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INTRODUCTION

Pigs are used in pharmacological and toxicologi-
cal studies because many of their physiological char-
acteristics are close to those of humans. Furthermore,
interest has recently been focused on pigs as the
sources of xenotransplant and hepatocyte-based
bioartificial livers for patients with hepatic failure.1)

Cytochrome P450 (CYP) enzymes play impor-
tant roles in the metabolism of xenobiotics, includ-
ing drugs, and endogenous compounds such as ste-
roid hormones. Numerous forms of CYP enzymes
and their cDNAs have been reported in humans, ex-
perimental animals, and non-mammalian organ-
isms.2,3) In the pig, cDNAs encoding CYP enzymes
such as CYP17, CYP19, and CYP51, involved in

the biosynthesis of steroid hormones and cholesterol,
have been isolated and well characterized.4–6) In con-
trast, little has been reported on cDNAs (and espe-
cially full-length cDNAs) encoding pig CYP en-
zymes responsible for the metabolism of xenobiotics,
although the existence of hepatic CYP enzymes in
the pig corresponding to human CYP enzymes such
as CYP1A1/1A2, CYP2A6, CYP2E1, and CYP3A4
has been demonstrated by examination of hepatic
enzyme activities, Northern blotting, and Western
blotting.7–11)

In the present study, we determined the full-
length sequences of six cDNAs encoding pig
CYP enzymes, CYP1A1, CYP2A19, CYP2B22,
CYP2C33v4, CYP2C49, and CYP2E1, responsible
for the metabolism of xenobiotics. Furthermore, we
examined the gene expression levels of these indi-
vidual pig CYP enzymes in the liver and kidney by
reverse transcription-polymerase chain reaction (RT-
PCR) assays.
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Six full-length cDNAs encoding pig cytochrome P450 (CYP) enzymes, CYP1A1, CYP2A19, CYP2B22,
CYP2C33v4, CYP2C49, and CYP2E1, were isolated and sequenced. The cDNA sequences of pig CYP1A1,
CYP2A19, CYP2B22, CYP2C49, and CYP2E1 showed high similarity to human CYP1A1 (85.4%), CYP2A13
(88.6%), CYP2B6 (81.1%), CYP2C18 (85.3%), and CYP2E1 (82.5%), respectively, and pig CYP2C33v4 cDNA
showed high similarity to rat CYP2C23 (79.2%). Reverse transcription-polymerase chain reaction (RT-PCR) assays
revealed hepatic gene expression of all these pig CYP enzymes: the order of expression was CYP2C33v4 and
CYP2E1 > CYP2C49 > CYP1A1 and CYP2A19 > CYP2B22. In the kidney, the CYP2C33v4 gene was expressed at
the same level as in the liver, but the CYP1A1, CYP2A19, and CYP2B22 genes were expressed at lower levels than
in the liver. Little renal gene expression of CYP2C49 and CYP2E1 was observed. We revealed for the first time the
full-length cDNA sequences encoding pig CYP1A1 and five CYP enzymes belonging to the CYP2 gene family, thus
making it possible to examine the gene expression levels of these CYP enzymes in pig tissues by RT-PCR.
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MATERIALS AND METHODS

Animals —–—  Adult crossbred pigs (Landrace ×
Large White × Duroc; LWD) were bred and kept at
the National Institute of Livestock and Grassland
Science, Tsukuba, Japan. The pigs were killed and
the liver and kidney removed, quickly frozen in liq-
uid nitrogen and then kept at –80°C until use.
Isolation of Pig CYP1A1 cDNA by the 5′′′′′- and 3′′′′′-
Rapid Amplification of cDNA End (5′′′′′- and 3′′′′′-
RACE) Method —–—  Total RNA was prepared
from the liver of an adult female pig (LWD) by us-
ing TRIzol Reagent (Invitrogen Corp., Carlsbad, CA,
U.S.A.), and then poly(A)+ RNA was separated with
a FastTrack 2.0 mRNA Isolation Kit (Invitrogen
Corp.) in accordance with the manufacturer’s in-
structions. Double-stranded cDNA was synthesized
with 1 µg of the poly(A)+ RNA by using a Marathon
cDNA Amplification Kit (Clontec Laboratories, Inc.,
Palo Alto, CA, U.S.A.) in accordance with the
manufacturer’s instructions and used for 5′- and 3′-
rapid amplification of cDNA end (3′-RACE). Both
the 5′- and 3′-ends of the double-stranded cDNA
were ligated to the 44-mer adapter containing two
overlapping primer sets for AP1 (5′ ccatcctaatacgac-
tcactatagggc 3′) and AP2 (5′ actcactatagggctcga-
gcggc 3′).

