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ABSTRACT 
Endothelial cells release prostacyclin (PGI2) and 
nitric oxide (NO) to inhibit platelet functions. PGI2 
and NO effects are mediated by cyclic nucleotides, 
cAMP- and cGMP-dependent protein kinases 
(PKA, PKG), and largely unknown PKA and PKG 
substrate proteins. The small G-protein Rac1 plays 
a key role in platelets and was suggested to be a 
target of cyclic nucleotide signaling. We confirm 
that PKA and PKG activation reduces Rac1-GTP 
levels. Screening for potential mediators of this 
effect resulted in the identification of the Rac1-
specific GTPase-activating protein ARHGAP17 
and the guanine nucleotide exchange factor 
ARHGEF6 as new PKA and PKG substrates in 
platelets. We mapped the PKA/PKG 
phosphorylation sites to serine 702 on 
ARHGAP17 using Phos-tag gels and to serine 684 
on ARHGEF6. We show that ARHGAP17 binds 
to the actin regulating CIP4 protein in platelets and 
that S702 phosphorylation interferes with this 
interaction. Reduced CIP4 binding results in 
enhanced inhibition of cell migration by 
ARHGAP17. Furthermore, we show that 
ARHGEF6 is constitutively linked to GIT1, a GAP 
of Arf family small G proteins, and that 
ARHGEF6 phosphorylation enables binding of the 

14-3-3 adaptor protein to the ARHGEF6/GIT1 
complex. PKA and PKG induced rearrangement of 
ARHGAP17 and ARHGEF6 associated protein 
complexes might contribute to Rac1 regulation and 
platelet inhibition.__________________________ 
 

As key components of the hemostatic system 
platelets rapidly seal the sites of vascular injury to 
prevent blood loss by forming a localized 
thrombus. To avoid vessel occlusion endothelial 
cells restrict thrombus formation by releasing 
prostacyclin (PGI2) and nitric oxide (NO), two 
powerful endogenous inhibitors of platelet 
activation (1,2). In diseased vessels, where 
endothelial function is compromised, platelet 
activation can lead to arterial thrombosis and 
subsequently to life-threatening myocardial 
infarction or ischemic stroke, which collectively 
account for more than 25% of all deaths 
worldwide (3). The essential role of endothelium 
in preventing thrombosis is apparent in patients 
undergoing percutaneous coronary intervention 
and stent placement where a defective endothelial 
layer results in increased rates of late stent 
thrombosis (4). Endothelial PGI2 and NO keep 
platelets in a non-adherent state by elevating the 
levels of intracellular cAMP and cGMP which 
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leads to the activation of cAMP- and cGMP-
dependent protein kinases (PKA, PKG), 
respectively (5). In turn, PKA and PKG 
phosphorylate serine and threonine residues in a 
diverse set of substrate proteins to regulate their 
function. In general, a newly added phosphate 
group can either alter a protein’s conformation or 
its interaction potential which can functionally 
translate to a change in protein activity, subcellular 
localization or stability (6). Although the list of 
potential PKA substrates in platelets is growing (7), 
the fundamental question of how phosphorylated 
substrates mechanistically inhibit specific aspects 
of platelet activation remains unanswered. 
Detailed information is only available for a 
handful of substrates (5). 

Cyclic nucleotide pathways have been 
suggested to inhibit Rac1 activation in platelets 
(8,9). Rac1 belongs to the Rho family of small G-
proteins and operates as a molecular switch by 
cycling between an inactive, GDP-bound, and an 
active, GTP-bound form. Collagen, fibrinogen, 
von Willebrand factor (VWF), thrombin, ADP and 
thromboxane A2 are all able to activate Rac1 
which integrates these distinct platelet activation 
pathways and drives downstream signaling events 
(for review see (10)). Rac1 fulfils critical roles in 
platelet function: mouse platelets lacking Rac1 are 
unable to form lamellipodia on multiple surfaces 
(11) and display major defects in platelet 
activation downstream of GPVI and GPIb (12,13). 
Rac1 is essential for in vivo thrombus formation as 
evidenced in three different thrombosis models 
(11,13,14). Little is known about the mechanisms 
of Rac1 regulation in platelets. In general, small 
G-proteins of the Rho family are controlled by 
GTPase-activating proteins (GAPs) and guanine 
nucleotide exchange factors (GEFs). Rho family 
GAPs accelerate GTP hydrolysis by Rac1, thus 
interrupting the interaction with their effectors and 
terminating signaling. Rho family GEFs facilitate 
the dissociation of GDP and rebinding of GTP, 
thereby activating Rac1.  

In this study we provide evidence that PKA 
and PKG phosphorylate the Rho family GAP 
ARHGAP17 (also called Nadrin or Rich1) and the 
Rho family GEF ARHGEF6 (alpha-PIX, Cool-2) 
resulting in a reorganization of signaling 
complexes involving CIP4 and 14-3-3 proteins. 
 
 

EXPERIMENTAL PROCEDURES 
Antibodies - The following antibodies were used in 
this study: mouse anti-Rac1 clone 23A8 (05-389, 
Merck Millipore), rabbit anti-ARHGAP17 
(ab74454, Abcam), mouse anti-CIP4 clone 
21/CIP4 (612556, BD Biosciences), mouse anti-
GIT1 clone 13/GIT1 (611396, BD Biosciences), 
rabbit anti-Cool2/αPIX antibody (C23D2, Cell 
Signaling Technology), mouse anti-14-3-3 gamma 
clone 3F8 (ab14118, Abcam), mouse anti-c-Myc 
clone 9E10 (sc-40, Santa Cruz Biotechnology), 
mouse anti-HA clone 16B12 (mms-101r, 
BioLegend), mouse anti-FLAG clone M2 (F3165, 
Sigma-Aldrich). Horseradish peroxidase-coupled 
donkey anti-mouse IgG (715-035-150, Jackson 
ImmunoResearch Europe), donkey anti-rabbit IgG 
(711-035-152, Jackson ImmunoResearch Europe) 
antibodies were used as secondary antibodies for 
Western blot analysis visualized by enhanced 
chemiluminescence method. For Western blot 
analysis visualized by the Odyssey imaging system, 
IRDye 680LT goat anti-mouse IgG (926-68020, 
LI-COR) and IRDye 800CW goat anti-rabbit IgG 
(926-32211, LI-COR) secondary antibodies were 
used. 

