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Abstract—Polyclonal antibodies generated to four distinct mouse liver phenobarbital-inducible cyto-
chrome P450 isoforms were used to analyse related forms in human liver. N-terminal sequence analysis
and biochemical properties of the P450s used as antigens suggest that they belong to P450 subfamilies
1IB (P450PBI), IA (P450PBII), IIC (P450PBIII) and IIA (P450Coh). In immunoblot analysis. anti-
P450PBII detected a single protein presumed to be P4501A2 in all the human livers tested. No proteins
corresponding with P450IA1 could be detected. Anti-PBIII and anti-P450Cch antibodies each detected
one band (54 and 48 kDa, respectively) in the liver samples. No bands were revealed by anti-P450PBI
antibody. Protein dot-immunobinding analysis showed that P450s immunodetectable by anti-P450PBII,
anti-P450PBIII and anti-P450Coh antibodies are expressed in human liver (range 9 to 69 pmol P450/mg
protein). In immunoinhibition experiments the activity of 7-ethoxyresorufin O-deethylase (EROD) was
blocked up to 90% by the anti-P450PBII antibody. Aryl hydrocarbon hydroxylase (AHH) was inhibited
only by anti-P450PBIII, and coumarin 7-hydroxylase (COH) only by anti-P450Coh antibody. Tes-
tosterone hydroxylations in positions 68, 7. 15a and 16a were not affected significantly by any of the
antibodies. These data suggest that the human liver P450IA2 is responsible for most of the elevated
EROD activity, P450s in the TIC subfamily for constitutive AHH and P450s in the ITA subfamily for all
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of COH activity.

Numerous exogenous and endogenous compounds
are metabolized by the microsomal cytochrome P450
system [1]. In mammals, the P450 gene superfamily
consists of eight families. Until now, over 20 human
P450 genes have been sequenced [2]. Sixteen P450
genes are known to be expressed in human tissues
[3]. A major goal in human P450 research is to
correlate individual variability in the levels of P450
isoforms with variable metabolism of drugs and car-
cinogens. Before this can be achieved the substrate
preferences of the various human P450 forms must
be clarified.

The assessment of human P450 isoforms involVes
two main lines of study: purification of human P450s
and structural studies of their genes and employment
of antibodies against heterologous P450s in search
for related human P450 forms (3].

We have recently isolated and characterized four
forms of phenobarbital-inducible marine P450[4, 5].
P450Coh catalyses the 7-hydroxylation of coumarin,
and it has proved to be closely related to the P450,5,
catalysing testosterone hydroxylation in the 15a~
position [6, 7]. From N-terminal amino acid analysis,
the other forms purified from mouse liver, P450PBI,
P450PBII and P450PBIII, appear related to rat forms
P450b, P450d and P450f, respectively [5].

In this study, antibodies raised against these four
P450 forms have been used to identify structurally
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related proteins in the human liver. In addition, the
antibodies were used to delineate the contribution
of each of these P450 forms to several human hepatic
P450-mediated reactions.

MATERIALS AND METHODS

P450 nomenclature. An updated list of the
sequenced P450 genes was published recently [2].
The new proposed nomenclature for P450 gene prod-
ucts will be used in this paper interchangeably with
the trivial names of individual P450 forms.

Materials. The sources of the chemicals used are
given in previous reports [5, 8].

Human liver specimens. Liver samples (N =7, 2
females, 5 males) were obtained at laparotomy from
patients undergoing surgery for either primary liver
tumors or hepatic metastases. The mean age of the
patients was 59 years (range 40 to 72). One of the
patients was a smoker, one was an ex-smoker and
the remaining five did not report any smoking. In
each case the histology of the tumor and the sur-
rounding liver tissue was determined. Only tissue
outside the tumors was used for this study. One
sample (number 4) was excluded from the study since
it consisted mostly of tumor tissue. The use of surplus
liver tissue was approved by the Ethics Committee
of the Medical Faculty, University of Oulu.

