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Protein rap2 With the Platelet Cytoskeleton Is Mediated
by Direct Binding to the Actin Filaments
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Abstract

The interaction of the low-molecular-weight GTP-binding protein rap2 with the cytoskeleton from

thrombin-aggregated platelets was investigated by inducing depolymerization of the actin filaments, followed by in
vitro-promoted repolymerization. We found that the association of rap2 with the cytoskeleton was spontaneously
restored after one cycle of actin depolymerization and repolymerization. Exogenous rap2, but not unrelated proteins,
added to depolymerized actin and solubilized actin-binding proteins, was also specifically incorporated into the in vitro
reconstituted cytoskeleton. The incorporation of exogenous rap2 was also observed when the cytoskeleton from resting
or thrombin-activated platelets was subjected to actin depolymerization-repolymerization. Moreover, such interaction
occurred equally well when exogenous rap2 was loaded with either GDP or GTPyS. We also found that polyhistidine-
tagged rap2 immobilized on Ni?*-Sepharose and loaded with either GDP or GTPyS, could specifically bind to
cytoskeletal actin. Moreover, when purified monomeric actin was induced to polymerize in vitro in the presence of rap2,
the small G-protein specifically associated with the actin filaments. Finally, rap2 loaded with either GDP or GTPyS was
able to bind to purified F-actin immobilized on a plastic surface. These results demonstrate that rap2 interacts with the
platelet cytoskeleton by direct binding to the actin filaments and that this interaction is not regulated by the activation

state of the protein. J. Cell. Biochem. 75:675-685, 1999.  © 1999 Wiley-Liss, Inc.
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rap proteins are low-molecular-weight GTP-
binding proteins structurally related to the
proto-oncogene product p21s [Torti and Lape-
tina, 1994]. Four members of the rap family of
proteins have been identified: raplA, raplB,
rap2A, and rap2B. Human platelets express
significant levels of both rap1B (95% identical
to raplA) and rap2B (90% identical to rap2A)
[Torti and Lapetina, 1994]. The role of these
small GTPases in platelet function is still poorly
understood. Rap1 has been originally identified
as a transformation suppressor of K-ras [Kita-
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yama et al., 1989]. In fact, the GTP-bound form
of rapl can interact with several targets of
p21s including p120GAP, Raf-1, and ralGDS,
without inducing their activation [Frech et al.,
1990; Zhang et al., 1993b; Spaagaren et al.,
1994]. Based on the ability to interact with
these effectors, it has been demonstrated that
rapl is rapidly activated upon platelet stimula-
tion with physiological agonists like thrombin
[Torti and Lapetina, 1992; Franke et al., 1997].
By contrast, rap2 does not interact with any
known target protein for p21s and does not
antagonize the transforming activity of onco-
genic p212s, Moreover, agonist-induced activa-
tion of rap2 in platelets, as well as in other
cells, has not as yet been reported. Recently, a
new protein, called RPIP8 has been identified
as potential target for rap2, as it specifically
and selectively interacts with the GTP-bound
form of rap2 [Janoueix-Lerosey et al., 1998].
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We have demonstrated that rap2 interacts
with the intracellular cytoskeleton upon plate-
let stimulation with thrombin [Torti et al., 1993].
Translocation of rap2 to the cytoskeleton re-
quires platelet aggregation and is regulated by
the fibrinogen receptor, glycoprotein IIb-IIla
[Torti et al., 1994]. In resting platelets, the
cytoskeleton is mainly composed of actin fila-
ments [Fox, 1993]. Upon stimulation with extra-
cellular agonists, the amount of polymerized
actin increases and other proteins, including
myosin and a-actinin, are incorporated in the
reorganized cytoskeleton [Fox, 1993]. A further
increase in actin polymerization is observed
when stimulated platelets undergo aggrega-
tion. Moreover, in aggregated platelets, the gly-
coprotein IIb-IIla and PECAM-1, and signal
transduction molecules, like phospholipase Cv1,
phosphatidylinositol 3-kinase, pp60s¢, pp72sk,
ppl25¥2K  the small GTPases rapl, rap2, rho,
and CDC42, are recruited into the cytoskeleton
[Wheeler et al., 1984; Fischer et al., 1990; Gron-
din et al., 1991; Newman et al., 1992; Zhang et
al., 1993a; Torti et al., 1993; Tohyama et al.,
1994; Guinebault et al., 1995; Dash et al., 1995].
Therefore, the platelet cytoskeleton is not only
responsible for the morphological changes of
activated platelets, but also represents a net-
work where different signaling molecules are
interacting.

In this work we tried to identify the cytoskel-
etal component that is able to interact specifi-
cally with rap2; we have also analyzed the role
of the nucleotide bound to rap2 in this interac-
tion. We found that rap2 directly binds to actin
filaments and that this interaction is indepen-
dent of the functional state of the protein.

