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Specifically expressed at intercellular adherens junctions of endothelial cells,
VE-cadherin is a receptor that exhibits particular self-association properties.
Indeed, in vitro studies demonstrated that the extracellular part of VE-cadherin
elaborates Ca**-dependent hexameric structures. We hypothesized that this assembly
could be at the basis of a new cadherin-mediated cell-cell adhesion mechanism.
To verify this assumption, we first demonstrated that VE-cadherin can elaborate
hexamers at the cell surface of confluent endothelial cells. Second, mutations were
introduced within the extracellular part of VE-cadherin to destabilize the hexamer.
Following an in vitro screening, three mutants were selected, among which, one is
able to elaborate only dimers. The selected mutations were expressed as C-terminal
green fluorescent protein fusions in CHO cells. Despite their capacity to elaborate
nascent cell-cell contacts, the mutants seem to be rapidly degraded and/or
internalized. Altogether, our results suggest that the formation of VE-cadherin
hexamers protects this receptor and might allow the elaboration of mature

endothelial cell-cell junctions.
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Cadherins constitute a superfamily of glycoproteins that
play an essential role in the control of cell polarity and
tissue morphology (1). They mediate, via their ectodo-
mains, Ca**-dependent homophilic interactions allowing
the adhesion of cells expressing the same cadherin type.
Recently, Nollet et al. (2) divided the superfamily of
cadherins into five subfamilies, which can be distin-
guished according to their domain composition, genomic
organization and protein sequences. Among these sub-
families, classical type I cadherins and atypical type II
cadherins are frequently found in adherens junctions and
share a common modular organization. Indeed, all the
members of type I and II cadherins comprise five tandem
extracellular modules designated EC1 to EC5, a trans-
membrane domain and a cytoplasmic tail. Mechanisms
underlying the molecular structure of homophilic
adhesive contacts between cadherins are controversial.
According to the prevailing zipper model, cadherin mole-
cules are thought to associate via both cis- and trans-
dimers. It was proposed that lateral cis dimers are
elaborated by molecules emerging from the same cell
surface and require the insertion of tryptophan 2 from
one molecule into a hydrophobic pocket on the adjacent
molecule. These cis dimers are required for the elabora-
tion of a second dimer interface that allows the anti-
parallel alignment of cadherin molecules protruding
from opposed cell surfaces (3). The participation of the
tripeptide HAV within the N-terminal extracellular
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module EC1 of class I cadherins in the elaboration of
these trans dimers is possible, but not definitively
assessed. Furthermore, the zipper model was recently
contested by Boggon et al. (4) who established the 3D
structure of the entire ectodomain of C-cadherin. In this
structure, the aforementioned trytophane 2-mediated
interface is involved in the maintenance of two adjoining
cadherin molecules arranged in an anti-parallel fashion.
According to Boggon et al. (4) and to the zipper model,
only the N-terminal extracellular module EC1 is involved
in cadherin t¢rans interactions. On the contrary,
Chappuis-Flament et al. (5) and Sivasankar et al. (6)
established that the EC1 domain interacts with the EC4
or EC5 domain, indicating that multiple cadherin
domains participate in the homophilic binding of type I
cadherins.

To generate strong cell-cell adhesion, homophilic and
homotypic interactions between the cadherin ectodo-
mains must be strengthened by intracellular interactions
involving the cytoplasmic tail of cadherins and allowing
the attachment of cadherins to the cytoskeleton. This
cytoplasmic domain exhibits highly conserved regions
able to bind several common intracellular partners.
Indeed, the C-terminus of the cytoplasmic domain of cad-
herins binds, in a mutually exclusive fashion, B-catenin
or plakoglobin, whereas the juxtamembrane domain
binds the other catenin protein p120 (7). The anchorage
of cadherins to the actin cytoskeleton is indispensable for
the development of strong cell-cell adhesion (8). This
connection is mediated by a-catenin, which interacts, on
one hand, with cadherin-bound B- or y-catenins and, on
the other, with the actin cytoskeleton, either directly
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or indirectly through linker proteins such as vinculin
or o-actinin. Despite their physiological importance,
little is known about the mechanisms regulating the
dynamic rearrangement of the cadherin—catenin com-
plex. Nevertheless, it was recently established that
cadherins activate Rho family members (9) that, in
turn, mediate the dynamic rearrangement of the actin
cytoskeleton (10) and participate in the regulation of
cadherin-mediated adhesion. Different cadherin—catenin
complex interactions also constitute points of potential
regulation for cadherin function (71, 12). Catenin p120
emerges as a key regulator of cadherin function but its
role remains elusive (13). Indeed, defective binding of
pl120 to the cytoplasmic tail of cadherins prevents the
establishment of stable adhesive cell-cell contacts (14).
More recent results established that p120 plays a critical
role in the control of cadherin plasma membrane levels
(15-17). Altogether, in spite of the key role of catenins in
junction assembly and vascular organization, further
studies are needed to understand how endothelial cells
use these cytoskeletal linkages and these different
signalling pathways to respond to angiogenic and inflam-
matory processes.

