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ABSTRACT: The fibrinogeny-module sequenceg190—202 or P1, ang’377—395 or P2, were implicated

in interaction with thenyl-domain of the leukocyte receptas52. P1 is an integral part of the-module

central domain, while P2 is inserted into this domain forming an antipardigtrand with P1. We
hypothesized earlier that separation of P2 from P1 may regulate interaction of fibrin(ogen) with leukocytes
during the inflammatory response. To test the relative contributions of these sequences to the interaction
and the effect of their separation, we prepared the recombirambdule (#148—411) and its halves,
y148-286 andy287—411 fragments containing P1 and P2, respectively, and evaluated their affinities
for the recombinantuyl-domain. In a solid-phase binding assay, the immobilizethodule exhibited

high affinity for oaml (Kg = 22 nM), while the affinities of the isolategl48—-286 andy287—411 halves

were much lowerKqy's = 521 and 194 nM, respectively), indicating that both halves contribute to the
interaction in a synergistic manner. This is consistent with the above hypothesis. Further, we prepared the
recombinany148—191 andy192—286 fragments corresponding to the Ntdrminal and central domains,
respectively, as well agl48—226 containing P1, and tested their interaction witii. The immobilized
y192—-286 fragment bound toawl with Kg = 559 nM, while bothy148-191 andy148—226 failed to

bind suggesting that P1 does not contribute substantially to the binding and that the binding occurs mainly
through they227—286 region. To further localize a putative binding sequence, we clepi/8#-286

and analyzed the resulting peptides. The amfy-binding activity was associated with th€28-253

peptide, indicating that this region of the central domain contains a rmqy&l-binding sequence.

Interaction between fibrin(ogen) and leukocyte integrin residues 148411 of this region supported adhesiorogfs3-
amf32, or Mac-1, plays an important role in the attraction of transfected cells?). Further, studies with synthetic peptides
inflammatory cells to places of injury during normal wound suggested that two sequences within fhmodule,y190—
healing as well as to places of chronic inflammation in which 202 andy373—395, designated as P1 and P2, respectively,
fibrin(ogen) is present. Numerous studies performed to are involved in theuw, recognition 8, 4). It was also shown
establish the mechanism of this interaction revealed that itthat deletion of theayl domain from ayfp. completely
occurs primarily through the I-domain of the integrity abrogated the binding aiuf: to fibrinogen 6).

subunit,al,* and the terminal D regions of fibrin(ogen).  Among the two peptides, P2 was found to be the more
Particularly, it was found that a proteolytically prepared 30- potent inhibitor of adhesion of thew/3.-expressing cellsA).
kDa fragment derived from the fibrinogen D region inhibited This together with the subsequent finding that deletion of
binding of fibrinogen to stimulated monocytes and neutro- the P2 sequence in themodule reduced its binding to the
phils (1) and that a recombinagtmodule includingy chain ~ gl-domain while mutation of several residues in P1 had
no effect lead to the conclusion that the P2 sequence is the
T This work was supported by National Institute of Health Grant major b!ndlng S_'te ,fo,m'v'ﬁz (6). In addltlon, a mlnlmal
HL-56051 to L.M., HL-61589 to L.Z, and HL-63199 to T.U. recognition motif within P2 was localized to the residues
*To whom correspondence should be addressed at University of y390-395 (). At the same time, experiments with recom-
Maryland School of Medicine, 15601 Crabbs Branch Way, Rockville, A ; ; ;
MD® 20855, Tel: 301-738.0719. Fax: 301.738-0740. E.mail. inantfibrinogen mutants devoid of this motif suggested that
medvedL@usa.redcross.org. deletion of these residues in the context of the whole
* University of Maryland School of Medicine. molecule is not sufficient to ablate functio®)(In fact, such
$ Joseph J. Jacobs Center for Thrombosis and Vascular Biology. mutants were as effective in supporting adhesionugB,-
1 Abbreviations: awl-domain, a region of-200 amino acid residues . . _
“inserted” in theay subunit of integrinawfBz; y-module, COOH- eXpreSS,mg cells as the wild type gnd plasma f|br|pogé)15 (
terminal region of the fibrinogep chain including residues 148111; suggesting that the structural basis for the interaction between
P1 and P2, the fibrinogenr-module sequences including residues fibrinogen andow/3, could be more complex. In addition,

y190—-202 andy377—395, respectively; GST, glutathiosdransferase; ; i~ i filr
TBS, 20 mM Tris buffer. pH 7.4, with 0.15 M NaCl: PVDF membtane, the fact that these sites are cryptic in fibrinogen and become

poly(vinylidene difluoride) membrane; HEK 293 cells, human embry- Unmas_ked_ only when it is immo_b”ized onto plastic or
onic kidney cells; SPR, surface plasmon resonance. deposited in the extracellular matriX)(further adds to the
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Ficure 1. Schematic representation of the recombinamodule and its truncated variants expressed for this study. The ribbon diagram

of they-module (residueg148—411) based upon its crystal structure (PDB ID 1FIB; ref 8) is presented in panel A at the left. A hypothetical
structure of they-module in which they381—390 -strand insert was pulled-out from the central domain using molecular modeling with

the program DS ViewerPro (Accelrys, San Diego, CA) is presented in panel A at the right. Both diagrams were constructed using the
program PyMol (DeLano Scientific, San Francisco, CA). The Xétminal domain (residuegl48-191) is colored in blue, the central
domain (residues 192286) is in green and yellow, and the COOH-terminal portion ofjthmodule is in red. The228—253 region of

the central domain is colored in yellow (see text). The extreme COOH-terminus (residued41393vhose position was not determined

in the crystal structuregj is presented by a dotted curved line. Panel B represents schematicaiiyntbdule and its truncated variants,
y148-286 andy148-392, expressed earlie2,(9). They-module variantsy287—-411,y148-191,y148-226, andy192—286, expressed

in this study are represented in panel C. The color scheme in panels B and C follows the same pattern as in panel A. The approximate
location of P1 and P2 including residug$90—-202 andy377—395, respectively3, 4), are shown by open boxes.

