Biochemical Pharmacology, Vol. 56, pp. 131-139, 1998.
© 1998 Elsevier Science Inc. All rights reserved.

i

ER

o

R

ELSEVI

Molecular Cloning and Functional Analysis of

Cynomolgus Monkey CYP1A2*

Tsutomu Sakuma, g Minako Hieda,T Tomoko Igarashi,T Satoru Ohgiya,#
Ryoichi Nagata,§ Nobuo Nemoto! and Tetsuya Kamatakit**

TD1visIoN oF DRUG METABOLISM, FACULTY OF PHARMACEUTICAL SCIENCES, HOKKAIDO UNIVERSITY, N12 W6,
SAPPORO, HOkKAIDO 060; FHOKKAIDO NATIONAL INDUSTRIAL RESEARCH INSTITUTE, AGENCY OF INDUSTRIAL
SCIENCE AND TECHNOLOGY, SAPPORO, HOKKAIDO 062; §SHIN NIPPON BIOCHEMICAL LABORATORIES, LTD.,
YosHipa, KacosHma 891-13; aND 'DEPARTMENT OF TOXICOLOGY, FACULTY OF PHARMACEUTICAL
SCIENCES, TOYAMA MEDICAL AND PHARMACEUTICAL UNIVERSITY,

2630 SuciTani, Toyama 930-01, JAPAN

ABSTRACT. Complementary DNA fragments encoding cynomolgus monkey CYP1A2 were amplified by the
reverse transcriptase—polymerase chain reaction (RT-PCR) method from the liver total RNA of a 3-methyl-
cholanthrene (3-MC)-treated cynomolgus monkey. The nucleotide sequence determined was 1630 bp long and
contained an open reading frame for a polypeptide of 516 residues. The nucleotide and the deduced amino acid
sequences of cynomolgus monkey CYP1A2 showed 95.1 and 92.8% identities to those of human CYP1A2,
respectively. The level of CYPIA2 mRNA in the liver of untreated cynomolgus monkey was very low.
Treatment with 3-MC increased it. Still, it was one-fortieth that of CYP1A1. Cynomolgus monkey CYP1A2
expressed in recombinant yeasts activated 2-amino-3-methylimidazo[4,5-flquinoline (IQ) and 2-amino-3,8-
dimethylimidazo[4,5-f]quinoxaline (MelQx) at efficient rates in the wmu mutagenicity test. This cytochrome
P450 (CYP) also activated 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), but less efficiently. These

results indicate that cynomolgus monkeys have a functionally active CYP1A2 gene, but its expression level is
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very low in the liver of untreated cynomolgus monkeys.
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CYP+t+ consists of a superfamily of ubiquitous monooxygen-
ases associated with the metabolism of a broad group of
structurally unrelated compounds, including drugs, envi-
ronmental pollutants, and endogenous substrates. It is also
known that CYP catalyzes the metabolic activation of
promutagens and procarcinogens, leading to their genotox-
icities [1]. Therefore, it is believed that the activity and
expression level of each CYP are important factors to

* The nucleotide sequence reported in this paper appears in the GSDB,
DDBJ, EMBL, and GenBank database with accession number “D86474,”
definition “Macaca fascicularis adult liver mRNA for cytochrome P-450.”
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determine the consequences of exposure to chemical pro-
carcinogens.

To date, many heterocyclic amines such as 1Q, MelQx,
and PhIP have been isolated from cooked meat and fish
products, and identified as procarcinogens in rodents [2-5].
These carcinogenic heterocyclic amines show mutagenicity
only after undergoing metabolic activation by so-called
drug-metabolizing enzyme systems. This is accomplished
via a two-step process involving the N-hydroxylation of the
exocyclic amino group by CYP followed by phase II
esterification [6, 7]. One of the candidates of CYP respon-
sible for the N-hydroxylation of heterocyclic amines is
CYP1A2 [8-11]. Nevertheless, the real carcinogenic po-
tential of these heterocyclic amines in humans has not been
proven, since it is difficult to extrapolate to humans from
the rodent data on procarcinogen metabolism due to the
large species differences in the properties of CYPs.