VE-cadherin is specifically expressed at the adherens
junction of endothelial cells (I18) and was demonstrated
to play fundamental roles in microvascular permeability,
angiogenesis and cardiovascular physiology (19-21).
Like other members of the family, VE-cadherin mediates
calcium-dependent homophilic adhesion. On the one
hand, VE-cadherin presents several common features
with the other cadherin family members but on the
other hand, because of its endothelial cell selective
expression, VE-cadherin seems to be a part of specific
signalling pathways. The function and physiological
role of VE-cadherin must be in particular adapted to
the vascular endothelium in which it is expressed.
Although VE-cadherin is classified as a type II cadherin,
it shares week homology with the other type II cad-
herins. Moreover, the VE-cadherin amino acid sequence
exhibits only 23% identity with that of classical type I
cadherins. Type I cadherins have the HAV amino acid
sequence in the cell adhesion recognition (CAR) sequence
localized in the EC1 repeat, previously discussed
for being involved in cell-cell adhesion. Interestingly,
VE-cadherin lacks the HAV tripeptide and seems to have
specific residues surrounding its CAR site. From these
observations and although VE-cadherin possesses the
typical cadherin modular organization, this receptor
may be considered as a particular cadherin with different
functional and structural properties (22). Its peculiar
characteristics are also reflected by its unique self-
association properties. Although recent studies suggest
that VE-cadherin homophilic binding occurs in a similar
manner to that of classical cadherins, the mechanism
is controversial and not well defined. Based on in vitro
studies, we have recently demonstrated that the
VE-cadherin ectodomain self-assembles into a Ca**-
dependent hexamer (23). Multiple interactions, mainly
involving the inter-module regions EC1-EC2 and
EC3-EC4, promote the formation of a completely inter-
digitated hexameric configuration (24). This spatial orga-
nization supports the novel mechanism for homophilic
interactions of cadherins proposed by Zhu et al. (25),
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in which opposed cadherin ectodomain dimers are
completely inter-digitated to adhere in an anti-parallel
way. Recently, Hewat et al. (26) have proposed a new
architecture of the VE-cadherin hexamer, which consists
of a trimer of dimers. In this model, an anti-parallel
dimeric contact is formed by the interaction of modules
EC1 and modules EC4 strengthened the interaction
forming trimeric interactions. However, evidence of the
existence of the hexamer at the cell junction is lacking.

In order to assess the role of the hexameric
VE-cadherin assembly at the cell surface, we elaborated
mutants unable to hexamerize. An in vitro selection,
based on both the ability of the resulting mutated
fragments to correctly fold and to loose the capacity to
oligomerize as hexamers, identified three particular
mutants, among which one oligomerizes as a dimer.
The selected mutations were then expressed as
C-terminally fused VE-cadherin-green fluorescent pro-
tein (GFP) constructs in CHO cells. In this study, we
show that the hexameric self-assembly seems to play a
role in the prevention of VE-cadherin internalization
and/or degradation.

MATERIAL AND METHODS

Construction of Escherichia coli Expression Vectors—
The mutated fragments VE-EC1-4Mi (i from 1 to 4) were
elaborated from the pET expression vector containing the
DNA sequence coding for VE-EC1-4 (amino acids 1-431)
fused to an N-terminal methionine (23). The QuickChange
site-directed mutagenesis kit (Stratagene Europe, Amster-
dam, The Netherlands) was used to introduce amino acid
substitutions.

Construction of Mammalian Expression Vectors—The
VE-Cad-GFP variants were elaborated from the pGFP
expression vector containing the DNA sequence coding
for VE-cadherin by using the Quick-Change site-directed
mutagenesis kit (Stratagene). The resulting proteins
VE-CadM1-GFP, VE-CadM2-GFP, VE-CadM3-GFP and
VE-CadM4-GFP possessed the single E321/D, the double
N98/A; D99/A, the triple D96/A; N98/A; D99/A and the
double D320/A; E321/A amino acid substitutions, respec-
tively, within the VE-cadherin ectodomain. The coding
sequence of these VE-cadherin-GFP-derived constructs
was verified by sequence analysis.

Production, Purification and Trypsin Digestion of the
Mutated VE-EC1-4 Fragments Expressed in E. Coli—The
VE-EC1-4 mutants were produced and purified as
previously described for the respective wild-type frag-
ment (23). Proteolysis experiments were performed as
previously described (24).

Cell Culture and DNA Transfection—Subconfluent
CHO cells were transiently transfected using Exgen
500 (Euromedex, Mundolsheim, France) in serum-free
Dulbecco’s modified Eagle’s medium (DMEM) (Life
technologies, Cergy Pontoise, France) according to the
supplier’s instructions. Three hours later, the Exgen-
containing medium was replaced by serum-free DMEM.
Cells were then serum-starved in order to synchronize
them in G1/GO (27). After this starvation treatment,
the transfected cells were grown in 10% bovine calf
serum containing DMEM. Immunoprecipitation and
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immunofluorescence experiments were performed at
different times after serum-starvation arrest.

The EaHy926 cell line (referred to as EaHy through-
out this article) was a generous gift from C.-J. S. Edgell
(University of North Carolina, Chapel Hill, NC,
USA) (28).

Antibodies—The polyclonal anti-Cad3 antibody, pro-
duced and purified as previously described (19), interacts
with the extracellular part of VE-cadherin. The poly-
clonal anti-GFP antibody was from Santa Cruz Biotech-
nology (California, USA) and the monoclonal antibodies
directed against p120 and B-catenin were from Transduc-
tion Laboratories (Lexington, Kentucky, USA). For
immunofluorescence studies, the Alexa 350 and CY3
(Jackson Laboratory, Maine, USA) conjugated-antibodies
were also used.

Analytical Gel Filtration Chromatography—Analytical
gel filtration experiments were performed on the
various mutated fragments immediately following the
concentration step or after a delay of 24h as previously
described (23).

Cross-linking of the Soluble VE-EC1-4M3 Fragment—
The recombinant fragment VE-EC1-4M3 (17uM) was
cross-linked with EDC  [N-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide from Sigma] at 20°C in MES
[2-(N-morpholino) ethane sulfonic acid] buffer containing
5mM Ca**. The molar ratio between the recombinant
fragment and the cross-linker reagent was adjusted by
varying the concentrations of the cross-linking reagent
from 0 to 640mM. The cross-linked fragments were
analysed by electrophoresis on 5-20% gradient gels.

Cross-linking at the Surface of Both EaHy Cells and
Transfected CHO Cells—Cell surface cross-linking of
confluent EaHy was performed with 3,3'-dithiobis (sulfo-
succinimidylpropionate) (DTSSP). First, cell monolayers
were washed with phosphate-buffered saline (PBS) then
incubated with DTSSP and diluted in PBS containing
an anti-protease cocktail (1pg/ml leupeptin, 1pg/ml
aprotinin and one tablet of EDTA-free Complete,
Amersham) for 80 min at 37°C. The cross-linking reaction
was terminated by adding 1M Tris, pH 7 and cooling the
reaction on ice. Following washing, cell lysis was
performed according to a protocol previously described
(19). The cell extracts were then centrifuged at 13,000g
for 20min at 4°C. The supernatants were immediately
analysed by electrophoresis and western blot.

