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I. INTRODUCTION

Microsomal monooxygenase systems containing cytochrome P-450 play an impor-
tant role in the metabolism of endogenous substrates such as steroids and fatty acids,
in the detoxification of many drugs and xenobiotics, and in the activation of environ-
mental agents to toxic, mutagenic, and carcinogenic forms.**%¢ The extraordinarily
broad substrate specificity of these enzyme systems results from the multiplicity of
distinct molecular forms of the terminal oxidase, cytochrome P-450%, which have dif-
ferent, but overlapping, broad substrate specificities (reviewed in References 125 and
148). This has become apparent in recent years as a result of the identification, purifi-
cation, and characterization of various molecular forms of rat and rabbit liver cyto-
chrome P-450.

A second very important property of several of the forms of cytochrome P-450 is
that they are inducible. This inductive response plays a significant role in increasing
the rate of metabolism of foreign compounds to detoxified forms or in some cases to
harmful intermediates. This may be clinically important since in some cases treatment
with one drug can, in fact, either potentiate the action or diminish the efficacy of a
different drug which is subsequently administered (see Reference 28).

Much of the current research on the molecular biology of the cytochrome P-450
systems is concerned with the elucidation of the genetic, molecular, and evolutionary
mechanisms responsible for the existence of a multiplicity of forms of cytochrome P-
450 as well as for the induction of distinct forms by specific inducing agents. The tools
of molecular biology are also beginning to be applied to the problems of tissue speci-
ficity and endocrine and developmental regulation of cytochrome P-450 expression.

A. Multiplicity of Cytochrome P-450 Proteins

Approximately a dozen distinct forms of the monooxygenase have been purified
from rat liver,** several of which have low basal levels which are substantially increased
(30- to 50-fold) after treatment of animals with the classic specific inducing agents such
as phenobarbital (PB), 3-methylcholanthrene (3-MC), or Aroclor® 1254, a mixture of
polychlorinated biphenyls,30-62.1%0.206

Many of the well-characterized forms of cytochrome P-450 such as the major PB

¢ The proper name of these enzymes is ‘‘multisubstrate monooxygenase’’. ‘‘P-450'' is acceptable as the
trivial name (compare Reference 150).

** 1t is not our intention in this article to review the characterization of all known cytochrome P-450s from
different organs and different species. We provide, however, a more detailed, but still not complete
discussion of the P-450s identified in rat liver since the major recombinant DNA studies on cytochrome
P-450 have dealt with the rat liver proteins. See Reference 148 for an attempt to compare P-450s from
rat, mouse, and rabbit.
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and 3-MC induced forms are very different in their enzymatic, structural, and immu-
nological properties'¢-2188.206 and certainly represent products of different, distantly
related genes which are probably members of the same gene superfamily.* The major
forms of cytochrome P-450 induced by 3-MC (P-450c) and isosafrole (P-450d), how-
ever, show significant immunological cross-reactivity!®*-?!! as well as some similarities
in their peptide fragmentation patterns'®® which suggests that they represent products
of different members of a single gene family. In addition, these two P-450s show an
important similarity in their regulation in that the isosafrole induced form is also mark-
edly induced by 3-MC,52.137.210

The two major PB-induced forms of cytochrome P-450, P-450b and P-450e (desig-
nated PB-4 and PB-5 by Waxman and Walsh #*” and PB-B and PB-D by Dannan et
al.*®,) are even more closely related. They are immunochemically indistin-
guishable!??-222.337 and have almost identical substrate specificity profiles with P-450b
being about five times more active than P-450e with all but one of the substrates ex-
amined. On the basis of amino acid sequence data for tryptic peptides representing
75% of the sequences of these two enzymes,?** they show only 13 amino acid differ-
ences all of which are clustered in the carboxy terminal halves of the polypeptide
chains. As will be discussed in greater detail below, these two proteins appear to be
encoded by two very closely related genes.

Synthetic steroids such as pregnenolone 16 a-carbonitrile (PCN) and
dexamethasone*®-%?** induce a distinct form of cytochrome P-450 designated P-450,cx.
Other rat liver P-450 forms such as those designated PB-1**3?* and P-450a,***3°° are
present at substantial levels in microsomes from untreated animals and increase only
two- to fourfold after treatment with various classical inducing agents.®*2°*-??® Cyto-
chrome P-450 2¢**¢* is yet another form of cytochrome P-450 which is present at sub-
stantial levels in livers of untreated mature male rats and is responsible for the testos-
terone 16 a-hydroxylase activity which is developmentally induced in male rats after
puberty.?** Another constitutive' P-450 present in liver microsomes of female but not
male rats has also been described.®*-!*7-22* Two other distinct constitutive enzymes,P-
450f and P-450g,"" have been isolated from male rat liver, with the latter being unde-
tectable in livers of females.!*” A constitutive rat liver P-450 active in the 25-hydroxy-
lation of C;;-steroids and vitamin D; has also been purified,* but its relationship to the
other purified constitutive isozymes remains to be determined.

The total number of distinct forms of cytochrome P-450 which are produced in
various tissues of the body is not known. In rat liver, as just noted, nearly a dozen
forms have been identified and characterized. Several different P-450s have also been
isolated from rabbit lung. Two of these appear to correspond to liver forms which are
induced by phenobarbital.!** A third form of lung P-450 induced by TCDD (2,3,7,8-
tetrachlorodibenzo- p-dioxin), a compound which in liver induces the same forms as 3-

¢ In the nomenclature of Dayhoff,** proteins within a superfamily have a low probability (less than 10~%)

of being related by chance. Proteins within the same family have less than 50% difference in their amino
acid sequences and proteins in the sar.e subfamily have less than 20% difference in their sequences. We
apply the equivalent definitions for genes in the same subfamily, family, and superfamily.

** Equivalent to PB-C of Guengerich et al.** See References 62 and 187 for a discussion of relationships
between enzyme preparations named and characterized by different laboratories.

***Equivalent to PB-3 of Waxman et al.*** and Ut-F of Guengerich et al.*®?

t Equivalent to UT-A of Guengerich et al.** and probably equivalent to P-450h of Ryan et al.,'” the male-
specific P-450 of Kamataki et al.”* and RLM, of Cheng and Schenkman.*

tt The term “‘constitutive’’ is used here to refer to enzymes present at substantial levels in microsomes from
untreated rats. Some of these may yet be found to be inducible by certain xenobiotics.

t11The amino terminal peptide sequence of this protein’” and of RLM, of Cheng and Schenkman?®* suggest
that these P-450s are closely related, if not identical.
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MC, appears to be equivalent to form 6 of rabbit liver, which is responsible for the
bulk of TCDD-induced benzo[a]pyrene hydroxylase in that organ.'** Four distinct cy-
tochrome P-450s which function in the biosynthesis of corticosteroids from cholesterol
(reviewed in Reference 224; and see below) have been isolated from the adrenal cortex,
an organ whose major function is the regulated synthesis of steroid hormones. Two of
these enzymes, the cholesterol side chain cleavage enzyme and the 11-deoxycortisol
118-hydroxylase, are located in the inner mitochondrial membrane, whereas the other
two enzymes, the progesterone 17a-hydroxylase and the 17a-progesterone-21-hydrox-
ylase, are contained within endoplasmic reticulum membranes. The relationships be-
tween the adrenal P-450s and those of the liver have not been examined in detail,
although it has been found that bovine liver microsomes contain a protein immuno-
chemically indistiguishable by Oucherlony immunodiffusion from the adrenal 21-hy-
droxylase, in amounts comparable to that found in microsome fractions from the ad-
renal gland.'*® In addition, antibodies against a purified bovine liver cytochrome P-
450 showed immunological cross-reactivity with the purified adrenal 21-hydroxylase.®

II. APPLICATION OF RECOMBINANT AND METHODS TO STUDIES
ON THE DIVERSITY AND STRUCTURAL RELATEDNESS OF
CYTOCHROME P-450 ISOZYMES

It has been proposed**? that hundreds or even thousands of forms of cytochrome P-
450 account for the broad substrate specificities of the detoxifying systems induced by
a wide variety of xenobiotics. Several laboratories, including ours, have initiated a
recombinant DNA approach to the question of the number of cytochrome P-450 forms
and the extent of their structural similarities. In this approach one isolates cDNA and
genomic clones for specific P-450s and determines the number of related genes in the
genome and the extent of homology of the different genes and their encoded polypep-
tides. It is expected that most, if not all, of the distinct cytochrome P-450 enzymes are
encoded by genes derived from a single ancestral gene by a process of gene duplication
and evolutionary divergence. Many of these genes, because of their evolutionary his-
tory, are expected to show a common organization of introns and exons with substan-
tial sequence conservation in exonic regions when the DNA sequences are directly com-
pared.®!

The determination of the DNA sequences of cloned cDNAs or genomic segments
corresponding to different characterized forms of P-450 is also providing insights into
the structural features of the proteins responsible for common function. In addition,
as will be illustrated below, the application of recombinant DNA techniques is leading
to the isolation and characterization of genes and cDNAs for P-450s which have not
yet been isolated and characterized by the classical biochemical techniques. Ultimately,
the possibility for the expression of cloned P-450 cDNA in either bacterial or eukar-
yotic cell hosts should permit the application of site-directed mutagenesis procedures
as well as methods for constructing chimeric genes to the analysis of the structural
features of the enzymes involved in their catalytic properties, in particular, the differ-
ences in their substrate specificites.

A. Genes For the Major Phenobarbital-Inducible Isozymes of Cytochrome P-450
1. Characterization of cDNA Clones

A number of laboratories have isolated cDNA clones derived from messenger RNAs
encoding liver cytochrome P-450s inducible with PB. These include cDNA clones pre-
pared from rat,!-3-51.52.59.80.113.173 rahhjt 1'% chicken®?, and mouse®®® liver mRNA.

In our initial report on the cloning of the cDNA for phenobarbital-induced cyto-
chrome P-450, we noticed that translation of messenger RNA selected by hybridization
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to a single cloned cDNA yielded two electrophoretically separable polypeptides which
were both efficiently immunoprecipitated by a polyclonal antibody raised against PB-
induced cytochrome P-450.! We did not pay much attention to this observation at that
time since it had not yet been reported that phenobarbital actually induces two immu-
nochemically indistinguishable P-450 forms in Long-Evans rats!®?-231-322 gnd three such
proteins in some colonies of Holtzman rats.??! Subsequently, we found that, indeed,
depending on the rat strain examined, two or three in vitro translation products sepa-
rable by one-dimensional SDS gel electrophoresis are precipitated by either monoclonal
or polyclonal antibodies to PB-induced P-450 and that the mRNAs for all these poly-
peptides are purified with equal efficiency by hybridization to P-450e cDNA.!** More
recently, we have found that using certain induction protocols, four electrophoretically
separable products immunoprecipitable by anti-P-450 antibodies are found among the
translation products of mRNA selectable by hybridization to cloned P-450e cDNA (T.
Friedberg, A. Kumar and M. Adesnik, unpublished observations).®

¢DNA clones for PB-induced ¢ytochrome P-450 were also isolated by Fujii-Kuri-
yama and associates.’? Soon thereafter, these workers reported the cDNA sequences
for two overlapping cDNA clones corresponding to nearly the entire coding region of
the mRNA encoding one form of P-450 as well as one cDNA clone covering codons 52
to 358 of a very closely related mRNA.5' The two mRNAs showed an astonishing
organization of sequence similarities and dissimilarities. Their nucleotide sequences
were identical from the codons encoding amino acid residues 52 to 302. At this point
the nucleotide sequences began to diverge, there being 13 nucleotide differences within
the remaining 167 nucleotides of overlapping sequence. Although these cDNA clones
did not contain the sequence encoding the amino terminus of the cytochrome P-450
isozymes, this sequence was obtained by a primer extension experiment employing a
small restriction fragment from the 5§’ end of these clones to prime cDNA synthesis
from total mRNA from liver of PB-induced rats. This sequence was in agreement with
that reported for P-450b.!¢ With the report of amino acid sequence data for tryptic
peptides representing 75% of the sequences of cytochromes P-450e and b,**¢ it became
apparent that the longer ¢cDNA sequence corresponded to that for P-450b mRNA,
whereas the shorter sequence corresponded to that for P-450e.**

Subsequent to this report, the sequence for the 3’ half of P-450e mRNA'3-173 a5 well
as exonic sequences for the entire P-450¢ gene’-*3* were reported. These data permitted
a comparison of nearly the entire sequences of the P-450b and e mRNAs and revealed
the existence of two small regions of high divergence within the.two mRNAs. The
highly nonrandom distribution of nucleotide differences between P-450b and P-450e
mRNA is schematically depicted in Figure 1. While the 5’ terminal 936 nucleotides of
the 2 cDNAs are apparently identical, there are 37 nucleotide differences over the re-
maining kilobase of cDNA sequence, and 15 of these 37 differences are clustered within
2 short regions of the cDNAs which flank a segment encoding a tridecapeptide se-

¢ Two of these polypeptides clearly correspond to P-450b and P-450e, but the identity of the other two
polypeptides is still problematic. Although one of these may be a polymorphic variant of either P-450b
or P-450e, this does not appear to be the case for the fourth polypeptide.

The cDNA clone identified by Omiecinski et al.’** as one derived from an mRNA encoding a major
phenobarbital-induced P-450 (P-450b or e) hybridizes to an mRNA approximately 4 Kb long and appar-
ently not to a shorter mRNA 2 Kb in length, the size expected for P-450b and ¢ mRNA from DNA
sequence data.®'-''*-!3¢ Moreover, a bona fide clone to P-450e, identified by DNA sequence analysis,
hybridizes only to an mRNA 2 Kb in length and not at all to a larger mRNA. "’ It appears that the clone
of Oniecinski et al.'** was either erroneously identified or corresponds to a very rare mRNA with an
extended 3’ untranslated region but which is nevertheless a product of the P-450b or e genes or an as yet
unidentified very closely related gene.
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Comparison of P-450b and P-450e mRNAs
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FIGURE 1. Segmented regions of homology and dishomology within cytochrome P-450b and P-450e
mRNA'’s. The P-450b and e mRNA sequences are compared over segments chosen to emphasize the nonran-
domness of their dishomologies. The position of the initiation codon is indicated by AUG, while the location
of the termination codon is indicated by TERM. The fraction in each rectangle represents the number of
mismatches (numerator) over the number of residues within the segment which are being compared (denom-
inator). The first 45 nucleotides in the 2 mRNAs are apparently identical based on primer extension studies
by Fujii-Kuriyama et al.** However, direct confirmation of this awaits the sequencing of this region in the
P-450b gene. While the next 891 nucleotides are identical between these 2 mRNA’s, the 3’ 956 nucleotides
diverge by 3.8%, with 1 segment of 104 nucleotides diverging by 14.4%. This segment of 14% divergence
can be split into 2 regions (A and C) of 23 to 24% divergence flanking a region (B) of 2.2% divergence which
encodes the analogous tridecapeptide observed by Ozols et al.}*’

quence which has been observed in two unrelated forms of rabbit liver cytochrome P-
450.'” Amino acid sequence data obtained for the purified cytochrome P-450b and P-
450e proteins confirm this highly nonrandom distribution of variable residues within
them .34

2. Mechanisms for Generating mRNA Molecules with Segmented Regions of Homol-
ogy and Dishomology

The existence of identical (5’ half) and divergent (3’ half) portions within the two
mRNA molecules encoding cytochromes P-450b and P-450¢ may be explained in sev-
eral ways. Firstly separate ‘‘constant’’ and ‘‘variable’’ genes may rearrange somatically
to produce a functional gene by a mechanism similar to that involved in the formation
of functional immunoglobulin genes.'® This mechanism does not appear to account for
the production of cytochromes P-450b and e, however, since comparisons of sperm
and liver DNA by the southern blotting procedure have yet to reveal a difference in
banding pattern when probed with a P-450e cDNA clone (M. Atchison unpublished).
In an alternative mechanism a single transcription unit which includes a ‘‘constant
region’’ and two ‘‘variable’’ regions encoding the variable polypeptide segments con-
tained within cytochromes P-450b and e could yield transcripts which are differentially
processed to produce either mature P-450b or P-450e mRNAs.* This alternative is also
unlikely since there is no evidence for a duplication of the exons responsible for the
variable region of P-450b within 10 Kb downstream of the P-450e gene.” In addition,
we have obtained evidence that for this transcription unit transcriptional termination
occurs approximately 1.2 Kb downstream from the last exon encoded by the P-450e
gene (E. Rivkin and M. Adesnik, unpublished). This would make it impossible to in-

* This differential processing involves not only differential splicing, but the selection of one of two or more
alternative poly (A) addition sites which ultimately define the 3’ end of the mRNAs (see References 41
and 124 for examples of how such a mechanism is employed to yield two or more mRNAs from a single
gene).
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clude any downstream sequences within the P-450e gene primary transcript. Finally,
the identical 5° halves of the P-450b and P450¢ mRNAs could have resulted from
concerted evolution of the corresponding genes. This evolutionary mechanism®*’ ac-
counts for the fact that members of a multigene family within a single species are
generally much more closely related to each other than to equivalent genes in other
species despite the fact that they have had an equally long period of evolutionary time
to diverge from each other. The molecular mechanism responsible for concerted evo-
lution can involve unequal crossing over between tandemly linked related genes, a dou-
ble reciprocal recombination event, or gene conversion. The latter term refers to a
process which may occur between related genes whereby a segment of one gene replaces
the corresponding sequences of the other (see Reference 9). This differs from a recip-
rocal recombination event in that segments of DNA are not exchanged between genes.
Rather, sequences from one gene replace those within another gene, with the apparent
loss of the replaced sequences. Gene conversion can, therefore, serve to ‘“homogenize’’
all or parts of duplicated genes which have already undergone substantial sequence
divergence during evolution (see, for example, References 6, 130, 132, 197, and 240).
On the other hand, gene conversion may also produce short regions of high diversity
within closely related members of a multigene family resulting from the incorporation
of DNA segments from more distantly related members of the gene family.'!!-12-23% We
propose that such gene conversion events are responsible for the nonrandom distribu-
tion of dishomologies within the cytochrome P-450b and e genes. In this view distinct
P-450b and e genes formed by a relatively recent duplication of a common ancestral
gene evolved by acquiring point mutations as well as by one or more gene conversion
events. One conversion event* would be responsible for making the 5" halves of the 2
genes identical, while 1 or more events would be responsible for producing the 15
exonic sequence differences observed between the genes, which are clustered to 2 short
regions. The evidence to support this evolutionary scenario results from DNA sequence
analysis of other genes related to the P-450e gene.

3. The Cytochrome P-450e Gene

The gene encoding cytochrome P-450e has been cloned and characterized in de-
tail.”-*** This gene, which encodes a 2-Kb mRNA, spans approximately 14 Kb of gen-
omic DNA and is split into 9 exons (Table 1). While the size of the introns of the P450e
gene varies from 180 to 3.7 kb, the exons are all approximately 150 to 200 bp long with
the exception of the last exon which is §65 bp in length. This exon, however, contains
a coding region of only 179 bp with the remaining 386 nucleotides comprising 3" un-
translated sequences. Nineteen nucleotides upstream from the poly A tail in the P-450e
mRNA is the sequence GGUAAA**, a putative polyadenylation signal, which deviates
from the canonical poly A addition signal of AAUAAA observed in most other eukar-
yotic mRNAs.!7® At the 5° end of the gene, the nucleotide corresponding to the first
residue in the mRNA (cap site) lies 30 bp upstream from the initiation codon,'** and
20 bp upstream from the cap site is a possible ‘““TATA’’?° sequence, CATAAA, which
is thought to function in selecting the site of transcriptional initiation.

§  As previously noted, the apparently identical 5" halves of the two genes could also result from an unequal
crossover event.

** This unusual polyadenylation signal is found in both P-450b and e cDNAs. The P-450¢-like cDNA de-
scribed by Phillips et al.'” has a different noncanonical poly (A) signal, GUUAAA.
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INTRON-EXON ORGANIZATION OF THE
CYTOCHROME P-450e GENE

Approximate
intron size

Exon Acceptor site (5 end) Donor sites (3 end) (base pairs)
CAP

1 gagcatgcACTGAA ATGCAG gtgagata 3200
=30 Gin*’

2 tttggcagTTTCGC AATATG gtaagact 260
Phe®* G]yuz

3 tttgtcagGTGTGT CCCAGG gtgagcte 2800
Gly“’ Gly'e?

