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Odorant detection is specifically mediated via receptor
neurons in the olfactory mucosa but is a complex process
involving a number of different cell types producing
proteins of differing function. We have used the technique
of subtractive hybridization cDNA cloning to identify
novel genes expressed exclusively in the olfactory mucosa
which may play a role in olfaction. Ten distinct groups
of cDNA clones were identified which corresponded to
mRNA transcripts highly expressed in rat olfactory
mucosa but undetectable in thymus, kidney, lung, brain,
spleen and liver. Some of these clones identify sub-
structures in the mucosal tissue for which no other probes
are currently available. Others identify novel mRNA
species in the Bowman's glands. The predicted proteins
for three of these clones are homologous to proteins which
bind to either lipopolysaccharides (RYA3 and RY2G5)
or to polychlorinated biphenyls (RYD5). In addition,
while RYA3 and RY2G5 are highly homologous, they
appear to be expressed in different parts of the mucosal
tissue. The sequence homologies and subanatomical
location of expression suggest that these proteins might
interact with odorants before or after specific recognition
by odorant receptors. Therefore, the olfactory mucosa
may possess diverse, functionally-distinct odorant-binding
proteins which recognize and bind separate classes of
odorants.
Key words: lipopolysaccharide-binding protein/neutrophil
bactericidal protein/odorant-binding protein/olfaction/sub-
traction

Introduction
The vertebrate olfactory system is a highly sensitive system
capable of detecting and discriminating a large number of
odorant molecules (Lancet, 1986). Comparatively little is
understood of the molecular mechanisms by which a variety
of odorants are recognized and processed by the olfactory
neurons. Accumulated evidence suggests that odorant
transduction occurs via an adenylyl cyclase cascade mediated
by a G protein. The olfactory receptor neurons possess
unique forms of a Gay subunit termed Golf,, (Jones and Reed,
1989), adenylyl cyclase (Bakalyar and Reed, 1990) and a
cAMP-gated ion channel (Dhallen et al., 1990; Ludwig
et al., 1990). In addition, a novel multigene family of G
protein-coupled receptors has recently been identified which
may encode the odorant receptor molecules (Buck and Axel,

1991). These predicted proteins are highly diverse, a
prerequisite for the identification of a wide variety of odorant
molecules.
Although this potential class of specific odorant receptors

has now been identified, other odorant-binding proteins were
previously shown to be present in olfactory mucosa
preparations. For example, odorant binding protein (OBP),
identified in rat, frog and bovine nasal glands (Lee et al.,
1987; Pevsner et al., 1986, 1988a), is most likely secreted
and binds odorants without apparent specificity (Pevsner
et al., 1990). Nonetheless, the recent identification of diverse
odorant-binding proteins in Lepidoptera (Vogt et al., 1991)
and a homologue of rat OBP, term OBPII (T.N.Dear,
K.Campbell and T.H.Rabbitts, submitted for publication),
show that distinct odorant-binding proteins co-exist.
Therefore, these odorant-binding proteins may exhibit some
degree of odorant-discriminating ability and may act as
carrier molecules, transporting odorants across the mucus
layer to access the receptor sites (Pevsner et al., 1986).

Using the technique of subtractive hybridization, we have
isolated cDNA clones which identify structures within the
olfactory mucosa for which no other probes are currently
available. In addition, we have identified three novel genes
exclusively expressed in the olfactory mucosa, the predicted
proteins of which are homologous to a variety of ligand-
binding proteins. These proteins appear secretory in nature
suggesting that they may be involved in binding small
hydrophobic odorants in the mucus layer. Therefore the
olfactory mucosa may possess a diverse collection of
odorant-binding proteins, each of which is capable of
recognizing and binding specific classes of odorants.

Results
Identification of olfactory mucosa-specific mRNAs
In order to identify mRNAs that are selectively expressed
in the olfactory mucosa (OM), we constructed a cDNA
library enriched for OM-specific sequences by hybridizing
OM cDNA with excess Rat-2 fibroblast poly(A)+ RNA,
resulting in a final enrichment of 9.9-fold. This value was
confirmed by comparative screening of the difference and
a complete OM cDNA library with OMP and Golf, probes
(data not shown). After cloning into Xgt10, the enriched
library contained 8 x 106 independent clones with insert
sizes ranging from 0.15-1.0 kb in length (average =
0.44 kb). Approximately 28 000 clones were screened by
differential hybridization to 32P-labelled OM and Rat-2
cDNAs. Two types of clones were analysed; those
hybridizing exclusively to OM cDNA and those clones
representing low abundance species in OM cDNA as
suggested by their inability to hybridize with either of the
32P-labelled cDNAs. After two further rounds of rescreen-
ing, 372 clones were obtained of which 282 gave a hybridiza-
tion signal with OM [32P]cDNA while 90 did not give a
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Table I. OM-specific cDNA clones isolated via subtractive hybridization

Clone Number of isolatesa RNAb (size in kb) Relative abundancec Sublocalization in olfactory mucosa

RYA9d 7 2.2 9.7 olfactory neurons
RYA3 5 2.0 7.1 subepithelial layer
RYD5 54 0.6 6.3 Bowman's glands
RYF3 27 2.2 5.1 lateral nasal gland
RYH2 1 0.6 2.8 n.d.e
RY2D1f 4 1.3 2.5 Bowman's glands
RY2G12f 5 0.9 2.5 lateral nasal gland
RY2G5 1 2.0, 1.7 2.1 Bowman's glands
Go fat n.a.e 3.5, 2.7 1 olfactory neurons
RY2G7 4 1.1, 0.5 0.7 n.d.
RY2E10 2 0.6 <0.OIh n.d.

acDNA clones were grouped together on the basis of cross-hybridization at high stringency or by sequence analysis of full-length cDNA clones.
bAs determined by Northern blot analysis.
cEstimate based on the number of positive signals obtained by screening S x I05 clones of an OM cDNA library in XgtlO. Levels are relative to
Golfa.
dThis cDNA has complete identity with the nucleotide sequence of rat OMP cDNA (Rogers et al., 1987).
en.d., not determined; n.a., not applicable.
fDetailed characterization of these clones is reported elsewhere (T.N.Dear, K.Campbell and T.H.Rabbits, submitted for publication).
gThis G0 protein subunit is reported to be olfactory neuron-specific (Jones and Reed, 1989). It was not detected in the differential library screening
but is included as a reference standard.
hNo positive signals were observed in two independent screenings of an OM cDNA library.

