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ABSTRACT: The integrin Rvâ3 is the major receptor mediating the attachment of osteoclasts to the
extracellular matrix in bone and plays a critical role in bone resorption and bone remodeling. Most of the
ligands interacting with theRvâ3 receptor contain an Arg-Gly-Asp (RGD) motif. Recently, we have
identified two small RGD peptides, containing a benzophenone moiety at either the carboxyl or amino
terminus, that photo-cross-linked within theâ3[99-118] [Bitan, G., et al. (1999)Biochemistry 38, 3414-
3420] or theâ3[167-171] [Bitan, G., et al. (2000)Biochemistry 39, 11014-11023] sequence, respectively,
of the Rvâ3 receptor in a selective fashion. Here, we report the synthesis of a photoreactive analogue of
echistatin (a 49-amino acid peptide), a potent RGD-containing antagonist of theRvâ3 receptor both in
vitro and in vivo. This bioactive analogue is substituted at position 45 with ap-benzoyl moiety (pBz2),
located within the flexible C-terminal domain and removed 20 amino acid residues from the R24GD26

triad. This C-terminal domain was reported to contribute to receptor binding affinity by acting as an
auxiliary binding site. The radiolabeled125I-[Arg35,Lys45(Nε-pBz2)]-echistatin photo-cross-links effectively
to a site within theâ3[209-220] sequence. Residues in this domain have been reported to be part of the
metal ion-dependent adhesion site (MIDAS). Receptor fragments overlapping this domain were reported
to bind to fibrinogen and block fibrinogen binding toRIIbâ3, the platelet integrin receptor. Taken together,
position 45 in echistatin, located within an auxiliary binding site in echistatin, cross-links to a site distinct
from the two previously reported sites,â3[99-118] andâ3[167-171], which cross-link to photophores
flanking the RGD triad. These cross-linking data support the hypothesis that the ligand-bound conformation
of the integrinâ3 subunit differs from the known conformation of I domains.

Integrins are heterodimeric cell surface adhesion molecules
which play pivotal roles in diverse cellular processes such
as cell migration, proliferation, and attachment (1). TheRvâ3

integrin (vitronectin receptor) is the most abundant integrin
receptor expressed by human osteoclasts, the multinucleated
cells responsible for bone resorption. This receptor is thought
to participate not only in the attachment of the cell to the
bone matrix (2, 3) but also in transcytosis of the dissolved
bone matrix components from the resorption lacuna across
the cell to the extracellular fluid compartment (4-6).
Antagonists of theRvâ3 receptor block bone resorption both
in vitro and in vivo (3, 7-10), thus providing a novel
mechanism-based potential approach to the prevention and
treatment of bone diseases such as osteoporosis. Osteoporosis

results from excessive bone resorption, which leads to loss
of bone mass, compromised bone mechanical strength, and
eventually to high frequency of bone fractures.

The integrins are composed of two subunits, each contain-
ing a large N-terminal extracellular domain, a transmembrane
domain, and a small C-terminal intracellular portion. Due
to the large size of theRvâ3 receptor and its membranal
localization, it is not amenable to analysis by X-ray and
nuclear magnetic resonance techniques, and therefore, high-
resolution structural data of this complex are not available.
Structural studies depend therefore on low-resolution tech-
niques such as electron microscopy (11, 12), receptor
mutagenesis studies (13, 14), generation of integrin-activating
or inhibitory antibodies (15-20), and various forms of
affinity labeling (21-27). Importantly, most of the structural
information on integrin receptors now available was acquired
for receptors other thanRvâ3 and, therefore, may not be of
immediate applicability for understanding the specific ligand-
receptor interactions of this receptor system.

Photoaffinity cross-linking covalently locks the specific
bimolecular interaction between the photophore-carrying
amino acid residue, in the ligand, and the contact site, in the
receptor, by generating a bond between the ligand and the
receptor. Subsequently, specific chemical or enzymatic
cleavages generate particular ligand-receptor-conjugated
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fragments that contain the photoinsertion site. Assignment
of the size of the fragments by PAGE1 analysis is used in
the subsequent analysis of the putative digestion maps to
identify the contact site. This methodology manifests the only
direct approach to studying ligand-receptor bimolecular
interactions. Reiteration of this process with ligands modified
singularly at discrete positions by the photophore comprises
the photoaffinity scanning (PAS) approach (28) which com-
plements nicely the receptor mutagenesis and ligand structure-
activity studies. The two latter approaches are receptor- and
ligand-based, respectively, and therefore are mutually “blind”
to the interacting counterpart. Currently, PAS is the method
of choice for directly mapping the bimolecular ligand-
receptor interface in an effort to generate an experimentally
based model of ligand-receptor complexes. Such studies
were recently reported for the parathyroid hormone (29),
vasopressin (30), secretin (31, 32), and cholecystokinin
receptors (33).

Recently, using the PAS approach, we identified two small
arginyl-glycyl-aspartyl (RGD)-containing peptides, substi-
tuted with a benzophenone (BP) photophore at either the
carboxyl or the amino terminus, which photo-cross-linked
within theâ3[99-118] (21) or â3[167-171] (27) sequence,
respectively, of theRvâ3 receptor in a selective fashion, thus
identifying two contact sites that belong to the ligand-
receptor bimolecular interface. In combination with molec-
ular models generated by homology modeling, these results
challenge the prevailing structural model of the ligand-
binding site of theâ3 subunit. In particular, a direct inter-
action between the ligand and the metal-ion dependent
adhesion site (MIDAS) inâ3 appears to be unlikely or would
require a globular fold different from the published one (34).