MATERIALS AND METHODS
Materials

Thrombin, GDP, GTPyS, N-hydroxysuccin-
imidobiotin, and polyclonal anti-actin antise-
rum were purchased from Sigma Chemical Co.
(St. Louis, MO). Chelating Sepharose Fast Flow,
and purified bovine serum albumin (BSA), oval-
bumin, and chymotrypsinogen were from Phar-
macia Biotech. Chromozym TH was from Boeh-
ringer Mannheim. The polyclonal antiserum
against rap2 proteins was obtained as previ-
ously described [Winegar et al., 1991]. Bacteria
expressing polyhistidine-tagged rap2A were a
gift from Dr. J. De Gunzburg (INSERM U248,
Istitute Curie, Paris, France). Purified mono-
meric actin was provided by Professor E. Grazi

(Department of Biochemistry and Molecular
Biology, University of Ferrara, Italy). Polyhisti-
dine-tagged SdrCB; , protein, corresponding to
a sequence of the Staphylococcus aureus fibrino-
gen receptor was a gift from Dr. Magnus Hook
(Department of Biochemistry and Biophysics,
Texas A&M University, Houston, Texas) through
Dr. L. Visai (Department of Biochemistry, Uni-
versity of Pavia, Italy). Triton X-100 was from
ICN. Nitrocellulose membranes were obtained
from Costar. Microtiter plates were from Lab-
system. Peroxidase-conjugated avidin was from
Dako. Peroxidase-conjugated secondary anti-
bodies and molecular-weight markers were ob-
tained from Bio-Rad. Enhanced chemilumines-
cence substrate and Reflection film was from
DuPont-NEN. All others reagents were of ana-
lytical grade.

rap2 Purification, Loading, and Biotinylation

Polyhistidine-tagged rap2 expressed in Esch-
erichia coli (strain BL21) was purified in the
GDP-bound form upon lysis by sonication in the
presence of 1 mM GDP by affinity chromatogra-
phy on Ni%2*-Sepharose performed according to
the manufacturer’s instructions. Recombinant
rap2B was purified as described [Molina y Ve-
dia et al., 1990]. Loading with GTPyS was
performed by incubating aliquots of the puri-
fied protein with 500-fold excess (mol/mol)
GTPyS at 30°C for 30 min in 20 mM Tris-HCI,
pH 7.4, 50 mM NacCl, 0.5% dithiothreitol, 1 mM
EDTA. The reaction was stopped by adding 5
mM MgCl,. To evaluate loading efficiency,
samples were extensively dialyzed, and bound
nucleotides were released from the protein by
heating at 95°C for 3 min and then analyzed by
reverse-phase high-performance liquid chroma-
tography RP-HPLC as previously described [Ra-
maschi et al., 1996]. To label purified proteins
with biotin, aliquots of purified rap2 loaded
with either GDP or GTPyS, as well as GDP-
loaded rap2B, purified BSA, ovalbumin, chymo-
trypsinogen, and polyhistidine-tagged SdrCB; ,
protein, were incubated with 20% (w/w)
N-hydroxysuccinimidobiotin in 0.1 M Na,B,O-,
pH 9.5, at room temperature for 2 h, and then
dialyzed overnight at 4°C with 20 mM Tris-
HCI, pH 7.4, 50 mM NaCl, 5 mM MgCl,, 0.5%
dithiothreitol. Final protein concentration was
determined by densitometric scanning of Coo-
massie blue-stained gels, using a calibration
curve obtained with known amounts of BSA.
Protein biotinylation was verified by dot-blot,
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followed by staining with peroxidase-conju-
gated avidin.

Platelet Preparation and Cytoskeleton Extraction

Platelet concentrates were obtained from the
local blood bank (Servizio di Immunoematolo-
gia e Trasfusione, IRCCS Policlinico S. Matteo,
Pavia, Italy). Platelets were centrifuged at
1,200g for 20 min at room temperature and
resuspended in a buffer containing 135 mM
NaCl, 2.7 mM KCI, 12 mM NaHCO;, 0.36 mM
NaH,PO,, 2 mM MgCl,, 0.2 mM EGTA, 5.5 mM
glucose, 0.35% BSA, pH 6.5. Cells were washed
with the same buffer without EGTA and finally
resuspended in a buffer containing 135 mM
NaCl, 2.7 mM KCI, 12 mM NaHCO;, 0.36 mM
NaH,PO,, 1 mM MgCl,, 2.5 mM CaCl,, pH 7.35,
at the final concentration of 4 X 109 platelets/
ml. Samples, containing 40 X 10° platelets (10
ml), were equilibrated at 37°C for 5 min and
then stimulated with 0.6 U/ml thrombin for 5
min with constant stirring to permit maximal
aggregation. To prepare samples of thrombin-
activated, but not aggregated platelets, stirring
was omitted. Samples of resting platelets were
treated with buffer, instead of thrombin.
Samples were then lysed with 1% Triton X-100,
and cytoskeleton was extracted as previously
described [Torti et al., 1993]. Cytoskeleton was
either solubilized with SDS-sample buffer (25
mM Tris, 192 mM Glycine, pH 8.3, 4% SDS, 1%
dithiothreitol, 20% glycerol, 0.02% bromophe-
nol blue, 2% B-mercaptoethanol) for direct elec-
trophoretic analysis or stored at —20°C until
use.

