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ABSTRACT: Integrinowf3 plays a crucial role in angiogenesis, apoptosis, and bone remodeling, mainly by
interacting with matrix proteins through recognition of an A@ly—Asp (RGD) motif. Recently, a small
cyclic RGD-containinguys-ligand possessing a C-terminal photoreactive group was photo-cross-linked
within $3[99—118], in the N-terminus of th@; chain [Bitan G et al. (1999Biochemistry38, 3414

3420]. In this paper, a photoreactive group at the N-terminus of the RGD-ligand is shown to interact
within §3[167—171], approximately 60 residues C-terminal to the previously identified domain. On the
basis of these findings, a model of the putative I-like domain ofstheubunit, homologous taw-, o -,
andoe-I-domains, reveals that th#[99—118] andf3[167—171] contact sites are close to each other and
are on the opposite side relative to the metal ion-dependent adhesion site (MIDAS) motif. These observations
contradict the prevailing model that proposes proximity between metal- and RGD-binding sites on the
I-like domain. Our data suggest that either the I-like domain structure predictgg} ferincorrect, or

there is no spatial proximity between the RGD-binding site and the MIDAS motif in the I-like domain.
Our results indicate that the current models for liganeceptor interaction should be revisited.

Integrins are cell membrane-bound heterodimeric receptorsbinding determinant in disintegrins, which are small proteins
able to transduce signals between the extracellular environ-found in snake and other animal venoms. Disintegrins, as
ment and the cytoplasml) They participate in cell — well as many synthetic RGD-based peptidés§), pepti-
extracellular matrix (ECM) and celt-cell adhesion 2, 3) domimetics 9), and non-peptideslQ) have been shown to
and are involved in fundamental cellular processes such asact as heterologous ligands for specific integrins both in vitro
migration, proliferation, and survivald). The family of (11) and in vivo @12, 13).
integrins currently consists of 23 known receptors, each All integrins bind ligands in a divalent metal ion (€&

colmposted Olf ar- and alﬁ-srt:bqn:t, Wh'l;:ht pl?y a crucial Mg?*)-dependent manner. The role of the metal cations has
ro teh r|10 .or; y |nd_porma phy5|0 ogty tu . as]:o 'r;. many  peen shown to be complex, and the mechanism of metal-
(ps ological conditions, such as metastasis o ma'gnanc'esdependent binding is not completely understood. In some

) ) ) ] ) ) ) cases, CH is necessary for ligand binding, yet in other cases
The interaction of integrins with their endogenous ligands it has been shown to have an inhibitory effebt-{16).
is often based on recognition of short peptide motifs in the

ligands. The most common motif is the argimglycyl—
aspartyl (RGD) sequencé)( This triad is also the major

The a- and thef-subunits share the same overall struc-
ture: a large N-terminal extracellular component, a trans-
membrane domain, and a short C-terminal intracellular tail.

: : The physicochemical properties of integrins, being large
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Institutes of Health. structural investigations of the whole molecule by currently
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Chorev, Beth Israel Deaconess Medical Center, 330 Brookline Ave. lography or NMR. Nevertheless, a wealth of structural data
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1 Abbreviations: Ahx, 6-aminohexanoyl; BH, BolteitHunter group; ; ; i ati : ; :
Bp, benzophenone: Bpa-4-benzoylphenylalanine: DML-5.5-di- biological characterization of peptides derived from putative

methylthiazolidinecarboxylic acid; ECM, extracellular matrix; Endo-  Pinding sites 29, 30), and generation of activatin@1, 32)
F, endoglycosidase-F/N-glycosidase F; Glu-C, endoproteinase Glu-C;or inhibitory (29, 33—35) antibodies. Additionally, direct

HEK, human embryonic kidney; IEF, isoelectric focusing; Lys-C, lysyl _ ; il ; ;
endopeptidase; MIDAS, metal ion-dependent adhesion pizs lower-resolution approaches have been utilized to investigate

p-benzoylbenzoyl; PBS, phosphate-buffered saline; TLCK, 1-chloro- integrip-ligand interactions _by chemicaq, 37) and pho-
3-tosylamido-7-amino-2-heptanone; VWF, von Willebrand factor. toaffinity (38—42) cross-linking.
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99
B3[99—300] NFSIQVRQVEDYPVDIYYLMDLSYSMKD-DLWSIQNLGTKLATQMRKLTSNLRIGFGAFVDKPVSPY
oM DSDIAFLIDGSGSIIPHDFRRMKEFVSTVMEQLKK~--SKTLFSLMQYSEEFRIHF
oL CIKGNVDLVFLFDGSMSLQPDEFQKILDFMKDVMKKLSN--TSYQFAAVQFSTSYKTEF
o2 RSSCPSLLEXZXXSQESNSIYP——WDAVKNFEEKFVQGLDIGPTKEQXQ&EQ!ANNEE!!F

