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SUMMARY

The work described in this thesis attempts to analyse the accumulation and

degradation of cytochrome P-450 in vSaccharomyces cerevisiae, The effect of

environmental parameters such as oxygen and constituents of the growth medium
have been examined here in an attempt to understand the mechanism underlying

the accumulation and degradation of this enzyme.

The highest level of S. cerevisiae cytochrome P-450 accumulation was recorded
with a new strain NCYC 754 obtained from NCYC 240 and first investigated
here. Cytochrome P-450 was found to accumulate during growth of S. cerevisiae
only at high glucose concentrations under conditions of mitochondrial repression.
It was found that in non-growing yeast a 100 ml 8% glucose (w/v) solution woulq |
enhance cytochrome P-450 accumulation. Scale-up of this effect in a 51

bisreactsor was attempted.

In experiments on the removal of oxygen during the exponential growth of
S. cerevisiae there was found to be a decline in cytochrome P-450 accumulation
-in which case it is suggested that oxygen may be acting as a substrate inducer of

yeast cytochrome P-450.

Culture shake speed was also used to control oxygen avéilability. An optimum
shake speéd was found which allowed the greatest rate of cytochrome P-450
accumuiation, it was also found that the same shake speed caused the greatest
rate of degradation of the enzyme during stationary phase. It was also
discovered that semi-anaefobic conditions caused less degradation than aerobic
conditions.  The agents chlorampheniéol, dinitrophenol and cycloheximide
offered less protection against degradation than semi-anaerobic conditions.
Ethanol was found to.induce cytochrome P-450 in S. cerevisiae under conditions

where cytochrome P-450 is not normally detectable. Added alkanols, ather than

ethanol, cause rapid degradation of qytochfome P-450 in non-growing yeast.
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CHAPTER 1

INTRODUCTION
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INTRODUCTION

Oxygenases are important because of their ability to oxygenate
unactivated  carbon-hydrogen bonds. No other enzymes have this
function and given the organic nature of life on this planet it is only to
be expected that monooxygenases play a major role in biosynthetic and

degradative pathways.

Aerobic microorganisms are capable of degradihg and utilizing, for
growth, inert organic compounds which originate coﬁtinuously as final
products of _anim‘val and plant metébolism and of microbial fermentative
reactions. The compounds included methane, other aliphatic, dicyclic,
aromatic and polycyclic hydrocarbons and heterocyclics. Oxygenation is

usually the first step in the metabolism of these compounds.

In the twentieth century the number of xenobiotics increases daily in
number, volume and distribution. These xenobictics may be degraded by
biological systems, involving monooxygenase reactions, hence their study

is also increasing in impaortance.

Oxygenasés function to incorporate molecular oxygen intc organic
substrates; There are two kinds of oxygenase enzymes, dioxygenases and
monooxygenases. Dioxygenases catalyse the addition of both atoms of
the oxygen molecule into a substrate. Monooxygenases catalyse the
addition of only one atom of the oxygen molecule into the organic
substrate, the other atom being reduced to water. A reducing agent is
thus required and is normally a reduced pyridine nucleotide., The

following equation summarises the mongoxygenation reaction,

S+02+H2R - v SO+H20+R

where S represents a substrate and HZR represents the reducing agent.
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Since oxidation and oxygenation reactions occur in the above equation
the monooxygenase enzymes may be termed mixed function oxidases, of

which cytochrome P-450 is one type.

Cytochromes were first discovered in baker's yeast by Keilin in 1925 who
called them respiratory pigments due to their presence in respiratory

chains.

Klingenberg (1958) and Garfinkel (1958) independently reported the
occurrence of a carbon monoxide binding pigment in rodent liver
microsomes. In 1964 Omura and Sato characterized this pigment and
suggested the name cytochrome P-450 which is now generally accepted

as the cellular term for this group of protohaem-containing proteins

-which exhibit a Soret absorption band between 446 and 454 nm in the

dithionite reduced carbon monoxide difference spectrum.

Estabrook et al. (1963) were the first to give evidence for the
involvement of cytochrome P-450 in monooxygenase reactions. By 1970
cytochrome P-450 was appreciated as being very important in the
metabolism of many xenobiotics such as drugs, insecticides, carcinogens

and endogenous compounds such as steroids and fatty acids.

