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A full-length cDNA sequence was isolated from kid-
ney total RNA of di(2-ethylhexyl) phthalate-treated
sea bass by reverse-transcriptase polymerase chain
reaction and then rapid amplification of cDNA ends.
The deduced amino acid sequence, which has been
named CYP4T2, shared 69 and 54.4% amino acid iden-
tity with rainbow trout CYP4T1 and rat CYP4B1, re-
spectively. RNA blot analysis using the CYP4T2 cDNA
as a probe indicated that the mRNA was rather abun-
dant in kidney, and less so in liver, small intestine, and
brain. Treatment of sea bass with peroxisome prolif-
erators showed marked tissue-specific induction.
CYP4 inducers clofibrate, di(2-ethylhexyl) phthalate
(DEHP), and 2,4-dichlorophenoxy acetic acid (2,4-D)
were administered by intraperitoneal injection. The
strongest induction was found in kidney after a DEHP
treatment (6.5-fold) or a 2,4-D treatment (9-fold), while
no induction was observed in liver. © 1998 Academic Press
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Cytochromes P450 (CYP) enzymes are involved in
both synthetic and catabolic reactions. CYP enzymes
metabolize endogenous substrates including fatty ac-
ids, prostaglandins, leukotrienes, steroids, and vita-
mins, that can affect cellular functions (1, 2). They also
play an important role in detoxifying xenobiotics, al-
though some xenobiotics can be oxidized to reactive
intermediates that may be potentially toxic, carcino-
genic, or mutagenic. The CYP superfamily currently

consists of over 800 genes (3, 4), divided into families
and subfamilies. Many individual CYP isozymes have
distinct but broad substrate specificities, and there is a
great deal of overlap between different CYP enzymes.
The CYP enzymes can be substantially induced in re-
sponse to specific xenobiotics (5). These inductions are
mediated mainly by transcriptional mechanisms (2, 5,
6), except for the CYP2E1 gene, which is also induced
by protein stabilization (7).

CYP4 is one of the oldest P450 gene families. Several
CYP4 genes have been isolated in both mammals and
insects. In addition, a partial cDNA sequence named
CYP4T1 was cloned from trout liver (8). The CYP4
gene family consists of 22 subfamilies, totaling 108
sequences (4). This family encodes isozymes that cata-
lyse various activities such as v or (v-1)-hydroxylation
of lauric acid, arachidonic acid, leukotrienes, or pros-
taglandins. These isozymes show both constitutive and
inducible expression. Mammalian CYP4 genes may be
constitutively expressed in the liver, the kidney, and
sometimes in the lung (9). CYP4 expression is regu-
lated also by xenobiotics, principally peroxisome pro-
liferators, which have no obvious structural similarity
(10). The best studied are hypolipidaemic drugs that
belong to the fibrate class, such as clofibrate, phthalate
ester plasticizers, such as di(2-ethylhexyl) phthalate
(DEHP), and aryl phenoxy herbicides, such as 2,4-
dichlorophenoxy acetic acid (2,4-D). Interestingly, all
the identified CYP4 genes contain a 13-residue se-
quence around position 315 (I helix), which is ex-
tremely conserved and found exclusively in CYP4. This
peptide sequence defines the CYP4 family (11, 12).

Our previous studies have demonstrated that lauric
acid hydroxylase activity in sea bass kidney micro-
somes is induced by a DEHP treatment, and to a lesser
extent by a clofibrate treatment of fish (13). These
observations have led us to clone a CYP4 gene

Abbreviations used: 2,4-D, 2,4-dichlorophenoxy acetic acid; CYP,
cytochrome P450; DEHP, di(2-ethylhexyl) phthalate; DIG, digoxige-
nin; LAH, lauric acid hydroxylase; RACE-PCR, rapid amplification of
cDNA ends polymerase chain reaction; RT-PCR, reverse transcrip-
tase polymerase chain reaction.
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(CYP4T2) and to investigate the expression of this
CYP4T2 gene in several organs from untreated or per-
oxisome proliferators-treated sea bass.

