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To determine the orthology of sterol 14-demethylase (P45014DM), the only known P450
enzyme distributed widely in eukaryotes with a conserved metabolic role, the full-length
amino acid sequences of rat and human P45014DMs were determined from the cloned cDNA
sequences, and compared with those of the corresponding fungal proteins (CYP51). The
amino acid identity value between given pairs of P45014DMs ranged from 93% (human/rat)
to 39% (human or rat/Saccharomyces cerevisiae). All the P45014DMs formed a single
cluster in a phylogenetic tree constructed from representative P450 protein sequences
currently available. The nearest neighbors to the P45014DM cluster in the phylogenetic tree
were CYP7 (cholesterol 7a-hydroxylase) and CYP8 (prostacyclin synthase), and the
divergence point of fungal and mammalian P45014DMs was clearly more recent than that
of P45014DM and CYP7/CYP8. These lines of evidence show that fungal and mammalian
P45014DMs are really orthologous. This is the first example of orthologous P450s occurring
in distinct kingdoms. P45014DM may be an ancient P450 which arose before the divergence
of major eukaryotic branches and has been conserved throughout evolution. The amino acid
identity value (93%) between human and rat P45014DMs was comparable to those observed
for some housekeeping enzymes. In addition, a processed pseudogene of P45014DM was
found in a rat genomic DNA library, suggesting the expression of P45014DM in germ line
cells. These facts suggest that P45014DM may be a housekeeping enzyme essential for the
viability of mammals.

Key words: molecular evolution, orthologous gene, P450, processed pseudogene, sterol
14- demethy lase.

Monooxygenase P450 comprises a gigantic gene super- ally different monooxygenases is considered to be the most
family of several hundred or more molecular species outstanding characteristic of the P450 superfamily (4).
distributed widely in most eukaryotes and a few prokary- However, such characteristics have made it difficult to
otes (1). Through comparison of encoded amino acid identify the orthologous nature of P450s occurring in
sequences, it has been revealed that P450 has undergone different organisms, and there is no confirmative informa-
extensive divergence since an early stage of the evolution, tion about the orthology of P450s occurring in distinct
with the formation of a wide variety of monooxygenases kingdoms.
showing considerably different substrate specificities (1- Sterol 14-demethylase P450 (P45014DM or CYP51 for
3). Such extensive divergence producing various function- the fungal enzyme) (5, 6) occurs in different kingdoms,

such as fungi, higher plants, and animals, with the same
1 Sterol 14-demethylase P450 of fungi was designated as CYP51 by metabolic role, i.e., removal of the 14-methyl group of
the P450 Nomenclature Committee organized by Drs. D.W. Nebert sterol precursors such as lanosterol {4, 7, 8), and this is the
^ i D w ^ ° n [Nel8°n • D t * f (19,9o) ^ ^ f^' -12',.1-' o^y known P450 distributed widely in eukaryotes with51], but CYP50s are allocated as fungal P450s. Therefore, in this ,. n ,, , , •• , rfi c TJ^CAI i n n
paper, "CYP51" is used only for the fungal enzyme, and the trivial essentially the same metabolic role. Therefore P45014DM
name, -P45014DM," is used for the mammalian enzyme and also as l s t h e m o s t interesting subject for examining the orthology
the general abbreviation of this enzyme. The sequence data reported of P450s. However, there is another possibility that
in this paper have been entered in the DDBJ/EMBL/GenBank P45014DMs occurring in different kingdoms originated
databases under the following accession numbers: D55653 for human independently and acquired similar catalytic properties
P45014DM; D29962 and D55681 for rat P45014DM; D78370 for rat through convergence. The most orthodox way for estimat-
P45014DM pseudogene. ing the orthology of genes occurring in different organisms
* To whom correspondence should be addressed. Email: metlU540 r*. *• ° . , ~* , ,. . " , ,
<8 miet.mukogawa-u.ac.jp w to compare the primary structures of their products,
Abbreviations: ORF, open reading frame; P45014DM, sterol 14-de- together with related protein sequences. The primary
methylase P450. structures of three yeast CYP51s were revealed some years
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ago (9-22). In the preceding communication (23), we
presented preliminary evidence suggesting the occurrence,
of a~P450~showing high amino acid sequence similarity to
CYP51 in rat liver, although its identification as P45014DM
was incomplete. This paper presents lines of confirmative
evidence indicating the orthologous nature of mammalian
P45014DM and fungal CYP51, obtained by comparing the
complete amino acid sequences of rat and human P45014-
DMs with those of fungal CYP51s. This is the first report
describing confirmative evidence for the existence of
orthologous P450 in as widely divergent species as unicellu-
lar eukaryotes and mammals. This paper also presents a
preliminary evidence showing the occurrence of a process-
ed pseudogene of P45014DM in the rat genome, suggesting
the housekeeping-enzyme-like nature of P45014DM in
mammals.

