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ABSTRACT. Cadherins are single pass transmembrane glycoproteins which mediate calcium dependent
cell—cell adhesion by homophilic interactions. To reveal the molecular details of calcium binding and
homoassociation, we recombinantly expresse#snherichia colia domain pair consisting of the first

two domains of E-cadherin (ECAD12) and the single domains 1, 2, and 5. ECAD12 encompasses the
most N-terminal of the four putative calcium-binding pockets in the extracellular region of E-cadherin.
Equilibrium dialysis experiments revealed that the single domains do not bif\d Qs ECAD12 was

found to bind three calcium ions. ECAD12 dimerizé&s & 0.08 4+ 0.02 mM) in the presence of €a

as we could demonstrate by analytical ultracentrifugation. Calcium binding to ECAD12 induces
conformational changes which were monitored by electrophoretic mobility and by circular dichroism.
By analyzing our equilibrium dialysis data with a single binding site model, we found an avi€sage

460 uM for the three bound CGa. Assuming a model for three binding sites, which slightly increased
the quality of the fit, we obtained two identicéls of 330u«M and a third much highg{y of 2 mM. The

entire extracellular region of E-cadherin, which was recombinantly expressed in mammalian cells, binds
nine C&" with a much lower averag€y of 30uM. Therefore, we conclude that the four calcium binding
pockets are not identical. Since binding to ECAD12 occurs &t €ancentrations close to those in the
extracellular space, we suggest that the N-terminal domain pair might be involved in calcium regulation
of E-cadherin mediated celcell adhesion.

E-cadherin is a 120 kD transmembrane glycoprotein and herin molecules as present on the cell surfafeafd as it
belongs, like N-, P-, R-, B-cadherin, and L-CAM, to the can be mimicked by the artificially clustered ECAD-COMP
classical cadherins which represent a subclass of the largg11).

and diverse cadherin superfamily)( Classical cadherins The second hallmark of the cadherin mediated-cedll
consist of five extracellular cadherin repeats with ap- adhesion is the Ga dependence of this process. It has been
proximately 110 amino acids each, a transmembrane part,demonstrated that cadherins exhibit their adhesive function
and a highly conserved cytosolic domain which connects only in the presence of Gaand that they are degraded by
them to the actin cytoskeleton via the cateni@s (The proteases in the absence of2€C42). Calcium binding to
cadherin repeats are defined by their internal homology and E-cadherin has been shown by Western Blot experiments
by the presence of putative calcium-binding motifs at (12), and the importance of the calcium-binding site between
conserved positiond(3). Cadherins are mediators of€a  domains 1 and 2 has been demonstrated by a point mutation
dependent ceftcell adhesion and are essential in initiation, \which abolished the adhesive function of the protei)(
maintenance, and proper functioning of tissue architecture The finding that 50% of diffuse-type gastric carcinomas,
(4). Since multiple cadherins differ in their expression which all show diminished ceficell adhesion, contain
patterns and dynamic changes occur in cell adhesion,mutations in the E-cadherin gene resulting in alterations of
cadherins are thought to be important regulators of animal pytative calcium-binding sites furthermore stresses the
morphogenesis3( 5). importance of calcium binding for proper functioning of

One hallmark of the cadherin-mediated eglell adhesion E-cadherin 14).
is the homotypic mode of interaction of these cell adhesion  Structural changes of the extracellular region of E-cadherin
molecules 8). Nevertheless, more and more examples for upon calcium binding has been confirmed by electron
heterophilic interactions were reported such as the interactionmicroscopy and spectroscopic methods5)( Electron
between different cadherins or between E-cadherin andmicroscopy demonstrated that the extracellular part of
aES7I0M29057 (6, 7), an integrin of the T-lymphocyte  E-cadherin undergoes a reversible conformational change
adhesion system. Structural data available now for N- from a rod-like structure to a more condensed structure upon
terminal cadherin fragment8+410) suggest molecular details  Cz* depletion. High resolution structure determinations of
of cadherin self-association. Both homophilic and hetero- N-terminal domains of N- and E-cadherin revealed that
philic interactions require high local concentration of cad- calcium-binding sites reside in the interface of two consecu-

tive cadherin domains8(9). Recently, the X-ray structure
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induce conformational changes within the proposed ho- ing a stretch of six histidines followed by a thrombin

mophilic binding surface8). This may explain the rigidi-  recognition site.
fication of the extracellular part of E-cadherin and the = PCR amplification of the fragments, digestion with
calcium dependence of adhesion. restriction enzymes, ligation of the fragments into the

Cadherin mediated cefcell adhesion is regulated by appropriate vectors, and subsequent transformation into host
calcium binding, but in earlier studie$5, 16), only average strains were all done according to standard protocols, utilizing
K4 values for calcium binding to E-cadherin were determined Pfu polymerase (Stratagene), restriction enzymes, and T4
by indirect methods. The aim of the present work was to DNA ligase from Boehringer Mannheim Inc. Recombinant
evaluate mechanisms of calcium induced regulation by direct plasmid DNA was purified fromEscherichia coliJM109
measurement of calcium binding to individual domains and (DE3) host strain (Promega) using a QIAspin plasmid kit
by measuring calcium-dependent homoassociation. Since(Qiagen). All amplified products were sequenced by the
N-terminal fragments are crucial for the adhesive function dideoxy chain termination method9) using vector-derived
of cadherins 11, 17), we recombinantly expressed a domain Primers.
pair consisting of the first two N-terminal domains of  Expression, Purification, and Protease Clege The
E-cadherin and, in addition, the single domains 1, 2, and 5. recombinant E-cadherin fragments were expresséd goli
Calcium binding was only found for the domain pair, and BL21(DE3) strain (Novagen), which contains a chromosomal
calcium-dependent homoassociation was measured by anacopy of the T7 RNA polymerase gene under the control of
lytical ultracentrifugation. Binding data were evaluated for lacUV5 promotor 20). LB media cultures of 250 mL
the domain pair and for the entire extracellular part of containing 10Qug/mL ampicillin were inoculated either by
E-cadherin by equilibrium dialysis. Our data were compared freshly transformed colonies picked from agar plates or by
with the recently solved X-ray structure of an E-cadherin 2 mL starting cultures which were inoculated themselves

