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ABSTRACT

Eight forms of human liver microsomal P-450 were individually ex

pressed in human hepatoma Hep G2 cells with a vaccinia virus cDNA
expression system. Using the Ames test, each expressed P-450 was

examined for its ability to activate to mutagenic products the compounds,
2-amino-3-methylimidazo|4,5-/]quinoline, 2-amino-3,4-dimethylimidazo-
|4,5-/|quinoline, 2-amino-3,8-dimethylimidazo|4,5-/]quinoxaline, and 2-
amino-3,4,8-trimethylimidazo|4,5-/|quinoxaline, respectively. Three
forms of human P-450 significantly activated 2-amino-3-methylimi-
dazo[4,5-/|quinoline Â»hen the latter was at high substrate concentrations,
but only a single form, P-450IA2, showed very high activation of all

promutagens at lower substrate concentrations. Human IA2 had extraor
dinarily high affinity towards four promutagens tested and is likely the
predominant P-450 enzyme responsible for their mutagenic activation in

human liver.

INTRODUCTION

It is well established that various types of promutagens and
mutagens are contained in certain food pyrolysates (1-4). More
than 11 chemicals have been isolated from pyrolysates and
shown to be promutagens in Salmonella typhimurium by Sugi-
mura et al. (1-6) and others (7, 8). Among these chemicals,
IQ,' methyl IQ, methyl IQx, and dimethyl IQx, respectively,

showed especially strong mutagenicity in the presence of rat
liver S-9. These compounds are also carcinogenic in rodents.
/V-Hydroxylation of IQ, catalyzed by the microsomal P-450
monooxygenase system, is a prerequisite for its metabolic acti
vation (9). Since the P-450 system is composed of a superfamily
of P-450s (10, 11), some efforts have been made to identify
those forms of P-450 catalyzing the promutagen activation.
Yamazoe et al. (12) reported that rat liver P-448IIa (IA2)2 was
12-fold more active than P-448IId (IA1). McManus et al. (13)
showed that rabbit liver Form 4 (IA2) was 8-fold more active
than Form 6 (IAl). In addition to these reports, Aoyama et al.
demonstrated that cDNA-expressed mouse liver P.,-450 (IA2)
was 9-fold more active than P,-450 (IA1) in the metabolic
activation of IQ (14). P-450IA2, therefore, appears to be the
major enzyme for the mutagenic activation of IQ in rodent
liver. Very little is known about the forms of human P-450
responsible for activating these compounds to their mutagenic
metabolites. Due to the high degree of P-450 variation in
different species ( 15) it is necessary to assess the role of different
human P-450s independently for their ability to activate mu
tagens of potential risk to humans.

Recently, numerous cDN As to different forms of human liver
P-450 have been isolated and characterized. Some of these have
been used to express human P-450 protein. In this report, we
have characterized individual expressed human P-450s and
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1The abbreviations used are: IQ. 2-amino-3-niethylimidazo[4.5-/]quinoline;
methyl IQ. 2-amino-3.4-dimethylimidazo[4.5-/]quinoline: methyl IQx. 2-amino-
3.8-dimcthyHmidazo[4.5-/]quinoxaline: dimethyl IQ\. 2-amino-3,4.8-trimethyl-
imidazo|4.5-/]quinoxaline; cDNA. complementary DNA.

2The nomenclature used in this report is that described by Neben et al.(\\ ).

examined their potentials for the activation of IQ and its
derivatives to mutagenic products.

MATERIALS AND METHODS

The recombinant vaccinia virus containing human P-450s IA2 (16),
IIB7 (17), IIIA4 (18), and IIIA5 (18) cDNAs, respectively were con
structed as described in earlier reports. The P-450 IIC8 (19), IIC9 (19),
IID6 (20), and IIEI (21) cDNAs, characterized earlier, were inserted
into vaccinia virus as described by Chakrabarti et al. (22). All constructs
used in this study were made using this standard pSCl 1vaccinia system.
Briefly, CV-I cells (ATCC CCL70) were preinfected with wild type
vaccinia virus and then transfected with a mixture of vaccinia virus
DNA and pSCl 1 containing the P-450 cDNA inserts. Virus particles
were harvested after several days and used to infect human TK~ 143