The monkey is recognized as the secondarily nearest
species to humans on the evolutionary tree and is supposed
to be a suitable animal model for pharmacological and
toxicological studies [12]. Thus, cynomolgus monkeys (Ma-
caca fascicularis) have been used for carcinogenicity testing
for over 30 years [13]. However, the molecular aspects of
the metabolism of procarcinogens and promutagens in
monkey livers have not been clarified. We have already



132

reported that forms of CYP belonging to the CYP2C,
CYP2E, and CYP3A gene subfamilies are expressed consti-
tutively in the liver of cynomolgus monkeys, whereas
expression of CYP1AI is not detectable in the liver of
untreated cynomolgus monkeys [14, 15].

Recently, some investigators reported data showing the
lack of constitutive expression of CYP1A2-like protein and
only marginal induction of CYP1A2-like protein in the
liver of cynomolgus monkeys [16-21]. They concluded
from these results that the contribution of CYPIA2 to
carcinogenesis in cynomolgus monkeys is negligible [18,
20]. However, these reports raised the question of whether
the cynomolgus monkey has a functionally active CYP1A2
gene. Thus, the aim of this study was to ascertain with
certainty, using a molecular cloning technique, whether the

cynomolgus monkey has any constitutive expression and
induction of CYP1A2.

MATERIALS AND METHODS
Materials

Restriction enzymes, S1 nuclease, T, polynucleotide kinase,
and other DNA-modifying enzymes were obtained from
Takara Shuzo. MMLYV reverse-transcriptase was purchased
from United States Biochemical, native Pfu DNA polymer-
ase from Stratagene, Taqg DNA polymerase from Pharmacia
Biotech, and 3-MC from Sigma. Radioactive reagents, a
pMOS blue T-vector kit, and a sequencing kit were
obtained from Amersham, and IQ, MelQx, and PhIP from
Wako Pure Chemicals. Yeast expression vector pAAH5
was provided by Dr. Ryo Sato of Osaka University. Salmo-
nella typhimurium TA1535/pSK1002 was donated by Dr.
Tsutomu Shimada of the Osaka Prefectural Institute of
Public Health. Emulgen 911, a non-ionic detergent, was
provided by the Kao Co. Other chemicals were of the
highest grade commercially available.

Animals

An adult female and three adult male cynomolgus monkeys
(M. fascicularis) were used in this study. The male cyno-
molgus monkeys, weighing about 5 kg, were given a single
i.p. injection of 3-MC in corn oil at a dose of 20 mg/kg and
were killed 3 days later. Livers were excised immediately
and used for the preparation of RNA and microsomes.

Amplification of Cynomolgus Monkey CYP1A2 cDNA

The primers used in this study were synthesized with a
DNA synthesizer (model 381A; Applied Biosystems). The
sequences of the synthesized primers were as follows:

RT-1S, 5-TTACAACCCTGCCAATCTCAAG-3';
RT-1AS, 5'-AAGTCCTGCTCGTGTTCCTGG-3';

RT-2S5, 5'-CCCTCAACACCTTCTCCATC-3%;
RT-2AS, 5'-AGCCATTCAGCGTTGTGTCC-3';

RT-3S, 5'-AGGAACACTATCAGGACTTTG-3';
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5'-GAAGAGAAACAAGGGCTGAGT-3"; RT-3AS,
5" - TGGCGTCTTCTTCACTTGAT-3"; RT-4S,
5"-GGCCGGCCCTTGAAATCGTC-3". RT-4AS,