MATERIALS AND METHODS

Purification of P45014DM from Rat Liver Micro-
somes—The starting material was a stored preparation (3.2
nmol P450/mg protein) of a pass-through fraction obtained
on the DEAE-5PW (TOSOH) HPLC (14). This material
was subjected to preparative cation-exchange HPLC (24),
and the fractions showing lanosterol 14-demethylase activ-
ity were collected. To remove CYP2C11 (P450UT-2), the
pooled eluate was treated with anti-CYP2Cll antibodies
according to the previously described method (16). Briefly,
rabbit anti-CYP2Cll antibodies (15) conjugated with
Protein A-Sepharose CL-4B (Pharmacia) were added to
the eluate and the resultant suspension was allowed to
stand overnight at 4*C with gentle shaking. The super-
natant showing lanosterol 14-demethylase activity was
further purified by HPLC on a hydroxylapatite column
(KB-column; Koken) according to the previously described
method (14). The fractions showing high lanosterol 14-de-
methylase activity were collected and Emulgen 911 was
removed with a small column of BioGel HT (Bio-Rad) (14).

Molecular Cloning and Sequencing of the Full-Length
cDNAs of Rat and Human P45014DM—The methods for
immunoscreening of a rat liver cDNA expression library in
Agtll (17) and cloning of a cDNA(pRT-9) encoding part of
a protein similar to yeast P45014DM were describedin the
preceding communication (13). The same library as above
was screened with the EcoRl-PvuH fragment of the pRT-9
cDNA. Hybridization and detection were carried out using
the ECL direct nucleic acid labeling and detection system
(Amersham). The cDNA inserts of two positively reacting
clones (pRT-10 and pRT-11) were subcloned into the EcoBl
site of the pBluescript SK( —) plasmid, and then subjected
to restriction enzyme mapping and nucleotide sequencing.

A X gtl 1 cDNA library of human liver (18) was screened
with 32P-labeled pRT-11 cDNA.The cDNA inserts of five
positively reacting clones were subcloned into the EcoRl
site of the pBluescript SK( —) plasmid, and then subjected
to restriction enzyme mapping. One of them, having the
longest insert (3.1 kbp), was subjected to nucleotide se-
quencing.

Double-strand DNA sequencing was carried out by the
dideoxy chain termination method using a BcaBEST™
dideoxy sequencing kit (Takara) with FITC-labeled pri-
mers. The nucleotide sequence was analyzed with a HITA-
CHI SQ-3000 DNA sequencer.

Expression of a Putative P45014DM cDNA in COS7
__CeUs—Expression, of a_putative-rat-P45014DM-cDNA in

COS7 cells was performed by the method described previ-
ously (18). Briefly, the Xhol-Xbal fragment (2.0 kbp) of
pRT-10 was ligated to the pSVL vector. The recombinant
plasmids were transfected into COS7 cells by electropora-
tion. The cells were maintained on Dulbecco's modified
Eagle's medium supplemented with 10% fetal calf serum
and harvested 3 days after the transfection. The cells were
washed once with phosphate-buffered saline (pH7.4),
suspended in 0.25 M sucrose-containing 50 mM potassium
phosphate buffer (pH 7.4), 1 mM EDTA, and 1 //g/ml each
of leupeptin and pepstatin A, and then homogenized by
ultrasonication, followed by Potter homogenizer treatment.
The microsomal fraction of COS7 cells was prepared by the
usual differential centrifugation and microsomes were
suspended in the medium used for the homogenization.
Lanosterol 14-demethylase activity of COS7 microsomes
was assayed by the previously described method (19)
except that purified rat liver NADPH-P450 reductase was
added to the reaction mixture. The lanosterol demethylase
activity due to liver microsomes slightly contaminating the
cytosolic fraction was corrected for.

Identification of a Processed Pseudogene of P45014DM
in a Rat Genomic DNA Library—A rat genomic DNA
library (20) was screened with pRT-11 cDNA. One of the
11 positive clones, having 17-kbp DNA insert (RG3), was
digested with Sail plus .EcoRI. The resulting fragments
were separated on an agarose gel, transferred to Nytran™
membranes, and then subjected to Southern hybridization
with EcoRl-Pstl (140 bp, 5'-end) and Pstl-EcoBI (600 bp,
3'-end) fragments of pRT-11 cDNA. Only one fragment of
2.3 kbp hybridized with both of these probes. This £coRI-
EcoBl fragment (2.3 kbp) was subcloned into the pBlue-
script SK( —) plasmid and sequenced. Other experimental
conditions were given in the previous paper (20).

Amino Acid Sequencing of the Cyanogen-Bromide-Di-
gested Fragments of Rat P45014DM—An aliquot (30/zg
protein) of the purified preparation of rat liver P45014DM
described above was dialyzed overnight against pure water.
The dialyzed specimen was dried up and then digested
overnight at room temperature with 200 fi\ of a cyanogen
bromide solution (lOmg/ml of 80% formic acid). The
digested preparation was dried up and the resulting poly-
peptide fragments were separated by HPLC on a Beckman
Ultrasphere column (2.0X150 mm). The elution was con-
ducted with a linear gradient from 0.1% trifluoroacetic acid
to 70% acetonitrile containing 0.1% trifluoroacetic acid over
30 min at the flow rate of 0.5 ml/min. Five distinct poly-
peptides were obtained. Their amino acid sequences were
analyzed with an Applied Biosystems gas-phase protein
sequencer.