Helix 1

165
B3[99-300] MYISPPEALENPCYDMKTTCLPMFG-YKHVLTLTDQVTRFNEEVKKQSVSRNRDAPEGGFDAIMQAT
oM TFKEFQ-NNPNP-RSLVKPITQLLG-RTHTATGIRKVVR--ELFNITNGAR-KNAFK-ILVVITDGE
or DFSDYV-KRKDP-DALLKHVKHMLL-LTNTFGAINYVAT~--EVFREELGAR-PDATK~-VLIIITDGE
o2 NLNTYK-TKEEM-IVATSQTSQYGGDLTNTFGAIQYARK——YAYSééfGGR-RSAEE;XngYEDGE

233 Helix 2 Helix 3 Helix 4
B3[99-300] VCDEKIG--~-—-- WRNDASHLLVFTTDAK-----— THIALDG--RLAGIVQPNDGQCHVGSDNHYSAST
oM KFGDPLGYEDVIPEADREGVIRYVIGVG—-=--—-~- DAFRSEKSRQELNTIASKPPRDHVFOVNNFEALK
arL ATDSGN-—-=-~-~— IDAAKD-IIRYIIGIG----- KHFQTKESQETLHKFASKPASEFVKILDTFEKLK
a2 SHDGSMLK-AVIDQCNHDNILRFGIAVLGYLNRNALDTKNLIKEIKAIASIPTERYEE&YSDEAALL

286 Helix 5 Helix 6 Helix 7 Helix 8 Helix 9
B3{99-300] TMD--YPSLGLMTEKLS
oM TIQNQLREKIFAIEG
oL DLFTELQKKIYVIEG
[+ &) EKAGTLGEQIFSIEGGT

Helix 9

Ficure 1: Sequence alignment 8§[99—300] and the I-domains fromy, o, anda,. Alignment was performed using ClustalW. Secondary
structure found in the crystal structures of the three I-domains are indicated (soliddihetices (numbered); dashed lingsstrands).

To date the only high-resolution experimental structural processes, such as angiogenes#-61), apoptosis 1, 62,
data available for integrins come from X-ray crystallographic 63), and bone resorptionl®, 64, 65). ayfs is the most
analyses of I-domains, which are inserted modules found atabundant integrin displayed by osteoclasts, the multinucleated
the N-terminal part of certain-subunits 43—50). On the cells exclusively responsible for bone resorption. The adhe-
basis of homology modeling, other domains have been sion between the osteoclast and the extracellular bone matrix
postulated, such as an I-like domain predicted in all is mediated byayfs and is believed to form the cell matrix
f-subunits 45, 51, 52), a seven-bladg-propeller structure  “tight seal” that is essential for bone resorption to proceed
hypothesized at the N-terminus afsubunits $3), and the (58, 66). Therefore, inhibition ofxy3; function provides a
recently suggested PSI domain at the N-terminug-etib- novel mechanism-based approach for treatment of diseases
units (G4). associated with increased bone resorption, such as osteoporo-
I-domains have been shown in several cases to containsis (12, 13) and hypercalcemia of malignancy4). Rational
the principal ligand-binding site56). Within the I-domain, design of inhibitors forw, 3 will benefit considerably from
a metal ion-dependent adhesion site (MIDAS) motif provides elucidating the structural basis for interaction in the ligand
oxygen-containing side chains that coordinate a metal cation,ay /33 bimolecular complex.

known to be essential for ligand binding3). This noncon- Recently, we reported the design and synthesis of novel
tiguous motif is compqs_ed of a primary consensus sequencepenzophenone-containing, “tagged”, RGD-based ligands as
DXSXS, and two additional secondary sites, all located at oos for photoaffinity mapping of they3:—ligand interface

the apex of the I-domain modul&%). Binding of the cation  (g). Using one of these ligandsyclo 124-BH-Ahx-[Cys—

and the ligand are known to influence each other. For a long osp—pmt—Arg—Gly—Asp—Cys]-Bpa-NH (1, Figure 2),
time, it has been unclear whether a direct interaction betweenye jgentified a small “contact domain” in th@-subunit,

