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Background: Snake venoms contain antagonists of the collagen-binding integrin �2�1.
Results: Flavocetin-A binds to the integrin �2A domain and inhibits cell adhesion and migration on collagen.
Conclusion: Flavocetin-A is a novel interaction partner of integrin �2�1.
Significance: �2�1 antagonists from snake venoms can be utilized for drug development.

Many snake venomsare known for their antithrombotic activ-
ity. They contain components that specifically target different
platelet-activating receptors such as the collagen-binding integ-
rin �2�1 and the von Willebrand factor receptor GPIb. In a
search for an �2�1 integrin-blocking component from the
venom of the habu snake (Trimeresurus flavoviridis), we
employed two independent purification protocols. First, we
used the integrin �2A domain, a major collagen-binding
domain, as bait for affinity purification of an �2�1 integrin-
binding toxin from the crude venom. Second, in parallel, we
used classical protein separation protocols and tested for �2�1
integrin-inhibiting capabilities by ELISA. Using both
approaches, we identified flavocetin-A as an inhibitor of �2�1
integrin. Hitherto, flavocetin-A has been reported as a GPIb
inhibitor. However, flavocetin-A inhibited collagen-induced
platelet aggregation even after GPIb was blocked with other
inhibitors. Moreover, flavocetin-A antagonized �2�1 integrin-
mediated adhesion and migration of HT1080 human fibrosar-
coma cells, which lack any GPIb, on collagen. Protein chemical
analyses proved that flavocetin-A binds to�2�1 integrin and its
�2A domain with high affinity and in a cooperative manner,
which most likely is due to its quaternary structure. Kinetic
measurements confirmed the formation of a strong complex
between integrin and flavocetin-A, which dissociates very
slowly. This study proves that flavocetin-A, which has long been
known as a GPIb inhibitor, efficiently targets �2�1 integrin and
thus blocks collagen-induced platelet activation. Moreover, our
findings suggest that the separationofGPIb- and�2�1 integrin-
blockingmemberswithin theC-type lectin-related protein fam-
ily is less strict than previously assumed.

Integrins are transmembrane receptors that bind molecules
of the extracellular matrix, linking the extracellular matrix to
the cytoskeleton, and are therefore responsible for cell func-

tions such as adhesion and migration. Integrins are het-
erodimers of noncovalently associated � and � subunits. 18 �
subunits and 8 � subunits form 24 integrins with distinct bind-
ing specificities. Of these, four recognize collagen (1). One of
them is �2�1 integrin, which is a collagen-binding receptor
found on endothelial and epithelial cells as well as on platelets,
where it is the sole collagen-binding integrin. �2�1 plays a role
in physiological and pathological processes mediated by the
binding of integrin to collagen, such as wound healing, tumor
metastasis, and thrombosis. Identifying antagonists that can be
utilized for their potential for tumor progression inhibition as
well as for antithrombotic drug development is of great interest.
To our knowledge, three snake venom proteins have been

proven to specifically block the A domain (�2A) of the �2�1
integrin: EMS16 (2), rhodocetin (3), and VP12 (4). This A
domain, which is composed of �200 amino acids, is homolo-
gous to the von Willebrand factor (vWF)2 A domain (5) and is
responsible for collagen binding.
EMS16, rhodocetin, and VP12 all belong to the family of

C-type lectin-related proteins (CLRPs), which constitutes a
large fraction of snake venom proteins (6–8). CLRPs not only
target integrin A domains but also other receptors such as the
platelet receptor GPIb and blood coagulation factors (9). GPIb
is a receptor for the plasma glycoprotein vWF, which initiates
platelet adhesion to exposed vascular subendothelium, conse-
quently activating platelets and leading to hemostasis (10, 11).
Many CLRPs block the vWF-binding site on the GPIb receptor;
however, others enhance the interaction of GPIb and vWF
(12–15).
Flavocetin-A was one of the first GPIb-binding CLRPs to be

isolated from a snake venom (16, 17). This heterodimer, from
the venom of the habu snake (Trimeresurus flavoviridis), con-
sists of homologous � and � subunits that oligomerize to form
a tetramer, (��)4 (18). Flavocetin-B is composed of the same �
and � subunits as flavocetin-A plus an additional � subunit of
unknown sequence (19).
Although flavocetin-A has been known for a long time to

block GPIb binding to vWF, we isolated it independently as an
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inhibitor of �2�1 integrin from the snake venom. Our study
proves flavocetin-A to be a novel interaction partner of �2�1
integrin, effectively inhibiting not only collagen-induced plate-
let aggregation without GPIb involvement but also cell adhe-
sion and migration on collagen. Thus, the concept of a strict
separation of inhibitors of GPIb and �2�1 integrin within the
CLRP family must be questioned.

