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SUMMARY
Rat and human lung microsomal cytochrome P-450 (P-450)
enzymes have been characterized with regard to their catalytic
activities towards several xenobiotic chemicals, including pro-
carcinogens, in different microsomal preparations. Rat lung mi-
crosomal P-450s were more active than the human P-450s in
catalyzing most of the monooxygenation reactions. Human lung
microsomal P450 was solubilized and purified. Human lung
microsomes contain -1 0 pmol of P.450/mg of protein, on the
basis of Fe2� . CO versus Fe2� difference spectra of the eluates
obtained from an octylamino-agarose column. The partially pu-
rified P-450 preparations from two human lung microsomal sam-
pIes showed high activities for the conversion of both (+)- and
(-)-isomers of 7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene to gen-
otoxic products. After DEAE-cellulose column chromatography,
a partially purified P-450 fration containing polypeptides of Mr

52,000 and 58,000 was obtained from the early fraction of the
octylamino-agarose column eluate, and an electrophoretically
homogeneous protein having a molecular weight of �-52,000
was recovered from a latter fraction. The amino-terminal amino
acid sequences of the two peptides in the earlier fraction were

determined; neither polypeptide appears to resemble any known
P-450 protein. The protein from the latter octylamino-agarose
fraction was immunoreactive with anti-rat P.450 1 A2 and anti-
human P-450 1A2 but not with antibodies raised against other
P-450 enzymes or autoimmune antibodies that specifically rec-
ognize human P-450 1A2. A tryptic peptide was isolated from
the preparation, and the amino acid sequence matched that of
human P-450 1 Al perfectly (residues 31 -48) but not that of
human P-450 1A2. All of nine human lung microsomal samples
examined contained proteins that were immunoreactive with
rabbit anti-rat P-450 1A2 and catalyzed the activation of 7,8-
dihydroxy-7,8-dihydrobenzo(a)pyrene. The activities could be in-
hibited by rabbit anti-rat P-450 1A2 and, to a lesser extent, by
anti-rat P-450 1 Al . The addition of 7,8-benzoflavone caused
inhibition or stimulation, depending upon the particular human
lung microsomal preparation. Thus, this work clearly shows that
human lung microsomes contain at least two major P-450 en-
zymes; human P-450 1Al is present in lungs and can actually
catalyze the activation of environmental procarcinogens, includ-
ing polycyclic aromatic hydrocarbons.

P-4502 enzymes in the lung are of interest because this tissue

is an early site of entry into the body for many chemical

carcinogens. Further, there are several toxicants and carcino-

gens that selectively cause lung injury, regardless of their site

of administration (8). In order to understand the etiology of

lung cancer, it is necessary to delineate the contributions of

enzymatic activation of carcinogens at the site of tissue damage

and also at major extra-target sites, such as the liver.
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The study of pulmonary P-450 enzymes is problematic be-
cause of their low abundance, relative to their hepatic counter-
parts, as well as the complexity of cell types in the lung (9, 10).
Rabbit lung has been a popular experimental model because
the total amount of P-450 appears to be considerably greater
than that in many other animals (11). The major P-450s present

2 The P.450 enzymes characterized in this laboratory are sometimes referred

to with abbreviations based upon the substrates that were utilized during purifi-
cation (1). See Nebert et a!. (2) for classification of the P-450 genes and

Guengerich (1) for review of individual human P-450 enzymes; both references
describe related preparations characterized in other laboratories. Briefly, P.450
3A4 (P-4SON,-) is the nifedipine oxidase (3, 4), P-450 2D6 (P-4SODR) is the
debrisoquine 4-hydroxylase/bufuralol 1’-hydroxylase (5), P.450 1A2 (P-4SOpA) is

the high affinity phenacetin O-deethylase (5, 6), and P,-450 (P.450 1A1) is the
product of the CYP IAJ gene (7).

ABBREVIATIONS: P-450, cytochrome P450; SDS, sodium dodecyl sulfate; PB, phenobarbital; BNF, fl-naphthoflavone (5,6-benzoflavone); 1SF,
isosafrole; MeIQ, 2-amino-3,5-dimethylimidazo[4,5-f]quinoline; IQ, 2-amino-3-methylimidazo[4,5-f]quinoline; Tm P-2, 3-amino-1-methyl-5H-pyr-
ido[4,3-b]indole; 2-AA, 2-aminoanthracene; BA-3,4-diol, (trans)-3,4-dihydroxy-3,4-dihydrobenzo(a)anthracene; BFA-9,1 0-diol, (trans)-9,10-dihydroxy-
9,1 0-dihydrobenzo(b)fluoranthene; DMBA-3,4-diol, (trans)-3,4-dihydroxy-3,4-dihydro-7,1 2-dimethylbenz(a)anthracene; B(a)P, benzo(a)pyrene;

B(a)P-7,8-diol, 7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene; AFB1, aflatoxin B1; Trp P-i , 3-amino-i ,4-dimethyl-5H-pyrido[4,3-b]indole.
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appear to be those now termed P-450s 1A1, 2B4, and 4B1 (11,

12). The former of these is inducible by polycyclic aromatic

hydrocarbons and related compounds. These three P-450s have

all been purified, and their roles in the metabolism of a number

of drugs and carcinogens have been explored. However, very

little pulmonary bioassay work has been done with carcinogens

in rabbits. A considerably larger database exists for carcinogen-

esis in rodents, although the pulmonary P-450s appear to be

less plentiful and have not been as well characterized. P-450

1A1 is present in the lungs of untreated rats at only low levels
but is highly inducible by polycyclic hydrocarbons; P-450 1A2
appears to be present at low levels and is rather refractory to
induction (13). P-450 2B1, an ortholog of rabbit P-450 2B4, is
a major constitutive rat lung enzyme and is not inducible in

the lung (14, 15). P-450 2A3 and a P.450 3A family member
are indicated by cDNA cloning (16) and immunochemical (17)
experiments, respectively. A P-450 2F member is probably also

present (18). Other work suggests that hamsters contain induc-

ible lung P-450 1A1 (19) and that hamsters and guinea pigs
have lung P-450 4B enzymes (20).

There exists considerable interest in human lung P-450s
because of their possible involvement in the etiology of lung
cancer, particularly that associated with tobacco. Until recently
(21), a distinctive Fe2� . CO versus Fe2� difference spectrum of

human lung P-450 had not been recorded, and uncertainly
exists as to what levels of P-450 actually exist in human lung;

several lines of evidence (e.g., P-450 spectra and enzyme activ-

ities) strongly suggest that P-450 levels are considerably lower

in human than in rabbit or rat lung microsomes. To date, no
human lung P-450 has been purified, but other lines of evidence
indicate that P-450s 1A1, 2F1, and 4B1 are present (18, 22, 23);

a P.450 3A enzyme may also exist, as suggested by (low)
nifedipine oxidation activity that can be inhibited by a specific
antibody (24). Kellerman et al. (25) suggested that susceptibility

to lung cancer may be linked to polymorphic inducibility of

(lymphocyte) B(a)P hydroxylation, apparently catalyzed by P-
450 1A1, but this hypothesis remains unproven; however, a

correlation does seem to exist between basal levels of the
enzyme and incidence of lung cancer in smokers (26). A rela-

tionship between lung cancer susceptibility and debrisoquine

4-hydroxylation has been observed (27), although the extent of

expression of the enzyme (P-450 2D6) in lung tissue has not

been reported.
In order to better understand how lung P-450s metabolize

chemical carcinogens, a series of studies was carried out to
compare some catalytic activities of human lung microsomes
with each other and with rat lung and liver microsomes. A

protein that appears to be P-450 1A1 was purified to electro-

phoretic homogeneity from human lung microsomes.

