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Abstract. A novel member of the cadherin family of 
cell adhesion molecules has been characterized by 
cloning from rat liver, sequencing of the correspond- 
ing cDNA, and functional analysis after heterologous 
expression in nonadhesive $2 cells, cDNA clones 
were isolated using a polyclonal antibody inhibiting 
Ca2+-dependent intercellular adhesion of hepatoma 
cells. As inferred from the deduced amino acid se- 
quence, the novel molecule has homologies with E-, 
P-, and N-cadherins, but differs from these classical 
cadherins in four characteristics. Its extracellular do- 
main is composed of five homologous repeated do- 
mains instead of four characteristic for the classical 
cadherins. Four of the five domains are characterized 
by the sequence motifs DXNDN and DXD or modi- 
fications thereof representing putative Ca2+-binding 
sites of classical cadherins. In its NH2-terminal re- 
gion, this cadherin lacks both the precursor segment 
and the endogenous protease cleavage site RXKR 

found in classical cadherins. In the extracellular EC1 
domain, the novel cadherin contains an AAL sequence 
in place of the HAV sequence motif representing the 
common cell adhesion recognition sequence of E-, 
P-, and N-cadherin. In contrast to the conserved cyto- 
plasmic domain of classical cadherins with a length of 
150-160 amino acid residues, that of the novel cad- 
herin has only 18 amino acids. Examination of trans- 
fected $2 cells showed that despite these structural 
differences, this cadherin mediates intercellular adhe- 
sion in a Ca2+-dependent manner. The novel cadherin 
is solely expressed in liver and intestine and was, 
hence, assigned the name LI-cadherin. In these tis- 
sues, LI-cadherin is localized to the basolateral do- 
main of hepatocytes and enterocytes. These results 
suggest that LI-cadherin represents a new cadherin 
subtype and may have a role in the morphological or- 
ganization of liver and intestine. 

C 
ELL-cell interactions are of fundamental importance 
for the development and the maintenance of tissues 
and organs in multicellular organisms. The basic 

morphogenetic processes involved in organogenesis, in- 
cluding cellular aggregation, segregation, and migration, 
are mediated and controlled by an increasingly large and 
complex number of cell adhesion molecules that exhibit a 
well-regulated spatiotemporal pattern of expression during 
development and regeneration (for review see Simons and 
Fuller, 1985; Ekblom et al., 1986; Edelman, 1988; Schach- 
ner, 1989; Takeichi, 1991; Hynes and Lander, 1992). Inter- 
cellular adhesion molecules identified so far have been 
classfied into at least four major molecular families, the im- 

Address all correspondence to Dr. R. Tauber, Institut fiir Klinische Chemie 
und Biochemie, Universit~itsklinikum Rudolf Virchow, Freie Universit~t 
Berlin, Spandauer Damm 130, D-14050 Berlin (Charlottenburg), FRG. 

munoglobnlin superfamily, the integrin superfamily, the 
cadherin family, and the selectin family (Williams and Bar- 
clay, 1988; Kemler et al., 1989; Osborn, 1990; Takeichi, 
1990; Geiger and Ayalon, 1992; Hynes, 1992). Selectins 
that are mainly present on blood cells and endothelial cells 
bind to specific carbohydrate epitopes via their lectin do- 
mains (Osborn, 1990), by contrast to the other three major 
classes of cell adhesion molecules functioning by means of 
protein-protein interactions. Several of the immunoglobulin 
superfamily cell adhesion molecules mediate cell-cell adhe- 
sion by means of heterophilic interactions, whereas others 
such as the neural cell adhesion molecule (N-CAM) ~ may 

1. Abbreviations used in this paper: CAM, cell adhesion molecule; LI- 
cadherin, liver-intestine cadherin; PB, sodium phosphate; PB/BSA, 
globulin-free BSA in 60 mM sodium phosphate; PBST, 0.05% (vol/vol) 
Tween-20 in PBS; PNGase F, peptide-N4-(N-acetyl-B-glucosaminyl)- 
asparagine amidase E 
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bind both in a homophilic and heterophilic mode (Cole et al., 
1986; Cunningham et al., 1987). Although the majority of 
the known members of the integrin superfamily constituting 
a third major family of cell adhesion molecules bind to vari- 
ous molecules of the extracellular matrix and mediate cell 
matrix binding, a few integrins may act as cell-cell adhesion 
molecules in a heterophilic fashion (Hynes, 1992). Cadhe- 
rins are calcium-dependent cell adhesion molecules, and 
they mediate intercellular adhesion by homophilic binding 
(Kemler et al., 1989; Takeichi, 1990; Geiger and Ayalon, 
1992). Cell adhesion molecules of the cadherin family are 
particularly relevant for morphogenetic processes (Edel- 
man, 1988; Takeichi, 1991) and have been shown to be es- 
sential, e.g., for compaction of preimplantation mouse 
embryos (Kemler et al., 1977; Hyafil et al., 1980, 1981), 
the formation of intermediate and tight junctions between 
epithelial cells (Boiler et al., 1985; Gumbiner and Simons, 
1986, 1987), neurogenesis (Napolitano et al., 1991), and 
neurite outgrowth (Bixby and Zhang, 1990; Doherty et al., 
1992). Several subclasses of cadherin molecules have been 
described (for review see Kemier et al., 1989; Takeichi, 
1990; Geiger and Ayalon, 1992; Pouliot, 1992). Uvomoru- 
lin/E-cadherin primarily expressed in epithelial tissues, 
N-cadherin abundantly present in the nervous system, skele- 
tal muscle, and cardiac muscle, and P-cadherin originally 
identified in placenta belong to the group of classical cadhe- 
rins. These are characterized by a similar domain structure 
of their extracellular part, a HAV motif in the EC 1 domain, 
and by a highly conserved cytoplasmic domain. M-cadherin 
expressed in skeletal muscle (Donalies et al., 1991) does not 
harbor the HAV motif, but is otherwise very similar to clas- 
sical cadherins. Desmosomal cadherins expressed in epi- 
thelia (Koch et al., 1992), as well as protocadherins 
characterized in the central nervous system (Sano et al., 
1993), exhibit a completely different cytoplasmic domain, 
and the GPI-anchored T-cadherin found in neural and non- 
neural tissues even lacks both the transmembrane and the 
cytoplasmic domains (Ranscht and Dours-Zimmermann, 
1991). 

In developing and regenerating liver, particularly mem- 
bers of the cadherin family and the immunoglobulin super- 
family, have been shown to be major mediators of inter- 
cellular adhesion. Cell-CAM 105/gp110 belonging to the 
immunoglobulin superfamily and more specifically to the 
carcinoembryonic antigen family can mediate adhesion be- 
tween hepatocytes in a homophilic calcium-inde .p.endent 
manner (Ocldind and (~)brink, 1982; TingstriSm and Obrink, 
1989; 0brink, 1991; Becker et al., 1993). Cell-CAM 105/ 
gpll0 is mainly localized in the bile canalicular domain 
of the rat hepatocyte where there is no intercellular adhe- 
sion, prompting the assumption that cell-CAM 105/gpll0 
might rather have a role in bile canalicular formation than 
in hepatocyte-hepatocyte binding (Hixson and McEntire, 
1989). Antibodies directed against uvomorulin/E-cadherin 
have been shown to interfere with cell-cell contact of 14-d- 
old embryonic hepatocytes (Vestweber and Kemler, 1984). 
Likewise, inhibition of the function of liver cell adhesion 
molecule thought to be the avian analogue of uvomorulin/E- 
cadherin inhibited the aggregation of embryonic chick liver 
cells (Bertolotti et al., 1980; Gallin et al., 1983). Moreover, 
the formation of structurally differentiated liver after birth 
has been shown to coincide with an increased expression of 

uvomorulin/E-cadherin and of the desmosomal cadherin des- 
moglein (Stamatoglou et al., 1992). However, antibodies di- 
rected against E-cadherin did not completely inhibit cal- 
cium-dependent cell aggregation of hepatocytes prepared 
from adult mouse liver indicating the presence of additional 
cadherins in hepatic tissue (Ogou et al., 1983). 

To identify novel cell adhesion molecules involved in in- 
tercellular adhesion of hepatocytes, a panel of plasma mem- 
brane glycoproteins purified from rat liver and hepatoma 
(Tauber et al., 1983, 1986, 1989) was screened for both ad- 
hesive function and localization to the basolateral cell sur- 
face of hepatocytes, where adhesive interactions predom- 
inate. In the present report, cloning, sequencing, and 
functional characterization of a novel member of the cadhe- 
rin multigene family is described. This novel cadherin has 
an extracellular domain consisting of five homologous re- 
peated domains instead of four characteristic for the classical 
cadherins. Moreover, by contrast to the classical cadherins 
having a highly conserved cytoplasmic tail of ,~150 amino 
acid residues (for review see Takeichi, 1990), this new type 
of cadherin has a very short cytoplasmic tail of only 18 
amino acids. As shown by expression in Drosophila S2 cells, 
the novel cadherin mediates Ca~+-dependent intercellular 
adhesion, despite the structural differences that make this 
molecule unique among the known members of the cadherin 
family. The novel cadherin is solely expressed in hepatocytes 
of liver, as well as in intestinal enterocytes and goblet cells; 
this is reflected in its name, LI-cadherin, indicating a possi- 
ble morphoregulatory role for these two tissues. 

Materials and Methods 

Immunoscreening and DNA Screening 
of cDNA Library 
For immunoscreening, a preamplified rat liver eDNA expression library in 
k-ZAPII (Stratagene, Heidelberg, FRG) was plated on XLI-Blue bacteria 
with ,~250,000 plaques per 150-ram plate and incubated for 3.5 h at 42°C. 
Nitrocellulose membranes were soaked in I0 mM isopropyl-/~-D-thiogalac- 
topyranoside, dried, and placed on the bacterial lawn. Incubation was con- 
tinucd for another 3.5 h at 37°C. Membranes were lifted, rinsed in PBST 
(0.05% [vol/vol] Tween-20 in PBS), blocked for 3 h in blocking buffer I (3% 
[wt/voll bovine serum albumin in PBST), blocked for another 3 h in block- 
ing buffer II (10% [vol/vol] fetal calf serum in blocking buffer I), and 
incubated for 16 b with rabbit anti-hgp125 IgG (Tauber et al., 1989) in 
blocking buffer II. After three washing cycles in PBST, membranes were 
incubated for 30 min with swine anti-rabbit IgG (Dakopatts, Hamburg, 
FRG) 1:40 in blocking buffer If, washed three times in PBST, incubated for 
30 rain with a complex of horseradish peroxidase and rabbit anti-horserad- 
ish peroxidase (Dakopatts) 1:200 in blocking buffer II, and developed using 
4-chloro-naphthol as substrate. Positive clones TB1 and TB2 were plaque 
purified by several rounds of rescreening, and the corresponding pBlue- 
script clones (pTB1 and pTB2) were in vivo-excised using the R408-helper 
phage (Stratagene). Thereafter, the library was additionally screened on the 
DNA level using the insert of pBhiescript clone pTBI as a probe. The iso- 
lated insert was digoxigenin labeled with random primer by the method of 
Feinberg and Vogelstein (1983) using digoxigenin-ll-dUTP and DNA- 
polymerase I (Klenow fragment) from Boehringer Mannheim (Mannheim, 
FRG). Hybridization was performed at 420C followed by washing at high 
stringency conditions. The digoxigenin-labeled probe bound to the mem- 
brane was detected with antidigoxigenin Fab fragments conjugated to alka- 
line phospbatase and AMPPI~ (Boehringar Mannheim) as chemilumines- 
cent substrate using the procedure described by the manufacturer. 