complexity of this interaction. Thus, despite substantial y-module, thus modulating fibrinogerteukocyte interaction

progress in our understanding of the fibrin(ogeaj5- during an inflammatory response)(

interaction, the structure of theyS.-binding site and the In this study, we prepared the recombinant individual

mechanism of its interaction still need to be further clarified. domains of the--module and combinations thereof contain-
The crystal structure of the fibrinogep-module @) ing the P1 or P2 sequences, as well as the recombingnt

revealed that it consists of three independently folded domain, and tested the effect of separation of these sequences
domains formed by residuesl48-191, y192-286, and on theaMﬂz-b_md_ln_g activity. The experiments revea_led that
7286-380, respectively, and that its COOH-terminal residues 2lthough the individual P1- and P2-containing domains could
381390 including part of P2 are inserted into the central INteract withawl independently, they should act together for
domain §192—286), while the rest)(393-411) seems to high afﬁmty binding to occur. W(_a also found that the c_:entral
be flexible (Figure 1A, left diagram). Since with such domain of they-module contains a novedu3.-binding
arrangement both P1 and P2 sequences reside in clos§€dquence which was further localized within jt828-253
proximity forming two antiparallef strands in the central ~ f€dion.

?omaln @), it was sygge;ted that their juxtaposmon. MaY v bERIMENTAL PROCEDURES

orm a complex binding site famyfS2 (4). Our denaturation

study revealed that although thr881—390 -strand insert Expression of the RecombingniModule and Its Variants.
contributes to the stability of the central domain, it can be The recombinant wild typg-module corresponding to the
removed without destroying the compact structure of the human fibrinogery chain residues 148411 and its truncated
latter ©). On the basis of this and some other observations, variants, y148-392 and y148-286 (Figure 1B), were

we hypothesized that thg-strand insert may be removed produced inEscherichia coliusing a pET-20b expression
(pulled out) from they-module (Figure 1A, right diagram)  vector, purified, and refolded as described earReB). This

and that such a “pull out” mechanism could be functionally vector was used as a template to produce several new
relevant @, 10). Particularly, we hypothesized that P1 and truncated variants of the-module,y287—411,y148-191,

P2 could be separated by this mechanism and that suchy148-226, andy192—286 (Figure 1C). A cDNA encoding
separation could alter thewS.-binding activity of the y148-191, y148-226, andy287—411 variants was pro-
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duced by polymerase chain reaction (PCR) using the fol-
lowing primers in which the restrictaseecognition se-
quences are underlined here and elsewhere,
5-TTTCCCTCTAGAAATAATTTTGTTTAACTTTAAG-
3 (forward) and
5-TTTAAAAAGCTTTCACCATCCATTTCCAGAC-
CCATCG-3 (reverse) fory148-191,
5'-TGGAAATCATATGATCACTGGGAAAGATTGT-
CAAG-3' (forward) and
5-TTTAAAAAGCTTTCAAAATTCTGTTGTGCCA-
GTAG-3 (reverse) fory148—226,
5'-TGGAAATCATATGGGAGATGCCTTTGATGGC-
TTTG-3 (forward) and
5-TTTAAAAAGCTTTCAAACGTCTCCAGCCTGTTTG-
3 (reverse) fory287—411.

The PCR products were subcloned into the pET-20b
expression vector (Novagen) usiNgld and Hindlll restric-
tion sites for y148-226 andy287—411, andXba and
Hindlll restriction sites fory148-191, and then transformed
into DH5a. E. coli host cells (Invitrogen). To produce a
cDNA encodingy192—286, we used forward primer

5-TGGAAATCATATGACTGTGTTTCAGAAGAGAC-
TTG-3 and two reverse primers,

5-TGGGATGGCAGACTGTGTG-3and

5-TTTAAAAAGCTTTCAAGCATCCCCACCAGC-
GAAG-3'. Since the resulting two PCR products contained
an Apd restriction site, both PSR products were subcloned
into the pET-20b expression vector (Novagen) usiug,
Apd, andHindlll restriction sites. All resultant clones were
sequenced to confirm the integrity of the coding sequences.

For production of protein fragments, the BL21/pLy&S
coli host cells were transformed with the resulting plasmids,
and all variants of the-module were purified and refolded
following the procedures described previously for the
recombinant wild-type/-module @, 9). The purity of the
resultingy-module variants was verified by SB®AGE and
by NHx-terminal sequence analysis. The sequence analysi
was performed with a Hewlett-Packard model G 1000S
sequencer. The NHermini of the fragments were deter-
mined by direct sequencing for six cycles.