DNA constructs - Human HA-Rac1 construct 
was obtained from the Missouri S&T cDNA 
Resource Center. Human ARHGAP17 
(IRATp970D04105D, Source BioScience) was 
expressed without a tag in pcDNA4/TO 
(Invitrogen). FLAG-ARHGAP17 and 
ARHGAP17-EGFP were obtained through sub-
cloning into pCMV-3Tag-1A (Agilent 
Technologies) and EGFP-N1 (Takara Clontech) 
respectively using EcoRI/BamHI restriction sites. 
Rabbit NHERF1 was kindly provided by Mark 
Donowitz (15). GST-NHERF1 was generated 
using pGEX-4T3 (GE Healthcare) and 
BamHI/EcoRI restriction sites. The human CIP4 
(isoform 2)-GST was from DNASU Plasmid 
Repository (clone HsCD00078923 in 
pANTT7_cGST). Human Myc-ARHGEF6 was 
kindly provided by Richard Cerione (16). GST-14-
3-3 gamma was described previously (17). Site-
directed mutagenesis was performed by PCR 
amplification using mutagenic primer pairs, Pfu 
DNA polymerase (Fermentas), followed by 
digestion with DpnI restriction enzyme 
(Fermentas) and transformation into One Shot 
TOP10 bacteria (Thermo Fisher Scientific). 
Constructs were verified by DNA sequencing. 
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Cell Preparation and Lysis - HEK293T cells 
were cultured using in Dulbecco’s modified Eagle 
medium supplemented with 10% Foetal Bovine 
Serum and 1% penicillin/streptomycin at 37°C and 
5% CO2. Cells were transiently transfected using 
PolyJet in vitro DNA transfection reagent 
(SignaGen Laboratories) according to 
manufacturer’s protocol. 24 hours after 
transfection, HEK293T cells were washed twice 
with ice-cold Dulbecco's phosphate-buffered 
saline, or with tris-buffered saline in case of 
sample preparation for Phos-tag gels.  

Blood was obtained from healthy volunteers 
who gave their informed consent according to the 
Declaration of Helsinki. Ethical approval (LS-08-
13-Smolenski) was granted by The Human 
Research Ethics Committee of University College 
Dublin. Venous blood was collected into 20% 
CCD-EGTA buffer (100 mM tri-sodium citrate, 7 
mM citric acid, 140 mM glucose, 15 mM EGTA). 
The tube was gently mixed and immediately 
centrifuged at 180xg, RT for 15 min without brake. 
Platelet rich plasma (PRP) was collected then 
platelets were pelleted at 600xg, RT for 10 min. 
After resuspension in pre-warmed resuspension 
buffer (145 mM NaCl, 5 mM KCl, 1 mM MgCl2, 
10 mM HEPES, 10 mM glucose, pH 7.4) platelets 
were incubated at 37°C for at least 25 min and up 
to 1 hour before stimulation. Platelets were 
incubated at 37°C with thrombin (Roche) at 0.1 
U/mL for 30 sec or 1 min, collagen (Bio/Data 
Corporation) at 95 µg/mL for 1 min, forskolin 
(Sigma) at 10 µM for 10 min, prostaglandin E1 
(PGE1, Sigma) at 0.5 µM for 1 min, sodium 
nitroprusside (SNP, Sigma) at 10 µM for 10 min, 
cAMP analog 5,6-dichloro-1-b-D-
ribofuranosylbenzimidazole-3’, 5’-cyclic 
monophosphorothioate, Sp-isomer (Sp-5,6-DCI-
cBIMPS, Biolog) at 300 µM for 30 min or cGMP 
analog 8-(4-chlorophenylthio) guanosine-3’,5’-
cyclic monophosphate (8-pCPT-cGMP, Biolog) at 
300 µM for 30 min. 

HEK293T cells and platelets were lysed in 
buffer containing 50 mM Tris-HCl, pH7.5, 150 
mM NaCl, 5 mM MgCl, 1% Triton X-100 
supplemented with Complete Mini protease 
inhibitor cocktail and PhosSTOP phosphatase 
inhibitor cocktail tablets (Roche). For Rac1-GTP 
assays a lysis buffer containing 1% (v/v) NP-40, 
10% (v/v) Glycerol, 50 mM Tris-HCl, pH 7.4, 200 
mM NaCl, 2.5 mM MgCl2 supplemented with 

protease and phosphatase inhibitors was used. To 
remove insoluble material, lysates were 
centrifuged at 13000xg at 4°C for 10 min. 

Protein Purification, Pull-Down Experiment 
and Immunoprecipitation - For pull-down 
experiments recombinant GST-PAKI-CRIB, GST-
NHERF1, GST-14-3-3 and CIP4-GST fusion 
proteins were expressed in BL21 (DE3) E. coli and 
purified using glutathione sepharose 4B 
suspension (GE Healthcare). 5 µl of beads 
saturated with GST proteins were added to cell 
lysates and incubated overnight, or, in case of 
GST-PAKI-CRIB, for 50 min at 4°C.  

