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ABSTRACT: We have used chemical cross-linking to identify sequences in integrinR4â1 that are involved
in its interactions with ligands. A recently described leucine-aspartic acid-valine (LDV)-based small
molecule inhibitor ofR4â1 (BIO-1494), that contained a single reactive amino group for targeting the
cross-linking, was used for these studies. The specificity of the interaction was defined by (i) the ability
to block the interaction with a competitive inhibitor lacking the reactive group, (ii) the absolute requirement
of divalent cations for cross-linking, and (iii) the lack of cross-linking to the functionally related integrin
R4â7. With ANB-NOS as the cross-linker, only theâ1 chain was labeled with BIO-1494, while with the
more flexible cross-linker DSS both theR4 andâ1 chains were modified. Similar results were obtained
when cross-linking was performed on K562 cells expressingR4â1 but not on K562 cells expressing
R2â1. The site of cross-linking on theâ1 chain was localized by CNBr peptide mapping within residues
130-146, a region that contains the putative metal binding site DXSXS and for which analogous data
had been generated with RGD binding to integrinRIIbâ3. The striking similarity between the data we
generated for an LDV ligand and published data for the RGD family supports the notion of a common
ligand binding pocket formed by both integrin chains. The cross-linking strategy developed here should
serve as a useful tool for studyingR4â1 function.

IntegrinR4â1 (VLA4, very late antigen-4; CD49d/29) is
found on the surface of various leukocyte subtypes and
interacts with vascular cell adhesion molecule-1 (VCAM-1)
and with the alternately spliced CS1 region of fibronectin
(1-3; see4, 5 for reviews). These interactions regulate
leukocyte migration into tissues during inflammatory re-
sponses and normal lymphocyte trafficking (4, 5). While
expression ofR4â1 is constitutive, its interaction with ligands
is strongly enhanced in an activated state, that can be induced
by various stimuli including antigen, anti-TCR mAbs,
phorbol esters, the divalent cation manganese, and certain
â1-specific antibodies (6-8). Like other integrins,R4â1
function also includes a signal transduction component (9-
11). The mechanisms underlying its activation and the
resulting signal transduction events are areas of intensive
research (9, 11-13).
IntegrinR4â1 is a noncovalently associated heterodimeric

complex composed of anR4 (molecular mass 155 kDa) and
a â1 (molecular mass 150 kDa) chain. TheR4 chain exists
both in an intact form and as a proteolytically cleaved form
composed of 80 and 70 kDa fragments that remain nonco-
valently associated (14-16). The ratio of intact to processed
form is highly variable from cell type to cell type, but both
forms are functional. The entireR4â1 complex can be
isolated in a functional state by affinity chromatography using
anti-â1 antibodies with detergent-treated cells (17). How-
ever, rigorous biochemical analysis ofR4â1 has been
hampered by the paucity of the protein from both natural

and recombinant sources. Both theR and â chains are
required for integrin function. Critical regions on both chains
have been defined with monoclonal antibodies that affect
function and through site-directed mutagenesis (18-23).
Further relevant information can be inferred from the striking
similarity between the sequence and structure of other
integrins (20, 24-26).
Previously, ligand binding sites on integrinRIIbâ3 were

investigated by cross-linking an RGD-containing peptide
substrate to the purified integrin and then using peptide
mapping and sequence analysis to identify specificRIIbâ3
peptides in contact with the RGD (27). In this manner, Lys-
125 from theâ chain was found to be in the substrate binding
pocket. The same region ofâ3 was later identified by phage
display technology (25). This region in theâ3 sequence is
immediately adjacent to the DXSXS “MIDAS” motif
conserved in all integrins and presumed to be involved in
metal binding (20, 26, 28). Similarly, a 20 amino acid region
in the R chain ofRIIbâ3 in close proximity to the bound
RGD ligand was also defined by cross-linking (29). The
cross-linking data forRIIbâ3 suggest that both chains make
up the ligand binding site. To date, there are no direct
biochemical data on ligand binding sites inR4â1.
The interactions betweenR4â1 and its ligands are low

affinity (30-32). Like other adhesion molecules, high
avidity interactions presumably result from multivalent
interactions (33, 34). Studies with dimeric forms of VCAM
support this notion (35). This low affinity/high avidity
interaction between ligands and their receptors presumably
plays an important role in how the adhesion molecules can
function. Key residues in VCAM-1 (QIDSP) and CS1
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(EILDVP) that are necessary for their interactions withR4â1
have been defined by molecular and biochemical techniques
(30, 36). Recently published crystal structures for the
integrin binding region of VCAM-1 revealed that this
sequence forms a loop that sticks out from the surface of
the molecule (36, 37). While there are no analogous
structural data for the CS1 region, the homology between
the functional VCAM-1 and CS1 sequences suggests that it
will display a similar structure. Many groups have used these
sequences as starting points to develop small molecule
inhibitors that can block the interaction betweenR4â1 and
its ligands (38-40). By using a novel capped peptide
strategy, we have generated a series of subnanomolar
inhibitors selective forR4â1, typified by the compound
4-[(N′-2-methylphenyl)ureido]phenylacetyl-LDVP (BIO-
1211) (K. C. Lin, R. R. Lobb, and S. P. Adams, unpublished
experiments). In this study, we have used a BIO-1211
analogue that could be modified with cross-linking reagents
without perturbing function to biochemically investigate the
specificity of the BIO-1211 type inhibitor. The binding sites
were then localized by peptide mapping. The striking
similarity between the data we generated withR4â1,
described below, and previously published data forâ3
integrins (25, 27) suggests the presence of a highly conserved
ligand binding pocket that may be common to all integrins.

