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Theglycosylation pattern of human vascular endothelial cad-
herin (VE-cadherin), purified from cultured human umbili-
cal cord vein endothelial cells, was analyzed. VE-cadherin
was metabolically radiolabeled with p-[6-3H]glucosamine,
isolated by immunopr ecipitation, purified by SDS-PAGE and
in-gel digested with endoproteinase Asp N. Oligosaccharides
wer e sequentially released from resulting glycopeptides and
analyzed by chromatographic profiling. Theresultsrevealed
that VE-cadherin carries predominantly sialylated dianten-
nary and hybrid-type glycans in addition to some trianten-
nary and high mannose-type species. Highly branched, tetra-
antennary oligosaccharides were found in trace amounts
only. Immunohistochemical labeling of VE-cadherin and
sialic acids displayed a codistribution along theintercellular
junctions in endothelial cells of human umbilical arteries,
veins, and cultured endothelial monolayers. Ca2*-depletion,
performed on cultured endothélial cells, resulted in arevers
iblecompletedisappear ance of VE-cadherin and of almost all
salic acid staining from the junctions. Salidase treatment of
whole cells caused a change of VE-cadherin immunofluores-
cencefrom acontinuousand netlike super structural or ganiz-
ation to a scattered inconsistent one. Hence, cell surfacesalic
acids might play arolein VE-cadherin organization.

Key words: VE-cadherin/carbohydrate analysis/
oligosaccharides/V E-cadherin-superstructure

Introduction

Intercellular junctions of the cardiovascular endothelium consist
of various integral membrane proteins able to directly mediate
interendothelial adhesion: (1) Ca?*-dependent cadherins consist-
ing of vascular endothdlid (VE) cadherin, VE-cadherin-2 (Telo
etal., 1998) and N-cadherin (Salomon et al., 1992; Navarroet al .,
1998); (2) the platelet endothdial cell adhesion molecule 1
(PECAM-1) bel onging to the CaZ*-independent immunoglobulin
superfamily; (3) the ao/B1- and as/B1-integrins; and finally (4)
occludin, a component of the tight junctions (for review, see
Degana et al., 1995; Dejana, 1996; Schnittler and Feldmann,
1998).

The vascular endothelial cadherin (V E-cadherin) is endothe-
lium specific (Suzuki et al., 1991; Lampugnani et al., 1992) and
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belongs to endothelia adherens junctions that are commonly
found in endothelium of al locations in sSitu and in culture
(Simionescu et al., 1975; Simionescu et al., 1976; Franke et al .,
1988, 1989). CaZ*-dependent cadherins are integral membrane
proteins that consist of a large amino-termina extracellular
domain (ectodomain) with five repeats, one membrane spanning
domain and a short carboxy-terminal cytoplasmic tail (Takeichi,
1995). The extracellular domains probably occur as paralel
“strand dimers” by which the terminal repesat of the extracellular
domain binds to cadherins of adjacent cells (antiparallel
“adhesion dimers’) forming a zipper-like cell-to-cell connection
(Shapiro et al., 1995ab). Cadherins are linked to cytoplasmic
actin filamentsviaa-, 3-, and y-catenin (plakoglobin) (reviewed
inJou et al., 1995; Klymkowsky and Parr, 1995; Takeichi, 1995;
Aberle et al., 1996; Yep et al., 1997). The cadherin/catenin
complex of the epithelium and endothelium contributes to tissue
organi zation and maintenance in devel oping and adult organisms
(for review, see Dejanaet al., 1995; Klymkowsky and Parr, 1995;
Takeichi, 1995; Aberle et al., 1996; Yap et al., 1997). In
endothelia cells, the cadherin/catenin complex seems to be
crucialy involved in certain physiological and pathophysiologi-
cal reactions such as regulation of permeability, extravasation of
leukocytes and tumor cells, as well as cell migration and
resistance to fluid shear stress (Lampugnani et al., 1992, 1995,
1997; Degjana, 1996; Del Maschio et al., 1996; Feldmann et al.,
1996; Rabiet et al., 1996; Levale et al., 1997; Schnittler et al.,
1997; Moll et al., 1998; Schnittler and Feldmann, 1998).

The polypeptide chain of VE-cadherin comprises seven
potential N-glycosylation sites (Suzuki et al., 1991; Breviario et
al., 1995), al locaized in the VE-cadherin ectodomain. First
evidencefor a contribution of glycan chainsto cadherin function
in epithelia cells was obtained by Yoshimura and co-workers
(Yoshimura et al., 1996) who demonstrated that ectopically in
murine melanoma B16-hm cells expressed (31-4)-N-acetylglu-
cosaminyltransferase (GnT-111) caused an altered glycosylation
of E-cadherin that in turn was associated with a reduced protein
turnover rate, increased expression of E-cadherin at the inter-
cellular junctions and a reduced metastatic capacity of the cells
(Yoshimuraet al., 1995, 1996). Thisindicates that glycosylation
of E-cadherin is involved in the organization of functiond
competent intercellular junctionsbut astructural characterization
of the glycosylation pattern of any native cadherin has not yet
been performed.

With respect to theimportance of V E-cadherin participationin
certain endothelia mediated mechanisms, the aim of this study
was to characterize the overall glycosylation pattern of VE-cad-
herinin order to enablefurther functional investigations. Herewe
show that (1) VE-cadherin carries predominantly sialylated
complex and hybrid-type glycans, (2) sidic acids can be largely
colocalized with VE-cadherin molecules at the interendothelial
junctions of endothelial cellsin situ and in culture, and (3) cell
surface sialic acids seem to be important for the structural
organization of VE-cadherin clusters.
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Fig. 1. Purification of human VE-cadherin. VE-cadherin obtained from
human umbilical vein endothelia cell (HUVEC) extracts after in vivo
labeling with [6-3H]glucosamine and immunoprecipitation was purified by
semipreparative SDS-PAGE. Radioactive protein bands were visualized by
fluorography. Gel segments containing V E-cadherin (1) were excised and
subjected to carbohydrate analysis. For background control, equivaent gel
segments (I1) were similarly worked up. Lane 1, mass marker proteins; lanes
24, VE-cadherin after immunoprecipitation.

Results
Isolation of VE-cadherin

Cultured human endothelial cellswerelabeled with [6-3H]gluco-

samine and subsequently extracted with 1% Triton X-100 in
buffer as described in Material and methods. The use of 1%
Triton X-100 causes a release of about 70-80% of the cadherin/
catenin complex (Schnittler et al., 1997) that can be immunopre-

cipitated from a 8000 x g supernatant using a monoclonal

VE-cadherin antibody. Precipitated protein was subjected to
SDS-PAGE, and fluorography of thegel displayed onemain band
at MW of 135 kDaand few weaker |abeled bands (Figure 1). Part
of the precipitate was subjected to Western blot analysisusing a
pan cadherin antibody known to react with ashort carboxytermi-
nal sequenceof classical cadherins. Thisantibody stained asingle
band exactly at the same MW asthemain radiolabeled band (data
not shown).

Isolation of glycopeptides

Since SDS displayed severa additional, radiolabeled protein
bands, immunoprecipitated VE-cadherin samples were prepara-
tively separated by SDS-PAGE, and bands containing VE-cad-
herin were excised (I in Figure 1). In order to avoid loss of
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material when eluting thewhole glycoprotein, anin-gel proteoly-
tic digestion was performed, after which radioactive glycopep-
tides could be easily eluted from the gel pieces. From the known
amino acid sequence of the glycoprotein (Suzuki et al., 1991;
Breviario et al., 1995), it could be deduced that treatment with
trypsinwould generate aglycopeptide resistant to peptide-N4-(N-
acetyl-B-glucosaminyl)asparagine amidase F (PNGase F) (Ta-
rentino et al., 1985). Therefore, Asp-N endoproteinase from
Pseudomonas fragi mutant was used instead. In total, a glycopep-
tide preparation was obtained comprising about 10° cpm of
incorporated 3H radioactivity. Asacontrol, unstained gel segments
(Il in Figure 1) were equdly treasted and eluted. However, no
radioactivity could be detected in the respective supernatants.

