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GTPase-activating proteins are required to terminate signal-
ing by Rap1, a small guanine nucleotide-binding protein that
controls integrin activity and cell adhesion. Recently, we identi-
fied Rap1GAP2, a GTPase-activating protein of Rap1 in plate-
lets. Here we show that 14-3-3 proteins interact with phospho-
rylated serine 9 at the N terminus of Rap1GAP2. Platelet
activation by ADP and thrombin enhances serine 9 phosphoryl-
ation and increases 14-3-3 binding to endogenous Rap1GAP2.
Conversely, inhibition of platelets by endothelium-derived fac-
tors nitric oxide and prostacyclin disrupts 14-3-3 binding.
These effects are mediated by cGMP- and cAMP-dependent
protein kinases that phosphorylate Rap1GAP2 at serine 7, adja-
cent to the 14-3-3 binding site. 14-3-3 binding does not change
theGTPase-activating functionofRap1GAP2 in vitro. However,
14-3-3 binding attenuates Rap1GAP2 mediated inhibition of
cell adhesion. Our findings define a novel crossover point of
activatory and inhibitory signaling pathways in platelets.

Platelets are involved inmany physiological and pathological
events in the vascular system including hemostasis and throm-
bosis as well as inflammation, angiogenesis, and metastasis.
Endothelium-derived messenger molecules nitric oxide (NO)
and prostacyclin (PGI2)3 initiate twomajor inhibitory signaling
pathways in platelets. NO and PGI2 activate platelet guanylyl
and adenylyl cyclases to produce cGMP and cAMP. In conse-
quence cGMP and cAMP activate cGMP- and cAMP-depend-
ent protein kinases (cGK/PKG and cAK/PKA) that phospho-
rylate substrate proteins leading to inhibition of platelet
activation, adhesion and aggregation (1–3). To date only few
substrates of cGK/cAKs in platelets have been characterized

and the mechanismsmediating platelet inhibition downstream
of the substrates are largely unknown.We and others (4, 5) have
recently detected that cGK and cAK efficiently block agonist-
induced formation of Rap1-GTP in platelets. Rap1 is a guanine
nucleotide-binding protein that regulates integrin functions
and plays a pivotal role in adhesion of many cell types (6–9). In
platelets Rap1 is required for adhesion, aggregation and throm-
bus formation (10). Because Rap1 controls integrin function
and platelet aggregation, Rap1 inhibition might play a cen-
tral role in platelet inhibition by NO and PGI2. Rap1 cycles
between an active GTP-bound and an inactive GDP-bound
conformation. The transition between these two states is
controlled by unique guanine nucleotide exchange factors
(GEF) and GTPase-activating proteins (GAP).
In a previous study we identified Rap1GAP2, the only known

GAP of Rap1 in platelets (11). Furthermore, in vitro experi-
ments provided preliminary evidence for cGK- and cAK-medi-
ated phosphorylation of Rap1GAP2 (11). Rap1GAP2 contains a
central conserved GAP domain as well as large N- and C-ter-
minal regions of unknown function. We hypothesized that
these regions might be involved in protein/protein interactions
and performed a genetic screening in yeast to identify
Rap1GAP2-interacting proteins. In the present work we estab-
lish the phosphoserine/phosphothreonine-binding protein
14-3-3 as major interaction partner of Rap1GAP2 and map its
binding site to the N terminus of Rap1GAP2.We show that the
formation of the Rap1GAP2/14-3-3 protein complex is regu-
lated by two phosphorylation events in platelets. ADP and
thrombin stimulate phosphorylation of the 14-3-3 binding ser-
ine residue, whereas the previously described phosphorylation
of Rap1GAP2 by cGK and cAK inhibits 14-3-3 binding. Our
data suggest that Rap1GAP2 represents an intersection point of
activatory and inhibitory pathways in platelets.

EXPERIMENTAL PROCEDURES

Materials—Human thrombin, ADP, wortmannin, YC-1,
DEA-NOate, DETA-NOate, sodium-nitroprusside (SNP), and
forskolin were obtained from Sigma (Taufkirchen, Germany).
Human fibronectin was purchased from Calbiochem (Merck,
Darmstadt, Germany). 8-pCPT-cGMP, 8-Br-cAMP, Rp-8-
pCPT-cGMPS, and Rp-8-Br-cAMPS were from Biolog (Bre-
men, Germany), prostacyclin (PGI2) was from Cayman Chem-
ical (Ann Arbor, MI), LY294002 and triciribine were from
Biomol (Hamburg, Germany), bisindolylmaleimide I, rottlerin,
PKC� and PKC� were from Axxora (Lörrach, Germany), PKB
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was from Jena Bioscience (Jena, Germany) and protein phos-
phatase 1 was obtained from New England Biolabs (Frankfurt,
Germany).
To detect Rap1GAP2 a previously described polyclonal anti-

body (11) was used. Commercially available antibodies were
used for detection of 14-3-3 (H-8, K-19, SantaCruz Biotechnol-
ogy), HA tag (HA.11, Covance, Princeton, NJ), Myc tag (4A6
from Upstate, Dundee, UK or 9E10 from Santa Cruz Biotech-
nology) and FLAG tag (M2, Sigma). Horseradish peroxidase-
coupled goat anti-rabbit and goat anti-mouse were from
Dianova (Hamburg, Germany).
Cloning of Rap1GAP2was described before (11). In the pres-

ent work only the Rap1GAP2a isoform was used. Rap1GAP2
was FLAG-tagged at the C terminus and expressed using the
mammalian expression vector pcDNA4/TO (Invitrogen). Site-
directedmutagenesis was performed by polymerase chain reac-
tion amplification of Rap1GAP2-FLAG-pcDNA4/TO using
mutagenic primer pairs, Pfu DNA polymerase (Stratagene, La
Jolla), digestionwithDpnI (Fermentas, St. Leon-Rot, Germany)
and transformation in XL-10 Gold bacteria. Full size 14-3-3�
cDNA, obtained from the yeast two-hybrid screen, was cloned
together with a C-terminal Myc epitope into the mammalian
expression vector pcDNA4/TO (Invitrogen). To produce puri-
fied GST-tagged 14-3-3� and 14-3-3�, full-size cDNAs,
obtained from the yeast two-hybrid screen, were cloned into
pGEX-4T3 vector (GE Healthcare, Freiburg, Germany). For
GST pulldown assay, full-length GST-14-3-3� and GST-14-
3-3� were expressed in Escherichia coli BL21. The resultant
GST fusion proteins were purified on GSH-Sepharose. Rap1
and Rap1GAP1 constructs were kindly provided by J. Bos
(Department of Physiological Chemistry, Utrecht, The
Netherlands).
Yeast Two-hybrid Screening—The MATCHMAKER Two-

Hybrid System 3 (Clontech-Takara Bio, Saint-Germain-en-
Laye, France) was used for yeast two-hybrid screening. Full-
length Rap1GAP2 was subcloned into pGBKT7 bait vector,
creating a fusion protein with the Gal4 DNA-binding domain.
The bait vector and 3.5� 106 cfu of a human adult brain cDNA
library cloned into pACT2prey vectorwere introduced into the
AH109 yeast strain. A high-stringency screen was performed
according to the manufacturer’s instruction.
Cell Culture and Transfection—COS-1 and HeLa cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS) and 1% penicillin/
streptomycin at 37 °C and ambient air supplemented with 5%
CO2. Transient transfections of COS-1 cells were performed
with DEAE-dextran. In brief, 6 � 105 cells were seeded per 10
cm dish. On the following day cells were washed with PBS, and
expression plasmids were applied in 5.7 ml of serum-free
medium mixed with 300 �l of DEAE-dextran (1 mg/ml stock)
and 12 �l of chloroquine (100 mM stock). After incubation for
2 h, the transfection mixture was removed, and the cells were
cultured in DMEM with 10% FCS for 24–48 h prior to use.
HeLa cells were transiently transfected using Metafectene
(Biontex,Martinsried, Germany) according to themanufactur-
er’s instructions.
Platelet Preparation—Venous bloodwas drawn fromhealthy

