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Abstract

Flavin-containing monooxygenases (FMO) are a family of enzymes that 
metabolise a variety of foreign compounds such as pesticides, 
pharmaceuticals and toxicants. They are found in most tissues of all 
mammals. Five FMO isoforms (FM01, 2, 3, 4 and 5) have been identified.

Analysis of human genomic DNA by Southern blot hybridization with 
cDNAs encoding the different FMO isoforms gave simple patterns of 
hybridization suggesting that a single gene encodes each protein.

Northern blot hybridization analyses and RNase protection assays 
showed that each FMO has a distinct tissue specific pattern of expression. 
This pattern differs between man and other species.

The skin is a major portal of entry for a variety of chemicals and 
environmental pollutants. FMOs 1, 3 and 5 were found to be the major forms 
present in human skin. In situ hybridization demonstrated that FMOs 1, 3, 4 
and 5 are expressed in the sebaceous gland and the epidermis.

Western blotting analysis of FMOs in whole skin homogenates and 
microsomes was unsuccessful due to a high degree of cross-reactivity of the 
polyclonal antibodies used with other skin proteins. The methimazole assay 
was used to determine the presence of FMO activity in skin.

The expression of FMOs in an immortalised human keratinocyte 
(HaCaT) cell line was also studied. These cells could offer an alternative 
system for biotransformation studies; this is possible only if HaCaT cells 
express a similar range of FMOs as the skin or primary human keratinocyte 
cultures. Primary cultures of human kératinocytes expressed FMOs 1,2, and 3 
to varying degrees, whereas HaCaT cells, expressed only FMOs f, 4 and 5.

An analysis of cytochromes P450 in whole human skin, primary 
keratinocyte cultures and HaCaT cells was undertaken. Regional localisation 
of CYP2AS, CYP2B6 and CYPSAs in the skin was the same as for FMOs.
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1.1 Flavin containing monoxygenases (FMO)

The flavin containing monooxygenases (FMOs) are a family of foreign 

compound metabolising enzymes found in the endoplasmic reticulum of most 

tissues of all mammals studied to date (Ziegler, 1988). The first FMO to be 

isolated was that from pig liver microsomal membranes (Ziegler and Mitchell, 

1972, Pettit et ai, 1964, Masters and Ziegler, 1971). This protein is now 

known asFMOl (Lawton etai, 1994). The discovery of additional FMO forms 

in rabbit lung (Tynes etai, 1985, Williams etai, 1984), liver (Ozols, 1989) and 

in man (Dolphin et ai, 1992) have led to the description of at least five 

members in the FMO gene family.

Much of the catalytic data available on FMOs pertains to FM01. 

However, recent studies with other FMO isoforms that have been expressed, 

via their cDNAs, in heterologous expression systems has led to further 

elucidation of the mode and mechanism of action of this family of enzymes.

FMOs catalyse the oxygenation of soft nucleophilic centres such as 

nitrogen, sulphur, phosphorous and selenium atoms in a large number of 

structurally diverse compounds (Ziegler, 1993). Some of the substrates 

metabolised by the FMOs are listed in Table 1.1. The broad substrate 

specificities of the FMOs are a consequence of the unusual features of their 

catalytic cycle.

1.2 Catalytic cycle (Ziegler, 1993)

The catalytic cycle of FMOs is based upon detailed kinetic and spectral 

studies carried out with FMO purified from pig liver microsomes (FM01) and to 

a limited extent with FMO isolated from rabbit lung microsomes (FM02) 

(Poulsen and Ziegler, 1979, Beaty and Ballou, 1980).
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Secondary am ines  
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C im etld lne, A ldlcarb

Th ioacetam ide, th io benzam lde
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D esip ram ine, N -m ethylan illne

DIm ethylhydrazlne, procarb azine , 
benzylhydrazlne

2-A cety lam lnofluoren e

Table 1.1 List of some substrates metabolised by FMOs (reproduced from Hayes 

1994)
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The most distinctive characteristic of the catalytic cycle is that unlike all 

other monooxygenases bearing flavin or other prosthetic groups, the 

substrate is not required for dioxygen reduction by NADPH. This is because 

FMO is present within cells in the very reactive 4a-hydroxyperoxyflavin form 

(FAD-OOH). Oxygen activation occurs before substrate addition and therefore 

any compound gaining access to the enzyme bound hydroperoxyflavin is a 

potential substrate. Any soft nucleophile that can make contact with this 

potent monooxygenating agent will be oxidised (fig 1.1). This is the only point 

(step 1) of contact between the xenobiotic and the terminal oxygen of the 

hydroperoxyflavin that is required for product formation. This unique property 

of FMOs is responsible for the broad substrate specificity of these 

flavoenzymes.

The product (SO), formed by oxygen transfer from the 

hydroperoxyflavin to the nucleophile, is released immediately. The 

intermediate steps (1, 2, 3, 4 and 5) regenerate the enzyme-bound 

oxygenating agent from NADPH and oxygen. The substrate is not required for 

any of these steps.

The energy required to drive the reaction is present in the enzyme 

before it encounters the xenobiotic, therefore the precise fit usually required to 

lower the energy of activation of an enzyme-catalyzed reaction is not 

necessary.

1.3 FMO substrates

The substrates for FMOs are various and Include a number of 

pharmaceuticals, pesticides and toxicants. Substrates include secondary and 

tertiary amines (Ziegler and Mitchell, 1972), secondary hydroxylamines 

(Poulsen et ai, 1974b), hydrazines (Prough, 1973), thioamldes.
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so

(NADP+)

FADH, 
(NADP+)

FAD 

H" + NADPH

FAD-OH

FAD
(NADF)

NADP+

Fig 1.1 Major steps in the pig liver FMO catalytic cycle (from 

Ziegler, 1993)

Nucleophilic attack by the substrate (S) on the terminal oxygen of the enzyme 

bound hydroperoxyflavin, followed by heterolytic cleavage of the peroxide, 

forms the oxygenated product (SO).
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thiocarbamldes (Poulsen et al., 1974a), sulphides, thiols and disulphides 

(Ziegler, 1980). Sulphoxidations catalysed by FMO appear to be a major 

route for the detoxification of drugs (Ziegler, 1988) and pesticides (Hajjar and 

Hodgson, 1980, Hajjar and Hodgson, 1982) bearing sulfide side chains.

The monooxygenase activity generally makes these compounds less 

toxic than the parent compounds, however, it converts some chemicals such 

as alkylhydrazines and aminoazobenzenes, to potentially toxic derivatives 

(Kadlubar etai., 1976, Prough, 1973).

Of the functional groups bearing nitrogen, only amines, hydoxylamines 

and hydrazines are sufficiently nucleophilic to serve as substrates for FMO. 

Medicinal amines that fall into this categories include, antihistamines, 

monoamine oxidase inhibitors and tricyclic antipsychotic drugs with basic 

side-chains (Ziegler, 1988).

Neurotoxins such as the tertiary amine, MPTP (1-Methyl-4-Phenyl- 

1,2,3,6-Tetrahydropyridine), have been shown to be metabolised by FMOs. In 

mice (Chiba et a!., 1988, Chiba et a!., 1990) and rats (Di Monte et a!., 1988) 

the N -oxide is the principal product and accounts for 95-96% of the total 

MPTP metabolised by liver FMO. Limited studies with human liver whole 

homogenates suggest that N -oxygenation is also a major route for the 

metabolism of MPTP in man (Cashman and Ziegler, 1986). This reaction is 

catalysed exclusively by the FMOs. MPTP is also a substrate for P450s, 

producing nor-MPTP, however results suggest that P450s play a minor role in 

the metabolism of MPTP.

The only known physiological substrate for FMOs is cysteamine, which 

is converted to cystamine (Ziegler and Poulsen, 1977, Poulsen and Ziegler, 

1977).

It is not clear why physiologically essential soft nucleophiles such as 

polyamines, amino acids and peptides, which are especially rich in cells, are 

also not oxidised by this enzyme. Although the 3-D structure of FMO is not
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available, based on substrate structure-activity studies, it has been suggested 

that ionic groups on cellular nucleophiles are an important factor (Taylor and 

Ziegler, 1987). FMO readily catalyses the oxidation of monocationic amines 

or of anionic sulphur compounds where the charge is localised on sulphur e g 

thioacetate, but the addition of a second charged group anywere on the 

molecule generally blocks FMO activity. Except for cysteamine, all essential 

cellular nucleophiles are dications (polyamines), dipolar ions (amino acids 

and peptides) or have one or more anionic groups distal to the nucleophilic 

heteroatom (coenzyme A, biotin, thiamin pyrophosphate, etc). Therefore, this 

suggests that the position and number of ionic groups are the principal factors 

that enable the enzyme to discrimate between essential and xenobiotic soft 

nucleophiles. In addition to charge, steric features appear to exclude certain 

types of soft nucleophiles, e g FMO from liver will not catalyse the oxidation of 

primary amines, although virtually all secondary or tertiary alkyamines free 

from other ionic groups are excellent substrates (Ziegler, 1990).

Of the broad range of FMO substrates mentioned above, those of 

particular importance to pharmacologists are those that contain nitrogen or 

sulphur. The reactions that some of these substrates undergo are described 

below.

1.3.1 Amines

/V -Oxygenation of tertiary amines yields products referred to as amine 

oxides, which in an aqueous environment are protonated to form a 

quarternary derivative of hydroxylamine (fig 1.2). The amine oxides are stable 

and form crystalline N, N, N - trisubstituted hydroxylammonium salts with 

acids. The amine oxides are quite polar and those of low molecular weight 

are readily excreted.
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N -oxides of many aliphatic and alicyclic tertiary amine drugs have 

been detected in urine of several species after administration of the parent 

compound (Jenner, 1971). Large species differences have been reported, 

and highest rates of N -oxidation are observed with hepatic tissues from pigs, 

dogs and guinea pigs. The /V -oxygenation rate is also high in humans and is 

a major pathway for the metabolism and disposition of trimethylamine and a 

number of medicinal tertiary amines (Bickel, 1971). Lack of hepatic FMO- 

catalysed trimethylamine metabolism results in trimethylaminuria (fish odour 

syndrome) in man (described in section 1.5) (AI Waiz et ai, 1987a, AI Waiz et 

ai, 1987c).

The N -oxygenation of secondary amines yields the corresponding 

hydroxylamine, which at physiological pH exists as neutral molecules. 

Hydroxylamines are fairly reactive compounds and are particularly 

susceptible to further oxidation to nitrones (fig 1.2). coutts and Beckett 

(1977) have suggested that N -oxygenation may be a significant route for the 

metabolism of many medicinal secondary amines. However, tissue 

concentrations of secondary hydroxylamines are quite low, this is probably 

due to the presence of NADH-dependent hydroxylamine reductase in hepatic 

microsomes, which rapidly reduces primary and secondary hydroxylamines 

(Kadlubar etai, 1973).

1.3.2 Organic sulphur compounds

Foreign compounds bearing nucleophilic divalent sulphur atoms fall 

into the following categories: sulphides, thiols, disulphides and thiones. Alkyl 

and aryl sulphides are readily oxygenated to sulphoxides and sulphones (fig 

1.3).

Sulphoxides and sulphones are more polar than the parent sulphide 

and a number are excreted in the urine. | Gillette and Kamin, (1960), have
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Tertiary amines

[O] H+
R3 N  > R3N — O ------------- > R3 N+OH

Amine oxide N-Hydroxylammonium
ion

Secondary amines

H OH O-
I [O] I [O] I

RCH2 NCH2 R  > RCH2 NCH2 R  > RCH=N+CH2 R

Hydroxylamine Nitrone

Fig 1.2 /V-Oxygenated products of amines/(from Ziegler,1980)

Sulphides

O O
[O] II [O] II

RSR > RSR > RSR
II
O

Sulphoxide Sulphone

Thiols

O
[O] [O] [O] II

RSH ------------> RSOH-------------> RSSR ------------> RSSR

Sulphenic acid Disulphide Thiosulphenic
acid

Fig 1.3 S -Oxygenated products of organic sulphur compounds 

(from Ziegler,1980) •
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shown that S -oxygenation of lipophilic sulphides is a common pathway for 

their metabolism and disposition and an important route for the detoxication of 

sulphides.

Oxidation of aryl or alkyl thiols yields extremely reactive sulphenic 

acids that react almost instantly with thiols yielding disulphides as the first 

stable oxidation product (fig 1.3). Further oxidation of disulphides can 

generate a host of intermediate products formed by sequential S -oxygenation 

or by S -oxygenations followed by hydrolytic cleavage of the sulphur-sulphur 

bond. In vivo the oxidation of foreign compounds beyond the stage of its 

disulphide would probably not occur. This is because alkyl or aryl sulphenic 

acids would preferentially react with glutathione (GSH) yielding mixed 

disulphides, the non-enzymatic reduction of which by GSH would regenerate 

the foreign thiol. This could lead to the depletion of GSH in tissues (Ziegler, 

1980).

1.4 Nomenclature of FMOs (Lawton etai., 1994)

FMO nomenclature is based on the comparisons of the precentage 

identities of the amino acid sequences of the mammalian FMOs. The 

identities between different forms are between 50 and 58% whereas that 

between apparent orthologues are 82% or greater.

The prefix, "FMO" is used to designate the gene family. The root 

symbol is followed by an Arabic numeral to distinguish each member of the 

family. The order of naming follows the chronology of publication of full-length 

sequences for each of the five forms. The symbols for the gene and cDNAs 

are italicized and symbols for the mRNAs and proteins are non-italicized. 

From the calculated rate of evolution of the FMOs, it appears that these 

enzymes arose 250-300 million years ago, about 200 million years prior to 

mammalian spéciation (Dolphin etai., 1991, Dolphin etai., 1992).
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1.4.1 FM01

Human FM01 is encoded by a single gene and the complete 

nucleotide sequence of the cDNA encoding FM01 has been determined 

(Dolphin et al., 1991). The deduced amino acid sequence shares 87% 

identity with the primary sequences of both the pig (Gasser et al.. 1990) and 

rabbit (Lawton etai., 1990) hepatic forms of this FMO. FM01 has been shown 

to be primarily a foetal form in human liver (Dolphin et al., 1996), unlike its 

orthologue in pigs and rabbits where it constitutes the major form in this 

tissue. FM01 mRNA is found in several foetal tissues including the liver, 

kidney and brain samples (Dolphin etai.. 1996). The significance of FM01 in 

the developing human foetus is at present not known. In adult humans, FM01 

mRNA has been shown to be present in the kidney and in the skin (Dolphin et 

al.. 1996).

I  FM01 is expressed in a gender specific manner in the livers of CD-I mice 

(Falls ef a/., 1995). The situation Is similar with other mice strains

(Swiss-Webster, C57BL/6 and DBA/2). These studies, based on the protein 

and mRNA levels, show that FM01 expression Is 2-3 times higher in females 

than in males. Densitometric readings of western blot analysis of hepatic 

microsomes from male and female CD-I mice, with anti-FMOI. showed that 

females exhibited two-three times more FM01 than males. Hepatic RNA 

analysis of CD-I mice, using northern blotting, showed a 2.4 kb transcript 

hybridized to FM01 cDNA. The levels of this transcript in females was two 

times that found in males.

The expression of FM01 in rabbit tissues has been investigated at the 

mRNA and protein levels in both male and female liver, lung, kidney, 

oesophagus, intestine, nasal mucosa (maxilloturbinates and ethmoturbinates) 

and gonadal tissue. Northern blot hybridization analysis performed with cDNA
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probes for FM01 showed marked differences in mRNA expression between 

tissues, with FM01 expression being highest in liver and intestine, followed by 

ethmoturbinates, maxilloturbinates and low, but detectable, levels in female 

kidney. Western blot analysis showed similar expression patterns of the 

FM01 protein in these tissues (Shehin Johnson etai., 1995)

The levels of FM01 mRNA also appear to be increased during mid- 

and late-gestation in the liver of pregnant rabbits. FM01 in liver may also be 

regulated during gestation by progesterone or glucocorticoids as 

administration of these steroids enhance FM01 mRNA levels 4-fold (Lee et 

al., 1995). Therefore, it has been suggested that these steroids may play a 

role in the regulation of this FMO.

Recently, the expression of FM01 in sheep liver has been described 

(Longin Sauvageon et al., 1998). This protein is a minor form expressed in 

the sheep liver, thus the profile of expression of FMOs in sheep liver is more 

like that found in humans and mice, rather than in animals such as the pig and 

rabbit.

Recent studies on FM01 have extended into the regulatory elements 

within the rabbit FM01 gene. This work has identified the presence of two 

promoters, a major upstream promoter, Pq, which initiates transcription from 

exon 0 and a second minor promoter, Pi, located approximately 200 bp 

downstream and initiating transcription from exon 1 (Luo and Hines, 1996). 

Transcription initiation from the major (Pq) promoter results in a mature mRNA 

in which exon 1 has been removed by alternative splicing. Thus, two mRNA 

species are possible, differing only In their 5' untranslated information. 

Deletion analysis and transient expression in HepG2 cells, has led to further 

definition of the major promoter and the identification of several positive and 

negative upstream regulatory domains (Luo and Hines, 1997). Upstream of 

Pq, three positive and two negative regulatory regions have been identified. 

Both Pq and P i share the most proximal, positive regulatory domain but are
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regulated differentially by more distal 5' sequences. Another potent 

negatively acting element has also been observed within intron 1.

1.4.2 FM02

FM02 was previously referred to as the "lung" form, due to its presence, 

in large amounts, in rabbit lung samples (Williams et al., 1984, Tynes et a!., 

1985). It was identified as being both immunochemically and enzymatically 

distinct from the form found in rabbit hepatic microsomes (Tynes et a!., 1986, 

Williams etai., 1985, Tynes and Philpot, 1987).

Phillips et al., (1995) have isolated a cDNA encoding human FM02. 

RNase protection assays have demonstrated relatively high abundance of 

FM02 mRNA in both adult and foetal human lung samples (Dolphin et al., 

1998 (submitted)). Williams et al., (1990) found that FM02 was undetectable 

by western blotting in all but one of 29 human lung samples, although it was 

abundant in the lung of rhesus macaque. An analysis of the cDNA nucleotide 

sequence of human FM02 shows an in-frame translation termination codon, 

TAG, at codon 472. This codon is 64 codons upstream of a second in-frame 

termination signal corresponding exactly with the stop codon present in the 

cDNAs encoding FM02 of rabbit (Lawton etai., 1990), guinea pig (Nikbakht et 

al., 1992) and rhesus macaque (Yueh et al.. 1997). Studies with a 

heterologously expressed human FM02 lacking 64 amino acid residues from 

its C-terminus, showed that although this protein was targeted to the 

membrane of the endoplasmic reticulum, it was catalytically inactive. The lack 

of pulmonary expression of FM02 in man may be due to the truncated 

polypeptide being unable to fold correctly and thus it is rapidly degraded.

The cDNA encoding rabbit FM02 has been isolated and has 56% 

sequence similarity to that of a rabbit FM01 cDNA (Lawton et al., 1990). 

Northern blot analysis of rabbit lung total RNA show the presence of four
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distinct transcripts ranging in size from 2.4, 2.6, 4.8 and 6.0 kb. It has been 

suggested that these bands represent FM02 mRNA in differing stages of 

alternative splicing or variable 3' processing, the latter being consistent with 

the presence of multiple putative polyadenylation sites (Breitbart etaL, 1987).

Western blot analysis of tissues from guinea pigs, hamsters, rats, 

rabbits and mice have shown that FM02 is expressed predominantly in the 

lung (Tynes and Philpot, 1987, Lawton et al., 1990). The same studies 

showed that FM02 was also detected in the kidney of rabbits, mice and 

hamster, but not in the kidney of guinea pig or rat. In the rabbit lung, FM02 

has been localised to the non-ciliated bronchiolar epithelial (Clara) cells by 

immunohistochemistry (Overby et al., 1992). The FM02 protein was also 

found in the ciliated, endothelial, type I and type II cells, and in the tracheal 

lining layer of rabbit lung.

FM02 mRNA and protein is also present in the rabbit nasal mucosa, 

specifically the maxilloturbinates and ethmoturbinates areas and in the 

oesophagus (Shehin Johnson etai., 1995). Sex-related differences in the 

expression of FM02 were observed, with higher amounts of mRNA present in 

female rabbit oesophagus, nasal mucosa and kidney. Western blot analysis 

show a similar pattern of expression of the FM02 protein in the same tissues. 

These workers suggest that the presence of high amounts of FM02 in the 

olfactory tissues is probably due to their role in the removal of noxious 

odourants, detoxification of xenobiotics and perhaps odourant processing.

Recently, a cDNA clone with 85 and 84% sequence identity to the 

FM02 cDNAs from rabbit and guinea pig respectively, has been isolated from 

the rhesus macaque (Yueh et al., 1997). In this species also, the FM02 

protein was predominantly in the lung, with very little being expressed in the 

liver. FM02 protein was also expressed in the nasal tissue but to levels that 

were lower than that found in the rabbit respiratory and olfactory tissues.
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FM02 shows catalytic characteristics that differ from the pig liver form 

(FM01). FM02 has a broader and higher pH optimum, it is not sensitive to 

inhibition by sodium cholate and is not as thermolabile as FM01 (Williams et 

al., 1985). Unlike FM01, FM02 has been shown to be inhibited by n 

-octylamine. FM02 is inactive towards tricyclic antidepressants such as 

chlorpromazine and imipramine both of which are excellent substrates for 

FM01 (Williams etai., 1984).

FM02  gene expression has been demonstrated to be regulated by sex 

hormones in experimental animals (Lee etai., 1993, Lee etai., 1995). During 

mid- and late-gestation, maternal rabbits have shown an increase in FM02 

protein in the lung. Studies on the rabbit FM02 gene (Wyatt et al., 1996) 

have identified putative glucocorticoid responsive elements in the 5' flanking 

region. It has been suggested that hormonal levels regulate the induction of 

this FMO.

1.4.3 FM03

A full length cDNA for FM03 was isolated from an adult human liver 

cDNA library (Lomri etai., 1992). A subsequent publication by Dolphin et al., 

(1996) however showed a sequence which was variable to that obtained by 

Lomri et al. The latter sequence differs at seventeen residues when the two 

sequences are aligned. Further revisions of this sequence have been made 

and the most up to date information on the FM03 gene, cDNA sequence and 

predicted amino acid sequence have been recently published (Dolphin et al., 

1997b). The revised sequences show an amino acid sequence identity of 

84% with that of the deduced rabbit FM03 cDNA sequence (Burnett et al.,

1994).

Analysis of the tissue distribution of FM03 mRNA shows that it is 

expressed primarily in the human liver (Dolphin etai, 1996). The mRNA was
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detected In lower abundance in adult kidney and lung. In human foetal 

samples, FM03 mRNA was present at low concentrations in a single lung 

sample, in each of two liver samples, but was not detected in samples of 

kidney. In human liver, FM03 seems to be the most abundantly expressed 

FMO. Using monospecific antibodies and recombinant isoforms as standards, 

Overby etai., (1997) showed that the amount of FM03 was greater than that of 

FM05 in all samples analysed. Recent studies on FM03 shows that 

mutations within the gene are responsible for the genetic disorder called 'fish- 

odour syndrome' (Dolphin etai., 1997a) (section 1.5).

Variable species and tissue-specific differences in the expression of 

FM03 mRNA have been observed in the distribution of FM03 mRNA in the 

liver, lung and kidney of rabbit, rat, guinea pig, hamster and mouse (Burnett et 

a!., 1994). High amounts of FM03 mRNA are expressed in the liver of rabbits, 

hamsters and mouse. The kidney of rat, guinea pig and mice also express 

high amounts of FM03 mRNA. In mice, FM03 mRNA is expressed in a 

gender specific manner, and is only expressed in the livers of females but not 

in males (Falls et al., 1995). Recent studies by the same group have found 

that FM03 mRNA was not expressed in mouse kidney of either gender (Falls 

et al., 1997). These results were confirmed with western blot analysis which 

showed similar gender and tissue dependent expression of FM03 in mice.

Recent studies on the expression of FMOs in sheep liver, have shown 

that sheep predominantly express FM03 in their livers (Longin Sauvageon et 

al., 1998). Thus, sheep show a profile of hepatic FMO expression that is 

similar to humans and female mice, but unlike that of other animals that 

predominantly express FM01 as the major hepatic form.

The structural organization of the FM03 gene of human has been 

determined using a novel vectorette PGR based approach (Dolphin et al., 

1997). The FM03 gene contains 9 exons, the first of which is non-coding. 

The gene has a minimum size of 22.5 kb. The intron/exon structure described
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by Dolphin et ai, (1997), is similar to that reported for rabbit FM01 (Wyatt et 

ai, 1996). The conservation of the number of exons suggests that the FMO 

gene family arose from a single ancestral gene.

1.4.4 FM04

A full length cDNA encoding human FM04 (previously known as 

FM02) has been cloned and characterised (Dolphin etai, 1992). The human 

FM04 has a 55% sequence similarity with FM01 of man (Dolphin et ai,

1991), pig (Gasser etai, 1990) and rabbit (Lawton etai, 1990). Northern blot 

hybridization has previously failed to detect the presence of this FMO In total 

RNA from human liver, lung or kidney. The use of a more sensitive and 

quantitative assay I.e RNase protection assay, revealed the presence of small 

amounts of FM04 mRNA In several human adult and foetal tissues Including 

the liver, lung and kidney (Dolphin et ai, 1996). This mRNA seems to be 

expressed constltutlvely In all tissues.

Northern blot analysis of RNA from liver, kidney and lung from rabbit, 

rat, guinea pig, hamsters and mice showed that FM04 mRNA was expressed 

consistently In the tissues of all the species examined (Burnett et ai, 1994). 

FM04 mRNA was found In greater amounts In the kidney than In the liver of all 

species examined but the amounts of the mRNA In the lung were below the 

level of detection.

FM04 has not been well characterised In terms of Its activity and 

characteristics. This has mainly been due to the Inability to express FM04 In 

heterologous systems. Attempts to express the protein In E  coli, Insect cells, 

yeast and COS systems have failed due to the toxic nature of the protein. 

Recently however, a truncated form of FM04 has been expressed succesfully 

In E. coli (ItagakI etai, 1996).
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The widespread tissue distribution of FM04 suggests that this protein 

may have some important house keeping function. To date, nothing is known 

of the FM04 gene.

1.4.5 FMOS

Full length cDNAs encoding FM05 has been isolated from from rabbit 

(Atta Asafo Adjei et al., 1993), human and guinea pig (Overby et a!., 1995). 

The human cDNA shares 87% sequence similarity to that of the guinea pig 

and 85% to the rabbit FM05. Like all other forms of FMO, the identities with all 

known homologous forms are between 52 and 57%.

FM05 mRNA analysis shows that this mRNA is expressed in adult and 

foetal human liver (Overby et al., 1995). In the rabbit, FM05 mRNA is 

expressed in the liver and kidney, but not in the lung (Atta Asafo Adjei et al.,

1993). The amount of FM05 mRNA in rabbit liver is only about 25% that of 

FM01. In mice, FM05 demonstrates no gender specific expression at both 

the mRNA and protein level (Falls et al., 1995). Anti-rabbit FM05 antibodies 

have detected the presence of this isoform in the livers of adult humans, 

rabbits and guinea pigs and in human foetal liver. Using monospecific 

antibodies and recombinant isoforms as standards, Overby etai., (1997) have 

shown that variable amounts of FM05 are present in microsomal preparations 

from adult human male liver. The concentration of FM03 was greater than 

that of FM05 in all samples analysed and the ratio of FM03 to that of FM05 

varied from 2:1 to 10:1.

Studies on rabbit, human and guinea pig FM05, expressed in E  coli, 

have shown that methimazole is a poor substrate for this FMO. FM05 in 

contrast to other FMOs has activity towards a few low-molecular weight 

primary amines such as n -octylamine (Atta Asafo Adjei et al., 1993). Rabbit, 

human and guinea pig FM05 have the same sensitivity to MgCl2, sodium
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cholate and elevated temperature. Although the kinetics associated with 

FMOs 1, 2 and 3 can vary significantly with some substrates (Lawton et ai, 

1991, Overby et ai, 1995, Atta Asafo Adjei et ai, 1993) , their specificities 

differ only slightly. FM01 and FM03 metabolise tricyclic antidepressants (Atta 

Asafo Adjei et ai, 1993, Williams et ai, 1985) and FM02 metabolises short 

chain amines (Poulsen et ai, 1986, Tynes et ai, 1985). Other than this 

FMOsI, 2 and 3 share the same list of substrates.

The FM05 isoform can be considered the "black sheep" of the FMO 

gene family. It is the only FMO isoform expressed in both human adult and 

neonatal liver. These characteristics of FM05 and its apparent lack of 

efficiency as a drug-metabolising enzyme suggests this isoform may have 

some physiological function. An involvement for FM05 in the regulation of 

prenylated proteins has been suggested (Park etai, 1994). Nothing is known 

to date about the FM05 gene.

1.5 Fish odour syndrome/Trimethylaminuria

Trimethylamine (TMA) is the highly volatile aliphatic amine responsible 

for the odour of rotting fish. TMA is released in the intestine by the action of 

bacteria on certain foodstuffs, such as lecithin, choline, carnitine, 

ergothioneine and betaine (present in egg yolk, liver, kidney, meats, beans 

and legumes and many other foods), containing the trimethylammonium 

[(CH3)3+N-] group. TMA released within the intestinal tract is rapidly and 

efficiently absorbed. If unaltered, TMA would be excreted from the body via 

the sweat, breath and urine, resulting in individuals smelling strongly of its 

highly objectionable odour.

The reason this does not occur is that the normal (and only observed) 

metabolic pathway for TMA is its A/-oxygenation to trimethylamine N -oxide 

(TMAO) (Al Waiz etai, 1987b, Lintzel, 1934, de la Huerga and Popper, 1951),
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a reaction catalysed by FMO (Hlavica and Kehl, 1977). TMA has been 

demonstrated to be an excellent FMO substrate (Cholerton and Smith, 1991) 

and any TMAO generated is excreted mainly through the urine with no 

odorous consequences (Al-Waiz etai., 1989).

There is, however, a well-documented clinical condition known as 

trimethylaminuria, or more colloquially ‘fish-odour syndrome’, that is 

characterised by an inability to N -oxygenate TMA to TMAO. Individuals 

having this condition excrete TMA in their breath, sweat and urine and so 

smell strongly of an odour resembling rotting fish (McKusick, 1983, Cholerton 

and Smith, 1991, Ayesh et a!., 1988, Chen and Aiello, 1993, Humbert et a!., 

1970, Al-Waiz et a!., 1987, Ayesh et al., 1993). Although the increased 

amounts of TMA itself does not appear deleterious to the individual, the 

resultant psycho-social impact can be devastating.

The metabolic disorder described here is inherited and referred to as 

'primary trimethylaminuria', as opposed to 'secondary trimethylaminurias', 

which are non-genetic in origin and are secondary to other factors such as 

renal or hepatic disease or overload with TMA precursors.

The most direct molecular evidence for the cause of trimethylaminuria 

has come recently from and confirms that mutations in the FM03 gene are 

indeed responsible for this disorder (Dolphin et al., 1997b, Dolphin et al., 

1997a). After establishing the internal organization of the human FM03 

gene, each of its eight coding exons were amplified by PCR, both from 

normal individuals and from a family of children affected with 

trimethylaminuria. The amplified exons were sequenced and compared for 

differences. This identified some sequence differences, the most significant 

and interesting of which was a single base change, a C to T transition, within 

exon 4. As a result, a CGC triplet coding for proline-153 in the FM03 

sequence from the normal individual becomes a CTO triplet coding for leucine 

in the individual with trimethylaminuria (for both alleles). The sequence of
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exon 4 of the FM03 gene was then determined for the affected Individuals’ 

parents and two siblings. The parents were found to be heterozygous for this 

mutation, as would be expected if the mutation was causative of 

trimethylaminuria. Of the two other siblings examined, one was also 

trimethylaminuric and the other apparently unaffected. The former was found 

to be homozygous for the CTO mutation, whereas the latter was found 

heterozygous for the mutation. Four unrelated, non-trimethylaminuric 

individuals when examined were all found to be homozygous for the COG 

triplet. Thus, it seemed a distinct possibility that in the case of one family at 

least, a single point mutation that inactivates or drastically lowers the catalytic 

activity of FM03, results in trimethylaminuria. This was confirmed by 

heterologous expression of the mutant FM03 protein which had no catalytic 

activity (as measured by theS-oxidation of methimazole). Therefore, the Pro- 

153 to Leu-153 mutation is responsible for trimethylaminuria in the case of at 

least one family (Dolphin etai, 1997a).

Eight different mutations have been found in the FM03 gene (Dolphin, 

personal communication). At present, work on the activities of their 

heterologously expressed forms is being carried out.

1.6 The Cytochrome P450-dependent monooxygenase system 

(GYP)

Several names exist for this system. These include, mixed function 

oxidase (MFO), GYP system and the cytochrome P450-dependent 

monooxygenase system. The term monooxygenase is derived from the fact 

that the enzyme catalyses the incorporation of one atom of oxygen into a 

substrate.

The GYP system is found in the microsomal membranes of many 

different cell types. Its major components are cytochrome P450, NADPH-
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dependent cytochrome P450 reductase and lipid. Cytochrome bs and 

cytochrome bs reductase have also been proposed to form part of this system 

and are required for the metabolism of some compounds (Morgan and Coon, 

1984). This system is central to the metabolism of many xenobiotics. Some of 

the reactions and substrates are shown in Table 1.2.

The reaction catalyzed by the CYPs has the following stoichiometry:

NADPH + H+ + O2 + RH - >  NADP+ + H2O + ROM

where RH represents the oxidisable substrate and ROH the hydroxylated 

metabolite. In addition to hydroxylation reactions, CYPs catalyse the N -,0- 

and S -dealkylation, oxidative and reductive dehalogenation and N -oxidation 

of many drugs, as outlined in Table 1.2.

1.7 CYP nomenclature and multiple forms

The Cytochrome P450 (CYP) superfamily is divided into families and 

subfamilies depending on their amino acid sequence similarities (reviewed in 

Nelson etai, (1996), Nelson etai., (1993) and Nebert etai., (1989)).

As of 1998, 481 CYP genes and 22 pseudogenes had so far been 

described in 85 eukaryotes and 20 prokaryote species. Of the 74 gene 

families that exist, 14 are present in all mammals examined to date.

The derived amino acid sequence from one P450 gene family is 

usually defined as having less than 40% identity to an amino acid sequence 

from another P450 family. Mammalian P450 sequences within the same 

subfamily are always more than 55% similar.

Recommendations for naming a P450 gene include the italicized root 

symbol 'CYP ' (cyp for the mouse and Drosophila) denoting Cytochrome 

P450, an Arabic numeral designating the P450 family, a letter indicating the
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CJl

Reaction Example substrate

Aromatic hydroxylation Lignocaine

Aliphatic hydroxylation Pentobarbitone

Epoxidation Benzo[a]pyrene

N -Dealkylation Diazepam

O -Dealkylation Codeine

S -Dealkylation 6-Methylthiopurine

Oxidative deamination Amphetamine

N -Oxidation 3-Methylpyridine

2-Acetylaminofluorene

S -Oxidation Chlorpromazine

Phosphothionate oxidation Parathion

Dehalogenation Halothane

Alcohol oxidation Ethanol

Table 1.2 Reactions catalysed by the CYP system (reproduced from Gibson & Skett, 1994)



subfamily, when two or more subfamilies are known to exist within that family, 

and an Arabic numeral representing the individual gene e g CYP1A1. 'P ' {'ps 

' in mouse and Drosophila) after the gene number denotes a pseudogene. 

The same numbers and letters are recommended for the corresponding gene 

products (mRNA, cDNA, enzyme), but non-italicized and in capital letters in all 

species e g CYP1A1.

There are 36 known CYP genes and 10 pseudogenes in humans. 

Humans have 16 CYP families (Table 1.3), of which CYPs 1, 2, 3 and 4 seem 

to be those primarily associated with the metabolism of exogenous 

compounds, although they are able to metabolise some endogenous 

chemicals. Members of other CYP families, have been shown to possess 

specific metabolic functions, as shown in Table 1.3.

1.8 Importance of the CYPs

Some CYPs have the ability to activate certain chemicals to even more 

harmful products than the parent compounds themselves. This activation 

leads to cell toxicity and eventually to cell death. A study of these enzymes 

will help predict the potential for cancer induction by chemicals under 

development, such as pesticides, herbicides and food additives. The precise 

characterisation of the human forms will aid in studies determining individual 

risk-assessment from carcinogen exposure (Gonzalez and Gelboin, 1993).

It is important to study these enzymes in humans and in tissues of 

human origin because of the limitations in extrapolation, to humans, of studies 

carried out on laboratory animals. Some of these limitations include the 

gender differences in the expression of CYPs that exist in rodents. This 

situation seems irrelevant in humans because the differences between the 

sexes, with respect to CYP expression, are relatively small (Giudicelli and 

Tillement, 1977).
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Family Role

CYP1 drug metabolism

CYP2 drug and steroid metabolism

CYPS drug metabolism

CYP4 arachidonic acid or fatty acid 

metabolism

CYP5 Thromboxane A2 synthase

CYP7A bile acid biosynthesis (7-alpha 

hydroxylase of steroid nucleus)

CYP7B brain specific form of 7-alpha 

hydroxylase

CYP8A prostacylin synthase

CYP8B bile acid biosynthesis

CYP11 steroid biosynthesis

CYP17 steroid biosynthesis (17-alpha 

hydroxylase)

CYP19 steroid biosynthesis (aromatase, 

forms oestrogen)

CYP21 steroid biosynthesis

CYP24 vitamin D degradation

CYP26 retinoic acid hydroxylase (important 

in development)

CYP27 bile acid biosynthesis

CYP40 vitamin D3 1 -alpha hydroxylase 

(activates vitamin D3)

CYP51 cholesterol biosynthesis lanosterol 

14-alpha demethylase

Table 1.3 Summary of human CYP families and their roles
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Species differences exist in the inducibility of CYPs and even within 

species, individual strains may vary in their inducibility (Nebert and Gielen, 

1972). Orthologous P450s can differ in their catalytic specificity. For example, 

Human CYP2C10 although showing considerable sequence similarity to 

certain rat, rabbit and human proteins of the CYP2C subfamily, has a distinctly 

different catalytic activity, S -mephenytoin 4-hydroxylase (Umbenhauer et al., 

1987, Ged eta!., 1988).

In contrast to animal models, humans show large interindividual 

variations in CYP catalysed drug oxidation reactions. These variations 

sometimes lead to different susceptibilities in humans to pharmacological and 

toxicological actions of drugs, toxic chemicals and carcinogens.(Guengerich 

and Shimada, 1991).

Variation in human hepatic CYP amounts and activities are related to 

various factors. These include, genetic polymorphisms whereby heritable 

changes in the DNA lead to lack of production of the CYP, lack of inducibility 

or synthesis of a form of the CYP with an altered catalytic activity. (A 

polymorphism is usually defined as a genetically determined difference 

affecting ^ 2% of the population under consideration) (Ortiz de Montellano, 

1995). Enzyme induction can also lead to variation in the hepatic expression 

of these enzymes because several CYPs are known to be induced by drugs 

and foodstuffs. Another factor involved is enzyme inhibition. The amount of a 

CYP may be decreased, or its catalytic activity may be lowered even in the 

absence of a decrease in the level of the protein. Some drugs and foodstuffs 

have been shown to act as inhibitors.

Human CYP subfamilies involved in foreign compound metabolism are 

summarised in Table1.4.
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1.8.1 CYP1A subfamily

This subfamily has two members CYP1A1 and CYP1A2, which share a 

68% amino acid sequence identity (Jaiswal et ai, 1985, Jaiswal et ai, 1986, 

Quattrochi et ai, 1985). CYP1A1 is similar to its orthologous counterpart in 

rats (Sogawa et ai, 1985) and mice (Gonzalez et ai, 1984) having 78% and 

80% amino acid sequence similarity respectively

CYP1A1 is expressed at very low levels in human liver and is 

essentially an extrahepatic enzyme (SchweikI et ai, 1993). The same is true 

for experimental animals. However, upon treatment with polycyclic aromatic 

hydrocarbons e.g. 3-methylcholanthrene or benzo(a)pyrene, CYP1A1 levels 

are greatly induced (reviewed by Nebert and Jones, (1989)). The action of 

CYP1A1 on these compounds leads to their inactivation, and the production 

of mutagenic and carcinogenic metabolites. Aromatic hydrocarbon 

hydroxylase (ANN), 7-ethoxycoumarin-O-dealkylase (ECOD) and 7- 

ethoxyresorufin-O-dealkylase (EROD) activities are attributable to CYP1A1. 

Although well conserved in the animal kingdom, CYP1A1 is not known to 

have an endogenous substrate.

Human CYP1A2, is expressed essentially only in the liver (SchweikI et 

ai, 1993, Wrighton et ai, 1986). An enzyme activity associated with CYP1A2, 

(though non-specific, is ECOD.

1.8.2 CYP1B subfamily

The human cDNA clone of CYP1B1 was isolated from a keratinocyte 

cell line (Sutter et ai, 1994). This CYP is induced in response to 2,3,7,8- 

tetrachlorodibenzo-p-dioxin (TCDD) and has been shown to play a major role 

in the metabolism of polycyclic aromatic hydrocarbons such as 7,12-
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Families CYP1 CYP2 CYP3

1A1, 1A2 CYP2A6, CYP2A7, 3A3, 3A4, 3A5,

CYP2A13 3A7

1B1 2B6, 2B7

Subfamilies 2C8, 2C9, 2C18, 2C19

2D6

on 2E1

2F1

Table 1.4 Summary of human CYP families and subfamilies involved in foreign compound metabolism.



dimethylbenz(a)anthracene. Low amounts of CYP1B1 mRNA have been 

found to be constitutively expressed in several tissues such as the heart, 

brain, placenta, lung and liver (Hakkola et al., 1997). The CYP1B1 gene has 

recently been linked to primary congenital glaucoma (Stoilov at al., 1998, 

Bejjani eta!., 1998, Sarforazi, 1997, Stoilov eta!., 1997).

1.8.3 CYP2A subfamily;

Three members of this subfamily exist in humans, CYP2A6, CYP2A7 

and CYP2A13 (Yamano at a!., 1990, Fernandez Salguero and Gonzalez,

1995). CYP2A6 is a minor form of CYP in the liver. The level of CYP2A6 

protein in liver is low ( -  4% of total hepatic P450 content) (Yun at al., 1992). 

This CYP is primarily a hepatic enzyme being absent from extrahepatic 

tissues such as the adult human lung, colon, breast, kidney and placenta (Yun 

at al., 1991, Miles at al., 1990). CYP2A6 actively catalyses the 7- 

hydroxylation of coumarin (Yamano at ai, 1990). This activity has been used 

as a marker for CYP2A6. Marked variability in the expression of this enzyme 

has been demonstrated in human liver microsomes, both at the protein and 

mRNA levels (Yamano at al., 1990, Miles at al., 1990). CYP2A6 is known to 

contribute to the oxidation of tobacco-specific nitrosamines (Yamazaki at ai,

1992).

Genetic polymorphisms in the CYP2A6 gene have recently been 

described (Fernandez Salguero and Gonzalez, 1995). These results show 

that individuals homozygous for the variant allele, CYP2A6v1 are unable to 7- 

hydroxylate coumarin. Another variant, CYP2A6v2, was also found although 

its activity remains unknown.

CYP2A7, shares a 94% sequence identity to CYP2A6 (Yamano at ai, 

1990), however, CYP2A7 encodes an inactive protein, with respect to 

coumarin metabolism (Ding at ai, 1995). Ding and his associates also found
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an alternatively spliced version of CYP2A7 (CYP2A7AS). This mRNA species 

was found to be the major form In a skin fibroblast cell line. The basis for this 

variation Is not known. Whether the protein product of this splice variant has a 

function Is also unknown.

The CYP2A13 gene has been Identified by Fernandez-Salguero et al., 

(1995). Computer analysis of the genomic clone has led to the prediction of a 

cDNA sequence for CYP2A13 having 95% sequence similarity with the cDNA 

of CYP2A6. No cDNA clone for CYP2A13 has been Isolated to date.

1.8.4 CYP2B subfamily

This subfamily has been widely studied In rodents because Its 

members are highly Inducible by the anti-epileptic drug phénobarbital (PB).

