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Abstract

MUC-2, the first described intestinal mucin gene, has become
important as a prototype for secreted mucins in several organ
systems. However, little is known about its protein backbone
structure and hence its role in diseases such as colon cancer,
ulcerative colitis, and cystic fibrosis, which are known to have
mucin abnormalities. Studies in this manuscript show that
MUC-2 contains two distinct regions with a high degree of
internal homology, but the two regions bear no significant ho-
mology to each other. Region 1 consists mostly of 48-bp repeats
which are interrupted in places by 21-24-bp segments. Several
of these interrupting sequences show similarity to each other,
creating larger composite repeat units. Region 1 has no length
polymorphisms. Region 2 is composed of 69-bp tandem repeats
arranged in an uninterrupted array of up to 115 individual units.
Southern analysis of genomic DNAsamples using TaqI and
HinfI reveals both length and sequence polymorphisms which
occur within region 2. The sequence polymorphisms have dif-
ferent ethnic distributions, while the length polymorphisms are
due to variable numbers of tandem repeats. (J. Clin. Invest.
1991. 88:1005-1013.) Key words: glycoprotein * tandem re-
peats * O-glycosylation * colonic mucin * mucus

Introduction

Mucin glycoproteins are extremely large and heavily glycosy-
lated structures that consist primarily of a polypeptide back-
bone and 0-linked oligosaccharide chains. Approximately 80%
of the mass of mucins are carbohydrates, which gives them the
high density, hydrodynamic volume, and viscosity necessary
for the formation of mucus gels whose biological functions in-
clude maintenance of tissue hydration, lubrication, and cyto-
protection against proteases, pH extremes, chemical irritants,
and biological agents (1).

Four human mucins have been described and at least par-
tially characterized (2-14). All of these genes have been found
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to contain tandemly repeated sequences that encode peptides
rich in the hydroxy-amino acids threonine and/or serine.
These repetitive arrays are thought to be heavily glycosylated
and to make up a major portion of the overall structure of
mucins. This is certainly the case with MUC-I which is known
to be highly polymorphic due to variable numbers of tandem
repeats (VNTRs)' in different alleles.

Our laboratory has cloned partial cDNAs that are derived
from two different human intestinal mucin genes, MUC-2and
MUC-3 (9, 13). These genes appear to encode very large poly-
morphic proteins, but precise structural information has been
lacking. The MUC-2cDNAs were the first isolated and are the
better characterized of the two. This gene is expressed in colon,
small intestine, colonic tumors, bronchus, cervix, gall bladder,
and possibly other tissues, suggesting that the MUC-2 gene
product is physiologically important in many organ systems
(9-12). In addition, mucin abnormalities have been described
in a number of gastrointestinal diseases including cystic fibro-
sis, ulcerative colitis, and colon cancer (15-18). Mucinous co-
lon adenocarcinomas appear to be more biologically aggressive
with resulting poorer prognosis than histologically nonmucin-
ous-tumors (19). These two histologically different groups of
colon carcinomas are also reported to have different patterns of
chromosomal abnormalities (20).

Further information pertaining to mucin structure and ex-
pression may lead to a better understanding of the pathology of
several diseases. This paper gives a detailed analysis of the
MUC-2 gene and the differences between its various alleles.

Methods

DNAisolation. Leukocytes were isolated from the peripheral blood of
156 healthy Caucasians and 15 healthy Asians by centrifugation and
DNAwas extracted by the method of Blin and Stafford (21).

DNA (Southern) blotting. DNAwas digested with various restric-
tion enzymes and the fragments separated by electrophoresis through
0.8% agarose (22). Blotting, hybridization, and washing were con-
ducted as described (9) except that the final wash (in 0.1 X standard
saline citrate, 0.1% SDS) was conducted at 650C rather than 55'C.

Four different hybridization probes were used. The cDNA clone
SMUC40 was used as a probe for the MUC-2 tandem repeats. For the
5'-region of the gene, a 1 52-bp BamHI/NcoI fragment of the GMUC
clone (described later) was used. Two probes derived from the unique
portion of the SMUC41 cDNAclone were used to examine the 3'-re-
gion of the gene. These included a 262-bp ApaI/KpnI fragment and a
204-bp KpnI/EcoRI fragment (9). Probes were labeled with [32P]dCTP
by random hexamer priming.