Total RNA was prepared from livers of untreated and
3-MC-treated cynomolgus monkeys according to the
method of Chirgwin et al. [22]. An aliquot (3.5 pg) of total
RNA prepared from the liver of a 3-MC-treated male
cynomolgus monkey was reverse-transcribed into cDNA in
a reaction mixture (30 L) containing 50 mM of Tris—HCI
(pH 8.3), 75 mM of KCI, 3 mM of MgCl,, 10 mM of DTT,
0.4 mM of dNTPs, random hexamer (120 ng), and MMLV
reverse-transcriptase (150 U). Before the addition of
MMLYV reverse-transcriptase, the reaction mixture was
heated to 70° for 2 min, and then cooled to room
temperature. After the addition of MMLV reverse-tran-
scriptase, the reaction mixture was incubated at 37° for 1 hr
and boiled for 10 min. An aliquot (5 wL) of the cDNA
solution was added into 50 pL of the reaction mixture
containing 20 mM of Tris—HCI (pH 8.8), 2 mM of MgCl,,
10 mM of KCI, 6 mM of ammonium sulfate, 0.1% Triton
X-100, 0.1 mg/mL of nuclease-free bovine serum albumin,
0.1 mM of each ANTP, 1 uM of each primer and 2 U of
native Pfu DNA polymerase, and then was amplified by 30
cycles including 1 min at 94°, 2 min at the optimized
temperature of annealing for each primer set, and 2 min at
72° using a DNA Thermal Cycler (Perkin—Elmer Cetus).
The RT-PCR products were purified by electrophoresis in
a 1% agarose gel followed by ligation into the pMOSblue T
vector (RT-1P, RT-2P, RT-3P) or the pAAHS5 vyeast
expression vector (RT-4P). In the case of RT-4P, both ends
were blunted by T, DNA polymerase before ligation, and
the resulting plasmid (pMK1A2) was used to express
cynomolgus monkey CYP1A2 in the recombinant yeast.
The nucleotide sequences of the amplified cDNA frag-
ments were determined by the dideoxy method [23] with
Sequenase ver. 2 and an ABI 377 automated DNA se-

quencer.

S1 Nuclease Protection Assay

For the S1 nuclease protection assay, a 141 nucleotide-
long single-strand DNA encompassing positions 251 to
352 of cynomolgus monkey CYP1A2 was prepared. The
40 nucleotide-long segment in this probe, which was
located at 3’-downstream of CYP1A2 ¢cDNA, was an
unhybridizable segment that came from the M13 vector.
This segment can be cut off by S1 nuclease. The probe
labeled at the 5’-end with [y->’P]JATP was hybridized at
49°. S1 nuclease digestion was performed using 25 U/20
pg of total RNA at 30° for 40 min. After reaction, the
mixture was applied to an 8% polyacrylamide gel con-
taining 42% urea. The polyacrylamide gel was dried and
visualized autoradiographically.
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FIG. 1. Product formation during PCR cycling with
the common primers for CYP1A1 and CYP1A2
cDNAs. Hepatic total RNA (0.08 pg) was reverse-
transcribed, and then submitted to PCR with the
following amplifying conditions: at 94° for 60 sec,
51° for 120 sec, and then 72° for 120 sec. The
reaction mixtures after 17, 19, 21, 23, 25, 29, and
31 cycles were digested with Mspl and applied to
polyacrylamide gel electrophoresis. Amounts of the
products were measured with a densitometer and are
shown as values relative to that of CYP1A1 after 31
cycles. Each cycle represents the mean of each
cDNA of two 3-MC-treated monkeys. Key: (@)
CYP1A1; (O) GAPDH; and (m) CYP1A2.

0.1 T T T T T T
15 17 19 21 23 25 27

PCR Cycles

Comparison of the nRNA Level between CYP1A1 and
CYP1A2 using Semiquantitative RT-PCR

RT-PCR was performed as described above with Tag DNA
polymerase instead of Pfu DNA polymerase. The forward
and reverse primers were 5'-TGACCCAGCCTCCT
CAT-3" and 5'-TTCGCTACCTGCCCAAC-3’, respec-
tively. Both primers completely matched to CYP1A2 and
CYP1AL1 of cynomolgus monkeys. The PCR was performed
with 94° for 1 min, 51° for 2 min, and then 72° for 2 min.
To determine the amounts of CYP1A1 and CYP1A2
cDNA separately, the PCR products were digested with
Hhal or Mspl, which can digest only CYP1A1 or CYP1A2
cDNA, respectively, and then were resolved by 8% poly-
acrylamide gel electrophoresis. The amounts of PCR prod-
ucts increased exponentially to 27 cycles (Fig. 1). The
efficiency of amplification seemed to be equal between
CYP1A1 and CYP1A2. The product length was 228 bp,
spanning the region from 501 to 789 of cynomolgus
monkey CYP1A2 cDNA. When the mixture of RT reac-
tion was incubated without RT as a negative control, no
RT-PCR product was amplified (see Fig. 4A, extreme right
lane). These observations indicate that the amounts of
RT-PCR products reflect the initial amount of CYP1A1
and CYP1A2 mRNA. To normalize the quantity of RNA
applied, portions of the cDNA samples were amplified
simultaneously by PCR using primers for human GAPDH
(Clontech). The forward and reverse primers were 5'-
ACCACAGTCCATGCCATCAC-3" and 5'-TCCAC
CACCCTGTTGCTGTA-3', respectively. The PCR con-
dition for GAPDH was the same as that of CYP1A2.
Exponential amplification of GAPDH c¢DNA was also
confirmed (Fig. 1). The length of the PCR products was
452 bp. While the nucleotide sequence of cynomolgus