CYTOCHROME P-450 REACTIONS

Cytochrome P-450 enzymes are the terminal oxidases of a variety of
biotransformations employed by many organisms. Cytochrome P-450
uses molecular oxygen and- electrons supplied by NADPH via a
flavoprotein, cytochrome P-450 reductase, to catalyse the general

reaction,
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Figure 1.1: Hydroxylation of anisole-4-2H by cytochrdme P-450

showing an NIH shift,



SH + NADPH + H" + O, — s SOH + NADP" + H,0

2 2
where SH represents the substrate and SOH the monooxygenated

pfoduct.

During catalysié, cytochrome P-450 overcomes the low kinetic reactivity
of molecular oxygen and oxidises carbon-hydrogen bonds with yariable '
‘stereachemical selectivity. Cytochrome P-450 also catalyses the
NADPH-dependent reduction of molecular oxygen toHZOé (Gillette et
al., 1957; Hildebrandt and Roas, 1973) in the following reaction,

H* + NADPH + 0, —= NADP"+ sz2 |
Cytochrome P-450 also catalyses the lysis of the oxygen-oxygen bond of
certain organic hydroperoxides (O'Brien and Ra}hir‘ntula,‘ 1980) in the
» following reaction, | ' |
‘ .XlOOH + XH — XlOH + XOH
- The cytochrome P-450 reéction depends on the chemistry of the
substrate, with aromatic compounds the first step is considered to be a
hydfoxylation reaction (Gillette, 1966) invblving the incorporation of one
oxygen atom into the substrate to form an epoxide which can then
proceed to any one of three transformations: |
(a) spontaneous isomerisation to phenolic products
(b) enzymic hydration to form trans-dihydrodiols (by the enzyme

epoxide hydrase)

- (c) the formation of conjugates, for example by reaction with
glutathione (Jerina and Daly, 1974).

The above rearrangements of epoxide intermediates results in the 'NIH

shift', as shown for p-hydroxylation of anisole in Figure 1.1.

The - microsomal monooxygenase system has various components;

cytochrome P-450 and NADPH : cytochrome P-450 (c) reductase.



NADPH + H* NADPH:cytochrome P-450 reductase. cytochromé P-450.5H 0

, 2
(FMN, FAD) oxidized Fe?*)
| NADP* NADPH:cytochrome P-450 reductase cytochrome P-450.5H SOH
(FMN, FAD) reduced . _ Fe’*)
+ HZO
SH
Figure 1.2: . Electron transport chain from microsomal cytochrome P-450. .

SH represents substrate. Transfer of second electron not shown.



P-450 (Fe™*)
regenerates
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SH
P-450 (Fe** O7) sH
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el is transferred from NADPH via NADPH:cytochrome P-450 reductase
_ eZ is transferred from either NADPH via NADPH:cytochrome P-450 reductase
or from NADH via NADH:cytochrome b5 reductase and cytochrome b5

Figure 1.3: - The cytochrome P-450 reaction cycle
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Cytochrome P-450 contains the .substrate and oxygen bihding sites,

whilst the reductase serves to transport electrons from NADPH to the

cytochrome P-450 component, Together these components form an

electron transport chain (see Figure 1.2).

Cytochrome P-450 Monooxygenase Reaction Mechanism

Figure 1.3 shows the most important of the series of events in the
mechanism of the cytochrome P-450 monooxygenase reaction, not all of

which is fully understood.

The substiate is first bound to the ferric iron form of the cytochrome
P=450 enzyme, closely tfollowed by one electron transfer from NADPH
viba NADPH : cytochrome P-450 reductase. To this complex; o*ygen is
then bound and cne mare electron transfers from either NADPH via
NADPH: cytochrome P-450 reductase or NADH via NADH: cytochrome
b5 reductase and cytochrome .b5. The oxygen would now be activated
enabling a reaction with the substrate; after which the product would
then dissociate from the complex, allowing regeneration of the ferric

haemoprotein.

It is possible that some cytochrome P-450 isoenzymes are involved in
monooxygenase reactions through free active oxygen species generated
by the cytochrome P-450 enzymes in the absence of bound substrate.

This may be the case for the cytochrome P-450 isozyme induced by

ethanol in mammalian liver (Ingelman-Sundberg and Hagbjork, 1982).

