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We isolated ¢cDNA clones for cytochrome P-450
genes expressed in the olfactory neuroepithelium by
screening a corresponding rat cDNA library. Sequence
analysis and RNA blot hybridization revealed a new
cytochrome P-450, designated cytochrome P-4500lf1,
which is the first reported cytochrome P-450 mRNA
uniquely expressed in the chemosensory organ. Cyto-
chrome P-4500lf1 shows intermediate level of se-
quence similarity (38-53% identity) to several liver
cytochrome P-450 enzymes, suggesting that it belongs
to the cytochrome P-4501I1 family, but defines a new
subfamily (cytochrome P-450IIG) within it. Cyto-
chrome P-4501I1I enzymes are known to process diverse
organic compounds, including odorants. This, together
with the specificity of cytochrome P-4500If1 to the
sensory neuroepithelium, may indicate a role for this
protein in olfactory reception.

The hepatic microsomes contain many different cyto-
chromes P-450 which bind and oxidize a great variety of
exogenous and endogenous compounds (reviewed in Black
and Coon, 1987; Adesnik and Atchison, 1986; Nebert and
Gonzalez, 1987). Likewise, the olfactory epithelium in the
nasal cavity concentrates and actively metabolizes many com-
pounds, including inhaled odorants (Dahl and Hadley, 1983)
environmental xenobiotics (Bond, 1983), drugs (Brittebo and
Tjalve, 1981, Reed et al., 1986), carcinogens (Brittebo and
Ahlman, 1984; Dahl et al., 1982; Bond, 1983}, and steroids
(Brittebo and Rafter, 1984), suggesting a system similar to
the one found in hepatic microsomes.

The cytochrome P-450-dependent metabolism of various
substrates is comparable or even higher in olfactory epithe-
lium compared to the liver (Dahl et al., 1982; Reed et al., 1986;
Dahl, 1988). Furthermore, cytochrome P-450 enzymes in ol-
factory epithelium have different kinetic parameters and sub-
strate specificities (Brittebo and Rafter, 1984; Reed et al.,
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1986) and are more sensitive to cytochrome P-450 inhibitors
(Jenner and Dodd, 1988) than those in the liver. Yet, olfactory
cytochrome P-450 proteins have not been purified and char-
acterized and the molecular basis for the above mentioned
qualitative and quantitative metabolic differences remains
unknown. Recently, we reported that a CNBr peptide derived
from a major nonglycosylated integral membrane protein
unique to bovine olfactory epithelium bears strong sequence
similarity to a cytochrome P-450 enzyme (Nef et al., 1988).
We therefore decided to apply recombinant DNA technology
to characterize olfactory cytochrome P-450 proteins at the
molecular level.

Biochemical and genetic studies have permitted the char-
acterization in 10 species of more than 65 different cyto-
chrome P-450 genes, most of them expressed in the liver.
Primary structure comparison of cytochrome P-450 proteins
in prokaryotes and eukaryotes suggested that an ancestral
precursor gene gave rise through multiple duplications to the
cytochrome P-450 multi-gene superfamily. Based on the per-
cent identity between aligned cytochrome P-450 amino acid
sequences, 14 families and their corresponding subfamilies
have been defined (Nebert et al, 1989). The largest family,
cytochrome P-45011, includes seven subfamilies (IIA-IIG). In
the liver, cytochrome P-450I1 genes are constitutively ex-
pressed (IIA, IIC) or induced by phenobarbital (IIB) or
ethanol (ITE). To date, it has not been established which
cytochrome P-450 genes are expressed in the olfactory epithe-
lium.

The present report describes the cDNA cloning of a new
cytochrome P-450 (cytochrome P-4500lf1) unique to the ol-
factory epithelium. It provides the first molecular biological
correlate of a prominent enzymatic activity in this sensory
organ, possibly related to its odorant receptor function.

MATERIALS AND METHODS

¢DNA Library—A cDNA library was prepared from poly(A)* RNA
derived from olfactory epithelia (including the subepithelium) of 4-
week-old Sprague-Dawley rats. A cDNA population larger than 1 kb!
was inserted into the vector Agt11 and packaged in vitro, producing 3
X 10° independent phages. The amplified cDNA library had 85%
recombinant phages.