volunteers taking no medications, who gave their informed

consent according to the declaration ofHelsinki.Washed plate-
lets were obtained by sequential centrifugation as previously
described (4).
Antibody Production—The anti-phospho-Rap1GAP2 pS7

and pS9 antibodies were produced using the phosphorylated
MFGRKRpSVSFGGFC or MFGRKRSVpSFGGFC peptides
conjugated toKLHvia cysteine obtained fromSchafer-N (Copen-
hagen, Denmark). Immunization of rabbits and subsequent puri-
ficationof the antipeptide antibodywith immunizingpeptides and
the non-phosphorylated MFGRKRSVSFGGFC peptide was per-
formed by ImmunoGlobe Antikörpertechnik GmbH (Himmels-
tadt, Germany).
Preparation of Cell Lysates—Adherent COS-1 or HeLa cells

were washed three times with PBS and detached by scraping
with a rubber policeman. The lysates were prepared by resus-
pending washed platelets or washed cells in ice-cold lysis buffer
(50mMTris-HCl, pH7.5, 1%Triton, 150mMNaCl, 5mMMgCl2
with phosphatase inhibitors (1 mM Na3VO4, 50 mM NaF, 5 mM
Na4P2O7) and protease inhibitors (2 �g/�l aprotinin, 1 �g/�l
leupeptin, 0.1 mM phenylmethylsulfonyl fluoride). After 20
min, the lysates were centrifuged at 14,000 � g for 20 min to
remove insoluble material.
Immunoprecipitation, in Vitro Phosphorylation, and Pulldown

Experiments—Proteins were immunoprecipitated from 500
�l of lysate by addition of 5 �l of ANTI-FLAGM2 Affinity Gel
(Sigma) or 2�g of anti-Myc antibody (Upstate) at 4 °C for 2 h. In
case of immunoprecipitation with anti-Myc after 1 h, 7 �l of
protein A/G-Agarose (Santa Cruz Biotechnology) were added.
In vitro phosphorylation of precipitated proteins was per-
formed as described (11) using purified recombinant protein
kinases. In pulldown experiments 5 �l of glutathione-Sepha-
rose bead suspension (GE Healthcare) saturated with GST-14-
3-3�, GST-14-3-3� or GST-Rip2 were added to 500 �l of plate-
let or cell lysate and incubated at 4 °C for 2 h or overnight. The
beads were washed five times with lysis buffer before adding 20
�l of 3� SDS-buffer and boiling for 5 min. Proteins were sepa-
rated by SDS-PAGE and identified by immunoblotting as
described before (11). Shown data are representative of at least
three independent experiments.
Phosphopeptide Binding Assays—Peptides with the sequences

MFGRKRpSVSFGGFC (pS7), MFGRKRSVpSFGGFC (pS9), and
MFGRKRpSVpSFGGFC(pS7-pS9)corresponding to theNtermi-
nus of Rap1GAP2 coupled to Sepharose beads via cysteine were
obtained from Immunoglobe Antikörpertechnik GmbH. Pep-
tide beads were incubated with 100 ng of purified recombinant
GST-14-3-3� in 500 �l of PBS buffer with 0.1% Tween 20, 0.3%
Triton-X-100 and 1% BSA for 15 min at 4 °C. Then beads were
washed with the same buffer lacking BSA and bound GST-14-
3-3 was eluted by boiling in SDS-buffer and analyzed by SDS-
PAGE and immunoblot. Shown data are representative of three
independent experiments.
In Vitro GAP Assay—The coding sequence of amino acids

1–167 of human Rap1B was fused at the N terminus to a hexa-
histidine tag in the bacterial expression vector pET28 (Merck).
Recombinant His-Rap1B was purified from E. coli using Ni-
NTA. For GTP loading 25 �M His-Rap1B was incubated with
125 nM [32P]GTP (800 Ci/mmol, 10 �Ci/�l, obtained from
Hartmann Analytic, Braunschweig, Germany) in the presence
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of 25 �M cold GTP, 10 mM EDTA, 1 mM DTE, and 30 mM
Tris/HCl, pH 7.5 for 1 h at room temperature. The exchange
reaction was stopped by adding 20 mM MgCl2 and non-incor-
porated nucleotides were removed by gel filtration using
NAP-5 columns (GE Healthcare). FLAG-tagged Rap1GAP2
proteinswere purified from transfectedHeLa cells usingANTI-
FLAG M2 Affinity Gel. Rap1GAP2 proteins bound to beads
were incubated with purified [32P]GTP-loaded His-Rap1B in a
buffer containing 30 mM Tris/HCl, pH 7.5, 5 mM MgCl2, and 1
mM DTE in 50-�l aliquots at 25 °C. After different times, 5-�l
aliquots were removed andmixedwith 395�l of a cold 5% (w/v)
charcoal suspension in 20 mM phosphoric acid. After centrifu-
gation, 200 �l of supernatant was removed, mixed with scintil-
lation fluid, and counted.
Adhesion Assays—96-well plates were coated overnight at

4 °C with 20 �g/ml fibronectin in PBS, washed with PBS, and
blocked for 1 h at room temperature with 0.5% BSA in PBS.
After washing, 50 �l of DMEMwere added per well. HeLa cells
were transiently transfected with pRluc (BioSignal Packard,
Meriden) and wild-type or mutant Rap1GAP2. Cells were
washed, detached with 0.05% ETDA in PBS, spun down and
resuspended in DMEM containing 10% FCS at a concentration
of 2 � 105 cells/ml. 50 �l of cell suspension was added per well
of prepared plate. After spinning down the cells for 1 min at
10 � g, they were allowed to adhere for 50 min at 37 °C. Non-
adherent cells were removed by washing with prewarmed 0.5%
BSA in PBS. Adherent cells were lysed and subjected to lucifer-
ase assay using the Renilla Luciferase Assay System (Promega,
Mannheim, Germany) according to the manufacturer’s
instructions. Expression levels of transfected constructs were
confirmed by immunoblotting. Numbers of bound cells were
calculated and corrected for transfection efficiency by meas-
uring luciferase activity of total input cells.

RESULTS

Rap1GAP2 Interacts with 14-3-3—To identify Rap1GAP2-
associated proteins we performed yeast two-hybrid screening.
We used full-length wild-type Rap1GAP2a, the predominant
splice isoform of Rap1GAP2 in platelets, as a bait in a screen of
a two-hybrid human adult brain cDNA library. Out of 112 pos-
itive clones 18 were identified as 14-3-3� and 2 clones were
14-3-3�. 14-3-3 proteins are phosphoserine/phosphothreo-
nine-bindingmolecules that mediate phosphorylation depend-
ent effects of signaling (12–16). To verify that Rap1GAP2 and
14-3-3 interact in intact mammalian cells we performed co-
immunoprecipitation experiments. COS-1 cells were trans-
fectedwith epitope-tagged versions of Rap1GAP2 and 14-3-3�.
Immunoprecipitates of 14-3-3 were examined for the presence
of Rap1GAP2 by immunoblot. Rap1GAP2 was present only in
samples containing 14-3-3 (Fig. 1A, first lane). We confirmed
binding to 14-3-3 in a reverse experiment, using FLAG-tagged
Rap1GAP2 (Fig. 1A, third lane).
Rap1GAP2 is the so far only known GAP of Rap1 in platelets

