclonal Antibody Probes

Park et al. (1982) have described several IgG-producing
hybridoma clones raised against the major aromatic hydrocarbon
(3MC) -inducible cytochrome P-450 purified from rat liver. The
ascites fluids isolated from mice bearing these implants were
reactive with the 3MC-P-450 antigen either in its purified
form or in aromatic hydrocarbon-induced rat liver microsomes
but not in untreated or phenobarbital-induced rat liver
microsomes. The BP-0OH or ECOD activities of 3MC-induced rat
liver microsomes were inhibited 7@—8@% by appropriate
dilutions of these monoclonal antibodies (Park et al., 19825.
I performed assays for antibody inhibition of reconstituted
catalytic activity with purified scup cytochrome P-458E. My
studies sought to determine whether these rat liver 3MC-
inducible cytochrome P-458 antigenic determinants were present
in purified scup liver cytochréme P-450E in support of Dr.
Stegeman's investigations with untreated scup and 3MC-induced
trout liver microsomes,

5,6-Benzoflavone-induced rat liver microsomes were the
generous gift of Professor M. Marletta, Department of

Nutrition and Food Science, MIT. We obtained two active
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clones (1-7-1p2 or 1-7-1p3 and 1-8-1p2 or 1-8-1-2pl@) raised
against the 3MC-inducible rat liver cytochrome P-=458 and a
control clone (NBS 1-48-5p28) from Dr., H., V. Gelboin, NIH,
The effects of these antibodies on monooxygenase metabolism
was assessed using the ECOD and BP-OH catalytic assays.
Standard assay conditions were chosen (see Chapter 3)
utilizing 20 pmol cytochrome P-458 (ECOD) or 8 pmol cytochrome
P-45¢ (BP-OH). For reconstitution experiments 1.5 equivalents
- of purified rat NADPH-cytochrome P-450 reductase and 5 ug DLPC
per ml were included. 1Incubations were held for 15 min at
room temperature with antibody followed by NADPH addition for
initiation of the catalytic assay at 3¢° for 30 minutes. ECOD
assays were performed in duplicate and boiled blank values
were subtracted. Complete BP-OH assays were performed in
triplicate and duplicate boiled blank values were subtracted.
The results of these antibody inhibition studies are
summarized in Tables 5-1 through 5-4., Scup hepatic microsomal
mbhooxygenase activity was uneffected by antibody
concentrations 10- to 10@-fold higher than the levels
effective in aromatic hydrocarbon-induced rat liver
microsomes., The lack of inhibition in the purified
reconstituted scup cytochrome P-450E monooxygenase system
confirmed that these antigenic determinants were not merely
latent in scup hepatic microsomes, It was concluded that at
least some antigenic determinants which are important to
catalytic activity in rat 3MC-cytochrome P-450 are absent from

the the cytochrome P-458 equivalent in scup.
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TABLE 5-1

Effect of Monoclonal Antibodies on the Microsomal a

ECOD Activity of 5,6-Benzoflavone-treated Rat Livers

%, no Ab

Reaction Conditions I 11 I1I

complete (no additions) 108 (3.2) 108 (4.9) 100 (4.6)

#.1 ug NBS (control) 100 104 192
6.1 ug 1-7-1p2 84 62
.1 ug 1-7-1p3 67 68
#.1 ug 1-8-1p2 52 45
8.1 ug 1-8-1-2pl@ 52
1.8 ug NBS {(control) 1090
1.0 ug 1-7-1p3 48
1.0 ug 1-8-1-2plo 48
10 ug NBS (control) 94 1@6
16 ug 1-7-1p2 46 42
16 ug 1-7-1p3 51
160 ug 1-8-1-2plo@ 47

3The results of three experiments are displayed. The concentration
of antibody is expressed as ug protein per pmol cytochrome P-454.
The absolute rate in nmol product/nmol cytochrome P-458/min is
given in parenthesis beside the control for each experiment,
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TABLE 5-2

Effect of Monoclonal Antibodies on the
ECOD Activity of Feral Scup Liver Microsomes

