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Preface

The second NATO Advanced Study Institute on molecular aspects of drug
metabolizing enzymes, entitled Molecular Aspects of Oxidative Drug Metabolizing
Enzymes: Their Significance in Environmental Toxicology, Chemical
Carcinogenesis and Health was held in Kusadasi, Aydin-Turkey, June 20-July 2,
1993. Like the first NATO Institute, Molecular Aspects of Monooxygenases and
Bioactivation of Toxic Compounds, held in Cesme, Turkey, August 27-September 7,
1989, the present workshop provided background and current concepts necessary for
the understanding of the microsomal xenobiotic-metabolizing enzymes responsible
for the detoxification and activation of endogenous compounds that find their way
into the body. While the first workshop focused on endogenous substrates of the
drug metabolizing enzymes and external toxicants such as benzene and estrogenic
pesticides, the second workshop extended this theme to xenobiotic-metabolizing
enzymes in aquatic species, as well as to coverage of genotoxicity and chemical
carcinogenicity. h
Progress in the study of xenobiotic metabolizing enzymes in the four years

since the last NATO Institute on the topic has been rapid. As a result the lecturers
spent time updating the participants on the latest developments and concepts. The
rapid expansion of molecular biology into the fields of study of the xenobiotic
metabolizing enzymes has given insight into the regulation of these enzymes. The
development of heterologous expression systems has provided a basis whereby
functions of the enzyme systems can be probed and its impact studied in the living
cell. The growing recognition of the serious consequences of environmental pollution
has spawned a number of studies on the impact of environmental contaminants on
aquatic species, as well as the role of xenobiotic enzymes in chemical
carcinogenesis. This book comprises the proceedings of the meeting. The chapters
express the material covered by the lecturers, and contain sufficient background
information for the beginning student. At the same time, the material presented is up-
to-date, and we believe it will provide the latest information and citation to be of
benefit to person working in these areas.

E. Arinc

J. B. Schenkman

E. Hodgson
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Introduction to Cytochrome P450

John B. S8chenkman and Ingela Jansson
Department of Pharmacology
University of Connecticut

Health Center

Farmington,CT06030 USA

Introduction

Cytochrome P450 is the name first given provisionally to describe
a carbon monoxide-binding hemoprotein (Omura and Sato 1962), and
for what has become recognized as a superfamily of monooxygenases
found in just about every phylum in which the hemoprotein has been
sought (Nelson et al. 1993). To date, more than 220 different
cytochrome P450 genes have been identified, and, based upon
determined or deduced primary structures of the proteins, fit into
families of related and subfamilies of closely related enzymes,
many with quite esoteric actions (see Schenkman and Greim 1993).
Thirty six gene families have so far been described, 12 of which
exist in mammals and comprise 22 subfamilies (Nelson et al. 1993).
Most of the proteins when isolated were given common names.
However, as investigators often isolated and characterized forms
that turned out to be the same as forms isolated and named by other
groups, common name nomenclature became extremely complex, as some
forms of cytochrome P450 have as many as six common names. To
obviate confusion, today most people use the genetic nomenclature.
This nomenclature designates the gene family as an arabic
number,e.qg.,2, then a letter to designate the subfamily, if more
than one exists, e.g., B, then the individual gene number, e.g.,4.
Thus, if rabbit liver isozyme 2 (other common names include,LM2,
B0, and PB-1) was being designated, it would be 2B4, with the
prefix CYP designating CYtochrome P450, e.g., CYP2B4. Also used is
the designation P450 2B4.

The provisional name cytochrome P450 was designated to

indicate the hemoprotein was the microsomal pigment reported to
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absorb at 450nm when reduced and in complex with carbon monoxide
(Omura and Sato 1962). This absorption peak was unusual, because
hemoproteins usually absorb at around 400nm-425nm when reduced or
in complex with carbon monoxide. Cytochrome P450, even in the
reduced state, has an anomalous absorption spectrum; it lacks the
usual a- and f- bands. Further, in reduced minus oxidized
difference spectrum a broad anomalous absorption peak was seen at
around 440nm instead of a more usual Soret peak around 420nm (Omura
and Sato 1964). These reports from Sato’s laboratory were rapidly
followed by a paper showing cytochrome P450 to be the terminal
oxidase of a monooxygenase system (Estabrook et al. 1963). Since
these seminal papers thousands of reports have been published,
demonstrating a role for cytochrome P450 forms in steroid hormone
synthesis, drug detoxification, xenobiotic metabolism, and in

chemical and carcinogen activation.

Sstructure and multiple forms

Although the primary structure of more than 220 different
cytochrome P450 forms is now known, the three dimensional structure
of only one form has been determined, that of the bacterial
Pseudomonas putida, cytochrome P450.,, (Poulos et al. 1987). Another
bacterial cytochrome P450 has also just been crystallized,

cytochrome P450 and preliminary data suggests it differs from

terp !
cytochrome P450.,, (Boddupalli et al. 1992). A third bacterial
cytochrome P450 has also been crystallized, the hemoprotein domain
of the fusion protein cytochrome P450py;. This latter form of
cytochrome P450 is more like the eukaryotic microsomal forms of
cytochrome P450 with respect to redox partner use, and differs
enough from the bacterial forms to suggest it will_turn out to be
a better model than cytochrome P450.,, when its three dimensional
structure is completely worked out (Ravichandran et al. 1993).
Nevertheless, studies in which 35 mammalian forms of cytochrome
P450 were aligned to each other and with respect to the primary
sequence of cytochrome P450., revealed striking areas of similarity

(Nelson and Strobel 1988; Gotoh and Fujii-Kuriyama 1989). Examples



of alignment similarity are shown in Table 1. The actual residue

number (#) precedes the sequence; alignment numbers are bold.

Table 1. Alignment of 37 mammalian forms of cytochrome P450
with cytochrome P450. °

cam

species form gene # 490 500 510 520
® & & * *
rat c 1Al 453 LFGLGKRKCIGETIGRLEVFLFLAILLQQM
mouse Pl lal 453 LFGLGKRKCIGETIGRSEVFLFLAILLQQTI
human (o] 1Al 441 IFGMGKRKCIGETIARWEVFLFLAILLQRV
rabbit 6 1A1 446 LFGLGKRKCIAETIGRLEVFLFLATLLQQV
rat d 1A2 440 LFGLGKRRCIGEIPAKWEVFLFLAILLHQL
mouse p3 la2 440 LPFGLGKRRCIGEIPAKWEVFLFLAILLQHL
human 4 1A2 442 LFGMGKRRCIGEVLAKWEIFLFLAILLQQL
rabbit 4 1A2 442 LFGLGKRRCIGEILARWEVFLFLAILLQRL
rat b 2B1 421 PFSTGKRICLGEGIARNELFLFFTTILQNF
rat e 2B2 421 PFSTGKRICLGEGIARNELFLFFTTILQNF
rabbit 2 2B4 421 PFSLGKRICLGEGIARTELFLFFTTILQNF
rat a 2A1 422 PFSTGKRFCLGDGLAKMELFLLLTTILQNF
rabbit 3b 2C3 420 PFSTGKRACVGEGLARMELFLLLTTILQHF
rat f 2C7 420 PFSAGKRACVGEGLARMQLFLFLTTILQNF
rat pbl 2Cé 420 PFSAGKRMCAGEGLARMELFLFLTTILQNF
rabbit pcl 2C1 420 PFSTGKRVCVGEVLARMELFLFLTAILQNF
rabbit pc2 2C2 420 PFSTGKRVCVGEALARMELFLFLTAILQNF
rabbit ml ? 420 PFSAGKRICAGEALARTELFLFFTTILQNF
rabbit 1 2C5 417 PFSAGKRVCVGEGLARMELFLFLTSILQNF
rat 3j 2E1 422 AFSAGKRVCVGEGLARMELFLLLSAILQHF
human 3 2E1 422 PFSTGKRVCAGEGLARMELFLLLCAILQHF
rabbit 3a 2E1 422 PFSAGKRVCVGEGLARMELFLLLSAILQHF
chicken pbl 2H1 421 PFSAGKRICAGEGLARMEIFLFLTSILQNF
mouse c2l 2la-1 405 SFGCGARVCLGEPLARLELFVVLARLLQAF
human c2l1l 21A2 413 AFGCGARVCLGEPLARLELFVVLTRLLQAF
bovine c21 21A1 412 AFGCGARVCLGESLARLELFVVLLRLLQAF
human 1l7a 17 427 PFGAGPRSCIGEILARQELFLIMAWLLQRF
bovine 17 17 427 PFGAGPRSCVGEMLARQELFLFMSRLLQRF
rat pcnl  3A1 427 PFGNGPRNCIGMRFALMNMKLALTKVLQNF
rat pcn2 3A2 427 PFGNGPRNCIDMRFALMNMKLALTKVLQNF
human 1p ? 427 PFGSGPRNCIGMRFALMNMKLALIRVLQNF
human nf 3A3 426 PFGSGPRNCIGMRFALMNMKLALIRVLQNF
rat law 4A1l 440 PFSGGARNCIGKQFAMSEMKVIVALTLLRF
rabbit pPgw 4A4 437 PFSGGARNCIGKQFAMRELKVAVALTLVRF
human scc  11A 446 GFGWGVRQCLGRRIAELEMTIFLINMLENF
bovine scc 11A 445 GFGWGVRQCVGRRIAELEMTLFLIHILENF
bovine 118 11B 434 AFGFGVRQCLGRRVAEVEMLLLLHHVLKNF
P.putida cam 101 345 TFGHGSHLCLGQHLARREIIVTLKEWLTRI
* k *

a. Modified from Gotoh and Fujii-Kuriyama (1989).

The asterisks at the top and bottom of the table mark residues that



are 100% conserved, i.e., are present in all mammalian forms of
cytochrome P450 that were aligned it the study (Gotoh and Fujii-
Kuriyama 1989). In addition to these 100% conserved residues are
a large number of positions which contain conservative
substitutions, like a leucine-valine,or aspartate-glutamate, or a
lysine-arginine substitution. The sequence identity between the
different forms of cytochrome P450 is greater between members of
the same subfamily (>55% identical) than between members of
different subfamilies, and members of the same gene family share a
240% sequence identity. In some instances, different cytochrome
P450 proteins have been found with >95% sequence identity, as seen
with cytochrome P450 2Bl and 2B2 (Fujii-Kuriyama et al. 1982).
Instances of microheterogeneity have been suggested for rabbit
cytochrome P450 2B4, and three cDNA clones coding for the isozyme
2 (B0) and two other forms,Bl and B2, were identified. Cytochrome
P450 2B4 (B0) was found in the phenobarbital-induced rabbit, but
not as early as 12 hours after a single phenobarbital injection of
rabbits (Gasser, et al. 1988). The cDNA found after 12 hours,
called Bl, differed from BO by only 6 amino acids out of 491
residues, as compared with the third clone (B2), also found after
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Figure 1A-Separation of two forms of P450 2B4 from
phenobarbital-induced rabbit liver microsomes on carboxymethyl

S8epharose.



12 hours, which differed in 11 positions, or 2% (Gasser, et al.
1988) . While purifying cytochrome P450 2B4 from phenobarbital
induced rabbit liver microsomes, we noted that when the rabbits are
not fully induced by phenobarbital, instead of a single protein
band being isolated on carboxymethyl Sepharose CM-6B the cytochrome
P450 separated into two peaks (Fig.1a). We named the peaks LM2A
and LM2B. When the animals were fully induced (microsomal
cytochrome P450 >3nmol/mg) only LM2A was obtained. We isolated
IM2 from untreated rats, and to our surprise the purified
cytochrome obtained had a different elution pattern of on CM-
Sepharose that was indicative of still another form of cytochrome
P450 being present (Fig. 1B). The new form of cytochrome P450 was
named LM2C. The amino-terminal amino acid sequences of LM2A, LM2B,
and LM2C were identical for the first 24 residues, but on
metabolism of different substrates the ratios of activities were
strikingly different. From such data it is clear that gene
duplication has occurred. Even more interesting, the different

genes appear to be under different regulatory control.
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Figure 1B~ Comparison of elution of three purified forms of P450
2B4 from phenobarbital induced (A and B) and untreated (C)
rabbit liver microsomes on carboxymethyl Sepharose.



Reactions of cytochrome P450

A review of the types of reactions has recently appeared
(Guengerich 1993) in which the thousands of reactions have been
collectively grouped into six oxidative and one reductive types of
reaction mechanisms. The mechanism of action of cytochrome P450 is
not completely clear. Basically, the mechanisms can be viewed as an
attack by atomic oxygen on carbon or a heteroatom, with or without
rearrangement. In fact, cytochrome P450 has also been shown to
catalyze peroxidaﬁive—like reactions, e.g., dual hydrogen atom
abstraction as in conversion of testosterone to androstenedione
(Cheng and Schenkman 1983) or formation of AS-testosterone from

testosterone (Korzekwa et al. 1990)

Cytochrome P450 cycle

The activity of the cytochrome P450 monooxygenase system can be

described by the cytochrome P450 cycle. The cycle is shown in Fig.

P450 P450
i ks,
e 02
P450
30
Fe¥s P450 ' P450
ISz. M S 30 -
FpT Fe 02 Fe 02
SOH }
‘.
e" 02
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FE%-0H; P450,
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H,0 —|. +H0,
®  B¥on e

Figure 2-Cytochrome P450 cycle and its uncoupling.



2. The cycle is initiated by substrate binding to the oxidized, or
ferric form of cytochrome P450. An electron from NADPH-cytochrome
P450 reductase is transferred via the intramolecular flavins
(FAD~FMN) to the heme iron of cytochrome P450. Oxygen then binds
to the reduced hemoprotein, forming oxyP450, followed by input of
a second electron from NADPH-cytochrome P450 reductase to
cytochrome P450 for oxygen activation. Following input of this
second electron the oxygen picks up protons and disproportionates
into water (H,0) and the perferryl (Fe=0)Y hene. This is
essentially atomic oxygen stabilized by the ferric heme iron. It
is believed that this atomic oxygen then abstracts a hydrogen atom
from the substrate in juxtaposition [Fe=0 + HS - (Fe-OH)Y + ‘3],
and this is followed by reaction between the radicals, [Fe-OH'+S
-Fe+ SOH] forming the product.

As shown in Fig. 2, when substrate binds to cytochrome P450 it
perturbs the equilibrium between the 1low and high spin

— IOO i v ¥ T T T
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Figure 3~ Reduction of cytochrome P450 in liver microsomes under
carbon monoxide.
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configuration of the cytochrome. This spin equilibrium
perturbation has been shown to influence the midpoint potential of
the cytochrome P450 and its rate of reduction (see review,
Schenkman et al. 1982). Reduction of cytochrome P450 is not
monophasic, but in a semilogarithmic plot appears to resemble
biphasic kinetics (Fig. 3). Studies on the reduction kinetics
indicate that, at least with liver microsomal forms of cytochrome
P450, the fast phase of reduction correlates with a faster
disappearance of the ferric high spin form of cytochrome P450
(Backes et al. 1985).

In addition to catalyzing the monooxygenation reaction,
cytochrome P450 also releases hydrogen peroxide both in the
presence and absence of substrates. The ability of 1liver
microsomes to oxidize NADPH has been known since 1957, when this
H,0,-producing reaction was termed NADPH oxidase (Gillette et al.
1957) . Substrates of the microsomal monooxygenase system
differentially stimulate the production of H,0, in the microsomes
(Hildebrandt et al. 1973). Perfluoro-n-hexane, like a substrate of
the cytochrome P450 monooxygenase n-hexane, bound to cytochrome
P450 and caused a spin shift. However, unlike n-hexane perfluoro-
n-hexane is chemically inert and does not undergo metabolism by the
microsomal enzymes. Nevertheless, when added to microsomes it
increased both the rate of cytochrome P450 reduction and NADPH
consumption (Ullrich and Diehl 1971). The suggestion was made that
the different extents of H,0, production with different substrates
is indicative of different extents of uncoupling of the
monooxygenase.

According to the cycle shown in Fig. 2, two potential sites of
uncoupling of the monooxygenase exist. One of these is at the

oxycytochrome P450 site and the other is at the peroxycytochrome
P450 step, both shown equilibrating with arrows (¢). Based upon

superoxide dismutase (SOD)-sensitive reduction of succinylated
cytochrome ¢ and formation of lactoperoxidase compound III in a
reconstituted, partially purified system, it was suggested that
superoxide anion release followed by disproportionation to H,0,



occurs (Kuthan et al. 1978). However, neither we (Schenkman et al.
1978) nor others (Debey and Balny 1973) were able to detect O,
production by lactoperoxidase complex formation when microsomes
were incubated with NADPH. Instead, only the H,0,-lactoperoxidase
complex was seen to form. Oour data showed the NADPH-dependent
oxidation of epinephrine to adrenochrome by liver microsomes was
SoD-sensitive, indicating a role for superoxide anion in that
reaction. However, calculations based upon the rate of
adrenochrome formation and superoxide dismutation indicated the
steady-state levels of superoxide anion would not exceed 0.3uM, a
value too low to be a precursor of H,0,. Also, no SOD-inhibitable
nor anaerobiosis inhibitable reduction of succinylated cytochrome
c was seen (Jansson and Schenkman 1982), nor was SOD able to
influence the apparent rate of 0, consumption by liver microsomes
in an oxygen electrode (Schenkman et al. 1979). With cytochrome
P450,,,,
shown to break down slowly in the absence of additional reducing

the oxycytochrome P450 complex is stable, and has been

equivalents, presumably releasing O, (Peterson et al. 1972).

From such considerations it is considered more likely that the
source of H,0, is disassociation of the peroxycytochrome P450
complex. The oxygen at this redox state is a strong oxidant, and
after protonation would be expected to pull the equilibrium to the
right as in the equation below:

Felo, = Fello,ir = Fe + H),
In support of this suggestion the K, for H,0, in the hydrogen
peroxide~-supported N-demethylation of benzphetamine by purified
cytochrome P450 was 0.25M (Nordblom et al. 1976). This is more
than three orders of magnitude higher than the concentrations of
NADPH, O, or substrate needed to catalyze the monooxygenase
reaction.

Stoichiometry of P450 turnover

Studies on the stoichiometry of the cytochrome P450 driven
substrate metabolism indicated that the enzyme acts both as a

monooxygenase and an oxidase. In the latter reaction hydrogen
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peroxide is the product, and must be taken into account in any
stoichiometry calculations (Nordblom and Coon 1977; Jansson and
Schenkman 1981). In subsequent studies using the reconstituted
monooxygenase system with purified cytochrome P450 it was reported
that excess NADPH and O, were consumed, in a ratio suggestive of a
4-electron oxidase activity yielding water as the product (Gorsky
et al. 1984; Jansson and Schenkman 1987). The proportion of the
P450 catalytic activity going via the monooxygenase, 2-electron and
4-electron oxidase reactions varied with the different substrates

and cytochrome P450 forms investigated by the two groups.

Role of cytochrome b

Cytochrome bs; has been proposed to be involved in the
monooxygenase reaction. The effect of the hemoprotein was shown to
depend upon the form of cytochrome P450 and upon the substrate used
(Kuwahara and Omura 1980; Jansson et al. 1985). The effect of
cytochrome bs on the stoichiometry of aminopyrine demethylation was
investigated, and it was found that with rat liver microsomes the
NADH stimulation of the NADPH-supported reaction approximated an
increased rate of cytochrome bs; oxidation (Jansson and Schenkman
1981). Stoichiometry experiments were carried out with the
reconstituted monooxygenase system subsequently, and it was noted
that with rabbit CYP2B4 cytochrome bs; addition to the assay medium
caused a metabolic switching, increasing the proportion of the
monooxygenase reaction and decreasing the 2-electron oxidase
reaction (Gorsky and Coon 1986). This was confirmed (Jansson and
Schenkman 1987), and in addition it was shown that with a number of
other forms of cytochrome P450 no metabolic switching occurs on
addition of cytochrome b;. In agreement with our earlier
observations with rat liver microsomal aminopyrine demethylation
(Jansson and Schenkman 1981), the stoichiometries with the
reconstituted systems were satisfied by the sum of 2-electron
oxidase plus monooxygenase reactions, i.e., there was no excess
NADPﬁ and O, indicating no 4~ electron oxidation had occurred
(Jansson and Schenkman 1987).
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Cytochrome bs; is stimulatory of 7-ethoxycoumarin deethylation
by CYP2B4, and this stimulation was shown spectrophotometrically to
be due to complex formation between the two hemoproteins (Chiang
1981). Stimulation was also seen of the O-demethylation of p-
nitroanisole by CYP2B4 and CYP2Cll (Tamburini et al. 1985), and
binding of cytochrome bs to these forms of cytochrome P450 also
caused spectrally observable spin shifts. In both studies, binding
of cytochrome bs; caused increased affinity of the cytochrome P450
for its substrate. An enhanced binding was also seen of cytochrome
bs to P450 in the presence of substrate (Bonfils et al. 1981;
Tamburini et al. 1985). The complexation of the cytochrome P450
by cytochrome bs; was shown to require intact carboxyl groups on the
cytochrome bs;, but modification of the 1lysyl amino groups was
without effect on either the P450 spectrum or on substrate
metabolism (Tamburini et al. 1985). The addition of cytochrome bs
was shown not to affect the K, for substrate, but only the V
(Jansson, et al. 1985); 1In contrast, an earlier report (Chiang
1981) indicated that with CYP2B4 both the K, and the V_ ., values
were decreased and increased respectively with p-nitrophenetole or
7-ethoxycoumarin as substrates. The ability of cytochrome bs to
alter the spin equilibrium of cytochrome P450 varied with the P450
form. Further, not all of the forms of cytochrome P450 were
affected by cytochrome bs; when substrate turnover was examined
(Jansson et al. 1985), and with one form, rabbit CYP1A2 (LM4),
cytochrome b was reported to be inhibitory (Gorsky and Coon 1986).

The interaction between cytochrome bs and cytochrome P450
appears to be by a complementary charge-pairing mechanism involving
carboxyl groups of the acidic residues on cytochrome bs; and amino
groups on cytochrome P450. Increasing the ionic content of a
medium containing the two hemoproteins between 6 and 190mM
increased the dissociation constant for the interaction two orders
of magnitude, from 0.063uM to 2.32uM (Tamburini and Schenkman
1986), indicating an electrostatic interaction.. The crosslinking
reagent 1l-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC) is a
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water-soluble reagent frequently used to selectively form amide
bonds between complementary ion pairs; it has been called a zero-
distance crosslinking reagent because when it reversibly activates
a carboxyl residue, if a suitable nucleophile, like an amino group,
is close enough it will react and replace the carbodiimide. When
EDC was added to a mixture of cytochrome bs; and CYP2B4 it catalyzed
the formation of heterodimeric molecules composed of one cytochrome
P450 and one cytochrome by in covalent linkage (Tamburini et al.
1986). The covalent complex of the two hemoproteins was purified
and shown to be functionally active when combined with NADPH-
cytochrome P450 reductase and phospholipid (Tamburini and Schenkman
1987). Further, since the K, for NADPH-cytochrome P450 reductase
was unaltered, it was concluded that the binding site for the

reductase and for cytochrome bs on cytochrome P450 was different.

Mechanism of action of cytochrome b,

There have been a number of suggestions for the mechanism by
which cytochrome bs; stimulates substrate turnover. These range from
providing input of the second electron necessary for the
monooxygenation reaction, derived from NADH~-cytochrome bs; reductase
or NADPH-cytochrome P450 reductase (Hildebrandt and Estabrook
1971), to removal of active oxygen generated during uncoupling
(Staudt et al. 1974; Schenkman et al. 1976). In the complex system
of liver microsomes, a decline in the absorption of a 440nm peak
thought to be oxycytochrome P450 on addition of NADH was suggested
to be indicative of input of an electron from cytochrome bs; to the
oxXyP450 (Hildebrandt and Estabrook 1971). Electron transfer from
reduced cytochrome bs; to oxycytochrome P450 was subsequently shown
using purified, photoreduced cytochromes. and stopped flow
spectroscopy (Bonfils et al. 1981), and it was suggested (Gorsky
and Coon 1986) that the cytochrome bs; functions to enhance the
monooxygenase pathway over the autooxidative pathway by reducing
the oxycytochrome P450.

In order for cytochrome bs; to exert its stimulatory influence
on cytochrome P450-dependent monooxygenation the cytochrome bs must
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be capable of undergoing redox cycling. By replacing the heme
moiety of cytochrome bs; with manganese protoporphyrin IX, which is
very poorly reducible (Morgan and Coon 1984), it was found
(Tamburini and Schenkman 1987) that there was no change in the
binding affinity to cytochrome P450 2B4, but the stimulation of p-
nitroanisole oxidation to p-nitrophenol was lost. The question
then arose as to the source of electrons transferred by cytochrome
b; to the oxycytochrome P450. Although it was suggested earlier,
and is generally accepted, that cytochrome bs; provides the second
electron for the monooxygenase reaction, obtaining the necessary
electron from either NADPH-cytochrome P450 reductase of NADH-
cytochrome bs; reductase, in fact no direct evidence existed to
support or disprove this hypothesis. After isolation of the
cytochrome bs;-cytochrome P450 covalent complex, Tamburini and
Schenkman (1987) examined the nature of the interaction and route
of electron transfer. Cytochrome bs; has a number of anionic
carboxyl residues around its heme cleft that are utilized in
interaction with such redox partners as cytochrome c and NADH-
cytochrome b; reductase (Salemme 1976; Dailey and Strittmatter
1979). Neutralization of these residues, as by methylamidation,
prevented such interaction. Three carboxyl residues of acidic
amino acids and a heme propionic acid residue were shown to
interact with NADH-cytochrome by reductase (Dailey and Strittmatter
1979), as well as with NADPH-cytochrome P450 reductase (Dailey and
Strittmatter 1980). When crosslinked to NADPH-cytochrome P450
reductase cytochrome bs; did get reduced, but was unable to transfer
its reducing equivalents to cytochrome c, indicating it uses the
same acidic residues for orienting its redox center to its redox
partners (Nisimoto and Lambeth 1985). The same residues may be
involved in cytochrome bs; binding to cytochrome P450; In covalent
complex with CYP2B4 the cytochrome bs; was not reducible by
NADH-cytochrome bs; reductase, but was reduced by NADPH-cytochrome
P450 reductase at a rate considerably faster than possible for the
reductase to reduce cytochrome bs; in the absence of the cytochrome
P450. The results were taken to indicate that when bound to

cytochrome P450, cytochrome bs; obtains an electron by oxidizing the
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Figure 4- Cytochrome P450-cytochrome b; monooxygenation cycle.

reduced cytochrome P450 (see Fig.4). We postulate that the
cytochrome P450 cycle with forms of P450 that interact with
cytochrome bs; has the two hemoprotein complex serving as a 2
electron acceptor from the NADPH-cytochrome P450 reductase: Input
of an electron to cytochrome P450 is immediately followed by
oxidation of the cytochrome P450 by cytochrome bs, and re-reduction
of the cytochrome P450 by the NADPH-cytochrome P450 reductase.
oxygen then binds to the reduced cytochrome P450 (since cytochrome
bs can only accept one electron) and the oxycytochrome P450 (redox
potential about +50mV (Guengerich 1983)) now oxidizes the ferrous
cytochrome bs; (redox potential +5mV) to form the peroxyP450 state
(Fig. 4). In the absence of cytochrome bs; P450 requires two
interactions with the reductase to obtain the two needed electrons
(see center of Fig.4).
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The cytochrome by binding site on cytochrome P450 is at present
unknown. However, circumstantial evidence would place it somewhere
near or overlapping residue S128 of CYP2B4. A number of papers
have appeared in the past few years indicating that several forms
of cytochrome P450 are phosphorylatable by the cAMP-dependent
protein kinase (Pyerin et al. 1983; Jansson et al. 1987), which has
the substrate recognition sequence RRXS. This sequence is found
on a number of forms of cytochrome P450. It is found intact in
many proteins of P450 family 2, 2A1, 2A3, 2B1, 2B2, 2B4, 2Cl1, 2Di,
2D2, 2E1 and 2G1l as well as 2C1l, 2C2, 2C3 and 2C5, and is modified
somewhat in other forms of cytochrome P450. Cytochrome bs; binding
to cytochrome P450 interfered with phosphorylation by the cAMP-
dependent protein kinase (Jansson et al. 1987), and the
phosphorylation of forms of cytochrome P450 were competitively
inhibited by cytochrome bs; binding (Epstein et al. 1989). From these
studies it was inferred that the cytochrome bs; binding site on
cytochrome P450 overlapped the region containing the sequence RRFS,
where the serine was residue 116 to 130 in most forms. In
agreement with this suggestion, arginine 129 adjacent to serine 131
in mouse Cyp2a-5 was shown to be necessary for the binding of
cytochrome bs; to the cytochrome P450 (Juvonen et al. 1992).
Although cytochrome P450,, also contains the sequence RRFS, the
serine is at residue 293, and this is buried within the molecule at
the end of the a-helix K. While P450,, can bind cytochrome b;, it
does so at a different site, the binding site for putidaredoxin, an
acidic electron input protein for this P450 (Stayton et al. 1989).
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Introduction

In 1968, Lu and Coon demonstrated, for the first time, that the oxidative
hydroxylase system of endoplasmic reticulum for liver cells is composed of
three essential components: cytochrome P450 (EC 1.14.14.1), NADPH
cytochrome P450 reductase (EC 1.6.2.4), and a heat stable factor subsequently
shown to be phosphatidylcholine (Strobel et al. 1970), which can be
reconstituted to an enzymatically active enzyme system. This study paved the
way to innumerable biochemical, toxicological, and pharmacological studies.

It is well established that cytochrome P450 dependent monooxygenase
system is present both in mitochondria and in endoplasmic reticulum. In the
microsomal systems, FAD and FMN containing flavoprotein, NADPH
dependent cytochrome P450 reductase directly catalyzes electron transfer from
NADPH to cytochrome P450, whereas in the mitochondrial system, a
ferredoxin type iron-sulfur protein, redoxin, acts as an electron carrier between
the FAD containing redoxin reductase and cytochrome P450 (Fig. 1). -

In addition, in endoplasmic reticulum, participation of cytochrome b5 in
cytochrome P450 dependent oxidative hydroxylation system has been shown.
Cytochrome b5 can accept electrons from cytochrome P450 reductase and
transfer these electrons to some specific isozymes of cytochrome P450 (Imai,
1981; Morgan and Coon, 1984; Jansson et al. 1985) (Fig. 1).

Similar to microsomal monooxygenase system, substrate specificity of
mitochondrial monooxygenase system is determined by the cytochrome P450
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component. Although redoxin and redoxin reductase of the systems from
different tissues show certain biochemical and immunological similarities,
there is evidence that these may also differ from one tissue to another
(Hanukoglu and Gutfinger, 1989). Thus, redoxin from the adrenal cortex is
called adrenodoxin and that from the liver as hepatoredoxin. Adrenodoxin and
adrenodoxin reductase of bovine adrenal mitochondria are peripheral, soluble,
single-subunit proteins having Mr of 12000 and 52000, respectively, while
cytochrome P450s are integral membrane proteins (Jefcoate, 1986).

(A) NADPH

NADP*
Reductase
(B)
NADPH SH
02
78 000 50000
H, O
+
NADP™ ytpasp CytPaso  “SOH
Reductase
SH

NADPH

+,
NADP Cyt.P450 CytP450  ~SOH
Reductase

Fig. 1. Cytochrome P450 dependent monooxygenase systems of mitochondria (A) and
endoplasmic reticulum (B)
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NADPH Cytochrome P450 Reductase

Microsomal NADPH cytochrome P450 reductase contains one molecule each
of FAD and FMN and has Mr of 76000-79500. These flavins participates in
electron transport from NADPH to cytochrome P450 in a phospholipid
environment. In contrast to cytochrome P450, the reductase does not exhibit
substrate specificity, multiplicity of enzymatic form or significant inducibility
by drugs except phenobarbital. It is encoded by a single gene in all species
examined

Reductase is bound to the endoplasmic reticulum. More than three
fourths of the liver microsomal reductase is located free of the lipid bilayer,
whereas cytochrome P450 protein clusters appear to be more deeply embedded
in the membrane (Nebert and Gonzalez, 1987).

In 1980s, structural studies with rat or rabbit liver cytochrome P450
reductase have revealed that reductase is an amphipathic protein containing a
large hydrophilic catalytic domain and a small hydrophobic amino terminal
domain (Gum and Strobel, 1981; Black and Coon, 1982). Like rat and rabbit
liver enzyme, limited proteolysis of microsomal cytochrome P450 reductase
from pig and sheep liver (Haniu et al. 1986; iscan and Aring, 1988) and from
rabbit and sheep lung (Serabjit-Singh et al. 1979; Iscan and Aring, 1986) yields
two major peptide fragments; flavin containing hydrophilic domain having Mr
of 70000-72000 that can reduce non-physiological, artificial electron acceptors
such as cytochrome ¢ (but not cytochrome P450) and a small N-terminal
hydrophobic membrane domain (Mr 4800-6000) which is required for
cytochrome P450 reduction. Hydrophilic peptide is monomeric in aqueous
solution while hydrophobic peptide forms aggregates. On the other hand, the
native detergent solubilized amphipathic reductase exists in aqueous solution
largely as a hexamer. Black and Coon (1982) reported that the amino terminal
of rabbit reductase is blocked and identified the blocking group as an acetyl
group. Recently, Haniu et al. (1986) showed that the acetyl group is linked to
glycyl residue of pig liver reductase. Although, the function of the acetyl group
is not known, the small hydrophobic amino terminal tail has been shown to be
essential for anchoring of reductase to the microsomal membrane to provide an
orientation that may allow the optimal interaction for the reduction of
cytochrome P450 (Black and Coon, 1982; Miwa and Lu, 1984; Strobel et al.
1992).
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The presence of variable amounts of proteolytically cleaved smaller
molecular weight inactive reductases has been reported in the purified rabbit
liver (French and Coon, 1979), rabbit lung (Serabjit-Singh et al. 1979), pig
liver (Yasukochi et al. 1980), guinea pig liver (Kobayashi and Rikans, 1984)
and sheep liver and lung (Iscan and Anng, 1986, 1988) amphipathic reductase
preparations. Recently, an unusual proteolytic cleavage at the Asn-Gly
(residues 502-503) linkage of the 676 residue of pig liver reductase has been
reported (Haniu et al. 1986).

The complete amino acid sequence of liver cytochrome P450 reductase
has been determined for the rat (Porter and Kasper, 1985), rabbit (Katagiri et
al. 1986), pig (Haniu et al. 1986; Vogel and Lumper, 1986), human (Haniu et
al. 1989; Yamano et al. 1989) and trout (Urenjak et al. 1987). The mammalian
reductases are about 90% homologous while trout reductase shows 79%
sequence homology with the rat enzyme. A recently identified nitric oxide
synthase enzyme has also been shown as an FMN- and FAD-containing
protein (Bredt et al. 1991) and has regions homologous to NADPH cytochrome
P450 reductase.

Cytochrome P450 reductase, like cytochrome bS5, is a significantly
acidic protein. Rat enzyme contains 102 carboxyl residues out of total 678
amino acid residues. Sequence homology to other flavoproteins suggests that
in rat, the FMN-binding site begins about 10000 Daltons from the NH)-
terminus, whereas the FAD-binding site is about 20000 Daltons form the
COOH-terminus. There is only one NADP(H)-binding site and its placement is
adjacent to the putative FAD site (Porter and Kasper, 1985). A detailed
comparison of the amino acid sequences of cytochrome P450 reductases with
flavoproteins of known three-dimensional structure has permitted the
identification of the important structural and functional domains and amino
acid residues of the cytochrome P450 reductase. Cytochrome P450 reductase
has at least five functional domains.

The NH,-terminal membrane binding domain: It anchors the enzyme in
the membrane and is required for the reduction of cytochrome P450 (Gum and
Strobel, 1981; Black and Coon, 1982). Trypsin treatment of the rat liver
microsomes selectively cleaves the enzyme between the sensitive Lys 56/Ile
57 bond. The first 17 residues are variable between the rat, pig, human and
rabbit liver reductases (Haniu et al. 1989). Residues from 20 to 44 is less
variable and contains Leu 33 and Tyr 40 as two invariant residues. Hydropathy
plot analysis of the pig liver reductase shows that two regions from residues
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523-544 exhibit significant hydrophobicity suggesting to be involved in
binding to the membrane and/or cytochrome P450 (Haniu et al. 1986).
Residues from 45 to 48 contains a cluster of basic residues (45-Arg-Lys-Lys-
Lys-48) which is characteristic of a simple transmembrane segment (von
Heijne, 1985).

Flavin mononucleotide binding domain: Residues from 90-210 (Fig. 2)
of rat liver reductase shows sequence similarity between the FMN binding
regions of bacterial FMN-containing flavodoxins (Porter and Kasper, 1986).
Tyr 178 is involved in flavin binding of rat reductase and flavin group is
situated in a pocked between Tyr 140 and Tyr 178.

Sulfite Reductase NADH-Cytochrome b5 Reductase

Flavodoxin Ferrodoxin-NADP Reductasc
Membrane ~ FMN FAD' NADP
1 56 90 210 267 510 678
Tyr Tyr Cys
1 178 S66
I | I I | I | |
1 100 200 300 400 500 600 700

Amino acid number

Fig. 2. The localization of membrane, FMN, FAD, NADP" binding sites for rat NADPH
cytochrome P450 reductase

Flavin adenine dinucleotide binding domain: Cytochrome P450
reductase which does not interact with a ferrodoxin, shares sequence homology
between its carboxyl portion and FAD containing plant ferrodoxin-NADP™
reductase (FNR) (Porter and Kasper, 1986; Porter, 1991). The low but
significant similarity between these enzymes is evidenced by the diagonal line
in homology matrix plot, while no such line is observed in a sequence
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comparison of ferrodoxin reductase versus adrenodoxin reductase (Hanukoglu,
1992).

NAPDH-binding domain: The region from residue 510 to the carboxyl
end of the cytochrome P450 reductase is strongly conserved in sulfite
reductase flavoprotein, spinach ferrodoxin-NADP* reductase, yeast (S.
cerevisiae, C. tropicalis) and bacterial (P450-BM3) reductases (Shen and
Kasper, 1993). There is an essential sulfhydryl group at or near the NADPH
binding site. A NADPH-protected cysteine residue is identified at residue 565
of the pig and human cytochrome P450 reductases (Haniu et al. 1986, 1989).

Substrate binding domain: The manner of interaction of cytochrome
P450 reductase with cytochrome P450 has been of considerable interest for a
number of years. Optimal hydroxylation activity is reached at 1:1
stoichiometry between cytochrome P450 and its reductase in the reconstituted
system. Studies on the nature of interaction between the two proteins initially
suggested to be by a charge pairing mechanism as was reported for the
interaction between cytochrome b5 and cytochrome P450. However, more
recent studies of Schenkman's group (refer also to Schenkman and
Voznesensky, chapter 3, in this volume) suggest that reductase interaction with
cytochrome P450 actually may be charge repulsed at low ionic strengths and
electron transfer may proceed at less than maximal rates (Voznesensky and
Schenkman, 1992).

The visible absolute spectrum of the purified liver reductase in the fully
oxidized form exhibits absorbance maxima at 455 and 380 nm and a shoulder
at 476 nm which are characteristics of a flavoprotein. Lung reductase from
sheep shows two peaks at 374 nm and 455 nm and a shoulder at 475 nm (iscan
and Arnng, 1986). When reductase is reduced with NADPH under aerobic
conditions, absorption at 455 nm decreases and absorption in the 550 to 650
nm region increases with a peak at 585 nm due to air-stable semiquinone. Air-
stable semiquinone has a single electron per reductase molecule and is not
completely reduced by excess NADPH.

Both flavins, FMN and FAD are not covalently bound to reductase.
Therefore, the flavins can be selectively removed from reductase in the
presence of 2 M KBr at different pH values, i.e., FMN at pH 8.5 (Vermillion
and Coon, 1978) and FAD at pH 6.5 (Kurzban and Strobel, 1986). The FAD
depleted reductase virtually loses its ability to transfer electrons to a number of
electron acceptors including cytochrome ¢ and ferricyanide (Kurzban and
Strobel, 1986), whereas FMN-depleted enzyme has lost most of its activity
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toward cytochrome ¢, menadione, 2,6-dichlorophenol indophenol but retained
the ability to reduce ferricyanide (Vermillion and Coon, 1978). These results
show that FMN is not a component electron acceptor from NADPH and that
the FAD site accepts the electrons from NADPH. FAD-free reductase is
capable of photoreduction when exposed to oxygen, produces an air-stable
semiquinone (Kurzban and Strobel, 1986).

The above results indicate that electron transfer from NADPH to FAD to
FMN to cytochrome P450 or to another electron acceptor protein. NADPH
cytochrome reductase catalyzes reactions both with 1-electron acceptors such
as cytochrome P450, cytochrome ¢ and ferricyanide as well as with 2-electron
acceptors like menadione and dichlorophenol indophenol. The apparent
turnover numbers for artificial electron acceptors, i.e., cytochrome ¢ ranges
from 2633 min~! to 5165 min-! (Table 1).

Table 1. Catalytic Activities of the Purified NADPH-Cytochrome P450 Reductases
from Different Sources with Various Electron Acceptors

Turnover Number

Acceptor Reductase
Sheep Rat Guinea Pig  House
Lung? Liver? Liver?® Liver®4 Fly®°
Cytochrome ¢ 5165 5165 4010 3870 2633
Ferricyanide 6070 5606 5310 14980 4933
Menadione N.D. 97.1 2370 2780 566
NBT N.D. 47.1 216 1130 N.D.
Aniline
(P450 liver) 6.7f 6.0f
Ethylmorphine
(P450 liver) 6.1 5.3f

3Tumover numbers for artificial acceptors are expressed as moles of acceptor reduced/min/mole
enzyme. Reactions were carried out in 0.3 M phosphate buffer pH 7.8 at 37 °C (Iscan and Aring,
1988)

bReactions were carried out in 0.1 M phosphate buffer pH 7.7 at 30 °C (Vermillion and Coon,
1978)

®Turmover numbers for artificial acceptor are expressed as moles of acceptor reduced/min/mole of
FMN

dReactions were carried out in 0.3 M phosphate buffer pH 7.7 at 30 °C (Kobayashi and Rikans,
1984)

®Reactions were carried out in 0.05 M phosphate buffer pH 7.7 at 25 °C (Mayer and Durrant, 1979)

Turnover numbers are expressed as moles of product formed/min/mole of reductase for one mole
of P450

N. D. : Not Determined
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The apparent K, value for NADPH of sheep liver reductase (14.3 +
1.23 uM) was found to be similar to K, of sheep lung reductase (11.1 + 0.70
uM) (Iscan and Aring, 1988). The apparent K, values for cytochrome ¢ of
sheep liver and lung reductases were also found to be similar, 22.2 + 2.78 uM
and 20.02 + 2.15 uM, respectively (Iscan and Aring, 1988). These values were
in the range of K,, values reported for purified amphipathic pig liver (K,
cytochrome ¢ : 28 uM, K, NADPH : 14 uM) and guinea pig liver (K,
cytochrome c : 15.7 uM, K, NADPH : 10.7 uM) reductase determined in 0.3
M phosphate buffer by Yasukochi et al. (1980) and Kobayashi and Rikans,
(1984), respectively.