The strategy used for cloning of full-length pig
CYP1A1 cDNA is shown in Fig. 1. First, a partial
cDNA fragment of pig CYP1A1/1A2 was amplified
with primers, forward primer F1 (5′ ttcaagggccggc
ctgacctc 3′) and reverse primer R1 (5′ tcatggttgacctgc
cactgg 3′), which were designed from the cDNA
sequences of CYP1A1 and CYP1A2 in humans,

mice, and rats (GenBank accession numbers
K03191, Z00036, K02588, X00479, X00469 and
K02422) to enable amplification of the cDNA frag-
ments of both CYP1A1 and CYP1A2 in all three
species. PCR was performed with double-stranded
cDNA as a template in reaction mixture (50 µl) con-
taining 200 nM of each primer, 200 µM of dNTP,
and 1U of AmpliTaq Gold (PE Applied Biosystems,
Foster City, CA, U.S.A.). The amplification condi-
tion was 30 cycles of denaturation at 95°C for 30 sec,
annealing at 55°C for 30 sec, and elongation at 72°C
for 3 min after preactivation of AmpliTaq Gold for
10 min at 95°C. PCR products were cloned into
the PCR TOPO II vector with a TA Cloning Kit
(Invitrogen Corp.), and 15 clones were randomly
selected. Sequence analysis of the inserts indicated
that all clones possessed identical sequence with
944 base pair (bp) length. From the result that the
similarity of the sequence to human CYP1A1 was
86.4% and to human CYP1A2 was 78.1%, we de-
duced that the 944 bp PCR fragment was pig
CYP1A1 cDNA.

Next, to determine the full-length pig CYP1A1
cDNA sequence by 5′- and 3′-RACE, an antisense
primer, 5′-race1 (5′ ctggatgctgggatttgtcaccag 3′), for
5′-RACE and a sense primer, 3′-race1 (5′
cagagctgcttagccttatcaacc 3′), for 3′-RACE were de-
signed from the 944 bp cDNA sequence of pig
CYP1A1. PCR was performed with double-stranded
cDNA as a template, KlenTaq Polymerase (Clontec
Laboratories, Inc.) and a primer set, 5′-race1 and AP1
as a 5′-end primer for 5′-RACE, or 3′-race1 and AP1
as a 3′-end primer for 3′-RACE, in accordance with
the manufacturer’s instructions. Agarose gel elec-

Fig. 1. Strategy for Isolation of Full-Length cDNA Encoding Pig CYP1A1 by 5′- and 3′-RACE
Double-stranded cDNA with attachment of AP1 primer sequence was prepared from pig liver as described in “MATERIALS AND METHODS” and

used as a template. First, the partial fragment of pig CYP1A1 cDNA was amplified with primers F1 and R1. From the resultant sequence, 5′-race1 and 3′-
race1 primers were designed. Next, 5′-RACE and 3′-RACE were performed using 5′-race1 as an antisense primer and 3′-race1 as a sense primer,
respectively. AP1 primer was used for both 5′- and 3′-RACE as a sense primer and an antisense primer, respectively. Finally, the open reading frame was
amplified with F2 and R2 primers and the sequence was confirmed. The arrows indicate the position and direction of primers and the dotted lines show
the amplified region. Full-length cDNA is shown by the bars, and the open reading frame is indicated by the thick bars. Polyadenylation signals are
indicated by closed triangles. bp, base pairs.
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trophoresis of the PCR products obtained from both
5′-RACE and 3′-RACE showed a single band, and
so the PCR products were cloned into the pCRII
TOPO vector with a TA Cloning Kit without the 2nd
5′- and 3′-RACE. The clone containing the longest
insert was selected and subjected to sequence analy-
sis. The resultant sequences were combined to ob-
tain the full-length sequence of pig CYP1A1 cDNA.