cells in the presence of 5-bromodeoxyuridine. Recombinant virus par
ticles were selected based on their ability to grow in the presence of this
agent and their ability to express /i-galactosidase which is encoded by
pSCll plasmid (22). Final identification of recombinant viruses was
carried out by immunoblotting of cell lysate protein using polyclonal
antibodies prepared against rodent P-450s. P-450 was expressed in
human Hep G2 cells (ATCC HB 8065) under controlled conditions as
detailed by Aoyama et al. (18). These cells contain high levels of
NADPH-P-450 oxidoreductase (23) and cytochrome b,.3 The level of
expression of each P-450 was determined as described previously (18)
using the extinction coefficient of 91 mivr' (24).4A11promutagens were

obtained from the National Cancer Institute Chemical Carcinogen
Repository, Kansas City, MO. Mutagenesis assays were performed as
outlined previously (25, 26). The number of revenants obtained were
usually within 30% among different preparations of the same expressed
P-450. Protein determinations were carried out using the BCA protein
analysis kit (Pierce Chemical Co.). Antibody against rabbit P-450IA2
(P-448,), purified as described previously (27), was prepared in goats.
This antibody reacts with both rabbit and mouse IA1 and IA2.'

RESULTS AND DISCUSSION

Expression of Human P-450s Using the Vaccinia Virus
Expression System. The vaccinia virus cDNA expression system
has proved to be very efficient for producing P-450s in mam
malian cells for the analysis of their catalytic properties (14,
16-28, 23). This system has made it possible to synthesize
catalytically active P-450 at similar levels of expression in
human cell lines. Most untreated hepatoma cells in culture lack
measurable P-450 yet are rich in NADPH-P-450 oxidoreduc
tase and cytochrome 65, needed to potentiate P-450 electron
transfer. Thus, this system was adopted to examine the muta
genic activation of IQ and its analogues by several forms of
human liver P-450.

In previous reports (16-18), we demonstrated an efficient
expression of four forms of human liver P-450s, i.e., IA2,11B7,
IIIA4, and IIIA5. In this study we used the same expression

3T. Aoyama, H. V. Gelboin. and F. J. Gonzalez, unpublished results.
J It should be noted that we are measuring P-450 in total cell lysates and

therefore, due to the high turbidity of these samples, the precise P-450 contents
cannot be determined. Preliminary experiments in which purified P-450s were
mixed with cell lysates and the spectra measured indicate that the extinction
coefficient is actually about 30Ã•Vhigher than that for pure P-450 (unpublished
results). In any case, for the sake of comparison, we used the coefficient 91 mM~'

determined by Omura and Sato (24).
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system for an additional four forms of human liver P-450s,
designated IIC8, IIC9, IID6, and IIE1. Expression levels, as
judged by spectral analysis, were always within 30% among
different preparations of the same expressed P-450 (Table 1).
P-450 contents in the vaccinia-infected cell lysates ranged from
12 to 18 pmol/mg lysate among the eight forms of human P-
450s synthesized in this study (Table I).4 Thus, the similar

levels of expression between the individual P-450 forms make
them suitable for comparison of their catalytic activities.

Promutagen Activation by Human P-450s Expressed Using
Vaccinia Virus. Promutagen activation by lysates of human Hep
G2 cells that contained each form of cDNA-expressed human
P-450 was assayed using the Ames test. Mutagen activation
activity (revenant number per mg cell lysate) of IA2 toward IQ
was linear with varying amounts of cell lysate from 1.5 to 4.5
mg per assay. Therefore, a fixed amount of cell lysate of 3.0
mg/assay was used throughout these experiments. As displayed
in Table 2, IA2 showed extremely high mutagenic activity
toward IQ and the activity slightly decreased with lowering
substrate levels from 5 to 0.5 ^g/assay, indicating saturation at
the lower dose. The mutagenic activity of IIC9 and III A4 toward
IQ (5 Mg/assay) was about 9 and 8% of IA2, respectively, but
both latter forms of P-450 showed only baseline activity at 0.5
tig IQ/assay. IA2 showed the highest activation of methyl IQ,
and III A4 and IIC9 exhibited about 34 and 15% of the activity
of IA2, respectively. In addition, the activation of methyl IQx
and dimethyl IQx were also very' high with IA2 and low with

