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ABSTRACT. The interaction between the leukocyte integrif3, (CD11b/CD18, Mac-1, CR3) and fibrinogen
mediates the recruitment of phagocytes during the inflammatory response. Previous studies demonstrated
that peptides P2 and P1, duplicatipgj77—395 andy190—202 sequences in theC domain of fibrinogen,
respectively, blocked the fibrinogen-binding functionwfS2, implicating these sequences as possible
binding sites forauf2. To determine the role of these sequences in integrin binding, recombinant wild-
type and mutantC domains were prepared, and their interactions withufledomain, a ligand recognition
domain withinaw2, were tested. Deletion 9f383—411 (P2-C) and/377—411 produced/C mutants

which were defective in binding to theyl-domain. In contrast, alanine mutations of several residues in

P1 did not affectoyl-domain binding, and simultaneous mutations in P1 and deletion of P2 did not
decrease the binding function @fC further. Verifying the significance of P2, inserting P2-C and the
entire P2 into the homologous position of thé-domain of fibrinogen imparted the highef|-domain

binding ability to the chimeric proteins. To further define the molecular requirements for the P2-C activity,
synthetic peptides derived from P2-C and a peptide array covering P2-C have been analyzed, and a minimal
recognition motif was localized tg**™NRLTIG3%. Confirming a critical role of this sequence, the cyclic
peptide NRLTIG retained full activity inherent to P2-C, with Arg and Leu being important residues.
Thus, these data demonstrate the essential role of the P2, but not P1, sequence for bip@ihy tfe
aml-domain and suggest that the adhesive function of P2 depends on the minimal recognition motif

NRLTIG.
The integrinoyS2 (CD11b/CD18, Mac-1, CR3)mediates The interaction ofon3, with fibrinogen (Fg) has been
multiple adhesive reactions of neutrophils and monocytes directly implicated in leukocyte adhesive responses (reviewed
during the immune-inflammatory responséds. (The com- in ref 2), and recent characterization @f;3.-deficient mice

plexity of a2 functions arises from its ability to recognize confirmed that Fg-dependent leukocyte adhesion was di-
numerous ligands, and to date more than 30 proteins haveminished in these animal8)( The aw/2-binding site in Fg
been reported to bindy32. The molecular features of ligands  was localized to its D domaind), which is structurally
which allow their recognition by, are currently un- organized into two highly homologous domaip€§; andsC,
known. formed by~30 kD carboxyl-terminal portions of the- and
pB-chains, respectively5j. Previous studies have demon-
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and by Biogen, Inc. and was done during the tenure of an Establisheddomain ). On the basis of studies with synthetic peptides,
Investigatorship of the American Heart Association (T.P.U.). two sequences$)'GWTWFQKRLDGS\#% (designated P1)
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University. eadhesion, and are also able to promote migration ofi -
B University of North Carolina. expressing cells9). Since on a molar basis P2 wasl0-
! Abbreviations: Fg, human fibrinogepC andsC, globular COOH- fold more potent than P1 in inhibiting adhesion of tig3,-

terminal domains of the- andj-chains of Fg; I-domain, a region of ; ; ;
~200 amino acid residues “inserted” in thg subunit of integrirow/2; expressing cellss), the P2 sequence has been implicated as

P2, P2-C, and P1, theC-domain sequences corresponding 8y 7— the major binding site for thewyB.. Analyses of the
395, y383-395, andy190-202; HEK 293 cells, human embryonic  adhesion-promoting and inhibitory activities of overlapping

kidney cells; GST, glutathione S-transferase; ICAM-1, intercellular cell ; ; i A
adhesion molecule 1, BSA, bovine serum albumin; HBSS, Hanks peptides spanning P2 showed that although its amino

balanced salt solution; PVP, poly(vinylpyrrolidone); PVA, poly(vinyl terminal portion §377—386) was active, iF was the carboxyl-
alcohol); TBS, Tris-buffered saline; mAb, monoclonal antibody. terminal part38TMKIIPFNRLTIG?3, designated P2-C, that
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Table 1: Inhibition of Adhesion of thew.-Expressing Cells by P2 and P2-C-Derived Peptides

position in the

name yC-domain sequence 6 uM
P2 377395 YSMKKTTMKIIPENRLTIG-OH 41+ 8
P2-C-OH 383-395 TMKIIPFNRLTIG-OH 42+ 10
P2-C-NH 383-395 TMKIIPFNRLTIG-NH, 41+ 10
388-395 PFNRLTIG-OH 245+ 80
388-395 PENRLTIG-NH 180+ 65
388-395(L392D) PFNRDTIG-NH >2000
390-395 NRLTIG-OH 1160+ 120
390-395 NRLTIG-NH 1750+ 240
388-393 PFNRLT-OH 1606t 190
390(R391E)-395 NELTIG-NH; >2000
cyclic 390-395 C-NRLTIG-C— NH; 70+ 20
P2-CE 383-395 TMEIPFNELTIG-NH 240+ 40

(K385E, R391E)

2 Calcein-labeled cells were incubated with increasing concentrations of P2, P2-C, or P2-C-derived peptides, and aliquots contaibiig 2.5
cells were added to microtiter plates coated wittng2mL Digo. After 30 min at 37°C, nonadherent cells were removed by three washes with PBS.

