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Abstract. Desmosomal glycoproteins 2 and 3 (dg2
and 3) or desmocollins have been implicated in des-
mosome adhesion. We have obtained a 5.0-kb-long
clone for dg3 from a bovine nasal epidermal Agtll
cDNA library. Sequence analysis of this clone reveals
an open reading frame of 2,517 bases encoding a
polypeptide of 839 amino acids. The sequence consists
of a signal peptide of 28 amino acids, a precursor se-
quence of 104 amino acids, and a mature protein of
707 amino acids. The latter has the characteristics of a
transmembrane glycoprotein with an extracellular do-
main of 550 amino acids and a cytoplasmic domain of
122 amino acids.

The sequence of a partial clone from the same li-
brary shows that dg2 has an alternative COOH ter-
minus that is extended by 54 amino acids. Genomic
DNA sequence data show that this arises by splicing
out of a 46-bp exon that encodes the COOH-terminal
11 amino acids of dg3 and contains an in-frame stop
codon.

The extracellular domain of dg3 shows 39.4% pro-
tein sequence identity with bovine N-cadherin and
28.4% identity with the other major desmosomal gly-
coprotein, dgl, or desmoglein. The cytoplasmic do-
main of dg3 and the partial cytoplasmic domain of
dg2 show 23 and 24 % identity with bovine N-cad-
herin, respectively.

The results support our previous model for the
transmembrane organization of dg2 and 3 (Parrish,

E. P, J. E. Marston, D. L. Mattey, H. R. Measures,
R. Venning, and D. R. Garrod. 1990. J. Cell Sci.
96:239-248; Holton, J. L., T. P. Kenny, P. K. Le-
gan, J. E. Collins, J. N. Keen, R. Sharma, and D. R.
Garrod. 1990. J. Cell Sci. 97:239-246). They suggest
that these glycoproteins are specialized for calcium-
dependent adhesion in their extracellular domains and,
cytoplasmically, for the molecular interactions in-
volved in desmosome plaque formation. Moreover this
represents the first example of alternative splicing
within the cadherin family of cell adhesion molecules.

mocollins are major components of desmosomes,

intercellular adhesive junctions of epithelia, cardiac
muscle, follicular dendritic cells, and meninges. Localiza-
tion of dg2 and 3 within the desmosome has been demon-
strated by immunoelectron microscopy (Miller et al., 1987;
Steinberg et al., 1987; Garrod et al., 1990; Mattey et al.,
1990). We have also localized the NH, termini of bovine
dg? and 3 to the intercellular adhesive material of the desmo-
some, the desmoglea, by immunoelectron microscopy with
specific anti-NH,-terminal peptide sera (Holton etal., 1990).
Inhibition of desmosome assembly in Madin-Darby bovine
kidney (MDBK)! cells with univalent antibody fragments
against dg2/3 has directly implicated these glycoproteins in
desmosomal adhesion (Cowin et al., 1984b). Metabolic
labeling, immunoprecipitation, and whole cell trypsiniza-
1. Abbreviations used in this paper: MDBK, Madin-Darby bovine kidney;
N-cad, N-cadherin; PCR, polymerase chain reaction.
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tion studies have confirmed that the dg2/3 polypeptides in
MDCK cells are transmembrane glycoproteins in which
about one-fifth of the relative molecular mass is cytoplasmic.
The cytoplasmic domains also show heterogeneity of size
and phosphorylation (Parrish et al., 1990).
Immunochemical characterization of the desmosomal gly-
coproteins using monoclonal antibodies suggests that dg2
and 3 are related to each other and are distinct from the other
major desmosomal glycoprotein, dgl or desmoglein (Cohen
et al., 1983). This relationship is supported by one-dimen-
sional peptide mapping and by amino acid analysis (Kapprell
et al., 1985). While the distinction between dg2 and 3 and
dgl is generally accepted, it is our experience that polyclonal
antisera raised against dg2 or 3 commonly show some cross-
reactivity with dgl (Suhrbier and Garrod, 1986). This sug-
gests the possibility that there are epitopes shared between
these glycoproteins. Components immunologically related
to dg2 and 3 are found in all desmosome-bearing tissues
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examined from mammalian, avian, reptilian, and anuran
amphibian species (Cowin and Garrod, 1983; Cowin et al.,
1984a; Suhrbier and Garrod, 1986).

Desmosomal adhesion is calcium-dependent (Hennings
and Holbrook, 1983; Watt et al., 1984; Mattey and Garrod,
1986; Bologna et al., 1986) and the desmosomal glycopro-
teins bind calcium ions (Mattey et al., 1987; Steinberg etal.,
1987). 1t is therefore of great interest that we have recently
demonstrated significant identity between the NH,-terminal
protein sequence of dg2/3 and the calcium-dependent cell-
cell adhesion molecule, N-cadherin (Holton et al., 1990).
The deduced amino acid sequence of bovine dgl also shows
homology with the extracellular domains of the cadherins.
In contrast, the large cytoplasmic domain of dgl shows lim-
ited similarity to the cadherin cytoplasmic domain (Koch et
al., 1990).

The cadherins are a family of closely related cell-cell
adhesion molecules, which includes uvomorulin, A-CAM,
cell CAM 120/80, and L-CAM (reviewed by Takeichi, 1988,
1990). Derived amino acid sequences of these proteins re-
veal a homologous family of transmembrane glycoproteins
with a single membrane spanning domain, and a highly con-
served cytoplasmic domain (Ringwald et al., 1987; Gallin et
al., 1987; Nose et al., 1987; Nagafuchi et al., 1987; Hatta
et al., 1988; Miyatani et al., 1989; Shimoyama et al., 1989;
Walsh et al., 1990; Liaw et al., 1990).

In this paper we report the isolation of a full-length cDNA
clone for dg3 and a partial cDNA clone encoding the cyto-
plasmic domain of dg2. We show that the entire extracellular
domain of dg3 has homology with the cadherin family of
cell-cell adhesion molecules and that the cytoplasmic do-
mains of dg2 and 3 are generated by alternative splicing and
show only limited similarity to the cytoplasmic domain of
the cadherins. In support of our previous biochemical analy-
sis, the cytoplasmic domain of dg2 is longer than that of dg3
and contains a consensus serine phosphorylation site which
is absent from the shorter molecule. Our results suggest that
dg2 and dg3 are specialized extracellularly for cell-cell
adhesion and cytoplasmically for desmosome plaque for-
mation.