MATERIAL AND METHODS

Chemicals. Clofibrate, DEHP, 2,4-D and all other chemicals were
purchased from Sigma-Aldrich Chimie (France). Restriction en-
zymes were from Boehringer Mannheim (Germany).

Animals. Sexually immature sea bass (Dicentrarchus labrax,
100–200 g) were obtained from the fish farm “Cannes Aquaculture”
(France) and placed in aquaria containing 120 l of artificial sea water
(salinity 28‰) at 18°C. Fish were acclimated for at least two weeks
to reduce possible stress-related responses. Fish in 10 groups were
treated daily for three days by intraperitoneal injection of clofibrate
(100 mg/kg body weight/day), DEHP (1500 mg/kg body weight/day),
2,4-D (20 mg/kg body weight/day), or NaCl 9‰ (control).

Poly(A)1 mRNA isolation. Total RNA from DEHP-treated sea
bass kidney was extracted by the guanidine thiocyanate method as
described by Chomczynski and Sacchi (14). Poly(A)1 mRNAs were
isolated by chromatography on an oligo(dT)-cellulose column as de-
scribed in Sambrook, et al. (15).

RT-PCR cloning of a cDNA fragment. RNA was reverse-
transcribed using a 18-mer oligo(dt) primer and the First Strand
cDNA Synthesis Kit (Clontech, MA, USA). cDNA was amplified by
PCR in a 50 ml reaction mix containing 75 mM tris-HCl (pH 9.0), 20
mM (NH4)2SO4, 0.01% Tween 20, 1.5 mM MgCl2, 125 mM dNTPs, 40
ng of cDNA, 0.5 mM of each of the sense and antisense primers, and
0.5 U of Goldstar DNA Polymerase (Eurogentec, Belgium). Oligonu-
cleotides for PCR were based on two conserved amino acid domains
designed from the alignment of several CYP4 sequences: CYP4A1

(Rattus norvegicus, M14972), CYP4B1 (Oryctolagus cuniculus,
M29852), CYP4C1 (Blaberus discoidalis, M63798), CYP4D1 (Dro-
sophila melanogaster, X67645) and CYP4F1 (Rattus norvegicus,
M94548). The first domain (sense primer, named L) is specific to the
CYP4 family members (11). The second (antisense primer, named
M2) corresponds to the heme-binding region (cysteine) and several
amino acids of this motif are conserved in all CYP proteins (12).
Partially degenerate primers were designed based on these two
conserved sequences, and on estimates of codon usage in Dicentrar-
chus labrax. The sequence of the sense primer (L) was 59-GAY-ACN-
TTY-ATG-TTY-GAR-GG-39 and the sequence of the antisense primer
(M2) was 59-CCD-ATG-CAR-TTD-CGD-GVD-CC-39 (according to the
IUB codes). PCR reactions were performed on a ThermojeT thermal
cycler (Eurogentec, Belgium) with the following program: 94°C for 3
min, 35 cycles of 94°C, 1 min, 54°C, 1 min, and 70°C, 1 min, followed
by a final 10 min extension at 70°C. cDNA was purified from a 1.5%
agarose gel using the Geneclean III Kit (Bio 101, Inc., CA, USA).
Gel-purified cDNA (named 4DL-1) was subcloned into the pGEM-T
vector (Promega, WI, USA) according to the manufacturer’s instruc-
tions. Plasmid DNA from positive individual clones was purified by
banding in CsCl (17) then sequenced.

Cloning of the 59 and 39 ends by RACE-PCR. Isolation of 59 and
39 ends of the gene was performed using the Marathon cDNA
Amplification Kit (Clontech, MA, USA). A library of adaptor-
ligated double strand cDNA was constructed from kidney poly
(A)1 mRNAs according to the manufacturer’s instructions. Gene
specific primers were designed from the cDNA fragment first
cloned (4DL-1, 438 bp) to generate 59 and 39 fragments, as shown
in Fig. 1. The primers used to clone the 59 end were “AP1” (sense,
59-CCATCCTAATACGACTCACTATAGGGC-39) and “59-ACHPE”
(antisense, 59-CAAATCTTCTGGTGTTCTGGGTGGCAGGCC-39)
and those used to clone the 39 end were “39-DVFDH” (sense,
59-GATGTCTTTGACCACTGGCGTTTC-39) and “AP1” (antisense,