Fluorescence of adherent cells was measured in a fluorescent plate reader and converted to cell numbers. Results are expressed as a péptide concentra

required to attain 50% inhibition (Kg) and are the mea#t SE values from 38 individual experiments done in triplicate.

was primarily responsible for the inhibitory activity of P2
(8). Within aymf,, the avl-domain has been demonstrated
to be sufficient for full adhesiveness ofvf, to Fg (10).
Accordingly, the binding site for the P2-C peptide was
localized to the segment L§$—Arg?%! within the oyl-
domain (L1). Yet, despite a wealth of information about Fg
peptides and their functional responses, it is unknown

ylated with EZ-link Sulfo-NHS-LC-biotin (Pierce) according
to the manufacturer’s instructions and dialyzed against TBS.
In addition, theayl-domain was labeled with?3 using
IODO-GEN (Pierce). GST was expressedescherichia coli
using pGEX-4T-1 vector (Amersham Biosciences) and
purified by affinity chromatography on glutathione-Sepharose
(Amersham Biosciences). Wild-type recombinant human

whether P2 and P1 sequences function as the binding sitedibrinogen and mutant fibrinogens with progressive trunca-

for a2 within the yC-domain.

To gain an understanding of the molecular basis for
recognition of Fg byowf2, yC domain mutants with

tions in the C-terminal part of their constituenthains, Fg-
395 and Fg-390, were prepared as described previoill)y (

The Fg peptides P2/877—395), P2-C £383—-395), and

progressive deletions in the P2 sequence alone or intheir derivatives (Table 1) were synthesized using Fmoc-
combination with mutations in the P1 sequence have beenchemistry. P1%190-202) and H19 ¥340—-357) peptides

prepared. TheC-domains with truncated P2-C and P2 were
equally deficient in their ability to bind theyl-domain. In

were synthesized as describ&)l (The peptides were purified
by RP-HPLC using water/acetonitrile buffer with 0.1% TFA

contrast, mutating the P1 site alone, or simultaneously with as a mobile phase and analyzed by LC-MS. In addition, the

P2, did not result in a further loss of the binding activity.
Verifying the role of P2 in thewl-domain binding, inserting
the P2-C and P2 sequences into the related Fg dorfi@in,
imparted the higher binding ability to th@C/yC chimera.

In addition, to define the basis for the P2-C activity,
structure-function analyses of the P2-C peptide have been
performed, and a criticalu/f32 recognition motif was
identified. We anticipate that defining the binding site for
Fg may help to unravel the principles that govern multiligand
recognition byouwS..

MATERIALS AND METHODS

Proteins, Peptides, and Antibodighe fragment By (M,
100 kD) was prepared by digestion of human Fg with
plasmin as described ?). The expression, purification and
characterization of theyl-domain as a fusion protein with
GST have been previously describ&d)( To cleave theul-

peptidey273-283, KYRLTYAYFAG, was synthesized. For
adhesion assays, all Fg peptides were dissolved in HBSS/
HEPES, pH 7.4.y273-283 was dissolved in dimethyl
sulfoxide or 10 mM NaOH and diluted in HBSS/HEPES
before being added to cells.

Mab 4A5 against the COOH-terminal end of the fibrinogen
y-chainy406—411 (4) was provided by Dr. G. Matsueda
(Bristol-Meyers Squibb). Mab D73H recognizes the fibrino-
gen B3-chain sequence 262272 (15) and was a gift from
Dr. P. Simpson-Haidaris (University of Rochester).

Screening of the P2-C Binding Regions Using a P2-C
Peptide Array.The overlapping 6-mer peptide library with
a one amino acid offset spanniff§TTMKIIPFNRLTIG3%
was synthesized as spots on cellulose membranes exactly as
described 16, 17). The chemical and technical performance
of this type of simultaneous parallel solid phase synthesis
has been previously optimized and characteriz&8). (

domain from the fusion part, 15 units of human thrombin Peptides were C-terminally attached to cellulose through a
(Enzyme Research Laboratories, South Bend, IN) was added/3-Ala)2 spacer. The membrane-bound library was blocked

to 3.0 mL of glutathione-agarose beads bound with GST-I-
domain (a molar ratio of thrombiail-domain 1~1000).
The mixture was incubated fdl h at 22°C, and 1 mM
phenylmethylsulfonyl fluoride was then added to inactivate
thrombin. In selected experiments, tlgl-domain was

incubated with benzamidine-Sepharose (Amersham Bio-

sciences) to remove thrombin. Thgl-domain was biotin-

for 2 h with 1% BSA in TBS and incubated with 1@/mL
129-labeled ayl-domain in TBS containing 1 mM MgGl

for 3 h at 22°C. After washing with TBS-0.05% Tween-

20, the membranes were dried and the I-domain binding was
visualized by autoradiography.

