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SUMMARY

ing of chain reaction (PCR) prod-
ucts synthesized from the CYP2C8 and
CYP2C9 cDNAs revealed the presence of a new CYP2C gene in
the human genome. Primers specific to exons of this new gene
were used to perform PCR on human liver cDNA libraries and
cDNA synthesized from human liver mRNA to generate a CONA
containing a complete cytochrome P450 amino acid reading
frame. This cytochrome P450 cDNA, designated CYP2C18,
displayed 85% and 87% nucleotide and 77% and 81% amino
acid sequence similarities, respectively, with cDNAs and proteins
corresponding to CYP2C8 and CYP2C9. cDNA-directed synthe-

sis of CYP2C18 revealed a protein with relative M, 49,000 on
sodium dodecyl! sulfate-polyacrylamide gels, which is consider-
ably less than that calculated from the deduced amino acid
composition, M, 55,747. A preferred substrate for this

has not been uncovered. Levels of CYP2C8, CYP2C9, and
CYP2C18 mRNAs were examined in 17 human liver specimens
using a PCR-based assay. CYP2C18 mRNA was found in all
livers examined, albeit at mean levels 7-8-fold lower than those
of mRNAs encoding CYP2C8 and CYP2C9. Marked interindivid-
ual differences in levels of expression of all three CYP2C mRNAs
were also found.

P450s represent a superfamily of enzymes that contain a
covalently associated heme and use O; and NADPH to oxidize
numerous substrates (1). Ten families of P450 have been iden-
tified in mammals. P450s in the CYP1, CYP2, and CYP3
families comprise the major foreign compound-metabolizing
enzymes, a single form of which is capable of oxidizing numer-
ous structurally diverse substrates, thus accounting for the large
capacity of the P450 system to deal with drugs and to activate
promutagens and procarcinogens (2, 3).

Remarkable species differences exist in the regulation and
catalytic activities of P450s (4, 5), indicating that rodents may
not be accurate models for human drug metabolism, toxicity,
and carcinogenecity studies. Recent efforts, therefore, have
focused on directly examining the catalytic activities of human
P450s. These studies have been accomplished by direct purifi-
cation and analysis of human P450 forms, immunoquantifica-
tion-based correlations, and cDNA-directed expression (5). In-
deed, numerous human P450 cDNAs have been isolated using
antibody and cDNA probes generated from rodent enzymes.

P450 cDNAs have been isolated that represent enzymes that
have never been purified from human tissue sources, such as
CYP2A6, CYP2F1, CYP3A5, CYP4B1, and others (5). Because
P450 subfamilies can have multiple closely related members, it
is difficult to determine whether all P450s or cDNAs within a
subfamily have been isolated. In practice, cDNAs encoding

P450s produced from abundant mRNAs are preferentially iso-
lated. For example, the cDNA of CYP3A4, which is one of the
major P450 forms in human liver (6), was the first to be isolated
(17, 8).

In the CYP2C subfamily, numerous individual genes exist in
rats and rabbits but only limited cDNAs have been isolated
from human sources. In an earlier study, we screened three
separate human liver cDNA libraries but could only identify
those encoding CYP2C8 and CYP2C9 (9). However, Southern
blotting analysis suggested the presence of numerous CYP2C
genes in humans (10). New strategies, therefore, were developed
to identify and clone cDNAs representing low abundance P450
mRNAs.

In the present report, we describe the identification, isolation,
and sequence of a cDNA encoding a new member of the human
CYP2C subfamily, designated CYP2C18. This gene was iden-
tified by PCR analysis of genomic DNA using primers gener-
ated from the CYP2C9 sequence. Primers specific to CYP2C18
exons were synthesized and used to perform PCR on human
liver Agt 11 libraries and on reverse-transcribed liver mRNA,
to amplify and clone a cDNA containing the full coding se-
quence of the CYP2C18 mRNA. This cDNA and its sequence
were then used for cDNA expression and to develop a PCR-
based mRNA quantification procedure to determine the relative
levels of expression of CYP2C8, CYP2C9, and CYP2C18 in
human livers.