DNA Sequencing 
Inserts of the in vivo-excised pBluescript clones pTB1, pTB2, pTB3, pTB4, 
and pTB5 were digested with appropriate restriction enzymes to generate 

The Journal of Cell Biology, Volume 125, 1994 1354 



overlapping fragments. DNA sequencing was carried out by the dideoxy- 
chain termination method (Sanger et ai., 1977) using "1"7 polymerase (Phar- 
maeia, Freiburg, FRG). In addition to the vector-specific sequencing 
primers (SK, KS, T7, and T3; Stratagene), synthetic primers were used that 
bind to internal regions of the cloned inserts. All sequence data were ob- 
tained for both strands. 

Protein and DNA Sequence Analysis 
Nucleotide and deduced amino acid sequences were analyzed using the Mac 
Molly software package TM (SoftGene, Berlin, FRG), which includes the 
EMBL and the Swiss-Prot sequence databases. 

Isolation of RNA and Northern Blot Hybridization 
Total RNA was isolated from rat tissues using the guanidinium isothio- 
cyanate method according to Sambrook et al. (1989). Approximately 10 #g 
of RNA from each tissue were separated on a 1.2 % agarose gel containing 
formaldehyde, transferred to nylon membranes (Hybond-N; Amersham 
Buehler, Braunschweig, FRG) and UV cross-linked. Hybridization with 
32p-labeled eDNA probes was performed in the presence of 10% (wt/vol) 
dextran sulfate, 1 M NaCI, 1% (wt/vol) SDS, 100/zg/ml salmon testes DNA 
at 600C for 20 h. After hybridization, membranes were washed at a final 
stringency of 0.1 × SSC/I% (wt/vol) SDS at room temperature. Standardi- 
zation of RNA levels was nchieved by comparing the intensity of the 
ribosomal RNA bands. Relative integrated optical density levels were calcu- 
lated from grey levels measured with an Elscript 400 System (Hirschmann, 
Unterhaching, FRG). 

cDNA Probe Purification and Labeling 
The EcoRI fragment from the insert of plasmid pTB1 was separated by 
agarose gel electrophoresis and extracted from the gel by electroelution. 
The purified fragment was random primer labeled with [~-s2p]dCTP using 
the Random Primer Labeling Kit (Gibco BRL, Eggenstein, FRG). Unincor- 
porated label was removed using NAP-columns (Pbarmaeia). The purified 
probe had a specific activity of 1.0 × l0 s dpm.t~g-L 

Protein Expression in Escherichia coil 
E. coli strain XL1-Blue (Stratagene) carrying the plasmid pTB2 was grown 
at 37 *C in Luria broth medium containing ampicillin (50/~g/mi) to a density 
corresponding to an absorption at 600 nm of 0.5. Expression of the #-gaiac- 
tosidase LI-cadherin fusion protein was induced by the addition of iso- 
propyl-a-v-thiogalactopyranoside to a final concentration of 10 mM and in- 
cubation for 2 h at 370C. Cells were lysed in 5% (wt/vol) SDS, 15% 
(vol/vol) glycerol, 1 M B-mercaptoethanol, 100 mM Tris-HCl, pH 6.8, and 
cell debris was removed by centrifugation. Protein concentration of cell ex- 
tracts was determined with the bieinchoninic acid protein assay reagent 
(Pierce Europe B.V., Oud-Beijerland, The Netherlands) using bovine serum 
albumin as a standard. 

One- and Two-dimensional SDS-PAGE 
and Immunoblotting 
SDS-PAGE was performed according to Laemmli (1970). For two-dimen- 
sional SDS-PAGE, samples were separated in the first dimension by isoelec- 
trofocusing on immobilized pH gradients using the method of Sinha et ai. 
(1990). Proteins were transferred from SDS polyaerylamide gels alec- 
trophoretieaily at constant 110 V for 2 h onto nitrocellulose membranes 
(BA85; Sehleicher & Sehuell, Dassel, FRG), according to Towbin et al. 
(1979). Nitrocellulose membranes were immunostained with rabbit anti- 
hgp125 IgG as described for immunoscreening of the eDNA library. Tissue 
samples for SDS-PAGE were prepared by homogenization in SDS sample 
buffer and boiling for 3 rain. Samples of small intestine were in part ob- 
tained by freeze damping in situ in liquid nitrogen followed by homogeniza- 
tion and boiling in SDS sample buffer. Plasma membranes from Morris 
bepatoma 7777 grown in Buffalo rats and from livers of Buffalo rats were 
isolated as described (Tauber et al., 1986, 1989). Membrane purity was 
checked by electron microscopy and by the assay of marker enzymes as de- 
scribed (Tauber and Reutter, 1978). 

Enzymatic Deglycosylation 
Plasma membrane glycoproteins were N-deglycosylated by incubation with 
peptide-N4-(N-acetyl-#-glucosaminyl) -asparagine amidase F (PNGase F) 
from Flavobacterium meningosepticum (Boehringer Mannheim). Isolated 
plasma membranes (1 mg/ml) were suspended in 0.4% (wt/vol) SDS, 1.0% 
(vol/vol) ~-mercaptoethanol, 40 mM EDTA, and 500 mM sodium phos- 
phate, pH 8.0, boiled for 3 min at 950C, and centrifuged for 3 rain at 16000 
g. The following were added to 100-/~1 allquots of the supernatant: leupep- 
tin, chymostatin, antipain, and pepstatin, each to a final concentration of 
65/~g/rnl, octylglucopyranuside to a final concentration of 1.9 raM, and 
10 U of PNGase E Samples were incubated for 18 h at 37°C. 

lmmunolabeling of Semithin Sections 
Small intestine was dissected into 2-mm cubes and fixed for 1 h in 3 % 
(wt/vol) paraformaldehyde/0.25% (vol/vol) glutaraldehyde in 60 mM so- 
dium phosphate, pH 7.3, followed by progressive lowering temperature de- 
hydration from 0*C to -300C and embedding in LR Whir6 a (The London 
Resin Co. Ltd., Basingstoke, United Kingdom). Semithin (0.5-t~m) sections 
were preincubated for 30 rain with 1% (wt/vol) globulin-free bovine serum 
albumin in 60 mM sodium phosphate, pH 7.3 (PB/BSA), and incubated 
with anti-hgp125 IgG (12 #g/ml in PB/BSA) at 4°C for 16 h. After washing 
three times with PB/BSA, sections were incubated for 1 h with goat 
anti-rabbit IgG coupled to 10 um colloidal gold (EM-grade; Amersbam 
Bnchler) 1:50 in 50 mM Tris/HC1, pH 8.4, 1% (wt/vol) BSA. After washing 
with 60 mM sodium phosphate, pH 7.3, sections were fixed with 2.5% 
(vol/vol) buffered glutaraldehyde for 10 rain, washed with aqua dest, and 
the size of gold particles was increased by silver enhancement (Danscber, 
1981). 

Liver tissue was fixed by perfosion via the portal vein with 3 % (wt/vol) 
paraformaidehyde/0.25 % (vol/vol) glutaraidehyde in 60 mM sodium phos- 
phate, pH 7.3. Sections (200-/~m) of the fixed liver tissue were incubated 
first in 0.5% (wt/vol) sodium borohydride/0.1% (wt/vol) glycine in 60 mM 
sodium phosphate, pH 7.3, for 10 rain, then in 0.5% (wt/vol) BSA/0.1% 
(wt/vol) gelatine in 60 mM sodium phosphate, pH 7.3 (BSA/gelatine), for 
30 min, and finally with anti-hgp125 IgG (12 ~g/mi in BSA/gelatine) at 4°C 
for 16 h. After washing in BSA/gelatme for 2 h, sections were incubated 
with goat anti-rabbit IgG coupled to 1 nm colloidal gold (1:50 in BSA/ 
gelatine) for 5 h at 37"C, washed extensively in 60 mM sodium phosphate, 
pH 7.3, fixed for 10 rain in 2.5% (wt/vol) buffered glutaraldehyde, washed 
with aqua dest, and silver enhanced. Semithin sections (0.5-/an) were pre- 
pared from the sections (200-/~m) after embedding in araidite. Sections 
from liver and intestine were finally stained with toluldine blue. Immuno- 
fluorescence microscopy of frozen sections was performed as described 
(Tauber et al., 1986). 

Immunoelectron Microscopy 
Small blocks of tissue were fixed in 3 % (wt/vol) paraformaldehyde/0.25 % 
(vol/voi) glmaraidebyde in 60 mM sodium phosphate, pH 7.3, for 1 h at 4"C 
and washed three times in 60 mM sodium phosphate (PB), pH 7.3, followed 
by progressive lowering temperature dehydration and embedding in LR 
White °. Ultrathin sections (60-90 run) were preincubatod with 1% (wt/vol) 
PB/BSA for 30 rain, and incubated with anti-hgp125 IgG (12 /tg/ml in 
PB/BSA) at 4"C for 16 h. Washing with PB/BSA was followed by incubation 
with 10 nm gold-conjugated goat anti-rabbit IgG (1:50 in Tris/HCl, pH 8.4, 
1% [wt/vol] BSA) for 1 h. After washing with PB, sections were fixed with 
2.5% (vol/vol) buffered glutaraldehyde for 10 rain, washed with aqua dest, 
and the size of gold particles was increased in some sections by silver en- 
hancement. Finally, the sections were stained with 1% (wt/vol) phos- 
photungstic acid, 2% (wt/vol) osmium tetroxide, and 5% (wt/vol) uranyle 
acetate for 15 rain each. 

MH7777 cells grown on Thermanox TM coversllps (Miles Laboratories, 
Naperville, IL) were fixed and incubated with anti-hgp125 IgG as described 
above for immtmolabeling of semithin sections. After three washing cycles 
with PB/BSA cells were incubated with goat anti-rabbit IgG coupled to 10 
nm colloidal gold (1:50 in 50 mM Tris/HCl, pH 8.4, 1% [wt/vol] BSA) for 
1 h at room temperature. Cells were washed three times in PB/BSA, fixed 
in 2.5% (vol/vol) glutaraldebyde in PB for 10 rain, washed and incubated 
with 2% (wt/vol) osmium tetroxide. After dehydration, the cells were em- 
bedded in araldite, Ultrathin sections (60-90 urn) were stained with 5% 
(wt/vol) uranyl acetate for 15 rain and with lead citrate according to the 
method of Reynolds (1963). 
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Figure 1. Immunoelectron microscopic localization of hgp125 on 
MH 7777 ceils. Ceils grown on Thermanox TM coverslips were fixed 
and labeled with anti-hgp125 IgG and 10 nm gold-conjugated sec- 
ondary antibody before embedding and processing for electron- 
microscopy. Bar, 1 /~m. 