Expression of RecombinayC- andC-Domains and Site-
Directed Mutagenesig.he recombinangC- andsC-domains
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were expressed as fusion proteins with GST. The coding
regions for theyC-domain (residues It#¢>—Val*') and5C-
domain (residues GIF—GIn*¢Y) were amplified by poly-
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Adhesion AssaysAdhesion assays with HEK 293 cells
expressing wild-typeuw. (21) were performed essentially
as described previousI2?) using Immulon 4HBX microtiter

merase chain reaction using as template plasmids p674 (19plates (Dynex Technologies, Chantilly, VA) coated with

and p668 20), consisting of full-length cDNA encoding the

wild-type and mutant recombinant fibrinogens, opdand

human Fgy and g chains, respectively. The amplified post-coated with 1% PVP. Thaf.-expressing cells grown

fragments were cloned in the expression vector pGEX-4T-1 in DMEM/F-12 supplemented with 25 mM HEPES and 10%
(Amersham Biosciences). The accuracy of the DNA se- fetal bovine serum were labeled with Calcein AM (Molecular
quence was verified by sequencing. The plasmids were Probes, Eugene, OR) and resuspended in HBSS ak2.5

transformed irE. colistrain BL-21(DE3)pLysS, and expres-
sion was induced by adding 0.6 mM isopropyl-1-tifid>-
galactopyranoside for-34 h at 30°C. The recombinant
proteins were purified from soluble fractionsif coli lysates
by affinity chromatography using glutathione-sepharose.
Analysis of the purified/C andfC proteins by SDSPAGE
showed major bands migrating as expectell ¢f 60 kD)
and minor bands (510% in different preparations) of30
kD. The intactness of the COOH-terminal end)d was
confirmed by Western blot analysis using mAb 4A5 directed
againsty406—411. The expression @giC was monitored by
Western blotting using mAb D73H. Both recombinant
domains were used as GST fusion proteins to preyént
and5C aggregation after removal of the fusion part.
Site-directed mutagenesis of the&C-domain was per-
formed by using the QuickChange mutagenesis kit (Strat-
agene, San Diego, CA). The pGEX-4T-1 construct containing
DNA encoding thesC-domain was modified by site-directed
mutagenesis using two mutagenic primers containing the
desired mutation and the mutgr€-domains were prepared
as described above for the recombinant wild-tya2
Generation of thgC/yC-Domain ChimerasThe segments
corresponding to theC sequences 383411 and 377411
were inserted into the homologous positions of @
domain. To create cDNA for the chimerf®C domains, the
following two-step procedure was employed. In the first step,
the segment corresponding to the€ carboxyl-terminal
sequence P—Val*' was inserted after Af§° of the 5C-
domain. To adg’388—411 toC, the primer containing the
Stu restriction site was used to amplify thg388-411
encoding segment in theC-containing plasmid by poly-
merase chain reaction:'-ETATGACGATAAGGCCTT-
TCAACAGAC-3 (forward primer; the restriction site is
underlined). The reverse primer was pGEX-4T-k&quenc-
ing primer (Amersham Biosciences). To introduce 8td
site into the cDNA fragment encodingC, the following
mutagenic primer was used!-6ATGAGGCCTTTCTTC-
CCACAGCAATAGTC-3. The PCR fragment and a vector
containing mutategfC were digested witlstd and Not
(polylinker pGEX-4T-1 site) and ligated using T4 DNA
ligase (Promega). The correctness of the insertion was
confirmed by sequencing. The plasmid was transformed in
E. coli strain BL-21(DE3)pLys, and thgC/yC388-411
(designate@C/Ch1) protein was expressed and purified from
the cell lysates as a fusion protein with GST under conditions
used for the wild-typeyC and fC domains. Successful
grafting of theyC 388-411 intoC was verified by Western
blot analysis using mAb 4A5, which recognizes aty406—
411. To generate the chimeriBC/yC382-411 which
contains P2-C anfiC/yC377-411 which contains the entire
P2 sequence, Aftf, Met*®0, SefL, and Ard®® in SC/Ch1l
were substituted with Lys, Thr, Thr, and lle (corresponding
to y380,y382,y383, andy387), respectively.

1 cells/mL. The labeled cells (1Q aliquots) were added

to the wells coated with recombinant Fg or preincubated with
selected concentrations of peptides for 15 min &t@before
being added to the wells coated withop After 30 min
incubation at 37C in 3% CQ, the nonadherent cells were
removed and the fluorescence was measured in a fluores-
cence plate reader (Applied Biosystems, Farmington, MA).
The number of adherent cells was determined from a standard
curve constructed using the fluorescence of AD@&liquots

with a known number of the labeled cells.

Solid-Phase Binding Assayko test the interaction of the
wild-type yC, SC, mutantyC- and chimeriggC/yC-domains
with the ayl-domain, 96-well microtiter plates (Immulon
4HBX, Dynex Technologies Inc., Chantilly, VA) were coated
with recombinant Fg domains at 1@/mL overnight at 4
°C and post-coated with 1% BSA for 2 h. Different
concentrations of the biotinylatedyl-domain in TBS
containing 1 mM MgCJ, 1 mM CaC}, and 0.05% Tween
20 were added to the wells and incubated ¥dh at 37°C.
After washing, streptavidin conjugated to alkaline phos-
phatase (Pierce) aufy/mL was added and incubated for 30
min at 37 °C. The aul-domain binding was detected by
reaction with p-nitrophenyl phosphate. As a control, the
binding of theayl-domain to BSA post-coat and 1@/mL
GST which accounted for~10% and 20% of that tgC
domains, respectively, was subtracted to calculate the specific
binding.

Molecular Modeling.Molecular models for the cyclic
peptides were constructed by first adding cysteines to both
termini of the X-ray coordinates of fibrinogep390—395
(PDB identifier 1FZC §)). Molecular dynamic and energy
minimization calculations were carried out with the two SH-
groups restrained to withi4 A of each other (Insightll,
Accelrys Inc.). This distance restraint was removed and a
disulfide bond created before repetition of the dynamics/
minimization procedure. Ten different cyclic peptides gener-
ated using this procedure were then docked to dié
domain crystal structure (PDB identifier 1IDO) and the
resulting complexes subjected to dynamics/minimization
calculations.