4 atccecagGAGCCC AGCCAG gtcgtgeg 650
Glyuz Gln¥*

5 ccttacagGTGTTT GAGAAA gtgagtce 400

Val2te Lys?™

6 gecaaccagGAGAAG TCACAG gtatatca 1300
Glu275 GluJZZ

7 ctacgcagAGAAAG CCCAAG gtgaggc 150
Gluy®* Lys"‘

8 tcteccagAACACT CCACAG gtgaggca 3700
Aanll Gly‘ll

9 gtccacagGAAGC GGTAAA CAGAAT- —_
Gly*? CACAG AGTGTGTG

agetteggtg

Legend to Table 1: The intron-exon organization of the cytochrome P-450¢ gene is pre-
sented from the data of Atchison and Adesnik’ and Mizukami et al.'** Capital letters indi-
cate sequences within exons, while lower case letters represent those within introns, before
the cap site or after the site of poly A addition. The codon at each splice junction is shown
in brackets and indicated below is the encoded amino acid and codon number. The se-
quences presented for exons 2 through 9 come from Reference 7. It should be noted, how-
ever, that at codons 58, 274, and 322, Mizukami et al.’** observed the sequences CTT en-
coding a Leu substitution, AAG encoding a silent A to G change, and GTG encoding a Val
substitution, respectively. The CAP site, which represents the 5’ end of exon 1, is indicated
with an arrow at position -30. The poly A addition sequence in exon 9 is underlined. It
should be noted that in the P-450e cDNA sequence determined by Phillips et al.,'” the poly
A addition sequence is represented by the sequence GTTAAA.

4. A Cytochrome P-450e Gene Family: Evidence for Gene Conversion

253

Recombinant bacteriophage-containing portions of approximately nine* distinct

genes which hybridize to P-450e or P-450b cDNA have been isolated and character-
ized.”-*3* Genomic southern blots probed with a P-450e cDNA clone encoding exons 6
through 9 reveal the existence of two restriction fragments not contained in the cloned

genes.” It therefore appears that the P-450e gene family contains 9 to 11 members.
From hybridization studies it became apparent that the other cross-hybridizing genes

were highly homologous to the P-450e gene only over the region spanning exons 7 and
8 with the remaining exons showing significant, but substantially less homology to the
corresponding regions of the P-450¢ gene” (M. Atchison, unpublished observation). In
addition, heteroduplex experiments performed between the P-450e gene and genomic

When the genomic clones isolated by Mizukami et al.’* are compared to those isolated in our labora-
tory,” it appears that three of their clones may not represent genes corresponding to those represented by
our clones. Similarly, their clone collection is missing two of the genes represented in our collection.
There is some difficulty in comparing the two sets of genomic clones which may contain nonoverlapping
segments of the same gene.
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clones encoding two other members of the P-450e gene family showed homology only
over a small region of DNA (Figure 2). The high sequence conservation within exon 7
of the P-450e-related genes was of particular interest since that exon encoded both
short regions of high divergence observed between cytochromes P-450b and e. Since
this region was so highly related among all the P-450¢ related genes, it became attrac-
tive to hypothesize that one of them may have donated this segment of DNA to the P-
450Db or e gene in a gene conversion event. This would thus account for the greater than
expected number of differences observed between the very closely related P-450b and
e (genes) in this region. To test this hypothesis, this region was sequenced in all of the
genes cloned in our laboratory and these sequences were compared to the correspond-
ing region of the P-450e gene. As indicated in Figure 3, one of the cloned genes, rep-
resented by clones 19 and 25 (see Reference 7), did indeed match precisely one of the
hypervariable sequences encoded by the P-450e gene. Furthermore, these data show
that the region of identity between this gene and the P-450e gene covers 241 pb, includ-
ing 120 bp in the intron separating exons 7 and 8. Upstream from this region of identity
and further downstream (especially downstream of exon 8), the sequence homology
dropped off dramatically further emphasizing the uniqueness of this stretch of identity.
A gene conversion event between these two genes, therefore, appears highly probable.
It is interesting to note that while all of the P-450e-related genes differ in DNA se-
quence at the 3’ hypervariable region (with the exception of P-450e and clones 19 and
25), all of the genes except the P-450e gene are very similar to the P-450b sequence at
the 5’ hypervariable region. This implies that an additional gene, not represented by
our phage collection, has donated DNA sequences by a gene conversion event into the
P-450¢ gene at the 5’ hypervariable region.

Comparison of the DNA sequences from exons 7 and 8 as well as from intron 7 and
portions of introns 6 and 8 from all of the related genes cloned in our laboratory
(Figure 3) produced another striking observation. Generally it has been found that the
exons of related genes retain high sequence homology, while intronic sequences diverge
much more rapidly.®* However, intron 7 of all of the cloned P-450¢-related genes ap-
peared to be just as homologous (approximately 90%) to the corresponding P-450e
gene sequences as are the flanking exons 7 and 8. On the other hand, upstream from
exon 7 into intron 6 and downstream of exon 8 into intron 8, the DNA sequence
homology was close to random when compared to the P-450e gene. Limited sequence
data from exon 9 from two of the P-450e-related genes have confirmed that the coding
region of this exon is much less homologous (~70 to 80%) to the P-450e gene than are
exons 7 and 8, as well as intron 7 (M. Atchison, unpublished). This is in spite of a
highly conserved region (see below) in the 5’ portion of exon 9 encoding a peptide
which has been implicated as being involved in supplying the fifth (axial) ligand to the
heme iron via Cys 436 of P-450e.5*'* In summary, there appears to be a region of
DNA within each of the P-450e-related genes spanning approximately 500 bp which is
highly homologous to the corresponding sequences found in the P-450e gene. These
results could be interpreted to be due to frequent gene conversion events in this region.
Since from a mechanistic point of view, gene conversion is essentially a recombination
event (see, for example, Reference 210), this may imply that a DNA sequence is con-
tained within or at the boundaries of this region which represents a hot spot for recom-
bination. As will be discussed later, this same region of DNA may also be involved in
gene conversion events between genes encoding two related forms of rabbit liver cyto-
chrome P-450.

5. Functionality of the P-450e Related Genes
Presently, little is known concerning whether the genes which cross hybridize with
the P-450e gene, other than the P-450b gene, function to express protein products. It
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FIGURE 3. The 3’ hypervariable region in the P-450e gene is the result of a gene conversion event. The
DNA sequences for exon 7 and intron 7 of the cytochrome P-450e (E) and four related genes (25, 5, 16, and
27) as well as the exon 7 DNA sequence for cytochrome P-450b (B) determined from clones of ¢cDNA by
Fujii-Kuriyama et al.** are shown. Exonic sequences are indicated by capital letters, while intronic sequences
are represented by lower case letters. Residues in teh P-450-related genes which are identical to the corre-
sponding residues in the P-450¢ gene are indicated by dashes, while nucleotide differences are represented
by the substituted nucleotides. X's in the P-450e-related gene sequences and dashes in the P-450e gene
sequences represent deletions and insertions, respectively, which are introduced to maximize homology. The
crucial observation is that the gene in clone 25 is identical to the P-450e gene for 241 bp starting at residue
68 and extending to residue 308.
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is, indeed, possible that one or more of the genes may be nonfunctional pseudogenes
as has been observed with members of other multigene families.!'5-123::%¢ Hybridization
of in vitro labeled nuclear RNA from livers of control and PB-treated rats to southern
blots of the different P-450e-related genomic clones indicated that only the P-450e gene
was markedly induced by PB.” This methodology was not sufficiently sensitive to de-
termine if the other genes are transcribed at all. Using synthetic oligonucleotides spe-
cific for each of the P-450e-related genes, to probe northern blots of liver mRNA, none
of the corresponding mRNAs were detectable. Since the P-450b and P-450e specific
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oligonucleotide probes easily detect the low levels of these mRNAs in livers from un-
induced animals, we can conclude that the other genes are not expressed at levels higher
than the basal levels of P-450e and b mRNA (~ 0.02% of total mRNA). The mRNA
product of the gene represented by clones 5 and 33 (see Reference 7) was, however,
found to be present in mRNA isolated from rat preputial glands, but was not detected
in RNA isolated from liver, kidney, lung, testis, adrenal, or brain (T. Friedberg and
M. Atchison, unpublished. Phenobarbital and estradiol appeared to induce this
mRNA, which is approximately 3000 nucleotides in length, but only by a factor of 2
or 3. Since the preputial gland contains substantial steroid metabolizing activities,”® it
is possible that this form of cytochrome P-450 functions in steroid metabolism. It is
worth noting that P-450b has a relatively high activity in the hydroxylation of testos-
terone and androstenedione at several different positions on the steroid nu-
cleus. ??s:226.23¢s T addition, using gene-specific oligonucleotide probes we have also
detected P-450b and e mRNAs s in the adrenal gland. On emay speculate, therefore, that
the endogenous substrates for these two forms of cytochrome P-450 may be steroid
hormones.

The observation of the P-450e-related product in the preputial gland has several
important implications. First, it emphasizes the existence of related tissue-specific
forms of cytochrome P-450 which may carry out tissue-specific functions. In addition,
it demonstrates the power of recombinant DNA technology to identify functional
genes for which no protein product has yet been identified. This is particularly relevant
in this case since the gene in question has not been found to be expressed in the adrenal,
lung, or liver, the three organs in which cytochrome P-450 has been most extensively
studied.

B. Genes For Rat Liver Constitutive Cytochrome P-450 Isozymes Marginally Induced
By Phenobarbital
1. Characterization of cDNA Clones

Using immunoscreening methodologies,?4? we have isolated two cDNA clones from
a rat liver cDNA library, which react strongly with an antiserum prepared against P-
450 PB-1. It should be noted that the western blotting data of Dannan et al.* indicate
that PB-C (equivalent to PB-1) is only induced twofold by PB administration. The
antiserum used to detect these clones recognizes two electrophoretically separable pro-
teins in liver microsomes from untreated and PB-treated animals, one of which comi-
grates with PB-1 (D. Waxman and M. Adesnik, unpublished). Similarly, the antiserum
precipitates two translation products from cell-free systems programmed with mRNA
from livers of PB-treated or untreated rats and the more rapidly migrating cell-free
product comigrates with the immunizing antigen. The level of both mRNAs increased
severalfold after phenobarbital treatment. The two cloned cDNAs contain inserts ap-
proximately 400 and 1200 bp in length which have been sequenced and found to encode
distinct polypeptides. These show approximately 50% sequence homology to P-450b
and P-450e and 72% homology to each other over their regions of overlap which en-
compasses amino acid residues analogous to 134 to 269 of P-450b (M. Atchison and
M. Adesnik, unpublished observation). In hybridization selection experiments, both
cloned cDNAs select mRNASs encoding both immunoprecipitable translation products
although the clone with the shorter insert preferentially selects the mRNA encoding the
translation product which comigrates with PB-1. Furthermore although the clone with
the longer insert appears to select both mRNAs equally, the hybridization of the
mRNA encoding the polypeptide which comigrates with PB-1 is clearly weaker since it
can be eluted from the hybrid at lower temperatures than the mRNA encoding the
other polypeptide.
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Recently, Kemper’s group has cloned from PB-treated animals three distinct rabbit
liver cDNAs encoding proteins which bear sequence homology to P-450 LM2, the ma-
jor PB-inducible form of P-450 in rabbit liver.!’* Two of these cDNAs are 88%
homologous to each other, but only 72% homologous to the third. All 3 of the encoded
polypeptides are 50% homologous to P-450 LM2 and to rat P-450b. The levels of the
mRNAs corresponding to pP-450PBcl and c2 increase substantially after PB adminis-
tration, whereas pP-450PBc3 mRNA levels are not affected by this treatment.'*** On
the basis of this fact, and the finding that the tridecapeptide sequence in rabbit P-450
LM3b is identical to that encoded by clone pP-450PBc3, it has been suggested''* that
the latter clone corresponds to LM3b or a very closely related protein. The encoded
amino acid sequence of the shorter of our 2 PB-1-like cDNAs is 76, 72, and 58%
homologous to the rabbit cDNA clones pP-450PBcl, c2, and c3, respectively, of Leigh-
ton et al.’'? while the longer clone is 65, 69, and 58% homologous to the same 3 cDNAs
over the 299 amino acids of sequence determined thus far. In addition, the encoded
polypeptides of the two cDNA clones isolated by Leighton et al.!’® which extend fur-
thest to the 5’ direction bear substantial sequence homology to the N terminal se-
quences obtained by Waxman and Walsh??*® for rat cytochrome P-450PB-1. It is there-
fore reasonable to propose that the two most homologous rabbit liver cDNA clones
isolated by Leighton et al.!'® are analogous to the two PB-1 related cDNA clones which
we have isolated from rat liver. If this is true, there may exist an additional isozyme in
rat liver which is analogous to the rabbit clone pP-450PBc3 isolated by Leighton et
al.’"” Genomic southern blots probed with the larger of the two PB-1 related cDNA
clones are comparable in complexity to those obtained with P-450e cDNA probes (M.
Atchison unpublished) and suggest the existence of additional family members. It is
therefore possible that additional forms of P-450 related to PB-] exist in the liver or
other organs which have not yet been characterized.

2. More Gene Conversion in Cytochrome P-450 Genes

The DNA sequence data for the three cDNA clones characterized by Leighton et
al.*'? also appear to show a segmented organization of regions of homology and dish-
omology. While the similarity between the 2 most related cDNAs, pP-450PBcl and c2,
is quite high, there is I region of homology which is extraordinarily high with there
being only 1 mismatch over 140 bp. Interestingly, this region of extraordinary homol-
ogy, spanning residues 924 to 1063 of the Leighton et al.!'® sequence, corresponds to
most of exon 7 of the P-450e gene. In addition to this region of extraordinary homol-
ogy, there are several other relatively long segments of low divergence. For example,
there are two differences in residues 2 to 92, four differences in residues 472 to 611,
and two differences in residues 1244 to 1349. It is tempting to speculate that these
regions of low divergence may represent the results of multiple segmented gene conver-
sion events.

In contrast to these segments of low divergence there is a short segment (residues
1351 to 1384) near the 3’ ends of the coding regions of the cDNA clones P-450PBcl
and c2 which is hgihly divergent (14 differences out of 35 residues). However, the DNA
sequence in this region in cDNA clone pP-450PBc¢3, which shows only 72% overall
homology to the other 2 cDNAs, shows only 3 differences with the sequence found in
clone pP-450PBcl (Figure 4). These data strongly suggest that the genomic segment
encompassing residues 1351 to 1384 of the mRNA corresponding to cDNA clone pP-
450PBcl was introduced into that gene by a gene conversion event with the gene cor-
responding to clone pP-450PBc3 being the donor for this conversion.

In summary, while gene conversion in some cases may act to maintain sequence
homogeneity within a gene family, it can also produce segmented regions of divergence
within related genes as in the P-450b and e case, as well as within the genes encoding
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P450PBc2 CCCGAAACCTCTGGTCAACCCAAACAATGTTGATGAAAATCTATTCTCCAGTGGAATTGT
P450PBcl ~G- -TG GG—-CA CACC~CC-C~C-TGT-————~! GC-A—G
P450PBe3 ~--T--—G--C TG~ -GG--A CCC-CC~C~C-GGAA-A-~~GT~——-

FIGURE 4. Evidence for gene conversion between two rabbit cytochrome P-450 genes. Portions of the
nucleotide sequences determined by Leighton et al.*'*!"** for rabbit cDNA clones pP-450PBc2, cl, and ¢3
are listed. Residues identical to pP-450PBc¢2 are indicated by dashes, while nucleotide differences are shown
by the substituted nucleotides. A region of potential gene conversion covering 35 bp between clones pP-
450PBc! and c3 (residues 1351 to 1385 in their numbering system) is overlined. Clones c1 and ¢2 show 88%
homology over the remainder of their sequences.

the cDNAs cloned by Leighton et al.**® Since the cytochrome P-450 (super)family of
isozymes recognizes such a huge number of substrates and catalyzes numerous enzy-
matic reactions, it might have been advantageous from an evolutionary standpoint for
these genes to evolve quickly.* Gene conversion may greatly assist in this process by
allowing a gene to procure a segment of DNA from a distantly related gene thus pro-
ducing a gene encoding a protein with novel function. The genes resulting from such
conversion events can then be fixed in the population (or eliminated) by natural selec-
tion.

C. Genes For 3-Methylcholanthrene-Inducible Isozymes Of Cytochrome P-450

Microsomal cytochrome P-450 associated monoxygenase activities inducible by 3-
MC and other polycyclic aromatic compounds have been studied with intense interest
for quite some time. This is primarily because the cytochrome P-450 mediated metab-
olism of aromatic hydrocarbons is often a key step in the conversion of these com-
pounds to mutagenic and carcinogenic derivatives. Secondly, as will be discussed later
in great detail, the induction phenomenon was itself of considerable interest and, in-
deed, substantial progress has been made in the elucidation of the molecular details of
the induction mechanism.

In rat liver, two major species of cytochrome P-450 designated cytochrome P-450c
and P-450d** are induced by 3-methylcholanthrene treatment.'3”:2!° As previously
noted, the latter corresponds to the major isosafrole induced form of cytochrome P-
450.'* These proteins, which have very different amino terminal peptide sequences,
are easily separated by SDS gel electrophoresis and are encoded by distinct, electro-
phoretically separable mRNAs, 3 and 2 Kb in length, respectively, which do not hybri-
dize to P-450e DNA sequences.'?’

1. Characterization of ¢cDNA Clones for the 3-MC Induced Isozymes of Cytochrome
P-450

Recently, the complete nucleotide sequences of the coding regions within cDNA
clones for rat liver P-450¢ #*° and P-450d°® and for mouse P,-450'%-!°! and P,-450,'%*
the equivalents of rat P-450d and P-450c, respectively, were reported. These sequences
showed only approximately 30% homology to those of the major PB-inducible iso-
zymes. The clone for P-450c was identified as such on the basis of complete agreement
of the polypeptide sequence encoded by the first 18 codons of the cDNA with the
amino terminal 18 residues of the MC-induced P-450 isolated in that laboratory. The
same amino terminal sequence was also reported by others.'!** Although this amino

In yeast, where the immediate products of conversion events can be detected directly, it has been shown
that this process occurs quite frequently. Thus, when a second polymorphic copy of a yeast gene is
incorporated into the genome of a haploid yeast cell adjacent to the original gene, it was found that after
sexual reproduction approximately 1% of the tetrads produced show evidence of a meiotic gene conver-
sion event.'®”

** These correspond to P-450ssr.sc.a 20d P-450,5r sur.c of Guengerich et al.*?
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Cormparison of P-450c and P-450d coding regions

~A B C D E F
nuclectide divergence 35% 42% 1% 38% 10% 33%
. . 37 [ 1 183 15 123
ruclectide mismatches 08 3-95—7 03 e 3 e
amino acid divergence  S5I% 5% I5% 55% 12% 33%

FIGURE 5. Segmented regions of high homology within the P-450c and P-450d coding regions. The P-
450c and d cDNA coding sequences have been divided into six segments (A through F) to emphasize the
nonrandom distribution of their homologies. The extent of DNA sequence divergence for each segment and
the amino acid sequence divergence for the peptide segment encoded by each region are shown. While
segments A, D, and F show 33 to 38% dishomology, segments B, C, and E show only 4 to 11% dishomology.
The peptide encoded by segment C has been implicated as possibly supplying the fifth ligand to the heme
iron and sequences in this region have been found to be well conserved in many P-450 isozymes (Figure 7).
Likewise, segment E encodes the analogous tridecapeptide observed by Ozols et al.’*’ and has also been
observed to be well conserved in many cytochromes P-450. Segment B shows extraordinarily high homology
over 357 nucleotides and this homology may be the result of a recent gene conversion event.

terminal sequence differed in six residues from that previously reported for cytochrome
P-450c,'¢ it is now clear that the latter was incorrect and that the true sequence corre-
sponds to that encoded by the cloned cDNA.?” Furthermore, all the cysteine containing
peptides of P-450c, which contain a total of approximatly 90 residues, have been se-
quenced and these sequences agree at all but 2 residues to the cDNA encoded se-
quence.’®

The P-450d cDNA clone®®°® was identified by virtue of the fact that the amino ter-
minal 30 residues encoded by this clone are in perfect agreement with those determined
for the purified protein.!” This assignment is confirmed by the finding that the se-
quence of an internal cysteine containing peptide, 15 residues in length,”® is found to
be present in the cDNA encoded protein sequence.

