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ABSTRACT: Three non-RGD-containing disintegrins, VLO5, EO5, and EC3, belong to the hetrodimeric
family of these snake venom-derived proteins. They are potent inhibitors of certain leukocyte integrins
such asR4â1, R4â7, andR9â1, and act through the MLD motif present in one of their subunits. However,
the selectivity of these disintegrins to interact with integrins is related to the amino acid composition of
the integrin-binding loop in the MLD-containing subunit. The most important amino acid is that preceding
the MLD motif. In vitro experiments in adhesion and ELISA assays revealed that the TMLD-containing
disintegrins, VLO5 and EO5, appeared to be very potent inhibitors of humanR4â1 andR9â1 and less
effective in inhibition of theR4â7 integrin. The reverse effect was observed for the AMLD-containing
disintegrin, EC3. The data with native disintegrins were confirmed by experiments with synthetic peptides
displaying TMLD and AMLD motifs. The MLD-containing disintegrins showed differential activities to
inhibit human and murineR4â1 integrin. EC3 was a weaker inhibitor of human integrin, whereas VLO5
and EO5 less actively inhibited murineR4â1. These data describe a useful set of potent and selective
integrin antagonists and suggest conformational requirements of human and mouse integrins for interaction
with ligands.

Integrins are the large family of adhesion receptors broadly
expressed on all cell types. The interactions of integrins with
extracellular matrix proteins and cell adhesion molecules are
important events in organ physiology, as well as in the
pathology of many diseases (1-4). Structurally, integrins are
type I transmembrane glycoproteins composed of nonco-
valently linkedR andâ subunits. Currently, 18R and 8â
subunits have been identified on the surfaces of human cells.
These subunits are combined in a restricted manner to form
at least 24 heterodimeric assemblies, each exhibiting a
distinct ligand-binding profile (3, 4). Integrin-mediated
adhesion is a tightly regulated bidirectional signaling process,
which integrates the intracellular and the extracellular
environments (5-7). Cytoplasmic interactions between the
integrin subunits result in the transmission of conformational
changes through the membrane-spanning regions that regu-
late the affinity of the integrin extracellular domains (8).

Integrins expressed on the leukocytes play a significant
role in the development of the inflammatory response; the
most important integrins involved in leukocyte invasion are
â2 integrins and certainâ1 integrins. These interact with
adhesion molecules expressed on cytokine-activated, vascular

endothelium. Thus, integrins are potential targets for treat-
ment of immune-mediated diseases, such as rheumatoid
arthritis, multiple sclerosis, insulin-dependent diabetes mel-
litus, and asthma (9, 10).

The R4â1 andR9â1 integrins expressed on T-cells and
neutrophils are recognized as receptors for vascular cell
adhesion molecule 1 (VCAM-11). VCAM-1 belongs to the
immunoglobulin superfamily and is expressed on the endot-
helial cells at sites of inflammation (11, 12). R4â1 also binds
to alternatively spliced variants of fibronectin that contain
connective segment 1 (CS-1). The binding motif in the CS-1
fragment has been identified as LDV tripeptide (13), whereas
in VCAM-1 it is IDSP tetrapeptide (14). The R4 andR9
subunits are structurally related. However, many other
distinct ligands have been identified forR9â1, including
tenascin-C (15) and osteopontin (16). The binding site of
R9â1 on tenascin-C has been identified as the AEIDGIEL
sequence (17), whereas on osteopontin it is the SVVYGLR
sequence immediately adjacent to the RGD site (18).

Disintegrins are low molecular weight proteins isolated
from the venom of many species of vipers (19-24). They
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have a conserved pattern of cysteines, which are involved
in the creation of intramolecular disulfide bonds for mono-
meric disintegrins. Conversely, in dimeric disintegrins, the
disulfide bonds have been localized as intra- and intersubunit
links between cysteines (22). The integrin-inhibitory activity
of disintegrins critically depends on the appropriate pairing
of cysteine residues, which determines the conformation of
the inhibitory loop. Monomeric disintegrins, initially de-
scribed as potent inhibitors of the plateletRIIbâ3 fibrinogen
receptor, are frequently inhibitors of other RGD-dependent
integrins, includingRvâ3 andR5â1 (23, 24). In most single-
chain disintegrins the active sequence is the tripeptide RGD
(21). Exceptions are barbourin and ussuristatin 2, possessing
an active KGD sequence (25, 26) and atrolysin E, which
has an MVD motif in its inhibitory loop (27). These
disintegrins also exhibit potent inhibitory activity against the
plateletRIIbâ3 integrin. Monomeric disintegrins show dif-
ferent levels of affinity and selectivity toward theRIIbâ3,
Rvâ3, andR5â1 integrins, which strongly depend on amino
acids adjacent to the RGD motif within their integrin-binding
loops (23, 24, 28).