the two components takes place in the bound state or whetheyga[gg_llgL which contains the cross-linking site for the
“cross-talk” between cation and ligand is mediated indirectly C-terminalp-benzoylphenylalanine (Bpa) residuelirf42).
through allosteric conformational rearrangements of the ag part of our continuing effort to generate a detailed
integrin molecule29, 31, 56, 57). A recent crystal structure  tgpological map of the integrin-ligand interface, we now
of the a,-I-domain complexed with a non-RGD, collagen-  report the presence of a second small contact domain at a
based ligand30) reveals that the ligand interacts directly gjstinct site on the8; chain, identified by cross-linking the
with the metal. Ligand b|nd|.ng causes a co_nformat|onal N-terminal benzophenone (Bp) group present in the closely
rearrangement of the I-domain, which is mediated through ye|ated analoguegyclo Bp-[Cys—Asn—Dmt—Arg—Gly—

a reorganization of the metal coordination by the MIDAS Asp—Cys]-Lys(N-[129-BH-Ahx])-NH,, (68) (2, Figure 2).
motif. However, whether this finding represents a general

mechanism and can be extrapolated to RGD-based ligandsExpPERIMENTAL PROCEDURES
and to the putative I-like domains is yet to be determined.

Integrin oS3 (vitronectin receptor) binds various RGD- Radioreceptor Binding Assa¥he affinity of the peptides
containing proteins, including fibronectin, fibrinogen, vit- for purified human integrinayfs; was measured in a
ronectin, von Willebrand factor (vWF), bone sialoprotein, radioreceptor competition assay wiffi-echistatin as a tracer
and osteopontins@). It plays a major role in physiological as described6).



11016 Biochemistry, Vol. 39, No. 36, 2000 Bitan et al.

A B
Q 120
b
Ac—Cys—Asn—Dmt—Arg—Gly—Asp—Cys—OH
100 "7/
"Parent scaffold"
80
o
I S =
i B 2 60
15| —BH--Ahx—Cys—Asn—Dmt—Arg—Gly—Asp ~Cys—Bpa—NH, E
® 40
1
20
15|__BIH
$ S  Ahx 0 4/ ' . \
pBz;—Cys—Asm—Dmt—Arg—Gly—Asp—Cys—Lys—NH; g/l - o g x 5 8 g
3 3 5 & £ & % £
3 S b=t S S 3 S S S
2 S = < == =z 2 Zz 2 Z
[Ligand] (M)
C Competition with
+
parent scaffold
kDa
a
220 — <+ ovbs
— < oy
97.4 — < B
66 —
46 —

Ficure 2: Characterization of ligand. (A) Schematic structures of the parent scaffold and of ligahdad 2. Ahx, 6-aminohexanoyl;
Dmt, L-5,5-dimethylthiazolidine; Bpa, 4-benzoylphenylalanine; BH, Boltbtunter group. (B) Inhibition of binding of?3-echistatin to
purified recombinant humaam,3; by nonradioactivé?’-2 (M) and by nonradioactive echistati#)(as a standard. Results shown represent
three independent experiments performed in triplicates. (C) Autoradiograph of photoaffinity cross-linRing @f3; expressed at10°
copies/cell on HEK-293 cells, with and without competition by 3™ of the nonradioactive nonphotoreactive parent peptigelo Ac-
[Cys—Asn—Dmt—Arg—Gly—Asp—Cys]-OH. Samples were analyzed by 7.5% w/v SIPAAGE. The main radioactive band 087 kDa
corresponds to thfs—2 photoconjugate. The faint bands-aL50 and~250 kDa correspond to radiolabeleg and nondenaturedy/33
complex, respectively. Molecular weight markers are shown on the left side of the autoradiograph.

Introduction of'?4-Bolton—Hunter Group.The unlabeled Enzymatic and Chemical Cleage.Digestions of thgss—2
precursor of peptid® was labeled by coupling of at¥- photoconjugate by endoglycosidase-F/N-glycosidase F (Endo-
Bolton—Hunter group 70) to the amino group of a 6-amino  F), lysyl endopeptidase (Lys-C), BNPS-Skatole, and cyano-
hexanoyl (Ahx) spacer attached to the side chain offLys gen bromide (CNBr) were performed as previously described
The crude radiolabeled pepti@awas purified by HPLC as  (71). Chymotrypsin digestion was performed using 1-chloro-
described 42). 3-tosylamido-7-amino-2-heptanone (TLCK)-treated enzyme