A human cDNA for CYP2B6, which Is 76% similar to the rat CYP2B1, 

has been characterised (Yamano eta!., 1989, Miles eta!., 1988). The amount 

of CYP2B6 In human liver Is very low and the highest amount In 60 livers, 

examined by MImura eta!., (1993), accounted for only 1% of the total hepatic 

CYP content. A large Inter-lndlvldual variability has been reported for the 

hepatic levels of CYP2B6 mRNA (Yamano eta!., 1989) and protein (MImura at 

a!., 1993, Shimada at al., 1994). Recombinant CYP2B6 enzymes have been 

shown to catalyse the metabolism of nicotine (Flammang at ai, 1992). Little Is 

known about the role of this CYP in drug metabolism, although cDNA- 

expressed CYP2B6 Is an active catalyst of lldocaine N -dééthylation (Imaoka 

at ai, 1996). Experiments with primary cultures of human hepatocytes have 

shown that expression of CYP2B6 Is Inducible by treatment of the cells with 

phénobarbital, dexamethasone or rifampin (Chang at ai, 1997).

CYP2B7, (Yamano at ai, 1989) contains an Internal In-frame stop- 

codon and is Incapable of encoding a functional protein. Therefore, it Is 

classified as a pseudogene (Nelson at ai, 1996).
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CYP2C
The CYPs in this subfamily are involved in the oxidation of some 

important drugs such as Warfarin, Mephenytoin, Ibuprofen and Tamoxifen 
(reviewed in Miners and Birkett, 1998). Members of this subfamily constitute 
about 16% of the total hepatic CYP complement in man (Shimada et al.,
1994). CYP2C9 seems to have the highest catalytic activity in several 
reactions. Polymorphisms in the coding region of the CYP2C9 gene produce 
variants which have varying metabolic capacities for most CYP2C9 substrates 
(Yamazaki eta!., 1998).

CYP2D
The only human CYP2D enzyme expressed is CYP2D6. CYP2D7 and 

CYP2D8 are pseudogenes (Nelson et al. ,1996, Gonzalez et al., 1988, 
Kimura et al., 1989). The CYP2D6 polymorphism has been extensively 
characterised (reviewed in Yokoi and Kamataki, 1998). Poor metabolizers of 
debrisoquine represent about 10% of the Caucasian population. As the 
constitutive levels of CYP2D6 are low (1-2% of human hepatic P450) and the 
enzyme is non-inducible, any defect in CYP2D6-dependent metabolism may 
lead to the accumulation of the pharmaceutical reagent, leading to potential 
toxicity and possible adverse drug reactions (reviewed in Bel paire and 
Bogaert, 1996).

CYP2E
CYP2E1 is the only gene in this subfamily in most species. The 

enzyme has been of interest in human and experimental animal models 
because of the possible relevance to alcoholism, chemical carcinogenesis 
and diabetes (Guengerich and Shimada, 1991, Yang et ai, 1990 and 
Uematsu et ai, 1992). There is a polymorphism associated with this gene 
that is more common in Chinese people. The mutation correlates with a 2-fold 
increased risk of nasopharyngeal cancer linked to smoking (reviewed in 
Raunio, etai, 1995 and Nebert etai, 1996).



1.8.5 CYP3A subfamily

In humans, members of the CYP3A subfamily play an Important role in 

the metabolism of foreign compounds. CYP3A4 is the most abundant CYP 

and has a broad substrate specificity.

This subfamily consists of CYP3A4, CYP3A5, CYP3A5P and CYP3A7. 

The CYP3A enzymes account for an estimated 30% of total human CYP 

content in adult liver (Shimada etai., 1997, Bork et al., 1989), although large 

inter-individual differences exist in hepatic CYP3A content. The existence of 

another form, CYP3A3, is still in doubt (Nelson et al., 1996). CYP3A4 and 

CYP3A5 are the main forms expressed in adult human liver, while CYP3A7 is 

expressed in human foetal liver (Kitada and Kamataki, 1994, Kitada and 

Kamataki, 1979).

CYP3A4 is present in all adult human livers and is inducible by drugs 

such as rifampin (rifampicin) and dexamethasone (Pichard et al., 1990, 

Schuetz etai., 1993a, Chang etai., 1997). In contrast, CYP3A5 is expressed 

in only -10-30% of liver samples (Wrighton etai., 1989) and does not respond 

to typical CYP3A inducers. CYP3A5 is 88% identical to CYP3A4 and is 

polymorphically expressed (Wrighton et al., 1989, Wrighton et al., 1990). 

CYP3A7, was isolated from foetal liver (Kitada et al., 1985, Kitada and 

Kamataki, 1979). Studies have also shown its presence in the adult 

endometrium and placenta (Schuetz etai., 1993b).

Many commonly used drugs are substrates for CYP3A4, including 

erythromycin (Watkins etai., 1987), nifedipine (Guengerich et al., 1986) and 

midazolam (Gorski etai., 1994).

Recent studies on rat CYP3A23 have demonstrated that the 
glucocorticoid-inducible transcriptional activity of CYP3A23 involves members 
of the nuclear receptor superfamily (Huss and Kasper, 1998). Furthermore, a 
glucocorticoid responsive element that mediates the induction of CYP3A1 in 
rats has also been identified (Pereira etai, 1998).
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1.9 Metabolism of pesticides by FMOs and CYPs

Organophosphorus pesticides are metabolised extensively by 

mammals, insects and plants. The CYPs are primarily responsible for the 

oxidative reactions involved in the biotransformation of pesticides (Kulkarni 

and Hodgson, 1980). These biotransformations increase polarity and/or the 

ability of the pesticide to inhibit acetylcholinesterase.

Both the CYPs and FMOs are present in substantial amounts in hepatic 

microsomes, and are involved in a variety of pesticide oxidations including 

sulphoxidation (Tynes and Hodgson, 1985, Hajjar and Hodgson, 1982, Hajjar 

and Hodgson, 1980). Smyser and Hodgson (1985), have shown that 

organophosphates containing thioether e g disulphoton and phorate are 

rapidly oxidized by FMOs to yield an optically active sulphoxide as the only 

detectable metabolite. Levi and Hodgson (1988), found, using purified mouse 

liver FMO and CYPs, that although both these enzymes readily form the 

sulphoxide, FMO catalysed reactions yield the (-)-phorate sulphoxide and 

Cyp2b9 formed the (+)-phorate sulphoxide. Other CYPs generated racemic 

mixtures.

When phorate is incubated with FMO, phorate sulphoxide is the only 

metabolite formed (fig 1.4). This sulphoxide is not further oxidized. With the 

CYPs, although phorate sulphoxide is the principal product of CYP oxidation, 

the CYPs further utilise the phorate sulphoxide as a substrate to produce 

additional metabolites, the oxon sulphoxide, the sulphone and the oxon 

sulphone. Although both the (+) and (-) sulphoxide isomers are substrates for 

CYPs, incubation with the (+)-phorate sulphoxide favours formation of the 

oxon sulphoxide. The oxon sulphoxide is a more potent inhibitor of 

acetylcholinesterase.

Therefore, it can be seen that although both these enzymes metabolise 

the same substrate, different products are formed, and where the same
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product is formed, they are optically different and have different properties. 

This is true for phorate and also 4-tolyl ethyl sulphide (Light et al., 1982, 

Waxman et a!., 1982). Thus, knowledge of the drug metabolising enzymes 

and specific isoforms present, as well as their contribution to the metabolism 

of a particular compound can give an indication as to the products formed and 

the eventual effectiveness in detoxification or toxicity of the compound. Other 

agricultural chemicals that are substrates for the FMOs include carbamates, 

dithiocarbamates, thioureylenes, tertiary amines and organochlorines.

1.10 The skin

Much of this thesis is concerned with the expression of FMOs and 

CYPs 'm human skin.

The skin is one of the largest organs in the body. In man, it is estimated 

to represent approximately 10% of total body weight, with a surface area of 

2m2 (Rongone, 1983, Odiand, 1983).

The skin forms an interface between the body and its external 

environment, forming an effective barrier against invasion of the body by 

microorganisms. It provides important thermoregulatory controls and 

maintains fluid balance by limiting the excessive loss of body water. Being 

the most external organ, the skin is constantly exposed to a variety of 

hazardous environmental agents and it is also a surface upon which drugs, 

cosmetics and miscellaneous chemicals are intentionally applied. Although 

an effective barrier, it is becoming apparent that it is not a complete barrier. In 

fact, the skin is now recognised as an important portal for the entry of 

chemicals into the systemic circulation. An important physiological function i.e 

thermoregulation, may modulate the systemic availability of chemicals 

absorbed through the skin, due to alterations in cutaneous blood flow.
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It is now generally recognised that the skin is an organ capable of 

performing a variety of metabolic functions, including those involved in the 

metabolism of hormones, carcinogens, drugs and environmental chemicals 

reviewed in (Hotchkiss, 1992, Kao and Carver, 1990). Since skin contains 

enzymes capable of metabolising xenobiotics, any chemicals that are applied 

to the surface of the skin will, during the course of penetration through this 

organ, be exposed to available biotransformation systems that are present in 

the skin. The skin may therefore act as a route of systemic exposure to foreign 

chemicals, or it can be the target organ for local toxicity such as irritation, 

hypersensitivity, phototoxicity and skin cancer. Consequently, the ability of 

the skin to function as an organ of xenobiotic metabolism is of considerable 

interest.

1.10.1 The structure of the skin

The skin of mammals consists of 3 main layers, the epidermis, dermis 

and the subcutaneous layer (fig 1.5). The epidermis and dermis are 

separated from each other by a basement membrane. The mammalian 

epidermis is a renewing tissue which provides the outer surface coat of the 

body. Apart from representing a continuous supply of cells forming the 

external barrier (the stratum corneum), epidermal cells have been shown to 

possess a number of additional functional capabilities as listed in Table 1.6.

Main functions Additional functions upon need
Cell division Adhesion
Keratin synthesis Migration
Synthesis of the basal lamina Phagocytosis
Synthesis of glycocalyx
Degranulation

Table 1.6 Functional capacities of epidermal cells (reproduced from 

Christophers etai., (1989)).
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Phase 1 reactions Phase II reactions

Oxidative reactions Glucuronic acid conjugation

Alcohol oxidation Sulfate conjugation

Hydroxylation

Aliphatic

Alicyclic

Aromatic

Deamination Méthylation

Dealkylation

Reductive reactions Glycine conjugation

Carbonyl reduction

0=0 reduction

Hydrolytic reactions Glutathione conjugation

Ester hydrolysis

Epoxide hydrolysis

Table1.4 Examples of skin-mediated metabolic reactions (from Kao and 

Carver, 1990)
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Fig 1.5 Microscopic diagram of the skin. The epidermis, shown in 

longitudinal section, is raised at one corner to reveal the ridges in the dermis 

(reproduced from Thibodeau and Patton. 1996).
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1.10.1.1 The epidermis

This outer layer of stratified squamous keratinized epithelium is 

resistant to physical and chemical stresses. In areas such as the soles and 

palms, where friction and pressure is most intense, five distinct layers are 

present. In areas with less physical stresses (skin of chest, scalp etc), there 

are fewer than five layers. From the lower to the upper surface of the 

epidermis, the layers are designated as the stratum germinativum (made up 

of the stratum basale and stratum spinosum), stratum granulosum and 

stratum corneum.

The stratum germinativum consists of the lowermost layer of cells 

(stratum basale) and is regenerative. This layer lies on a thin basement 

membrane. As cells are produced by this layer, they migrate up through the 

overlying strata. During their migration they undergo morphological and 

physiological changes, becoming flattened, dead, dry keratinized flakes. As 

the dead cells are desquamated at the surface, they are replaced by later 

generations of keratinized cells. In addition to the generative cells found in 

this layer are the melanocytes or pigment producing cells. The melanocytes 

represent about 10-25% of the cells in this layer. The stratum spinosum is a 

relatively thick layer of slightly flattened cells and lies above the stratum 

basale. The cells have a spiny appearance, hence their name.

The stratum granulosum may have up to 5 layers, in thick skin (palms 

and soles), but in thin skin, (chest) these layers may be absent or poorly 

represented. The cytoplasm of these cells is filled with irregularly shaped, 

basophilic keratohyalin granules.

The stratum corneum is the outermost layer of the epidermis and is 

keratinized. The number of cell layers varies from a few in thin skin to many in 

thick skin. These tightly packed dead cells migrate to the surface where they 

are desquamated.
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The epidermis separates the organism from a hostile environment and 

provides protection against physical, chemical and radiation injuries. It 

prevents penetration of harmful agents into the skin and the loss of body fluids 

into the environment.

1 .1 0 .1.2 The dermis

The dermis is a fibrous, elastic tissue lying below the epidermis and is 

continuous with the deeper subcutaneous layer. It varies between 0.3 and 

4mm in thickness. The dermis imparts the characteristics of strength, 

durability, and pliability to the skin, and is normally thicker in areas receiving 

maximal mechanical stresses. Thus, it is thicker in the palms and soles than 

the skin of the back. The dermis is organised into an upper, moderately 

dense, papillary layer, which lies below the epidermis, and a lower, more 

dense reticular layer, which is continuous with the subcutaneous layer 

(hypodermis).

The papillary layer is the uppermost layer of the dermis, lying below a 

thin basement membrane. It is composed of a loose network of thin collagen, 

elastic and reticular fibres. The ground substance is moderately abundant , 

containing many fibroblasts, some macrophages, mast cells, melanocytes (not 

in palms and soles) and a few lymphocytes. In thick skin, the papillary layer 

may be organised into tall and sometimes branched dermal papillae. These 

papillae form a complex interlocking system with ridges and grooves of the 

epidermis. The papillae have an excellent vasculature and lymphatic supply 

and a few have sensory receptors for touch, Meissner's corpuscles.

The reticular layer, is the lower layer of the dermis and is composed of 

dense, irregular collagenous connective tissue. A network of elastic fibres is 

also present and interspersed with the collagen fiber bundles. The reticular 

layer has fewer cells than the papillary layer and the predominant cells are
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macrophages and fibroblasts. Sweat glands, hair follicles and pressure 

receptors are present in this layer.

1.10.1.3 The subcutaneous layer

The subcutaneous layer is usually studied with the skin, but it is not part 

of it. It is composed of loose connective tissue, and is usually thicker than the 

dermis, and extends from the reticular layer of the dermis to the underlying 

muscles.

The stratum corneum exhibits reservoir characteristics although it 

serves as the main barrier to skin penetration. A topically applied compound 

may be absorbed into the skin via a variety of routes, these include, the 

partitioning into the lipophilic stratum corneum, diffusion across the stratum 

corneum, partitioning from the stratum corneum into the viable epidermis, 

diffusion across the epidermis and dermis and passage into dermal blood 

vessels (Guy etai, 1987).

Differences exist between the skin of man and that of laboratory 

animals. For example the skin of man is less permeable than that of rodents 

and has fewer hair follicles. Permeability is greatest in the rabbit and 

decreases in the order rabbit, rat, guinea pig, pig, monkey, man (Bartek et a/., 

1972). A variety of factors can affect absorption, these include, the nature of 

the chemical itself, the vehicle of absorption, the extent of hydration and 

temperature of the skin, anatomical site, skin appendages, the concentration 

of the chemical applied, occlusion of the site of application, skin damage and 

disease, dermal blood flow, and bacterial degradation on the skin surface.
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1 .10.2  Metabolism of foreign compounds In the skin

There have been numerous reports on the presence of xenobiotic 

metabolising enzymes in the skin. These include the CYPs, UDP 

g I ucurony (transferases suiphotransferases and glutathione S - transferases. 

Studies on the presence of these enzymes have been carried out using 

classical techniques such as the use of skin homogenates, skin microsomes, 

and skin cell/organ cultures together with other methods specifically 

applicable to the skin e g diffusion cells and culture of isolated hair follicles. 

The reactions involved are summarized in Table 1.5.

1.10.2.1 Localisation of xenobiotic metabolising enzymes within 

the skin

CYP activity towards ethoxycoumarin is similar in the dermis and 

epidermis of adult hairless mice, with higher total activity in the dermis due to 

its greater mass (Finnen et al., 1985). The specific activities are greatest in 

sebaceous cells followed by differentiated kératinocytes and then basal 

kératinocytes. AHH specific activity is greater in the epidermis than the dermis 

with high activities in sebaceous cells and hair follicles (Mukhtar and Bickers, 

1981, Akin and Norred, 1976, Thompson and Slaga, 1976).

1.10.3 FMOs In the skin

Until recently, studies on the role of FMOs and their involvement in 

xenobiotic metabolism in the skin had not been reported. One such study was 

carried out by Venkatesh et a!., (1992) to define the roles of FMOs and CYPs 

in xenobiotic metabolism in the skin.
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In addition to enzymatic activities, antibodies to FMO from liver and 

lung were used in western blot analyses and immunohistochemical studies. 

Venkatesh et al., (1992) have shown FMO activity with both thiobenzamide 

and methimazole, both of which are good substrates for FMOs (i.e FMOs 1, 2 

and 3, unknown for FM04, and not good for FM05). The FMO activity in the 

skin was 10 and 20% of liver microsomal activity with methimazole and 

thiobenzamide respectively.

Western blot analyses on mouse skin microsomes showed that 

antibodies developed to FMO purified from mouse liver cross-reacted with a 

protein in skin microsomes. Skin microsomes did not cross-react with 

antibodies developed to rabbit lung FMO (FM02), indicating that FM02 is not 

expressed in mouse skin.

Immunohistochemical studies using antibodies raised to mouse liver 

FMO were carried out to determine the localisation of the FMOs in mouse and 

pig skin. In nude mouse skin, all layers of the epidermis exhibited positive 

staining with the FMO antibody, when compared to the control. Fainter 

staining was present in sebaceous glands and in some cells of the hair follicle 

in CD-I mice. In pig skin, the staining was confined primarily to the stratum 

granulosum and stratum spinosum layers of the epidermis.

Since both CYPs and FMOs are present in mouse skin, the relative 

contribution of these two systems in the oxidation of phorate was studied 

(Venkatesh et al., 1992). They looked at the relative contribution of the CYP 

and FMO monooxygenase systems to the metabolism of phorate. This 

compound, which is an organophosphorus pesticide, is a substrate for both 

FMOs and CYPs (see section 1.9). Selective inhibitors for each enzyme 

system was used. These experiments showed that, in mouse skin, phorate 

sulfoxidation represented 3 to 4 % of the activity observed in liver 

microsomes. The selective inhibition studies showed that in mouse liver 68 to 

84% of the phorate sulfoxidase activity was due to CYPs while FMO was
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responsible for the remainder of the activity. In contrast, in mouse skin 

microsomes, FMO was responsible for 66 to 69% of phorate sulfoxidase 

activity wherease only 31 to 36% of the activity was due to CYPs. Therefore, 

although the total phorate sulfoxidase activity in skin microsomes represents a 

small percentage of that observed in the liver, in the skin, FMO appears to 

play a greater role than does CYP in the metabolism of phorate. The same 

occurs in the mouse kidney and lung (Kinsler et al., 1988). This indicates the 

importance of FMO relative to CYPs in xenobiotic metabolism in extrahepatic 

tissues.

No studies on the expression of FMOs at the RNA level in the skin, both 

rodent and human, have been published to date. Although some results have 

been found in mouse skin, no studies on the presence of FMOs in human skin 

have been published. There has been a single mention of the presence of 

FM01 in human skin by Dolphin et a!., (1996) who, using RNase protection 

assays, showed that <1 molecule of FM01 mRNA/ cell was present in human 

skin.

1.10.4 CYPs in the skin

Progress towards the identification of the CYPs in extrahepatic tissues, 

such as the skin, has been limited by the difficulties encountered in using 

conventional methods which are often not applicable in tissues where CYP 

concentrations are too low. The skin is extremely resistant to homogenisation 

and the harsh techniques required to homogenise cutaneous tissue often 

results in the destruction of enzyme activities [(Moloney etai., 1982, Akin and 

Norred, 1976). Skin also contains relatively large amounts of metabolically 

inert material, (e g collagen and keratin) and depending on the preparation 

procedures and the reference units used to express enzyme activity, 

variations in the amounts of these non-enzymic contaminants could greatly
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influence the apparent specific activities measured in this tissue. 

Consequently, caution must be exercised when interpreting and comparing 

measurements of cutaneous drug-metabolising enzymes (Kao and Carver, 

1990).

Through studies with cDNA-expressed proteins, many substances 

have been found that can be useful catalytic monitors for specific CYP 

enzymes or subfamilies. However, errors can sometimes be made when 

interpreting activity data derived from cDNA-expressed enzyme studies. The 

fact that a cDNA-expressed human CYP can catalyse a particular substrate 

oxidation reaction does not necessarily mean that in human tissues the 

corresponding enzyme will be an important catalyst in the same oxidation 

reaction. While certain compounds may be considered to be reasonably 

specific substrates for a particular CYP (or group of CYPs in the same 

subfamily), in the case of other CYP substrates, multiple enzymes may 

participate in their metabolism. Therefore studies with enzyme activities in 

isolation give little information on the exact isoform present in the tissue being 

investigated.

Despite these limitations, CYP activity in the skin of mouse and rat has 

been shown with a variety of substrates including benzo[a]pyrene, 

ethoxycoumarin, ethoxyresorufin and aldrin (Pohl et al., 1976, Mukhtar and 

Bickers, 1981, Bickers etai., 1982a, Rettie etai., 1986). Induction of CYPs by 

PAHs such as 3-methylcholanthrene, aroclor 1254 (Bickers et a!., 1982b, 

Khan etai., 1989a), crude coal tar (Bickers etai., 1982b, Bickers and Kappas, 

1978, Khan etai., 1989b), and benzoflavone (Maloney et al., 1982) has been 

shown to occur in the skin.

CYP1A1 is the most widely studied isoform in the skin. The amounts of 

this isoform are low, and can only be studied upon exposure of the skin to 

PAHs, B-naphthoflavone (6NF) and glucocorticoids (Mukhtar and Bickers,
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1983, Merk et al., 1987, Whitlock, 1986, Finnen et al., 1984); reviewed in 

(Ahmad etai., 1996).

Induction of CYP1A1 by benz(a)anthracene and 6NF at the mRNA 

level, using RT-PCR techniques, has been demonstrated in rat epidermis and 

in cultured human epidermal kératinocytes (Khan et ai, 1992). Treatment 

with these inducers results in a several fold increase in AHH activity in rat 

epidermis as well as in human kératinocytes (Khan et al., 1992). Raza et al., 

(1992) showed that topical application of BNF to rats caused a 2- to 6-fold 

elevation of CYP1A1 mRNA and 3-14 times enhancement in monooxygenase 

activity in the epidermis. Two research groups have also shown that not the 

entire population of cells in the epidermis express CYP1A1 at equivalent 

levels (Reiners et al., 1992, Stauber et al., 1995). These studies suggest 

there is differential expression of both basal and inducible xenobiotic 

metabolising enzymes in the epidermis, which is regulated as a function of the 

stage of epidermal differentiation e g superbasal layers of the epidermis 

contained elevated 6-NF induced CYP1A1.

Interestingly, the induction of CYP1A1 mRNA and EROD has been 

shown to occur in the absence of xenobiotics (Sadek and Allen, 1994). 

Cultured human kératinocytes in suspension show an increase of both mRNA 

and enzyme activity. This increase has been shown to be independent of 

exogenous calcium concentrations and is thought to be cell type specific, 

because it does not occur in fibroblasts from the skin.

Other CYP isoforms have also been found to be expressed in the skin. 

Jugert etai., (1994a) have shown the presence of multiple CYPs in mouse 

skin. Topical application of dexamethasone resulted in significant induction of 

CYP1A1, 2B1, 2E1 and 3A related enzyme activities (EROD, pentoxyresorufin 

O -deethylase (PROD), p -nitrophenol hydroxylase and erythromycin N 

-demethylase (EMDM) respectively). Immunoblot analysis carried out by the 

same group have shown that the protein amounts of these enzymes increase
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2- to 10-fold upon topical application of dexamethasone. The mRNAs for 

CYP1A1 and CYP2E1 remain unchanged upon dexamethasone treatment. 

The effect of these compounds on the expression of CYP2B1 and CYP3A 

were not reported.

Pyridine treatment of mouse skin has also been shown to lead to an 

increase in EROD, PROD and EMDM activities and in the protein amounts of 

CYP1A1, 2B1 and 3A which are responsible for these activities (Agarwal et 

ai, 1994). The mRNA for CYP1A increased in response to pyridine treatment.

The localisation of specific phase I and II enzymes in mouse, rat and 

human skin have been carried out using immunocytochemical techniques 

(Pendlington etai, 1994, Murray ef a/., 1988, Baron etai., 1985, Baron eta i, 

1986). In these studies, the presence of CYP1A1/2, CYP2B1/2 and CYP3A 

were investigated in the skin of the 3 different species. The pattern of staining 

was the same in each species studied and for each of the enzymes studied. 

Immunohistochemical techniques with antibodies to the rat proteins showed 

that the enzymes were located primarily in the epidermis and in the cells of 

the sebaceous glands. Using an antibody to the human CYP3A family, 

members of this family have been identified in the human skin, specifically the 

non-keratinized epidermis and the epithelium of the sebaceous gland, 

(Murray et ai, 1988). Members of both CYP2 and CYP3 have also been 

identified in the human epidermis, dermis and hair follicles (Van Pelt et ai, 

1990). However, this group found a uniform distribution of members of the 

CYP3 family throughout the skin.

Northern blot analyses of RNA isolated from primary cultures of normal 

human kératinocytes show a 100-fold enhanced level of CYP1B1 mRNA after 

treatment with (TCDD) (Sutter et ai, 1994). Sutter and co-workers isolated 

the full-length 5.1 kb cDNA encoding CYP1B1 from human kératinocytes. 

This enzyme has been shown to play a major role in the metabolism of 

polycyclic aromatic hydrocarbons such as 7,12-dimethylbenz(a)anthracene, a
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known skin carcinogen. Topical application of 3NF or TCDD to SENCAR 

mice leads to the induction of CYP1B1 mRNA (Ahmad etai., 1996).

Human keratinocyte cultures have been shown to have EMDM activity 

(thought to be attributable to CYP3A). Upon treatment of these cultures with 

dexamethasone and cyclosporin A, both of which are known inducers of 

CYP3A, this activity was induced. Western blot analysis have shown that the 

amount of CYP3A protein increased in response to these inducers (Jugert et 

al., 1994b). There have been reports on the presence of CYP1A1, 2E1 and 

3A mRNA in human keratinocyte cultures. The amounts of CYP2E1 and 

CYP3A mRNAs were found to be relatively higher than those of the other 

mRNAs present (Eichler etai., 1996).

It is apparent that most of the studies on cutaneous foreign compound 

metabolising enzymes have been carried out using laboratory animals or 

cultures of human kératinocytes. Several species differences occur in the 

expression of these CYPs and as such, the extrapolation of this data to 

humans is under question. However, several models to study cutaneous 

xenobiotic metabolism are being developed. These include cultured 

epidermal kératinocytes (reviewed by Bouclier et al., (1990), reconstructed 

human skin (Regnier et al., 1990, Regnier and Darmon, 1989), cell lines 

(Rheinwald and Beckett, 1980, Allen Hoffmann and Rheinwald, 1984) and 

non-invasive methods such as hair follicle keratinocyte cultures (Lenoir et al., 

1993, Lenoir etai., 1985) . Each of these methods have their disadvantages 

primarily due to the fact that the cultured cells do not retain the same in vivo 

drug metabolising capabilities and as such extrapolations from studies carried 

out on such systems are limited.
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1.11 Scope of thesis

The aim of this thesis was to further characterise the FMO gene 

family of man. Our studies focused primarily on human skin, as little is known 

with regards to FMO gene expression in this tissue.

Southern blot hybridization analyses (Chapter 3) on human genomic 

DNA was carried out to determine the number of genes encoding each FMO.
i

The field of FMOs is a relatively new one and there is still a sparsity of basic 

knowledge with regards to FMO genes and their expression.

We went on to investigate the expression of FMOs 1, 2, 3, 4 and 5 in a 

variety of human tissue samples which included human liver, lung and kidney. 

These studies were extended to include primary cultures of human 

kératinocytes derived from whole skin and an immortalized human 

keratinocyte cell line (HaCaT). Investigations into the expression of the FMO 

genes were carried out at both the mRNA level and the protein level.

Northern blot hybridization analyses (Chapter 4) and RNase 

protection assays (Chapter 5) were used to investigate the tissue-specific 

expression of FMOs 1, 2, 3, 4 and 5, the latter method being more sensitive 

and quantitative than the former. In these studies comparisons between 

whole skin samples and keratinocyte cultures derived from the same skin 

samples were made. The expression of FM01, 3, 4 and 5 mRNAs was then 

localised to particular regions of whole skin using in situ hybridization 

analysis (Chapter 8 ).

Protein expression studies were also undertaken, using western blot 

analyses (Chapter 6 ), enzyme activity assay studies (Chapter 7) and 

Immunohistochemistry. Western blot analyses were carried out using 

antibodies to rabbit FM0s1, 2, 3 and 5. Samples of whole skin homogenates, 

primary kératinocytes and HaCaT cells were used for western blot analyses, 

albeit unsuccesfully due to the cross-reactivity of the antibodies to keratins in
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the skin, primary keratinocyte cultures and HaCaT cell samples. Enzyme 

activity assays were undertaken as a means of detecting FMO enzyme activity 

towards methimazole. These assays could be carried out only on whole skin 

microsomes and unfortunately the number of assays was limited by the 

scarcity of sample. The same antibodies that were used for western blot 

analyses were used In Immunohistochemistry studies (Chapter 8 ). During 

these studies, It was hoped that we could localise FMOs to particular cell 

types In the skin that are devoid of keratins.

The CYPs have been an extensively studied family of enzymes, 

however few studies on their expression In human skin have been carried out. 

We examined the expression of CYPs In human skin, primary keratinocyte 

cultures derived from human skin and HaCaT cells, using the same 

techniques that were used for the FMO expression Investigations (Chapter 

9). Northern blot hybridization analyses, RNase protection assays and in situ 

hybridization were used to Investigate the expression of three subfamilies, 

CYP2A, 2B and 3A. These experiments were followed by western blot 

analyses and Immunohistochemical studies using antibodies to baboon 

CYP2A, rabbit CYP2B and rabbit CYP3A.

During the course of this study, comparisons between the expression of 

FMOs 1, 2, 3, 4 and 5 and CYPs2A, 2B and 3A In whole skin samples to in 

vitro culture systems derived from whole skin, I.e primary cultures of human 

keratlnocytes and HaCaT cells, were carried out (Chapter 10). This was to 

determine whether these culture systems would be suitable models for drug 

metabolism studies or for studies on the regulation of human FMO and CYP 

genes.
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MATERIALS AND 
METHODS
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2.1 Chemicals

All chemicals, except those used for tissue culture and unless otherwise 

specified, were analytical reagent grade and were purchased from BDH, UK. 

Chemicals used for tissue culture were of tissue culture grade. Dulbecco’s 

Modified Eagle medium (DMEM), foetal calf serum. Penicillin and 

Streptomycin were purchased from Sigma Chemical Co., UK.

2 .2  Ceil culture conditions

2.2.1 HaCaT ceils

Solutions

• Dulbecco's modified eagle medium (DMEM) containing 10% (v/v) foetal 

calf serum

• Penicillin (lOmg/ml)

• Streptomycin (2.5/vg/ml)

Fully supplemented medium contained penicillin at 0.1 mg/ml and 

streptomycin at 0.025/yg/ml.

• Dulbecco's Phosphate Buffered Saline (PBS)

Dulbecco’s PBS was made from PBS tablets obtained from Sigma Chemical 

Co. One tablet was dissolved in 200 mi of water. The resultant solution is 

0.01 M phosphate buffer, 0.0027M potassium chloride and 0.137M sodium 

chloride and has a pH of 7.4.

The solution was autoclaved and stored at 2-8°C.

• 0.05% (w/v) diaminoethanetetra-acetic acid, disodium salt (EDTA) in PBS 

was prepared using tissue culture grade EDTA (Sigma Chemical Co. UK).
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The appropriate amount of EDTA was added to PBS until dissolved. The 

resultant solution was autoclaved and stored at room temperature.

• 0.05% (w/v) trypsin/0.025% (w/v) EDTA in PBS was obtained commercially 

from Gibco BRL, UK.

The HaCaT cell line was a kind gift from Prof. Dr. Norbert E. Fusenig 

(German Cancer Research Foundation). HaCaT cells are a spontaneously 

transformed human epithelial cell line from adult skin which maintains full 

epidermal differentiation capacity (Boukamp ef a/., 1988). "HaCaT" denotes 

their origin from human adult skin kératinocytes propagated under low Ca^+ 

conditions and elevated temperature.

The cells were shipped from Germany at ambient temperature. When 

the cells arrived, they were placed in an incubator without removing the 

medium. After 24 hours the medium was replaced with DMEM (fully 

supplemented) and the cells incubated for a further 24 hours. This was done 

as per instructions provided with the cells.

Cells were passaged at a maximal ratio of 1 to 10. To avoid rapid loss 

of differentiation, the cells were not passaged too often and the optimal time 

interval between passages was between 7-10 days. To harvest the cells or 

passage them, at confluence (or post confluence, optimum 3 to 4 days past 

confluence), the cultures were treated with 0.05% (w/v) EDTA to remove the 

desmosomes. The cells were incubated (up to 20 mins) until wide 

intercellular spaces were visible microscopically. The EDTA was then 

removed and a mixture of 0.05% (w/v) trypsin/0.025% (w/v) EDTA was added. 

The cells were incubated at 37^C until they detached from the tissue culture 

plastic (usually 2 to 5 mins). Cells were resuspended in complete culture 

medium and plated out.
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2 .2.2 Primary cultures of normal human epidermal keratlnocytes

Two different types of primary human epidermal kératinocytes were 

used in these investigations. One was a commercially obtained culture of 

proliferating kératinocytes, the other was cultures of primary kératinocytes, 

established from full thickness skin after breast reduction surgery.

Solutions

• Dulbecco’s PBS prepared as in 2.2.1

• Fully supplemented Leibovitz’s L-15 medium (without glutamine) 

containing 10% foetal calf serum, penicillin (0.1 mg/ml) and streptomycin 

(0.025/yg/ml).

• Dispase (Gibco BRL). A 40 units/ml (10X stock solution) was made up in 

L-15 medium (containing antibiotics) but without foetal calf serum. Once 

dissolved the resultant solution was filter sterilized using an 0.22^m filter 

and stored at 40C.

The stock solution was diluted, when required, in fully supplemented L-15 

medium to make a 4 units/ml working solution .

• 0.02% (w/v) EDTA in PBS, was prepared as in 2.2.1.

• 0.1% (w/v) EDTA in PBS, prepared as in 2.2.1.

Trypsin solution, 0.025% (w/v) trypsin/ 0.01% (w/v) EDTA in PBS 

obtained commercially from Clonetics Corporation, USA.

• Trypsin neutralising solution (TNS) (Clonetics Corporation, USA)

• Antibiotics for primary cultures established from breast skin were: 

Kanamycin (Gibco BRL) was obtained as a stock solution of lOmg/ml (100X) 

Gentamycin (Sigma Chemical Corporation) obtained as a stock solution of 

lOmg/ml (100X).
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Ci proxi (Bayer, Germany) stock solution contains ciprofloxacin at 2mg/ml.

• Kératinocyte growth medium (KGM) (Clonetics Corporation, USA) was 

supplemented with:

Epidermal Growth Factor (EGF) (0.1ng/ml human recombinant)

Insulin (5mg/ml)

Hydrocortisone (0.5mg/ml)

Calcium (0.15mM)

Bovine Pituitary Extract (BRE) (0.03mg/ml)

Gentamycin (50mg/ml)

Amphotericin B (50ng/ml)

2.2.2.1 Commercially obtained culture of proliferating 

keratlnocytes

Normal human epidermal keratlnocytes were obtained as proliferating 

cultures from Clonetics Corporation, USA and grown under serum free 

conditions. The cells, which were 30-80% confluent upon arrival, were 

established from a single adult donor and arrived in a 25cm2 flask . Upon 

arrival, the cells were incubated at 37°C, 5% CO2 for 3-4 hours to equilibrate 

the temperature and CO2 levels. The medium was then removed and 

replaced with fresh KGM (fully supplemented). The flask was then placed in a 

370c, 5% CO2, humidified incubator for at least 24 hours.

When the cells reached 70-90% confluency, they were subcultured. 

For subculturing, the cells were first washed in PBS and then trypsinized 

using about 3 ml of Trypsin solution per 25cm^ flask. The cells were 

monitored microscopically until approximately 50% of the cells had detached. 

At this stage to the culture was added 3 ml of warmed TNS. Cells were then 

quickly transferred to a sterile 15 ml centrifuge tube. The treated flask was 

examined under the microscope to ensure all the cells had been detached.
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All skin samples were utilised with permission from the patients and as 

approved by the rules and regulations set out by the Ethics Committee of the 

local hospital.



The flask was rinsed with 2 ml of PBS to collect residual cells and the rinse 

solution added to the rest of the cells in the centrifuge tube. The harvested 

cells were centrifuged at 220g, at room temperature, for 5 mins and the 

supernatant removed. The cell pellet was resuspended in 2 ml of KGM and 

the cells then seeded onto new tissue culture plastic. After 24 hours, the cells 

were examined, the tissue culture medium changed and the cells incubated 

for an additional 24 hours after which the culture was reexamined. Thereafter, 

the medium was changed every other day until the culture was confluent, after 

which the cells were harvested for analysis.

2.2.2 2 Establishment of primary cultures of human keratlnocytes 

derived from full thickness skin.

Skin samples from breast reduction mammoplasties were obtained 

from the Stephen Kirby Skin Bank, Queen Marys University Hospital, 

Roehampton. Skin was obtained only from females and did not come from 

individuals having mastectomies. Only the donors age was available, their 

medical history was unavailable.

A variety of safety precautions had to be taken because the samples 

provided were usually not screened for viral infection. All liquid debris from 

the sample, such as blood had to be placed in bleach for at least 24 hours 

before being discarded. Pieces of skin which had been processed were fixed 

in formalin before being incinerated. All procedures were carried out in a 

special containment facility.

The skin samples were placed epidermal side up, in a 10 cm Petri-dish. 

They were then spread out to flatten them. Samples were washed three times 

with PBS (with enough volume to cover the entire sample) to remove debris 

and blood from the skin surface. The PBS from the washes was discarded 

into bleach.
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With a sterile scalpel, No. 20 (rounded blade) (Swann-Morton, UK), 

parallel cuts 2-3 mm deep and 2-3 mm apart were made into the tissue. Care 

was taken not to penetrate into the dermis. Cuts are made to allow the 

dispase access into the tissue.

L-15 medium, containing dispase at 4units/ml, was added 

(approximately 50-55 ml). The dispase containing media can be made 

separately or the dispase can be diluted by adding the stock solution to the 

media in the Petri-dish.

The following antibiotics were then added, Kanamycin at final 

concentration of lO îg/ml, Gentamycin at a final concentration of lO^g/ml , 

Ciproxin™, at a final concentration of ciprofloxacin of 0.01 mg/ml. After the 

antibiotics were added, the tissue was left, dermal side upwards, at room 

temperature for 24 hours. The dispase digestion was found to work better if 

left for longer than the standard suggested overnight digestion. Even this was 

sometimes not long enough and the tissue had to be placed at 370C for a 

futher 1-2 hours. This allowed for easier removal of epidermis from the 

dermis. It was found however, that dispase treatment at 370C for 1-2 hours 

after the standard overnight digestion at room temperature led to low yield of 

cells during the trypsinization step.

On the next day, the tissue was turned over, epidermal side upwards, 

and the epidermis was stripped off from the dermis using fine watchmakers 

forceps. The epidermal strips were placed in a Petri-dish containing fully 

supplemented L-15 medium.

The epidermal pieces were then transfered to a Sterilin universal 

containing 10-15 ml of 0.02% EDTA (w/v) in PBS and washed three times with 

this solution. This solution washes off any foetal calf serum which inhibits the 

action of trypsin to be used in the next stage of the process.

5 ml of trypsin solution, previously warmed to 37°C, was added to the 

pieces of epidermis which were then placed at 37^0 for 3 mins. Towards the
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end of the 3 min trypsin digest, the bottle was shaken vigorously. At the end of 

3 mins, 0.02% (w/v) EDTA in PBS (to make up to 20 ml) was added to stop the 

reaction. The mixture was shaken.

The resultant cell suspension was taken up with a pipette (care being 

taken not to take up large pieces of epidermis) and added to 5 ml of fully 

supplemented L-15 medium. The sample was centrifuged at 220g, at room 

temperature for 3 mins.

To the epidermal pieces that had not digested completely, more trypsin 

solution was added and digestion continued at 37^0 for 3 mins. Trypsin 

digestion tends to liberate cells of the epidermis closest to the skin surface. 

After each digest, the samples being centrifuged contained liberated cells. A 

single 15 min digest in place of repeated 3 min digestions is not used 

because the outermost cells would die by the time the trypsin could act on the 

inner layers.

Trypsinization was usually carried out five times. In initial experiments, 

only three 5 min trypsinizations were carried out, however, it was observed 

that by the third trypsinization, the cells did not form a compact pellet, probably 

due to cell disintegration. Five, 3 min trypsinizations gave compact pellets up 

to the fifth trypsinization stage and thus helped in increasing the yield of cells 

obtained from a single sample.

The supernatant from each of the centrifugations was removed and the 

pellets resuspended in L-15 medium by tapping gently. The five resuspended 

pellets were pooled. The mixture was passed through a 40/vm Cell Filter, 

(Falcon) into a Falcon Blue Max tube. The filtrate was placed in a Universal 

bottle (Bibby Sterilin) and recentrifuged. The supernatant was discarded and 

the pellet was resuspended as before, but this time in Clonetics KGM 

containing 10% foetal calf serum.

In initial experiments, the amount of foetal calf serum added was 2% 

(v/v), however, when the amount of serum added to the media was increased.
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the number of kératinocytes attaching to the tissue culture plastic Increased 

and thus the culture reached confluence In a shorter period of time. 

Therefore, 10% foetal calf serum was used for all cultures on which 

experimental analyses were carried out.

The resuspended mixture of cells was placed In a tissue culture flask 

and given a slight shake. Because the Incubator that was used was not 

gassed the flask had to be gassed for a couple of minutes with a 5%C02/95% 

air mixture. The flask tops were screwed on tightly and the flasks placed In 

the 370c  Incubator. After attachment of cells, the plating medium was 

replaced with serum free KGM.

Thereafter, the cells were fed once every 3 days at which time they 

were also regassed with 5% CO2/ 95% air. When the keratlnocytes had 

reached 90% confluency they were either harvested, or passaged.

Harvesting and passaging of kératinocytes

Plating efficiency of keratlnocytes Is not good and a lot of cells are lost 

at this stage. To harvest or passage the cells, the medium was first removed 

and replaced with 0.1% (w/v) EDTA In PBS (enough to cover the cells). After 

10 mins the cells were monitored under a light microscope to ensure no 

detachment had occured. Pre-warmed, trypsin solution (enough to cover 

cells) was added and cells incubated In a 3?oc Incubator for 1 min. This 

solution was poured off. Melanocytes are the first cells to detach, therefore 

this step Is used to remove these cells. The remaining cells were Incubated 

with trypsin solution for about 3-5 mins, monitored under a light microscope, 

and the flasks then tapped to detach cells. (Care needs to be taken so as not 

to over-trypslnlze the cells as this leads to cell disintegration).

Once detached, the cells plus trypsin solution were poured Into a 

universal containing approximately 10 ml of fully supplemented L-15 medium, 

to stop the reaction. The resultant cell suspension was centrifuged at 220g, at
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room temperature, for 3 mins. If the cells were to be passaged, then the 

medium was removed and the cells were resuspended in approximately 10 

ml (for 25cm2 flasks) of L-15 medium and divided into two universels. Both 

samples were centrifuged, the supernatant removed and the cell pellets were 

resuspended in KGM containing 10% foetal calf serum. Cells were then 

plated out and gassed with 5% CO2/ 95% air and placed in a 370C incubator. 

After 3 days the medium was removed and replaced with serum free KGM.

Upon attachment of the passaged cells, the cells looked much larger. 

This implies that there is a strong possibility of the cells undergoing terminal 

differentiation. Proliferating cells are smaller than cells that are in the process 

of terminal differentiation. If terminal differentiation takes place, the cells do 

not divide and eventually die. As a result, the yield of cells after passaging is 

extremely low. It was decided not to passage primary kératinocytes and to 

use the initial cultures for all analyses.

If the cells were to be harvested then once trypsinized, they were 

added to L-15 medium, centrifuged and the pellet washed twice with PBS and 

frozen at -7000 until used for analyses.