A comparison of the cDNA sequences for the two related isozymes, P-450c and P-
450d, again shows a striking, nonrandom distribution of divergent residues (Figure 5).
Whereas the total sequences show approximtely a 30% divergence, there is one excep-
tionally long segment 357 bp in length which has only 4% divergent residues and en-
codes a peptide segment with only 6 amino acid differences. This homologous segment
is presumably responsible for the hybridization of a cloned P-450d cDNA to both P-
450¢ and P-450d mRNA s in hybridization selection and northern blotting experiments.
(J. Fagan, personal communication). Two other short regions which show 90% con-
servation of sequence are present adjacent to regions with only 60% sequence conser-
vation. The immunological determinant(s) shared by these two P-450 isozymes?**-*!! is
presumably contained within the more highly conserved segments. It is reasonable to
propose that the longer segments showing 96% sequence conservation result from a
gene conversion event similar to the one which may have homogenized the 5’ halves of
the P-450b and P-450e mRNAs, whereas the shorter regions of 90% sequence homol-
ogy may simply reflect evolutionary conservation of common functions. A compari-
sion of the sequences of P-450c and P-450d cDNAs and those of their encoded proteins
(as well as those for mouse P4-450) to each other and to those for the PB-induced forms
of P-450 is discussed below in the context of attempts to identify functionally impor-
tant domains of these related proteins.

A cDNA clone isolated by Kimura et al.'*® from a partial library constructed from
mRNA purified from polysomes immunoadsorbed to immobilized affinity purified
antibody to mouse liver cytochrome P;-450 was shown to encode the mouse equivalent
of P-450d: the first 25 residues encoded by this cDNA clone are identical to those
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found at the amino terminus of rat P-450d.* Comparison of the total sequence to that
of the P-450d clone of Kawajiri et al.*® confirms that the two proteins are very closely
related. Mouse cytochrome P,-450%'7 has been defined as the form induced in mouse
liver by 3-MC and other polycyclic hydrocarbons which is most closely associated with
acetanilide-4-hydroxylase activity.** It is distinct from the P-450 which is specifically
associated with either arylhydrocarbon hydroxylase activity, P,-450,% or that associ-
ated with isosafrole metabolite complex formation, P,-450%*¢,!5¢ It should be noted
that these three isozymes have been purified and used to obtain antisera each of which
specifically inhibits the catalytic activity associated with the heterologous anti-
gens.'s*!s° It is clear, as was pointed out in the report describing these findings,**® that
the inability of an antibody to inhibit catalytic activity need not be correlated with an
inability to immunoprecipitate the corresponding protein. Similarly, an antibody might
precipitate a protein without blocking its catalytic activity. The cytochrome P;-450
clone isolated and sequenced by Kimura et al.*®® was identified as such by its increased
hybridization to mRNA isolated from polysomes purified by immunoadsorption to
immobilized anti-P,-450 antibody relative to the hybridization to mRNA from the
nonimmunoabsorbed polysomes. The definitive association of this clone with a specific
P-450 isozyme,+ however, ultimately depends on the monospecificity of this antibody
in polysome immunoadsorption which has not been demonstrated. Furthermore, since
the mRNAs for P,-450 and P;-450 contain segments of sufficient sequence homology
to cross-hybridize to cDNA clones for the heterologous mRNA (see below), in principle
the differential hybridization should have identified clones for both proteins.
Although no data are yet available on the structure of the genes for rat liver P-450c"
and P-450d and their relationship to each other and possibly to other genes in the rat
genome, some important information has been obtained on the genes for mouse liver
P-450s induced by 3-MC. Firstly, a cloned cDNA, clone 46, which hybridizes to a
single gene in mouse DNA, was obtained which was preliminarily concluded to be
derived from cytochrome P,-450 mRNA, primarily on the basis of hybridization-selec-
tion experiments.*** The identification of this clone as a P,-450 cDNA was confirmed
by the demonstration®® that it hybridizes to a 23s mRNA (and not to a 2-Kb mRNA),
the levels of which correlate with arylhydrocarbon hydroxylase activity and not with
levels of P,-450 or P;-450 or their associated enzymatic activities. Subsequently, gen-
omic clones for the P,-450 gene which hybridized to the clone 46 were isolated and

® The marked amino acid dishomology between the P;-450 and P-450d sequences found between codons
27 to 47 is the result of a sequencing error in the P,-450 sequence involving an insertion of a G residue at
nucleotide 139 of the Kimura et al.!* sequence and a deletion of a G residue after nucleotide position
201. {Nucleic Acids Research 12:4810 (1984)].

** This form was originally designated P-448 on the basis of the difference spectrum for its CO reduced
form.* In rat liver, all of the forms of cytochrome P-450 purified by Guengerich and associates have
substantial acetanilide-4-hydroxylase activity (3 to 6 nmol/min/nmol P-450) although P-450,xr.s (P-
450c) has a 10-fold higher activity and accounts for 70% of this activity in microsomes from BNF-treated
rats.*? [t should be noted, however, that rat P-450c has been considered the equivalent of mouse P;-450
because of their association with 3-MC-induced arylhydrocarbon hydroxylase activity.'+*

***P._450 has been defined as the form of isosaffrole induced cytochrome P-450 in DBA/2N mouse liver
most specifically correlated with isosaffrole metabolism.'** The relationship between P,-450 and P,;-450
is uncertain and in the paper on the nucleotide sequence of the putative p,-450 cDNA clone it is, in fact,
suggested that P,-450 of DBA /2N mice may represent a *‘protein polymorphism®’ (i.e., an allelic variant)
of P;-450 in CS7BL/6N mice.'®™ It is not clear, however, how this could explain all the features of this
isozyme. Nevertheless, this conclusion seems quite reasonable since extensive southern blotting analysis
of mose genomic DNA reveals the existence of only two closely related genes.*®

+ As will be apparent from subsequent discussion, it clearly doesn’t correspond to P,-450, the mouse
equivalent of rat P-450c, since it is derived from an mRNA approximately 2100 bp long, whereas the P,-
450 mRNA is approximately 2.9 Kb in length.

t+ See notes added in proof for a discussion of the intron-exon organization of the rat P-450c gene and the
mouse P,-450 and P,-450 genes based on the complete DNA sequences of these genes.***'?’*
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lane: 1 2 3 4 5 6 1 2 345 6

FIGURE 6. A $ fragment of the mouse P,-450 gene hybridizes to two clectrophoretically separable
mRNAs both induced by 3-methylcholanthrene. A 2.9-Kb Eco Rl restriction fragment derived from the 5
portion of the cloned mouse P,-450 gene'*! was labeled by nick translation and hybridized to northern blots
containing electrophoretically fractionated poly (A)* mRNA from livers of responsive (B6) or nonresponsive
(D2) mice treated with 3-MC, TCDD, or with corn oil (controls). The electrophoretic migration is from top
to bottom. The autoradiograms obtained after a 3- (left) or 24-hr (right) exposure are shown. The 23s RNA
band is the only one obtained when a similar blot is hybridized to the P,-450 cDNA clone 46. The relative
intensities of the two bands in each lane do not accurately reflect the relative amount of each mRNA since
only the 235 band is perfectly homologous to the exonic regions in the probe. Notice that even though the
induction of both mRNAs by 3-MC is defective in D2 mice, the 20s mRNA is induced more than the 23s
mRNA in these mice. This correlates with the fact that in B6 mice, the 20s mRNA is induced by lower
concentrations of 3-MC than induce the 23s mRNA. These data are from Ikeda et al.**

partially characterized.!** As a result of these studies, it became clear that this cDNA
clone, which carried an insert approximately 1.1 Kb long, was derived primarily from
the 3’ untranslated region of the P,-450 mRNA. Whereas cDNA clone 46 only recog-
nized a single genomic fragment in southern blotting analysis, a 2.9-Kb subfragment
of a P,-450 genomic clone, estimated to cover the 5’ portion of the P,-450 gene, hy-
bridizes to 2 or 3 bands.*® More importantly, this fragment hybridizes both to the 238
mRNA representing the P,-450 mRNA and to a 20S band (Figure 6) which contains
the P;-450 mRNA.**" This clearly indicates that there is a homology between these
mRNAs in their §5° portions. This homology was confirmed in hybridization experi-
ments in which 5’ subfragments of a putative P;-450 cDNA clone were shown to hy-
bridize to the 23s P,-450 mRNA and to the cloned P,-450 gene.*'”

Very recently, essentially full length cDNA clones and genomic clones for mouse
liver cytochrome P,-450 and P,-450 were isolated in Nebert’s laboratory.®® DNA se-
quence analysis of the 2 cDNAs confirms the existence of highly homologous segments
near the 5’ ends of the 2 mRNAs, segments 425 bp long in the 2 mRNAs which contain
only 10 nucleotide differences!®®!°* and it was suggested that this homology could have
resulted from a gene conversion event.'®* This region of extraordinary homology is
similar to that observed in the corresponding regions of the rat P-450c and P-450d
¢DNAs, which, based on the DNA sequence data now available, clearly represent the
rat genes which are orthologous* to mouse P,-450 and P,-450, respectively.

Analysis of heteroduplexes formed between each cDNA clone and the corresponding
genomic clone indicated that the P,-450 and the P;-450 genes are approximately 6 and

¢ Two different types of homology have been defined.** Two different genes whose difference is a conse-

quence of independence arising from speciation are said to be orthologous. Paralogous genes in a single
organism result from a gene duplication and evolved side by side in parallel in a single line of descent.
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8 Kb in length, respectively, and that both genes contain 7 exons and 6 introns.* The
sizes of the exons in the two genes are very similar except for the 3’ terminal exon
which contains the 3’ untranslated regions and it is not unreasonable to expect that the
exonic DNA is, in fact, interrupted at equivalent locations within the two genes. The
intron-exon organization of these genes, however, appears to be substantially different
from that of the P-450b and e genes. In particular, exon 2 of the P,-450 and P;-450
genes which is certainly within the coding regions of these genes is approximately 900
bp long and is likely to include segments equivalent to those contained within 4 to 6
exons in the P-450b and e genes. The exact location of the introns within the P,-450
and P;-450 genes can, of course, only be determined by a direct comparison of genomic
and cDNA sequences.**

D. Sequence Comparisons of Different Cytochrome P-450 Isozymes: Functional Do-
mains of Cytochrome P-450

The catalytic function of the cytochromes P-450 involves the acceptance of electrons
from NADPH via an interaction with NADPH-cytochrome P-450 reductase and the
transfer of these electrons to molecular oxygen such that one oxygen atom is intro-
duced into a specific substrate, whereas the second oxygen atom is used to form water.
It is reasonable to presume that the different multiple forms of cytochrome P-450
contain homologous domains reflecting their common function. These would include
a domain involved in heme binding and another involved in the interaction with a
single molecular species of the reductase.'®® In addition, although the various P-450s
would be expected to contain different active sites involved in substrate recognition,
these t00 may very well show substantial homology, given the overlapping substrate
specificities of the different isozymes.

One of the goals of studying the sequences of the various forms of cytochrome P-
450 is to determine which domains of the proteins participate in common functions
such as heme binding and interaction with cytochrome P-450 reductase and which
domains are involved in isozyme specific functions such as substrate recognition. The
former may be identified by comparing amino acid sequences of distantly related iso-
zymes which have diverged substantially but still function as a monooxygenase cata-
lyst. In contrast, domains involved in the determination of isozyme-specific substrate
specificities may be recognizable when comparing the amino acid sequences of closely
related isozymes which show considerable overall homology, but which possess distin-
guishable substrate specificity profiles.

Comparison of the available cytochrome P-450 sequences reveals at least three re-
gions which appear to be related among all cytochromes P-450, including the most
distantly related P-450 proteins. A cysteine residue has been implicated **? in supplying
the fifth ligand to the heme iron and in the case of P-450cam this appears to correspond
10 Cys,14.4° Peptides centered on Cys,s, in P-450b and e, and Cys,so in P-450 LM2, are
homologous to the peptide centered on Cys,,, in P-450cam. In this region, there is a
stretch of 13 identical amino acids in P-450b and the somewhat divergent (48% ho-
mology) protein encoded by the PB-1 related cDNA clone isolated and sequenced in
our laboratory (Figure 7). Two closely spaced regions in P-450c, P-450d, and P,-450
show homology to these conserved peptides (Figure 7). These are centered on Cys;ss
and His,;,, in P-450d and P,-450 and Cys.;c and Tyr,,;; in P-450c. However, even

® The previously described genomic clone for P,-450 **! was isolated from a mouse plasmacytoma genomic
library. R-loop analysis using that clone indicated that the P,-450 gene was 4.6 Kb long and contained 5
exons. This gene differs at its 5’ end from the one isolated from the normal mouse liver library and it is
now believed that the plasmacytoma clone represents the result of a chromosomal rearrangement within
the tumor cell genome.*°

** Such an analysis has recently been reported®®* and is discussed in notes added in proof.
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A

436
P450b | PHE SER|THR{GLY LYS ARG|ILE|CYS LEU GLY GLU GLY[ILE|ALA ARG|ASN|GLU LEU PHE LEU PHE

436
P450e | PHE SER}THR|GLY LYS ARG|ILE|CYS LEU GLY GLU GLY|ILE|ALA ARG|ASN|GLU LEU PHE LEU PHE

434
LM2 PHE SER|LEU|GLY LYS ARG!ILE|CYS LEU GLY GLU GLY|ILE[ALA ARG|THR GLU LEU PHE LEU PHE

-

PTP-1 | PHE SER|ALA{GLY LYS ARGALA|CYS JVAL|GLY GLU GLY LEU ALA ARG|ME GLN'LEU PHE LEU PHE

PBc2 | PHE SER{THRIGLY LYS ARG|VAL|CYS |[VAL|GLY GLU{ALAI{LEU ALA ARGIMET |GLU LEU PHE LEU PHE

PB¢cl | PRE SER|THR |[GLY LYS ARG|VAL{CYS |VAL|GLY GLU|ALA|LEU|VAL|ARG|MET |[GLU LEU PHE LEU PHE

PBc3 | PHE SER|ALA|GLY LYS ARG|ALA|CYS [VAL/GLY GLU GLY LEU|VAL|[ARG|MET [GLU LEU PHE LEU|LEU
456

P3450 LEU|GLY LYS ARG|ARG|CYS |ILE|GLY GLU|ILE PRO |ALA |LYS TRP [GLU|VAL|PHE LEU PHE
456

P450d LEU [GLY LYS ARG|ARG|CYS |ILE|GLY GLU|ILE PRO |ALA [LYS TRP |GLU|VAL|PHE LEU PHE
460

P450c LEU|GLY LYS ARG}LYS|CYS

ILEJGLY GLU}TYR ILE GLYlARG LEU IGLU|VAL|PHE LEU PHE

c21 GLY ALA ALA

cae  [puJory mis

VAL |CYS LEU GLY GLU!PRO{LEU ALA ARG|LEU [GLU LEU PHE VAL VAL

335 '
LEU{CYS LEU GLY |GLN SER|LEU ALA ARG|ARG |GLUj ILE ILE VAL TYR

FIGURE 7. Amino acid sequences of two highly conserved regions observed in all cytochrome P-450 iso-
zymes. The peptides centered on Cys 436 (A) and Cys 152 (B) in rat cytochrome P-450b have been compared
to analogous segments in all of the known cytochrome P-450 sequences. Amino acid residues which are
found in at least five of the peptide sequences are boxed. Peptides marked by an asterisk in B represent a
second region within cytochromes P,-450, P-450d, and P-450c which shows homology to the peptide cen-
tered on Cys 152 in P-450b. The rat cytochrome P-450b and e sequences have been taken from Fujii-Kuri-
yama et al.** and Yuan et al.;?* rabbit P-450 LM2 from Heinemann and Ozols*’ and Tarr et al.;** rat pTF-
1 and pTF-2 from our unpublished results for two proteins recognized by antibodies to PB-1;%** rabbit P-
450 PBc2, cl, and c3 from Leighton et al.;*'* mouse P,-450 from Kimura et al.;'* rat P-450d from Kawajiri
et al.;* rat P-450c from Yabusaki et al.** and Haniu et al.;””’* bovine P-450,,, from Yuan et al.;*** and
bacterial P-450,,.. from Haniu et al.”

though the homology between P-450b and c in this region is higher than the overall
homology between these two isozymes, this homology is not as high as that observed
in the region surrounding Cys.s in P-450b. Furthermore, in this region P-450cam is
more closely related to rat P-450b than the latter is related to P-450c and P-450d. A
second more highly conserved cysteine-containing peptide region centered on Cys.ss in
rat P-450b and e, Cys,se in mouse P;-450 and rat P-450d, Cys.e in rat P-450c, CyS.s.
in rabbit P-450 LM2, and Cys,ss of bacterial P-450cam is present in all P-450s which
have been studied to date (Figure 7). It has also been proposed that these peptides
provide the heme binding site.%!-6'*!°* The greater hydrophobic pocket in these C ter-
minal conserved cysteine-containing peptides as compared to the amino terminal cys-
teine-peptides favor this cysteine as the more likely candidate for providing the thiolate
ligand to the heme iron at the enzyme active site.*'* In any case, the high conservation
of both peptide segments suggests that they play an important structural or functional
role.

An additional region of high homology is the analogous tridecapeptide observed by
Ozols et al.'*? within two unrelated forms of rabbit P-450, LM-2 and LM3b.This tri-
dacapeptide is 54% homologous between cytochromes P-450b and ¢, while the overall
homology between these two isozymes is only 29%. In fact, a region encompassing 49
residues spanning amino acids 337 to 385 of the P-450b sequences (including the anal-
ogous tridecapeptide) is 47% homologous between P-450b and c. Although the se-
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B 132
P450b VAL JGLU GLU ARG ILE GLN GLU GLU ALA|GLN [CY¥S LEU VAL GLU GLU LEU ARG LYS
P450e VAL |GLU GLU ARG ILE GLN GLU GLU ALA|GLN égg LEU VAL GLU GLU LEU ARG LYS
LM2 VAL |GLU GLU ARG ILE GLN GLU GLU ALA|ARG égg LEU VAL GLU GLU LEU ARG LYS
PTF-1 | ILE GLU|ASP|ARG VAL GLN GLU GLU ALA|GLN |CYS LEU VAL GLU GLU LEU ARG LYS
PTF-2 | ILE GLU|ASP|ARG VAL GLN GLU GLU ALA|ARG |CYS LEU VAL GLU GLU LEU ARG LYS
PBc2 |ILE GLU GLU ARG VAL GLN GLU GLU ALA|HIS |CYS LEU VAL GLU GLU LEU ARG LYS
PBcl |ILE GLU[ASP| ARG VAL GLN GLU GLU ALA|[ARG [CYS LEU VAL GLU GLU LEU ARG LYS
PBc3 |ILE GLU GLU ARG ILE GLN GLU GLU ALA|LEU |CYS LEU|ILE GLN ALA |[LEU ARG LYS
P3450 LEU|GLU GLU|HIS|VAL|SER LYS|GLU ALA|ASN é;g . LEU VAL|SER LYS (LEU[GLN|LYS
P450d LEU|GLU GLUJHIS|VAL|SER LYS|GLU ALA{ASN &%g LEU{ILE SER LYS PHE GLN|LYS
P450c LEU|GLU GLU[HIS|VAL|SER LYS|GLU ALA|GLU LEU|ILE SER LYS PHE GLN]LYS
CAM LEU}GLU |ASN| ARG ILE GLN GLUILEUlALA LEU{ILE |GLU SERILEU ARG [PRO
%P5 450 JILE|ALA SER ASP PRO THR SER ALA SER SER LEU|GLU {GLU [HIS VAL SER|LYS
*P450d |ILE[ALA SER ASP PRO THR SER VAL SER SER LEU|GLU |GLU[HIS VAL SER|LYS
*P450c |ILE|ALA SER ASP PRO THR LEU ALA SER SER LEU|GLU |GLU|HIS VAL SER|LYS

FIGURE7B

quence data is incomplete, the small segment spanning residues 337 to 362 in the PB-1
related cDNA clone mentioned above shows 68% homology to P-450b, while the over-
all homology between these two isozymes is only 48% (M. Atchison, unpublished).
Similarly, the overall homology between rabbit P-450 LM2 and the proteins encoded
by cDNA clones described by Leighton et al.!'® is 50%, whereas the tridecapeptides in
the latter proteins show 11 of 13 or 12 out of 13 matches with that of LM2. The high
conservation of this region observed in all eukaryotic cytochrome P-450 isozymes se-
quenced to date suggests that it must be involved in a functional or structural feature
common to all these enzymes. Finally, it should be noted that there is a region of 54%
homology between cytochromes P-450b and d (as well as P-450c) spanning residues 72
to 98 in the P-450b sequence.