Cross-linking of CHO cells transfected by VE-CadM3-
GFP was also performed with DTSSP at 3h post-serum
starvation.

Immunofluorescence  Analysis and  Fluorescence
Microscopy—At different times after serum-starvation
arrest, transfected CHO cells were fixed for 20min at
room temperature in PBS containing 3% (weight/volume)
paraformaldehyde and permeabilized for 3min at the
same temperature in PBS containing 3% paraformalde-
hyde and 0.5% Triton X-100. Cells were sequentially
incubated with different primary and secondary anti-
bodies with extensive PBS washes after each antibody
incubation. Preparations were then mounted using
Mowiol (Sigma-Aldrich). The immunostained cells were
examined after an overnight incubation, in the dark,
at room temperature, using fluorescence microscopy.
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They were observed with an inverted microscope
(IX70, Olympus) using a Metamorph acquisition system
(Universal Imaging) and a cooled couple-charged device
camera (MicroMAX-1300YHX; Roper Scientific). For
living cell experiments, an Olympus 100x Plan Apo-
chromat objective (Ph3, 1.3NA) or an Olympus 60x Plan
Apochromat objective (Ph3, 1.4 NA) were used.

Immunoprecipitation—For immunoprecipitation
experiments, transfected cells were lysed with 2ml
buffer E (10mM Tris, pH 7.4 containing 5mM CaCl,,
150mM NaCl, 1% Triton X100, 1% NP40, 1ug/ml
leupeptin, 1pug/ml aprotinin, 1 mM PMSF, one tablet of
EDTA-free Complete) for 20min on ice and then
incubated with 115pg of the anti-VE-cadherin anti-
Cad3 antibody for 2h at 4°C. Immunological complexes
were captured on 50pul Protein A-Sepharose beads
(Sigma) for 1h at 4°C and then washed four times with
buffer E. Bound proteins were eluted from the beads
by boiling in 100 pl of B-mercaptoethanol containing SDS
buffer for 10 min and electrophoresed on 5% wide-format
gels (gel dimensions: 1.5mm thick, 160 x 170 mm?, elect-
rophoresis instrument: PROTEAN II xi from Biorad,
Ivry/Seine, France) to improve separation. Transfer of
proteins from wide-format gels was performed using a
blotting cell with adapted specifications (Trans blot cell,
from Biorad). Separated proteins were electroblotted onto
reinforced membranes (OPTITRAN BA-S8S, Schleicher
and Schuell, Dassel, Germany), which were blocked
for 1h with 3% gelatin containing PBS. Nitrocellulose
membranes were successively incubated with different
antibodies wusing stripping buffer according to the
supplier’s instructions (ECL kit, Amersham).

Immunocapture Assay—To detect VE-cadherin frag-
ments released from CHO cells transfected with the
VE-cadherin-GFP variants, an ELISA was performed
using the polyclonal antibody anti-Cad3 biotinylated or
not biotinylated to capture and detect the fragments of
VE-cadherin as previously described (29).

RESULTS

Selection of Mutation Sites—We demonstrated that the
extracellular part of VE-cadherin self-associates as a
Ca**-dependent hexamer (23). The amino acids involved
in stabilization of modules EC1 and EC2 were clearly
identified in the X-ray structure of the two N-terminal
extracellular domains of murine E-cadherin (30). These
amino acids are conserved among cadherins as attested
by the alignment of the extracellular parts of murine
E- and human VE-cadherins (Fig. 1A). They constitute
the motif DXND, which is found at EC1-EC2, EC2-EC3
and EC4-EC5 inter-module regions and is substituted by
DXN/DE at the EC3-EC4 inter-module region in E- and
VE-cadherin (Fig. 1A).

In a previous study, we demonstrated that the four
module-containing fragment VE-EC1-4 and the five
module-containing fragment VE-EC1-5 possess the
capacity to self-associate as hexamers (23). In contrast,
fragments comprising one, two or three of the five
extracellular modules of VE-cadherin do not associate
or only associate as dimers (24). We also showed that the
EC1-EC2 and the EC3-EC4 inter-module regions are
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critical for establishing VE-cadherin-mediated homophi-
lic interactions and that the introduction of mutation
within the EC1-EC2 inter-region prevents the formation
of hexamer. Consequently, to destabilize the hexameric
association, different mutations have been introduced
within the motif DXN/DD/E in the EC1-EC2 and EC3-
EC4 linker regions of the bacterially expressed fragment
VE-EC1-4. As shown in Fig. 1B, the VE-cadherin DXN/
DD/E motifs were altered by exchanging the asparagine
and the negatively charged aspartic and glutamic acids
with the uncharged amino acid alanine. These substitu-
tions resulted in motifs with the structures AXAA in the
EC1-EC2 linker region of VE-EC1-4. For comparison, the
mutant VE-EC1-4 M2, which elaborates dimeric inter-
mediate, possesses the structure DXAA. Concerning the
EC3-EC4 linker region, within the DXDE motif, the
aspartic acid in position 320 was substituted by an
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alanine, whereas the glutamic acid in position 321 was
mutated to either an aspartic acid or an alanine.

Proteolytic experiments indicate that similar to wild-
type fragment and mutant M2, mutants M1 and M3 are
relatively resistant to trypsin digestion (Fig. 1C). These
results indicate that these fragments are correctly folded.
In contrast to the mutants M1, M2 and M3, a fourth
mutant, designated as VE-EC1-4 M4 appears to be
almost completely digested by very low amounts of
trypsin, probably because of a destabilization of its
overall 3D structure (Fig. 1C).

