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ABSTRACT A Agtll cDNA library prepared from bovine
submaxillary gland mRNA was screened with polyclonal anti-
apo-bovine submaxillary mucin antibodies with the aim of
obtaining the deduced amino acid sequence of the mucin core
protein. One of the positive clones had a 1.8 kilobase (kb) cDNA
insert and coded for an incomplete protein. A 2.0-kb cDNA
clone was isolated by rescreening the library with the 1.8-kb
cDNA. Nucleotide sequencing of the full-length 2.0-kb cDNA
revealed an open reading frame that coded for a 563-amino acid
protein. A striking feature of the cloned protein is the skewed
distribution of the amino acids, most notably that of the
hydroxy amino acids and cysteine. The amino-terminal domain
of 339 residues is very rich in threonine, serine, and glycine and
poor in cysteine, aspartic acid, tyrosine, phenylalanine, and
tryptophan. In contrast, the carboxyl-terminal domain of 224
residues is rich in cysteine, aspartic acid, tyrosine, lysine, and
asparagine and relatively poor in threonine, serine, and gly-
cine. A search of the protein data bank for homologies to the
deduced amino acid sequence revealed statistically significant
matches to several proteins, including the porcine submaxillary
apomucin fragment. The cysteine-rich domain by itself was not
statistically homologous with any of the registered polypeptide
sequences. RNA blot analysis using DNA probes corresponding
to the mucin-like and cysteine-rich regions detected a nearly
identical pattern of transcripts, demonstrating that the char-
acterized clones are not artifacts of cDNA library construction.
The blots also showed the presence of polydisperse transcripts
in bovine submaxillary gland but no detectable hybridization
signals in liver or brain RNA.

Mucins are heavily glycosylated proteins with saccharide
chains distinguishable in both composition and mode of
linkage to the core protein. Mucins are primarily responsible
for the gel character and biological functions of the viscous,
sticky, gel-like mucus secretions that are produced by vari-
ous internal cavities (oral and uterine) and tracts (respiratory
and gastrointestinal) of higher vertebrates (1, 2). Mucus
secretions serve common basic functions as lubricant and
protective layer for the underlying epithelium that are in
contact with the external environment. Even though the
physico-chemical properties and functions of mucous secre-
tions are attributed to the mucins, presently our understand-
ing of the true polymeric structure (macrostructure) of these
molecules is incomplete. Several studies suggest that mucin
consists of subunits that are held together by covalent
(disulfide) and/or noncovalent interactions; however, there
is no agreement regarding the models proposed.

We are interested in elucidating the primary ‘‘subunit’
structure of bovine submaxillary mucin (BSM). In our pre-
vious studies we identified a serine- and threonine-rich 60-
kDa precursor protein that was immunoprecipitated by anti-
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apo-BSM from the in vitro translation products of bovine
submaxillary gland mRNA (3). In the present study, a 2.0-
kilobase (kb) cDNA clone encoding for a 58.9-kDa protein
was isolated® from a Agtll cDNA library prepared from
bovine submaxillary gland mRNA. The deduced sequence of
the cloned protein revealed two distinct domains. The 224-
amino acid sequence from the carboxyl terminus was rich in
cysteine, whereas the amino-terminal segment of 339 resi-
dues had a mucin-like composition. RNA-blot analysis indi-
cates that submaxillary glands, but not liver or brain, contain
the mRNA for this protein.

The expression of a cysteine-rich precursor protein in
submaxillary gland is of considerable interest because pre-
viously structures of bovine (and ovine) submaxillary mucins
were believed not to involve disulfide bonds (4, 5). In a
preliminary abstract we have previously reported the isola-
tion and partial characterization of the ABSM7 clone (6).

METHODS

Materials. Anti-apo-BSM antibodies were prepared and
characterized in previous studies (3). Expression vector
Agtll was provided by Richard Hynes (Massachusetts Insti-
tute of Technology, Boston). Escherichia coli host strains
Y1089R ™ and Y1090R ~ were purchased from Promega. Actin
DNA was prepared from an actin cDNA plasmid provided by
Melvin Billingsley of this institution.

Preparation of mRNA. Bovine submaxillary glands, liver,
and brain removed immediately after sacrifice of the animal
were brought in dry ice to the laboratory, cleaned free of
blood by rinsing with cold phosphate-buffered saline, and
dissected to remove fat and connective tissue. One gram of
the cleaned tissues was used within 60-90 min of removal
from the animal for the isolation of total RNA by using the
guanidinium thiocyanate procedure as described by Han ez
al. (7). Poly(A)* RNA was prepared from total RNA by
chromatography on oligo(dT)-cellulose (8).

