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Activation of the small GTPases, rac and cdc42, after ligation of
the platelet PAR-1 receptor

A. C. Azim, K. Barkalow, J. Chou, and J. H. Hartwig

Stimulation of platelet PAR-1 receptors
results in the rapid (10 to 30 seconds) and
extensive (30% to 40% of total) guanosine
triphosphate (GTP) charging of endo-
genous platelet rac, previously identified

as a possible key intermediate in the
signal pathway between PAR-1 and actin
filament barbed-end uncapping, leading
to actin assembly. During PAR-1-medi-
ated platelet activation, rac distributes
from the cell interior to the cell periphery,

and this reorganization is resistant to the

inhibition of PI-3-kinase activity. Rac, in
resting or activated platelets, is Triton
X-100 soluble, suggesting that it does not
form tight complexes with actin cytoskel-
etal proteins, though its retention in octyl-
glucoside-treated platelets and ultrastruc-
tural observations of activated platelets
implies that rac binds to plasma mem-
branes, where it can interact with phos-
phoinositide kinases implicated in actin
assembly reactions. PAR-1 stimulation
also rapidly and extensively activates

cdc42, though, in contrast to rac, some
cdc42 associates with the actin cytoskel-
eton in resting platelets, and the bound
fraction increases during stimulation. The
differences in subcellular distribution and
previous evidence showing quantita-
tively divergent effects of rac and cdc42
on actin nucleation in permeabilized plate-
lets indicate different signaling roles for
these GTPases. (Blood. 2000;95:959-964)
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Introduction

The addition of thrombin to blood platelets causes them to spretipphosphate (GTP) forh. The complexity of the aggregation
lamellae. Massive actin polymerization is responsible for theaction, which also involves secretion, shape change, and receptor
mechanics of this change in shape. In working up the signalimgodulation, makes the interpretation of the role of rac and cdc42 in
pathways regulating this event from receptor activation to actactin assembly unclear.

polymerization, we have obtained indirect evidence that the rho In this article, we document directly and quantitatively the
family GTPase rac, but not rhoA, becomes activated and channatdivation of platelet rac by thrombin receptor perturbation, as
information from the thrombin receptor, leading to actin assetnblgefined by its association with an effector polypeptide that only
(Tolias et al, unpublished data). Suitably permeabilized plateledgscurs when the GTPase has ligated GTP and by its spatial
maintain an intact signaling pathway between the thrombin recadistribution in the thrombin-treated platelet. We also show the
tor and an actin assembly-promoting reaction, the exposure asftivation of cdc42 by thrombin. Involvement of cdc42 in the
fast-growing (“barbed”) filament ends. Mutant N17racl, whichthrombin-mediated actin assembly pathway appears to deviate
acts as a dominant negative inhibitory reagent for racl, prevemitsm that of racl, as evidenced by its movement into the Triton
thrombin from uncapping actin filament barbed ends in permeal¥-100-insoluble cytoskeleton.

lized platelets, whereas constitutively active V12racl promotes

uncapping in the absence of thrombin-receptor stimulation. Inhibi-

tion of rhoA with C3 toxin does not reliably inhibit actin assembly\aterials and methods

in thrombin-reacted plateletsand V12rhoA does not uncap actin
filament barbed ends in permeabilized platelets.

The temporal relationship, however, between rac and cdcfigman thrombin, wortmannin, bovine serum albumin, phallacidin, GS;P
activation and platelet actin assembly reaction remains to m'PBS’ and other general chemicals were purchased from Sigma (St.
established. For rac and cdc42 to function in actin assembly lagiis, MO). TRAP (SFLLRNPNQKYEPF) was purchased from BACHEM
proposed, they must be activated before actin assembly and befgieg of Prussia, PA). Mouse anti-rac and rho monoclonal IgG antibodies
the barbed-end nucleation reaction. Aggregated platelets have musgee kindly provided by Dr Toshifumi Azuma (Brigham and Women's
detergent-insoluble cdc42 and rac than resting platélstggest- Hospital, Bostqn, MA). Mous_e monoclopal cdc42 antibody was purchgsed
ing that cell activation leads to a change in the function of cdc4®m Transduction Laboratories (San Diego, CA). Horseradish peroxidase
and rac that translocates them to the cytoskeleton. Rap1, a Srﬁ%gP)—coupled antirabbit and antimouse antibodies were purchased from

. JORAD (Hercules, CA). Secondary antibody for immunofluorescence
GTPase, has also been shown to bind platelet cytoskeletonv\}gls purchases from Jackson Immuno Research Laboratories (Bar Harbor,

aggregated plateleéts and to be converted to its guanosineME)_A” other antibodies were purchased from Sigma.