2.3 Plasmid propagation and manipulation

2.3.1 Transformation of competent E.coli cells

Solutions

LB-Medium and LB-Agar

LB-Medium was prepared from capsules (Bio-Inc, USA). 5 capsules were 

placed in 200 ml of water. This was autoclaved. To prepare LB-Agar, 20 LB- 

Agar capsules were added to 500 ml of water and this was autoclaved. 

Ampicillin (50^g/ml) was added when the LB-Agar had cooled to -500C. The
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agar was then poured onto sterile (Bibby-Sterilin, UK) plates and allowed to 

set at room temperature and then placed in a 37^0 incubator to dry.

Transformation Buffer

10mM 2-(N-morpholino)ethananesulfonic acid (MBS) pH 6.3 

45mM MnCl2.4H20 

10mM CaCl2.2H20 

lOOmM KCI

3mM Hexamlnecobalt chloride 

SOB medium

SOB medium was prepared from capsules (BIO 101 INC, USA) as per 

manufacturers instructions. To 1 litre of water, 30 capsules were added and 

the resultant mixture autoclaved.

Method

A 10 ml culture of DH5a cells were grown overnight (no ampicillin 

added) in LB-medium. The next day, the OD of this culture was read at 

550nm using LB-medium as a blank. An OD of 0.6-0.8 is required before the 

cells can be used for transformation. If the culture had an OD more than this, it 

was diluted, by adding 2 ml of culture medium to 9 ml of LB-medium and 

grown for an additional hour at 370C, with vigorous shaking. The OD was 

then read again and when the required OD was obtained, the culture was 

incubated on ice for 10 mins (in Sterilin Universal bottles). Thereafter, the 

culture was centrifuged at 220g, at room temperature, for 10 mins and the 

supernatant discarded. The pellet was resuspended in 8 ml, ice-cold, 

transformation buffer. The culture was incubated on ice for a further 10 mins 

after which it was centrifuged at 220g, at room temperature, for 10 mins. The 

supernatant was removed and the bacterial pellet resuspended in 2 ml of
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transformation buffer. 200 /vis of the bacterial culture were then aliquoted out 

into 1.5 ml Eppendorf tubes. To each of the tubes except one, 2 ijg of DNA 

was added. A control tube was also set up into which no DNA was added. 

Samples were incubated on ice for half an hour and then at 42^0 for 90 secs, 

after which they were put back on ice. SOB medium (1ml) was added to 

Falcon tubes (12 ml round bottom polypropylene tubes with caps) and the 

transformed bacteria added to this. The culture was incubated at 37^C, with 

vigorous shaking for 1 hour. For each sample, 200 1̂ and 1 ml of the resultant 

culture was plated out onto LB-Agar plates, containing ampicillin (50/;g/ml). 

Also plated out was the control bacteria, containing no DNA, on LB-Agar 

plates with and without ampicillin.

To see if the transformation was successful, a single colony was picked 

and used to innoculate LB-Medium with ampicillin (50/yg/ml) and grown 

overnight at 3?0C. A small scale plasmid preparation (see section 2.3.2) was 

carried out and the resultant DNA analysed.

If the small scale preparation and analyses proved that the bacteria 

had been transformed, a glycerol stock of the bacteria was made. Glycerol 

stocks were made in 2 ml 'Lock-Safe' Eppendorf tubes by adding 1 ml of the 

culture containing the transformed bacteria to 1 ml of a solution of 30% (v/v) 

glycerol in LB-medium, and snap freezing the mixture in liquid nitrogen. The 

stock was then stored at -70^C until further use.

2.3.2 Small scale plasmid preparation and analysis

Small scale DNA preparations were made using the alkaline lysis 

method (modified from Sam brook et ai, (1989)), to check various CYP and 

FMO subclones provided by Prof. Ian Phillips at Queen Mary and Westfield 

College, London.
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Solutions:

Solution I

50mM glucose 

25mM Tris-HCI pH 8.0 

10mM EDTA, pH 8.0

Once prepared the solution was autoclaved and stored at 4^0

Solution II

0.2M NaOH 

1% SDS

Solution II was always prepared fresh.

Solution III

5M potassium acetate 60ml

glacial acetic acid 11.5ml

water 28.5ml

The resulting solution was 3M with respect to potassium and 5M with respect 

to acetate.

This solution was autoclaved and stored at 4°C.

TE buffer

10mM Tris-HCI, pH 8.0 

ImMEDTA, pH 8.0

The solution was autoclaved and stored at room temperature.

10 X TBE

0.45M Tris-borate 

0.01 M EDTA
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The solution was autoclaved and stored at room temperature.

Method:

The relevant glycerol stock was streaked onto LB-Agar plates 

containing Ampicillin (50^g/ml). The plates were incubated at 370C 

overnight. A single colony was picked and used to innoculate LB-medium 

also containing Ampicillin (50/;g/ml). The culture was incubated overnight at 

370c  with vigorous shaking. 1.5 ml of the culture was placed in a 2 ml 

Eppendorf tube and centrifuged at 12000g, at room temperature, for 30 secs. 

The remaining culture was stored at 40C. The supernatant was removed, 

leaving the bacterial pellet as dry as possible. This pellet was resuspended in 

100^1 of ice-cold Solution I. 200/;l of freshly prepared Solution II were added. 

The contents of the tube were mixed by inverting the tube rapidly five times 

and the tube was stored on ice for 5 mins. 150/vl of ice-cold Solution III were 

then added and contents vortexed for 10 secs. The tube was stored on ice for 

3-5 minutes, and then centrifuged at 12000g for 5 mins. The supernatant was 

transferred to a fresh tube and an equal volume of phenol (pH 8.0)/chloroform 

(1:1 (v/v)) added. The resultant mixture was vortexed and centrifuged at 

12000g, at room temperature, for 2 mins. The aqueous phase was transferred 

to a fresh tube and the DNA precipitated using 2 volumes of ethanol at room 

temperature. The mixture was allowed to stand for 2 mins and then 

centrifuged at 12000g, at room temperature, for 5 mins. The supernatant was 

removed and the pellet was washed with 70% ethanol. The pellet was 

dissolved in 50 1̂ of TE. The DNA was stored at -20^0.

2.3.3 Restriction enzyme digestion

To analyse plasmid DNA, restriction enzyme digestion was carried out. 

The restriction enzyme used depended upon the site in the polylinker of the
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vector that the fragment was cloned into. Generally, for restriction digests, 3- 

5/il of miniprep DNA was used. To this, an appropriate volume of 10X One- 

Phor-AII Buffer (Pharmacia Biotech, Sweden) , 1̂ 1 (10mg/ml) of RNase A 

(Boehringer Mannheim, Germany), 5-10 units of the restriction enzyme 

(Pharmacia Biotech, Sweden) and water, to 20;vl, was added . The digest 

was incubated at 370C for at least 2 hours. The fragments were visualized by 

electrophoresing the DNA in an agarose gel (% of which depended on the 

size of the fragment expected) containing ethidium bromide (0.5/yg/ml), using 

1XTBE as the running buffer and observing the gel under a UV 

transilluminator. The size of the fragment was determined by comparison to a 

molecular weight standard, 1kb ladder, (Gibco BRL, UK) which was also 

loaded on the gel.

2.3.4 Large scale (Maxi prep) of plasmid DNA

Large scale preparations of plasmid DNA were carried out using 

QIAGEN Plasmid kits (QIAGEN Inc, USA) and as per manufacturers 

instructions. A single bacterial colony was picked from the relevant plate, and 

inoculated into 200 ml of LB-medium containing ampicillin and allowed to 

grow overnight at 37^0, with shaking. The bacterial cells were harvested by 

centrifugation at 6000g using a Sorvall GSA rotor, at 4^0, for 15 mins. All 

traces of the supernatant were removed by inverting the open centrifuge tube, 

until all the medium was drained. The bacterial pellet was then resuspended 

in 10 ml of Buffer PI (containing RNase A). The resultant mixture was then 

transferred to plastic tubes and thereafter, 10 ml of Buffer P2 were added. The 

mixture was gently mixed by inverting the tube 2-3 times and incubated at 

room temperature for 5 mins. 10 ml of chilled Buffer P3 was then added and 

the solution mixed immediately but gently by inverting the tube 5-6 times. The 

mixture was then incubated on ice for 20 mins. Buffers P I, P2 and P3 were all
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provided with the kit. The solution was centrifuged at 20000g in a Sorvall 88- 

34 rotor at 40C, for 30 mins . The supernatant was then removed promptly 

and it was recentrifuged under the same conditions for a further 15 mins. The 

supernatant was removed and passed through a nylon gauze into a Sterilin 

tube. While centrifugation took place, the QIAGEN-tip 500 was equilibrated by 

applying 10 ml of Buffer QBT to the tip and allowing the column to empty by 

gravity flow. The supernatant was applied to the tip and entered the resin by 

gravity flow. The QIAGEN tip was then washed twice with 30 ml of Buffer QC. 

The DNA was eluted with 15 ml of Buffer OF and collected in a 30 ml glass 

Corex tube. Thereafter, the DNA was precipitated using 0.7 volumes of 

isopropanol and centrifuged immediately at 15000g in a Sorvall 88-34 rotor, 

at 40c, for 30 mins. The supernatant was carefully removed and the pellet 

washed briefly in 5 ml of 70% ethanol. The pellet was recentrifuged under the 

same conditions for 15 mins and the wash step repeated. After careful 

removal of the ethanol, the pellet was air-dried and resuspended in water. To 

determine the yield of DNA obtained, the DNA was diluted 1 in 100 and the 

OD read at 260 nm and its concentration determined using the equation 

below. The OD at 280 nm was also read to evaluate the protein:DNA ratio, 

which is usually around 1.8, for pure DNA.

Concentration of DNA (/vg/ml) = A26O X 50 X dilution factor.

2.3.5 Retrieval of DNA from Low Melting Point agarose gels

Solutions:

50 X TAE

2M Tris-acetate 

0.05M EDTA

The solution was autoclaved and stored at room temperature.
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3M Sodium acetate pH 5.2

The solution was stored at room temperature.

Method:

Low melting point agarose gels (% depending on the size of the 

fragment being isolated) were prepared using Ultra pure Low melting point 

agarose (Gibco BRL, UK) and TAE to a working dilution of 1X. The DNA was 

prepared and electrophoresed. The fragments were observed under a UV 

light source and once the required fragment was identified, it was excised 

from the gel and the slice placed in a 1.5 ml Eppendorf tube. Two different 

methods of extraction were used depending on the amount of DNA in the slice 

(as estimated from the intensity of the band under UV light). The first method 

was employed when a substantial amount of DNA was present in the gel 

slice.

This method involved the addition of 5 volumes of 20m M Tris-HCI/1mM 

EDTA (pH 8.0) to the slice. The slice was then incubated at 65^0 for 5 mins. 

The melted agarose was cooled to room temperature and an equal volume of 

phenol (pH 8.0) was added, and the solution vortexed for 20 secs. The 

samples were then centrifuged in a benchtop Eppendorf centrifuge, for 10 

mins, to recover the aqueous phase. This process was repeated for the 

following extractions, phenol/chloroform (1:1 (v/v)) and chloroform. The final 

aqueous phase was transferred to a clean Eppendorf tube. 0.2 volumes of 

10M ammonium acetate and 2 volumes of 100% ethanol (both at 4^0) were 

added. The tube was inverted several times and left at room temperature for 

10 mins. The DNA was recovered by centrifuging the samples at 6000g, at 

40c, for 20 mins in a refrigerated Eppendorf centrifuge. If no pellet was 

observed, the samples were centrifuged in a bench top Eppendorf centrifuge 

for a further 15 mins at room temperature. The pellet was washed in 70% 

ethanol and recentrifuged at room temperature for 10 mins, the ethanol
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removed and the pellet dried in a vacuum dessicator for 5-10 mins. The DNA 

was resuspended in a small volume (10^1) of sterile water.

The second method of DNA extraction involved the use of SPIN-X 

centrifuge filter units (Costar, USA). The gel slice was transferred to the top 

chamber of the unit and the tube then placed in liquid N2 for 2-3 minutes after 

which it was centrifuged, in a bench top Eppendorf centrifuge, for 10 mins at 

room temperature. This process was repeated twice. 100/yl of TE buffer were 

added to the top chamber. The tube was centrifuged as above for another 10 

mins. The top chamber was removed and 0.2 volumes 3M Sodium acetate 

(pH 5.2) and 2 volumes of 100% ethanol were added The DNA was 

precipitated overnight at -70°C. The pellet was obtained by centrifuging the 

samples for 15 mins after which the pellets were dried and resuspended in an 

appropriate volume of water.

2.3.6 Preparation of radlolabelled probes for northern and 

Southern blot hybridization analysis

Radioactive probes for both northern and Southern blot hybridization analysis 

were prepared using the random priming method (Feinberg and Vogelstein, 

1983)

Solutions:

10X Random primer buffer

600mM Tris-HCI, pH 7.8 

lOOmM MgCl2 
lOOmM p-mercaptoethanol
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5mM dNTP mix (dATP, dGTP and dTTP)

Obtained as stocks of lOOmM solutions of the individual dNTPs (Pharmacia 

Biotech, Sweden). The appropriate amount of each dNTP was diluted in 

water to give a final concentration of 5mM of each dNTP in the mix.

20mM Dithlothreltol (DTT)

DTT was obtained from BDH, UK as a powder and dissolved in the 

appropriate amount of sterile water to give a 20mM solution. The solution was 

aliquoted and stored at -2CPC until used.

Random primers

Random primers were purchased as a stock solution of 3.33mg/ml from Gibco 

BRL, UK and diluted in an appropriate volume of sterile water to give a final 

concentration of 75ng/^l. They were then aliquoted and stored at -2Q0C.

32p.[a]dC TP

The radioisotope with a specific activity of 3000 Ci/mmol, was obtained from 

NEN Dupont, Belgium.

Method:

The probe was prepared by combining the contents of Tube I and Tube II 

Tube I contained:

20m M DTT 9/i I

5mM dNTPs 2.4/il

10 X Random primer buffer 9/i I

32p.[a] dCTP 6̂ J\ = GOfvCi
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and

Tube II contained:

cDNA insert (in low melting point agarose) 100ng

Random primers 1.5jj\

Water to make up to a total volume of 90^1 after combining the contents of 

Tubes I and II.

Tube II was boiled for 5 mins, briefly centrifuged, and its contents were added 

to Tube I. Thereafter, 1/vl (6.435 units) of Klenow fragment (Pharmacia 

Biotech, UK) was added and the tube flicked, briefly centrifuged and placed at 

370c  for at least 3 hours.

2.3.6.1 Measurement of the specific activity of the probe

To determine if the probe was satisfactory for use in hybridization 

analysis, its specific activity in cpm//;g was measured. This was done by 

spotting 1̂ 1 of probe on each of two pieces of DE81 paper (Whatmann, USA). 

One piece was marked (using a pencil) 'probe' whereas the other was 

marked 'control'. The filter marked 'probe' was washed 6 times, for 2 mins 

each, with 0.5M Na2HP04, followed by 2 washes for 1 min each in water and 

finally a single wash in 95% ethanol. Both the 'control' and 'probe' filters were 

dried under an infra-red lamp for 1 min and placed in separate scintillation 

vials containing 1 ml of EcoScint™ scintillation fluid (National diagnostics, 

USA). The counts per minute (cpm) reading were obtained using a 

scintillation counter.

During random-primer labelling, there is net synthesis of DNA, while 

the initial DNA substrate remains unlabelled.
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% incorporation was calculated using the following formula;

cpm incorporated X 100

total cpm in sample

Probe yield = ng initial substrate DNA + ng DNA synthesised

As the average molecular weight of a nucleoside monophosphate in DNA is 

350, for a labelled nucleotide with a specific activity of 3000 Ci/mmol:

ng DNA synthesised = ^Ci incorporated X 0.35 X 4

3

The multiplication factor of 4 is included as there are four nucleotides, only 

one of which is labelled.

Once probe yield has been calculated, the specific activity can be determined: 

specific activity (dpm/)i;g) = total activity incorporated (dom)

probe yield {fjg)

where 1^Ci = 2.2 X 10® dpm.

Only probes having an activity of between lO^-IO^ dpm//yg were utilised for 

hybridization analyses.

Unincorporated nucleotides were removed by passing the probe 

through CHROMA SPIN columns (Clonetech, USA). The probe was stored at 

-2(PC until used.

Before use, the probe was boiled for 5 mins and then kept on ice until it 

was added to the hybridization solution (section 2.5.4).
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2.4 Isolation of total RNA

Three different RNA isolation protocols were employed in the extraction of 

RNA from either tissues or cultured cells. These were as follows;

2.4.1 Guanidine thiocyanate/iithlum chloride precipitation (Cathala 

etal., 1983)

Solutions:

Lysis Buffer

5M guanidine monothiocyanate 

lOmM EDTA, pH 8.0 

50mM Tris-HCI, pH 7.5 

8% (v/v) p-mercaptoethanol

The guanidine monothiocyanate (29.54g) was dissolved in 10 ml of water at 

500C. 2.5 ml of IM Tris-HCI was then added, followed by 1 ml of 0.5M EDTA, 

pH 8.0. The solution was made up to 50 ml with water and filter sterilised 

using a 0.22^m filter (Sartorius AG, Sweden). The 8-mercaptoethanol was 

added in a fume hood, just before use, to give a final concentration of 8% 

(v/v).

3M and 4M Lithium chloride solutions

LiCI was obtained from Sigma Chemical Co. and was of molecular biology 

grade. Stock solutions of 3M and 4M LiCI were prepared with water and 

autoclaved. These solutions were stored at 40C.
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RNA solubilisation buffer

0.1% (w/v) SDS 

ImM EDTA, pH 8.0 

10mM Tris-HCI, pH 7.5

RNA solubilisation buffer was prepared by mixing 1 ml of 10% (w/v) SDS, 200 

ml 0.5M EDTA, pH 8.0, 1 ml of IM  Tris-HCI, pH 7.5. The volume was made up 

to 100 ml using water. The solution was aliquoted, autoclaved and stored at 

room temperature.

Phenol, pH 6.0

Phenol (Fisons, UK) was thawed and aliquoted into “Blue Max” Falcon tubes. 

A buffering solution of 600//I of 0.5M EDTA, pH 8.0, 15 ml of IM  Tris-HCI, pH

7.5 and water to make 300mls, was prepared. An equal volume of this buffer 

was added to the phenol. The resultant solution was mixed thoroughly and 

left for phase separation. The aqueous phase was discarded. This procedure 

was repeated twice. The pH of the phenol phase was checked with indicator 

paper until It was 6.0. The final aqueous phase was then removed, the tubes 

covered in foil and stored at -20°C.

Chloroform:lsoamyl alcohol (lAA) 24:1 (v/v)

96 ml of chloroform was added to 4 ml of lAA. The tubes were covered in foil 

and stored at room temperature.

Saturated ammonium acetate solution

5g of ammonium acetate was dissolved in water. Additional salt was added 

until some remained undissolved. The resultant saturated solution was filter 

sterilised using 0.45/im filters (Sartorius AG, Sweden).
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Method:

All the glassware used in the RNA preparations was cleaned 

thoroughly, siliconized and autoclaved. Siliconization of glassware such as 

Corex tubes was carried out by pouring a solution of dimethyldichlorosilane 

(BDH, UK) into the tubes and immediately pouring out. The tubes were then 

thoroughly rinsed with distilled water.

Total cellular RNA was isolated by homogenising the cells in 5M 

guanidine monothiocyanate followed by direct precipitation of the RNA by 4M 

LiCI. Cells were homogenised in lysis Buffer; 7 ml buffer/ml packed cells or 

per gram of tissue. Tissues were homogenised using a Polytron type PT10 

OD homogeniser The samples were placed in sterile Corex tubes and the 

RNA precipitated overnight at 40C, by adding 4M LiCI (5 volumes;1 volume 

homogenate). The samples were centrifuged at 11000g at 4°C for 90 mins. 

Pellets were resuspended in 3M LiCI and centrifuged under the same 

conditions as above. To remove any excess proteins, the pellets were 

washed in 2M LiCI:4M Urea and centrifuged as above. The pellets from the 

second centrifugation were resuspended in 1-5 mis of solubilisation buffer by 

successive freezing and vortexing until they dissolved. The RNA was then 

extracted using phenol/chloroform (1:1), whereby, 1 volume of phenol, pH 6 

was added the mixture, vortexed, and then 1 volume of chloroform/IAA added, 

the sample vortexed and centrifuged at 200g, at room temperature for 8 mins. 

If the interphase did not pack well the sample was frozen at -20^C and 

thawed. The sample was centrifuged under the same conditions. The 

phenol/chloroform extraction procedure was repeated. The aqueous phase 

was transfered to a clean tube and RNA precipitated using 0.05 volumes of 

ammonium acetate and 2 volumes of absolute ethanol at -2(PC overnight or 

-70°C for 1 hour. The samples were centrifuged for 70 mins at lOOOOg, at 

-lO^C and the pellets air-dried. The RNA pellets were dissolved in an 

appropriate volume of sterile water and the concentration determined
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spectrophotometrically by measuring the absorbance at 260nm, using the 

formula;

Concentration (pg/ml) = A26O X 40 X dilution factor

The purity was determined by calculating the A26O/A28O (the ratio 

being between 1.8 and 2.0 for pure RNA samples). RNA integrity was 

checked by agarose/formaldehyde gel electrophoresis as described in 

section 2.5.1.

The above method was used to extract RNA from all tissue samples 

apart from whole skin. With whole skin, no RNA was obtained when this 

method was employed. Initially this method was used also for the extraction 

of RNA from cell pellets. Although RNA was obtained, the yield was very low. 

To maximise the yield from cell pellets the single tube Ultraspec™ (Biotex, 

USA) total RNA isolation kit was used.

2.4.2 Ultraspec^ RNA isolation kit

Where the amount of sample was limited, e g primary keratinocyte 

cultures or when no RNA was obtained using the guanidine thiocyanate/LiCI 

method, the Ultraspec™ RNA isolation system (Biotecx laboratories Inc., USA) 

was used.

For whole skin, 1 ml of Ultraspec was used per 100 mg of tissue, and 

the sample homogenised using a Polytron PT10 OD homogeniser. When the 

tissue had been frozen, it was homogenised directly in the Ultraspec solution. 

Primary kératinocytes were lysed directly in the tissue culture flask by adding 

1 ml of Ultraspec/35cm2 culturing surface. The cell lysate was passed several 

times through a pipette and aliquoted immediately into microfuge tubes.

Following homogenisation, the homogenate was stored for 5 mins on 

ice to permit the complete dissociation of nucleoprotein complexes. 200 ĵ\s of
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chloroform per 1 ml of Ultraspec was added. The samples were covered and 

vortexed for 15 secs, and placed on ice for a further 5 mins. They were 

centrifuged at 12000g, at 40C for 15 mins .

The aqueous phase was transferred to a fresh tube and an equal 

volume of isopropanol was added to each tube. The samples were placed on 

ice for 10 mins and centrifuged at 12000g at 4^0 for 5 mins. The supernatant 

was removed and the RNA pellet was washed once in 75% ethanol and 

centrifuged at 7500g, at 4^0 for 5 mins. The pellet was air-dried and 

dissolved in an appropriate amount of water at 40C. The RNA was aliquoted 

and stored at -80°C. RNA concentrations were determined by measuring the 

absorbance at 260nm.

2.4.3 Guanidine thiocyanate/guanidine hydrochloride extraction 

procedure (Chirgwin etal., 1979)

This method was used only for whole skin samples, the reasons for 

which are described in section 4.1.1.

Solutions

4M Guanidine monothiocyanate stock

This was prepared by mixing 50 g of guanidinium thiocyanate with 0.5 g of 

sodium N-lauroylsarcosine, 2.5 ml of 1M sodium citrate, pH 7.0, 0.7 ml of p- 

mercaptoethanol and 0.33 ml of 30% antifoam (BDH). Distilled water was 

added and the solution warmed and the pH adjusted to 7.0 with NaOH. The 

volume was made up to 100 ml at room temperature. The solution was made 

up in a fume cupboard and all equipment which came into contact with it was 

treated with dilute aqueous bleach.
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7.5M Guanidine hydrochioride soiution

A 7.5M solution was made up by mixing the appropriate amount of guanidine 

hydrochloride (Sigma biochemicals, UK) in water. The solution was 

neutralized to pH 7.0, buffered with 0.025vol of 1M sodium citrate, pH 7.0, 

made 5mM with respect to DTT and stored tightly closed at room temperature.

Method

Either fresh or frozen whole skin samples were used. 8mls of 

guanidine thiocyanate solution was used per 1 g of tissue. The tissue was 

homogenised using a Polytron PT10 OD homogeniser until no large lumps 

were observed. This process is very difficult as skin is an extremely fibrous 

tissue, and therefore, periods where the homogenate had to be cooled down 

were allowed before continuing with homogenisation. The homogenate was 

then centrifuged at 10000g, at lO^C for 10 mins.

To the supernatant, 0.025 volume (relative to the original volume) of 1M 

acetic acid and 0.75 volume of absolute ethanol were added. The resultant 

solution was vortexed and either stored overnight at -20^C or for an hour on 

dry-ice. The solution was then centrifuged at 8000g, at -lO^C for 10 mins. 

The supernatant was discarded and the pellet redissolved in 0.5 volume 

(relative to the original volume of the homogenate) of 7.5M guanidine 

hydrochloride. The solution was then transfered to 15 ml Falcon tube, a final 

concentration of 1% (w/v) SDS was added and then vortexed to mix. One 

volume of phenol, pH 6, was added, the sample vortexed, then 1 volume of 

chloroform/IAA (24:1 (v/v)) was added. The solution was mixed by vortexing 

and either left overnight at -20OC or for 1 hour on dry ice. The samples were 

centrifuged, after thawing, for 10 mins and the aqueous layer carefully 

removed and transfered to another fresh tube. The aqueous layer was 

reextracted with phenol/chloroform (1:1). To the final aqueous layer, 2
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volumes of ice-cold absolute ethanol were added in sterile Corex tubes and 

the RNA either precipitated overnight at -20^0 or for 1 hour on dry ice.

The precipitate was centrifuged at 10000g, at 4^0 for 15 mins. The 

ethanol was removed and the pellet washed in 1 ml of 80% ethanol. The RNA 

was centrifuged for 15 mins at lOOOOg at 4^0. The pellet was finally air-dried 

and resuspended in an appropriate volume of water. Another phenol 

extraction needed to be carried out for most of the whole skin samples. This 

consisted of first adding 1% (wA/) SDS (final concentration) followed by 1 

volume phenol, pH 6.0 and 1 volume chloroform/IAA. The samples were 

centrifuged to separate the phases. The aqueous layer was removed to a 

clean tube and RNA precipitated with 1/10 volume saturated ammonium 

acetate and 2 volume ethanol. Thereafter, the samples were centrifuged and 

washed as previously described. The concentration of RNA was determined 

by measuring the absorbance at 260nm.

2.5 Northern blotting and hybridization analysis

Solutions:

10 X MOPS/EDTA

0.2M 3-(N-morpholino) propanesulfonic acid (MOPS)

50mM sodium acetate 

lOmM EDTA, pH 8.0

The pH of the solution was adjusted to 7.0 using NaOH after which it was 

covered in foil and autoclaved. The solution was stored at room temperature.

Stock electrophoresis sample buffer (ESB)

0.73 ml formaldehyde 

2.25ml deionised form amide
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0.3 ml glycerol

0.24 ml 10% (w/v) bromophenol blue

0.45 ml 10 X MOPS/EDTA

10/yls ethidium bromide solution (lOmg/ml stock)

The sample buffer was filter sterilised through a 0.22/vm filter, aliquoted and 

stored at -20OC. 25/yls of this buffer was added to 5^ls of each sample prior to 

electrophoresis.

20 X SSPE

3M NaCI

0.2M sodium phosphate pH 7.4 

0.02M EDTA

The pH of the solution was adjusted to 7.4. It was autoclaved and stored at 

room temperature.

50 X Denhardt’s solution (Denhardt, 1966)

1% (w/v) Ficoll (Type 400-DL)

1% (w/v) Polyvinylpyrrolidine 

1% (w/v) BSA (Fraction V)

This solution was filter sterilised through a 0.22(jm filter and stored at -20°C.

Salmon sperm DNA

Salmon sperm DNA, Sigma type III sodium salt (Sigma Chemical Co., 

USA) was denatured as described in Sambrook et al., (1989). The DNA was 

dissolved in water to a final concentration of lOmg/ml and the solution stirred 

at room temperature to help the DNA to dissolve. The concentration of the 

NaCI was adjusted to 0.1M and the solution was extracted once with phenol 

and once with phenol/chloroform (1:1). The aqueous phase was recovered 

and the DNA sheared by passing it through a 17-gauge needle. The DNA
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was precipitated by adding 2 volumes of ice-cold absolute ethanol. It was 

then centrifuged to recover the DNA and redissolved to a final concentration 

of 10mg/ml. The absorbance at 260nm, was read and the concentration of the 

DNA determined using the formula in section 2.3.4. The solution was boiled 

for 10 mins, aliquoted and stored at -20°C.

Just before use, the solution was boiled for 5 mins and then chilled on 

ice and was used at a concentration of 100/vg/ml in prehybridization solutions 

and 200/vg/ml in hybridization solutions (section 2.5.4).

Deionised formamide

5 g of a mixed bed ion-exchange resin AG501-X8 (Bio-Rad Laboratories, 

USA) was added to every 100 ml of formamide solution. The solution was 

stirred for 1 hour at room temperature. The solution was filtered twice through 

3MM Whatman paper and once through a 0.45^m filter. It was aliquoted and 

stored at -2CPC.

Method:

2.5.1 Gei preparation

The gel was prepared using the method of Fourney at ai, (1988). 1- 

1.5g of agarose, 10 ml of 10XMOPS/EDTA and 87 ml autoclaved water were 

mixed in an autoclaved conical flask. The agarose was dissolved by heating 

the solution in a microwave oven, then cooled to 55°C and 5.1 ml of 37% 

formaldehyde was added, in a fume cupboard. The gel was poured into a 

sterile gel tray and allowed to set for 1 hour. Prior to loading, the wells were 

flushed by pipetting electrophoresis buffer in and out of the wells.
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2.5.2 Sample preparation and gel electrophoresis

RNA (10-30/yg) (for northern blot hybridization experiments) or 1/;g 

(when ascertaining RNA integrity), prepared using the methods described in 

section 2.4, was dissolved in a final concentration of 25mM EDTA and 0.1% 

(wA/) SDS, in a final volume of 5̂ 1. Where samples were dilute, the sample 

was lyophilised and dissolved in 5/vl of 25mM EDTA/ 0.1% (w/v) SDS. 25̂ 1 of 

ESB was added to each sample before heating at for 15 mins. The 

samples were then loaded on a denaturing agarose gel.

The samples were electrophoresed at 30V (using 1 X MOPS as the 

electrophoresis buffer) for gels having samples that were to be subsequently 

blotted or at 100V for gels electrophoresed to check the integrity of the RNA 

samples. The gels were electrophoresed until the bromophenol blue 

migrated -10  cm into the gel. RNA bands were visualised using a UV 

transilluminator and photographed using a Polaroid MP4 camera.

As molecular weight standards on gels to be used to prepare northern 

blots, ^̂ Jg of E  Coli total RNA was electrophoresed on the same gel. The 

E.Coli 23S and 16S rRNA served as molecular weight markers (2904bp and 

1541 bp respectively) together with the 28S and 18S rRNA present in 

eukaryotic cells i.e the samples (5.1 kb and 1.9kb respectively).

2.5.3 Northern blotting

The electrophoresed RNA was transferred and capillary blotted onto 

optimised Nylon (BDH, UK) as per the instructions provided by the 

manufacturers.

Prior to blotting, the membrane was soaked in the transfer solution 

(10XSSPE). The gel was rinsed twice with distilled water. 3 pieces of 3MM 

Whatman paper was placed on a glass plate, these serve as a wick to allow

102



the transfer by capillary action. The gel was placed on top of the wick, RNA 

side upwards. The membrane was placed on top of the gel followed by 5 

pieces of Whatman paper, cut to the size of the gel. Throughout the transfer, 

the paper on top of the gel was not allowed to come into contact with that 

below the gel. This was done by placing Saran Wrap around the sides of the 

gel. The glass plate, wick and gel assembly was placed in a trough 

containing transfer buffer. The wick of the filter paper dipped into the transfer 

buffer, this was done by raising the entire assembly on Petri-dishes. 6 sheets 

of Quick-Draw^ blotting paper (Sigma Chemical Co., USA) were placed 

upon the gel assembly, followed by another glass plate. A light weight was 

placed on top of the glass plate. The capillary action of the solution through 

the gel and up the Quick-Draw™ paper allows the solution to transfer the RNA 

molecules to the membrane. Transfer was allowed to occur between 3 hours 

to overnight. Following transfer, the well positions were marked on the filter, 

and the filter air-dried. The RNA was immobilized by baking the membrane at 

8(PC, followed by UV cross-linking using a UV-Stratalinker 1800 (Stratagene, 

USA). To ensure that all the RNA from the gel had been efficiently transferred, 

the gel was stained with 5^g/ml of ethidium bromide in 0.5M ammonium 

acetate and observed under a UV light source.

2.5.4 Prehybridization and hybridization of northern blots

Solutions:

Prehybridization solution

5 X SSPE

5 X Denhardt’s reagent 

lOO^g/ml Salmon sperm DNA 

50% (vA/) Deionised formamide
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2% (w/v) SDS

Prehybridization was carried out for at least 3-6 hours at 42PC

Hybridization solution

50% deionised formamide 

5 X Denhardt's solution 

5 X SSPE

200/yg/ml Salmon sperm DNA 

10% (w/v) dextran sulphate 

2% (w/v) SDS

After boiling the probe for 5 mins, it was added to the hybidization solution 

and hybridization was allowed to occur overnight at 42^0

2.5.5 Washes

After hybridization, washes were carried out as follows:

• 2 X SSPE/1% (w/v) SDS at room temp for 15 mins once

• 1 X SSPE/1% (w/v) SDS at room temp for 15 mins twice

• 0.1 X SSPE/ 1% (w/v) SDS at room temp for 15 mins once

• 0.1 X SSPE/1% (w/v) SDS at between 55-65°C once or twice depending 

on the background non-specific hybridization.

The blot was covered in Saran wrap and autoradiographed for a 

minimum of 24 hours at -80^0 with intensifying screens.
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2.6 RNase protection assay (RPA)

Solutions:

RPA loading buffer

9.7 ml deionised formamide 

0.1 g Ficoll

5 mg bromophenol blue 

5 mg xylene cyanol 

0.3 ml H2O

The loading buffer was filter sterilized using 0.22^m filters (Millipore, USA) 

aliquoted and stored at -20^C

Elution buffer

1.7 ml 7.5M ammonium acetate 

0.5 ml 0.5M EDTA, pH 8.0

1.3 ml 10% (w/v) SDS

20.3 ml H2O

The elution buffer was filter sterilized using 0.22^m filters (Millipore, USA) and 

stored at -20^0.

Hybridization buffer

80% deionised formamide

40mM PIPES (Piperazine-N,N'-bis[2-ethanesulfonic acid]), pH 6.5 

0.4M NaCI 

O.ImM EDTA

The hybridization buffer was filter sterilized using a 0.22/vm filter (Millipore, 

USA) and stored at -20OC.
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RNase solution

10mMTris-HCI, pH 7.5 

1mM EDTA, pH 8.0 

0.2M NaCI 

0.1M LiCI

The Ambion RNase cocktail (consisting of RNase A and T1 mix, 500U/ml and 

20,000U/ml respectively) was added at a dilution of 1 in 625. This solution 

was made up on the day of use.

3 5$ labelled Ikb ladder

1kb ladder was obtained from Gibco BRL and was labelled using a fill-in 

reaction and [a35s]-dATP (ICN Pharmaceuticals, USA). The reaction tube 

contained:

1^g 1Kb ladder

1X One-Phor-AII buffer (Pharmacia)

l̂J\ Klenow fragment (6.435units)

30^Ci [a35s]-dATP specific activity of 1000Ci/mmol 

0.4mM of each dGTP, dCTP and dTTP

The reaction mixture was incubated at 37°C for 30 mins thereafter 1̂ 1 0.5M 

EDTA was added and the tube heated to 65°C for 10 mins.

0.5iJ\ of this reaction was used and made up to 4̂ 1 with RPA loading buffer.

5 X rNTP mix

20//I rATP final concentration 2m M

20/il rUTP final concentration 2m M

20ij\ rGTP final concentration 2mM

1̂ 1 rCTP final concentration O.ImM

The mix was made up to 0̂0|J\ with H2O
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8 M Urea/6% Polyacrylamide gel

All gels for RPAs were cast using the Mighty Small apparatus (Hoeffer 

Scientific, USA). Either 0.5mm thick or 1 5mm thick gels were cast depending 

on whether they were to be used to purify the probe or to separate protected 

fragments.

Gels were prepared using the Sequagel™ Sequencing System 

(National Diagnostics, Atlanta USA). This consists of Sequagel Concentrate, 

Sequagel Diluent and Sequagel Buffer.

The following formula (as provided by the manufacturer) was used to 

calculate the volume of individual SequaGel components needed. All gels 

contained a final concentration of 8.3M urea and 1XTBE.

Vc=(Vtl(X) Vb=0.1(Vt)

25

Vd=Vt-(Vc + Vb)

where:

Vc = volume of Sequagel Concentrate to be used (ml)

Vb = volume of Sequagel Buffer to be used (ml)

Vd = volume of Sequagel Diluent to be used (ml)

Vt = Total volume of gel casting solution desired (ml)

X = % gel desired.

800/;l of 10% (w/v) ammonium persulfate and 40^1 of N, N, N', N’- 

Tetramethlyethylenediamine (TEMED) (Bio-Rad Laboratories, UK) was added 

for every 100 ml of gel casting solution.
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2.6.1 RNA transcription and transcript purification

The following constructs were used as RNase Protection probes for the 

CYPs. All listed CYP constructs were made previously by Dr C. Palmer in the 

laboratory of Prof. Ian Phillips.

1) pBS2A6(288) 288bp BamHI/Pst1 fragment cloned into pBluescript

2) pBS2B6(450) 150bp Hindi 11 subfragment cloned into pBluescript

3) pBS3A4(240) 240bp HindiIl/Saci fragment cloned into pBluescript

FMO constructs for RPA analysis were prepared by Dr. C. Dolphin in the 

laboratory of Prof Ian Phillips. They were as follows:

1)p8A1-6 FM01

2) PFM02/2/15 FM02

3) pBS form II FM03

4) 2A1L-2 FM04

5)p1C1/1b/C FM05

Antisense transcripts were transcribed from each construct using the 

promoter that lies at the 3* end of the cDNA (either T7 or T3) depending on the 

orientation of the insert in pBluescript.

Each construct was linearised by digestion with a restriction enzyme 

that digests the plasmid at the opposite end of the promoter being used to 

transcribe the probe.
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2 .6 .1 .1/n vitro transcription

The following were added to a RNase free 1.5 ml Eppendorf.

5/71 5 X Transcription buffer (Stratagene in vitro transcription kit)

(Stratagene, USA)

0.1/71 0.75mM DTT (Stratagene in vitro transcription kit)

5/71 5 X NTP mix

2.5/71 [a-32p] CTP (Amersham , UK) = 50/7CI specific activity of 800Ci/mmol 

0.5/7g linearised DNA 

1/7l RNAsin (Promega)

1/71 RNA polymerase (T3 or T7) = 10 units 

H2O to make the reaction volume up to 25/71.

The reaction mix was incubated at 370C for 30 mins.

The percentage of radioactive CTP incorporated into the probe was 

measured by spotting 0.5/71 of the reaction mixture onto DE81 paper 

(Whatman. USA) and washing it with 0.5M Na2HP04 to remove 

unincorporated nucleotides. The percentage incorporation was calculated as 

detailed in section 2.3.6.1.

2.6.1.2 DNase digestion

After transcription, 10 units of RNase-free DNase I (Stratagene) were 

added to the transcription reaction and the resultant mixture was incubated at 

370c  for 30 mins.

The RNA transcript was precipitated by adding 0.1 volume 3M Sodium 

acetate and 3 volumes of absolute ethanol and placing on dry ice for 30 mins.
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The precipitated probe was centrifuged for 5 mins, the supernatant removed 

and the pellet resuspended in 4/;l of RPA loading buffer.

The sample was heated at SO^C for 3 mins and thereafter loaded onto a pre

run, 0.5mm thick 8M Urea/6% polyacrylamide gel (Mighty small, Hoeffer 

USA). The sample was electrophoresed at 6W, until the bromophenol blue 

was 1 cm from the bottom of the gel.

The gel was exposed for 20 secs to an X-Ray film (Kodak X-OMAT, 

Eastman Kodak, USA) and the film developed immediately. The resultant 

band on the film, corresponding to the radiolabelled probe, was cut from the 

film, and the film used as a stencil to cut out the band from the gel. The gel 

fragment was placed into 1 ml of RNA elution buffer. The radiolabelled probe 

was eluted at 370C for 2 hours.

After elution, the elution buffer containing the RNA probe was divided 

into 2 aliquots of 500/vls each. RNA was precipitated with 2 volumes absolute 

ethanol, 20/vg tRNA and 0.2M NaCI, on dry ice for at least 30 mins. The 

sample was then centrifuged for 15 mins, the supernatant discarded and 

pellet resuspended in 200pls of Hybridization buffer.

The probe was counted once again by placing 2;vl into scintillation fluid 

and the cpm^/l calculated. The probe was then diluted to 1 X 10^cpm//yl with 

Hybridization buffer to prevent radiolysis and stored in aliquots at -20°C.

2.6.1.3 Hybridization

All hybridizations were performed in a reaction volume of 30/il. Two 

point assays were carried out for each RNA sample e g 5/vg and lOpg. To 

each sample tube, between 4X10^ - 1X10^ cpm of probe were added. Also 

added was tRNA to make up a final total RNA concentration of l^g/^l. A 

negative control hydridization containing only tRNA was also included. The
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hybridization mixtures were heated at BO^C for 10 mins before incubating 

them overnight at 45°C.

2.6.1.4 RNase digestion

350|yl of RNase solution was added to each tube. The tubes were 

incubated at 3CPC for 30 mins. The RNase digestion was stopped by adding 

10/yl of 10% (w/v) SDS and 10̂ j\ of proteinase K (20mg/ml, Ambion USA). 

The tubes were Incubated for 20 mins at 37^0.

2.6.1.5 Analysis of protected fragments

The digested samples were extracted once with phenol:chloroform 

(1:1; v/v) and RNA was precipitated with 3 volumes of absolute ethanol on dry 

ice for 30 mins. The samples were centrifuged at lOOOOg, at room 

temperature, for 10 mins, the ethanol discarded and pellets allowed to air dry.

Each sample was resuspended in 4fj\ of RPA loading buffer, heated at 

8CPC for 3 mins and loaded onto a pre-run 1.5mm thick BM Urea/6% 

polyacrylamide gel. Samples were electrophoresed at 6W per gel (when the 

mighty small apparatus was used) or 140V (when larger 10cm X 13cm 

Hoeffer apparatus was used), until the xylene cyanol was 1cm from the botton 

of the gel.

The gel was fixed in 10%(v/v) methanol, 10%(v/v) acetic acid for 30 

mins, rinsed in water and dried at BO^G under vacuum. The dried gel was 

exposed to autoradiographic film (Eastman Kodak, USA) ranging from 

overnight to 3 days depending on the signal intensity.
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2.6.1.6 Standard curve

To quantitatively determine the amount of a specific mRNA present In 

the samples, a standard curve was prepared on the same day as the samples. 

The standard curve consisted of various probe dilutions and was 

electrophoresed In an Identical manner to the digested samples.

The standard curve was exposed to the same X-ray film as were the 

samples and for an equivalent amount of time. Multiple exposures were 

made of both samples and standard curve to avoid errors caused by 

saturation of the film.

The resultant exposures were then analysed using an Imaging 

Densitometer (Bio-Rad, Model GS-670). The signal obtained from the 

standard curve was plotted graphically and the values obtained from the 

samples Interpolated against this curve.

2.6.1.7 Calculation of specific radioactivity of probe

The specific radioactivity of the riboprobe Is determined by the 

concentration of CTP and radionuclide In the transcription reaction mixture 

described In section 2.6.1.1.

1/yl of the reaction mix contains 2.5 pmoles of radioactive CTP and 20 

pmoles of non-radloactlve CTP. Therefore, the total amount of CTP In 1̂ 1 of 

reaction mixture Is 22.5 pmoles.

