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ABSTRACT: Interaction of fibrin with endothelial cells stimulates capillary tube formation thus promoting
angiogenesis. This interaction occurs via endothelial cell receptor VE-cadherin angfirain 15-42
regions [Bach, T. L., et al. (1998). Biol. Chem272 30719-30728]. To clarify the mechanism of this
interaction, we expressed Escherichia colia number of recombinant fibrin(ogen) fragments containing
the 15—-42 region or the VE-cad(*2) and VE-cad(34) fragments encompassing two and four
extracellular NH-terminal domains of VE-cadherin, respectively, and tested interaction between them by
surface plasmon resonance and ELISA. Neither the recombindhtB7 or B31—64 fragments, nor
p15—-57 or 515—-64 prepared from the latter fragments by thrombin treatment to remove fibrinopeptides
B, bound the recombinant VE-cadherin fragments. At the same time, a dimeric recombinant thrombin-
treated $15—66), fragment, which had been disulfide-linked via Cys65 to mimic the dimeric arrangement
of the 8 chains in fibrin, bound VE-cad(14) well, but not VE-cad(%2); no binding was observed with

the untreated (B1—66), dimer. We next mutated several residues in the dimer, His16, Argl7, Prol8,
and Asp20, and tested the interaction of the thrombin-treated mutants with VE-eBd{i ligand blotting

and surface plasmon resonance. No binding was observed with the H16A and R17Q single mutants and
the H16P, P18V double mutant while the P18A and D20N single mutants bound VE-e§d{ith the

same affinity as the thrombin-treated wild-type dimer. These results indicate that the VE-cadherin binding
site in fibrin includes NH-terminal regions of both fibrifg-chains, that His16 and Argl7 are critical for

the binding, and that the third and/or fourth extracellular domains of VE-cadherin are required for the
binding to occur.

Fibrinogen is a plasma protein that after thrombin- gels rearranges rapidly into an extensive network of capillary-
mediated removal of its fibrinopeptides A and B spontane- like tubes 6), reinforcing the previous findinggj that fibrin
ously forms a fibrin gel that prevents the loss of blood upon itself can induce angiogenesis. The mechanism of this
vascular injury. Besides its prominent role in hemostasis, induction remains unclear.
fiorin(ogen) has been also recognized as an adhesive protein Fibrinogen is a chemical dimer consisting of three pairs
that interacts with various cell types. Fibrin gel serves as a of polypeptide chains, &, B3, andy, whose NH-terminal
provisional matrix on which various cell types adhere, portions are disulfide-linked in the central portion of the
migrate, and proliferate during different physiological and molecule 7). Fibrin-stimulated angiogenesis was found to
pathological processes. Among them is angiogenesis, orpe dependent on the thrombin-mediated exposure of the NH
formation of new blood vessels, that plays an important role terminal 15-42 portion of its chains since neither des-A
in wound healing, tissue repair, tumorigenesis, and somefibrin, in which fibrinopeptides B (residues@—14) were
cardiovascular diseaset-4). not removed, nor fibrin-325, which lacks these portions,

Angiogenesis is stimulated by numerous factors that stimulated capillary tube formatio®), A Sepharose-coupled
promote interaction of endothelial cells with each other and peptide mimicking315—42 sequence of fibrin was shown
with extracellular matrix molecules, resulting in formation to bind a 130-kDa receptor on endothelial cel). (An
of capillary tubes. It was shown that fibrin gels induce an endothelial cell receptor of similar size that interacted
angiogenic response that was enhanced when certain chemoagpecifically with the fibrin(ogen)-derived BrCN-fragment
tractants or mitogens were included in the gd&p [t was N-DSK! containing this sequence was identified later as VE-
also demonstrated that under serum-free conditions thecadherin 9). VE-cadherin (or vascular endothelial cadherin)
endothelial cell monolayer sandwiched between two fibrin is a transmembrane protein expressed by vascular endothelial
cells. It is a member of the cadherin family of cetlell
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adhesion receptors with a typical modular structure that nucleotides were used as primer&:GATGACGACCATAT-
includes cytoplasmic, transmembrane, and five homologousGCAAGGTGTCAACGACAATGAG-3 (forward primer for
extracellular domainslQ). VE-cadherin mediates celtell all fragments), 5CATCAGAAGCTTATCTTTCTAC-
contacts at intercellular junctions via homophilic interactions TTTCTTTTGAGTG-3(reverse primer for B1-57), 5-
between its extracellular domain$lj and plays a critical GGAACAAAAGCTTAGCCTCCAGCATCAGGGGCTT-
role in the maintenance and restoration of endothelium TTC-3 reverse primer for B1—64), and 5CGGAAAGCT-
integrity (12). This receptor seems to mediate fibrin- and TAGCCACAGCCTCCAGCATCAGGGGCTTTTC-3(re-
collagen-induced endothelial cell capillary tube formation verse primer for B1—66). The forward primer incorporated
since this process was inhibited by a monoclonal antibody the Ndd restriction site immediately before the coding
directed against its extracellular domaidg) Thus, inter- region; the final three bases of tiNgdd site, ATG, coded
action of VE-cadherin with fibrin through th@15—42 for the fMet initiation residue. The reverse primers included
sequence of the latter may contribute to the mechanisma TAA stop codon andHindlll restriction site. The coding
through which fibrin induces angiogenes® {3). A better sequence for BLeu66 was replaced by that coding Gly to
understanding of this interaction is required to elucidate this mimic COOH-terminus of glutathionyGlu—Cys—Gly) to
mechanism. enhance the formation of disulfide bond. The amplified

