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ABSTRACT. Fibrinogen is a ligand for leukocyte integrin82 (CD11b/CD18, Mac-1) and mediates adhesion
and migration of leukocytes during the immune-inflammatory responses. The binding sifgforesides

in yC, a constituent subdomain in the D-domain of fibrinogen. The seque3®g-395 (P2-C) inyC

was implicated as the major binding site f@n/52. It is unknown whyowf32 on leukocytes can bind to
immobilized fibrinogen in the presence of high concentrations of soluble fibrinogen in plasma. In this
study, we have investigated the accessibility of the binding site in fibrinogem8s. We found that the
oamfB2-binding site inyC is cryptic and identified the mechanism that regulates its unmasking. Proteolytic
removal of the small COOH-terminal segment(s)/€f, y397/405-411, converted the {3, fragment of
fibrinogen, which contains intagtC and is not able to inhibit adhesion of thg/2-expressing cells, into

the fragment s, which effectively inhibited cell adhesion.qB) but not Do bound to the recombinant
awl-domain, and thewl-domain recognition peptidenw(Glu?>3—Arg?%Y). Exposure of the P2-C sequence

in fibrinogen, Doo, and Dys was probed with a site-specific mAb. P2-C is not accessible in soluble fibrinogen
and Digo but becomes exposed ingd P2-C is also unmasked by immobilization of fibrinogen onto a
plastic and by deposition of fibrinogen in the extracellular matrix. Thus, exposure of P2-C by immaobilization
and by proteolysis correlates with unmasking of thgs2-binding site in the D-domain. These results
demonstrate that conformational alterations regulatedfz-binding site inyC and suggest that processes
relevant to tissue injury and inflammation are likely to be involved in the activation afiiffl-binding

site in fibrinogen.

The plasma protein fibrinogen (Pgdlays a multifaceted  of ay/32-deficient mice confirmed that fibrinogen-dependent
role in extravascular inflammatory responses. Numerous leukocyte adhesion was diminished in these anima. (

studies using animals with Fg deficiency and afibrinogenemic Fibrinogen, a 340 kDa protein, may occur in vivo in two
patients have demonstrated that the manifestation andigyms: as a soluble plasma protein and as an “immobilized”
magnitude of inflammatory responses correlate strongly with component of the perivascular matrix after escaping from
the availability of Fg {—5). Deposits of Fg and its clotiing  ¢jrcylation through leaking vessels. In this latter form,
product, fibrin, were shown_ atand w.it.hin the damaged yessel fibrinogen can be deposited either in a proteolytically
wall under many pathological conditions, 6—9). Integrin unaltered form &, 13) or as a fibrin matrix after activation
amf2 (CD11b/CD18, Mac-1) on neutrophils and monocytes by thrombin 6, 14).

serves as a receptor for FgO{ 11) capable of mediating

leukocyte adhesion and migration. Recent characterization 'he binding sites for integriru/5, reside in the two

peripheral D-domains of the dimeric Fg molecule. Within

* This work was supported by NIH Grants HL 63199 and HL 66197, the D'domain(aMﬁ2 binds to the ConstituerlyC 19, a
and by the American Heart Association. T.P.U. is an Established globular domain formed by the COOH-terminal part (343

Investigator of the American Heart Association. 411) of they-chain (L6, 17). Two sequencesy190-202

* To whom correspondence should be addressed at The Cleveland : - - -
Clinic, Mail Code NB50, 9500 Euclid Ave., Cleveland, OH 44195 (designated P1) and377-395 (designated P2), inC were

E-mail: ugarovt@ccf.org; Tel: (216) 445-8209; FAX: (216) 445-8204. implicated as the putative recognition siteis3,(19). The
*Lerner Research Institute. synthetic peptides P1 and P2 corresponding to these se-

§The New York Blood Center. i . i
! Abbreviations: Fg, human fibrinogeryC, a globular carboxyl- quences block adhesion of the>-bearing cells and, when

terminal domain of the-chain (/143-411); ol-domain, a region of ~ immobilized, can directly support cell adhesidr9). These
~200 amino acids “inserted” in the-subunit ofaw/32; Digo and D, peptides are also able to promote a chemotactic migration
the plasmin fragments of Fg differing in the length of the COOH-termini  of the owB2-expressing cells20). On a molar basis, P2 is a

of the constituenty-chains; R, a fragment obtained by digestion of A - p
the Digo fragment with stromelysin (MMP-3); MMP, matrix metallo- more potent inhibitor obu/3, function than P1 and is also

proteinase; mAb, monoclonal antibody; PVP, poly(vinylpyrrolidone); @ more efficient chemotactic agent( 20). Within P1,
BSA, bovine serum albumin; fMLP, formyl-Met-Leu-Phe; PMA,  Asp'®was shown to be important for the inhibitory activity

phorbgI-12-myristate-lS-acetate; ELISA, enzyme-_link'ed immunosorbent (18). However, when AsP® was mutated to Ala in the
assay; FACS, fluorescence-activated cell sorting; PBS, phosphate- - . . . .
buffered saline: TBS, Tris-buffered saline, HBSS, Hank’s balanced salt "'€Combinant/C-domain, this fragment was as active as its

solution. wild-type counterpart in supportirgyS.-mediating adhesion
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(19). In addition, we have recently demonstrated that (27). No residual plasmin activity was detected in different
mutations of all exposed residues in the P1 segment did notD fragment preparations, as evaluated by using a specific
impair the binding function of/C whereas deletion of the  substrate, S-2251 (DiaPharma, Franklin, OH). Thédrag-

P2 sequence resulted in a significant decreas€adctivity 2 ment was obtained by digestion ofid9 with stromelysin
Thus, although the mechanism of the inhibitory activity of (MMP-3) in TBS in the presence of 5 mM CaGlit a 1:100
the P1 peptide remains to be elucidated, availab® Z0) enzyme:substrate ratio for 21 h at 2€. Digestion was

and our recent datgoint to P2 as the major binding site in  terminated with 10 mM EDTA. Fg and fragments were
yC for amfB2. The majority of the adhesive-promoting activity  biotinylated with EZ-link Sulfo-NHS-LC-Biotin (Pierce)

in P2 is contained iny383—395, designated P2-CL9). according to the manufacturer’s protocol or labeled With
Within ayf2, P2-C binds to thexyl-domain, a region of by the Chloramine T procedure. The production and puri-
~20 kDa inserted into they subunit (9). The binding site fication of the recombinandyyl-domain were described in

for P2-C has been localized to theyl-domain segment  (21). P2 and P2-C, peptides corresponding to Fg sequences
Lys?#5—Arg?6t (21). y377—395 andy383—-395, respectively, and thgyl-domain

