aspet

MOLECULAR PHARMACOLOGY, 45:228-236

Sex-Related Differences in the Expression of Cytochrome P450
in Hamsters: cDNA Cloning and Examination of the Expression

of Three Distinct CYP2C cDNAs

TSUTOMU SAKUMA, KATSUYOSHI MASAKI, SUSUMU ITOH, TSUYOSHI YOKOI, and TETSUYA KAMATAKI
Division of Drug Metabolism, Faculty of Pharmaceutical Sciences, Hokkaido University, Sapporo 060, Japan

Received June 28, 1993; Accepted November 8, 1993

SUMMARY

Sex-related differences in the expression of cytochrome P450
isozymes in hamsters were investigated. Three distinct CDNA
clones (assigned as CYP2C25, CYP2C26, and CYP2C27) were
isolated from liver cDNA libraries from male and female hamsters,
using rat CYP2C11 cDNA as a probe. Sequence analysis re-
vealed that these three forms were very similar to each other
(>90% identity of nucleotide sequences) and beiong to the
CYP2C gene subfamily. The CYP2C25, CYP2C26, and CYP2C27
cDNA clones consisted of an open reading frame encoding 490
amino acids. CYP2C25, CYP2C26, and CYP2C27 proteins ex-

pressed in Saccharomyces cerevisiae catalyzed the hydroxyl—
ation of tolbutamide and the N-demethylation of
benzphetamine. Only CYP2C25 showed testosterone hydroxyl-
ase (16p) activity. Northern biot analyses with specific oligonu-
cleotide probes demonstrated that expression of CYP2C27 was
male specific and male predominant in kidneys and livers, re-
spectively. No sex-related difference was observed in the expres-
sion of CYP2C25 and CYP2C26. These resuits support our
previous findings that sex-related differences in the expression
of liver microsomal cytochromes P450 occur in hamsters.

Cytochromes P450 comprise a superfamily of ubiquitous
monooxygenases associated with the metabolism of a broad
group of structurally unrelated compounds, including drugs,
chemical carcinogens, environmental pollutants, and endoge-
nous substrates (1). The expression of cytochromes P450 is
regulated by many endogenous and exogenous factors (2). Sex
hormones regulate the expression of some forms of cytochrome
P450 by modulating growth hormone secretion (3-5). Forms of
cytochrome P450 whose expression are regulated by sex hor-
mones have been proven to be present in liver microsomes of
rats and mice (6-10).

Because of the relatively high basal levels of drug-metaboliz-
ing enzymes (11) and because of efficient activation of chemical
carcinogens including polycyclic aromatic hydrocarbons (12),
hamsters have been used as a useful experimental animal for
understanding the mechanisms involved in chemical carcino-
genesis (13), tumorigenesis (14), and drug metabolism.

Information regarding cytochromes P450 in hamster livers
is limited at present. Forms of cytochrome P450 inducible by
3-MC and acetone have been purified (15, 16) and cDNA clones
belonging to the 1A, 2A, and 3A subfamilies have been isolated
an.

Previously, we reported results supporting the hypothesis
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that there is a form of cytochrome P450 that is expressed in a
sex-related manner (18). We found sex differences in the oxi-
dative metabolism of testosterone and erythromycin and in the
amount of protein that is cross-reactive with anti-cytochrome
P450-male (CYP2C11) antibodies. In the present study, we
obtained cDNA clones coding for hamster CYP2C protein and
analyzed the expression of these forms of cytochrome P450 to
provide direct evidence for the sex-related differences in
CYP2C expression in the hamster.

Materials and Methods

Animals. Male and female Syrian hamsters were obtained from
Sankyo Experimental Animals (Tokyo, Japan) and killed by decapita-
tion. Livers and other organs were immediately excised and used for
the preparation of RNA and microsomes.

Materials. Restriction enzymes, S1 nuclease, and other DNA-mod-
ifying enzymes were obtained from Takara Shuzo (Kyoto, Japan),
radioactive reagents and random primer labeling kit from Amersham
(Aylesbury, UK), AZap cDNA synthesis kit and GIGAPACKII GOLD
from Stratagene (Los Angeles, LA), nylon and nitrocellulose mem-
branes from Schleicher & Schuell (Dassel, Germany), sequencing kit
from United States Biochemical (Cleveland, OH), and oligo(dT)-cel-
lulose from New England Biolabs (Beverly, MA). The partial cDNA
clone pcP450(M-1)-4 (19), which encodes rat CYP2C11, was kindly
supplied by Dr. Yoshiaki Fujii-Kuriyama of Tohoku University. The
B-actin probe prepared from a human S-actin pseudogene was kindly

ABBREVIATIONS: 3-MC, 3-methyicholanthrene; kb, kilobase(s), HPLC, high performance liquid chromatography; TLC, thin layer chromatography.
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supplied by Dr. Takeo Kakunaga of Osaka University. A cDNA library
prepared from livers of 3-MC-pretreated male Syrian hamsters was
kindly donated by Satoru Ohgiya of Government Industrial Develop-
ment Laboratory-Hokkaido, Agency of Industrial Science and Tech-
nology. Yeast Saccharomyces cerevisize AH22 (a leu2 his4 canl cir®)
and yeast expression vector pAAH5 were kindly supplied by Dr. Ryo
Sato of Osaka University. Other chemicals were of the highest grade
commercially available.

