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Molecular cloning of a major human gall bladder mucin: complete
C-terminal sequence and genomic organization of MUC5B
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Gall bladder mucin has been shown to play a central role in the
pathogenesis of cholesterol gallstone disease. While cloning and
sequencing studies have provided a wealth of information on the
structure of other gastrointestinal and respiratory mucins,
nothing is known about the primary structure of human gall
bladder mucin. In this study, we show that the tracheobronchial
mucin MUCS5B is a major mucin gene product expressed in
the gall bladder. Antibodies directed against deglycosylated
human gall bladder mucin were used to screen a gall bladder
cDNA expression library, and most of the isolated clones
contained repetitive sequences nearly identical with those in the
tandem repeat region of MUCS5B. An additional clone (hGBM2-
3) contained an open reading frame coding for a 389 residue
cysteine-rich sequence. The arrangement of cysteine residues in

this sequence was very similar to that in the C-terminal regions
of MUC2, MUCS5AC and human von Willebrand factor. This
cysteine-rich sequence was connected to a series of degenerate
MUCSB tandem repeats in a 7.5 kb Hincll genomic DNA
fragment. This fragment, with ten exons and nine introns,
contained MUCS5B repeats in exon 1 and a 469 residue cysteine-
rich sequence in exons 2-10 that provided a 152 nucleotide
overlap with cDNA clone hGBM2-3. Interestingly, the exon—
intron junctions in the MUCS5B genomic fragment occurred at
positions equivalent to those in the D4 domain of human von
Willebrand factor, suggesting that these proteins evolved from a
common evolutionary ancestor through addition or deletion of
exons encoding functional domains.

INTRODUCTION

Mucous glycoproteins or mucins are the principal protein
component of the mucus gel that lines epithelial surfaces in the
gastrointestinal, respiratory and genitourinary tracts [1]. The
viscoelastic and lubricative properties of mucins are important in
protection of these surfaces against physical and chemical injury,
as well as against desiccation and bacterial assault [2—4]. In
addition to these protective functions, several lines of evidence
have shown that gall bladder mucin plays an integral role in the
pathogenesis of cholesterol gallstone disease. First, hyper-
secretion of gall bladder mucin precedes gallstone formation in
cholesterol-fed prairie dogs [5] and inhibition of mucin secretion
with aspirin prevents stone formation [6]. Secondly, purified
human gall bladder mucin accelerates the nucleation of chol-
esterol crystals in vitro in a time- and concentration-dependent
manner [7], and thirdly, the presence of mucin within cholesterol
gallstones has been demonstrated by electron-microscopic and
biochemical techniques [8,9].

In the past decade, a vast amount of structural information
has been obtained on human mucins and on mucins from other
vertebrates (reviewed in [2-4,10,11]). At present, at least nine
human mucin gene products have been identified and the
complete nucleotide sequences of MUCI [12-15], MUC2 [16-19]
and MUC7[20] have been reported. In addition, partial sequences
of MUC3 [21], MUC4 [22], MUCS5 (now referred to as
MUCS5AC; [23-27]), MUCS5B [28], MUCS6 [29], a novel tracheo-
bronchial mucin (possibly MUCS; [30]) and a sublingual-gland
mucin [31] have been described. All of these proteins contain
tandem repeating sequences, rich in serine, threonine and proline,

which are thought to comprise an extended array in the central
region of the polypeptide backbone. In addition, cysteine-rich
domains have been identified in the N- and C-terminal regions of
MUC?2 [18,19] and the C-terminal region of MUCS5AC [24,26].
These cysteine-rich regions are believed to participate in the
formation of intermolecular disulphide bonds linking mucin
monomers to form dimers and higher-order oligomers.

Despite the considerable progress that has been made towards
elucidating the structure of other mucins, the only gall bladder
mucin that has been characterized to date at both a biochemical
and a structural level is bovine gall bladder mucin. Previous
work from this laboratory has shown that bovine gall bladder
mucin contains two distinct functional domains [32]. One domain
is densely glycosylated and resistant to digestion with proteolytic
enzymes. The second domain is poorly glycosylated, susceptible
to proteolytic cleavage, and has been shown to facilitate binding
of bilirubin [33] and biliary lipids [34]. Recently, we have shown
that these two domains contain distinct tandem repeating struc-
tural units [35]. The glycosylated domain comprises 20 amino
acid serine- and threonine-rich tandem repeats, whereas the non-
glycosylated domain comprises 127 amino acid cysteine-rich
repeats with striking similarity to the scavenger receptor cysteine-
rich domains found in a number of receptor and ligand-binding
proteins [35].

In the present investigation, we have used both protein
sequencing and molecular biological techniques to identify
MUCS5B as a major human gall bladder mucin. In addition, we
describe the complete nucleotide and deduced amino acid se-
quence of the cysteine-rich C-terminal region of MUCS5B and
show that it, like the corresponding regions in MUC2 [18,19] and
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MUCSAC [24,26], comprises domains with striking sequence
similarity to the D4, C1 and extreme C-terminal domains of
human von Willebrand factor [36-38].

EXPERIMENTAL
Isolation of human gall bladder mucin

Mucosal scrapings from human gall bladders obtained at chole-
cystectomy were added to four volumes of ice-cold 6 M guanidine
hydrochloride/50 mM Tris/HCl (pH 7.5)/5 mM EDTA, and
gently dispersed using a Potter—Elvehjem homogenizer. The
homogenate was stirred for 72 h at 4 °C to solubilize the mucin,
centrifuged for 30 min at 30000 g, and the supernatant subjected
to size-exclusion chromatography on Sepharose CL-4B in
4 M guanidine hydrochloride containing 50 mM Tris/HCl
(pH 7.5)/5mM EDTA. Material eluted in the column void
volume was concentrated by ultrafiltration using an XM-300
membrane (Amicon, Bedford, MA, U.S.A.). Solid CsCl was
added to a density of 1.45 g/ml and the sample was subjected to
equilibrium density gradient centrifugation for 75 h at 150000 g.
Gradient fractions were dialysed against distilled water, and
those containing periodic acid/Schiff reagent-positive mucin
were run on a second CsCl density gradient using the conditions
described above, except that the concentration of guanidine
hydrochloride was reduced to 1 M. Mucin-containing fractions
were dialysed against distilled water, freeze-dried and stored at
—20 °C.

Deglycosylation of human gall bladder mucin

Freeze-dried mucin (45 mg) was deglycosylated by treatment
with anhydrous hydrogen fluoride as described previously [39].
Deglycosylated mucin was dissolved in 8 M urea, dialysed
exhaustively against distilled water, freeze-dried and stored at
—20 °C. Antibodies were prepared against both native and
deglycosylated human gall bladder mucin as described [39].