For immunoprecipitations tagged cDNA 
constructs were expressed in HEK293T cells, cells 
were lysed and tagged proteins were 
immunoprecipitated by adding 5 µl of ANTI-
FLAG M2 affinity gel for 3 h or overnight, 6 µl of 
GFP-Trap_A (Chromotek) for 1 h, or 10 µl of anti-
Myc antibody overnight followed by 5 µl of 
protein A/G plus agarose for 1 h at 4°C. 
Endogenous GIT1 was immunoprecipitated using 
40 µl of polyclonal GIT1 antibody. Precipitates 
were washed, boiled in loading buffer, and 
analyzed by SDS-PAGE and Western blotting. 

Phos-tag SDS-PAGE - Phos-tag gels were 
prepared as described in the manufacturer’s 
protocol. Briefly, 25 µM Phos-tag acrylamide 
(Wako Chemicals) and 50 µM ZnCl2 were added 
to the separating gel solution (350 mM Bis-Tris-
HCl, pH 6.8, 7% polyacrylamide) prior to 
polymerization. Samples were prepared without 
EDTA in lysis buffer and subjected to a Zn2+-
Phos-tag SDS-PAGE protocol under neutral pH 
conditions as described (18). Electrophoresis was 
performed at constant 30 mA/gel (running buffer: 
100 mM Tris, 100 mM MOPS, 0.1 % SDS and 5 
mM sodium bisulfite). To remove Zn2+ ions before 
western blotting, gels were incubated in transfer 
buffer containing 1 mM EDTA for 2 times 10 min, 
followed by a wash step in transfer buffer without 
EDTA for 20 min. Western blotting was 
performed using wet-tank transfer and PVDF 
membrane. 

Radioactive Phosphate Incorporation Assay - 
Immunoprecipitated FLAG-ARHGAP17 was 
incubated with the catalytic subunit of PKA in the 
presence of 50 mM Tris/HCl pH 7.5, 10 mM 
MgCl2 and 50 µM cold ATP mixed with 1 µCi [γ-
32P] ATP at 30 °C for 4 min. The reaction was 
stopped by addition of 3X SDS-sample buffer, 



Phosphorylation of ARHGAP17 and ARHGEF6	
  

	
   4 

subjected to SDS-PAGE and blotted onto 
membrane. Radiolabeled proteins were detected by 
autoradiography whereas total protein levels were 
determined by western blotting with anti-FLAG. 

Mass Spectrometry - For the identification of 
ARHGAP17 binding proteins a novel quantitative 
interaction proteomic protocol was applied which 
combines immunoprecipitation, in-solution 
digestion and label-free quantification mass 
spectrometry as described (19). 

For the identification of proteins in Coomassie 
blue stained gels in gel digestion was performed as 
described (20). The trypsin digested samples were 
analyzed using a Thermo Scientific Q Exactive 
mass spectrometer connected to a Dionex Ultimate 
3000 (RSLCnano) chromatography system. The 
raw data was de novo sequenced and searched 
against the Human subset of the Uniprot/ 
Swissprot database using the search engine 
PEAKS Studio 7 (Bioinformatics Solutions Inc.). 

Migration Assay – HeLa cells were seeded into 
both wells of culture-inserts (80209, ibidi) placed 
on 35 mm microscopy dishes (80136, ibidi), and 
transfected using Polyjet reagent (SignaGen 
Laboratories). On the following day the culture-
inserts were removed and cells were allowed to 
migrate into the cell-free open area between the 
wells. Images were taken at defined time-points 
using a Olympus X41 microscope with tablet 
camera and UPlanFLN 4x/0.13Php objective. The 
open cell-free area was determined using NIH 
Image software and data was evaluated using 
Prism6 software (GraphPad). 

 
RESULTS 
Previous studies have indicated that cyclic 
nucleotide pathways inhibit Rac1 activation in 
platelets. Prostacyclin was shown to block 
thromboxane A2 (8), and thrombin (9) mediated 
Rac1 activation, and cyclic nucleotide analogs 
were shown to inhibit thromboxane A2 induced 
Rac1 activation (8). To confirm and expand these 
data we measured Rac1-GTP levels by pull-down 
assay in thrombin and collagen treated platelets. 
PGE1 (agonist of the prostacyclin receptor) and 
SNP (NO donor), both inhibited thrombin induced 
Rac1 activation (Figure 1A). These effects were 
mimicked by membrane-permeable cyclic 
nucleotide analogs (Figure 1B) pointing towards a 
role for PKA and PKG as mediators of PGE1 and 
SNP effects. We show for the first time that 

collagen induced Rac1 activation is also blocked 
by PGE1 and SNP (Figure 1C). 

