J. Biochem. 122, 1114-1121 (1997)

Structural and Evolutionary Studies on Sterol 14-Demethylase P450
(CYP51), the Most Conserved P450 Monooxygenase: 1. Structural
Analyses of the Gene and Multiple Sizes of mRNA'

Mitsuhide Noshiro,* Yuri Aoyama,' Takeshi Kawamoto,* Osamu Gotoh,’ Tadao Horiuchi,'
and Yuzo Yoshida‘?

*Department of Biochemistry, Hiroshima University School of Dentistry, Hiroshima 734; tDepartment of Bioen-
gineering, Faculty of Engineering, Soka University, Hachioji, Tokyo 192; tDepartment of Biochemistry, Saitama
Cancer Center Research Institute, Ina-machi, Saitama 362; and $School of Pharmaceutical Sciences and Interdisci-
plinary Research Institute for Biosciences, Mukogawa Women’s University, Nishinomiya 663

Received for publication, June 19, 1997

The structure of rat CYP51 gene encoding sterol 14-demethylase was examined. The CYP51
gene spanned about 18 kb and contained 10 exons. The copy number of CYP51 in the rat
genome was determined to be one. In addition, one CYP51 processed (intron-less) pseudo-
gene covering the coding and ca. 600-bp 3'-noncoding sequences of CYP31 cDNA was found
in the rat genome. Multiple transcription initiation sites were predicted by primer
extension and 5'-RACE methods using poly(A)* RNA from liver, ovary, and testis, and the
major ones were located at 126 and 123 nucleotides upstream from the initiation ATG codon.
The primer extension also showed several minor sites around the major ones. In addition
to these sites, other minor initiation sites were also predicted at around 330 and 460
nucleotides upstream from the initiation ATG codon. No TATA box was found in the
putative promoter region, but multiple GC boxes were found around the cap sites, support-
ing the previously inferred housekeeping nature of CYP51 gene and the existence of the
multiple transcription initiation sites. A few consensus transcription regulatory elements
such as CRE were found in the §5'-flanking region. Four polyadenylation signals were found
in the 3'-noncoding region by the 3'-RACE method. Three of them were used to generate 3.1-,
2.7-, and 2.3-kb mRNAs in liver and ovary. The remaining one was used only in testis to
generate 1.9-kb mRNA having an unusually short trailer sequence, suggesting a specific
regulatory mechanism for generating CYP51 mRNA in testis different from that in liver and

ovary.

Key words: gene structure, P450, processed pseudogene, sterol 14-demethylase, transcrip-

tion-initiation site.

Sterol 14-demethylase P450 (CYP51) catalyzing the re-
moval of 14-methyl group of 14-methylsterols has been
found in mammals, higher plants, and fungi (1). Removal of
the 14-methyl group is essential for generating functional
eukaryotic steroids, because no functional steroid has a
14-methyl group in its structure. Therefore, eukaryotic
sterol 14-demethylases participating in de novo synthesis
of sterols are considered to be functionally equivalent
orthologous enzymes, although the known natural sub-
strates for these enzymes vary somewhat from one organ-
ism to another (1, 2). Amino acid sequence alignment and
phylogenetic analysis have demonstrated that sterol 14-

! Sequence data reported in this paper have been entered in the
DDBJ/EMBL/GenBank database under the following numbers:
D78390 and D87997 for rat CYP51 pseudogene clones RG3 and
RG41, respectively; AB0O04087-AB004096 for exons 1-10 of rat
CYP51 gene, respectively.

*To whom correspondence should be addressed. Tel: +81-798-47-
1212 (Ext. 531), Fax: +81-798-41-2792, E-mail: yoshiday @mwu.
mukogawa-u.ac.jp

Abbreviations: CRE, cyclic AMP responsive element; RACE, rapid
amplification of cDNA ends protocol; bp, base pair(s); kb, kilobases.

demethylases of divergent phyla form one unique family
(CYP51) clearly distinct from other members of the P450
gene superfamily (CYP superfamily), supporting the
notion that all CYP51s might be orthologous enzymes
derived from a common ancestor with a conserved meta-
bolic role (3). Thus, CYP51 is considered to be an ancient
P450 species that arose before the divergence of eukaryotes
and has been conserved throughout the eukaryotic evolu-
tion (3). CYP51 is the only P450 family known to be
distributed in eukaryotic phyla from fungi to mammals.

It is generally accepted that the basic structure of genes
in each P450 family is well conserved (4). From this, there
arises the interesting question of whether this empirical
rule is applicable to the widely distributed CYP51 family
members. The comparison of gene structures of CYP51s of
evolutionarily distant phyla is necessary to solve this
problem. Although gene structures of a few fungal CYP51s
have been reported (5-8), little information is available on
the mammalian CYP51.

As preliminarily described in the previous paper (3) and
also reported by Rozman et al. (9), mammalian CYP51 is
considered to be expressed in germ line cells. In addition,
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ubiquitous expression of CYP51 in every human tissue
studied thus far has been described (10). These facts
suggested the ubiquitous expression of CYP51 as a house-
keeping enzyme both in somatic and germ line cells. This is
another unique characteristic of CYP51, because most
known P450s responsible for various differentiated func-
tions are expressed in limited organs or tissues related to
their functions (2), and most of these P450s are inducible
enzymes. Therefore, analysis of the structure of the CYP51
gene responsible for the regulation of its expression is
another interesting problem to be solved.

This paper gives a full account of the results of structural
analysis of the functional gene and a processed pseudogene
of rat CYP51. It also describes the occurrence of multiple
sizes of CYP51 mRNA in liver, ovary, and testis.

MATERIALS AND METHODS

Preparation of Poly(A)* RNA and Genomic DNA—Total
RNAs were prepared from liver, ovary, and testis of
normal Wistar rats at 10:00 p.m. by guanidine HCI method
(11), and poly(A)* RNA was enriched by chromatography
using oligo(dT)-cellulose column (12). Genomic DNA was
isolated from rat spleen by the procedure described by
Wong (13).