Construction and screening of cDNA libraries. Total RNA was
prepared from the livers of untreated male and female hamsters by the
guanidinium thiocyanate method. Poly(A)* RNA was enriched from
the total RNA by oligo(dT)-cellulose column chromatography (20).
cDNA was synthesized from the mRNA of female hamsters and an
EcoRI adaptor was ligated. cDNA thus synthesized was fractionated
by sucrose density gradient (5-256%) centrifugation. Judging from
Southern blot analysis using the rat CYP2C11 cDNA fragment [EcoRI-
Pst] fragment containing most coding region and an entire 3’ untrans-
lated region (1.6 kb) of pcP450(M-1)-4)}, the fractions in which CYP2C
c¢DNA was presumably abundant were pooled, ligated into AZap cloning
vector, and packaged in vitro. Two cDNA libraries, one prepared with
Agt11 for 3-MC-pretreated males and the other prepared with AZap for
untreated females, were screened by the plaque hybridization method,
using the EcoRI-Pstl fragment (1.6 kb) of pcP450(M-1)-4 as a probe.
Rescreening of both libraries was performed using the EcoRI fragment
(1.0 kb) of CYP2C27 cDNA (a cDNA clone isolated in this study) as a
probe. As a result of this screening, three distinct cDNA clones con-
taining the entire coding region were obtained (assigned as CYP2C25,
CYP2C26, and CYP2C27).! The characteristics of these clones are
described in Results and Discussion. Phage DNA of positive plaques
was purified, and then the insert cDNA fragments in Agtll were
subcloned into pUC119 and those in AZap were subcloned into
pBluescript SK(—) by in vitro excision. The nucleotide sequences of
the positive clones were determined by the dideoxy method. The
nucleotide sequences were analyzed with GENETYX (version 8.0; SDC
Software, Tokyo, Japan).

Construction of yeast expression plasmids and preparation
of microsomes from transformed yeast cells. cDNA fragments
containing the entire coding region were constructed in pUC119 or
pBluescript vector and then inserted between the yeast alcohol dehy-
drogenase 1 promoter and terminator regions of the yeast expression
vector pAAH5, to construct expression plasmids. The strategy for
construction of expression plasmid pAM1 for CYP2C25 is shown in
Fig. 1A. The EcoRI fragment containing the carboxyl-terminal half of
CYP2C25 cDNA was inserted into the EcoRI site of pUC119 to yield
pHSMIC. To facilitate the construction of expression plasmids, the
EcoRI-HincIl fragment prepared from pHSM1C was then inserted
between EcoRI and Hincll sites of pBluescript KS(—). The resulting
plasmid, pHSM1C(H), was digested with EcoRI, and then the EcoRI
fragment containing the amino-terminal half of CYP2C25 cDNA was
inserted to yield pHSM1. The pHSM1 plasmid contained the entire
coding region and 13 and 134 base pairs of 5’ and 3’ untranslated
sequences, respectively. Expression vector pAAH5 was digested with
HindIll and blunt-ended to ligate with the Smal-Hincll fragment
prepared from pHSM1. The orientation of the inserted CYP2C25
fragment was confirmed by restriction enzyme analysis. The strategy
for CYP2C26 (Fig. 1B) is almost the same as that for CYP2C25. The
EcoRI fragment containing the carboxyl-terminal half of CYP2C26
cDNA was inserted into the EcoRI site of pUC119 to yield pHSM2C.
To shorten the 3’ untranslated sequence in pHSM2C, the Xbal frag-
ment prepared by the EcoRI/Xbal double-digestion of pHSM2C was
inserted into pHSM2C, to yield pHSM2C(X). The plasmid
pHSM2C(X) was digested with EcoRI and dephosphorylated, and then
the EcoRI fragment containing the amino-terminal half of CYP2C26
cDNA was inserted to yield pHSM2. The pHSM2 plasmid was digested

! The nucleotide sequences of CYP2C25, CYP2C26, and CYP2C27 appear in
the EMBL, GenBank, and DDBJ databases with accession numbers of X63022,
D11435, and D11436, respectively.
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with Sall, partially digested with EcoRl, filled in, and then ligated to a
blunt-ended pAAHS5 vector to yield pAM2. Fig. 1C shows the strategy
for CYP2C27. Different from the others, the full-length cDNA clone
was isolated from a female library that was constructed with AZap
vector. The fragment containing the entire coding region was subcloned
into pBluescript SK vector by in vitro excision. The resulting plasmid,
pHSM3, was digested with Xbal, filled in, and then ligated into a
blunted pAAHS vector to yield pAM3. The expression plasmids thus
obtained were used to transform S. cerevisige strain AH22 by the
lithium acetate method (21). Transformed yeast cells were selected on
synthetic agar plates in the absence of leucine. Transformed yeast cells
were grown to stationary phase in 20 ml of SD medium [0.17% yeast
nitrogen base without amino acids (Difco, Detroit, MI), 2% dextroee,
20 ug/ml histidine]. The culture was then introduced into 1 liter of
YPD medium [1% yeast extract (Difco), 2% peptone (Difco), 2%
dextrose). Yeast cells were grown until the absorbance at 600 nm
reached about 1.0 and then were collected by centrifugation, and the
microsomal fraction was prepared by the method of Oeda et al (22).
The concentrations of cytochrome P450 and protein were determined
as reported by Omura and Sato (23) and Lowry et al. (24), respectively.