Materials and Methods

Chemicals. Polycyclic hydrocarbon derivatives were obtained from
the National Cancer Institute Repository, through Midwest Research
Institute (Kansas City, MO). Other procarcinogens and chemicals used

were from the same sources described previously (28).

Enzyme preparations and antibodies. Human lung samples were
obtained from tissue donors through the Cooperative Human Tissue

Network, University of Alabama (Birmingham, AL), and microsomal
fractions were prepared as described elsewhere (29). Human liver

samples were obtained from organ donors through Tennessee Donor
Services (Nashville, TN). Male Sprague-Dawley rats (250 g; Harlan

Industries, Indianapolis, IN) were treated intraperitoneally with each

of several P-450 inducers: PB (80 mg/kg, daily for 3 days), BNF (50

mg/kg, daily for 3 days), or 1SF (100 mg/kg, daily for 3 days). Rats

were fasted overnight before killing, and liver and lung microsomes
were prepared as described elsewhere (29) and suspended in 10 mM

Tris.HC1 buffer (pH 7.4) containing 0.1 mM EDTA and 20% (v/v)

glycerol (at a concentration of 5 g of lung tissue equivalent/mi).

Human P-450 3A4 (3) and P-450 1A2 (5) were prepared as described

elsewhere. Rat P-450s 1A1 and 1A2 (30) and rabbit P-450 1A2 (31)

were purified to electrophoretic homogeneity as described previously.
Rabbit anti-human P-450 3A4 (3), anti-rat P-450 1A1 (30), and anti-

rat P-450 1A2 (30) preparations have been characterized elsewhere.

The anti-rat P-450 1A1 antiserum was cross-adsorbed with microsomes
prepared from livers of PB-treated rats (immobilized on gels), to remove
antibodies reacting with rat P-450 1A2 (14). IgG fractions were pre-

pared and used to inhibit catalytic activities in microsomes (14). Rabbit

liver NADPH-P-450 reductase was purified using the general procedure

described by Yasukochi and Masters (32).

Human P-450 1A1 and P-450 1A2 enzymes were expressed in the

yeast Saccharomyces cerevisiae, using adaptations of the approaches

presented elsewhere (33). The cDNA sequences ofthe inserts were both
verified, and further details and use of these constructs will be presented

elsewhere.3 Autoimmune antibodies [from a patient (coded NAL) who
had been treated with dihydralazine] are specific to human P-450 1A2

(34) (shown not to recognize recombinant human P-450 lAl in im-

munoblotting analysis).

Purification of human lung P-450s. Human lung microsomes
from samples HLu-9 (360 mg of microsomal protein/75 g oflung tissue)

and HLu-10 (400 mg of protein/100 g of lung tissue or 1600 mg of

protein/330 g of lung tissue) were solubilized with 0.7% (w/v) sodium

cholate, in a buffer containing 100 mM potassium phosphate (pH 7.4),
1 mM EDTA, 1 mM dithiothreitol, and 20% (v/v) glycerol. The fraction

precipitating between the addition of 5 and 16% polyethylene glycol
8000 was obtained and used for further chromatography. The pellets
thus obtained were solubilized in the buffer containing 0.7% sodium

cholate. The solubilized supernatants were applied to aminooctyl-
Sepharose 4B columns (1.6 x 16 cm), as described previously (29).

After washing of the columns with the same buffer containing 0.5%

(w/v) sodium cholate, the P-450 fractions were recovered with buffer

containing 0.4% (w/v) sodium cholate and 0.2% (w/v) Emulgen 911.

The eluates were divided into two fractions; the former fraction con-

tamed P-450 enzymes not cross-reactive with anti-rat P-450 1A2, and

the latter fraction contained a protein highly reactive with anti-P-450

1A2. Both fractions were subjected separately to DEAE-Sephacel col-
umn chromatography (Pharmacia, Piscataway, NJ). The column (1.6

x 5 cm) was equilibrated with 5 mM potassium phosphate buffer (pH

7.5) containing 0.1 mM EDTA, 0.1 mM dithiothreitol, 0.2% (w/v)

Emulgen 911, and 20% (w/v) glycerol. The column was washed exten-

sively, and the P-450 fraction was eluted with 200 ml of a linear

gradient of 0 to 0.5 (or 1.0) M NaCl.

Assays. 7-Ethoxyresorufin and 7-pentoxyresorufin O-dealkyiation

(35), B(a)P 3-hydroxylation (29), and phenacetin O-deethylation (36)
were determined as described elsewhere. Protein concentrations were

estimated using the Pierce bincinchonic acid procedure, according to

the manufacturer’s directions (Pierce Chemical Co., Rockford, IL). P-

450 was estimated spectrally from Fe2� . CO versus Fe2� difference

spectra, as described by Omura and Sato (37). Protein immunobiotting
was done as described elsewhere (14).

Details of the umu gene expression assay for DNA damage are

described elsewhere (28, 38); in general, human and rat lung micro-

somes, containing 10-50 �g of protein, were used with 10 �zM procarcin-

ogen concentrations, in a volume of 1.0 ml of 50 mM potassium

phosphate buffer (pH 7.4) containing an NADPH-generating system

(consisting of 5 mM glucose 6-phosphate, 0.5 mM NADP�, and 1 IU

3 J.-C. Gautier and P. Beaune, and D. Pampon, Yeast coexpression of human
P-450 1A1 and microsomal epoxide hydrolase as tools for the analysis of the first

steps of benzo(a)pyrene activation, manuscript in preparation.
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yeast glucose 6-phosphate dehydrogenase/ml) and a suspension of

bacterial tester strain Salmonella typhimurium TA1535/pSK1002, as
described previously (28, 38). In the reconstituted systems, microsomes

were replaced with a premixed complex of (final concentrations in
assay) 0.01-0.20 MM P-450, 0.05 �zM rabbit NADPH-P-450 reductase,
and 7.5 MM L-a-1,2-diiauroyl-sn-glycero-3-phosphocholine. The expres-
sion of the umu gene was monitored by measuring �3-galactosidase
activity (the product of the fused umuC”lacZ gene), and the bioactiva-

tion is presented as units of 13-galactosidase activity/mm/mg of protein
or as units/min/nmol of P-450 (28, 38).

The high performance liquid chromatography procedures used in
peptide isolation and amino acid sequence analysis are described in

detail elsewhere (39, 40) and were used in this work with only slight

modification. Recovery of phenylthiohydantoin derivatives was calcu-
lated from comparison with external standards. In the case of the

amino-terminal amino acid sequence determinations, the resolved poly-

peptides (SDS-polyacrylamide gel electrophoresis) were electrophoret-
ically transferred to a sheet ofpolyvinylidenefluoride and were handled
according to the manufacturer’s directions (Applied Biosystems, Foster

City, CA); the Applied Biosystems 470A sequenator was optimized for

analysis of blotted samples.