Finally, to confirm the sequence of pig CYP1A1
obtained by 5′-RACE and 3′-RACE, the open read-
ing frame of CYP1A1 cDNA was amplified by PCR
using forward primer F2 (5′ cttcctagctcagctctgc 3′)
and reverse primer R2 (5′ ggagaaagtctaggttgcag 3′).
The PCR products were cloned into the pCRII TOPO
vector with a TA Cloning Kit and the sequence was
confirmed.
Isolation of Full-Length cDNAs Encoding Pig
CYP2A19, CYP2B22, CYP2C33v4, CYP2C49,
and CYP2E1 —–—  Plasmid clones containing pig
CYP cDNA fragments that showed similarities to
CYP2A, CYP2B, CYP2C, and CYP2E cDNAs of
humans, rats and/or mice, have already been ob-
tained, but they lack the N-terminal region. To ob-
tain clones containing the full-length of the cDNAs,
a cDNA library constructed from poly(A)+ RNA of
an adult female pig liver with a ZAP-cDNA Synthe-
sis Kit (Stratagene, Los Angeles, CA, U.S.A.) in ac-
cordance with the manufacturer’s instructions
was screened by colony hybridization with a
digoxigenine-labeled partial cDNA fragment from
each plasmid clone as a probe. The clone containing
the longest insert was selected and subjected to se-
quence analysis.
Sequence Analysis —–—  Sequence analysis was
performed with an ABI377 sequencer and a Big Dye
Terminator Cycle Sequencing Ready Reaction Kit
(PE Applied Biosystems).
Gene Expression of Pig CYP Enzymes by RT-
PCR —–—  Total RNA was prepared from the liver
and kidney of adult male pigs (LWD) by TRIzol Re-
agent and was used to examine the level of expres-

sion of each pig CYP gene. Briefly, a portion (4 µg)
of total RNA was converted to cDNA in 20 µl of
RT-reaction mixture by using the Super Script First-
Strand Synthesis System for RT-PCR (Invitrogen
Corp.) with oligo d(T)12-18 as described in the
manufacturer’s instructions. PCR was performed in
25 µl of total reaction mixture containing 0.5 µl of
the RT-reaction mixture, 200 µM of dNTP, 1U of
AmpliTaq Gold, and 400 nM of each primer (for-
ward and reverse). The primer sets used are shown
in Table 1. The primer set of glyceraldehyde 3-phos-
phate dehydrogenase (G3PDH), which was used for
the internal standard, was obtained from Toyobo
(Tokyo, Japan). The amplification protocol consisted
of the preactivation of AmpliTaq Gold for 10 min at
95°C and then 24 to 30 cycles of denaturation for
30 sec at 95°C, annealing for 30 sec at 55°C, and
extension for 1 min at 72°C. The PCR products were
electrophoresed in 2.0% agarose gel and visualized
by ethidium bromide.

RESULTS AND DISCUSSION

Isolation of Full-Length cDNAs Encoding Pig
CYP1A1, CYP2A19, CYP2B22, CYP2C33v4,
CYP2C49, and CYP2E1

Six full-length cDNAs encoding pig CYP
enzymes responsible for the metabolism of
xenobiotics were isolated and their sequences de-
termined. They were named CYP1A1, CYP2A19,
CYP2B22, CYP2C33v4, CYP2C49, and CYP2E1
according to the conventions established by the P450
nomenclature committee2) and registered in DDBJ/
GenBank/EMBL as accession numbers, AB052254-
AB052259.

Pig CYP1A1 cDNA has 1551 bp of open read-
ing frame (ORF) encoding 516 amino acids and
1196 bp of 3′-untranslated region (3′UTR) (Fig. 2).
Two polyadenylation signals were observed at posi-
tions 2608 to 2613 and 2882 to 2887 in the 3′UTR.

Table 1. Primer Sets Used for Analyzing the Expression of Pig CYP Genes by RT-PCR

Gene Forward Primer Reverse Primer Length (bp) Accession No.