Preparation of the Reconstituted Cytoskeleton

Preparation of the reconstituted cytoskeleton
was performed essentially as previously de-
scribed [Payrastre et al., 1991]. Briefly, cytoskel-
eton from resting, activated, or aggregated
platelets was solubilized with 5 ml of KI-buffer
(100 mM PIPES, pH 7.4, 100 mM KCI, 0.6 M
KI, 1 mM PMSF, 10 pg/ml leupeptin, 10 pg/ml
aprotinin, 100 uM NazVO,) for 50 min at 4°C
under gentle shaking, and centrifuged at
37,000g for 30 min at 4°C. KI-soluble and in-
soluble materials were collected and, in some
experiments, directly dissociated with SDS-
sample buffer. To induce actin repolymeriza-
tion, samples containing 1 ml of Kl-soluble
material were dialyzed overnight with 1 L of
dialysis buffer (10 mM PIPES, pH 6.8, 1 mM

EGTA, 5 mM MgCl,, 1 mM PMSF, 100 uM
NazVO,). In some experiments, 2 png of exog-
enous proteins were added to the Kl-soluble
material before dialysis. Repolymerized actin
and actin-binding proteins (reconstituted cyto-
skeleton, RCSK) were then recovered by cen-
trifugation at 13,000g for 10 min at 4°C and
washed three times with dialysis buffer. The
pellets were finally dissociated with 0.2 ml of
4% SDS, and protein concentration was deter-
mined by the bicinchoninic acid assay. To the
remaining of the samples, an equal volume of a
mixture containing 1% dithiothreitol, 20% glyc-
erol, 0.02% bromophenol blue, and 2% B-mer-
captoethanol was added before electrophoresis
analysis.

Cytoskeleton Binding Assay

Triton X-100-insoluble material from throm-
bin-aggregated platelets was extracted with 5
ml of extraction buffer (10 mM HEPES, 0.5 M
NaCl, 12 mM NaHCOj;, 2.9 mM KCl, 5 mM
EGTA, 1 mM PMSF, 10 pg/ml leupeptin, 1 mM
NazVO,, 1% Triton X-100, 0.3% sodium deoxy-
cholate) for 50 min at 4°C under gentle shaking
and then centrifuged at 37,000g for 30 min at
4°C. Supernatant was collected and 5 mM MgCl,
was added. A total of 20 pg of Ni2*-Sepharose-
bound polyhistidine-tagged rap2—GDP or poly-
histidine-tagged rap2-GTP~yS or an equal vol-
ume of resin without bound proteins was mixed
with 1 ml of cytoskeleton extract and incubated
at 4°C for 2 h under shaking. Beads were then
recovered by brief centrifugation, washed three
times with 1 ml of extraction buffer containing
2% Triton X-100, and finally resuspended in
SDS-sample buffer.

Actin Co-sedimentation Assay

In this assay, 1 or 2 pg of biotinylated pro-
teins was incubated at room temperature with
50 pg of G-actin in 1 ml of buffer containing 2
mM Tris-HCI, pH 7.4, 0.2 mM CaCl,, 0.2 mM
ATP, 2 mM B-mercaptoethanol, 0.02% NaNj; for
10 min. Actin polymerization was induced by
adding 75 mM KCI and 2 mM MgCl, for 1 h at
room temperature. Samples were then brought
up to 1% Triton X-100 and vigorously vortexed
for 10 min to disrupt unspecific binding.
Samples were centifuged at 50,000¢ for 1 h at
25°C. Pellets of polymerized actin were washed
once with the same buffer containing 1% Triton
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X-100 and finally dissolved in 50 ml of SDS-
sample buffer.

Solid-Phase Binding Assay

Purified monomeric G-actin (50 pl, 0.1 mg/
ml) was induced to polymerize by addition of 75
mM KCI and 2 mM MgCl, for 1 h at room
temperature. F-actin was then transferred to
wells of a microtiter plate and coating was
performed by overnight incubation at 4°C.
Plates were washed three times with a solution
containing 0.15 M NaCl and 0.1% Tween 20 to
remove unbound proteins. Additional binding
sites were saturated for 2 h at room tempera-
ture with 6% BSA in 10 mM phosphate-buff-
ered saline (PBS). Biotinylated proteins (100
ng) in 50 pl of 6% BSA were then added, and
incubation was performed for 2 h at room tem-
perature. Unbound proteins were washed out,
and peroxidase-conjugated avidin (1:15,000 di-
lution in 50 pl of 10 mM PBS containing 6%
BSA) was added and incubated for 1 h at room
temperature. Bound proteins were detected by
a colorimetric reaction using o-phenylenedi-
amine dihydrochloride as substrate. Control
samples were prepared by omitting either coat-
ing with F-actin or incubation with biotinylated
proteins.