Genomic DNAclone isolation. Humanperipheral leukocyte DNA
from a homozygous individual was digested to completion with
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1. Abbreviations used in this paper: VNTR, variable numbers of tan-
dem repeats.
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BamHI and size fractionated by sucrose density gradient centrifugation
(23). The DNAwas then precipitated from the fractions and examined
by dot blot hybridization with the MUC-2 tandem repeat probe. Frac-
tions giving the highest signal were pooled and used to construct a
library in the Lambda-GEM- 1 vector system (Promega Corp., Madi-
son, WI). The library was then plated in soft agar at a density of

- 25,000 plaques/ 150 mmplate using Escherichia coli strain KW251
as a host. Plates were then incubated at 370C until plaques formed,
then overlayed for 2 min with nylon membranes. The membranes were
then treated with 0.5 Msodium hydroxide/1.5 Msodium chloride to
denature the DNA, followed by neutralization with 1.0 MTris, pH
7.6/1.5 M sodium chloride. The membranes were then baked in a
vacuum oven for 1 h at 80'C and screened by hybridization with the
MUC-2 tandem repeat probe under the conditions described above.
Plaques giving a positive signal were isolated, plated, and rescreened,
with this process being repeated until clonality was finally obtained.

DNA sequencing. Sequencing was done using Ml 3mp18 and
M13mpI9 vectors as single-stranded templates. The dideoxynucleo-
tide chain termination method was used with a modified T7 DNA
polymerase (Sequenase, version 2.0; United States Biochemical Corp.,
Cleveland, OH) (24).

Thermal amplification. The tandem repeat regions of genomic
DNAsamples were amplified using low concentrations of DNA(50
ng/reaction) along with a high concentration of primers (25 pmol each/
reaction). The oligonucleotide primer flanking the 5' side of the tandem
repeats was 5'-TGCCTCAACTACGAGATCAAC-3'(+ strand). The
primer on the 3' side was 5'-ATTGGATGTGGTCAACTCAGC-3'
(- strand). Reaction conditions were 67 mMTris, pH 7.6, 16.6 mM
(NH4)2SO4, 6.7 mMMgCI2, 10%DMSO,200MgMdNTPs, and 2.5 Uof
AmpliTaq (Perkin-Elmer Cetus Corp., Norwalk, CT) per reaction.
DNAwas denatured for 40 s at 94°C, followed by 1 min of annealing at
55°C and 15 min of extension at 72°C. 14 cycles of amplification were
used, because higher cycle numbers increased the possibility of self
priming of the amplified product by the 69-bp tandem repeat regions.

Results

MUC-2polymorphisms. Restriction fragment length polymor-
phisms of the MUC-2 gene have been noted in this laboratory
and others (8, 9). Further characterization of the structural
basis for this polymorphism was felt to be necessary in order to
better understand the individual differences that exist in this
gene. TaqI polymorphisms were examined by blot analysis us-
ing genomic DNAisolated from the lymphocytes of 171 indi-
viduals. The vast majority of these samples contained either
two or three bands in the size range between 1.7 and 2.3 kb
(Fig. 1 A). All of the samples also contained numerous bands of
0.5 kb and below, as will be discussed later. When only the
larger TaqI fragments were considered, the MUC-2 genotype
in the population examined consisted primarily of just two
alleles which were inherited in a Mendelian codominant fash-
ion (8). These alleles were designated either "A" or "B". Indi-
viduals homozygous for A alleles exhibited two bands at 2.3
and 2.1 kb, while those homozygous for the B allele had bands
at 2.3 and 1.7 kb (Fig. 1 A). Most of the DNAsamples exam-
ined were from Caucasians living in the United States or West-
ern Europe. 156 such individuals were examined, with 25% of
the population homozygous for pattern A, 23% for pattern B,
and 42% being combinations of patterns A and B. About 10%
of individuals appear to be heterozygotes of A or B and "other"
patterns with only one individual having neither pattern A
nor B.