The endogenous ligands for theRVâ3 receptor are proteins
containing an RGD motif, including vitronectin, bone sialo-
protein, and osteopontin. However, many of these protein-
ligand complexes are not specific for the vitronectin receptor,
but are also recognized by other integrin receptor subtypes.
High-affinity and often subtype-selective RGD-containing
proteins, namely, disintegrins, have been found in snake
venoms. One of these is echistatin, originally isolated from
the viperEchis carinatus(35), which is a potent inhibitor
of the Rvâ3 andRIIbâ3 integrins. It contains 49 amino acids
and four disulfide bridges.

NMR studies of echistatin reveal a rigid globular fold,
stabilized by the four disulfide bridges, a flexible RGD-
containing loop, and a flexible C-terminal domain (36, 37).
The RGD triad, located at the top of the hairpin in the mobile

loop has been shown to be important for irreversible binding
to theRvâ3 receptor (38, 39). The flexible C-terminal domain
of echistatin is thought to contribute to receptor binding
affinity by acting as an auxiliary binding site, interacting
with an exosite on the receptor. Indeed, a linear peptide
representing this region, echistatin(40-49), was able to
inhibit binding of RIIbâ3 to immobilized echistatin (40).
Interestingly, the P40-R-N-P43 motif at the C-terminal region
of echistatin is homologous with the P286-R-N-P289 and
P829-R-N831 motifs in human fibrinogenRE. The latter
sequence is within theREC domain of fibrinogen that
interacts specifically with theRvâ3 receptor (41).

The current photo-cross-linking study was carried out in
an effort to better understand the role of the C-terminal region
of echistatin in binding to humanRvâ3 and to further char-
acterize the interface of theRvâ3-ligand ternary complex.
We designed and synthesized125I-[Arg35,Lys45(Nε-pBz2)]-
echistatin [125I-K45(BP)], a potent radioiodinated echistatin
analogue containing a photoreactive moiety at position 45
located at the C-terminal region. Characterization of the
echistatin-Rvâ3 receptor photoconjugate and analysis of
its chemical and enzymatic cleavage products reveal a
short domain, 12 amino acids in length, corresponding to
the â3[209-220] sequence which includes a site of contact
with position 45 in the C-terminus of echistatin. Modeling
based on our cross-linking data of the C-terminal region of
echistatin with theâ3 subunit in theRvâ3 receptor supports
the hypothesis that a putative I-like domain conformation in
â3 is incompatible with the bimolecular interactions identified
in our studies.

EXPERIMENTAL PROCEDURES

Materials.All amino acid derivatives and peptide synthesis
reagents were purchased from PE-Biosystems (Framingham,
MA). Tris(2-carboxyethyl)phosphine (TCEP) was obtained
from Pierce (Rockford, IL). Na125I was from Amersham-
Pharmacia (Arlington Heights, IL). Endoproteinase Lys-C,
endoproteinase Glu-C, and endoglycosidase F/N-glycosidase
F were from Roche Diagnostics (Indianapolis, IN). Tissue
culture media were from Gibco-BRL (Gaithersburg, MD).
All tissue culture disposables and plasticware were from
Corning (Corning, NY). All other chemical reagents were
of highest analytical grade available and were purchased from
the Aldrich/Sigma/Fluka group (St. Louis, MO).

Electrospray ionization mass spectra were recorded on a
Micromass Platform LCZ system equipped with an electro-
spray ionization source and a Waters 2690 separation module.
Vydac C18 (5µm, 300 Å, 4.6 mm× 250 mm and 10 mm
× 250 mm) columns were used for analytical and preparative
reversed-phase high-performance liquid chromatography
(RP-HPLC); the solvent system that was used included a
water/TFA mixture (1000:1, eluent A) and an acetonitrile/
TFA mixture (1000:1, eluent B). Linear elution gradients
were used (“Waters Gradient 6”), unless otherwise stated.
Flow rates were 0.2 mL/min for analytical and 20 mL/min
for preparative RP-HPLC, and samples were monitored at
220 and 254 nm.

Synthesis of [Arg35,Lys45(Nε-pBz2)]Echistatin [K45(BP)].
The linear precursor of the echistatin analogue was synthe-
sized by automated solid-phase methodology on an Applied
Biosystems 430A peptide synthesizer using Boc/HOBt/DCC