Construction of Genomic DNA Library—Genomic DNA
from rat was partially digested with Mbol and ligated into
BamHI site of EMBL3 phage vector (Stratagene, La Jolla,
CA), packaged, and transfected to host Escherichia coli
XL1-Blue MRA(P2) by the method described by Frischauf
et al. (14). The libraries were plated and screened with
37p.labeled total insert of CYP51 cDNA (pRT11) (3) by the
plaque hybridization method (15). Positive clones were
isolated, digested with proper restriction enzymes, and
subcloned into pBluescript II SK(—) phagemid vector
(Stratagene).

DNA Sequence Analysis—The subcloned genomic DNAs
were digested with the proper restriction endonucleases in
order to ligate them to the pBluescript II SK(—) phagemid
vector. Double stranded DNAs of the subcloned pBlue-
script were used for sequencing templates. Chain termina-
tion reaction was performed according to the method
described by Sanger et al. (16) using either [**S]dCTP and
a Sequenase 7-deaza-dGTP DNA Sequencing Kit (Amer-
sham Life Science, Buckinghamshire, England) or fluores-
cent-labeled sequence primers and a BcaBEST dideoxy
sequencing kit (Takara Shuzo, Otsu), and analyzed by
polyacrylamide gel electrophoresis or an autosequencer
(Hitachi SQ-5500), respectively.

Southern and Northern Hybridization Analyses—Rat
genomic DNA (20 ug) and isolated genomic clones (10 ng)
were digested with EcoRI or Pst] and subjected to agarose
(0.8%) gel electrophoresis by the Southern method (17).
The separated DNA fragments were transferred to Hy-
bond-N nylon membrane (Amersham Life Science). The
membrane was hybridized with the 3?P-labeled EcoRI-
HindlIII fragment (1.7 kb) of pRT11 in hybridization solu-
tion containing 6 X SSC, 5 X Denhardt’s, 10 mM EDTA, 1%
SDS, and 0.5 mg/ml sonicated salmon sperm DNA at 68°C.
The membranes were washed with 0.1 XSSC containing
0.5% SDS and exposed to X-ray films. For Northern
hybridization, poly(A)* RNA (5 ug) for each sample was
denatured with 2.2 M formaldehyde and 50% formamide,
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electrophoresed on 1% agarose gel containing 2.2 M formal-
dehyde as described by Thomas (18), then transferred to
Hybond-N nylon membrane. Conditions for hybridization
and washing were the same as described above.

Determination of Transcriptional Initiation Site—The
location of the cap site of CYP51 mRNA was determined by
a primer extension method. Primers DM30 (5"-AAGCTG-
GAGGCCGAGGTCCCTGCCGCTTCT-3’, corresponding
to +70 to +99, 0.5 pmol) and DM40 (5'-TCCCGACCGCT-
GCTTCGATCCGCCCGGTAA-3', corresponding to +98
to +127, 0.5 pmol) were endlabeled by **P (1 X 10° cpm)
with T4 polynucleotide kinase, annealed to 1 xg of poly(A)*
RNA prepared from rat liver and testis, and extended with
200 units of SuperScript II (Life Technologies, Gaithers-
burg, MD) according to the method of Trienzenberg (19).
The size of radioactive extended DNA was analyzed on 6%
acrylamide gel, and sequencing ladders were primed from
the same synthesized oligonucleotides.

5'- and 3 -Rapid Amplification of cDNA End (5'- and
3’ -RACE)—Double stranded cDNAs were synthesized
from 1 ug of poly(A)* RNA preparations by use of a
Marathon kit (Clontech, Palo Alto, CA) according to the
instruction manual. Both 5’- and 3'-ends of the cDNA were
ligated to the 44-mer adapter containing two overlapping
primer sites for AP1 (5"-CCATCCTAATACGACTCACTA-
TAGGGC-3') and AP2 (5"-ACTCACTATAGGGCTCGAG-
CGGC-3) supplied by the manufacturer. For 5-RACE,
PCR was performed with the ¢cDNA using Klen Taq
polymerase (Clontech), an antisense primer DM24 (5'-TA-
GACCTCTTCCGCATTCAGGTCTT-3’) and AP1 primer
as 5’-end primer (Fig. 5). The PCR products were used for
the 2nd PCR using a nested antisense primer DM26 (5'-
ACACAGGTCCGTACTTCTCATATGC-3’) and the nested
5-end primer AP2. For 3'-RACE, the 1st PCR was primed
using a sense primer DM1 (6-TGAATGCGGAAGAGGTC-
TAC-3’) and AP1 as a 3'-end primer, and the 2nd PCR was
primed with a nested sense primer DM25 (5-AAGCTGCA-
GCTTGGCAGAGAATGAA-3') or DM15 (5'-AGAGCCCA-
TCGAGAGATCAA-3') for liver and testis products, re-
spectively, and AP2 as a nested 3'-end primer. After
denaturing the template cDNA at 94°C for 1 min, PCR was
carried out by denaturation at 94°C for 30 s, annealing at
60°C for 30 s and elongation at 68°C for 4 min for each
cycle. After repeating the cycle for 30 times, prolonged
elongation was carried out at 68°C for 7 min. For the nested
PCR, the cycle was repeated for 25 times. The PCR
products were separated by agarose gel electrophoresis and
analyzed by Southern hybridization (17). The second PCR
products were subcloned into pGEM-T-Vector (Promega,
Madison, WI) for sequencing analysis.

Materials—(**P)dCTP (111 TBg/mmol), [**P]JATP
(111 TBq/mmol), and (**S]dCTP (50 TBq/mmol) were
obtained from Du Pont-New England Nuclear. Oligolabel-
ing kit was a product of Pharmacia LKB Biotechnology.
Oligonucleotides were synthesized by Kurabo (Osaka).

