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THESIS SUMMARY

The work embodied in this thesis is directed torvards an understanding of the
mechanism by which drug-inducible genes a¡e controlled. The products of these genes,
the cytochrome P450s (P450s), are found primarily in the liver and participate in the
detoxification of numerous exogenous and endogenous substrates.

There is a great deal of scientif,rc interest in how structurally un¡elated molecules
induce expression of cytochrome P450s. In addition, the mechanism by which cytochrome
P450s and 5-aminolevulinate synthase (AlV-synthase), the rate-limiting enzyme in heme
synthesis, a¡e coordinately induced has yet to be conclusively defined. Experiments
detailed in this thesis a¡e aimed at dealing with these issues.

A chicken P450 cDNA clone, , has been previously identif,red in this
laboratory, and restriction mapping
PB-inducible P450 genes, A and B.

chicken P450 genomic clones has identified two
pCHP3 has been shown to be derived from a 3.5 kb

P450 mRNA, which is ranscribed from the chicken P450 A gene. In this thesis, the
nucleotide sequence and cha¡acterisation of a second chicken P450 cDNA clone, pCHP7,
are detaiied. This cDNA sequence is full-length and is derived from a 2.2kb P450 mRNA.
The predicted amino acid sequence is found to be 92Vo simila¡ to that derived from the
nucleotide sequence of pCHP3. ln addition, the 2.2 kb P450 mRNA is shown to originate
from the P450 B gene. The relationship of these chicken P450s to other P450 genes,
which together comprise a P450 gene superfamily, is discussed.

The drug-induced expression of the P450 and AlV-synthase genes are
investigated. The proposal that drugs induce AlV-synthase as a consequence of the
increased heme requirement for synthesis of the mafure P450 protein implies that
simultaneous expression of these genes following drug induction is obligatory. Resuits
from an investigation into the tissue-specific expression of these genes in drug treated
chickens indicate that P450 and AlV-synthase mRNAs increase in the liver, kidney and
small intestine. are compatible with this proposal. Sn¡dies of the time courses of P450 and
AlV-synthase mRNA accumuiation also show this to be the case. Moreover, in this study,
the induction response, in terms of both P450 and AlV-synthase mRNA accumulation,
was quantitated. It was found that P450 mRNA leveis increased up to 120-fold when the
drug, 2-allyl-2-isopropylacetamide, was employed as inducer. AlV-synthase mRNA
levels increased by up to 25-fold. By comparison with reported inøeases in P450 mRNA
levels from mammalian studies, the chick embryo P450s are highly drug-inducible.

Nuclea¡ transcription run-on assays using isolated nuclei from chick embryo
hepatocytes demonstrated that the drug induction of P450 mRNA levels was due, in part,
to transcriptionai activation of the corresponding genes. As the increase in transcription of
the P450 genes could not account for the observed increases in mfu\A leveis, then a post-
transcriptional mechanism is indicated. This was not the case for AlV-synthase, where
control of mRNA levels is primarily due to transcriptional activation of the AlV-synthase
gene.

Control of P450 gene expression by heme was investigated in the livers of rats. It
was found that, following administration of exogenous heme, both the basal and drug-
induced expression of at least rwo P450 genes was repressed. These results imply that, in
addition to the postulated positive role of heme in regulation of P450 synthesis, heme may
also be involved in the repression of P450 synthesis.

Errata: The plural fomr of 'cytochrome P450' should read'cytochromes P450'.
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INTRODUCTION.
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L.L. GENERAL INTRODUCTION t-<

The cytochrome P450 monooxygenases are hemoproteins involved in the

metabolism of endogenous substrates, such as steroids and fatty acids, and the metabolism

of foreign compounds, such as dmgs and environmental contaminants. The surprisingly

diverse range of substrates that the P450 system is able to accept is permitted by the

existence of a multiplicity of related P450 isozymes which display overlapping substrate

specificities.

An important feature of many cytochrome P450s is their inducibility by foreign

compounds (xenobiotics), a propefty that enables these substances to be metabolised at an

increased rate. Since distinct forrrs of cytochrome P450 a¡e known to be induced by

certain substrates - chiefly pharmaceutical drugs and poiycyclic hydrocarbons - this has led

to the characterisation of these P450s according to their pfototype inducer.

We are investigating the phenobarbital-inducible P450s in both the avian and

mammalian systems. In particular, our interest lies in the relationship between the drug-

induced synrheses of cytochrome P450 and S-aminolevulinate synthase (AlV-synthase),

the first and rate-limiting enzyme in the biosynthesis of heme. Following administration of

phenobarbital (PB) there is a substantial P450 induction response in the livers of both

chickens and rats. Concomittantly, there is a drug-induced increase in the hepatic levels of

AlV-synthase. 'We have proposed (May et al., 1986) that the increased de novo synthesis

of P450 apoprotein resulting from drug induction necessitates a corresponding increase in

the synthesis of free heme, which is required as a prosthetic group to form the mature P450

hemoprotein. As a result of the increased P450 heme requirement, levels of hepatic ALV-

synthase, which are normally under feedback repression by heme, a¡e markedly elevated

following drug treatrnent. Thus, increased AlV-synthase activity is seen as a secondary

consequence of increased P450 protein synthesis foilowing drug administration.

In addition to investigating the relationship between P450 and ALV-synthase, we

are interested in the molecula¡ mechanism of induction of the PB-type P450s. Although ir
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is known rhat rat P450s are induced by PB at the level of gene transcription (Hardwick et

al., 1983; Pike et at., 1985), the mechanism by which the dmg activates P450 genes is not

known.

The advent of recombinant DNA technology has resulted in the isolation of both

cDNA and gene sequences for a large number of P450 proteins. This has permitted

investigations into the gene strucnrres and evolutionary patterns of the P450s, in addition

to studies of the regulation of P450 gene expression. The plethora of P450s identified by

both DNA and protein sequencing has revealed the need for uniformity in P450

classifrcation. In this regard, a nomenclature system for the P450s has been proposed

(Nebert et al., 1987). Accordingly, P450s are said to comprise a superfamily of genes,

which can be subdivided into distinct P450 gene families, based on evolutionary

relatedness as determined by protein sequence similarity.

The remainder of this chapter is devoted to a brief analysis of the P450 gene

superfamily, with special emphasis on the regulation of P450 gene expression. In addition,

a summary of the P450s characterised to date, and classified according to the recent P450

nomenclature system, will be presented. More detailed information on the field of P450

molecular biology has appeared in the following reviews over recent years: Adesnik and

Atchison (1986); Nebert et al. (1987); Neben and Gonzalez (1987); Whitlock jr.(1986).

L.2. THE CYTOCHROME P45O SUPERFAMILY

Cytochrome P450s are present in all eukaryotes examined to date. ln addition,

their presence in prokaryotic species indicates that the P450 superfamily originated early in

evolutionary history, possibly more than 1.5 billion years ago (Nebert and Gonzalez,

1987). To date, more than 60 members of the P450 gene superfamily have been

characterised either by nucleic acid cr protein sequence analysis. Most of these are of

mammalian origin, although P450s in other vertebrates such as the chicken (Hobbs et al.,

1986; Ono et al., 1988) and trout (Heilmann et a1.,1988) are also included. P450 primary
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sequences have also been obtained from yeast (KaIb et al., 1986), and a bacterial camphor-

metabolising one found in Pseudomonas putida (Unger et al., 1986).

The eukaryotic P450s comprise a set of integrai membrane proteins found

predominantly in the microsomes, and also in mitochond¡ia. Microsomal P450s are

synthesised on the rough endoplasmic reticulum and contain an NHz-terminal signal

peptide sequence which directs the integration of the protein into the microsomal

membrane without cleavage of the signal peptide (Szczesna-Skompa et al., 1988). At least

two forms of P450 involved in steroidogenesis a¡e found as integral proteins within the

inner mitochondrial membrane, whilst the other P450s involved in steroid metabolism are

microsomal (Whitlock jr., 1986).

The microsomal P450 enzymes possess the ability to metabolise a stmcturally

diverse range of lipophilic compounds. The evolution of this system in the vertebrate liver

may originally have been as an adaptive response to other'¡/ise toxic plant metabolites

encountered in the diet. A general mechanism for converting these molecules into more

polar derivatives would facilitate their excretion. It is noteworthy that in a contemporary

context, P450s also enable the metabolism of many synthetic compounds, some of which

may be activated to form mutagenic or carcinogenic derivatives.

The principal animal tissue in which P450 activity is found is the iiver. Many other

tissues also contain P450s, including the kidney, lung, and small and large intestine. P450s

involved in synthesis of sex steroids a¡e found in the ad¡enals, testes and ovaries. P450s

form an integral component in a chain of enzymes which, together, convert lipophilic

compounds to polar metabolites for excretion by the organism. This process is classically

divided into Phase I and Phase II reactions (Parke, 1968). In Phase I reactions the enzyme,

cytochrome P450 reductase, catalyses the transfer of electrons via NADPH to the iron of

the P450 heme moiety. The reduced (ferrous) iron then binds an oxygen molecule, one

atom of which is used to oxidise the substrate, the other forming water. The Phase fI

reactions a¡e able to proceed once the substrate has been oxygenated by cytochrome P450.

These reactions involve the combination of the oxygenated metabolite with endogenou.s
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molecules such as glucuronic acid, glutathione or sulphate to form conjugates. This

generally renders the substrate more polar and therefore facilitates its exqetion. Enzymes

involved in phase II reactions include UDP-glucuronosyl transferase (UDPGTT),

glutathione transferase and epoxide hydrolase. Alternatively, the oxygenated Product may

be reactive and bypass Phase II reactions, binding covalently to proteins or nucleic acids.

This may resuit in chemical carcinogenesis from reactive by-products (Pelkonen and

Nebert, 1982: V/olf, 1986).

The broad spectrum of compounds which are metabolised by the P450 enzyme

sysrem are a tesult of the overlapping substrate specificity of many P450 isozymes.

Wirhin the P450 gene superfamily, 10 sepÍuate families have been defined by Nebert et al.

(1987), based arbitrarily on the percentage similarity of protein sequences. Accordingly, a

P450 protein from one gene family shows no greater rhan36Vo amino acid sequence

similarity to a P450 from a different gene family. Within the same gene family, P450s

which exhibit 687o or more amino acid sequence similarity are considered to belong to the

same subfamiiy. It then follows that within a gene family, P450s from different

subfamilies will show about 407o to 657o similarity in amino acid sequence.

The abovementioned classification system for P450s on the basis of sequence

similarity was recommended by Nebert et al. (1987), together with a standardised system

of P450 gene nomenclature. These recommendations were considered necessary for at

least two reasons. Firstly, as stated earlier, the number of P450s characterised by

nucleotide sequencing has grown rapidly in recent years. This is largely a result of

improvements in techniques of cDNA cloning, isolation and sequencing. Secondly,

nomenclature of P450s had proceeded on an "ad hoc" basis, often resulting in several

trivial names for a single P450 gene product. To facilitate the process of classification of

P450s, a systern based on the use of Roman numerals to distinguish gene family, capital

letters for subfamiiy and Arabic numerals for individual genes was recommended (Nebert

et al., 19S7). This system has been adopted by most researchers in the field of P450

molecular biology and no doubt may need to be adjusted as more P450s are characterised.
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A summary of the P450s classified to date, using the recommended nomenclature is

presented in Table 1. There are a two important points worth noting. Firstly, Roman

numerals V to X and most between XI and L have not been used. This is to allow for the

incorporation of any additional P450 gene families not yet discovered (Nebert et al.,

19S7). Secondly, between different mammalian species, P450 genes that have been

unequivocally identihed as being orthologousl are given the same gene designation. For

example, the rat P450IA1 gene (P450c by the old nomenclature) is considered orthologous

to mouse P1450, rabbit form 6 and human Pr450. Therefore they share the same P450

gene designation.

Throughout the remainder of this thesis, the recommended P450 nomenclature

system will be followed where appropriate. In addition, owing to the large size and

complexity of the P450 gene superfamily, this rntroduction will deal with the major P450s

known to be drug-inducible. These fall into the P450I, tr and III gene families.

1.3. THE P45OI GENE FAMILY
Genes in the P450I family are responsive to the highly potent carcinogen 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD) and polycyclic a¡omatic hydrocarbons (PAHs) such

as 3-methylcholanthrene (3-MC) and p-napthoflavone. The two genes that compriss the

P450I family, P450IA1 and IA2, have orthologues in the rat (Thomas et al., 1983), mouse

(Gonzalez et al., 1984), rabbit (Norman et al., 1978) and human (Quattrochi et al., 1985;

Quattrochi et al., 1986). Thus, mt IA1 (P450c) is equivalent to mouse P1450, rabbit form

6 and human P1450. Similarly, rat IA2 (P450d) has mouse P:450, rabbit form 4 and

human P3450 as orthologues (see Table 1). Recently, aP450 cDNA clone from 3-MC-

induced trout liver was isolated and sequenced (Heilmann et al., 1988), and shown to be

orthologous to P450I41. The mouse lAl and IA2 genes show similar exon/intron

arrangements with one another (Gonzalez et a1.,1985a) as well as to thefu respective rat

orthologues (Hines et al., 1985; Sogawa et al., 1985). Surprisingly, in both the mouse and

I Two different genes whose difference is a consequence of independence arising from speciation are said to

be orthologous @itch, 1976).



TABLE 1-

Family. subfamily and gene

P450I family
P450IA subfamily

P45OIA1

P45OIA2

Trivial names

Rat c, rabbit form 6, mouse P1,
human P1, trout P1.
Rat d, rabbit form 4, mouse P3,
human P3.

Rat a
Human P450-1

Rat b, rabbit form 2
Rat e
PB24

Rabbit PBcl
Rabbit PBc2 (K)*
Rabbit PBc3 (form 3b)
Rabbit PBc4 (form 1-8)
Rabbit form 1

Rat PB1
Rat f
Human form 1

Human mp
Rat M-l (h), human form 2

Rat db1, human dbl
Rat db2

Rat j, rabbit form 3a, human j

Chicken A
Chicken B

Rat pcn 1, human PCN 1 (HLp, nf)
Rat pcn 2

Rat LA.

Bovine scc, human scc

Bovine 11p, human 118

P450tr family
P450IIA subfamily

P45OTIA1
P45OIIA2
P450IIB subfamily

P45OIIB1
P45OIIB2
P45OIIB3

P450IIC subfamily
P450rrc1
P450rIC2
P450rrc3
P450rIC4
P450IIC5
P45Orrc6
P450rrc7
P450rrc8
P45OIIC9
P450rrc10

P450IID subfamiiy
P45OIID1
P45OIID2

P450IIE subfamily
P45OIIE1

P450IIF subfamily
P45OIIF1
P45OTß2
P450trI family
P450IIIA subfamily

P45OItrA1
P45OItrA2
P450W family
P450IVA subfamily

P45OIVA1
P450XI family
P450XIA subfamily

P45OXIA1
P450XIB subfamily

P45OXIB1
P450XVtr family
P45OXVIIA subfamily

P45OXV11A1 Bovine 17cr, human 17c[



InducinLagents

PAHs, TCDD, Aroclor

PAHs, TCDD, Aroclor,
isosafrole.

PB
Unknown

PB, AIA, Aroclor, Dex
PB, AIA, Aroclor, Dex
Constitutive

PB
PB
Constitutive
PB
Constitutive
PB
Constitutive
Unknown
Mephenytoin
Constitutive

Debrisoquine

Ethanol, acetone

PP,AP,DDC

PCN, DEX, PB

Zhao et al. (1987)
Tukey et al. (1985)

G,?n lu et al.(1986a)

Tukey et al. (1986)

Shimada et al. (1986)
Yoshioka et at. (198Ð; Yasumori et al. (1987)

Gotzalez et al. (1987); Gonzalez et al. (1988a)

References

Yabusaki et al. (1984); Okino et al. (1985); Kimu¡a et al.(1984a);

Jaiswal et al. (1985); Heilmann et al. (1988).

Kawajiri et al. (1984); Okino et al. (1985); Kimr¡ra et al.(1984b);

Jaiswal et al. (1986).

Nagaø et al. (1987)
Phillips et al. (198Ð

Suwa et al. (1985); Ta¡r et al. (1983)

Mizukami et al. (1983)

Labbe et al. (1988)

Leighton et al. (1984)

I

lr

I

tl lt

Song et al. (1986); Khani et al. (1987); Song et al. (1986)

Hobbs et al. (198ó)
Hansen and May (1989)

Gonzalez et al. (1985b); Gonzalez et al. (1988b)

Gonzalez et al. (1986b)

Hardwick et al. (1987)

Morohashi et al. (1984); Chung et al. (1980

John et al. (1984); Chua et al. (1980

Clofibrate

ACTH, cAlvIP

ACTH, cAMP

ACTH, cAMP Zuber et al. (1986); Chung et al. (1987)



TABLE 1 (continued)

Family, subfamily and gene

P450XD( family
P450XIXA subfamily

P45OXIXA1
P450XXI family
P450XXIA subfamily

P45OXXIA1
P45o)O(IA2
P450LI family
P450LIA subfamily

P45OLIA1
P450CI family
P450CIA subfamily

P450CrA1

Trivial names

Human arom

Bovine, mouse and human CZIA
Bovine, mouse and human C2IB

Yeast lan

P. rugiela cam



Inducins asents

Constitutive

Constitutive
Constitutive

Constitutive

Constitutive

References

Evans et al. (1986)

Chung et al. (1985); Amor et at. (1985); Higashi et al. (1986)

Chrurg et al. (1985); Amor et al. (1985); Higæhi et al. (1986)

Kalb et al. (1986)

Unger et al. (1986)

*Alternative trivial names also in common usage in the P450 liæratu¡e are shown in parentheses.
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mt, lirtle similarity is found when DNA sequence in the 5' flanking region of the P450IA1

gene is compared with the corresponding region of the IA2 gene. This is despite the fact

that in these species, both genes a¡e inducible by PAHs (Whitlock jr., 1986).

Induction of the P450IA1 gene in both the mouse and rat have been studied

extensively. An inbred mouse strain (DBA/2) with a lack of aryl hydrocarbon hydroxylase

inducibility (AIüI-) in the liver was first observed by Nebea and Gelboin (1969). When

the Fr from wild type (C57BL/6) andDBNz crosses were analysed, it was found that the

AHH- phenotype segregated as an autosomal recessive trait. This fact, together with

certain other observations, led to the concept that there was an Ah @romatic þdrocarbon)

locus that controlled, possibly in addition to other gene products, synthesis of a receptor

(the Ah receptor) involved in the induction process. Although all attempts to purify the Ah

receptor to homogeneity have been unsuccessful, Ah receptor binding assays have shown

that TCDD and other PAHs bind to the cytosolic receptor with high affinity (Kd < 1 nm).

Binding of drug to the Ah receptor is thought to be followed by a temperature-dependent

tanslocation of the iirducer-Ah receptor complex into the nucleus . Consequently,

ranscription of the IA1 gene is activated, leading to increased abundance of the mRNA

and increased levels of P450IA1 (benzo[a]pyrene hydroxylase) enzyme activity in the

endoplasmic reticulum (Nebert and Gonzalez, 1985).

Further investigations into the mechanism(s) goveming ranscriptional activation of

the P450IA1 gene have been -uå" possible by'using recombinant DNA methodology to

analyse cis-acting regulatory elements that mediate the induction by PAHs. Jones et al.

(1984) employed high activity variant (HAV) mouse hepatoma cells that overtranscribe the

IA1 gene, relative to wild type cells, following TCDD induction. This cell line contained

normal Ah receptors; no amplif,rcation of the IA1 gene was detected. This data indicated

that in the HAV cells, alterations in cis-acting elements that normally mediate the PAH

induction response may account for the unusually marked elevation in transcription of the

IA1 gene. Using a2.6kb DNA fragment derived from sequences upstream of the IA1

gene isolated from HAV cells, Jones et al. (1985) showed that transfection of this fragment
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in an expression vector containing the heterologous chloramphenicol acetyl transferase

(CAT) gene resulted in PAH induction of CAT activity. Further work involving a

transfection-deletion approach (Jones et al., 1986; Denison et al., 1988) ¡evealed three

distinct regulatory domains in the sequence upstream of the mouse IA1 gene. These are:

1) a promoter region immediately upstream of the IA1 cap site. This region activates

ranscription in either the presence or absence of PAHs. 2) An inhibitory domain several

hundred bp upstream of the promoter. It is likely that cis-acting sequences in this region

interact with trans-acting factor(s) to block transcription from the promoter. 3) A PAH

responsive domain located more than 1000 bp upstream from the promoter. This domain

consists of at least three dioxin responsive elements (DREs; Denison et al., 1988) which

can act independently, which have the properties of an enhancer and are thought to inte¡act

directly with the TCDD-Ah receptor complex during the TCDD induction process.

Sogawa et al. (1986) have shown that in the rat, control of the PAH responsive IA1

gene is very similar to that found irr the mouse. Three cis-acting elements are thought to

be responsible for 3-MC induction. More recently, studies by this group have delineated

the presence of two 15 nucleotide xenobiotic responsive elements Q(REs 1 and 2) in the

PAH-responsive domain (Fujisawa-Seha¡a et al., 1987). The XREs were also found to be

present in corresponding regions of the mouse and human IAI sequences and show

significant sequence similarity with the consensus sequence of the glucocorticoid

responsive element. In addition, competitive gel reta¡dation assays demonstrated saturable

binding between XRE2 and a PAH-inducible trans-acting factor, most likely the Ah

receptor-inducer complex.

The regulation of PAH-induced tanscription of the P450IA1 gene is complicated.

Although both the IA1 and IA2 genes are thought to be regulated by the Ah receptor

(Kimura et al., 1986), it is not known whether transcription of these genes is similarly

controlled. This is primarily due to the lack of any cultured cell line that is capable of

supporting PAH induction of the IA2 gene from either the rat or mouse (Nebert and

Gonzalez,1987). Studies using PAH-induced rat liver indicate that the level of IA2
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mRNA induced by either TCDD or 3-MC is regulated primarily at a post-transcriptional

level, whilst control of IA1 gene expression is accounted for primarily by transcriptional

activation (Pasco et al., 1988; Silver and Krauter, 1988). In addition, striking differences

in the tissue-specifrc response of the IA1 and IA2 genes to PAH induction have been

observed in both the mouse (Kimura et al., 1986) and rat (Pasco et al., 1988). Recently,

rat primary cultured hepatocytes have been successfully employed to examine both TCDD

and 3-MC induction of the IA1 and IA2 genes (Pasco et al., 1988; Silver and Krauter,

1988). Further experiments using this system may provide more information on the

regulation of the IA2 gene.

t.4. THE P4sOII GENE FAMILY
Historically, P450 genes in this family were referred to as "PB-inducible". This is

misleading as many of the P450s in the P450tr family are probabiy constitutive (i.e. not

known to be drug-inducible). It is primarily those genes residing in the IIB and IIC

subfamilies that are PB responsive. Moreover, as was indicated ea¡iier, the classificadon

of P450s is by sequence simila¡ify, and this may not necessarily coincide with inducibility

by similar substrates.

Whereas most of the P450 families consist of one or two subfamilies, the P450[

gene family is currently comprised of 23 genes, which fall into six separate subfamilies.

The large number of related P450s that have been characterised from this family may be

due to an increased rate of evolutionary divergence from an ancestral P450tr gene. This

may have been a consequence of exposure of animals to increasing numbers of potentially

toxic plant metabolites as the plant kingdom evolved (Nebert and Gonzalez,1987). Those

subfamilies within the P450II gene family considered relevant to the remainder of this

thesis are discussed.

1.4.4. The P450IIB Subfamily

The prototlpic members of the IIB subfamily a¡e the rat PB-inducible P450s, IIB 1

and IIB2 (b and e). These proteins sharc 97 .4o amino acid sequence similarity (Mizukami
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et al., 1983) and a¡e encoded by two distinct genes. Based on both polypeptide sequence

comparisons (Vlasuk et al., 1982; Rampersaud and Walz, 1983) and analysis of hepatic

mRNA from different rat strains (Kumar et al., 1983), microheterogeneity amongst the

trB1 and IIB2 genes has been observed. An analogous situation is thought to exist in mice

(Simmons et al., 1985), in which one PB-inducible gene has been partially sequenced

(Stupans et al., 1984). It is not known how many of these minor forms may reptesent

functional P450s, however Labbé et al. (1988) have recently isolated a rat P450 cDNA

clone corresponding to a constitutive member of the P450tr8 subfamily. The deduced

amino acid sequence is 77Vo similaa to P450IIB1. Accordingly, this P450 gene has been

designated IIB3. In the rabbit, at least one highly PB-inducible P450 has been

characterised by amino acid sequence analysis (Heinemann and Ozois, 1983; Ta:r et al.,

1983) and belongs to the IIB subfamily.

