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ABSTRACT: Fibrinogen is a ligand for leukocyte integrinRMâ2 (CD11b/CD18, Mac-1) and mediates adhesion
and migration of leukocytes during the immune-inflammatory responses. The binding site forRMâ2 resides
in γC, a constituent subdomain in the D-domain of fibrinogen. The sequenceγ383-395 (P2-C) inγC
was implicated as the major binding site forRMâ2. It is unknown whyRMâ2 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 fibrinogen forRMâ2. We found that the
RMâ2-binding site inγC is cryptic and identified the mechanism that regulates its unmasking. Proteolytic
removal of the small COOH-terminal segment(s) ofγC, γ397/405-411, converted the D100 fragment of
fibrinogen, which contains intactγC and is not able to inhibit adhesion of theRMâ2-expressing cells, into
the fragment D98, which effectively inhibited cell adhesion. D98, but not D100, bound to the recombinant
RMI-domain, and theRMI-domain recognition peptide,RM(Glu253-Arg261). Exposure of the P2-C sequence
in fibrinogen, D100, and D98 was probed with a site-specific mAb. P2-C is not accessible in soluble fibrinogen
and D100 but becomes exposed in D98. 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 immobilization
and by proteolysis correlates with unmasking of theRMâ2-binding site in the D-domain. These results
demonstrate that conformational alterations regulate theRMâ2-binding site inγC and suggest that processes
relevant to tissue injury and inflammation are likely to be involved in the activation of theRMâ2-binding
site in fibrinogen.

The plasma protein fibrinogen (Fg)1 plays a multifaceted
role in extravascular inflammatory responses. Numerous
studies using animals with Fg deficiency and afibrinogenemic
patients have demonstrated that the manifestation and
magnitude of inflammatory responses correlate strongly with
the availability of Fg (1-5). Deposits of Fg and its clotting
product, fibrin, were shown at and within the damaged vessel
wall under many pathological conditions (1, 5-9). Integrin
RMâ2 (CD11b/CD18, Mac-1) on neutrophils and monocytes
serves as a receptor for Fg (10, 11) capable of mediating
leukocyte adhesion and migration. Recent characterization

of RMâ2-deficient mice confirmed that fibrinogen-dependent
leukocyte adhesion was diminished in these animals (12).

Fibrinogen, a 340 kDa protein, may occur in vivo in two
forms: as a soluble plasma protein and as an “immobilized”
component of the perivascular matrix after escaping from
circulation through leaking vessels. In this latter form,
fibrinogen can be deposited either in a proteolytically
unaltered form (6, 13) or as a fibrin matrix after activation
by thrombin (6, 14).

The binding sites for integrinRMâ2 reside in the two
peripheral D-domains of the dimeric Fg molecule. Within
the D-domain,RMâ2 binds to the constituentγC (15), a
globular domain formed by the COOH-terminal part (143-
411) of theγ-chain (16, 17). Two sequences,γ190-202
(designated P1) andγ377-395 (designated P2), inγC were
implicated as the putative recognition sites (18, 19). The
synthetic peptides P1 and P2 corresponding to these se-
quences block adhesion of theRMâ2-bearing cells and, when
immobilized, can directly support cell adhesion (19). These
peptides are also able to promote a chemotactic migration
of theRMâ2-expressing cells (20). On a molar basis, P2 is a
more potent inhibitor ofRMâ2 function than P1 and is also
a more efficient chemotactic agent (19, 20). Within P1,
Asp199 was shown to be important for the inhibitory activity
(18). However, when Asp199 was mutated to Ala in the
recombinantγC-domain, this fragment was as active as its
wild-type counterpart in supportingRMâ2-mediating adhesion
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(19). In addition, we have recently demonstrated that
mutations of all exposed residues in the P1 segment did not
impair the binding function ofγC whereas deletion of the
P2 sequence resulted in a significant decrease ofγC activity.2

Thus, although the mechanism of the inhibitory activity of
the P1 peptide remains to be elucidated, available (19, 20)
and our recent data2 point to P2 as the major binding site in
γC for RMâ2. The majority of the adhesive-promoting activity
in P2 is contained inγ383-395, designated P2-C (19).
Within RMâ2, P2-C binds to theRMI-domain, a region of
∼20 kDa inserted into theRM subunit (19). The binding site
for P2-C has been localized to theRMI-domain segment
Lys245-Arg261 (21).

Previous studies demonstrated that the binding of Fg to
neutrophils and monocytes requires prior cell activation with
agonists and is governed by aKd in the micromolar range
(11, 22). However, whereas the activation is needed for the
binding of soluble Fg, neutrophils, THP-1 monocytoid, and
the RMâ2-transfected HEK 293 cells readily adhere to
immobilized fibrinogen and its derivatives in the absence of
receptor activation (19, 23, 24). Furthermore, theRMâ2-
mediated adhesive interactions of leukocytes with Fg/fibrin
deposits in vivo occur in the presence of high concentra-
tions of soluble Fg such as those that exist in a physio-
logical plasma milieu (∼7.5 µM) that should potentially
compete for the binding with the receptor. Nevertheless,
accumulation of leukocytes at sites of inflammation is not
affected by soluble Fg, suggesting thatRMâ2 can discriminate
between the two forms of Fg in favor of protein in the
immobilized state. We hypothesized that conformational
alteration of Fg occurring upon: (1) its immobilization onto
surfaces, including plastic and biomaterials, (2) deposition
into the extracellular matrix, and (3) proteolysis may
transform it to a ligand competent for recognition byRMâ2.
In this study, we provide evidence that theRMâ2-binding site,
and specifically the P2-C sequence, in theγC-domain of Fg
is cryptic and identify several biological processes that lead
to its unmasking.