(11). To verify the Rap1GAP2/14-3-3 interaction in platelets we
constructed GST-fusion proteins of 14-3-3� and � isoforms
(both isoforms were identified in the initial yeast two-hybrid
screening) and performed pulldown experiments. Both,
14-3-3� and �, bound to endogenous Rap1GAP2 with equal

potency whereas a control GST-GFP fusion protein did not
bind Rap1GAP2 (Fig. 1B). To determine if 14-3-3 proteins also
bind to other RapGAPs we tested Rap1GAP1, a closely related
protein that exhibits about 50%overall identitywithRap1GAP2
(11, 17). No interaction between Rap1GAP1 and 14-3-3� could
be detected in co-immunoprecipitation experiments in trans-
fected HeLa cells (Fig. 1C).
To determine the 14-3-3 binding site(s) within Rap1GAP2

we generated mutants containing either the N-terminal 121
residues (N-term) or residues 121 to 715 (C-term) of
Rap1GAP2. Only theN-terminal Rap1GAP2 construct, but not
the C-terminal construct, co-precipitated with 14-3-3 from
transfectedHeLa cell lysates (Fig. 1D, second and third lane). To
define the 14-3-3 interacting region of Rap1GAP2 more pre-
ciselywe looked for consensus 14-3-3 binding sites (13, 18). The

FIGURE 1. Rap1GAP2 and 14-3-3 associate in intact cells. A, co-immuno-
precipitation of Rap1GAP2 and 14-3-3� in transfected COS-1 cells. COS-1 cells
were transfected with FLAG-tagged Rap1GAP2 and Myc-tagged 14-3-3�.
After lysis Rap1GAP2 and 14-3-3 were precipitated using tag-specific anti-
bodies (mouse-�-FLAG, mouse-�-myc). Precipitates were analyzed by immu-
noblot using mouse anti-Myc or rabbit anti-Rap1GAP2. The upper panel
shows precipitation results and the two lower panels show controls for trans-
fection efficiency. The broad band of Rap1GAP2 is probably due to exten-
sive post-translational modifications. Immunoglobulin heavy and light
chains (marked with *) are detected in precipitates only where antibodies
from the same species (mouse) were used for precipitation as well as for
blotting. B, 14-3-3� and � bind to endogenous Rap1GAP2. Equal amounts
of GST fusion proteins of 14-3-3�, 14-3-3�, and GFP as control were cou-
pled to GSH-Sepharose beads and incubated with platelet lysates. Bound
proteins were eluted from the beads and probed with anti-Rap1GAP2. The
lower panel shows a Rap1GAP2 expression control. C, 14-3-3 does not bind
to Rap1GAP1. HeLa cells transfected with an expression vector for HA-
tagged Rap1GAP1 and Myc-tagged 14-3-3� were lysed, and Rap1GAP1
was precipitated using an antibody against the HA tag. Precipitates were
analyzed for the presence of 14-3-3 by immunoblot with anti-Myc (upper
panel). Efficient precipitation of Rap1GAP1 was verified by immunoblot
(second panel from top). The lower two panels show expression levels of
Rap1GAP1 and 14-3-3 in total lysates. D, 14-3-3 interacts with the N termi-
nus of Rap1GAP2. HeLa cells were cotransfected with Myc-tagged 14-3-3�
and without or with different FLAG-tagged constructs of Rap1GAP2.
N-term comprises amino-acids 1–121, C-term contains amino acids 121–
715, and �N13 lacks the first 13 residues of Rap1GAP2. Cells were lysed,
FLAG-containing proteins were precipitated, and precipitates were ana-
lyzed for the presence of 14-3-3 by immunoblot (upper panel). The lower
panel shows expression controls for the transfected constructs.
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N terminus of Rap1GAP2 exhibits a region resembling a mode
I consensus motif for 14-3-3 binding (RSXpSXP, where X
denotes any amino acid residue and pS represents phosphoryl-
ated serine). The Rap1GAP2 sequence RSVSFG (residues
6–11) differs only in the final glycine residue from the mode I
consensus.We tested the role of thismotif for 14-3-3 binding in
co-immunoprecipitation experiments. Deletion of the 13
N-terminal residues of Rap1GAP2 resulted in loss of 14-3-3
binding (�N13 in Fig. 1D). We conclude that Rap1GAP2 con-
tains one 14-3-3 binding site that localizes to the very N
terminus.
Characterization of the 14-3-3 Binding Motif of Rap1GAP2—

Alignment of the Rap1GAP2N-terminal sequence withmode I
and mode II consensus sequences for 14-3-3 binding is shown
in Fig. 2A. The mode I motif matches best to the Rap1GAP2 N
terminus and both motifs predict serine 9 as the critical phos-
phorylated serine residue required for 14-3-3 binding. To test
this prediction we mutated serine 9 of Rap1GAP2 and per-
formed co-immunoprecipitation experiments with 14-3-3�.
Mutation of serine 9 to alanine (S9A) completely abolished
14-3-3 binding (Fig. 2B, third lane). Neither mutation of

Rap1GAP2 serine 9 to glutamic acid
(S9E, Fig. 2B, fourth lane) nor to
aspartic acid (not shown) restored
14-3-3 binding. This observation
agrees with the notion that only
phosphorylated serine or threonine
residues interact with the basic
pocket in the 14-3-3 binding groove
(19).
The 14-3-3 binding motif of

Rap1GAP2 includes serine 7 that we
have previously identified as phos-
phorylation site for cyclic nucleo-
tide dependent protein kinases cGK
and cAK in vitro (11).We generated
point mutants to determine if
Rap1GAP2 serine 7 phosphoryla-
tion affects 14-3-3 binding. A serine
7 to alanine mutant (S7A) copre-
cipitated 14-3-3� similar to wild-
type Rap1GAP2 (Fig. 2C). In con-
trast, a glutamic acid mutant (S7E)
did not bind 14-3-3 at all (Fig. 2C).
These results indicate that serine 7
is not essential for 14-3-3 binding,
however, phosphorylation of ser-
ine 7 might inhibit binding. To
verify the roles of phosphorylated
serines 7 and 9 of Rap1GAP2 for
14-3-3 binding we generated short
peptides corresponding to the N
terminus of Rap1GAP2 containing
either phosphorylated serine 7 or
9, or both residues phosphoryla-
ted. These peptides were coupled
to beads and used to pull down
purified recombinant 14-3-3�.

Only the serine 9 phosphorylated peptide bound to 14-3-3,
whereas peptides containing phosphorylated serine 7 either
alone or in combination with phosphorylated serine 9, did not
bind to 14-3-3 (Fig. 2D). To test if binding of endogenous
14-3-3 to Rap1GAP2 would also depend on serines 7 and 9, we
transfected HeLa cells with wild-type or mutant Rap1GAP2.
S7A mutant Rap1GAP2 precipitated endogenous 14-3-3 simi-
lar to wild-type Rap1GAP2, whereas phosphomimetic mutants
of serine 7 either to glutamic acid (Fig. 2E) or to aspartic acid
(data not shown) did not bind to 14-3-3. Mutation of serine 9
abolished 14-3-3 binding, as observed before (Fig. 2E). To con-
firm the role of serines 7 and 9 of Rap1GAP2 for 14-3-3 binding
in a vice versa approach we performed pulldown experiments
using 14-3-3� and � to precipitate the different Rap1GAP2
mutants. Both 14-3-3 isoforms precipitated wild-type and S7A
mutant Rap1GAP2 from cell lysates equally well (Fig. 2F). All
other mutations of serines 7 or 9 abolished binding of 14-3-3�
and �. These data confirm that serine 9 is required for binding of
14-3-3 proteins toRap1GAP2. Furthermore, serine 7 appears to
represent a regulatory site that inhibits 14-3-3 binding to
Rap1GAP2 in case of phosphorylation of this site.