Expression and Purification of the Recombinamyl-
Domain. The recombinantul-domain was expressed as
glutathioneS-transferase (GST) fusion proteinskn coli as
described previously1@) and purified from the soluble
fractions of bacterial lysates by affinity chromatography using
glutothion-Sepharose (Amersham Biosciences). The coding
region for theayl-domain (residues GIe—Lys®%9), in which
Cys'?8was changed to Set2), was amplified by polymerase
chain reactions using plasmid pCIS2M-hCD11b as a template
(11), which contain the cDNA fragments coding for the full-
length oy subunit of integrinowf.. The primers used for
the ayl-domain were SAATTGGATCCTTGAGGCCCT-
CAGAGGTTCTCCCCAAGAGGATAGTGTACAT-
TGCC3 (forward) and ATTCTCGAGTTACTTCTCCCG-
AAGCTGGTTCTG3 (reverse). The PCR product was
subcloned into the pGEX-5X-3 expression vector (Amersham
Biosciences) usingdamH and Xhd restriction sites. The
resultant clone was sequenced to confirm the integrity of
the coding sequence. The plasmid was transforméd aoli
strain BL-21(DE3)pLysS competent cells, and expression
was induced by the addition of 1 mM isopropyl-1-tte-
D-galactopyranoside for-35 h at 37°C. To cleave theuwl-
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domain from the GST-fusion part, 1 mg of GSfd-domain

in 20 mM Tris, pH 7.4, 0.15 M NacCl (TBS) containing 2
mM CaCl was incubated with 2@g of factor Xa (New
England Biolabs) overnight at room temperature. Benzami-
dine-agarose (Sigma) was used to isolated Factor Xa from
the reaction mixture. Theyl-domain was further separated
from GST and noncleaved GSiyl-domain by affinity
chromatography on glutathione-sepharose (Amersham Bio-
sciences). Thewl-domain was biotinilated with EZ-Link
NHS—Biotin (Pierce) as recommended by the manufacturer.

Chemical Fragmentation 9f192—286. The recombinant
fibrinogeny192—286 fragment, corresponding to a central
domain of they-module, was cleaved bg-iodosobenzoic
acid in the presence gfcresol as described in r&8. Briefly,
200 uL of the fragment at 10 mg/mLni4 M GdmCI was
mixed with 800uL of acetic acid followed addition 2 mg of
o-iodosobenzoic acid. The cleavage was performed overnight
at room temperature in the presence ofil3 of p-cresol.
Under these conditiongy-iodosobenzoic acid selectively
cleaves proteins at tryptophan residuds3)( Resulting
peptides were separated by high-performance liquid chro-
matography (HPLC) on a reverse-phase C18 Vydac column.
The column was equilibrated with 0.1% trifluoroacetic acid
in water and eluted with a gradient of 0.1% trifluoroacetic
acid in acetonitrile. The flow rate was 1.0 mL/min.

Protein Concentration Determinatiof€oncentrations of
the recombinant fragments were determined spectrophoto-
metrically using extinction coefficientdEfgo 109 calculated
from the amino acid composition by the following equa-
tion: Ezgo10= (5690W+ 1280Y + 120S-S)/(0.1M), where
W, Y, and S-S represent the number of Trp and Tyr residues
and disulfide bonds, respectively, and M represents molecular
mass {4). Molecular masses of the recombinant fragments
were calculated based on their amino acid composition. The
following values of molecular masses aiitigg 10, Were
obtained for the newly expressed fragmentd48-191, 5.0

*Da and 16.9;y148—-226, 9.0 kDa and 17.1y192-286,

10.9 kDa and 22.6y287—411, 14 kDa and 29.0qul-
domain, 22 kDa and 1.74. Concentrations of the previously
described fragment,148—411,y148—-392, andy148—286,
were determined as in ré&

Fluorescence Studyluorescence spectra were recorded
in an SLM 8000-C fluorometer. Fluorescence measurements
of thermal unfolding were performed by monitoring the ratio
of the intensity at 350 nm to that at 320 nm with excitation
at 280 nm in the same fluorometer. Temperature was
controlled with a circulating water bath programmed to raise
the temperature at 1C/min. Protein concentrations were
0.02-0.03 mg/mL. All experiments were performed in 20
mM Tris, pH 8.0.

Cell Adhesion Assayadhesion assays with HEK 293 cells
expressingu32 (15) were performed essentially as described
in ref 16. Briefly, the auf-expressing cells grown in
DMEM/F-12 supplemented with 25 mM HEPES and 10%
fetal bovine serum were labeled with Calcein AM (Molecular
Probes, Eugene, OR) and resuspended in HBSS (Hank’s
balanced salt solution) at 2.6 10° cells/mL. The labeled
cells (100uL aliquots) were added to the wells coated with
5 ug/mL they-module or its fragments, and post-coated with
1% PVP (poly(vinylpyrrolidone)). After 30 min incubation
at 37°C in 3% CQ, the nonadherent cells were removed
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and the fluorescence was measured in a fluorescence platd.0, was used. Biosensor surfaces were coupled to final
reader (Applied Biosystems, Farmington, MA). response values 6£1000 response units (RU).