Previous studies demonstrated that the binding of Fg to Peptideam(GIu*>*~Arg?®!) were synthesized and purified as
neutrophils and monocytes requires prior cell activation with described 19, 21). In addition, peptides corresponding to
agonists and is governed byka in the micromolar range  fibrinogen sequenced eu*®*-Val*, yLeu?**—His*® were
(11, 22). However, whereas the activation is needed for the synthesized. The/385-411 fragment was purified from
binding of soluble Fg, neutrophils, THP-1 monocytoid, and CNBr-cleaved Fg and isolated by HPLC. Tyg92—406 was
the ayf-transfected HEK 293 cells readily adhere to isolated from the trypsin digest ¢f385-411 and purified
immobilized fibrinogen and its derivatives in the absence of by HPLC.
receptor activation 19, 23, 24). Furthermore, theauy/o- Cells. The awfz-expressing HEK 293 cells26) were
mediated adhesive interactions of leukocytes with Fg/fibrin maintained in DMEM/F-12 (BioWhittaker, Walkersville,
deposits in vivo occur in the presence of high concentra- MD) supplemented with 10% fetal bovine serum, 25 mM
tions of soluble Fg such as those that exist in a physio- HEPES, and antibiotics. WI38 human lung fibroblasts were
logical plasma milieu £7.5 uM) that should potentially ~ obtained from American Type Culture Collection (Rockville,
compete for the binding with the receptor. Nevertheless, MD) and were grown in DMEM-F12 media supplemented
accumulation of leukocytes at sites of inflammation is not With 10% FBS and 2 mM sodium pyruvate.
affected by soluble Fg, suggesting thaf3, can discriminate Neutrophils were isolated under sterile conditions from
between the two forms of Fg in favor of protein in the human peripheral blood obtained from consenting volunteers
immobilized state. We hypothesized that conformational and anticoagulated with acictitrate-dextrose. Isolation was
alteration of Fg occurring upon: (1) its immobilization onto  Performed by using density centrifugation on Ficoll-Hypaque
surfaces, including plastic and biomaterials, (2) deposition (Amersham Pharmacia Biotech), followed by dextran sedi-
into the extracellular matrix, and (3) proteolysis may mentation of erythrocytes and hypotonic lysis of residual

transform it to a ligand competent for recognition doy3-. erythrocytes.

In this study, we provide evidence that ilagS.-binding site, Monoclonal AntibodiesThe mAb 4-2 (referred to also as

and specifically the P2-C sequence, in ff@domain of Fg ~ “anti-P2-C” in the present study) was produced using a

is cryptic and identify several biological processes that lead Mixture of chains derived from cross-linked human fibrin

to its unmasking. as immunogen 29). Mab 4-2 was IgGX, isotype. The
epitope recognized by mAb 4-2 was characterized using

EXPERIMENTAL PROCEDURES synthetic peptides and peptides derived from Fg digests. In

competition ELISA experiments, synthetic peptigg92—

Proteins and Peptide¢iuman Fg was purified from fresh 411 was a strong inhibitor of mAb binding to immobilized
human blood by differential ethanol precipitatio®5| or Fg (ICso = 0.36 4M). The antibody also reacts fully with
obtained from Enzyme Research Laboratories (South Bend,,392-406 andy392—400. It showed no reactivity with a
IN). The Do (molecular weight 100 000) fragment was ,397-411. That a part of the epitope for mAb 4-2 may reside
prepared by digestion of Fg with plasmin in the presence of in the NH,-terminal part ofy392—400 is supported by the
20 mM CaC} and purified as describe@€). The Dys and data that the antibody reacted weakly with the P2 peptide
Dgo fragments (molecular weights 98 000 and 80 000, (,377—395) and its derivative P2-G:883—395) in ELISA,
respectively) were obtained by digestion ef8mg/mL of  and it also inhibited adhesion of the,S2-expressing cells
the Dioo fragment with plasmin (Enzyme Research Labora- to immobilized P2-C 19).
tories, South Bend, IN) at an enzyme:substrate ratio of 1:100 MAb 8A11 directed against human fibronection and mAb
(w/w) in the absence or presence of 5 mM EDTA, respec- 2G5 recognizing the epitope pB73—-385 of human Fg were
tively, for 20 h at 22°C. Digestions were terminated by  described previousiy30, 31). MAb 4A5 againsty406—411
addition of 5 mM diisopropyl fluoride phosphate, 2 MM (32) was provided by Dr. G. Matsueda (Bristol-Meyers
phenylmethylsulfonyl fluoride, and 250 KIU/mL Trasylol.  squibb).
Des Was dialyzed extensively against TBS to remove the low  Adhesion Assay#dhesion assays with neutrophils were
molecular weight peptides generated during proteolysis. D performed as describe@3). Briefly, neutrophils in HBSS
was purified by gel filtration on Superdex 75. The DD gsypplemented with 0.1% BSA were labeled with Calcein AM
fragment was prepared from cross-linked fibrin as described (Molecular Probes, Eugene, OR) for 30 min at 3Z.
Neutrophils at a concentration 5 1 cells/mL were

2Merkulov, S., Lishko,V., Podolnikova, N., et al., manuscript in ~ activated with 10 nM PMA or 100 nM fMLP, and aliquots
preparation. (100uL) were added to the wells of 96-well microtiter plates
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(Immulon 4 HBX, Dynex Technologies, Chantilly, VA)
coated with different ligands. For inhibition experiments,
neutrophils activated with agonists for 5 min at 22 or
unstimulated cells were mixed with eitheridp or Dog
fragments for 20 min at 22C before they were added to
the coated wells. After 30 min of incubation at 32 in 5%

Lishko et al.