hybridization signal with either cDNA. Cross-hybridization
at high stringency and, in some cases, DNA sequence
analysis, resolved the 372 clones into 79 separate groups,
of which 19 came from the 282 OM cDNA-positive clones.
An individual member from each group was used to screen
a panel of total RNAs from rat tissues and the cell lines
Rat-2, SNIF-12,11 and 6 (Coon et al., 1989) by Northern
hybridization analysis. Of the 19 OM cDNA-positive groups,
10 were designated OM-specific based on their ability to
detect mRNA species exclusively in the OM while seven
groups also exhibited a low level of expression in lung tissue
and two groups also exhibited expression in brain, spleen,
liver, lung and kidney. Of the 60 groups corresponding to
OM and Rat-2 cDNA-negative clones, 10 groups were
expressed in all tissues and cell lines while 50 groups did
not reveal any expression in the tissues or cell lines
examined. These latter groups of clones were not examined
further and, consequently, their origin remains uncertain.
The 10 groups specific for OM are listed in Table I along

with the sizes of the corresponding mRNAs. The relative
abundance of each clone within an OM cDNA library is also
shown. One of these clones (RYA9) corresponded to the
previously identified gene for olfactory marker protein
(OMP) (Rogers et al., 1987). Four of these clones, RYA3,
RYF3, RY2G5 and RYDS were characterized in detail.
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mRNA expression analysis
The tissue distribution of mRNAs hybridizing to the RYA3,
RYF3, RY2G5 and RYD5 cDNAs is shown in Figure 1.
The RYA3, RYF3 and RYD5 cDNA clones detect
transcripts of approximately 2.0, 2.2 and 0.6 kb respectively
in Northern blots of OM total RNA. The RY2G5 cDNA
clone detects two transcripts of 2.0 and 1.7 kb. There was
no detectable expression for any of these mRNAs in rat
thymus, lung, brain, liver, kidney and spleen. In addition
there was no expression observed in the neuronal cell lines
SNIF-12,11 and 6 (Coon et al., 1989), nor in the trans-
formed fibroblast cell line Rat-2 (which was used as the
source of competitor RNA for subtraction).

Precise sublocalization of the various mRNAs, within the
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Fig. 1. Expression of RYA3, RYF3, RY2G5 and RYD5 mRNAs.
Total RNA (10 ug) was separated by electrophoresis and blotted as
described. The filter was sequentially hybridized to 32P-labelled RYA3,
RYF3, RY2G5, RYD5, OMP and actin cDNA probes. Origin of
RNA samples is indicated above each lane. Positions of 28S and 18S
rRNA size markers are indicated.

olfactory mucosa, was achieved using in situ hybridization.
Anatomical identity within the mucosa was defined by
thionine-staining (Figure 2H) in association with in situ
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Fig. 2. Tissue localization of RYA3, RYF3, RY2G5 and RYD5 mRNAs. Coronal sections of Fischer rat olfactory epithelium were hybridized to
35S-labelled antisense cDNA probes followed by exposure to autoradiographic emulsion and counterstaining with thionine. The septum(s) is indicated.
Hybridization with 35S-labelled sense cDNA did not reveal any specific signal (data not shown). Bar represents 1 mm. (A) Hybridization of OMP
DNA. Signal is specific to the upper layers of the neuroepithelium. (B) Hybridization of RYA3 cDNA. Arrowheads indicate location of hybridization
signal. (C) A lOx magnification of the boxed region in C. (D) Hybridization of RY2G5 cDNA. (E) Hybridization of RYD5 cDNA. (F)
Hybridization of cytochrome P-450o1fl cDNA. D, E and F show a punctate pattern of expression in the subepithelial layer, characteristic of the
Bowman's glands. (G) Hybridization of RYF3 cDNA. (H) Thionine-stained section equivalent to that shown in Figure 2G. Arrowheads indicate
glands in which RYF3 mRNA is expressed.

hybridization of DNA probes corresponding to OMP
(Figure 2A; see also Boehm et al., 1991) and cytochrome
P-450olfl (Figure 2F). OMP is specifically expressed in the
olfactory receptor neurons within the nasal mucosa and
hybridization is limited to the upper layers of the
neuroepithelium (Danciger et al., 1989) while cytochrome
P-450o1fl expression is restricted to the Bowman's glands
in the subepithelial layer (Zupko et al., 1991). RYD5 and
RY2G5 mRNA expression appears to be restricted to the
Bowman's glands based on the punctate pattern of hybridiza-
tion in the subepithelial layer, similar to that of a cytochrome

P-450o1f 1 probe (Figure 2D - F). RYA3 expression is
restricted to a population of cells in the subepithelial layer
present only at the base of the mucosa (Figure 2B,C). RYF3
mRNA is restricted to lateral nasal glands at the base of the
nose (Figure 2G).

Nucleotide sequence analysis
The cDNA clones obtained in the PCR-based subtraction
method used tended to be rather small, certainly less than
the full size predicted from the Northern hybridization.
Longer cDNA sequences were obtained by screening of a
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RYA3

r g w q e a g n p p t e q e e q a 1v q I'M M P G V Y A L L'9
GAGAGGCTGGCAGGAGGCTGGGAACCCACCTACAGAGCAGGAGGAACAGGCTGGCGTGCAGCTGATGATGCCGGGTGTGTACGCCCTGCT 90

IL L W C L A T P C L G L L E T V G T L A R I D K D E L G K A39
TCTGCTCTGGGGCCTGGCCACGCCGTGTCTGGGGCTGCTTGAGACTGTGGGCACGCTTGCTCGGATTGACAAAGATGAGCTGGGCAAAGC 1S0