IIIA4. Interestingly, IIC9 showed no activity towards both IQx

Table 1 P-450 content of recombinant vaccinia infected cell lysate"

P-450IA2

IIB7
DC*IIC9

IID6
DEIIII

A4
IIIA5
Control*P-450

coment(pmol
P-450/mg cell

lysateprotein)14.5

18.3
16.7
16.4
11.6
12.2
15.3
12.6

Â£0.05
"The cells (6-175-cm2 flasks) were infected with recomhinant vaccinia virus

containing each cDNA. harvested after 48 h of virus infection, and 100 mg of cell
lysate protein Â»ere directly solubili/ed in 0.1 M phosphate huffer (pH 7.4)
containing 20cr glycerol and 0.2*7 Emulgen 913. The solution was centrifuged at
4000 x g for 5 min and spectra were measured on the supernatant. The soluble
lysate was then divided into two cuvets. designated sample and reference cuvcts,
carbon monoxide gas was gently bubbled into the sample cuvcl. and then a few
crystals of sodium dithionite were dissolved in both cuvets. Spectra were measured
using an Aminco DW-2000 spectropholometer. P-450 content was calculated as
described (24).

* Wild type vaccinia virus was used as a control.

derivatives. These data strongly suggest that IA2 is the predom
inant enzyme for the activation of IQ and its analogues and
IIC9 and IIIA4 are weak activating enzymes, displaying acti
vation at higher IQ concentrations. Dose-response experiments
were performed to further confirm these results. IA2 had rela
tively constant activity from 0.1 to 35 ng of IQ per assay, and
the dose-response curve of IA2 activation was mostly parallel
to that of human liver S-9 catalyzed activity (Fig. \A). On the
contrary, IIIA4 had little activity at 1 Mgof IQ/assay, indicating
a much lower affinity for IQ than that of IA2.

IA2 and human liver S-9 showed constant activity from 0.3

to 2 Mg/assay of either methyl IQ (Fig. IB), methyl IQx (Fig.
1C), or dimethyl IQx (Fig. \D). However, these activities
drastically decreased when 5 to 35 Â¿igof substrate were used
per assay, suggesting the occurrence of cell toxicity. This de
crease, not observed with IQ (Fig. 1/1), was observed not only
with human S-9 but also with expressed IA2 containing no
other P-450s. Maximal mutagenic activity by IA2 toward IQ
(about 2,500 revertants/mg lysate) was much lower than that
towards methyl IQ, methyl IQx, and dimethyl IQx (about 6,500,
10,000, and 10,000 revenants per mg lysate, respectively). The
decrease in activation activity may be due to the formation of
excess amount of A'-hydroxy derivative or other metabolites
resulting in bacterial cell toxicity. Since the dose-response curve
of IA2 was nearly parallel to that of human liver S-9 with
several substrates, we believe that this P-450 is the major
activation enzyme in human liver for these food pyrolysates.
This hypothesis is compatible with that of Yamazoe et al. (12)
using rat liver P-450s and McManus et al. (13) using rabbit
liver enzymes.

The apparent Km values of mutagenic activation with IQ,
methyl IQ, methyl IQx, and dimethyl IQx, estimated from the
results in Fig. 1, are 0.5, 0.4, 1.0, and 1.1 UM, respectively.
These very low Km values indicate extremely high affinity of
IA2 towards IQ and its analogues. We also found that the
apparent Kmof this enzyme toward 3-amino-l-methyl-5//-pyr-
ido[4,3-/>]indole was 1.8 ^M, indicating that human IA2 has
extraordinarily high affinity towards a series of heterocyclic
amines in cooked foods. Indeed, the actual content of these
heterocyclic amines in ordinary foods is usually low (28), but
these very low Km values would suggest that the pyrolysate
mutagens in daily foods may be factors in human carcinogene-
sis.