ABBREVIATIONS: P450, cytochrome P450; PCR, polymerase chain reaction; bp, base pairs; SDS, sodium dodecy! sulfate; Taq, Thermoactinomyces

aquaticus

a7s

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

376 Furuyaetal.

Experimental Procedures

Materials. Oligonucleotides were synthesized on an Applied Bio-
system 380B DNA synthesizer and purified by Centricon-10 filtration
(Amicon Corp.). Oligonucleotides used for the sequencing and PCR
reaction are summarized in Table 1. All genomic DNA and RNA
samples were isolated from the peripheral blood or liver tissue obtained
from kidney donors. A cDNA library, in the vector Agt 11, was described
in an earlier study (11, 12).

DNA manipulations. DNA sequencing was carried out according
to a modified dideoxy nucleotide chain-termination method (13) after
subcloning of individual fragments into the vector pUC18. To subclone
PCR products into a plasmid vector, DNA polymerase Klenow frag-
ment was used to generate blunt-ended DNA, as described (14). The
PCR products that were subcloned and sequenced are shown in Fig. 1.

Synthesis and analysis of PCR products. All PCR reactions
were performed in a volume of 100 ul containing 20 mM Tris- HCI (pH
8.3), 1.5 mM MgCl;, 256 mM KCl, 0.05% (w/v) Tween 20, 100 pg/ml
gelatin, 2% (w/v) dimethylsulfoxide, and 200 uM each dATP, dCTP,
dGTP, and dTTP. Genomic DNA (0.5 ug), 12.5 ul of cDNA library
solution (10° plaque-formation units/ml), or cDNA transcribed from 5
ug of total liver RNA were used directly as a template for PCR.
Reactions were carried out for 35 cycles at an annealing temperature
of 55° for 90 sec, a polymerization temperature of 72° for 1 min/1
kilobase of target DNA fragment, and a heat-denaturation temperature
of 93° for 1 min, using a Perkin-Elmer Cetus DNA thermal cycler. An
aliquot (5 ul) from each of the completed PCR reactions was subjected
to electrophoresis in a 1.5% agarose gel. At the completion of electro-
phoresis, the gel was stained in ethidium bromide (1.0 xg/ml) for 15
min, destained in water for 10 min, and photographed by UV transil-
lumination.

Transient expression of CYP2C18. To study the function of
CYP2C18 gene product, we used the transient COS-1 cell expression
system. Clones C and E (Fig. 1) were fused at the PstI restriction site,
and the fragment was then subcloned into the plasmid pUC18 and
designated pUCF-7. This plasmid was digested with Asel and Ndel to
release the 1.7-kilobase CYP2C18 cDNA-containing fragment. The
insert DNA was treated with DNA polymerase Klenow fragment and
ligated with the expression vector pPCMV4 (15), which was previously
digested with Smal and treated with bacterial alkaline phosphatase.
The construct was designated pPCMF-60. This plasmid DNA was trans-
fected into COS-1 cells using DEAE-dextran and a dimethylsulfoxide
shock. Transfected cells were incubated for 60 hr at 37°, and cells were
harvested for analysis. Protein electrophoresis (16) and Western im-

munoblotting (17) were carried out as described, using rabbit antibodies
against rat P450s CYP2C7 and CYP2C11 and alkaline phosphatase-
conjugated goat anti-rabbit IgG.

Competitive PCR for quantitation of mRNA. Quantitation of
mRNA was performed as described (18), with minor modifications.
Total RNA (5 ug) was transcribed into cDNA using oligo(dT) and
Avian Myoblastosis Virus reverse transcriptase. After cDNA synthe-
sis, half of the products were used as a PCR template. To amplify a
portion of the CYP2C8 mRNA, primers HF 53R and HF 54 were used
to produce a 452-bp fragment. Primers HF 51R and HF 52 were used
to amplify a 356-bp fragment derived from the CYP2C9 mRNA. The
CYP2C8 and CYP2C9 primers were based on the previously published
sequences (19) and were designed to specifically amplify their respective
c¢DNAs and to produce fragments of different size from the tubulin
PCR product we used as an internal control. Primers HF 46 and HF
50R (shown in Fig. 3) were used to amplify a 282-bp fragment of the
CYP2C18 cDNA. For an internal control, HF 56 and HF 56R, which
amplify a portion of the 570-bp 3’ noncoding region of a-tubulin mRNA
(19), were applied. The internal standard primers were used in the
same reaction tube as the test primers. PCR reactions were carried out
at an annealing temperature of 55° for 90 sec, a polymerization tem-
perature of 72° for 1 min, and a heat denaturation temperature of 93°
for 1 min. A tracer of [33P]dCTP (3000 Ci/mmol; New England Nuclear,
Beverly, MA) was added to each reaction. When the cycle number
reached 10, an aliquot (5 ul) was withdrawn from each reaction tube
and subjected to electrophoresis. We repeated this procedure every 5
cycles until reaching 35 cycles. Aliquots of the PCR reaction products
were withdrawn at various cycles and were subjected to electrophoresis
in a mixture of 3% NuSieve agarose and 1% standard agarose. The gel
was dried and subjected to autoradiography, and the densities of
amplified CYP2C DNA fragments were compared with those of the a-
tubulin fragments by scanning of the film using a Beckman DU-8
spectrophotometer. We only scanned those reaction cycle aliquots that
were in the linear range of the amplification reactions. This was
generally between cycles 15 and 25. Scans were performed at different
levels of exposure of the autoradiographic film, to ensure linearity of
the signal with exposure time.