Screening Conditions—Typically, 7 X 10° phages were screened at
a density of 300 phages/cm?, using Escherichia coli strain Y1090.
Following incubation at 42 °C for 8 h, phages were transferred to
nitrocellulose membranes (Schleicher and Schuell) and processed as
described (Benton and Davis, 1977). Hybridization was conducted in
5 X SSPE (SSPE: 0.15 M NaCl, 0.01 m NaH, PO,, 0.001 M EDTA),
1 X Denhardt’s, 0.1% SDS, and 100 ug/ml sonicated and denatured
salmon sperm DNA (Maniatis et al., 1982). Probes were labeled with

! The abbreviations used are: kb, kilobase pair(s); SDS, sodium
dodecyl sulfate; bp, base pair(s).
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[a-**P]dCTP to a specific activity of ~10° dpm/ug by nick translation
(Rigby et al., 1977). Hybridization (12-18 h) was carried out at 50 °C
(low stringency) or 75 °C (high stringency). Filters were then washed
at 50 °C for 1 hin 2 X S8C, 0.1% SDS, and for 1 hin 1 X SSC (0.15
M NaCl, 0.015 M Na; citrate), 0.1% SDS.

Phage Analysis and Subcloning—Phage recombinants giving a pos-
itive signal in plaque hybridization were purified by several cycles of
plating at low density. Phage DNA was prepared from phage stocks
grown in liquid culture as described (Maniatis et al., 1982). Electro-
phoretically purified EcoRI fragments of the inserts were subcloned
either into the vectors pUCS, 9, 18, or 19 (Vieira and Messing, 1982)
for restriction mapping or into the M13 vectors mp18/mp19 (Messing
and Vieira, 1982) for DNA sequencing.

DNA Seguencing—Single-stranded DNA of appropriate M13
¢DNA subclones was prepared (Davis et al., 1986) and sequenced by
the chain termination method (Sanger et al., 1977) using «-**S-dATP
and the modified T'7 DNA polymerase (Sequenase, US Biochemicals,
Cleveland, OH). Labeled fragments were separated on 50 cm long 6%
polyacrylamide gels (0.2-0.7 mm thick), run for 2-8 h at 1800 V.

RNA Preparation—Olfactory epithelium, heart, liver, brain, lung,
and intestine were dissected from ~4-week-old Sprague-Dawley rats
(from the Weizmann Institute animal breeding facility) and stored
in liquid nitrogen. Olfactory epithelium (including the subepithelial
layer) was obtained by sagittal section of the head following quick
decapitation. The pigmented ethmoturbinates were collected, with
occasional inclusion of small regions of unpigmented nonsensory
epithelium. Bovine olfactory epithelium was similarly obtained at the
Jerusalem municipal slaughterhouse. Accurate separation of the sen-
sory and nonsensory areas was achieved by discarding the tissue in
the borderline area. Total RNA was prepared by a modification of
the method described (Aufray and Rougeon, 1980): 1 g of tissue was
homogenized with a polytron (30 s at half-maximum speed) in 5 ml
of 5 M guanidinium isothiocyanate, 0.01 M EDTA, 0.05 M Tris-HCI,
pH 7.5, 1 M B-mercaptoethanol. The homogenate was added to 25 ml
of 4 M lithium chloride, incubated for 12 h at 0 °C, and centrifuged
for 45 min at 12,000 rpm in an SW 28 rotor (Beckman). The pellet
was resuspended in 3 ml of 10 mM Tris-HCI, pH 7.5, 25 mMm EDTA,
0.6% SDS extracted twice with phenol and once with chloroform.
Total RNA was ethanol-precipitated at 0 °C for 12 h and resuspended
in diethylpyrocarbonate-treated water. Poly(A)* RNA was prepared
by oligo(dT) column chromatography (Maniatis et al., 1982). Poly(A)*
RNAs from 3-month-old bovine olfactory and respiratory epithelia
were prepared similarly.

RNA Blots—RNA samples were heat-denatured in sample buffer
containing 50% formamide and 6% formaldehyde, and electropho-
resed on denaturing 1% agarose gels containing 6% of formaldehyde,
as described (Lehrach et al., 1977). Gels were blotted by capillary
force onto GeneScreen membranes (Du Pont-New England Nuclear),
which were fixed by baking at 80 °C for 2 h. Prehybridization (42 °C,
6 h) and hybridization (42 °C, 18 h) were carried out in the presence
of 10% dextran sulfate and 50% deionized formamide. 0.5 ug of the
probe was labeled (100-200 xCi/ug) by nick translation. Membranes
were washed as indicated in the GeneScreen manual (eliminating the
first low stringency wash) at 65 °C for 30 min in 2 X SSC, 0.1% SDS,
and at room temperature for 1 h in 0.1 X SSC, 0.1% SDS, followed
by autoradiography for 12 to 48 h at —70 °C, using an intensifying
screen.