Liberation and fractionation of glycans

Western blot analysis, using a VE-cadherin monoclona antibody,
of endothelia cdlls trested with PNGase F and endo-3-N-acetyl-
glucosaminidase H (endo H) reveded the presence of both endo
H-sensitive and endo H—resistant N-glycans. Treatment with
PNGase F resulted in a shift of the VE-cadherin band from about
135 kDa to about 90 kDa (arrow) in agreement with the expected
molecular mass calculated from itsamino acid sequence (Figure 2,
lane 3). The second band (dotted line) is assumed to represent a
degradation product. Incubation with endo H also led to asmall but
significant shift in the eectrophoretic mohility of thisglycoprotein
(Figure 2, lane 5). Therefore, isolated glycopeptides were first
treated with endo H. Oligosaccharides released were separated
from residua glycopeptides by reverse-phase (RP-) HPLC. Endo
H-resistant glycopeptides were incubated with PNGase F. The
resulting reaction mixture was again subjected to RP-HPLC to
isolate free glycans. Approximaely 16% and 73% of tota
radioactivity were released by the two enzymes. Residua 11% of
radioactivity, still uting in the peptidefraction, could be shown to
comprise exclusively N-acetylglucosamine (GIcNAc) and no
N-acetylgalactosamine (GaNAC) and are, therefore, assumed to
result from the innermost GIcNAc residug(s) remaining bound to
the peptide(s) after endo H cleavage (Kobata, 1979). After
reduction, oligosaccharide aditols were fractionated by anion-
exchange HPLC. The results revealed that the mgjority of human
VE-cadherin glycans carry negative charges. Complex type
species, released by PNGase F, comprised neutral glycans (FO, 7%
of radioactivity) in addition to specieswith one (F1, 49%), two (F2,
38%), or three (F3, 5%) negatively charged residues (Figure 3A).
Oligosaccharides released by endo H, representing oligomanno-
sidic or hybrid-type glycans (Kobata, 1979), smilarly carried
predominantly (75%) one negative charge (data not shown).
Treatment with salidase from V.cholerae or mild acid hydrolysis
converted al charged speciesinto neutral compounds demonstrat-
ing that the negative charge was exclusively conferred by sidic
acid. In the case of PNGase F—sensitive oligosaccharide aditols,
charged glycans were separated by preparative anion-exchange
HPLC and individualy digested with a2,3-specific Salidase from
Newcastle disease virus. Monosidylated species could not be
degraded and, thus, solely contained a2,6-linked sdic acid,
wheress di- and trisidylated glycans both contained one (or two)
02,6-linked salic acid residue(s) in addition to a2,3-bound siaic
acid (Figure 3B-D). For further characterization, al glycanswere
completely desidylated.

Characterization of glycans

Sincethe mgjority of endo H—sensitive glycans carried onesiaic
acid residue, they could be assumed to represent predominantly
hybrid-type species. This was corroborated by high-pH anion-



M w
kDa 2 3 4 5
'
66,2~

control E‘ #q. o

control
PNGase F
control
Endo H

Fig. 2. Western blot analysis of human VE-cadherin. HUVEC extracts were
subjected to SDS gel electrophoresis and Western blotting before (lanes 2, 4,
and 6) and after treatment with PNGase F (lane 3) or endo H (lane 5).
VE-cadherin bands were visualized by specific antibodies. Lane 1, mass
marker proteins. The arrow indicates the molecular mass calculated from its
amino acid sequence (lane 3). The dotted line indicates an assumed
degradation product (lane 3).

exchange chromatography (HPAEC) of the desidylated glycans
(Figure 4A). Only species H3 (14% of radioactivity within this
fraction) coeluted with an oligomannosidic standard oligosac-
charide (OM9), whereas the elution volumes of the two major
components, H1 and H2 (62% and 24%), did not correspond to
those of oligomannosidic standards, but to two hybrid-type
standard glycans, My;; and My (Geyer et al., 1984), respectively
(for detailed structures, see Figure 4 caption). To further prove
their identity, half the amount of endo H—sensitive compounds
obtained was digested with a-mannosidase from jack beans.
Rechromatography of the resulting products by HPAEC demon-
strated that two products were formed eluting at the positions of
authentic ManGIcNAcOH and GaGIcNAcMan,GIcNACOH
(Figure 4B). Digestion of the second half of the sample with
B-galactosidase (Figure 4C) resulted in a shift of the elution
volumes of the two hybrid-type species corresponding to theloss
of one galactosyl residue each whereas the el ution position of the
oligomannosidic glycan H3 remained unchanged. Therefore, it
may be assumed that the two magjor oligosaccharide aditols, H1
and H2, represent hybrid-type species with one N-acetyllacto-
samine antenna and two or three a-linked mannosyl residues.
From their senditivity towards endo H, it may be further
concluded that the termina mannosyl residue present in H1
glycansisal,3-linked (Kobata, 1979). The minor component H3,
on the other hand, represented an oligomannosidic glycan with
nine Man residues.

Neutra complex type glycans, obtained after individua
desialylation of isocharged species, were chromatographically
characterized by HPAEC (Figure 5) and gel filtration using a
Bio-Gel P-4 column (datanot shown). Although determination of
chromatographic parameters does not alow a structural assign-
ment a priori, comparison with the elution volumes of a set of
appropriate oligosaccharide standards in at least two different
chromatographic systems gives reliable results (Liedtke et al.,
1997). The glucose units obtained from internal calibration with
isomaltooligosaccharides were compared with those of authentic
fucosylated di-, two isomers of tri-, tetra-, and bisected dianten-
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Fig. 3. Fractionation of PNGase F-released oligosaccharides from human
VE-cadherin by anion-exchange HPLC. (A), oligosaccharide aditols
obtained after treatment of endo H-resistant glycopeptides with PNGase F,
RP-HPL C and reduction were subjected to anion-exchange HPLC using a
Mikropak AX-10 column (4.6 x 250 mm) and alinear gradient of 0-300
mM potassium phosphate, pH 4.4, within 60 min. Fractions (400 pl) were
collected at 1 ml/min and monitored for radioactivity. Fractions (FO —3)
were pooled asindicated by brackets. (B-D) Rechromatography of F1- (B),
F2- (C), and F3- (D) derived glycans after treatment with a2,3-specific
sialidase from Newcastle disease virus under similar conditions. Numbers
(0-4) with arrows indicate the elution volumes of standard oligosaccharides
with 04 sidic acid residues. * in (C) and (D), released sidlic acid.

