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Abstract

Genetically enginecred baclerial cells expressing human cytochrome P450
(P450 or CYP) have provided new tools, as an alternative method for experi-
mental animals and human specimens. Using the bacterial system, it is possi-
ble to investigate the functions of human P450 in the detoxification or the
metabolic activation of various xenobiotics and the metabolism of endogenous
compounds. This review focused on the development of bacterial cells
expressing human P450, and the application of this system to drug metabolism
and toxicological studies. There are many kinds of host cclls for the heterolo-
gous expression of a form of P450. Among them. bacterial cells including
Escherichia coli (E. coli) and Salmonella have advantages with regard to ease
of use and the high yield of protein. The modification of the N-terminal amino
acid sequence of P450 allowed it to express P450 protein in bacterial cells
(Barnes et al., 1991). It was an excellent breakthrough for the establishment of
an expression system of P450 using bacterial cells. Since then, many isoforms
of human P450 have been successfully expressed in bacterial cells. Many
reports that appeared so [ar have indicated that the P450 enzyme expressed in
E. coli after modification of the N-terminus showed considerable catalytic
activities in systems reconstituted with NADPH-P450 reductase purified from
liver microsomes from appropriate animals. Bacterial cells do not possess
endogeneous electron transport systems to support the full catalytic activity of
P450 cxpressed in bacterial cells. Thus, systems co-expressing both P450 and
other electron transport enzymes from NADPH or NADH to P450s have been
established. The catalytic activities were detected even if the whole cells of
bacleria co-expressing P450 with the reductase were used. Recently, these
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strains of bacteria were applied to analyze the toxicological and pharmacologi-
cal roles of P450 in humans. For example, we established Salmonella strains
harboring human CYP2A6 or CYP2E] together with the reductase, and clari-
fied that CYP2A6 was responsible for the activation of N-nitrosamines with
relatively long alkyl chain(s) such as NNK, NNN and NMPhA, whereas
CYP2E1 was involved in the activation of N-nitrosamines with relatively short
alkyl chain(s) such as NDMA and NDEA. These strains of bacteria may be
useful to study drug metabolism and toxicology in humans, and may be an
alternative method to those using experimental animals.

Keywords: E. coli., Salmonella Typhimurium, Catalytic Activity, Substrate Specificity,
Drug-drug Interaction, Mutation Assay

Abbreviations: 2-AA, 2-aminoanthracene; 2-AAF, 2-acctylaminofluorene; AFB,. afla-
toxin B); B[a]P, benzoa]pyrene;, Escherichia coli, E. coli; FAD, flavin adenine dinu-
cleotide; FMN, flavin mononucleotide; IPTG, isopropyl- 8-D-thiogalactopyranoside; 1Q,
2-amino-3- methylimidazo(4,5-f]quinoline; MelQ, 2-amino-34-dimethylimidazo[4,5-f)
quinoline; MelQx. 2-amino-3,8-dimethylimidazo [4,5-f]quinoxaline; NADH, nicotinamide
adenine dinucleotide reduced form; NADPH, nicotinamide adenine dinucleotide phos-
phate-reduced form; NDEA, N-nitrosodiethylamine; NDMA, N-nitrosodimethyllaming;
NMPhA, N-nitrosomethylphenylamine; NNK, 4- (methylnitrosoamino) -1- (3-pyridyl) -1-
butanone: NNN, N-nitrosonornicotine; PAH. polycyclic aromatic hydrocarbon; PhIP, 2-
amino- | -methyl- 6-phenylimidazo[4,5-b] pyridinc: P450 or CYP, cytochrome P450;
TCDD, 2,3.7,8-tetrachlorodibenzo - p - dioxin

Introduction

In gencral, the purpose of developing alter-
native methods is to reduce the use of experi-
mental animals. The purpose of studies using
experimental animals is to predict various
physiological phenomena in humans without
using humans. In this respect, rodents have
been widely used to analyze drug metabolism
in both in vivo and in vitro experiments. If
drugs are metabolized by so-called drug
metabolizing cnzymes present in experimental
animals with the same properties as humans,
the results obtained by using experimental
animals are applicable to extrapolate to humans.
However, there are large species differences on
the propertics of ecnzymes involved in drug
metabolism between humans and experimental
animals. Therefore, it is difficult to cxtrapolate
the data obtained using experimental animals

to humans. Recently, human liver specimens
have been adopted as an altcrnative tool to
predict human drug metabolism, while the
application of these preparations is limited by
several factors. including ethical rcasons. In
addition, the population of drug metabolizing
enzymes varies according to the medical back-
ground of donor patients. Another disadvan-
tage of the use of human livers is the low level
of drug metabolizing enzymes in these biolog-
ical materials, which are, in some cascs, insuf-
ficient to analyze the chemical structure of the
metabolites of a new drug.

Thus, there was a need to cstablish alterna-
tive methods to overcome the species differ-
ences and to directly predict the drug metabo-
lism in humans. We introduce herein an alter-
native method to predict human drug metabo-
lism without using experimental animals and
human samples. The method is based on the



heterologous expression of human drug-
metabolizing enzymes. As an example, wc
introduced the heterologous expression system
of cytochrome P450 (P450 or CYP)? using
bacterial cells.

P450 is one of the phase I drug-metaboliz-
ing enzymes. It is an integral membrane-bound
heme-containing enzyme. P450 catalyzes the
oxidative metabolism of a wide variety of
endogenous and exogenous compounds,
including steroids, fatty acids, drugs, carcino-
gens, and other xenobiotics (Porter et al.,
1991; Guengerich et al., 1991; Guengerich et
al., 1993). Catalyzing thc bio-oxidation reac-
tions, P450 enzymes play roles in the detoxifi-
cation and the activation of chemicals (o
modify the actions of chemicals (Thakker et
al., 1985). P450 superfamilics are subdivided
into families and subfamilies according the
identity of their amino acid sequences. Four of
the families have been identified to catalyze
the oxidation of foreign chemicals in humans
(Nelson et al., 1996). It has been clarified that
catalytic properties are different among vari-
ous P450 isoforms. Furthermore, since the cat-
alytic properties of P450 even in the same
family vary among animal species, it is neces-
sary to use human P450 to predict any human
drug metabolism that will affect drug actions
and toxicities.

Thus, the use of P450 preparations
expressed in heterologous expression systems
has become a more popular alternative method
for examining human drug metabolism, partly
because the preparation possessing the same
properties can be supplied constantly. Several
factors should be considered to sclect the
proper cDNA expression system. Yield and
expense are primary concerns. Efforts made in
recent years have realized the cxpression of
several P450 isoforms in yeast (Bligh ct al.,
1992; Renaud et al., 1993), culturcd mam-
malian cells (Doehmer ct al., 1988; Aoyama ct
al., 1990a; Crespi et al., 1991; Schneider et al.,
1996) and insect cells (Imaoka ct al., 1993;
Buters et al., 1994; Sakuma et al., 1995).

However, in general. the yield of the P450
protein in yeast or mammalian cells is low.

Among the heterologous expression sys-
tems, bacterial cells including E. coli and Sal-
monella expression systems have advantages
compared to other expression systems in terms
of low cosl to maintain, ease of usc, and the
high yield of protein with a relatively short
period of incubation. Although the bacterial
expression system had demonstrated great use-
fulncss in the expression of many prokaryotic
and eukaryotic proteins, the use of bacterial
cells for the cxpression of P450s had been lim-
ited primarily to the soluble prokaryotic P450s
(Unger et al, 1986). Barnes et al. first
expressed an eukaryotic P450, CYP17A, in E.
coli (Barnes ct al., 1991). When the native
¢DNA was introduced into an expression plas-
mid, no immuno-reactive CYP17A protein
was produced following derepression of the
tac promoters, while the modification of
c¢DNA coding for the amino-terminal of
CYPI17A led to the expression of the protein in
E. coli. In subsequent studies, efforts were
made to improve the modification method of
the N-terminal amino acid sequence of P450s.
Many reports have appeared showing that the
P450 enzymc cxpressed in E. coli after the
modification of the N-terminus still possessed
catalytic activities in reconstituted "systems
containing NADPH-P450 reductase purified
from liver microsomes from an appropriate
animal (Sandhu et al., 1993; Guo ct al., 1994,
Sandhu et al., 1994; Gillam et al., 1994,
Gillam et al., 1995a; Gillam et al., 1995h;
Richardson et al., 1995 etc.). Bacterial cells
have endogenous electron transport systems,
while the capacity of the system to transport
clectrons is not sufficient to support the cat-
alytic activity of P450 expressed in bacterial
cells. (Jenkins et al., 1994). Thus, the addition
of the purified preparation of the reductase
was nceded to reconstitute the system for the
cfficient catalytic activity of P450.

To make it easy to predict human drug
metabolism or toxicological properties using
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the bacterial expression system, the co-expres-
sion of both P450 and other cnzymes playing
roles to transport electrons from NADPH or
NADH to P450s was assumed to be needed.
Thus, in recent studics some P450 isoforms
were expressed in E. coli together with the
reductase (Parikh et al., 1997; Iwata et al.,
1998).

The aims of this review are to briefly sum-
marize reports on the establishment of bacteri-
al strains expressing P450 alonc or together
with an clectron transport enzyme such as the
reductase. We will discuss the advantages and
disadvantages of their application as a method

alternative to the methods using cxperimental

animals or human samples in studies of drug
metabolism and toxicology. We will also men-
tion the practical application and the perspec-
tives in the use of bacterial cells expressing
P450.

Properties of Bacterial Expression Systems

Considerable amounts of knowledge have
been accumulated over the years concerning
the E. coli expression system. It has bcen
assumed that any proteins can be produced in
E. coli as long as the protein molecule is not
too small, too large and too hydrophobic, and
does not contain too many cysteines (Goeddcl,
1990). These generalizations are correct; if one
wants to express Factor VIII or a complex
mammalian cell surface receptor containing
about 40 disulfides, E. coli may not be an
appropriate host (Switzer ct al., 1976). Howev-
er, E. coli is a suitable and often desirable host
for a large number of other proteins. E. coli
expression systems have been developed and
relined for various usages such as direct pro-
tein expression, fusion protein expression and
secretion (Goeddel, 1990).

An E. coli expression system is usually
useful for the production of a heterologous
protein consisting of 100 to 300 amino acids
(Goeddcl, 1990), assuming that there is not an
inordinate number of cysteins. Fusion protein

expression strategics often permit one to over-
come the problems of protein instability
(Marston, 1986). In fact. the fusion approach
was a preferred method for an immunogen
generation. The fusion methods also have
advantages in the protein purification. The
anaerobic environment present in £. coli does
not permit cystein-rich proteins to form the
disullide bonds required for proper conforma-
tion. This problem can sometimes be over-
come by secretion into a morc aerobic envi-
ronment. However. secretion from E. coli is
still largely a hit-or-miss proposition and is
most likely to work with a natural protein
being secreted.