FIGURE 2. 14-3-3 binds to serine 9 of Rap1GAP2 and binding is blocked by phosphorylation of serine 7.
A, alignment of Rap1GAP2 N-terminal sequence with type I and type II consensus motifs for 14-3-3 binding. pS
indicates phosphorylated serine. Matching residues are boxed and identical residues are additionally shaded in
gray. B, serine 9 of Rap1GAP2 is required for binding to 14-3-3. HeLa cells were cotransfected with Myc-tagged
14-3-3 and FLAG-tagged wild-type Rap1GAP2 or mutants of Rap1GAP2 having the serine 9 residue mutated
either to alanine (S9A) or to glutamic acid (S9E). Cells were lysed, Rap1GAP2 was precipitated and 14-3-3
binding was analyzed as described in Fig. 1D. C, mutation of Rap1GAP2 serine 7 to glutamic acid blocks 14-3-3
binding. HeLa cells were cotransfected with Myc-tagged 14-3-3 and FLAG-tagged wild-type or mutant
Rap1GAP2. 14-3-3 binding was analyzed as described (Fig. 1D). D, 14-3-3 binds to phosphorylated serine 9
containing peptides and additional phosphorylation of serine 7 abolishes binding. Synthetic peptides contain-
ing phosphorylated serines 7, 9 or both were coupled to Sepharose beads and used to pull down GST-14-3-3�.
Sepharose beads alone were used as control. Binding was determined by immunoblot using anti-14-3-3.
E, serines 7 and 9 of Rap1GAP2 regulate binding to endogenous 14-3-3. HeLa cells transfected with wild-type
or mutant FLAG-tagged Rap1GAP2 were lysed and FLAG-containing proteins were precipitated using specific
antibodies. Co-precipitated endogenous 14-3-3 was visualized by immunoblot (upper panel). The lower panel
shows expression controls for transfected Rap1GAP2 and for endogenous 14-3-3. F, serines 7 and 9 of
Rap1GAP2 regulate binding to 14-3-3� and � isoforms. COS-1 cells were transfected with wild-type FLAG-
tagged Rap1GAP2 or with various point mutants having serines 7 and 9 changed to alanine or glutamic acid
alone and in combination as indicated. Equal amounts of GST fusion proteins of 14-3-3� (upper panel) and
14-3-3� (middle panel) coupled to GSH-Sepharose beads were used for precipitation. Bound proteins were
visualized by immunoblot analysis with a FLAG-specific antibody. The lower panel shows the expression levels
of Rap1GAP2 proteins.
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Platelet Activation Induces Rap1GAP2 Serine 9 Phosphoryl-
ation and Stimulates 14-3-3 Binding—To confirm the physio-
logical significance of our findings on the regulation of the
Rap1GAP2 14-3-3 interaction by phosphorylation we devel-
oped specific antibodies against the phosphorylated serine 7
and serine 9 sites. To test the specificity of the phosphoserine 9
antibody we expressed wild-type Rap1GAP2 and phosphoryla-
tion site mutants in HeLa cells. Immunoblotting with the pS9
antibody resulted in a single strong band in HeLa cells trans-
fected with wild-type Rap1GAP2, which indicates that
Rap1GAP2 is phosphorylated on serine 9 already in the basal
state (Fig. 3A). In case of mutation of serine 9 to alanine or to
glutamic acid the pS9 antibody did not detect Rap1GAP2 (Fig.
3A). Mutations of serine 7 reduced the signal of the pS9 anti-
body, especially if phosphomimetic residues were introduced.
The reduction of the signal can be explained by the fact that
serine 7 is included in the epitope recognized by the pS9 anti-
body (Fig. 3A). Treatment of purified Rap1GAP2 from trans-

fectedHeLa cells with protein phos-
phatase 1 resulted in a loss of the
pS9 signal (Fig. 3B). Taken together
the data confirm that the pS9 anti-
body is specific for serine 9 phos-
phorylated Rap1GAP2, even if the
absence of a serine residue at posi-
tion 7 might reduce binding of the
pS9 antibody.
Next we tested the pS9 antibody

in freshly isolated human platelets.
Immunoblotting of resting platelets
revealed a consistent basal serine 9
phosphorylation of Rap1GAP2
(Fig. 3C, top panel, first lane).
Treatment of platelets with ADP
or thrombin increased the phos-
phorylation of serine 9 (Fig. 3C,
top panel, second and third lane). In
parallel, we performed pulldown
experiments using GST-14-3-3 to
precipitate endogenous Rap1GAP2
from lysates of ADP or thrombin-
treated platelets. Increased phos-
phorylation of Rap1GAP2 on serine
9 correlated with an increased bind-
ing of Rap1GAP2 to 14-3-3 (Fig. 3C,
third panel). GST alone did not pull
down any Rap1GAP2, which con-
firms the specificity of the observed
effect (Fig. 3C, bottom).
To obtain conclusive evidence that

endogenous 14-3-3 and Rap1GAP2
proteins interact we developed a
novel precipitation approach. Be-
cause neither our Rap1GAP2 anti-
body nor any of the tested commer-
cially available 14-3-3 antibodies
were able to immunoprecipitate
their antigens efficiently from plate-

lets, we used a second Rap1GAP2 interacting protein (Rip2)
characterized in our group4 to precipitate sufficient amounts of
endogenous Rap1GAP2. In a control experiment inCOS-1 cells
we showed that a GST-Rip2 fusion protein precipitates 14-3-3
only in the presence of Rap1GAP2 (Fig. 3D, left panel). This
result confirms that Rip2 cannot bind to 14-3-3 by itself.
Accordingly, we used GST-Rip2 to pull down endogenous
Rap1GAP2 fromplatelet lysates andwere able to co-precipitate
endogenous 14-3-3 (Fig. 3D, right panel). A control experiment
confirmed that GST alone did not bind Rap1GAP2 or 14-3-3.
Thrombin treatment of platelets resulted in an increased inter-
action of 14-3-3 and Rap1GAP2 at the endogenous level (Fig.
3D, right panel). From these experiments we conclude that an
increased level of Rap1GAP2 serine 9 phosphorylation during
platelet activation leads to enhanced binding of 14-3-3 to
Rap1GAP2.

4 A. P. Smolenski, unpublished data.

FIGURE 3. Platelet activation stimulates phosphorylation of Rap1GAP2 at serine 9 and increases 14-3-3
binding. A, characterization of a phosphospecific antibody against serine 9-phosphorylated Rap1GAP2. HeLa
cells were transfected with FLAG-tagged wild-type and various point mutants of Rap1GAP2. Cells were lysed,
total cell lysates were separated by SDS-PAGE and immunoblotted using a purified antibody specific for
Rap1GAP2 phosphorylated on serine 9 (pS9-Rap1GAP2) and for total Rap1GAP2 using an antibody against the
FLAG tag as control. B, 14-3-3 binding to Rap1GAP2 is abolished upon phosphatase treatment. HeLa cells were
transfected with FLAG-tagged Rap1GAP2. One day after transfection cells were lysed, and Rap1GAP2 was
immunoprecipitated using an antibody against the FLAG tag. The precipitates were incubated without or with
15 units of protein phosphatase 1 (PP1) for 1.5 h at 30 °C and analyzed with the pS9-Rap1GAP2 antibody and for
total Rap1GAP2 (anti-FLAG) as control. C, ADP and thrombin enhance Rap1GAP2 serine 9 phosphorylation and
14-3-3 binding to Rap1GAP2 in platelets. Platelets were treated without or with 10 �M ADP for 1 min or with 0.1
units/ml thrombin for 30 s. Then cells were lysed, and total cell lysates were analyzed by immunoblot using
anti-pS9-Rap1GAP2 and anti-Rap1GAP2 (first and second panels from top). The same lysates were incubated
with purified recombinant GST-14-3-3� or GST alone as control to pull down endogenous Rap1GAP2. Precip-
itates were washed and bound proteins were analyzed by immunoblot using anti-Rap1GAP2 (third and fourth
panels from top). D, thrombin enhances binding of endogenous 14-3-3 and Rap1GAP2 in platelets. In a control
experiment COS-1 cells (left panels) were transfected with 14-3-3 and without or with Rap1GAP2. Cells were
lysed, and a GST fusion protein of the Rap1GAP2-interacting protein 2 (Rip2) was used to pull down Rap1GAP2
and indirectly also 14-3-3 bound to Rap1GAP2. Precipitated 14-3-3 was detected by SDS-PAGE and immuno-
blotting of 14-3-3 using anti-14-3-3 (blot: 14-3-3). Amounts of precipitated Rap1GAP2 were controlled by
immunoblotting of the precipitates using anti-Rap1GAP2 (blot: Rap1GAP2). In parallel, total cell lysates were
analyzed for the expression of 14-3-3 (total 14-3-3) and Rap1GAP2 (total Rap1GAP2). Platelets (right panels)
were treated with thrombin as indicated followed by lysis and pulldown assay using either GST alone or
GST-Rip2. The presence of endogenous 14-3-3 and Rap1GAP2 in the precipitates as well as total protein levels
were analyzed by SDS-PAGE and immunoblotting using specific antibodies.
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Kinases Involved in Rap1GAP2 Serine 9 Phosphorylation—
The serine/threonine kinases known to be activated in platelets
in response to ADP and thrombin are PKCs, including PKC�
(20, 21), PKB/Akt, a downstreamkinase of phosphatidylinositol
3-kinase (PI3K) (22–24), PKD, a PI3K and PKC-dependent
kinase (25), and GSK3, which is also PI3K-dependent (26).
Treatment of platelets with the PI3K inhibitors wortmannin or
LY294002 did not affect levels of Rap1GAP2 serine 9 phospho-
rylation (Fig. 4A). Also, PKB inhibitor triciribine and PKC
inhibitors bisindolylmaleimide I and rottlerin, a compound
more specific for PKC�, did not induce any significant differ-
ences in serine 9 phosphorylation (Fig. 4, A and B). Phospho-
rylation experiments using purified proteins showed that a
N-terminal construct of Rap1GAP2 containing the 14-3-3
binding sitewas only phosphorylated by cAMP-dependent pro-
tein kinase, on serine 7 as shown before (11), but not by PKB,
PKC�, or PKC� (Fig. 4C). The scansite algorithm (27) predicted
calmodulin-dependent protein kinase II (CaMK II) as another
possible serine 9 kinase. However, the CaMK inhibitors KN62
and KN93 did not inhibit serine 9 phosphorylation (data not
shown). We conclude that Rap1GAP2 is phosphorylated on
serine 9 by a so far uncharacterized kinase activated byADPand
thrombin signaling pathways in platelets.
Phosphorylation of Rap1GAP2 Serine 7 in Platelets—To elu-