nary standard oligosaccharide aditols. The majority of glycans
thusidentified (Figure 5A-D; fractions FO1, F11, F13, F21, F31,
F32) represented fucosylated species with two, three, or four
N-acetyllactosamine antennae in addition to a few species not
coeluting with any of these standard glycans (fractions F02, F12).
This assumption was supported by ge filtration data which
suggested the presence of incomplete triantennary species
lacking one (or two) galactosyl residue(s). To further substantiate
these assignments, the four fractions of complex type glycans as
well astherespective oligosaccharide standardsweretreated with
[-galactosidase from D.pneumoniae. Resulting products were
again analyzed by HPAEC and, in part, also by gel filtration. As
shown in Figure 5SE—H, compounds identified as fucosylated di-,
tri-, and tetraantennary species coeluted with the respective
agalacto oligosaccharide standards after B-galactosidase treat-
ment. Species FO2 and F12, formerly eluting at 4.62 and 4.44
glucose units (Figure 5A,B), now coeluted with triantennary
agal acto oligosaccharide standards (Figure 5E,F) and thusmay be
assumed to comprise fucosylated triantennary species with one
(or two) incomplete antenna(e). Differentiation between the
possible isomeric forms, however, was not possible. The elution
position of species with 2.9 glucose units (Figure 5A) did not
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Fig. 4. Chromatographic profile of desidylated endo H—sensitive glycans
from human V E-cadherin. (A) Oligosaccharide alditols obtained after
treatment of proteolytic glycopeptides with endo H, RP-HPLC, reduction
and enzymatic desialylation were separated by HPAEC on a CarboPak
PA-100 column (4 x 250 mm) using a gradient of 10-30 mM sodium acetate
in 80 mM NaOH within 70 min. Fractions (380 pl) were collected at 1
ml/min and monitored for radioactivity. (B) Desialylated endo H—sensitive
glycans after treatment with a-mannosidase; (C) desialylated endo
H—sengitive glycans after treatment with 3-galactosidase from
D.pneumoniae. Numbers (OM5-9) with arrows indicate the elution volumes
of oligomannosidic oligosaccharide standard alditols Mans-gGIcNACOH;
M, My, elution volumes of hybrid-type oligosaccharide standard aditols
GalB4GIcNAcB2Mana3[Mana3Mana6]Man34GIcNACOH and
Gal34GIcNAcB2Mana3[Mana3(Mana6)Mana 6] ManB4GIcNACOH,
respectively; I, 11, elution volumes of ManpB4GIcNACcOH and
GalBAGIcNAcB2Mana3Manf4GIcNACOH. * in (C), unidentified product.

change after digestion with B-gaactosidase, indicating the
presence of incomplete species without any galactosyl residue.
Because of their elution properties, it may be further concluded
that they were aso lacking, to a certain extent, outer GICNAC
residues. Since these glycans represented only minor constitu-
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Fig. 5. Chromatographic profiles of neutral and desiaylated complex-type
glycans from human V E-cadherin. Oligosaccharide fractions obtained after
preparative anion-exchange HPLC ((A), FO, (B), F1, (C), F2, (D), F3) were
enzymatically desialylated and separated by HPAEC under the same
conditions asin Figure 4. (E-H) The same fractions asin (A-D) after
treatment with B-galactosidase from D.pneumoniae. Numbers (IM3-6) with
arrows indicate the elution volumes of isomaltooligosaccharides with 3-6
glucose units; 2, 2b, 3, 3', 4, elution volumes of fucosylated diantennary,
bisected diantennary, 2,4-branched (3) and 2,6-branched (3") isomers of
triantennary and tetraantennary oligosaccharide standard dditols; 2g, 3g, 49,
elution volumes of the respective agalacto oligosaccharide standards (after
degalactosylation, the two triantennary isomers and the bisected diantennary
species codlute at 3g).

ents, they were not further analyzed. The structural conclusions,
drawn from the analytical data described, are summarized in
Tablel.

Distribution of sialic acids and junctional cell adhesion
molecules in endothelial cellsin situ and in culture

Based on the glycosylation data described above, thelocalization
of siaic acids and Ca2*-dependent VVE-cadherin was studied in
endothelial cells of the human umbilical vein and arteriesin situ
aswell asinculture(Figures6, 7). Asacontrol, Ca2*-independent
PECAM-1 was dso localized (Figure 8). Digoxigenin labeled
MAA- and SNA-lectins, used together or individually (MAA
bindsto a2,3-linked and SNA bindsto a2,6-linked sidic acids),
stained the intercellular junctions as well as surface proteins of
endothelial cdlsin situ (Figure 6) and in culture (Figures 7, 8).
Sidlic acids, found at interendothelial junctions, largely colocal-
ized with VE-cadherin in a not interrupted continuous pattern in
endothelia cells of human umbilical vein and arteries in situ
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Table|. Structures proposed for the major oligosaccharide fractions obtained from human VE-cadherin

Fraction oligosaccharide structure sialic acid substitution pattern Molar ratio
a2-3 a2-6 (mo1/100 mol)
Mano2Mana67
Mano67
H3 Mano2Mana3’  ManB4GIcNACOH - - 9
Mana2Mano2Mano3-
Mano6]
H1 Mano3? ManB4GlcNACOH 1 20
GalP4GlcNAcp2Mana3?
Mana6]
Mana6] .
H2 Mana3” ManB4GlcNACOH 1 8
GalB4GleNAcp2Mana3?
F01 Galp4GlcNAcp2Mana6 Fuca6] - -
F11 ManB4GIcNAcB4GIcNACOH - Lo 40
F21 Galp4GIcNAcp2Mano3 1(-) 12)
GlcNACcB6/47
F02 GIlcNAcB2Mana6/31 Fuca6 - -
F12 (GalB4),., ManB4GlcNAcB4GleNAcOH - 1 6
GlcNAcp2Mana3/67 ‘
GalB4GlcNAcB6/47
F13 GalB4GlcNAcB2Mana6/31 Fuca6 - 1 .
F31 Manf4GlcNAcP4GIcNACOH 12) 2 9
GalB4GlcNAcB2Mano3/6”
GalB4GIcNACB6T
GalB4GlcNAcB2Mana6] Fuca6 .
F32 ManB4GlcNAcB4GIcNACOH 1(2) 2(1) 1
Galp4GIcNAcp2Mana3?
Galp4GlcNAcp4’

Structures were deduced from the analytical results in accordance with the general rules of mammalian glycoprotein-N-glycan architecture
(Vliegenthart and Montreuil, 1995; Sharon and Lis, 1997). The molar ratios were roughly estimated from the distribution of 3H radioactivity

incorporated into GIcNAc assuming a uniform labeling.
4 _inkage position of sialic acid not assigned.
bBoth sialylation variants possible.

(Figure 6) and in culture (Figure 7). In addition, at overlapping
junctional areas of adjacent highly confluent endothelial cells a
netlike distribution of VE-cadherin was observed (Figure
7A,B,D,E) that, again, largely colocalized with MAA/SNA-
staining (Figure 7B1,D1,E1). This netlike structure has not been
described before and represents a highly ordered VE-cadherin
organizetion only observable in confluent endothelial cell
cultures. Therefore, we termed it VE-cadherin superstructure.
Double labeling of VE-cadherin and catenins also displayed a
codistribution of this highly organized structure (not shown).
PECAM-1, labeled with a monoclona antibody, partialy colo-
calized with MAA/SNA but to alesser extent than VE-cadherin

(Figure 8C,D). This was further confirmed by seria optica
z-sections using confocal laser microscopy. Whereas sidic acids
and VE-cadherin were primarily localized within the apical area
of intercellular junctions, PECAM-1 appears to reside predomi-
nantly at the basal side (data not shown).