Electrophoresis and Inmunoblotting

Electrophoresis was performed on 15% and
12% linear or 5-15%, 5—20%, and 10—-20% gra-
dient acrylamide gels. Proteins were either
stained with Coomassie blue or trasferred to
nitrocellulose. Nitrocellulose membranes were
blocked overnight at 4°C with 6% BSA in TBS
(20 mM Tris-HC1, pH 7.5, 0.5 M NaCl) and
incubated with anti-rap2 antiserum (1:1,000
dilution) for 2 h at room temperature. Mem-
branes were washed extensively with 50 mM
Tris-HCl, pH 7.4, 0.2 M NaCl, 1 mg/ml poly-
ethylene glycol (PEG) 20,000, 0.1% BSA,
and 0.05% Tween 20, and incubated with peroxi-
dase-conjugated secondary antibody (1:20,000
dilution) for 45 min. In some experiments,
nitrocellulose membranes were blocked and
then incubated directly with peroxidase-
conjugated avidin (1: 30,000 dilution) for 45
min. Upon extensive washing, reactive proteins
were visualized with a chemiluminescence reac-
tion.

RESULTS

Interaction of rap2 With the Triton
X-100-Insoluble Material and With the
Reconstituted Cytoskeleton From
Thrombin-Aggregated Platelets

The cytoskeleton from resting and thrombin-
aggregated platelets was isolated as Triton
X-100-insoluble material and subsequently
treated with potassium iodine (KI), which
causes depolymerization of the actin filaments.
The Kl-insoluble and KI-soluble fractions were
separated and a reconstituted cytoskeleton
(RCSK) was obtained by dialysis of the KI-
soluble material to induce spontaneous actin
repolymerization. All the prepared fractions
were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and
Coomassie blue staining. As shown in Figure
1A, the stimulation of platelets with thrombin
led to the incorporation of several proteins into
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Fig. 1. Fractionation of the platelet cytoskeleton and redistribu-
tion of rap2. Cytoskeleton (CSK) from resting and thrombin-
aggregated platelets was prepared as Triton X-100-insoluble
material and solubilized with 0.6 M Kl-containing buffer. K-
insoluble (Kl-insol.) and Kl-soluble (Kl-sol.) fractions were col-
lected. A reconstituted cytoskeleton (RCSK) was obtained by
dialysis of the Kl-soluble fraction to allow actin repolymeriza-
tion. A: Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on a 5-15%
acrylamide gradient gel and stained with Coomassie brilliant
blue. B: Proteins were separated by SDS-PAGE on a 10-20%
acrylamide gradient gel, transferred to nitrocellulose, and probed
with the anti-rap2 antiserum. The amount of cytoskeletal pro-
teins applied to each electrophoretic lane was obtained from
0.15 X 107 platelets for the CSK and from 0.3 X 107 platelets for
the other fractions.



rap2 Interaction With Actin 679

the cytoskeleton, including actin-binding pro-
tein, myosin, a-actinin, fibrin or fibrinogen, and
actin. Upon treatment with KI, many of these
proteins were recovered in the soluble fraction,
whereas the Kl-insoluble material was com-
posed mainly of fibrinogen and fibrin and a
small amount of undepolymerized actin. This
finding suggests that fibrin and fibrinogen, ca-
pable of forming an insoluble network, are prob-
ably co-precipitated with the cytoskeleton with-
out being associated with the actin-based
structures. The RCSK obtained by spontaneous
actin repolymerization exhibited a composition
very similar to that of the Triton X-100-in-
soluble fraction, and all the main contractile
proteins were observed.

To investigate the distribution of cytoskeletal-
associated rap2 during the depolymerization-
repolymerization cycle, samples of Triton X-100-
insoluble material, Kl-insoluble and soluble
fractions, and RCSK were analyzed by immuno-
blotting using a rap2-specific antiserum. Fig-
ure 1B shows that rap2 interacts with the cyto-
skeleton upon thrombin stimulation, and that
totally redistributes to the KI-soluble material
upon actin depolymerization. Moreover, rap2
was also able to reassociate to the reconstituted
cytoskeleton when actin repolymerization was
promoted in vitro by dialysis.