While the above discussion has concentrated on similarities between the various mo-
lecular forms of cytochrome P-450, what can be said of the differences? Here, we
would like to propose that residues involved in substrate specificity lie in the region
corresponding to 200 and 300 in the P-450b protein sequence. For example, it is rather
striking that cytochromes P-450¢ and P-450b which have very different substrate spec-
ificity profiles's®1*® show very little (<15%) amino acid homology over this region.
Indeed, this is the region of lowest sequence homology within the two isozymes. Simi-
larly, the cytochrome P-450 PB-1-like clone encodes a protein, which is 48% homolo-
gous to P-450b and e, but shows only 30% homology to P-450b over residues 200 to
300.

The same comparison can be made between the related proteins P-450c and d. While
these 2 enzymes are clearly related immunologically!??!! and, as previously noted, are
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approximately 70% conserved in amino acid sequence, they exhibit distinguishable
substrate specificity profiles.'**!** However, once again, the region of highest diver-
gence between these 2 isozymes lies between residues 200 to 300 where they show only
38% homology. Cytochromes P-450b and e which are identical in this region possess
nearly identical substrate specificities. On the other hand, the enzymatic activity of P-
450e with nearly all substrates is approximately five times lower than that of P-450b.'?°
Could the difference in enzymatic activity observed between these two P-450s be re-
lated to the numerous differences in the ‘‘hypervariable regions’’ flanking the analo-
gous tridecapeptide!s” which may, for instance, affect the interaction of cytochrome
P-450e with P-450 reductase in such a way as to make P-450e less active? One can further
ask, if the fact that the hypervariable region upstream from the analogous tridecapep-
tide is conserved among P-450b and the other genes we have cloned but not P-450e
(Figure 3) reflects evolutionary conservation of a domain required for high catalytic
activity which may have been incorporated into these genes as a result of gene conver-
sion events followed by natural selection.

While the interpretation presented above is clearly speculative, this hypothesis may
soon be testable now that cDNA and genomic clones are available for a number of
distinct forms of P-450. Chimeric genes can be constructed in which the exonic regions
encoding the amino acid residues spanning 200 to 300 are inserted into another cloned
cytochrome P-450 gene and the substrate specificity of the resulting gene product,
synthesized in a suitable eukaryotic or prokaryotic host, can be determined. In addi-
tion, in vitro site directed mutagenesis can be carried out in an attempt to locate func-
tional regions in the cytochrome P-450 protein.

E. How Many Cytochrome P-450 Genes Are There?

Recombinant DNA and protein purification studies are rapidly expanding the num-
ber of identified forms of cytochrome P-450. It now appears likely that the total num-
ber of cytochrome P-450 genes far exceeds the number of distinct P-450 proteins which
have been purified to date. It is first worth noting that each cytochrome P-450 which
has been studied at the gene level has been found to be encoded by a member of a
multigene family with a minimum of 2 members of each family being expressed. In
fact, in several cases, related genes were detected even before the existence of related
proteins was firmly established. This is true for the two PB-1-like cDNA clones isolated
in our laboratory and the set of similar clones from rabbit liver which were character-
ized by Leighton et al.!*? In the cytochrome P-450e gene family, cytochromes P-450b
and e are known to be expressed in the liver, and an additional member is now known
to be expressed in the preputial gland. Hence, at least three of the members of this
multigene family are expressed. Rat cytochromes P-450c and d are encoded by mem-
bers of the same multigene family as are their mouse equivalents P,-450 and P,-450. A
comparison of all the cytochrome P-450 gene sequences studied to date indicates that
they can be grouped into gene subfamilies and families which together constitute a
large gene superfamily.

As previously noted, molecular cloning studies have identified 8 to 11 genes which
cross-hybridize with cytochrome P-450e and b sequences,’-**? although it is not known
how many of these genes are functional. The cDNA clones encoding the cytochrome
P-450 PB-1 related sequences cloned in our laboratory do not cross-hybridize with a
P-450e cDNA clone (A. Kumar and M. Adesnik, unpublished), but based on their
overall sequence homology of approximately 50% with the latter cDNA do, indeed,
belong to the same gene family. The same relationship holds for the gene encoding
rabbit LM2 and the subfamily corresponding to the cDNAs sequenced by Leighton et
al.'"* One of the rat PB-1-like clones has been shown to hybridize with six to eight
bands in the rat genome (M. Atchison, unpublished). The gene family containing the
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P-450b, e, and PB-1 genes appears, therefore, to possibly contain 20 (or even more)
family members.

Cytochromes P-450c and P-450d (and mouse P,-450 and P,-450) are approximately
70% homologous to each other and thus are on the border of fitting the definition of
being members of the same subfamily (80% homology). However, they are clearly
encoded by members of the same family (50% homology) which is distinct from the P-
450b, P-450e, and PB-1 gene family since members of these 2 families show only 30%
homology. These data, therefore, define at least two multigene families within the
cytochrome P-450 superfamily of genes. Despite the exceptionally simple genomic blot-
ting pattern which indicates that the P,-450, P;-450 gene family contains few, if any,
additional cross-hybridizing members,%-®® other members of the gene family may exist
but not be detectable by the hybridization procedure which requires at least 70% nu-
cleic acid homology. Indeed, the familial relationship between P-450b,e, and PB-1
genes could only be recognized when the corresponding cDNAs were cloned by inde-
pendent procedures and their sequences compared.

Recently, Hardwick et al.*® have cloned the cDNA for P-450,cy and found that this
cDNA hybridizes to six to eight bands in the rat genome. This cDNA does not cross-
hybridize with the P-450b or e mRNAs* and recognizes a set of genomic restriction
fragments distinct from those recognized by P-450e cDNA. If the cDNAs encoding P-
450 PB-1 related proteins and P-450 PCN do not cross-hybridize, the number of P-450
genes so far recognized begins to approach 30. On the basis of the limited sequence
data obtained for adrenal microsomal steroid 21-hydroxylase,?*!-24* these do not belong
to the cytochrome P-450b, e or P-450c, d gene families. It is not unreasonable to
speculate that the total number of P-450 genes could easily exceed 50.

F. The Genetics of Cytochrome P-450: Structural, Functional, and Regulatory Poly-
morphisms and Chromosomal Localization of Cytochrome P-450 Genes
1. Coumarin Hydroxylase

Liver microsomes from certain inbred strains of mice have been shown to have
higher 2.5-1 to 10-fold) PB-induced coumarin hydroxylase activity than liver micro-
somes from other strains.??¢?*? Analysis of F1 progeny obtained from genetic crosses
between members of the various strains exhibiting high or low coumarin hydroxylase
activity suggested that there was a single autosomal locus residing on mouse chromo-
some 7 which contained the coumarin hydroxylase gene.?*” Additional crosses estab-
lished the location of this gene to a position very near the glucose phosphate isomerase
(Gpi-1) locus.*” Recently, Simmons and Kasper!** have used a cytochrome P-450b (or
e) cDNA clone to probe southern blots of DNA isolated from a number of mouse
strains exhibiting either high or low courmarin hydroxylase activity, as well as southern
blots of DNA isolated from crosses between these two classes of mouse strains. In each
case, certain restriction fragment length polymorphisms showed a 100% concordance
with the courmarin hydroxylase polymorphism, indicating that they were very closely
linked to the coumarin hydroxylase locus. The simplest explanation of the data was
that a deletion had occurred in the low responding strain relative to the high responding
mouse strain. Since, as discussed above, this locus has been mapped to mouse chro-
mosome 7,37 it suggested that at least one member of the P-450e-related multigene
family is encoded on mouse chromosome 7.

2. Debrisoquine Hydroxylase
Genetic differences in specific cytochrome P-450-mediated drug metabolizing activ-

* The hybridization was not, however, carried out at a sufficiently low stringency to reveal weak homolo-
gies if they existed.
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ities have also been observed in humans. While most individuals metabolize the anti-
hypertensive drug debrisoquine to 4-hydroxy debrisoquine, approximately 5 to 10% of
the Caucasian population is deficient in this activity.*¢-'2¢-*!> Based on large population
and family studies, these differences in enzymatic activity result from a polymorphism
in a single autosomal, recessive Mendelian gene.**-'2* The enzyme responsible for de-
brisoquine hydroxylation appears to be a form of cytochrome P-450 since the activity
is NADPH-dependent and is inhibited by carbon monoxide.* In addition, other sub-
strates for which there is in vivo evidence for association of their metabolism with the
debrisoquine hydroxylation polymorphism are good inhibitors of the reaction in vi-
tro.'s

The debrisoquine hydroxylase polymorphism has important implications in drug
therapy since homozygous recessive individuals are more sensitive to and experience
more serious side effects from certain pharmacologic agents due to their inability to
metabolize them. Recently, a constitutive form of rat cytochrome P-450 with debriso-
quine hydroxylase activity has been purified and partially characterized.'* While this
isozyme, designated P-450 UT-H, was found to represent approximately 6% of the
microsomal cytochrome P-450 present in Sprague-Dawley rats, it was present at less
than 5% of this level in female rats of the DA strain, which had previously been shown
to have greatly reduced debrisoquine hydroxylase activities. The defect in the DA strain
is likely to be in a regulatory locus since the low level of enzyme activity correlates with
a low level of the corresponding protein as detected by immunochemical methods.
Cytochrome P-450 UT-H was found not to be inducible by PB, BNF, PCN, isosafrole,
or Aroclor® 1254. Characterization of the rat debrisoquine hydroxylase isozyme and
its gene may lead to the ability to detect the mutant human allele by using restriction
site polymorphisms detectable on southern blots of DNA isolated from the blood of
patients. This could supersede the present method of detection of the polymorphism
which involves administration of low doses of the drug and monitoring the patients for
side effects.

3. 17a-Progesterone 21-Hydroxylase of the Adrenal Cortex

Genetic defects in specific cytochrome P-450 catalytic activities have been implicated
as the cause of hereditary deficiencies in cortisol biosynthesis by the adrenal gland (for
a review see Reference 154). While a deficiency in the mitochondrial cytochrome P-450
responsible for the side chain cleavage of cholesterol (P-450,..) has been implicated in
some cases of decreased cortisol biosynthesis,*®* a deficiency in the microsomal 17a-
progesterone-21 -hydroxylase is more commonly observed, occurring in 1 out of 5000
people.’** Family studies have established that this C,, hydroxylase deficiency is an
autosomal recessive trait closely linked to the HLA complex.* In confirmation of this,
the gene encoding the mouse P-450 C,, hydroxylase has been recently localized to a
position on chromosome 17 near the region encoding the MHC class 111 genes.?*** This
was accomplished by hybridization of cloned bovine P-450., cDNA?* to cosmid
clones containing DNA segments from the mouse MHC locus.

4. Rabbit LM3b

Strain differences in the catalytic activity of rabbit cytochrome P-450-3b have been
reported.** Microsomes isolated from most outbred NZW rabbits catalyze the hydrox-
ylation of progesterone at the 68 and 16« positions. However, microsomes from the
inbred rabbit strain IIIVO/J exhibit a greatly diminished 68 hydroxylase activity. Cy-
tochrome P-4503b isolated from NZW rabbits catalyzes the 64 and 16a-hydroxylation
of progesterone, whereas an equivalent preparation from IIIVO/J rabbits catalyzes
only the 16a-hydroxylation reaction and has a greatly diminished 68 hydroxylase activ-
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ity. Enzyme kinetic data for the enzyme isolated from NZW rabbits suggest that itis a
mixture of two very closely related subforms, only one of which catalyzes the 68 hy-
droxylation. Analysis of complete tryptic digests of the two purified protein prepara-
tions by reverse phase high pressure liquid chromatography revealed only one distin-
guishing peptide. Although genetic studies were not performed to establish definitively
that these differences result from allelic variation, the high degree of similarity of en-
zyme preparations from the two rabbit strains supports such an interpretation.

5. The Major Phenobarbital-Induced P-450s of Rat Liver

Polymorphisms have also been detected by Rampersaud and Walz'*? using two-di-
mensional isoelectric focusing-SDS polyacrylamide gel electrophoresis to separate cy-
tochrome P-450b and e isozymes from rat liver microsomes from four inbred and five
outbred rat strains/colonies as well as the F1 progeny from ten crosses. The results
obtained were consistent with there being two closely linked loci encoding cytochromes
P-450b and e with at least six alleles at the P-450b locus and at least two alleles at the
P-450e locus.

Presently, there are four cDNA3?-%1123.173 and two genomic’!** DNA sequences avail-
able which encode cytochrome P-450e* or highly related isozymes. None of these DNA
sequences are identical, although the number of differences observed between any two
sequences is very small and the encoded polypeptides remain over 99% homologous.
There are a total of 15 positions in the protein coding portion of each DNA sequence
in which 1 or more of the sequences has been found to differ, and 8 of the 15 changes
result in an amino acid replacement. One might imagine that each of these published
DNA sequences represents a distinct P-450 gene resulting from the existence of six P-
450e-related genes of remarkable homology. Alternatively, these differing sequences
may only reflect a high degree of polymorphism present in the P-450e gene locus.
Indeed, if polymorphism is the cause of the differing P-450e DNA sequences, it would
suggest that the number of P-450e alleles in the rat population greatly exceeds six since
none of the P-450e DNA sequences obtained thus far in various laboratories have been
found to be identical.

6. Chromosomal Localization of Cytochrome P-450 Genes

Since at least one cytochrome P-450 gene (i.e., the coumarin hydroxylase gene) is
located on mouse chromosome 7, it is of interest to know whether genes encoding other
P-450s lie on this chromosome as well. Little data is available on the chromosomal
location of cytochrome P-450 genes. Work from Nebert’s laboratory has established
that the Ah** regulatory gene resides on mouse chromosome 17,''* while the P,-450
and P,-450 structural genes have been localized to chromosome 9.*'* Thus, the regulatory
and structural genes of the Ah locus appear to reside on distinct chromosomes, and
the location of these genes differs from the one mapped by Simmons and Kasper'®*
and Wood and Taylor?**’ for a phenobarbital-inducible P-450 gene. As mentioned
above, the gene for one other P-450 isozyme, the mouse adrenal 17a-progesterone-21
hydroxylase, has been found to reside on mouse chromosome 17 near the MHC class
III genes.?*'* On the basis of numerous studies with other multigene families (for a

§ A gene is identified as a P-450e-like gene if it encodes at the ‘‘hypervariable’ regions the amino acid
sequence corresponding to that of P-450e.

** As discussed in greatdetail below, the inducibility of both P,-450 and P,-450 by polycyclic hydrocarbons
is regulated by the Ah gene which appears to encode a protein, the Ah receptor, which, when complexes
with an inducing ligand, can activate transcription of the Ah structural genes. In particular, C57BL/6
(i.e., B6) mice are responsive (inducible by 3-MC) to 3-MC, whereas DBA/2 (i.e., D2) mice are nonres-
ponsive. Inducibility in these strains is dominant and strictly correlates with the presence of the responsive
C57BL/6 allele. Even nonresponsive strains are inducible my more potent inducers such as TCDD.
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review see Reference 87), it is reasonable to propose that the Ah structural genes are
all clustered to mouse chromosome 9 and all of the P-450e-related genes are clustered
on chromosome 7. If this is the case, the close proximity of related P-450 genes to one
another may enhance gene conversion events between nonallelic genes. This could pro-
mote extensive polymorphism of allelic genes, as has been observed in the immuno-
globulin 2a and 2b genes.'®®* This may partially explain the high degree of apparent
polymorphism observed -at the P-450e and b loci. In this respect, it is interesting to
note?® that several of the polymorphic residues observed in the P-450e cDNA and gen-
omic DNa sequences are identical to the corresponding residues in the highly homolo-
gous cytochrome P-450b cDNA sequences (see Table 1) determined by Fujii-Kuriyama
et al.s!

G. Evolution of Cytochrome P-450

Genes which arise by duplication represent one of the most important raw materials
for evolution since one copy of the duplicated gene is free to diverge rapidly without
jeopardizing the ability of the organism to carry out the original function of the genes.
The process of unequal crossing over which generates gene duplications is clearly a
reversible one in the evolutionary time frame so that gene families may expand and
contract as evolution proceeds.?*? The ultimate size of a gene family within a species,
however, appears to reflect to a considerable extent the result of natural selection.
Some families, such as those encoding ribosomal RNAs, transfer RNAs, and histones,
are quite large since multiple gene copies offer the selective advantage of providing
high rates of synthesis of those cellular components which are required in unusually
large amounts (see Reference 87). Gene families which encode proteins are usually
much smaller,?” indicating that gene dosage doesn’t generally provide a sufficient evo-
lutionary advantage to perpetuate multiple genes. Rather, the establishment of gene
families with multiple members generally reflects some functional divergence of the
encoded proteins and/or the evolutionary advantage of having differential regulation
of expression of the family members. The properties of the -globin gene family ex-
emplify these principles since, in humans, for example, different -like genes are ex-
pressed in embryonic, fetal, and adult erythroid cell lineages, and these divergent -
polypeptide chains confer on the tetrameric hemoglobin different capacities to bind
and release oxygen.'?!

As previously noted, it appears that the cytochrome P-450 genes represent a rela-
tively large gene superfamily and that the family containing the genes encoding P-450b
and e and PB-1 may contain 20 or more members, at least 5 of which are certainly
functional. These expressed genes appear to be differentially regulated as well as to
encode enzymes with different catalytic activities. The expansion of at least this cyto-
chrome P-450 gene family has apparently been promoted by the evolutionary advan-
tages associated with sequence divergence of both structural and regulatory gene ele-
ments.

Estimates have been made for several forms of P-450 for their time of divergence
from a common ancestor. For example, cytochromes P-450b and P-450e have been
estimated to have diverged 8 million years ago and both have diverged from P-450d
approximately 380 million years ago.®® Since rabbits and rats diverged approximately
60 million years ago,*® both would be expected to have P-450s equivalent to members
in the P-450b and P-450d gene families. However, since the P-450b and P-450e genes
diverged only 8 million years ago, it would not be unexpected if rabbits did not have
isozymes equivalent to both rat P-450b and P-450e. Rabbit P-450 LM2 is 76% homol-
ogous to rat P-450b and these may represent evolutionarily orthologous genes, al-
though the high degree of dishomology between them makes it difficult to determine
whether LM2 is equivalent to P-450b or to P-450e. The 30% divergence of rat P-450c
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and P-450d suggests that these two proteins diverged more than 60 million years ago,
the time when rats and rabbits diverged from a common ancestor. This is consistent
with the fact that rabbits have P-450s equivalent to both rat P-450c and P-450d (LM6
and LM4, respectively).

Leighton et al.’** have proposed that the three rabbit cDNA clones they isolated
corresponded to genes which are the products of three gene duplication events. The
first duplication, leading to a contemporary sequence divergence of approximately 40
to 45%, separated LM2 from the common ancestor of these genes about 140 million
years ago. A second duplication separated clone ¢3 from clone c2 (approximately 23%
divergence) about 85 million years ago, while a third duplication separated cl and c2
(approximately 12% divergence) about 30 million years ago. It should be stressed,
however, that all of the estimates discussed above assume a constant substitution rate
throughout evolution and do not take into consideration the mechanisms of concerted
evolution and segmented gene conversion which may cause the actual evolutionary
divergence times to differ substantially from the estimated times. This is especially true
for the rat P-450b and P-450e gene duplication where the extensive regions of sequence
identity and small regions of high divergence appear to have arisen by these mecha-
nisms.