EXPERIMENTAL PROCEDURES

Proteins and Peptides. Human Fg was purified from fresh
human blood by differential ethanol precipitation (25) or
obtained from Enzyme Research Laboratories (South Bend,
IN). The D100 (molecular weight 100 000) fragment was
prepared by digestion of Fg with plasmin in the presence of
20 mM CaCl2 and purified as described (26). The D98 and
D80 fragments (molecular weights 98 000 and 80 000,
respectively) were obtained by digestion of 3-4 mg/mL of
the D100 fragment with plasmin (Enzyme Research Labora-
tories, South Bend, IN) at an enzyme:substrate ratio of 1:100
(w/w) in the absence or presence of 5 mM EDTA, respec-
tively, for 20 h at 22°C. Digestions were terminated by
addition of 5 mM diisopropyl fluoride phosphate, 2 mM
phenylmethylsulfonyl fluoride, and 250 KIU/mL Trasylol.
D98 was dialyzed extensively against TBS to remove the low
molecular weight peptides generated during proteolysis. D80

was purified by gel filtration on Superdex 75. The DD
fragment was prepared from cross-linked fibrin as described

(27). No residual plasmin activity was detected in different
D fragment preparations, as evaluated by using a specific
substrate, S-2251 (DiaPharma, Franklin, OH). The Ds frag-
ment was obtained by digestion of D100 with stromelysin
(MMP-3) in TBS in the presence of 5 mM CaCl2 at a 1:100
enzyme:substrate ratio for 21 h at 22°C. Digestion was
terminated with 10 mM EDTA. Fg and fragments were
biotinylated with EZ-link Sulfo-NHS-LC-Biotin (Pierce)
according to the manufacturer’s protocol or labeled with125I
by the Chloramine T procedure. The production and puri-
fication of the recombinantRMI-domain were described in
(21). P2 and P2-C, peptides corresponding to Fg sequences
γ377-395 andγ383-395, respectively, and theRMI-domain
peptideRM(Glu253-Arg261) were synthesized and purified as
described (19, 21). In addition, peptides corresponding to
fibrinogen sequencesγLeu392-Val411, γLeu392-His400 were
synthesized. Theγ385-411 fragment was purified from
CNBr-cleaved Fg and isolated by HPLC. Theγ392-406 was
isolated from the trypsin digest ofγ385-411 and purified
by HPLC.

Cells. The RMâ2-expressing HEK 293 cells (28) were
maintained in DMEM/F-12 (BioWhittaker, Walkersville,
MD) supplemented with 10% fetal bovine serum, 25 mM
HEPES, and antibiotics. WI38 human lung fibroblasts were
obtained from American Type Culture Collection (Rockville,
MD) and were grown in DMEM-F12 media supplemented
with 10% FBS and 2 mM sodium pyruvate.

Neutrophils were isolated under sterile conditions from
human peripheral blood obtained from consenting volunteers
and anticoagulated with acid-citrate-dextrose. Isolation was
performed by using density centrifugation on Ficoll-Hypaque
(Amersham Pharmacia Biotech), followed by dextran sedi-
mentation of erythrocytes and hypotonic lysis of residual
erythrocytes.

Monoclonal Antibodies.The mAb 4-2 (referred to also as
“anti-P2-C” in the present study) was produced using a
mixture of chains derived from cross-linked human fibrin
as immunogen (29). Mab 4-2 was IgG1,κ isotype. The
epitope recognized by mAb 4-2 was characterized using
synthetic peptides and peptides derived from Fg digests. In
competition ELISA experiments, synthetic peptideγ392-
411 was a strong inhibitor of mAb binding to immobilized
Fg (IC50 ) 0.36 µM). The antibody also reacts fully with
γ392-406 andγ392-400. It showed no reactivity with a
γ397-411. That a part of the epitope for mAb 4-2 may reside
in the NH2-terminal part ofγ392-400 is supported by the
data that the antibody reacted weakly with the P2 peptide
(γ377-395) and its derivative P2-C (γ383-395) in ELISA,
and it also inhibited adhesion of theRMâ2-expressing cells
to immobilized P2-C (19).

MAb 8A11 directed against human fibronection and mAb
2G5 recognizing the epitope atγ373-385 of human Fg were
described previously (30, 31). MAb 4A5 againstγ406-411
(32) was provided by Dr. G. Matsueda (Bristol-Meyers
Squibb).

Adhesion Assays.Adhesion assays with neutrophils were
performed as described (33). Briefly, neutrophils in HBSS
supplemented with 0.1% BSA were labeled with Calcein AM
(Molecular Probes, Eugene, OR) for 30 min at 37°C.
Neutrophils at a concentration 5× 106 cells/mL were
activated with 10 nM PMA or 100 nM fMLP, and aliquots
(100µL) were added to the wells of 96-well microtiter plates

2 Merkulov, S., Lishko,V., Podolnikova, N., et al., manuscript in
preparation.
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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°C or
unstimulated cells were mixed with either D100 or D98

fragments for 20 min at 22°C before they were added to
the coated wells. After 30 min of incubation at 37°C in 5%
CO2, the nonadherent cells were removed by two gentle
washes with PBS. Fluorescence was measured in a fluores-
cence plate reader (Applied Biosystems, Framingham, MA),
and the number of adherent cells was determined from a
standard curve.