The estimated stoichiometry ratioc of cytochrome P-450 molecules to
NADPH: - cytochrome P-450 reductase molecules in the endoplasmic

reticulum ranges between 10 : 1 and 100 : 1 (Estbrook et al., 1971; Sato



and Omufa, 1978). It has been suggested that one cytochrome P-450
malecule may donate electrons to another fornﬁ o'f-cytochrome P-450 asbv
in mitochrondrial electron transport (Nebert, 1979). There have been
two theories put forward on the membrane arrangehent of vcytochfome
P-450 and its reductase. The first suggests that 8-12 molecules ‘of
cyt0>chrome P-450 are arraﬁged in a rigid cluster around the reductase
molecule (Peterson et al., 1976). ' The second theory considers the
possibility of both the cytochrome P-QSO and the reductase enzymes
diffusing fréely in the lateral p'lane of the membrane (Yang, 1975).
There is no direct evidence against‘either theory, however Schwarz et al.
(1982) using studies with saturation transfer EPR spectroscopy
demonstrated evidence for a cluster-like organization cytochrome P-450

molecules around the reductase in the micrasomal membrane,

Active cytochrome P-450 molecules contain a haem group with iron in
the ferric form, so the iron atom has five electrons in the outer d;orbital
and can exist in two forms, high spin and low-spin, depending on the
extent of the spin-pairing. The low spin form occurs when four of the
five d-electrons are paired and corresponds to a six-coordinated haem
iron. The high spin form occurs when the five electrons are in separate
energy levels and are not paired, this corresponding to a five-coordinated
haem iron. When microsomal membranes are intact the ratio of the two
épin states is approximately 1:1 but this changes wivth temperature (Cinti

et al., 1979).

Difference spectrophotometry has been used to study the binding of
cytochrome P-450 to substrates and other compounds resulting in the
classification of three different types of spectrum (Schenkman et al.,

1967) which was not yet fully understood. Type I has a spectral
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maximum at 385-390 nm and a minimum of 420 nm. Type II has a
spectral maximum 425-430 hm, and a minimum 390-410 nm. The third is
termed a reverse type I which is a lateral inversion of the typel
spectrum. The type I spectrum is considered to result from the binding
of a substrate to thé binding site in the cytochrame P-450 molecule.
bThe type Il spectrum is thought to result froam the binding of a compound
to a site near the haem group, possibly at the site of the fifth ligand to

the haem iron, occupied during catalysis (Schenkman gt al., 1981).

Type I substrates of4 cytoéhrome P-450 cause a change in the spin state
in vive from low to high spin (Kumaki et al., 1978; Ristau et al., 1979).
The spin state ﬁf cytochrome P-450 controls the redox potential of the
molecule, with f:he high spin form having a lower redox potential (Sligar,
1976). The binding to a substrate may thus also change the redox
potential making if less negative and éuowing the electrons to flow to
the cytochfome P-450 molecule more easily (Sligar et al., 1979). This
infers that the substrate induced spin state change can result in an

acceleration of the rate of reduction of the Fe3+

of the cytochrome
(Misselwitz et al., 1980). A mechanism may thus exist where the
substrate facilitates the electron flow to cytochrome P-450 ehabling the

reactin to proceed,

Cytochrome b5 and NADPH : cytochrome P-450 reductase can also
' modulate the cytochromé P-450 spin state (Tamburini and Gibson, 1983)
as can membrane phosphalipids (Gibson et g_{, 1980) each factor possibly
beiné capable of controlling cytochrome P-450 enzyme mechanism

* (Gibson, 1985).



c-2 c-¢4 - C-5  C-8
CHy =CHsCHz =  =CHO
CiyHyg

~CHeCHp=CHsCHp =CH3  -CHj

-CH-CHy -CH-CHy -CH3  ~CHj

- S~ S~
"'C|H'R =CH=CH; -CHy -CHx
OH :

Figure 1.4: Heme prosthetic groups of haemoproteins
(from Jones & Poole, 1985)
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Electron spin resonance spectroscopy has been employed to detect
unpaired electrons and the technique has demonstrated that cytochrome
P-450 can be found in high spin state with 5 unpaired electrons and low

spin states with 2 paired electrons and one unpaired electron (Jefcoate

and Gaylor, 1969; Hill et al., 1970).