fragment very similar to our domain pait@). from a glycerol stock. Cultures were grown at 37 until
an optical density ORy= 0.8—1.0 was reached. Expression
EXPERIMENTAL PROCEDURES was induced by the addition of 1 mM IPTG, and the bacteria

were incubated for another-3l h. Cells were harvested by

Plasmid ReconstructionsThe cDNA of mouse E-cadherin  centrifugation at 500§ for 10 min and stored at 70 °C.
(18) was kindly provided by Dr. J. Stappert, Max-Planck- |5 the case of ECAD12 and ECAD2, cell pellets were
Institut fur Immunbiologie, Freiburg im Breisgau, G_erm_any. resuspended in lysis buffer (50 mM Tris, pH 8.0, 0.1%
The cDNA was used as a template for PCR amplification of Tyiton) followed by addition of lysozyme (final concentra-
DNA fragments coding for the first two domams, d93|gnated tion, 0.1 mg/mL) and were incubated for 30 min at room
as ECAD12, and coding for single domains, designated asiemperature. In the case of ECAD1 and ECADS, cell pellets
ECAD1, ECAD2, and ECADS. The decision on domain \yere resuspended in binding buffer (20 mM Tris/HCI, pH
boundaries was guided by the assignment of repeats in the7_9, 500 mM NaCl, 5 mM imidazole) of 4C containing 6
E-cadherin sequence obtained from SwissProt Data Basy yrea as these fragments were mainly found in inclusion
(CADEmouse, AC P09803). bodies and were purified applying denaturing conditions.

For ECAD12, a DNA fragment coding for residue 157  Resuspended bacterial cell pellets were lysed by sonification,
375 was generated by the use of'gpimer introducing a  and the cell debris was removed by centrifugation (183000
Ndd site and a start codon '(Bnd, CCC CAT ATG GAC for 20 min). After filtration of the supernatant through a
TGG GTC ATC CCT C) and a'3primer introducing two 0.45um filter and dialysis against binding buffer, the crude
arginines as a trypsin cleavage site andhal site (3 end, cell extracts were applied to an affinity column. The
CCC CTC GAG ACG ACG AGG AGC GTT GTC ATT  purification using Nickel sepharose chromatography (Novagen)
AAT A). For ECADZ, a DNA fragment coding for residues was performed either under denaturing (ECAD1 and EC-
264 to 375 was generated by using'gbBmer with aNdd AD5) or under native conditions (ECAD12 and ECAD?2)
site and a start codon'(g8nd, CCC CAT ATG TTT ACC according to the manufactutsrinstructions (Novagen).
CAG GAG GTG TTT) and the 3primer of ECAD12. Recombinant fragments cloned in the pET-22b vector
ECAD1-DNA coding for residues 157262 was constructed  (ECAD12 and ECAD2) were expressed with a C-terminal
using a 5 primer including aNdd site and a 3 primer histidine tag and a trypsin cleavage site. The histidine tag
including aHindlll site and a stop codon (&8nd, CCC CAT  could be cleaved off by digestion with trypsin using 5 units
ATG GAC TGG GTC ATC C; 3end, CCCAAG CTTTTA  of enzymekmol of protein. Digestion was complete after
TGG CCT GTT GTC ATT CTG). ECAD5-DNA coding  5—10 min incubation at room temperature in trypsin cleavage
for residues 596709 was constructed using & primer  puffer (Tris/HCI, pH 7.4, 150 mM NaCl). Immediately after
including aNdd site and a 3primer including aEcadRl site digestion, trypsin was inactivated by the addition cof
and a stop codon (&nd, CCC CAT ATG ATC CCAGAA  macroglobulin 21). The recombinant fragments ECAD1 and
CCT CG; 3 end, CCC_ GAA TTC TTA AAC TTG CAA ECADS5 were expressed with an N-terminal histidine tag
TCC TGC TG). The amplified products of ECAD12 and which was cleaved off by thrombin (Sigma). Thrombin
ECAD2 were cloned into a pET-22b expression vector digestion was carried ouni2 M urea using 5 units of
(Novagen) using aNdd/Xhd site. The vector encodes a
C-terminal peptide LGHHHHHH which serves as affinity 1 appreviations: PCR, polymerase chain reaction; IPTG, isopropyl-
tag for the later purification on a metal chelating column. 1-3p-thiogalactopyranoside; SDSAGE, sodium dodecy! sulfate
The amplified products of ECAD1 and ECADS were cloned polyacrylamide gel electrophoresis; FPLC, fast-performance liquid
nlo a PET-L5D veclor (Novagen) usingid/Hindill and  Sfomcarghy OTT Ltdihor tnetol 188 1 dueredsane,
Ndd/EcoRlI sites, respectively. This vector encodes an 3.oxy-9-xanthenyl)-phenoxy]-2-[2-amino-5-methylphenoxy]ethane-
N-terminal peptide MGSSHHHHHHSSGLVPRGS, contain- N,N,N',N'-tetraacetic acid.
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thrombin/mg of protein and incubating at room temperature mixture was incubated for 24 h, and the reoxidation process
for 5 h in thrombin cleavage buffer (20 mM Tris/HCI, pH  was monitored by nondenaturing PAGE. Correct folding
8.4, 150 mM NaCl, 2.5 mM Ca@). Thrombin was of the protein after the reoxidation procedure was judged
inactivated by lowering the pH. Time dependence of the by CD spectroscopy.
protease cleavage was monitored by Tricine SP8GE Analytical Ultracentrifugation To analyze the recombi-
(22). After adjusting pH to 7.4 and ionic strength to 500 nant fragments by analytical ultracentrifugation, sedimenta-
mM NacCl, all cleaved fragments were applied a second time tion velocity and sedimentation equilibrium experiments were
to the Nickel sepharose column. Uncleaved material, the performed in a Beckmann XLA analytical ultracentrifuge in
histidine peptides, ang. coli proteins with affinity to the 4 mm home-made double sector cells with a filling height
histidine binding column were retained on the column of 1.5 mm. The ultracentrifuge was equipped with absorp-
whereas the cleaved fragments were recovered in the flow-tion optics, and an AN-60Ti rotor was used. Sedimentation
through. Also, trypsin bound ta-macroglobulin was  coefficients were evaluated from sedimentation velocity
separated from the cleaved protein by the second Nickel experiments at rotor speeds of 56 000 rpm and corrected to
sepharose column run. ECAD12 was further purified by water under standard conditiord7f. Sedimentation equi-
FPLC using a Superose 12 gel filtration column (Pharmacia). librium runs were performed with a rotor velocity of 20 000
Purity of the proteins was judged by SDS-gel electrophoresisrpm at 20°C. Molar masses were determined fromAn
and Coomassie Blue staining. Protein concentrations wereversusr? plots, whereA is the absorbance andis the
determined spectrophotometrically by absorbance measuredistance from the rotor cente). A floating base line
ments at 280 nm. The absorbance coefficients were evalu-computer program was used that adjusts the base line
ated on the basis of the amino acid composition using a molarabsorbance to obtain the best linear fit ofliversusr?. For
absorption coefficient of 5540 M cm™ for tryptophan all cases, the partial specific volume was assumed to be 0.73
residues and 1480 M cm™ for tyrosine residues2@). mL/g and the buffer density was taken from handbooks.
N-terminal sequencing and dansylchloride amino acid analy- Recombinant fragments were dissolved in TBS buffer (20
sis was performed by Dr. Paul Jef®iozentrum, Universita mM Tris/HCI, pH 7.4, 150 mM NaCl) containing 2 mM
Basel). CaClb or were C&" depleted. Protein concentrations used
The extracellular region of E-cadherin, designated as 84 here were 0.20.5 mg/mL (0.004-0.02 mM for ECAD12).
kD fragment, was expressed in human embryonal kidney 293 In order to analyze self-association of ECAD12, sedimen-
cells, and the secreted protein was purified from serum freetation equilibrium experiments were performed with two
culture medium by DEAE-cellulose and Superose 12 column modes according to two different concentration ranges. For