Results

Catalytic activities of rat and human lung microsomes.
Nine human lung microsomal samples were prepared, and

catalytic activities were measured with several compounds; the
rates were compared with those of human liver microsomes, rat
lung microsomes, and rat liver microsomes (Table 1). B(a)P 3-

hydroxylation and ethyoxyresorufin O-deethylation activities

(known to be catalyzed by P-450 1A1 in rat liver) (30) were

detected in human lung microsomes, but these activities were
usually very low, compared with other activities in rat lung and

rat and human liver microsomes. Rates of activation of (+)-

B(a)P-7,8-diol correlated well with the rates of (-)-B(a)P-7,8-
diol activation (r = 0.87) and ethoxyresorufin O-deethylation
(r = 0.79). Also, rates of ethoxyresorufin O-deethylation cor-

TABLE 1

related with B(a)P 3-hydroxylation (r = 0.71) in different

human lung preparations.

Activities of human lung microsomal samples HLu-8 and

HLu-9 towards several procarcinogens are compared in Table
2; the former sample contained none of the black color associ-

ated with smoking-associated deposits (21), whereas the latter

sample contained a considerable amount (information from the

Cooperative Human Tissue Network indicated that both sam-
ples were from cigarette-smokers). The results indicate that

human lung microsomes can catalyze the activation of BFA-
9,10-diol, DMBA-3,4-diol, 2-AA, and AFB1, as well as B(a)P-

7,8-diol. Lung microsomes from sample HLu-9 had much higher

activities for the activation of several procarcinogens than did

those prepared from sample HLu-8, except for AFB1. However,

all of these catalytic activities were considerably lower than

those measured in lung microsomes of untreated or BNF-

treated rats.

Purification of human lung microsomal P-450s. Hu-
man lung microsomes (sample HLu-10) were solubilized, frac-

tionated with polyethylene glycol 8000, resolubilized, and sub-

jected to octylamino-Sepharose 4B column chromatography, as

described in Materials and Methods. P-450 was monitored by

measuring A417 (Fig. 1), and immunoblotting was done on the
fractions using rabbit anti-rat P-450 1A2. Fraction A contained

P-450 proteins that did not cross-react with the antibodies,

whereas fraction B contained a protein that was highly reactive

with anti-rat P-450 1A2 (results not shown). These two frac-

tions were loaded onto separate DEAE-Sephacel columns, and

P-450 fractions were eluted with linear gradients of 0 to 0.5 (or

1.0) M NaCl (Fig. 2). SDS-polyacrylamide gel electrophoresis

indicated that the proteins that eluted in the salt gradient from

octylamino-Sepharose fraction A contained partially purified

polypeptides of M� 52,000 and 58,000; the latter protein that

eluted in the salt gradient from the octylamino-Sepharose

Catalytic activities of lung and liver microsomes prepared from rats and humans
The values are presented as means of duplicate or triplicate assays. When no values are shown, no assay was done.

M�rosom� sample
Oxidation achvity umu response

(+)-8(a)P-7.8-dk� (-)-B(a)P-7.8-dk�B(a)P 7-Ethoxyresorufin 7-Pentoxyresorulin Phenacetin

ptnol ofproducf/min/rng ofprotein units/mm/mg of protein

Human lung
HLu-2 0.81 0.56 0.47 <1 5.6 4.3
HLu-8 0.04 0.35 0.69 <1 3.8 1.4
HLu-9 0.74 0.77 1.20 <1 10.8 6.1
HLu-l 0 1 .06 0.36 1 .25 <1 4.2 2.8
HLu-l 1 0.92 0.85 1 .23 <1 4.1 0.3
HLu-12 1.91 1.26 1.59 <1 9.7 5.9
HLu-13 1.16 0.60 1.40 <1 1.9 1.6
HLu-14 1.05 0.18 0.54 <1 0.4 2.0
HLu-15 0.07 0.06 0.80 <1 0.3 0.8

Human liver
HL 101 31.7 50.4 7.1 90 63
HL1O5 42 76
HL115 127 24 3.6 151

Rat lung
Untreated 1 1 1 1 2.5 7.0 48
PB-treated 15 10 3.8
BNF-treated 738 54a 1 .5 4.0 148�

Rat liver
Untreated 306 31.2 3.4 17 302
PB-treated 690� 1 72 21 6 25
BNF-treated 133O� 21 ,l 5Q� 248 146� 1503

a Significantly greater than va lue measured in tis sue of untreated animals (p < 0.05).
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TABLE 2

Activation of several procarcinogens by rat and human lung
microsomal samples HLu-8 and HLu-9

Human Lung P-450 859

Activation of procarcinogen

Humanlung m�rosornes Rat lung m�rosomes

HLU-8 HLu-9 lkttreated BNF-treated

umu units/mm/mg of protein

(+)-B(a)P-7,8-diol 2.8 ± 0.6 14.1 ± 0.4 42 164
(-)-B(a)P-7,8-diol 1 .1 ± 0.9 4.4 ± 0.1 37 127
BA-3,4-diol <0.1 <0.1 0.7 6.1
BFA-9,l0-diol <0.1 0.8 ± 0.2 4 46
DMBA-3,4-diol 1 .1 ± 0.1 5.8 ± 1 .9 17 93
2-AA 1.0±0.1 1.5±0.5
Trp P-2 <0.1 <0.1 5 41
MelQ <0.1 <0.1 44 49
lQ <0.1 <0.1 10 17
AFB1 1 .3 ± 0.8 0.9 ± 0.1 39 37
a The values presented are means ± standard deviations (range) of duplicate

experiments.
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1 2 345678 9

Fig. 3. SDS-polyacrylamide gel electrophoresis of purified human lung
and other proteins. Lanes 1, 5, and 9, rabbit liver P-450 1A2 (0.8 �zg of
protein); lanes 2, 3, and 4, human lung P-450 1A1 (0.2, 0.4, and 0.6 �zg
of protein, respectively); lane 5, rabbit liver P-450 1A2; lanes 6, 7, and
8, a partially purified human lung fraction (octylamino-Sepharose fraction
A, Fig. 1 ; DEAE-Sephacel fractions 45-57, Fig. 2) (0.6, 1 .2, and 1 .8 �g
of protein, respectively). Proteins were stained using ammonical Ag�
(41).

A B

Fig. 1. Elution profile of human lung P450 by octylamino-Sepharose 4B
chromatography. Proteins A and B were pooled as indicated, for further
purification.

Fig. 2. DEAE-cellulose chromatography of fractions A and B recovered
from octylamino-Sepharose 46 chromatography. See Materials and
Methods for details. - - -, NaCI gradients. Fractions 31 -35 of the
material shown in B were pooled on the basis of electrophoretic purity
and constitute the P450 1A1 fraction analyzed (Figs. 3 and 4; Table 3).

fraction B contained a highly purified P-450 of Mr 52,000 (Fig.

3). As discussed below, the apparent denaturation of the Mr

52,000 P-450 enzyme prevented an accurate estimate of its
recovery in this step.