I Q N S L V G G P I L AN V L G T V T S V N CG L L G A G G69
CATCCAGAACTCCCTAGTTGGGGGTCCCATTCTGCAAAATGTGCTGGGGACCGTGACATCAGTGAACCAGGGTCTCCTGGGCGCAGGAGG 270

L L G G G G L L S Y G G L F S L V E E L S G L K I E E L T L 99
GCTGCTCGGAGGTGGTGGACTGCTGAGCTACGGTGGCCTCTTTACTCTTGTCGAGGAACTCTCTGGGTTGAAGATAGAGGAACTAACCTT 360

P T V S I K L L P C V G V Q L S L H T K V S L H G S G P L V129
GCCCACCGTGTCAATCAAGCTGCTGCCGGGGGTTGGGCTGCAGCTGACCCTGCACACCAAGGTTAGCCTGCATGGCTCCGGTCCCCTGGT 450

G L L C L A A C V A V S V K V A L G M S P R G T P I L I L K 159
GGGCCCCCTGCAGCTGGCCCCAGAGGTGAATGTGTCTTCGAAAGTGGCACTGGGCATGAGCCCTCGGGGGACACCCATCCTTATCCTTAA 540

R C N T L L G H I S L T S G L L P T P I F G L V K C T L C K 189
GCGCTGCAACACGCTCTTGGGCCACATCAGCCTGACGTCAGGGCTGCTGCCCACACCAATCTTTGGGCTTGTGGAACAGACACTGTGCAA 630

V L P G L L C P V V D S V L S V V N E L L G A T L S L V P L 219
GGTGCTGCCTGGACTGCTGTGCCCTGTGGTAGACAGTGTGCTGAGCGTGGTGAATGAGCTCTTACGAGCCTACGCTCAGCCTCGTACCCC T 72 0

G P L G S V E F T L A T L P L I S N Q Y I E L D I N P V K 249
TGGGCCTCTGGGGTCTGTGGAGTTCACTCTGCCCACACTGCCCCTAATCTCCAACCAGTACATTGAGTTGGATATAAATCCCATCGTGAA 8 10

S I A G D V I D F P K P R L P V K M P P K E D H T S C V T V 279
GAGCATAGCTGGTGATGTCATTCATTTCCCCAAGCCACGCCTCCCAGTCAAGATGCCCCCCAAAGAGGACCACACCTCCCAACTCACTGT 900

P L Y L F N T V F G L L C T N G A L D L D I T P E M V P R N 309
CCCACTCTACCTCTTCAACACTGTGTTTGGGCTCCTGCAAACCAATGGTGCCCTTGACCTCGACATCACCCCTCAGATGGTTCCCAGAAA 990

I P L T T T D L A A L A P E A L G K L P P C C H L L L S L R 339
TATCCCGCTGACAACTACTGACCTGGCAGCTTTGGCCCCTGAGGCCCTGGGGAAGCTGCCCCCTGGTCAGCACCTCCTGCTCTCGCTGCG 1 08C

V M K S P M I L L Q N K K V T V S I P V T I H V L S S V P Q 369
GGTAATGAAGTCACCCATGATCCTGCTGCAGAACAAGAAGGTCACAGTCTCTATCCCAGTCACCATCCACGTGCTGTCTTCTGTCCCTCA ! 7C

C T P V A L F C M N G V M T L N A H L V P S T T K L H S L 399
ACCAACTCCTGTAGCTCTTTTCCAGATGAATGGAGTCATGACTCTAAA.GCCCACCTGGTTCCATCCACCACCAAGCTGCACATATCTCT 1260

S L E R L T V C L A S S F S C P F D A S R L E E W L S C S V 429
CTCCTTCGAACGCTTGACTGTCCAGCTGGCCCTCCTCCTTTTCCCAACCTTTTGACGCATCCCGTCTAGAAGAATGGCTCAGTGATGTGGT 1350

R A A Y M C K L N E H L E V G I P L P K I L N V N F A N S V459
CCGGGCTGCCTACATGCAGAAGCTCAATGAACACCTGCAGGTTGCAATACCTCTGCCTAAAATCCTCAACGTCAACTTTGCCAATTCAGT 1440

V D V I E N A V V L T V A P 473
ACTGGATCTCATTGAGAATGCGGTCGTGCTCACAGTGGCTCCATGAGGCACTATCACTGCAGCTCTTCCTCTTCAC.AAGAGTCCTATCT 1530
CTCTGCCCGCTCTGCCTCAGTTTCCCTCCCACCATGCATTGGTCGCAGTATAACTACTCCTCTCCCACCCAGGCCCACCTTGCCCTCTGT 1620
TCCTGTGATTATGAC-GTTTCGGGATCCGGTTGACTGCACACCCACAGATCTGCTTCAGAAAGCACACAGCACCTTGCTTCAGCCCAGCC 171
TCAATAAACTGACCCTTGGTCTT 0733

RY2 G5

R L H R R E L R P C E I P A G V A T G A L G P G G L L G T G 30
AGGCTCCACCGGCGCGAACTGAGGCCTGGAGAGATCCCAGCTGGTGTGGCCACTGGAGCACTGGGCCCCGGAGGCCTGCTGGGCACTGGG 90

C I L A N E G I L A G C G G L L G C C C L L C D G C L L C G 60
GGCATACTTGCAAACGAAGGCATTCTGGCAGCCCAAGGGGGCCTTCTTGGAGGAGGCGGTCTTCTTGGAGATCGAGGACTTCTCCGACCA 180

G G V L G V L C E G G I L S T V C G I T G L R I V E L T L P 90
GGTGGTGTGCTCGGTCTGCTGGGTGAAGGAGGTATCCTCAGCACCGTCCAACGCATCACTGCGTTGCGCATCGTGGAACTTACCCTTCCC 270

R V S V R L L P G V G V Y L S L Y T R V A I N G K S L I G F 120
CGGGTGTCTGTGAGACTCCTGCCCGGTGTGGGTGTCTAOCTCAGCTTGTACACTCGTGTGGCCATCAATGGAAAGAGCCTCATTGGCTTC 360