Effect of extracellular Ca2*-depletion on sialic acid
distribution

To investigate whether junctional staining with MAA/SNA was
mediated by siaic acids linked to Ca?*-dependent molecules,
Ca2*-depletion experiments were performed. Incubation of cell
monolayers with 3 mM EGTA for 30 min (leading to an
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VE-cadherin

Fig. 6. Colocalization of sidic acids, VE-cadherin and filamentous actin in
endothelial cells of intact human umbilical veinsin situ using confocal laser
microscopy. Double staining of sidic acids (labeled by MAA/SNA) and
VE-cadherin (Iabeled by a monoclonal antibody) (A, B) aswell assaic
acids and actin filaments (stained by FITC-labeled phalloidin) (C, D). Both,
VE-cadherin and the junctional located actin filaments display a
codistribution with sidic acids (arrowsin A and B aswell asin C and D
point to the very same cells). Scale bar, 20 um.

extracellular Ca2*-concentration of <10~ M) caused a complete
absenceof VE-cadherin and an almost compl ete disappearance of
the MAA/SNA staining from interendothelia junctions (Figure
7C,C1) whereas PECAM-1 remained unchanged (Figure 8A,B).
A very wesk junctional staining of sialic acids, |eftover after
Ca?*-depletion (Figure 7C1, 8A), might be caused by the
remaining PECAM-1 and/or additional Ca2*-independent com-
ponents. After recalcification (1.8 mM of extracellular Ca2¥),
VE-cadherin and MAA/SNA staining completely reappeared at
thejunctionswithin 30 min (Figure 7D,D1,E,E1). Thesefindings
areinlinewith previous observations showing a reappearance of
VE-cadherin within 5 min after recalcification (Ayalon et al.,
1994; Dejana et al., 1995; Schnittler et al., 1997). They further
indicate that sialic acids located at the interendothelia junctions
are predominantly bound to Ca2*-dependent molecules, pre-
sumably VE-cadherin. Preabsorption of MAA/SNA lectinswith
dalylated pig stomach type 11 mucin completely abolished the
lectin staining in all experimental approaches.

Effect of sialic acid removal on VE-cadherin organization

Treatment of cultured endothelial cells with sidlidase caused a
completeloss of sidic acids from both the intercellular junctions
and cell surface proteins without a loss of monolayer integrity.
This was revealed by double-staining of sialidase treated cells
with MAA/SNA-lectins and anti-PECAM-1 antibodies (Figure
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8E,F). Under these conditions, V E-cadherin changed its continu-
ous junctiona distribution to alargely scattered morphology but
was till localized at interendothelial junctions. Importantly, the
VE-cadherin superstructure largely disappeared showing small
protein clusters of various sizes indicating a loss of latera
adhesion between VE-cadherin molecules (Figure 7A,Al).
Similar results were obtained when sididase treatment was
carried out in the presence of protease inhibitors ruling out that
this observation might be due to contaminant proteolytic
activities of the enzyme used (data not shown). In contrast,
PECAM-1-immunostaining was completely maintained after
dalidase treatment (Figure 8F) and demonstrated an intact
endothelial cell monolayer in which the cells remained attached
to each other.

Discussion

The structural characterization of the sugar chains of human
V E-cadherin was based on chromatographic profiling by anion-
exchange HPLC, HPAEC, and gd filtration in combination with
exoglycosidase digestions. Since the separation systems used
relied on different physicochemical parameters, comparison of
the chromatographic datawith those of oligosaccharide standards
with known structures allowed a first structural assignment.
Although anomeric configurations and linkage positions of the
respective monosaccharide units were only unraveled in the case
of saic acid, gaactosyl- and, in part, mannosyl residues,
structures could be postulated on the basis of the general rules of
mammalian glycoprotein-N-glycan architecture (Vliegenthart
and Montreuil, 1995; Sharonand Lis, 1997). Theresultsrevealed
that human VE-cadherin is substituted predominantly (CH0% of
total glycans) by sidylated diantennary complex-type glycansin
addition to about 28% of sialylated hybrid-type species. Higher
branched N-glycans, i.e., triantennary and, especially, tetraanten-
nary chains aswell as high mannose-type oligosaccharides were
less abundant. Our data provided no evidence for the presence of
oligosaccharides carrying “bisecting” GICNAC as it has been
shown by Nguyen and coworkersfor bovine capillary endothelial
cell carbohydrates (Nguyen et al., 1992). Sincethe assignment of
glycan structures is solely based on their chromatographic
properties, however, the presence of small amountsof (eventualy
incomplete) bisected oligosaccharides cannot be completely
ruled out. In conclusion, natural human V E-cadherin appears to
be mainly decorated with carbohydrates of restricted branching
pattern.

The high degree of daylated oligosaccharide structures
prompted us to visudize saic acid residues at the surface of
endothdlid cells by lectin staining with MAA and SNA. Besides
labeling of cell surface proteins, interendothelia junctions were
strongly stained by these lectins which are specific for a2,3- and
02,6-linked sdic acids. Thejunctional appearance of MAA/SNA-
labeling waslargely restricted to V E-cadherin (observed by double
labeling) whereass PECAM-1 appeared more extendent at the
junctions both in vivo and in culture. In addition, athough
endothdid cells are thin reaching seldom more than 3 pm in
height, the use of confoca laser microscopy alows a rough
localization with a resolution of 0.5 um. By this technique,
V E-cadherin immunofluorescence aswell asMAA/SNA-labeling
appeared predominantly at the apica pole of the junctionswhereas
PECAM-1 was primarily located at the basal pole. Thisisin line
with previoudy published data obtained by immunoelectron
microscopy demonstrating a basal localization of PECAM-1 and
an gpica locaization of VE-cadherin within the interendothelia
junctions (Aydon et al., 1994). Furthermore, Ca2*-depletion
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MAA/SNA

MAA/SNA  VE-cadherin

Fig. 7. VE-cadherin superstructure in highly confluent endothelial cultures and the effects of extracellular Ca2*-depletion and sidic acid removal. Labeling of
VE-cadherin by monoclonal antibody (A, A1) and double labeling of VE-cadherin by monoclona antibody (B—E) and sialic acids by MAA/SNA (B1, C1, D1,
E1) under control conditions (A, B, B1), after treatment with sialidase (A1), after treatment with 3 mM EGTA, [Ca2*l < 10~7 M, for 30 min (C, C1), and after
recalcification, [Ca2*] 1.8 mM, for 30 min following EGTA treatment (D, D1, E, E1). Note, highly confluent cultures display a netlike VE-cadherin organization
(“superstructure”) a overlapping intercellular junctions between two adjacent cells (A) and at triangles between three or more cells (B). VE-cadherin isin general
largely codistributed with sidic acids (B, B1). Removal of sidic acids caused aloss of the continuous V E-cadherin staining including a disappearance of the
VE-cadherin superstructure (A1). Treatment with 3 mM EGTA completely abolished junctional Iabeling of VE-cadherin and largely the MAA/SNA staining (C,
C1) that completely reappeared after recalcification including the VE-cadherin “superstructure” (D, D1, E, E1). Arrows and arrowheads indicate the same
structures in corresponding double labeled figures. Identical stars mark the same cell. Scale bars: A-B1, 2.5 ym; C-D1, 20 um; E, E1, 10 pm.

experiments showed that the junctional presenceof sidic acidsas
well asthe presence of VV E-cadherin wasreversibly dependent on
extracellular Ca2*-concentration whereas the junctional localiz-
ation of PECAM-1 remained completely unchanged under all
conditions. Additionaly, it has been shown that V E-cadherin but
not N-cadherinisclustered at theintercellular junctions (Salomon
et al., 1992; Navarro et al., 1998). Hence, it may be assumed that
junction located sidic acids might be primarily bound to
VE-cadherin, which is in agreement with the carbohydrate
analyses of purified VE-cadherin. The remaining weak MAA/

SNA staining after Ca2*-depletion might be related to Ca2*-inde-
pendent molecules such as PECAM-1.