Adhesion assays with theRMâ2-expressing cells were
performed essentially as described (19). Briefly, the 48 well
tissue culture plates (Costar, Cambridge, MA) were coated
with 10 µg/mL of the D100 and D98 fragments or 5-10 µg/
mL of the P2-C peptide for 3h at 37°C. The coated wells
were post-coated with 0.5% PVP for 1 h at 22°C. The
harvested cells were washed in HBSS/HEPES solution and
were labeled with Na251CrO4 (0.5 mCi/mL) for 30 min at
22 °C. After being washed, the cells were resuspended at 5
× 105/mL in HBSS/HEPES supplemented with 1 mM Ca2+,
1 mM Mg2+, and 10 mg/mL BSA. Aliquots (100µL) of the
labeled cells were added to the wells and incubated for 25
min at 37 °C in a 5% CO2 humidified atmosphere. The
nonadherent cells were removed by three washes with PBS,
and adherent cells were solubilized with 2% SDS.51Cr was
quantitated in aâ counter. For inhibition experiments, the
cells were mixed with different amounts of Fg, D100, and
D98 fragments and then incubated for 15 min at 22°C with
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.

CompetitiVe Inhibition ELISA.For solid-phase immunoas-
says, polystyrene microtiter plates (Titertek, ICN Pharma-
ceuticals, Costa Mesa, CA) were coated with 0.5µg/mL of
the D100 fragment for 3 h at 37°C or overnight at 4°C. The
wells were post-coated with 1% BSA for 1 h at 22°C and
then washed with PBS+ 0.05% Tween 20; 0.5-1 µg/mL
mAb 4-2 (final concentrations of mAb) was mixed with
various amounts of Fg, D100, D98, DD, or D80 fragments in
PBS + 100 KIU/mL Trasylol, and 100µL aliquots were
added to wells. After incubation for 1.5 h at 37°C, the plates
were washed, and goat anti-mouse IgG, conjugated to
alkaline phosphatase, was added. Mab binding was detected
by reaction withp-nitrophenyl phosphate.

Solid-Phase Binding Assays.Plates (96 well; Immulon 2
HB, Dynex Technologies Inc., Chantilly, VA) were coated
with 100µM RM(Glu253-Arg261) peptide in PBS or with 10
µg/mL of the recombinantRMI-domain in TBS supplemented
with 1 mM Ca2+ and 1 mM Mg2+ overnight at 4°C.
Biotinylated D100 and D98 fragments in TBS, containing 1
mM Ca2+, 1 mM Mg2+, 100 KIU/mL Trasylol, and 0.05%
Tween 20, were added to wells coated with theRMI-domain
peptides or the recombinantRMI-domain and incubated for
2.5 h at 37°C. After the wells were washed, streptavidin
conjugated to alkaline phosphatase (Pierce) was added and
incubated for 45 min at 37°C. The binding of fragments
was detected by reaction withp-nitrophenyl phosphate,
measuring the absorbance at 405 nm.

Immunofluorescent Studies.The extracellular matrix de-
posited by WI38 human lung fibroblasts was analyzed by
immunofluorescent staining. Cells were trypsinized and

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 0.1-0.25 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
in 1.0 mL of PBS, and the cells were fixed in 3.7%
paraformaldehyde for 30 min. Wells were blocked with 3%
normal goat serum in PBS (blocking buffer) for 1 h after
which primary mAbs directed against human fibronectin and
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 IgG conju-
gated to Alexa 488 (1:1000 dilution) was added for 30 min.
Images of the fluorescent-labeled extracellular matrix were
obtained using a Leica TCS-NT laser scanning confocal
microscope (Leica, Heidelberg, Germany).

Analytical Procedures.The D100 and D98 fragments were
analyzed by Western blot analyses with mAbs 4-2 and 4A5.
For these analyses, the samples under reducing conditions
were separated by 11% SDS-PAGE in a Laemmli buffer
system and transferred onto Immobilon-P membranes (Mil-
lipore) which were then incubated with selected mAbs.
Bound mAbs were detected by reaction with a peroxidase-
conjugated secondary antibody (Bio-Rad) followed by ad-
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, D100, and D98 were adsorbed onto the plastic for 3 h at
37 °C, post-coated with PVP, and then washed with PBS.
Bound proteins were solubilized in 2% SDS+ 0.5 N NaOH,
and the released radioactivity was quantitated in aγ counter.
The amount of the protein bound to the wells was calculated
on the basis of the amount of radioactivity recovered and
the specific activity of125I-D100 and125I-D98.

For amino acid sequence analysis, the constituent chains
of the D80 fragment were separated by SDS-PAGE after
reduction withâ-mercaptoethanol, the band corresponding
to the γ-chain was excised, and the NH2-terminus of the
protein was determined by direct sequencing for 10 cycles.

