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Summary

The NO/cGMP signalling pathway strongly inhibits agonist-induced platelet aggregation.
However, the molecular mechanisms involved are not completely defined. We have studied
NO/cGMP effects on the activity of Rap1, an abundant guanine-nucleotide-binding protein in
platelets. Rap1-GTP levels were reduced by NO-donors and activators of NO-sensitive
soluble guanylyl cyclase. Four lines of evidence suggest that NO/cGMP effects are mediated
by cGMP-dependent protein kinase (cGKI): (i) Rap1 inhibition correlated with cGKI activity
as measured by the phosphorylation state of VASP, an established substrate of ¢GKI, (ii) 8-
pCPT-cGMP, a membrane permeable cGMP-analog and activator of cGKI, completely
blocked Rapl activation, (iii) Rp-8pCPT-cGMPS, a ¢GKI inhibitor, reversed NO effects and
(iv) expression of cGKI in cGKI-deficient megakaryocytes inhibited Rapl activation.
NO/cGMP/cGKI effects were independent of the type of stimulus used for Rapl activation.
Thrombin-, ADP- and collagen-induced formation of Rapl1-GTP in platelets as well as
turbulence-induced Rapl activation in megakaryocytes were inhibited. Furthermore, cGKI
inhibited ADP-induced Rap1 activation induced by the Ga,-coupled P2Y , receptor alone, i.e.
independently of effects on Ca**-signalling. From these studies we conclude that NO/cGMP
inhibit Rapl activation in human platelets and that this effect is mediated by cGKI. Since
Rapl controls the function of integrin o, 3;, we propose that Rapl inhibition might play a

central role in the anti-aggregatory actions of NO/cGMP.



Introduction

Platelet aggregation is a crucial event in the development of arterial thrombosis and is
mediated by the binding of fibrinogen to activated integrin o, [3; receptors on the surface of
platelets. Platelet activation and aggregation can be blocked by nitric oxide (NO) (1, 2). NO is
derived either from endothelial cells or platelets (3) and activates soluble NO-sensitive
guanylyl cyclase (sGC) resulting in the production of cGMP (4). The main targets of cGMP in
platelets are cGMP-dependent protein kinase If (cGKI) as well as cGMP-regulated PDEs 2, 3
and 5 (5, 6). Data from human (7) and mouse (8) cGKI-deficient platelets suggest that cGKI
is an important mediator of NO/cGMP effects in platelets. For example, in vivo studies of the
micorcirculation after ischemia/reperfusion in cGKI-deficient mice clearly showed that cGKI
prevents intravascular platelet aggregation (8).

Recently, the small guanine-nucleotide-binding protein Rap1 has attracted a lot of interest as
major regulator of integrin activity (9-12). RaplA and B isoforms have been described
exhibiting 95 % sequence identity and platelets express particularly high levels of Rap1B (13-
15). Rapl1 efficiently activates various integrins including the platelet integrin o;[3;, which
mediates fibrinogen binding required for platelet aggregation (16, 17). Very recently, deletion
of mouse CalDAG-GEFI (also known as RasGRP2), a guanine-nucleotide-exchange factor
(GEF) involved in the activation of Rapl, was shown to result in reduced platelet aggregation
and increased bleeding time (18). Rapl is a common target of many different activation
pathways in platelets. ADP, thrombin, collagen, epinephrine and platelet-activating factor
induce Rap1-GTP formation (19). The pathways leading to Rap1 activation in platelets are
controversial. For example, ADP has been suggested to activate Rap1 by Ca**-dependent (19,
20) as well as Ca**-independent mechanisms involving the Ga,-coupled P2Y ,, receptor (21,
22). Recently, phosphatidylinositol 3-kinase (PI3K) was reported to mediate Rapl activation

by different platelet agonists (22-24). In megakaryocytes (platelet progenitors) turbulence



activates Rap1 by a yet undefined mechanism independent of PLC, PKC, Ca®*, PI3K and
actin dynamics (17).

RaplA and B are known to be phosphorylated by cyclic nucleotide-regulated kinases and the
platelet isoform Rap1B was reported to be the preferred substrate for these kinases (13, 25,
26). However, Rap1B phosphorylation has a slow time course and does not affect GTP-
binding or GTPase activity of Rapl (25, 27). In the present study we have investigated
possible effects of NO on stimulus-induced Rap1 activation. We show that NO inhibits Rap1-
GTP formation in human platelets. Since Rap1 is an important regulator of integrin function
and platelet aggregation, we suggest that NO-induced Rap1 inhibition might be resposible for
the strong anti-aggregatory function of NO. Furthermore, we show that NO effects on Rapl
involve cGMP as well as ¢cGKI. We also provide initial data on the possible mechanisms

involved in Rap1 inhibition.