Heterodimeric disintegrins exhibit more variability of the
amino acid sequences of their active sites (29). Some have
RGD sequences in both subunits (30), whereas in others the
corresponding sequence in one subunit may be MGD (31),
KGD (32), WGD (33), and MLD and VGD (34, 35). The
hypothesis has been put forward that the conserved aspartate
residue might be responsible for the binding of disintegrins
to integrin receptors which share aâ subunit, while the two
other residues of the integrin-binding motif (RG, KG, MG,
WG, ML, VG) may dictate the integrin specificity (29). One
interesting group is the MLD-containing disintegrins; two
of these, EC3 and EC6, are potent inhibitors ofR4 andR9â1
integrins (34, 35). The biological activity of the MLD
sequence has been confirmed by short peptide synthesis.
Experiments in vivo with NOD (diabetic) mice have revealed
that EC3 inhibited lymphocyte-dependent infiltration of
Langerhans islets (36). Here we report two new MLD-
containing, non-RGD-displaying heterodimeric disintegrins
and demonstrate the importance of the amino acids sur-
rounding this active motif for selective interaction with
integrins.

EXPERIMENTAL PROCEDURES

Monoclonal Antibodies. Y9A2 against humanR9â1 was
prepared as described previously (37). AJH10 against the
I-domain of the humanR1 subunit of VLA-1 (38) was
provided by Dr. R. Lobb (Biogen Inc., Cambridge, MA).
HP2/1, P1E6, P1B5, and SAM-1 were purchased from
Chemicon (Temecula, CA). Ha31/8, HMR2, clone 42, R1-
2, HMR5-1, GoH3, and Ha2/5 were purchased from BD
Pharmingen (San Diego, CA). Lia1/2 was purchased from
Beckman Coulter Inc. (Fullerton, CA).

Integrin Ligands.The recombinant chicken tenascin-C
fragment (TNfn3RAA) was generated from an expression
plasmid obtained from Dr. K. Crossin (Scripps Research
Institute, La Jolla, CA), and the recombinant N-terminal
fragment of human osteopontin was acquired from Dr. Y.
Yokasaki (Hiroshima University, Japan). Recombinant hu-
man VCAM-1/Ig and MAdCAM-1 were obtained from Dr.
R. Lobb (Biogen), and recombinant mouse VCAM-1/Ig was

donated by Dr. M. Renz (Genentech, San Francisco, CA).
Highly purified fibrinogen was a gift from Dr. A. Budzynski
(Temple University, Philadelphia, PA). Bovine collagen type
I, collagen type IV, and human vitronectin were purchased
from Chemicon, and human fibronectin and laminin were
purchased from Sigma (St. Louis, MO).

Snake Venoms. The venoms ofEchis carinatus sochureki
andVipera()MacroVipera) lebetina obtusawere purchased
from Latoxan Serpentarium (Valence, France). The venom
of Nigerian Echis ocellatuswas collected from the wild-
caught specimens as described previously (39).

Cell Lines.R9- and mock-transfected SW480 cells were
generated as described previously (15). A5 cells, Chinese
hamster ovary (CHO) cells transfected with humanRIIbâ3
integrin (40), were kindly provided by Dr. M. Ginsberg
(Scripps Research Institute). JY cells expressingRvâ3 were
a gift from Dr. Burakoff (Dana Farber Cancer Institute,
Boston, MA). K562 cells transfected withR1, R2, andR6
integrins were provided by Dr. M. Hemler (Dana Farber
Cancer Institute, Boston, MA). The RPMI 8866 cell line was
a gift from Dr. A. Garcia-Pardo (Centro de Investigaciones
Biologicas, CSIC, Madrid, Spain).Κ562, Jurkat, Ramos,
SW480, and human (HS.939T) and mouse (B16F10) mela-
noma cell lines were purchased from ATCC (Manassas, VA).

Purification of MLD-Containing Disintegrins.Lyophilized
venoms were dissolved in 0.1% TFA (30 mg/mL). Insoluble
material was discarded after centrifugation at 5000 rpm for
5 min, and the supernatant was fractionated by reversed-
phase HPLC on a C18 (250× 10 mm) column from Vydac
(Hesperia, CA). The column was eluted with linear aceto-
nitrile gradient 0-80% over 45 min at a flow rate of 2 mL/
min. Separations were monitored at 206 nm, and fractions
were collected manually and lyophilized using a Speed-Vac
system. Lyophilized fractions were dissolved in water, and
protein concentrations were determined using the BCA assay
(Pierce, Rockfort, IL). Each fraction (5µg of protein per
well) was immobilized on 96-well microtiter plates (Falcon,
Pittsburgh, PA) in PBS, overnight at 4°C, and tested for its
ability to support K562 cell adhesion (as described below).
Fractions with adhesive properties were tested for their
inhibitory effect on the adhesion of Jurkat cell adhesion to
immobilized VCAM-1. Active fractions were rechromato-
graphed using the same HPLC system but developing the
column with a shallow gradient (0-60% B over 45 min).
The purity of isolated MLD-containing, heterodimeric dis-
integrins was assessed by SDS-polyacrylamide gel elec-
trophoresis and matrix-assisted laser-desoption ionization
time-of-flight mass spectrometry (MALDI-TOF-MS) per-
formed at the Wistar Mass Spectrometry Facility (Philadel-
phia, PA) using a PE-Biosystems Voyager-DE Pro instru-
ment.