Amino Acid Sequence Alignment and Construction of a
Phylogenetic Tree—Amino acid sequence alignment of rat
and human P45014DMs together with three yeast CYP51s
(10-12) was performed with a program adopting the
randomized iterative refinement strategy, that optimizes
the weighted sum-of-pairs scores (21). To construct a
phylogenetic tree showing the evolutionary relationship of
P45014DM to other P450 families and subfamilies, single
representative sequences were arbitrarily selected from
each of the 63 families or subfamilies of E-class (eu-
karyote-class) P450s (3), and were aligned together with

Vol. 119, No. 5, 1996

 at C
hanghua C

hristian H
ospital on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


928 Y. Aoyama et al.

P45014DM sequences using the same program as above.
All sequence data, except for those for human and rat
P45014DMs described here, were taken from publicly
available nucleotide or protein sequence databases. A
distance matrix was calculated from the multiple sequence
alignment based on the PAM model (22), and a phylogene-
tic tree was constructed by the neighbor-joining method
(23).

RESULTS AND DISCUSSION

Purification of Rat Liver P45014DM—The break-
through in the purification of P45014DM from rat liver
described here was the removal of CYP2C11 (P450UT-2)
by immunoabsorption. A method for the purification of
P45014DM from rat liver microsomes has already been
reported (24). However, it was hard to obtain a P45014DM
preparation showing a turnover number of over 4 nmol/
min/nmol P450. It was found on Western blotting with
antibodies against various P450s (15) that such P45014DM
preparations were contaminated by CYP2C11, one of the
major P450 components of untreated male rats. Efforts to
remove contaminating CYP2C11 from P45014DM prepa-
rations by HPLC under various conditions were unsuccess-
ful. The major use of the purified P45014DM in this work
was as an antigen for raising anti-P45014DM antibodies
necessary for the immunoscreening of the rat liver cDNA
expression library, and CYP2C11 is one of the most highly
expressed P450s in untreated male rat liver. Therefore,
contamination by CYP2C11 of an antigen for raising
antiserum for immunoscreening must strictly be avoided.

The purification technique was essentially the same as
that used for the simultaneous purification of P450s in rat
liver microsomes (14), except that immunoabsorption with
anti-CYP2Cll antibodies was added. The purified P45014-
DM preparation obtained by this method showed lanosterol
14-demethylase activity of 9.8 nmol/min/nmol P450 upon
reconstitution with rat liver NADPH-P450 reductase. No
protein band assignable as an other P450 was detected on
SDS-PAGE. No protein band reacted with anti-CYP2Cll
antibodies upon Western blotting (data not shown). Thus,
the P45014DM preparation obtained here was suitable as
the antigen. This P45014DM preparation also served as the
material for cyanogen bromide digestion to determine the
partial amino acid sequence of P45014DM.

Cloning and Sequencing of Putative Rat P45014DM
cDNA—The results of the molecular cloning of a cDNA
(pRT-9) containing an incomplete ORF encoding a protein
having an amino acid sequence similar to that of yeast
P45014DM were described in the preceding communication
(13). To obtain full-length cDNA of this protein, the same
cDNA library (17) was screened with the EcoBI-PvuD.
fragment of pRT-9 cDNA, and two positive clones (pRT-10
and pRT-11) were isolated. The nucleotide sequence of the
pRT-11 cDNA was determined (2,270 bp; sequence data,
DDBJ D55681, restriction enzyme map, see Fig. 4), and a
complete ORF (1,512 bp) between ATG (118-120) and
TGA (1627-1629) was identified. This ORF encodes a
protein consisting of 503 amino acids (see the first line of
Fig. 2), and the sequence of its 430 amino acids (from
alanine 74 to lysine 503) is identical to that of the pRT-9
protein (13). The same ORF was also identified in the
pRT-10 cDNA, though the 64 nucleotides from the 5'-end of

pRT-11 were absent in pRT-10 cDNA (data not shown).
Identification of pRT-10 and pRT-11 as P45014DM

cDNA—The Xhol-Xbal fragment (2.0 kbp) of pRT-10
cDNA was ligated to the pSVL vector and then expressed in
C0S7 cells as described under 'MATERIALS AND METH-
ODS.' The microsomal fractions of recombinant-pSVL
transfected cells, control cells transfected only with the
vector, and non-transfected C0S7 cells were isolated, and
their lanosterol 14-demethylase activities were deter-
mined. Conversion of lanosterol to its 14-demethylated
product, 4,4-dimethylcholesta-8,14,24-trienol (5, 6), by
the microsomes of the recombinant-pSVL transfected cells
was confirmed by gas-chromatographic analysis of sterols
extracted from the reaction mixture (Fig. 1), indicating
expression of P45014DM in the transfected cells. The
apparent lanosterol 14-demethylase activity calculated
from the chromatogram (Fig. 1) was 10.9 pmol/min/mg
protein. The lanosterol demethylase activity of the mi-
crosomes from non-transfected or pSVL-transfected cells
was significantly lower than the above value. The highest
activity obtained with these microsomes was 4.2 pmol/
min/mg protein, and in some experiments no demethylated
product was detected (data not shown). These observations
indicated that the lanosterol 14-demethylase activity of
C0S7 cells was apparently elevated by the transfection of
pRT-10/pSVL. This fact strongly indicated that the prod-
uct of the pRT-10 ORF was catalytically active P45014DM.