Cloning and sequencing of the CYP2C18 cDNA. To
analyze the complexity of the CYP2C subfamily, we used a
PCR strategy. This strategy was based on the known sequences

TABLE 1
Oligonucleotides used for this study
The oligonucieotides are 5° to 3’. The restriction endonuciease recognition sites used for subcioning of PCR fragments are underiined.
Restriction site
Primers Sequence tobe
generated
HF 2R GCCTTGGTTTTTCTCAACTC
HF 7 GTGGTGCTGCATGGATATGAAG
HF 19 AAGTTTTCCAGTGGCTGAAAAAGTTAACAAAGGAC
HF 20R GTCCTTTGTTAACTTTTTCAGCCACTGGAAAACTT
HF 25R CTTAAGCTTCAGACAGGAATGAAGCA Hindill
HF 27 TATTAATAAGAAGAGAAGGCTTCA Asel
HF 28 GATTATTGGAAATATCCTGCAGTTAGA
HF 29R CAAGTGTTACAGAGTATG
HF 30 GATATTGACATCACCCCCA
HF 41R TCTAACTGCAGGATATTTCCAATAATC
HF 46 GGGCATGACCATAATAACATCC
HF 50R ACCAAATGCATTGGCAATGGGG
HF 51R CAAATCCATTGACAACTGGAGTGG
HF 52 ACATTGACCTTCTCCCCACCAGCC
HF 53R AGAAACAATCCCTTTGGTAACTGC
HF 54 GATCATGTAATTGGCAGACACA
HF 55 TGACAGAATTCCAGACCAACCTGG

HF 56R

TCAACAGAATCCACACCAACCTCC
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of CYP2C cDNAs and the predicted exon and intron structure
of rodent CYP2C genes. Primers HF 7 and HF 2R were syn-
thesized from exons 2 and 3, respectively, representing regions
of absolute nucleotide conservation between the CYP2C8 and
CYP2C9 cDNAs (9). Because these exons flank the smallest
intron of the rat CYP2C11 and CYP2C12 genes (20, 21), we
predicted that the human CYP2C genes would also have a small
intron. PCR products were cloned and sequenced, and these
data confirmed that introns 2 of CYP2C8 and CYP2C9 were
168 and 171 bp, respectively (Fig. 2). PCR products also con-
firmed the presence of another CYP2C gene, designated
CYP2C18, having intron and exon sequences that were mark-
edly different from those of CYP2C8 and CYP2C9. We also
uncovered what appeared to be a pseudogene that lacked the
3’ splice recognition site “AG” in intron 2.!

The exon sequence of CYP2CI8 allowed the synthesis of
specific primers that could distinguish between CYP2C8 and
CYP2C9. These were used in the identification of CYP2C18
¢DNA in liver Agt 11 cDNA libraries and CYP2C18 mRNA in
liver RNA preparations. Fragments that were cloned and se-

! H. Furuya and F. J. Gonzalez, unpublished results.