Photoaffinity Cross-Linking to HEK 293 Cells:@rex- (Wprthington .Bioch.ernical Co., Lakewood, NJ) to inhibit
pressing IntegrinoBs. Radiolabeled peptid@ (~7 x 108 residual trypsin activity. A total of 5@ig of enzyme was
cpm, ~160 pmol) was cross-linked to confluent HEK 293 Used per reaction with 5080 000 cpm of thefs—2
cells stably expressing recombinant human integrifis at photoconjugate. Thg digestion reaction was carried out in
~10° copies/cell (10x 75 cn? plates,~9 nmol) according ~ 100uL volume of tris-buffer (25 mM tris-HCI, pH 8.5) at
to a published protocold@). Following cross-linking, the 37 °C overnight. Digestion with sequencing-grade endopro-
cells were washed 3 times with phosphate-buffered saline teinase Glu-C (Boehringer-Mannheim, Mannheim, Germany)
(PBS) and lysed by 30-min incubation with 10 mL of M-PER Was performed, after removal of SDS using SDS-Out
(Pierce, Rockford, IL). Cys residues were reduced and (Pierce), by adding a small crystal of lyophilized enzyme to
alkylated with iodoacetamide as previously reportgd)( @ 100xL reaction containing 506830 000 cpm of thgs;—2
and the liganetreceptor photoconjugate was purified by Photoconjugate in 25 mM (NHHCO; buffer, pH 7.8. The
preparative SDSPAGE. The radioactivity of the gel band ~ reaction took place at room temperature overnight.
containing thefB;—2 conjugate was~2—3 x 10° cpm, Isoelectric Focusing (IEF)Radioactive bands correspond-
corresponding to 3050% of the radioactivity loaded on the ing to CNBr-, Lys-C-, and chymotrypsin-generatgg-2
gel in different experiments. The photoconjugate was elec- fragments were excised and electroeluted from 16.5% tricine/
troeluted from the gel with~80% vyield. SDS gels in X SDS-PAGE running buffer. To eliminate
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SDS, the samples were treated twice with SITRIit and
then dialyzed against 10 M urea overnigfig), followed

by dialysis against ddyD for 24 h with five changes of
ddH;O. The SDS-free samples containing the radioactive
fragments were concentrated by ultrafiltration on Microcon-3
devices (Amicon, Beverly, MA) (cutoff, 3000 Da) to 40
20uL. The samples were analyzed on IEF Ready-Gels (Bio-
Rad, Hercules, CA) with a pH gradient-30 using colored
IEF protein standards (Bio-Rad). The radioactive bands were
visualized by autoradiography.

Molecular Modeling The molecular model g#3[99—300]
was built up using as templates the I-domain folds reported
for a; (43), o (44), anday (45). The amino acid sequence
of 33[99—300] was constructed using a home-written distance
geometry program and then fitted to the structural features
of the I-domains using template-forcing applied during a
short molecular dynamics simulation (simulated annealing)
carried out using the CVFF91 force field within the Discover
program (Molecular Simulations, Inc., San Diego, CA).

The atoms used for the template-forcing @f to the
I-domain structure were pulled from the sequence homology
betweenf; and the a-subunit I-domains obtained from
ClustalW as illustrated in Figure 1. Of the I-domains, two
of the helical domains were not included in the fitting (helices
5 and 6, using the secondary structure nomenclatuoe)of
The long helix 5 observed i is only a turn of a helix in
oy (four residues in length) anay (six residues in length)
and represents a gap in the sequenggiFigure 1). Helix
6 of a; is a gap in the sequence far, o, and s and
therefore was not used in the fitting.

All of the f-strands of the I-domains were used in the
template-forcing procedure. For modeling of the N-terminus
of the 83 I-like domain, including residues;[99—112], the
X-ray structure of VWF Al-domair¥@), which is structurally
defined in this region, was utilized.

The Insightll program (Molecular Simulations, Inc.) was
used for all of the molecular modeling and producing of the
figures. For comparison, the model 8§ as proposed by
Tozer et al. 21) was created using the template-forcing
procedure, as described above but with application of the
sequence homology as suggested in Figure 1 of Tozer et al
(21). To this model, we added the structural features of the
N-terminus of thej; I-like domain, consisting of residues
B3[99—112], employing the vVWF Al-domain structure as a
template.

RESULTS

Cross-Linking of Ligan® to Recombinant Humaay3
Stably Qerexpressed in HEK 293 Cellsigand 2 (Figure

Biochemistry, Vol. 39, No. 36, 200@1017
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Ficure 3: Digestions of thg;—2 photoconjugate by BNPS-Skatole
(lanes 1 and 5) and Glu-C (lane 3). Lanes 2 and 4: treatment of
the BNPS-Skatole- and Glu-C-generated bands, respectively, with
Endo-F. Lane 6: treatment of the BNPS-Skatole-generated band
with Glu-C. Samples were analyzed by 16.5% wi/v Tricine/SDS
PAGE. This autoradiograph is a representative example of three
reproducible independent experiments. Molecular weight markers
are shown on the left side of the autoradiograph.

the contact site for the N-terminal part of the ligand. Ligand
2 binds humanoySs with an 1Gs value of 1.0+ 0.2 uM
(Figure 2B).