Cell Adhesion Assay 
Cell adhesion of hepatocarcinoma MH 7777 cells (Vedel et al., 1983; Loch 
et al., 1992) was measured using an assay based on that described by Bal- 
samo et al. (1991) and Walther et al. (1973). MH 7777 cells were cultured 
as described (Loch et al., 1992). For preparation of labeled probe cells, MH 
7777 cells were grown to '~70% confluence. After a 30-min incubation in 
5 ml of MEM with Earle's salts without L-methionine/L-cysteine, cells were 
labeled for 90 min by addition of 5 t~l (2.2 MBq) of TRAN 35S-LABEL 
(37.96 TBq/mmol L-methionine; ICN, Meckenheim, FRO. Cells were 
washed once with DME containing 10 % heat-inaodvated fetal bovine serum 
(Gibco BRL), insulin (3 ng/ml), 2 mM L-glutamine, penicillin (100 U/ml), 
streptomycin (100/~g/ml) (complete DME) supplemented with 1 mM unla- 
beled L-methionine, and chased for 30 min. After removal of medium and 
washing three times with Dulbecco's PBS, single cells were prepared by 
brief incubation with 5 ml of 0.25% (wt/vol) trypsin (Biochrom, Berlin, 
FRG) in Dnlbecco's PBS supplemented with 5.5 mM o-glucose. Cells 
detached from the plate were suspended in ice-cold DME without bovine 
serum, washed twice by centrifugatiun (20 g, 5 min), and finally suspended 
to a cell density of 7 × 10S/ml at 4"C. For preparation of target monolayer 
cultures, cells were seeded into six-well tissue culture plates (7 × 105 
cells/well) in complete DME, and cultured for "°24 h until cells formed a 
confluent monolayer. 

To measure cell-cell adhesion, target cells were cooled to 4"C on ice, 
incubated with 3 % (wt/vol) bovine serum albumin in Dulbecco's PBS for 
20 rain and washed twice with Dulbecco's PBS containing 2 mM CaC12. 
Cells designed for testing the effect of EDTA were washed with Dulbecco's 
PBS without Ca 2+. Either one of the following was added to the target cells 
(2 ml/well): (a) Dulbecco's PBS containing 2 mM CaC12; (b) Dulbecco's 
PBS without Ca 2+ containing 3 mM EDTA; and (c) Dulbecco's PBS con- 
taining 2 mM CaCl2 and the appropriate concentration of antibody. Target 
cells were then incubated at 4"C for 15 min, labeled probe cells (4.6 × 
105/ml per well) were added, and the incubation was continued for 60 rain 
on a gyratory shaker at 4°C. Unbound cells were removed by aspiration and 
the wells washed three times with Dulbecco's PBS, 1% (wt/vol) bovine se- 
rum albumin, containing either 2 mM CaC12 (a and c) or 3 mM EDTA (b). 
Cells were then lysed in 1 ml of lysis buffer (20 mM Tris/HCl, pH 8.0, 150 
mM NaCI, 1% [vol/vol] NP-40), and radioactivity was determined by liquid 
scintillation counting. Assays with anti-uvomorulin/E-cadherin IgG (anti- 
gp84) (Ozawa and Kemler, 1990), final concentration 0.1 mg/ml, were per- 
formed in 24-well tissue culture plates following the same protocol. 

Figure 2. Inhibition of cell-cell adhesion of MH 7777 cells by anti- 
hgp125 IgG. Adhesion of MH 7777 probe cells metabolically 
labeled with TRAN35S-LABEL to MH 7777 target cells was as- 
sayed as described in Materials and Methods in the presence of ei- 
ther (a) 2 mM CaCI2, (b) 3 mM ETA; (c) 0.1 mg/ml anti-hgp125 
IgG and 2 mM CaC12; (d) ant i -human transferrin receptor IgG 
(OKT9; 0.1 mg/ml) and 2 mM CaClv Adhesion was calculated as 
percent of control values measured in the presence of 2 mM CaCI2 
without antibodies. Data represent means of three experiments. 

Antibodies 
Antibodies raised in rabbits against plasma membrane glycoproteins gp80, 
gp140, gp160, hgp85, hgp105, hgp115, hgp125, and hgp175 were those de- 
scribed earlier (Tauber et al., 1986, 1989). For isolation of IgG, rabbit an- 
tisera were diluted 1:5 with PBS and loaded onto a protein A-Sepharose 
column (Pharmacia). Unspecifically bound proteins were removed by ex- 
tensive washing with PBS. IgG was eluted with I00 mM sodium citrate, pH 
6.0, dialyzed against PBS, and stored at -20oc. Anti-human transferrin 
receptor antibody OK'I9 (Sntherland et ai., 1981) was prepared as described 
(Orberger et al., 1992). Anti-gp84 IgG was a gift of Dr. R. Kemler (Max- 
Planck-Institut fiir Immunbiologie, Freiburg i. Br., FRG). 

Culture, Transfection, and Cloning of Drosophila 
$2 Cells 

Drosophila $2 cells (Schneider, 1972) were grown in complete Schneider's 
medium containing 5 mM CaC12 (Gibco BRL) supplemented with 12.5% 
heat-inactivated fetal calf serum (Sigma, Deisenhofen, FRG), penicillin 
(100 U/ml), and streptomycin (100 t~g/ral) (Biochrom). The cells were 
maintained at 25°C with air as the gasphase. For the expression of LI- 
cadherin in $2 cells, the insert of pTB2 (see Fig. 7) was subcloned into the 
Sinai site of the Drosophila expression vector pRmHa-3 (Bunch et ai., 
1988) under the control of the metallothionein promoter. The resultant plas- 
mid pRmHa-LI was cotransfected into $2 cells with the plasmid pPC4 
(Jokerst et al., 1989), which confers c~-amanitin resistance to the cells. Cell 
transfection was performed using the Lipofectin TM reagent (Gibco BILL) as 
described by Nose et ai. (1992). After selection, the c~-arnanitin-resistant 
cells were cloned in 0.3 % agar in the presence of a lethally irradiated feeder 
layer of pPC4-transfected $2 cells. 

Immunofluorescence of Drosophila $2 Cells 
After cloning, transfected $2 cells were suspended in culture medium to a 
density of 1 × 10 ~ cells/ml. Expression of LI-cadherin was induced by ad- 
dition of CuSO4 to 0.7 mM for 18-24 h at 25°C. Immunnfluoreseance mi- 
croscopy was performed using the protocol of Fehon et al. (1990). Briefly, 
cells were collected by centrifugation and fixed in 0.6-ml Eppendorf tubes 
with 0.5 ml of freshly made 2% (wt/vol) paraformaldehyde in PBS for 10 
min at room temperature. Cells were then collected by centrifugatiun, 
rinsed twice in PBS, and stained for 1 h in anti-hgp125 IgG (12/~g/ml in 
0.1% [wt/vol] saponin in PBS and 1% [vol/vol] fetal calf serum in PBS). 
After being washed twice in PBS cells were stained for 1 h in affinity- 
purified, FITC-conjugated goat anti-rabbit IgG (Sigma) (1:40 in saponin- 
FCS-PBS). Cells were rinsed twice in PBS and mounted on slides in 885 
mM Tris/HCl, pH 8.0, 0.5% (wt/vol) n-propyl gallate, 10% (vol/vol) 
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Figure 3. Characterization of hgp125 by two-dimensional SDS- 
PAGE and immunoblotting. Plasma membranes isolated from rat 
liver were resolved by two-dimensional SDS-PAGE and were either 
silver-stained (A) or transferred to nitrocellulose membranes (B). 
Membranes were immunostained with rabbit anti-hgp125 IgG as 
described in Materials and Methods. The antibody recognizes a 
120-kD polypeptide with a pI of 4.5 (A, arrowhead). 

glycerol. Cells were examined under epifluorescence on a microscope (Ax- 
ioplan; Zeiss, Oberkochen, FRG). 

Aggregation Assays 

$2 cells were collected by centrifugation and resnspended in culture 
medium to a density of 1 × 10 6 cells/ml. Expression of LI-cadherin in the 

Figure 4. Western blot analysis. (A) Protein extracts of tissues solu- 
bilized in SDS-sample buffer were separated by SDS-PAGE, trans- 
ferred to nitrocellulose membranes, and immunostained with anti- 
hgp125 IgG as described in Materials and Methods. (B) Samples 
of small intestine were prepared by freeze clamping in liquid nitro- 
gen and solubilization in SDS-sample buffer, and they were ana- 
lyzed as in A. 

transfected cells was induced by addition of CuSO4 to 0.7 mM for 18-24 h 
at 25°C. For aggregation assays, cell aggregates formed during the induction 
period were gently dissociated by slow pipetting through a glass pipette. To 
allow aggregation, 3 ml of cell suspension were placed into 50-ml conical 
tubes and agitated at 25°C on a rotary shaker (150 rpm) for the times indi- 

Figure 5. Localization of hgp125 in rat liver and 
small intestine. Semithin (0.5-#m) sections of rat 
liver (A) and small intestine (B) were stained with 
anti-hgp125 IgG and gold-conjugated secondary 
antibody followed by silver enhancement as de- 
scribed in Materials and Methods. In A, bile 
canaliculi are indicated by arrowheads. Bars, 12.8 
/~m in A and 20/~m in B. 
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Figure 7. Restriction map and sequencing strategy for eDNA clones 
of hgp125. The entire inserts of pBluescript clones pTB1, pTB2, 
pTB3, pTB4, pTB5, and various fragments prepared by appropriate 
restriction enzyme digestion were sequenced as described in Mate- 
rials and Methods. (Black boxes) Open reading frame of the clones; 
(arrows from the top) start codons and (arrows from the bottom) 
stop codons; (horizontal arrows) the extent and the direction of 
each sequence determination. 

cated. In the experiments examining the influence of Ca 2+ ions or of LI- 
cadherin-specific antiserum on cell aggregation, aggregation was per- 
formed in complete Schneider's medium containing 5 mM CaCi2, or in the 
same medium supplemented either with 10 mM EGTA or with anti-hgp125 
antiserum (1:100), respectively. To measure the extent of cell aggregation, 
30-/~1 aliquots were removed at different times and the number of single cells 
and aggregates (a cluster of four or more cells) present in the aliquots was 
counted in a hemoeytometer. Small aggregates of less than four cells were 
regarded as single cells. Aggregation was scored by the index Nt/N0, where 
Nt and No are the total numbers of particles at the incubation time t and 
the incubation time 0, respectively. 