EXPERIMENTAL PROCEDURES

Purification ofR4â1. TheR4- andR2-transfected K562
cell lines were a gift of Dr. Martin Hemler (Dana-Farber
Cancer Institute, Boston, MA). An enriched population of
the R4-K562 cells that exhibited high levels ofR4â1
expression, on average 250 000 copies per cell, was obtained
by FACS sorting, and this subclone was used for all
subsequent work. The cells were grown at 37°C in a 10 L
bioreactor in RPMI-1640 medium supplemented with 10%
fetal bovine serum, 1 mg/mL G418, 10µg/mL gentamicin
sulfate, and 50µg/mL streptomycin. Cells were collected
by centrifugation and lysed in 1% Nonidet P40, 25 mM Tris-
HCl, pH 7.4, 1 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2, 2%
BSA, 1 mM phenylmethanesulfonyl fluoride at 1× 108 cells/
mL of lysis buffer. The lysates were clarified by centrifuga-
tion and stored at-70 °C for subsequent use. Fifteen
milliliters of theR4-K562 cell lysate was incubated for 2 h
at 4°C with 0.5 mL of B5G10-Sepharose 4B that had been
conjugated with antibody at 5 mg/mL resin. The resin was
collected in a column, and washed with 2 column volumes
of lysis buffer without BSA and then with 10 volumes of
0.1% Triton X-100, 25 mM Tris-HCl, pH 7.4, 1 mM CaCl2,
1 mMMgCl2. R4â1 was eluted with 10 mM sodium acetate,
pH 3.2, 0.1% Triton X-100, 1 mM CaCl2, 1 mM MgCl2 and
immediately neutralized with HEPES buffer, pH 8.0. Frac-
tions were assayed forR4â1 in a sandwich ELISA and for
total protein using the BCA microprotein assay from Pierce.
Peak fractions were pooled, aliquoted, and stored at-70
°C. Mab B5G10 (41) was purified from mouse ascites on
Protein A Sepharose (Pharmacia).
AssessingR4â1 Function. Ninety-six-well Linbro plates

were treated overnight at 4°C with 10 µg/mL B5G10 (50
µL/well) in 50 mM NaHCO3, pH 9.5. The plates were
blocked with 2% Carnation nonfat dry milk in 10 mM Tris-
HCl, pH 7.5, 150 mM NaCl (TBS) and washed 4 times with
TBS complete (TBS, 0.1% BSA, 2 mM glucose, 10 mM

Hepes, pH 7.5) plus 1 mM CaCl2, 1 mM MgCl2, 1 mM
MnCl2, 0.05% Tween-20. The plates were then treated for
1 h at 23°C with serial 2-fold dilutions of purifiedR4â1 or
R4â1-containing fractions, washed, and treated for 1 h at
23 °C with 50 µL/well of 0.75 µg/mL of a VCAM-Ig-
alkaline phosphatase (AP) conjugate in the wash buffer, and
washed and treated for 30 min at room temperature with 50
µL/well of the AP chromogenic substrate 4-nitrophenyl
phosphate (10 mg/mL) in 10 mM glycine, pH 10.5, 1 mM
ZnCl2, 1 mM MgCl2. Finally, 100µL/well 3 N NaOH was
added, and the absorbance was measured at 405 nm in a
Molecular Devices microplate reader. Specific details about
the assay are described elsewhere (L. Chen, R. B. Pepinsky,
and R. R. Lobb, manuscript in preparation). Details describ-
ing the production and properties of the VCAM-Ig-AP
conjugate and its use as a method for quantifyingR4â1 on
cells were previously described (42). R4â7 was purified
from JY cells on B5G10 Sepharose following the protocol
developed forR4â1 and was shown to be active in the
VCAM-Ig-AP direct binding assay described above.
Cross-Linking Studies with BIO-1494.A modified form

of BIO-1211 was synthesized for cross-linking studies where
leucine was replaced with the 6-aminohexanoylamide of
lysine (ahK). This variant of BIO-1211 was designated BIO-
1494:

BIO-1494 was similar in potency to BIO-1211 when tested
on R4â1 but contained a free amine that could be used to
target cross-linking. BIO-1494 competed with BIO-1211 for
the same binding pocket onR4â1 as evidenced by competi-
tion studies. Two different strategies were used for cross-
linking BIO-1494 toR4â1. First, BIO-1494 was modified
with the heterobifunctional photoactivated cross-linkerN-5-
azido-2-nitrobenzoyloxysuccinimide (ANB-NOS), and this
reagent was used for cross-linking. Briefly, BIO-1494 (9
mM) in DMSO was treated with a 2-fold excess of ANB-
NOS for 1 h atambient temperature in the dark. The extent
of modification of BIO-1494 was monitored by mass
spectrometry. Under these conditions, most of the BIO-1494
was modified. The ANB-NOS-modified BIO-1494 was
aliquoted and stored at-20 °C for subsequent use. Typi-
cally, purifiedR4â1 orR4â1 positive cells were treated with
the activated conjugate within a range of 0.1-1 µM for 1 h
at room temperature. Samples were then irradiated with 365
nm UV light from a long-wavelength mineral light for 10
min at room temperature, treated with electrophoresis sample
buffer, and subjected to SDS-PAGE. Proteins that were
cross-linked to BIO-1494 were visualized by Western
blotting using a rabbit polyclonal antiserum that was raised
against a BIO-1494-ovalbumin immunogen. The anti-BIO-
1494 antibody was purified on Protein A Sepharose (Phar-
macia). The second cross-linking strategy used the amino-
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specific homobifunctional cross-linker disuccinimidyl suberate
(DSS) or its water-soluble analogue bissulfosuccinimidyl
suberate (BS3). In these instances,R4â1 was first treated
with BIO-1494 for 1 h atroom temperature and then treated
with 5 mM DSS (or 1 mM BS3) for 1 h atroom temperature.
Samples were analyzed for cross-linking as described above.
ANB-NOS, DSS, and BS3 were obtained from Pierce.
Preparation and Characterization of an Anti-BIO-1494-