RESULTS

Mutational Analyses of Recombinant Human Fibrinogen
andyC-Domains of FgOn the basis of studies with synthetic
peptides, we have previously proposed that87,7—395,
and particularly it3y383—395 portion (P2-C) may represent
a major recognition site foay. in the yC-domain of Fg
(8). Because the removal 0§391-395 resulted in a
significant decrease of the inhibitory activity of the synthetic
peptidey377—391 @), the carboxyl-terminal part of P2 was
deemed to be critical for its activity. To directly evaluate
the role of this part of P2 iy, recognition, we have tested
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Ficure 1. Adhesion of theuyf,-expressing cells to recombinant
wild-type and mutant Fg. Aliquots (0.1 mL) of Calcein-labeled cells
(2.5 x 10% in HBSS supplemented with 1 mM MggCand CaCl
were added to wells coated with 248/mL of recombinant wild-
type Fg and mutant Fg-395 and Fg-390. After 30 min incubation
at 37°C in 3% CQ, the nonadherent cells were removed, and the

fluorescence was measured in a fluorescence plate reader. Cell

adhesion to 2.5.g/mL of normal plasma Fg is also shown. The
concentration of Fg (2.5g/mL) used supports the maximal cells
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the capacity of recombinant human Fgs in which either
y395-411 (Fg-395) ory391-411 (Fg-390) was deleted to
support adhesion of they3,-expressing HEK 293 cells. As
shown in Figure 1, wild-type, mutant Fg-395, and mutant
Fg-390 supported similar maximal levels of cell adhesion,
suggesting that deletion pB91—-395 in the context of whole
Fg is not sufficient to ablate function.
Since recombinant Fg with deletions of thehain beyond
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Ficure 2: Binding of the recombinantyl-domain to the recom-
binant wild-typeyC-domain of Fg. Panel A: Different concentra-

lle3¥” cannot be produced due to defective assembly andtions of biotinylatechuyl-domain in TBS containing 1 mM MgG|

secretion 13), we have further examined the contribution
of the P2 sequence iay/j3, binding by testing the recom-
binant wild-typeyC-domain and a series ¢iC mutants in
which portions of, or the entire P2, were deleted. The wild-
type yC and mutants were tested for their ability to interact
with the recombinanduyyl-domain. Recent data demonstrated
that withinawS2, the I-domain is responsible for Fg binding
(10). Therefore, thexyl-domain is able to substitute for the
whole receptor in ligand recognition. As shown in Figure
2A, the recombinantuyl-domain bound to the immobilized

1 mM CacCl}, and 0.05% Tween 20 were added to microtiter plates
coated with 1Qug/mL of wild-type yC-domain, and post-coated
with 1% BSA, then incubated fdl h at 37°C. After washing, the
bound I-domain was detected using streptavidin conjugated to
alkaline-phosphatase witkrnitrophenyl phosphate for disclosure.
In parallel, nonspecific binding of differentyl-domain concentra-
tions to 10ug/mL GST and BSA post-coat was determine(0%)
and was subtracted. Panel B: Binding of 24§¢/mL biotinylated
aml-domain in the presence of different concentrations of PR (
or H19 @). Shown in panels A and B are the representative
experiments of 37 independent determinations performed with
triplicates at each experimental point.

yC in a dose-dependent and saturable manner. The binding

was inhibited by soluble P2 but not the control peptide H19
(y340-357) (Figure 2B).

The capacity ofyC deletion mutants to bind theyl-
domain was tested. Removal of the COOH-termiyz87—
411 ory395-411 segments did not decrease the ability of
yC(A397—411) andyC(A395-411) to bind thexyl-domain
(not shown). Also, mutation of the single residue &tgn
the full-lengthyC did not alter the activity (not shown).
However, sequential truncations € resulted in the gradual
decline of the binding activities of thgC mutants (Figure
3). Deletion of they391—411 segment decreased binding
by 26% + 5% and the subsequent removal of t&83—

mutant, including thezr380—390 segment, which forms the
structural g-strand, appears not to be harmful for the
functionalyC conformation. This is based on the recent data
that yC with the y374-411 segment missing was still
appropriately folded23). Thus, removal of P2 led to the
significant decrease in the binding activity,o€, suggesting
that it is important forol-domain binding. HoweveryC-
(A4383—-411) andyC(a377—411) still retained significant
activity, indicating that othelC regions contribute to the
interaction with theayl-domain. Previous studies have
pointed to the P1 sequenge,90—202, as a second putative
binding site inyC for theaul-domain (7). The role of two

411 segment resulted in an additional 25% decline producingresidues within P1, ASf® and GIy¥%, has been teste®)

a total 50% decrease in the binding activityy@. Removal
of the entirey377—411 did not decrease theC activity
further. Deletion of 34 residues in theC(a377—411)

and it was found that substitutions of these residues to-Gly
Ala did not decrease the binding activity p€. In addition
to Asp'®, the side chains of only three other residues in P1,
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Ficure 3: Binding of theayl-domain to recombinant wild-type
yC-domain and’C mutants. The binding of the recombinaatl-
domain (30ug/mL) to plates coated with 10g/mL of wild-type

yC and eachyC mutant was determined as described in Figure 2.
The concentration ofayl-domain was determined from the
preliminary analyses in which different concentrations ofdké-
domain were added to 1gy/mL of recombinanyyC domains and

is saturating. Nonspecific binding to 1@/mL GST+BSA was
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FiGure 4. The interaction of theyl-domain with the wild-type
yC- andBC-domains. 1g«g/mL yC (®) and3C (@) domains were
immobilized onto the wells of microtiter plates, and the binding of
different concentrations of biotinylated,|-domain was determined

as described in the legend for Figure 1. The result shown was
representative of five independent experiments.