Five polypeptide fragments were obtained on cyanogen
bromide digestion of the purified rat liver P45014DM, and
the amino acid sequences of their N-terminal parts were
analyzed as described under "MATERIALS AND METHODS."
The N-terminal amino acid sequences of these five poly-
peptides were detected downstream of methionines in the

c

o>

28 32 36
Retention Time (mln)

Fig. 1. Gas-chromatographic detection of the 14-demethylated
metabolite of lanosterol formed on incubation with microsomes
of pRT-10 transfected COS7 cells. Lanosterol (23.5 nmol) was
incubated aerobically at 3TC for 60 min with microsomes of pRT-10
transfected C0S7 cells (1.56 mg protein) in the presence of an
NADPH-generatdng system (6), purified rat NADPH-P450 reductase
(0.5 unit) and rat liver I05,000xp supernatant (3.0mg protein).
Sterols in the reaction mixture were extracted after saponification (6)
and analyzed by GLC as described previously (6). Peak P was
identified as the demethylated product, 4,4-dimethylcholesta-8,14,
24-trienol (6), from its relative retention time as to the lanosterol
peak (peak S).
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amino acid sequence deduced from the ORF of pRT-11
cDNA (overlines 1 through 5 in Fig. 2). This was_strong
evidence that t h e p R T m insert was P45014DM~cDNA.
However, efForts to determine the N-terminal amino acid
sequence of the native P45014DM protein were unsuccess-
ful. This suggested that the N-terminal of the purified

P45014DM preparation might be blocked.
Anuno Acid §equerice_ of Human -P45024DM-—Using-

pRT-11 cDNA as a probe, a cDNA clone having a 3.1 kbp
insert was isolated from a human liver cDNA library (18),
and its nucleotide sequence was determined (sequence
data, DDBJ D55653). The nucleotide sequence of the ORF

Hat
Hum.
C.a.
C.t.
S.c.
Com.

Rat
Hum.
C.a.
C.t.
S.C.
Com.

Rat
Hum.
C.a.
C.t.
S.c.
Com.

Rat
Hum.
Ca.
Ct.
S.C.
Com.

Rat
Hum.
C.a.
C.t.
S.c.
Con.

Rat
Hum.
C.a.
C.t.
S.c.
Com.

Rat
Hum.
C.a.
C.t.
S.c.
Com.

Rat
Hum.
C.a.
C.t.
SC.
Con.

Rat
Bum.
C.a.
C.t.
S.c.
Com.

Rat
Hum.
C.a.
C.t.
S.c.
Com.

1 MVLLGLLQSGGSVLGQAMEQ--VTGGNLLST-LLIACAFTLSLVYLFRLAVGHMVQLPAG 57
1 MLLLGLLQAGGSVLGQAMEK--VTGGNLLSM-LLIACAFTLSLVYLIHLAAGHLVQLPAG 57
1 M AIVETVID GINYFLSLSVTQQISILLGVPFVYNLVWQYLYSLRKD 46
1 M AIVDTAID GINYFLSLSLTQQITILVVFPFIYNIAWQLLYSLRKD 46
1 M SATKSIVGEALEYVNIGLSHFLALPLAQRISLIIIIPFIYNIVWQLLYSLRKD 54
M L L

CR-1
58 AKSPPYIYSPIPFLGHAIAFGKSPIEFLENAYEKYGPVFSFTMVGKTFTYLLGSDAAALL 117
58 VKSPPYIFSPIPFLGHAIAFGKSPIEFLENAYEKYGPVFSFTMVGKTFTYLLGSDAAALL 117
47 --RAPLVFYWIPWFGSAASYGQQPYEFFESCRQKYGDVFSFMLLGKIMTVYLGPKGHEFV 104
47 --RVPMVFYWIPWFGSAASYGMQPYEFFEKCRLKYGDVFSFMLLGKVMTVYLGPKGHEFI 104
55 --RPPLVFYWIPVCVGSAWYGMKPYEFFEECQKKYGDIFSFVLLGRVMTVYLGPKGHEFV 112

P IP G A G P EF E KY3 F3F G T LG

CR-2 SRS-°
118 FNSKNEDLNAEEVYGRLTTPVFGKGVAYDVPNAVFLEQKKILKSGLNIAHFKQYVSIIEK 177
118 FNSKNEDLNAEDVYSRLTTPVFGKGVAYDVPNPVFLEQKKMLKSGLNIAHFKQHVSIIEK 177
105 FNAKLSDVSAEDAYKHLTTPVFGKGVIYDCPNSRLMEQKKFAKFALTTDSFKRYVPKIRE 164
105 YNAKLSDVSAEEAYTHLTTPVFGKGVIYDCPHSRLMEQKKFAKFALTTDSFKTYVPKIRE 164
113 FNAKLADVSAEAAYAHLTTPVFGKGVIYDCPNSRLHEQKKFVKGALTKEAFKSYVPLIAE 172

N K D AE Y LTTPVFGKGVrYD PN EQKK K L FK V I
SKS-1 CR.3

178 EAKEYFKSWGES GERNVFEALSELIILTASHCLHGKEIRSQLNEKVAQLYADL 230
178 ETKEYFESWGES GEKNVFEALSELIILTASHCLHGKEIRSQLNEKVAQLYADL 230
165 EILNYFVTDESFKLKEKTHGVANVMKTQPEITIFTASRSLFGDEMRRIFDRSFAQLYSDL 224
165 EVLNYFVNDVSFKTKERDHGVASVMKTQPEITIFTASRCLFGDEMRKSFDRSFAQLYADL 224
173 EVYKYFRDSKNFRLNERTTGTIDVMVTQPEMTIFTASRSLLGKEMRAKLDTDFAYLYSDL 232