Computer Analysis—Nucleic acid and amino acid sequences were
analyzed on a Microvax II computer at the Computer Unit of the
biological services at the Weizmann Institute, using the Sequence
Analysis Software Package (version 5.0), University of Wisconsin
Genetics Computer Group. The Wilbur and Lipman (1983) algorithm
was used for the alignment of amino acid sequences.

RESULTS

Isolation of Cytochrome P-4500lf1 cDNA—To characterize
cytochrome P-450 genes expressed in the olfactory tissue, we
screened a rat olfactory ¢cDNA library with a probe derived
from rat cytochrome P-450e (subfamily IIB2). A 375-bp Bglll
restriction fragment was isolated from a cDNA clone (No. 91)
kindly provided by Dr. G. Padmanaban (Ravishankar and
Padmanaban, 1985), and subcloned in pUCS8. This fragment
encodes amino acids 361-486, which are highly conserved
among all the cytochrome P-450 gene families (see Fig. 6).
High stringency screening revealed positive signals at a fre-
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quency of ~1/50,000. Five of the positive phage recombinants
were further purified and shown to encode the closely related
cytochrome P-450b (subfamily IIB1) by partial DNA sequence
analysis (results not shown).

To identify cDNAs for additional forms of cytochrome P-
450 we subcloned one of the above cytochrome P-450b clones
(No. 6), a 1.9-kb insert encompassing the full protein-coding
sequence. We used it to screen the same nitrocellulose filters,
but this time at a low stringency. This revealed faint signals
at a much higher frequency (~1/500) than that observed at
high stringency. Several of these clones were plaque-purified
and four of them further characterized. Two clones, No. 30
(1.89 kb) and No. 27 (~2.7 kb) were subjected to DNA
sequence analysis as shown in Figs. 1 and 2. Complete identity
in coding and noncoding regions over almost 1000 bp indicated
that they are derived from the same gene (or from very similar
genes). More than 90% of the recombinant phages that hy-
bridized only weakly with the cytochrome P-450b probe
showed strong signals with a clone No. 27 probe. This se-
quence, which appears to be highly represented in the olfac-
tory cDNA library, is termed cytochrome P-4500If1.

Intervening sequences were observed in two clones, No. 27
and No. 15. They define a cytochrome P-4500lfl exon with
its flanking intronic sequences (Fig. 3).

Tissue-specific Steady-state Levels of Cytochrome P-4500lf1
mRNA—We next asked whether cytochrome P-4500lf1 is
merely highly represented in the olfactory cDNA library or is
also tissue-specific. To compare the level of cytochrome P-
4500lf1 mRNA in different rat tissues, we first hybridized
total RNA blots with a radioactively labeled cytochrome P-
4500lf1 cDNA insert at high stringency. Cytochrome P-
4500lf1 mRNA transcripts were easily detected in the olfac-
tory epithelium but not in heart, liver, brain, lung, or intestine
(Fig. 4, A and B). Under the same hybridization conditions, a
radioactively labeled cytochrome P-450b probe (clone No. 6)
also detected cytochrome P-450b mRNA in the olfactory
epithelium (results not shown).