Construction of the cDNA Library. Synthesis of the first
cDNA strand was done by using the poly(A)* RNA (2 ug) as
template and oligo(dT)y,.13 as primer for reverse transcrip-
tion, and the second cDNA strand was synthesized by using
RNase H and DNA polymerase I (9). The cDNA was
methylated with EcoRI methylase; the EcoRlI linkers (pG-
GAATTCC) were ligated, cut with EcoRI endonuclease,
separated by gel filtration, and ligated into the unique EcoRI
restriction site of Agtll (10). The recombinant cDNA mole-
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cules were packaged into phage by using an in vitro packaging
kit supplied by Amersham.

Immunological Screening. Antibodies from the rabbit anti-
serum (3) were affinity-purified on a column of apo-BSM
coupled to CNBr-activated (11) Sepharose. These affin-
ity-purified antibodies were preincubated with E. coli
Y1089R ~(Agtll) lysogen extract, and the absorbed antibod-
ies were used to screen the recombinants by the plaque
method (12).

Subcloning and DNA Sequencing. The 1.8-kb and the 2.0-kb
cDNA inserts of the EcoRlI restriction endonuclease-digested
recombinant phage DNA were separated by agarose gel
electrophoresis and eluted by the freeze-squeeze procedure
(13). They were subcloned into M13mp19 or M13mp18 bac-
teriophages (14) and sequenced by the dideoxynucleotide
chain-termination procedure by using 17-mer Universal
primer or 15-mer synthetic primers and deoxyadenosine
5'-[a-[33S]thioltriphosphate as the label (15).

The cDNA inserts were further fragmented with the re-
striction endonucleases Rsa I and Alu I, and the fragments
were subcloned in the Sma I restriction site of either
M13mp18 or M13mp19 phage and sequenced. Sequences not
obtained by subcloning of the restriction fragments were
obtained by using chemically synthesized oligonucleotide
primers. The DNA sequences were constructed and analyzed
by using DNA and protein sequence analysis software pack-
age from IntelliGenetics.

Immunoblotting of the Lysates of Induced Recombinant
Lysogens. E. coli Y1089R ™ cells were lysogenized either with
the vector or the recombinant phage by infecting them at a
multiplicity of infection of 1 and selecting the lysogens by
their temperature sensitivity (10). Lysogens were grown at
32°C to a cell density of 2 x 102, incubated at 42°C for 15 min
with the addition of 10 mM isopropyl B-D-thiogalactoside
(IPTG) and again grown at 38°C for an additional 2 hr. Cells
were pelleted, solubilized in NaDodSOy-containing buffer,
and subjected to gel electrophoresis.

Primer Extension. A 30-base oligonucleotide of sequence
5'-ACTCCCAAGTTGTTCTCCCGGGATC CTGTG-3' was
used to prime bovine submaxillary gland mRNA near its 5’
end. The synthetic oligonucleotide was purified by thin-layer
chromatography (16) and end-labeled. The labeled primer
was hybridized to various amounts of RNA and extended by
reverse transcriptase under conditions of cDNA synthesis
(17). The reaction mixture was treated with ribonuclease and
phenol/chloroform-extracted before ethanol precipitation of
the extension products.

Synthesis of mRNA from cDNA. The 1.8-kb and the 2.0-kb
cDNA EcoRI fragments were cloned at the EcoRlI site of the
vector pBluescript II KS(—) (Stratagene). The 1.8-kb insert-
carrying plasmid was cut with BamHI or HindIII and tran-
scribed using the RNA polymerases T3 and T7, respectively.
The 2.0-kb insert-carrying plasmid was linearized with Hin-
dIII or Not I and transcribed by using RNA polymerase T7
and T3, respectively. The integrity of the RNA synthesized
was checked by agarose gel electrophoresis and quantitated
by incorporation of [a->*P]JUTP in a parallel reaction.

Cell-Free Translation. Translation of the synthetic mRNA
by using rabbit reticulocyte lysate (Promega Biotec) as well
as immunoprecipitation and gel electrophoretic analysis of
the products were done as described (3).

RNA Blot Analysis. Total RNA (10 ug) and poly(A)* RNA
(2 ng) preparations were subjected to electrophoresis on 1%
agarose/formaldehyde denaturing gels, transferred to nitro-
cellulose membrane, and hybridized with DNA probes under
stringent conditions, as described (18). The final wash of the
hybridized filters was at 65°C with 15 mM NaCl/1.5 mM
sodium citrate, pH 7.0/0.1% NaDodSO,. The 1.8-kb cDNA
from ABSM?7 clone and the 877-base-pair (bp) and 729-bp
fragments isolated by treatment of the 1.8-kb DNA with Ava

Proc. Natl. Acad. Sci. USA 87 (1990) 6799

IT and actin cDNA were labeled by random-priming and used
as hybridization probes for the RNA blots.

