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ABSTRACT The extracellular mucous matrix of olfactory
neuroepithelium is a highly organized structure in intimate
contact with chemosensory cilia that house the olfactory trans-
duction machinery. Here we describe the molecular cloning
and primary structure of olfactomedin, which is the major
component of this extracellular matrix. Olfactomedin is ex-
pressed exclusively in olfactory neuroepithelium and its amino
acid sequence shows no homologies to any known protein. This
olfactory tissue-specific glycoprotein contains cysteines which
form disulfide-linked polymers that constitute the primary
architecture of the olfactory extracellular matrix. By analogy
to other extracellular matrix proteins of the nervous system,
olfactomedin may influence the maintenance, growth, or dif-
ferentiation of chemosensory cilia on the apical dendrites of
olfactory neurons.

Vertebrate olfaction is mediated via dendritic cilia of olfac-
tory receptor neurons (1-4). These neurons are continuously
replaced throughout the lifespan of the animal from neuro-
genic stem cells in the base ofthe epithelium (5, 6). The axons
of newly generated olfactory neurons establish functional
connections with postsynaptic cells in the olfactory bulb of
the brain while their dendrites grow toward the nasal lumen;
when they reach the chemosensory surface they form a
dendritic knob that carries a group of chemosensory cilia.
The signals which trigger dendritic differentiation of devel-
oping olfactory neurons are unknown but most likely reside
in the mucus which lines the chemosensory surface. Al-
though the pathways of olfactory transduction have been
documented extensively (1-4, 7), little is known about the
molecular organization of the extracellular mucous matrix
which coats the chemosensory surface.

Histochemical studies with lectins (8) and electron micro-
scopic studies with antibodies (9) have demonstrated that the
olfactory mucus is a highly structured compartment. The
major glycoprotein ofthis extracellular matrix, olfactomedin,
has been purified from Rana catesbeiana (10). This 57-kDa
protein is found exclusively in olfactory tissue, where it is
produced by Bowman's glands and sustentacular cells and
deposited into the deep mucus layer. Furthermore, previous
biochemical studies have shown that olfactomedin forms
disulfide-linked polymers which adhere to and copurify with
olfactory cilia (10, 11).
To gain insights into the molecular organization of the

extracellular mucous matrix of olfactory neuroepithelium,
we investigated the primary structure of olfactomedin. Here
we report the molecular cloning ofthis olfactory glycoprotein
and its complete amino acid sequence deduced from the
nucleotide sequence of a corresponding cDNA clone. This
sequencet shows no homologies to that of any known pro-
tein. Moreover, Northern blot analysis confirms that olfac-

tomedin is expressed only in olfactory tissue. Analysis of
olfactomedin's sequence, together with previous biochemi-
cal observations, supports a structural model which indicates
that olfactomedin represents an olfactory tissue-specific ex-
tracellular matrix protein which may influence the growth
and differentiation of chemosensory cilia that house the
olfactory transduction machinery.

MATERIALS AND METHODS

Construction and Screening of an Olfactory cDNA Library
from R. catesbeiana. Bullfrogs (R. catesbeiana) were pur-
chased from Lemberger (Oshkosh, WI). RNA was extracted
from olfactory tissue according to an acid guanidinium thio-
cyanate/phenol/chloroform extraction procedure (12), and
mRNA was purified by oligo(dT) chromatography using
PolyA Quick columns from Stratagene. A cDNA library was
constructed in AZAPII, using Stratagene's ZAP-cDNA syn-
thesis kit according to the manufacturer's protocol. The
average size ofinserts in the library was =4 kb. Olfactomedin
was purified from olfactory membranes ofR. catesbeiana, as
described previously (10), and the amino acid sequence of its
N terminus was determined by conventional protein sequenc-
ing. Based on this sequence, a degenerate oligonucleotide
probe of the sequence 5'-GCTAC(A/C)GG(A/C)ATCC-
TIGCTGG(A/C)AAGGATCACGATGT(G/T)IIIGAA-
GATCT-3' (where I is deoxyinosine) was synthesized and
used to screen -4 x 105 independent recombinants. Hybrid-
ization was performed on nitrocellulose membranes over-
night at 42°C in 6x standard saline citrate (SSC)/20% for-
mamide/5x Denhardt's solution/0.1% SDS containing de-
natured salmon sperm DNA at 100 ,ug/ml. The membranes
were washed at 42°C with 6x SSC/0.1% SDS for 1 hr. The
sizes of inserts of positive clones were determined by PCR
amplification, and two clones, one of 1.9 kb and the other of
2.0 kb, were sequenced. Both strands of the DNA were
sequenced by using Sequenase version 2.0 (United States
Biochemical) according to the dideoxynucleotide chain-
termination method (13).