The distribution of alleles in Asians appears to be quite
different than in Caucasians. 15 Asians were studied of whom
14 were homozygous for pattern A and one was heterozygous
for pattern A/B. The difference in pattern distribution between
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Figure 1. Major MUC-2
allele patterns. (A) Re-
striction fragment
length polymorphisms
with TaqI using the

A A/B B MUC-2 tandem repeat
probe. The two major
homozygous patterns
are designated A and B.
The middle lane repre-

* Caucasians sents the progeny of
g Asians parents with patterns A

and B. (B) Distribution
of MUC-2 alleles in
Caucasians and Asians.
A and B refer to patterns
"A" and "B" and 0

kIB B/B A/O B/O 0/0 refers to "other" pat-
ALLELE PATTERN terns.

Caucasians and Asians is significant at a P < 0.005 by Chi
square analysis. The allele frequencies in both Caucasians and
Asians are in Hardy-Weinberg equilibrium.

Southern analysis using the restriction enzyme Hinfl has
previously shown the MUC-2 gene to be polymorphic (8, 9).
Extending these observations to a large number of genomic
DNAsamples, we found that the Hinfi-digested samples con-
tained either one or two major bands. These polymorphisms
were independent of the homozygosity or heterozygosity of the
same samples when digested with TaqI (Fig. 2), suggesting dif-
ferent reasons for the polymorphisms seen with these two re-
striction enzymes. In order to further characterize the MUC-2
gene and its polymorphisms, it was necessary to isolate and
sequence a genomic DNAclone.

MUC-2genomic DNAclone. Because BamHI-digested hu-
mangenomic DNAcontains a single fragment of - 15 kb that
hybridizes to SMUC40, this enzyme was used to generate a
library from the DNAof an individual homozygous for the A
allele (defined using TaqI). Approximately 3 X 106 plaques
were screened to obtain a single stable clone, despite the use of
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Figure 2. Comparison of TaqI alleles to Hinfi
ters refer to samples which are homozygous on
digests. Lower case letters refer to samples wh
mozygous on TaqI digest, but heterozygous on
analyses performed with MUC-2 tandem repea

size selected DNAin the construction of
more, portions of this clone proved to b
tempts at subcloning into plasmid vectors
due to the unstable nature of DNAsegme
tandem repeats in bacterial host strains (9.
insert (designated GMUC)was determine
kb shorter than the BamHI fragment fro
rived. Thus, a sizable portion of this clone
host strain-mediated recombination, with
ring within the tandem repeat array.

Structural basis ofpolymorphisms in A
clone was restriction mapped as shown in
clone were then sequenced. The regions in
both boundaries of the cross-hatched box i
mined to consist of tandem repeats for at le
nucleotides from either end with the direct
determined to be from left to right. The b
DNAfragment within the cross-hatched bc
cessfully cloned into MI3mpl8, MI3mpl
script, making direct sequence determinatio

Hinf I ever, this region appears to consist entirely of tandem repeats as
indicated by the experiment shown in Fig. 4. The restriction
enzyme BstEII was used to produce either total or partial restric-

69.4 kb tion digests of the GMUCclone. The resulting fragments were
- 6.6 kb separated by agarose gel electrophoresis and hybridized with

4.4 kb the tandem repeat probe following blotting.
Because over 85%of the individual MUC-2tandem repeats

have a BstEII recognition site (GGTNACC)within their most
- 2.3 kb highly conserved region, complete digestion would be expected

- 2.0 kb to break the tandem repeat region into small pieces consisting
mainly of individual units of 69 bp, although a small number of
fragments would have two or more units if no BstE II site was
present. Fig. 4 A shows a complete BstEII digest of the 11-kb

0.5 kb GMUCinsert. The bands at - 1,850 and 800 bp represent the
fragments produced at the 5' and 3' ends of the tandem repeat

a' B b' b" region, respectively. These fragments contain approximately
one-half of a tandem repeat and would be expected to produce

alleles. Upper case let- a faint signal on hybridization to the tandem repeat probe. The
both TaqI and Hinfl fact that these bands could be detected is significant because it
ich appeared to be ho- indicates that any unique sequence interposed in the tandem
tHinf digest. Southern repeat region would also produce a detectable fragment. The

it probe. fact that no such fragment was observed suggests that the tan-
dem repeat region of the GMUCclone is not interrupted by

the library. Further- any unique segment of 500 bp or larger.
e unstable upon at- Partial digestion, where only a fraction of the total number
i. This appears to be of sites are actually cleaved, would be expected to cut the tan-
nts containing short dem repeat region into fragments consisting of multiples of
,13). The size ofthe individual tandem repeat units. Because the BstEII sites would

d to be 11 kb, i.e., 4 be digested randomly, all multiples of tandem repeat unitsdm which it was de- should be represented, creating a ladder effect where the indi-

was deleted through vidual rungs consist of 69-bp multiples. Total Lambda-GEM-
the deletion occur- 11 DNAcontaining the GMUCinsert was digested with BstEII