Materials
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Expression of GST-PAK1 CRIB domain (amino acids 67-150) to trap GTP-bound rac and cdc42.

The GTP binding d in of PAKL . ids 67-150 ) R§sting or activated platelets were lysed by the addition of 1/10 volume of a
e ase binding domain o (amino acids 67-150) was |nsert§ lution containing 10% Triton X-100, 500 mmol/L Tris-HCI, 50 mmol/L

with the correct orientation in_to the pGEX-2T vgctor (Pharmacia, Pi_scaé—GTA’ 50 mmol/L EDTA, 52 nmol/L leupeptin, 10 nmol/L benzamidine,
away, NJ). Dr G. Bokoch (Scripps Research Institute, La Jolla, CA) k'ndli’23 nm aprotinin, and 10 pmol/L phallacidin or in a PHEM buffer used to
pr_ow_ded t_he GST'PAK,'% CDN_A' I was expressedsch- analyze cytoskeletal structufe Cytoskeletal and soluble-fluid fractions
erichia cohgnd was affinity purified ona gluta'thlor.we-Sepharosz.e cqumQ\.,ere separated by centrifugation of the lysate at 10@06020 minutes.

C_eIIs were |r_1duced to express the fu5|9n protein with 1 mmol/L ISOpI’Opyjf'his soluble detergent fraction that followed ultracentrifugation will be
thiogalactoside after 4 hours of growth in the log phase. referred to as high-speed supernatant. This high-speed supernatant was
carefully removed and mixed with the Sepharose 4B-glutathione-GST-
PAK1 bead conjugates for 4 to 8 hours at 4°C. Beads containing 10 to 20 ug
Human blood from healthy donors was drawn into 1/10 volume gfcombinant GST-PAK1 were used for each assay. Precaution was taken to
Aster-Jandel anticoagulant and centrifuged atglid® 10 minutes. The use fresh GST-fusion protein of PAK1. After the incubation period, the
platelet-rich plasma was removed and gel filtered at room temperatlieads were collected by centrifugation at 10@f0 5 minutes and washed
through a Sepharose 2B column, equilibrated, and eluted with a plateddth chilled TBS-Tween (0.1% Tween 20, 150 mmol/L NaCl, 20 mmol/L
buffer composed of 145 mmol/L NaCl, 10 mmol/L Hepes, 10 mmol/Jris-HCI, pH 7.5). SDS-PAGE sample bufferd or 1 X was added to the
glucose, 0.5 mmol/L NeHPQ;, 2 mmol/L KCI, 2 mmol/L MgC}, and 0.3% supernatant fluid or the Sepharose bead pellet, respectively, to make the
bovine serum albumin (BSA) (pH 7.4). Purified platelets were incubated féinal volumes equal. The high-speed pellet was used to quantitate rac and
30 minutes at 37°C to ensure a resting state. Platelet concentration wele42 binding to the actin cytoskeleton. Bound rac and cdc42 were
determined by a Coulter counter (Coulter, Miami, FL) and normally rangegantitated from the bead pellet by immunoblotting using anti-rac and
from 2-3x 10° cells per milliliter. Platelets were activated by the additioranti-cdc42 antibodies. Rac and cdc42 were separated on 12% SDS-PAGE
of 25 umol/L TRAP or 1 U/mL thrombin. Wortmannin and LY294 002gels and subsequently transferred to polyvinylidene difluoride (PVDF)
treatments were performed at 37°C for 15 minutes at concentrations of I@e@mbranes for immunoblotting.

nmol/L and 25 pmol/L, respectively, before platelets were exposed to ) ) ) )
TRAP. Platelet activation was performed without stirring. Polyacrylamide gel electrophoresis and immunoblot analysis