Isolation and Structural Characterization of Ethylpyridy-
lated Subunits. Heterodimeric disintegrins VLO5 and EO5
(0.5 mg/mL in 0.1 M Tris-HCl, pH 8.5, 4 mM EDTA, 6 M
guanidine hydrochloride) were reduced with 3.2 mM dithio-
threitol for 2 h at room temperature in the dark. Reduced
proteins were alkylated by addition of a 2-fold molar excess
of 4-vinylpyridine over the reducing reagent. Ethylpyridy-
lated (EP) subunits were isolated by reversed-phase HPLC
on a C-18 column developed with a linear gradient of 0.1%
TFA in water (solution A) and 0.1% TFA in acetonitrile
(solution B), and were denoted “A” or “B” according to their
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elution order. The isolated EP-subunits were initially char-
acterized by N-terminal sequencing (using either an Applied
Biosystems 477A or a Beckman Porton LF-3000 instrument
following the manufacturer’s instructions), amino acid
analysis (using a Beckman Gold amino acid analyzer after
sample hydrolysis in 6 M HCl for 24 h in evacuated and
sealed ampules), and MALDI-TOF mass spectrometry (as
above). The primary structures of EP-polypeptides were
deduced from the N-terminal sequence analysis of overlap-
ping peptides obtained by proteolytic digestions with TPCK-
trypsin (Sigma), endoproteinase Lys-C (Boehringer Man-
nheim), and endoproteinase Asp-N (Boehringer Mannheim)
(2 mg/mL protein in 100 mM ammonium bicarbonate, pH
8.3, for 18 h at 37°C using an enzyme:substrate ratio of
1:100 (w/w)) and degradation with CNBr (10 mg/mL protein
and 100 mg/mL CNBr in 70% (v/v) formic acid for 6 h at
room temperature, under N2 atmosphere and in the dark).
Peptides were separated by reversed-phase HPLC using a 4
× 250 mm C18 (5µm particle size) Lichrospher RP100
(Merck) column eluting at 1 mL/min with a linear gradient
of 0.1% TFA in water (solution A) and 0.1% TFA in
acetonitrile (solution B).

Purification of R9â1 and R4â1 Integrins. The isolation
procedure ofR9â1 and R4â1 was based on the method
described previously for purification of recombinantRvâ3
integrin from transfected cells (41). However, the het-
erodimeric disintegrin VLO5 was used as a ligand coupled
to the resin in the affinity column. VLO5 (20 mg per 2 mL
of gel) was coupled to an Amino-Link Plus column (Pierce)
according to the manufacturer’s instructions.R9â1 andR4â1
integrins were purified from SW480 cells transfected with
R9 integrin (12) and Ramos cell lines, respectively. About
2 × 108 R9SW480 cells or 5× 108 Ramos cells were lysed
in the presence of 10 mL of buffer containing 100 mM
n-octyl glucoside, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
1 mM MgCl2, 1 mM CaCl2, and 1 mM PMSF. After removal
of insoluble material by centrifugation at 3000g, the extract
was concentrated to 1 mL using Centriprep 10 (Millipore).
The VLO5-agarose column (2 mL) was equilibrated with
50 mM Tris-HCl, pH 7.4, buffer containing 25 mMn-octyl
glucoside, 150 mM NaCl, 2 mM MgCl2, and 0.1 mM CaCl2.
The cell extract was applied to the column and incubated
for 30 min at ambient temperature. The column was washed
with the same buffer until protein disappeared from the
eluate. It was then washed with the same buffer but with
the concentration of NaCl increased to 300 mM. The integrin
was eluted from the column by adding 15 mM EDTA to the
buffer. Fractions (1 mL) were colleted in vials containing
30 µL of 1 M MgCl2. The fractions interacting with Y9A2
mAb (R9â1) or HP2/1 mAb (R4â1) in ELISA assay were
combined, concentrated to a volume of 1 mL (Centriprep
10), and dialyzed against Tris-HCl, pH 7.4, buffer contain-
ing 25 mMn-octyl glucoside, 150 mM NaCl, 1 mM MgCl2,
and 1 mM CaCl2. The yields of the purified components were
50 and 30µg for R9â1 andR4â1, respectively.