Materials and Methods

Reagents

Human thrombin, ADP, rat collagen I, YC-1, ODQ and MRS2179 were obtained from Sigma.
DEA-NOate and DETA-NOate were purchased from ALEXIS Biochemicals. 8pCPT-cGMP
and Rp-8pCPT-cGMPS were from Biolog. Polyclonal antibody against Rapl (sc-65) was
from Santa Cruz Biotechnology. Antibodies against P-VASP serine 239 (16C2) and cGKI
have been described previously (28, 29). HRP-coupled goat-anti-rabbit and goat-anti-mouse
were from Dianova. GSH Sepharose 4B was from Amersham Biosciences. cDNA for the
GST-Rap-binding domain (RBD) of the Ral guanine nucleotide dissociation stimulator was

kindly provided by Johannes L. Bos (Utrecht).

Platelet preparation



20.8 ml freshly drawn venous blood from healthy volunteers, who gave their informed
consent according to the declaration of Helsinki, was collected into 4.2 ml prewarmed ACD
buffer (85 mM citric acid, 65 mM sodium citrat, 100 mM glucose) and centrifuged at 200 g
and RT for 15 min without breaks. Platelet rich plasma (PRP) was recovered and platelets
were pelleted at 500 g and RT for 10 min and carefully resuspended in resuspension buffer
(145 mM NacCl, 5 mM KCI, 1 mM MgCl,, 10 mM HEPES, 10 mM glucose, pH 7,4) to a final
concentration of 2x10° platelets/ml. The platelet suspension was stored at RT for 30 min

previous to experiments.

Infection of MEG-01 cells

MEG-01 megakaryocytes were obtained from ATCC and cultured in RPMI1640 medium
supplemented with 20% heat-inactivated fetal calf serum and penicillin and streptomycin.
cDNAs for wild-type cGKIf or a catalytically inactive mutant, cGKIB-K405A under control
of a CMV-promoter, were transfected into MEG-01 cells using adenoviral vectors as
described (29). For infection cells were incubated with 1x10' virus particles/ml for 2 hours in

serum-free medium followed by addition of complete medium for 24 hours.

Rap1-GTP assay in platelets and MEG-01 cells

Washed platelets (aliquots of 500 ul) were equilibrated to 37°C in a waterbath for 10 min
followed by preincubation with NO-donors DEA-NOate and DETA-NOate for 1 min, 10 or
30 uM YC-1 for 10 min, 30 xuM ODQ for 30 min, indicated concentrations of 8pCPT-cGMP
for 10 min, 200 yM Rp-8pCPT-cGMPS for 15 min and 50 pM MRS2179 for 1 min at 37°C.
Then platelets were activated with thrombin (1 U/ml), ADP (10 M) and collagen 1 (50
pg/ml) for the indicated times. Stimulations were terminated by adding 500 ul of ice-cold 2-

fold lysis buffer (final concentrations of 1% (v/v) NP-40, 10% (v/v) glycerol, 50 mM Tris-



HCI (pH 7.4), 200 mM NaCl, 2.5 mM MgCl,, 1 mM PMSF, 1 pg/ml leupeptin, 2 pg/ml
aprotinin).

Rap1-GTP assays in megakaryocytes were performed two days after adenoviral infection. 24
houres before the assay MEG-01 cells were incubated overnight in serum-free medium. The
next day cells were resuspended at 20x10° cells/ml in medium. 500 ul aliquots of cell
suspension in 1.5 ml tubes were incubated for 30 min at 37°C, then samples were mixed by
inverting tubes 5 times up and down followed by 2 min rest at 37°C. Reactions were
terminated by adding 500 ul of 2-fold lysis buffer as described above.

Platelets and MEG-01 cells were lysed and insoluble material was pelleted. Samples of 50 ul
were removed for analysis of total Rapl, cGKI and phosphorylated VASP. 75 ul of a 10%
(v/v) glutathione sepharose beads suspension saturated with RalGDS-RBD were added to the
supernatant and incubated at 4°C for 45 min. Beads were washed four times in 1x lysis buffer
and finally boiled in 3x SDS sample buffer. Samples were analyzed by Western blot using
nitrocellulose membranes (Schleicher & Schuell) and antibodies against Rapl, cGKI and
phosphorylated VASP followed by HRP-coupled secondary antibodies and enhanced
chemiluminescence detection (Amersham). All experiments shown were performed at least

three times with similar results.