monkey GAPDH is not available thus far, cDNA fragments
with the expected size were amplified, using this primer set
from the cynomolgus monkey. The expression level of both
mRNA species in the liver of cynomolgus monkeys was

shown as a ratio to GAPDH.

Expression of Cynomolgus Monkey CYP1A2 in
Recombinant Yeast

An expression plasmid for cynomolgus monkey CYP1A2
was constructed as described above. Another expression
plasmid containing human CYP1A2 cDNA, pHM1A2, was
constructed with the same strategy. The nucleotide se-
quences of both expression constructs were confirmed
before use. Both expression plasmids were used to transform
the High-red yeast (M8 line) by the lithium acetate method
[24]. The High-red yeast is a recombinant strain of Saccharo-
myces cerevisiae YPH500, which shows a high CYP reductase
activity (M8 line; 635 nmol of cytochrome c reduction/
min/mg of protein) by the integration of the expression unit of
hamster CYP reductase into yeast genome [25]. Transformed
yeast cells were selected on a plate containing a synthetic
minimum medium with added histidine, lysine, adenine, and
uracil. Cultivation of recombinant yeast cells and preparation
of microsomal fractions were carried out as described previ-
ously [26]. The concentrations of CYP and protein were
determined as reported by Omura and Sato [27] and Lowry et
al. [28], respectively.

Mutation Assay

CYP-mediated activation of heterocyclic amines was mea-
sured by determination of the expression of the umu gene in
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CACTTGTTCCTCTACAGTTGGTACAG