CYP1A1 5′ atcctggagctcttccgac 3′ 5′ ggtatgatccctcaggcttg 3′ 584 AB052254

CYP2A19 5′ caactgaccgtccctcgcag 3′ 5′ ccatagcctttgaagagccagtc 3′ 371 AB052255

CYP2B22 5′ cttctccataggcaagcg 3′ 5′ atagacctctgtgaggcttc 3′ 414 AB052256

CYP2C33v4 5′ cgctactgtcttcagtcttac 3′ 5′ gattagtgtttctgtcccag 3′ 423 AB052257

CYP2C49 5′ cgaatttgtgtgggagaagg 3′ 5′ agaggttggatattagctgg 3′ 332 AB052258

CYP2E1 5′ acatgagattcagcgattcatc 3′ 5′ gcctccaggtcagcatcaag 3′ 475 AB052259
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Fig. 2. Pig CYP1A1 cDNA and Predicted Amino Acid Sequences
The nucleotide sequence has been registered in DDBJ/GenBank/EMBL (accession number, AB052254). The predicted amino acid sequence is

indicated below the corresponding nucleotide sequence. Numbers of nucleotides and amino acids are indicated at the right. Two typical polyadenylation
signals (aataaa) are underlined, and the termination codon is asterisked.
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In 3′-RACE, several clones with polyadenylation
sites at positions 2624 and 2626, resulting from
polyadenylation signal at position 2608 to 2613,
were observed. Of the CYP1A1/1A2 of humans,
mice, and rats, human CYP1A1 showed the highest

level of similarity in terms of nucleotide level of ORF
(85.4%) and amino acid level (81.2%) (Table 2). In
the present study, we did not obtain pig CYP1A2
cDNA, perhaps because there was a mismatch of
bases in the primers F1 and/or R1 first used to am-

Table 2. Similarities between the Nucleotide and the Deduced Amino Acid Sequences of Pig CYP Enzymes and Those of Humans,
Rats, and Micea)

Species CYP Accession Nucleotide level Amino acid level

number Size of Similarity Number of Similarity

ORF (bp) (%) amino acids (%)