Oligomeric  States of the Mutated VE-EC1-4
Fragments—The mutated VE-cadherin proteins, which
have mutations in different calcium-binding sites, now
may have a much lower calcium-binding capability. As it
is known that cadherins need calcium to oligomerize and
form cell—cell contacts, we verified whether amino acid

A 97 106 322 331
E: ECI - TVT DQND| NRP---- EC2 E: EC3 - DVV[DVNHAPI----- EC4
U trron
VE: EC1 ---- KVH NWP --- EC2 VE: EC3 ----  NIT PPI ---- EC4
93 102 315 324
210 219 430 439
E: EC2 ----- TVK|[DIND|NAP---- EC3 E: EC4 ---- V-LL NAP---- EC5
1 [ [ rr e
VE: EC2 ---- TLQ|DIND [NFP---- EC3 VE: EC4 ---- EVL DEND|NAP ---- EC5
200 209 421 430
B
VE-Cadherin B EcilEc2 ] EC3] ECa] EC5 & ot |
D1 E431
i |
[Eci] EC2] EC3] EC4]
VE-EC1-4 DVND
VE-EC1-4 M2 DVAA
VE-EC1-4 M3 AVAA —
VE-EC1-4 DVDE
VE-EC1-4 M1 DVDD
VE-EC1-4 M4 DVAA
C KbDa 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
prt= 2 v - i
43— A — B ‘*‘-" - |
. : i =3 :
20.1—| * o - - -
44— ’
VE-EC14 VE-EC1-4 M1 VE-EC1-4 M2 VE-EC1-4 M3 VE-EC1-4 M4

Fig. 1. Mutated VE-EC1-4 fragments. The extracellular region
of cadherins consists of five homologous domains designated EC1
to EC5. (A) Alignment of the extracellular parts of murine E- and
human VE-cadherins. The four amino acid sequences linking the
EC domains for mouse E- and human VE-cadherins are aligned.
The conserved structural motifs between adjacent EC domains
are boxed. Dotted vertical bars join amino acids conserved in
both cadherin sequences. The numbers refer to the amino acids of
E- and VE-cadherin according to the published sequences
(GenBank P09803 and P33151 for mouse E- and human
VE-cadherin, respectively). (B) VE-cadherin mutants expressed
in E. coli. VE-cadherin and its derived fragment VE-EC1-4 are

schematically represented at the top. Mutations affecting con-
served structural motifs, localized at the VE-EC1-4 inter-module
sequences, are underlined. For comparison, the wild-type motifs
from VE-cadherin are also mentioned. The name of each mutant
is given at the left margin. (C) Trypsin digestion of VE-cadherin
mutants. Mutated VE-EC1-4 fragments were digested during
20min at 22°C by trypsin using enzyme/fragment ratios of 0
(lane 1), 1.7 (lane 2), 13.6 (lane 3) U/uM. Molecular mass markers
are at the left side of each gel. Trypsin-digested fragments were
run through 8-25% gels (Phast System, Amersham-Pharmacia).
Following migration, proteins were detected by Coomassie blue
staining.
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substitutions described earlier prevent the oligomeric
assembly of the VE-EC1-4 mutants by analysing the
capacity of the mutated fragments to self-associate by gel
filtration chromatography. As illustrated in Fig. 2, the
chromatographic profiles differ according to the

A 11 11

VE-EC1-4

VE-EC1-4M1

OD (280 nm)

VE-EC1-4M2

VE-EC1-4M3

VE-EC1-4

I

)

OD (280 nm)

VE-EC1-4M2

VE-EC1-4M3

elution volume (ml)

Fig. 2. Oligomeric states of the mutated VE-EC1-4 frag-
ments. The oligomeric state of the fragments was studied by
analytical gel filtration chromatography as previously described
(24). All the chromatographic runs were performed at 4°C.
(A) Impact of mutations on the molecular exclusion profiles of
the VE-EC1-4 mutants. FPLC molecular exclusion profiles for
VE-EC1-4 mutants were obtained at initial loading concentra-
tions of 17uM (left) or 56 uM (right). (B) Kinetic study of the
mutant association. The different mutants were concentrated
at 17puM and immediately analysed by gel filtration chromato-
graphy (left). Then, they were stored at room temperature
during 24h before being analysed again by gel filtration
chromatography (right).
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mutations introduced. At 17 uM, wild-type VE-EC1-4 exhi-
bited two peaks, whereas VE-EC1-4M2 exhibited one
major (peak II) and two minor peaks (peaks I and III),
which corresponded to their monomeric (peak III),
hexameric (peak I) and dimeric (peak II) forms as
previously described (23) (Fig. 2A, left). The mutated
fragment VE-EC1-4M1 presented two peaks that pos-
sessed identical elution volumes to those observed for
wild-type VE-EC1-4. This indicated that this mutant
also self-associates as a hexamer. The shoulder of peak
III in the chromatogram of mutant M1 might correspond
to a monomer degradation product. The monomer/
multimer composition at equilibrium can be estimated
from the areas of peaks I and III of the chromatographic
profiles. Using this method, it could be deduced from the
chromatograms of Fig. 2A that, at 17uM, 91% of
VE-EC1-4 but only 40% of VE-EC1-4M1 are hexameric.
With higher fragment concentrations (56 M), these
percentages increase (97% for VE-EC1-4 and of 61%
for VE-EC1-4M1, Fig. 2A, right). The concentrations
Cs09 for which 50% of the fragments are in their
hexameric form were estimated as 1uM for VE-EC1-4
(23) and 35uM for VE-EC1-4M1. Despite the error
introduced by the slight degradation of fragment VE-
EC1-4M1, results seem to indicate that the single
E321D substitution strongly diminishes the affinity of
the hexameric self-association of VE-EC1-4.

The impact of triple mutations in the EC1-EC2 inter-
module region on the self-associating capacity of the
fragments was more drastic than that of the single sub-
stitution in the EC3-EC4 inter-module region. Indeed,
at 17uM, the chromatographic profiles for purified
VE-EC1-4M3 exhibited one major (peak II) and two
minor peaks (peaks I and III), which possessed identical
elution volumes to those observed for previously
described VE-EC1-4M2, indicating that this fragment
possesses three different oligomeric states with major
dimeric form (Fig. 2A, left side). Cross-linking experi-
ments using the homobifunctional cross-linking reagent
EDC confirmed this assumption (Fig. 3). Analysis by
electrophoresis of the cross-linked VE-EC1-4M3 revealed
a two-band pattern with apparent molecular weights

Mw
(kDa)

172 —f !