RESULTS AND DISCUSSION

Number of CYP51 Gene in Rat Genome—Ten positive
clones were isolated from 3X10° plaques by screening
EMBL3 genomic libraries using the insert of the rat CYP51
c¢DNA (pRT11) (3) as a probe and subjected to restriction
mapping analysis. Seven out of 10 isolated clones showed
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restriction enzyme sites of BamHI, EcoRI, and Sall at least
partly overlapping with each other, and the entire structure
of the CYP51 gene was finally constructed by overlapping 2
clones (RG25 and RG40) as shown in Fig. 1. Three other
clones (RG3, RG32, and RG41) showed different restriction
enzyme sites to the constructed gene. The restriction
enzyme map of the largest clone (RG41) is shown in the
figure for comparison. As already suggested (3) and dis-
cussed in the next section, these clones are derived from a
processed pseudogene of CYP51.

To confirm the size and complexity of CYP51 gene, we
performed Southern blot analysis of total rat genomic DNA
and the isolated genomic clones using EcoRI-HindIl
fragment (1.7 kb) of the CYP51 ¢cDNA (pRT11) as a probe.
The hybridized signals with the cDNA showed a simple
hybridization pattern on the EcoRI or Pstl digests of the
genomic DNA (Fig. 2A). The hybridized EcoRI-digested
fragments were 7.9, 3.7, 2.5, 2.3, 2.1, 1.6, and 0.6 kb in
size. The sizes of these hybridized bands, except that of 3.7
kb, are in good agreement with those of the EcoRI frag-
ments of either RG25 (8.1, 2.3, 2.0, 1.6, and 0.62 kb) or
RG40 (2.5, 2.2, 2.0, and 0.62 kb) (Fig. 2B). The hybridized
Pstl-digested fragments were 5.7, 2.6, 1.5, 0.63, 0.55,
0.53, and 0.30 kb in size. Similarly, the sizes of these
hybridized bands, except that of 1.5 kb, are in good agree-
ment with those of the PstlI fragments of either RG25 (5.7,
2.6,0.63,0.53, and 0.30 kb) or RG40 (2.6, 0.63, 0.55, 0.53,
and 0.30kb) (Fig. 2C). The 3.7-kb EcoRI-digested and
1.5-kb Pstl-digested bands corresponded to the 3.7-kb
EcoRI- and 1.5-kb Pstl-fragments of RG41, respectively,
which was identified as a processed pseudogene of CYP51,
as discussed in detail in the next section. The processed
(intron-less) pseudogene nature of these fragments was
supported by their high density in the Southern hybridiza-
tion (Fig. 2A), since the intron-less fragments contain
longer hybridizable areas with the cDNA probe as shown in
Fig. 1. These facts indicate that the rat genome probably
includes a single copy of the functional CYP51 gene and one
intron-less processed pseudogene.

Rat 14DM Gene
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Characterization of a CYP51 Processed Pseudogene—In
the previous paper (3), we described that RG3 contained a
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Fig. 2. Southern hybridization analysis of rat total genomic
DNA and the isolated genomic clones. Experimental conditions are
described in “MATERIALS AND METHODS.” The membranes were
hybridized with 3?P-labeled EcoRI-HindIIl fragment (1.7 kb) of
pRT11 ¢cDNA (5x 107 cpm of total radioactivity). Sizes of hybridized
bands in total genomic DNA and the corresponding fragments of the
isolated clones are indicated on both sides. A, genomic DNA digested
with EcoRI (E) or Pstl (P). B, the isolated genomic clones (RG26,
RG40, and RG41) digested with EcoRI; and C, with Pstl. kb, kilobase
pairs.
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(300 b) (99 b) (177 b) (127b) (175b) (120b) (196b) (96 b) (169 b) (1624 b)
E EE E S E EB E E E 8 E E E E
I ¢ o s . =, S (et : = L1111
1L5kb 21kb  09kb 10kb 18kb 04kb 3.8kb 21kb 194
RG4 = ® FE E 3 5 m il | RELN
(18 kb) | -
RG25 ¢ P 3 P ¢ %%
(18.5 kb) I 1
Pseudogene
RG41 3 £ : PEERE P
(17kb) W
B P P
Fig. 1. Restriction enzyme map of genomic clones of rat lano- zyme sites shown in the figure are as follows: E, EcoRI; B, BamHI; P,

sterol 14-demethylase. Two different clones (RG25 and RG40)
isolated from rat genomic libraries were used to construct an entire
map of lanosterol 14-demethylase gene as described in “MATERIALS
AND METHODS.” A map of a clone containing the processed
pseudogene (RG41) is also indicated for comparison. Restriction en-

Pstl; S, Sall. Open boxes in the constructed gene indicate exons, sizes
of which are shown in the parenthesis. Thick bar (ca. 2.2-kb long) in
RG41 indicates highly identical region to the cDNA sequence. kb,
kilobase pairs; b, base pairs.
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ctcatggagggaaggtctcacggattgctgggaggcgacaccccegectgaatagectgcagaggecggegecccacagagggggeggtgee
cggaccgccagctctgctgacgeccacataggeccgagatcacctcagcagecgegeggtgcaatcacagagegecttegectetgeegetgt
cggccaccacgctggtcazazazzbcctccgccagggtccgccaggctcgtctgtch:E::Ehccggggccgtgctcgtccggcacgcg
gtccttectagtctgeggttctcaaggegtggtecattcttggageecctecactttettegegtgteccagggeccacggtagaggecgette
ctcuggtccctttgttgctcaaggacccccccccgcacccccctcudgtaccta?ftgguggcgtgucgcugaaagcgtctg
tgacqtcctggtggcggcgcgggccggctgtgggtgggggnugggcccgggtcagTCgACACCP%g?fFCCGGGGCCGCCTCCCGACGCC
CACCTACTAGCTTCTCCAGCTCCATCTTTCCCGAGAAGCGGCAGGGACCTCGGCCTCCAGCTTA%CGGGCGGATCGAAGCAGCGGTCGGG