Characterization of purified human lung microsomal
P-450s. The P-450s were characterized using antibodies raised

against rat P-450s 1A1 and 1A2. (The anti-rat P-450 1A1

antibodies used here were highly specific after cross-adsorption

with liver microsomes prepared from PB-treated rats, to remove

1 234567 8 910 1 234567 8 910

Fig. 4. SDS-polyacrylamide gel electrophoresis and immunostaining of
rat and human liver and lung microsomal proteins. The indicated lanes
contained -100 and 10 �g of lung (lanes 1-3) and liver microsomal
protein (lanes 4-6), respectively, prepared from untreated rats (lanes 1
and 4) or rats treated with f�NF (lanes 2 and 5) or 1SF (lanes 3 and 6),
500 ,�g of human lung microsomal protein (from sample HLu-1 0) (lane
7), 1 �zg of purified human lung P450 1Al (lane 8), 2 ,�g of a partially
purified human lung P-450 (lane 9) (see Fig. 3; octylamino-Sepharose
fraction A, Fig. 1 ; DEAE-Sephacel fractions 45-57, Fig. 2), or 15 �g of
human liver sample HL 101 microsomal protein (lane 10). Proteins were
transferred to nitrocellulose sheets, and immunochemical staining was
done with either rabbit anti-rat P-450 1A1 (A) or rabbit anti-rat P450
lA2 (B).

antibodies that react with rat P-450 1A2.) The highly purified
preparation from human lung microsomes (from octylamino-
Sepharose 4B fraction B) (Fig. 1) reacted strongly with anti-
rat P-450 1A2, but the partially purified preparation (from

octylamino-Sepharose 4B fraction A) did not (Fig. 4). This
antibody preparation also recognized rat lung microsomal P-
4505, as well as rat liver microsomal P-450s and P-450 1A2
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4 The databank used in the searches was Swiss-Prot 19 (University of Geneva).

protein in human liver microsomes (sample HL 101). In rat

lung microsomes there were two proteins that reacted with

anti-rat P-450 1A2; the lower molecular weight polypeptide was

considered to be P-450 1A2, and only the one of higher molec-

ular weight (P-450 1A1) was induced by the treatment with

BNF. Interestingly, anti-rat P-450 1A1 did not recognize the
lower molecular weight P-450 proteins in human and rat lung

and liver microsomal preparations. This antibody only reacted

with rat P-450 1A1, which is inducible by BNF in rats. It was

possible to achieve some resolution between recombinant hu-

man P.450 1A1 and P-450 1A2 by increasing the acrylamide

concentration in the gel (Fig. 5). Rabbit anti-rat P-450 1A2

recognized both of these proteins. Comparison of the lung

protein purified here with purified human liver P.450 1A2 and

the recombinant proteins indicated that the lung protein is P-

450 1A1. Further, the autoimmune antibody preparation was

shown to recognize only human P-450 1A2 and not human P.

450 1A1. This antibody reacted mainly with liver P-450 1A2
but not at all with the purified lung P-450 (1A1) (results not

shown).

An aliquot of the purified protein isolated from human mi-

crosomal sample HLu-10 (from octylamino-Sepharose 4B frac-

tion B) was alkylated and partially digested with trypsin
(amino-terminal analysis was not successful). A well resolved

peptide eluted from the high performance liquid chromatogra-

phy column was subjected to amino acid sequence analysis
(Table 3). This particular peptide had two internal lysine
residues and gave excellent repetitive yields at all steps. The

sequences of human P-450s 1A1 and 1A2 are -�-80% identical

(7, 42), and the amino acid sequence of the isolated peptide

exactly matched that predicted for codons 31-48 of P-450 1A1.

In this particular peptide there are three differences from P-

450 1A2, and at each of these cycles the expected P-450 1A1
residue was recovered in good yield.

The partially purified HLu-10 protein sample (octylamino-

A B

123456 12345678

Fig. 5. SDS-polyacrylamide gel electrophoresis and immunostaining of
purified and recombinant human P450 1A1 and P450 1A2. In this case
the acrylamide gel concentration was increased (from 7.5% to 8.5%, w/
v), to improve resolution. Lanes 1 and 2, yeast recombinant human P-
450 1A1 and P450 1A2, respectively. Lanes 3 and 4, purified human
lung P450 1Al (6 �L9 of protein) and liver P450 1 A2 (0.5 �g of protein),
respectively. Lanes 5 and 6, 200 �g of human lung microsomal protein
(samples HLu-8 and HLu-9, respectively). Lanes 7 and 8 (B only), 20 �g
of human liver microsomal protein (samples HL 101 and HL 115, respec-
tively). The resolved proteins were transferred to nitrocellulose sheets
(1 4), and immunochemical staining was done with either rabbit anti-rat
P450 1A2, which recognizes both human P450 1A1 and P450 1A2
(A), or an autoimmune antibody (34) that recognizes human P450 1A2
but not P450 1 Al (B).

TABLE 3

Amino acid sequence of a peptide isolated from a purified human
lung P-450
The peptide used was isolated from the HLu-1 0 microsomal fraction, octylamino-
Sepharose fraction B, DEAE-Sephacel fractions 31-35 (Fig. 3).

Reference sequence

Cycle Ammo Recovery P.450 1A1 P-450 1A2

(31-48) (35-52)

prnol

1 P 25 P P
2 0 22 Q R
3 V 20 V V
4 P 22 P P
5 K 13 K K
6 G 17 G G
7 L 16 L L
8 K 10 K K
9 N 17 N S

10 P 17 P P
11 P 19 P P
12 G 15 G E
13 P 20 P P
14 W 9 W W
15 G 13 G G
16 W 8 W W
17 P 15 P P
18 L 7 L L

Sepharose fraction A, DEAE-Sephacel peak eluted with NaCl;
Figs. 2 and 3) contained P-450 and cytochrome P-420. The two

major bands in the molecular weight range characteristic of P-
450s (Fig. 3) were transferred to a polyvinylidenefluoride mem-

brane and subjected to amino-terminal amino acid sequence
determination (Table 4). These sequences did not show any

apparent similarity to other P-450s (or other characterized
proteins in the computer database examined).4 In addition, no
reactivity of any of the bands in this fraction was detected
when an antibody raised to a rabbit P-450 4A protein was used
(kindly provided by Drs. J. Clark and B. S. S. Masters, Univer-

sity of Texas, San Antonio, TX). At this time, it is not possible

to identify either of these particular sequences (of the 52,000-
and 58,000-Da polypeptides in that fraction) as being a P-450.

Other properties of purified human lung microsomal
P-450s. P-450s were partially purified from human lung sam-

pies HLu-9 (from 75 g of lung tissue containing 360 mg of

microsomal protein) and HLu-10 (from 100 g of lung tissue
containing 400 mg of microsomal protein). Using the same

procedure as described above, -1.5 nmol and 2.4 nmol of P-450
were recovered from samples HLu-9 and HLu-10, respectively,

after octylamino-Sepharose 4B column chromatography of the

polyethylene glycol 8000 precipitate. The Fe2 . CO versus Fe2�

difference spectrum of a partially purified P-450 preparation
from sample HLu-10 is shown in Fig. 6. The wavelength max-
imum of the P-450 spectrum was observed at -449 nm (in the

spectrum of the rabbit P-450 1A2 protein, Xmas was 447 nm).