114
79.6

61.3
49.0

Fig. 3. Determination of the oligomeric state of VE-EC1-
4M3 by cross-linking experiments. VE-EC1-4M3 (17 pM) was
cross-linked using EDC at various concentrations: 0mM
(lane 2), 40mM (lane 3), 80 mM (lane 4), 160mM (lane 5),
320 mM (lane 6) and 640 mM (lane 7). Lane 1: molecular mass
markers. Cross-linked products were analysed by SDS electro-
phoresis using a 5-20% gradient gel. The oligomeric states
of each cross-linked product are indicated on the right
(X1, monomer; X2, dimer).
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compatible with the monomeric and the dimeric forms of
VE-EC1-4M3.

Increasing the fragment concentrations from 17 to
56 uM for the mutant VE-EC1-4M2 induced a significant
increase of the percentage of hexamer (compare the
corresponding chromatogram profiles at the left and
right in Fig. 2A). It could be deduced that equilibrium
exists between the dimeric and the hexameric forms of
VE-EC1-4M2. In contrast, in similar conditions, the
mutant VE-EC1-4M3 remains mainly dimeric.

Comparison of the gel (filtration elution profiles
obtained at 17 pM, immediately after the concentration
step, and, after a delay of 24h at room temperature,
showed an increase of the hexameric form for the mutant
VE-EC1-4M2 (Fig. 2B). Whereas the equilibrium between
the monomeric and hexameric forms of wild-type
VE-EC1-4 was rapidly established, the equilibrium exist-
ing between the three species of mutant VE-EC1-4M2
required several hours (Fig. 2B). In contrast, the
chromatographic profiles of mutant VE-EC1-4M3 chan-
ged only marginally with time. This indicated that addi-
tion of the mutation D96A to VE-EC1-4M2 generated
a mutant, VE-EC1-4M3, which is trapped in a stabilized
dimeric self-association (Fig. 2B).

Altogether, the screening of the mutations allowed
the characterization of three VE-EC1-4 mutants, which
possess distinct oligomerization capacities. Whereas
VE-EC1-4M1 self-associates as a hexamer with a reduced
affinity, VE-EC1-4M2 elaborates a dimeric form at
equilibrium with a hexameric form and VE-EC1-4M3
forms a stable dimer.

Expression of Mutated VE-cadherin-GFP Proteins at
the CHO Cell Surface—The mutations described earlier
were individually introduced in entire VE-cadherin
proteins fused at their C-terminal part with GFP
(Fig. 4A). Three proteins were elaborated and designated
as VE-CadM1-GFP, VE-CadM2-GFP and VE-CadM3-
GFP (Fig. 4A). Moreover, a mutated form of VE-cadherin
lacking the last 82 amino acids of the cytoplasmic
domain responsible for its interaction with B- and v-
catenins was also fused with GFP and named VE-Cadtr-
GFP (31) (Fig. 4A). This truncated form has been shown
to promote calcium-dependent cell aggregation (32) and
was used as a control to study the role of the
extracellular domain in the initial homotypic recognition,
independently of interaction with catenins and
cytoskeleton.

CHO cells were transiently transfected with the
expression vectors encoding the different VE-Cad-GFP
variants. As illustrated in Fig. 4B, western blot analysis
of total cell lysates, 3h post-serum-starvation arrest, by
using an anti VE-cadherin antibody revealed a 130kDa
band for the wild-type molecule and the mutants
VE-CadM1-GFP, VE-CadM2-GFP, VE-CadM3-GFP and
VE-Cadtr-GFP, whereas no band was observed in
untransfected CHO cells, confirming the absence of
endogenous VE-cadherin.

Oligomerization State of VE-cadherin at the Surface of
Confluent Endothelial Cells—We then attempted to
determine the oligomeric states of either the wild-type
or the mutated forms of VE-cadherin expressed at the
cell surface.
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Fig. 4. Expression of wild-type and mutated VE-cadherin-
GFP variants in CHO cells. (A) Schematic representation of
VE-cadherin-GFP proteins. Mutations described in Fig. 1B were
introduced into the entire VE-cadherin molecule fused at its
C-terminus with GFP. Mutated amino acid residues are under-
lined. The names attributed to each protein construct are given
at the left. VE-Cadtr-GFP possesses a truncated cytoplasmic
domain unable to bind B- or y-catenins. (B) Immunoblot analysis
of the cellular expression of the VE-cadherin-GFP constructs.
CHO cells were transfected with cDNA constructs coding for the
different VE-cadherin-GFP proteins. Three hours after serum-
starvation arrest, transfected CHO cells were lysed. Immunoblot
analyses were then performed on cell lysates to verify expres-
sion of VE-Cad-GFP (lane 1), VE-Cadtr-GFP (lane 2),
VE-CadM1-GFP (lane 3), VE-CadM2-GFP (lane 4), VE-CadM3-
GFP (lane 5) using an anti-VE-cadherin antibody. No detectable
level of endogenous VE- cadherin was observed in parental CHO
cells (lane C).