cultured on glass coverslips in 12-well plates in DMEM-
F12 supplemented with 10% FBS and 2 mM sodium
pyruvate for 72 h. Cells were rinsed, and the fresh medium
supplemented with 0-10.25 mg/mL human Fg was added.
After 24 h, a thin film of fibrin formed on the top of the
fibroblast's layer was removed, the coverslips were washed

CO,, the nonadherent cells were removed by two gentle in 1.0 mL of PBS, and the cells were fixed in 3.7%
washes with PBS. Fluorescence was measured in a fluoresparaformaldehyde for 30 min. Wells were blocked with 3%
cence plate reader (Applied Biosystems, Framingham, MA), normal goat serum in PBS (blocking buffer)rfad h after
and the number of adherent cells was determined from awhich primary mAbs directed against human fibronectin and

standard curve.
Adhesion assays with thew/3.-expressing cells were
performed essentially as describdd)( Briefly, the 48 well

Fg diluted in the blocking buffer were added. After 2 h
incubation, the slides were washed with TBS 0.05%
Tween-20, and the secondary goat anti-mouse 1gG conju-

tissue culture plates (Costar, Cambridge, MA) were coated gated to Alexa 488 (1:1000 dilution) was added for 30 min.

with 10 ug/mL of the Digo and Dyg fragments or 510 ug/
mL of the P2-C peptide for 3h at ITC. The coated wells
were post-coated with 0.5% PVPrfd h at 22°C. The

Images of the fluorescent-labeled extracellular matrix were
obtained using a Leica TCS-NT laser scanning confocal
microscope (Leica, Heidelberg, Germany).

harvested cells were washed in HBSS/HEPES solution and Analytical ProceduresThe Dyoo and Dyg fragments were

were labeled with N&'CrO, (0.5 mCi/mL) for 30 min at

analyzed by Western blot analyses with mAbs 4-2 and 4A5.

22°C. After being washed, the cells were resuspended at 5For these analyses, the samples under reducing conditions

x 10°/mL in HBSS/HEPES supplemented with 1 mMCa
1 mM Mg?*, and 10 mg/mL BSA. Aliquots (100L) of the

were separated by 11% SB8AGE in a Laemmli buffer
system and transferred onto Immobilon-P membranes (Mil-

labeled cells were added to the wells and incubated for 25ipore) which were then incubated with selected mAbs.

min at 37°C in a 5% CQ humidified atmosphere. The

Bound mAbs were detected by reaction with a peroxidase-

nonadherent cells were removed by three washes with PBS conjugated secondary antibody (Bio-Rad) followed by ad-

and adherent cells were solubilized with 2% SE'€r was
quantitated in g counter. For inhibition experiments, the
cells were mixed with different amounts of Fgydg and
Dgs fragments and then incubated for 15 min at°22with

gentle shaking before addition to the wells coated with the

D100 fragment or P2-C. Fg, purified by differential ethanol
precipitation 25), was used for inhibition experiments.
Competitie Inhibition ELISAFor solid-phase immunoas-

says, polystyrene microtiter plates (Titertek, ICN Pharma-

ceuticals, Costa Mesa, CA) were coated with &g8mL of
the Do fragment fo 3 h at 37°C or overnight at £C. The
wells were post-coated with 1% BSArfa h at 22°C and
then washed with PBS- 0.05% Tween 20; 051 ug/mL
mAb 4-2 (final concentrations of mAb) was mixed with
various amounts of Fg, 4, Dgs, DD, or Dgo fragments in
PBS + 100 KIU/mL Trasylol, and 10Q:L aliquots were
added to wells. After incubation for 1.5 h at 3Z, the plates

were washed, and goat anti-mouse IgG, conjugated to

dition of the substrate 4-chloro-1-naphthol.

To determine the amount of Fg and fragments immobilized
onto the wells of the plates, various amounts of radiolabeled
Fg, Dioo, @and Dyg were adsorbed onto the plastia 8 h at
37 °C, post-coated with PVP, and then washed with PBS.
Bound proteins were solubilized in 2% SBS0.5 N NaOH,
and the released radioactivity was quantitated jncaunter.
The amount of the protein bound to the wells was calculated
on the basis of the amount of radioactivity recovered and
the specific activity oft?5-D 9o and?3-Dg.

For amino acid sequence analysis, the constituent chains
of the Dy fragment were separated by SBBAGE after
reduction withj3-mercaptoethanol, the band corresponding
to the y-chain was excised, and the BHt€rminus of the
protein was determined by direct sequencing for 10 cycles.

RESULTS

alkaline phosphatase, was added. Mab binding was detected Effect of the Doy Fragment on Adhesion of they/3.-

by reaction withp-nitrophenyl phosphate.

Solid-Phase Binding AssayBlates (96 well; Immulon 2
HB, Dynex Technologies Inc., Chantilly, VA) were coated
with 100uM o (Glu?>3—Arg?®) peptide in PBS or with 10
ug/mL of the recombinardyl-domain in TBS supplemented
with 1 mM Ca&" and 1 mM Mdg" overnight at 4°C.
Biotinylated Dioo and Dyg fragments in TBS, containing 1
mM C&*, 1 mM Mg?", 100 KIU/mL Trasylol, and 0.05%
Tween 20, were added to wells coated with thg-domain
peptides or the recombinaaf,l-domain and incubated for
2.5 h at 37°C. After the wells were washed, streptavidin

Bearing Cells to Fg and Its Deratives. Previous studies
have demonstrated that stimulated neutrophils adhere to Fg
and fibrin both in vitro and in vivo and that this interaction

is mediated by integrinewf2 and oxfz (12, 23, 24), with
omf2 playing a principal role. Thew3,-mediated adhesive
interactions of neutrophils occur in plasma that containg 2

mg of Fg/mL. Therefore, we have examined the effect of
soluble Do fragment, in which the binding site faxw/S:
resides, on adhesion of activated and unstimulated neutro-
phils. In confirmation of previous findings28, 24), un-
stimulated neutrophils adhered to Fg angddFigure 1A).