(0.5 U/,ug of DNA) for various lengths of time. Fig. 4 B shows

{UC-2. The GMUC the 2-, 5-, and 10-min time points. Careful examination of the
Fig. 3. Parts of the Southern blot gives at least 36 rungs, placing the minimum

amediately inside of number of uninterrupted tandemly repeated units at 36. Re-
in Fig. 3 were deter- striction mapping has shown that Hinfl digestion sites flank the
!ast several hundred tandem repeat region by

-

300 bp on the 5' side and 65 bp on
ion of transcription the 3' side. Hinfl digestion of the Lambda-GEM- 1 DNAfol-
iulk of the 3,000-bp lowed by Southern analysis with the MUC-2 tandem repeat
%Y {nn1lA "nt U_ probe showed a single band whose size was estimated to be
JA VUU1UlUL UUSU-

19, pSP6, or pBlue-
in impossible. How-
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I-I'- 2.3 kb

3' 2.0 kb

++N 4446+
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Figure 3. Partial restriction map of GMUCgenomic clone. The open box
encodes the region of imperfect repeats and the hatched box encodes the
tandem repeat region. Both of these regions have a high concentration
of proline and potential O-glycosylation sites. (l) Tandem repeats.
(0) Region of imperfectly conserved repeats.

0.5 kb

I

120 10 5 2

Minutes of digestion of
cloned DNAwith Bst Ell

Figure 4. Characteriza-
tion of the tandem re-
peat region in the
GMUCclone. (A)

2.3 kb GMUC1I -kb fragment

2.0 kb DNA(1 ug) was di-
gested with 20 U of the
restriction enzyme
BstEII for 2 h. (B) Par-
tial digests of Larjbda-

0.5 kb GEM-Il DNAcontain-
ing the GMUCinsert.
Each lane represents 2
gg of DNAdigested for
the specified time with
BstEH at a concentra-
tion of 0.5 U/ag of
DNA. Blot analysis was
conducted using the
MUC-2 tandem repeat
probe.
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2.3 kb-
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Taq polymerase amplified genomic
DNAtandem repeat region

amplified fragment determined in this experiment was
9.4 kb - 8,000 bp, which would correspond to - 1 5 individual tan-

-.4 kb dem repeat units, while the smallest was - 3,650 bp or 51
individual tandem repeat units. Fig. 5 B shows a total genomic
DNAsample which has been digested to completion with

2.3 kb BstEII. The faint bands visible at - 1,900 and 800 bp (indi-
-2.0 kb

cated by arrows) are consistent with the bands seen on BstEII
digestion of the 11-kb fragment in Fig. 4. The 5'-most BstEII
site used in this case occurs 65 bp upstream of the BamHI site
defining the 5'-end of the GMUCclone. Inverse thermal ampli-
fication was used to extend the cloned region shown in Fig. 3
and has confirmed the existence of this site (data not shown).

0.5 kb Again, other bands which might indicate interposed unique
sequence were not seen. The smear at the bottom of the lane
runs from 50 to 250 bp. Thus, the tandem repeat array in

genomic DNAappears to contain between - 50 and 1 5 unin-
- 0.1 kb terrupted tandem repeats, depending on the allele.

Total genomic
DNAsample

Figure 5. Characterization of the tandem repeat region in genomic
DNA. (A) Taq polymerase amplification of genomic DNAfrom a

homozygous individual (left) and heterozygous individual (right) us-

ing primers immediately flanking the tandem repeat region of the
GMUCclone. Template DNAsamples were from the same individ-
uals seen in lanes A and a' in Fig. 2. The amplified products were

divided in half, with half of the sample being digested with 20 U of
BstEII for 2 h (*) and the other half being untreated. (B) Total geno-
mic DNA(2 Ag of sample A) digested with 20 U of BstEII for 2 h).
Faint bands indicated by arrows are at - 1,900 and 800 bp.