There are at least two more endothelial cell receptors CDNA fragments were digested withidd and Hindlll
besides VE-cadherin, namely, integoin8s and nonintegrin ~ restriction enzymes and ligated into pCAL-n expression
intercellular adhesion molecule-1 (ICAM-1), that were Vector. The resulting plasmids were used for transformation
implicated in interaction with different regions of fibrin(ogen) DH5a and then BL21(DE3. coli host cells. All cDNA
(14—17). In addition, fibrin may interact with endothelial ~fragments were sequenced in both directions to confirm the
cell surface proteoglycans through its heparin-binding domain integrity of the entire coding sequences. For expression of
(18). These complicate direct measurements of VE-cadherin-the B3 chain fragments, the plasmid containing BL21(DE3)
mediated interaction between endothelial cells and fibrin. To cells were grown fo2 h at 37°C in Luria broth medium
overcome this problem, we expressed in a bacterial systemcontaining 50 mg/L ampicillin, induced with 0.4 mM
variants of the Ni+erminal portion of fibrin(ogen) chain isopropyl-1-thiog-p-galactopyranoside for-45 h, harvested
containing $15—42 sequence as well as variants of VE- Dby centrifugation, and frozen.
cadherin including its two and four extracellular domains ~ Purification and Thrombin Clegage of the Recombinant
and studied the interactions between them. The resultsFibrin(ogen) FragmentsThe recombinant B1-57 and
indicate that the fully active VE-cadherin-binding domain Bp1—64 fragments were purified in a similar manner. Frozen
of fibrin must contain NH-terminal portions of bot} chains ~ cells were thawed, suspended in purification buffer (50 mM
and that the third and/or fourth extracellular domains of VE- Tris, pH 7.5, 1 mM EDTA, and 0.1 mM PMSF) containing
cadherin are required to preserve fibrin-binding activity of 1 mM DTT, sonicated, and centrifuged. The supernatant was
VE-cadherin. We also identified by site-directed mutagenesis fractionated with ammonium sulfate, and the fraction pre-
those amino acid residues in tffg¢5—42 region of fibrin cipitated between 40 and 60% saturation was further

that are critical for binding to VE-cadherin. fractionated on Phenyl-Sepharose. The nonbound material,
which contained mainly the recombinangB-57 or B51—
EXPERIMENTAL PROCEDURES 64 fragment, was then applied on DEAE-Sepharose column

) ) ) _equilibrated with purification buffer. The purified fragment

Proteins and PeptidesPlasminogen-depleted human fi- ;55 recovered in the nonbound fraction, which was concen-
brinogen was purchased from Enzyme Research Laboratoyrated and further purified on Superdex-75. Th@1B 66),
ries. Human plasmin, bovine-thrombin, and chicken €99 gimer was purified by a similar procedure except that 1 mM
albumin were from Sigma. Naturalf8—42 peptide corre-  pTT was present at each stage including the DEAE-
sponding to the Nbterminal region of fibrinogen Bchain - gepharose chromatography to prevent disulfide formation via
was prepared from a plasmin digest of fibrinogen as cysgs. The monomeric/B—66 fragment was then dialyzed
described in rel9. Synthetic peptid815—42 corresponding extensively against 20 mM Tris buffer, pH 8.0, containing
to the NH-terminal region of fibrin3 chain was synthesized 150 mm NaCl and 0.02% Nad\to form a disulfide-bridged
by SynPep (Dublin, CA). dimer, (B31—66), followed by further purification on

Antibodies Mab-1, a C&"-dependent mouse monoclonal = Superdex-75. All purified fragments were concentrated on
antibody against extracellular domains of human VE- Centricon-10 and stored frozen &80 °C. The final yield
cadherin (catalog no. RDI-VECADHabm) was from Re- of the purified fragments was 20 mg/L of bacterial
search Diagnostics Inc (Flanders, NJ). Mab-2, mouse mon-culture.
oclonal antibody against fibrin neotope @rchain (product To produce thrombin cleaved specig45—57, 31564,
350), was from American Diagnostica Inc. (Greenwich, CT). and (315—-66),, the recombinant fragments at 10 mg/mL

Expression of Recombinant Fibrin(ogenj®—42 Con- were dialyzed into 10 mM HEPES buffer, pH 7.4, containing
taining FragmentsRecombinant fragments including human 150 mM NaCl and 0.02% NadNand treated with thrombin
fibrinogen BS chain regions £57, 1-64, and 166, with a at 5 NIH U/mL for 1 h at 37°C followed by gel filtration
single Cys residue at position 65, were produceBscheri- on Superdex-75.
chia coli using pCAL-n expression vector. The cDNA Site-Directed Mutagenesiall mutants of the (B1—66),
fragments encoding these regions were produced by poly-dimer were produced by site-directed mutagenesis. The single
merase chain reaction (PCR) using as a template full-lengthmutants, H16A and P18A, and the double mutant, H16P,
cDNA encoding the human fibrinogergBchain, whichwas P18V, were produced by using Transformer site-directed
kindly provided by Dr. S. LordZ0). The following oligo- mutagenesis kit (Clontech). The pCAL-n construct containing
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DNA encoding the B1—66 region was modified by using
following mutagenic primers:
5-CAATGAGGAAGGTTTCTTCAGTGCCCGCG-
GTgcTCGACCCCTTG-3(H16A);
5'-CAATGAGGAAGGTTTCTTCAGTGCCCGCG-
GTCATCGAgCCCTTGACAAG-3 (P18A);
5'-CAATGAGGAAGGTTTCTTCAGTGCCCGCG-
GTCcTCGAQtCCTTGACAAG-3(H16P, P18V);
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transformation of DH& and then BL21(DE3E. coli host
cells. Both cDNA fragments were sequenced in both direc-
tions to confirm the integrity of the entire coding sequences.
For expression of the protein fragments, the plasmids
containing BL21(DE3) cells were grownif@ h at 37°C in
Luria broth medium containing 50 mg/L ampicillin, induced
with 0.4 mM isopropyl-1-thigs-p-galactopyranoside for-45

h, harvested by centrifugation, and frozen.