IpCI Is equivalent to 2.2 X 10® dpm, therefore, 50^CI Is equivalent to 1.1 X 

1 q8 dpm and 1̂ 1 of reaction mix Is equivalent to 4.4 X 10® dpm.

Therefore, 22.5pmoles of CTP = 4.4 X 10® dpm.

1 mole of CTP = 6.023 X 10^3 molecules (Avogadro's number).

Therefore, 22.5 pmoles of CTP has 1.36 X 10*^3 molecules of CTP. Thus, 1̂ 1 

of probe contains 1.36 X 10**3 molecules of CTP.
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The minimum limit of detection using RPAs was found to be 0.05 molecules of 

mRNA/cell.



On average, 25% of every probe has C residues, for example, an 

antisense probe of 169 nucleotides contains 42 0  residues. Using this 

example,

1 molecule of probe = 42 C residues

So, every Ipl of reaction mix contains 1.36 X 10‘>3/42 molecules of probe = 

3.23 X 10"! 1 molecules of probe.

As mentioned before 1̂ 1 = 4.4 X lO^dpm

therefore 3.23 X 10  ̂"(molecules of probe = 4.4 X lO^dpm.

This specific activity can be used to calculate the number of probe molecules 

protected In a RNase protection assay.

For example:

If a protected signal of SOOcpm was obtained In an RNase protection assay 

utilising 40^g of total RNA prepared from human liver. If the probe used was 

that above I.e 169 nucleotides long.

Then the number of molecules protected can be calculated:

(500 X 3.23 X 1011)/4.4 X 106 =3.67 X 10̂  molecules protected

This value may be related to the amount of tissue used In the assay by 

assuming a 5pg yield of RNA from each hepatocyte. Since AOjjg of RNA was 

used for the assay, this corresponds to 8 X 10^ cells.

Therefore the amount of protected molecules/cell = 4.6 molecules/cell.

2.7 In situ hybridization (Angerer efa/., 1987)

Solutions

Proteinase K soiution

Proteinase K (Ambion, USA) obtained as a solution of 20mg/ml was diluted to 

the required concentration In 0.1M TrIs-HCI, SOmM EDTA, pH 8.0.
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0.1 M Triethanolamine

Triethanolamine (BDH, UK) was obtained as a 7.5M solution, and diluted to 

0.1M with water.

The pH of this solution was adjusted to 8.0 with HCI.

Acetic anhydride

Acetic anhydride (Fisons, UK) was supplied as a 100% solution. It was used 

at a final concentration of 0.25% (v/v) in 0.1 M triethanolamine buffer.

20 X SSC

2M Sodium chloride 

0.3M Trisodium citrate

The pH of this solution was adjusted to 7.0 with HCI. Thereafter, it was 

autoclaved and stored at room temperature.

1 X STE

lOOmM NaCI 

20mM Tris-HCI, pH 7.5 

lOmM EDTA, pH 8.0

The solution was filter sterilised through a 0.22/ym filter and stored at room 

temperature.

In situ hybridization mix

(final concentrations given)

1.2M NaCI

20mM Tris-HCI, pH 7.5 

4mM EDTA, pH 8.0

2 X Denhardt's solution 

2mg/ml tRNA
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Final hybridization solution 

2 volumes hybridization mix 

2 volumes deionised formamide 

1 volume 50% (w/v) dextran sulfate 

1 X lO^cpm/ml probe

Method

2.7.1 Specimen preparation

All specimens were processed by the Histopathology Department, 

UCL, London. Tissue samples were fixed in formal saline solution for at least 

24 hours. The entire specimen processing was mechanised, taking 

approximately 14 hours, during which the tissues were dehydrated by 

increasing concentrations of alcohol (ethanol), infiltrated with xylene (a linking 

agent between the alcohol and the wax) and finally impregnated with wax. 

The tissues were embedded into metal moulds so that a cold wax block could 

be made. After the blocks cooled, they were taken out of their moulds and 

were ready to be cut.

2.7.2 Slide preparation, sectioning and mounting

All excess wax was removed with a blunt knife and the blocks placed in 

the chuck holder of the microtome. The surface of the tissue was revealed by 

"trimming in" the block on the blade of the microtome. After the block had 

been trimmed in, it was left to cool on an ice tray for 20-30 minutes before the 

5^m section cutting was carried out. After sections were cut, they were floated 

onto a 4CPC waterbath before being picked up onto a glass slide. All glass
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slides used were coated with Vectabond^^ (Vector Laboratories). The slides 

were drained and then placed in a 60^0 oven for 30 mins. The slides were 

then used for the various procedures described below.

2.7.3 Prehybridization treatments

All the following steps were carried out in standard glass slide carriers.

• The sections were deparaffinized by immersion in HistoClear (National 

Diagnostics, USA) twice for 5 mins each.

• Hydration of the sections by passing them through a graded series of 

ethanol concentrations (99, 99, 95, 80, 60, and 30%), 3 mins each, 

followed by rinsing them with distilled water twice.

Proteinase K digestion was carried out to maximize accessibility of the 

radiolabelled riboprobe to the target sequences within the tissues without 

causing loss of RNA from sections or deteriorating the morphology of the 

tissue. Proteinase K (20mg/ml) (Ambion Inc., USA) was diluted to various 

concentrations (1-200pg/ml) depending on the tissue and/or duration of 

fixation.

• In trial experiments, concentrations of 50 and 200pg/ml proteinase K were 

used in order to optimise the conditions. Before the digestion, the slides 

were incubated in Proteinase K buffer (0.1 M Tris-HCI, 50mM EDTA, pH 

8.0), at 370c  for 15 mins. Thereafter, Proteinase K digestion was carried 

out at 370c  for 30 mins.

• Following Proteinase K treatment, the slides were rinsed in water two 

times and then 0.1M triethanolamine, pH 8.0, for 5 mins each. The slide 

carrier was blotted onto paper towels to remove excess buffer. Undiluted 

acetic anhydride was added to an empty, dry staining dish into which the 

slide carrier was placed. Sufficient 0.1M triethanolamine was then added
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to give a final acetic anhydride concentration of 0.25% (v/v). The slides 

were incubated at room temperature for 10 mins in this solution. The

purpose of this step is to neutralise positive charges on the sections and

slides and thus reduce electrostatic binding of the probe.

• The slides were then rinsed briefly with 2 X SSC.

• The sections were dehydrated through increasing concentrations of

ethanol i.e the same series as before only in reverse order, for 2 mins 

each.

The slides were allowed to air-dry for 10-15mins, after which hybridization 

with the probe was carried out.

2.7.4 Probe preparation

Antisense RNA transcripts were prepared using the same method as that 

used to prepare RNase protection riboprobes (section 2.6.1.1).

5/yl 5X Transcription Buffer (Stratagene in vitro transcription kit)

0.1/il 0.75mM DTT 

5/yl 5X NTP mix*

1/yl RNAsin (Promega)

O.Sfjg linearised template DNA

78/iCi [a-35s] UTP (NEN Dupont) specific activity 1250Ci/mmol 

1 /il T3 or T7 RNA polymerase (10 units)

Water to make up to 25/il

• 5X NTP mix 

2mM ATP 

O.ImM UTP 

2m M GTP

2mM CTP
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The reaction mixture was incubated at 37°C for 30 mins.

0.5/yl was spotted, washed and read to calculate the amount of 

incorporation of the probe (see section 2.3.6.1). The remaining mixture was 

incubated with 1pl (10 units) of RNAse free DNAse for 30 mins.

The labelled riboprobe was precipitated with 0.1 volumes of 3M sodium 

acetate and 3 volumes of absolute ethanol on dry ice for 10 mins, followed by 

centrifugation at 12000g, at room temperature for 10 mins. The supernatant 

was discarded and pellet washed with 80% ethanol and centrifuged for a 

further 5 mins. The supernatant was discarded and the pellet dried.

The pellet was resuspended in 1 X STE (lOOpIs) and stored at -20°C. 

Usually, the probe was used on the same day it was prepared or on the next 

day.

2.7.5 Hybridization

Before hybridization, the total amount of hybridization solution (for both 

sense and antisense probes) to be used was calculated.

Slide number X 200pls = total amount of hybrization solution required

The total amount of hybridization solution was then divided into two 

and the appropriate amount of each probe solution (sense or antisense) 

added to give a final concentration of probe to be 1 X lO^cpm/pl. The solution 

containing the probes was heated at SO^C. for 30 secs and then kept at 55°C. 

DTT was added to the heated probe mixtures to give a final concentration of 

SOmM.

200pls of probe mixture was pipetted onto each slide and covered with 

Nesco® film. The slides were transferred to a moist chamber and hybridized 

overnight at SS^C.
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2.7.6 Post-hybridization washes

Solutions

RNA wash solution 1(800 ml)

400 ml Formamide

40 ml 2 OX SSC

800 pis 8-mercaptoethanol

Water to make up 800 ml

The solution was warmed and kept at 55^C

RNA wash soiution il (400 mi)

2 ml 20 X SSC

400pls 8-mercaptoethanol

Water to make up 400 ml

The solution was warmed and kept at SS^C.

RNase solution (200 mi)

20 ml 5M NaCI

2 ml 1M Tris-HCI, pH 8.0

320pls RNase cocktail (Ambion Inc., USA)

Water to make up 200 ml

The solution was warmed and kept at 37°C

0.6M NaCI/30% (v/v) ethanol (200 ml)

7.01 g NaCI

200 ml 30% (v/v) ethanol
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0 .6M NaCi/60% (vAr) ethanol (200 ml)

7.01 g NaCI

200 ml 60% (v/v) ethanol

After hybridization, the slides were rinsed with 2XSSC, at room

temperature. The slides were transfered to slide holders and rinsed with fresh

2 X SSC, at room temperature for 15 mins.

• The slides were washed twice with RNA wash solution I at SS^C for 15 

mins each.

• Thereafter, the slides were incubated with RNase solution at 370C for 30 

mins.

• After RNase digestion, the sections were washed twice with RNA wash 

solution I at 550C, for 15 mins each.

• This wash was followed by two washes with RNA wash solution II at 55°C, 

for 15 mins each.

• The slides were dehydrated for 2 mins each in the following sequence of 

graded alcohols;

0.6M NaCI/30% ethanol 

0.6M NaCI/60% ethanol 

80% ethanol 

95% ethanol 

100% ethanol

The slides were air-dried for approximately 1 hour before being coated with

emulsion.
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2.7.7 Autoradiography

The NTB-2 emulsion (Eastman KODAK, USA) is insensitive to standard 

darkroom lighting, such as a safelight equipped with a Wratten red No.1 filter. 

However, whenever possible, procedures, such as drying, were carried out in 

absolute darkness.

When emulsion was received, it was melted in a 45^0 water bath, and mixed, 

1:1, with prewarmed 0.6M ammonium acetate.

It was stored in 10-20ml aliquots at 4^0, under light-tight conditions. 

When ready to dip slides, an aliquot of emulsion was removed and warmed to 

45^0 for 30-40mins in a water bath set up in the darkroom. The emulsion 

was carefully poured into a dipping chamber and the slides slowly and evenly 

immersed 1-2 times in the emulsion.

The slides were blotted onto paper towels to remove excess emulsion 

and allowed to dry for 45 mins while standing on their ends. The slides were 

then transfered to light-tight slide boxes along with desiccant wrapped in 

tissue paper, placed into another box and stored at 4^0 for 1-4 weeks.

2.7.8 Development

The box containing the slides was removed from the refrigerator and 

allowed to come to room temperature (-30-45 mins).

The slides were transferred to a glass slide holder in the darkroom and 

developed for 2 mins in KODAK Dektol developer stock solution made into a 

working solution by diluting 1 ;1 with water. The reaction was stopped with 

distilled water for 30 secs and the slides fixed with KODAK Fixer, used at full 

strength for 5 mins. The slides were then rinsed in water for 5 mins.

From here on, the slides could be handled in the light.
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Slides were counterstained with hematoxylin for 5 mins and rinsed well 

with tap water. The slides were then dipped into 'blueing solution' (1% (v/v) 

acetic acid) for 10 secs after which they were washed under tap water for 5 

mins. To stain the cytosol, the slides were stained with eosin for 5 mins. After 

staining with eosin, the slides were rinsed thoroughly with tap water, 

dehydrated in a graded series of ethanol (30%, 60%, 70%, 90% and 100%) 

and cleared two times in HistoClear for 3 mins each. The slides were then 

mounted using Histomount™ (National Diagnostics), covered with a coverslip 

and viewed under a light microscope.

2.8 Isolation of proteins from ceii peiiets derived from HaCaT ceii 

cuitures and primary keratinocyte cuitures

Various different methods were used to isolate proteins from the cell 

pellets. The final method used was one that gave maximal yield of protein. 

The details of the different isolation methods used are detailed below.

In initial experiments, whole cell homogenates were obtained by 

homogenising a cell pellet in an equal volume of homogenisation buffer 

(lOmM sodium phosphate buffer, pH 7.25, ImM EDTA, and 20% (v/v) 

glycerol). Phenylmethylsulfonyl fluoride (PMSF) was added to this buffer to 

give a final concentration of 4mM. Cells were homogenized using a glass- 

glass homogenizer.

The main drawback of this method was that upon addition of the SDS- 

PAGE loading buffer, nuclei were broken open and the DMA within them 

liberated leading to the sample becoming highly viscous. To reduce viscosity, 

the sample was passed a few times through a 19 gauge syringe needle. This 

however resulted in considerable loss of sample.

A second method was then tried so as to eliminate the DMA from the 

sample (Demlehner et al., 1995). This entailed the use of a cell lysis buffer
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consisting of 15mM Tris-HCI, pH 7.5, 2% (w/v) SDS, 8M Urea, 10mg/ml 

ieupeptin, 10mg/ml aprotinin and 1mM PMSF. The cell pellet was 

homogenised in an equal volume of buffer, using a glass-glass homogenizer. 

The homogenate was then diluted five times with 15mM Tris-HCI, pH 7.5 and 

cleared of DNA by methanol/chloroform/water extraction (Wessel and Flugge, 

1984). The extraction was carried out by adding 400^ls of methanol to 100^1 

of protein sample. The samples were centrifuged at 9000g at room 

temperature for 10 secs. lOO^Is of chloroform was added and the samples 

vortexed and recentrifuged under the same conditions. For phase separation, 

300/;ls of water was added and the samples vortexed and centrifuged at 

9000g, at room temperature for 1 min. The upper phase was removed and 

discarded. A further 300^ls of methanol was added to the rest of the lower 

chloroform phase and the interphase consisting of the precipitated protein. 

The samples were mixed and centrifuged at 9000g, at room temperature for 2 

mins, to pellet the protein. The supernatant was removed and the protein 

pellet dried. The pellets of protein were resuspended in 2% (w/v) SDS. This 

method was also found to be unsatisfactory because resuspension of the 

pellet was extremely difficult and when frozen the previously resuspended 

protein became insoluble upon thawing.

The third method tried used the principle of trying to break open as 

many of the cells as possible and the elimination of DNA from the resultant 

extract. To do this two different methods of cell lysis were used after the cells 

had been resuspended in an equal volume of homogenisation buffer (lOmM 

sodium phosphate buffer, pH 7.25, ImM EDTA, and 20% (v/v) Glycerol). 

PMSF was added to this buffer to give a final concentration of 4mM)

i) sonication; This was done in bursts of 4 secs, 4 times at an 

amplitude of 6 with a rest period of between 10-20 seconds between 

each burst. Sonication was carried out on ice.
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ii) glass beads: 2 volumes of glass beads were added to the 

resuspended cells and the tube vortexed for a few seconds.

To eliminate DNA, samples from each of the above two methods was taken 

and a solution of 10% (w/v) Protamine sulfate (Sigma Aldrich, UK), dissolved 

in water, was added to give a final concentration of 2.5% (w/v). The samples 

were then stirred at 4^0 for 30 minutes followed by centrifugation in a bench- 

top Eppendorf centrifuge at room temperature for 10 mins.

To compare if the addition of protamine sulfate made any difference to 

the proteins obtained, samples from both the sonication and glass beads lysis 

methods were also analysed.

2.8.1 Preparation of microsomes from whole skin samples

Solutions

Sucrose Buffer (pH 6.8)

85.57g/I Sucrose

1.8g/l Tris

37.2g/l EDTA

The pH was adjusted to 6.8 with glacial acetic acid and the solution stored at 

40C.

Microsomal resuspension buffer

0.154M Potassium chloride

lOmM N-2-hydroxyethylpiperazine-N-2-ethane sulphonic acid (HEPES), pH

7.5

ImM EDTA 

20% (v/v) glycerol
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Method

Whole skin samples were obtained from the Stephen Kirby Skin Bank, 

Queen Marys University Hospital, Roehampton. The skin provided was 

usually from breast reduction surgery and occasionally from 

abdominoplasties. For microsome preparation, full thickness skin was used. 

If the skin had been frozen, it was thawed out by defrosting it in sucrose buffer, 

at 370c.

The skin was thoroughly rid of all subcutaneous fat and blood before 

being minced. This removal of fat was essential to obtain a maximal yield of 

microsomes as well as providing ease in homogenisation. Larger pieces of 

skin were chopped into smaller pieces on a Petri-dish containing ice to 

ensure that the sample remained cold. The pieces were finely cut and 

transferred into 5 ml of sucrose buffer for homogenisation.

The sample was homogenised, in 20 sec bursts and periodically 

placed on ice. The homogenisation was carried out at least 6-7 times. The 

sample was then put through a nylon mesh and all the liquid was squeezed 

out into a beaker. The unhomogenized and coarse bits of remaining tissue 

were discarded into formalin for disposal. The sample was centrifuged at 

10000g in a Sorval SS-34 rotor at 40C, for 20 mins. The mitochondrial pellet 

obtained after the first spin was discarded and the supernatant transferred to

26.3 ml polycarbonate Beckman centrifuge bottles (with screw caps). Care 

was taken not to disturb the floating fat during the transfer of the supernatant. 

The supernatant was centrifuged in a Beckmann ultracentrifuge L7 at 

10OOOOg in a 70Ti rotor at 4^0 for 90 mins.

After centrifugation, the supernatant (cytosol) was removed and the 

pellet (microsomes) washed with sucrose buffer. The pellet was scraped off 

the tube and placed in a glass-glass homogenizer and an appropriate amount 

of microsomal resuspension buffer added. Once resuspended, the 

microsomes were aliquoted and stored at -70^0 until used for enzyme activity

125



assays or for western blotting. The cytosol was also aliquoted and kept at 

-7Q0C for use in the above mentioned assays.

2.9 Determination of protein content

Protein content was determined by the method of Lowry etai, (1951).

Reagent A

(i) 2% (w/v) potassium sodium tartrate

(ii) 1% (w/v) copper sulphate

(iii) 2% (w/v) sodium carbonate in 0.1 M NaOH (prepared fresh) 

Reagents (i) and (ii) were mixed first and then reagent (iii) added in a ratio of 

1:1:100 (v/v/v) respectively.

Reagent B

Folin Ciocalteau reagent was diluted 1:1.5 (v/v) with water.

To every 0.2 ml of sample, 1 ml of reagent A was added. The samples 

vortexed and after 20 mins, 0.1ml of reagent B added. The tubes were mixed 

immediately and left for 45 mins in the dark. The absorbance of each sample 

was read at 700nm.

Standard protein dilutions were prepared from a stock solution of Bovine 

Serum Albumin (BSA).

2.10 Western Blotting

Solutions:

2 X Protein ioading buffer

1% (w/v) SDS 

lOmM EDTA
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" l̂OrnM Sodium phosphate buffer, pH 7.25

1 % (v/v) R-mercaptoethanol

15% (v/v) glycerol

0.01% (w/v) bromophenol blue

4mM PMSF

The buffer was filter sterilized using 0.22/ym filter, aliquoted and stored at 

-20OC.

t  Sodium phosphate buffer was made up by mixing IM Na^HPO^ with 1M NaHgPO^ until the required pH 

was obtained. This gave a 1M solution of the buffer. This was diluted to the required working 

concentration.

4 X Buffer pH 8.8

1.5M Tris 

0.4% (w/v) SDS

The solution was made up to a pH of 8.8 with HCI, autoclaved and stored at 

room temperature.

4 X Buffer pH 6.8

0.5M Tris 

0.4% (w/v) SDS

The buffer was made up to a pH of 6.8 with HCI, autoclaved and stored at 

room temperature.

SDS-PAGE gel running buffer

0.025M Tris 

0.192M Glycine 

0.1% (w/v) SDS

The running buffer was prepared just before use.
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Transfer/Blotting buffer

0.025M Tris 

0.192M Glycine 

20% (v/v) methanol

The transfer/blotting buffer was prepared fresh.

Coomassie brilliant blue stain

0.2% (w/v) Brilliant blue 6 

10% (v/v) glacial acetic acid 

45% (v/v) methanol 

45% (v/v) water

The solution was filtered through 3MM Whatmann paper and stored at room 

temperature.

Destalning solution

10% (v/v) glacial acetic acid 

45% (v/v) methanol 

45% (v/v) water

The solution was stored at room temperature.

Method:

2.10.1 SDS-Poiyacryiamide gel preparation

Varying volumes of Protogel (37.5:1, aery lam Ide to bisacrylamlde 

stabilised solution, National Diagnostics, USA) and water were mixed to 

obtain a gel having the required percentage of acrylamlde. Generally the 

volume of Protogel required for gel casting solutions of any volume and 

acrylamlde concentration was calculated using the formula below:
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vp=mo/ti
30

where, Vp= Volume of Protogel to be used (ml)

X = % acrylamlde desired in gel

Vt = Total volume of gel casting solution desired (ml).

1 ml of 10% (w/v) ammonium persulfate and 0.1 ml of TEMED was added for 

every 100 ml of gel casting solution.

Separating gels of 7, 10 and 13% acrylamlde concentrations were 

used depending on the protein to be analysed, whereas stacking gels were 

always at 3% acrylamlde concentration. The gels were set in a Bio-Rad 

Protean II gel casting apparatus. Either 1.5 mm or 0.75 mm combs and 

spacers were used, however, the 0.75 mm combs and spacers when used 

resulted in the detection of stronger bands when the western blot was probed 

with the relevant antibody. These bands tended to be blurred. The separating 

gels were set first and overlaid with 0.1% (w/v) SDS and allowed to set for at 

least 3 hours. The overlay was poured off and the stacking gel poured and 

allowed to set for at least 3 hours.

Prior to electrophoresis, the wells were flushed with running buffer to 

wash off any unpolymerized acrylamlde.

2.10.2 Sample preparation and gel electrophoresis

Samples were prepared by adding an equal volume of 2 X protein 

loading buffer and boiling the resultant mixture for 3 minutes. p- 

mercaptoethanol was then introduced (1/yl for every 10̂ 1 of sample containing 

protein loading buffer). The samples were centrifuged for 3 mins to remove 

any undissolved material prior to loading them on the gel.
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The gel was electrophored at 25 mA/gel to stack the proteins and the 

current increased to 35 mA/gel to separate them. The proteins were 

electrophoresed until the blue dye was 1cm from the bottom of the gel.

2.10.3 Visualisation of proteins

To visualise the integrity of the proteins extracted, the gel was stained 

for at least 30 mins and not more than 3 hours, using Coomassie brilliant blue 

stain, following which it was destained until the blue background faded 

completely.

2.10.4 Antigen detection

Solutions:

10 X TBS

200mM Tris 

5M NaCI

The pH of this solution was adjusted to 7.5 with HCI,. The solution was 

autoclaved and stored at room temperature.

1 X TTBS

1 XTBS

0.1% (v/v) Tween 20

100^1 of Tween 20 were used for every 100 ml of 1 X TBS 

This solution was prepared on the day of use.
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Blocking solutions

3% (w/v) gelatin In 1 X TBS

The gelatin was dissolved in 1 X TBS by heating. The resultant solution was 

cooled to 370c  before use.

OR

0.2% (w/v) I - Block (TROPIX Inc, USA) in 1 X TBS

The I - Block was heated until dissolved. The solution was cooled to room 

temperature after which 0.1% (v/v) Tween 20 was added.

Method:

2.10.4.1 Transfer of Proteins

Proteins from SDS-PAGE gels were transferred onto supported 

nitrocellulose filters (BDH, UK). The gel apparatus was dismantled and the 

gel placed on the filter. Any bubbles between the gel and filter were removed 

by running a pipette gently over the gel. The gel and filter were then 

sandwiched between 3MM Whatman paper and blotting pads (all previously 

soaked in transfer buffer). This sandwich was placed in a blotting cassette 

which in turn was placed in a blotting tank (Bio-Rad, UK), with the filter facing 

the anode and the gel facing the cathode. Transfer was allowed to take place 

overnight at a constant current of 100mA. Thereafter, the current was turned 

up to 200mA for 1 hour to immobilize the proteins onto the filter.

2.10.4.2 Antigen detection

Antigen detection was performed using two different detection systems:

a) Colour development
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b) Chemiluminescence

The Bio-Rad alkaline phosphatase (AP) or horseradish peroxidase 

(MRP) colour development kits were used depending on the nature of the 

secondary antibody. Certain secondary antibodies were only available as 

conjugates of alkaline phosphatase. The AP colour development kit is also 

known to be more sensitive in terms of visualisation of the antigen antibody 

complex.

Chemiluminescence was used when a higher degree of sensitivity was 

required, such as the detection of very low amounts of CYPs in the HaCaT 

cells or primary human kératinocytes. This method of detection was carried 

out using either the HRP luminescent visualisation system (National 

Diagnostics. USA) or the Western-Sfar ™ chemiluminescent detection system 

(TROPIX Inc., USA). The latter system was used with AP conjugated 

secondary antibodies. Both methods were carried out according to the 

manufacturers' instructions and are very similar apart from the actual 

visualisation step. Briefly, the filter was immersed in blocking solution and 

allowed to incubate for at least 1 hour. The filter was washed in 1XTTBS for 

10 mins, followed by incubation at room temperature (with shaking), for 2 

hours with the primary antibody. The primary antibody solution was removed 

and the filter washed twice for 10 mins with 1 XTTBS. Thereafter, the 

secondary antibody having the AP conjugate (or HRP conjugate), which was 

diluted according to the manufacturers instructions in blocking buffer, was 

added and the filter allowed to incubate with the conjugate for 1 hour. The 

conjugate solution was removed and the filter washed twice with 1 XTTBS for 

10 mins each, followed by a 5 mins wash with 1 X TBS.

Colour development was carried out using chromogenic solutions 

provided in the kit i.efor the AP, 5-bromo-4-chloro-3-indoyl phosphate (BCIP) 

and nitroblue 1-naphthol (NBT). For the HRP, 4-chloro-1-naphthol and
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hydrogen peroxide were used as per the manufacturers instructions. The 

colour development was stopped by immersing the filter in distilled water.

Chemiluminescent visualisation of antigens was also carried out as per 

the manufacturers instructions and the proteins visualised using X-ray film.

The substrate for the HRP chemiluminescent reaction is luminol. HRP in the 

presence of hydrogen peroxide converts luminol to a product which emits 

light. The substrate for the Western-Sfar Chemiluminescent Detection 

System is CDP-Sfar ™, which is a chemiluminescent substrate for alkaline 

phosphatase.

Those blots that were probed and detected using the chemilumiscent 

substates could be stripped and reprobed with another antibody.

Stripping soiution:

62.5mM Tris-HCI, pH 6.8

2% (w/v) SDS

lOOmM B- mercaptoethanol

The blot was incubated for 30 mins at 7Q0C in the stripping buffer. It 

was washed three times with 1 XTTBS for 5 mins each. To verify the removal 

of the previous antibodies, the detection protocol was repeated, but this time 

omitting the primary antibody incubation. Complete removal of antibodies 

was confirmed by the absence of an image on the film.

2.11 Immunohistochemistry (IHC)

IHC was carried out on both formaldehyde fixed sections of human 

tissues and primary kératinocytes cultured on glass coverslips.
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2.11.1 IHC background and procedure

IHC was carried out using the VECTASTAIN Elite ABC Kit (Vector 

Laboratories, USA). This method relies on the high affinity with which avidin 

binds four molecules of biotin. Activated esters of biotin will react with primary 

amines (lysine residues) to form stable amide bonds and can therefore be 

used to biotinylate lysine-containing antibody molecules. Biotinyiation of 

primary antibodies can reduce antigen-binding capacity. This problem is 

circumvented by biotinylating a secondary antibody specific for the primary. 

The avidin-biotin complex or ABC method requires the use of 3 reagents, 

unlabelled primary antibody, biotinylated secondary antibody specific for the 

primary and a preformed complex of peroxidase-conjugated biotin and avidin 

(ABC) The ABC reagent is prepared fresh and allowed to form at room 

temperature before being applied to the tissue sections containing unlabeled 

primary and biotinylated secondary antibodies. The great sensitvity of this 

detection method relies on the formation of the macromolecular ABC complex, 

which contains multiple biotinylated enzyme molecules per avidin molecule. 

This preformed complex then reacts with free biotin residues on the 

secondary antibody, thereby introducing multiple enzyme molecules per 

primary antibody.

Human tissue sections were prepared as described in section 2.7.1 

and 2.7.2. Cells were cultured on coverslips using the same media as 

described in section 2.2.2. The only difference being the treatment of the 

coverslips with 70% ethanol before plating the cells out. The coverslips were 

placed in 24 well tissue culture plastic plates (NUNC, USA). Until attachment 

of cells took place, the cells were cultured in KGM containing 10% foetal calf 

serum, thereafter they were cultured in serum free KGM. The medium was
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changed after every 3 days. IHC was carried out when the cells were about 

70-80% confluent.

2.11.2 IHC on cultured cells

Cells were washed three times with phosphate buffered saline (PBS) 

and then fixed. Two different methods for fixation were used to ascertain the 

most effective method for the kératinocytes. Cells were fixed with either ice- 

cold methanol or with an ice-cold mixture of chloroform/acetone (1 ;1 ; v/v). 

Methanol fixation was done for 3 mins, whereas the chloroform/acetone 

fixation was carried out for 5 mins. When the latter method was used, the 

coverslips had to be removed from the multiwell plates to be fixed. Upon 

fixation, the cells were washed thoroughly with PBS and in the case of the 

chloroform/acetone fixation method the coverslips could then be placed back 

into the multiwell plates. Endogenous peroxidase activity was quenched by 

incubating the cells with 0.3% (v/v) H2O2 in water, for 30 mins. The cells were 

then washed with PBS for 5 mins followed by incubation with diluted normal 

blocking serum (180pls in 12 ml of PBS) for 20 mins. Blocking serum was 

prepared from the species in which the secondary antibody was made. The 

samples were then washed once with PBS and incubated with the relevant 

primary antibody for 30 mins. The samples were washed once with PBS for 5 

mins and incubated with the appropriate biotinylated secondary antibody 

solution (30^ls of biotinylated secondary antibody from kit in 6 ml of PBS). 

The sections were washed once with PBS for 5 mins and incubated with 

VECTASTAIN Elite ABC reagent. The VECTASTAIN Elite ABC reagent was 

prepared half an hour before use by adding 2 drops of Reagent A to 5mls of 

PBS, mixing the resultant solution, then adding 2 drops of Reagent B and 

mixing again. Reagents A and B are provided with the kit. The samples were 

washed once again for 5 mins with PBS and then incubated for 2-10 mins in
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peroxidase substrate solution. 2 different types of substrates were used. 

These were DIamlnobenzldlne (DAB) substrate (part of the DAB substrate kit 

for peroxidase) and VECTOR® VIP substrate (part of the VECTOR® VIP 

substrate kit for peroxidase). The substrates were prepared as follows;

DAB substrate:

DAB Is a chromogen. In IHC reactions, the HRP forms a complex with its 

substrate H2O2, which oxidizes DAB to produce the end product of the 

reaction, a coloured molecule and water. DAB yields a reddish brown stain.

The substrate was prepared by adding 2 drops of Buffer Stock Solution 

(provided In kit) to 5 ml of distilled water and the solution mixed well. 4 drops 

of DAB Stock Solution were added and the solution mixed again. Thereafter, 

2 drops of Hydrogen Peroxide Solution were added and the solution mixed. 

The samples were Incubated with this solution until suitable staining 

developed, monitored by observing the colour reaction under a light 

microscope. The reaction was stopped by washing the sections or cells with 

distilled water for 5 mins.

VECTOR® VIP substrate:

The VECTOR® VIP substrate produces a produces a purple reaction product. 

The substrate was prepared by adding 3 drops of Reagent 1 to 5 ml of PBS 

and the solution mixed. 3 drops each of Reagents 2 and 3 were added, with 

mixing In between each addition. Lastly, 3 drops of hydrogen peroxide were 

added and the final solution mixed.

The samples were Incubated with this substrate until a suitable level of 

staining was achieved (generally 2-15 minutes). The colour development 

was stopped by washing the samples with distilled water for 5 mins. After 

Incubation with substrate, the coverslips were mounted onto glass slides
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using HISTOMOUNT (National Diagnostics, USA). The slides were then 

observed under the microscope and photographed.

2.11.3 IHC on paraformaldehyde fixed tissue sections

The method employed is a modified version of that recommended by 

the manufacturer (Vector Laboratories, USA). For sections of human skin 

tissue, the procedure was essentially identical except for the treatment before 

the incubation with the hydrogen peroxide. The sections were first dewaxed 

using HistoClear (National Diagnostics, USA). This was carried out two times 

for 5 mins each. Thereafter the sections were rehydrated, twice with 100% 

ethanol, for 3 mins each, twice with 95% ethanol for 3 mins each and finally 

rinsed in water.

2.11.3.1 Antigen unmasking

Two different methods were used for the retrieval of antigens in 

paraformaldehyde fixed sections.

• Epitopes were unmasked by incubating with trypsin (0.1% (w/v) trypsin, 

0.1% (w/v) calcium chloride and 20mM Tris-HCI, pH 7.8) at room 

temperature for between 2-20 mins. The unmasking reaction was stopped 

by placing the slides in cold water.

• The other method involved the use of a microwave oven to unblock the 

chemical cross-linking. This was carried out by placing the deparaffinized 

tissue sections into a Coplin jar filled with enough lOmM citrate buffer, pH 

6.0 to immerse the slides completely. The citrate buffer is bought as a 

solution called ’Antigen unmasking solution’ from Vector Laboratories, 

USA. The slides were microwaved for two 5 min cycles with the power 

setting adjusted so that the buffer boiled for at least 3 mins in each cycle.
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Between each cycle, the buffer was changed. The tissue sections were 

cooled at room temperature in buffer for 20 mins before the IHC procedure 

was carried out.

2.11.3.2 Antigen detection using IHC

• After antigen retrieval, the tissue sections were immersed in PBS for 5 

mins.

' Endogenous peroxidase activity was quenched by immersing the slides in 

a bath of 3% (v/v) H2O2 in water or 0.3% (v/v) H2O2 in methanol. The 

sections were then washed thrice in a PBS bath.

• The slides were blocked using the appropriate non-immune serum (same 

animal as the secondary antibody is raised in), diluted as described for the 

cultured cells (section 2.11.2), for 30 mins.

• The primary antibody was applied and the sections incubated with this 

antibody for 30 mins in a humidified chamber. After incubation, excess 

primary antibody was blotted and the sections were rinsed once, and then 

washed three times in a buffer bath.

• The biotinylated secondary antibody was applied and the sections 

incubated for a further 30 mins. The excess antibody was blotted and the 

sections washed three times in the buffer bath. During secondary antibody 

incubation. The ABC reagent was prepared as described in section 

2 .11.2 .

• The sections were incubated for between 45-60mins with the ABC 

reagent, after which they were washed in a buffer bath three times.

• DAB solution was prepared as described in section 2.11.2, and this was 

applied to the tissue sections for between 8-10 mins. The sections were 

washed and the staining intensified with one drop of NiCl2 (provided in the 

substrate kit).
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For each type of tissue and antibody, negative controls were also carried out. 

This is so that specific staining can be evaluated relative to the background. 

Negative controls included the use of pre-immune serum derived from the 

same species.

2.12 Methimazole assay (Dixit and Roche, 1984)

Solutions

Assay buffer

0.1M Tris-HCI 

ImM EDTA

The pH of the buffer was adjusted to 8.4 with HCI and the solution autoclaved 

and stored at room temperature.

DTT

A 4mM working stock of DTT was prepared fresh by adding the appropriate 

amount of DTT to the assay buffer.

5,5'-Dithio-bis(2-nitrobenzoic acid) (DTNB)

A 12mM working stock solution of DTNB (Sigma Aldrich Co, UK) was 

prepared by dissolving the appropriate amount of solid DTNB in ethanol. This 

amount usually gave a concentration of 5mg/ml.

6-Nicotinamlde adenine dinucleotide phosphate, reduced form 

(NADPH)

NADPH, tetrasodium salt, (Sigma Aldrich Co, UK) was used at a stock 

concentration of 20mM in assay buffer. This was prepared fresh before the 

assay was carried out.
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2-Mercapto-1 -methylimidazole (Methimazole)

Methimazole (Sigma Aldrich Co, UK) was made up in assay buffer to give a 

stock concentration of 200nM.

The final concentration of DTT, NADPH and DTNB in a total volume of 

2 ml was 0.02mM, 0.1 mM and 0.06/vM respectively. The final concentration of 

methimazole was 2mM. Samples were assayed as follows. To 1.9/vls of 

assay buffer (aerated and placed in a 37^0 water bath), 100//ls (equivalent to 

not more than 2 mg of protein) of microsomes were added. To this mixture, 

DTT (10/yls of 4mM stock), DTNB (lO/vIs of 12mM stock) and NADPH (10/vls of 

20mM stock) were added. The solution was divided into two cuvettes (1 ml 

each). Methimazole (10^ls) was added to only the sample cuvette whereas 

the other cuvette served as a "blank". The course of the reaction i.e the 

disappearance of the yellow colour due to the conversion of nitro-5- 

thiobenzoate (TNB) (yellow) to DTNB (colourless) was followed by measuring 

the optical density of the sample at 412nm and 370C, using a Cary 3, split 

beam spectrophotometer. The extinction coefficient of 14,100 M"1cm-1 for 

methimazole (Riddles etal., 1983) was used.

• To ascertain the effects of Emulgen 911 on the activity, Emulgen 911 (Kao 

Corporation, Tokyo, Japan) (0.2%; v/v) was added to the assay buffer and 

the experiment carried out as above.

• n -octylamine, a positive effector of FMO activity and a CYP inhibitor, was 

used to determine whether the activity was attributable to FMO or to CYP, n 

-octylamine was used at a concentration of 2.4mM.

• Microsomal membranes from insect cells expressing FMOs 1, 3 and 5 

were used as controls.
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The methimazole assay is only linear up to a total protein concentration of 

1 mg/ml, above which the oxidation of TNB becomes non-linear.



• The assay was also carried out in the absence of proteins, but in the 

presence of detergent and n -octylamine to determine if these compounds 

carried out any non-enzymatic reduction of TNB to DTNB.

2.13 Determination of P450 reductase activity

P450 reductase activity was determined using the artificial electron 

acceptor cytochrome c as described by Vermilion and Coon, (1974). This 

assay was carried out to determine the integrity of the skin microsomes.

The reaction mixture contained, in a final volume of 1 ml, 300pmol of 

potassium phosphate, pH 7.7/0.001pmol EDTA/O.Ipmol NADPH and 

0.04/vmol cytochrome c. Assays of skin microsomes and rat liver microsomes 

(used as a positive control) also contained 0.6/vmol of KCN. The reaction was 

started by the addition of NADPH. The rate of reduction of cytochrome c was 

determined spectrophotometrically by measuring the increase in absorbance 

at 550nm and using the extinction coefficient of 21mM‘ ‘̂ cm'‘̂ for reduced 

cytochrome c (Williams and Kamin, 1962).
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3.1 Southern blot hybridization analyses

To elucidate the number of genes encoding each FMO and their 

complexity, Southern blot hybridization analyses were carried out on human 

genomic DNA digested with three different restriction enzymes {Eco Rl, Hind 

III, Bam HI). Genomic DNA extraction, digestion and Southern blotting of 

digested DNA was carried out by Dr. Colin Dolphin (Queen Mary and 

Westfield College, London). The blots were then processed in the course of 

this investigation.

Each blot was hybridized to radiolabelled cDNA probes encoding 

either FM02, 3, 4 or 5. Hybridization and washing conditions were such that 

only strictly homologous sequences would hybridise to one another.

3.1.1 FM02

Ego Rl digests the FM02 gene to produce 5 distinct bands (fig 3.1). 

The size of the fragments are given in Table 3.1. The intensity of the 

hybridizing band varies depending on the length of the radiolabelled probe 

hybridizing to the fragment and also due to the possibility of partially digested 

DNA fragments.

Five Ego Rl fragments of total size approximately 25 kb hybridized to 

the FM02cDNA. Three Hind III fragments of total size approximately 24 kb 

hybridized to the cDNA. The Bam HI fragments were very faint, but at least 2 

distinct bands hybridized to the FM02 cDNA. The sum total of the size of 

these fragments was approximately 19 kb.

The FM02  gene therefore has a minimum size of 19.2 kb, which 

corresponds well with that of the human FM03 gene whose minimum size 

has been estimated to be approximately 22.5 kb (Dolphin et a!., 1997b). The 

small size of the gene suggests that FM02 is encoded by a single gene.
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Enzyme Ego Rl Hind ill Bam HI
7.2 9.2 10
6.4 7.4 9.2
4.7 7.1
3.8
3.1

Total length (kb) 25.2 23.7 19.2

Table 3.1 Lengths of fragments observed when human genomic DNA was 

digested with Eco Rl, Hind III and Bam HI and hybridized to the cDNA 

encoding FM02. Length of fragments is given in kilobases.

3.1.2 FM03

Southern blot hybridization analyses was carried out on genomic DNA 

digested with Bam HI, Hind III or Eco Rl (fig 3.1). The blot was hybridized with 

the cDNA encoding FM03. Autoradiography revealed the size of the 

hybridizing fragments which are given in Table 3.2

Eco Rl digests FM03 to yield 10 fragments of total size 47.6 kb. 

However, the presence of some faintly hybridizing bands suggests that a 

number of these are due to partial digestion of the genomic DNA. These 

include, the 4.7 kb fragment (made up of the 2.5 kb and 2.3 kb) or the 3.2 kb 

fragment (partial digest of the 2.3 kb and 0.9 kb fragments). Another 

possibility for the large size observed with the Eco Rl digest, may be the 

presence of a very long 3' or 5' flanking sequence. Hind III yields 3 bands, of 

a total size approximately 21.6 kb, with the 8.0 and 7.4 kb bands being the 

most intensely hybridizing. Bam HI digested DNA hybridized to 5 fragments of 

which the 9.0 and 8.0 kb bands were the most intense. The total size of the 

Bam HI fragments is approximately 25.7 kb.
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Enzyme Eco Rl Hind III Bam HI
10.2 8.0 9.0
9.0 7.4 8.0
7.4 6.2 4.1
5.9 2.6
4.7 2.0
3.2
2.5
2.3
1.5
0.9

Total length (kb) 47.6 21 .6 25.7

Table 3.2 Summary of hybridizing bands observed when human genomic 

DNA digested with Eco Rl, Hind III and Bam HI was probed with the FM03 

cDNA.

The above results show that the minimal size of the FM03 gene is 21.6 

kb. These results are very close to those obtained by Dolphin et al., (1997b), 

who have determined the structural organization of the human FM03 gene. 

They have shown the gene size to be at least 22.5 kb.

3.1.3 FM04

The Southern blot used for the analyses of FM02 was stripped and 

then reprobed with the cDNA encoding FM04 and the results visualised by 

autoradiography (fig 3.1).

Nine Eco Rl fragments hybridized to the probe. The two most intensely 

hybridizing fragments were 1.5 kb and 3.8 kb in size. Hind III digested the 

FM04 gene to yield 3 fragments, 2 of which were strongly hybridizing (11.1 

and 7.4 kb). Although the DNA in the Bam HI digest track is smeared, 4
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fragments could be distinguished. The size of the hybridizing fragments is 

summarized in Table 3.3.

Enzyme Eco Rl Hind III Bam HI
9.0 11.1 9.0
8.3 7.4 7.1
7.6 5.0 6.4
6.6 2.1
5.8
4.7
3.8
2.0
1.5

Total length (kb) 49.3 23.5 24.6

Table 3.3 Summary of fragment sizes obtained after hybridization of FM04 

cDNA to human genomic DNA digested with the restriction enzymes, Eco Rl, 

Hind III and Bam HI.