Western blot analysis of yeast microsomes. Western blot analy-
sis of cytochrome P450 expressed in yeast microsomes was carried out
according to the method of Nagayama et al (25), using antibodies to
cytochrome P450-male (CYP2C11). The immune complexes were iden-
tified with a goat anti-rabbit IgG and a peroxidase-antiperoxidase
conjugate, followed by visualization with 3,3’-diaminobenzidine and
hydrogen peroxide.

Assay for the activity of cytochrome P450-dependent mon-
ooxygenases. A typical incubation mixture contained 100 mM potas-
sium phosphate, pH 7.4, yeast microsomes containing 0.3 nmol of
cytochrome P450, 1.0 unit of rat NADPH-cytochrome P450 reductase,
0.1 mM EDTA, an NADPH-generating system (0.5 mM NADP*, 5 mM
glucose-6-phosphate, 1 unit of glucose-6-phosphate dehydrogenase, and
5 mMm MgCl;), and a substrate. The concentrations of substrates in the
incubation mixture were 5, 5, 1, and 0.6 mM for aminopyrine, benz-
phetamine, tolbutamide, and testosterone, respectivity. The concentra-
tion of [4-'*C]testosterone for the TLC analysis was 7.2 uM. The N-
demethylase activities for aminopyrine and benzphetamine were as-
sayed in a final volume of 1.0 ml by measuring formaldehyde production
during incubations according to the method of Nash (26). Testosterone
hydroxylase activity was assayed in a final volume of 0.5 ml by meas-
uring the amounts of hydroxylated metabolites by HPLC according to
the method of Hayashi et al. (27). Testosterone hydroxylase activity
was also examined by the TLC method (28). Briefly, the reaction
mixture was extracted with benzene and then chromatographed on a
TLC plate that was developed two times with solvent (chloroform/
ethyl acetate/ethanol, 4:1:0.7, v/v). The TLC plate was analyzed with
a Bio Image analyzer (Fuji Film, Tokyo, Japan). Tolbutamide hydrox-
ylase activity was assayed in a final volume of 0.2 ml by measuring the
hydroxylated metabolite by HPLC. HPLC was performed using an
Inertsil ODS-2 column (5 um, 4.6 X 250 mm; GL Sciences Inc., Tokyo,
Japan), with a mobile phase consisting of 30% (v/v) acetonitrile and
1% (v/v) acetic acid, at a flow rate of 1 ml/min. The eluate was
monitored at 236 nm with UV detector (SPD-10A; Shimadzu Corp.,
Kyoto, Japan). Phenacetin was used as an internal standard.

Synthesis of oligonucleotide probes. Oligonucleotides used in
this research were synthesized with a DNA synthesizer (model 381A;
Applied Biosystems, Foster City, CA). The sequences of the synthesized
probes used for Northern blot analysis were as follows: oli-2C25 for
CYP2C25, 5'-GGAATTGACAGAATGGGAA-3’; oli-2C26 for
CYP2C26, 5'-GGACTTCATTGAATGGGAA-3’; oli-2C27 for
CYP2C27,5’-AGACTTGATTGAATGAGAA-3’. These probes were at
corresponding regions, which were located at positions 1577-1595 in
an aligned nucleotide sequence (see Fig. 2). The oligonucleotides were
labeled at the 5’ end with [y-**P]ATP, using MEGALABEL (Takara
Shuzo, Kyoto, Japan). The specific activities were >2 X 10° cpm/pmol.

Northern and Southern blot hybridization. Total RNA (20 ug)
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Fig. 1. Construction of the expression plasmids pAM1 (A), pAM2 (B), and pAMS3 (C) for CYP2C25, CYP2C26, and CYP2C27, respectively. Sofid
untransiated

boxes, regions; open boxes,
Xbal; BAP, bacterial alkaline phosphatase.

was separated in a 0.8% agarose gel containing 2.2 M formaldehyde and
was transferred onto a nylon membrane. In the case of Southern blot
hybridization, subcloned plasmids (2 ng) were slot-blotted onto a nitro-
cellulose membrane. When we used oligonucleotide probes, the mem-
branes were prehybridized for 4 hr at 42° in 0.5 M sodium phosphate,
pH 7.2, containing 7% sodium dodecyl sulfate, 1% bovine serum albu-
min, and 1 mM EDTA, essentially following the method of Church and
Gilbert (29). The hybridization was performed under the same condi-
tions over 12 hr. The membranes were washed for 15 min at 42° in 0.1
M sodium phosphate, pH 7.2, containing 1% sodium dodecyl sulfate
and 1 mM EDTA. When we used the 8-actin probe, hybridization and
washing were carried out at 55°. The other conditions were identical to
those described for oligonucleotide probes. The S-actin probe, which
was used to monitor the quantity of total RNA blotted, was an approx-
imately 1.7-kb DNA fragment prepared from a human S-actin pseu-
dogene (30). Autoradiography was carried out for 3-10 days at —80°,
with intensifying screens.