E YF G V E I TAS L G E R A LY PL
SKS-2

231 DGGFSHAAWLLPGWLPLPSFRRRDRAHREIKNIFYKAIQKRRL-SKEP-AEDILQTLL-D 287
231 DGCFSHAAWLLPGWLPLPSFRRRDRAHREIKDIFYKAIQKRRQ-SQEK-IDDILQTLL-D 287
225 DKGFTPINFVFPN-LPLPHYVRRDAAQKKISATYMKEIKLRRERGDIDPNRDLIDSLLIH 283
225 DKGFTPINFVFPN-LPLPHYWRRDAAQRKISAHYMKEIKRRRESGDIDPKRDLIDSLLVN 283
233 DKGFTPINFVFPN-LPLEHYRKRDHAQKAISGTYMSLIKERRKNNDIQ-DRDLIDSLMKN 290

O GF P LPL RD A I I RR D L
CR-4 ® SRS'3 „ ® ^

2 8 8 STYKDGRPLTDDEIAGMLIGLLLAGQHT3STTSAWMGFFLARDKPLQDKCYLEQKTVC-- 3 4 5
2 8 8 ATYKDGRPLTDDEVAGMLIGLLLAGQHTSSTT8AVMGFFLARDKTLQKKCYLEQKTVC-- 3 4 5
2 8 4 STTKDGVKMTDQEIAHLLIGILMGGQHTSAST3AWFLLHLGEKPHLQDVIYQEVVELLKE 3 4 3
2 8 4 STTKDGVJCMTDQEIAHLLIGVLMGGQ.HTSASTSAWFLLHLAEQPQ.LQDDLYEELTNLLKE 3 4 3
2 9 1 STYKDGV1CMTDQEIANLLIGVLMGGQHTSAATSAWILLHLAERPDVQQELYEEQMRVL-- 348

TTKDG TEi E A LIG L GQHT3 TSAW L Q Y E

CR-5
346 -GEDLPPLTYEQLKDLNLLDRCIKETLRLRPPIMTMMRMAKTPQTV--AGYTIPPGHQVC 402
346 -GENLPPLTYDQLKDLNLLDRCIKETLRLRPPIMIMMRMARTPQTV--AGYTIPPGHQVC 402
344 KGGDLNDLTYEDLQKLPSVNNTIKETLRMHMPLHSIFRKVTNPLRIPETNYIVPKGHYVL 403
344 KGGDLNDLTYEDLQKLPLVNNTIKETLRMHMPLHSIFRKVMNPLRVPNTKYVIPKGHYVL 403
349 -DGGKKELTYDLLQEMPLLNQTIKETLRMHHPLHSLFRKVMKDMHVPNTSYVIPAGYHVL 407

LTY L IKETLR P R_ Y P G V
SRS'5 CR-6

403 VSPTVNQRLKDSWVERLDFNPDRYLQDNPAS GE--KFA YVPF 442
403 VSPTVNQRLKDSWVERLDFNPDRYLQDNPAS GE--KFA YVPF 442
404 VSPGYAHTSERYFDNPEDFDPTRWDTAAAKANSVSFNSSDEVDYGFGKVSKGVSSPYLPF 463
404 VSAGYAHTSDRWFEHPEHFNPRRWESDDTKASAVSFNSEDTVDYGFGKISKGVSSPYLPF 463
408 VSPGYTHLRDEYFPNAHQFNIHRWKNDSASS YSVGEEVDYGFGAISKGVSSPYLPF 463

VS F R Y PF
^ k © „

443 GAGRHRCIGEHFAYVQIKTIWSTMLRLYEFDLINGY-FPSVNYTTMIHTPENP--VIRYK 449
443 GAGRHRCIGEKFAYVQIKTIWSTMLRLYEFDLIDGY-FPTVNYTTMIHTPENP--VIRYK 449
464 GQGRHRCIGEQFATVQLGTILTTFVYNLRWTIDGYK-VPDPDYSSMVVLPTEPAEIIWEK 522
464 GGGRHRCIGEQFAYVQLGTILTTYIYNFKWRLHGDK-VPDVDYQSMVTLPLEPAEIVWEK 522
464 OGGRJJRCIGEHFATCQLGVLMSIFIRTLKWHYPEGKTVPPPDFTSMVTLPTGPAKIIWEK 523