3,300 bp (data not shown). Subtracting the flanking unique
sequences, the tandem repeat region was estimated to be 2,900
bp in length, corresponding to - 42 to 43 tandem repeats.
These results strongly suggest that the tandem repeat region of
the cloned DNAconsists of 42 to 43 uninterrupted individual
tandem repeat units.

Attempts to apply the same type of analysis to obtain a
direct estimate ofthe number of individual repeat units in geno-
mic DNAsamples were unsuccessful because the lower resolu-
tion of bands on the Southern blots made counting of "rungs"
on partial digests impossible beyond 15 (data not shown), ne-

cessitating the use of more indirect methods.
Thermal amplification of the tandem repeat region of the

MUC-2gene was accomplished by using low concentrations of
genomic DNA, high concentrations of primers flanking the
tandem repeat region, and a low cycle number (see Methods).
Southern analysis of the products was then performed using the
MUC-2tandem repeat probe (Fig. 5 A). These amplified DNA
samples from homozygous (left) and heterozygous (right) indi-
viduals corresponded well in size to the bands seen on Hinfl
digests of these same individuals (Fig. 2, lanes A and a'). The
position of the oligonucleotide primers predicts that the ther-
mal amplification products would be about 300 bp shorter
than the Hinfl fragments. When these thermal amplification
products are completely digested with BstEII, the result is small
fragments of - 50-200 bp. No other discrete bands were noted
on overexposure of the autoradiogram, supporting the view
that the tandem repeat portion of the Hinfl band or bands is
uninterrupted by intervening unique sequences. The largest

Wenext wanted to correlate the bands observed with TaqI
digestion with their location within the gene. To accomplish
this, probes were constructed which were located 5' (BamHI/
NcoI fragment of GMUC)and 3' (ApaI/KpnI fragment of the
cDNA clone SMUC41) in relation to the tandem repeat re-
gion. Fig. 6 shows the results of hybridization of these probes to
the same TaqI-digested genomic DNAblot. Hybridization to
the 5' probe, seen in the left panel of Fig. 6, clearly shows that
the 2.3-kb band seen on all of the TaqI digests corresponds to
the region 5' to the first TaqI site in the tandem repeat region,
and that this fragment does not show any length polymor-
phism. The middle panel shows the results of hybridization to
the tandem repeat probe. Sequence analysis of the published
tandem repeat units indicates that the ladder effect seen at the
bottom (and in Figs. 1 A and 2) is due to the cleavage of frag-
ments containing multiples of the tandem repeat unit. Hybrid-
ization to the 3' probe in the right panel shows that the frag-
ments responsible for the observed TaqI polymorphisms lie
downstream of the most 3' TaqI site in the tandem repeat re-

gion. Additional analysis showed no polymorphism in the
ApaI/ApaI restriction fragment immediately 3' of the tandem
repeat region (using the 3' probe) nor any in the immediately
downstream ApaI/TaqI restriction fragment using the KpnI/
EcoRl fragment from SMUC-41 as a probe (data not shown).
These results show that the sequences flanking the tandem re-

peat region in the 3' direction are not polymorphic.
Thus, the polymorphisms in the 3' TaqI restriction frag-

ment are due to variations in the length of the tandem repeat
containing TaqI/ApaI fragment rather than the ApaI/TaqI
fragment lying 3' of the tandem repeats. This is due to sequence
variations within the individual tandem repeats, which place
the 3' terminal TaqI site in different positions within the tan-
dem repeat region (Fig. 6). The 3' TaqI fragment from pattern
A is - 350 bp longer than that from pattern B, which corre-

sponds to about five extra tandem repeats.
Structure of the GMUCclone. The sequence of the 5' region

of the GMUCclone is shown in Fig. 7. This region of the gene
consists of a single long open reading frame as demonstrated by
reverse transcription of colonic RNAwith subsequent thermal
amplification (data not shown). Together with the tandem re-

peat array, it forms a single large exon which in the most com-

mon alleles in genomic DNAextends over 8,700 bp. This 5'
region was found to encode a segment of 385 amino acids
whose composition was 47.8% threonine, 35.6% proline, and
10.6% seine. Closer examination reveals that this segment has
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2.3 kb Figure 6. Localization of
_0 ~sequence polymorphisms.