Kinetic studies with liver reductase by varying NADPH (Fig. 3) and
cytochrome c (Fig. 4) concentrations at different fixed cytochrome ¢ (Fig. 3) or
NADPH (Fig. 4) concentrations, showed a series of parallel lines indicating a
ping-pong type kinetic mechanism for the interaction of substrates NADPH
and cytochrome c, with liver reductase (Iscan and Aring, 1988). A series of
parallel lines obtained with sheep lung reductase also suggested a ping-pong
kinetic mechanism for NADPH dependent cytochrome ¢ reduction (Iscan and
Aring, 1986).

However, as seen in Fig. 3, when the fixed cytochrome ¢ concentration
was increased, the slope of the lines also increased and lines converged on 1/v
axis. In addition, in Fig. 4, it was observed that at low fixed concentrations of
NADPH, the parallel lines were curved upward at high concentrations of
cytochrome c. Similar results were obtained with sheep lung reductase. The
converging double reciprocal lines obtained with sheep reductase at high fixed
cytochrome c concentrations when NADPH was the varying substrate (Fig. 3)
and the upward curvatures were observed when cytochrome ¢ was the varying
substrate (Fig. 4) suggested a competitive substrate (cytochrome ¢) inhibition.
This phenomenon in the literature was treated as being characteristics of the
ping-pong systems by Segel (1975). The data suggests that the oxidized
flavoprotein reductase can be reduced by NADPH in the presence of electron
acceptor generating a reduced enzyme intermediate which can react with the
electron acceptor (cytochrome c, Fe 3*) and can form the oxidized enzyme and
reduced substrate (cytochrome c, Fe 2t). Oxidized form of the cytochrome ¢
(Fe 3*) at higher concentrations can also bind the oxidized form of the enzyme
resulting the competitive substrate inhibition (Fig. 5). On the other hand, the
evidence obtained by Phillips and Langdon (1962) and Baggott and Langdon
(1970) suggested that a random mechanism operates for the reaction catalyzed
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Fig. 3. Double reciprocal plots of the initial velocity for the reduction of cytochrome ¢ by
the purified sheep liver reductase as a function of NADPH at different concentrations of
cytochrome c. The concentrations of NADPH were 1.2, 2.4, 4.8, 9.6, 18.5, 95.0 uM, and of
cytochrome ¢ were 6.7 uM (O—[1), 8.5 M (E-—M), 17.8 uM (A—A), 85.4 uM (A—A),
127 uM (O=Q) and 171 uM (®—®). The reaction medium contained 0.027 units of the
purified sheep liver reductase. The points are the means of two different sets of data and
each point is the mean of duplicate determinations. The lines are derived using linear
regression. Reproduced from Iscan and Aring (1988), with permission.

by the purified pig liver reductase. Subsequent to these proposals, a
sequential ordered mechanism reported by Dignam and Strobel (1977) and
Kobayashi and Rikans (1984) for the interaction of co-substrates with the rat
and guinea pig liver microsomal cytochrome P450 reductases, respectively.
In a view of the apparently contradictory data in the literature surrounding
cytochrome P450 reductase kinetic mechanism with NADPH and cytochrome
¢, the ping-pong kinetic mechanism proposed for sheep liver and lung
cytochrome P450 reductases (Iscan and Arng, 1986, 1988) is in good
agreement with the conclusions obtained for purified pig liver microsomal
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Fig. 4. Double reciprocal plots of the initial velocity for the reduction of cytochrame ¢ by
the purified sheep liver reductase as a function of cytochrome ¢ at different fixed
concentrations of NADPH. The concentrations of cytochrome ¢ were 2.6, 5.3, 10.6, 21.1,
42.2, 84.5 and 165 pM and of NADPH were 2.4 uM (A—A), 7.2 uM (A—A), 14.1 uM
(®—®) and 120 yM (O—Q). The reaction medium contained 0.027 units of the purified
sheep liver reductase. The points are the means of two different sets of data and each point
is the mean of duplicate determinations. The lines are derived using linear regression.
Reproduced from Igcan and Aring (1988), with permission.

reductase by Masters et al. (1965), pig kidney microsomal reductase by Fan
and Masters (1974), for chick kidney microsomal and mitochondrial reductase
by Kulkoski et al. (1979), for house fly microsomal reductase by Mayer and
Durrant (1979).

It is clear that in the view of divergent conclusions reached by several
investigators, the kinetic mechanism for the NADPH dependent reduction of
cytochrome c by the reductase enzyme has not been clarified yet. Further work
is necessary to solve this problem.
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Fig. 5. A scheme for the mechanism of the NADPH dependent lung cytochrome ¢
reductase. One substrate (NADPH) reacts with the enzyme (E: oxidized flavoprotein) to
form product (NADP*) and the modified enzyme (E'": reduced flavoprotein). Then, the
reduced form of enzyme, E', reacts with a second substrate (Cytochrome c, Fe3*) and forms
oxidized enzyme and reduced substrate (cytochrome ¢ Fe2*). Oxidized form of cytochrome
¢ (Fe3*), at higher concentrations (above 160 pM) also binds the oxidized form of the

enzyme.

Cytochrome b5

Cytochrome bS5 is a low-spin electron-transfer hemoprotein that participates in
a variety of important physiological functions. It exists in three forms of which
two forms occur in membrane-bound states and the third one occurs in a
soluble form. The membrane-bound form has an additional small hydrophobic
domain having Mr of approximately 5000 that anchors the protein to the
natural or artificial membranes. One of the membrane-bound forms is located
in the endoplasmic reticulum of the liver (Strittmatter and Ball, 1952;
Strittmatter and Velick, 1956), lung (Giiray and Aring, 1990, 1991) and other
tissues (D' Arrigo et al. 1993) while the other is present in the mitochondrial
membrane (Ito, 1980; Ito et al. 1981; Lederer et al. 1983). The soluble form of
the cytochrome b5 occurs naturally in erythrocytes and exists as a cytosolic
protein (Passon et al. 1972; Hultquist et al. 1974; Abe and Sugita, 1979). In
endoplasmic reticulum, two flavoproteins, NADH cytochrome b5 reductase
and NADPH cytochrome P450 reductase reduce cytochrome b5 rapidly.
Reduced cytochrome b5 then provides the electrons for A9-desaturation of
stearyl-CoA to oleyl-CoA (Holloway and Katz, 1972; Holloway, 1971; Oshino
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et al. 1971) for AS- and A6 desaturation of acyl-CoAs (Oshino, 1980) for A12-
desaturation of oleoyl-phosphatidylcholine (Smith et al. 1992) (for other
reactions of b5 see Arng, 1991) and for the monooxygenation of certain
substrates by certain cytochrome P450 isozymes (Peterson and Prough, 1986;
Schenkman, 1991; Bonfils et al. 1991).

Although cytochrome b5 was first discovered in the membrane of
endoplasmic reticulum, very similar form of cytochrome bS was found to be
located on the membrane of the mitochondria (Raw and Mahler, 1959). It was
called outer mitochondrial cytochrome b (OM cytochrome b) by Ito in 1980.
Outer mitochrondrial membrane cytochrome b5 is almost indistinguishable
from microsomal cytochrome bS5 in its molecular weight (Mr of approximately
16000), spectral properties at room temperature and electrophoretic behavior.
However, it is clearly different from microsomal cytochrome b5 in spectral
properties at low temperature as well as in the amino acid composition and
immunological properties (Ito, 1980). Purified tryptic fragment of outer
mitochondrial membrane cytochrome b5 containing 92 amino acid residues is
shown to have 60% sequence identity to the hydrophilic domain of cytochrome
b5 purified from microsomes (Lederer et al. 1983). Studies with monospecific
peptide antibodies for each cytochrome bS form have demonstrated that outer
mitochondrial membrane cytochrome b5 is not present on endoplasmic
reticulum membranes, whereas microsomal cytochrome b5 is present on outer
mitochondrial membranes in extremely low concentrations, at a level <5% of
that on endoplasmic reticulum membranes (D' Arrigo et al. 1993). The results
indicate that microsomal and mitochondrial cytochromes bS5 have
nonoverlapping distribution in the cell and suggest the existence of novel
posttranslational targeting mechanisms, which could result in the restricted
localization of each cytochrome b5 isoform within the cell (D' Arrigo et al.
1993).

The biological function of outer mitochondrial membrane cytochrome
b5 was not known until 1981. In 1981, participation of mitochondrial b5 in
NADH-semidehydroascorbic acid reductase activity of rat liver was reported
and microsomal cytochrome b5 appeared to have no contribution to this
activity (Ito et al. 1981).

An electron transport system, similar to cytochrome b5 system present
in endoplasmic reticulum and mitochondria, also exists in erythrocytes
(Hultquist and Passon, 1971; Passon et al. 1972; Hultquist et al. 1974; Abe and
Sugita, 1979). Soluble cytochrome b5 participates in the reduction of
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methemoglobin in erythrocytes and functions to maintain the oxygen-carrying
capacity of hemoglobin by keeping it in the reduced state in the red blood cells
(Hegesh et al. 1986). Furthermore, recently, the involvement of erythrocyte
cytochrome b5 in the hydroxylation of CMP-N-acetylneuraminic acid in the
liver and other tissues has been reported (Kozutsumi et al. 1990, 1991).

Catalytic and spectral properties of soluble cytochrome b5 are found to
be very similar to those of microsomal and mitochondrial membrane-bound
cytochrome b5. Cytochrome b5 isolated from pig, human, rabbit and bovine
erythtrocytes consists of 97 amino acid residues. The essential differences
between the soluble erythrocyte and liver microsomal membrane-bound
cytochrome b5 are: a) the extra 36 amino acid residues in the liver are located
at the C-terminal end and serve as a membrane binding domain, and b) the
amino acids 1-96 are always the same in the two forms (Kimura et al. 1984;
Abe et al. 1985; Giordano and Steggles, 1991). The common amino acid
change between two forms is demonstrated at residue 97, which is the C-
terminus of the soluble cytochrome b5. Thr at residue 97 in the microsomal b5
is replaced by Pro in rabbit and man, and by Ser in pig and horse and no
replacement is found in bovine (Kimura et al. 1984; Kozutsumi et al. 1991).
Kimura et al. (1984) suggested that erythrocyte cytochrome bS5 is not derived
from the liver protein by proteolysis but a translational product from a distinct
mRNA of cytochrome b5. Recently, Giordano and Steggles (1991) has isolated
a soluble form specific cDNA from a human reticulocyte cDNA library. Their
results have suggested that the human liver and reticulocyte cytochrome b5
mRNAs are products of a single gene (Giordano and Steggles, 1991). Very
recently, the rabbit genomic segments for the soluble cytochrome bS and
microsomal cytochrome b5 have been amplified and isolated by means of the
polymerase chain reaction using primers corresponding to various portions of
the open frame of microsomal cytochrome b5 cDNA (Takematsu et al. 1992).
In that study, two genes are isolated from rabbit genomic DNA, which
correspond to the soluble erythrocyte form and membrane-bound form
mRNAs, respectively. Therefore, they (Takematsu et al. 1992) have proposed
that the soluble form and microsomal form of cytochrome b5 are encoded by
separate genes.

Bovine liver microsomal b5 is a single polypeptide chain consisting of
133 amino acid residue having Mr of 16500. N-terminal amino group is
blocked with an acetyl group. N-acetylalanine is identified in the amino
terminal of bovine, rabbit, horse, pig, human and rat liver microsomal
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cytochrome b5 preparations (Ozols and Heinemann, 1982; Abe et al. 1985;
Ozols, 1989; Gibson et al. 1990). Furthermore, amino acid sequence of liver
microsomal cytochrome b5 from those species has been determined (for a
recent review, see Armg, 1991). Limited hydrolysis of liver microsomal
cytochrome b5 yields two domains. Hydrophilic domain also called heme
peptide has a Mr of 11000, contains 82-97 amino acid residues depending
somewhat on the species and solubilizing conditions, occupies amino terminal
of protein and resides entirely in the aqueous medium. Although it catalyzes
oxidation of cytochrome b5 reductase, it is not functional in the reduction of
acyl-CoA desaturases and cytochrome P450 isozymes. Hydrophobic domain
containing about 40-46 amino acid residues has a Mr of approximately 5000,
occupies carboxyl-terminal of the protein and is responsible for anchoring b5
tightly to the biological and synthetic membranes (Strittmatter and Dailey,
1982). In the absence of detergents, hydrophilic peptide exists as a monomer,
whereas native cytochrome b5 forms octomer and the hydrophobic peptide
occurs in highly aggregated state in aqueous solutions.

In many species a striking sequence homology is found among the
hydrophobic peptides. Mammalian liver hydrophilic cytochrome b5 peptides
show an average of 94% identity when pairs of sequences are compared,
whereas hydrophobic peptides of cytochrome bS appear to have an average
sequence identity of 77% when the pairs of mammalian liver cytochrome b5
sequence are compared.

By chemical modification studies Strittmatter (1960) has shown that at
least one histidine residue is involved in heme binding which is also
confirmed by X-ray analysis (Mathews et al. 1971). Carboxyl residues are
found to be essential in the catalytic action of liver microsomal cytochrome b5.
Glu 47, Glu 48, Glu 52, Asp 64 and a heme propionate group are modified
covalently with methylamine and kinetics of cytochrome b5 reduction with
cytochrome b5 reductase demonstrated that Km has increased from 9 pM to
91 pM (Dailey and Strittmatter, 1979).

Further studies revealed that the interaction between the heme peptide of
microsomal cytochrome b5 and cytochrome b5 reductase is dominated by
complementary charge pairing involving lysyl groups on reductase with
carboxyl groups on cytochrome b5. In the presence of a water soluble catalyst
carbodiimide, amide bonds were formed between the carboxyl residues on
liposome-bound cytochrome b5 and the lysyl residues on liposome-bound
cytochrome b5 reductase and the resulted covalently bound cytochrome b5
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reductase-cytochrome b5 complex has retained its catalytic activity (Hackett
and Strittmatter, 1984).

Studies of Strittmatter and coworkers (for earlier reviews, see
Strittmatter, 1963; Oshino, 1980; Strittmatter and Dailey, 1982) have presented
a great deal of information on the hydrophilic heme-peptide of calf liver
microsomal cytochrome b5, including its X-ray structure (Mathews et al. 1971;
Mathews et al. 1979). Furthermore, hydrophilic peptide of cytochrome b5 in
solution has recently been the subject of high-resolution, two-dimensional 500
MHz NMR studies, which have resulted in the nearly complete assignment of
all the protein resonances in the protein and that the solution structure of
cytochrome b5 is a more dynamic entity than that found in solid state (Guiles
et al. 1990).

Recent experiments with liposome-bound bovine liver microsomal
cytochrome b5 indicated that hydrophobic peptide in the membrane is in the
"cis" configuration, that is, it penetrates to the middle of bilayer, loops back in
a hair-pin configuration to the outer surface to place both amino and carboxyl
termini on the same external surface of the phospholipid bilayer. The five
carboxyl terminal residues of hydrophobic peptide including Glu 132 and Asn
133 may contribute both overall tertiary structure and ion pairing with the
phospholipid head groups (Arng et al. 1987). The subsequent results of Ozols
(1989) with rabbit liver microsomal cytochrome b5 confirmed the "cis"
configuration of cytochrome b5.

Cytochrome b5 was first expressed in E. coli by Sligar's group (Beck
von Bodman et al. 1986), who constructed two synthetic double-stranded DNA
molecules based on the published amino acid sequence for rat liver
cytochrome b5 by Ozols and Heinemann (1982). One coded for 134 amino
acid peptide, whereas the second one coded for 99 amino acid peptide. Upon
expression and removal of the initiator codon, these two produce the whole rat
b5 (133 residue) and the erythrocyte (98 residue) forms of the protein in E.
coli. They also noticed that the hydrophilic peptide was expressed at a much
higher level. Subsequently, the gene coding for lipase-solubilized bovine liver
microsomal cytochrome b5 has been synthesized and expressed in E. coli by
Funk et al. (1990). Recently Holloway and coworkers (I.adokhin et al. 1991)
isolated cDNA for rabbit liver microsomal cytochrome b5 from a Agtll
library. This cDNA was then used to generate a mutated mRNA where the
codons for Trp 108 and 112 were replaced by codons for Leu. The sequence
was expressed in E. coli and the single Trp 109 containing mutant was isolated



36

and sequenced. They (Ladokhin et al. 1991) showed that the mutant's ability to
participate in desaturation of long-chain fatty acids is the same as that of rabbit
microsomal cytochrome b5. These studies have demonstrated that mutant
forms of microsomal cytochrome b5 can be isolated from E. coli in sufficient
quantities for detailed biophysical characterization and for further
understanding of structure-activity relationship of microsomal cytochrome b5.

Similar Properties of Electron Transfer Proteins and Some
Problems

From a comparison of structural and functional properties of microsomal
reductases and cytochrome b5, it can be concluded that cytochrome b5, NADH
cytochrome b5 reductase and NADPH cytochrome P450 reductase, in spite of
differences in their prosthetic groups and molecular weights, share similar
properties.

- All three proteins are amphipathic in nature, consist of a larger
hydrophilic domain which contains the prosthetic groups and a smaller
hydrophobic domain which anchors in microsomal membrane.

- The N-terminal amino acid residues are blocked. N-acetylglycine and N-
acetylalanine are detected in the amino terminal of cytochrome P450
reductase and cytochrome b5, respectively, while cytochrome b5
reductase has N-myristoylglycine in its amino terminal.

- NADH cytochrome b5 reductase and NADPH cytochrome P450
reductase exhibit a ping-pong type kinetic mechanism for NADH and
NADPH mediated cytochrome b5 and cytochrome c¢ reduction,
respectively.

- In addition to their membrane anchoring hydrophobic domains, presence
of phospholipids are required for their physiological catalytic functions.

In oxidative hydroxylation reactions catalyzed with cytochrome P450 as
terminal oxidase, the results so far obtained indicate that cytochrome b5
stimulates cytochrome P450 dependent monooxygenase reactions. In recent
studies with reconstituted systems, the influence of cytochrome b5 was shown
to depend on cytochrome P450 isozyme used, the choice of substrate and on
the stoichiometry of the constituting components (for reviews, see Bonfils et
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al. 1991; Schenkman, 1991). In addition, experiments carried out in our
laboratory have shown that different fractions of purified cytochrome b5
obtained from the same tissue also influence the degree of stimulation in a
different manner in the reconstituted systems (Pasha, 1992).

Two cytochrome b5 fractions were obtained in pure form from sheep
lung microsomes. The reconstituted systems contained the same amount of
purified lung cytochrome P450LgM2 (Adali and Arning, 1990, 1992) (0.48
nmol), 150 units (System 1) or 300 units (System 2) of lung cytochrome P450
reductase (Iscan and Aring, 1986) and increasing concentrations of lung
cytochrome b5 Fraction 1 (Fig. 6) or lung b5 Fraction 2 (Fig. 6). The addition
of cytochrome b5 Fraction 1 enhanced N-demethylation of benzphetamine
2.48 fold and 1.98 fold when it was present 0.5:1 ratio with respect to lung
cytochrome P450LgM2 in System 1 and System 2, respectively. By the
increasing concentrations of cytochrome b5 Fraction 1, enhancement of the
rate of N-demethylation continued and reached to 3.60 fold when cytochrome
bS:cytochrome P450LgM?2 ratio was 3:1 in System 1. With cytochrome b5
fraction 2, the highest stimulation of N-demethylation activity occurred at a
0.25:1 and 0.5:1 molar ratio of cytochrome b5 to cytochrome P450LgM2.
Besides, the greater fold increase in benzphetamine N-demethylation activity
due to addition of either cytochrome b5 was observed in the system with the
lower concentration of cytochrome P450 reductase, most resembling the
conditions prevailing in the intact microsomes. However, unlike the effect of
cytochrome b5 Fraction 1, Fraction 2 cytochrome b5 exerted inhibitory effect
when cytochrome b5:cytochrome P450 ratio was 2:1 or more in both System 1
and System 2 (Pasha, 1992).
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reductase and increasing concentrations of lung cytochrome b5 fraction 1 (A) or
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Introduction

The cytochrome P450 monooxygenase systems consist of two membrane-
bound proteins, a hemoprotein terminal oxidase (cytochrome P450)
and a pyridine nucleotide-utilizing reductase as a source of
reducing equivalents. Mitochondrial forms of the monooxygenase
make use of a nonheme iron sulfur protein as an electron carrier
between the reductase and terminal oxidase, while in the
endoplasmic reticulum NADPH-cytochrome P450 reductase serves as the
direct source of reducing equivalents for the monooxygenase. This
latter reductase is a flavoprotein, containing two flavin molecules
per molecule of enzyme,one of which is flavin mononucleotide (FMN)
and the other is flavin adenine dinucleotide (FAD) (Iyanagi ‘et
al.,1974). The two flavin molecules have different functjons in
the reductase, one bringing electrons into the flavoprotein, and
the other serving to transfer electrons out to a redox partner,
which acts as an acceptor molecule. FAD was shown to receive
reducing equivalents from NADPH, while FMN was shown to function at
the donor side to such acceptors as cytochrome c and cytochrome
P450 (Vermilion and Coon,1978).

Although the two components of the microsomal (endoplasmic
reticulum) P450 monooxygenase system are membrane-bound, the
incubation of the microsomes with dilute trypsin solution will
solubilize a catalytically active fragment of the reductase
(Nishibayashi and Sato, 1967), leaving a hydrophobic NH2-terminal
56 amino acid oligopeptide anchored in the membrane bilayer (Black
et al. 1979; Enoch and Strittmatter,1979). In contrast, cytochrome
P450 was reportedly not solubilized by protease, but was instead
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converted to a denatured form, cytochrome P420 (Nishibayashi and
Sato, 1967) when the protease concentration was raised too high.
The catalyltic subunit of NADPH-cytochrome P450 reductase is able
to transfer electrons to a number of redox acceptors, but not to
cytochrome P450 (Black and Coon, 1982) . With these thoughts in
mind, a study was begun into the nature of the interaction between
cytochrome P450 and its reductase.

S8toichiometry

The amount of NADPH-cytochrome P450 reductase present in liver
microsomes has been estimated as approximately 5% of the molar
amount of cytochrome P450 in rat (Peterson et al.,1976). Thus, it
is clear that one molecule of reductase must somehow service many
molecules of cytochrome P450, as well as provide reducing
equivalents for other microsomal electron transfer pathways, such
as fatty acid desaturases. While suggestions were made that the
reductase exists in the membrane among a cluster of cytochromes
P450, it is probable that the proteins are freely diffusable.
Nisimoto and coworkers (1983) studied the intraction between
cytochrome P450 and NADPH-cytochrome P450 reductase in
reconstituted phospholipid vesicles. They concluded, based upon
fluorescence intensity decreases in labelled reductase that
significant molecular interactions occur between these proteins.
Studies on the stoichiometry and kinetics of interactions between
NADPH-cytochrome P450 reductase and cytochrome P450 indicated the
formation of a 1:1 transient complex between the proteins with a
calculated dissociation constant of 0.1uM (Miwa and Lu, 1984). A
K, for reductase in cytochrome P450-dependent substrate oxidation
was found to be 0.38uM (Tamburini and Schenkman, 1986c). The
binding site of NADPH-cytochrome P450 reductase on cytochrome
cytochrome P450 was suggested to differ from the binding site of
cytochrome b;, since the K, for reductase was the same in the
presence as in the absence of cytochrome b; (Tamburini and
Schenkman, 1987).
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Reductase interactions

Studies on the interaction between NADPH-cytochrome P450 reductase
and cytochrome bs; in phospholipid vesicles revealed that the
membrane-binding tail was required (Enoch and Strittmatter, 1979).
The hydrophobic carboxyl-terminal tail was suggested to be
necessary for binding of the cytochrome bs; to the membrane (Dailey
and Strittmatter, 1978). The interaction between native
(amphipathic) cytochrome b; and NADPH-cytochrome P450 reductase was
found to involve complementary charge pairing (Dailey and
Strittmatter, 1980) utilizing carboxyl residues on the hemoprotein
around the exposed heme crevice. The interaction was demonstrated
to be electrostatic by an increase in K, for cytochrome b; on
neutralization of anionic charges on cytochrome b;. Further, using
a water-soluble carbodiimide (EDC) cytochrome b; could be
crosslinked to NADPH-cytochrome P450 reductase in 1:1 heterodimers
(Nisimoto and Lambeth, 1985) . The crosslinked cytochrome bs; was
reducible, but cytochrome c could not be reduced subsequently,
indicating a common electron output site on the reductase for both
cytochromes.

Although both cytochrome c and cytochrome bs; appear to compete
for electrons from NADPH-cytochrome P450 reductase, the latter has
been shown to make use of anionic residues around its heme cleft
for interaction with electron transfer proteins (Dailey and
Strittmatter, 1980). In contrast, cytochrome c has been shown to
make use of cationic residues around its heme cleft for interaction
with its redox partners (Ng et al., 1977). Tamburini et al (1985)
demonstrated that the reduction of native cytochrome by, by NADPH-
cytochrome P450 reductase was actually greatly accelerated when a
few carboxyl groups on cytochrome bs; were neutralized by
methylamidation, in contrast to the observations of Dailey and
Strittmatter (1980). Similarly, methylamidation of carboxyl
residues on NADPH-cytochrome P450 reductase caused a stimulation
of the rate of cytochrome bs reduction (Tamburini and Schenkman,
1986c) . Such observations are suggestive of electrostatic

interactions, but not necessarily of complementary charge-pairing.
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While the native reductase readily reduces cytochrome b; the
neutraliztion of the cytochrome bs; heme propionate residues
decreased the K, for cytochrome bs;. Depending upon the ionic
strength, neutralization of the heme propionate affected the V,, as
well; at low ionic strength V, was increased, while at higher
ionic strength it was unchanged (Tamburini and Schenkman, 1986d).
Early studies on the kinetics of NADPH-cytochrome P450 reductase
revealed that electron transfer by the proteolytically prepared
catalytic fragment to cytochrome c was strongly sensitive to ionic
strength (Phillips and Langdon, 1962), increasing greatly with
increasing salt concentration. The proteolytically generated
NADPH-cytochrome P450 reductase is devoid of ability to reduce
cytochrome b5 , as is lipase-prepared reductase (Bilimoria and
Kamin, 1973); activity could, however be demonstrated in the
presence of high salt concentrations.

Influence of protein modifiers

Ferric cytochrome P450 and oxidized NADPH-cytochrome P450
reductase interact in a reconstituted system and such interaction
can often be monitored spectrophotometrically as a shift in the
spin equilibrium of the cytochrome P450 form (Tamburini et al.
1986a): The dissociation constants for the interactions ranged
from 0.28-0.80 uM with 6 rat forms of cytochrome P450 and was 3.0uM
with CYP2B4. The magnitudes of the spectral changes varied widely.

Modifiers of amino acid residues of the reductase were used
to examine the nature of its interaction with a number of redox
partners. When, for example, the lysine residues on the reductase
were amidinated (reacted with ethyl acetimidate), the resultant
amidines were still cationic, but contained a bulky ethyl amidine
group. Such treatment of the reductase did not appear to affect
the absorption spectrum of the reductase, but did stimulate
electron transfer from the reductase to potassium ferricyanide to
cytochrome c and cytochrome b;, and decreased the rate of reduction
of two forms of cytochrome P450 (Tamburini and Schenkman, 1986c).
on the other hand, product formation by these forms of cytochrome
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P450 was stimulated more than three-fold. The meaning of such
contrasting observations is unclear, but may be an indication that
caution must be used in interpretation of effects of structural
alterations of this protein; alterations in the charged residues of
the reductase could cause structural modifications and confuse the
understanding of the nature of the protein-protein interactions.
The reaction of cytochrome P450 2B4 with fluorescein isothiocyanate
(FITC) resulted in a single covalently bound FITC at the a-amino
group; a second FITC binds at higher FITC concentrations to lysine
residue 382 (Bernhardt et al., 1984). The effect of these
modifications was a stepwise diminution of benzphetamine N-
demethylase activity and the cytochrome P450 reduction rate. From
such data the authors concluded that interaction between NADPH-
cytochrome P450 reductase and cytochrome P4502B4 was electrostatic
in nature, involving a charge-pairing mechanism between the NH,-
terminal methionine of the cytochrome P450 with the reductase.
While complete amidination of amino residues on NADPH-
cytochrome P450 reductase did not impair substrate turnover,
and only decreased the rate of cytochrome P450 reduction by about
50%, a much stronger influence was observed when the carboxyl
residues of the reductase were charge-neutralized by
methylamidation. The neutralization of as few as 3 of the 100
carboxyl residues of NADPH-cytochrome P450 reductase were enough to
diminish its ability to reduce cytochrome c by 50% (Tamburini and
Schenkman, 1986c). As few as 7 carboxyl residues neutralized by
methylamidation was sufficient to remove more than 90% of the
cytochrome c reductase activity. Cytochrome P450 reduction was
also sensitive to neutralization of NADPH-cytochrome P450 reductase
carboxyl residues. Reduction of cytochrome P450 is biphasic; on
semilogarithmic paper the plot appears to resemble two concomitant
first order reactions, a fast phase and a slow phase. It is the
fast phase which appears to relate to substrate turnover (Schenkman
et al., 1982). Neutralization of carboxyl residues on the
reductase caused strong inhibition of the fast phase, but was
without effect on the slow phase of cytochrome P450 reduction
(Tamburini et al., 1986c). Substrate turnover by three different
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forms of rat cytochrome P450 were similarly inhibited by
neutralization of carboxyl groups on NADPH-cytochrome P450
reductase. Of special interest, while methylamidation inhibited
substrate turnover and the fast phase of cytochrome P450 reduction,
it was without influence on the spectrophotometrically observed
interaction between CYP2Cll and NADPH-cytochrome P450 reductase

(Table 1). The calculated dissociation constant was the

Table 1
Effect of chemical neutralization of 7.2 carboxyl residues
on NADPH-cytochrome P450 reductase

CYP2C11 binding Kd Vm
control 213+55nM 47
amidinated 350+80nM 38
amidinated, neutralized 329+103nM 34

CYP2B4 Ethoxycoumarin dealk. Km Vm
control 378nM 2.9
amidinated 84 9.1
amidinated,neutralized 108 3.4

Data from Tamburini and Schenkman (1986c)

same before and after neutralization of 7 residues on NADPH-
cytochrome P450 reductase. The K, for ethoxycoumarin in the O-
dealkylation by amidinated reductase and CYP2B4 was decreased, and
carboxyl neutralization was virtually without influence on the K,.
However, amidination, a structural change, increased V_,, 3-fold,
and this was lost by carboxyl neutralization (Table 1).

Based upon our prior observations it was concluded that
charged group modification on the reductase does not influence the
affinity, but does affect the functionality of the complex of the
cytochrome P450 and NADPH-cytochrome P450 reductase (Tamburini and
Schenkman, 1986c). Using the water-soluble carbodiimide l-ethyl-~
3(3-dimethylaminopropyl) carbodiimide (EDC) we were able to show
that in the presence of NADPH-~cytochrome P450 reductase and
cytochrome by, with or without phospholipid, heterodimeric covalent
complexes could be seen on denaturing gel electrophoresis
(Tamburini et al., 1986Db). Similarly, a high proportion of
cytochrome b; and cytochrome P450 2B4 formed covalent heterodimer
complexes which migrated at the appropriate molecular mass on
denaturing electrophoresis conditions. However, only what



53

appeared to be trace amounts of cytochrome P4502B4 /NADPH~cytochrome
P450 reductase heterodimers were seen when these two proteins were
incubated with EDC (Tamburini et al., 1986b). Subsequent studies
revealed these to only be artifacts, and that, in fact, no
heterodimer complexes were produced (Voznesensky and Schenkman,
1992a). Similar observations were observed when CYP2B1 and rat
NADPH-cytochrome P450 reductase were incubated with EDC; no
evidence for covalently linked heterodimers was obtained (Nisimoto
and Otsuka-Murakami, 1988).

Examination of electrostatic interactions

In our earlier studies on the interaction between cytochrome
b; and cytochrome P4502Cl1 we observed (Tamburini and Schenkman,
1986d) that increases in the ionic strength of the medium impaired
the interaction between these hemoproteins; changes in the sodium
phosphate buffer concentration from 6 to 290mM raised the
dissociation constant from 63nM to 2322nM. According to the Debye-
Huckel relationship, the electrical potential of a medium will
increase with increasing ionic content (Koppenol, 1980). Since the
force of attraction varies inversely with the distance between the
ions, the greater the salt concentration the closer the ions will
be to each other, and the stronger the attraction. Charged
residues on a protein will thus tend to become surrounded by ions
in solution as the salt concentration is raised, thereby
diminishing the interaction between charged residues on one protein
with those on another protein in the solution. If the redox
interaction between two such proteins is by complementary charge
pairing, then increased salt 1levels would interfere with the
interactions. In fact, when the effect of ionic strength (the
conductance) of the medium containing a reconstituted monooxygenase
system consisting of NADPH-cytochrome P450 reductase, CYP2B4 and
dilaurylphosphatidylcholine (molar ratio 1:10:880 ) was examined,
it was observed that increasing the ionic strength actually
stimulated electron transfer to the hemoprotein (Figure 1). The

stimulation was seen in both the apparent fast phase rate constant
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Figure 1.Effect of ionic strength on the reduction of CYP2B4 in the
reconstituted system.

of reduction and in the slow phase rate constant. The effect was
not limited to the reconstituted system, and was observed in
microsomes as well (Voznesensky and Schenkman, 1992a). Further,
substrate (benzphetamine) metabolism was stimulated by increasing
ionic strength in a manner similar to cytochrome P450 reduction.
Studies on the reductase dependence of cytochrome P450 reduction
at low and high salt concentration revealed the K, for reductase to
be 26 fold higher at low ionic strength.A similar stimulation in
the reduction of cytochrome c by increasing ionic strength was
observed, even as reported by Phillips and Langdon (1962) and by
Bilimoria and Kamin(1973).

Nisimoto and Edmondson (1992) also examined the effect of
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ionic strength on reduction of cytochrome c, cytochrome b, and
cytochrome P4502B4 by NADPH-cytochrome P450 reductase. However,
when they examined turnover of NADPH in the reconstituted
cytochrome P450 monooxygenase system, only marginal stimulation was
observed with increasing ionic strength. Their conclusion was that
the stimulatory influence of increased ionic strength was due to
increased hydrophobic~hydrophobic interactions bringing the flavin
and heme prosthetic groups closer. Our data, while in agreement
with those of Nisimoto and Edmondson (1992), would suggest,
rather, that charge repulsion between the highly cationic and
anionic reductase and charged redox acceptors limits access to
electron transfer interactions. An alternative possibility might
be that complementary charge pairing traps the redox partners in a
nonproductive orientation. This latter possibility, which was shown
with yeast cytochrome c peroxidase and horse heart cytochrome c
(Hazzard et al., 1988), probably does not apply, since it was not
possible to covalently link complementary charged pairs of proteins
with EDC.

As shown in Figure 1, with cytochrome P450 and reductase from
microsomes of the phenobarbital-treated rabbit, the NADPH-dependent
reduction of cytochrome P450 increased with increasing conductance
of the medium. In addition, the reduction of cytochrome c and
potassium ferricyanide also increased with ionic strength
(Voznesensky and Schenkman, 1992a). What these three redox
partners have in common is their ionic nature. The two cytochromes
have both anionic and cationic charged residues and ferricyanide
is an anionic molecule. If charge repulsion is the cause of the
lower activity at lower ionic strength, then an uncharged redox
acceptor should not be affected by altered ionic strength of the
medium. In fact, that is what was seen (Fig. 2). When 1,4-
benzoquinone was used as the electron acceptor, the rate of
electron transfer from NADPH-cytochrome P450 reductase was
uninfluenced by the conductivity of the medium.

The picture we are presenting is one in which charges on the
reductase repulse interactions by other charged redox acccceptors,

and surrounding these charged amino acid residues by oppositely
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Figure 2.The lack of effect of ionic strength on electron transfer
from P450 reductase to 1,4-benzoquinone.

charged ions in the medium blocks the repulsive effects thereby
allowing other forces of attraction to come to bear. Because in
the ionic medium it is not possible to determine whether the
repulsion is between the anions or cations in solution, we turned
tc a more specific method of charge neutralization. The polyionic
oligopeptide polylysine was added to the medium at a concentration
of 1uM. In a medium containing 5mM sodiwi phosphate buffer, this
low conentration of polylysine would scarcely influence the ionic
strength of the medium. However, polylysine will bind to anion-
dense regions on the proteins (Cheddar and Tollin, 1990), and
thereby influence those protein-protein interactions affected by
arionic centers. It was observed that in the presence of 1uM
polylysine the fast phase rate constant of CYP2B4 reduction was
increased by 74%. In addition the rate of ferricyanide reduction
was increased by 40%, and almost no change in cytochrome c
reduction was seen (Voznesensky and Schenkman, 1992a).

Effects of Glycerol

During the purification of cytochrome P450 forms, the
hemoprotein is carried through solubilization and fractionation
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stages in the presence of glycerol. This solvent is generally
added as a protein stabilizer (Gekko and Timasheff, 1981), as it
was shown earlier that glycerol could convert cytochrome P420, a
breakdown product of cytochrome P450, back to cytochrome P450 when
added to the medium at levels of about 20% (Ichikawa and Yamano,
1967). The protein stabilizing effect of glycerol is probably by
virtue of ordering water molecules around the protein, making
protein unfolding (denaturation) thermodynamically less favorable
(Gekko and Timasheff, 1981). Other effects of glycerol on the
aqueous medium include a decrease in the dielectric constant;the
dielectric constant of glycerol (42 at 25° ) is about half of that
of water. Although the change in aqueous solutions is small, it
causes a pronounced effect on the conductivity of the solution and
on the protein-protein interactions.

The influence of glycerol in the system is by virtue of its
effect on the dielectric constant, and since the force of
electrostatic interaction is inversely related to the dielectric
constant, the force of interaction between NADPH-cytochrome P450
reductase and its charged redox partners is increased. If, as we
suggest, the interaction is a repulsive one, then as the force of
electrostatic interaction is increased, and activity will be
decreased.

In Figure 3 is shown the reduction of phenobarbital-treated
rabbit liver cytochrome P450 in phosphate buffer from 5mM to 200mM
concentration (0J). As described above, the increase in ionic
strength resulted in an increased rate of electron transfer to the
cytochrome. At 200mM buffer (20mS) activity was about maximal, and
the stepwise addition of glycerol (A) or ethylene glycol (0) from
0% to 40% caused a stepwise decrease in the conductivity from 20 mS
to about 7mS, with a concommittant decrease in the rate. Similar
effects were observed with cytochrome ¢ as the redox acceptor and
with ferricyanide (Voznesensky and Schenkman, 1992b). With 1,4-
benzoquinone as the redox partner, electrostatic interaction does
not occur, since the acceptor is uncharged; increasing content of
glycerol in the 100mM buffer only lowered the conductance, but did
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Figure 3. Effects of ionic strength and glycerol concentration on
phenobarbital rabbit liver microsomal P450 reduction.

not affect the rate of reduction (Voznesensky and Schenkman,
1992b) .

The interesting observation that glycerol and ethylene glycol
interfered with ele:tron transfer to charged redox acceptors from
NADPH-éytochrome P450 reductase was further demonstrated to be the
result of unfavorable electrostatic interactions by examining the
NADPH-cytochrome P40 reductase dependence of CYP2B4 reduction in
the presence of glycerol. The reduction of the cytochrome P450 was
compared in the presence of 5% and 25% glycerol and 100mM sodium
phosphate buffer. Iterative fit of the data to the Michaelis-
Menten equation indicated the K, for NADPH-cytochrome P450
reductase was 9 times larger at the higher glycerol 1level
(Voznesensky and Schenkman, 1992b). From such observations it is
clear that the nature of redox interaction between CYP2B4 and
NADPH-cytochrome P450 reductase 1is not by complementary charge
pairing. The effect is not restricted to this rabbit cytochrome
P450, but was also observed with several forms of rat liver
cytochrome P450 (Voznesensky and Schenkman submitted).
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Role of hydrophobic interactions

Nisimoto (1986) has examined the interaction between
cytochrome ¢ and NADPH-cytochrome P450 reductase . This
interaction was suggested to be electrostatic, since components
could be trapped in covalent linkage with EDC. A 1:1 covalent
complex was isolated and shown to block electron transfer to
exogenous cytochrome c or cytochrome P450. However, reduction of
the covalent complex proceeded very slowly, suggesting that the
trapped proteins were not in a favorable configuration for
electron transfer. Nevertheless, separation of proteolytically
cleaved fragments of the heterodimer indicated the region of the
NADPH-cytochrome P450 reductase that was involved in the
complementary charge pairing with the cytochrome ¢ was an
oligopeptide encompassing residues 207 to 215, a highly anionic
region of the reductase (Katagiri et al., 1986). The inability of
the reductase to transfer reducing equivalents to exogenous
cytochrome ¢ or cytochrome P450 suggested that the covalently
bound cytochrome c was blocking the docking site for electron
transfer. In view of our studies suggesting a charge repulsion
between charged redox partners and NADPH-cytochrome P450 reductase,
it is probable that the covalent linking of charge-paired proteins
reflected a non-specific binding, rather than a redox pairing of
the two proteins. If this is the case, how does NADPH-cytochrome
P450 reductase interact with its redox acceptors, and in
particular, with cytochrome P4507? There is some evidence at
present which would point to hydrophobic interactions.

Earlier studies on the nature of cytochrome P450 interaction
with NADPH-cytochrome P450 reductase demonstrated the need for the
membrane-binding NH,-terminal segment of the protein. In agreement
with Black and Coon (1982), we observed that NADPH-cytochrome P450
reductase could not reduce cytochrome P450 when the hydrophobic NH,-
terminal segment was removed by trypsin (Voznesensky and Schenkman,
1992a). The proteolytically cleaved reductase was, however, able
to reduce cytochrome c. The catalytic fragment of NADPH-cytochrome
P450 reductase was unable to reduce cytochrome P450 even at
elevated ionic strength. A possible role of the hydrophobic
peptide region was suggested by the observation (Black et al.,
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1979) that the hydrophobic peptide, cleaved from the reductase, was
able to interfere with substrate turnover by CYP2B4 when added to
the reconstituted system. Finally, hydropathy plots of a large
number of cytochrome P450 forms, aligned relative to the cytochrome
P450,, amino acid sequence, revealed some eleven hydrophobic
regions on the cytochromes (Nelson and Strobel, 1988). While
the topology of the eukaryotic cytochrome P450 forms is still not
known, the possibility exists that one (or more) of these
hydrophobic regions is involved in the redox docking between NADPH-
cytochrome P450 reductase and cytochrome P450. Eukaryotic
cytochrome P450 forms all have an NH,-terminal region of high
hydrophobicity. While the need for this region in interaction with
the reductase, or with the endoplasmic reticulum membrane has not
been shown, recent studies would suggest its noninvolvement in the
former, and to possibly be unnecessary in the latter role. The
recent observation (Larson et al., 1991) that cytochrome P450 cDNA
truncated at the 5’region could be expressed in E.coli was a
relevant finding. Further, since the expressed protein was
nevertheless membrane-bound, it would appear that the NH,terminal
region of the protein is not critical for this function. The
truncated protein could also function in the reconstituted system
containing phospholipid and native NADPH-cytochrome P450 reductase,
further indicating that the NH,-terminal region on cytochrome P450
is not required for protein-protein interation. Clearly more
studies are needed to further elucidate the manner of functional
interaction between NADPH-cytochrome P450 reductase and cytochrome
P450
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Introduction

Cytochrome P450 is a class of hemoproteins that function as the terminal
monooxygenases in microsomal, mitochondrial, or cytosolic NADPH-dependent
electron transport pathways. P450 genes are widely distributed in nature from bacteria
to higher animals and plants. Each mammalian genome possesses at least 50 P450
genes located on various chromosomes. Mammalian P450s as a whole metabolize an
uncountable number of endogenous and exogenous substrates, such as steroids, fatty
acids, vitamin D3, drugs, toxicants, environmental pollutants, and so on (Gonzalez
1990). The P450 enzymes involved in biosynthesis of physiologically active
compounds (steroid hormones, prostaglandins, bile acids, vitamins, thromboxane, etc)
play critical roles in development and maintenance of normal animal life. Other P450s
mainly work in detoxication systems to convert lipophilic xenobiotics to more water-
soluble forms. Some of the products of these reactions are chemically unstable and
often produce DNA adduct which may trigger chemical carcinogenesis.