Expression of the rat IIBl and IIB2 genes is under constitutive and PB-dependent

developmental control (Giachelli and Omiecinski, 1986). It has been reported that there is'

a tissue-specifrc regulation of these genes, with IIBl mRNA expressed constitutively in the

lung and restis, but absent from the liver, kidney and brain. By contrast, IIB2 mRNA was

found in uninduced liver but not in any of the other tissues examined (Omiecinski, 1986).

Studies on the regulation of expression of the rat P450IIB 1 and IIB2 genes indicate

that increased P450IIB IÆB2 mRNA levels following PB administration a¡e a result of the

activation of P450IIB 1 (and, presumably Iß2) gene transcription (Hardwick et al., 1983;

Pike et al., 1985). By contrast, induction of P450IIB1/Iß2 mRNAs by dexamethasone

(Dex) involves a post-transcriptional component, possibly mRNA stabilisation (Simmons

et al., 1987). To date, no liver cell culture line analysed permits PB induction of the

trB1/IIB2 genes. For this reason, any upstream cis-acting reguiatory sequences that may

be involved in the drug-induced transcription of rhese genes have not been elucidated by a

transfection-deletion approach.

The other obstacle involved in the investigation of the PB induction mechanism is

the absence of any known PB receptor (Fonne and Meyer, 1987). The failure to detect a
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PB receptor may be due to technical difficulties (e.g. low affinity in yttrÐ. Alternatively,

as PB-type inducers are structurally dissimilar, and are required in relatively high

concentrations to elicit a P450 induction response, a receptor-mediated step may not be

involved (Whitlock jr., 1986). This is in contrast to PAH induction of the P450IA gene

where a receptor-mediated induction mechanism has been well defined, as described in

section 1.3. Future investigations into the control of PB-responsive P450s may empioy rat

primary hepatocyte cultures on matrigel, a reconstituted basement membrane prepared

from extracts of the Engelbreth-Holm-swarm sarcoma (Schuetz et al., 1988). Matrigel has

been found to confer PB inducibility to such cultu¡ed cells ( Schuetz et al., 1989).

Altematively, the cis-acting regulatory sequences mediating induction of P450IIB1 and

IIB2 by PB and PB-like dmgs could be studied in transgenic animals.

Evidence for positive regulation of P450IIB UIJB.? synthesis by heme has been

reported by Padmanaban and co-workers. In these studies, cobalt chloride and 3-amino-

1,2,4-úazole (aminotriazole) were employed as inhibitors of hepatic heme synthesis in

ratb (Ravishankar and Padmanaban, 1983; 1985). The negative effect of these inhibitors

on transcription of the hepatic P450 IIBl/II82 genes was shown to be counteracted by the

addition of heme, either administered exogenously at low levels to rats, or added in vitro to

a nuclea¡ transcription assay (Dwarki et al., 1987). In a recent study, Schuetz et al. (1989)

demonstrated a substantial decrease in PB-induced P450IIB IIIIBZ gene transcription

following addition of growth hormone to cultured rat hepatocytes. It seems, therefore, that

the expression of P450 genes in the IIB subfamily is governed by hormonal and other

influences, and these factors affect the drug induction response.

1.4.8. The P450trC Subfamily

This P450 subfamily is complex as it contains both PB-inducible and constitutively

expressed genes (Leighton et al., 1984). Four P450 cDNA clones, PBcl, 2,3 and 4, have

been isolated from rabbit liver, sequenced, and found to represent separate, closely related

genes. These have been designated P450trC1, IIC2, IIC3 and IIC4 (Nebert et al., 1987).
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In the liver, these genes are differentially responsive to PB. In addition, there a¡e tissue-

specific differences in both the basal and PB-induced levels of the IIC1, trC2 and IIC3

mRNAs (Leighton and Kemper, 1984). A fifth rabbit P450 gene encoding progesterone

21-hydroxylase has also been sequenced and classified as belonging to the trC gene family

(Tukey et al., 1985).

In the rat, three hepatic P450 genes have been identified as belonging to the trC

subfamity. IIC6 (PB1) is weakiy PB-inducible and IIC7 (P450f) is constitutively

expressed. Both genes arc 7 5Vo similar in amino acid sequence and are developmentally

regulated, with increased mRNA levels due to transcriptional activation of the respective

genes (Gonzalez et al., 1986a). P450trC10 (M-1) is a constitutive male-specific form

whose cDNA sequence has shown that it belongs to the trC subfamily. The prima¡y

sequences of P450g (male-specific) and P450i (female-specif,rc) are not known and

therefore these P450s have not yet been classified. However, based on immunological

cross-reactivity and comparison of NH2-terminal protein sequences, they are thought to

also reside in the IIC subfamiiy (Nebert and Gonzalez,1987). Two human P450 genes,

trC8 (form 1; Tukey et al., (1986)) and trC9 (mp; Shimada et al., (1986)) have also been

classifred as belonging to this large P450 subfamily.

1..5. THE P4sOIU GENE FAMILY
The fust P450 identified as belonging to this family was found to be inducible by

the synthetic steroid, pregnenelone 16ct-carbonitrile (PCN) and Dex. A P450 cDNA clone,

pcnl (ItrA1), isolated from PCN-treated rat liver (Hardwick et al., 1985) was sequenced

(Gonzalez et al., 1985b) and shown to share about 33Vo amino acid sequence similarity

with both the 3-MC-inducible P450IA1 and the PB-inducible P450IIB1. This indicateC

'Jrat it belonged to a distinct P450 gene family. A second rat PCN-inducible P450 cDNA,

pcn2 (IIIA2), was also sequenced (Gonzalez et al., 1986b) and shown to be 887o simila¡ to

trI41. The natural substrate(s) of P450I[ALIJIAZ are not known, however they both have
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tesrosterone 6p-hydroxylase activity (GonzaLez et al., 1988a). Consequently, male rats

have a higher constitutive level of the P450IIIA1/A2 gene products.

Interestingly, whilst PCN and Dex induce only the mA1 gene, PB induces both

trIA1 and ItrA2 (Gonzalez et al., 1986b). The dose of Dex necessary to induce the

P450IIIA1 protein is far greater than that required to activate the glucocorticoid receptor

(Schuetz and Guzelian, 1984). This indicates that the mechanism of P450IIIA1 induction

by Dex and PCN is not receptor-mediated. Thus, the induction mechanism of P450s

within this family remains elusive.

Simmons et al. (1987) have shown that induction of rat IILA.1 by Dex is due to

activation of gene transcription. Using prima¡y rat hepatocyte cultures, Schuetz et al.

(1989) demonstrated that induction of rat trIA1 is also effected at the level of gene

transcription by PB. Interestingly, this increase was substantially repressed following

addition of growth hormone to the media, suggesting a profound hormonal influence on

drug induction of this P450, as \#as found for the P450tr81/IIB2 mRNAs.

Molowa et al. (1986) have isolated a human cDNA orthologous to rat ItrA1 and

showed that it is inducibte by Dex. Recently, Gonzalez et al. (1988b) demonstrated that

the human P450Itr41 gene encodes nifedipine oxidase. It is not known whethe¡ the

human orthoiogue of rat P450IIIA2 exists.

1.6. THE P450XI, XVII, XIX and XXI GENE FAMILIES

A major physiological role for P450s is in steroid biosynthesis. Several reactions

are catalysed by P450s that fall into four gene famiiies. P450XIA1 (scc) catalyses the

conversion of cholesterol to pregnenolone, whiist P450XIB 1 (1 1P) catalyses the

hydroxylation of 11-deoxycortisol to cortisol. P45OXVIIA1 (17cr) is involved in androgen

synthesis whilst P450XIXA1 (a¡om) catalyses the a¡omatisation of the steroid A ring in the

synthesis of estrogens from androgens. Interestingly, of the two known members of the

P450XXI gene family (XXIAI and XXIA2), one is inactive in both the human and mouse.
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Control of the steroidogenic P450s is thought to be hormonal, with the transcription

of rhese P450 genes regulated by ACTH, and mediated by cAMP (John et al., 1985, 1986;

Zaber et al., 1986). In turn, cAMP action is proposed to be mediated by atrans-acting

factor. This putative factor has been termed the steroid þ¡idroxylase inducing protein

(SHIP), and it is this protein that is proposed to intemct with cis-acting control elements of

the steroidogenic P450 genes (John et al., 1985).

I.7. AIMS OF THIS THESIS

Almost nothing is known, at the molecular level, about the mechanism by which

PB and other compounds increase levels of the PB-inducible P450s. The ultimate aim of

the work in this thesis is to understand the mechanism of this regulation in both the avian

and marrmalian systems.

The chick embryo system was investigated in the first pat of the work. This

sysrem is attractive since levels of P450 activity are rapidly induced in the liver following

drug administration. The aims were to investigate the structure and expression of the PB-

inducible P450 genes in this system, including the tissue-specific expression of P450s in

adult chickens. When this work commenced, two chicken P450 genes had been identified

and it had been shown, by Northern hybridisation analysis using a P450 cDNA clone,

pCÉ{P3, that at least one of these genes, gene A, was active. The other chicken P450 gene,

gene B, was shown by restriction mapping analysis to be very similar to the A gene.

pCF{P3 had been sequenced and the flrst part of this project was to characterise a second

P450 cDNA clone, pCHP7, by nucleotide sequence analysis. This was desirable for a

number of reasons:- f,ustly, to determine the extent of sequence similarity with pCHP3;.

secondly, to determine from which gene the pCHPT mRNA originated; and thirdly, to

permit the expression of individual P450 mRNAs to be monitored, as restriction mapping

had shown the 3' untranslated regions of these P450 cDNAs to differ in both length and

nucleotide sequence.
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When P450s a¡e induced by drugs, there is also a rapid induction, in the liver, of

AlV-synthase levels. This may be due to lowering of heme levels and consequent relief

of AlV-synthase repression by heme as a result of increased P450 apoprotein synthesis.

During this study, the induction of AlV-synthase was investigated with the specific aim of

determining whether its induction is linked to that of P450.

The second part of the project dealt with the control of drug induction of P450 and

AlV-synthase in the chicken and rat. Studies in the chicken were aimed at both

quantifying the large increase in P450 and AlV-synthase mRNA levels observed

following drug induction, and also determining whether accumulation of these mRNAs

was due to transcriptional activation. In addition, tissue-specific expression of P450 and

AlV-synthase in hens was investigated to determine whether the co-ordinate drug

induction of these genes observed in the live¡ also bccurred in different tissues.

In othe¡ studies, the regulation of PB-inducible P450s was examined in rat liver. It

had been proposed that heme played a central role in the regulation of P450 synthesis, due

its requhement for P450 gene transcription. Initial studies in this laboratory in the rat had

indicated that heme actually inhibited hepatic P450 synthesis. An important aim was to

continue this study in rats and establish whether heme has an inhibitory effect on P450

synthesis.



CHAPTER 2

MATERIALS AND METHODS.
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2.L. MATERIALS

2.1.A. Experimental animals.

Fenilised White Leghorn eggs were obtained from Pa¡afield Poultry Farms,

Adelaide and were incubated 17-18 days prior to use in a humidified incubator ùt37oC. 12

week-old White Leghorn hens and rats were fed pellets and water ad libitum, in

accordance with the guidelines specified by the NH & MRC Animal Experimentation

Ethics Committee (1984- 1986).

2.1.8. Drugs, Chemicals and Reagents

2-allyL-2-isopropylacetamide (AIA) was a generous gift from Roche, Australia.

Glutethimide, g¡iseofulvin and mephenytoin were also gifts obtained from Prof. Urs

Meyer. Phenoba¡bital was purchased from F.H. Faulding Pty. Ltd., Australia. Hemin was

purchased from Porphyrin Products Inc., U.S.A.

The following were obtained from Sigma Chemical Co.:

Acrylamide, agarose (Type 1), ampicillin, L-arginine, bisacrylamide (N,N'-methylene-bis-

acrylamide), bovine serum albumin (BSA), chloramphenicol, deoxyribonucleotide

triphosphates (dNTPs), dithiothreitol (DTÐ, ethidium bromide, ethylenediaminetetra-

aceric acid (EDTA), ethylene glycol-bis (p-amino-ethyl ether) N,N,N',N'tetra-acetic acid

(EGTA), isopropyl-thiogalactoside (IPTG), N-2-hydroxyethylpiperazine-N'-2-ethane

sulphonic acid (Hepes), ribonucleotide triphosphates (rNTPs), salmon sperm DNA,

sodium dodecyl sulphate (SDS), spermidine, spermine, Tris base.

Sources of other impcrtant reagents were as follows:

agarose (low melting temperaiure): Bethesda Resea¡ch Laboratories @RL)

5-bromo-4-chloro- 3- indolyl p-D- galac topyranoside (B CIG) : B RL

dextran sulphate: Pharmacia

Ficoll400: Pharmacia

phenol: BDH chemicals
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polyethylene glycol6000 (PEG): BDH chemicals

N,N,N',N' -tetramethylethenediamine (TEMED) : Tokyo Kasei

tetracycline: Upjohn Pty. Ltd.

trichloroacetic acid (TCA): Univar Pty. Ltd.

IRNA, E. coli: BRL

Kits for dideoxy DNA sequencing and nick translation of DNA were obuined from

Biotechnology Research Enterprises of South Australia (BRESA). All other chemicals and

reagents were of analytical grade.

2.1.C. Radiochemicals

[cr32t1 dATp (1s00 CVmmol), [cr-szp1 dcTP (1800 Cvmmol), Íy-32p) ATP (>2000

Cilmmoi) and [cr-3zP1UTP (1500 CVmmol) were purchased frorn BRESA.

2.1.D. Enzymes

All restriction enzymes used during the course of this work were purchased from

either New England Biolabs, Integrated Sciences Pty. Ltd., or Toyobo Inc.

Other enzymes were obtained from the foilowing sources:

Calf intestinal phosphatase : Boeringher Mannheim

E. qgü DNA polymerase I (Klenow fragment) : BRESA

lysozyme: Sigma

proteinase K : Boeringher Mannheim

ribonuclease A (RNase A) : Sigma

T4 DNA ligase : Sigma

T4 DNA polymerase : Integrated Sciences Pty. Ltd.

Terminai deoxynucleotidyl transferase : P.L. Biochemicals.
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2.1.8. Cloning Vectors, cDNA clones and Synthetic DNA Oligonucleotides

pBR322, M13mp18, M13mp19 were purchased from BRESA.

pGEMI was puchased from Promega.

The isolation and characterisation, in this laboratory, of the chicken P450 cDNA

clones pCHP3 and pCHPBl5 have been previously described (Hobbs et al., 1986). The

chicken and rat AlV-synthase cDNA clones were also isolated in this laboratory

(Borthwick et al., 1984,1985; Srivastava et al., 1988). The rat P450IIB UIIB2 cDNA

clone (PB7), was a generous gift from Prof. A. Anderson (see Affolter et al., 1986). The

chicken p-actin cDNA was a gif¡ from Dr. S. Dalton.

A 17mer [3'-d(CTTCTAAATTGCAGTGT)-5'] was used as a sequencing primer in

chapter 3. Specific 30mer oligonucleotides for P45OItrAi I3'-d(CTCAAGACGACT-

TAAGCAGTCTIITACACCA)-5'I (Gonzale z et al., 1986b) and heme oxygenase [3'-

d(CCTCGGTCGGACTTGATCCGGTCAGGGCGC)-5'l (Shibaha¡a et al., 1 985) were

used as hybridisation probes in chapter 7. All oligonucleotides were synthesised by

BRESA.

2.1.F Bacterial Strains

The following E.coli K12 strains were used :

E.ceU MC1061 (Casadaban and Cohen, 1980)

host for recombinant plasmids.

E.coli JM101 (Messing, 1979)

host for M13 bacteriophage.
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2.1.G. Bacterial Growth Media

Media for use with bacteria were prepared in mono-distilled water. Buffers and

solutions were prep¿rred using double-distilled ttrater. All media and buffers were sterilised

by autoclaving.

1. Growth media for E.coli MC1061.

Luria broth (L broth) contained l7o (w/v) Bacto-tryptone (Difco),0.5Vo (w/v) yeast

extract (Difco), I7o (wlv) NaCl, adjusted to pH 7.0 with NaOH. Agarplates were prepared

by adding l.5Vo (wlv) Bacto-agar (Difco) to the L b¡oth. Where appropriate, the media

and plates were supplemented with either ampicillin (50rrg /ml) or tetracycline (20

pgml) after cooling to 50oC.

2. Growth media for E. coli JM101.

Minimal medium contained 1.057o K2[IPO+, 0.457o KHzPO+,0.17o OIH¿)zSO¿,

0.05Vo Na citrate, supplemented after autoclaving with 0.027o MgSOa, 0.027o glucose and

0.00057o thiamine-Hcl. M13 minimal medium plates were prepared with minimal

medium containing l.5Vo B acto-agú.

2xYT broth contained 1.6Vo Bacto-tryptone, lVo yeast extract, 0.57o NaCl, adjusted

to pH 7.0. Soft YT overlay contained lxYT broth supplemented with 0.7Vo Bacto-agar.

.2.1.H. Buffers

NET: 0.1 M NaCl, 0.1 mM EDTA and 10 mM Tris-HCl pH 8.0.

SSC: 150 mM NaCl, 15 mM Na citrate and 1 mM EDTA pH 7.0.

TAE: 40 mM Tris-actate, 20 mM sodium acetate, 1 mM EDTA, pH 8.2.

TBE: 130 mM Tris base, 45 mM boric acid and 2.5 mM EDTA pH 8.0.

TE: 0.1 mM EDTA, 10 mM Tris-HCl pH 8.0.

5x loading buffer: 50Vo glycerol, 10 mM Tris-HCl pH 8.0, 1 mM

EDTA, 0.2Vo bromophenol blue.
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2.1.T. Miscellaneous

Nitrocellulose (8485) was purchased from Schleicher and Schuell, X-ray film

(Fuji RX) from Fuji Photo Film Co. Ltd., Japan, X-ray film (Kodak X-OmatrM) from

Eastman Kodak Co., U.S.A., GF/A glass fibre filter discs from Whatman Ltd..

'r)aaaa METHODS.

2,2.L. Drug and Heme Treatment of experimental animals

17-18 day chick embryos were administered either AIA (3 mg), glutethimide (4

mg), griseofulvin (4 mg), mephenytoin (4 mg) or PB (6 mg) in 0.1 rnt DMSO by injection

with a 2l gauge f inch needle through the shell, into the yolk sac. Adhesive tape was

placed over the shell opening and the eggs left for the required induction period. Embryos

were then removed and, following decapitation, the liver was excised and hepatic RNA

was isolated by either of the procedures detailed in2.2.8.

200-300 g male albino Wista¡ rats weÍe stan¡ed overnight before injection with

either phenobarbitone (16 mg in 2 ml of water via the intraperitoneal cavity), AIA (80 mg

in 4 ml of water subcutaneously) or heme arginate (8 mg in 2 ml of 0.9Vo saline

inn'aperitoneally). Heme arginate, the reaction product of hemin and L-arginine, was made

fresh prior to administration according to the method of Tokola (1987). Rats were killed

by chloroform Eeatment, decapitated, urd livers extracted for isolation of RNA. In the

tissue specificity studies (Chapter 5), 16-week old white leghorn hens we¡e starved

overnight and administered AIA in saline subcutaneously (200m/kg) at 24 hours and 16

hours prior to killing by cervical dislocation. The liver, kidney, small intestine, lung, heart

and spleen were removed from both control and AlA-induced hens and total RNA isolated

using the guanidine HCI method detailed below.

For isolation of liver nuclei for transcriptional run-on experiments (Chapters 6 and

7), chick embryos were decapitated and livers were perfused in situ by injecting 10 mls of
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ice-cold 0.97o saline through the left ventricle. Rats were treated similarly, except that

perfusion was with 50 mls of cold 0.97o saline, after the portal vein had been cut.

Hepatocyte nuclei were isolated as detailedn2.2.J.

2.2.8. Preparation of total RNA.

Total RNA was extracted from 2.5 g of tissue by either a modifred guanidine-HCl

procedure ofBrooker et al. (1980) or by a guanadinium isothiocyanate procedure of

Chomczynski et al. (1987). In the first procedue, tissue was homogenised in 10 volumes

of 6M guanidine-HCl, pH 5.0, 20 mM sodium acetate, to which was added 2.8 mM 2-

mercaptoethanol immediately prior to use. To this was added a half volume of ethanol and

rhe mixture precipitated at -20oC for 30 minutes. Following centrifugation at 6000 r.p.m.

for 15 minutès, the pellet was resuspended in 6M guanidine-HCl, pH 7.0,20 mM EDTA,

2.8 mM 2-mercaptoethanol. Following ethanol precipitation and centrifugation, the pellet

was homogenised in 7M urea, 0.1 mM EDTA, 17o SDS, 100mM Tris (pH 8.5). This was

followed by two phenoVchloroform extractions in the presence of I7o SDS. To the final

aqueous iayer was added potassium acetate (pH 5.0) and 2.5 volumes of 1007o ethanol and

rhe RNA precipitated overnight at -20oC. The sample \vas then centrifuged for 30 minutes

at 10,000 r.p.m., washed wíth70Vo ethanol, spun again and freeze-dried. The final RNA

pellet was resuspended in 800 pl of 0.1 mM EDTA.

Two minor modifications to the procedure of Chomczynski et al. (1987) were

employed for RNA extractions from tissue. The fust was simply the scaling up of volumes

used in the published extraction procedure, whilst the second modification was the

inclusion of an additional phenoVchioroform extraction, iollowed by the addition of U20

volume 3M Na acetate (pH a.8) and 2.5 volumes of 700% ethanol to the aqueous phase.

This was then precipitated at -20oC for 2 hours, centrifuged at 10,000 x g for 30 minutes,

rinsed with707o ethanol, vacuum dried and resuspended in 0.1 mM EDTA.

Following either of these RNA extraction methods, the absorbance values ar260

nm and 280 nm of each RNA sample were determined using a Varian Superscan 3
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spectrophotometer. The Azeol4280 ratios of RNA samples prepared by either of the

methods detailed above were consistently in the range 1.6 - 2.0. The relationship of one

A26s unit equal to 40 ¡rglml RNA was used in the calculation of RNA concentrations.

2.2.C. Plasmid DNA Preparation.

The rapid alkaline hydrolysis procedure of Birnboim and Doly (1979) was

used for the isolation of plasmid DNA from2 ml overnight cultures for analytical

restriction digests. This method was also employed for the bulk preparation of

plasmid cDNAs from 500 ml cultures for use as probes, either for radiolabelling in

Northern hybridisation analyses (see section 2.2.I) or for immobilisation to

nitrocellulose filters for nuclear run-on analyses (see section 2.2.1.4).

Since the preparation of plasmid DNA that was to be used for preparative

restriction enzyme digests required gleater purity, the DNA was further purified by

CsClz gradient centrifugation according to the method of Maniatis et al. (1982).

2.2.D. Restriction Enzyme Digestions

In analytical digests, 0.5 - 1 pg DNA was incubated with 2 unis each of the

appropriate restriction enzyme(s) for 3-4 hours in buffer conditions specified by the

manufacturer. Reactions were terminated by the addition of Il3 volume load buffer

and electrophoresed on I7o mini-agarose gels in TBE buffer.

In preparative digests, 5 pg DNA was used in a volume of 50 pl. The

desired DNA fragments were isolated as detaiied in sections 2.2.8.I and2.2.8.2.

2.2.8. Subcloning restriction fragments into DNA vectors

Restriction fragments were either subcloned into M13 phage vectors for DNA

sequencing or into plasmid vectors for use as specif,rc hybridisation probes using the

following procedures.
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1. Preoaration of Vector DNA.

