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A major protein component of focal adhesions is vin-
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I examined the binding kinetics between integrin
aIIbb3) and purified focal adhesion proteins, including
-actinin, filamin, vinculin, talin, and F-actin. Using
tatic light-scatter technique, I observed affinities of
he order talin > filamin > F-actin > a-actinin > (talin
hen bound to vinculin) which were lower when inte-
rin was complexed with fibronectin. No binding be-
ween integrin and vinculin was detected. The calcu-
ated dissociation constants (Kd) ranged between 0.4
M and 5 mM. These results in part confirm previously
ublished data using different methods. The modest
ffinity with which the focal adhesion proteins inter-
ct in vitro might be indicative of how cells, e.g.,
hrombocytes, gain a high degree of versatility and
elocity. © 2000 Academic Press

Key Words: focal adhesion protein interactions;
tatic light scattering.

An important link between the actin cytoskeleton
nd the plasma membrane, the focal adhesion complex
FAC) consists of a complex of proteins that assemble
t sites of attachment of the cell to the extracellular
atrix. The transmembrane proteins mediating these

ontacts are members of the integrin family of extra-
ellular matrix (ECM) receptors. Integrins are het-
rodimeric proteins that span the plasma membrane
ilayer, and the cytoplasmic domain is responsible for
inkage of the actin cytoskeleton (CSK) (1). A number
f proteins are found in the FAC at the intracellular
ace of the plasma membrane, including vinculin, talin,
-actinin, and filamin. Which proteins are required for
he formation of FAC is still under investigation, and
he order and affinity with which these proteins bind
ntegrins is only partly understood.

Abbreviations used: FAC, focal adhesion complex; ECM, extracel-
ular matrix; CSK, cytoskeleton; BSA, bovine serum albumin; LS,
ight scattering.

1 This work is dedicated to Dipl. Biol. Irene Sprenger who died
ragically in 1999.
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ulin. Vinculin binds talin, a-actinin, actin, and itself,
ut not integrin (2–5). As with other components of the
ocal adhesion complex, vinculin illustrates the appar-
nt redundancy of contacts mediating the connection of
ctin to the plasma membrane. Talin has been demon-
trated to bind the intracellular domains of the inte-
rin b1, b1A, and b1D-chain (6, 7). The binding of talin
o integrins may be under the control of phosphoryla-
ion, caused for example by interleukin-1-b; talin’s
unction as a linker protein can be reversed by the
alcium-dependent protease calpain (8, 9). a-Actinin is
n actin cross-linking protein that, in nonmuscle cells,
s regulated by Ca21 and forms filament aggregates
anging from bundles to open networks (10). A direct
inding of a-actinin to integrin (b1 and b2) has been
ocumented (11, 12), and the importance of this protein
n vivo is suggested by the finding that injection of
-actinin fragments into living cells disrupts their cy-
oskeleton (13). In addition to these components of
ocal adhesions, other proteins are found to be prefer-
ntially associated with these structures, including fil-
min and F-actin (14–16). Sharma et al. (17) showed
hat filamin (ABP-280) binds specifically to the cyto-
lasmic tail of b2-integrin CD18 subunit; and more
ecently, Kieffer et al. (18) reported direct binding of
-actin to the cytoplasmic domain of the a2-integrin
hain. These less abundant proteins may be responsi-
le, in part, for the regulation of the larger focal contact
omplex.
In this study, the author used kinetic methods on

urified focal adhesion proteins to determine their af-
nity with integrin (aIIbb3). These interactions are be-

ieved to be essential, e.g. for ‘inside 7 out’ signaling
uring platelet activation and cytoskeletal restructur-
ng (19).

ATERIALS AND METHODS

Protein preparations. Actin was prepared according to proce-
ures of Spudich and Watt (20) from acetone powder obtained from
abbit back muscle; this was followed by a gel filtration step as
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
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described by MacLean-Fletcher and Pollard (21). The biological ac-
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ivity of the purified actin was tested, using falling ball viscometry,
nd its concentration was determined at e290nm 5 26,460 M21 cm21.
ractionated G-actin was stored in G-buffer: 0.2 mM Tris/HCl, pH
.5; 0.2 mM CaCl2, 0.5 mM ATP, 0.2 mM DTT, and 0.005% NaN3, for
o longer than 10 days. For the light-scatter studies, G-actin was
olymerized overnight at 4°C in 0.2 mM Tris/HCl, pH 7.5; 100 mM
Cl, 2 mM MgCl2, 1 mM EGTA, 0.2 mM CaCl2, 0.2 mM DTT, 0.5 mM
TP.
a-Actinin was isolated from turkey gizzard as described by Craig et