ELISA Assay. Plates containing 96 wells (BD Falcon,
Franklin Lakes, NJ) were coated with purifiedR4â1 orR9â1
(5 µg/mL) overnight at 4°C in PBS. The wells were blocked
with 5% nonfat milk (BioRad, Hercules, CA) in PBS/Tween-
20 (PBST) buffer. Increasing concentrations of disintegrins
were added in Tris-HCl, pH 7.4, buffer containing 150 mM
NaCl, 2 mM MgCl2, 0.1 mM CaCl2, and 1% BSA, and the

plate was incubated for 30 min at 37°C. After the plate was
washed with the same buffer, human, recombinant VCAM-
1/Ig was added at a concentration of 2µg/mL. Incubation
was continued for another 30 min at 37°C. The bound
VCAM-1/Ig was detected using goat antihuman IgG (Fc
specific) conjugated with alkaline phosphatase (Sigma) as
described previously (36).

Cell Adhesion Studies.Adhesion studies of cultured cells
labeled with 5-(chloromethyl)fluorescein diacetate (CMFDA)
were performed as described previously (20). Briefly, dis-
integrins, integrin ligands, or monoclonal antibodies were
immobilized on a 96-well microtiter plate (BD Falcon) in
PBS buffer overnight at 4°C. Wells were blocked with 1%
BSA in Hanks balanced salt solution (HBSS) containing
calcium and magnesium. The cells were labeled with
fluorescein by incubation at 37°C for 15 min with 12.5µM
CMFDA in HBSS containing calcium and magnesium. Cells
were freed from the unincorporated CMFDA label by
washing with the same buffer. Labeled cells (1× 105/sample)
were added to the wells in the presence or absence of
inhibitors and incubated at 37°C for 30 min. Unbound cells
were removed by aspiration, the wells were washed, and
bound cells were lysed by adding 0.5% Triton X-100. The
standard curve was prepared in parallel on the same plate
using known concentrations of labeled cells. The wells were
read using a Cytofluor 2350 fluorescence plate reader
(Millipore, Bedford, MA) at an excitation wavelength of 485
nm using a 530 nm emission filter.

Peptide Synthesis.Peptides CKRTMLDGLNDYC and
CKRAMLDGNDYC representing integrin-binding loops of
VLO5 and EC3, respectively, were synthesized commercially
at Sigma-Genosis (Woodland, TX).

RESULTS

Purification and Amino Acid Sequencing of MLD-
Containing Disintegrins.Previously, we reported one non-
RGD-containing, heterodimeric disintegrin, EC3, in which
the active site was localized within the MLD sequence (34).
This heterodimeric disintegrin was isolated from the venom
of E. carinatus sochurekiby two-step reversed-phase HPLC
using a C18 column. Using the same method, we identified
and purified two other non-RGD-containing, heterodimeric
disintegrins, VLO5 and EO5, from the venoms ofV. lebetina
obtustaand E. ocellatus, respectively. Figure 1 compares
the first step of purification of heterodimeric disintegrins
EC3, VLO5, and EO5 as elution patterns of whole water-
soluble proteins of viper venoms. The retention times for
EC3, VLO5, and EO5 were 24, 25, and 24 min, respectively.

Fractions containing VLO5 and EO5 were collected and
subjected to a second reversed-phase HPLC purification step
as described in the Experimental Procedures. The purity of
the isolated proteins was assessed by SDS-PAGE (Figure
1D), MALDI-TOF mass spectrometry, and N-terminal
sequence analysis. Nonreduced VLO5 and EO5 migrated on
SDS-PAGE as single bands with mobility similar to that
of native EC3 (Figure 1D, lanes a-c) at apparent molecular
masses of 15-20 kDa. However, under reduced conditions
the subunits of VLO5 and EO5 were separated, whereas EC3
reduced subunits migrated with the same mobility. The
molecular masses of the reduced subunits were decreased
by ∼50%, consistent with disulfide-linked dimers.

Structure and Function of MLD-Containing Disintegrins Biochemistry, Vol. 43, No. 6, 20041641



MALDI-TOF mass spectrometric analysis of VLO5 and
EO5 yielded single molecular ions of 14733 and 14514 Da,
respectively. After reduction and alkylation with 4-vinyl-
pyridine, both VLO5 and EO5 were resolved into two
subunits, termed subunit A and subunit B according to their
elution order, by reversed-phase HPLC. EP-VLO5A exhib-
ited a single isotope-averaged molecular ion of 8163 Da,
whereas EP-VLO5B yielded 8687 Da. On the other hand,
EP-EO5A and EP-EO5B yielded ions atm/z 8456 and 8197
Da, respectively. Using the equationNCys ) (MPE - MNAT)/
106.3, whereNCys is the number of cysteine residues per
molecule,MPE is the mass of the reduced and pyridylethy-
lated protein,MNAT is the mass of the native, HPLC-isolated
protein, and 106.3 is the mass increment due to the
pyridylethylation of one thiol group, we calculated that native
VLO5 and EO5 each contained 20 cysteine residues (NCys-
(VLO5) ) [(8163 + 8687) - 14733]/106.3) 19.9; NCys-
(EO5) ) [(8456 + 8197)- 14514]/106.3) 20.1).