FIG. 1. Cloning procedure for sea bass CYP4T2. A cDNA fragment was amplified from kidney mRNA by RT-PCR experiments. The
full-length sequence of CYP4T2 was obtained using the RACE-PCR technology. Primers used in RT-PCR and RACE-PCR are shown.
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59-GCCCTATAGTGAGTCGTATTAGGATGG-39). 39 and 59 RACE-
PCR reactions were performed using Advantage klenTaq Polymer-
ase Mix (Clontech, MA, USA) on a ThermojeT thermal cycler
(Eurogentec, Belgium) with the following program: 94°C for 1 min,
30 cycles of 94°C, 30 sec, and 68°C, 4 min, followed by a final 10
min extension at 68°C. Gel-purified fragments of expected size
were subcloned by inserting into the EcoRI site of the plasmid
vector pCR 2.1 using the TA Cloning Kit (Invitrogen, NV Leek,
Netherlands). Plasmid DNA from the clones of interest was puri-
fied using the QIAprep Spin Miniprep Kit (Qiagen Inc., CA) then
sequenced.

DNA sequencing. cDNA sequencing was performed by Genome
Express (Grenoble, France). cDNA sequencing was done by Dye

Deoxy Terminator Cycle Sequencing (Applied Biosystems, Weit-
erstadt, Germany) according to the manufacturer’s instructions.
The reactions were performed on a GeneAmp 9600 thermal cycler
(Perkin Elmer/Cetus), and were primed with universal primers
(M13 reverse primer and M13 forward (220) primer). Sequences
were analysed on the Applied Biosystems DNA Sequencing Sys-
tem (Model 373A).

DNA sequence analysis. The nucleotide sequence obtained was
compared by BLAST against the EMBL and GenBank databases
(BLAST 2.0 program; 16). This cDNA sequence was compared to
the rainbow trout CYP4T1 (U82983), the rat CYP4B1 (M29853),
and the rabbit CYP4B1 (M29852) using the CLUSTAL X program
(version 1.64b, 02/1998). A phylogenetic tree was constructed with

FIG. 2. Nucleotide and deduced amino acid sequences of the CYP4T2 transcript. Putative translation start codon (ATG), stop codon (TAA)
and consensus polyadenylation site (AATAAA) are underlined. The amino acid sequence, which is characteristic of the CYP4 family, is
enclosed in a box. The putative heme-binding cysteine residue is shaded.
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the distance-matrix method from a multiple alignment of 23 com-
plete amino acid sequences using the Clustal X program.

Northern blot analysis. Total RNA from sea bass tissues was
separated by electrophoresis on a 1.2% denaturating agarose gel
then transferred to nylon membranes (Boehringer Mannheim) and
UV cross-linked. A digoxigenin (DIG)-labeled CYP4T2 probe (the 438
bp cDNA fragment cloned into pGEM-T) was prepared by PCR using
the primers L and M2, and the DIG DNA Labeling Mix (Boehringer
Mannheim). A sea bass cDNA encoding for the ribosomal protein rpl
17A (rpl 17A-homologue) was isolated in the lab (Sabourault, unpub-
lished results; GenBank AF 074720) and used as an internal stan-
dard for normalizing the quantity of mRNA on the gel. Rpl 17 is a
ribosomal protein isolated in human, Drosophila, and yeast, which is
constitutively expressed whatever the organ, the sex, or the treat-
ment of animals. A DIG-labeled rpl 17 cDNA probe was prepared
using the same procedure. Prehybridization and hybridization (over-
night at 50°C), washes (at 65°C), and chemiluminescent detection
were performed according to the DIG system (17, 18).