Inhibition of Promutagen Activation by Antibody against IA2.
To further establish the role of IA2 in human liver mutagenesis
we used immunoinhibition experiments. Addition of goat anti-
rabbit P-448, (IA2) IgG caused about an 80% inhibition of IQ
activation by human liver S-9, suggesting again that IA2 is the

Table 2 Activation ofpromulagens by vaccinia-expressed human P-45l)s and human liver S-9"

Promutagcns (revertant/mglysate)Activation

systemIA2IIB7IIC8IIC91ID6IIE1IIIA4IIIA5WT*Human

liver S-9IQ(0.5

(jg/assay)2302

Â±3024Â±213

Â±422
Â±96Â±33Â±

115Â±
216

Â±34Â±25369

Â±469IQ(5

(ig/assay)2851

Â±266I7Â±632

Â±8253
Â±208Â±67Â±2225

Â±3169
Â±910Â±66053

Â±501Methyl

IQ(5
/Â¿g/assay)1172

Â±10525
Â±1129

Â±7176
Â±1935
Â±1110Â±6397

Â±3089
Â±1526

Â±81802
Â±105Methyl

IQx(5
/<g/assay)41

34Â±3169Â±36Â±22Â±25

Â±45Â±270

Â±1622
Â±57Â±27917Â±5I7DimethvlIQx(5

fig/assay)2840

Â±123I3Â±
628

Â±11I8Â±
87Â±26Â±2329

Â±2238
Â±11II

Â±64873
Â±469

" The promutagens were incubated with 3 mg of cell lysate protein or human liver S-9 in the presence of S. typhimurium. Values represent the average Â±SD of

three different experiments.
* Wild type (WT) vaccinia virus was infected into Hep G2 cells.
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promutagen and human liver S-9 (O). or vaccinia-expressed IA2 (A), IIIA4 (D). IIB7 (â€¢),and IIC8 (â€¢).See the legend to Table 1 for details.

membrane lipid compositions and, most importantly, (d) the
presence of multiple forms of P-450 in liver but not in hepatoma
cells infected with single recombinant vaccinia viruses.

It should also be noted that antibody against IA2 probably
cross-reacts with both human IA1 and IA2 due to their close
sequence similarities (10). We have not, however, detected IA1
in any of our human liver specimens.3 These results agree with

Wrighton et al. (29) who found a small amount of IA1 protein
in only 1 of 14 livers indicating that IA1 is not expressed in the
majority of liver samples. Indeed, this P-450 form is also not
significantly expressed in livers of untreated rodents and is
found only after treatment of animals with inducers (15). There
fore, we believe that the inhibition of IQ activation by anti-IA2
IgG (Fig. 2) probably represents inhibition of IA2 and not IA1.

Finally, we did not test the ability of human IA1 to activate
food mutagens. Indeed, rodent IA1 is able to activate some of
these compounds albeit at rates markedly less than IA2 (12-
14). As noted above, this form is not appreciably expressed in
most human livers. We do believe that IA1 would play a role
in perhaps induced liver specimens and a major role in induced
extrahepatic tissues in which IA2 is not expressed (15). Ill A4
may also play a major role in extrahepatic tissues such as
human intestine (30). Other human P-450s such as IIC9 and
IIIA4 may participate in mutagen activation at high levels of
substrate or in instances where IA2 is not expressed.

While this manuscript was being reviewed a comprehensive
report appeared in which the role of human P-450s in promu
tagen activation was assessed using immunochemical proce
dures (31). Their results using several human liver specimens
are compatible with ours regarding the role of IA2 in the
activation of heterocyclic arylamine promutagens.

GOAT ANTIIA2 IgG
(mg/assay)

Fig. 2. Inhibition of IQ activation mediated by human IA2 by IgG antibody
against rabbit P-448, (IA2) (â€¢).IgG derived from nonimmune rabbits (O) was
used as a control. The vaccinia-expressed IA2 (3 mg of cell lysate) was preincu-
bated for I h with various amounts of IgG prior to assay for mutagen activation.

major IQ-activating enzyme in human liver (Fig. 2). These data
also indicate that perhaps other forms of P-450 may contribute
up to 20% of the activation of IQ in this liver specimen.

In spite of our findings, using both cDNA expression and
antibody inhibition, that IA2 is the major high affinity P-450
responsible for human S-9 activation of several food promuta-
gens, one should note that mutagen activation by liver S-9
cannot directly be compared to vaccinia expression in cell
culture due to several factors including (a) inaccuracy in meas
uring P-450 contents in cell lysates and liver microsomes,4 (b)
different ratios of P-450 to NADPH-P-450 oxidoreductase and
cytochrome A5between liver and hepatoma cells, (c) different
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