In order to further examine the specificity of cytochrome
P-4500lf1 expression, we decided to compare cytochrome P-
45001f1 mRNA levels in olfactory epithelium with those of
the adjacent nasal respiratory epithelium. This could not be
readily done in the rat, because of technical problems in
accurate tissue separation. Instead, we carried out such com-
parison in bovine tissue, where the two epithelial areas are
clearly demarcated. Although cytochrome P-4500lf1 ¢cDNA
probe (clone No. 27) was found to cross-hybridize with an
mRNA in the bovine olfactory epithelium, the closely related
respiratory epithelium mRNA did not show cross-reactivity
with this probe (Fig. 5).
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FiG. 1. Restriction map of cytochrome P-4500If1 cDNA.
EcoRI restriction sites in parentheses indicate the location of the
EcoRlI linker added during the cDNA library construction. Also shown
in parentheses is an EcoRI* site (CAATTG, position 1520) which has
been used in sequencing clone No. 30. Arrows describe the sequencing
strategy. The continuity through the internal EcoRI site was estab-
lished by the absence of additional EcoRI fragments by Southern
analysis.
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FiG. 2. Nucleotide and deduced
protein sequences of the rat cyto-
chrome P-4500If1. A functional poly-
adenylation signal (AATAAA) is found
~350 bp downstream from the stop co-
don; a poly(A) sequence begins 21 bp
downstream from this signal. Sequence
analysis has established that clone No.
30 begins 2 bp before the amino acid
position number 2. Clone No. 30 does
not show an initiator methionine. How-
ever, since its amino terminus already
extends beyond that of cytochromes P-
450a, b, f, and j (Fig. 6), only a few
amino-terminal residues are probably
missing. The open reading frame of 493
amino acid residues defines a polypep-
tide with a calculated minimal molecular
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AL GGAF SIFMTLCLS ST CTLTLTILTIAWEKT ERTSRGOGEKTLTPZPGCTPTTPTI
GGCACTGGGAGGGGCCTTCAGCATCTTTATGACGCTCTGCTTGTCTTGCCTGCTCATCCTGATAGCT AGCGAACCAGC, AAGCTGCCTCCGGGCCCCACACCAATA
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410 420 430 440
b PX Y FRYUPEATFJYPOQHTFTLDET QGRTPFTI KT KNSNDATFUVAFSSGKT RTITCUV
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mass of 56,576 daltons. There is a single

potential site for N-linked glycosylation 450
at Asn-206 and a potential phosphoryl-
ation site for cAMP-dependent protein 490

kinase at Ser-131.

G EALARMETLTFLYTFTSTITLQ

GATCCCAAATACTTCCGCTACCCAGAAGCTTTTTATCCTCAGCACTTCCTGGATGAACAAGGGCGCTTCAAGAAGAATGATGCCTTTGTGGCCTTTTCCTCTGGAAAGCGCATCTGTGTC 1320
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CGGTTTCGGAGAGCCCTGAATTTCTCAACCTTGGTCTCGCTGGGCAGCAAACTTACAGATGCTGTGGGT TTACATAATCTATTGACTTTGCCCTGATATTGACCAGAATGTACTCCGCAA 1800
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Fic. 3. Schematic structure of cytochrome P-4500If1 exon.
The exon structure was deduced from ¢cDNA clone No. 15 (0.7 kb).
This clone includes two regions that are absent in cytochrome P-
4500lf1, most probably intronic sequences, flanking the region shown
in capital letters, which is identical to nucleotides 494-654 of cyto-
chrome P-4500If1. The 5’ boundary of this exon is confirmed by the
sequence of clone No. 27, which shows a normally spliced cDNA
sequence from the poly(A) stretch to nucleotide 494, but includes the
same intervening sequence upstream. Lowercase nucleotide symbols
indicate acceptor and donor sites of intervening sequences (cf. Lerner
et al., 1980). Numbers in parentheses indicate the minimal length in
base pairs of the corresponding introns. The borders of the exon
shown, located at the numbered amino acid positions, are exactly
homologous (Fig. 6) to those of exon 4 in other cytochrome P-45011
family members (cf. Adesnik and Atchison, 1986).

DISCUSSION

Structural Features of Cytochrome P-4500lf1—We have de-
duced the primary structure of cytochrome P-4500l1f1 encoded
by cDNA clones isolated from a rat olfactory epithelial cDNA
library. Cytochrome P-4500lf1 shows considerable sequence
identity to other cytochrome P-450 proteins of family II (Fig.
6). Segments of high sequence similarity are found all along
the protein sequence except for positions 2-30, 195-229, and
234-258, where high variability is seen among all the cyto-
chrome P-450 proteins analyzed. Of the 181 consensus resi-
dues of the cytochrome P-450I1 family, 162 (90%) are also
found in cytochrome P-4500lf1 (marked by asterisks in Fig.
6).