1 Abbreviations: Acm, acetamidomethyl; Boc,tert-butyloxycarbonyl;
BNPS-skatole, 3-bromo-3-methyl-2-(2-nitrophenylmercapto)-3H-indole;
BP, benzophenone; Bpa,p-benzoylphenylalanyl; DCC,N,N′-dicyclo-
hexylcarbodiimide; DTT, dithiothreitol; EDTA, ethylenediaminetetra-
acetic acid; Endo-F, endoglycosidase-F/N-glycosidase F; ESI-MS,
electrospray ionization mass spectroscopy; Glu-C, endoproteinase Glu-
C; HEK, human embryonic kidney; HOBt, 1-hydroxybenzotriazole;
Lys-C, endoproteinase Lys-C; mAb, monoclonal antibody; MIDAS,
metal ion-dependent adhesion site; Msc, methoxycarbonylsulfonyl;
M-PER, mammalian protein extraction kit; NMR, nuclear magnetic
resonance; PAGE, polyacrylamide gel electrophoresis; PAM,p-
(oxymethyl)phenylacetamidomethyl resin;pBz2, p-benzoylbenzoyl;
PAS, photoaffinity scanning; PBS, phosphate-buffered saline; PEG,
poly(ethylene glycol); RGD, argynyl-glycyl-aspartyl; RP-HPLC, reverse
phase high-performance liquid chromatography; SDS, dodecyl sulfate
sodium salt; TCEP‚HCl, tris(2-carboxyethyl)phosphine hydrochloride;
TFA, trifluoroacetic acid.
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chemistry. ThepBz2 moiety at position 45 was introduced
as Boc-Lys(Nε-pBz2)-OH, as described previously (42). All
Cys side chains were Acm-protected, while all the other side
chain functions were protected in the standard manner
compatible with TFA deprotection ofNR-Boc groups prior
to stepwise elongation and liquid HF deprotection of side
chain protecting groups (except theS-Acm) and concomitant
cleavage from the resin. The peptide was assembled on 0.12
mmol of Boc-Thr(Bzl)-PAM resin (loading, 0.7 mmol/g).
Residues were incorporated by a double-coupling protocol
(2 mmol per cycle) followed by a capping step with acetic
anhydride. The quality of the individual coupling steps was
periodically monitored by the Kaiser test (43). Liquid HF in
the presence of 10% anisole at 0°C cleaved the product from
the resin. The resin/crude peptide mixture was precipited and
washed with ether. The crude peptide was dissolved in 50%
acetic acid and purified by RP-HPLC (linear gradient from
0 to 50% B in A over the course of 120 min) followed by
removal of the acetonitrile in vacuo and lyophilization of
the aqueous solution. The pure linear andS-Acm protected
K45(BP) was characterized. ESI-MS: MW calcd 6230,
found 1039 [(M + 6H+)/6], 1247 [(M + 5H+)/5], 1558
[(M + 4H+)/4], 2078 [(M + 3H+)/3]. Analytical RP-
HPLC: tR ) 18.5 min, linear gradient from 0 to 60% B in
A over the course of 30 min.

The purified partially protected (S-Acm) linear precursor
(50 mg, 8.1µmol) was dissolved in a MeOH/water mixture
(2:1, v/v, 2 mL), and methoxycarbonylsulfonyl chloride (200
µL, 1.5 mmol) was added under ice cooling (44). After 15
min, the entire solution was subjected to an RP-HPLC
separation (linear gradient from 0 to 50% B over the course
of 120 min). The isolatedS-methoxycarbonylsulfonyl (S-Msc)
protected linear precursor (42 mg, 6.6µmol) was dissolved
in water (3 mL), and tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP‚HCl) (100 mg, 0.35 mmol) was added (45).
After 20 min, the solution was injected into the RP-HPLC
system (gradient from 0 to 50% B over the course of 120
min), and the eluted product was immediately lyophilized.
The reduced analogue was then dissolved in 0.07 M NH4OAc
buffer (500 mL, pH 8.0) and mixed for 24 h at 4°C followed
by mixing for 2 days at room temperature (32). Final
purification of the oxidized material was achieved by RP-
HPLC (linear gradient from 0 to 50% B over the course of
120 min), and the product was characterized by ESI-MS and
amino acid analysis. ESI-MS: MW calcd 5654, found 943
[(M + 6H+)/6], 1132 [(M+ 5H+)/5], 1414 [(M+ 4H+)/4],
1886 [(M + 3H+)/3]. Analytical RP-HPLC:tR ) 18.49 min
(linear gradient from 0 to 60% B over the course of 30 min).
Amino acid analysis (found/calcd): Asx 8.8/8, Thr 2.3/3,
Ser 1.5/1, Glx 3.5/3, Pro 4.1/4, Gly 5.4/5, Ala 2.1/2, Cys
6.4/8, Met 0.9/1, Ile 1.0/1, Leu 1.1/1, Tyr 0.9/1, Phe 1.1/1,
His 1.0/1, Lys 3.4/3, Arg 5.2/5.

Radioiodination of [Arg35,Lys45(Nε-pBz2)]Echistatin [125I-
K45(BP)]. Radioiodination was achieved by the lactoperoxi-
dase method as outlined elsewhere (46). In brief, K45(BP)
(70 µg, 12 nmol) was dissolved in 0.1 M NaH2PO4 buffer
(pH 7.4, 100µL). Lactoperoxidase (0.2 unit) in NaH2PO4

buffer (20 µL) was added to a solution of the peptide (50
µL) followed by 2 mCi of Na125I in a NaOH solution. Four
aliquots (2.5µL each) of H2O2 (0.003% w/v) were added
every 3 min. The resulting solution was subjected to RP-
HPLC purification (Waters nonlinear gradient 8 from 19 to

50% B in A over the course of 30 min). The isolated
radioactive peak was used for the photoaffinity cross-linking
experiment without further treatment.

Competition Binding Assay. The binding properties of
K45(BP) for the purifiedRvâ3 receptor were assessed as
described elsewhere (47).

Photoaffinity Cross-Linking to HEK293 Cells OVer-
expressing Human IntegrinRVâ3. Radiolabeled K45(BP)
[125I-K45(BP)] (∼108 cpm, ∼20 pmol) was cross-linked to
confluent HEK293 cells stably expressing recombinant
human integrinRvâ3 (∼106 copies/cell) (ten 75 cm2 plates,
∼9 nmol ofRvâ3 receptor) according to a published protocol
(21). Following cross-linking, the cells were washed three
times with phosphate-buffered saline (PBS) and lysed by
incubation for 30 min with M-PER (10 mL) (Pierce), and
the ligand-receptor photoconjugate was purified by prepara-
tive SDS-PAGE after reduction with dithiothreitol (DTT)
and alkylation of Cys residues with iodoacetamide, as
described elsewhere (48). S-Pegylation was achieved by
adding a 100 mMO-(2-maleimidoethyl)-O′-methylpoly-
(ethylene glycol) 5000 (Fluka, Milwaukee, WI) (100µL)
solution to the reduced ligand-receptor conjugate.