Results

NO inhibits Rapl1 activation

To characterize the effects of NO/cGMP on Rap1 activity we used a pull-down assay specific
for active Rapl developed by the group of J. Bos (19). In this assay the Ras binding domain
of RalGDS fused to GST is used as a specific probe for active Rap1-GTP. In our studies we
used washed platelets and Rapl activation was induced by thrombin, ADP and collagen. NO

effects depend, at least in part, on the type of NO-donor used (30). For this reason we chose
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two NONOate molecules with different NO liberation properties as NO-donors: DEA-NO,
which has a half-life of 2 min at 37°C and the slow-releasing substance DETA-NO (t,,=20h).
DEA-NO (Fig. 1A) as well as DETA-NO (not shown) inhibited thrombin-induced formation
of Rap1-GTP. Furthermore, ADP- and collagen-induced Rap1 activation were inhibited by
NO-donors (Figs. 1B, C and Fig. 4). Treatment of platelets with DETA-NO alone had no

effect on basal Rapl activity (Fig. 1B, lanes 2-4).

NO effects are mediated by cGMP

An important target of NO in platelets is the cGMP generating enzyme sGC. To verify a role
for sGC in NO-induced Rapl inhibition we used YC-1, an NO-independent activator of sGC
(4). YC-1 inhibited thrombin-, ADP- (Fig. 2A and 2B) and collagen-induced (not shown)
Rap1 activation. Furthermore blocking of sGC with ODQ, an inhibitor of sGC (31), abolished
NO effects on collagen-induced Rap1 activation (compare middle lane with last lane in Fig.
2C). In parallel we analyzed the phosphorylation state of VASP, an actin and focal adhesion
binding protein and established substrate of cGKI in platelets (28, 29). For this purpose we
used a previously described phosphorylation specific antibody (28). YC-1- and DETA-
induced reduction of Rap1-GTP levels correlated with increased VASP phosphorylation, i.e.

increased cGKI activity (Fig. 2).

cGMP effects are mediated by cGKI

To further evaluate if cGKI can mediate cGMP effects on Rapl activity we used the
membrane-permeable cGMP-analog 8pCPT-cGMP. Increasing concentrations of 8-pCPT-
cGMP strongly reduced Rap1-GTP levels independently of the platelet agonists used for Rap1
activation including thrombin, ADP and collagen I (Fig. 3). As shown before in Fig. 2
activation of cGKI also resulted in the phosphorylation of VASP and the amount of VASP

phosphorylation correlated with the decrease in Rap1-GTP.
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To provide further evidence that cGKI was mediating NO effects we inhibited cGKI function
with Rp-8pCPT-cGMPS in the presence of the NO-donor DEA-NO. As shown before (Fig. 1)
DEA-NO reduced Rap1-GTP levels (Fig. 4, middle lanes). The cGKI inhibitor Rp-8pCPT-
cGMPS abrogated NO effects indicating that cGKI was involved in NO-induced Rapl
inhibition (Fig. 4, right lanes). Rp-8pCPT-cGMPS alone did not affect ADP- and thrombin-

induced formation of Rap1-GTP (data not shown).

¢GKI inhibits Ca**-independent activation of Rap1

NO/cGMP/cGKI is known to inhibit platelet signalling by inhibition of Ca®* release from
intracellular stores (32). Also, the Ca’*-dependent Rap1-GEF CalDAG-GEFI/RasGRP2 has
been found in mouse platelets (18). Therefore we investigated if cGMP effects could be
explained by the inhibition of Ca>* mobilization. Rap1 activation by ADP has been reported to
involve the Ga,-coupled P2Y, receptor inducing release of Ca’ from intracellular stores as
well as the Ca’-independent Gao,-coupled P2Y,, receptor (33). First we blocked Ga,-
mediated signalling with MRS2179, a specific inhibitor of the P2Y, receptor (34). Increasing
concentrations of MRS2179 diminished ADP-induced Rap1 activation and the maximal effect
was reached with 30 uM MRS2179 (Fig. 5A). This concentration of MRS2179 corresponds to
the amount necessary to block mobilization of intracellular Ca* stores in platelets completely
(34). Consequently, the remaining ADP-induced Rap1 activation is mediated exclusively by
Go,-coupled pathways. Addition of the cGKI activator 8-pCPT-cGMP in the presence of
MRS2179 further reduced the level of Rap1-GTP (Fig. 5B and 5C). From these experiments
we conclude that Rapl activation in platelets requires Ca**-dependent as well as Ca*-
independent signals. Secondly, ¢cGKI can inhibit Go-mediated Ca**-independent Rapl

activation.