Cytochrome P-4500lf1 protein is similar to other cyto-
chrome P-450 species in additional ways: 1) olfl hydropho-
bicity profile shows a striking similarity to that obtained by
averaging the profiles of representative members of the rat

cytochrome P-4501I1 family (Fig. 7). Furthermore, the profile
indicates that the first 28 amino acids of cytochrome P-
45001f1 form a very hydrophobic region. This is in accordance
with the profile of the other cytochrome P-450II proteins (Fig.
7), and with the observation that an amino-terminal hydro-
phobic region is present in all the microsomal cytochrome P-
450 enzymes and serves as an insertion and stop transfer
signal (Szczesna-Skorupa et al., 1988; Sakaguchi et al., 1987).
This region has been proposed to anchor the protein in the
membrane (Nelson and Strobel, 1988; De Lemos-Chiarandini
et al., 1987). 2) The highly conserved region (residue 430-
450), probably involved in the formation of the heme binding
pocket (Nebert and Gonzalez, 1987), contains at position 438
the cysteine bound to the fifth coordination site of the iron
atom (Poulos et al., 1986). These observations indicate that
cytochrome P-4500lf1 is a functional cytochrome P-450 mol-
ecule.

A single potential N-glycosylation site (Asn-205) is present,
but is probably fortuitous, as it is absent from all the other
cytochrome P-450 proteins. Furthermore, the region sur-
rounding this Asn residue has not been proposed to be in the
endoplasmic reticulum lumen in the membrane topology
models for cytochrome P-450 (Nelson and Strobel, 1988; De
Lemos-Chiarandini et al., 1987, see also Black and Coon,
1987) and hence is not likely to be glycosylated.

The potential site for Ser/Thr phosphorylation by cAMP-
dependent protein kinase (RRXS or RRXT) found at position
130 of cytochrome P-4500If1 is more likely to be functional,
as it occurs in all the cytochrome P-4500lf1 sequences of Fig.
6, as well as in many other cytochrome P-450 proteins (Nelson
and Strobel, 1988).

A New Cytochrome P-450II Subfamily—Alignment of cy-
tochrome P-4500lf1 with other rat microsomal cytochrome P-
450 sequences revealed 38-53% identity with the members of
family II and less than 30% identity with members of other
families (Table I), suggesting that it belongs to family II.
Since cytochrome P-4500lf1 does not show identity greater
than 53% with any other known cytochrome P-450 sequence,
it represents the first member of a new cytochrome P-450
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FiG. 4. RNA blot analysis of rat cytochrome P-4500If1
transcripts. A, left, 20 ug total RNA from rat heart (H), olfactory
epithelium (OE), liver (L), and brain (B) were blotted and hybridized
to the radioactively labeled cytochrome P-45001f1 probe (clone No.
27). Similar results were obtained with a clone No. 30 probe. The
estimated size of cytochrome P-4500lf1 mRNA is 2.0-2.2 kb. Right,
ethidium bromide staining of 18 S and 28 S rRNA provides a measure
of the quantity of undegraded RNA in the correspondingly marked
lanes. B, left, a similar comparison of cytochrome P-45001f1 hybridi-
zation of a clone No. 30 probe to total RNA from rat lung (LU),
intestine (IN), and olfactory epithelium (OE). Right, blotting of the
same lanes with a $-actin probe (Hanukoglu et al., 1983) to provide a
measure of the amount of RNA loaded.

actin

subfamily, which is designated cytochrome P-450IIG in ac-
cordance with the most recent update of the cytochrome P-
450 nomenclature (Nebert et al., 1989). The assignment of
cytochrome P-45001f1 to family II is strengthened by the
finding that the splicing positions delimiting one exon of
cytochrome P-4500lf1 (Fig. 3) are identical to those of exon 4
present in genes of subfamilies IIB, IIC, IID, IIE, but different
from genes of families I and XXI (¢f. Adesnik and Atchison,
1986; Nebert and Gonzalez, 1987).

Cytochrome P-450b in the Olfactory Epithelium—Cyto-
chrome P-450b transcripts are hardly detectable in total liver
RNA prepared from untreated rat (Affolter et al., 1986; Om-
iecinski et al., 1985). However, the hepatic gene is actively
transcribed after phenobarbital injection. The fact that we
have isolated many cytochrome P-450b ¢cDNA clones and
easily detected cytochrome P-450b mRNA in total olfactory
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Fi1G. 5. RNA blot analysis of bovine cytochrome P-4500lf1
related transcripts. 10 ug polyadenylated RNA from cow olfactory
(OE) and respiratory (RE) epithelia were hybridized as described in
Fig. 4. The size of cow cytochrome P-4500lf1 transcripts is in the
same range as the rat cytochrome P-45001f1 mRNA (~2.1 kb). Both
lanes had similar amounts of undegraded RNA, as estimated by
ethidium bromide staining, as in Fig. 44 (not shown).