EXPERIMENTAL PROCEDURES

Identification of �2�1 Integrin-binding Venom Proteins by
Affinity Chromatography—Lyophilized T. flavoviridis venom
was dissolved in PBS (20 mM sodium phosphate and 150 mM

NaCl, pH 7.4) at a concentration of �100 mg/ml. The oligo-
His-tagged integrin �2A domain (termed �2A) was recombi-
nantly expressed as described previously (20). Proteins binding
to �2�1 integrin were identified by affinity chromatography
with �2A immobilized on a 1-ml HisTrap HP column (GE
Healthcare). After elution with an imidazole gradient, integrin
A domain-containing fractions were identified and analyzed by
SDS-PAGE on a 10–20% polyacrylamide gel.
Ternary Complex Affinity Chromatography—Similarly, �2A

was immobilized on a HisTrap HP column, purified flavoce-
tin-Awas bound, and platelet lysate containing glycocalicinwas
applied. The lysate was generated according to Canfield et al.
(21) with theminor adjustment of excluding the detergent (21).
This protein complex was eluted as described before, and frac-
tions were analyzed by SDS-PAGE andWestern blotting using
anti-human GPIb� antibody (R&D Systems, Wiesbaden, Ger-
many) and alkaline phosphatase-conjugated anti-sheep anti-
body (Sigma).
Alternative Purification of �2�1 Integrin Inhibitor without

�2A—Solubilized T. flavoviridis venom proteins (400 mg/ml)
were separated using a Superdex 200 10/300 GL gel filtration
column (GE Healthcare) at 0.5 ml/min with PBS, pH 7.4. Frac-
tions with �2�1 integrin-inhibiting activity were diluted in 20
mM MES, pH 6.5; loaded onto a Mono S HR 5/5 column (GE
Healthcare); and eluted with a linear gradient of 0–50% 20 mM

MES and 1 M NaCl, pH 6.5, at a flow rate of 0.5 ml/min. Frac-
tions with integrin-inhibiting activity were concentrated and
subsequently separated using a TSKgel G2000SWxl gel filtra-
tion column (Tosoh Bioscience, Stuttgart, Germany) at 0.5
ml/min with PBS, pH 7.4. Protein concentration and purity
were determined by BCA assay (Thermo Scientific, Dreieich,
Germany) and SDS-PAGE, respectively.
Diagonal Two-dimensional Gel Analysis—Purified venom

proteins were submitted to two-dimensional electrophoresis
analysis on a 10–20%polyacrylamide gel to determine the com-
plexity of proteins in the eluted fractions. Proteins were sepa-
rated under nonreducing and reducing conditions in the first
and second dimensions, respectively, before detection on the
gel by silver staining.
Mass Spectrometry Analysis—Proteins purified by ion

exchange chromatography were separated by SDS-PAGE, and
bandswithmolecularmasses of 117 and 150 kDawere analyzed
by electrospray ionization mass spectrometry.
Inhibition of GST-�2A Binding to Type I Collagen by

Flavocetin-A—Type I collagen was immobilized overnight at
4 °C on a microtiter plate at 10 �g/ml in 0.1 M acetic acid. After

blocking the plate with 1% BSA in TBS/MgCl2 (50 mM Tris-
HCl, 150 mM NaCl, and 2 mM MgCl2, pH 7.4), the GST-tagged
�2A domain was allowed to bind to type I collagen in the pres-
ence of different fractions from the protein purification for 2 h
at room temperature. Similarly, 10�g/ml soluble�2�1 or�1�1
integrin ectodomain (22) was allowed to bind to immobilized
type I collagen (40 �g/ml coating concentration) and CB3 (5
�g/ml), respectively, in the absence and presence of different
concentrations of purified flavocetin-A. Bound GST-�2A or
integrin was fixed for 10 min with 2.5% glutaraldehyde in
HEPES buffer (50 mM HEPES, 150 mM NaCl, 2 mM MgCl2, and
1mMMnCl2, pH7.4). The amount of boundGST-�2Aor integ-
rin was quantified with rabbit polyclonal antibodies against
GST (Molecular Probes, Nijmegen, TheNetherlands) or the�1
integrin subunit, followed by alkaline phosphatase-conjugated
anti-rabbit antibody (Sigma), used as the primary and second-
ary antibodies, respectively, each diluted in 1% BSA in TBS/
MgCl2. The conversion of p-nitrophenyl phosphate (Sigma)
was measured at 405 nm in an ELISA reader (BioTek, Bad
Friedrichshall, Germany). Nonspecific binding was assessed by
binding of GST-�2A to BSA or of �2�1 integrin to collagen in
the presence of 10 mM EDTA.
Titration of Flavocetin-A with GST-tagged Integrin A