Isolation and sequencing of gall bladder mucin peptides

Deglycosylated mucin (660 xg) was digested with chymotrypsin
(Boehringer Mannheim, Indianapolis, IN, U.S.A)) in 2M
urea/0.1 M Tris/HCI (pH 7.8)/10 mM CacCl, at an enzyme-to-
substrate ratio of 1:100 (w/w) for 24 h at 25 °C. Peptides were
fractionated by reversed-phase HPLC using a Vydac C,, column
(4.6 mm x 150 mm) developed with a 90 min linear gradient
from 100 9%, solvent A [0.1 %, (v/v) trifluoroacetic acid in water] to
100 9, solvent B [0.1 9%, (v/v) trifluoroacetic acid in acetonitrile/
water (8:1, v/v)]. Column eluate was monitored at 229 nm and
1 ml fractions were collected. Selected peptides were further
purified by rechromatography under isocratic conditions at a
concentration of solvent B that was 16 9, less than that at which
the peptide eluted originally. The amino acid sequences of
purified peptides were determined on an ABI 470A gas-phase
sequencer. Peptide sequences were compared with those in the
PIR database of GenBank.

Human gall bladder cDNA library construction and screening

RNA was isolated from normal human gall bladder tissue [40]
and affinity purified using the PolyATract system (Promega,
Madison, WI, U.S.A.). A random-primed human gall bladder
cDNA library in Lambda Zap II (Stratagene, La Jolla, CA,
U.S.A.) was prepared according to the manufacturer’s protocols,
except that random hexamers (Pharmacia, Piscataway, NJ,
U.S.A.) were used to prime first-strand cDNA synthesis.
Approximately 600000 plaque-forming units (pfu) were plated

on Escherichia coli SURE at a density of 37000 pfu/150 mm
Petri plate. After incubation at 42 °C for 3.5h, plates were
overlaid with nitrocellulose filters soaked in 10 mM isopropyl
f-D-thiogalactopyranoside and incubated at 37 °C for a further
3 h. After blocking, filters were incubated with a 1:500 dilution
of the anti-deglycosylated human gall bladder mucin antiserum,
which had been pretreated with an E. coli lysate. Filters were
then incubated with a 1:7500 dilution of alkaline phosphatase-
conjugated goat anti-rabbit IgG (Promega) and colour was
developed with 5-bromo-4-chloro-3-indolyl phosphate/Nitro
Blue Tetrazolium. Positive clones were replated and rescreened
until plaque purified.

DNA sequencing

Phagemid DNA was isolated from clones that cross-reacted most
intensely with the anti-deglycosylated gall bladder mucin anti-
body and was sequenced with universal primers using the dideoxy
method [41] with Sequenase v. 2.0 (Amersham, Chicago, IL,
U.S.A.). The complete sequence of one clone (WGBM4-1; see the
Results section) was determined from unidirectional deletions
prepared using a commercially available exonuclease III system
(Erase-a-Base, Promega). Sequences of other cDNA and genomic
clones were determined either using nested deletions or using
specific oligonucleotide primers. The sequences of exons in
genomic clones were confirmed from the sequences of cDNAs
obtained by reverse transcriptase PCR from human gall bladder
RNA. PCR products were cloned into pCRScript (Stratagene,
La Jolla, CA, U.S.A.) and sequenced on an ABI model 373A
automated sequencer using universal and specific primers. The
nucleotide sequences of all cDNA clones and of coding regions
in genomic clones were determined from sequencing both DNA
strands. Nucleotide and deduced amino acid sequences were
compared with those in GenBank and the PIR database.

Northern, Southern and dot hybridization

RNA from human gall bladder isolated as described above
and RNA from human trachea, small intestine and stomach
(Clontech) was electrophoresed on 1 9%, (w/v) agarose denaturing
gels and transferred to Hybond N+ membranes (Amersham).
Restriction digests of phage lambda DNA were electrophoresed
on 0.6-0.89, agarose gels and blotted on to Hybond N+
membranes. Phagemid DNA (approx. 100 ng) was heat de-
natured and applied to Hybond N+ membranes for dot hy-
bridization analysis. Northern, Southern and dot blots were
hybridized with random-primer-labelled [42] probes at 42 °C in
a solution containing 25 mM potassium phosphate, pH 7.4,
5xSSC (1xSSC=0.15M NaCl/0.015M sodium citrate),
5 x Denhardt’s [1 x Denhardt’s = 0.02 9, (w/v) Ficoll 40/0.02 9%,
(w/v) polyvinylpyrrolidone/0.029, (w/v) BSA], 100 ug/ml
denatured salmon sperm DNA, 0.19%, (w/v) SDS, 509%, (v/v)
formamide and 109, (w/v) dextran sulphate. Final washes were
performed in 0.25 x SSC at 42 °C.

Human genomic library screening

A commercially available human genomic library in Lambda Fix
(Stratagene) was plated on E. coli LE392 at a density of 37000
pfu/150 mm Petri plate. Plaque filters were hybridized with
random-primer-labelled gall bladder mucin c¢cDNA probes
(hGBM2-3 and hGBM4-1, see below) under the conditions used
for Northern hybridization. Lambda DNA was isolated from a
single positive clone and digested with several restriction enzymes.
Southern blots of the digests were probed with either hGBM2-3
or hGBM4-1 and hybridizing fragments were subcloned into
pBluescript (Stratagene) and sequenced as described above.
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RESULTS
Sequencing of human gall bladder mucin chymotryptic peptides

Human gall bladder mucin purified by size-exclusion chromato-
graphy and equilibrium density gradient centrifugation was free
of contaminating proteins and glycoproteins as judged by SDS/
PAGE and staining with either silver or periodic acid/Schiff
reagent (results not shown). Digestion of deglycosylated mucin
with chymotrypsin followed by fractionation of the digest by
reversed-phase HPLC yielded eight peptides for which sequences
were determined (Table 1). The chymotryptic peptides contained
several features of note. First, serine, threonine and proline make
up 55-759, of the total amino acids, which tentatively placed
these peptides in the tandem repeat domain of gall bladder

Table 1 Amino acid sequences of peptides isolated from deglycosylated
human gall bladder mucin

Peptide  Sequence

Thr Ala Thr Ala Thr Pro

Lys Val Pro Pro Pro Pro Ser Thr

Ser Thr Pro Pro Gly Thr Thr Leu

Thr Thr Lys Val Pro Thr Thr Thr

Thr Ala lle Pro Ser Ser

Lys Leu Pro Pro Pro Ser Ala Ala Pro Glu Ser Val
Lys Leu Pro Gly Pro Pro Ala Thr Pro Ser

Ser Leu Pro Pro Leu Ser Ser Leu lle Ser Gly

© N O W N

GCA
Ala

ARG
Lys

CTG
Leu

ACC
Thr

TGG
Trp

TCC
Ser

ccAa
Pro

GGG
Gly

ACC
Thr

ATC
Ile

CTC
Leu

ACA
Thr

GAG
Glu

CcCcG
Pro

TCC
Ser

AcCC
Thr

CAG
Gln

GCA
Ala

ACT
Thr

GCT
Ala

GGC
Gly

CCA
Pro

CAT
His

GTG
Val

ACG
Thr

TCC
Ser

TCC
Ser

ACC
Thr

ACC
Thr

GGG
Gly

ACT
Thr

GCA
Ala

ACC
Thr

TTC
Phe

TCC
Ser

AGT
Ser

CCA
Pro

GCC
Ala

CTT
Leu

CCA
Pro

GCA
Ala

CTG
Leu

ACC
Thr

AcCC
Thr

TGG
Trp

TCC TCC
Ser

TCC
Ser

CTG
Leu

GGC
Gly

ACC
Thr

CGC
Arg

CTA
Leu

TCA
Ser

CAG
Ser Gln
ACT
Thr

GCC
Ala

CAC
His

TCC
Ser

ACT
Thr

ccAa
Pro

GAG
Glu

ACC
Thr

TCC
Ser

ACA
Thr

GTG
Val

CTT
Leu

TCC
Ser

ACA
Thr

GCT
Ala

CAC
His

TCC
Ser

TCC
Ser

ACC
Thr

CccA
Pro

GGA
Gly

ACT
Thr

AcCC
Thr

AAR
Lys

GTG
Val

CCG
Pro

ACC
Thr

AGC
Ser

ACC
Thr

AGA
Arg

ACC
Thr

ACC
Thr

ACT
Thr

mucin. Secondly, the peptide sequences obtained were relatively
short, ranging in length from 6 to 13 amino acid residues. In most
cases, the C-terminal residue was not an amino acid expected
from chymotryptic cleavage and it is possible that some of these
peptides may have arisen by cleavage of the polypeptide backbone
during treatment with anhydrous hydrogen fluoride. Finally, a
search of the PIR database revealed that none of these peptides
had sequences that were contained in any known mucin or other
protein.