ATGGT?CTGCTGG?CTTGCTGCAGTCAG?CG?CTCGGT?CTCG AGGEGATGGAGCAGGTGACAGEA CAACCTGCTTTCCACGCTG
MetValLeuLsuGlyLeuLeuGlnSerGlyGlyServalLeuGlyGlnAlaMetGluGlnvalThrGlyGlyAsnLeuLesuSerThrLeu

CTCATCG CTGCG%CTTCACGCTTAGCCTTGTCTACCTGTTCCGCCTCGCAGT?G?CC?CATGGTCCAGCTGCCCGCTG AGCGgtaagt
LeulleAlaCysAlaPheThrLeuSerLeuValTyrLeuPheArgleuAlavalGlyHisMetValGlnLeuProAlaGlyAla

gcuccccaggg ccctcggtct L oseeososevsossosvsenusasseonnssansesesssssesssssclBt intron (1.5 kg&...
ttaatag gnaauc aca tttcgtttttcttttgcquAAAGTCCGCCATATATTTACTCTCCAA TCCGTTCC TG?GC G?G
LysSerProProTyrIleTyrS8erProIleProPheLeuGlyHisAla

A AGEATTTGGGAAAAGTCCAA TGAGTTCCTGGAAAATG ATATG?GAAthaagtcttctuaatuaccaguggcugagaatctagtgt
IleAlaPheGlyLyaSerProIleGluPheLeuGluAsnAlaTyrGluLys

ugaggagt CLEttotttAaAAL . it eervisesrsoensanssvsnsesssssssvsssecsssss2nd intron éz.l kb&...
ttcagcaaagtgttattccgtgatgtgagagatgtcteccataacacggtatttttetectttagTACGGACCTGTGTTTAGCTTTACCATG
TyrGlyProValPheSerPheThrMet

GT?GTCAAGACTT CACTTACCTTTTGG GAGTGACGEAGECGECCTGCTCT CAACAGTAAGAACG ACCTGAATGCGGAAGAGGT
ValGlyLysThrPheThrTyrLeuLeuGlySerAspAlaAlahAlal.euLeuPheAsnSerLysAsnGluAspLeuAsnAlaGluGluva

TACGGTCGGCTGACAACGCCCGTGTTTG?GAAGGGAGTIG ATACGACGT?CCAAATG?Agtuggtggccttctgtcctggataaungac
Tnglzax LeuThrThrProValPheGlyLysGlyValAlaTyrAspvalProAsnAla
acatctgalctgcagtagttagagcotag. . .. eiii i it asensascesrsnsnasssss3rd intron (0.9 kb)...

tactcttuaatttctttttcttttgngGTITTCCTGG%ACAGAAGAAAAIACTAAAAAGCGGCCTTAACA AGCCCACTTCAAGCAGTAT
ValPheLeuGluGlnLysLysIleLeuLys8erGlyLeuAsnIleAlaHisPheLysGlnTyr

GT{TCTA ATTG?AAAAG GCGAAGGAGTACTTTARAAGTTGGG AG?AAGC AG?AAGAA taagcaaaatgcattacgttcegtcc
valSerIleIleG uLyaG?ﬁAlaLqu uTerhaLysSerTrpGTyG uBergTyG ulArg 9 9 9 g g

d355¢ EE‘EE'“"e"e'e'e"""e“e'eeee'ee""ee"A&é-féﬁ-ré"e'ééeéié%éhcé%?hﬁ&%ﬁé’l"+
[« agatc a a ac atc (o] cccce a

99 g9ag 9 9t9a99 g gunValPherﬁAfaL&uSerG uLeuIleIleLeuThrAla

AGCCATTGCTTACATGGAAAGG?AAITAGAAGTC GCTCAACGAGAAGGT?G TC?GCTGTACGCAGACCTGGATG AGGCTTTAGCCAT

BerHisCysLeuHisGlyLysGluIleArgB8erGlnleuAsnGluLysValAlaGlnLeuTyrAlaRspLeuRapGlyGlyPheS8erHis

GECGECTGGCTGTTGCCAGGCTGGCTGCCCCTGCCGAGTTTCAG tatgtctgcataaggaccacaccacacagtcgtcactgtaccgtt
AlahA aTrpLeuLeuProGlyTrpLeuProLeuProBerPheArg

cgtgcttcctaattg ucncgtcauggugcttc Etecesossosssarnssessscssesssesssdth intron (1.9 kb&...
gc attgagacttctctggtttggaattfatagGCGCAGGGACAGAGCCCATCGAGAGATCAAGAARTATTT TCTACAAGG CA{CCA AAA
ArgArgAspArgAlaHisArgGlulleLysAsnIlePheTyrLysAlaIleGlnLys

CGTAGGCTGTCAAAAG?ACCAGCCG?GGACATTCTTCAAACTTTACTGGATTCTACATACAAgtaagaccutcagcatcgcatgctaugc
ArgArgLeusSerLysGluProAlaGluAsplleLeuGlnThrLeul.euAspS8erThrTyrLy

gtgacat.............................................................Gth intron (0.4 kb&...
ccaatattaacgtgtctaccaagataattaagegtgtggtttgtcccagGGATGGGCGTCCTCTGACGGACGACGAGA! CgEAGf ATG
AspGlyArgProLeuThrAspAspGlulleAlaGlyMet

CTCATCGGACTGCTGCTGG CG?ACAGCACACATCCTCCACCACCAGTG CTGGATGGGCTTCTTTCTGG CAGAGATAAACCACTTC?A
LeulleGlyLeuLeuLeuAlaGlyGlnHisThrSerS8erThrThr8erAlaTrpMetGlyPhePheLeuAlaArgAspLyaProLeuGln