Domains—Flavocetin-A was immobilized overnight at 4 °C on
a microtiter plate at 10 �g/ml in TBS/MgCl2. The plate was
blocked with 1% BSA in TBS/MgCl2, and subsequently, differ-
ent concentrations of either GST-�2A or GST-�1A were incu-
bated with the immobilized protein for 2 h at room tempera-
ture. Alternatively, a constant concentration of GST-�2A was
incubated in the presence of different concentrations of mono-
clonal antibodies JA218, JA221, and P1E6. Bound GST-�2A
was fixed with 2.5% glutaraldehyde in HEPES buffer and
detected as described for the inhibition assay.
Surface Plasmon Resonance—A Biacore X system (GE

Healthcare) was used to study the interaction between flavoce-
tin-A and the �2A domain. The �2A domain was covalently
coupled to a CM5 sensor chip (GE Healthcare) using standard
amine coupling chemistry. Sensorgrams were recorded in the
presence of different flavocetin-A concentrations in 50 mM

HEPES, 150 mM NaCl, and 1 mM MgCl2, pH 7.5, under flow.
Following each sensorgram, flavocetin-A was removed by
washingwith 60mMDTT in 50mMTris-HCl and 300mMNaCl,
pH 9.5. Data were analyzed with BIAevaluation v3.1 software
(GE Healthcare).
HT1080 Cell Adhesion Assay—Type I collagen (0.2 �g/ml in

0.1 M acetic acid) was immobilized overnight at 4 °C on amicro-
titer plate. After blocking with 0.1% BSA in TBS/MgCl2 for 2 h
at room temperature, HT1080 fibrosarcoma cells (20,000 cells/
well) were seeded onto the plate in both the absence and pres-
ence of different concentrations of flavocetin-A or with 10 mM

EDTA, a control for nonspecific cell adhesion. After a 30-min
incubation at 37 °C, adherent cells were fixed with 70% ethanol
and stained for 30 min with 0.2% crystal violet. The crystal
violet was extracted from the cells with 70% ethanol for 30min,
and absorbance was read at 560 nm. Cell adhesion signals
(means� S.D.) were corrected for signalsmeasured in the pres-
ence of EDTA.
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An alternative adhesion assay was performed using the
xCELLigence system (Roche Diagnostics). An E-Plate was
coated overnight at 4 °C with type I collagen at 5 �g/ml in 0.1 M

acetic acid. HT1080 cells were seeded at 20,000 cells/well in the
absence or presence of different concentrations of flavocetin-A
in DMEMor with 10mM EDTA. Values weremeasured every 2
min for 2 h and then every 5 min for another 2 h.
HT1080 Cell Migration Assay—Migration of HT1080 cells

was analyzed on a CIM-Plate 16-well device using the xCELLi-
gence system. Briefly, type I collagen was coated overnight at
4 °C onto the bottom face of the CIM-Plate at 10 �g/ml in 0.1 M

acetic acid. Different concentrations of flavocetin-A in DMEM
were added in duplicates to the bottomchamber. 50�l of twice-
concentrated flavocetin-A were added to the upper wells, and
background values were assessed. Subsequently, 50-�l suspen-
sions of 100,000 cells were added to eachwell, yielding the same
flavocetin-A concentrations as in the bottom chambers. After a
short incubation of 10 min at room temperature, values were
measured every 5 min for 6 h and then every 15 min for 24 h.
The assay was evaluated with the software provided with the
xCELLigence system.
Platelet Aggregation Studies—Platelet aggregation with fla-

vocetin-A was performed with an aggregometer (Chrono-log
Corp.) bymeasuring light scattering, which reflects the number
of platelet aggregates. Washed human platelets were collected
as described (23). With continuous stirring at 1100 rpm,
washed platelets were preincubated with CaCl2 and MgCl2
before adding the platelet stimulus, collagen, in the absence or
presence of different venom proteins (flavocetin-A and rhodo-
cetin) or antithrombotic drugs (e.g. Aggrastat).