Cloning and sequencing of human gall bladder mucin ¢cDNAs

To identify the gall bladder mucin from which the chymotryptic
peptides were derived, a human gall bladder cDNA library was
screened with a polyclonal antiserum directed against deglycosyl-
ated gall bladder mucin. Immunopositive plaques (37) were
identified from a screening of approx. 600000 pfu. Initially, seven
of the most immunoreactive clones were plaque purified for
further characterization. Sequence analysis of the inserts in these
clones using universal primers indicated that all contained
repetitive sequences that were strikingly similar to the degenerate
87 nucleotide tandem repeats in the tracheobronchial mucin
MUCSB [28].

The insert in the largest of the seven strongly immunoreactive
cDNA clones, named hGBM4-1, was sequenced completely and
found to contain an open reading frame coding for 328 amino
acids comprising eleven complete MUCS5B-type tandem repeats
and one partial repeat (Figure 1). The eleven complete tandem
repeats ranged from 72 to 87 bp in length and were nearly
identical with the previously described MUCS5B tandem repeat

ACA
Thr

ACA
Thr

GGA
Gly

TCC
Ser

RCG
Thr

GCC
Ala

GCC
Ala

ACT
Thr

ACG
Thr

ACT
Thr

GAG
Glu

TCC
Ser

ACT
Thr

ACC
Thr

CCG
Pro

57
19

GGA
Gly

TCC
Ser

ACG
Ser

GCC
Ala

ACT
Thr

GTG
Val

ACG
Thr

GTG
Val

ccc
Pro

AcCC
Thr

ACC
Thr

ACA
Thr

GCC
Ala

ACC
Thr

GCC
Ala

144
48

ACA
Thr

GTC
Val

ATC
Ile

AGC
Ser

TGG
Trp

AAA
Lys

GCC
Ala

ACT
Thr

ACG
Thr

[clole]
Ala

ACG
Thr

ACA
Thr

Cccc
Pro

ccc
Pro

228
76

ACA
Thr

AcCC
Thr

AGC
Ser

TTT
Phe

ACA
Thr

GCC
Ala

ATC
Ile

AGC
Ser

ACA
Thr

GCC
Ala

ACC
Thr

ACA
Thr

ccce
Pro

GCT
Ala

cce
Pro

315
105

ATG
Met

ACA
Thr

cce
Pro

ACC
Thr

ACA
Thr

ccc
Pro

ACG
Thr

GCC
Ala

ACC
Thr

TCC
Ser

ACA
Thr

GCC
Ala

393
131

TCT
Ser

GTG
Val

GCC
Ala

ACC
Thr

480
160

GCC
Ala

ACC
Thr

ACA
Thr

ACC
Thr

AGG
Arg

GCC
Ala

ACC
Thr

GGC
Gly

cce
Pro

ACT
Thr

ACG
Thr

ACA
Thr

552
184

ACC
Thr

ACA
Thr

ACC
Thr

ACG
Thr

GGC
Gly

TTC
Phe

GTC
Val

ACC
Thr

ccc
Pro

ACG
Thr

GCA
Ala

CGC
Arg

TCC
Ser

TCC
Ser

AGC
Ser

CCA
Pro

GGG
Gly

ACG
Thr

CCT
Pro

CCA
Pro

GTG
Val

TGG
Trp

TCC
Ser

ACC
Thr

ACC
Thr

TCC
Ser

ATC
Ile

CCG
Pro

GGG
Gly

CAC
His

ACC
Thr

ccce
Pro

ACA
Thr

GTG
Val

CTG
Leu

TCC
Ser

ACC
Thr

TCT
Ser

AGC
Ser

ACA
Thr

CAG
Gln

AGT
Ser

GGT
Gly

ACT
Thr

CCccC
Pro

cca
Pro

TCA
Ser

CTG
Leu

TCC
Ser

TCA
Ser

ACT
Thr

CCA
Pro

GGG
Gly

ACA
Thr

ACA
Thr

CCT
Pro

ATC
Ile

cce
Pro

CCA
Pro

GTG
Val

CTG
Leu

TCC
Ser

TCT
Ser

GCC
Ala

CTA
Leu

GGG
Gly

ACC
Thr

ACC
Thr

CAC
His

ACA
Thr

ccc
Pro

CCA
Pro

GTG
Val

[elele]
Pro

MUCSB Repeat Consensus Sequences:

Thr

{1; This work) Ser Ser Thr Pro Gly Thr Ala His Thr Pro Pro Val

{2; Ref 28) Ser Ser Thr Pro Gly Thr Ala His Thr Leu Thr Val

Figure 1

ATC
Ile

ACC
Thr

ATC
Ile

ACC
Thr

ARC
Asn

cceC
Pro

ACA
Thr

AGT
Ser

GGC
Gly

TCC
Ser

ACG
Thr

GTG
Val

ACC
Thr

cce
Pro

639
213

AGC
Ser

ACA
Thr

ACC
Thr

ACC
Thr

ACA
Thr

ACC
Thr

GCC
Ala

GGT
Gly

TCT
Ser

ATG
Met

GCA
Ala

ACA
Thr

[elele]
Pro

723
241

ACC
Thr

ACC
Thr

ACC
Thr

ACA
Thr

ACT
Thr

GTG
Val

ACT
Thr

ACG
Thr

TCC
Ser

ACC
Thr

ACC
Thr

AAC
Asn

cce
Pro

810
270

ACC
Thr

ACG
Thr

GCC
Ala

ACT
Thr

ACG
Thr

ATC
Ile

GCC
Ala

ACC
Thr

GGC
Gly

ACA
Thr

GTG
Val

897
299

ACC
Thr

ACC
Thr

GCC
Ala

ACC
Thr

ACA
Thr

CCT
Pro

GCA
Ala

GCC
Ala

ACC
Thr

AGC
Ser

AGC
Ser

ACT
Thr

cce
Pro

GGG
Gly

TCC
Ser

CTG
Leu

TCC
Ser

ccc
Pro

AGC
Ser

AGT
Ser

ccc
Pro

984
328

ACC
Thr

ACG
Thr

GCC
Ala

ACC
Thr

ACA
Thr

CAC
His

CGA
Arg

Thr Thr Thr Thr Thr Ala Thr Gly Ser Thr Ala Thr

Thr Thr Ala Thr Thr Pro Thr Ala Thr Gly Ser Thr Ala Thr Pro

Nucleotide and deduced amino acid sequence of clone hGBM4-1 containing MUC5B-like tandem repeats