L D I A V E V AN I T| A K V R L T M D R T G Y P R L V E R C 150
CTGGATATTGCAGTGGAGGTTAACATCACCGCCAAAGTTCGGCTGACCATGGACCGCCCACGGCTACCCGCGGCTCGTCATTGAGCGCTGT 450

D T L L G G I K V K L L R C L L P N L V D N L V N R V L A N 180
CACACCCTCCTGGGAGGCATCAAAGTCAAGCTGCTTCGGGCGCTTCTCCCCAACCTGGTGGATAACTTAGTGAACCCAGTGCTGGCCAAC 540

V L P D L L C P I V D V V L G L V N D C L G L V D S L V P L 210
GTACTCCCTGACCTGCTCTGTCCCATTGTGGATCTGGTTTTGGGTCTTGTCAATOACCAGCTGGGTCTCGTGGACTCTTTGGTGCCTCTC 630

G I L C S V Q Y T F S S L P L V T G E F L F L D L N T L V C 240
GGAATACTTGGGAGTGTGCAATACACTTTCTCCAGCCTCCCACTCGTGACCGGGGAGTTCCTTGAGTTGGACCTTAATACTCTAGTTGGG 720

E A G C D L I D Y P L G R P A M L P R P Q M P E L P P M C D 270
GAGCCACGAGGTGACCTCATTGACTACCcCCTGGGCCGGCCAGCTATGTTGCCCAGGCCACAGATGCCAGAACTACCCCCCATGGGCGAC 810

N T N S Q L A I S A N F 1. S S v L T M L Q K C G A L, D I D 300
AACACCAACTCCCAGCTGGCCATCTCGGCCAATTTCCTGAGCTCGGTGCTGACCATGCTG,CAGAAGCAAGGTGCATTGGACATAGACATC 900

T D C M F E D L P P L T T S T L G A L I P K V F Q Q Y P E S 330
ACTGATGGCATCTTTGAAGATCTCCCTCCACTTACCACTTCCACATTGGGGGCCTTGATTCCCAAGGTGTTCCAGCAATACCCTGAGTCC 990

R P L T I R I C V P N P P T V T L Q K D K A L V K V F A T S 360
CGCCCACTCACCATCAGGATCCAGGTGCCCAACCCCCCAACTGTGACCCTSCAGAAGGACAAGGCACTGGTGAAGGTGTTTGCCACCTCT 1080

E V V V S Q P N D V E T T C 1, I D V D T D L L A S F s V E 390
GAAGTTGTCGTCCCTCAccA ATGTGGAGAccAccAACTGCCTCATCGATGTGcACACAGACcTCTTGGCTTCATTTTCTGTGGAA 1030

G D K L M I D A K L D K T S L N 1. R T S N V G N F D V F L 420
GGGCATAACCTCACCTCCGATCCCAAGCTCGATAACACCAGCCTCAACCTCAGAACCTCAAACGTGCGCAACTTTGACGTGTTCATCTTG 1262

E M L V E K ! F D L A F M P A M N A L G s G V P L P K L 450
GAAATGTTGGTTGAGAACATCTTTGACCTAGCGTTTATGCCCGCAATGAATGCTATACTGGGTTCTGGAGTCCCTCTGCCCAAAATCCTC 1350

N I D F S N A D I D V L E D L L V L S T * 470
AACATTGACTTCACCAACGCCGACATCGACGTGTTGGAGGACCTTCTGGTGCTGAGCACATGAGTGACAGAGGTAGACAACGTGAGAAGA 144 C
AGTCAACCAGCTTCACCCAGGATTGTCCTGGACACCGGCCTGGTCCCAAGTC TCTTCASCCTTCACCACAGGTCCCCTCCCACCCTCCCA 15S3 0
CCCTTTCCTCCTCCTCCCCTCACCCTGGGAAACGATCCAGCCACTCCCCATTGGCCAACAATGCCATGCTCAGGACAGCCTGGGGCACTGA 162 0
GATCTTGTGCTTTCAIAAAACATTTCACTTTCCCTGCATTCGGGGTGTTTCCATGAAGGATCCTCCTGGGGCCTAGCATTTCCCTCCCT 1710
CCTTGTCTCTGTCTTGGAAACAGGCACTGGATGACACACTGAGGGCCTGCAAGGVAGCGGTGGGGTGGGGGTAGGGATGGTGACTTGGAT 1800
TCAGCTTTAGTGCTTTCTTCTCCACTCACTTTSGTGCATTCTCTTGCCTCAGTTTCCCCCACCAATGTTGAGTGGACAGAGGAGGCCTGG 1890
ACTCAGG 189 7

RYF 3

e q k q q q e k q I k t k p s t r s k v s a t k m

GACCAGAAGCAACACCAGGAGAAGCAGCTTCTGAAGACAAAACCTTCAACAAGGACCAAGGTTTCAGCCACAAAGATGTGGGTTCTCCAG 90

a1 M L S I 0 A G V L D L V E V P P V V R S L P V A L P 26

GCCTTGGCCATCATGTTGAGCATCCAAGCAGGAGTACTTGACCTGGTGGAAGTGCCCCCCCGTGGTGCGCACTCTTCCTGTTGCTCTTCCT 080

A P V N L P A V L P C S P C L N D P A K N R M L P P K R P C 56

GCTCCGGTCAATCTCCCTGCACTTCTCCCAGGTTCTCCAGCCCTCAATGATCCACCCAAAAATCGCATGCTACCTCCCAAAAGGCCTGCA 270

A P S R C C K C A P A A R Y F L S S D K L 0 A Y L L S I L P 86
GCTCCTTCCACAGGTCGAAAGTGTGCACCTGCACCCAGATACTTCCTCTCCAGTCACAAACTCCAGGCCTACCTCCTGAGCATACTGCCC 360

P C I E D M V K C D K V N M E G V L G D I L A T M Q D S N :. 106
CCACAGATTGAGGACATCGTCAAGTGTGATAAACTTAACATGCAAGCCCTGCTTGCGGATATCTTAGCCACGATGCAGGACTCTAACCTC 450