Pig CYP1A1 (AB052254): 1551 bp of ORF and 516 aa

human CYP1A1 K03191 1539 85.4 512 81.2

human CYP1A2 Z00036 1548 80.3 515 72.9

rat CYP1A1 X00469 1575 80.6 524 77.5

rat CYP1A2 K02422 1542 74.1 513 67.3

mouse Cyp1a1 K02588 1566 80.8 521 77.3

mouse Cyp1a2 X00479 1542 73.9 513 66.5

Pig CYP2A19 (AB052255): 1485 bp of ORF and 494 aa

human CYP2A6 M33318 1485 87.5 494 87.5

human CYP2A7 M33317 1485 86.5 494 85.1

human CYP2A13 AF209774 1485 88.6 494 90.3

rat CYP2A1 J02669 1479 74.6 492 70.1

rat CYP2A2 J01487 1479 72.5 492 65.9

mouse Cyp2a4 J03549 1485 84.0 494 86.7

mouse Cyp2a5 NM 007852 1485 85.2 494 88.9

Pig CYP2B22 (AB052256): 1482 bp of ORF and 493 aa

human CYP2B6 AF182277 1476 81.1 491 74.0

rat CYP2B1 J00719 1476 77.1 491 72.8

rat CYP2B2 M34452 1500 76.1 499 71.2

mouse Cyp2b9 M21855 1476 74.5 491 69.0

mouse Cyp2b10 M21856 1503 76.0 500 73.1

Pig CYP2C33v4 (AB052257): 1485 bp of ORF and 494 aa

human CYP2C9 M61855 1473 68.2 490 62.4

human CYP2C18 M61856 1473 68.6 490 60.8

human CYP2C19 M61854 1473 68.1 490 62.2

rat CYP2C11 J02657 1503 65.4 500 59.2

rat CYP2C23 U04733 1485 79.2 494 77.4

mouse Cyp2c29 D17674 1473 66.3 490 59.2

Pig CYP2C49 (AB052258): 1473 bp of ORF and 490 aa

human CYP2C9 M61855 1473 83.0 490 78.2

human CYP2C18 M61856 1473 85.3 490 80.2

human CYP2C19 M61854 1473 83.1 490 77.6

rat CYP2C11 J02657 1503 79.2 500 72.6

rat CYP2C23 U04733 1485 66.8 494 61.8

mouse Cyp2c29 D17674 1473 78.7 490 72.7

Pig CYP2E1 (AB052259): 1488 bp of ORF and 495 aa

human CYP2E1 D17449 1482 82.5 493 79.2

rat CYP2E1 J02627 1482 79.6 493 80.4

mouse Cyp2e1 X62595 1482 78.8 493 78.4

a) Nucleotide sequences of open reading frames (ORFs) and amino acids (aa) corresponding to each pig CYP were compared with those of
humans, rats, and mice.
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Fig. 3. Pig CYP2A19 cDNA and Predicted Amino Acid Sequences
The nucleotide sequence has been registered in DDBJ/GenBank/EMBL (accession number, AB052255). The predicted amino acid sequence is

indicated below the corresponding nucleotide sequence. Numbers of nucleotides and amino acids are indicated at the right. Two putative polyadenylation
signals (aataa) are underlined, and the termination codon is asterisked.

plify the pig CYP1A1/1A2 cDNA fragment or be-
cause the constitutive gene expression level of pig
CYP1A2 is low.

Pig CYP2A19 cDNA has 1485 bp of ORF en-
coding 494 amino acids and a 251 bp 3′UTR con-
taining two polyadenylation signals at positions 1752
to 1756 and 1758 to 1762 (Fig. 3). Human CYP2A6
and CYP2A13 showed high similarities to pig
CYP2A19, with 87.5% and 88.6% similarity, respec-
tively, in the nucleotide level of ORF and 87.5% and
90.3% similarity, respectively, in amino acid level

(Table 2). Seventeen amino acids of the first
20 amino acids from the N-terminus deduced from
pig CYP2A19 cDNA were identical to those of a par-
tially purified CYP enzyme from the minipig liver,9)

which showed human CYP2A6 activity (coumarin
7-hydroxylase). These results suggest that pig
CYP2A19 catalyzes coumarin 7-hydroxylation.

Pig CYP2B22 cDNA has 1482 bp of ORF en-
coding 493 amino acids and a 1242 bp 3′UTR con-
taining two polyadenylation signals at positions 1865
to 1870 and 2704 to 2709 (Fig. 4). Human CYP2B6
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Fig. 4. Pig CYP2B22 cDNA and Predicted Amino Acid Sequences
The nucleotide sequence has been registered in DDBJ/GenBank/EMBL (accession number, AB052256). The predicted amino acid sequence is

indicated below the corresponding nucleotide sequence. Numbers of nucleotides and amino acids are indicated at the right. Two typical polyadenylation
signals (aataaa) are underlined, and the termination codon is asterisked.

showed 81.1% similarity with pig CYP2B22 in the
nucleotide level of ORF and 74.0% in amino acid
level (Table 2). The similarities of mouse Cyp2b9/

2b10 and rat CYP2B1/2B2 with pig CYP2B22 were
about 75% to 76% and 76% to 77%, respectively, in
the nucleotide level of ORF, and about 69% to 73%
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Fig. 5. Pig CYP2C33v4 cDNA and Predicted Amino Acid Sequences
The nucleotide sequence has been registered in DDBJ/GenBank/EMBL (accession number, AB052257). The predicted amino acid sequence is

indicated below the corresponding nucleotide sequence. Numbers of nucleotides and amino acids are indicated at the right. A typical polyadenylation
signal (aataaa) is underlined, and the termination codon is asterisked.

and 71% to 73%, respectively, in amino acid level.
Partial cDNA sequences encoding pig CYP2C

enzymes have been reported in the pig ovary, and
they have been classified among CYP2C32 to
CYP2C36.12) However, full-length cDNA encoding
pig CYP2C has not been isolated. Herein, we deter-
mined two full-length cDNA sequences encoding pig
CYP2C33v4 and CYP2C49, and the latter is a new
member of the pig CYP2C gene subfamily. Pig