The consensus sequence generated from the individual repeats in this clone is given in (1) at the bottom of the Figure and the consensus sequence of the MUCS5B tandem repeats reported by
Dufosse et al. [28] is given in (2). Identical amino acids are indicated with bold-faced type. Sequences identical with those of peptides 4 and 5 isolated from deglycosylated human gall bladder
mucin (Table 1) are doubly underlined. The singly underlined sequence is identical with peptide 1 (Table 1) with one mismatch.
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cce
Pro

TCC
Ser

GCA
Ala

GCC
Ala

GTG
Val

ACC
Thr

AGA

Gly

Asp

CCT
Pro

cys

cce
Pro

GGC
Gly

ATC
Ile

GCA
Ala

AAG
Lys

GTG
Val

CAG
Gln

AAC
Asn

ATG
Met

AGC
Ser

GGT
Gly

GAG
Glu

TGC
Cys
TAC
Tyr

CCA
Pro

GGG
Gly

TGG
Trp

CAG
Gln

GAG
Glu

TTC
Phe

TGC
Cys
ACC
Thr

CCG
Pro

TCC_TCT
Ser Ser

ACG
Thr

Gce
Ala

ACC
Thr

ACC
Thr

CCT
Pro

ccec
Pro

TCT
Ser

GCC
Ala

ACT
Thr

GTG
Val

ACC
Thr

GCA
Ala

ACT
Thr

ACT
Thr

ACA
Thr

GGA
Gly

ATG
Met

ATG
Met

GTG
Val

GGe
Gly

CCA
Pro

ccc
Pro

TCC
Ser

GTG
Val

Gce
Ala

CTC
Leu

TTC
Phe

Cys-rich domain
GTC ATC TAC

GAA
Glu

cGC
Arg

GGC
Gly

GTG
Val

ATC
Ile

TCC
Ser

CAT
His

CGC
Arg

GAG
Glu

CTG
Leu

GCC
Ala

GAC
Asp

AGA
Arg

ACC
Thr

GTG
Val

CTG
Leu

GAC
Asp

CAG
Gln

GGC
Gly

AAC
Asn

CAG
Gln

ACG
Thr

ACC
Thr

GGG
Gly

ACG
Thr

CAG
Gln

GTC
Val

CCT
Pro

GAC
Asp

TGC
Cys
CAG
Gln

CAC
His

[clele}
Ala

Val

TTC
Phe

TAT
Cys

GGT
Gly

AAA
Lys

CAC
His

GCA
Ala

TGC
Cys

GAG
Glu

GGG
Gly

CGG
Arg

TGT
Cys

AAG

ccc
Pro

cce
Pro

GAG
Glu

CTC
Leu

AGC
Ser

ATC
Ile

TaC
cys

ccc
Pro

GTG
Val

CAG
Gln

GTT
Val

GTG
Val

TAaC
Cys
ARC
Asn

GCA
Ala

TCC
Ser

GAG
Glu

GAG
Glu

GTG
Val

CAG
Gln

Ile

CAG
Gln

GAC
Asp

GAC
Asp

GTG
Val

TAT
Tyr

cGC
Arg

ccc
Pro

GGC
Gly

ACC
Thr

CTG
Leu

CTC
Leu

GAT
Asp

ACC
Thr

CCG
Pro

CGT
Arg

Thr

CCA
Pro

TGC
Cys
CAG
Gln

CCG
Pro

TGC
cys
GAG
Glu

GGT
Gly

CAA
Gln

TOT
Cys
AGC
Ser

TCC
Ser

Tar
cys
GGC
Gly

AGG
Arg

GAT
Asp

GAG
Glu

Tyr

GGC
Gly

AAT
Asn

AARC
Asn

TCG
Ser

TCC
Ser

TTT
Phe

CGC
Arg

CTG
Leu

ACC
Thr

ccc
Pro

CAG
Gln

GGC
Gly

Pro

GGC
Gly

TAC
Tyr

TGC
cys
CAG
Gln

GTG
Val

TCC
Ser

CCG
Pro

GTG
Val

GAG
Glu

GCA
Ala

Tor
cys
GGG
Gly

CAT
His

TaCc
Cys
CAA
Gln

TCC
Ser

CGG
Arg

GAG
Glu

GCC
Ala

GAG
Glu

ACC
Thr

TCC

Ser

ACG
Thr

cce
Pro

ACT
Thr

ccc
Pro

Pro
AAT
Asn
*
GCC
Ala

GCcC
Ala

CGT
Arg

GAC
Asp

ACC
Thr

GGG
Gly

GCC
Ala

ATC
Ile

ACC
Thr

TAC
Tyr

CGG
Arg

TGC
Cys

cys

CCA
Pro

GCA
Ala

Pro

CTG
Leu

CAG
Gln

TGC
Cys

TGC
Cys
TGC
Cys

GGC
Gly

ACC
Thr

CAG
Gln

GAG
Glu

GTG
Val

ccA
Pro

GTC
Vval

TGC
Cys
GTC
Val
ToT
cys

ACT
Thr

TCC
Ser

GCC
Ala

ACC
Thr

ATG
Met

AGC
Ser

AGE
Ser

AAG
Lys

Tar
cys

ATC
Ile

GTC
Val

CCG
Pro

TTT
Phe

AAT
Asn

CTC
Leu

CTG
Leu

ATG
Met

Ser

GAC
Asp

TGG
Trp

CCA
Pro

TTC
Phe

GAG
Glu

ccc
Pro

GAG
Glu

GCC
Ala

GTG
Val

AAC
Asn

ARC

Asn
*

GAC
Asp

TTC
Phe

GAG
Glu

TGC
Cys*
GAC
Asp

GAT
Asp

CGC
Arg

cce
Pro

CAC
His

GGC
Gly

GCT
Ala

ACC
Thr

ACT
Thr

ACC
Thr

GGT
Gly

ccA
Pro

AGC
Ser

TCC
Ser

AcC
Thr

cce
Pro

CcCT
Pro

GTC
Val

AGC
Ser

GAC
Asp

CTC
Leu

AGC
Ser

TTT
Phe

GCT
Ala

CTC
Leu

GGA
Gly

GCC
Ala
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Figure 2 For legend see facing page.
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sequences [28]. The latter sequences were found to contain
numerous shifts in reading frame resulting from insertions and
deletions [28]. However, no shifts in reading frame were evident
in any of the MUCS5B-type tandem repeats sequenced in this
study.

The consensus sequence derived from the tandem repeats in
hGBM4-1 is 90 9, identical with the consensus sequence of the
MUCSB repeats (Figure 1). Since the tandem repeats in MUCS5B
are highly degenerate and the tandem repeat domain is quite
large, it seems likely that hGBM4-1 encodes MUCS5B repeats
that come from a different part of the tandem repeat array from
those previously reported. However, it is also possible that some
of the sequence differences noted are the result of MUCSB gene
polymorphisms in the individual samples from which RNA was
obtained.