l. (22) and further purified by a hydroxylapaptit column. The purity
as determined according to Laemmli (23). The protein was sterile-
ltered and kept at 4°C in the dark. The protein concentration was
easured by UV spectroscopy, using e278nm 5 97,000 M21 cm21.
Filamin was isolated using the method of Shizuta et al. (24). Low

onic strength extraction of chicken gizzard was followed by Mg21

nd (NH4)2SO4 precipitation, ion exchange, and gel filtration column
hromatography. For all experiments, an additional hydroxylapatite
olumn was used to further purify the protein (25). The purity of the
lamin was determined using SDS/PAGE. The concentration of pu-
ified filamin was measured by UV spectroscopy, using e278.5nm 5
05,000 M21 cm21, following the method of Bradford (26) with BSA as
tandard. A molecular mass of 270 kDa for monomeric filamin was
sed.
Talin and vinculin were isolated from outdated human thrombo-

ytes by the Collier and Wang method (27). After the first ionic
xchange column, talin was passed through a gel filtration column,
nd vinculin was passed through an additional hydroxylapatite col-
mn (eluted by a linear gradient from 0.02 M to 0.4 M KH2PO4),
urther purifying each (28). The purity of the proteins was analyzed
n SDS mini-slab gels. Protein concentrations were determined ac-
ording to Bradford (26).
Integrin aIIbb3 was isolated from human thrombocytes using the
ethod of Fitzgerald et al. (29). Given results of the subsequent

inding studies, the procedure was slightly altered in the following
ay: Triton X-100 was replaced by the non-ionic detergent,
-octylpolyoxyethylene (POE). After the final isolation step
Sephacryl S300 column), the purity was determined by SDS/PAGE.
rotein concentrations were determined according to (30), a modified
ethod by Lowry.
Fibronectin was purchased from CALBIOCHEM (Fulterton, CA)

nd used without further purification. The experimental buffer con-
ained 2 mM Tris/HCl, 50 mM KCl, pH 7.5, 2 mM MgCl2, 2 mM
aCl2, 0.2 mM DTT, and 0.5 mM Na2ATP; measurements were

FIG. 1. SDS/PAGE. Actin (;42 kDa), a-actinin (;100 kDa), vin-
ulin (;116 kDa), and integrin (aIIb-chain ;93 kDa; b3-chain ;136
Da at 1:1 stochiometry) as well as talin (;205 kDa) and filamin
;250 kDa) were analyzed by 10 and 7.5% SDS–PAGE, respectively.
ach lane was loaded with 5 mg protein.
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erformed at 20°C. Figure 1 shows all purified proteins on 10 and
.5% SDS/Page, respectively.

Steady state measurements. Binding studies were carried out in a
erkin Elmer Fluorolog 50B Spectrophotometer (Fig. 2). Briefly,
onochromated light was passed through a quartz cuvette—

ontaining the proteins in solution—and detected by a photodiode.
he metal cell holder of the 0.3 ml measuring cuvette was controlled
hermostatically by an external water bath (60.1°C). During titra-
ion protein solutions were added and gently mixed by hand to
revent the formation of air bubbles. The light-scatter (LS) intensity,
, was recorded at 380 nm and a 90° angle to the incident light. This
avelength was chosen to avoid interference from protein adsorption
t 280 nm. Since light at 90° angle can measure the amount of
rotein bound and the protein of reflected light in the light path is
easured at 380 nm, unbound protein has little influence on the

etected signal. Data were collected on an Apple Macintosh IIfx
omputer and later transferred to a Power Macintosh 7300/200 for
ata analysis.
Assuming the binding of A and B is in rapid equilibrium, the

verall equilibrium constant of C, K is defined by the following
elation:

A 1 B ¢O¡
K

C; K 5 @C#/@A#*@B#, [1]

here A is integrin (aIIbb3), or integrin complexed with fibronectin at
molar ratio of 1:1; B is a-actinin, filamin, talin, vinculin, F-actin, or
bronectin; C is protein complex; K is overall equilibrium constant,
nd the dissociation constant, Kd is determined from the relation
d 5 1/K. The protein concentration is given in parenthesis. With

ncreasing protein concentration of B, an augmentation of the light
catter intensity, I should be observed. This behavior is expected as
he equilibrium constant, K represents the relation of [C]/[A]*[B] and
ince higher protein concentration of B should lead at constant
rotein concentration of A to increased protein complex formation C
hich is proportional to the light scatter intensity, I.
Data obtained from steady-state titrations were corrected for any

ilution effects from the added protein and then fitted by a nonlinear
east-squares fitting routine to the following equation (31): b2[A]0 2
([A]0 1 [B]0 1 Kd) 1 [B]0 5 0, where [A]0 is the starting concentra-
ion of integrin (aIIbb3), or integrin complexed with fibronectin at a
olar ratio of 1:1, [B]0 is the total concentration of a-actinin, filamin,

alin, vinculin, F-actin, or fibronectin added, Kd is the dissociation
onstant, and b is the fractional saturation of A by B. b is defined in

FIG. 2. Spectrophotometer. Schematic diagram of the fluid han-
ling and detection system for the Fluorolog 50B spectrophotometer
rom Perkin Elmer.
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erms of I, as b 5 (I0 2 I)/(I0 2 I`), where I0 and I` are the intensity
or zero and infinite concentrations of B, respectively.

ESULTS

Equilibrium binding measurements. Steady state
inetics was used to demonstrate the protein–protein
inding sequence in this multiprotein system. The ex-
erimental approach to this investigation of the equi-
ibrium between purified integrin (aIIbb3) and other
ocal adhesion proteins was straightforward. The high
ignal-to-noise ratio of the light-scatter intensity, I,
llowed the direct measurement of the dissociation
onstant, Kd using titration (see Eq. 1). Figures 3A–3F
how the hyperbolic dependence of the LS signal with
espect to total focal adhesion protein concentration,
nd the line gives the best fit to the data. Table 1 shows
he Kd for all protein species interacting with integrin
r integrin complexed with fibronectin at a molar ratio
f 1:1. The results indicate an increase in molar affinity
n the order of talin . filamin . F-actin . a-actinin .
vinculin complexed with talin). However, the affinity

FIG. 3. Titration curves. Titrations were performed in the spectr
D) vinculin complexed with talin at a molar ratio of 1:1, (E) talin, and
a), or 3 mM integrin and fibronectin at a molar ratio of 1:1 (b), and 2
TT, 0.5 mM Na2ATP at 20°C. The data were analyzed as described

riplicate experiments; SD , 5%.
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or the integrin-fibronectin complex was lower com-
ared to integrin; this may be an indication of the
ignaling path, e.g. in platelets. The Kd calculated for
-actinin compares well with data published by Otey et
l. (11), using solid phase binding assay. Recently,
avalko and LaRoche (12) have shown that activation
f neutrophils induces the interaction between integrin
2 subunit CD18 and a-actinin. Using gel filtration,
orwitz et al. (6) described a linkage between fibronec-

in, CSAT antigen—an integral membrane glycopro-
ein complex, i.e., integrin b1—and talin, and reported

Kd for CSAT antigen and talin of ;0.7 mM. More
ecently using solid phase binding assay, Knezevic et
l. (7) reported a direct interaction between integrin
IIbb3 and talin with an even higher affinity (Kd 5 0.015
M). In the present study, the steady-state kinetic
ethod showed, the Kd to be approximately 0.4 mM. In

pite of the amount of research elucidating the binding
f integrins with focal adhesion proteins, only a few
issociation constants have been published. Mueller
32) found that for fibrinogen binding to integrin aIIbb3

otometer at 380 nm by adding (A) a-actinin, (B) filamin, (C) F-actin,
) fibronectin into a quartz cuvette containing 0.3 ml of 3 mM integrin

Tris/HCl, 50 mM KCl, pH 7.5, 2 mM MgCl2, 2 mM CaCl2, 0.2 mM
the text and the solid line is the best fit. Data shown are means of
oph
(F
mM
in
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omplexed in lipid bilayers a Kd of ;0.050 mM, which is
factor ten times larger than measured here. High Kd

alues for talin and paxillin binding to vinculin have
lso been reported. The affinities measured by LS (un-
ublished results) were about an order of magnitude
ower than 1028 M and 6 3 1028 M (2, 33).