ATGGCATTGTCCCAGTCTGTTCCCTTCTTGGCCACAGAGCTTCTCCTGGCCTCTGCCATC
M AL S Q S VP F L A T L L L A S A I
TTCTGCCTGGTATTCTGGGTGCTCAGGGGTTCGAGGCCTCGGGTCCCCAAAGGCCTGAAA
F C L V F W V L R|G S R P R V P K G L K
AGT AT CTGCTCGGGCATGTGCTGACCCTGGGGAAGAAC
S P P EPWGWUPILUILGHV L T UL G K N
CCGCACCTGGCACTGTCAAGGATGAGCCAGCTCTACGGAGACGTGCTGCAGATCCGCATT
P H L AL S R M S QL Y G DV L Q I R I
GGCTCCACACCCGTGCTGGTGCTGAGCGGCCTGGATACCATCCGGCAGGCCCTGGTGCGG
G §s TP VL VL S GGLDTTIU RIOQATLV R
CAGGGCGACGATTTCAAGGGCCGGCCTGACCTCTACAGCTTCACCTTCATCACTGATGGC
Q G DDV F XK GRPDTUL Y S F TV F I TD G
CAGAGCATGTCCTTCAGCCCAGACTCTGGACCGGTGTGGGCTGCCCGCCGGCGCCTGGCC
Q s M s F s P DS G P V WA AZRURIZ RTIL A
CAGAACGCCCTCAACACCTTCTCCATCGCCTCTGACCCAGCCTCCTCATCCTCCTGCTAC
Q N AL NTF S I A S D P A S S S S C ¥
CTGGAGGAGCATGTGAGCAAGGAGGCTGAGGCCCTGATCAGCAGGTTGCAGGAGCTGATG
L E E HV S K EAEA ATULTISURTULOQETLM
GCAGGGCCTGGGCACTTCGACCCTTACAATCAAGTGGTGGTGTCGGTGGCCAACGTCATC
A G P GHF D P Y NQV V V S VANV I
GGTGCCATGTGCTTCGGACAGCACTTCCCCGAGAGCAGTGATGAGATGCTCAGCCTTGTG
G A MCFGOQHV FU?PE S SDEMTLS ULV
AAGAACAGTCATGAGTTCGTGGAGAGTGCCTCCTCCGGGAACCCCGTGGACTTCTTCCCT
K N s H E F V E S A S S GNP V D F F P
ATCCTTCGCTACCTGCCCAACCCTGCCCTGCAGAGGTTCAAGGCCTTCAACCAGAGGTTC
I L RYLPNUPA AL QIR FIZ KA ATFNU QT RF
CGGCGGTTCCTGCAGAAAACAGTCCAGGAACACTATCAGGACTTTGACAAGAACAGTGTC
R R F L Q K TV Q E H Y Q D F DI KN S V
CAGGACATCACGGGTGCCCTGTTCAAGCACAGCAAGAAGGGGCCTAGAGCCAGCGGCAAC
Q b I T G AL F K H S KK G PR A S G N
CTCATCCCCCAGGAGAAGATTGTCAACCTTGTCAATGACATCTTCGGAGCAGGATTTGAC
L I P Q E K I V NL V NDTI F GA G F D
ACAATTGCAACAGCCATCTCCTGGAGCCTCATGTACCTTGTGACCAAGCCCGAGATACAG
T I A T A I S WS L MY L V T XK PE I Q
AGGAAGATCCAGAAGGAGCTGGATGCTGTGATTGGCAGGGGGCGGCGACCCCGGCTCTCT
R K I 9Q K E L DAV I GR GRURUPIZRTUL s
GACAGACCCCAGCTGCCCTACTTGGAGGCCTTCATCCTGGAGACCTTCCGACACTCCTCT
DRPOQULUPYLEA ATFTITULETTF FIZRUHE S s
TTCGTCCCCTTCACCATCCCCCATAGCACAACAAGGGACACAACACTGAACGGCTTCTAC
F v P F T I P H S TTWRUDTTULNGVF Y
ATCCCCAGGGAATGCTGTGTCTTCATAAACCAGTGGCAGGTCAACCACGACCCGCAGCTG
I PR ECCV FINOQWIOQV VNI HDUP QL
TGGGGGGACCCCTCTGAGTTCCGGCCGGAGCGGTTCCTCACCGCCGAAGGCACCACCATT
W G D P S E FRPEIRVFL T AEG T T I
AACAAGCCCTTGAGTGAGAAGATAATGCTETTTGGCCTGGGCAAGCGCCGGTGCATCGGG
N K P L S E K I MTULI|F GL G KRR C I G
GAGGTCCTGGGCAAGTGGGAGGTCTTCCTCTTCCTGGCCATCCTGCTACAGCAACTGGAG
E VL GEKWE V FL F L ATIULTULUGQOQTULE

T T T TCCCATCTACGGGCTGACCATGAAG
F s v p P GV KV DULTU®PTIVYGUL T MK
CACGCCCGCTGTGAACACTTCCAGGCGCGGCTGCGCTTCTCCATCAAGTGAAGAAGACGC
H A RCEUHT FOQARTILIRF S I K
CACCATGCTGAGGCCAGGGAGCGAGTGGGGGCCAACCACGGGGA (1630bp)
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FIG. 2. Nucleotide and deduced amino acid
sequences of cynomolgus monkey CYP1A2.
The number of the deduced amino acid
sequence is shown on the right. Boxed se-
quences are two predicted functional re-
gions: the former is the signal-anchor se-
quence and the latter is the heme-binding
region.

Salmonella typhimurium TA1535/pSK1002, as reported pre-
viously [29].

RESULTS
Amplification and Characterization of Cynomolgus
Monkey CYP1A2 cDNA

Complementary DNA of cynomolgus monkey CYP1A2
was amplified using the RT-PCR method. We previously
showed that cynomolgus monkey CYPs shared over 95%
identities in nucleotide sequences with corresponding forms
in humans [14, 15]. Based on this finding, we expected that
cynomolgus monkey CYP1A2 would show very high iden-