Proteins were electrophoresed as described by Laéimith some
modifications. Samples were separated on 12% polyacrylamide gels and
Platelets were activated by centrifugation onto glass coverslips gfagsd ~ stained with 0.2% Coomassie brilliant blue. Immunoblotting was per-
minutes, as described previoudlgnd fixed with 2% formaldehyde in formed by electrophoretically transferring the proteins on PVDF Immobi-
platelet buffer, pH 7.4, for 15 minutes at 37°C. Resting platelets weten P membranes (0.45 um; Millipore, Bedford, MA) in transfer buffer
adhered to the coverslips by dilution into the 2% formaldehyde buffer; thgontaining 20% methanol, 25 mmol/L Tris, and 195 mmol/L glycine.
was followed by centrifugation onto coverslips and fixation for 15 minutedlembranes were blocked with 5% Carnation (Glendale, CA) nonfat dry
Fixed cells were permeabilized with 0.1% Triton X-100 containingnilk in TBS-Tween 20 (20 mmol/L Tris, 150 mmol/L NaCl, 0.05% Tween

1 umol/L fluorescein isothiocyanate (FITC)—phalloidin for 20 minutes20). The blocked membrane was incubated with 1:1000 dilution of mouse
washed into PHEM buffer containing 0.3% BSA, and incubated with mougac and cdc42 monoclonal antibodies in TBS-Tween 20 buffer (containing
anti-rac 1gG for 1 hour at room temperature. Platelets were then wash&d@rnation 5% nonfat dry milk) overnight. Secondary mouse and rabbit
incubated with TRITC-rabbit antimouse I1gG, washed again, incubated wittRP-coupled antibodies were used at a 1:3000 dilution in TBS-Tween
1 pmol/L FITC-phalloidin in the next-to-last wash step, and mounted fdiuffer supplemented with 5% nonfat dry milk. Chemiluminescence detec-
light microscopy. Stained cells were photographed on a confocal micion was done using the Pierce system.

scope.

Preparation and treatment of platelets

Immunofluorescent staining with anti-rac IgG

Immunogold labeling of rac in platelet cytoskeletal Results
preparations

Glass-adherent platelets were permeabilized with 0.75% Triton in PHEY)?“danon of rac and cdc42 trapping assay in platelets

buffer containing 0.1% glutaraldehyde or were mechanically disrupted Bigure 1 shows the validity of this assay in platelets. After
attaching a poly-lysine—coated coverslip to adherent cells and removing {heubation with GTP or GT#S, all the rac and cdc42 protein from
coverslip (unroofed) in PHEM bufférUnroofed and permeabilized cells

were fixed with 1% glutaraldehyde for 10 minutes at 37°C. The fixative was

blocked with 0.1% sodium borohydride in PHEM buffer, 60 mmol/L P S P S P S P S

PIPES, 25 mmol/L Hepes,10 mmol/L EGTA, 0.75% Triton X-100, pH 7.8. A ‘ { -l_ 1!1- Rac
Coverslips containing cytoskeletons were washed twice with PHEM buffer . —— o

pH 7.8, and twice in the PHEM buffer containing 0.5% BSA. Coverslips =
were covered with a 10-pg/mL solution of mouse anti-rac IgG at room —
temperature for 1 hour and subsequently washed 3 times with PHEM/BSA B - q-

Cov_erslips were then treated _for 1 hour with a 1:20 dil_ution_of 8-nm gold GDP GDPpS GTP GTPYS
particles coated with goat antimouse-IgG, washed 3 times in PHEM/BS/

and 3 times in PHEM, and fixed with 1% glutaraldehyde in PHEM buffer. (100uMm)

Samples were washed in distilled water, rapidly frozen, freeze dried, aridure 1. Demonstration of the specificity of the GST-PAK1-glutathione-
coated with 1.4 nm tungsten-tantalum with rotation and 2.5 nm carb@gpharose 4B-beads for the GTP forms of rac and cdc42.  (A) Anti-rac immunoblot
without rotation. Replicas were recovered, picked up on carbon-formva&fowing the effect of 100 umol/L GDP, GTP, GDPBS, or GTPyS on the amount of rac
wected from a 100 000g supernatant (high-speed supernatant) of detergent-lysed

coated copper grids, viewed, and photographed in a JEOL Ex_lzpuman platelets. (B) Anti-cdc42 immunoblot showing the amount of cdc42 trapped

