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Abstract. The intestine specific LI-cadherin differs in its
overall structure from classical and desmosomal cad-
herins by the presence of seven instead of five cadherin
repeats and a short cytoplasmic domain. Despite the low
sequence similarity, a comparative protein structure
analysis revealed that LI-cadherin may have originated
from a five-repeat predecessor cadherin by a duplication
of the first two aminoterminal repeats. To test this hy-
pothesis, we cloned the murine LI-cadherin gene and
compared its structure to that of other cadherins. The in-

tron-exon organization, including the intron positions and
phases, is perfectly conserved between repeats 3—7 of LI-
cadherin and 1-5 of classical cadherins. Moreover, the
genomic structure of the repeats 1 -2 and 3—4 is identical
for LI-cadherin and highly similar to that of the repeats
1-2 of classical cadherins. These findings strengthen our
assumption that LI-cadherin originated from an ancestral
cadherin with five domains by a partial gene duplication
event.
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Cadherins are a heterogenic superfamily of transmem-
brane glycoproteins which mediate Ca**-dependent cell-
cell adhesion [1, 2]. They play an important role during
tissue development and are critical for the maintenance of
junctional complexes between epithelial cells [3, 4]. The
common feature of all cadherins is a variable number of
4 to 34 cadherin repeats comprising their ectodomain [5].
The cadherin repeat consists of about 110 amino acids
arranged in seven f-strands and two short a-helices
forming a B-barrel structure that resembles the topology
of Ig domains [6, 7].

The number of cadherins identified in various organisms
increases steadily. So far, 18 genes containing cadherin
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repeats have been found in the Caenorhabditis elegans
genome and more than 70 genes have been identified in
the human genome [8, 9]. Classical-type cadherins are
the most extensively studied members of this protein
family. They contain five extracellular cadherin repeats, a
single transmembrane domain and a cytoplasmic domain
of about 160 amino acids [10]. This intracellular domain
is highly conserved among classical cadherins [11] and
associates with a group of cytoplasmic proteins, termed
catenins [12]. Catenins link classical cadherins to the
actin cytoskeleton and regulate their adhesive properties
[13]. Another well-defined and widely expressed cad-
herin subfamily, the desmosomal cadherins, share with
the classical cadherins a highly similar ectodomain also
comprising five cadherin repeats, but contain a distinct
cytoplasmic domain that indirectly links them to the in-
termediate filament network [14].
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LI-cadherin represents a novel type of cadherin with a
distinct structure compared to other members of the cad-
herin superfamily [15]. In contrast to classical cadherins,
LI-cadherin consists of seven extracellular cadherin re-
peats and a rather short cytoplasmic domain comprising
only about 25 amino acids. This cytoplasmic domain
shares no homologies to that of classical cadherins and
does not bind to f-catenin [16]. Nevertheless, LI-cad-
herin is able to mediate Ca*"-dependent cell-cell adhe-
sion independent of cytoplasmic interactions [16]. Inter-
estingly, LI-cadherin is coexpressed basolaterally with
E-cadherin, the prototype of classical cadherins, in all
epithelial cells of the intestine, but both proteins are lo-
calized in different membrane regions [17]. While E-
cadherin is concentrated in adherens junctions [18], LI-
cadherin is evenly distributed along the lateral contact
areas but it is excluded from adherens junctions and
desmosomes [15]. LI-cadherin is not found in healthy
gastric epithelia, but is highly expressed in intestinal
metaplasia and adenocarcinomas of the stomach [19].
Due to its specific expression in certain types of cancer,
LI-cadherin has been proposed as a differentiation
marker for human gastric, pancreatic and hepatocellular
carcinomas [20—-22].

To reveal the origin of the two additional cadherin repeats
of LI-cadherin compared to classical and desmosomal
cadherins, we cloned the murine LI-cadherin gene, ana-
lyzed its structure and compared it with that of various
classical cadherins. Combining these data with the results
of our protein sequence analyses led us to conclude that
LI- and E-cadherin originated from a common ancestor
molecule with five cadherin repeats by a partial gene du-
plication event.