' STRUCTURE

Cytochrome P-450 is a b-type cytochrome and contains an iron

'prutOporphyrin IX prosthetic group. The enzyme has an absorption peak

at 450 nm when reduced and complexed with carbon monoxide but
degradative agents may cause a conversion to cytochrome P-420 (Mason

et al., 1965).

The iron atom at the centre of cytochrome P-450 has four bonds with
the nitrogen atoms of the protoporphyrin ring system all in one plane: in
an axial plane there are two further axial ligand positions for additional

bonding. Figure 1.4 shows the haem prosthetic groups of haemaoproteins.

Typically, cytoéhrome P-450 enzymes are single polypeptide chains of
50-60,000 molecular weight. Yoshida et al. (1977) reported a molecular
weight of 51,000 for cytochrome P-450 from S. cerevisiae grown
semi-anaerobically but more recently have found that the figure of
58,000 is more accurate (Yoshida and Aoyaina, 1984). Far cytochrome
P-450 frdm S. cerevisiae grown at high glucose concentration, a

molecular weight of 55,000 has been reported (Azari and Wiseman, 1982;

King et al., 1984).
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1.5

THE ACTIVATION OF CARCINOGENS WITH CYTOCHROME P-450

Certain carcinogens may -express their carcinogenicity only - after
Ymetabolism by cytochrome P-450 to reactive intermediates (Nelson,
l9}82). Indeed protein pyrolysis products become more highly mutagenic
when activated by mouse liver microsomal fractions containing a high

level of cytochrome P-450 accumulation (Nebert et al., 1979).

Oxygenation by cytochrome P-450 in hindered positions (such as the

- "bay-region" of polycyclic aromatic ' hydrocarbons) may convert

xenobiotic chemicals into mutagens (Parke and Ioannides, 1982). The
oxygenation of carcinogenic  polycyclic - aromatic - hydrocarbons
(e.g. benzo(a)pyrene) at the "bay-regions" .rnay form epoxides which are
not detoxified by epdxide hydrase and other enzymes (Levin et al., 1977).
Caonsequently these "bay-region" epoxide compounds react readily with
DNA and other cellular molecules and are now known to be the ultimate
c‘afcinogen molecular - species (Sims, 1974). Cytochrome P-448
isoenzymes are known to be 'mvolvéd in this pathway in mammalian

systems (Parke and Ioannides, 1982).

FUNCTION OF YEAST CYTOCHROME P-450 ISOENZYMES IN THE -
METABOLISM OF XENOBIOTICS '

Wiseman and Woaods (1979) established the role of cytochrome P-450

from S. cerevisiae in the metabolism of xenobiotics such as

‘benzo(a)pyrene.  These workers demonstrated the hydroxylation of

benzo(a)pyrene to 3hydroxybenzo(a)pyrene, 9-hydroxybenzo(a)pyrene and

7,8-dihydro-7,8-dihydroxybenzo(a)pyrene. The cytochrome P-450
issenzyme involved has a peak at 448 nm in the reduced carbon monoxide
difference spectrum (Wiseman and Woods, 1979). These workers found

that on binding to benzo(a)pyrene the spin state equilibrium shifted to



higher spin, a change considered important in the cytochrome P-450

mechanism of catalysis.

Yoshida and Kumaoka (1975) reported the hydroxylation" of aniline and
the - demethylation of aminopyrine by yeast cytochrome ~ P-450
ispenzymes Sauer et al. (1982) confirmed the demethylation of
ami‘nopyfine and "also reported the demethylation of ‘caffeine and
p-nitroanisole, but because the activity was meésured by formaldehyde

production they may be artefactual (Kapp.eli, 1986).

Wiseman et al. (1975) reportedibiphenyl hydroxylase activity in.yeast
cytochrome P-450 microsomal fraction. King (1982) in the same
laboratory‘ did find biphenyl hydroxylase activity in-yeast spheroplasts
but not in the microsomal fraction. Karenlampi and Hynninen (1981)
showed that S. cerevisiae produced benzoic acid from biphenyl and
discussed the difficulties of detecting hydroxylated biphenyl

intermediates which might decompose during performance of the assay.