S1 nuclease protection assay. For the S1 nuclease protection
assay, a 146-nucleotide single-strand DNA encompassing positions
1203-1297 of CYP2C27 was prepared. The 51-nucleotide segment in
this probe, which is located 3’ downstream of CYP2C27 cDNA, must
not show any hybridization bands, because this segment came from the
M13 vector and will be cut off by S1 nuclease. The probe labeled at the
5’ end with [y-*P]ATP was hybridized at 42°. The S1 nuclease diges-
tion was performed using 10 units/20 ug of hamster hepatic total RNA
at 30° for 40 min.

Other methods. NADPH-cytochrome P450 reductase was purified
from liver microsomes of phenobarbital-pretreated rats by the method
of Taniguchi et al (31). The activity of NADPH-cytochrome P450
reductase was measured using cytochrome c as an electron acceptor.
One unit of reductase was defined as the amount of enzyme that
catalyzed the reduction of 1 umol of cytochrome c/min.

regions; thin lines, vector DNA. Ec, EcoRl; He, Hincll; Hd, Hindll; S/, Sall; Sm, Smal; Xb,

Results

Isolation and classification of cDNA clones. Liver cDNA
libraries from untreated female hamsters and male hamsters
pretreated with 3-MC were screened with a cDNA fragment of
CYP2C11 as a probe. Both libraries were rescreened using the
EcoRI fragment of a cDNA clone (CYP2C27) obtained in this
study as a probe. Seventy-seven positive clones in total were
isolated from both cDNA libraries. Judging from restriction
enzyme maps, most of the positive clones were classified into
three forms and designated as CYP2C25 (48 clones), CYP2C26
(14 clones), and CYP2C27 (12 clones). The numbers in paren-
theses indicate the numbers of cDNA clones that showed the
same restriction enzyme map. The remaining three clones differ
from each other and could not be classified into these three
forms. The sequences of these clones are currently being ana-
lyzed in our laboratory. Restriction enzyme recognition sites of
these cytochromes P450 were similar but were distinct from
each other at some sites (data not shown).

Sequence analysis of three cDNA clones and compar-
ison of nucleotide and amino acid sequences. The nucleo-
tide and deduced amino acid sequences of the three forms are
shown in Figs. 2 and 3, respectively. The longest cDNA clones
belonging to CYP2C25, CYP2C26, and CYP2C27 consisted of
1822, 1824, and 1809 nucleotides, respectively. All clones con-
tained an open reading frame of 1470 nucleotides and encoded
a polypeptide of 490 amino acids. The estimated molecular
weights were 55,965, 55,723, and 55,766 for CYP2C25,
CYP2C26, and CYP2C27, respectively. A typical poly(A)* ad-
dition signal and poly(A)* tail were also seen at corresponding
positions in all forms. Table 1 shows a comparison of the
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CYP2C25 GAGAAGGGTCTCC -1
CYP2C26 GT
CcYP2Cc27 .
E CYP2C28 1 : TGCAGTTTTGGTGTTGGTGTTTATTCTCTCCAGTCTGGTTTTCCTCTCACTCTGGAGACAGAGCTCTGAGAGAAGGAAGCTCCCTCCTGGCCCTA
(=9 CYP2C2¢ : T G T T C G
CcYP2C27 H T G T T C G
101 : CTCCTCTCCCAATTATTGGCAATTTCCTCCAAATAGATGTGAAGAACATCAGTGGATCCTTGACCAATTTCTCAAAAGTCTATGGCCCTGTGTTCACCCT
: T G
H C T AG C A
201 : GTACTTGGGCATGAAGCCCACTGTGGTGTTGCATGGGTATGAAACAGTGAAAGAGGCACTGATTGACCATGGGGAGGAGT TTGCTGGAAGAGGAGACTTC
H G G T A AG
A G G G G T Cc AG
301 : CCAATGGCTGAAAGAATTAATAAAGGCCTTGGTATTGTTTTTAGCAATGGAAACAGGTGGAAAGAGATAAGGAGATTCTCACTCATGACTCTGAGGAATC
H G G C G A C ccC CA
H A TA C A C cc G Cc G
401 : TGGGCATGGGCAAAAGGAACATCGAGGACCGTGTACAAGAGGAAGCACAGTGCCTTGTGGAGGAACTGAGGAAAACCAATGGGTCACCCTGTGATCCCAC
H G Cc
H G T T
501 : GTTCATCTTGAGCTGTGCTCCCTGCAATGTGATCTGCTCCATTATTTTCCAGAATCGTTTTGATTATAAAGATCAGGATTTTCTTACCTTTATGAAGAAA
H G A A A (o A
: [ C GA
601 : GTAAATGAGAATGTCAGGATTCTGAGCTCACCCTGGTTGCAGGTCTGCAATAATTTTCCTTCACTAATTGACTACTGTCCAGGAAGTCATCACAAAATAA
:t C A [ G T TT G
H T TC
701 : CAAAAAATGTCAATTATTTGAAAAAATACATTTTGGAGAAAATAGAAGAACATCAGGAATCATTGGATATTGAAAACCCTCGGGACTTCATTGATTATTA
H A ATG GT C C GA G [+ T Cc
H ACG GC C CA A A G [ T
801 : CCTGATTAAACTAAAACAGGCAAACCACAATCAGCAATCGGAATTTTCACTTGAAAATCTGACAACCACTGTAAGTGATCTGTTTGGTGCTGGGACAGAG
H G G T A A C G G [
H G G T A A A G cC G C
901 : ACAACGAGCACGACGCTGAGATATGCTCTCCTGCTCCTGCTGAAGCACCCACACGTCACAGCTAAAGTCCAGGAAGAGATTGATCAAGTAGTTGGCAGAC
H A A G
H A G G
1001 : ACCGCAAGCCCTGCATGCAAGACAGGAGCCACATGCCCTACACAGATGCCATGATTCATGAGGTCCAGAGATTCATAGACCTCATCCCCATCAGCCTGCC
H [ G C C A
H (o G c C A
1101 : CCATGCGGTGACCTGTGACATTAAATTCAGGGACTACTTCATCCCCAAGGGAACAACGGTAATAACTTCACTGTCATCAGTGCTGCATGACAACAAGGAA
H T A A T G
H T A A c G
1201 : TTCCCCAACCCAGAGGTATTTGACCCAGGCCACTTTCTAGATAAGAATGGAAACTTTAAGAAAAGTGACTACTTCATGCCTTTTTCGGCAGGAAAACGGA
H T A T Cc AA
H T T T G [+ AA
1301 : TATGTGCAGGAGAGGGCCTGGCACGCATGGAGCTCTTTCTATTCCTGACCACCATTTTACAGAACTTTAAGCTGAAATCTATGAT TCACCCAAAGGACAT
:t G G A G cC G T
: G G G cC G T
1401 : CGATACAACCCCAGTGGTAAATGGATTCGCCTCTCTGCCACCCTCCTATCAGCTCTGCTTCATTCCT GAAGATTAGAGTTTCTGGCCCAGGCT
: T AC G T AC C T A
¢ T Cc A
1501 : GC---ATTATTTTCTGCAATCCACTTTAGACCTTCATTCCGTCTGGGACAAAGTGTCCTTTCTCCCCTCTCATGTATTCCCATTCTGTCAATTCCCAGGA
¢ T=---G G Cc c C A A A CC A MG G A
H GTTT T C c C A A A cc T AA G T A
1601 : AACAGCTGTCAACCATTTTGCAATTTCTGGAGTCAGTGCATAAATATATTTCTATTTTCTATTCTTTGCAACAGTCTTGTTATCCCTTATGCTAATATGT
: [+ T A A C G GT T G AC T G
H c T AA [+ [+ G G G AC T G A
1701 ATCTGGTCTTGAACTAAAATA-TAATTTACTACTATATAACTAATACAATAAGATAATTCATTGTCATTTTTCTTCTTCATGTTTTCAATAATAAATATA