Interaction of Exogenous rap2 With the
Reconstituted Cytoskeleton Is Independent of the
Bound Nucleotide

We then investigated whether exogenous rap2
added to the KI-soluble fraction could be specifi-
cally incorporated into the RCSK. In this study,
2 ng of purified rap2 labeled with biotin, or 2 pg
of unrelated biotinylated proteins used as con-
trol (BSA, ovalbumin, and chymotrypsinogen),
was added to samples of KI-soluble material
before the induction of actin repolymerization
by overnight dialysis. Chymotrypsinogen was
selected as control protein because its molecu-
lar mass is similar to that of recombinant rap2.
Although chymotrypsinogen could liberate the
active protease, which could alter the assay
conditions, we never observed the generation of
the active enzyme during all our experiments,
as evaluated by spettrophotometric determina-
tion using the synthetic substrate Chromozym
TH (data not shown). Despite the larger molecu-
lar mass, BSA and ovalbumin possess a net
electric charge similar to rap2 (pl 5.8, 5.1, and

4.7 for BSA, ovalbumin, and rap2, respec-
tively). Aliquots of the reconstituted cytoskel-
eton, along with aliquots of the biotinylated
proteins added to the samples, were separated
by SDS-PAGE on a 10-20% acrylamide gradi-
ent gel, transferred to nitrocellulose and probed
with peroxidase-conjugated avidin. Only biotin-
ylated rap2 was incorporated into the RCSK
(Fig. 2A). By densitometric analysis of several
experiments, we calculated that about 20-30%
of the exogenous purified rap2 associated with
the reconstituted cytoskeleton. To rule out the
possibility that incorporation of exogenous rap2
into the RCSK could be mediated by unspecific
binding through the polyhistidine tag of the
protein, we performed control experiments us-
ing both recombinant rap2B with no polyhisti-
dine tag purified from E. coli in the GDP-bound
form by conventional chromatographic meth-
ods [Molina y Vedia et al., 1990], and an unre-
lated protein (SdrCB, ) corresponding to a do-
main of a bacterial fibrinogen receptor, purified
as a polyhistidine-tagged protein [Josefsson et
al., 1998]. This protein possesses a molecular
mass of about 30 kDa and an electric charge
similar to that of rap2 (plI 4.45). Figure 2B
shows that rap2B, but not polyhistidine-tagged
SdrCB; , protein, was incorporated into the
RCSK. These results indicate that the polyhis-
tidine tag is not responsible for the interaction
of rap2 with the RCSK and that, not only rap2A,
but also rap2B can associate with the reconsti-
tuted cytoskeleton. Therefore, this experimen-
tal approach can be used to further investigate
the mechanisms of rap2 interaction with the
cytoskeleton.

Upon platelet stimulation with thrombin,
some proteins, such as myosin or a-actinin,
rapidly associate with the actin filaments,
whereas others, including several signaling mol-
ecules, interact with the cytoskeleton exclu-
sively during platelet aggregation [Fox, 1993].
To identify the cytoskeletal proteins able to
interact with rap2, Kl-soluble fractions were
prepared from the Triton X-100-insoluble mate-
rial isolated from resting, thrombin-activated,
and thrombin-aggregated platelets, and incu-
bated with exogenous rap2 before induction of
actin repolymerization. To analyze the role of
the nucleotide bound to rap2 in the association
with the RCSK, purified rap2 proteins loaded
with either GDP or GTPvS were used. Figure 3
shows that both rap2—GDP and rap2-GTPyS
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Fig. 2. Exogenous rap2 specifically associates to the reconsti-
tuted cytoskeleton. A: Samples of Kl-soluble material (1 ml)
obtained from the cytoskeleton of thrombin-aggregated plate-
lets were incubated with buffer (lane 1) or with 2 pg of purified
biotinylated rap2 (lane 2), bovine serum albumin (BSA) (lane 3),
ovalbumin (lane 4), and chymotrypsinogen (lane 5). Actin
polymerization was induced by overnight dialysis, and the
reconstituted cytoskeleton (RCSK) was recovered by centrifuga-
tion. A total of 20 pg of RCSK proteins from each sample
(typically 5-10 pl) was loaded on a 10-20% acrylamide gradi-
ent gel together with 50 ng of the biotinylated proteins used
(standards): rap2 (lane 2), BSA (lane 3), ovalbumin (lane 4), and
chymotrypsinogen (lane 5). Upon transfer to nitrocellulose,
biotinylated proteins were detected by staining with peroxidase-
conjugated avidin. The band at about 60 kDa in the rap2
standard represents a dimeric form of the purified protein. B:
The reconstituted cytoskeleton was prepared in the presence of
2 pg of polyhistidine-tagged SdrCB; , (A), or purified rap2B with
no polyhistidine tag (B). A total of 20 pg of RCSK proteins and 50
ng of the biotinylated proteins used (standards) was separated
on a 10-20% acrylamide gradient gel, transferred to nitrocellu-
lose and stained with peroxidase-conjugated avidin.