The specific content of P-450 in lung microsomes could be

calculated to be 4.2 and 6.0 pmol/mg of applied microsomal
protein for samples HLu-9 and HLu-10, respectively (combined

fractions A and B). Because the recovery of total P-450 from

the octylamino-Sepharose 4B chromatography step is generally
‘-50% in the case of rat and human liver microsomes (29), the

specific content should be about 10 pmol of P.450/mg of protein

in human lung microsomes. The peak fractions recovered from
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$ungi I�A 0.01

500

Wavelength, nm

Rateof activation of B(a)P.7,8.diol

SampleHLu-9 Sample HLu-1O

M�rosomes PurSed P-450 Mecrosomes PurSed P-450’

umuunits/mm/mg of protein

71 .7 3.2
25.9 2.7

a Fraction B from octylamino-Sepharose chromatography step (followed by

hydroxylapatite adsorption, washing, elution, and dialysis to remove detergent).
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TABLE 4
Amino-terminal amino acid sequences of polypeptides isolated
from a human lung hemoprotein fraction (octylamino-Sepharose
fraction A/DEAE cellulose)
The peptides used were isolated from the HLu-1 0 microsomal fraction, octylamino-
Sepharose fraction A, DEAE-Sephacel fractions 45-57 (Fig. 3).

M, 52,000 band M, 58,000 band

Cycle � Recovery A:��o Recovery

pmoI pmol

1 T 4.0 A 6.7
2 D 3.3 E 3.5
3 L 3.7 L 5.3
4 0 1.7 A 3.3
5 I 1.5 A 4.5
6 E 1.8 P 4.2
7 A 2.8 P 4.0
8 P 1.5 D 3.1
9 F 1.0 K 3.5

10 I 3.0
11 A 2.7
12 I 2.1
13 I 2.1
14 G 2.8
15 A 2.5
16 G 2.2
17 I 2.0
18 G 1.8
19 G 1.9
20 T 2.0
21 S 1.3
22 A 1.4
23 A 1.9
24 V 1.0
25 V 1.6
26 L 1.2
27 A 1.0
28 Q 1.3
29 K 1.2
30 F 0.9
31 G 0.8
32 K 0.6
33 D 0.8
34 V 0.7
35 K 0.6
36 0 0.7

the octylamino-Sepharose 4B chromatography step contained

-0.2 nmol of P.450/mg of protein, so the fold purification for

this step was at least 40-fold.

The catalytic activities of partially purified P-450 prepara-

tions from human lung samples HLu-9 and HLu-10 were de-

termined with respect to the activation of (+)- and (-)-B(a)P-

7,8-diol and were compared with the activities of the respective

lung microsomes (Table 5). The partially purified P-450 en-

zymes catalyzed about 50-fold higher rates of activation for

both substrates than did the microsomal preparations (on the
basis of protein content). However, further purification, by

DEAE-Sephacel column chromatography, repeatedly caused an

unexplained loss of the enzymatic activities, probably reflecting

the instability of human lung P.450 1A1. The purified prepa-

ration was no longer active in the oxidization of B(a)P-7,8-

diol, to products that were genotoxic in the umu assay, or in

the 3-hydroxylation of B(a)P. In addition, the characteristic P-

450 difference spectrum was lost and the preparations showed

only spectra attributable to denatured cytochrome P-420. We

conclude that P-450 1A1 was not lost on the column, however,

Fig. 6. Carbon monoxide difference spectra of partially purified human
lung P450 and rabbit P450 1A2. The human lung preparation was
isolated from sample HLu-l 0 by polyethylene glycol fractionation and
octylamino-Sepharose 4B chromatography (fraction B, Fig. 5).

TABLE 5
Activation of (+)- and (-)-B(a)P-7,8-diols by human lung
microsomes and reconstituted enzyme systems containing partially
purified human lung P-450 enzymes
Means of duplicate experiments are presented.

(+)-B(a)P-7,8-diol 12.3
(-)-B(a)P-7,8-diol 5.4

88.2
19.8

because of the immunochemical reaction (Figs. 4 and 5) and

the isolation of a P-450 1A1 peptide (Table 3).

Characterization of P-450 enzymes in human lung
microsomal preparations. SDS-polyacrylamide gel electro-

phoresis/immunoblotting of nine different human lung samples

was conducted with rabbit anti-rat P.450 1A2 (Fig. 7). The

data clearly show that all of the human lung microsomal

preparations contained a protein, of the same molecular weight,

that reacted with the antibodies; the molecular weight of this

protein was the same as that of the purified human lung P.450

1A1.
Rates of activation of B(a)P-7,8-diol were measured in the

presence of specific antibodies raised to purified P-450 enzymes
or chemical modifiers of P-450 reactions (Fig. 8). Anti-rat P-

450 1A2 inhibited the activity towards (+)-B(a)P-7,8-diol by

-50% in human lung microsomes (sample HLu-9) (Fig. 8A).

Anti-rat P-450 1A1 was less effective in inhibiting the catalytic

activity, and anti-human P-450 3A4 was without effect. A

human antiserum that specifically recognizes human P-450 1A2
(34) did not inhibit the microsomal activities towards (+)- or
(-)-B(a)P-7,8-diol in human lung sample HLu-9 (Fig. 8B). The

activation of (+)-B(a)P-7,8-diol was completely inhibited by

7,8-benzoflavone in lung microsomes prepared from sample
HLu-9 or HLu-10 (Fig. SC). However, this chemical produced

stimulation of activities of lung microsomes from sample HLu-

8, a sample with a lower level of basal activity.
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BNF Human lung 1
P-450 1A1

2 3 4 5 6 7 8 9 Humanlung���
P.450 1A1

1 2

Anti-P-450 (mg lgG/mg protein)

lou

100

50�

Fig. 8. Inhibition of catalytic activities of human
lung microsomes. A, Effects of antibodies on the
activation of (+)-B(a)P-7,8-diol in human lung mi-
crosomes. Human lung microsomes (sample
HLu-9) were mixed with the indicated amount of
rabbit anti-human P-450 3A4 (Lx), anti-rat P450
1Al (0), or anti-rat P-450 1A2 (#{149}),and activity
was measured. The uninhibited rate was 10 umu
units/mm/mg of microsomal protein. B, Effect of
anti-human P450 1A2 on the activation of (+)-
or(-)-B(a)P-7,8-diol. The indicated amount of the
human autoimmune antibodies was added to
human lung microsomes (sample HLu-9). The
basal activity was 9.5 and 6.5 umu units/mm/mg
of microsomal protein for (+)-B(a)P-7,8-diol (S)
and (-)-B(a)P-7,8-diol (0), respectively. C, Effect
of 7,8-benzoflavone on the activation of (+)-
B(a)P-7,8-diol in different human lung microsomal
preparations. The basal rates of activation were
3.6, 1 1 .7, and 5.6 umu units/mm/mg of micro-
somal protein for samples HLu-8 (Lx), HLu-9 (0),
and HLu-l 0 (#{149}),respectively.

0 10 20

7,8-Benzoflavone (tAM)

0 1 2

862 Shimada et a!.

Human serum (�tl/mg mlcrosomal protein)

Fig. 7. SDS-polyacrylamide gel electrophoresis and immunostaining of
nine different human lung microsomal samples. Lanes 1-9, 0.50 mg of
lung microsomal protein from human samples HLu-15, -14, -1 3, -12, -

11 , -1 0, -9, -8, and -2, respectively. Lane BNF, 8 ,�g of liver microsomal
protein isolated from BNF-treated rats. Lanes Human lung P-450 1A1 , 4,
8, and 1 2 �tg of a highly purified lung P450 1 Al isolated from sample
HLu-l 0.