With a single exception, all eukaryotic P450s known to date are bound to either
microsomal or mitochondrial membranes. (Nuclear outer membrane is considered to be
a kind of microsomal membranes.) On the other hand, all known bacterial P450s are
cytosolic soluble proteins. Microsomal P450s receive electrons from a membrane-
bound flavoprotein, NADPH-cytochromc P450 reductase, whereas mitochondrial
P450s as well as most bacterial P450s receive electrons from a soluble iron-sulfur
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protein related to ferredoxin. Because of the soluble nature, it is easier to purify
bacterial P450 proteins than eukaryotic proteins. P450cam isolated from soil bacterium
Pseudomonas putida is the P450 protein best characterized in terms of physico-
chemical properties, and is the sole P450 molecule whose three-dimensional (3-D)
structure has been determined (Poulos 1987). Animal tissues such as liver contain
multiple forms of P450s which have similar physico-chemical properties and
overlapping substrate specificities. This molecular multiplicity made purification of
individual forms of membranous P450 proteins even more difficult. However, several
research groups succeeded in purifying some hepatic P450s in the late 1970s, partly
taking advantage of the fact that only a specific molecular species of P450 is induced by
treatment of animals with an inducer such as phenobarbital (PB) or 3-
methylcholanthrene (3MC). The elevation in P450 contents is mainly controlled at the
transcriptional level. Elucidation of the molecular mechanisms of the transcriptional

regulation is currently one of the major fields of P450 research.

Classification of genes and proteins of P450 superfamily

In the last decade, a large number of P450 genes and cDNAs have been cloned from
various sources. Consequently, more than 200 P450 protein sequences are now
available. In accordance with the functional versatility, these sequences are divergently
related to each other (Table I). However, there is strong evidence that all the existing
P450 genes were derived from a common ancestor. As shown in Table I, the Z-scores
for any comparisons suggest statistically significant relatedness in protein sequences,
indicating the true homology among all P450s. Similar tests with other hemoproteins
(Table II) confirm that P450 comprises a unique protein superfamily. This table also
indicates that chloroperoxidase, H450 (a hepatic soluble protein), and the 'P450 domain'
of nitric oxide synthase are neither related to the 'genuine’ cytochrome P450 nor to one
another, in spite of the fact that all these proteins show very similar spectral properties
clearly distinct from those of other hemoproteins. Most probably, cytochrome P450,
chloroperoxidase, H450, and nitric oxide synthase, each contains a cysteine residue that
provides the thiolate ligand to the heme, but these proteins belong to different
(super)families and fold into different tertiary structures.

Cloning, sequencing, and heterologous expression of cDNAs for individual forms of
P450 have provided us with profound information about their intrinsic functions and
mutual relationships. In particular, it becomes possible to identify or discriminate
various P450 species prepared by different research groups. In 1987, Nebert et al.
proposed a system of nomenclature of all characterized P450 genes and proteins based
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Table ll. Sequece Relatedness between Hemoproteins

101 2B1 CPO NOS H450 Catl POX Hba
Rat CYP2B1 4.97
C. fumago CPO -1.43 0.66
Human endothelial NOS -0.16 -0.77 -0.62
Rat H450 ) 073 -059 120 0.89
Rat catalase 116 153 -1.19 247 141
Horseradish peroxydase 214 -096 -058 -046 140 135
Human hemoglobin 135 -029 -1.12 -0.25 0.80 0.13 0.75

Rat cyt. b5 006 -094 179 073 0.36 -0.86 -0.52 1.36

The significance of sequence relatedness was examined in the same way as
described in the footnote to Table 1.

on relatedness in their protein sequences (Nebert et al. 1987). This system has been
updated every other year, and is now widely accepted because it has helped to reduce
former terminological confusions. The recommended naming of a gene and cDNA
(Italic) or protein and mRNA (Roman) starts with the root symbol 'CYP' followed by an
Arabic number designating a family, an optional alphabetic character indicating a
subfamily, and then an optional serial number identifying individual gene within a
subfamily. For example, CYP2B1 denotes the major PB-inducible P450 in rat liver,
and CYP2B1 indicates its gene or cDNA. According to the latest version (Nelson et al.
1993), the P450 genes are classified into 36 families, each of which is composed of one
to ten subfamilies. Table III lists representative P450 families together with some of
their characteristics. You will find the wide spectrum of P450-mediated chemical

processes.

Phylogenetic relationships of P450 genes

Fig. 1 shows a phylogenetic tree of P450 genes. To construct this tree, single
representative protein sequences were chosen from individual subfamilies, their
multiple sequence alignment was obtained, the degree of sequence divergence was
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calculated for each pair of sequences to generate a distance matrix, and then the
neighbor-join method (Saitou and Nei 1987) was applied to the distance matrix. From
the tree it is obvious that P450 proteins are divided into two major classes, B-class and
E-class. All but one eukaryotic P450s belong to E-class whereas the majority of
bacterial P450s belong to B-class. Fusarium oxisporum P450NOR (CYPS55) is the sole
known eukaryotic (fungal) P450 of B-class, and the protein is the unique eukaryotic

Table IIl Enzymatic Characteristics of Representative Mammalian P450s

P450 Trivial names Inducer/Regulator” Representative catalytic function

1A1 ¢,LM6,P,,MC-1... TCDD,MC,B-NF... Hydroxylation of aryl hydrocarbons
1A2 d,LM4,P, MC-2... TCDD,MC,ISF... N-hydroxylation of aromatic amines
2A52A7  coh Coumarin hydroxylation

2B1,2B4 b,LM2,PB—4... PB 7-Ethoxycoumarin O-deethylation
2C11 h,male M-1 Male specific Testosterone 2a,16a-hydroxylation
2D1,2D6  dbl Debrisoquine 4~hydroxylation

2E1 jLM3a Alcohol Aniline p-oxidation

3A2 PCN2 PCN Aflatoxine B, metabolic activation
4A1 LAw Clofibrate Fatty acid @ and w-1 hydroxylation
5A TXA 1,25(0OH),D, ? Thromboxane synthesis

7A 7a,C7 Cholestyramine Cholesterol 7a-hydroxylation

11A® scc Gonadotropin/cAMP Cholesterol side chain cleavage

11B1¥ 118,C11 ACTH/cAMP Steroid 11B-hydroxylation

17A 17a,C17 ACTH/cAMP Steroid 17a-hydroxylation/17,20 lyase
19A aromatase ¢cAMP,TPA,Dex... Estrogen synthesis

21A C21,21-OHase ACTH/ Steroid 21-hydroxylation

24AY cc24 1,25(OH),D, 25-OH vitamin D, 24~hydroxylation
27A% c27125 Vitamin D, 25-, cholesterol 27-hydroxylation

2)Abbreviations used: TCDD, 2, 3, 7, 8,-tetrachlorodibenzo-p-dioxin; MC,
3-methylcholanthrene; B-NF, B-naphthoflavone; ISF, isosafrole; PB,

phenobarbital;

PCN, pregnenolone 160-carbonitrile;

ACTH,

adrenocorticotropic hormone; TPA, 12-O-tetradecanoylphorbol-13-acetate;
Dex, dexamethasone; 1, 25(0H)2D3, la, 25-dihydroxy vitamin D3.

b)Mitochondrial P450.

soluble P450. The similarity between PASONOR and Streptomyces CYP105 sequences
is higher than those between most bacterial P450s, and is interpreted as a result of a
recent (in paleontological time scale) horizontal gene transfer event (Kizawa et al.
1991). On the other hand, two prokaryotic E-class P450s have been identified to date.
Bacillus megaterium P450BM3 (CYP102) is particularly interesting because it consists
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Fig. 1. A phylogenetic tree of P450 proteins. Forty six representative
P450 protein sequences were aligned and a phylogenetic tree was
constructed by the neighbor-join method (Saitou and Nei 1987) from their
mutual sequence divergences. Bacterial P450s are indicated by shaded
boxes. One PAM (percent accepted mutations) roughly corresponds to ten
million years of divergence time from the common ancestor. Two major
classes of P450s, E-class and B-class, are indicated.

of two distinct domains of the N-terminal P450 domain and the C-terminal NADPH-
cytochrome P450 reductase domain (Ruettinger et al. 1989). This structural
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organization is very similar to that of nitric oxide synthases (Bredt et al. 1991), and the
reductase domains of both of the fused structures are clearly homologous to the
membranous P450 reductases and some bacterial flavoproteins. Our consideration that
the 'P450 domain' of nitrite oxide synthase is not homologous to the ordinary P450s
suggests that the fusion of the two domains occurred independently in the two lineages.

The presence.of E-class genes both in eukaryotes and prokaryotes supports the idea that
the divergence that led to the contemporary B- and E-class P450s had occurred before
cukaryotic cells emerged on the earth. This is consistent with the estimated divergence
time longer than 1.5 billion years (Fig. 1), although this estimation might be subject to
large errors because of the inhomogeneous amino-acid substitution rates along different
branches. However, it seems certain that the earliest P450 gene appeared quite early in
the history of life.

Structure of P450 genes

Like most genes of higher organisms, all mammalian P450 genes are interrupted by
several introns. One of the most remarkable features of P450 genes is that the exon-
intron organizations are specific to individual families, i.e., all genes in a family have
basically the same number of introns inserted in the corresponding nucleotide positions
on the mature mRNAs, whereas virtually no intron positions are shared by genes
belonging to different families. For example, the locations of the six introns in CYP1
genes and eight in CYP2 genes are strictly conserved within each family, but none of
them is common across the families (Sogawa et al. 1984). Although several exceptions
have been found to this simple rule (Picardo-Leonard and Miller 1987; Ohyama et al.
1993), the general specificity in gene organization provides an additional adequacy to
the proposed classification of P450 families. As opposed to the exon-shuffling
hypothesis (Gilbert et al. 1986) dynamic gains and losses of introns were likely to be
the major causes of the high-degree of discordance in the present-day P450 gene
structures.

There have been found many transcripts of various P450 genes that are likely to be
produced by alternative splicing. Most of these alternative transcripts do not have the
capability to encode active proteins, and therefore they are thought to arise from
erroneous splicing mediated by inaccurate machinery. Alternative use of distinct
promoters is another mechanism of generation of multiple transcriptional products from
a single gene. Tissue-specific expression of the human aromatase gene (CYP19) is
proven to be controlled by this mechanism; at least four distinct promoters are
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differentially active in placenta, skin fibroblasts, ovary, and prostatic gland (Mahedroo
et al. 1991; Harada 1992). This kind of very intriguing gene regulation mechanisms
have not been found for other P450 genes.

Fig. 2. Sequence conservation profile of E-class P450 proteins. 174 E-
class P450 protein sequences were aligned and the degree of sequence
conservation at each alignment position i, Ci, was evaluated according to
the equation: Cj = NMax pk log(20 pk), where NMax denotes the number
of sequences with the most common amino acid at that position, and pk
denotes the fraction of amino acid k found at the position. Four highly
conserved regions are indicated within the panel. The numbering above the
profile corresponds to the alignment position, whereas that below the
profile indicates equivalent P450cam site. The locations of helixes and B
structures predicted from the 3D structure of P450cam and an alignment of
all the P450 sequences are indicated by hatched and dark boxes,
respectively. The N-terminal hydrophobic region possibly inserted into the
microsomal membrane is indicated by a striped box (M). The six putative
substrate recognition sites are also shown below the structural map.

Structure of P450 proteins

As noted earlier, all P450 genes are certainly derived from a common ancestor. This
implies that the tertiary structures of all the P450 proteins are analogous to each other,
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since it is a general rule that homologous proteins have essentially the same 3-D folding
pattern. Several lines of evidence confirm that this is really the case (Gotoh and Fujii-
Kuriyama 1989). First, the residues identified from its 3-D structure to be important for
the structure and function of P450cam are also well conserved in other P450 proteins.
Second, local hydrophobicities and secondary structures predicted for various families
of P450 proteins show very high correlation to each other, and are consistent with the 3-
D structure of P450cam. Third, substrate recognition sites in mammalian P450s
identified by experiments with site-directed mutagenesis and chimeric constructs agree
nearly perfectly with those predicted from the structure of P450cam and a sequence
alignment.

Based on an alignment of all P450 protein sequences, we can now infer various
structural units in any P450 proteins. Fig. 2 shows such a structural map superimposed
on a sequence-conservation profile obtained from all known E-class P450 sequences.
Four clusters of well-conserved sites are recognized in the C-terminal half of the map.
These conserved regions are called I-helix (distal helix), K-helix, aromatic, and heme-
binding regions from the left (N-proximal) to the right (C-proximal).

The cysteine residue that is the fifth ligand to the heme is located near the center of the
heme binding region consisting of about 20 residues. The conserved sequence pattern,
F-[s,g]-x-G-x-[R,H]-x-C-x-G-x-x-@-a-x-x-e-@, is the most characteristic 'fingerprint'
of P450 superfamily proteins, where the bold-face, capital, and lower-case letters
indicate strictly, tightly, and intermediately conserved amino acids, respectively, @
indicates a site occupied by large aliphatic amino acids (Ile, Leu, Met, Val, and Phe),
and x indicates a variable site.

The I helix is located on the opposite side of the heme plane to the heme-chelating
cysteine residue. This helix has a distorted helical pattern, plays essential roles in
binding of the molecular oxygen, internal water molecules, and substrates, and thus is
the major constituent of the catalytic site of the enzymes. The helix is also close to the
sixth coordinate position of the heme, but no amino acid residue directly participates in
the coordination; in the substrate-free low-spin ferric state of P450cam, the sixth ligand
position is occupied by a water molecule or hydroxyl anion, while the position is empty
in the substrate-bound form (Poulos et al. 1986). There have been many site-directed
mutagenesis studies supporting that the I helix is concerned with not only catalytic
activities but also substrate specificities. We will discuss later this and other substrate
recognition sites in more detail.
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The K helix region contains two invariant residues E287 and R290 in the P450cam
numbering system. Besides a few sites in the heme binding region, these two sites are
the only sites where no amino acid replacement is found in any P450 sequences. The
aromatic region (Gotoh and Fujii-Kuriyama 1989) is characterized by a peculiar amino
acid sequence pattern, Al-[G]-x-x-p1-x-x-A2-x-p2-x-b-A3, where Ai represents an
aromatic amino acid (Phe, Tyr, or Trp), and pi, b, x, and [G] indicate a Pro, a basic
residue (Arg or His), a variable site, and an optional Gly found in some P450s,
respectively. This pattern is found in only E-class P450s, and so is a fingerprint that
discriminate E-class P450s from B-class P450s. The K helix and possibly the aromatic
regions are located in the proximal side of the heme plane. Site-directed mutagenesis
studies have suggested that these regions are important for retention of the heme
(Shimizu et al. 1991), although neither region makes direct contact with the heme.
Chemical modification and mutagenesis studies have also suggested involvement of the
K helix region in the interaction with the electron donor protein (Tsubaki et al. 1989;
Tuls et al. 1989; Wada and Waterman 1992). However, the functional roles of these
two conserved regions remain to be elucidated in more detail.

Substrate Recognition Sites and Adaptive Evolution of Drug-Metabolizing P450s

Identification of the substrate binding/recognition sites in mammalian P450s has been
difficult since the high variabilities in sequence around the candidate sites hampered
accurate alignment with the P450cam sequence. However, recent progress in sequence
analysis methods and accumulation of experimental data have been successfully
combined to predict six separate putative substrate recognition sites, SRS-1 to SRS-6,
in CYP2 family proteins (Gotoh 1992). These sites are also indicated in Fig. 2. As
shown in Fig. 3, all‘expen’mcntally identified sites that are responsible for substrate
specificity are mapped within these SRSs. Moreover, most of the SRSs coincide with
the regions where nucleotide substitutions accompanying amino acid replacements
occur more frequently than those in the rest of sequences. These observations are
reasonably interpreted as a result of adaptive evolution of the CYP2 gehcs, because
high variability in substrate recognition sites is beneficial to metabolize a wider range
of xenobiotics by cooperation of various P450 species. P450 genes seemingly have
adopted the same strategy from the very beginning of their evolution. Thus the basic
protein structure has remained invariant while the substrate recognition sites have
undergone large changes to accommodate various types of substrate molecules. This
strategy will be useful to design new engineered P450 molecules with a desired
catalytic activity.
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Codon Position

Fig. 3. Local variations in difference between rates of amino-acid
replacing nucleotide substitutions and silent substitutions (adapted from
Gotoh 1992). Positive R means that nucleotide substitutions replacing
amino acids within a window (nine codons) have occurred more frequently
than the average rates. Calculations were made for four CYP2 subfamilies,
CYP2A (a), CYP2B (b), CYP2C (c), and CYP2D (d). Shaded areas
indicate the SRSs. The locations of mutations that alter substrate
specificities are indicated by arrows, while the chimeric fragments
responsible for substrate specificities are indicated by thick bars in (c). The
potential secondary structures are shown above the panels by boxes.
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Expression of P450 genes

Not all these species of P450 are constitutively expressed, but most of them are
expressed inducibly in response to either external or internal stimuli in tissue-specific
manners. Synthesis of some form of P450 is induced specifically in experimental
animals or cultured cells by administration of a certain chemical. Chemicals such as
phenobarbital, 3-methylcholanthrene (3MC), 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin
(TCDD), isosafrole, pregnenolone 16 a- carbonitril (PCN), ethanol, polychlorinated
biphenyl (PCB), isosafrole, clofibrate and others, are known to be potent external
inducers for their specific forms of P450, while hormones including adrenocortico-
trophic hormone, growth hormone and steroid hormones regulate positively or
negatively the expression of a certain form of P450 (Table III).

The regulatory mechanisms of P4501A1, 4A and steroidogenic P450, 11A, 11B, 19A
and 21A have been investigated in greater detail. Cis-acting DNA elements and their
cognate trans-acting factors have been extensively investigated for these forms of P450.
Many of them are common factors which were found to regulate the expression of non-
P450 genes, while some others have been found originally with the expression of the
P450 genes.

Cis-acting DNA elements of CYP1A1 gene

A fusion genes consisting of the bacterial CAT (chloramphenicol acetyltransferase)
structural gene and the upstream sequence of the CYP1A1 gene were constructed and
transfected into cultured cell lines, Hepa-1 and Hep G2. The CAT activity was
expressed from the transfected fusion gene in response to the added inducer. The mode
of expression of the CAT activity in the transfected cells almost perfectly minicked that
of CYP1AL1 in livers of experimental animals with regard to potency and specificity of
the inducers. It was, therefore, concluded that the upstream sequence of the CYP1A1
gene contains necessary information for the regulatory expression of the gene (Sogawa
et al. 1986). External and internal deletion in the upstream sequence of the fusion gene
and subsequent transfection of the fusion genes into the cultured cell lines allowed us to
determine the expressed CAT activity driven by the upstream sequence of the CYP1A1
gene and thereby, to localize the regulatory DNA elements in this region. This transient
transfection system was able to define two kinds of cis-acting regulatory sequences in
the upstream sequence of the CYP 1A1 gene. As shown in Fig 4, one is designated
BTE, basic transcription element, at the -44 nucleotide position relative to the
transcription initiation site and is involved in the constitutive expression of the gene
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(Yanagida et al. 1990), while the other is XRE or xenobiotic responsive element which
is distributed at least 5 times in the 5' upstream region of the gene and enhances the
expression of the gene in response to the inducers such as TCDD and 3MC (Fujisawa-
Sehara et al. 1987). In addtion to the TATA sequence, the two kinds of cis-acting DNA
elements are necessary for a high level of the inducible expression of the gene. This
arrangement of the reglutatory DNA elements is found to be conserved in mouse, rat,
and human CYP1A1 genes (Fig. 4).

Fig. 4 Locations of regulatory DNA elements upstream of CYP1Al
genes. Solid arrows, transcription start site; shadowed arrows, XRE; open
boxes, BTE; closed boxes, TATA sequences; doted boxes, Alu sequences;
hatched boxes, SINE-R elements. Minus numbers indicate the distance in
kb from the transcription initiation site.

The BTE (AGAAGGAGGCGTGGCC) or its analogous sequences were found in the
upstream sequence of various P450 genes such as CYP2B, 21A, 11A and 2E genes
(Yanagida et al. 1990). In vitro transcription assays also demonstrated that the BTE
sequence has an enhancer effect on the transcription of the fusion gene. Systematic
introduction of mutations in the BTE sequence defined an essential core sequence
(AGGCGT) for the enhancer activity (Yasumoto et al. Unpublished observation) and
clearly showed that the core sequence matches the GC box consensus sequence. The
XRE seuqnece contains an invariant sequence of pentanucleotide, CACGC and was
found in other genes such as glutathione S-transferase Ya, quinone reduatase, and
CYP1A2 genes (Rushmore and Pickett 1993).

Trans-acting regulatory factors

Trans-acting factors on these regulatory DNA elements were detected in the nuclear
extracts from the cells which express CYP1A1 by gel mobility shift assay (Fujisawa-
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Sehara, 1988) and DNA methylation interference analysis (Neuhold et al. 1989; Shen
and Whitlock 1989; Cuthill et al. 1991). DNA-binding factor(s) to the BTE sequence
was found ubiquitously in the nuclear extracts from various cell lines. Judging from the
sequence of the DNA element and some biochemical properties, one of the BTE-
binding factors was considered to be Spl (Yanagida et al. 1990). This factor was a
known factor which acts in trans on the GC-box sequence. cDNA cloning by using the
BTE sequence as a labeling probe isolated two other BTE-binding factors , BTEB and
BTEB?2, zinc finger proteins.

In contrast with the ubiquitous nature of the BTE-binding factor, the XRE-binding
factor was found specifically in the nuclear extracts of the cultured cells and the tissues
which express CYP1Al. This DNA binding factor was found only in the nuclei of
those cells which was treated with the inducers such as TCDD, 3MC and other
polycyclic aromatic hydrocarbons, while it was not present in the nuclei of non-treated
cells (Fujisawa et al. 1988; Denison et al. 1988; Saaticioglu et al. 1990).

In consistence with this observation, recently, DNA cross-linking experiments
demonstrated that two proteins with molecular weights of 100 and 110 KDa were
labeled with the 32P-labeled XRE probe, when the 32P-labeled XRE and the nuclear
extracts from the cells treated with the inducer were irradiated by UV-light. (Elferink et
al. 1990)

Structure and function of the two protein factors.

Elaborate experiments of rescuing the C4 mutant of Hepa-1 cells which is defective in
the nuclear translocation of Ah receptor (AhR) with normal human genomic DNA
isolated the gene for the Arnt protein or AhR nuclear translocator and subsequently, its
c¢DNA clone. Transfection of the cDNA in the expression vector clearly restored the
Arnt function of the C4 mutant, resulting in the induction of CYP1A1 in response to the
inducer. Sequence analycis of the cDNA revealed that the deduced primary structure of
Arnt consists of 789 amino acids and the helix-loop-helix domain characteristic of the
transcriptional regulatory protein (Hoffman et al. 1991).

The XRE-binding factor was found in a latent form in the cytoplasm of non-treated
cells (Fujisawa-Sehara et al. 1988). The cytoplamic form of the binding factor was
found in association with HSP90 and showed no XRE-binding activity (Perdew 1988;
Denis et al. 1988; Wilhemsson et al. 1990). When treated in vitro with the inducer, the
cytoplasmic fraction prepared from the non-treated cells exhibited the XRE binding
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activity. Upon treatment of the cells with the inducer, the XRE-binding factor in the
cytoplasm was translocated to the nuclei in association with the inducer (Fujisawa-
Sehara et al. 1988) and bound to the XRE sequence in the major groove as clarified by
the methylation interference experiment (Shen and Whitlock 1989). The regulatory
factor bound with the XRE sequence was found associated with the inducer. The
behavior of the trans-acting factor in response to the inducer suggested that the factor is
the AhR or contains at least the AhR as a constituent. The AhR has been known for
about 20 years and suggested to be closely associated with the induction of the drug-
metabolizing enzymes by aromatic compounds. Mutation analysis in the induction
process of CYP1A1 in Hepa-1 cells suggested that at least two genes are necessary for
the inducible expression of CYP1A1 gene, in addition to CYP1A1 gene itself. One
encodes AhR protein which binds the inducer and activate the expression CYP1A1
gene and the other is the gene for a protein which is involved in translocation of AhR to
the nuclei (Hankinson 1983; Legaraverend et al. 1982).

Recently, cDNA clones for AhR protein have been isolated from a Hepa-1 cDNA
library by using oligonucleotide probes synthesized from the reported N-terminal amino
acid of the purified AhR (Ema et al. 1993; Burback et al. 1993). Determination of the
cDNA sequence shows that the AhR protein is composed of 805 amino acids and,
interestingly, contains a helix-loop-helix (HLH) domain at the N-terminus, similar to
the case with the Arnt protein. The sequences of this part of the AhR and Arnt proteins
significantly resemble each other and the sequence similarity is found to extend to those
of other proteins, such as mouse TFEB and Drosophila Sim. Another part of this
protein just C-terminal to the HLH domain shows some sequence similarity to those of
Arnt, Sim and Drosophila Per proteins (Fig. 5). This conserved region is designated
PAS domain, an acronym of Per, Arnt or AhR and Sim. The function of this domain
will be described.

To investigate the roles of the two proteins, AhR and Arnt, in the XRE-binding factor,
the antibody against AhR or Arnt was prepared in rabbits by using oligopeptides
synthesized according to the amino acid sequences deduced from the cDNAs. Gel
mobility shift assay using these antibodies demonstrated that the XRE-binding factor is
composed of at least the two proteins, AhR and Amt (Reyes et al. 1992; Whitelaw et al.
1993; Matsushita et al. 1993). The two proteins are separate entities in the cytoplasm
of the non-treated cells. When the inducer is taken up in the cells, the two proteins
form a complex with the XRE-binding activity and translocate to the nuclei.

The isolated cDNA of AhR was inserted into a expression vector of pSRa and
transfected into CV-1 cells which do not show any AhR activity. The cytoplasmic
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Fig. 5. Locations of various domains in the AhR, Arnt and the related
proteins. bHLH, basic-helix-loop helix domains; spotted boxes, PAS
domains; Q-rich, Gln-rich domain; acidic region, region rich in acidic
amino acids; LIGAND, ligand-binding domain; AhR, Arylhydrocarbon
receptor; Arnt, AhR nuclear translocator;Sim, Drosophila single minded
protein; Per, Drosophila period protein.

fractions were prepared from the transfected cells and examined for the ligand-binding
activity. The cytoplasmic fraction was incubated with 3-TCDD and then subjected to
glycerol gradient centrifugation. A 3H-TCDD-binding component peaked at the 9S
position, the same position as observed with Hepa-1 cells and this peak was competed
out with an excess amount of TCDF, a competitor. This 3H-TCDD-binding peak was
observed in only CV-1 cells transfected with the expression plasmid (Ema et al.
Unpublished observation). Formation of the XRE-binding complex with AhR and Arnt
was observed by reconstitution systems using C4 or C12 mutants of Hepa-1 cells. C4
mutant of Hepa-1 cells is know to be defective in the Arnt function, while C12 mutant
lacks the normal AhR function (Hankinson 1983). Cytoplasmic fractions were
prepared from the C4 mutant cells and incubated with the in vitro synthesized Arnt.
The XRE-binding activity was induced by addition of TCDD in the reaction mixture.
This binding activity was inhibited by anti AhR or anti-Amt antibody.

On the other hand, the in vitro synthesized AhR was found to restore the XRE-binding
activity in the cytoplasmic fraction prepared from the C12 mutant in the presence of the
inducer such as TCDD and 3MC. Since either in vitro synthesized AhR or Amt protein
alone does not show any XRE-binding activity even in the presence of the inducer, both
proteins are necessary for the activity. Formation of the complex between these two
factors was demonstrated by the coimunoprecipitation with either anti Arnt or anti AhR
antibody (Matsushita et al. 1993). Although the mechanism of the complex formation
between Arnt and AhR remain to be seen, it has recently been suggested that the PAS
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domain is involved in the heterodimer formation of Drosophila Sim and Per (Huang et
al. 1993).

Transcriptional activity of AhR and Arnt proteins was cleary demonstrated by the
transient expression system using CV-1 cell. We constructed expression plasmids of
the AhR and Armnt proteins under the control of the cytomegalovirus promoter and
enhancer and transfected them either separately or in combination into CV-1 cells with
a reporter plasmid pMC6.3k consisting of the CYP1A1 regulatory upstream sequence
and the CAT structural gene. The CAT activity in the cells transfected with both of the
effector plasmids was synergistically increased as compared with those expressed in the
cells transfected with either alone. Although the synergistic effect was very distinct and
the inducibility was reproducible, the inducibility of the CAT expression seemed lower
than that observed with Hepa-1 cells which express AhR and Arnt endogenously. This
low inducibility is not due to a lowered level of the induced expression of the CAT
activity, but rather due to elevated constitutive expression without treatment of the
inducer, 3MC. The reason for this high constitutive expression remains to be seen
(Matsushita et al. 1993). In any case, this result strongly suggest that the two proteins
function cooperatively as a transcriptional activator in response to the inducer.

Summary

More than 200 primary structures of cytochrome P450 have been reported and are
divided structurally into two main groups, E and B groups by the presence and absence
of the aromatic region, respectively, which contains three conserved aromatic amino
acids. Structural relation among these P450s are summarized in a phylogenetic tree.
Functional domains of these P450s are discussed with special reference to the
conserved and the variable regions.

Current studies on the regulatory mechanisms of drug-metabolizing CYP1A1 are
summarized. Two kinds of cis-acting DNA elements are defined in the 5' upstream
flanking sequence. Their cognate trans-acting factors were idenfied and elucidated
structurally from cDNA cloning. The mode of gene regulation of CYP1A1 has begun
to be understood more in detail by molecular biological technology using the cloned
cDNA:s.
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Introduction

Peroxisome proliferators are a large and varied group of
chemicals that can induce P450s as well as other drug
metabolizing enzymes. These chemicals can cause the number of
peroxisomes in the livers of some sensitive species to
increase with subsequent enlargement of the liver. This may
ultimately lead to the development of liver tumors, but
peroxisome proliferators or their metabolites do not appear to
be mutagens (Rao, Reddy, 1991). Thus, they are considered to
be non-genotoxic carcinogens. The increase in peroxisomes may
in turn reflect the induction of several peroxisomal enzymes
that metabolize fatty acids by B-oxidation. 1In contrast to
mitochondrial B-oxidation, the peroxisomal pathway appears to
function as pathway for the elimination of fatty acids and the
production of heat rather than conservation of energy through
the formation of ATP. In addition, long-chain, branched
chain and dicarboxylic fatty acids are preferentially
metabolized by the peroxisomal pathway. The latter can arise
via the w-hydroxylation of monocarboxylic acids, a reaction
that is catalyzed by microsomal P450s of the CYP4A family and
subsequent oxidation of the alcohol to a second carboxyl
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moiety by other enzymes. The P450 4A enzymes are the P450s
most prominently induced by peroxisome proliferators (Gibson,
1992; Lock et al. 1989; Kaikaus et al. 1993).

The induction of these pathways of fatty acid metabolism
may actually occur in response to an increase of free cellular
fatty acids elicited by peroxisome proliferators rather than
from their direct action (Lock et al. 1989). This would be a
case of substrate induction for these enzymes. Kaikaus et
al. (1993) have presented evidence that the induction of the
P450 4A enzymes by peroxisome proliferators may contribute to
the induction of the peroxisomal B-oxidation pathway as well
as of the liver fatty acid binding protein. When these
investigators inactivated the P450 4A enzymes as well as most
other P450s by treatment with a suicide substrate, the
induction by peroxisome proliferators of the mRNAs encoding
the fatty acyl-CoA oxidase (FACO), the rate-limiting and
initial enzyme of the peroxisomal B-oxidation pathway and of
the fatty acid binding protein (FABP) are greatly diminished
in cultured hepatocytes. 1In contrast, the induction of mRNAs
encoding the P450 4A enzymes are not greatly affected.
Kaikaus et al. (1993) hypothesized that dicarboxylic acids
might be the proximate inducers of the FACO and FABP.
Inactivation of the P450 4A enzymes would block w-
hydroxylation of monocarboxylic acids, the first step in the
conversion of monocarboxylic to dicarboxylic fatty acids. 1In
support of this hypothesis, they demonstrated that mRNAs
encoding FACO and FABP could be induced by dicarboxylic acids
following the destruction of the P450 4A enzymes. In
contrast, the P450 4A mRNAs did not appear to be induced by
the dicarboxylic acids (Kaikaus et al. 1993).

The results of Kaikaus et al. (1993) suggest that the
expression of the CYP4A genes and those encoding the FACO and
FABP are under differential control. Additional evidence
supports this possibility. Several investigators have
demonstrated that the induction of P450 4A mRNAs precedes that
of FACO mRNAs and that the latter largely blocked by
cyclohexamide, an inhibitor protein synthesis (Bell, Elcombe,
1991) .
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RABBIT P450 4A ENZYMES

Four P450 4A enzymes are known in rabbits, designated P450
4A4 (Yamamoto et al. 1984; Williams et al. 1984; Matsubara et
al. 1987), 4AS5 (Johnson et al. 1990; Yokotani et al. 1991),
4A6 (Johnson et al. 1990; Yokotani et al. 1989), and 4A7
(Johnson et al. 1990; Yokotani et al. 1989). Of these, the
latter three are each induced by peroxisome proliferators with
P450 4A6 being the most highly induced (12-fold in liver and
6-fold in kidney). This largely reflects a much lower level
of expression for P450 4A6 mRNAs when compared to P450 4AS5 and
P450 4A7 in untreated rabbits. Following induction, similar
mRNA abundances are seen for all three enzymes. In contrast,
P450 4A4 mRNAs are normally not detected in liver, kidney or
lung, or. following treatment with peroxisome proliferators.
However, P450 4A4 mRNAs are expressed at levels similar to
that of the other three P450 4A mRNAs in the livers of
pregnant rabbits and at higher abundance in the lung where the
other three P450 4A mRNAs are not detected in either pregnant
or non-pregnant rabbits. P450 4A4 can also be induced by
dexamethasone and progesterone (Muerhoff et al. 1987;
Matsubara et al. 1987; Palmer et al. 1993a).

The four P450 4A enzymes exhibit similar but distinct
patterns of substrate specificity (Masters et al. 1992). All
four catalyze the w-hydroxylation of palmitic acid, and all
but CYP4A4 also catalyze the w-hydroxylation of lauric acid.
Of these CYP4A5 exhibits the most restricted specificity
preferring lauric acid as a substrate and exhibiting low
relative rates toward palmitic and arachidonic acid. The
latter is metabolized well by the remaining three enzymes.
The w-hydroxylation of arachidonic acid is of particular
interest as it produces a precursor for a potent
vasoconstrictor in kidney (Schwartzman et al. 1989). The
pregnancy related enzyme, CYP4A4, is distinguished from the
other three by its preference for prostaglandins relative to
fatty acids as substrates (Masters et al. 1992).
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THE PEROXISOME PROLIFERATOR ACTIVATED RECEPTOR

By analogy to the induction of P450 1Al by dioxin, it has
long been suspected that the induction of other P450s by
xenobiotics is mediated by a cellular receptor. Work in our
laboratory indicates that the transcriptional activation of
the CYP4A6 gene by peroxisome proliferators can be mediated by
the murine peroxisome proliferator activated receptor (PPAR)
(Muerhoff et al. 1992). The latter is a member of a subfamily
of the nuclear receptor superfamily which includes the steroid
hormone receptors and receptors for thyroid hormone, vitamin
D3, and retinoic acid (Issemann, Green, 1990). These
receptors, which can be found in either cytosol or nuclei, are
transcription factors that recognize specific sequences in the
gene. In the case of the hormone receptors, the effects of
the receptor on gene transcription are modulated by hormone
binding to the receptor. However, a number of proteins in
this family have been described for which ligands have not
been identified, and these are often termed orphan receptors.
The PPAR can be considered as an orphan receptor because
although it is activated by peroxisome proliferators, they
have not been demonstrated to be ligands that bind to the
protein (Issemann, Green, 1990). Fatty acids have also been
shown to activate PPAR (Géttlicher et al. 1992), and these
might be ligands for this receptor. However, the EDg, values
for fatty acids and for peroxisome proliferators range from
1076 to 1073 M, and if these reflect the Kp for the binding of
these putative ligands to PPAR, specific binding could be
difficult to detect when the concentration of the receptor is
low. Although only a single mouse (Issemann, Green, 1990) and
rat PPAR (Gbttlicher et al. 1992) have been described, a human
orphan receptor, NUC1l, has been described that is activated by
fatty acids and the peroxisome proliferator, Wy-14,643
(Schmidt et al. 1992). This receptor is less closely related
to the murine PPAR than the human PPAR (Sher et al. 1993), 62%
and 85%, respectively. 1In addition three members of the
nuclear receptor family have been described in Xenopus laevis
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Fig. 1. Transactivation of reporter gene transcription by PPAR-G or
PPAR. RK1l3 cells were transfected with a luciferase reporter gene
construct under control of CYP4A6 gene promoter, -880 to +18bp, and
expression plasmids for PPAR-G or PPAR in the pCMV expression vector

as well as for B-galactosidase. The results determined in the
presence or absence of 50 uM Wy-14,643 were normalized to that for B~
galactosidase.

that differ by roughly 30% amino acid sequence identity and
each can be activated by peroxisome proliferators (Dreyer et
al. 1992).

PPAR MEDIATES THE TRANSCRIPTIONAL ACTIVATION OF CYP4A6 GENE BY
PEROXISOME PROLIFERATORS

Gene transfer experiments have been used to link the PPAR
to the transcriptional activation of the CYP4A6 gene by
peroxisome proliferators. In these experiments, the
luciferase reporter gene under control of the promoter and a
portion of the 5' flanking sequence of the CYP4A6 gene (-880
to +17 bp) are transfected into one of several cells lines
together with expression vectors for PPAR (Muerhoff et al.
1992). oOur results, Fig. 1, indicate that when the PPAR and a
peroxisome proliferator are present, the expression of
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luciferase is increased relative to that seen for the reporter
construct alone. Interestingly, the PPAR can stimulate
transcription in the absence of added peroxisome proliferator
to a significant extent of the activity that is seen when the
peroxisome proliferator is also present, Fig. 1. However,
this peroxisome proliferator independent activation is not
seen with a mutant containing a single amino acid substitution
of a glycine for glutamic acid 282, PPAR-G, that otherwise
responds to peroxisome proliferators (Muerhoff et al. 1992),
Fig. 1. Deletion analysis indicates that the response to PPAR
is mediated by a 37 bp upstream region of the CYP4A6 gene (-
677 to -644 bp, designated as the Z-element) that contains
multiple copies of sequences that are closely related to that
recognized by other nuclear receptors, AGGTCA. In addition, a
second element, X, located at -743 to -725 bp may be a weak
PPRE. When the X element is deleted the response to
peroxisome proliferators drops 2 to 3-fold. However, a single
copy of the X element does not confer a response when
incorporated into the -155 reporter construct. These results
indicate that PPAR can mediate the transcriptional activation
of the CYP4A6 gene by peroxisome proliferators.

The PPAR has also been shown mediate the transcriptional
activation of the FACO (Tugwood et al. 1992; Dreyer et al.
1992) and FABP (Issemann et al. 1992) genes as well as the
gene encoding the peroxisomal bifunctional enzyme (Zhang et
al. 1992; Bardot et al. 1993) by peroxisome proliferators.
The PPRE of the FACO was first defined by deletion analysis
employing the rat hepatoma cell line, H4IIEC3 (Osumi et al.
1991). This study defined a segment of the FACO gene, -578 to
-576, that contained two regions, A and B, protected by
nuclear proteins in DNase I footprinting experiments. The B
element alone did not mediate a response to peroxisome
proliferators, whereas the A element exhibited a weak
response, 02-fold, that was increased to 04-fold when the B
element was incorporated together with the A element in the
reporter construct. Tugwood et al. (1992) subsequently
demonstrated that the A element could regulate the response of
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Z: ACGCAAACACTGAACT AGGGCA A AGTTGA GGGCAGTG
FACO: GGGACC AGGACA A AGGTCA CGTTCGGG
FABP: AAATAT AGGCCA T AGGTCA GTGATTG

BIF: CTCAAATGTAGGTAATA GTTCAA T AGGTCA AAGGA

Fig. 2. Response Elements for PPAR. Regions of the genes for P450
4A6 (Z element), FACO (A-element), FABP, and the bifunctional enzyme
(BIF) that contain PPREs. The imperfect, direct repeat separated by
a single nucleotide is set off by spaces.

a reporter gene to peroxisome proliferators mediated by the
murine PPAR in cotransfection experiments. The sequence of
the FACO A element exhibits extensive sequence identity with a
portion of the CYP446 Z and X elements as shown in Fig. 2.
Deletion analysis has also defined similar PPREs for the FABP
gene (Issemann et al. 1992) as well as for the gene encoding
the peroxisomal bifunctional enzyme (Zhang et al. 1992; Bardot
et al. 1993), Fig. 2. An examination of these sequences
reveals that each PPRE exhibits an imperfect direct repeat of
a sequence related to AGGTCA, a sequence recognized by the
zinc finger motif of the nuclear hormone receptors.

2inc finger motifs are found in a variety of DNA binding
proteins, and the nuclear receptors exhibit a characteristic
pair of zinc finger motifs. The domain containing this motif
is sufficient for DNA binding to hormone response elements,
and the structure of the complex formed between the
glucocorticoid response element and the zinc finger of the
glucocorticoid receptor has been determined experimentally
(Luisi et al. 1991). The principal DNA contacts are found in
the N-terminal zinc finger, and this region is highly
conserved among the subfamily of the nuclear receptors that
includes the glucocorticoid, androgen, progesterone and
mineralocorticoid receptors. These receptors recognize a
palindromic repeat of the sequence, AGAACA, separated by three
nucleotides, and the receptors bind to the palindromic
response element as a dimer. The structure of the complex
between the two DNA binding domains and the palindromic
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response element indicates that the interface between the two
DNA binding domains of the dimer is encoded in the C-terminal
zinc fingers, and that the three nucleotides separating the
inverted repeat allows each of the N-terminal zinc fingers to
contact the major groove of the DNA at the recognition
sequence. As the hormone responsive elements are similar or
identical for each of these receptors, the differential
regulation by hormones of genes bearing these response
elements is thought to involve several factors such as (1)
differential expression of the receptors, (2) differential
metabolism of the hormone signals in tissues, or (3) the
differential capacity of each receptor to alter the actions of
other transcription factors that bind at or near the hormone
response element (Funder, 1993).