Resul t s  

Identification of  a Plasma Membrane Glycoprotein 
Involved in Cell-Cell Adhesion 

To identify surface proteins involved in ceil-cell adhesion of 
hepatic cells, a panel of antisera directed against eight differ- 
ent plasma membrane glycoproteins-gpS0, gp140, gpl60, 
hgp85, hgpl05, hgpll5, hgp125, and hgp175-purified from 
rat liver and Morris hepatoma 7777 (Tauber et al., 1983, 
1986, 1989) were tested for their inhibitory capacity on 
cell-ceU adhesion of hepatocarcinoma MH 7777 cells. The 
effect of antibodies on cell-cell adhesion was measured with 
an assay based on that described by Balsamo et al. (1991) and 
Waither et al. (1973). MH 7777 cells were used because this 
cell line has been shown to retain the expression of various 
hepatocytic surface proteins (Vedel et al., 1983; Loch et al., 

1992). Among the eight antisera that antiserum raised 
against the plasma membrane glycoprotein hgp125 (Tanber 
et al., 1989), which was shown to be uniformly distributed 
on the surface of MH 7777 cells (Fig. 1), inhibited intercellu- 
lar adhesion of MH 7777 ceils by 38% (Fig. 2). In the pres- 
ence of 3 mM EDTA adhesion was inhibited to a similar ex- 
tent of 46 %. Anti-human transferrin receptor IgG used as 
a control exhibited no inhibitory effect. MH 7777 cells also 
expressed uvomorulin/E-cadherin as demonstrated by im- 
munoblotting using polyclonal anti-gp84 IgG raised against 
the extracellular part of uvomorulin/E-cadherin (Ozawa and 
Kemler, 1990) (not shown). Antiuvomorulin/E-cadherin in- 
hibited intercellular adhesion of MH 7777 cells by ~28 %, 
indicating that uvomorulin/E-cadherin contributes to the 
aggregation of MH 7777 cells. 

?Issue Distribution and Cellular Localization 

Anti-hgp125 IgG immunoreacted specifically with a 120-kD 
polypeptide with a pI of 4.5 after two-dimensional elec- 
trophoresis of rat liver plasma membranes (Fig. 3). Immu- 
noblotting of various tissues with anti-hgp125 IgG showed 
that apart from the liver, hgp125 is only present in intestine 
(Fig. 4 A). In homogenates of small intestine, hgp125 was 
partly cleaved into smaller fragments reacting with the anti- 
body. No fragmentation was observed in samples of small in- 
testine obtained by freeze clamping in situ (Fig. 4 B). In ac- 
cordance to the results obtained by immunoblotting, hgp125 
could be detected by immunomicroscopy of various tissues 
embedded in LR White* or analyzed as frozen sections 
solely in liver and intestine. In the liver, hgp125 is localized 
on the basolateral surface of hepatocytes and could not be 
detected on the apical, i.e., bile canaiicular surface as shown 
by immunostaining of semithin sections (Fig. 5 A). Like- 
wise, hgp125 was present on the basolateral, but not on the 
apical surface of enterocytes of small intestine (Fig. 5 B). 
The same localization was observed in large intestine, 
whereas hgp125 was not present in the stomach and in the 
esophagus, as could be shown by both immunoblotting (Fig. 
4 A) and immunomicroscopy (not shown). 

The surface localization of hgp125 observed at the light 
microscopic level was confirmed at the ultrastructural level. 
As shown by immunoelectron microscopy of intestinal epi- 
thelial cells, hgp125 is localized at those sites of the lateral 
surface, where cells are in close contact to each other (Fig. 
6 A). On the other hand, hgp125 was almost not detectable 
on the basal surface, where the cells are in contact with the 
basal membrane (Fig. 6 B). In addition, hgp125 was absent 
from the apical surface. No labeling was observed in the 
junctional complex and in desmosomes (Fig. 6 C). 

Molecular Cloning 

Anti-hgp125 IgG was used to screen a preamplified rat liver 
cDNA expression library in k-ZAPII (2.0 x 10 ~ primary 
recombinants). In 1.5 x 106 recombinants screened, two 

Figure 6. Immunoelectron microscopic localization of hgp125 in rat intestinal epithelial cells. Sections through LR White®-embedded rat 
small intestine were labeled with anti-hgp125 IgG and 10 nm gold-conjugated secondary antibody. Section through (A) apical and lateral 
region, (B) lateral and basal region, and (C) junctional complex of intestinal epithelial cells, tj, tight junctions; aj, adherens junctions; 
ds, desmosomes. Bars, 1 /zm. 
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Figure 8. cDNA and deduced amino acid sequence of rat LI-cadherin. The amino acid sequences determined by direct sequencing of cyano- 
gen bromide fragments are labeled with open boxes. Potential N-glycosylation sites are indicated by circles. The transmembrane domain 
is underlined with a bold line. The NHz-terminal region is subdivided into six domains termed EC1, ECla, EC2, EC2a, EC3, and EC4. 
Cadherin-specific cysteine residues are marked by closed boxes. The putative polyadenylation signal is underlined with a thin line. These 
sequence data are available from EMBL/GenBank/DDBJ under accession number X78997. 
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Figure 10. Hydrophobicity plot of the deduced amino acid sequence 
of LI-cadherin calculated according to Kyte and Doolittle (1982). 
A window size of 11 residues was used. The relative positions of 
the extraceUular domains EC1, ECla, EC2, EC2a, EC3, and EC4 
and of the transmembrane region TM are indicated. 

Figure 9. Comparison of fusion protein of clone TB2 expressed in 
E. coli with the glycosylated and N-deglycosylated form of hgp125 
from hepatoma plasma membrane. Plasma membranes were iso- 
lated from Morris hepatoma 7777 and were either mock digested 
(lane 1) or were digested with PNGase F (lane 2). Lysates of E. 
coli transformants expressing the fusion protein of pTB2 were pre- 
pared after induction with isopropyl-B-o-thiogalactopyranoside 
(lane 3) and without induction (lane 4). Samples were separated 
by SDS-PAGE, transferred to nitrocellulose and were immuno- 
stained with anti-hgp125 IgG as detailed in Materials and Methods. 

positive clones termed TB1 and TB2 were detected and iso- 
lated. Using the insert of clone TB1 as a probe, 1.2 x 106 
recombinants of the library were rescreened on the DNA 
level yielding three additional clones, TB3, TB4, and TBS. 
Out of X-phages, the corresponding pBluescript clones 
(pTB1, pTB2, pTB3, pTIM, and pTB5) were in vivo-excised, 
and the relationship among the inserts of these plasmids was 
analyzed by restriction endonuclease mapping (Fig. 7). The 
five clones were colinear and contained overlapping eDNA 
inserts, which together spanned a stretch of ~ 3.6 kb of 
cDNA. 

Nucleotide and Deduced Amino Acid 
Sequence Analysis 

The inserts of clones pTB1 and pTB2, and those regions of 
clones pTB3 and pTIM not contained in clone pTB2 were se- 
quenced on both DNA strands using vector-specific se- 
quencing primers and synthetic primers binding to internal 
regions of the cloned eDNA. The combined nucleotide se- 
quence of clones pTB1 to pTB5 with a length of 3,628 bp con- 
tains an open reading frame of 2,484 bp starting with a me- 
thionine codon at nucleotide 328 and terminating with a stop 
codon at position 2,809. Start codons upstream and down- 
stream the open reading frame are immediately terminated 
by stop codons. The complete cDNA sequence contains one 
potential poly(A) acceptor site within its Y-untranslated re- 
gion (Fig. 8). The predicted polypeptide encoded by the 
open reading frame has a calculated molecular weight of 
91,857. In line with this prediction, pTB2 containing the full 

open reading frame expressed a fusion protein of ~100-kD 
in E. coli that was recognized by anti-hgp125 IgG (Fig. 9, 
lanes 3 and 4). When separated by SDS-PAGE, the fusion 
protein had a similar molecular mass as compared to the 
N-deglycosylated form of hgp125 from Morris hepatoma 
7777 generated by digestion with PNGase F (Fig. 9, lane 2). 
The higher molecular mass of the fusion protein as com- 
pared to the calculated molecular weight of the predicted 
protein most likely reflects the remaining 37 amino acid 
residues of the/3-galactosidase part of the fusion protein and 
the 43 amino acid residues of the noncoding Y-end of the in- 
sert of pTB2. 

Hydrophobic analysis (Kyte and Doolittle, 1982) indicates 
a hydrophobic amino terminal signal sequence of 28 amino 
acids (Fig. 10) that is followed by a long stretch of a mostly 
hydrophilic region of 748 amino acid residues, a hydropho- 
bic putative transmembrane sequence of 33 amino acid 
residues and a short hydrophilic COOH-terminal domain of 
18 amino acids. The amino acid sequence deduced from the 
cDNA completely contains the amino acid sequences of six 
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Figure 11. Schematic drawing of the primary structure of LI- 
cadherin (.4) and classical E-, P-, and N-cadherins (B). Boxes indi- 
cate homologous domains. Corresponding extracellular (EC), 
premembrane (PM), transmembrane (TM), and cytoplasmic (CP) 
domains are shaded in the same pattern. The positions of the four 
conserved cysteine residues (C) are indicated. Conserved sequence 
motifs are labeled according to the one-letter amino acid code. 
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Table L Protein Sequence Comparison of Extracellular 
Domains of LI-Cadherin 

Percent of amino acid sequence identity 

Domains EC 1 a EC2 EC2a EC3 EC4 

EC1 10 24 17 18 18 
ECla 11 19 12 13 
EC2 19 18 23 
EC2a 13 17 
EC3 17 

peptides (Fig. 8) obtained by NH2-terminal sequencing of 
CNBr fragments of immunoaffinity-purified hgp125 (Gess- 
ner et al., manuscript in preparation) evidencing that the ob- 
tained eDNA clones correspond to hgp125. The deduced 
protein structure contains seven potential N-glycosylation 
sites. The reduction in the molecular mass of ~ 20 kD by 
N-deglycosylation with PNGase F (Fig. 9, lanes I and 2) in- 
dicates that all potential N-glycosylation sites are glyco- 
sylated assuming a molecular mass of 3 kD per N-linked 
oligosaccharide (Bartles et al., 1985). 