Microsomal fractions were prepared by standard
differential centrifugation. In short, liver tissue was
minced with scissors and homogenized in a glass

2503



2504

homogenizer in 4 volumes of 0.1 M sodium-pot-
assium phosphate buffer (pH7.4). Homogenates
were centrifuged at 10,000g for 30 min and the
obtained supernatant was centrifuged at 100,000 g
for 1 hr. The microsomal pellet was washed and
stored at —70° until used.

Purification of mouse liver P450s. P450s PBI, PBII
and PBIII were isolated from phenobarbital-treated
DBA/2N mouse liver as described in detail pre-
viously [5]. P450Coh was purified from pyrazole-
treated DBA/2N mouse liver [4]. All these proteins
were electrophoretically homogeneous and had
specific P450 contents of 17.0, 11.2, 19.4 and
19.9 nmol/mg protein for P450s PBI, PBII, PBIII
and Coh, respectively. Based on N-terminal
sequence analysis and biochemical properties [5],
P450s PBI and PBIII can be tentatively assigned as
members of P450 subfamilies 1IB and IIC, respect-
ively. The N-terminal amino acid sequence of
P450PBII shows 100% homology with mouse P;450,
and can thus be assigned as a member of the IA
subfamily. P450Coh has been conclusively shown to
be identical with type Il P450;s,, a member of sub-
family I1A [6, 7].

Polyclonal antibodies were raised against the puri-
fied P450s in New Zealand White rabbits as described
[5], purified by ammoniumsulphate precipitations
and protein content was measured. The antibodies
exhibited minor (<10%) cross-reactivity in dot-
immunobinding analysis with the purified proteins,
but not in Western immunoblot analysis. All the
antibodies were checked with the three other het-
erologous isoforms.

Dot-immunobinding and immunoblot analysis.
Dot-immunobinding analysis was done by a modi-
fication of Domin et al. [9]. Microsomal samples
were diluted serially in Tris-buffered saline (TBS*)
containing 0.1 mg/mL of bovine serum albumin as
carrier protein. The samples were applied onto nitro-
cellulose filters and were serially treated with (i) a
blocking solution (2% defatted powdered milk
diluted in TBS), (ii) anti-P450 IgGs at 1:500-1: 1000
dilutions, (iii) goat anti-rabbit IgG alkaline phos-
phatase conjugate (1:1000 dilution in the blocking
solution} and (iv) S-bromo-4-chloro-indolyl phos-
phate (0.8 mg/mL in 0.1 M NaHCO; and 1mM
MgCl,, pH 9.1). Between each step the filters were
washed extensively with TBS supplemented with
0.05% Tween-20. The intensities of the staining reac-
tions were quantified with a Shimadzu CS-930 scan-
ner. The microsomal content of each of the isozymes
was determined from the linear part of the slope
derived from serially diluted samples (N = 4) and
standards. The limit of detection for different forms
was between 0.2 and 0.8 pmol/mg protein. It is poss-
ible that quantitation of proteins in human liver
microsomes is relative rather than absolute because
slightly differing epitopes in mouse and human pro-
teins may lead to differing staining responses.

* Abbreviations used: AHH, aryl hydrocarbon
(benzo(a)pyrene) hydroxylase; COH, coumarin 7-
hydroxylase; ECOD, 7-ethoxycoumarin O-deethylase;
EROD, 7-ethoxyresorufin O-deethylase; PROD, 7-pent-
oxyresorufin O-deethylase; TBS, Tris-buffered saline.
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Fig. 1. Immunoblot analysis of human microsomes and
reference samples. In each panel, the lanes contained: (1)
microsomes {5 ug) from a single representative human liver;
(2) the respective purified mouse liver P450; (3) microsomes
(0.5 ug) from phenobarbital-treated rat liver; (4) micro-
somes (2.5 ug) from 3-methylcholanthrene-treated rat liver.
The filters were probed with antibodies against P450PBI
(top), P450PBII (middle), and P450PBIII (bottom). The
minimum molecular masses of the purified mouse P450s
are given in kilodaltons (kDa).