Discussion

Until recently, only very weak P.450 spectra had been ob-
tamed in human lung microsomes (43). Wheeler and Guenthner

(21) used a discontinuous sucrose gradient sedimentation

method to remove hemoglobin and smoking-associated black

debris from human lung microsomes. However, the specific

content of P-450 in their samples was reported to be -�-1 pmol/

mg of protein (presumably these samples were obtained from
smokers, because of the mention of black material). We were

able to obtain typical Fe2 . CO versus Fe2 P-450 difference

spectra after partial purification from human lung samples. In
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the two samples examined, the specific content of P-450 was

estimated to be -10 pmol/mg of protein, in line with the

estimates of Prough et al. (43). This is -1-2% of the specific

content of P-450 in human liver.

A number of lines of evidence have indicated the presence of
P-450 1A1 in human lung (22, 44). However, distinction be-

tween P-450 1A1 and P-450 1A2 is not trivial, because of the
similarity in their apparent molecular weights and primary

sequences (7, 42). The mRNAs are readily distinguished by size

(42), and P-450 1A1 (but not P-450 1A2) mRNA has been

reported to be present in human lung and induced by cigarette
smoking (22). Some indirect evidence suggests that the P-450

1A1 protein is present in human lung (44), although one of the

key assumptions in that work was that 7-ethoxyresorufin 0-

deethylation is catalyzed only by P-450 1A1 and not by P.450
1A2. This assumption is probably valid now, in light of all of

the evidence available; however, in human liver P-450 1A2 is

probably the major 7-ethoxyresorufin 0-deethylase (34).

In this work, we report what is apparently the first P-450 to
be purified from human lung microsomes. The purified protein

reacted with polyclonal anti-rat P-450 1A2 but not with anti-

rat P-450 1A1 (Figs. 4 and 5) or a human autoimmune antibody

that recognizes only human P-450 1A2 and not human P.450

1A1. Comparison of the electrophoretic migration patterns of
the recombinant and the human proteins also provided evi-

dence that the purified protein is P-450 1A1 (Fig. 5). Further,

a peptide isolated from the purified protein was clearly shown

to correspond to P-450 1A1 and not to P-450 1A2 (Table 3).

The partially purified preparation catalyzed the activation of

both (+)- and (-)-B(a)P-7,8-diol, but upon further purification

neither the Fe2� . CO versus Fe2� spectrum nor catalytic activity

was recovered. This instability may be an inherent property of
human P-450 1A1.

The levels of catalytic activities measured in human lung
microsomes were considerably lower than those in rats (Table

1). However, immunoblotting studies suggest that all of the
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human lung samples contained P-450 1A1. Whether this find-

ing is influenced by the fact that these surgical samples were
collected from individuals who had some kind of lung disease

is not clear; some individuals appear to have only small amounts

of lung P-450 1A1 mRNA (22). Polyclonal anti-rat P-450 1A2

and anti-P-450 1A1 were able to inhibit the activation of (+)-

B(a)P-7,8-diol in a sample of human lung microsomes (Fig.

8A), and this inhibition is attributed to the reaction of these
antibodies with human P-450 1A1, not P-450 1A2. The autoim-

mune serum, which is very inhibitory to human liver microso-
mal phenacetin 0-deethylation activity (34) and recognizes

mainly human P-450 1A2, was without effect on the activation

of (+)-B(a)P-7,8-diol in human lung microsomes (Fig. SB).

Catalytic activities towards the substrates B(a)P, (+)- and (-)-

B(a)P-7,8-diol, and 7-ethoxyresorufin correlated well with each

other in the set of human lung microsomal samples used in this

study (Table 1). However, these activities did not correlate

particularly well with the apparent level of P-450 1A1 measured

by immunoblotting analysis (Fig. 7). At this time, we do not

have a completely satisfying explanation for the discrepancy

(see also Ref. 44); however, the apparent instability of human

lung P-450 1A1 observed in the purification work (see above)
suggests that the enzyme might not be completely stable in the

lung samples and might lose activity. Rat and rabbit P-450 1A1
enzymes appear to be reasonably stable in our experience (30);

however, yeast recombinant human P.450 1A1 seems to be less

stable than human P.450 1A2 in the work done to date.3

No real evidence was obtained for the expression of P-450

1A2 in human lung. As pointed out before, it is difficult to

distinguish human P.450 1A1 and P-450 1A2 on the basis of

their migration in SDS-polyacrylamide gels (45) or their im-

munoreactivity (44). The autoimmune antibody, which seems

to be specific for P-450 1A2, did not recognize purified P-450

1A1 or any other polypeptides in human lungs. There was no
detectable phenacetin 0-deethylation activity in any of the
human lung samples examined (Table 1). Further, neither of
the two human lung microsomal samples investigated was able

to catalyze the activation of IQ, MeIQ, or Trp P-2 to genotoxic

products (Table 2). Thus, human lung microsomes seem to

differ from rat lung microsomes, which appear to have some P-
450 1A2 (apparently not inducible), as judged by direct immu-

nochemical assays (13) and the activity measurements pre-

sented here (Table 1). It is also of interest to note that the

related compound Trp P-i, which differs from Trp P-2 only by
the presence of an additional methyl group, appears to be N-

hydroxylated primarily by P-450 1A2 in rat liver (46) but is
activated primarily by other enzymes in human liver (28). Thus,

caution should be exercised in applying all conclusions from
one species to another.

Another matter of interest is the effect of 7,8-benzoflavone
on the activation of (+)-B(a)P-7,8-diol (Fig. SC). The corn-
pound could inhibit or stimulate, depending upon the particular

lung sample used. We had previously noted the ability of 7,5-

benzoflavone to stimulate this activity in human lung micro-

somes (24). 7,S-Benzoflavone is a potent inhibitor of P-450 1A

family enzymes, and, in the samples in which inhibition is seen,

P-450 1A1 is considered to be the major catalyst ofthe oxidation

reaction. In the samples in which stimulation is observed, we
feel that other enzymes, possibly P-450 3A enzymes (24), make

a large contribution to the activity. There was some relationship

between the absolute level of basal activity towards (+)-B(a)P-

7,8-diol benzoflavone, but it was not a strong correlation (Fig.

SC; Table 1). This problem might also be a reflection of dete-

rioration of activity of P.450 1A1 in the human lung samples.

In conclusion, these studies indicate that P.450 1A1 has a

significant role in the metabolism of several carcinogens in

human lung. P.450 1A1 is inducible (22); there was no evidence
for the presence of P-450 1A2 in human lung and it is probably

not inducible. There are other P-450 enzymes present in human
lung, and their roles in the activation of other carcinogens are

still speculative. One of the enzymes was partially purified (Fig.

3) and seems to be present at fairly high levels, although we

cannot at this time state how many P.450 proteins are present
in the preparation or whether either of the two peptides for

which sequence information is presented is actually a P-450

protein. Finally, it should be emphasized that, although char-

acterization of the enzymes in the lungs of humans and exper-
imental animals is important, knowledge concerning these en-
zymes must be put in the context of metabolism of carcinogens

in the liver and other tissues, because evidence exists that many

of the carcinogens may well be able to migrate to target sites

after activation to proximate and ultimate forms (47).