_ - 20 kb The same blot of TaqI

digested DNAsamples
was hybridized sequen-

tially with the 5' probe
(left), the MUC-2 tandem
repeat probe (center), and
the 3' probe (right). The

0.5 kb location of the probes on

the genomic GMUC
clone is indicated by the
brackets. The arrows in-
dicate the results when

A B C D E F the blot was hybridized

3' Probe with the respective probe.

a high degree of internal homology with repeated units having
lengths varying from 7 to 40 amino acids (Fig. 8). The most
common length appears to be 16 amino acids with the first 9
showing a particularly high degree of conservation at both the
amino acid (96.4%) and the nucleotide (89.6%) levels. This
high degree of conservation suggests that the repeats arose by a

series of duplication events which would have involved varying
lengths of sequence at the 3' end of the segment resulting in
units with similar 5' ends but different 3' ends. According to this
scheme, repeats 7-1 1 contain 39 or 40 amino acids because the
conservation of nucleotide as well as amino acid sequence
makes it probable that they underwent duplication in the past
as 39 or 40 amino acid units. However, they can be further
divided into two 16 amino acid repeats with a 7 or 8 amino acid
"tail" at the 3' end of the second repeat. The sequence for this
region of imperfect repeats bears no significant homology to
the 69-bp tandem repeats or to any other form of mucin. It is
also noteworthy that the 5' region of imperfect repeats appears
to have no length polymorphisms. This may be due to the
interspersed repeats of varying length, which would make un-

equal crossover of large homologous segments of DNA
(thought to be the genesis of VNTRlength polymorphisms)
very difficult.

In addition to this large region of repetitive DNAand the
tandem repeat array, there are two 63-bp regions which have a

high degree of homology to each other at both the amino acid
(87%) and nucleotide level (81%). These are located 80 bp

upstream of the threonine/serine and proline rich regions con-

taining the two repetitive arrays (Fig. 7, enclosed box). These
segments contain one threonine and one serine residue, and
hence are not heavily glycosylated. Their role in the overall
structure of mucin is not currently understood.

The sequence of the 3' portion of the GMUCclone immedi-
ately downstream of the tandem repeats was the same as the
unique sequence of the cDNA clone SMUC41 for 253 bp
followed by a 727-bp intron before the coding sequence was

encountered again. The second exon contains only 199 bp be-
fore another intron interrupts the sequence. While analysis of
the gene 3' of the tandem repeats is not yet complete, compari-
son with cDNA sequences indicates that there are at least 7
introns in this region and that no length or sequence polymor-
phisms have yet been detected (data not shown). The coding
regions of the GMUCclone both 5' (Fig. 7, underlined) and 3'
(data not shown) of the tandem repeat array contain multiple
cysteine residues.

Discussion

MUC-2polymorphisms. All four of the currently known hu-
man mucin genes have been found to be polymorphic (2-14).
The MUC-1 gene has been the most thoroughly examined in
this respect. Alleles of this gene have been identified that ap-
pear to contain from as few as 20 to as many as 125 tandem
repeats (6). mRNAand protein species whose lengths corre-

spond to these alleles have also been identified. However, it has
not been possible to demonstrate that large MUC-2alleles give
rise to comparably large gene products and vice versa, due
mainly to two factors. First, the MUC-2protein is far too large
to be accurately sized by electrophoresis. Second, the MUC-2
message as determined by blot analysis, is quite polydisperse.
Therefore, more indirect methodology was required to exam-

ine the allelic variations within the MUC-2 gene.

The MUC-2gene exhibits a sequence polymorphism that is
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REPEAT#
1 P2 PI Ts T4 Ts Ps So P2 P, P, T4 Ss T TT4 L

2 PI Pl T4 T4 T4 P3 SO P2 PI T4 T4 T4 T7 T4 T4 P2
3 PI Pl T4 T4 T4 P3 SS P2 P I T4 T4 T6 T4 T4 P2
4 PI PI T4 T4 TS P3 SS P2 PI SS T4 T7 T4 T4 P2
5 P1 PI T4 T4 TS P3 SS
6 P2 PI T4 T4 TS P3 S8