Specific Polyclonal Antiserum. BIO-1494 was directly con-
jugated to ovalbumin using carbohydrate-targeted cross-
linking chemistry (34) as follows. Ovalbumin (10 mg/mL
in 100 mM sodium acetate, pH 5.0) was treated with 1.5
mM sodium periodate at room temperature for 40 min. The
sample was desalted on a P6DG column (Bio-Rad) that had
been equilibrated in 10 mM sodium acetate, 100 mM NaCl,
pH 5.0. The periodate-activated ovalbumin was mixed with
BIO-1494 and incubated overnight at room temperature. The
reaction contained 6 mg/mL ovalbumin, 6 mg/mL BIO-1494,
1.4 mM sodium cyanoborohydride, 10% dimethylformamide,
50 mM MES, pH 6.5, and 100 mM NaCl. The sample was
dialyzed into PBS. Four hundred micrograms of the
conjugate was emulsified with Freund’s complete adjuvant
and immunized in rabbits using the lymph node immuniza-
tion method. The resulting antisera were titered by ELISA
on a BIO-1494-keyhole limpet hemocyanin (KLH) conju-
gate that had been prepared by first reacting BIO-1494 with
Traut’s reagent (Pierce) at a molar ratio of 1:2 and then
treating this with maleimide-activated KLH (Pierce) at a
molar ratio of 10:1 following methods provided by the
manufacturer. Titers of 1:100 000 or greater were obtained.
The ELISA signal was ablated if the antiserum was pretreated
with BIO-1494, but was not affected after pretreatment with
benzene-LDVP, indicating the 4-[(N′-2-methylphenyl)ureido]-
phenylacetyl group was the primary epitope recognized by
the antibody. The anti-BIO-1494 antisera showed no
reactivity when tested on cells by FACS analysis or on cell
lysates by Western blot analysis, but demonstrated a specific
reactivity forR4â1 that had been treated with BIO-1494 in
the presence of cross-linkers, which could be detected by
Western blotting (see below). No reactivity was seen by
FACS even after treatment with BIO-1494.
Production of Epitope-Specific Anti-R4â1 Polyclonal

Antisera. A series of 18 peptides from the humanâ1
sequence, each 12-15 amino acids in length, were synthe-
sized by Research Genetics, Inc. (Huntsville, AL). The
peptides were designed to contain a single Cys residue for
conjugation based either on the presence of an existing
cysteine or on the addition of a Gly-Cys linker at the
C-terminus of the peptide. Immunogens were generated by
reacting each peptide with keyhole limpet hemocyanin
(KLH) that had been activated for Cys cross-linking with
maleimide groups (Pierce). Two milligrams of peptide was
treated with 2 mg of KLH-maleimide in 400µL of 100 mM
HEPES, pH 7.5, for 30 min at 23°C; 400µg of the peptide-
KLH complex was emulsified with Freund’s complete
adjuvant and immunized in rabbits using the lymph node
immunization method. Each peptide was also conjugated
to Sulfo-link activated resin from Pierce at 4 mg of peptide/
mL of resin and used an affinity matrix for purifying the
anti-peptide antibodies. Two hundred microliters of resin
was treated with 3 mL of serum and washed with 50 mM
Tris, pH 7.5, 150 mM NaCl, and the peptide-specific IgG

was eluted with 50 mM glycine, pH 2.2, 250 mM NaCl and
immediately neutralized with HEPES. Typically, we recov-
ered approximately 200µg of antibody per milliliter of
immune antiserum. All of the antisera were screened by
ELISA on the appropriate immunogen, and titers of 1:30 000
were routinely observed. The purified antibodies were also
screened by SDS-PAGE/Western blotting on crudeR4-
K562 cell lysates, and from this analysis eight were chosen
for peptide mapping studies based on their ability to selec-
tively detect theâ1 chain ofR4â1. These epitope-specific
antibody probes correspond to residues 1-13, QTDENR-
CLKANAK; residues 42-55, SARCDDLEALKKGC; resi-
dues 79-90, SKGTAEKLKPEGC; residues 136-147, KD-
DLENVKSLGTGC; residues 207-218, NKGEVFNEL-
VGKGC; residues 219-231, QRISGNLDSPEGGC; residues
415-427, CPKKDSDSFKIRP; and residues 651-662,
TKVESRDKLPQPGC. For two of the antibody probes, the
peptide sequences were from the same CNBr fragment as
another probe, and when analyzed by peptide mapping
yielded identical profiles. In those instances, data from only
one of the two are presented.
Analysis ofâ1 CleaVage Products by CNBr Mapping.

R4â1 (10µg/lane) was subjected to SDS-PAGE in a precast
10-20% gradient gel (Daiichi). Relevant bands were
identified by Zn2+ staining (43). Gel slices (2× 1.5× 1
mm) containing 2µg of theâ1 chain were excised with a
razor blade and incubated at 23°C for 1 h with 7 or 70
mg/mL CNBr in 0.1 N HCl, 0.1% 2-mercaptoethanol.
CNBr-treated gel slices were washed twice for 5 min each
with 25 mM Tris-HCl, pH 6.8, rinsed once with water, and
incubated for 10 min at 37°C with electrophoresis sample
buffer (44). Gel slices were loaded onto a 10-20% gradient
SDS-polyacrylamide gel, and the cleavage products were
subjected to SDS-PAGE using a Tricine-based buffer
system (45). The cleavage products were then transferred
to nitrocellulose using the CAPS buffer system (46). Entire
lanes each containing aâ1 CNBr digest were excised from
the blot and processed individually. The blots were blocked
for 1 h at ambient temperature with 2% Carnation nonfat
dry milk, in 10 mM Tris-HCl, pH 7.5, 150 mM NaCl (TBS),
treated for 12 h with each of the primary antibodies specified
in the block buffer, washed with TBS plus 0.05% Tween-
20, incubated for 1 h atambient temperature with the goat
anti-rabbit-horseradish peroxidase conjugate in block buffer,
washed with TBS plus 0.05% Tween-20, and developed with
the ECL development system from Amersham.

RESULTS

Purification and Analysis ofR4â1. Integrin R4â1 was
purified fromR4-transfected K562 cells by immunoaffinity
chromatography on a B5G10-Sepharose column. The protein
was eluted in acidic buffer containing 0.1% Triton X-100
using a similar strategy used for purification on a Mab13
resin (17). Both B5G10 and Mab13 resins were tested and
displayed similar yields, but contamination ofR5â1 in the
Mab13 product made B5G10 the preferred strategy. Figure
1 shows a silver-stained SDS-PAGE profile of the B5G10-
purified product. Three prominent bands with masses of 155,
80, and 70 kDa were observed, corresponding to theâ1
chain, the N-terminal fragment of theR4 chain, and theR4
C-terminal fragment. Six hundred micrograms ofR4â1 was
recovered from a 10 L culture of theR4-transfected K562
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cells. The overall yield was 40% based on a functional
readout forR4â1. Batch to batch yields varied from 30 to
50%. R4â1 function was analyzed in an ELISA-type format
where theR4â1 was captured on Mab B5G10 coated ELISA
plates and then quantified using a VCAM-Ig reporter system.
Two other affinity-based purification strategies were also

evaluated in which immobilized VCAM-Ig and BIO-1494
were used as functional ligands (data not shown). In these
studies, binding was performed in the presence of Ca2+,
Mg2+, and Mn2+, and then the captured product was eluted
with EDTA. Both methods generated functionalR4â1 that

was indistinguishable from protein generated on B5G10-
Sepharose; however, the ligand-based purification strategies
were highly inefficient with overall yields of less than 5%.
For unknown reasons, most of theR4â1 failed to bind to
the ligand supports.