The R17Q and the D20N mutants were produced by using The recombinant VE-cad{i2) and VE-cad(+4) frag-
Quick-Change kit (Stratagene). The pCAL-n construct was ments were purified in a similar manner. Frozen cells were

modified by using following mutagenic primers:
5-GGTTTCTTCAGTGCCCGCGGTCATCaAC-
CCCTTGACAAG-3 and
5-CTTGTCAAGGGGTIGATGACCGCGGGCACTGA-
AGAAACC-3' (forward and reverse primers, respectively,
for the R17Q mutant); 'SGGTTTCTTCAGTGCCCGC-
GGTCATCGACCCCTTaACAAGAAGAGAG-3 and B-
CTCTCTTCTTGTtAAGGGGTCGATGACCGCGGGCA-
CTGAAGAAACC-3 (forward and reverse primers, respec-
tively, for the D20N mutant). These primers introduced the

thawed, suspended in 20 mM Tris buffer, pH 7.5, containing
1 mM DTT, 0.1 mM PMSF, and protease inhibitor cocktail
(Roche), followed by sonication and centrifugation. The
pellet, containing mainly the fragments of interest, was
washed four times with 20 mM Tris buffer, pH 7.5,
containing 1 mM EDTA, 0.5 M urea, and 0.5% Triton X-100.
The pellet was then dissolved in 20 mM Tris buffer, pH 7.5,
150 mM NaCl (TBS) containigp8 M urea, and the fragments
were purified on Superdex 200 column equilibrated with 20
mM Tris buffer, pH 7.5, containip5 M urea, 0.5 M NacCl,

desired mutations (the lowercase letters indicate the mu-and 1 mM EDTA. The fragments were dialyzed into TBS

tagenic bases) and the unig8edl restriction site (under-
lined) to facilitate further analysis. Some primers also
eliminated the uniqu@&seR restriction site (double under-
lined) for primary selection purpose. After elongation of
DNA by T4 DNA polymerase (Clontech) or PfuTurbo DNA

containing 1 mM CaGland 0.02% Nahland further purified
by gel filtration on a Superdex 200 column equilibrated with
10 mM Hepes buffer, pH 7.4, containing 200 mM NaCl, 1
mM CaCl, and 0.02% Nabl Both fragments were concen-
trated and stored frozen at80 °C. The final yield of the

polymerase (Stratagene), the mixture of template and mutatedpurified fragments was 520 mg/L of bacterial culture.

plasmids was treated witBseR or Dpnl, respectively, to
selectively digest the template, and transformed intausS
E. coli strain defective in mismatch repair. The desired

Protein Concentration Determinatiof€oncentrations of
the recombinant fragments and the natural and synthetic
peptides were determined spectrophotometrically using ex-

plasmids were further selected by restriction analysis with tinction coefficients Ezso,199 calculated from the amino acid

Scall and transformed into DH® E. coli cells. After each
mutation was confirmed by sequencing the entire DNA
fragment, the BL21(DE3E. coli host cells were transformed
with the mutant plasmid and the fB—66), mutants were
expressed, purified, and activated with thrombin by the
procedures described above for the wild-type dimer.
Expression and Purification of Recombinant VE-Cadherin
Variants.Recombinant VE-cadherin fragments, VE-cad(1
2) and VE-cad(%4), including amino acid residues-209
and 1434, respectively, were producedincoli using pET-

composition by the following equationEzgg 10, = (5690W
+ 1280Y + 120S-S)/(0.1M), where W, Y, and S-S represent
the number of Trp and Tyr residues and disulfide bonds,
respectively, and M represents molecular ma&3 23).
Molecular masses of the fragments and peptides were
calculated based on their amino acid composition.
Fluorescence Studyluorescence spectra were recorded
in an SLM 8000-C fluorometer. Fluorescence measurements
of thermal-induced unfolding were performed by monitoring
the ratio of fluorescence intensity at 370 nm to that at 330

20b expression vector. The cDNA fragments encoding thesenm with excitation at 280 nm in the same fluorometer.
regions were produced by PCR using as a template the full-Temperature was controlled with a circulating water bath

length cDNA encoding human VE-cadherin that was kindly
provided by Dr. J. MartinezZX1). The following oligonucleo-
tides were used as primers:
5-GATCGCCAACATATGGATTGGATTTGGAACCA-
GATG-3, the forward primer for both fragments, which
incorporated th&ldd restriction site immediately before the
coding region; the final three bases of the Ndel site, ATG,
coded for the fMet initiation residue. The reverse primer for
the fragment encoding VE-cad{#), 3-GCTGCTCGAGCT-
TGGCAAACTCCGGGGCATTG-3 containedXhd restric-
tion site resulting in the recombinant product with a His-tag

programmed to raise the temperature at abodCimin.
Protein concentrations were 0:6@.03 mg/mL.