RESULTS

Identification of an �2�1 Integrin-binding Protein from
T. flavoviridis—It was shown previously that snake venoms
contain proteins that bind to �2�1 integrin and inhibit integrin
binding to type I collagen (2–4). As the A domain of �2�1
integrin is chiefly responsible for collagen binding (5), we devel-
oped amethod inwhich the integrin�2A domain is used as bait
to identify an �2�1 integrin-inhibiting protein in the venom of
the habu snake T. flavoviridis. Affinity chromatography was
performed by immobilizing an oligo-His-tagged integrin A
domain on a nickel-nitrilotriacetic acid (Ni-NTA) column and
subsequently allowing proteins from the crude T. flavoviridis
venom to bind to the integrin. Elution with an imidazole gradi-
ent resolved the proteins into four peaks (Fig. 1A, solid line).
Peaks AI and AII are nonspecifically bound protein, as was
proven in an alternate experiment in which the crude venom
was applied solely to the Ni-NTA matrix (data not shown).
Subsequently eluted peaks AIII and AIV contain the �2A
domain and venom proteins (Fig. 1B). For peak AIII, venom
proteins with molecular masses of 13, 18, and 32 kDa were
isolated alongside the 26-kDa �2A domain. Peak AIV yielded
much higher amounts of the 32-kDa protein, which was eluted
from the column without �2A.
Isolation of the �2�1 Integrin-binding Venom Protein Inde-

pendently of �2A Domain Affinity Chromatography—To char-
acterize the structure of the isolated proteins and to confirm
their �2�1 integrin-binding specificity, it was essential to iso-

late the venom proteins in an �2A-independent manner. This
was achieved by a three-step purification procedure with gel
filtration and subsequent ion exchange chromatography, fol-
lowed by another size exclusion chromatography.
Crude T. flavoviridis venom was separated into three major

peaks on a Superdex 200 10/300 GL gel filtration column (Fig.
2A, solid line), analyzed by SDS-PAGE, and tested for �2�1
binding. Fig. 2C illustrates the degree of purity obtained in this
gel filtration process. The Superdex column peak GI illustrates
a band pattern corresponding to the protein bands isolated by
affinity chromatography (Fig. 1B, AIII lane), as well as other
proteins. Neither peak GII nor peak GIII exhibits the band pat-
tern seen in the affinity chromatography.
The biological activity of the eluate fractionswas analyzed for

their potential to block �2A binding to type I collagen (Fig. 2A,
dotted line). In this inhibition assay, samples were incubated
together with the GST-linked �2A domain on immobilized
type I collagen. The amount of bound integrin detected gives
information on the inhibitory potential of the venom proteins.
Integrin bindingwas reduced by fractions frompeakGI. There-

FIGURE 1. Isolation of an �2�1 integrin-specific venom component. A, elu-
tion with an imidazole gradient resolved the T. flavoviridis venom into four
peaks (solid line): one large peak of nonspecifically binding proteins (peak AI)
with a shoulder (peak AII), followed by two smaller peaks, the first containing
an integrin-venom protein complex (peak AIII) and the next containing only
venom protein (peak AIV). Eluate fractions were analyzed by 10 –20% gel
electrophoresis under reducing (B) and nonreducing (C) conditions and by
Coomassie Blue staining. Peak AIII contains �2A (26 kDa) and two prominent
bands at 14 and 18 kDa as well as a protein band at 32 kDa under reducing
conditions. In the subsequent peak, the amount of �2A and the low molecu-
lar mass bands decreases, whereas the intensity of the 32-kDa band increases.
mAU, milli-absorbance units.
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fore, peak GI contains proteins that are able to bind �2A and
inhibit its binding to type I collagen.
The Superdex eluate fractions with �2A integrin-inhibiting

activity were pooled and then separated by ion exchange chro-
matography. Four peaks (Fig. 2B, solid line) were eluted from
the Mono S column with a sodium chloride gradient (dashed
line). As before, fractions were analyzed by gel electrophoresis
and by an inhibition assay. Reducing SDS-PAGE analysis
revealed protein bands with apparent molecular masses of 13,
14, 17, 18, 50, 55, and 100 kDa in the different fractions.
Although the patterning of the fractions looks very much alike,
the inhibition test with �2A indicated that both peaks MII and
MIII have inhibitory potential (Fig. 2B, dotted line).
To gain insights into the complexity of the �2�1 integrin-

binding venom protein, two-dimensional gel analyses of both
inhibitory peaks (MII andMIII) were carried out with identical
results. Fig. 3 shows the results for peak MIII. The first dimen-
sion electrophoresis of the nonreduced venom protein (Fig. 3,
horizontal lane) is shown perpendicular to the second dimen-
sion protein separation. Both nonreduced samples were
resolved into two high molecular mass bands with apparent
molecularmasses of 117 and 150 kDa. In the second dimension,
the 150-kDa band was separated into two double bands with
apparent molecular masses of 13/14 and 17/18 kDa and exhib-
iting different intensities. The 117-kDa band resulted in one
single band of �52 kDa, which did not appear in the affinity
chromatography. These results indicate either that the integ-
rin-binding protein is a complex structure of several subunits,
some of which are connected by disulfide links, or that there is
still a contaminating protein that needs to be removed. The
samples were analyzed bymass spectrometry, and protein frag-
ments were compared with a database of T. flavoviridis pro-
teins. The results revealed the isolated 150-kDa protein to be
multimeric flavocetin-A (149 kDa) with a coverage of 78 and