CYP2C33v4 has 1485 bp of ORF encoding 494
amino acids and a 437 bp 3′UTR containing a
polyadenylation signal at position 1945 to 1950
(Fig. 5). Of several CYP2C cDNAs, rat CYP2C23
showed the highest similarity to pig CYP2C33v4 in
the nucleotide level of ORF (79.2%) and in amino
acid level (77.4%) (Table 2). Pig CYP2C49 cDNA
has 1473 bp of ORF encoding 490 amino acids and
a 366 bp 3′UTR containing a polyadenylation sig-
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Fig. 6. Pig CYP2C49 cDNA and Predicted Amino Acid Sequences
The nucleotide sequence has been registered in DDBJ/GenBank/EMBL (accession number, AB052258). The predicted amino acid sequence is

indicated below the corresponding nucleotide sequence. Numbers of nucleotides and amino acids are indicated at the right. A typical polyadenylation
signal (aataaa) is underlined, and the termination codon is asterisked.

nal at position 1930 to 1935 (Fig. 6). Human
CYP2C18, of several CYP2C enzymes, showed the
highest similarity to pig CYP2C49, with 85.3% simi-
larity in the nucleotide level of ORF and 80.2% in
amino acid level (Table 2). The similarity between
pig CYP2C33v4 and pig CYP2C49 was low (68%
in the nucleotide level of ORF and 62% in amino
acid level), suggesting that both pig CYP2C enzymes
had different substrate specificities.

Pig CYP2E1 cDNA has 1488 bp of ORF encod-
ing 495 amino acids and a 202 bp 3′UTR, which
lacked a typical polyadenylation signal (Fig. 7).
Human and rat CYP2E1 showed high similarities to
pig CYP2E1, with 82.5% and 79.6% similarity, re-
spectively, in the nucleotide level of ORF and 79.2%
and 80.4% similarity, respectively, in amino acid
level (Table 2).



527No. 5

Fig. 7. Pig CYP2E1 cDNA and Predicted Amino Acid Sequences
The nucleotide sequence has been registered in DDBJ/GenBank/EMBL (accession number, AB052259). The predicted amino acid sequence is

indicated below the corresponding nucleotide sequence. Numbers of nucleotides and amino acids are indicated at the right. The termination codon is
asterisked.

RT-PCR Evaluation of Gene Expression of Pig
CYP Enzymes in the Liver and Kidney

We examined the gene expression of pig
CYP enzymes CYP1A1, CYP2A19, CYP2B22,
CYP2C33v4, CYP2C49, and CYP2E1 in the liver
and kidney by RT-PCR. Primer sets corresponding
to each pig CYP gene were designed to amplify frag-
ments encompassing the positions between the ORF
and the 3′UTR (Table 1), so as to prevent the ampli-
fication of other similar pig CYP sequences. The
exception was the primer set for pig CYP2A19, which
amplified a fragment encompassing the positions be-

tween the 5′-upstream region and the ORF, because
the use of a reverse primer in 3′UTR was not appro-
priate because of the high GC content. RT-PCR was
performed in different cycles, and the representa-
tive patterns of gel electrophoresis are shown in
Fig. 8.

All pig CYP genes were expressed in the liver,
and the CYP2C33v4, CYP2C49, and CYP2E1 genes
were highly expressed. Pig CYP1A1 and CYP2A19
genes were expressed moderately in the liver, but
the gene expression of pig CYP2B22 was low. In
the kidney, only the CYP2C33v4 gene was highly
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expressed. Rat CYP2C23 showing high similarity
to pig CYP2C33v4 (Table 2) is expressed in both
the liver and kidney and is involved in the
epoxidation of arachidonic acid;13) therefore, pig
CYP2C33v4 might be involved in the metabolism
of arachidonic acid. In contrast, the genes for
CYP2C49 and CYP2E1 were expressed poorly in
the kidney. Furthermore, gene expression of pig
CYP1A1, CYP2A19, and CYP2B22 was observed
in the kidney, but the levels were lower than in the
liver. It has been reported that all transcripts from
human CYP2A6, CYP2A7, and CYP2A13 in the
kidney are not detected by RT-PCR.14) These results
indicate that the expression patterns of pig CYP
genes, at least those belonging to CYP2A gene sub-
family, are different from those of humans. The sub-
strate specificities and range of potential metabolic
reactions of individual pig CYP enzymes following
expression of full-length cDNAs in heterologous sys-
tems remain to be evaluated.
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