Solid-Phase Binding Assayhe interaction between the
recombinant fibrin(ogen) fragments and the VE-cae{l
fragment was studied by ELISA using plastic microtiter
plates (Fisher). Wells of microtiter plates were coated
overnight at 4°C with the recombinant fibrin(ogen) frag-
ments in 100 mM NaHC®buffer, pH 9.4, at 1Qug/mL.
The wells were then blocked with SEA BLOCK Blocking
Reagent (Pierce) at 3T for 2 h. Following washing with
20 mM Tris buffer, pH 7.5, containing 150 mM NaCl and

at the COOH-terminus. The reverse primer for the fragment 0.05% Tween-20, the indicated concentrations of the recom-

encoding VE-cad(%2), 5-CGGACTCGAGTTAGGGGAA-
GTTGTCATTGATGTC-3, contained in-frame stop codon
followed by Xhd restriction site; the presence of the former

prevented translation of the plasmid’s His-tag coding se-

guence. The amplified cDNA fragments were digested with
Ndd and Xhd restriction enzymes and ligated into pET-

binant VE-cad(+4) fragment in binding buffer (10 mM
HEPES, pH 7.4, with 200 mM NacCl, 1 mM Cag£D.02%
NaNs, and 0.05%p-octyl-glucoside) was added to the wells
and incubated overnight at’€. After washing with binding
buffer, bound VE-cad(24) was measured by the reaction
of its His-tag with a nickel-activated derivative of horseradish

20b expression vector. The resulting plasmids were used forperoxidase (INDIA HisProbe-HRP, Pierce) in 20 mM
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potassium phosphate buffer, pH 7.4, containing 450 mM complete dissociation of the complex was achieved by adding
NaCl and 0.05% Tween-20. A TMB Microwell Peroxide 3 M guanidinium chloride for 0.5 min following reequili-
substrate (Kirkegaard & Perry Laboratories Inc.) was added bration with the binding buffer. The traces of the association
to the wells, and the amount of bound HisProbe-HRP was processes were recorded and the data were analyzed using
measured spectrophotometricaly at 450 nm. Data werethe FASTfit kinetics analysis software supplied with the

analyzed by nonlinear regression analysis using eq 1: instrument as previously described in det&¥)( Briefly,
the association curves at each concentration of ligand were
B = B,,/(1 + K/[L]) () fitted to the pseudo-first-order equation to derive the observed

rate constanps (termed on-rate constant in FASTTit). Then

were B represents the amount of ligand bouBgy is the the concentration dependencekgfs was fitted to eq 2:
amount of ligand bound at saturation, [L] is the molar )
concentration of free ligand, ard} is dissociation constant. Kobs = Kaiss T Kasdligand] (2)

BlAcore AnalysisThe interaction between the recombinant i o
fragments was also studied by surface plasmon resonancd? find the association rate constakésj from the slope and
(SPR) using the BlAcore 3000 biosensor (BlAcore AB, the dissociation rate constarii¢) from the intercept. The
Uppsala, Sweden), which measures association/dissociatiorfliSsociation equilibrium constant was calculatet@s: kais/
of proteins in real timeZ4, 25). The fragments, VE-cad- sS. i _
(1-2) and VE-cad(%4), and ovalbumin were covalently Ligand Blotting AssayDetection of VE-cad(4) bound

coupled viae-amino groups to the activated surface of a CM5 0 the wild type and the mutanB15-66), fragments was

biosensor chip by the procedure described ir2deBriefly, performed using NUPAGE BisTris electropho'retic system
the carboxyl groups on the sensor surface were activated withdccording to the Western transfer protocol (Invitrogen). The
an injection of a solution containing 0.2 M-ethyl-N-(3- ~ Wild type and the mutant15-66), fragments were
diethylamino-propyl) carbodiimide and 0.05 Nthydroxy- subjected to electrophoresis, and electrotransferred to a poly-

succinimide. The proteins to be coupled were prepared in (Vinylidene difluoride) (PVDF) membrane (Invitrogen). To
10 mM sodium-acetate buffer, pH 4.0, containing 1 mM check thga effect!veness of the protein transfer, the membrane
CaCl, and injected onto the activated CM5 surface atb was stained with 0.5% Ponceau S for 1 min followed
min followed by incubation for 7 min after which the surface Washing with deionized water and destaining with TBS. The
was deactivated by passirl M ethanolamine. Activation =~ Mmembrane then was blocked overnight with Sea Block
time, ligand concentration, and contact time were adjusted (Pierce) followed by washing with TBS containing 0.05%
to achieve a coupling density of-% ng/mn%. Binding Tween 20. Binding was performed in binding buffer contain-
experiments were performed in 10 mM Hepes buffer, pH g 400 nM VE-cad(+-4) at room temperature for 5 h.
7.4, containing 200 mM NaCl, 1 mM Cag10.02% NaN, Bpund VE-ca\_d(1r4) was detec_:ted via its I-!ls-ta_g by reactl_on
and 0.05%n-octyl -p-glucopyranoside (binding buffer). with INDIA H|sProbe_-HRP (P|§rce_) and visualized by using
Samples at different concentrations were injected in duplicate SUPerSignal West Pico Chemiluminescent Substrate (Pierce)
in at least three separate experiments and the assoeiation @S recommended by the manufacturer.
dissociation between the immobilized and the added prOteinSRESULTS
was monitored as the change in the SPR response. To
regenerate the chip, complete dissociation of the complex To map the VE-cadherin-binding site in the central region
was achieved by adding 20 mM Tris buffer, pH 7.5, of fibrin(ogen), it was important to select an appropriate
containing 0.5 M urea, 0.5 M NacCl, and 0.5% Triton X-100, model that would allow manipulation of the sequence
for 1 min following reequilibration with binding buffer.  forming this region and direct testing of its interaction with
Experimental data were analyzed using BlAevaluation 3.0 VE-cadherin. Since the 42 region of fibrin(ogen) B
software supplied with the instrument. Briefly, kinetic chains has been implicated in binding with VE-cadhesin (
constantskassandkyis, were estimated by global analysis of we prepared a number of fragments containing this region.
the association/dissociation curves to the 1:1 Langmurian Preparation and Characterization of th@15—42-Con-
interaction modelZ6). The dissociation equilibrium constant taining Fibrin(ogen) FragmentsThe alignment of all three
(Kg) was calculated aky = KgisdKass fibrinogen chains shows that the interchain sequence homol-
IAsys AnalysisSome SPR experiments were performed ogy, which is often used to delineate structural/functional
using the IAsys biosensor (Fisons, Cambridge, URS)( domains, starts at residuestBys29, B5Lys58, andyTyrl,
Fibrinogen or the recombinani15—66), fragment was  and that Ax1—28 and B1—57 are extra residues that are
covalently coupled via-amino groups to the activated CM-  missing in the homologous chain (Figure 1A). The crystal
Dextran sensor surface of the IAsys biosensor cuvette at astructure of the central region of fibrinogen also revealed
coupling density of 9-15 ng/mni exactly as described in  that these extra residues of th@ Bhain do not contribute
ref 27 except that sodium-acetate buffer used for the coupling to the compact central funnel domaRg(29). This suggests
was at pH 5.0 instead of pH 4.5. To convert immobilized that the B31—57 portion may represent a more complete
fibrinogen into fibrin, the former was treated with thrombin  structural/functional unit denoted here gsNBdomain, which
at 0.1 NIH U/mL for 30 min. Binding experiments were after activation could be functionally superior to {h&5—
performed in the same binding buffer as above. Samples at42 peptide used in the previous studies. In agreement, it is
different concentrations were injected in duplicate in two well established that the A —53 regions are usually
separate experiments and the associatitissociation be-  removed upon digestion of fibrinogen with plasmir). (It
tween the immobilized and the added proteins was monitoredwas also predicted based on theoretical analysis of the
as the change in the SPR response. To regenerate the chigrimary structure that the//—55 portion could be folded
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Ficure 1: Schematic representation of ti&5—42 containing fibrin(ogen) fragments and their SEFAGE analysis. Panel A, alignment
of the NH,-terminal portions of human fibrinogenod Bj, andy chains. Arrows indicate thrombin cleavage sites. Panel B, a diagram of