: EcoRI
: Hindil
:Nsi|
: Pstl
: Sacl

wWoZIMmM

quenced, along with the primers used for their amplification,
are displayed in Fig. 1. Primers HF 7 and HF 2R were used to
produce the clone shown in Fig. 2, which allowed synthesis of
CYP2C18-specific primers, designated HF 20R and HF 19, that
were used to produce clones C and D, respectively. The primers
used to synthesize from the 5’ and 3’ end of clones C and D,
respectively (HF 27 and HF 25R, respectively), were designed
to react with both CYP2C8 and CYP2C9. We reasoned that
these primers would also amplify CYP2C18 cDNA. Thus,
primers specific to CYP2C18 would only amplify CYP2C18
cDNA and the opposite primers would amplify all three cDNAs
but would only produce CYP2C18 by virtue of the specificity
of the A-derived primers. Clone B was produced by the same
strategy, using a CYP2C18-specific primer derived from clone
D sequence (HF 30) and another CYP2C-common primer (HF
29R). Clone E was amplified using CYP2C18-specific primers
designed from clone C (HF 28) and clone D (HF 25R) se-
quences. Clones C and E were then joined to produce a DNA
fragment containing the full amino acid coding sequence of
CYP2C18.

The complete sequence of CYP2C18 is shown in Fig. 3. Due
to the PCR cloning strategy, we do not have the sequence of

HE 7
GIGGTGCTGCATGGATATGAAG

C9 CAGTGAAGGAAGCCCTGATTGATCTTGGAGAGGAGTTTTCTGGAAGAGGCATTTTCCCACTGGCTGAAAGAGCTAACAGAGGATTTGgt aggtgtgcaag

c8 AA A C A AT C AT CT A C ca ta

c18 G A AAG T G A T A o aa t

C9 t-gcctgtttcag----catctgt----- Ct====== tg-—-=== gggatgg tggaaaacagagacttacagagctcctcgggcagagcttgge m

cs -tt g ~==-t tg ==--= aa====== Ct====== g a g cc aa t -a a F‘o' 2. of PCR m of
Cl18 at g g at tgta g atgta gggcag gctata -~ g gaag g a a a ©xons2and3andintron?2. The compiete

sequence of CYP2CS9 is displayed. Only
those nucleotides in CYP2C8 and

€9 ccatccacatggetgcccagtgt--cagettoctctttcttgectgggatotccctectagttte-gttectct ~toctgttagaAatTeTrTrcacean  © YP2C18 differing from those of CYP2C9

c8 t tg a tg actt c ]
c1s tg g 9 ==

t at -~ c t ccc
ct tgc tt  at g ¢ -tg t gt c cc

t - tt a Cca C

C9  TGGAAAGAAATGGAAGGAGATCCGGCGTTTCTCCCTCATGACGCTGCGGAATTTTGGGATGGGGAAGAGGAGCATTGAGGACTGTGTTCAAGAGGAAGCC
T

cs G CA CT
c18 G G T

HF 2R
C9  CGCTGCCTTGTGGAGGAGITGAGAAAAACCAAGGC
c8 A
Cc18

C
[ C
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<
ATGGATCCASCTGTGGCTCTSGTGCTCTGTCTCTCTTGTTITOTIICICC TCACTCTGGAGGCAGAGCTCTGGA

HotAspProAJVaLMnLﬁuVa1‘.,eucysLeus«rcys‘u;?neuuLusu'i.m;TrpAqu'.f\SerSerG‘.yAqulyAqueuPreserGl