cidate the role of serine 7 phosphorylation in respect of the
Rap1GAP2/14-3-3 protein complex a phosphospecific anti-
body against the serine 7 site of Rap1GAP2 was generated. The
specificity of this new antibody was tested using lysates of HeLa
cells transfected with different phosphorylation site mutants of
Rap1GAP2. Before lysis cells were treated without or with for-

skolin to activate endogenous cAMP production by adenylyl
cyclase and thus to induce Rap1GAP2 phosphorylation by
endogenous cAK. In immunoblots the pS7-antibody detected
some wild-type Rap1GAP2 already in untreated cells and addi-
tion of forskolin strongly enhanced the signal (Fig. 5A). Muta-
tion of serine 7 either to alanine or to glutamic acid abolished
binding of the pS7-antibody, whereas mutations of serine 9 did
not (Fig. 5A). Basal serine 7 phosphorylation in the absence of
forskolin was detected in wild-type and S9E but not in S9A
mutants suggesting that phosphorylated serine 9, present in
wild-type (Fig. 3A) and mimicked by the S9E mutant, might
enhance secondary phosphorylation of serine 7 by cAK. Preab-
sorption of the pS7-antibody with the antigenic peptide
resulted in loss of the signal obtainedwithwild-typeRap1GAP2
(data not shown). These experiments prove the specificity of
the pS7-antibody toward serine 7-phosphorylated Rap1GAP2.
Next, we used the pS7 antibody to monitor the phosphoryl-

ation state of endogenous Rap1GAP2 in freshly isolated human
platelets. In untreated platelets no pS7 signal could be detected
by immunoblot (Fig. 5B, control lanes). To investigate the con-
tribution of various components of the NO/cGMP pathway to
Rap1GAP2 serine 7 phosphorylation we tested effects of NO
donors and an activator of soluble guanylyl cyclase. Both the
fast-releasing nitric oxide donor DEA-NO as well as DETA-
NO, a long acting NONOate, induced a dose-dependent
increase in Rap1GAP2 serine 7 phosphorylation in platelets
(Fig. 5B, first two panels). NO has been shown to exert its inhib-
itory functions in platelets via cGMP-dependent as well as
cGMP-independent pathways. Treatment of platelets with
3-(5�-hydroxymethyl-2�-furyl)-1-benzylindazole (YC-1), a spe-
cific activator of soluble guanylyl cyclase induced Rap1GAP2
serine 7 phosphorylation (Fig. 5B, third panel) suggesting that
NOeffects are cGMP-dependent. 8-pCPT-cGMP, amembrane
permeable PDE-resistant cGMP analog and activator of cGK,
dose dependently induced the phosphorylation of Rap1GAP2
on serine 7 (Fig. 5C, first panel). Direct activation of cAK using
8-Br-cAMPhad the same effect (data not shown). Furthermore,
Rp-8-pCPT-cGMPS and Rp-8-Br-cAMPS, two inhibitors of
cGK and cAK, attenuated serine 7 phosphorylation induced by
theNO-releasing substance sodiumnitroprusside (SNP) andby
forskolin, respectively. We conclude that NO/cGMP and
cAMP signaling pathways induce Rap1GAP2 serine 7 phospho-
rylation via cGK and cAK in platelets.
We studied the time course of Rap1GAP2 serine 7 phospho-

rylation in platelets induced by endothelium-derived cyclic
nucleotide activators NO and prostacyclin (PGI2). After treat-
ment of platelets with the NO-releasing substance SNP a pS7
signal appeared after 1 min reaching a maximum at 10 min
followed by a gradual decline (Fig. 5D). PGI2 induced a similar
increase in Rap1GAP2 serine 7 phosphorylation (Fig. 5E). The
pS7 signal was already visible after 30 s corresponding to a fast
receptor-mediated action of PGI2. Maximum signal intensity
was reached after 5 min and then Rap1GAP2 phosphorylation
diminished until it was completely lost after 90 min (Fig. 5E).
These data indicate that endogenous Rap1GAP2 is reversibly
phosphorylated in response to NO and PGI2.

FIGURE 4. PI3K, PKB, and PKC are not involved in Rap1GAP2 serine 9
phosphorylation. A and B, freshly isolated human platelets were treated
with 0.1 �M wortmannin for 20 min (wo) followed by ADP stimulation, with 50
�M LY294002 (LY) or 10 �M triciribine (tri) for 60 min, or with 1 �M bisindolyl-
maleimide I (bis) or 1 �M rottlerin (rot) for 20 min. Cells were lysed, serine 9
phosphorylation was analyzed by immunoblot using the pSer9-specific anti-
body, and total amounts of Rap1GAP2 were determined as control. C, epitope-
tagged construct of Rap1GAP2 containing the N terminus and the GAP domain
was expressed in HeLa cells. Cells were lysed and the Rap1GAP2 protein was
purified using tag-specific antibodies. Rap1GAP2 was incubated with purified
recombinant protein kinases cAK (A), PKB (B), PKC� (C�), and PKC� (C�) in the
presence of 32P-labeled ATP. Proteins were analyzed by SDS-PAGE, blotted to
nitrocellulose and exposed to film (32P) followed by immunodetection of total
Rap1GAP2 levels (total Rap1GAP2).
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Inhibition of 14-3-3 Binding to Rap1GAP2 by Cyclic
Nucleotide-dependent Protein Kinases in Platelets—To
investigate if serine 7 phosphorylation would affect 14-3-3
binding in platelets we performed pulldown assays using
recombinant GST-tagged 14-3-3�. SNP treatment drasti-
cally reduced binding of 14-3-3 to Rap1GAP2 which corre-
lated with increased serine 7 phosphorylation (Fig. 6A, left
panel). A similar result was obtained using the direct cGK
activator 8-pCPT-cGMP (Fig. 6A, right panel). Stimulation