Western immunoblot analyses were done as
reported previously [8].

Enzyme assays and immunoinhibition analysis.
The activities of 7-ethoxyresorufin O-deethylase
(EROD) and 7-pentoxyresorufin O-deethylase
(PROD) were measured with the end-point method
of Burke et al. [10] using 1 uM 7-ethoxyresorufin and
2 uM 7-pentoxyresorufin as substrates. The activities
of 7-ethoxycoumarin O-deethylase (ECOD) and
coumarin 7-hydroxylase (COH) were measured
according to Aitio [11] with 0.1 mM substrate con-
centrations. The activity of aryl hydrocarbon
hydroxylase (AHH) was determined by the method
of Nebert and Gelboin [12] with 70uM
benzo(a)pyrene as substrate. Testosterone hydroxyl-
ase activities were determined as described by Wax-
man et al. [13). Testosterone concentration was
100 uM and the limit of detection of metabolites
about 5-10 pmol/min/mg protein. The Bradford
method [14] was used for protein determinations.

Immunoinhibition assays were done by first deter-
mining the amount of antibody needed for maximal
inhibition of the key monooxygenase reactions in a
few specimens and then applying this dose in all
incubations. Identical amounts of preimmune IgG
were always used as controls in the assays.
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Fig. 2. Inhibition of EROD activity bv anti-P450PBII antibody; 5-20 ug IgG/pmol P450 was used.
Experiments with six individual human liver microsomes are shown. The liver specimen number is
shown in each panel.

Table 1. Dot-immunobinding analysis of human liver microsomes

P450PBI P450PBII P450BPIII P450Coh
Liver sample No. (pmol/mg protein)
1 2 24 53 38
2 3 25 69 28
3 2 14 63 46
5 4 10 67 39
6 2 9 52 44
7 2 25 38 25
8 2 16 32 25

The analysis was done as described in Materials and Methods.

Statistics. Correlation coefficients were calculated
with linear regression (least-square) analysis.

RESULTS

Immunoblots of human liver microsomes from
seven patients were developed with antibodies
against the purified P450s. As controls, the purified
mouse liver P450s and liver microsomes from 3-
methylcholanthrene and phenobarbital-treated rats
were analysed on the same blots (Fig. 1).

As expected, anti-P450PBI antibody recognized a
single 52kDa band (presumably the P450b+e
complex) in phenobarbital-treated rat liver micro-
somes. No distinct bands were observed in human
microsomes. Anti-P450PBII readily recognized two
proteins (most likely P450c and P450d) in 3-methyl-
cholanthrene-pretreated rat liver microsomes. A
single band migrating similarly with purified
P4S0PBII (55 kDa) was detected by anti-P450PBII

in all the human microsomes tested. Anti-P450PBIII
antibody reacted with a single approximately 52-kDa
protein in 3-methylcholanthrene- and phenobarbital-
treated rat liver microsomes. A protein with a M, of
about 54 kDa was detected by anti-P450PBIII in all
the human liver microsomes (Fig. 1). Anti-P450Coh
antibody detected a 48-kDa protein in the human
livers (shown in Ref. 15).

In dot-immunobinding analysis, the antibodies
against mouse P450 forms PBI, PBII, PBIII and Coh
reacted with human liver microsomes in a dose-
dependent fashion. Quantitation of the staining
showed that there is less than 4 pmol/mg of P450(s)
recognized by anti-P450PBI antibody, whereas
P450(s) recognized by antibodies against P450PBIII
and P450Coh are abundantly present in human liver
microsomes (Table 1). The amount of P450s reacting
with anti-P450PBII varies between 9 and 25 pmol/
mg protein in the seven liver samples tested (Table

1).
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Table 2. Immunoinhibition of human liver monooxygenase activities by anti-P450 antibodies