First, the endothelial cell line EaHy expressing wild-
type VE-cadherin (27) was used in cross-linking experi-
ments using the membrane-impermeable cross-linker
DTSSP. Western blot analysis of DTSSP-incubated cell
lysates revealed the formation of a multiple band
pattern (Fig. 5A). Due to the high VE-cadherin oligomer
molecular weight, bands are quite weak and smeared but
we could observe a different pattern, which varied with
the concentration of the cross-linking reagent, as pre-
viously observed for the fragment VE-EC1-4 (23). In the
presence of 0.05 or 0.2mM DTSSP, four bands could be
detected (Fig. 5A, lanes 1 and 2). For DTSSP concentra-
tions ranging from 0.8 to 3.2mM, six bands were
obtained (Fig. 5A, lanes 4-6). Because of the high
molecular weight of VE-cadherin, we can not totally
exclude the presence of additional multimeric species
that could not be vizualized in gel. However, this result
indicates that at the surface of endothelial -cells,
VE-cadherin does not associate as dimers. Moreover,
this could reflect the oligomeric association found in
solution with the recombinant fragment VE-EC1-4. By
attributing a degree of oligomerization to each band, it
was possible to relate the theoretical molecular weight
(Mwy,) to the electrophoretic mobility. A linear curve
was obtained by plotting log Mwy, against the corre-
sponding electrophoretic mobility of each immunoblotted
band (Fig. 5C). This suggested that the six discrete
bands corresponded to multimers containing one, two,
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Fig. 5. Oligomeric state of VE-cadherin at the surface of
cells expressing VE-cadherin. (A) Western blot analysis of
EaHy cell surface-cross-linked VE-cadherin. EaHy cells were
incubated with increasing concentrations of DTSSP (lanes 1,
0.05; 2, 0.2; 3, 0.4; 4, 0.8; 5, 1.6; 6, 3.2mM of DTSSP). A control
was obtained by incubating the cell monolayer with a dissociat-
ing anti-VE-cadherin antibody before cross-linking with 3.2 mM
of DTSSP (lane 7). Following cell lysis under non-reducing
conditions, lysates were electrophoresed on a 5% SDS poly-
acrylamide gel and subjected to western blot analysis using a
polyclonal antibody directed against EC3 VE-cadherin domain.
The arrows at the right margin indicate the presence of
VE-cadherin cross-linked products. The molecular mass of pre-
stained marker proteins is indicated at the left. (B) Western
blot analysis of VE-cadherin cross-linked at the surface of
VE-CadM3-GFP-transfected CHO cells. VE-CadM3-GFP-trans-
fected CHO cells were incubated with increasing concentrations
of DTSSP (lanes 1, 0; 2, 1.6; 3, 3.2mM of DTSSP). The lysates
and the western blot analysis were performed as previously
described for EaHy cells (A). (C) Correlation between the
migration coefficient and the molecular mass attributed to the
immunoblotted bands. Considering a 135kDa molecular mass
for VE-cadherin, the molecular mass of each electroblotted band
was calculated from the hypothetical oligomeric state (X1,
monomer; X2, dimer; X3, trimer; X4, tetramer; X5, pentamer;
X6, hexamer). The migration coefficient Km is defined as the
ratio of the migration distances of each immunoblotted bands
divided by total gel distances. A linear correlation was then
established between the migration coefficients Km and the
molecular mass of the immunoblotted bands.

three, four, five or six covalently cross-linked molecules
of VE-cadherin from the bottom to the top of the gel.
In fact, the five lower bands could correspond to partially
cross-linked products, whereas the upper one could
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correspond to the hexameric association found at the
cell surface. Altogether, due to the low resolution of the
gel, we can conclude that at the cell surface VE-cadherin
aggregation state is at least trimeric and could be
hexameric.

In a control experiment, the EaHy cell monolayer was
cross-linked with DTSSP following a 2h-treatment with
the anti-VE cadherin antibody known to be able to
disturb VE-cadherin-mediated homophilic interactions
and cell-cell junctions (19). Following this treatment,
only the band corresponding to the monomeric form of
VE-cadherin was observed attesting that the upper
bands effectively corresponded to multimeric forms of
VE-cadherin (Fig. 5A, lane 7). The faint intensity of this
band may be due to the degradation of VE-cadherin once
monomeric.

Second, to verify the oligomeric state of the mutant
VE-CadM3-GFP at the cell surface, the corresponding
transfected CHO cells were cross-linked using DTSSP,
3h post-serum-starvation arrest, the experimental con-
ditions being identical to those used for the cell line
EaHy (Fig. 5B). Analysis by western blot of the cell
lysates revealed two bands. Based on the standard curve,
established previously connecting the migration coeffi-
cient and the VE-cadherin oligomer molecular weight, it
can be concluded that these bands corresponded to the
monomeric and the dimeric form of VE-cadherin. This
reflected the dimeric self-association of the recombinant
fragment VE-EC1-4M3 found in vitro.

Expression of VE-cadherin-GFP Variants at the
Surface of Transfected CHO Cells and Recruitment of
Cytoplasmic Partners—To verify whether VE-Cad-GFP
proteins accumulated at cell-cell junctions, transfected
cells were then imaged by GFP fluorescence (Fig. 6A).
At 3h post-serum-starvation arrest, the mutant proteins
VE-CadM1-GFP, VE-CadM2-GFP, VE-CadM3-GFP and
VE-Cadtr-GFP were mainly localized at cell—cell junc-
tions similar to wild-type VE-Cad-GFP. This indicated
that these mutated proteins were correctly transported to
the cell surface. Numerous studies showed that cadher-
ins, localized at the cell membrane, recruited, via their
cytoplasmic tail, the intracellular partners pl120 and
B-catenins. To investigate whether the mutated
VE-cadherin-GFP proteins, expressed at the CHO cell
surface, were able to interact with catenins, junctional
complexes were visualized at 3h post-serum-starvation
arrest. Wild-type and mutated VE-cadherin-GFP mole-
cules were observed using the intrinsic fluorescence of
GFP, whereas B-catenin and p120 were immunofluores-
cently detected (Fig. 6A). For all mutants, both
VE-cadherin-GFP and f-catenin co-localized at sites of
cell—cell contacts, except for the mutant VE-Cadtr-GFP
deleted for the B-catenin-binding domain. Similarly, wild-
type and mutated VE-cadherin-GFP and p120 exhibited
an essentially identical distribution in areas of cell
contact for all the variants studied.

To directly determine whether VE-cadherin-GFP
mutants were truly associated with catenins, VE-cadherin
immunoprecipitates were blotted with antibodies to
either B-catenin or p120 (Fig. 6B). The results indicated
that, at 3h post-serum-starvation arrest, the different
VE-cadherin-GFP proteins were able to form complexes
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GFP

B catenin

GFP

p120

Fig. 6. Cell-cell contacts initiated by expressed VE-Cad-
GFP variants in CHO cells. The ability of transfected cells to
form a cadherin-based adhesion was assessed by immunofluores-
cence microscopy and immunoprecipitation methods. These
experiments were performed 3h after serum-starvation arrest.
(A) Co-localization of VE-cadherin-GFP variants with B-catenin
and p120 at intercellular junctions. VE-cadherin-derived proteins
were observed using the intrinsic fluorescence of GFP, whereas
B-catenin and pl20 were both immuno-fluorescently detected
at the surface of transiently transfected CHO cells expressing
VE-Cad-GFP, VE-Cadtr-GFP, VE-CadM1-GFP, VE-CadM2-GFP

with the various isoforms of p120 expressed in CHO cells.
In a similar way, they could associate with p-catenin,
except for mutant VE-Cadtr-GFP.