conjugated to alkaline phosphatase (Pierce) was added andtimulation of neutrophils with fMLP and PMA enhanced

incubated for 45 min at 37C. The binding of fragments

was detected by reaction witp-nitrophenyl phosphate,

measuring the absorbance at 405 nm.
Immunofluorescent StudieShe extracellular matrix de-

adhesion~2- and ~3.5-fold, respectively (Figure 1A).
Adhesion of neutrophils wasy3,-dependent since saturating
concentrations (2040 ug/mL) of mAbs 44a and I1B4
directed againstyy and S, integrin subunits, respectively,

posited by WI38 human lung fibroblasts was analyzed by blocked adhesion by 8®80% (not shown). However,
immunofluorescent staining. Cells were trypsinized and adhesion of either stimulated or unstimulated neutrophils to
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Ficure 1: Effect of the Qoo fragment on adhesion of neutrophils
to Fg and Qoo (A) Neutrophils were isolated from human blood,
resuspended in HBSS.1% BSA, and labeled with calcein. Cells
were suspended atb 10°mL in the absence (open bars) or in the
presence of activators, 100 nM fMLP (gray bars) and 10 nM PMA
(black bars). After 5 min incubation at 2, aliquots of cells (100
uL) were added to the wells coated with 24§/mL Fg or Do
After 25 min at 37°C, nonadherent cells were removed, and
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yC-domain, and the P2-C peptide, specifically througif,

(15, 19, 33, 34). However, while immobilized B and Fg
supported efficient adhesion, soluble intact proteins were
poor inhibitors of awfB.-mediated cell adhesion to im-
mobilized Dioo fragment or P2-C peptide (Figure 2A,B). No
inhibition was produced by soluble Fg at 284, i.e., at a
(4.05 x 10%-fold molar excess of soluble protein to the
immobilized Do (Figure 2A). The DBgo produced little
inhibition (~10%) at 30uM, the maximal testable concen-
tration. The Qoo fragment also did not inhibit cell adhesion
to immobilized P2-C (Figure 2B). Furthermore, in parallel
experiments we attempted to determine the affinity of Fg
and Do for amfB2 by measuring binding of?3-Fg and
129-Djgo to theawB2-expressing cells. Specific binding was
not detected, indicating that the affinity was low. Since cells
adhered to immobilized proteins but did not interact with
soluble ligands, these results suggested thatifi-binding

site might not be available in soluble Fg andyPbut
becomes unmasked in the immobilized ligands. Therefore,
we sought to determine the processes that regulate unmasking
of the aumfB2-binding site in Fg and Bo The initial insight
into the possible mechanism of exposure ofdh,-binding

site in Fg was obtained in the experiments with a proteolyti-
cally modified form of Do When Do was subjected to
further digestion with plasmin in the absence or in the
presence of 5 mM EDTA to produce the fragments with
molecular masses of 98 and 80 kDa, respectively, these latter
fragments were effective inhibitors of adhesion (Figure 2A,B;
shown for Qg). As shown in Figure 2C, § also efficiently
inhibited adhesion of activated neutrophils to the immobilized
Dioo. The capacity of the immobilized dp fragment to
directly support adhesion of they.-expressing cells was
then tested. As shown in Figure 3, the adhesion-promoting
activity of Dgg was comparable to that of;B, and the cells
appeared similar on both substrates (not shown). Thus,
although theawf.-expressing cells efficiently adhered to

fluorescence of adherent cells was measured. Data are expressetinmobilized Dioo fragment and to Fg, they did not bind Fg

as a percentage of added cells. (B) Effect @fgn adhesion of
unstimulated (open bars), fMLP-activated (gray bars), and PMA-
activated (black bars) neutrophils. Unstimulated or agonist-
stimulated neutrophils were preincubated with 3.0 mg/mL (final
concentration) I for 20 min at 22°C, and then aliquots (X

10P) of cells were added to the wells coated with 2mL Do

The amount of By, immobilized onto the plastic surface was
quantitated using®3-Dig0 At an input concentration of 2.6g/

mL (0.1 mL/well), 0.112ug of protein was bound. Data are
expressed as a percentage of control (adhesion in the absence
added proteins). Results are the meAnSE values from 68
individual experiments performed with quadruplicates at each
experimental point.

Fg or to Digo was not affected by soluble g at 3.0 mg/
mL, i.e., at~2700-fold excess over the immobilized ligand
(Figure 1B, adhesion to {g is shown). Also in previous
studies, 3 mg/mL soluble Fg produced only 25% inhibition
of adhesion of TNBE-stimulated neutrophils to Fg-coated
surfaces 24). Thus, these data indicated that solublg,D
was not an efficient inhibitor of adhesion of neutrophils to
immobilized Digo

and Dy in solution. In contrast, immobilizedd9supported
adhesion and was an efficient inhibitor of adhesion when in
solution, suggesting that a proteolytic alteration unmasked
receptor recognition site(s).

Characterization of the B Fragment of Fg.The Dy
fragment was characterized further. Comparison gf &nd
Dgg by SDS-PAGE under reducing conditions demonstrated
Otpat t_he y-chain _of Dys mig_rated slightly faster than t_he
constituenty-chain of Digo (Figure 4A, lanes 2 and 1) while
the mobility of the f-chain did not change. It is well
documented that, depending on the stage of Fg digestion with
plasmin, the generated 1§ fragment may contain two
y-chain variants differing by the Nistermini (35, 36). The
early Dioo fragment containg63—411 (referred to agia),
and the late ko fragment containg86—411 (referred to as
y1). These two variants are seen as a doublet in oup D
(Figure 4A, lanes 1, 4, and schematically shown in Figure
4C). Complete transformation ofia to y1 occurs upon
prolonged digestion of B, by plasmin in the presence of 5
mM C&" (36). We have found that transition of thea to