E. coli cells possess protease like yeast cells
and mammalian cells (Goeddel, 1990). Lon is
a major ATP-dependent proteasc in E. coli,
and scems to be responsible for the degrada-
tion of a number of naturally unstable proteins
and many abnormal proteins (Goeddel, 1990).
The Lon shows relatively broad substrate
specificity for unfolded or misfolded proteins.
Lon mutant E. coli cells may be useful to pre-
vent the degradation of proteins heterologous-
ly expressed in E. coli cells.

For the purposc of gene expression in het-
erologous cclls, proteins can be grouped into
three broad classes (Goeddel, 1990). The first
class covers small secreted peptides, with a
molecular size of less than 80 amino acids.
These are most casily cxpressed as fusion pro-
teins usually in E. coli. The second class
includes polypeptides that are normally secret-
ed (e.g.. enzymes, cytokines. hormones). and
range in size from 80 to 500 amino acids. The
proteins in this class are ofien the easiest (o
express. In particular, protein expression in E.
coli has proven to be extremely effective for
the proteins in the molecular size ranging from
100 to 200 amino acids. A third class consists
of very large. greater than about 500 amino
acids, secreted proteins and cell surface pro-
teins. The mammalian cell expression systems
are often used to express the proteins included
in this class. P450 proteins fall into this class;



however, relative to secreted proteins much
less work has been directed toward over-
expression of proteins in this catcgory.

Expression of Human P450s in Bacterial Cells

In 1991, Barnes et al. first expressed cat-
alytically active mammalian P450, bovine
CYP 17A, in E. coli IM109 cells (Barnes et
al., 1991). They used the pCW plasmid to con-
struct the cxpression plasmid. The plasmid
contains two fac promoters being induced by
IPTG upstream of an Nde I restriction enzyme
cloning site coincident with the initiation ATG
codon. The plasmid also contains a #rpA tran-
scription terminator sequence to prevent the
read through, a pharge MI3 origin of DNA
replication, and the lacl? gene encoding the
Lac repressor that prevents transcription from
the tac promoters prior to the addition of
inducing agents. The plasmid has often been
used o express various molecular forms of
P450 in bacterial cells.

To express the cytochrome, they modified
the ¢cDNA sequence encoding the N-terminal
portion of the amino acid sequence to optimize
the parameters, such as a codon usage prefer-
able to E. coli and free energy to form the
secondary structurc of mRNA. for bacterial
cxpression, since they failed Lo express the
native form of CYP17A. More specifically, the
native second codon was changed from TGG
(Trp) to GCT (Ala), a preferred second codon
for cxpression of the LacZ gene (Looman et
al., 1987). and codons 4 and 5 were changed o
TTA (silent mutations), since the region of the
most mRNAs expressed in E. coli has been
shown to be adenosine and uridine nucleotides
(Stormo et al., 1982). In addition, the last
nucleotide of codon 6 and 7 was changed to
adenosine and thimidine (silent mutations),
respectively, to minimize a secondary structure
formation in the mRNA (Schauder et al.,
1989).

Until now, a large numbecr of reports on the
cxpression of mammalian P450s including

human P450 in bacterial cells have been pub-
lished utilizing a method based on the above
concept. In this chapter, the results obtained so
far on the expression for each family of human
P450s in bacterial cells will be mainly intro-
duccd. All of the bacterial expression systems
for various human P450s introduced in this
review are summarized in Table 1.

CYPI Family

The CYP1 family contains two forms of
CYPI1A, CYPIAL and CYPIA2, and CYPIBI
in humans (Nelson et al.. 1996). CYPIAI
probably is not expressed constitutively in the
hepatic tissues (McManus et al., 1990), while
it is induced by trcatment of animals with
some agents. TCDD and PAHs are known
inducers of CYPIAIL in animals, including
rats, mice and monkeys (Komori ct al., 1992).
CYPI1AT1 is involved in the metabolic activa-
tion of promutagens including PAHs. On the
other hand, CYP1A2 is presumably expressed
constitutively in the liver and can be induced
by xenobiotics such as aromatic amines in
cxperimental animals. Recently, it was found
that CYPI A2 was induced by piperonyl butox-
ide and acenaphthylene by a mechanism(s) not
mediated by an aromatic hydrocarbon-respon-
sive receptor (Ryu et al., 1996). CYP1A2 is
known to activate heterocyclic amines and aro-
matic amines to mutagens (Ishii ct al., 1980;
Yamazoe ct al., 1984). CYPIBI is a rclatively
new isoform of P450 belonging to the CYPI
family (Sutter et al., 1994). This CYP isoform
is known to be responsible for the metabolic
activation of a wide variety of promutagens
such as aromatic hydrocarbons, heterocyclic
amines and aromatic amines (Shimada et al.,
1996).

Guo et al. (Guo ct al., 1994) established an
E. coli strain expressing human CYPIAL.
They designed some CYP1A 1 ¢cDNAs contain-
ing the 5’ terminus modified by methods
including that proposed by Barnes et al.
(Barnes et al., 1991). They constructed expres-
sion plasmids with pCW and introduced them
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Table 1 Summary of expression of various human P450s in bacterial cells

P450 NADPH- Co-expression Bacterial Expression References
P450 reductasc  method strain plasmid

CYPIALI - E. coli DH50 pCW Guo et al. (1994)

+ fusion E. coli DHSx pCW Chun et al. (1996)

+ bi-cistron E. coli DH5a pCW Parikh ct al. (1997)

+ two promoters E. coli DH5a pCW Iwata ct al. (1998)
CYPIA2 - E. coli DHSo pCW Fisher et al. (1992a)

- E. coli DHSw pCW Sandhu et al. (1994)

- E. coli MX100 pCW Kranendonk ct al, (1998)

+ bi-cistron E. coli DHS5o pCW Parikh et al. (1997)

+ two promoters E. coli DH50 pCW Iwata et al. (1998)

+ two promoters Salmonella TA1538 pCW Suzuki et al. (1998)
CYPIB1 + bi-cistron E. coli DH5a pCW Shimada et al. (1998)
CYP2A6 - L. coli IM109 pCwW Prichard et al. (1997)

+ two promoters E. coli DH3x pCW Iwata et al. (1998)
CYP2C8 - E. coli XL-1 blue pCW Richardson et al. (1995)

+ two promoters E. coli DHSo pCW Iwata et al. (1998)
CYP2CY - E. coli DH5x pCW Sandhu et al. (1993)

- E. coli XL-1 blue pCW Richardson et al. (1995)

+ bi-cistron E. coli DH5w pCW Parikh et al. (1997)

+ two promoters £ coli DHSal pCW fwata ct al. (1998)
CYP2C18 - E. coli XL-1 blue pCW Richardson et al. (1995)
CYP2C19 - E.coli X1.-1 blue pCW Richardson et al. (1995)

+ two promoters E. coli DHSa pCW fwata et al. (1998)
CYP2D6 - E. coli DH5a pCW Gillam et al. (1995a)

- E coli IM109 pDS Kempf et al. (1995)

+ bi-cistron E. coli DHSa pCW Parikh et al. (1997)

+ two promoters £ coli DHS5a pCW Iwata ct al. (1998)

+ two plasmids E. coli IM10Y pCW Prichard et al. (1997)

pACYC184

CYP2EL - E. coli DHSo pSE420 Winters et al. (1992)

- E. coli DH5« pCW Gillam et al. (1994)

- E. coli IMI109 pCW Prichard et al. (1997)

+ bi-cistron E. coli XL-1 blue pJL2 Dong et al. (1996)

+ bi-cistron E. coli DHSw pCW Parikh et al. (1997)

+ two promoters E. coli DH5o pCW Iwata et al. (1998)
CYP3A4 - E. coli DH50 pCW Gillam et al. (1993)

- E. coli IM109 pCW Prichard et al. (1997)

-+ fusion E. coli DH3a pCW Shet et al. (1993)

+ bi-cistron E. coli DH5wx pCW Parikh et al. (1997)

+ two promoters L. coli IM109 pCW Blake et al. (1996)

+ two promoters E. coli DHS5o pCwW Iwata ct al. (1998)
CYP3AS - E. coli DHS5w pCW Gillam et al. (1995b)
CYP3A7 + bi-cistron E. coli DHSo pCW Gillam et al. (1997)
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into E. coli DHSa cells, and compared the
expression level of CYPIAI holo-protein.
Modified Terrific Broth medium containing
100 mg/L ampicillin, 1.0 mM IPTG, 1.0 mM
thiamine and trace elements (Fisher et al.,
1992) was employed as a culture medium for
the expression of P450 protein in E. coli cells.
The highest expression level of CYP1A1 pro-
tein in the membrane fractions of the estab-
lished E. coli cells was seen when the sccond
amino acid from the start codon was modified
from Leu to Ala, and a subsequent cDNA
sequence encoding third to ninth amino acid
residues was modified by the enhancement of
the content of the AT nucleotides. All the latter
modifications were silent mutations. The max-
imal expression level of CYP1A1 holo-protein
was 25 nmol/L culture. When the membrane
fractions supplemented with the rabbit reduc-
tase were incubated with a substrate and
NADPH, the catalytic activities of CYPIAI
toward Bfa]P and 7-cthoxyresorufin were low,
even in the presence of human cytochrome bs.
On the other hand. when the preparations of
CYPI1 A1 purified from the E. coli cells were
incubated with the rabbit reductase, a substrate
and NADPH, the enzymes showed catalytic
activities toward B[a]P and 7-ethoxyresorufin
even in the absence of cytochrome bs. The
addition of a@-naphthoflavone in the purifica-
tion step protected P450 from denaturation.
Human CYPIA2 was first expressed in E.
coli by Fisher et al. in 1992 (Fisher et al.,
1992). The N-terminal region of the protein
was modified by the alignment of nine
amino acids of the N-terminus of bovine
CYPI7A at the 21 amino acid residue of
CYP1A2. The modified CYP1A2 ¢cDNA was
inscried into pCW plasmid. The established
expression plasmid was introduced into E.
coli DH5a cells. The maximal expression
level of the cytochrome was 700 nmol/L cul-
ture in the bacterial whole cells. Estradiol 2-
hydroxylase, 7-ethoxycoumarin O-deethylase
and 7-ethoxyresorufin O-decthylase activities
were assaycd with membrane fractions pre-