Analysis of the Sequence of Olfactomedin. The sequence of
olfactomedin was analyzed by the GCG version 7 sequence-
analysis package (Genetics Computer Group, Madison, WI).
Homology searches through the GenBank, EMBL, and
Swiss-Prot databases were performed according to the algo-
rithm of Pearson and Lipman (14) using 50% amino acid
identity in a window of 20 amino acids as a minimal criterion
for homology. The Swiss-Prot database contained 80,958
nonredundant sequences when we analyzed olfactomedin's
sequence.
Genomic Analysis. Genomic DNA was extracted from frog

liver and 10-,Ag samples were digested with EcoRI or Xho I.
The endonuclease-treated DNA was subjected to agarose gel
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electrophoresis and blotted onto a nitrocellulose membrane.
A 1.2-kb fragment corresponding to the coding region of
olfactomedin was generated by PCR amplification, radiola-
beled by random-primer synthesis, and used to identify
hybridizing DNA fragments. Hybridization was performed
overnight at 42°C in 6x SSC/50% formamide/5x Denhardt's
solution/0.1% SDS containing denatured salmon sperm
DNA at 100 ,ug/ml. The membrane was washed with O.lx
SSC/0.1% SDS for 1 hr at 60°C and then subjected to
autoradiography.

Analysis ofmRNA. RNA was extracted from frog tissues by
an acid guanidinium thiocyanate/phenol/chloroform extrac-
tion procedure (12) and its quality was verified by assessing
the integrity of the 2.0- and 4.5-kb bands of rRNA. RNA
extracts were quantitated by measuring their absorbances at
260 nm and 10-,g samples were subjected to denaturing
agarose gel electrophoresis. The RNA was immobilized onto
a Hybond nylon membrane (Amersham) and hybridized to
the same radiolabeled olfactomedin-encoding probe under
the same conditions as described under Genomic Analysis.

RESULTS
Primary Structure of Olfactomedin. We extracted mRNA

from olfactory epithelium of R. catesbeiana and constructed
a cDNA library in AZAPII. Two clones were isolated and
sequenced. Fig. 1 shows the nucleotide sequence and the
deduced amino acid sequence of a 2.0-kb clone. It contains
93 bases of 5' untranslated region, 1392 bases of coding
region, and 517 bases of 3' untranslated region, including a
poly(A) tail (Fig. 1). The 464-amino acid open reading frame
includes a 16-amino acid leader peptide with the initiating
methionine. The mature protein, which consists of 448 amino
acids, has a calculated molecular weight of 50,873, which is
in close agreement with the experimentally observed size of
deglycosylated olfactomedin (Mr 51,000) (15). Olfactomedin
contains six potential N-linked glycosylation sites, evenly
distributed throughout its sequence, and seven cysteines
which can form disulfide bonds. Comparison of olfactome-
din's amino acid sequence with all sequences stored in the
GenBank, EMBL, and Swiss-Prot databases as of January
1993 did not reveal any significant homologies.

Expression of Olfactomedin. In agreement with the previ-
ously observed abundance of olfactomedin in olfactory tissue
(10), we found 0.6% positive clones when we screened the
olfactory cDNA library with a random-primer-labeled probe
corresponding to olfactomedin's open reading frame. To
investigate the number of genes which encode olfactomedin,
we hybridized olfactomedin-encoding cDNA to EcoRI- or
Xho I-digested genomic DNA from R. catesbeiana. The
result reveals single hybridizing bands (Fig. 2). This, together
with the observation that two independent clones of olfac-
tomedin yielded the same amino acid sequence of the mature
protein, indicates that olfactomedin is likely to be encoded by
a single gene.
To examine expression of olfactomedin, we extracted total

RNA from various tissues and performed Northern blot
analysis. mRNA for olfactomedin is expressed in olfactory
tissue, but not in lung, liver, heart, or brain (Fig. 3A), whereas
mRNA for actin is readily detected in all of these tissues (Fig.
3B). This result agrees with the tissue specificity observed
previously with antibodies (10, 11). The size of the mRNA
which encodes olfactomedin is -2 kb, similar to that of the
full-length cDNA.
Model for the Structure of Olfactomedin. Chou-Fasman

analysis (16) predicts a predominantly a-helical structure of
the N-terminal 150 amino acids of olfactomedin, mostly
,3-sheet configuration near its C-terminal third, and a region
characterized by several turns in the center. This analysis,
together with previous biochemical observations (10, 11, 15),