Since neutrophils are known to express several integrinsy; did not augment the capability of the;dd fragment to
that can bind Fg, we have performed inhibition analyses with inhibit cell adhesion (not shown). Therefore, removal of

soluble Fg and ko using theawf.-expressing HEK 293

y63—85 seems not to be responsible for the inhibitory

cells. We have shown previously that these cells bind Fg potency of Rs. The Digp and Dys fragments were analyzed

and its derivatives, including the fragmenioE) recombinant

further by Western blot analysis with two mAbs specific for
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Ficure 2: Effect of Fg, Doo, and Dyg fragments on adhesion of
the o S2-expressing HEK 293 cells and neutrophfi&Cr-labeled
ampz-transfected cells in HBSS/HEPES supplemented with 1 mM
Ca*, 1 mM Mg?t, and 1% BSA (adhesion buffer) were incubated
with increasing concentrations of F@), Digo (W), and Dy (®)

for 15 min at 22°C with constant agitation. The proteins were
dialyzed against adhesion buffer for-80 h prior to the experiment.
Aliquots (5 x 10* cells/0.1 mL) were added to microtiter wells
coated with 1Qug/mL Dygofragment (A) or 1Qug/mL P2-C peptide
(B) and post-coated with 0.5% PVP. After 25 min at 37 in a
humidified atmosphere containing 5% &&he nonadherent cells

were removed by three washes with PBS, the adherent cells were

solubilized with 2% SDS, and their radioactivity was counted in a
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Ficure 3: Adhesion of theowf(.-expressing cells to the im-
mobilized Dgpand Dyg fragments. Aliquots (0.1 mL) ¢t Cr-labeled
cells (5x 10% in DMEM/F-12 supplemented with 1 mM €g 1
mM Mg?*, and 1% BSA were added to wells coated with different
concentrations of i (M) and Dys (®). After 25 min at 37°C, the
nonadherent cells were removed, and adherent cells were solubilized
to count the bound radioactivity. Data are expressed as cpm of
adherent cells.

the COOH-terminus of the-chain. MAb 4-2 recognizes the
epitope(s) residing withiy392—400, and mAb 4A5 recog-
nizes an epitope in the extreme COOH-terminus of the
y-chain aty406—411 32). The bands corresponding to the
y-chains in Dgo (Figure 4B, lane 3) and a band corresponding
to the y-chain in Dyg (denotedyiac, Figure 4B, lane 2)
reacted with mAb 4-2, consistent with the epitope(s) within
1392—400 being preserved in both fragments. MAb 4A5
bound only to Qoo Which contains the unaltered COOH-
termini of they-chains and did not react withgp(Figure
4B, lanes 6 and 5, respectively). Thus, the COOH-terminal
part of they-chain in Dyg was removed.

Exposure of the P2-C Sequence in Fg and Its Proteolytic
Fragments Since the P2-C sequence was implicated as the
major owfS2-binding site (9),> we probed its exposure in
Fg, Dioo, and Dyg, either in soluble or in immobilized states,
using the site-specific mAb 4-2 directed agaip392—400.
Since mAb 4-2 reacted with the383—395 peptide (P2-C),
it suggested that the NHerminal region 0fy392—400 may
contain part of the epitopel®). Furthermore, we have
previously demonstrated that mAb 4-2 inhibited adhesion
of the aupBz-expressing cells to immobilized 1B (19),
indicating that the mAb could be an effective reporter of
changes in the conformational status of the P2-C region of
the y-chain in different Fg derivatives.

The interaction of mAbs with soluble Fg and its plasmin
fragments was tested using a competitive ELISA format.
MADb 4-2 strongly interacted with immobilized Fg anddo

B-counter. Data are expressed as a percentage of control (adhesioi a saturable and dose-dependent manner. AtuQ/fL

in the absence of competing proteins) and are the me&kE of

3—6 individual experiments performed with triplicate determinations
in each experiment. (C) Adhesion of fMLP-activated neutrophils
in the presence of the g, (®) or Dgg (O) fragments. Neutrophils
activated with 100 nM fMLP were preincubated with different
concentrations of Ry or Dgg for 20 min and then added to the
wells coated with 2.5g/mL D10 Adhesion was done as described
under Experimental Procedures. The molecular weight of Fg was

assumed to be 170 000 as each subunit of the dimeric Fg contains

one D domain. The amount of;5 immobilized onto the plastic
surface was quantitated usifl-D1go. At @an input concentration
of 10 ug/mL (0.1 mL/well), 0.125«g of protein was bound.

coating concentration of iy and subsaturating concentration
of the antibody (0.%:g/mL), the signal at 405 nm in ELISA
was typically 2.5-3.0 after 40 min at 37C. When used as
a competitor, soluble Fg was a poor inhibitor of antibody
binding. As shown in Figure 5A, at 20M, i.e., at (6.7 x
10%)-fold molar excess of soluble Fg to the mAb-[{.5 x
10%-fold excess of soluble over immobilized ligand], it
inhibited about 20% of mAb 4-2 binding to immobilized
D100 The Do fragment was also a weak inhibitor of antibody
binding to surface-bound protein. 50% inhibition was
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Ficure 4: Polypeptide chain composition of thedg Dgg, Dso,

and Ds fragments. (A) SDSPAGE analysis of component chains
of Digo (lanes 1 and 4), R (lane 2), Qo (lane 3), and 3 (lane 5)
fragments of Fg. Digestions with plasmin or stromelysin to generate
the Dyg, Dgo, and D fragments, respectively, were performed as
described under Experimental Procedures. Positiopsg.0f/;, and

B chains in Qoo andyiac in Dgg and D, are showny25K is the
y-chain remnant with molecular mass 25 kDa ig,¥B) Proteins
were reduced with 298-mercaptoethanol, electrophoresed on 11%
SDS-PAGE, transferred to Immobilon-P membranes, and probed
with mAb 4A5 (1:1500 dilution of ascites) or mAb 4-2 (@/mL
affinity-purified 19G). Dioe lanes 3, 6, 7, and 9;dg lanes 2 and

5; Ds: lanes 8 and 10; £ lane 1 (note that segmepB874—405

[or y374—396] noncovalently inserted indpdissociates fromyC
under SDS conditions). Lane 4 showsgobstained by Coomassie
blue. (C) Schematic representation of functional sites and suggeste
cleavage sites in the-chains of Dgo, Des, and DOy fragments. oo
contains two populations of-chains,y;a andy;. The positions of
epitopes for mAb 4A5%406—411) and 4-24392—402) are shown
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Ficure 5: Immunochemical characterization of exposure of the
P2-C sequence in soluble Fg and its plasmin fragments. Inhibition
of mAb 4-2 binding to surface-bound;E by soluble Fg and the
D100 Des, Dgo, and DD fragments. Increasing concentrations of Fg
(O), D1go (W), Dgg (®), Dgo (a), and DD ) fragments were mixed
with 0.5ug/mL mAb 4-2 (final concentration), and 0.1 mL aliquots
were added to the wells coated with Q&/mL Digo and post-
coated with 1% BSA. After 1.5 h at 37C, wells were washed
with PBS+0.05% Tween 20, and the second antibody (conjugated
with alkaline phosphatase) was added foh at 37°C. Antibody
binding was detected by reaction wiginitrophenyl phosphate, and
absorbance at 405 nm was measured. The amount of protein
adsorbed on the plastic was determined using radiolabelgth®
described under Experimental Procedures. At the input concentration
of 0.5ug/mL (0.1 mL), 0.023«g of added By was bound. Data

are expressed as percent of maximal binding of the mAbs in the
absence of competitors.

also inhibited the binding of mAb 4-2 to immobilized, 43
and its inhibitory effect was similar to that off) 50%
inhibition was achieved at 3 0.15uM DD.