Ligand Blotting AssayThe recombinang-module variants Binding experiments were performed in HBS-P buffer
were subjected to SDS electrophoresis using NUPAGE Bis- (B|Acore AB, Uppsala, Sweden) containing 1 mM MaCl
Tris electrophoretic system (Invitrogen), and then elec- at 10 uL/min flow rate. Theawl-domain was injected at
trotransferred to a poly(vinylidene difluoride) (PVDF) mem- different concentrations and the association between im-
brane (Invitrogen). To check the effectiveness of protein mobilized y-module fragments and the addeg|-domain
transfer, the membrane was stained with MemCode reversibleyas monitored as the change in the SPR response; the
protein stain kit for PVDF membrane (Pierce). The mem- dissociation was measured upon replacement of the ligand
brane then was blockedfd. h atroom temperature with  soution for the buffer without ligand. To regenerate the chip
WesternBreeze Blocker/Diluent (Invitrogen) solution as surface, complete dissociation of the complex was achieved
recommended by manufacturer followed by overnight incu- by adding a solution containing 20 mM NaOHdah M NaCl
bation at 4°C with 10ug/mL biotinylated recombinarty!- for 1 min followed reequilibration with the binding buffer.

domain in the antibody diluent, which was prepared as Experimental data were analyzed using BlAevaluation 3.2
described in the instruction manual for WesternBreeze software supplied with the instrument.

Chemiluminescent Western Blot Immunodetection kit (In-
vitrogen). Boundayl domain was detected via its biotin  RESULTS
moiety by reaction with streptavidin conjugated to alkaline
phosphatase (Sigma) diluted 1:50000 with the same antibody Expression and Characterization of theModule Vari-
diluent and visualized by using chemiluminescent substrate ants.We had previously expressedin coli the full-length
CDP-Star from Tropix (Bedford, MA) according to the y-module (residuey148-411) and its fragments;148—
manufacturer recommendations. WesternBreeze wash solu392 devoid of the flexible COOH-terminal portion, and
tion (Invitrogen) was used to wash the membrane from the y148-286 including the Nhterminal and central domains
biotinylanedayl-domain and from streptavidin conjugated (residuesy148-191 andy192-286, respectively) Z, 9)
to alkaline phosphatase. (Figure 1B). Denaturation experiments revealed that all three
Solid-Phase Binding Assawells of high-binding micro- ~ species were folded into a compact struct@edf. For this
plates (Fisher) were coated overnight &tQwith 100uL/ study, we prepared themodule and both above-mentioned
well of 2 ug/mL y-module variants at 0.1 M N&Os, pH fragments, as well as four new fragments. They include the
9.5 (coating buffer). The wells were then blocked with »148-191 andy192-286 fragments corresponding to the
SuperBlock blocking buffer in TBS (Pierce)rfa h atroom NH-terminal and central domains, respectivelg87—-411
temperature. Following washing of the sample with TBS containing the COOH-terminal domain and an extra-381
containing 0.05% Tween 20 (TBS-T), the indicated concen- 411 portion with P2, and/148-226 including the Nk
trations of the biotinylated recombinamtyl-domain in terminal domain and an extra portion with P1 (Figure 1C).
TBS-T containing 1 mM MnGl were added to the wells ~ Before refolding, the/287-411 andy192-286 fragments
and also to control wells coated with just SuperBlock exhibited fluorescence spectra with maximum at 352 nM,
blocking buffer and incubated overnight at@. The binding ~ Which shifted after refolding to 345 and 347 nm, respectively
of the ayl-domain was measured by the reaction with (insetsin Figure 2 A,B). This is consistent with the presence
streptavidin conjugated to alkaline phosphatase. The alkalineof @ compact structure in both fragments. Moreover, when
phosphatase substrapenitrophenyl phosphate (Pierce), was the samples were heated in the fluorometer while the ratio
added to the wells and the amount of bound ligand was of fluorescence intensity was monitored at 350 nm to that at
measured after 20 min spectrophotometrically at 405 nm. 320 nm as a measure of the spectral shift that accompanies
Data were fitted by nonlinear regression analysis using equnfolding, y287—411 exhibited a sigmoidal denaturation
1: transition with a midpoint at 52C (Figure 2A), close to
that observed earlier with the full lengthmodule @). This
B = B.,/(1 + K¢/[L]) indicates that the COOH-terminal domain composing most
of they287—411 fragment was folded and stable. The other

whereB represents the amount of ligand bouBg.is the ~ fragment,y192-286, exhibited aggregation upon denatur-
concentration of ligand bound at saturation (or the signal ation resulting in a downward change in fluorescence ratio,
proportional to it), [L] is a molar concentration of free ligand, Which started at about 4% (Figure 2B). This indicates that
assumed here to be equa| to tota|, mds the dissociation the recombinant central domain was also folded and stable.
constant. It should be noted that the148-286 andy287—411

Surface Plasmon Resonandée interaction of theul- fragments each represented about half ofjthreodule, and
domain with they-module and its variant$;148—286 and that the former contained the P1 sequence while the latter
y287—411, was studied by surface plasmon resonance usingcontained P2. Since our data indicate that both fragments
the BIAcore 3000 biosensor (Biacore AB, Uppsala, Sweden), were folded into a stable compact structure, it is likely that
which measures association/dissociation of proteins in realthe overall conformation of each fragment was similar to
time. They-module variants were immobilized to the CM5  that expected for the intagt-module, with its P23-strand
sensor chip using the amine coupling kit (BIAcore AB, removed from the central domain (Figure 1A, right diagram).
Uppsala, Sweden) according to the manufacturer instructions.These fragments together with thenodule and its truncated
The y148-411 was immobilized at 5@g/mL in 10 mM variant, y148-392, were used to evaluate the relative
sodium acetate, pH 5.0; for immobilization of th&48— contribution of the P1 and P2 sequences to the interaction
286 andy287—411 fragments, 100 mM sodium acetate, pH with amf2.
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FiIGURE 4: Analysis of binding of thexyl-domain to the recom-