Materials and methods

Cloning of the murine LI-cadherin gene

A 129 SVIJ mouse genomic lambda FIX II phage library
(Stratagene, La Jolla, Calif.), prepared from liver genomic
DNA, was screened with cDNA probes covering the total
protein coding sequence of the rat LI-cadherin [15]. The
probes were labeled with digoxigenin-11-dUTP (Roche,
Mannheim, Germany) using random primers [23]. Hy-
bond-N filters (Amersham Pharmacia, Freiburg, Ger-
many) were hybridized at 38°C for 14 h in 5 X standard
saline citrate (SSC), 50% deionized formamide, 2%
blocking reagent (Roche), 0.02% sodium dodecylsulfate
(SDS) and 0.1% N-lauroylsarcosine and subsequently
washed with 0.5x SSC at 46°C. Digoxigenin-labeled
probes were detected with anti-digoxigenin Fab fragments
conjugated to alkaline phosphatase and visualized with
the chemiluminescent substrate CSPD (Roche). Clones of
interest were plaque-purified by three cycles of rescreen-
ing. For phage DNA purifications, plate lysates were col-
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lected and subjected to Qiagen column chromatography
(Qiagen, Hilden, Germany). Restriction fragments of the
phages were characterized by Southern blot analysis and
subcloned in the vector pBlueScriptSK* (Stratagene).
Additionally, a 129 mouse cosmid library (Resource Cen-
ter of the German Human Genome Project, Berlin, Ger-
many), cloned in Lawrist 7, was screened with a probe
covering the nucleotides +50 to +800 of the murine LI-
cadherin cDNA [17]. The probe was amplified and digox-
igenin-11-dUTP-labeled with the forward primer: 5’-
GTG GAT ATG GCG AAG AAG GGA AGT TCA GCG-
3" and the reverse primer: 5'-GGT CGA TCG AGA ATG
GGA AC-3" using the PCR DIG Probe Synthesis Kit
(Roche). Filters were hybridized at 42.5°C for 14 hin a
buffer containing 5x SSC, 50% deionized formamide,
2% blocking reagent (Roche), 0.02% SDS and 0.1%
N-lauroylsarcosine and washed subsequently in 0.5%
SSC at 58°C. Two cosmid clones were identified as de-
scribed above and obtained from the Resource Center of
the German Human Genome Project (clone MP-
MGcl121110150Q2 and clone MPMGc121M1327Q3).
Cosmid DNA was purified on Qiagen columns and used
directly for restriction typing, PCR analysis and DNA se-
quencing.

DNA sequencing

DNA sequences were determined by the dideoxy chain
termination method [24] using fluorescent dye/Big-Dye
terminators on 373A and 377 automated sequencers
(Applied Biosystems, Darmstadt, Germany). Sequence
alignment was performed using the MacMolly Tetra soft-
ware package (version 3.7; Soft Gene, Berlin, Germany).
The intron-exon boundaries were identified by sequence
comparison with murine LI-cadherin cDNA [17] assum-
ing conserved consensus sites.

Northern blot

Total RNA from murine tissues was isolated using TRI-
ZOL reagent according to the manufacturer’s protocol
(Gibco BRL, Grand Island, N. Y.). Approximately 20 pg
of total RNA from each mouse tissue was separated on a
1.2% agarose gel, transferred to a nylon membrane (Hy-
bond-N; Amersham-Pharmacia) and UV cross-linked
(UV Stratalinker 1800; Stratagene). A digoxigenin-la-
beled antisense RNA in vitro transcript carrying 1400 bp
of the 3" end of rat LI-cadherin cDNA [15] was used as a
probe at a concentration of 5 ng/ml. Hybridization was
performed overnight at 50 °C in hybridization buffer con-
taining 7% SDS, 50 mM sodium phosphate, 50% deion-
ized formamide, 5% standard saline phosphate EDTA
(SSPE), 0.1% N-laurylsarcosine and 2% blocking
reagent (Roche). After hybridization, the membrane was
washed at a final stringency of 0.1 x SSC/0.1% SDS at
68 °C. Detection of the digoxigenin-labeled nucleic acids
was performed as described above.
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Primer extension

Primer extension analysis was performed according to
standard protocols [25]. The synthetic oligonucleotides
‘primer 1’ (5-TGT CGT CCA TTC AGC CGT GGA
GAC-3") and ‘primer 2’ (5-CAG TAA GTA AGA AAT
GCT GC-3") were end-labeled with [y->?P]ATP using a T4
polynucleotide kinase (MBI Fermentas, St. Leon-Rot, Ger-
many) and purified by gel filtration chromatography on
Centri-Sep columns (Princeton Separations, Adelphia, NJ,
USA). Radiolabeled oligonucleotides (10° cpm) were hy-
bridized to 100 pg of total RNA in reaction buffer (Gibco
BRL, Karlsruhe, Germany). The extension reaction was
performed with 200 U of SuperScriptl reverse transcrip-
tase (Gibco BRL) for 30 min at 42°C. The reaction prod-
ucts were analyzed on a 6% denaturing acrylamide gel.