O GRHRCIGE FAY Q P M P P K
SRS-6

500 RRS K 503
500 RRS K 503
523 RETC-MF 528
523 RDTC-MV 528
524 RNPEQKI 530

R

Fig. 2. Amino acid se-
quences of rat and human
P45014DM8, and their align-
ment with those of three yeast
CYP51s. The amino acid se-
quences of rat {Rat) and human
(Hum.) P45014DM6 were de-
duced from the nucleotide se-
quences of their cDNAs. These
sequences were aligned together
with those of three yeast
CYP51s (10-12) by means of a
program adopting the random-
ized iterative refinement strat-
egy that optimizes the weighted
sum-of-paire scores (21). S.c,
C.t, and C.a. denote Saccharo-
myces cerevisiae, Candida tropi-
calls, and Candida albicans,
respectively. The bottom line
(Com.) shows the amino acid
residues common in all se-
quences. Lines 1 through 5 over
the rat sequence indicate the
amino acid sequences corre-
sponding to the N-terminal
parts of the five polypeptides
obtained on cyanogen bromide-
digestion of the purified rat li ver
P45014DM. Shaded regions
(CR-1 through 6) are highly
conserved regions. Underlines
(SRS-0 through 6) indicate the
regions corresponding to the
putative substrate recognition
sites (27). The arrowhead in
CR-6 denotes the cysteine pro-
viding the thiolate heme ligand.
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(1,530 bp) of this cDNA showed 87% identity to that (1,512
bp) of pRT-11, indicating its identity to human P45014DM
cDNA. The ORF of human P45014DM cDNA encodes a
protein consisting of 509 amino acids. However, another
ATG was found at 18 bp downstream of the formal initia-
tion ATG. If the downstream ATG is assumed to be the
translation initiation point, the number of amino acid
residues of the encoded protein becomes 503. This shorter
sequence of human P45014DM was completely aligned
with the sequence of rat P45014DM, as shown in the first
and second lines of Fig. 2, the amino acid identity between
them being found to be 93%. Thus, we tentatively employ-
ed the shorter sequence as the primary structure of human
P45014DM. If human P45014DM has the longer sequence
(509 amino acids), a 6 amino acid fragment (MAAAAG)
that cannot be aligned with the rat sequence extends from
the N-terminal of the sequence shown in the second line of
Fig. 2.

Amino Acid Sequence Identity between Given Pairs of
P45014DM8—Table I summarizes the amino acid sequence
identities between given pairs among two mammalian
P45014DM and five fungal CYP51s (10, 11; EMBL Z48164
and EMBL Z49750). The identity between mammalian
P45014DM and fungal CYP51s (39-42%) is comparable to
those observed for corresponding mammalian and fungal
housekeeping enzymes, such as glucose-6-phosphate dehy-
drogenase (46.5%, human/yeast), <?-aminolevulinic acid
synthase (40.2%, human/mold), and HMG-CoA reductase
(38.6%, human/yeast). Therefore, P45014DM is consid-
ered to be strongly conserved in distinct kingdoms such as
fungi and mammals.

The degree of sequence conservation between rat and
human P45014DMs (93%) is also noteworthy since it is the
highest among those observed for all known pairs of rodent
and human P450s. A NBRF-PIR protein sequence database
search suggested that most of the enzymes showing such
high similarity values (>90%) between rodents and pri-
mates were orthologous pairs of housekeeping enzymes
(Table II). It can thus be concluded that P45014DM is
conserved as strongly as housekeeping enzymes in mam-
mals as well as between mammals and fungi.

Evolutionary Relationship of P45014DM and Other
P450 Families—Single representative sequences were
selected from each of the 63 families and subfamilies of
E-class P450s (3), and aligned together with eight known
P45014DM sequences. A phylogenetic tree (Fig. 3) consist-
ing of these 71 P450s constructed by the neighbor joining
method (23) clearly indicates that mammalian P45014-
DMs and fungal CYP51s form a single cluster, and the

TABLE I. Amino acid identities between P45014DM sequences
of different origins. Identity values were calculated with DNASIS
software, and values are expressed in percentage of amino acids
identical between two molecules. Sequence data for yeast and
filamentous fungal CYP51s were taken from Refs. 10 and 11, and
EMBL Z48164 and Z49750, respectively.

Hum. Rat S.c. C.t. P.i. U.m.
Human
Rat
S. cerevisiae
C. tropiccUis
P. italicuni
U. maydis

— 93 39
— 39

41
42
65

39
39
46
46

41
40
47
47
45

divergence point of mammalian P45014DMs and fungal
CYP51s was clearly more recent than the divergence point
of P45014DM and its closest neighbors, CYP7 (cholesterol
7 a--hydroxylase) and CYP8 (prostacyclin synthase). This
evidently indicates that P45014DM was established as a
distinct family before the divergence of primordial animals
and fungi, and has been conserved throughout evolution,
supporting the idea that mammalian P45014DMs and
fungal CYP51s are true orthologues. This may be a unique
evolutionary characteristic of P45014DM, since most other
P450 species occur in limited classes of organisms and
participate in various distinct metabolic processes charac-
teristic of individual classes of organisms.

Functional Regions in Mammalian and Yeast P45014-
DMs—Figure 2 shows the amino acid sequence alignment
of two mammalian P45014DMs together with three yeast
CYP51s. As indicated in the bottom line, 156 amino acid
residues are common. The conserved amino acids seem to
form six clusters (CR-1 through 6 in Fig. 2), where more
than 65% amino acids are common. Although the exact role
of each region has yet to be clarified experimentally, the
following discussion can be made regarding their possible
functions.