111. REGULATION OF EXPRESSION OF CYTOCHROME P-450 GENES

Studies on the regulation of cytochrome P-450 gene expression fall into four distinct
categories. The major category, of course, deals with induction of specific forms of
cytochrome P-450 by specific chemical agents. Not only does the induction phenome-
non have profound pharmacological consequences (reviewed in Reference 28), but it
has been relatively easy to document and quantify, initially by pharmacological studies
on drug metabolism and subsequently by measurements of specific monooxygenase
catalytic activities in tissue microsome fractions. More recently this has been achieved
by immunochemical measurements using monospecific antibodies against individual
purified cytochromes P-450 to quantitate apoprotein levels as well as their rates of
synthesis. The isolation of cDNA and genomic clones for specific forms of P-450 has
recently permitted the analysis of the induction phenomenon at the gene level. As will
be documented below, in general, increased levels of isozymes result from increased
rates of de novo synthesis of the P-450 apoprotein which can be accounted for by
accumulation of the corresponding mRNA within the induced cell. In the two cases
where it has been studied, it is now clear that the latter is primarily a consequence of
transcriptional activation of the corresponding genes. In these cases, at least, it is ap-
parent that ultimate analysis of the molecular mechanism of cytochrome P-450 induc-
tion will require the identification and characterization of interactions between regu-
latory proteins, small molecule allosteric effectors, and specific genomic DNA
segments or chromatin domains which mediate the induction process.

A phenomenon which is somewhat related to cytochrome P-450 induction by xeno-
biotics is the regulation of specific isozyme levels by endogenous effectors. The secre-
tion of growth hormone by the pituitary appears to play a major role in determining
the sex differences in specific microsomal steroid hydroxylase activities of rat micro-
somes (for review see Reference 71; see below). Similarly, ACTH and FSH appear to
regulate the levels of cytochrome P-450 isozymes involved in steroid biosynthesis by
the adrenal cortex (for reviews see References 195 and 224) and ovarian granulosa
cells.s*

A third important category of cytochrome P-450 gene regulatory phenomena relates
to the tissue-specific expression of specific cytochrome P-450 isozymes. This too may
have some important pharmacological consequences, for example, in determining the
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susceptibility of different organs such as the lung and prostate to toxicity and carcin-
ogenesis induced by polycyclic aromatic hydrocarbons.” From a more basic perspec-
tive, the existence of families of related genes, the members of which show character-
istic tissue specificities of expression, may provide excellent model systems for
identifying and characterizing macromolecular elements responsible for these specific-
ities,

The fourth regulatory mechanism which operates in the P-450 system is the devel-
opmental regulation of levels of specific P-450 enzymes. For example, in rats, the PB-
induced isozymes begin to be synthesized postnatally.!** In mouse embryos, only P;-
450 is substantially induced by 3-MC and other polycyclic hydrocarbons, whereas after
birth P;-450 is also induced.'*® A most interesting developmental system is the appear-
ance of androgen hydroxylating activities in the liver of male rats after puberty (c.f.
reviewed in Reference 71) which can be attributed to the isozyme P-450 2c.?**:**® As
will be described in detail below, this developmental program requires the presence of
androgen early in the neonatal period which appears to act by programming the
changes in hypothalamic regulation of growth hormone secretion by the pituitary
which occur after puberty (reviewed in References 67 and 71).

The application of recombinant DNA techniques is likely to contribute very substan-
tively to the analysis of the molecular bases for these regulatory phenomena. Firstly,
the availability of hybridization probes to measure mRNA levels and transcription
rates should clarify the level at which regulation is effected, providing very accurate
direct measurements of the changes in levels of gene expression. These probes will also
permit analysis of changes in chromatin structure®”® or DNA methylation®¢ which may
be associated with the activation or inactivation of specific cytochrome P-450 genes.
In addition, the introduction of natural or modified cloned cytochrome P-450 genes
into cultured cells or transgenic mice may identify DNA sequences important in induc-
tion, tissue specificity, or developmental regulation of gene expression. Such sequences
may be, for example, transcriptional enhancer elements which can activate transcrip-
tion from adjacent promoters only in certain cell types'©-57:181.233 or at certain stages of
development. Ultimately, rigorous analysis of the molecular details of the induction
mechanism will require the development of cell-free systems capable of initiating tran-

scription of specific genes and responding to the presence of physiological regulatory
molecules.

A. Mechanism of Induction of Cytochrome P-450
1. Protein and Enzymological Studies

It is not our purpose in this section to provide comprehensive documentation of the
nearly innumerable studies in which specific xenobiotics or pharmacological agents
have been shown to enhance specific microsomal monooxygenase activities or even the
levels of specific forms of P-450 measured by immunochemical methods (for reviews
see References 27, 28, and 145). Rather we will concentrate on those examples which
provide insights into aspects of the induction mechanism and, in particular, with those
in which information is available on molecular biological features of the induction
process.

Initially, inducers of drug metabolism were divided into two classes, phenobarbital
type or 3-MC type, based on the enzymatic activities?’” and spectral properties of he-
patic microsomes after treatment of rats with these xenobiotics. Clearly the PB-type
inducers correspond to those which induce high levels of P-450b and e in rats (or the
forms with equivalent activities in other species), whereas the 3-MC-type inducers lead
to high levels of activity associated with P-450¢ and d or their equivalents in other
species. Recently, however, it was found that certain polychlorinated biphenyls have
both 3-MC-type and PB-type inducing properties'®**” and induce cytochromes P-
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Table 2
MICROSOMAL LEVELS OF EIGHT DISTINCT LIVER
P-450 ISOZYMES AFTER TREATMENT OF RATS
WITH VARIOUS INDUCERS

Treatment

Form of
P-450 None PB BNF PCN ISF Aroclor® 254

2c 1.20 0.49 0.33 0.33 0.33 0.27
P-450,cx 0.39 1.06 0.33 1.32 0.48 0.77
PB-1 0.36 0.69 0.26 0.31 0.34 0.36
P-450a 0.15 0.10 0.12 0.08 0.11 0.15
P-450b 0.03 1.27 0.04 0.10 0.12 1.29
P-450¢ 0.07 0.92 0.04 0.09 0.18 1.46
P-450c 0.04 0.04 1.41 0.06 0.13 1.45
P-450d 0.03 0.03 0.57 0.03 0.97 1.23

Legend to Table 2: These data are taken from the work of Guengerich and
associates.** The nomenclature used is consistent with what we have used
throughout this review rather than that used by these investigators, which is
perhaps more rational since their name for each isozyme includes the abbre-
viation of its major inducers. In this regard, it should be noted that P-4502¢
= UT-A; P-450,cy = PB/PCN-E; PB-1 = PB-C; P-450a = UT-F; P-450b =
PB-B; P-450e = PB-D; P-450c = SNF-B; P-450d = SNF/ISF-G. The data,
expressed as nanomole of each protein per milligram of total microsomal
protein, were obtained for microsomes of adult male rats by densitometry of
peroxidase-stained immunoblots employing each purified protein to generate
a standard curve for that isozyme. Errors in the estimation of the concentra-
tion of each purified protein do not affect the accuracy of the determination
of the relative levels of each isozyme in the different microsome samples, but
would affect the estimation of the absolute levels of each isozyme in any one
sample and hence the relative levels of two different isozymes.

450a,b,c,d, and e.!”* Finally, PCN and related natural and synthetic corticosteroids
appear to belong to a completely different class of inducer which induces a unique
profile of microsomal drug oxidizing activities*® and a single unique form of P-450,
P-450,cx.45:62-2%222 1t js now clear that many structurally diverse compounds can induce
the same form of cytochrome P-450. Thus, phenobarbital, a-chlordane, SKF-525A,
trans-stilbene oxide,2°*** and several halogenated biphenyls*®!¢®-!’® induce cyto-
chromes P-450b and e. P-450,cy is not only induced by corticosteroids, but also to
some extent by phenobarbital, isosafrole, SKF-525A, Aroclor® and trans-stilbene ox-
ide.®?222 The compounds which induce a single form of P-450 appear to be as structur-
ally diverse as its potential substrates. Although it is conceivable that a single receptor
protein could interact with these diverse inducers to mediate the activation of specific
P-450 genes, it has been proposed that the induction phenomenon could actually result
from interaction of these compounds with constitutive P-450 isozymes.'*®* According
to this view, inducers of P-450 are poor substrates of the constitutive P-450 enzymes
which uncouple the monooxygenation reaction and lead to the accumulation of acti-
vated molecular oxygen which represents the true inducer. This model can only account
for the differential induction of specific forms of P-450 by postulating that there are
distinct populations of hepatocytes with different complements of constitutive P-450s
which interact with the inducers to mediate the induction process.

The data in Table 2 taken from the work of Guengerich and associates®? indicate the
levels of eight distinct forms of rat liver cytochrome P-450 after treatment of rats with
various inducing agents. Similar data for 4 of these forms, with P-450b and P-450e not
being distinguished, after treatment with 12 structurally diverse inducers, have been
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obtained by a different immunochemical procedure.*'® The noteworthy points of these
data are

1.

In untreated male animals, P-4502c, PB-1 and P-450,cy account for a very large
fraction (75 to 85%) of the total microsomal P-450. In this work, P-450 2¢ was
found to be present at a three times higher concentration than in a subsequent
paper,* where the three major constitutive isozymes were reported to be present
at approximately equal levels. It should be noted that the high basal level of P-
450,cv which can only be increased threefold by administration of PCN is char-
acteristic of male rats (see below).

The level of P-4502¢ is decreased severalfold by all treatments. Even larger de-
creases (greater than tenfold) were observed when animals were treated with sev-
eral polybrominated biphenyls which are exceptionally potent inducers of both
P-450c and P-450d.%° This may not be a true genetic regulatory phenomenon, but
may, in fact, represent a competition for available heme and may parallel the
reduction in the magnitude of P-450b and e induction by PB which results from
simultaneous administration of 3-MC.3°

P-450,cy is induced marginally by isosafrole and approximately 2-fold, 2.5-fold,
and 3-fold by Aroclor® 1254, PB, and PCN, respectively. The maximal induced
level is comparable to the levels attained by other inducible P-450s after treatment
with their optimal inducer. Studies with female rats, however, have revealed that
control levels of P-450,¢cy are very low (<3% of total P-450) and are increased by
factors of approximately 13, 20, and 30 after treatment with PB, PCN, and dex-
amethasone, respectively.®® A systematic comparison of the levels of this P-450
in adult male and female rats confirms that basal levels are much lower in fe-
males, whereas induced levels are comparable in both sexes.®' From a mechanistic
point of view, it is worth noting that PCN and other steroidal inducers appear to
act by a process which is distinct from that which involves interaction of these
hormones with the classical glucocorticoid receptor.®*-!** Thus, the dose of dexa-
methasone required for P-450,cy induction was at least ten times higher than that
required for maximal induction of tyrosine aminotransferase. Secondly, PCN
actually suppresses the levels of the latter corticosteroid inducible enzyme. Fi-
nally, other well-established glucocorticoids such as hydrocortisone and cortisone
do not induce P-450,¢cy.

The level of PB-1 increases twofold after PB treatment, but is unaffected by other
inducing agents, including Aroclor® 1254, which do induce the major PB-indu-
cible forms.

The levels of P-450a are not substantially affected by any of the inducers. On the
other hand, measurements of this P-450 in microsomes of immature and adult
female and male rats treated with PB or 3-MC indicate that it is induced in im-
mature male rats and immature as well as adult female rats approximately four-
fold by 3-MC and slightly less by PB.?** In mature males, 3-MC leads to a very
slight induction and PB does not induce at all.

P-450b and e are induced only by phenobarbital and Aroclor® 1254, with both
isozymes being present at comparable levels. Although in this work, the ratio of
P-450b/P-450e was 1.4, in subsequent work it was 0.8.3° The low levels of these
proteins in livers of uninduced animals and in animals treated with weak induc-
ers*® make it difficult to decide if their levels are coordinately regulated. On the
other hand, somewhat qualitative data obtained for the induction of these P-450s
by isosaffrole, SKF-525A, Aroclor,® a-chlordane, and transstilbene oxide
which gave levels of P-450b and P-450e which varied over a threefold range sug-
gested that the levels of these proteins are indeed coordinately regulated.?*?
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7.  P-450c is strongly induced only by BNF and Aroclor® 1254 and more weakly by

isosafrole. On the other hand, P-450d is induced markedly by BNF and to 1.5-
fold and 2-fold higher levels by Aroclor® 1254 and isosafrole, respectively.
These and subsequent data from the same laboratory®® as well as those of
others®'® with a wider variety of inducers indicate that although there is a signif-
icant correlation between levels of these two P-450s, they are clearly not coordi-
nately regulated. The correlation in levels of these two proteins presumably re-
flects the fact that they are encoded by somewhat closely related genes. The lack
of coordinate regulation would then reflect some evolutionary divergence of the
genetic segments which regulate these genes. A similar correlation was obtained
for the levels of PB-1, P-450b, P-450e, and P-450,cx.>° As previously noted, our
DNA sequence data clearly show that the PB-1 gene is in the same gene family as
P-450b and P-450e genes which might account for the correlation between the
levels of these isozymes. It is tempting to speculate that P-450,c4 will turn out to
be much more closely related to P-450b and e and PB-1 than to P-450c and d.

2. mRNA Accumulation and Transcriptional Activation of Specific Cytochrome P-450
Genes
a. Genes Inducible with Phenobarbital

Early studies on the mechanism of induction of cytochrome P-450 using inhibitors
of RNA and protein synthesis indicated that enzyme induction required both de novo
protein synthesis and gene transcription.**-**¢ Metabolic labeling studies. and immuno-
precipitation with specific antibodies demonstrated that the large increase in the cyto-
chrome P-450 after PB treatment resulted, at least in part, from an increase in the rate
of synthesis of the apoprotein.’* Soon thereafter it was shown that administration of
PB led to a marked increase in hepatic levels of mRNA encoding PB-inducible cyto-
chrome P-450(s) as monitored by in vitro translation and immunoprecipitation of the
cell free products by specific antibodies.!-*437-112 The substantial differences in P-450b
mRNA levels in induced and untreated rats permitted the isolation of a specific cDNA
probe which was used to measure physical (and not functional) levels of the mRNA
and also permitted the identification of specific cDNA clones by a differential colony
hybridization procedure.!**-5°-17* Using cloned cDNA probes to measure the sum of P-
450b and e mRNAs, enhanced levels were detectable within 3 hr after PB treatement
and peaked at approximately 16 hr, resulting in a 25-to 100-fold increase (to a level
corresponding to approximately 1% of the total liver poly A* mRNA) as compared to
the levels in untreated animals,!-*'*

It should be noted that to date the relative levels of the two closely related P-450b
and P-450e mRNAs have not been measured directly, although we have been able to
show that the levels of the two mRNAs are not very different using synthetic oligonu-
cleotides containing the ‘‘hypervariable region’’ sequences downstream from the con-
served tridecapeptide as discriminating hybridization probes (unpublished observa-
tions). Furthermore, of 17 cDNA clones obtained by screening a cDNA library with a
previously isolated P-450e cDNA, 10 were shown to be P-450b clones and the rest were
P-450e clones (T. Friedberg, unpublished). This suggests that the corresponding
mRNASs are present in a ratio of approximately 1.5/1 after PB administration.

The demonstration that high molecular weight (4.8 Kb) poly A* nuclear RNA (i.e.,
putative mRNA precursors) isolated from livers of PB-treated, but not control rats,
hybridized to a P-450b (or €) cDNA clone suggested that the increase in P-450b and ¢
mRNA was due to transcriptional activation of the P-450b and ¢ genes.*® Direct con-

* The fourfold increase in mRNA hybridizable to a P-450b ¢cDNA clone originally reported by Fujii-
Kuriyama et al.’? probably results from a high basal level of these mRNAs in the animals studied.
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firmation of this conclusion was obtained by hybridization of in vitro labeled nascent
nuclear transcripts® to a vast excess of immobilized cloned P-450 cDNA. Increased
transcription from these genes was found to be detectable within 30 min after PB
treatment of rats, peaked at approximately 4 hr, declined to about 50% of this level
after 16 to 24 hr, and returned to control levels after 38 hr.2*! This increase in the rate
of transcription after induction has been estimated to be approximately 25- to 50-
fold.2*! In addition, the transcription rate across the entire P-450e gene has been meas-
ured and proceeds in an equimolar fashion along the gene, with transcription termi-
nating or decreasing markedly approximately 1.2 Kb downstream from the poly A
addition signal (E. Rivkin and M. Adesnik, in preparation. The transcription rate of
the P-450b and e genes is between 100 and 200 ppm/Kb of DNA which is nearly the
same as that of the albumin gene whose mRNA product represents about 10% of rat
liver mRNA.?** It can therefore be concluded that the dramatic increase of cyto-
chromes P-450b and e observed after PB treatment appears to be largely due to tran-
scriptional activation of the corresponding genes.

Transcriptional studies on the NADPH cytochrome P-450 oxidoreductase and epox-
ide hydratase genes, both of which are also activated by PB treatment, have provided
evidence for differential regulation of these two genes as compared to the genes for

* cytochrome P-450b and e.** Similar to the P-450b and e genes, increased transcription

from the reductase and epoxide hydratase genes is detectable within an hour after PB
treatment. However, while the transcription rate from the P-450b and e genes peaks at
4 hr and then slowly declines, the transcription rates from the reductase and epoxide
hydratase genes peak at 1 hr and then decline rapidly.

b. Genes Inducible with Polycyclic Hydrocarbons

Studies in several laboratories have indicated that administration of 3-MC to rats
leads to a large increase in translatable mRNAs encoding the 3-MC-induced cyto-
chromes P-450.21.112.137.174 Qyr translation studies demonstrated marked increases in
the levels of 2 mRNAs, approximately 2 and 3 Kb in length, which encoded P-450d
and P-450c, respectively.!?” Using a cDNA transcript of highly purified P-450c mRNA
isolated from immunoprecipitated polysomes, it was found that there is greater than a
100-fold increase in P-450c mRNA after 3-MC injection with the maximal level at-
tained at 15 hr.?* Hybridization studies with a cloned P-450d ¢cDNA probe® indicated
a marked increase after 3-MC treatment of a single mRNA species with the same elec-
trophoretic mobility as that of P-450b, e mRNAs (~2 Kb). More recently, Fagan and
associates*’” have demonstrated that after 3-MC treatment there is greater than a 100-
fold increase in the levels of both P-450c and P-450d mRNAs, 2.9 and 2.0 Kb in length,
respectively. The levels of the two mRNAs were comparable, although the P-450c
mRNA increased more rapidly, reaching half maximum at 4 hr after drug administra-
tion, whereas the P-450d mRNA reached half maximum at 12 hr and peaked at 24 hr.
The finding that the P-450d mRNA level dropped by approximately 70% within 24 hr
after attaining the maximal level, whereas the P-450c mRNA only dropped marginally,
reflects an important difference in the regulation of these two mRNAs which can only
be definitively interpreted after the kinetics of transcriptional activation for the two
genes are determined.