The sequences of chymotryptic peptides 4 and 5 (Table 1) are
contained within hGBM4-1 (double underline in Figure 1). The
sequence of chymotryptic peptide 1 is identical with residues
82-87 in hGBM4-1 with a single amino acid substitution (single
underline in Figure 1). The similarity of the sequences of peptides
1, 4 and 5 to the remaining peptide sequences (Table 1) suggests
that the latter peptides may occur in a different region of the
MUCSB tandem repeat array.

Since all seven of the most immunoreactive clones isolated
from the human gall bladder cDNA library contained MUCS5B
repeats, it seemed likely that some of the less immunoreactive
clones might contain cDNAs encoding other regions of this
mucin. In order to identify recombinants containing such sequ-
ences, DNA inserts from the remaining 30 immunopositive
clones were screened by dot-blot hybridization using hGBM4-1
as probe. DNA from 19 clones hybridized to this probe, indicating
the presence of MUCS5B repeats, and these clones were not
studied further. The remaining eleven clones were partially
sequenced with universal primers as described above. The
deduced sequence of one of these clones, \GBM?2-3, was enriched
with respect to cysteine and this clone was sequenced completely
using both exonuclease I11-generated nested deletions and specific
oligonucleotide primers.

The insert in hGBM2-3 contains 1565 bp, an open reading
frame encoding 389 amino acids, followed by a TGA stop codon
and 266 bp of 3’-untranslated region (Figure 2: nucleotides
1780-3217). The coding region in this insert contained no tandem
repeats, 51 cysteine residues (13.1 mol9,) and ten potential N-
glycosylation sites (marked with asterisks in Figure 2). Analysis
of the nucleotide and deduced amino acid sequences in GenBank
revealed that hGBM2-3 is unique, but displays a significant
degree of similarity with the C-terminal domains of MUC?2 [18],
MUCS5AC [24,26] and human von Willebrand factor [36-38].
These results, coupled with the large number of positive clones
that encoded MUCS5B repeats (70 9,), suggested that the insert in
hGBM2-3 was likely to represent a portion of the C-terminal
domain of MUCS5B.

Northern blot analysis

To test the hypothesis that hGBM2-3 may encode the C-terminal
region of MUCS5B, cDNA inserts from hGBM4-1 (encoding
MUCS5B tandem repeats) and hGBM2-3 were used to probe

A B

288-
288-

185-

s |

185-

Figure 3 Northern blot analysis of human RNAs probed with the insert in
clone hGBM4-1 containing only tandem repeats (A) and the insert in clone
hGBM2-3 containing the cysteine-rich C-terminal region (B) of human gall
bladder mucin

Hybridization and wash conditions are as described in the text. (A) RNA from: lane 1, gall
bladder; lane 2, trachea; lane 3, stomach; lane 4, small intestine. (B) RNA from: lane 1,
gall bladder; lane 2, stomach; lane 3, small intestine; lane 4, trachea. The positions of the 28 S
and 18 S ribosomal subunits are marked.

Northern blots to determine the tissue distribution of mRNAs
hybridizing to each clone. The tandem repeat probe hybridized
only to RNA from gall bladder and trachea (Figure 3A). When
the insert in hGBM2-3 (cysteine-rich C-terminal domain) was
used to probe a second identical blot, hybridization was again
seen only with RNA from gall bladder and trachea (Figure 3B).
The tissue distribution of hybridizing transcripts was therefore
consistent with the premise that the inserts in hGBM4-1 and
hGBM2-3 encode different portions of the same mucin. A
polydisperse hybridization pattern from greater than 9 kb to
1 kb was seen with both probes and this pattern is typical of that
observed with other mucin mRNAs, although its basis is not
known. Rehybridization of the blots with a ¢cDNA probe for
glyceraldehyde-3-phosphate dehydrogenase gave discrete bands
in each lane (results not shown), but this would not exclude
degradation due to shearing of the very large mucin mRNAs.

Analysis of genomic DNA fragments

In order to obtain further sequence information on the region 5’
to that contained within clone hGBM2-3 (cysteine-rich C-
terminal domain), differential screening of the gall bladder cDNA
library was carried out using the inserts in hGBM4-1 and
hGBM2-3. In three separate screenings, no clones were identified
that hybridized to both probes. Therefore a human genomic
DNA library was screened using the same differential hybrid-
ization procedure. One positive clone, designated hGBM G1-4,
was identified from screening approx. 375000 pfu. DNA was
isolated from this clone and digested with several restriction
endonucleases. These analyses showed that the size of the insert
in the genomic clone was approx. 18 kb. When duplicate Southern
blots of the restriction digests were hybridized with either

Figure 2 Nucleotide and deduced amino acid sequence of the C-terminal region of human gall bladder mucin

The sequence is a composite of the sequence of genomic clone hGBM G1-4 (nucleotides 1—1932) and the sequence of cDNA clone hGBM2-3 (nucleotides 1780—-3217). The first two codons
of each of four tandem repeats are underlined, the cysteine-rich domain of human gall bladder mucin is marked with an arrow, cysteine codons and cysteine residues are shown in bold-faced

type and potential N-glycosylation sites are marked with asterisks.
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Figure 4 Schematic representation of cDNA clones hGBM4-1 and hGBM2-
3 and the Hincll fragment of genomic clone hGBM G1-4 used to determine
the nucleotide sequence of the C-terminal region of MUC5B

Clone hGBM4-1 and the portion of the Hincll fragment containing MUC5B tandem repeats are
represented as filled boxes. Clone hGBM2-3 is represented as an open box. Exons are
numbered provisionally, and the sizes of exons 1—10 are not represented to scale. H, Hincll;
S, Sacl.

hGBM4-1 or hGBM2-3, a 7.5 kb Hincll fragment (designated
hGBM G1-4/7.5) was identified that was recognized by both
probes. Digestion of the 7.5 kb Hincll fragment with Sacl
followed by Southern blot analysis identified three restriction
subfragments: a 5.5 kb fragment that hybridized only to the
hGBM4-1 repeat probe, a 1.4 kb fragment that hybridized only
to the hGBM2-3 cysteine-rich probe and a 0.4 kb fragment that
hybridized to neither probe (Figure 4). Each of the Sacl restriction
fragments was subcloned into pBluescript and sequenced using
both exonuclease IIl-generated subclones and specific oligo-
nucleotide primers.

Sequence analysis of these restriction fragments showed that
the 5.5 kb Hincll-Sacl fragment contained open reading frames
coding for six exons (designated exons 1-6) and a portion of a
seventh exon. The 1.4 kb fragment contained open reading
frames coding for the remainder of exon 7 and exons 8 and 9.
The 0.4 kb fragment contained an open reading frame coding for
exon 10 (Figure 4). It should be noted that exons are numbered
provisionally, since the entire genomic structure of this mucin is
not yet known. The partial sequence of exon 1 contained MUCSB
tandem repeats at both its 5 and 3" ends. Those at the 3" end are
shown in Figure 2 (nucleotides 1-525). The sequences of these
repeats were similar to, but not identical with, any of the
degenerate repeats in the insert in hGBM4-1. Exons 2-10 encoded
a cysteine-rich non-repeating region. The sequence of this region,
shown in Figure 2 (nucleotides 526-1932), provides a 152 bp
overlap with the 5" end of the insert in hGBM2-3 (Figure 2,
nucleotides 1780-3217). Thus the sequence of the exons 1-10 in
hGBM G1-4/7.5 directly connects MUCS5B tandem repeats
(exon 1) with the cysteine-rich C-terminal domain in the cDNA
clone hGBM2-3 described above.