RNA from untreated rats indicates either that cytochrome P-
450b gene expression is constitutively higher in the olfactory
tissue or that some environmental chemicals have served as
inducing agents.

Interestingly, we have not isolated cytochrome P-450e
¢DNA clones. Cytochrome P-450e is also phenobarbital-in-
ducible and shares 97% amino acid identity with cytochrome
P-450b (Suwa et al., 1985). Northern analyses have recently
demonstrated that cytochrome P-450e transcripts are also
absent in the lung and testes of untreated animals, whereas
cytochrome P-450b is constitutively expressed in these tissues
(Omiecinski, 1986). At present we do not know whether the
mechanism of cytochrome P-450b/e gene regulation in olfac-
tory epithelium is similar to that in other tissues.

Possible Function of Olfactory Cytochromes P-450—Qur
RNA blot analysis (Figs. 4 and 5) shows that cytochrome P-
4500If1 transcripts are olfactory-specific and conserved in at
least two mammalian species. Cytochromes P-4500lf1 and
cytochrome P-450b are good candidates for catalyzing the
modification and detoxification of inhaled xenobiotics (cf.
Dahl et al., 1982; Brittebo and Ahlman, 1984; Dahl, 1988).
The cytochrome P-450II family, which includes both cyto-
chrome P-4500lf1 and cytochrome P-450b, is the largest char-
acterized monooxygenase family, and its members are known
to catalyze the conversion of numerous hydrophobic com-
pounds. Among these are several known odorants, such as
anisole and coumarin derivatives (Dahl et al., 1982; Jenner
and Dodd, 1988). Thus, it is likely that the cytochrome P-450
species specifically expressed in olfactory epithelium catalyze
the conversion of odorants, either as a means of generating a
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db2 1 MGLLIGDDLWAVVIFTAIFL..VDLVHRHKFWTAHY....V.L.G....... DFENMPY.LY..RSR..D. SLQIAWKP. .VIN.LK..R.L..TYGE. 100
*RAKK § * § x Xk xxxx *g kX% * Kk kkx Kk * ok K ek Xhkx KF X KkRK

olfl 97 FSGRGEMPTLEK----NFQGYGLALSNGERWKILRRFSLTVLRNFGMGKRSIEERIQEEAGYLLEELHKVKGAP IDPTFYLSRTVSNVICSVVFGKRFDY 192

b 95 ..... TIAVI.P----I1.KE..VIFA...... A...... ATM.D....... Veeweaonann QC.V...R.SQ...L....LFQCITA.I...I.. .E.... 190

a 97 ciei.. QA . YNT---~-L.K...V.F.S .AN L.IAT..D..V...GV....L...... IRM.NGTC....... I...K...... S.I...E.... 192

£ 94 ..... SY.MI.N----VTK. F IVF.. .EM...TIMNF..L.I...N..D.V....QC.V...R.T..S.C..SLI.NCAPC..... IT.QONH. 189

3 97 ..... DI.VFQ-—--- EYKNK.IIFN. PT DV..... SI..DW, QGN A. ..QF V...K.T..Q.F....LIGCAPC...ADIL.N..... 191

db2 101 TAD.PLL.IYNHLGYG.KSKGVVLAPY.PE.REQ. VST..D..V..K.L.QWVT -H. CDTFA EAEH.FN.SIL..KA..... A.L.YAR..E. 200
* * * Kk Y $ F T FrEx  x % grx