Extensive studies have been carried out, primarily by Nebert and associates, on the
molecular mechanisms responsible for the increased synthesis of specific forms of cy-
tochrome P-450 after treatment of mice with polycyclic hydrocarbons. Induction by 3-
MC of mouse cytochrome P,-450 mRNA was first demonstrated by in vitro translation
of mRNA isolated from drug-treated and control responsive (B6) and nonresponsive
(D2) mice, followed by immunoprecipitation of the translation products with anti-P,-
450 antisera.'s? Northern blotting and solution hybridization kinetic experiments using
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a 3’ untranslated P,-450 cDNA probe (clone 46) to the P,-450 mRNA demonstrated
the existence of a 23s mRNA, highly inducible with 3-MC (greater than 100-fold), the
levels of which strikingly correlated with that of induced aryl hydrocarbon hydroxylase
in both responsive and non responsive mice after treatment with various inducers.?!6-2
Using a DNA probe derived from the 5’ portion of the P,-450 gene, it was shown that
both a 23s and 20s mRNA accumulate after 3-MC induction (Figure 6). THe 23s
mRNA is the same one recognized by clone 46 ¢cDNA, whereas the 20s mRNA was
identified as P,-450 mRNA* on the basis of the observation that it was induced to the
same extent by both isosafrole and TCDD in both B6 (3-MC responsive) and D2 (3-
MC nonresponsive) mice.®® This is in accord with the defining feature of P,-450, i.e.,
it is an isozyme induced equally by isosafrole in the different mouse strains. The 23s
mRNA, on the other hand, is only marginally induced by isosaffrole.®® One very strik-
ing observation was that the dose response curves for accumulation of the 23s and 20s
mRNAs as a function of 3-MC doses were very different, with the 20s mRNA being
induced at much lower levels of drug.®® This finding emphasizes the fact that these two
mRNAs are not coordinately regulated despite the fact that their induction by 3-MC is
mediated by the product of the same regulatory gene.

The first suggestive evidence that enhanced transcription was the main factor re-
sponsible for increased P,-450 mRNA levels after induction was the observation in liver
of induced mice of a high molecular weight RNA band which hybridized with cDNA
clone 46, but was absent from cytoplasmic poly A* mRNA.?'®* This large mRNA was
concluded to represent a nuclear precursor to P,-450 mRNA. 3'® Increased transcription
of the P,-450 gene after 3-MC or TCDD treatment has recently been directly demon-
strated with whole animals®* as well as cultured cells.?® Thus, the transcription rate of
the P,-450 gene was measured using in vitro labeled nascent nuclear transcripts and
found to be induced approximately 20-fold after 3-MC treatment of responsive B6
mice (Figure 8), while no increase was observed in nonresponsive D2 mice. As ex-
pected, the transcription rate did increase (four- to sixfold) in D2 mice after treatment
with TCDD.

The availability of clones pP;-450-21 and pP,-450-57, each of which hybridizes pri-
marily to distinct polycyclic hydrocarbon-induced, Ah-regulated mRNAs encoding P;-
450 and P,-450, respectively, permitted a direct comparison®! of the rates of transcrip-
tion of the two corresponding genes to the accumulated levels of the corresponding
mRNAs (Figure 8). The transcription rate plateau for the P,-450 gene was 1.5 to 2
times higher than that for the P;-450 gene, although it took somewhat longer to reach
the plateau. On the other hand, the maximal P,-450 mRNA level was four to five times
higher than that of P,-450 mRNA. Furthermore, the uninduced level of P;-450 mRNA
is slightly greater than the induced level of P,-450 mRNA, yet the transcription in
induced liver of the P,-450 gene is much higher (eight- to tenfold) than that of the P,-
450 gene in untreated animals. One can conclude, therefore, that disproportionately
high levels of P;-450 mRNA as compared to P,-450 mRNA result from post-transcrip-
tional regulatory factors such as either a higher cytoplasmic stability of P;-450 mRNA,
a more efficient processing of its hnRNA precursors, or more efficient nucleocyto-
plasmic transfer of the mature mRNA. In this regard, the kinetics of accumulation of
P,-450 mRNA after 3-MC treatment were also determined and the level of this mRNA
was shown to reach a maximum at approximately the same time that the transcription
rate reached a maximal constant level indicating that the P,-450 mRNA has a relatively
short half-life.

Although the transcriptional activation of the P,-450 gene after administration of 3-
MC to mice was somewhat delayed as compared to more rapid transcriptional activa-

® Given the likelihood that P,-450 represents a D2-specific polymorphic variant of P,-450 of B6 mice,**'*
the 20s band in B6 mice corresponds, in fact, to P,-450 mRNA.
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FIGURE 8. Transcriptional activation of the mouse P,-450 and P,-450 genes and ac-
cumulation of the corresponding messenger RNAs after 3-methylcholanthrene treat-
ment. (A) Nuclei isolated from the livers of responsive (B6) and nonresponsive (D2)
mice treated with 3-MC for various lengths of time were incubated in vitro with 2P-
UTP to label nascent transcripts. The in vitro synthesized RNA was hybridized to a
vast excess of immobilized recombinant plasmids containing P,-450 (plasmid pP,-450-
57) and P,-450 (pP-450-21) cDNA inserts of approximately equal size (1700 to 1750 bp).
The background of this hybridization assay, approximately 5 to 15 ppm, measured by
incubation of each RNA sample with vector DNA lacking an insert, does not affect the
accuracy of the measurement of induced transcription rates, but in some cases does
generate a significant uncertainty in the measurement of the basal transcription rate.
Despite the region of very strong sequence homology (~500 bp) within the P,-450 and
P,-450 mRNAs, hybridization to pP,-450-57 essentially measures only P,-450 mRNA
since the cDNA is missing approximately IJZ)oo bp from the §' portion of the mRNA
sequence which contains this homologous segment and RNAse treatment of the DNA-
RNA hybrids ensures that other regions of weak homology do not contribute signifi-
cantly to the hybridization signal. On the other hand, although the P;-450 cDNA clone
does presumably contain a larger portion of the region of strong homology between the
two mRNAs, the cross-hybridization of P,-450 transcripts represents perhaps 10 to 20%
of the hybridization to the P,-450 ¢cDNA. Data are from Reference 61. (B) Poly (A)*
mRNA from livers of B6 and D2 mice sacrificed after various times of treatment with
3-MC was fragmented by alkaline hydrolysis and uniformly labeled with **P using po-
lynucleotide kinase and *?P-ATP as substrate. The mRNA samples were hybridized to
the cloned P,-450 and P,-450 cDNAs as described in (A). Data are from Reference 61.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 19, Issue 3 279

LEVEL OF mRNA (percent hybridized)

0 ) 16 24

HOURS AFTER 3-METHYLCHOLANTHRENE
TREATMENT
FIGURE 8B.

tion of the P;-450 gene by 3-MC or the genes encoding the PB induced isozymes,**!
treatment of cultured hepatoma cells with TCDD, led, within 30 min, to a 20-fold
increase in the rate of transcription of RNA which hybridizes to the P,-450 cDNA clone
46 to a rate which persists for at least 18 hr in the presence ot TCDD.* No increase in
transcription was observed in TCDD-treated variant cells which are benzo(a)pyrene
resistant and have a defective Ah receptor which after complexing with inducer binds
only weakly to the nucleus (see below). The increased transcription rate appears to be
a primary response to inducer since it is so rapid and is not blocked by inhibition of
protein synthesis by cycloheximide. It is noteworthy that the rapidity of induction is
similar to that observed with steroid hormone activation of transcription of the mam-
mary tumor virus genome, where evidence is beginning to accumulate for discrete se-
quences within or adjacent to the gene to which the hormone-receptor complex binds.*

c. Induction with PCN

The rat cytochrome P450.cy gene has not been studied at the transcriptional level,
although increases in this isozyme after PCN treatment are also likely to be largely due
to transcriptional activation of the corresponding gene. Firstly, after PCN treatment
of female rats, an increase in in vitro translatable P450,cy mRNA has been observed.**
Subsequently, studies using cloned P450,cx cDNA as a hybridization probe have dem-
onstrated a sevenfold increase in specific mRNA after PCN treatment of male rats.*®
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This increase is detectable within 3 hr after PCN treatment, with mRNA levels reaching
a peak at 12 hr and remaining elevated for at least 24 hr. Phenobarbital treatment leads
to a fourfold increase in the P-450,cy mRNA levels which is not unexpected given the
substantial increase in this protein which occurs after PB treatment of male rats.®?
Presumably a greater relative increase in mRNA levels would be obtained with female
rats which have a lower basal level of this P-450 and show a 14-fold induction of P-
4505cx by PB.* PCN treatment leads to only a marginal increase of P-450b and e
mRNA as expected from the observation that levels of P-450b and e are not signifi-
cantly affected by PCN treatment.?'® The peak level of P-450,cy mRNA corresponds
to approximately 0.7% of total mRNa which is comparable to the level of P450b and
e mRNAs which accumulate after PB treatment.®®

3. The Ah receptor: Molecular Interactions in the Transcriptional Activation of Cyto-
chrome P-450 Genes

Although convincing data for the involvement of transcriptional activation of cyto-
chrome P-450 genes have been obtained for the regulation of both the phenobarbital
and 3-MC induced forms of cytochrome P-450, only in the latter case has it been
possible to characterize, albeit in an indirect manner, at least one trans-acting regula-
tory gene and its encoded protein product. This success results primarily from the
existence of mutant mice which are defective in the induction by 3-methylcholanthrene.
This genetic system and its biochemical correlates are described extensively in several
recent reviews.**-'4°* In this section, we will briefly summarize the salient features of
this genetic regulatory system, especially the results obtained in the last 2 years, and
critically evaluate the model proposed for the regulation of specific P-450 genes which
are activated by polycyclic hydrocarbons.

a. Genetic Differences in Inducibility of Cytochrome P-450 by 3-MC

It was reported nearly 15 years ago'*-'*¢ that the induction of arylhydrocarbon
(benzo{ alpyrene) hydroxylase activity by treatment with 3-methylcholanthrene (3-MC)
is defective in certain inbred strains of mice which differ from other responsive strains
at what has been designated the Ah (aromatic hydrocarbon) genetic locus. Most wild
mice and inbred strains such as the prototype strain CS7BL/6 (B6, genotype Ah®/Ah*)
show a substantial (fivefold) induction in liver benzo[a]pyrene hydroxylase activity
after injection of 3-MC, whereas the nonresponsive strains such as DBA/2 (D2, geno-
type Ah?/Ah?) show a sevenfold lower AHH level which is not significantly affected
by 3-MC treatment).!4®

Originally a single form of cytochrome P-450 designated P,-450, which is responsible
for the inducible arylhydrocarbon hydroxylase activity in responsive animals, was
shown to be associated with the Ah locus.*? Cytochrome P,-450 cannot be detected in
livers of control responsive mice,**° and quantitative hybridization experiments?*¢ using
cloned P;-450 cDNa (clone 46) as a probe indicate approximately a 200-fold increase
in P,-450 mRNA after treatment of responsive mice with potent inducers like TCDD,
3-MC and benzo[a)anthracene. Although, inexplicably, nonresponsive mice contain
higher basal levels of P,-450 mRNA than do responsive mice, maximal doses of 3-MC
only lead to a 4-fold increase in P,-450 mRNA to a level which is perhaps 25-fold lower
than the induced level in responsive animals.?'® D2 nonresponsive mice are clearly not
defective in the structural gene for cytochrome P,-450 since they can be induced to
nearly maximal levels by doses of TCDD which are 12 to 18 times higher than those
required to induce B6 mice.'’%!?® It should be noted that TCDD is the most potent
known inducer of AHH, being effective at doses which are 30,000-fold lower than the
paradigmatic inducer, 3-MC.'7*
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The Ah*/Ah“ heterozygote is inducible for AHH by 3-MC indicating that inducibil-
ity is inherited as an autosomal dominant trait.'**2°” This finding suggests that the Ah*
allele encodes a positive trans-acting regulatory element which is required for AHH
inducibility. The genetics of arylhydrocarbon responsiveness is, however, more com-
plicated than this (reviewed in Reference 149). Other nonresponsive (AKR/N and
AKR/J) as well as responsive strains (C57BL/6J) are known. The FI heterozygote
(C57BL/6J)AKR/N) is Ah nonresponsive, whereas the F1 derived from either B6
strain (C57BL/6N or CS7BL/6J) crossed with AKR/J and from either AKR strain
crossed with C57BL/6J is Ah responsive. Even more complicated is the fact that
among the F2 progeny when certain nonresponsive strains are the progenitors, some
mice are responsive.'®® Furthermore, in crosses between the responsive C3H/HeJ and
nonresponsive DBA/2J mice AHH inducibility is inherited as an additive trait.?°® It
has been proposed that AHH induction must involve at least two independent loci with
at least three alleles each.!®®

As previously discussed, more recent studies have indicated that in addition to cy-
tochrome P,-450, the protein responsible for most of the AHH activity in microsomes
from polycyclic hydrocarbon-induced mice, a second distinct form of cytochrome P-
450, P,-450, is induced by these agents and its induction also appears to be governed
by the Ah locus. Firstly, induction by 3-MC doesn’t occur in D2 mice, but does occur
in B6 mice and in the Ah®/Ah* heterozygotes.'*® This was originally demonstrated in
measurements which involved quantitative immunoprecipitation of the radioactive in
vitro labeled apoprotein.!*' More recently, the correlation of expression of the P,-450
structural gene with the Ah regulatory locus was confirmed in experiments which meas-
ured P;-450 mRNA levels or gene transcription by hybridization to cloned P;-450
cDNA.-217 P,.450 and not P,-450 appears to represent the major polycyclic hydrocar-
bon-induced isozyme of mice since anti-P;-450 precipitates four to ten times more ra-
dioactivity from in vitro labeled microsomes than does anti-P,-450.'%® Similarly, as
previously noted, after TCDD administration, P,-450 mRNA reaches levels four to
five times that of P,-450 mRNA.*?

b. The Ah Receptor Protein

Considerable evidence has accumulated to support the notion that the Ah regulatory
gene encodes a receptor protein with similar properties to the steroid hormone recep-
tors, which, upon binding an inducing ligand, can activate expression of specific struc-
tural genes. The classical formulation of this model includes the ligand-induced trans-
location of receptor molecules from the cytoplasm to the nucleus where the ligand-
receptor complex has its effect.

The receptor model was first proposed on the basis of the early finding that both
responsive and nonresponsive mouse strains (not inducible by 3-MC) could be induced
by extremely potent inducers such as TCDD.'’*!"® This indicated that both types of
strains do have the structural and regulatory genes required for arylhydrocarbon hy-
droxylase induction. The notion that TCDD and 3-MC participate in a common induc-
ing mechanism came from the observations that the two agents produce parallel log-
dose response curves for induction and evoke the same maximal response which is the
same even if maximally inducing doses of both drugs are administered simulta-
neously.!”* It was proposed that the defect in 3-MC nonresponsive mice, which is re-
flected by their inability to respond to less potent inducers, results from the diminished
binding affinity of a site to which inducer binds to mediate the induction process. The
fact that nonresponsive strains require 14 to 18 times more TCDD for maximal induc-
tion than does the B6 responsive strain and that the B6/D2 F1 heterozygote responsive
mice had a sensitivity to TCDD intermediate to those of the responsive and nonrespon-
sive parental strains'’® supported this proposal.
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The first direct demonstration of the existence of a cellular receptor protein which
binds highly radioactive *H-TCDD was obtained by Poland et al.,'”” using a charcoal-
dextran suspension to remove ligand which was not complexed to the putative receptor.
As in most receptor-ligand binding assays, specific binding of ligand was determined
by subtracting the nonspecific binding which occurs in the presence of a large (200-
fold) excess of nonradioactive ligand. In the first experiments, *H-TCDD was added
to total liver homogenate, with 16% of the label partitioning into the cytosolic frac-
tion. The amount of label bound by cytosolic proteins was markedly diminished by
pretreating the mice with nonradioactive ligand and the amount of binding to cytosolic
fractions from B6 mice was much higher than for D2 mice. The binding component in
the cytosol appeared to be a protein since it was largely destroyed by trypsin treatment,
but not by DNAse or RNAse. Scatchard plots indicated that there were 84 fmol of
binding sites per milligram of cytosolic protein (5000 sites per cell) with a binding
affinity of 2.7 x 107 M. The notion that the hepatic cytosolic component that binds
[°H) TCDD is, in fact, the receptor which mediates the induction process was sup-
ported by the finding that the binding affinity of various TCDD analogues for the
receptor as monitored by their ability to compete for specific *H-TCDD binding cor-
related reasonably well with their potency as in vivo AHH inducers.'’”” On the other
hand, the polycyclic hydrocarbons, e.g., 3-MC and BNF, showed a surprisingly high
avidity (1/25 to 1/2 of TCDD) compared to their inductive potency (1/30,000 in ani-
mal studies;'’® 1/250 to 1/950 in tissue culture studies'®®). It was proposed that the
diminished biological potency of 3-MC compared to TCDD as a AHH inducer results
from the metabolic inactivation of 3-MC by basal levels of AHH. Strong data to sup-
port this conjecture are not available, but it should be noted that problems of meta-
bolic inactivation could be minimized if the immediate effects of the inducer, i.e.,
transcriptional activation, were monitored and correlated with inductive capacity of
the various compounds. It is conceivable, however, that the TCDD-receptor complex
is more effective in interaction with its putative receptor in the nucleus than are the
complexes formed with other less potent inducers.

In this early work on the Ah receptor, the dextran-charcoal adsorption procedure
employed to remove uncomplexed ligand measured a large proportion of nonsaturable
binding sites: at subsaturating levels of ligand, at most 75% of binding could be com-
peted by saturating levels of cold competitor. In recent work, a sucrose density gradient
fractionation is employed after dextran-charcoal absorption. This effectively separates
a class of high-affinity, low-capacity binding sites from nonsaturable sites for binding
*H-TCDD.*® In fact, data in the latter paper suggest that no reliable data can be
obtained by the dextran-charcoal assay alone. On the other hand, the more refined
procedure did not permit Scatchard plot analysis to estimate the dissociation constant
since at low values of ligand bound, the curves deviated substantially from linearity.
Because of the extremely low background of this assay it was possible to measure the
number of binding sites per cell. The 60 fmol of ligand bound per milligram of cyto-
solic protein corresponds to approximately 5500 binding sites per hepatocyte. With this
sensitive assay, in which the saturable receptor fraction sediments at 8 to 10s, more
rapidly than the bulk of the nonspecific binding, essentially no specific binding could
be found in hepatic cytosol of nonresponsive mice, and the level of binding for differ-
ent inbred strains of responsive mice varied from 12 to 60 fmol/mg protein. It is,
perhaps, of interest that the low level of receptor (12 fmol/mg protein) in C3H/HeJ
responsive mice could possibly account for the fact that in C3H/D2 heterozygotes
AHH inducibility by 3-MC is half as great as in the responsive C3H parent.*

With the sucrose gradient assay, it was first possible to assay for nuclear and cyto-
solic *H-ligand receptor complex in livers from mice injected with radioactive ligand.**!
A peak of nuclear-binding complex (5.7s) was found in nuclei from B6 mice, but not
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in D2 mice, as expected. The B6 cytoplasm contained a binding peak at 8 to 10S which
was perhaps 75% of the amount in the nuclear peak. The fact that greater quantities
of receptor-ligand complex were found in nuclei at 18 hr after TCDD administration
than at 2 hr provided the first evidence for translocation of the receptor-ligand complex
from the cytosol to the nucleus. The small amount of nuclear receptor in D2 mice (after
in vivo injection of *H-TCDD) was considered to be insignificant at this time, but in
later work?'* it was shown to be sufficient to account for the TCDD mediated induction
of these mice (see below).

The apparent translocation of the receptor from the cytoplasm to the nucleus was
directly demonstrated using continuous cell culture lines incubated with *H-TCDD.**’
The key observation in this regard was that incubation of Hepa-1 cells, a permanent
clonal line of rat hepatoma cells highly inducible for AHH, with *H-TCDD at 37°C
for 1 hr, revealed a major peak of receptor-ligand complex in the nuclear fraction and
very little in the cytosol. On the other hand, if the cells were incubated with labeled
ligand for 1 hr at 4°C, only the cytosolic peak and not the nuclear peak was observed.
However, when these cells were transferred from 4 to 37°C, the appearance of labeled
receptor in the nucleus occurred in parallel with a commensurate decline in cytosolic
level of receptor-ligand complex. It is perhaps worth noting that in experiments of this
sort less than 1% of the total *H-TCDD retained by the cells was associated with spe-
cific high affinity binding sites in the cytosol or nucleus. The notion that the labeled
receptor-ligand complex found in the nucleus did not result from the direct association
of ligand with unoccupied receptors indigenous to the nucleus was supported by the
inability to demonstrate a receptor-ligand complex after in vitro incubation of nuclear
extracts with *H-TCDD.

