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Electron microscopy of ECADCOMP, a recombinant
E-cadherin ectodomain pentamerized by the assembly
domain of cartilage oligomeric matrix protein, has
been used to analyze the role ofis-dimerization and
trans-interaction in the homophilic association of this
cell adhesion molecule. The C& dependency of both
interactions was investigated. Low C&* concentrations
(50 uM) stabilized the rod-like structure of E-cadherin.
At medium Ca?* concentration (500uM), two adjacent
ectodomains in a pentamer formecdcis-dimers. At high
Ca?* concentration &1 mM), two cis-dimers from
different pentamers formed a trans-interaction. The
X-ray structure of an N-terminal domain pair of
E-cadherin revealed two molecules per asymmetric
unit in an intertwisted X-shaped arrangement with
closest contacts in the C&*-binding region between
domains 1 and 2. Contrary to previous data, Trp2 was
docked in the hydrophobic cavity of its own molecule,
and was therefore not involved incis-dimerization of
two molecules. This was supported further by W2A
and A80I (a residue involved in the hydrophobic cavity
surrounding Trp2) mutations in ECADCOMP which
both led to abrogation of the trans- but not the cis-
interaction. Structural and biochemical data suggest a
link between C&* binding in the millimolar range
and Trp2 docking, both events being essential for the
trans-association.

Keywords cell adhesion/E-cadherin/electron microscopy/
mechanism/X-ray crystallography

Introduction

E-cadherin, a 120 kDa transmembrane glycoprotein,
belongs to the family of classical cadherins (Ranscht,

1994). Molecules of this family exhibit calcium-dependent
homophilic interactions and are involved in selective cell-

cell recognition and adhesion (Takeichi, 1990). Therefore,

morphogenesis, as well as initiation and maintenance of
tissue architecture (Takeichi, 1991; Gumbiner, 1996).

Classical cadherins have a modular structure consisting
of five extracellular domains of ~110 amino acids each
with internal sequence homology and conserved'€a
binding motifs, a transmembrane region and a highly
conserved cytoplasmic domain which interacts with actin
filaments via catenins (Kemler and Ozawa, 1989; Aberle
et al, 1996). This link between cadherins and the cyto-
skeleton allows clustering of cadherins in adherens junc-
tions, a process fundamental for their adhesive function
(McNeill et al.,, 1993; Yapet al., 1997).

Clustering of cadherins is in the ECADCOMP system
(Tomschyet al, 1996), in which the E-cadherin ecto-
domain is fused recombinantly to the coiled-coil assembly
domain of cartilage oligomeric matrix protein (COMP)
(Efimov et al, 1994; Malashkeviclet al, 1996). This
artificially clustered and soluble E-cadherin is able to self-
associate, whereas the ectodomain alone is not. This
construct therefore provides anvitro model for studying
homophilic E-cadherin interactions at the molecular level.
Electron microscopy (EM) revealed that in the presence
of 2 mM C&*, a large fraction of the E-cadherin arms in
pentameric ECADCOMP show ring-like structures by
interaction of their N-terminal domains to form lateral
cis-dimers. Twocis-dimers from different ECADCOMP
molecules can also interact to form ‘associated rings’.
This ‘adhesivaransinteraction’ represents a second type
of homophilic interaction. In addition to ‘rings’ and
‘associated rings’, ‘star-like’ structures were observed in
which the cadherin arms did not show any type of
interaction.

C&*' ions are essential for the stabilization of the
elongated rod-like structure of E-cadherin (Pokutaal.,
1994) and for protection against proteases (Hyeffial.,
1981); they are also crucial for the adhesive function
(Ozawaet al., 1990; Takeichi, 1991). The X-ray structure
of the two N-terminal domains of E-cadherin (ECAD12)
and N-cadherin (NCAD12) (Nagast al., 1996; Tamura
et al, 1998) revealed a conserved?Céinding pocket
(coordinating the three €& ions with identical ligands
and coordination spheres) at the interface between the two
domains, and illustrated how the rod-like structure of
cadherin is stabilized.