A fragment similar to [9s was obtained by digestingiby
with stromelysin (MMP-3) which cleaves the-chain at
y404—405 @7). The state of the/-chain in this fragment
(designated E) as analyzed by SDSPAGE and by Western
blotting with site-specific antibodies is shown in Figure 4A,B.
The COOH-terminus of Dwas degraded as evidenced by

Sps-PAGE (Figure 4A, lane 5) and by the lack of

immunoreactivity with mAb 4A5 (Figure 4B, lane 8). At
the same time, the epitopes withiB92—400 were preserved

as dotted and striped boxes, respectively. The solid bar betweenas demonstrated by staining with mAb 4-2 (Figure 4B, lane

383 andy395 represents P2-C. Numbers indicate positions of
amino acid residues in thg-chain and are not to a scalgl43
indicates the Nktterminus ofyC. The COOH-terminal segments
y405/406-411 andy397—411 are removed by proteolysis ind
The segmenty374—405 (and/ory374—396) is noncovalently
inserted (dashed lines) withipC in the Dy fragment 41). The

10). When tested in a competitive ELISAs as a more
potent inhibitor of mAb 4-2 binding than {gy at 10uM,
Ds produced 61 6% inhibition compared to 3@ 6% by
D100 However, Qwas less active thandgand Dy, fragments
which at 10uM each produced 87% and 95% inhibition,

short arrows indicate plasmin cleavage sites. Direct sequencing of respectively.

the constituen-chain in our o demonstrated that10—15% of
the molecules containedFQKRLDG2® as the NH-terminus,
consistent with previous finding<g).

produced at 15.8& 2.2 uM (Figure 5A). Poor inhibition of
mADb binding is consistent with inaccessibility of the P2-C
epitope in intact soluble Fg and in theid fragment. In
contrast, g and DOy inhibited the binding of mAb 4-2 to
immobilized Do efficiently and in a dose-dependent manner,
with Dgg being the more efficient inhibitor; 50% inhibition
of antibody binding was achieved at 2£70.7 uM and 1.8

+ 0.2 uM Dgg and Dy, respectively. In addition, the DD-
fragment, obtained from the cross-linked fibrin by plasmin,

Thus, the above results indicated that P2-C is poorly
exposed in soluble Fg and its proteolytic fragmengoDut
become unmasked in the immobilized states of these
molecules. Furthermore, this epitope is unmasked by pro-
teolysis with proteases that cleave the COOH-terminus of
the y-chain.

Binding of Dyg and Dy Fragments to the Recombinant
I-Domain and theoyl-Domain Recognition Peptide#. is
known that theayl-domain of owf, is responsible for
recognition of the P2-C sequend®). To further substantiate
the role of the COOH-terminal part of the-chain in
regulating exposure of they/52-binding site, we compared
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Ficure 6: Binding of the Qgoand Dyg fragments to thewl-domain
and to theayl-domain recognition peptide. (A) Different concentra-
tions of biotinylated Qoo (M) and Dy (@) fragments in 0.05 M
TBS, supplemented with 1 mM €35 1 mM Mg?t, 200 KIU/mL

Lishko et al.

Ficure 7: Immunofluorescent staining of Fg incorporated into the
matrix produced by fibroblasts. WI38 fibroblasts were cultured for
72 h, and then soluble plasma Fg was added. During the next
24 h, Fg was converted to fibrin in the presence of endogenous
procoagulant activity, and fibrin became associated with the
extracellular matrix produced by fibroblasts. Cells were fixed, and
then stained with the following antibodies: (A) mAb 8A11 against
fibronectin (5ug/mL); (B) mAb 2G5 against Fg/fibrin (Bg/mL);

and (C) mAb 4-2 (2ug/mL). (D) Cells were grown without Fg,
and then mAb 4-2 and a secondary antibody were added (control
staining).

Fg leaks through the endothelial layer during the inflamma-
tory response and is deposited into the extracellular matrix
as fibrin after activation by thrombinl8) or in a proteo-
lytically unmodified form ). We have tested whether the

Trasylol, and 0.05% Tween 20, were added to the wells coated epitope for mAb 4-2 is exposed in Fg incorporated in the

with 10 ug/mL of the recombinantyl-domain, and incubated for
3 h at 37°C. After washing, the bound fragments were detected
using streptavidin conjugated to alkaline phosphatase, with
nitrophenyl phosphate for disclosure. Nonspecific binding to BSA-

extracellular matrix. Accordingly, WI38 human lung fibro-
blasts, which are known to elaborate the extensive extracel-
lular matrix, were cultured to confluence, and then soluble

coated wells was subtracted. (B) The microtiter plates were coatedFg was overlaid onto the cell layer and cells were incubated

with 100uM o (Glu?3—Arg?6?) overnight at £C and post-coated
with 3% BSA. Then different concentrations of biotinylategy$
(m) and Dyg (®) fragments in PBS$0.05% Tween 20 were added
to the wells fa 3 h at 37°C. After washing, bound fragments were
detected as above.