RESULTS

Construction and Screening of the Submaxillary Gland
c¢DNA Library. Upon screening the cDNA library for the
expression of the fusion protein immunoreactive with the
affinity-purified anti-apo-mucin antibodies, seven clones
were obtained, one of which was plaque-purified by rescreen-
ing and designated as ABSM?7. This clone had a cDNA-insert
fragment that was sequenced and found to be 1768 bp (=1.8
kb) long. The nucleotide sequence included an open reading
frame starting from the first nucleotide and, therefore, this
clone was considered incomplete. On rescreening the library
by using the 1.8-kb DNA as probe, three positive clones were
obtained, one of which (A\ABSM10) had an insert of 2.0 kb.

Analysis of the Fusion Protein Produced by ABSM7. The
IPTG-induced Agtll lysogen produced the B-galactosidase
protein, and the ABSM?7 lysogen produced a distinct protein
of 171 kDa (data not shown). The proteins on the gel were
electroblotted to nitrocellulose filter and probed with anti-
apo-BSM antiserum preabsorbed with the E. coli Y1089R™
cell lysate. Alkaline phosphatase-conjugated goat anti-rabbit
IgG antibody was used to visualize the immunoreactive
proteins. Only the 171-kDa protein produced by the IPTG-
induced lysogen of ABSM7 reacted with the anti-apo-BSM
antibody, thus confirming the identity of the clone.

Nucleotide Sequence and Predicted Amino Acid Sequence of
the Encoded Protein. The complete cDNA sequence and the
encoded amino acid sequence of the ABSM10 clone is shown
in Fig. 1. The cDNA sequence is 1972 bp long and includes
the 5'-untranslated region, an open reading frame, the 3'-
noncoding region followed by a poly(A) stretch of 20 nucle-
otides, and the flanking EcoRI linkers. The hexanucleotide
AATAAA preceding the poly(A) tail by 16 nucleotides is
probably the polyadenylylation signal because in most of the
eukaryotic messages this signal precedes the poly(A) tract by
11-26 nucleotides (19). The A+T content of the coding region
is 55%, and that of the noncoding region excluding the
poly(A) stretch is 70%.

The open reading frame present in the cDN A sequence has
the first ATG codon starting at the 72nd nucleotide, which
codes for a protein with 563-amino acid residues. The cal-
culated molecular mass of 58,920 Da for this protein is in good
agreement with the molecular mass of 60 kDa estimated for
the protein immunoprecipitated in our cell-free translation
studies (3).

The first five bases upstream of the initiating ATG codon
are not in agreement with the consensus CCRCC sequence
(where R represents adenine or guanine), particularly the
presence of a purine nucleoside at position 3, proposed by
Kozak (20). However, an in-frame termination codon ap-
pears upstream at residues 15-17, suggesting that the ATG
starting at nucleotide 72 is the initiator codon and that the
BSM mRNA probably belongs to the minor (=3%) class of
mRNAs having a pyrimidine nucleoside at position —3 to the
initiating AUG. To confirm the initiator site and to establish
that the cDNA is full-length, we carried out primer-extension
experiments and cell-free translation of mRNA synthesized
from the 1.8-kb and 2.0-kb cDNAs in the sense and antisense
orientations. Primer extension of bovine submaxillary gland
mRNA with an oligonucleotide complementary to positions
21-50 in Fig. 1 showed extension products in the size range
of 56-58 bp, which were incompletely resolved (Fig. 2); this
represents 26- to 28-bp extensions of the primer. Gel elec-
trophoresis of the translation mixtures of synthetic mRNAs
showed a protein of =58 kDa only with the mRNA prepared
from the 2.0-kb cDNA in the sense orientation. It should be
noted that the mRNA obtained from the 1.8-kb cDNA in the
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Fic. 1. Nucleotide sequence and the deduced amino acid sequence of the ABSM10 cDNA clone. The 11-amino acid-homologous sequence
present thrice and the pentapeptide following two of these are underlined. The hexanucleotide sequences AATAAA preceding the
polyadenylylation site are boxed. The potential N-glycosylation sites are marked with asterisks. The proline tetrapeptide and lysine dipeptide
are overlined. The arrow marks the arbitrary position, before the second cysteine residue, at which the protein is separated into the mucin-like

and cysteine-rich domains.

sense orientation did not yield a translation product, con-
firming that this cDNA is incomplete.