Plasmids and M13 replicative form were linea¡ised using appropriate restriction

enzyme(s) and prepared for further manipulations using one of two methods:

(a) The restricted DNA was electrophoresed on a 0.8-1.07o low melting point

aga,rose gel in TAE buffer. After staining the gel with ethidium bromide, the DNA was

visualised under UV light and the vector DNA excised from the gel and placed in an

Eppendorf microfuge tube with 5 volumes of NET buffer. The tube was heated at 65oC

for 10 minutes to melt the agarose and extracted twice with an equal volume of buffer-

saturated phenol, also heated to 65oC. This was followed by ethanol precipitation of the

aqueous phase, centrifugation fo¡ 15 minutes and drying of the DNA pellet in vacuo. The

f,rnal pellet was resuspended in 20-50 ul of TE buffer.

(b) The restricted vector DNA was isolated from a0.8Vo agarose TAE gel and the

DNA extracted using a GenecleanrM kit according to the manufacturers' instructions.

2. Preparation of DNA Restriction Fra&ments.

The DNA to be digested was incubated with the appropriate ¡estriction enzyme(s)

and all restriction fragments were isolated from either a horizontal 0.8-2.07o low melting

point agarose gel or a vertical 6Vo polyacrylamide gel, depending on the size of the DNA

restriction fragment(s). Bands representing restriction fragments were visualised under

UV light following staining with ethidium bromide and the appropriate fragment(s)

excised from the gel. Fragments isolated from low melting point agarose were extracted

with phenol at 65oC (see2.2.8.1 above), whilst fragments isolated from polyacrylamide

gels were eluted from the gel slice overnight at 37oC in 400 pl of 0.5M ammonium acetate,

0.1% SDS. In either case, DNA was precipitated following addition of 2.5 volumes of

l\OVo ethanol, washed ín70Vo ethanol, d¡ied and resuspended in 10-20 pl of TE buffer.

Alternatively, DNA fragments were run on IVo TAE agarose gels and the DNA isolated

using the GenecleanrM protocol.

3. Quantitation of DNA.

Ethidium bromide was added to l%o agarose in TAE to a final concentration of 10
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pglrnl and 10 ml of solution aliquoted into 36 mm petri dishes. The plates were dried and

stored at 4oC. In order to quantitate insert and vector DNA, 1 ¡rl of M13 RF DNA

standards ranging in concentration from 10ng/ ¡rl to 100 ng/þl were spotted onto the gel,

tògether with 1 ¡rl of test (insert or vector) DNA. The spots were permitted to dry and the

DNA was visualised by placing the inverted petri dish onto a UV light source. The amount

of test DNA was estimated by visual comparison with the standards.

Alternatively, DNA extracted using the Geneclean procedure was run-on l7o

agarose and the amount estimated relative to a known amount of restricted DNA generated

from EcoRl digestion of bacteriophage Spp-1 (supplied by BRESA).

4. Lisation conditions.

In ligation reactions, a 2-3 mola¡ excess of insert to vector DNA was incubated in

50 mM Tris-Cl pH7.4,10 mM MgCl2, 1 mM DTT and 1 mM ATP. Ligation reactions

were performed in the presence of l-2 units T4 DNA ligase in a total volume of 10 ¡rl for 4

hours at26oO or overnight at 4oC.

5. Transformation of E.coli strains.

For transformation of plasmid DNA, E.æll strain MC1061, was used and for

transfection of M13 phage DNA, E.coli strain JM101 was used.

E.æli MC1061 cells were made competent and transforrned using a modification

of the method described by Dagert and Ehrlich (1979). MC1061 cells were grown

overnight in L broth at37oc with constant aeraúon. The cells were subculrured 1/100

(v/v) into 100 ml of fresh L broth and grown at 37oC until an A6s0 of 0.6-0.7 was obtained.

The cells were chilled on ice for 10 minutes and pelleted by centrifugation at 2000 x g for

5 minutes ar 4oC. The cells were gently resuspended in half the original volume of ice

cold 10 mM MgCl2 andplaced on ice for 20 minutes. The cells were pelleted again by

centrifugation and gently resuspendedin 1/25 volume of ice cold 100 mM CaClz. The

cells were kept on ice for at least 3 hours prior to use.

The annealed DNA was diluted to 100 pl with TE, mixed with 0.2 ml of competent

MC1061 cells and stored on ice for 40 minutes with intermittent mixing. After heat shock
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for 2 minutes at 42oC, the cells were kept on ice for a further 20 minutes and then warmed

to room temperature. 0.5 ml of L b¡oth was added and the cells incubated at 37oC for 20

minutes. The transformed cells were either spread directly onto the surface of L plates

containing the appropriate antibiotic or mixed with 3 ml of 0.8Vo L agar and overlayed

onto the appropriate plates. The plates were incubated overnight at 37oC or until the

colonies ieached 1-2 mm in diameter.

Competent E. coli JM101 cells were prepared by diluting an overnight culture of

JM101 grown in minimal medium, 1/100 (v/v) into fresh 2x YT broth. The culture was

g¡own at37oC with constant aeration until an Aeoo of 0.6-0.7 was obtained. The cultu¡e

was chilled on ice for 10 minutes and the cells pelleted by centrifugation at 2000 x g for 5

minutes at 4oC. The cells were gently resuspended in half of the original volume of ice

cold 100 mM CaCl2 and stored on ice for 20 minutes. The cells were pelleted by

centrifugation and gently resuspendedin 1120 the volume of ice cold 100 mM cacl2.

0.2 mi of the competent cells was immediately combined with the ligation mix and

stored on ice for 40 minutes with intermittent mixing. After heat shock at42"C for 2

minutes, the cells were mixed with 3 ml of 0.i7o YT agar containing 10 pl of 20 m/ml

IPTG, 20 pl of 20 mg/ml BCIG (in dimethylformamide) and 0.2 ml of exponentially

growing JM101. The mixtu¡e was plated immediately onto rninimal medium plates and

incubated overnight tt 37 o C.

2.2.F, Dideoxy sequencing analysis of M13 phage recombinants

1. Subcloning of M13 recombinant phage.

The procedure of Dale et al. (1985) was used to prepare overlapping DNA

subclones from a parental M13 recombinant. A modification to the procedure was made in

rhe initial EcoRl digest of the M13 phage DNA, where NaCl and DTT were added to final

concentrations of 50 mM and 1 mM respectively. Briefly, a synthetic oligomer (20mer)

containing the EcoRI recognition sequence was annealed to the single stranded M13

recombinant phage.containing the 1.7 kb HindtrI fragment. This was followed by
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restriction with EcoR[ to linea¡ise the DNA, which was then subjected to exonuclease

digestion using T4 DNA polymerase. 5 pl aliquots were taken at 5, 10, 20,30 and 45

minutes after addition of enzyme. These aliquots were immediately transferred into a

common tube placed at -80oC and the pooled DNA heated at 85oC for 5 minutes to

inactivate polymerase. The linea¡ised, digested DNA was then dG tailed by addition of 50

uM dGTP and terminal transferase (4 units) and incubated at 37oC for 20 minutes, aftet

which the DNA was heat inactivated at 65oC for 10 minutes. 25 ng of 20mer were added

to circularise the linea¡ DNA molecules (the dG tails and the small poly-C tract of the

20mer will self-anneal), whilst 10 ¡rl of unannealed DNA was kept aside as an unligateC

control. This was followed by ligation (3 hours at 26oC), with 2 ¡rl of the mix being used to

transform competent cells (JM101). 96 plaques were chosen and grown at 37oC in a

microtitre dish. The cells were left to settle at 4oC and the supernatants (100 ¡rl) transferred

into another microtitre dish, SDS phage cracking buffer added, and the tray heated for 15

minutes at 65oC. Clones were electrophoresed overnight at 60V on a0.8Vo TAE agarose

gel for sizing. Native, single stranded M13 and the parental recombinant were run as size

markers. A range of subclones estimated to contain inserts differing in size by

approximately 200 base pairs were chosen for purification and sequencing.

2. Preparation of single stranded template DNA for sequence analysis.

Colonies represented by white plaques were grown up in 1.2 mls 2YT broth

conraining competent JM101 cells. Following PEG precipitation of the phage supernatant,

the remaining pellet was resuspended in TE buffer, phenol extracted, ether extracted and

precipitatedín l00Vo ethanol. This was follwed by centrifugation, washing in70Vo ethanol

and vacuum drying. The tempiate DNA was finally resuspended in 25 pl TE buffer.

3. Dideoxv seouencing orocedures.

Single stranded template DNA (8 pl) was annealed in 10 mM Tris-Cl pH 8.0, 1 mrVI

MgCl2 with 2-3 ng of the appropriate primer (1 Fl) in a final volume of 10 pl. The mixture

was heated at 95oC for 3 minutes, followed by slow cooling to room temperature.

Sequencing was performed using the Sanger dideoxy method (1977) with the
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sequencing reagents supplied in the BRESA kits. The sequencing reactions were

performed in accordance with the protocol accompanying the kits.

4. Gel electrophoresis of DNA for sequence analysis.

Sequencing reactions (1 ¡rt) were electrophoresed on 6Vo polyacrylamide gels

containing 7M urea in 1 x TBE buffer at 1800 V. Following electrophoresis, gels were

fixed in l07o (vlv) acetic acid to remove urea, followed by washirtg wíth2}Vo (v/v)

ethanol. Gels were baked at 100oC for 20 minutes and subjected to autoradiography for 4

to 16 hours at room temperature. All sequencing data was compiled and analysed using a

VAX computer.

2.2.G. Southern Transfer and Hybridisation conditions

EcoRIÆámHI digests of the chicken P450 genomic clones, It8, 13, Àzo and

1"12 (Mattschoss et al., 1986) twere run on a 0.87o agarose gel in 1 x TBE.

Following staining with ethidium bromide, the gel was visualised under TJV light,

treated with 0.25 M HCI for 30 minutes, and the DNA transferred to nitrocellulose

according to the method of Southern (1975). Following transfer overnight, the

filter was baked in vacuo for 2 hours and prehybridised for 4 hours in 6 x SSC,

O.LVo (w/v) Ficoll, 0.IVo (wlv) polyvinylpynolidine,O.lVo (w/v) BSA, 0.17o SDS

and 200 pgrnl heat denatured salmon sperm DNA at 68oC.

Hybridisation was carried out for 16 hours in the same conditions with the

addition of 50 ng of the 32P-labelled 3' AvaIVBamHI fragment subcloned from

pCHP7. Filters were washed in 2 x SSC, 0.17o SDS for 5 minutes at room

temperature, followed by two washes in 0.2 x SSC, 0.17o SDS at 68oC for 30

minutes each. Autoradiography of the filter was performed at -80oC.

2.2.H Northern Hybridisation Analysis of RNA

Northern hybridisation analysis of total RiriA was ca¡ried out by

denaturation on lVo agarose, 1.1M formaldehyde gels and transfer onto BA85
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nitrocellulose filters (Schliecher and Schuell). Following transfer, filters were

baked for 2 hours in vacuo, then pre-hybridised for 3-4 hours at 4?oC in 50Vo

formamide, 5 x SSC, 5 x Denha¡dt's,0.17o SDS,0.057o sodium pyrophosphate,

200 þg/rÍi, salmon sperm DNA, with or without the inclusion of 107o dextran

sulphate. Hybridisation was ca¡ried out for 18 hours under exactly the same

conditions, except for the addition of radiolabelled probe (1-2 x tOs cprn/pg).

Filters 'were then washed wice in2 x SSC, 0.17o SDS for twenty minutes at Íoom

temperature, followed by two washes in2x SSC, 0.17o SDS for 40 minutes each at

600c.

Where [32P]-labelled oligonucleotide probes were used in hybridisation

reactions, formamide was ommitted from the reaction and replaced by an equai

volume of water. In addition, filters were washed in 5 x SSC, 0.17o SDS for twenty

minutes at room temperature, followed by a Wenty minute wash in 5 x SSC, 0.17o

SDS at 52oC.

2.2.1. Preparation of [32P]-Labelled DNA Probes

1. Nick translations.

In all expe¡iments, a BRESA kit was used in the nick translation of

recombinant plasmids. 0.1-0.5 pg of DNA was [32p1-1abelled in a 20 pi reaction

containing 50 mM Tris pH 7.6, t0 mM MgSO+, 0.1 mM DTT, 50 ¡rglml gelatin,25

pM each of unlabelled dGTP and dTTP, 100 rrCi each of [a-:2p1 dATP and [cr-32p1

dCTP, 5 units of DNA poiymerase I and 40 pg DNase I. This was incubated at

16oC for 3 hours and the reaction stopped by addition of 5 rrl of 0.5 M EDTA' pH

8.0 and 5 pt of 107o SDS. 5 ¡rl of IRNA (10 mg/rnl), 50 pt of NET buffer and 125

pl of 4M ammonium acetate were added and, following the addition of 400 pl of

ethanol, the DNA was precipitated at -80oC for 15 minutes. This was followed by

centrifugation for 15 minutes at 12,000 x g, washing with 1 ml of ice-cold ethanol

and drying in vacuo. The DNA was frnally resuspended in 200 pl of TE buffer.



Determination of TCA-precipitable radioactivity using 1 ¡rl aliquots (Section 2.2.K)

demonstrated that over 90Vo of total radioactivity in the ethanol precipitate was

TCA-precipitable. The specific activity of probes was generally l-2 x 108 cprry'Ltg.

Prior to adding the nick-translated DNA to the hybridisation mix, the probe

was denatured by adding 10M NaOH to a f,rnal concentration of 0.3 M, and then

incubating at 95oC for 10 minutes. The probe was then snap cooled at 4oC and

neutralised with an equal volume of 4M ammonium acetate.

2. 5' end-labelling of synthetic DNA oligonucleotides.

The synthetic DNA oligonucleotides used as probes in chapter 7 were32P'

labeiled at the 5'end using [Y-32p] ATP and T4 polynucleotide kinase. The

reaction mixnue contained 10 mM MgCl2, 50 mMTris-Hcl pIl7.4,5 mM DTT,

0.1 mM spermidine,0.l mM EDTA, 100 pCi [Y-32p] ATP and 2 units of T4

polynucleotide kinase in a final volume of 20 rrt. This was incubated at37oC for 60

minutes. Following the addition of 10 pl formamide loading buffer, the reaction

was Íun on aZOVo polyacrylamide gel at 60 V for 60-90 minutes to separate the

[32P]-labetled oligomer from unincorporated label. The band was located by

autoradiography, excised from the gel and eluted in 0.5 M ammonium acetate, 1

mM EDTA,O.IVo SDS at 65oC for 2 hours. The eluate was then used directly in

hybridisation reactions.

2.2.J kolation of Nuclei and Transcription Run-on Assays

1. Preparation of nuclei from animal livers.

Nuclei were isolated from 17-18 day old chick embryos using buffer conditions of

Hewish and Burgoyne (1973) modifred by Schibler et al. (1983). The procedure of

Panyim et al. (1978) was used as a guide for determining appropriate sucrose

concentrarions. Chick embryos were treated with AIA as described in 2.2.4. Livers of six

embryos were perfused with ice-cold 0.97o saline, excised and weighed. 2 S of liver was

homogenised in 20 mls of 1.5 M sucrose buffer containing 15 mM HEPES pH 7.5, 2mM
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EDTA, 0.5 mM EGTA, 60 mM KCl, 15 mM NaCl, 0.5 mM spermidine, 0.5 mM spermine,

5mM DTT and 0.1 mM PMSF, with 10-20 strokes of a motor-driven glass-teflon

homogeniser at medium speed.

Following filtration through 8 layers of cheesecloth, 7 mls of homogenate was

layered over 2.5 mls each of 1.5 M and 2.2M sucrose buffer. Samples were centrifuged at

4oC using an SW41 rotor at 27,000 rpm (130,000 x g) for 60 minutes. The nuclear pellet

was resuspended in 1.5 mls storage buffer (20 mM Tris-Cl pH7.9,75 mM NaCl, 0.5 mM

EDTA, 1 mM DTT, 0.1 mM PMSF, 507o glycerol) and centrifuged at 12,000 x g for 20

sec at 4oC in an Eppendorf microcentrifuge. The pelleted nuclei were resuspended in a

volume of storage buffer equal to the pellet volume (20-50 ¡rl) and a 1 in 400 dilution

prepared for counting the nuclei using a hemocytometer. The concentration of nuclei was

adjusted to 3 x 108 per ml for use in transcription run-on assays.

Isolation of rat liver nuclei involved a simila¡ procedure to that detailed above with

the following modif,rcations:

(i) Livers were homogenised in 0.3 M sucrose in the same buffer as described for

the homogenisation of chick embryo livers.

(ii) The homogenate was frltered through 4 layers of sterile ga:uze and layered over

10 ml of 0.8M sucrose in the same buffer.

(iii) Following centrifugation at 4oC for 10 minutes at 2500 rpm, the pellet was

resuspended in 8 mt of 2M sucrose buffer containing 15 mM Hepes pH 7.5, 0.1 mM

EGTA,0.1 mM EDTA,60 mM KCl, 15 mM NaCl,0.5 mM spermidine,0.15 mlvl

spermine, 5 mM DTT and 0.1 mM PMSF. This was layered over 4 mls of the same buffer

and centrifuged for 20 minutes at 20,000 rpm (75,000 * g) in an SW41 rotor at 4oC. The

procedure then followed that described above for chick embryo nuclei.

2. In viro rranscription of isolated nuclei.

In preliminary experiments it was determined that transcription from hepatocyte

nuclei isolated from both chick embryo and rat nuclei was linear for at least 30 minutes

(see section 6.2). In the run-on assays, nuclei were incubated for 15 minutes at26oC in the
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presence of 100 mM Tris-HCl pH 7.9,50 mM NaCl, 5 mM MgCl2, 1.5 mM MnClz. 0.4

mM EDTA, 1.2 mM DTT, 30Vo glycerol, 1mM each of ATP, CTP and GTP, 2 ù[ UTP,

0.1 mM PMSF and 10-100 lCi ¡:zpltUTP in a final volume of 150 ¡rl. TCA-precipitable

radioactivity of 1 ¡rl aliquots was determined in triplicate to monitor l3zp]rutp

inc orporation (section 2.2.K).

3. Isolation of nuclea¡ 32P-RNA transcripts.

Isolation of [rzp1p¡OA was performed according to Wagner et al. (1967).

Following termination of tanscription by the addition of 750 pl of 0.5 7o SDS with i00 pg

E çali rRNA as carrier, 900 pl of 100 mM Na acetate pH 5.0, 20 mM EDTA was added

and the mixture extracted with an equal volume (1.8 ml) of water-saturated phenol. 3M

Na acetate was added to the aqueous phase to a final concentration of 0.2 M and the RNA

precipitated by addition of 2.5 volumes of ethanol. Following precipitation for t hour at -

80oC for 16 hours at -20oC, samples were centrifuged for 30 minutes at 10,000 rpm

(16,000 x g) in an HB-4 rotor at 4oC. After a final ethanol wash, the pellet was dried in

vacuo and resuspended in 200 rrl HzO. TCA-precipitable radioactivity was determined in

riplicate as detailed below.

4..Treatment of plasmid DNA and filters.

DNA probes were immobilised onto nitrocellulose to detect hybridisation of

[32P]RNA to specific DNA sequences. 5 ¡rg of plasmid DNA was applied to a

nitrocellulose fiiter using a slot blot apparàtus (Schleicher and Schuell). 5 ¡rg of DNA (per

slot) in 200 pl TE buffer was incubated with 20 p"l3M NaOH for 30 minutes at 65oC.

After neutralisation with 220 ú,4M ammonium acetate, the solution was kept on ice.

Meanwhile, the nitrocellulose was soaked in H2O, then in 2M ammonium acetate for 10

minutes each and the DNA applied to the nitrocellulose under gentle suction. The filter

was air-dried and baked at 80oC in a vacuum oven for t hour.

Filters were prehybridised in 1 ml of 50Vo formamide, 10 mM Tris-Cl pH7.9, I

mM EDTA,0.77o Na pyrophosphate, 0.17o SDS, 100g,/ml E. æli IRNA and 10 x

Denhardt's solution. Hybridisations rvere carried out in the same solution with 2-5 x 100
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cpm of 32P-RNA f.or 72 hours at 52oC. Filters were washed twice at room temperature for

30 minutes in2x SSC,0.17o SDS, 0.17o Na pyrophosphate, then once in 0.5 x SSC, 0.17o

SDS, 0. t%o Napyrophosphate at 65oC for 60 minutes. Finally, filters were treated in 10

pgml RNAse A in 1 x SSC (0.3 M NaCl) ú37oC for 30 minutes, followed by washing in

1 x SSC at room tempetature for 30 minutes.

2.2.1< Measurement of TCA- p recipitable radioactivity.

Measurement of TCA-precipitable radioac tivity w as p erformed essenti ally

according to Ma¡zluff (1978). In the transcription run-on assays, 1 pl aliquots were added

to 100 ¡tl of l7o SDS, 10 mM EDTA to lyse the nuclei and terminate nanscription.

Alternatively, in determining TCA-precipitable radioactivity in isolated 32P-RNA, the

aliquors were added to 100 ¡rl of H2O containing 100 pg E.'celi IRNA as ca¡rier. 1 ml of

ice-cold 5Vo TCA, I7o Napyrophosphate was then added to precipitate TCA-insoluble

material and the samples kept at 4oC for 3O'minutes. Samples were filtered onto Whatman

GF/A glass fibre disks and washed with 25 ml of 5Vo TCA,17o Na pyrophosphate

followed by 10 ml ethanol. Filters were dried and counted in scintillation fluid ( 0.37o 2,5-

diphenyloxazole,0.03To 1,4-bis-2-(4-methyl-phenyl-oxazolyl) benzene in toluene) in a

Beckmann LS 7500 liquid scintillation counter.

2.2.L. Containment Facilities

All manipulations involving recombinant DNA were performed in accordance with

the regulations and approval of the Australian Academy of Science Committee on

iecombinanr DNA and the University Council of the University of Adelaide.



CHAPTER 3

CHARACTERISATION OF A CHICKEN P45O CDNA

CLONE.
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3.1. INTRODUCTION

As discussed in chapter 1, the PB-inducible P450s reside in a major family within

the P450 gene superfamily. In this laboratory, we are studying the organisation and

expression of the avian PB-inducible P450s using the chick embryo as a modei system.

This system is attractive since treatment of the embryo in ovo with porphyrogenic drugs

such as AIA, DDC and PB results in a dramatic induction of hepatic P450 synthesis

(Brooker et al., 1983). Moreover, the system appears to be simpler than that found in

mammalian liver where, in rats for example, there appear to be at least six P450 genes

belonging to the IIB subfamily (I(umar et al., 1983).

In previous work in this laboratory, ten chicken P450 cDNA clones were isolated

from a pBR322 cDNA library constn¡cted with liver poly(A)+ RNA isolated from

AIA/DDC-induced chick embryos (Hobbs et al., 1986). These were designated pCHPI-10

(Blasmid chicken P450 clones 1-10) and the largest of these clones, pCHP3, contained an

insert of approximately 2700 bp in length.

When pCHP3 was employed as a probe of drug-induced chick embryo liver RNA

by Northern hybridisation analysis, it was shown to hybridise to at least two P450 mRNA

species, of size approximately 3.5 and 2.5 kb. Using subcloned restriction fragments

representing the coding and 3' non-coding regions of pCHP3 respectively, it was

demonstrated that pCHP3 is derived from the 3.5 kb mRNA. In addition, these pCFIP3

subclones were employed in Southern blot hybridisation analysis to show that at least two

genes (designated A and B) encode the PB-inducible P450s, with the 3.5 kb mRNA being

most likely transcribed from the P4504 gene (Mattschoss et al., 1986).

Analysis of cDNA clones observed to hybridise with pCIIP3 may permit further

cha¡acterisation of the different chicken P450 genes. For this purpose, the ten P450 cDNA

clones were screened using a differential hybridisation procedure empioying

oligonucleotide probes specific for defined regions of the coding sequence of pCHP3.