pared from E. coli cells, supplemented with
twice the amount of the rat reductase. Km
values for estradiol 2-hydroxylation, 7-ethoxy-
coumarin  O-deethylation and 7-ethoxyre-
sorufin O-decthylation were 13, 44 and 0.01
UM, with Vmax values of 1.5, 0.36 and 2.5
nmol/min/nmol P450, respectively. Sandhu
et al. (Sandhu et al., 1994) also cstablished an
E. coli strain harboring human CYPIA2.
CYP1A2 cDNAs containing the different types
of the modified 5’-terminus were inserted into
the pCW plasmid. The highest expression of
P450 protein was obtained when the N-termi-
nus of CYPIA2 was modified according the
method of Fisher et al. (Fisher et al., 1992).
CYPI1A2 expressed in the membrane [ractions
showed catalytic activities toward 7-ethoxyre-
sorufin and phenacetin. The turnover number
was about 0.02 nmol/min/nmol P450 in the
presence of the rabbit reductase. The catalytic
activity of CYP1A2 purified from the E. coli
cells toward 7-cthoxyresorufin and phenacetin
was also examined in a reconstituted system
containing the rabbit reductase. The activitics
were 0.61 nmol/min/nmol P450 toward 7-
ethoxyresorufin and 1.38 nmol/min/nmol P450
toward phenacetin, respectively. It may be pos-
sible that membrane structure inhibits the
access of the reductase to CYP1A2. Two inde-
pendent groups established the tester strains of
E. coli for mutation assays by the introduction
of human CYPIA2 into E. coli cells as men-
tioned below. Kranendonk et al. (Kranendonk
ct al., 1998) cstablished a new strain of E. coli
expressing human CYP1A2 to detect the
mutagenicity of various promutagens by meta-
bolic activation through CYP1A2. They also
applied the expression plasmid of human
CYP1A2 constructed by Fisher et al. (Fisher et
al., 1992). They introduced a plasmid carrying
human CYP1A2 together with another plasmid
pACYCI77 carrying the mucAB operon
required for the mutagenicity test into E. coli
MX100 cells, designated as BMX100/h1A2.
MX100 was used since no CYP activity could
be detected. The mutagenicity of 2-AA and
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AFB1 was detected by the established E. coli
cells. Chun (Chun, 1998) introduced a plasmid
carrying human CYP1A2 into E. coli WP2
uvrA cells to establish a new mutagenicity
tester strain. The construction of the expres-
sion plasmid was completely the same as
Sandhu et al. (Sandhu et al., 1994). The maxi-
mal expression was observed at 48 h after the
IPTG addition. The level of CYP1A2 in the
membrane fraction from the established E. coli
cells was about 300 nmol/L culture. They
detected the mutagenicity of 2-AA and MelQ
using the E. coli cells. In these two systems,
the clectrons might be transported to CYP1A2
via a bacterial endogenous electron transport
system (Jenkins et al., 1994).

Human CYP1B1 was first expressed in E.
coli DH5a cclls in 1998 (Shimada et al..
1998). The N-terminus of the CYPIB1 ¢cDNA
was modificd by removal of codons 2-4 and
replacement of the nucleotide sequence of the
resulting N-terminal seven codons to enrich
the content of AT nucleotides. The modified
CYPIBI ¢DNA was introduced into pCW
expression plasmid. The expression level of
the enzyme was 200 nmol/L culture. The cat-
alytic activity of CYPIB1 purified from the E.
coli cells was evaluated in a reconstituted
system containing thc purified rabbit reduc-
tase. 7-Ethoxyresorufin O-deethylase activity
was about 2.0 nmol/min/nmol P450 in the
presence of twice the amount of the purified
rabbit reductase on a molar basis.

CYP2 Family

The CYP2 family was subdivided into
seven subfamilies, CYP2A, CYP2B, CYP2C,
CYP2D. CYP2E, CYP2F and CYP2J, in
humans. This CYP2A subfamily includes
two isoforms. CYP2A6 and CYP2A7 have
been identified to be present so far in human
livers. It was shown that CYP2A6 catalyzed
coumarin 7-hydroxylation and SM-12502 S-
oxidation (Yamano et al., 1990; Nunoya et al.,
1996). The genetic polymorphism is scen in
the CYP2A6 gene (Fernandez-Salguero et al.,

1995; Nunoya et al., 1998). The CYP2B sub-
family includes two members, CYP2B6 and
CYP2B7. Only CYP2B6 shows catalytic activ-
ity towards chemicals such as lidocaine, (S)-
mephenytoin and toluene. Anticancer agent
cyclophsphamide is activated by CYP2B6 to
an active form (Chang et al., 1993). However,
little is known on the role of human CYP2B6
compared to other CYPs of rodents belonging
to CYP2B. The CYP2C subfamily contains 4
lorms and is regarded as a major one existing
in human livers. These forms are responsible
for the metabolism of clinically important
drugs. CYP2C8 metabolizes anticancer drug
taxol. CYP2C9 catalyzes the metabolism of
many drugs such as nonsteroidal anti-inflam-
matory drugs and tolbutamide. CYP2C19 is
responsible for the metabolism of drugs
including omeprazole and (S)-mephenitoin.
There is little information on the role of CYPs
of the CYP2C subfamily on the metabolic acti-
vation of promutagens. The CYP2D subfamily
includes three members in humans, CYP2D6,
CYP2D7 and CYP2DS8. Only CYP2D6 pos-
sesses catalytic activity. CYP2D6 is involved
in the metabolism of many drugs including B -
blockers and some antihistaminic drugs. The
genetic polymorphism in the CYP2D6 gene is
well studied so far (Gonzalez et al. 1988;
Yokoi et al.,, 1996). CYP2EI is a sole form
belonging to thc CYP2E subfamily in humans.
CYP2E] is able to activate a varicty of promu-
tagens and toxic substrates including benzene,
carbon tetrachloride. vinyl chloride and N-
alkyInitrosamines with relatively low molecu-
lar weights.

We cxpressed human CYP2A6 in E. coli
DHS a (Iwata et al., 1998), Salmonella YG7-
108 and Salmonella TA1538 cclls together
with the human reductase. The 5 '-terminal
c¢DNA sequence of CYP2A6 encoding amino
acid residues from 2 to 24 was truncated and
inserted into the pCW plasmid. The details
were described in the chapter called 'Co-
expression of P450 with the NADPH-P450
reductase’ in this review. Pritchard et al.
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(Pritchard ct al.. 1997) established a strategy
whereby unmodified P450 could be expressed
at a high level in E. coli by a fusion of thc N-
terminal amino acids with baclerial leader
sequences. They fused the 5° terminus of
CYP2A6 cDNA with cDNA encoding outer
membrane protein A (ompA) and inserted it
into the pCW plasmid. E. coli JIM109 cells
were transfected with the plasmid. They also
modified the 5° terminus of native CYP2A6
c¢DNA by the replacement of the cDNA coding
for the first eight amino acids of CYP2A6 with
the ¢cDNA encoding amino acid scquence
MALLLAVE. The expression levels for both
constructions of CYP2A6 in the whole cells
were 193 nmol/L culture and 455 nmol/L cul-
ture, respectively. The signal peptide bound to
the bacterial protein is removed and rapidly
digested during the translocation of the protein
across the inner membrane, o leave the native
protein (Novak et al., 1986). They anticipated
the digestion of the signal peptide bound to
CYP2A6. Unexpectedly, most of the signal
peptides were being retained. They could not
prepare the native CYP2A6 protein in this
system. Coumarin 7-hydroxylase activity was
determined with membrane fractions prepared
rom these genetically engineered E. coli cells
in the presence of 100 ¢M cumenc hydroper-
oxide. The activitics were 0.34 nmol/min/nmol
P450 for the ompA fusion CYP2A6 and 0.32
nmol/min/nmol P450 for thc MALLLAVF
fusion CYP2A6, respectively. These values
were similar to those obtained by the reconsti-
tuted system containing CYP2A6 purified
from human livers and by the microsomes iso-
lated from Sf9 cells infected with a recombi-
nant baculovirus carrying CYP2AG6 (Liu et al.,
1996).

There are many reports on the expression of
animal CYPs belonging to the CYP2B sub-
family in E. coli (Pcrnecky et al., 1993; John et
al., 1994; Born et al., 1995; Lehnerer et al.,
1995; Harlow et al., 1997). To our knowledge,
there is no report on the expression of human
CYP2B6 in any bacterial cells,

CYP2CY9 was expressed in E. coli by
Sandhu et al. (Sandhu ct al, 1993) and
Richardson et al. (Richardson et al.. 1995).
Sandhu et al. constructed expression- plasmids
carrying CYP2C9 cDNA with modifications in
the 5’ terminal region using pCW and intro-
duced it into E. coli DH5a cells. When the
first eight amino acid residues were replaced
by MALLLAVF or when twenty amino acid
residucs of the N-terminus were replaced by
MA, detectable amounts of CYP2C9Y holo-pro-
tein were expressed. The expression level of
CYP2C9 was S5 - 11 nmol/L culture for the
former construct and 9 - 19 nmol/L culture for
the latter construct. The catalytic activitics of
CYP2C9 purified from the strains of the E.
coli toward tolbutamide were similar to those
obtained with purified liver CYP2C9 in the
presence of human cytochrome bs. In a subse-
quent study donc by Richardson ¢t al.
(Richardson et al., 1995), CYP2CS8. CYP2C9.
CYP2C18 and CYP2CI19 werc cxpressed in E.
coli XL-1 blue cells. They replaced CYP2C
¢DNAs at the 5 terminus region coding for
initial 18 amino acids with a cDNA encoding a
universal amino acid sequence MALLLAVF
followed by LGLSCLLLLS. The resultant
cDNAs werce ligated into the pCW plasmid.
The expression levels were 1500 nmol/L. cul-
ture for CYP2C8. 500 nmol/L culture for
CYP2C9, 450 nmol/L culture for CYP2C18
and 700 nmol/L culturc for CYP2C19, respec-
tively. They partially purificd CYP2C proteins
and reconstituted with the reductase. The cat-
alytic activitics of the modified human
CYP2Cs expressed in E. cofi cells were evalu-
ated with representative substrates including
(S)-mephenytoin for CYP2C19. (olbutamide
and tetrahidrocannabinol (THC) for CYP2C9
and taxol for CYP2CS8, respectively.