ARHGAP17 is a new substrate of PKA and 
PKG in platelets - Since Rac1 does not contain 
any consensus site for PKA or PKG 
phosphorylation (-R-R/K-X-S/T-, according to 
(21)) in its amino acid sequence, we hypothesized 
that phosphorylation of a regulatory GAP or GEF 
protein could be involved in cyclic nucleotide 
effects on Rac1, as described for the small G-
protein Rap1 in platelets previously (22-25). 
Screening of quantitative platelet proteome data 
(26) revealed that at least 22 Rho family GAPs and 
24 GEFs are expressed in human platelets. We 
scanned the GAPs for consensus sites for 
PKA/PKG phosphorylation (using 
http://prosite.expasy.org/scanprosite/), which had 
also been detected by mass spectrometry 
(http://www.phosphosite.org/). The initial list of 
candidate GAPs included ARHGAP4, 
ARHGAP15, ARHGAP17, ARHGAP21, 
ARHGAP35, BCR, HMHA1, and MYO9B. We 
excluded GAPs that had been shown not to 
regulate Rac1, as well as BCR, because of its 
complex structure (containing GAP, GEF, and 
kinase domains), resulting in a final list of 
ARHGAP4, ARHGAP15, ARHGAP17, and 
HMHA1. We expressed these candidate proteins 
in HEK293T cells and performed radioactive 
phosphate incorporation assays using purified 
catalytic subunit of PKA in vitro (Figure 2A and 
data not shown). All proteins except HMHA1 
could be phosphorylated in vitro. To test 
phosphorylation by endogenous PKA in intact 
cells we expressed candidate proteins in HEK293T 
cells and treated the cells with forskolin, an 
activator of adenylyl cyclase. Phosphorylation was 
detected by phosphate-affinity electrophoresis 
(Phos-tag SDS-PAGE) and Western blotting 
similarly as described (17,27). The Phos-tag 
compound permits efficient separation of 
phosphorylated and non-phosphorylated proteins 
on SDS-PAGE resulting in a band shift. Using an 
improved protocol with Zn2+-Phos-tag complex 
and neutral pH conditions (18) a clear shift was 
observed in the mobility of ARHGAP17 in 
response to forskolin treatment (Figure 2B) 
compared to the non-treated sample. No difference 
was detected in the phosphorylation pattern of 
ARHGAP4, ARHGAP15, or HMHA1 (data not 
shown). We concluded that transfected 
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ARHGAP17 can be phosphorylated by 
endogenous PKA in intact cells. 

To analyze endogenous ARHGAP17 protein in 
platelets we first confirmed the expression of 
ARHGAP17 in platelets by Western Blotting. 
Various commercial ARHGAP17 antibodies 
showed a band of about 120 kDa (Figure 2C, 
lower panel) confirming previous protein (26,28) 
and mRNA data (29). The detected band most 
likely corresponds to isoform 1 of UniProt number 
Q68EM7 (calculated mass of 95.4 kDa). We did 
not find any evidence for additional isoforms of 
ARHGAP17 in total lysates or in NHERF1 pull-
downs (see below). Initial attempts at using Phos-
tag gels to study endogenous ARHGAP17 
phosphorylation failed presumably because of low 
sensitivity of the available antibodies. However, 
literature data suggested that ARHGAP17 could 
bind to the first PDZ domain of the adaptor protein 
NHERF1 (also called EBP50) via its C-terminal 
PDZ-binding motif (Figure 3D, (30)). We decided 
to use this interaction with NHERF1 to enrich 
ARHGAP17 from platelet lysates prior to Phos-tag 
gel blotting. Purified GST-NHERF1 fusion protein 
was indeed able to pull down endogenous 
ARHGAP17 from human platelets efficiently, and 
treatment of platelets with PGE1, forskolin, or 
SNP did not interfere with the interaction of 
ARHGAP17 with NHERF1 (Figure 2C, upper 
panel). On Phos-tag gels a clear shift of the 
ARHGAP17 band could be detected upon 
treatment with PGE1, forskolin and SNP 
confirming the phosphorylation of endogenous 
ARHGAP17 by endogenous PKA and PKG in 
platelets (Figure 2D). ARHGAP17 contains only 
one site, serine 702, that matches the consensus 
sequence for PKA substrates exactly (21). To test 
if S702 is a phosphorylation site, we generated a 
point mutant of ARHGAP17 with S702 mutated to 
alanine. FLAG-ARHGAP17 WT and S702A 
mutant transfected cells were treated with 
forskolin and analyzed by Phos-tag SDS-PAGE. 
Mutation of S702 completely abolished the shift 
induced by cAMP signaling indicating that S702 is 
the main PKA phosphorylation site on 
ARHGAP17 (Figure 2E). 

Consequences of ARHGAP17 phosphorylation 
- ARHGAP17 has been described to stimulate the 
GTPase activity of Rac1 (31). To confirm the 
specificity of ARHGAP17 towards Rac1 we 
measured endogenous Rac1-GTP levels in cells 