The Ego Rl fragments give a total size of 49.3 kb. This is probably due 

to partial digestion of genomic DNA with this enzyme. Partial digests include 

the 5.8 kb (3.8 kb and 2.0 kb) and the 6.6 kb (2.0 kb and 4.7 kb) fragments. 

The above results indicate the minimum size of the FM04 gene is 

approximately 26 kb. This corresponds to the size of the genes encoding 

FMOs 2 and 3 (above) as well as that found by Dolphin eta!., (1997b).

3.1.4 FM05

The Southern blot used for the analyses of FM03 was stripped and 

then reused for the analysis of FM05. The full length FM05 cDNA was 

hybridized to digested genomic DNA fragments. The blot was washed under
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high stringency conditions and the pattern of bands observed on the 

autoradiograph is shown in fig 3.1. Table 3.4 summarizes the sizes of the 

hybridizing fragments.

Enzyme Eco Rl Hind ill Bam HI
7.4 7.1 9.2
6.6 6.6 8.3
6.3 6.3 5.8
4.9 5.9 3.0
4.0 1.6
3.1
2.1
1.7

Total length (kb) 36.1 27.5 26.3

Table 3.4 Summary of fragment sizes obtained when human genomic DNA 

was digested with Eco Rl, Hind III and Bam HI. The full length cDNA encoding 

FM05 was used for the hybridization analyses.

Ego Rl digests the FM05 gene to produce 8 distinct fragments having a 

total size of approximately 36.1 kb. Five Hind III fragments of total size 27.5 

hybridized to the FM05 cDNA. Bam HI digests the gene to yield 4 fragments 

of total size 26.3 kb.

The large total size observed with the Eco Rl digest is again probably 

the result of partial digestion by this restriction enzyme. Thus, the 6.6 kb 

fragment is probably the partial digest which upon complete digestion would 

yield the 4 kb and 1.7 kb fragments. The large size could also be due to the 

presence of long 3’ and 5' flanking sequences on either side of the FM05 

gene.
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3.2 Discussion

Southern blot hybridization analyses of restriction endonuclease 

digested human genomic DNA yields information of the basic gene structure. 

This includes studying the number of genes that may encode a particular 

protein.

Southern blot hybridization analysis of the FM01 gene was not 

carried out in this investigation because this has previously been done 

(Dolphin et al., 1991). The hybridization of the FM01 cDNA to human 

genomic DNA digested with Eco Rl, Hind III or Psf I , showed a relatively 

simple pattern of hybridization, suggesting that FM01 is encoded by a single 

gene.

When full length cDNA clones encoding the various FMOs were used 

to probe human genomic DNA digested with either Bam HI, Hind III or Eco Rl, 

a relatively simple banding pattern was observed as indicated in fig 3.1 and 

tables 3.1, 3.2, 3.3 and 3.4. This suggests that as is the case for FM01, FMOs 

2, 3, 4 and 5 are also encoded by single genes. No evidence exists for more 

than one member of an FMO family.

The presence of only a single gene in each FMO family can only be 

substantiated by carrying out Southern blot analyses with exon specific 

radiolabelled probes for each of the four cDNAs. If a single strongly 

hybridizing band is observed, then it can be concluded that a single gene 

exists for that particular FMO. Both human FM01, and FM04 have been 

confirmed in this way to be encoded by single genes (Dolphin at al., 1992). 

Human genomic DNA was hybridized to a probe complementary to a 

sequence located within either the 3' non-coding region of the cDNA 

encoding human FM01 or FM04 separately. The probes used correspond to 

sequences contained within single exons of the corresponding genes. Single
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hybridizing fragments were detected in genomic DNA digested by Eco Rl, 

Bam HI or Pst I.

Southern blot hybridization analyses can also give an idea of the size 

of the gene. However only an approximation of the size can be made 

because when using a full length cDNA as the hybridization probe, flanking 

regions of the gene will also be included if the restriction enzyme digests the 

genes to give a fragment that includes flanking regions together with the 

exons to which the cDNA will hybridize. This may be the reason that the total 

length of the FMOs 2, 3, 4 and 5 hybridizing fragments vary between 

approximately 40 kb and 20 kb.

To date, only the gene structure of human FM03 (Dolphin et al., 

1997b) and rabbit FM01 are known (Wyatt at a!., 1996). Human FM03 

contains nine exons, the first of which is entirely noncoding. There are eight 

intervening introns that range in size from >6 kb for intron 2 to 241 bp for 

intron 4, indicating a minimum size of 22.5 kb for the FM03 gene (fig 3.2). 

The sizes of FMOs 2, 3, 4 and 5 determined in the present study are very 

similar to that obtained by Dolphin at al. (1997b) for FM03 . The results 

suggest that members of the FMO gene family are each encoded by single 

genes of approximately 23 kb.

The structure of the rabbit FM01 has been elucidated and this gene 

was found to contain 8 introns, ranging in size from 1.4 to 10 kb and nine 

exons ranging in size from 73 to 747 bases (Wyatt at al., 1996). Further 

studies on the rabbit FM01 gene have shown the presence of two promoters. 

Three positive regulatory elements and two negative regulatory elements 

have also been observed in this gene (Luo and Hines, 1997).

On the assumption that the structure of all the human FMO genes Is 

similar, it is probable that the large bands observed in the Southern blot 

hybridizations with Eco Rl digest of FM03, FM04 and FM05, are due to the 

presence in these hybridizing fragments of flanking sequences or the partial
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digestion of DNA. The location of the restriction enzyme sites within the 

introns and the identification of exactly which exons the cDNAs hybridize to, 

cannot be determined from Southern blot hybridization analyses carried out in 

my studies. This is because, the sequences of the introns are not known to 

date, and, although the gene structure may be similar, in terms of numbers of 

exons and introns, the sizes of the introns between the different FMO genes 

may vary.
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FM05

Ag

glA'

Fig 3.1 Human genomic DNA samples (10pg) were digested 
with Eco Rl (tracks E), Hind III (tracks H) and Bam HI (tracks 
B) and hybridized with the full length cDNAs encoding FM02, 
FM03, FM 04 or FM05.
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Fig 3.2 Structural organization of the human FMOS gene. Introns (horizontal 
open boxes) are numbered in boldface type and their approximate sizes (in 
kilobases) are shown in parentheses. Exons (solid vertical boxes) are numbered 
in italics and are linked by dashed lines to the equivalent regions within the 
mRNA (open boxes) that contain the exon length (in nucleotides) or in the case 
of exons 2 and 9, the length of the protein coding regions within the exon. 
Shaded regions represent the 5' and 3' untranslated regions within the mRNA. 
Reproduced from Dolphin et al., 1997b.
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Human tissues (except for skin) were a gift and obtained from the MRC human 

genetics unit, Galton laboratories, U.C.L.



4.1 Detection of FMO mRNA using northern biot hybridization 

anaiyses

Northern blot hybridization analyses were carried out on various 

mammalian tissues and cultured cells to determine the expression of FMO 

mRNAs in these samples. The tissues analysed included human liver, lung, 

kidney and skin, a primary culture of human epidermal kératinocytes, HaCaT 

cells, cynamologous monkey lung, marmoset liver, rabbit liver and lung.

4.1.1 Extraction and integrity of RNA from various tissue and ceii 

sampies

Total RNA was extracted from various samples. A guanidine 

thiocyanate/lithium chloride extraction procedure was used for all tissues 

except human skin (see section 2.4.1). For this a guanidine 

hydrochloride/guanidine thiocyanate extraction procedure was used (section

2.4.3). RNA was extracted from cultured cells using the Ultraspec™ total RNA 

extraction system (section 2.4.2). RNA samples were electrophoresed on a 

denaturing formaldehyde gel to ascertain their integrity. Using the optimised 

RNA extraction protocol for the different sample types, the 28S and 18S 

bands were clearly visible and there was no smearing of bands, showing that 

the RNA was undegraded (fig 4.1.1, lanes 2, 4, 6, 8, 11 and 12). Therefore 

these samples could be used for northern blot hybridization analyses and 

RNase protection assays.

Three different methods were used for the extraction of total RNA. For 

tissues such as liver, lung and kidney the guanidine thiocyanate/lithium 

chloride extraction procedure was employed and intact RNA was obtained. 

Neither the guanidine thiocyanate/lithium chloride nor the Ultraspec™ RNA 

isolation method could be used for whole skin samples because the RNA was
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lost/degraded during these procedures (see fig 4.1.1, lanes 1, 3, 5, 7, 9 and 

10 and fig 4.1.2A, lane 3).

For whole skin samples, the guanidine hydrochloride/guanidine 

thiocyanate method was used. This produced intact RNA (fig 4.1.2B, lanes 2, 

3 and 4). The reasons for the success of this method for isolating intact RNA 

from human skin are not known. This method is usually used for tissues with 

high RNase content. Reasons for the success of this method could be the 

efficiency of homogenisation of the tissue in guanidine thiocyanate and 

sodium N-lauroylsarcosine or the addition of SDS to 1% before the phenol 

extraction procedure (see section 2.4.3). Even so, analysis of skin RNA by 

agarose gel electrophoresis showed that the 28S and 18S bands were 

smeary. To obtain clear, sharp 28S and 18S RNA bands, it was necessary to 

re-extract all skin RNA samples with phenol in the presence of 1% SDS (fig 

4.1.2B, lane 1 as compared to lanes 2, 3 and 4). For cultured cells, the 

Ult raspecRNA isolation system was used as it is a one step process 

maximizing the yield of RNA extracted from the few cells obtained after culture 

(fig 4.1.1, lanes 2, 4, 6, 8, 11 and 12).

4.2 Northern blot hybridization anaiyses

FMOs are responsible for the metabolism of a variety of 

pharmaceuticals and pesticides, yet few studies on the expression of FMOs, 

at the RNA level, in human tissues such as the liver, lung and kidney have 

been published. The skin is one of the major portals of entry to pesticides and 

environmental chemicals into the human body. The expression and 

distribution of FMOs in this organ and cells derived from it is unknown. The 

expression of FMO mRNAs in a primary culture of human epidermal 

kératinocytes and an immortalized human keratinocyte (HaCaT) cell line was 

investigated. Only limited studies were carried out on whole human skin due
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1 2  3 4  5 6 7  8 9 1 0 1 1 1 2

Fig 4.1.1 RNA samples (2jig) were electrophoresed 
through a 1% denaturing formaldehyde gel as described 
in section 2.5. Lanes 1, 3, 5, 7, 9 and 10 show RNA 
extracted from whole skin samples. Lanes 2, 4, 6, 8, 11 
and 12 are RNA samples extracted from primary human 
keratinocyte cultures obtained from their corresponding 
whole skin samples. RNA in was extracted using the 
Ultraspec^^l^ RNA isolation system.

1 2 3 4 5 1 2  3 4

Fig 4.1.2 RNA samples (1|ig) were electrophoresed through 
a 1% denaturing formaldehyde gel as described in section 
2.5. Fig (A) shows samples of RNA extracted using the 
guanidine thiocyanate/lithium chloride extraction procedure 
as detailed in section 2.4.1. Lane 1, human liver, lane 2, 
human lung, lane 3, human whole skin, lane 4, human 
kidney, lane 5, rabbit liver. Fig (B), samples of RNA 
e x tra c te d  from  w ho le  skin using the gu an id in e  
thiocyanate/guanidine hydrochloride extraction procedure as 
outlined in section 2.4.3. Lane l, whole skin sample in 
which the final SDS, phenol/chlorofrom stage was omitted, 
lanes 2, 3 and 4, all steps were carried out as detailed in 
section 2.4.3.
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to the unavailability of tissue. Studies on the HaCaT cells were also 

undertaken due to the limited availability and expense of human tissues and 

primary cultures derived from them. These cells could offer an alternative 

system for biotransformation studies. However, this is possible only if HaCaT 

cells express a similar range of FMOs as do human tissues such as the skin 

or primary kératinocytes derived from human skin.

4.2.1 Expression of FM01 mRNA

A full length cDNA clone encoding FM01 (previously isolated in our 

laboratories) (Dolphin et al., 1991) was used to probe a northern blot 

containing RNA from adult human liver, lung, kidney and skin, rabbit liver and 

lung, cynamologous monkey lung, marmoset liver, a primary culture of human 

epidermal kératinocytes and HaCaT cells. The results obtained are shown in 

fig 4.2.1 and 4.2.2. FM01 mRNA was detected in both human skin samples 

analysed (fig 4.2.1, lanes 2 and 3). This 2 kb band was faint and barely 

visible. No bands were observed in the human liver samples 

electrophoresed concurrently on the gel or in the RNA extracted from the 

primary culture of human kératinocytes and the HaCaT cells. The marmoset 

liver RNA sample showed 3 bands that hybridized to the human cDNA probe 

encoding FM01 (fig 4.2.1, lane 7 and fig 4.2.2, lane 15). These bands were 

approximately 4.2 kb, 2.3 kb and 1.6 kb in size, with the 2.3 kb band being the 

most intense. When rabbit liver RNA was probed with the same human 

cDNA, a transcript of approximately 2.2 kb was observed (fig 4.2.2, lane 10). 

The lengths of the transcripts correlate to those obtained by Dolphin et al 

(1991) who found that the cDNA encoding FM01 hybridized to an mRNA that 

was approximately 2.3 kb in human foetal liver. Furthermore, the presence of 

FM01 mRNA in human skin confirms the results obtained by Dolphin et al., 

(1996). These results also confirm the presence of a single FM01 mRNA in
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rabbit liver, a result obtained previously by Lawton etal., (1990) who detected 

a 2.6 kb band in hepatic RNA samples obtained from rabbit when hybridized 

to a cDNA encoding the hepatic FM01 from rabbit. The lack of FM01 mRNA 

in primary cultures of human kératinocytes may be due to FM01 not being 

expressed in this particular layer, i.e. the epidermis of skin, or that culture 

conditions have suppressed the expression of FM01. The absence of FM01 

mRNA in the HaCaT cells, may be due either to culture conditions, or to the 

numerous passages these cells have undergone. The presence of FM01 

mRNA in marmoset liver has not been previously reported. It is interesting to 

note that adult human liver does not express FM01, but FM01 is expressed in 

the liver of other adult animals such as pig, rabbit and marmoset. The 

evolutionary implications of this finding suggest that the switch in the 

expression of FM01 in the liver occurred fairly recently in the evolutionary 

chain.

4.2.2 Expression of FM02 mRNA

A full length cDNA encoding human FM02 has been previously 

isolated and cloned in our laboratories (Phillips et ai, 1995). This cDNA was 

radiolabelled using the random priming method and used to analyse various 

tissue and culture samples using northern blot hybridization analysis, as 

described in section 2.5. A very strong signal was obtained with three of the 

four human, the cynamologous monkey and rabbit, lung RNA samples (fig

4.3). No hybridization was observed with human, rabbit and monkey, liver 

RNA samples or with the HaCaT and a primary culture of human epidermal 

keratinocyte RNA samples. In all four human lung samples, cynamologous 

monkey and rabbit lung RNA samples, the most intense hybridizing band was 

approximately 5.8 kb in size. In three out of the four human lung samples, (fig 

4.3, lanes 3, 4 and 5), a hybridizing band was also observed, at about 7.4 kb.
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Fig 4.2.1 RNA samples (15pg) were electrophoresed on a 1% 
denaturing formaldehyde agarose gel as detailed in section 2.5. 
RNA was from human whole skin (lanes 2 and 3), adult human liver 
(lane 5), adult marmoset liver (lane 7), HaCaT cells (lanes 9-12) and 
a primary culture of human epidermal kératinocytes (lane 14). Lane 
1 and 13, E. coli total RNA (Ipg ) was electrophoresed to serve as 
size markers together with the 28S and IBS rRNA in the samples 
and used for the subsequent estimation of the transcript size. The 
northern blot was hybridized with a full length cDNA encoding 
FM 01. Autoradiography was carried out for 3 weeks.
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Fig 4.2.2. RNA samples (15pg) were electrophoresed on a 1% 
denaturing formaldehyde agarose gel as described in section 2.5. 
RNA was from human lung (lanes 2-5), cynamologous monkey lung 
(lane 6), rabbit lung (lane 7), human liver (lanes 8 and 9), rabbit 
liver (lane 10), HaCaT cells (lane 13), a primary culture of human 
epidermal kératinocytes (lane 14) and marmoset liver (lane 15). 
Total E. coli RNA (1|ig) was electrophoresed concurrently (lanes 1 
and 12). These served as size markers together with the 28S and 
18S rRNA in the samples and were used to determine transcript 
size. The blot was hybridized with a radiolabelled cDNA encoding 
FM 01. Autoradiography was carried out for 1 week.
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The human lung samples in lanes 3 and 5 also showed a lower transcript of

4.6 kb.

FM02 cDNA hybridized to 5 different transcripts in the cynamologous 

monkey lung RNA, ranging in size from 10.5, 7.4, 5.8, 4.6 and 2.8 kb. Other 

transcripts were present, but could not be accurately sized. The most 

predominant transcript in the monkey lung was 5.8 kb. In the rabbit lung RNA 

sample, only 2 transcripts of 5.8 kb and 6.9 kb were observed, the smaller 

transcript being the most predominant.

This result contrasts with those of Lawton et al., (1990) who observed 

four distinct FM02 transcripts of 2.4, 2.6, 4.8 and 6.0 kb in rabbit lung 

samples, the intensity of each transcript being very similar. No data on the 

expression of FM02 in human lung, or in cynamologous monkey lung has 

been published. FM02 mRNA transcripts in the cynamologous monkey lung 

are similar to those obtained in the rhesus macaque lung where multiple 

transcripts of different sizes were obtained when rhesus lung RNA was 

hybridized to a cDNA encoding the rhesus lung FMO form. The major FM02 

transcript observed in the Rhesus macaque is approximately 5 kb in size 

(Yueh etal., 1997).

4.2.3 Expression of FM03 mRNA

A full length cDNA encoding human FMOS cloned in our laboratories 

was used to investigate the tissue-specific expression of FMOS mRNA 

(Dolphin etal., 1996). Northern blot analysis of human lung and liver, rabbit 

lung and liver, cynamologous monkey lung, marmoset liver, HaCaT and a 

primary culture of human epidermal keratinocyte RNA is shown in fig 4.4. 

Intense hybridizing bands were observed in all liver RNA samples, (lanes 8, 9 

and 10). The probe hybridized, albeit weakly, to three of the four human lung 

samples (lanes S, 4 and 5). No FMOS transcripts were observed in either the
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Fig 4.3 RNA samples (15|ig) were electrophoresed on a 
1% denaturing formaldehyde agarose gel as described 
in section 2.5. Samples were from human lung (lanes 
2-5), cynamologous monkey lung (lane 6), rabbit lung 
(lane 7), human liver (lanes 8 and 9), rabbit liver (lane 
10), HaCaT cells (lane 13) and a primary culture of 
human epidermal kératinocytes (lane 14). Total E. coli 
RNA (Ipg) was also electrophoresed (lanes 1 and 13) 
and used as size markers together with the 288 and 
188 rRNA in the samples. The northern blot was 
hybridized with a full length cDNA encoding human 
FM02. Autoradiography was carried out for 48 hours.
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cynamologous monkey lung or in rabbit lung RNA samples (lanes 6 and 7 

respectively).

The major species of mRNA encoding FM03 in all the human samples, 

liver and lung, was approximately 2.4 kb. In the human liver tracks, a certain 

degree of smearing was observed below the main band. This is probably due 

to mRNA degradation. The size of the predominant FM03 transcript is similar 

to that obtained by Lomri etal., (1992) who detected a single FM03 transcript,

2.3 kb in size, in human liver RNA.

In rabbit liver RNA. two hybridizing bands were observed at 3.2 kb and

2.4 kb. The former being the more abundant FM03 mRNA form in rabbit liver. 

Burnett etal., (1994) detected only one hybridizing band in rabbit liver mRNA 

when they used a 720 bp fragment of the rabbit FM03 cDNA as a 

hybridization probe. They did not report the size of the FM03 transcript 

observed.

Marmoset liver RNA showed an intensely hybridizing band at 4.1 kb 

with several fainter bands of lower molecular weight.

No FM03 transcripts were observed in either the HaCaT or the primary 

culture of human epidermal keratinocyte RNA samples.

4.2.4 Expression of FM04 mRNA

A full length cDNA encoding FM04 has been previously isolated and 

cloned in our laboratories (Dolphin etal., 1992). The cDNA was hybridized to 

a northern blot containing RNA from human lung and liver, cynamologous 

monkey lung, rabbit lung and liver, HaCaT cells and a culture of primary 

human epidermal kératinocytes (fig 4.5).

Hybridizing bands were observed in all liver and lung samples. In the 

human liver samples, a single transcript of 4 kb was observed. Two 

transcripts of 5.5 kb and 3.5 kb, were present in the human lung RNA
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Fig 4.4 RNA samples (ISpg) were electrophoresed on a 1% denaturing 
formaldehyde agarose gel as detailed in section 2.5. RNA was from 
human lung (lanes 2-5), cynamologous monkey lung (lane 6), rabbit 
lung (lane 7), human liver (lanes 8 and 9), rabbit liver (lane 10), HaCaT 
cells (lane 13), a culture of primary human epidermal kératinocytes 
(lane 14) and marmoset liver (lane 15). Total E. coli RNA (Ipg) was 
electrophoresed concurrently with the samples (lanes 1 and 12). Theæ 
served as size markers together with the 28S and 18S bands in the 
samples. The northern blot was hybridized with a radiolabelled cDNA 
encoding FM03. Autoradiography was carried out for 24 hours.
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samples. The 3.5 kb transcript was the more predominant (fig 4.5, lanes 2-5).

A single hybridizing band of 3.6 kb was observed in the cynamologous 

monkey lung RNA sample (lane 6). The rabbit lung sample showed three 

weakly hybridizing bands of 5.5 kb, 4.7 kb and 4 kb (lane 7). In the rabbit 

liver, two transcripts of 4.7 and 4 kb were observed (lane 10). The lower 

transcript was the more abundant form in this tissue. This result is similar to 

those obtained by Burnett et a/., (1994) who also observed two FM04 

transcripts in rabbit liver.

No bands were detected in the RNA from a primary culture of human 

epidermal kératinocytes. Two transcripts of 3.6 kb and 2.5 kb were observed 

in the HaCaT cells, the larger transcript being the more predominant.

4.2.5 Expression of FM05 mRNA
A full length cDNA clone encoding FM05 has been previously isolated

in our laboratories (Phillips etal., 1995). This cDNA was used in northern blot 

analysis of RNA from human liver and lung, cynamologous monkey liver, 

rabbit liver and lung, and from cultures of HaCaT cells and a culture of primary 

human epidermal kératinocytes (fig 4.6). Bands were observed in all 

samples, except rabbit lung RNA, HaCaT and the primary culture of human 

epidermal kératinocytes. Both the human liver RNA samples showed four 

FM05 transcripts (lanes 8 and 9). Due to the smearing of the samples, it was 

not possible to identify the total number of hybridizing bands in the human 

liver samples. The two predominant transcripts were 5 kb and 2.8 kb in size. 

Two transcripts, 5 kb and 2.7 kb in size, were observed in all four of the 

human lung RNA samples, (lanes 2-5). The larger transcript was more 

predominant.

The FM05 cDNA hybridized to two transcripts of 6 kb and 2.8 kb in 

cynamologous monkey lung RNA (lane 6). The 2.8 kb transcript was the more 

predominant form.

166



5 6 7 8 9 10 11 12 13 14 15

i

28S (5.1kb)

23S (29kb)

18S (1.9kb) 

IBS (1.5kb)

Fig 4.5 RNA samples (15|j,g) were electrophoresed on a 
1% denaturing formaldehyde agarose gel as described in 
section 2.5. Samples were from human lung (lanes 2-5), 
cynamologous monkey lung (lane 6), rabbit lung (lane 7), 
human liver (lanes 8 and 9), rabbit liver (lane 10), HaCaT 
cells (lane 13) and a primary culture of human epidermal 
kératinocytes (lane 14). Total E.coli RNA (1|ig) was also 
electrophoresed (lanes 1 and 13) and used as size 
markers together with the 288 and 188 rRNA in the 
samples. The northern blot was hybridized to a full 
length cDNA encoding human FM04. Autoradiography 
was carried out for 6 days.
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Four FM05 transcripts were observed in the rabbit liver RNA sample. 

These ranged in size from 10, 7.7, 4.5, and 2.5 kb. The more strongly 

hybridizing transcripts were the 7.7 kb and 2.5 kb. These results are similar 

to those of Atta Asafo Adjei etai, (1993), who showed that a full length cDNA 

encoding the rabbit FM05 hybridizes to two rabbit liver species of mRNA, of

2.6 kb and 5.4 kb.

In marmoset liver RNA, one major FM05 transcript of 2.5 kb was 

observed.

4.3 Summary of FMO mRNA expression

The results obtained using northern blot hybridization analyses with 

cDNAs encoding FMOs 1,2, 3, 4 and 5 are summarized in Table 4.1.
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28S (5.1 kb)

26S (2.9kb)

18S(1.9kb)
16S(1.5kb)

Fig 4.6 RNA samples (15|ig) were electrophoresed on a 1% 
denaturing formaldehyde agarose gel as described in section
2.5. RNA was from human lung (lanes 2-5), cynamologous 
monkey lung (lane 6), rabbit lung (lane 7), human liver 
(lanes 8 and 9), rabbit liver (lane 10), HaCaT cells (lane 13), 
a primary culture of human epidermal kératinocytes (lane 14) 
and marmoset liver (lane 15). Total E. coli RNA (Ip g ) was 
electrophoresed concurrently (lanes 1 and 12). These 
served as size markers together with the 28S and 18S rRNA 
in the samples and were used to detemine transcript size. 
The blot was hybridized with a radiolabelled cDNA encoding 
FM05. Autoradiography was carried out for 1 week.
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RNA samples FM01 FM 02 FM 03 FM 04 FM05

Human liver - - ++++ + ++++

Human lung ++++ ‘+ +++

Rabbit liver - ++ + ++++

Rabbit lung - ++++ - + _

Cynamologous 

monkey lung

- ++++ - + ++++

Marmoset liver +++ - ++++ ND ++++

HaCaT cells - - - ++ -

Primary human 

epidermal 

kératinocytes

Human skin + ND ND . ND ND

o

Table 4.1 Summary of results obtained from northern blot hybridization analyses using full length cDNA clones from FMOs 1 ,2 ,3 , 

4 and 5. (ND = not determined)



5.1 Detection of FMO mRNAs using RNase Protection Assays 

(RPAs)

When northern blot hybridization analysis was used, long 

autoradiographic exposure times were required to detect the small amounts 

of FMO mRNAs present in skin and cultured cell samples. It was therefore 

decided to use RNase Protection Assays (RPAs) to detect the presence of 

FMO mRNAs in these samples. RPA is a method that is more quantitative and 

offers greater specificity and sensitivity than northern blot hybridization 

analysis. A direct comparison between different RNA samples can be made, 

with respect to the amounts of a particular mRNA species present.

Studies were extended to include a comparative analysis of FMO 

mRNAs in whole skin and in cultures of kératinocytes derived from these 

tissue samples. Samples of human liver, lung and kidney total RNA were 

used as either positive or negative controls depending on the FMO mRNA 

under investigation.

cDNA fragments of FMO 1, 2, 3, 4 or 5 had been previously cloned into 

the plasmid pBluescript KS plus by Dr. Colin Dolphin (Queen Mary and 

Westfield College, London). The cDNA subclone constructs are shown in figs 

5.1.1, 5.1.2, 5.1.3, 5.1.4 and 5.1.5. pBluescript contains the promoter 

sequences of the bacteriophages 13 and T7. Therefore, using the 

appropriate RNA polymerase (T3 or T7) it is possible to synthesize either an 

antisense or sense mRNA.

5.2 Detection and quantification of FM01 mRNA

An Eco Rl-Sac I fragment that spans the nucleotides 798-962 of the 

coding region of FM01 was cloned into pBluescript (fig 5.1.1). This plasmid 

was named p8A1-6. In vitro transcription from the T7 promoter of p8A1-6
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IZObp

215bp

rHinc2

T3 promoter

Sacl

protected species

FM01 (T7) antisense transcript
T7 promoter 

EcoRI - Sacl fragment from coding region of p8AI

Fig 5.1.1 p8A1-6; Eco R l-S ac I fragm ent spanning
nucleotides 798 to 962 of the coding region of FM01  
(D olphin et al., 1991) cloned into pB luescrip t.

244bp 
 ►

317bp

■Msci
^ s c l

T3 promoter

FM02 (T3) antisense trans cript

protected species

]— O -

T7 promoter

partial-length FM02 cDNA

Fig 5.1.2 pFM02/2/15; a fragm ent com pris ing nucleotides
50 to 749 of the FM 02  gene (P h illips  at a!., 1995)cloned 
into pB luescrip t.
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264bp

354bp

rEcoRS rXbal

T3 promoter

_

protected species

T7 antisense transcript

T7 promoter

Fig 5.1.3 pBSformil; constructed by RT-PCR am p lifica tion  of 
a 264 bp sequence conta in ing the last 40 bases of the coding 
region and the firs t 224 bases of the 3' un transla ted region of 
the FM 03 mRNA.

242bp

^ ---------

p—i' ..........
|-Sma1

----------------------------►

I")
i

Xbal

T3 promoter
antisense transcript

FM04 protected species 
BamHI - BamHI fragment from coding region of p2AI-L T7 promoter

Fig 5.1.4 2A1L-2; constructed from the d igestion  of the clone 
2A1L (Dolphin et al., 1992) by Bam HI, encom passing the 
nuc leotides 1340 to 1576 of the coding region of the FM 04 
cDNA.
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236bp

305bp

rH incZ Smal

T3 promoter

antisense transcript p^^^ected species

Hinds - Nsil/PstI fragment from HuFMOB coding region
17 promoter

Fig 5.1.5 plC1/1B/C; A Hind III- Pst I fragm ent spanning 
332 to 558 bp of the coding region of the human FM 05 
cDNA (P h illip s  et al., 1995) c loned into pB luescrip t.
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produced a radiolabelled antisense riboprobe, 215 bases long. This probe 

was hybridized overnight, at 450C, to total RNA samples isolated from skin, 

primary cultures of human epidermal kératinocytes and HaCaT cells (as 

detailed in section 2.6.1.2). Human kidney and marmoset liver RNA samples 

were used as the positive controls (Dolphin etai, 1996), whereas human liver 

and lung RNA were used as the negative controls.

Following digestion of hybrids with RNaseA/TI, a protected fragment of 

170 bp was detected in the positive controls, human kidney and marmoset 

liver RNA samples. Fig 5.2.1 and 5.2.2 shows the protection pattern obtained 

in this assay. Of a total of nine whole skin samples analysed, six were found 

to express FM01 mRNA. Of the five primary cultures of human epidermal 

keratinocyte samples analysed only one sample expressed FM01 mRNA. 

FM01 mRNA was also detected in HaCaT cells. The negative controls of 

human liver and lung RNA were both negative.

The amount of FM01 mRNA present in the above samples was 

determined from a standard curve of known amounts of FM01 antisense RNA 

as described in section 2.6.1.6. The standard curve was prepared at the 

same time as the test samples and both sets of samples were exposed 

concurrently to the same sheet of X-ray film. The quantitative results are 

summarized in fig 5.2.3 and Table 5. 1.

The amount of FM01 mRNA expressed in human skin samples shows 

slight variation between individuals with a range between 1 .3X 105  to 

2.4X1Q 5 molecules of FM01 mRNA per pg of total RNA or between 0 -1 .2  

molecules of FM01 mRNA/cell. It is usual to express RNase protection results 

as the number of molecules of a specific mRNA per cell. In the case of the 

skin, I have assumed that the average amount of mRNA per skin cell is 

approximately 5pg (Little and Jackson, 1987).

Four of the whole skin samples contained <1 molecule of FM01 

mRNA/cell and two had just a little more than 1 molecule of FM01 mRNA/cell.
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These results are comparable to those obtained by Dolphin et ai, (1996) who 

also found < 1 molecule of FM01 mRNA per cell In the single human skin 

sample analysed.

A comparison between the amount of FM01 mRNA present In the 

human kidney and skin showed that In a kidney cell, FM01 mRNA comprises 

approximately 1 .3 5 X 10 -4  % of the total mRNA, whereas In a skin cell FM01 

mRNA constitutes 1 .5X 10-5%  of the total mRNA In the cell. On average, a 

single cell of the kidney contains 10 times the amount of FM01 mRNA than a 

single cell of the skin does.

The protection of a 170 bp fragment In marmoset liver RNA shows that 

the marmoset FM01 mRNA Is very similar In sequence to the human FM01 

mRNA. The two sequences must be at least 98% similar, with a few point 

mutations, otherwise bands smaller than 170 bp would have been observed 

when the marmoset sample was electrophoresed. This RNase protection 

assay confirms the results obtained from the northern blot hybridization 

analyses, (see fig 4.2.1 and 4.2.2). The expression of FM01 mRNA In the 

liver of a lower primate Is Interesting because It Indicates that the lack of 

expression of FM01 in adult human liver is a relatively late evolutionary 

event. All other adult mammals express FM01 mRNA In their liver, but In man 

FM01 mRNA Is expressed only In foetal liver. This FMO Is therefore subject to 

developmental regulation In man.

5.3 Detection and quantification of FM02 mRNA

A region comprising nucleotides 50 to 749 of the FM02 cDNA was 

subcloned Into the plasmid pBluescript KS plus (fig 5.1.2). The plasmid was 

named pFM02/2/15. Linearization of pFM02/2/15 was carried out using Msc I 

and using T3 RNA polymerase, a 317 nucleotide long antisense transcript 

was synthesised. The antisense probe was hybridized to human liver, lung

176



MW 1 2 3 4 5 6 7 8 9 10 11 12 13

298bp —

220bp —  
200bp —

154bp —

Fig 5.2.1 Analysis of FM01 mRNA by RNase protection. SOpg 
of total RNA was hybridized to antisense FM01 mRNA 
(transcribed from pBSFMOl). Each reaction contained 1 X
lO^cpm of riboprobe. All assays were performed as described 
in section 2.6 RNA from human liver (Spg) (track2), human 
lung, (10|ig), (track 3), human kidney (10pg) (track 4),
marmoset liver (10pg) (track 5) were used as controls. RNA 
was from human skin (tracks 6, 8 and 10), primary cultures of 
human epidermal kératinocytes (tracks 7, 9 and 11) and 
HaCaT cells (track 12). Track 13 contains undigested
antisense transcript. Track 1 contains a control for digestion 
of the transcripts, by RNase A/T1, in the presence of 30pg of
tRNA. Molecular weight standards (MW) were 35s-iabelled 
fragments derived from the Ikb ladder set from Gibco BRL 
(section 2.6). The arrows indicate the position of the
undigested transcript (A, 215bp) and protected hybrid (B,
170bp). Autoradiography was carried out for 18 days.

•A

B
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1 2 3 4 5 6 7 8 9 10 11 12 1314 15 16 17 18

298bp —

a#####

154bp— 4*

Fig 5.2.2 Analysis of FMOIand FM02 mRNA by RNase protection. 
30pg of total RNA was hiybridized to antisense FM01 and FM02
mRNAs. Each reaction contained 1 X lO^cpm of each riboprobe. 
All assays were performed as described in section 2.6. RNA from 
human liver (5pg) (track 2), human lung (10pg) (track 3), human 
kidney (lOpg) (track 4), marmoset liver (lOpg) (track 5) were used 
as controls. RNA was from human skin (tracks 6, 8, 10, 12, 14 and 
16), primary cultures of human epidermal kératinocytes (tracks 7, 9, 
11, 13 and 15). Track 1 contains a control for digestion of the 
transcripts, by RNase A/T1, in the presence of 30pg of tRNA. 
Tracks 17 and 18 contain undigested antisense transcript of FM01 
and FM02 respectively. Molecular weight standards (MW) were
35s-labelled fragments derived from the 1 kb ladder set from Gibco 
BRL (section 2.6). The arrows indicate the positions of the 
undigested FM01 transcript (C, 215bp), protected hybrid (D, 
170bp), undigested FM02 transcript (A, 317bp) and protected FM02 
hybrid (B, 244bp). Autoradiography was carried out for 6 days.
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Fig 5.2.3 FM01 mRNA concentrations in human kidney (Ki), 
marmoset liver (M/liv), human skin (S), primary human 
epidermal keratinocyte (K) and HaCaT (H) cell samples. 
Samples were analysed as described in section 2.6. The 
FM01 antisense transcript was hybridized to human kidney, 
marmoset liver, human skin, primary cultures of human 
epidermal keratinocyte and HaCaT cell RNA and digested 
with a mixture of RNase A/T1. The digested RNA was 
electrophoresed and autoradiographed. The resulting 
signals were compared to a standard curve of undigested 
probe and the concentrations of the mRNA in the samples 
calculated as described in section 2.6.1.6.
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and skin RNA samples as well as to RNA from primary cultures of human 

epidermal kératinocytes derived from the corresponding skin samples and to 

HaCaT cellular RNA.

The protection pattern obtained in this assay is shown in figs 5.2.2,

5.3.1 and 5.3.2. A band of 244 bp, corresponding to the protected fragment, 

was observed in the human lung sample. None of the skin samples analysed 

showed the presence of FM02 mRNA. Of the eight primary cultures of human 

epidermal keratinocyte RNA samples analysed, four showed the presence of 

the FM02 mRNA. No expression of FM02 was detected in the HaCaT cells.

FM02 was not detected in the human liver and kidney samples. In a 

separate experiment however, after prolonged exposure, of the gel, to the X- 

ray film, FM02 mRNA was detected in the kidney sample analysed, but none 

was found in the liver sample (fig 5.3.2).

The expression of FM02 mRNA in the lung (11.19 molecules of FM02 

mRNA/cell) was approximately 15 times that detected in the primary cultures 

expressing FM02 mRNA (0.68 molecules FM02 mRNA/cell). The expression 

of FM02  in the primary cultures did not correspond to the age of the 

individual from whom the original skin was derived. These results are shown 

in fig 5.3.3.

The results obtained for the expression of FM02 mRNA in the human 

liver, lung and kidney are similar to those obtained by Dolphin et al., (1998, 

submitted) who has detected the expression of the FM02 mRNA in high 

abundance (13 molecules/cell) in the human lung, but in lower amounts (3 

molecules/cell) in the human kidney. FM02 mRNA has also been found to be 

present in the foetal lung samples, but not in foetal liver or kidney.

FM02 gene expression has been demonstrated to be regulated by sex 

hormones in experimental animals (Lee at a!., 1993, Lee at a!., 1995) and 

putative glucocorticoid responsive elements have been identified in the 5' 

flanking region of the rabbit FM02 gene (Wyatt at a!., 1996). It is possible that
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the primary cultures express FM02 mRNA because hormones such as insulin 

and hydrocortisone were added to the culture medium. The reason as to why 

only some of the primary cultures expressed FM02 mRNA whereas the other 

primary cultures did not, is not known.

5.3B Detection and quantification of FM03 mRNA

The plasmid (pBSformll) used for the FMOS RNase protection 

experiments was constructed by RT-PCR amplification of a 264 bp sequence 

that contained the last 40 bases of the coding region and the first 224 bases 

of the S' untranslated region of the FMOS mRNA (fig 5.1.S). Linearization of 

pBSformll with Eco R5 followed by in vitro transcription using T7 RNA 

polymerase produced a S54 base antisense transcript.

Total RNA derived from human liver, lung, kidney, skin, primary 

cultures of human epidermal kératinocytes and HaCaT samples were isolated 

as described in section 2.4. After digestion of the hybrid, with RNase A/ T1, a 

protected fragment of 264 bp was observed in those samples containing 

FMOS mRNA. The protection pattern obtained is shown in figs 5.S.1, 5.S.2 

and 5.4.1. In some samples, a doublet was observed probably indicating the 

presence of an allelic variant of FM03. Studies in our laboratory have 

detected several polymorphisms within the FM03 gene.

FMOS mRNA was detected in human liver, lung and kidney. The liver 

contains the greatest amount of FMOS mRNA (11 S9 molecules/cell), whereas 

the lung (0.41 molecules/cell) and the kidney (O.SS molecules/cell) contain 

only small amounts. Six skin samples were analysed for the presence of 

FMOS mRNA, five expressed FM03. The amounts of this mRNA did not vary 

greatly between skin samples, ranging from SX1Q4 - 8X1 q4 molecules of 

FMOS per microgram of total RNA or 0.1S-0.45 molecules/cell. Of the seven 

primary cultures of human epidermal kératinocytes analysed, three contained
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MW 1 2 3 4 5 6 7 8 10

Fig 5.3.1 Analysis of FM02 and FM03 mRNAs by RNase 
protection. lOpg of total RNA was hybridized to antisense FM02
and FM03 mRNAs. Each reaction contained 1 X lO^cpm of each 
riboprobe. All assays were performed as described in section 2.6. 
RNA from human liver (5|ig) (track 2) and human lung (lOpg) (track 
3) were used as controls. RNA was from human skin (track 6), 
primary cultures of human epidermal kératinocytes (tracks 4, 5 and 
7) and HaCaT cells (track 8). Track 1 contains a control for 
digestion of the transcript, by RNase A/T1, in presence of lOpg of 
tRNA. Tracks 9 and 10 contain undigested FM02 and FM03 
antisense transcripts respectively. Molecular weight standards
(MW) were 35s-iabelled fragments derived from the Ikb ladder set 
from Gibco BRL (section 2.6). The arrows indicate the length of 
undigested FM02 transcript (B, 317bp), protected FM02 hybrid (D, 
244bp), undigested FM03 transcript (A, 354bp) and protected FM03 
hybrid (C, 264bp). Autoradiography was carried out for 1 week.
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Fig 5.3.2 Analysis of FM02 and 3 mRNAs by RNase protection. 
SOpg of total RNA was hybridized to FM01 and FM02 mRNAs.
Each reaction contained 1 X lO^cpm of each riboprobe. All 
assays were performed as described in section 2.6. RNA was 
from adult human liver (5|ig), human lung (10pg) and human 
kidney (10|ig). Human liver (tracks 2, 7 and 13), human lung 
(tracks 3, 8 and 14) and human kidney (tracks 4, 9 and 15). 
Tracks 1, 6 and 12 contain a control for digestion, by RNase A/T1, 
in the presence of lOpg of tRNA. Track 5 contains undigested 
FM02 transcript and track 10 contains undigested FM03 
transcript. Tracks 1-4 contain samples hybridized with FM02
antisense transcript, tracks 6-9 samples hybridized with FM03
antisense transcript and tracks 12-15 samples hybridized with
both FM02 and FM03 antisense transcripts together. The arrows
indicate the length of the undigested FM02 transcript (B, 317bp), 
protected FM02 hybrid (D, 244bp), undigested FM03 transcript 
(A, 354bp) and protected FM03 transcript (C, 264bp). Molecular
weight standards (MW) were 35$-iabelled fragments derived from 
the Ikb ladder set from Gibco BRL (section 2.6). Autoradiography 
was carried out for 4 weeks.
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Fig 5.3.3 FM02 mRNA concentrations in human lung (Lu), 
human skin (S) and primary human epidermal keratinocyte 
samples (K). Samples were analysed as described in 
section 2.6. The FM02 antisense transcript was hybridized 
to human lung, human skin and primary cultures of human 
epidermal keratinocyte RNA and digested with a mixture of 
RNase A/T1. The digested RNA was electrophoresed and 
autoradiographed. The resulting signals were compared to a 
standard curve of undigested probe and the concentrations 
of the mRNA in the samples calculated as described in 
section 2.6.1.6.
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FMOS mRNA. The amounts of this mRNA varied from between 3X10^ - 

4X1Q4 molecules of FMOS per microgram of total RNA or 0.14-0.21 

molecules/cell (fig 5.4.2). Therefore, it appears that FM03 expression does 

not drop significantly in culture. No correlation between the ages of the 

individuals from which the skin was obtained and expression of FMOS mRNA 

in culture or in whole tissue was seen. No FMOS mRNA expression was 

detected in the HaCaT cells.

The presence of FMOS mRNA in the human liver is well documented 

and has been observed using northern blot analyses (see section 4.2.S). The 

presence of FMOS in the human lung has been reported by Dolphin et al., 

(1996), who also showed the expression of low amounts of FMOS mRNA in 

human kidney samples.