FicURe 2: Fluorescence-detected thermal denaturation of the binanty-module and its truncated variants by ligand blotting and
recombinant fragments. Panels A and B show melting curves of solid-phase binding assay. The indicated recombinant fragments,

the recombinang287—411 andy192—286 fragments, respectively,
obtained upon their heating in 20 mM Tris, pH 8.0. The insets in

y148-286, y148-392, y148-411, andy287—-411, were trans-
ferred to the PVDF membrane after SBBAGE, stained with

both panels show the fluorescence spectra of the correspondingMemCode reversible protein stain kit (Pierce) (panel A), and then

fragments at 20C after refolding (solid lines) anchi4 M GdmCI
before refolding (dashed lines).
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Ficure 3: Adhesion ofayf5,-expressing cells to the recombinant
y-module and its truncated variants. Aliquotsogff.-transfected
cells labeled with Calcein AM (2.5¢< 10* cells/0.1 mL) were
incubated with the microtiter wells coated with f/g/mL the
y-module and its fragments,148-191, y148-286, y148—-392,
andy287—411, and post-coated with 1% PVP. After 30 min at 37

probed with biotinylatecul-domain after destaining (panel B).
Panel C shows the results of the solid-phase binding assay.
Increasing concentrations of the biotinylategl-domain were
incubated with microtiter wells coated with the indicated fragments
and ovalbumin, which was used as a control. Boagd-domain

was detected using streptavidin conjugated to alkaline phosphatase.
Error bars reflect the standard deviation of three independent
determinations. All experiments were performed in TBS containing

1 mM MnCl,. Solid lines represent best fits of the data to eq 1,
and the corresponding values I¢§ are presented in Table 1.

they-module was much lower but still noticeable. Although
this adhesion presumably occurred through the interaction
with ayf integrin, one could not exclude contribution of
some other unidentifieduS2-independent mechanism(s).
Therefore, to further characterize binding of these fragments
to awB2, we studied their interaction with the recombinant
oml-domain of amf2 by various techniques.

Interaction between thewl-Domain and they-Module
Variants Detected by Ligand Blottindn ligand blotting
experiments, the-module and its fragments were transferred

°C, nonadherent cells were removed by three washes with PBS.to 3 PVDF membrane after SB®AGE and probed with

Results are expressed as fluorescence of adherent cells and are t

mean=+ SD values from three individual experiments.

Cell Binding Studyln adhesion assays, wells were coated
with the recombinany-module and its variants, followed
by incubation with fluorescence-labeled,S2-expressing
cells. These cells adhered well to tlbemodule and its
truncated varianyy148-392, and to its Nk and COOH-
terminal halves;y148-286 andy287—411 containing P1
and P2, respectively (Figure 3). The adhesion topth8—
191 fragment corresponding to the Mt¢rminal domain of

Whe biotinylatechyl-domain (Figure 4 A,B). The experiments

revealed thatu! exhibited strong binding to the-module

and its truncategt148—392 fragment, and weak binding to
its NH,- and COOH-terminal halveg148—286 andy287—

411. These indicate that the isolated halves interact with the
oml-domain; however, the interaction is much stronger when
they are combined in thge-module. To obtain quantitative
information about the relative contribution of the P1 and P2
sequences to the interaction of thenodule withayl, we
turned to a solid-phase binding assay.
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Table 1: Dissociation Constant&d) for the Interaction of the
owl-Domain with the Recombinant-Module and Its Variants
Obtained by Solid Phase Binding Assay and Surface Plasmon
Resonance

fragments Kq (SPBY} (nM) Ka(SPRY(uM)
y148-411 22+ 1 5.5+ 0.2
y148-392 21+ 2

y148—286 521+ 10 17.6+ 3.1
y287-411 194+ 8 11.7£ 04
y192—286 559+ 25

fibrinogert 21+3 444+0.1

@ Obtained by solid-phase binding assay. The values are means
SD of three independent experimerft©btained by surface plasmon
resonance. The values are meanSD of two independent experiments.
¢ TheKgy values for fibrinogen were determined in similar experiments
and are given for comparison.

Interaction betweenayl and the y-Module Variants
Detected by Solid-Phase Binding Assdg. solid-phase
binding experiments, the-module and its fragments were

Yakovlev et al.

could inactivateowl. To reduce such possibility, we per-
formed similar experiments with tteayl-domain fused with
GST-protein (GSTawl). As with the isolatedowl, neither
the y-module nor its fragments added at the same:lD
concentration exhibited binding to immobilized G&i
(not shown). All these are in agreement with the idea that
the auf2-binding sequences are cryptic in the nonimmobi-
lized y-module and its fragments.

In another set of SPR experiments, whagl was added
to the immobilizedy-module and its recombinant halves,
y148-286 andy287—411, a dose-dependent binding was
observed (not shown). Th€y value for the binding to the
y-module was found to be 5/M and those for the binding
to y148-286 andy287—-411 were 17.6 and 11.7ZM,
respectively (Table 1). This result is in agreement with those
obtained by ligand blotting and by solid-phase binding assay
with the immobilizedy-module and its fragments, however,
the affinities in this case were much lower for all three
species. It should be noted that in control experiments the

immobilized onto plastic wells and increasing concentrations affinity of aml to immobilized fibrinogen determined by SPR

of the biotinylatedoyl-domain were added, followed by

(Kqg = 21 nM) was also much lower that that determined by

incubation and subsequent detection of the bound proteinELISA (Kqy = 4.4 uM) (Table 1). The most probable
with streptavidin conjugated to alkaline phosphatase. A dose-explanation is that the chemical coupling of the fragments

dependent binding with different affinities was observed in
all cases (Figure 4C). Binding aful to the y-module
occurred withKy of 22 nM; a similarKq (21 nM) was
obtained for thesr148-392 fragment (Table 1). At the same
time, the NH- and COOH-terminal halves,148—286 and
y287—411, exhibited much weaker binding{ of 521 and
194 nM, respectively), in agreement with the ligand blotting

to a sensor chip surface perturbed their structure causing
partial exposure of themmyS2-binding sequences. However,
such perturbation seems to be marginal in comparison with
that caused by their adsorption onto plastic wells, resulting
in much lower affinities.