The N-terminal zinc finger of the PPARs are highly similar
to that of the thyroid hormone, estrogen, retinoic acid,
retinoid X, vitamin D3 receptors as well as of a number of
orphan receptors such as COUP-TF, HNF4, and ARP-1, but is
distinct from that of glucocorticoid family. These receptors
recognize both palindromic and direct repeats of sequences
related to AGGTCA. Although the spacing of these repeats can
underlie selective responses, there is a considerable degree
of overlap in recognition by these transcription factors.
Moreover, with the exception of the estrogen receptor, these
receptors have been shown to bind in vitro to responsive
elements as heterodimers with the retinoid X receptor, RXRea,
another member of this family (Bugge et al. 1992; Hallenbeck
et al. 1992; Carlberg et al. 1993; Husmann et al. 1992; Durand
et al. 1992).

PPAR/PPRE BINDING IS FACILITATED BY RXR

Highly purified PPAR does not appear to bind to the 32-
element of the CYP4A6 gene, but it does so when supplemented
with the retinoid X receptor, RXRa, another member of the
nuclear receptor family. This is similar to the behavior of
other members of subfamily II of the nuclear receptor family
that appear to require RXR proteins for high affinity binding
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Fig. 3. Synergism between 50uM Wy-14,643 (Wy) and 1luM retinoic acid
(RA) following heterologous expression of both PPAR-G and RXRa.
Results are shown for the luciferase reporter containing -880 to +18
of the CYP4A6 gene in RK13 cells normalized to the values obtained
for the B-galactosidase control. Results obtained following
transfection of expression plasmids for the individual receptors or a
vector control are also shown.

to their recognition sequences. Moreover, there is an RXR
requirement for the binding of PPAR to the PPREs of the other
genes that have been investigated.

The formation of heterodimers between PPAR and other
receptor proteins provides a means for cross talk to occur
through interaction of the other receptor with its ligand
(Kliewer et al. 1992). RXRa can be activated by inclusion of
retinoic acid in the cell culture medium. In the case of the
Z-element coupled to a heterologous promoter, retinoic acid
and RXRa do not increase the response in reporter gene
expression to peroxisome proliferators above that seen with
PPAR alone. However, under the same conditions, transcription
of the reporter construct under control of the CYP436 gene is
greatly enhanced in a synergistic fashion (Palmer et al.
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1993b), Fig. 3. Deletion analysis indicates that the
synergistic response between retinoic acid and peroxisome
proliferators does not require the Z-element and that a
cryptic PPRE, that is located in the promoter region near the
start of transcription, is unmasked by RXRa. Thus, the
response of the CYP4A6é gene to peroxisome proliferators can be
modulated by RXRa and its ligands through multiple response
elements that exhibit differential regulation by retinoids and
peroxisome proliferators in the presence of RXRa and PPAR.

PPREs INTERACT WITH OTHER PROTEINS

The sequence of the cryptic PPRE in the CYP4A6 promoter is
closely related to a recognition element for ARP1 and HNF4,
two orphan receptors, found in the apolipoprotein gene (CIII)
(Ladias et al. 1992). Electrophoretic mobility shift analysis
indicates that ARP1 binds to both the cryptic PPRE in the
CYP4A6 promoter as well as the upstream, Z-element. In
contrast to PPAR, this binding does not require RXRa.

When increasing amounts of an expression vector for ARP1
are transfected together with those for RXRa and PPAR, the
response of the CYP4A6 reporter constructs to peroxisome
proliferators and retinoic acid are diminished. ARP1l was
originally shown to be a negative regulator of apolipoprotein
Al gene expression (Ladias, Karathanasis, 1991). These
results suggest that CYP4A6 as well as other genes that encode
enzymes or proteins that function in lipid homeostasis are
likely to be regulated by the same group of transcription
factors. This also suggests that competition may exist among
the various members of the nuclear receptor family for binding
to PPREs. Moreover, the specific sequence of the PPRE, the
relative cellular concentration of the nuclear receptors, and
the modulation of their activity by ligands and/or
phosphorylation could determine the overall expression of the
CYP4A6 gene as well as of the FACO and FABP genes.

ENDOGENOUS ACTIVATORS OF PPAR

Peroxisome proliferators can activate the PPAR, but it has
not yet been shown that they can activate the receptor
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directly by ligand binding. As we indicated earlier, the
murine PPAR can activate the transcription of CYP4A6 reporter
constructs in the absence of added peroxisome proliferators
and that this can be further augmented by the inclusion of
peroxisome proliferators. A single mutation, a glycine
substitution for glutamic acid residue 282, abolishes
significant activation of the reporter in the absence of
peroxisome proliferators, but the mutant fully activates
CYP4A6 reporter expression in their presence.

This difference may reflect the effect of the mutation on
the affinity of the murine PPAR for an endogenous ligand.
Dose-response studies indicate that the apparent EDgy of the
PPAR-G is shifted to higher concentrations for Wy-14,643 by
roughly 10-fold. The effect of the mutation on the
dose-response curves for PPAR is highly suggestive that the
dose-response curve reflects the activation of the receptor by
a ligand. If peroxisome proliferators cannot bind directly
with PPAR, they must effect proportionate increases in the
concentrations of the endogenous activating agent. The
concentration of the latter may be sufficiently high to
partially populate the PPAR leading to significant reporter
gene activation in the absence of added peroxisome
proliferators. In contrast, the concentration of the
endogenous activator may be too low to populate the mutant
receptor.

As we indicated earlier, it has been proposed that
peroxisome proliferators can lead to elevations of free
monocarboxylic fatty acids and that these may mediate the
effects of peroxisome proliferators on CYP4A gene expression.
The P450 4A enzymes can in turn catalyze the formation
w-hydroxylated monocarboxylic fatty acids, and the w-hydroxyl
group can be further oxidized to form dicarboxylic fatty acids
that can contribute to the induction of the FACO and FABP in
response to peroxisome proliferators. This possibility was
supported by the initial observation that monocarboxylic fatty
acids can activate a chimeric receptor constructed from the
DNA binding domain of the glucocorticoid receptor and the
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putative ligand binding domain of the rat PPAR (Géttlicher et
al. 1992). Issemann et al. (1992) have also reported that
palmitic acid activates the mPPAR. 1In addition, the xenopus
laevis PPARa (Keller et al. 1993) mediates the transcriptional
activation of a reporter gene containing the PPRE from the
FACO gene by both saturated and unsaturated monocarboxylic
fatty acids including arachidonic acid. Interestingly, the
synthetic eicosinoid, ETYA (5,8,11,14-eicosatetraynoic acid),
proved to be a more potent activator of the xenopus laevis
PPARa than Wy-14,643. In contrast, our studies on the
activation of the murine PPAR or PPAR-G reveal similar
potencies for these two compounds. Although the effects of
ETYA and arachidonic acid on PPAR suggest that eicosinoids
could play a role in the response to peroxisome proliferators,
a variety of inhibitors of cyclooxygenases and of
lipoxygenases did not affect the activation of the xenopus
laevis PPARa (Keller et al. 1993) indicating that this
activation is unlikely to involve signal transduction pathways
utilizing arachidonic acid.

We have compared the transcriptional activation of the
CYP4A6 reporter constructs by fatty acids mediated by PPAR and
PPAR-G. These results indicate that the mutation affects the
dose-response to fatty acids in the same manner as seen for
peroxisome proliferators. Interestingly, the dicarboxylic
fatty acid hexadecanedioic acid activates PPAR-G, Fig. 4, and
this response is exhibited by both reporter constructs
containing the PPRE from the CYP4A6é gene (Z-element) or the
FACO gene (AB-element). 1In general, the activation of PPAR by
either monocarboxylic or dicarboxylic fatty acids requires
their presence in the culture medium at concentrations that
exceed those required for the peroxisome proliferator
Wy-14,643. However, potential differences in their uptake and
metabolism of these compounds by the host cells confound
direct comparisons. The response to peroxisome proliferators
is seen in cell lines, such as COS-1 cells, that exhibit
undetectable levels of fatty acid w-hydroxylation. Thus, it
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Fig. 4. Activation of CYP4A6 driven luciferase expression by the
lauric (mono-Cl2), dodecanedioic (di-Cl12), thapsic (di-cl16), or
palmitic (mono-Cl6) acids (50 uM) mediated by PPAR~G in RK13 cells.
The reporter construct contained the -880 to +18 bp region of the
CYP4A6 gene, and the results were normalized to the B-galactosidase
control.

is unlikely that expression of cytochrome P450 4A enzymes is

essential for the activation of PPAR by peroxisome

proliferators.

Summary

PPAR can mediate the transcriptional activation of both the
CYP4A6 gene and of the genes encoding peroxisomal enzymes that
participate in the B-oxidation of fatty acids. 1In addition to
peroxisome proliferators, both dicarboxylic and monocarboxylic
fatty acids can activate PPARs. The latter represent
endogenous compounds that could regulate the normal functions
of PPARs, and peroxisome proliferators could elicit their
effects indirectly through elevations of cellular fatty acids
that in turn activate PPARs. Alternatively, the elevation of
cellular fatty acids could augment a direct response to
peroxisome proliferators by increasing the overall
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concentration of ligands for PPARs. In a similar fashion,
P450 4A participation in w-oxidation would convert one
activating ligand into another. The importance of P450 4A in
the induction of the FACO and FABP could reflect the role of
w-hydroxylation in the diversion of fatty acids from
triglyceride formation or mitochondrial B-oxidation
sequestering them as dicarboxylic acids that are more slowly
eliminated by peroxisomal B-oxidation alone and that activate
PPAR. The differential effect of blocking w-hydroxylation by
inactivation of P450 4A enzymes (Kaikaus et al. 1993) on the
induction of P450 4A mRNAs when compared to FACO mRNAs could
reflect kinetic differences in the induction process. The
latter is slow when compared to the response of the CYP4A
genes, and thus, its induction could be more dependent on the
sustained presence of activating ligands for the PPAR. As the
latter process is supported by the presence of active P450 4A
enzymes, inhibition of these enzymes could blunt the induction
of the FACO gene by peroxisome proliferators before it can
fully develop. On the other hand, several members of the
nuclear receptor family can recognize PPREs, and differences
in the sequences of the PPREs and their contexts between PPAR
responsive genes could lead to differential expression. The
details of this regulatory network are unclear and represent
an active area for future investigation.
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Introduction

Differences between individuals as well as between species
in the disposition of toxic, foreign chemicals can reflect
differences in the expression and properties of cytochrome
P450 enzymes. More than 35 genes encoding P450 enzymes have
been described in the rat (Nelson et al. 1993), and similar or
greater numbers are likely to exist in other mammals. The
individual enzymes that constitute this family of proteins
often exhibit unique but overlapping substrate selectivities.
Together these enzymes provide an almost limitless capacity to
metabolize foreign, lipophilic compounds.

Comparisons of the amino acid sequences of these proteins
suggests that there has been extensive duplication and
divergence of the genes encoding P450s in mammalian species
since they last shared a common ancestor (Nebert et al. 1987;
Nelson, Strobel, 1987; Gotoh, Fujii-Kuriyama, 1989). As a
result, each mammalian species exhibits a distinct spectrum of
P450 enzymes. This duplication and divergence has led to
pairs of highly similar proteins that, perhaps surprisingly,
exhibit very distinct substrate selectivities. This suggests
that genetic changes can readily alter substrate selectivity
without disrupting the basic catalytic features exhibited by
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all P450s, and that selective pressure during evolution leads
to acquisition of new functions which enhance the overall
capacity of the system to metabolize foreign compounds.

Site-directed mutagenesis has demonstrated that single
amino acid substitutions can dramatically alter the substrate
selectivity profile of individual P450s. We will review those
studies which have defined elements of the primary sequences
of these enzymes that determine differences in substrate
selectivity among P450 enzymes. These will be discussed in
terms of current models for the structures of eukaryotic P450s
based on the structure of the bacterial enzyme, P450 cam.

DIFFERENCES BETWEEN CLOSELY RELATED FORMS OF P450 THAT
DETERMINE DISTINCT CATALYTIC PROPERTIES.

The functional differences exhibited by closely related
pairs of enzymes reflect one or a few differences in their
amino acid sequences. Several distinct pairs of P450 enzymes
have been examined, and these studies have identified critical
residues that determine differences in substrate specificity.
This approach has been applied in detail to several pairs of
enzymes in the 2A, 2B, 2C and 2D subfamilies. This in turn
has lead to more detailed mutagenesis studies and formed a
basis for engineering P450s to catalyze additional reactions.

Substrate Switching between P450 2A4 and 2A5. These two
mouse P450s differ by only 11 of 494 amino acids (Lindberg et
al. 1989), yet the two enzymes catalyze distinctly different
reactions, the 15a-hydroxylation of testosterone (2A4 or
P45015a) and the 7-hydroxylation of coumarin (2A5 or P450coh)
respectively with each exhibiting no detectable capacity to
catalyze the other reaction (Negishi et al. 1989). Lindberg
and Negishi (1989) introduced single mutations into 2A5, the
coumarin hydroxylase, corresponding to the amino acid found at
the same position for the steroid hydroxylase, and the 11
mutant enzymes were characterized following their expression
in yeast. Three mutations in 2A5 affected the specific
activity of cell homogenates when they were assayed for
coumarin 7-hydroxylase activity, A117V, F209L, and M365L. The
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concentration of each enzyme was similar to that of the wild
type as judged by Western blotting suggesting that the
catalytic differences resulted from the mutation rather than
differences in the level of expression of the mutants.

only one of the mutations, F209L,1 conferred steroid 15a-
hydroxylase activity to the mutant P450coh. Thus, in contrast
to either parent enzyme, the P450coh-F209L mutant enzyme
exhibits both activities although the rate of each was roughly
35-50% and 70%, respectively, of the rates exhibited by the
parental enzymes. A mutant in which all three residues of the
coumarin hydroxylase were changed to that of the steroid
hydroxylase, Al1l17V, F209L, and M365L, produced an enzyme that
catalyzed the steroid 15a~hydroxylase activity but that did
not catalyze coumarin hydroxylation.

Interestingly, the reciprocal mutation, L209F, in the
steroid hydroxylase, 2A4, conferred only low coumarin
hydroxylase activity to the mutant although it greatly
diminished the capacity of the enzyme to perform the steroid
hydroxylation. 1In addition, the A117V and L365M mutations
were each able to confer coumarin hydroxylase activity to the
mutant, and in contrast to the L209F change, the mutants
exhibited higher steroid hydroxylase activity than the parent
(Lindberg, Negishi, 1989). Introduction of all three
reciprocal mutations produced a fully active coumarin
hydroxylase with little steroid hydroxylase activity
(Lindberg, Negishi, 1991).

These results demonstrate that a single mutation can change
the substrate profile of a P450. In this case, the F209L
mutation conferred steroid 15a-hydroxylase activity to the
coumarin hydroxylase, and the mutant exhibited both
activities. However, all three changes were necessary to

switch the coumarin hydroxylase to an exclusive steroid

lMutations will be described using the one-letter
abbreviation of the amino acid that is altered, its position
in the sequence, and the one-letter abbreviation for the new
amino acid in the indicated order. The same convention will
be used to designate differences between two sequences.
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hydroxylase. In contrast, the coumarin hydroxylase activity
was affected by cumulative changes at all three positions, and
each reciprocal mutant exhibited some coumarin hydroxylase
activity.

The effects of other amino acid substitutions at position
209 of P450coh were also examined. In general, Km and Vmax
increased as the size of the amino acid side chain decreased
for the hydrophobic amino acids leucine, valine, alanine, and
glycine (Juvonen et al. 1991). The Km also increased when
either asparagine or serine were substituted for the native
phenylalanine, but Vmax was not greatly affected. Lysine was
found to greatly diminish activity, and no activity was
detected for an aspartic acid substitution although the enzyme
exhibited a normal P450 CO-difference spectrum (Juvonen et al.
1991). With the exception of the F209A mutant that exhibited
a reverse type I binding spectrum, most of the mutants
exhibited type I binding spectra in the presence of coumarin.
Dissociation constants determined from the dependence of the
spectral changes on the concentration of coumarin were found
to parallel the changes in Km effected by the mutations
indicating that the changes in Km are likely to reflect
changes in substrate binding (Iwasaki et al. 1991).

The mutations also affected the relative proportion of high
and low spin character of the ferric cytochrome P450 (Iwasaki
et al. 1991). The F209L mutant exhibited predominately high
spin spectral characteristics that slightly exceeded that of
the wild type. As the size of the hydrophobic side chain
diminished or its polarity increased, the low spin character
increased. Occupancy of the sixth coordination site of the
heme by water is thought to result in a low spin cytochrome,
whereas the high spin state is thought to reflect an
unoccupied axial coordination site. Thus, the increase in low
spin character is suggestive of an increase in the
accessibility of water to the active site (Iwasaki et al.
1991). This did not generally lead to an increase in
uncoupling as judged by hydrogen peroxide formation during
substrate metabolism (Juvonen et al. 1992). Although the
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formation of hydrogen peroxide was elevated for some mutants,
there was no clear dependence on the size or charge of the
amino acid for this effect. It was also found that mutation
of the adjacent glycine 207 to a proline produced a low spin
enzyme. This mutation also increased the Km for coumarin
greatly, whereas an alanine substitution had little effect on
either property. The authors suggest that the proline
substitution resulted in a larger substrate binding site
(Juvonen et al. 1993).

In addition to the F209L substitution, two amino acid
substitutions at residue 209, valine and asparagine, were also
found to confer significant steroid 15a-hydroxylase activity
to P450coh (approximately 20% of wild type P45015a) (Iwasaki et
al. 1991). Moreover, the F209N mutant exhibits a capacity to
hydroxylate corticosterone that is not normally a substrate
for P450 15a (Iwasaki et al. 1993a). The observation that
118-deoxycorticosterone is not 15a-hydroxylated by a wide
range of mutants led to the suggestion that asparagine 209
might interact directly with the 118-hydroxyl group of
corticosterone. The mutations at residue 209 did not,
however, appear to alter the regiospecificity of steroid
hydroxylation exhibited by P45015a as is seen for mutants at
other positions in the polypeptide chain that are described
later for subfamilies 2B and 2C.

Interestingly, an asparagine is found at this alignment
position for a third mouse P450 2A that exhibits only 70%
amino acid identity with the P450 15a and that hydroxylates
steroids in the 7a position (Iwasaki et al. 1993b).
Substitution of leucine that is found in P450 15a for the
asparagine of the P450 7a diminished the apparent Km and Vmax
for testosterone 7a-hydroxylation as well as the apparent
binding constant for testosterone determined spectrally,
although the ratio of Vmax/Km was slightly increased. This
mutation did not confer 15a hydroxylation to the enzyme. The
7a-hydroxylation of testosterone catalyzed by P450 7a but not
that catalyzed by the leucine mutant was inhibited by
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corticosterone consistent with the affects of these amino
acids on the P450 15a. However, corticosterone was not found
to be hydroxylated by P450 7a.

Rat P450 2A1 also catalyzes the 7a-hydroxylation of
steroids, whereas rat P450 2A2 catalyzes predominantly 15a-
and 12a- hydroxylation with a broader range of hydroxylations
evident including 7a- and 6B8-hydroxylation (Hanioka et al.
1990; Hanioka et al. 1992a; Hanioka et al. 1992b). The two
proteins exhibit 88% amino acid identity. Chimeric constructs
generated from the 2A1 and 2A2 cDNAs were analyzed in order to
identify regions of the primary structures of the two enzymes
that might determine the distinct regiospecificity of the two
enzymes (Hanioka et al. 1990; Hanioka et al. 1992b). Most of
the chimeras appeared to mimic the broad regiospecificity of
P450 2A2 with a selective loss of 15a-hydroxylase activity.
Only one chimera exhibited 15a-hydroxylase activity leading
the authors to examine differences between the two proteins in
the region between amino acids 275 to 356 for possible
determinants of the 15a-hydroxylase activity. Individual
substitutions in P4502A1 were made that corresponded to the
residue found in P450 2A2 (Hanioka et al. 1992a; Hanioka et
al. 1992b). However, none of these substitutions conferred
15a-hydroxylation to P450 2Al1l, whereas several of the reverse
substitutions in P450 2A2 were found to diminish 15a-
hydroxylation to a greater extent than l12a-hydroxylation to
yield a pattern of regiospecificity similar to that of the
chimeric enzyme. These correspond to G302E, S303T and H310Y.
The reciprocal changes to P450 2Al1 did, however, affect Vmax
and Km values for 7a-~hydroxylation although with the exception
of the T303S change they did not alter regiospecificity. The
specificity of the T303S mutant appeared to be relaxed as
several additional unidentified metabolites were apparent
(Hanioka et al. 1992a). Thus, these studies did not clearly
identify a key amino acid residue that would confer the
regiospecificity of one enzyme to the other, although
substitutions that altered the regiospecificity of the enzymes
were identified.
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Mutations that selectively delete one of several reactions

catalyzed by variant forms of P450 2C3. Earlier work in our
laboratory described preparations of P450 2C3 isolated from
different inbred strains of rabbits (Schwab, Johnson, 1985) as
well as from outbred rabbits (Dieter, Johnson, 1982) that
exhibited selective differences in their catalytic properties.

One of the two forms of the enzyme which is expressed
exclusively in some inbred strains (Schwab, Johnson, 1985;
Dieter, Johnson, 1982) does not exhibit significant
progesterone 6B-hydroxylase activity. Both forms of the
enzyme exhibit progesterone l6a-hydroxylase activity, but the
two forms differ significantly in their kinetic parameters.
The enzyme which catalyzes progesterone 6B-hydroxylase
activity catalyzes l1l6a-hydroxylation with a high efficiency,
whereas the other enzyme exhibits a much lower efficiency.
The CYP2C3 gene characterized by Chan and Kemper (1990)
encodes the latter enzyme as judged by the expression of the
enzyme from its cDNA in COS-1 cells or in E. coli (Richardson
et al. 1993). A cDNA encoding the other form of the enzyme
was generated by the use of specific primers based on the
sequence of 2C3 that flanks the coding region and
amplification by polymerase chain reaction of cDNAs generated
from mRNAs encoding both enzymes (Hsu et al. 1993). Ccos-1
cells were transfected with the cloned cDNAs to assess the
enzymic phenotypes of the cognate proteins. Both phenotypes
were observed among the clones. Sequence analysis indicated
that the variant that exhibits 6B8-hydroxylase activity
(cYp2c3v) differs at 5 amino acids from the other form:
I178M, S256L, S364T, E472D, and V476L (Hsu et al. 1993).
Analysis of hybrid enzymes expressed from chimeric cDNAs as
well as site-specific mutants revealed that the mutation S364T
conferred the progesterone 6B-hydroxylase activity of P450
2C3v to P450 2C3. These enzymes were each expressed in E.
coli, purified and reconstituted with P450 reductase to
characterize their enzymic properties. The single mutant,
S364T, was found to exhibit a Km that was roughly 4-fold
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greater than P450 2C3v. Characterization of additional
mutants indicated that the Ile/Met difference at position 178
was responsible for this difference of Km (Hsu et al. 1993).
Variants of human P450 2C9. Four variant cDNAs encoding
human P450 2C9 exhibit one of two codons at each of four
alignment positions: 144, 358, 359 and 417. Examination of
the four variants and 2 additional single mutants revealed
that all of the enzymes catalyzed tolbutamide hydroxylation
but that one of the variants exhibited a relatively low
capacity to hydroxylate phenytoin when compared to the others.
A higher ratio of phenytoin to tolbutamide metabolism was
restored by exchanging residue 359 (Veronese et al. 1993). 1In
addition, an independent study observed that the same
isoleucine/leucine difference at residue 359 of P450 2C9

altered the regio- and stereospecificity of warfarin
metabolism from a preference for the 7-hydroxylation of (S)-
warfarin to the 4'-hydroxylation of (R) warfarin (Kaminsky et
al. 1993).

Allelic variants of rat P450 2D1. Matsunaga et al. (1990)
have described a variant of rat P450 2D1 that catalyzes the 4-
hydroxylation of debrisoquine like the wild type enzyme but
which exhibits a greatly diminished ability to hydroxylate
bufuralol. The wild type and variant enzymes exhibit 4
differences of amino acid sequence: V122I, F124L, R173N, and
L380OF. Analysis of hybrid enzymes expressed from chimeric
cDNAs in COS-1 cells indicated that the single amino acid
substitution F380L in the variant enzyme was sufficient to
confer bufuralol activity to the mutant.

Determinants of Regioselectivity for rat P450 2B1. Studies
of closely related P450 2B enzymes have revealed additional
key amino acids. Rat 2B1 and 2B2 differ at 14 of 501 amino
acids, and they generally display the same substrate and
product profiles although 2Bl usually exhibits roughly 10-fold
higher activities. A variant cDNA encoding 2B2 was isolated
that differed at 3 amino acid residues from wild type 2B2
(Aoyama et al. 1989). The enzyme expressed from this cDNA in
HepG2 cells using a recombinant vaccinia virus vector did not
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catalyze the 16B-hydroxylation of testosterone, a metabolite
produced by both wild type 2Bl and 2B2. The variant enzyme
did, however, produce the 16a~-hydroxy and 17-keto products
seen for the wild type 2B1 and 2B2. The 3 amino acid
differences are L58F, I114F, and E282V. The first two
differences occur in a region where 2B1 and 2B2 are identical.
When these two changes were incorporated into 2B1, a selective
loss in the capacity of the mutant 2B1 to catalyze the 168-
hydroxylation was seen. The capacity to produce the 16a-
hydroxyl and 17-keto products was retained although the rate
was diminished to different extents for the two products.
Similar changes in the metabolism of androstenedione were also
observed in the formation of these two metabolites, whereas an
increase in the production of the 15¢-hydroxyl product was
seen for this substrate. 1In contrast, the rate of formation
of products that eluted with l16a-hydroxyprogesterone was
greater for the double mutant when compared to the wild type
2B1 using progesterone as a substrate. Thus, the effect of
the double mutation was to alter the regiospecific metabolism
of these steroid substrates in distinctly different ways.

It is not clear from this study whether both mutations are
required to produce these effects or only the L58F mutation.
The L58F mutant was not expressed at appreciable
concentrations, and its properties could not be evaluated
independently of the I114F mutation. The I114F mutant
catalyzed the formation of 16B-hydroxytestosterone, but the
rate and distribution of products were altered to some extent
when compared to wild type 2B1l. The metabolism of
androstenedione and progesterone by the I114F mutant was not
reported. Thus, the I114F mutation alone is not sufficient to
delete the 16B-hydroxylase activity, but it may be required
together with the LS58F mutation to alter regiospecificity and
possibly to compensate for the effect of the L58F mutation on
the stability of 2Bl1.

Although the activity exhibited by 2B1 toward most
substrates generally exceeds that of 2B2, the rate for the 12-
hydroxylation of 7,12-dimethylbenz[a]lanthracene (DMBA) is
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higher for 2B2 (Christou et al. 1992). The double mutation,
L58F, I114F, diminished the turnover number for DMBA when
introduced into 2B2 but increased the rate exhibited by the
corresponding mutants of 2Bl. A similar increase was also
seen for an E282V mutant of 2B1. However, a triple mutant
that included all three changes in 2B1 did not exhibit any
gain in activity.

Interestingly, an allozymic form of P450 2Bl also displays
a reduced 16B-hydroxylase activity toward androstenedione and
testosterone relative to 16a-hydroxylase capacity which is
relatively unaffected (Kedzie et al. 1991). This CYP2B1
allele is expressed in Wistar Munich rats, and it exhibits a
single mutation, A478G, when compared to the wild-type CYP2Bl1.
A number of additional amino acids where introduced at
position 478 of P450 2Bl and evaluated for their effects on
steroid metabolism (He et al. 1992). Increasing the size of
the hydrophobic residue at 478 generally increased the 16B8- to
l16a- hydroxylation ratio, and a serine mutant was found to
exhibit the highest ratio of 15a- to 16-hydroxylated products.
In addition, the susceptibility of the enzyme to irreversible
inhibition by chloramphenicol was found to diminish as the
size of the hydrophobic residue increased (He et al. 1992).
Thus, alignment position 478 is also a key residue.

These results demonstrated that a single mutation at
position 478 produced a change similar to that described for
the L58F,I114F double mutant of P450 2B1 (Aoyama et al. 1989).
Halpert and He (1993) examined a number of additional
mutations at position 114 of P450 2B1l. They noted that the
ratio of androgen 168:16a-hydroxylation decreased and the
ratio of 15a@:16-hydroxylation increased when the less bulky
hydrophobic residues valine or alanine were substituted at
position 114. In addition, the trends seen earlier for
substitutions at 478 were also seen for either mutant at 114.
As a result, the double mutant I114A,G478S exhibited a 15a:16-
hydroxylation ratio 1000-fold greater than that of wild-type
2B1 and closely approximated the regiospecificity of P450 2A4
discussed earlier (Halpert, He, 1993).
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Determinants of Differences in Catalytic Efficiency between
P450 2C4 and P450 2C5. Rabbit P450 2C5 is rather unusual
because it catalyzes the 21-hydroxylation of progesterone to

produce the mineralocorticoid, deoxycorticosterone. This
metabolic pathway is generally confined to the adrenal gland
where it is catalyzed by P450 21A and where
deoxycorticosterone serves as a precursor for the formation of
adrenal steroids. In contrast, 2C5 is expressed in the liver
where, like other class 2C P450s, it exhibits a wide-ranging
substrate profile that includes foreign compounds such as the
carcinogens, benzo(a)pyrene (Raucy, Johnson, 1985) and 2-
acetylaminofluorene (McManus et al. 1984). P450 2C4 exhibits
24 differences among 487 amino acids when compared to 2C5.
Like 2C5, it also catalyzes steroid 21-hydroxylation, but it
is roughly 20-fold less efficient due largely to a difference
in apparent Km for progesterone (Kronbach et al. 1989).

In order to determine which of these 24 differences
contribute to this difference in apparent Km, a series of
chimeric cDNAs were constructed from the cDNAs for 2C4 and
2C5, and expressed in COS cells. All of the chimeras that
contained a small segment of 2C5 that codes for three
differences of amino acid sequence from 2C4 exhibit the high
affinity activity. The chimera, G, constructed largely from
2C4 and which contains only the three differences, 2C4-V113A,
-85115T, and -N118K, exhibits a Km of 3 uM which is only
slightly higher than the 2 uM Km exhibited by 2C5 (Kronbach et
al. 1989).

Single mutations were then introduced into 2C4. The V113A
2C4-mutant was the only one of three that exhibited a marked
decrease of Km, whereas the other two mutants where similar to
2C4 in their kinetic properties (Kronbach, Johnson, 1991).
The Km for the 2C4-V113A mutant is 7uM which is intermediate
between that of 2c4, 25um and 2C5, 2uM. Thus, although the
S115T and N118K mutations do not individually alter the
catalytic properties of 2C4, one or both appear to contribute
together with the V113A mutation to confer the low Km of 2C5
to 2cC4.



116

A Critical Residue. It is interesting to note that when
the amino acid sequences of 2AS5, 2Bl and 2C4 are aligned, Fig.
1, the V113A difference effecting the difference in Km between
2C4 and 2C5 corresponds directly with the positions of the
Al117V difference for the mouse P450s 2A that alters coumarin
hydroxylase activity, as well as the I114F difference that
contributes to differences for the regiospecific metabolism of
steroids by allelic forms of rat 2B2. The occurrence of amino
acid differences at the same residue among functionally
distinct but closely related class 2 P450s suggests that this
might be a residue that is under positive selection for P450
diversity.

ENGINEERING NEW SUBSTRATE SELECTIVITIES

The studies above were extended to address whether the 21-
hydroxylase activity characteristic of 2C5 could be
transferred by site-specific mutagenesis to class 2C P450s
that are more distantly related to 2C5 than 2C4. We therefore
asked whether alterations of the amino acid at alignment
position 113 could confer progesterone 2l1-hydroxylation to
P450 2Cl1 which exhibits only 75% amino acid sequence identity
with 2C5 and that exhibits no detectable progesterone
hydroxylase activity when expressed in COS-1 cells.

Initial studies indicated that a chimera which fused the
N-terminal 128 residues of 2C5 with the C-terminal 129-490
residues of 2Cl1l produced an active 2l1-hydroxylase with a
similar Km for progesterone, 3 uM, as seen for 2C5, 2 uM, when
expressed in COS cells (Kronbach et al. 1990). These
experiments suggested that differences between 2C5 and 2Cl1l in
this N-terminal region were sufficient to confer 21-
hydroxylase activity to 2Cl1 even though the C5/Cl1 chimera
exhibits 99 differences of amino acid sequence when compared
to 2C5.

The introduction of the A113V mutation into 2C1 was
sufficient to confer a low but readily detectable progesterone
21-hydroxylase activity to 2C1 (Kronbach et al. 1991). As the
activity was low, specific kinetic parameters were not
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SRS1
HVIVNRLEKAVQEVLVTHGEDTADRPPVPIFKCLGVEKPRSQGVILASYGPEWREQRRFSVSTLRTFGMGKKSLEEWVTKEAR 160
VVMLCGTDTIKEALVGQAEDFSGRGTIAVIEFPIF. .. .KEYGVMFAN .GERWKALRRFSLATMRDFGMGKRSVEERIQEEA 150
IVVLCGQEARVKEALVDQAEEFSGRGEQATFDWLF . . .KGYGVFES .GERAKQLRRFSIATLRDFGVGKRGIEERIQEER 153
IVVLYGYDAVKEALVDQAEEFSGRGELPTFNILF. . .KGYGFSLEN . VEQAKRIRRFTIATLRDFGVGKRDVQECILEEA 152
AVVLYGYEGVIEALIYRGEEFSGRGIFPVFDRVT...KGLGIVFS55 .GEKWKETRRFSLTVLRNLGMGKKTIEERIQEEA 149
IVVLHGYEAVKEALIDLGEEFSGRGIFPLAERAN. . .RGFGIVFSN .GKEWKEIRRFSLMTLRNFGMGERSIEDCVQEEA 149
TVVLHGYKAVKEALVDLGEE?AGRGR?PIASKVVoo-KGLGIu??ﬁoANTHKBHRR?SLHTLRH?GHGKRSIBDRVQEBR 149

SR52
GHLCDAFTAQAGOS INPRAMLNKALCNVIASLIFARRFEYEDPYLIRMVELVEESLTEVSGFIPEVLNTFPALLR .IPGL 239
QCLVEELRKSQGAPLDPTFLFQCITANIICSIVFGERFDYTDRQFLRLLELFYRTFSLLSSFSSQVFEFFSGFLEYFPGA 230
GPLIDSPRKTNGR?IDPT?YLSRTVSHVIEEIV?GDRPDYBDKBPLSLLRHKL’SEQFTITSNGQLYENFSSVNKHLFGP 233
GYLIKTLQGTCGAPIDPSIYLSKTVSNVINSIVFGHNRFDYEDKEFLSLLEMIDEMNIFAASATGQLYDMFHSVMEYLPGF 232
LCLIQRLRKTNRSPCDPTFLLPCVPCNV!CSVIFQNRFDYDDEK?KTLIKYFKBNPSLLGTPWIQLYNIFPILGHYLFGS 229
RCLVEELRKTKASPCDPTFILGCAPCNVICSIIFHKRFDYKDQQFLNLMEKLNENIKILSSPWIQICHNFSPIIDYFPGT 229
RCLVEELRKTNALPCDPTFILGCAPCNVICSVILHNRFDYRDEEFLEKLHERLNENIRILSSPWLOVYNNFPALLDYFPGI 229

SRS3 SRS54
ADKVFOGOKTFHALLDNLLAENRT TWDPAQPPRNLTDAFLAEVEKAKGNPESSFNDENLRMVVVDLFTAGMVTTATTLTW 318
HRQISENLQEILDYIGHIVEKHRATLDP .SAPRDFIDTYLLRMEKEKSNHHTEFHHENLMISLLSLFFAGTETSSTTLRY 309
QOQAFKELQGLEDFITKKVEHNQRTLDP .NSPRDFIDSFLIRMLEEKKNPNTEFYMEKNLVLTTLNLFFAGTETVSTTLRY 312
QOOIIEVIQKLEDFMIEKVRQNHSTLDP .NSPRNFIDSFLIRMQEE .KYVN EBPHHHHL?HSSLGLL?RG@SSTL \'H 310
HRQLFENIDGQIKFILEKVQEHQESLDS .NNPRDFVDHFLIXKMEKEKHKKQSEFTHDRLITTIWDVFSAGTDTTSNTLXF 308
HNKLLENVAFMESY ILEXVEKEHQESMDM .NHPQODFIDCFLMKMEKEKHNQPSEFTIESLENTAVDLFGAGTETTSTTLRY 208
HETLLENADYTENFIMEKVEEHQKLLDYV .NNPRDFIDCFLIKMEKENN . . .LEFTLGSLVIAVFDLFGAGTETTSTTLRY 2305

SRS5
RLLLHILYPDUQRRUQQBlDEVIGQVRCPEHTDQAHHPYTNRVIHEVQRFGDIRPLHLPRETSCDIBUQDPVIPKGTTLI 399
GFLLMLEYPHVAEKVQKEIDQVIGSHRLPTLDDRSKMPYTDAVIHEIQRFSDLVFIGVPHRVTKDTHFRGYLLPENTEVY 38%
G?LLLHKHPDIBRXVHSBIDRVIGRNROPKYEDRHKMPYTERVIHBIQRFhD!IPHGLRRRVTKDTKFRDFLLPKGTEUP 392
GFLLLHMKHPDVEAKVHEEIERVIGRNRQPQYEDHMKMPYTQAVINEIQRFSNLAPLGIPRRIIKNTTFRGFFLPKGTDVF 390
RLLLLLKHPEITRKVQEEIEHVZGRRRSPCSQDRSRHPYTDRVHHEIQRYVDLUPTELPHAUTQDIBPHGYLIPKGTDII iss
RLLLLLKHPEVTRKVQEZIERVIGRNRSPCHQDRSHHP!TDRVYHBVQRY!DLLPTSLPHAVTCDIKPRHYLIPKGTTIL jas
SLLLLLEKHPEVAARVQEEIERVIGRHRSPCHMQDRSHMPYTDAVIHEIQRFIDLLPTNLPHAVTRDVKFRNYFIPKGTDII 385

INLSSVLKDETVWEKPHRFHPEHFLDAQGNFVKHEAFHPFSAGRRACLGEPLARMELFLFFTCLLQRFSFSVPVG .QPRP 479
PILSSALHDPQYFDHPDSFNPEHFLDANGALKKSEAFMPFSTGKRICLGEGIARNELFLFFTTILQNFSVSSHLAPKDID 469
PMLGSVLEKDPRFFESNPKDFNPRHFLDDRGOQFRKKNDAFVPFSIGKRYCFGEGLARMELFLFLTHNIMQNFHFESTQAPQDID 472
PIIGSLMTEPKFFPNHKDFNPOHFLDDKGQLEKNAAFLPFS IGKRFCLGDSLAKMELFLLLTTILONFRFEKFPMNLEDIN 470
PSLTSVLYDDKEFPNPERFDPGHFLDESGNFRKKSDYFMPFSTGKRACVGEGLARMELFLLLTTILQHFTLKPLVDPKDID 468
ISLTSVLHDNKEFPHPEMFDPHHFLDEGGNFRKKSKYFMPFSAGKRICVGEALAGHELFLFLTSILONFNLEKSLVDPKNLD 468
TSLTSVLHDEKAFPNPEVFDPGHFLDESGNFEKSDYFMPFSAGKRMCVGEGLARMELFLFLTSILONFKLQSLVEPKDLD 465

SRS6
STHGFFAFPVAPLPYQLCAVVREQGL 505
LTPKESGIEKIPPTYQICPSAR. - 491
VSPRLVGFATIPPTYTMSFLSR.... 494
EYPSPIGFTRIIPNYTMSFMPI.... 492
PIPVENGFVSVPPSYELCFVPV.... 490
TTPYVHGFASVPPFYQLCFIPV.... 490
ITAVVHGFVSVPPSYQLCFIPI.... 487

1. Location of substrate recognition sites (shaded) as

defined by Gotoh (1992) and critical amino acids identified by
site-directed mutagenesis (reversed letters) as discussed in the

text.
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determined for the 2C1-A113V mutant. This result extends
previous observations that this is a critical residue for
determining substrate selectivity. In addition, it suggests
that context is likely to be of importance. The results
described earlier for the A113V mutant of 2C4 are also
suggestive of this possibility. Although this mutant was the
only one which dramatically altered the 21-hydroxylase
activity of 2C4, the apparent Km was greater than that of the
minimal chimera which contained the cluster of three altered
amino acids in 2C4 (A113V, S115T, N118K) or 2C5, 7 uM as
compared to 2 uM for the latter two enzymes.

Alanine 113 of P450 2C5 occurs in a region where other
residues in P450 2C proteins are highly variable. The
sequences flanking this region vary much less and are
predicted to form helical elements as described by Edwards et
al. (1989). These regions are generally predicted to be
helices in a large number of mammalian P450s, and by alignment
with P450cam, they are thought to correspond to helices B and
C (Hudecek, Anzenbacher, 1988; Edwards et al. 1989; Nelson,
Strobel, 1989; Gotoh, 1992; Ouzounis, Melvin, 1991) which are
found in the latter enzyme by x-ray diffraction studies
(Poulos, 1991). The region between these two predicted-
helices, which exhibits the high variation, corresponds to a
substrate contacting, surface loop in P450cam that contains a
short stretch of alpha-helical structure, the B' helix
(Poulos, 1991). Similar structural features are seen for P450
102 (BM-3) as determined by x-ray diffraction analysis
(Ravichandran et al. 1993).

This loop is also on the surface of the protein, and it,
together with surface loops at distal segments of the protein,
may form a flexible access channel for entry of the substrate
to the enzyme (Poulos, 1991). Studies employing antibodies
elicited to peptides derived from this region of P450 2B1 (De
Lemos-Chiarandini et al. 1987) and the mapping of the epitope
recognized by a monoclonal antibody to P450 2C5 (Kronbach,
Johnson, 1991) indicate that residues in this region are on
the surface of these two mammalian P450s as well. Tyr 96 of
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P450cam is found in this loop, and the side-chain of this
residue forms a hydrogen bond with the substrate camphor that
contributes to the orientation of the substrate with respect
to the site of oxygen binding and reduction. Phenylalanines
87 and 98 that are found in this segment also form close
contacts with the substrate. If this region has corresponding
functions in mammalian P450s as it does in P450cam, it might
easily accommodate genetic variation without disrupting the
overall structure of P450s because of its surface localization
and loop structure. Oon the other hand, if it also forms a
substrate contact loop as suggested by studies of mutants and
chimeric enzymes, genetic variation in this region could lead
to differences in substrate selectivity and kinetic properties
between closely related enzymes (Kronbach et al. 1989).

With this model in mind, a chimera was constructed to
incorporate the hypervariable region of 2C5, residues 95-123
into 2C1, Fig. 2 (Kronbach et al. 1991). The resulting
chimera exhibits 21-hydroxylase activity with an apparent Km
that is close to that of wild type 2C5, even though, the
chimera shares only 77% sequence identity with 2cCl1.