FIGURE 2. Purification of �2A-binding protein by gel filtration and ion
exchange chromatography. A, gel filtration of T. flavoviridis on a Super-
dex 200 10/300 GL column resolved the venom into three peaks (solid
line). The dotted line indicates the percentage of �2�1 inhibition after
addition of the respective eluate fractions. B, ion exchange chromatogra-
phy of peak GI from the gel filtration separated the proteins into four
peaks (solid line) along a sodium chloride gradient (dashed line). The
potential to inhibit �2�1 binding to collagen was measured for several
fractions and is designated by the dotted line. C and D, SDS-PAGE on
10 –20% acrylamide gels under reducing conditions and Coomassie Blue
staining show venom proteins separated by gel filtration on a Superdex
column (C) and subsequent Mono S chromatography (D). mAU, milli-ab-
sorbance units; rel., relative.

FIGURE 3. Two-dimensional gel analysis of purified T. flavoviridis venom
protein. The active venom protein was separated under nonreducing condi-
tions in the first dimension (Tf3, horizontal lane). After being reduced, the
proteins were separated in the second dimension (vertical lane) and silver-
stained; the reduced purified protein served as a control (Tf2).
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88% for the � and � chains, respectively (data not shown). The
117-kDa protein was identified as a zinc metalloproteinase. In
the �2A affinity chromatography, only the 150-kDa band was
found to bind to the �2A domain, whereas the 117-kDa band
was eluted predominantly in peak AII, which did not coelute
�2A.

To separate the 150- and 117-kDa proteins, a additional puri-
fication step was introduced. Using a TSK 200 gel filtration
column, two peaks were separated, with the second one (peak
TII) containing flavocetin-A as shown by gel analysis (Fig. 4).
The 117-kDa proteinwas found to have no effect on platelets, in
contrast to the 150-kDa protein.
Platelet Aggregation Studies—Flavocetin-A had initially been

reported to bind to and have an effect on the platelet protein
GPIb (16, 18). We isolated this same protein as an �2�1 integ-
rin-inhibiting venom component and proceeded to verify its
GPIb-binding properties. vWF- and collagen-induced platelet
aggregation was challenged with flavocetin-A, purified in our
two-step purification procedure. We first showed that flavoce-
tin-A inhibited vWF-induced platelet aggregation, proving its
long-known activity as a GPIb-targeting venom component
(Fig. 5A). Flavocetin-A alone was sufficient to cluster several
platelets into small agglutinates by binding to GPIb molecules
on different platelets, as shown by aggregometry.
The rhodocetin �� dimer, a different antithrombotic snake

venom component, also binds to GPIb on platelets (24). When
this dimer was incubated with platelets before the addition of
flavocetin-A, it prevented platelet agglutination (Fig. 5B). After
pretreatment with rhodocetin ��, platelets were still activated
by type I collagen, which is directly recognized by platelets via
�2�1 integrin and GPVI. Stimulation of rhodocetin ��-pre-
treated and thus GPIb-blocked platelets with type I collagen
was progressively inhibited with higher concentrations of fla-
vocetin-A (Fig. 5C, traces 3–5).
These results proved that our flavocetin-A indeed was active

and interfered with the vWF-GPIb interaction. It also blocked
the �2�1 integrin receptor on platelets and inhibited collagen-
induced platelet aggregation. As the isolated 117-kDa protein
alone did not have any effect on platelets, we concluded that it
was rather a contaminant than an �2�1 integrin-inhibiting
constituent of the snake venom.
Flavocetin-A Binds to the �2A Domain—We isolated flavo-

cetin-A by searching for a venom component that inhibits �2A
binding to type I collagen. To assess the binding affinity of fla-
vocetin-A for the integrin �2A domain, titration assays were

FIGURE 4. Separation of flavocetin-A from contaminant by gel filtration
on a TSK column. A, gel filtration of the contaminant-containing flavocetin-A
sample yielded two peaks. B, proteins were analyzed by SDS-PAGE on a
10 –20% acrylamide gel under reducing and nonreducing conditions and by
Coomassie Blue staining. mAU, milli-absorbance units.