GACAAATGCTACTTAG?ACAGAAAACGGT TGCG?GGAGGATCTGCCTCCCTTAACTTATGAGC?Ggtttgttgcttgggcacuatgtgu
AspLyaCyeTyrLeuGluGlnLysThrValCysGlyGluAspLeuProProLeuThrTyrGluGln

gqcttgtgtaactctagcttctactaggtttgtgggautt............................7th intron (3.8 kb)...
cagaaAdtdatcttgatttttttttttCttttEttggttttagTTGAAGGATCTGAATTTACTTGATAGATGCATAAAAG CACTAAGA
LeuLysAspLeuAsnlLeul.suAspArgCysIleLysGluThrLeuArg

CTGAGGCCTCCTA! TGACCATGATGAGAATGGECAAGACCccTCQthgagtctcttggcaagatttccccttctggggcccagtttt
LeuArgProProlleMetThrMetMetArgMetAlaLysThrProGln

agaga ABl. o vvovsnoonsasseasansesvressasernesseasssossssesnsssseasssssssessBth intron éz.l kb%...
acaga tctgtuutgauatgtctcctctcttatttgcagACTGTGGETG TACACCAITCCTCCAG ACATCTGGT TGTGTTTCTCCA
ThrvalAlaGlyTyrThrileProProGlyHisGlnValCysvalSerPro

ACTGTEAATCAAAGACTGAAAGACTCCTGGGT GAACGCTTGGACTTCAATCCTGACCGCTACCTACAGGACAACCCAGEGTCGGGAG G
ThrvalAsnGlnArgLeuLysAspSerTrpValGluArgLeuAspPheAsnProAspArgTyrLeuGlnAspAsnProAlaserGlyGlu

AAGTTTGCCTATGTGCCGTTTGGAGCCG agatggctgattacatttacgttgaagtg........9th intron (1.9 kb)...
LyuPheAiaTera?groPheG ygiu gtgagatggcty grtgaagty ( )

agtngtgaaguttttaaaucttactctgutgaauactttctttttaauacaagcﬁgCﬁ?TgsggGT%}Tg?hg?ﬁathngfcgAT&TI
yYArgHisArgCysIleGly snPheAlaTyrva

CQAAITAAGACAAITTGGTCCACTATGCTTCGTTTATATG?ATTTGACCTCA CAATGTATATTTTCCCAGTGT?AATTAT AACAATG
GlnIleLysThrlleTrpSerThrMetLeuArgLeuTyrGluPheAsplLeuIlleAsnGlyTyrPheProservalAsnTyrThrThrMet

AfTCATACCCCAGAAAACCCAGT?AICCGTTACAAACGAAGATCAAAATGQAGAAAGGAACAAGGAGCCAGTGTGGAGACGGGACTGCAA
IleHisThrProGluAsnProvValIleA En

rgTyrLysArgArgS8erLys
GCTGCAGCTTGGCAGA GCTTTGACACAGCTTTCATACTGTACTGTTTTTTAAGTGTGTGGTTCTGAAAGCCAGTTTGATTTTA
ATGTTTTATTAACTCGG PTGTCAGACCTAATGGCATTTGAAACAGTTATAATAGTTCTGATAGGATTTCAGGGAAGCCAAGTTT

ATGTTAGAARATCGTTTAGGGGAGCCTCGGTATTCAGAGATGATACAGAATATAGCATCCAGGTAACTAACTTCAGAAGCACACGTTGCCG
TAGGGAGATTCCGGCTTGGAACTAGTTTGGGAAGTTTTAAGCCTGGTCAGATGC TACAGAGGCAATGGGTCATTGGTGTGGTTGGGCCAC
TTCTGTGCGTAARAGATGTGAGAGGGTGAAGGATAAGTTTTCTGCGAAGC TCTAGATGGTGTGAGTGCCCTTTGTAGTGTTAACTGAGAGC
ACCACTCCAGCGAGATGGCAGCAATCTTGGACCTTATCTTGATAACCTTATTTCCTAAAAATRQ*ER@TACTAAAGAGTACTTATGTTAT
TGGTTCCAGAARAATCCAAAATCAAATCCTTGTGGAATTTTTAATTTTAATT AAGTACCATGATTTTAAAAGTG
TATGATTCTGAGCTTAGTGAATTCTGGCCTTGAGATTGAGGAATGGGGACATGGTATCATTGCCCGTGTTCTTTGGAGGCTGTGCTCAGG
AGCCAACCTAACAGATTGTTACCATGGGCCTAATTCTGACCTGCCCATAATCTGTATTAGGAATCAAGAGATCTGT TGCTGGGTGTGGTG
CTGCACACCTGTAATACTAGTGC TCGGGCTGAGGCAGAAGGATTGAGAGTTTGAGGCCAACCTAGAGCTACATAGCAAGACTTAACACCC
TCCCCA?G%TAAAACCTTTTTTCTCTAAAGTATGTGTACTGGCTGGTCTTAGGTGACAACCTGACACACGCTAGGGTCATCAGAGAAAAG
GGAACC AGGAAATGCTGTAAGGATGC TTAGTGG TCAATGAGAGAGGGCCCAGCCCACTGTGGGTGGTTCCACCCCTAGGC TGG
TCATCCTGGGTCCTAAGARAGCAGGCTGAC TAAGACACCAGGAGCAAGACAGTAAGCAGCATCCTTCATGGCCTCTGCATCAGCTCCTGC
CTTAGGTTCCTGACCCGCTTGAGTTCCCGTCCTGACTTTCTTTGATAATGAACAGTAGTATGGAAGTGTAAGCCAAATAACCCACCCCCA
CCCTCCCAACTTGCTTTTTGCTCATGGTGTTTTGTAGCAATAGAAACCCTAACTGTTACAGC TGTAAGAGGCTTTTGAAGACTCTTCAAA
TGAAGGCCCAAATCTcTGCTGTTAAAGGTTTCAQQ::AA@ATTcTCTATGAGAAAAEttttgctggtctatuttcutggatttgaugctg
tgcttcagtaagtacagttcaagaggtctgggaatggggttggggatttagctcagtggtagagecgettgectaggaagecgecaaggcect