tities to human CYP1A2 if cynomolgus monkeys have a
CYPI1A2 gene. Therefore, we also expected that cDNA for
cynomolgus monkey CYP1A2 must be amplified by primers
for human CYP1A2 under appropriate conditions. Thus,
we designed PCR primers adapting human CYP1A2 se-
quences. We designed the primers considering the follow-
ing: one should be a well-conserved sequence among
mammalian CYP1A2, and the other should be a sequence
showing low identity to cynomolgus monkey CYP1AI.
Amplification was carried out through two steps. First, we
amplified three cDNA fragments with overlapping regions.
Complementary DNA was synthesized from the liver total
RNA of a 3-MC-treated cynomolgus monkey, and PCR was
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TABLE 1. Comparison of the nucleotide and the deduced amino acid sequences of cynomolgus monkey CYP1A2 with other

mammalian CYP1A genes

Cynomolgus Guinea
monkey Human Dog Rabbit pig Rat Hamster Mouse

CYP1AL1

Nucleotide 79.6 79.5 78.1 78.7 4.4 75.5 74.9 75.6

Amino acid 73.6 72.5 73.1 72.3 69.9 69.6 68.0 69.8
CYP1A2

Nucleotide 100 95.1 83.6 84.1 80.2 80.2 80.0 79.2

Amino acid 100 92.8 81.9 80.4 714 75.7 4.7 73.7

The coding regions of forms of the CYPIA gene subfamily were compared with those of cynomolgus monkey CYP1A2. Each value indicates percent identity.

carried out with native Pfu DNA polymerase and RT-2S
and RT-2AS primers. As a result, one cDNA fragment
corresponding to the middle portion of the coding region of
cynomolgus monkey CYP1A2 (RT-2P) was amplified.
Based on the nucleotide sequence of this cDNA fragment,
we designed two primers: one was an antisense primer
(RT-1AS) for amplification of the N-terminal half of the
coding region, and the other (RT-3S) was for the
C-terminal half of the coding region. We also synthe-
sized the other two primers, RT-1S and RT-3AS, which
corresponded to the 5’- and 3’-noncoding region of
human CYP1A2, respectively. Using these primers, two
cDNA fragments encompassing the portion of the N-
terminal half (RT-1P) and the C-terminal half (RT-3P)
were amplified. The nucleotide sequences of these
cDNA fragments were determined after subcloning into
the pMOSblue T-vector. In the next step, in order to
confirm the presence of mRNA containing the entire
coding region and to express the cynomolgus monkey
CYP1A2 in recombinant yeast, a cDNA fragment
(RT-4P) containing the entire coding region of cyno-
molgus monkey CYP1A2 was amplified. The nucleotide
sequences of two independent clones of RT-4P were
confirmed. Their nucleotide sequences were completely
identical. Figure 2 shows the nucleotide and the deduced
amino acid sequences of the cynomolgus monkey
CYP1A2. The nucleotide sequence determined in this
study was 1630 bp long and contained an open reading
frame (position from 27 to 1574) encoding a polypeptide
of 516 amino acid residues. The estimated molecular
weight of cynomolgus monkey CYP1A2 was 58,196. The
heme-binding cysteine was present at the 458th residue.
A signal-anchor sequence also existed at the N-terminus.
Table 1 shows the result of a comparison between
cynomolgus monkey CYPIA2 and CYPIA genes from
Mammalia. The amino acid sequence of the cynomolgus
monkey CYP1A2 showed the highest identities of 92.8%
to human CYP1A2 and showed lower identities (less
than 73.6%) to mammalian CYPIAI genes. Thus, we
confirmed that RT-PCR products obtained in this study
were cDNA fragments encoding the cynomolgus monkey
CYP1A2.

Expression of CYP1A2 in the Liver of
Cynomolgus Monkeys

To further confirm the expression of CYP1A2 in the liver
of cynomolgus monkeys, an S1 nuclease protection assay
was carried out. As shown in Fig. 3, a strong and a weak
signal were detected in the liver of a 3-MC-treated and an
untreated cynomolgus monkey, respectively. This result
indicates that a trace amount of CYPIA2 mRNA was
expressed in the liver of the untreated cynomolgus monkey,
and its level was strongly induced by 3-MC.