Materials and Methods

Library Construction and Screening

Total RNA was isolated from fresh bovine nasal epidermis by the method
of MacDonald et al. (1987). Poly(A)* RNA was isolated from total RNA
by poly(U) Sepharose 4B (Pharmacia, Milton Keynes, UK) affinity chroma-
tography (Jacobson, 1987). Randomly primed double-stranded cDNA was
synthesized from 5 ug of poly(A)* RNA and packaged into Agtll using
commercial kits (Boehringer Mannheim, Lewes, UK; Amersham Interna-
tional, Aylesbury, UK). Plaque lifts of the resulting library were prepared
using Hybond-C extra (Amersham International) and screened at a density
of 8 x 10° pfu per 90-mm plate using a mixture of two rabbit polyclonal
dg2/3 antisera essentially according to Young and Davis (1983) except that
antibody binding was detected with '2I-protein G (Amersham Interna-
tional). Positive clones were plaque purified by several rounds of rescreen-
ing. Plaque pure clones were tested for reactivity with other antibodies
using the spotting method of Green et al. (1988). The library was rescreened
at high stringency with 3?P-labeled cDNA inserts from positive clones.
Plaque lifts were prepared at a density of 5 X 10° pfu per 90-mm plate
using Hybond-N (Amersham International) according to Benton and Davis
(1977). High stringency hybridization conditions were as described for
Southern blotting in the manufacturer’s instructions. Two additional 30-min
washes in 0.1% SDS in 0.1x SSC at 65°C were used to reduce background.
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Fusion Protein Antibody

Lysogens were made in Escherichia coli Y1089, grown as bulk cultures and
production of fusion protein induced with IPTG (isopropy! 8-p-thiogalac-
topyranoside). Cells were harvested, lysed by freeze thawing and sonica-
tion, and fusion protein purified by electroelution from SDS-gels (Laemmli,
1970) or by passing the lysate over an anti-S-galactosidase affinity column
(Promega, Southampton, UK). The fusion protein antiserum was raised by
immunizing guinea pigs as previously described (Cowin and Garrod, 1983).

Western Blotting

Western blotting was performed as described by Suhrbier and Garrod (1986)
using ®I-labeled protein G or '*I-labeled anti-mouse immunoglobulins
(Amersham International).

Adsorption of Antibody Activity

Guinea pig fusion protein antiserum was diluted 1:10,000 in 1% (wt/vol) bo-
vine serum albumin in 150 mM NaCl, 50 mM Tris-HCl, 0.05% (vol/vol)
Tween 20, pH 7.4 (TB) and adsorbed with 30 ug mi~! SDS-PAGE-purified
dg2/3 or 30 ug mI™! SDS-solubilized B-galactosidase. Reactivity of the ad-
sorbed antiserum was tested on Western blots of whole desmosomes iso-
lated from bovine nasal epidermis (Skerrow and Matoltsy, 1974).

Southern and Northern Blotting

Genomic DNA was isolated from cultured MDBK cells according to Little
(1987). 10 ug aliquots of genomic DNA were digested to completion with
EcoRV, EcoRI, Bglll, or BamHI, run on a 0.7% agarose gel, transferred
to Hybond-N (Southern et al., 1975) and UV cross-linked. Northern blots
were prepared by running 1 pg aliquots of glyoxal denatured bovine nasal
epidermal poly(A)* RNA on 1% agarose gels (McMaster and Charmichael,
1977) before transfer to Hybond-N and UV cross-linking. Hybridization to
32p.labeled cDNA probes and washing were performed at high stringency
according to the manufacturer’s instructions.

cDNA Probe Purification and Labeling

Restriction endonuclease fragments from the cDNA inserts of positive
clones were separated by agarose gel electrophoresis and extracted from the
gel using Geneclean (Stratech Scientific Ltd., Luton, UK). Purified frag-
ments were random primer labeled with 32P-CTP (Amersham Multi-
Prime, Amersham International) to a sp act of 1.2-4.0 X 10 dpm ug™!
and unincorporated label removed using Nensorb columns (Dupont Ltd.,
Stevenage, UK).

Amplification of Specific DNA Fragments
by Polymerase Chain Reaction (PCR)

PCR was performed essentially according to Saiki et al. (1985). Oligodeoxy-
nucleotides were synthesized on an automated solid-phase synthesizer
(model 381A; Applied Biosystems Ltd.) by § cyanoethyl phosphoramidite
chemistry. For RNA templates, primers, sense S1 (5-CTGGAATTCGTT-
AAGGGAGTGACGGA-3) and antisense Al (5-CCTGAATTCATAGCT-
ATAGGAGC-3') complementary to regions ~80 bp upstream and down-
stream of the CN35 46-bp insertion sequence were used with 5’ EcoRI
restriction sites incorporated to facilitate subcloning. First strand cDNA
was synthesized from 1.25 ug total bovine epidermal RNA using 3' oligonu-
cleotide primer Al and 5 units of AMYV reverse transcriptase (Boehringer
Mannheim, Lewes, UK) at 42°C for 1 h. The enzyme was inactivated by
5-min incubation at 95°C and the reaction diluted fivefold with 50 mM KCl,
10 mM Tris-HCI pH 8.3, 1.5 mM Mg Cl, and 001% gelatin. Primer Sl
was added with 2.5 U Taq DNA polymerase (Promega, Southampton, UK),
followed by 30 cycles of 94°C, 1 min; 60°C, 1 min; and 72°C, 1 min. Se-
quencing of 10 templates per fragment was performed.

For genomic DNA templates primers S1 and Al were used in addition
to sense primer 82 (5-CCTGAATTCATTAGAGGACACACT-3)) and an-
tisense primer A2 (5~-GCGAATTCAGTGTGTCCTCTAATGG-3) also in-
corporating 5' EcoRI restriction sites to facilitate subcloning into sequenc-
ing vectors. S2 and A2 are complementary to the CN35 insertion sequence.
Amplification was performed as described for RNA with the reverse tran-
scriptase step omitted, using the primers in all three possible combinations.

382



DNA Sequencing

Inserts of 2 kb or less from positive clones and PCR reaction products were
subcloned into M13mpl8 or mpl9 in both orientations for sequencing. In-
serts >2 kb were first cloned into pUCI8, restriction mapped, and overlap-
ping restriction fragments subcloned into M13mp!8 or mpl9 in both orien-
tations. To obtain complete sequence from each subclone Exonuclease III
deletions (Henikof 1984; Pharmacia) were prepared from pZ523 (5 Prime-3
Prime, Cramlington) column-purified M13RF DNA. Sequencing was by
the dideoxynucleotide chain termination method (Sanger et al., 1977) using
Sequenase V2.0 (United States Biochemical Corp., Cambridge Bioscience,
Cambridge, UK).

Protein and DNA Sequence Analysis

Sequence analysis was carried out using Microgenie software. Release 13
of the Swiss-prot protein sequence databank and release 21 of the EMBL
databank library were searched using FASTA, a modification of FASTP
(Lipman and Pearson, 1985). The databases and supporting programs have
been installed in the Southampton University IBM3090-150VF with the aid
of the Southampton University Computing Project Fund.

Results

Screening

The Agtl1 DNA expression library prepared from bovine na-
sal epidermal poly(A)* RNA was screened with a mixture
of two rabbit polyclonal antisera against dg2 and 3. 29 posi-
tive clones were identified from ~1.8 X 10° pfu’s screened.
The fusion proteins of two of these clones, CN4 and CN29,
reacted with the monoclonal antibody, 52-3D, which spe-
cifically recognizes the cytoplasmic domains of dg2 and 3
(Parrish et al., 1990).

cDNA inserts from CN4 and CN29 were sized at 0.59 and
2.14 kb by agarose gel electrophoresis, restriction mapped
(Fig. 1), and shown to cross-hybridize with each other. The
complete insert of CN4 and the 0.9-kb HinclII-EcoRI frag-
ment of CN29, which does not contain any CN4 sequences

7 ’| f

ESmBs X n P 8 i’X

—_—

(Fig. 1), were found to hybridize with a single band of 5.8-kb
on Northern blots of bovine nasal epidermal poly(A)* RNA
(Fig. 2 a). Single bands were obtained with CN4 and CN29
on Southern blots of MDBK genomic DNA (Fig. 2 b).