L S I L D T S L L C G C G G L G L G C L L G K E C N E 0 P :46
CTCTCCATCTTAGATATCACTTCCCTCCTGCAAGGGGGAGGACGGCTTGGCCTTCGTCGACTCCTAGCCAAAGAAGCTAATGAGGATCCC 54C

S K P S S G S K A T G C L G L L P E G L P G K E G L G G '. 076
TCAAACCCCTCATCAGGATCCAAGCCCACTGGTGGCCTTGGCCACCTACTCCCACAGGGCCTCCCAGGCAAGGAACCCCTCGGCGGCTTA 630

L N L G C C K G S C K C L 0L N C D G L S N V V K P L D D V 2C6
CTAAACCTTGGTGCGAGGCAAAGGCTCTGGAAAAGCACTCCTCAATGGGGATCGGCTCTCCAATGTCGTGAACCCTCTGGATCACATACTT 720

E N V D S L K A A V C D K V K S V V P E N K D P F S D L L 236

GAAAATGTGGACAGTCTCAATGCCTGTTCAGGACAAAGTGAAGAGTGTGGTCCCAGAAAACATCAAGOATCCATTTTCAGATCTGCTC 80C

N M D Q E T M 0. K L K V K S V K V C S T D N M G A 0 G 266

AACATGGATATCCAAGAAACTATGCTCAAATTAAAGGTGAAACAAGTAAAAGTCGGCAGCACCGATA'AAACATGGCAGCTGAT-GD ATC 95C

K V L S E V T A D V E G E C L L C P V F - L L C F C S V M D 296

AAAGTTCTCTCCGAAGTTACTGCCGACGTAGAAGGAGAAGGCTTGCTTGGGCCACTCTTCACCCTATTGCAGTTTCAATCTGTCATGCAT 990

V T M N A V S S AN Q C V N L D V Q D T H M H V K E M N 326
GTAACAATGAACATTGCTGTTTCCTCCAACAACACCCAGTGCGTCAACCTTGATGTCCAAGACACCCACATGCATGTCAAGGAAATGAAC 1080

I 0 0. L Q T V T E T V P L P T S L P L N D I ' P V L 0 A K 356
ATCCAGTTACTACAGACTGTCACAGAAACTGTTCCTCTCCCTACGTCTCTGCCCTTGAATOACATCATCCCAATAGTGCTCACACCAAAA 000C

M N E N L E K S D S C G I V L S D F N D C K C L F G Y 386
ATGAATGVAAATC0OCAAAAATCCOACTCTTGTGGTATCGTCCTCAVTCACTTTCVOACTCCAAGAACACTACTGGCTTATTCGGTTAC 1260

S V H T A R S P K G L S I D Y C V K A N D N K VV P V P 006
CAAGTTCACACTGCCACCATCTCTCCCAAAGGACTTCCVTCCGACTACTGCGTTAAACCCAATATAGACAACAAAACAGTACCCGTGCCT0 35C

C G R L P P D P K N A N V S T T C L L S T E D T C E R C 446
GGAGGTCGGCTGCCTCCAGATCCCAAAAACGCCAACGTCTCCATAACCACTTGCCTCCTCACCACTCAGGACACTTGTGAAATACGTGGC 1440

Q T E L C S D E 454
CAAACAGACCTCTGTTCAGATCAATGACCTGGAAGCACAAATCACCTATATAGCCTTTGCCCCCCAGGAAAACAATATGCTCAGATTGCT 0530
GTATAAGGTTGACATAACAAAGGACAGCCAGCCCTATGCCACTGGGGAAACGAAATTATTCATCTCCCATGCCTGCAAGATTTTAAATTC 162C
TAAACTGGTACCAGACGTCAAACTCACAAGGTCTCAGCACAGTGTGGTGCCCCCTGAGACTAAGGAAGAAGTAGAACCCATTATGGCTGA 0710
AGTCACAAGGAAGGCCTGGTCCAGATTCAATGAGCTGTATAAAAAGATGAGTATTCCGGACGGAGTGTCTTCAAATACTCTAACGAACTC 800
CGATGTCAAATTGCTGAGATCAAATGACCTTCAGGCAGCAAGCTGAAGCCAGCACTACTGAACCCAAAGTACTGAACGACAGCAAAACCC 189^
CCTGCAAATTCTTCCCATGCCCCTTGCAGCCCATCCTTATGATTCATTAAACAATAGCAATGGTCTCCTGGCATGCCCAGGTCCTCTGCC : 98^
TTGAGTGACAAGGCACAACAACAGTTCAGGAAATGCCCTCTAATCAGCTCCTTAAIA CACTCCCTTCATGCAC 20750
RYD5

v v v AM K C V V A L. 1. V A L T V 0. C C G L T R A E D D N 26
GTTGTGACTGTCATCAAAGGGACCAGCGCCCTCTTC CTCTAVCCGTGCTCTGCATCTGT0GGCTGACTAGACCAGAGGATGACAAT 90

E F F M E F L Q T L V C T P F E Y E C P L G K Y N V N D 56
GAGTTTTTCATVGAATTCCTGCAAACACTCCTGGTGGCCACCCCAGAAGACCTOTATOAAGGGCCCCTGGGCAAGTACAATGTCAATGAC 080

M A K A A L T C 1. K S C D E L 0 P V Hi K E 0 L V K L L V 0 86
ATGGCCAACGCAGCGCTGACAGAGCTCAACTCCTGCATTGATCAACTGCAGCCGGTGCATAAGGACCAACTGGTCAAGCTGCTGGTGCAA 270

V 0D A Q E D 0 94
GTGCTAGATGCTCAAGAGGACACATAACCACCCCCAAACATGGCTTGACCTCTGCGAGCAATAGGACCACCCGTACACGTGGCCATGGA 360
TGTOCTAAOVACCAGTGCTTCTTCACCAGTAAT0CACCCGCG CGTTAAATCATAAATCTAATGCAGTCCA, 434