Sequence Homology with Cadherins 

Analysis of the deduced protein sequence reveals that the 
part of the protein NH2-terminal to the putative transmem- 
brane domain is composed of five domains of internal ho- 
mology termed EC1, EC2, EC2a, EC3, and EC4, each with 
a length of 106-111 amino acid residues (Figs. 8 and 11). In 
line with the definition of a repeated cadherin domain pro- 
posed by Ringwald et al. (1987) for uvomorulin/E-cadherin, 
each of the five domains contains the LDRE motif and the 
putative calcium-binding sites DXNDN and DXD, or modi- 
fications thereof, characteristic for the extracellular repeated 
domains of cadherin cell adhesion molecules (Takeichi, 
1991; Geiger and Ayalon, 1992). The five domains have 
amino acid sequence identities in between 13 and 24% (Ta- 
ble I). Similar degrees of identity have been reported for the 
three NH~-terminal domains of uvomorulin/E-cadherin and 
P-cadherin (Ringwald et al., 1987; Nose et al., 1987). A do- 
main localized between EC1 and EC2, termed ECla, had a 

similar length of 109 amino acid residues, but neither 
showed significant homology with the other extracellular do- 
mains nor contained one of the three conserved sequence 
motifs. In addition, four cysteine residues are distributed in 
a pattern conserved among cadherins. Three cysteine resi- 
dues are localized in the premembrane domain adjacent to 
the transmembrane domain, and one in the EC4 domain be- 
tween the two putative calcium-binding motifs DVNDN and 
DDD. These structural characteristics indicate that the pro- 
tein of this study belongs to the cadherin family of cell adhe- 
sion molecules. Reflecting its selective expression in liver 
and intestine, it was termed LI-cadherin. The assumption 
that the LI-cadherin belongs to the cadherin family is sup- 
ported by alignment (Fig. 12) and amino acid sequence com- 
parison (Table II) with E-, P-, and N-cadherin from different 
species. Since the corresponding domains of these cadhe- 
rins have a different degree of homology, homology was ana- 
lyzed comparing the four extraceUular domains EC1, EC2, 
EC3, and EC4, as well as the premembrane, the transmem- 
brane, and the cytoplasmic domains (Table II). Among E-, 
P-, N-, and LI-cadherin, the highest degree of homology is 
found for the EC1 domain. Averaging the homology of the 
repeated domains except EC2a, LI-cadherin has the highest 
degree of overall homology with N-cadherin (Table II). 

Despite these similarities, LI-cadherin differs from the 
classical E-, P-, and N-cadherins in several aspects. First, 
with respect to the definition of a repeated cadherin domain 
(Ringwald et al., 1987), the extracellular portion of LI- 
cadherin is organized into five repeated domains, whereas 
the classical cadherins have only four homologous repeats. 
Second, different from E-, P-, and N-cadherin, LI-cadherin 
has a very short COOH-terminal intracellular domain of 18 
amino acid residues (Figs. 11 and 12). Third, the HAV se- 
quence motif in the extraceUular EC1 domain involved in the 
cell-binding function of E-, P-, and N-cadherin (Blaschuk et 
ai., 1990), is replaced by an AAL sequence in LI-cadherin 
(Fig. 12), similar to a FAL sequence in M-cadherin (Dona- 
lies et ai., 1991). Fourth, as inferred from the alignment with 
E-, P-, and N-cadherins, the amino acid sequence of LI- 
cadherin lacks the prosequence that is present in all other 
known cadherin precursors (Ringwald et al., 1987; Nose 
et al., 1987; Hatta et al., 1988; Ranscht and Dours- 

Table II. Protein Sequence Comparison of Domains of 
Individual Members of the Cadherin Family 

Percent of amino acid sequence identity 

Comparison* EC 1 EC2 EC3 EC4 PM¢ TM§ CPII avl 

LI:N(c) 42 28 37 34 34 33 39 35.2 
LI:N(m) 43 28 39 32 30 33 39 34.9 
LI:E(m) 41 25 33 32 16 27 28 28.9 
LI:P(m) 39 24 31 32 22 15 33 28.0 
N(m):N(c) 95 99 84 87 74 100 99 91.1 
N(m):E(m) 58 52 40 46 25 45 64 47.1 
N(m):P(m) 53 49 42 47 26 23 57 42.4 
N(c):E(m) 57 53 42 45 26 47 63 47.6 
N(c):P(m) 52 49 40 45 26 22 57 41.6 
E(m):P(m) 68 56 48 53 36 41 80 54.6 

* LI, LI-cadherin (rat); N(c), N-cadherin (chicken); N(m), N-cadherin (mouse); E(m), E-cadherin (mouse); P(m), P-cadherin (mouse). 
Premembrane domain. 

§ Transmembrane domain.l[ Cytoplasmic domain.1 Average amino acid sequence identity of EC1, EC2, EC3, EC4, PM, TM, and CP. 
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Figure 12. Alignment of the LI-cadherin protein sequence with cadherin cell adhesion molecules. Amino acid residues found in LI-cadherin 
and in at least one of the other cadherins are shaded. Residues maintained in all of the cadherins are marked with a cross. The HAV sequence 
motif in the EC1 domain is underlined. L/-R, LI-cadherin from rat; N-C and N-M, N-cadherin from chicken and mouse; E-M, E-cadherin 
from mouse; P-M, P-cadherin from mouse. 

Zimmermann, 1991; Koch et al., 1991, 1992), with the ex- 
ception of the recently described protocadherins (Sano et 
al., 1993). 

Northern Blot Analysis 

The expression of LI-cadherin mRNA in different tissues 

was examined by Northern blot analysis with the 1.1-kb insert 
of pTB1 as a probe. LI-cadherin mRNA was detected in the 
liver and strongly in the intestine, in accordance with the 
results obtained by immunoblotting and immunomicros- 
copy. In both tissues, the detected transcript has a size of 
'~3.9 kb (Fig. 13). Probing of small amounts of RNA 
showed that the over-exposed band from intestine consists of 
one single species (not shown). 
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Figure 13. Northern blot analysis. Total RNA (10 #g/lane) isolated 
from different tissues was size-fractionated on a 1.2% agarose gel 
containing formaldehyde, blotted onto nylon membranes and hy- 
bridized with the random primed insert of clone pTBI. The posi- 
tions of 18S and 28S ribosomal RNA are also indicated as the frag- 
ments of a RNA molecular weight ladder. 

Figure 14. Comparison of LI-cadherin expressed in transfected $2 
cells with LI-cadherin from hepatoma plasma membranes. Plasma 
membranes from Morris hepatoma 7777 (lanes I and 2) and mem- 
branes from S2/pRmHa-LI cells (lanes 3 and 4) were either mock- 
digested (lanes 1 and 3) or were digested with PNGase F (lanes 2 
and 4). Samples were separated by SDS-PAGE, transferred to 
nitrocellulose, and stained with LI-cadherin-specific anti-hgp125 
IgG as detailed in Materials and Methods. 

Heterologous Expression of LI-Cadherin 
in Drosophila $2 Cells 
To characterize its adhesive function, LI-cadherin was ex- 
pressed in Drosophila $2 cells (Schneider, 1972). $2 cells 
have low endogenous adhesiveness, grow as single, unat- 
tached cells, and do not aggregate, even when cell surface 
glycoproteins known not to function in cell adhesion are 
overexpressed (Snow et al., 1989). Therefore, $2 cells have 
been used to study the function of a variety of Drosophila 
cell adhesion molecules and have also been suggested to be 
used as a tool for the functional characterization of putative 
vertebrate cell adhesion molecules (Hortsch and Bieber, 
1991). The LI-cadherin eDNA insert of pTB2 was subcloned 
into the pRmHa-3 vector (Bunch et al., 1988) downstream 
of the metallothionein promoter. This construct (pR_mHa- 
LI) was introduced into $2 cells by cotransfection with the 
pPC4 plasmid, which contains a Drosophila c~-amanitin- 
resistant RNA polymerase II gene (Jokerst et al., 1989). Af- 
ter selection with ot-amanitin, resistant cell lines were cloned 
in soft agar. LI-cadherin expression levels of the clonal cell 
lines were tested after induction with Cu2+-ions by immu- 
noblotting of isolated cell membranes using the LI-cadherin- 
specific anti-hgp125 IgG. Whereas LI-cadherin was not de- 
tectable in untransfected $2 cells (not shown), one clonal 
line (S2/pRmHa-LI) was isolated expressing LI-cadherin at 
high levels. LI-cadherin expressed in S2/pRmHa-LI cells 
had a lower molecular mass of 109 kD (Fig. 14, lane 3), 
as compared to LI-cadherin from Morris hepatoma 7777 
plasma membranes having a molecular mass of 120 kD (Fig. 
14, lane/) .  After removal of N-linked oligosaccharides by 
digestion with PNGase E the N-deglycosylated form of 
LI-cadherin expressed in S2/pRmHa-LI cells comigrated 

with the N-deglycosylated form of LI-cadherin from Morris 
hepatoma 7777 both having a molecular mass of 'MOO kD 
(Fig. 14, lanes 2 and 4). LI-cadherin expressed in $2 cells 
is, hence, N-glycosylated in accordance with previous 
reports that Drosophila cells can synthesize and transfer 
N-linked oligosaccharides onto vertebrate heterologous ex- 
pressed glycoproteins (Domingo and Trowbridge, 1988; 
Gibson et al., 1993). The lower molecular mass of 109 kD 
of LI-cadherin expressed in $2 cells most likely reflects that 
insect cells are unable to elongate trimmed oligosaccharides 
to complex side chains (Butters et al., 1981; Hsieh and Rob- 
bins, 1984; Kuroda et al., 1990). 

LI-cadherin Induces Calcium-dependent Cell 
Adhesion in $2 Cells 
To study whether LI-cadherin mediates cell adhesion, 
S2/pRmHa-LI cells expressing LI-cadherin were examined 
for their ability to aggregate. After induction with Cu 2+ 
ions, S2/pRmHA-LI cells aggregated in large clusters, 
whereas uninduced S2/pRmHa-LI cells did not form ag- 
gregates even after incubation for 6 h (Fig. 15 A-C). To dem- 
onstrate that the adhesion of the transfected $2 cells is medi- 
ated by LI-cadherin present on the cell surface (Fig. 16), the 
ability of LI-cadherin-specific antibodies to inhibit aggre- 
gation was examined. Induced cells incubated with the 
LI-cadherin-specific antiserum formed less numerous ag- 
gregates than cells treated with preimmune serum (Fig. 17), 
supporting the notion that LI-cadherin itself is a cell adhe- 
sion molecule. Since cadherin cell adhesion molecules have 
been shown to be Ca2+-dependent, the effect of Ca 2+ deple- 
tion on LI-cadherin-mediated cell adhesion was examined. 
In the presence of EGTA the ability of induced S2/pRmHa- 
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Figure 15. Aggregation of $2 cells transfected with 
LI-cadherin cDNA. S2/pRmHa-LI cells were cul- 
tured in the presence of 0.7 mM CuSO4 to induce 
the expression of LI-cadherin, resuspended, and 
allowed to aggregate as described in Materials and 
Methods. (A and B) Phase-contrast photomicro- 
graphs of induced (A) and noninduced (B) S2- 
pRmHa-LI cells after agitation for 6 h. (C) Ki- 
netics of intercellular aggregation. Induced and 
noninduced S2/pRmHa-LI cells were allowed to 
aggregate for the times indicated. Aliquots were 
removed and the number of particles was counted. 
The number of particles at time t (Nt) divided by 
the number of particles at time 0 (No) was plotted 
versus time. (D) Kinetics of cell aggregation of in- 
duced S2/pRmHa-LI cells was measured in the 
presence of either 5 mM Ca 2+ or 10 mM EGTA 
as in (C). 
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Figure 17. Inhibition of cell aggregation of S2/pRmHa-LI cells by 
LI-cadherin-specific anti-hgp125 antiserum. Aggregation of in- 
duced S2/pRmHa-LI cells was measured as described in the legend 
to Fig. 15 C in the presence of either anti-hgp125 antiserum or of 
preimmune serum in a final concentration of 1:100 each. 