A similar chimera was also generated by placing the
hypervariable region of 2C5 into 2C3v. The latter exhibits
68% amino acid identity with 2C5, and in contrast to 2C5, 2C3v
catalyzes progesterone 68- and 1l6a-hydroxylations rather than
21-hydroxylation. The resulting chimera was expressed in E.
coli, and following purification and reconstitution it
exhibited 21-hydroxylase activity rather than l1l6a-hydroxylase
activity, but retained 6B-hydroxylase activity. Introduction
of a single V113A substitution into 2C3v also conferred 21~
hydroxylase activity to 2C3v at the expense of 16a-hydroxylase
activity while leaving the 6B-hydroxylase activity largely
unaffected (Richardson, Johnson, 1993). This differential
effect may reflect two different orientations for the binding
of progesterone at the active site of 2C3v, one for 68~
hydroxylation and a second orientation for 16a-hydroxylation.
The V113A mutation may not perturb the binding of progesterone
for 6B-hydroxylation but may affect the binding of
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progesterone for 1l1l6a-hydroxylation to a greater extent
shifting the orientation of the substrate to favor 21- versus
léa-hydroxylation.

The S364T difference that determines the difference in 68~
hydroxylation exhibited by 2C3v and 2C3 (Hsu et al. 1993) may
largely affect the other binding orientation. We therefore
examined whether substitution of an asparagine found in 2CS5
for the threonine found at position 364 in 2C3v would diminish
6B-hydroxylase activity and increase 21-hydroxylase activity
of the mutant. As expected, the 2C3v:V113A,T364N mutant did
not exhibit 6B~-hydroxylase activity. Moreover, both the 21-
and 1l6a-hydroxylase activities were increased when compared to
the V113A single mutant of 2C3V. In addition, a new
metabolite tentatively identified as 17a-hydroxyprogesterone
was apparent. These results indicate that the mutations in
2C3v have relaxed the regiospecificity of the enzyme to permit
hydroxylation of 3 sites, 16a, 17a and 21, that are in close
proximity on the progesterone molecule.

Thus, the studies described here indicate that residues
corresponding to position 113 of P4502C5, when class 2 P450s
are aligned, may have a dramatic affect on the catalytic
properties of these enzymes. Additional amino acids in this
region are also likely to contribute to the active site, and
these studies indicate that adjacent residues contribute to
the affects of substitutions at residues corresponding to
position 113 of P450 2C5. The region corresponding to the
hypervariable region of 2C5 (Kronbach et al. 1991) has been
designated as substrate recognition site 1 (SRS1) by Gotoh
(1992). However, it is unlikely that this entire region
serves as a substrate recognition site particularly as only
some residues are likely to extend inward and others are
likely to be on the surface. In P450 cam, only the two short
segments of this region that flank the B' helix form part of
the substrate binding site. .

A series of mutations in the SRS1 region have been examined
by cassette mutagenesis (Straub et al. 1993a; Straub et al.
1993c; Straub et al. 1993b) in P450 2C2, a lauric acid w-1



122

hydroxylase, and in a chimera, C2MstCl. The C2MstCl chimera
comprises the 184 N-terminal amino acids of P450 2C2 and the
306 C-terminal amino acids of P450 2C1, and it exhibits
probesterone 21-hydroxylase activity in addition to lauric
acid w-1 hydroxylase activity (Straub et al. 1993a). A number
of mutants bearing alternative hydrophobic amino acid residues
at residue 113 were characterized. Incorporation of
radiolabeled amino acid precursors and specific
immunoprecipitation indicated that similar steady-state levels
of each mutant were expressed in COS-1 cells. The laurate w-1
hydroxylase aqtivity of 2C2 was not greatly affected by the
substitution of A, V, L or F for I, whereas, the activity of
the G, Y, or C mutants were very low (Straub et al. 1993a).
The C2MstCl chimera appeared to be more sensitive to the
substitution of A, V, L or F for I, and this effect was
greater for progesterone hydroxylation than for laurate
hydroxylation. However, these effects were small.
Interestingly, the alanine substitution did not enhance
progesterone 21-hydroxylation of the C2MstCl chimera as was
seen for 2C4, 2Cl1 and 2C3v. However, the apparent Km was not
assessed in these studies, and under the conditions of the
assays the apparent rate might not be very sensitive to
changes in Km of <10-fold. These results indicate that a
number of hydrophobic residues of different bulk could be
accommodated in the two enzymes at this alignment position.
In addition, the hydroxylation of the more flexible and less
bulky substrate, lauric acid, was affected to a lesser extent
than that of the rigid, planar progesterone molecule by amino
acid side-chains of increasing size.

A degenerate cassette was synthesized, and at least one
mutant for each residue between 107-120 was obtained for 2C2
(Straub et al. 1993c) and the 2C2MstCl chimera (Straub et al.
1993b), Fig. 2. In some cases, the resulting mutants
exhibited relatively conservative changes whereas in others
they were non-conservative. For the mutants obtained, the
alteration of amino acids from 107 to 110 and from 116 to 119

did not greatly diminish lauric acid w-1 hydroxylase activity
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of 2C2. A relatively non-conservative G109E mutation had
little affect on activity, but the G111V and G117V mutations
diminished the activity of 2C2 (Straub et al. 1993c¢c) by
50-fold and 7-fold less activity, respectively, and affected
the activity of the C2MstCl chimera similarly (Straub et al.
1993b). In like manner, the substitution of Leu for the highly
conserved Trp 120 greatly reduced activity for both but did
not eliminate it. The S115R mutants of both enzymes also
exhibited low activity. In addition, as was seen for the
substitutions at 113, the V112F and F114L mutations reduced
activity and in the case of the (C2MstCl, the progesterone 21-
hydroxylase activity appeared to be more sensitive to the
substitution at 112. These results are consistent with the
likelihood that the short stretch of hydrophobic amino acids
flanked by the two highly conserved glycine residues forms- a
portion of the substrate recognition site. Glycine 111 may
serve to terminate the putative B' helix in the SRS1 region of
mammalian P450s (Straub et al. 1993c) as it does in P450 BM3
(Ravichandran et al. 1993).

MOST MUTATIONS AFFECTING P450 SPECIFICITY MAP TO 8RS8 REGIONS

A number of sites that determine the catalytic properties
of mammalian P450s map to a second region, Fig. 1, predicted
to be a substrate recognition site (Johnson, 1992; Gotoh,
1992). These are the L365M mutation that confers coumarin
hydroxylase activity to P450 2A4, and the catalytically
distinct I359L, L380F, and T364S variants of 2C9, 2D1 and 2C3,
respectively. As shown in the alignment of these sequences,
Fig. 1, these residues are clustered in a short segment that
maps to the region of P450 cam between helix K that appears to
be highly conserved for mammalian P450s (Hudecek, Anzenbacher,
1988; Edwards et al. 1989; Nelson, Strobel, 1989; Gotoh, 1992;
Ouzounis, Melvin, 1991) and the beta-sheet 3. This region of
P450cam includes Val295 that forms a contact residue with the
substrate camphor (Poulos et al. 1987) and that has been
designated as SRS5 by Gotoh (1992). The topology of this
region is also conserved in P450 BM3 (Ravichandran et al.
1993).
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Thus, a pattern has emerged from these studies that has
identified regions of mammalian P450s where critical amino
acid residues that lead to enzymic variation among closely
related proteins reside. Moreover, the location of these
residues is in good agreement with regions predicted to form
substrate recognition sites based on the structure of P450cam.
In this regard, the A478G difference that underlies the
allelic variation in catalytic properties of P450 2Bl (Kedzie
et al. 1991) also maps to such a region, SRS6, Fig. 1. 1In
addition, the mutations that appeared to alter the
regiospecificity of 2A2 map to SRS4, Fig. 2.

Several alignments appear to map residue 209 of the mouse 2A
enzymes to helix E of P450cam as pointed out by Poulos (1989).
Helix E is well-removed from the substrate binding site of
P450cam. When the structures of P450 cam and P450 BM-3 are
compared, these regions show some of the largest differences
in the length and spatial orientations of the helices and
intervening loops that form this portion of the structure
(Ravichandran et al. 1993). Thus it may be difficult to align
these regions unambiguously. An alternative alignment by
Gotoh (1992) predicts that residue 209 of P450 2A4 maps to the
region between helices F and G of P450cam that forms SRS2,
Fig. 1.

Residue 58 of the 2B enzymes maps to a region of P450cam,
between helices A and B, that is also remote from the
substrate binding site of P450 cam. However, this segment may
contribute to the proposed substrate binding pocket of P450
BM-3 (Ravichandran et al. 1993). Alternatively, this and
other mutations could effect a change in the structure of the
protein that affects the active site although they are not in
close proximity to it.

TARGETED MUTAGENESIS OF PUTATIVE HELIX I AND SRS4

The identification of segments of mammalian P450s that
correspond to helix I and the observation that several
residues along this helix contact the substrate in P450cam led
investigators to target residues associated with this segment



125

for mutagenesis. Furuya et al. (1989b; 1989a) mutated
residues in the region of rat P450 1A2 corresponding to the
SRS4 region of helix I to residues found in either rat or
mouse P450 1Al or in rabbit or mouse P450 1A2. Point mutants
in which other residues of this region were altered were also
generated. These mutants were then expressed in S.
cerevisiae. Microsomes were isolated and supplemented with
NADPH-cytochrome P-450 reductase and assayed for enzymic
activity using benzphetamine (Furuya et al. 1989b),
ethoxycoumarin (Furuya et al. 1989b) and acetanilide (Furuya
et al. 1989%a). Almost all mutants with the exception of one,
G316E, exhibited greatly diminished activity with acetanilide
and a loss of regioselectivity when compared to the wild-type
rat 1A2 expressed in this manner. This includes mutations
which mimic the corresponding sequences in the mouse and
rabbit 1A2 enzymes which also metabolize acetanilide. The
activity of the mutants with benzphetamine as substrate was
also diminished when compared to the wild type enzyme. 1In
contrast, the activities determined with ethoxycoumarin as the
substrate were not affected as greatly with several of the
mutants exhibiting values of kcat or kcat/Km that exceeded
that of the wild-type. However, these values remained low
when compared to the kcat and kcat/Km values reported for rat
or mouse P450 1Al suggesting that none of the mutations in
this region, including those that introduced all of amino
acids corresponding to the 1Al enzymes, confer the high
activity of 1A1 for ethoxycoumarin O-deethylation to 1A2.
Characterization of these mutant enzymes by ESR at low
temperatures (Sotokawa et al. 1990) also indicated that the
high-spin character of 1A2 was not altered by any of these
mutations to exhibit the low-spin state characteristic of the
1A1 enzymes.

The effects of mutating threonine 319 in the SRS 4 region
of helix I of rat 1A2 is of particular interest because
threonine is highly conserved at this alignment position for
many P450s (Gotoh, Fujii-Kuriyama, 1989). The T319A mutant
exhibits no detectable activity toward benzphetamine (Furuya
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et al. 1989b) and very low but detectable activity with
acetanilide (Furuya et al. 1989a), whereas the activity
exhibited with ethoxycoumarin is higher than that of the wild-
type enzyme (Furuya et al. 1989b). Moreover, this mutation
opens up the active site to permit phenyldiazene to attack the
B-ring of the iron proporphyrin that is normally protected by
helix I (Tuck et al. 1993). It should be noted, however, that
none of these substrates is efficiently metabolized by P450
1A2 which exhibits kcat/Km values for these substrates that
are roughly 100-fold or more lower than that exhibited by 2C5
or 2C3 for progesterone hydroxylation.

The presence of threonine at this alignment position is
thought to contribute to a deformation of helix I in P450 cam
that accommodates the binding of molecular oxygen to the iron
of the heme (Poulos et al. 1985; Poulos et al. 1986). The
conservation of this threonine among most P450s suggests that
this structural feature might be conserved in them as well.
This would not be surprising given that oxygen binding and
reduction are shared functions of these enzymes. However,
other amino acids are found at this position for some P450
enzymes, and when other amino acids were substituted for this
threonine in rat 1A2 the metabolism of some substrates was not
greatly affected whereas that of other substrates was. These
differential affects are likely to reflect the function of
this amino acid as a component of SRS4 rather than an
essential role in oxygen activation. Similar observations
were made by Imai and Nakamura (1988; 1989) in earlier studies
where they mutated this highly conserved threonine in 2C2 and
2C14. The initial T301H mutants were devoid of laurate 11-
hydroxylase or testosterone 1l6a-hydroxylase activity,
respectively. Moreover, lauric acid did not effect a
conversion of the 2C2-T301H mutant from a predominantly low-
spin to high-spin form as it does for the wild type 2C2 (Imai,
Nakamura, 1988). Interestingly, the 2C2-T301K mutant exhibits
a visible absorption spectrum indicating that the e-amino
group of the lysine coordinates with the heme iron of the
enzyme (Imai, Nakamura, 1991). This suggests that this
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portion of the protein is in close proximity to the catalytic
site as predicted. The 2C2-T301S mutant exhibits roughly 40%
of the lauric acid 1l1-hydroxylase activity of the wild-type,
but interestingly it exhibits a slightly higher (110%)
activity with caproic acid as a substrate. In contrast, the
2C2-T301N and 2C2-T301V mutants exhibit 40% and 20% of the
lauric acid 11-hydroxylase activity of the wild-type,
respectively, but neither exhibits detectable activity with
caproic acid. The T301S mutant of 2Cl1l4 also displayed
differential effects on the 16a-hydroxylation of testosterone
and progesterone. The activity toward testostosterone was
diminished by 50% whereas little or no effect on the
metabolism of progesterone was seen (Imai, Nakamura, 1989).
Differential effects were also observed for the binding of
l1-methylimidazole to 2C2 as judged by the conversion of the
ferric protein from low-spin to high-spin forms. In contrast,
the mutants did not differ greatly in their apparent affinity
for ethyl isocyanide (Imai, Nakamura, 1989).

These results indicate that modifications of residues in
the SRS4 region can lead to differences in the metabolic
properties of P450 enzymes. Furya et al. (1989b) noted that
the affect of alterations of the conserved threonine on the
relative activity for different substrates of these enzymes
is consistent with the location of the threonine in P450 cam
being in close proximity to the substrate (Poulos et al.
1985). The effect of a given mutation is clearly dependent on
the substrate. This is not surprising when one considers that
the contributions of individual residues to binding are likely
to differ for structurally distinct substrates which may
interact differently with the protein.

The observation that the highly conserved threonine of
helix I is not essential among the mammalian P450s examined in
these studies is somewhat more surprising given its proposed
role in the binding of oxygen in a favorable orientation
relative to the heme. However, mutagenesis of P450 cam also
indicates that this residue is not essential. The Ser, Val
and Ala mutants each metabolize camphor although at reduced
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rates compared to the wild type. However, the rate of
formation of the hydroxylated product is uncoupled from oxygen
reduction in the mutants which produced H,0, as 15%, 45% and
83% of the oxygen consumed (Imai et al. 1989). The authors of
the latter study suggest that this might reflect the loss of
the threonine's function as a hydrogen ion donor and/or an
acid-base catalyst in oxygen scission. Alternatively, the
changes in oxygen and/or camphor binding might lead to a
greater access by water molecules to the site of oxygen
reduction thereby facilitating the oxidase activity. This
might also contribute to the loss of activity seen with some
but not all of the substrates of the mammalian enzymes when
the corresponding threonine was substituted with another amino
acid. Hatano and his colleagues have examined the effects of
mutations of Thr319 of rat 1A2 as well as of adjacent residues
on coupling in the metabolism of ethoxycoumarin (Ishigooka et
al. 1992) and methanol (Hiroya et al. 1992). 1In general, the
efficiency of oxygen incorporation into these substrates is
low, 1.7% and 9.4%, respectively. Surprisingly, the T319A
mutation increased the efficiency of oxygen incorporation into
both substrates as did a T319D mutation. The latter also
increased the turnover number for ethoxycoumarin by several
fold, and it is interesting to note that an aspartic acid is
found for 1A2 enzymes from several other species. These
effects may, therefore, reflect a close proximity to the site
of oxygen reduction and substrate binding rather than a
specific role for the side-chain of this threonine in
catalysis.

TARGETED MUTAGENESIS OF SRS3

Krainev et al. (1992) have mutated the region of rat 1A2
corresponding to SRS3. This region contains three basic
residues on the surface of the N-terminus of helix G. The
basic residues were each mutated individﬁally to leucine
residues, and the three mutants, K250L, R251L and K253L were
each characterized for their capacity to catalyze
methoxyresorufin and ethoxyresorufin O-dealkylations. In
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general, each of the leucine substitutions increased the
apparent turnover number of the enzyme for these substrates.
However, the alteration of these charges did not diminish the
capacity of a series of substituted pyridine inhibitors
bearing an ionic side chain to inhibit the enzyme. Thus, it
is unlikely that the charged residues in the wild-type enzyme
interact with the ionic side-chain as had been proposed
(Krainev et al. 1991).

Summary

Perhaps the most remarkable aspect of these studies is the
capacity of the P450 enzymes to accommodate genetic change.
The examples shown here indicate that many distinct
alterations of amino acid sequence can impart changes in
specificity to a P450 without a loss of the basic capacity of
the enzyme to function as a monooxygenase. In some cases, a
single amino acid change can alter the substrate selectivity
of a P450 enzyme. This is not surprising given that P450
enzymes have evolved to catalyze so many different
monooxygenations in nature.

The studies reviewed here encompass two diametrically
different approaches. One, examines which 6f a limited number
of differences between two P450s contribute to their distinct
catalytic properties. The second selects residues for
mutation based on the structure of the very distantly related
enzyme, P450 cam. Each has resulted in a demonstration of how
the substrate selectivity of a mammalian P450 can be altered.
As we discussed earlier, some but not all functionally
important differences that were defined by switching residues
between closely related pairs fit easily into models based on
the structure of P450 cam. In this regard, it is particularly
interesting that some of the same residues are seen to vary
between different pairs of functionally distinct but highly
similar (>95% identical) pairs of P450s. These results are
suggestive that hot spots for the generation of functional
diversity may occur.
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Introduction

Knowledge of the multiplicity, function and regulation of cytochrome
P450 forms in non-mammalian and non-traditional species continues to grow
in importance. Microsomal cytochromes P450 that are involved in xenobiotic
metabolism can play critical roles in determining the susceptibility or
resistance of organisms to the toxic action of numerous anthropogenic
chemicals and natural products. Currently, these processes are understood
far better in rodent models than in wild or cultivated species that provide
food and material resources, or in species that are important to the
functioning of ecosystems that sustain those resource populations.
Knowledge of P450 systems in these various groups is important for chemical
therapeutics of species in culture, and to management decisions related to the
assessment of chemical effects, and the protection of wild species. Non-
traditional species are also important as potential models for novel features
of P450 systems, and to discerning the molecular basis underlying species
differences and similarities in responses to xenobiotics. In this paper we
summarize aspects of P450 systems in selected groups of aquatic species,
focusing first on recent findings regarding the diversity of P450 forms.
Secondly, we summarize aspects of the use of induction of cytochrome
P4501A forms as a biomarker of exposure to Ah-receptor agonists.

Research on aquatic species monooxygenase (MO) systems expanded
rapidly in the mid-1970s so that by the late 1970s and early 1980s several
major reviews of microsomal P450 systems in aquatic species appeared (Bend
and James, 1978; Stegeman, 1981; Lech et al., 1982) Interest has continued to
grow, and from 1980 to 1992, there were more than 800 papers published on
P450 and monooxygenases in aquatic species. Much of the earlier work dealt
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with characterization of hepatic microsomal MO activities, and the
modulation of these in animals treated with or exposed to various chemicals.
Since the early 1980s the effort has shifted to characterization of the catalysts
themselves, and subsequently to characterization of the regulatory
mechanisms. Research on the occurrence and regulation of P450 systems in
extrahepatic organs of aquatic species also has grown substantially in recent
years. Several more recent reviews summarize many of the important
progress that has been made recently in understanding of P450 systems in
aquatic species (James, 1989; Livingstone et al.,, 1989; Stegeman, 1989;
Stegeman and Hahn, 1993). This paper will draw on these reviews, and
consider the diversity of P450 forms in aquatic vertebrates, their relationships
and their regulation, the latter focusing on CYP1A forms. Many aspects of
these systems in fish have been known for many years, but are only now being
recognized by the larger P450 research community.

Diversity of P450 Forms

Direct information regarding the identity of P450 forms in aquatic
species is most abundant for fish. The first P450s purified from fish were the
two forms, DBAI and DBALII, from the elasmobranch little skate (Bend et al.,
1977). To date there have been more than 40 P450 forms reported purified,
partially purified or cloned from aquatic species (Stegeman and Hahn, 1993).
Thirty-five of these have been obtained from five species of teleost fish, and
only four from invertebrates. The majority of the fish forms have been
described in liver, although one form has been purified from kidney and three
P450s that are involved in steroidogenesis have been cloned from rainbow
trout ovary. Probing with antibodies to known teleost or mammalian forms
has indicated the presence of related P450 forms in other aquatic species
groups, including reptiles, amphibians, aquatic birds and marine mammals.
The detection and probable identity of P450 forms in another important
group, marine mammals, is presented in part to illustrate outstanding
questions concerning these enzymes in many groups.

Cytochrome P450 (CYP) subfamilies (Nelson et al., 1993) represented
among the P450 forms purified from fish are indicated in Table 1, along with
the nature of the evidence indicating these assignments. In addition to these
subfamilies, the specific recognition of fish liver microsomal proteins by
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antibodies to mammalian P450s (Stegeman et al., 1990), and the sequence
comparisons of cloned ¢cDNAs .(Kaplan et al.,, 1991) indicate that
representatives of subfamilies 2E, 2C and 4A (at minimum) occur in fish.
However, until such proteins have been purified, or expressed in
heterologous systems, functional relationships to presumed mammalian
homologues will be uncertain.

Table 1. Apparent Subfamilies of Hepatic Cytochrome P450
Proteins Purified from Teleost Fish

Subfamil Trivial N Evid

1A Scup P450 E P-C
Trout LM4b P-C

Codc P-C,
P-C

S

F

nm

mmmm
TDDD

Perch V

2B Scup P450 B I,
Trout LMC 1 |

2K (nov)  Trout LM 2
Trout KM 2

-wm

3A Scup P450 A F

Trout LMC 5 F

Trout P450 con F

Cod b l
Evidence refers to physico-chemical (P-C), functional (F),
immunological (I), regulatory (R) or protein or cDNA sequence (S)
similarities to known mammalian subfamily members. Data are
found in Stegeman and Hahn (1993). The assignment of trout KM2
to subfamily 2K is speculative. Relationships of the various putative
3A forms is from Celander, Stegeman and Buhler (Unpubl.)

NADPH-cytochrome ¢ reductase, the enzyme dominant in electron
transfer to P450, has also been purified from liver of scup and trout, and
cytochrome b5 has been purified from scup liver (Klotz et al., 1986).
Reconstitution studies with various combinations of reductase and P450
derived from fish or rat confirmed that heterologous reductase is able to
support activity of teleost P450 (Williams and Buhler, 1983; Williams and
Buhler, 1984; Klotz et al., 1986). However, species-specific preferences for
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reductase have also been seen with some teleost P450s (Klotz et al., 1986).
Thus, scup P450A showed a much greater activity when reconstituted with
scup reductase than with rat reductase, while this preference was not seen
with scup liver P450E (Klotz et al, 1986). A possible role of cytochrome b5 in
electron transfer to P450 in fish has also been indicated by reconstitution
studies (Klotz et al, 1986). As in mammalian systems, there appear to be some
substrates (e.g. aminopyrine) whose metabolism is preferentially enhanced
by the addition of b5. The molecular basis for the reductase preference or for
the distinct effects of cytochrome b5 have not been established in fish.

Gene Family 1

Members of gene subfamily 1A are prominent in the activation of many
environmental carcinogens. P450 forms purified from several fish species,
trout P450LM4b, scup P450E and cod P450c (Williams and Buhler, 1982; Klotz
et al,, 1983; Gokseyr, 1985), and perch P450V (Zhang et al., 1991) all have
physico-chemical, catalytic and regulatory properties in common with each
other and with mammalian CYP1A forms, particularly CYP1A1. Properties of
scup P450E indicating a relationship to mammalian CYP1A1 are summarized
in Table 2.

Table 2, Properties of scup liver P450E (CYP1A1)

Molecular properties
54 Kda molecular weight
Fe2+-CO absorption max @ 447nm
Low spin heme iron
Catalytic properties
Ethoxyresorufin O-deethylase
aryl hydrocarbon hydroxylase
Benzo[a]pyrene 7,8- and 9,10-epoxide formation
Ethoxycoumarin-O-deethylase
strongly inhibited by alpha-naphthoflavone
Regulatory properties
Induced by planar aromatic and halogenated hydrocarbons

— Induced in liver and in extrahepatic organs

(Modified from Stegeman, 1989)
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Each of the teleost CYP1A-like proteins purified to date shares these
properties. Antibodies have been made to these proteins, and they are
immunologically cross-reactive with each other and with CYP1A forms in
mammals, particularly CYP1A1 (Stegeman, 1989). All are inducible by
polynuclear aromatic hydrocarbons (PAHs) and by planar halogenated
aromatic hydrocarbons, including polychlorinated biphenyls (PCBs) and
2,3,7 8-tetrachlorodibenzodioxin (TCDD) and dibenzofuran (TCDF). Fish
CYP1As catalyze ethoxyresorufin O-deethylase (EROD) and aryl
hydrocarbon hydroxylase (AHH), and metabolize benzo(a)pyrene to the 7,8-
and 9,10-dihydrodiols. This preference for metabolism on the benzo-ring of
Bla]P is significant, as it is strongly associated with the activation of such
PAHs to mutagenic and carcinogenic derivatives.

P450 Sequence Considerations

The first amino acid sequence reported for a fish P450 was the N-
terminal sequence of scup P450E (Klotz et al, 1983). Subsequently, a P450
cDNA was cloned from liver of methylcholanthrene-induced trout (Heilmann
et al, 1988). That gene was classified in the CYP1A subfamily, and
particularly as a CYP1A1, based on the sequence comparisons with
mammalian CYP genes. The two members of the CYP1A subfamily, CYP1A1
and CYP1A2, occuring in a given mammalian species are paralogous, having
been diverged from a common ancestor. Heilmann et al. (1988) reported that
the inferred sequence of the trout CYP1A had 57-59% of the amino acid
residues identical with various mammalian CYP1A1 forms and 51-53% of the
residues identical with mammalian CYP1A2 forms, concluding that the trout
CYP1A isa CYP1Al

Based on the rates of molecular evolution within other protein
families, it was suggested that the mammalian CYP1A1l and CYP1A2 genes
diverged from one another 250 million years ago or less (Nelson and Strobel,
1987). Thus, the divergence of the mammalian CYP1A1 and CYP1A2 genes is
thought to have occurred after divergence of the lines leading to teleosts and
mammalian lines. If so, then fish would not be expected to have diverged
P450 genes that would be paralogous to one another, with one being
orthologous to mammalian CYP1Al and the other orthologous to
mammalian CYP1A2. If but a single CYP1A gene occurs in fish, such a CYP1A
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would be orthologous to both mammalian CYP1A1 and CYP1A2, and could be
considered to represent a type ancestral to both CYP1A1 and CYP1A2.

There is some evidence, in addition to the speculations based on
molecular clocks, that is consistent with the idea that teleost CYP1A forms are
possibly orthologous to both mammalian CYP1A forms. Some of this
evidence has been discussed previously (Stegeman, 1989). Some positions of
the inferred trout CYP1A sequence have amino acids identical to all known
mammalian CYP1A1 but not CYP1A2, and others identical to all CYP1A2 but
not CYP1A1 (Heilmann et al., 1988; Stegeman, 1989). One such region is near
the phe-gly-ala-gly-phe (FGAGF) sequence at about residue position 320,
shown in Table 3.

Table 3. S . . { CYP1A in fish and I

Group Protein Sequence

Teleost CYP1A KIVGIVNDLFGAGFDT
Mammalian CYP1A1 KVITIV*DLFGAGFDT
Mammalian CYP1A2 KIVNIVNDI FGAGFDT

The fish sequences include three; trout Heilmann et al; 1988;

plaice (George 1992, and scup (Morrison, Sogin and

Stegeman, unpublished). The mammalian sequences include rat,
mouse, rabbit and human. Examples of similarities are highlighted

(N and L in the fish sequences). * indicates variation at this position,
but no identity between the 1A1 and 1A2 sequences.

This could represent a "hybrid" condition to be expected if the known fish
CYP1A gene represents a type ancestral to both CYP1A1 and CYP1A2 in
mammals. The degree to which this indicated structural relationship of fish
CYP1A to both CYP1A1 and CYP1A2 proteins is reflected also in catalytic and
other properties is uncertain, but evidence indicates a closer similarity to
CYP1A1 than to CYP1A2. Clearly, additional sequences might negate these
arguments. For the moment, however, the known teleost CYP1A proteins
appear to be more like the CYP1Al1 proteins in mammals, based on sequence
and other properties, and thus are classified as such.

Whether there has been divergence of the CYP1A gene line in fish is
important to evolutionary and environmental considerations. Evidence used
by some has been detailed elsewhere (Stegeman, 1989), and involves different
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temporal patterns or degree of induction of AHH and EROD activities.
However, the possibility of molecular differences other than the production
of different proteins makes this line of argument suspect (See, Philpot, this
volume). Wirgin and colleagues (Kreamer et al., 1991) found evidence for
variants of CYP1A at the DNA and RNA levels in tomcod (Microgadus
tomcod), but not two distinct genes. The possibility that CYP1A genes
diverged in some fish groups since separation of mammalian and fish lines,
for example in salmonids in which there has been genome duplication, had
been suggested (Stegeman, 1989). Until recently, there was no substantive
information concerning the presence of multiple CYP1A genes. Recently,
there have been two genes cloned from rainbow trout liver, both of which are
CYP1A, and which are greater than 90% identical at the amino acid level
(Berghard and Chen , pers. comm.). The two genes are sufficiently similar to
suggest strongly that they have diverged quite recently, perhaps within the
last 20 million years. Whether these two genes are transcribed and translated
is not certain. Given the similarity, they both could be CYP1A1 like proteins,
and distinguishing between them may depend on the differences in non-
coding regions (Chen, pers. comm.). The finding could indicate a new
member of the teleost CYP1A subfamily.

Questions regarding the possibility of multiple CYP1A genes in fish
most often ask whether there is a "CYP1A2" in fish, the arguments above
notwithstanding. There is continuing speculation that a CYP1A2-like form
exists, based on a number of results involving distinct patterns of response to
the typical inducers of CYP1A1 and CYP1A2 in mammals, BNF and isosafrole
(Leaver et al.,, 1988; Celander and Forlin, 1991). Celander reported striking
differences not only in the degree of induction of selected alkoxycoumarin O-
deethylase activities, but also saw differences in the way that the substrates
could inhibit the activity of the enzymes induced by ISF as opposed to BNF.
Nevertheless, the results regarding induction of multiple CYP1A proteins or
mRNAs in fish by either 1A1 or 1A2 inducers (BNF or isosafrole) are
ambiguous at best. :

Comparison of CYP1A1l from trout with its homologue from scup
(P450E) shows that about 85% of 25 residues in the N-terminal region are
identical. This degree of similarity is higher than might be expected based on
the phylogenetic relationship of the families containing scup and trout, which
may have diverged as recently as 65 million years ago, but more likely as long
as 200 million years ago. By comparison, more recently diverged mammalian
groups show greater difference in CYP1A1 sequence in the N-terminal region
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and overall, suggesting possible slower rates of evolution in the fish P450
genes. The recent sequencing of a cDNA for the PAH-inducible P450 from
plaice (George, 1992) indicates a close structural similarity between it and the
other forms for which sequence is available. The greater than expected
degree of sequence similarity in the N-terminus of CYP1A from distant teleost
families supports the idea that the rate of evolution could be slower in the
P450 genes in fish than in mammals. Whether the suggested slower rate of
change in fish CYP1A merely reflects a slower rate of sequence change
common to many fish proteins, or is unique to fish P450s (or even CYP1A
alone, perhaps related to some physiological or ecological variable peculiar
to fish) is not yet known. This issue will be resolved as additional teleost P450
full length sequences are obtained. If the accumulation of mutations within
different gene families proceeds at different rates, as is believed to be the
case, then the "clock" for P450 must be established by analysis of homologous
P450 sequences in many species and taxa.

Gene Families 2 and 3

Immunochemical studies have indicated the presence in fish liver of
homologues to mammalian CYP2B and CYP2E forms (e.g., 4). Additional
evidence has been provided by use of nucleic acid probes for mammalian
family 2 forms. Haasch and coworkers (Haasch et al., 1990; Kleinow et al.,
1990) showed that a rat CYP2B1 cDNA probe hybridized with trout DNA on
Southern blots. Kaplan et al (Kaplan et al., 1991) used an oligonucleotide (49-
mer) specific for rat CYP2E1 to probe Northern blots of hepatic mRNA from
Poeciliopsis spp.; a 3.3 kb band was detected.

The first family 2 cDNA to be cloned from fish was recently reported by
Buhler (Buhler, 1992). This form, which corresponds to P450LM2 purified by
his group, has been classified as a CYP2K. As discussed elsewhere (Buhler,
this volume; Stegeman, 1992), this novel P450 is important in the metabolism
of many substrates in trout. It also appears to be similar to a form purified
for trout kidney (see Table 1).

Several lines of evidence indicate a relationship of teleost forms to
members of subfamily 3A. Microsomal activities attributed to trout LMC5
include steroid 6B-hydroxylase (Table 2), catalyzed in mammals largely by 3A
proteins (Waxman et al., 1991) Immunological cross-reactivity has been
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detected between LMC5 and both rat CYP3A1 and human CYP3A4 (Miranda
et al,, 1991). The structural similarity was supported by inhibition of
progesterone 6B-hydroxylase in trout liver microsomes by anti-human
CYP3A4. The evidence that scup P450A is a steroid 6B-hydroxylase suggests
that the scup and trout proteins may be related. A relationship between
P450con and rat subfamily 3 proteins was suggested by (Celander et al., 1989),
who found the amount of this protein was induced about 40% by high-dose
PCN. This and the other relationships suggested here are being investigated
by reciprocal immunological analysis.

Steroidogenic P450s

Several genes coding P450s homologous to mammalian P450 forms
have been described. A c¢cDNA clone encoding a P450c17 (17a-
hydroxylase/17,20-lyase) has been isolated from a rainbow trout ovarian
follicle cDNA library (Sakai et al., 1992). The amino acid sequence of the 522-
residue protein encoded by this cDNA shows a high degree of sequence
identity (64%) to chicken CYP17, and lesser identity (46-48%) to P45017
sequences from human, cow, and rat. Recently a cDNA encoding a P450
aromatase (CYP19) was isolated from a rainbow trout ovarian cDNA library
(Tanaka and Sakai, 1991). The sequence of this cDNA appears to encode a
protein of 522 amino acids that is slightly more than 50 % identical with
previously determined aromatase coding sequences from human, rat, mouse
and chicken. The trout CYP19 gene expression appears to be closely linked to
the production of estradiol by the ovary and consequently to the stimulation
of hepatic vitellogenesis by estradiol. This consistent with a transcriptional
activation, which is known to be a mechanism of CYP19 gene activation in
mammalian steroidogenic organs.

P450 Diversity in Marine Mammals

The bulk of the data on aquatic P450 systems has been derived from
studies of fish. Information concerning the number, identity and



144

characteristics of P450s in many other groups is still scant. The marine
mammals provide a case in point.

Studies have identified P450 or P450-associated catalytic activities in
pinnipeds (Engelhardt, 1982; Addison and Brodie, 1984; Addison et al., 1986;
Hahn et al,, 1991; Gokssyr et al., 1992) and a few species of cetaceans (minke
whales, pilot whales, killer whales, beluga, and dolphins(Goksayr et al., 1986;
Gokspyr et al., 1988; Watanabe et al., 1989; Hahn and Stegeman, 1990) (White
et al, 1993)). There are also a growing number of studies that have examined
the presence of proteins cross-reacting with antibodies to known P450 forms.
The results of such studies in two species are provided in Table 4.

Based on the immunochemical and catalytic studies some
generalizations can be made regarding P450 forms in marine mammals: 1)
Pinnipeds and cetaceans possess proteins recognized by antibodies to
mammalian and fish CYP1A1l forms. 2) Good correlations between the
amount of such proteins and the degree of contamination by PCBs suggests
that these putative CYP1A forms are inducible, as in other vertebrates. 3)
Catalytic and immunochemical data obtained so far are consistent with
reduced expression and/or altered structural specificity of 2B forms in aquatic
mammals.

Table 4. Immunoblot Detection of Hepatic Microsomal

Proteins In Cetaceans
P450 Antibody #Reactive
type  |mmunogen  Bands

CYP1A MAb 1-12-3 scup 1A 1
PAb chick 1A 1

cypP2B PAb scup 2B 0
PADb rat 2B1 0
MAb 2-63-3 rat 2B1 0
PAb rabbit 2B4 1

CYP2E PAb rat 2E1 1
PAb rat 2E1 2

The results are from Goksgyr et al, 1989, and White
et al., 1993, for minke and beluga whale respectively.
MAD refers to monoclonal and PAb refers to polyclonal
antibody.
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The results of the studies in whales raise further questions concerning the
evolution and significance of particular P450 forms. For example, is the
relative lack of CYP2B cross-reactive proteins and activities the result of long
evolution with a diet lacking in the plant products thought to have forced the
diversification within the CYP2 gene family? The role of natural products as
modulators of cytochrome P450 function or regulation is an area where we
can expect to see growing attention in aquatic systems.

Regulation of CYP1A

Mammalian CYP1A genes are induced by polynuclear aromatic
hydrocarbons, and planar halogenated aromatic hydrocarbons including
non-ortho-substituted PCBs, and laterally substituted dibenzo-p-dioxins,
most potent of which is TCDD. These compounds act through binding to a
cytosolic receptor (the Ah-receptor) (Poland and Knutson, 1982). The
mammalian receptor recently was identified as a helix-loop-helix protein
(Ema et al., 1992) (Burbach et al., 1992). Fish CYP1A proteins are induced by
PAH, BNF, planar PCB congeners, TCDD and TCDF suggesting a similar
mechanism in fish. A similar receptor is presumed to mediate the induction of
CYP1A genes in fish as well. A TCDD-binding protein thought to correspond
to the Ah-receptor was found by traditional methods in trout liver (Heilmann
etal., 1988).

Hahn et al. (Hahn et al., 1992) using a photo-affinity ligand detected
Ah-receptor-proteins in cartilaginous and bony fish, but not in jawless fish
(hagfish or lamprey). There is a marked similarity in the phylogenetic
distribution of the recognizable receptor, and the inducibility of a protein
recognized by antibodies specific to CYP1A forms (Hahn et al., 1993). The
presence of receptor and its apparent activation imply that the complex of
proteins involved in the transcriptional activation of the mammalian CYP1A1
genes operate also in "lower" vertebrates. This likewise implies the presence
of xenobiotic response elements (XRE) in the 5' regulatory regions of fish
CYP1A genes to which activated receptor would bind. That does not require
that the inducer structure-activity relationships would be the same for fish
and mammals. Evidence obtained with PCB congeners has suggested
differences between fish and mammals, with some fish showing a somewhat
greater requirement for planarity of the inducers (Gooch et al., 1989).
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Variables Affecting Induction

Studies by many investigators have shown that the induction of CYP1A
activity or protein is affected by several internal and external variables.
These have been treated extensively in the literature, but the basis for the
effects is still unclear. Several examples are given here.

Temperature: P450 enzymes have been studied in temperature
acclimated fish by several investigators. Earlier studies in F. heteroclitus for
example (Stegeman, 1979) showed that PAH induction of CYP1A activities
was suppressed in cold acclimated animals. More recent studies (Kloepper-
Sams and Stegeman, 1992) addressed whether this resulted from differences
in transcriptional or translational processes (CYP1A mRNA and/or protein
content) or effects on the function of the enzyme itself. CYP1A content and
activity rose only slowly over time after treatment of cold (6 °C) acclimated
fish with a known inducer, but were strongly and quickly induced in warm
(169C) acclimated fish. However, CYP1A mRNA content was substantially
and similarly elevated in both warm and cold fish, with an apparently longer
half-life in the cold fish. Whether the persistence of mRNA in cold-acclimated
fish is the result of a slower turnover of mRNA, or of slower metabolism of
inducer and hence retention of active levels, is not clear. Regardless, the
different patterns in CYP1A mRNA and protein contents indicate that
important effects of temperature acclimation on CYP1A induction in fish
involve post-transcriptional events.

Hormones: There are strong sex differences in total P450 and CYP1A
content in liver of spawning fish. Estradiol treatment can alter the
expression of P450s in fish liver (Hansson et al., 1982; Pajor et al., 1990). In
both naturally maturing fish and in fish treated with estradiol there is
suppression of the induction of CYP1A mRNA as well as protein (Elskus et al.,
1992) indicating a pretranslational block. However, the mechanism by which
estradiol exerts this effect on CYP1A is not known. It is possible that it may be
mediated by estradiol receptors, which would imply the presence of estradiol
response elements in fish CYP1A genes. Steroid response elements occur in
mammalian 1A1 genes; Prough and others found glucocorticoid response
elements (GRE) in the first intron of rat CYP1Al. Devaux and Pesonen
(Devaux et al., 1992) showed enhancement of CYP1A induction in trout
hepatocytes by dexamethasone (which acts through glucocorticoid receptors)
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suggesting that GRE occur also in fish CYP1A genes. The interactions
between CYP1A and hormones in aquatic species require further research.

ressi rocli iver

Effect on Apparent Process
Varigble CYP1A site of action Affected Mech.
Temperature Suppressed Post- Translation ?
(low T acclim.) Induction transcription Efficiency?
Reproduction Suppressed Pre- Transcription? ?
(estradiol in F) induction transiation Splicing?
Development Less sensitive ? ? ?

(pre-hatching) induction

The results are for Fundulus heteroclitus and are drawn from Kloepper-Sams
and Stegeman (1992), Elskus (1991), and Binder et al, (1985).

Development: Induction of CYP1A catalytic activity was detected in
fish embryos some years ago (Binder and Stegeman, 1983). In those studies
CYP1A induction was found to be much less sensitive before hatching than
after hatching. CYP1A has been localized in many organs of embryos, and
studies using immunohistochemistry support the observation that induction is
less sensitive in pre than in post-hatched larvae.

Organ and Cellular Distribution of CYP1A

It is now recognized that CYP1A is induced in most extrahepatic organs
in fish, as well as in mammals. Microsomal CYP1A can be strongly induced in
organs proximal to the environment (gill; gut) and in excretory organs
(kidney). The regulation of extrahepatic CYP1A has been linked to protective
mechanisms in some cases. For example, low concentrations of PAH in the
diet of fish can produce a strong induction of intestinal CYP1A, without
induction occurring in the liver (Van Veld et al., 1988). This could result from
enhanced metabolism of inducer in the gut sufficient to prevent active
concentrations from reaching the liver.
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Many of the questions concerning extrahepatic induction of CYP1A
require an understanding of the cellular targets for that induction. These
targets can be identified by immunohistochemical approaches. The first
demonstration of cellular localization of a CYP in liver of a vertebrate was in
rat liver, by Baron et al in 1978 (Baron et al., 1978). Demonstration of cellular
localization in fish tissues was reported at about the same time by several
groups (Gokseyr et al,, 1987) (Stegeman et al., 1987) (Lorenzana et al., 1988).
Subsequent studies (Smolowitz et al., 1991) noted CYP1A induction in
multiple extrahepatic organs. CYP1A is commonly induced in epithelial cells
of many organs, including liver, kidney, gut, gill, and skin. Miller et al (Miller
et al, 1989) first noted a strong induction in the endothelium of fish. Studies
since have shown that this is a very common result of exposure of fish to
CYP1A inducers. However, the common site of induction in extrahepatic
organs is in endothelial cells, regardless of inducer or route of exposure.