TT € GAM C CA GT T T C G G
G T C G CAC crT T T  eeee- [

o o0 oo

hr
(0} 1801 : TTTGATTTGTGTA (a=0)
Q A (n=33)
Cc Cc A (n=20)
)} Fig. 2. Alignment of the nuclectide sequences of CYP2C25, CYP2C26, and CYP2C27 cDNAs. The complete nucleotide sequence of CYP2C25 is
displayed and aligned with those of CYP2C26 and CYP2C27. Only nucieotides that are not identical to those of CYP2C25 are shown for CYP2C26
CU and CYP2C27. Initiation and stop codons are boxed. A polyadenylation signal is underlined. *, 5’ end of CYP2C27. Dashes, insertions and deletions.
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10 20 30 40 50 60 70 80 90
CYP2C25 1 MDAVLVLVFILSSLVFLSLWRQSSERRKLPPGPTPLPIIGNFLQIDVKNISGSLTNFSKVYGPVFTLYLGMKPTVVLHGYETVKEALIDHGEEFAGRGDF
CYP2C26 FV C FL G D A S
cypraczy FV C FL G L F D R A A S

101 PMAERINKGLGIVFSNGNRWKEIRRFSLMTLRNLGMGKRNIEDRVQEEAQCLVEELRKTNGSPCDPTFILSCAPCNVICSIIFQNRFDYKDQDFLTFMKK
v Vv S T S G K
Y D A S S T E
201 VNENVRI LSSPWLQVCNNFPSLIDYCPGS HHKITKNVNYLKKYILEKIEEHQESLDIENPRDFIDYYLI KLKQANHNQQSEFSIENLTTTVSDM
L A VA GY P

F R I IRS LS MK

T IRS LS K T VA GY T A R A

301 ITSTTLRYALLLLLKHPHVTAKVQEEIDQVVGRHRKPCMQDRSHMPYTDAMIHEVQRFIDLIPISLPHAVTCDIKFRDYFIPKGTTVITSLSSVLHDNKE
N TN S

N

401 FPNPEVFDPGHFLDKNGNFKKSDYFMPFSAGKR
T
K T

I
TN I S

GEGLARMELFLFLTTILONFKLKSMIHPKDIDTTPVVNGFASLPPSYQLCFIPV 490
Lv L

LV L

Fig. 3. Alignment of the deduced amino acid sequences of CYP2C25, CYP2C26, and CYP2027 The complete amino acid sequence of CYP2C25
and those of CYP2C26 and CYP2C27 different from CYP2C25 are displayed. A conserved cysteinyl residue is boxed. Other conserved residues

and regions are underlined, as discussed in the text.