chromatography1(1). the concentration range of21 mg/mL (0.08-0.46 mM)
Gel Electrophoresis Proteins were analyzed by SBS  the Yphantis short column method was us2#é)( Equilib-
PAGE as described by Laemm#i4) and by Tricine SDS rium experiments were performed in a Beckmann (model

PAGE @2) using 12x 13 cm slab gels. Protein bands were E) analytical ultracentrifuge equipped with Schlieren optics
visualized by Coomassie Blue staining and molar massesat a rotor speed of 16 000 rpm at 20. Molar masses were
were estimated by comparing bands with low molar mass determined according to Yphanti29). For the concentra-
standards (Pharmacia, range-941.4 kD). Nondenaturing  tion range 0.53 mg/mL (0.02-0.12 mM), sedimentation
PAGE was performed in a Mini-PROTEAN Il apparatus equilibrium runs were carried out in a Beckmann XLA
(Bio-Rad) using 15% acrylamide gels and 0.92 M Tris/HCI, analytical ultracentrifuge equipped with absorption optics as
pH 8.8, as sample buffe¥). described above. Experiments were carried out either in the
Protein Refolding and Redox ShufflinglThe cysteine presence of DTT or under oxidizing conditions but after
containing fragments ECAD1 and ECADD5, purified under removal of disulfide linked dimers via gel filtration.
denaturing conditions, were reduced by adding DTT, sub- Weight Average Molar Mass and Self-AssociatiorA
sequently reoxidized, and renatured in the presence of a redoxnonomer-dimer equilibrium was assumed with the equi-

shuffling system according to Jaenicke and Rudo®).( librium dissociation constant

Thrombin digested and purified samples contairizrM urea

were reduced in TBS buffer (pH 8.5, 3 mM EDTA) by c,’

adding 10 mM DTT and incubating fo2 h at room Kd=C_2 1)

temperature. The reduced samples were rapidly diluted to
20-50 fold in refolding buffer (100 mM Tris/HCI, pH 7.4, \jolar concentration of monomers and dimers arandcs,

1 mM EDTA, 0.3 mM glutathione disulfide, 3 mM reduced  ogpeciively, and the total molar concentration of the
glutathione), resulting in a final protein concentration of-10
50 ug/mL and an urea concentration below 0.1 M. The
solution was stirred for 24 h at room temperature. Refolding =06 +2c, 2)

was evaluated by CD spectroscopy and trypsin stability.

Partly disulfide linked ECAD12 samples were analyzed For self-associating systems, apparent molar masses can be
by redox-shuffling. Reduced protein samples were subse-determined from sedimentation equilibrium experiments. The
quently reoxidized in the presence of a thiol/disulfide redox apparent weight average molar mab&(apy is related to
pair, which serves as a shuffling reagent. Samples werethe true average molar maddg() by
reduced by incubation with 100 mM DTT at 3T for 30
min. The protein was salt precipitated (75% ammonium 1 :i_,_ BM.c 3)
sulfate) and resuspended in redox-shuffling buffer (200 mM Mwapp  Mw 1o
NaCl, 200 mM Tris/HCI, pH 8.5, 2 mM Cag)l containing
10 mM oxidized and 1 mM reduced glutathione. The whereB is an apparent virial coefficient arid; the molar

monomers is
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mass of the monomeB(). M, is defined by

_ M, + cM,?