7
a P2 PI T4 T4 TS P3 SO P2 PI T7 T4 T4 T7 T4 T4 P2
b P, PI T4 T4 T5 P3 Ss P2 PI To, Ts T6 P3 I Ts PI PI A So Ts T4 T4 L

a PF PI T4 T4 T SP3 SS P2 PI T7 T4 T4 T7 T4 T4 P2
7

b P, PT4T4Ts P3SI P2PIToTsT6 PI Ts P PA4SsTsTsT4 L

a
9

b

P1 PI T4 T4 TS 9 SO P2 PI Pi T4 T4 T7 T4 T4 P%
P1 PT T4 TS P3 SO P2 PT T4 T4 T5 P3 SI0 P2 PI T7 IT4 T7 T4 T4 P2

a Pi Pl T4 T4 TSP PP T T6 T4 T7 T4 T4 P2
10 1 4 5 6 1 6 7 4

b PI PI T4 T4 Ts P3 So P2 P, T6 Ts T7 P3 I Ts PI PI T4 Ss T T4 T4 L

a P1 PI T4 T4 TS P3 SS P3 PI Pl T4 TS T7 T4 T4 P2
11 1 4 5 6 1 4 7 4

b PI PI T4 T4 Ts P3 So P2 PI T7 T4 T4 Ts P3 So P2 PI I T4 T4 T7 T4 T4 P2

12 P P1 T4 T4 TS P3 SS SI1
13 PI T4 T4 TS P3 SS P2 Pl T7 T4 T4 b T4 T4 P2
14 SI2 PI T4 T4 T4 P3 SO SI1 PI T4 T4 T7 T4 T4 P2

15 S9 SI2TS T4 TS P3 SS P2 PI PI T4 T4 M T4 T4 P2
16 ST2PI T4 T4 Ts P3 Ss P2 PI T7 T4 T4 1 T4 T4 L

SUBSCRIPTS
1 CCA 4 ACC 8 AGC

Pro~fl6 2 CCT Throon1ne52ACT9 TCc
f3 CCC 16 ACG S~rkn 10 AGT

7 ACA I1 TCT
12 TCA

Figure 8. Protein sequence of the region of imperfectly conserved re-
peats. The protein sequence enclosed in the round brackets in Fig.
7 is presented in repeated units, which are numbered. The longer 39
and 40 amino acid repeats (Nos. 7-11) are divided into "a" and "b"
segments in order to show the internal 16 amino acid repeats. The
subscripts indicate the actual codon used for the particular amino
acid residue and are listed at the bottom of the figure.

detectable using the enzyme TaqI. Most of the 171 individual
human DNAsamples analyzed with this enzyme gave two or
three bands between 1.7 and 2.3 kb which hybridized to the
MUC-2 tandem repeat probe. The 2.3-kb band was constant in
more than 90% of all alleles examined and was found to be
derived from the 5' portion of the tandem repeats and upstream
unique sequences. The commonpolymorphism arose from the
2. 1- and 1.7-kb bands. These bands were excised from the 3'
portion of the tandem repeat array and accompanying unique
sequences, with the TaqI site giving rise to the polymorphism
being located within the tandem repeat region and not in the
downstream sequence. Thus, the common TaqI polymor-
phism is due to a sequence variation in the 3' region of the
tandem repeat array. An ethnic difference in this polymor-
phism was also detected. Almost all Asians are homozygous for

the pattern A TaqI allele, while Caucasians have approximately
equal numbers of A and B alleles.

More significantly in terms of protein structure, the MUC-
2 gene was also found to exhibit length polymorphism in its
tandem repeat array. This was suggested by blot analysis using
Hinfl (Fig. 2) and confirmed by thermal amplification using
primers flanking the tandem repeats (Fig. 5). The MUC-2gene
therefore appears to have alleles with VNTRsas has been re-
ported for MUC-1 (2). In this study, alleles were detected which
varied between 51 and 1 5 tandem repeat units (calculated
from the data in Fig. 2). The size distribution of MUC-2alleles
does not appear to vary as dramatically as is the case with
MUC-1 alleles, with the majority of the alleles examined con-
taining - 100-1 15 tandem repeat units. Thus, the most com-
mon size for the tandem repeat domain in the MUC-2-type
intestinal mucin is slightly more than 2,300 amino acids. Even
without taking into account the sizes of the carboxy- and
amino-termini, the MUC-2 protein is very large, indeed.