TABLE 1

Comparison of the nucleotide and deduced amino acid sequences of members of the CYP2C gene subfamily in hamsters and rats

The upper values represent percentage identity of nucieotides and the lower values percentage identity of deduced amino acids. The values for nucieotides were obtained
by calculations including both coding and noncoding regions. Rat CYP2C nucleotide and amino acid sequences were taken from the following references: 2C6 (32), 2C7
(33), 2C11 (19), 2C12 (34), 2C13 (35), 2C22 (36), 2C23 (37), and 2C24 (38).
Identity
Hamster Rat
2026 027 2C6 207 on 2C12 2613 202 223 2C24
%
Hamster 91.8 91.8 84.0 80.2 721 73.4 73.7 64.8 60.7 715
2C25 90.4 90.2 81.2 79.8 745 68.8 69.8 62.9 57.7 725
2C26 94.1 81.2 80.6 715 729 73.8 65.2 61.3 70.9
93.6 82.1 79.3 744 70.8 70.6 60.6 58.7 741
2C27 84.5 80.1 726 724 745 65.7 61.5 71.2
82.5 779 735 69.3 711 61.0 57.8 72.7
sequence of each hamster cDNA with other CYP2C ¢cDNAs
from hamsters and rats (19, 32-38). The three hamster CYP2C
cDNAs showed high levels of identity. The identities were 91.8—- 80.0 kDa—
94.1% at the nucleotide sequence level and 90.2-93.6% at the
deduced amino acid sequence level. Comparison of the hamster
cDNAs with rat CYP2C showed an overall nucleotide sequence
identity between 60.6 and 84.5%.
Expression of hamster CYP2C forms in yeast cells. To 49.5 kDa—

confirm that the newly isolated cDNA clones code for cyto-
chrome P450 and to determine whether the encoded cyto-
chromes P450 are catalytically active, it was necessary to
express these cDNAs. For these purposes, the recombinant
plasmids pAM1 (for CYP2C25), pAM2 (for CYP2C26), and
pAMS3 (for CYP2C27) and vector pAAH5 were introduced into
the yeast S. cerevisiae AH22. The yeast strains carrying these
plasmids were designated as AH22/pAM1, AH22/pAM2,
AH22/pAM3, and AH22/pAAH5. The expression of cyto-
chrome P450 protein in these strains of yeast was examined by
Western blot analysis using antibodies raised against cyto-
chrome P450-male (CYP2C11). As shown in Fig. 4, proteins
immunoreactive with the antibodies were detectable in all
recombinant yeasts except AH22/pAAHS, a negative control.
The apparent molecular weights of the expressed proteins were
slightly different from the calculated molecular weights. The
molecular weight of the expressed CYP2C27 protein should be
slightly greater than that of CYP2C26, whereas the actual

Fig. 4. lnummblotandysusofmuosomesﬁuntransformedyeastcels
and from hamster livers with an P450-male (CYP2C11)
antibodies. Lane 1, AH22/pAAHS; lane 2, AH22/pAM1 (CYP2C25), lane

3, AH22/pAM2 (CYP2C26); lane 4, AH22/pAM3 (CYP2C27); lane 5, male
hamster livers; /ane 6, female hamster livers. Arrowheads, two immuno-
reactive bands in hamster microsomes. Each lane contained 20 ng of
microsomal proteins.

molecular weight of CYP2C26 was greater than that of
CYP2C27 by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. The reason for this difference is not clear as yet.
The presence of holo-cytochrome P450 protein in the micro-
somal fractions of the recombinant yeasts was examined by
reduced carbon monoxide difference spectra. An absorption
peak at 450 nm was observed in the spectra of the yeast strains

transformed with recombinant expression plasmids (data not
shown). Based on the reduced carbon monoxide difference
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spectra, the quantity of cytochrome P450 in microsomes from
the recombinant yeasts was estimated to be 0.109, 0.136, and
0.078 nmol/mg of protein for AH22/pAM1, AH22/pAM2, and
AH22/pAMS3, respectively.

Monooxygenase activity of the expressed enzymes.
The catalytic activities of microsomes prepared from recombi-
nant yeasts were examined. As shown in Table 2, all of the
hamster CYP2C forms catalyzed the N-demethylation of ami-
nopyrine and benzphetamine and the hydroxylation of tolbu-
tamide. Although these forms of cytochrome P450 showed high
levels of identity in the primary structure, we found substantial
differences in the catalytic properties of these forms of cyto-
chrome P450. CYP2C25 and CYP2C26 showed high N-demeth-
ylase activities for both aminopyrine and benzphetamine.
CYP2C27 showed low levels of activity for benzphetamine, in
contrast to high activity for aminopyrine. CYP2C25 was the
only form that showed testosterone hydroxylase activity. Iden-
tification of the testosterone metabolite formed by CYP2C25
was carried out by two methods, HPLC and TLC. The testos-
terone metabolite formed was different from authentic
2a,28,68,7a,16a-hydroxytestosterone, 1-dehydroxytestoster-
one, androstenedione, and testosterone, as judged by chromat-
ographic behavior. The testosterone metabolite formed by
CYP2C25 co-migrated with 168-hydroxytestosterone.