Controversial information about contact regions has
emerged from different X-ray structures. Based on crystal
lattice contacts observed in the structure of an N-cadherin
single domain fragment (NCAD1), Shapigat al. (1995)
proposed a two-step association mechanism. Firsts-a
interaction pair (‘strand dimer’) is formed between two
parallel molecules by mutual exchange ofi-strand due
to binding of a tryptophan (Trp2) from one molecule into
a hydrophobic pocket of the partner molecule. Secondly, a

they are important for processes such as embryonic cis-dimerized pair undergoedi@ns-interaction (‘fadhesion
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dimer’) with a complementary antiparallel unit. Alternat- adhesion specificity of the different cadherins resides in
ing cis- and transinteractions then form an ‘endless’ the N-terminal domain of the extracellular part (Nose
zipper-like superstructure. The same crystal contacts wereet al, 1990). From peptide inhibition studies, the HAV
not observed in the ECAD12 and NCAD12 domain pair region in domain 1 of E-cadherin (residues 79-81) was
structures (Nagaet al,, 1996; Tamurat al.,, 1998). Here, proposed to be an adhesion contact region (Blasehak,
the closest contact between two parallel aligned molecules1990). This adhesion sequence is located on3G&G
was seen in the Ca-binding region, and the distance surface (Overduiret al., 1995; Shapireet al., 1995), but
between the two molecules was much too large for the direct evidence for the involvement of this interface in
strand exchange as described in the NCAD1 structure. Anhomophilic interactions is still lacking.
adhesivetrans-contact was not observed in the ECAD12 The present results demonstrate that, in the ECAD-
structure, whereas for NCAD12, a different type of adhe- COMP system, lateradis-dimerization occurs at signific-
sion contact was suggested (in contrast to the NCAD1 antly lower C&" concentrations than adhesiteans
structure). Furthermore, the zipper model is only in part interaction. Thistransinteraction was found to be abol-
consistent with the result of Tomschst al (1996). In ished by mutation of Trp2, whereas lateral dimerization
the ECADCOMP systemcis-dimers were identified as was not affected. The same result was observed upon
important intermediates, but zipper like superstructures mutation of Ala80, which is located in the conserved
were not observed. Instead, twas-dimers from two hydrophobic pocket that binds Trp2. A new crystal struc-
different ECADCOMP molecules formed a singlans ture of ECAD12 was solved in which, in contrast to the
interaction. earlier structures of domain pairs, all N-terminal residues
All cadherin X-ray structures showed those molecules were clearly defined. In this structure, Trp2 is docked in
to adopt an Ig-like fold (Overduirt al, 1995; Shapiro  a hydrophobic pocket of its own molecule and does not
et al,, 1995; Nagaet al.,, 1996; Tamuraet al., 1998). The bridge between lateral interacting domains.
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Fig. 1. Different interactions observed in ECADCOMP by electron microscopy after rotary shadowing and their occurrence at différent Ca
concentrations.A) Different species reflecting different interactions observed: ‘starpentamers not exhibitingis- nor trans-interactions;

‘rings’ = pentamers which show onlyis-interactions; ‘associated rings* two or more pentamers involving botlis- andtrans-interactions. The
solid bar represents 50 nnB) Abundance of different species at different?Caconcentrations: ‘stars’ (white bars), ‘rings’ (gray bars) and
‘associated rings’ (black bars).

Fig. 2. Electron microscopy of wild-type ECADCOMP, W2A and A80I mutants. Representative fields of rotary-shadowed molecules sprayed at
5 mM [C&"] are shown. Wild-type ECADCOMP reveatis- and trans-interactions (‘associated rings’), whereas both W2A and A80! mutants show
only cis-interactions (no associated rings). The solid bar represents 100 nm.
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Results

Effect of Ca?* on cis- and trans-interactions
We used the ECADCOMP system to dissect the role of
C&" in the two-step mechanism of cadherin-mediated
adhesion. EM of rotary shadowed ECADCOMP molecules
was performed at different €a concentrations, in order
to determine if one or both types of interaction occurred.
For quantification, the fractions of different species (Figure
1A) were determined for=400 molecules at each €a
concentration (Figure 1B).

Low C&" concentrations (50-10QM) are sufficient
to maintain the rod-like structure of E-cadherin but do not
supportcis- nor trans-interactions. Such molecules appear
as ‘stars’ in the EM. Below a CGa concentration of
50 uM, the entire structure collapses (not shown), in
agreement with earlier observations (Pokettal., 1994).
Cis-interactions (ring-like structures) gradually appear at
intermediate C& concentrations (500—10Q0V). Finally,

E-cadherin homoassociation

above 1 mM CA&", transinteractions predominate, giving
rise to ‘associated rings’. At 5 mM €4, nearly allcis-
dimers are engaged tnansinteractions (Figure 1B).