Liver specimen number

Substrate 1 2 3 S 6 7 8

EROD

Activity 9.31* 3.47 2.26 1.53 1.29 4.94 1.04

+ anti-PBI 39t 64 83 76 97 80 90

+ anti-PBII 8 11 15 27 26 16 41

+ anti-PBIII 86 83 92 87 126 97 108

+ anti-Coh 103 92 100 101 118 104 105

+ preimmune serum 101 97 108 114 128 105 105
ECOD

Activity 0.44 0.27 0.44 0.27 0.23 0.40 0.23

+ anti-PBI 85 152 101 114 124 97 185

+ anti-PBII 47 58 88 74 94 55 84

+ anti-PBIII 108 100 85 98 97 104 110

+ anti-Coh 82 69 40 42 49 66 37

+ preimmune serum 108 108 105 106 101 101 118
AHH

Activity 0.15 0.09 0.14 0.18 0.10 0.17 0.13

+ anti-PBI 128 159 128 88 145 150 115

+ anti-PBII 117 143 125 129 129 147 ND

+ anti-PBIII 61 51 57 28 71 55 38

+ anti-Coh 221 181 180 123 190 168 160

+ preimmune serum 159 153 128 115 141 167 170
COH

Activity 0.81 0.76 1.83 1.18 1.38 1.30 1.46

+ anti-PBI 125 110 113 103 111 93 109

+ anti-PBII 119 119 102 101 116 109 101

+ anti-PBIII 124 132 96 99 112 107 114

+ anti-Coh 2 2 9 0 1 1 1

+ preimmune serum 85 109 89 101 72 80 87

* The activities are in nmol/nmol P450/min.

1 The numbers denote per cent of control activity.

ND. not determined.

The contribution of the P450 isozymes recognized
by the antibodies to “diagnostic” catalytic activities
was studied by enzyme immunoinhibition. Initial
studies with doses up to 20 ug IgG/pmol P450 indi-
cated that human liver EROD activity is substantially
inhibited by the anti-P450PBII antibody (Fig. 2).

Table 2 lists the effects of the antibodies on mono-
oxygenase activities in the human liver samples.
Anti-P450PBII antibody inhibited EROD activity by
59-92%, the inhibition being greatest in livers with
high EROD activity. Also anti-P450PBI antibody
clearly inhibited EROD activity in the high-activity
liver samples indicating that both antibodies may
react with P450s mediating EROD. The other anti-
bodies and preimmune serum caused no marked
effects. The activity of ECOD was also variably
inhibited by anti-P450PBII antibody (6-53%), and
also anti-P450Coh antibody decreased this activity
(18-63%). The only antibody capable of inhibiting
AHH activity was anti-P450PBIII  (29-72%
decrease). The other antibodies appeared to stimu-
late AHH activity. COH activity was efficiently
blocked by anti-P450Coh antibody (98-100% inhi-
bition), while all other antibodies failed to appreci-
ably affect this activity. The activity of 7-
pentoxyresorufin O-deethylase (PROD) was neg-
ligible in all the livers tested (data not shown).

Table 3. Testosterone hydroxylation by human liver micro-
somes

Testosterone metabolite formation

Sample
No. 15« 16 Ta 68
1 0.01 <0.01 0.01 0.60
2 0.01 0.01 0.02 0.87
3 0.01 <0.01 0.02 0.37
5 0.01 <0.01 0.01 0.14
6 0.02 0.01 0.03 0.98
7 0.01 0.01 0.02 0.64
8 0.01 0.01 0.02 0.55

The values are given in nmoles metabolite formed/nmol
P450/min.

The testosterone hydroxylation profile of the liver
samples is shown in Table 3. The major position of
testosterone hydroxylation catalysed by human liver
microsomes was 63, while hydroxylations at positions
7o, 15 and 16« occurred at a low rate. The effect
of all the antibodies on testosterone hydroxylation
was tested, and none of the hydroxylation pathways
were found to be significantly affected (data not
shown).
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Linear regression analysis showed that there exists
a good correlation between the activity of EROD
and the amount of immunodetectable P4S0PBII (r =
0.72, P<0.01). No other significant correlations
could be found between enzyme activities and P450
concentrations. Despite the ability of anti-P450Coh
antibody to eliminate almost 100% of COH activity
in all the liver samples tested, the correlation
between COH activities and the content of immuno-
detectable P450Coh was rather poor (r =0.33) in
this material. The reason for this poor correlation
may be immunological cross-reactivity, i.e. that the
human liver contains several P450 isoforms recog-
nized by the anti-Coh antibody.