Specific Cross-Linking ofR4â1 Small Inhibitor to theâ1
Chain of R4â1. Recently, a series of small molecule
inhibitors ofR4â1 (R4â1sm) were generated through syn-
thetic chemistry with high affinity forR4â1 in cell-based
assays measuringR4â1 function (K. C. Lin, R. R. Lobb,
and S. P. Adams, unpublished experiments). TheR4â1sm
designated BIO-1211, a 70 pMR4â1 inhibitor, was highly
efficacious in a sheep model of asthma, a model previously
used to measureR4â1 function. To further characterize the
binding properties of BIO-1211 and to localize the binding
pocket on R4â1, we selected a chemical cross-linking
strategy. A modified form of BIO-1211 designated BIO-
1494 was generated for the cross-linking studies where Leu
was replaced by Lys with 6-aminohexanoic acid attached to
its ε-amino group. BIO-1494 was similar to BIO-1211 in
potency but contained a free amine that could be used to
target cross-linking (not shown). BIO-1494 and BIO-1211
effectively competed with VCAM-Ig-AP forR4â1 binding
in the direct binding assay and with CS-1 for binding in the
standard adhesion assay (data not shown).

Cross-linking with BIO-1494 was assessed both with the
purified R4â1 and with theR4-transfected K562 cells used
for R4â1 purification. In these studies, BIO-1494 was first
modified through the free amino group on the hexylamine
moiety with the photoactivated cross-linker ANB-NOS. The
BIO-1494 ANB-NOS adduct was then incubated withR4â1
and activated with UV light. Cross-linking was assessed by
SDS-PAGE/Western blotting, using an anti-BIO-1494 an-
tibody to detect BIO-1494-containing complexes. Figure 2
shows results from a study where purifiedR4â1 was treated
with BIO-1494 ANB-NOS. Under these conditions, a single
band with molecular mass of 150 kDa was observed, which
corresponds to theR4â1 â1 chain (Figure 2, lane a). Specific

FIGURE 1: Purification ofR4â1. IntegrinR4â1 was purified from
R4-transfected K562 cells by B5G10-Sepharose immunoaffinity
chromatography. Column fractions were subjected to SDS-PAGE
and visualized by silver staining. Individual elution fractions were
analyzed on a 10-20% gradient gel (left panel) or as a pool on a
4-20% gel (right panel). Apparent masses for prestained high
molecular mass protein standards (HMW STD) are indicated at the
left.

FIGURE 2: Site-specific cross-linking of purifiedR4â1 with BIO-1494 ANB-NOS. B5G10-purifiedR4â1 (lanes a-g) orR4â7 (lane h) that
had been treated with BIO-1494 ANB-NOS was exposed to UV light and analyzed by SDS-PAGE/Western blotting using the anti-BIO-
1494 antibody to detect cross-linking. All samples were incubated under standard Mg2+/Ca2+ conditions as described under Experimental
Procedures. Samples in lanes b and c were treated with 0.1µM BIO-1494 ANB-NOS plus 0.4µM BIO-1211 or 4µM BIO-1211. Samples
in lanes e and f were treated under the standard conditions but with added Mn2+ (2 mM) or EDTA (4 mM). Molecular masses at the left
mark the positions of prestained molecular mass markers. The positions of theâ1 andR4 chains are indicated at the right. Lanes i and j
show silver-stained SDS-PAGE profiles of the purifiedR4â1 andR4â7, respectively.
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cross-linking to theâ1 chain was observed over a wide range
of BIO-1494 ANB-NOS concentrations (data not shown).
BIO-1211 effectively competed with the BIO-1494 ANB-
NOS for its ability to be cross-linked toR4â1, supporting
the specificity of the reaction (Figure 2, lanes b and c).
Peptide mapping studies discussed below revealed that cross-
linking occurred at a single site. No signal was detected
whenR4â7 was subjected to the same cross-linking strategy
(Figure 2, lane h), consistent with the lack of inhibitory
activity of BIO-1211 towardR4â7, or when EDTA was
added to the reaction cocktail (Figure 2, lane f).
Similar results were obtained whenR4â1-expressing K562

cells were subjected to cross-linking with BIO-1494 ANB-
NOS and analyzed by SDS-PAGE/Western blotting (see
Figure 3). Again in the whole cell lysate, the 150 kDa band
â1 chain ofR4â1 was specifically labeled with BIO-1494,
and the cross-linking was blocked with excess BIO-1211.
The 150 kDa band was not detected when K562 cells
transfected with theR2 chain of R2â1 (VLA2) were
analyzed. The inability to labelR2â1 with BIO-1494 under
the same conditions thatR4â1 is targeted indicates that the
BIO-1494 binding pocket onR4â1 is dependent on the
presence of both theR4 andâ1 chains. The 65 kDa band
present in the analysis from cell lysates was observed without
BIO-1494 ANB-NOS treatment and therefore appears to be
an artifact of the ECL detection system. We did not attempt
to eliminate the band since it did not interfere with the
analyses. BIO-1494/â1 chain cross-linking was not blocked
by the anti-R4 neutralizing Mab HP1/2 (see Figure 3) despite
the fact that HP1/2 is a competitive inhibitor of VCAM
binding (42). This result was later verified in an independent
binding study in which radioactive BIO-1211 was used as a

probe for competitive binding (data not shown). Binding
of the radioactive BIO-1211 toR4â1 was effectively
competed for by VCAM and CS1 at concentrations that are
consistent with their known binding constants, while HP1/2
treatment had no effect on BIO-1211 binding. Since a
significant difference between the small molecule and the
natural ligands is size, we infer that HP1/2 blocks binding
through steric effects and not through direct binding at the
ligand binding pocket.
Localization of the BIO-1494 Binding Site by CNBr