The complete amino acid sequences of VLO5 and EO5
were established by N-terminal sequence analysis of sets of
reversed-phase HPLC-purified overlapping fragments ob-
tained by degradation of the PE-subunits. Figure 2 displays

a comparison of the amino acid sequences of the VLO5 and
EO5 subunits and the primary structures of the EC3
polypeptide chains. The large conservation of sequence
characteristics, including the polypeptide lengths (VLO5A
and VLO5B, 65 and 69 amino acids, respectively; EO5A
and EO5B, 66 and 68 residues, respectively) and the
conserved number and spacing of the 10 cysteine residues
per subunit, clearly places VLO5 and EO5 in the group of
snake venom heterodimeric disintegrins. Like EC3, VLO5
and EO5 possess MLD and VGD motifs in their integrin-
recognition loops.

Biological ActiVities of MLD-Containing Disintegrins. The
inhibitory activities of EC3, VLO5, and EO5 on a panel of
human integrins were assessed using a cell adhesion assay
(Table. 1). All three disintegrins proved to be potent
inhibitors of R4â1, R4â7, andR9â1 integrins. The disinte-
grins had a low inhibitory activity against two RGD-
dependent integrins,RIIbâ3 andR5â1. Rvâ3, another RGD-
dependent integrin, was not inhibited by these disintegrins
up to a concentration of 10µM. Likewise, there was no
blocking of the collagen receptorsR1â1 andR2â1 or the
laminin receptorR6â1. EC3, VLO5, and EO5 inhibitR4,

FIGURE 1: Purification of MLD-containing disintegrins on reversed-phase HPLC. The crude venoms ofV. (M.) lebetina obtusa(A), E.
carinatus sochureki(B), andE. ocelatus(C) were dissolved in 0.1% TFA and injected (10 mg in 400µL) into a C18 column. Fractions
separated with a 0-80% acetonitrile gradient (---) were collected and lyophilized. (D) SDS-PAGE (12.5% gel) of purified MLD-containing
disintegrins: (a-c) EC3, VLO5, and EO5, respectively, in nonreduced gel; (e-g) EC3, VLO5, and EO5, respectively, in reduced gel; (d)
molecular weight markers (Low Range Bio-Rad), 106, 77, 50.8, 35.6, 28.1, and 20.9 kDa.
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R9â1, RIIbâ3, andR5â1 integrins to different extents. VLO5
was the most selective inhibitor ofR9â1 andR4â1 followed
by EO5 and EC3. VLO5 potently inhibited adhesion of
R9â1-expressing cells to three ligands, VCAM-1, tenascin-
C, and osteopontin. On the other hand, EC3 did not inhibit
adhesion to tenascin-C or osteopontin, but was more than 1
order of magnitude more active than VLO5 in inhibition of
R5â1 adhesion to fibronectin. In contrast to inhibition of
R4â1, VLO5 and EO5 were about 1 order of magnitude less
active than EC3 in inhibitingR4â7 integrin binding to
MAdCAM-1. A low potency of all three disintegrins against
the fibrinogen receptorRIIbâ3 was also confirmed using the
ADP-induced platelet aggregation assay. In this assay EC3,
VLO5, and EO5 showed IC50 values of 1, 1.6, and 1.8µM,
respectively.

The activities of MLD-disintegrins againstR4â1 andR9â1
were confirmed in an ELISA assay using purified integrins.
The R4â1 andR9â1 integrins were purified from cultured
cells, using a VLO5-Sepharose column. Ramos cells that
naturally expressedR4â1 integrin were used as a source of
R4â1, whereas the recombinantR9â1 was purified from
SW480 cells previously transfected withR9. VLO5 and EO5
potently inhibited binding of VCAM-1 to immobilizedR4â1,
while the inhibitory effect of EC3 was lower (Figure 3A).

The difference in activity of all three disintegrins was more
striking in inhibition of purified VCAM-1 binding to
immobilizedR9â1 (Figure 3B). In agreement with the results
of the adhesion assay, the inhibitory activity of VLO5 was
almost 1 order of magnitude higher than that of EC3, whereas
EO5 possessed intermediate activity.

ActiVity of Synthetic Peptides. Our earlier results showed
that the anti-R4â1 activity of EC3 is related to the MLD
sequence (34). VLO5 and EO5 display this sequence on their
B and A subunits, respectively (Figure 2), suggesting
functional association of these subunits with the activity of
these two disintegrins. Although the MLD sequence is
present in all of these disintegrins, VLO5 and EO5 are much
more potent inhibitors ofR4â1, and especiallyR9â1, than
is EC3. On the other hand, EC3 is a more potent inhibitor
of the RGD-dependent integrinsR5â1 andRIIbâ3 (Table
1). It has been previously observed that this type of selective
interaction with certain integrins among RGD-disintegrins
depends on the amino acid adjacent to the RGD motif (23,
24). A comparison of the amino acid composition of the
MLD-loops of EC3 and VLO5 revealed only one difference
in the position flanking the MLD motif from the N-terminus
end; the alanine in EC3 is replaced by threonine in VLO5
(Figure 2). The activities of two synthetic, linear peptides

FIGURE 2: Comparison of amino acid sequences of EC3, VLO5, and EO5. Cysteine residues are in bold type. The integrin-binding motifs
are shown in underlined italics.