In highly confluent cultures of human umbilical vein and
artery endothelial cells, VE-cadherin appeared in an undisturbed
continuous band along theinterendothelia junctions. At overlap-
ping endothelia cell junctions, a netlike VE-cadherin organiz-
ation wasvisualized. Thisnetwork can be considered asextended
V E-cadherin clustersand isassumed to considerably increasethe
interendothelial adhesion properties. It hasbeen shown by crystal
structural analysis that cadherins are obviously organized as
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MAA/SNA

PECAM:-|

1.8 mM Ca 2t

Sialidase

Fig. 8. Localization of sidic acids and PECAM-1 after extracellular Ca2*-depletion, recalcification, and sialidase trestment in cultured human umbilical vein
endothelia cells. Double labeling of siaic acids by MAA/SNA (A, C, E) and PECAM-1 by monoclonal antibody (B, D, F) after treatment with EGTA, [Ca2*]
<10~" M, for 30 min (A, B), recalcification, [Ca2*] = 1.8 mM, for 30 min after EGTA treatment (C, D), or sialidase trestment for 60 min (E, F). MAA/SNA
lectins are partidly codistributed with PECAM-1 but there are also areas that are stained by PECAM-1 but not by MAA/SNA (C, D, arrowheads). In contrast to
VE-cadherin (compare Figure 7) PECAM-1 remained completely unchanged after EGTA (B) or sialidase trestment (F). Note, MAA/SNA labeling was almost
lost in the presence of EGTA. Only awesk MAA/SNA label was observed after EGTA treatment (A, arrows). A complete loss of MAA/SNA-labeling was

registered after sialidase treatment (E). Starsindicate same cells. Scale bars, 20 um.

“paralle strand dimers” that interact with“ parall € strand dimers”
of opposite cells (adhesion dimers) forming a zipper-like
structure (Shapiro et al., 1995ab). The formation of such a
superstructure possibly requires lateral association of the as-
sumed cadherin strand dimers that might be influenced by
carbohydrate residues. The discussion on the contribution of
glycan chains to V E-cadherin function, however, is still contra-
dictory. Yoshimura and co-workers (Yoshimura et al., 1995,
1996) provided evidence for a functional role of E-cadherin
glycosylation in that murine melanoma B16-hm cellstransfected
with the (B1-4)-N-acetylglucosaminyltransferase (GnT-lI1)
cDNA showed a higher expression of E-cadherin at cell—cell
contacts than control cells. Since the presence of bisecting
GIcNAC residues is known to block further branching of
glycoprotein-N-glycans (Schachter, 1986, 1995; Fujii et al.,
1990), respective glycans can be assumed to remain predomi-
nantly in the diantennary state. Therefore, the authors conclude
that the reduced branching pattern of E-cadherin glycans, induced
by ectopically expressed GnT-111, might be responsible for an
elevated expression at the cell—cell border. Thisobservationisin
good agreement with our results revealing mainly diantennary
and hybrid-type glycans on natural VE-cadherin. On the other
hand, it hasbeen observed that E-cadherin containing F9 cdl I still
aggregate after tunicamycin treatment suggesting a glycan
independent E-cadherin adhesive function (Shirayoshi et al.,
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1986). Our datashow that sialidasetrestment of living endothelial
cells caused a dignificant change in VE-cadherin cdlular
organization. Under these conditions, VV E-cadherin till appeared
at interendothelial junctions but displayed a scattered immuno-
fluorescence pattern including the disappearance of its super-
structure. In contrast, PECAM-1 underwent no morphological
changes. Thus, the results described may at least suggest an
involvement of sidic acid residues in the structural organization
of VE-cadherin. Thequestion, asto whether thisfinding depends,
in fact, on sidic acid residues linked to VE-cadherin glycans,
remains open sincewe cannot excludethat removal of sialicacids
from the cell surface may cause indirect effects on VE-cadherin
organization, as well.

In conclusion, our results demonstrate that (1) VE-cadherinis
substituted with oligosacchari de side chains of reduced branching
pattern which are highly siaylated, (2) siaic acids present at
interendothelial junctions are predominantly bound to Ca2*-de-
pendent molecules, (3) sdic acids arelargely codistributed with
V E-cadherin molecules, and (4) V E-cadherin superstructural - but
not PECAM-1-organizationislost after sialidase treatment. From
the above results, one might speculate that \V E-cadherin glycan
chains represent the backbone for the presentation of sidic acids
which might be involved in Ca?*-binding and, thus, in the
maintenance of the rod-like VE-cadherin structure and its super-
structural organization. Further studies are required, however, to



definitely prove the influence of carbohydrate substituents on
V E-cadherin function.

Materials and methods
Cdll culture

Human umbilical vein endothelia cells (HUVEC) were harv-
ested and cultured as previoudy described (Schnittler et al.,
1993b). HUVEC were cultured in Medium 199 (Gibco, Eggens-
tein, Germany) supplemented with 20% pooled human serum
obtained from healthy donors of the local blood bank, 50 pg/ml
streptomycinsulfate and 50 U/ml penicillin G (Sigma, Deisen-
hofen, Germany). HUVEC were seeded on glass coverdips
coated with cross-linked gelatin as described (Schnittler et al.,
1993a). Cellsfromthefirst and second passageswere used for the
experiments.

Antibodies, lectins, and immunofluorescence staining

Monoclonal mouse antibody to VE-cadherin were purchased
from Biermann GmbH (Bad Nauheim, Germany), polyclonal
rabbit antibody to pan cadherin (known to cross-react with a
cytoplasmic carboxyterminal domain of classical cadherins), and
FTC-labeled and TRITC-labeled phalloidin was from Sigma
(Deisenhofen, Germany), and to PECAM-1 from R&D Systems
(Wiesbaden, Germany). Digoxigenin-labeled MAA (from Maak-
iaamurensis), SNA (from Sambucus nigra), and TRITC-labeled
sheep anti-digoxigenin antibody were obtained from Boehringer
(Mannheim, Germany). Fluorescein isothiocyanate- (FITC),
tetramethyl isothiocyanate- (TRITC), and cyanine 3- (Cy3)
|abeled secondary antibodieswerefrom Dianova (Hamburg). For
lectin, antibody, and phalloidin labeling, fresh human umbilica
cord vessels were canulated and perfused with Medium 199 to
remove blood components and subsequently fixed with 2%
formadehyde in phosphate-buffered saline (PBS containing
137 mM NaCl, 27 mM KCI, 81 mM NgHPO4 1.5 mM
KH2POy4; pH 7.4). Arteries and veins were cut out and further
processed for lectin and antibody labeling as described below.
Cultures of human umbilical vein and artery endothelial cells
were washed with serum free Medium 199 and subsequently
fixed in 2% formaldehyde dissolved in PBS. Pieces of umbilical
veins, arteriesaswell ascultured cells, werewashed severd times
with PBS and permeabilized with 0.1% Triton X-100 (Sigma).
Samples were incubated with 1ug/ml digoxigenin labeled
MAA/SNA or phalloidin for 10 min at room temperature or with
mouse monoclonal antibodies directed to VE-cadherin (diluted
1:50 with PBS) or PECAM-1 (diluted 1:50 with PBS) overnight
(4°C). Samples were then washed with PBS and incubated for
60 min with FITC- or Cy3-labeled goat anti-mouse IgG or
TRITC-labeled sheep anti digoxigenin Fab fragments. For
double-labding of lectins (MAA and SNA) and specific anti-
bodies directed to VE-cadherin aswell as PECAM-1, cellswere
fixed with 2% formaldehyde and incubated contemporary with
MAA/SNA and the appropriate primary and secondary anti-
bodies as described above. After several washes with PBS
(15 min), the coverdips were mounted on glass dlides covered
with 60% glyceral and 1.5% n-propylgallate as an antifading
substance. To verify that lectin staining at interendothelial
junctionswasspecificfor sidicacids, typelll mucinfrom porcine
stomach (Sigma, Deisenhofen, Germany) was used for preab-
sorption of MAA and SNA lectins.