RESULTS

Effect of the D100 Fragment on Adhesion of theRMâ2-
Bearing Cells to Fg and Its DeriVatiVes.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 integrinsRMâ2 andRXâ2 (12, 23, 24), with
RMâ2 playing a principal role. TheRMâ2-mediated adhesive
interactions of neutrophils occur in plasma that contains 2-4
mg of Fg/mL. Therefore, we have examined the effect of
soluble D100 fragment, in which the binding site forRMâ2

resides, on adhesion of activated and unstimulated neutro-
phils. In confirmation of previous findings (23, 24), un-
stimulated neutrophils adhered to Fg and D100 (Figure 1A).
Stimulation of neutrophils with fMLP and PMA enhanced
adhesion∼2- and ∼3.5-fold, respectively (Figure 1A).
Adhesion of neutrophils wasRMâ2-dependent since saturating
concentrations (20-40 µg/mL) of mAbs 44a and IB4
directed againstRM and â2 integrin subunits, respectively,
blocked adhesion by 80-90% (not shown). However,
adhesion of either stimulated or unstimulated neutrophils to
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Fg or to D100 was not affected by soluble D100 at 3.0 mg/
mL, i.e., at∼2700-fold excess over the immobilized ligand
(Figure 1B, adhesion to D100 is shown). Also in previous
studies, 3 mg/mL soluble Fg produced only 25% inhibition
of adhesion of TNFR-stimulated neutrophils to Fg-coated
surfaces (24). Thus, these data indicated that soluble D100

was not an efficient inhibitor of adhesion of neutrophils to
immobilized D100.

Since neutrophils are known to express several integrins
that can bind Fg, we have performed inhibition analyses with
soluble Fg and D100 using theRMâ2-expressing HEK 293
cells. We have shown previously that these cells bind Fg
and its derivatives, including the fragment D100, recombinant

γC-domain, and the P2-C peptide, specifically throughRMâ2

(15, 19, 33, 34). However, while immobilized D100 and Fg
supported efficient adhesion, soluble intact proteins were
poor inhibitors of RMâ2-mediated cell adhesion to im-
mobilized D100 fragment or P2-C peptide (Figure 2A,B). No
inhibition was produced by soluble Fg at 30µM, i.e., at a
(4.05 × 103)-fold molar excess of soluble protein to the
immobilized D100 (Figure 2A). The D100 produced little
inhibition (∼10%) at 30µM, the maximal testable concen-
tration. The D100 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 D100 for RMâ2 by measuring binding of125I-Fg and
125I-D100 to theRMâ2-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 that theRMâ2-binding
site might not be available in soluble Fg and D100 but
becomes unmasked in the immobilized ligands. Therefore,
we sought to determine the processes that regulate unmasking
of the RMâ2-binding site in Fg and D100. The initial insight
into the possible mechanism of exposure of theRMâ2-binding
site in Fg was obtained in the experiments with a proteolyti-
cally modified form of D100. When D100 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 D98). As shown in Figure 2C, D98 also efficiently
inhibited adhesion of activated neutrophils to the immobilized
D100. The capacity of the immobilized D98 fragment to
directly support adhesion of theRMâ2-expressing cells was
then tested. As shown in Figure 3, the adhesion-promoting
activity of D98 was comparable to that of D100, and the cells
appeared similar on both substrates (not shown). Thus,
although theRMâ2-expressing cells efficiently adhered to
immobilized D100 fragment and to Fg, they did not bind Fg
and D100 in solution. In contrast, immobilized D98 supported
adhesion and was an efficient inhibitor of adhesion when in
solution, suggesting that a proteolytic alteration unmasked
receptor recognition site(s).

Characterization of the D98 Fragment of Fg.The D98

fragment was characterized further. Comparison of D100 and
D98 by SDS-PAGE under reducing conditions demonstrated
that the γ-chain of D98 migrated slightly faster than the
constituentγ-chain of D100 (Figure 4A, lanes 2 and 1) while
the mobility of the â-chain did not change. It is well
documented that, depending on the stage of Fg digestion with
plasmin, the generated D100 fragment may contain two
γ-chain variants differing by the NH2-termini (35, 36). The
early D100 fragment containsγ63-411 (referred to asγ1A),
and the late D100 fragment containsγ86-411 (referred to as
γ1). These two variants are seen as a doublet in our D100

(Figure 4A, lanes 1, 4, and schematically shown in Figure
4C). Complete transformation ofγ1A to γ1 occurs upon
prolonged digestion of D100 by plasmin in the presence of 5
mM Ca2+ (36). We have found that transition of theγ1A to
γ1 did not augment the capability of the D100 fragment to
inhibit cell adhesion (not shown). Therefore, removal of
γ63-85 seems not to be responsible for the inhibitory
potency of D98. The D100 and D98 fragments were analyzed
further by Western blot analysis with two mAbs specific for