%, no Ab

Reaction Conditions 1 11
complete (no additions) 108 (1.0) 100 (1.4)
8.1 ug NBS (control) 193 187
.1 ug 1-7-1p2 97 197
.1 ug 1-7-1p3 96
.1 ug 1-8-1p2 96
.1 ug 1-8-1-2plé 103

1.8 ug NBS (control) 185

1.0 ug 1-7-1p2 104
1.8 ug 1-7-1p3 198

1.4 ug 1-8-1-2pl14@ 100

13 ug NBS (control) 111
16 ug 1-7-1p3 111
13 ug 1-8-1p2 100

3The results of two separate experiments are displayed.
The concentration of antibody is expressed as ug protein
per pmol cytochrome P-458, The absolute rate in nmol
product/nmol cytochrome P-458/min is given in parenthesis
beside the control for each experiment,
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TABLE 5-3

Effect of Monoclonal Antibodies on the ECOD

Activity of Reconstituted Scup Cytochrome P-450E°

%, no Ab

Reaction Conditions I II
complete (no additions) 19¢ (2.2) 108 (2.2)
#.1 ug NBS (control) 160 95
f.1 ug 1-7-1p2 180
.1 ug 1-7-1p3 99 100
8.1 ug 1-8-1p2 98
.1 ug 1-8-1-2ply 99

1.9 ug NBS (control) 98

1.0 ug 1-7-1p2 98
1.0 ug 1-7-1p3 191

1.4 ug 1-8-1-2pl@ 1901

19 ug NBS (control) 44
10 ug 1-7-1p3 39
10 ug 1-8-1p2 41

®The results of two experiments are displayed. The
concentration of antibody is expressed as ug protein per
pmol cytochrome P-458. The absolute rate in nmol
product/nmol cytochrome P-45@8/min is given in parenthesis
beside the control for each experiment.
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TABLE 5-4

Effect of Monoclonal Antibodies on the BP-OH
Activity of Reconstituted Scup Cytochrome P-458E

Reaction Conditions . %, no Ab
complete (no additions) 106 (9.29)
#.1 ug NBS (control) 102

.1 ug 1-7-1p2 104

2.1 ug 1-7-1p3 111

#.1 ug 1-8-1-2plo 1¢1

1.0 ug NBS (control) 181

1.0 ug 1-7-1p2 93

1.8 ug 1-7-1p3 , 94

1.0 ug 1-8-1-2pl@ 104

%The concentration of antibody is expressed as ug
protein per pmol cytochrome P-450, The absolute
rate in nmol product/nmol cytochrome P-458/min is
given in parenthesis beside the control for the
experiment.
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I1. Suicide Inactivation of Scup Microsomal‘Cytochromes P-450

A suicide substrate is an innocuous molecule which is
recognized by an enzyme as a substrate. During the process of
enzymatic turnover the suicide substrate forms a highly
reactive intermediate which inactivates the enzyme typically
by covalent modification (reviewed by Walsh, 1982), Recently
several additional compounds have been reported to behave as
suicide substrates for microsomal monooxygenases (Ortiz de
Montellano and Mathews, 1981; Ortiz de Montellanc et al,,
1981; Reichhart et al., 1982)., The compounds which were
appealing to me were structures which offered some possible
specificity for the cytochromes P-450 which metabolized
aromatic hydrocarbons. The two compounds below, obtained from
Dr. P. R. Ortiz de Montellano, Department of Pharmaceutical

Chemistry, UCSF, fit this description:

N\
% ~
| N/
NHo !
NH2
l-aminobenzotriazole 2,3-naphthoaminotriazole
(ABT) (NAT)

The proposed mechanism of cytochrome P-450 inactivation

involves hydroxylation of the exocycylic nitrogen in both
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cases, followed by decomposition to two molecules of N, and a
benzyne or naphthyne moiety. The latter compound is highly
reactive and i{is believed to insert into the porphyrin ring
system of the hemoprotein (Ortiz de Montellano and Mathews,
1981).