5.4 Detection and quantification of FM04 mRNA

The RNase protection plasmid for analysis of FM04 mRNA was 

constructed by digestion of the clone 2A1L (Dolphin at a!., 1992) by BamH I 

to produce a 2S6 bp fragment from the coding region (1S40-1576bp) of the 

FM04 cDNA (Dolphin at al., 1996). This fragment was cloned into the 

plasmid pBluescript KS plus to produce the plasmid 2A1L-2 (fig 5.1.4). This 

plasmid was linearized using Xba I and the antisense riboprobe transcribed 

using TS RNA polymerase. The radiolabelled riboprobe was hybridized to 

human liver, lung, kidney and skin total RNA. Human skin samples were 

analysed together along side their corresponding primary cultures and RNA 

extracted from HaCaT cells. A 242 bp protected fragment was observed, after 

RNase A/T1 digestion, in all positive samples (fig 5.5.1 and 5.5.2).

FM04 mRNA was detected in the human liver, lung, kidney and in two 

of the three skin samples analysed. The amount of FM04 mRNA in the liver, 

lung and kidney samples differed, with kidney having the highest amount
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Fig 5.4.1 Analysis of FM03 and FM05 mRNAs by RNase 
protection. 30pg of total RNA was hybridized to antisense
FM03 and FM05 mRNA. Each reaction contained 1 X lO^cpm 
of each riboprobe. All assays were performed as described in 
section 2.6. RNA from human liver (5pg) (track 2), human lung 
(lOpg) (track 3) and human kidney (10pg) (track 4) were used 
as controls. RNA was from human skin (tracks 5, 7,9,  11 and 
13), primary cultures of human epidermal kératinocytes (tracks 
6 , 8 , 1 0  and 12) and HaCaT cells (track 14). Track 1 contains 
a control for digestion, by RNase A/T1, of the transcript in 
presence of 30pg of tRNA. Tracks 15 and 16 contain 
undigested antisense transcript for FM03 and FM05
respectively. Molecular weight standards (MW) were 35S- 
labelled fragments derived from the Ikb ladder set from Gibco 
BRL (section 2.6). The arrows indicated the length of 
undigested FM03 transcript (A, 354bp), protected FM03 hybrid 
(0, 264bp), undigested FM05 transcript (B, 305bp) and 
protected FM05 hybrid (D, 242bp). Autoradiography was 
carried out for 8 days.
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Fig 5.4.2 FM03 mRNA concentrations in human liver (Li), 
human lung (Lu), human kidney (Ki), human skin (S), primary 
human epidermal kératinocytes (K) and HaCaT (H) cell 
samples. Samples were analysed as described in section
2.6. The FM 03 antisense transcript was hybridized to 
human liver, lung, kidney, primary cultures of epidermal 
kératinocytes and HaCaT RNA and digested with a mixture 
of RNase A/T1. The digested RNA was electrophoresed and 
autoradiographed. The resulting signals were compared to a 
standard curve of undigested probe and the concentrations 
of the mRNA in the samples calculated as described in 
section 2.6.1.6.
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(4X10^ molecules//7g of total RNA or 0.23 molecules/cell) and the lung the 

lowest (9X10^ molecules//yg of total RNA or 0.05 molecules/cell) (fig 5.5.3). 

The amount of FM04 mRNA in the liver sample was approximately 0.15 

FM04 mRNA molecules/cell.

The amount of expression in both the positive skin samples was low 

(0.01 molecule/cell). FM04 RNA was present in high amounts in the HaCaT 

cells (3X10^ molecules per ^g total RNA or 0.16 molecules/cell) (fig 5.5.3). 

This confirmed the results obtained previously in the northern blot 

hybridization analyses. No FM04 mRNA was detected In any of the primary 

cultures of human epidermal kératinocytes studied.

The results obtained for the human liver and kidney are similar to those 

obtained by Dolphin etai, (1996) who detected the presence of FM04 mRNA 

in all these tissues from adult humans, although in low abundance. These 

workers however did not detect FM04 mRNA in adult human lung.

5.5 Detection and quantification of FM05 mRNA

A Hind Ill-Psf I fragment spanning 332-558 bp of the coding region of 

the human FM05 cDNA was subcloned into the plasmid pBluescript KS plus 

(fig 5.1.5). This plasmid (pi C l/IB /C) was used as the template for the 

synthesis of an antisense FM05 riboprobe. The plasmid was linearised with 

Sma I and the antisense transcript was synthesised using T3 RNA 

polymerase. The radiolabelled riboprobe was hybridized to human liver, lung 

and kidney RNA samples. These studies were extended to HaCaT cells and 

human skin and primary cultures of human epidermal kératinocytes derived 

from the skin samples.

A 236 bp protected fragment indicating the presence of FM05 mRNA 

was detected in the human liver, lung and kidney samples (fig 5.5.1 and 

5.5.2). The amount of FM05 mRNA in these three tissues differed, the liver
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298bp

200bp

Fig 5.5.1 Analysis of FM04 and FM05 mRNAs by RNase 
protection. SOpg of total RNA was hybridized to antisense
FM04 and FM05 mRNA. Each reaction contained 1X lO^cpm 
of each riboprobe. All assays were performed as described in 
section 2.6. RNA from human liver (Spg) (track 2), human
lung (10pg) (track 3) and human kidney (10pg) (track 4) were 
used as controls. RNA was from human skin (tracks 5, 7 and 
9), primary cultures of human epidermal kératinocytes (tracks 
6, 8 and 10) and HaCaT cells (track 11). Track 1 contains a 
control for digestion of the transcripts, by RNase A/T1, in the 
presence of 30pg of tRNA. Tracks 12 and 13 contain
undigested FM04 and FM05 antisense transcrip ts
respectively. Molecular weight standards (MW) were 35S-
labelled fragments derived from the Ikb ladder set from Gibco 
BRL (section 2.6). The arrows indicate the positions of the 
undigested FM04 transcript (A, 350bp), protected FM04 
hybrid (0, 242bp), undigested FM05 transcript (B, 305bp) and 
protected FM05 hybrid (D, 236bp). Autoradiography was for 2 
weeks.
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MW 1 2 3 4 5 6 7 8 9 10 11 12 13 14

3 4 4 b p ------
2 9 8 b p ------

220 b p ------
200 b p ----- -

1 5 4b p  -

Fig 5.5.2 Analysis of FM04 and FMOS mRNAs by RNase
protection. lOpg of total RNA was hybridized to FM04 and FMOS
mRNAs. Each reaction contained 1 X lO^cpm of each riboprobe. 
RNA was from human liver (Spg), human lung (lOpg) and human 
kidney (10pg). All assays were performed as described in 
section 2.6. Human liver (tracks 2, 6 and 10), human lung (tracks 
3, 7 and 11) and human kidney (tracks 4, 8 and 12). Tracks 1, S 
and 9 contain a control for digestion, by RNase A/T1, in the 
presence of lOpg of tRNA. Tracks 1-4 are samples hybridized 
with the FM04 antisense transcript, tracks S-8 are samples 
hybridized with the FMOS antisense transcript and tracks 9-12 
are samples hybridized with both FM04 and FMOS antisense
transcripts together. Track 13 contains undigested FM04
antisense transcript and track 14 contains undigested FMOS 
antisense transcript. Molecular weight standards (MW) were
35s-labelled fragments derived from the Ikb ladder set from 
Gibco BRL (section 2.6). The arrows indicate the positions of the 
FM04 antisense transcript (A, 3S0bp), protected FM04 hybrid (C, 
242bp), FMOS antisense transcript (B, 30Sbp) and protected 
FMOS hybrid (D, 236bp). Autoradiography was carried out for 16 
days.
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Fig 5.5.3 FM 04 mRNA concentrations in human liver (Li), 
human lung (Lu), human kidney (Ki), human skin (S), 
primary human epidermal kératinocytes (K) and HaCaT (H) 
cell samples. Samples were analysed as described in 
section 2.6. The FM04 antisense transcript was hybridized 
to human liver, lung, kidney, primary cultures of human 
epidermal keratinocyte and HaCaT RNA and digested with a 
m ixture of RNase A/T1. The digested RNA was 
electrophoresed and autoradiographed. The resulting 
signals were compared to a standard curve of undigested 
probe and the concentrations of the mRNA in the samples 
calculated as described in section 2.6.1.6.
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having the highest (8X10® molecules FM05//yg total RNA or 26.92 

molecules/cell) and the kidney the lowest (1.5X10® molecules FM05//yg total 

RNA or 1.02 molecules/cell). The amount of FM05 mRNA in the lung was 

approximately 1.61 molecules/cell.

FM05 mRNA was detected in five of the eight skin samples analysed. 

The amount varied considerably, from between 2X10^- 1X10® molecules 

FM05//;g total RNA or 0.1-0.48 molecules/cell (fig 5.6). FM05 was not 

detected in any of the primary cultures derived from these samples. The 

HaCaT cells expressed relatively high amounts of FM05 mRNA (5X10^ 

molecules/^g total RNA or 0.23 molecules/cell).

To date, no quantitative studies on the expression of FM05 in human 

tissues have been published and therefore no comparisons between the 

results obtained here and those obtained by others can be made.

5.6 Summary of results

No previous studies on the range of FMOs present in the human skin 

have been published. The studies above show both the spectrum of FMOs 

present and the amounts of each of the mRNAs in human skin. A summary of 

these results are shown in Table 5.1. Although studies on the presence of 

FMOs have been conducted on the skin, these have been primarily on 

mouse skin and restricted to the expression of FMOs at the protein level 

(Venkatesh etai, 1992).

The extension of our studies to primary cultures of human kératinocytes 

derived from the whole skin samples analysed were carried out to investigate 

whether the same range of FMOs were present in the cultured cells as were in 

the whole tissues from which they were derived. Also analysed was an 

immortalised culture of human epidermal kératinocytes (HaCaT).

192



Li Lu Kl

sample

Fig 5.6 FM05 mRNA concentrations in human liver (Li), 
human lung (Lu), human kidney (Ki), human skin (S), primary 
cultures of human epidermal kératinocytes (K) and HaCaT 
(H) cell samples. Samples were analysed as described in 
section 2.6. The FM05 antisense transcript was hybridized 
to human liver, lung, kidney, primary cultures of human 
epidermal keratinocyte and HaCaT RNA and digested with a 
m ixture of RNase A/T1. The digested RNA was 
electrophoresed and autoradiographed. The resulting signals 
were compared to a standard curve of undigested probe and 
the concentrations of the mRNA in the samples calculated as 
described in section 2.6.1.6.
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The results show that FMOs 1, 3 and 5 are expressed in different skin 

samples, although at varying levels. None of the whole skin samples 

analysed contained FM02 mRNA. FM01 mRNA is present in the greatest 

abundance in most of the skin samples analysed. FM03 and 5 mRNAs were 

present in similar amounts. The primary cultures of human epidermal 

kératinocytes expressed FMOs 1, 2 and 3, although at varying levels in 

different cultures. There was no correlation between the age status of the 

individuals from which these samples were derived and the presence of the 

FMO mRNAs.

The HaCaT cells express FMOs 1, 4 and 5. The relatively high 

expression of FM04 in these cells (0.16molecules/cell) compared to the liver 

and lung (0.15 and 0.05 molecules/cell respectively) would make this system 

a useful tool in the further characterization of the factors that regulate the 

FM04 gene.

It is apparent from the above results that the human skin expresses a 

variety of FMOs, although the levels of their expression is low. However, the 

expression of these FMOs In locations where they would come in direct 

contact with their substrates would mean that they could play an important 

role in detoxification of foreign compounds in the skin.

In situ hybridization analysis on sections of whole skin was 

subsequently carried out to determine the cellular localisation of the FMO 

mRNAs (Chapter 8).
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COCJl

Sam ples FM01 FM 02 FM 03 FM 04 FMOS
Human liver 0 0 11 0.15 27
Human lung 0 11 0.41 0.05 1.6

Human kidney 5.8 ND 0.33 0.23 1.0
whole skin 46yrs 0.99 ND ND 0.01 0

primary cells 46yrs 0 ND ND 0 0
whole skin 28yrs 0.77 0 ND 0.01 0.26

primary cells 28yrs 0 0.68 0 0 0
whole skin 58yrs 0.67 ND ND 0 0

primary cells 58yrs 0.69 0.56 0 0 0
whole skin 31yrs 1.2 0 0.45 ND 0.1

primary cells 31yrs ND ND 0.21 ND 0
whole skin 28yrs 0.85 ND ND ND ND

primary cells 28yrs 0 0.51 ND ND ND
whole skin 24yrs ND ND 0.19 ND 0.12

primary cells 24yrs ND ND 0 ND 0
whole skin 502 ND ND 0.2 ND 0

primary cells 502 ND ND 0.14 ND 0
whole skin ?yrs ND ND 0.13 ND 0

primary cells ?yrs ND ND 0.17 ND 0
whole skin 24yrs 1.1 0 0.15 ND 0.1

primary cells 47yrs 0 0.23 ND ND ND
HaCaT cells 0.68 0 0 0.16 0.23

Table 5.1 Amounts of FM01, 2, 3, 4 or 5 mRNAs expressed in molecules of FMO mRNA/cell. (ND= Not determined)



PROTEIN ANALYSES
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6.1 Western blot analyses of cultured cells, microsomes and 

whole tissue proteins

Western blot analyses were carried out on proteins extracted from 

HaCaT cells, commercially available primary cultures of human epidermal 

kératinocytes, kératinocytes established from breast reduction full thickness 

skin, microsomes from whole skin and homogenates of various tissues. 

Anti-baboon CYP2A, anti-rabbit CYP2B and anti-rabbit CYP3A were a kind 

gift from Dr. Patrick Maurel (INSERM, Montpellier, France). All the above GYP 

antibodies have been reported to cross-react with the human isoforms 

belonging to the same subfamily. Initial investigations on the FMOs were 

carried out using a general antibody raised to the pig hepatic FMO, i.e FM01. 

This antibody was a gift from Dr. Daniel M. Ziegler (Clayton Foundation 

Biochemical Institute, University of Texas, USA). Subsequent western blot 

analyses were carried out using antibodies raised to specific FMOs. 

Antibodies to FM01, 3 and 5 were raised in goat using the rabbit liver FMOs 

as antigens. Antibodies to FM02 were raised in goat using rabbit lung FM02 

as the antigen. These FMO antibodies were a kind gift from Dr Richard M. 

Philpot (NIEHS, North Carolina, USA). The FM03 antibody was reported to 

cross-react with all five FMO isoforms (Philpot, personal communication).

To ascertain whether we could use western blotting analyses to detect 

these proteins, initial experiments were carried out on HaCaT cells and 

primary cultures of human epidermal kératinocytes. The HaCaT cells were 

chosen due to their unlimited availability, as compared to primary cultures of 

kératinocytes. Also, these cells are derived from a single donor and therefore 

interindividual variation, as is seen in the expression of various CYPs could 

be eliminated.

A number of problems were encountered when the HaCaT cells and 

primary human epidermal kératinocytes were used to test protein extraction
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and detection protocols. Table 6.1 summarises the problems encountered 

and the strategies employed In solving these problems.

6.1.1 Extraction of proteins

The use of the standard protein extraction procedures, employed In our 

laboratory to lyse cells from primary and Immortalized cultures , namely glass- 

glass homogenisation of the cells, proved to be Ineffective In lysing HaCaT 

cells. When the homogenised cells were stained with trypan blue, the nuclei 

of the cells were not stained and about 90% of the cells remained Intact. To 

ensure a substantial yield of protein from cultures of the HaCaT cells, 

alternative procedures were used to lyse the cells. These were, the use of 

either, glass-beads or sonlcatlon of samples. Of these two methods, 

sonlcatlon proved to be the more successful for extracting protein. This was 

because when glass-beads were used to shear the cells, a large amount of 

the protein extracted was lost during the recovery and removal of the sample 

from the glass beads.

Similar problems were not encountered In lysing cells from primary 

cultures of human keratlnocytes. However, to standardise extraction 

procedures, these cells were also sonicated to extract cellular protein.

6 .1.2  Sampie viscosity

The problem of sample viscosity has been encountered by others 

working with keratinocyte cultures or with cells having more than their normal 

complement of DMA. The latter Is the case with the HaCaT cells, which are 

aneuplold and have 78-88 chromosomes, rather than the normal complement 

of 46 (Boukamp et al., 1988).
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CO

Problem Strategy Result
Difficulty in extracting proteins a)homogenization using glass-glass 

homogeniser
b)extraction via sonication 
cjextraction with glass-beads

see section 6.1.1

Viscosity of sample a)passing the protein sample through a 19 
gauge syringe needle several times
b)addition of protamine sulfate to extracted 
protein followed by centrifugation.
c)Centrifugation, no addition of protamine 
sulfate.

see section 6.1.2

Antigen detection (lack of it) a)Increasing the protein concentration 
loaded onto gel.
b)Varying antibody (both primary and 
secondary) concentrations used in antigen 
detection.
c)Incubating HaCaT cells with known 
inducers of CYPs, e g Phénobarbital, 
Dexamethasone and Pyridine. All of which 
have been reported to increase CYP related 
enzyme activities in the skin.
d)lncreasing the sensitivity of detection by 
using chemiluminescent substrates.

see section 6.1.3

Cross-reactivity a)optimization of antigen detection by using 
different blocking solutions.
b)Determining the source of cross-reactivity.
c) Using a monoclonal antibody (CYP2E1)

see section 6.1.4

Table 6.1 Summary of problems encountered during western blot hybridization analyses proteins derived from human skin and 
cultured cells



Viscosity problems only arose when SDS-PAGE loading buffer was 

added to an aliquot of cell homogenate. This was probably due to the SDS 

content of the loading buffer, which solubilized the nuclear membrane leading 

to the release of genomic DNA.

Several methods were employed in an attempt to reduce the viscosity 

of the samples. After addition of the SDS-PAGE loading buffer, the sample 

was repeatedly passed through a 19 gauge syringe needle to shear the DNA 

and thereby reduce viscosity. This method however, resulted in sample loss.

Clearing the homogenate of DNA using chloroform/methanol/water 

(section 2.8) has been used previously to eliminate DNA from HaCaT whole 

cell homogenates. However, the protein pellet obtained by this procedure 

was very difficult to solubilize. In cases where the protein appeared to 

become soluble, once frozen, it precipitated out of solution. This method was 

therefore abandoned.

Protamine sulphate is a polycationic macromolecule which binds with 

DNA precipitating it. Protamine sulphate (2.5%; w/v) was added to cell 

lysates after sonication and glass bead extraction in an attempt to precipitate 

any DNA liberated during cell lysis. When such samples were analysed by 

SDS-PAGE gel electrophoresis, it was apparent that a population of the 

proteins within the samples had been removed by the protamine sulphate. It 

has been shown that protamine sulfate adsorbs certain proteins in its 

precipitate and indeed protamine precipitate adsorption has been used as a 

step in enzyme purification (Welch and Scopes, 1981). In case the 

precipitated proteins were the ones of interest to us, the use of protamine 

sulfate to elimate DNA from the samples was abandoned.

The method that proved to be the most effective in eliminating sample 

viscosity was simply to centrifuge the sonicated samples at 4^0. This step 

removed the nuclei and left only soluble proteins in the supernatant. This
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procedure was therefore used in the extraction of proteins from all samples of 

cultured cells.

6.1.3 Antigen detection

Once the problems with the extraction of the proteins were solved, the 

samples were electrophoresed on SDS-PAGE gels and blotted onto 

supported nitrocellulose. The Immobilised proteins were then analysed with 

the various antibodies mentioned in section 6.1.

Initial results showed no cross-reacting bands with the various 

antibodies, and therefore, the amount of protein loaded onto the gel for 

electrophoresis was Increased from 20/yg to 80/yg. Increasing the total 

amount of protein loaded led to further problems. The probability during 

antigen detection of the antibodies (polyclonal) cross-reacting with non

specific proteins Is much higher. As the total amount of protein 

electrophoresed was Increased, a number of non-specific background bands 

appeared . These non-specific cross-reacting bands always electrophoresed 

either faster or slower than the positive control samples loaded In adjacent 

tracks. Varying the dilution of both secondary and primary antibodies used for 

detection. In an attempt to eliminate non-specific bands, was also tried. 

However, this resulted In either no bands being observed or only non-specific 

background bands.

There was a distinct possibility that the amounts of both CYPs and 

FMOs In the HaCaT cells are simply too low to detect. Therefore, two 

methods were used to try and Improve the detection of low amounts of these 

proteins. The first was to treat the cells with compounds that have been 

previously shown, by others, to Increase the enzyme activity of the particular 

CYPs In the skin. The second method was to use the more sensitive 

detection system of chemllumlnescence. Previously, antigen detection was
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accomplished using an alkaline phosphatase colour development procedure, 

which though more sensitive than a horseradish peroxidase colour 

development system, is not as sensitive as the alkaline phosphatase 

chemiluminescent system.

Induction of CYP proteins and related enzyme activity by phénobarbital 

(Pham etal., 1989, Vizethum et al., 1980, Pannatier eta!., 1982, Dam en and 

Mier, 1982), pyridine (Agarwal etal., 1994) and dexamethasone (Jugert et al., 

1994) has been reported to occur in rodent skin. HaCaT cells were incubated 

separately with various doses of each of these compounds. No induction of 

members of the CYP2A, CYP2B and CYP3A families was observed when 

either the colour or chemiluminescent development methods were employed. 

It was unfortunate that most of the non-specific bands detected using the 

chemiluminescence method tended to be of similar molecular weight as the 

proteins being investigated and therefore, even if we were detecting the CYPs 

or FMOs, these proteins would have been masked by cross-reacting bands. 

These non-specific bands were probably keratins which have an approximate 

molecular weight of between 40000 and 70000 depending on the 

electrophoretic technique being used (Baden, 1980, Steinert and Idler, 1975, 

Skerrow, 1974).

It proved impossible to extract microsomes from HaCaT cells even 

when large quantities of cells were used. The reason for this is unknown.

6.1.4 Cross reactivity of antibodies to HaCaT and keratinocyte 

proteins

A similar pattern of cross-reacting bands was seen with all antibodies 

used. Attempts were made to eliminate this cross-reactivity by optimising the 

blocking conditions. I-Block (Tropix Inc, USA) was substituted for gelatin. 

Although the l-Block proved to be a more efficient blocking solution than
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gelatin In that It reduced the Intensity of the cross-reacting bands, It did not 

eliminate them.

To try to pIn-poInt the source of cross reactivity, blots with Immobilised 

protein were Incubated with either primary antibody only, or secondary 

antibody only or pre-lmmune serum only. Pre-lmmune serum recognised the 

same non-specific bands as the primary antibody used. The secondary 

antibody also cross-reacted with the same proteins.

During the course of this work, a report was published showing that 

polyclonal antibodies cross-react with keratins in skin and skin derived cells 

(Vecchlnl efa/., 1995). Monoclonal antibodies on the other hand do not. To 

test If this was Indeed the case, western blots were Incubated with a 

monoclonal antibody to rat CYP2E1. This was the only monoclonal antibody 

available to us at that time. The background banding pattern with this 

antibody was negligible and when HaCaT cells were treated with a high 

concentration (2mg/ml) of pyridine, a specific band corresponding exactly to 

that In the positive control of CYP2E1 was observed.

Due to the lack of success In detecting any significant amounts of either 

CYPs or FMOs In the HaCaT cells and primary keratinocyte cultures, using 

western blot analyses, this approach was abandoned.

6.2 Western blot analyses on skin microsomes

Microsomal membranes were prepared from human skin to eliminate 

the keratin population and enrich the total CYP and FMO content In the 

sample to be analysed. Western blot analyses on human skin microsomes 

were subsequently carried out. Because the yield of microsomes from whole 

skin Is very low, analyses were only carried out using antibodies to the 

various FMO proteins.
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Microsomes and cytosol prepared from human skin were 

electrophoresed and blotted onto nitrocellulose. Blots of these samples were 

incubated separately with anti-FM01, 3 and 5. Samples of heterologously 

expressed FMOs were used as positive controls (fig 6.1). In both the 

microsomes and cytosol a band that electrophoresed faster than the positive 

control was observed. The identity of this band is unknown, but it is probably 

the same cross-reacting band detected in previous experiments with the 

HaCaT cells. On the same gel whole tissue homogenates of adult human 

liver and kidney were also loaded . This was carried out to establish that in 

whole tissues the bands observed were the same size as those expressed in 

insect cells.

When the blot was probed with an anti-FMOl antibody (Fig 6.1, panel 

A), a faint band of the same molecular weight as the lower band observed, in 

both whole skin microsomes and cytosol, (lanes 1 and 2) was present in the 

kidney (lane 3). A higher molecular weight band that was the same size as 

that observed for heterologously expressed FM01 (lane 4) was also observed 

in the human kidney sample.

The anti-FM03 antibody gave similar results (fig 6.1, panel B), but in 

this instance the tissue that served as a positive control was human liver. A 

faint lower molecular weight band corresponding to that observed in the 

human skin microsomes and cytosol (lanes 1 and 2) was present in this 

sample (lane 3), together with another faint but higher molecular weight band 

that corresponded in size to the heterologously expressed human FM03 

(lane 4).

The anti-FM05 antibody did not detect bands corresponding to the 

positive control in either the human liver or human kidney samples (fig 6.1, 

panel 0, lanes 3 and 4). This antibody however cross-reacted strongly to a 

band in both the human skin microsomes and cytosol (lanes 1 and 2). This
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band was the same molecular weight as that detected by the antl-FM01 

(panel A) and antl-FM03 (panel B) antibodies.

Unfortunately, due to the unavailability of sufficient quantities of human 

tissues such as the liver and kidney, microsomes from these samples could 

not be prepared. As a result the bands observed, in the tissue homogenates, 

are faint and barely detectable (not clearly visible in fig 6.1).

The most likely explanation for the cross-reacting bands, in human skin 

microsomes and cytosol, is contamination by keratins. However, to determine 

if the lower molecular weight band detected by different antibodies was an 

FMO, an antibody reported to cross-react with all FMOs (anti-FM03) was used 

to probe a western blot containing FM01, 2, 3 and 5 expressed in E  Coli 

(provided as positive controls by Dr. R. Philpot) and various test samples. 

Only FM05 and FM03 were detected by this antibody. The specificity of the 

antibody for FM05 was so low that the band (fig 6.2 lanes 7 and 8) is barely 

detectable. Neither FM01 nor FM02 were detected. This showed that the 

anti-FM03 did not have the ability to detect FMOs 1 and 2. In a mixture of 

FM03 and FM05, the antibody has a higher specificity for FM03 than it does 

for FM05 (lane 9). Because FM03 and FM05 have different electrophoretic 

mobilities they can be differentiated on a western blot. However, the use of 

the FM03 antibody to differentiate the two forms cannot be carried out, due to 

the high specificity for the antibody for FM03 as compared to FM05. As to 

whether the FM03 antibody can detect FM04, for which no antibody is yet 

available, is unknown.

It is possible that the reason no corresponding band is observed in 

human skin microsomes with any of the FMO antibodies is because the 

amount of this protein is too low to be detected or because the isoform 

present in the human skin could be FM04. The expressed FM04 protein was 

not available to us. This is because until recently FM04 has not been 

expressed in a heterologous system. However with the recent expression of
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Fig 6.1. Western blot analyses with anti-FMOl (panel A). anti-FM03 (panel B) and anti-FM05 (panel 0). Whole skin 
microsomal membranes (40/vg) (lane 1, panels A, B and C) and cytosol (40/vg) (lane 2. panels A. B and 0), liver homogenate 
(40^g) (lane 3. panels B and 0) and human kidney homogenate (40^g) (lane 3, panel A and lane 4, panel C). 1 pmol of each 
heterologously expressed FM01 (panel A, lane 4), FM03 (panel B. lane 4) and FM05 (panel C, lane 5) was electrophoresed 
concurrently to serve as positive controls. A prestained molecular weight marker (MW) from Bio-Rad, was also 
electrophoresed to estimate the relative sizes of the bands observed.
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Fig 6.2 Western blot analysis of heterologously expressed FM0s1, 3 
and 5 using an anti-FMOS antibody reported to cross-react with all 
FMO isoforms, tpmol and 2 pmol FM01 (lanes 1 and 2 respectively), 
FM02, tpmol and 2 pmol (lanes 3 and 4 respectively), FM03, tpmol 
and 2 pmol (lanes 5 and 6 respectively), FM05, tpmol and 2pmol 
(lanes 7 and 8 respectively) and a mixture of FM03 (tpmol) and 
FM05 (2pmol), lane 9. Whole skin microsomes {40ijg), lane to  and 
skin cytosol (40/vg), lane 11 were electrophoresed concurrently with 
40/jg each of human liver (lane t2), human lung (lane t3) and human 
kidney (lane t4) homogenates. Molecular weight standards (MW) 
from Bio-Rad were also electrophoresed for the subsequent 
estimation of the size of the band obtained.

Molecular weight standards are the same as indicated in fig S.t.
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a truncated form of this protein (Itagaki, 1996), an antibody to FM04 should 

soon be available. With the availability of such an antibody, studies on the 

expression of FM04 in the human skin and other human tissues will be 

possible.

Because of the problems encountered with the western blot analyses, 

two different strategies were employed to investigate if any FMOs were 

expressed at the protein level in human skin, enzyme activity assays (Chapter 

7) and immunohistochemistry (Chapter 9).
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7.1 Spectrophoto metric assay of the Flavin containing 

monooxygenase

Enzyme activity studies on human skin microsomes, using 

methimazole (Ml) as a substrate, were carried out because it was not possible 

to detect the FMOs using western blot analyses (chapter 6). The limited 

availability of primary cultures of human epidermal keratlnocytes and the 

difficulty in extraction of protein and microsomes from the HaCaT cells, 

prohibited the same assays being carried out on these cultured cells.

Ml (A/- methyl-2-mercaptoimidazole) has been shown to be a highly 

specific substrate for the FMOs 1, 2, 3 and 4 (Ziegler, 1980, Poulsen et al., 

1974). FMOs catalyse the S-oxygenation of Ml to the imidazole-sulphenic 

acid and glutathione (GSM) immediately reduces this intermediate, 

regenerating the parent substrate (fig 7.1). Only reaction 'a' in fig 7.1 is 

enzyme catalysed. At GSM concentrations above 1 mM the nonenzymatic 

reduction of the sulphenic acid (reactions 'b' and 'c') is much faster than the 

enzyme catalysed step, 'a'. Oxygen uptake in the presence of Ml, NADPH 

and GSM was initially devised as an assay to measure the activity of FM01 in 

whole homogenates and cell subtractions (Ziegler. 1980).

A more sensitive spectral assay to measure FMO activity is based on 

the conversion of nitro-5-thiobenzoate (TNB) to 5,5'-dithiobis(2-nitrobenzoate) 

(DTNB) (Dixit and Roche, 1984). The conjugate disulfide of Ml can oxidise 

TNB to DTNB. TNB is yellow in colour but DTNB is colourless. The reaction 

is followed by measuring, at 412nm, the disappearance of the coloured 

product. The measured reaction results in the oxidation of two molecules of 

TNB per catalytic cycle. The oxidation of Ml and subsequent reduction of TNB 

to DTNB is shown in fig 7.2.

This assay was used to measure FMO activity in human skin 

microsomes.
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7.2 Results and discussion

Whole skin microsomal membranes were prepared as described in 

Section 2.8.1. It was necessary to pool the microsomal membranes from five 

different individuals to provide sufficient material for enzyme activity studies.

Control assays were performed using heterologously expressed FMO 

1, 3 and 5 protein.

7.2.1 Activity of heterologously expressed FMOs 1, 3 and 5

To ensure that the assay was working, FMOs 1, 3 and 5 expressed in a 

baculovirus/insect cell system were used as controls. Insect cell microsomal 

membranes were prepared and provided by Dr. Colin Dolphin (Queen Mary 

and Westfield College, London). The amount of FMO per mg of microsomal 

protein in each of these control samples was determined by carrying out 

quantitative western blot analyses (described in section 2.10). Using known 

amounts of the respective FMOs, (provided by Dr. R. Philpott), standard 

curves were generated for each of the FMOs following densitometric analyses 

of the western blots. The amount of FMO in the insect microsomal 

membranes was approximately 0.055 pmol FMO/^g total protein for each 

FM01, FM03 and FM05 samples. No FMO was detected in the microsomes 

from uninfected cells or insect cells infected with the wild type virus.

The microsomes from uninfected insect cells, and microsomes from 

insect cells infected with the wild type virus were used in the activity studies. 

Neither of these samples had activity towards Ml. FM01 has the highest 

activity towards Ml (0.38nmoles Ml min-1pmol-1), followed by FM03 

(0.04nmoles Ml min’ '*pmol'"*). FM05 has no detectable activity towards Ml. 

The activity of FM05 towards methimazole is the same as that of the control
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samples, Tn/ cells and T.ni cells Infected with wild type virus. These results 

are shown in Table 7.1 and fig 7.3.

Under conditions In which the substrate is in excess, the kcat values for 

FMOs 1 and 3 can be calculated.

kcat=Vmax

[E]o

where Vmax is the limiting value of the rate of reaction under saturating 

substrate concentrations and [E]q is the concentration of the enzyme.

From the above equation, the kcat for FM01 would be 380 m in-\ while that 

for FM03 would be 40 min-1 (Table 7.1 and fig 7.4). The kcat for FM05 could 

not be determined.

Overby et al., (1997) found that human FM03 and 5 expressed in E  

coli have a Km of 0.035 and 6 mM respectively. They concluded that FM05 

has a general lack of activity towards Ml. Expressed FM05 from guinea pig 

and rabbit also have little activity towards Ml (Overby at al., 1995), with an 

exceptionally high km for Ml of 3 and 10 mM respectively.

The kcat obtained for the heterologously expressed FM03 (40 min-1) is 

similar to that obtained by (Dolphin etal., 1997) who found a kcat of 36 min-1 

in a separate batch of human FM03, expressed in a baculovirus/insect cell 

system. Rabbit FM03 expressed in Eco// has a km for Ml of -3 0 /;M  (Burnett 

etal., 1994). FM01 expressed in COS-1 cells has a km of 2.8 /yM towards Ml 

(Lawton etal., 1991). Although the heterologous expression systems were 

different in these two reports it shows that FM01 has a higher affinity for 

methimazole than does FM03. These results concur with those obtained

j above which show that Ml is metabolized more efficiently by FM01 than it is 

by FM03. The kcat for FM01 being 380 min"\ whereas that for FM03 being
I

40 min-1 To investigate the effect of Emulgen 911 and n -octylamine on FM01, 

0.2% (v/v) Emulgen 911 and 2.4mM n -octylamine was added to the assay
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FMO form -A Abs 

412nm/min

Specific activity (nmoies Mi min~ 

lm g-1)

Specific activity 

(nmoies Mi min"1pmoi"1)

kcat=Vjnax

[E]o

(min"1)

1 0.028 20.86 0.38 380

3 0.028 2.16 0.04 40

5 0 0 0 ND

ro

Table 7.1 Specific activities of FM01, 3 or 5 expressed in insect cells with 2mM Ml as substrate. The amount of FMO in each of 

the expressed FM01, FMOS and FM05 samples was 0.055pmol FMO/pg total microsomal protein. The FMO catalysed oxidation 

of methimazole leads to 2 molecules of TNB being oxidized per catalytic turnover, giving a molar absorbance coefficient at pH 8.4 

of 14,100 M"1cm"1. (ND= Not determined).
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mixture, both separately and together, and the rate of TNB oxidation 

measured. Negative controls comprising all the assay constituents without 

microsomes were also carried out to determine if any enzyme independent 

oxidation of TNB occured in the presence of detergent, n -octylamine or both. 

The results obtained are shown in Table 7.2 and figs 7.5 and 7.6 .

Both n -octylamine and Emulgen 911 enhanced FMO activity towards 

Ml. The highest activity (25.72 nmoles Ml mg-1min-1) was obtained in the 

presence of 2.4mM n -octylamine, followed by that in the presence of both 

Emulgen 911 and n -octylamine (24.21 nmoles Ml mg-^min-l). The latter 

value does not differ . from that in the presence of only n

-octylamine. Therefore the addition of Emulgen 911 by itself has an 

enhancing effect on FM01 activity, but Emulgen 911 in the presence of n 

-octylamine provides no additional enhancement of activity (fig 7.6)

The data obtained shows that a small amount of enzyme 

independent oxidation of TNB occurs in the presence of Emulgen 911 and 

absence of FM01. Venkatesh et al., (1992) have reported that Emulgen 911 

could not be used with the methimazole/DTNB assay as it was found to 

interfere with the assay. The reasons for this interference was not given, n 

-octylamine by itself does not cause any such oxidation. The above results 

show that both Emulgen 911 and n -octylamine have the ability to increase 

the activity of FM01. It was expected that activity in the skin microsomes 

would be low and for any activity to be observed, it might be necessary to add 

the above compounds to the assay mixture.

The solubilisation of mouse and rabbit microsomes with 1% (v/v) 

Emulgen 911, apparently increases FMO activity (Tynes and Hodgson, 1985). 

This is thought to be due to increased cofactor or substrate accesibility to the 

enzyme. However, Emulgen 911 also appears to decrease the effective 

active site concentrations of lipophilic substrates, presumably due to ligand 

partitioning into detergent micelles, resulting in a lower concenration of free
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Assay Specific activity 

(nmole min"1mg 1)

FM01 19.67

FM01 + emulgen 23.46

FM01 + N-octylamine 25.72

FM01 + emulgen + N-octylamine 24.21

Table 7.2 Specific activity in nmole min"1mg"1 of FM01 in the presence of 0.2% (v/y) Emulgen 911 and n -octylamine. These 

were added separately or together to ascertain their effects on the activity of FM01 towards methimazole.
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time course of 4 mins. Controls for each reaction contained the appropriate components but no 
microsomes. The rate of disappearance of the coloured product (DTNB) was measured at 412nm.
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substrate. A number of substrates therefore tend to be metabolised poorly by 

microsomes solubilised with Emulgen 911, e g N, A/-dimethylaniline.

Primary amines e g n -octylamine activate pig liver FMO to produce 

1.5-2.5 fold increases in Vmax by binding at an effector site(s) distinct from the 

catalytic site (Ziegler and Mitchell. 1972, Ziegler et al., 1973). In addition n 

-octylamine has been shown to cause about a 2 - fold increase in the activity 

of FM01 expressed in E  coil (Burnett eta!., 1994). Dixit eta!., (1984) have 

shown that concentrations of 2.4mM n -octylamine causes an activation of 

FMO activity in rat liver microsomes.

Emulgen 911 and n -octylamine are also inhibitors of CYPs and in 

tissue microsomes, there is the possibility of oxidation occuring due to the 

presence of these enzymes, these compounds would therefore negate any 

effects of P450 dependent oxidation of TNG.

7.3 Measurement of FMO activity in whole skin microsomes

Human skin microsomal membranes from five different individuals 

were pooled in order to obtain enough sample to carry out the assay. 

Quantification of the amount of FMO in the skin microsomal samples was not 

possible because of the problems described in section 6.1. Unfortunately, 

due to the unavailability of human skin microsomes, detailed kinetic analyses 

on FMO activity could not be carried out.

Activity measurements on skin microsomes in the absence of detergent 

and enhancers, in the presence of detergent and in the presence of both 

detergent and enhancers were carried out in order to maximise any FMO 

activity that might be present. The results obtained are shown in Fig 7.7.

The graphs show the non linearity of the reaction associated with these 

microsomes. The addition of detergent to the assay mixture led to an 

increase in the rate of oxidation of TNG in the sample containing skin
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microsomes. A comparison of this with a control containing Emulgen 911 

(and no microsomes) shows that the increase in activity is not sufficient to 

confirm the presence of FMO activity in these microsomes. The presence of 

both n -octylamine and Emulgen 911 in the reaction mixtures had little or no 

effect on the activity as compared to that observed with skin microsomes in 

the absence of both these substances. The activity was no different to the 

basal activities observed with 0.2% Emulgen 911 alone, or with 0.2% 

Emulgen 911 and 2.4mM n-octylamine. The presence of Emulgen 911 in the 

assay mixture seems to lead to the increase in the oxidation of TNB 

irrespective of the presence or absence of microsomes, i.e enzyme 

independent TNB oxidation.

There could be several reasons for the non-linearity observed, 

including the presence of contaminating proteins present in the skin 

microsomes. When the methimazole assay has been used on rat liver 

homogenate, the plot of total FMO activity was found to be non-linear and 

could not be reproduced (Coecke et al.. 1992) . It was concluded that this 

was because of interference due to the formation of precipitates after the 

addition of DTNB. Coecke et a!., attributed this to contaminating proteins 

which are either soluble or loosely bound to the membrane. Contaminating 

cytosolic proteins were present in the skin microsomal fractions as was 

observed during western blot analysis (section 6.1). This suggests that these 

contaminants could be a factor in the non-linearity observed when Ml activity 

in the skin microsomes was assayed. Non-linear kinetics have also been 

observed for oxidations catalysed by mouse (Tynes and Hodgson, 1985) and 

rat (Cashman and Hanzlik, 1981) hepatic microsomal FMOs. It has been 

suggested that this may be due to the presence of two or more FMO enzymes 

in the preparations examined.

Another factor that could have led to the inconclusive results obtained 

with the skin microsomes is the loss of FMO activity during preparation of
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microsomes. Ziegler, (1980) reports that in studies on pig liver FMO (FM01), 

in the absence of NADPH, the activity of the FMO is sensitive to thermal 

inactivation at temperatures above 3Q0C and that half of the activity is 

destroyed by thermal equilibriation at 370C for as little as 6 mins. Thermal 

instability is a characteristic of the microsomal FMOs in all tissues and seems 

to be an intrinsic property of the enzyme. It is possible that the reason for the 

lack of detection of this enzyme in the skin microsomes could be either total 

lack of activity in the microsomes or the extreme thermal lability of the 

enzyme.

To determine the integrity of the skin microsomes, an additional assay 

determining P450-reductase activity was also carried out. This assay is 

based on the spectral measurement of the rate of reduction of cytochrome c in 

the presence of NADPH and cytochrome P450-reductase which is known to 

be present in all microsomes (section 2.13).

Hepatic microsomes from phénobarbital treated rats were used as a 

positive control for this assay. These microsomes have been shown 

previously to contain P450 reductase activity. The results obtained with rat 

liver microsomes is shown in fig 7.8, and that with the skin microsomes is 

shown in fig 7.9.

Unfortunately due to the scarcity of sample, neither the substrate 

concentrations nor the protein (enzyme concentrations) could be varied and 

thus kinetic studies were not possible. However, from the limited results 

obtained, the specific activity could be calculated per milligram of microsomal 

protein. These results are summarized in Table 7.3

The results in Table 7.3 show that the skin has P450 reductase activity 

albeit in much lower amounts than rat liver microsomes. However, 

considering that western blot analyses showed that there was contamination 

of the microsomes with cytosolic proteins, this is not the true value of activity 

per milligram microsomal protein for the skin microsomes. It serves the
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Sample Specific activity (nmoie min-1mg"1)

Whole skin microsomes 1.11

Rat liver microsomes 362.4

The extinction coefficient for reduced cytochrome c is 21mM'‘*cm"‘* (Williams and Kamin, 1964).

Table 7.3 Summary of the specific acitivity of P450-reductase (in nmole min-1mg-1) in whole skin microsomes and rat liver 

microsomes.



purpose however, of confirming that the microsomes had retained some 

enzyme activity through the extraction process. This result varies

considerably from that obtained by Pohl etal., (1983), who found an activity of 

8 nmoles product min"%g‘ ‘̂ when mouse skin microsomes were assayed for 

P450 reductase. This value could be higher than that obtained by us for a 

number of reasons, including the fact that species differences in the 

expression of P450 reductase exist. It is possible however that some activity 

may have been lost during the extraction procedure and hence the low 

activity observed.
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8.1 Cell-type specific expression of FMOs In the human skin

Two different methods were used to investigate the cell-type specific 

expression of FMOs in human skin, namely immunohistochemistry (IHC) and 

in situ hybridization analyses. Both these studies were carried out on 

paraformaldehyde fixed sections of whole human skin. The sections used for 

these studies were obtained from a single individual.

8 .2  Immunohlstochemlcal localisation of FMOs In human skin

As described in Chapter 7, western blot analyses of whole skin 

microsomes and cytosol showed non-specific cross-reacting bands with all 

the FMO antibodies available to us (anti-FMOl, FM03 and FM05). The goal 

of all immunohlstochemlcal procedures is the identification of specific 

antigens in situ by antibodies that are visualised via the use of reporter 

molecules such as enzymes or fluorochromes. IHC enables the localisation 

of proteins within a tissue. Proteins not present in large quantities in tissues, 

but localised to particular areas or cells of the tissues can be observed. Cells 

containing the protein being investigated are stained more intensely than are 

the controls. Successful IHC requires that the antigenic epitope recognised 

by the primary antibody is preserved through tissue fixation, embedding, 

sectioning, and staining procedures.