FIGURE 3: Effect of MLD-containing disintegrins on binding VCAM-1 to purifiedR4â1 (A) and R9â1 (B) integrins in ELISA assay.
Purified human integrins (5µg/mL) were immobilized on a 96-well plate. After blocking, increasing concentrations of VLO5 (filled circles),
EO5 (open circles), or EC3 (filled triangles) were added to the wells and incubated for 30 min at 37°C. The wells were then washed,
recombinant VCAM-1 (2µg/mL) was added, and incubation was continued for another 30 min at 37°C. For detection of bound VCAM-
1/Ig, goat antihuman IgG AP-conjugated was added and the plate was incubated for a further hour at 37°C. The color was developed by
AP substrate (pNPP), and the plate was read using an ELISA plate reader at a 405 nm single wavelength. The error bars represent the
standard deviations from three independent experiments.

Structure and Function of MLD-Containing Disintegrins Biochemistry, Vol. 43, No. 6, 20041643



representing EC3 and VLO5 integrin-binding loops (Figure
4) confirmed data obtained for native disintegrins as inhibi-
tors of humanR4â1 andR9â1; the CKRTMLDGLNDYC
peptide was more active in inhibition of both integrins than
the CKRAMLDGNDYC peptide.

Interaction of MLD-Containing Disintegrins with Human
and Mouse Melanoma Cell Lines.Human (HS.939T) and
mouse (B16) melanoma cell lines express a panel of different
â1 integrins (Figure 5A), includingR4â1 integrin. Both types
of cell lines adhered to immobilized EC3, VLO5, and EO5,
and this adhesion was inhibited by blocking mAb’s against
R4 (Figure 5B) andâ1 (Figure 5C) integrin subunits. The
inhibitory effect of blocking anti-R5 mAb was partial for
EC3 and negligible for VLO5 and EO5. The adhesion of
mouse cells was more potent to EC3, whereas the human
cell line much better adhered to VLO5 and EO5. This species
selectivity of heterodimeric disintegrins was confirmed in

anR4â1-dependent adhesion assay of HS.939T cells and B16
cells to human and mouse recombinant VCAM-1, respec-
tively (Figure 6). The activity of VLO5 was over 1 order of
magnitude higher than that of EC3 in inhibition of adhesion
of the human cell line, whereas in the case of the mouse
melanoma cell line, the reverse inhibitory effect was
observed. The activity of EO5 was intermediate, but was
closer to that of VLO5 than that of EC3.

DISCUSSION

In this study we compared the activities of three different
heterodimeric disintegrins that lack an RGD motif. The RGD
motif is the most commonly found motif in all disintegrin
families, which inhibit platelet aggregation by blocking the
fibrinogen receptor (20), as well as other so-called RGD-
dependent integrins such asRvâ3 andR5â1 (23, 24). EC3
is a non-RGD-containing heterodimeric disintegrin possess-
ing both VGD and MLD motifs and is an inhibitor ofR4â1
andR9â1 integrins (34, 35). Two new disintegrins, VLO5
and EO5, structurally strictly related to EC3, were purified
from the venoms ofV. lebetina obtusaand E. ocellatus,
respectively; in the first HPLC separation step of the whole
venoms, these heterodimeric disintegrins were eluted at
almost identical retention times (Figure 1). This confirmed
the high homology of the molecular structures of these
disintegrins. The retention times for RGD-containing, dimeric
disintegrins were significantly different in this HPLC analy-
sis. For example, homodimers CC5 (33) and VLO4 (29)
displayed retention times of 21 and 22 min, respectively,
whereas heterodimers CC8 (33), EC6 (35), and EMF10 (31)
had retention times of 28, 29, and 26 min, respectively. It is
interesting that under the same HPLC conditions each venom
showed a characteristic elution pattern that could be treated
as a “fingerprint” for each snake species. This analytical
approach may be utilized as a method for analytical
identification of species of venomous snakes, as it is both
more rapid and more sensitive than immunological and
electrophoretical procedures.

FIGURE 4: Effect of synthetic peptides, designed on the basis of the active site of VLO5 and EC3, on cell adhesion. The inhibitory effects
of peptides CKRAMLDGLNDYC (filled circles) and CKRTMLDGLNDYC (open circles) were tested in an adhesion assay of CMFDA-
labeled Jurkat cells (A) andR9SW480 cells (B) to immobilized VCAM-1. Different concentrations of peptides were incubated (30 min at
37 °C) with the cells (1× 105) in the 96-well plate, previously covered with VCAM-1 (2µg/mL), in 100µL of HBSS containing calcium
and magnesium. After being washed with the same buffer, the adhered cells were lysed by Triton X-100, and the plate was read using
Cytofluor 2350. The percentage inhibition was calculated by comparison with fluorescence obtained from a control sample without disintegrins.
The error bars represent the standard deviations in three independent experiments.