HF 28, HF 4IR

N
TCCCGTCTGGCCCCACTCCTCTCCCGATTATIGGA 122

yProThrProleuProllelleGly

mﬁmm‘rTAAGGACATGAGCAAATCCTTAAC:AA TTTCTCAAAAGTCTATGGCCCTCTST TCACTGTGTATTTTGGCE TGAAGCCCATTSTGGTGTTGCATGGATAT 242
AsnlleleuGinleuAspVallysAspMetSeriysSerledT rAsnPheSerLysVaiTy:GlyProva iPheThrvalTyrPheGlyleulysProlleva.ValleukisGlyTys 32
HF 19, HF 20R
GAAGCAGTGAAGGA CCTGATTGATCAT! AGTTTTCIGGAAG. w v TTGGAATCCTTTTCAGCAATGGAAAGAGATGG 360
. 3 1
GluAlavallysGluAlaleulleAspHi 3GlyGluGluPheSerGlyArgGlySerPheP rovVaiAlaGlulysvValAsnlysGlyleuGlyl lelLeuPheSerAsnGlyLysArgTrp 120
AAGGAGATCCGGCGTTTCTGCCTCATGAC TCTGCGGAATTTTGGGAT AAGAGGAGCATC! CCGTGTTC, AGGAA PFGCTGCCTTGTGGACG’GTTGAGAAAMCCAAT 480
LysGlulleArgArgPheCysieuMet Thr LeuArgAsnPreG.yMetGlylysArgSer! leclulspquvalclnclucluAlAAquysLeuVMGluGAulﬁuA!qun‘hrAm 160
GCCTCACCCTGTGATCCCACTTTCATCCTGGGCTGTGCTCCCTGCMTGTGATCTGCTCTGTTATT‘!‘TCCATGATCGATT‘.'GATTATAMGATCAGAGGTTTCTTMCTTGATCGMW €00
AlaSerProCysAspProThrPhel leleuGlyCysAiaProCysAsnvallleCysSerVal lX-Phel-ulAspArthnAspTyrLy:AspGlnArtheLaqunLcuMetGluLys 2c¢C
G c .
TTCAATGAAAACCTCAGGAT TCTGAGCTC TCCATGGATCCAGGTCTGCAATAATTTCCCTGLTC TCATCGATTATCTCCCAGGAAGTCATAATAAAA T AGCTGAMATTTTGCTTACQ?T 720 i
?neAsncluAsnLnuArq!1auu$e:serProTrplIeclnVaLCy:Aern?hc?roAiaquleAspTy:LeuProGincrHlsAsn'..ysl;eAumuAsthellaTy:“e 240 Fb. 3' m m W m
Leu
acid sequences of CYP2C18. Primers
c
AAAAGTTATGTATTGGAGAGAATAAAAGAACATCAAGAATCCC TGGACATGAACAGTGC TCGGGAC TTTAT TGATTGTT TCCTGATCAAAATGGAACAGGAARAGCACAATCAACAGTCT s«0  Sites are underiined. Those nucleotides

LvsSerTeralLeucluArqlleLyscLuH1sGlnGluSe:LeuAspHetAsnSe:AlaArqupPheXlekspcysPtheuIleLy:HetGluGlnGluLy;lﬂlkmclnGlnser 280 wm I l ﬁ lh "

GAATTTACTGTTG,
SliuPheThrval

iSerleulleAiaTnhrValThrAspMetPneG.yA. . aGlyTnrSluTnrThrSerTar

AAAGCTTGATAGCCACTGTAACTGATATS TTTGGGGC TGGAACAGAGACAACGAGCACCACTCTSAGATATGGAC TCCTGC TCCTGC TGAAGTACCCAGAGGTCACA 960 WOW m CYP201 8
320 saque‘m- 'm

rleuArqTyrGiyleuleulevlevleulysTyrProGluvalThr

GCTAAAGTCCAGGAAGAGAT IGAATCTGTAGT TGGCAGAAACCGGAGCCCC TG TATSCAGGACAGGAGTCACATGCCCTACACAGATGC TG TGG TGCACGAGA TCCAGAGATACATTGAC 1c80
A.aLysValGinGiuGiu:.eG.uCysVa.VaiGlyArgAsrArgSesProCysMetGinAspArgSeriisMetProTyrThrAspAlavaivValtdisGlulileGlnArgTyrileAsp 360
< ST 46
CTCCTCCCCACTAACCTGCCCCATGCAGTGACATGTGATGT TAAAT TCAAAAACTACC TCATCCCCAAGGGRATGASCATAATAACATCCCTGAST TCTGTGC TGCACAATGACAAAGAA 120¢
LeuleuProTnrAsnleuProdisA.avVaiThrCysAspVallysPhelysAsnTyrieulleProLysGiyMet lelleThrSerlLeuThrServaileuHisAsnAsplysGiu ace
TTCCCCAACCCAGAGATGTTTGASCCTGGCCACTTTCTGGA TAAGAG TGGCAAC TTTAAGAAAAG TGACTACTTCATGCCTTTC TCAGCAGGAAAACGGATG TG TATGGGAGAGGGCC TG 1320
PheProAsnProGluMetPheAspProGiyHisPheleuAsplysSerClyAsnPrelysiysSerAspTyrPheMetProPheSerAlaGlylysArgMetCysMetGiyGluGiyleu 44¢C
HF 30 HF SCR
GCCCGCATGCAGCTGTTTTTATTCCTGACCACCATTTTGCAGAACTTTAACCTGAAATCTCAGGTTGACCCAAAG TTGCCAATGCATTTGGICGTGTGCCA 1440
AlaArgMetGluleuPheleuPheleuThrThrlleLeuGlnAsnPheAsnleulysSerGlnVaiAspProlysAsplleAsplleThrProlleAlaAsnAlaPheGlyArgvalPro 480
CCCTTGTACCAGCTCTCCTTCATTCCTCTCTGAAGAAGGGCAGATAGTTTGGC TGC TCCTGTGCTGTCACCTGCAAT TCTCCCTTATCAGGGCCATTGGC TCTCCCTTCTCTCTATGAGS 1560
ProleuTyrGlnleuCysPhelleProvaie** 490
HF 25R Hin Qlll
TGCTTCATTCCTGICTGAAGCITAAG
GATATTTTCTCTGACTTGTCAATCCACATCTTCCCATTCCCTCAAGATCCAATGAACATCCAACCTCCATTAAAGAGAGTTTCTTGGGTCACTTCTAAATATATCTCGTATCT 1673