interact with the reconstituted cytoskeleton,
indicating that this interaction was indepen-
dent of the bound nucleotide. Moreover, exog-
enous rap2—GDP and rap2—-GTPvS were able to
associate equally well to the RCSK obtained
from the cytoskeleton of both resting, thrombin-
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Fig. 3. Role of the guanine nucleotide in the association of
purified rap2 with the reconstituted cytoskeleton. RCSK was
obtained by dialysis of Kl-soluble material prepared from the
cytoskeleton of resting, thrombin-activated, and thrombin-
aggregated platelets. Before dialysis, 2 pg of rap2 loaded with
GDP (D-rap2), 2 pg of rap2 loaded with GTPyS (T-rap2) or
buffer (none) were added to the Ki-soluble fraction. RCSK
proteins from each samples (20 pg) were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
on a 10-20% acrylamide gradient gel, transferred to nitrocellu-
lose, and probed with the anti-rap2 antiserum.

activated, and thrombin-aggregated platelets.
This finding indicates that although rap2 trans-
locates to the cytoskeleton only during aggrega-
tion in intact platelets, the cytoskeleton of rest-
ing platelets already includes the molecular
components that are able to bind rap2.

Rap2 Binds Directly to the Actin Filaments

On the basis of the results obtained, we inves-
tigated the ability of rap2 to bind directly to the
actin filaments. Cytoskeleton from thrombin-
aggregated platelets was isolated as Triton
X-100-insoluble material and extracted with
0.5 M NaCl and 0.3% sodium-deoxycholate. The
supernatant (cytoskeleton extract) was mixed
with 20 pg of polyhistidine-tagged rap2—-GDP
or rap2—-GTP~vS bound to Ni2*-Sepharose beads,
or with an equal amount of resin with no bound
proteins. The resin beads were recovered by
centrifugation, and the presence of actin was
analyzed by immunoblotting, using a specific
antiserum. As shown in Figure 4A, actin from
the cytoskeleton extract was able to bind equally
well to immobilized rap2-GDP and rap2-
GTP~S, but not to the Ni2*-Sepharose resin
alone. Moreover, no immunoreactive proteins
were detected when immobilized rap2 was incu-
bated with buffer, ruling out the possibility of
cross-reactivity with contaminant proteins (Fig.
4A). To investigate whether any other cytoskel-
etal protein could specifically bind rap2, identi-
cal samples were analyzed by SDS-PAGE and
Coomassie blue staining. Figure 4B shows that
many bands, in addition to those corresponding
to rap2, were evident. However, many of them
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Fig. 4. Rap2 binds to cytoskeletal actin. Cytoskeleton from
thrombin-aggregated platelets was extracted with 0.5 M NaCl
and 0.3% sodium-deoxycholate. The cytoskeleton extract (CSK
extract) was mixed with Ni?*-Sepharose (Res-none) or with
Ni2*-Sepharose bound to polyhistidine-tagged rap2 loaded with
either GDP (Res-D-rap2) or GTPyS (Res-T-rap2). In parallel
samples, the cytoskeletal extract was substituted with an equal
volume of buffer (buffer). A: Proteins bound to immobilized
rap2, as well as an aliquot of the total CSK extract (total), were
separated by sodium dodecy! sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) on a 10-20% acrylamide gradient gel,
transferred to nitrocellulose, and probed with anti-actin antise-
rum. B: Proteins bound to immobilized rap2 were separated by
SDS-PAGE on a 5-15% acrylamide gradient gel, and stained
with Coomassie blue.

probably represented contaminants or degrada-
tion products of the rap2 preparations, since
they were also present in the samples lacking
the cytoskeleton extract. Only a faint band of
about 45 kDa, probably corresponding to actin,
was evident when GDP- or GTPyS -loaded rap2
was incubated with the cytoskeleton extract,
but not with buffer.

To verify the direct binding of rap2 with ac-
tin, 1 pg of rap2, loaded with both GDP and
GTP~vS and labeled with biotin, or 2 pg of
the biotinylated control proteins polyhisti-
dine-tagged SdrCB; 5, BSA, ovalbumin, and chy-
motrypsinogen was mixed with 50 pg of
monomeric purified actin (G-actin), and poly-
merization was induced. Polymerized actin was
recovered by centrifugation and analyzed by
SDS-PAGE, followed by Coomassie blue stain-
ing or Western blotting. Staining with Coo-
massie blue demonstrated that the same
amount of actin was polymerized in the differ-
ent samples (Fig. 5A). By contrast, staining
with peroxidase-conjugated avidin to detect the
presence of biotinylated proteins, showed that
rap2-GDP and rap2-GTP~yS, but not the con-
trol proteins, co-sedimented with purified poly-
merized actin (Fig. 5B). To investigate whether
rap2 was also able to bind to monomeric actin,
50 pg of purified actin in monomeric form was
mixed with 1 pg of polyhistidine-tagged rap2
loaded with either GDP or GTP~yS, without
inducing polymerization. Because monomeric
actin cannot be recovered by centrifugation,
polyhistidine-tagged rap2 bound to Ni%2*-Sepha-
rose were used. As a control, a sample contain-
ing monomeric purified actin was incubated
with the same amount of resin with no bound
proteins. Upon recovery of the resin-bound pro-
teins by brief centrifugation, the presence of
actin was analyzed by immunoblotting using a
specific antiserum. Neither GDP- nor GTP~vS-
loaded rap2 was able to bind monomeric actin
(Fig. 5C).