25 30 35

pC and yC in their ability to bind theayl-domain and

subtracted. The results are expressed as a percentage of maximauggest that the P2-C region may be responsible for the

binding attained with the wild-typesC + SD. *, statistically
different (o < 0.01) from the results obtained with wild-type.

Data foryCA(383-411) andyCA(377—411) are from 810, and

for other mutants are from-35, independent binding assays,
performed in duplicate at each experimental point. mP1 denotes
yC mutant in which Ly¥®, Arg'¥’, Leul%, and Asp®in P1 were
simultaneously mutated to AlgC(A377—411)+ mP1 is a mutant

in which P2 was deleted and four residues in P1 were mutated to
Ala.

Lys'® Arg'®, and Led®® are fully or partially (Arg®’)
exposed on the surface ¢fc (5, 24) and, therefore, may
potentially participate in integrin binding. But the role of

higher binding activity ofyC.

Inserting of the P2-C Segment into th#C-Domain
Improves Binding of Chimera to theyl-Domain.To provide
direct evidence that P2 contains the binding site forothe
domain, the segment corresponding to P2 was grafted into
BC. In the first step of mutagenesis, t888—-411 segment
which contains the C-terminus of P2-C and carboxyl-terminal
part of yC was inserted into the homologous positiorgaX.
Then, to restore the entire P2-C and P2 sequenc@g€in
the Arg"8 Met*>, Sef5? and Ard®®in SC were mutated to
the correspondingyC residues Lys, Thr, Thr, and lle,

these residues, and the combined effect of mutations in P2respectively (Figure 5A). The presence of the entire COOH-

and P1 sites on activity gfC, has not been examined. We
therefore have generated sever@ mutants with substitu-
tions in the P1 sequence alone or in combination with
deletions in the P2 region. In these mutants,'f§sArg®”’,
Leu'®® and Asp® were simultaneously substituted with Ala,
and the capability of mutant proteins to interact with ¢hg-
domain was tested. The bindinge€ mutant with quadruple
point mutations in P1 was not impaired, and also the
introduction of these substitutions #C(A377—411) did not
decrease the binding activity of the mutant further (Figure
3).

Interaction of theC-Domain with theayl-Domain. The
D domain of Fg contains the second subdom@a®, which
is highly homologous tg'C, and bothyC andsC are folded
into almost identical structured), The major difference
between the two domains is the absencg@nof the COOH-
terminal segment, homologous#890—-411. Also, the rest
of the sequence homologous to P2-C is poorly conserved.
The NH-terminal part of P2 is conserved to a higher extent,
with only yThr38 being changed to Met ifC andyThr38
replaced by Ser. Therefore, we produced recombipight
and compared its binding to theyl-domain with that of
yC. As shown in Figure 4, both proteins bound thgl-
domain. However, the maximal binding gC was~2.6-
fold lower than that of wild-type/C (37.6£11.4 of yC—

terminal end of ther chain in the expressed chimeric proteins
was verified with site-specific mAb 4A5 which recognizes
the COOH-terminus ofyC at y406—411 (Figure 5B).
Inspection of the three-dimensional structuresyGfsuper-
imposed ontgsC (using PDB identifier 1FZC for the DD
fragment B)) verified that inserting the P2 sequence into
the homologous position of th#C framework was feasible,
and that the resulting chimera appears to be appropriately
folded. The binding of theuwl-domain to the chimerigC/
yC-domains is shown in Figure 5C. Inserting the entire P2
sequence intg3C improved the binding activity of the
chimeric protein by~2-fold compared to that of the wild-
type SC (assessed as maximal binding attained with@0
mL of the biotinylatedayl-domain). This interaction was
blocked by soluble P2, verifying that tleI-domain binding

to the reconstructedC-domain was dependent on P2 (not
shown). Also, the binding of chime#C/yC382-411 which
incorporated ther sequence similar to P2-C was examined.
This chimera was generated as an intermediate product after
grafting yPro*®8-411 and mutation of3Arg*, SefsL, and
BMet**C to ylle, Thr, and Thr, respectively. The binding of
this protein was also improved (68.0%410.4% compared

to 37.6%+ 11.4% for SC-WT). Although the binding of
the aul-domain to the chimera with inserted P2-C was less
than that of the chimera with P2, the difference was not

WT). These experiments demonstrate the difference betweerstatistically significant.
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4kDa— FiIGURE 6: Effect of the P2, P2-C, and cyclic NRLTIG peptides on

adhesion of theayS.-expressing cellsoyf,-transfected cells
WT B-WT perCET7-411) labeled with Calcein AM were incubated with increasing concentra-

C 120 tions of P2 ¢), P2-C (), and cyclic NRLTIG, nontreated®) or

* treated with 2 mM DTT ©), for 15 min at 22°C. Aliquots (2.5x

100 1 10%cells/0.1 mL) were added to the microtiter wells coated with 2

1 ug/mL the Dioo fragment and post-coated with 1% PVP. After 30

80 min at 37°C, nonadherent cells were removed by three washes
with PBS. Results are expressed as fluorescence of adherent cells
60 - and are the meas SE values from five individual experiments

done in triplicate.