the complete 5’ untranslated region of the CYP2C18 mRNA
or the terminal 3’ untranslated region. The CYP2C18 protein
contains 490 amino acids, of calculated M, 55,747. The available
nucleotide sequences of CYP2C18 are 85% and 87% similar to
those of CYP2C8 and CYP2C9, respectively. The amino acid
sequence of CYP2C18 displays 77% and 81% similarities with
the CYP2C8 and CYP2C9 proteins, respectively. An allelic
variant of CYP2C18 was uncovered having six nucleotide and
one amino acid substitutions (Fig. 3). The latter is a conserva-
tive substitution, Phe;;s — Leu.

cDNA-directed expression of CYP2C18. The CYP2C18
c¢DNA was inserted into the vector pPCMV4 (15). This vector
contains the powerful cytomegalovirus promoter and SV40
origin of replication for expression of foreign proteins in COS
cells. Transfection of COS-1 cells with the CYP2C18 construct

resulted in production of a protein of about 49,000 Da, esti-
mated based on SDS-polyacrylamide gel electrophoresis, that
was of greater mobility than CYP2C8 and CYP2C9 (Fig. 4).
This protein reacts with rabbit antibodies prepared against rat
P450s CYP2C7 (Fig. 4A) and CYP2C11 (Fig. 4B). These anti-
bodies were chosen because they are known to cross-react with
human CYP2C8 and CYP2C9 and, therefore, were assumed to
react with the related CYP2C18 protein. Expressed CYP2C18
migrates slightly faster than the faintly labeled, greatest mo-
bility, immunoreactive protein detected in human liver micro-
somes, which we believe is CYP2C18. However, upon mixing
of COS cell extracts with human liver microsomes, the ex-
pressed CYP2C18 protein could not be resolved from the faintly
labeled human immunoreactive protein. The differences in
electrophoretic mobilities between the microsomal and COS
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Fig. 4. Westem immunobiot analysis of expressed CYP2C8, CYP2C9,
and CYP2C18 using antibodies produced against CYP2C7 (A) and
CYP2C11 (B). Total cell lysate protein (50 xg) of expressed material and
microsomal protein from two human livers (10 ug) were analyzed.
vCYP2C8 and vCYP2C9 are extracts from vaccinia virus-infected Hep
G2 celis. YWT is an extract from wild-type vaccinia virus-infected Hep
G2 cells. pPCMVA/2C18 and pCMV4 are COS cells lysates from trans-
fected celis.

cell-expressed proteins might be due to the differing composi-
tions of mixtures applied to the gels.

To test the catalytic activity of expressed CYP2C18, several
compounds were examined that are known substrates for other
P450s in the various CYP2 subfamilies in humans and rodents.
CYP2C18 was unable to deethylate 7-ethoxycoumarin or 7-
ethoxyresorufin, hydroxylate benzo(a)pyrene at the 3-position,
or hydroxylate any position of testosterone. Expressed
CYP2C18 also did not display (R)- or (S)-mephenytoin 4-
hydroxylase activity. Unfortunately, we have not found a fa-
vored substrate for this P450.

Analysis of expression of CYP2C8, CYP2C9, and
CYP2C18 mRNAs in human liver. To estimate relative
levels of CYP2C mRNAs in human liver specimens, we used
PCR of cDNA synthesized using oligo(dT) from total liver
RNA. Primers were used that could specifically amplify small
regions of each CYP2C mRNA. PCR of a-tubulin mRNA
(cDNA) was used as an internal standard in the same PCR

HumanCYP2C18cDONA 379

reaction mixes, so that the levels of each CYP2C mRNA
relative to tubulin mRNA could be estimated. To ensure that
tubulin mRNA was expressed at similar levels in different
livers, we performed PCR on each RNA specimen as a function
of input RNA. Expression of a-tubulin mRNA was within 30%
between different livers.