The loss of scup microsomal cytochrome P-458 upon
incubation with inhibitor and NADPH was detectable
spectroscopically. The CO-reducible cytochrome P-458 was
assayed after 15 min at 3¢° c in 8.1 M Tris-Cl, pH 7.5,

containing 20% glycerol and #.5 mM NADPH (see Chapter 2).

Cytochrome P-458

microsomes 20.2 nmol/ml
microsomes + NADPH + MeOH 18.9
microsomes + NADPH + 106 uM ABT 16,2 = 83%
microsomes + NADPH + 188 uM NAT 12.7 = 65%

The time-dependent loss of catalytic activity was
followed by performing an incubation with scup microsomes,
NADPH and the inactivator. An aliquot was withdrawn at
various time points for routine catalytic assay (Chapter 3).
The results of these incubations followed by assay of residual
microsomal EROD or ECOD activity are summarized in Tables 5-=5
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TABLE 5-5

Time-dependent Loss of Scup Microsomal
7-Ethoxyresorufin O-Deethylase Activity

% Residual Activity

{NAT], uM
time ] 4 5 6.6 1@ 20
¢ min 99® 96 118 83 111 96
5 167 37 46 32 26 17
10 187 23 28 18 12 9.6
15 98 13 17 11 7.8 4.3
20 9¢ 12 12 8.7 6.5 2.9
25 96 1@ 11 7.5 5.2
30 93 7.9 9.6 5.3

[ABT], uM

) S 66 100 200 400

¢ min 18¢° 163 88 182 82 73
5 91 73 73 87 61 56
18 94 58 59 52 45 42
15 76 68 53 34 24 31
20 86 58 39 32 22 23
25 87 46 37 29 19 18
30 94 35 35 22 19

qMicrosomes (1.2 uM cytochrome P-450) were incubated at
25° C with 8.5 mM NADPH in 8.5 ml of 8.1 M Tris-g8.1 M
NaCl, pH 8.8. An aliquot was withdrawn (final dilution
l:gﬂ) at the indicated times and assayed for activity at
257 C with 2 uM 7-ethoxyresorufin and @.5 mM NADPH by the
standard continuous spectrophotometric assay.

bThe control rate was 5.9 nmol product/nmol cytochrome

€Phe control rate was 6,1 nmol product/nmol cytochrome
P-4568/min.
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TABLE 5-6

Time-dependent Loss of Scup Microsoma]a
7-Ethoxycoumarin O-deethylase Activity

% Residual Activity

[NAT], uM
time a 5 10 20 . 33
g min 106° 1pe* l@e* 100* 190*
5 99 81 47 37 34
10 184 59 33 39 27
15 100 39 23 24 17
[ABT], uM
) 50 66 100 200
g min 108 104 95 92 93
5 97 94 77 75 70
10 98 73 63 60 53
15 1082 67 54 45 43

®Microsomes (8.8 uM cytochrome P-450) were incubated at
25°C with 8.5 mM NADPH in 0.5 ml of 6.1 M Tris-8.1 M
NaCl, pH 8.8. An aliquot was withdrawn at the indicated
times for a twenty minute standard catalytic assay (final
dilution 1:16) in 2.4 ml with 6.5 mM NADPH and 8.5 mM
7-ethoxycoumarin.,

bThe control rate was 1.7 nmol product/nmol cytochrome

®The control rate was 1.5 nmol product/nmol cytochrome

. *Arbitrarily set at 100% assuming competitive inhibition
accounts for the lowered activity from the control
incubation., The absolute rate of the zero time control
in the presence of 33 uM NAT was 78% of the rate in the
absence of NAT.