DISCUSSION

In this study, antibodies to murine liver pheno-
barbital-indicible P450 isoforms were used to charac-
terize related forms in the human liver. In this type
of study it is important to note the possibility of
cross-reactivity of murine antibodies in dot-blotting
with several closely related isozymes of human liver.
A minor cross-reactivity with distinct purified murine
isozymes does not guarantee that cross-reactivity
of a greater degree could not occur in the human
samples. However, with this reservation in mind,
the results corroborate several earlier findings and
provide new data on substrate specificities of human
hepatic P450s.

‘We were unable to detect in immunoblot analysis
P450s in human liver microsomes with the anti-
P450PBI antibody. The minor staining occurring in
dot-immunobinding analysis with this antibody may
reflect cross-reactivity with other P450s. In addition,
the activity of PROD, which is considered diagnostic
of phenobarbital-inducible P450s [16], was extremely
low in all the liver samples tested. Indirect evidence
suggests that human liver may contain pheno-
barbital-inducible P450s [17]. Polyclonal antibodies
against phenobarbital-induced rat liver P450s recog-
nize proteins also in human liver microsomes
[18,19]. Studies with ¢cDNA clones isolated from
human liver libraries with rat IIB cDNA probes [20]
suggest that at least two IIB genes exist in humans.
Despite some attempts [21], no proteins unequivo-
cally belonging to the IIB subfamily have yet been
purified from human tissues, and the enzymatic
specificities of the putative human IIB P450s are
unknown.

Anti-P450PBII antibody readily reacted with what
are presumed to be P450 forms ¢ and d (IA1l and
IA2) in rat liver and detected also a form related to
P450IA2 in all the human livers tested. cDNA
analyses have shown that human cells contain genes
for both members in the IA subfamily [22-24].
Studies using epitope-specific monoclonal antibodies
against rat P450c and P450d have shown that a P450
structurally and immunochemically related to P450d
is invariably present in human liver [25]. In recent
studies with immunological and chemical probes,
P450IA2 has been shown to be expressed and
inducible in the human liver whereas P450IA1 is
present mainly in extrahepatic tissues [26,27]. A
P450 closely resembling P450d has also been purified
from human liver [28]. The inhibition of EROD
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activity by the anti-PBI antibody may indicate that
the human protein contains an epitope (or epitopes)
which is recognized by the anti-PBI antibody and
which is not present in the murine enzyme.

Previous studies with monoclonal antibody 1-7-1
generated against rat liver P450 forms ¢ and d [29]
showed that in the human liver, EROD activity is
blocked by from 36% [30] to 60% [31] by this anti-
body while AHH, ECOD and COH are not affected.
None of these activities are affected by the mono-
clonal antibody 2-66-3 generated against rat liver
P550b+e. The immunoinhibition data obtained in
the present study agree well with the results
described above. It now appears obvious that in
the human liver PAS0IAZ2 is responsible for most of
constitutive EROD activity. Elevated activities may
also be supported by other isoforms.