Enzymatic and Chemical Digestions of the Ligand-
Conjugated Receptor.Enzymatic and chemical digestions
were performed according to the protocols published by
Bisello et al. (48) and Bitan et al. (27).

Molecular Modeling.The construction of the molecular
model is described in detail elsewhere (27). In brief, the
amino acid sequence ofâ3[99-300] was constructed using
a home-written distance geometry program, which was then
fitted onto the structural features of the I domainRM using
template forcing. The sequence homology that was employed
was the one suggested by Tozer et al. (49). The resulting
model was then relaxed (energy-minimized) and refined
using the CVFF91 force field module within the Discover
program (Molecular Simulations, Inc., San Diego, CA).

RESULTS

Design and Synthesis of the BP-Containing Echistatin
Analogue.The purity of the echistatin analogue, [Arg35,Lys45-
(Nε-pBz2)]echistatin [K45(BP)], exceeded 95% as determined
by analytical RP-HPLC, and its structural integrity was
established by amino acid analysis and ESI-MS. Theε-amino
group on lysyl in position 45 is substituted with the BP
photophore. In addition, Lys35 located in the rigid core of
echistatin is substituted with Arg (36). This substitution was
introduced to render the ligand portion of the ligand-receptor
photoconjugate stable toward endopeptidase Lys-C (Lys-C),
thus maintaining the structural connectivity between Lys45,
the residue carrying the photophore, and Tyr31, the residue
tagged by radioiodine. This connectivity is essential for
monitoring the biochemical analysis aimed at the identifica-
tion of the contact site. The biochemical analysis employs
several primary and secondary chemical and enzymatic
digestions to identify the minimal receptor sequence that
contains the site of contact to Lys45 in echistatin (vide infra).

All Cys residues were side chain protected by the HF
resistant acetamidomethyl (Acm) group. To maintain the
structural integrity of the BP moiety, during HF deprotection
of side chains and concomitant cleavage from resin, we
avoided the use of any thiol-containing scavengers (50). The
replacement of the Acm protecting group with the more labile
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methoxycarbonylsulfonyl (Msc) group was introduced to
avoid the direct deprotection of Acm, which employs
chemistry which is not tolerated by the BP moiety. Interest-
ingly, despite the numerous structural modifications intro-
duced into the native sequence of echistatin, the linear
precursor of K45(BP) folded spontaneously during the oxida-
tion to generate a major product of the correct molecular
mass, which maintained a high affinity of binding to theRvâ3

receptor (vide infra). We therefore assume that the pattern
of the four disulfide bonds in K45(BP) is identical to the one
in the native echistatin, which was folded under the same
oxidation procedure (38).

Biological Characterization of K45(BP). The binding
affinity of the echistatin analogue K45(BP) for the human
recombinantRvâ3 receptor was evaluated by a competition

binding assay using purified and radioiodinated native
echistatin as a tracer (47). The side chain modification of
Lys45 with pBz2 and the Lys35 to Arg substitution decreased
the binding affinity only 3-fold compared to that of the parent
compound (IC50 ) 6 × 10-10 and 2× 10-9 M, respectively)
(Figure 1A). None of the radioiodinated echistatin analogues
bound significantly to nontransfected HEK293 cells (results
not shown).

Photoaffinity Cross-Linking.125I-K45(BP) was generated
by radioiodination of K45(BP) employing the lactoperoxidase
method (46). 125I-K45(BP) was incubated with HEK293 cells
stably expressing the recombinant humanRvâ3 receptor
(∼106 receptors/cell) (21). Upon irradiation at 365 nm, the
photoreactive125I-K45(BP) analogue cross-linked with high
efficiency almost exclusively to theâ3 subunit, as shown by

FIGURE 1: Characterization of [Arg35,Lys45(Nε-pBz2)]echistatin. (A) Competition curves for binding of echistatin (b) and [Arg35,Lys45(Nε-
pBz2)]echistatin (9) to Rvâ3 receptors.125I-labeled echistatin was used as a tracer. Each result that is shown represents three independent
experiments performed in duplicate. (B) Inhibition of cross-linking125I-[Arg35,Lys45(Nε-pBz2)]echistatin [125I-K45(BP)] to HEK293 cells
overexpressing theRvâ3 receptor by competing with echistatin or by addition of EDTA. Samples were analyzed by 7.5% SDS-PAGE
followed by autoradiography. The autoradiograph is representative of three reproducible independent experiments. Molecular mass markers
are shown on the left side of the autoradiograph. (C) Primary amino acid sequence of echistatin. The asterisk depicts the site of radioiodination.
The peptide bonds susceptible to enzymatic and/or chemical cleavage generating the radio- and photoreactive fragment are shown. The
table depicts the molecular masses of the corresponding reduced and/or alkylated fragments.
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SDS-PAGE (band at∼105 kDa, Figure 1B). Furthermore,
the photoinsertion of125I-K45(BP) into theâ3 subunit was
competitively inhibited by native echistatin in a dose-
dependent manner, reflecting the specificity of the cross-
linking process (Figure 1B). No cross-linking was observed
in the presence of 4 mM EDTA, consistent with the ligand-
receptor interaction known to be Ca2+ and Mg2+ ion-
dependent (Figure 1B) (51).