FIGURE 1: Effect of the D100 fragment on adhesion of neutrophils
to Fg and D100. (A) Neutrophils were isolated from human blood,
resuspended in HBSS+0.1% BSA, and labeled with calcein. Cells
were suspended at 5× 106/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 22°C, aliquots of cells (100
µL) were added to the wells coated with 2.5µg/mL Fg or D100.
After 25 min at 37°C, nonadherent cells were removed, and
fluorescence of adherent cells was measured. Data are expressed
as a percentage of added cells. (B) Effect of D100 on 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) D100 for 20 min at 22°C, and then aliquots (5×
105) of cells were added to the wells coated with 2.5µg/mL D100.
The amount of D100 immobilized onto the plastic surface was
quantitated using125I-D100. At an input concentration of 2.5µg/
mL (0.1 mL/well), 0.112µg of protein was bound. Data are
expressed as a percentage of control (adhesion in the absence of
added proteins). Results are the mean( SE values from 6-8
individual experiments performed with quadruplicates at each
experimental point.
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the COOH-terminus of theγ-chain. MAb 4-2 recognizes the
epitope(s) residing withinγ392-400, and mAb 4A5 recog-
nizes an epitope in the extreme COOH-terminus of the
γ-chain atγ406-411 (32). The bands corresponding to the
γ-chains in D100 (Figure 4B, lane 3) and a band corresponding
to the γ-chain in D98 (denotedγ1∆C, Figure 4B, lane 2)
reacted with mAb 4-2, consistent with the epitope(s) within
γ392-400 being preserved in both fragments. MAb 4A5
bound only to D100 which contains the unaltered COOH-
termini of theγ-chains and did not react with D98 (Figure
4B, lanes 6 and 5, respectively). Thus, the COOH-terminal
part of theγ-chain in D98 was removed.

Exposure of the P2-C Sequence in Fg and Its Proteolytic
Fragments.Since the P2-C sequence was implicated as the
major RMâ2-binding site (19),2 we probed its exposure in
Fg, D100, and D98, either in soluble or in immobilized states,
using the site-specific mAb 4-2 directed againstγ392-400.
Since mAb 4-2 reacted with theγ383-395 peptide (P2-C),
it suggested that the NH2-terminal region ofγ392-400 may
contain part of the epitope (19). Furthermore, we have
previously demonstrated that mAb 4-2 inhibited adhesion
of the RMâ2-expressing cells to immobilized D100 (19),
indicating that the mAb could be an effective reporter of
changes in the conformational status of the P2-C region of
the γ-chain in different Fg derivatives.

The interaction of mAbs with soluble Fg and its plasmin
fragments was tested using a competitive ELISA format.
MAb 4-2 strongly interacted with immobilized Fg and D100

in a saturable and dose-dependent manner. At 0.5µg/mL
coating concentration of D100 and subsaturating concentration
of the antibody (0.5µg/mL), the signal at 405 nm in ELISA
was typically 2.5-3.0 after 40 min at 37°C. When used as
a competitor, soluble Fg was a poor inhibitor of antibody
binding. As shown in Figure 5A, at 20µM, i.e., at (6.7×
103)-fold molar excess of soluble Fg to the mAb [(∼1.5 ×
104)-fold excess of soluble over immobilized ligand], it
inhibited about 20% of mAb 4-2 binding to immobilized
D100. The D100 fragment was also a weak inhibitor of antibody
binding to surface-bound protein. 50% inhibition was

FIGURE 2: Effect of Fg, D100, and D98 fragments on adhesion of
the RMâ2-expressing HEK 293 cells and neutrophils.51Cr-labeled
RMâ2-transfected cells in HBSS/HEPES supplemented with 1 mM
Ca2+, 1 mM Mg2+, and 1% BSA (adhesion buffer) were incubated
with increasing concentrations of Fg (O), D100 (9), and D98 (b)
for 15 min at 22°C with constant agitation. The proteins were
dialyzed against adhesion buffer for 6-20 h prior to the experiment.
Aliquots (5 × 104 cells/0.1 mL) were added to microtiter wells
coated with 10µg/mL D100 fragment (A) or 10µg/mL P2-C peptide
(B) and post-coated with 0.5% PVP. After 25 min at 37°C in a
humidified atmosphere containing 5% CO2, the nonadherent cells
were removed by three washes with PBS, the adherent cells were
solubilized with 2% SDS, and their radioactivity was counted in a
â-counter. Data are expressed as a percentage of control (adhesion
in the absence of competing proteins) and are the mean( SE of
3-6 individual experiments performed with triplicate determinations
in each experiment. (C) Adhesion of fMLP-activated neutrophils
in the presence of the D100 (b) or D98 (O) fragments. Neutrophils
activated with 100 nM fMLP were preincubated with different
concentrations of D100 or D98 for 20 min and then added to the
wells coated with 2.5µg/mL D100. 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 D100 immobilized onto the plastic
surface was quantitated using125I-D100. At an input concentration
of 10 µg/mL (0.1 mL/well), 0.125µg of protein was bound.

FIGURE 3: Adhesion of theRMâ2-expressing cells to the im-
mobilized D100and D98 fragments. Aliquots (0.1 mL) of51Cr-labeled
cells (5× 104) in DMEM/F-12 supplemented with 1 mM Ca2+, 1
mM Mg2+, and 1% BSA were added to wells coated with different
concentrations of D100 (9) and D98 (b). 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.
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produced at 15.8( 2.2 µM (Figure 5A). Poor inhibition of
mAb binding is consistent with inaccessibility of the P2-C
epitope in intact soluble Fg and in the D100 fragment. In
contrast, D98 and D80 inhibited the binding of mAb 4-2 to
immobilized D100efficiently and in a dose-dependent manner,
with D80 being the more efficient inhibitor; 50% inhibition
of antibody binding was achieved at 2.7( 0.7 µM and 1.8
( 0.2 µM D98 and D80, respectively. In addition, the DD-
fragment, obtained from the cross-linked fibrin by plasmin,

also inhibited the binding of mAb 4-2 to immobilized D100,
and its inhibitory effect was similar to that of D98; 50%
inhibition was achieved at 3( 0.15 µM DD.