the 515—42 containing fragments prepared in this study. Open boxes represent fibrinopeptide B cleaved by thrombin, while filled boxes
represent thrombin-activated fragments. S-S represents disulfide bond connecting two polypeptides via Cys65. Panel C shows SDS

electrophoresis in gradient-25% polyacrylamide gel of the recombinant fragmentdB64, 515—64, B31—-57, and315—57 (lanes 2,

3, 4 and 5, respectively), and proteolytic fragmefiB42 (lane 6) and synthetic peptid&5—42 (lane 7). Panel D shows SDS electrophoresis
in 8—25% polyacrylamide gel of the recombinant dimerig3(B-66), fragment, nonreduced and reduced (lanes 2 and 4, respectively);
lanes 3 and 5 represent, respectively, the nonreduced and reduced thrombin-agii/ate&ib), dimer. Lane 1 in panels C and D contain
molecular mass protein markers (Mark 12 Unstained Standard, Novex).

into a compact structure3Q). These facts were used for
selection of the boundaries for thggB-domain variants to
be expressed.

Three recombinant fragments,fB—57 corresponding
exactly to the “extra” portion of the B chain, B31—64,
which ends just before the first naturally occurring®ys65,
and B31-66 that includes this Cys (Figure ) were
expressed itk. coli (see Experimental Procedures). The latter
was purified in reducing conditions to prevent disulfide bond
formation and then oxidized to form a disulfide-linked dimer,
(BF1—66),. This dimer mimics the central region of fibrin-
(ogen) that contains two Nierminal portions of the B
chains, each disulfide-linked to thexAchain via B3Cys65-
AoCys36 @8, 29). All fragments were treated with thrombin

circular dichroism (CD). No denaturation transition was
detected in the temperature range—1@0 °C when the
BB1-57, B31—-64, or (B31—66), fragments were heated in
the calorimeter (not shown), suggesting that neither mono-
mers nor dimers form a compact structure. In agreement,
their CD spectra (not shown) were typical for an unfolded
protein indicating the absence of a secondary structure.
Nevertheless, further experiments revealed that the VE-
cadherin binding properties were preserved in at least one
of the fragments (see below).

Preparation and Characterization of the Recombinant
Variants of VE-CadherinAlthough purification of VE-
cadherin from endothelial cell culture or placenta using
affinity chromatography o15—42 peptide-Sepharose or

to remove fibrinopeptides B and to produce the monomeric anti-VE-cadherin Mab-Sepharose was reported ea8jdrlj,

B15—-57 andf15—64 fragments, and the dimeri8{5—66),

the yield was very low. Our attempt to purify VE-cadherin

fragment. It should be noted that our attempts to express forfrom placenta using a combination of these methods also

comparison a shorter version of this regiof1B-42, failed.

produced very low yields; the amount of the resulting protein

Although the resulting pCAL-n expression vector contained was sufficient only to immobilize it on a BlIAcore sensor
the insert encoding this fragment, as revealed by sequencechip and to identify it with anti-pan-cadherin antibody (not
analysis, no protein product corresponding to this peptide shown). To overcome this problem, we expresse#.inoli

was detected in bacterial lysate. Instead, we purified this two variants of the extracellular portion of VE-cadherin,

fragment from a plasmin digest of fibrinogen and also
prepared the synthetj@15—42 peptide (see Experimental
Procedures).