B c,M; + .M, @
and it follows with the molar mass of the dimgh = 2M
and eq 3

1 G126

Mwlapp_ c, +4c, M,

+ BM,G, (5)

from egs 1 and 2 the concentrations of the monorogasd
the dimersc, can be calculated by

—1+ 1+ 8cyK,

4K,

(6)

C,=Cy— 2C,=

Koch et al.

radioactivity, the moles of bound calcium per mole of protein
and the free calcium concentration were determined. The
protein concentrations in these experiments were ranging
from 10 to 250uM. High protein concentrations are
necessary to obtain reliable values at high totaP*Ca
concentrations.

The binding data were analyzed using a theoretical model
of ligand binding to one class of calcium-binding sites=(
1) or to multiple classes of binding sites. The moles of bound
C&" per mole of protein was calculated according to

n[Ca VK,

B

S (7
T1+4[CaTTIK,

wheren is number of calcium-binding sites of each class,
Ky is the dissociation constant of tith class and [CH] is

Dissociation constants were determined by fitting egs 5 with the free C&" concentration. The models were fitted to the
6 to the experimental concentration dependence of the experimental data using nonlinear least-squares fit procedures

apparent molar masses using a nonlinear least-square fitVith the computer program CURVFIT 1.0 (Technosoft,

procedure (Sigma Plot, Jandel Sci. Corp.).
Remaal of Bivalent Cations and Determination of Con-
taminating C&". C&* ions were removed from buffers and

protein solutions by passing them over an EDTA-agarose

column @1). Remaining levels of G4 ions were deter-

Graz). The 95% confidence limit &€ andR,y values higher
than 0.95 were used as criteria for the goodness of the fit.

RESULTS

Expression and Purificatian With the aim of obtaining

mined by using the fluorescent dye Fluo-3 (Molecular Probes sufficient amounts for biophysical and biochemical studies,
Inc.), and the fluorescence was measured with a Jasco FPdifferent E-cadherin fragments were overexpressésl toli.
777 (Jasco Co., Tokyo) spectrophotometer. The amount of This work is mainly focused on ECAD12, a domain pair
C&" ions was calculated according to Eberhard and Erne consisting of the first two N-terminal domains of murine

(3D).
CD Measurements CD measurements were performed

E-cadherin, but also single domain fragments, namely
ECAD1, ECAD2, and ECADS5, were under investigation. In

with a Jasco J 720 spectropolarimeter (Jasco Co., Tokyo).addition, the entire extracellular part of E-cadherin (84 kD

Spectra were recorded at 2Q in a quartz cell with a path
length of 2 mm at protein concentrations ranging from 4 to
16 uM in 20 mM Tris/HCI, pH 7.4. Protein concentrations

fragment), recombinantly expressed in a mammalian cell line
(17), was studied.
The domain pair and the single domain fragments were

obtained from absorbance measurements at 280 nm weralesigned according to the proposed domain organization

used to calculate the mean molar residue ellipticity (expressed(SwissProt Data Base) using PCR amplifications.

The

in degrees squared centimeters per decimole). Spectroscopi€-terminal boundaries of domain one and two were assessed

titrations were performed at a protein concentration o6
by adding aliquots of Cd stock solutions to the Ca

due to the sequence alignment of Overduin et 8). (
ECAD12 starts with residue aspartate 157, since in biosyn-

depleted protein. The relative change of the mean molarthesis E-cadherin is expressed with a propeptide which is

residue ellipticity at four different wavelengths (210, 215,

cleaved off after arginine 156 by an endogenous protease

220, and 230 nm) was calculated, and the titration data were(11, 34) and ends at proline 375. ECAD12, therefore,

analyzed as described earli@b). The Hill equation was
fitted to the experimental data with the computer program
CURVFIT 1.0 (Technosoft, Graz) by using a Marquart
nonlinear least-squares fit procedure.

Equilibrium Dialysis ExperimentsCalcium binding was
determined by equilibrium dialysis using a microdialysis
system 82). Equilibrium dialysis experiments were per-
formed as earlier describe®3) with slight differences
summarized here.

Aliquots of 150uL of Ca2"-depleted protein samples in
standard buffer (20 mM Tris/HCI, pH 7.4, 150 mM NacCl)

were dialyzed against the same volume of standard buffer

containing**Ca* (0.1 uCi/mL) and varying concentrations
of unlabeled C#& (up to 5 mM). Protein concentrations used
in the equilibrium dialysis varied from 10 to 250M
depending on the CGa concentration. After dialyzing the
samples for 18 h at 23C, 100uL aliquots were removed

includes all putative calcium-binding motifs in the interface
of domain one and two8j. The construct also contains a
foreign methionine at the N-terminus as a start signal and a
foreign arginine after trypsin cleavage at the C-terminus (see
below). ECAD2 was constructed in the same way starting
with a methionine at position 262 instead of a glutamic acid.
Notably, this glutamic acid is not conserved among the
different E-cadherin domains. ECAD2 possesses the same
C-terminus as ECAD12. ECAD1 and ECAD5 were con-
structed with N-terminal histidine tags followed by thrombin
cleavage sites.