Identification of the Contact Domain between125I-K45(BP)
andRVâ3. Following irradiation with UV light, the cells were
solubilized and the125I-K45(BP)-â3 photoconjugate was
reduced, alkylated with iodoacetamide, and isolated by
preparative SDS-PAGE. It was then subjected to a series
of chemical and enzymatic digestions using BNPS-skatole,
cyanogen bromide (CNBr), endoproteinase Lys-C (Lys-C),
and endoproteinase Glu-C (Glu-C). Native echistatin contains
CNBr-, Lys-C-, and Glu-C-susceptible peptide bonds (Met28,
Lys12,15,21,35, and Glu1,3,16, respectively). Substitution of Lys35

with Arg prevents Lys-C-mediated cleavage separating the
radioactive tag (incorporated at Tyr31) from the photoreactive
moiety (Nε-pBz2-modified Lys45) during fragmentation and
analysis of the photoconjugate. The cleavage pattern of these
chemicals and/or enzymes and the molecular masses of
the radioactive and photoreactive ligand fragments in the
alkylated and nonalkylated form are depicted in Figure 1C.

Digestion of the intact125I-K45(BP)-â3 photoconjugate
(Figure 2A, lane A) by BNPS-skatole (cleaving primarily at
the carboxyl side of Trp) generated a single radiolabeled band
with an apparent molecular mass of∼18 kDa (Figure 2A,
lane B). Isolation of this band and subsequent treatment with
endoglycosidase F/N-glycosidase F (Endo F) did not alter the
electrophoretic mobility (Figure 2A, lane C), demonstrating

the lack of N-glycosylation sites within the BNPS-skatole-
generated fragment (Figure 2A). Analysis of the theoretical
BNPS-skatole digestion map of theâ3 subunit identifies two
candidate fragments,â3[130-238] andâ3[477-553] (Figure
3). Neither fragment contains a potential N-glycosylation site.
The molecular masses of the potential photoconjugates are
18.6 and 16.8 kDa, respectively (Figure 4). This small
difference in molecular mass cannot be resolved by SDS-
PAGE, precluding unambiguous assignment of the contact
domain to one of the two fragments.

A second independent digestion involved CNBr-mediated
cleavage, breaking peptide bonds at the carboxyl side of
Met residues. Treatment of the intact ligand-â3 photo-
conjugate (∼105 kDa) with CNBr produces a radioactive
band that migrates more slowly than the band of the reduced
and undigested radioiodinated ligand125I-K45(BP) (5785 Da)
and slightly above the 6.4 kDa molecular mass marker
(Figure 2B, lane E). This result excludes one of the above-
mentioned possible BNPS-skatole fragmentsâ3[477-553],
since all possible CNBr-generated fragments overlapping this
domain would have molecular masses distinctively higher
(>10 kDa) than the observed one (Figure 2B, lane E).
However, cross-linking to the putative CNBr-generated
fragmentâ3[188-227], which lies entirely within the BNPS-
skatole fragmentâ3[130-238], yields a photoconjugated
fragment [125I-K45(BP)(30-49)-â3[188-227]] of the ap-
propriate molecular mass (7.4 kDa). Indeed, this fragment
is unique within the entireâ3 subunit, since all other possible
CNBr-generated fragments of the125I-K45(BP)-â3 conjugate
would have molecular masses well above or below 7.4 kDa.

Treatment of the isolated125I-K45(BP)-â3 photoconjugate
with Lys-C resulted in a radioactive band (∼6.2 kDa) mi-

FIGURE 2: Autoradiographs of the125I-[Arg35,Lys45(Nε-pBz2)]-echistatin-â3 photoconjugate by SDS-PAGE. (A) Primary digestion pattern
of the125I-[Arg35,Lys45(Nε-pBz2)]echistatin-â3 [125I-K45(BP)-â3] conjugate by BNPS-skatole and secondary digestion of the BNPS-skatole-
generated band by endoglycosidase F: lane A,125I-K45(BP)-â3 conjugate (∼105 kDa); lane B, BNPS-skatole fragment (∼18 kDa); and
lane C, BNPS-skatole (1) and Endo-F fragment (∼18 kDa) (2). No deglycoslylation can be observed, indicating the generation of a
nonglycosylated fragment by BNPS-skatole (16.5% Tricine gel). (B) Pattern of digestion of the125I-K45(BP)-â3 conjugate by BNPS-
skatole (lane F), CNBr (lane E), endoproteinase Lys-C (lane D), and endoproteinase Glu-C (lane B). Reduced (but not alkylated) forms of
125I-[Arg35,Lys45(pBz2)]echistatin undigested or digested with endoproteinase Glu-C (lanes C and A, respectively) serve as internal markers
of molecular masses (5.7 and 4.0 kDa, respectively) (16.5% Tricine gel). (C) Pattern of digestion of the125I-[Arg35,Lys45(Nε-pBz2)]echistatin-
â3 [125I-K45(BP)-â3] conjugate reduced and alkylated withO-(2-maleimidoethyl)-O′-methylpoly(ethylene glycol) 5000 by endoproteinase
Glu-C (lane A) and endoproteinase Lys-C (lane B). Alkylation withO-(2-maleimidoethyl)-O′-methylpoly(ethylene glycol) 5000 adds 5
kDa per cysteine residue in the fragment. This provides a means of distinguishing between fragments of similar size but with different
numbers of cysteine residues by SDS-PAGE analysis. These autoradiographs are representative of three reproducible independent experiments.
The molecular mass markers are indicated on the left side of the autoradiographs.
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grating marginally above the radioactive ligand125I-K45(BP)
(5785 Da) (Figure 2B, lanes D and C, respectively). Within
the putative BNPS-skatole-generated conjugated fragment
125I-K45(BP)-â3[130-238], only three potential Lys-C-
generated conjugated fragments [125I-K 45(BP)(22-49)-
â3[160-181], -â3[192-208], and -â3[210-235]] have
molecular masses similar to that of the observed Lys-C-
generated band. Furthermore, only the sequences of the two
conjugated fragments corresponding toâ3[192-208] andâ3-
[210-235] overlap with the sequences of the CNBr- and
BNPS-skatole-generated fragments (Figures 3 and 4). Their