References

1. Guengerich, F. P. Characterization of human microsomal cytochrome P.450

enzymes. Annu. Rev. PharmacoL Toxicol. 29:241-264 (1989).
2. Nebert, D. W., D. R. Nelson, M. J. Coon, R. W. Estabrook, R. Feyereisen, Y.

Fujii-Kuriyama, F. J. Gonzalez, F. P. Guengerich, I. C. Gunsalus, E. F.
Johnson, J. C. Loper, R. Sato, M. R. Waterman, and D. J. Waxman. The

P450 superfamily: update on new sequences, gene mapping, and recom-
mended nomenclature. DNA Cell BiOI. 10:1-14 (1991).

3. Guengerich, F. P., M. V. Martin, P. H. Beaune, P. Kremers, T. Wolff, and

D. J. Waxman. Characterization of rat and human liver microsomal cyto-
chrome P.450 forms involved in nifedipine oxidation, a prototype for genetic
polymorphism in oxidative drug metabolism. J. Biol. Chem. 261:5051-5060

(1986).

4. Bork, R. W., T. Muto, P. H. Beaune, P. K. Srivastava, R. S. Lloyd, and F. P.

Guengerich. Characterization of mRNA species related to human liver cyto-
chrome P-450 nifedipine oxidase and the regulation of catalytic activity. J.
Biol. C/tern. 264:910-919 (1989).

5. Distlerath, L. M., P. E. B. Reilly, M. V. Martin, G. G. Davis, G. R. Wilkinson,

and F. P. Guengerich. Purification and characterization of the human liver

cytochromes P-450 involved in debrisoquine 4-hydroxylation and phenacetin
O-deethylation, two prototypes for genetic polymorphism in oxidative drug

metabolism. J. Biol Chem. 260:9957-9067 (1985).

6. Butler, M. A., M. Iwasaki, F. P. Guengerich, and F. F. Kadlubar. Human

cytochrome P-4SOpA (P-4501A2), the phenacetin O-deethylase, is primarily

responsible for the hepatic 3-demethylation of caffeine and N-oxidation of
carcinogenic arylamines. Proc. Nat!. Aco.d. Sci. USA 86:7696-7700 (1989).

7. Jaiswal, A. K., F. J. Gonzalez, and D. W. Nebert. Human dioxin-inducible

cytochrome P,-450: complementary DNA and amino acid sequence. Science
(Washington D. C.) 228:80-83 (1985).

8. Yost, G. S., A. R. Buckpitt, R. A. Roth, and T. L. McLemore. Mechanisms

of lung injury by systemically administered chemicals. Toxicol. Appi. P/mr.
macol. 101:179-195 (1989).

9. Guengerich, F. P. Purification and characterization of xenobiotic-metaboliz-

ing enzymes from lung tissue. Pharmocol. Titer. 45:299-307 (1990).
10. Boyd, M. R., and H. M. Reznik-SchUller. Metabolic basis for the pulmonary

Clara cell as a target for pulmonary carcinogenesis. Toxicol. Pat/mi. 12:56-

61 (1984).
11. Masters, B. S. S., A. S. Muerhoff, and R. T. Okita. Enzymology of extrahe-

patic cytochromes P.450, in Mammalian Cytochromes P.450 (F. P. Guenger-
ich, ed). CRC Press, Boca Raton, FL, 107-131 (1987).

12. Parandoosh, Z., V. S. Fujita, M. J. Coon, and R. M. Philpot. Cytochrome P.
450 isozymes 2 and 5 in rabbit lung and liver: comparisons of structure and

inducibility. Drug Metab. Dispos. 15:59-67 (1987).
13. Goldstein, J. A., and P. Linko. Differential induction of two 2,3,7,8-tetrach-

lorodibenzo-p-dioxin-inducible forms of cytochrome P.450 in extrahepatic

versus hepatic tissues. Mol. Pharmo.col. 25:185-191 (1984).

14. Guengerich, F. P., P. Wang, and N. K. Davidson. Estimation of isozymes of

microsomal cytochrome P-450 in rats, rabbits, and humans using immuno-

chemical staining coupled with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Biochemistry 2 1 : 1698-1706 (1982).

15. Omiecinski, C. J. Tissue-specific expression of rat mRNAs homologous to

cytochrome P-450b and P-450e. DNA 14:1525-1539 (1986).

16. Kimura, S., C. A. Kozak, and F. J. Gonzalez. Identification of a novel P450

expressed in rat lung: cDNA cloning and sequence, chromosome mapping,

and induction by 3-methylcholanthrene. Biochemistry 28:3798-3803 (1989).

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


864 Shlmada et a!.

17. Voigt, J. M., T. T. Kawabata, J. P. Burke, M. V. Martin, F. P. Guengerich,

and J. Baron. In situ localization and distribution of xenobiotic-activating
enzymes and aryl hydrocarbon hydroxylase activity in lungs of untreated
rats. Mol. Pharmacol. 37:182-191 (1990).

18. Nhamburo, P. T., S. Kimura, 0. W. McBride, C. A. Kozak, H. V. Gelboin,

and F. J. Gonzalez. The human CYP2F gene subfamily: identification of a
cDNA encoding a new cytochrome P450, cDNA-directed expression, and
chromosome mapping. Biochemistry 29:5491-5499 (1990).

19. Sagami, I., T. Ohmachi, H. Fujii, and M. Watanabe. Pulmonary microsomal
cytochrome P.450 from 3-methylcholanthrene-treated hamsters: purification,
characterization, and metabolism of benzo(a)pyrene. J. Biochem. (Tokyo)
100:449-457 (1986).

20. Gasser, R., and R. M. Philpot. Primary structures of cytochrome P-450

isozyme 5 from rabbit and rat and regulation of species-dependent expression
and induction in lung and liver: identification of cytochrome P-450 gene
subfamily IVB. Mo!. Pharrnacol. 35:617-625 (1989).

21. Wheeler, C. W., and T. M. Guenthner. Spectroscopic quantitation of cyto-

chrome P.450 in human lung microsomes. J. Biochem. Toxico!. 5:269-272

(1990).
22. McLemore, T. L., S. Adelberg, M. C. Liu, N. A. McMahon, S. J. Yu, W. C.

Hubbard, M. Czerwinski, T. G. Wood, R. Storeng, R. A. Lubet, J. C.
Eggleston, M. R. Boyd, and R. N. Hines. Expression of CYP1A1 gene in
patients with lung cancer: evidence for cigarette smoke-induced gene expres-

sion in normal lung tissue and for altered gene regulation in primary pul-

monary carcinomas. J. Nat!. Cancer Inst. 82:1333-1339 (1990).

23. Nhamburo, P. T., F. J. Gonzalez, 0. W. McBride, H. V. Gelboin, and S.

Kimura. Identification of a new P450 expressed in human lung complete
cDNA sequence, cDNA-directed expression, and chromosome mapping. Bio-

chemistry 28:8060-8066 (1989).
24. Shimada, T., M. V. Martin, D. Pruess-Schwartz, L. J. Marnett, and F. P.