| domain binding, % yC-WT

synthesized and tested as inhibitors of adhesion ofife-
expressing cells (Table 1). To compare the relative inhibitory
activity, the 1Go values for peptides were determined as
& £ 2 » described §). In confirmation of previous findingssj, the
€ & § Ys}v&\ inhibitory potency of P2-C (16 42 + 10 uM) was similar
‘af'& & to that of the longer parental peptide P2 8B uM) (Table
FIGURE 5: Binding of theayl-domain to wild-typeyC- and3C/ 1). In addition, the activities of both P2-C variants, a COOH-
yC377-411 chimeric domains. Panel A: Alignment of th€ and terminal amide and a COOH-terminal carboxylic acid, were
ﬁﬁ} sequencmles. Tﬂe seq#ncr? in thesta%r;giggéﬁzfﬁCS??—Ml similar. The importance of positively charged residues for
g“én;ggav\'ﬁtha%% Sr]uor;/wv:rjﬁc 5453%?'65 cquence usseiﬂ;etﬂceeN"éagl the activity of P2-C has been demonstrated by testing peptide
Blast program. The sequengéré®—Valéil was added at the P2-CE, in which Ly&>and Arg®' were substituted with Glu.
position Prd® of SC to replacefPheé5’—GIn%! and to produce  The inhibitory activity of P2-CE was-6-fold less (IGo
BClyC388-411 (chimerg8C/Ch-1 generated at the first step). The  240+40 4M) than that of parental P2-C. Truncation of five
residues in thC/Ch-1 chimera, Argf8, Met*>°, SefL, and Ard®® NH,-terminal residues TR#— 11e37 in 1388395 resulted

were replaced with Lys, Thr, Thr, and lle, corresponding to the . - s S
yC-domain residues, respectively. Schematic representations of thd" the ~5-fold decrease of the inhibitory activity (18@45

¥C, AC, and the constructed findC/yC377-411 protein are shown ~ #M). Removal of Pré® and Ph& resulted in yet another

in the bottom. Left, ribbon model of theC-domain based upon  drop of activity (IG, 1160 and 1750 for the COOH and NH

its crystal structure24), PDB identifier 1FIB. Center, ribbon model  forms ofy390-395, respectively). Likewise, deletion of the
of the fC-domain, based upon its crystal structuts), (PDB two COOH-terminal residues A&-Gly3% from y388-395

identifier 1FZC. Right, schematic drawing of the chimeric domain . o .
in which the P2 sequence was placed into the counterpart positionC2US€d a-5-fold decline ofy388-393 activity. Since the

of the SC-domain to replace segmeft*STyr—GIn*% Panel B: activities of y388-393 (PFNRLT) andy390-395 (NR-
Western blot analyses of the wild-typeC, C, and generated  LTIG) were similar, it appears that NRLT is the most
chimerafC/yC(377-411). The proteins were electrophoresed on essential part. To explore the contribution of individual

11% SDS-PAGE gel under reducing conditions, the separated residues in binding function, AR in y390-395 was
proteins were transferred onto Immobilon P membranes, and the

filters were incubated with mAb 4A5 (dilutions 1:1,500) directed Substituted by Glu. The NELTIG peptide was completely
against the COOH-terminal end of threchain at 406-411. Bound inactive, suggesting that Arg may be important for binding
mAb was detected by reaction with a peroxidase-conjugated secondfunction. The role of Leu within the NRLTIG motif was
antibody, followed by addition of the 4-chloro-1-naphthol substrate. axamined by testing the peptig888—395 in which Le§®

Positions of the molecular weight markers are shown on the left. . - - S .
Panel C: 3Qug/mL of biotinylated I-domain was added to wild- V&S substituted with the residue of a similar size, Asp. The

typeyC-, BC- andBClyC377-411 chimeric domains immobilized ~ Mutant peptide was less active than wild-type counterpart
on the microtiter plates. The binding of the recombiraat-domain as only 35% inhibition was achieved at 2 mM. The inhibitory

was detected as in Figure 2. The results are expressed as activity retained byy390-395 appears to be specific. This

20

percentage of maximal binding attained with the wild-tyye + was shown in the experiments in whig¥NRLTIG39 was
gt?ta(i%ezd aith’ﬁﬁﬁf'fytécgg different ¢ < 0.01) from the results cyclized through the added flanking cysteines (Figure 6). A
25-fold increase in the inhibitory activity of the cyclic peptide
Structure Function Analyses of the P2-C Peptide. over linear NRLTIG-NH was observed. On the molar basis,

define the structural requirements for P2-C activity further, the IG5 value of cyclic CNRLTIGC (7Gt 20 uM) was only
a series of truncated and mutant peptides spanning P2-C werd.6-fold less than that of P2-C (42 10 uM) (Table 1).
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domain depends on the P2 but not P1 sequence. (2) The

1 TIMRIL NRLTIG sequence within the P2-C peptide represents a

2 TMKIIP minimal recognition motif. This notion is supported by the

3 MEKIIDF studies with mutant peptides and by findings that the full
anti-adhesive activity of P2-C can be duplicated by cyclic

4 KIIPFN L2 39NRLTIG®%®in which Arg and Leu are critical for binding.

5 ITPFNR - Previous_ stud_ies_ have demons_trated that the P_l, P2, and
P2-C peptides inhibitedu,3,-mediated cell adhesion and