In all cross-linking experiments, the integrin/peptide ratio
was maintained at-50:1 to minimize nonspecific cross-
linking. The complex was irradiated by UV light (365 nm)
to form the photoconjugate, which was extracted from the
cell membrane and analyzed by SPSAGE. Peptide2
cross-linked specifically and efficiently to the 53 receptor
(Figure 2C). As previously observed for ligarid cross-
linking occurred predominantly to thgs chain, with less
than 5% labeling of thex, chain (Figure 2C). No cross-
linking was observed in the presence ofld of the parent
scaffold (IGo = 0.05 £+ 0.02 uM) (Figure 2C) or with
untransfected HEK 293 cells lacking,53 (not shown).

Identification of the Contact DomairThe 53;—2 photo-
conjugate was isolated by preparative SEFAGE and
subjected to an array of enzymatic or chemical cleavages.
Digestion with BNPS-Skatole, a reagent that specifically
cleaves C-terminally to tryptophan residues, yielded a
radiolabeled band with an apparent molecular mass ef 14
15 kDa (Figure 3, lane 1). The theoretical BNPSkatole
digestion map of th@; sequence7d) reveals two adjacent
fragments located at the N-terminal part of the molecule
consistent with the observed banes[26—129] and3[130—
238] (Figure 4A). One of these two fragmentsg[26—129],

2A) was prepared as part of a series of ligands based on thas putatively glycosylated at Asn 99, whereas thfL30—

cyclic heptapeptide scaffold;yclo Ac[Cys—Asn—Dmt—
Arg—Gly—Asp—Cys]-OH (Figure 2) §8). The first ligand
in this series, used for cross-linking studies (ligahyl

238] fragment does not contain a consensus glycosylation
site. To distinguish between these two possible cross-linking
sites, we compared the apparent molecular masses of the

incorporated a benzophenone photoprobe at its C-terminusBNPS—Skatole-generated fragment before and after treat-

and a radioiodine “tag” at the N-terminus (Figure 2A).
Utilizing ligand 1, we recently found that the C-terminus of
the ligand cross-links to a site within the 20-amino acid
sequenc@s[99—118], adjacent to the sequencEDSYSH23

in the MIDAS-like motif of 83 (42). In ligand 2, the
photoprobe and the radioactive tag switch places relative to
their positions in ligand.. Ligand2 can be used to elucidate

ment with Endo-F. Repeated treatment of the BNPS
Skatole-generated fragment with Endo-F in three independent
experiments showed no difference between the apparent
molecular masses of the radioactive band before and after
the Endo-F reaction, suggesting that the cross-linking oc-
curred within33[130—238] (Figure 3, compare lanes 1 and
2).
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Ficure 4: Theoretical digestion maps of the N-terminal third of fthechain for the different cleavage agents used. Cleavage is always
C-terminal to the indicated residue. Molecular mass (in kDa) indicated é8@oétamido-alkylated fragments, glycosylated (if appropriate)

and conjugated to the nondigestible ligand. (A) Cleavage points (upper numbers) are shown for endopeptidases Lys-C, chymotrypsin, and
Glu-C, for the Met-specific reagent CNBr and for the Trp-specific reagent Bh8k&tole. The lower numbers indicate the putative molecular
masses. A bold line highlights the putative contact domain attributed to each cleavage pathway. A star represents a putative glycosylation
site. The shaded area is enlarged in panel B. (B) Enlargement of the shaded area in panel A with indication of the predicted molecular mass
in kDa (bold) above each fragment and the calculatedatue (italics) under the fragment. Théymlues are given only for fragments in

the appropriate molecular mass range {2% kDa) and are of thf; fragments conjugated to the ligand.

Further elucidation of the position of the contact site comes of which is glycosylated at position 99 (Figure 4A), and one
from treatment of thgs;—2 photoconjugate with endopro-  within the cysteine-rich domain3;[536—582], which is
teinase Glu-C, which yields a band with an apparent glycosylated at position 559 (not shown). Following the same
molecular mass of-910 kDa (Figure 3, lane 3). Under the rationale as discussed above for the BNiSRatole-gener-
conditions used for the Glu-C digestion (ammonium bicar- ated fragment, similarity in the apparent molecular masses
bonate buffer, pH 7.8), this enzyme cleaves preferentially of the intact and Endo-F-treated Glu-C-generated bands in
at the C-terminal side of glutamyl residues, as well as the three independent experiments (Figure 3, compare lanes 3
peptide bond within AspGly dipeptides. The theoretical and 4) indicates that the fragme#109—171] contains the
digestion map shows three possible fragments correspondingcross-linking site.
to the observed Glu-C-generated band: two fragments atthe Combining the results from both BNPSkatole and
N-terminal regionf;[66—108] and33[109—171], the former Glu-C digestions reveals that the putative cross-linking site
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Ficure 5: Autoradiographs of digestions of tifg—2 photoconjugate by CNBr, Lys-C, and chymotrypsin. (A) Samples were analyzed by
16.5% w/v Tricine/SDS PAGE. Radiograph is a representative of at least three reproducible independent experiments. The nonconjugated
ligand2 (MW = 1531) is shown for comparison. Molecular weight markers are shown on the left side of the autoradiograph. B) Isoelectric
focusing gel analysis at pH gradient-30. Colored IEF protein standards are shown on the left side of the autoradiograph. Radiographs
are representative of at least three reproducible independent experiments.