Gillam et al. (Gillam et al., 1995a) first
established the gencitically engineered E. coli
DHSa cells expressing human CYP2D6. They
prepared eleven CYP2D6 ¢cDNAs with differ-
ent modifications at the 5'-terminus, expecting
high level cxpression in E. coli with the pCW
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plasmid. The cxpression level of holo-protein
varied considerably depending on the con-
structions. The highest yield was obtained with
a construction in which the hydrophobic 21
amino acids of the N-terminus were truncated
and the following amino acid sequence was
rcplaced with MARQVHSSWNL. The appli-
cation of MALLLAVF to modify the N-termi-
nal amino acid sequence of CYP2D6 was
not optimal. The holo-protein was produced
depending on & -aminolevulinic acid and
FeCls in the culture. The optimal concentra-
tions of §-aminolevulinic acid and FeCls in the
culture were 0.5 mM. The cxpression level of
the P450 holo-protein in the whole cells was
90 nmol/L culture. They purified the CYP2D6
and examined the catalytic activity of the
enzyme in the reconstituted system with a five-
fold excess amount of the rabbit reductase.
The catalytic activities of CYP2D6 toward
debrisoquine 4-hydroxylation and bufuralol 1'-
hydroxylation were similar to those obtained
by the preparations of CYP2D6 purificd from
human liver microsomes. Kempf et al. (Kempf
et al., 1995) introduced human CYP2D6 into
E. coli IM109. They improved an expression
plasmid to yield a large amount of CYP2D6
protein in a form suitable for purification. The
hydrophobic 25 amino acids in the N-terminus
were replaced by codons for [His]e tag to
increase solubility and to allow rapid purifica-
tion by Ni%*-chelate affinity chromatography.
They adopted the pDS9 cxpression plasmid
(Stuber et al., 1990). The plasmid contains a
synthetic ribosomal binding site (RBSII)
designed for an optimal mRNA recognition
and binding. It also contains the #y transcrip-
tional terminator from A-pharge. and the repli-
cation origin derived from plasmid pBR322.
The CYP2D6 c¢DNA in pDS9 is under control
of the TS5 promoter and two lac operator
sequences. The expression level of CYP2D6
was 105 nmol/L culture. The expressed
enzyme was purified from the cytosolic frac-
tion by an affinity chromatography with Ni%*-
nitrilotriacetate - agarose, and reconstituted

with the rat reductase. Kinetic analysis
revcaled a Km value for bufuralol I’-hydroxy-
lation of 27 yM, which was similar to that of
the native enzyme purified from human liver
microsomes.

Human CYP2E! was first expressed in E.
coli by Winters ct al. (Winters et al., 1992).
They modified the first seven amino acids of
CYP2E1 from MSALGVTV to MAALGVTV.
Furthermore, the AT nucleotide content was
enhanced. The pSE420 plasmid, a derivative of
pKK233-2, was adopted to construct the
cxpression plasmid. pSE420 contains a trp/lac
fusion trc promoter. This is repressed by the
lac repressor and induced by IPTG. The plas-
mid thus constructed was introduced into E.
coli DH5a cells. They confirmed the expres-
sion of CYP2EI by immunoblot analysis and
CO-difference spectra with membrane frac-
tions prepared from the established E. coli
cells. The expression level of a CYP2E! apo-
protein determined by the immunoblot analy-
sis increased 2- to 2.5-fold by the modification
of the N-terminus of CYP2El amino acid
sequence. The partially purificd preparation of
the recombinant P450 showed activity for the
demethylation of NDMA, when reconstituted
with the reductase purified from rat liver
microsomes. Another approach was done by
Gillam et al. (Gillam et al., 1994). They also
established a genetically engineered E. coli
DH5 a harboring human CYP2E]. Variants of
CYP2E!1 c¢cDNA with differently modificd 5°-
terminus were constructed and inserted into
the pCW plasmid. The highest expression was
achieved when the first 21 amino acids werc
deleted from the native CYP2E! sequence and
the resulting second amino acid Trp was
changed to Ala. The expression level of the
CYP was 160 nmol/L in the whole cells and
40 nmol/L in the membrane fractions, respec-
tively. The catalytic activity of CYP2EI puri-
fied from the E. coli cells was determined in a
system reconstituted with the rabbit reductase
and human cytochrome bs. Chlorzoxazone 6-
hydroxylase activity was detectable with a
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Vmax valuc ol 5.56 nmol/min/nmol P450 and
a Km valuc of 36 yM. Prichard et al. (Prichard
et al., 1997) also established E. coli harboring
human CYP2EI by the method cmployed to
cxpress CYP2AG6. They fused a cDNA coding
for the bacterial signal sequence ompA with
the 5° terminus of CYP2EI cDNA, and intro-
duced it into E. coli IM109 cells. They com-
pared the expression level of the CYP2EI]
holo-protein obtained by using the fused con-
struction with that obtained by the construc-
tion in which the CYP2E1 cDNA encoding the
first eight amino acids was replaced with
c¢DNA coding for th¢ amino acid scquence
MALLLAVE. The expression levels in whole
cells were 174 nmol/LL culture for CYP2E]
fused to the ompA, and 68 nmol/L culture for
CYP2El replaced with the MALLLAVFE
respectively. The most signal peptides were
retained as seen in the casc with CYP2AG.
Chlorzoxazone 6-hydroxylase activity was
determined with membrane fractions prepared
from both strains of E. coli cells in the pres-
ence of 100 ¢M cumene hydroperoxide. The
activily was similar to that seen with a recon-
stituted system containing human CYP2EI
purificd from E. coli and the rabbit reductase
(Gillam et al., 1994). It is of interest to analyze
the location of P450 protein expressed in E.
coli cells. Laeson et al. (Lacson et al., 1991)
reported the expression of rabbit CYP2EI in
E. coli MV1304 cells. They analyzed the
effect of the truncation of thc N-terminal
amino acid residues on the localization of the
protein in E. coli cells. About 75% of the
CYP2E]1 protein with a native N-tcrminus was
located at the inner membrane of E. coli. The
rest was present in cytosol. When the N-termi-
nal amino acid residues from 3 to 29 were
truncated, 60% of the CYP2EI protein was
still located in the inner membrane of E. coli
cells.

CYP3 Family
The CYP3 family consists of only the
CYP3A subfamily. CYP3A enzymcs are the

most abundantly expressed in the liver of
humans. In humans, CYP3A4, CYP3AS and
CYP3A7 are members of the CYP3A subfami-
ly. CYP3A4 is the major isoform among adult
human liver CYP3A c¢nzymes and is responsi-
ble for the metabolism of a variety of steroids
and drugs that are structurally unrelated
(reviewed by Li et al.,, 1995). In addition to
these substrates, CYP3A4 metabolically acti-
vates promulagens such as AFB; (Hashimoto
et al, 1995). CYP3A7 is a major form
expressed in the human fetal liver (Kitada et
al., 1987a). CYP3A7 catalyzes the hydroxyla-
tion of dehydroepiandrosterone 3-sulfate as an
endogenous substrate (Kitada et al., 1987b).
This CYP is also capable of activating AFB,
(Kitada et al., 1989; Hashimoto ct al., 1995).
CYP3AS is expressed in the adult liver, while
the expression is polymorphically seen in only
about 20% of individuals (Aoyama et al..
1989). CYP3AS efficiently catalyzes the I’-
hydroxylation of midazolam. Howevecr, little is
known on the catalytic properties of CYP3A5
(Gorski et al., 1994).

Gillam et al. (Gillam et al., 1993) first
developed the E. coli DH5a strain harboring
human CYP3A4. CYP3A4 ¢cDNAs containing
the modified 5’ terminus were constructed
and inserted into pCW plasmid. When they
replaced the N-terminal 18 amino acid
residues with the amino acid sequence MAL-
LLAVF, the highest expression of the recombi-
nant CYP3A4 holo-protein was observed. The
expression level in whole cells was 200 to
370 nmol/L culture. CYP3A4 expressed in E.
coli cells was purified and reconstituted with
the purified rabbit reductase and human
cytochrome bs, as was the case with CYP2E].
They demonstrated that the recombinant
CYP3A4 in the reconstituted system posscssed
catalytic activities toward nifedipinc oxidation,
testosterone 6 8-hydroxylation and AFB, 8,9-
epoxydation. Prichard et al. (Prichard et al.,
1997) also established the E. coli IM109 cells
harboring human CYP3A4 with thc same
manner as that adopted to express both
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CYP2A6 and CYP2EI. The ¢cDNA encoding
the bacterial signal sequence ompA or pelB
was fused to the N-terminus of CYP3A4
cDNA. The modified CYP3A4 cDNA was
inserted into the pCW plasmid. The expression
levels of the cytochrome in whole cells were
143 nmol/L culture for the recombinant
CYP3A4 fused with pelB and 502 nmol/L. cul-
ture for the recombinant CYP3A4 fused with
ompA. respectively. Testosterone 6 8 -hydroxy-
lase and nifedipine oxidase activities were
detected with membrane fractions preparcd
from both strains of E. coli cells in the pres-
ence of 100 yM cumene hydroperoxide. Inter-
estingly, signal peptides were being retained.
Only in the case with CYP3A4 fused to pelB
leader peptide yielded the native CYP3A4.
This method may be suitable to produce the
native CYP in bacterial cells.

E. coli DHSa cells expressing human
CYP3AS were established by Gillam et al.
using pCW plasmid. (Gillam et al., 1995b).
They changed the 18 N-terminal amino acids
to MALLLAVF as in the case with CYP3A4.
The expression level in thc membrane frac-
tions of the E. coli cells was 260 nmol/L cul-
ture. They purilied the recombinant CYP3AS
from E. coli cells and reconstituted it with the
purified rabbit reductase and human liver
cytochrome bs as in the case with CYP3A4.
The purified preparations of CYP3AS from
the E. coli cells showed activities for nifedip-
ine oxidation, testosterone 6f-hydroxylation,
AFB, 8.9-cpoxidation. N-cthylmorphine N-
demethylation, erythromycin N-demethylation
and d-benzphctamine N-demecthylation. Inter-
estingly. nifedipinc oxidase, testosterone 6f-
hydroxylase and AFB, 8,9-epoxidase activitics
depended on the presence of cytochrome bS
and divalent cations.

CYP3A7 mainly expressed in the human
fetal liver was successfully generated in E. coli
DH5a cells by Gillam ct al. (Gillam et al.,
1997). They tried to construct more than ten
kinds of CYP3A7 ¢cDNA with a differently
modified 5'-terminus to achieve the high level

of expression in E. coli. However, the expres-
sion levels of CYP3A7 holo-protein were 3
to 20-fold lower than those obtained for all
other P450s. under the same conditions. When
the N-terminus of the CYP3A7 was modified
by the replacement with MALLLAVFL adopt-
ed for the expression of bovine CYPI17A,
the maximal expression of CYP3A7, 43
nmol/L culture, was observed. They partially
purified the recombinant CYP3A7. The role
of CYP3A7 in the activation of somc pro-
mutagens including 6-aminochrysene, AFB,
sterigmatocystin, 2 - aminoanthracene, 2-
aminofluorenc were analyzed and compared
with those of CYP3A4.