of cAMP production using PGI2 or
forskolin inhibited the interaction
of Rap1GAP2 and 14-3-3 (Fig. 6B).
Reduced binding to 14-3-3 was
accompanied by increased Rap1-
GAP2 serine 7 phosphorylation, as
before. Because platelet activators
enhance binding of 14-3-3 to
Rap1GAP2 we asked if cyclic nucle-
otides could inhibit 14-3-3 binding
in the presence of ADP or throm-
bin. We preincubated platelets
with a cGMP analog or with for-
skolin before adding ADP and
thrombin. Both cGMP and cAMP
pathways inhibited 14-3-3 binding
to Rap1GAP2 in the presence of
ADP or thrombin (Fig. 6C). This
inhibition again correlated with
increased serine 7 phosphoryla-
tion of Rap1GAP2. Of note, we
observed that thrombin alone
induced a slight serine 7 phospho-
rylation possibly via cross activa-
tion of cAMP pathways (Fig. 6C).
We conclude that cyclic nucleo-
tides block interaction of 14-3-3
and Rap1GAP2 by phosphoryla-
tion of serine 7 via cyclic nucleo-
tide-dependent protein kinases.
Binding of 14-3-3 Does Not Affect

the Catalytic GTPase-activating Func-
tion of Rap1GAP2 in Vitro—Next, we
investigated the functional conse-
quences of 14-3-3 binding to
Rap1GAP2. Because it is known that
14-3-3 proteins modulate the cata-
lytic activity of some of their targets
(13, 28), we performed in vitro
GAP assays. We analyzed if wild-
type and S7A mutant Rap1GAP2
bound to 14-3-3 would exhibit dif-
ferences in theirGAP function com-
pared with the S7E, S9A, and S9E
mutants that cannot bind 14-3-3.
During purification of Rap1GAP2
proteins from transfected HeLa
cells, wild-type, and S7ARap1GAP2
but not the other mutants re-

mained bound to endogenous HeLa cell derived 14-3-3 (Fig.
7A). In all Rap1GAP2 containing samples Rap1 GTPase
activity was detectable; however, no differences between the
various mutants were observed (Fig. 7B). Addition of an
excess of purified recombinant 14-3-3 did not change the
outcome of the GAP assay (data not shown). Also, measure-
ments of Rap1-GTP levels in total lysates of transfected
HeLa cells by pulldown assay (4, 11) did not reveal any dif-
ferences between Rap1GAP2 mutants (data not shown). We

FIGURE 5. Endogenous cyclic nucleotide signaling pathways induce Rap1GAP2 serine 7 phosphorylation
in platelets. A, characterization of a phosphospecific antibody against serine 7-phosphorylated Rap1GAP2.
HeLa cells were transfected with FLAG-tagged Rap1GAP2 constructs as indicated. One day after transfection
cells were treated without or with 10 �M forskolin for 30 min and lysed. Total cell lysates were subjected to
SDS-PAGE analysis followed by immunoblotting using an antibody specific for Rap1GAP2 phosphorylated on
serine 7 (pS7-Rap1GAP2) and for total Rap1GAP2 using anti-FLAG. B, NO-induced Rap1GAP2 serine 7 phos-
phorylation is mediated by cGMP. Platelets were treated with indicated concentrations of NO donors
DEA-NONOate or DETA-NONOate for 1 min or guanylyl cyclase activator YC-1 for 5 min. Cells were lysed, and
immunoblot analysis was performed using antibodies specific for serine 7-phosphorylated Rap1GAP2 (pS7) as
well as total Rap1GAP2. C, cyclic nucleotide-induced Rap1GAP2 serine 7 phosphorylation is mediated by cGK
and cAK. Platelets were treated with the cGK activator 8-pCPT-cGMP for 30 min as indicated (left panels). In
inhibitor studies (right panels), platelets were preincubated with 0.5 mM Rp-8-pCPT-cGMPS or 0.5 mM Rp-8-Br-
cAMPS for 20 min at 37 °C. Then 1 �M SNP or 1 �M forskolin were added for 1.5 min, followed by lysis, SDS-PAGE,
and immunoblot analysis of serine 7-phosphorylated and total Rap1GAP2. D, NO-donor SNP induces reversible
Rap1GAP2 phosphorylation in platelets. Aliquots of platelets treated without or with 10 �M SNP were removed
after indicated time points, mixed with SDS buffer and boiled. Immunoblots were performed using antibodies
specific for serine 7 phosphorylated Rap1GAP2 (pS7) as well as total Rap1GAP2. Obtained bands were scanned
and quantitated by densitometry using the ImageJ program (NIH). Results from three independent experi-
ments were plotted. Shown data represent the means (�S.D.). E, prostacyclin (PGI2) induces reversible
Rap1GAP2 phosphorylation in platelets. Experiments were performed as described in the legend to Fig. 5D,
using 1 �M PGI2.
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conclude that 14-3-3 binding does not affect the catalytic
activity of Rap1GAP2 in vitro.
Binding of 14-3-3 Modulates Rap1GAP2 Effects on Cell

Adhesion—Rap1GAP proteins are known to inhibit Rap1- and
integrin-mediated adhesion of intact cells (29). Therefore, we
studied effects of 14-3-3 binding to Rap1GAP2 on cell adhe-
sion. HeLa cells expressing endogenous Rap1 and 14-3-3 were
seeded onto fibronectin-coated dishes to stimulate integrin-
mediated adhesion. As expected, Rap1GAP2 reduced cell adhe-
sion to 50% of mock-transfected cells (Fig. 8, wt). To determine
the role of 14-3-3 binding for Rap1GAP2 activity we used the
previously described Rap1GAP2 point mutants. Equal expres-
sion of Rap1GAP2s was confirmed by immunoblotting. As a
further control we checked the expression of integrin �1 which
is required for adhesion to fibronectin. Integrin expression was
not altered by overexpression of the different Rap1GAP2
mutants (Fig. 8, inset). We observed striking differences in
Rap1GAP2 effects on cell adhesion dependent on the capacity
of Rap1GAP2 to bind 14-3-3. The S7A mutant of Rap1GAP2
that binds 14-3-3 constitutively, was less active and attenuated
cell adhesion only to 80% of control cells (Fig. 8, S7A). In con-
trast, S7E, S9A, and S9E mutants of Rap1GAP2 that do not
interact with 14-3-3 inhibited cell adhesion to 30% of control

cells. The differences in adhesion between S7E, S9A, S9E, and
S7A mutant Rap1GAP2 were statistically significant (p � 0.05,
Bonferroni post-test).Wild-typeRap1GAP2 exhibited an inter-
mediate phenotype compared with S7A and S7E/S9A/S9E
mutants. This is probably the result of basal phosphorylation of
wild-type Rap1GAP2 on serine 7 in HeLa cells (Fig. 5A) fol-
lowed by a reduction of 14-3-3 binding. From these experi-
ments we conclude that release of 14-3-3 stimulates
Rap1GAP2-mediated inhibition of cell adhesion.