The complete C-terminal sequence of MUCSB downstream of
the tandem repeats (nucleotides 526-2949, Figure 2) codes for
807 amino acids, 81 of which are cysteine residues. Analysis of
the deduced amino acid sequence of the C-terminal region of
MUCS5B in Genbank revealed that the positions of the cysteine
residues were nearly identical with those in the C-terminal
regions of MUC2 [18], MUCS5AC [24,26] and the D4, C1 and C-
terminal domain of human von Willebrand factor [36-38]. In
addition, the sequence of the extreme C-terminal region of
MUCSB (amino acids 738-983) is similar to the corresponding
regions of porcine submaxillary mucin [43], bovine submaxillary
mucin [44] and frog integumentary mucin B.1 [45], and identical
with that of a recently described human salivary mucin [31].

An alignment of the deduced amino acid sequences of the
entire C-terminal regions of MUCS5B, MUC2 [18,19] and
MUCS5AC [24,26], and the D4, C1 and C-terminal domains of
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o * * agy b *
MUC5B  AASKD-MAKTWLVPDSRKDGEWAPTGTPPTA--—-——======= SPAAPVSSTPTPTP-CPPQP 510
Mucz VSﬁA—A}\DQWLV’NDPSKPH HSSSTTKRP---==-=======~, AVTVPGGGKTTPHKﬁPSP 496
MUCSAC VA E-MSGLWNVSIPDQPACHRPHPTPTTVGPTTVGSTTVGPTTVGSTTVGPTTPPA PSP 531
VWBF VTTDWKTLVQEWTVQORPGQ-TLRPILEEQCLV: PDSS 1374
* %
7
MUCSB LEDLMLSdVFAE NLVPPGPFFNALL SDHERGRL~EVPEPSLERYAEL GVCEDWRGATGG 574
MUC2 LOLIKDSLFA( [ALVPPQHYY D FDSEFMPGSSLELASLQAYAAL QQNI"JDWRNHTHG 561
MUCSAC IHLILSKVFEPCHTVIPPLLEFYEGLYFDRCHMTDLDVVEESLELYAAL) HDILCL DWRGRTGH 595
VWBF H"QVLLLPLFAE KVLAP}\TE‘YAI )QD. Q---EQVCEVIASYAHLCRTNGVEYDWRTPDE- 1435
* * e x *dex
|
MUCSB L PTKVYKHCGPIQPATCNSRNQS=---— PQLEGMAEGCFFPENQI LENAHMGICVOA-~ 632
Muc2 SHREYQAC:PAEEEI Q-———= ONNTVLVEGCFPEGTMNYAPGED! KT-- 619
MUC5AC M PFT I-\DKVYQE’C.:PSN? YCYGNDSASLGALPEAGPITEGCFLPEGMTLESTSAQ PTG- 659
VWBE PSL\IXN ICEHGCPRHCDGNVS-—---~ SCGDHPSEGCFLCPPDKVMLE--~-G, PEEA 1490
P *
D4 (1535)?1546)
MUC5B GPDGFPKFPGERNVS EGSVSV( AQGQPPPCNRPGEVTVTRPR-AE 695
Mucz EE GPDNVPREFGEHFEF' EGGSGII QKPVTH-CYEDGTYLATEVN-PA 681
MUCSAC GPHGEPVKVGHTVGM AATWTLT} LPPA---CPLPGFVPVPAAP-QA 720
VWBE ICT SGRK-VNCITQPCPTVARLRQONA 1553

GEDGVQH%FLE ——————————— AWV PDHQP}
* 3

(1571) T (1637)€1 Domain

MUC5B N IPET TTTEPOS-LPVOPPGQESICTQEEGIJ FTER RPOLEBYNGTFYGVGATEP 758
Mucz DTCONIT TSLCKEK-PSVIOQPLGFEVKSKMV PGRS E‘r YWEESKG HGNAEYQPG-SPV 744

PRONS!

MUCS5AC  GQCCPQY S| TSRCPA--PVGCOPEGARAI PTYQEGA( SWTVEBINGTLYQPG-AVV 781
VWBE COPEYEL] PVSCDLNSTV: PLGYL}\STATDNL(:_[ TTT- HRSTIYPVGQEWE 1682
PR

2

Q
vl

MUCSAC SSSLCETL] LPGGPPSDAFVVSICETQI| VGFEYQEQSG! QVi TNTSKSP 845
VWBE EG-+CDVE[CT DMEDAVMGLRVA( QK P SGF'FYVLHP' E CLPSACEVVTGSPR 1744
*

3

MUC5B  GALHCHMLT| SGDTQDPTVQ——— E DA QGFEYKRVAG! QT TPDGQPV 820
Muc2 Y CRL DKVDNNTLLNVI HVP) NT PGFELMEAPGELCKI CEQTH IKRPDNQ 808

€1(1752) € (1908)C-terminal domain

MUCSB  QLNETWVNSHVD----NCFVYLCEAEGGVHFLTPQPAS DV——SE———GSLRK——lU_L 874
MUC2  HVILKPGDFKSD-PKNNCIFFSCYKIHNQLISSVSNIT-CPNEDASIEC] PGSITEMP--NGCCKTC| 870
MUCSAC -AHLFYPGETWSDAGNHCN THOCEKHODGLVVVTTKKA-CPPLS— -~ CFLDEARMSK--DGCCREC| 904
VWBF  GDSQSSWK------=--| ELTHF WNBRGEYFWEKRVTEPFDEH AEGGKIMKIPGTECPTC] 1956
MUCSB  —=——-=-= EEDSRVRINTTILWHQG-FET--EVNITE CPGAS-KYSAEAQAMOHOCTFTR 927
MUC2Z  ---TPRNETRVPESTVPVTTEVSYAG-LTK--TVLMNHGSGSLET FV-MYSAKAQALDH « 928
MUCSAC PLPPPPYONQSTIAVYHRSLIIQQQG-LHSSEPVRLAYICRGNCEDSSSMYSLEGNTVEHRCDCCD 968
VWBF ~ —————==- EEPECNDITARLQYVKVGSLKSEVEVDIHYCOGKLASKA-MY STDINDVODOCEECS 2012
.
MUCSB  ERRVHEETVPLH-CPNGSAILHTYTHVD--E| -PF| PAPMAPPHTRGFPAQEATAV 983
MUC2  EEKTSSQREVVLSCPNGGSLTHTYTHIE--§ DTVLELPTGTSRRARRSPRHLGSG 984
MUCSAC ELRTSLRNVTLH-(C'DGSSRAFSYTEVE--E IGRR| PAPGDTQHSEE:AEPEPSQEAESGSW 1028
VWBE  PTRTEEMOVALHACINGSVVYHEVLNAM--E PRK| 2050
MUC5AC ERGVQCPPCTDQHCRPPDLQGEPPICPLSSASGTCAPVQ}-\AAALNTLSTPAFLWRVWAMGHLLPG 1093
MUCSAC GGALTHPACSHLSGPAPGLAELLWPCIQPAVLGT 1127