the binding of the Igs and Dyoo fragments to the recombinant
ayvl-domain. Previous data demonstrated that thgfiag-
ment specifically bound to the immobilizeq,I-domain and
P2-C inhibited this interactior2(). As shown in Figure 6A,
biotinylated Dg bound to the immobilizedwl-domain at
higher levels than biotinylatedig. Furthermore, additional
experiments confirmed thatsphad a higher affinity for the
ayvl-domain than Ry We have previously found that within
the ayl-domain, P2-C binds to two adjacent sequences,
o (Lys?*5—Tyr?%?) and o (Glu?>3—Arg?6?) (21). Therefore,
we have compared the binding of biotinylateghdand Dyg
to the immobilized peptidew(Glu?5—Arg?%Y). As shown
in Figure 6B, only Bg bound toow(GIu?53—Arg?5y) while
D100 did not interact. These results are consistent with
exposure of thew3,-binding site in the s fragment.
Deposition of Fg into the Extracellular Matrix Results in
Unmasking of the P2-C Sequendehas been shown that

for extra 24 h. Since no inhibitors of coagulation were added,
Fg was converted to a fibrin clot. Fibrin-specificand g
chains were demonstrated by SBBAGE of reduced
samples (not shown). Immunofluorescent staining of cells
was performed using Mab 4-2, in parallel with mAb 8A11l
specific for fibronectin and mAb 2G5 which recognizes the
epitope y373—385 in Fg and fibrin 88). The pattern of
staining characteristic for fibronectin fibrils around and
beneath the cells was verified using anti-fibronectin mAb
(Figure 7A). Co-culturing of Fg with fibroblasts resulted in
deposition of Fg/fibrin into the matrix. Binding of Fg to this
endogeneously produced matrix was detected by staining
with mAb 2G5 (Figure 7B). The similar fibrillar pattern of
staining was also detected using mAb 4-2, suggesting that
association of Fg/fibrin with the extracellular matrix resulted
in unmasking of the epitope a392—400 (Figure 7C).

DISCUSSION

The present study was undertaken to resolve the dif-
ferential recognition by integriu (2 of a soluble form of
the Fg molecule from its immobilized form. We show that
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the amf2-binding site in theyC-domain of soluble intact Fg

Biochemistry, Vol. 41, No. 43, 200212949

awl-domain recognition peptide GitF—Arg?®! compared to

is cryptic and characterize the conformational alterations thatthat of Dioois also consistent with the interpretation that the

evoke its unmasking.

removal of the COOH-terminus ipC unmasks theuw /.-

Several observations are consistent with the lack of binding site.

exposure of thew3.-binding site in intact Fg. Soluble Fg
was a poor inhibitor of neutrophil adhesion to immobilized
Fg ligands. Also, the interaction of soluble Fg with thgS3.-

The cleavage site in thechain of the D-domain produced
by plasmin was previously identified ad ys*% (36, 41).
The cleavage sites atAla*® and atyGlu®®® in the D3

transfected HEK 293 cells was not detected, and intact Fgfragment corresponding to ourspwere also reported4(,

did not inhibit adhesion of these cells to immobilized Fg

42). Matrix metalloproteinase stromelysin (MMP-3) degrades

derivatives. Furthermore, no interaction was observed with Fg, cross-linked fibrin, and the DD fragment @a&ly4%4—

the Dioo fragment which contains the binding site fapS2

Ala*% (37). We demonstrate that MMP-3 also cleavegdd

and preserves a conformation inherent to intact Fg in solution. probably at the same position (Figure 4). Thus, the removal

The Digo fragment did not inhibit adhesion of they5,-
bearing cells, including fMLP- and PMA-activated neutro-
phils. In addition, Qoo bound poorly to the recombinaaf,l-
domain, a recognition domain withimy/- for Fg (39).

Two processes which resulted in unmasking ofdi.-
binding site in Fg and the {& fragment have been
identified: (1) immobilization of Fg or ko onto a plastic

of the small COOH-terminal peptidegt05/406-411 and/
or y397—411 from Digo resulted in unmasking of they/3,-
binding site.

A higher immunoreactivity of the g fragment with anti-
P2-C mAb 4-2 as compared to that ofsBuggests that the
P2-C site is more accessible ikdDRecent data revealed
that in addition to they-chain remnanty86—302, the o

surface in vitro was associated with extensive exposure of fragment contains thg374—405 (or y374—396) segment

the awB2-binding site as evidenced by efficient adhesion of
neutrophils and thewS-expressing HEK 293 cells. Also,
we have previously demonstrated that Fg anghBpontane-

which remains inserted as a structyfatrand into the central
sheet of theyC-domain similar to that in intacyC (41).
Thus, the presence f374—405/396 should provide the

ously adsorbed on the surface of biomaterial implants in an basis for the immunoreactivity ofdgwith mAb 4-2. Indeed,

animal model, mediated phagocyte accumulati@id),(
consistent with an idea that deposits of fibrinogen in vivo
are able to suppouiyfS.-mediated leukocyte adhesion; (2)
proteolysis of the [, fragment by plasmin generated

Dgo reacted with mAb 4-2 in ELISA (not shown). The
cleavage apy373—374 might facilitate the access of the mAb
to the epitope. In addition, we and othe#3) have found

that a population of B molecules had the cleavage(s) at

fragments with properties of competent inhibitors of adhesion y192. The observed cleavage occurs in thedt#iminal part

of neutrophils and thew5.-expressing HEK 293 cells, and

of the 5 strandy190-198 and resides in immediate proximity

also increased the binding of these fragments to theto the P2-C sequence in the three-dimensional structure of

recombinanioyl-domain.

Previous studies demonstrated that ¢hgs.-binding site
in the D fragment resides in thgC-domain and that the
sequencer383—395 (P2-C) may be the major recognition
site (19)2. We found that P2-C is available for interaction
with the anti-P2-C-specific mAb 4-2 only in the immobilized

yC (16, 17) (Figure 8,yC). Therefore, it is possible that this
internal cleavage could destabilize the association between
the subdomains ityC, thus resulting in better accessibility
of the P2-C epitope for mAb.