Finally, binding of rap2 to actin filaments
was tested by a solid-phase binding assay. Wells
of a microtiter plate were coated with filamen-
tous actin and then incubated with biotinylated
rap2-GDP, rap2-GTPyS, BSA, ovalbumin, or
chymotrypsinogen. Binding of biotinylated pro-
teins to immobilized actin was tested using
peroxidase-conjugated avidin. As shown in Fig-
ure 6, only a significant binding of rap2-GDP
and rap2-GTPyS to immobilized F-actin was
observed. Therefore, we conclude that rap2 di-
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Fig. 6. Solid-phase binding assay. Wells of a microtiter plate
were coated with 5 pg F-actin and incubated with 100 ng of
biotinylated rap2-GDP (D-rap2), rap2—-GTPyS (T-rap2), BSA,
ovalbumin (oval.), or chymotrypsinogen (chymotr.). Binding of
biotinylated proteins to immobilized F-actin was measured by a
peroxidase-conjugated avin-based reaction. Results are means =
SD of three separated experiments.

rectly and specifically interacts with polymer-
ized actin.

DISCUSSION

In this work, we have demonstrated that the
small GTP-binding protein rap2 directly binds
to the actin filaments of platelet cytoskeleton.
By treating the cytoskeleton extracted from
thrombin-aggregated platelets with potassium
iodine, which is known to cause actin depolymer-
ization and solubilization of the actin-binding
proteins, we observed the presence of rap2 in
the soluble material. Moreover, by extensive

Fig. 5. Actin co-sedimentation assay. Purified actin (50 pg)
was induced to polymerize in the absence of biotinylated
proteins (lane 1), or in the presence of 1 pg of biotinylated
rap2-GDP (lane 2), rap2-GTPyS (lane 3), or 2 pg of polyhisti-
dine-tagged SdrCB;, (lane 4), bovine serum albumin (BSA)
(Iane 5), ovalbumin (lane 6), and chymotrypsinogen (lane 7).
F-actin was recoverd by high-speed centrifugation. A:. F-actin
samples were analyzed by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) on a 12% acrylamide
gradient gel and Coomassie blue staining. B: F-actin samples
were separated by SDS-PAGE on a 12% acrylamide gel, fol-
lowed by Western blotting and staining with peroxidase-
conjugated avidin. On the same gel, 50 ng of the biotinylated
rap2 proteins and 100 ng of all the other proteins used (stan-
dards) were also loaded (right). C: Purified monomeric actin was
incubated with Ni2*-Sepharose (Res-none) or with Ni**-
Sepharose bound to polyhistidine-tagged rap2 loaded with ei-
ther GDP (Res-D-rap2) or GTPyS (Res-T-rap2). In these samples,
actin polymerization was not induced. Proteins bound by immo-
bilized rap2, together with 50 ng of purified actin (actin), were
loaded on a 10-20% acrylamide gradient gel, transferred to
nitrocellulose and probed with the anti-actin antiserum.
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dialysis of the KlI-soluble fraction, monomeric
actin underwent spontaneous polymerization
and associated with other solubilized cytoskel-
etal proteins to form a reconstituted cytoskel-
eton similar to the Triton X-100-insoluble mate-
rial. We found that rap2, released from the
Triton X-100-insoluble material upon treat-
ment with KI, spontaneously reassociated with
the F-actin enriched fraction. Moreover, exog-
enous purified rap2, but not unrelated proteins,
could specifically be incorporated into the actin-
filaments network. The results presented herein
have been obtained using recombinant rap2A
purified as a polyhistidine-tagged protein. How-
ever, identical results were also obtained using
rap2B purified from recombinant E. coli as pre-
viously described [Molina y Vedia et al., 1990].
Moreover, an unrelated protein containing a
similar polyhistidine tag, molecular mass, and
electric net charge as the rap2 proteins used in
this work was unable to interact with the recon-
stituted cytoskeleton. Therefore, interaction of
rap2 with the network of actin filaments was
not mediated by unspecific binding through the
polyhistidine tag, and occurred when both
rap2A and rap2B, which are about 90% homolo-
gous, were analyzed. The other unrelated pro-
teins used to demonstrate the specificity of the
interaction of rap2 with the reconstituted cyto-
skeleton have little in common with rap2 itself.
Therefore, they may not represent as the most
appropiated controls, and other small GTPases
similar to rap2 may appear more suitable. How-
ever, because several low-molecular-weight
GTP-binding proteins, including members of
the ras, rap, and rho families, are known to
interact with the cytoskeleton in platelets and
in nucleated cells [Fischer et al., 1990; Hall,
1992; Zhang et al., 1993a; Dash et al., 1995;
Tapon and Hall, 1997], they cannot be used as
negative controls in our study. On the other
hand, the unrelated proteins used in this work
display features, including molecular mass, elec-
tric charge, and polyhistidine tag, which re-
semble those of rap2. Therefore, they are useful
to rule out the possibility of an association of
rap2 attributable to protein trapping or to un-
specific electrostatic interaction.