Cdc42

electron microscope at an accelerating voltage of 100 kV. after loading high-speed supernatant with 100 umol/L GDP, GTP, GDPBS, or GTPyS.
) Rac or cdc42 remaining in the supernatant (S) was separated from that which bound
GTP-rac and GTP-cdc42 trapping assay to beads by centrifugation at 10 000g for 2 minutes. The bead pellets (P) were

. L . washed with excess volume of TBS-Tween 20 buffer (pH 7.4) and denatured with
We based this method on principles established by Benard %etvah SDS-sample buffer, bound protein displayed by 12% PAGE, and then were trans-

measured GTPase activation in neutrophils. This assay uses the PAKred to PVDF membrane forimmunoblotting.
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the high-speed supernatant bound to PAK1-coated beads, and A

rac or cdc42 bound after loading with guanosine diphosphatt 40
(GDP) or GDBBS. This demonstrated that the binding of rac and
cdc42 to the GBD domain of PAK1 required bound GTP to
the GTPase.

rest 10 30 90 300 (sec)
-

30

cdc42

TRAP stimulation causes translocation of cdc42 but not
rac to the platelet cytoskeleton

20 1
We first had to determine the distribution of rac and cdc42 betwee!
the soluble-protein phase and the actin-based cytoskeletal fractic
of resting and activated platelets. Platelets contained 1.9 to 3.1 ar
0.21 umol/L rac and cdc42, respectively. Insolubility of cdc42 and
of rac has been reported after platelet aggregatiniriton X-100
high-speed supernatant prepared from resting platelets, the bulk Rac

rac and cdc42 were soluble (90% to 100% of the total); no rac ani 0 ?o_o._._-ﬁ.)
only a small amount of the total cdc42 pellet were soluble with 0 100 200 300 400
actin filaments at 100 0@drom resting platelets (Figure 2). When .

platelets were activated with 25 pmol/L TRAP in the absence of Time (sec)

aggregation, all the rac protein remained in the Triton X-lOOB
supernatant (Figure 2A) and rac did not associate with F-actin ir
lysates from resting platelets after loading with GDP, GBP
GTP, or GTRS (data not shown). This result demonstrated that the

GTP charging of rac had only to be assayed in the Triton X-10C - .- _ ..
so_luble high-speed supernatant. Although solutions containin P S P S P S P S
Triton X-100 completely released rac from platelets, the platele’
permeabilization scheme involving n-ocBAD-glucopyranoside TX-100 OG TX-100 OG
(OQG) liberated only a small amount of rac, leaving most of the

protein in the permeabilized platelet (Figure 2B). This finding was

consistent with the retention of a signaling pathway involving racC GDP GDPBS GTP GTPYS
in these platelet preparations. Approximately 30% of the total

cdc42 co-sedimented with the Triton X-100-insoluble actin cytoskel- TX-100 |- - -
eton after ligation of the PAR-1 receptor (Figure 2A). We deter- -
mined whether the association of cdc42 with the cytoskeleton wa
affected by the bound guanine nucleotide. The incubation Bibure 2. Distribution of rac and cdc42 in platelets after activation with 25 wm
platelet Iysates with GTP and G;VB significantly increased the TRAP. Distribution of rac and cdc42 |n_ _platele_ts at rest and e_lft_er act_lvatlon with 25
. . . . . ol/L TRAP. Platelets were permeabilized with buffer containing Triton X-100. (A)
.SEdlmentatlon of CdC42' showmg tha_t_the |ncorporat|or_1 of cdc antitation of the amount of rac or cdc42 that co-sediments with the actin-based
into the platelet cytoskeleton was facilitated by GTP (Figure 2Cytoskeleton relative to the total. (top inset) Representative immunoblot showing the

Like rac, most of the cdc42 was not eluted when OG was usediftgprporation of cde42 into the detergent insoluble cytoskeleton (100 000g pellet).

o . (bottom inset) Immunoblot for rac in the high-speed supernatant (S) or pellet (P) from
permeablhze platEIets (Flgure ZB)' detergent lysates. (B) Distribution of rac and cdc42 in cytoskeletal pellet (P) or
supernatant (S) from platelets permeabilized with buffers containing 0.1% Triton