alkylated forms correspond to molecular masses of 5.6 and
6.4 kDa, respectively. Since the radioactive band appears to
migrate marginally above the radioactive ligand125I-K45(BP)
(5785 Da), the evidence favors the larger conjugated frag-
ment corresponding toâ3[210-235] (6.4 kDa) being the
putative Lys-C-generated conjugated fragment containing the
photoinsertion site. However, due to the limited resolution of
SDS-PAGE analysis, the radioactive band cannot be unam-
biguously assigned to this fragment of the photoconjugate.

Nevertheless, the different number of cysteine residues
present in the two possible fragments can be exploited to

FIGURE 3: Predicted digestion map of the region of residues 95-250 of theâ3 chain. Cleavage points are shown for BNPS-skatole, CNBr,
and endoproteinases Lys-C and Glu-C. The expected molecular mass of the125I-K45(BP)-â3 fragment is indicated. Numbers below the
sequence represent expected masses for fragments alkylated with iodoacetamide (in kilodaltons), while numbers above the sequence represent
molecular masses of fragments alkylated withO-(2-maleimidoethyl)-O′-methylpoly(ethylene glycol) 5000. The domains identified in the
cleavage paths that were used are highlighted in bold lines (see the text and Figure 2). The stars represent potential glycosylation sites, and
the x’s denote cysteine residues.

FIGURE 4: Schematic summary of the fragmentation results of the reduced and alkylated (with iodoacetamide)125I-K45(BP)-â3 photoconjugate
and its reduced and pegylated form. Ambiguous fragmentation products that cannot be resolved by SDS-PAGE analysis are listed under
the corresponding cleavage pathways.
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distinguish them. The larger Lys-C-generated conjugated
fragment, corresponding toâ3[210-235], contains four
cysteine residues [three in the ligand portion (Cys32,37,39) and
one in the receptor fragment (Cys232)]. The conjugated
fragment corresponding toâ3[192-208] contains only the
three cysteine residues located in the Lys-C-generated photo-
reactive portion of echistatin (Figure 1C). Therefore, we
alkylated the reduced125I-K45(BP)-â3 conjugate with a PEG-
5000-maleimide, a thiol-specific reagent, and subsequently
subjected the pegylated conjugate to Lys-C digestion. The
anticipated molecular masses of the two possible pegylated
Lys-C-generated photoconjugated fragments, corresponding
to the 125I-K45(BP)(22-49)-â3[192-208](PEG-5000)3
and125I-K45(BP)(22-49)-â3[210-235](PEG-5000)4 photo-
conjugate fragments, are shifted from 5.6 and 6.4 kDa in
the acetamidated forms to 20.6 and 26.4 kDa in the pegylated
forms, respectively. This shift and resulting difference in
molecular mass of∼6 kDa can be easily detected by SDS-
PAGE analysis. As shown in Figure 2C (lane B), we observe
a band at∼26 kDa and therefore assign unambiguously the
photoinsertion site as being withinâ3[210-235] (Figure 4).
However, photo-cross-linking to Lys209, a potential insertion
site, cannot be excluded. In that event, Lys-C would no
longer hydrolyze the peptide bond between Lys209 and Gln210

but would cleave the bond between the two adjacent lysine
residues in positions 208 and 209, leading to a different Lys-
C-generated fragment, which includesâ3[209-235]. The
resolution of SDS-PAGE analysis does not rule out this
possibility. Therefore, we must expand the boundaries of
the Lys-C-generated conjugated fragment containing the site
of contact toâ3[209-235]. Taken together, with the results
obtained from the BNPS-skatole, CNBr, and Lys-C protein
digest mapping, we can identifyâ3[209-227] as the minimal
putative contact domain generated by the restriction cleav-
ages of Lys-C and CNBr at Lys208 and Met227, respectively
(Figure 3).

To further delineate the 19-amino acid sequence containing
the contact site, we carried out a Glu-C digestion on the
intact, reduced, and alkylated125I-K45(BP)-â3 conjugate. The
radioactive conjugated fragment observed at∼5.5 kDa
(Figure 2B, lane B) may correspond to one of two possible
sequences,â3[207-220] andâ3[221-234], both overlap-
ping the CNBr/Lys-C-restricted, minimal putative contact
domainâ3[209-227] (Figure 3). The calculated molecular
masses of these two potential photoconjugated fragments
cannot be distinguished by SDS-PAGE analysis (5.8 and
5.7 kDa, respectively). Once again, the different number of
cysteine residues (4 vs 5, respectively) in the two possible
fragments provides the means of distinguishing between
them. The anticipated molecular mass of the possible125I-
K45(BP)(17-49)-â3[207-220] photoconjugated fragment is
shifted upon pegylation from 5.8 to∼25.5 kDa [125I-K45(BP)-
(17-49)-â3[207-220](PEG-5000)4] and for the125I-K45(BP)-
(17-49)-â3[221-234] fragment from 5.7 to∼30.5 kDa
[125I-K45(BP)(17-49)-â3[221-234](PEG-5000)5] (Figure 4).
As shown in Figure 2C (lane A), digestion of the PEG-
5000-alkylated 125I-K45(BP)-â3 conjugate with Glu-C
results in a radioactive fragment migrating with an apparent
molecular mass of∼26 kDa, thus corresponding to the
pegylated conjugate derived from theâ3[207-220] fragment.
We can therefore further delineate the minimal putative
sequence containing the site of contact toâ3[209-220]. This

sequence is restricted by the cleavage sites of Lys-C and
Glu-C at Lys208 and Glu220, respectively (Figure 3). This
sequence of 12 amino acids from theâ3 subunit in theRvâ3

receptor is the contact site for the photophore-bearing Lys45

located at the C-terminus of echistatin.