To check the folding status of the recombinang B

including residues 1209 and +434. The latter, denoted
here as VE-cad(@4) includes four of the five extracellular
domains of the receptor, while the former, denoted as VE-
cad(1-2), contained two such domains (Figure 2A). Both

fragments, we used differential scanning calorimetry and recombinant fragments were found mainly in inclusion bodies
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Ficure 2: Schematic representation of VE-cadherin and its
recombinant fragments, and their SBBAGE and fluorescence
analysis. Panel A, a diagram of VE-cadherin consisting of five

homologous extracellular domains (EC1 through EC5), transmem-

brane domain and COOH-terminal cytoplasmic domain, and the
recombinant fragments VE-cad{2) and VE-cad(14) consisting

of two and for extracellular domains, respectively. Panel B, the
normalized fluorescence spectra of VE-cad®) and VE-cad(+

4) in 8 M urea before refolding (broken and dotted lines,
respectively) and after refolding in 20 mM HEPES buffer, pH 7.4,
containing 200 mM NaCl and 1 mM Cadbolid lines with maxima

at 345 and 340 nm, respectively). Inset shows SDS-electrophoresi
in 8—25% polyacrylamide gel of the VE-cad{R) and VE-cad-
(1—4) fragments (lane® and 3, respectively); lane 1 contains

molecular mass protein markers (Mark 12 Unstained Standard,

Novex).

from which they were purified to homogeneity and refolded
(Figure 2B, inset) as described in Experimental Procedures
Since VE-cad(12) and VE-cad(14) were expressed in
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Ficure 3: Fluorescence-detected thermal unfolding of the recom-
binant VE-cad(*+2) and VE-cad(+4) variants. Solid lines rep-
resent the change of fluorescence ratio of the fragments upon
heating while dotted lines indicate the reversibility upon cooling.
The experiments were performed in 20 mM HEPES buffer, pH
7.4, containing 200 mM NaCl and 1 mM CaCl

Interaction of the315—42-Containing Fragments with VE-
Cadherin Variants To test the interaction between the
variants of the BN-domain and the variants of VE-cadherin,
the later were immobilized on a BlAcore sensor chip, and
the binding of the former was monitored in real time by
surface plasmon resonance (SPR). Neither uncleaved nor
thrombin-cleaved monomeric and dimeric variants of the
BSN-domain, all added at 400 nM, exhibited binding to the
immobilized VE-cad(%2) (not shown). Similarly, none of
the monomeric variants of thefBl-domain added at 400
nM, activated or nonactivated, bound to the immobilized VE-
cad(1-4) (Figure 4A). However, the thrombin-cleaved dimer,

i(#15—66), added at 200 nM exhibited a prominent binding

to the immobilized VE-cad(#4), while the uncleaved one,
(BB1—66Y), failed to bind (Figure 4A). These findings were
confirmed in ELISA experiments, in which VE-cad{4)
bound only to the immobilized activated dimer (Figure 4B).
This binding was completely blocked by anti-VE-cadherin

.monoclonal antibody, Mab-1, (Figure 4B, inset) indicating

that it was specific. In agreement, anti-fibrii chain

a bacterial system and denaturing concentrations of urea werenonoclonal antibody, Mab-2, also inhibited this binding by

used upon their purification, it was important to characterize
their structural integrity, i.e., the presence of compact

64% at the concentration used in the experiment. All these
results demonstrate that the VE-cadherin-binding domain in

structure. To check their folding status, we used fluorescencefibrin is composed of two Nktterminal portions of the B
spectroscopy since, in contrast to the recombinant variantschains and that the removal of fibrinopeptide B is required

of the B6N-domain, they both contain several Trp residues.
In 8 M urea, both VE-cad(®2) and VE-cad(%4) fragments
exhibited fluorescence spectra with maxima at-3362 nm.
After refolding, the maxima were shifted to 345 and 340
nm, respectively (Figure 2B). Such shifts are consistent with

to expose its binding site. They also indicate that among two
recombinant VE-cadherin variants only VE-cag{) pos-
sessed binding activity suggesting that the presence of the
third and/or fourth extracellular domains is required for
binding of fibrin.

the presence of compact structure in both fragments. When Binding of the VE-cad(+4) variant to the dimericd15—

heated in the fluorometer while monitoring the ratio of

66), fragment detected by both ELISA and SPR was dose-

fluorescence intensity at 370 nm to that at 330 nm as adependent. The global fitting analysis (see Experimental
measure of the spectral shift that accompanies unfolding, bothProcedures) of the SPR-detected binding curves obtained at

fragments exhibited a sigmoidal transition reflecting unfold-
ing of their compact structure (Figure 3, solid lines). The
unfolding process of both fragments was highly reversible

various concentrations gave tKg value of 80 nM (Figure
4A, inset). The value oKy obtained by fitting the ELISA
data was 120 nM (Figure 4B), close to that obtained by SPR.

since upon cooling the fluorescence ratios returned to a valueTo compare affinity of VE-cad(24) to the (315—66),

near the original (Figure 3, dotted lines). These results

fragment with that to fibrin, fibrinogen was immobilized on

demonstrate that both recombinant variants were folded intoa BlAcore sensor chip, converted into fibrin by treatment

a compact structure.

with thrombin, and increasing concentrations of VE-cad(1
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0 200 “00 ¢ Ficure 5: Analysis of binding of VE-cad(%4) to immobilized
[VE-cad(1-4)], nM fibrin(ogen) (A) or the $15-66), dimer (B). Panel A, fibrinogen
FiURE 4: Analysis of interaction between the recombinant VE- Was immobilized on an IAsys cuvette sensor surface and VE-cad-
cad(1-4) variant and th@15—42 containing fibrin(ogen) fragments ~ (1—4) was added at 400 nM to test interaction (dotted line).
by surface plasmon resonance (A) and ELISA (B). Panel A Fibrinogen was then converted into fibrin by incubation with

- thrombin and VE-cad(*4) at concentrations 12.5, 25, 50, 100,
Eg%fig&jzar% 5@?57_28)3 %}r?];?: ;rta%rgg nrﬁ?\/la\t/vgﬁ)eo ;dl\gég nt% 200, and 400 nM was added while registering the resonance signal

VE-cad(:-4) immobilized on a BlAcore sensor chip and their (solid lines) to monitor association in real time. Panel B, §5(

association/dissociation was monitored in real time while registering 562 dimer was immobilized on an IAsys cuvette sensor surface

the resonance signal (response) using BIAcore biosensor. The curve&nd VE-cad(*4) was added at the same concentrations as above
for the f15-42, f15-57, f15-64, and (B1—66), fragments while registering the resonance signal. The inset in each panel shows

essentially coincide. The inset shows SPR-detected binding of the2 POt Of the values okes determined for each association curve
(315-66), dimer at 6.25, 12.5, 25, 50, 100, and 200 nM to versus ligand concentration to derikgs Kyiss and thus determine