Gender-dependent expression of cytochrome P450 in
hamster livers and extrahepatic tissues. To estimate the
relative amounts of mRNA for individual forms of cytochrome
P450, Northern blot analysis was carried out with 5’-end-
labeled oligonucleotides oli-2C25, oli-2C26, and oli-2C27 as
probes. The specificities of these probes were examined by
Southern blot analysis. Two nanograms of plasmid DNA con-
taining an insert cDNA were slot-blotted onto a nitrocellulose
membrane. Each oligonucleotide probe hybridized specifically
with the corresponding cDNA (data not shown). Northern blot
analysis for the expression of each form of cytochrome P450
was performed with 20 ug of total RNA prepared from livers,
kidneys, lungs, and brains of male and female hamsters. The
quantity of total RNA blotted was also monitored by the
intensity of hybridized 8-actin mRNA bands. The results are
shown in Fig. 5. When o0li-2C27 was used as a probe, hybridized
bands were detected clearly in livers of both sexes and kidneys
of males, whereas no hybridized bands were observed in the
other tissues tested. This result indicates that the expression
of CYP2C27 in kidneys is male specific. The intensities of
bands in livers were also much higher in males than in females;
the relative intensities of hybridized bands were 5-fold higher
in males than in females, as measured with a Bio Image analyzer
(Fuji Film). When oli-2C25 and oli-2C26 were used as probes,

TABLE 2
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bands near 18 S rRNA were detected in livers of both sexes.
No apparent sex-related differences in the expression of these
forms of cytochrome P450 were observed. The expression of
CYP2C25, CYP2C26, and CYP2C27 was reexamined by S1
nuclease protection assay. It has been thought that this assay
shows higher selectivity than Northern blot analysis. When
probes for CYP2C25 and CYP2C26 were used, the visualized
bands, which corresponded to protected probes, were recognized
at comparable levels in both sexes; no apparent sex differences
were seen (data not shown). When probes for CYP2C27 were
used, protected bands were seen in both sexes, although very
faint bands existed around the predicted bands (Fig. 6). The
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Fig. 5. Northern blot analysis of hamster CYP2C forms. Twenty micro-
grams of total RNA from various tissues from 8-week-old male and
female hamsters were used. Typical resuits from three repeated experi-
ments are shown.
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Fig. 8. S1 nuclease protection analysis of the relative amounts of nRNAs
coding for CYP2C27 in male and female hamsters. A DNA probe encom-
passing positions 1203-1297 of CYP2C27 was used. After being di-
gested with S1 nuclease, RNA-DNA hybrids were electrophoresed on a
gel under denaturing conditions, and then the
amide gel was dried and exposed to X-ray films for 72 hr. Arrowhead,
band corresponding to the protected DNAs. Total RNA from individual
animals was applied to each lane.

Drug- and steroid hormone-metabolizing activities of microsomes from recombinant yeast cells

Each value represents the mean of duplicate determinations.

Activity
AHZ2/pAMY AHZ2/PAM2 AHZ2/pAMS
(CYP2C25) (CYP2C26) (cyP2can AR /pANHS
ool min/nmol of P450

Aminopyrine N-demethylation 4.92 4.48 2.85 —*
Benzphetamine N-demethylation 317 3.98 0.18 ND? (<0.09)
Tobutamide 4-hydroxylation 0.075 0.096 0.057 ND (<0.002)
Testosterone 168-hydroxylation 0.415 ND ND ND (<0.02)

* —, not calculated because of the low content of cytochrome P450 in AH22/pAAHS yeast.

® ND, not detectable.
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intensity of the major bands in males was considerably higher
than that of the bands in females. Relative intensities of
visualized bands for CYP2C27, estimated by densitometer
(Quick Scan R & D, Helena Laboratories, Beaumont, TX),
were about 5-fold higher in males than in females.

Developmental changes in the level of expression of
hamster cytochrome P450. It is well known that the expres-
sion of most sex-specific cytochromes P450 changes with de-
velopment after birth. To determine whether this occurs for
hamster cytochromes P450, the level of expression was meas-
ured, by Northern blot analysis, periodically for 8 weeks after
birth. As shown in Fig. 7, the expression of CYP2C25,
CYP2C26, and CYP2C27 mRNA was found to be develop-
mentally altered. In the case of CYP2C25 and CYP2C26, the
levels of mRNA were not detectable at 1 week after birth and
then increased up to about 3 weeks. The levels of both forms
were suppressed. A similar pattern of developmental change in
the level of mRNA was seen for CYP2C27 in female hamsters.
However, a different pattern was seen for CYP2C27 in males.
The level of mRNA for CYP2C27 in males increased rapidly
up to 4 weeks and then gradually up to 8 weeks. As a result, a
significant sex-related difference in CYP2C27 levels was ob-
served beginning 4 weeks after birth.