Abrogation of trans-interactions by mutation of
Trp2 and Ala80
In order to evaluate the role of Trp2 in E-cadherin
homophilic interactions, two ECADCOMP mutants were
designed. Trp2 was mutated to Ala because it has been
proposed to participate inis-dimerization by binding to
the hydrophobic cavity of a partner molecule in the
NCAD1 structure (Shapiret al, 1995). Ala80 was also
mutated since its side chain is buried in the hydrophobic
cavity to which Trp2 docks. Ala80 was replaced by
isoleucine in order to fill this cavity with a larger hydro-
phobic side chain. This exchange was expected to hinder
Trp2 docking due to steric reasons.

For both mutant proteins, electron micrographs revealed

ol e

Fig. 4. Final 2=—F stereoplot at ad contour level of a region showing the hydrophobic cavity wi#t) {he BA-strand as in the M-ECAD12
structure andR) the free tryptophan as in the M-ECADZ2V structure. Continuous density (green) is observed fothestrand (red), with chain
tracing being unambiguous (A), whereas it could only be traced from lle4 in (B); additional density in the hydrophobic pocket was interpreted as a

free tryptophan. The figure was prepared with DINO (Phillipsen, 1998).

Fig. 3. Stereoview of the M-ECAD12 structurd) and two monoviews of the same structure rotated 90° from each @he€& "+ atoms are
represented as yellow spheres, and residues ofAk&rand are shown in a ball and stick representation. Secondary structure is assigned according
to DSSP (Kabsch and Sander, 1983) and structure nomenclature is according to Wagner (1995). The previously described, ratRdralimusual
(Nagaret al., 1996) resides between the strafi@s andpD. Figures were prepared with SETOR (Evans, 1993).
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Fig. 5. Stereoview of the Cd -binding site of the M-ECAD12 structure (blue) superimposed with the NCAD1 structure (red). The side chains of
residues involved in Ca coordination are shown and are identical to those found in the previously described MR-ECAD12 structures({agar
1996), except for one additional coordination of Cal by the strictly conserved Asn12 at a dist@ndewhich replaces the coordination of a

tightly bound water molecule. The figure was prepared with DINO (Phillipsen, 1998).

abundant ring-like structures but a total lack of associated previous structures of the domain pairs MR-ECAD12
rings at 2 (data not shown) and 5 mM Ca(Figure 2). (Nagaret al,, 1996) and NCAD12 (Tamuret al., 1998),
This demonstrates that W2A and A80l mutations in Trp2 was not defined and its docking mode was therefore
ECADCOMP abolish the adhesiveansinteraction but not resolved.

that lateralcis-interactions still occur. These results are in ~ An interesting feature of the M-ECADX2W structure
contradiction with the bridging hypothesis in which Trp2 was its non-symmetric binding of free tryptophan. In
mediates dimerization between two single domains one molecule of the asymmetric unit, binding of free

(Shapiroet al., 1995). tryptophan was observed in the hydrophobic cavity (Figure
4B), and electronic density for the residues Metl-Aspl-

The crystal structure of the first two E-cadherin Trp2-Val3 of the correspondingA-strand was not defined,

domains indicating a non-ordered state. In the other molecule,

Two different E-cadherin constructs were used for crystal- regular docking of Trp2 was observed and the structure
lization experiments. One construct comprises the first was identical to that of M-ECAD12 without tryptophan
two E-cadherin domains but contains an additional addition (Figure 4A).
methionine in front of the native N-terminus (M-ECAD12;
Koch et al,, 1997). This fragment was crystallized and
the structure was solved at a resolution of 0.29 nm by Discussion
Patterson search techniques using the previously solvedlnfluence of Ca?* ions on cis- and trans-
MR-ECAD12 fragment (Nagaet al., 1996) (Protein Data  interactions
Bank accession code 1EDH) which has Met—Arg as two These results, together with previous observations (Shapiro
extra N-terminal residues. An ECAD12 fragment with the et al, 1995; Nagaret al, 1996; Tomschyet al, 1996;
native N-terminus was also expressedscherichia coli Yap et al, 1997), provide compelling evidence that the
but could not be crystallized due to severe aggregation process of cadherin-mediated adhesion consists of a paral-
phenomena (analyzed by ultracentrifugation experiments). lel, lateral cis-interaction and an antiparallel, adhesive
It was, however, correctly folded as judged by circular transinteraction. By measuring the €adependence of
dichroism spectroscopy and resistance to trypsin digestionthe two interactions, we were able to dissect the two steps
(data not shown). We also evaluated the role of Trp2 by of the adhesion process.
competition binding of free soluble tryptophan (saturating  The C&* dependence of theis- andtransinteractions
conditions) to the M-ECAD12 fragment. Co-crystals were can be explained by the distinct binding affinities of
obtained and the structure was solved at a resolution of different sites (Koctet al., 1997). The complete extracellu-
0.28 nm. This complex is designated as M-ECADBA. lar E-cadherin region with its four €a-binding pockets