The B-galactosidase fusion protein from a lysogen of CN4
was used to raise a guinea pig antiserum. The antiserum
reacted specifically with dg2 and 3 on Western blots of whole
desmosomes from bovine nasal epidermis (Fig. 2 ¢). Binding
to dg2 and 3 could be blocked by preincubation of the antise-
rum with gel purified dg2 and 3, but not with $-galac-
tosidase.

From the above data we concluded that CN4 and CN29
were partial clones encoding at least parts of the cytoplasmic
domains of dg2 and/or 3.

To obtain further clones, the cDNA insert from CN4 was
used to rescreen a further 1.2 X 10° pfu of the Agti1 library.
17 more positive clones were identified. Clone inserts were
sized by EcoRI digestion of miniprep DNA and the 5.0-kb
insert of clone CN35 was selected for further study. The in-
sert from CN35 was subcloned into pUC18 and a detailed
restriction map prepared. The map of the 3’ half of CN35 was
found to be identical with the map of CN29 (Fig. 1).

Sequencing of cDNA Clones

Overlapping restriction fragments of the CN35 insert were
subcloned into M13mpl8 or mpl9 and sequenced (Fig. 1).
Complete sequence on both strands was obtained from the
5’ end of CN35 to the Pstl site at base 2,953. This includes
the entire coding region of the clone. Sequence from the Pstl
site at base 2,953 to the 3’ end of CN35 was obtained largely
on one strand and is identical to the corresponding 3’ se-
quence of CN29 (see below).

Sequence analysis showed that clone CN35 contains a sin-
gle open reading frame of 2,517 bases from base 319 to

Figure 1. Restriction map and
sequencing strategy for dg2
and 3 cDNA clones. Restric-

CN35 |

| ] ] tion maps for clones CN35,
CN29, and CN4 are shown.

The open reading frame is
shown by black boxes, non-
coding sequence by openboxes.
) Overlapping restriction frag-
ments subcloned from CN35

) for sequencing are shown by
thin lines. The length and di-
rection of sequence obtained
from exonuclease III deletions
of each clone is shown by ar-
rows. The position of a 46-bp
sequence found in CN4 and
CN35butnotin CN29isshown
(v). The 46bp sequence intro-
duces an in-frame stop codon

and shifts the downstream se-
quenceoutofthe reading frame.

X
|
CN29 .

§
)

The absence of the sequence

inCN29 extends the openread-

ing frame by 195bp. The position of the N-terminus of mature dg3 is marked on CN35 (n). E = EcoRI, Sm = Smal, Bs = Bst EII,

X = Xbal, P = Pstl, § = Sstl, B = Bglll, and Hc = Hincll.

Collins et al. Sequence of Desmocollins
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Figure 2. (a) Northern blot analysis. Poly (A)* RNA from bovine nasal epidermis (1 ug per lane) was probed with the 900-bp HinclI-
EcoRI fragment of CN29, exclusive of CN4 sequence (lane /) or with the complete insert of CN4 (lane 2). Both probes hybridized to
a single band of 5.8 kb. Markers are (Gibco Ltd., Paisley, UK) 9.5, 7.5, 4.5, and 2.4 kb. (b) Southern blot analysis. MDBK genomic DNA
digested with EcoRV (lane ), EcoRI (lane 2), Bglll (lane 3), and BamHI (lane 4) was hybridized to the complete cDNA insert of CN29.
The presence of single bands in these lanes suggests the presence of a single gene. An identical pattern was obtained using CN4 as probe.
Markers, HindIII digest of AcI857 DNA, are 23.1, 9.4, 6.5, and 4.3 kb. (¢) Antibody reactivities on Western blots of whole desmosomes
from bovine nasal epidermis. Lane /, mouse monoclonal antibody 52-3D reacting with dg2 and 3. This antibody recognized the fusion
proteins encoded by CN4 and CN29. Lane 2, fusion protein antiserum (1/10,000) reacting with dg2 and 3. Lane 3, fusion protein antiserum
previously adsorbed with SDS-polyacrylamide gel purified dg2/3 showing specific inhibition of dg2/3 reactivity. Lane 4, fusion protein
antiserum adsorbed with SDS-solubilized $3-galactosidase showing that specific dg2/3 reactivity remains. Molecular weight standards
(Sigma Chemical Co., Poole, UK) 205,000, 116,000, 97000, and 67,000.

2,835, encoding a polypeptide of 839 amino acids (Fig. 3).
A match with the NH,-terminal sequence of dg2/3 deter-
mined by protein sequencing (Holton et al., 1990) is found
at residue 133-156 of the polypeptide (Fig. 3). In addition
the NH, terminus of a V8 protease fragment of dg2 obtained
as described by Holton et al. (1990) also showed a sequence
match between residue 252 and 265 (Fig. 3). The 3’ noncod-
ing region of CN35 stretches for 2,100 bases and contains
four polyadenylation signals but a poly(A) tail was not found.
Comparing this clone with the 58-kb mRNA indicates that
up to 0.8 kb of sequence is missing from the noncoding
regions.

The ATG at position 319 is the first Met codon in the se-
quence and is thought to be the initiation codon even though
the surrounding sequence conforms poorly to the consensus
initiation sequence of Kozak (1987). The first 28 amino acids
of the open reading frame are predominantly hydrophobic
and may represent a signal peptide (Fig. 3). Amino acids
22-29 conform to the signal peptide cleavage site proposed
by van Heijne (1983). The signal peptide is followed by a 104
amino acid precursor sequence. Identifying the NH,-ter-
minal sequence of mature dg2/3 at position 133 of the CN35
polypeptide indicates that the mature protein consists of 707
residues, with a deduced molecular weight of 79,081. This

Figure 3. ¢cDNA and derived amino acid sequence for dg3 and the cytoplasmic domain of dg2. The complete DNA and derived amino
acid sequence of clone CN35 is shown. The 5’ and 3’ ends of clone CN4 and CN29 are marked beneath the sequence. The 46-bp sequence
found only in CN35 and CN4 is boxed. In-frame stop codons are marked by asterisks. The putative signal peptide and transmembrane
domain are doubly underlined. Sequences matching the NH,-terminal sequence of mature dg2 and 3 (Holton et al., 1990) and of a V8
protease fragment of dg2 are thinly underlined. Potential N-linked glycosylation sites are marked by a solid triangle. The deduced amino
acid sequence for the cytoplasmic domain of dg2, from clone CN29, is identical with that of dg3 (CN35, CN4) from residues 738-828.
The 46-bp sequence in CN35 and CN4 introduces 11 amino acids of coding sequence unique to dg3 foliowed by an in-frame stop codon
and a reading frame shift which renders the downstream sequence noncoding. The reading frame of dg2 (CN29) lacks this sequence and
continues for a further 195 bases (base 2,849-3,043 of the CN35 sequence) encoding 65 amino acids unique to dg2. PCR primers S,
§2, Al, and A2 used in analysis of the alternative splicing of this 46-bp sequence are arrowed. A consensus serine phosphorylation site
in dg2 is marked by solid circles. The 3' noncoding sequence of CN35 is 2,100 bp long and contains four polyadenylation signals (under-
lined). The first of these signals surrounds the TAA stop codon that terminates the reading frame encoding the cytoplasmic tail of dg2.
These sequence data are available from EMBL/GenBank/DDBJ under accession numbers X56966/7/8.
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GCCAGTGGCTGC 12
GTTTGGGGGTGYTTTGTACCCCACCCTCCCCAGT TGTAGGAAAACCTCTTTCCAY TCCGAGGTAACTGAAT TGAAGGACGAAGACTGACCCGGGAATAG 111
GAGGAAAGCAGTTGTCCCATTGCTCCCTCTCCTGTCATTTCTCCCGTTTGCCTGCTGACTTTTCTCCAAACAAAGT TCATCCGCGCCAAAGTGGCAACA 210
GGTTACCCTGCCCAGGTGCCGGCTGTGGGGAATCTGCCGAAGCCGCCCTGTGTATTCCAAGCTGCCCTGTTATCCAGTCACCATCCCTGAGCATCAGGA 309
CCACTTCTGATGGCTGTGGgCTgTGgCGCCCCAGGGAGCATCTTCTGGAAGCAGCTCCTATTCTCTCTCCTGGTTTTAATATTATTTTGCGATGCTTGT 408