A fragment similar to D98 was obtained by digesting D100

with stromelysin (MMP-3) which cleaves theγ-chain at
γ404-405 (37). The state of theγ-chain in this fragment
(designated Ds) as analyzed by SDS-PAGE and by Western
blotting with site-specific antibodies is shown in Figure 4A,B.
The COOH-terminus of Ds was degraded as evidenced by
SDS-PAGE (Figure 4A, lane 5) and by the lack of
immunoreactivity with mAb 4A5 (Figure 4B, lane 8). At
the same time, the epitopes withinγ392-400 were preserved
as demonstrated by staining with mAb 4-2 (Figure 4B, lane
10). When tested in a competitive ELISA, Ds was a more
potent inhibitor of mAb 4-2 binding than D100: at 10µM,
Ds produced 61( 6% inhibition compared to 30( 6% by
D100. However, Ds was less active than D98 and D80 fragments
which at 10µM each produced 87% and 95% inhibition,
respectively.

Thus, the above results indicated that P2-C is poorly
exposed in soluble Fg and its proteolytic fragment D100 but
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 γ-chain.

Binding of D98 and D100 Fragments to the Recombinant
I-Domain and theRMI-Domain Recognition Peptides.It is
known that theRMI-domain of RMâ2 is responsible for
recognition of the P2-C sequence (19). To further substantiate
the role of the COOH-terminal part of theγ-chain in
regulating exposure of theRMâ2-binding site, we compared

FIGURE 4: Polypeptide chain composition of the D100, D98, D80,
and DS fragments. (A) SDS-PAGE analysis of component chains
of D100 (lanes 1 and 4), D98 (lane 2), D80 (lane 3), and DS (lane 5)
fragments of Fg. Digestions with plasmin or stromelysin to generate
the D98, D80, and DS fragments, respectively, were performed as
described under Experimental Procedures. Positions ofγ1A, γ1, and
â chains in D100; andγ1∆C in D98 and Ds are shown.γ25K is the
γ-chain remnant with molecular mass 25 kDa in D80. (B) Proteins
were reduced with 2%â-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 (2µg/mL
affinity-purified IgG). D100: lanes 3, 6, 7, and 9; D98: lanes 2 and
5; DS: lanes 8 and 10; D80: lane 1 (note that segmentγ374-405
[or γ374-396] noncovalently inserted in D80 dissociates fromγC
under SDS conditions). Lane 4 shows D100 stained by Coomassie
blue. (C) Schematic representation of functional sites and suggested
cleavage sites in theγ-chains of D100, D98, and D80 fragments. D100
contains two populations ofγ-chains,γ1A andγ1. The positions of
epitopes for mAb 4A5 (γ406-411) and 4-2 (γ392-402) are shown
as dotted and striped boxes, respectively. The solid bar between
γ383 andγ395 represents P2-C. Numbers indicate positions of
amino acid residues in theγ-chain and are not to a scale.γ143
indicates the NH2-terminus ofγC. The COOH-terminal segments
γ405/406-411 andγ397-411 are removed by proteolysis in D98.
The segmentγ374-405 (and/or γ374-396) is noncovalently
inserted (dashed lines) withinγC in the D80 fragment (41). The
short arrows indicate plasmin cleavage sites. Direct sequencing of
the constituentγ-chain in our D80 demonstrated that∼10-15% of
the molecules contained193VFQKRLDG200 as the NH2-terminus,
consistent with previous findings (43).

FIGURE 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 D100 by soluble Fg and the
D100, D98, D80, and DD fragments. Increasing concentrations of Fg
(O), D100 (9), D98 (b), D80 (2), and DD (3) fragments were mixed
with 0.5µg/mL mAb 4-2 (final concentration), and 0.1 mL aliquots
were added to the wells coated with 0.5µg/mL D100 and post-
coated with 1% BSA. After 1.5 h at 37°C, wells were washed
with PBS+0.05% Tween 20, and the second antibody (conjugated
with alkaline phosphatase) was added for 1 h at 37°C. Antibody
binding was detected by reaction withp-nitrophenyl phosphate, and
absorbance at 405 nm was measured. The amount of protein
adsorbed on the plastic was determined using radiolabeled D100 as
described under Experimental Procedures. At the input concentration
of 0.5 µg/mL (0.1 mL), 0.023µg of added D100 was bound. Data
are expressed as percent of maximal binding of the mAbs in the
absence of competitors.

The RMâ2-Binding Site in Fibrinogen Is Cryptic Biochemistry, Vol. 41, No. 43, 200212947



the binding of the D98 and D100 fragments to the recombinant
RMI-domain. Previous data demonstrated that the D98 frag-
ment specifically bound to the immobilizedRMI-domain and
P2-C inhibited this interaction (21). As shown in Figure 6A,
biotinylated D98 bound to the immobilizedRMI-domain at
higher levels than biotinylated D100. Furthermore, additional
experiments confirmed that D98 had a higher affinity for the
RMI-domain than D100. We have previously found that within
the RMI-domain, P2-C binds to two adjacent sequences,
RM(Lys245-Tyr252) andRM(Glu253-Arg261) (21). Therefore,
we have compared the binding of biotinylated D100 and D98

to the immobilized peptideRM(Glu253-Arg261). As shown
in Figure 6B, only D98 bound toRM(Glu253-Arg261) while
D100 did not interact. These results are consistent with
exposure of theRMâ2-binding site in the D98 fragment.