. . . L X-100 (TX-100) or 0.5% octyl-glucoside (OG). The bulk of rac and cdc42 are
Thrombin and TRAP induce rapid activation of rac and associated with the OG-insoluble material. (C) Effect of 100 pmol/L GDP, GTP,

cdc42 in platelets GDPBS, or GTPyS on the movement of cdc42 into actin cytoskeleton of platelets

. . . bilized with 0.1% TX-100.
When resting human platelets were activated with TRAP and then et 0

lysed in a Triton X-100 solution lacking magnesium to slow

intrinsic GTPase activity and nucleotide exchange. GTP-bound rac As shown in Figure 4, TRAP activation of platelets led not
was collected with GST-PAK1-Sepharose bead complexes. Rady to increased cytoskeletal association but to a rapid increase in
bound to the PAK1-beads was visualized in immunoblots with ahe amount of GTP-cdc42 measured in the 100008@pernatant.
anti-rac monoclonal 1IgG (Figure 3A). As described above, little drike rac, the increase in GTP-cdc42 was rapid and reached a
no rac was collected in the GTP-bound state from resting platelatsaximal extent of approximately 6-fold at 30 seconds before it
However, after ligation of the PAR-1 receptor with 25 pmol/ldecreased. This increase was measurable within 10 seconds of
TRAP, GTP-rac increased 6-fold in platelet high-speed supernatdiRAP or thrombin addition. The decrease in the amount of
(Figure 3A). The increase in GTP-rac content was rapid and peake@P-cdc42 recovered from supernatant corresponded in part to the
30 to 60 seconds after the addition of TRAP to platelets. Althoughcorporation of cdc42 into the platelet actin skeleton (Figure 2A).
the extent of rac activation varied among platelet preparations, thiee kinetics of cdc42 charging (Figure 4) and movement into the
kinetics of GTP-loading was similar in all experiments. In the bestytoskeleton (Figure 2) are superimposable. The GTP-cdc42
experiments, GTP-rac increased to 40% of the total rac containazhtent also increased 4- to 7-fold in the high-speed supernatant
in the high-speed supernatant. F-actin content increased withr@am platelets activated with thrombin (Figure 4B). Because
similar time course after PAR-1 receptor ligation (data not showrnaST-PAK1 bound to GTP-cdc42 and had no detectable binding to
The loading of rac with GTP also was found in platelets activats@DP-cdc42, we concluded that PAR-1 ligation increased cdc42
with 1 U/ml of thrombin (Figure 3B). charging with GTP.

cytoskeleton

Rest 10 30 90 300 (sec)

PSPSPSPS PS

10

%GTP-cdc42 or rac in

rac cdc42
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Figure 3. Quantitation of GTP-rac from high-speed supernatant prepared from
resting platelets or platelets stimulated with 25 pmol/L TRAP in the presence or
absence of PI-3-kinase inhibitor wortmannin or 1 U/mL thrombin. (A) Graph
quantifying the increase in GTP-rac contained in the soluble fraction of lysates
prepared from resting (rest) or TRAP-activated cells. The graph is an average of a
minimum of 4 experiments (mean * SD). Resting cells contained from 2% to 10% of
the total rac. Activation increases the amount of GTP-rac by 6-fold to 30% to 40% of
the total rac protein in the high-speed supernatant. GTP-rac formation after PAR-1
ligation is not affected by wortmannin. (inset) Representative anti-rac immunoblots of
rac collected from high-speed supernatant of resting or TRAP activated platelets.
GTP-bound rac was collected with the GBD-binding domain of PAK1 bound to
Sepharose beads and is visualized in immunoblots (top) with an anti-rac mouse
monoclonal antibody and a HRP-goat antimouse antibody. Platelets were incubated
with 100 nmol/L wortmannin for 15 minutes before stimulation with TRAP (bottom).
The amount GTP-rac collected and the kinetics of GTP-charging in the presence of
100 nmol/L wortmannin are similar to that in high-speed supernatant from cells
activated without inhibitors. (B) Quantitation of the content of GTP-rac in high-speed
supernatant from resting platelets and platelets activated using 1U/mL thrombin.
(inset) In a representative experiment, the relative amount of GTP-rac collected using
the PAK1-bead complexes.