DISCUSSION

Understanding the bimolecular interactions between inte-
grins and their ligands is of fundamental importance for
elucidating the molecular mechanism of ligand recognition
and specificity, and signal transduction. However, the
powerful tools of high-resolution structural analysis, such
as X-ray crystallography and NMR, are not available for
studies of intact integrinRâ heterodimers due to their size
and nature as membrane-embedded proteins. Structural
studies of integrins depend, therefore, on techniques which
deliver low-resolution structural data (11, 12, 15-20, 52,
53). Mutational analysis reveals important residues for
integrin functionality within both theR andâ subunits (13,
14, 54). On the basis of low-resolution techniques taken in
combination with molecular modeling approaches, theR
subunits are predicted to fold into a seven-bladed “â
propeller” (55). However, significant controversy is found
in predictions of the structure ofâ subunits (13, 56, 57). On
the basis of similarities in the hydrophobicity profile and
homology analysis, Lee and co-workers predicted that the
large region aroundâ3[100-300] adopts a dinucleotide
binding fold, as found in inserted domains (I domains) of
manyR subunits but not inRv (57). Nevertheless, different
methods of sequence alignment used in combination with
distinct X-ray structures as templates result in significantly
different models (27). Therefore, experimental evidence is
needed to validate and/or refine models of theâ subunit.

Such evidence can be gained by the photoaffinity scanning
approach that can identify residues involved in the ligand-
receptor bimolecular interface. These “contact domains”,
which are part of the ligand-binding sites (or surface),
combined with structural information about the ligand,
generate valuable insights for building an experimentally
supported model of the ligand-integrin complex (29, 30,
33). Here we report the identification of a contact domain
between theâ3 subunit in theRvâ3 receptor and the C-
terminus of echistatin.

Echistatin displays high affinity toward theRvâ3 andRIIbâ3

integrin receptors. Its RGD triad is located in the mobile
loop at the tip of the hairpin and has been shown to be
important for irreversible binding to theRvâ3 receptor (38,
39). The flexible C-terminal part of echistatin has been shown
to contribute further to integrin binding affinity. However,
the spatial relation between binding sites, for the RGD triad
and the C-terminal domain of echistatin, on theRvâ3 receptor
is not clear. This photoaffinity cross-linking study was
designed (i) to determine whether there is experimental
evidence for a binding site within theRvâ3 integrin which
accommodates the non-RGD auxiliary receptor binding
domain located at the C-terminal part of echistatin and (ii)
to expand the pool of available experimental data to support
a structural model of the ligand-Rvâ3 receptor binding
interface.

For this photoaffinity cross-linking study, we designed and
synthesized the full-length125I-K45(BP) analogue. After
generation and isolation of the125I-K45(BP)-â3 photocon-
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jugate, by chemical and enzymatic techniques, a fragment
of 12 residues,â3[209-220], was identified as the contact
site for residue 45 located at the C-terminus of echistatin
(Figures 3 and 4). Interestingly, the nearly identical amino
acid segmentâ3[211-222] has been shown to block the
binding of fibrinogen toRIIbâ3 (58). Furthermore, the peptide
â3[217-231] interacts with fibrinogen (which has a sequence
significantly homologous with the C-terminal domain of
echistatin) in an RGD-independent manner (59). In addition,
the naturally occurring mutation of Arg214 to Gln within this
domain inhibits fibrinogen binding and causes a variant form
of Glanzmann’s thrombasthenia (60). Finally, Tozer and co-
workers identified Asp217 in â3 as an essential residue for
ligand binding and function of theRIIbâ3 receptor and
proposed this residue to be part of the MIDAS motif (49).
Later, Lin et al. supported this proposal by showing that the
mutation of Asp217 to Ala in â3 diminishes the apparent
affinity of Mn2+ for RIIbâ3 by 15-20-fold (13). Taken
together, these reports attribute functional significance to
sequences and amino acid residues withinâ3[209-220], the
minimal echistatin’s C-terminal binding domain, and high-
light the importance of it as a contact domain.

On the basis of sequence homology and similarity in the
hydrophobicity profile between I domains and portions of
the â3 subunit, we and others have developed different
models for this I domain-like region (27, 49). The model
reported by Tozer et al. (49) and one of our models (27) are
based on homology modeling using the crystal structure of
theRM I domain as a template. This model predicts that the
contact domainâ3[209-220] is a portion of aâ strand,
mostly buried in the core of the I-like domain (residues 109-
352). In this case, only the N- and C-terminal parts of this
domain are accessible for cross-linking, while photoinsertion
into the midregion would be sterically hindered (Figure 5).
Our second model (27), which is based on the crystal
structure of theR2 I domain and a different homology
alignment, predicts that the contact domainâ3[209-220] is
located in an entirely accessible loop on the opposite side
of the MIDAS motif (not shown). However, only theRM-
related model is in full agreement with the above-mentioned

role of residues Asp217 and Glu220 in metal coordination. We
therefore focus on theRM-related model for the interpretation
of our cross-linking data.