CYP4 Family

In humans, the CYP4 family includes three
subfamilies, CYP4A, CYP4B and CYP4F. The
CYP4A sublamily consists of CYP4A9 and
CYP4A11. CYP4ALll is known to be responsi-
ble for the metabolism of fatty acids and
prostaglandins. The CYP4B subfamily con-
tains only CYP4B1. CYP4BI1 catalyzes the
activation of some promutagens including aryl
amines such as bendizincs.

There arc two reports on the expression of
CYPs belonging to the CYP4 family in a het-
erologous expression system. Onc is on the
expression of rabbit CYP4A4 in E. coli IM109
cells and the other is on the expression of rat
CYP4F4 and CYP4FS in E. coli DHSa cells
(Nishimoto ¢t al., 1993; Kawashima et al.,
1997). To our knowledge, there is no report on
the expression of human CYPs in the CYP4
family in any bacterial cells.

The expression of cukaryotic cytochrome
P450 has also been summarized in twenty-
seccond chapter of a book entitled as
“Cytochrome P450 Protocoles (Jenkins et al.,
1998)”.

Recently, Kusano et al. (Kusano et al.,
1999) have reported that the antibiotics chlo-
ramphenicol, tctracycline and erythromycin,
which inhibit bacterial protein systhesis and
are known to induce cold shock response.
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unexpectedly enhance the expression of CYP
in E. coli cells. A sublethal dose of chloram-
phenicol (1 mg/ml) efficiently increased the
expression of bovine CYP17A over range of
two- to threefold. In contrast, antibiotics
inducing heat shock response in E. coli such as
puromycin, streptomycin and kanamycin
decreased the expression of CYP17A. The
effects of antibiotics inducing cold shock
response on the expression of human CYP in
bacterial cells may be further examined. The
addition of the chemicals into culture of E. coli
cells harboring human CYP may be useful to
the high level expression of CYP in E. coli
cells. Interestingly, the expression of mitocon-
drial P450scc in E. coli was not increased by
the addition of sublethal dose of antibiotics
inducing cold shock response in E. coli cells,
but was induced by the addition of ethanol, an
inducer of heat shock response in E. coli cells.

Expression of Enzyme Protein Which
Transfers Electrons to P450 in E. coli

The use of bacterial cells such as E. coli and
Salmonella made it possible to achieve the
high level of expression of the various P450s.
However, the amounts of bacterial enzyme
capable of transferring electrons to P450 were
not sufficient to exert its full catalytic activities
(Jenkins et al., 1994). Thus, the addition of the
purified preparation of the electron transfer

partner was needed to reconstitute a system of

P450s. To produce the electron transport pro-
teins such as NADPH-P450 reductase and
cytochrome bs in bacterial cells, many efforts
were made to express these enzymes (Porter et
al., 1987; Shen et al., 1989: Andersen et al.,
1994; Von Bodman et al., 1986; Ladokhin et
al., 1991; Funk et al., 1990; Holmans et al.,
1994). In recent studies, some P450 forms
were expressed in E. coli together with the
reductase (Parikh et al., 1997; Iwata et al.,
1998). In this chapter, the expression of an
electron transport protein alone or together
with P450 in bacterial cells will be mentioned.

Expression of NADPH-P450 Reductase
in E. coli

NADPH-P450 reductase is a flavoprotein
with the molecular weight of 7.8 kDa, which is
bound to endoplasmic reticulum of eukaryotic
cells and is responsible for the electron trans-
fer from NADPH to P450s. One molecule of
the enzyme contains one each of FMN and
FAD (Iyanagi et al, 1973). Virtally, no
species difference in the function of this reduc-
tase has been noted: the reductase purified
from the rat liver can transfer an electron to
human P450. There are two reports from a
group on the expression ol the rat reductase in
bacterial cells (Porter ¢t al., 1987; Shen et al,,
1989), while there is no report on the expres-
sion of the human reductase. The expression
of the house fly reductase in bacterial cells has
also been reported (Andersen et al., 1994).

Porter ct al. (Porter et al., 1987) first suc-
ceeded in expressing the rat reductase in E.
coli to identify the functional amino acid
residues involved in the binding to FMN, FAD
and NADPH. They adopted a pCQV2 expres-
sion plasmid, developed by Queen et al.
(Queen et al., 1983), which contained the pro-
moter of A bacteriophage and the ribosomal
binding site and the translation initiation site
of the cro gene for the expression of foreign
proteins. The plasmid also contained the tem-
perature-sensitive cI857 repressor gene, allow-
ing for temperature-dependent regulation and
induction of the expression. Insertion of the
coding nucleotide sequence for the rat reduc-
tase into this plasmid allowed it to express a
functional protein. Various strains of E. coli
cells were transformed with the constructed
plasmid pCQOR. Among them, E. coli C-1A
cells were applied for the highest expression of
the reductase in the cell lysates. The expres-
sion level of the flavoprotein was approximate-
ly 0.1% of the total cellular protein. The puri-
fied preparations of the reductase catalyzed a
cytochrome ¢ reduction at a rate of about 35
gmol/min/mg of the reductase. On the other
hand, the reductase preparations purified from
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the rat liver catalyzed at a rate of about 50
Hmol/min/mg of reductase. Moreover, the
reductasc expressed in the bacterial cells sup-
ported Bla]P metabolism in the reconstitution
system containing rat CYPIA| at a rate about
half as effective as the enzyme purified from
the rat liver. Porter et al. thought that the
reductase expressed in the E. coli cells was
located inside of the E. coli membrane and
was dcgraded by the protease of E. coli
expressed in the cytoplasm. Thus, Shen (Shen
et al., 1989), collcagues of Portcr, also
expressed the rat reductase in the same strain
of E. coli using an expression plasmid pIN-III-
ompA3 with which the expressed protein
could be secreted outside of the cell mem-
brane. The pIN-III-ompA3 plasmid contained
a bacterial Ipp promoter and a signal peptide.
ompA. 10 dircct the transport of the expressed
protein out of the cytoplasm into the periplas-
mic space. where proteolytic activity s
reduced. Even when the plasmid was
cmployed, the reductase was still mainly pre-
sented in the membrane, probably because the
hydrophobic amino-terminal sequence of the
reductase might anchor the protein to the inner
membrane to prevent its relcase from the
membrane. The apparent molecular weight of
the reductase was about 80 kDa. The reductase
expressed in the bacterial cells catalyzed
cytochrome ¢ reduction at a rate of 51.5 p
mol/min/mg prot.. similar to that scen with
the rat liver cnzyme (53.3 g mol/min/mg
prot.). The human reductase was first
expressed in E. coli in a co-expression manncr.
The details will be described in the chapter
mentioned below on the co-expression of P450
together with the reductase.

In addition to mammalian reductase, the
house fly reductase has been successfully
expressed in E. coli (Andersen et al., 1994),
Plasmids pSE380 and pUHHG were choscn
for the expression of the reductase. The
pSE380 plasmid contained the IPTG inducible
tre promoter fused with a ribosome binding
site. The host E. coli strain was the XL-1 Blue.

The pUHHG plasmid contained the IPTG
inducible fac promoter and the bacterial signal
peptide pelB for the transport of the cxpressed
protein outside of the cytoplasm into the
periplasmic space. The N-terminus of the
reductase cDNA was modified by a site-direct-
ed mutagenesis. A second codon AGC (Ser)
was replaced with GCT (Ala). The expression
plasmid was transformed into DHS5a lac 19
cells. In the case using the construction
derived from pSE380, the reductase expressed
in the XL-1 Blue cells showed activity to
reduce cytochrome ¢. However, the reductase
did not support the activity of CYP6AIL for
aldrin epoxidation. They concluded that inabil-
ity to transfer electrons to CYP6Al was
causcd by the production of the reductase with
slightly small molecular mass. They could
obtain the full molecular mass of the reductase
protein using the construction with the
pUHHG plasmid. The protein catalyzed the
cytochrome ¢ reduction and supported the
aldrin cpoxidation by CYP6A1 in the rcconsti-
tution system.

Expression of Cytochrome bs

Cytochrome b5 is a membrane-bound heme
protein found in many mammalian species
(Oshino, 1980; Peterson ct al., 1986). The
hemoprotein is required for the function of a
number of reactions catalyzed by P450s
(Hildebrandt et al., 1971; Schenkman et al.,
1976: Aoyama ct al., 1990b). In addition, a
soluble-form of cytochrome bs is found in ery-
throcytes, where it serves as an electron carrier
for thc NADPH-dependent reduction of
methemoglobin to hemoglobin (Hultquist et
al., 1978). The membrane-bound form of
cylochrome b5 is associated with the endo-
plasmic reticulum; it has a molecular weight of
16.7 kDa consisting of 134 amino acids. The
amino acid sequence of hepatic cytochrome bs
from several animal species has been deter-
mined. Their primary structurcs arc highly
conserved. This cytochrome is composed of
three domains: a hydrophilic heme-containing
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catalytic domain of about 98 amino acids; a
membrane-binding hydrophobic domain con-
taining about 30 amino acids at the carboxy-
terminus of the molecule (Ozols et al., 1977);
and a membrane-targeting region represented
by the 10-amino-acid sequence located at the
carboxy -terminus of the membranc-binding
domain (Mitoma et al., 1992). Thc three-
dimensional crystal structure of the tryptic
fragment of bovine liver cytochrome b5 has
been determined by X-ray diffraction to a res-
olution of 2A (Mathews et al., 1972). A multi-
tude of techniques has been applied to clarify
the structure and the function of this
cylochrome including an interaction with elec-
tron transfer partners. The information of the
molccule of cytochrome b5 makes the enzyme
an ideal target for site- directed mutagenesis
experiments designed to probe the molecular
mechanisms of electron transfer, the control of
heme protein redox potential, the specificity of
protein-protein interactions, and the dynamics
of heme protein folding. These endeavors
would be greatly aided by an efficient expres-
sion of mammalian cytochrome b5 in a micro-
bial system. Thus, efforts were made to obtain
the heterologous expression of cytochrome bs
in E. coli cells, as the first example of the
expression of a membrane-binding heme-con-
taining protein in a bacterial sysiem.