Comparison of the nRNA Level between CYP1A1
and CYP1A2

We have demonstrated previously the expression of
CYP1A1 mRNA in the liver of 3-MC-treated cynomolgus
monkeys [14]. To compare the mRNA level between
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FIG. 3. Expression of CYP1A2 mRNA in the liver of an
untreated cynomolgus monkey and induction by 3-MC treat-
ment. A portion (20 pg) of total RNA was allocated to S1
nuclease protection assay, as described under Materials and

Methods.
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FIG. 4. Comparison of the mRNA level between CYP1A1 and CYP1A2 in the liver of cynomolgus monkeys using quantitative
RT PCR. (A) Development of the RT PCR products. Undigested products and products digested with Hhal or Mspl were developed
on 8% polyacrylamide gel. Two Hhal digests (167 and 121 bp) corresponding to CYP1A1 ¢cDNA and one Mspl digest (242bp)
corresponding to CYP1A2 cDNA were detected. To normalize the quantities of RNA applied, GAPDH ¢cDNA was simultaneously
amplified (left lane of each sample). The amount of total RNA used was 0.08 pg except for 0.4 pg in the lanes of digested products
from the untreated cynomolgus monkey. Abbreviations used are: H, Hhal; and M, Mspl. (B) The level of CYP1A1 and CYP1A2
mRNA in the liver of cynomolgus monkeys. The level of each mRNA species was shown as a ratio to that of GAPDH. Each untreated
sample was determined in duplicate, and the columns of 3-MC-treated cynomolgus monkeys represent the mean * SD (N = 3).

CYP1A2 and CYP1A1, quantitative RT-PCR analysis was
carried out (Fig. 4). Both CYP1A2 and CYP1IA1 mRNA
were detected in the liver of either the untreated monkey or
the 3-MC-treated cynomolgus monkeys. Treatment with
3-MC strongly induced both CYP1Al and CYP1A2
mRNA. The level of CYPIA2 mRNA in the liver of
3-MC-treated cynomolgus monkeys was one-fortieth of
that of CYP1A1. This result indicates that most of CYP1A
enzyme expressed in cynomolgus monkey livers is CYP1AT.

Functional Analysis of Cynomolgus Monkey CYP1A2

To examine whether or not cynomolgus monkey CYP1A2
had the capacity to activate carcinogenic heterocyclic
amines such as IQ, MelQx, and PhIP, cynomolgus monkey

CYP1A2 was expressed in recombinant yeast. The expres-
sion plasmid pMK1A2 was constructed by insertion of
RT-4P into the region downstream of the yeast ADH
promoter in the pAAHS5 yeast expression vector. The
pMK1A2 was introduced into the High-red yeast, which
has high CYP reductase activity by insertion of a hamster
CYP reductase expression unit into yeast genome. The
expression plasmid pHM1A?2 for human CYP1A2 was also
constructed and introduced into the recombinant yeast to
compare catalytic properties. Yeast cells transformed with
pMK1A2, pHM1A2, or pAAHS5 vector were cultivated,
and the microsomal fractions were prepared. The expres-
sion of cynomolgus monkey and human CYP1A?2 proteins
in yeast cells was confirmed by immunoblot analysis using
the antibodies raised against rat CYP1A2. The results
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FIG. 5. Reduced carbon monoxide-difference spectra of microsomes of recombinant yeast cells. The spectra were measured after

solubilization with 0.2% Emulgen 911, a non-ionic detergent.

showed that weak immunoreactive bands were detectable
around 52 kDa (data not shown). Figure 5 shows the
reduced carbon monoxide-difference spectra of microsomes
from the recombinant yeast cells. An absorption peak was
seen at 447 nm in the difference spectra of microsomes of
the yeast cells transformed with pMK1A2 and pHM1A2,
although both microsomes showed an absorption peak at
420 nm to a similar level. On the other hand, no absorption
peak around 450 nm was seen in the spectrum of micro-
somes from the control yeast cells, which were transformed
with pAAHS5. These results indicate that cynomolgus
monkey CYP1A2 and human CYP1A2 were expressed as
the holo-enzymes. The contents of CYP in microsomes of
yeast cells were estimated to be 0.022 and 0.046 nmol/mg of
protein for the cynomolgus monkey CYP1A2 and human
CYP1A2, respectively.

The capacity of cynomolgus monkey CYP1A2 to acti-
vate promutagens was examined by the umu mutagenicity
test. The results are summarized in Table 2. Microsomes
containing the cynomolgus monkey CYP1A2 enzyme acti-
vated IQ and MelQx efficiently, and PhIP at a lower rate.
The activation rates were comparable to those of human
CYP1A2. Microsomes from yeast cells transformed with
pAAHS as a control did not activate these promutagens.