supports a structural model in which cysteines at positions
160, 177, 283, and 290 form intramolecular disulfide bonds
(Fig. 4 Upper). This generates a large central "head" domain
consisting of a loop of 106 amino acids, a "neck" region
consisting of a loop of 26 amino acids, and two "legs" of
equal length. Olfactomedin forms disulfide-linked polymers
which can be reduced to monomers (10, 11). However, even
under reducing conditions, a relatively stable residual 120-
kDa dimer is observed (10, 11), which may result from the
formation of adjacent intermolecular disulfide bridges via
cysteines at positions 16 and 18. This is in line with the
observation that a site-directed antibody against a synthetic
peptide corresponding to amino acids 7-16 can bind only to
the unobstructed monomer (15). The remaining cysteine at
position 377 on the C-terminal leg is proposed to form an
intermolecular disulfide bond with its counterpart on a neigh-
boring molecule to give rise to disulfide-linked polymers, as
observed experimentally (Fig. 4 Lower) (10, 11).

DISCUSSION
Previously, we discovered in frog olfactory neuroepithelium
an olfactory glycoprotein which we named "olfactomedin"
(10). This 57-kDa glycoprotein was found to be unique to
olfactory tissue, where it is produced in massive quantities by
Bowman's glands and sustentacular cells and exported into
the extracellular mucus which lines the chemosensory sur-
face (10). Immunohistochemical studies at the electron mi-
croscopic level have shown that olfactomedin remains con-
fined to the deep layer of the extracellular mucous matrix (9,
10), and biochemical studies have demonstrated that it copu-
rifies with chemosensory cilia detached from the olfactory
neuroepithelium (10, 11). Olfactomedin forms polymers
which can be converted to monomers by treatment with
reducing agents. In addition, a relatively stable 120-kDa
dimeric form of olfactomedin is often observed (10, 11).
Previous studies have estimated that olfactomedin represents
up to 5% of total protein of frog olfactory tissue (10). The
abundance of this tissue-specific protein, along with its
distinct localization, which is confined to the immediate
vicinity of the chemosensory surface (9, 10), suggests that
disulfide-linked polymers of olfactomedin constitute the pri-
mary structural building blocks of the extracellular mucous
matrix of olfactory neuroepithelium.
To isolate olfactomedin-encoding cDNAs we screened our

library with a degenerate oligonucleotide probe which cor-
responded to the N-terminal amino acid sequence of elec-
trophoretically pure olfactomedin (10) as determined by
conventional protein sequencing. The notion that the clone
which was identified and sequenced indeed encodes olfacto-
medin is consolidated by the following observations. (i)
Immediately following the leader peptide the open reading
frame of the nucleotide sequence of the cDNA contains a
segment which encodes the amino acid sequence of the N
terminus of olfactomedin previously identified by conven-
tional protein sequencing. (ii) An antibody raised against a
synthetic peptide which corresponds to this N-terminal se-
quence recognizes olfactomedin on Western blots and in
tissue sections of frog olfactory epithelium (15). (iii) The
calculated molecular weight of the protein encoded by our
cDNA clone corresponds precisely to the molecular weight of
the enzymatically deglycosylated protein identified by this
antibody (15). (iv) The relative abundance of mRNAs that
encode olfactomedin, as reflected by the large percentage of
clones in the library that can hybridize to olfactomedin-
encoding cDNA, is in line with the previously observed
abundance of this protein in olfactory tissue (10). (v) The
tissue-specific expression of mRNA identified with our
cDNA probe correlates with previous immunochemical stud-
ies which revealed olfactomedin immunoreactivity only in
olfactory tissue (10, 11). (vi) The structural model which we
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FIG. 1. Amino acid sequence of olfactomedin deduced from the nucleotide sequence of a cDNA clone. The N terminus of the mature protein
was identified by comparing the translated open reading frame with 21 amino acids of the N-terminal sequence of purified olfactomedin obtained
by conventional protein sequencing. The N-terminal amino acid of mature olfactomedin is the phenylalanine indicated by the arrow. It is
preceded by a 16-amino acid leader peptide, indicated by the boxed area, which contains the initiating methionine. Olfactomedin contains six
potential N-linked glycosylation sites, indicated by arrowheads. The nucleotide sequence which corresponds to the degenerate oligonucleotide
probe initially used to screen the cDNA library is underlined. Both cysteine at position 16 and valine at position 20 were initially misidentified
as aspartic acid by conventional protein sequencing, whereas position 18 could not be determined. A characteristic polyadenylylation signal near
the 3' end is also underlined. Amino acids are indicated by single-letter code. The star indicates the termination codon.