Anti-P450PBIII antibody markedly inhibited
AHH activity in human liver microsomes as it does
in the mouse [5]. Meehan et al. [32] reported recently
that the mouse P450IIC family is closely associated
with constitutive AHH activity. Recent studies have
shown that at least three proteins are found in the
human IIC subfamily [3]. Immunochemical studies
such as those described here are not capable of
differentiating between very close members of the
P450 subfamily, so the identity of the form catalysing
AHH activity remains uncertain. However, the
present finding has direct implications on inter-
preting findings linking AHH activity to certain types
of human cancers [33]. We have shown that the
degree of inhibition of AHH activity by monoclonal
antibody 1-7-1 correlates poorly with the inhibition
of benzo(a)pyrene diolepoxide-DNA adduct for-
mation by human liver microsomes [34]. This could
now be explained by the inability of monoclonal
antibody 1-7-1 to block P450s in the IIC subfamily
which appears to contribute to a major part of human
liver constitutive AHH activity but not to formation
of ultimate carcinogenic  metabolites  of
benzo(a)pyrene.

The inability of antibodies against P450 forms in
subfamilies IA and IIB to affect human liver ECOD
activity has been reported earlier [30, 31]. A likely
explanation to this is provided in this study: consti-
tutive ECOD activity is blocked most efficiently by
anti-P450Coh antibody, suggesting that P450Coh is
responsible for a significant part of human liver
constitutive ECOD activity. Elevated activities seem
to be mediated mostly by P450s in the IA subfamily,
most likely P450IA2.

Previous studies have shown that in the mouse,
testosterone 15a-hydroxylase and COH activities are
mediated by a pair of closely related gene products,
Type I and Type II P4505, [6, 7, 35]. Based on the
present studies the relationship between Type I and
Type I1 P4505, appears to be different in human and
mouse livers. First, testosterone 15a-hydroxylase
activity is very low in the human liver compared with
the mouse liver, and human liver COH activities
greatly exceed the constitutive levels in mice [15].
Second, anti-Coh antibody does not inhibit any of
the four studied testosterone hydroxylations, includ-
ing the hydroxylation at position 15a. The poor
correlation between COH activity and immuno-
detectable P450Coh isoform observed here suggests



2508

that the human liver may contain several immuno-
logically indistinguishable P450 gene products having
differing substrate specificity, as proposed recently
by Lindberg and Negishi [36].

Acknowledgements—We thank Eila Saarikoski and Liisa
Karki for help during the course of this work. Financial
support was received from the Academy of Finland, Medi-
cal Research Council (contract 1051029) and the Finnish
Foundation for Alcohol Studies. This study was conducted
within the framework of Action COST B1.

10.

11.

12

13.

14.

REFERENCES

. Nebert DW and Gonzalez FJ, P450 genes: structure,

evolution, and regulation. Annu Rev Biochem 56: 945~
993, 1987.

. Nebert DW. Nelson DR, Adensik M, Coon MJ, Esta-

brook RW, Gonzalez FJ, Guengerich FP, Gunsalus
IC. Johnson EF, Kemper B, Levin W. Phillips IR, Sato
R and Waterman MR, The P450 superfamily: update
on listing of all genes and recommended nomenclature
of the chromosomal loci. DNA 8: 1-13, 1989.

. Guengerich FP, Characterization of human microsomal

cytochrome P-450 enzymes. Annu Rev Pharmac Tox-
icol 291 241-246, 1989.

. Juvonen R, Shkumatov V and Lang M, Purification

and characterization of a liver microsomal cytochrome
P-450 1sozyme with a high affinity and metabolic capa-
city for coumarin from pyrazole-treated D2 mice. Eur
J Biochem 171: 205-211, 1988.

. Honkakoski P and Lang MA, Mouse liver PB-inducible

P450 system. Purification, characterization and dif-
ferential inducibility of four cytochrome P450 isozymes
from D2 mouse. Arch Biochem Biophys 173: 42-57,
1989.

. Lang MA, Juvonen R, Jérvinen P, Honkakoski P and

Raunio H, Mouse liver P450Coh: genetic regulation of
the pyrazole-inducible enzyme and comparison with
other P450 isozymes. Arch Biochem Biophys 271: 139—
148, 1989.

. Negishi M, Lindberg R, Burkhart B, Ichikawa T, Hon-

kakoski P and Lang M, Mouse steroid 15a-hydroxylase
gene family: identification of type II P-45015« as cou-
marin 7-hydroxylase. Biochemistry 28: 4169-4172,
1989.