Protein sequence analysis

Protein sequences were analyzed with the MacMolly
Tetra software package (version 3.7; Soft Gene). The
module Align was used to calculate the amino acid iden-
tity of cadherin repeats and full-length proteins with the
following parameters: pairwise local alignment, PAM
250; gap penalties: opening (-5), extending (0). Matrix
Plots were performed with the module Complign using
the default gap and mismatch penalties. The minimal
match length was set to 21 and the number of mismatches
tolerated was set to 14.

Results

Protein sequence analysis of LI and classical
cadherins

The protein structure of LI-cadherin reveals some strik-
ing differences when compared to E-cadherin, the most
extensively studied classical cadherin (fig. 1 A). LI-cad-
herin exhibits two additional extracellular cadherin re-
peats but lacks the prosequence typical for classical cad-
herins. Interestingly, parts of the conserved Ca?*-binding
motifs at the junctions of the cadherin repeat are missing
between cadherin repeat EC2 and EC3 of LI-cadherin.
The cytoplasmic domain of LI-cadherin comprises only
about 25 amino acids and is thus much shorter than that
of E-cadherin with a length of 160 amino acids.

In figure 1B, the protein sequences of rat LI-, as well as
murine E-, P- and N-cadherin derived from published
cDNA sequences (accession numbers X06115, X06340
and M31131, respectively) are compared to that of murine
LI-cadherin [17] using the unbiased matrix plot analysis
[26]. The x-axis corresponds to the amino acid sequence of
murine LI-cadherin and the y-axis to the indicated se-
quences of the other cadherins. In this plot, identical amino
acids on both coordinates produces a small dot. However,
dots were only printed when 14 out of 21 successive amino
acids were identical. Thus, stretches of homology produce
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short diagonal lines. In this plot, two identical or highly
similar proteins like murine and rat LI-cadherin yield a
long central diagonal marked in red (fig. 1 B). The parallel
red lines in this plot at a distance of about 220 amino acids
indicate that the cadherin repeats EC1-2 of rat and murine
LI-cadherin are not only similar to each other but also
closely related to the repeats EC3—4. The same parallel
lines at 220 amino acids distance are also seen when com-
paring murine LI-cadherin with various classical cad-
herins. These findings indicate that the cadherin repeats
EC1-2 and EC3—4 of murine LI-cadherin are both ho-
mologous to the repeats EC1-2 of classical cadherins. The
long central diagonal in those plots indicates the overall ho-
mology of the repeats EC3—7 of LI-cadherin to the repeats
EC1-5 of classical cadherins.

Due to these results, we compared in detail the amino
acid sequences of all LI-cadherin repeats to those of E-
cadherin (fig. 1 C). The first two cadherin repeats of LI-
and E-cadherin show a higher similarity to each other
than to any other repeat. As already anticipated from the
previous analysis, the isolated LI-cadherin repeats EC3 to
EC7 all exhibit the highest similarity to repeats ECI1 to
ECS5 of E-cadherin. Although the overall amino acid iden-
tity of LI- and E-cadherin is only about 25 %, these results
suggest that the LI-cadherin repeats EC1—-2 originated
from a duplication of the first two repeats of an ancestral
cadherin molecule with five repeats. Since the best evi-
dence for this mechanism should be found on the ge-
nomic level, we cloned and analyzed the murine LI-cad-
herin gene and compared it to the published gene struc-
tures of classical cadherins.