A P G S I F W L F s L L v L I L F 30
CAGAAAATTTCTCTTCAAGTTCCTTCTCATCTTCGGGCTGAAGCACTTGTAGGCAAAGT GAATCTGAAGGAGTGTCTCCAGTCGGCCAGCCTAATCCTG 507
@ K I S L @ VP S HLRAEA ALVGKVYVNLKETCLQSASILIUL 63

TCAAGTGATCCTGACTTCAGGATTCTAGAAGATGGCTCCATTTACACAACACATGACCTTGTTTTGTCTTCTGGAAAGAGTTTTTCGATTTTGCTCTCA 606
S$ SDPDTFRILETDTGSTITYTTHDLVLILSSGKSTFSsSI1LLS 96
GACAGTCAGGGACAGGGGCAGAAGGAGATAGAAATCATACTGGAAGCAGGAGGAAAGAAGGY TCCTAAGAGACATATGAAAGACGCAGTCCTCAGGCGA 705
D S Q GQG @ KETIETITILTEAGGI KT KVPIKRIHMKDAVLRR 129

ACGAAGAGGCGATGGGCGCCTATTCCGTGTTCGCTGATGGAGAACTCACTAGGTCCATTYCCACAGCATGTGCAGCAGGT TCAGTCTGATGCTGCACAA 804
T KRR MW AP I P C S L M E NS LGPFPQHYV QQVasDAA®QSG 16

AACTACACCATCTTTTACTCCATAAGCGGACCAGGGGTAGACAAAGAGCCCTTCAATCTGTTCTTCATAGAAAAAGATACAGGGGATATATITTGTACA 903
N YT FY SI1SGPGVDKTEPTFNLTFTFTILEKDTGDTITFCT

195

A
AGAAGCATAGACCGTGAGCAATATCAAGAGTTTCCGATCTATGCCTATGCGACCACTGCAGATGGTTATGCACCTGAGTATCCACTTCCCCTAGTATIC 1002
R S 1 DRESQYQ@ETFPTIYAYATTADTGEGYA APETYPLPLVTF 228
AAAGTTGAAGATGACAATGATAATGCCCCATATTTTGAAAACAAACTGACCGTCTTTACTGTGCCTGAGAAT TGCCGAACTGGAACTTCAGTGGGAAAA 1101
K VEDODDNDNAPTYTFENIKTLTVFTVPENTCERTGTIS VG K 26
GTGACTGCAATAGACCTCGATGAGCCTGACACTCTACATACTCGTCTGAAGTACAAAATCT TGCAGCAAATTCCAAACAATCCAAGACATTTCACTGTA 1200
VT AILIDTLTDET PDTLHTRLIKYZIKTILOGQ@TI PNNPRUHKFTYV 29%
CATCCAGACACAGGTGTCATCACCACAACCACACCTTTACTGGATAGAGAAAAATGTGATACGTATAAGT TAATAATGGAAGT TCGAGACATGGGGGGC 1299
HPDTGVITTTTPLLDRETKTCDTYIKTLTIEIMEVRTDMGSE G 32

CAACCTTTTGGTTTATTTAACACAGGAACAATTACTATTTCTCTTGAGGATGAAAATGATAATGCACCATATTTTACAGAAACTTCTTATACTGTAGAA 1398
QP FGLFNTGTTITTI1SLEDTETNTDNAPYTFTETSYTVE 360

GTAGAAGAAAACAGAATTGATGT TGAAATTTTACGAATGGCGGY GCATGACCATGATTTGCCAAACACGCCGCACTCGAGGGCTGTGTACCAGATCCTA 1497
VEENRTIDVETILRMAYHDHDLPNTPHSRAVYQIL

393
CAGGGAAATGAAAACGGAACCTTCAAAATTAGTACAGACCCAAATACAAATGAAGCGGTCTTGTGTGT TGTCAAGCCACTGAACTATGAAGTCAATCGE 1596
Q@ G N ENGTTE FKTII STODPNTNEA BAVLCVVKPLNYTEVNR &6
CAAGTTGTTTTGCAAATTGGTGTACTTAACGAAGCACAATTCGCTAAGGCAGTAAACTCAAAAACTACTACGACTATGTGTACTACAGTTGTCACTGTT 1695
Q VvV VLAQ! GV LNEADQTFAKXAVNSKTTTTMCTTVVITV 49
AAAGTTAAAGACCATGATGAGGGCCCTGAGTGCCAGCCACCAGTAAAAGTCATTCAGAGTGAAGACTGCCTCCCCACAGGCACAGAGCTCCTTGGATAC 1794
X VKX D HDETGPTETCTQPPVIKVI1IQSEDT CLPTGTETLTLGY 49