transfected with ARHGAP17. A clear reduction of 
Rac1-GTP was observed in ARHGAP17 
expressing cells compared to controls (Figure 3A). 
To test if ARHGAP17 phosphorylation had a 
direct effect on GAP activity we expressed 
wildtype, a phosphorylation deficient mutant 
(S702A), and a phospho-mimetic mutant (S702E). 
Expression of ARHGAP17 mutants led to a 
similar reduction of Rac1-GTP levels compared to 
wildtype (data not shown). ARHGAP17 has been 
proposed to be tyrosine phosphorylated after 
thrombin treatment of mouse platelets (32). To 
investigate a possible impact of S702 
phosphorylation on tyrosine phosphorylation we 
analyzed ARHGAP17 after GST-NHERF1 pull-
down using phospho-tyrosine antibody for blotting. 
We could confirm tyrosine phosphorylation of 
ARHGAP17 after treatment of platelets with 
thrombin, but pre-incubation with activators of 
cyclic nucleotide pathways had no effect on the 
levels of tyrosine-phosphorylated ARHGAP17 
(data not shown). S702 is located in the middle of 
a proline-rich region, C-terminal of the catalytic 
GAP domain of ARHGAP17 (Figure 3D). This 
unique 296 residue long sequence contains 82 
proline residues and is predicted to be intrinsically 
disordered (IUPred (33)). Intrinsically disordered 
regions are often found to mediate protein-protein 
interactions (34). To identify ARHGAP17 binding 
partners that might be regulated by S702 
phosphorylation we treated cells expressing 
EGFP-tagged wild-type ARHGAP17 and the 
S702A mutant with forskolin to stimulate PKA. 
ARHGAP17 and associated proteins were 
precipitated using anti-GFP antibody and the 
precipitates were analyzed by quantitative mass 
spectrometry as described (19). 172 potential 
ARHGAP17 interacting proteins were identified, 
of which 40 changed significantly after forskolin 
treatment. However, the change of only 3 
interaction partners was lost in the S702A mutant, 
indicating that the binding of these proteins was 
regulated by S702 phosphorylation (Figure 3B). 
These proteins were CIP4 (Cdc42-interacting 
protein 4 or TRIP10), FNBP1L (Formin-binding 
protein 1-like or Toca-1) and PACSIN2 (Protein 
kinase C and casein kinase substrate in neurons 
protein 2 or Syndapin-2). All three exhibit a 
similar domain organization containing an 
Fes/CIP4 homology-Bin/Amphiphysin/Rvs (F-
BAR) domain and a C-terminal Src homology 3 
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(SH3) domain. CIP4 has been described to bind to 
ARHGAP17 via its SH3 domain before and the 
second polyproline stretch of the C-terminal 
proline-rich region of ARHGAP17 was identified 
as SH3 binding site for CIP4 (31). This SH3 
binding site (amino acids 708-718 of ARHGAP17) 
is in close proximity to the S702 phosphorylation 
site suggesting that S702 phosphorylation might 
interfere with CIP4 binding. To confirm this 
finding we tested the interaction of ARHGAP17 
and CIP4 by co-immunoprecipitation and Western 
blotting. Indeed wild-type ARHGAP17 was shown 
to bind to CIP4, which could be inhibited by 
activation of PKA (Figure 3C). Mutation of S702 
to the phosphomimetic amino acid glutamic acid 
led to detachment of CIP4, whereas mutation to 
non-phosphorylatable alanine abolished this effect. 
Finally, we confirmed the regulation of CIP4 
binding in platelets. Using a GST fusion protein of 
CIP4 we were able to pull-down endogenous 
ARHGAP17, and treatment of platelets with PGE1 
resulted in an inhibition of the interaction of 
ARHGAP17 with CIP4 (Figure 3E). To determine 
the functional role of the ARHGAP17/CIP4 
interaction we performed migration assays in cells 
expressing either the S702A mutant of 
ARHGAP17 that binds CIP4 more strongly or the 
phosphomimetic S702E mutant that binds CIP4 
less effectively. Expression of ARHGAP17 
inhibited cell migration as expected. However, the 
S702E mutant inhibited migration more potently 
compared to the S702A mutant (Figure 4). These 
data suggest that phosphorylation of S702 of 
ARHGAP17 and dissociation of CIP4 might 
stimulate ARHGAP17 function leading to altered 
Rac1 dynamics. 

ARHGEF6 is a substrate of PKA and PKG in 
platelets - To identify GEFs that might contribute 
to the regulation of Rac1 by cyclic nucleotides we 
screened the 24 Rho family GEFs shown by 
proteome studies to be expressed in platelets for 
potential PKA/PKG phosphorylation sites. Only 
ARHGEF6, ARHGEF7, DOCK7, and DOCK8 
emerged as potential candidates. A recently 
published mass spectrometry screening for PKA 
substrates provided further evidence that 
ARHGEF6 might be phosphorylated in platelets 
(7). To investigate the potential phosphorylation of 
ARHGEF6 by cyclic nucleotide pathways we 
expressed ARHGEF6 in HEK293T cells. Standard 
Western blot analysis revealed a shift of 

ARHGEF6 after PKA activation by forskolin 
consistent with ARHGEF6 phosphorylation 
(Figure 5A, first two lanes). Analysis of the 
ARHGEF6 sequence predicted S640, T650, and 
S684 as PKA phosphorylation sites and a mass 
spectrometry study provided evidence for 
phosphorylation of S640 and S684 in platelets (7). 
Therefore we mutated each of these sites to alanine 
and analyzed the migration pattern of mutant 
ARHGEF6 after forskolin treatment in transfected 
cells. Mutation of S684 resulted in a loss of the 
PKA induced band shift confirming that S684 is a 
phosphorylation site (Figure 5A). To investigate 
ARHGEF6 phosphorylation in platelets we 
verified the expression of ARHGEF6 by Western 
blotting. A clear band of the expected molecular 
weight of about 85 kDa could be detected in 
platelet lysates (Figure 5B, first lane). Treatment 
of platelets with activators of cyclic nucleotide 
pathways lead to a similar shift in the migration of 
ARHGEF6 as observed in transfected cells (Figure 
5B). These data confirm S684 of ARHGEF6 as 
PKA/PKG phosphorylation site in platelets.  

Consequences of ARHGEF6 phosphorylation - 
To investigate a potential role of PKA/PKG-
mediated ARHGEF6 phosphorylation for 
ARHGEF6 function we measured Rac1-GTP 
levels in cells expressing wild-type and 
phosphorylation site mutants of ARHGEF6 (both 
S640 and S684 changed to alanine). However, we 
did not detect any significant effect of ARHGEF6 
on global Rac1-GTP levels compared to controls 
(data not shown), which has been observed before 
and which might be due to the complex regulation 
of ARHGEF6 activity including feedback 
inhibition of ARHGEF6 by Rac1 (35). 