Large interindividual variations in levels of each mRNA were
detected, which varied over 10-fold between livers (Fig. 5). The
mean levels of CYP2C18 (0.22 + 0.11), relative to a-tubulin,
were about 7-8-fold lower than those of CYP2C8 (1.9 + 1.6)
and CYP2C9 (1.6 £ 0.97). These data confirm that CYP2C18
mRNA is expressed at a low level in liver and offer a reason
why we could not identify this cDNA by screening three Agt 11
libraries using the CYP2C9 cDNA. The highest expression for
CYP2C8 was found in K14 and was 6-fold greater than that
for a-tubulin. Interestingly, in KDL-4, CYP2C18 was the most
abundantly expressed mRNA; CYP2C18 mRNA was expressed
at <0.2% of the tubulin mRNA level (Fig. 5). These data
demonstrate the utility of PCR in determining relative mRNA
levels of individual members of a closely related P450 subfamily
using only small amounts of total mRNA. Therefore, small
wedge or even needle biopsy samples could be used to estimate
mRNA levels from as little as 1 ug of total RNA.

Discussion

Direct cloning of human P450 cDNAs from cDNA libraries
has generally been productive using anti-rodent and -human
P450 antibodies and rodent P450 cDNA probes. We believed,
however, that these procedures only result in the cloning of the
most abundantly expressed P450 mRNAs. For example, on the
basis of complexity of Southern blotting patterns (10) and the
large number of P450s identified in rabbits and rats (1), one
would expect that more than two or three CYP2C P450 genes
exist and would be expressed in humans. Large sequence simi-
larities among P450s within a single gene family render them
difficult to selectively extract from a liver cDNA library. The
high degree of variation between individuals in their expression
of P450s necessitates the screening of libraries prepared from
different liver samples (11, 12). It is also difficult, in many
cases, to distinguish closely related P450 cDNAs from allelic
variants. For example, CYP2C9 and CYP2C10 are extremely
similar across their amino acid coding regions but markedly
differ at the 3’ noncoding region (3). It should be noted that
only a single CYP2C10-type cDNA has been isolated. It re-
mains a possibility that the CYP2C10 cDNA is a result of an
artificial ligation during construction of the Agt 11 library that
was used in this report.

Expression of CYP2C18 ¢cDNA using COS cells yielded a
protein of about 49,000 Da, as assessed by SDS-polyacrylamide
gel electrophoresis. This is a lower molecular mass than that
calculated from the cDNA-deduced protein sequence (55,747
Da). This discrepancy has been noted for other P450s. For
example, CYP2A6 has a calculated M, of 56,547, whereas its
cDNA-expressed counterpart migrates with relative M, 49,000
on SDS-polyacrylamide gels (12). The reason for this trend of
underestimation of true P450 molecular weight by electropho-
resis is unknown. '

Despite the successful production of CYP2C18 protein, we
were unable to demonstrate catalytic activities toward several
P450 substrates. Even ethoxycoumarin, a substrate for several
other human P450s, was not metabolized by CYP2C18.
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TABLE 2

Amino acid polymorphisms between CYP2C 18 cDNA ciones

The roman numerals designate DNA base differences (polymorphisms) and amino acid substitutions in CYP2C18 cDNAs. Numbering cormesponds to the position of the
cDNA in this report (Fig. 3). Haplotypes P and Q are reported in this paper (Fig. 3). Haplotype P was cloned from three individuals, three from a liver designated Pa72
mdor;’eadﬂromlversm1NKDL%.HmypeQwasdandﬁGnPﬂZ.HaplmypesRMdSMWedbymud.(22).Haplotypeﬂlsrepomdas
clone 6b and S as clone 29¢c.