Cloning of the murine LI-cadherin gene

Using a rat cDNA probe covering the entire LI-cadherin
cDNA sequence [15], a murine genomic library was
screened and nine A phage clones were isolated (fig. 2).
Hybridization experiments and sequencing of the ge-
nomic inserts with phage primers revealed that these
clones contained about 70 % of the corresponding LI-cad-
herin cDNA but lacked large parts of the 5’ region (fig. 2).
In order to isolate the remaining regions of the LI-cad-
herin gene, we screened in addition a murine cosmid li-
brary. Two cosmid clones, designated cLI1 and cL12, were
identified with a probe encoding the first 300 amino acids
of murine LI-cadherin [17]. The sequenced cosmid DNA
contained all of the remaining genomic regions. In total,
the murine LI-cadherin gene spans about 59 kb and con-
tains 18 exons (fig. 2). As already observed for other cad-
herin genes, the intron positions do not correspond to the
domain structure of the encoded protein [27].

Determination of the transcriptional start site of the
murine LI-cadherin gene

To determine the transcriptional start site of the LI-cad-
herin gene, we performed a primer extension assay. Total
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Figure 1. Comparative protein structure analysis of LI- and E-cadherin. (4) Schematic representation of the LI- and E-cadherin protein
structures. Extracellular cadherin repeats are labeled as EC1 to EC7, the transmembrane domain as TM and the cytoplasmic domain as CP.
The small circles in between cadherin repeats symbolize Ca?*-binding pockets and the small vertical lines in EC7 and ECS5 represent con-
served cysteines. Conserved aromatic amino acids at the second position of the cadherin repeats EC1 and EC3 are indicated by F (phenyl-
alanine) and W (tryptophan). (B) Matrix plot analysis of murine LI-cadherin compared to rat LI-, as well as murine E-, P- and N-cadherin
(mE, mP and mN). Major regions of homology are shown in red. The long diagonal lines indicate the overall homology between the com-
pared protein sequences. Parallel lines at a distance of 110 amino acids from the central diagonal (or at multiples thereof) are related to the
homology of successive extracellular cadherin repeats to each other. The minimal match length was set to 21 amino acids (aa) and the num-
ber of mismatches tolerated was set to 14 aa. (C) Shotgun comparison of individual cadherin repeats of murine LI- and E-cadherin. The
best matches (in percent aa identity) for every LI-cadherin repeat (top) are shaded in gray.
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Figure 2. Cloning of the murine LI-cadherin gene. Initially, seven different A clones were identified in a mouse genomic library using a
2.8-kb rat LI-cadherin cDNA probe. To retrieve the missing 5’ region of the gene, two cosmid clones were isolated by screening a spotted
library with murine LI-cadherin cDNA probes. The initial alignment was achieved by Southern blot analysis and subsequently verified by
DNA sequencing. The complete LI-cadherin gene covers more than 59 kb of genomic DNA and consists of 18 exons that are marked in the
schematic representation linking the gene and cDNA sequence. SP, signal peptide; EC1-EC7, extracellular cadherin repeats 1 to 7; TM,

transmembrane region; CP, cytoplasmic domain.

RNA was isolated from mouse small intestine and
checked for integrity as well as the presence of LI-cad-
herin transcripts by Northern blot analysis (fig. 3A). A
single band was only detected in the RNA fraction from
intestine, whereas kidney and testis RNA stained negative
for LI-cadherin transcripts. The size of the LI-cadherin
transcript was estimated to be 3.6 kb. Splice variants
could not be detected.

The primer extension analysis was performed with two
antisense primers differing 31 bp in position at the 5" end
of the LI-cadherin cDNA. Maximum length products of
67 bp and 98 bp were obtained for primer 1 and primer 2,
respectively (fig. 3B). Both fragments indicate indepen-
dently a transcription initiation site at an adenine 134 bp
upstream from the ATG (fig. 3 C). The presence of several
major primer extension products of shorter length might
reflect multiple start sites as has been described for other
TATA-less promotors [28]. No products were obtained
with the same primers when yeast tRNA was used instead
of intestinal RNA. On the genomic DNA, a cytosine is lo-
cated in front of the first transcribed adenine and the sec-
ond transcribed nucleotide is a guanine, which resembles
perfectly well the consensus transcriptional initiation se-
quence.

At the 3" end of the LI-cadherin gene, a single poly-A sig-
nal was identified. Assuming a poly-A tail length of
200-250 bp [29], the predicted size of the LI-cadherin
transcript, 3417 bp from the start point to the poly-A site,

is in good agreement with the detected 3.6-kb mRNA
band revealed in the Northern blot.