lies within the sequencgs[130—171]. This fragment has a  detected even by a highly sensitive Vision 2000 (Finnigan)
theoretical molecular mass of 6.3 kDa when conjugated to MALDI-TOF mass spectrometer equipped with a nitrogen
the radioactive ligand. Treatment of the BNPS-Skatole- laser (Roche Pharma AG, Switzerland). Therefore, to further
generated band with Glu-C yielded a new radioactive band localize the cross-linking site a different biochemical ap-
with gel mobility corresponding to this molecular weight proach was pursued. The CNBr-, Lys-C-, and chymotrypsin-

(Figure 3, lane 6), substantiating the identificatiorf gL 30— generated bands were excised and electroeluted from the
171] as the segment containing the putative site of cross-original gels, treated extensively to remove any remaining
linking for ligand 2. SDS (see experimental procedures), and analyzed by iso-

To further delineate the cross-linking site, three additional electric focusing (IEF). The predicted isoelectric poinif) (p
cleavage agents were applied: CNBr, which cleaves specif-values of the putative CNBr-, Lys-C-, and chymotrypsin-
ically at the C-terminus of methionine residues, endopro- generated conjugated fragments, overlapping with the se-
teinase Lys-C, which cleaves C-terminally to lysine residues, quencg’s[130—171], are shown in Figure 4B. This orthogo-
and chymotrypsin, which cleaves C-terminally to aromatic nal analysis offers the resolution required to identify
residues. The apparent molecular masses of the conjugatedinambiguously the conjugated fragment produced by each
fragments generated by these cleavage agents were all irof the three cleavage agents. As shown in Figure 5B, the
the molecular mass range of 2:8.5 kDa (Figure 5A). The  conjugated fragments from all three digestion pathways
resolution offered by the SDSPAGE analysis (16.5% gel, migrated according to an apparemtvalue of~4. The only
tricine buffer system) was not sufficient to determine possible overlapping fragments with both the observed
accurately the masses of the conjugated fragments generatetholecular mass and pl values are the CNBr-generated
by CNBr, Lys-C, and chymotrypsin. Since each of these fragments;[166—180] (molecular mass= 3.6 kDa, p =
cleavage agents produces several putative fragments within3.66), the Lys-C-generated fragmgif160—181] (molecular
this molecular weight range, all overlapping with the region mass= 4.4 kDa, p = 4.09), and the chymotrypsin-generated
B4[130—171] (Figure 4A), the identity of the conjugated fragmentf;[167—178] (molecular mass= 3.1 kDa, p =
fragment could not be unambiguously determined using 3.88) (Figure 4B).
electrophoretic mobility in SDSPAGE. Attempts to use Combining these results with the fragmentation patterns
higher resolution gels, i.e., with increased concentrations of observed for BNPS-Skatole and Glu-C, we conclude that the
acrylamide or bis-acrylamide or with the addition of urea or overlapping 5-amino acid sequendé’$PPE"! of the £33
10—20% gradient gels still failed to provide sufficient chain represents a minimal chymotrypsin- and Glu-C-
resolving power. cleavage-restricted domain that includes the photoinsertion

Despite recent advances in mass spectrometry techniquessite for the N-terminally located Bp in photoligar2d
sequencing of minute amounts of membrane-embedded Molecular Modeling The molecular model for thes[99—
receptor fragments is still a considerable challenge. Thus,300] domain developed here assumes the existence of an
all of our attempts to achieve this goal using our in-house I-like domain fold in the conserved region @§ and the
SMART micropurification HPLC system and Micromass sequence homology shown in Figure 1. The presence of
Platform LCZ4000 electrospray ionization mass spectrometerdisulfide bonds between cysteines 784 and 232273
could not be successfully accomplished. No signal could be is also assumed in the model. The model differs from that
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proposed by Tozer and co-worket&l), which is based on  on the crystal structure of they-l-domain) yielded contra-
homology with thea-I-domain. The difference arises from  dictory conclusions. Tozer et aR1) and Lin et al. 85) both

the large gap (over 10 residues) located at residue 289 of find a crucial role for the MIDAS-like motif of th@; subunit

in the sequence homology used by Tozer et al., which is notin ligand binding. However, while the former study suggests
present in the homology used here. It is important to point that the conserved region 8f adopts the I-like domain fold,

out that this difference is C-terminal to the region &f the latter, using the same crystal structure as a modeling

demonstrated to interact with the RGD-containing peptide template, implies that it does not.