Table 1: Comparison of Inhibitory Effects of EC3 (28), VLO5, and
EO5 on Various Integrins in Cell Adhesion Assaya

IC50 (nM)cell
suspension integrin ligand EC3 VLO5 EO5

R1K562 R1â1 Coll IV >10000 >10000 >10000
R2K562 R2â1 Coll I >10000 >10000 >10000
R6K562 R6â1 LM >10000 >10000 >10000
K562 R5â1 FN 150 3400 690
Jurkat R4â1 VCAM-1 16 5.5 9.5
Ramos R4â1 VCAM-1 22 1.2 5.3
SW480R9 R9â1 VCAM-1 35 2.6 7.2
SW480R9 R9â1 OP >10000 34 ND
SW480R9 R9â1 TN-C >10000 29 ND
RPMI8866 R4â7 ΜAdCAM-1 17 185 120
A5 RIIbâ3 FG 500 760 980
JY Rvâ3 VN >10000 >10000 >10000

a The data represent the mean of the results of three experiments.
Abbreviations: Coll, collagen; LM, laminin; FN, fibronectin; VCAM-
1, vascular cell adhesion molecule-1; OP, osteopontin (nOPNb RAA);
TN-C, tenascin-C (TNfn3RAA); FG, fibrinogen; VN, vitronectin;
R1,R2,R6K562, K562 cells transfected withR1, R2, or R6 integrins,
SW480R9, SW480 cells transfected withR9 integrin, A5, CHO cells
transfected withRIIbâ3 integrin; ND, non determined.
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The subunits of EC3, VLO5, and EO5 show a high degree
of homology among themselves and other dimeric disinte-
grins. In particular, the VGD-integrin-binding loops of
VLO5A and EO5B have identical sequence and differ in only
one residue (M46/V) from that of EC3A (Figure 2). On the
other hand, the MLD-integrin-recognition loops of VLO5B
and EO5A differ in one residue between themselves (R41/
K) and between them and EC3B (T42/A). Although, the

structure among the dimeric disintegrins is conserved, their
inhibitory activities against various integrins are variable.
This is especially striking in the case of the non-RGD-
containing heterodimeric disintegrins. EC3, VLO5, and EO5
only poorly inhibit the two RGD-dependent integrinsRIIbâ3
andR5â1, and their activity against a third RGD-dependent
integrin,Rvâ3, was absent even at a concentration of 10µM
(Table 1). On the other hand, the dimeric disintegrins

FIGURE 5: Interaction of MLD-containing disintegrins with human (HS.939T) and mouse (B16) melanoma cell lines. (A) Adhesion of
HS.939T (filled bars) and B16 (open bars) to immobilized antibodies specific to variousâ1 integrins. The monoclonal antibodies (1 (µg/
well)/100 µL of PBS) were immobilized overnight at 4°C. After blocking, the CMFDA-labeled cells were added to each well in HBSS
containing calcium and magnesium. After incubation for 30 min at 37°C, unbound cells were washed out and bound cells were lysed using
0.5% Triton X-100. The number of adhered cells was calculated from the standard curve, prepared in parallel on the same plate from the
known number of fluorescein-labeled cells. The mAb’s were as follows: (a) anti-R1 mAb (AJH10 for human cells and Ha31/8 for mouse
cells), (b) anti-R2 mAb (P1E6 for human cells and HMR2 for mouse cells), (c) anti-R3 mAb (P1B5 for human cells and clone 42 for mouse
cells), (d) anti-R4 mAb (HP2/1 for human cells and R1-2 for mouse cells), (e) anti-R5 mAb (Sam-1 for human cells and HMR5-1 for
mouse cells), (f) anti-R6 mAb (GoH3 for human and mouse cells), (g) anti-â1 maAb (Lia1/2 for human cells and Ha2/5 for mouse cells).
(B) Effect of blocking mAb’s (b) anti-R4 (HP2/1), (c) anti-R5 (Sam-1), and (d) anti-â1 (Lia1/2) on adhesion of HS.939T cells to immobilized
disintegrins. (a) Control adhesion. (C) Effect of blocking mAb’s (b) anti-R4 (R1-2), (c) anti-R5 (HMR5-1), and (d) anti-â1 (Ha2/5) on
adhesion of B16 cells to immobilized disintegrins. (a) Control adhesion. The error bars represent standard deviations obtained from triplicate
experiments.