Gene structure analysis of the murine LI-cadherin
gene

The locations of the exon-intron boundaries were derived
by comparing the genomic sequence of LI-cadherin to the
corresponding cDNA sequence (AF177669) [16]. When
in doubt, the general rules for splice sites were used to de-
fine their exact position [30]. The resulting sequences of
the exon/intron boundaries are consistent with the re-
ported consensus sequence for splice donor (GT) and ac-
ceptor (AG) sites [31] as shown in table 1. The exon sizes
of'the murine LI-cadherin gene range between 70 and 889
bp and the intron sizes vary between 95 and 10,218 bp
(table 1).

Gene structure comparison of various cadherin genes
As already described above, the intron positions within
the cDNA sequence do not correspond to the repeat struc-
ture of the derived protein sequence. We therefore com-
pared the intron positions within the LI-cadherin cDNA
to those of murine E- [27], P- [32] and N-cadherin [33],
as shown in figure 4 A. This analysis revealed that the in-
tron pattern within the LI-cadherin extracellular repeats
EC3-7 is identical to that of murine E-, P- and N-cadherin
repeats EC1-5 with the exception of an additional intron
close to the transmembrane domain. Remarkably, the po-
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Figure 3. Identification of the transcriptional start site of the LI-cadherin gene. (4) Equal amounts of total RNA from mouse kidney (K),
testis (T) and intestine (I) were subjected to Northern blot analysis. Integrity of the 28S and 18S rRNA was verified by ethidium bromide
staining. Hybridization with a rat LI-cadherin cDNA probe revealed a single band of about 3600 bp only in RNA obtained from the intes-
tine. (B) Mapping of the LI-cadherin transcriptional start site was done by primer extension using two murine LI-cadherin-specific reverse
DNA primers, differing by 31 bp in their target position. The maximum length of the resulting products was 67 bp (primer 1, left side) and
98 bp (primer 2, right side). Yeast tRNA served as a negative control (lanes C1 and C2). Dideoxy sequencing products (lanes G, A, T and
C) were obtained with a third primer and served in conjunction with a [3?P]-labeled 50-bp DNA ladder (lane M) as a reference. (C) Ge-
nomic region surrounding the transcriptional start site. The first transcribed nucleotide within the typical CAG motif is marked by an ar-

row. The position of the two reverse primers used for the primer extension analysis are shown in shaded boxes.

sition and the phasing of the first three introns within the
LI-cadherin repeats EC1—-2 (LI-cadherin introns 3-5)
match perfectly with those of LI-cadherin repeats EC3 -4
(LI-cadherin introns 7—9) as well as with those of the E-,
P- and N-cadherin repeats EC1-2 (E-cadherin introns
4—6). However, the fourth introns in both EC1-2 and
EC2—4 of LI-cadherin (introns 6 and 10), have a different
phasing (phase 1) compared to the corresponding introns
of classical cadherins (phase 0). Since any duplication of
cadherin repeats must have taken place at the genomic
level, we also analyzed the same part of the LI- and E-cad-
herin sequences with respect to their exon structures (fig.
4B). The protein sequences encoded by the LI-cadherin
exons 4—6 match without major gaps with those of exons
8—10 within the molecule and with those of exons 5—7 of
E-cadherin. In contrast, the derived protein sequences of
LI-cadherin exons 7 and 11 as well as those of the corre-

sponding E-cadherin exon 8 align only partially. This ob-
servation as well as the phase shift between LI-cadherin
introns 6 and 10 on the one hand and E-cadherin intron 7
on the other suggest that the duplication may have in-
volved either exons 4—7 or 5—8 (E-cadherin numbering)
of a five-domain precurser molecule of LI-cadherin.