Further Insight into the Binding Actity of the NH-
Terminal Half of they-Module.Recent study demonstrated

data. These results indicate that the two halves contribute tothat the P2 sequence, but not P1, is the binding site for the

the interaction between themodule andyl in a synergistic
manner.
In another set of experiments, when tlagl-domain was

oml-domain @). Since the results described above indicated
that both NH- and COOH-terminal halves of themodule
bind am! well (the affinity of the former tauul is only 2-fold

immobilized onto plastic wells and increasing concentrations lower than that of the later), we further focused on thexNH
of they-module and the same fragments were added followed terminal y148—286 region to directly test the contribution

by detection of the bound fragments with biotinylated
polyclonal antiy-module antibodies as in ré&f7, no binding

of its P1 to the binding. This region consists of two
independently folded domains formed hg148-191 and

was observed (not shown). This suggested that either they192—286, respectively, the latter including the P1 sequence,

aml-domain was inactivated upon adsorption onto plastic
wells or the binding sites were cryptic in the soluble
fragments. To further clarify the situation, we employed

1y190-202. We tested interaction ofyl with the recombi-
nant fragments,y148-286, y148—191, andy192—286,
corresponding to this region and its individual domains, and

surface plasmon resonance (SPR) in which immobilization with the y148-226 fragment including the Njterminal
of proteins occurs through chemical cross-linking to a dextran domain and P1, by ligand blotting and solid-phase binding

matrix.

SPR-Detected Interaction betweepl and they-Module
Variants. In SPR experiments, theyl-domain was im-
mobilized on a BlAcore CM-5 sensor chip surface and its
interaction with they-module and its N+ and COOH-
terminal halves, all added at 10/, was monitored in real
time. None of the proteins exhibited binding (not shown).
At the same time, in a control experiment, neutrophil
inhibitory factor (NIF), a potent inhibitor of theyS.-fibrin-
(ogen) interactions4( 18), exhibited strong binding at 0.1
uM, suggesting that immobilizedy| preserved at least some
of its activities (not shown). Although these results are in

assay (Figure 5). Both methods revealed that among the
fragments only148—286 andy192—286 exhibited binding.
This binding was dose-dependent, and the calcul#éted
values were very similar, 521 and 559 nM (Table 1). This
clearly indicated that the binding activity is located in the
central domain of the 148—286 fragment. Further, the fact
that they148—226 fragment containing P1 sequence did not
bind ayl suggested that this sequence plays a marginal role
in the interaction, in agreement with the previous rep@xt (
and that additional sequence(s) in the central domain should
possessuvS2-binding activity.

Localization of theow3.-Binding Actiity in the y228—

agreement with the solid-phase binding experiments reinforc- 253 Region of the Central Domain of theModule. To
ing the speculation that in solution the binding sites in the search for a putativew/32-binding sequence in the central
y-module and its fragments are cryptic, one cannot exclude domain of they-module, we digested thgl92—-286 frag-

another explanation(s). Namely, since immobilizatioouaf

ment witho-iodosobenzoic acid, which cleaves at tryptophan

occurs through chemical cross-linking, involvement in such residues13). Since this fragment has three potential cleavage

cross-linking of residues that might be critical for the binding

sites, Tr%—11e2%%, Trp??’—Lew?8, and Trg%—Asr®, we
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Ficure 5: Analysis of binding of thenyl-domain to the NH- g #2
terminal fragments of thg-module by ligand blotting and solid- 2 #3
phase binding assay. The recombinant fragmegh48—286,7192— <
286, y148—226, andy148-191 were transferred to the PVDF
membrane after SDSPAGE, stained with MemCode reversible 0.0 T T 1 T | |
protein stain kit (Pierce) (panel A), and then probed with biotinyl- a0 [lioqlli-a2dzam llioElillpsllae

atedayl-domain after destaining (panel B). Panel C represents the :
resultg1 of the solid-phase bindi%g(%ssay. )Increasing cgncentrations [OtMI—domaln], UM

of the biotinylatedxyl-domain were incubated with microtiter wells ~ Ficure 6: Fractionation and analysis of the chemical digest of the
coated with the indicated fragments and ovalbumin, which was usedy192—286 fragment. Panel A represents the amino acid sequence
as a control. Boundwl-domain was detected using streptavidin  of the y192—-286 fragment. The arrows indicate the expected
conjugated to alkaline phosphatase. Error bars reflect the standarctleavage sites (see text), and §#1228—253 sequence is underlined.
deviation of three independent determinations. All experiments were Panel B represents the HPLC profile of théodosobenzoic acid
performed in TBS containing 1 mM MnglSolid lines represent  digest of they192-286 fragment. The 3650% gradient of

the best fits of the data to eq 1, the corresponding valués afe acetonitrile was applied as shown by the dotted line. The inset in
presented in Table 1. Note that the curve fpt48-286 is panel B shows SDSPAGE analysis of individual fractions of the
essentially the same as that presented in Figure 4C. digest corresponding to the indicated peaks; the outer left line

contains the intacy192—286 fragment, while the outer right line

; - contains its digest. The results of sequence analysis of each
expected to obtain four subfragmenys,92-208, 209~ individual fraction are shown next to the peak number (see text).