Despite the reported differences in Kd, which are
robably based on the techniques, detection methods,
nd buffer conditions, i.e., temperature, ionic strength,
nd pH used, this detailed study using one method and
dentical experimental conditions throughout opens up
he possibility of a more comprehensive understanding
f the role of focal adhesion complex (FAC) formation.
pplying steady state kinetics to highly purified FAC
roteins has provided insights into the mechanism and
rder of how these species associate in vitro and has
iven some clues about its dynamic nature in cells. For
nstance, where focal adhesion proteins interact with

odest affinity, cells normally gain a high degree of
ersatility and velocity in the assembly and disassem-
ly of focal adhesion sites as reported for thrombocytes
34).

ISCUSSION

Cell adhesion to ECM is necessary for the mainte-
ance of cell growth and function. Cells attach to ECM
olecules, such as fibronectin, through the binding of

ell-surface integrin receptors that cluster in localized
ttachment domains called focal adhesions. Originally,
ocal adhesions were defined morphologically, as those
egions of the ventral cell membrane that came in
losest contact with the underlying ECM and in which
ctin stress fibers terminated. However, more recent
tudies demonstrate that cell adhesion is mediated
hrough the formation of the FAC, which contains
ctin-associated proteins similar to the ones used here.

Kd for the Binding of Proteins to Integrin
and Integrin-Fibronectin Complex

Proteins

Kd 5 1/K (mM)

Integrin
Integrin/

Fibronectin (1:1)

ibronectin 0.4 —
alin 0.4 0.6
ilamin 1.2 1.5
-actin 2.2 4.0
-Actinin 2.5 3.0
inculin/Talin (1:1) 2.8 5.2

Note. The dissociation constant, Kd (mM) for integrin or integrin
omplexed with fibronectin at a molar ratio of 1:1 and a-actinin,
lamin, F-actin, vinculin complexed with talin at a molar ratio of 1:1,
alin, and fibronectin. Experimental conditions were as described in
he legend to Fig. 2.
556
ith the cytoplasmic portion of integrins and thus
hysically interconnect ECM with the CSK. Hence this
ransmembrane path for transfer of CSK tension to the
CM is critical for cell spreading, cell migration, and

issue remodeling. Structural interconnections be-
ween integrins and FAC proteins also mediate mech-
nonsensations, the process by which cell sense and
espond to external mechanical signals. In addition,
he FAC appears to function as a site for local chemical
ignaling by integrins (35).
Thus, so far, the mechanism of FAC assembly and

rganization is only poorly understood. This study
emonstrates that all focal adhesions proteins except
inculin bind directly to integrin (aIIbb3) with modest
ffinity. Although it is known that large numbers of
ntracellular proteins and transmembrane proteins
an associate indirectly with integrins, only a few pro-
eins have been shown to bind directly. The identifica-
ion of proteins interacting directly with integrin is the
rst step towards understanding the FAC (36, 37), and
esults presented in the present study provides further
nsight into how the focal adhesion proteins may po-
entially interact with integrin (aIIbb3) in thrombo-
ytes. The order with which these proteins associate
ith integrin—judged by their affinity—and, possibly,
re recruited in the signaling pathway is intriguing
nd now needs to be tested in vivo.
Previous studies using a mouse embryonic F9 cell

ine showed that transmembrane force transfer across
ntegrins correlates with the recruitment of the FAC
roteins, vinculin, talin, and a-actinin and thus, phys-
cal linkage of integrins to the actin cytoskeleton (38,
9). F9 cells that lacked vinculin retained the ability to
orm filopodia and contained normal levels of total

FIG. 4. Schematic representation of ECM7 Intern signaling.



polymerized and cross-linked actin, yet they could not
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orm lamellipodia, assemble stress fibers, or efficiently
pread when plated on fibronectin. However, when vin-
ulin was replaced by transfection, the efficiency of
ransmembrane coupling, stress fiber formation, and
ell spreading were all restored to near wild-type lev-
ls. This demonstrates that vinculin and probably
ther focal adhesion proteins present downstream mol-
cules that mediate the transfer of mechanical and/or
iochemical signals from integrins to the cytoskeleton
Fig. 4).
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