Fig. 3
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nucleotide sequence (DDBJ accession number D78390)
covering the entire coding region of CYP51 cDNA, and
identified it as a processed intron-less pseudogene of
CYP51. To obtain further information about the CYP51
processed pseudogene, the nucleotide sequence of the
3.7-kb EcoRI fragment of RG41, which corresponds to the
distinct band observed in the Southern blot analysis of the
EcoRI digests of total rat genomic DNA (Fig. 2), was
determined (sequence: DDBJ accession number D87997).
The nucleotide sequence of this fragment could be aligned
with the CYP51 ¢DNA (pRT11) and the overlapping region
covered from the initiating ATG to the 2nd poly-adenyl-
ation signal (AATAAA) of the cDNA (Figs. 3 and 5).
However, the open reading frame was disturbed by consid-
erable numbers of deletions, insertions, and substitutions;
the numbers of deleted, inserted, and substituted nucleo-
tides observed in the coding region of RG41 were 32, 6, and
49, respectively. The nucleotide sequence difference be-
tween the aligned regions of RG41 and the ¢cDNA was
calculated to be 3.7%. These facts clearly indicated that the
3.7-kb EcoRI fragment of RG41 contained a processed
intron-less pseudogene of CYP51 that might be formed by
the reverse transcription of a CYP51 mRNA corresponding
to the 2.3-kb Northern hybridization band (Fig. 7). The
sequences flanking the pseudogene are rich in dispersed
repetitive sequences such as SINEs (B1-elements) (20) and
possible relics of integrated retrovirus genome (data not
shown). Recently, Rozman et al. reported the occurrence of
two CYP51 processed pseudogenes in the human genome
that were localized in different chromosomes (9). We
isolated three clones (RG3, RG32, and RG41) that might
contain a CYP51 processed pseudogene from the rat
genomic DNA library. However, no significant difference
was observed among the nucleotide sequences correspond-
ing to the coding region of these clones. Furthermore, only
a 3.7-kb band corresponding to the EcoRI fragment of
RG41 was identified as a pseudogene band in the Southern
blotting of the EcoRI-digested total genomic DNA (Fig. 2).
These facts suggested that clones RG3 and RG32 contain
only fragments of the pseudogene existing in RG41.
Therefore, at present, we conclude that the rat genome has
only one CYP51 processed pseudogene.

Organization of Rat CYP51 Gene—As shown in Fig. 1,
the functional rat CYP51 gene spanned approximately 18
kb in size and contained 10 exons. Exons 1 through 10
consisted of 300, 99, 177, 127, 175, 120, 196, 96, 169, and
1624 bp, respectively (Figs. 1 and 3). The size of exon 1
varies because of the multiple transcriptional initiation
sites as described in the next section. Nucleotide sequences

Fig. 3. Nucleotide sequence of rat lanosterol 14-demethylase
gene. The nucleotide sequence corresponding to the ten exons and
their flanking regions were determined. Numbers to nucleotide in the
first exon and 6’-flanking region indicate nucleotide positions from the
major transcription start site. The putative transcriptional start sites
determined in the experiment of Fig. 4 are indicated by underlines at
positions of +1 and +4. The exonic sequences are shown by capital
letters; the 5’- and 3'-flanking sequences and intron sequences are
indicated by small letters. The predicted amino acid sequence is
indicated below the corresponding nucleotide sequence, and the
numbers from the initiation Met are indicated at the left side. Three
putative GC boxes are boxed. Two putative CRE-like sequences are
double underlined. Four poly(A)* additional signals determined in
the experiments of Fig. 8 are underlined in the 10th exon. kb,
kilobase pairs; b, base pairs.

M. Noshiro et al.

of all exon/intron boundaries followed the typical GT/AG
rule (Fig. 3). Flanking sequences of 5'- and 3’-splicing sites
in the introns are well in accordance with the splice junction
consensus sequences proposed by Mount (21). Nucleotide
sequences of the exons were completely identical with
those of the CYP51 ¢cDNA (pRT11) (3) and the RACE
products shown in Fig. 5. The number of exons of rat
CYP51 gene was in the range (3-13 exons) of those
reported for other mammalian P450 genes (4). Like most
other P450s, the heme-binding region and the entire
3’-untranslated region of rat CYP51 gene are contained in
the last exon. The number of exons and the intron insertion
sites are completely identical with those of the human
orthologue (Rozman and Waterman, personal communica-
tion) (22), but are quite different from those of lower
eukaryotic CYP51s, as discussed in the accompanying
paper.