Taken together, our data demonstrate that the C-terminus
in theyC-domain may regulate the accessibility to the P2-C

Fg and Dos The P2-C sequence is not exposed in soluble region (Figure 8,y C-domain). We speculate that in intact
Fg and Dgo as judged by the fact that these proteins are not soluble Fg and B, the COOH-terminal tail may shield this

able to compete with immobilized 1 for mAb binding.
Proteolysis of By by plasmin and MMP-3 resulted in
enhanced exposure of the P2-C epitope since e,
and D, fragments were potent inhibitors of binding of the
site-specific mAb to the immobilized {. Thus, the lack
of inhibition of cell adhesion by soluble Fg andidp
correlates with the lack of immunoreactivity with anti-P2-C
mADb. And vice versa, the ability of § to inhibit amS2-
mediated adhesion coincides with the immunoreactivity of
this fragment with the mAb. The correlation between the
inhibitory activity of Dgg versus Qg in the cell adhesion
assay and the state of exposure of P2-C i3 &hd Dioo
further implicates P2-C as thmy/3.-binding site inyC.

We propose that immobilization of Fg orfgdon a surface
(whether it be the plastic or live extracellular matrix) induces
a conformational transition that involves changes in the
position of the extreme COOH-terminal part of th€-
domain (143—411). This supposition is based on the

region and limit access tmy/3, and antibodies. In the crystal
structure of theyC-domain (6, 17) (Figure 8,yC), the
position of y392—402 was not solved definitively since it
was observed in several conformations. The location of the
remaining part of the C-terminus beyopd02 is not clear
because it was missing in the crystals due to proteolysis.
However, although the overall conformation of the C-
terminus inyC is not known, crystallographic, NMR, and
electron microscopy analyses indicated that it may be a
highly flexible structure 16, 44—47). Speculatively, the
C-terminus can fold back and assume a conformation in
which it masks P2-C (Figure 8A). The conformational
flexibility of this “tail” may allow unfolding of this region

in yC upon immobilization of Fg and {g onto a plastic
surface or in the extracellular matrix, and unmasking of P2-C
(Figure 8B). Furthermore, clipping of the C-terminus by
proteases should also remove a shield (Figure 8C). Indirect
evidence that the C-terminus may fold back is provided by

observation that the cleavage of the COOH-terminal part of the three-dimensional structure of trehain peptides398—

the yC-domain in the I fragment by plasmin generates

fragments with the ability to inhibit adhesion of neutrophils
and theawS2-expressing cells. In addition, the higher extent
of binding of Dyg to the recombinantyl-domain and to the

411 crystallized as a complex with two different carrier
proteins 44, 48). In these structures, a reproducible kink at
yHis*! and yLeu*®? and a turn of the remaining segment
were observed. In addition, other data supporting the idea
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will be required to elucidate the nature of conformational
alterations in this part ofC.

The three-dimensional structure of the DD fragment, which
models the end-to-end association of #ii&domains in the
joined D-domains in fibrin, suggests that the C-terminal ends
of two yC should come into close proximity to accommodate
intermolecular cross-links by Factor XIILY). Although the
positions of the cross-linking sites aGIn3®® and yLys*°¢
are not clear in the DD crystal structure, it is obvious that
the reciprocally linked C-terminal tails do not mask the P2-C
epitope [see Figure 7 im34)]. This is consistent with the
interaction of the DD-fragment with the anti-P2-C mAb in
our experiments. Furthermore, P2-C is available in fibrin
deposited into the extracellular matrix produced by fibroblasts
as evidenced by immunofluorescent staining with mAb 4-2
(Figure 7).

The finding that the binding site fary3, in Fg is cryptic
adds this integrirrligand pair to the list of known integrin
ligand systems in which molecular recognition is regulated
by a conformational alteration of the ligand. Previous data
demonstrated that RGD adhesive signals are cryptic or poorly
exposed in several integrin ligands, including collage? (
53), fibrinogen 64), vitronectin 65), fibronectin @0),

A B c tenascin %6), laminin (67), and thrombospondin5g).
FIGURE 8: Conformational states of theC-domain regulate  Although the RGD-containing domains in these proteins were
availability of P2-C, a putative site fary3.. The ribbon model of ~ shown to become exposed by different events, unmasking
the yC-domain {144-402) was drawn according to its crystal by proteolysis, by immobilization on the surface, and by

structures, PDB identifiers 1fib, 1fic, and 1fid®), using the ; At ;
computer programs BobScript and Raster 8B, 67). They383— mdurlltlmerlzatlon are themeSt com:’nonLQ\(/acharllhsms”.K(:)éhir
395 (P2-C) region is colored in red. The numbers indicate the 20NESIVE Sequences, Tor example, In the -

position of selected residues in P2-C. The C-terminal region (beyond Segment of fibronectin59) which is recognized byxf;,
residue Leu392) is shown in three different conformations as found and adhesive sequences in osteopor@f) and in laminin
in different crysta_l forms Of/C (16") (A) S’E:hematlc represe_ntatlon (61) recognized bwgﬁl and by(XGﬁl, respective|y' are also
of the yC-domain in hypothetical “closed” conformation which may ¢y i in intact molecules and become unmasked by specific
exist in intact soluble Fg and the;§3 fragment. In this conforma- Ivti hile th d adhesi
tion, the P2-C sequence is not exposed on the surface gfdhe  Proteolytic events. However, while the augmented adhesive
domain due to the positioning of t&-terminal tail which is folded ~ activities of the extracellular matrix proteins as a result of
back and masks these sequences. (B) Immobilization of Fg@ar D conformational alterations were extensively documented, the
32:;’;2;ﬁgr(‘;?‘t:ﬁeoégegcr’zgiigﬂ Z];Oat?eesi)l(tt;)e}cfrlllflg%rir:ga;% 'Qﬁ?tlcr?; present study is the first to identify the molecular mechanism
. . . responsible for unmasking of the cryptic adhesive site. Thus,
of the C-terminal tail. (C) Proteolytic cleavage of the extreme we [c):onclude that roducti%]/e inte inBi/pand interactions not
COOH-terminus of they-chain by plasmin, MMP-3, or other ) p gftilganc
proteases perturbs the conformational integrity of tledomain only involve well-documented agonist-induced conforma-
and, thus, “unlocks” the putativew/>-binding site. tional changes in integrin®®, 63) but also require ligand

“activation” as well 64, 65).

that theyC-termini in Fg are oriented toward the center of

the molecule were also obtainedi7}. The extension of this ~ ACKNOWLEDGMENT

hypothesis is that the folded C-terminal “tail” should interact

with the core of thezC-domain and stabilize it in the “closed” We thank Dr. E. Plow for support during the early stages
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