Our findings demonstrate that rap2 interac-
tion with the cytoskeleton is a specific and
reversible process that persists as long as actin
is maintained in a polymerized form. This is in
agreement with our previous work demon-
strating that cytochalasin D, which blocks actin

polymerization without affecting platelet aggre-
gation, prevents rap2 translocation to the cyto-
skeleton induced by thrombin [Torti et al., 1994].
The incorporation of rap2 into the actin-based
cytoskeleton could be mediated by either direct
binding to the actin filaments or binding to
some different actin-associated proteins. A di-
rect interaction with actin has been reported
for some signaling molecules such as the adap-
tor protein SHC and phospholipase Cy1 [Tho-
mas et al., 1995; Pei et al., 1996]. By contrast,
the phosphatidylinositol 3-kinase has been
found to interact with the actin-based cytoskel-
eton indirectly by binding to cytoskeletal-asso-
ciated pp125FK [Guinebault et al., 1995].

The fact that rap2 is an actin-binding protein
is supported by several pieces of evidence: (1)
exogenous rap2 is incorporated into the recon-
stituted cytoskeleton prepared even from rest-
ing platelets, in which other signaling mol-
ecules are not present and actin is the main
component; (2) rap2 immobilized on Sepharose
beads is able to interact specifically with the
cytoskeletal actin; (3) when purified monomeric
actin is induced to polymerize in the presence of
rap2, this protein is incorporated into the actin
filaments; and (4) rap2 binds specifically to
preformed actin filaments immobilized on a
plastic surface. These findings suggest that rap2
interacts exclusively with the polymerized, but
not with the monomeric form of actin. This was
directly confirmed by the evidence that incuba-
tion of Sepharose-bound rap2 with purified mo-
nomeric actin did not result in any detectable
interaction.

It was surprising to find that the interaction
of rap2 with actin filaments is independent of
the bound nucleotide. In fact, rap2 loaded with
either GDP or GTPyS was found to bind equally
well to actin in all the experimental approaches
that we have used. Therefore, actin cannot be
considered an effector for rap2. Moreover, our
results indicate that cytoskeletal associated
rap2 can potentially undergo nucleotide ex-
change and activation without being released
from the actin filament network. Consequently,
cytoskeletal bound rap2 can still bind and regu-
late unknown downstream effectors. In this
regard, binding to the actin filaments may rep-
resent a means of correctly locating rap2 in a
suitable environment to allow its interaction
with other signaling molecules. Alternatively, it
is also possible that, in intact cells, the GTP-
bound form of rap2 interacts with the cytoskel-
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eton and then undergoes inactivation through
the stimulated GTPase activity without disso-
ciation from the actin filaments.

Actin filaments represent the main compo-
nent of the cytoskeleton in both resting, acti-
vated and aggregated platelets [Fox, 1993].
Thus, potential binding sites for rap2 are al-
ways present in the cytoskeleton of platelets
independently of the functional state of these
cells. In fact, we have demonstrated that exog-
enous rap2 can actually interact with the recon-
stituted cytoskeleton prepared not only from
aggregated, but also from activated and even
resting platelets, while, in intact cells, endog-
enous rap2 can be detected only in the cytoskel-
eton from aggregated platelets. However, it is
unlikely that the association of rap2 with the
cytoskeleton is exclusively regulated by the
amount of polymerized actin. In fact, it is known
that the amount of polymerized actin, which
represents about 30—40% of the total actin in
resting platelets, increases to 60-70% upon
stimulation with thrombin [Fox, 1993], and the
cytoskeletal rap2 is strongly detectable in the
latter case, but totally undetectable in the
former one [Torti et al., 1993, 1994]. Moreover,
it is known that thrombin-induced actin poly-
merization also occurs in thrombasthenic plate-
lets, without concomitant translocation of rap2
to the cytoskeleton [Torti et al., 1994]. There-
fore, it seems more likely that, although poten-
tial binding sites are already present in the
cytoskeleton of resting platelets, interaction
with rap2 is prevented, and occurs only as
consequence of specific signals generated dur-
ing platelet aggregation. Based on a previous
report [Torti et al., 1994], we can consider a
major role played by the fibrinogen receptor
glycoprotein IIb-IIla in the generation of the
signals promoting rap2 translocation to the cy-
toskeleton. In fact, glycoprotein ITb-IIIa medi-
ates platelet aggregation and translocates to
the cytoskeleton with kinetics similar to that of
rap2 and in stoichiometric amount. The experi-
mental model described in this work can be
used for future investigation to better under-
stand the mechanisms promoting rap2 interac-
tion with the actin filaments in intact platelets
during aggregation.
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