Mapping. The BIO-1494 binding site was localized within
theâ1 sequence by using cross-linking to tag specific amino
acids in direct contact with BIO-1494 and then subjecting
the cross-linked complexes to CNBr mapping (44, 47). In
these studies,R4â1 was treated with BIO-1494 ANB-NOS
and subjected to SDS-PAGE. Gel slices containing the
BIO-1494-â1 chain complex were incubated with CNBr,
and then subjected to a second separation by SDS-PAGE,
using Western blotting to analyze the cleavage products.
CNBr cleaves proteins specifically at methionine residues.
Since methionine residues are relatively rare, on average
occurring 1 in every 50 amino acids, the resulting cleavage
fragments can be analyzed by SDS-PAGE. Like most
mapping strategies, CNBr mapping is based on the fact that
each CNBr fragment from a protein can be represented by a
subset of cleavage fragments and that once the pattern of
cleavage fragments is known one simply has to match an
unknown profile to the fragment-specific profiles. While
many methods can be used to unravel fragmentation patterns
(see47, 48 for references), we selected epitope-specific
antibodies to develop the map for theâ1 chain.
Theâ1 chain sequence has 14 methionines and therefore

was expected to produce a complex pattern of CNBr
fragments under limiting cleavage conditions. Figure 4
shows CNBr digests of the BIO-1494-â1 chain complex
where the anti-BIO-1494 antibody was used to visualizeâ1
containing the BIO-1494 moiety. With 7 mg/mL CNBr (lane
b), approximately a dozen bands were observed with sizes
ranging from 4 to 150 kDa. With harsher cleavage condi-
tions (lanes c and d), the higher mass cleavage products were
replaced by a series of fragments with masses of 12, 14,
and 16 kDa. Interestingly, with increasing concentrations
of CNBr, there was no buildup of a major cleavage product
and there was a dramatic loss of the signal detected by the
anti-BIO-1494 antibody. These observations suggested that
the label was attached to a small cleavage product which
was lost during the analysis. The smallest cleavage product
observed, with apparent mass of 4 kDa, formed but then
disappeared after prolonged treatment with CNBr (compare
lanes c and d). Theâ1 sequence contained two regions
where a series of low mass fragments could be generated,
residues 130-173 (with three internal methionines) and
residues 695-778 (with two internal methionines). Based
on the relative size differences of cleavage products, in
particular for the 12, 14, and 16 kDa fragments, we
hypothesized that the linkage was in the region of small
fragments spanning residues 130-173. This result was latter
borne out in the fragment linkage maps discussed below. In
digests with CNBr, most of the observed cleavage products
are partials containing internal Met residues. While the
cleavage profile is simplified after treatment with higher
concentrations of CNBr, it is virtually impossible to drive

FIGURE 3: Analysis of BIO-1494/R4â1 complexes in BIO-1494
ANB-NOS treated cells. K562 cells transfected with theR4 orR2
chain were treated with BIO-1494 ANB-NOS and analyzed by
SDS-PAGE/Western blotting with anti-BIO-1494 antisera. Cells
were treated with BIO-1494 ANB-NOS either alone or in the
presence of BIO-1211 or HP1/2 as indicated. The silver-stained
profile on the left is from a parallel lane from the gel containing
R4-K562 cell lysate. The positions of molecular mass standards
are indicated at the left of the panel.
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the cleavage reaction with CNBr to completion since
oxidized Met residues, which are always present at varying
levels, are resistant to cleavage.
To characterize the CNBr cleavage products from theâ1

chain, we developed a series of sequence-specific peptide
antisera that each could be used as a probe for one of the
CNBr fragments. In this manner, fragmentation profiles
representing individual CNBr fragments were identified.
Results from these analyses are shown in Figure 5B. The
six antibody probes tested are marked a-f. The locations
of the peptides in theâ1 sequence are indicated in Figure
5A. Each antibody was tested onâ1 digests that were
prepared at low and high CNBr concentrations. Numbers
1-13 denote the 13 possible CNBr fragments from theâ1
subunit where 1 is the N-terminal fragment and 13 is the
C-terminal fragment. As expected, each of the sets of
profiles is unique and is characteristic of the CNBr fragment
it represents. While only 6 of the 13 possible CNBr
fragments were analyzed, the others could be readily inferred
from the characterized maps, since each profile is simply an
extension of that from the adjacent CNBr fragment(s).
When the cleavage profiles detected with the anti-BIO-

1494 antibody (marked with an asterisk in Figure 5B) were
compared with those from the anti-peptide antibodies, we
observed a striking similarity with profiles b and c. In
particular, the series of fragments with masses of 12, 14,
and 16 kDa are readily apparent. In contrast, CNBr profiles
d and f, representing the two other possible candidates for
the cross-linking, are clearly distinct. Thus, the epitope

mapping data support our original prediction. The b and c
like features of the BIO-1494 profile localize the cross-link
site within CNBr fragments 2-4. Of these possibilities, the
presence of the 4 kDa intermediate in the BIO-1494 digest
rules out CNBr fragment 2 as the target since CNBr fragment
2 itself is 12 kDa. Similarly, the presence of the 12 kDa
fragment in the BIO-1494 digest rules out CNBr 4 since it
is absent from the profile derived from CNBr fragment 4
(profile c). The most likely explanation for the result with
BIO-1494 was that CNBr fragment 3 was the target
sequence.
To test this notion, we reasoned that if CNBr fragment 3

were the target of the BIO-1494 ANB-NOS cross-link and
we changed the cross-linker to one that could not target CNBr
fragment 3, then a different cleavage pattern might be
generated. Indeed, the results from cross-linking with DSS
supported this notion. WhenR4â1 was treated with BIO-
1494 and subjected to cross-linking with DSS, we obtained
the results shown in Figure 6, lanes b and c. As with BIO-
1494 ANB-NOS, theâ1 chain was tagged with BIO-1494
and cross-linking could be blocked with excess BIO-1211
(Figure 6, lanes d and e) or by treatment with EDTA (lane
f). When the â1 chain/BIO-1494 DSS complex was
subjected to CNBr mapping, we obtained the results shown
in Figure 7. The cleavage data with 7 mg/mL CNBr (lane
c) were indistinguishable from cleavage data from the ANB-
NOS complex (lane a) whereas significant differences were
apparent with 70 mg/mL CNBr (compare lanes b and d).
The most significant change was the loss of the 12 kDa