olfl 193 EDQRFRSLMRMINESFVEMSMPWAQLYDMYWGVIQYFPGRHNRLYNLIEELKDF IASRVKINEASFDP SN-PRDFIDCFLIKMYQDKSDPHSEFNLRNLV 291

b 191 T.RQ.LR.LELFYRT,SLL.SFSS.VFEFFS.FLK....A.RQISKNLQ.IL.Y.GHI.ERHR.TL...A-...... TY.LR.EKE..NH.T..HHE..M 290

a 193 ..TE.L..LQ.MGOMNRFAAS.TG..... FES.MK.L..PQQQIIKVTQK.E..MIEK.RQ.HSTL. .NS-..N...S...R.- .EEKNGN...HEM.... 291

£ 190 K KEMLTF .EKV. .NLKI..S..M.VCNSFPSL.D....T.HKIARN.NYM.SYLLKKIEEHQE.L.VT.-....V.YY. . .QK.ANNIEQ..YSHE..T 289

j 192 N.RRCLR..SLF..N.YLL.T..I...NNFADYLR. L .S.RRKIMKNVS.I.QYTLEKA.EHLQ.L.INC-A..VT..L. .E.EKE.HSQEPMYTME .VS 291

db2 201 ..PF.NRML.TIK., .G.DTGFH.EVLNAIPILL.-I. . LAGKVFPKLNSFIALVDRKMLIEHKK.W..AQP...MT.A, .AE.QRA.GN.E.S..DE..R 299
Kk kK kk KRGAAKR Ak ok ok Kk ok kkkg kkk  x X » *kKK KXKKK Kkf *k * % * k% *k * X

olfl 292 LTTINLFFAGTETVSS'ILRYGE‘LLLMKYPEVEAKIHEEINQVIGTHRTPRVDDRAMYTDAVIHEIQRLTDIV'PLGVPHNVIRDTB.FRGYFLPKGTDVY 391

b 291 ISL.S........ S.Tevennasn ML...H.AE.VQK..D....S..L.TL...S...uieuccncans FS.L..I....R.TK..M....L...N.E.. 390

a 292 M...S..... = H D....V....E ..RN.Q.QYE.HM ..... Q...N....FSNLA. I RRI RKN.T...F....A...F 391

f 290 CsIMD.IG..... M.T....AL..ML...H.T..VQ. .R..5.CMQ..KH...... M...V..FINF.. TN'L .A.TC.IK..N. LI....K L 389

j 292 V.LAD........ T.Te.... L.I...... I.E.L. DR .PS.V.A.R..LD...M...V..... FINL..SNL..EAT...V.Q..VI....V.I 391

db2 300 .VVID..M..MV.T.T..SWAL..MILH.D. QRRV.. .DE...QVLR.EMA.Q.R..L.N..... v. .FA....‘I’NI..HTS..IK.Q.FLI....TLI 399

* * kkkk Kk k% Frrk kXX T AkFrRAKEAKXX Kk kXX % * *% # *% **x * X

olfl 392 PLIGSVLNJPKYFRYPEAFYPQEFLDEQGRFKKNDAFVAFSSGKRICVGEALARMELFLYFTSILQRFSLRSLVPPADIDIAHKISGFGNIPPTYELCFMAR 493

b 391 .ILS.A.H..Q..DH.DS.N.E....AN.AL..SE..MP..T..... L..GI..N....F..T...N..VS.HLA.K...LTP.E..I.K..... QI. 492

a 392 .IL..LMT...F.PS.KD.D. N .DK.QL...A..LP..T...F.L.DG..K..... LL.T...N.RFKFPMKLE. NESP PL..TR.I.K. TMS PI 493

£ 390 TSLT...B.S.E.PN..M.D.G....GN.N...S Y.LP..A <AL ..G..., N.N.K...H.K...TMPVLN. .ASI.....Q...IPS 491

j 392 .TLD.L.Y.SHE.PD..K.K.E...N.N.K..YS.Y.K...A...V....G. H.N.K...D.K...LSPVTV. .+.QFK..VIP.S 494

db2 400 .NLS....EETVWREK.LR.H.E....A..N.V.HE..MP..A.R.A, L..P... F-. VLAGRPRPST GVYALPVT QP.Q..AVAREQGL 504

Fic. 6. Alignment of cytochrome P-4500If1 with representative rat cytochrome P-450I1 protein
sequences. b, cytochrome P-450b, subfamily IIB; a, cytochrome P-450a, subfamily IIA; f, cytochrome P-450f,
subfamily IIC; j, cytochrome P-450j, subfamily IIE; db2, cytochrome P-450db2, subfamily IID (sequence information
is from Nelson and Strobel, 1988). A dot shows identity to the amino acid in cytochrome P-4500lf1. Positions at

which four or all five of the non cytochrome P-4500lf1 sequences are identical are marked on top:

* agreement of

cytochrome P-4500lf1 with this consensus; #, deviation of olfl from the consensus. The functional Cys-438 is
marked with a bar above the asterisk. The position of the cytochrome P-450e probe used for library screening is
marked by a line (positions 362-487). The percent identity between cytochrome P-4500lf1 and the other proteins

is shown in Table I.

more active stimulus or as a means of turning off the olfactory
signal so that new stimuli can be received (cf. Dahl et al.,
1982; Brittebo and Ahlman, 1984; Margolis, 1987; Dahl, 1988;
Lancet et al., 1988). In this, olfactory cytochrome P-450 may
complement the proposed function of odorant binding pro-
teins (Snyder et al., 1988).