ligand. Our cross-linking data are not consistent with the coexist-
ence of both an I-like domain in the conserved region of the

DISCUSSION B3 subunit and proximity between the RGD-binding site and

the MIDAS-like motif. Our models of th@s-I-like domain

use theow-, a.-, or ap-I-domain as templates. While the
resolution of these experimentally based models cannot
provide the exact location of the RGD-binding site, the
constraints obtained through the cross-linking experiments
localize the binding site at the opposite side (nadir) of the
putative I-like domain relative to the MIDAS-like motif
(Figure 6).

Two mutually exclusive hypotheses may be conceived that
explain our observations: (i) the protein fold of the conserved
region of thefs subunit is substantially different from the
typical dinucleotide-binding structure found for I-domains,
i.e., the conserved region does not adopt an I-like domain

Photoaffinity cross-linking has been recognized increas-
ingly as an attractive methodology for structural studies of
complex protein systemg%, 76). This methodology has the
potential to enable mapping of the interface between receptor
and ligand, which subsequently can be used to create a three
dimensional model of the bimolecular complex, as has been
recently demonstrated for cholecystokini#¥(78), parathy-
roid hormone 71, 79), and vasopressir80). This approach
holds the promise of providing useful insights in the integrin
field, which presents the additional complexity of het-
erodimeric receptors. Previous cross-linking studies of in-
tegrins with RGD-based ligands identified relatively large

ggrr]rggfnfﬁo?r’%j%ir?gl)atnS;:é;COengo?frnlgggﬁd Us€ as  siructure or_(ii) the co_nserved region of thgsubunit does
L S _ . adopt an I-like domain structure, but the metal and ligand
The contact site identified in this report is for the pinging sites are located at distinct sites on opposite sides
photophore positioned N-terminal to the RGD triad (ligand of the module. If the first hypothesis is correct, then the

2); this site has been delimited to a five-amino acid domain. RGD-binding site and the MIDAS-like motif (or parts of it)
It is located~60 residues C-terminal to the contact domain 4,14 still be proximal in space and enable direct, or very
reported for a closely similar analogue containing the same ¢|5se interaction between ligand and metal in the bound
photophore positioned C-terminal to the RGD motif (ligand g¢ate. As mentioned before, ambiguity exists with respect to
1) (42). Both of these contact sites are within the large cross- e validity of the I-like domain homology-based modzd(
linking domainf35[61—203] previously identified by Smith  gg) and this question awaits further elucidation. However,
etal. @8). The higher resolution achieved in the current study if the second hypothesis appears to be true and the region
en_ables_ for the first time _the_ assi_gnm_en'g of the topok_)gical B4[99—300] does adopt an I-like domain structure (Figure
orientation of the RGD binding site within the subunit. 6), our cross-linking data indicate that interaction between
A detailed structural model describing integriligand the RGD motif and the metal ion is not feasible. Importantly,
interaction is highly sough®g, 83). In the absence of high-  unlike previous studies that are based on indirect observations
resolution structural data for integrisubunits, the prevail-  and, of necessity, make inferential conclusions, our results
ing model consists of two major, homology-derived structural are based on direct formation of a specific covalent bond
elements: (i) a conserved200-amino acid domain at the  between the ligand and a unique site in the integrin, which
N-terminal region, homologous to the vVWF A-domain and is identified by biochemical methods. The covalent attach-
to the I-domains found in integrin-subunits, termed the  ment we observe is reproducible, occurs when the ligand
I-like domain 61, 52, 82) and (i) a MIDAS-like motif, integrin complex is in equilibrium, is dependent upon the
homologous to the MIDAS maotif found in I-domains. The presence of Ca and M@ ions (data not shown), and is
prediction of the presence of this latter motif is based on competitively inhibited by the nonmodified parent peptide
the observation that the DXSXS sequence, common to allin a dose-dependent manner. It is therefore likely to represent
I-domains, is also present in all integgiRsubunits 17, 18, an authentic site of contact at the ligaridtegrin interface.
45). As mentioned above, it has been demonstrated that The previously identified contact domaifis[99—118]
I-domains contain the major ligand-binding site in those (42), is located at the very N-terminus of the putative I-like
integrins that contain this domain. Since not@subunits domain (Figure 6). This region was predicted to adopt a
contain an I-domain, but ajf subunits are predicted to  g-strand-coil—p-strand conformatiorsd). Our model, based
contain an I-like domain, it is expected that in integrins that in this region on the vVWF Al-domain, is in agreement with
do not contain an I-domain, binding of the ligand occurs  this prediction. The second putatidestrand corresponds to
predominantly at the I-like domain of th&subunit. Inthe  strand A of the I-like domain. The loop preceding this strand
B3 subunit, the I-like domain has been predicted (by is close in space to the second contact $itf167—171].
homology modeling) to span residues-8P8 @4), 110~ Strand A of the putative I-like domain leads from the nadir
294 1), or 107-292 @5). to the apex of the module, where it is immediately followed
Many studies have shown that the MIDAS motif, particu- by the DXSXS metal-binding sequence (Figure 6). However,
larly residues in the DXSXS region, is essential for ligand according to our model, strand A is not accessible for contact
binding (7, 18, 21, 29, 85). Intriguingly, homology modeling  with the ligand. The model suggests that the C-terminal side
of the putative I-like domain region in th# subunit (based  of the RGD motif interacts either with the first putative
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Ficure 6: Three-dimensional models of the N-terminal conserved donfgj@9—300], folded into an I-like domain structure. Panels A
and B, side view. Panels C and D, bottom view. The left-hand side model is based on the crystal structuce-tiimaain (A and C).
The right-hand side model based ag-I-domain (B and D) and is adopted from Tozer et all)( The cross-linking sites identified in the
current and previous4@) studies are highlighted in blue and red, respectively. THEISLS!23 motif is highlighted in magenta, and the
other residues participating in the MIDAS motif are in yellow. These residues are D113 and T232intthsed model, and D217 and
E220 in theow-based model2l).