Callen and Philpot (1977) showed that promutagens could be activated by
S. cerevisige. The promutagens dimethylnitrosamine, 8-naphthylamine,
ethyl carbamate, cyclophosphamide and dimethylsulphoxide were
_ activated to genetically active molecules~0n1y‘in the presence of yeast

containing demonstrable cytochrome P-450 isoenzymes.

Callen lgg al. (1980) also shdwed that cytochrome P-45AO isoenzymes were
involved in the metabolism of the halogenated aliphatic hydrocarbons
including, methylene chloride, halothane, chloroform, carbon
tetrachloride, trichloroethylene, tetrachloroethylene, and

S-tetrachioroethane, to active mutagenic species.



1.6

DISTRIBUTION OF CYTOCHROME P-450 IN- NATURE

Cytochrome P-450 is detected in microsomes from the endoplasmic
reticulum, and other organelles such as mitochondria and the nuclear
membrane. Cytochrome P-450 is most abundant in microsomes obtained
from the endoplasmic reticulum of liver (Klingenberg, 1958; Garfinkel,
1958; Omura and Sato, 1964) but the enzyme had also been found in
adrenal cortex (Estabrook et al., 1963), smalil intestine (Takesue and and
Sato, 1968), placenta (Meigs and Ryan, 1968), lung (Matusubara and
Tochino,i 1971), kidney (Ellin et al., 1972), skin (Poland et al, 1974),
testis (Betz et al,, 1976) and other tissues. Microsomes from mammalian
organs such as the brain, thyroid gland and muscle seem to léck
cytochrome P-450. In non-mammalian vertebrates cytochrome P-450
has been found in the liver of fish, amphibiané, reptiles and birds.

(Garfinkel, 1963; Strittmatter and Underger, 1969).

Cytochrome P-450 has also certainly been shown to be present in the
mitochondria of mammalian endocrine glands which are invelved in the
synthesis and excretion of stersid hormones. The endocrine glands

include the adrenal cortex (Harding et al., 1964), corpus luteum (Ygohroe

and Horie, 1967) and testis (Purvis_et al., 1973). The mitochondria of rat

liver (Taniguchi et al., 1973) and chicken kidney (Henry and Norman,

| 1974) have been found to contain cytochrome P-450.

The nuclear membrane of rat liver contains cytochrome P-ASO
(Khaudwala and Kaster, 1973) it is considered that the enzyme may be
important in the metabolism of carcinogens (Bresnick, 1978). The cell.
membrane has been demonstrated to contain cytochrome P-450 and
there too the enzyme may play a role in the metabolism of carcinogens

(Stasiecki et al., 1980). In invertebrates fewer studies have been carried



“out, but in insects micrasomal fractions from whole insects such as the
housefly and the fruit-fly contain cytochrome P-450 (Morello et al.,

1971; Capdevila et al., 1975).

In plants the cytochrome P-450 .enzyme has been -found only in rthe‘
microsomal fraction, in sorghum seedlings (Potts ‘e_t al., 1974) cauliflower
apical meristems (Rich and Bendall, 1975) castor bean endosperm (Young
and Beavers, 1976) and avocado meéocarp (Markham, 1976). Cytochrome
P-450 enzymes havAe alss been found in many microorganisms such as
bacteria, filamentous fungi and yeasts. Bacterial cytochrome P-450
seéms to be localised in the soluble cytoplasmic fraction, whereas thoée
in eukaryoetic miéroorganisms such as filamentous fungi and yéasts are

microsomal.

As can be seen, there is a widespread distribution of cytochrome P-450
enzymes in nature. More recently, genes coding for cytochrome P-450
enzymes have been cloned from differeht ‘organisms énd the DNA
sequences compared.  Considerable sequence homology  was
demaonstrated and it was suggested that all cytochrome P-450 enzymes
had a common ancestor millions of years ago (Kimura et al.,, 1984;
Nebert et al., 1984; Nebert and Gonzalez, 1985; Dus, 1985). In
cytochrome P-450 enzymes taken from human liver or from

Pseudomonas putida, several identical regieons can be seen, especially in

the alignment of sequences surrounding conserved cysteines which are
considered to be important in chelation of the haem iron of cytochrome
P-450, suggesting that the structural integrity of the catalytic active

site must not change (Kappeli, 1986).