It could be concluded that the formation of junctional
complexes between cells was not disturbed by the
mutations introduced within the extracellular domain
of VE-cadherin and therefore does not depend on a
hexamerically associated VE-cadherin. Moreover, the
cell-cell contacts initiated by VE-Cadtr-GFP confirm
that the extracellular domain of the VE-cadherin is
sufficient for initial homotypic recognition.

Degradation and/or Internalization of the VE-
cadherin-GFP Variants at the Surface of Transfected
CHO Cells—To study the fate of the mutated VE-
cadherin-GFP variants, transfected CHO cells were
observed 24h after serum-starvation arrest using the
intrinsic fluorescence of GFP, whereas VE-cadherin was
immunofluorescently detected (Fig. 7A). After a 24h
post-serum-starvation arrest, cells expressing mutated
VE-CadM1-GFP, VE-CadM2-GFP and VE-CadM3-GFP
exhibited diffuse intracellular green fluorescence
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and VE-CadM3-GFP. VE-cadherin-GFP variants and f-catenin or
pl120 co-localized, except for VE-Cadtr-GFP which failed to
recruit B-catenin. (B) Cytoplasmic partners of VE-cadherin-GFP
variants. Lysates of CHO cells expressing VE-Cad-GFP,
VE-Cadtr-GFP, VE-CadM1-GFP, VE-CadM2-GFP and VE-
CadM3-GFP were immunoprecipitated with an anti-VE-cadherin
antibody. VE-cadherin immunoprecipitates were alternatively
blotted with antibodies to either VE-cadherin, p120 or B-catenin.
As a control, immunoprecipitation of untransfected CHO cell
lysates was blotted in parallel.

(Fig. 7A). Moreover, immunofluorescent labelling of
VE-cadherin showed only punctae near the nucleus.
These results could possibly reflect an internalization of
the mutated proteins (Fig. 7A). In contrast, the wild-type
VE-Cad-GFP was concentrated at cell-cell junctions
(Fig. 7A). Concerning the VE-Cadtr-GFP variant, in
contrast to the three other VE-cadherin-GFP variants,
this truncated mutant was able to react with the anti-
VE-cadherin antibody and was always concentrated at
cell—cell junctions (Fig. 7TA).

Moreover, on the other hand, to test additional
proteolytic events occurring within the extracellular
part of VE-cadherin, we developed an ELISA allowing
the detection of soluble VE-cadherin fragments in the cell
culture supernatants (Fig. 7B). Effectively, some soluble
fragments were detected in the supernatants of CHO
cells expressing the different VE-cadherin-GFP mutants.
In fact, the time course of the VE-cadherin degradation
varied according to the nature of the mutants. Indeed,
at 3 h post-serum-starvation arrest, the extracellular part
of mutants was not really degraded as attested by the
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Fig. 7. Impact of mutations on the stability of
VE-cadherin-GFP variants. (A) Fluorescence microscopy of
VE-cadherin mutants. Twenty-four hours post-serum-starvation
arrest, CHO cells expressing VE-Cad-GFP, VE-Cadtr-GFP,
VE-CadM1-GFP, VE-CadM2-GFP and VE-CadM3-GFP were
imaged for GFP fluorescence (top) and immunostained with
an anti-VE-cadherin antibody (bottom). Note that mutated
VE-cadherin-GFP variants appeared as isolated cytoplasmic
punctae excluded from intercellular contacts. In contrast,

amount of soluble fragments close to the background.
In contrast, at 4h 30 VE-CadM3-GFP underwent sub-
stantial cleavages on its extracellular part. Moreover,
24 h after serum-starvation arrest, high levels of soluble
mutant-derived fragments were detected in the cell
culture supernatants for the three variants (Fig. 7B).
Concerning the wild-type VE-cadherin and VE-Cadtr-
GFP variant, no soluble fragments were detected by this
immuno-capture assay (Fig. 7B).

These results were in good agreement with micro-
scopy observations made previously on cells expressing
the various VE-CadM-GFP mutants (compare Fig 6
and 7A).

DISCUSSION

Recently, we demonstrated that the extracellular domain
of VE-cadherin self-associates as a Ca*"-dependent
hexamer in solution (23, 24) and Hewat et al. (26)
proposed that the hexamer is composed of a trimer of
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the wild-type and the truncated VE-cadherin-GFP co-localized
at cell—cell junctions. (B) Detection of cleavage products of the
extracellular part of VE-cadherin mutants by immuno capture
analysis. Culture supernatants from CHO cells expressing
VE-Cad-GFP, VE-Cadtr-GFP, VE-CadM1-GFP, VE-CadM2-
GFP and VE-CadM3-GFP were collected at different times
after the serum-starvation arrest. Their contents in soluble
VE-cadherin fragments were quantified using an immunocapture
assay.

dimers via EC1-EC1 and EC4-EC4 module interaction. It
remains to be shown whether these hexameric associa-
tions exist in vivo at the surface of confluent endothelial
cells and participate in the elaboration of adherens
junctions between endothelial cells.

In the present article, we first established that
VE-cadherin does not self-associate as a dimer at the
surface of endothelial cells. This result is in contradiction
with those obtained by Ahrens et al. (33) who showed
that self-assembly of VE-cadherin follows a mechanism
common to classical cadherins and self-associates as a
dimer. To establish this result, the authors used a fusion
between the ectodomain of VE-cadherin and the
N-terminus of the trimeric coiled-coil domain of cartilage
matrix protein. Divergence between Ahrens’ results and
ours may be explained by the presence of the trimeric
fusion protein, which may not mimic the spatial
organization of VE-cadherin molecules found at the
endothelial cell surface.