¢GKI inhibits turbulence-induced Rap1 activation in megakaryocytes
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To gain further insight into the mechanisms involved in NO/cGMP/cGKI-induced Rapl
inhibition we studied Rapl regulation in megakaryocytes, i.e platelet progenitor cells. Rap1
has been shown to be activated by turbulence in MEG-01 megakaryocytes (17). Rapl
activation ocurred independently of PLC-, PKC-, Ca**- and PI3K-signalling as well as actin
dynamics in these cells (17). Because MEG-01 cells do not express detectable amounts of
endogenous cGKI (Fig. 6, middle), we introduced wild-type cGKI as well as a catalytically
inactive control mutant into MEG-01 cells using adenoviral vectors. The inactive cGKI bears
a point mutation of an essential lysine in the catalytic site (29). Wildtype ¢GKI inhibited
turbulence-induced Rapl activation in MEG-01 cells (Fig. 6). The catalytically inactive

mutant cGKI was incapable of mediating this effect.

Discussion

In the present study we show that Rap1 activation in human platelets is regulated by NO via
cGMP and cGKI. Different components of the NO/cGMP pathway including NO, specific
activators of sGC and cGKI-specific cGMP analogs all consistently inhibited the formation of
Rap1-GTP. Furthermore, NO/cGMP effects were independent of the platelet agonists used for
Rapl activation. Rap1 is an important switch controlling the activity of the platelet fibrinogen
receptor (integrin o,,3;), which is required for platelet aggregation (9, 11, 16, 17). Thus
regulation of Rapl might contribute to the potent anti-aggregatory actions of NO, cGMP and
cGKI. Many reports in the literature have postulated autocrine effects of platelet-derived NO
on platelet aggregation (3, 35-37). In the present work Rap inhibition depended on
exogenously added activators of the NO/cGMP pathway. Also, inhibition of cGMP
production by ODQ in the absence of NO-donors, did not reveal any basal inhibitory activity
towards Rapl (Fig. 2C) We therefore conclude that inhibition of Rapl in vivo depends on

endothelium-derived NO.



Our study provides evidence that cGKI is the mediator of NO/cGMP effects on Rapl. We
used a number of different approaches to verify the role of cGKI including specific activators
and inhibitors of cGKI as well as transfection of cGKI into cGKI-deficient cells. In addition
we analyzed the phosphorylation of VASP as a measure of cGKI kinase activity. All these
different approaches yielded consistent data regarding the role of cGKI. Furthermore, in all
our experiments only inhibitory actions of NO/cGMP/cGKI on platelet Rapl activation were
observed. Also basal Rap1GTP levels were not elevated by NO/cGMP. cGMP and ¢GKI have
been proposed to enhance platelet activation and aggregation under certain conditions (38,
39). However, these data were challenged by others (40, 41). The controversial data might
result from unexpected side-effects of cGMP-analogs. For example, Rp-8pCPT-cGMPS was
shown to inhibit thrombin-induced P-selectin expression as well as Ca’*-mobilization
independently of ¢cGKI and without any effects on VASP phosphorylation (40). These cGKI-
independent side-effects of Rp-8pCPT-cGMPS were evident particularly after short-term
application of the cGMP-analog (1 min). In our experiments (Fig. 4) platelets were
preincubated with Rp-8pCPT-cGMPS for 15 min and we never observed any inhibitory
effects of Rp-8pCPT-cGMPS on ADP- or thrombin-induced Rapl-GTP formation.
Furthermore, possible side-effects of Rp-8pCPT-cGMPS might not affect Rapl activation
pathways.

Conflicting results have been presented regarding the role of intracellular Ca**-release for
Rapl activation. Rap1 activation was initially considered to be Ca**- and PKC-mediated (19,
20). Later studies on ADP-induced Rapl activation suggested either a completely Ca**-
independent Rap1 activation mediated by the Ga,-coupled P2Y, receptor and PI3K (21, 24),
or a mixture of P2Y,,- and P2Y,-mediated mechanisms (22). Our study supports the notion
that both, Ca’*-dependent Ga,-mediated (P2Y,) and Go;-mediated (P2Y,) pathways, are
involved in ADP-induced Rapl activation in human platelets (Fig. 7). Our data imply a
relative contribution of 70 % Go,-mediated versus 30 % Go-mediated signals to the
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activation of Rapl (Fig. 5C). However, the role of Go- and Go,;-mediated signals for Rapl
activation is probably more complex. For example, AR-C69931MX, a specific P2Y,, receptor
antagonist, can inhibit the P2Y,-induced calcium response (42) suggesting that G,-mediated
pathways contribute to Go,-mediated calcium signalling. On the other hand, Go, (P2Y))
probably contributes to Ga-signalling (P2Y,,) since AR-C69931MX alone is capable of
blocking ADP-induced Rap1 activation completely (21). ¢cGKI is known to inhibit Ca*-
dependent platelet responses (32). However, our study as well as data by others (43) suggest
that cGKI also inhibits Ca**-independent signalling.