It is interesting that certain cell lines not inducible for AHH by TCDD nevertheless
have normal levels of Ah receptors which appear to translocate normally to the nu-
cleus.'** This indicates that the presence of a functional regulatory gene for the Ah
receptor is necessary but not sufficient for AHH inducibility. It was proposed that the
defect in these cultured cells might be similar to the situation with New Zealand white
rabbit liver where AHH induction occurs only in the neonate and not in the adult
despite adequate receptor levels in both conditions.®* Similarly, the thymus contains
substantial levels of receptor, but does not contain inducible AHH.'*’

In recent work, a quantitative correlation between the intranuclear appearance of
inducer-receptor complex and level of induced cytochrome P;-450 mRNA was ob-
tained which represented the most direct evidence that the Ah receptor is directly in-
volved in P,-450 induction?!* in both B6 and D2 mice. It should first be recalled that
in previous work from this laboratory, cytosolic receptor could not be found in livers
of D2 mice, although low, ostensibly insignificant levels of nuclear receptor were
found. In this work, more attention was paid to this low level of nuclear receptor in
D2 mice which had also been observed by others.'*” A very well-defined sucrose gra-
dient peak with the same sedimentation velocity but approximately five times lower in
magnitude was found in D2 mouse liver as compared to B6 mouse liver after in vivo
administration of *H-TCDD. Curiously, the kinetics of appearance of labeled ligand-
receptor complexes in nuclei following a single injection of *H-TCDD were substan-
tially different in B6 and D2 mice. In B6 mice a peak was reached at around 4 hr which
began to decrease after around 10 hr. In D2 mice the level of receptor was relatively
constant from 4 to 18 hr (increasing approximately 20% between 4 and 12 hr). As a
result of these kinetic differences, the relative levels of nuclear receptor in B6 and D2
mice would vary from twofold to perhaps sixfold, depending on the time it was as-
sayed. In this work an excellent correlation was found between the level of induced P,-
450 mRNA and the level of nuclear-receptor complex in B6 and D2 mice treated with
different doses of *H-TCDD when these were measured at 18 hr after injection of the
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inducer. Given the different kinetics of nuclear receptor accumulation and decline in
B6 and D2 mice, it is not clear why data from this time point yielded such a good
correlation. In fact, one would expect the transcription rate of the P,-450 gene to
correlate with the nuclear receptor level at each time so that the accumulated level of
mRNA should correlate with the integral of the receptor accumulation curve.

¢. Somatic Cell Genetic Studies on Arylhydrocarbon Hydroxylase Induction

Studies with cultured cells have recently become increasingly useful for analyzing the
role of the Ah receptor in AHH induction. Two groups have taken advantage of the
fact that inducibility of AHH is required in order for cells to be susceptible to the
toxicity of moderate levels of benzo| alpyrene (BP). As a result, cell lines with defective
Ah receptor can be identified among BP-resistant derivatives of the Hepa-1 cell line.
BP-resistant mutants were originally isolated by Hankinson.”®** A minority of the mu-
tants were subsequently found to be dominant, whereas the others were recessive, but
fell into three complementation groups.’® Representative mutants from each class were
characterized in collaboration with Nebert’s group.!!” The dominant mutant, and the
two members of complementation group A that were studied had normal Ah receptor
levels, displayed normal kinetics for translocation of the receptor-inducer complex to
the nucleus yet exhibited very low or undetectable basal and inducible AAH. The two
group B mutants studied had no more than 10% of the wild-type receptor levels,
showed normal kinetics of nuclear translocation, and had no more than 20% of normal
AHH. The clone in complementation group C was of particular interest since it had
normal levels of the receptor, but apparently could not translocate receptor-inducer
complex to the nucleus. This clone had no detectable basal or induced AHH activity.
Only one mutant in complementation group C was identified among the 59 BP-resist-
ant mutants that were subjected to complementation analysis.

Recently, the TCDD inducibility of P,-450 mRNA in the various classes of BP re-
sistant mutants was studied.”®® Group B and group C mutants, both of which appear
to be defective in the Ah receptor, lack or have very low P;-450 mRNA levels after
TCDD treatment. Dominant mutants as well as dominant x wild-type hybrids are also
noninducible for the mRNA, suggesting that the dominant mutants synthesize a trans-
acting repressor of P,-450 mRNA transcription. Group A mutants were heterogeneous,
with some lacking P,-450 mRNA and other having levels as high as the wild type. This
suggests that gene A is the P,-450 structural gene. Furthermore, the mutants with high
mRNA levels, which also have low but detectable AHH activities, are likely to be
missense mutations in the P,-450 gene, whereas the mutants with low mRNA levels are
likely to be defective in a cis-acting transcriptional regulatory element or perhaps in the
post-transcriptional process (splicing or polyadenylation) of the P,-450 gene tran-
scripts. Several cases of human thalassaemia have been shown to result from such
transcriptional or post-transcriptional defects.?!3*

Van Gurp and Hankinson*'®* have developed an ingenious procedure for isolation of
revertants of the benzo[ a]pyrene resistant cell lines which have regained AHH activity.
This method takes advantage of the fact that certain polycyclic hydrocarbons such as
benzo(g,h,)perylene [B(gh)P] are rendered highly cytotoxic when illuminated with
near UV light. Cells which have taken up B(gh)P, but can eliminate it by virtue of
their AHH activity, are resistant to subsequent exposure to near UV light, whereas
AHH deficient cells exposed to B(gh)P are killed by such illumination. This procedure
was used to isolate revertants of the four groups of benz[ ajpyrene-resistant variants.??°
The revertants isolated from the two groups of mutants which appear to have a defec-
tive receptor were found to be normal with respect to in vivo temperature sensitivity of
AHH induction and ED,, for the inducer, TCDD. It was anticipated that if the original
mutations were in the structural gene(s) for the Ah receptor, then some of the rever-
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tants would result from second site intragenic mutations which might restore enzyme
activity, but lead to the production of an altered receptor protein which might show
temperature sensitivity or a difference in affinity for the inducer. Thus, the finding of
normal phenotypes of these revertants represents a failure to provide evidence that the
original mutations were actually in the structural genes for the Ah receptor protein.
The class of benzo[alpyrene mutants which had no defect in receptor and hence could
have been defective in the structural gene for the AHH vyielded revertants which were
identical to the wild type with respect to both in vivo and in vitro stability of the
enzyme as well as Km for the substrate, benzo[a]pyrene. On the basis of an argument
similar to that presented above, this provided suggestive evidence that the original
mutations were not in the structural gene for the enzyme. An interesting revertant of
one of the putative receptor deficient mutants was isolated which was constitutive for
AHH activity in the absence of inducer and was not further inducible by TCDD. The
fact that this constitutive mutation is recessive to wild-type inducibility in somatic cell
hybridization experiments indicates that it is not analogous to operator constitutive
mutations of bacterial operons.

BP-resistant variants were also isolated more recently by Whitlock and associates.'*
The mutants fell into two classes, those with no detectable AHH activity and those
with low activity, less than 10% of that of the wild-type Hepaclc7 cells. For those with
measurable AHH levels, it was possible to conclude that the defect was likely to be in
a regulatory gene rather than in the structural gene since an inducer dose-response
curve indicated a tenfold higher concentration of inducer was required for maximal
induction than in the wild type. Receptor assays were carried out on the different
mutants by assaying nuclear and cytosolic receptor-ligand complexes after incubating
cells with *H-TCDD. Variants with low AHH activity showed low cytosolic and nu-
clear receptor levels (<10% of wild type), whereas the variants with no detectable ac-
tivity showed normal levels of cytosolic receptors, but no nuclear receptor. For the low
activity variants, one cannot determine whether the number of receptors is lower or if
the affinity for receptor is lower. A genetic analysis indicated that both phenotypes are
recessive to the wild-type allele and that the lesions are in different genes. The comple-
mentation between the two variant classes proves that at least one variant class has an
intact structural gene for AHH. It should be noted that whereas in whole animals
TCDD at high concentrations can induce nonresponsive strains to the same levels as
responsive strains, in the cell culture variants, high doses of TCDD were still ineffec-
tive. It was proposed that in these variants the number of receptors, rather than their
affinity for inducer is decreased or that there possibly could be a problem with the
insolubility of TCDD in aqueous media.

The existence of a class of mutants which is apparently defective in nuclear translo-
cation of receptor appears to support the basic model for receptor action according to
which receptor is normally located in the cytosol, but translocates to the nucleus after
binding ligand. Recently, however, Whitlock and Galeazzi*** have provided evidence
which suggests that even the unoccupied receptor is normally located in the nucleus
from which it is artifactually leached out during cell fractionation in large volumes of
buffer. Their data indicate that when the receptor is complexed to ligand, it appears to
undergo a temperature-dependent conversion to a configuration which shows strong
binding to a nuclear component leading to its retention in the nuclear fraction. The
mutants which were originally described as being unable to accumulate receptor in the
nucleus appear still to be somewhat defective in the retention of the receptor-ligand
complex in the nucleus suggesting a weaker association with their nuclear recognition
sites. These data still favor a two-step model for TCDD action in which after receptor-
ligand complex formation in the nucleus, a second step occurs which is either a con-
formational change, an enzymatic modification of the receptor, an association or dis-
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sociation of a subunit, or some other process which is responsible for the temperature-
dependent event.?**

The more recent work from Okey’s laboratory,?** however, raises some doubt about
the conclusion of Whitlock and Galeazzi**? that the unoccupied Ah receptor resides in
the nucleus. Thus, it was also found*** that the Ah receptor appears to shift out of the
nuclear fraction and into the cytosolic fraction as the volume of the homogenization
buffer or its ionic strength is increased. However, because the distribution of the Ah
receptor was identical to that of three standard cytosolic marker enzymes,*** it appears
that the nuclear location of the Ah receptor under certain homogenization conditions
actually represents the experimental artifact.

It is worth noting that recent studies with steroid receptors have also begun to raise
doubts about the general validity of the prevalent model that cytosolic-nuclear trans-
location of a receptor ligand complex is a key step in mediating steroid hormone ac-
tion. Thus, two separate groups used completely different methodologies to demon-
strate the nuclear localization of unoccupied estrogen receptors. One group'®? used
monoclonal antibodies and immunocytochemical staining to localize the receptor in
the nuclei of several different tissues or tumor cells. In an independent set of experi-
ments, the estrogen receptor of rat pituitary tumor cells was shown to remain associ-
ated with the nucleoplast fraction and not with the cytoplast fraction when these were
prepared by cytochalasin B-induced enucleation of the cells.?*®

The biochemical purification of the Ah receptor has thus far seemed rather elusive,
There is serious doubt that the 3-MC binding protein identified and partially purified
by Bresnick and associates from rat liver cytosol®*'? is the rat equivalent of the Ah
receptor. The recent work of Okey and Vella'®? demonstrates that *H-3-MC and *H-
TCDD bind to a common receptor site in mouse and rat cytosol which sediments at 8
to 10S and not at 4.5S as does the putative receptor identified by Bresnick’s group.

It is reasonable to expect that detailed analysis of the receptor protein and its mech-
anism of action will come after recombinant DNA technology is applied to this prob-
lem sooner than will information be obtained by purifying the receptor protein di-
rectly.'** Thus, the ease with which receptor defective cell lines can be identified among
BP-resistant mutants suggests that the gene encoding the receptor can be identified via
its ability to restore AHH inducibility to these defective variants. Presumably, this can
be accomplished using the selection scheme devised by Van Gurp and Hankinson?'? to
identify revertants of the BP-resistant lines. With this assay for the Ah gene, it will be
possible to clone it by methodologies applied in other systems where the sole assay for
a gene was the phenotype it conferred on cells after DNA mediated transfection.'’?
Once cDNA clones for the receptor protein(s) are obtained (using genomic segments as
probes), it may be possible to obtain the proteins in large quantities after expression of
the cloned cDNA in either prokaryotic or eukaryotic hosts. These proteins could, in
principle, be used in in vitro transcription systems to directly study the mechanism of
transcriptional activation.

B. Expression of Extrahepatic Cytochrome P-450: Evidence For Tissue Specificity

Recently, several studies have attempted to correlate the cytochrome P-450s present
in mammalian liver with those present in extrahepatic tissues. These studies have usu-
ally compared the levels of specific P-450s before and after treatment of animals with
various inducing agents by exploiting the immunological, electrophoretic, catalytic,
and physical properties of the various cytochromes P-450. The results have led to the
realization that there is often a tissue specificity for the presence or inducibility of
certain forms of P-450.

In rabbit lung, there are at least two constitutive forms of cytochrome P-450, desig-
nated P-450 I and II. These each constitute approximately 30% of the pulmonary P-
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450 in untreated animals and are distinct proteins based on amino acid composition
and immunological, structural, and catalytic properties.'8*-192.196.235 P_450, appears to
be identical to P-450 LM2, the major PB-inducible form found in rabbit liver. No
difference can be detected between these two P-450s in their peptide maps, NH,-ter-
minal sequences, subunit molecular weight, and immunological reactivity with anti-P-
450 LM2 antisera.!®s-23¢ Of particular interest is the fact that P-450 P-450, is present at
relatively high constitutive levels in rabbit lung microsomes as compared to the unin-
duced level in the liver, but is not inducible by PB.'** Similarly, rabbit lung P-450,
appears to be equivalent to a liver microsomal P-450, designated form V, which is also
markedly induced (10- to 12-fold) in the liver by phenobarbital treatment.’®* The pul-
monary content of this isozyme is also not affected by phenobarbital treatment.'%¢
Though less extensively characterized, a similar situation appears to exist in the rat,
where a constitutively expressed non-PB-inducible form of P-450 is present in lung
microsomes, which is immunologically identical to cytochrome P-450b.%%* This form
of P-450 was not detectable in kidney, brain, heart,®® and prostate microsomes.”®

Although treatment of rabbits with TCDD induces two distinct liver microsomal
cytochromes P-450 designated forms 4 and form 6, which are likely to correspond to
rat P-450d and P-450c, respectively, this treatment only induces form 6 in lung and
kidney.'?* Similarly, both P-450c and P-450d are induced by TCDD in rat liver, but
only P-450c¢ is inducible in rat kidney, lung, intestine, spleen, and testis.*® In addition,
hybridization studies suggest that in mice only P,-450 mRNA and not P;-450 mRNA
is induced in the kidney by 3-MC administration.®® The differential induction in these
extrahepatic tissues of the aromatic hydrocarbon inducible forms of cytochrome P-450
clearly indicates that the Ah receptor may be necessary but not sufficient for induction.

Tissue-specific expression of the three closely related members of the PB-inducible
rabbit cytochrome P-450 gene family isolated by Leighton et al.’'® was recently re-
ported.**** None of the corresponding mRNAs was detectable in lung tissue and only
one of the mRNAs, corresponding to clone P-450 PBc2, was expressed in the kidney.
The basal level of this mRNA in the kidney was 15% of that in the liver, and PB
administration led to a severalfold increase in both organs.

Recently, we have observed, as previously noted, that a P-450e-related gene cloned
in our own laboratory is expressed in a tissue-specific manner. Thus, this gene appears
to be expressed in the rat preputial gland, but not in the liver, kidney, lung, adrenal,
brain, or testis. On the other hand, mRNA which hybridizes with a P-450e cDNA
probe is expressed in the liver, lung, and adrenal but not in the preputial gland (M.
Atchison, T. Friedberg, M. Adesnik, unpublished). These mRNAs are, however, ex-
pressed at rather low levels in the latter two organs. For the adrenal this level, expressed
as a fraction of total tissue mRNA, is comparable to the uninduced level in the liver.
For the lung it is at least tenfold lower. This is not surprising since the level of the
corresponding immunoreactive protein in the lung is approximately tenfold lower than
in liver of PB-treated rats when expressed per milligram of microsomal protein.* Fur-
thermore, the amount of microsomal protein in lung is likely to be substantially less
than in liver. Thus, the steady state level of P-450b and e in the lung, expressed as a
fraction of total protein, may very well correlate with the level of the specific mRNAs,
expressed as a fraction of total tissue mRNA. In addition, it is now clear that not all
cells within the lung express cytochrome P-450 recognizable with antisera specific for
P-450 LM2. Early suggestions by Boyd'® have been confirmed by immunofluorescence
studies indicating that only nonciliated bronchiolar epithelial cells (Clara cells) express
this cytochrome P-450.'"* Thus, only a small percentage of the cells present in the
rabbit lung (2 to 3%) actually express cytochrome P-450, in contrast to the relatively
diffuse, albeit somewhat nonhomogeneous expression seen in the liver.'*-'? Our hybrid-
ization data, suggest, therefore, that the P-450e gene is expressed in the Clara cells at
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a level comparable to that in uninduced hepatocytes, but that it is not activated by
phenobarbital administration.

C. Regulation of Cytochrome P-450 Isozymes In the Adrenal Cortex

The production of the glucocorticoids cortisol and corticosterone in the adrenal cor-
tex is dependent upon several cytochrome P-450 isozymes (reviewed in References 195
and 225). Two of these are located in the mitochondrial inner membrane, while one or
two, depending on the species involved, reside in the endoplasmic reticulum. The ad-
renal glucocorticoid biosynthetic pathway involves the side chain cleavage of choles-
terol by P-450,.. in mitochondria to form pregnenolone, the production of progester-
one from pregnenolone by the 3p-hydroxysteroid dehydrogenase-isomerase enzyme
system in the ER, the formation of 17a-hydroxy-progesterone from progesterone by
P-450,,, in the ER, the hydroxylation of 17a-hydroxyprogesterone at the C21 position
by P-450¢;, to produce 11-deoxy-cortisol in the ER, and finally the conversion of 11-
deoxycortisol to cortisol by P-450,,, in the mitochondria.

The mitochondrial P-450 isozymes are somewhat different from microsomal cyto-
chrome P-450 in that they accept reducing equivalents from NADPH through the in-
teraction of an iron-sulfur protein, adrenodoxin, and a flavoprotein, adrenodoxin re-
ductase. In contrast, microsomal cytochromes P-450 only interact with a flavoprotein,
NADPH-cytochrome P-450 reductase. In addition, mitochondrial P-450 isozymes are
synthesized as higher molecular weight precursors which are cleaved post-translation-
ally to produce the mature protein product, while the microsomal isozymes are not
synthesized as higher molecular weight precursors,3%108.138.140

Adrenocorticotropin (ACTH) stimulates steroidogenesis in the adrenal cortex by two
distinct mechanisms. Firstly, it has short-term actions which apparently involve an
activation of the production of pregnenolone by the mitochondrial side chain cleavage
system (reviewed in Reference 195). Secondly, ACTH has a long-term effect in main-
taining the steroidogenic capacity of the cortex by stimulating the synthesis of several
of the enzymes of the corticosteroid biosynthetic pathway. Thus, more than a decade
ago it was shown that the biosynthesis of glucocorticoids in the adrenal is dependent
upon the continued presence of ACTH since hypophysectomy of rats results in a rapid
decrease in the activities of P-450,.., P-450B,,,, and P-450.,, which can be restored to

nearly control levels by administration of ACTH.'* Recently, it has become possible |

to culture primary bovine adrenocortical cells and thus examine the effects of ACTH
treatment on cytochrome P-450 synthesis in more detail.