Fig. 3. Nucleotide and predicted amino acid sequences of RYA3, RYF3, RY2G5 and RYD5 cDNAs. Predicted amino acid sequences (one letter
code) are shown above the nucleotide sequence. In-frame termination codons are indicated by asterisks. Putative polyadenylation signals are
underlined and putative N-linked glycosylation sites (Winzler, 1983) are boxed. Potential hydrophobic leader sequences are indicated by brackets
above the amino acid sequence. There are two potential initiating methionine codons in the RYF3 sequence, the second of which is closer in
agreement with the consensus sequence for translation initiation (Kozak, 1987). In-frame amino acids upstream of the proposed initiating ATG
codons in the RYA3, RYF3 and RYD5 cDNA sequences are indicated with lower case letters. The origin of the two distinct transcripts for RY2G5
(Figure 1) is unknown. One possibility is alternative 3' termini as there is an internal potential polyadenylation signal at nucleotides 1635-1640.
A,, poly(A) tail.

cDNA library made from Fischer rat OM mRNA and by regions (Figure 3) which may encode signal peptides
utilizing anchored PCR (Frohman et al., 1988; Loh et al., indicative of secretory proteins (Perlman and Halvorson,
1989). The cDNA and predicted amino acid sequences are 1983). The RYA3, RYF3, RY2G5 and RYD5 cDNAs
shown in Figure 3. encode predicted proteins of 473, 454, 470 and 94 amino
A common feature is that the RYA3, RYF3 and RYD5 acids respectively. The predicted protein sequences for

predicted proteins all possess hydrophobic N-terminal RYA3, RYF3 and RYD5 continue in-frame upstream of the
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A

RYA3 MMPGVYALLLLWGLATPCLG---LLETVGTLARIDKDELGKAIQNSLVGGPILQNVLGTVTSVNQGLLGAGGLLGGGGLLSY-- 79

RY2G5 RLHRRELRPGEIPA----GVATGALGPGGLLGTGGILA--NEGILAG--QGGLLGGG--------------GLLGDGGLLGGGGVLGVLG 68

RYA3 -GGLFSLVEELSGLKIEELTLPTVSIKLLPGVGVQLSLHTKVSLHGSGPLVGLLQLAAEVNVSSKVALGMSPRGTPILILKRCNTLLG-- 166

RY2G5 EGGILSTVQGITGLRIVELTLPRVSVRLLPGVGVYLSLYTRVAINGKS-LIGFLDIAVEVNITAKVRLTMDRTGYPRLVIERCDTLLGGI 157

RYA3 HISLTSGLLPTPIFGLVEQTLCKVLPGLLCPVVDSVLSVVNELLGATLSLVPLGPLGSVEFTLATLPLISNQYIELDINPIVKSIAGDVI 256

RY2G5 KVKLLRGLLPNLVDNLVNRVLANVLPDLLCPIVDVVLGLVNDQLGLVDSLVPLGILGSVQYTFSSLPLVTGEFLELDLNTLVGEAGGDLI 247

RYA3 DFP--------KPRLPVKMPPKEDHT-SQVTVPLYLFNTVFGLLQTNGALDLDITPEMVPRNIPLTTTDLAALAPEALGKLPPGQHLLLS 337

RY2G5 DYPLGRPAMLPRPQMP-ELPPMGDNTNSQLAISANFLSSVLTMLQKQGALDIDITDGMFEDLPPLTTSTLGALIPKVFQQYPESRPLTIR 336

RYA3

RY2G5

LRVMKSPMILLQNKKVTVSIPVTIHVLSSVPQGTPVALFQMNGVMTLNAHLVPSTTKLHISLSLERLTVQLASSFSQPFDASRLEEWLSD 427

IQVPNPPTVTLQKDKALVKVFATSEVVVSQPNDVETTICLIDVDTDLLASFSVEGDKLMIDAKLDKTSLNLRTSNVGNFDVFILEMLVEK 426

RYA3 VVRAAYMQKLNEHLEVGIPLPKILNVNFANSVVDVIENAVVLTVAP

RY2G5 IFDLAFMPAMNAILGSGVPLPKILNIDFSNADIDVLEDLLVLST

B

RYA3
BPI
LBP

RYA3
BPI
LBP

RYA3
BPI
LBP

RYA3
BPI
LBP

RYA3
BPI
LBP

RYA3
BPI
LBP

473

470

VY GT LGLLETVrAl KD SL P1 Tf!JVNQGLLGAGGL LLS3 80
MRENMARGPCNA WSV~A~TAAVN P-ITVSQK --RIKIPDYSDSFKIKH~~-1 82

MGTWARALLGST~kLA3LGTNP-IT ~DK RE-EaPDSDGDFRI KHF --~-78
* * *** * * ***

LFSVEELS LIEE&rL- E e I-LPGVGVQIL&HT LHGSG LL VN KV LILKTLLG 164
WYSMDIREF L4SSQISMV4I. SISNANIKIL KR-FLQ F 4s LIC SI 7
KFYSKIPRFE eLRGT IELGQGLS ISDAYIHVRGSW K-FLI SF KGLT HL E-S TTS SDIQ 165

--MSLTSGU--TPI GL kTgGL EI&ATLS SV EF4T ISNQYIELDIN-P&K 249
SVAIHISKSKVGWLIQKK KMNSQ LQPYFQTLPVMTKIDSVAGINYGWA TTAETLDVQMKGEFYS 261
NVELDIEG-4E)LLNLLQSQIDA ESKo IEE AHLQPYTLPVTTQIDSFAGIDYS4E TAGMLDVMFKGEaP 254

* * * * *

SIAGDV p LPVKQKEFTTSVTVP GFGL LD - TDLAL GQI 337
ENHHNPPA VM--EF pAeMYLGLS NGLVY TLRDS SKFR SFFGTRF*NMMKIQIH 348
LDHRSPBL --NL AHSRMVYFSIS SNSLAYHK S[]D AvDSFRPF LANLY NMDU 341

LREt94KS+ILKKVSIP VoSSvGTPVAI MNGVI GiPPSI S S AS D 427
VSASTPgLSVwTGLeyYPAEpVQAFAVI SSLASIL IGMH¶TGSMEVSA SN G EL I PVE DIMNY 438ASTELSN TG YP G