Transcriptional Initiation Sites and Related Structures
in the 5 -Flanking Region—To define the start site for
transcription, a primer extension was performed using
poly(A)* RNA of rat liver and testis. When template
mRNA preparations were primed with DM40 oligonucleo-
tide, two major extended fragments ending at nucleotides G
(its position was designated as +1) and G (+4) were
observed at 126 and 123 nucleotides upstream from the
ATG translation initiation codon, respectively, as shown in
Fig. 4. Several minor extended fragments were also ob-
served around the major ones as indicated in the figure.
When the mRNA templates were primed with DM30
oligonucleotide, the extended fragments were localized to
the same positions determined with DM40 primer (data not
shown), confirming the reproducibility of the multiple
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Fig. 4. Determination of transcriptional initiation site. The
primer extension experiments were made with an antisense primer
DM40 and poly(A)* RNA prepared from rat liver and testis, as
described in “MATERIALS AND METHODS.” To determine the
position, the genomic fragment of RG40 was subjected to dideoxy
chain termination reaction by using the same 30mer primer DM40
and electrophoresed on the same acrylamide gel. The nucleotide
sequences around the start gite sequence are represented by the 5’ to
3’ orientation from top to bottom. The large closed circles indicate the
major initiation sites of transcription and the small ones indicate the
minor ones. The first major initiation site was designated as +1.
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transcriptional initiation sites. The positions of these
potential cap sites were also assured by the 5 -RACE
method. A PCR using double-stranded template cDNA
prepared by the Marathon method, the antisense primer
DM24 and the 5 -end primer AP1 generated a few DNA
fragments. The second PCR was performed using the first
PCR products and the nested primers DM26 and AP2. The
final products were subjected to the Southern blot analysis
using a 140-bp 5-end fragment of pRT11 ¢cDNA and a
287-bp DNA fragment, corresponding to positions +10
to +149 and —331 to —45 of the gene, respectively (Figs.
3 and 5). A major (ca. 450 bp) and a minor (ca. 650 bp)
band were hybridized to the 140-bp probe as shown in Fig.
64, although the minor 650-bp band was not obvious for
ovary and testis. When the same samples were hybridized
with the 287-bp probe and the exposure time to the X-ray
film was prolonged, the 650- and 780-bp bands were
observed in all three samples (Fig. 6B). The length of the
major fragment (450 bp) corresponds to the sum of the
length between the above-mentioned major cap sites at +1
and the 3’-end of DM26 ( +412) and the size of the attached
adapter (36 bases), confirming the position of the major cap
sites assumed by the primer extension. Based on the same
estimation, the 5-end of minor two bands (650 and 780 bp)
corresponded to the positions of around at 330 and 200 bp
upstream from the major transcriptional initiation site
(+1). We also observed the minor extended bands at
positions —219, —167, —156, and — 155, corresponding to
the 5-end position of 650-bp 5-RACE product, when
mRNA from the three tissues was primed with DM34
oligonucleotide (—74 to —45, data not shown). These
results indicate the existence of minor potential transcrip-
tional initiation sites upstream of the major ones.

To confirm the initiation sites, the major 450-bp product
of 5°-RACE and the minor 650- and 780-bp products from
liver, ovary, and testis were subcloned into pGEM.-T-
Vector. Several clones were isolated for each size and
source and subjected to nucleotide sequencing. The 5"-end
nucleotide sequences of the clones derived from the 450-bp
products of liver, ovary, and testis were all started at
positions between —18 and +19 corresponding to the
region of major transcriptional initiation sites. The 5’-end
sequences of the minor 650-bp product from liver and the
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780-bp product from testis started at positions —198,
—195, and —181 for the 650-bp product and at —330,
—322, and —319 for the 780-bp product, respectively.
These results confirm the actual positions of the major and
minor transcriptional initiation sites and also indicated that
these sites start at the same positions in liver, ovary, and
testis.

In the region preceding the putative cap site, the se-
quence TATA(A/T)A, the expected TATA box, was not
observed. Instead, the 5 -flanking region is rich in GC
nucleotides, and the sequences GGGCGG or CCGCCC,
possible candidates for a GC box (SP1 site), are found at
positions —425, —261, and — 66. The nucleotide-sequence
alignment with the 5”-flanking region of human CYP51 gene
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Fig. 6. 5-RACE analysis for CYP51 mRNA of rat liver. After
denaturing the template cDNA from rat liver at 94°C for 1 min, PCR
was carried out with DM24 and AP1 primers as shown in Fig. 6 and
described in “MATERIALS AND METHODS.” The nested PCR was
primed with DM26 and AP2. The final products were subjected to
1.8% agarose gel electrophoresis and Southern blot analysis with
37p_labeled 140-bp 5’-end fragment of pRT11 (corresponding to +10
to +149) (A), or 287-bp fragment (corresponding to —331 to —45)
(B). The hybridized membranes were exposed to the X-ray films for
1 and 5h for experiments A and B, respectively. The sizes of
hybridized bands are indicated at left of figures. Li, liver; Ov, ovary;
Te, testis; bp, base pairs.
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Fig. 5. Strategy of 5'- and 3'-RACE and resultant positions of
poly adenylation sites. Double stranded ¢cDNAs from liver, ovary,
and testis were primed with DM24 and DM1 for 5’- and 3’-RACE,
respectively, as described in “MATERIALS AND METHODS.” The
1st PCR products were subjected to the 2nd PCR with the nested
primers DM26 and DM25 for 5- and 3’-RACE, respectively. For
3’-RACE of testis, the 2nd PCR was carried out with DM15. AP1 and
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AP?2 primers were used as counter primers for the 1st and 2nd PCR,
respectively. The arrows indicate the positions and sizes of the
resultant fragments. The full-length cDNA is shown by a bar, and the
coding region is indicated by a thick bar. The bars of 287 b and 140 b
indicate the probes used to analyze the 5'-RACE products. kb, kilobase
pairs; b, base pairs.
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Fig. 7. Northern hybridization with lanosterol 14-demethyl-
ase cDNA of poly(A)* RNA from liver, ovary, and testis of rats.
Poly(A)* RNA samples (5 ug per lane) were electrophoresed on 1%
agarose gel containing 2.2 M formaldehyde and transferred to
Hybond-N nylon membrane. The membrane was hybridized with the
oligolabeled **P- Eco-Hind (1.7 kb) fragment of cDNA pRT11 (5 % 107
cpm of total radioactivity), washed with 0.1 X SSC containing 0.5%
SDS, then exposed to X-ray film for 14 h at —80°C. The sizes of
hybridized bands are indicated in the figure. Li, liver; Ov, ovary; Te,
testis; kb, kilobases.