In both structures, the organization of two domain pairs between the five domains binds nine?Caons with an
in the asymmetric unit can be described as an intertwisted averageKy of 30 uM. The C&™-binding pocket at the
X-shaped form with closest contacts in the?Ginding interface between domains 1 and 2 binds thre&"Gans,
region between the two domains (Figure 3). In the two with Kgs of 330uM and one with aKy of 2 mM.
M-ECAD12 structure, Trp2 is docked into the hydrophobic Cal in the MR-ECAD12 structure (Figure 5) has been
pocket formed by residues of its own molecule (Figures proposed to be the low affinity binding site since this
3 and 4A) and not into that of a neighboring molecule C&" ion is the only one exposed to the surface (Koch
(‘strand dimer’ observed in the NCAD1 structure). In et al, 1997). These structural aspects and the calcium-
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Fig. 6. Proposed scheme of the effect of calcium on membrane-clustered E-cadherin. Eowddaentrations stabilize the rod-like structufednd

B), medium and high concentrations resultcis-dimerization C) and Trp2 docking in its hydrophobic cavity which enablemsinteraction D).
Domains 1-5 are drawn as gray blocks, with the hydrophobic cavity to which Trp2 binds in domain 1. Trp2 is shown as a green symbol with the
BA-strand as a connecting black line. Bound?Céons are symbolized by circles and the differétvalues of the distinct binding sites by different

colors: blue, 3QuM; red, 330uM; yellow, 2 mM.

binding affinities correlate with the EM data in the present
report. At 100uM Ca2*, binding sites at domain junctions
2-3, 3—4 and 4-5 are saturated, but only a few'Gans

bind between domains 1 and 2 (Figure 6B). Therefore,

the rod-like structure is preserved but only a feis and
even fewertrans-interactions occur. At 50QM Ca?™, at

peptides on N- and E-cadherin adhesiveness at synaptic
sites (Tanget al, 1998). These peptides have been
shown to interfere with many different cadherin-dependent
processes, including neutrite outgrowth (Chuethal,
1991; Dohertyet al., 1991), osteoblastic formation (Mbala-
viele et al, 1995) and myoblast fusion (Meget al.,

which two of the three binding sites between domains 1 1992). Tanget al. (1998) clearly demonstrated that a

and 2 (with aKy of 330 uM) are saturated;is-interactions
are predominant but only a fetrans-interactions are seen
(Figure 6C). Finally, when C4 is increased to 1 mM,

transient depletion of Ga in the synaptic cleft, due to
the flux through voltage-gated €achannels, caused the
adhesive properties of cadherins to become sensitive to

trans-interactions appear and become more prominent at HAV peptides and blocking antibodies, whereas the effect

2 and 5 mM C&", demonstrating the importance of
saturation of the weak binding site ftransinteractions

was not present when the €aconcentration was kept at

5 mM. These experiments strongly support the notion of

(Figure 6D). Remarkably, our data demonstrate that the a direct influence of extracellular €a concentration
rod-like structure, which is already supported at rather changes on cadherin-mediated cell adhesion.

low C&* concentration, seems to be necessary but not

sufficient for cadherin-mediated adhesion, and that the Cis-dimerization site

role of C&* goes far beyond a solely structural one.
The importance of a low affinity Ca-binding site for
adhesivdransinteractions points to a possible physiologi-
cal regulation of adhesive function by external calcium.
Although the free extracellular €a concentration in
human blood is regulated stringently to 1.2 mM, there
are examples of other extracellular fluids in which this
concentration varies by a factor of ~10 (Broven al,
1995; Maureret al.,, 1996). The relatively higiky values
found for the C&"-binding pocket between domains 1
and 2 are within the range of possible?Ca&oncentration
changes. Electrophysiological vivo studies have shown
a C&" dependence of the inhibitory effect of HAV