Characterization of vascular endothelial cadherin glycans

Ethylene glycol-bis(3-aminoethyl ether)-N,N,N',N'-tetraacetic
acid (EGTA) treatment

EGTA treatment was performed as described elsewhere
(Schnittler et al., 1997). Briefly, cdlls were treated with 3 mM
EGTA dissolved in Medium 199 supplemented with 1% of
human albumin essentially free of fatty acids and globulins. The
free [Ca?*] was calculated using a Ca2* calculation program
(Fohr et al., 1993) and was <10~/ M in al media. The pH was
adjusted to 7.4 in EGTA stock solution (300 mM) with 5 M
NaOH.

Salidase treatment of endothelial monolayers

Sididase treatment was performed according to a protocol
described previoudy (Krempl et al., 1997). Briefly, cell mono-
layerswere three times washed with Medium 199 containing 1%
of immunoglobulin- and fatty acid-free human albumin (Sigma,
Deisenhofen, Germany) or 10% of serum and subsequently
incubated with highly purified sididase from Clostridium
perfringens (Sigma, Deisenhofen, Germany) at 200 mU/ml for
60 min at 37°C, and subsequent experiments were performed in
the presence of sididase. Sialidase treatment was also performed
in the presence of protease inhibitors (aprotinin, pepstatin, and
leupeptin, 20 pg/ml each). Under all experimental conditions
(presence or absence of serum or inhibitors) sialidase treatment
caused a complete loss of siaic acids from the cells.

Metabolic labeling

Carbohydrate substituents were labeled according to a protocol
described previoudy (Geyer et al., 1992). Briefly, HUVEC of
passages zero and one were cultured in 75 cm? culture flasks
(10x) to confluence. Prior to metabolic labeling, monolayers
were washed in glucose-deficient Medium 199 (Biochrom,
Berlin, Germany), supplemented with 1.8 g/l fructose, 10%
pooled human serum (obtained from healthy donors of the local
blood bank and didyzed against glucose-free Medium 199),
50 pg/ml streptomycinsulfate, and 50 U/ml penicillin G, and
further cultivated for 2 h. Cells were washed again and
subsequently labeled with 20 pCi/ml p-[6-3H]glucosamine
(Amersham Buchler, Braunschweig, Germany). After alabeling
period of 20 hin glucose-deficient medium, cultureswerewashed
with PBS (3 x 20 ml, 4°C) followed by a brief rinse with Triton
X-100-free extraction buffer (see below).

Cdl extraction

All stepswereperformed at 4° C, and buffersused contained 1 mvi
phenylmethylsulfonyl fluoride, 25 pg/ml leupeptin, 25 pg/ml
aprotinin, and 25 pg/ml pepstatin (Sigma). For cell extraction,
500 pl of extraction buffer (20 mM TrigHCI, 150 mM NaCl,
1 mM CaCly, 0.04% sodium azide, 1% Triton X-100, pH 8) were
used for one 75 cm? culture flask. After 15 min of incubation,
cells were scraped off the substratum using a rubber policeman.
Subsequently, samples were centrifuged for 5 min at 14,000 x g.

Enzymatic digestion of total cell extracts

Carbohydrate substituents of VE-cadherin were investigated by
Western bl otting beforeand after PNGaseFand endo H digestion.
HUVEC were scraped from culture flasksin 1 ml Medium 199
containing 20% pooled human serum, 25 pg/ml leupeptin,
25 ug/ml aprotinin, and 25 pug/ml pepstatin at 4°C. After two
washes with serum-free Medium 199 cells were extracted with
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buffer (0.1% SDS, 0.5% octylglycoside, 0.5% [3-mercaptoetha
nol), sonificated for 30 s, boiled for 5 min, and then centrifuged
for 5 min at 8000 x g. For digestion with PNGase F from
Flavobacterium meningosepticum, aliquots of the supernatants
were adjusted to 50 mM sodium acetate, 5 mM EDTA, 0.04%
sodium azide (pH 7), and 10 U/ml PNGase F using stock
solutions. Samples were incubated at 37°C for 48 h. After 24 h,
PNGase F (10 U/ml) was added again. Control experimentswere
performed with water instead of enzyme. Treatment with endo H
from Streptomyces griseus was performed in the sameway using
100 mU/ml endo H at pH 5.5.

Purification of VE-cadherin

VE-cadherin was isolated from the supernatants of cell extracts
by immunoprecipitation using mouse monoclonal VE-cadherin
antibody (20 pg) coupled to Protein G Sepharose beads (75 p;
Pharmacia, Upsala, Sweden). After incubation over night under
continuous rotation, the Sepharose beads were washed three
times with 2 ml washing buffer 400 (50 mM TrigHCI; 400 mM
NaCl, 1 mM CaCl,, 0.04% sodium azide, 0.05% Triton X-100,
1 mg/ml ovalbumin, pH 8.4) and one time with washing buffer
150 (50 mM TrigHCI, 150 mM NaCl, 1 mM CaCl, 0.04%
sodium azide, 0.05% Triton X-100, 1 mg/ml ovalbumin, pH 8.4).
Samples were dissolved in sample buffer, boiled for 5 min, and
applied to preparative SDS-polyacrylamide gels (10% polyacryl-
amide) (Schnittler et al., 1990). After electrophoresis, SDS gels
were dried and radiolabeled protein bands were detected by
fluorography. Gel segments containing VE-cadherin were ex-
cised. Western blots were exactly performed as described
previoudly (Schnittler et al., 1990).

In-gel proteolytic digestion

Theexcised gel piecesfromthree SDSgels(22 dotsintotal) were
cut into pieces of about 1 mm?, extensively washed with
twice-digtilled water, and completely dried in a SpeedVac
concentrator. Dried gel pieces were suspended in 50 pl of
acetonitrile and 500 pl of 50 mM Tris/HCI, pH 8.0, containing
1.2 ug of endoproteinase Asp-N from Pseudomonasfragi mutant
(Boehringer, Mannheim, Germany). After overnight incubation
at 35°C, again 20 ul of acetonitrile and 200 ul of buffer with
enzyme (1 pg) were added and incubated at room temperature for
further 24 h. Glycopeptides were recovered from the gel pieces
by removing the incubation buffer and washing gel pieces five
times with 10 mM Tris/HCI buffer and sonication. Combined
supernatants were lyophilized and desalted by gel filtration.

Isolation of oligosaccharides

N-Linked glycans were released from glycopeptides by sequen-
tia treatment with endo H from Streptomyces plicatus and
PNGase F from Flavobacterium meningosepticum (both from
Boehringer), separated from residual (glyco)peptides, reduced,
and desalted as described previoudy (Strube et al., 1988; Geyer
et al., 1992; Geyer and Geyer, 1993).