DISCUSSION

We identified 14-3-3 proteins as interaction partners of
Rap1GAP2. We show that 14-3-3 binding to Rap1GAP2 is a
dynamic process. Both, activatory and inhibitory pathways in
platelets converge on the regulation of 14-3-3 binding to
Rap1GAP2. Platelet activation by thrombin or ADP promotes
14-3-3 binding by phosphorylation of serine 9 of Rap1GAP2.
Endothelium-derived platelet inhibitors NO and PGI2 induce
phosphorylation of Rap1GAP2 on serine 7 resulting in the
release of 14-3-3 from Rap1GAP2.
Interaction of Rap1GAP2 and 14-3-3—All members for

the 14-3-3 protein family are highly conserved and share
high amino acid identity (30, 31). With pulldown experi-
ments we show that Rap1GAP2 binds to 14-3-3� and �. In
immunoprecipitations from HeLa cells also endogenous
14-3-3� emerges to interact with Rap1GAP2. Platelets are
known to express 14-3-3 isoforms �, � and � and to lower
extent also isoforms � and � (32, 33). We did not test if
Rap1GAP2 also interacts with � and �, but it is well possible
that these isoforms also interact with Rap1GAP2 because the
used 14-3-3 antibodies (K19 and H8) recognize the 14-3-3
family.
Regulation of 14-3-3 Binding—14-3-3 binding to proteins is

generally thought to be induced by protein kinases phospho-
rylating specific serine or threonine residues (15). For example,
cAK-mediated phosphorylation of the GPIb� subunit of the
vonWillebrand receptor has been described to enhance 14-3-3
binding (34).Our experiments prove that serine 9 of Rap1GAP2
forms the phosphorylated residue required for binding of
14-3-3 and that platelet activation by ADP and thrombin
further enhances the phosphorylation of serine 9. We
excluded possible roles of PI3K, PKB, PKC, PKD, GSK3, and
CaMK in Rap1GAP2 serine 9 phosphorylation. Thus, other
uncharacterized kinases appear to be involved in ADP and
thrombin signaling and platelet activation. The human
genome is predicted to express around 400 serine/threonine
kinases (35), and only few of these have been studied in detail
so far.
Serine 7 of Rap1GAP2 represents an additional regulatory

site that modulates 14-3-3 binding. We observed an inhibi-
tory effect of cAK- and cGK-mediated phosphorylation of
Rap1GAP2 serine 7 on 14-3-3 binding. Serine 7 is located at
the �2 position of the 14-3-3 binding serine 9 of Rap1GAP2.
The type I consensus motif for 14-3-3 binding contains a
serine at the �2 position and a regulatory function of this
residue has been described before. For example, 14-3-3 bind-
ing to the tumor suppressor protein p53 was abolished by
serine phosphorylation at the �2 position (36). Bulavin et al.

FIGURE 6. Cyclic nucleotide pathways inhibit 14-3-3 binding to
Rap1GAP2 in platelets. A, cGMP signaling blocks 14-3-3 binding to
Rap1GAP2. Platelets treated with SNP or 8-pCPT-cGMP as indicated were
lysed and pulldown assays using GST-14-3-3� were performed as
described in the legend to Fig. 1B. Total cell lysates were analyzed by
immunoblot to determine total amounts of Rap1GAP2 and serine 7-phos-
phorylated Rap1GAP2. B, cAMP signaling blocks 14-3-3 binding to
Rap1GAP2. Platelets treated with either PGI2 or forskolin were lysed and
analyzed as described in A. C, cyclic nucleotide pathways inhibit 14-3-3
binding to Rap1GAP2 in the presence of ADP and thrombin. Platelets were
incubated with 0.5 mM 8-pCPT-cGMP for 20 min of with 10 �M forskolin for
10 min followed by treatment with 10 �M ADP for 1 min or with 0.1
units/ml thrombin for 30 s. Then cells were lysed, and pulldown assays
using GST-14-3-3� were performed as described.
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(37) observed that phosphorylation of the �2 serine residue
prevented phosphorylation of the 14-3-3 binding serine in
the protein phosphatase Cdc25C resulting in decreased
binding of 14-3-3. Our findings on the regulation of the
Rap1GAP2/14-3-3 complex via serine 7 phosphorylation
substantiate that phosphorylation of the �2 serine residue

might represent a more general
regulatory mechanism for 14-3-3
binding, as suggested before (14). The
14-3-3 binding site of Rap1GAP2
resembles a type I consensusmotif for
14-3-3 binding. Only the proline resi-
due at the �2 position is changed to
glycine in Rap1GAP2. The presence
of glycine instead of proline at this
position was shown to reduce the
affinity by around 4-fold (18). This
reduced affinity might facilitate regu-
lation of 14-3-3 binding by serine 7
phosphorylation.
Cyclic Nucleotide Signaling in

Platelets—cGK and cAK mediate
many effects of NO and PGI2 in
platelets. However, only few sub-
strates of cGK/cAK have been veri-
fied at the level of endogenous pro-
teins in intact cells. Using a
phosphospecific antibodywe clearly
prove that Rap1GAP2 is a substrate
of both kinases in platelets. The
kinetics of Rap1GAP2 phosphoryla-
tion induced by SNP or PGI2 closely
resemble the time course of phos-

phorylation of the actin-associated vasodilator-stimulated
phosphoprotein (VASP), a previously established cGK/cAK
substrate in platelets and endothelial cells (38, 39). This sug-
gests that Rap1GAP2 and VASP are equally accessible for cGK
and cAK, despite their different subcellular localization.
Rap1GAP2 exhibits a granular distribution (11) whereas VASP
localizes to actin filaments and focal adhesions in spread plate-
lets (38). Similar to VASP, Rap1GAP2 phosphorylation is rap-
idly reversible suggesting a tight control by specific phospha-
tases. Previously, we established phosphospecific antibodies
against VASP as tools for monitoring cyclic nucleotide signal-
ing in platelets and other cells (2, 38). In a similar way our
phosphospecific antibody for the Rap1GAP2 serine 7 phospho-
rylation sitemay be used to detect the endogenous kinase activ-
ity of cGK and cAK in platelets. Furthermore, platelet activa-
tion can be monitored on the same protein via serine 9. In a
recent screen for 14-3-3 binding partners VASP and LASP (40),
another cytoskeleton-associated cGK substrate in platelets,
were detected (41). These data together with our Rap1GAP2
data hint toward a more general role of 14-3-3s in cyclic nucle-
otide-mediated signaling in platelets.
Function of 14-3-3 Binding to Rap1GAP2—14-3-3 binding

attenuates Rap1GAP2 effects on cell adhesion. Rap1GAP2
mutants deficient in 14-3-3 binding block cell adhesion more
efficiently than 14-3-3 bound Rap1GAP2. However, the mech-
anism of action of 14-3-3 remains to be determined. We show
that 14-3-3 does not impact directly on the catalytic activity of
Rap1GAP2 in vitro. Furthermore, the effects of 14-3-3 binding
on cell adhesion are not reflected by changes in total cellular
Rap1-GTP levels. We speculate, that 14-3-3 binding affects the
subcellular distribution of Rap1GAP2 resulting in local changes

FIGURE 7. 14-3-3 binding does not affect the GAP activity of Rap1GAP2 in vitro. A, wild-type FLAG-tagged
Rap1GAP2 and the S7 and S9 point mutants of Rap1GAP2 were expressed in HeLa cells and purified using
anti-FLAG agarose beads. As control a mock purification from non-transfected HeLa cells was performed and
used in the GAP assay. Wild-type and S7A mutant Rap1GAP2 were purified in a complex together with endog-
enous 14-3-3 from HeLa cells. Presence of 14-3-3 in wt and S7A samples only, was confirmed by SDS-PAGE and
immunoblot analysis. The used 14-3-3 antibody (H8) recognizes more than one 14-3-3 isoform. The upper
14-3-3 band represents 14-3-3� (the only 14-3-3 isoform that migrates at an apparent Mr of 33) and the lower
14-3-3 band (apparent Mr of 30) may consist of different 14-3-3 isoforms endogenously expressed in HeLa cells.
B, His-tagged Rap1B was purified from E. coli and loaded with [32P]GTP as described under “Experimental
Procedures.” Equal amounts of Rap1GAP2 proteins, as shown by immunoblot in A, were added to the GTP-
loaded Rap1, and reactions were incubated at 25 °C. Aliquots were removed at indicated time points, amounts
of released [32P]phosphate were determined by liquid scintillation counting, and plotted as percentage of
input Rap1-bound [32P]GTP counts. Shown data represent the means (� S.E.) of four independent
experiments.