AAAGCAGTGGACCCGGAAAGGGGCACTGGCGAGGGCTTAAGGTATAAGAAGATACAAGATGAAGATAACTGGTTTGAAATTAATGAATACACTGGTGAC 1893
K AVDPERTGTTGETGLTR RYZ KTZKTIOQGDTETDNUWTFETINETYTGD 525
TTGAAAACTGTAAAAGTGCTAGATAGAGAATCAACATTTGTAAAAAACAACCAATACAATGTTTCTGTGATTGCGTTCGATGCAGATGGCAGATCTTGE 1992
L X TVKVLDRET STTFVXKNNG GYNVSVIAFDADTGRSTC 558
ACTGGAACGTTAGTAGT TTTTTTGGAAGATAAAAATGACCACCCACCGCAGATARAACAAGAAGAACTGACAATTTGCCGGCATGATAAGGATTATGTT 2091
T GT LV V FLEDTKNDUMHPPO QI KQETELTTITCRUHEDI KDYV 9
GTCCTCGAACCTACAGATCAAGATGGACCTGACAATGGGCCACCTTITCAATTCATTCTYGATAATTCTGCCAGCAAACTTTGGACAGTAGAGACAAGG 2190
VLEPTDO GDGPDNGPPTFAQFTLDNSASKILWTVETR 62
GATGGTAAAACTGCCATTCTTCGGGGGCGGCAAGATCTTGATTATGACTATTACACTGTTCCTATCCAAATAAAAGACAGACATGGTGCTTCTGCAACA 2289
D GKTAILRGR® QDILDYODYYTVPI Q! KXDRUHGASA AT 67
CACATATTACCAGTGAGAGTATGTGATTGTACAATTCCATCCGAATGTAGAATGCCTAGTAAACT TTCGAGAGAGGCAGCACTCGCAAATGTATTCCTT 2388
H 1 LPVRVCDC CTTIUPSETCRMPSIKTILSREAALANUVE L 60
GGAAAATGGGCAATTCTTGCCATGGTGTTGGGTTCTGTATTGTTGTTATGTATTTTIGTTCACATGTTTCTGTGTTACTGT TAAGAAAACAGTAAAGAAG 2487
G K WAl LAMVLILGSV L LLCIILFTCFCVTIVKI KTVKTIK 723
TGTTTTCCAGAAGATGTAGCCCAGCAAAATTTAATTGTATCAAATACTGAAGGACCTGGAGAAGAAGTGATGGATGCAAATATTAGACTCCCCACACAG 2586
C F P|E gN V A Q QN LTI V S|N ENZE G P GEEVMDANTIRLTPTaQQ 75
ACATCCAACGTTTGTGACACAAGCATATCTGTTGGCACACTTGGTGGCCAGGGAGT CAAAACACAGCAAAGTTTTGAGATGGTCAAAGGCGGCTACACT 2685
T SNV CDTST S VGTLGGEOAE@GE6VY KTaQasTFEMVKGGY T 78
TTGGATGCCAACAAAGGAGGTGGACATCAGACCCTGGAATCTGT TAAGGGAGT GACGGACACTGGCAGATACACGTACAGTGACTGGCACAACTTCACC 2784
LDANKGGE EGHQT LESVKGVTITDTGERYTYSDWHNTFT 82

- {a

S2 > .
CAACCTCGGCTTGGCGAAFAATCCATTAGAGGACACACTCTGGTTAAAAATTAAACAGTAAAA AGGTGTATCTGTGCGGACAAGACGAGGAACACAA 2883
Q PR L GE|E S I R G H T L V K N¥* K vYLCG®QDETE H K 89

- Al
GCTCTGCGAAGACTACGTTCGCTCCTATAGCTATGAAGGCAAAGGGTCTGTGGCCGGCTCAGTGGGCTGCTGCAGCGATCGGCAGGAAGAAGAGGGGCT 2982
L CEDYVRSYSYEGIKSGSVAGSVYGCCSDRQETETETSGHL
[ 4 . . L]
TGACTTCCTAGATCATCTGGAACCCAAATTTAGGACGCTAGCGAAAACATGTGTAAAGAAATAAAATGTGCCTTTTAATAGCGTAACATCTACCAGCGC 3081
D F LD HLEPKTEFRTLAKTTCVKLK™

ATATTGAATGTAAAACAATAGCAGCATCTGCTAAAGTATTTGT TTATGGAGGTAAACTTCCAGTYGTGTATAGATAAGGCTCCCTTAAATTCTCCTTGT 3180
CTGAGATAACTTTAGTCTTCTCTAGACATCAGTGCTTCCTTTGTTAATTTCCTTTTCTATGCACGTACATTTTCTTGCCCTTTCCAGGACGGCACCGTG 3279
TGCTTTCTCACACCTTC TTTGA, TA TACTTGGTATGCTCTGGAAGAGTATGTGAGGGAGT TAGGGATTGTGGAGATTAAAGAAAAACACA 3378
TTIGT TTTTAAATGAAAATGAAA CAG AATCTTGGGGACAATTATGCTTTTAGAAGTATTGTCTTTGGTGCTACAGAATTGCTTCCTTTA 3477
CCTGAATGGCTTTGTGCTGAAGAATTTCTTATGCATTCTCTGATGCAATCTTTGATTTGGTGAATAAGAGE}CATCTTTCATTGTGTTTTCACCCTGTG §57

CA T ATGGGT TGACTGAAACATGCAAATC
TGTTTTGTTGG:CCATCATGATGTATTATTACTTT"TAAAAATGTAAATACCTTGGCAAGGACATGTTCTCTCTAGTTTGACACCATCCCACCATCCTC
AACT G T A CATACTGGAATGGA

3
3
AAGCATTTGAGT 3
CTCAGGCTACA1TGGTAATCACTTTCAGAAAATGTTAAATAAGAAAAAGTGTCTGGCATATAT GTTAAAAAACTGAAATGTGTTATTAACTCAATTC 4
TTACCAAACATTTGTTGAGTGATGCTGGATAAAAGAATG AAAACATGAGTTAATGAGCTATTTTGAATACATAG ATT TAATAAGATATTCTATTII# 2
4

4

4

CTTTA n AAATGCTATAG \/ c
ATTTTCATTCAGACAAAAAAACTTTTT TCATCTTTTAGCTACTTAACCTYCAAAAAAAATGAGTGACTAATTTTCTTAAATTT GTGAATTATITICC
TTCTTAGTCACAGGATCTAAATAAAGATGTTTCTTGAAATGAAA TTGAATAGTAGAGCAGAATAAATAAGTAGCTTTAGTAAATACAGTTTTTATVTTA
AAAGGTGCCCTCTATGTATTATTTTTATGGGCATTGTCAGTAAAATAATTTTGGAGAGTAATGUAGCTTCTGAATATCTGTTATCTGATGTACATGTTA
TTCYGACAATGATGCTAGT T TTGAAATTTTATAATATTAAAAT Y TTGGAAATATATCATAATAATGTTCTAAGTTATATTTTTGAACATAGGTGCAGAA 4668

CN29
TGTTTGCTGAGCAATTAAAAATAATTAGT TGAACATTAGCCTACATGTTTATGTCTTCGTATTTCTTAAATTTAAATGTGAAAAAGAAAATTTGTATCT 47
GAACATAAGGTACAAATAAAGGCCAAAGGCTGATTTCTCAAACCAACAAGAGAAGATACTTTAAAACTATGACCAGAATTATTAGAAAGTGTAGGAAAT 4
GAATTTGTATTAAGGARTTTGACTATTTTAAGATGTTTCAAAATATCATTAAATTGTTAAATTGTATCTCAT 493




1 2 3

1

'y
! ! 1041
i
AT 1
I 209
s 82
l_“_'“"l- ——
/{(1 Inbp exon vl
Y TATGTAGG ; 1 ACACRGA
AAGTAACT TITTTTATA A AGGTAAAT CTTTCTCCACACALA

A2 Al

Figure 4. (a) PCR amplification to verify the existence of alternative splicing in the COOH-terminal domains of dg2 and dg3. Lane 1,
reverse transcriptase—initiated PCR using primers S1 and Al flanking the CN35 insertion sequence yielded two major bands of 208 and
162 bp. Sequencing of these showed the 208 fragment to have 46 bp of additional sequence corresponding exactly to the insertion sequence
in CN35. Markers, Haelll digest of pBR322, are 587, 434, 267, 124, and 64 bp. (b) PCR amplification of 0.25 ug of whole genomic
MDBK DNA. Fragments generated by S1 and Al (lane /), S1 and A2 (lane 2), and S2 and Al (lane 3). Markers, EcoRI/HindIII digest
of AcI857 DNA, are 2,027, 1,330, 983, and 564 bp. (c) Organization of amplified genomic DNA fragments. Sequencing of the products
shown in b revealed that the 864-bp product in lane 2 overlapped with the 209-bp product in lane 3. Together they corresponded to the
1,041-bp product in lane 1. The 464-bp fragment in lane 2 was a nonspecific amplification product. The sequence contained 751- and 83-bp
introns 5' and 3’ to the 46-bp insertion, with consensus sequences at the splice junctions. The most 5’ and 3' bases of the introns are under-

lined.

is significantly smaller than the relative molecular weights
for dg2 and dg3, 115,000 and 107,000, respectively, deter-
‘mined by SDS-PAGE (Parrish et al., 1990). Such a molecu-
lar weight discrepancy is commonly found for transmem-
brane glycoproteins (e.g., L-CAM, Gallin et al., 1987).