CR-1, CR-2, CR-3, and CR-4 overlap with four of the
seven putative substrate-recognition sites (underlines
SRS-0 through -6 in Fig. 2) inferred by Gotoh (25). Among
these regions, the extents of overlapping of CR-2 and CR-3
with SRS-1 and SRS-2 are prominent, and the degree of
sequence conservation in these regions is remarkably high.
As pointed out by Gotoh (3, 25), the ratio of nonsynony-
mous to synonymous substitution observed in the genes of
P450 family 2 is significantly high in SRS-1 and SRS-2, and
this excessive substitution is considered to be partly
responsible for the different substrate specificities of many
family-2 P450s. Inversely, the strong conservation of these
regions among P45014DMs indicates their importance in
the recognition of their common substrates, 14-methyl-
sterols. CR-4 overlaps SRS-4 located in the putative distal
helix (helix I) (10, 13). Since the distal helix constitutes a
part of the active site (25, 26) and a mutation of this region
converts Saccharomyces cerevisiae CYP51 into an inactive
form called P450SG1 (20), conservation of this region may
also be related to the conserved catalytic function of this
P450.

CR-5 and CR-6 correspond to the so called K-helix and
heme binding regions, respectively, that are generally
conserved in all P450 species (3). The sequence conserva-

TABLE II. Examples of enzymes showing high amino acid
sequence identity between primates and rodents.

Enzyme name Identity (%) Species
Alcohol dehydrogenase
Hexokinase
Deoxycytidine kinase
Glucose-6-P dehydrogenase
Ci-Tetrahydrofolate synthase
Hydroxymethylglutaryl-CoA

reductase
Phosphoglycerate mutase
Phenylalanine hydroxylase
Ornithine transcarbamylase
Glutathione peroxidase
Tryptophan hydroxylase
<T-Aminolevulinic acid synthase

94.2
94.1
93.7
93.6
93.2
93.1

92.3
92.1
91.5
91.5
91.2
90.2

Human/rat
Human/rat
Human/mouse
Human/mouse
Human/rat
Human/hamster

Human/rat
Human/rat
Human/mouse
Human/rat
Human/rat
Human/rat
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tion among the heme binding regions of five P45014DMs
(16/20 amino acids are identical) is considerably high. The
heme binding site is situated opposite the substrate binding
site with respect to the heme plane, and is considered to
contribute little to the substrate recognition. Therefore, it
is difficult to consider that the high structural conservation
of this region is due to a selective force to maintain
substrate specificity, and the reason for this high conserva-
tion of the heme-binding region has yet to be examined.
However, such high structural conservation of this region

may be taken as a strong evidence for the close evolutionary
relationship between. mammalian_P45014DM -and fungal
CYP51.

Three putative substrate-recognition sites, SRS-3, SRS-
5, and SRS-6, do not overlap with the conserved regions.
However, the amino acid identities of these sites within the
respective classes are considerably high. Although the
contribution of these regions to the substrate recognition by
P45014DM has yet to be examined, these facts may be
related to the slightly different substrate specificities

Human 14DM
Rat 14DM

C albicansb\
C tropicalis 51

S. cerevrstae 51
P. italkxim 51
S.pombe 51

U. maydis 51
Human 7

Human 8

elegans 14A1

A thallana 90
Human 1A1

HumaniB
Human 2A6

Rat2G1
Human 2B6

Mouse 2F1
Trout 2M

Human 2C9
Chicken 2H1
Human 2E1

Trout 2K
Human 2D6

Human 17
Human 21

Mung bean 73A3
S.bkxXor 79

Eggplant 71A2
A thaliana 83

Petunia 75A1
P. satrvum 82

Egg plant 76A2
Barberry 80

Maize 78A1

Human 3A3
Human 5

House fty6A1
House fly 6C1

H megalerlum 102
Human 4A11

Human 4B
Human 4E1

Human 4F2
Cockroach 4C1

Fruit fly 4D1
Human 11A

Human 11B1
Pond snail 10

Human 24
Human 27

Human 19

E nldulans 59
A niger 53A

N. haematococca 57A1
F sporotrlchioides 58

Swallowtail butterfly 681
Tobacco budworm 9A1

A thaliana 86
C. tropicalis 52A1

C. tropicalis 52B1
C. aptcda 52E1

C. mattosa 52C2
Madagascar periwinkle 72

Flax 74

Fig. 3. A phylogenetlc tree
showing the evolutionary re-
lationship of P45014DM and
other P450 families and sub-
families. Single representative
amino acid sequences were arbi-
trary selected from each of the 63
families or subfamilies of E-class
P450s (3), and were aligned
together with two mammalian
P45014DM and six fungal CYP51
sequences as described under
"MATERIALS AND METHODS.'
All sequence data, except for the
two mammalian P45014DM se-
quences described here, were
taken from publicly available
nucleotide or protein sequence
databases.
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pRT-11 cDNA

EcoRI PrtI AccI Pvun Nool AccI
I I I I I

S*el PraU PitlHinUII Spel Xb«I HincII EcoRI
I I I I

RG3 pseudogene

EcoRI Kpnl
1

P«U

1
PvnH

1
Ncol

1
AccI

1

HincII
SacI PruII

1 II

100 bp

PlU AccI EcoRI

• • • • • • • • • • • • • I

ATG

Fig. 4. Comparison of the restriction enzyme maps of pBT-11
(rat P45014DM) cDNA and the RG3 pseudogene. Restriction
enzyme maps of pRT-11 cDNA and the 2.3-kbp DNA fragment
isolated from a rat genomic clone, RG3, are illustrated based on their
sequences and the results of digestion with several restriction
enzymes. The open reading frame (118-1629 nt) of the cDNA is

indicated by a thick bar. The region of the RG3 DNA fragment highly
identical to that of the cDNA in the nucleotide sequence is indicated by
a solid line. The ATG codon of the RG3 DNA fragment corresponding
to the initiation codon of the cDNA is indicated in the figure, its
position having been adjusted to that of the cDNA.

observed between fungal CYP51 and mammalian P45014-
DM (4, 7, 8).