A remaining open question is the identity of the cGKI substrate(s) mediating Rap1 inhibition.
Early studies showed direct phosphorylation of Rapl by c¢GKI (25, 26). However, Rapl
phosphorylation did not change its GTP-binding or GTPase activity (25). Furthermore, the
slow kinetics of Rapl phosphorylation do not correlate with the fast inhibition of platelet
activation by NO/cGMP (44). The cGKI substrate VASP has been shown to be involved in
platelet adhesion (45), however, NO/cGMP effects on platelet aggregation were only
marginally affected in VASP-deficient mice (46, 47). Very recently, RIAM was identified, a
new cytoskeletal protein capable of binding both Rapl and VASP (48). However, in this
paper no effect of VASP on Rapl activity was described and RIAM expression in platelets
was not investigated. Other known substrates of platelet cGKI include PDES, which mediates
negative feedback regulation of cGMP levels (49) and LASP and HSP27, two actin-binding
proteins without any known integrin regulating functions (50, 51). In our study NO/cGMP
inhibited Rap1 activation induced by many different stimuli. We conclude that the most likely
target of NO/cGMP/cGKI should be a molecule common to these different signalling
pathways. Possible candidates are the guanine-nucleotide exchange factors (GEFs) or GTPase
activating proteins (GAPs) required for Rapl function (Fig. 7). Many specific GEFs and
GAPs for Rap1 have been identified (9), however, until now only CalDAG-GEFI/RasGRP2
expression has been demonstrated in mouse platelets (18).

11



Regulation of Rapl activity is an important new aspect of NO/cGMP function because of the
intimate relationship between Rapl, integrin activity and platelet aggregation. Further
analysis of the mechanisms involved might lead to the development of new strategies for

antithrombotic therapy.

Acknowledgements

We thank J.L. Bos for providing reagents. We also thank all colleagues at the Institute for
Biochemistry II for help and discussions and especially B. Pfeiffer for expert technical

assistance. This work was supported by the Deutsche Forschungsgemeinschaft (SFB 553).

References

1.Pareti FI, Carrera D, Mannucci L, et al. Effect on platelet functions of derivatives of cyclic
nucleotides. Thromb Haemost 1978;39(2):404-10.

2.Radomski MW, Palmer RM, Moncada S. An L-arginine/nitric oxide pathway present in
human platelets regulates aggregation. Proc Natl Acad Sci U S A 1990;87(13):5193-7.

3.Wallerath T, Gath I, Aulitzky WE, et al. Identification of the NO synthase isoforms
expressed in human neutrophil granulocytes, megakaryocytes and platelets. Thromb Haemost
1997;77(1):163-7.

4.Friebe A, Millershausen F, Smolenski A, et al. YC-1 potentiates nitric oxide- and carbon
monoxide-induced cyclic GMP effects in human platelets. Mol Pharmacol 1998;54(6):962-7.

5.Feil R, Lohmann SM, de Jonge H, et al. Cyclic GMP-dependent protein kinases and the
cardiovascular system: insights from genetically modified mice. Circ Res 2003;93(10):907-
16.

6.Miunzel T, Feil R, Milsch A, et al. Physiology and pathophysiology of vascular signaling
controlled by guanosine 3',5'-cyclic monophosphate-dependent protein kinase [corrected].
Circulation 2003;108(18):2172-83.

7.Eigenthaler M, Ullrich H, Geiger J, et al. Defective nitrovasodilator-stimulated protein
phosphorylation and calcium regulation in cGMP-dependent protein kinase-deficient human
platelets of chronic myelocytic leukemia. J Biol Chem 1993;268(18):13526-31.

12



8.Massberg S, Sausbier M, Klatt P, et al. Increased adhesion and aggregation of platelets
lacking cyclic guanosine 3',5'-monophosphate kinase 1. J Exp Med 1999;189(8):1255-64.

9.Bos JL, de Bruyn K, Enserink J, et al. The role of Rapl in integrin-mediated cell adhesion.
Biochem Soc Trans 2003;31(Pt 1):83-6.