-245=-

My colleagues, Dr. Stegeman and Bruce Woodin, have also
established that NAT is a potent inactivator of microsomal
BP-OH in preliminary experiments. I quote their data
(Stegeman and Woodin, personal communication) here because it
is cogent., The standard radiometric BP~OH assay was performed
in 58 ul at 38° c using a five minute pre-incubation with
several concentrations of NAT. The control was concurrent

addition of NAT and benzo[alpyrene in the presence of NADPH,

[NAT], uM relative rate (%)
2 100
1 74
10 44
100 4
160, control 43

Three assumptions were made in the treatment of my
kinetic data: 1. Because the semi-log plots of residual
activity vs. time are not linear the the killing rate for the
first 5 minutes was chosen for calculating kobs from the

extrapolated half-life (where kobs = 0,693/t 2, The

.50
control activity losses were assumed to be negligible and were

ignored; 3. The killing process was assumed to cease upon

dilution for catalytic assay. With these major qualifications

-1 1

the replots of (kobs) vs (I} (Figures 5-1 and 5-2) yielded

the following:
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Figure 5-1, Replot of microsomal loss of EROD activity in the
presence of inactivators. A ko g was calculated from the
residual EROD activity after a Plve minute incubation with

NAT (@) or ABT (¢) as described within., The double reciprocal
plot was generated from incubations with various
concentrations of inactivator.
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Figure 5-2,
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residual ECOD activity after aogfv
NAT (@) or ABT (@) as described within.
plot was generated from incubations with various

concentrations of inactivator.
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was calculated from the
e minute incubation with

The double reciprocal
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EROD ECOD
NAT, K, 7 uM -1 © 12 uM
k .47 min .32 min
inact
ABT, K 160 uM _, 75 uM
k .12 min .14 min
inact

while these experiments were preliminary and the data was
subject to massive errors, it appeared that microsomal EROD
and ECOD activities were inactivated with identicalkkinetics
and that NAT was much more effective in this process, based on
both binding affinity and inactivation rate. Further, the
microsomal BP-OH activity was clearly susceptible to the same
type of inactivation. The observation that the total
microsomal cytochrome P-458 loss was much less than the
concomitant activity loss (at 100 uM NAT the EROD activity was
totally abolished within five minutes) and the low inactivator
Ky holds out the possibility of some inactivation specificity.

The inactivation susceptibility of microsomal
monooxygenase activities which are also associated with
reconstituted cytochrome P-450E suggested that cytochrome
pP-450E was a target for NAT (as I would hope). The
reconstituted system was subjected to a similar kinetic
analysis of catalytiq activity loss in order to test this
hypothesis. Recognizing the nonlinear time-dependence of
inactivation, I chose the effective five minute pre-incubation
time period and tested the dependence of inactivation on the
NAT concentration. It was not possible to assay dilutions of

the reconstituted monooxygenase system after incubation with
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inactivator for technical reasons. The results, as obtained,

are summarized in Table 5-7.
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TABLE 5-7

NAT-dependent Loss of Reconstituted Scup a
Cytochrome P-450E 7-Ethoxycoumarin O-Deethylase Activity

[NAT], uM relative rate (%)
) 66
5 55

19 39

20 36

33 28

aCytochrome P-450E was reconstituted in the standard
ECOD assay with 20 pmol cytochrome P-458, 36 pmol
purified rat NADPH-cytochrome P-450 reductase, 5 ug
sonicated DLPC per ml, 6.5 mM NADPH and variable NAT
in methanol in #.395 ml of #¢.1 M KP,, pH 7.8. The
reconstitutions were incubated for é minutes at 30

C and 5 ul of 7-ethoxycoumarin was added to a final
concentration of #.63 mM for a further ten minute
catalytic assay. As a control all assays were also
performed with inactivator and substrate added
concurrently to account for inhibition which is
assumed to be independent of NAT turnover. The
relative rate is the ratio of activity with and
without a five minute pre-incubation with
inactivator. The time zero control reconstitution
had a rate of 2 nmol product/nmol cytochrome
P-450/min.
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The dreaded auto-inactivation appeared to plague these
incubations at 3@0 C making the abstraction of kinetic
parameters tenuous. However, if the auto-inactivatioﬁ
background was ignored with the assumption that this was an
artifact under non-turnover conditions in the presence of
NADPH (the reconstituted system is thermally stable at 38° ¢
for at least twenty minutes and normally the ECOD activity is
linear for 68 min) then estimates of kc

min-l and 4 uM, respectively. The astonishing agreement with

at and Ki were @.23

the kinetic parameters obtained in microsomes is probably

fortuitous.
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