227, y228-253, andy254-286 (Figure 6A). When the  panel C shows binding of theyl-domain to the individual fractions
cleaved material was fractionated by HPLC, five peaks were of the digest by solid-phase binding assay. Increasing concentrations
observed (Figure 6B). These were analyzed by SD&GE of the biotinylateduy|-domain were incubated with microtiter wells

d d. SDPAGE vsi led tei coated with the material from four peaks shown in panel B, the
and sequenced. \GE analysis revealed no protein 19> 286 fragment was used as a control. Bougd was detected
material in the first fraction (peak 1), a low molecular mass using streptavidin conjugated to alkaline phosphatase. All experi-
fragment in the second fraction (peak 2), a mixture of three ments were performed in TBS containing 1 mM MaCl
low molecular mass fragments in the third fraction (peak
3), two fragments with an intermediate mobility in the fourth

fraction (peak 4), and a number of fragments including the
noncleaved parent192-286 in the fiith peak (Figure 6B, biotinylated ayl-domain by solid phase binding assay.

inset). Sequence analysis confirmed that peak 1 did notxnyonq the fractions analyzed, only that from the fourth peak
contain protein and revealed that peak 2 contained 90% PUr€ontaining they228-253 and y192—208 subfragments
y191-208 subfragment, peak 3 contained three subfrag- expipited substantial binding taw! (Figure 6C). This
ments,y192-208 (~50%),y209-227 (~25%) andy254— binding was comparable with that of the parea92—286
286 (~25%), and peak 4 contained mostly th228-253 fragment. The other fractions exhibited much lower binding
sub-fragment {75%) and small amount~25%) of the  activity. In fact, since the material from the first peak, which
y191—208 subfragment. The fraction from peak 5 containing according to the SDSPAGE and sequence analysis did not
the noncleaved/192—286 fragment was not sequenced. contain protein, exhibited binding curve similar to those

Thus, all expected cleavage products were recovered from
the y192—286 digest.
We next tested the ability of each fraction to bind the
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obtained with the second and third peaks, all three curvestheir adhesion to the immobilized fibrinogen fragmeras (
reflect most probably nonspecific binding. These results 4). It was found later that another sequeng&77—395 or
suggested that the binding sequence is located within eitherP2, was also involved in the binding and was more active
the y228-253 ory192—208 subfragments, or both. How- than P1 4, 20). Further, when thes196-199 residues in
ever, since they148-226 fragment including/192—208 the P1 region of the P2-legsmodule were mutated, no
exhibited practically no binding activity towandy! (Figure effect on the binding activity of the latter was observed,
5C), and since the second and third fractions containing resulting in the conclusion that the P2 sequence, but not P1,
respectively~90 and~50% of they192—208 subfragment s the binding site for thewyl-domain g). At the same time,
were also inactive (Figure 6C), we concluded that the central since these four residues are exposed in the three-dimensional
domain of they-module contains a novelS2-binding structure of the/-module 8, 21), and since thewS2-binding
sequence within they228—-253 region. This region is  site is cryptic in the latterq), one could speculate that they
highlighted in yellow in the ribbon diagrams of thremodule are not involved in the interaction and that other residues of

presented in Figure 1A. P1 are responsible. Therefore, this question needed further
clarification. Our study clearly demonstrates that P1 in the
DISCUSSION y148-226 fragment, in which it should be fully exposed, is

not active. At the same time, this study does not rule out
that the P1 sequence may possess some binding activity that
was too low to be detected by the methods we used. In this

“pull out” mechanism §, 10) (see Figure 1A) could affect  reqpact, we did not observe any reasonable interaction of
their relative contribution to the interaction of fibrin(ogen) anl with the immobilized material from the second peak of

with leukocyte integrinowf, and thus would contribute to 1,0 digest, which included the P1-containipg92—208
regulation of this interaction. For this purpose, we prepared subfragment (Figure 6). In addition, in a similar experiment
recombinant fragments mimicking the arrangements of P1 synthetic P1 peptide also failed to bingyl (not shown).
and P2 in the intact structure and in the hypothetical Thus, if P1 has anyw.-binding activity, it should be low

y-module with “pulled out” P2. They include themodule, i comparison with that of the other binding sequences of
containing both P1 and P2, and its Mland COOH-terminal 4 y-module.

halves (fragments) containing either P1 or P2, respectively. Althou L o :