Sequence analysis of pCF{P3 (Hobbs et al., 1986) had shown that there was a highly
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conserved region containing the C-terminal cysteinyl residue common to all P450s, and a

region known to hybridise only to the 3.5 kb mRNA, and shown to be highly divergent by

comparison of the predicted amino acid sequences of pCHP3 and rat P450tr81 (Hobbs et

al., 1986). One of the cDNA clones examined, pCHP7, was shown to hybridise strongly

with the conserved oligonucleotide. Unlike pCHP3 however, pCHPT hybridised only

weakly to the divergent sequence. In addition, pCHPT contained an insert of

approximately 2200 bp which was more tha¡ suffrcient to encode a P450 protein sequence.

Taken together, these results indicated that pCFIPT was not derived from the 3.5 kb P450

mRNA and, on this basis, was seiected for further cha¡acterisation by sequencing analysis.

In this chapter, the nucleotide and derived amino acid sequences of pCHFT are

compared with those previously reported for pCHP3. In addition, using a specific cDNA

probe, the mRNA from which pCHPT is derived is detected. Using Southern analysis of

chicken P450 genomic clones, the gene from which this mRNA is transcribed is also

determined

3.2 RESULTS

3.2.A. Nucleotide Sequence Analysis of pCHP7.

The strategy employed in the sequence analysis of pCHPT is shown in Fig. 3.1. All

DNA sequencing was done using the dideoxy procedure (Sanger et al., 1977). A 1.7 kb

HindtrI fragment, representing nearly 80Vo of the length of the cDNA insert of pCI{P7,

was subcloned into bacteriophage M13. This insert was sequenced fully in both di¡ections

using overlapping clones generated by the method of Daie et al. (1985). The remainder of

the sequence consisted of PstVHindIII fragments cornprising the 5' and 3' ends of the

insert. These fragments were subcloned into appropriate bacteriophage M13 vectors in

both orientations and sequenced directly. To ensure sequence contiguity around each of

the Hindltr restriction sites, a PstVSacI fragment and a BamHIÆstI fragment, which

encompassed the 5' and 3'Hindltr sites respectively, were also subcloned and sequenced.



Figure 3.1. Sequencing strategy for pCHIF/.

^ 
1.7 kb Hindltr fragment was sequenced in both directions following subcloning,

using the deletion strategy of Dale et al. (1985). The flanking PstVHindIII fragments and

the overlapping PstVSacI and BamHI/PstI fragments were subcloned into M13 vectors and

sequenced directly. Onty the restriction sites used in sequencing are shown (Bam-BamHI;

Hind-Hindltr; Pst-PstI ; Sac-SacI ).
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Although not indicated in Fig. 3.I, a 17mer oligodeoxynucleotide (5'-ACACT-

GCAATTTAGAAG-3') was synthesised to prime sequencing of the non-coding strand in

the region immediately 5'of the poly(A) tail. The sequence used in the design of this

oligonucleotide was obtained from the coding strand sequence only, which was confirmed

from three sepÍ¡rate gels. The use of this oligonucleotide primer was necessary since, using

the bacteriophage M13 universal primer, the Klenow enzyme used in the sequencing

reactions was unable to read through the combination of a dG-dC tail, constructed during

the original synthesis of pCHP?, followed immmediately by a poly(A) tract. Thus,

sequence data for the entire pCHPT cDNA insert was obtained from both DNA strands,

with the exception of the poly(A) tail, which was sequenced using the coding strand only.

A comparison of the nucleotide sequences of pCHPT and pCHP3 is presented in

Fig.3.2, togerher with their predicted amino acid sequences. The 5' non-coding regions of

pCHPT and pCIIP3 a¡e identical in length (39 nucleotides) and sequence. Both cDNAs

have open reading frames of 1473 nucleotides, which code for amino acid sequences of

491 residues each. A ma¡ked nucleotide sequence similarity o195Vo exists between these

clones in the coding region. This strfüng similarity continues into the aligned 3' non-

coding regions, where a96Vo similarity in the 120 nucleotides immediately following the

stop codons is found. The sequences then diverge rapidly however, with the remaining

527 nucleotides of pCHPT displaying only 41.7o similarity with the corresponding region of

pCHP3. The presence in pCHPT of apolyadenylation signal sequence, AATAAA

(indicated by dots in Fig. 3.2), followed by a poly(A) tract beginning 25 nucleotides

downstream, indicates that this clone contains the enti¡e 3' non-coding region. This is in

contrast to pCf{P3, which lacks approximately 0.8 kb of 3' non-coding sequence. From

Fig.3.2, it is clear that the difference in length between the nucleotide sequences of

pCÉ{P7 and pCHP3 is due entirely to the variation in length of the 3'non-coding regions of

their respective mRNAs, with the known sequence of pCHP3 extending for a further 693

nucleotides than shown in Fig. 3.2.



Figure 3.2. Nucleotide sequence alignment of two chicken P450 cDNAs.

The nucleotide sequences of pCHPT (line 3) and pCHP3 (line 4) are presented.

The aligned nucleotide sequence of pCHP3 is shown as mismatches. The predicted amino

acid sequence derived from pCHPT is shown (line 2) with mismatches from the predicted

pCHP3 sequence (line 1). The known 3' non-coding sequence of pCHP3 extends 693 base

pairs further downstream than shown. The228 base pair AvaIVBamHI fragment used to

construct a specific probe (pCIIPT-AB1) is overlined. The polyadenylation recogniúon

sequence is indicated by dots.
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3.2.8 Analysis of the Derived Amino Acid Sequence of pCHPT and Comparison with

other P450s

The derived amino acid sequence of pCHPT is 927o similar to that of pCHP3, with

71 nucleotide changes giving rise to 38 amino acid differences. Whilst thirty of these 38

amino acid differences are consewative changes, eight are likely to result in charge

differences. These occur at nucleotide positions202 (Gly - Glu); 520 (Lys + Asn);

532 (Glu - Lys); 550 (I-ys * Val); 661 (Asn + Glu); 794 GIe - A¡g); 862 (Glu + Gln)

and 1309 (Asp - Asn).

As discussed in chapter 1, all P450 primary sequences studied to date sha¡e

common structural features. The N- and C-terminal cysteinyl-containing regions

constitute two of these domains, whilst the "analagous" peptide (Ozols et al., 1981)

represenrs the other conserved P450 domain. Comparison of the predicted amino acid

sequence of either pCtIPT or pCFIP3 with protein sequences from other P450s indicates

that the chicken P450s also contain these coÍìmon P450 domains. Interestingly, neither of

the predicted chicken P450 protein sequences contains the amino terminal cysteine residue

originally proposed as providing the 5th ligand to the iron atom of heme via thiolate

bonding (Tarr et al., 1983). However, since the C-terminal cysteine has been found in all

P450 protein sequences to date and has been conserved in the chicken P450s, this incücates

that this region is more likely to be involved in heme binding. The "analogous" Peptide

(nucleotides 1074-1116 in Fig3.2) is also conserved in the chicken P450s. This region is

thought to be involved in an unassigned stn¡ctu¡al or functional manner due its ma¡ked

conservation in all P450s studied to date (Zuber et al., i986).

Previous comparisons of the derived amino acid sequence of pCHP3 with othe¡

P450s have been made by Hobbs et al. (1986). Given the striking similarity between the

predicted amino acid sequences of pCFIP3 and pCHP7, the conclusions of these

comparisons can be extended to include pCHP7. Thus, the amino acid sequences of the

chicken P450s share greatest similarity (51-56Vo) with the weakiy PB-inducible and

constitutive P450s belonging to the trC subfamily of the P450tr gene family (l'Ieben et al.,
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1987). These include rat trC6 (PBl) and IICT (P450Ð, rabbit IIC1 (PBcl) and human IICS

(form 1). Slightly less similarity is apparent (49Vo) when the chicken P450s are compared

with the highly PB-inducible rat P450s, TTRl and IIB2 from the P450tr8 subfamily. When

the comparison is extended to P450s belonging to other gene families, then 307o or less

similarity is observed. For example, the chicken P450s a¡e 30Vo simila¡ to rat P450IA1

@a50c) and only 287o sinr/^la¡ to rat P450IIIA1 (pcnl).

3.2.C Northern hybridisation analysis of Chicken P¿150 mRNAs using common and 3'

cDNA probes

As discussed previously, the cDNA clone pCFIP3 was shown to be derived from

the 3.5 kb P450 mRNA species observed in drug-induced chick embryo liver mRNA. To

gain a better understanding of the expression of the chicken P450s, it was important to

ascertain from which of the P450 mRNAs the cDNA clone, pCHP7, was derived. In order

to do this it was appatent that to avoid cross-hybridisation with the 3.5 kb mRNA, a

hybridisation probe must be derived from a region of sequence that was specifrc to pCHP7.

Since a major portion of the 3' non-coding regions of the two P450 cDNAs we¡e dissimila¡

(see Fig. 3.2), an appropriate 228 bp AvaIVBamHI restriction fragment (overlined in Fig.

3.2) was subcloned into a pGEMI vector for possible use as a specific probe of the pCHPT

mRNA. This subclone was designated pCFIPT-AB1 (,AvaII4BamHI fragment Ð. In

addition, another P450 cDNA clone, pCHPB15, had been previously isolated from a

second cDNA library by Hobbs et al. (1986). This clone contained a 3' non-coding PstI

insert of 800 bp that overlapped and extended the sequence of pCF{P3. pCHPB1S was

shown to be a specific probe for the 3.5 kb P450 mRNA (Hobbs et al., 1986).

Total RNA was isolated from livers of control and AlA-treated chick embryos by

the guanidine-HCl extraction procedure (see section2.2.B). Samples were fractionated on

lVo agarose-formaldehyde gels, transferred to nitrocelluiose, and probed with nick

translated chicken P450 cDNA sequencesr Fig. 3.3 shows that when pCHP3 was used to

probe RNA isolated from livers of drug-treated embryos (track 2), two major AlA-induced



Figure 3.3. Northern blot analysis of chicken P450 mRNAs.

Total RNA (50 pg) from the livers of control (track t) or AIA treated (tracks 2-4)

chick embryos was electrophoresed on agarose-formaldehyde gels a¡d transferred to

nitrocellulose. Filters were hybridised with either nick translated pCHP3 (tracks 1 and 2),

pCHPB15 (track 3) or pCHPT-AB1 (rack 4). Molecula¡ size ma¡kers were generated by

digestion of pBR322 with AccI and Hincfl (not shown).
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mRNAs (3.5 and 2.5 kb) were seen, together with an additional minor species 2.2 kb in

length. None of these three mRNAs was detected in total RNA isolated from livers of

control embryos (track 1). When Northern blots of control or AlA-induced RNA were

probed using pCFIPT, an identical result to that shown for pCHP3 was obtained (not

shown). As previously shown by Hobbs et al. (1986), only the 3.5 kb mRNA was detected

in drug-induced RNA using pCHPBl5 as probe (track 3). When pCHPT-AB 1 was used to

probe AlA-induced RNA, only the 2.2kb mRNA was detected (track 4). The full-length

sequence of pCHPT is 2.18 kb, which is in close agreement to our size estimation of 2.2 kb

for the mRNA observed to hybridise with the pCHPT-specific probe. These results

therefore demonstrate that pCFIPT is derived f¡om the minor 2.2kb mRNA. In addition,

the results confirm that pCHPT-AB1 is a specific probe for this mRNA.

3.2.D. Gene assignment for the 2.2kb mRNA

Previous studies by Manschoss et al. (1986) employed pCHP3 as a probe to screen

a chicken genomic library and29l, clones were isolated. These were designated l"r-ì.2s.

Following restriction mapping analysis, these clones were divided into t'wo non-over-

lapping gïoups designated A and B. The overlapping clones, î': and ì,1s, spanned the

P450A gene, whilst the clones ì,rz and 1,2s spanned the B gene. Using pCHP3 as a probe

of Southem blots of these DNA clones, and of total chicken DNA, demonstrated that there

are most likely only two PB-inducible chicken P450 genes (Mattschoss et al., 1986).

To ascertain which, if any, of the two PB-inducible P450 genes previously

identified by Mattschoss et al. gave rise to the 2.2 kb P450 mRNA, Southern hybridisation

analysis was performed using the above mentioned 1" genomic clones. The l, clones 3, 8,

12 and 20 were subject to EcoRIÆamHI digestion and electrophoresed on a 0.87o agarose

gel (Fig. 3.4-A). DNA was transferred to a nitrocellulose filter, and the frlter probed with

the nick translated 228bp insert of pCHPT-AB1. As shown in Fig. 3.4-8, the probe

hybridised strongly to fragments of length 2.1 and 4.2 kb derived from B gene clones. By



Figure 3.4. Southern analysis of genomic clones representing the A and B genes.

DNA from l. clones representing the P4504 gene (lanes 1 and 2), and P450B gene

(lanes 3 and 4) was digested with EcoR[ and BamHI and electrophoresed on a 0.8 7o

agarose gel. Panel A shows the ethidium bromide stained gel. Following transfer to

nitrocellulose, the f,rlter was probed with nick translated pCHPT-AB 1 (panel B). Hindltr

digested 1, DNA ma¡kers (not shown) were used for size estimations.
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contrast, no hybridisation signal was detected from clones representing gene A. These

results indicate that the 2.2kb P450 mRNA is derived from the P450 B gene.

3.3 DISCUSSION

In this chapter the cha¡acterisation of a second PB-inducible chicken P450 cDNA

clone, pCHP7, is presented. The fust chicken P450 cDNA clone to be extensively

cha¡acterised in this laboratory, pCHP3, was shown to hybridise to two major drug-

ind,ucible chick embryo liver mRNAs of size 3.5 and2.5 kb. In Northern blots performed

previous to the work presented in this chapter, a band corresponding to a minor, dntg-

inducible mRNA of 2.2kb was difficult to detect. This was due firstly, to its low signal

intensity ¡elative to the 3.5 and 2.5 kb bands and, secondly, due to the close proximity of

¡he2.5kb 6RNA whose signal masked that of the2.2kb mRNA in gels where these bands

were not well separated.

In the results presented here, pCHPT is shown to be a full-length cDNA clone

derived from the 2.2kb P450 mRNA. The finding that this mRNA shares 96Vo codtng

nucleotide sequence similarity with the 3.5 kb mRNA indicates that its relatively low

signal in drug-induced chick embryo liver probed with either pCHP3 or pCHPT is due to

its lower abundance, rather than lack of sequence simiiarity.

To date, no cDNA clones representing the 2.5 kb mR.NA have been isolated. The

reason for the absence of a cloned cDNA representing this mRNA in a drug-induced chick

embryo liver cDNA library is unclear. Since a methyi-mercury gel system was not

employed to denature mRNA prior to cDNA synthesis, then it may relate to inherent

features of this RNA molecule, such as secondary structure or poly(A) tail length that

make it difficult or impossible to act as a template for cDNA synthesis. Nevertheless, it is

clea¡ that this 6RNA is very similar to the 3.5 and 2.2kb P450 mRNAs in the coding

nucleotide sequence. Id.entif,rcation of a cDNA clone synthesised from the 2-5 kb mRNA

will most likely require that it contains unique 3'non-coding sequence, analogous to

pCHPT from this study.

Hobbs et al (1986) have shown by Northern analysis employing oligonucleotide probes

that the 3.5 and 2.5kb P450 mRNAs differ in their coding sequences, therefore it is

unlikely that the 2.5 kb mRNA is simply a shórter transcript derived from the A gene.
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Comparison of the nucleotide coding and derived amino acid sequences of pCHPT

with those of the previously characterised chicken P450 cDNA, pCHP3, indicates that,

within these regions, a strfüng degree of homology exists between these P450s . By

contrast, their 3'non-coding regions differ substantially in both length and sequence. Both

cDNAs encode P450 isozymes of 491 amino acids, wírh927o sequence similarity. Thirty

of the thirry eight amino acid differences result in conservative changes, whilst the

remainder result in charge differences. Interestingly, seven of the charge differences reside

in the N-terminal half of the predicted protein sequences. By comparison, the 13 amino

acid differences which occur between the PB-inducible rat P450s, IIB1 and IIB2, a¡e found

exclusively in the C-terminal region of these protein sequences (Mizukami et al., 1983).

Presumably, some or all of these amino acid substitutions account for the known

differences in catalytic activity of the IIBl and tr82 isozymes. Whether the amino acid

sequence differences observed in the chicken P450s result in different substrate

- 
specificities or catalytic activities is not known.

Several other reports have indicated that, within a particular subfamily, P450s

represenring distinct gene products (rather than allelic variants) are sometimes highly

simila¡. For example, the PB-inducible rat P450s, IIBl and IIB2 (b and e) share 97Vo

amino acid sequence simila¡ity Mizukami et al., 1983). In the rabbit, the constutively

expressed IIC1 and the PB-responsive trC2 (PBcl and PBc2) P450s are 887o similar

(Leighton et al., 1984), whilst the rat glucocorticoid-inducible P450s, trIA1 and trIA2

(pcn1 and pcn2) also share 887o amino acid sequence resemblance (Gonzalez et al.,

1986b). It is thought that each pair of these closely related P450 genes could have arisen

by a duplication event, followed by a period of evolutionary divergence (Nebert et al.'

1987). Comparison of the sequences of pCHP3 and pCHPT suggests that evolution of the

rwo chicken P450 genes may have followed a similar course.

The derived amino acid sequences of the chicken P450s share the highest sequence

similarity (51-56Va) with members of the P450trC subfamily. These include both

constirutive and weakly PB-inducible mammalian P450s. Compared with the highly PB-
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inducible rat P450s, IIB1 and IIB2, the chicken P450s are 49Vo simila¡. On this basis,

pCÍ{P3 was inirially assigned to the P450IIC subfamily and designated P450trC10 (Neben

et al., 1987). Recently, however, this classification was amended and the chicken PB-

inducible P450s were reassigned to a unique subfamily, the IIF subfamily (Nebert et al.,

1989). Thus, in accordance with the nomenclarure, the chicken P450 A gene, represented

by pCHP3, is designated P450IIF1 and the B gene, represented by pCHP7, P450IIF2.

Previous restriction enzyme mapping analysis defrned rwo PB-inducible P450

genes (A and B) in the chicken (Mattschoss et al., 1986). Gene A was shown to give rise

to the 3.5 kb mRNA. In this chapter, results from Southem analysis using a probe specific

to the 3' untranslated region of pCHPT indicate that the 2.2 kb mRNA is transcribed from

the other previously identifred gene, gene B. The origin of the 2.5 kb P450 mRNA is

unassigned. Previous analysis by Hobbs et al. (1986) suggests that this mRNA differs

from the 3.5 kb mRNA in the coding nucleotide sequence. Moreover, in the present study,

since neither of the specific probes employed cross-hybridised with the 2.5 kb mR-r\A, the

3' non-coding region of this mRNA shares little sequence simila¡ity with the corresponding

region of either the 3.5 or the 2.2kb P450 mRNAs. It is possible that a third P450 gene

may exist that could not be resolved from either gene A or B using restriction mapping

analysis (Mattschoss et al., 1986). Another possibility is that the 2.5 kb mRNA arises

from either the A or B gene by a differential splicing mechanism. Examples of altemative

splicing of P450 mRNAs have been reported. The human IICS (P-450 1) gene generates

wo 6RNA transcripts, only one of which is functional (Okino et al., 1987). The other

contains a 39 base pair insertion containing two stop codons. As this insertion is found in

the coding region, this is likeiy to resuit in premature termination of Íanslation and yield a

non-functional P450. A human P450tr8 gene is also thought to transc¡ibe normal and

abnormally-spliced mRNAs (Miles et al., 1988). To elucidate the origin of the 2.5 kb

P450 mRNA would require sequence analysis of a cDNA derived from this mRNA which

included the 3' non-coding region. The results of this study indicate that this sequence is

unique to the 2.5 kb mRNA, therefore this could be employed as a probe in Southern
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analysis of the A and B genes, in a ma¡ner analagous to that reported here for the gene

assignment of the 2.2kb mRNA.



CHAPTER 4

DRUG INDUCTION RESPONSE OF P45O MRNAS IN THE

CHICK EMBRYO.
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4.L INTRODUCTION

Ea¡lier work in this laboratory had indicated that the structurally dissimilar drugs

PB, AIA and DDC sha¡e the abiliry to induce the same P450 mRNA species in chick

embryo livers (Brooker et al., 1983). Moreover, it was established that AIA, and to a

lesser extent DDC, promoted a greater P450 mRNA induction response in chick embryo

livers than did the classical inducer, PB. However, since only one time point was

employed in this study, nothing was known regarding the kinetics of induction of the P450

mRNAs following administration of these dn:gs.

In order to more accurately examine the dmg-induced accumulation of specific

P450 mRNAs over a time course, hybridisation probes specif,rc for individual P450

mRNAs are essential. In chapter 3, the isolation of pCHPT-AB1, a cDNA clone specific

for the 2.2kb P450 mRNA was reported. The cDNA clone, pCHPB15, hybridises

specifically with the 3.5 kb P450 mRNA. In this chapter, these ¡vo cDNA clones are

employed as probes in Northern blot analyses of chick embryo liver RNA extracted at

various times atìer drug administration.

The induction of the same P450 mRNA species by the chemically different

porphyrogenic dmgs AIA, DDC and PB means that there may be other compounds also

able to induce these P450 mRNAs. Increases in the levels of enzyme activity of the PB-

type P450s have been described in embryonic chicken livers using other drugs such as the

sedative glutethimide (Lincoln et al., 1988), the antifungal agent, griseofulvin @ock and

Remmer, 1978) and the anticonvulsant, mephenytoin (Lincoln et al., 1988). Whether

these drugs increase P450 mRNA levels has not been shown. In this chapter, a preliminary

investigation into the effects of these drugs on chicken P450 mRNA levels is made.

As discussed in chapter 1, the drug induction of AlV-synthase, the rate-limiting

enzyme in heme biosynthesis, is postulated to arise as a secondary consequence of the

increased heme requirement bought about by drug inducrion of the P450 apoprotein. As

heme is sequestered by the cytochrome P450 apoprotein, the decreased heme level is
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proposed to derepress the expression of the AlV-synthase gene (May et al., 1986). In the

chick embryo liver, increases in AlV-synthase activity have been shown to a¡ise from

increased AlV-synthase mRNA levels (Borthwick et al., 1984). In the experiments

reported in this chapter, the levels of AlV-synthase mRNA and P450 mRNAs a¡e

monitored following drug administration. This provides a means of testing whether the

model of the proposed interrelationship of AlV-synthase and P450 expression following

drug induction is tenable.

4.2 RESULTS

4.2.A. Quantitative Estimation of the Extent of Induction of P450 mRNAs

In order to make a quantitative appraisal of the observed increases in P450 mRNA

levels following drug'induction, a comparison of non-induced and dnrg-induced mRNA

levels was necessary. It was found, however, that P450 mRNA levels in untreated chick

embryo livers were detectable by Northern hybridisation analysis only after prolonged

exposure of the autoradiograph. Moreover, densitometric quantitaúon of autoradiographic

signals from a direct comparison of P450 mRNA levels from untreated and dmg-treated

embryos was not possible using equal loadings of total RNA and a single exposure time.

The use of an X-ray f,rlm (Kodak X-OmatrM) with a greater sensitiviry, together

with the loading of greater amounts of untreated RNA (50 Ltg), facilitated detection of the

non-induced P450 mRNA. A comparison of uninduced and induced P450 mRNA levels

was then possible within the one autoradiographic exposrue by employing a dilution series

of the induced RNA sample. Thus, after taking into account the dilution factor of the

induced RNA, the increase in mRNA levels due to drug treatment could be estimated.

Results from experiments using the procedures outlined above are presented in Fig.

4.1. 50 pg of RNA from livers of non-induced chick embryos was loaded, with va¡ious

amounts of RNA isolated from livers of AlA-induced chick embryos. Following 3 days

exposure of the fiiter to normal X-ray f,rlm (Fig. 4.1-A), non-induced P450 mRNA levels

remained undetectable, whilst the signal from 0.8 pg induced total RNA could be seen.



Figure 4.1. Quantitation of increase in cytochrome P450 mRNA levels following

drug treatment of chick embryos.

Serial dilutions of total RNA from livers of AIA- treated chick embryos were made

and run on a Northern gel (tracks 2-6), together with 50 pg of RNA from untreated embryo

livers (track 1). Following transfer, the filter was hybribidised with 32P-labelled pCHP3.