Deposition of Fg into the Extracellular Matrix Results in
Unmasking of the P2-C Sequence.It has been shown that

Fg leaks through the endothelial layer during the inflamma-
tory response and is deposited into the extracellular matrix
as fibrin after activation by thrombin (14) or in a proteo-
lytically unmodified form (6). We have tested whether the
epitope for mAb 4-2 is exposed in Fg incorporated in the
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
Fg was overlaid onto the cell layer and cells were incubated
for extra 24 h. Since no inhibitors of coagulation were added,
Fg was converted to a fibrin clot. Fibrin-specificR and â
chains were demonstrated by SDS-PAGE of reduced
samples (not shown). Immunofluorescent staining of cells
was performed using Mab 4-2, in parallel with mAb 8A11
specific for fibronectin and mAb 2G5 which recognizes the
epitopeγ373-385 in Fg and fibrin (38). 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 atγ392-400 (Figure 7C).

DISCUSSION

The present study was undertaken to resolve the dif-
ferential recognition by integrinRMâ2 of a soluble form of
the Fg molecule from its immobilized form. We show that

FIGURE 6: Binding of the D100and D98 fragments to theRMI-domain
and to theRMI-domain recognition peptide. (A) Different concentra-
tions of biotinylated D100 (9) and D98 (b) fragments in 0.05 M
TBS, supplemented with 1 mM Ca2+, 1 mM Mg2+, 200 KIU/mL
Trasylol, and 0.05% Tween 20, were added to the wells coated
with 10 µg/mL of the recombinantRMI-domain, and incubated for
3 h at 37°C. After washing, the bound fragments were detected
using streptavidin conjugated to alkaline phosphatase, withp-
nitrophenyl phosphate for disclosure. Nonspecific binding to BSA-
coated wells was subtracted. (B) The microtiter plates were coated
with 100µM RM(Glu253-Arg261) overnight at 4°C and post-coated
with 3% BSA. Then different concentrations of biotinylated D100
(9) and D98 (b) fragments in PBS+0.05% Tween 20 were added
to the wells for 3 h at 37°C. After washing, bound fragments were
detected as above.

FIGURE 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 (5µg/mL); (B) mAb 2G5 against Fg/fibrin (5µg/mL);
and (C) mAb 4-2 (2µg/mL). (D) Cells were grown without Fg,
and then mAb 4-2 and a secondary antibody were added (control
staining).
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theRMâ2-binding site in theγC-domain of soluble intact Fg
is cryptic and characterize the conformational alterations that
evoke its unmasking.

Several observations are consistent with the lack of
exposure of theRMâ2-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 theRMâ2-
transfected HEK 293 cells was not detected, and intact Fg
did not inhibit adhesion of these cells to immobilized Fg
derivatives. Furthermore, no interaction was observed with
the D100 fragment which contains the binding site forRMâ2

and preserves a conformation inherent to intact Fg in solution.
The D100 fragment did not inhibit adhesion of theRMâ2-
bearing cells, including fMLP- and PMA-activated neutro-
phils. In addition, D100 bound poorly to the recombinantRMI-
domain, a recognition domain withinRMâ2 for Fg (39).

Two processes which resulted in unmasking of theRMâ2-
binding site in Fg and the D100 fragment have been
identified: (1) immobilization of Fg or D100 onto a plastic
surface in vitro was associated with extensive exposure of
theRMâ2-binding site as evidenced by efficient adhesion of
neutrophils and theRMâ2-expressing HEK 293 cells. Also,
we have previously demonstrated that Fg and D100, spontane-
ously adsorbed on the surface of biomaterial implants in an
animal model, mediated phagocyte accumulation (40),
consistent with an idea that deposits of fibrinogen in vivo
are able to supportRMâ2-mediated leukocyte adhesion; (2)
proteolysis of the D100 fragment by plasmin generated
fragments with properties of competent inhibitors of adhesion
of neutrophils and theRMâ2-expressing HEK 293 cells, and
also increased the binding of these fragments to the
recombinantRMI-domain.

Previous studies demonstrated that theRMâ2-binding site
in the D fragment resides in theγC-domain and that the
sequenceγ383-395 (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
Fg and D100. The P2-C sequence is not exposed in soluble
Fg and D100 as judged by the fact that these proteins are not
able to compete with immobilized D100 for mAb binding.
Proteolysis of D100 by plasmin and MMP-3 resulted in
enhanced exposure of the P2-C epitope since the D98, D80,
and Ds fragments were potent inhibitors of binding of the
site-specific mAb to the immobilized D100. Thus, the lack
of inhibition of cell adhesion by soluble Fg and D100

correlates with the lack of immunoreactivity with anti-P2-C
mAb. And vice versa, the ability of D98 to inhibit RMâ2-
mediated adhesion coincides with the immunoreactivity of
this fragment with the mAb. The correlation between the
inhibitory activity of D98 versus D100 in the cell adhesion
assay and the state of exposure of P2-C in D98 and D100

further implicates P2-C as theRMâ2-binding site inγC.
We propose that immobilization of Fg or D100 on 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 theγC-
domain (γ143-411). This supposition is based on the
observation that the cleavage of the COOH-terminal part of
the γC-domain in the D100 fragment by plasmin generates
fragments with the ability to inhibit adhesion of neutrophils
and theRMâ2-expressing cells. In addition, the higher extent
of binding of D98 to the recombinantRMI-domain and to the

RMI-domain recognition peptide Glu253-Arg261 compared to
that of D100 is also consistent with the interpretation that the
removal of the COOH-terminus inγC unmasks theRMâ2-
binding site.