TABLE 2. Activation of promutagens by cynomolgus monkey
and human CYP1A2 expressed in recombinant yeast cells

Control  Cynomolgus monkey Human
Promutagen (pAAHS5) (pMK1A2) (pHM1A2)
units/min/mg protein
(units/min/pmol P450)
IQ ND* 143 324
(=) (986) (707)
MelQx ND 377 47.3
(=) (260) (103)
PhIP ND 1.79 5.20
(-) (0.246) (0.227)

The concentration of promutagens added to the incubation mixture was 10 uM.
Each value represents the mean of duplicate determinations.
*ND = not detectable.

This result indicates that cynomolgus monkeys have a
functionally active CYPIAZ2 gene.

DISCUSSION

The aim of this study was to ascertain with certainty
whether the cynomolgus monkey has any constitutive
expression of CYP1A2. To resolve this question, we con-
structed a liver cDNA library from a 3-MC-treated cyno-
molgus monkey. Although some CYP1A1 cDNA clones
were obtained, no CYP1A2 ¢cDNA clone could be isolated
using cDNA fragments of human CYP1A2 or cynomolgus
monkey CYP1A2 (RT-2P), which was amplified in this
study, as probes (data not shown). Therefore, we amplified
the cDNA fragment containing the entire coding region
and determined the primary structure. Cynomolgus monkey
CYP1A2 consisted of 516 amino acid residues. This is the
same as human CYP1A2 reported by Quattrochi et al. [30]
and one residue larger than that reported by Jaiswal et al.
[31].

In this study, we were able to detect CYP1A2 mRNA in
the liver of the untreated cynomolgus monkey by an S1
nuclease protection assay and semiquantitative RT-PCR
analysis. However, no signal was detectable in Northern
blot and immunoblot analyses (data not shown). In addi-
tion, it was reported that no CYP1A2 protein was detected
in liver microsomes of untreated cynomolgus monkeys by
immunoblot analysis [18—-20]. The reason for this apparent
discrepancy is likely due to the high sensitivity of the Sl
nuclease protection assay and the semiquantitative RT—
PCR analysis. Our results indicate that CYP1A2 is ex-
pressed in the liver of untreated cynomolgus monkeys,
although the expression level must be too low to be
detected by Northern blot and immunoblot analyses.

In this study, we were able to use only four cynomolgus
monkeys, and we divided them into two groups: three males
were put in a 3-MC-treated group and one female was
untreated. Thus, we do not have any direct information
about gender-difference of monkey CYP1A2. However,
there are no reports showing remarkable gender-difference
in the expression level of CYP1A2 in other species,



138

including humans, to our knowledge. Thus, we presume
that there is no such difference in cynomolgus monkeys.

Concerning the relative mRNA level of CYP1A2 and
CYP1AL in the liver of cynomolgus monkeys, it appeared
that mainly CYP1A1 was expressed in the liver of the
untreated monkey as well as the 3-MC-treated monkeys.
This is in contrast to an observation in humans.

In the wmu mutagenicity test, cynomolgus monkey
CYP1A2 expressed in recombinant yeast cells was capable
of activating carcinogenic heterocyclic amines such as IQ,
MelQx, and PhIP at rates comparable to human CYP1A2.
The result indicates that the cynomolgus monkey has
functionally active CYP1A2. We were interested in com-
paring the activity toward heterocyclic amines between
cynomolgus monkey CYP1A2 and CYP1A1. However, the
strain of yeast used in this study was different from that used
in our previous study [14]. In this study, we used a
recombinant yeast that shows very high P450-reductase
activity. On the other hand, the yeast used in our previous
study had low P450-reductase activity. Thus, we cannot
directly compare these activities. Successful expression of
the recombinant cynomolgus monkey CYP1A2 in yeast
cells, coupled with the extremely low level of CYP1A2
mRNA in the liver, suggests that the low level of CYP1A2
protein in the liver is not due to stability of monkey
CYP1A2 protein. Thus, analysis of the gene sequence may
help us to understand why this species shows such low
levels of CYP1AZ.
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