Inhibition of PI-3-kinase does not affect rac charging with GTP
in activated platelets

Actin assembly in lamellae induced by PAR-1 ligation in platele

BLOOD, 1 FEBRUARY 2000 « VOLUME 95, NUMBER 3

the effect of PI-3-kinase inhibition by wortmannin on the GTP
charging of rac and cdc42 in platelets was determined. As shown in
Figure 3A, treatment of platelets with wortmannin did not signifi-
cantly change the kinetics or the extent of GTP-rac recovered
with the PAK1-beads. The GTP charging of rac also was not
affected in platelets treated with 50 pumol/L LY294002 (data not
shown).

Rac moves into the membrane—cytoskeleton interface after
platelet activation in a wortmannin-insensitive fashion

Figure 5 shows the distribution of rac in fixed and permeabilized
platelets. In resting platelets, rac appeared uniformly distributed
throughout the cell (Figure 5D). However, after activation, a

A 8
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CDC42-GTP
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| ] ||
0 100 200 300 400
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Figure 4. Quantitation of GTP-cdc42 from high-speed supernatant prepared from
resting platelets or platelets stimulated with 25 pmol/L TRAP or 1 U/mL thrombin. ~ (A)

tlgeasurement of GTP-cdc42 in high-speed platelet supernatant. The plot is an

average of 4 experiments (mean = SD). (inset) Representative anti-cdc42 immuno-

is insensitive to the PI-3-kinase inhibitors, wortmannin, angot from resting or TRAP-activated cells (30 to 300 seconds). The graph shows that
LY29400212 However, wortmannin inhibits lamellipodia forma-there is a 6-fold increase in the relative amount of GTP-cdc42 collected 30 seconds
tion and rufﬂing in fibroblastd® These results p|ace p|_3_kinaseafter TRAP activation. (inset) Representative immunoblot of cdc42 collected with the

upstream of rac in fibroblasts, a finding supported by GTP/Gl‘.ﬂ,5
exchange measurements in PDGF-activated fibroblasience,

ad complexes. (B) Graph showing GTP-cdc42 after thrombin (1 U/mL) stimulation of
atelets (n = 3, mean = SD). (inset) Representative experiment of cdc42 bound to
the beads in high-speed supernatant from resting or thrombin/TRAP activated cells.
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Figure 5. Localization of rac in resting and activated
platelets. Immunogold localization of rac at the edge of
cytoskeletal preparations from activated platelets. Rac
was localized using a combination of mouse anti-rac IgG |
and 8 nm gold particles coated with goat antimouse 1gG. !
Bar, 100 nm. (A) Representative cortical region from a #*
mechanically unroofed platelet showing anti-rac gold,
which locates near the margin of the cell in small clusters.
Gold clusters are also found near the ends of actin |
filaments, where they appear to intersect residual plasma &
membrane. The apical plasma membrane is labeled. The -
line delineates the edge of the cytoskeleton. (B) Repre- '
sentative Triton X-100 detergent cytoskeleton showing |
the localization of rac. Anti-rac gold is localized along the
edge of the actin cytoskeleton. (C) Distribution of rac in ]
resting (D) and activated platelets (C,E) determined by &« © !
immunofluorescence microscopy. Rac is visualized with
mouse anti-rac IgG and TRITC-labeled donkey anti-
mouse IgG. In resting platelets, rac is uniformly distrib-
uted. After activation, rac concentrates near the cell
margins and in densities near the cell center. The
movement of rac to the cell cortex is not affected by ® s
treatment of the platelets with wortmannin (E).

portion of the rac moved to the cell periphery and concentrated
with actin filaments in lamellae and in extended processes such@iscussion