The histidine tagged ECAD12 was overexpressett.in
coli and purified using Nickel sepharose chromatography
(Figure 1). The histidine tag could be cleaved off efficiently
by trypsin in the presence of 2 mM &a Trypsin was
inactivated by binding to,-macroglobulin. This was judged
by the absence of any trypsin activity after addiog

from each chamber and the radioactivity was determined in macroglobulin. The cleaved protein was then recovered in

a liquid scintillation spectrometer. From the measured

the flow-through after a second Nickel affinity column run
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ECAD12 ECAD12: 'redox-shuffling'
A : B
L] L] L ]
L
43kDa—-—-E E L N R
30 B — fet —
—
- !----—- + - + - ca?+ ox 1 5 1h 3h 24h
201 - = = red./ alk. ox.
— —
pam— F
144 - " e ECAD2 / ECAD1 ECAD5
C D
. 4 4 un
123 45 6 78 91 111 —
Ficure 1: Expression, purification, and trypsin digestion of
ECAD12 analyzed on Tricine SDSPAGE. Bacterial extracts (lane . - v - ca? L
1, before induction; lane 2, aft& h induction) were purified on a red./ alk. ox.
nickel sepharose affinity column. Lane 3 shows the insoluble
fraction of the bacterial extract and lane 4 the soluble fraction which 15 % non-denaturing PAGE

was passed over the column. The protein was recovered in the elut
fraction (lane 5) and the histidine tag was cleaved off by a short A
incubation with trypsin (lane 6, 10 min digestion). To test protein fragcrirjtents Egﬁgig ECtiAI?Z, an(é.ECAD.S. (Al‘)t.U”d?r OX'd?"Z'ngd
stability, ECAD12 was trypsin digested for 30 min in the presence ¢9Nations 12 partly forms dimers in solution (lanes 3, an

(lane 7) or absence of €a(lane 8, 5 mM EDTA) or digested 4). After reduction and alkylation, the protein reveals to be

after heat denaturation (lane 9). Lanes 10, 11, and 12 are showingCOMPIetely monomeric (lanes 1, and 2). In all cases, the electro-

I : ; phoretic mobility was smaller in the presence of 2 mMCthan
EISA%USI’.Ierd single domain fragments ECAD1, ECAD2, and in the presence of 5 mM EDTA. (B) The mixed populations of

monomer and dimer (lane 1) could be transformed in a solely
and separated from uncleaved protdincoli proteins with monomeric population via reducing and subsequent reoxidation by

. ; : redox shuffling for 1 min to 24 h with a mixture of oxidized and
affinity to the Nickel sepharose resin, and most cf reduced glutathione. (C) ECAD1 and ECAD2 do not show any

macroglobulin with bound trypsin on it. Finally, the protein  gignificant change in their electrophoretic mobilities upon the
was purified to homogeneity by gel filtration chromatography addition of C&". (D) The reduced mobility upon reduction and

on a Superose 12 column (Figure 1, lane 6). The correctalkylation for ECAD5 (lanes 1 and 2) compared to its oxidized
N-terminus of the fragment and the complete removal of the form (lanes 3 and 4) indicates formation of intramolecular disulfide

PR, . . bonds for this fragment.

histidine tag was revealed by N-terminal sequencing and

amino acid analysis (not shown). The domain pair itself is
stable against trypsin digestion in the presence of 2 mkt.Ca

q:IGURE 2: Nondenaturating gel electrophoresis of E-cadherin

ECADS was studied by nondenaturing gel electrophoresis,
Only a minor part is cleaved into smaller fragments (Figure which separates proteins on the basis of a combination of

1, lane 7). The small amounts of degradation products WeremOIar mass_ and. net charge_. o _
thoroughly separated from ECAD12 by gel-filtration chro- A slow migrating band (Figure 2A) indicated a fraction
matography on Superose 12 (not shown). In the absence opf dimers und_er oxidizing conditions for_ ECAD12. Dimers
Ca* (5 mM EDTA), ECAD12 is cleaved to much larger completely disappeared after reduction and subsequent
extent and the heat denatured protein is completely degraded/kylation of the protein demonstrating that they are not
by trypsin (Figure 1, lanes 8 and 9). The trypsin digestion s_tablhzed by noncovalent interactions at a protein concentra-
described here enabled us to remove the histidine tag and tdion of 0.5 mg/mL as used in these experiments. These
prove the proper folding of ECAD12 in one step since fmdmgs were suppo_rted b.y the molgr masses obFalned from
possible trypsin cleavage sites are only buried in the folded analytical ultracentrifugation experiments. Sedimentation
protein. equilibrium centrifugation in the presence of DTT and at a
ECAD?2 was purified, and the C-terminal histidine tag was Protein concentration of 0.5 mg/mL revealed a single
cleaved off by trypsin as outlined for ECAD12. ECAD1 population for ECAD12 with a molar mass similar to the
and ECAD5 were recovered in inclusion bodies during theoretical calculated molar mass of 24 kD for the monomer
expression irE. coli, but could be purified and thrombin ~ (Table 1). In the absence of reducing reagents a mixture of
digested under partly denaturing conditions (2 M urea) and tWo populations with molar masses of the monomer and the
subsequently refolded using a renaturation protocol (seedimer were observed (Table 1).
Experimental Procedures). Complete removal of C- or Formation of disulfide linked dimers was never complete,
N-terminal histidine tags was evaluated by amino acid and variable fractions were obtained from different prepara-
analysis or N-terminal sequencing. For all fragments, the tions of ECAD12. Redox shuffling did not increase the
correct folding was evaluated by CD spectroscopy and dimer fraction, but led to complete monomerization (Figure
trypsin stability. CD spectroscopy can be used here as a2B). Therefore, we conclude that the monomeric form is
criterion for proper folding since the spectra of our recom- the thermodynamic stable form of ECAD12. Disulfide-
binant fragments revealed to be very similar to the CD linked dimers and monomers were separated by gel filtration
spectrum of the 84 kD fragmeni?5). chromatography (data not shown). These results clearly
Nondenaturing Gel Electrophoresis and Analytical Ultra- demonstrate that ECAD12 is able to form disulfide-linked
centrifugation at Low Protein Concentration$elf-associa-  dimers under oxidizing conditions, which represent an
tion of recombinant fragments ECAD12, ECAD1, and accidental chemical cross-linking due to air oxidation during
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Table 1: Molar Masses and Sedimentation Coefficients of 48 +
Recombinant Fragments Determined by Analytical
Ultracentrifugatiof
fragment Soow [S]? M [kD]®
ECAD1-2 reducedfCa 2.2 24.4
reducedt-Ca 2.2 24.5
oxidizedHCa 3.4 23.8/47.0
oxidized/~Ca 3.1 22.0/48.0
ECAD5 reducedf-Ca 1.6 11
oxidizedHCa 1.4 16
oxidized~Ca 15 14
ECAD1 oxidized#Ca 15 12.3
2 The sedimentation coefficients of 1.5 for a single domain, 2.2 for 18