FIGURE 4: Analysis of the BIO-1494/â1 chain cross-linked complex by CNBr mapping. Gel slices containing the BIO-1494/â1 chain
complex were incubated with CNBr and subjected to SDS-PAGE on a 10-20% gradient gel using the Tricine buffer system. Cross-linked
cleavage products were detected by Western blotting with the anti-BIO-1494 antisera. Lane a, 0 mg/mL CNBr; lane b, 7 mg/mL CNBr, 1
h; lane c, 70 mg/mL CNBr, 1 h; lane d, 70 mg/mL CNBr, 16 h. The positions of molecular mass standards are indicated at the left.
Arrowheads mark the CNBr fragments discussed in subsequent analysis. The schematic at the top marks the positions of Met residues (⊥)
within the â1 chain sequence. Potential glycosylation sites are marked by tree-like structures. Theoretical masses indicated include an
additional 3 kDa per glycosylation site. The expanded region at the base of the schematic corresponds to the 4 kDa fragment that was later
identified as the site of cross-linking.
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fragment. The absence of this spot indicates that the cross-
link was indeed shifted off CNBr fragment 3 as predicted.
The presence of the 14 and 16 kDa fragments indicates that
the BIO-1494 DSS linkage is now associated with CNBr
fragment 4. In this particular analysis, the low molecular
weight CNBr fragments were run off the gel in order to
obtain better resolution in the relevant region. Both the
ANB-NOS and DSS profiles contain the 4 kDa CNBr
fragment (data not shown).
In addition to theâ1 chain, three other adducts were

labeled with BIO-1494 as a result of DSS cross-linking: the
80 kDa fragment of theR4 chain and two high molecular
weight complexes that resulted from protein-protein cross-
links between theR andâ chains (see Figure 6, lane b). These
other species were also sensitive to BIO-1211 and EDTA
treatment (Figure 6, lanes d-f), indicating that like theâ1
chain linkage to BIO-1494, they were also specific. CNBr
mapping data for the 80 kDa fragment of theR4 chain are
shown in Figure 7, lanes e and f. Five prominent and one
minor cleavage products were generated with masses of 30,
40, 45, 55, 70, and 76 kDa. Based on the apparent sizes
and number of spots, we infer that the site of cross-linking
is from within the N-terminal-most CNBr fragment (amino
acid residues 40-219 in theR4 precursor sequence). Several
observations support this notion. First, of the six possible
CNBr fragments from this region of theR4 chain, only the
N-terminal fragment is of the appropriate size. The other
CNBr fragments are all less than 15 kDa in size and therefore

would be expected to yield smaller labeled fragments. None
of the 10-18 kDa CNBr fragments that are visible in the
silver-stained profile of the digest were labeled with BIO-
1494. Second, one can use the theoretical masses of the
individual CNBr fragments to predict what the cleavage
profile should look like if cross-linking had occurred within
a given CNBr fragment and then compare these profiles to
BIO-1494 data. The hypothetical pattern for the N-terminal
fragment would have masses of 26, 39, 44, 55, 71, and 83
kDa, which correlates extremely well with the actual cleavage
data. None of the other patterns resemble the observed data.
Third, the 30 and 40 kDa bands were submitted to N-terminal
sequencing, and a primary sequence corresponding to the
N-terminus of theR4 chain was obtained. In both instances,
multiple sequences were observed, limiting the usefulness
of the sequence data. The CNBr cleavage profiles for the
other bands (ca. 200 and 250 kDa) contained fragments that
were readily interpretable as mixtures of both theR andâ
chain profiles together (data not shown). They thus represent
cross-linkedR/â chain protein-protein complexes in which
the R andâ chain components were cross-linked to BIO-
1494.
DSS cross-linking was also performed on BIO-1494-

treatedR4-transfected K562 cells. As with the purified
integrin, both theR4 andâ1 chains were detected after DSS
cross-linking (data not shown). However, the cell-associated
R4â1 was particularly sensitive to protein-protein cross-
linking, which complicated the analysis, and resulted in

FIGURE 5: Identification ofâ1 CNBr fragments by epitope mapping. Antisera targeted at synthetic peptides in theâ1 sequence were
developed in rabbits and used to probe CNBr digests of theâ1 chain by Western blotting. The relative positions of the peptides within the
â1 sequence are indicated in panel A (marked a-f). Specific CNBr fragments are marked numerically where 1 denotes the N-terminal
fragment and 13 denotes the C-terminal fragment. The actual peptide mapping data are presented in panel B using the same lettering
scheme to denote specific peptide antisera. Each analysis was performed on digests prepared at 7 and 70 mg/mL CNBr. Data below the
asterisk were generated with the anti-BIO-1494 antiserum. Designations at the left of the panel indicate relevant fragment compositions for
the BIO-1494-containing CNBr fragments that were inferred from the mapping data. Arrowheads mark the positions of the 12, 14, and 16
kDa bands.
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profiles that were highly variable from study to study. The
same DSS concentrations that were useful for promoting
cross-linking betweenR4â1 and BIO-1494 with the purified

integrin caused the cell-associatedR4â1 to form a compli-
cated series of high molecular weight complexes that were
uninterpretable.
SinceR4â1 function is dependent on divalent ions, we

tested the effects of Ca2+ and Mn2+ on its susceptibility to
cross-linking with BIO-1494. As expected, EDTA treatment
blocked our ability to cross-link BIO-1494 to purifiedR4â1
(see Figure 2, lane f, for results with ANB-NOS 1494, and
Figure 6, lane f, for results with DSS) and cell-associated
R4â1 (data not shown). Surprisingly, Mn2+ treatment
interfered with the extent of cross-linking, reducing the
observed signal by 75%. Similar results were obtained with
ANB-NOS and DSS treatments (see Figures 2 and 6) and
occurred whether the Mn2+ was added before, during, or after
BIO-1494 treatment (Figure 6, lanes h-j). Since BIO-1211
exhibits approximately a 300-fold higher affinity for the
Mn2+-activated state ofR4â1 treatment versus the nonacti-
vated state (L. L. Chen and R. B. Pepinsky, unpublished
experiments), we infer that the loss of signal is due to a
change in conformation such that theR4â1/BIO-1494
complex is no longer susceptible to cross-linking.