f-strand or with the middle loop in th&[99—118] region. A small domain,S3[177—183], proximal to the newly
Interaction with strand A would require a major conforma- identified contact site3[167—171], has been shown previ-
tional rearrangement to take place upon binding of the ligand. ously to play a role in dictating ligand specificity2J).
Although it is clear that ligand binding confers conforma- Recently, Oxvig et al. reported that residues in a region of
tional changes that subsequently lead to integrin activation the o-I-domain homologous t85[177—183], together with
and/or signal transduction, there are no data supporting aresidues near the DXSXS sequence, comprise the binding
profound rearrangement that would bring two parts of the site for mAb CBRM1/5, which recognizes an activated form
module, initially far apart from each other, such as the of the module 86). These observations support an important
MIDAS-like motif and the cross-linking sitg4s[167—171], role for cooperativity between the MIDAS-like motif and
into proximity. the newly identified33[167—171] domain in ligand binding
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but do not necessarily implicate proximity between the two
regions.

On the basis of the crystal structure of the I-domain of
thea, -subunit, it has been suggested that the divalent cation-
dependence of ligand binding arises either because of direct
interactions between the ligand and the metal or because the
metal is required to promote a favorable quaternary arrange-
ment of the integrin47). In the case of thex,-I-domain,
the former hypothesis proved to be corréafi)( yet it is not
clear whether this is true for the putative I-like domains.
Although our cross-linking data cannot unequivocally rule
out this possibility for thess subunit, they suggest that the
hypothesis of direct interaction between the RGD sequence
and the metal cation or the MIDAS-like moti&%, 87 is
improbable. In future studies, it may be possible to position
a photoreactive group closer to or even within the RGD triad
and thereby obtain a more conclusive answer to this question.

Recent success in expression of functional soluble trun-
cated forms of integrins2@, 88, 89) and of af; fragment
(90) may provide an opportunity to study the three-
dimensional structures of these proteins in detail by X-ray
crystallography and/or NMR. Combined with our efforts
toward detailed mapping of the integtitigand interface,
the structural data from these different lines of investigation
should provide a comprehensive basis for building a detailed
experimentally derived integrinligand complex model.

In summary, we present in this work a second step toward
systematic mapping of the bimolecular interface between the
B3 binding site of integrinayfs and the cyclic RGD-
containing peptide ligands. Combining information regarding
the newly identified contact sitgfs[167—171], and the
previously identified contact sitg;[99—118], we conclude
that the model that assumes both the presence of an I-like
domain fold for the conserved N-terminal region of {be
subunit and proximity between ligand- and metal-binding
sites in the ligand-bound conformation is unlikely. Unless
substantial conformational rearrangements take place, which
alter the I-domain-like structure and bring the RGD and the
MIDAS-like motif close together after ligand binding,
coexistence of the two components of the model is not
supported by our data.
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