the domain pair under reducing and 3.1 to 3.3 under nonreducing
conditions also suggest a dimer formation for ECAD12 under nonre-
ducing conditions® Molar masses determined by analytical ultracen- ¢ [mmolf]

trifugation revealed that ECAD12 (theoretical molar mass, 24 kD) is FiGURE 3: Self-association of ECAD12 monitored by sedimentation
monomeric under reducing conditions and partly forms dimers under equilibrium experiments at high protein concentration. The change
nonreducing conditions. The molar masses determined for ECAD5 of the molar masses in dependence of the total monomer concentra-
and ECADL1 (theoretical molar masses, 13 and 12 kD) indicate no dimer tion at 2 mM C&" is shown Q). The solid curve represents the
formation. best fit of the data resulting inkéy of 0.8 £ 0.2 mM (2+ 0.5 mg

of monomer/mL). In the absence of €ano self-association was
observed 4, dashed line).

0 0.1 0.2 0.3 0.4 0.5 06 07

purification of the protein fronk. coli. The only cysteine
residue in ECAD12 is the cysteine at position nine, which 1.00E+03
is not conserved among the classical cadherins. It is located
at the end of th¢gA-strand in the ECAD1 domain that faces
an oppositggA-strand in a second ECAD12 moleculidy,

thus rendering intermolecular disulfide bond formation
possible.

No noncovalent dimers were observed at the protein
concentration used here.

ECAD1 and ECADS5, which were purified under reducing
conditions and subsequently reoxidized, are monomeric in 3 gog4g3 1
solution as revealed by a single band on nondenaturing gels
(Figure 2C,D). Molar masses determined by sedimentation
equilibrium experiments are close to the theoretical derived
molar mass of the monomers (Table 1). The slightly
decreased mobility of red_uced and alkylat_ed_ ECADS to_g_ether Ficure 4. Circular dichroism spectra of the E-cadherin fragment
with the absence of dimers under oxidizing conditions gcap12. The spectra of the calcium depleted (dashed line) and

(Figure 2D) suggest intramolecular disulfide bond formation the calcium saturated (2 mM CagClsolid line) recombinant
for ECADS. E-cadherin fragment ECAD12 were recordedad 2 mmaquartz

Sedimentation Equilibrium Experiments at High Protein Cell at a protein concentration of &M in 20 mM Tris/HCI, pH
Concentration In order to study if ECAD12 is able to self- 7.4, at22°c.
associate at concentrations similar to the high local concen- .
trations of clustered E-cadherin molecules on the cell surface,Ob.S‘c‘\rVed for the domains ECAD1, ECAD2, and ECADS
we performed sedimentation equilibrium experiments at (Figure ZC_’P)' o
protein concentrations up to 0.45 mM (11 mg/mL). Sedi-  The mobility changes of ECAD12 suggest calcium induced
mentation equilibrium centrifugation at high protein con- conformational changes which were further studied by CD
centrations was carried out using the Yphantis short column SPectroscopy. Spectra of all fragments were very similar to
method with Schlieren optics88). the spectrum of the whole extracellular E-cadherin region

The We|ght average m0|ar mass increased from 24 kD atW|th ﬂ-Sheet StrU.CtUreS as the main Secondary structural
a protein concentration of 0.02 mM to about 42 kD at 0.23 €lement{5). Adding 2 mM C&" to a C&"-depleted sample
mM (Figure 3). The decrease of the molar mass at protein Of ECAD12 resulted in a significant increase of the mean
concentrations higher than 0.25 mM is due to a nonideality molar residue ellipticity (Figure 4), whereas the spectra of
term observed in such experiments as described elsewheréh€ single domains did not change (data not shown). This
(30). Assuming a monomerdimer equilibrium, the best fit ~ clearly demonstrates that only ECAD12 is able to bind
of the data by egs 5 and 6 (see Experimental Proceduresf@'c'lum ions and that its conformation is sensitive to calcium
resulted inKg of 0.08+ 0.02 mM (24 0.5 mg of monomer/ ~ binding.
mL). In the absence of G4 ECAD12 does not self- The calcium-dependent change of the CD signal was used
associate (Figure 3). as a signal for titration. The spectra were normalized, and

Calcium Binding Monitored by Electrophoretic Mobility the relative changes of the mean molar residue ellipticities
and Circular Dichroism SpectroscopyBoth oxidized and at four different wavelengths were plotted against the total
reduced ECAD12 showed an increase in electrophoretic C&" concentration. At the low protein concentration used
mobility upon C&* depletion in nondenaturing gel electro- in this experiment (6(M), the total C&" concentration can
phoresis (Figure 2A). In contrast to that, no changes were be set equal to the free &aconcentration. The best fit of