In the model based on theRM I domain, the accessible
N-terminal part of the contact domainâ3[209-220] is on
the opposite side of the MIDAS motif and is slightly covered
by a poorly defined loop. Additionally, in two previous cross-
linking studies with small cyclic RGD-containing peptides,
we identified the sequencesâ3[99-118] (21) andâ3[167-171]
(27) as being in direct contact with residues flanking either
side of the RGD motif. We concluded in the latter report
that a direct interaction between the RGD-containing ligand
and the MIDAS motif is unlikely, since the RGD contact
surface is located on the opposite side of the MIDAS motif
in both models. The identification ofâ3[209-220] as a
contact domain for Lys45 in echistatin further supports our
proposal. However, we are aware of several studies that
conclude that many receptors adopting a dinucleotide fold
bind their ligands at the “MIDAS face” (61). Furthermore,
it is proposed that the interface between theRM I domain
and the rest of theRM subunit is formed by residues located
opposite the MIDAS motif (55). Hence, the proposed ligand-
binding surface would overlap with the surface involved in
the interaction with the rest of theâ3 subunit and is therefore
unlikely to be accessible to the ligand.

Evidently, the accessible C-terminal portion of the contact
domain â3[209-220] offers no alternative explanation.
Cross-linking of125I-K45(BP) to this accessible side would
impose an energetically unfavorable distortion of the rigid
core structure (imposing an extended conformation of the
peptide and distorted bonds) of echistatin since the RGD
motif would have to interact with domains located on the
opposite face of theâ3[99-330] domain. Consequently, such
a spatial arrangement would result in an energetically
unfavorable conformation of echistatin and would translate
into low-affinity binding, which is not observed.

The conclusion drawn from our cumulative cross-linking
data, consistent with data from other methods, is either (i) a
lack of an I domain-like fold in theâ3 subunit of theRvâ3

receptor or (ii) a lack of an I domain-like fold only in the

FIGURE 5: Two views (rotated 90°) of a molecular model of theâ3 I-like domainâ3[99-300] based on homology modeling and theâ3 I
domain as a template. Pink represents the MIDAS motif (â3[119-123]), red the RGD-contact domainâ3[99-118] previously reported in
ref 21, blue the RGD-contact domainâ3[167-171] previously reported in ref27, and yellow the minimal putative contact site in theâ3
subunit (â3[209-220]), for Lys45 in echistatin.
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ligand-bound conformation of theâ3 subunit ofRvâ3. The
last possibility implies the occurrence of a major conforma-
tional change in the I-like domain upon ligand binding. The
absence of an I domain-like fold in theâ3 andâ5 subunits
as suggested by Lin et al. supports the general importance
of a MIDAS motif for ligand binding (13).

Binding of echistatin and vitronectin toRvâ3 has been
reported previously to be irreversible (62, 63). The interaction
involves an initial, RGD-dependent and fully reversible
integrin-ligand recognition event, followed by the stabiliza-
tion of the integrin-ligand complex, leading finally to a
nondissociable complex. It is suggested that this stabilized
interaction between the receptor and ligand may be necessary
for the transduction of signals between the extracellular
matrix and intracellular compartments. This pattern of ligand
binding is in agreement with the occurrence of a conforma-
tional change withinRvâ3 upon ligand binding. This ligand-
bound conformation may differ from the I domain-like
conformation in the nonoccupied receptor. Like most muta-
genesis studies, our cross-linking experiments probe the
interaction between echistatin andRvâ3 at equilibrium, which
is apparently reached after an extended incubation time.
Assuming that the low- and high-affinity states of the
receptor (64) represent two different conformations (65), our
photoinsertion can therefore occur at residues which are
accessible to the ligand only at the high-affinity state.
According to our modeling, these residues are inaccessible
to the lignd at theâ I domain-like conformation.

The recently determined crystal structure of a complex
between theR2 I domain, fromR2â1 integrin, and a triple-
helical collagen I-derived peptide revealed that ligand binding
forces a rearrangement in the coordination sphere of the
MIDAS (65). On the basis of these findings, Shimaoka and
co-workers designed a mutant Mac-1 I domain stabilized in
the open, high-affinity conformation (66), thus confirming
that conformational changes in the I domain are relevant to
the regulation of ligand binding activity that transforms the
integrin from the closed (low-affinity) to the open (high-
affinity) conformations. These subtle changes in the metal
coordination are propagated to the rest of the integrin, leading
to the outside-in signaling. Analogously, binding of an RGD
peptide to theâ subunit I-like domain (67) may lead to a
conformational transformation that has functional conse-
quences similar to those reported for theR2 I domain (68).
Recently, studying the interactions of mAb with theâ2

integrin subunit, Huang and co-workers suggested a structure
sequence alignment and a model for the I-like domain in
which theR1 andR6 helices are highly exposed to the solvent
and may be part of the putative ligand-binding site (69).
However, their sequence alignment and assignment of
secondary structure elements are similar to those of Tuckwell
and Humphries (56) and differ extensively from those of
Tozer and co-workers (49) adapted in this study.

In summary, we provide direct experimental evidence
which shows that the C-termial region of echistatin binds to
a site within theâ3 subunit of theRvâ3 receptor, which is
distinct from the sites that bind residues flanking the RGD
triad in small peptide ligands. Taken together, the collective
photoaffinity data obtained with three different ligands (21,
27) (and this report), the reported mutagenesis studies, and
the binding properties of echistatin favor the presence of a
different fold in the ligand-Rvâ3 receptor complex.

We now plan to continue and use the PAS approach to
further characterize the echistatin-Rvâ3 receptor bimolecular
interface proximal to the RGD-bearing loop. This effort
should eventually produce a detailed topological map of the
Rvâ3 residues involved in the ligand-binding surface.
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