Next, we studied if ARHGEF6 
phosphorylation would affect interactions with 
known binding partners. A prominent interaction 
partner of ARHGEF6 is the adaptor protein GIT1 
(G protein-coupled receptor kinase-interactor 1, 
also called ARF GTPase-activating protein GIT1, 
or Cool-associated and tyrosine-phosphorylated 
protein 1, CAT1). GIT1 has been shown to be 
expressed in platelets before (36,37). Co-
immunoprecipitation experiments confirmed that 
GIT1 binds to ARHGEF6 in platelets but this 
interaction was not affected by PKA activation 
(Figure 5C). Interestingly, Coomassie staining of 
GST-NHERF1 pull-downs in platelets revealed a 
band of about 105 kDa which we identified as 
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GIT1 by mass spectrometry. We confirmed the 
binding of GIT1 to NHERF1 by Western blotting, 
and we could show that PKA activation did not 
affect this interaction (Figure 5D). Another 
potential interaction partner for ARHGEF6 is the 
14-3-3 adaptor protein. The closely related 
ARHGEF7 protein has been shown to bind 14-3-3 
in a PKA dependent manner (38) and a screen for 
14-3-3 binding partners had identified both, 
ARHGEF6 and ARHGEF7, as potential 14-3-3 
interacting proteins (39). We investigated if 
ARHGEF6 might bind to 14-3-3 in platelets and 
performed pull-down assays using GST-14-3-3. In 
resting platelets no significant binding of 
ARHGEF6 to 14-3-3 was seen. However, in 
platelets treated with activators of cyclic 
nucleotide pathways a strong interaction between 
ARHGEF6 and 14-3-3 was readily detectable 
(Figure 5E). Taken together we conclude that 
ARHGEF6 and GIT1 form a stable complex in 
platelets. PKA and PKG activation induce the 
phosphorylation of ARHGEF6 on S684, and 
possibly also on S640, resulting in the recruitment 
of 14-3-3 to the ARHGEF6/GIT1 complex (Figure 
5F). 

 
DISCUSSION 
Our findings provide novel insights into the 
regulation of GAP and GEF proteins of Rac1, 
which is a central G-protein in many platelet 
activation pathways. PKA and PKG inhibit Rac1 
and phosphorylate the Rac1-specific ARHGAP17 
and ARHGEF6 proteins in platelets. We mapped 
the phosphorylation sites to S702 of ARHGAP17 
and S684 of ARHGEF6 and we show that 
ARHGAP17 phosphorylation leads to the 
detachment of the interacting protein CIP4, 
whereas ARHGEF6 phosphorylation induces 14-3-
3 binding.  

ARHGAP17 is one of 70 Rho family GAPs 
expressed by the human genome (40). These GAPs 
contain a conserved GAP domain but are very 
heterogenous in their remaining protein sequences. 
ARHGAP17 contains an N-BAR domain which 
might be involved in membrane targeting and in 
the regulation of GAP function (28,41). The C-
terminal part of ARHGAP17 contains proline-rich 
elements that have been shown to mediate protein-
protein interactions. We show for the first time 
that ARHGAP17 binds to CIP4 in platelets. CIP4 
is an effector of Rac1 and Cdc42 and coordinates 

lamellipodia and filopodia formation (31,42) and 
recently CIP4 has been described to play a role in 
proplatelet formation (43). Our data indicate that 
S702 phosphorylation interferes with CIP4 binding, 
which might be explained by the proximity of 
S702 to the CIP4 binding site on ARHGAP17 (41). 
ARHGAP17 (Nadrin) has recently been studied in 
mouse platelets suggesting the presence of two 
major isoforms with different specificities towards 
Rac1, Cdc42, and RhoA (28). In human platelets 
we observed the expression of only one 
ARHGAP17 isoform, which showed activity 
towards Rac1 in transfected cells. The PKA/PKG 
phosphorylation S702 site is conserved in mouse 
ARHGAP17 including the neighboring CIP4 
binding region, but overall the C-terminal region 
of ARHGAP17 is only 65% identical between 
mouse and human proteins (EMBOSS program, 
(44)). In human platelets ARHGAP17 
phosphorylation and detachment of CIP4 
correlated with a decrease in Rac1-GTP levels 
(Figures 1A, 2D, 3E). In transfected cells 
detachment of CIP4 was associated with enhanced 
inhibition of cell migration by ARHGAP17. This 
indicates that CIP4 might modulate ARHGAP17 
function and change the spatio-temporal pattern of 
active Rac1  (45,46). Both, ARHGAP17 and CIP4, 
contain BAR domains that could link Rac1 
regulation to plasma membrane events (47).  

ARHGEF6 is another target of cyclic 
nucleotide pathways involved in controlling Rac1. 
We show that PKA and PKG phosphorylate 
ARHGEF6 on S684 in platelets. ARHGEF6 is 
known to form a stable complex with the adaptor 
protein GIT1 (48,49), and we were able to confirm 
the presence of the ARHGEF6/GIT1 complex in 
human platelets. Furthermore, we show that the 
ARHGEF6/GIT1-complex interacts with 14-3-3 
upon stimulation of cyclic nucleotide signaling. 
This observation matches findings in other cells 
where PKA was observed to enhance the 
interaction of 14-3-3 with the related ARHGEF7 
protein (38). 14-3-3 binding was suggested to 
reduce the GEF activity of ARHGEF7 towards 
Rac1, which would match our findings in platelets 
where PKA/PKG-induced binding of 14-3-3 to 
ARHGEF6/GIT1 correlates with decreased Rac1-
GTP levels (38). GIT1 also contains a GAP 
domain that is specific for Arf6 (50). Thus GIT1 
could contribute to the suppression of Arf6-GTP 
levels occurring during platelet activation (51-53). 
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Interestingly, cyclic nucleotide pathways were 
shown to reverse the suppression of Arf6-GTP 
(52) which could potentially involve a modulation 
of the ARHGEF6/GIT1 complex by 14-3-3. The 
role of ARHGEF6/GIT1 could be even broader 
through further interaction partners. For example 
platelets have been shown to express the GIT1 
binding proteins Hic-5, a paxillin-related adaptor 
protein (54), and GRK2, an interactor of G-protein 
coupled receptors (55). We have identified 
NHERF1 as another potential binding partner of 
GIT1 as well as of ARHGAP17. NHERF1 might 
link ARHGEF6/GIT1 and ARHGAP17 to the 
P2Y12 receptor in platelets (56). However, 
NHERF1 is also an established binding partner of 
proteins of the ezrin/radixin/moesin family in 
platelets (57) and NHERF proteins are known to 
anchor PKA and PKG complexes to membrane 
proteins in other cells (15,58). Thus NHERF1 has 
the potential to coordinate some of the protein 
interactions described including interactions with 
membrane receptors.  