. Raunio H, Kojo A, Juvonen R, Honkakoski P, Jar-

vinen P, Lang MA, Vihaangas K, Gelboin HV, Park
SS and Pelkonen O, Mouse hepatic cytochrome P-450
isozyme induction by 1,4-bis[2-(3,5-dichloropyridyl-
oxy)]|benzene, pyrazole, and phenobarbital. Biochem
Pharmacol 37: 4141-4147, 1988.

. Domin BA, Serabjit-Singh CJ and Philpot RM, Quan-

titation of rabbit cytochrome P-450, form 2, in micro-
somal preparations bound directly to nitrocellulose
paper using a modified peroxidase-immunostaining
procedure. Anal Biochem 136: 390-396, 1984.

Burke MD, Prough RA and Mayer RT, Characteristics
of a microsomal cytochrome P-448-mediated reaction
ethoxyresorufin O-deethylation. Drug Metab Dispos 5:
1-8, 1977.

Aitio A, A simple and sensitive assay of 7-ethoxy-
coumarin deethylation. Anal Biochem 85: 488-491,
1978.

. Nebert DW and Gelboin HV, Substrate-inducible

microsomal aryl hydrocarbon hydroxylase in mam-
malian cell culture. J Biol Chem 243: 6242-6249, 1968.
Waxman DJ, Ko D and Walsh C, Regioselectivity and
stereoselectivity of androgen hydroxylations catalyzed
by cytochrome P-450 isozymes purified from pheno-
barbital induced rat liver. J Biol Chem 258: 11937-
11947, 1983.

Bradford MM, A rapid and sensitive method for the

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

H. RAUNIO et al.

quantitation of microgram quantities of protein uti-
lizing the principle of protein-dye binding. Anal Bio-
chem 72: 248-254, 1976.

Raunio H, Syngelma T, Pasanen M, Juvonen R, Hon-
kakoski P, Kairaluoma MA, Sotaniemi E, Lang MA
and Pelkonen O, Immunochemical and catalytical
studies on hepatic coumarin 7-hydroxylase in man, rat,
and mouse. Biochem Pharmacol 37: 3889-3895, 1989.
Toannides C and Parke DV, The cytochromes P-448—
a unique family of enzymes involved in chemical tox-
icity and carcinogenesis. Biochem Pharmacol 36: 4197—
4207, 1987.

Pelkonen O and Sotaniemi EA, Environmental factors
of enzyme induction and inhibition. Pharmac Ther 33:
115-120, 1987.

Guengerich FP, Wang P, Mason PS and Mitchell MB,
Immunological comparison of rat, rabbit, and human
microsomal cytochromes P-450. Biochemistry 20: 2370~
2378, 1981.

Adams DJ, Seilman S, Amelizad Z, Oesch F and Wolf
CR, Identification of human cytochromes P450 anal-
ogous to forms induced by phenobarbital and 3-methyl-
cholanthrene in the rat. Biochem J 232: 869-876, 1985.
Miles JS, Spurr NK, Gough AC, Jowett T, McLaren
AW, Brook JD and Wolf CR, A novel human cyto-
chrome P450 gene (P4501IB): chromosomal local-
ization and evidence for alternative splicing. Nucl Acids
Res 16: 5783-5795, 1988.

Wang PP, Beaune P, Kaminsky LS, Dannan GA, Kad-
lubar FF, Larrey D and Guengerich PF, Purification
and characterization of six cytochrome P-450 isozymes
from human liver microsomes. Biochemistry 22: 5375-
5383, 1983.

Jaiswal AK, Gonzalez FJ and Nebert DW, Human
dioxin-inducible cytochrome P,-450: complementary
DNA and amino acid sequence. Science 228: 80-83,
1985.

Jaiswal AK, Nebert DW and Gonzalez FJ, Human
P3450: cDNA and complete amino acid sequence. Nucl
Acids Res 14: 6773-6774, 1986.