Occurrence of a Processed Pseudogene in the Rat
Genome—A 2.3-kbp DNA fragment was subcloned from a
rat genomic clone, RG3, as described under "MATERIALS
AND METHODS," and subjected to restriction enzyme
mapping. As shown in Fig. 4, the restriction enzyme map of
the RG3 DNA fragment was similar to that of the P45014-
DM cDNA (pRT-11), although some restriction enzyme
sites were different from each other. Moreover, the RG3
DNA fragment hybridized with both the EcoBI-PstI frag-
ment (140 bp) and the Pstl-EcoBl fragment (600 bp), that
were obtained respectively from the 5'-end and 3'-end
regions of pRT-11 cDNA (Fig. 4). These facts suggested the
possibility that the RG3 DNA fragment was a genomic
DNA covering the entire region of the P45014DM gene.
However, the length of this DNA fragment was 2.3 kbp,
which is comparable to that of P45014DM cDNA. There-
fore, if the above-mentioned assumption is correct, no
intron must be included in this gene. Then, the RG3 DNA
fragment was sequenced as described under "MATERIALS
AND METHODS." The nucleotide sequence of this fragment
(DDBJ D78370) showed 95.2% identity to that of the rat
P45014DM cDNA within 1,800 aligned nucleotides, which
is shown by the solid line in the restriction enzyme map of
the RG3 DNA (Fig. 4). No intron was detected in the
sequence, and the reading frame corresponding to the ORF
of P45014DM cDNA was disturbed by several nucleotide
substitutions and deletions. Since several DNA fragments
that must be derived from the functional intron-containing
P45014DM gene have been identified in the same genomic
library (Noshiro, M., Aoyama, Y., Gotoh, 0., and Yoshida,
Y., preliminary observation), the gene contained in the
RG3 DNA fragment was identified as a processed pseudo-
gene of P45014DM. Processed pseudogenes of P45014DM
have also been found in a human genomic DNA library
(Rozman, D. and Waterman, M.R., personal communica-
tion). P45014DM is the first and only known example of a
P450 having processed pseudogenes. Processed pseudo-
genes are generally formed through the insertion of a cDNA
produced by reverse transcription of mRNA expressed in
germ line cells (27). Accordingly, it is highly likely that

P45014DM is expressed in germ line cells of mammals as
a housekeeping enzyme.

General Consideration and Conclusion—Taking all the
observations together, there is no doubt of the orthologous
nature of fungal CYP51 and mammalian P45014DM. As
shown in Fig. 3, P45014DM was established as a distinct
family at an early stage of eukaryotic P450 evolution and
has been conserved throughout evolution. Apparently,
P45014DM is one of the most ancient and most conserved
P450 species. Sterol 14-demethylation occurs in all organ-
isms exhibiting de novo sterol biosynthesis, and this
reaction is known to be also catalyzed by P450 monooxy-
genase in higher plants (4, 28). Since human and fungal
(one of the most evolutionary distant pairs of eukaryotes)
P45014DMs are orthologous, it is highly likely that the
P450 monooxygenases catalyzing sterol 14-demethylation
in higher plants are also orthologues of P45014DM. Com-
parison of the amino acid sequences of a group of ortho-
logous P450s occurring in different kingdoms, phyla, clas-
ses, and species will provide important information about
the evolution of P450. P45014DM is a suitable material for
such investigation, and currently such comparative studies
can only be performed with this P450. Cloning and sequenc-
ing of P45014DMs of other organisms, especially higher
plants and non-mammalian vertebrates, are expected.

The amino acid sequence identity between rat and human
P45014DM (93%) is outstanding and comparable to those
of housekeeping enzymes. Moreover, the occurrence of pro-
cessed pseudogenes suggests the possibility that P45014-
DM is expressed in germ line cells of mammals. According-
ly, P45014DM must have some fundamental and essential
role in mammals. The 14-demethylation of lanosterol
catalyzed by P45014DM is an essential step in cholesterol
biosynthesis, and cholesterol is an indispensable compo-
nent of animal cells. This may be the primary reason for the
housekeeping nature of P45014DM. Recently, it was re-
ported that some 4,4-dimethylsterols, such as 4,4-dimeth-
ylcholesta-8,14,24-trienol and 4,4-dimethylzymosterol,
trigger the resumption of meiosis of cultured mammalian
oocytes (29). These sterols are formed through P45014-
DM-mediated lanosterol 14-demethylation (6, 24). Ac-
cordingly, there is a possibility that P45014DM partici-
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pates not only in sterol biogenesis but also in the production
of the biosignal substance regulating the meiosis of mam-
malian oocytesT This may be another principal and interest-
ing function of P45014DM in mammals.

MB. C. Yamashita of Mukogawa Women's University and Ms. T.
Hiroi of Osaka City University are acknowledged for their technical
assistance in the lanosterol 14-demethylase assay and purification of
P45014DM, respectively.
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