The ubiquity of CYP1A induction in endothelium indicates that this is a
fundamental response in this cell type in fish, and implies that Ah-receptors
are operating in endothelium. Situated between the blood and underlying
tissues, endothelium is a potential target site where xenobiotics could be
intercepted and exert toxicity. CYP1A induction in endothelium throughout
the organism could serve a protective role, but it could lead to enhanced
activation of foreign compounds in the endothelium. In induced fish CYP1A
amounts to nearly 25% of the ER protein in endothelial cells (Stegeman et al.,
1989). This P450 could be involved in other molecular interactions in
endothelium, such as with NO (nitric oxide). NO is an endothelium derived
relaxing factor, which can be avidly bound by heme proteins including P450.
Sequestration of NO by induced P450 could affect vascular function.

Environmental Induction Of CYP1A

Cytochrome P4501A proteins are induced in vertebrates from fish to
mammals by polynuclear aromatic and halogenated aromatic hydrocarbons.
CYP1A and Ah-receptors have been identified in all vertebrate groups, from
elasmobranchs to mammals, implicating Ah-receptor mediated mechanism in
CYP1A induction. There is great and growing interest in using CYP1A
induction to indicate the exposure of organisms in the wild to inducing
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compounds, i.e., to Ah-receptor ligands, to evaluate the degree and possible
risk of environmental contamination (Stegeman et al., 1992).

The induction of monooxygenase (AHH) activity in fish liver was first
suggested as an indicator in the early 1970s (Payne, 1976). Analysis of
environmental induction by immunoassay with antibodies to fish CYP1A was
demonstrated in 1986 (Stegeman et al., 1986). Data indicating that mRNA
detection could be used appeared in 1989 (Haasch et al., 1989). The first
immunohistochemical analysis showing the multiple organ and cellular
localization of environmentally induced CYP1A in fish appeared in 1991
(Stegeman et al., 1991). These approaches complement one another and all
have value in detecting induction as a marker of exposure.

There has been an explosion in the numbers of investigators using
induction as a biomarker (Stegeman et al., 1992). Each new study shows that
the approach is highly promising. Induction is being repeatedly tested as a
marker for contamination in coastal waters, rivers and lakes around the
world, not only in fish, but in all vertebrate groups, including reptiles,
amphibians, birds and mammals (Ellenton et al., 1985; Hoffman et al., 1987;
Bellward et al., 1990; Stegeman, ; White et al.,, 1993). Present knowledge
indicates less potential for using monooxygenase activity or P450 levels in
many invertebrates, such as molluscs or crustaceans, to indicate their
exposure to compounds such as the aromatic and chlorinated hydrocarbons.
This is due to the current lack of convincing evidence for induction of known
P450 forms or of monooxygenase activity, by any known mechanism.

That CYP1A induction occurs commonly in the environment is no
longer in question. However, there are important questions concerning the
environmental chemicals contributing to that induction, the geographic and
temporal distribution and the biological significance of that induction. '

Distribution and Significance of Environmental Induction

Studies around the world are showing that environmental induction of
CYP1A is a common occurrence in natural populations. Many studies have
shown that fish from coastal regions near population centers have induced
levels of P4501A in their livers (Stegeman and Binder, 1979; Spies et al., 1982;
Foureman et al., 1983; Varanasi et al., 1986; Luxon et al., 1987; Stegeman et
al,, 1987; Spies et al., 1988; Stegeman et al., 1988; Elskus and Stegeman, 1989;
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Elskus et al., 1989; Stegeman et al., 1990; Van Veld et al., 1990; Kreamer et al.,
1991; Monosson and Stegeman, 1991; Stegeman et al., 1991). A great weight
of evidence by now indicates that we can reliably predict this condition to
occur in fish from such areas. At greater distances from urban centers there is
usually a decrease in the content of P4501A. However, disseminated sources
and local sources both have been associated with strong induction signals in
fish at remote sites. The apparent induction in the liver of fish in the deep
ocean is the prime example (Stegeman et al., 1986). Recent studies in the
Antarctic and the central Pacific show that even in these remote areas there
are local sources causing this biochemical effect. Whether slight induction
seen in fish at sites distant from any known local sources reflects the influence
of natural products, the effect of the global chemical "background” condition
or some unknown source of inducers is not known. In the case of marine
mammals showing high levels of apparent CYP1A4, it is likely that the signal
reflects their position at the top of the food chain.

Studies have shown that the degree of CYP1A induction in fish from
the wild can be closely linked to the degree of contamination by chemicals
such as PCBs or PAH in the animals themselves, or in other biota or
sediments at the same site (Stegeman et al., 1986; Payne et al., 1987; Spies et
al., 1988; Stegeman et al., 1988; Elskus and Stegeman, 1989; Elskus et al,,
1989; Van Veld et al., 1990). Studies in marine mammals are also revealing
close correlations between tissue residues of candidate inducers and the
amount of CYP1A in liver (White et al., 1993). The results are convincing
enough so that we can safely predict that such use of CYP1A induction will
become commonplace not only in aquatic species, but in terrestrial animals of
all kinds. The development of biopsy or other non-destructive sampling
methods will ensure a widespread use. However, there is a continuing need
to establish the identity of the most active agents contributing to induction in
specific sites and environments. Given our growing knowledge of induction
mechanisms and the structural features of compounds capable of eliciting
induction, it is increasingly possible, with knowledge of chemistry in a given
area, to name suspect active agents in that area, a possibility suggested long
ago. The transition from suspected to confirmed cause of environmental
induction is more difficult, as illustrated by studies of induced CYP1A in fish
exposed to bleached and unbleached pulp mill effluent (Lindstrom-Seppa et
al., 1992; Munkittrick et al., 1992), the latter having lesser amounts of dioxins.
The prospect that natural products in which the unbleached effluents are
acting as inducers is clear.
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The significance of environmental induction is yet to be fully
understood. Indeed, the significance of this or any biochemical effect in the
field is central to environmental toxicology, and cannot be answered lightly
or briefly. The significance of CYP1A induction will depend on 1) the catalytic
function(s) of the protein(s), 2) the relative rates of activation and
detoxification of the inducer and other compounds, 3) inducer avidity for Ah-
receptors and hence efficacy in eliciting CYP1A induction or other gene
regulatory changes, and 4) the sites where these events occur. At minimum,
we can say that the induction will aid in clearing many substrates for CYP1A
from the body. How far we can interpret the induction to indicate toxic
consequences, as it does indicate exposure, is less certain. Adequate answers
must consider the full range of possible toxic mechanisms involving P450
function or Ah-receptor function, discussed above. The most obvious
possibility involves carcinogenesis.

Activation of many pro-carcinogens requires the function of P450. A
cell or organ devoid of the requisite catalyst(s) will not transform such a
compound into a carcinogen. As CYP1A is a prominent catalyst through
which some PAH are activated in fish, some degree of CYP1A induction is a
likely prerequisite for the initial steps in environmental carcinogenesis
involving those compounds. Carcinogenic PAH that are active inducers are
the dominant compounds in some regions (Malins et al., 1984; Malins et al.,
1985; Elskus and Stegeman, 1989). Greater P450 induction could contribute to
a higher steady state level of activated carcinogens, and consequently to a
higher degree of persistent and relevant DNA adduct formation or to
enhanced oxidative DNA damage; there is a correlation between induction
and carcinogenesis in mammals. But highly induced P450 is not necessarily
associated with a greater risk of carcinogenesis. Formation and persistence
of critical genetic lesions may be influenced as much by detoxication or repair
processes as by the oxidative metabolism creating the activated carcinogenic
derivative. The many questions yet to be answered include the consequences
of long-term, low-level exposure to compounds producing sustained
induction of CYP1A (Haasch et al., 1993) .

Though most often studied in liver, induction and attendant changes in
extrahepatic sites may determine the toxicity of inducers.
Immunohistochemical analyses have disclosed organ- and cell-specific
expression of CYP1A in adults, embryos or larvae of numerous species of
freshwater and marine fish treated with BNF, benzo(a)pyrene, 3,3'4,4"-
tetrachlorobiphenyl, 2,3,7.8-tetrachlorodibenzofuran, 2,3,7,8-tetrachloro-
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dibenzo-p-dioxin, PCB mixtures or petroleum, by injection, in the diet or in
the water (Stegeman et al unpublished). The analysis of fish from the
environment has shown similar patterns of induction in animals from
chemically-contaminated sites (see for example scup, Stegeman, et al, 1991).

Determining the significance of binding the Ah-receptor by low doses
of external ligands is particularly important to determing the significance of
environmental induction. Further studies on the cellular localization and
degree of induction in wildlife species will be important to our eventual
understanding on the sources and significance of this evidence for exposure
to Ah-receptor agonists.

Support was provided by the U.S. NIH grant ES-04220, the Donaldson
Charitable Trust and the Stanley Watson Chair.
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Introduction

The cytochromes P450 are the major enzymes involved in the
oxidative metabolism of both endogenous and exogenous chemicals
in fish (Buhler and Williams, 1989; Goksoyr and Forlin, 1992;
Guengerich, 1992) and other animals (Guengerich, 1990). The
membrane-bound cytochromes P450, predominately localized in the
liver but also found in lower concentrations in other tissues,
comprise a superfamily of closely related heme-containing
enzymes of similar structure and diverse functions (Nelson et
al., 1993). 1Initially, it was thought that fish lacked
cytochrome P450-linked monooxygenases (Brodie and Maickel,
1962) but studies carried out in the late 1960's (Buhler, 1966;
Buhler and Rasmusson, 1968; Dewaide and Henderson, 1968) showed
livers of rainbow trout and other fishes contained these
enzymes. Enzyme activities were generally lower than in

mammals and the fish P450s had temperature optima of about 25°C,

explaining why they were not detected in the earlier studies
where incubations at a higher temperature were employed.
Subsequently, as observed in mammals, multiple cytochrome P450
forms were discovered in fishes (Klotz et al., 1983; Miranda et
al., 1989; Williams and Buhler, 1982, 1983a, 1984) and several
laboratories have succeeded in purifying and characterizing
cytochrome P450 enzymes from numerous marine and freshwater
fishes (for reviews see Andersson and Forlin, 1992; Buhler and
Williams, 1989; Goksoyr and Foérlin, 1992; Stegeman, 1989).
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The rainbow trout (Oncorhynchus mykiss, formerly named
Salmo gairdneri) has been used extensively as a sensitive test
species for toxicity studies (Buhl and Hamilton, 1991; McKim et
al., 1987) and to investigate carcinogenic mechanisms of
chemicals that have been shown to also cause cancer in trout
(Bailey et al., 1984; Fong et al., 1993). Perhaps because of
the prominence of the rainbow trout as an experimental animal
in toxicity studies and the importance of cytochrome P450s in
the detoxification and activation of xenobiotics (Buhler and
Williams, 1988; Stegeman and Lech, 1991; Watkins, 1990), these
trout enzymes have been the most intensively studied among
aquatic species.

To date, at least twelve different trout cytochrome P450s
have been isolated, extensively purified and characterized to
varying degrees (Andersson, 1992; Arin¢ and Adali, 1983;
Celander et al., 1989; Miranda et al., 1989; Sakai et al.,
1992; Takahashi et al., 1993; Tanaka et al., 1992; Williams and
Buhler, 1982, 1983a, 1984). These investigations include the
purification of five different hepatic P450s from -

naphthoflavone (BNF) pretreated rainbow trout (Williams and
Buhler, 1982, 1983a, 1984), five P450s from the 1livers of
untreated trout (Miranda et al., 1989) and two P450 forms from
the trunk kidney of sexually mature male trout (Andersson,

1992). Two of these isolated hepatic P450 forms were
subsequently c¢loned and sequenced (Buhler et al., 1994;
Heilmann et al., 1988). Besides the direct purification of

hepatic and renal P450s from trout and their biochemical and
catalytic characterization, recent studies (Sakai et al., 1992;
Takahashi et al., 1993; Tanaka et al., 1992) have made use of
cDNA probes from orthologous mammalian P450s to clone and
sequence three trout ovarian P450 forms involved in steroid
biosynthesis. These latter three P450s then were expressed in
C0S-1 cells and their catalytic properties verified. The
characteristics of the reported rainbow trout cytochrome P450s

isoforms are summarized in Table 1.
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Hepatic Cytochrome P450s

Pretreatment of trout with polycyclic aromatic hydrocarbons
(PAHS) such as 3-methylcholanthrene (3-MC), and similar
inducers including 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
BNF and coplanar polychlorinated biphenyls (PCBs), produce
significant increases in hepatic P450 levels and in microsomal
benzo[a]pyrene (BaP) -hydroxylase and ethoxyresorufin-0-
deethylase (EROD) activities (Lech et al., 1982). Initial
studies from my laboratory, therefore, were performed with BNF-
pretreated Mt. Shasta strain adult rainbow trout and resulted
in the purification of five hepatic microsomal cytochrome P450s
(Williams and Buhler, 1982, 1983a, 1984). The membrane-bound
proteins were solubilized with 3-[(3-cholamidopropyl) -
dimethylammonio] ~-1-propane sulfonate (CHAPS) and then isolated
by chromatography on tryptamine Sepharose 4B, DEAE-Sepharose
and hydroxylapatite columns. Only three of the purified P450s,
initially designated P450s LM4a, IM4b and IM2, had specific
contents sufficiently high (10.3-11.9 nmoles P450/mg protein)
to warrant further characterization. Later, using essentially
the same isolation procedures, five constitutive P450 forms
(designated LMC1, LMC2, LMC3, LMC4 and LMC5) also were purified
to high specific contents from the livers of untreated rainbow
trout (Miranda et al., 1989).

Cytochrome P4501A (p450 IM4a and IM4b). Although

isozymes IM4a and IM4db were resolved on DEAE-Sepharose
(Williams and Buhler, 1984), they appeared to have identical M,
values of 58,000 on SDS-PAGE electrophoresis. Both LM4a and
IM4b had the same 447.0 nm A, value and gave similar
(approximately 0.4 nmoles/min/nmole P450) turnover numbers with
BaP in reconstitution systems employing rat NADPH-cytochrome
P450 reductase and dilauroylphosphatidylcholine (DLPC) .

Similar results with the two forms were obtained with

acetanilide. Both LM4a and IM4b were inhibited by o-

naphthoflavone (ANF) and by rabbit antibodies raised against
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each form. However, slight differences in the amino acid
composition of the two purified P450s and disparities in the
HPLC metabolite profiles following incubation of the
reconstituted isozymes with [*C]-BaP, however, suggested that
IM4a and LM4b might be different P450 isoforms (Williams and
Buhler, 1984).

In a subsequent investigation Heilmann et al. (1988),
using anti-P450 IM4b IgG (Williams and Buhler, 1984), isolated
and sequenced cDNA clones from a liver cDNA library prepared
from 3-MC-treated rainbow trout. The cDNAs hybridized to a 3-
MC-inducible 2.8 kb mRNA that contained an open reading frame
encoding for a 522 residue protein with a calculated M, of
59,241. Comparisons of the predicted amino acid sequence with
those of mammalian P450s suggested that the trout form was a
P4501A1 (CYP1Al) ortholog. The presence of a single P4501Al1
gene in trout liver was indicated by Southern blot analysis of
DNA digested with restriction enzymes and hybridized with a
trout P4501A1 cDNA probe.

There has been an ongoing controversy, however, regarding
the possible existence of a second P4501A form in the livers of
rainbow trout and other fishes (Andersson and Férlin, 1992).
Two gene subfamilies, P4501A1 and P4501A2, are found in rats
and other mammals (Soucek and Gut, 1992). However, based on a
higher amino acid sequence homology (57-59%) with mammalian
P4501A1 forms than with P4501A2 forms, Heilmann et al. (1988)
concluded that there was only a single rainbow trout gene and
that it belonged to the P4501A1 subfamily. Stegeman (1994),
however, based on amino acid sequence similarities between the
trout P4501A1 as reported by Heilmann et al. (1988) and those
of various mammalian P4501A1 and P4501A2 forms, has reasoned
that the trout form should be designated as P4501A. Stegeman
suggested further that trout P4501A is hybrid protein, coded
for by a gene ancestral to both mammalian P4501A1 and P4501A2
forms and that the trout P4501A form really contains
characteristics of both mammalian forms.

Various groups have attempted to find a P4501A2 form in

rainbow trout and other fishes. In earlier studies our
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laboratory isolated and purified two closely related BNF-
inducible P450s (ILM4a and IM4b) from trout liver (Williams and

Buhler, 1984). P450 IM4b appears to be P4501A1 isoform
(Heilmann et al., 1988) but IM4a could be the P4501A2 ortholog.
Pretreatment of trout with isosafrole (ISF), an inducer of

P4501A2 in mammals (Okey, 1990), caused a selective increase in
the microsomal conversion of 7,12-dimethylbenz([a]lanthracene
(DMBA) to DMBA-t-8,9-diol compared to that seen with microsomes
from BNF induced trout (Henderson et al., 1992). ISF was a
weak inducer of P4501A and the anti-P4501A1 IgG cross-reacting
pattern in Western blots was similar to that seen with BNF
microsomes. Differences in the catalytic and immunological
properties of liver microsomes from BNF and ISF treated trout
also have been reported by Celander and Foérlin (1991).

Studies of trout P450s at the mRNA level further support
the conclusion that two forms of P4501A are being expressed in
trout. Pesonen et al. (1992) found that primary culture of
trout liver cells treated with 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD) exhibited two P4501Al-hybridizable mRNA bands
upon probing with [?P]-labelled pSgl5 cDNA, a probe derived
from the cloning of trout P4501Al1 (Heilmann et al., 1988).
Through use of another cDNA probe designated pfP,P450 derived
from the same trout P4501A1 cloning study (Heilmann et al.,
1988), we also found that BNF-treated yearling trout contain
two P4501A1-hybridizable m

RNA bands at 2.8 (major) and 1.9 kb (minor) (Miranda et
al., in preparation). A similar pattern was seen upon exposure
to ISF. Whether these two P450 mRNA forms are allelic variants
of CYP1Al, the products of alternate splicing of a single gene
or are CYP1Al and CYP1A2 orthologs remains to be established.

This issue has been clarified substantially by recent
studies of Berndtson and Chen (Dr. Thomas Chen, Center for
Marine Biotechnology, University of Maryland at Baltimore,
personal communication) who have cloned two P4501A genes,
corresponding to P4501A1 and P4501A2, from the liver of 3-MC
induced trout. The two genes, both induced by 3-MC treatment,
code for proteins of very similar size that have a predicted
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96% amino acid sequence homology with one another. Striking
differences were noted, however, in the 5' flanking sequences
of the two genes. Identification as the P4501A1 and P4501A2
genes, respectively, were based upon sequence analysis of the
two trout genes in the 5' regulatory regions by comparisons to
known mammalian P4501A gene sequences. It thus appears that
rainbow trout may express both P4501A1 and P4501A2 enzymes.

The levels of the P4501A1 protein found in the livers of
rainbow trout is low in fish not exposed to polycyclic aromatic
hydrocarbons (PAHs) or halogenated aromatic compounds. In
trout unexposed to such inducers, therefore, P4501A1 was barely
detectable wupon immunohistochemical examination of 1liver
sections (Lorenzana et al., 1989) but was present in the
cytoplasm of trunk kidney proximal tubules (Lorenzana et al.,
1988) probed with rabbit antibodies raised against purified
trout P4501Al. However, strong induction of P4501A1 was seen
in trout pretreated with BNF or other inducers. Antibodies
raised against the purified P4501A1 orthologs of rainbow trout,
scup and Atlantic cod cross-reacted against P4501A1 forms from
7 different BNF-induced fish species and inhibited EROD in the
same fish microsomal samples (Goksoyr et al., 1991) suggesting
the close structural similarity of this isoform between fish
species. Antibodies against trout P4501Al1, therefore, have
proved useful in determining environmental induction of this
P450 form in other fishes (Varanasi et al., 1986).

Cytochrome P450 IMCl. A constitutive P450 designated P450
IMCl was purified to a specific content of 11.6 nmol P450/mg
protein from trout unexposed to chemicals (Miranda et al.,

1989). The P450 had a A, of 450 nm and an estimated M, of

50,000. Rabbit polyclonal antibodies raised against trout P450
LMC1 and LMC2 cross-reacted with one another and the anti-IMC1l
IgG reacted strongly with rat CYP2B1 (Miranda et al., 1990a).

Reconstitution experiments with IMC1l performed with rat
NADPH-cytochrome P450 reductase and DLPC demonstrated that this
isoform had modest activity toward 178-estradiol, testosterone

and progesterone but BaP and benzphetamine were not
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metabolized. Reconstituted LMCl, however, had appreciable
lauric acid hydroxylase activity. In a subsequent study

(Miranda et al., 1990b), P450 LMC1l was shown to catalyze the -
hydroxylation of lauric acid. While lauric acid

w-hydroxylase activities were high in liver microsomes from

juvenile and sexually mature female trout, microsomes from
sexually mature male trout reflected only limited enzyme
activity (Miranda.et al., 1990b).

Hydroxylation of lauric acid at the - and (®w-1) (12- and

ll-positions) is catalyzed by mammalian P450s belonging to the
clofibrate-inducible CYP4A family (Aoyma et al., 1990).

Clofibrate, injected ip into 18-month old trout at 10 mg/kg or
50 mg/kg, every other day for two weeks, revealed no detectable
increases in the levels of P450 IMC1l or LMC2 (CYP2Kl1l) shown by
Western blots (Miranda et al., to be published). Clofibrate
also had no effect on the ®w- and (®w-1)-hydroxylation of lauric

acid. Western blots of liver microsomes from clofibrate-
treated trout probed with anti-rat CYP4A IgG (gift from Dr.
R.T. Okita, Washington State University) also exhibited no
increase in any immunoreactive proteins. Anti-rat CYP4A IgG
cross-reacted slightly with trout P450 LMC2 and to a lesser
extent, trout P450 LMC1l. Thus, although P450 LMCl seemed to be
a lauric acid ®-hydroxylase, the evidence obtained to date does

not support its assignment to the P4504A subfamily.

Cytochrome P4502K1 (P450 IM2/IMC2). A major constitutive

trout P450 form called LM2 was isolated with a specific content
of 10.8 nmol P450/mg protein from the livers of BNF induced
trout (Williams and Buhler, 1984). P450 LM2 is biochemically,
immunologically and catalytically indistinguishable from P450
IMC2, the major constitutive isozyme subsequently purified
(specific content 14.0 nmol P450/mg protein)from liver of
untreated trout (Miranda et al., 1989). This isozyme exhibited
a M, of 54,000 and a A_ in the CO-reduced difference spectrum

of 449.5 nm and showed no detectable BaP hydroxylase activity.
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P450 LMC2, however, was highly active toward aflatoxin Bl
(AFBl) with strong regioselectivity in the formation of AFB1-
8, 9-epoxide, the ultimate carcinogenic form of AFBI. In the
reconstituted P450 LMC2 system (Williams and Buhler, 1983b),
production of the highly reactive AFB1-8,9-epoxide was detected
by the appearance of 1its hydrolysis product, AFB1-8,9-
dihydroxy-8,9-dihydrodiol. High covalent binding of [G-’H]-AFB1
to calf thymus DNA also was observed when the DNA was added to
the P450 IMC2 reconstituted incubation mixture. This
constitutive P450 form is the major P450 present in the livers
of rainbow trout and is, thus, likely responsible for the acute
sensitivity of this species to the carcinogenic effects of AFB1
(Bailey et al., 1984).

P450 LMC2 also is a major catalyst for the (w-1)-

hydroxylation of lauric acid (Miranda et al., 1990b; Williams
et al., 1984). This isoform also catalyzes the 2-hydroxylation

of 17f-estradiol, the 16B-hydroxylation of testosterone, the
léa-hydroxylation of progesterone and benzphetamine N-

demethylase (BND) activity (Miranda et al., 1989).

Rabbit polyclonal antibodies prepared against P450 LMC2
had a significant inhibitory effect on trout hepatic microsomal
lauric acid hydroxylase and BND activities and the microsome-
mediated covalent binding of AFBl1 to added DNA, strongly
suggesting that P450 LMC2 was primarily responsible for these
microsomal activities (Miranda et al., 1989). Anti-ILMC2 IgG
was used in an enzyme-linked immunosorbent assay (ELISA) with
alkaline phosphatase to show the existence of a cross-
reactivity between these antibodies and trout P450 IMC1
(Miranda et al., 1990a). Antibodies to LMC2 also cross-reacted
strongly with rat P4502B1 and with P450s in phenobarbital (PB)-
induced rat liver microsomes. While in mammals PB readily
induces P4502B1 isoforms having high BND activities, trout are
refractory to PB-type induction (Kleinow et al., 1990) and show
no increases 1in LMC2 levels after such pretreatment.
Nevertheless, Southern blot analysis of trout genomic DNA
hydrolyzed with various restriction enzymes and probed with a
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rat P4502B1 c¢DNA indicated that sequences analogous to
mammalian P4502B1 are present in their genome but that this
isoform is apparently not expressed in trout (Kleinow et al.,
1990) .

Immunohistochemical analysis established that P450 LMC2
was localized in the second portion of the proximal tubules (P,)
in the trunk kidney of trout (Lorenzana et al., 1988). More
intense staining appeared in trunk kidney tissue from mature
male animals as compared to the female kidney sections. By
contrast, head kidney displayed only faint staining of
interrenal cells by anti-P450 LMC2 IgG. Immunostaining for
P450 IMC2 in liver was observed along the sinusoidal border of
some parenchymal cells coupled with moderated staining within
the cytoplasm of most cells (Lorenzana et al., 1989). There
was intense, uniform immunostaining for P450 IMC2 within the
cytoplasm of the bile duct cells, in the endothelial lining of
arterioles, and along the epithelial surface of the gall
bladder.

P450 LMC2 1is developmentally expressed (Buhler et al.,
1994; Williams et al., 1986). Through immunoblotting, levels
of this P450 were shown to be almost 2-fold higher in liver and
25-fold higher in trunk kidney microsomes of sexually mature
male trout compared to females. Differences in the relative
amounts of the LMC2 form between mature males and females was
correlated with significantly higher microsomal lauric acid
hydroxylase activity and the activation of AFBl1 and its
covalent binding to DNA.

To learn more about its expression and relationship with
mammalian P450 forms, we have cloned and sequenced a full-
length cDNA encoding for P450 LMC2 (Buhler et al., 1994). The
1859 bp cDNA, isolated from a 3-year old male rainbow trout
liver c¢cDNA library, contained an open reading frame encoding a
protein of 504 amino acids with a calculated M, of 56,795. From
amino acid sequence comparisons, the trout P450 IMC2 has been
assigned to a new cytochrome P450 gene subfamily designated
P4502K1 or CYP2K1l (Nelson et al., 1993). Investigation of the
expression of this gene at the transcriptional and



169

translational level were made in sexually mature rainbow trout
liver and trunk kidney. Transcriptional expression
investigated by Northern analysis of total RNA using a 440 bp
3'-terminal cDNA probe (2K1,7¢c) suggested sexual and organ
differences. Mature male trunk kidney expressed 2K1,7c
hybridizable mRNA to a much greater extent than did female
trunk kidney, with multiple mRNA Dbands appearing at
approximately the 2.8 kb and 1.9 kb region. A 1.9 kb mRNA
bands were found at similar concentrations in the liver samples
of both sexes. The livers of some fish also displayed a
separate 2.8 kb hybridizable band but such bands were much
weaker or nondetectable in female liver samples. Considering
the individual biological variabilities, it was apparent that
mature male trout expressed the 2.8 kb mRNA much more strongly
in trunk kidney than in liver. Translational expression,
analyzed by Western blotting of microsomes separated on SDS-
PAGE and probed with anti-P450 LMC2 IgG, revealed corresponding
sex and organ-related differences in P450 protein expression.

Cytochrome P450 IMC3 and LMC4. Isolation of P450s LMC3
and ILMC4 from the livers of untreated trout yielded

incompletely purified proteins with specific contents of 2.8
and 9.0 nmol P450/mg protein, respectively (Miranda et al.,

1989). These two isoforms had reduced CO-absorption maxima of
450 nm and by SDS-PAGE their M.'s were estimated at 56,000 and
58,000, respectively. Using an ELISA assay with alkaline

phosphatase, strong cross-reactivity was observed between
rabbit anti-trout IMC3 IgG and trout LMC4 (Miranda et al.,
1990a) . Although insufficient enzyme was available for
reconstitution experiments, trout hepatic microsomal inhibition
studies using rabbit antibodies prepared against these isforms
failed to show any diminution in testosterone, progesterone,

17B-estradiol or lauric acid hydroxylation. The endogenous

substrates and catalytic activities toward xenobiotics for
these two isozymes yet remains to be determined.
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Cytochrome P450 IMC5. A highly purified (specific content
14.9 nmol P450/mg protein) hemoprotein, designated P450 LMC5,
also was isolated from the livers of untreated trout (Miranda

et al., 1989). This P450 form had an apparent M, of 59,000, a

A, of 448 nm and in reconstituted systems displayed significant

activity for the 6B-hydroxylation of testosterone and

progesterone and for the N-demethylation of benzphetamine.
There was little or no cross-reactivity of anti-LMC5 IgG with
other trout P450 forms.

Since steroid 6P-hydroxylase activity is associated with

mammalian P4503A enzymes, further studies were carried out to
determine the immunochemical homology between trout P450 LMC5
and mammalian P4503A enzymes (Miranda et al., 1991).

Polyclonal antibodies generated against trout P450 LMC5 reacted
strongly on immunoblots with P4503A1 in dexamethasone-induced
rat liver microsomes and with P4503A4 in human liver
microsomes. Reciprocal immunoblots wusing anti-rat P4503Al1
showed that this antibody did not recognize trout P450 LMC1l or
LMC5 but antihuman P4503A4 IgG was found to cross-react

strongly with these trout P450s. Progesterone 6B-hydroxylase

activity of trout liver microsomes, a reaction catalyzed by
P450 LMC5 and characteristic of P4503A isoforms, was markedly
inhibited by anti-P4503A4 and by gestodene, a mechanism-based
inactivator of human P45032A4. These results provide compelling
evidence for a similarity in the structure and catalytic
function between trout P450 LMC5 and human P4503A4.

Cvtochrome P450 . Celander et al. (1989), have partially
purified a P450 from the 1livers of trout pretreated with

various inducers. This P450 called P450 had an apparent M,

of 54,000 on SDS-PAGE but 1ts catalytic properties were not
determined. Polyclonal antibodies raised against P450_ showed
in Western blots that this isoform was a major constitutive
form in juvenile trout. However, hepatic concentrations of
P450_ ., were about twice as high in sexually mature males

compared to females. While preexposure of trout to
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dexamethasone failed to increase levels of this P450, cortisol

or pregnenolone-l6a-carbonitrile (PCN) treatment resulted in a

significant elevation of P450_  concentrations 7 days after
injection.

Recently, in collaboration with M. Celander and L. Férlin
(University of Géteborg) we have found (Celander et al., to be
published) by Western blotting that rainbow trout P450con
(Celander et al., 1989) is very similar if not identical with
our P450 LMCS5. These results suggest that P450con may belong
to the P4503A subfamily (Miranda et al., 1991).

Renal Cytochrome P450s

Anderson (1992) observed that male trout kidney contained
considerably higher P450 concentrations than did females during
the late reproductive stage. Trunk kidney microsomes from
sexually mature male trout were solubilized in Emulgen 911 and
sodium cholate and then fractionated on a CH-Sepharose 4B
column coupled to p-chloramphetamine. The two resulting P450
peak fractions were pooled and then chromatographed on DEAE-
Sepharose to yield two partially purified proteins, designated
P450 KMl and KM2, with estimated M's of 54,000 and 52,000,
respectively. P450 KM1 was not further studied but this
isoform may be the same as LMC2 (P4502K1) based on its
estimated 54,000 molecular weight.

Rabbit antibodies against P450 KM2 were prepared after it
was further purified on SDS-PAGE (Andersson, 1992). Antiserum
against P450 KM2 did not cross-react with the KM1 form.
Quantitative Western blotting established that P450 KM2
constituted about 66% of the total P450 in the kidney of
sexually mature trout. Levels of this isoform were
substantially lower (120-fold) in the kidneys of sexually
mature females where P450 KM2 accounted for 15% of the total
P450. Treatment of trout with 1l-ketotestosterone (0.2 mg
weekly for 6 weeks) significantly induced kidney P450 KM2

concentrations whereas this isoform was unaffected Dby
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testosterone treatment. In the 1ll-ketotestosterone dosed
trout, total renal P450 levels were increased (4-fold) with
similar increases in microsomal 7-ethoxycoumarin~O-deethylase

and progesterone-6B-hydroxylase activities.

Ovarian Cytochrome P450s

Cyvtochrome P45011A1 (P450m)_. One of the more important
P450s involved in mammalian steroid biosynthesis 1is the
cholesterol side-chain cleavage P450 (P450, , now designated
P45011A1). Takahashi et al. (1993) recently were successful in
cloning and sequencing a cDNA encoding for the trout ortholog
of this isoform. These investigators initially prepared a cDNA
library from poly (A)" isolated from ovarian thecal cells of a
3-year-old female trout. Using a [’P]-labeled 285 bp fragment
of a human P45011A1 cDNA probe, they then screened the library
to obtain a full-length trout cDNA clone encoding for a protein
of 514 amino acid residues. The predicted amino acid sequence
showed a 48% homology with that of P45011A1 isoforms from rat,
bovine and pig. Northern blot analysis with a trout P45011A1
cDNA indicated that high concentrations of a single 1.8 kb
P45011A1 mRNA in postovulatory follicles.

Verification of the identity of the cloned trout P450 as a
P45011A1 ortholog was based on the expression of the cloned
trout c¢DNA in COS-1 monkey kidney cells. After transfection
the non-steroidogenic cells Dbecame able to convert 25-
hydroxycholesterol to pregnenolone, a characteristic catalytic
activity of P45011A1l.

Cvtochrome P45017 (P450..). Mammalian P45017 has both
steroid 17a-hydroxylase and 17,20-lyase activities. Sakai et

al. (1992) has employed a 630 bp fragment of a human P45017
(P450,,) cDNA as a probe to screen a thecal cell cDNA library
obtained from the ovaries of 3-year-old female trout. This
yielded a full-length cDNA containing an open reading frame of
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1,542 nucleotides encoding for a P450 of 514 amino acid
residues. Comparisons of the predicted amino acid sequences of
the trout P450 with that of other members of the P45017
subfamily, showed a 64% homology with the chicken isoform but a
lesser similarity (46-48% homology) with human, bovine and rat
P45017. Northern hybridization analysis of trout ovary
preparations using a 2,081 bp cDNA for trout P45017, showed
barely detectable expression of a 2.4 kb P45017 mRNA species
during early- and mid-vitellogenic stages of female maturation
while abundant levels of this mRNA were expressed in the post-
vitellogenic stage and after ovulation.

Following incorporation of a trout P45017 cDNA expression
vector into COS-1 <cells, the cells gained characteristic
P45017-related enzyme activities, including the ability to
convert progesterone to 170-hydroxyprogesterone and

androstenedione. The cloned trout P45017 was catalytically
similar to the bovine and human P45017 forms with more 17,20-

lyase activity than 17a-hydroxylase activity.

Cvtochrome P45019 (P450 ). Japanese investigators also
have cloned, sequenced and characterized a third steroidogenic
P450 from trout (Tanaka et al., 1992), P450_, (P45019), the
P450 that converts androgens to estrogens. A cDNA library was

+

prepared from poly(A)" RNA extracted from trout ovary that was
in the early vitellogenic stage and then screened with a
radiolabeled human P45019 cDNA probe. A clone containing a 3
kb insert initially was obtained which, after digestion and
subcloning, yielded a second clone with a 1566 bp open-reading
frame encoding for a 522 amino acid protein. The deduced
protein sequence was 52% homologous with rat, mouse and human
P45019 and 53% homologous with the chicken isoform. Upon
expression of the trout P45019 cDNA in mammalian COS-1 cells,
the ability of these cells to convert testosterone to 17B-

estradiol was increased approximately 15-fold.

Northern hybridization analysis of the trout P45019 mRNA
demonstrated the presence of a 2.6 kb mRNA in ovaries at the
early and late vitellogenic stages. No evidence for expression
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of the 2.6 kb transcript, however, was seen in the later stages

of trout ovulation.

Conclusions

While research on teleost cytochrome P450s has lagged behind
that of their mammalian counterparts, characterization of these
fish enzymes during the past decade has experienced rapid
progress. This has been especially true for the rainbow trout
where its P450s have now become the most extensively studied
among the fishes. Research conducted in several laboratories
have identified many of the P450 isozymes present 1in trout;
determined their properties and structures; and investigated
their expression at both the mRNA and protein levels as a
function of developmental stage, sex, tissue, chemical exposure
and diet. Limited data also has been obtained on the
regulation of certain of the trout P450 forms. Published
reports on a least 12 different rainbow trout P450s have
appeared (Andersson, 1992; Celander et al., 1989; Miranda et
al., 1989; Sakai et al., 1992; Takahashi et al., 1993; Tanaka
et al., 1992; Williams and Buhler, 1982, 1983a, 1984) and
additional studies in progress should further describe the
attributes of these and additional P450 forms. Based on the
amino acid sequence information provided for trout P450s by
these investigations and comparisons with known sequences of
mammalian P450 forms, the presence of several orthologs of
mammalian P450s have been shown to be present in rainbow trout.
Most of the previous research on trout P450s have involved
the classical technique of initial isolation and purification
of the enzymes followed by subsequent biochemical and catalytic
characterization. This experimental approach, while generally
quite successful, is tedious and fraught with difficulties.
Moreover, during the purification process, inactivation of
P450s could occur with concomitant loss of enzyme activities.
Under such circumstances, it was virtually impossible to
establish the endogenous substrates for the P450s under study
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or to determine the role of the P450s in xenobiotic metabolism.

The use of molecular bioclogy methodology, however, offers
the promise of markedly reducing the effort involved in
isolating and sequencing trout P450s. Hence, screening an
appropriate trout cDNA library for orthologs to mammalian forms
has been remarkably successful (Sakai et al., 1992; Takahashi
et al., 1993; Tanaka et al., 1992) in the case of ovarian P450
forms. However, there are several difficulties associated with
the c¢DNA cloning approach. This method depends on the
availability of a c¢DNA or oligonucleotide probe coding for a
P450 ortholog from some other species that has a high sequence
homology with the teleost P450 forms so that hybridization can
occur between the probe and corresponding P450 clones in an
appropriate trout c¢cDNA library. An alternative approach, not
vet applied to the cloning of trout P450s, involves the use of
the polymerase chain reaction (PCR) with synthetic
oligonucleotide primers patterned after known P450 gene
sequences from mammals or other species. Following cloning and
sequencing of the trout P450 cDNAs, isolated trout P450 cDNAs
have been expressed in cultured mammalian COS-1 cells to verify
by determining catalytic activities in a reconstituted system
that the correct P450 forms had been cloned (Sakai et al.,
1992; Takahashi et al., 1993; Tanaka et al., 1992).
Unfortunately insufficient quantities of P450 protein are
produced by the CO0S-1 expression system to permit P450
purification and antibody preparation. Consequently, unless
antibodies from the orthologous mammalian P450s cross-react
with the trout P450s, such investigations have not permitted
assessment of both P450 mRNA and protein expression in trout
tissues.

Recently, however, Gillam et al. (1993) have inserted
human P4503A4 c¢cDNA into a pCW vector which was then used to

transform Escherichia coli DH5a cells. Sufficient quantities

of the human P45032A4 protein were expressed by this system to
permit its purification to a high degree (23 nmol P450/mg
protein) for use 1in reconstitution experiments to measure

catalytic activity and for raising rabbit polyclonal
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antibodies. Through the use of the cDNA c¢loning technique
coupled with an expression system permitting P450 purification
and antibody preparation, future studies will likely allow
examination of P450 expression in rainbow trout at both the
mRNA and protein level.

Rapid advances in molecular technology that are occurring
in mammalian research (in situ hybridization, in situ PCR,
site-directed mutagenesis, etc.) are slowly being applied to
the study of fish P450s. Such investigations will eventually
lead a better understanding of trout cytochrome P450

structures, functions and regulation.
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Introduction

Cytochrome P450 2E1, previously known as P450LM3,, P450)j, P450ac, or P450alc, has
received a great deal of attention in recent years because of its vital role in the activation of many
toxic chemicals (Yang, et al., 1992, Yang, er al., 1990, Guengerich, eral., 1991, Koop, 1992).
In this chapter, the structure, catalytic activities, and regulation of this enzyme are discussed.
Examples are used to illustrate this enzyme as a target for the interactions of many environmental
chemicals. Although written in the form of a review, it is not intended to be a comprehensive
review of the literature. Many of our own studies are used as examples to illustrate pertinent

points.

Early Studies on N-Nitrosodimethylamine Demethylase

Several séemingly unrelated lines of research converged in the early 1980’s in the studies
on the structure and catalytic functions of P450 2E1. Qur interest in this area derived from
investigations on the metabolism of N-nitrosodimethylamine (NDMA), a widely occurring
environmental carcinogen. Earlier studies had indicated that NDMA was metabolized in an
NADPH-dependent reaction in the endoplasmic reticulum, and the reaction had many of the
features of a P450-dependent reaction (Lai and Arcos, 1980). However, the role of P450 enzymes
in the demethylation (activation) of NDMA was questioned in some early publications, because the
activity was not enhanced by the conventional P450 inducers such as phenobarbital, 3-
methylcholanthrene and polychlorinated biphenyls; nor was the activity inhibited by common P450

inhibitors such as SKF 525A or metyrapone. The involvement of monoamine oxidase in NDMA
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metabolism was also suggested because the activity was inhibited by monoamine oxidase inhibitors
such as 2-phenethylamine (Lai and Arcos, 1980).

We started to study this problem in 1980 by adopting a hypothesis that the multiple K,
values and a lack of saturation kinetics observed in NDMA demethylation in microsomes are due to
the fact that several P450 enzymes can catalyze the oxidation of NDMA and that the low Ky,
NDMA demethylase activity is due to a unique form of P450 which distincts itself from other
P450s in inducibility and susceptibility to inhibitors. In order to test this hypothesis, we started to
investigate the inducibility of the low K, NDMA demethylase. There were some indications in the
literature at that time that NDMA demethylase was inducible. What we did was to conduct detailed
kinetic analysis to identify the low K NDMA demethylase and to examine the induction of this
low K, enzyme systematically. Our first indication was that pyrazole induced a form of NDMA
demethylase with a low K, of 60 uM (Tu, er al., 1981). Subsequent experiments indicated that
this low K, NDMA demethylase also existed in liver microsomes from untreated rats, albeit with a
low Vmax. This form was also inducible by fasting and diabetes as well as by treatment with
acetone, isopropanol, or ethanol (Peng, et al., 1983, Peng, eral., 1982, Tu, er al., 1983, Tu and
Yang, 1983). In control liver microsomes, in addition to this low K, form, at least two higher K,
values at approximately 0.25 mM and 28 mM were also observed (Tu, er al, 1983, Tu and Yang,
1983). After treatment with the inducers, the low Ky, form became the predoninant enzyme for
NDMA demethylation. Gel electrophoresis experiments indicated that the induction of the low K,
NDMA demethylase was associated with the intensification of a protein band with molecular
weight around 51,000. The intensity of this protein band was reduced by treating rats with CoCly,
suggesting this band was due to a hemoprotein (Tu, et al., 1983, Tu and Yang, 1983). These
results are all consistent with our hypothesis. We therefore initiated the work on the purification of
this low K, NDMA demethylase from acetone- and ethanol-induced microsomes.