10.Hattori M, Minato N. Rapl GTPase: functions, regulation, and malignancy. J Biochem
(Tokyo) 2003;134(4):479-84.

11.Kinbara K, Goldfinger LE, Hansen M, et al. Ras GTPases: integrins' friends or foes? Nat
Rev Mol Cell Biol 2003;4(10):767-76.

12.Stork PJ. Does Rap1 deserve a bad Rap? Trends Biochem Sci 2003;28(5):267-75.

13.Siess W, Winegar DA, Lapetina EG. Rap1-B is phosphorylated by protein kinase A in
intact human platelets. Biochem Biophys Res Commun 1990;170(2):944-50.

14 Klinz FJ, Seifert R, Schwaner I, et al. Generation of specific antibodies against the rap1A,
raplB and rap2 small GTP-binding proteins. Analysis of rap and ras proteins in membranes
from mammalian cells. Eur J Biochem 1992;207(1):207-13.

15.Torti M, Lapetina EG. Structure and function of rap proteins in human platelets. Thromb
Haemost 1994;71(5):533-43.

16.Bertoni A, Tadokoro S, Eto K, et al. Relationships between Rap1b, affinity modulation of
integrin alpha IIbbeta 3, and the actin cytoskeleton. J Biol Chem 2002;277(28):25715-21.

17.de Bruyn KM, Zwartkruis FJ, de Rooij J, et al. The small GTPase Rapl1 is activated by
turbulence and is involved in integrin [alpha]llb[beta]3-mediated cell adhesion in human
megakaryocytes. J Biol Chem 2003;278(25):22412-7.

18.Crittenden JR, Bergmeier W, Zhang Y, et al. CalDAG-GEFI integrates signaling for
platelet aggregation and thrombus formation. Nat Med 2004;10(9):982-986.

19.Franke B, Akkerman JW, Bos JL. Rapid Ca2+-mediated activation of Rapl in human
platelets. Embo J 1997;16(2):252-9.

20.Franke B, van Triest M, de Bruijn KM, et al. Sequential regulation of the small GTPase
Rap! in human platelets. Mol Cell Biol 2000;20(3):779-85.

21.Lova P, Paganini S, Sinigaglia F, et al. A Gi-dependent pathway is required for activation
of the small GTPase Rap1B in human platelets. J Biol Chem 2002;277(14):12009-15.

22.Woulfe D, Jiang H, Mortensen R, et al. Activation of Rap1B by G(i) family members in
platelets. J Biol Chem 2002;277(26):23382-90.

23.Larson MK, Chen H, Kahn ML, et al. Identification of P2Y 12-dependent and -independent

mechanisms of glycoprotein VI-mediated Rapl activation in platelets. Blood
2003;101(4):1409-15.

13



24.Lova P, Paganini S, Hirsch E, et al. A selective role for phosphatidylinositol 3,4,5-
trisphosphate in the Gi-dependent activation of platelet RaplB. J Biol Chem
2003;278(1):131-8.

25.Kawata M, Kikuchi A, Hoshijima M, et al. Phosphorylation of smg p21, a ras p21-like
GTP-binding protein, by cyclic AMP-dependent protein kinase in a cell-free system and in
response to prostaglandin E1 in intact human platelets. J Biol Chem 1989;264(26):15688-95.

26.Miura Y, Kaibuchi K, Itoh T, et al. Phosphorylation of smg p21B/rap1B p21 by cyclic
GMP-dependent protein kinase. FEBS Lett 1992;297(1-2):171-4.

27.Grunberg B, Kruse HJ, Negrescu EV, et al. Platelet rap1B phosphorylation is a sensitive
marker for the action of cyclic AMP- and cyclic GMP-increasing platelet inhibitors and
vasodilators. J Cardiovasc Pharmacol 1995;25(4):545-51.

28.Smolenski A, Bachmann C, Reinhard K, et al. Analysis and regulation of vasodilator-
stimulated phosphoprotein serine 239 phosphorylation in vitro and in intact cells using a
phosphospecific monoclonal antibody. J Biol Chem 1998;273(32):20029-35.

29.Smolenski A, Poller W, Walter U, et al. Regulation of human endothelial cell focal
adhesion sites and migration by cGMP-dependent protein kinase I. J Biol Chem
2000;275(33):25723-32.

30.Feelisch M. The use of nitric oxide donors in pharmacological studies. Naunyn
Schmiedebergs Arch Pharmacol 1998;358(1):113-22.

31.Moro MA, Russel RJ, Cellek S, et al. cGMP mediates the vascular and platelet actions of
nitric oxide: confirmation using an inhibitor of the soluble guanylyl cyclase. Proc Natl Acad
Sci U S A 1996;93(4):1480-5.