The resulting films were scanned and analysed using the NIH
Image 1.62 software (available by anonymous FTP from zippy.nimh.
nih.gov). The integrated values were normalized with rpl 17 mRNA.
Various exposure times were needed to avoid the saturation of
the signal due to rp l17 mRNA, and therefore aberrant results in
densitometry.

RESULTS AND DISCUSSION

To isolate an inducible CYP4 gene, we have used
mRNA extracted from kidney of DEHP-treated sea
bass in RT-PCR experiments. Partially degenerate
primers were designed based on two highly con-
served amino acid sequences: the 13-residue se-
quence characteristic of the CYP4 proteins and the
residues surrounding the heme-binding cysteine,
which are conserved in all P450 proteins. A 440 bp
fragment was obtained from PCR amplification. The
full length sequence of this mRNA transcript was
obtained by the method of 39- and 59-rapid amplifi-
cation of cDNA ends (RACE-PCR) (Fig. 1). We ob-
tained therefore a combined cDNA sequence of 1941
bp. The open reading frame (1547 bp) encoded a 516
amino acid-protein (accession no. AF 045468) with a
calculated Mr of 59,739 Da. The deduced amino acid
sequence (Fig. 2) was classified as CYP4T2 by Dr. D.
Nelson (University of Tennessee) from the P450
Gene Superfamily Nomenclature Committee. Se-
quence comparisons between trout CYP4T1 (8) and
sea bass CYP4T2 showed 69% identity over the
length of the partial CYP4T1 cDNA sequence. The
closest mammalian CYP4 genes are the rat CYP4B1
and the rabbit CYP4B1, that showed 54.4 and 54.2%
identity, respectively (Fig. 3). The CYP4T2 sequence
was compared to all other full CYP4 sequences avail-
able in GenBank (except CYP4T1, which is a partial

FIG. 3. Phylogenic tree of the full length CYP4 sequences. The
tree inferred by the distance-matrix method using the Clustal X
program is shown. Distances between genes are represented by the
sum of their horizontal separation. The scale bar on the top indicates
the distance corresponding to 10 differences in 100 positions. Se-
quences were retrieved using GenBank accession numbers from the
Nelson Web Site (4).

FIG. 4. Blot analysis of total RNA from various sea bass tissues.
Total RNA (20 mg per lane) from various tissues were separated on
a 1.2% denaturing agarose gel, transferred to a nylon membrane,
and hybridized with a digoxigenin-labeled CYP4T2-specific probe. As
a RNA loading control, the membrane was cohybridized with a
specific cDNA-probe of rpl 17, which is constitutively expressed.
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cDNA sequence) to infer the phylogenetic relation-
ships between the mammalian, insect, and fish CYP4
genes. These CYP4 sequences were also compared to
representative mammalian and fish members of gene
families CYP1, 2, 11, and 17. A phylogenetic tree was
generated using the distance-matrix method (Fig. 3).
This tree showed that the sea bass CYP4T2 and the
trout CYP4T1 sequences were assembled in a major
branch that was quite distinct from the branches of
mammalian CYP4. All the vertebrate CYP4 se-
quences clustered together in a branch distinct to
that of the insect CYP4 sequences.

Expression of CYP4T2 at the transcription level was
investigated by Northern blot hybridization of total
RNA from sea bass tissues using the 4DL-1 cDNA
fragment (see Fig. 1) as a digoxigenin-labeled probe.
Differences in sample loading were normalized by
scans then by densitometry studies of the rpl 17-
homologue mRNA (see materials and methods). At
first, total RNA was prepared from various organs from
untreated sea bass. CYP4T2 cDNA hybridized to two

bands: a 2.2-kb transcript, which probably corresponds
to CYP4T2 mRNA, and a thin band about 3.2 kb. The
nature of this other mRNA is not known, but it is
noteworthy that its expression followed the CYP4T2
expression exactly, according to the tissue type (Fig. 4)
or the animal treatment (Fig. 5). There could be two
different transcription start sites; identification of the
CYP4T2 transcript size by RNase protection assay is
currently in progress. However, despite the high strin-
gency of the washes, the presence of a second highly
homologous gene cannot be excluded. The CYP2K1
expression in mature rainbow trout liver and kidney
(19) showed similar multiple mRNA hybridizations.
While liver is the major site of expression of several
CYP isozymes in mammals (5) and also in fish (20), the
most abundant content of CYP4T2 mRNA was ob-
served in kidney (Fig. 4). CYP4T2 mRNA was ex-
pressed to a lesser extent in liver, intestine, and brain
(2-fold less than kidney for these organs), and it was
detectable only in trace amounts in testis. No expres-
sion was observed in gill and muscle.