There are some reports on the expression of
the mammalian cytochrome bs in E. coli. Von
Bodman ct al. (Von Bodman et al., 1986) first
expressed rat cytochrome bs in E. coli. The
pUCI3 plasmid was employed to cxpress
native cytochrome bs containing the mem-
brane anchor domain. It was previously shown
that the plasmid favored the high-level expres-
sion of Pseudomonas putida cytochrome
P450c,, in E. coli (Unger et al., 1986). The
constructed plasmid was introduced into E.
coli TB-1 cells. The cytochrome bs protein
produced in the E. coli cells constituted about
0.8% of the total protein. The cytochrome bs
expressed in the bacleria had the same physi-
cal properties as the protein isolated [rom

hepatic microsomes, as to the Soret band of an
oxidized protein at 410 nm with an extinction
coefficient to 130 mM'cm!, Soret band of a
reduced protein at 423 nm with an extinction
coefficient of 195 mM 'cm’!, and visible bands
at 555 and 527 nm, respectively. Funk et al.
(Funk et al., 1990) expressed a fragment of
bovine liver cylochrome bs, which was obtain-
able by solubilization with lipase, in E. coli
JM83 cells to analyze the functionally critical
amino acid residues. The pUC19 plasmid was
adopted as an expression plasmid. The expres-
sion level of the recombinant protein in bacte-
ria was up (o 15% of the total cellular protein.
Ladokhin et al. (Ladokhin et al., 1991) report-
ed the expression of rabbit cytochrome bs in
E.coli XL-1 cells with the pKK223-3. Hol-
mans et al. (Holmans et al., 1994) first
expressed human cylochrome bs in E. coli.
The pT7-7 plasmid containing the IPTG
inducible T7 promoter was applied 10 express
human cytochrome b5. To make it casy to iso-
latc and purify these proteins, a histidine-rich
domain was introduced into the recombinant
protein for affinity binding to a nickel-chelate
column. The plasmid pT7-7 containing modi-
ficd ¢cDNAs encoding the histidine-tagged
human cytochrome bs was transformed into
BL21(DE3)F'TQ cells. The recombinant
human hemoprotein purified from the estab-
lished E. coli cells showed the same optical
characteristics as that of preparations purified
from rat liver microsomes. The recombinant
b5 was enzymatically reduced by NADH in the
presence of a small amount of NADH-
cytochrome bs reductase purified from pig
testis. The ability of the purified recombinant
cytochrome bs protein was shown as the
extent of stimulation for the rate of 68 -
hydroxylation of testosteronc catalyzed by
human CYP3A4. The recombinant human
cytochrome b5 purified from the established
E. coli cells showed a slightly higher level
of the catalytic activities of CYP3A4 than
did cytochrome bs purified from rat liver
microsomcs.
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Co-expression of P450
with the NADPH-P450 Reductase

In recent studies, P450 was successfully
expressed in E. coli together with the NADPH-
P450 reductasc (Parikh et al., 1997; Iwata ct
al., 1998). Four methods or strategies to co-
cxpress P450 with the reductase were
employed: (1) Expression of the two proteins
as a fusion protein; (2) Expression of the two
proteins independently using a bi-cistronic
expression plasmid; (3) Expression using a
plasmid carrying two independent promoters
for each gene; and (4) Expression indepen-
dently using two independent expression plas-
mids for both proteins. In this chapter, these
four strategies to express both P450 and the
reductase will be described.

Expression of P450 together
with the Reductase as a Fusion Protein

The strategy 1o construct the fusion protein
was first introduced. Miura and Fulco (Miura
and Fulco, 1974) demonstrated the presence of
a native fusion protein-i.c., a single protein
containing both the heme domain of P45()
and a flavoprotein domain corresponding (o
the microsomal FAD- and FMN-containing
NADPH -P450 reductase. They isolated and
purified this soluble P450gp.3. named
CYP102, from Bacillus megaterium and
characterized it as an w-hydroxylase of fatty
acids. CYP102 is enzymatically the most
active form among any known P450s (turnover
number > 1500 / min). Murakami et al.
(Murakami ct al., 1987) fused the cDNA of rat
liver P450c (CYP1Al) with the cDNA of the
rat reductase to construct a P450-reductase
fusion protein to express in yeast. Subsequent
studies by this group cxtended their knowledge
and experience to express the fusion protein of
bovine adrenal CYPI7A involved in the
steroid metabolism with the yeast flavoprotein
NADPH-P450 reductase (Sakaki et al., 1989).
Following the successful expression of bovine
CYPI17A in E. coli (Barnes et al., 1991),
Fisher et al. (Fisher et al., 1992) applied the

method to the expression of bovine CYP17A
and rat CYP4Al with the rat reductase as
fusion proteins in E. coli. They employed the
pCW plasmid carrying bovine CYPI7A and
the pUCI9 plasmid carrying rat liver
CYP4Al. Each P450 cDNA was fused to the
rat liver reductasc by the PCR mutagenesis
method. The mutagenesis was introduced to
modify a coding sequence for the C-terminus
of P450s and a coding sequence for the N-ter-
minus of the rat liver reductasc to allow the
fusion of these sequences with a dipeptide
linker, Ser-Thr. The idea was similar to that
described by Murakami et al. (Murakami et
al., 1987). The coding sequence of the N-ter-
minus of bovine CYPI7A was modified
according to the method described previously
(Bames et al., 1991). Twenty-two N-tcrminus
amino acid residues of rat CYP4A| was delet-
ed and replaced with the 9 N-terminus amino
acid residues of modified bovinc CYPI17A.
Growth of transformed E. coli for 72 h at 27°C
resulted in the expression of the fusion protein
at a level of about 700 nmol/L culture. The
yield was similar to that obtained with E. coli
expressing bovine CYPI7A alone (Barnes et
al., 1991). The membrane fraction possessed
an NADPH-dependent |7a-hydroxylase activ-
ity of progesterone and pregnenolone in the
absence of an externally added reductase. The
activities were similar to that scen in the case
using membrane-bound recombinant bovine
CYPI17A with a 2- or 3-fold excess of purified
recombinant rat reductase (Barnes ct al..
1991). They also showed that the fusion pro-
tein of rat CYP4A1 with the rat reductasc cat-
alyzed the w-and w-1 hydroxylation of lauric
acid.

Subsequent studies lor the expression of
P450 together with the reductase using the
method were mainly conducted by Fisher and
Estabrook et al. (1993, 1994, 1995, 1996) and
Guengerich et al. (1994, 1996, 1997). Shet
(Shet et al., 1993) with Estabrook first estab-
lished an E. coli strain expressing human P450
protcin as a fusion protein with the rat reduc-
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tase in the same manner as employed for
bovinc CYP17A. The purified CYP3A4 fusion
protein had littic or no metabolic activity
toward (cstosterone or nifedipine. Howcver,
when the purified rat cytochrome bs and a
sonicated suspension of a lipid extract pre-
pared from rat liver microsomes were added to
the reaction mixture, the fusion protein effi-
ciently catalyzed the oxidation of testosterone
and nifedipine. These results differed from that
seen with the fusion protein of bovine
CYPI7A or rat CYP4AL (Fisher et al., 1992).
Shet et al. (Shet ct al., 1996) further analyzed
the w-hydroxylase activity ol lauric acid with
the purificd recombinant fusion protein con-
taining CYP4A1 and the rat reductase. It is of
interest to note that the addition of a 20-fold
cxcess of the purified rat reductase and equi-
molar of recombinant human cytochrome bs
(Holmans et al.. 1994) results in the 45-fold
increase of the catalylic activity. Shet et al.
(Shet et al., 1994) also assayed the 17 -
hydroxylation of both progesterone and preg-
nenolone with the purified recombinant fusion
protein of CYPI7A and the reductase, while
they found no stimulation of 17¢-hydroxyla-
tion by the addition of the purified rat reduc-
tase. They also assayed the 17a-hydroxylation
of progesterone with intact baclerial cells
expressing the fusion protein. However, the
catalytic aclivity was about 0.05% of that seen
with the purified protein. Additional studies
showed that the addition of a 4-fold excess of
purified rat reductase resulted in the 10-lold
stimulation of the testosterone 6 -hydroxyla-
tion (Shet et al., 1995). Thus, it scems likely
that the cffects of the addition of the purificd
reductase or cytochrome bs appear dependent
on the P450 isoform. In the casc of bovine
CYP17A and human CYP3A4, the reductase
level might not be sufficient to exert full activi-
ty. In a subsequent study, Chaurasia et al.
(Chaurasia ct al., 1995) determined the kineltic
parameters of w-hydroxylation of lauric acid
using the same purificd rccombinant fusion
protein of P450 4A1 and the rat reductase. The

apparent Km and Vmax values were 3-4 mM
and 4-5 nmol/min/nmol P450, respcctively.
Human CYP1AI was co-expressed with the
rat reductase as a fusion protein in E. coli
DH5a cells (Chun ct al., 1996). They applied
the pCW/1A1#17 plasmid as a source of
human CYPIA1 cDNA (Guo et al.. 1994). The
rat reductase was fused with human CYPIAI
by a Ser-Thr linker. The expression level of
CYPIA1 was about 150 nmol/L culture. The
purified fusion protein catalyzed Bla]P 3-
hydroxylation, 7-cthoxyresorfin O-dccthyla-
tion, and zoxazolamine 6-hydroxylation. Cat-
alytic activity was not incrcased by the pres-
ence of the purified preparations of the rabbit
rcductase and rabbit cytochrome bs. They
examined the elfccts of a-naphtoflavone and
divalent cations on the 7-ethoxyresorfin O-
deethylase activity (Chun ct al., 1997). o -
Naphtoflavone, a specific inhibitor of CYPIA,
inhibited the 7-ethoxyresorfin O-deethylase
activity of CYP1A1. The addition of the diva-
lent cations such as Ca?* and Mg?* resulted in
the stimulation of the CYP1AL1 activity toward
7-cthoxyresorfin O-deethylation.