Quattrochi LC, Okino ST, Pendurthi UR and Tukey
RH, Cloning and isolation of human cytochrome P-450
c¢DNAs homologous to dioxin-inducible rabbit mRNAs
encoding for P450 4 and P-450 6. DNA 4: 395-400,
1985.

Wrighton SA, Campanile C, Thomas PE, Maines SL,
Watkins PB, Parker G, Mendez-Picon G, Haniu M,
Shively JE, Levin W and Guzelian PS, Identification
of a human liver cytochrome P-450 homologous to the
major isosafrole-inducible cytochrome P-450 in the rat.
Mol Pharmacol 29: 405-410, 1986.

Sesardic D, Boobis AR, Edwards RJ and Davies DS,
A form of cytochrome P450 in man, orthologous to
form d in the rat, catalyzes the O-deethylation of phen-
acetin and is inducible by cigarette smoking. Br J Clin
Pharmacol 26: 363-372, 1988.

Sesardic D, Pasanen M, Pelkonen O and Boobis AR,
Differential expression and regulation of members of
the cytochrome P450IA gene sub-family in human
tissues. Carcinogenesis 11: 1183-1188, 1990.
Distlerath LM, Reilly PEB, Martin MV, Davis CG,
Wilkinson GR and Guengerich FP, Purification and
characterization of the human liver cytochromes P-450
involved in debrisoquine 4-hydroxylation and phen-
acetin O-deethylation, two prototypes for genetic poly-
morphism in oxidative drug metabolism. J Biol Chem
260: 9057-9067, 1985.

Gelboin HV and Friedman FK, Monoclonal antibodies
for studies on xenobiotic and endobiotic metabolism.
Cytochromes P-450 as paradigm. Biochem Pharmacol
34: 2225-2234, 1985.

Pelkonen O, Pasanen M, Kuha H, Gachalyi B, Kai-
raluoma M, Sotaniemi EA, Park SS, Friedman FK and



Cytochrome P450 forms in human liver and in mouse 2509

Gelboin HV, The effect of cigarette smoking on
7-ethoxyresorufin O-deethylase and other monoxy-
genase activities in human liver: analyses with
monoclonal antibodies. Br J Clin Pharmacol 22:
125-134, 1986.

31. Pacifici GM, Park SS, Gelboin HV and Rane A, 7-

ethoxycoumarin and 7-ethoxyresorufin O-deethylase in
human foetal and adult liver: studies with monoclonal
antibodies. Pharmacol Toxicol 63: 26-29, 1988.

32. Meehan RR, Speed RM, Gosden JR, Rout D, Hutton

JJ, Taylor BA, Hilkens J, Korezen V, Hilgers J,
Adesnik M, Friedberg T, Hastie ND and Wolf CR,
Chromosomal localization of the cytochrome P450-2C
gene family in the mouse: a locus associated with
constitutive aryl hydrocarbon hydroxylase. Proc Natl
Acad Sci USA 85: 2662-2666, 1988.

33. Pelkonen O and Nebert DW, Metabolism of polycyclic

aromatic hydrocarbons: etiologic role in carcino-
genesis. Pharmacol Rev 34: 189-222, 1982.

34. Vihikangas K, Raunio H, Pasanen M, Sivonen P,

Park SS, Gelboin HV and Pelkonen O, Comparison
of the formation of benzo(a)pyrene diolepoxide-DNA
adducts in vitro by rat and human microsomes.
Evidence for the involvement of P450IA1 and P45S01A2.
J Biochem Toxicol, 4: 79-86, 1989.

35. Squires EJ and Negishi M, Reciprocal regulation

of sex-dependent expression of testosterone 15a-
hydroxylase (P-45015¢q) in liver and kidney of male
mice by androgen. Evidence for a single gene. J Biol
Chem 263: 4166-4171, 1988.

36. Lindberg RLP and Negishi M, Alteration of mouse

cytochrome P450Coh substrate specificity by mutation
of a single amino acid residue. Nature 339: 632-634,
1989.