Figure 5 Comparison of the deduced amino acid sequences of the
C-terminal regions of MUC5B (this report), MUC2 [18], MUCS5AC [24,26]
and human von Willebrand factor (vWBF; [36—38]) with gaps introduced
to maximize sequence similarity

Cysteine residues identical in at least three of the four sequences are enclosed in boxes and
other amino acids that are identical in all four sequences are marked with asterisks. The
sequence of human VWBF has been divided into several discontinuous domains indicated in
bold type, whereas the other three sequences are presented continuously. The positions of the
exon—intron junctions in the D4 domains of MUC5B and vVWBF are indicated with a vertical line
and exon number.

von Willebrand factor is presented in Figure 5. Overall, this
region of MUCSB displays 33.2 %, identity with both MUC2 and
MUCS5AC and 26.99, identlty with von Willebrand factor.
Despite this low overall degree of similarity, all of the cysteine
residues in the C-terminal domain of MUCS5B are present at the
same position in MUC2 and MUCSAC. Of the 71 cysteines in
the region of MUCS5B, which can be aligned with the D4, C1 and
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Table 2 Exon—intron structure of MUC5B and human von Willebrand factor (vWBF) genes

Exons in MUC5B are numbered provisionally according to their position in the sequence of the genomic clone hGBM G1-4/7.5 and exons in VWBF are numbered as in [49]. Exon and intron
sizes are given exactly except where shown by the symbol (~

).

Protein Exon 5" Splice site 3 Splice site Exon size (kb) Domain Intron size (kb) Type
MUC5B 1 TTC TCG CCC G/gtgag ~18 - ~09 1
MUC5B 2 cacag/GG GAA GTC CTC CGG CAG/gtgag 0.181 - 0.285 0
MUC5B 3 cccag/GTG AAT GAG GAG TGC GAG T/gtgag 0172 - 1.118 1
VWBF 34 tgcag/CCC GGG GAC ACC TGC CCC T/gtgag 0.178 - ~ 16.4 1
MUC5B 4 cgcag/GC ATC TGC GAG GGC CTG/gtgag 0.260 D 0.344 0
VWBF 35 tccag/GC GTG TGC GAC ATG GAG/gtgag 0.221 D4 14 0
MUC5B 5 cccag/ATC CTG TTT GGC CAG TGC G/gtgag 0.187 D 0.165 1
VWBF 36 tgcag/GTG ACG GTG GGT CTG TGT G/gtgac 0.193 D4 0.211 1
MUC5B 6 cccag/GC ACC TGC CTG AGC CA/gtgag 0.226 D 0.114 2
MUC5B 7 cacag/G GTC TTT GGC CTG TGC G/gtgag 0.176 D 0.210 1
vWBF 37 tctag/GG ATC TGT GAT TTC TGT G/gtgag 0.342 D4 ~20 1
MUC5B 8 cacag/AC CTC ACC AAC TCT AG/gtaag 0.071 D 0.444 2
MUC5B 9 ggcag/G AAC CAG CAG GCC TGC C/gtaag 0.101 D 0.469 1
MUC5B 10 tccag/CC TGC GTG CCT AAA TTT/gtgag 0.032 D 0.195 0
VWBF 38 tacag/CT ATG TCA CAG CAC CAG/gtagg 0.200 D4 ~ 6.5 0

C-terminal domains of von Willebrand factor, the positions of 64
cysteines are conserved in both proteins.

Analysis of MUC5B genomic structure

As described above, exons 2-10 of MUCS5B encode 469 amino
acids of the C-terminal cysteine-rich region immediately fol-
lowing the MUCS5B tandem repeat array. Analysis of the
exon/intron boundaries in this region reveals three type 0, five
type 1 and two type 2 splice junctions (Table 2). The sequences
of the 5" and 3’ splice junctions in each intron conform to the
‘GT-AG’ rule and with previously established consensus sequ-
ences [46]. Seven of the ten 5" splice junctions are specified by the
sequence GTGAGT (Table 2).

Exons 4-10 encode a region of MUCSB with extensive
sequence similarity to the D4 domain of human von Willebrand
factor that is encoded in exons 35-39 of the gene for this protein
[48]. When the nucleotide sequences of the D4 domains in the
two genes are compared, a striking coincidence in both the
position of the exon—intron boundaries and the splice junction
type is observed. Exon 4 in MUCS5B is approximately the same
length as exon 35 in von Willebrand factor. Both are followed by
a type 0 exon—intron junction (Table 2) and these exons code for
the same regions in the two proteins (Figure 5). Similarly, exon
5 in MUCS5B and exon 36 in von Willebrand factor are of
comparable length, are followed by a type 1 exon—intron junction
(Table 2) and occur at identical positions in the two proteins
(Figure 5). Exon 37 in von Willebrand factor is split into exons
6 and 7 in MUCS5B, whereas exon 38 in von Willebrand factor is
split into exons 8, 9 and 10 in MUCS5B (Table 2). As shown in
Table 2, exon 6 in MUCS5B is preceded by a type 1 junction and
exon 7 is followed by a type 1 junction, analogous to the type 1
junctions that flank exon 37 in von Willebrand factor. Exon 8 in
MUCSB is preceded by a type 1 exon—intron junction and exon
10 is followed by a type 0 junction; exon 38 in von Willebrand
factor is preceded by a type 1 junction and followed by a type 0
junction. Gene structure analysis revealed that the similarity
between the positions of exon—intron junctions in the D4 domains
in MUCS5B and von Willebrand factor is greater than that

between the exon—intron junctions in the D1, D2, D3 and D4
domains of von Willebrand factor itself.

DISCUSSION

The structure of gall bladder mucin is of considerable interest
because of its key role in the pathophysiology of cholesterol
gallstone disease. In this paper, we describe the first nucleotide
sequences of clones isolated from a human gall bladder cDNA
library. These data identified a major mucin in human gall
bladder that is likely to be the tracheobronchial mucin MUCS5B
based on the following observations: (a) transcripts for both the
gall bladder mucin and MUCSB have an identical tissue dis-
tribution, (b) the consensus sequences of the tandem repeats in
the gall bladder mucin and MUCS5B are 90 9, identical at the
amino acid level and (c) Southern analysis of human genomic
DNA probed with clone hGBM4-1 (Figure 1) revealed exactly
the same pattern of hybridizing bands (results not shown) as that
seen using a MUCS5B probe [28]. While the above strongly
suggest that the mucin described in this report is MUCSB, it
cannot be ruled out that human gall bladder expresses a closely
related gene product.

It has now become clear that a given mucin gene is expressed
in more than one human tissue and that frequently tissues
express more than one mucin gene [2-4]. In earlier studies,
almost all of the known human mucin genes have been shown to
be expressed at some level in the human gall bladder epithelium
[29,47,49,50]. Since these studies have been conducted in nu-
merous laboratories using different techniques and have exam-
ined both normal and inflamed gall bladder tissue, it is difficult
to conclude which of these genes encodes the predominant gall
bladder mucin.