Consistent with the known transmembrane nature of dg2/3
(Parrish et al., 1990) hydropathy plots (Hopp and Woods,
1981) identified a single region of 35 amino acids showing
characteristics of a transmembrane sequence (Fig. 3). The
extracellular domain of the mature CN35 polypeptide con-
sists of 550 amino acids, containing three potential N-linked
glycosylation sites (Fig. 3). The cytoplasmic domain of CN35
consists of 122 amino acids.

Cytoplasmic Domain Heterogeneity of dg2 and dg3

The cDNA insert from CN29 was sequenced on both strands
(Fig. 1) and was found to lie within the cytoplasmic and 3'
noncoding regions of CN35. CN29 lacks a 46-bp insertion
found in CN35 (Fig. 3). This insertion in CN35 encodes a
unique COOH terminus of 11 amino acids and contains an
in-frame stop codon. The absence of this 46-bp insertion ex-
tends the open reading frame of CN29 to encode a COOH
terminus of 65 amino acids not found in CN35. CN29 thus
encodes a cytoplasmic domain 54 amino acids longer (6,126
molecular weight) than that encoded by CN335 and also con-
tains a consensus serine phosphorylation site not found in
the CN35 sequence (Fig. 3). The sequence of CN4 is identi-
cal to bases 2,497-3,016 of CN35, and includes the 46-bp in-
sertion (Fig. 3).

‘Parrish et al. (1990) proposed a model for the cytoplasmic
“organization of dg2 and 3 in MDCK cells in which the cyto-
plasmic domain of dg2 is 4,000-5,000 M larger than that of
dg3. Since the relative molecular weights of the bovine pro-
teins are identical to those in MDCK cells the results of se-
quence analysis correspond well with this model, suggesting
that CN29 encodes the cytoplasmic domain of dg2 whilst
CN35 encodes the complete sequence of dg3.
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Cytoplasmic Heterogeneity of dg2 and 3 Is Generated
by Alternative Splicing

Southern blots suggested the presence of a single gene (Fig.
2) raising the possibility that the presence or absence of the
46-bp sequence might be due to alternative mRNA splicing.

To study this possibility amplification of DNA by the PCR
was performed with cDNA synthesized from total RNA of
bovine nasal epidermis using two oligonucleotide primers 80
bp 5' and 3’ of the 46-bp sequence (S1 and Al in Fig. 3).
Products of 208 and 162 bp were obtained (Fig. 4 a). The
identities of these were confirmed by sequencing and they
were shown to correspond to the appropriate regions of
CN35 and CN29, with the 208-bp product containing the 46-
bp sequence. This suggests the presence of mRNAs coding
for the two differing sequences. That only a single band of
5.8 kb was found on Northern blots is explained by the inabil-
ity of the technique to resolve a difference of 46 bases.

To confirm the existence of the 46-bp sequence as a dis-
crete exon, PCR was carried out on genomic DNA from
MDBK cells using additional primers from within CN35 (S2
and A2 in Fig. 3). Using three different combinations of the
primers, three fragments were generated of 1,041, 864, and
209 bp (Fig. 4 b). Sequence analysis of these fragments re-
vealed the predicted exon boundaries and consensus donor
and acceptor sites (Shapiro and Senepathy, 1987) showing
that the 46-bp sequence was present as a single exon (Fig.
4 ¢). An additional fragment of 464 bp was a nonspecific am-
plification product. These results confirm that the differing
structure of clones CN35 and CN29 are produced by alterna-
tive splicing of this exon.

Sequence Homologies with Cadherins and dgl

Extracellularly dg3 shows 39.4 % identity with bovine N-cad-
herin but cytoplasmically only 23% . Table 1 shows percent
identities between the extracellular domains of dg3, repre-
sentative cadherins, and dgl. The extracellular domains of
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Table I. Percentage Amino Acid ldentities of the Extracellular Domains of Representative Cadherins, dg3 and dgl

N-cad (bovine)

88.5 N-cad (chick)

4.9 443 P-cad (mouse)

47.2 47.5 53.4 - E-cad (mouse)

47.4 48.0 51.6 ’ 58.4 L-CAM (chick)

39.4 393 36.3 ' 35.3 344 dg3 (bovine)
30.0 28.5 28.9 27.5 28.5 28.4

dgl (bovine)

Percentage identity between extracellular domain sequences can be found by refering to the figure at the intersection of rows and columns corresponding to any
pair of sequences. Bovine N-cadherin, Liaw et al. (1990); chick N-cadherin, Hatta et al. (1988); mouse P-cadherin, Nose et al. (1987); mouse E-cadherin,
Nagafuchi et al. (1987); chick L-CAM, Gallin et al. (1987); bovine dgl, Koch et al. (1990).

dg3 and the cadherins share more identity than they do with
dgl. Members of the cadherin family show greater similarity
to each other than to either of the desmosomal glycoproteins.

More detailed comparison of the extracellular domains of
dg3, N-cadherin (N-cad) and dgl reveals several features of
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interest. (a) The extracellular domains of dg3 and N-cad are
very similar in size (dg3: 62,155 mol wt, 550 residues;
N-cad: 60,923 mol wt, 555 residues), whereas that of dgl is
significantly smaller (55,068 mol wt, 499 residues) (Fig. 5).
(b) For ease of comparison with the cadherins, all three ex-

dgl PISPRFGTTTVISENTYPSGPGVAHPTPIPDPLGYGNVTVTESYTSSGTLKPSVHIHDNRHASNVVVTERVVGP [ SGADLQGMLEMPDLRDGSNYIVTERVIAPSSSLPTTLT IPDPROSSNVVVTERVIOPTSGIVGNLSMHPELSNT