6 IPFNRL & were able to directly support adhesion and to mediate cell

. 'S migration 8, 9). While the active part of P1 was ascribed to

PFNRLT

the short sequengel95-202 (7), the minimal motif within
8 FNRLTI 2 P2-C responsible for its activity was not determined. In the
present study, we have mapped the active region of P2-C to
9 NRLTIG ¥390-395, NRLTIG. The activity of this sequence appears
10 control to depend on RL, as evidenced by the data that substitution
of Arg® to Glu in NRLTIG resulted in the complete loss
FIGURE 7: The ayl-domain binding to cellulose-bound peptide Of activity and mutation of Let{? resulted in the impaired
Seans. The_mengbtragest\rf]vi%ou[ld E(Sj-_me(rlI _pe?tigxesl ggmzig fromactivity of *¥¥PFNRLTIG®. In addition, this study in
- were incubated with mL radiolodinatetiuyl- combination with previous dat&)indicated that thez384—
{0(;03mgi8r.]t Zﬁag'\‘/’;’sjf;g%é\”tg TB$0.05% Tween 20, and bound 359 1ainn of P2-C possesses activity. Examination of the
- y autoradiography. Spot 10 is the > . .
reference spot to define specificity of tog;l-domain binding to  tWO active regions in P2-CYNRL TIG**and®*MKI IPF*,
the (3-Ala), spacer. Composition of peptide spots is shown on the revealed that they contain a similar combination of basic and
right. hydrophobic residues. This can be presented as XBHyX,
) ) ) ] _where B’s are positively charged residues R or K, and Hy’s
Reduction of the cyclic peptide with DTT decreased its gre hydrophobic residues are L or I. Hydrophobic residues
inhibitory activity to a level similar to that of the linear  nat flank RL and KI may contribute to activity, and further
peptide (Figure 6). Thus, truncations of P2-C revealed that sy, dies will be required to investigate the contribution of
activity is contained withiry388-395 and that the middle  yesjdues in different positions to activity of P2-C. It is
part of y388-395, NRLT, is the minimal recognition  npoteworthy that P1 peptide also contains RL, and therefore
sequence with Arg and Leu being critical residues. In s jnhibitory and adhesion-promoting activity may depend
addition, a constrained conformation of NRLTIG is optimal g these residues. However, mutations of four residues in
for its anti-adhesive activity. Furthermore, because a sig- P1, including R and L' did not decrease the binding
nificant dgcrease of activity occurred upon rgmoval of the fynction of yC. One potential explanation for the inability
NH-terminal part of P2-Cy383-389, this region may be  of these residues in P1 to function as the binding site for
essential for the P2-C activity. - o aml-domain is that R®7 is only partially exposed on the
To characterize the active regions within P2-C further, we g;rface ofyC. This is in contrast t&°NRLTIG3% in which
utilized a peptide array consisting of overlapping 6-mer 4| residues are fully exposed irC.
peptides with a one residue shift coverifigl TMKIIPFN- Although the P2-C peptide was a strong inhibitor of cell
RLTIG®* (Figure 7). The membrane with bound peptides aghesion (90% inhibition) and also efficiently blocked the
was screened for binding of theyl-domain. As shown in  jnteraction of the D fragment angC with the recombinant
Figure 7, seven peptides covering ##let-Gly***sequence |- domain @), deletion of P2-C fronyC resulted in only
bound thexyl-domain. No binding to the two Nitterminal a 50% decrease of the I-domain binding. Therefore, alterna-
peptides (sp_ots 1 ar_1d 2) was detected. Because the twgjye binding site(s) may participate in thewl-domain
nonoverlapping peptides}MKIIPF3* and *NRLTIG**, binding. Because the inhibitory activity of P2-C depends on
can bind theowl-domain, P2-C may contain two active  motifs containing RL, one possibility is that positively
regions. charged sequences similar to XRLX € may participate
in the al-domain binding.

DISCUSSION That the ligand recognition by theyl-domain might
In this study, we have examined the role of th&77— depend on motifs containing the combination of positively
395 sequence in binding of th&c-domain of Fg to theul- charged and hydrophobic residues is supported by the data

domain ofawf, and analyzed the molecular determinants that P2-C inhibited cell adhesion to theC- andsC-domains

of the activity of the P2-C peptide which duplicate383— of Fg which do not contain the P2-C sequenc2®).(The
395. The major findings of the study are the following: (1) P2-C peptide and cyclic NRLTIG were also efficient
The P2 sequence ipC is directly involved in theayl- inhibitors of ayf.-mediated cell adhesion to different
domain binding since deletion of P2 decreased the binding unrelatedoy; ligands, including fibronectin, Cy61, throm-
activity of theyC-domain. Supporting the role of P2 in the bospondin, keyhole limpet hemocyanine, thrombin, plasmi-
aml-domain binding, theyC-domain was 2.6-fold more nogen and others (Lishko V., unpublished data, 2002).
active than the homologoy$C-domain. Inserting/383— Inspection of amino acid sequences/@f, oeC, SC and other
395 andy377—395 intoSC imparted the increased binding tested adhesive proteins revealed that they contain multiple
capacity to the chimeri@C/yC proteins. Finally, multiple  RL(l) or KL(l) motifs or motifs in which Arg or Lys are
point mutations within the P1 sequence did not impair the paired with other hydrophobic residues. For examplg,

yC binding function suggesting tha€ binding by theowl- contains the second RLT motif at the positipR75—277,