Expression of P450 together
with the Reductase Independently
Using a Bi-cistronic Expression Plasmid
P450 was also expressed together with the
reductase separately in E. coli cells. Dong et
al. (Dong ct al., 1996) first introduced a
method to construct bi-cictronic expression
plasmid pJL2 to express P450 together with
the reductase. The bi-cistronic plasmid carrics
one promoter followed by two ribosome bind-
ing sites for cach coding sequence of the
enzyme to be expressed. The human CYP2E]
cDNA was linked to the down stream of a rac
promoter and the first ribosome binding site. A
DNA sequence including the second ribosome
binding site and the signal sequence of ompA
was inscricd between the end of the CYP2EI
c¢DNA and the start codon of the rat reductase
¢DNA. The established plasmid pJL2E1/OR
was introduced into E. cofi XL-1 blue cells.
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The 5'- terminus of the CYP2EI ¢cDNA was
modified by the replacement of the sccond
amino acid Ser with Ala to generate an Nco |
site to construct the expression plasmid. The
expression of P450 and the reductase protcin
in the membrane fractions of the established E.
coli cells was cxamined by immunoblot analy-
sis. The expression levels of both proteins
were (.8 nmol/l. culture and 4.7 nmol/L
culture. respectively. The content of the reduc-
tase was determined by the rate of cytochrome
¢ reduction, assuming that 1 nmol of reductase
reduced 3 pmol of cytochrome ¢ reductase per
min (Vermilion et al., 1978). The low level of
the cxpression of CYP2E! was below the
detection limit. When assayed using mem-
branc fraction, CYP2E1 cxpressed in the
established E. cofi cells showed catalytic activ-
itics toward anilinc hydroxylation, p-nitrophe-
nol hydroxylation and NDMA demethylation.
They could not detect the catalytic activity of
CYP2EI when the whole cells of E. coli were
employed, probably because the expression
level of CYP2EI in wholc cells was too low 1o
detect the activity. Shet ct al. (Shet et al.,
1997) also ecstablished the co-expression
system of bovine CYP17A and the rat reduc-
tase. The cDNA of bovine CYP17A was
linked to the down stream of the tac promoter
and the first ribosome binding site of the pCW
plasmid. They linked the sccond ribosome
binding site to the 5’-terminus of the rat reduc-
tase cDNA and inscrted it into the plasmid at
the end of the CYPI7A ¢DNA. They did not
usc the ompA signal sequence for the expres-
sion of the reductase. The expression level of
the cytochrome was 150 to 200 nmol/L cul-
ture. The catalytic activity for the 17a-hydrox-
ylation of progesteronc appcared with whole
cclls of bacicria. Parikh (Parikh et al., 1997), a
colleague of Guengerich, established six E.
coli strains co-expressing human P450 and
the human reductase using the bi-cistronic
method. They constructed co-expression plas-
mids for human CYPIAIL, CYPIA2, CYP2C9,
CYP2D6, CYP2E! and CYP3A4 with the

pCW plasmid. The bi-cistronic plasmid con-
sists of the human P450 cDNA as the first
cistron and the human reductasc ¢cDNA as the
second cistron. E. coli DHSa, JM109 and
BL21 cells were transfected with the plasmid.
As the highest expression level of the P450
protein was obtained in the DHS5a cells. ali
subscquent studies were conducted with the
same strain of E. coli. The expression level of
both P450 and the reductase depended on the
form of P450. Ratios of the amount of P450 to
the reductase ranged from 3:1 to 1:1. These
ratios were substantially higher than that seen
with human liver microsomes, implying that
electron transport might not be a rate-limiting
factor in this system. They assayed the catalyt-
ic activities for all P450s toward typical sub-
strates. The activities were almost equal to or
somewhat higher than that obtained with
preparations purified from human liver micro-
somes. Gillam et al. (Gillam et al., 1997) also
cstablished an E. coli strain harboring the
human CYP3A7 together with the reductase
by the method introduced by Parikh et al. The
maximal cxpression level of CYP3A7 was 15
nmol/L culture. Recombinant CYP3A7 co-
expressed with the reductase in bacterial mem-
branes showed catalytic activities toward
crythromycin and ethylmorphine similar to
CYP3A4 expressed in the same system. The
system to express human CYPIBI with the
human reductase was developed by Shimada et
al. (Shimada et al., 1998) by the same method
(Parikh et al., 1997). The cxpression level of
CYPIBI was 200 nmol/L culture-a level
similar to that expresscd alone. 7-Ethoxyre-
sorufin O-deethylasc activity of CYPIBI co-
expressed with the reduclase in the membrane
fraction was almost similar to that of CYPIBI
purified from in E. coli cells cxpressing
CYPIBI1 alone and reconstituted with the
rabbit reductase.
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Expression of P450 together
with the Reductase Using a Plasmid
Carrying Two Promoters for Each Gene

Blake et al. (Blake ct al., 1996) adopted
another method to cxpress human CYP3A4
together with the human reductase. The
expression plasmid included two promoters for
human CYP3A4 and the human reductasc
¢DNAs. The human CYP3A4 and the human
reductase cDNAs were linked to respective tac
promoters and inserted into thc pCW plasmid
tandemly. The bacterial pelB leader sequence
was fused with the 5’-terminus of the reductase
c¢DNA. The plasmid was introduced into E.
coli IM109 cells. The expression level of
CYP3A4 holo-protein in bacterial cells was
200 nmol/L culture. CYP3A4 expressed in the
whole cells of bacteria catalyzed (cstosterone
68 -hydroxylation and nifedipine oxidation at
the substrate concentration of 200 uM. The
turnover numbers of the CYP3A4 for testos-
terone 68-hydroxylation and nifedipine oxida-
tion were 17.3 and 25.5 nmol/min/nmol P450,
respectively. When the membrane fraction pre-
pared from the E. coli cells was employed. the
activity was slightly lower for testosterone 6 -
hydroxylation and slightly higher for nifedip-
ine oxidation than that obtained by using
whole cells of the bacteria.

Ninc forms of human P450s such as
CYPIAI. CYPIA2, CYP2A6, CYP2CS,
CYP2C9, CYP2C19, CYP2D6, CYP2EI and
CYP3A4 were expressed alone or together
with the human reductase in E. coli (Iwata ct
al., 1998). cDNAs for a P450 and the reduc-
tasc combined to tac promoters and a termina-
tor were introduced into the pCW plasmid, and
were linked tandemly. Each expression plas-
mid was introduced into E. coli DH5a cells.
When P450 was expressed alone in E. coli, the
expression level of holo-P450 ranged from 310
to 1620 nmol/L culture. The expression level
of the holo-P450 was decreased by co-expres-
sion with the reductase, and the level ranged
from 66 to 381 nmol/L culture. The expression
level of the reductase varied depending on the

forms of P450 co-expressed, and ranged from
204 10 937 units/L culture. The catalytic activi-
ties of P450 expressed in E. coli cells were
assaycd after the cells were disrupted by
freeze-thaw. When co-expressed with the
reductase, human P450 catalyzed the oxidation
of representative substrates at cfficient rates
(Fig. 1). The rates were apparently comparable
to the reported activities of P450 reconstituted
with purified preparations of P450, the reduc-
tase and other necessary compounds. To clari-
fy the mutagen-producing activities of human
CYPIA2, Suzuki et al. (Suzuki et al., 1998)
established a Salmonella typhimurium TA1538
strain co-expressing human CYP1A2, the
human reductase and Salmonella O-acetyl-
transferase. The details of the results of the
mutation assay using the Salmonella cells with
heterocyclic amines will be described in the
chapter below on the applications and perspec-
tives of bacterial cells expressing human P450.

Expression of P450 together
with the Reductase Independently Using Two
Expression Plasmids for Both Proteins
Pritchard ct al. (Pritchard et al., 1998)
adopted a method to introduce two indepen-
dent plasmids carrying human CYP2D6 and
the human reductase cDNAs into E. coli cells.
They adopted the pCW plasmid to -express
CYP2D6 and the pACYCI184 plasmid to
express the reductasc, since the pACYCI84
plasmid possesses a different origin from the
pCW. These two plasmids can exist simultane-
ously in the same E. coli cell. They modified
the 5’-terminus of CYP2D6 ¢DNA by two
methods. One was the method employed by
Barnes et al. (Barnecs et al., 1991). The other
carried the ompA signal sequence linked to the
5" end of CYP2D6 cDNA. These plasmids
were introduced into E. coli IM109 cells. The
cxpression levels of CYP2D6 in E. coli whole
cells determined by CO-difference spectra
were 381 nmol/L culture for E. coli cells trans-
fected with the plasmid constructed by Barnes
et al. (Barnes ct al., 1991) and 365 nmol/L cul-
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ture for E. coli cells transfected with plasmids
carrying the ompA signal sequence. The cat-
alytic activity of CYP2D6 expressed in E. coli
whole cells toward bufuralol was measured for
both strains of E. coli. The activity seen with
the CYP2D6 ¢DNA modificd by Barnes et al.
was 1.4 nmol/min/nmol P450 at a substrate
concentration of 50 pM. This activity was
lower than that seen with the other using ompA
(4.6 nmol/min/nmol P450). The reason why
the high catalytic activity was scen in the latter
linking the ompA to CYP2D6 is not clear.
When the membrane fraction prepared from E.
coli cells was applied to the bufuralol hydrox-
ylation assay, the activity was slightly higher
than that obtained by using E. coli whole cells
on the normal CYP2D6 basis.

Applications of Bacterial Cells Expressing
Human P450 to Further Studies

As mentioned above, cfforts have been
made to cstablish bacterial strains expressing
human P450 alone and together with the
reductase. The catalytic activitics of P450
were examined. The results indicated that
P450 expressed in the bacterial cells showed
efficient catalytic activitics toward representa-
tive substratcs. These studies were important
to prove whether or not thc P450 enzyme
cxpressed in the bacterial cells showed the
same substrate specificity as the P450 enzyme
purified from human liver microsomes.

We established an E. coli strain co-express-
ing CYP3AS5 with the human reductase, in
addition to the ninc strains of E. coli trans-
formed with a plasmid carrying human P450
and the reductase. Substratc specificity of
P450 expressed in E. coli cells was evaluated
by applying representative substrates. The
substrates tested were testosterone, 4-nitrophe-
nol, midazolam, cumarin and taxol. Testos-
terone 6f- hydroxylation, a known representa-
tive metabolic reaction catalyzed by CYP3A
subfamily, was metabolized by CYP3A4,
CYP3AS5 and also CYP1A1. The metabolic

clearance seen with CYP3AS and CYPIAI
was about one-eighth and onc-fourteenth as
seen with CYP3A4, respectively. 4-Nitrophe-
nol. a known substratc for both CYP2A6 and
CYP2EI, was metabolized by these two CYPs
rather specifically. The metabolic clearance
seen with CYP2A6 was 1.7-times higher than
that seen with CYP2EI. Midazolam, a repre-
sentative substrale of CYP3A, was metabo-
lized by CYP3A4 and CYP3AS5. Coumarin is
known as a specific substrate for CYP2A6.
Only CYP2A6 expressed in E. coli cclls was
responsible for the metabolism of coumarin.
Taxol 6 -hydroxylation was found to be cat-
alyzed solely by CYP2C8. These results were
consistent with those obtained previously by
using human liver microsomes or human
CYPs expressed in other heterologous expres-
sion systems (Gorski ct al., 1994; Liu et al.,
1996; Gillam et al., 1995b)43-46). Thus, the
substrale specificity ol P450s cxpressed in E.
coli cclls was confirmed. The cstablished E.
coli strains scem to be uselul tools to predict
metabolic pathways of various chemicals
including drugs in humans.

It is possible to obtain large amounts of
P450 using bacterial cells in a relatively short
period. The large amounts of enzyme prepara-
tions can be applied to a bio-rcactor to produce
a sufficient amount of a metabolite of a drug.
The production of a large amount of metabo-
lite of a new drug currently under development
makes it easy to identily the structure of the
metabolite and hopefully to analyze the phar-
macological and toxicological actions of the
metabolite.