Autoradiog¡aphy was performed for either 72 hours using Fuji RX film (panel A) or for 96

hours using Kodak X-OmatrM X-ray frlm (panel B). The following amounts of total RNA

were used:

Track 1:

Track 2:

Track 3:

Track 4:

Track 5:

Track 6:

50 ttg (non-induced)

0.8 pg (induced)

t.25 ¡tg (induced)

2.5 pg (induced)

5 ¡rg (induced)

50 pg (induced)
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This indicated that the fotd-induction in P450 mRNA levels due to AIA was greater than

the approximately 60-fold dilution factor employed.

In Fig. 4.1-B, the same filter was exposed to X-OmatrM film for 4 days, enabling

detection of the non-induced P450 mRNA. Densitometric quantitation showed a 2-fold

difference in intensity between the signal representing the 3.5 kb P450 mRNA from 50 pg

of non-induced RNA and that from 0.8 pg induced RNA. When the dilution factor of 60 is

taken into account, this implies a 120-fold increase in the level of this P450 mRNA.

Neither the 2.5 or 2.2 kb P450 mRNAs can be seen in the non-induced track in this

exposgre, though these could be detected in longer exposures. In experiments where

quantitation of mRNA levels was performed, the estimates of mRNA increases following

dnrg induction were made using this methodology.

4.2.8 Time Course of Drug Induction of P450 and AlV-synthase mRNAs

Preliminary experiments, in which RNA was isolated from live¡s of AlA-induced

chick embryos at three-hour intervals after exposure to the drug, indicated that P450

6RNA induction was sustained for at least 24 hours. V/ithin this period, mRNA levels

were maximal at 3-6 hours following dmg administration, after which time they were seen

to plateau and then began to decline beween 12 and 18 hours. On this basis, two early

time points (1 and 3 hours), one in the plateau region (12 hours) and one at which mRNA

levels had declined (24 hours) were chosen for analysing the induction response of the

P450 and AlV-synthase mRNAs. Since AIA administration resulted in relatively large

increases in P450 and AlV-synthase mRNA levels (Brooker et al., 1983), this was one of

the drugs chosen to analyse the time course of mRNA induction. The other drug chosen

was PB. Although the laner has been shown to be a comparatively weak inducer of P450s

in chick embryos (Brooker et al., 1983; Lincoln et al., 1988), analysis of a time course of

PB induction would enable comparison of the induction response in the chick embryo with

that observed in a number of mammalian studies which have employed PB as the inducing

agent (Hardwick et al., 1983; Leighton and Kemper,1984; Omiecinski et al., 1985).
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In the foilowing experiments, total RNA was isolated from untreated chick embryo

livers and also from livers taken at 1,3,12 and 24 hou¡s following administration of either

AIA (Fig. 4.2-A) or PB (Fig. 4.2-B). In all cases, total RNA (20 pÐ \ilas mn on \Vo

agarose-formaldehyde gels and transferred to nitrocellulose flrlters. Using pCHPBl5 and

pCHPT-AB1 as specific probes for the 3.5 and 2.2kb P450 mRNAs respectively (as shown

in chapter 3), the time course of drug induction of these mRNAs was investigated. In

addition, measurements of AlV-synthase and p-actin mRNA levels at these same time

points were performed, using the appropriate oDNA clones as hybridisation probes (see

section 2.1). The latter mRNA was measured as a control since its levels are not affected

by drug administration.

Autoradiographs showing the accumulation of these mRNAs at 1,3,12 and24

hours after administration of AIA a¡e shown in Fig. 4.2-A. Results f¡om the same time

course after administration of PB are shown in Fig. 4.2-8. Values obtained from

densitometric quantitation of the hybridisation signals are plotted below each

autoradiograph in both figures.

Low but measurable levels of both the 3.5 and2.2 kb P450 mRNAs were detected

in uninduced chick embryo liver RNA using longer exposures of the autoradiographs (not

shown). Following AIA treatment, these levels increased rapidly, with the 3.5 kb P450

mRNA increasing 2O-fold, and the 2.2kb mRNA 28-fold during the first hour (Fig. 4.2-^

(b and c)). The profîles of AlA-induced accumulation of these mRNAs differed, with

levels of the 3.5 kb mRNA being induced to a maximum of 120-fold above control after 3

hours. By contrast, the 2.2 kb P450 mRNA was induced maximally to 100-fold after 12

hours of AIA treabnent. Levels of both mRNAs were observed to decline slightly after

attaining their respective maxima. AIA administration also resulted in a rapid increase in

leveis of the AlV-synthase mRNA (Fig. a.2-A (a)), with a maximum ievel of induction of

28-fold occurring at 12 hours after AIA treatment. B-Actin mRNA levels were not

signifrcantly affected by AIA showing that drug treatment does not cause a general

increase in hepatic mRNA levels (Fig. 4.2-A (d)).



Figure 4.2. Time course of P450 and AlV-synthase mRNA induction by AIA and

PB.

Total RNA (20 pg) from chick embryo livers treated with (A) AIA or (B) PB for

the times indicated was anaiysed by Northem blots using agarose-formaldehyde gels.

Following transfer, filters were hybridised with nick translated cDNA probes for: (a) ALV-

synthase, (b) pCIIPB15, (c) pCHPT-AB1, and (d) B-actin (upper panels). Filters were

exposed to autoradiography and mRNA levels quantitated by laser densitometry on a range

of exposures ofeach autoradiograph and expressed as arbitrary units (lower panels).
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When chick embryos were exposed to PB for the same periods of time as those

employed for AIA, the patterns of P450 mRNA accumulation were observed to differ

slightly between these drugs. Levels of the 3.5 kb mRNA reached a mocimum of 50-fold

after 3 hours, and thereafter were observed to decline more rapidly than observed foritre

same rime points (12 hours and24 hours) of AIA induction (Fig. 4.2-B (b)). By contrast,

levels of the 2.2kb P450 mRNA (Fig. 4.2-B (c)) were seen to accumulate more rapidly,

relative to maximal levels, with PB as inducer rather than AIA. For example, half-

maximum levels of this mRNA occurred at 2 hours after PB administration, whilst with

AIA as inducer, half-maximum levels were seen after 6-7 hours (see Figs. 4.2-A (c) and

4.2-B (c)). Levels of this P450 mRNA were seen to reach a maximum of S0-fold above

control 12 hours after PB administration. Measurement of AlV-synthase mRNA levels

after PB administration resulted in a somewhat different induction profile to that obtained

wirh AIA as inducer (Fig.4.2-B (a)). mRNA levels for AlV-synthase were induced to a

maximum of 19-fold after 3 hours, whereas with AIA as ittducer, maximal levels were not

achieved until 12 hours following drug treatment (see Figs. 4.2-A (a) and 4.2-B (a)). Ê-

Actin mRNA levels remained essentially unaffected by PB treatment at the time points

chosen (Fie. 4.2-B (d)).

4.2.C.Induction of P450 and AlV-synthase mRNAs in the chick ernbryo liver by

various drugs.

It was of interest to determine whether the reported increases in levels of P450

enzyme activity in chick embryo livers caused by other drugs such as glutethimide

(Hamilton et al., 1988), griseofulvin (Bock and Remmer, 1978) and mephenytoin (Lincoln

et al., 1988) reflected increases in the levels of the PB-inducible P450 mRNAs. 4 mg of

one of each of these drugs was administered to chick embryos in ovo (see section 2.2.4)

and, after 18 hours, total hepatic RNA was isolated as described (section2.2.B). Equal

amounts (20 pg) of total RNA from livers of drug treated embryos were run on Northern

gels, together with 2O Vg of RNA from livers of chick embryos treated with either PB or



Figure 4.3. Comparison of the effect of various drugs on levels of chick embryo P450

and AlV-synthase mRNAs

20 ttgof total RNA was isolated from livers of 18-day chick embryos and

fractionated on Northern gels. Following transfer, filters were hybridised with cDNA

clones for either: (A) P450, (B) AlV-synthase or (C) p-actin. Embryos were either

untreated (track 1) or treated with 4 mg of PB (track 2), AIA (track 3), glutethimide (track

4), griseofulvin (rrack 5) or mephenytoin (track 6). Autoradiographs were exposed for

either 36 hor¡rs (panels A and B) or 72 hours (panel C).
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AIA for the same time as with the other drugs. RNA was transferred to nitrocellulose

filters and the flrlrers hybridised with the appropriate radiolabelled cDNA probe.

Fig.4.3-A shows that all of the drugs tested substantially increased levels of the

P450 mRNAs when a filter was probed with nick translated pCHP3. Levels of the 2.2kb

p450 6RNA increased. in parallel with the 3.5 and2.5 kb mRNAs. This was shown by

employing the probe pCHPT-AB1 (result not shown). Of the drugs tested, PB resulted in

the lowest level of P450 6RNA induction (track 2), whilst both AIA and glutethimide led

to the highest increases in levels of the P450 mRNAs (tracks 3 and 4). By comparison,

administration of either griseofutvin or mephenytoin resulted in interrnediate levels of

induction (tracks 5 and 6).

Using the same RNA samples from the livers of dnrg-induced chick embryos,

levels of the AlV-synthase mRNA were also monitored using the nick translated chicken

AlV-synthase cDNA, p10181 (see section 2.1.E), as a hybridisation probe. ALV-

synthase 6RNA levels were found to increase substantially following administration of

these drugs (Fig. 4.3-B). Signifrcffitly, the drugs induced AlV-synthase mRNA levels in

the same relative order as that observed for the P450 mRNAs, indicating a correlation

between AlV-synthase and P450 mRNA induction.

p-Actin 6RNA levels were also determined in this experiment. As shown in Fig.

4.3-C, B-actin mRNA levels varied slightly following drug treatment between the va¡ious

RNA samples, but they did not increase following dnrg administration. This result

suggests that the increases in the levels of AlV-synthase and P450 mRNAs are specific,

and do not reflect a general increase in hepatic mRNA synthesis following drug

administration.

4.3 DISCUSSION

ln this chapter, estimates of the fold-induction in mRNA levels were made based

on dilution of the drug-induced RNA samples to levels that approximate the intensity of

the signal from non-induced RNA. There was initial concern regarding the efficiency of
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transfer of small amounts of RNA to nitrocellulose. However, densitomeury of the

resultant autoradiographs demonstrated a linea¡ increase in the signals obtained, in

proportion to the dilution factors employed, indicating all gel tracks were transfered with

equal efficiency. This RNA dilution procedure, together with the use of a suitably

sensitive film, alleviated the problem of attempting to compare very weak signals with

those of relatively strong intensity.

The induction response of both the 3.5 and2.2 kb P450 mRNAs has been

investigated at various times after drug administration. The increase in levels of ¡hese

P450 mRNAs using either AIA or PB as inducer is rapid, with a substantial elevation in

6RNA levels evident after only one hour of exposure to either of these drugs. Using AIA

as inducer, levels of the 3.5 kb P450 mRNA increased to a maximum of 120-fold over

those of controls, whilst a marcimal increase of similar magnitude (100-fold) was obtained

for the 2.2kbP450 mRNA. When PB was employed as an inducing agent,levels of both

P450 mRNAs increased to a maximum of about 50-fold, or approximately half that of the

maximum increases measured after AIA induction of these mfu\As. In the rat, a variety of

estimares of fold-induction in P450IIB IIJ.B} mRNA levels by PB have been reported.

Ha¡dwick et al. (1983) measured a25- to 5O-fold maximal increase in leveis of these

mRNAs after PB. Using solution hybridisation, together with oligonucleotide probes

specific for each of the P450IIB 1 and trB2 mRNAs, Omiecinski et al. (1985) estimated a

300-fold increase in hepatic IIBl mRNA levels due to PB, with levels of the induced IIB2

6RNA being 4-5 times lower. Our estimates of the -fold increases in chick embryo P450

6RNA levels due to PB are compatible with the estimates for levels of rat P450iIB1/IIB2

induction. Moreover, in this laboratory the rat IIBl/nB2 mRNAs have also been been

shown to be inducible by AIA. The amino acid sequence similarity of these chicken and

rat P450s is only 497o. Teken together, these observations imply that aithough P450s Uo,ï.,

different species may be inducible by the same substrates and, therefore, presuìnably-a¡e

analogous in catalytic function, they may not necessariiy represent truly orthologous genes

as defined by the criterion of sequence simiiarity (Nebert et al., 1987).
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Interestingly, the kinetics of accumulation of the 3.5 and 2.2kb P450 mRNAs

differed following administration of both drugs. Whereas the 3.5 kb P450 mRNA reached

maximal levels at 3 hours, levels of the 2.2kb mRNA peaked 12 hours after drug

administration. Evidence indicates that the 3.5 and2.2 kb P450 mRNAs originate from

separate genes (see chapter 3). These observations imply that both the P4504 and B genes

may be activated by dnrgs. The differential induction seen may relate to differences in

substrate specificiry or catalytic activities of the P450 proteins encoded by these genes.

The PB-inducible rat P450s, IIBl a¡d IIB2, which a¡ise from separate genes and sha¡e

97Vo amino acid sequence similarity, have simila¡ substrate specificities, however IIBl has

about 4-5 fold higher activity than trB2 (Adesnik and Atchison, 1985). It is not known

whether an analagous situation exists for the chicken PB-inducible P450s.

The drugs glutethimide, griseofulvin and mephenytoin were shown here for the

first time to induce the same three P450 mRNA species as do the porphyrogenic drugs

AIA, DDC and PB. Recentiy, Hamilton et al. (1988) have employed solution

hybridisation and oligonucleotide probes prepared from published sequence data from this

laboratory (Borthwick et al., 1985; Hobbs et al., 1986) to demonstrate that glutethimide

administration to chick embryos results in a maximal increase of 290-fold in levels of the

3.5 kb P450 6RNA (which they have termed as the PBr450 mRNA). In addition, this

study described a maximal increase of 7O-fold in levels of AlV-synthase mRNA following

glutethimide administration. The maximal levels of P450 and AlV-synthase mRNA

induction using glutethimide have not been determined here, however the results of

comparisons of mRNA induction after administration of different drugs to chick embryos

(see sectio n 4.2.C) suggested that AIA has a similar efficacy to glutethimide in this regard.

The -fold increases in P450 and AlV-synthase mRNA levels quoted by Hamilton et al.

(1938) are greater than found with AIA in the present study, but are of the same order of

magnitude as our estimates. It should be noted that ali hybridisations performed in the

present study used solid supports and cDNA probes. These differences in methodology
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may also account for some of the discrepancy in foid-induction estimates between this

study and that of Hamilton and co-worke¡s.

Previous studies have demonstrated glutethimide and AIA as being stronger

inducers of P450 enzyme activity in livers of chick embryos than the prototype inducing

agent, PB (Brooker et al., 1983; Lincoln et al., 1988). In the experiment performed in this

chapter, both AIA and glutethimide induced P450 and AlV-synthase mRNAs to levels

greater tha¡ those found after administration of either PB, mephenytoin or griseofulvin. It

should be noted that this experiment was performed using only one concentration of each

dmg at a single time point of 18 hours. In addition, there is no data on the comparative

rates of metabolism of these drugs in chick embryos. It is clea¡, however, that all the drugs

tested promoted a substantial increase in levels of all three P450 mRNAs.

Levels of chick embryo hepatic AlV-synthase mRNA were observed to increase in

an apparently co-ordinate manner with those of the P450 mRNAs. This phenomenon was

observed f,ustly, ar different time poins-after drug administration (Figs. 4.2-A and 4.2-B)

and, secondly, when using different dn¡gs (Figs. 4.3-A and 4.3-B). This co-ordinate

response to drugs in increased P450 a¡d AlV-synthase mRNA levels is compatible with

the proposal thar AlV-synthase gene transcription is derepressed when heme levels are

lowered by the increased P450 requirement (May et al., 1986). However, since this

correlation of P450 and AlV-synthase mRNA levels does not exclude the possibility that

their syntheses are regulated independently (Flamilton et al., 1988), then further

experiments Íu9 required for def,rnitive proof of their proposed relationship.

As discussed in chapter 1, PB is known to activate transcription of the

P450IIB1/IIB2 genes in the rat. The molecula¡ mechanism of P450 induction by PB, and

PB-like inducing agents is, however, not known (Fonne and Meyer, 1987). How drugs of

apparently d.issimila¡ structue induce levels of the same chicken P450 mRNAs is an

intriguing question, and one which requires further investigation. Investigations into the

PB induction mechanism in mammalian liver have been made using the compound

TCPOBOP (1,4-Bis[2-(3.5-dicloropyridyloxy)]-benzene), a potent PB rype inducing agent.



This was found to induce PB-responsive P450s in mice, but not rats (Poland et al.' 19

1981). In addition, as this compound does not antagonise the effects of PB, it suggests that

its mode of action is not via a PB receptor. A more successful approach to the study of the

PB induction mechanism might be investigation into the location of cis-acting sequences

that mediate the transcriptional activation of P450 genes by dnrgs. Mapping of these

regions by nuclease-hypersensitivity studies would constitute an initial approach.

Transfection studies in which different regions of the 5' flanking sequences of the P450

gene drive the drug-induced transcription of heterologous reporter genes such as CAT or

luciferase may help to further delineate any upstream drug-responsive elements.

Transfection experiments Íìre currently underway in this laboratory using cuitured chick

embryo hepatocytes. If these sequences exist and can be defined, then, ultimately,

techniques such as DNase I fooçrinting and the protein-DNA gel mobility shift assay can

be employed to determine whether trans-acnng factors mediate the P450 dnrg induction

response.



CHAPTER 5

TISSUE SPECIFICITY OF P45O MRNA EXPRESSION AND

INDUCIBILITY IN THE CHICKEN.
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5.1 INTRODUCTION

In chapter 4 it was demonstrated that there were at least three P450 mRNAs

induced by a variety of PB-like drugs in the livers of chick embryos. This may not

necessarily be the case in extrahepatic tissues. Tissue-speciftc trans-acting factors (for

review see Ma¡iatis et al., 1987) may govern the transcription of one or both of the

chicken P450 genes identified. These trans-acttng factors and/or receptors that

presumably mediate the P450 induction response may not be present in all tissues.

In this chapter, the tissue-specific expression and inducibility of the chicken P450

mRNAs a¡e investigated. In addition, levels of the AlV-synthase mRNA a¡e südied in

the same tissues. If the model of the proposed interelationship of P450 and AlV-synthase

expressiôn is correct, then a co-ordinate induction of these genes would be expected.

5.2 RESULTS

5.2.4. Northern Analysis of P450 and AlV-synthase mRNAs in Various Tissues

12-week old hens were administered AIA as outlined in section 2.2.4. Following

an induction period of 24 hours, total RNA was isolated from the liver, kidney, heart, lung,

small intestine and spleen of both control and AlA-treated hens. Levels of P450 and ALV-

synthase mRNAs were determined in these different tissues by Northern hybridisation

analysis.

Fig. 5.1-A shows RNA derived from tissues of non-induced and AlA-induced hens

following Northern transfer and hybridisation with the chicken P450 cDNA clone, pCHP3.

Basal levels of both the 3.5 and2.5 kb mRNAs were readily detected in the lung, smail

intestine and kidney of control hens using this probe. Basal levels of these P450 mRNAs

were also detected in liver, but only afte¡ a longer exposr¡re of the autoradiograph (not

shown). Following AIA treatment, substantial increases in the levels of the 3.5 and 2.5 kb

mRNAs were observed in the small intestine, kidney and liver, with the induced levels

being comparable in each tissue. An additionai band approximately 1.8 kb in size was also



Figure 5.1. Northern blot analysis of chicken P450 mRNAs from various tissues.

Total RNA (20 pg) from lung, small intestine, kidney and liver of non-induced

(NI) and AlA-induced (I) 12 week-old hens was electrophoresed on agarose-formaldehyde

gels, transferred to niuocellulose and probed with either nick translated pCHP3 (A) or

pCHP?-AB1 (B) cDNA clones. Filters were exposed to autoradiography for either 24h

(A) or 48h (B).
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seen in the Northern blots of induced kidney and liver RNA, and may represent a related

p450 6RNA. The lower band observed in the induced kidney RNA is probably too smail

to encode a P450 protein and may represent a discrete breakdown product. Interestingly,

in lung, the basal levels of the 3.5 and 2.5 kb P450 mRNAs declined to extremely low

levels after AIA administration. None of these mRNAs could be detected in the spleen or

heart of either control or dmg Ueated hens, even after a 7 day exposure of the

autoradiograph (result not shown).

Although not apparent in Fig. 5.1-4, the 2.2 kb P450 mRNA closely followed the

tissue-specific induction seen for the 3.5 and 2.5 kb P450 mRNAs. When filters were

probed with pCHPT-AB1 (Fig. 5.1-B), it was evident that levels of this rnRNA were

markedly induced in the liver, kidney and small intestine.

Investigation of the tissue-specific expression of the AlV-synthase gene was also

ca¡ried our in these experiments. Fig. 5.2.4 shows that, as found for the P450 mRNAs'

basal levels of the AlV-synttrase mRNA were detected in the lung, small intestine, kidney

and liver of non-induced hens. Following AIA treament" a signifrcant induction of ALV-

synthase nRNA was seen in the smail intestine, kidney and liver, a result that correlated

with the induction of P450 mRNAs in these tissues. Furthermore, as was found for the

P450 mRNAs, the level of AlV-synthase mRNA decreased signifrcantly in the lung. No

AlV-synthase mRNA was detectable in either the hea¡t or spleen before, or following,

drug treatment (not shown).

In order to ascertain that AIA tvas not exerting a general inducing effect on ÍI1RNA

synthesis in the liver, kidney or small intestine, a replicate Northern filter was hybridised

with the p-actin cDNA probe (Fig. 5.2-B). As expected, levels of p-actin mRNA differed

between va¡ious tissues. However, in all of the tissues examined, the levels of p-actin

6RNA in control hens were essentially unaltered compared to levels of this mRNA in hens

which had. received AIA treatment. An additional RNA species of estimated size 4.0 kb

was detected with the B-actin probe in this experiment. The nature of this band is

unknown.



Figure 5.2. Northern blot analysis of chicken AlV'synthase and p'actin mRNAs

from various tissues.

Total RNA (20 pg) from lung, small intestine , kidney and liver of non-induced

(NI) and AIA induced (I) 12 week-old hens was electrophoresed on agarose-formaldehyde

gels, transferred. to nitrocellulose and probed with nick translated plasmid cDNAs for (A)

AlV-synthase or (B) Þ-actin. Filters werc exposed to autoradiogtaphy for either 48h (A)

or 72h (B).
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5.3 DISCUSSION

The levels of p450 and AlV-synthase mRNAs have been investigated in different

tissues of both uninduced and AlA-induced chickens. Basal levels of the P450 mRNAs

we¡e readily detectable in the kidney, small intestine and lung of untreated chickens and

these were substantially higher tha¡ those observed in the uninduced liver. The possibility

that the relatively high basal levels of P450 mRNAs in these extrahepatic tissues could

a¡ise due to ingestion of contaminants in chicken feed or drinking water cannot be

excluded. This argument does not, however, explain why the liver P450 mRNAs are not

elevated along with p450 mRNAs in the other tissues. In any case, as the P450 mRNAs

are detectable in only some of the tissues investigated, there is likely to be a controi

mechanism governing the observed tissue-specific expression of chicken P450 genes in the

absence of dntg.

Following AIA treatment, a tissue-specific induction of all three P450 mRNAs

(3.5,2.5 and2.Zkb) was observed, with elevated levels in the liver, kidney and small

intestine. These results demonstrate, for the first time, the dmg induction of P450 mRNAs

in extrahepatic tissues of the chicken. In the lung, levels of the P450 mRNAs were

observed. to decline following AIA administration. The reason for this is not clea¡; the

result implies that control of P450 expression in this tissue is ma¡kedly different from that

of the liver. Whether a similar result would be obtained using PB as inducer remains to be

shown.