Discussion

All classical and desmosomal cadherins as well as the gly-
cosyl phosphatidyl inositol-anchored T-cadherin [34] are
characterized by an extracellular region built from five
structurally defined homology domains called cadherin re-
peats [17]. LI-cadherin is an intestine-specific member of
the cadherin superfamily with distinct structural features in-
cluding seven cadherin repeats [15]. In this study, we ex-
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Table 1. Ll-cadherin gene structure.
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No. Exon size Intron size 5’ splice donor Intron phase  3’-splice acceptor site
(bp) (bp) site
1 112 9452 aag gtaagg... - ctggttcactcacag gag
2 22 +48 3464 TTG gtaagc... 0 tetctttattaacag ACC
3 99 8726 CAG gtaaag... 0 ttttetttttctcag TTT
4 135 924 CAG gtgagc... 0 tttcttcaacaacag CTT
5 139 1792 CCA G gtagaa... 1 atgctttgtcaccag GA AAG
6 159 95 GAA G gtaagt... 1 ccccaacttctacag GA TCC
7 200 1094 CAG gtagtg... 0 getttggecgtgcag GTG
8 132 364 TCA gtgagt... 0 accttcacattgcag CAT
9 152 10218 TTG G gtaaga... 1 ctttcttctccaaag GT AAC
10 216 1994 GTA G gtaagc... 1 gactttggttttcag AT TTC
11 77 1791 AAT gtgagt... 0 ttgtttcttectcag TAT
12 192 4126 AAG gtagat... 0 tetcteectccacag CCT
13 245 3310 GTG AG gtacag... 2 teteccctcatgaag T TAT
14 131 2675 GTA G gtgagc... 1 ccttcaatttcttag GT GGG
15 240 4140 AAT G gtgagt... 1 tecetgttctgacag GT ACA
16 117 129 CCA G gtaggt... 1 tgttetgctttttag TT ACT
17 114 2015 ATT G gtaagt... 1 gttttctettttcag GT ATA
18 89 +799 (AGAAATC-poly-A)
Consensus sequence AG gtaagt... (t/c),, ncag G
mRNA 3409
Coding region 2484
Genomic region 59726

amined the phylogenetic origin of its seven cadherin repeats
by analyzing the protein and gene structure of LI-cadherin
and comparing it to that of classical cadherins.

The protein structures of LI- and E-cadherin [35], the pro-
totype of classical cadherins, exhibit some striking differ-
ences, suggesting a poor relationship of both proteins
within the cadherin family. Compared to E-cadherin, LI-
cadherin exhibits two additional cadherin repeats and a
short cytoplasmic domain. Furthermore, the overall amino
acid identity of LI- and E-cadherin is less than 25%. In
contrast, a closer investigation of the protein structures of
LI- and various classical cadherins using the unbiased ma-
trix plot analysis revealed a homology of EC1-5 of clas-
sical cadherins to EC3—7 of LI-cadherin. Moreover, not
only EC3—4, but also EC1-2 of LI-cadherin are homolo-
gous to EC1-2 of classical cadherins. A domain-specific
protein sequence analysis comparing every LI-cadherin
repeat to every E-cadherin repeat supports this result.
Based on the comparison of the protein structures of LI-
and E-cadherin, we assumed a phylogenetic relationship
between the classical five-domain cadherins and the
seven-domain LI-cadherin. In particular, we hypothesized
that the two additional extracellular repeats of LI-cadherin
originated by a partial gene duplication event from a com-
mon ancestor with five cadherin repeats.

The missing Ca**-binding pocket between EC2 and EC3
of Ll-cadherin also supports our hypothesis. The acidic
binding motif DXNDN in EC2 and DXD in EC3 are ab-
sent in LI-cadherin [15, 36]. A duplication of the first two
repeats would lead to an incomplete Ca*-binding pocket,
because the N-terminal cadherin repeat (EC1) lacks the

DXD motif in general. The lack of Ca?*-binding motifs
between the LI-cadherin repeats EC2 and EC3 is likely to
influence Ca?"-binding and thus has functional implica-
tions. Moreover, the conserved tryptophan at position 2 in
ECI1 of classical cadherins [7, 37] is found at the same po-
sition within EC3 of LI-cadherin, whereas it is replaced
by a phenlyalanine in EC1 of LI-cadherin. The trypto-
phan within EC1 of classical cadherins has been de-
scribed as a key residue for the cadherin adhesion mech-
anism [37, 38]. One might thus assume that the function
of the tryptophan within EC1 of classical cadherins is
preserved in EC3 and not in EC1 of Ll-cadherin, al-
though the aromatic phenylalanine in EC1 of LI-cadherin
might also adopt a similar function as tryptophan.