derivative

Inducer Description Structure
Phenobarbital Sedative H 2 Cil
~N 2 5
mcéu 5
0 N 0
i
3-methylcholanthrene Carcinogen ©©
AP
Benzo(a)pyrene Carcinogen O ©
8 -naphthoflavone Hydrocarbon @ 0
analog ; @ l
ne
Polychlorinated Insulators, '
- biphenyls (aroclors) lubricants,
heat exchange (c1) (c1),
fluids ? | /
Safrole Carcinoden , 7
‘ (formerly a :
flavouring 0
agent) .o
c1 L0 cl1
2,3,7,8~-tetrachloro- Herbicide CHy
dibenzo-p-dioxin impurity : -
(TCDD) 61 0 g
Pregnenolone Steroidal ;
l6a-carbonitrile 5

- Table 1.1: Mammalian cytochrome P-450 inducing agents



1.7

The sequencing of several structural genes of different cytochrome
P-450 isoenzymes has been determined (Fujii-Kuriyama et al., 1982;
Sogawa et al.,, 1984) and amino acid sequencing of several of the

cytochrome P-450 proteins (Haniu et al.,, 1984; Ozds, 1986). The

- structural homologies indicate that cytochrome P-450 isoenzymes can be

grouped into families.

- MAMMALIAN CYTOCHROME P-450

Cytochrome P-450 enzymes from the rodent liver are of two kinds.‘The
first kind are. of broad specificity and funétion to detoxify drugs and '
xenobiotics enabling a conversion to more polar compounds such as ta be
diSpelled from the organism. The second kind are the narrow specificity -
(Wiseman and King, 1982) cytochrome P-450 enzymes. These enzymes
are invqlved in the biosynthesis of biologically active agents such as

steroid hormones and prostaglandins.

The induction of rodent cytochrome P-450 enzymes can be changed by
the treatment of the animal wit.h a wide variety of drugs and carcinogens
(see Table 1.1). Induction occurs by de novo synthesis of the induced
enzymes, which results from the iﬁduction of specific mRNA species

(Kumar and Padmanaban, 1980).

After rodent ingestion with phencbarbital the major cytochrome P-450
isoeniymé present has a wide substrate speéificity and functions in the
metabolism and detoxication of many xenobiotic compounds. There are
seven farms of this kind of enzyme each with some level of averlap with '
regérd to substrate specificity (Nebert et al., 1981). The major rodent
liver. cytochreme P-450 isozyme present after ingestion of

3-methylcholanthrene or benzo(a)pyrene or 2,3,7,8-tetrachlorodibenzo-p-



Cytochrome Molecular Soret peak Reference

P-450 weight (carbon monoxide
bound)

LM 2 48,000 : 451 Haugen & Coon (1976)

LM 3a 51,000 452 Koop et al. (1982)
| LM‘ 3b 52,000 450 ' Koop et al. (1981)
LM 3c 53,000 449 Koop et al. (1981)

LM4 54,000 448  Coon et al. (1978;

_ 1980)
LM 6 57,000 48  Norman et al. (1978)

Table 1.2: Major rabbit liver cytochrome P-450 enzymes



Organism

Role

References

Pseudomaonas putida

Bacillus megaterium
ATCC 13368

Bacillus megaterium
ATCC 14581

‘Corynebacterium sp.
7EIC

Acinetobacter sp.

Nocardia NHI

Rhizobium japonicum

Escherichia coli

Photobacterium fischeri

camphor hydroxylation

steroid
158-hydroxylation

hydroxylation of
fatty acids, alcohols
~and amides

hydroxy‘lation
.of alkanes

hydroxylation
of alkanes

p-0O-dealkylation

Role in NZ fixation?

p-nitroaniscie
dealkylation

aliphatic
hydroxylation
(in bacterial
luminescence)

Gunsalus et al., 1975
O'Keefe et al., 1978

~ Berg et al., 1979

Berg & Rafter, 1981

Matson et al., 1977, 1980
Cardini & Jurtshuk, 1970

Asperger et al., 1981

Broadbent & Cartwright, 1974
Appleby, 1978

Edelson & McMullen, 1977

Ismailova et al., 1981
Danilov et al., 1982

"Table 1.3:

Bacterial cytochrome P-450 systems





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