32.Schwarz UR, Walter U, Eigenthaler M. Taming platelets with cyclic nucleotides. Biochem
Pharmacol 2001;62(9):1153-61.

33.Gachet C. ADP receptors of platelets and their inhibition. Thromb Haemost
2001;86(1):222-32.

34.Baurand A, Raboisson P, Freund M, et al. Inhibition of platelet function by administration
of MRS2179, a P2Y1 receptor antagonist. Eur J Pharmacol 2001;412(3):213-21.

35.Freedman JE, Sauter R, Battinelli EM, et al. Deficient platelet-derived nitric oxide and
enhanced hemostasis in mice lacking the NOSIII gene. Circ Res 1999;84(12):1416-21.

36.Chiang TM, Woo-Rasberry V, Cole F. Role of platelet endothelial form of nitric oxide
synthase in collagen-platelet interaction: regulation by phosphorylation. Biochim Biophys
Acta 2002;1592(2):169-74.

37.Fleming I, Schulz C, Fichtlscherer B, et al. AMP-activated protein kinase (AMPK)

regulates the insulin-induced activation of the nitric oxide synthase in human platelets.
Thromb Haemost 2003;90(5):863-71.

14



38.LiZ, Xi X, Gu M, et al. A stimulatory role for cGMP-dependent protein kinase in platelet
activation. Cell 2003;112(1):77-86.

39.Li Z, Ajdic J, Eigenthaler M, et al. A predominant role for cAMP-dependent protein kinase
in the cGMP-induced phosphorylation of vasodilator-stimulated phosphoprotein and platelet
inhibition in humans. Blood 2003;101(11):4423-9.

40.Gambaryan S, Geiger J, Schwarz UR, et al. Potent inhibition of human platelets by cGMP
analogs independent of cGMP-dependent protein kinase. Blood 2004;103(7):2593-600.

41.Marshall SJ, Senis YA, Auger JM, et al. GPIb-dependent platelet activation is dependent
on Src kinases but not MAP kinase or cGMP-dependent kinase. Blood 2004;103(7):2601-9.

42.Hardy AR, Jones ML, Mundell SJ, et al. Reciprocal cross-talk between P2Y1 and P2Y 12
receptors at the level of calcium signaling in human platelets. Blood 2004;104(6):1745-52.

43.Aktas B, Honig-Liedl P, Walter U, et al. Inhibition of platelet P2Y 12 and alpha2A receptor
signaling by cGMP-dependent protein kinase. Biochem Pharmacol 2002;64(3):433-9.

44 .Siess W, Grunberg B. Phosphorylation of rap1B by protein kinase A is not involved in
platelet inhibition by cyclic AMP. Cell Signal 1993;5(2):209-14.

45.Massberg S, Gruner S, Konrad I, et al. Enhanced in vivo platelet adhesion in vasodilator-
stimulated phosphoprotein (VASP)-deficient mice. Blood 2004;103(1):136-42.

46.Aszodi A, Pfeifer A, Ahmad M, et al. The vasodilator-stimulated phosphoprotein (VASP)
is involved in cGMP- and cAMP-mediated inhibition of agonist-induced platelet aggregation,
but is dispensable for smooth muscle function. Embo J 1999;18(1):37-48.

47.Hauser W, Knobeloch KP, Eigenthaler M, et al. Megakaryocyte hyperplasia and enhanced
agonist-induced platelet activation in vasodilator-stimulated phosphoprotein knockout mice.
Proc Natl Acad Sci U S A 1999;96(14):8120-5.

48.Lafuente EM, van Puijenbroek AA, Krause M, et al. RIAM, an Ena/VASP and Profilin
ligand, interacts with Rapl-GTP and mediates Rapl-induced adhesion. Dev Cell
2004;7(4):585-95.

49.Mullershausen F, Friebe A, Feil R, et al. Direct activation of PDE5 by cGMP: long-term
effects within NO/cGMP signaling. J Cell Biol 2003;160(5):719-27.

50.Butt E, Gambaryan S, Gottfert N, et al. Actin binding of human LIM and SH3 protein is
regulated by cGMP- and cAMP-dependent protein kinase phosphorylation on serine 146. J
Biol Chem 2003;278(18):15601-7.

51.Butt E, Immler D, Meyer HE, et al. Heat shock protein 27 is a substrate of cGMP-

dependent protein kinase in intact human platelets: phosphorylation-induced actin
polymerization caused by HSP27 mutants. J Biol Chem 2001;276(10):7108-13.