Figure 16. Immunofluorescence localization of LI-cadherin in 
transfected Drosophila $2 cells. Transfected $2 cells expressing LI- 
cadherin were labeled for indirect immunofluorescence with anti- 
hgp125 IgG and FITC-conjugated secondary antibody as described 
in Materials and Methods. 

LI cells to form aggregates was completely inhibited (Fig. 
15 D). In summary, these experiments strongly suggest that 
LI-cadherin itself mediates Ca2+-dependent cell adhesion. 

Discussion 

We have characterized a novel member of the cadherin fam- 
ily of cell adhesion molecules representing a new subtype 
within this multigene family. 

Four major characteristics make this protein unique 
among the known cadherins. First, in addition to the four ex- 
tracellular domains (EC1, EC2, EC3, and EC4) that are 
equivalent to the corresponding domains of the classical 
cadherins (Ringwald et al., 1987; Takeichi, 1991), the novel 
cadherin has two extra domains termed ECla and EC2a. 
Similar to EC1, EC2, EC3, and EC4, EC2a is composed of 
~110 amino acids and contains modifications of the LDRE, 
DXNDN, and DXD motifs. ECla has a similar length as the 
five repeated extracellular domains, but does neither contain 
one of the three conserved sequence motifs, nor shows 
significant homology with the repeated domains. Carboxy- 
terminal to EC4, LI-cadherin, as well as the classical cadhe- 
rins, have another extracellular domain that differs from the 
preceding homologous domains with respect to both size and 
lack of the LDRE, DXNDN, and DXD motifs (Fig. 11). In 
the LI-cadherin, this premembrane domain contains three 
cysteine residues close to the transmembrane domain equal 
to the highly conserved three cysteine residues of the classi- 
cal cadherins (Takeichi, 1991). When compared to classical 
cadherins from different species (Table II), EC1 is the best 
conserved domain among the different domains of LI-cadhe- 
rin. This domain has been shown to be involved in the adhe- 

sive function and binding specificities of E- and P-cadherin 
(Nose et al., 1990). In both E- and P-cadherin, the EC1 do- 
main contains a conserved HAV peptide that together with 
its flanking amino acids seems to be responsible for the bind- 
ing specificity observed between individual cadherin sub- 
types (Blaschuk et al., 1990). In the EC1 domain of LI-cad- 
herin, the HAV motif is replaced by an AAL sequence, 
similar to M-cadherin having a FAL sequence instead of the 
HAV motif (Donalies et al., 1991). Similarly, in the case of 
the desmosomal cadherins, the HAV sequence has been 
changed to RAL or FAT (Goodwin et al., 1990; Koch et al., 
1990, 1991, 1992). Other cadherins such as T-cadherin 
and cadherin-5 also lack the characteristic HAV sequence 
(Ranscht and Dours-Zimmermann, 1991; Suzuki et al., 
1991). Moreover, LI-cadherin differs from the classical 
cadherins in its NH2-terminal region because it lacks both 
the precursor segment and the endogenous protease cleavage 
site RXKR (Ozawa and Kemler, 1990) at the COOH-termi- 
nal end of this segment. 

A second major difference concerns the cytoplasmic tail 
of LI-cadherin. Whereas among the classical cadherins this 
domain is highly conserved and consists of,~150-160 amino 
acids, it has only 18 amino acids in the LI-cadherin. As has 
been demonstrated for uvomorulin/E-cadherin, the cyto- 
plasmic domain may mediate binding to the cytoskeleton by 
interaction with catenins (Ozawa et al., 1989). At least two 
regions of the cytoplasmic domain are involved in this func- 
tion. Besides a region within the COOH-terminal 72 amino 
acid residues responsible for the specific recognition of cate- 
nins (Nagafuchi and Takeichi, 1989; Ozawa et al., 1990), a 
second region of the cytoplasmic domain proximal to the 
transmembrane domain mediates protein interactions re- 
quired for cadherin function (Kintner, 1992). The cytoplas- 
mic domain of LI-cadherin exhibits a limited similarity with 
two regions within the cytoplasmic domain of classical 
cadherins (Fig. 12). The first four NH2-terminal amino 
acids share homology with the region within the cytoplasmic 
portion of the classical cadherins that is proximal to the 
transmembrane domain. Furthermore, the last 14 COOH- 
terminal amino acids exhibit limited similarity to a region 
within the potential catenin-binding site described for the 
classical cadherins. 
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Third, LI-cadherin is also different from the recently de- 
scribed group ofprotocadherins (Sano et al., 1993) and from 
cadherin-5, another unconventional cadherin (Suzuki et al., 
1991). In the extracellular domain, LI-cadherin contains the 
four highly conserved cysteine residues typical for classical 
cadherins, one between the LDRE and DXNDN motifs in 
the EC4 domain, the other three, which are not found in pro- 
tocadherins, in the premembrane domain proximal to the 
transmembrane domain. Another difference concerns the 
premembrane domain that contains the DRE sequence in 
cadherin-5 (Suzuki et al., 1991), but not in LI-cadherin. Fur- 
thermore, the cytoplasmic domain of LI-cadherin is con- 
siderably shorter than that ofprotocadherins and cadherin-5. 
In addition, it shows limited similarity to two subdomains 
within the cytoplasmic tail of classical cadherins, whereas 
the cytoplasmic region of the protocadherins and cadherin-5 
does not show any significant homology with those of known 
cadherins. Fourth, apart from these structural differences, 
LI-cadherin is also distinguished from other known cadhe- 
fins by its tissue distribution. Analysis of mRNA using a 1.1- 
kb internal sequence of the LI-cadherin open reading frame 
as a probe, revealed the presence of a 3.9-kb transcript of LI- 
cadherin solely in the liver and intestine. In both tissues, LI- 
cadherin is expressed in epithelial cells, i.e., in hepatocytes, 
and in enterocytes and goblet ceils, respectively, as shown 
by immunolabeling of semithin sections (Fig. 5). LI-cad- 
herin could not be detected in hepatic endothelial cells, simi- 
lar to uvomorulin/E-cadherin that could not be found in vas- 
cular endothelial cells (Heimark et al., 1990). By contrast 
to uvomorulin/E-cadherin, which is expressed in a wide 
range of epithelial cells (for review see Geiger and Ayalon, 
1992), expression of LI-cadherin seems to be restricted to 
hepatocytes of liver, and enterocytes and goblet ceils of intes- 
tine. In both, hepatocytes and enterocytes, LI-cadherin is lo- 
cated on the basolateral surface where adhesive functions 
predominate, but is absent from the apical cell surface (Fig. 
5). On the basolateral surface of enterocytes, LI-cadherin is 
almost entirely restricted to areas of enterocyte-enterocyte 
contact. Within these areas, LI-cadherin appears to be uni- 
formly distributed, with the exception of the junctional com- 
plex and desmosomes where LI-cadherin cannot be detected. 
In its extrajunctional localization, LI-cadherin differs from 
E-cadherin, which is concentrated in adherens junctions 
(Boller et al., 1985). On the other hand, the extrajunctional 
localization of LI-cadherin supports previous observations 
that cadherins are not always entirely restricted to these junc- 
tional sites, but may also be present in extrajunctional 
regions of the basolateral membrane (Gumbiner and Si- 
mons, 1987; Gumbiner et al., 1988; Salomon et al., 1992). 
On the basolateral surface of hepatocytes, LI-cadherin is 
also localized at sites facing the space of Disse. Presence on 
the sinusoidal surface of hepatocytes has also been shown for 
uvomorulin/E-cadherin (Vestweber and Kemler, 1984). The 
biological significance of the presence of both cadherins on 
the sinusoidal surface is unknown. 

The assumption that LI-cadherin may function as an inter- 
cellular adhesion molecule is supported both by the results 
of the cell adhesion assay using MH 7777 cells that express 
LI-cadherin physiologically (Fig. 2), and by the transfection 
experiments in Drosophila $2 cells (Fig. 15). Adhesion of 
both MH 7777 cells and of transfected S2/pRmHa-LI cells 
was inhibited by LI-cadherin-specific antibodies, suggesting 

that LI-cadherin is directly involved in cell adhesion. To test 
whether the cell adhesive function of LI-cadherin is Ca ~+ 
dependent, the aggregation of LI-cadherin-transfected $2 
cells was examined in the presence of EGTA. The same ex- 
perimental system has been used to study the Ca 2+ depen- 
dence of other cell adhesion molecules in transfected $2 cells 
(Snow et al., 1989; Elkins et al., 1990). Since aggregation 
of LI-cadherin transfected $2 cells was ilfftibited in the ab- 
sence of Ca 2+, cell adhesion activity of LI-cadherin is likely 
to be Ca 2÷ dependent. Moreover, we have evidence that LI- 
cadherin has Ca2+-binding activity and is protected from 
proteolytic cleavage in the presence of Ca 2+ (Gessner, R., 
D. Berndorff, N. Lock, P. Bringmann, N. Schnoy, W. Reut- 
ter, and R. Tauber, manuscript in preparation). 

Drosophila $2 cells proved to be a useful tool for the char- 
acterization of the adhesive function of LI-cadherin in this 
paper, and of other vertebrate cell adhesion molecules (Fel- 
senfeld et al., 1994), The finding that the vertebrate LI- 
cadherin can mediate intercellular adhesion of invertebrate 
ceils indicates that the adhesive function of LI-cadherin does 
not depend on the interaction with cytoplasmic cadherin- 
binding proteins essential for the adhesive function of classi- 
cal vertebrate cadherins (Ozawa et al., 1990). On the other 
hand, the functional activity of LI-cadherin in transfected $2 
cells might reflect that this vertebrate cadherin may interact 
with invertebrate catenin homologues that were recently de- 
scribed in Drosophila (Peifer et al., 1992; Oda et al., 1993). 
The interaction of LI-cadherin with cytoplasmic proteins in 
MH 7777 cells and Drosophila $2 cells is under current in- 
vestigation. 

In conclusion, our findings suggest that LI-cadherin 
represents a novel type of cell adhesion molecule within the 
cadherin multigene family, different from the classical 
cadherins such as E, P-, and N-cadherin, the GPI-anchored 
T-cadherin as well as the recently described group of pro- 
tocadherins and cadherin-5. This novel cadherin is expressed 
in adult liver and intestine, and may have a role in the mor- 
phological organization of these two tissues. Moreover, with 
respect to the role of cadherin cell adhesion molecules in 
morphogenesis, LI-cadherin might be involved in the devel- 
opment of the liver and intestine during embryogenesis. 