No. of Polymorphism
4 clones I 0 " v

P 5 SAT sssT nser MISCATTGCCAATGCATTTGGTCG
2Asp 29phe 385Met “T2leAlaAsnAlaPheGlyArg

Q 1 SAT 5c 1t “I3CATTGCCAATGCATTTGGTCG
2Asp 2% eu *SMet N Arg

R 2 5TA essT nsét UBATTGCCAATGCATTTGGTCGG
2val 29phe 3SMet 72 euProMetHisLeuValGly

S 1 5TA eesT 1s4c MWISATTGCCAATGCATTTGGTCGG
val 719ppe BSThr 72| puProMetHisLeuValGly

The present study also demonstrates the utility of PCR to amplification of 25 to 35 cycles with no evidence of artifactual
identify P450 mRNA expressed at low abundance. PCR can be PCR-generated mutations. Thus, this procedure may be of
used to clone a cDNA directly and to quantify relative levels of general utility for cloning cDNAs.
mRNAs. During the course of these studies, we cloned and Quantification of mRNAs by PCR was also highly reproduc-
sequenced numerous PCR products that had been subjected to ible, with variations of 21 + 14% (mean of all standard devia-
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tions + standard deviation) in CYP2C/tubulin mRNA PCR
product ratios between experiments with a given sample of liver
mRNA. This procedure can be used with as little as 1 ug of
total RNA. It should be recognized, however, that the interin-
dividual levels of a specific mRNA are dependent on the as-
sumption that there exists a constant level of expression of the
internal standard mRNA between liver specimens. We found
one liver RNA specimen, of a total of 18, that had levels of
tubulin mRNA that were about one half of those found in 17
other livers. This liver was excluded from our analysis. We feel,
however, that a-tubulin mRNA, encoding a structural, ubiqui-
tously expressed protein that is not significantly influenced by
hormones, would be the best internal standard.

Analysis of the mRNA quantification data revealed a marked
interindividual variation in levels of the CYP2C mRNAs. There
appears to be a correlation between levels of expression of
CYP2C8 and CYP2C9 mRNAs in the different liver specimens.
For example, KDL-4 has very low levels of these mRNAs,
compared with other livers, whereas CYP2C18 mRNA in this
liver is present at a level comparable to that in other livers.
Levels of CYP2C8 and CYP2C9 mRNAs in K14, K18, K19,
and K20 are generally higher than those in most other livers,
suggesting that CYP2C8 and CYP2C9 are co-regulated. It is
interesting that livers K14 and K19 also possess high levels of
mRNAs encoding CYP2A and CYP2B P450s (11, 12). Although
the K14 liver was indeed derived from a patient receiving
phenobarbital, an inducer of P450s in rodents, the patient
donating the K19 liver was, to our knowledge, treated only with
dopamine and heparin, which are not known to induce P450s.

While this manuscript was being reviewed, a report appeared
describing two apparent CYP2C18 alleles that were isolated
from a human liver cDNA library (22). Comparison of their
sequences with ours revealed several differences, which can be
classified into four haplotypes, arbitrarily designated P, Q, R,
and S (Table 2).> We recognize that these differences may
represent simple sequencing reading errors or Taq polymerase
nucleotide misincorporation errors. However, we cloned and
sequenced six independently amplified cDNAs from three in-
dividuals; five correspond to haplotype P and one corresponded
to haplotype Q, which was identical to P except for a C at
position 655 (Fig. 3) instead of a T, resulting in a Leu in place
of a Phe.? The finding of the same sequence in five clones of
independently amplified PCR products would rule out the
possibility of Taq polymerase nucleotide misincorporation. Fur-
thermore, we determined these sequences on both strands of
the cDNAs and, on this basis, believe that there are no sequenc-
ing errors. We have never seen the sequences corresponding to
polymorphisms I, III, and IV in our cDNAs. Polymorphism I is
a TA in haplotypes R and S instead of an AT in our P and Q
haplotypes. Polymorphism IV is especially interesting, because
it results from a C deletion (residue 1413 in Fig. 3) and a G
insertion (after residue 1432 in Fig. 3), compared with our
sequence. It is also noteworthy that three of the seven amino
acid residues encoded by the DNA between residues 1413 and
1432 of haplotypes P and Q are conserved in CYP2C8 or
CYP2C9, whereas none of the amino acid residues in polymor-
phism IV in haplotypes R and S are conserved. These data
would suggest that sequence misreading could account for pol-

2Due to the few base changes observed, we are tentatively designating these
cDNAs as allelic variants, although we cannot, at present, rule out the possibility
that they are different gene products.
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ymorphisms I and IV in haplotypes R and S. In any case, the
true nature of these polymorphisms awaits a PCR analysis of
genomic DNAs. If, indeed, they do represent different alleles,
it will be interesting to determine whether these amino acid
changes affect CYP2C18 catalytic activities.
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