Tissue-specific expression of va¡ious P450 genes has been investigated in

mammalian species. In the rar, Srivastava et al. (1989a) have shown that the PB-inducible

p450IIB1/IIB2 mRNAs a¡e detectable in the liver,lung, heart and kidney, but not in the

testis, brain or erythroid spleen of control animals. AIA and PB were found to induce

p450IIB1/IIB2 6RNA levels only in the liver and kidney. Traber et at. (1988) found that

in rat small inresrine, both p450trB1 and tr82 mRNAs were detectable, however only IIB1

mRNA levels were elevated in this tissue following PB administration ' A study of the

tissue-specific expression of three closeiy related rabbit P450 mRNAs from the IIC
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subfamily (Leighton and Kemper, 1984) found that two of these mRNAs were inducible

by pB in the liver, whilst the level of the third mRNA remained unchanged. In the same

study, following PB inducúon, only one of these mRNAs was detected in the kidney and

none in the lung. Tissue-specific expression of genes in the PAH-inducible P450I gene

family has also been studied. p450IA1 and IA2 (Pr and P¡450) mRNAs were detected in

the liver, kidney, lung, small and large intestine and spleen of untreated mice by Kimura et

at. (19g6). Following ad.ministration of either TCDD or 3-MC, increases in levels of both

these mRNAs in all tissues were observed. The results presented in this work suggest that,

in the chicken, there exists tissue-specifrcity in both the basal expression and inducibility

of all three p450 mRNAs. However, the results also indicate that differential induction of

these mRNAs, as is seen in the studies using rabbit and rat tissues, does not occur in the

equivalent chicken tissues. The interspecies differences in tissue-specific expression of

P450 genes may reflect the different roles of these P450s'

Levels of AlV-synthase 6RNA in,the adult hen were also elevated by AIA in a

tissue-specific fashion which paralleled that of the P450 mRNAs. In the rat, Srivastava et

al. (1989a) have shown that PB, and to a greater extent AIA, both induce AlV-synthase

6RNA in the liver and kidney, whilst in the lung, AlV-synthase 6RNA levels were

unaffected by PB. Moreover, changes in levels of the P450IIB1/IIB2 and AlV-synthase

mRNAs after drug administration closely paralleled each other in this study. These results

are compatible with those found in the chicken, and suggest that an increased demand for

heme by newly synthesised P450 apoprotein may be responsibie for the increased

synthesis of AlV-synthase, as indicated by increases in mRNA levels'

Since AlV-synthase is a key regulatory enzyme in heme biosynthesis, then it

would be expected that some level of AlV-synthase mRNA would be detectable in all

tissues, as heme is required for synthesis of various cytochromes. In the present study,

AlV-synthase mRNA levels were not detected in either the hea¡t or spleen. Schoenhaut

and Curtis (1936) have shown that two forms of AlV-synthase exist in the mouse - an

heparic and an erythroid form - and that these differ substantially in amino acid sequence.
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This may indicate that, in the chicken, the erythroid form of AlV-synthase is expressed in

heart and spleen, and may remain undetected since the AlV-synthase cDNA, used as a

probe of Northern filten in these experiments, represents the mRNA encoding the hepatic

protein.

The molecula¡ mechanisms governing the tissue-specific expression of genes in the

liver a¡e under intense study. For example, the albumin gene is being studied in the liver

of both the rat (Cereghini et al., 1987) and mouse (Lichtsteiner et al., 1987). Multiple cis-

acting control elements have been identified and shown to interact with positive trans'

acting factors expressed only in the liver. In addition, a number of liver-specific genes,

including albumin, contain a highly conserved hepatocyte-specific promoter element

(lal1). This c¡"s-acting element is thought to bind to the same fr4¿s-acting factor in

tanscription of at least three liver-specific genes (I(ugler et al., 1988). At present, no cis-

acting elements or any trans-actng factors have been shown to mediate tissue-specific

control of P450 gene transcription.

The sequence of approximately 900 bp of the chicken P4504 gene promoter has

been cha¡acterised in this laboratory by Mattschoss (1987). Gel retardation assays using

either short DNA restriction fragments or synthetic oligomers based on the promoter

sequence may reveal any sequences which combine with rr¿ns-acting proteins in the

chicken P4504 gene promoter. Alternatively, preparations of nuclear extracts from

different tissues could be employàa in ."oying out in vitro transcription reactions (Heintz

and Roeder,lg82) using constructs containing various lengths of the P4504 gene

promoter. The question of whether the drug-induced accumulation of the chicken P450

and AlV-synthase mRNAs in the liver is effected at the level of gene transcription is

approached in chapter 6.



CHAPTER 6

TRANSCRIPTIONIAL REGULATION OF CHICKEN P45O

AND ALV.SYNTHASE GENES IN VITRO.
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6.L. INTRODUCTION

Phenoba¡bital administration to rats is known to activate transcription of the

P450IIB1ûIB2 genes (Hardwick et al., 1983; Pike et al., 1985). Moreover, the increased

rates of transcription of these genes have been shown to account for the observed

accumulation in the levels of these mRNAs (Hardwick et al., 1983). Similarly' in this

laboratory, Maguire (1987) has demonstrated that the increase in levels of AlV-synthase

mRNA in the livers of rats following AIA treatment is due predominantly to an increase in

the level of gene transcription (see Srivastava et al., 1988). The demonstration that similar

dmgs induced rhe accumulation of P450 and AlV-synthase mRNAs in chick embryo

livers suggested that this was the result of a transcriptional activation of the P450 and

AlV-synthase genes. However, it is conceiva6le that the drugs could also be altering

mRNA levels by exerting a post-transcriptional effect. For exampie, a substantial increase

in stability of these mRNAs could account for the observed increases in their abundance

after drug induction.

To investigate whether drugs can affect the rate of gene transcription of the P450

and AlV-synthase mRNAs in the livers of chick embryos, one must determine the relative

rates of transcription of these genes both prior to, and following, drug administration. The

most cornmon and sensitive procedure employed to monitor gene transcription rates is

nuclear transcription run-on analysis. This involves hybridisation of in vitro 32P-labelled

nascent nuclea¡ RNA transcripts to an excess of immobilised specific cDNAs. By

comparing the change in the relative transcription rate of a gene with the change in levels

of its cognate 6RNA, the relative contribution of transcriptional activation towa¡ds altered

*RNA levels can be determined. In general, if the fold-increases in the ranscription rate

of a gene and alterations in levels of its mRNA transcript follow one another closely, then

the mRNA is likely to be short-lived with littie, if any, post-transcriptional regulation

involved. By contrast, if changes in mRNA levels are not accompanied by changes in

gene transcription rates, rhen there is clearly a post-transcriptional effect. This could
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involve mechanisms which affect nuclea¡ processing, nucleocytoplasmic transfer or

cyroplasmic stability of the 6RNA (Nevins, 1983; Brawerman' 1987).

In this chapter, nuclei isolated from chick embryo hepatocytes are employed in

transcription run-on assays. The relative rates of in vitro transcriptional activity of the

chicken p450 and AlV-synthase genes using nuclei isolated from livers of both untreated

and drug-treated chick embryos are compared. In addition, transcription rates of the P450

and AlV-synthase genes, measured at va¡ious times after dnrg treatment, are compared

with levels of their respective mRNAs at these same time points.

6.2. RESULTS

6.2.A. Isolation of nuclei and synthesis of 32P.RNA transcripts in vitro.

A relatively pure prep¿ration of nuclei is an essential prerequisite for nuclea¡ run-

on transcription assays. The procedure used to isolate nuclei from chick embryo livers was

a modiflrcation of a procedure used by Schibler et al. (1983) and previously employed in

this laboratory by D. Maguire for the isolation of rat liver nuclei (see 2.2.J). Sìnce, in

general, the density of nuclei is cha¡acteristic of the type of cell or tissue from which they

originate @Iarzluff and Huang, 1984), then modif,rcations to the procedure were necessary

due to the differences in densities of rat and chick embryo liver nuclei. In this respect,

three parameters were changed. Firstly, a 1.5 M sucrose buffer was employed in

homogenisation of chick embryo liver, rather than the 0.3 M used for rat liver. The higher

molarity used was to prevent accumulation of cell debris at the interface dunng

centrifugation of the homogenate in a sucrose gradient. Secondly, it was found that when

2 M sucrose was empioyed in the cushion buffer, the pelleted nuclei were often

contaminated with other cell components. These consisted mainly of disaggregated

membranous material and possibly rnicrosomes, as judged by light microscopy. The

sucrose concentrarion in the cushion was increased to 2.2M and light microscopy revealed'

the presence of nuclei of high purity. The third modif,rcation made to the original rat

nuclei isolation procedure concerned altering the ultracentrifugation step. In the isolation
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of rat nuciei a 20 minute spin at 80,000 x g was used. It was found that, due to the lower

density of chick embryo nuclei, yields were improved by using a centrifugal force of

130,000 x g and increasing the duration of the spin to t hour. This routinely gave a yield

of 6-9 x 107 nuclei (from 2 gliver), suffrcient for 4-6 transcription reactions.

In order to determine whether nuclei isolated by the above procedure were able to

support in vitro transcription, a time course of 32P-rUTP incorporation was carried out,

according to the procedures detailed in sections 2.2.J.and2.2.K. Since the purpose of

performing the transcription run-on analyses was to monitor changes in transcription rates

of specific genes due to drug induction, then it was important to compare the time courses

of 32p-rUTP incorporation into nuclei isolated from livers of both untreated and drug-

[eated chick embryos. These are shown in Fig. 6.1. As shown in the gaph,32P-rUTP

incorporation into TCA-precipitable material was observed to increase in a linear fashion

for about 30 minutes in hepatocyte nuclei from both untreated and dmg-treated chick

embryos. Moreover, the level of newly synthesised 32P-RNA did not decline, but was seen

to increase further between 30 and 60 minutes, indicating that there was no extensive

RNAse activity associated with these nuclei (result not shown).

The inclusion of the fungal peptide cr-amanitin at low concentrations (0.5-2 Fgrnl)

in in vitro transcription reactions specificatly inhibits RNA polymerase II activiry

(Ma:zluff and Huang, 1984). To determine the contribution of RNA polymerase II-

directed transcription toward total transcriptional activity in vitro, cr-amanitin (2 Wg/rrrl)

was added to nuclei a¡d a time course of 32P-rUTP incorporation assayed. Fig. 6.1 shows

tlrat cr-amanitin inhibited total 32P-rUTP inco¡poration by approximately 657o, as measured

by TCA-precipitable radioactivity, using nuclei from drug-treated embryos. A similar

decline in the level of 32P-rUTP incorporation into nascent RNA tanscripts in control

nuclei was obtained (result not shown). The a-amanitin effects indicate that the observed

increase in 32P-rUTP incorporation following incubaúon of chick embryo nuclei is largely

due to RNA polymerase tr-dependent gene transcription. Moreover, this figure is

compatible with other reports of the RNA polymerase Il-directed component of total



Figure 6.1. Time course of 32P-RNA synthesis in isolated chick embryo liver nuclei

The time course of 32P-RNA synthesis using nuclei isolated tiom livers of control

embryos ( r) or embryos that had ¡eceived AIA treatment (4.) is shown. A time course of

32P-RNA synthesis was also measured in nuclei from livers of AlA-treated embryos with

cr-amanitin (2 pglml) added to the transcription reaction (o). Addition of cr-amanitin to

control nuclei resulted in a simila¡ inhibition of 32P-UTP incorporation. Aliquots were

removed in triplicate at 0, 5, 10, 20 and 40 minutes and TCA-precipitable radioactivity'was

determined.
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transcription in vitro, which have been found to occur in the range of 50-9O7ø depending

on cell type (Marzluff and Huang, 1984).

6.2.8 Quantitative hybridisation of speciflrc a2P-RNA transcripts

In order to measure the relative transcription rates of specific genes it was

necessary to demonstrate that hybridisation of 32P-RNA to frlter-bound complementary

DNA probes was quantitative.

The addition of increasing amounts of 32P-RNA to hybridisation reactions with

immobilised DNA enables the linearity of the hybridisation assay to be determined. Fig.

6.2-Ashows autoradiographs of the signals obtained with increasing input of 32P-RNA,

derived from conuol chick embryo liver nuclei, to a fixed amount (5 Pg) of each of the

appropriate plasmid DNAs. The graph in Fig. 6.2-B demonstrates that the increase in

signal for the AlV-synthase, P4504 and p-actin genes was seen to be linea¡ with 32P-RNA

amonts up to 6 x 106 cpm. A simila¡ result was obtained using nuclei from livers of drug-

treated chick embryos (result not shown). Based on these results, between 3 and 5 x 106

cpm of 32P-RNA were routinely used in further transcription assays.

To further demonstrate that the amount of immobilised DNA employed in

hybridisation reactions with 32P-RNA transcripts was in excess' t,2,5 and 10 pg

respectiveiy of each plasmid were blotted onto different filters and hybridised with 6 x 100

cpm of 32P-RNA from nuclei isolated from livers of control chick embryos. As can be

seen in Fig. 6.3, since there was no increase in signal intensity between filters containing 2,

5 and 10 pg ptasmid DNA, then 2 pg was most likely to be in excess for all transcripts

examined. A simila¡ result was obtained when 32P-RNA from nuclei derived from livers

of drug-induced chick embryos was used (not shown). In order to enstue that there was an

excess of frlter-bound DNA, 5 pg of the appropriate plasmid DNA for each transcript was

routinely used in transcription assay results presented in this chapter.

An additional experiment was performed to determine whether the hybridisation

reaction had gone to completion, thereby accurately reflecting the transcription rate of each



Figure 6.2. euantitative hybridisation of 3zP-RNA synthesised in chick embryo liver

nuclei.

32P-RNA synthesised in nuclei from livers of chick embryos was isolated and the

indicated amounrs of TCA-precipitable rad.ioactivity hybridised with filters loaded with 5

pg of each of the indicated plasmid cDNAs'

(A) Autoradiographs of filters following exposure to X-ray film.

(B) Signals from the autoradiographs were quantitated by densitometric scanning and

plotted as arbitrary units.

pCHP3 (O - cDNA probe specifîc for P450 A gene'

ALV-S @- chicken AlV-synthase cDNA

p-actin (a)- chicken P-actin cDNA
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Figure 6.3. Effect of increasing amounts of immobilised plasmid DNA on

hybridisation of 32P-RNA transcripts

Filters were loaded with either 1,2, 5 or 10 pg of the indicated plasmid cDNAs

according ro the procedure detailed in2.2.1. These were hybridised with 32P-RNA (6 x 10e

cpm) qynthesised from nuclei isolated from untreated chick embryos. Following washing,

filters were autoradiogaphed for 48 hours at -80oC.
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gene of interest. Following 72 hours of hybridisation with appropriate filter-bound DNA,

the hybridisation mix was then rehybridised for a further 72 hours to a fresh filter. The

residual signals seen were estimated to be less than I07o of those from the fust round of

hybridisation, indicating that 
"pprå*i*ut 

ely 9}Voof the available transcripts of interest

hybridise under the conditions used in these experiments (result not shown).

Quantitation of the hybridisation signals obtained in these experiments was ca:ried

out by densitometric analysis of the autoradiographs. A wide range of hybridisation signal

intensities was obtained in these experiments. As it was necessary to ensure that signals

were in the linea¡ range for densitometric analysis, three different exposure times were

used in quantitation of relative gene transcription rates. This enabled densitometric

analysis of autoradiographic signals within this range for all transcripts.

6.2.C. Analysis of relative transcription rates of the chicken P450 and AlV.synthase

genes following drug inductÍon.

To investigate whether the increased hepatic P450 mRNA levels observed

following drug administration (see chapter 4) were due to increased transcription of the

P450 genes, nuclei were isolated f¡om livers of control chick embryos and chick embryos

treated with either AIA or PB. The induction times employed in these experiments - 1, 3,

12 and 24 hours - were the same as those used in the determination of PB- and AIA-

induced mRNA levels in chapter 4.

pCHPBl5 andpCHPT-ABl were employed as probes to determine transcription

rares of the chicken P450 A and P450 B genes respectively. Similarly, p10181, the

chicken AlV-synthase cDNA clone, was used to monitor transcription of the ALV-

synthase gene, and the relative rates of p-actin gene transcription were also determined

using the chicken p-actin cDNA clone as the immobilised cDNA. Any non-specific

hybridisarion ro native plasmid DNA sequences was corrected for by subtracting the signal

obtained from control filters in which pBR322 was the immobilised cDNA.
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Autoradiographs of representative filters on which specific a2P-RNA transcripts

were hybridised to 5 pg of each of the above mentioned immobilised cDNA clones are

shown in the upper panels of Figs. 6.4-A and 6.4-8. Graphs representing the drug-induced

change in relative transcription rates of the genes of interest are shown in the lower panels

of these figures.

The time course of transcription of the various genes after AIA administration to

chick embryos (Fig. 6.a-A) shows that transcription run-on activities for both P450 genes

and the AlV-synthase gene rapidly increased during the first hour following AIA

rreatment. During this time, a 3 to 4-fold increase in gene transcription rates of both P450

genes was obsewed, whilst the transcription rate of the AlV-synthase gene increased 5-

fold over that of the control. Between 1 a¡d 3 hours after AIA administration, the rates of

gene transcription for the P4508 and AlV-synthase genes were Seen to further inclease to

about 5-fold and 13-fold, respectively. By contrast, transcription of the P450 A gene

increased only slightly during this period. Transcription rates for this gene measured at 12

and24 hours after AIA treatment were observed to decline slightly from the rate seen at 3

hours, whereas transcription of the 2.2kbP450 mRNA was essentially unchanged beween

3 and 12 hours, and then increased at 24 hours. The rate of AlV-synthase gene

transcription was seen to plateau between 3 and 24 hours after AIA administration. The

transcription rare of the p-actin gene did not alter signifrcantly in these experiments,

indicating that it is not affected by AIA treatment.

When gene transcription rates were monitored at various times after PB treatment

of chick embryos (Fig. 6.4-8), a rapid increase in transcription of the P4508 and ALV-

synthase genes was observed in the first hour, similar to the increase observed following

AIA administration (see Figs. 6.4-A and 6.4-8). The P4504 gene transcription rate was

also elevated in this time, however the increase was relatively small (2-fold above control)'

Between 1 and 3 hours after PB treatment, the transcription rate of the P450 A gene

increased further, whilst that of the P450 B gene was consistently seen to decrease in this

time. In contrast to the P450 genes, AlV-synthase gene transcription rates continued to



Figure 6.4. Time course of transcription rates for P450 and AlV-synthase genes

following drug induction.

Nuclei were isolated from livers of chick embryos treated with either (A) AIA or

(B) phenobarbital (PB) for 0, 1, 3, 12 and 24 hours respectively and allowed to synthesise

32P-RNA in vitro. Transcription rates for various genes were determined by hybridisation

of 32P-RNA to hlter bound cDNA sequences. Autoradiographs of filters are shown in the

uppgl panels. Filters shown were exposed for 24 hours (ALV-S, pCHP3, pBR322) and

48 hours (pCI{P7 and P-actin).

Autoradiographic signals for specifrc transcripts were quantitated by laser

densitometry and corrected for pBR322 background hybridization (lower panel). The

specific transcripts a¡e AlV-synthase ( O ), pCHP3 ( O ), pCHPT ( u ) and p-actin

( r ). Each point represents the mean (tS.E.) of triplicate determinations.

ALV-S - chicken AlV-synthase cDNA

pCHP3 - cDNA probe specific for P4504 gene.

pCHPT - cDNA probe specific for P450B gene.

p-actin - chicken P-actin cDNA.
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increase rapidly between 1 and 3 hours after PB treatment. Between 3 and 24 hours after

PB administration, transcription of both P450 genes was observed to increase, with the rate

for the A gene elevated to about 6-fotd above control, and that for the B gene, about 7-fold

above the control rate. The transcription rate for the AlV-synthase gene after PB

administration was mæcimal at 24 hours, at which time the rate of transcription was 15

times higher than that of the control. Measurements of the relative transciption rates of the

p-actin gene at the same times after PB administration as those used in the determination

of P450 and AlV-synthase gene transcription rates indicated that PB does not affect B-

actin gene transcriPtion.

G.2.D. Comparison of gene transcription rates and mRNA levels of drug'induced

P450 and AlV-synthase.

To evaluate the relarionship between the drug induced increase in transcription

rates of the P450 and AlV-synthase genes and accumulation of their respective mR-t\A

ranscripts in the cell requires comparison of the time courses of mRNA accumulation

(Figs. 4.2-A and 4.2-B) with the data on increased gene transcription rates measured at

corresponding time points presented in Figs. 6.4-A and 6.4-8.

In chapter 4 it was shown that, following AIA treatment, levels of the 3.5 and2.2

kb P450 mRNAs increased 20-fold and 28-fold respectively, within t hour. This

corresponded to increases in the rate of transcription of the respective P450 genes of 3- and

4-fold (see Figs. 4.2-A and 6.4-A). Similarly, the¡e were large differences between the

maximum -fold increases of these two mRNAs and the corresponding gene transcription

rates measu¡ed at these time points. Following AIA treatment, the 120-fold increase in the

Ievel of the 3.5 kb mRNA observed at three hours was accompanied by a 4-fold increase in

gene rranscription activity and, simila¡ly, the 100-fold increase in levels of the 2'2kb P450

6RNA at 12 hours corresponded to a 5-fold increase in the transcription rate of the P450B

gene (see Figs. 4.2-A and 6.4-A). These results indicate that AlA-induced P450 mRNA

levels a¡e due to both transcriptional and post-transcriptionat mechanisms. By contrast, the

increases in AlV-synthase mRNA levels after AIA treatment appear to be determined
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primarily by activation of gene Uanscription. For example, at t hr after drug

adminisrration a 7-fold increase in the rate of AlV-synthase gene transcription

corresponded to an 8-fold increase in mRNA levels (see Figs. 4.2-^ and 6.4-A).

Fluctuations in the transcription rate of the B-actin gene twere not significant and

corresponded with the observation that p-actin mRNA levels were unaffected by AIA.

As found with AIA, the -fold increase in P450 mRNA levels at any time after PB

ad,ministration could not be accounted for by corresponding increases in the rates of gene

traascription, again indicating ttrat both transcriptional and post-transcriptional factors are

responsible for the observed increase in P450 mRNA levels after PB. Thus, whereas the

transcription rare of the 3.5 kb mRNA had doubled within t hour of PB treatrnent, mRNA

levels had inc¡eased about 13-fold above control. Similarly, the rate of transcription of the

2.2kb mRNA was maximal at24 hours with a 7-fold increase above the control rate,

whilst 6RNA levels at rhis time were elevated by more than 4O-fold above control (see

Figs. 4.2-B and 6.4-8). In contrast to the P450s, the PB-induced'increase in tra¡scription

of the AlV-synthase gene accounted more fully for the observed increase in abundance of

the AlV-synthase mRNA. For example, after t hour of PB treatment, AlV-synthase

6RNA leveis were elevated about 3-fold above control, whereas transcription of the ALV-

synthase gene had increased 5-fold in this period (see Figs. 4.2-B and 6.4-8).

In these experiments, following drug administration, the levels of both P450

mRNAs and the AlV-synthase mRNA were obsewed to either plateau or decline after

reaching a maximum value. By contrast, transcription rates of the corresponding genes

were, in some cases, observed to increase after maximal mRNA levels had been reached.

This is especially evident for the PB-induced P4504 and AlV-synthase genes (see Figs.

4.2-B and 6.4-8), although not as pronounced for the P4508 gene after PB. With AIA as

inducer, this effect is not as obvious as with PB, however levels of both the AlV-synthase

and2.2kb P450 mRNAs declined between 72 and24 hours, whilst transcription rates of

their respective genes increased slightly (see Figs. 4.2-B and 6.4-8). This phenomenon is

discussed further below.
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6.3 DISCUSSION.

Using nuclei isolated from both untreated and drug-treated embryos it has been

demonstrated, for the first time, that the drug induction of avian P450 and AlV-synthase

mRNAs involves increased transcription of the corresponding genes. Whereas the

increases in P450 gene transcription rates do not account for levels of thei¡ accumulated

6RNA transcripts, the drug-induced increase in AlV-synthase mRNA levels was due

predominantly to increased gene transcription. For this reason, a post-transcripCional

mechanism must be invoked to account for the observed differences between the

transcription rates and mRNA levels of the P4504 and B genes measured over the time

courses of induction by both PB a¡d AIA.

Interestingly, the transcription rate of the 3.5 kb P450 mRNA, encoded by the

P4504 gene, was consistently observed to be elevated in nuclei from untreated embryos.