DISCUSSION

We have used chemical cross-linking to study the interac-
tions betweenR4â1 and its ligands. Using a small molecule
inhibitor based on the LDV sequence from CS1 fibronectin
(BIO-1494), we specifically cross-linked the inhibitor to
R4â1 on itsâ1 chain alone with ANB-NOS or on both the
R4 andâ1 chains with DSS. Several types of experiments
were used to define the specificity of the cross-linking. First,
cross-linking with BIO-1494 could be blocked with BIO-
1211, a closely related analogue that is not susceptible to
cross-linking. Second, cross-linking was dependent on the
presence of divalent cations and could be completely blocked
with EDTA, consistent with the known metal binding
requirement of integrins. Third, BIO-1494 failed to be cross-
linked to the functionally related integrinR4â7, that shares
a commonR chain, or toR2â1 (VLA2), which shares the
sameâ chain. Finally, cross-linking specificity could be
inferred from the localization studies performed by peptide
mapping. A single site was identified with both cross-linkers
tested. Cross-linking with BIO-1494 was performed both
on purifiedR4â1 and on cell-associatedR4â1 with similar
success.
The site of the BIO-1494 ANB-NOS cross-link was

localized to within the sequence DLSYSM (residues 130-
136) by CNBr mapping. The lack of specificity of the azido
group prevented further resolution. Previously, Kamata and
co-workers generated a mutant form ofR4â1 containing a
D-130 to A point mutation (20). The ligand binding
properties of the mutant form ofR4â1 were almost totally
blocked when tested with CS1 and greatly reduced with
VCAM, supporting a role for this region ofR4â1 in ligand
binding. Others have speculated that the DLSYSM sequence
is involved in metal binding (26, 49). While we cannot
distinguish between these possibilities, the cross-linking data
clearly show that ligand binding occurs in this region.
Interestingly, the addition of Mn2+, a known activating signal
for ligand binding (8), reduced the extent of cross-linking.
Whether this result reflects a local perturbation in theR4â1
structure producing a conformation that is no longer sus-

FIGURE 6: Site-specific cross-linking of BIO-1494/R4â1 complex
with DSS. The ability ofR4â1 to be cross-linked to BIO-1494 was
also evaluated with DSS (lanes b-e) or its water-soluble analogue
BS3 (lanes f-k) using Western blotting with the anti-BIO-1494
antibody to detect cross-linking. B5G10-purifiedR4â1 was first
incubated with BIO-1494 for 1 h atambient temperature and then
treated with the cross-linker for an additional 1 h.R4â1/BIO-1494
complexes were treated with 10 mM DSS (lane b), 5 mM DSS
(lane c), or 5 mM DSS plus 5µM or 0.5 µM BIO-1211 (lanes d
and e). The effect of divalent ions on cross-linking is shown in
lanes f-j. Lane f, 4 mM EDTA-treated sample. Lane g, BS3 control
under standard conditions. Lanes h-j, 2 mMMn2+-treated samples,
where manganese was added simultaneously with BIO-1494, 30
min before BIO-1494 treatment or for 30 min after BIO-1494
treatment, respectively. Lane a, silver-stained profile ofR4â1.
Molecular masses at the left mark the positions of prestained
standards.

FIGURE 7: Analysis of DSS-cross-linked BIO-1494-containing
complexes by CNBr mapping. BIO-1494/R4â1 complexes that had
been generated with DSS were analyzed by CNBr mapping as
described in Figure 5 for the ANB-NOS-linked complexes. Samples
were analyzed after digestion for 1 h with 7 (lanes a, c, and e) and
70 mg/mL CNBr (lanes b, d, and f). Lanes a and b, BIO-1494/â1
chain complexes generated with ANB-NOS. Lanes c and d, BIO-
1494/â1 chain complexes generated with DSS. Lanes e and f, BIO-
1494/R4 chain complexes generated with DSS.
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ceptible to cross-linking or reflects a direct effect of the metal
on ligand binding remains to be determined. While the later
possibility has been proposed for other integrins (49, 50),
we favor the former forR4â1, since Mn2+ did not compete
for small molecule binding when radioactive BIO-1211 was
used to monitor binding (L. L. Chen and R. B. Pepinsky,
unpublished experiments).
When DSS was used in place of ANB-NOS, the site of

cross-linking was shifted to the adjacent sequence KD-
DLENVK (residues 136-143). Since DSS only targets
amino groups, we can infer that either K-136 or K-143 is
tagged. Of these possibilities, K-136 is the more probable
site of cross-linking. This notion is based on a structural
model of the region that had been constructed with the
framework defined by the crystal structure of the I-domain
of integrin CR3; however, this hypothesis remains to be
tested (Michael Karpusas, personal communication; see28,
51 for similar structural models). The minor differences in
the proximity of the cross-link observed with ANB-NOS and
DSS presumably reflect property differences of the cross-
linkers themselves since ANB-NOS is a rigid structure with
a 7.7 Å spacer arm and DSS has a flexible spacer arm with
a span of 11.4 Å. The added flexibility of the DSS linkage
presumably accounts for why the BIO-1494 DSS moiety also
could become cross-linked with theR chain.
The mapping data forR4â1 were particularly rewarding

in that they identified the same region in theâ1 sequence
that previously had been shown to be involved in ligand
binding to theâ3 chain of integrinRIIbâ3 (27) andRvâ3
(52, 53). These data are summarized in Figure 8. In the
RIIbâ3 studies, K-125 was targeted when an RGD-containing
peptide ligand was used for cross-linking. K-125 inRIIbâ3