We then inserted several mutations within the extra-
cellular domain of VE-cadherin, in order to destabilize
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its hexameric association. To facilitate the screening
of the mutations, they were first introduced within
the recombinant fragment VE-EC1-4 overlapping the
four N-terminal extracellular modules of VE-cadherin.
This fragment has previously been demonstrated to be
able to self-associate as a hexamer in solution (23).

The single mutation E321/D within the EC3-EC4
inter-module region, the double mutation N98/A; D99/A
and triple mutation D96/A; N98/A; D99/A within the
EC1-EC2 inter-module region did not disturb the overall
3D structure of VE-EC1-4 as attested by limited proteol-
ysis resistance. As expected, they markedly affected the
capacity of the fragments to oligomerize. Whereas the
mutation E321/D impaired the capacity to elaborate a
hexamer, the triple mutant formed predominantly a
dimer, which did not evolve into a hexamer even after
1 week incubation period. In contrast, the double
mutant, which also forms a dimer evolves rapidly into
a hexamer. Altogether, our results confirm that intact
EC1-EC2 and EC3-EC4 inter-module regions are
required for elaborating efficient hexameric VE-cadherin
self-association in vitro. They also show the existence of a
dimeric intermediate, implicating the EC3-EC4 inter-
module region, which can evolve into a hexameric
assembly probably due to additional interactions, invol-
ving other EC or inter-module region.

To establish the in vivo participation of the
VE-cadherin hexameric self-association in the elabora-
tion of endothelial cell—cell junctions, the in vitro selected
mutations were introduced within the extracellular part
of VE-cadherin, C-terminally fused with GFP. The GFP
fused wild-type and mutated VE-cadherin molecules
were then expressed in CHO cells. A fourth variant,
VE-Cadtr-GFP, possessing a cytoplasmic tail deleted for
the B-catenin-binding domain was also generated (32) to
compare the role of the extracellular and intracellular
domains in cell-cell contact establishment.

In transiently transfected CHO cells, 3h post-serum-
starvation, wild-type VE-cadherin-GFP was predomi-
nantly found at intercellular contact sites as previously
described for the untagged VE-cadherin (18). Moreover,
the different GFP-variants underwent the internal cellu-
lar quality control process and were transported to the
cell surface where their localization is indistinguishable
from that of the wild-type. At 3h post-serum-starvation
arrest, they are also able to establish interaction
with different partners such as p120 and B-catenin.

Introduction of the triple mutation abrogate the ability
of VE-cadherin to elaborate hexameric complexes both
in vitro and at the surface of CHO cells. The resulting
triple mutant self-associates as dimers as established
by cross-linking experiments. The fact that this
triple mutant seems able to elaborate cell-cell contacts
indicates that these dimeric structures possess an anti-
parallel organization. Thus, on endothelial cells,
cell-surface hexamers might also evolve from dimers
that allow cell to adhere due to their anti-parallel
orientation. This support the model proposed by Hewat
et al. (26) with each N-terminal EC1 domain elaborating
an anti-parallel dimer, strengthened by EC4 trimeric
interactions.

The mutant VE-Cadtr-GFP that possesses an
intact extracellular domain and is deleted of the
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B-catenin-binding site is able to fix p120 on its juxta-
membrane region. Nevertheless, similar to wild-type VE-
Cad-GFP, this mutant is stable at least 24 h post-serum-
starvation arrest. This correlates with the results
obtained by Yap et al. (34) on a C-cadherin mutant
deleted of the B-catenin-binding domain, which retains
the capacity of wild-type C-cadherin to promote adhesion
of C-cadherin expressing CHO cells. In contrast to
VE-Cadtr-GFP, the three other wvariants lose their
junctional localization between 3h and 24h after the
serum starvation arrest and might become internalized
and/or degraded. This seems to indicate that VE-
cadherin mutants, which cannot self-associate as wild-
type VE-cadherin probably due to modified calcium
affinity, are unable to promote stable cell-cell junctions.

It is difficult to speculate on the behaviour of
VE-cadherin mutants. PEST sequences, defined as
sequences enriched with Pro, Glu or Asp and Ser or
Thr residues (35), located close to or overlapping the
B-catenin-binding domain of cadherins, may become
exposed at the surface of mutant VE-cadherin molecules,
whereas they might be masked by the hexameric
association. These PEST sequences should then target
VE-cadherin molecules to the degradation pathway.
According to Xiao et al. (36), VE-cadherin can be
naturally internalized and processed through the
endosomal-lysosomal pathway. Further experiments are
needed to determine whether mutant VE-cadherin
degradation could be prevented by treating cells with
chloroquine, in order to inhibit lysosomal degradation or
with proteasome inhibitors. Nevertheless, in our experi-
ments, the rate of disapearance of VE-cadherin cell
surface expression is strongly enhanced for the GFP
mutants when compared to that of the GFP wild-type
protein. It is tempting to speculate that the mechanism
driving these degradations is connected indirectly to the
oligomeric state of VE-cadherin at the cell surface. The
loss of the hexameric assembly results in a rapid
internalization and/or proteolysis of VE-cadherin. The
fact that mutants VE-CadM1-GFP and VE-CadM2-GFP,
which may have partially kept the capacity of the wild-
type receptor to form hexameric structures, are less
cleaved than mutant VE-CadM3-GFP suggests that the
hexamer self-assembly protects VE-cadherin from degra-
dation. Comparatively, the VE-Cadtr-GFP mutant, which
possesses an intact extracellular domain able to hexam-
erize is not cleaved. Altogether, the results suggest that
this protection against degradation may be assured
by the compactness of the hexameric self-association of
VE-cadherin.

In conclusion, our results establish that VE-cadherin
hexamerization seems to play a role only for the main-
tenance of mature intercellular junctions, while initial
cell-cell contacts can be made without hexamerized
VE-cadherin. These nascent contacts seem to be unstable
and cannot evolve into functional adhesive complexes
such as those present in mature tissue, suggesting that
hexamerization might protect VE-cadherin against
degradation.
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