9372 Biochemistry, Vol. 42, No. 31, 2003 Ugarova et al.

Ficure 8: Proposed molecular models of cyclic Fg peptide CNRLTIGC bound tayfielomain. Ten molecular models of cyclic CNRLTIGC
peptides docked to theyl-domain were generated. Initials docking of the peptides to this region was performed by manual rotation and
orientation of the peptides until a minimal energy level was obtained. These dagke&tbmain/peptide complexes were then subjected to
dynamic and energy minimization calculations. Panel A: Displayed is a representative model of the cyclic peptide highlighted as yellow
ball-and-sticks docked to theyl-domain. The ribbon model of theyl-domain is based on its crystal structure (PDB identifier 1IDO). The
MIDAS cation (blue), Ph#¥gray), and AsgP4orange) are displayed as spheres.?frand Asp® of the ouyl-domain interact with lle and

Arg of the cyclic peptide, respectively. Panel B: Closeup of the docked peptide. The cyclic peptide is displayed in ball-and-stick fashion
in yellow, and the backbone of thg,l-domain is displayed in stick fashion. The side chains ofdh&domain residues that make contact

with the cyclic peptide are also displayed and numbered. The cation is shown as a blue sphere.

and the peptidey?’KY RLT YAYFAG 28 blocked owf32- the electrostatic and van der Waals surface properties of the
mediated cell adhesion (4210 £ 30 uM) and supported  aml-domain, a site within helix 5 near the MIDAS cation
efficient adhesion (Lishko, V., unpublished data, 2002). was chosen as the ligand-binding site. One of the most
AnotherayI-domain ligand, fibronectin1), contains four energetically favorable of the 10 structures in shown in
RL(I)T sequences and five RL(I) pairs. Supporting a critical Figure 8. In this structure, A of the cyclic peptide forms
role of Leu in ayl-domain recognition, short LLG-based a salt bridge withayAsp?®* and the peptide’s Let? and
peptides identified by phage display libraries have been foundlle3*4, making hydrophobic interactions with P§#GIu2>¥
to be efficient inhibitors ofwl-domain binding to ligands  Thr?8 and Ly$79Phe“®, respectively. Minimal alterations
(25). Therefore, a likely interpretation of these data is that in the backbone structure of the peptide were observed
recognition specificity of Fg and otheryf, ligands may following binding (0.832 rmsd of superposition of unbound
depend on short linear XRLX or similar motifs. Such limited versus bound cyclic peptide), indicating an initial good fit
requirements for ligand recognition by thgl-domain seem  of the cyclic peptide foruyl-domain. The structure of the
to fit well with ligand binding promiscuity exhibited byw. bound cyclic peptide was also very similar to its crystal
We have demonstrated that within thgl-domain the  Structure, 1FZC (rmsd of 0.824). Limited conformational
P2-C peptide binds to the L§&—Arg?s! segment1) which changes in backbone structureof208-223, 246-253, and
forms aD-05 loop and an adjacenss helix and is a unique ~ 276-288 were noted in most models, with the most
characteristic of thewl-domain @6, 27). In ayK?245—R25L perturbed region being nearest the docked peptideyat
three residues, PHE Asp?, and Pré, have been identified ~ 254-261.
as critical for P2-C bindingl(1). Two of these residues, Phe Previous studies clearly demonstrated the role of acidic
and Asp, are located at the top of thgl-domain in the residues within ligands for their binding to integrins. In
vicinity of the metal-ion dependent adhesion site, MIDAS crystal structures of the complexes, an acidic residue from
(26), which has been proposed as a ligand binding interface the ligand engages a metal ion at the MIDAS in the integrin
in the ayl-domain as well as other I-domain28§). In the I-domain. For example, the aspartic acid of RGDF ligand
absence of a crystal structure of the complex and for contacts thggl-domain @9) in the crystal ofo,33, while the
illustrative purposes, we have generated molecular modelsglutamic acid plays the same role in the complex of collagen
of the peptide bound to thewl-domain structure. Ten  peptide with thea,l-domain ofayf; (28). How, then, does
molecular models for the cyclic NRLTIG peptide were theayl-domain bind its ligands? Although thgyl-domain
constructed and used for docking. Guided by our mutational in the “liganded” conformation was crystallized in the
analysis of theayl-domain and by the characterization of complex with the glutamic acid from the neighboriogl-
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domain @6), which was proposed to play a role of ligand- 8.

mimetic, no additional data are available that would imply
a role for the acidic residue iaf2 ligands. Theowf2 9
binding to its ligands is not RGD inhibitabl&); and our

data have demonstrated that substitution of positively charged 10.

residues for the acidic residue Glu in P2-C decreased the
inhibitory activity of the mutant peptide. Thus, it is possible
that the ligand engagement by;l-domain is achieved by a

11

different mechanism: positively charged and hydrophobic 12.

residues participate in receptor docking as demonstrated in
this and other studie29, 30). Alternatively, theowl-domain

can interact with both XRLX-based peptides and with
peptides containing an acidic residue. The precedent for these
type of interactions comes fromy3; which can bind both
kinds of peptides 48, 30, 31). That the two types of
interactions are involved in Fg and/or in othwy3, ligands
cannot be presently ruled out. The mechanism by which the
aml-domain recognizes multiple ligands is speculative but
XRLX-based sequences in ligands may be responsible for
recognition. We are presently addressing this issue.
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