filopodia. Rac also concentrated in the center of the platelet, which

was enriched in platelet granules and membrane. Figure 5E shalite reproducible and extensive temporal sequence of actin remod-
that wortmannin treatment did not alter this redistribution of raeling in platelets makes these cells useful for defining the steps
and that platelets spread in the presence of these inhibitors. To daiking rho family GTPases to particular morphologic responses
more information about rac contained within the platelet cortex, wevolving actin rearrangements. This article adds direct measure-
localized rac in disrupted platelet preparations in the electranents of rac activation to the previous indirect evidence implicat-
microscope. Because Triton X-100 eluted rac from unfixed platayg this GTPase in the pathway from thrombin receptor perturba-
lets, we used 2 approaches to maintain rac in the platelet. Fitshn to actin assembly. Rac activation is rapid, peaks within 10 to 30
platelets were mechanically unroofed in the absence of detergeatonds of PAR-1 receptor ligation, and involves 30% to 40% of
(Figure 5A). This procedure revealed portions of cytoskeletahe total platelet rac protein. In permeabilized platelets, 5 to 10
underlying removed membrane and protein-membrane interactiomaol/L rac maximally activates actin filament barbed-end uncap-
disrupted by detergents were maintained, allowing actin-membrgpiag! Because we found that platelets contain 2 to 3 umol/L rac,
contacts to be visualizédn unroofed platelets, 8 nm anti-rac goldthe fraction of rac activated by thrombin was sufficient to produce
particles bound along the edge of the cytoskeleton and along the effects observed with exogenous active rac.

residual plasma membrane. In the second procedure, we extractednhibition of PI-3-kinase activity blocks some but not all actin
cells with the detergent Triton X-100 in buffers containing 0.1%ssembly reactions. One of the exceptions is thrombin-mediated
glutaraldehyde. Figure 5B shows that in a representative cytoskelatelet actin polymerizatio}. The observation reported here that
eton, gold particles were predominately at the cytoskeletal edge.PI-3-kinase inhibitors had no effect on rac activation or subcellular
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redistribution to the cell periphery is consistent with rac operatirgso consistent with the idea that rac interacts with membrane lipids
in platelets independently of D3 phosphoinositides. One clue to ttee induce actin filament assembly. In contrast, cdc42 appears to
differential sensitivity of actin-signaling reactions to D3 phosphdsind to the actin cytoskeleton in resting platelets and, more so, in a
inositides may reside in whether signaling traffics to rac through DSTP-dependent fashion, in activated platelets. This finding comple-
phosphoinositide-dependent or -independent upstream contr@ignts much evidence implicating cdc42 as facilitating the construc-
Among these regulators is the protooncogéA¥, a GEF (GTPase tjon of multiprotein assemblies, including members of the WASp
exchange factor) for rac, which exists in_ D3 phosphoinqsitid@amW WASp-interacting proteins, and the ARP2/3 complex to
dependent (VAV1) or -independent (VAV2) isoforrifaiVe predict, jnitiate de novo nucleation and elongation of monomeric 8.
therefore, that VAVZ is the conduit to signaling from PAR-1 10 rag:;her evidence that rac and cdc42 have different roles in platelets

in platelets. is that rac is much more potent than cdc42 in promoting actin

We also showed that PAR-1 ligation leads to cdc42 aCtlvat'c%gament nucleation activity in permeabilized platelets (Hartwig JH,

with a timing and magnitude approximating the GTP charging o .
rac. We have less information about the role of cdc42 than about ruancDUb“Shed qlata). o .
In conclusion, we have quantified GTP-rac and GTP-cdc42 in

in platelet actin assembly reaction. The evidence in this article . d thrombi . dh latel The liaati f
suggests that cdc42 functions in different ways from rac, rgstlng and thrombin-activated human platelets. The ligation o

conclusion consonant with the original discovery that rac aerA‘R'l causgs t.he charging of rac and cdc42 and tem.porally links
cdc42 induce different morphologies in Swiss 3T3 cEHE GTPase activation to platelet responses. These experiments add to

Platelet rac is detergent soluble in resting and activatdge wealth of information implicating rac and cdc42 as central
platelets, suggesting that it does not bind tightly to the actifoteins in the control of cell motility.
cytoskeleton of nonaggregated cells. Rather, we think that activa-
tion targets it to membrane-bound lipid kinases that synthesize D4
phosphoinositides, which mediate actin filament barbed-end unc#gcknowledgments
ping. The retention of rac in OG-treated platelets suggests a weak

association of rac with membranes in resting and activat
platelets. The localization of rac to membranes adjacent to ac

N thank Dr Gary Bokoch for the PAK1 cDNA and Dr Thomas P.
shossel for insightful criticism. We also thank Dr Joseph Italiano

filaments that elongate in thrombin receptor-activated platélists for his continued moral support.
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