0.00E+00

A1.00E+03 1

-2.00E+03 +

[©] x [deg cm? dmol™]

-4.00E+03 Hisriss o o o o
200 210 220 230 240 250

wavelength [nm]
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Ficure 5: Calcium binding to a recombinant fragment consisting F/GURE 7: Calcium binding to a recombinant fragment consisting
of the first two extracellular domains of E-cadherin (ECAD12) as Of the entire extracellular region of E-cadherin (84 kD fragment).
monitored by circular dichroism. The fraction Y of the total change 1he calcium-binding data were obtained by equilibrium dialysis.
of the mean molar residue ellipticity at 210, 215, 220, and 230 nm The line represents the best fit to these data using a model of ligand

0 500 1000 1500 2000 0.1 1 1000 10000

is plotted against the total €a concentration. A dissociation
constant of 36QuM and a Hill coefficient of 1 is obtained from
the best fit to the experimental data.
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FiIGure 6: Calcium binding to a recombinant fragment consisting
of the first two extracellular domains of E-cadher®)(@nd to the
single domain fragments ECADL}, ECAD2 (@), and ECAD5
(O). The calcium-binding data were obtained by equilibrium dialysis

using calcium concentrations up to 5 mM. The solid line represents

binding to a single class of binding sites. The fit resulted in nine
mols of bound C& per mol of protein and an averagg of 30
M

At high free C&" concentrations (5 mM), 3 mol of €a
is bound/mol of protein. The fit yielded two calcium-binding
sites with aKy of 330 uM and a third binding site with a
much higheiKy of 2000uM (Figure 6). The same goodness
of fit with only little lower significance valuesX? andRy)
was obtained using a model with only one class of binding
sites. This fit resulted in an avera$f@ of 460 uM for the
three bound calcium ions (Figure 6). No significant calcium
binding was observed for the single domain fragments. Only
ECAD2 possesses calcium-binding affinity but to much
lower extent than ECAD12 (Figure 6).

In order to compare the binding properties of ECAD12
with those of the entire extracellular region of E-cadherin
we purified the so-called 84 kD fragment, expressed in a
mammalian cell system, as described befdrh.( Equilib-
rium dialysis revealed that the 84 kD fragment, which
consists of five domains with four putative €abinding
pockets in between, binds approximately 9 mol of @aol

the best fit to the data for ECAD12 using a model of ligand binding ©Of protein (Figure 7). Interestingly, the 84 kD fragment is

to three different classes of binding sites. This fit yields tp
values of 330uM and oneKy of 2000 uM. The dashed line

represents the best fit to the data for ECAD12 using a model of

one class of binding sites which results in 2.8 mol of bouné&‘Ca
per mol of protein and an averay@ of 460uM. The data for the
other fragments were not fitted (see Results).

already C&" saturated at a free €aconcentration of 1 mM.
Using a model for a single class of binding sites, we obtained
aKq of 30 uM as an average value for these nine binding
sites.

DISCUSSION

the data using the Hill equation resulted in a parabolic curve 11,5 ohservation that cadherin molecules cluster on the cell

with a midpoint at the total Ga concentration of 36@M
(Figure 5) and a Hill coefficient equal to 1. Reversibility
of the C&*-induced increase of the CD signal was demon-
strated by the addition of EDTA. Addition of Mg (5 mM)

to divalent ion-depleted ECAD12 had no effect on the CD
signal.

Calcium Binding Monitored by Equilibrium Dialysis
Calcium binding to ECAD12 and to the 84 kD fragment was
analyzed in more detail by equilibrium dialysis (Figures 6

surface led to the model that high local concentrations are
required for binding 18, 35, 36). Nevertheless, it has not
been possible for a long time to prove homoassociation of
cadherins in in vitro assays. Hence, extracellular regions of
E-cadherin were artificially cross-linked by recombinantly
fusing them to a pentameric coiled-coil domain at the
C-terminus in order to mimick the clusteringl). Homo-
association of the pentamerized protein was demonstrated
by ELISA type assays, and the local concentrations obtained

and 7). The binding parameters were evaluated by fitting by this approach were estimated to about-@¥ mM.

the data using a model of three different binding sites with Electron microscopy visualized that a large fraction of the
different affinities or using the simplest model of ligand E-cadherin strands within a pentamer associate by their
binding to a single class of binding sites. In all experiments, N-terminal parts to dimers and that only these so-called
addition of Mg+ (10 mM) had only minor effects on the strand dimers are able to interact with a second dimer formed
stoichiometry of calcium binding (data not shown). in another pentamer. On the basis of these observations, a
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cooperative two-step mechanism for the homoassociation hasqual binding sitesKy = 460 uM), which represents the
been proposed, in which a cadherin dimer emerging from model with the least assumptions, yields a reasonable fit of
one cell interacts with another dimer from the opposite cell, only little lower significance values. We propose that Cal
resulting in a tetrameric complex. in the X-ray structure exhibits the low-affinity binding, since

In the present work, we were able to detect about 50% this C&* is also coordinated by two water molecules and
dimer formation at a concentration of 0.08 mM of ECAD12, since all amino acid residues involved in coordinating Cal
which is in good agreement with the data obtained by are also present in our ECAD1, which does not bind'Ca
Tomschy et al.11). The thus determined highky of about The linker region at the C-terminus of ECADL1 is probably
0.08 mM for homoassociation explains the lack of association very flexible, leading to diminished binding; nevertheless,
of the extracellular region of E-cadherirll 15) and we would expect at least some binding affinities for this
ECAD12 (present work) at 10 times lower concentrations. fragment if Cal would represent one of the higher affinity
In contrast to Tomschy et alL{), we were not able to detect  sites in ECAD12.
formation of tetramers. This is most likely due to the fact  The extracellular region of E-cadherin contains four
that a possible monomedimer—tetramer equilibrium in-  junctions between its five domains as putativeé'Qainding
stead of a solely monomedimer equilibrium is much more  pockets. By extrapolating the results for ECAD12, a total
difficult to resolve in a concentration range in which virial of 12 calcium-binding sites are predicted, but only nine were
coefficients of all species play a dominant role. found by equilibrium dialysis. This indicates that not all