FIGURE 5. Flavocetin-A inhibits type I collagen-induced platelet aggregation. A, aggregation of washed human platelets was induced by 5 �g/ml human
vWF plus 0.5 mg/ml ristocetin but was prevented by 5 �g/ml flavocetin-A (FL-A). B, without resulting in platelet activation and aggregation, 5 �g/ml flavoce-
tin-A cross-linked several platelets by interacting with GPIb molecules on different platelets, which was confirmed by a small increase in light transmittance.
Agglutination was inhibited by 5 �g/ml rhodocetin �� (RC��). C, platelet aggregation was induced by 2.5 �g/ml collagen (trace 1) and also in the presence of
10 �g/ml rhodocetin �� (trace 2), which blocked GPIb. After preincubation of platelets with increasing concentrations of the GPIb-blocking rhodocetin �� (2.5,
5, and 10 �g/ml), equivalent concentrations of flavocetin-A (traces 3–5) showed a dose-dependent inhibition of collagen-induced platelet activation, presum-
ably via �2�1 integrin inhibition.
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performed with GST-�2A, which binds to flavocetin-A in a
saturable manner. The titration curve in the presence of Mg2�

could be approximated, yielding a dissociation constant of 20.7
nM (Fig. 6A, solid line). Binding was not abolished by depriva-
tion of divalent cations with EDTA. Instead, the presence of
EDTA increased the binding signals and the binding affinity
(Kd � 13.8 nM). Conspicuously, Ca2� ions had a similar effect
(Kd � 13.6 nM) (Fig. 6A, dotted and dashed lines).

Kinetics were measured by surface plasmon resonance. As
shown in Fig. 6B, flavocetin-A bound quickly to the �2A
domain, whereas dissociation of the resulting complex could

not be observed. In fact, reducing agents and high pH were
necessary to remove flavocetin-A from the immobilized �2A
domain. An association rate constant (ka) of 2.9 � 105 M�1 s�1

was obtained by approximating a dissociation rate constant for
the best fit of the data. This resulted in a Kd of 6.4 nM. The very
low dissociation rate constant and the corresponding high
affinity indicate an almost irreversible blocking of the integrin
�2A domain.
Flavocetin-A Demonstrates Cooperative Binding to �2�1—

To test whether purified flavocetin-A inhibits not only �2A but
also the soluble�2�1 integrin ectodomain, its binding to immobi-

FIGURE 6. Molecular activity analyses of the isolated venom component. A, flavocetin-A was immobilized and titrated with the �2A domain in the presence
or absence of divalent cations. BSA served as background control. The integrin bound to the venom protein in a saturable manner, yielding KD values of 20.7,
13.6, and 13.8 nM for Mg2�, Ca2�, and EDTA, respectively. B, surface plasmon resonance measurement of flavocetin-A and �2A. The A domain was covalently
coupled to a CM5 chip. Sensorgrams were recorded in the presence of flavocetin-A beginning at 160 nM with 1:2 dilutions. C, flavocetin-A inhibited binding of
the soluble �2�1 integrin ectodomain to collagen with an IC50 of 88.2 nM. The titration and inhibition curves were iteratively fitted using monovalent or
cooperative interaction models, respectively, by �2 approximation until �2 � 5% was reached. D, binding of the GST-tagged �2A domain to immobilized
flavocetin-A was challenged with increasing concentrations of monoclonal antibodies against the �2A domain. BSA served as a background control. Integrin
binding to the venom protein was only slightly reduced by JA218, whereas both JA221 and P1E6 reduced binding considerably.

Flavocetin-A Is an �2�1 Integrin Antagonist

952 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 2 • JANUARY 11, 2013



lized collagen was challenged with increasing concentrations of
flavocetin-A.Evaluationrevealedanaccurate fit of thedatawithan
IC50 of 88.2 nM and a cooperativity of n� 2 (Fig. 6C).
Flavocetin-APrefers the Inactive�2AConformation—Mono-

clonal antibodies were utilized to determine whether flavoce-
tin-A binds to the active or inactive conformation of the A
domain. The non-activating antibody JA218 showed only a
slight decrease in the binding signal of�2A to flavocetin-A (Fig.
6D). In contrast, the activating antibody JA221 and the inhibi-
tory antibody P1E6 reduced the binding signal to a similar
extent. These results provide evidence for a preferential bind-
ing of the toxin to the inactive �2A conformation.
Flavocetin-A Shows Very Low Affinity for the �1A Domain—