P
L

V V43GTJJSEQLVNTENLLEEPE ADVI. SAREPV LGVATNVE&&L TGFCt <E GE I&Y 431

VfFAAYM :L ILA FiDDVLW LTVAP 473
IILVLPRE L PA L QPH LLFGADVVYK 487
YILNNLY E HR L LRHIQLYDLLLQTF LLVGANIQYRRV 482

Fig. 4. Alignment of the predicted protein sequences for RYA3 and RY2G5 with homologous proteins. (A) Alignment of RYA3 and RY2G5
proteins. Amino acids in common are indicated by double dots while single dots denote conservative amino acid substitutions. Gaps, indicated by
dashes, were introduced to maximize alignment. Conservative substitutions are classified as follows: D,E,N,Q; H,K,R; A,G,P,S,T; I,L,M,V; F,W,Y
(B) Alignment of RYA3 predicted protein with the complete amino acids sequences for human neutrophil bactericidal protein (BPI) (Gray et al.,
1989) and rabbit lipopolysaccharide-binding protein (LBP) (Schumann et al., 1990). Amino acids in common with RYA3 are boxed. Gaps, indicated
by dashes, were introduced to maximize alignment. Asterisks denote fully conserved residues.

designated start sites in Figure 3 and, consequently, it is
possible that the available nucleotide sequences do not
encompass the entire protein coding regions. This is unlikely,
however, as anchored PCR of cDNA for these transcripts
terminated strongly at the first nucleotide shown in Figure 3
suggesting that these are the first nucleotides of the mRNAs.
The RY2G5 protein coding sequence is probably incomplete
as there is no potential initiating methionine in proximity
of the 5' end of the sequence.
A computer search of the PIR and EMBL databases did

not reveal any sequences with significant homology to the
RYF3 nucleotide or predicted protein sequence. The RYA3
and RY2G5 predicted proteins are, however, related to each
other with 39.3% homology at the amino acid level
(Figure 4A), each possessing a high proportion of leucine
amino acids (19.5% and 18.1% for RYA3 and RY2G5
respectively). Both proteins demonstrate significant
homology to human neutrophil bactericidal protein (BPI)
(Gray et al., 1990) (20.0% identity in a 476 amino acid

overlap and 21.6% identity in a 407 amino acid overlap for
RYA3 and RY2G5 respectively). In addition, the RYA3,
predicted protein is also homologous to rabbit lipopoly-
saccharide-binding protein (LBP) (Schumann et al., 1990)
(20.4% identity in a 456 amino acid overlap). The alignment
of BPI and LBP with RYA3 is shown in Figure 4B. BPI
is a potent cytotoxic factor with strong affinity for lipopoly-
saccharides (Elsbach and Weiss, 1983). LBP, which is
related by homology to BPI, is a plasma protein which also
binds lipopolysaccharides (Tobias et al., 1989).
The RYD5 predicted protein sequence is homologous to

rat Clara cell secretory protein precursor (29.4% identity
in an 85 amino acid overlap) (Nordlund-Muller et al., 1990),
the human equivalent (23.5% identity in an 85 amino acid
overlap) (Singh et al., 1988), and to the Cl subunit of rat
prostatein (28.0% identity in an 82 amino acid overlap)
(Parker et al., 1982) (Figure 5). This homology may have
relevance to possible interactions with odorants because the
Clara cell secretory protein binds to polychlorinated
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RYD5 MKGSS,VF&T LTF ETFE TPEELY G RNDE iE Sol ELlPVHA AQEDT
RCSP MKI ITITVL4]L IC SSAS ICPC LQ LI LP'SDLQCjL RLE1T L QETRIN K TEK TSPLCEQDLRV

HCSP MKL TL VILALC SSASAEICPE QRVI LIM ELFSPDQDMR GA L KL'ETLQKPF(SIK EKIAQSSLCN

RP MSTVEL LLIMLAV YEAqSQIc:LV AHETIS SE EE PAV K MSNGDRLVV IFLECGVK

94
96
91
94

Fig. 5. Alignment of predicted protein sequence for RYD5 with homologous proteins. Alignment of RYD5 predicted protein with complete amino
acid sequences of rat 10 kDa Clara cell secretory protein (RCSP) (Nordlund-Muller et al., 1990), human 10 kDa Clara cell secretory protein (HCSP)
(Singh et al., 1988) and the Cl subunit of rat prostatein (RP) (Parker et al., 1982). Amino acids in common with RYD5 are boxed. Gaps, indicated
by dashes, were introduced to maximize homology. Asterisks denote fully conserved residues.

biphenyls (Nordlund-Muller et al., 1990) while prostatein
possesses steroid-binding ability (Lea et al., 1979; Forsgren
etal., 1979).

Discussion
The use of cDNA subtractive hybridization as an aid
to anatomical dissection
Subtractive hybridization cDNA cloning is a powerful
technique that has been used to identify numerous
differentially-expressed genes. Cell lines are more commonly
used in subtraction experiments as they tend to represent
homogenous populations unlike tissues which possess
heterogeneous subpopulations. The nasal tissue, for example,
consists of a variety of cell types including olfactory receptor
neurons, basal stem cells, sustentacular cells, various
mucosal glands and epithelial cells (Carr et al., 1990) which
are collectively referred to as the olfactory mucosa (OM).
Consequently, any OM-specific mRNA will be derived from
one or more of the various subpopulations.
A variety of cDNAs or proteins are available which serve

as markers for subpopulations of the neuroepithelium. OMP,
Golf,af, olfactory-specific adenylyl cyclase and an olfactory-
specific ion channel are expressed exclusively in the olfactory
receptor neurons in the olfactory mucosa (Bakalyar and
Reed, 1989; Danciger et al., 1989; Jones and Reed, 1989;
Dhallan et al., 1990). OBP and OBPII expression are
restricted to the lateral nasal gland in rats (Pevsner et al.,
1988a; T.N.Dear, K.Campbell and T.H.Rabbitts, submitted
for publication) while cytochrome P-450o1fl, cytochrome
P-450o1f2 and UGT glucuronyl transferase are restricted to
the Bowman's glands and surrounding tissue (Lazard et al.,
1991; Zupko et al., 1991). We have identified 10 distinct
cDNA clones for which the nasal epithelium is the major
site of expression. In particular, two genes, RYD5 and
RY2G5, are restricted in expression to the Bowman's glands.
Furthermore, we have identified cDNA clones which
correspond to mRNAs specific to subpopulations of the
mucosa for which no other probes are available. RYA3
corresponds to an mRNA which is highly expressed in a
population of cells in the subepithelial layer that appear to
be present only at the base of the neuroepithelium while
RYF3 mRNA is exclusively expressed in the large lateral
glands at the base of the nose. No homology was found
between the predicted RYF3 protein and known proteins and,
therefore, possible function cannot be ascertained from the
sequence. Nevertheless, the subtractive hybridization
approach described herein has provided unique molecular
markers, such as RYA3, for previously molecularly
uncharacterized substructures within the olfactory mucosa.