dgl HVIVTERVVSGSGITGSSSLLGSAGGGSGGGIGLGSLGGGGGLSSSLGAQPPSAT

Figure 5. Comparison of amino acid sequences of bovine dg3 and dg2 cytoplasmic domain with bovine N-cadherin and bovine dgl. Se-
quences were divided into domains and aligned according to Hatta et al. (1988). SIG, signal peptide; PRE, precursor region; ECI-5, extra-
cellular region divided into five homologous repeats; TM, transmembrane region; CYT, cytoplasmic region. Residues identical in dg2/3,
N-cadherin and dgl are marked by a solid circle; in N-cadherin and dg2/3 by an open circle; in dg2/3 and dgl by an X; and in dgl and
N-cadherin by a plus sign. Residues repeated in EC1-5 are marked by vertical lines. The HAV sequence of N-cadherin and the corresponding
regions in dg2/3 and dgl are boxed. Four conserved cysteines in ECS are also boxed. Putative Ca?* binding sites are overlined and labeled
a or b after Ringwald et al. (1987). Sequence of the cytoplasmic domain of dg3 that is known to be identical in dg2 is underlined. The
11 amino acid COOH terminus unique to dg3, and 65 amino acid COOH terminus unique to dg2 are shown individually. Large gaps in
ECS5 and the cytoplasmic domain introduced to optimize the alignment are dashed. Sequences were taken from Liaw et al. (1990) and
Koch et al. (1990).
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Figure 6. Representation of similarities between the sequences of
bovine dg3, N-cadherin, and dgl. Each sequence is represented by
open boxes drawn to scale. The NH; terminus of dg2 has been
shown to be similar to that of dg3 by protein sequencing and anti-
body reactivity (Holton et al., 1990). The part of the dg2 sequence
between the NH, terminus and the 5’ end of CN29 is unknown and
this part of the molecule is therefore indicated by broken lines. The
11 amino acid COOH terminus of dg3 is shown by the solid box.
The 65 amino acid COOH terminus of dg2 is represented by the
vertically and diagonally hatched boxes together. The cadherin-like
region within the COOH terminus of dg2 and homologous regions
in N-cadherin and dg] are shown by the diagonally hatched boxes.
Percentage identities are shown for each region. Potential N-linked
glycosylation sites are marked with arrowheads.

tracellular domains have been divided into five homologous
regions according to Hatta et al. (1988). Such a comparison
reveals that the membrane proximal repeat (EC5) of dgl is
significantly smaller than the corresponding region of the
other molecules (Figs. 5 and 6). (¢) The greatest similarities
are between the EC2 domains of dg3 and N-cad and the EC1
domains of dg3 and dgl (Fig. 6). Within the dg3 molecule
the greatest identity is between EC2 and EC4 (30.4%) and
the least is between EC1 and EC3 (14.4%). (d) The HAV
adhesion sequence of N-cad (Blaschuk et al., 1990; Nose et
al., 1990) is represented by YAT in dg3 and RAL in dgl
(boxed in Fig. 5). (e) Several putative calcium binding sites
(Ringwald et al., 1987) are conserved between the three mol-
ecules (Fig. 5, overlined). (f) Four cysteine residues are con-
served between dg3 and N-cad in the membrane proximal re-
gion (ECS), but not in dgl -(Fig. 5). (g) dg3 has three
consensus sites for N-linked glycosylation, two of which cor-
respond with sites in N-cad, which has nine sites in total.
None of the three putative glycosylation sites in dgl cor-
respond with those in dg3 or N-cad and one of them lies
within the first putative calcium binding site in EC2 (Fig. 5).

Overall the cytoplasmic domain of dg3 and the partial cy-
toplasmic sequence for dg2 diverge significantly from the
highly conserved cytoplasmic domains of cadherins. How-
ever, comparison of the sequences of dg3, dg2, N-cad, and
dgl reveals several features of interest. (@) The cytoplasmic
domain of dg3 is considerably shorter than that of N-cad
(dg3: 13,247 mol wt, 122 residues; N-cad: 17,690 mol wt,
160 residues). If the cytoplasmic, membrane-proximal se-
quence of dg2 is the same as dg3, the cytoplasmic domain
of dg2 would be slightly larger than that of N-cad (dg2:
19,373 mol wt, 176 residues). The cytoplasmic domain of
dgl is very much larger than the other polypeptides (44,763
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mol wt, 435 residues). (b) The dg3 sequence has a short,
charged region immediately inside the membrane that may
represent a stop signal for protein translocation into the en-
doplasmic reticulum (Sabatini et al., 1982) and which re-
sembles the same region in N-cad. This contrasts with the
cysteine-rich membrane-proximal region of dgl. (c) The cy-
toplasmic domain of N-cad has no cysteine residues. There
are two in dg3, an additional five in the COOH-terminal tail
of dg2 and 12 in the cytoplasmic domain of dgl. (d) The most
highly conserved region lies within the COOH-terminal 44
amino acids of dg2. It shows 50% identity with dgl and 34%
identity with N-cad. Within this region the 10 amino acid
motif YEGXGSXAGS is conserved throughout the cadhe-
rins and dgl (Fig. 5). In dg2 this sequence is immediately
preceded by a consensus serine phosphorylation site and fol-
lowed by the sequence VGCCS which is identical in dgl. (e)
dg3, dg2, and N-cadherin share a common motif of six
amino acids, EGXGEE, conserved throughout the cadhe-
rins. This motif is also found in the COOH-terminal region
of a-tubulin (Sullivan, 1988). (f) Both dg3 and N-cad lack
an insertion of 47 amino acids found in dgl. dgl has a large,
unique COOH-terminal region of 236 amino acids.

Other points of interest are that the precursor sequence
of dg3 shows 27% similarity to the precursor sequence of
N-cadherin. The six amino acids immediately preceding the
mature NH, termini of these proteins are highly conserved
in all cadherins. No significant homologies with other se-
quences were found in searches of the databanks with the
complete sequence of dg3 and the cytoplasmic sequence
of dg2.

Discussion

Desmosomes are unique punctate membrane—junctional do-
mains. The intercellular adhesive material (desmoglea) is
highly ordered, showing the presence of a midline joined to
the cell plasma membranes by cross-bridges (Rayns et al.,
1969). Cytoplasmically there is an electron-dense plaque
close to the membrane. This serves as a site for association
of intermediate filaments (IFs). However, the IFs do not at-
tach to the plaque directly but via filaments which extend
into the cytoplasm from the inner face of the plaque (Kelly,
1966). Transmembrane desmosomal glycoproteins therefore
require extracellular domains that participate in cell-cell
adhesion and cytoplasmic domains that participate in plaque
formation involving linkage, directly or indirectly, to IFs.

The results of our present study confirm that dg3 is a mem-
ber of the cadherin family of Ca**-dependent cell-cell ad-
hesion molecules, supporting our previous evidence (Holton
et al., 1990). The deduced amino acid sequence of dg3 is in
excellent accord with previous cell biological and biochemi-
cal observations. Thus the resemblance to cadherins extra-
cellularly supports the view that dg3 has a primary role in
calcium-dependent cell-cell adhesion in desmosomal junc-
tions (Cowin et al., 1984b; Gorbsky and Steinberg, 1981;
Mattey et al., 1987; Garrod et al., 1990; Holton et al.,
1990). The overall structure of an asymmetrically distrib-
uted glycoprotein with a single transmembrane domain sup-
ports the model of Parrish et al. (1990).

Divergence in sequence homology from the cadherins in
the dg3 cytoplasmic domain is significant because this part
of the molecule is the most highly conserved region among
other members of the family. We suggest that the structure
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of the dg3 cytoplasmic domain is specialized for participa-
tion in plaque formation.

Our present data do not reveal the entire structure of the
larger of these glycoproteins, dg2. However, we demonstrate
a second COOH-terminal structure coded for by an alterna-
tively spliced message derived from the same gene as dg3.
This structure is that of a longer cytoplasmic region contain-
ing a consensus serine phosphorylation site. These features
are consistent with the structure predicted for the COOH-
terminal of dg2 by Parrish et al. (1990).