The cleavage site in theγ-chain of the D-domain produced
by plasmin was previously identified asγLys406 (36, 41).
The cleavage sites atγAla405 and at γGlu396 in the D3
fragment corresponding to our D80 were also reported (41,
42). Matrix metalloproteinase stromelysin (MMP-3) degrades
Fg, cross-linked fibrin, and the DD fragment atγGly404-
Ala405 (37). We demonstrate that MMP-3 also cleaved D100

probably at the same position (Figure 4). Thus, the removal
of the small COOH-terminal peptidesγ405/406-411 and/
or γ397-411 from D100 resulted in unmasking of theRMâ2-
binding site.

A higher immunoreactivity of the D80 fragment with anti-
P2-C mAb 4-2 as compared to that of D98 suggests that the
P2-C site is more accessible in D80. Recent data revealed
that in addition to theγ-chain remnantγ86-302, the D80

fragment contains theγ374-405 (or γ374-396) segment
which remains inserted as a structuralâ strand into the central
sheet of theγC-domain similar to that in intactγC (41).
Thus, the presence ofγ374-405/396 should provide the
basis for the immunoreactivity of D80 with mAb 4-2. Indeed,
D80 reacted with mAb 4-2 in ELISA (not shown). The
cleavage atγ373-374 might facilitate the access of the mAb
to the epitope. In addition, we and others (43) have found
that a population of D80 molecules had the cleavage(s) at
γ192. The observed cleavage occurs in the NH2-terminal part
of theâ strandγ190-198 and resides in immediate proximity
to the P2-C sequence in the three-dimensional structure of
γC (16, 17) (Figure 8,γC). Therefore, it is possible that this
internal cleavage could destabilize the association between
the subdomains inγC, thus resulting in better accessibility
of the P2-C epitope for mAb.

Taken together, our data demonstrate that the C-terminus
in theγC-domain may regulate the accessibility to the P2-C
region (Figure 8,γC-domain). We speculate that in intact
soluble Fg and D100, the COOH-terminal tail may shield this
region and limit access toRMâ2 and antibodies. In the crystal
structure of theγC-domain (16, 17) (Figure 8, γC), the
position of γ392-402 was not solved definitively since it
was observed in several conformations. The location of the
remaining part of the C-terminus beyondγ402 is not clear
because it was missing in the crystals due to proteolysis.
However, although the overall conformation of the C-
terminus inγC 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 γC upon immobilization of Fg and D100 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
the three-dimensional structure of theγ-chain peptideγ398-
411 crystallized as a complex with two different carrier
proteins (44, 48). In these structures, a reproducible kink at
γHis401 and γLeu402 and a turn of the remaining segment
were observed. In addition, other data supporting the idea
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that theγC-termini in Fg are oriented toward the center of
the molecule were also obtained (47). The extension of this
hypothesis is that the folded C-terminal “tail” should interact
with the core of theγC-domain and stabilize it in the “closed”
conformation. The conformational transitions between “open”
and “closed” states were observed in other adhesive proteins
(49, 50) and in Fg itself (51). In this regard, the crystal
structure and electron microscopy provided evidence that the
C-terminal parts of the AR-chain in Fg make a turn in the
middle of the molecule to fold back toward the central
E-domain such that several functional sites become shielded
(17, 51). These sites are unmasked upon transformation of
fibrinogen to fibrin and by degradation of the molecule.
Another mechanism by which the conformation of the
C-terminal part ofγC can be altered has recently been
proposed. Yakovlev et al. (41) have put forward a hypothesis
according to which theγ381-390 structuralâ strand could
be “pulled-out” from the framework ofγC. Theγ381-390
sequence overlaps with P2-C and, thus, this process could
potentially result in the exposure of P2-C. Further studies

will be required to elucidate the nature of conformational
alterations in this part ofγC.

The three-dimensional structure of the DD fragment, which
models the end-to-end association of theγC-domains in the
joined D-domains in fibrin, suggests that the C-terminal ends
of two γC should come into close proximity to accommodate
intermolecular cross-links by Factor XIII (17). Although the
positions of the cross-linking sites atγGln398 and γLys406

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 in (34)]. 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 forRMâ2 in Fg is cryptic
adds this integrin-ligand 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 collagen (52,
53), fibrinogen (54), vitronectin (55), fibronectin (30),
tenascin (56), laminin (57), and thrombospondin (58).
Although the RGD-containing domains in these proteins were
shown to become exposed by different events, unmasking
by proteolysis, by immobilization on the surface, and by
multimerization are the most common mechanisms. Other
adhesive sequences, for example, LDV in the IIICS-1
segment of fibronectin (59) which is recognized byR4â1,
and adhesive sequences in osteopontin (60) and in laminin
(61) recognized byR9â1 and byR6â1, respectively, are also
cryptic in intact molecules and become unmasked by specific
proteolytic events. However, while the augmented adhesive
activities of the extracellular matrix proteins as a result of
conformational alterations were extensively documented, the
present study is the first to identify the molecular mechanism
responsible for unmasking of the cryptic adhesive site. Thus,
we conclude that productive integrin-ligand interactions not
only involve well-documented agonist-induced conforma-
tional changes in integrins (62, 63) but also require ligand
“activation” as well (64, 65).
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