propose for olfactomedin based on the nucleotide sequence cDNA. Olfactomedin is synthesized with a characteristic
of our cDNA clone can account for the previously docu- hydrophobic leader peptide and contains six consensus
mented glycosylation, polymerization, and characteristic im- N-linked glycosylation sites. Identification of partially gly-
munoreactivity patterns of olfactomedin (10, 11, 15). cosylated and nonglycosylated precursors of olfactomedin
We deduced the complete amino acid sequence of olfac- with a site-directed antibody and enzymatic deglycosylation

tomedin from the nucleotide sequence of its corresponding studies have indicated that most, if not all, of these potential
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FIG. 2. Hybridization ofolfactomedin-encoding cDNA to EcoRI-
or Xho I-digested frog genomic DNA. Fragments ofEcoRI/HindIII-
digested phage A DNA were used as standards (sizes in base pairs at
right).

glycosylation sites indeed carry carbohydrate moieties con-
sisting of 8-10 sugar residues characterized by N-acetylglu-
cosamine and terminal galactose (15). Comparison of olfac-
tomedin's sequence with sequences stored in the GenBank,
EMBL, and Swiss-Prot databases revealed no homologies
with any known protein. In addition, Northern blot analysis
confirmed the tissue-specific expression of olfactomedin
previously observed in immunochemical studies (10, 11). The
tissue-specific production of abundant quantities of this gly-
coprotein with a striking localization in the immediate vicin-
ity of the surface of the chemosensory neuroepithelium
implies an important function for olfactomedin in olfaction.

Analysis of olfactomedin's sequence according to Chou-
Fasman predictions of secondary structure (16), together
with evidence from previous biochemical studies, has led us
to propose the structural model presented in Fig. 4. This
model is consistent with all currently available biochemical
evidence: (i) the formation of disulfide-linked polymers and
the occurrence of a relatively stable dimer (10, 11); (ii) the
observation that a site-directed antibody against a synthetic
peptide corresponding to amino acids 7-16 only has access to
the monomeric form of olfactomedin (15); and (iii) the
identification of a monoclonal antibody that recognizes a
carbohydrate determinant and reacts with dimers and poly-
mers, but not with monomers (10); this supports the sym-
metry of apposed carbohydrate attachment sites which is a
characteristic feature of our proposed structural model (Fig.
4) and which allows the formation of antigenic determinants
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FIG. 3. Identification of mRNA encoding olfactomedin. (A) Tis-
sue-specific expression of olfactomedin. mRNA slightly larger than
2.0 kb which hybridizes to an olfactomedin probe is observed only
in olfactory tissue. The positions of the 2.0- and 4.5-kb bands of
rRNA are indicated. (B) Presence of mRNA for actin in all five
tissues. Note that under our experimental conditions, mRNA for
actin in adult frog brain appears to be less abundant than in the other
tissues.

FIG. 4. Diagrammatic representation of olfactomedin and its
polymers. (Upper) Model for the structure of olfactomedin. Each
amino acid is represented by a circle. Cysteines are represented by
solid circles and attachment sites for carbohydrates are indicated at
positions 5, 69, 137, 212, 263, and 367. Olfactomedin contains
truncated complex carbohydrates with terminal galactose residues
devoid of sialic acid (11, 15). Parts of neighboring olfactomedin
molecules are depicted by dotted lines. (Lower) How olfactomedin
may generate long disulfide-linked polymers which represent the
building blocks for the olfactory extracellular matrix. Filled rectan-
gles indicate carbohydrate moieties.
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through interactions between carbohydrate groups present
on adjacent polypeptide chains.

Elucidation of the primary structure of olfactomedin es-
tablishes this protein as a member of a diverse group of
extracellular matrix proteins which includes the neural cell
adhesion molecule (CAM), laminin, fibronectin, and proteo-
glycans (17, 18). The monomer of olfactomedin is smaller
than any ofthese proteins, but olfactomedin nevertheless can
generate an extracellular matrix through the formation of
polymers. The size of its proposed intramolecular loop and
the conformational importance of its disulfide bonds are
reminiscent of the immunoglobulin superfamily, which in-
cludes cell adhesion molecules such as N-CAM (19). The
tissue-specific expression of olfactomedin contrasts with the
widespread occurrence of other extracellular matrix pro-
teins. N-CAM, laminin, fibronectin, and proteoglycans all
have been implicated in adhesion, maintenance, migration,
growth, or differentiation of neurons (17, 18). Olfactomedin
makes close contact with the highly specialized chemosen-
sory surface of the olfactory neuroepithelium and, by anal-
ogy, may contribute to the maintenance, growth, or differ-
entiation of olfactory cilia.
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