Discussion

In the present study, we isolated three cDNA clones for
CYP2C, indicating that there are multiple forms of the CYP2C
gene subfamily in hamsters, as has been seen in rats, rabbits,

and humans (17). Interestingly, all of the isolated cDNAs
showed very high identity, i.e., 91.8-94.1% at the nucleotide
sequence level and 90.2-93.6% at the deduced amino acid
sequence level. This is the first report to show that one animal
species possesses three very similar CYP2C forms. The mech-
anism for evolution of the hamster CYP2C subfamily is unclear
but it is presumably the result of species-specific gene dupli-
cation and gene conversion events, as has been reported for rat
CYP2A (39). Recently, conserved and variable regions of cy-
tochrome P450 have been proposed by comparison of aligned
sequences, based on the crystal coordinates of cytochrome
P450cam (CYP101) (40). We found that some of the proposed
sequences were also present in hamster CYP2C forms (Fig. 3).
The most conserved motif (FxxGxxxCxG) (41), including a
cysteinyl residue, the thiol group of which serves as the fifth
ligand of heme iron, was located at positions 428-437. A puta-
tive recognition motif (RRxS) for phosphorylation by cAMP-
dependent kinase was located at positions 124-127. The phos-
phorylation of rat phenobarbital-inducible cytochrome P450
protein at corresponding positions has been proven in vivo and
in vitro (42, 43). This motif has been found specifically in forms
of the CYP2 gene family and thus can be regarded as a family-
specific regulatory element (42). No phosphorylation of cyto-
chrome P450 in hamster liver has been reported, but regulation
by phosphorylation might be possible for the hamster CYP2C
proteins, as has been observed in other animal species. In
addition, a threonine-serine cluster and a tryptophan residue
were also seen at residues 295-306 and position 120, respec-
tively, in the hamster CYP2C forms.
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Fig. 7. Changes in the levels of mRNA for CYP2C forms during development. Total RNA was prepared from the livers of male and female hamsters

at 1, 2, 3, 4, and 8 weeks after birth. Twenty micrograms of total RNA fraction were subjected to Northem bilot analysis. Typical results are shown

in A. The intensity of hybridized bands was measured with a Bio Image analyzer (Fuji Film) and is plotted in B. Values are the mean + standard
difference

error from four male (O) and female (@) hamsters. *,

between male and female hamsters, p < 0.005; **, p < 0.0001. The

Significant
expression levels at 3 weeks (CYP2C25 and CYP2C26) or 8 weeks (CYP2C27) in male hamsters were assigned as 100%.

2102 ‘2 Jaqwadag uo Asianiun pesewwey ye Bio'sjeuinofiadse wareydjow woly papeojumoq


http://molpharm.aspetjournals.org/

In a previous paper, we showed results supporting the hy-
pothesis that there are male- and female-predominant forms of
cytochrome P450 in hamster liver microsomes (18). We found
proteins that were cross-reactive with anti-cytochrome P450-
male (CYP2C11) antibodies in Western blot analysis. This was
the first reported result demonstrating the existence of a sex
difference in cytochrome P450 in an animal species other than
rats or mice. The purpose of the present study was to establish
the sex-related difference in the expression of CYP2C in ham-
sters at a molecular level. Based on the results of the Northern
blot analysis and S1 nuclease protection assay, it appeared that
the mRNA level of CYP2C27 was higher in males than in
females. Furthermore, by Western blot analysis (Fig. 4) the
CYP2C27 protein expressed in yeast co-migrated with the
male-predominant protein, the fastest migrating immunoreac-
tive band in liver microsomes from male hamsters, as reported
previously (18). The results of the present study indicate that
sex-related differences also exist in the hamster CYP2C
subfamily, and the male-predominant cytochrome P450 would
be CYP2C27. Recently, Teixeira and Gil (44) reported that
hamster lithocholic acid 68-hydroxylase is a cytochrome P450
belonging to the CYP3A gene subfamily, designated as
CYP3A10; its expression was male specific. In addition, Hen-
derson et al. (45) have demonstrated the presence in rabbit
kidneys of a male-dominant form of cytochrome P450 that
cross-reacted with anti-CYP3A sera. Thus, it seems likely that
the sex-related difference is not restricted to rats and mice.

With respect to the change of expression level during devel-
opment, it was of interst to note that the expression of
CYP2C25 and CYP2C26 but not CYP2C27 was changed simi-
larly. Although a large number of studies have focused on the
mechanism responsible for the sex-related difference in cyto-
chrome P450, a clear explanation is still lacking. To explore
this sex difference in CYP2C27 further, we are currently inves-
tigating the effects of sex hormones and growth hormone on
the expression level of CYP2C27.

Studies in various tissues showed that only CYP2C27 was
expressed in the kidney of male hamsters, but not in female
ones. Regarding the physiological functions of renal cytochrome
P450 in rats, immunological studies have indicated that the
renal arachidonic acid epoxygenases belong to the CYP2C gene
family (46). Therefore, it is expected that CYP2C27 has signif-
icant physiological functions in kidneys.

Another point of interest is the catalytic properties of the
CYP2C isozymes. This is the first report to characterize mem-
bers of the hamster CYP2C subfamily. In spite of their high
levels of identity in primary structure, the expressed enzymes
showed different substrate specificities.
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