To further determine the specificity of flavocetin-A for the�2A
domain, the recombinantly expressed �1A domain was tested
for binding to the toxin. Although �1A bound to flavocetin-A
(Fig. 7A), its affinity was much lower, and it failed to interact

with the entire �1�1 integrin ectodomain (Fig. 7B), therefore
ruling it out as a natural target of flavocetin-A.
Flavocetin-A Has Different Binding Sites for �2A and GPIb—

To assess whether flavocetin-A utilizes the same binding site
for the integrin A domain and the platelet receptor GPIb, we
performed affinity chromatography employing all three com-
pounds. Fig. 8A shows that the oligo-His-tagged �2A domain
immobilized to a Ni-NTA column bound flavocetin-A. An
increase in imidazole eluted the complex of the �2A domain
with flavocetin-A. Intriguingly, all four bands of flavocetin-A
were eluted, indicating that all putative subunits stay together
in complex with the �2A domain. In the next step, platelet
lysate containing glycocalicin, which is the extracellular part of
the GPIb receptor, was applied to the column. Two peaks were
eluted from the column. The first peak at 60 mM imidazole
contained glycocalicin as shown in Fig. 8B (lane 1 ). The second
peak at 120 mM imidazole (lane 2) contained �2A and flavoce-
tin-A. When flavocetin-A was omitted from the �2A-loaded
column (Fig. 8B, lanes 3 and 4), negligible amounts of glycocali-
cin were eluted from the column (lane 3), whereas the �2A
domain was eluted later (lane 4). These results imply that fla-
vocetin-A was able to form a ternary complex with both the
�2A domain and GPIb. Moreover, as �2�1 integrin and GPIb
did not mutually exclude each other from binding to flavoce-
tin-A, flavocetin-A must have different sites to interact with
both platelet receptors simultaneously.
Flavocetin-A Inhibits �2�1 Integrin-mediated Cell Adhesion

and Migration—To assess whether flavocetin-A has any cellu-
lar effect, possibly enabling it to inhibit�2�1 integrin-mediated
cell adhesion or migration in vivo, two independent methods
were employed. First, adhesion of HT1080 cells to type I colla-
gen was analyzed in the presence of flavocetin-A, which inhib-
ited cell adhesion to type I collagen entirely and efficiently with
an IC50 of 6.3 � 1.5 nM (Fig. 9A) as shown by real-time imped-
ancemeasurement. An independent experiment in amicrotiter
plate with crystal violet staining showed that flavocetin-A was
unable to influence the binding of HT1080 cells to laminin-111
or fibronectin (Fig. 9C), underlining the selectivity of flavoce-
tin-A for �2�1 integrin.

Second, the effect of flavocetin-A on migration of HT1080
cells was investigated. HT1080 cells migrated through a filter
along a haptotactic gradient of type I collagen. Impedance val-
ues increased over time when the cells covered the electrodes

FIGURE 7. Specificity analyses of flavocetin-A for the �2A domain. A, flavoce-
tin-A was immobilized and titrated with the�2A and �1A domains. BSA served as
a background control. Both A domains bound the venom protein in a saturable
manner; however, �1A had a much lower affinity than �2A. B, flavocetin-A did
not inhibit binding of the soluble �1�1 integrin ectodomain to CB3.

FIGURE 8. Flavocetin-A binds �2A and GPIb with different binding sites.
A, oligo-His-tagged �2A (�26 kDa) was immobilized on a Ni-NTA column.
After binding flavocetin-A (13–17-kDa bands), the protein complex was
eluted as a single peak. B, Western blot analysis of the proteins eluted when
platelet lysate was added to the complex of immobilized �2A with flavoce-
tin-A (lanes 1 and 2) and only immobilized �2A (lanes 3 and 4).
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on the bottom face of the filter, with the slope in the graph (Fig.
9B) representing HT1080 cell migration. With increasing fla-
vocetin-A concentrations, impedance decreasedwith an IC50 of
3.98 � 1.9 nM (Fig. 9B).

DISCUSSION

We have shown that the CLRP flavocetin-A binds to the A
domain of �2�1 integrin and acts antagonistically on adhesion
and migration of cells. Furthermore, our results suggest that
flavocetin-A may actually be a more complex molecule than
initially proposed.
Wewere able to establish amethod to quickly screen venoms

for �2�1 integrin-binding proteins that affect the integrin-col-
lagen interaction. By using affinity chromatography with the
collagen-binding A domain of �2�1 integrin, proteins were
specifically captured from the crude venom of T. flavoviridis.
Although, in this process, a protein of 32 kDa was eluted along-
side the protein complex of �2A and flavocetin-A, this same
protein was not present in the A domain-independent purifica-
tion. Similarly, a 117-kDa protein was co-purified with flavoce-
tin-A (150 kDa) in the �2A-independent purification protocol.
This 117-kDa protein affected neither �2�1 integrin on plate-
lets nor GPIb. After effective removal by high resolution gel
filtration without loss of �2�1 function, we concluded that the
117-kDa protein was a contaminant.
To date, flavocetin-A has been recognized only as a GPIb-