; o . -~ the dissociation equilibrium constant&y (see Experimental
immobilized VE-cad(%4); the dotted curves represent the best fit I -
of the binding data using global fitting analysis (see Experimental ggo?\?gl_ﬂe?'ll—zﬁq vtalue?_ for the flbrflnNIg-::a(t:i)(—lgée;réd ﬁlds78
Procedures). Th&g determined from 3 independent experiments ©0)/VE-cad(t4) interactions were found to be an

was found to be 8@ 26 nM. Panel B, increasing concentrations = -0 NM. respectively. Error bars in each inset represerD
of VE-cad(1-4) were incubated with microtiter wells coated with obtained from two independent experiments. All experiments were

the 51542 (squares)p15—57 (diamonds)315—64 (triangles) performed using IAsys biosensor.

fragments, and (BL—66), dimer (open circles) and thrombin- . . Lo - .
activated 15-66), dimer (filled circles). Bound VE-cad(i4) was ~ Noted that before conversion into fibrin, immobilized fi-
detected as described in Experimental Procedures. The curve foibrinogen exhibited no binding with VE-cad{$) added at
the (315-66), dimer represents the best fit of the data to eq 1. The high concentration (Figure 5A, dotted curve), in agreement
Kq determined from three independent experiments was found to \ith previous studies6( 9) and with the results for the

be 120+ 9 nM. The inset in panel B shows the results of the . :
inhibition experiment in which the immobilize{5-66), dimer  'ccombinan{s chain fragments presented above. Thus, the

was incubated at 4C overnight with VE-cad(t4) at 100 nM in affinity of interaction of VE-cad(+4) with the dimeric
the presence (filled bars) or absence (open bar) of the monoclonal(515—66), fragment was comparable to that obtained with

antibodies, anti-VE-cadherin Mab-1 or anti-fibrin Mab-2, both at fibrin, suggesting that interaction between the activated
10 ug/mL. Results are expressed as a percentage of bound VE-yacompinant§15—66), dimer and the recombinant VE-cad-
cad(%-4). Error bars represent SD obtained from three inde- . e I
pendent experiments. (1-4) variant mimics well that between fibrin and VE-
cadherin.
4) were added. Although some interaction was detected, the Interaction of theN-Domain Mutants with the VE-
data were not reliable due to a high nonspecific binding of Cadherin(t4) Variant Since removal of the fibrinopeptide
VE-cad(1-4) to the surface of the chip (not shown). B exposes the Glyt5His—Arg—Pro—Leu—Asp20- se-
However, when fibrinogen was immobilized on an IAsys quence in thesN-domain of fibrin (), we made several
cuvette sensor surface and then converted into fibrin, the mutations in this region of the (B—66), dimer to further
nonspecific binding was much lower and tkgdetermined localize the VE-cadherin binding site and to identify critical
using binding data collected at 1Asys biosensor was found amino acid residues involved in its formation. Four single
to be 69 nM (Figure 5A). This value was very close to those mutants with amino acid substitutions H6A, R17— Q,
determined for the dimer in both BlAcore and IAsys P18 — A, and D20— N, were produced irE. coli. In
experiments (Figures 4A and 5B, respectively). It should be addition, a double mutant with H16> P and P18— V
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chain are critical for binding of VE-cadherin while Pro18
A and Asp20, which are highly conserved among several

- Sp— - vertebrate species, seem to be inert, at least in the studied
- - concentration range.
e =4 =
8 3 ¢ 5 38 a @ DISCUSSION
2 I x a a % &
= I s

Previous studies revealed that interaction of fibrin with
endothelial cell receptor VE-cadherin induces capillary tube
- e formation @, 13). The present study was performed to further
characterize this interaction and to map the VE-cadherin
binding site in fibrin. Taking into account that interaction
of fibrin(ogen) with endothelial cells occurs through a
number of EC receptors and that various regions of fibrin-
(ogen) are involved in this interactiof, (14, 16, 31), it was
/ \ necessary to select an appropriate model system that would

allow selective testing of the interaction between fibrin and

@
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]
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VE-cadherin. This was achieved by producing recombinant
/ N\ domains of both proteins that are involved in this interaction.

;/c—. T T :_\ ~ . The previ.ous.suggestions that yms—42 region of fiprin

; N — is involved in binding to VE-cadherin was based mainly on
0 N Ri7Q_ (ORI . . comparative studies of fibrin(ogen) and its N-DSK fragments
0 60 120 180 240 300 360 either containing or lacking this region. Since the isolated
Time (sec) p15—42 peptide exhibited rather weak functional activity

FiGURe 6: Analysis of binding of VE-cad(#*4) to the wild type (6, 32), we first hypothesized that it may not represent the

and mutant§15—66), fragments by ligand blotting (A) and surface  complete functional domain. However, longer versions of
plasmon resonance (B). Panel A, the wild tygd%—66), and this region, the B1—57 and B1—64 fragments, which we

(BB1-66), dimers, the mutant H16A, R17Q, P18A, and D20N and  selected for expression based on the sequence homology and

double mutant H16P, P18V fragments were transferred to PVDF y_ ; it i hae
membrane after SDS-electrophoresis, stained with Ponseau S (top ftr:ry giiia\‘/gst;en R@iﬂti)h?(l)srggﬁ]"eiio &Zhlzgr?qlgdlt?r%:dxiy

and then probed with VE-cad{¥4) after de-staining (bottom); X . T . . .
bound VE-cad(+4) was detected as described in Experimental discovered that a dimeric disulfide-linked version of this