FIG. 5. Blot analysis of total RNA from liver, kidney, and small intestine of sea bass treated with peroxisome proliferators. Total RNA
(20 mg per lane) was separated on a 1.2% denaturing agarose gel, transferred to a nylon membrane, and hybridized with a digoxigenin-labeled
CYP4T2-specific probe. As a RNA loading control, the membrane was cohybridized with a specific cDNA-probe of rpl 17, which is
constitutively expressed. (A) RNA from kidney; (B) RNA from small intestine; (C) RNA from liver. Lane 1, Nacl 9_; lane 2, Clofibrate-treated;
lane 3, DEHP-treated; lane 4, 2,4-D-treated. The films were scanned and analysed by the NIH-Image program. The values normalized with
rpl 17 mRNA are given.
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Treatment of sea bass with peroxisome prolifera-
tors resulted in marked tissue-specific induction. Rat
and rabbit CYP4B1 are expressed in a tissue-specific
manner and are differentially induced according to
the species (21). While in most mammals CYP4 in-
duction by peroxisome proliferators is strongest in
liver, the strongest induction of sea bass CYP4T2 by
these compounds was observed in kidney. In the
kidney (Fig. 5A), clofibrate treatment caused a sig-
nificant induction, while DEHP and 2,4-D increased
the amount of the CYP4T2 mRNA (more than clofi-
brate, 6.5- and 9-fold respectively). On the other
hand, the most potent inducer in the small intestine
(Fig. 5B) was the clofibrate (1.5-fold induction), while
a decrease was observed with DEHP (5-fold) and
2,4-D (6-fold). In contrast no induction was observed
in liver (Fig. 5C) with any of the peroxisome prolif-
erators tested. A small decrease in liver CYP4T2
mRNA was also observed with DEHP (2.3-fold) and
2,4-D (1.8-fold). Our previous studies on lauric acid
hydroxylation in sea bass showed a strong induction
of this activity in kidney of DEHP-treated fish. These
results agreed with the results obtained from North-
ern blot experiments. Moreover, it appeared that the
sea bass was a less responsive species to fibrate, such
as the marmoset and the guinea pig (22, 23).

Induction of mammalian CYP4 mRNA by peroxi-
some proliferators is due to a transcriptional activation
(24), which probably is mediated by the peroxisome
proliferator-activated receptor (PPAR), as proposed by
Isseman and Green (25). It is noteworthy that a PPARg
was recently isolated from Atlantic salmon liver (26),
suggesting a similar regulation of CYP4 gene expres-
sion in fish and in mammals. Phthalate ester plasticiz-
ers represent widely-distributed environmental con-
taminants. Thus the induction of CYP4T2 mRNA in
sea bass kidney by phthalates could be a first step in
the development of efficient biomarkers for this class of
marine pollutants (27).

The precise physiological role of the CYP4 proteins
remains to be established. The liver is the major site
for detoxication in mammals. Kidney CYP4 enzymes
in rodents (28) and humans (29) are mostly involved
in hydroxylations of endogenous substrates such as
fatty acids, prostaglandins and arachidonic acid,
rather than steroids and carcinogens. Fatty acids
and eicosanoids play important roles in renal phys-
iology (30). It appears that the kidney is the major
site of CYP4T2 expression in fish, a result that agree
with the high lauric acid (v-1) hydroxylation rates in
kidney microsomes from sea bass (13) and from rain-
bow trout (31). Our results indicate that CYP4 en-
zymes may function in renal physiology in fish. De-
termination of substrate specificities of CYP4T2
should help to define those functions.
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