Inhibition of the metabolism of a certain
drug by another drug causes a drug-drug inter-
action. The metabolism of terfenadine by
CYP3A is inhibited by azole antifungal drugs,
resulting in a remarkable increase of the drug
concentration in plasma to induce severe side
effects of terfcnadine. To evaluaté the useful-
ness of the established genetically engineered
E. coli strains as a (ool to predict drug-drug
interactions in humans, we analyzed the
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inhibitory effects of some drugs on the metab-
olism by CYPs cxpressed in E. coli cells. The
inhibitory effects of two taxoids, taxotere and
taxol, on the midazolam hydroxylations were
examincd. Taxotere, mainly metabolized by
CYP3A., strongly inhibited the midazolam
hydroxylations, with the Ki value of about 5
{#M. Taxol, which was mainly metabolized by
CYP2CS8, did not inhibit the midazolam
hydroxylations. Conversely. we also analyzed
the inhibitory cffects of drugs on the taxol
6« -hydroxylation. Among the drugs tested,
miconazole, an azole antifungal drug, strongly
inhibited the taxol 6 @-hydroxylation, with the
Ki value of about 2 M. On the other hand,
drugs known as substrates for CYP2CS8 such
as carbamazepine and cyclophsphamide did
not inhibit the taxol 6a-hydroxylation. This
finding was in accordance with the fact that
the Km values of these drugs for CYP2C8
were over 100 yM. The results suggest that
the established bacterial strains may also be
uscful to predict drug interactions in humans.
Genetic polymorphism is seen in the metab-
olism of drugs catalyzed by some forms of
P450. The bacterial expression system of P450
is expected o be applicable to the prediction
of P450 isozyme(s) mainly involved in the
metabolism of drugs. Additionally. the alter-
ation of catalytic activity by the mutation of
the P450 gene may be important to predict the
change of pharmacokinetics in the drugs. The
variant genc of P450 can be introduced into
bacterial cells to clarify the change of the cat-
alytic activities caused by the mutations. It was
reported that there was a relationship between
the CYPIAI1-Val*? mutant and the risk of
lung cancer (Kawajini et al.. 1993). Thus,
Zhang ct al. (Zhang ct al., 1996) cstablished an
E. coli strain expressing a variant CYPIAI
protcin by the modification of the plasmid
constructed by Guo et al. (Guo et al., 1994),
and compared the activity of the variant
protein in the metabolic activation of B[a]P
with that of native CYP1A1-Tlc2. However,
CYP1AI1-1le*? reconstituted together with

epoxide hydrolase produced 7. 8- and 9, 10-
dihydrodiols at comparable rates to that seen
with CYPIA1-Val*2, Such a study may pro-
vide information on the relationship between
the genotype and the phenotype of P450 and
on the risk of cancer or the adverse effects of
drugs.

To clarify the toxicological roles of P450s
in humans, Suzuki et al. (Suzuki et al., 1998)
established genctically engineered Salmonella
typhimurium strains transfccted with a plasmid
carrying human P450 and thc human reductase
c¢DNAs. To detect the mutagen-producing
activitics of human P450 from heterocyclic
amines present in cooked foods. which require
metabolic activation to exert their genotoxici-
ty, they adopted a Salmonella typhimurium
TA1538 strain as a host. Heterocyclic amines
induce the frame shift type of mutations in
this strain of Salmonella after undergoing
melabolic activation via N-hydroxylation by
cytochrome CYP1 A2, followed by O-esterifi-
cation by O-acectyltransferase (Saito et al.,
1983). Thus. they introduced an cxpression
plasmid (plA20R) carrying human CYPIA2
and thc human reductase cDNAs and an
expression plasmid (pOAT) carrying Salmo-
nella O-acetyltransferase to Salmonella cells
to yield the TAI1538/ARO strain. The
TA1538/ARO strain was proven to express the
cnzymes as indicated by the high activities of
7-ethoxyresorufin O-deethylase and isoniazid
N-acctylase. The TA1538/ARO strain showed
a high sensitivity to mutagenic heterocyclic
amines. MelQ, 1Q and MelQx and showed a
somewhat higher sensitivity to PhIP compared
to the parcntal Ames tester strain TA1538 (Fig.
2). The minimum concentrations of MelQ, 1Q,
MelQx and PhIP giving positive results were
defined by evidence that the number of
colonies incrcased dose-dependently and rose
two times higher than that obtained by vehicle
alone as a control in the TA1538/ARO strain at
0.3 pM, 3 pM. 30 pM and 1000 pM, respec-
tively. When the membrane and cytosol frac-
tions prepared from TA1538/ARO were added
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to a mixturc containing the parental TA1538,
the sensitivity of TA1538 to IQ was much
lower than that seen with TA1538/ARO. These
results indicate that the intracellular expression
of drug-metabolizing enzymes makes the
cstablished strain of Salmonella highly sensi-
tive to mutagenic heterocyclic amines.

To clarify the mechanism of mutagenesis or
carcinogenesis, it is of importance to deter-
minc the P450 isozyme(s) responsible for the
metabolic activation of chemicals. Thus, we
established other Salmonella TA1538 co-
expressing each of the nine forms of P450,
CYPIAL, CYP2A6, CYP2C8, CYP2C9,
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Table 2 Mutagen-producing capacity of each form of CYP expressed in Salmonella nyphimurium cells for promutagens

Mutagen-producing capacity?

AFBi Bla]P PhIP 2-AAF NNK°®
CYP1Al 180(1) 45000(4.3) 6500(3.6) 39(1)
CYP1A2 110(0.15) 8.2(10) 31000(4.3) 11000(3.6) 70(1)
CYP2A6 1.5(3.6) . - - 8.0(10)
CYP2C8 1.2(3.6) 0.12(100)
CYP2C9 - 0.74(10) -
CYP2C19 - 2.71(10)
CYP2D6 - -
CYP2E! - -
CYP3A4 17(0.45) - 0.45(10)
CYP3AS -

o

: Number in parentheses represents minimal concentration (MC) (uM) of promutagens giving positive result. The results were

Judged as positive when the number of colonies increased in a concentration dependent manner and reached a level twice as

high as that obtained with vehicle alone as a control.
b; Number of revertants/nmol promutagen (MC)/pmol P450.

¢: Mutagen-producing capacity was detactable with Salmonella TA1538 cells expressing human CYP except for the casc of
NNK. Mutagen-producing capacity for NNK was detactable with Sakmonella YG7108 cells expressing human CYP.

-; Not detectable.

CYP2C19. CYP2D6, CYP2EI, CYP3A4 and
CYP3AS, together with the reductase. In addi-
tion to these Salmonella strains, Salmonella
YG7108 co-expressing each of the ten forms
of P450, CYP1Al, CYPIA2, CYP2A6,
CYP2C8, CYP2C9, CYP2C19, CYP2DS6,
CYP2El, CYP3A4 and CYP3AS5. together
with the reductase was also developed. The
Salmonella YG7108 strain is a derivative of
a Salmonella TA1535 strain, showing O°-
methylguanine DNA methyl transferase adagy-
and ogtst- deficient genotypes, and is applied
to detect point mutations occurring in the
genomic DNA of the Salmonella. We expected
that the application of the TA1538 and
YG7108 strains of Salmonella led us to detect
not only promutagens inducing frame shift
mutations but also promutagens causing point
mutations to the Salmonella gene. The muta-
genicity of AFB,, Blu]P, 2-AAF, PhIP was
detected with the ten strains of Salmonella

TA1538 cells expressing each form of human
P450 together with the reductase. However,
the mutagenicity of NNK was not detected
with these ten Salmonella TA1538 strains
expressing each form of P450 with the reduc-
tasc, probably because NNK usually induccd
the point mutations. As was expected. the
mutagenicity of NNK was detectable with
the ten strains of Salmonella YGT7108 cells
cxpressing cach form of P450 with the reduc-
tase (Table 2).

The roles of CYP2A6 and CYP2EI in the
metabolic activation of N-alkylnitrosamines
were also examined using the YG7108 cells
expressing CYP2A6 or CYP2El. CYP2A6
was responsible for the activation of N-
nitrosamines with relatively  large  alkyl
chain(s) such as NNK, NNN and NMPhA,
while CYP2E] was involved in the activation
ol N-nitrosamines with relatively small alkyl
chain(s) such as NDMA and NDEA.
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Other toxicological studies using bacitcrial
cells expressing human P450 have been report-
ed by Shimada et al (Shimada ct al., 1994).
They applied the E. coli cells expressing
human P450 as a source of the enzyme 1o
examine the genotoxicity of chemicals includ-
ing heterocyclic amines. The induction of the
SOS response in the Salmonella typhimurium
NM2009, which contained a umuC regulatory
sequence attached o the lacZ reporter gene,
was employed as a detection marker. They
added the membrane fraction or the purified
preparation of P450 from E. coli cells and the
purified preparation of rabbit rcductasc to the
reaction mixture as an activation system. The
involvement of human CYP1A1, CYPIA2 and
CYP3A4 in the metabolic activation of various
heterocyclic amines was clarified. In a subse-
quent study, Hammons et al. (Hammons et al.,
1997) also assayed the metabolism of chemi-
cals including heterocyclic amines and aryl
amines by human P450 expressed in the E.
coli cells. The roles of human CYPIlAl,
CYPIA2 and CYP3A4 on the metabolic acti-
vation of 1Q, MelQx, PhIP, 4-aminobiphenyl
were clarified. IQ, MelQx, PhIP and 4-amino-
biphenyl werec mainly mctabolically activated
by CYP1A2. PhIP was also metabolized by
CYPIAL. Joscphy ct al. (Josephy ct al., 1995)
introduced the expression plasmid carrying
human CYPIA2 into Salmonella YGI1019
cells to detect the mutagenicity of heterocyclic
amines and aryl amines. The mutagenicity of
2-AA and 2-aminofliorenc was detectable by
this system.

P450 proteins expressed in the bacterial
strains can be applied to examine the structure-
function relationship. Application of site-
directed mutagencsis technique allows one
to clarily the key amino acid residues for cat-
alytic activity and substrate binding. Porter
(Porter, 1994) cstablished an E. coli strain har-
boring rabbit CYP2EI. He clarified that the
Phe*?®, a conserved residue over animal
species, of rabbit CYP2E!] is an important
residue for heme incorporation and catalytic

activity using the site-directed mutagenesis
method.

The bacterial strains harboring human P450
seem (o be a useful tool to study the signifi-
cance of P450 on the metabolism of drugs
and chemicals in humans. This system may
be applicd as one of the alternative tools
for experimental animals. In addition to
cytochrome P450, there are other cnzymes
involved in drug metabolism, such as phase 11
cnzymes. Many chemicals including drugs and
carcinogens are sequecntially metabolized by
the phasc I and phase II enzymes to detoxity
or activate them. Such systems, which contain
multiple enzymes as scen in a whole body,
should be established in the future.
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