We are indebted to B. Dlouhy and H. Richter for excellent technical as- 
sistance and to Dr. R. Kernler, Max-Planck-Instimt Rir lmmunobiologie, 
Freiburg i. Br, FRG, for the gift of anti-uvomorulin/E-cadherin antibodies. 

This work was supported in part by grants from the Deutsche For- 
schungsgemeinschaft (K6 371/9-1, Sonderforschungsbereieh 366), the 
Schering AG, the Maria-Sonnenfeld-Ged~ichtnis-Sittung, and by a Boeh- 
ringer Ingelheim scholarship. 

References 

Balsamo, J., R. Thiboldeaux, N. Swaminathan, and J. Lilien. 1991. Antibodies 
to the retina N-acetylgalactosaminylphosphotransferasc modulate N-cad- 
herin-mediated adhesion and uncouple the N-eadherin transferas¢ complex 
from the actin-eontaining cytoskeleton. J.Cell Biol. 113:429--436. 

Bartles, J. R., L. T. Braiterman, and A. L. Hubbard. 1985. Biochemical char- 
acterization of domain-specific glycoproteins of the rat hepatoeyte plasma 
membrane. Z Biol. Chem. 260:12792-12802. 

Becket, A., L. Lucka, C. Kilian, C. Kannieht, and W. Reutter. 1993. Charac- 
terization of the ATP-dclmndent taurocholate-earrier protein (gp110) of the 
hepatocyte canalieular membrane. Fur. J. Biochem. 214:539-548. 

Bertolotti, R., U. Rutishauser, and G. M. Edelman. 1980. A cell surface mole- 
cule involved in aggregation of embryonic liver cells. Proc. Natl. Acad. Sci. 
USA. 77:4831--4835. 

Bixby, J. L., and R. Zhang. 1990. Purified N-cadherin is a potent substrate for 
the rapid induction of neurite outgrowth. J. Cell Biol. 110:1253-1260. 

Berndorff et al. Liver-Intestine Cadherin 1367 



Blaschnk, O. W., R. Sullivan, S. David, and Y. Pouliot. 1990. Identification 
o fa  cadherin cell adhesion recognition sequence, Dev. Biol. 139:227-229. 

Boiler, K., D. Vestweber, and R. Kemler. 1985. Cell-adhesion molecule 
uvomorulin is localized in the intermediate junctions of adult intestinal epi- 
thelial cells. J. Cell Biol. 100:327-332. 

Bunch, T. A., Y. Grinblat, and L. S. B. Goldstein. 1988. Characterization and 
use of the Drosophila trietallothionein promoter in cultured Drosophila me- 
lanogaster cells. Nucleic Acids Res. 16:1643-1061. 

Butters, T. D., R. C. Hughes, and P. Vischer. 1981. Steps in the biosynthesis 
of  mosquito cell membrane glycoproteins and the effects of tunicamycin. 
Biochim. Biophys. Acta. 640:672-686. 

Cole, G. J., A. Lcewy, N. V. Cross, R. Akeson, and L. Glaser. 1986. Topo- 
graphic localization of the beparin-binding domain of the neural cell adhesion 
molecule N-CAM. J. Cell Biol. 103:1739-1744. 

Cunningham, B. A., J, J. Hemperly, B. A. Murray, E. A. Prediger, R. Brack- 
enbury, and G. M. Edelman. 1987. Neural cell adhesion molecule: structure, 
immunoglobulin-like domains, cell surface modulation, and alternative RNA 
splicing. Science (Wash. DC). 236:799-806. 

Danscher, G. 1981. Localization of gold in biological tissue. A photochemical 
method for light and electronmicroscopy. Histochemistry. 71:81-88. 

Doherty, P., S. V. Ashton, S. D. Skaper, A. Leon, and F. S. Walsh. 1992. 
Ganglioside modulation of neural cell adhesion molecule and N-cadherin- 
dependent neurite outgrowth. J. Cell Biol. 117:1093-1099. 

Domingu, D. L., and I. S. Trowbridge. 1988. Characterization of the human 
transferrin receptor produced in a baculovirus expression system. J. Biol. 
Chem. 263:13386-13392. 

Donalies, M., M. Cramer, M. Ringwald, and A. Starzinski-Powitz. 1991. Ex- 
pression of M-cadherin, a member of the cadherin multigene family, corre- 
lates with differentiation of skeletal muscle cells. Proc. Natl. Acad. Sci. 
USA. 88:8024-8028. 

Edelman, G. M. 1988. Morphoregulatory molecules. Biochemistry. 27:3533- 
3543. 

Ekblom, P., D. Vestweber, and R. Kernler. 1986. Cell-matrix interactions and 
cell adhesion during development. Anna. Rev. Cell BioL 2:27-47. 

Elkins, T., M. Hortsch, A. J. Bieber, P. M. Snow, and C. S. Goodman. 1990. 
Drosophila fasciclin I is a novel homophilic adhesion molecule that along 
with fasciclin HI can mediate cell sorting. J. Cell Biol. 110:1825-1832. 

Fehon, R. G., P. J. Kooh, I. Rebay, C. L. Regan, T. Xu, M. A. T. Muskavitch, 
and S. Artavanis-Tsakonas. 1990. Molecular interactions between the pro- 
tein products of the neurogenedc loci Notch and Delta, two EGF-homol- 
ogous genes in Drosophila. Cell. 61:523-534. 

Feinberg, A. P., and B. Vogelstein. 1983. A technique for radiolabeling DNA 
restriction endonuclease fragments to high specific activity. Anal. Biochem. 
132:6-13. 

Felsenfeld, D. P., M. A, Hynes, K. M. Skoler, A. J. Furley, and T. M. Jessell. 
1994. TAG-1 can mediate homophilic binding but neurite outgrowth on 
TAG-I requires an Ll-like molecule and beta-1 integrins. Neuron. In press. 

Gallin, W. J., G. M. Edelman, and B. A. Cunningharn. 1983. Characterization 
of L-CAM, a major cell adhesion molecule from embryonic liver cells. Proc. 
Natl. Acad. Sci. USA. 80:1038-1042. 

Geiger, B., and O. Ayalon. 1992. Cadherins. Annu. Rev. Cell Biol. 8:307-332. 
Gibson, K. R., P. G. Vanek, W. D. Kaloss, G. B. Collier, J. F. Connaughton, 

M. Angelichio, G. P. Livi, and P. J. Fleming. 1993. Expression of dopamine 
B-hydroxylase in Drosophila Schneider 2 cells. Evidence for a mechanism 
of membrane binding other than uncleared signal peptide. J. BioL Chem. 
268:9490-9495. 

Goodwin, L., J. E. Hill, K. Raynor, L. Raszi, M. Manabe, and P. Cowin. 
1990. Desmoglein shows extensive homology to the cadherin family of cell 
adhesion molecules. Biochem. Biophys. Res. Commun. 173:1224-1230. 

Gumbiner, B,, and K. Simons. 1986. A functional assay for proteins involved 
in establishing an epithelial occluding barrier: identification of a uvomorulin- 
like polypeptide. J. Cell Biol. 102:457-468. 

Gumbiner, B., and K. Simons. 1987. The role of uvomorulin in the formation 
of epithelial occluding junctions. Ciba Found. Symp. 125:168-186. 

Gumbiner, B., B. Stevenson, and A. Grimaldi. 1988. The role of the cell adhe- 
sion molecule uvomornlin in the formation and maintenance of the epithelial 
junctional complex. J. Cell Biol. 107:1575-1587. 

Hatta, K., A. Nose, A. Nagafuchi, and M. Takeichi. 1988. Cloning and expres- 
sion of eDNA encoding a neural calcium-dependent cell adhesion molecule: 
its identity in the cadherin ~ene family. J. Cell Biol. 106:873-881. 

Heimark, R. L., M. Degner, and S. M. Schwartz. 1990. Identification of a 
Ca2+-dependent cell-cell adhesion molecule in endothelial cells. J. Cell 
Biol. 1 I0:1745-i756. 

Hixson, D. C., and K. D. McEntire. 1989. Detection of an altered form of cell- 
CAM 105 on rat transplantable and primary hepatoeellular carcinomas. Can- 
cer Res. 49:6788-6794. 

Hortsch, M., and A. J. Bieber. 1991. Sticky molecules in not-so-sticky cells. 
Trends Bioehem. Sci. 16:283-287. 

Hsieh, P., and P. W. Robbins. 1984. Regulation of asparagine-linked oligosac- 
charide processing. Oligosaccharide processing in Aeries albopictus mos- 
quito cells. J. Biol. Chem. 259:2375-2382. 

Hyafil, F., D. Morello, C. Babinet, and F. Jacob. 1980. A cell surface glyco- 
protein involved in the compaction of embryonal carcinoma cells and cleav- 
age stage embryos. Cell. 2I:927-934. 

Hyafil, F., C. Babinet, and F. Jacob. 1981. Cell-cell interactions in early em- 

bryogenesis: a molecular approach to the role of calcium. Cell. 26:447--454. 
Hynes, R. O. 1992. Integrins: versatility, modulation, and signaling in cell 

adhesion. Cell. 69: I 1-25. 
Hynes, R. O., and A. D. Lander. 1992. Contact and adhesive specificities in 

the associations, migrations, and targeting of cells and axons. Cell. 68: 
303-322. 

Jokerst, R. S., J. R. Weeks, W. A. Zehring, and A. L. Greenieaf. 1989. Analy- 
sis of the gene encoding the largest subunit of RNA polymerase II in Dro- 
sophila. Mol. Gen. Genet. 215:266-275. 

Kemler, R., C. Babinet, H. Eisen, and F. Jacob. 1977. Surface antigen and 
early differentiation. Proc. Natl. Acad. Sci. USA. 74:4449-4452. 

Kemler, R., M. Ozawa, and M. Ringwald. 1989. Calcium-dependent cell adhe- 
sion molecules. Carr. Opin. Cell Biol. 1:892-897. 

Kinmer, C. 1992. Regulation of embryonic cell adhesion by the cadherin cyto- 
plasmic domain. Cell. 69:225-236. 

Koch, P. J., M. J. Walsh, M. Schmelz, M. D. Goldschmidt, R. Zimbelmann, 
and W. W. Franke. 1990. Identification of desmoglein, a constitutive des- 
mosomal glycoprotein, as a member of the cadherin family of cell adhesion 
molecules. Eur. J. Cell Biol. 53:1-12. 

Koch, P. J., M. D. Goldschmidt, M. J. Walsh, R. Zimbelmann, and W. W. 
Franke. 1991. Complete amino acid sequence of the epidermal desmoglein 
precursor polypeptide and identification of a second type ofdesmoglein gene. 
Fur. J. Cell Biol. 55:200-208. 