In 1982, Koop and Coon purified P450LMas, from ethanol-treated rabbits (Koop, et al.,
1982). This enzyme catalyzed the oxidation of alcohols and appeared to have many of the
properties of the enzyme we intended to purify. We therefore initiated a collaboration and obtained
this enzyme together with purified rabbit P450LM;, LM3,, LM3,, LMy, and LMg to conduct
metabolic studies to search for the low K, NDMA demethylase. It was demonstrated that at a low
substrate concentration (0.1 mM NDMA), LMj, (2E1) was the only enzyme displaying substantial
activity. With 100 pM NADMA, however, other P450s such as LM,, LM4 and LMg, also
displayed NDMA demethylase activity (Yang, et al., 1985). This result suggested that P450 2E1
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was a low K, form of NDMA demethylase. However, the K, observed with LM3, in the
reconstituted system, 2.9 mM, was much higher than the 60-70 pM observed in rat liver
microsomes (Yang, et al., 1985).

Purification and Characterization of P450 2E1 from Acetone-Induced Rat Liver
Microsomes

With a combination of various chromatographic techniques, P45(0 2E1 (previously referred
to as P450ac) was purified to apparent homogeneity from acetone-induced rat liver microsomes at a
0.6% yield (Patten, et al., 1986). It occurred in the ferric form and a portion of this cytochrome
was at the high spin state; this fraction increased with the temperature. In the ferrous form, this
enzyme showed typical P450 CO-binding spectrum with a maximum at 450.6 nm. Upon
reconstitution with NADPH-P450 oxidoreductase, phospholipid, and cytochrome bs, a turnover
number of 28.5 was observed in the demethylation of NDMA, consistent with the theoretical value
estimated from the microsomal activity. However, this system displayed a K, of (.35 mM, much
higher than the microsomal value; without b in the reconstitution, the K, value was even (8-told)
higher (Patten, et al., 1986). At that time, Ryan et al. purified P450j from isoniazid-induced rat
liver microsomes (Ryan, et al., 1984). Based on the partial sequence and studies with antibodies,
it was established that rat P450j and P450ac are identical and are homologous to the rabbit LM3,;
all are referred to as 2E1 in the systematic nomenclature. The human P450 2E1 was subsequently
characterized at the gene and protein levels (Song, et al., 1986, Wrighton, e al., 1987), and its
was found to be similar to rat P450 2E1 in many aspects.

P450 2E1 efficiently catalyzes the oxidation of aniline, a commonly used substrate (a type
II substrate) of P450, and many other small molecules such as alcohols, acetone, hexane, and
benzene (Yang, et al., 1990). These activities were inhibited competitively by many commonly
used solvents such as ethanol, acetone, dimethyl sultoxide, hexane, and dimethyl formamide
(Yoo, et al., 1987). However, it is not efficient in catalyzing the oxidation of large or charged
molecules such as benzo(a)pyrene, testosterone, dimethylamine, or benzphetamine (Patten, er al.,
1986, Yang, et al., 1990). Some of the other substrates of P45() 2E1 will be discussed in a later

section.
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Characterization of 2E1 Gene and Transcriptional Regulation

In collaboration with Gonzalez, Gelboin, and coworkers, the cDNA of 2El was cloned
from the rat and human liver (Song, et al., 1986). The deduced amino acid sequences of the rat
and human 2E1 both contained 493 amino acids with calculated molecular weights of 56,634 and
56,916, respectively. Human 2E1 shared 75% nucleotide and 78% amino acid similarities to rat
2E1. Amino acid alignment revealed that 2E1 was 48% similar to 2B1 and 2B2 and 54% similar to
2C6 and 2C7, but had lower similarities to other P450s. Southem blot analyses of rat and human
genomic DNAs verified that only a single gene shared extensive homology with 2E1. The human
2E1 gene was mapped to chromosome 10 and spanned 11,413 base pairs with nine exons
(Umeno, et al., 1988).

Transcriptional activation of P450 2E1 was demonstrated in rats right after birth (Song, ez
al., 1986). Nuclear run-on experiments demonstrated that transcription of 2E1 was non-detectable
in the livers of new-born rats, but became detectable at day 3 and reached normal level at day 7.
Specific cytosine demethylation at the upstream regulatory region was suggested to be related to
this activation (Umeno, et al, 1988). Recently, it was reported that hepatocyte-enriched
transcription factor-1a can bind to 2E1 gene between -113 bp to -87 bp and probably controls the
transcription of this gene. This transcription factor is fully expressed by day 3 after birth which is
coincident to the activation of the 2E1 gene in rats (Gonzalez, 1992).

Posttranscriptional Regulation of 2E1

Transcriptional activation, however, has not been convincingly demonstrated in other
conditions which “induce” P450 2E1. In the induction by fasting and diabetes, elevated levels of
2E1 mRNA were observed, suggesting the rate of mRNA degradation may have been retarded
under these conditions (Hong, et al., 1987, Song, et al., 1987). In the induction by acetone,
isopropanol, ethanol and pyridine, 2E]1 mRNA elevation was not demonstrated in most
experiments (Hong, et al., 1987, Kim, et al., 1990). The elevated 2E1 protein levels is probably
due to enhanced translational activity (Kim, et al., 1990) or increased stability of the 2E1 protein
by the binding of these compounds that are also substrates of 2E1 (Song, et al., 1989). It was
proposed recently that the binding of substrates to 2E1 switch its degradation trom an endoplasmic
reticulum proteolytic pathway (with #;, of 7 h) to a lysosomal proteolytic pathway (with 71,2 of 37
h) (Eliasson, et al., 1992). This interesting postulation, however, needs to be further
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substantiated. Studies on these posttranscriptional mechanisms are hampered by the fact that the
extent of induction is generally from 3- to 5-fold, which provides a rather narrow window for
observation. Thus definitive conclusions may not be obtained easily.

In rats, hypophysectomy caused a 2-fold increase in hepatic P450 2E1 mRNA and protein
levels but no increase in NDMA demethylase activity (Hong, er al., 1990). Under these
conditions, the microsomal NADPH-P450 oxidoreductase activity was decreased by 50%, which
may explain why the NDMA demethylase activity was not increased. An involvement of pituitary
hormones in the regulation of mouse liver microsomal P450 2E1, however, was not observed
(Hong, et al., 1990).

The renal P450 2E1 was regulated by testosterone at the posttranscriptional level in mice
but not in rats (Hong, et al.,, 1989). In male mice, P450 2E1 was mainly located in the cortical
tubules and low levels were also found in the outer medulla of the kidney. In female mice, the
renal P450 2E1 level was very low or nondetectable by immunohistochemistry (Hu, ez al., 1990).
This sex-related difference in the abundance of renal P450 2E1 is most likely responsible for the
much higher renal toxicity or carcinogenicity exhibited in male mice by chloroform,
acetaminophen, and NDMA (Pohl, ez al,, 1984, Hu, et al., 1993).

Roles of P450 2E1 in the Metabolism of Nitrosamines

The important role of P450 2E1 in the metabolism of NDMA is demonstrated by several
lines of observations. Among all purified P450 enzymes, P450 2E1 shows the lowest K, and
highest Kea/Kp, in catalyzing the oxidation of NDMA (Yang, ef al., 1985). The high K, value
observed in the reconstituted system is probably due to the presence of glycerol and other
inhibitors in the enzyme preparations. Recent work with heterologously expressed human P45()
2E1 in HepG?2 cells indicated that the P450 2E1-containing microsomes displayed a low K, of 20
UM in the NDMA demethylase assay (Patten, er al., 1992), confirming that P450 2E1 is
responsible for the low K, form of NDMA demethylase. In comparison to other P45() forms,
P450 2E1 is also the form most active in catalyzing the activation NDMA to a mutagen for the V79
cells (Yoo and Yang, 1985). The predominant role of P450 2E1 in the metabolism of NDMA is
suggested by the results that antibodies against P450 2E1 inhibited more than 80% of the NDMA
demethylase activity in rat and human microsomes (Yoo, ef al., 1990).

P450 2E1 is also very effective in catalyzing the metabolism of N-nitrosodiethylamine.
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Antibodies against P450 2E1 inhibit the rate of N-nitrosodiethylamine deethylation in rat and
human microsomes by 50 and 60%, respectively, suggesting that this enzyme also plays an
important role in the activation of this carcinogen, but not as dominant as in the activation of
NDMA (Yoo, et al,, 1990).

P450 2E1 is not responsible for the activation of all nitrosamines. For example, in the
bioactivation of the tobacco carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)- 1-butanone (NNK),
other enzymes are known to play more important roles than P450 2E1 (Smith, et al., 1992, Smith,
etal, 1990). It seems that the structures of the alkyl groups are more important than the nitroso
group in determining the enzymes specificity in the metabolism of dialkylnitrosamines. Our
tentative conclusion is that P450 2E1 is more effective in oxidizing the a-carbon of methyl and
ethyl groups whereas other P450 forms, such as P450 2B1, are more eftective in catalyzing the
dealkylation of larger hydrocarbon chains (Yang, et al., 1993). However, the alkyl group
selectivity is dependent on the concentration of the substrate used in the assay. When more
sensitive methods become available for assaying the enzyme activity at lower substrate

concentrations, this tentative conclusion may change.

P450 2E1 as a Target for Understanding Chemical Interactions

As shown in Figure 1, P450 2E1 is important for the biotransformation of a large number
of low molecular weight, noncharged molecules, many ot which industrial and environmental
chemicals or drugs. Many of these substrates are also inducers of P45(0 2E1. In addition, this
enzyme is induced by high fat diet, fasting, diabetes, and drugs such as isoniazid (Yang, et al.,
1992). These properties make P450 2E1 an important site for the following types of chemical
interactions: (a) When present together, one substrate may serve as a competitive inhibitor for the
metabolic activation of another substrate. This point can be illustrated by the inhibition of NDMA
hepatocarcinogenicity by ethanol (Griciute, et al,, 1981), the inhibition of styrene oxidation by
ethanol (Wilson, et al,, 1983) and the inhibition of benzene toxicity by toluene (Sato and
Nakajima, 1979). (b) When given prior to the exposure of a toxic chemical, a P450 2E1 inducers
may enhance the toxicity. This point is exemplified by the observations that ethanol consumption
potentiated the toxicity of CCly and acetaminophen (Krishnan and Brodeur, 1991, Hinson, 1980).
Many of the interactions between volatile organic compounds as recently reviewed by Krishnan

and Brodeur (1991) are believed to be due to these mechanisms. When rats were pretreated with a
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P450 2E1 inducer, acetone or isopropanol, a potentiation of hepatotoxicity was observed only
when NDMA was used at doses of 25 mg per kg body weight or higher (Lorr, er al., 1984). The
result suggests that at low concentrations of NDMA, the amount of P450 2E1 may not be the
rate-limiting factor in NDMA metabolism.

P450 2E1 is inactivated by dietary chemicals such as diallyl sulfide and phenethyl
isothiocyanate (Yang, ez al., 1992). These actions also point out the importance of this enzyme in
mediating the effect of diet on chemical toxicity. Diallyl sulfide has been shown to protect against
hepatotoxicity induced by NDMA and CCly (Brady, er al, 1991). The inhibition of
acetaminophen toxicity by diallyl sulfide and its metabolite, diallyl sulfone, has been demonstrated
in both rats and mice (unpublished results). This approach may be useful for the protection against
acetaminophen-induced hepatotoxicity due to overdose or chronic alcohol consumption by human
subjects. Although P450 2E1 has been found to activate most of its substrates to toxic or
carcinogenic metabolites, it is known to play a detoxification role in the metabolism of
1,2-dihaloethanes and 1,2-dichloropropane. These compounds are known to be activated by a

glutathione-dependent pathway (Guengerich, ez al., 1991, Igwe, et al., 1986).

Roles of P450 2E1 in the Metabolism of Endogenous and Exogenous Compounds
P450 2E1 is among the most conserved forms in the CYP2 family and the catalytic
activities of P450 2E1 across species are quite similar, suggesting its possible physiological
importance. Acetone, a ketone body, is metabolized by P450 2E1 to acetal and then to
methylglyoxal (Koop and Casazza, 1985) which can be used for the synthesis of glucose (Landau
and Brunengraber, 1987). It has been estimated that under physiological conditions, most of the
acetone is metabolized via this oxidative pathway (Landau and Brunengraber, 1987). However,
NADPH and ATP molecules are consumed to drive this pathway. One may hypothesize that,
during fasting, P450 2E1 is induced for the acceleration of this pathway for making glucose from
acetone, for critical physiological functions. However, the physiological significance of this
gluconeogenic pathway remains to be determined. Another possible function of P450 2E] is for
the detoxification of acetone. However, the toxicity of the fasting-clevated acetone level is not
known. Our recent experiments showed that treating rats with a daily dose of dially! sulfide (200
mg/kg) elevated the plasma acetone level 4- to 9-fold. Apparent abnormality of the animals was
not observed in an experimental period of 4 weeks. The thiobarbiturate reactive products were
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decreased by this treatment in the kidney and heart, but not in the liver, lung, and brain
(unpublished results).

Among all the P450s studied, P450 2E1 is most active in catalyzing the NADPH-dependent
formation of H,0; and O3 in vitro (Ekstrom and Ingelman-Sundberg, 1989, Gorsky, et al., 1984,
Persson, et al., 1990). Antibodies to P450 2El1 almost completely inhibited the
NADPH-dependent lipid peroxidation in microsomes (Ekstrom and Ingelman-Sundberg, 1989). It
may be postulated that induction of P450 2E1 in the centrilobular region of the liver results in
increased oxygen stress by generating higher levels of H,0; and O3 . However, this hypothesis
remains to be tested in vivo. Vaz et al. (1990) reported that P450 2E1 catalyzed the efficient
reduction of 13-hydroperoxy-9,11-octadecadienoic acid by NADPH to pentane. This raises an
interesting possibility that P450 2E1 is involved in both the formation and the reduction of lipid
hydroperoxide. Pentane is an oxidative substrate for P450 2E1, showing a low K;, of 8 uM
(Terelius and Ingelman-Sundberg, 1986). The possible physiclogical functions of these pathways

remain to be investigated in vivo.

Concluding Remarks

The presently discussed molecular properties and catalytic activities of P450 2EI
demonstrate the important role of this enzyme in mediating chemical toxicity and chemical
interactions. Because of the high similarity of rodent P450 2E1 to human P450 2E1, many of the
interactions observed in animals may be extrapolated to humans. However, this point needs to be
further substantiated in human studies. More precise kinetic parameters in the metabolism of
different volatile compounds by human 2E1 are needed in order to have reliable parameters in the
studies with physiologically based pharmacokinetic models. The physiological functions of P45()
2El1 is also an interesting and challenging topic which needs further investigation.
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Introduction

One of the broad aims of research in "drug metabolism" is to understand
individual drug-metabolizing enzymes well enough to be able to account for the
totality of the in vivo biotransformation of xenobiotics. If that were possible,
differences in metabolism could be related directly to variations in enzyme
profiles and, more important, enzyme profiles could be used to predict
metabolism. The implications of this knowledge with respect to drug
disposition, drug interactions, and formation of reactive products are manifest.
A multitude of so-called "phase I" and "phase II" enzymes participate in this
process of drug metabolism, the most important arguably being the many
isozymes of cytochrome P450.

Over the past ten to fifteen years our ability to define individual forms of
cytochrome P450 and to delineate their contributions to the overall activities of
crude subcellular preparations -- the start of predicting in vivo consequences --
has improved markedly. Certainly, the seminal discovery (realization?) in this
evolution of knowledge was of the existence of more than one form of the
enzyme. Although this may seem to be a bit trivial today, some of us recall
when cytochrome P450 meetings were occupied almost entirely with arguments
regarding this point.

Development of a concept of drug metabolism that included multiple forms of
cytochrome P450 was somewhat coincident with the genesis of P450 purification,
the first of three major technical breakthroughs that account for our present
level of expertise. Practical, reproducible procedures for purification of various
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forms of cytochrome P450 were made possible be a number of methodological
advances, most of which hinge on two results that were achieved over twenty
years ago. The first, reported in 1968, was the separation of the monooxygenase
components on DEAE-cellulose by Anthony Lu while he was in Jud Coon's lab
(Lu and Coon, 1968) and the second was the introduction of nonionic detergent
to the purification procedure by Imai and Sato (1974). The best of what followed,
although important, would not have been possible without these two research
milestones.

The advent of reproducible purification procedures greatly facilitated the
development of the two areas that have provided the basis for the second and
third major advances in the study of drug metabolism -- immunochemistry and
molecular biology. Immunochemistry has provided a means for quantitation of
individual forms of cytochrome P450 in mixed populations, allowed for the
localization of cytochrome P450 within tissues and cells, and made it possible to
inhibit reactions catalyzed by specific forms of cytochrome P450 in crude
preparations. Molecular biology has given us cytochrome P450 primary
structures, insight into regulation of expression, and methods for investigating
structure/function relationships at the molecular level.

These three avenues to the study of drug metabolism -- purification,
immunochemisty and molecular biology -- theoretically provide the means to
assess precisely the contributions of various forms of cytochrome P450 to
xenobiotic metabolism. This is not necessarily a straightforward exercise, but
with diligence and care it can be accomplished. To achieve this goal a number of
items must be examined in detail: the number of cytochrome P450 isozymes
involved in a given metabolic pathway; individual substrate specificities, specific
activities, and kinetic properties; the extent to which the specific activities are
realized in vivo; and the concentrations of the individual forms in the relevant
tissues and cell types. With respect to these factors, problems encountered in
determinations of substrate specificities and specific activities, verification of
specific activities and realization of metabolic capacity in crude preparations,
quantitation, and localization will be discussed.
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Substrate Specificities

The primary source of information about substrate specificities of various forms
of cytochrome P450 comes from characterization of purified preparations.
Although results obtained in this manner have gained general acceptance,
evaluation of interference from small amounts of contaminating isozymes is
difficult and, in any case, seldom done in detail. For example, with P450 1A1
being as little as 1% of a preparation, metabolism of benzo(a)pyrene and 7-
ethoxyresorufin is guaranteed. Contamination at the level of 1% cannot be
detected by protein staining procedures and must be evaluated by
immunoblotting. We have experienced this problem with the purification of
cytochrome P450 4B1 from rabbit lung (Domin and Philpot, 1986). Prior to the
advent of immunochemical methods, we reported that this form of cytochrome
P450 was active in the metabolism of benzo(a)pyrene and was highly sensitive to
inhibition by a-naphthoflavone (Wolf et al., 1979). Subsequently, we were able to
demonstrate that this activity was actually catalyzed by very low levels of
cytochrome P450 1A1 present in the preparations, amounts that were not
detectable by "silver-staining" but were easily discerned by immunoblotting
(Table 1). We have examined over twenty preparations of purified cytochrome
P450 from a number of laboratories with only a small armament of antibodies
(those to P450s 1A1, 1A2, 2B4, and 4B1) and found the majority of them to
contain more than one form of the enzyme with contaminants accounting for as

Table 1. Catalysis of benzpyrene hydroxylation and 7-ethoxyresorufin O-
deethylation by cytochrome P450 1A1 contamination of two purified (> 18nmol
P450/mg protein) preparations of cytochrome P450 4B1 from rabbit lunga.

Rate of Metabolism
(nmol product/min)

Benzpyrene 7-Ethoxyresorufin
Hydroxylation Deethylation
Percent /total  /P450 /total /P450
Preparation P450 1A1 P450 1A1 P450 1A1
Pure P450 1A1 100 3.7 3,7 2.1 2.1
Pure P450 4B1 0.6 0.02 3.1 0.01 2.1
Pure P450 4B1 6.3 0.2 3.5 0.2 24

aData taken from Domin and Philpot (1968).
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much as 15% of the total cytochrome P450. In addition, every preparation of
cytochrome P450 reductase we have examined contains more than one form of
P450, contamination that is particularly evident with preparations from animals
treated with phenobarbital. Certainly, the contamination involved is usually
minor in amount, but it should be remembered that virtually every form of
cytochrome P450 catalyzes the metabolism of one or more substrates at rates
significantly greater than observed with any other form of the enzyme.

Given that "apparently homogeneous" is, more often than not, less than rigidly
verified, the development and application of expression systems for the study of
cytochrome P450-mediated metabolism is of substantial importance in
establishing substrate specificities that unequivocally reflect the activities of
single forms of the enzyme. With these systems, questions regarding intrinsic
substrate specificities of cytochromes P450 can now be addressed without fear of
the results being confounded by the presence of multiple forms of the enzyme.
Although the ability to express and characterize various forms of cytochrome
P450 has simplified many problems, it has also added to the list of complications.
In the rabbit, for example, microheterogenous forms of cytochrome P450 2B are
expressed in in complex patterns in liver, lung, and kidney (Ryan et al., 1993).
These forms, which are all greater than 97% identical (Table 2) have not been
purified individually and cannot be recognized at the protein level; their
distribution can only be assessed at the level of mRNA. Therefore, without
mRNA phenotyping, the status of individual animals with respect to
cytochrome P450 2B variants is not discernable. This has implications with
respect to assessment of the metabolism of some steroids such as
androstenedione (Kedzie et al., 1991). One form of cytochrome P450 2B (2B-B2)
exhibits a 16a to 168 hydroxylation ratio that is over two orders of magnitude
greater than the ratio observed for the other three forms, and a 16a to 7-
ethoxycoumarin O-deethylation ratio that differs by greater than three orders of
magnitude (Table 3). Relating these differences to metabolism in microsomal
fractions or the intact animal is a difficult proposition.

Characterizing the substrate specificity of a P450 encompasses more than
assessing the metabolism of saturating concentrations of various substrates.
Highest observed velocities are easily measured but are not necessarily useful in
the absence of Km determinations. Unless the information is relevant to
expected physiological concentrations of various drugs and other xenobiotics it is
not particularly applicable to in vivo situations.
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Verification of Substrate Specificities

Once the substrate specificity of a given cytochrome P450 has been established
(Vmax and Km included), it is appropriate to demonstrate that the intact
monooxygenase system behaves in a manner similar to that of the reconstituted

Table 2. Differences among the primary structures of the B0, Bx, B1 and B2 forms
of rabbit cytochrome P450 2B.?

RESIDUE ENZYME FORM
NUMBER 2B-B0 2B-Bx 2B-B1 2B-B2

35 ser ser pro ser
39 val ile val val
57 arg gin arg arg
114 ile ile phe ile

120 arg arg his arg
174 ile val val ile

221 pro pro pro ser
246 gly gly gly thr
248 ser ser thr ser

286 gln gin arg gln
290 leu ile leu leu
294 ser ser thr ser
314 met leu met met
363 ile ile val ile

367 val val ala val
370 thr thr met thr
403 glu glu glu lys

417 asn asn asp asn
420 leu met leu leu
435 ile ile ile val

a. The amino acid differences (noted in bold type) are listed with cytochrome
P450 2B-B0 as the reference sequence. The complete sequence of cytochrome P450
2B-B2 is found in Gasser et al.(1988).
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or expressed system. Is turnover limited by the P450 reductase concentration or
some other factor? With appropriate antibodies and specific chemical inhibitors,
the contribution of a given form of cytochrome P450 to a given microsomal
activity can be assessed. In many cases the specific activity of the P450 in a micro-

Table 3. Hydroxylation of androstenedione and deethylation of 7-ethoxy-
ethoxycoumarin (ECOD) catalyzed by cytochrome P450 2B forms B0, B1, B2, and
Bx expressed in COS Cells.2

Rate (pmol product x 30 min! x mg protein-1)

Androstenedione Hydroxylation

cDNA 16b 16a 15a 16a:16b ECOD ECOD:16a
P450 2B-B0 15 69 b 0.22 4260 0.004
P450 2B-B1 11 84 b 0.13 1650 0.007
P450 2B-Bx 25 107 b 0.23 2970 0.008
P450 2B-B2 1950 51 576 38.2 45 43.3

aResults represent the average of 2 to 4 assays, data from Ryan et al. (1993).
bNo activity was detected.

somal preparation approaches that of the purified or expressed enzyme. In other
cases, however, the microsomal activity is significantly less. We have found that
activities catalyzed by cytochrome P450 1A1 in lungs of rabbits treated with TCDD
are only a fraction of that predicted on the basis of the activity of the purified
enzyme and the amount of enzyme present as determined by immunoblotting
(Figure 1). In addition, the extent to which the predicted activity is approached is
substrate dependent. On average, TCDD increases rabbit pulmonary cytochrome
P450 1A1 by about 20-fold, increases cytochrome P450 1Al-dependent 7-
ethoxyresorufin (7-ERF) O-deethylation activity by about 10-fold, and increases
1Al-dependent benzo(a)pyrene (BP) hydroxylation activity by less than 2-fold
(Domin and Philpot, 1968). Addition of purified cytochrome P450 reductase to
the incubations serves to increase both 7-ERF and BP activities to the 20-fold
level observed for the enzyme. The values obtained indicate that the activities of
the purified isozyme accurately reflect the intrinsic catalytic capacity, and that less
than predicted activity is, at least in this case, not a reflection of apocytochrome
P450 1A1. The reasons for the lack of response of cytochrome P450 1A1 activity
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Figure 1. Cytochrome P450 1A1 catalyzed 7-ethoxyresorufin O-deethylation and
benzpyrene hydroxylation activities in pulmonary microsomal preparations
from control rabbits and rabbits treated with TCDD. Activities are expressed as a
percent of predicted based on quantitation of P450 1Al content by
immunoblotting and specific activities determined with the purified enzyme.
Activities were determined without (-) and with (+) added cytochrome P450
reductase. These data are taken from Domin and Philpot (1968).

following induction of the enzyme are not known. Obviously, added reductase
overcomes the deficiency, but the implications of this are not clear. The primary
question to be resolved is whether the lack of activity is due to latent enzyme or
to all enzyme turning over at less than maximum efficiency. Our work with
isolated pulmonary cell preparation suggested that the reductase/P450 ratio per
se has little or no bearing on the problem (Domin et al,, 1986). The same effects
were observed in isolated Clara cells, alveolar type II cells and alveolar
macrophages, even though the reductase/total P450 or reductase/P450 1A1 ratios
vary significantly among these preparations (Table 4). Also, as seen with
preparations from whole lung, added reductase increased activities to expected
levels.



200

Table 4. Cytochrome P450 1Al catalyzed microsomal metabolism of 7-
ethoxyresorufin and benzpyrene in isolated cell preparations from lungs of
rabbits treated with TCDD.

Times Controla % Potentialb Reductase/¢
Cell Type P450 1Al 7-ERF BP 7-ERE  BP P450 1A1
Clara Cell 25 18 13 465 17411 1.1 14
Type Il 24 20 33 41414 19+2 0.9 10
Macrophage >90 66 3.0 41£18 1745 7.5 10
Whole Lung 19 13 17 4317 1348 0.5 17

aThese data report the increase in P450 1A1 content and activities in microsomal
preparations from TCDD-treated rabbits as compared to untreated rabbits. Data
from Domin et al., 1968.

bThe potential activity was calculated from the P450 1A1 content as determined
by immunoblotting and the specific activity of purified P450 1A1.

€The reductase to P450 ratios are units of reductase per mg protein divided by
nmoles P450 (total or 1A1) per mg protein.

Quantitation of Cytochrome P450

The calculations referred to above (specific activities in microsomal preparations)
depend on two things. First, some method of determining the amount of
activity associated with a specific P450. Second, some means of assessing the
concentration of the specific P450. The latter is normally done by an
immunoblotting procedure because it avoids most problems associated with
cross-reacting antibodies; the specific antigen is identified both by reactivity and
mobility. Cross-reacting species of different mobilities can simply be ignored.
The Western blotting procedure can be extremely precise, but cannot be assumed
to be accurate without detailed analysis of the behavior of each antibody
preparation and each standard.

Usually, investigators are interested in the concentrations of only one or a few
isozymes. In such cases it is difficult to rationalize the findings on the basis of
total cytochrome P450. and the content calculated will appear reasonable.
However, in cases where multiple isozymes have been quantitated it has not
been unusual for the sum to exceed significantly that obtained by spectral
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determination, in some cases by 3 to 5-fold. Such data has been interpreted as
evidence of apocytochrome P450 -- some or most of the cytochrome P450 existing
without bound heme. This is clearly a possible explanation for
immunodetection exceeding spectral detection as the latter determination is
dependent on the presence of heme while the former is not.

Our initial attempts to immunoquantitate rabbit lung cytochrome P450 as the
sum of 1Al1, 2B, and 4B1 gave results that were as much as 4-times the
holocytochrome content. This "excess" was later accounted for entirely by the
aberrant behavior of the 1A1 and 4B1 standards (Domin and Philpot, 1968). At
the concentrations used for the determination standard curves, the extent of
detection of 1A1 and 4B1 was found to be inversely related to the time of heating
prior to electrophoresis (Table 5).

Table 5. The consequences of heat treatment on the immunodetection of P450
1A1 in microsomal and purified samples.2

P450 1A1 Detection Apparent
Treatment (% Zero Time) Microsomal
min Pure  Microsomal Concentration
0 100 100 1.00
1 98 100 1.02
3 58 97 1.65
5 27 84 3.10
10 8 51 6.40

aThese data taken from Domin and Philpot (1968).

As a consequence of this effect the microsomal concentration of cytochrome P450
1A1 in our laboratory is overestimated by 3-fold when standard conditions are
used. This situation was even more pronounced for P450 4B1, which was
overestimated by about 3-fold with only 3 minutes of heating. In contrast, no
effect of heating was observed with samples of cytochrome P450 2B or
cytochrome P450 reductase. The large effect on cytochrome P450 1A1 may
explain why a lack of agreement between concentrations of cytochrome P450
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determined spectrally and immunochemically seems to be most evident
following induction with TCDD. It appears that the effect of heating on
susceptible isozymes results from the formation of large molecular weight
aggregates that do not enter the running gel during electrophoresis.

We have re-examined quantitation of cytochrome P450 isozymes in rabbit lung
using revised immunoblotting procedures and the following results have been
obtained: the sum of cytochromes P450 1A1, 2B, and 4B1 determined
immunochemically is 86% of the spectral total in the microsomal fraction from
untreated rabbits and 95% of the spectral total in the fraction from rabbits treated
with TCDD (Table 6). These results indicate that the behavior of purified P450
standards in blotting procedures should be investigated, not assumed.

Table 6. Quantitation of cytochrome P450 isozymes in microsomal preparations
from untreated and TCDD-treated rabbits by immunoblotting and spectral
analysis.

P450 Isozyme Concentrations (pmol/mg protein)

P450 Control Microsomes TCDD Microsomes
Isozyme Blotting Spectral Blotting Spectral
1A1 5.7+2.7 125150
2Ba 15745 243118
4B1 7817 119482
Total 241 280+100 487 510+100

aSeveral microheterogenous forms of cytochrome P450 2B are expressed in rabbit
lung. The value reported is for the sum of all forms present. Immunoblotting
was done by the methods of Towbin et al. (1979) as modified by Domin and
Philpot (1968). Spectral analysis was done by the method of Omura and Sato
(1964) as modified by Estabrook et al. (1972).

The notion that apocytochrome P450 accounts for limited activity following
induction and excess immunoquantitation relative to spectral determinations is
brought into question by these results. We have shown that in both cases, at
least with out research on the cytochrome P450 system of rabbit lung, that all of
the cytochrome P450 can be accounted for in terms of active, heme-containing
enzyme. It should be noted that hypotheses invoking apocytochrome P450 have
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never been substantiated by direct measurements of heme-deficient P450.
Indeed, no recovery of cytochrome P450 fractions devoid of heme have ever
been represented as other than heme loss during purification, and most of those
reports are likely due to faulty spectal analysis.. In addition to results suggesting
the presence of apocytochrome P450 as an explanation for excessive
immunoquantitation and deficient activities, those alluding to the
reconstitution of cytochrome P450 by the addition of heme containing
compounds to homogenates should be reconsidered. The evidence for successful
reconstitution of apocytochrome P450 has been increased activity, It should be
remembered that cytochrome P450-mediated activity, particularly following
induction, is limited, and that the full potential of the holoenzyme is not
expressed. Finally, under normal conditions no direct evidence for the existence
of apocytochrome P450, exists, and arguments suggesting that this form of
cytochrome P450 explains some apparently anomalous results should be
questioned.

In addition to knowing what a cytochrome P450 isozyme does and how much of
it there is, it is often necessary to know its precise location. Toxic responses,
particularly in extrahepatic tissue, are most often associated with specific cell
types, not with tissues. In the lung, for example, a number of xenobiotics
selectively damage the nonciliated bronchiolar epithelial (Clara) cell, not the
whole lung. This is particularly true in the case of 4-ipomeanol, a pulmonary
toxin first described by Boyd et al (1980). With 4-ipomeanol, it is necessary to
understand the specific activities, kinetics, and localization of the several
cytochromes P450 involved in its activation in order to understand its tissue-
selective response (Philpot and Smith, 1984). In such cases studies of whole
tissue preparations may produce results of little consequence. Given the
problems associated with the isolation of homogeneous cell preparations from
various tissues, the method most often used for tissue localization studies is
immunohistochemistry at the level of light microscopy. Positive results
obtained with well-characterized antibodies can usually be taken as strong
evidence for the presence of a given P450 (Serabji-Singh et al., 1980). However,
localization at the light level is only marginally adequate with respect to positive
identification of most cell types in tissues like lung. More precise information is
available from ultrastructural studies (Serabjit-Singh et al., 1988; Overby et al.,
1992), which yield data on intracellular localization as well as the opportunity to
identify most cell types. A summary of some of our results on the localization of
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cytochromes P450 1A1, 2B, and 4B1 and cytochrome P450 reductase are shown in
table 7.

Table 7.  Localization of drug-metabolizing enzymes in lung by
immunodetection of protein and in situ hybridization of mRNAa.

CYTOCHROME P-450

1A1 2Ba 4B1 Reductase
Cell Type PM pm pm P m
(Airway)
Clara ++ ++ +n + +
Ciliated + - ++ +n + -
Goblet - - + - + n - -
(Gas Exchange)
Type 1 -- -- -n - -
Type 2 ++ ++ +n + +
(Blood Vessels)
Endothelium ++ + 4+ +n - -
Smooth muscle - - - - -n + -
Collagen - - - - -n + -
(Macrophages)
Alveolar ++ +4+ +n + +
Intervasculature nn nn nn n +
(Other)
Fibroblasts - - - - - - - -

Mucous Gland - - - - - - - -
Immune Cells - - - - - - - .

2Immunodection of protein is under the heading "p" and in situ hybridization
of mRNA is under the heading "m". The designation "n" indicates that the
experiment has not been carried out.
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Although localization results provide valuable information they do not
demonstrate the presence of a an active P450 monooxygenase system. For
example, we have positively identified several cytochromes P450 in endothelial
cells of the vasculature, both by ultrastuctural localization and in situ
hybridization (Overby et al., 1992). However, we have been unable to
demonstrate the presence of cytochrome P450 reductase in these cells. In
addition to tissue sections, we have examined endothelium from dissected
pulmonary vasculature systems without positive results. This is of some
interest since marked induction of P450 1A1 by compounds like TCDD appears to
take place in the endothelium. Many investigators have concentrated on the
putative relationship between induced cytochrome P450 1A1 and carcinogenesis,
but perhaps there is some other "role" for the overexpression of this enzyme.
We suggest the possibility that induced cytochrome P450 1A1 acts as a binding
protein for some dietary xenobiotics.

Isolation of homogeneous populations of cells is another way to determine the
distribution of various forms of cytochrome P450. This has the advantage of
providing preparations that can be used for a number of purposes, but does have
several disadvantages. In particular, procedures that employ proteases

may result in degradation of the enzymes being investigated. Proteolysis of
pulmonary cytochromes P450 explains why activities obtained with isolated
Clara cells, which contain the highest concentrations of cytochrome P450 in the
lung, have been reported in a number of studies to be less than activities
obtained with microsomal preparations from whole lung.

Conclusion

Complete characterization of drug metabolizing enzyme is a formidable task.
Many toxic responses, including a multitude of carcinogenic events are thought
to be associated with enzyme involved in drug metabolism. While it seems clear
that metabolism is a requirement in many of these instances, whether or not it is
a determinant remains to be demonstrated. Only after careful determinations of
substrate specificities, kinetics, localization, concentrations, and modulation by
exogenous and endogenous factors will the answer to this question become clear.
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Introduction

The mammalian flavin-containing monooxygenases (FMOs) comprise an
important family of "phase I" xenobiotic-metabolizing enzymes. Although not
as catalytically or structurally diverse as the cytochrome P450 super-family, the
FMOs do metabolize a variety of exogenous compounds, including numerous
drugs, pesticides, and other xenobiotics. The FMOs catalyze the oxidation of
nitrogen, sulfur, and phosphorous atoms, but cannot carryout the oxidation of
carbon (Ziegler, 1980). Like cytochrome P450, the FMOs utilize molecular oxygen
as a substrate, NADPH as a source of electrons, produce water as one product, and
are localized primarily to the endoplasmic reticulum of cells in a variety of
tissues.

FMO activity was described initially in 1972 and for nearly fifteen years was
thought to be associated with a single enzyme. However, catalytic and kinetic
data, some reported as early as 1977 (Devereux et al., 1977), provided the basis for
the eventual purification of two immunochemically distinct forms of the
enzyme, referred to as the "liver" and "lung" FMOs (Williams et al., 1984; Tynes
et al., 1985). The two FMOs were found to differ with respect to their
temperature sensitivities, responses to detergents and certain ions, pH optima,
and substrate specificities. Cloning and sequencing of the <DNAs encoding these
two FMOs demonstrated conclusively that they are products of distinct genes
(Lawton et al., 1990). The "liver" and "lung" FMOs are both proteins of 535
amino acids, and there primary structures are 56% identical.
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The properties of the "liver" and "lung" FMOs expressed in COS cells, E. coli and
yeast were found to be the same as those of the native enzyme (Lawton et al.,
1991). These findings ruled out the possibility that differences between the
membrane environments of liver and lung contribute to differences in the
characteristics of the enzymes, and brought into question the conclusion of
Cashman and his co-workers (Guan ef al., 1991) that the properties of the lung
enzyme are somehow dictated by complexation with calreticulin.

Multiple Forms of the FMO

Identification of a Third FMO in Rabbits

Both systematic and accidental findings have contributed to these advances. We
hypothesized the existence of additional FMO gene products on the basis of the
protein purification work of Ozols (1989) and kinetic considerations. Several
investigators has concluded that the non-linear kinetics observed with
microsomal and some purified FMO preparations was evidence for substrate
activation. However, when we obtained classical, linear kinetics were with the
liver and lung FMOs expressed in COS cells, we concluded that the complex
kinetics seen previously were a reflection of multiple enzymes, not substrate
activation (Lawton et al,, 1991). In addition to predicting the existence of
additional forms of the FMO, we rationalized that their structural identities
would likely be consistent with the two forms already identified. As a
consequence, probes and screening conditions suitable for the detection of cDNA
clones encoding proteins of approximately 55% identity were developed.

Initially, this approach yielded a single clone that was recognized at low
stringency by probes to both the "liver" and "lung" forms of the FMO, but did not
hybridize to either at high stringency. This clone was isolated and the insert
sequenced. The sequence was characterized by the two GxGxxG/A binding
domains present in the sequences of the "liver" and "lung" FMOs and thought
to be involved in the binding of FAD and NADPH. This cDNA was used as a
probe and a second clone with an identical sequence was isolated from an
independent library (Atta-Asafo-Adjei et al., 1993).
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The two full-length ¢cDNA clones (2.2 kilobases) encoding the newly discovered
FMO encode a polypeptide of 533 amino acids that contains two putative
pyrophosphate binding domains characterized by GxGxxG/A sequences and a
hydrophobic carboxy-terminus. These properties are also observed with the
sequences of the "liver" and "lung” FMOs. The derived sequence of the new
FMO is 52% and 57% identical to the sequences of rabbit "liver" and "lung"
FMOs, respectively, and 55% identical to the sequence of "liver form 2"
published by Ozols (1991). The cDNA encoding the third FMO hybridizes with
two species of mRNA (2.6 kb and 5.4 kb) from liver or kidney, but does not detect
any mRNA in samples from lung. Guinea pig, hamster, rat and mouse all
express this form of FMO in liver, kidney and lung.

Nomenclature for Multiple Forms of the FMO

Comparison of the nucleotide and amino acid sequences of the three forms of
the FMO showed that all belonged to the same gene family and that each
represented a distinct gene subfamily. A systematic nomenclature based on these
comparisons has been proposed as a replacement for the current variety of
laboratory-specific classifications, none of which are consistent with current
information. This nomenclature is adopted from the one in use for cytochrome
P450, and is applied in the same manner (Nebert et al., 1989). A single gene
family was recognized and given the designation "1", the gene subfamilies were
designated "A, B, and C", and the one gene in each subfamily was designated "1."
Thus, the original "liver" FMO becomes FMO 1A1l, the "lung” FMO becomes
FMO 1B1, and the newly described FMO becomes FMO 1C1.

The proposed nomenclature is not meant to convey any information regarding
substrate specificity, enzyme function or mechanism of catalysis. Rather, it
provides for the unambiguous identification of orthologous forms of FMOs
regardless of the species or tissue. Based on analysis of genomic DNA, each
species examined (rabbits, humans, rats, mice, guinea pigs, and hamsters)
contains the same set of FMO genes, a factor that supports and greatly simplifies
a nomenclature based on structure. Ziegler (1993) has proposed consideration of
a nomenclature based on activity. To complete an analog nomenclature,
however, would require that each form of the enzyme in each species be
characterized functionally before it could be named. Also, it is important to
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understand that "FMO" defined as a gene family does not include any
structurally unrelated enzymes operating by the same mechanism. In contrast, it
would include enzymes related by structure, regardless of mechanism.

Characterization of FMO 1C1 expressed in E. coli.

Expression of FMO 1C1 in E. coli (strain JM109) was monitored by SDS-PAGE
analysis of the 100,000xg particulate fraction. The Coomassie blue staining
pattern of the fraction from transformed cells showed a significant band
corresponding to the molecular weight of FMO 1C1 (~62,000 daltons) that was not
seen with the control cells. The 100,000xg particulate fractions from JM109 cells
expressing the 62 kd protein and from control cells were analyzed for bound FAD
and the amount in the particulate fraction from the transformed cells was
significantly higher than in control cells (675 vs 161 pmol/mg protein).
Assuming that the difference in FAD content (514 pmol/mg protein) is
accounted for by expression of the enzyme (1 mol FAD per mol of enzyme), the
FMO 1C1 content averaged 3.2% of the membrane protein for three independent
transformations.

Expressed FMO 1C1 showed no activity with methimazole, chlorpromazine,
prochlorperazine, imipramine, N'N-dimethylaniline, cysteamine,
trimethylamine, triethylamine, n-decylamine as substrates. In contrast, activity
(oxidation of NADPH) was observed with n-nonylamine and n-
octylamine.Increases in NADPH oxidation with n-octylamine and n-nonylamine
(3mM each) were 6.5 and 3.8 nmol x min-1 x mg protein-1, respectively. The
turnover number, approximately 20 nmol product x min-1 x nmol FMO 1B1-1,
was similar to that observed for purified FMO 1B1 with thiourea as substrate
(21.6) as calculated from the data of Tynes et al. (1985).