FIGURE 8. Disruption of the Rap1GAP2/14-3-3 complex leads to reduced
cell adhesion. HeLa cells were transfected without or with FLAG-tagged
wild-type or serine 7/serine 9 mutants of Rap1GAP2 together with a vector
expressing luciferase. One day after transfection, cells were seeded onto
fibronectin-coated dishes. Adherent cells were quantified as described under
“Experimental Procedures.” The percentage of adherent cells was plotted rel-
ative to the total amount of seeded cells. Summarizing data of five independ-
ent experiments performed in quintuplicate are shown with error bars repre-
senting the standard error of the mean. The differences in adhesion between
S7A and S7E as well as S7A and S9A mutants and also between S7A and S9E
were statistically significant (p � 0.05, Bonferroni post-test). In all experi-
ments equal levels of Rap1GAP2 expression were confirmed by immunoblots
using FLAG-specific antibodies (inset, top). Furthermore, expression levels of
the �1 integrin were determined by immunoblot (inset, bottom).
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of Rap1-GTP levels. Cyclic nucleotide regulated binding of
14-3-3 represents a unique property of Rap1GAP2 because the
N-terminal 14-3-3 binding motif is absent in other RapGAPs.
Thismight provide ameans for tissue-specific regulation of cell
adhesion by cyclic nucleotides. In platelets, release of 14-3-3
from Rap1GAP2 might contribute to the inhibition of throm-
bus formation by endothelium-derived protective factors.

Acknowledgments—We thank Matthias Reinhard for helpful com-
ments on antibody generation and purification, Andrea Scrima for
helpful suggestions on in vitro GAP assays, J. Bos for providing cDNA
constructs, Werner Müller-Esterl for support, and all laboratory
members for help and discussions.

REFERENCES
1. Hofmann, F., Feil, R., Kleppisch, T., and Schlossmann, J. (2006) Physiol.

Rev. 86, 1–23
2. Lohmann, S. M., and Walter, U. (2005) Front. Biosci 10, 1313–1328
3. Münzel, T., Feil, R.,Mulsch, A., Lohmann, S.M., Hofmann, F., andWalter,

U. (2003) Circulation 108, 2172–2183
4. Danielewski, O., Schultess, J., and Smolenski, A. (2005)Thromb. Haemost.

93, 319–325
5. Franke, B., Akkerman, J. W., and Bos, J. L. (1997) EMBO J. 16, 252–259
6. Bos, J. L. (2005) Curr. Opin. Cell Biol. 17, 123–128
7. Hattori, M., and Minato, N. (2003) J. Biochem. (Tokyo) 134, 479–484
8. Kinbara, K., Goldfinger, L. E., Hansen,M., Chou, F. L., andGinsberg,M.H.

(2003) Nat. Rev. Mol. Cell. Biol. 4, 767–776
9. Stork, P. J. (2003) Trends Biochem. Sci. 28, 267–275
10. Chrzanowska-Wodnicka, M., Smyth, S. S., Schoenwaelder, S. M., Fischer,

T. H., and White, G. C., 2nd. (2005) J. Clin. Investig. 115, 680–687
11. Schultess, J., Danielewski, O., and Smolenski, A. P. (2005) Blood 105,

3185–3192
12. Aitken, A., Baxter, H., Dubois, T., Clokie, S., Mackie, S., Mitchell, K., Pe-

den, A., and Zemlickova, E. (2002) Biochem. Soc. Trans. 30, 351–360
13. Bridges, D., and Moorhead, G. B. (2005) Sci. STKE 2005, re10
14. Dougherty, M. K., and Morrison, D. K. (2004) J. Cell Sci. 117, 1875–1884
15. Mackintosh, C. (2004) Biochem. J. 381, 329–342
16. Wilker, E., and Yaffe, M. B. (2004) J. Mol. Cell Cardiol 37, 633–642
17. Daumke, O., Weyand, M., Chakrabarti, P. P., Vetter, I. R., and Witting-

hofer, A. (2004) Nature 429, 197–201
18. Yaffe, M. B., Rittinger, K., Volinia, S., Caron, P. R., Aitken, A., Leffers, H.,

Gamblin, S. J., Smerdon, S. J., and Cantley, L. C. (1997) Cell 91, 961–971
19. Gardino, A. K., Smerdon, S. J., and Yaffe, M. B. (2006) Semin. Cancer Biol.

16, 173–182
20. Mundell, S. J., Jones, M. L., Hardy, A. R., Barton, J. F., Beaucourt, S. M.,

Conley, P. B., and Poole, A. W. (2006)Mol. Pharmacol. 70, 1132–1142
21. Yacoub, D., Theoret, J. F., Villeneuve, L., Abou-Saleh, H., Mourad, W.,

Allen, B. G., and Merhi, Y. (2006) J. Biol. Chem. 281, 30024–30035
22. Chen, J., De, S., Damron, D. S., Chen, W. S., Hay, N., and Byzova, T. V.

(2004) Blood 104, 1703–1710
23. Kim, S., Jin, J., and Kunapuli, S. P. (2004) J. Biol. Chem. 279, 4186–4195
24. Woulfe, D., Jiang, H., Morgans, A., Monks, R., Birnbaum, M., and Brass,

L. F. (2004) J. Clin. Investig. 113, 441–450
25. Stafford,M. J.,Watson, S. P., and Pears, C. J. (2003) Blood 101, 1392–1399
26. Barry, F. A., Graham, G. J., Fry, M. J., and Gibbins, J. M. (2003) FEBS Lett.

553, 173–178
27. Obenauer, J. C., Cantley, L. C., and Yaffe, M. B. (2003) Nucleic Acids Res.

31, 3635–3641
28. Klein, D. C. (2007) J. Biol. Chem. 282, 4233–4237
29. Bos, J. L., de Rooij, J., and Reedquist, K. A. (2001)Nat. Rev. Mol. Cell. Biol.

2, 369–377
30. Aitken, A. (2002) Plant Mol. Biol. 50, 993–1010
31. Kjarland, E., Keen, T. J., and Kleppe, R. (2006) Curr. Pharm. Biotechnol. 7,

217–223
32. Dittrich, M., Birschmann, I., Pfrang, J., Herterich, S., Smolenski, A.,

Walter, U., and Dandekar, T. (2006) Thromb. Haemost. 95, 643–651
33. Wheeler-Jones, C. P., Learmonth, M. P., Martin, H., and Aitken, A. (1996)

Biochem. J. 315, 41–47
34. Andrews, R. K., Harris, S. J., McNally, T., and Berndt, M. C. (1998) Bio-

chemistry 37, 638–647
35. Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S.

(2002) Science 298, 1912–1934
36. Waterman, M. J., Stavridi, E. S., Waterman, J. L., and Halazonetis, T. D.

(1998) Nat. Genet. 19, 175–178
37. Bulavin, D. V., Higashimoto, Y., Demidenko, Z. N., Meek, S., Graves, P.,

Phillips, C., Zhao, H., Moody, S. A., Appella, E., Piwnica-Worms, H., and
Fornace, A. J., Jr. (2003) Nat. Cell Biol. 5, 545–551

38. Smolenski, A., Bachmann, C., Reinhard, K., Hönig-Liedl, P., Jarchau, T.,
Hoschuetzky, H., and Walter, U. (1998) J. Biol. Chem. 273, 20029–20035

39. Smolenski, A., Poller, W., Walter, U., and Lohmann, S. M. (2000) J. Biol.
Chem. 275, 25723–25732

40. Butt, E., Gambaryan, S., Gottfert, N., Galler, A., Marcus, K., and Meyer,
H. E. (2003) J. Biol. Chem. 278, 15601–15607

41. Pozuelo Rubio, M., Geraghty, K.M.,Wong, B. H.,Wood, N. T., Campbell,
D. G., Morrice, N., and Mackintosh, C. (2004) Biochem. J. 379, 395–408

14-3-3 Interacts with Rap1GAP2

2306 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 4 • JANUARY 25, 2008


	Cyclic Nucleotide-dependent Protein Kinases Inhibit Binding of 14-3-3 to the GTPase-activating Protein Rap1GAP2 in Platelets*
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	Acknowledgments
	REFERENCES