RNA Blot Analysis. Fig. 3A shows the result of blot
hybridization analysis of total RNA from bovine liver, brain,
and submaxillary gland by using the 1.8-kb DNA as well as
the Ava II fragments derived from it as probes. All three
probes hybridized to a heterogenous population of RNA,
indicating multiple transcripts. Even after a 32-fold-longer
exposure of the blot to x-ray film, no hybridization signal was

detected to liver and brain RNA. Poly(A)* RNA from bovine
submaxillary gland also showed a family of transcripts with
the three probes (Fig. 3B). In the mRNA blot hybridized with
the 1.8-kb DNA probe, the presence of at least six distinct
signals ranging in size from 1.0 to 2.9 kb is evident (Fig. 3B).
Both total and poly(A)* RNA gave one strong signal when
probed with actin DNA probe, indicating that the polydis-
perse nature of the signals noted with the other probes is not
from degradation of the RNA preparations.
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F1G. 2. Primer-extension products of bovine submaxillary total
RNA. The reactions were done as described in the text with 150 ug,
20 ug, and 10 pg of total RNA (lanes 1, 2, and 3, respectively), and
the products were analyzed on a 6% polyacrylamide gel. Lane 4 is the
minus RNA control showing the unextended 30-bp primer. The major
extension products are in the 56- to 58-bp size range.

Homology Search of Amino Acid Sequence. Searches of the
deduced submaxillary gland apoprotein sequence with other
protein sequences registered in the National Biomedical
Research Foundation Protein Identification Resource (PIR;
release 23) and the University of Geneva Protein (Swiss-Prot;
release 13) sequence data banks revealed statistically signif-
icant matches of 10 SDs or more to yeast glucoamylase S1
fragment (21) and precursor (22), pig submaxillary gland
apomucin (23), and mouse period clock protein (24). Of these
matches, the one of most interest is the match between the
mucin-like amino-terminal segment 1-282 of the cloned bo-
vine submaxillary apoprotein and the porcine apomucin
fragment (225-503) (23). There is an exact match of 104
residues (37%), and the similarity between the sequences
increases to 164 residues (58%) when conservative amino
acid substitutions were also taken into account.

DISCUSSION

In this study, we have cloned and sequenced a 2.0-kb cDNA
encoding a bovine submaxillary protein of deduced molecular
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mass of 58,920 Da. Even though the nucleotide sequence
around the ATG at positions 72-74 of this cDNA does not
match Kozak’s consensus sequence, evidence from primer
extension and translation of RNA synthesized from the
2.0-kb cDNA strongly suggests that the above ATG is the
initiator codon and that the 2.0-kb cDNA is full-length. The
protein product of this cDNA cross-reacts with polyclonal
antibody raised against the deglycosylated major component
of the bovine submaxillary mucin, but its deduced amino acid
sequence reveals a region of very high cysteine content, a
feature unexpected for a mucin core protein (25, 26). The
results of the RNA blot analysis suggest (i) that this protein
is abundant in submaxillary gland and is specific to this tissue
because no detectable hybridization signal occurred in liver
or brain. (ii) That the 729-bp DNA probe derived from the
mucin-like region of the protein and the 877-bp DNA probe
derived from the cysteine-rich region of the protein gave
identical hybridization signals excludes the possibility that
the clone was an artifact from splicing of two different cDNA
fragments during reverse transcriptase reading of mRNA.
A striking feature of the deduced protein sequence is the
skewed distribution of the amino acids, most notably that of
the hydroxy amino acids and cysteine. There are 30 cysteines
in the molecule but none in the first 329 residues. The first
cysteine at position 330 is followed by three hydroxyamino
acids, leucine, a unique proline tetrapeptide, and alanine
before the next cysteine. Because prolines are known to be
helix breakers, the presence of a proline tetrapeptide in the
region demarcating the mucin-like and cysteine-rich domains
may be especially significant in terms of the secondary struc-
ture of this protein. There is also a pair of lysines at positions
347 and 348, which may be a proteolytic processing signal
analogous to those found in mammalian hormone precursors
and yeast glucoamylase, as pointed out by Yamashita et al.
(22). On arbitrarily dividing the protein between alanine at
position 339 and cysteine at position 340, two polypeptide
fragments of contrasting composition are obtained (Table 1).
The amino-terminal fragment of 339 residues is very rich in
threonine, serine, and glycine (these three constituting =53.7
mol % of amino acids) and poor in cysteine, aspartic acid,
tyrosine, phenylalanine, and tryptophan (these five constitut-
ing only 1.8 mol %). Most threonines and serines (92 of 134)
are present in clusters of two, three, or four, and a further 24
are followed by glycine. The tendency for serine and threonine
residues to be adjacent to themselves or to one another and to