To test our hypothesis of a common phylogenetic origin
of LI- and classical cadherins at the genomic level, we
cloned the murine LI-cadherin gene and compared its
structure to that of various classical cadherins. The LI-
cadherin gene spans 59 kb and contains 18 exons. Like
other characterized cadherin genes in mouse and human,
the LI-cadherin gene harbors large introns, especially in
the 5" region [27, 32, 33]. The identified major transcrip-
tional start site fits with the initiator consensus sequence
established by a statistical analysis of 502 eukaryotic ini-
tiation sites of RNA polymerase Il promoters [39]. The
proximal 5’-flanking region lacks TATA boxes but con-
tains a GC-box element at —36, which is known to deter-
mine the start point in TATA-less promoters [39, 40].
The intron positions within the cDNA sequence do not
correspond to the cadherin repeat structure of the derived
protein. Within the classical cadherins, every repeat has its
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Figure 4. Comparison of the exon-intron structure of LI-cadherin and various classical cadherins. (4) Alignment with respect to the cad-
herin repeat structure of murine LI-, E-, P- and N-cadherin (mLI, mE, mP and mN) indicating schematically the positions of the splice sites
and the intron phasing. Exons are labeled Ex1, Ex2, etc. and intron phases are indicated by white numbers on black bullets. Whereas the
intron-exon structure of EC3—7 of LI-cadherin almost perfectly matches that of EC1-5 of classical cadherins, the LI-cadherin intron-exon
structure of EC1-2 is homologous to both EC3—4 of LI-cadherin and EC1-2 of classical cadherins. (B) Alignment with respect to the ex-
ons encoding the LI-cadherin repeats EC1-5 (exons 3—12) and the E-cadherin repeats EC1-3 (exons 4—9). Similar to 4, the positions of
cadherin repeats are represented by white and gray bars, the intron positions by vertical lines and their phases by white numbers on black
bullets. The conserved tryptophan at position 2 within E-cadherin EC1 and LI-cadherin EC3 is marked with a dot and the positions of the
conserved cadherin Ca?'-binding motifs (E, DXD, LDRE, DXNDN) are indicated with asterisks. Note that LI-cadherin exons 4, 5 and 6
can be fully aligned with exons 8, 9 and 10 of LI-cadherin and 5, 6 and 7 of E-cadherin, respectively, whereas only partial alignments are
possible for LI-cadherin exons 3 and 7 with exons 7 and 11 of LI-cadherin and exons 4 and 8 of E-cadherin, respectively.
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particular intron position that is well preserved between
different members of the cadherin subfamily, like E-, P-,
and N-cadherin [27, 32, 33, 41]. Thus, the intron pattern
can be used in addition to the sequence analysis as an in-
dependent tool to find homologies between two genes.

A superposition of the intron positions of LI-cadherin
onto those of classical cadherins revealed that the intron
pattern of the cDNA region encoding the LI-cadherin re-
peats EC3—7 perfectly matches that of the repeats
EC1-5 of E-, P- and N-cadherin. The only difference we
found is an additional intron in the LI-cadherin cDNA en-
coding the membrane-proximal last cadherin repeat.

A third line of evidence can be drawn from our observation
that the phasing of the introns is also almost completely
preserved between the respective gene fragments of LI-
cadherin (EC3—7) and the compared classical cadherins
(EC1-5), implying that both proteins originated from a
common ancestral cadherin molecule with five extracellu-
lar cadherin repeats. The only difference in phasing is
found in the second intron of LI-cadherin EC4 compared
to that of EC2 of classical cadherins. We thus assume that
this phase shift took place after the separation of the five-
domain precurser proteins of LI- and classical cadherins.
Subsequently, a partial gene duplication event involving
either exons 4—7 or 5-8 (E-cadherin exon numbering
scheme) may have led to the generation of the seven-do-
main LI-cadherin. This model would explain the sequence
similarity, the conserved intron position pattern and the in-
tron phasing between the cadherin repeats EC1-2 and
EC3—4 of Ll-cadherin. It would also resolve the different
phasing of the second intron of both EC2 and EC4 of LI-
cadherin with respect to that of EC2 of classical cadherins.
In conclusion, our data strongly support the hypothesis
that LI- and classical cadherins originated from a pre-
curser cadherin with five cadherin repeats and that LI-
cadherin separated from the other members of this family
by a partial gene duplication event.
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