A possible function for RYA3, RY2G5 and RYD5
The RYA3 and RY2G5 predicted proteins exhibited
homology to neutrophil bactericidal protien (BPI) and
lipopolysaccharide-binding protein (LBP). BPI is a potent
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cytotoxic factor released from polymorphonuclear leukocytes
that directs its activity solely towards Gram-negative bacteria
(Elsbach and Weiss, 1983). The target cell specificity of BPI
is effected by its strong affinity for lipolysaccharides,
hydrophobic components of the Gram-negative bacteria
envelope. LBP, related by homology to both BPI and RYA3
is a plasma protein synthesized in hepatocytes which, like
BPI, binds to lipopolysaccharides of Gram-negative bacteria
(Schumann et al., 1990). These homologies suggest that the
RYA3 and RY2G5 proteins may bind lipophilic molecules
with some of the structural characteristics of lipopoly-
saccharides. Furthermore, the RYD5 predicted protein is
homologous to the Clara cell secretory protein which binds
polychlorinated biphenyls thereby protecting lung epithelial
cells from damage by such molecules (Nordlund-Muller
et al., 1990). In addition, there is homology of the RYD5
protein to a subunit of rat prostatein, a secretory protein in
rat prostatic fluid which binds a variety of steroids (Lea
et al., 1979; Forsgren et al., 1979). Therefore, the RYD5
protein may also bind lipophilic molecules.
The common protein homology of RYA3 and RY2G5 is

contrasted by the different sites of expression of these
mRNAs within the OM. The RY2G5 and RYD5 mRNAs
are localized to cells secreting components of the mucus layer
suggesting that the encoded proteins may be present in the
mucus bathing the chemosensory cilia of the receptor
neurons. Therefore, these proteins might function by binding
odorant molecules encountered in the mucus layer, thereby
further increasing diversity in potential odorant-binding
proteins, in addition to the previously identified OBP
(Pevsner et al., 1988b) and its homologue OBPII
(T.N.Dear, K.Campbell and T.H.Rabbitts, submitted for
publication). Alternatively, in view of the homology of
RYA3 and RY2G5 to BPI and RYD5 to a polychlorinated
biphenyl-binding protein, these proteins might serve as a
primary defence mechanism by recognizing and removing
potentially harmful odorants or pathogenic microorganisms
from the mucosa. Another possible function for such
molecules is assisting in the clearance of excess odorant from
the mucus layer to enable new odorant stimuli to be received.
The recently identified G protein-coupled receptor

multigene family expressed in OM (Buck and Axel, 1991)
may account for the specific odorant recognition potential
of the olfactory system. Some of the odorant-binding proteins
may have an ancillary function in carrying lipophilic odorants
across the hydrophilic mucus layer in order to access the
ciliary receptors. Further work will be necessary to
determine if any of the odorant-binding proteins, or potential
odorant-binding proteins, interact with the putative receptors.

Materials and methods
RNA preparation
Ten week old Fischer rats were killed and the OM was removed using
forceps. Tissue samples were stored in liquid N2 until required. Total RNA
was extracted as described previously (Cathala et al., 1983).
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cDNA subtractive hybridization and library construction
cDNA preparation and subtraction were performed as previously described
(Dear et al., 1988). cDNA reverse transcribed from OM poly(A)+ RNA
was hybridized against a 100-fold excess of Rat-2 fibroblast poly(A)+ RNA
to a corrected Rot of 1500. Hydroxylapatite chromatography of the
hybridization mixture removed 88.5% of the input cDNA. A second round
of subtraction removed 12% of the remaining cDNA. The enriched cDNA
was tailed with dATP as described by Frohman et al. (1988) and amplified
using the polymerase chain reaction with the oligomer 5'-GGAATTC-
TCGAGT17(G/C/A)-3' as previously described (Saiki et al., 1988). The
resulting double-stranded cDNA was restricted with EcoRI and cloned into
XgtlO. A total cDNA library from OM poly(A)+ RNA was constructed
in XgtlO using a cDNA cloning kit (Pharmacia, Uppsala, Sweden) according
to the manufacturers instructions. Differential screening of the enriched
cDNA library was performed as previously described (Dear et al., 1988).

Filter hybridization analysis
Northern and Southern hybridization procedures have been described (Boehm
et al., 1988). The murine OMP DNA probe was a 2.1 kb BamHI fragment
obtained from the XOMP6 genomic clone (Boehm et al., 1991). The
cytochrome P-4500ofl cDNA probe corresponds to nucleotides 443 -858
in the published sequence (Nef et al., 1989).

Sequence analysis
XgtlO cDNA clones were subcloned into the NotI site of pBluescript. DNA
sequence was determined for both strands using the dideoxy-chain termination
method with random sonicated clones (Bankier et al., 1987) and in
conjunction with sequence specific oligonucleotides. Complete cDNA
sequences were assembled using the Staden sequence assembly program
(Staden, 1990). Protein and nucleic acid alignments were made using the
FASTA algorithm (Pearson and Lipman, 1988).

In situ hybridization
Six day-old rat OM was removed, embedded in Tissue Tek (Miles
Elkhart, IN) and 20 Am sections were cut. The procedures for fixation,
probe preparation and hybridization are reported elsewhere (Boehm et al.,
1991).
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