determined by Rozman et al. (22) showed that the first and
third GC box sequences were conserved at nearly the same
positions in the human gene. Since human CYP51 gene was
also reported to have no TATA box (22), these GC box
motif(s) may play an important role in the transcription of
mammalian CYP51 genes. Most P450 genes studied thus
far, except for CYP8 (23) and CYP19 (24), have typical
TATA boxes. CYP51 is the third example of a rare
TATA-less P450 gene. Multiple copies of the GC box in the
transcriptional initiation region without a TATA box have
been found dominantly in ubiquitously expressed genes,
and this structure is considered to be characteristic of
housekeeping genes (25). Therefore, the structure of the
transcriptional initiation site of mammalian CYP51 gene
coincides well with its predicted housekeeping nature (3)
and ubiquitous expression in human organs (10). Homology
search against transcriptional factor sequence databases
showed the occurrence of a few consensus transcription
regulatory elements including CRE in the 5’-flanking region
of the rat CYP51 gene (Fig. 3). Two typical CREs, TGACG-
CC and TGACGTC found at —398 and — 54, respectively,
were located close to two GC boxes (—425 and —66)
commonly found both in the rat and human genes, and the
sequence TGACGC was conserved at the same sites of the
human gene. This fact seems to suggest some regulatory
role of these putative CREs. Recently, it was suggested that
the lanosterol 14-demethylase activity of rat ovaries was
regulated by gonadotropins (26). Since gonadotropins may
act through an intracellular signal transduction system
including cAMP, these CREs may participate in this regula-
tion.

Multiple Poly-Adenylation Sites and Their Tissue-Speci-
fic Usage—Three distinct bands (3.1, 2.7, and 2.3 kb) for
CYP51 mRNA were observed in Northern blotting with rat
liver and ovary poly(A)* RNA preparations, whereas one
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Fig. 8. 3 -RACE analysis to detect polyadenylation sites in
liver, ovary, and testis. Template cDNAs from liver, ovary, or
testis were amplified with primers DM1 and AP1 as shown in Fig. 5,
and described in “MATERIALS AND METHODS.” The products
were Bubjected to 1.2% agarose gel electrophoresis and Southern blot
analysis with 3?P-labeled EcoRI-HindIII (1.7 kb). The sizes of hy-
bridized bands are indicated in the figure. A, ethidium bromide
staining; B, hybridization with the **P-probe. M, marker; Li, liver;
Ov, ovary; Te, testis; kb, kilobase pairs.

major 1.9-kb band and a faint 2.3-kb band were observed in
the same experiment with poly(A)* RNA preparations
from testis (Fig. 7). Similar results were reported by
Stromstedt et al. (10) with the human preparations. These
findings indicate that at least four mRNA species of
different sizes are formed for mammalian CYP51, and the
mechanisms for determining the mRNA size in testis may
be different from those in liver and ovary. Since the
difference between the various types of mRNA (ca. 400 bp)
is too large to be attributed to possible differences in the
size of the 5'-noncoding region, as described in the preced-
ing section, these mRNAs must have different lengths of
the 3’-noncoding regions due to the multiple poly-adenyl-
ation signals in the last exon. To confirm this possibility,
3’-RACE was carried out by using combination of DM1 and
AP1 primers. When PCR was primed with DM1 and AP1
(Fig. 5), 3'-RACE products from liver and ovary poly(A)*
RNA hybridizable to the cDNA probe (pRT11) were 1.8,
2.2, and 2.6 kb in size, whereas major 1.3-kb and faint
1.8-kb bands were obtained from the testis mRNA (Fig. 8).
As the primer DM1 is located at the position of 491-510
nucleotides of the cDNA (Fig. 5), the sizes of those 3’-
RACE products are in good agreement with the sizes of
mRNAs observed by the Northern blotting (Fig. 7). The
three 3'-RACE products from the liver specimen and the
1.3-kb product from testis were subjected to the 2nd PCR
using AP2 paired with DM25 or DM15, respectively. The
products were subcloned into pGEM.T-Vector and se-
quenced. The largest 3'-RACE product from the liver
specimen exhibited an extra 831 nucleotides with a 27-base
poly A tail that were extended from the 3’-end of the
longest CYP51 cDNA clone (pRT11) (3). The sequence of
the extended 804 nucleotides was completely identical to
that of the genomic DNA immediate downstream of the
region overlapping the 3’-end of the cDNA. Based on these
facts, we have ascribed the position corresponding to the
end of the extended 804 nucleotides as the 3’-end of exon
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10. Sequences matching the 3'-end parts of other shorter
products from the liver specimen were found inside of exon
10, and a 20- to 30-bp long poly A tail was attached to the
3’-end of each product. The two typical (AATAAA) and one
modified (ATTAAA) polyadenylation signals existing in
exon 10 (Figs. 3 and 5) were found at 17-22 bp upstream
from the poly A tail of each of the three 3'-RACE products.
It can thus be concluded that the three different sizes of
CYP51 mRNAs occurring in liver and ovary (Fig. 7) are
attributed to the existence of multiple polyadenylation
signals. Sequencing of the 3'-RACE products from testis
specimen revealed that another polyadenylation signal
(AATGAA) close to the coding region (Fig. 5) was used in
testis to generate the 1.9-kb mRNA. Since the sequence of
the testis 3'-RACE product was identical to that of the
overlapping region of the cDNA, the 1.9-kb mRNA ex-
pressed in testis is a transcript from the same gene as in
liver and ovary.

The biological significance of the existence of multiple
mRNAs with different sizes of the 3'-noncoding region may
be related to the stability of mRNA. The unusually short
trailer sequence of the mRNA expressed in testis must
have some meaning for the exertion of particular functions
of lanosterol 14-demethylase in this tissue. Germ line cells
occupy a considerable portion of testis, and the CYP51 gene
must be expressed in germ line cells as previously suggest-
ed (3). Therefore, the short CYP51 mRNA specifically
observed in testis may represent the particular regulatory
mechanism for the transcription and/or post transcription-
al processing of CYP51 gene in male germ line cells. More
experiments are clearly needed to examine this hypothesis.

Dr. K. Nakamasu, Dr. M. Shen of Hiroshima University and Mr. T.
Kashiyama of Soka University are acknowledged for their technical
assistant in cloning and sequencing of rat CYP51 genes.
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