Chromatographic procedures

Desdlting of glycopeptides and free oligosaccharides by Bio-Gel
P-2 chromatography or by ion-exchange chromatography using
a mixed-bed resin (Amberlite AG-MB3; Serva, Heidelberg,
Germany), separation of oligosaccharides from (glyco)peptides
by RP-HPLC at pH 6.0, fractionation of glycans by anion-
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exchange HPLC using a Mikropak AX-10 column (Varian,
Walnut Creek, CA) and by HPAEC using a CarboPak PA-100
column (Dionex, Sunnyvale, CA) as well as gdl filtration on a
Bio-Gel P-4 column were performed as described previously
(Strubeet al., 1988; Geyer and Geyer, 1993; Liedtkeet al., 1994).
Radiolabeled monosaccharide components were identified by
HPAEC as detailed previoudy (Geyer et al., 1992).

Degradation of oligosaccharides

Glycanswere enzymatically digested with sidlidases from Mibrio
cholerae (Behringwerke, Marburg, Germany) or Newcastle
diseasevirus (Oxford GlycoSystems, Abingdon, UK), B-gal acto-
sidase from Diplococcus pneumoniae, and o-mannosidase from
jack beans (Boehringer) using the same conditions as described
previoudly (Geyer etal., 1992; Liedtkeet al., 1997). For mild acid
hydrolysis, glycans were hydrolyzed in 500 pl of 1 N trifluo-
roacetic acid for 30 min a 80°C and dried in a SpeedVac
concentrator. Residual acid was removed by addition of 2 x 1 ml
of methanol and evaporation under vacuum.

Acknowledgments

We are grateful to Martina Koch and Anne Horstkétter for
excellent technical assistance. This work was supported by the
Deutsche Forschungsgemeinschaft (Sonderforschungsbereich
535, Project Z1; Sonderforschungsbereich 355, Project B5; and
Grant Schn 430/2-1). The Cacium Calculation Program was
kindly provided by M.Gratzl (University of Miinchen, Germany).

Abbreviations

Cy3, cyanine 3; EGTA, ethylene glycol-bis(3-aminoethyl
ether)-N,N,N',N'-tetraacetic acid; endo H, endo-3-N-acetylglu-
cosaminidase H from Streptomyces plicatus, FITC, fluorescein
isothiocyanate; Fuc, fucose; Gal, galactose; GIcNAc, N-ace-
tylglucosamine; GICNACcOH, N-acetylglucosaminitol; HUVEC,
human umbilical vein endothelia cells; MAA, Maakiaamurensis
agglutinin; Man, mannose; HPAEC, high-pH anion-exchange
chromatography; PECAM-1, platelet endothelial cell adhesion
molecule; PNGase F, peptide-N4-(N-acetyl-B-glucosaminyl)as-
paragine amidase F from Flavobacterium meningosepticum;
RP-HPLC, reverse-phase HPL C; SNA, Sambucus nigra aggluti-
nin; TRITC, tetramethylrhodamineisothiocyanate; VE-cadherin,
vascular endothelia cadherin.

References

AberleH., Schwartz,H. and Kemler,R. (1996) Cadherin—catenin complex: protein
interactionsand their implicationsfor cadherin function. J. Cell. Biochem., 61,
514-523.

Ayaon,O., Sabanai,H., Lampugnani,M.G., DejanaE. and Geiger,B. (1994)
Spatia and tempord relationships between cadherins and PECAM-1 in
cell—cell junctions of human endothelid cells. J. Cell. Biol., 126, 247-258.

Breviario,F,, Cavedal., CoradaM., Martin-Padural., Navarro,R, Golay,J.,
Introna,M., Gulino,D., Lampugnani,M.G. and Dejana,E. (1995) Functional
properties of human vascular endothelial cadherin (7B4/cadherin-5), an
endothelium-specific cadherin. Arterioscler. Thromb. \asc. Biol., 15,
1229-1239.

DejanaE. (1996) Endothelid adherens junctions: implications in the control of
vascular permeability and angiogenesis. J. Clin. Invest., 98, 1949-1953.
DeganaE., CoradaM. and Lampugnani,M.G. (1995) Endothelia cell-to-cell

junctions. FASEB J., 9, 910-918.

Del Maschio,A., Zanetti,A., Corada,M., Rival,Y., Ruco,L ., Lampugnani,M.G. and
Dejana,E. (1996) Polymorphonuclear leukocyte adhesion triggers the disor-
ganization of endothelia cell-to-cell adherens junctions. J. Cell. Biol., 135,
497-510.



Feldmann,H., Bugany,H., Mahner,F, Klenk,H.D., Drenckhahn,D. and
Schnittler,H.J. (1996) Filovirus-induced endothelial leskage triggered by
infected monocytes/macrophages. J. iral., 70, 2208-2214.

Fohr,K.J., Warchol ,W. and Gratzl,M. (1993) Cdculation and control of free
divalent cations in solutions used for membrane fusion studies. Methods
Enzymol., 221, 149-157.

FrankeW., CowinW.P, Grund,C., Kuhn,C. and Kapprell,H.-P. (1988) The
endothdial junction. The plague and its components. In- Simionescu,N. and
Simionescu,M. (eds.), Endothelial Cell Biology in Health and Disease.
Plenum, New York, pp. 147-166.

Franke, W.W., Goldschmidt,M.D., Zimbelmann,R., Mueller,H.M., Schiller,D.L.
and Cowin,P. (1989) Molecular cloning and amino acid sequence of human
plakoglobin, the common junctional plague protein. Proc. Natl. Acad. ci.
USA, 86, 4027-4031.

Fujii,S., Nishiura T., NishikawaA., Miura,R. and Taniguchi,N. (1990) Structural
heterogeneity of sugar chains in immunoglobulin G. Conformation of
immunoglobulin G molecule and substrate specificities of glycosyltransfer-
ases. J. Biol. Chem,, 265, 6009-6018.

Geyer,R. and Geyer,H. (1993) | solation and fractionation of glycoprotein glycans
in small amounts. Methods Mol. Bial., 14, 131-142.

Geyer,R., Geyer,H., EggeH., Schott,H.H. and Stirm,S. (1984) Structure of the
oligosaccharides sensitive to endo-beta-n-acetylglucosaminidase H in the
glycoprotein of Friend murine leukemia virus. Eur. J. Biochem., 143,
531-539.

Geyer,H., Will,C., Feldmann,H., Klenk,H.D. and Geyer,R. (1992) Carbohydrate
structure of Marburg virus glycoprotein. Glycobiology, 2, 299-312.

Jou,T.S,, Stewart,D.B., Stappert,J., Nelson,W.J. and Marrs JA. (1995) Genetic
and biochemical dissection of protein linkages in the cadherin—catenin
complex. Proc. Natl. Acad. Sci. USA, 92, 5067-5071.

Klymkowsky,M.W. and Parr,B. (1995) The body language of cells: the intimate
connection between cell adhesion and behavior. Cell, 83, 5-8.

Kobata,A. (1979) Use of endo- and exoglycosidases for structura studies of
glycoconjugates. Anal. Biochem., 100, 1-14.

Krempl,C., Schultze,B., Laude,H. and Herrler,G. (1997) Point mutationsin the S
protein connect the sialic acid binding activity with the enteropathogenicity of
transmissible gastroenteritis coronavirus. J. Miral., 71, 3285-3287.

Lampugnani,M.G., Resnati,M., Raiteri,M., Pigott,R., PisacaneA., Houen,G.,
Ruco,L.P. and DejanaE. (1992) A novel endothelial-specific membrane
protein is a marker of cell—ell contacts. J. Cell Bial., 118, 1511-1522.

Lampugnani,M.G., Corada,M., Caveda,L ., Breviario,F.,, Ayalon,0O., Geiger,B. and
DejanaE. (1995) The molecular organization of endothelial cell to cell
junctions: differential association of plakoglobin, beta-catenin and alpha-cate-
nin with vascular endothelial cadherin (VE-cadherin). J. Cell Biol., 129,
203-217.