Koch, P. J., M. D. Goldschmidt, R. Zimbelmann, R. Troyanovsky, andW. W. 
Franke. 1992. Complexity and expression patterns of the desmosomal cadhe- 
rins. Proc. Natl. Acad. Sci. USA. 89:353-357. 

Kuroda, K., H. Geyer, R. Geyer, W. Doerfler, and H. D. Klenk. 1990. The 
oligosaccharides of influenza virus hemagglutinin expressed in insect cells 
by a bacilovirus vector. Virology. 174:418-429. 

Kyte, J., and R. F. Doolittle. 1982. A simple method for displaying the 
hydropathic character of a protein. J. Mol. Biol. 157:105-132. 

Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of 
the head of bacteriophage T4. Nature (Lond.). 227:680-685. 

Loch, N., R. Tauber, A. Becker, S. Hartel-Schenk, and W. Reutter. 1992. Bio- 
synthesis and metabolism of dipeptidylpeptidase IV in primary cultured rat 
hepatocytes and in Morris hepatoma 7777 cells. Fur. J. Biochem. 210: 
161-168. 

Nagafuchi, A., and M. Takeichi. 1989. Transmembrane control of cadherin- 
mediated cell adhesion: a 94 kDa protein functionally associated with a 
specific region of the cytoplasmic domain of E-cadherin. Cell Regul. 
1:37-44. 

Napolitano, E. W., K. Venstrom, E. F. Wheeler, and L. F. Reichardt. 1991. 
Molecular cloning and characterization of B-cadherio, a novel chick cadhe- 
tin. J. Cell. Biol. 113:893-905. 

Nose, A., A. Nagafuchi, and M. Takeichi. 1987. Isolation of placental cadherin 
eDNA: identification of a novel gene family of cell-cell adhesion molecules. 
EMBO (Fur. MoL Biol. Organ.) J. 6:3655-3661. 

Nose, A., K. Tsuji, and M. Takeichi. 1990. Localization of specificity deter- 
mining sites in cadherin cell adhesion molecules. Cell. 61:147-155. 

Nose, A., V. B. Mahajan, and C. S. Goodman. 1992. Connectin: a homophilic 
cell adhesion molecule expressed on a subset of muscles and the motoneurons 
that innervate them in Drosophila. Cell. 70:553-567. 

0brink, B. 1991. C-CAM (cell-CAM 105): A member of the growing immuno- 
globulin superfamil..y of cell adhesion proteins. Bioessays. 13:227-234. 

Ocklind, C., and B. Obrink. 1982. Intercellular adhesion of rat hepatocytes. 
Identification of a cell surface glycoprotein involved in the initial adhesion 
process. J. Biol. Chem. 257:6788-6795. 

Oda, H., T. Uemura, K. Shiomi, A. Nagafuchi, S. Tsukita, and M. Takeichi. 
1993. Identification of a Drosophila homologue of ~-catenin and its associa- 
tion with the armadillo protein. J. Cell BioL 121:1133-1140. 

Ogou, S. I., C. Yoshida-Noro, and M. Takeichi. 1983. Calcium-dependent 
cell-cell adhesion molecules common to bepatocytes and teratocareinoma 
stem cells. J. Cell Biol. 97:944-948. 

Orberger, G., R. Geyer, S. Stirm, and R. Tauber. 1992. Structure of the 
N-linked oligosaecharides of the human transferrin receptor. Eur. J. Bio- 
chem. 205:257-267. 

Osborn, L. 1990. Leukocyte adhesion to endothetium in inflammation. Cell. 
62:3-6. 

Ozawa, M., H. Baribault, and R. Kemler. 1989. The cytoplasmic domain of 
the cell adhesion molecule uvomorulin associates with three independem 
proteins structurally related in different species. EMBO (Fur. Mol. Biol. Or- 
gan.) J. 8:1711-1717. 

Ozawa, M., and R. Kemier. 1990. Correct proteolytic cleavage is required for 
the cell adhesive function of uvomorulin. J. Cell Biol. 111:1645-1650. 

Ozawa, M., M. Ringwald, and R. Kemler. 1990. Uvomornlin-catenin complex 
formation is regulated by a specific domain in the cytoplasmic region of the 
cell adhesion molecule. Proc. Natl. Acad. Sci. USA. 87:4246-4250. 

Peifer, M., P. D. McCrea, K. J. Green, E. Wieschaus, and B. M. Gumbiner. 
1992. The vertebrate adhesive junction proteins B--catenin and plakoglobin 
and the Drosophila segnmnt polarity gnne armadillo form a multigene family 
with similar properties. J. Cell Biol. 118:681-691. 

Pouliot, Y. 1992. Phylogenetic analysis of the cadherin superfamily. Bioessays. 
14:743-748. 

Ranscht, B., and M. T. Dours-Zimmermann. 1991. T-cadherin, a novel cadhe- 
fin cell adhesion molecule in the nervous system lacks the conserved cyto- 

The Journal of Cell Biology, Volume 125, 1994 1368 



plasmic region. Neuron. 7:391-402. 
Reynolds, E. S. 1963. The use of lead citrate at high pH as an electron opaque 

stain in electron microscopy. J. Cell Biol. 17:208-212. 
Ringwald, M., R. Schuh, D. Vestweber, H. Eistetter, F. Lottspeich, J. Engel, 

R. D61z, F. Jahnig, J. Epplen, S. Mayer C. Miiller, and R. Kemler. 1987. 
The structure of cell adhesion molecule uvomorulin. Insights into the molec- 
ular mechanisms of Ca2+-dependent cell adhesion. EMBO (Eur. Mol. Biol. 
Organ.) J. 6:3647-3653. 

Salomon, D., O. Ayalon, R. Patel-King, R. O. Hynes, and B. Geiger. 1992. 
Extrajunctional distribution of N-cadherin in cultured human endothelial 
cells. J. Cell Sci. 102:7-17. 

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Extraction, purification, 
and analysis of messenger RNA from eukaryotic cells. In Molecular Clon- 
ing: A Laboratory Manual. Cold Spring Harbor LaboraWry, Cold Spring 
Harbor, NY. 7.18-7.25. 

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with chain 
terminating inhibitors. Proc. Natl. Acad. Sci. USA. 74:5463-5467. 

Sano, K., H. Tanihara, R. L. Heimark, S. Obata, M. Davidson, T. Stjohn, S. 
Taketani, and S. Suzuki. 1993. Protocadherins: A large family of Cadherin- 
related molecules in central nervous system. EMBO (Eur. Mol. Biol. Or- 
gan.) J. 12:2249-2256. 

Schachner, M. 1989. Families of neural adhesion molecules. Ciba Found. 
Syrup. 145:156-169. 

Schneider, I. 1972. Cell lines derived from late embryonic stages of Drosophila 
melanogaster. J. Embryol. Exp. Morphol. 27:353-365. 

Simons, K., and S. D. Fuller. 1985. Cell surface polarity in epithelia. Annu. 
Rev. Cell Biol. 1:243-288. 

Sinha, P. K., M. Prans, K. K6ttgen, E. Gianazza, and P. G. Righetti. 1990. 
Two-dimensional maps in the most extended (pH 2.5-11) immobilized pH 
gradient interval. J. Biochem. Biophys. Methods. 21:173-179. 

Snow, P. M., A. J. Bieber, and C. S. Goodman. 1989. Fasciclin llI: a novel 
homophilic adhesion molecule in Drosophila. Cell. 59:313-323. 

Stamatoglou, S. C., C. Enrich, M. M. Manson, andR. C. Hughes. 1992. Tem- 
poral changes in the expression and distribution of adhesion molecules dur- 
ing liver development and regeneration. J. Cell Biol. 116:1507-1515. 

Sutherland, R., D. Delia, C. Schneider, R. Newman, J. Kemshead, and M. 
Greaves. 1981. Ubiquitous cell-surface glycoprotein on tumor ceils is 

proliferation-associated receptor for transferrin. Proc. Natl. Acad. Sci. USA. 
78:4515--4519. 

Suzuki, S., K. Sano, and H. Tanihara. 1991. Diversity of the cadherin family: 
evidence for eight new cadherins in nervous tissue. Cell Regul. 2:261-270. 

Takeichi, M. 1990. Cadherins: a molecular family important in selective cell- 
cell adhesion. Annu. Rev. Biochem. 59:237-252. 

Takeichi, M. 1991. Cadherin cell adhesion receptors as a morphogenetic regu- 
lator. Science (Wash. DC). 251:1451-1455. 

Tanber, R., and W. Reutter. 1978. Protein degradation in the plasma membrane 
of regenerating liver and Morris hepatomas. Eur. J. Biochem. 83:37-45. 

Tanber, R., C. S. Park, and W. Reutter. 1983. Intramolecular heterogeneity 
of degradation in plasma membrane glyeoproteins: evidence for a general 
characteristic. Proc. Natl. Acad. Sci. USA. 80:4026--4029. 

Tanber, R., I. Schenck, D. Josic, V. Gross, P. C. I-Ieinrich, W. Gerok, and 
W. Reutter. 1986. Different oligosaccharide processing of the membrane- 
integrated and the secretory form of gp 80 in rat liver. EMBO (Eur. Mol Biol. 
Organ.) J. 5:2109-2114. 

Tanber, R., C. S. Park, A. Becker, R. Geyer, and W. Reutter. 1989. Rapid 
intramolecular turnover of N-linked glycans in plasma membrane glycopro- 
teins. Extension of intramolecular turnover to the core sugars in plasma 
membrane glycopro..teins of hepatoma. Eur. J. Biochem. 186:55-62. 

Tingstr6m, A., and B. Obrink. 1989. Distribution and dynamics of cell surface- 
associated cell CAM 105 in cultured rat hepatocytes. Exp. Cell Res. 
185:132-142. 

Towbin, H., T. Staehlin, and J. Gordon. 1979. Electrophoretic transfer of pro- 
teins from polyacrylamide gels to nitrocellulose sheets: procedure and some 
applications. Proc. Natl. Acad. Sci. USA. 76:4350-4354. 

Vedel, M., M. Gomez-Garcia, M. Sala, and J. M. Sala-Trepat. 1983. Changes 
in methylation pattern of albumin and c~-fetoprotein genes in developing rat 
liver and neoplasia. Nucleic Acids Res. 11:4335--4354. 

Vestweber, D., and R. Kemler. 1984. Some structural and functional aspects 
of the cell adhesion molecule uvomorulin. Cell Differ. 15:269-273. 

Walther, B. T., R. Ohman, and S. Roseman. 1973. A quantitative assay for 
intercellular adhesion. Proc. Natl. Acad. Sci. USA. 70:1569-1573. 

Williams, A. F., and A. N. Barclay. 1988. The immunoglobulin superfamily- 
domains for cell surface recognition. Annu. Rev. Immunol. 6:381--405. 

Berndorff et al. Liver-Intestine Cadherin 1369 