In the asymmetric units of their crystal structure, domain
pairs M-ECAD12 (Figure 3) and MR-ECAD12 (Nagar
et al, 1996) both appear as an intertwisted X-shaped
dimer, with the most intimate contacts at the?Gainding
regions. The NCAD12 structure (Tamuet al, 1998)
shows a single molecule in the asymmetric unit, but a
similar contact can be seen between symmetric equivalent
molecules in the crystal. In this case, a wider angle
between the two molecules is observed compared with
M-ECAD12 and MR-ECAD12 (D.Bozic, personal com-
munication). In solution, both M-ECAD12 and MR-
ECAD12 dimerize in a Ca-dependent manner, which is
consistent with the Cd dependence ofis-dimerization
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in ECADCOMP. Relatively high values for a dissociation
constantKy = 0.1 mM for M-ECAD12 andKy = 0.2 mM
for MR-ECAD12 (Alattiaet al., 1997; Kochet al., 1997),

in a non-ordered state of the correspondpy-strand.
This happened in only one of the two molecules in the
asymmetric unit, whereas regular Trp2 docking, as in the

indicate a weak protein—protein interaction and suggest M-ECAD12 structure, was observed in the other molecule.
the existence of a dimer in a crystallization solution or The reason for this non-symmetric behavior may be sought
in ECADCOMP, in which the local concentration of incrystal forces or a nucleation phenomenon during crystal
ectodomains is estimated to be 0.1-2 mM (Tomschy formation. This structural information suggests that two
et al, 1996). different conformations exist and are related to two differ-
Crystal contacts are first of all determined by crystal ent functional states: (i) thBA-strand is labile and Trp2
forces and therefore do not necessarily represent biologicalis not docked in its hydrophobic cavity, as observed in
relevant interaction sites. From the orientation of the the M-ECAD12+W structure; and (ii) the3A-strand is
molecules in the domain pair structures, it seems unlikely rigid, allowing Trp2 docking, as observed in the
that Trp2 is responsible focis-interactions via strand M-ECAD12 structure, and enablingiansinteraction. It
exchange as observed in the NCADL1 structure. This is may be speculated that conformational changes upon
supported further by the W2A and A80! mutations in removal of the propeptide (Ozawa and Kemler, 1990) can
ECADCOMP which do not affectis-dimerization. The be readily transmitted to the docking state of the nearby
C&" dependency of theis-interaction as observed in the Trp2. The requirement for high &a concentrations for
ECADCOMP system supports the notion that the'Ga  thetransinteraction may be explained by a link between
binding site between domains 1 and 2 may be ¢i®e C&" binding and Trp2 docking. This link might be
dimerization site, but direct proof that this interaction is provided by Glull and Asnl12 located on the AB-loop
also present in solution is still lacking. (for definitions see Figure 3B) which are part of the
proposed low affinity C& -binding site (Cal in Figure 5)
Trp2 docks into a hydrophobic cavity of its own that has to be saturated for adhesive function and that is
molecule enabling trans-interactions directly adjacent to th@A-strand. We therefore propose
Based on the new E-cadherin structures solved in thea mechanism in which G4 binding to the low affinity
present work (M-ECAD12 and M-ECADI2W), it is site helps to stabilize th@A-strand, which in turn facilit-
possible to re-evaluate the role of Trp2 on a molecular ates Trp2 docking to the hydrophobic cavity. This docking
level. In contrast to all other solved structures of domain process could induce a conformational change in the
pairs (Nagaret al., 1996; Tamuraet al., 1998), the N- backbone of the hydrophobic pocket formed by B@GFG
terminal residues including Trp2 are well defined in sheet. Interestingly, this is also believed to be the adhesive
our structure. These differences may be sought in the interface (Noset al., 1990; Overduiret al., 1995; Shapiro
crystallization conditions and/or in the number and type et al., 1995).
of extraneous N-terminal residues. Incomplete removal of  The docking of Trp2 into the hydrophobic cavity of an
the E-cadherin propeptide is known to abolish adhesive adjacent molecule observed in the NCAD1 structure
activity (Ozawa and Kemler, 1990). The additional argin- (Shapiroet al,, 1995) may be explained by the lack of a
ine in MR-ECAD12 turned out to be the last residue of second domain in this fragment which results in an
the propeptide and may explain the absence of an orderedncomplete C&"-binding pocket. Superposition of the
N-terminus in the MR-ECAD12 structure. The high struc- structures of NCAD1 and the first domain of M-ECAD12
tural definition of the fragment M-ECAD12 clearly reveals (Figure 5) shows that the most pronounced structural
binding of Trp2 into a hydrophobic pocket formed by differences reside in the AB/EF-loop regions where Glull
residues of its own polypeptide chain (Figures 3A and and Asnl2 (AB-loop) contribute to the proposed low