This was evident by a readily detectable autoradiographic signal, approximately the same

strength as that seen for p-actin gene transcription. This is in contrast to the low mRNA

levels of the 3.5 kb P450 6RNA obtained in Northern analyses of untreated chick embryo

RNA (see chapter 4). The possibiliry that cross-hybridisation of 32P-labelled ribosomal

RNA ranscripts accounted for the observed elevaúon in the transcription signal of the

P450A gene is unlikely, since inclusion of cr-amanitin in a transcription reaction using

nuclei from untreated chick embryo livers decreased the intensity of the signai representing

the transcription of the P4504 gene by greater thangjTo (not shown). By contrast, the

non-induced signal from AlV-synthase gene transcription was about one-third the

intensity of the 3.5 kb P450 mRNA (see Fig. 6.a). The insert sizes of pCl{PB15 and

pl013,1 are 0.8 and 2.0 kb respectively. Assuming the signal strength of a given 32P-RNA

transcript to be a product of both the target DNA available for binding and the rate at

which it is transcribed, then rhe rate of transcription of the P4504 gene appears to be about

7-8 times higher than that of the AlV-synthase gene in the untreated embryo. This is in

contrast to the relationship of these mRNAs in control embryos, where levels of the ALV-

A lesser contribution from a post-transcriptional mechanism towards AlV-synthase

mRNA levels cannot be excluded.
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synthase mRNA are as high, or higher, than the 3.5 kb P450 mRNA. The reason for this

d.iscrepency is not clear, however one possibility is that nascent P450 transcripts are turned

over in the nucleus with little, if any, nuclear-cytoplasmic transport. This would also

account for the extremely low steady state ievels of the P450 mRNAs in Northern blots of

untreated chick embryo RNA (see chapter 4).

In these experiments, the unexpected observation was made that, whilst the rates of

transcription of the AlV-synthase and P450 genes either increased or plateaued, ievels of

their mRNAs declined. This was evident for the 3.5 kb P450 and the AlV-synthase

mRNAs following PB fig. 6.4-8) and, to a lesser extent, AIA treatment (Fig. 6.4-A).

These results imply that, in addition to the post-transcriptional increase in P450 mRNA

leveis, a post-transcriptional destabilisation of these mRNAs may occur upon prolonged

dnrg exposu¡e. Measurements of gene transcription mtes and mRNA levels after exposure

of chick embryos to drugs for extended periods may assist in defining this response with

grearer clarity. It is, however, apparent that the kinetics of induction of the PB-inducible

p450 mRNAs in the chick embryo liver differ from those found in rat live¡. In the latter,

Ha¡dwick et al. (1983) have shown that the transcription rate of the tr81/IIB2 gene is

maximal at 6 hours after PB administration, whilst tIB1/IIB2 mRNA levels increase for a

further 10 hours. By contrast, in PB-treated chick embryo livers, the transcription rate of

the P4504 gene increased for 24 hours while the level of the corresponding 3.5 kb P450

6RNA transcript was maximum at 3 hours, then actually declined (see Figs. 4-2-B and

6.4-8). With AIA as inducer, this phenomenon was less apparent, however the maximum

levei of the 3.5 kb mRNA and maximum transcription rate of the P450A gene were both

observed at 3 hours (see Figs. 4.2-A and 6.4-A). These results indicate that the 3.5 kb

P450 6RNA may be short-lived relative to the rat P45OtrBI|IIB2 mRNAs. The

abundance of the 2.2kb P450 mRNA decreased slightly between L2 and 24 hours after

both drugs with concomittant increases in the transcriprion rate of the P4508 gene. Thus,

it is not clear from the results whether the2.2 kb P450 mRNA may also be considered to
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have a shon half-life, although it appears to become less stable alter 12 hours of drug

treatment.

The finding that increased AlV-synthase mRNA levels can be largely accounted

for by simultaneous increases in the AlV-synthase gene transcription rate in the chicken is

consisrent with a recenr reporr in which the half-life of the rat AlV-synthase mRNA is

estimated to be 20 minutes (Yamamoto et al., 1938). At present, no data exist on the half-

lives of either the induced or non-induced chicken P450 mRNAs. Pulse-labelling studies

using 3H-uridine in ovo should enable accurate determination of P450 mRNA half-lives in

the presence and absence of drug. Aiternatively, the use of specific inhibitors of

transcription such as o-amanitin or actinomycin D might enable the rate of P450 rnRNA

degradation to be determined in the absence of ongoing synthesis. Again, estimates of

mRNA half-lives in both the induced and non-induced states could be measured-

Control of the PB-inducible P450s in the liver of the chick embryo is clearly

different,from thar in the rat. Ha¡dwick et al. (1983) showed that PB administration to rats

resulted in increased p450trB1 /IIB2 mRNA levels with little, iî any, post-transcriptional

regulation. There is, however, evidence for post-transcriptional regulation of the trB1/IIB2

mRNAs by the synthetic glucocorticoid, dexamethasone (Simmons et al., 1987). More

recenrly, the results of pasco et al. (1988) indicated that a substantial post-transcriptional

mechanism contributes to rhe regulation of P450 IA1 and IA2 mRNA leveis in livers of

rats treated with PAHs. It is likely that as further investigations are made iïto tt e

mechanism of P450 induction by foreign compounds, the importance of post-

ranscriptional re gulation will become increasin gly apparcnl

Drugs may affect mRNA stability in the cytoplasm, processing of nuclear RNA

precursors, or the nuclear-cytoplasmic transfer of mRNAs. Several studies have shown

that cytoplasmic pRNA stability is altered in response to a variety of physiological stimuli

such as glucocorticoid hormones (Paek and Axel, 1987), iron (Müllner and Küln, 1988)'

estrogen (Brock and Shapiro, 1983), and DNA replication (reviewed by Schumperli,

1986). Stability of mRNAs in the cytoplasm is conferred by changes in the rates of decay



68

of particula¡ mRNAs. In turn, this appears to be dependent on the inherent stn¡ctufal

features of these mRNAs. These include stem-loop regions in the 3' untranslated region of

some mRNAs, which are thought to protect against exonucleolytic attack (Hentschel and

Birnstiel, 1981; Müllner and Küln, 1988), changes in poly(A) tail length (Bergmann and

Brawerman , t977; Paek and Axel, 1987), and determinants in the 5' end of mRNAs which

may represent ribosome binding sites (Morris et al., 1986; Kabnick and Housman' 1988).

In addition, AU-rich sequences present in the 3'end of short-lived mRNAs (Shaw and

Kamen, 1986) may permit endonucleolytic cleavage, leaving these mRNAs susceptible to

exonucleolytic degradation (Brawerrnan, 1987). A computer-aided sea¡ch of the

nucleotide sequences of both pCHP3 and pCHPT failed to reveal any regions with the

potential to form stem-loop structures, nor are there any AU-tracts which are thought to be

correlated with unstable mRNAs.

Little is known about intranuclear processing or the nuclear-cytoplasmic transport

of eukaryotic mRNAs. Dex-induced expression of cr1-acid glycoprotein is thought to

invoive transcript stabilisation within the nucleus (Vannice et al., 1984). In addition,

Berlvens et al. (1988) report that mRNA levels of the purine menbolising enzyme,

adenosine deaminase, are controlled by nuclear processing of the nascent transcripts. It is

likely that only functional (i.e. fulty processed) mRNA molecules cross the nuclear

membrane (Nevins, 1983). Moreover, there may be a sequence-specific selection of

' mRNAs for transport ro the cytoplasm (Jacobs and Birnie, 1982). If this is the case, then

newly transcribed mRNAs which a¡e only partially processed are presumably degraded in

the nucleus. This scenario is compatible with the observed dispariry in the þ vitro

transcription rate and mRNA levels of the chicken P450 genes.

Clearly, further experiments are required to distinguish whether either increased

cytopasmic stability or increased nuclea¡-cytoplasmic transport might be responsible for

the obsewed post-transcriptional increase in levels of the chicken P450 mRNAs. [n the

ptesent work it is not possible to discern which, if any, of these mechanisms might operate

in the regulation of expression of the chicken P450s. Overall, however, the results indicate
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that there may be a number of mechanisms involved in regulating the drug induction of

P450 mRNAs in chick embryo liver.



CHAPTER 7

EFFECT OF HEME ON THE EXPRESSION OF DRUG.

INDUCED GENES IN THE RAT.
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7.L INTRODUCTION

The proposal that heme acts as a positive regulator of P450 gene transcription has

been put forward by Ravishanka¡ and Padmanaban (1983, 1985; see Section 1.4). This

proposal is based primarily on the f,rnding that when either cobalt chloride or aminotriazole

were ad.ministered ro rats, the transcription of both the P450IIB1/[IB2 and P450IA1/IA2

genes were inhibited, as measured by in vitro transcription analysis. Further work

demonstrated that this inhibition was reversible by administration of low aÍIounts of heme

(Dwarki et al., 1987; Bhat and Padmanaban, 1988). However, it has not been

demonstrated that these compounds specifically inhibit heme biosynthesis.

To investigate these claims further, Srivastava et al. (1989b) used succinylacetone

instead of the compounds employed by Ravishanka¡ and Padma¡aban (1983, 1985). This

compound, so fa¡ as is known, is a specific inhibitor of heme biosynthesis due to its ability

to competitively inhibit AlV-dehydratase. In these expériments, no decline in levels of

drug-induced mRNAs for the P450IIB1/II82, P450I41, P450trI41 or P450IVA1 genes

(see Table 1) was seen. In this study, it was also observed that there was an increase in

AlV-synrhase mRNA levels following succinylacetone treatment, both in the presence

and absence of drug. This implied that succinylacetone was reducing heme levels

sufficiently to cause derepression of the AlV-synthase gene. By contrast, when

aminotriazole was used. in the same experiment, levels of the P450IIB1/IIB2 mRNAs

declined but no decrease in mRNA levels for P450I41, mA1 or IVA1 was observed; nor

was there any increase in AlV-synthase mRNA levels. These results indica¡ed that not all

species of P450 may be similarly affected by aminotriazole. Moreover, since ALV-

synthase 6RNA levels were unchanged, aminotriazole may not be influencing IIBlllIB2

pRNA levels through a heme depletion mechanism. This indicated that the effect of

aminotriazole on P450IIB1/[B2 gene transc,ription may be via an alternate mechanism to

that proposed by Ravishankar and Padmanaban (1985). The effect of cobalt chloride was

not investigated in this studY.
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In this chapter, the effects on the expression of P450 and AlV-synthase genes in

rat liver by drugs and by heme were investigated. This study evolved from preliminary

work performed in this laboratory by Maguire (1987), in which it was established that

administration of heme to AlA-treated rats repressed hepatic AlV-synthase at the level of

gene transcription. During the course of these experiments, the observation was made that

heme also repressed the AlA-induced transcription of the PB-responsive P450tr81/[82

genes in the liver. This result was both unexpected and interesting. It implied a hitherto

unknown control of P450 gene transcription by heme.

As stated above, in her experiments, Maguire (1987) employed AIA as the

inducing drug. Following administration of AIA or AIA plus heme, transcription nrn-on

analyses were performed using nuclei isolated from the livers of treated rats. However,

these experiments,were ca¡ried out at a single time point and AIA was the only inducing

drug investigated. It was important to investigate what the time course of the effect was

and to determine whether the effect was seen when a different drug was employed.

Therefore, in this study, PB lvas used as an alternative dnrg and the effect of heme on the

PB-induced expression of the P450IIB L/UBZ and AlV-synthase genes was investigated at

several time points following administration.

It was also important to know whether heme repressed the synthesis of P450s other

than P450IIB 1/IIB2, and this study was widened to include an investigation into the effect

of heme on mRNA levels for both P450IIB 1.Æ.BZ and P450IIIA1. The latter is a rat

glucocorticoid-inducible P450 that is also known to be PB-responsive (Gonzalez et al.,

1986b; see also secrion 1.5). In addition, the expression of the heme oxygenase gene was

also examined. The heme oxygenase enzyme, which is rate-limiting in the pathway of

heme catabolism, is known to be induced by its heme substrate at the mRNA level

(Shibahara et al., 1985). It was of interest to determine whether drug and/or heme

administration affected levels of this mRNA in these experiments.

It was decided to carry out this study using rats, rather than chick embryos, since

rats ttrere used in experiments in which the observation of heme repression of P450
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synrhesis was initially made. The aims of the work in this chapter were, fustly, to examine

the effect of heme on both P450IIB IlnBz gene transcripúon rates and mRNA levels in the

livers of non-induced, AlA-induced and PB-induced rats, secondly, to determine the effect

of heme on the mRNA level of a different P450, namely P450mA1 and, thirdly, to

determine whether administered heme could be exerting a general, repressive effect on

mRNA synthesis.

7.2 RESULTS

7.2.^ Time Course of the effect of Heme on PB-induced mRNA levels in rat liver

As indicated above, a previous investigation by Maguire (1987) of the effect of

administered heme on levels of drug-induced P450 and AlV-synthase mRNAs in rat liver

was performed using AIA as the inducing &ug. It was shown that heme repressed

transcription of the hepatic AlV-synthase and P450IIB UnBz genes. To ascertain whether

P450 and AlV-synthase mRNA levels induced by PB were also affected by heme, time

coutses of PB induction of these mRNAs in livers of rats, with and without heme

administration, were performed. Following treatment with either PB alone, or PB and

heme arginate (see section2.2.A.), rats were sacrificed at 0, 3, 6, 12 and 18 hours. In

addition, some rats received, after 12 hours, a second injection of either PB, or PB plus

heme, and were sacrificed 6 hours later. In all cases, total RNA was prepared from 2.5 g

of liver and fractionated on agarose-formaldehyde gels. Following transfer to

nitrocellulose, filters were hybridised with 32P-labelled oDNA probes for either rat

P450IIB1/IB2,nt AlV-synthase, or chicken p-actin mRNAs; Srivastava et al. (1988)

showed that the mt B-actin mRNA hybridises with the chicken B-actin cDNA. P450IIIA1

and heme oxygenase mRNAs were detected using synthetic oligodeoxynucleotides which

had been 32P end-labelled as described in section 2.2.I.

Autoradiogaphs of Northern blot filters from these experiments are shown in Fig.

7.1. As can be seen, there was a substantial increase in levels of the P450IIB1/IIB2

mRNAs following PB administration and these remained elevated L8 hours after PB



Figure 7.1 Time course of the effect of heme on levels of various PB-induced mRNAs

Totai RNA was isolated from livers of two untreated rats (0h) and rats treated with

either PB alone (-H) or PB plus heme (+H) for 3,6,12 or 18 hours. RNA from the livers

of two rats for each treatment was pooled. Some rats also received a second injection of

either PB alone or PB plus heme after 12 hours and were sacrifrced at 18 hours (18h(R)).

20 pS samples of RNA were loaded onto Northern gels and, following transfer, the filters

were hybridised with the following probes:

(a) rat P450IIB1ltrB2 cDNA

(b) rat P450Itr41 oligomer

(c) rat AlV-synthase cDNA

(d) rat heme oxygenase oligomer

(e) chicken p-actin cDNA.
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rrearment (panel a; -Ð. Similarly, P450trIA1 mRNA levels were seen to inctease

following pB administration (panel b; -Ð. The DNA oligomer employed for analysis of

P450IIIA1 mRNA levels also hybridised to a closely related mRNA approximately 2.0 kb

in size, which is also drug-induced. It has been suggested to be another member of the

p450m gene family (Gonzalezetal.,1986b). A second PB injection after 12 hours

elevared levels of both the IIB1/[82 and IIIA1 P450 mRNAs above those observed at 18

hours after only a single dose (panels a and b; -Ð. AlV-synthase mRNA levels followed

a simila¡ pattern to that observed for the P450 mRNAs, with levels increasing further

following a second pB injection (panel c; -Ð. Interestingly, when filters were probed with

the 32p-labelled heme oxygenase oligomer, increased levels of this mRNA were observed

at 3 and 6 hours after PB administration (panel d; -Ð, after which time the levels

decreased to those seen in uninduced rat livet. Following a second PB injection, heme

oxygenase rnRNA levels were observed to increase again. p-Actin mRNA levels were

essentially unaltered by administration of PB, either as a single or double injection (panel

e; -Ð.

Total RNA was also isolated from livers of rats which were administered heme

rogether with pB ar rhe same rimes as those which received PB alone. Relative to mRNA

levels in livers from PB-treated rats, levels of the tr81/IIB2 P450 mRNAs were seen to

decline in rats treated with PB plus heme at3,6 and 12 hours (panel a; -H and +þ. After

1g hours, the effect of heme on PB-induced P450IIB1/IIB2 mRNA levels was no longer

apparent, with mRNA levels returning to levels simila¡ to those observed with PB alone at

this time point. However, a second injection of heme (given with PB at 12 hours) was seen

to substantially repress drug-induced IIB1/IIB2 mRNA levels measured at 18 hours, in

addition to preventing the recovery observed, after 18 hours, for a single PB plus heme

injection . A simila¡ phenomenon was observed in the time course of P450Itr41 mRNA

accumulation following heme treatment, with recovery of PB-induced mRNA levels seen

after i8 hours. As with the trB1/IIB2 mRNAs, a second heme injection appeared to

prevenr this recovery (panel b; -H and +ÉI¡. Levels of the AlV-synthase mRNA declined
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slightly 6 hours after heme rreatment, and recovered by 12 hours (panel c; -H and +þ. An

additional PB plus heme injection prevented this recovery, as was found for the P450

mRNAs. Heme oxygenase mRNA levels rvete seen to increase above their PB-elevated

levels at 3 and 6 hours following administration of both PB and heme (panel d; -H and

+þ. This is likely to be due ro the administered heme acting as an inducing substrate of

heme oxygenase as already established (Shibaha¡a et al., 1985), although the increase in

heme oxygenase mRNA levels was transitory, with no change seen in mRNA levels at

either 12 or 18 hours after heme administration. A second injection of heme plus drug did,

however, elevate levels of this mRNA further. Levels of p-actin mRNA were essentially

unchanged after PB and heme were administered together, either as a single or double

injection (panel e; +H). This result demonstrates that neither PB nor heme affect levels of

this mRNA, ind,icating that these compounds do not influence general mRNA synthesis.

As a further control, administration to rats of arginine alone, or together with PB, did not

affect control or PB-induced P450 or AlV-synthase mRNA levels (result not shown).

7,2.8 Effect of PB and heme on P450 and AlV-synthase gene transcription rates

The results presenred in Fig. 7.1 suggested that a single heme injection transiently

repressed the PB-induced accumulation of the P450IIB1/[IB2 mRNAs. Two injections of

heme plus drug had a greater repressing effect on PB-induced mRNA levels for both

p450IIB1/J182 and,P45QIIIAl, as well as AlV-synthase. To determine whether the

observed decreases in PB-induced P450trB1/IIB2 and AlV-synthase mRNA levels due to

heme wete a ¡esult of decreased gene transcription rates, in vitro transcription assays were

performed. Nuclei were isolated from 2 g of the same livers as those used in the isolaticn

of RNA for the Northern analyses presented in Fig. 7 .1, in order to avoid individual

variation in the response to the drug and/or heme treatments.

As indicated in chapter 6, the determination of in vitro transcription rates of

individual genes requires hybridisation of nascent nuclea¡ 32P-RNA to appropriate

immobilised cDNAs. For this reason, the nuclea¡ run-on experiments were limited to the



75

investigaúon of the transcription of those genes for which cDNA probes were available.

Thus, the relative transcription rates of the P450IIB1I[B2, AlV-synthase and p-actin

genes were assayed since at the time of performing these experiments, heme oxygenase

and P450Itr41 cDNA clones wete not available. Simila¡ control experiments to those

performed using chick embryo liver nuclei (chapter 6) demonstrated that, using rat liver

nuclei, the transcription assay was linea¡ with increasing 32p-pNA input, and immobilised

plasmid DNA (5 pg per slot) was in excess.

Nuclei from livers of rats treated with either PB alone or PB plus heme were

isolated at 0, 6, and 18 hours after treatment. In addition, nuclei were isolated from livers

of rats which had received double injecrions of either dnrg alone or dmg plus heme. 32p-

RNA transcribed in vitro was hybridised with filter-bound cDNAs. Autoradiographs of

filters with signais representing relative gene transcription rates from nuciei of PB-treated

and pB plus heme-treated rats are shown in Fig. 7.2. As can be seen, PB administration

resulted in increased transcription of both the P450[BUtrB2 and AlV-synthase genes at

6h, with transcription rates further elevated after 18 hours of drug treatment- A second

injection slightly enhanced the transcription of the AlV-synthase gene relative to the

transcription rare seen for the 18h single injection signal, whilst the rate of P450IIB 1ÆJ82

gene transcription appeared not to change following a second injection. p-Actin gene

transcription rates were essentially unaltered by PB treannent.

When heme was co-ad.ministered with PB, the resuitant rate of nanscription of the

P450IIB1/IIB2 genes was consistently seen to decline by about 607o after 6 hou¡s when

compared with the transcription rate due to PB alone at this time. This is in keeping with

the simila¡ decrease seen for IIBl/nB2 mRNA levels at this time point described earlier

(see Fig. 7.1 (a)). The rate of transcription of the P450trBlÃß2 genes was observed to

recover after 18h of PB plus heme treatment. However, a second PB plus heme injection

after ¡2hours substanrially inhibited this recovery. When heme was employed in

conjunction with PB as a single injection, no alteration in the rate of AlV-synthase gene

transcription relative to PB alone was seen. After a second injection of drug plus heme,



Figure 7.2. Effect of heme on transcription of PB-induced P450IIB1/IIB2 and ALV'

synthase genes.

Nuclei were isolated from the livers of two control rats (0h) or ttwo rats treated with

either PB alone (-H) or PB ptus heme (+H) for the indicated times. Some rats received

injections of either PB or PB plus heme at 0 a¡d 12 hours (18h(R)). Following in vitro

transcription, 32P-RNA was hybridised with filters loaded with 5 pg of each indicated

ptasmid. The background hybridisation signal from pBR322was not detectable at the

exposure shown (48 hours). The plasmids used are the s¿tme as those in Fig 7.1 (ALV-S -

ALV-synthase).
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however, AlV-synthase gene transcription was observed to decline relative to both the

transcription rate observed with PB alone and that seen with PB plus heme as a single

injection after 18 hou¡s. As found following PB administration, the administration of PB

in combination with heme did not alte¡ the rate of p-actin gene transcription to any

significant degree, showing that the transcription of this gene in the liver is unaffected by

dnrg or heme administration.

j.Z.C. Comparison of the effect of heme on mRNA levels induced by PB with its

effect on those induced bY AIA.

From previous work it was known that AlA-induced P450IIB Utr.BZ and ALV-

synthase pRNA levels declined following administration of either heme, or its precursor

ALV, to raß (Maguire, 1987; Srivastava et al., 1983). The effect of heme on the induction

of AlV-synthase mRNA levels by PB had not been investigated. It is also not known

whether AIA treatmenr increasès the levels of mRNAs for P450IIIA1 and heme oxygenase

which are induced by PB as described in section 7.2.A. In the experiments presented here,

the effects of heme on PB-induced mRNA levels for P450IIBUIß2, P450m41, ALV-

synthase a¡d heme oxygenase are compared with its effects on levels of these mRNAs

induced by AIA. In addition, the effects of heme on non-induced levels of these mRNAs

is investigated.

In these experiments, rats were administered two injections of either drug alone, or

drug plus heme, ar 0 and 12 hours. Total hepatic RNA was isolated after 18 hours.

Autoradiographs of Northern blots using RNA from livers of control rats, or rats neated

with either AIA or PB in both the absence CÐ or presence (+þ of heme, a¡e shown in

Fig. 7.3. In addition, bar graphs representing densitometric quantitation of the

autoradiographs are presented. When levels of AlA-induced P450IIB 1/IIB2 mRNA rvere

compared with those induced by PB, the latter drug was found to be a slightly more Potent

inducer, with a 13-fold increase in the combined levels of the IIB1/IIB2 mRNAs vs. a 10-

fold increase in these mRNAs due to AIA (panel a). In addition, both PB-induced and



Figure 7.3. The effect of heme on levels of control, PB- and AlA'induced mRNAs'

Rats were adnúnistered wo injections of either heme alone, drug alone or drug plus

heme at 0 and 12 hours and total hepatic RNA isolated 6 hours thereafter. RNA (20 ¡t'g per

track) was fractionated on Northern gels, transferred, and the filters hybridised with the

following probes:

(a) P450trB IlllB2cDNA, (b) P450IIIA1 oligomer, (c) AlV-synthase cDNA, (d) heme

oxygenase oligomer, (e) F-actin oDNA.