binding protein that induces platelet agglutination. Our study
confirmed that the �2�1 integrin-binding venom component
purified by us is indeed the GPIb-binding protein flavocetin-A.
According to our data, flavocetin-A efficiently binds to the

integrin �2A domain. Molecular analyses indicated that flavo-
cetin-A binds to �2A with an affinity constant (Kd) of 20.7 nM.
Surface plasmon resonance studies confirmed these results and
further revealed that association not only occurs very rapidly
but also is very strong, requiring harsh measures to remove
flavocetin-A from �2A.

Furthermore, the results also indicate that this CLRP not
only inhibits binding of the GST-linked �2A domain and the
recombinant �2�1 integrin ectodomain to type I collagen in
vitro but also inhibits wild-type integrin. This was demon-
strated at the cellular level by adhesion and migration of
HT1080 cells, which express high amounts of�2�1 integrin but
no GPIb. Flavocetin-A was unable to affect cell adhesion to
laminin-111 or fibronectin, thus revealing the specificity of fla-
vocetin-A for �2�1 integrin.
When flavocetin-A was first discovered, it was shown to be

composed of two subunits, the � and � chains (19). Despite the
fact that mass spectrometry showed our purified protein to be
flavocetin-A, gel analysis of our data indicated the presence,
under reducing conditions, of two additional low molecular

FIGURE 9. Cellular analyses of the isolated venom component. A, venom
protein activity was assessed at the cellular level by adhesion of HT1080 cells
to type I collagen using the xCELLigence system. Adhesion in the absence of
flavocetin-A served as a positive control for cell binding to collagen, whereas
the presence of 10 mM EDTA corresponded to no binding. Cell adhesion to
collagen was reduced by flavocetin-A in a concentration-dependent manner

with an IC50 of 6.3 � 1.5 nM. B, cell migration analysis was performed using the
xCELLigence system and its diagnostic software. Snake venom protein inhib-
ited cell migration with an IC50 of 3.98 � 1.9 nM, calculated as the area under
the sigmoidal dose-response curve. C, the specificity of flavocetin-A for �2�1
integrin was assessed in an adhesion assay with crystal violet staining.
HT1080 cells did not adhere to laminin-111 (Lam111) or fibronectin (Fn) but
did adhere to type I collagen (Col1). Curves were fitted by �2 approximation.
calc, calculated values of curve approximation.
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mass bands, which formed one single band under nonreducing
conditions. In the original study (19), flavocetin-B was also iso-
lated and shown to consist of the same two � and � chains as
flavocetin-A plus an additional � chain. Flavocetin-B has the
same properties as flavocetin-A; it is actually able to abolish
binding of flavocetin-A to platelets (19).Wepropose that one of
the additional proteins visible in our gel analysis may be the �
chain from flavocetin-B, which would not be recognized by
mass spectrometry as only the primary structures of flavoce-
tin-A chains are known. Also, the fourth protein might be a �
chain, indicating that flavocetin-Amay actually be composed of
four different chains forming a tetramer of two different het-
erodimers, generating an (��)2(��)2 structure. In this constel-
lation, it can be assumed that the�� heterodimer is responsible
for binding toGPIb based on the data in the original publication
(19); the lack of �2�1 integrin binding by the �� heterodimer
suggests that the �� heterodimer is the �2�1 integrin-binding
moiety. The results from our affinity chromatography with the
immobilized �2A domain corroborate this proposition. The
proposed (��)2(��)2 flavocetin structure has binding sites for
both �2�1 integrin and GPIb, which sterically do not overlap
and allow simultaneous binding of both platelet receptors. This
would make flavocetin a further heterotetrameric CLRP, once
again demonstrating the high versatility of this protein family.
Another CLRP that targets both GPIb and �2�1 integrin is
rhodocetin, and its heterotetrameric nature has been charac-
terized by our group (20). However, the two different het-
erodimers of rhodocetin associate noncovalently only to form a
dimer; in contrast, the flavocetin subunits appear to be covalently
associatedwitheachother.Furthermore,bilinexinalsobinds these
same two receptors and is thought to be a heterotetramer (25).
Under nonreducing conditions, the bilinexin subunits associate to
form a single band just like flavocetin, as shown in our gel analysis.
In conclusion, it is obvious that thediversitywithin theCLRP fam-
ily refers to both structure and function.
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