The procedure described in section 2.11.3, was used on 

paraformaldehyde fixed sections embedded in wax. Anti-FMOl, FM03 and 

FM05 antibodies were used separately to detect their respective antigens in 

this tissue. Paraformaldehyde fixation is known to dramatically reduce the 

antigenicity of tissue either as a result of epitope masking (cross-linking) or 

the destruction of protein conformation (dénaturation). Techniques such as 

proteolytic digestion (described in section 2.11.3.1) can be used to unmask
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the epitopes blocked by chemical cross-linking, however, they do not restore 

antigenicity lost by dénaturation. Two methods were used to unmask 

antigens. Proteolytic digestion with trypsin was carried out as described in 

section 2.11.3.1. No difference was observed between tissue sections on 

which this procedure was carried out and those tissue sections which had not 

been treated.

A second method of unmasking the cross-linked antigens involved the 

use of high temperatures, as described in section 2.11.3.1. The latter method 

showed clear and localised staining in some of the tissues known to express 

the proteins being investigated e.g. human kidney. We decided to use high 

temperature antigen unmasking for all further IHC experiments.

IHC was carried out using antibodies to FM01, 3 and 5. Tissues 

known to express these proteins in relatively high quantities were used as 

positive controls. These were sections of the human kidney for FM01 and 

human liver for both FM03 and FM05. Unfortunately, sections of human liver 

did not give any reactivity with any of the FMO antibodies used. The probable 

reason for this is the fact that the human liver sections obtained by us were 

from postmortems. The time between the excision of the samples and fixation 

was not known. A further problem with the liver sections is that none of the 

sections were from normal, control livers. In most of the sections, the tissues 

were necrotic and liver structure could not be discerned.

Only the skin and kidney were known to have been flash frozen as 

soon as they were obtained and thereafter fixed in paraformaldehyde. All the 

skin samples and the kidney sample were from normal individuals.

8 .2.1 FM01 localisation

Anti-rabbit FM01 was used for IHC studies on sections of the human 

skin and kidney. This is the only antibody for which a 'positive' control was
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available. The negative control was carried out by incubating the section with 

non-immune goat serum, all the other incubations were the same as for the 

samples being tested.

Fig 8.1 shows the results obtained on a sample of human kidney. The 

proximal and distal tubules in the cortex of the kidney show distinct staining, 

but the staining is greater in the proximal tubules than it is in the distal 

tubules, indicating the presence of higher amounts of the FM01 protein (fig 

8.IB). Higher magnification of the proximal tubule (fig 8.1C), shows that 

FM01 protein is located primarily towards the luminal side of the cells. No 

staining was observed in the glomerulus. The negative control, fig 8.1 A, 

shows only faint background staining.

Sections of the human skin showed only background staining and no 

localisation of the protein with the anti-FMOl antibody. No observable 

differences between the negative control and sections being tested were 

seen. One of the reasons for this could be that the amount of FM01 

expressed in the skin may be very low, such that the antibody that was being 

used could not detect this low amount.

The antibody could detect the FM01 in the kidney because the 

amounts of the protein in this tissue are relatively high and could also be 

observed in the western blot analyses (fig 6.1, panel A). Western blot 

analyses did not detect the presence of FM01 in the skin microsomes. Thus, 

it would seem that an antibody with a higher titre will be required to detect the 

low amounts of this protein in the human skin if it is present.

8 .2.2  FM03 and 5 localisation

No positive controls were available for the detection of these proteins. 

When sections of human skin were incubated with either the anti-rabbit FM03 

or the anti-human FM05 antibodies, background staining was observed with
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Fig 8.1 Localisation of FM01 to the proximal and distal tubules in 

the human kidney cortex.

Sections of human kidney were Incubated with an antl-rabbit FM01 antibody, 

raised In goat (B and C) or with goat pre-lmmune serum (A). FM01 was 

detected In the proximal (pt) and distal tubules (dt), with the proximal tubules 

staining more Intensely. Higher magnification (C) shows more Intense 

staining towards the luminal side of the cells lining the proximal tubules. 

Magnification X110
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no areas of localised staining. There was no difference in staining between 

the negative controls and samples being tested.

Once again, the probable reason for this is the low antibody titres of the 

particular antibodies that we were using. The same antibodies did not detect 

FM03 or FM05 when western blot analyses were carried out on whole skin 

microsomes (fig 6.1, panel B and C).

8.3 In situ hybridization anaiyses

In situ hybridization analyses were carried out on fixed sections of 

human skin. The RNase protection assays using whole skin RNA showed the 

presence of a variety of FMOs in whole human skin. Depending on the 

individuals from whom the skin was obtained, FMOs 1, 3 and 5 were 

expressed, albeit at low concentrations (<1 molecule/cell). RNA from the skin 

of the individual used for in situ hybridization analyses, had been previously 

extracted and RNase protection assay analyses for the presence of the 

various FMO mRNAs had confirmed the expression of FM01, 3 and 5 mRNAs 

(chapter 4). Because of the absence of expression of FM02 mRNA in this 

sample of skin and also of the other skin samples previously analysed, no in 

situ hybridization analyses using the FM02 antisense or sense RNA probes 

were carried out.

In situ hybridization analyses with radiolabelled antisense probes 

encoding FMOs 1, 3, 4 or 5 were carried out separately. FM04 mRNA 

expression was investigated, despite not being detected using RPAs, 

because this FMO has been reported to be constitutively expressed in 

virtually all human tissues (Dolphin et al., 1996). As negative controls, the 

corresponding sense probes were hybridized to separate skin sections. The 

constructs used for these analyses were the same as those for the RNase
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protection assay (chapter 4). The only difference being the type of 

radioactivity (35g_uTP) used to synthesise the sense and antisense probes.

Many different protocols have been developed for the detection of 

mRNA by in situ hybridization. The method used by us is a modification of 

that developed by Angerer et al., (1987). With paraformaldehyde fixed 

sections, it is important to enable the probe to penetrate the tissue. To do this, 

various concentrations of proteinase K have to be used to determine the best 

conditions. Of the two different concentrations used, 50//g/ml and 200/yg/ml, 

the latter proved the most effective in enabling probe penetration.

8.3.1 Localisation of FMO mRNAs In human skin

The expression of FM01, 3, 4 and 5 mRNAs was investigated in 

sections of the same human skin. These were all analysed as described in 

section 2.7. FM01 (fig 8.2 and 8.3), FM03 (fig 8.4 and 8.5), FM04 (fig 8.6 and 

8.7) and FMOS (fig 8.8, 8.9 and 8.10) mRNAs were detected in the skin 

samples analysed.

The resulting microautoradiograms demonstrated a strong and specific 

hybridization of the FM01 and 5 antisense probe to the epidermis and 

sebaceous glands of the skin. The amount of FMOs 3 and 4 in the skin 

sample analysed were much lower, however, the riboprobes hybridized to the 

same regions as the other FMOs. Other regions within the section such as the 

Meissner's corpuscle were negative, indicating that the signal was specific to 

the above regions of the skin. The signals were significantly above those 

obtained with the sense probe.

Of the four FMOs tested, FM05 was the most highly expressed in both 

the epidermis and the sebaceous glands. The next highly expressed FMO 

was FM01, followed by FM03 and finally FM04. These results are different to 

those obtained with the RNase protection assays. The RNase protection
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analyses showed the presence In this particular sample of approximately 1.1 

molecules/cell of FM01, 0.15 molecules/cell of FM03 and 0.1 molecules/cell 

of FM05. The reason for this discrepancy is probably due to the assumption 

of an average value which takes into account all the cells from which the RNA 

has been extracted. In situ hybridization analyses takes into account the 

localisation of the RNA within particular cells.

The localisation of the FMOs in the epidermis is uniform and not 

restricted to particular areas of the epidermis i.e the stratum spinosum, the 

stratum granulosum or the stratum germinativum. In the sebaceous glands all 

the FMOs are expressed in the sweat producing cells of the sebaceous 

glands.

A structure which is possibly a hair follicle was present in some of the 

sections analysed. FMOs 1, 3 and 5 were highly expressed in sections where 

this structure was found. It is possible that upon an even longer exposure of 

the sections probed with the FM04 riboprobe the same strong signal would 

also be observed.

8.4 Discussion

In the IHC procedures carried out, polyclonal antibodies to the various 

FMOs were used. Monoclonal antibodies are preferable to polyclonal 

antibodies in this procedure because they have a high affinity and are 

specific. But, the use of a monoclonal antibody in tissues that have been 

chemically fixed, i.e with paraformaldehyde, has a disadvantage in that if the 

single epitope recognised by the antibody is irretrievably lost, a false-negative 

result will be obtained.

The use of polyclonal antibodies in the experiments performed had a 

major drawback. When the various tissue samples, especially sections of 

whole skin were probed with these antibodies, a high degree of background
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Fig 8.2 Localisation of FM01 mRNA to the epidermis of human 

skin.

Sections of human skin were incubated with 35s-iabelled antisense FM01 

RNA (A) or 35s-iabelled sense FM01 RNA (B). The antisense probe 

hybridized to cells within the epidermis. Autoradiography was for 4 weeks. 

Magnification = X 110
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Fig 8.3 Localisation of FM01 mRNA to the sebaceous gland in 

human skin.

Sections of human skin were incubated with 35s-iabelled antisense FM01 

RNA (A) or 35s-iabelled sense FM01 RNA (B). The antisense probe 

hybridized to the sweat producing ceils of the sebaceous gland. 

Autoradiography was for 4 weeks. Magnification = X110
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Fig 8.4 Localisation of FM03 mRNA to the epidermis of human 

skin.

Sections of human skin were incubated with 35s-iabelled antisense FM03 

RNA (A) or 35s-iabelled sense FM03 RNA (B). The antisense probe 

hybridized to cells within the epidermis. Autoradiography was for 4 weeks. 

Magnification = X110
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Fig 8.5 Localisation of FM03 mRNA to the sebaceous gland of 

human skin

Sections of human skin were incubated with 35s-iabelled FM03 RNA (A) or 

35s-labelled sense FM03 RNA (B). The antisense probe hybridized weakly 

to the cells of the sebaceous glands.. Autoradiography was for 4 weeks. 

Magnification = X110
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Fig 8.6 Localisation of FM04 mRNA to the epidermis human skin.

Sections of human skin were incubated with 35s-iabelled antisense FM04 

RNA (A) or 35s-iabelled sense FM04 RNA (B). The antisense probe 

hybridized weakly to cells within the epidermis. Autoradiography was for 4 

weeks. Magnification = X110
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Fig 8.7 Localisation of FM04 mRNA to the sebaceous gland in 

human skin.

Sections of human skin were incubated with 35s-iabelled antisense FM04 

RNA (A) or 35s-iabelled sense FM04 RNA (Bi and Bii). The antisense probe 

hybridized to weakly to cells within the sebaceous gland. Autoradiography 

was for 4 weeks. Magnification (A) = X50 and (B) = X110
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Fig 8 .8  Localisation of FM05 mRNA to the epidermis of human 

skin.

Sections of human skin were incubated with 35s-iabelled antisense FM05 

RNA (A) or 35s-iabelled sense FM05 RNA (B). The antisense probe 

hybridized strongly to cells within the epidermis. Autoradiography was for 4 

weeks. Magnification = X110
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Fig 8.9 Localisation of FM05 mRNA to the sebaceous glands of 

human skin.

Sections of human skin were incubated with 35s-iabelled antisense FM05 

RNA (A) or 35s-iabelled sense FM05 RNA (B). The antisense probe 

hybridized strongly to the sweat producing cells of the sebaceous gland and 

to a structure that could possibly be the hair follicle. Autoradiography was for 

4 weeks. Magnification = X50
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Fig 8.10 Localisation of FM05 mRNA to the sebaceous glands of 

human skin.

Sections of human skin were Incubated with 35s-iabelled antisense FM05 

RNA (AI and All) or 35s-iabelled sense FM05 RNA (B). The antisense probe 

hybridized strongly to the sweat producing cells of the sebaceous gland. 

Autoradiography was for 4 weeks. Magnification = X110
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staining was observed. This is probably due to the fact that the antibodies 

available to us were not affinity purified resulting in epitope cross-reactivity. 

This was particularly important in tissues such as the skin, where due to high 

background staining, it was difficult to determine if any of the relevant 

enzymes were present. In particular was the strong background staining 

observed in the epidermis in the pre-immune serum negative control. This 

background staining was present predominantly in the epidermis, probably 

due to cross-reactivity with the keratins present in this layer, as was the case 

when western blot analyses were carried out.

The results for the IHC using the human kidney sections and the anti- 

FM01 antibody were the most conclusive. The kidneys are the primary route 

for the excretion of xenobiotic compounds from the body. It is well 

documented that the kidney contains drug metabolising enzymes and that all 

compounds that are excreted in the urine either pass through or are 

concentrated in the kidney.

It has been shown that FM01 mRNA is expressed in adult human 

kidney where it is the predominant FMO present (Dolphin etaL, 1996). FM01 

mRNA is also expressed in human foetal tissues such as the liver, kidney, 

lung and brain (Dolphin et al., 1996). In laboratory animals, apart from the 

mouse, FM01 constitutes the major FMO in the adult liver (Gasser at ai, 1990, 

Lawton at ai, 1990). Bhamre at ai, (1993) have localised the kidney FMO in 

rats to the proximal and distal tubules of the nephron and the collecting ducts. 

They, however, give no clear indication as to which FMO isoform they are 

detecting. The results obtained by us with the human kidney, show similarity 

to those obtained by Bhamre at ai, (1993) in terms of the localiation of FMO, 

except that we found no distinct staining of the collecting tubules.

The results that we obtained with the human kidney seem to indicate 

that the kidney may serve as an important extrahepatic organ of detoxification. 

99% of the water in the renal glomerular filtrate is reabsorbed as it traverses
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through the tubules (Thibodeau and Patton, 1996). This facilitates the 

reabsorption and reentry of some of the xenobiotics into the circulation. The 

presence of these enzymes in this particular location within the kidney is a 

probable defense mechanism that the body has developed. The enzymes 

may take part in local degradation of the metabolites. It is interesting that in 

man, FM01 is expressed only in the adult kidney and in the skin, the 

regulatory mechanisms involved in this tissue specific expression are not 

known.

To date no comprehensive studies have been published on the 

expression and localisation of the FMOs in the human skin. The results 

obtained using in situ hybridization analyses with FMOs 1 , 3 , 4  and 5 shows 

the presence of mRNAs of these FMOs in the epidermis and sebaceous 

glands. The significance of the presence of FMOs 1, 3, 4 and 5 in these 

particular locations within the human skin is not known, however it is quite 

possible that the enzymes are present in these particular areas because, as 

mentioned earlier, the epidermis is the area of the skin that comes into direct 

contact with the external environment. The sebaceous glands have openings 

onto the surface of the skin and therefore can also serve as entry portals to 

exogenous chemicals. The presence of the FMOs within these structures 

could possibly be a defensive mechanism developed by the body to prevent 

the effects of harmful chemicals.

Studies carried out on mouse skin have been restricted to the 

localisation of the protein (Venkatesh et a!., 1992). This group showed the 

presence of FMO protein in the epidermis of both mouse and pig skin. They 

used an antibody raised to mouse liver FMO for this study. However, it was 

not stated whether the protein had been raised from male or female mice. 

FM01, 3 and 5 are present in female mouse livers and FMOs 1 and 5 in male 

mouse livers. Thus, the use of antibodies to study localisation of FMOs in this 

study is problematic, in that it is not known to which FMOs the antibody was
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raised. Thus, any work done on localisation with such antibodies must be 

correlated to studies showing the co-localisation of their corresponding 

mRNA.

Unfortunately it was not possible to correlate the results we obtained in 

the in situ hybridization analyses with immunohistochemical analyses. The 

availability of antibodies having higher titres than those used by us or highly 

specific monoclonal antibodies will allow the elucidation of whether the 

proteins corresponding to FMOs 1, 3, 4 and 5 mRNAs are expressed in 

human skin.
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CYTOCHROMES P450
IN SKIN
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9.1 Detection of CYPs in human skin and keratinocyte cuiture 

samples

There have been numerous reports on the presence of CYP mRNAs 

and proteins in the skin of rodents, yet few studies on their expression in 

human skin have been published. The most widely studied isoform in human 

skin has been CYP1A1, however, no reports on the complete range of CYPs 

in the human skin have been published. During the course of this 

investigation, we carried out studies to ascertain the range of CYPs in the 

human skin and to determine their cellular localisation in this tissue.

As with the FMOs, to detect the presence of CYP mRNA, northern blot 

hybridization analyses and RNase protection assays were carried out. To 

localise the mRNA to specific cell types within the skin, in situ hybridization 

analyses were performed. Western blot analyses were used to determine the 

expresssion of CYP protein in human skin microsomes. IHC was used to 

determine the localisation of the protein. No enzyme activity assays could be 

carried out with microsomes derived from whole skin because of the 

unavailability of sample.

9.2 CYP mRNAs

The presence of members of the human CYP2A, CYP2B and CYP3A 

subfamilies in the human skin was investigated by carrying out northern blot 

hybridization analyses of RNA from whole skin, a primary culture of human 

epidermal kératinocytes and HaCaT cells. RNase protection assays were 

carried out on RNA derived from whole skin samples and their corresponding 

keratinocyte cultures as well as from HaCaT cells.
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9.2.1 Detection of CYP2A

9.2.1.1 Northern blot hybridization analyses

A cDNA clone encoding CYP2A6, pH6, had been previously isolated in 

our laboratories (Phillips et al., 1985a). The full length insert (1.2kb) was 

used as a hybridization probe for northern blots of RNA from human liver and 

lung, cynamologous monkey lung, rabbit liver and lung, marmoset liver and 

from cultures of HaCaT cells and a primary culture of human epidermal 

kératinocytes.

A strong signal was obtained in one of the human liver samples (fig 

9.1.1, lane 9), rabbit liver (lane 10) and marmoset liver (lane 14). The band 

observed in the human liver and rabbit lung samples was approximately 2 kb 

in length, whereas in the marmoset liver it was approximately 1.8 kb in length. 

A weakly hybridizing band at 4 kb was detected in the human liver sample. 

No bands were observed in RNA from the HaCaT cells or the primary culture 

of human epidermal kératinocytes. The second human liver sample showed 

no hybridizing bands with the probe.

9.2.1.2 RNase protection assays

An antisense riboprobe transcribed from pBS2A(288), a 288bp 5' Bam 

HUPst I subfragment of pH6 subcloned into pBluescript (fig 9.1.2), was used 

to quantify CYP2A6 mRNA in samples of RNA from human skin, primary 

cultures of human epidermal kératinocytes and HaCaT cells. The antisense 

probe was transcribed from the T7 promoter, using T7 RNA polymerase. 

Human liver RNA which had shown the presence of CYP2A mRNA during 

northern blot analyses was used as a positive control.
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Fig 9.1.1 RNA samples (15pg) were electrophoresed on a 
denaturing agarose gel. Samples were from human lung (lanes 
2-5), cynamologous monkey lung (lane 6), rabbit lung (lane 7), 
human liver (lanes 8 and 9), rabbit liver (lane 10), HaCaT cells 
(lane 13), a primary culture of human epidermal kératinocytes 
(Iane14) and marmoset liver RNA (lane 15). Total E. Coli RNA 
(Ipg) electrophoresed concurrently with the samples (lanes 1 
and 12) served as size markers with the 288 and 188 rRNA in 
the samples. The blot was hybridized with a radiolabelled full 
length cDNA encoding CYP2A6. Autoradiography was carried 
out for 1 week.
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|.Hindlll |-Pst1 
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T3 promoter

protected species

T7 antisense transcript

T7 promoter

Fig 9.1.2 pBS2A(288); a 2 8 8 b p  5' B a m H  \ /Pst  I s u b f ra g m e n t  
of p H 6  c lo n ed  into pB luescr ip t .
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Fig 9.1.3 Analysis of CYP2A6 and CYP3A4 mRNAs by 
RNase protection. 30|ig of total RNA was hybridized 
to antisense CYP2A6 and CYP3A4 mRNAs. Each
reaction contained 1 X 10^cpm of riboprobe. All 
assays were performed as described in section 2.6. 
RNA from human liver (5p,g) (track 2) was used as the 
positive control. RNA was from human skin (tracks 3, 
5, 7, 9 and 13), primary cultures of human epidermal 
kératinocytes (tracks 4, 6, 8, 10, 11 and 12) and 
HaCaT cells (track 14). Track 1 contains a control 
for digestion of the transcripts, by RNase A/T1, in the 
presence of 30^g of tRNA. Tracks 15 and 16 contain 
und iges ted  CYP2A6 and C YP3A4 an tisense  
transcripts respectively. Molecular weight standards 
(MW) were 35s-iabelled fragments derived from the 
1 kb ladder set from Gibco BRL (section 2.6). The 
arrows indicate the length of the CYP2A6 undigested 
transcript (A, 359 bp), CYP2A6 protected hybrid (B, 
288bp), CYP3A4 undigested transcript (C,250bp) and 
C Y P 3 A 4  p r o t e c t e d  h y b r i d  (D,  2 4 0 b p ) .
Autoradiography was carried out for 2 weeks.
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Fig 9.1.4 CYP2A6 mRNA concentrations in human liver 
(Li), human skin (S), primary cultures of human epidermal 
kératinocytes (K) and HaCaT cells (H). Samples were 
analysed as described in section 2.6. The CYP2A6 
antisense transcript was hybridized to human liver, human 
skin, primary cultures of human epidermal kératinocytes 
and HaCaT RNA and digested with a mixture of RNase 
A/T1. The digested RNA was electrophoresed and 
autoradiographed. The resulting signals were compared 
to a standard curve of undigested probe and the 
concentrations of the mRNA in the samples calculated as 
described in section 2.6.1.6.
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Of the five whole skin samples analysed, two samples showed the presence 

of CYP2A6 mRNA (fig 9.1.3). Six RNA samples from primary cultures of 

kératinocytes were analysed. Only two cultures had CYP2A6 mRNA, one of 

which was derived from a skin sample expressing CYP2A6 mRNA. The 

amount of CYP2A6 mRNA present in the samples of whole skin and primary 

keratinocyte cultures was <1 molecule/cell, which is much lower than that 

found in the human liver (approximately 20 molecules/cell) (fig 9.1.4). The 

values were determined as described in section 2.6.1.6.

9.2.2 Detection of CYP2B6

9.2.2.1 Northern blot hybridization analysis

A partial cDNA encoding CYP2B6, pBS7A22E, has been isolated and 

cloned previously (Santisteban et ai, 1988, Phillips et ai, 1985b). This clone 

could not be used for northern blot analysis because it contained Alu 

repetitive elements. Instead, a 450 bp Hind III subfragment from the cDNA 

clone, devoid of Alu sequences was used. This subfragment hybridized 

specifically to both human liver RNA samples on the northern blot (fig 9.2.1 

and 9.2.2, lanes 8 and 9). At least four transcripts were observed. Of these, 

the most strongly hybridizing band was approximately 2.8 kb in length. The 

other three bands observed were larger than 2.8 kb and weakly hybridizing. 

The appearance of multiple transcripts was only observed in one of the 

human liver samples analysed (fig 9.2.1 and 9.2.2, lane 9). The other human 

liver sample had one weakly hybridizing band, approximately 2.8 kb in size. 

Three weakly hybridizing bands were observed in the RNA of human lung 

(lanes 2-5), the most strongly hybridizing band being approximately 2.8 kb in 

size. The remaining two weakly hybridizing bands were approximately 7.7 kb 

and 10 kb in length .
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Fig 9.2.1 RNA samples (1S|Lig) were electrophoresed on a 
1% denaturing formaldehyde gel as described in section 
2.5. RNA was from human lung (lanes 2-5), cynamologous 
monkey lung (lane 6), rabbit lung (lane 7), human liver 
(lanes 8 and 9), rabbit liver (lane 10), HaCaT cells (lane 
13) and a primary culture of human epidermal 
kératinocytes (lane 14). Total E. Coli RNA (Ipg) was 
electrophoresed (lanes 1 and 12) and used as size 
markers together with the 28S and 18S rRNA in the 
samples. The northern blot was hybridized with a 450 bp 
f r a g m e n t  d e r i v e d  f r o m t h e  C Y P 2 B 6  c D N A .  
Autoradiography was carried out for 3 weeks.
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Fig 9.2.2 RNA samples (15|xg) were electrophoresed on a 
denaturing formalaldehyde agarose gel (1%). 8amples were 
from human lung (lanes 2-5), cynamologous monkey lung (lane 
6), rabbit lung (lane 7), human liver (lanes 8 and 9), rabbit liver 
(lane 10), HaCaT cells (lane 13), a primary culture of human 
epidermal kératinocytes (lane 14) and marmoset liver (lane 15). 
Total E.Coli RNA (l^ig) was electrophoresed concurrently with 
the samples (lanes 1 and 12). These together with the 288 and 
188 rRNA in the samples served as size markers. The blot was 
hybridized with a radiolabelled 450 bp fragment of the CYP2B6 
cDNA. Autoradiography was carried out for 3 weeks.
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The rabbit liver and rabbit lung samples on the other hand showed a 

single hybridizing band with the CYP2B6 fragment used in the analysis. The 

band observed was approximately 2 kb in length. A single, weakly 

hybridizing band was observed in the HaCaT cell RNA (lane 13). This band 

corresponded in size to that observed in the rabbit liver and lung, being 2 kb 

in size. No CYP2B6 mRNA was detected in the primary culture of human 

epidermal kératinocytes analysed.

9.2.2 2  RNase protection assay

The Hind III subfragment of a CYP2B6 cDNA clone (pBS7A22E) 

isolated in our laboratories (Santisteban et al., 1988, Phillips at al., 1985b) 

was used for RNase protection assay analysis (fig 9.2.3). Antisense 

transcripts, using T3 RNA polymerase were generated from this construct and 

used to assay CYP2B6 mRNA.

Fig 9.2.4 shows the results of an RNase protection assay using this 

probe. Human liver, lung and kidney samples, were used as positive controls 

and showed results corresponding to those found with the northern blot 

analysis. The human liver sample shows the highest expression of CYP2B6 

mRNA (approximately 23 molecules/cell), followed by human lung 

(approximately 8 molecules/cell) and finally human kidney with <1 molecule 

per cell.

Three human skin samples were analysed. Of these only a single 

sample expressed CYP2B6 mRNA. None of the primary kératinocytes 

analysed showed the presence of CYP2B6 mRNA. The HaCaT cells 

expressed CYP2B6 but the concentration was <1 molecule/cell. The 

quantitative results obtained are shown in fig 9.2.5.

The smaller protected fragment observed in some of the samples could 

reflect a polymorphic variant or protection by a related mRNA e g CYP2B7 or.
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-----

Fig 9.2.3 pBS2B(450); Hind  III subfragment of CYP2B6 
cDNA clone (pBS7A22E) and cloned into pBluescript.
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Fig 9.2.4 Analysis of CYP2B6 and CYP3A4 mRNAs by RNase 
protection. 30pg of total RNA was hybridized to antisense 
CYP2B6 and 3A4 mRNAs. Each reaction contained
IX IO^cpm  of each riboprobe. All assays were performed as 
described in section 2.6. RNA from human liver (5|ig) (track 
2), human lung (lOpg) (track 3) and human kidney, (10pg) 
(track 4), were used as controls. RNA was from human skin 
(tracks 5, 7 and 9), primary cultures of human epidermal 
kératinocytes (tracks 6, 8 and 10) and HaCaT cells (track 11). 
Track 1 contains a control for digestion of the transcript, by 
RNase A/T1, in the presence of 30pg of tRNA. Tracks 12 and 
13 contain undigested CYP2B6 and CYP3A4 antisense 
transcripts respectively. Molecular weight standards were
35s-labelled fragments from the 1 kb ladder set from Gibco 
BRL (section 2.6). The arrows indicate the length of the 
undigested CYP2B6 transcript (A, 536 bp), protected CYP2B6 
hybrid (B, 450 bp), undigested CYP3A4 transcript (0, 250 bp) 
and protected CYP2B6 hybrid (D, 240 bp). Autoradiography 
was for 9 days.
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Fig 9.2.5 CYP2B6 mRNA concentrations in human liver 
(Li), human lung (Lu), human kidney (Ki), human skin (S), 
primary cultures of human epidermal kératinocytes (K) and 
HaCaT cells (H). Samples were analysed as described in 
section 2.6. The CYP2B6 antisense transcript was 
hybridized to human liver, human lung, human kidney, 
human skin, cu ltu red  p r im ary  human ep iderm a l 
keratinocyte and HaCaT RNA and digested with a mixture 
of RNase A/T1. The digested RNA was electrophoresed 
and autoradiographed. The resulting signals were 
compared to a standard curve of undigested probe and the 
concentrations of the mRNA in the samples calculated as 
described in section 2.6.1.6.
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be due to partial digestion of the legitimately hybridized probe. This smaller 

fragment is seen in samples that do not contain the 450 bp protected fragment 

or in the HaCaT sample.

9.2.3 Detection of CYP3A

9.2.3.1 Northern blot hybridization analysis

A 240 bp fragment from a cDNA clone encoding CYP3A4, pCYK, was 

used to probe northern blots of RNA from human liver and skin, marmoset 

liver, HaCaT cells and a culture of primary human epidermal kératinocytes (fig

9.3.1).

A strongly hybridizing band was observed in the human liver sample 

(lane 5). The size of this band was approximately 3.6 kb. A second but more 

weakly hybridizing band of 4.7 kb was also observed in the human liver RNA. 

There was considerable smearing below the lower band which indicates 

degradation of the RNA.

A weakly hybridizing band was observed in the marmoset liver RNA 

sample (lane 7). The size of this band corresponded to that observed in the 

human liver sample i.e 3.6 kb. None of the other samples of RNA, i.e the 

human skin, HaCaT or primary culture of human kératinocytes, hybridized to 

the CYP3A4 subfragment used in the analysis.

9.2.3 2 RNase protection assay

The structure of the construct used to synthesize a CYP3A4 antisense 

probe, for the analyses of CYP3A4 mRNA is shown in fig 9.3.2. This fragment 

distinguishes between the mRNAs encoding CYP3A3, CYP3A4 and CYP3A5.

273



1 2 3 4 5 6 7 8 9 10 11 1 2  13 14

28S (5.1 kb)

23S (2.9kb)

18S (1.9kb) 
16S (1.5kb)

Fig 9.3.1 RNA samples (15|ig) were electrophoresed on a 1% 
denaturing formaldehyde agarose gel detailed in section 2.5. 
Samples were from whole skin (lanes 2 and 3), adult human liver 
(lane 5), adult marmoset liver (lane 7), HaCaT cells (lanes 9-12) 
and a culture of primary human epidermal kératinocytes (lane 14). 
Lane 1 and 13, E. coli total RNA (Ipg) was electrophoresed to 
serve as size markers together with the 288 and 188 rRNA in the 
samples and used for the subsequent estimation of the transcript 
size. The northern blot was hybridized with a 250 bp H indlll/8acl 
fragment of a cDNA clone encoding CYP3A4. Autoradiography was 
carried out for 48hours.
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protected species
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Fig 9.3.2 pBS3A(240); a 240bp Hind I l l /S ac  I subfragment 
of pCYK cloned into pBluescript.

1519 (H/ncy III site)
3A3 I
3A4 AAGCTTAGGAGGACTTCTTCAACCAGAAAACCCGTTGTTCTAAAGGTT 

3A5 GA AGGCA A G

A
GAGTCAAGGGATGGCGATGGCACCGTAAGTGGAGCCTGAATTTTGCT-A  

T A A G  A A * G A T

G G
AGGAGTTGTGGTTTGGTGTTGAAGAAATGT-GTGGGTGAGAAGAGGA-G

A G  G GG

TG
AGAGGTGAAATTAGTTTGTGAATAGAAGTGTGAAATGAAGATGGGGTTG 

TT G G G - - - -  A GT A A

A - G T ...............................................
ATGGAATGGAGTGGATAAATAAGGGGGGATTGTGTAGATGGATTGAGGTG 

T T A : ................................................................................................................r

End of 3A5 cDNA
1759 (Sac I site)

Fig 9.3.3 Sequence alignment of CYP3A4 with the 
corresponding regions of CYP3A3 and CYP3A5.
The above alignment of CYP3A3 and CYP3A5 cDNA 
sequences with position 1519 to 1759 of the CYP3A4
cDNA sequence, was compiled 
(1989) and Aoyama et al. (1990). 
coding sequence is denoted by *. 
multip le m ismatches are present.
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Fig 9.3.4 CYP3A4 mRNA concentrations in human liver 
(Li), human lung (Lu), human kidney (Ki), human skin (S), 
primary cultures of human epidermal kératinocytes (K) and 
HaCaT cells (H). Samples were analysed as described in 
section 2.6. The CYP3A4 antisense transcript was 
hybridized to human liver, human lung, human kidney, 
human skin, cu ltu red  pr im ary  human ep iderm a l 
keratinocyte and HaCaT RNA and digested with a mixture 
of RNase A/T1. The digested RNA was electrophoresed 
and autoradiographed. The resulting signals were 
compared to a standard curve of undigested probe and the 
concentrations of the mRNA in the samples calculated as 
described in section 2.6.1.6.
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The sequence alignment of the antisense transcript derived from this 

construct and CYP3A3 and 3A5 is shown in fig 9.3.3.

Figs 9.1.3 and 9.2.4 show the autoradiograms of the protected RNA 

species. Human liver, lung and kidney RNAs were used as controls. The 

highest amounts of CYP3A4 mRNA was observed in the human liver sample 

(31 molecules/cell), followed by the human lung (2 molecules/cell) and 

human kidney (2 molecules/cell). Of the eight human skin samples analysed, 

six had CYP3A4 mRNA. The amounts in these samples varied but on 

average was <1 molecule/cell. Nine primary keratinocyte cultures were 

analysed, of these, five showed the presence of CYP3A4 mRNA. CYP3A4 

mRNA was also detected in the HaCaT cells. The results are summarized in 

fig 9.3.4.

CYP3A4 appears to be the most abundantly and widely expressed 

CYP in human skin. However, interindividual differences in the expression of 

CYP3A4 are observed between different samples of skin.

9.3 Localisation of CYP2A6, 2B6 and 3A4 mRNA in human skin

Human skin samples were analysed as described in section 2.7. The 

sample for these investigations was from a single individual known to express 

CYP2A6, 2B6 and CYP3A4.

CYP2A6 and CYP2B6 riboprobes hybridized strongly to the epidermis 

(fig 9.4A and 9.6A) and sebaceous gland (fig 9.5A and 9.7A) of the skin 

sample analysed. The hybridization with the CYP2B6 antisense probe 

appeared to be greater than that observed with the CYP2A6 probe, however 

this may be due to the higher specific activity of the probe. The control 

samples of sense probes showed only faint background staining of the 

epidermis (fig 9.4B and 9.6B) and sebaceous gland (fig 9.5B and 9.7B) 

implying that the signal observed in the experimental samples was specific.

277



278



Fig 9.4 Localisation of CYP2A6 mRNA to the epidermis of human 

skin.

Sections of human skin were incubated with 35s-iabelled antisense CYP2A6 

RNA (A) or 35s-labelled sense CYP2A6 RNA (B). The antisense probe 

hybridized to cells within the epidermis. Autoradiography was for 4 weeks. 

Magnification = X110
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Fig 9.5 Localisation of CYP2A6 mRNA to the sebaceous gland of 

human skin.

Sections of human skin were Incubated with 35s-iabelled antisense CYP2A6 

RNA (A) or 35s-iabelled sense CYP2A6 RNA (B). The antisense probe 

hybridized to the sweat producing cells of the sebaceous gland. 

Autoradiography was for 4 weeks. Magnification = X110



• • » :  *

4 ; ' :
%

• #
'. ■ \  - 

.

281



282



Fig 9.6 Localisation of CYP2B6 mRNA to the epidermis of human 

skin.

Sections of human skin were incubated with 35s-iabelled antisense CYP2B6 

RNA (A) or ^^S-labeiled sense CYP2B6 RNA (B). The antisense probe 

hybridized strongly to cells within the epidermis. Autoradiography was for 4 

weeks. Magnification = X110
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Fig 9.7 Localisation of CYP2B6 mRNA to the sebaceous gland of 

human skin.

Sections of human skin were incubated with 35s-iabelled antisense CYP2B6 

RNA (A) or 35s-iabelled sense CYP2B6 RNA (B). The antisense probe 

hybridized to the sweat producing cells of the sebaceous gland. 

Autoradiography was for 4 weeks. Magnification = X110
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Fig 9.8 Localisation of CYP3A4 mRNA to the epidermis of human 

skin.

Sections of human skin were incubated with ^^s-iabelled antisense CYP3A4 

RNA (A) or 35s-iabeiled sense CYP3A4 RNA (B). The antisense probe 

hybridized weakly to cells within the epidermis. Autoradiography was for 4 

weeks. Magnification = X110
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Fig 9.9 Localisation of CYP3A4 mRNA to the sebaceous gland of 

human skin.

Sections of human skin were incubated with 35s-iabelled antisense CYP3A4 

RNA (A) or 35s-iabelied sense CYP3A4 RNA (B). The antisense probe 

hybridized very weakly to the cells of the sebaceous gland. Autoradiography 

was for 4 weeks. Magnification = X110
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The CYP3A4 riboprobe showed weak hybridization relative to the 

control hybridization, although there was localisation of this probe to the 

epidermis and the sebaceous glands (figs 9.8 and 9.9). More probe 

hybridization was observed in the sweat gland (fig 9.9A) than in the epidermis 

(9.8A). The low signal intensity of CYP3A4 does not preclude the presence of 

another CYP3A family member such as CYP3A5 and CYP3A3 because the 

probe used for this analysis is specific to CYP3A4 (as detailed in section 

9.23.2).

9.4 CYP protein expression

As detailed in section 6, numerous problems were encountered when 

polyclonal antibodies were used for western blot analyses of CYPs (section

6.1). Consequently, western blot analyses proved inconclusive due to the 

cross-reactivity of the polyclonal antibodies with keratins. Enzyme activity 

assays on samples of human skin microsomes could not be carried out to 

detect the presence of CYPs, due to the low yield of microsomes obtained 

and the general unavailability of sample.

Although the polyclonal antibodies used were probably cross-reacting 

with keratins during western blot analyses, it was hoped that IHC would at 

least give some indication of the regional localisation of the CYPs. This is 

because keratins are present only in the kératinocytes. Thus, other cells in 

the skin, such as those found in the sebaceous glands, which do not express 

keratin would only be stained if they expressed the relevant CYP protein. The 

immunohistochemical analyses would also confirm the results observed with 

the in situ hybridization analyses, i.e the presence of the CYPs in the 

epidermis and sebaceous glands.

Fig 9.10 shows the results of the IHC when antibodies to CYP2A (A 

and B), CYP2B (C and D) and CYP3A (E and F) were incubated with sections
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of the human skin. Negative controls using pre-immune serum were also 

carried out (fig 9.11).

The anti-baboon CYP2A antibody cross-reacted to proteins in the 

lower layers of the epidermis and in the cells of the sebaceous gland. The 

staining of specific areas of the epidermis could indicate that the antibody 

cross-reacts with a class of keratins expressed only in these layers. These 

could be keratins 5 and 14, which are characteristic of stratified epithelia, or 

keratins 1 and 10, characteristic of epidermal differentiation (Sun etal., 1983). 

The staining of these layers could also indicate the expression of CYP2A, 

however due to the non-specific background in the western blots this cannot 

be confirmed. The staining of the sebaceous glands (fig 9.1GB) in the skin 

confirms the presence of this CYP in the skin. The areas stained using IHC 

correspond to areas to which the CYP2A6 probe hybridized strongly when in 

situ hybridization analyses was carried out.

The anti-rabbit CYP2B antibody strongly stained the epidermis (fig 

9.IOC) and the sebaceous glands (D) of the skin. Staining over the epidermis 

was uniform, but the stratum comeum was very strongly stained, Indicating 

cross-reactivity with the keratinized cells in this layer. The cellular localisation 

of the CYP2B protein as determined by IHC. corresponds exactly to that 

observed with the in situ hybridization analyses.

Anti-rabbit CYP3A antibody strongly stained the epidermis (fig 9.10E) 

and sebaceous gland (F). The staining observed with this antibody was more 

significant when compared to that observed with CYP2A and CYP2B. The 

localisation of CYP3A protein in these areas of the skin corresponded to the 

localisation of the mRNA. However, the amount of protein observed in the 

sweat gland did not correlate to the amount of mRNA as seen by in situ 

hybridization analyses. This may be due to the presence in this particular 

sample of CYP3A5 or CYP3A3, both of which can be detected by the 

antibody. Thus, although the in situ hybridization analyses would not detect
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Fig 9.10 Localisation of CYP2A, 2B and 3A to the epidermis and 

sebaceous gland of human skin.

Sections of human skin were incubated with an anti-baboon CYP2A antibody, 

(A and B) or an anti-rabbit CYP2B antibody (C and D) or an anti-rabbit CYP3A 

antibody (E and F). CYP2A, CYP2B and CYP3A were detected in both the 

epidermis and sebaceous gland. Mag = X110
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Fig 9.11 Negative staining with sheep pre-immune serum.

Sections of human skin were incubated with sheep pre-immune serum to 

serve as a negative control for the IHC using CYP2A, 2B and 3A antibodies. 

Very faint background staining was observed with the pre-immune serum in 

the sebaceous gland (B). In the epidermis, there was some cross-reactivity 

with proteins in the stratum corneum (A). Mag = X110
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CYP3A5 or CYP3A3 mRNA, the antibody will detect all 3 forms of CYP3A 

subfamily.

9.5 Discussion

Studies on the expression of CYPs in skin have been largely restricted 

to rodent skin. The expression of CYPs in human skin has been limited by the 

unavailability of human skin samples and techniques to detect the low 

amounts of CYPs expressed in this tissue.

Our studies show the presence of members of the CYP2A, CYP2B and 

CYP3A subfamilies in the human skin. These three subfamilies have been 

shown to be important in the metabolism of xenobiotic compounds in 

laboratory animals, yet, few studies on their role and regulation of their genes 

in humans have been carried out due to the unavailability of human tissue.

RNase protection assays, which are more sensitive and are 

quantitative, have detected the presence of CYP2A6, CYP2B6 and CYP3A4 

mRNAs in human skin samples. The amounts of these CYPs in the human 

skin are low (<1 molecule/cell) however, as mentioned in section 1.10.2 these 

small amounts may be significant in a tissue such as the skin which has 

reservoir characteristics, and is exposed to a wide variety of foreign 

compounds, either accidentally or intentionally.

Interindividual variation in the expression of the CYPs in the skin 

samples analysed shows that these enzymes illustrate the same variability in 

this tissue as they do in human liver. Thus, some of the regulatory 

mechanisms that control their expression in human liver are probably 

involved in the skin.

The co-localisation of the CYP mRNAs and proteins in human skin 

correlates to other studies carried out in rodent and human skin. In rodents, 

CYPs have been localised to the epidermis, sebaceous glands and hair
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follicles. In human and rodent skin, phénobarbital inducible CYP isoforms 

have been localized to the epidermis, sebaceous glands and hair follicles 

(Baron etal., 1986, Baron etal., 1985). These studies have been carried out 

at the protein level using IHC techniques. We have shown the co-localisation 

of the mRNA and proteins encoding CYP2A, CYP2B and CYP3A in the 

epidermis and sebaceous glands of a sample of skin from a single individual. 

Unfortunately, the sample that was being used for analyses did not contain 

any hair follicles and thus we could not ascertain whether the CYPs were 

present in this particular skin appendage. The presence of these enzymes in 

the sebaceous gland and epidermis implies that this is probably a mechanism 

that the skin of animals has developed to combat the continuous challenge 

from environmental pollutants it faces on a day to day level.

The results obtained with the CYP3A4 In situ hybridization analyses 

and the IHC are probably because the individual from whom the skin sample 

was obtained did not express large quantities of CYP3A4 in the skin. Instead 

the individual probably expressed either CYP3A3 or CYP3A5. The riboprobe 

is not specific for these isoforms and will thus be digested by the RNase A/T1 

cocktail. The anti-CYP3A antibody on the other hand recognises all three 

forms of this subfamily, thus the intense staining with the antibody. These 

results are similar to those obtained by Murray at a!., (1988). This group 

located members of the CYP3 family in the non-keratinized epidermis and 

epithelium of the sebaceous gland of human skin. The exact isoform that this 

antibody detected was not reported but it was probably a member of the 

human CYP3A subfamily. There have been reports of the high expression of 

CYP3A5 in human skin In vivo, relative to CYP3A3 and CYP3A4 (Li at a!., 

1994). Another study suggests that CYP3A3 is expressed in the human skin 

too (Mercurio atal., 1995).