corresponds to K-136 inR4â1. In Rvâ3, cross-linking was
localized to within residues 61-203. This region overlaps
with the region identified inRIIbâ3. Subsequent studies
using phage display technology to investigateâ3/ligand
interactions identified the sequence DLLW (corresponding
to residues 126-129 in theâ3 sequence) as being involved
in ligand binding (25). The striking similarity in the data
we generated forR4â1 and the previous work withRIIbâ3
implies that the structure of the ligand binding pocket is
highly conserved between the two integrins. Furthermore,
the high degree of homology among the knownâ chain
sequences in this region suggests that this binding pocket
will be a common structural feature of all integrins (see
Figure 8). Further studies with other integrins will be
necessary to test this hypothesis. In addition to the sequence
homology among theâ chains, this region also shares
structural homology with the I-domain found on certainR
chains (26). For theâ3 subunit, residues 211-231 (corre-
sponding to residues 220-240 of theâ1 sequence) have also
been implicated in ligand binding based on the ability of
synthetic peptides derived from this region to bind RGD-
containing ligands and to block integrinRIIbâ3 binding to
fibronectin. Recent mutagenesis studies with theâ1 subunit
support this notion (23). We saw no evidence for this
interaction in our cross-linking analysis ofR4â1 either with
ANB-NOS or with DSS.
The DSS cross-linking studies also revealed that theR

chain was in close proximity to the BIO-1494 binding site.
In these studies, only the 80 kDa fragment was tagged with
BIO-1494, indicating that the site of cross-linking is in the
N-terminal half of theR chain. When the 80 kDa/BIO-1494
complex was digested with CNBr and analyzed by Western
blotting for the presence of BIO-1494, a series of six bands
were detected with masses of 30, 40, 45, 55, 70, and 76 kDa.
While the R4 cleavage profile was not subjected to the
extensive mapping analysis performed with theâ1 chain,
the cleavage data provide important clues as to the proximity
of the cross-link. First, the 80 kDa fragment has only five
internal methionines, and thus CNBr fragments with masses
of 26, 13, 4, 11, 16, and 12 kDa should be generated, where
26 kDa is the N-terminal fragment and 12 kDa is the
C-terminal fragment. The absence of the BIO-1494 tag in
any of the 10-18 kDa CNBr fragments indicates that a 30
kDa fragment is the smallest one labeled. Second, one can
predict what the cleavage profiles would look like based on
the apparent masses of the six CNBr fragments. The pattern
for the N-terminal fragment would have masses of 26, 39,
44, 55, 71, and 83 kDa, which correlates extremely well with
the actual cleavage data. None of the other patterns resemble
the observed data. Third, the 30 and 40 kDa bands were
submitted to N-terminal sequencing, and a primary sequence
corresponding to the N-terminus of theR4 chain was
obtained. Together these observations suggest that BIO-1494
binding occurs within residues 1-180 of theR4 sequence.
This notion is consistent with available data generated by
epitope mapping of neutralizing antibodies forR4â1 and
mutagenesis studies (19, 20, 58). The recently proposed
â-propeller model for theR4 subunit structure (58, 59)
provides an interesting framework for designing future
studies. Our ability to dissect Mab HP1/2 binding from
ligand binding with BIO-1494 indicates that the small
molecule probes are particularly well suited for this work.

FIGURE8: Alignment of conservedâ chain sequences in the region
of cross-linking. Amino acid residues 120-146 in the humanâ1
sequence (54) and the corresponding sequences from humanâ2
throughâ8 are shown (see55 for references). Significant sequences
based on functional data are highlighted. Regions a and b inâ1
denote the regions detected in this study by ANB-NOS and DSS
cross-linking. D-130 and Ser-132 in theâ1 sequence were identified
by mutagenesis (20, 23). Region c in theâ3 sequence was identified
by cross-linking and phage display technology (25, 27). Region d
was shown to be directly involved in cation and ligand binding in
studies using a synthetic peptide derived from the sequence (49).
D-119, S-121, and Ser-123 inâ3 were identified by mutagenesis
(56). D-134 and Ser-136 in theâ2 sequence (55) and D-140 in the
â6 sequence were identified by mutagenesis (57).
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To perform the cross-linking studies withR4â1, it was
necessary to develop a method that yielded highly purified
product that retained function. Four different purification
strategies were tested using B5G10, Mab13, VCAM-Ig, or
BIO-1494 as affinity steps. The VCAM-Ig and BIO-1494
strategies failed for unknown reasons. Both of the immu-
noaffinity steps were successful.R4â1 from the B5G10
purification was superior due to contamination of the Mab13-
purified product byR5â1. The Mab13 product also con-
tained a second form of theâ1 chain with slightly lower
molecular weight that was not observed after B5G10
purification. The B5G10 purification method was also
applied successfully for the purification ofR4â7 from JY
cells. The purifiedR4â1 andR4â7 preparations both were
functional in the VCAM-Ig binding assay.
The purified integrins were tested for activity in an ELISA-

type format using VCAM-Ig-AP as a reporter system in a
manner analogous to that previously used to assess functional
R4â1 on cells (42). Two formats were developed: a direct
binding assay where the integrins were coated onto ELISA
plates and monitored with VCAM-Ig-AP and an indirect
format where they were collected on B5G10-coated plates
and monitored with VCAM-Ig. Details and applications of
these assays are described elsewhere (L. Chen, B. Pepinsky,
and R. Lobb, manuscript in preparation). The direct coating
assay was particularly useful for studying structure-function
since it takes less time to perform than the indirect assay
and uses less protein. The assay was highly reproducible
(typically, coating concentrations of 1-2 µg of integrin/mL
were used). However, the assay was dependent on sample
purity and was very sensitive to detergent levels in the
integrin preparation. The indirect assay was extremely
valuable for monitoring purification since it was largely
independent of these variables.
The extensive mutagenesis studies and epitope mapping

of functional antibodies have provided a model for the
specific regions in integrins that are critical for function.
Despite the abundance of genetic data, biochemical evidence
for these interactions has been limited to studies of RGD
integrins typified byRllbâ3, largely because of the lack of
appropriate probes for function for other classes of integrins.
We have developed BIO-1494 as a novel probe for the LDV
integrinR4â1. The cross-linking studies we performed with
R4â1 support and expand upon these observations, and
provide the first glimpse of the ligand binding site on an
LDV integrin. The data revealed that both chains inR4â1
are in close proximity with the ligand and along with the
previously published RGD integrin data suggest that the
ligand binding pocket is a highly conserved structure among
integrins. The CNBr peptide maps that were constructed
with the â1 chain ofR4â1 should be readily applicable to
the other VLA integrins since they share a commonâ1 chain.
Cross-linking provides a direct method for probing structure-
function that to date has had limited use in studying integrin
biology. The tools we developed forR4â1 should be
particularly valuable for probing mechanisms leading to
integrin activation/inactivation.
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