It has been reported that olfactory epithelium contains high
and tissue-specific cytochrome P-450-dependent enzymatic
activities, e.g. 7-ethoxycoumarin deethylase and hexobarbi-
tone oxidase (Reed et al., 1986). We propose that cytochrome
P-4500lf1 protein may be related to such activities, as it is
also highly and specifically expressed in the olfactory epithe-
lium. Additional cytochrome P-450 species are probably pre-
sent in the olfactory epithelium, to accommodate the broad
spectrum of odorants. Cytochrome P-4500lfl ¢cDNA could
serve as a useful probe to identify such enzymes.

Tissue Expression of Cytochrome P-4500lf1—A central find-
ing of the present report is that cytochrome P-4500lf1 is
expressed in olfactory epithelium, but not in several control
tissues. This comparison relates only to uninduced levels, and
possible induction by various chemicals in olfactory epithe-
lium and other tissues is currently under study. The absence
of cytochrome P-4500If1 in the anatomically adjacent respi-
ratory epithelium is particularly notable, since both nasal
epithelia are exposed to a very similar chemical environment
during inhalation. A possible explanation is that odorant
receptors, which appear to be coupled to stimulatory GTP-
binding protein and adenylate cyclase (cf. Lancet, 1986; Lan-

cet and Pace, 1987; Snyder et al., 1988), may bind and con-
centrate odorants in olfactory, but not in respiratory epithe-
lium. This would necessitate a tissue-specific odorant modi-
fication and clearance mechanism.

At present, the cellular localization of cytochrome P-45001f1
within the olfactory epithelium or subepithelium is unknown.
Previously, cytochrome P-450 enzymes were shown to be
present in the epithelial supporting cells and in the subepi-
thelial Bowman’s glands (Voigt et al.,, 1985; Morgan, 1988).
Morgan (1988) has proposed on the basis of cytochrome P-
450 reductase distribution in the olfactory epithelium that the
sensory neurons may have their own subtypes of the enzyme.
The presence of cytochrome P-4500lf1 in any of these cellular
sites remains to be investigated.

An interesting subject for future studies would be the con-
trol of cytochrome P-4500lf1 expression in olfactory epithe-
lium. Previous studies have shown that cytochrome P-450-
dependent enzymatic activities and cytochrome P-450-related
epitopes are not readily induced in this tissue by classical
modulators such as phenobarbital and 3-methylcholanthrene
(Bond, 1983; Foster et al., 1986). It is possible that olfactory
cytochrome P-450 enzymes are strictly constitutive. Alterna-
tively, they may be induced by as yet unknown chemicals,
including odorants. Such induction experiments could also
help establish the substrate specificity of cytochrome P-
4500l1f1 and shed light on its possible function.
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F16. 7. Hydrophobicity profile. Comparison of the hydropho-
bicity profile of cytochrome P-4500If1 (bottom) with an average profile
(top) of the five rat cytochrome P-450I1 sequences of Fig. 6. The
normalized scale of Eisenberg et al. (1984) was used with a 21-residue
“window.” The dotted line indicates a minimal cutoff hydrophobicity
value of +0.42 proposed by Eisenberg et al. (1984) for predicting
membrane spanning segments. The four extra residues of cytochrome
P-450db2 at positions 113-117 (Fig. 6) are not included in the
analysis.

TABLE I

Percent identity between the amino acid sequence of protein olf1
(subfamily IIG) and rat cytochrome P-450 proteins derived
from four gene families (I, I1, III, IV)

Protein sequence references from Nebert et al. (1989).

Trivial . R

name Family Subfamily %
c I A 30
a II A 51
b II B 53
f 11 C 49
db2 I D 38
j I E 49
P 111 A 22
LAw v A 21
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