4A) and not into the identical pocket of an adjacent

affinity Cal-binding site. The lack of €& coordination

molecule as was observed in the crystal structure of the may increase the motional freedom of the adjadeit

single domain fragment NCAD1 (Shapiet al., 1995).

strand, preventing docking of Trp2 into its own hydro-

Our mutational data indicate that Trp2 and the conserved phobic cavity. The relative lability of th@A-strand may

hydrophobic pocket are essential for tin@ns-interaction.
Mutation of Trp2 to alanine or Ala80 to isoleucine (which
blocks the pocket for tryptophan docking) led to a complete
loss of transinteractions without affectingis-dimeriz-
ation in ECADCOMP (Figure 2). Dissection of the two
interactions could not be reached with cell aggregation
assays (Tamurat al., 1998), but the loss of cell adhesion
with similar mutants is in complete agreement with our
data. Tamuraet al. (1998) used indole-3-acetic acid, a
tryptophan analog, as a competitive inhibitor which could
bind to the hydrophobic cavity, and observed a 60%
inhibition of cell adhesion after addition of this substance.
Similar results with soluble tryptophan as a competitive
inhibitor using the ECADCOMP system indicated that the
inhibition is based on prevention of thieEnsinteraction
without any effect orcis-dimerization (data not shown).
The M-ECAD12+W structure showed that free soluble
tryptophan can bind into the hydrophobic cavity, resulting

1744

explain the possibility of a strand exchange dimerization,
as observed in the NCAD1 structure, and the ability of
this fragment to dimerize in a €&independent manner
in solution (Shapircet al., 1995).

Conclusions and outlook

The present results strengthen the idea that latEsl
dimerization of cadherin molecules is a prerequisite for
adhesive activity (Tomschgt al.,, 1996; Yapet al., 1997,
1998; Norvell and Green, 1998). Very recently, vivo
active dimersin cis configuration were also identified as
active precursors by chemical cross-linking studies
(Takedaet al., 1999). Interestinglycis-dimerization is not
sufficient for cadherintrans-association, and a second
determinant, a Ga concentration in the millimolar range,
is also required for the adhesive activity. This raises an
attractive possibility for regulation of cell adhesion on the
extracellular side. Our data also re-evaluate the role of
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Table |. Data collection statistics

Data set Observed Independent Maximal Completeness Completeness  Rpyergd
reflections reflections resolution (last shell)
M-ECAD21 2852 13 451 0.293 nm 95.5% 81.5% 13.8%
(0.300-0.293 nm)
M-ECAD12+W 31431 15 393 0.277 nm 94.5% 74.4% 9.2%

(0.284-0.277 nm)

*Rmerge = Zn Zilli(h) — <I(h)>|/Z Zili(h), where |(h) is the intensity value of the ith measurementhadind <I(h)> is the corresponding value for

all i measurements df; the summation is over all measurements.

Table Il. Refinement statistics of the M-ECAD12 and M-ECADHAW structures

M-ECAD12 M-ECAD12+W
No. of atoms Averag® No. of atoms Averag®
Protein
Main chain 1752 27.6 1753 34.7
Side chain 1608 32.3 1603 38.0
All atoms 3360 29.8 3357 36.3
Water 266 35.3 382 44.1
cat 6 15.1 6 16.6
All atoms 3632 30.12 3745 37.0
R.m.s.d. bonds 0.0010 nm 0.0006 nm
R.m.s.d. angles 1.64 1.51

R-factor 19.86 (1.000-0.293 nm)

Ramachandran plot

Most favored 84.8%
Additionally allowed 15.8%
Generously allowed 0.0%
Not allowed 0.0%

20.34 (3.3-0.28 nm)

85.9 %
13.8%
0.0%

0.3%

aTrp2 is backbone hydrogen bonded@B strand residue Lys25 O. In the M-ECAD12 structures, both Trp2 residues are in the additionally allowed

region.

the conserved Trp2 and suggest how?Canay trigger
the adhesive function on a molecular level. A possible
scheme for the mechanism is shown in Figure 6. Two
major questions remain, the identification of a region
involved in transinteraction, and the determinants of
cadherin specificity.