The results obtained above suggest that interindividual variation in the 

expression of CYP2A, 2B and 3A occur in the human skin. Members of the

297



CYP3A family are the most highly expressed. The exact isoform probably 

varies from one individual to another. Further studies with probes specific to 

CYP3A3 and 3A5 will probably help clarify the ambiguity of the present 

results. In addition to this, the development of specific monoclonal antibodies 

to these particular human isoforms will enable the complete range of isoforms 

in the human skin to be identified. With data such as this, individual risk 

assessment can be carried out especially with regards to cutaneous toxicity.
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IN VITRO SYSTEMS 
FOR TOXICOLOGICAL

STUDIES
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10.1 In vitro systems for the study of foreign compound 

metabolism

In the previous chapters, studies were described on the expression of 

FMOs and CYPs in human tissues such as the skin, liver, lung and kidney. 

The investigation of these enzymes in humans is severely limited due to the 

lack of human tissue available for experimentation. As a result, development 

of in vitro systems which would serve as in vivo models to study these 

enzymes is a growing field.

To date no studies on the expression of FMOs in primary kératinocytes 

or HaCaT cells have been published. Our aim was to investigate the range of 

FMOs and CYPs present in these culture systems and whether or not this 

correlated with those found in whole skin.

We have focused our studies on cultures of primary human epidermal 

kératinocytes and an immortalised human keratinocyte cell line (HaCaT). 

These culture systems have not been completely characterised in terms of 

their drug metabolising capabilities. It is important that before these systems 

can be used, for drug metabolism studies, the range of foreign compound 

metabolising enzymes expressed in them are identified. This would serve the 

dual purpose of knowing if such systems express the same range of foreign 

compound metabolising enzymes that are expressed in whole skin and 

whether these systems could be used for studies in the regulation of genes 

encoding these enzymes.

10.2 Primary human epidermal kératinocytes

As detailed in section 2.2.2, primary human kératinocytes were 

obtained from two different sources. One culture system was obtained 

commercially from Clonetic Corporation, USA. These primary kératinocytes
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were established from a 26 year old Caucasian female. Our initial 

experiments using northern blot hybridization analysis used RNA isolated 

from these cells.

Northern blot hybridization analyses with FM0s1, 2, 3, 4 and 5 cDNA 

probes showed no hybridizing band with this sample. No hybridization 

occurred with CYP2A, CYP2B and GYPSA cDNA probes. To ascertain if this 

particular culture expressed mRNA for any drug metabolising enzymes, the 

northern blots containing this sample were hybridized with a 180 bp fragment 

from the human cytochrome P450-reductase cDNA (fig 10.1). All samples on 

the northern blot showed a hybridizing band with this fragment except the 

human kératinocytes. This proved that the culture provided to us by the 

company had an inherent deficiency in expressing any foreign compound 

metabolising enzymes. Due to the limited amount of this sample RNase 

protection assays could not be carried out to confirm the results of the 

northern blot hybridization analyses.

Primary cultures of human epidermal kératinocytes were instead 

established from whole skin samples obtained from breast reduction surgery, 

as detailed in section 2.2.2 2. These primary cultures were not passaged 

because the plating efficiency of primary kératinocytes is known to be low. 

For reasons unknown to us, kératinocytes derived from certain skin samples 

could not be cultured. Moreover, depending on the sample, several problems 

were encountered in trying to rid the culture of melanocytes. Although the 

tissue culture medium (KGM) is supposed to support only keratinocyte growth, 

in certain culture samples, both kératinocytes and melanocytes were present. 

Therefore, the numbers of cultures that could be used for experimentation 

were limited. All experiments were carried out on cultures that were grown 

until 90% confluent.

Only RNase protection assays were carried out on the RNA extracted 

from these cultures. Initially we decided to use the "Direct Protect (Ambion
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Fig 10.1 RNA samples (15|j,g) were electrophoresed on a 
denaturing agarose gel. Samples were from human lung (lanes 
2-5), cynamologous monkey lung (lane 6), rabbit lung (lane 7), 
human liver (lanes 8 and 9), rabbit liver (lane 10), HaCaT cells 
(lane 13), primary culture of human epidermal kératinocytes 
(lane 14) and marmoset liver (lane 15). Total E. Coli RNA 
(Ipg) electrophoresed concurrently with the samples (lanes 1 
and 12) served as size markers with the 288 and 188 rRNA in 
the samples. The blot was hybridized with a radiolabelled 
180bp fragment of a cDNA encoding cytochrome P450 
reductase. Autoradiography was carried out for 3 weeks.
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Inc., USA) kit and protocol, to enable us to carry out RNase protection assays 

without the need to extract the RNA from the cells. This however, gave a lot of 

background bands and no clear protected fragment was observed. As a 

result, it was decided to extract the RNA from the cells and carry out routine 

RNase protection analysis on these samples.

RNase protection assays using probes specific to FM0s1, 2, 3, 4 and 5 

mRNAs showed that cultures derived from different individuals expressed a 

variety of FMOs. Only a single primary culture expressed FM01 mRNA out of 

five different cultures analysed (fig 5.2.1, 5.2.2 and 5.2.3). The amount was 

comparable to that found in whole skin samples, although even then it was <1 

molecule/cell.

FM02 mRNA was the most widely expressed FMO in the primary cells. 

Of the four samples analysed, all expressed FM02 mRNA (fig 5.2.2, 5.3.1 and 

5.3.3). The whole skin from which these primary cultures were derived did not 

express FM02. It is possible that FM02 mRNA is only expressed in these 

cultures due to the addition of glucocorticoids to the culture medium. FM02 

is known, in laboratory animals to be regulated by hormones (Lee et ai, 1993, 

Lee et ai, 1995).

Six different primary kératinocytes were analysed for the presence of 

FM03 mRNA. Of these, three contained FM03 mRNA (<1 molecule/cell). The 

primary keratinocyte samples which expressed this FMO were derived from 

whole skin samples that also expressed FM03. However a single culture 

sample did not contain FM03 mRNA although the skin from which it was 

derived did (fig 5.3.1, 5.4.1 and 5.4.2).

No FM04 or FM05 mRNAs were present in any of the primary 

keratinocyte samples analysed. FM04 mRNA was not detected in any of the 

skin samples that these primary cultures were derived from, however FM05 

was detected in five out of eight skin samples (fig 5.4.1, 5.5.1 and 5.6). 

Therefore, in terms of expression of FM04 mRNA, the primary cultures reflect
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the situation In whole skin, but as for FM05 mRNA, the situation Is different, 

with the primary keratinocyte cultures losing the ability to express this Isoform.

RNase protection assays were also used to detect the expression of 

CYP2A6, 2B6 and 3A4 In these cultures. Interlndlvldual variation In the 

hepatic expression of these Isoforms has been reported to occur (Fernandez 

Salguero and Gonzalez, 1995, Code et ai, 1997, Shlmada et ai, 1994). The 

same was also apparent In cultures of primary keratlnocytes.

Of the six primary cultures analysed for the presence of CYP2A6, two 

expressed CYP2A6 mRNA (fig 9.1.3 and 9.1.4). Primary keratinocyte cultures 

from skin samples that did not express CYP2A6 mRNA also did not express 

this Isoform. However, a single sample derived from a skin sample that 

expressed CYP2A6 mRNA also expressed CYP2A6. A single keratinocyte 

sample did not express CYP2A6 although the skin from which It was derived 

did.

None of the primary keratinocyte RNAs analysed expressed CYP2B6 

mRNA. This Included a sample which was derived from a skin sample that 

expressed this isoform (fig 9.2.4 and 9.2.5).

CYP3A4 mRNA was expressed In five out of nine primary cultures 

analysed. Three cultures derived from skin samples expr*esslng CYP3A4 

mRNA also expressed this mRNA (fig 9.1.3, 9.2.4 and 9.3.4).

Detection of the relevant FMO and GYP proteins In these cultures was 

not possible due to the limited quantity of sample available. However, In early 

studies a few western blotting experiments were carried out on primary 

keratinocyte samples. But, the cross reactivity of the antibodies to the keratins 

In these cultures was apparent.

Attempts were made to detect the proteins using Immunohlstochemlstry 

on the primary keratlnocytes cultured on coversllps. This confirmed the cross- 

reactlvlty observed with the western blot analysis, because the cells were 

stained In the presence of pre-lmmune serum. Thus, It appeared that the
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animal in which the antibodies were developed recognised a protein in these 

cells before being injected with the antigen.

10.3 HaCaT cells

The HaCaT cell line is a spontaneously transformed human epithelial 

cell line from adult skin (Boukamp et ai, 1988). The cell line maintains full 

epidermal differentiation and has been shown to reform an orderly structured 

and differentiated epidermal tissue when transplanted onto nude mice. The 

HaCaT cells derive their name from their origin i.e human adult skin 

propagated under low Ca^+ conditions and elevated temperature.

At the time they were provided to us, these cells were capable of clonal 

growth under normal culture conditions (370C and independent of Ca^+ 

concentration). Morphologically the cells resemble primary kératinocytes (fig

10.2 and 10.3), however, these cells are aneuploid.

Northern blot hybridization analyses on RNA derived from these cells 

showed the presence of FM04 (fig 4.5) and CYP2B mRNA (fig 9.2.1 and 

9.2.2). Cytochrome P450 reductase mRNA was detected in the HaCaT cells.

RNase protection assays on the HaCaT cells confirmed the presence 

of FM04 (fig 5.5.1 and 5.5.3) and CYP2B6 (fig 9.2.4 and 9.2.5) in these cells. 

In addition to these mRNAs, FM01 (fig 5.2.1 and 5.2.3), FM05 (fig 5.4.1, 5.5.1 

and 5.6) and CYP3A4 (fig 9.1.3, 9.2.4 and 9.3.4) mRNA was also detected 

using this technique. The concentration of these mRNAs in the HaCaT cells is 

low (generally <1 molecule/cell).

Extensive western blot analyses were carried out on this cell line. The 

problems encountered with this technique are described in section 6.1.
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Fig 10.2 Confluent culture of primary human epidermal 

keratlnocytes established from breast skin.

Primary cultures of human kératinocytes established from full thickness breast 

skin at 90% confluence. The cells were established as described in section 

2.2 2 .2.

Fig 10.3 Confluent culture of HaCaT cells.

HaCaT cells were cultured as described in section 2.2.1. Cells shown at 

approximately 75% confluence.
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10.4 Discussion

From the data obtained using RNase protection assays, it is clear that 

primary keratinocyte cultures express CYP2A6 and 3A4, as well as FMOs 1, 2 

and 3. The concentration of the mRNAs encoding these enzymes is low in 

these cells, but correspond relatively well to the concentration found in whole 

skin. Further studies on the metabolic capabilities of these cells is required to 

assess their ability to metabolize foreign compounds. However, one problem 

with primary cultures such as those that we have used is their ability to be 

influenced by a variety of factors such as serum and hormones in the media. 

Therefore, they might not be a true reflection of the in vivo situation. Their 

ability to express these enzymes in culture however could be important for 

studies on the regulation of both the CYPs and FMOs in humans. This is 

because, human samples for these investigations are difficult to obtain. 

Human skin is relatively more accessible than other organs and tissues. Skin 

samples may be obtained from plastic surgery, circumcisions, mastectomies 

and apronectomies.

However, ultimately, cell lines which have the ability to express a range 

of foreign compound metabolising enzymes would be a more viable prospect 

due to their availability and reproducibility of the results. Cell lines have a 

major limitation, because it is possible that during their transformation they do 

not retain all cellular functions and thus do not represent the true in vivo 

situation. Their transformation on the other hand can offer another advantage 

in that these cells sometimes can express genes that under normal conditions 

they would not. Such is the case with the HaCaT cells which we have shown 

to express FM04. These cells can thus provide a model to study the 

regulation of this particular FMO which has proved to be difficult to 

characterise due to the inability to express it in heterologous expression 

systems.
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Although the expression of both FMOs and CYPs in keratinocyte 

culture systems is low, these cells have the ability to express foreign 

compound metabolising enzyme mRNAs. More definitive studies are 

required to assess their metabolic capabilities together with the development 

of sensitive techniques to detect these enzymes. Ultimately the ability to use 

cultures such as the above to test individual risks to chemicals would prove 

invaluable in the study of the role and regulation of the human FMOs and 

CYPs.
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11 Summary of results

This thesis presents data on the expression of FMOs and CYPs In 

human skin and keratinocyte culture systems. Until recently the CYPs have 

been studied more widely than the FMOs, In terms of their xenoblotic 

metabolising capabilities. Recently however, the Importance of FMOs as 

xenoblotic metabolising enzymes have led to further Investigations Into their 

role and expression.

There have been very few reports on the expression of FMOs In the 

human tissues, particularly the skin. Most of the work carried out on the skin 

has been focused either on the activity or localization of FMOs In the skin of 

laboratory animals. No data on the expression FMO mRNAs In human skin or 

their cellular localization In this tissue have been published.

Our studies also extended to the Investigation of the FMOs in 

keratinocyte culture systems. Not only have these culture systems not been 

completely characterised In terms of their drug metabolizing capabilities, but 

no studies have been carried out on the expression of FMOs in keratinocyte 

cultures. We focused our studies on primary cultures of human epidermal 

keratlnocytes derived from human skin and on an Immortalized human 

keratinocyte cell line (HaCaT). These systems were assessed for their ability 

to express the FMOs and CYPs relative to whole skin.

Southern blot hybridization analysis of genes encoding human FMOs 

2, 3, 4 and 5 In Chapter 3 suggest that the FMOs are encoded for by single 

genes that have a minimum size of 25 kb. This result Is similar to that 

obtained byjbolphln et ai, (1997b)who showed, through the use of vectorette- 

PCR, that FM03 Is encoded for by a single gene, of minimum size 22.5 kb. 

To confirm that there is a single gene for each of the FMOs requires Southern 

blot analysis, of human genomic DNA, with exon specific probes for each of 

the four cDNAs.
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The expression of FMO mRNAs In human skin, primary human 

epidermal keratlnocytes and HaCaT cells was investigated using two 

methods. These were northern blot hybridization analyses (Chapter 4) and 

RNase protection assays (Chapter 5). Northern blots proved to be relatively 

insensitive in the detection of FMO mRNAs in these samples. Using this 

method, only FM01 mRNA was detected in the human skin. No FMOs were 

detected in the commercially obtained primary culture of human epidermal 

keratlnocytes, while only FM04 mRNA could be detected in the HaCaT cells. 

Using RNase protection assays which are more specific, sensitive and 

quantitative, a clearer picture of the FMO mRNA expression in the skin and 

culture samples was obtained. FMOs 1, 3 and 5 mRNAs are expressed in 

various human skin samples and there is a considerable degree of 

interindividual variation in their expression. The amounts of the FMO mRNAs 

were approximately <1 molecule/cell. FM01 was the most highly expressed 

FMO form in the skin samples. No correlation between the ages of the 

individuals and the expression of FMOs was observed. The primary 

keratlnocytes also showed a variation in the expression of FMOs, with some 

samples expressing FM02 or FMOS mRNAs or both or none. There was no 

correlation between the expression of FMOS mRNA in the primary culture of 

human epidermal keratlnocytes with the expression of this mRNA in the 

individual from whom the skin was obtained. FMO 1, 4 and 5 mRNAs were 

detected in the HaCaT cells at a concentration of < 1 molecule/cell.

Analyses on the expression of FMO proteins was carried out using 

western blot analyses (Chapter 6) and enzyme activity assays (Chapter 7). 

Western blot analyses were done using antibodies specific to FMOs 1, S and 

5. Analyses of FM02 were not carried out because it has recently been found 

(Dolphin etal., 1998; submitted) that the human FM02 gene has a premature 

termination codon within the FM02 protein coding sequence. Consequently, 

although the mRNA is transcribed, the protein is not detectable. Analyses
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using western blotting was unsuccessful due tc the crcss-reactivity of the 

antibodies to non-specific proteins within the skin microsomes and cytosol. 

These non-specific cross-reacting proteins are probably keratins. Moreover, 

the amounts of FMOs in the human skin are probably very low. As such 

antibodies with higher titres will be required to detect the FMOs present.

Human skin microsomes were assayed for their activity towards 

methimazole which is a substrate for FMOs 1,2 ,3  and 4. Inconclusive results 

were obtained when we carried out these enzyme activity assay studies. The 

addition of enhancers of FMO activity, Emulgen 911 and n- octylamine, did 

not lead to any observable increase in the activity of FMOs in the skin. A non

linear curve was obtained when the assay was carried out. This is probably 

due to the presence of contaminating proteins in the microsomes. The lack of 

any activity towards methimazole may be because it is FM05 that is the major 

FMO present in this tissue. FM05 has been shown to exhibit either low or no 

activity towards methimazole. Unfortunately, due to the limited availability of 

human skin samples, further activity studies on specific substrates for FM05 

could not be carried out. Additional experiments using these substrates 

should be carried out to fully understand if any FMO protein is present in the 

human skin and what the role of this FMO might be. Activity assays on 

primary cultures of human epidermal keratlnocytes and HaCaT cells were not 

carried out. This was mainly due to the limited quantity of sample, in the case 

of the primary cultures, and the inability to obtain microsomes from the HaCaT 

cells. Another reason for the lack of activity in the skin microsomal samples 

could be the extreme lability of the FMOs. The extraction procedures during 

microsomal preparation, although carried out as close to 4^0 as possible, are 

harsh and have been optimised for the retention of CYP related enzyme 

activity. The conditions for the preparation of microsomes for the analyses of 

FMOs probably need to take into consideration the lability of these enzymes 

and thus need modification.
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Cellular localisation of the FMOs was carried out on a sample of skin 

obtained from a single individual (Chapter 8). Localisation was investigated 

using IHC and in situ hybridization analyses. IHC was unsuccessful due to 

the cross reactivity of the antibodies to the keratins and the low titres of the 

antibodies being used by us. in situ hybridization analyses localised FMOs 

1 ,3 ,4  and 5 mRNAs to the epidermis and sebaceous glands in the skin. The 

signals obtained with the different riboprobes varied, with FM05 giving the 

highest signal, followed by FM01, then FMOS and finally FM04. These 

results are different to those obtained with the RNase protection assays. This 

may be because in the RNase protection assays total mRNA is detected. 

Whilst in the in situ experiments it is possible to localise an mRNA to a 

specific cell type. Another reason for the different signal intensities could be 

that the specific activities of the riboprobes differed.

Numerous studies on the expression of CYPs in the skin have been 

carried out. However, of these, few have been carried out on human skin. To 

investigate the range of CYPs expressed in human skin, we looked at the 

expression of CYP2A, CYP2B and CYP3A (Chapter 9). The same techniques 

that were used to investigate FMO expression in the skin were used. In 

addition to human skin, we extended our studies to the expression of 

members of these subfamilies in primary cultures of human epidermal 

keratlnocytes and HaCaT cells. Northern blot hybridization analyses detected 

the presence of CYP2B6 mRNA in the HaCaT cells. RNase protection assay 

showed the presence of CYP2A6, 2B6 and 3A4 mRNAs in some of the skin 

samples analysed. In the primary cultures of human epidermal keratlnocytes, 

some samples had CYP2A6 and CYP3A4 mRNAs. None contained CYP2B6 

mRNA. This was however detected in the HaCaT cells. There was no 

correlation between the expression of the CYP2A, 2B and 3A mRNAs in the 

skin samples and the primary epidermal keratinocyte cultures derived from 

the skin samples. Therefore, it could not be determined whether in this
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culture system the cells retain the ability to express the same CYPs as are 

expressed in the whole skin.

Western blot analyses, of CYPs, in microsomes from human skin could 

not be carried out, however, studies on HaCaT cells and a few primary 

cultures, showed non-specific cross-reactivity with proteins within these cells. 

Cellular localisation of CYP2A, CYP2B and CYP3A proteins using IHC 

indicated that the cause of the cross-reactivity on western blots was probably 

due to the keratins in the epidermal layers, because the epidermis was darkly 

stained with antibodies to CYP2A, CYP2B or CYP3A. Interestingly however, 

the cells of the sebaceous glands were deeply stained with these antibodies, 

indicating the presence of members of these subfamilies*in these cells.

CYP2A6, 2B6 and CYP3A4 mRNAs were localised to the epidermis 

and sebaceous gland by in situ hybridization. CYP2A6 and 2B6 mRNAs 

were more highly expressed than CYP3A4 mRNA. The amount of CYP3A 

protein detected by IHC as compared to the amount of mRNA detected by In 

situ hybridization analyses can be explained, because, the antibody can 

detect all three forms of CYP3A, whereas, the probe used in the In situ 

hybridization analyses would only be able to detect CYP3A4. Further studies 

with probes specific to CYP3A3 and CYP3A5 will help clarify the isoforms of 

the CYP3A subfamily present in the human skin.

From the results obtained in this thesis, it can be seen that a range of 

xenobiotic metabolising enzymes are expressed in the human skin, primary 

cultures derived from them and the immortalised cell line, HaCaT. The 

expression of a range of FMOs and CYPs in this tissue and their localisation 

to the epidermis and sebaceous glands, indicates that these enzymes 

probably serve to protect the body from harmful chemicals that it comes into 

contact via the skin. The expression of these enzymes in cultures derived 

from the skin and especially in a cell line allows for the use of such systems 

for further studies into their role and regulation in humans. However, these
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systems would not be suitable for drug metabolism studies because they do 

not express the same range of FMOs and CYPs that are present in human 

skin in vivo.
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letter

Missense mutation in flavin-containing mono-oxygenase 
3 gene, FM03, underlies fish-odour syndrome

Colin T. Dolphin', Azara Janmohamed ,̂ Robert L. Smitlr\ Elizabeth A. Shephard" & Ian R. Phillips'

Individuals w ith  prim ary trim ethylam inuria exhibit a body odour 

reminiscent of rotting fish, due to  excessive excretion of 

trim ethylam ine (TM A; refs 1-3). The disorder, colloquially know n  

as fish-odour syndrome, is inherited recessively as a defect in 

hepatic A/ oxidation of d ietary-derived TMA''"® and cannot be 

considered benign, as sufferers may display a variety of psy

chosocial reactions, ranging from  social isolation to clinical 

depression and attem pted  suicide®. TM A  oxidation is catalyzed 

by flavin-containing mono-oxygenase (FMO; refs 7,8), and tissue 

localization® '® and functional studies" have established FM 03  

as the form  most likely to  be defective in fish-odour syndrome. 

Direct sequencing o f the coding exons o f F M 0 3  am plified from  a 

patient w ith  fish-odour syndrome identified tw o  missense mu

tations. Although one of these represented a common polym or

phism, the other, a C ^ T  transition in exon 4, was found only in 

an affected pedigree, in which it segregated w ith  the disorder. 

The la tter m utation predicts a pro line^leuc ine  substitution at 

residue 153 and abolishes F M 0 3  catalytic activity. Our results 

indicate tha t defects in F/W03 underlie fish-odour syndrome and 

tha t the  P ro153^Leu153 m utation described here is a cause of 

this distressing condition.

O f the five known forms o f mammalian FM 03 repre
sents the major hepatic FMO in humans®'"' and displays a dis
tinct substrate preference for tertiary am ines". As TM A is 
cleared substantially by hepatic fust-pass metabolism"', FM03 
is thus likely to catalyze most TM A N-oxidation in  v ivo . The 
fiV /03 gene is located on chromosome k] (ref. 14) in the region 
U]23-24 (R.R. McCombie, E.A.S. & I.R.R, unpublished data) 
and contains one non-coding and eight coding exons"'’.

b

Knowledge o f the internal organization o f the gene enabled each 
exon and its flanking in tronic sequences to be amplified from 
genomic DNA and directly sequenced. Comparison o f se
quences amplified from the proband, PR, o f a fish-odour syn
drome pedigree (see Methods) w ith those o f a normal ind iv id 
ual revealed no deletions and no differences in acceptor or 
donor splice sites. However, a C->T missense mutation, corre
sponding to nucleotide 551 in the cHNA"', was identified in 
exon 4 o f both F M 0 3  alleles o f PR (Fig. In). This mutation 
changes a CGC proline trip le t at codon 153 to a CTC leucine 
trip let (P ro l53-^Leu l53). The second affected sibling, CR, was 
also homozygous for the CTC trip let at codon 153, whereas the 
father (Fig. l b ) ,  mother and th ird sibling, |R (data not shown), 
were heterozygotes. Four unrelated, non-trimethylam inuric 
individuals were each homozygous for a CCC triplet at this 
position (Fig. Ic and data not shown). In addition, the father 
and |R were identified as heterozygous for GAG glutamate and 
AAG lysine triplets at codon 158 (Fig. \h ) ,  whereas the mother 
and PR (Fig. In) and CR were homozygous for the GAG codon. 
Three o f the four normal individuals analysed were GAG 
homozygotes (data not shown), and the other was an AAG 
homozygote (Fig. Ic). G lu l58 and f.ysl58 variants have previ
ously been detected in F M 0 3  cDNA sequences"""’ .

To determine the frequencies o f Pro 153, Leu 153, G lul58 and 
Lysl58 FA/G3 variants, we devised a genotyping method that 
employs restriction enzyme digestion of a PCR-amplifled region 
of the gene encompassing both variant codons (Fig. 2 a ). The 
ability o f the method to accurately predict the sequence at the 
variant position w ith in each codon was confirmed by analysis of

A Tyr-152

Leu-153

A Asn-154

T Leu-155

C Pro-156

A Lys-157

A Olu-158

C Ser-159

A Tyr-152

Pro/Leu-153

A Asn-154

T Leu-155

C Pro-156

A Lys-157

Glu/Lys-158

C Ser-159

A Tyr-152

Pro-153

A Asn-154

T Leu-155

C Pro-156

A Lys-157

A Lys-158

C Ser-159

Fig. 1 Identification o f mutations w ith in  exon 4 o f the FM03 gene. Exon 4 of the gene was am plified from  genomic DNA isolated from  the proband, PR (a), and 
fa t her (b) o f a fish-odour syndrome pedigree and from  a non-trim ethylam inuric control (c). Nucleotide sequences and deduced amino-acid sequences are shown 
to the righ t o f each sequencing gel. Variant nucleotides are boxed.
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U K . -D epartm ent o f Biochemistry and Molecular Biology, University College London, Gower Street, London W C IE  6BT, UK. -^Moleciilar Toxicology, 
Im p e ria l College School o f  Medicine, Norfo lk Place, London W2 ll-’G, UK. Correspondence should he addressed to I.P.P.
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G/A (E158K)
primer 529  ► |
primer 530  ► | ■ primer 531

exon 4

C->T (P153L)

153 158
ValPheAspAlaValMetValCysSerGlyHisHisValTyrProABnLeuProLysGluSerPhePro 

. .GTCTITGATGCTGTAATGGTTroTTCCGGACATCATGTGTATCCCAACCTACaVAAAGAGTÇCTTTCCAGgta.

TTTGATGCTGTAATGGTTTGTTCCGGACATCATGTGqATC A
Baa«I Hinfl

T
TTTGATGOTOTAATGGTTTGTTCCGGACATCATGTaaATÇ

BglII

C C
C 153 T 
C C

A G
A 158 A 
G G

C C
C 153 T 
C C

G G
A 158 A 
G G

C C
T 153 T 
C C

G G
A 158 A 
G G

C C
T 153 T 
C C

G G
A158A 
G G

C C
C 153 T 
C C

A G
A 158 A 
G G

PRr # JR

10 11  12 13 14 15

C 153 C 
C C

G G
A 158 A 
G G

C 153 C 
C C

A G
A 158 A 
G G

C C
C 153 C 
C C

A A
A 158 A 
G G

Fig. 2 Determination o f Prol 53/Leu 153 and G lu 158/Lys 158 variants 
o f FM03 by means of a PCR/restriction enzyme-based method, 
a, Schematic representation. Annealing positions of primers (solid 
arrows) and positions o f codons 153 and 158 (dashed arrows) are 
shown in relation to  the structure o f FM03. Partial DNA sequence 
is shown fo r the 3 end o f exon 4 (capitals), w ith  the deduced 
amino-acid sequence shown above, and for the 5 end o f intron 4 
(lower case). Below this are shown the sequences o f primers 529 
and 530, used in conjunction w ith  a single reverse primer, 531 
(5 -G G C A G nTG A G TC A TA TA TTTA A A C A A A G A M  ), and the single 
nucleotide differences w ith in codons 153 and 158. The positions of 
incomplete 8amHI and 8g/ll restriction sites w ith in  primers 529 and 
530 and the location of a polymorphic H/nfl site w ith in  the gene 
sequence are underlined. Mismatches (lower case) in primers 529 
and 530 allowed the generation in the 284-hp am plification prod
ucts o f different and unique restriction sites, depending on the 
identity o f the nucleotide present immediately 3' o f the primer 
end. Thus, if both copies of FM03 contained a Cat the second posi
tion of codon 153, BamHI digestion o f the PGR product derived 
from  the 529/531 primer pair would yield a fragment o f 248 bp. As 
amplification is possible only if a C is present at the first position of 
codon 153, and as the third position of the proline codon is fu lly 
degenerate, such individuals would therefore be homozygous for 
the Prol 53 allele. This would be confirmed by the failure o f 6g/ll to 
cut the PGR product derived from  the 530/531 primer pair. In con
trast, if both copies of FM03 contained the alternative, GTG, trip le t 
at this position, the amplification product derived from  the 
530/531 primer pair would be cut by 8g/ll, whereas tha t derived 
from  the 529/531 pair would not be cut by BamHI. As the third 
position o f a leucine codon is also fu lly degenerate, this pattern of 
digestion would be indicative o f individuals homozygous for the 
Leu 153 allele. The presence, after digestion w ith  either enzyme, o f 
both undigested PGR product and the 248-bp fragment would 
indicate that the individual is heterozygous for Prol 53 and Leui 53. 
The Glu158/Lys158 alleles o f the FM03 gene can be distinguished 
by digestion o f either the 529/531 or 530/531 PGR products w ith  
H/nfl, as a cleavage site fo r this enzyme is present in the amplified 
DNA only when a G is present at the first, variant, position of 
codon 158. Thus, H/nfl digestion of either PGR product amplified 
from  an individual homozygous for G at this position would yielcf a 
DNA fragment of 230 bp, indicating tha t the individual is homozy
gous for the GAG glutamate trip let. In contrast, failure to  cut w ith  

H/nfl would indicate that both copies of the FM03 gene contained the alterna
tive A (or another, unidentified nucleotide) at this position and that the ind iv id
ual is therefore likely to be homozygous for the AAG lysine trip let. The presence, 
after digestion w ith H/nfl, o f both undigested PGR product and the 230-bp fra g 
ment would indicate that the individual is heterozygous, b. Genotype analysis of 
the fish-odour syndrome kindred. DNA from the father (lanes 1-3), mother (lan es 
4-6), affected son, PR (lanes 7-9), affected daughter, GR (lanes 10-12), and the  
diagnosed sibling, JR (lanes 13-15), of a fish-odour syndrome kindred, whose 
pedigree is illustrated, was amplified w ith primers 529/531 and digested w ith  
BamHI (lanes 1,4,7,10,13), w ith  primers 530/531 and digested w ith Bg/ll (lames 
2,5,8,11,14) or w ith  either primer pair and digested w ith  H/nfl (lanes 3,6,9,12,15). 
Lane M, size markers (1-kb ladder). The sequence o f codons 153 and 158 in the  
FM03 alleles present in each individual (based on the results o f DNA sequencing 
and PGR-restriction digestion analysis) is shown above the pedigree, c. Genotype 
analysis of unrelated, non-trimethylaminuric individuals. DNA from  three ind iv id 
uals was amplified w ith  primers 529/531 and digested w ith BamHI (lanes 1,4,7), 
w ith primers 530/531 and digested w ith  Bg/ll (lanes 2,5,8) or w ith  either primier 
pair and digested w ith H/nfl (lanes 3,6,9). Lane M, size markers (1-kb ladder).

284 bp 

248 bp 

230 bp

individuals o f known genotype (Fig. lb ,c ) .  Analysis o f 30 unre
lated, non-trimethylam inuric individuals (Fig. 2c and data not 
shown) established that all were Pro 153 homozygotes, whereas 
G lul58 and Lysl58 occur with frequencies o f approximately 
50% each. The G lul58 and Lys158 alleles thus represent a com
mon fM O d polymorphism, indicating that neither can underlie 
fish-odour syndrome. In contrast. Leu 153 was detected only in 
the affected kindred, in which it co-segregated w ith the disorder 
(Figs l,2h). The results indicate that the Leu 153 mutation 
occurred on a G lu t58 allele. Leu 153 has subsequently been 
detected in two other fish-odour kindreds, in which it also co
segregated with the disorder (data not shown).

To determine the functional effect o f the Leu 153 mutation, 
cDNAs encoding native and mutant FM03s were expressed in a 
bacLilovirus-insect-cell system. The concentrations o f the ex
pressed proteins in insect-cell microsomal membranes, deter
mined by immunoblotting, were 55 pmol/mg protein for 
Prol53Glul58 and Prol53Lysl58 cDNA expression constructs

and 70 pmol/mg protein for the Leul53G lul58 construct 
(Fig. 3u). Immunoreactive protein was undetectable in m icroso
mal membranes from non-infected cells or from cells infected 
with wild-type virus (Fig. 3u). The two polymorphic variantts 
catalyze the N-oxidation o f TM A (Fig. } b )  and the S-oxidation o f  
methimazole (Fig. 3c), Prol53G lul58 being more effective in  
catalyzing both N-oxidation m i i r ')  and S-oxidatiom
((\.,/>'f'’ =:36 m i i r ')  than Prol53LysI58 (T;-.„‘W’ -2 9  m iir '  for AJ- 
oxidation and ~ ^ m i i r '  for 5-oxidation). In contrast, thie 
Leul53Glul58 mutant failed to catalyze the oxidation o f e ither 
substrate (Fig. 5b ,c).

The marked effect o f the P ro^Leu substitution on both thie 
N- and 5-oxidation activities o f FM 03 clearly identifies Prol5>3 
as important for the structure or function o f the enzyme. Pro 15>3 
is the first residue o f a PXXP m otif located between the finge r
print sequences'' identif)dng the [îa(3-folds o f the FAD- an,d 
NADP-binding domains, 33 residues N-term inal o f the start o f  
the latter sequence. The sequence and location o f this m otif are
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Fig. 3 Analysis o f heterologously expressed human FM03 variants, 
a, Imm unoblot o f microsomal membrane proteins isolated from I n /  cells. 
Microsomal membrane proteins isolated from  non-infected cells (25 ng, lane 1), 
cells infected w ith  AcMNPV (25 pg, lane 2), AcFM03P153E158 (18 pg = 1 pmol, 
lane 3), AcFM03P153K158 (18 iig = 1 pmol, lane 4), or AcFM03L153E158 (14 pg = 
1 pmol, lane 5), together w ith  0.5 pmol o f a recombinant human FM03 (lane 6). 
FM03s were detected through the use o f goat anti-(rabb it FM03) serum and a 
rabbit anti-goat IgG-alkaline phosphatase conjugate. Sizes of molecular weight 
markers (in kD) are indicated, fa. Time course of TMA oxidation-dependent 
NADPH oxidation, c, methimazole oxidation-dependent nitro-5-thiobenzoate 
oxidation. TMA and methimazole oxidation, monitored indirectly as the time- 
dependent difference in absorbance at 340 or 412 nm, respectively (see 
Methods), was catalyzed by microsomal membrane proteins isolated from T.ni 
insect cells ( - □ - ,  820 pg), or from  cells infected w ith AcMNPV ( - A - ,  1,500 pg), 
AcFM03P153E158 ( -■ - ,  260 pg-14.3  pmol; - T - ,  780 pgn42.9 pmol), 
ACFM03P153K158 (-X-, 240 pg 13.2 pmol; - V - ,  720 pg = 39.6 pmol) or 
AcFM03L153E158(- ) - ,  650pg=45.5 pmol).

conserved in all known mammalian FMOs except FM05, which 
contains an alanine at this position and exhibits markedly 
reduced catalytic activities towards typical FMO substrates'^. A 
FXXP m otif is also found, at approximately the same location 
with respect to the FAD- and NAI)(P)-hinding domains, in an 
FMO-like protein o f y e a s t i n  cyclohexanone mono-oxygen
ase-" (a bacterial mono-oxygenase related to FMOs) and in each 
o f the two polypeptide chains o f several (1 a vo protein disulphide 
ox id o re d uc tases-sugges ting  that it plays an important role 
in the structure or function o f enzymes containing dinucleotide- 
hinding |3o.p-folds.

In conclusion, we have identified a missense mutation, 
33IC->T, in FMOd, which segregates with impaired TM A oxi
dation in a fish-odour syndrome pedigree and, by substituting a 
highly conserved pro line at residue 133 w ith a leucine, essen
tia lly abolishes FM03 catalytic activity. Individuals homozy
gous for the Leu 133 allele are thus unable to support the metab
olism o f dietary-derived TM A and, consequently, excrete the 
malodorous amine rather than its non-odorous N-oxide and 
hence display the associated and often highly distressing symp
toms o f fish-odour syndrome. In addition to TMA, FMOs cat
alyze the oxidation o f a range o f structurally diverse com
pounds, including drugs, pesticides and other xenobiotics*^. 
Although patients w ith fish-odour syndrome are apparently 
deficient in nicotine N-oxidation*-'’, a reaction catalyzed pre
dom inantly by FM03 (ref. 26), the pharmacological and toxico- 
logical significance o f an inherited block in FM03-mediated 
oxidative metabolism is unclear.

Methods
Patients. The pedigree investigated in this study was previously described'’. 
The probands, i ’R and CR, liad, since birth, exhibited classical symptoms 
of severe fish-odour syndrome, which, particularly in the case of PR, had 
resulted in significant adverse psychosocial reactions. In contrast, neither 
parent nor the third sibling, |R, was clinically affected.

FM 0 3  amplification. Individual coding exons and as,sociated splice sites 
were amplified from 100 ng of genomic DNA ( isolated from whole blood) 
by PCR as described'". Respective sense and antisense primer .sequences, 
designed from the FA/03 gene sequence'’ , were as follows: exon 2: 
5 -CTC.AC;CTACCATACTCAGCCAC.TG-3', 5 -CACAGTGTGCTCTTA- 
TACACTTCCC-3 ; exon 3: 5'-GACCTGA!'CAGTATACTCAT rrACC-3', 
5 -AGTAGTAGACATAGACTTCTTCAGC-3'; exon 4: S'-CT lTTC TTr- 
TTTCATACTGTATCTGC-3', 5 -AAAAAGAAGACATTATCAAGATATT- 
C-3'; exon 5: 5 -TATGCTTGGTGTGTTAAAATAGCAC-3', 5 -CACAC- 
CTT I'CAAACGATAATAACTC-3't exon 6: 3 -CAGAATATCCACTA- 
CAAATGGTCAC-3 ', 3 -GCTTACAGGACATTAAGGGTTGTTG-3 exon 
7: 3 -GCCTCCCATCAATTTTGTTCTTCAG-3', 3 -CAAAGATCCAA- 
AGTTATTGTCACTG-3 ; exon 8: 3 -GGAAAATIACAGGCTGGTCCT- 
ATGC-3 , 3 -ATAGCTTGTAGTTGTCATTCCAATG-3 ; exon 9: 3 -TTC- 
TCTGTTCTGTTTCTACACAGAG-3', 3-CCCTGTCTGGGTATTGTC- 
-AGTAAC-3'. Reaction mixtures were incubated (or 36 cycles at 94 °C for 
I mill, 36 °C for I min and 72 °C for 1 min.

DNA sequencing. Purified PCR products were .sequenced directly, either 
by cycle sequencing-' or after preparation of single-stranded DNA-’̂ .

Genotyping. Genomic DNA was amplified by PCR with primer pairs 329 
and 331 or 330 and 331 (Fig. 2n). Conditions were as described"’, except 
that the reaction mixtures were incubated for 3 cvcles of 94 °C for I min.
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51 “C for 1 min and 72 “C for 1 min, followed by 38 cycles of 94 °C for 
1 min, 56 °C for 1 min and 72 °C for 1 min, then for an additional 5 min at 
72 °C. Aliquots (15 |il) of the 529/531 and 530/531 amplification products 
were incubated with BamHI and BglU, respectively. An additional aliquot 
( 15 pi) of either product was incubated with H in Û . Digested samples wê e 
analysed by electrophoresis through a 3% (w/v) agarose (Metaphor, FMC) 
gel with a 1 -kb ladder (GiBCO BRL) as a size marker.

Recombinant baculovirus construction and heterologous expression. A 
Leul53Glul58 F M 0 3  cDNA was constructed by substituting a B spE l/Bcll 
restriction fragment of the native cDNA'° with an equivalent PCR-gener- 
ated fragment containing CTC at codon 153. Reaction mixtures, contain
ing 15 pmol each of primers 542 (5'-GTTTGTTCCGGACATCATGTG- 
TATCTCAACCTACC-3'; mismatch underlined) and 418 (5'-ATCAC- 
CCAGGAGCGAATTCTGGAACTGATC-3'), 10 ng of p lD l6A  (ref. 10) 
and 5 U ofP/w polymerase (Stratagene), were cycled 35 times at 94 °C for 1 
min, 52 °C  for 1 min and 72 °C,for 4 min. The product was ligated into 
BcoRV-linearized pBluescript (Stratagene) to give p(418-542). After incu
bation of plD16A and p(418-542) with BspEl and Bell, the larger, vector, 
fragment of plD16A and the smaller, restriction, fragment of p(418-542) 
were ligated to give plD16A(C-T). cDNA inserts were released from 
plD16A and plD16A(C-T) by digestion with BamHI and PstI and 
inserted into BamHl/Psff-digested pFastBacl (G ib c o  BRL) to produce, 
pFastFM03P153El58 and pFastFM03L153El58, respectively. The Lys 158 
wild-type variant was generated by direct mutagenesis (QuickChange, 
Stratagene) of pFastFM03P153E158 to give pFastFM03P153K158. All 
constructs were fully sequenced. Recombinant baculoviruses were gener
ated with the Bac-to-Bac system (G ibc o  BRL).

S ft and T .n i cells were passaged, respectively, in Sf-900I1 (G ibc o  BRL) 
or Excell 405 (JRH Biosciences) media containing amphotericin B 
(5 pg/ml), penicillin-G (100 U/ml) and streptomycin sulphate 
(50 pg/ml). Virus was amplified in S/9 cells with a multiplicity of infec
tion (MOI) of <0.1. For expression, T.ni cells (500 ml at 10̂  cells/ml) 
were infected at an MOI of 5 and incubated at 28 ®C for 72 h in medium 
supplemented with 2% fetal calf serum in spinner flasks (Bellco). Cells 
were pelletted, re-suspended in 120 ml of homogenization buffer 
(0.154 M KCl, 50 mM Tris, pH 7.4,0.2 mM phenylmethanesulphonyl flu

oride) and sonicated on ice for three 30-s bursts (Dynatech). Microsomes 
were obtained by differential centrifugation^^ re-suspended in 20 ml of 
storage buffer (0.154 M KCl, 10 mM HEPES, pH 7.5, 1 mM EDTA, 20% 
glycerol) and stored in aliquots at -80 °C. Protein concentration was 
determined by the BCA method (Pierce).

Western blotting. Proteins were electrophoresed through a 10% polyacryl- 
amide-SDS gel and electroblotted to nitrocellulose. The filter was incu
bated sequentially with goat anti-(rabbitFM03) serum (1/3,000 dilution) 
and rabbit anti-goat IgG-alkaline phosphatase (Sigma), and the antigen 
visualized (Color Development Kit, Bio-Rad). Concentrations of ex
pressed proteirjs were determined by densitometry using a standard curve 
of authentic human FM03.

FMO assays. TMA and methimazole oxidation activities were determined 
spectrophotometrically (Cary 1) in the split-beam mode. TMA N-oxida
tion was measured by monitoring oxidation of NADPH at 340 nm, 
whereas methimazole S-oxidation was determined indirectly by monitor
ing consumption of nitro-5-thiobenzoate at 412 nm as described^°. 
Assays were performed in a volume of 1 ml at 37 °C in aerated 0.1 M 
tricine (pH 8.4). Reactions were initiated by addition ofTM A or methim
azole to provide essentially saturating concentrations of substrate (5 mM 
and2 mM, respectively).
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