FIGURE 6: Effect of MLD-disintegrins on adhesion of HS.939T cells (A) and B16 cells (B) to VCAM-1. Human or mouse recombinant
VCAM-1 (2 µg/mL) was immobilized on a 96-well plate, overnight at 4°C in PBS. The increasing concentrations of EC3 (filled triangles),
VLO5 (filled circles), or EO5 (open circles) were added to CMFDA-labeled cells, and the adhesion experiment was performed as described
in the caption to Figure 5. The error bars represent standard deviations obtained from triplicate experiments.
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containing an RGD sequence are very potent inhibitors of
R5â1 (31, 35, 42). EC3, VLO5, and EO5 are primarily
inhibitors of the integrinsR4â1, R4â7, andR9â1. All are
receptors for VCAM-1, an adhesive molecule expressed on
inflamed endothelium, which participates in leukocyte traf-
ficking through the vessel wall. However, the three MLD-
disintegrins showed different selectivity. VLO5 was a more
potent inhibitor ofR4â1 andR9â1 integrin interaction with
VCAM-1 than EC3, whereas EC3 was a more potent
inhibitor of R5â1 integrin binding to fibronectin and ofR4â7
binding to MAdCAM-1. Moreover, EC3 did not inhibit the
adhesion ofR9-expressing cells to osteopontin and tenascin-C
up to a concentration 10µM, whereas VLO5 blocked this
interaction with IC50 values of 34 and 29 nM, respectively.
These data indicate that the integrin-binding loop of VLO5
is structurally formed to bind with a higher affinity to human
VLA-4 and VLA-9. Conversely, the structure of EC3
interacts preferentially with theR4â7 integrin.

The activities of synthetic peptides representing the MLD-
loops of EC3 and VLO5 support the hypothesis that amino
acids surrounding the active motif of the disintegrin deter-
mine their selective interaction with specific integrins (Figure
4). These results are in line with previous work on mono-
meric disintegrins and synthetic peptides showing that amino
acids surrounding the RGD tripeptide motif are important
for conferring selectivity and potency toward integrins.
Hence, RGDN-containing disintegrins were greater than 10-
fold more potent than RGDW-containing disintegrins in
blocking the adhesion of cells mediated byR5â1 (43),
whereas the presence of an aromatic residue C-terminal to
the RGD sequence, such as phenylalanine (F) or tryptophan
(W), enhances severalfold the ability of the disintegrins to
inhibit platelet aggregation and binding of fibrinogen to
purified RIIbâ3 (44). NMR studies on cyclic RGD peptides
(45) provided a structural ground to the concept that the
amino acid residue adjacent to the C-terminal end of the RGD
motif modulates the shape of the integrin-binding loop and
that different integrins distinguish the conformational envi-
ronment of various RGD sites (23, 24, 27, 46). These studies
have strengthened the importance of the C-terminally
adjacent amino acid to the RGD sequence in the modulation
of the integrin inhibition characteristic for monomeric, RGD-
containing disintegrins. Our results with VLO5, EO5, and
EC3 are the first to show that the residue N-terminally
flanking the MLD motif also contributes to the integrin-
binding selectivity and potency.

In this study we successfully applied a new purification
method of R4â1 and R9â1 integrins. The heterodimeric
disintegrin VLO5 was used as a ligand coupled to the resin
for affinity chromatography. For detachment of bound
integrin, we used only EDTA instead of low pH conditions
normally required for recovery of integrin coupled to an
antibody column. Both purified integrins bound potently to
immobilized ligands (VCAM-1, MLD-disintegrins) in the
ELISA assay (data not shown). Moreover, after immobiliza-
tion on the plate,R4â1 andR9â1 interacted with soluble
VCAM-1, and this interaction was inhibited by MLD-
disintegrins (Figure 3); the inhibitory effect was the most
potent for VLO5 and less for EC3, confirming the data we
obtained in the adhesion studies.

Among the MLD-disintegrins we also observed inter-
species selectivity; similar selectivity has been previously

observed for RGD-disintegrins (47, 48). We compared the
ability of all three non-RGD-containing disintegrins to
interact with human and mouseR4â1 integrin in an adhesion
assay. The data presented in Figures 5 and 6 clearly indicated
very high potency of VLO5 and EO5 in interacting with
human integrin, whereas EC3 was more selective for murine
R4â1. This observation indicates that the configuration of
the ligand-binding site in this integrin appears to differ in
human and mouse cells. MLD-disintegrins appear to be
useful probes for comparing the spatial requirements of
human and mouseR4â1 for interaction with their ligands.
The preferential interaction of the disintegrin containing the
TMLD motif in the putative integrin-binding loop with
human integrin and the AMLD motif with murine integrin
could be important in the therapeutic design of low molecular
weight inhibitors ofR4â1. Currently, many laboratories are
searchingR4â1 integrin blockers for potential application
in the treatment of autoimmune and inflammatory diseases
(49). The potential species selectivity of peptides blocking
R4â1 is an important issue in the interpretation preclinical
data.
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