MUC-2 gene and GMUCclone. The GMUCgenomic
DNAclone is 11 kb in length, or 4 kb shorter than the BamHI
fragment from which it was derived, due to a deletion occur-
ring within the tandem repeat array. Several lines of evidence
support this conclusion. First, the sequence of the GMUC
clone immediately downstream from the tandem repeat array
is the same as the corresponding sequence in the SMUC41
cDNA (9), implying that the 3' portion of the sequence has not
been artifactually recombined. Second, thermal amplification
using primers based upon sequences flanking the tandem re-
peats in GMUCgives a 7-kb band with genomic DNA, whereas
this distance is - 3 kb in GMUC.This strongly suggests that 4
kb has been deleted from the tandem repeats in GMUC.Fi-
nally, blot analysis using Hinfl indicates that the tandem repeat
array in both alleles of the genomic DNAsample used for li-
brary preparation is 7 kb, rather than the 3 kb which would be
expected from analysis of the GMUCclone. Given the high
degree of sequence similarity between repeat units, this dele-
tion is likely to have occurred via an unequal crossover during
phage propagation. The high number of plaques that had to be
screened to obtain this single stable clone reflects its rare and
serendipitous nature.

The experiments shown in Figs. 4 and 5 suggest that the
tandem array of both the GMUCclone and the MUC-2gene is
uninterrupted. Thus, the tandem repeat region appears to be
contained within a single exon. Clearly, it would be more desir-
able to demonstrate this by cloning and sequencing the entire
tandem repeat array; however, given the problems encountered
in cloning this region, this does not appear to be practical.

The presence of the 1,077-bp repetitive segment in the 5'
portion of the GMUCclone is quite intriguing. This DNA
segment encodes a peptide that is very rich in threonine and
proline and in this respect is similar to the 69-bp tandem re-
peats. This is perhaps further evidence for the role of proline as
a recognition factor for the glycosyltransferases responsible for
O-linked oligosaccharide synthesis (25, 26). This region is dis-
similar to the 69-bp tandem repeats however, in that its 16
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Figure 7. Nucleotide sequence for the 5' portion of the GMUCclone. The cysteine residues are underlined. The repetitive portion of the 5' region
containing a high threonine/serine and proline concentration (referred to in the text as the region of imperfectly conserved repeats) is enclosed
in round brackets. The tandem repeat region is enclosed in square brackets. The boxed-in regions contain the two 63-bp repeats. These sequence
data are available from EMBL/GenBank/DDBJ under accession number M74027.
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Figure 9. Current model of
MUC-2glycoprotein struc-
ture. (Y) Potential N-gly-
cosylation site. ( ) Potential
O-glycosylation site. (U)
Region of imperfectly con-

served repeats. (M) Tandem
repeat region.

amino acid repeat units are often noncontinuous. Further-
more, it should be noted that several of the interrupting se-
quences found in this region of the GMUCclone share consid-
erable sequence similarity (Fig. 8, repeats 5, 6, and I1; the
terminal 7 amino acids of 7b, 8b, and lOb; and the terminal 8
amino acids of 9b and 1 Ib).

Thus, the MUC-2 gene has at least two different sizable
repetitive domains. Both of these domains are found on the
same large exon, separated by - 600 bp. This is the first mucin
found to have two repetitive domains rather than just one. It
will be interesting to determine if these domains developed
separately or whether they evolved as a continuous unit over
time. The current working model of the MUC-2 glycoprotein
present in the GMUCclone is shown in Fig. 9.

The presence of multiple cysteine residues both 5' (Fig. 7,
underlined residues) and 3' (data not shown) strongly supports
the idea that the MUC-2 codes for a secreted mucin, because
disulfide bonding is necessary for the formation of a mucus gel.
The potential of forming multiple disulfide bonds in the mucin
molecule makes possible head-to-tail, head-to-head, and tail-
to-tail arrangements of mucin molecules. This could allow
both linear arrays and the "windmill" type conformation with-
out the need for a "link" peptide (1, 27).

This study provides the first characterization of the major
structural features of the MUC-2 gene including the tandem
repeat region, which is the source for the polymorphisms seen
in the MUC-2gene of normal subjects. A separate highly repeti-
tive region encoding a high concentration of potential O-glyco-
sylation sites and having a highly unusual structure is also de-
scribed. The structure of this widely distributed mucin may
provide important insights into the mechanisms by which se-
creted mucins perform their functions.
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