Lampugnani,M.G., CoradaM., Andriopoulou,P, Esser,S., Risau,W. and Dea
na,E. (1997) Cell confluence regulates tyrosine phosphorylation of adherens
junction components in endothelia cells. J. Cell <ci., 110, 2065-2077.

LevaleJM., BaouK., Desreux,)., Mared,M., DejanaE., Noed ,A. and Foi-
dart,JM. (1997) Alteration of interendothelia adherens junctions following
tumor cell-endothelial cell interaction in vitro. Exp. Cell Res., 237, 347-356.

Liedtke,S., Adamski,M., Geyer,R., Pfutzner,A., Rubsamen-Waigmann,H. and
Geyer,H. (1994) Oligosaccharide profiles of HIV-2 external envelope
glycoprotein: dependence on host cells and virus isolates. Glycobiology, 4,
A477-484.

LiedtkeS., Geyer,R. and Geyer,H. (1997) Host-cell-specific glycosylation of
HIV-2 envelope glycoprotein. Glycocon. J., 14, 785-793.

Moall,T., Dgana,E. and Vestweber,D. (1998) In vitro degradation of endothelia
catenins by a neutrophil protease. J. Cell Bial., 140, 403-407.

Navarro,P, Ruco,L. and Dejana,E. (1998) Differentia localization of VE- and
N-cadherins in human endothelia cells: VE-cadherin competes with N-cad-
herin for junctiona localization. J. Cell Biol., 140, 1475-1484.

Nguyen,M., Folkman,J. and Bischoff,J. (1992) 1-Deoxymannojirimycin inhibits
capillary tube formation in vitro. Analysis of N-linked oligosaccharides in
bovine capillary endothelial cells. J. Biol. Chem., 267, 26157-26165.

Rabiet,M.J,, Plantier,J.L., Riva,Y., Genoux,Y., Lampugnani,M.G. and DegjanaE.
(1996) Thrombin-induced increase in endothelial permeability is associated
with changesin cell-to-cell junction organization. Arterioscler. Thromb. Vasc.
Biol., 16, 488-496.

Characterization of vascular endothelial cadherin glycans

Sadomon,D., Ayalon,O., Patel-King,R., HynesR.O. and Geiger,B. (1992) Extra-
junctiona distribution of N-cadherin in cultured human endothelia cells. J.
Cdl i, 102, 7-17.

Schachter,H. (1986) Biosynthetic controls that determine the branching and
microheterogeneity of protein-bound oligosaccharides. Biochem. Cell Bial.,
64, 163-181.

Schachter,H. (1995) Glycosyltransferases involved in the synthesis of N-glycan
antennae. In Montreuil,J., Vliegenthart,J.F.G. and Schachter,H. (eds.), Glyco-
proteins. New Comprehensive Biochemistry. Elsevier, Amsterdam, pp.
153-199.

Schnittler,H.J. and Feldmann,H. (1998) Molecular pathogenesis of filovirus
infections: role of macrophages and endothelia cells. In Klenk,H.-D. (ed.),
Filoviruses, Curr. Top. Microbiol. Immunol., 235, 175-204.

Schnittler,H.J., Franke,R.P, Akbay,U., Mrowietz,C. and Drenckhahn,D. (1993a)
Improved in vitro rheological system for studying the effect of fluid shear
stress on cultured cells. Am. J. Physial., 265, C289-C298.

Schnittler,H.J., Mahner,F., Drenckhahn,D., Klenk,H.D. and Feldmann,H. (1993b)
Replication of Marburg virus in human endothelid cells. A possible
mechanism for the development of viral hemorrhagic disease. J. Clin. Invest.,
91, 1301-1309.

Schnittler,H.J., Puschel,B. and Drenckhahn,D. (1997) Role of cadherins and
plakoglobin in interendothelia adhesion under resting conditions and shear
stress. Am. J. Physioal., 273, H2396-H2405.

Shapiro,L., Fannon,A.M., Kwong,PD., Thompson,A., LehmannM.S.,, Gru-
bel,G., Legrand,JF., AlsNielsenJ., Colman,D.R. and Hendrickson,W.A.
(1995a) Structura basis of cell—ell adhesion by cadherins [see comments].
Nature, 374, 327-337.

Shapiro,L., Kwong,PD., Fannon,A.M., Colman,D.R. and Hendrickson,W.A.
(1995b) Considerations on the folding topology and evolutionary origin of
cadherin domains. Proc. Natl. Acad. Sci. USA, 92, 6793-6797.

Sharon,N. and LisH. (1997) Glycoproteins. In Gabius,H.J. and Gabius,S. (eds)),
Glycosciences. Chapman & Hall, Weinheim, pp. 133-162.

Shirayoshi,Y., Nose A., Iwasaki,K. and Takeichi,M. (1986) N-Linked oligosac-
charides are not involved in the function of a cell- cell binding glycoprotein
E-cadherin. Cell Sruct. Funct., 11, 245-252.

Simionescu,M., Simionescu,N. and Paade,G.E. (1975) Segmentd differenti-
ations of cell junctionsin the vascular endothelium. The microvasculature. J.
Cell Bial., 67, 863-885.

Simionescu,M., Simionescy,N. and PaadeG.E. (1976) Segmental differenti-
ationsof cdll junctionsin the vascular endothelium. Arteriesand veins. J. Cell
Bial., 68, 705-723.

Strube,K.H., Schott,H.H. and Geyer,R. (1988) Carbohydrate structure of glyco-
protein 52 encoded by the polycythemia-inducing strain of Friend spleen
focus-forming virus. J. Biol. Chem.,, 263, 3762-3771.

Suzuki,S., Sano,K. and TaniharaH. (1991) Diversity of the cadherin family:
evidence for eight new cadherinsin nervoustissue. Cell Regul., 2, 261-270.

Takeichi,M. (1995) Morphogenetic roles of classic cadherins. Curr. Opin. Cell
Biol., 7, 619-627.

Tarentino,A.L., Gomez,C.M. and Plummer,T.H., Jr. (1985) Deglycosylation of
asparagine-linked glycans by peptide:N-glycosidase F. Biochemistry, 24,
4665-4671.

Telo,P, Breviario,F., Huber,P, Panzeri,C. and Dgjana,E. (1998) Identification of a
novel cadherin (vascular endothelial cadherin-2) located at intercellular
junctionsin endothelid cells. J. Biol. Chem., 273, 17565-17572.

Vliegenthart,J.FG. and Montreuil,J. (1995) Primary structure of glycoprotein
glycans. In Montreuil,J., Vliegenthart,J.F.G. and Schachter,H. (eds.), Glyco-
proteins. New Comprehensive Biochemistry. Elsevier, Amsterdam, pp. 13-28.

Yap,A.S,, Brieher, W.M. and Gumbiner,B.M. (1997) Molecular and functional
analysis of cadherin-based adherensjunctions. Annu. Rev. Cell Dev. Biol., 13,
119-146.

Yoshimura,M., NishikawaA., lharaY., Taniguchi,S. and Taniguchi,N. (1995)
Suppression of lung metastasis of B16 mouse melanoma by N-acetylgluco-
saminyltransferase 111 gene transfection. Proc. Natl. Acad. Sci. USA, 92,
8754-8758.

Yoshimura,M., Ihara,Y., Matsuzawa,Y. and Taniguchi,N. (1996) Aberrant glyco-
sylation of E-cadherin enhances cell-cell binding to suppress metastasis. J.
Biol. Chem, 271, 13811-13815.

925