We conclude that cyclic nucleotide-dependent 
kinases inhibit Rac1 which probably involves the 
phosphorylation of multiple substrates including 
ARHGAP17 and ARHGEF6. Phosphorylation of 
both, a GAP and a GEF of the same small G-
protein simultaneously, points towards a key role 
for Rac1 in cyclic nucleotide mediated platelet 
regulation. The immediate consequence of 
ARHGAP17 and ARHGEF6 phosphorylation is a 
rearrangement of associated CIP4 and 14-3-3 
proteins, respectively (Figure 6). Similar findings 

have been made before regarding the inhibition of 
the small G-protein Rap1B by cyclic nucleotides 
in platelets. PKA- and PKG phosphorylate 
Rap1GAP2, leading to detachment of 14-3-3 
(23,24). At the same time the Rap1 specific 
CalDAG-GEFI is phosphorylated, although the 
direct molecular consequence is not known (22,25). 
Another example for G-protein regulation by 
cyclic nucleotide pathways in platelets is RGS18, a 
GAP of the heterotrimeric G-proteins Gq and Gi. 
PKA and PKG phosphorylate RGS18 which 
results in the activation of protein phosphatase 1, 
the detachment of 14-3-3, and an inhibition of Gq 
signaling (17,27). It is also interesting to note that 
PKA and PKG phosphorylation can lead to 
detachment of 14-3-3 proteins from targets like 
Rap1GAP2 and RGS18, whereas phosphorylation 
of ARHGEF6/GIT1 induces binding of 14-3-3. 
These data indicate that activation of cyclic 
nucleotide pathways might trigger a transfer of 14-
3-3 proteins from Rap1GAP2 and RGS18 to 
ARHGEF6/GIT1. Moreover, we show for the first 
time, that the ability of platelet cyclic nucleotide 
signaling to control protein-protein interactions is 
not limited to 14-3-3-based interactions but has the 
potential to disrupt SH3 domain-based (and 
potentially other) interactions. Taken together our 
findings provide first insights into the coordination 
of multiple cyclic nucleotide induced 
phosphorylation events that collectively achieve 
the pronounced platelet inhibition characteristic of 
PGI2 and NO.  
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FIGURE 1. Cyclic nucleotide signaling inhibits thrombin and collagen induced Rac1 activation.  
(A) Effects of PGE1 and SNP on thrombin induced Rac1 activation. Washed human platelets were pre-
incubated without or with PGE1 (0.5 µM, 1 min) or SNP (10 µM, 10 min) followed by thrombin (0.1 
U/ml, 1 min). Platelets were lysed and pull-down assays were performed using GST-PAKI-PBD followed 
by Western blotting. Quantitative data on Rac1-GTP (upper panel) and total Rac1 (lower panel) levels 
were obtained using an Odyssey Classic scanner. Below the panels the ratios of active versus total Rac1 
normalized to the untreated controls are shown for three independent experiments (n1-3). (B) Effects of 
cAMP and cGMP analogues on thrombin induced Rac1 activation. Platelets were incubated with Sp-5,6-
DCl-cBIMPS (cAMP analogue, 300 µM, 30 min) or 8-pCPT-cGMP (cGMP analogue, 300 µM, 30 min) 
followed by thrombin (0.1 U/ml, 30 sec). Rac1-GTP and total Rac1 levels were determined as described 
in (A) and Rac1-GTP/total Rac1 ratios are shown below the panels. (C) Effects of PGE1 and SNP on 
collagen induced Rac1 activation. Platelets were incubated with PGE1 (0.5 µM, 1 min) or with SNP (10 
µM, 10 min) followed by collagen (95 µg/ml, 1 min). Rac1 levels were analyzed as described in (A).  
 
FIGURE 2. The GTPase-activating protein ARHGAP17 is a target of cyclic nucleotide signaling. 
(A) ARHGAP17 is phosphorylated by PKA in vitro. FLAG-ARHGAP17 was expressed in HEK293T 
cells, immunoprecipitated using anti-FLAG beads, and incubated with purified catalytic subunit of PKA 
in the presence of [γ-32P]ATP for 4 min. The reaction was stopped by addition of SDS-sample buffer, 
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subjected to SDS-PAGE and blotting. Radiolabeled ARHGAP17 was detected by autoradiography (upper 
panel) and total ARHGAP17 levels were determined by Western blotting with anti-FLAG antibody 
(lower panel). Data are representative of three independent experiments. (B) ARHGAP17 is 
phosphorylated by PKA in intact cells. HEK293T cells expressing FLAG-ARHGAP17 were treated 
without or with forskolin (Frk, 10 µM, 10 min) to activate endogenous PKA and lysed. Samples were 
subjected to Zn2+-Phos-tag SDS PAGE as described in Methods followed by Western blotting using an 
anti-FLAG antibody. The shifted, phosphorylated form of ARHGAP17 is indicated. Data are 
representative of three independent experiments. (C) NHERF1 precipitates endogenous ARHGAP17 from 
platelet lysates. Washed human platelets were incubated with PGE1 (0.5 µM, 1 min), SNP (10 µM, 10 
min) or forskolin (10 µM, 15 min). Platelets were lysed and purified GST-NHERF1 was used to pull 
down endogenous ARHGAP17. Samples were analyzed by Western blotting using anti-ARHGAP17 
antibody to determine precipitated (upper panel) and total ARHGAP17 levels (lower panel). Data are 
representative of two independent experiments. (D) Endogenous ARHGAP17 is phosphorylated by 
endogenous PKA and PKG in platelets. Washed human platelets were incubated with PGE1 (0.5 µM, 1 
min) or forskolin (10 µM, 15 min) to activate PKA, or with the NO-donor SNP (10 µM, 10 min) to 
activate PKG, lysed, and GST-NHERF1 pull-down assays were performed to precipitate ARHGAP17 as 
described in (C). Samples were subjected to Zn2+-Phos-tag SDS-PAGE and Western blotting as described 
in (B) and endogenous ARHGAP17 was detected by anti-ARHGAP17 antibody. The shifted, 
phosphorylated form of ARHGAP17 is indicated. Data are representative of three independent 
experiments. (E) S702 is the PKA phosphorylation site on ARHGAP17. HEK293T cells expressing 
wildtype FLAG-ARHGAP17 or mutant FLAG-ARHGAP17-S702A were incubated without or with 
forskolin (10 µM, 10 min) and lysed. Samples were subjected to Zn2+-Phos-tag SDS PAGE followed by 
Western blotting using an anti-FLAG antibody. The shifted, phosphorylated form of ARHGAP17 is 
indicated. Data are representative of two independent experiments. 
 