While alternative splicing is well documented among the
Ig-like cell-cell adhesion molecules (Seed, 1987; Dustin et
al., 1987; Lai et al., 1987; Walsh and Dickson, 1989; Cun-
ningham and Edelman, 1990) this is the first reported case
of alternative splicing in a cadherin-like adhesion molecule.
Among the Ig-like adhesion molecules, the example most
similar to that described here is found in the myelin-
associated glycoprotein where splicing in of a 45-bp exon
containing an in-frame stop codon gives rise to a protein iso-
form with a shorter cytoplasmic domain and a unique COOH
terminus (Lai et al., 1987). The function of alternative splic-
ing in adhesion molecules is not fully understood. We sug-
gest that the alternative splicing of dg2 and 3 cytoplasmic do-
mains has some specific role in relation to desmosomal
plaque formation.

We have also shown that the N-terminus of dg2 is
cadherin-like and resembles that of dg3 (Holton et al.,
1990). It may be that dg2 is identical to dg3 except for this
heterogeneity in the cytoplasmic domain, although further
alternative splicing may generate additional heterogeneity
extracellularly. Up to four isoforms of dg2 and 3 have been
reported in various tissues and cell types (Cohen et al.,
1983; Suhrbier and Garrod, 1986; Parrish et al., 1990). It
may be that the other isoforms are also generated by alterna-
tive splicing although we have not found evidence for this
here.

Desmosomal adhesion is homotypic in the sense that it oc-
curs between two half desmosomes contributed by adjacent
cells. Cadherin-mediated adhesion is homotypic at the mo-
lecular level (reviewed by Takeichi, 1990). Adhesive binding
in the cadherins is believed to involve the amino acid triplet
HAV (Fig. 5) (Blaschuk et al., 1990; Nose et al., 1990). The
corresponding sequence in dg3 is YAT and in dgl is RAL.
These may be candidates for adhesion binding sites in the
desmosomal glycoproteins. Even single amino acid changes
in the region adjacent to the HAV site of cadherins affects
binding specificity (Nose et al., 1990). Since the sequences
of the desmosomal glycoproteins are quite dissimilar in this
region, it is possible that they participate in specific homo-
typic binding. If the structure of the extracellular domain of
dg2 proves to be identical to that of dg3, adhesive interaction
between these two molecules might be anticipated unless
specificity is also influenced by differences in the cytoplas-
mic domains. Dg3 contains neither an HAV nor an RAL se-
quence and dgl contains neither HAV nor YAT.

The extracellular domain of dg3 is approximately the same
size as those of the cadherins and retains some of their struc-
tural features. The cysteines in the membrane proximal re-
gion are conserved suggesting that they have an important
structural role. It is interesting that dgl differs significantly
in the membrane proximal region in that about half of the
ECS region is absent. Furthermore, the remaining part of
this region in dgl consists of three repeats of a hydrophobic
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sequence (Koch et al., 1990), lacks cysteine and is quite un-
like dg3 and the cadherins. It is possible that this region has
a different function in dgl, possibly in membrane interac-
tions or lateral molecular interactions.

All three desmosomal glycoproteins have been shown to
bind Ca?* (Mattey et al., 1987; Steinberg et al., 1987) and
putative Ca?* binding sites identified in uvomorulin (Ring-
wald et al., 1987) are conserved in both dgl and dg3. The
role of Ca?* in cadherin mediated adhesion is unclear, but
certainly of central importance. Ca?* binding may be re-
quired for dg3 to adopt an active conformation (Mattey et
al., 1987, 1990), or Ca?* may be directly involved in adhe-
sion (Steinberg, 1958; Pethica, 1961).

Three consensus N-linked glycosylation sites are found in
dg3, compared to nine in N-cadherin. Two of the three cor-
respond to sites in N-cadherin in EC1 and EC4. A reduction
in the relative molecular mass of dg2 and 3 by ~10,000 D
in tunicamycin treated MDCK cells suggests three to four
N-linked glycan side chains in dg2 and 3 (Penn et al., 1987).
This is in good agreement with the three possible glycosyla-
tion sites of bovine dg3. The role of glycosylation in desmo-
some assembly is unclear. Inhibition of N-linked glycosyla-
tion with tunicamycin does not inhibit desmosome formation
(Overton, 1982; Mattey et al., 1987). In embryonic cells the
attachment of carbohydrate appears to protect the glycopro-
teins from proteolysis (Overton, 1982).

The cytoplasmic domain of dg3 is considerably shorter
than that of N-cadherin or dgl and shows little similarity to
either. The motif EGXGEE conserved in dg3, dg2, and the
cadherins was also found in the COOH terminus of o-tu-
bulin. A specific role for the region of a-tubulin in vivo is
not known but it may have a role in microtubule assembly
(Sullivan, 1988). The cytoplasmic domain of dg2 is termi-
nated by a 65 amino acid tail which shows homology to both
N-cadherin and dgl. The tail is characterized by the motifs
YEGXGSAGS, conserved in the cadherins and dgl, and
VGCCS, found only in dg2 and dgl.

Cadherins and dg2 and 3 frequently occur in the same cell
types but occupy different membrane locations. Although
the presence of small amounts of cadherins has been
reported in desmosomes in one situation (Jones, 1988),
cadherins are normally located in nonjunctional lateral
membrane or in the actin-associated zonula adherens junc-
tions (Boller et al., 1985). These distinct locations are likely
to be determined by association with distinct classes of cyto-
plasmic and cytoskeletal proteins. The very high conserva-
tion of the cadherin cytoplasmic domain (>55% identity)
suggests a common role for this domain in the different
cadherin subclasses. Recent work has shown that this may
be the anchorage of cadherins to actin filaments via interac-
tions with at least three accessory proteins, the catenins
(Ozawa et al., 1989, 1990).

The cytoplasmic domain sequences of dg2 and 3 have
overall only 24 and 23 % identity with the cytoplasmic do-
main of bovine N-cadherin. This individuality of structure
presumably reflects specialization for the molecular interac-
tions involved in desmosome plaque formation, association
with the unique desmosomal proteins (desmosomal proteins
1 and 2 [desmoplakins] desmocalmin, desmoyokin, and B6B,
reviewed by Schwartz et al., 1990) and linkage (probably in-
direct) to intermediate filaments. Sequence homologies be-
tween the desmosomal glycoproteins and the cadherins may
suggest shared structural features or binding specificities.
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Desmosomal protein 3 (plakoglobin) may interact with the
cytoplasmic domains of both classes of glycoproteins since
it occurs in both desmosomes and zonula adherens junctions
(Docherty et al., 1984; Cowin et al., 1986; Gorbsky et al.,
1985; Miller et al., 1987).

The presence of a consensus serine phosphorylation site
in the cytoplasmic tail of dg2 suggests that its interactions
may be modulated by phosphorylation. dg2 becomes serine
phosphorylated during desmosome assembly in MDCK cells
but dg3 does not (Parrish et al., 1990). It is possible that in
the MDCK glycoproteins, as in the bovine proteins de-
scribed here, dg2 possesses a phosphorylation site that is ab-
sent from dg3 and that this accounts for the observed differ-
ence in phosphorylation.

The desmosomal glycoproteins are clearly members of the
cadherin family of cell adhesion molecules but diverge
significantly from the other cadherins in sequence homol-
ogy. This demonstrates that the cadherin family is more di-
verse than previously believed.
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