CONT: no drug treatment

AIA: two AIA injections

PB: two PB injections

-H: no heme treatment

+H: two heme injections.

Autoradiographic signals were quantitated by densitometry and are presented as ba¡

graphs (Empty bars - no heme; striped ba¡s - heme administered).
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AlA-induced IIB1/IIB2 mRNA levels were observed to decline after heme treatment, by

70 and 907o respectively. Non-induced levels of these mRNAs were also repressed

following heme treatment, indicating that drug induction is not a necessary prerequisite for

heme repression of P450 mRNA levels.

Following AIA administration, the P450IIIA1 mRNAs were seen to increase to

levels greater than those found after PB Eeabnent, with increases in the level of the 2.2kb

6RNA of about 8- and 4-fotd respectively due to these drugs (panel b). Responsiveness to

AIA of rhe P450IIIA1 mRNAs has not been previously reported. Moreover, whilst heme

repressed levels of both the control and PB-induced IIIA1 (2.2kb) mRNA by about7l%o,

AlA-induced mRNA levels were observed to decline by about95Vo.

When filters were probed with the rat AlV-synthase cDNA, administration of

either AIA or PB were seen to result in simila¡ increases in AlV-synthase mRNA levels

of 11- to l2-fold (panel c). AlV-synthase mRNA levels in control rats declined following

heme treatment, as did those in both AIA- and PB-treated rats. Interestingly, the decline in

AlA-induced mRNA levels (of nearly t0}7o) due to heme was more substantial than the

decline (90Vo) observed for PB-induced AlV-synthase mRNA. This pattern was also

observed for the decline in P450IIB U\BZ mRNA levels.

As found in section 7.1, control levels of heme oxygenase mRNA were barely

detectable under the conditions used in these experiments. Following treatment with either

PB or AIA, leveis of this mRNA were detected (panel d); administration of heme alone

resulted in an increase of about l2-fold in its level. Interestingly, levels of this mRNA

were induced to a greater extent with AIA plus heme (2O-fold greater than those of the

control) than found when PB and heme were co-administered (1S-fold increase over

control levels). In panel e it can be seen that neither drug nor heme treatment appreciably

altered p-actin mRNA levels, aS was found in pre'rious experiments.
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7.2.D. Effect of heme on AIA- and PB-induced P450 and AlV'synthase gene

transcription

As shown in section 7 .2.8, two injections of PB plus heme administered to rats

resulted in a readily detectable decrease in the PB-induced transcription of the

P450IIB1/IIB2 and AlV-synthase genes. To investigate whether the observed decreases

in conu.ol and AlA-induced mRNA levels following two injections of either heme or heme

plus drug (see Fig. 7.3) were also due to a decline in the rate of transcription of these

genes, nuclei were isolated f¡om appropriately ueated rats and nuclea¡ run-off assays

performed.

Autoradiographs of filters from nuclea¡ run-off transcription assays of the

P450[81/IIB2, Alv-synthase and B-actin genes are shown in Fig. 7.4, together with bar

graphs representing relative gene transcription rates. Transcription rates of the

P450IIB llII}.2 and AlV-synthase genes were observed to decrease following heme

administration to control rats by about 60 and 7 5Vo, respectively. This result was iniúally

reported by Maguire (1937) who showed that administration to rats of either hemin, or the

heme precursor ALV, reduced the ranscription rates of the P450[B1/IIB2 and ALV-

synthase genes in the absence of inducing drug. The result presented here, using heme

arginate, confirms this report. By contrast transcription of the p-actin gene remained

unaltered following heme treatment.

Heme administration also resulted in a decrease in the rate of PB-induced

transcription of the P450IIB1^IB2 and AlV-synthase genes by about 70Vo each. By

contrast, heme lowered the AlA-induced gene transcription rates of both P450IIB1ÂIB2

and AlV-synthase by more than 90Vo. This decrease in gene transcription rate is

substantially more than was seen for heme repression of PB-induced gene ranscription. B-

actin gene transcription rates did not alter to any signifrcant degree following

administration of either drug, or heme plus drug.



Figure 7.4. The effect of heme on transcription rates of control, PB and AlA'induced

P450IIB 1/IIB2 and AlV'synthase genes'

Rats were treated as detailed in the legend to Fig. 7.3 and hepatocyte nuclei were

isolated a¡d transcribed in vitro. The isolated32P-RNA was allowed to hybridise with

filters loaded with 5 Lrg of plasmid cDNAs for (a) P450IIB1/[B2, (b) AlV-synthase and

(c) p-actin. The autoradiographs shown wefe exposed for 48 hours with two intensifying

screens and quantitated by laser densitometry. Relative gene transcription lates are shown

as bar graphs @mpty bars - no heme; striped ba¡s - heme administered)'
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7.3 DISCUSSION

The data presented in this chapter confrrm, and extend, results obtained previously

by Maguire (1987) in this laboratory. The results clearly establish that heme

administration to rats results in decreased gene transcription, as well as a reduction in

levels of mRNAs for p450IIB lNF,z and AlV-synthase. In addition, at least one other

gene associated, with drug metabolism, P450mA1, also appears to be affected by heme.

Since at the time of this study an appropriate cDNA probe was not available, analysis of

the effect of heme on the transcription of the P450trI41 gene could not be made'

Therefore, it remains to be shown whether the reducúon in the level of mRNA for this

gene by heme is a result of decreased gene transcription'

The observed decline in AlV-synthase mRNA levels and gene transcription rates

due to heme adnninistration a¡e in keeping wittr the proposal that heme acts as a negative

effector of AlV-synrhase gene expression, a relatively unconìmon example of end-product

repression in animals (May ei al., 1986). Interestingly, however, heme repression of ALV-

synthase gene transcription and reduction of its mRNA levels were observed only

following rwo heme injections. This might suggest that higher heme levels are required to

repress transcription of the AlV-synthase gene, relative to those required for repression of

P450 synthesis.

The physiologicai signif,rcance ofÏe-e repression of P450tr81ÆIB2 (and,

presumably, p450trIA1) gene transcription is not clea¡. One possible explanation that

takes into account the effect of heme on the expression of all of the genes examined in the

present study involves the proposal that, by regulating P450 synthesis, heme may provide a

means of placing an upper limit on the inductive response to drugs. In the uninduced state,

hepatic heme is at a level which permits a basal rate of P450 synthesis. Indeed, according

ro the resuhs of Dwa¡ki et al. (1987), low levels of heme are a necessary prerequisite for

p450 gene transcription. When a drug such as PB is administered, then there is a

consequent increase in the synthesis of P450 apoprotein. Since heme is required as the
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prosthetic group of the maflre P450 protein, then levels of free heme a¡e lowered. As a

resu¡, AlV-synthase is induced dramatically to meet the demand for heme by the newly

synthesised, p450. If the amounr of heme produced exceeds the P450 requirement, then the

subsequent heme build-up could provide a means by which a ceiling is placed on the drug

induction response. Transcription of both P450 and AlV-synthase genes would be

inhibited by the high heme levels, and heme oxygenase would serve to degrade the excess

heme. The tra¡sient increase in heme oxygenase mRNA levels seen following

ad.ministration of drug alone may be evidence for this (see Fig. 7.1 (d)). The liver would

then become drug-responsive once again as the lowered heme levels would permit further

p450 synthesis. This model is, however, purely speculative and moreover does not yet

provide a totaily consistent scheme for regulation of the genes in all details. Further

investigation of the phenomenon is required before a scheme can be put forward with

conf,rdence.

An interesting question concerns the mechanism by which heme may regulate P450

synthesis. It is envisaged that dnrgs, in some way, increase the rate of P450 gene

transcription and heme negatively effects this. Perhaps the negative effect of heme on

p450 gene transcription involves mediation by trans-acdng repressor protein(s) acting on

cis-acting heme responsive element(s) in the upstream regulatory regions of P450 genes.

DNAse I fooçrinting analysis of these regions of P450 genes is one approach that could be

taken for elucidating whethel this type of interaction occnrs.

Heme may not be directly responsible for the effects observed in this study.

Yamazoe et al. (198?) have shown that growth hormone, administered to rats, suppresses

basal and PB-induced expression of P450tr81 and trB2 in rat liver. More recently,

Schuetz et al. (1989) have demonstrated repression of P450mA1 and AlV-synthase

mRNA levels and gene transcription rates by addition of gfowth hormone to cultured rat

hepatocytes. This did not involve somatotropins and the mechanism of action is unknown.

perhaps injected heme affects growth hormone levels in the rat. Clearly, this entails

further studies The use of cultured hepatocytes would eliminate indirect hormonal effects

and could facilitate investigation of the effect of heme on P450 synthesis.
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It is possible that heme may influence the expression of va¡ious genes involved in

drug metabolism, as originally proposed twenty yeafs ago by Ma:ver (1969)' In his

experiments, this worker reported inhibition, by administered heme, of the drug-induced

increase in the activity of cytochrome P450 a¡d other microsomal proteins in rat liver. He

proposed that heme may inhibit cellular uptake of inducing drug at extranuclear binding

sites. In the present study, heme repression of P450 synthesis is shown to be at the level of

gene transcription, and both basal and, drug-induced P450 gene transcription rates are

lowered by heme. Taken togethef, these results make the proposal of Ma¡ver (1969)

unlikely, although the possibility of an interaction befween drugs and heme outside the

nucleus cannot be excluded.

In another study, when heme arginate was repeatedly administered to both rats and

dogs over a prolonged period (30 and 28 days, respectively), P450 activity declined

substantially, whilst heme oxygenase activity was observed to increase over this time

(Tokola, 1987). In this srudy it was postulated that the degradation of heme by heme

oxygenasè resulted in release of free iron which, in turn, may have been responsible for

increased lipid peroxidation. This may have included degradation of microsomal

membranes, resulting in decreased P450 protein leveis and catalytic activity. In the

present study, measurements of the effect of heme on P450 gene transcription rates and

*RNA levels indicate that heme exerts its effect at the gene level. It is, however, possible

that heme exerts other effects in a proionged adminisration period such as that employed

in the study by Tokola (1987).

The results from the present study strongly suggest that the metabolism of drugs by

the liver is subject to control by heme levels. The work presented in this chapter may be

compatible with that of Dwa¡ki et al. (1987) since, as the proposed model for heme

repression of P450IIB INB2 synthesis presented above suggests, low levels of heme may

be a requirement for P450 gene rranscription. However, the results of this study cleariy

indicate that, at higher heme levels, there is an inhibitory effect on the transcription of

these P450 genes.



CHAPTER 8

SUMMARY AND CONCLUDING DISCUSSION.
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8.1 SI.JMMARY AND CONCLUDING DISCUSSION

prior to the commencement of this project, the isolation of a chicken PB-inducible

p450 cDNA clone, pcHP3 was reported (Hobbs et al., 1936). This oDNA clone

hybridised ro rwo 6RNA species (3.5 and 2.5 kb) that were strikingly simila¡ in their

cod.ing regions, but divergent in their 3' non-coding sequences. Restriction mapping

analysis had, identifred wo PB-inducible genes, A and B, in the chicken genome. In

add.ition, the 3.5 kb mRNA was shown to be derived from the P4504 gene (Mattschoss et

al,, 1986).

In the present study, the fuil-length nucleotide sequence of a second P450 cDNA

clone, pcHP7, has been obtained. This CDNA replesents a P450 mRNA of approximately

2180 base pairs in length. The predicted amino acid sequences of pCHP3 and pCHPT are

92Vo stm3¡lar. The 3' non-coding regions of these cDNAs ale, however, divergent.

Excluding the first l20 nucleotides 3' of the stop codon, there is only 417o nucieotide

sequence simitarity between pCHPT and pCHP3 in these regions. In addition, the 3' non-

coding region of the 3.5 kb mRNA from which pCI{P3 is derived is some 1.3 kb greater in

length tha¡ that of the mRNA represented by pCHP7. The sequence dissimilarity in the 3'

untranslated regions of these mRNAs enabled the use of a228 base pair restriction

fragment from this region of pCHPT as a specific probe, designated pCHPT-AB 1'

Employing this probe in Northern hybridisation analysis, it was found that pCHPT was

derived from a previously unidentifiedz.zkb P450 mRNA species. This mRNA was

expressed at low levels in livers from drug-induced chick embryos, relative to the 3-5 and

2.5 kb mRNAs.

The specific probe, pCHPT-481, was also used in Southern analysis of î" clones

represenring the p450 A and B genes. Since pCHPT-AB 1 only hybridised with restricted 1"

DNA representing the P450 B gene, this indicated that this gene gives rise to the 2.2 kb

P450 mRNA.
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The gene assignment of the 2.5 kb P450 mRNA is presently unclear. The

possibility that this 6RNA is derived from either the A or B gene by either alternative

splicing or use of an altemative poly(A) site cannot be dismissed. It is also feasible that a

third p450 gene, closely related to either the A or B gene, was not resolved by restriction

mapping. This gene, if it exists, may give rise to the 2.5 kb mRNA. The 3' non-coding

region of the 2.5 kb 6RNA is dissimila¡ to the corresponding region of both the 3.5 and

Z.2kbmRNAs. Isolation of a cDNA clone containing 3' untranslated sequence of the 2.5

kb P450 mRNA would permit the assignment of this mRNA to a P450 gene'

Comparison of the derived amino acid sequences of both pCHP? and pCHP3 with

those of other mammalian p450s indicated that the chicken P450s were most closely

related ro the p450IIC subfamily (see section 1.4). The 51-56Vo amino acid similarity with

p450s from this subfamily was not, however, suffrcient to definitively assign the chicken

genes to this P450 subfamily. Therefore, the chicken P450 genes lvere placed in a separate

subfamily, the IIF subfamity. Thus, according to the reconìmended nomenclature (Nebert

et al., 1987), the A gene is designated P450[F1 and the B gene, IIF2. Funue

cha¡acterisation of p450 cDNAs from other lower vertebrates and avian species may better

clarify the evolutionary relationship of the chicken P450s with mammalian species.

The ability of a variety of drugs to promote accumulation of the P450 mRNAs in

chick embryo livers was investigated. It was shown that, under the induction protocol

employed., AIA induced P450 mRNA levels most dramatically. By contrast, PB was the

least effective of those drugs tested, in promoting an increase in P450 mRNA levels. PB is

a classical inducer of P450s, and has been shown to elevate mRNA levels of the rat P450s

in the trB subfamily by transcriptional activation of the corresponding genes (Hardwick et

al., 1983). On this basis, time course assays of accumulation of P450 mRNAs employed

both AIA and PB as inducing drugs. Specific DNA probes were used to monitor the drug

induction of rhe 3.5 and 2.2kb mRNAs, respectively. The drug induction of the mRNA

for AlV-synthase, the rate-limiúng enzyme in heme synthesis, was monitored

simultaneously. A co-ordinate induction of the P450 and AlV-synthase mRNAs was
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observed using either AIA or PB as inducer, in accordance with the proposed model

(section 1.1). In addition, mæ<imal increases in levels of the 3.5 and 2.2kb mRNAs after

AIA were 120- and 100-fotd, respectively. 
. 

By comparison, PB increased levels of both

these mRNAs by a mar<imum of about 5O-fold. These results were comparable with levels

of pB induction reported for the rat P450IIB INB} mRNAs (Hardwick et al., 1983;

Omiecinski et al., 1985) and indicate that the chicken genes are highly responsive to PB

and, to a greater extent, AIA.

It was of interest to determine whether the ma¡ked induction of P450 mRNAs was

due to enhanced transcription of the corresponding genes. The isolation of

tanscriptionally active nuclei from livers of chick embryos permitted the analysis of

transcription of these genes both prior to, and following drug administration. The effect of

both AIA and pB on P450 gene transcription rates was determined at the same tirne

periods after drug administration as those employed for the analysis cf mRr\A levels

elevated by these drugs. This enabled direct comparison of fold-increases in mRNA levels

and gene transcription rates. The unexpected result was found that the increase in levels of

the 3.5 atd2.2kb p450 mRNAs could not be accounted for by the corresponding increase

in gene transcription rates. By contrast, increased AlV-synthase mRNA levels were

primarily due to transcriptional activation of the AlV-synthase gene, a result not

previously shown in chickens. Taken together, these results indicated the involvement of a

post-transcriptional mechanism in the drug induction response of the chicken P450s.

Whether this mechanism involves cytopiasmic stabilisation of these mRNAs by drug, or

increased nuclea¡ processing or transport to the cytoplasm cannot be discerned from this

study. In any event, the observation that, at later time points P450 mRNA levels declined

whilst the corresponding gene transcription rates increased, suggests the mechanism may

cease to operate seve¡al hours after drug is administered.

The increase in P450 gene transcription rates implies that drugs exert an effect at

the level of the gene. This has not been shown previously for expression of the chicken

p450s. previous analysis of the promoter region of the P4504 gene in this laboratory
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(lVfattschoss, 1987) has shown that the 6RNA cap site contains a canonical TATA and an

inverted CCAAT box in the positions expected from comparison with other eukaryotic

gene ptomoters. However, sequencing of approximately 1 kb of sequence upstream from

the cap site did not reveal the presence of any consensus sequences which have been

previously identifred as either regulatory elements of gene expression' or sequences in

cornmon with the corresponding regions of the PB-inducibte rat P450IIB1 or rabbit

p450IIC2 genes. It is possible that sequences involved in dmg inducibility of the chicken

p450 A gene are located further upstream. Gene sequences responsible for the regulation

of TCDD-induced expression of the rat IA1 gene afe located up to 3.6 kb 5' of the

transcription sta¡t site (Sogawa et al.' 1986). Ultimately, regulatory elements involved in

dnrg inducibility may be def,rned, by transfection of CAT constn¡cts containing various

lengths of 5' flanking sequence of the P4504 gene into a chick embryo hepatocyte culture

system. It has already been established that these cells possess a P450 drug induction

response simila¡ to that seen in ovo (f-. Mattschoss, unpublished), therefore these cells

provide an ideal system for further study of the molecula¡ mechanism of PB induction of

P450 genes.

The observed post-transcriptional effect on P450 mRNA levels seen in this study is

not unprecedented. Other studies have demonstrated increased P450 nRNA levels that

cannot be accounted for by increased gene transcription rates alone (Simmons et al', 1987l.

pasco et al., 1988). The results imply that, in addition to gene activation, drugs exert a

selective effect on mRNA processing and/or stability. Several studies have shown that

stability of some mRNAs is conferred by sequences in their 3'untranslated regions.

Transfection of chimaeric constructs utilising the 3' ends of the P450 mRNAs, together

with a relatively unstabie reporter mRNA, into dmg-responsive cultured cells may assist in

delineating any 3' sequences involved in enhancing stabiliry of the P450 mRNAs after dntg

induction.

The basal and dmg-induced expression of the P450 and AlV-synthase genes in

various tissues of the ad.ult hen was investigated. Relative to 'rhe levels of these mRNAs in
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the uninduced liver, the lung, kidney and small intestine contained elevated basal levels of

these mRNAs. The mRNAs responded in a tissue-specific fashion after AIA

administration, with increases seen in the liver, kidney and small intestine. By contrast,

lung p450 and AlV-synthase mRNA levels declined. In the heart and spleen none of the

p450 mRNAs or AlV-synthase mRNA were detectable, with or without AIA treatment.

Several conclusions can be drawn from these results. Firstly, there is a tissue-specific

expression of these genes in the chicken. Secondly, following drug treatment, the absolute

levels of the p450 mRNAs in liver, kidney and small intestine were similar. However, the

fold-increase in mRNA levels in these tissues differed due to the variation in basal levels

between tissues. Thirdly, both the basal and AlA-induced expression of the P450 genes

correlated with AlV-synrhase gene expression . This result implies that an increased

demand for heme by newly synthesised P450 apoprotein is'met by an increased synthesis

of AlV-synthase, the rate-conrrolling enzyme of heme synthesis. Whether the observed

increases in p450 6RNA levels in the small intestine, kidney and liver reflect both

transcripúonal and post-transcriptional mechanisms, as found for chick embryos, is not

known. This couid, of course, be determined by isolating nuclei from these tissues in

untreated and dn:g-treated birds and using these in transcription run-on analyses, simila¡ to

I

those presented in chapter 6. Uiimately, nuclear extracts from va¡ious lissues could be

used in gel retardation assays to demonstrate binding of tissue-specific trans-acling factors

involve<i in the P450 drug inducúon response.

In the final chapter of this thesis, the role of heme in the regulation of the

expression of the pB-inducible P450tr8IllIB.2 genes in the rat was investigated. In view

of the resulrs of Ravishanka¡ and Padmanaban (1985) and Dwarki et at- (1987), in which

heme is proposed to be a positive regulator of P450 gene expression, it was of great

interest that heme was found to inhibit the expression of uhese genes in livers of both

untreated and drug-treated rats. Moreover, heme repressed basal and dnrg-induced mRNA

levels of P450trI41, a PB-responsive P450 from a separate gene family. The results

indicate a further role of heme in reguiating P450 gene expression to that initially
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suggested by these workers. Both proposals are compatible as it is possible that variation

in the level of intracellula¡ heme may dictate the extent to which the P450 gene is active.

According to the proposed scheme in chapter 7, the rationale for heme regulation of

P450 synthesis could be to place an upper limit on the dnrg induction response' The

suggested model may, of course, be a simpiification of the process by which heme inhibits

P450 gene transcription. Moreovef, othel molecules may mediate, or govern, the

repressive effect obsewed following heme administration. Further investigations into this

novel mechanism could be carried out in a rat primary hepatocyte cell culture system,

where the possibiliry of hormonal influences on P450 gene tra¡scription seen in vivo is

avoided.

Other genes involved in the dnrg induction response are the phase I enzyme'

NADPH p450 oxidoreductase, and the phase II enzymes, glutathione transferase, epoxide

hydrolase and UDpGT.. cDNA clones for all of these genes a¡e available and these could

be employed as hybridisation probes to deterrnine whether heme might ait in a general

way to inhibit the dnrg induction response. P450s from other families, and inducible by

other dnrgs, should also be included in these experiments in order to determine whether the

heme repression of P450 transcription is a general phenomenon amongst all P450s.

If a variety of dnrg-inducible genes were found to be heme repressible, it would

suggest that there exist common cis-acting elements in the regulatory regions of these

genes that mediare the observed heme repression. This would imply that a single trdns-

acting factor could be responsible for conferring inhibition, by heme, of gene transcription.

Nebert and Gonzal ez (1987) have proposed the existence of an Ah gene battery to account

for the concerted induction of numerous genes by TCDD. In their model, it is suggested

that the Ah receptor controls the expression of the P450IA1 and IA2 genes, in addition to

the genes encoding the phase II enzymes. The inducer-Ah feceptor complex, in

conjunction with a combination of positive and negative Ûans-acttng factors, is thought to

account for the control of the gene battery in both the normal and TCDD-induced states.
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It is possible that PB-induced P450 gene expression also forms part of a gene

battery. This could include the AlV-synthase gene, which also presumably contains heme

responsive cis-acting elemenrs. Mulriple forms of UDPGT¡ have been demonstrated in the

rat and ar least one of these is known to be PB-inducible (Mackenzie et al., 1984). As the

phase I and tr enzymes must be co-ordinately ünked to ensure the complete metabolism of

an incoming substrate, it is conceivable that these genes may be under co-ordinate control

by a hierarchy of factors, one of which could be the prevailing heme level. If this were the

case, rhen the proposed interrelationship of P450 and AlV-synthase, which is compatible

with the concept of a gene battery, would form an integral component in this scheme.

The drug-inducibility of the P450 and AlV-synthase genes provides a fascinating

system in which to study the regulation of eukaryotic gene expression. With the present-

day techniques of employing cDNA probes to monitor gene expression, transfection

studies to delineate gene regulatory sequences and the use of DNase I footprinting to

- 
correlate these regions with trans-ùcting factors, a clearer picture of how dntgs augment

gene expression should emerge.
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