In the present investigation, several lines of evidence indicate
that the mucin identified as MUCS5B is a major mucin gene
product in the gall bladder. First, cDNA clones encoding
MUCSB were isolated from a human gall bladder cDNA
expression library using an antiserum raised against deglycosyl-
ated human gall bladder mucin. Of the 37 clones that were
initially isolated from a screening of 600000 pfu, 26 were shown
to contain MUCS5B repeats by either direct sequencing or dot
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hybridization. The large number of MUCS5B clones isolated from
the cDNA library is suggestive of a highly expressed gene
product. Since the polyclonal antiserum used to screen the
library was raised against purified mucin obtained from gall
bladder mucosal scrapings, this antibody preparation would be
expected to recognize all of the mucins present in human gall
bladder epithelium. Secondly, the sequences of two chymotryptic
peptides isolated from deglycosylated gall bladder mucin were
contained within the deduced amino acid sequence of clone
hGBM4-1 encoding MUCS5B tandem repeats, and the sequences
of the other peptides suggest that they are derived from regions
of the degenerate tandem repeat array not yet sequenced. Since
none of the chymotryptic-peptide sequences were contained in
the tandem repeats of other known mucins, the primary sequence
data suggest that the gene for MUCSB is the most highly
expressed in human gall bladder epithelium. Thirdly, Northern
blot analyses showed that a MUC5B tandem repeat probe
hybridized strongly to human gall bladder RNA, consistent with
a high level of expression in human gall bladder epithelium.
The complete nucleotide sequence of the cysteine-rich C-
terminal region of MUCSB was determined from overlapping
c¢DNA and genomic clones. The deduced amino acid sequence is
similar to the cysteine-rich C-terminal regions of MUC2 [18] and
MUCS5AC [24,26], and the D4, C1 and C-terminal domains of
human von Willebrand factor [36-38]. As might be expected, the
highest degree of overall sequence similarity (33.29,) was
observed between MUCS5B and either MUC2 or MUCS5AC. The
positions of all of the cysteine residues in the C-terminal region
of MUCS5B were conserved in the other two mucins. Furthermore,
the cysteine-containing sequences, GQCGTCTN and EGCFCPE
(marked with asterisks in Figure 5), which have been previously
shown to occur in both MUC2 and MUCSAC, are also contained
in the C-terminal region of MUCS5B. It seems likely that both the
overall conservation in the position of cysteine residues and the
occurrence of the conserved sequences above are indicative of
structural features that are required for the disulphide-linked
polymerization of mucin monomers. Comparison of the sequ-
ences of the individual structural domains in MUC5B, MUC?2,
MUCS5AC and von Willebrand factor shows that the D4 domains
in each of the mucins are approx. 38 9, identical with each other,
whereas the D4 domain in any of the mucins is only approx.
26 9, identical with the D4 domain in von Willebrand factor. The
higher degree of sequence similarity among the D4 domains in
the three mucins may suggest that this domain has evolved to
perform a ‘mucin-specific’ function distinct from that in von
Willebrand factor. In contrast, the similarity between the extreme
C-terminal domains of MUC5B, MUC2 and MUCS5AC ranges
from 23.2 to 31.8 9%, and the similarity between the extreme C-
terminal domain of the three mucins and von Willebrand factor
ranges from 24.6 to 31.6 9%, suggesting that this domain has a
common function in all four proteins. In von Willebrand factor,
this domain appears to be the only structural requirement for the
C-terminal-to-C-terminal dimerization of protein monomers be-
cause deletion mutants lacking this region are unable to dimerize
and mutants containing only the C-terminal 151 amino acids are
fully capable of dimerization [51]. Since the cysteine-rich extreme
C-terminal domain has been found in several animal mucins
[43-45] and is present in MUCS5B (the present investigation),
MUC?2 [18] and MUCSAC [24,26], this domain is likely to play
acritical role in polymerization of monomers during the secretory
process. Although the precise location of the cysteine residues
involved in the polymerization of von Willebrand factor have not
been established, one of the cysteines required for multimeriza-
tion has been localized to the extreme C-terminal domain of the
polypeptide chain by protein sequencing studies [52].

In addition to the sequence similarity noted at the amino acid
level between the D4 domains of MUCS5B and von Willebrand
factor, the gene structure of these regions also appear to be
related.

Comparison of the sequences of the two genes revealed a
striking coincidence in the positions of exon—-intron boundaries
and splice junction types (Table 2; Figure 5). For example, the
D4 domain begins with exon 4 in MUCS5B and exon 35 in von
Willebrand factor (Figure 5). These exons are of similar size and
are followed by a type 0 splice junction. Exon 5 in MUCS5B also
corresponds to exon 36 in the D4 domain of von Willebrand
factor. However, an additional exon is inserted into the MUC5B
gene such that exons 6 and 7 together comprise the region
encoded in exon 37 in von Willebrand factor. Similarly, exon 38
in von Willebrand factor codes for a region of the D4 domain
encoded by exons 8, 9 and 10 in MUCSB. It remains to be
determined whether the genomic structure of MUCSB (con-
taining additional exons not found in the von Willebrand gene)
is unique or is a general feature of mucin genes located on
chromosome 11pl5.

Although the origin of introns is still the subject of debate,
accumulating evidence suggests that the vast majority of introns
were inserted into existing genes late in eukaryotic evolution [53].
Introns appear to have played a significant role in the evolution
of eukaryotic genomes by promoting exon shuffling between
genes [54]. In particular, shuffling of exons containing various
protein modules has been important in the evolution of cell
surface and extracellular proteins [55]. A common feature of
many of these modules is the presence of type 1 introns at their
5 and 3" ends [56]. Interestingly, in MUCS5B, the tandem repeat
array (exon 1) and the cysteine-rich domain (beginning with exon
2) are separated by a type 1 intron, suggesting that these two
distinct regions of the protein may have been assembled via exon
shuffling. This may indicate that the mechanism for the evolution
of mucin genes with distinct tandem repeat arrays may have
involved the insertion and duplication of exons encoding repeats
into a primordial gene for a mucin-like molecule.

The biochemical mechanism by which gall bladder mucin
promotes gallstone formation is unknown, but previous studies
have shown that the non- or poorly glycosylated regions of the
molecule are essential for this process. Human gall bladder
mucin contains numerous low-affinity binding sites for hydro-
phobic ligands, and binding of cholesterol and phosphatidyl-
choline to these sites could be abolished by proteolysis [7]. In
addition, treatment of bovine gall bladder mucin with reducing
agents increased the number of available ligand-binding sites,
suggesting that cysteine-containing non-glycosylated portions of
the molecule are the regions that promote cholesterol crystal
nucleation [57]. In the present investigation, we have shown that
MUCS5B is a major human gall bladder mucin and have identified
structural features in the C-terminal region of MUCS5B that are
fully consistent with earlier experimental observations character-
izing the functional domains of gall bladder mucin. These are:
(a) the C-terminal domain of MUCS5B is not heavily glycosylated
and therefore is susceptible to digestion with proteolytic enzymes,
(b) the C-terminal domain of MUCS5B contains stretches of
hydrophobic amino acids that might serve to bind ligands such
as cholesterol and other biliary lipids, and (c¢) the C-terminal
domain of MUCSB is enriched with respect to cysteine. Future
studies will identify the exact structural features of MUCS5B that
govern its interaction with biliary lipids leading to stone form-
ation.

Supported by Grants DK44619, DK02327 and DE11691 from the National Institutes
of Health.
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