. ; gh a minimal recognition motif of the P2 sequence,
Since the boundaries of the fragments48-286 andy287— P2-C, was localized to thg390—-395 residues, deletion of
411, were selected between the crystallographycally deter-o 391411 segments from recombinant human fibrinogen
mined cer_ltral and COOH-terminal domair83, (both were did not change its ability to support adhesion of theS,-
refolded inta a qompact structur.e as erea'ed by the expressing HEK 293 cell$). It was also found that deletion
fluorescence studies. The recombinant active form of the ¢ o segment from the recombinaptmodule decreased
ayl-domain including re5|due's .GIUl%&yS:’.qS. a2) was the amount of theul-domain bound to the mutant by only
selected as a mOdEI of _the fibrin(ogen)-binding region of about 26% 6). In agreement, this study revealed that the
owfB2. The binding experiments revealed that the affinities affinity to ol of the y-module varianty148-392, in which
of the frag.me_nts.fouMl were much lower than that of th_e three out of five residues of the motif were deleted, was
y-module, indicating that both halves of the latter are required - ically the same as that of the full-lengtimodule (Table
for high aff|n|t_y to occur. This suggests Fhat the “pull out” 1). All these observations indicate that th@90—395 motif
of the P2 region from th_e central domain of tpe_module contributes only marginally to the interaction when it is a
could result in a dramatic decrease of the affinity between part of they-module or fibrinogen structure. At the same
fibrin(ogen) andawf, in agreement with the hypothesis time, it was shown recently that mutant mouse fibrinogen,

about a possible regulatory role of the “pull out” mechanism. ;.\ \\nich they390-396 segments were converted to a series
Another important finding of this study is that the central of alanine residues, failed to support adhesion of various
domain of they-module contains a noveky/3>-binding mouse and human cell lines including HEK 222) The
sequence. The existence of an alternative (additional to Plexplanation for such a dramatic difference in the results
and P2)awf2-binding sequence(s) in the-module was  optained with humang) and mouseZ?2) mutant fibrinogens
predicted based on the flndlng that deletion from it of the is not obvious. One can 0n|y Specu|ate that it could be
7383-411 segment including P2 resulted in only a 50% attributed to different mechanisms of interaction of fibrinogen
decrease of thewl-domain binding 6). In this study, we  with oy, in these two species. Further studies are required
found that one of such sequences is located in the centralg interpret these conflicting observations.
domain of they-module and further localized it within the In our experiments, none of the tested fragments interacted
y228-253 region. In the three-dimensional structure, this \ith the immobilized oy l-domain either in solid-phase
region forms are-helix andg-strand (Figure 1A). Interest-  pinding assay or in SPR, in agreement with the cryptic
ingly, this 3-strand is located on the same surface as P1 andcharacter of theuy/32-binding site in soluble fibrinogen
P2 and, in fact, forms with them an antiparallel three-stranded reported recenﬂy?(’ 22, 23) The fragments exhibitedyl-
B-sheet. Whether thewf2-binding sequence is located in  pinding activity only when they were immobilized. In solid
this ﬁ—-strand, in thea helix, or in both, remains to be phase b|nd|ng assays, in which the fragments were im-
established. mobilized by adsorption onto plastic, they exhibited high
The P1 sequence was originally implicated in the interac- affinity; in SPR experiments, in which the fragments were
tion with aB2 (3). In fact, the previous studies revealed that immobilized to a dextran-coated surface by chemical cross-
the syntheticy190—-202 peptide mimicking this sequence linking, their affinities were much lower (Table 1). These
supported adhesion of they32-expressing cells and inhibited ~ suggest that chemical immobilization perturbed their con-

The original goal of this study was to test whether
separation of P1 and P2 in tlremodule by the hypothesized
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formations only moderately in comparison with adsorption

onto a surface and that theyS2-binding sites are fully

exposed only in the adsorbed fragments. This is in agreement
with previous reports indicating that surface-adsorbed fi-

brinogen has altered conformatid2d(-27). Thus, the high-
affinity interaction between theyl-domain ofawf, and the

y-module of fibrinogen observed in this study occurs only
when the latter is adsorbed. Such interactions could be

physiologically important in vivo for quick inflammatory

6.
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Ugarova, T. P., Lishko, V. K., Podolnikova, N. P., Okumura, N.,
Merkulov, S. M., Yakubenko, V. P., Yee, V. C,, Lord, S. T., and
Haas, T. A. (2003) Sequencge377—395(P2), but noty190—
202(P1), is the binding site for theyl-domain of integrinow -

in the yC-domain of fibrinogen,Biochemistry 42 9365
9373.

7. Lishko, V. K., Kudryk, B., Yakubenko, V. P., Yee, V. C., and

8.

response to exposure of the damaged vasculature and tissues

to foreign surfaces. It may also trigger undesirable inflam-
mation upon contact of fibrinogen with implanted biomater-
ials (23, 28, 29). It should be noted that fibrinogen undergoes

conformational changes also upon conversion into fit8G) (

and that association of fibrinogen/fibrin with the extracellular

matrix resulted in unmasking of the P2-C motif of PA.(

The question of whether such changes result in the exposure
and activity of othenu/32-binding sequences and the overall

affinity of fibrin to ay/32 remains to be clarified.

In summary, in this study we performed quantitative
analysis of the interaction between fibrinogen and leukocyte
integrin o3z using their recombinant binding domains and

combinations thereof, the-module fragments and thoayl-
domain, respectively. The analysis revealed thdtinteracts

with the y-module with high affinity, that both the central
domain of they-module and its P2-containing COOH-
terminal half are required for high affinity to occur, and that

separation of P2 from the central domain may contribute to

regulation of this interaction. Such high-affinity interaction

was observed only with the surface-adsorbehodule, in
agreement with the cryptic character of thg/,-binding
site in fibrinogen. We also identified a novel,(2-binding
sequence in the central domain of thenodule and further
localized this sequence within it&228—253 region. This
sequence, together with P2 and other recently identifjgd
binding sequences3l) seem to form a complexu/j.-

binding site whose activity depends on availability/exposure

of its composing elements.
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