15



Figure Legends

Figure 1. NO-donors inhibit agonist-induced Rap1 activation in human platelets.

Freshly isolated washed human platelets were preincubated without or with increasing
concentrations of either DEA-NO for 2 min (panel A) or DETA-NO for 1 min at 37°C (panels
B and C). Then thrombin (1 U/ml, panel A), ADP (10 xM, panel B) or collagen (50 pg/ml)
were added for 1 min. Cells were lysed and pull-down assays of Rapl using an activation
specific probe were performed. Levels of Rapl1-GTP and total Rapl as loading control were
determined by Western blot. Shown are representative results of three independent

experiments.

Figure 2. The NO-sensitive guanylyl cyclase is involved in Rap1 inhibition.

A, B: Washed platelets were treated without or with 10-30 uM YC-1 for 5 or 10 min (panels
A, B, respectively) at 37°C followed by addition of 1 U/ml thrombin (panel A) or 10 uM
ADP (panel B) for 1 min. Cells were lysed and Rap1-GTP was analyzed by pull-down assay.
Total Rapl as well as the phosphorylation state of VASP were ascertained by Western
blotting of cell lysates.

C: Platelets were preincubated with 30 zm ODQ for 30 min at 37°C. Then 50 uM DETA-NO
was added for 1 min followed by 50 pg/ml of collagen I for 1 min. Rap1-GTP, total Rap1 and
phosphorylated VASP were analyzed as described.

Shown are representative results of three independent experiments.

Figure 3. cGMP effects are mediated by cGKI.

Washed human platelets were incubated for 10 min with increasing concentrations of 8-
pCPT-cGMP at 37°C followd by incubation with either 1 U/ml thrombin (panel A), 10 uM
ADP (panel B) or 50 pg/ml collagen I (panel C) for 1 min. Cells were harvested and analyzed

as described in the legend to Figure 2. In panel C the ADP control represents platelets
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stimulated with 10 uM ADP for 1 min. Experiments were performed at least three times with

similar results.

Figure 4. NO inhibits Rap1 via cGKI.

Washed platelets were treated with 200 uM Rp-8pCPT-cGMPS for 15 min, then 1 uM DEA-
NO was added for 1 min followed by 10 uM ADP for various time-points. Rap1-GTP and
total Rap1 were analyzed as described. Blots from three independent pull-down experiments
were scanned and quantified. Shown are means + SEM. The amount of Rap1-GTP generated

by incubation with ADP alone for 15 sec. was set to 100 %.

Figure 5. P2Y,-independent Rap1 activation is blocked by cGMP-analogs.

ADP-induced formation of Rapl-GTP was analyzed in washed human platelets pretreated
without or with rising concentrations of MRS2179, a selective P2Y, receptor blocker for 1
min (panel A). Furthermore, platelets were pretreated without or with various concentrations
of 8-pCPT-cGMP for 10 min followed by 50 M MRS2179 for 1 min as indicated (panel B).
Then 10 uM ADP was applied for 1 min, cells were lysed and pull-down assays were
performed with the activation specific probe for Rapl as well as control Western blots for
total Rap1 and phosphorylated VASP. Blots from three independent pull-down experiments
were scanned and quantified (panel C). Shown are means + SEM. The amount of Rap1-GTP

generated by incubation with ADP alone was set to 100 %.

Figure 6. cGKI inhibits turbulence-induced Rap1 activation in megakaryocytes.

Human MEG-01 megakaryocytes were infected with adenoviral vectors for either wildtype or
catalytically inactive cGKIf. Two days after infection cells were subjected to mixing-induced
turbulence followed by 2 min rest. Then cells were lysed and levels of Rap1-GTP were
determined by pull-down assay, cGKI expression as well as the phosphorylation state of
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VASP were analyzed by Western blotting of cell lysates. Shown are representative results of

three independent experiments.

Figure 7. Model of NO/cGMP and Rapl1 signalling in platelets

Many different platelet agonists including ADP, thrombin and collagen induce the activation
of Rapl. Rapl activation involves Ga,- and Go;-mediated and other pathways, which
converge on specific guanine-nucleotide-exchange factors (Rapl1-GEFs). GEFs induce the
formation of active Rap1-GTP. Rapl activates integrin oy,;,[3; required for fibrinogen binding
and aggregation. NO inactivates Rapl via soluble guanylyl cyclase (sGC) and cGMP-
dependent protein kinase (¢cGKI). cGKI impacts on Ca**-signalling (solid line) and possibly

on Rap1GEFs or GTPase activating proteins of Rapl (Rap1GAPs, dashed lines).
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