Materials and methods

DNA constructions

PCR followed standard protocols witRfu polymerase (Stratagene).
Escherichia coliDH10b was used as cloning host strain. Amplified
products were sequenced with a T7 sequencing kit (Pharmacia).

The overlap extension method (Ho, 1990) was used to insert a silent
mutation which permits addition of Bfrl restriction site in the coding
sequence of the ECADCOMP constructgnl site at its 3 end and an
Xbd site at its 3 end. In a first round of PCR, pECAD-COMP (Tomschy
et al, 1996) as template and the following sets of primers were used:
5'-ACTATAGGGAGGTACCGCTAGCATGGGAGCCC-3 (primer 1)
and B-GGCTGTTGTGCTCAAGCCTTCGCCT-3and 3-AGGCGAA-
GGCTTGAGCACAACAGCC-3 and 3-ACACTATAGAATAGGGC-
CCTCTAGA-3 (primer 2). The two resulting fragments were gel purified
using the QIAquick gel extraction kit (Qiagen) and mixed with primers
1 and 2 for a second amplification. The amplified product was then
digested and cloned into pBluescript KS (Stratagene) ukipg and
Xbd sites, and resulting in the plasmid pPBSECADCOMP.

a second round of amplification with the same template. A fragment
resulting from amplification with W2A megaprimer and primer 1 was
digested, gel purified and cloned into pBSECADCOMP ud{payl and
EcaRlI sites. The same procedure was done with A80I megaprimer and
5'-GGGGGCATCATCATCGGT-3 and cloning was achieved using
EcoRl and Bfrl sites. Mutations were checked by sequencing. The
mutant fragments in pPBSECADCOMP were then digeste&pwyl and

Xba and cloned into the expression vector pCEP4 (InVitrogen) using
Kpnl and Nhd sites, resulting in the pCEP4ECADCOMP vectors.

Cell culture, transfection and expression of ECADCOMP

mutants

Human embryonal kidney 293 EBNA cells (Invitrogen) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) F12 supplemented
with 10% fetal calf serum (FCS), 1% glutamine andydJml| PenStrep.

All reagents were purchased from Gibco-BRL. Transfection was carried
out on a large scale by the calcium phosphate method. Cells were plated
in 500 ml flasks (Falcon) and were grown until 80% confluency. At 4 h
before transfection, the medium was switched to 28 ml of DMEM,
10% FCS, 1% glutamine per flask. Thenug of a pPCEPECADCOMP
mutant was mixed with 5Qug of carrier DNA, and water was added to
0.7 ml. To this mixture, 0.7 ml of 0.5 M Cagl0.1 M HEPES pH 7.0
was added for a 10 min incubation, then 1.4 ml of 0.75 mMMH\NRO,,

0.75 mM NaHPO, 0.05 M HEPES pH 7.0, 0.28 M NaCl was added
for a second 10 min incubation. The whole mix was then given to the
cells overnight. The next day, the cells were washed twice with TBS
(25 mM Tris—HCI pH 7.4, 137 mM NaCl, 5 mM KCI, 0.7 mM Cagl

The megaprimer method (Gobinda and Sommer, 1990) was used to 0.5 MM MgCh) and switched to 17 ml of expression medium (DMEM

generate single point mutations. In a first round of PCR, pBSECAD-
COMP as a template and the primer setsAEGAGACGCGGTCATC-
CCTC-3 and B3-GGGGGGTTTGTCAGCTCCTT-3 and B-CTC-
CCATCAGCTGCCCCG-3and B-TGATGACACAATATGAGAAT-3’

F12, 1% glutamine, 1Qug/ml PenStrep) per flask. After 2 days of
expression, conditioned medium was collected and new expression
medium was added. This procedure was repeated 10-12 times. Supernat-
ant was centrifuged at 25@for 10 min and stored at —20°C.

were used to generate the W2A and A80l megaprimers. These were The isolation of the recombinant protein was performed as described

then purified with a QIAquick PCR extraction kit (Qiagen) and used in

previously (Tomschet al,, 1996).
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