Guengerich. Roles of individual human cytochrome P-450 enzymes in the
bioactivation of benzo(a)pyrene, 7,8-dihythoxy-7,8-dihydrobenzo(a)pyrene,

and other dihydrodiol derivatives ofpolycyclic aromatic hydrocarbons. Cancer
Res. 49:6304-6312 (1989).

25. Kellerman, G., C. R. Shaw, and M. Luyten-Kellerman. Aryl hydrocarbon

hydroxylase inducibility and bronchogenic carcinoma. N. Er&g!. J. Med.
298:934-937 (1973).

26. Kouri, R. E., C. E. McKinney, D. J. Slomiany, D. R. Snodgrass, N. P. Wray,

and T. L. McLemore. Positive correlation between high aryl hydrocarbon
hydroxylase activity and primary lung cancer as analyzed in cryopreserved

lymphocytes. Cancer Res. 42:5030-5037 (1982).
27. Caporaso, N. E., M. A. Tucker, R. N. Hoover, R. B. Hayes, L. W. Pickle, H.

J. Issaq, G. M. Muschik, L. Green-Gallo, D. Buivys, S. Aisner, J. H. Resau,

B. F. Trump, D. Tollerud, A. Weston, and C. C. Harris. Lung cancer and the
debrisoquine metabolic phenotype. J. Nati Cancer Inst. 82:1264-1271 (1990).

28. Shimada, T., M. Iwasaki, M. V. Martin, and F. P. Guengerich. Human liver

microsomal cytochrome P-450 enzymes involved in the bioactivation of
procarcinogens detected by umu gene response in Salmonella typhimurium
TA1535/pSK1002. Cancer Res. 49:3218-3228 (1989).

29. Guengerich, F. P. Analysis and characterization of enzymes, in Principles

and Methods of Toxicology (A. W. Hayes, ed). Raven Press, New York, 777-

814 (1989).

30. Guengerich, F. P., G. A. Dannan, S. T. Wright, M. V. Martin, and L. S.

Kaminsky. Purification and characterization ofliver microsomal cytochromes

P.450: electrophoretic, spectral, catalytic, and immunochemical properties

and inducibility of eight isozymes isolated from rats treated with phenobar-
bital or fl-naphthoflavone. Biochemistry 21:6019-6030 (1982).

31. Alterman, M. A., and A. I. Dowgii. A simple and rapid method for the
purification of cytochrome P-450 (form LM4). Biomed. Chromatogr. 4:221-
222 (1990).

32. Yasukochi, Y., and B. S. S. Masters. Some properties of a detergent-solubi-

lized NADPH-cytochrome c (cytochrome P.450) reductase purified by bios-

pecific affinity chromatography. J. Biol. Chem. 251:5337-5344 (1976).

33. Renaud, J.-P., C. Cullin, D. Pompon, P. Beaune, and D. Mansuy. Expression
of human liver cytochrome P450 111A4 in yeast: a functional model for the

hepatic enzyme. Eur. J. Biochem. 194:889-896 (1990).

34. Bourdi, M., D. Larrey, J. Nataf, J. Berunau, D. Pessayre, M. Iwasaki, F. P.
Guengerich, and P. H. Beaune. A new anti-liver endoplasmic reticulum

antibody directed against human cytochrome P-450 1A2: a specific marker of
dihydralazine-induced hepatitis. J. Clin. Invest. 85:1967-1973 (1990).

35. Lubet, R. A., R. T. Mayer, J. W. Cameron, R. W. Nims, M. D. Burke, T.
Wolff, and F. P. Guengerich. Dealkylation of pentoxyresorufin: a rapid and
sensitive assay for measuring induction of cytochrome(s) P.450 by pheno-
barbital and other xenobiotics in the rat. Arch. Biochem. Biophys. 238:43-
48 (1985).

36. Larrey, D., L. M. Distlerath, G. A. Dannan, G. R. Wilkinson, and F. P.

Guengerich. Purification and characterization of the rat liver microsomal

cytochrome P-450 involved in the 4-hydroxylation of debrisoquine, a proto-

type for genetic variation in oxidative drug metabolism. Biochemistry

23:2787-2795 (1984).
37. Omura, T., and R. Sato. The carbon monoxide-binding pigment of liver

microsomes. I. Evidence for its hemoprotein nature. J. Bin!. Chem. 239:2370-
2378 (1964).

38. Nakamura, S., Y. Oda, T. Shimada, I. Oki, and K. Sugimoto. SOS-inducing

activity of chemical carcinogens and mutagens in Salmonella typhimurium
TA1535/pSK1002: examination with 151 chemicals. Mutat. Res. 192:239-
246 (1987).

39. Ged, C., D. R. Umbenhauer, T. M. Bellew, R. W. Bork, P. K. Srivastava, N.
Shinriki, R. S. Lloyd, and F. P. Guengerich. Characterization of cDNAs,

mRNAs, and proteins related to human liver microsomal cytochrome P-450

(S)-mephenytoin 4’-hydroxylase. Biochemistry 27:6929-6940 (1988).
40. Srivastava, P. K., C-H. Yun, P. H. Beaune, C. Ged, and F. P. Guengerich.

Separation of human liver tolbutamine hydroxylase and (S)-mephenytoin

4’ -hydroxylase cytochrome P.450 enzymes. Mo!. Pharrnacol. 40:69-79
(1991).

41. Wray, W., T. Boulikas, V. P. Wray, and R. Hancock. Silver staining of

proteins in polyacrylamide gels. Anal. Biochem. 1 18:197-203 (1981).

42. Quattrochi, L. C., S. T. Okino, U. R. Pendurthi, and R. H. Tukey. Cloning

and isolation of human cytochrome P.450 cDNAs homologous to dioxin-

inducible rabbit mRNAs encoding P-450 4 and P.450 6. DNA 4:395-400
(1985).

43. Prough, R. A., Z. Sipal, and S. W. Jakobsson. Metabolism of benzo(a)pyrene

by human lung microsomal fractions. Life Sci. 21:2629-2636 (1977).

44. Wheeler, C. W., S. S. Park, and T. M. Guenthner. Immunochemical analysis

of a cytochrome P-4501A1 homologue in human lung microsomes. Mo!.

Pharmacol. 38:634-643 (1990).
45. McManus, M. E., W. M. Burgess, M. E. Veronese, A. Huggett, L. C. Quattro-

chi, and R. H. Tukey. Metabolism of 2-acetylaminofluorene and

benzo(a)pyrene and activation of food-derived heterocyclic amine mutagens

by human cytochromes P-450. Cancer Res. 50:3367-3376 (1990).

46. Yamazoe, Y., M. Shimad.a, K. Maeda, T. Kamataki, and R. Kato. Specificity
of four forms of cytochrome P-450 in the metabolic activation of several

aromatic amines and benzo[ajpyrene. Xenobiotica 14:549-552 (1984).

47. Wall, K. L., W. Gao, J. M. te Koepple, G. Y. Kwei, F. C. Kauffman, and R.

G. Thurman. The liver plays a central role in the mechanism of chemical
carcinogenesis due to polycyclic aromatic hydrocarbons. Carcinogenesis

(Lond.) 12:783-786 (1991).

Send reprint requests to: Dr. F. Peter Guengerich, Department of Biochem-
istry and Center in Molecular Toxicology, Vanderbilt University, School of

Medicine, Nashville, TN 37232.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/