FMO 1C1 mediated oxidation of NADPH in the presence of n-octyl- amine was
examined for a possible uncoupling reaction as well as for substrate metabolism
by looking at the formation of HyO, and hydroxylamine equivalents. Expressed
FMO 1B1, which is known to metabolize n-octylamine (Tynes et al., 1986), was
examined in the same manner. With FMO 1B1, uncoupling and hydroxylamine
formation each accounted for approximately 40% of the NADPH oxidized (12.8
nmoles NADPH oxidized x min-1 x nmole FMO 1B1-1) with the remaining 20%
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likely due to further metabolism or breakdown of the N-hydroxy metabolite. In
contrast, increased rates of formation of H)O2 and hydroxylamine equivalents
were not observed in association with n-octylamine-induced oxidation of
NADPH catalyzed by FMO 1C1. The lack of H2O2 formation ruled out an
uncoupling reaction (added H2O2 could be recovered quantitatively from
standard incubations containing expressed FMO 1C1) and indicated that
metabolism of n-octylamine must have proceeded to the oxime.

Metabolism of n-octylamine catalyzed by expressed FMO 1C1 was further
characterized with respect to a number of parameters. The pH optimum for the
reaction was ~9.0 (Fig. 9A), activity was inhibited in a time-dependent manner by
100 mM MgCl; and 1% Na cholate, and the enzyme was heat labile; complete loss
of activity was observed with treatment at 45°C for 5 min.. The Km and Vmax
for the reaction, as determined from results obtained with concentrations of n-
octylamine between 0.2 and 5mM, were ~1.5 mM and ~11 nmol NADPH
oxidized x min-1 x mg protein-1.

Identification of FMO 1D1 and FMO 1E1

Detection of clones encoding two additional forms of the FMO, 1D1 and 1E1, was
done with a refinement of the low stringency screening technique used for
isolation of cDNA encoding FMO 1C1. This modification took advantage of the
fact that the cDNAs encoding FMO 1A1, 1B1 and 1C1 contain an area of relatively
high identity over the 5' half of the coding region. Rabbit genomic DNA was
probed under low stringency conditions, with a mixture of 5' cDNA fragments of
the three cDNAs. Bands associated specifically with FMO 1A1, 1B1 or 1C1 were
resolved by analysis at high stringency with individual probes. Several bands
were detected that could not be assigned to the known forms of the enzyme. The
behavior of the 5' probes at low vs high stringency was used to facilitate the
isolation of cDNAs corresponding to the unknown DNA bands. A cDNA library
was constructed from rabbit liver mRNA, and screened under low stringency
hybridization conditions (37°C, 50% formamide, 1 x SSC, 0.1% SDS) with the
probe mixture. Of the 157 clones detected, 95 were identified as FMO 1A1 and 22
as 1C1 by hybridizatiion under high stringency conditions (65°C, 50% formamide,
0.1 x SSC, 0.1% SDS). Of the 40 remaining clones, 36 were characterized by
sequence analysis as encoding FMO 1D1, previously identified at the protein
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level by Ozols (1991) as a second rabbit liver FMO. Four clones were shown to
encode an FMO (FMO 1E1) belonging to a fifth subfamily (Burnett and Philpot,
personal communication). No clones encoding FMO 1B1 were isolated from the
liver library. This is entirely consistent with the lack of FMO 1B1 antibody
reactivity with the hepatic microsomal preparation and the negative results
obtained upon hybridization of cDNA encoding FMO 1B1 with hepatic mRNA
samples.

FMO 1D1 clones 10 and 28 contain open reading frames of 1593 bases; clone 10
has 42 bases of 5’ flanking region and 947 bases of 3’ flanking region, and clone 28
has 30 bases of 5' flanking region and 1304 bases of 3’ flanking region. The
sequences of the two clones are identical prior to their divergence at a NotI-EcoRI
site present in clone 28 at position 2080, but not present in clone 10. This
discrepancy was resolved by application of the polymerase chain reaction. Rabbit
liver mRNA was amplified with primers specific for the 3' flanking regions of
clone 28 or clone 10 located 3' of base 2080 and a common primer located 5' of
base 2080. A specific band was amplified only when the primer specific for the 3'
end of clone 10 was used, indicating the the 3' end of clone 28 is an extraneous
segment of DNA tandemly ligated to the FMO cDNA.

FMO 1E1 clone 1 has 153 bases of 5’ flanking and 336 bases of 3’ flanking; clone 25
has 183 bases of 5 flanking region and 341 bases of 3’ flanking. Each clone
contains an open reading frame of 1665 bases identical except for position 1131.
Clone 1 contains a T at this position and clone 25 contains an A, a difference that
results in a change from phenylalanine to isoleucine. Subsequently, FMO 1E1
clones 30 and 42 were partially sequenced and both found to contain a T at
position 1131. Clone 25 also differs from clones 1, 30, and 42 in the 5 flanking
region, with the insertion of 3 bases (AGC) beginning 13 bases to the 5' of the
initiation codon. In addition, a single base change, from a C to a T, is found in
the 3’ flanking region 13 bases to the 3' of the termination codon.

Characterization of FMO 1D1 and 1E1 expressed E. coli.

The coding region of the cDNA for FMO 1D1 was amplified by the polymerase
chain reaction and ligated into the expression vector pJL-2 (called pJL1D1). The
particulate fraction prepared from E. coli strain JM109 transformed with pJL1D1
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was analyzed by Coomassie Blue staining following SDS-PAGE and a protein
band of approximately 57 kD, not present in cells transformed with vector alone,
was clearly visible. Functional properties of FMO 1D1 were examined with
methimazole as the substrate. The specific activity of the pJL1D1 particulate
fraction was approximately 25 nmol product x min-! x mg-1 with 1 mM
methimazole at pH 8.4. The responses FMO 1D1 to elevated temperature,
sodium cholate, and MgCly, treatments used to distinguish between FMOs 1A1
and 1B1 were then determined. In each case, the response of FMO 1D1 to these
treatments was similar to that of FMO 1A1. For example, the activity of FMO
1D1 decreased when it was heated for 5 min at 45°C, subjected to 1% sodium
cholate or incubated with 100 mM MgCl,. However, 3 mM n-octylamine, which
increases the activity of FMO 1B1 and inhibits FMO 1A1, had no effect on FMO
1D1.

Following Eadie-Hofstee transformation, the kinetics of methimazole
metabolism catalyzed by expressed FMO 1D1 were linear, with a Ky, for
methimazole of near 30mM (27 puM and 31 pM with two different
transformations). Expressed FMO 1D1 was further characterized by monitoring
methimazole metabolism in the presence of chlorpromazine, prochlorperazine,
and imipramine. These substrates (100 mM) inhibited FMO 1D1-catalyzed
metabolism of methimazole (30 mM) much less than metabolism catalyzed by
FMO 1A1 or rabbit liver microsomes.

Full length FMO 1E1 ¢cDNA was cloned into the yeast expression vector YEp53 at
BamHI-Sall restriction sites and transformed into yeast strain 334. Coomassie
blue staining of the proteins did not identify a band unique for FMO 1E1, and
methimazole activity was not detected. FMO 1E1 ¢cDNA was then cloned (bases
154 to 2124) into pKKHC E. coli expression vector at Ncol-Pstl restriction sites and
transformed into XL-1 blue strain bacteria. Again, neither FMO 1E1 protein nor
methimazole activity could be detected. The FMO 1E1 cDNA was then altered by
the polymerase chain reaction to encode a Pstl restriction site immediately
following the termination codon, and cloned (bases 154 to 1830) into pKKHC at
Ncol-Pstl restriction sites. The resultant pKK-1E1 was transformed into XL-1 blue
or JM109 strain bacteria. No protein or methimazole activity was detected with
microsomal preparations from either strain.
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Structural Comparisons of FMOs

In the two years since the report that the "liver" and "lung" flavin-containing
monooxygenases (FMO 1A1 and FMO 1B1) are products of distinct genes, three
additional FMOs, each the product of a distinct gene, have been identified, and,
to date, thirteen full-length sequences from cDNAs and three from purified
proteins have been reported or made available through GenBank. A list of these
sequences is given in Table 1 and a comparison of the structural identities of the
derived amino sequences is shown in Table 2.

Table 1. Reported sequences of flavin-containing monooxygenases.

Name Class Species Source Refa, GenBank
1A1 1A1 Rabbit cDNA 1 M32030
Form 1 1A1 Rabbit Protein 2
Liver 1A1 Pig cDNA 3 M32031
FMO1 1A1 Human cDNA 4 M64082
Liver 1A1 Rat cDNA GenBank M84719
Lung 1B1 Rabbit cDNA 1 M32029
Lung 1B1 Guinea Pig cDNA 5 L10037
1C1 1C1 Rabbit cDNA 6 L08449
1D1 1D1 Rabbit cDNA 7 L10391
Form 2 1D1 Rabbit Protein 8
FMOII 1D1 Human cDNA 9 M83772
1E1 1E1 Rabbit cDNA 7 L10392
FMO2 1E1 Human cDNA 10 211737

aReferences: 1, Lawton et al. (1990); 2, Ozols (1990); 3, Gasser et al. (1990); 4,
Dolphin et al. (1991); 5, Nikbakht et al. (1992); 6, Atta-Asafo-Adjei et al. (1993); 7,
Burnett and Philpot, personal communication; 8, Ozols (1991); 9, Lomri et al.
(1992); 10, Dolphin et al. (1992).

In all, these sequences represent five distinct structural classes (gene subfamilies)
in rabbit, five orthologs from species (human, rat, pig, and guinea pig) other
than rabbit, and two allelic variants. Results of detailed analysis of genomic
DNA indicate that each gene subfamily contains a single gene and that one
additional FMO gene product remains to be characterized. If it becomes clear
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Table 2. Comparisons of primary structures of flavin-containing
monooxygenases.
Species Rabbit
Enzyme FMO FMO FMO FMO FMO
Form 1A1 1B1 1C 1D1 1E1

(% Identities)

Rabbit FMO 1A1 - 55 52 54 53
Rabbit 1B1 - - 57 56 56
Rabbit 1C1 - - - 55 52
Rabbit 1D1 - - - - 55
Human? 1A1,1B1,1C1 86 83 84
Rata 1A1 83
Piga 1A1 87
Guinea Pig? 1B1 : 86

" aComparisons of the ortholog sequences with sequences from any other
subfamily yields values of between 52% and 57%.

that the FMO gene family is not a member of a gene superfamily (no proteins of
~30% identity are known at present), and that each subfamily does contain only a
single gene, the nomenclature could be simplified to include only the subfamily
designations, i.e. FMOs A, B, C, D, E, etc.

It is interesting that no other flavoproteins exhibit identities with the FMOs that
are sufficiently high to suggest the existence of a flavoprotein gene superfamily.
This is the case in spite of the fact that putative nucleotide cofactor
pyrophosphate binding domains (GxGxxG/A) are present in a number of
enzymes in precisely the same positions as in the FMOs. Examples are
glutathione reductase, bovine adrenodoxin oxidoreductase, and p-
hydroxybenzoate hydroxylase; flavoproteins that are only 19-20% identical to
FMO 1B1. Even cyclohexanone monooxygenase, a bacterial enzyme with a
broad substrate specificity and a mechanism similar to that of the mammalian
FMOs, shares only 23% amino acid identity with FMO 1B1. These identities are
not unlike those between FMO 1B1 and totally unrelated proteins.
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The amino acid sequences of the rabbit FMOs are aligned in Figure 1 and a
schematic representation of structural features common to all five enzymes is
shown in Figure 2. In all cases consensus FAD- and NADPH-pyrophosphate-
binding sequences are found in identical positions, and several hydrophobic
areas are located similarly. All of the FMOs contain an extremely hydrophobic
C-terminal sequence. Surprisingly, few highly conserved peptides are found.
Although the overall amino acid sequence identity is only 29% (a value that
does not take into account the carboxy-terminal extension present only in FMO
1E1), structural conservation of the proteins can be seen by the highly similar
locations of hydrophobic and hydrophilic peptides and the locations of the
putative FAD and NADPH binding domains. Conservation of structure is also
shown by the minimal number of gaps needed for overall alignment: one after
residue 2 in 1A1, one after residue 2 in 1B1, one after residue 342 in 1C1, one
after residue 1 and two after residue 423 in 1D1 and one each after residues 2, 282,
and 429 in 1E1. Also, the 1A1 sequence contains three consecutive residues at
positions 317-319 (G, N and A) not present in the other four sequenceAlignment
of the FMOs shows only 16 identical peptides of greater than two residues, 15 of
which are tripetides. The area of highest identity is residues 1 to 42 (57%)
followed by residues 101 to 149 (49%); the regions of lowest identity are residues
400 to 459 (5%) and residues 232 to 285 (11%). Alignment of the derived amino
acid sequences of FMO 1Al from the rat, rabbit, pig, and human demonstrates
clearly why these can be classified as products of orthologous genes. For
example, the first 95 residues of rabbit and human FMO 1A1 are identical, as are
the first 69 residues of the rabbit and pig sequences. The four sequences disagree
completely at only a single position, residue 117. Surprisingly, the GNA
tripeptide found only in rabbit FMO 1A1 is not present in the FMO 1Al
orthologs from rat, mouse, and human.

Tissue and Species Comparisons

Although the tissue and species distribution of FMO 1A1 and 1B1 proteins has
been examined by immunoblotting (Tynes and Philpot, 1987), antibodies to the
other FMOs are not available. However, the distribution of mRNAs encoding
all five FMOs has been examined in hepatic, renal, and pulmonary samples
from rabbits, rats, guinea pig, hamster, and mouse. The distribution of mRNAs
encoding FMOs 1A1 and 1B1 is consistent with the reported distribution of the
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Figure 1. Alignment of the primary sequences of five forms of flavin-
containing monooxygenase from rabbit. The cross-hatched boxes show areas
of complete agreement.
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Figure 2. Structural features shared by the five forms of flavin-containing
monooxygenase from rabbit. The clear areas show putative areas of
membrane association, the GxGxxG sequence indicates the FAD and NADPH
binding domains, and the underlined sequences are present in all forms of
the enzyme.
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proteins (29); mRNA for FMO 1A1 is detected in samples from all tissues and
species and mRNA for FMO 1Bl is detected in samples from lungs of all species,
in renal samples from hamster, mouse and rabbit, but in no hepatic samples. As
with FMO 1A1, mRNA for FMO 1C1 is detected in all tissues and species, with
the exception of rabbit lung. FMO 1D1 mRNA is detected in hepatic and renal
samples from all species, but in pulmonary samples only from mouse, and FMO
1E1 mRNA is detected in renal samples from all species except mouse, in hepatic
samples from guinea pig, hamster, and rabbit, but in no pulmonary samples.

It is important to note that there are significant species differences in the relative
amounts of mRNA present in liver and kidney. Hepatic expression of FMO 1Al
mRNA exceeds renal expression in the rabbit, guinea pig, and hamster, but not
in rat and mouse. Hepatic expression of FMO 1C1 mRNA greatly exceeds renal
expression in rabbit, rat, hamster, and mouse, but is approximately equal to renal
expression in guinea pig. Hepatic expression of FMO 1D1 exceeds renal
expression in rabbit and hamster, is equal in mouse, and is less than renal
expression in rat and guinea pig. In all five species, renal expression of FMO 1E1
exceeds hepatic expression.

Structure/Function Studies

Expression of high levels of the FMO isozymes in E. coli (Lawton and Philpot,
1993) has provided a system for the study of FMO structure/function
relationships. Aided by site-directed mutagenesis, deletion mutagenesis, and
construction of chimeric proteins, a number of structural features can be
examined. These include the nucleotide cofactor binding domains, peptides
involved in membrane association, and regions of the protein controlling access
of substrates to the hydroperoxyflavin intermediate.

The consensus FAD (GxGxxG) and NADP (GxGxxG/A) pyrophosphate-binding
domains were first noted following alignment of FMO sequences with other
flavin-binding proteins. The importance of these domaihs to the function of the
FMOs is beginning to be investigated. When the third glycine of the FAD-
pyrophosphate binding site in FMO 1B1 was changed to valine, the enzyme
could no longer oxygenate methimazole, dimethylaniline, thiourea or
cysteamine. This deficiency was clearly due to a lack of FAD binding by the
modified protein.
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A second area investigated in the E. coli system has been membrane binding. It
has been suggested that the C-terminal hydrophobic peptide serves to anchor the
FMO to the endoplasmic reticulum, and we tested this hypothesis. The 26
amino acid hydrophobic tail was deleted from FMO 1B1, and the truncated
protein expressed in E. coli and tested for membrane association. The truncated
protein was detected in the membrane fraction rather than the cytosolic fraction.
Sodium carbonate extraction of the membrane-bound truncated protein
demonstrated that it behaved like an integral membrane protein. Functional
characterization of the truncated protein showed that it was nearly identical to
the unmodified enzyme. Additional deletion mutants (removal of 49, 74, 99,
and 199 amino acids from the carboxyl terminus) were also expressed and found
associated predominantly with the membrane fraction as integral and not
peripheral membrane proteins. None of these deletion mutants were active.
Preliminary results with two other deletion mutants, one with 30 residues
removed and another with 40 residues removed, indicate that the first is active
and the second is not, suggesting that an important determinant of enzymatic
capability is located between amino acids 495 and 505.

Experiments with chimeric proteins also indicate that the carboxyl terminal
region of the FMO is important in substrate association. Hybrids (chimeras)
between FMOs 1A1 from pig and rabbit were constructed, expressed and
characterized. These two forms of FMO 1A1 were selected because they have
similar Kiys for methimazole, but significantly different Kys for imipramine.
The magnitude of the difference is such that imipramine (1 mM) completely
inhibits metabolism of methimazole (200 mM) catalyzed by pig FMO 1Al, but
has no effect on the same reaction catalyzed by rabbit FMO 1A1. All hybrids that
contained 100 or more of the carboxy-terminal amino acids of pig FMO 1A1
exhibited the properties of pig FMO 1A1 -- methimazole activity completely
inhibited by imipramine. Again, these results are consistent with the deletion
mutagenesis experiments, in which removal of 40 or more amino acids from the
carboxy terminus of rabbit 1B1 abolished its activity.
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Future Directions

For years the flavin-containing monooxygenase was generally assumed to be a
single enzyme. Now it is has been conclusively demonstrated that the FMO is a
gene family with at least five members, each with unique tissue and species
distribution. The recent and rapid transformation of this field, which has been
made possible by by the techniques of molecular biology, suggests that the role of
the FMO needs to be reevaluated in some detail. Expression systems will be
particularly important in several areas of future work, including production of
proteins for development of monospecific antibodies, determination of substrate
specificities, and continued examination of structure/function relationships.
Another important area of research will be elucidation of the mechanisms of
tissue-specific and species-selective expression. This work will be particularly
important in the determining which form of the enzyme is involved in
trimethyaminuria, a genetic deficiency disease of humans thought to be
involved with FMO function.
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In ion

The flavin-containing monooxygenase (EC 1.14.13.8)(FMO) is located in the
endoplasmic reticulum of mammalian cells and is involved in the monooxygenation of a wide
variety of xenobiotics. The FMO has a similar distribution and function to many of the
isozymes of cytochrome P450 (P450). Originally described as an amine oxidase (Ziegler and
Mitchell, 1972), it is now known to catalyze the oxidation of many organic, and some
inorganic, chemicals (Ziegler, 1990, 1991). The FAD prosthetic group first reacts with
NADPH and then molecular oxygen to give rise to the enzyme-bound hydroperoxyflavin
responsible for the oxidation of suitable substrates. These initial reactions occur in the
absence of substrate and the enzyme exists primarily in the hydroperoxyflavin form (Poulsen
and Ziegler, 1979, Beaty and Ballou, 1981a,b). A consequence of this is that substrates, with
few exceptions, have the same Vmax, although Km may vary.

At least five different isoforms of FMO have been demonstrated, some of which

appear to be associated with particular tissues or cell types (Lawton and Philpot, 1993).
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Substrates for the FMO have very diverse chemical structures, from inorganic ions
to organic compounds. (Table 1) All, however, are soft nucleophiles, a category that
includes many organic chemicals but particularly those with a sulfur, nitrogen, phosphorus
or selenium heteroatom. Although xenobiotic-metabolizing isoforms of cytochrome P450
(P450) appear to prefer hard nucleophiles as substrates, many substrates for FMO are also
substrates for P450. However, even when the same substrate is oxidized by both FMO and
P450, in addition to rate differences, there may be different products and different
stereochemistry. The amount of various isoforms of both FMO and P450 also varies from

tissue to tissue.

Alternate Pathways: General Approach

Since P450 and FMO have many substrates in common but, at the same time, these
substrates may have different products with different toxic potencies, it is important to know
the relative contribution of the two pathways to the metabolism of a particular substrate.
Furthermore, in contrast to FMO isozymes, xenobiotic-metabolizing isozymes of P450 are
often relatively easily induced, thus making the relative contributions variable with the
conditions of exposure. Although it is said that the FMO prefers soft nucleophiles as
substrates and P450 preference is for hard nucleophiles, with the exception of compounds
oxidized at carbon atoms, this applies only to the relative ability of compounds to serve as
substrates for one or the other, since it is difficult to find more than a very small number of
FMO substrates that are not also substrates for one or more P450 isozymes.

Such substrates may have complex oxidation patterns and show regioselectivity in the
sites attacked, they may yield different products, or different isomers of the same product.
A number of methods are available for determining the relative contributions of FMO and
P450, including extrapolation from the properties of purified enzymes (or from isozymes
cloned and expressed in heterologous expression systems), the use of product specific
substrates, the use of enzyme specific substrates or the manipulation of microsomes in which
both enzymes are found. This latter technique, (using selective heat treatment to inactivate
FMO or an antibody to the NADPH-P450 reductase to inactivate P450) has proven most

useful in our hands, particularly in the case of hepatic enzymes.
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Table 1

Substrates for the Flavin-Containing Monooxygenases

Chemical Class Examples
Nitrogen-Containing Organics

Primary amines n-Octylamine

Secondary amines

Acyclic N-Methylaniline

Cyclic Desmethyltrifluperazine
Tertiary amines

Acyclic Chlorpromazine

Cyclic Nicotine
Hydroxylamines N-Hydroxyaminoazobenzene
Hydrazines

Monosubstituted Methylhydrazine

Disubstituted (1,1) 1,1-Dimethylhydrazine

Disubstituted (1,2) 1,2-Dimethylhydrazine

Sulfur-Containing Organics
Thiols Dithiothreitol
Sulfides Phorate
Disulfides Butyl disulfide
Thiocarbamides, etc Thiourea
Thioamides Thioacetamide
Dithioacids and Dithiocarbanates Dithiobenzoate
Mercaptopurines and
Mercaptopyrimidines

Phosphorus-Containing Organics

Phosphines Diethylphenylphosphine
Phosphonothioates Fonofos
Selenium-Containing Organics 2-Selenylbenzanilide

Boronic Acids

Inorganics HS-, S, I2, I-, IO-, CNS-

Adapted from Ziegler, 1988, 1990, 1991, Ziegler et al., 1992, Hodgson and Levi, 1989,
1992, Tynes and Hodgson, 1985, Hajjar and Hodgson, 1982, Poulsen, 1981.
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Phorate. The insecticide, phorate, undergoes a complex series of oxidations (Fig 1). The
products are generally more toxic than the parent compound and the reaction sequence is,
therefore, an activation sequence. This substrate has continued to prove useful in examining

the relative importance of FMO and P450.

(o] (o]
Isl P450 lSI 4 P450 ﬁ
Ry—P—8 - CH,— S~ C,H; =i R,—P-~S-CH,-S~C,Hg —= R,—P—5-CH,—S-C,Hs
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i P450 ‘ P450 l P450
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Ry—P~§— CH, = § - G,Hg Ry—P—S - CH, - S — C,Hg Ry—P—8 —~CH, - S-C,Hsg
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P. oxon P. oxon sulfoxide P. oxon sulfone

Fig. 1. Oxidation of phorate by FMO and P450.

FMO forms only phorate sulfoxide while P450 yields additional products. The
sulfoxidation reaction is stereospecific with FMO producing the (-)-sulfoxide and several
P450 isozymes the (+)- sulfoxide. While both sulfoxide isomers are substrates for all P450
isozymes tested, the (+)-sulfoxide is always preferred to the (-)-sulfoxide (Levi and
Hodgson, 1988). The relative contribution of FMO to sulfoxide formation is higher in female
than in male mice in agreement with the higher activities of FMO toward several other
substrates seen in females relative to males of this species. Although overall sulfoxide
formation is higher in the liver than in any extra-hepatic tissue, the relative contribution of
the FMO is higher in lung, kidney and skin, being as high as 90 percent of the total in renal
microsomes from female mice. Furthermore, the contribution of FMO relative to P450 is
increased following treatment, in vivo, with P450 inhibitors such as piperonyl butoxide, or
decreased following treatment, in vivo, with P450 inducers such as phenobarbital (Kinsler
et al., 1988, 1990).
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Thioridazine. Many drugs, including antipsychotics, monoamine oxidase inhibitors and
antihistamines are substrates for the FMO. The antipsychotic drug, thioridazine (TDZ), is
an excellent substrate for examining the relative importance of different oxidative pathways
since it is oxidized at multiple sites by both FMO and P450 (Fig 2).

A

CH,

Fig 2. Sites of oxidative attack on thioridazine

Based primarily on examination of urinary and serum metabolite profiles, S-oxidation
appears to be the predominant route of metabolism in humans, producing the 2-sulfoxide,
the 2-sulfone and the 5-sulfoxide (Hale and Poklis, 1985, Kilts et al., 1981, Widerlév et al,
1982), the 2 sulfur being in the side chain and the 5 sulfur in the ring. The 2-sulfoxide and
the 2-sulfone are known to have greater antipsychotic activity than the parent compound,
TDZ, (Kilts et al., 1984, 1982) while the ring sulfoxides may be responsible for the
cardiotoxic side effects sometimes seen with TDZ (Hale and Poklis, 1986).

Metabolism by hepatic microsomes from the mouse yielded primarily the 2-sulfoxide of
TDZ, along with significant amounts of the 5-sulfoxide, the N-oxide, the N-demethyl
derivative and the 2-sulfoxide-N-oxide (Blake et al., 1993) (Table 2). Heat treatment of
microsomes to destroy selectively the FMO or treatment with an-antibody to the NADPH-
cytochrome P450 reductase to inhibit P450 isozymes revealed that the N-oxide was the
principal metabolite derived from the FMO, while the 2-sulfoxide and the other products

were derived primarily from one or more isozymes of cytochrome P450.



Sw/grg
SPIXOJINS-7 IOJ AIND PIEPUBIS UO Paseq SUOTB[NO[E)),

230

IZAY €S°1 42 0021 Ly 08’ 8¥°11 I'v  paonpul g4
[/ S0'1 oL'e 00°C1 80°8¢ - €18 $9 [o1juoy)
SonuTa g

68°0 $0°C LTL 8T91 LY'€9 08’ 0°el 6'S  paonput g4
€81 el 8¢y L0°01 1S°v¥ - £v'8 1'6 [onuo)
SEUT 07

8L°0 6L'1 61°S 8P°I1 19°Ly - 6v°6 L'8  paonpur gd
w01 $8°0 £8°C £9°9 $6°6C - vL'S 8°01 [onuo)
SyuTar o1

69°0 el 6L°¢ 8T8 eLve - ws 8°01 peonpur g4
€9°0 ev0 99°'1 00y 6C°81 - e L o1 fonuon
SHNUTW ¢

(8w/pourrojsjowu) (Suturewsas
3pIX0-N Tw/3rl)

o.TFOIU] PNON IPROEZ IPROIMSS PNONNST IONNST  AURWSd  Zdl

(AL LA



231

Studies using FMO purified from mouse liver have shown the N-oxide of TDZ to be the
principal and, perhaps the only, product of TDZ metabolism by this enzyme. Similar
experiments using cytochrome P450 2D6 reveal that the 2-sulfoxide of TDZ (mesoridazine)
is the principal, but not the only metabolite of TDZ and this P450 isozyme. Similar
experiments have been carried out with P450 isozymes 2E1 and 2B1.

Since thioridazine and several of its metabolites show similar biological activity, the
possible occurrence and role of FMO in the nervous system appears to be important.
Previous studies (Duffel & Gillespie, 1984) indicating the possible occurrence of the FMO
in rat corpus striatum and whole brain microsomes could not be replicated. Our results,
using microsomes prepared from mouse brain, of substrate level oxidations and western
blotting with an antibody a form of FMO purified from mouse liver, while not negative,
were equivocal. In order to determine the presence of FMO mRNA in rabbit brain we have
recently, in conjunction with Drs. Burnett and Lawton, of Richard Philpot’s laboratory,
utilized PCR techniques to demonstrate FMO in the nervous system of the rabbit. Recently,
five forms of FMO (A-E) have been identified in rabbit hepatic and extrahepatic tissues, with
most tissues expressing more than one form. PCR amplification of cDNA was performed
using primers specific for each of the five forms of FMQ, found in rabbit tissues. The data
suggest that one form, apparently 1E1, is expressed in rabbit brain. This FMO has recently
been cloned and sequenced from a human liver cDNA library (Dolphin et al., 1991).

The substrate specificity of FMO 1E1 has not been determined. If it is a metabolically
active protein, the difficulty in detecting its presence in brain may be due, in part, to its
localization only in certain brain regions or cell types. Studies are in progress to confirm the
presence of 1E1 message in brain and to utilize immunocytochemical and in situ

hybridization techniques to localize the isozyme in the brain.

Tamoxifen

Studies carried out in David Kupfer’s laboratory (Mani et al., 1993) have revealed that
the principal metabolites of tamoxifen generated by mammalian liver microsomes are the N-
oxide, N-desmethyl, and 4-hydroxy derivatives of tamoxifen. Inhibition of N-oxide formation
by mild heat treatment of microsomal preparations or the addition of methimazole to these

preparations, implicated the FMO in the formation of this metabolite, an hypothesis further
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strengthened by the observation that an antibody to the NADPH-cytochrome P450 reductase
inhibited the formation of the desmethyl and 4-hydroxy derivatives but not the N-oxide. Only
the N-oxide was produced in experiments using purified FMO from mouse liver microsomes,
thus providing direct evidence for the role of this enzyme in tamoxifen metabolism. Since
tamoxifen N-oxide is readily reduced to the parent compound by liver microsomes.in the
presence of NADPH, it has been suggested that the N-oxide may serve in vivo as a storage

form of tamoxifen.

Alternate Pathways:; P f En Ti

Alternate pathways and the relative importance of different enzyme systems in nonhepatic
tissues are of considerable importance. Portals of entry may not only may be the first line
of oxidative attack but in both pulmonary and dermal entry, but first pass through the liver
is avoided. In the case of target tissues, it is probable that events taking place close to the
site of action, while quantitatively lower than similar events in the liver may, because of
their proximity, be more important.

It has been known for some time that the FMO was relatively more important than P450
for the oxidation of phorate and thiobenzamide in lung and kidney. Recently (Venkatesh et
al., 1992) we have demonstrated the presence of FMO in the skin of the mouse and the pig
using a variety of biochemical techniques and by Western blots with an antibody to a liver
form of the enzyme. We have also observed its localization by immunocytochemical
methods. Distribution, in both the mouse and the pig, proved to be primarily in the
epidermis. The relative contribution of FMO and P450 in the skin was investigated using a
variety of techniques to inhibit selectively either FMO or P450, and to measure each one in
the absence of the other. The results were compared to those from similar experiments
utilizing microsomes from the liver.

As in the lung and kidney, FMO proved to be more important than P450 for the
sulfoxidation of phorate. While in liver microsomes P450 was responsible for 68-85% of
phorate sulfoxidation, in the skin the FMO was responsible for 66-69% of this activity.

Studies in the laboratory of Dr. Mary Beth Genter (personal communication) utilizing
immunocytochemical methods have revealed that at least two isozymes of the FMO are
resent in the rodent olfactory mucosa. Isozyme 1Bl is broadly distributed while isozyme 1A1

has a more restricted distribution.
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Conclusions

The distribution, molecular biology and function of the FMO are under active
investigation but are still not well understood. It is apparent, however, that its role in the
oxidation of xenobiotics, particularly relative to that of P450, will have significant

toxicological and therapeutic implications.
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Introduction

Developmental pharmacology (and toxicology) are concerned with the influence of
development from the formation of the zygote until the death of an organism on the effect of
drugs and xenobiotics as well as on their fate in the organism. Developmental
pharmacokinetics must consider the influence of development on absorption, distribution,
protein binding, biotransformation, and excretion.

Since the early publications on the insufficiency of newborn animals and human
beings to metabolize xenobiotics after second world war more than thousand papers
including several reviews have been published concerning the time of appearance and the
rates of development of various enzymes associated with the biotransformation of lipid-
soluble xenobiotics, the genetic control and regulation and endogenous (e.g.hormonal,
immunological) and exogenous (dietary, induction by foreign compounds, regeneration etc.)
influences. The developmental aspect of biotransformation has attracted increasing attention
especially after the accidents with chloramphenicol in newborns and by the Contergan
tragedy. Thus the developmental aspect of biotransformation became the main field of
"Developmental Pharmacology”, the aims of which can be characterized as follows:

- to protect the newborn from deleterious effects of xenobiotics,
- to optimize drug therapy in the newborn and in prematures,
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- to bring about the prerequisits for a scientific drug therapy in aged humans, to improve
the effectiveness and to reduce the rate of unwanted side effects.

Toxicological aspects thus play a central role. Moreover the importance increased by
the finding that these enzymes are also competent for the biotransformation and elimination
of endogenous compounds such as bilirubin and steroids. As most biotransformation
reactions can be localized in the liver parenchymal cell (predominantly in both main forms of
endoplasmic reticulum) especially the morphological, physiological and biochemical
maturation of this cell and of the whole organ must be considered. Also the sublobular
heterogeneity develops postnatally. Sex differences can be observed mainly in rats and mice
and they also develop postnatally. The so-called biogenetic rule that ontogeny is a rapid
repetition of phylogeny, as postulated by Ernst Haeckel (1866), proved to be true also in this
field, at least with relation to some reactions. Thus the comparison of xenobiotic metabolism
in poikilothermic newborn mammals and in different fish species is highly interesting, but
shall not be considered in detail in this paper (cp. contributions of R. F. Addison, D. R.
Buhler, S. V. Kotelevtsev and J. J. Stegeman in this volume).

In this paper predominantly rat will be considered.

Morphological Basis

Most biotransformation reactions with xenobiotics can be localized in the liver
parenchymal cell, predominantly in both main forms of endoplasmic reticulum (ER), smooth
(SER) and rough endoplasmic reticulum (RER). But for some enzymes cytosol and
according to ER genesis the nuclear membrane are active compartments.

Only some investigators attribute typical phase I reactions or the acetylation mainly to liver
mesenchymal cells.

In the rat, the liver is an important hemopoetic organ in fetal and early postnatal life
until the 7th day. RER becomes visible at the 14th embryonic day as big vesicles, but free
ribosomes are prevalent. The typical picture of the mature liver is reached at the 5th - 7th or
10th postnatal day on the histological and submicroscopical level, but the sublobular
heterogeneity of the parenchymal cells has reached maturity not before the 20th day of
postnatal life. The growth pattern of rat hepatocytes during postnatal development with
regard to ploidity, mitosis rate (hyperplasia) and/or hypertrophy was investigated in detail.
The mitotic cycle duration is clearly dependent on age.

Volume, surface and number of microvilli of liver cells as well as the volume of
nuclei increase postnatally (David, 1985). But hepatocytes isolated from 6 to 30 month-old
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female rats did not show a change in cell size with age; in older animals a significant increase
in surface folds could be observed, a significant increase in protein content and of the
percentage of binuclear cells and cells with higher ploidity.

In fetal liver cells nuclei are bigger, but we find much less mitochondria. In weanling
rats 2.6 times more but smaller mitochondria are observed in comparison to newborn rats. In
senescent rats cell volume increases, lysosomes are bigger, RER and SER are diminished,
only mitochondria do not alter or have even an enlarged surface. The surface of the Golgi
apparatus decreases. But there are some discrepancies and conflicting data in literature.
Some papers deal with the influence of xenobiotics on differentiation, maturation and aging:
The action of CCly in early development and old age and especially the effects of various
inducers as spironolactone, pregnenolone-16 alpha-carbonitrile (PCN) and other steroids
have been described. Microsomes from liver homogenates of newborn rats spin down
already at 200 - 800 g, but with EDTA-buffer high yields of fetal or newborn liver
microsomes can be obtained. The microsomal yield determined by the ratio of G-6-Pase in
microsomal suspension to that in whole homogenate increased in rats from day 1 to day 21
from 9 % to 39 %. Sonication of the homogenates (10 sec) doubled the microsomal yield of
livers (and lungs) from 1 week old rabbits.

The yield is highly dependent on the method used, with 0.25 M sucrose the
differential centrifugation according to DeDuve was identical for livers from fetal, 1-, 7-day-
old and adult rats. But the differentiation of the mitochondrial fraction into mitochondria,
lysosomes and peroxisomes varied considerably. Moreover the whole liver mass must be
known for the estimation of the biotransformation capacity of the organism; in the rat liver
mass has the highest percentage of whole body mass in 30- to 60-day-old animals. Liver
growth is stimulated by the beginning of food uptake after the 15th day of life.

Biochemical Basis

Here only the data relevant for biotransformation reactions shall be reviewed. The ER is not
only the site of various hydroxylation reactions, but it is also the main organelle for the
synthesis of cellular structural components. During developmental growth faster synthesis
and slower degradation of proteins can be observed, whereas in senescent rats microsomal
protein as well as protein synthesis (amino acid incorporation) decrease. Also the rate of
peptide chain elongation decreased considerable. But a decline in phenylamine incorporation
begins as early as in fetal life.
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The biosynthesis and transport to the final position of only a few ER membrane
proteins have been investigated so far. Cytochrome b5 (b5) for example is synthesized on
ribosomes and inserted directly into its final position at the cytoplasmic ER surface. Most
senescent rat hepatic microsomal proteins as well as protein synthesis (amino acid incorpora-
tion in vivo and in vitro) decrease, due to a general decline in gene expression, transcription
and translation, and, more specifically, to a weakening of stimulating and a strengthening of
inhibiting factors with age. But also protein degradation decreases during postnatal
development.

The lipids of endoplasmic membranes undergo important quantitative and qualitative
changes during development, especially in their fatty acid pattern. They strongly influence
the fluidity of membranes and by these means the diffusion velocity of xenobiotics, the
electron transport from NADPHj to cytochrome P450 (P450), and moreover they are
essential for and decisively influence the binding of xenobiotics to P450 binding sites. Also
the changes of ER lipids during development have been investigated. In senescent rats an
increase in the cholesterol/phospholipid ratio is remarkable, phospholipids decrease.
Microsomal lipids themselves bind to P450 and inhibit monooxygenase reactions in
dependence on age. Lipid peroxidation is evidently not only influenced by age dependent
differences in lipid composition, but also by age dependent inhibitory and enhancing factors.
Variations in the fatty acid pattern of the maternal diet influence the fatty acid composition of
microsomal phospholipids, but do not affect enzyme activities in newborn animals and are
therefore of minor importance. But acute fasting significantly influences monooxygenase
activities, differently in immature and adult rats. Also dietary protein deficiency decreases
P450, epoxide hydrolase (EH) and UDP-glucuronosyl transferase (UDPGA-T), more
pronounced in young than in older rats; restoration of the diet quickly normalizes these
values.

The phospholipid-protein-ratio in microsomes increases with increasing age. Neither
in rats nor in guinea pigs of any ages NADP/NADPH, and NAD/NADH, concentrations are
limiting for the capacity of the microsomal electron transport chain. Microsomal glucose-6-
phosphate dehydrogenase activity for the NADH, and NADPH,, regenerating systems is low
in rat hepatocytes at an age of 2 weeks; then an increase can be observed after weaning,
more dramatically after 8 weeks of age, maximal values could be detected at an age of 12 -
16 weeks.
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Transport Mechanisms

Xenobiotics enter hepatic parenchymal cells by diffusion and are bound to and stored
and evtl. excreted unchanged by specific cytosolic proteins which have their own
developmental pattern. In newborn rats the overall hepatic excretory function is low and the
excretion of organic acids and neutral xenobiotics develops postnatally to reach maximum
capacity at an age of 30 days. Thereafter the excretion capacity declines, cp. Fig. 1.
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Fig. 1: Influence of age on hepatic storage and biliary excretion of the organic anions and
indocyanine green (ICG) in male rats. Data according to Barth et al. (1986).
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Biotransformation

Phase I Reactions

The different steps of cytochrome P-450 (P450) formation and breakdown, its steady
state concentration, the activities of NADPH-P450 reductase and NADH-b5 reductase
activities have very different developmental patterns. Thus also different types of
monooxygenation (mixed function oxidation) such as hydroxylation of aliphatic and aromatic
compounds, epoxidation, N-dealkylation, O-dealkylation, N-hydroxylation and S-oxidation
show different developmental patterns. This holds true also for oxidative deamination and
dehalogenation of halogenated aliphates. For comparison some developmental courses are
compiled in Figures 2 and 3. Dehydrogenation, reductive reactions and hydrolysis of esters,
amides and epoxides - all these reactions have their own developmental pattern. For detailed
information cp. Klinger 1982 and 1990.
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Fig. 2: Influence of pre- and postnatal age on the activities of the enzymes involved in
hepatic heme synthesis and of P450 concentration in male rats (Klinger 1990).
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Phase II Reactions

Glucuronidation and conjugation with glutathione are each catalyzed by different
isozymes which are under different genetic and developmental control. The different
isozymes develop in clusters, cp. Figure 4.

Substrates for the fetal cluster of the UDP-glucuronosyltransferases are: 2-
aminophenol, 2-aminobenzoate, 4-nitrophenol, 1-naphthol, 4-methylumbelliferone and 5-
hydroxytryptamine, as inducers act steroids, mainly glucocorticoids.

Substrates for the postnatal cluster are: bilirubin, testosterone, estradiol, morphine,
phenolphthalein and chloramphenicol. The postnatal cluster can be induced by 3-
methylcholanthrene (Wishart 1978).

Conjugation with acetate and glycine or other amino acids also needs individual
investigation. Much less is known on the ontogenetic development of extrahepatic
biotransformation. All reaction types of phase I and phase II need individual investigation in
different organs and tissues, respectively, and in various laboratory animals. For more
detailed information cp. Klinger 1990.

Regulation of Development

Special interest must be given to factors of regulation, among them hormones and
xenobiotics which act as inducers. Finally the interaction of hormones, inducers and other
environmental influences (light, imprinting phenomena by hormones and xenobiotics,
variation of the immune status, regeneration after impairment of the liver) shall be discussed.
In man and also in laboratory animals with long gestation periods (e.g. guinea pigs and
rabbits) an early differentiation during pregnancy has been observed, whereas in the rat
differentiation and development occur mainly after birth (cp. Klinger et al., 1979). Possible
fetal and birth-correlated trigger and control mechanisms have been discussed by Pelkonen
(1980). The biogenetic rule that ontogenesis repeats briefly phylogenesis (Ernst Haeckel,
1866), holds in general also true for ontogene