Procedures. Panel B, the wild type and the indicated mutants wereregion, the §15—66), dimer, exhibited prominent binding

added at 200 nM to VE-cad{}4) immobilized on a BlAcore sensor  that was comparable to that of fibrin. This result indicates
chip and their association/dissociation was monitored in real time that the VE-cadherin binding site in fibrin, which is a

while registering the resonance signal (response) using BlAcore hemical di is also di ic. It al \ai hv th
biosensor. The resonance signals for the H16A and R17Q mutantsc€émical dimer, is also dimeric. It also explains why the

and for the double mutant (H16P, P18V) represented by solid curves315—42 peptide inhibited capillary tube formation only at
essentially coincide. very high concentrationsg] and why its cross-linking to
Substitutions was made to m|m|c the GlyﬂPrO_Arg_ OVaIbUmin or immobilization on Sephal’ose was required f0r
Val20- sequence which occurs in the homologous position the expression of its binding activity,(9). Whether such
of the Aa chain and which is exposed upon removal of the dimeric structure is required for the expression of other
fibrinopeptide A. All mutants were expressed and purified activities by this region remains to be established.
as described in Experimental Procedures. The mutants were It was suggested that the first and/or second extracellular
treated with thrombin to remove fibrinopeptide B after which domains of VE-cadherin participate in heterophilic interaction
their interactions with VE-cad(4) were tested by ligand  with fibrin since a monoclonal antibody against residues 26
blotting and SPR. 194 of VE-cadherin (first two domains) inhibited binding
In a ligand blotting assay, when the wild tyg#l6—66), of the activated fibrin N-DSK fragment to human umbilical
dimer and its mutants were immobilized on a PVDF vein endothelial cells9). However, our direct experiments
membrane after being electrophoresed in SDS-containingrevealed that the recombinant VE-cad) fragment en-
polyacrylamide gel, only the wild-type dimer and two single compassing first two domains of VE-cadherin exhibited no
mutants, P18A and D20N, bound VE-caé{), while no binding activity toward the 15—66), dimer. At the same
binding was observed with the H16A and R17Q single time, the recombinant VE-cad{#) fragment bound the
mutants and with the double mutant, H16P, P18V (Figure dimer indicating that the third and/or fourth domains are
6A). This finding was confirmed by SPR measurements in required for the binding to occur. This suggests that the
which two mutants, P18A and D20N, bound to the im- fibrin-binding site of VE-cadherin may be complex including
mobilized VE-cad(*4) while binding of the other mutants  three or four NH-terminal extracellular domains. Alterna-
at the same concentration (200 nM) was negligible (Figure tively, this may reflect a link between homophilic and
6B). TheKy values for these two mutants, determined from heterophilic interactions of VE-cadherin. Namely, since the
the BlAcore analysis of the binding curves obtained in a extracellular domains of VE-cadherin are involved in ho-
concentration range of 6.2200 nM (not shown), were  mophilic interaction 83) and the VE-cadherin binding site
similar to that obtained for the wild typg15—66), dimer, in fibrin is dimeric (this study), one can speculate that
namely, 82+ 26 nM for P18A and 68t 17 nM for D20N. dimerization of VE-cadherin is required for its heterophilic
These results indicate that His16 and Argl7 of the filflin  interaction with fibrin and that its first and/or second domains
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may be important for dimerization, while the third and/or
fourth ones are involved in fibrin binding. In agreement, it
was suggested that the first domain of the other members of
the cadherin family is responsible for homophilic recognition
(34, 35). It was also reported recently that monoclonal
antibodies directed to the first, third, and forth domains of
VE-cadherin affect its homophilic interactio86). The latter
suggests that the relationship between the homophilic and
heterophilic interactions of VE-cadherin may be even more
complex than speculated above. The model system described
in this study may be a useful tool to test these speculations
and to localize fibrin-binding site(s) in VE-cadherin and
further clarify the mechanism of its interaction with fibrin.

Having an appropriate model system that allowed easy
testing of the interaction between fibrin and VE-cadherin
and manipulation of the sequence, we mutated several
residues in the NKHterminal region of the{15—66), dimer
and tested binding of the mutants to VE-cad@). The
results revealed that mutation of His1l6 and Argl7 totally
abrogated binding while mutation of Pro18 and Asp20 had
no effect. Thus the newly exposed Glifis—Arg—Pro-
(GHRP-) sequence in fibrin represents either part of or the
entire VE-cadherin binding site and His16 and Argl7 are
critical residues for the bindingt is interesting that these
residues are involved in formation of the GHRP-containing
secondary polymerization site whose interaction with the
complementary site in the D region contributes to the lateral
aggregation of protofibrils upon fibrin assembB/7}. This
means that in fibrin this sequence should be occupied.
However, the measurements with monoclonal antibody
specific to this sequence revealed that in a fibrin gel about
14% of the sites are expose88]. This suggests that the
GHRP-containing polymerization sites in at least some fibrin
molecules are not involved in interaction with the comple-
mentary polymerization sites, most probably in those that
are located on the surface of fibers. Thus, when unoccupied,
they interact with VE-cadherin inducing formation of capil-
lary tubes.

Besides capillary tube formation, interaction of fibrin with
endothelial cells induces a number of cellular responses
including cell spreading and proliferatioB9, 40), release
of von Willebrand factor &), and upregulation of ICAM-1
(42). It seems the same region of fibrin, namely, its newly
exposedf chain 15-42 sequence, is required for these
activities to occur. However, it is still unclear whether all
these activities are connected with the interaction of the fibrin
BN-domain with VE-cadherin or some other receptors are

involved, and whether these putative receptors share the same27-

binding site within theN-domain. The §15—66), dimer
prepared in this study provides a useful tool to address these
questions.
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