Treatment of such cultures with ACTH leads within 36 hr to approximately a 3-fold
increase in adrenodoxin synthesis,’®” a 9-fold increase in the synthesis of P-450,..,%® a
7-fold increase in the synthesis of P-450,,,,,'*° and a 15-fold increase in the synthesis
of P-450,,.%* ACTH treatment also leads to a marked increase in the levels of P-450,;.
which accounts for a shift in the pattern of corticosteroid secretion by these cells from
approximately equal amounts of cortisol and corticosterone to nearly exclusively cor-
tisol.*?® In vitro translation studies indicated that the enhanced rates of synthesis of the
different cytochrome P-450 correlated with somewhat lesser increases in the levels of
the corresponding mRNAs, 38-83.107.110.195

Recently, cDNA clones for bovine P-450,.. have been isolated and used to study
aspects of the ACTH regulatory mechanism.’?> In RNA-DNA hybridization experi-
ments the increase in P-450,.. mRNA is detectable within 8 hr of ACTH treatment and
by 36 hr reaches a level 7-fold higher than in untreated cultures. The P-450,.,. mRNA,
2 Kb in length, is detectable in both adrenal cortex and corpus luteum, but not in RNA
samples prepared from bovine heart, liver, and kidney. Similar studies with cDNA
clones for the other adrenal cytochromes P-450 as well as direct studies on rates of
transcription of the various genes can be expected in the near future.
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The action of ACTH on increased cytochrome P-450 synthesis appears to be me-
diated by cyclic AMP since increases in cytochrome P-450,., P-450,,,, and adreno-
doxin can be obtained by treatment of cultured adrenocortical cells with cyclic AMP
or cyclic AMP analogs.!°® A similar situation appears to exist in ovarian granulosa cells
where treatment with follicle stimulating hormone and cyclic AMP analogs leads to an
increase in P-450,.. and adrenodoxin protein and mRNA levels.** A detailed review of
the regulation of adrenal and gonadal microsomal mixed function oxygenases of ste-
roid biosynthesis has recently appeared.®

D. Expression of Cytochrome P-450 Genes During Development
1. Cytochrome P-450 Levels and Inducibility During Ontogeny

Numerous studies indicate that cytochrome P-450 levels are very low in livers of
fetuses, but increase rapidly after birth (e.g., see References 8, 29, 65, and 149a). These
studies employed spectral measurements of microsomal P-450, assays of monoxygen-
ase activities with various substrates, staining of SDS gel electrophorograms, and im-
munochemical measurements of P-450 recognized by antibody raised against cyto-
chrome P-450b and e. It has also been observed that administration of PB to pregnant
females does not induce cytochrome P-450 in fetal liver, but is effective within the first
day or two after birth.?*-%%-14? On the other hand, 3-MC does appear to be able to induce
cytochrome P-450 when administered prenatally, although it is less effective than in
adult animals.8-29.6s.14¢

There does, however, appear to be a significant difference in the relative inducibility
of the different 3-MC inducible forms of P-450 in fetal and adult liver. Studies with
New Zealand white rabbits® demonstrated that induction of n-acetylarylamine hydrox-
ylase activity, which correlates with a microsomal polypeptide of Mr = 54,000, is only
detectable after 5 days of age. The inducibility (i.e., ratio of induced to control levels)
reaches a maximum at 25 days after birth, remaining constant throughout adulthood.
On the other hand, the inducibility of arylhydrocarbon hydroxylase activity which cor-
relates with a microsomal protein of Mr = 57,000 is maximal 5 days prior to birth.
Although substantial levels of this activity are present in animals older than 12 days,
no increase in activity is observed after 3-MC treatment. Tissue specificity in the in-
ducibility of this enzyme was observed, however, since arylhydrocarbon hydroxylase
was inducible in the kidney of rats of all ages.* Similar results were obtained in the
livers of rat and mice treated with TCDD,*%¢ although in these species marked induci-
bility of liver AHH persisted in adult animals. In rats, the 56,000-dalton microsomal
protein induced in fetuses almost certainly corresponds to P-450c, whereas a 54K pro-
tein inducible at parturition, 22 days postconception, is likely to correspond to P-450d.
Using antibodies prepared against mouse P,-450 and P;-450 (P-448), it was demon-
strated that TCDD induces comparable levels of a protein immunoprecipitable by anti-
P,-450 in fetuses (20 days postconception) as well as in adult animals.’*' On the other
hand, approximately 12-fold higher levels of a protein immunoprecipitable with anti-
P;-450 are found in treated adult mice as compared to fetuses.'s!

More recently, cytochrome P-450 mRNAs inducible with TCDD have been quanti-
tated in fetal and adult mouse liver by northern blotting experiments using P,-450
c¢DNA or segments of the P,-450 gene as probes. A 23s mRNA correlating with P,-450
activity and detectable with a P,-450 cDNA clone (clone 46) was found to be inducible
by TCDD as early as 15 days of gestation.?* However, consistent with microsomal
protein and enzymatic activity data, a 20s mRNA detected by cross-hybridization with
a portion of the P,-450 structural gene and presumably correlating with P;-450 (al-
though identified as P,-450 in this study) was not induced prenatally (15 days), but
became inducible by TCDD treatment 7 days later in development.®® Thus, although
inducibility of P,-450 and P;-450 is controlled by the Ah receptor, other factors must
be involved in regulating the expression of the corresponding genes.
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2. Androgenic ‘‘Imprinting’’ Of Sex Specific Hepatic Steroid Metabolism: Develop-
mental and Hormonal Regulation of Specific Cytochrome P-450 Isozymes

It has been known for some time that male and female rats show large differences in
the hepatic metabolism of drugs and steroid hormones (reviewed in References 26, 71,
and 97). Male animals, in general, show higher steroid hydroxylating activities than
females,?’* whereas females exhibit a higher Sa-reductase activity.?** Male and female
patterns of hepatic steroid metabolism can be defined in terms of the levels of various
specific enzymatic activities. In particular, the cytochrome P-450 catalyzed 16a-hy-
droxylation of testosterone or 4-androstene-3,17-dione by liver microsomes of female
rats is essentially undetectable, whereas mature males have quite high levels of this
activity.7.84.90.120 In males, the level of this enzyme activity is developmentally regu-
lated, with the enzyme first being detectable at around 30 days of life, at pu-
berty.®*°°-12° Simijlarly, livers of female rats contain a developmentally induced 158-
hydroxylase which is active on steroid sulfates and is present in adult males at levels
less than 0.03% of the level in females.®® On the basis of extensive experimental data,
the salient points of which are summarized below, Gustafsson and associates have
proposed the existence of a novel endocrine axis, the hypothalamic-pituitary-liver sys-
tem which regulates the sex-dependent state of hepatic steroid metabolism (reviewed in
References 67 and 71). In this regulatory pathway, at birth, testicular androgens irrev-
ersibly program brain centers in the hypothalamus which regulate the pituitary control
of hepatic sex-dependent steroid and drug metabolism. This irreversible programming,
which is termed imprinting, results in activation of a hypothalamic secreting center
which is turned on in males just before puberty to produce a ‘‘feminostatin’’. This
factor inhibits the secretion of a pituitary ‘‘feminizing factor’’ that sets the female
pattern of hepatic steroid metabolism. Thus, the basic state of differentiation of rat
liver is masculine and the secretion of the feminizing factor by the pituitary is required
to induce the feminine state of steroid metabolism. In adult males, the masculine state
is reestablished by blocking secretion of the feminizing factor. The critical pieces of
evidence for this model are

1. Castration of males at birth leads to female pattern of steroid metabolism in
adulthood, in particular the absence of 16a-hydroxylase activity’® and the pres-
ence of normal female levels of 153-steroid sulfate hydroxylase levels.®® Castra-
tion of adult males does not induce this female-specific activity®® and leads to
only a modest reduction in the 16a-hydroxylase activity which can be restored to
normal levels by treatment with appropriate androgens.” Castration at 2 weeks
of life, however, or administration of a single injection of appropriate androgens
on the second day life to males castrated at birth, results in 16a-hydroxylase levels
during adulthood comparable to those in livers of males castrated as adults.”*
Furthermore, testosterone treatment of adult animals castrated at 2 weeks or later
leads to normal levels of this male-specific enzyme activity. These data indicate
that the presence of androgen in the early postnatal life of male rats irreversibly
programs the liver to display in adult life the male pattern of steroid metabolism.
This pattern can also be imprinied in female rats by a single injection of testos-
terone at birth.'*® In this case the male pattern becomes manifest only after ovar-
jectomy which removes the suppressing affect of circulating estrogen.

* It should be noted that although castration of adult male rats and ovariectomy of adult females does not

affect the levels of the female-specific steroid sulfate hydroxylase activity, treatment of fernales with high
doses of androgen markedly suppresses that activity, whereas treatment of postpubertally castrated males
with estrogens induces a substantial level of the female specific activity*® and a marked reduction in male-
specific hydroxylase activities.”
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2. Hypophysectomy of female animals leads to the male pattern of steroid metabo-
lism, i.e., the abolition of steroid sulfate hydroxylase activityé® and the appear-
ance of 16a-hydroxylase activities comparable to those in castrated males.*?7?
This experiment indicates that the female pattern is dependent on an intact pitui-
tary which is therefore thought to produce a feminizing factor. It is also impor-
tant to note that the effects of androgens and estrogen on the levels of sex-specific
steroid hydroxylase activities in gonadectomized males and females are not ob-
served in hypophysectomized animals.**’* This suggests that the effects of these
hormones on liver steroid metabolism are mediated through the pituitary gland.

3. Implantation of a pituitary gland under the kidney capsule of a hypophysectom-
ized male or female rat results in feminization of steroid metabolism.**’* This
indicates that the ectopic pituitary gland (which is not under hypothalamic con-
trol) secretes a factor into the general circulation that is normally only secreted
by the female pituitary in situ.

4. Electrothermal lesion of the hypothalamus of male rats leads to feminization of
steroid metabolism.” This suggests that the male hypothalamus produces a factor
which is responsible for the male pattern of hepatic steroid metabolism. Together
with the previous experiments on the effects of hypophysectomy on females or
implantation of an ectopic pituitary in males, it is reasonable to propose that the
hypothalamic factor inhibits secretion of the pituitary feminizing factor, hence
its name feminostatin.*’

5.  Recently, evidence has been presented that the feminizing factor is growth hor-
mone (GH) (or a variety of growth hormone). Continuous infusion of growth
hormone into male rats for 7 days leads to feminization of steroid metabolism,
i.e., the nearly complete abolition of 16a-hydroxylase activity.'** Furthermore,
purification of the feminizing factor from rat pituitaries on the basis of an assay
for its feminizing activity upon continuous infusion into male rats led to a highly
purified preparation of growth hormone.*** In addition, the hypothalamic femi-
nostatin appears to be somatostatin since treatment of male rats with antibodies
to somatostatin leads to a partial feminization of hepatic steroid metabolizing
activities.'*¢ It should be noted that in adult male rats there are regular surges in
blood levels of growth hormone (~200 ng/m!) every 3 to 4 hr, with low, essen-
tially undetectable levels (<1 ng/m!) between peaks, whereas in females the pe-
riodicity is irregular with somewhat lower peak heights and higher levels between
peaks than in male animals.*? In immature rats of both sexes, serum levels of
growth hormone are much lower than in adults and the temporal pattern of se-
cretion is irregular.“2 Nothing is yet known about the mechanism(s) by which the
subtle differences in the temporal patterns of circulating growth hormone could
account for the extreme differences in specific enzyme levels in the livers of adult
male and female rats. It would not be surprising if both transcriptional and post-
translational regulatory mechanisms are utilized to establish and maintain the
sex-specific pattern of steroid metabolizing enzymes.

Several laboratories have reported the partial or complete purification of a cyto-
chrome P-450 from livers of control or imprinted rats (i.e., castrated at 4 weeks of age
or later) which has substantial testosterone 16a-hydroxylase activity.*-'%7-22¢ Rabbit
antisera raised against P-450 2¢?*¢ specifically inhibits most (85%) of the testosterone
16a-hydroxylase activity in liver microsomes from untreated rats.?** Furthermore, six
different microsomal steroid hydroxylase activities characteristic of purified cyto-
chrome P-450 2¢ which are induced at puberty in male but not female liver are similarly
sensitive to inhibition by antibody to the purified enzyme. Ouchlertony double diffu-
sion analysis demonstrates that P-450 2c is not detectable in liver microsomes from
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livers of sexually immature male rats. These studies convincingly demonstrate that
cytochrome P-450 2¢ corresponds to the male-specific, developmentally regulated ste-
roid 16a-hydroxylase of rat liver.* A direct comparison of P-450 2¢ with P-450 UT-A
isolated in Guengerich’s laboratory®® using structural, immunochemical, and enzy-
matic criteria has revealed no differences between these two enzyme preparations (D
Waxman, unpublished). On the basis of their catalytic properties, cytochrome P-450
2¢ also appears to be equivalent to P-450h of Ryan et al.'® The male-specific cyto-
chrome P-450 described by Kamataki et al.®® is also likely to correspond to the same
protein — its level in liver microsomes of male rats is reduced approximately 40% by
postpubertal castration and returns to normal after testosterone treatment.

The same three laboratories which purified the male-specific P-450s also purified a
distinct female-specific P-450 by applying the identical chromatographic procedures to
solubilized microsomal preparations from female rats.®®**”-22* Immunochemical mea-
surements indicate that levels of the female-specific enzyme obtained by Kamataki et
al.®s are not affected by ovariectomy of female rats, but are reduced to undetectable
levels by testosterone treatment of ovariectomized females. This sensitivity to gonadal
steroids is identical to that observed for the female-specific steroid sulfate 158-hydrox-
ylase activity.®® These three preparations of female specific cytochrome P-450 are likely
to correspond to the same or closely related proteins as is the partially purified steroid
sulfate hydroxylase described by Lefevre et al.*’® In fact, of nine distinct forms of
purified cytochrome P-450, only P-450i, the female-specific form, catalyzed the hy-
droxylation of the steroid sulfate Sa-androstane -3a,178-diol-3,17-disulfate.'®** It is
interesting to note that the male- and female-specific P-450s may very well represent
closely related gene products. This is not only based on their identical chromatographic
properties. The two proteins purified by Waxman show substantial immunological
cross-reactivity and similar partial chymotryptic cleavage patterns.?*® It is conceivable,
therefore, that the sexually differentiated states of hepatic steroid metabolism may
involve somewhat unique regulatory mechanisms in which closely related genes with
similar regulatory elements are affected in opposite ways by the same effector mole-
cules. The availability of antibodies to the purified proteins ensures that cDNA and
genomic clones for these isozymes will be obtained in the near future. These will pro-
vide critical reagents for studying the molecular genetic aspects of the developmental
and hormonal regulation of the corresponding genes. Although such studies are of
considerable interest from the perspective of the biology of cytochrome P-450, they
also have broader implications since a sizable number of other genes in the livers of
male and female rats appear to be regulated by similar mechanisms,*®

IV. SUMMARY

The microsomal cytochromes P-450 are encoded by a superfamily of genes which
can be subdivided into subfamilies of very closely related genes and families of some-
what more distantly related genes. DNA sequence data for cloned cDNAs and genomic
fragments corresponding to different members of the same family or subfamily indi-
cate that extensive gene conversion has occurred during evolution to generate genes
which encode proteins with a segmented arrangement of regions of extraordinary ho-

* The testosterone 68-hydroxylase activity which is present at much higher levels in liver microsomes from

mature male as compared to mature female rats and is also imprinted'* is associated with P-450,cy.*
The regulation of this enzyme is more complicated since it is present in immature males as well as females
at relatively high levels (approximately 40% of the level in mature males), but the female level decreases
approximately 7-fold after puberty.'*® Furthermore, dexamethasone treatment of mature females leads
to levels of P-450,cy comparable to those found in males treated with that synthetic glucocorticoid.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 19, Issue 3 293

mology or divergence. Analysis of the sequence data obtained to date for various cy-
tochrome P-450s reveals the existence of highly conserved domains within the proteins
which are presumed to participate in common functional properties of the various
monooxygenases.

Cloned genes or cDNAs for various forms of P-450 have provided important re-
agents for studying their regulation. Using such probes it has been demonstrated that
induction of specific P-450s results from the accumulation of the corresponding
mRNA which, in the case of induction by phenobarbital and 3-methylcholanthrene,
can be accounted for by a marked rapid transcriptional activation of the corresponding
genes.

Recent studies confirm earlier proposals that the Ah gene, which regulates the in-
ducibility of mouse cytochrome P,-450 and P;-450 by polycyclic hydrocarbons, en-
codes a receptor protein which binds the inducing ligand. The availability of hepatoma
cell lines defective in induction of arylhydrocarbon hydroxylase which appear to have
lesions in the Ah receptor protein coupled with a new procedure for isolating inducible
revertants should soon permit the cloning of gene(s) encoding this protein.

Further studies on the regulation of cytochrome P-450 are likely to focus on mech-
anisms determining the tissue specificity and hormonal and developmental regulation
of expression of specific genes as well as the interactions between regulatory molecules
and DNA segments which are involved in the induction of specific isozymes by xeno-
biotics.

V. NOTES ADDED IN PROOF

The complete nucleotide sequence of the methylcholanthrene inducible cytochrome
P-450c gene was recently reported.’*’* The gene is approximately 6.0 kbases in length
and is split into 7 exons. The first exon contains only 5° untranslated sequences,
whereas the second exon corresponds to amino acid sequences homologous to those
encoded by all of the first four exons and most of the fifth exon of the P-450e gene.
Indeed, when the amino acid sequences of P-450c and P-450e were aligned by inserting
deletions or additions to maximize homology, it appears that the structures for the two
P-450 genes are completely different with not a single intervening sequence located in
exactly equivalent positions relative to the amino acid sequences. The only ways these
2 genes could be derived from a common ancestral gene would be if that gene contained
14 or more introns and different introns were precisely deleted during the course of
evolution of the duplicated copies of that gene. Alternatively, introns in these genes
could have arisen by random insertion of transposon-like elements.

The complete nucleotide sequences of the mouse P,-450 and P;-450 genes and sub-
stantial segments of upstream and downstream flanking regions were also recently re-
ported.s** The introns of these genes interrupt the exonic sequence at equivalent posi-
tions and all the exons of the P,-450 gene, except for the last one (which is 25 bp shorter
in the P,-450 gene) are exactly equal in length to those in the orthologous rat P-450c
gene. Exonic regions of the mouse P,-450 gene are 86 to 96% homologous to the rat
P-450c gene (overall exonic homology is 93%), whereas intronic regions show 80 to
90% homology.

The segments of extraordinarily homology near the 5’ ends of the P,-450 and P,-450
mRNAs are wholly contained within exon 2 which roughly corresponds to exons 1}
through 5 of the P-450e gene. It is pointed out that exon 3 of the P,-450 and P;-450 is
similar to P-450e exon 6, P;-450 and P;-450 exons 4 and § are similar to P-450e exon
7, and P,-450 and P,-450 exon 6 is similar to P-450e exon. It was proposed that the
intron-exon organizations of the 3-MC and PB-inducible genes are sufficiently similar
to conclude that the ancestral P-450 gene had a minimum of 14 exons of which differ-
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ent subsets were removed during the evolution of the 3-MC inducible and PB inducible
gene families.

Of considerable interest was the finding of three short (11 or 12 bp) highly homolo-
gous regions in the region between -280 and -530 upstream from the cap sites of the
P,-450 and P;-450 genes which represent candidates for segments involved in the com-
mon aspects (e.g., TCDD and 3-MC inducibility) of the regulation of these genes.

Recently, Montisano and Hankinson®* have found that the AHH" phenotype in
complementation class A mutants can be corrected by transfection with DNA from
wild-type Hepa-1 cells, rat hepatoma cells (line H4II EC3), or from a class A/human
hybrid in which the A~ mutation is complemented by the corresponding human gene.
All transfectants were unstable in culture, and in one transfected with rat DNA, south-
ern blot analysis showed that AHH activity segregated together with the rat P,-450
gene. These results demonstrate that the A gene is either the structural gene for P,-450
or another very closely linked gene.

The complete sequence for the coding region of the mRNA corresponding to the
precursor of the mitochondrial cytochrome P-450(SCC) of bovine adrenal cortex was
recently reported.'*** This precursor consists of 520 amino acids with the amino ter-
minal 39 residues constituting the extra peptide which is removed upon incorporation
of the protein into the mitochondrion. This P-450 shows higher homology (18 to 20%)
to the various microsomal P-450s than to the bacterial P-450cam (13.6%). It contains
only two cysteine residues, both in the carboxy terminal half of the protein. The region
around Cys,, shows substantial homology to the conserved cysteine-containing pep-
tides in the carboxy terminal halves of all the other P-450s which have been sequenced
(Figure 7A). This absence of a conserved cysteine-containing peptide in the amino
terminal half of the protein provides strong support that the cysteine residues in the
conserved peptides in the carboxy-terminal halves of the proteins depicted in Figure
7A provides the thiol group which coordinates to the heme iron in the various P-450s.
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