actin
0.877 kb T’ P

4 » FiG.3. RNA-blot analysis as
described in the text. (A) Total
RNA isolated from bovine liver
(L), submaxillary gland (S), and
- brain (B) hybridized with the
’ 1.8-kb c¢cDNA isolated from
ABSM?7 and the two fragments
(0.729 kb and 0.877 kb) isolated
by Ava Il treatment of the 1.8-kb
3 DNA. (B) Poly(A)* RNA iso-
o lated from bovine submaxillary
gland hybridized with the same
three DNA probes (lanes 1-3).
Total (T) and poly(A)* RNA (P)
hybridized with actin cDNA
(right lanes). Positions of RNA
molecular length markers are

indicated.
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be near glycine has also been noted in the deduced partial
sequence for porcine submaxillary mucin (23) and the proteo-
glycan core proteins (27).

Of the ten asparagine residues in the first 339 residues,
eight are followed by threonine or serine and of these eight
one is present in the consensus N-glycosylation sequence
(Asn-Xaa-Ser/Thr) (Fig. 1). In the mucin-like segment of the
molecule, an 11-amino acid sequence is repeated thrice with
valine being replaced by isoleucine in the third repeat. The
first two repeats are also followed by a homologous penta-
peptide Thr-Thr-Ser-Leu-Gly (Fig. 1). There is no homology
in the nucleotide sequence of these three repeats. Recent
investigations seem to indicate the presence of tandem re-
petitive sequences in mucin core proteins. Thus, repetitive
sequences of 81, 23, and 20 amino acids have been noted in
the core proteins of porcine submaxillary mucin (23), human
intestinal mucin (28), and breast cancer-associated mucin
glycoproteins (29, 30), respectively. But interestingly, the
partial amino acid sequence of the ovine submaxillary mucin
failed to reveal any repetitive sequences (31).

In contrast to the amino-terminal segment, the carboxyl-
terminal 224-amino acid segment of the cloned protein was
rich in cysteine, aspartic acid, tyrosine, and lysine (these four
constitute 34.7 mol %) and comparatively poorer in threo-
nine, serine, and glycine (total of 17.8 mol %). The unique-
ness of this high concentration of cysteine in any protein is
also indicated by our failure to detect statistically significant
(within 8 SDs) homology between the 224-amino acid car-
boxyl-terminal segment of the cloned protein and the protein
sequences registered in the searched data banks.

The cloned protein could be the putative link protein of BSM
analogous to the link proteins proposed for pig gastric mucin
(32), human small intestinal mucin (33), and tracheobronchial
mucins of human and dog (34). Purification and characteriza-
tion of the cloned protein from bovine submaxillary gland
would provide more definitive information on the role of this
protein in the BSM structure. Finally, the RNA-blot analysis
under hybridization conditions of high stringency shows poly-
dispersity of the submaxillary gland transcripts for this pro-
tein. Similar polydispersity was also observed for human
intestinal mucin message (28). The polydispersity could be due
to the presence of a multigene family, as in breast cancer-

Table 1. Amino acid composition of the cloned bovine
submaxillary gland apoprotein and its two domains

Mucin-like Cysteine-rich
Amino Apoprotein domain domain
acid n mol % n mol % n mol %
Cys 30 53 1 0.3 29 12.9
Asp 18 3.2 2 0.6 16 7.1
Asn 22 39 10 2.9 12 5.4
Thr 101 17.9 84 24.8 17 7.6
Ser 64 11.4 50 14.7 14 6.2
Glu 36 6.4 20 5.9 16 7.1
Gln 12 2.1 6 1.8 6 2.7
Pro 31 5.5 18 53 13 5.8
Gly 57 10.1 48 14.2 9 4.0
Ala 29 5.2 20 5.9 9 4.0
Val 32 5.7 20 59 12 54
Met 4 0.7 2 0.6 2 09
Ile 26 4.6 16 4.7 10 4.5
Leu 15 2.7 7 2.1 8 3.6
Tyr 15 2.7 1 0.3 14 6.2
Phe 7 1.2 2 0.6 5 2.2
Trp 2 0.4 0 0.0 2 0.9
Lys 29 5.2 10 2.9 19 8.5
His 7 1.2 4 1.2 3 1.3
Arg 26 4.6 18 53 8 3.6
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associated mucin glycoproteins (35), or differential processing
of the mRNA transcript. Further investigation is needed to
distinguish between these possibilities.
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