Dimer formation of ECAD12 is strictly calcium dependent. the Ca&" binding pockets are identical and that in some of
The finding that the domain pair ECAD12 hinds three the domain junctions with their rather variable binding motifs
calcium ions is in excellent agreement with the recently (12) less than three Ca ions are bound. Equilibrium
published X-ray structure of a similar fragment by Nagar et dialysis does not provide sufficient resolution for a deter-
al. (8). The structure was solved for crystals which were mination of nine individual dissociation constants. It is,
grown in 5-10 mM CaC} and revealed the binding of three  however, remarkable that the averal§e is an order of
calcium ions, designated as Cal, Ca2, and Ca3 by themagnitude lower than thiy of the higher affinity sites in
authors. The aspartate and glutamate rich binding motifs ECAD12. This may indicate that the majority of the other
were, in part, already identified befor& 13, 37), but only sites in the extracellular region bindsTatronger than the
structural data showed that €aions are bound in the sites in ECAD12. In addition, a positive cooperativity
interface between the domains. This is most clearly dem- between the different sites in the entire extracellular part
onstrated in the structure of the domain pair in which Ca2 cannot be excluded, even if it cannot be deduced from our
and Ca3 are bound both by residues located in domains 1data. We are planning to express additional E-cadherin
and 2, therefore being bridged by calcium-binding motifs domain pairs in order to determine individual binding
of two consecutive domains. The location of calcium- constants and numbers of binding sites for the remaining
binding sites in a so-called binding-pocket between two binding pockets. These data will either confirm or refute
domains has been already proposed on the basis of the NMRhe existence of cooperativity between the different binding
and X-ray structure of single cadherin domaiBs 9). In sites.
the X-ray structure of the N-terminal domain of N-cadherin ~ Calcium binding to the extracellular region of E-cadherin
(9), C&a* did not bind, but coordination of Y& and UQ?* is substantial for its adhesive function and for the protection
by an apparently incomplete calcium-binding site was of the protein against protease digestion. This has been
observed. demonstrated in many classical studi¢g, (L5, 16, 38, 39).

Our results confirm that single domains 1 and 5 are not Recently, it has also been reported that the concentration of
able to bind significant amounts of €aand only weak E-cadherin in adherens junctions requires & @ancentra-
binding for a single calcium ion was observed for domain tion of 1 mM (@0). From this and earlier studied®), a
2. We were also demonstrating that calcium binding to free C&" concentration of about 10.6)—30uM (40) seems
ECAD12 leads to a large, reversible conformational change to be sufficient to protect E-cadherin against proteolytic
reflected by changes in circular dichroism and electrophoretic degradation, but proper functioning of E-cadherin requires
mobility. We cannot judge if the observed conformational higher free C& concentrations.
changes are only due to calcium binding in the linker region  The free C& concentration in the human blood is
or if there are also induced changes apart from the binding stringently regulated to 1.2 mM4{). Therefore, the Ca
site. Overduin et al.g), however, describe calcium induced concentration in other extracellular fluids was thought to be
conformational changes which are transmitted to the adhesiveinvariant, too. But there are also examples for variations in
interface in the N-terminal domain. Clearly, the binding of the extracellular C& concentration by a factor of about 10
Ca&* to the interface of the two domains rigidifies the that point to a possible role of €aas an extracellular
otherwise flexible loop regionlQ). This also explains the  messenger4@, 43). The relatively highKy values we
large conformational change of the entire extracellular region determined for the Ca binding to ECAD12 (0.3 and 2 mM)
as observed by electron microscofb). come under the range of possible calcium concentration

Equilibrium dialysis experiments enabled us not only to changes. Besides, the N-terminal cadherin domain pair is
determine number but also dissociation constants of boundprobably the most important part of molecule for adhesion.
Ca&" ions. When fitting the data to a model with three sites This follows from mutational analysis1y), from total
of different affinities, least-squares analysis resulted in two inhibition of E-cadherin mediated cell adhesion by point
sites with an identicakq of 330x«M and a third low-affinity mutations in the calcium-binding region of ECAD123],
site with aKq of 2 mM. This model can be nicely correlated and from the restriction of contacts between two cadherins
with the C&" coordination seen in the X-ray structure). to the N-terminal part of the molecule$l). Therefore, a
It should be mentioned, however, that also a model with three Ca* induced regulation of adhesiveness might be possible
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by depletion and saturation of the calcium-binding sites in
this domain pair.

The importance of the domain pair ECAD12 has been
further substantiated by the recent finding that it is essential
for the heterophilic interaction withES7 (44). Remarkably,
the heterophilic interaction with the integrin was abrogated
by a single amino acid substitution in domain 1, and it was
abrogated exclusively by this one, thus indicating that the
binding site resides there. Moreover, mutants in which
domains 1 or 2 were deleted proved to be ineffective for the
adhesion tmES7 expressing cells, whereas mutants in which
domains 3 or 4 were deleted showed the same adhesion
activity as the wild-type extracellular fragment comprising
all five domains. This data suggests that the calcium binding
pocket between domains one and two is essential for the
interaction withaEG7 and that it cannot be replaced by any
other of the four calcium binding pockets. Therefore, both
homophilic and heterophilic interactions of E-cadherin
depend on proper calcium binding between domains 1 and
2.
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