FIGURE 3. Phosphorylation of ARHGAP17 by PKA on S702 leads to the dissociation of an 
ARHGAP17-CIP4 complex. (A) ARHGAP17 is a GTPase-activating protein of Rac1. HEK293T cells 
were transfected with ARHGAP17 (with no tag) and 24 hours later endogenous levels of Rac1-GTP were 
analyzed by pull-down assay followed by SDS-PAGE and Western blotting. Rac1 antibody was used to 
determine Rac1-GTP (upper panel) and total Rac1 (middle panel) levels and ARHGAP17 antibody was 
used to determine total ARHGAP17 levels (lower panel). Data are representative of five independent 
experiments. (B) S702 phosphorylation of ARHGAP17 results in the dissociation of CIP4, Toca-1 and 
PACSIN2 from ARHGAP17 in transfected cells. HEK293T cells expressing EGFP, ARHGAP17-EGFP 
or ARHGAP17-S702A-EGFP were incubated without or with forskolin (10 µM, 10 min).  ARHGAP17 
proteins were immunoprecipitated with anti-GFP antibody and co-precipitated proteins were identified by 
mass spectrometry. Label free quantification (LFQ) intensities of three co-immunoprecipitated proteins 
CIP4, Toca-1 and PACSIN2 are shown. This experiment was performed once. (C) ARHGAP17-S702E 
mutation mimics phosphorylation dependent CIP4 dissociation in transfected cells. HEK293T cells 
expressing EGFP, ARHGAP17-EGFP, ARHGAP17-S702A-EGFP or ARHGAP17-S702E-EGFP were 
incubated without or with forskolin (10 µM, 10 min) as indicated.  ARHGAP17 proteins were 
immunoprecipitated with anti-GFP antibody and co-precipitated endogenous CIP4 was analyzed by 
Western blotting using anti-CIP4 antibody. Anti-ARHGAP17 antibody was used to determine the levels 
of transfected ARHGAP17. Data are representative of three independent experiments. (D) Domain 
composition of ARHGAP17 and CIP4 with the possible interaction site indicated. ARHGAP17 consists 
of an N-terminal Bin/Amphiphysin/Rvs (N-BAR) domain, a RhoGAP domain, a long proline-rich region 
with 4 predicted SH3-binding regions and a PDZ-binding motif. S702 is located in the proline-rich region. 
CIP4 consists of an Fes/CIP4 homology-Bin/Amphiphysin/Rvs (F-BAR) domain and a C-terminal Src 
homology 3 (SH3) domain. (E) Endogenous ARHGAP17 dissociates from CIP4 in response to PKA 
activation in platelets. Washed human platelets were incubated without or with PGE1 (0.5 µM, 1 min). 
Platelets were lysed and purified GST or CIP4-GST was used to pull-down endogenous ARHGAP17. 
Samples were analyzed by Western blotting using anti-ARHGAP17 antibody to determine precipitated 



Phosphorylation of ARHGAP17 and ARHGEF6	
  

	
   14 

(upper panel) and total ARHGAP17 levels (lower panel). Data are representative of four independent 
experiments. 
 
FIGURE 4. Dissociation of the ARHGAP17-CIP4 complex inhibits cell migration. HeLa cells were 
seeded onto culture inserts for wound healing assays. After transfection of ARHGAP17-EGFP (wt), 
ARHGAP17-S702A-EGFP (SA) or ARHGAP17-S702E-EGFP (SE) the inserts were removed resulting 
in a cell-free gap between cells. The size of this open area was measured by microscopy and data was 
normalized relative to the size of the starting area. Shown are means +SEM of 5 independent experiments. 
The asterisk indicates statistical significance between SA and SE mutants of ARHGAP17 (p<0.05, 
ANOVA with Bonferroni correction). 
 
FIGURE 5. Phosphorylation of the guanine nucleotide exchange factor ARHGEF6 by PKA or PKG 
on S684 leads to the assembly of a GIT1-ARHGEF6-14-3-3 complex. (A) ARHGEF6 is 
phosphorylated by PKA in intact cells. HEK293T cells expressing Myc-ARHGEF6, Myc-ARHGEF6-
S640A, Myc-ARHGEF6-T650A or Myc-ARHGEF6-S684A were incubated without or with forskolin (10 
µM, 10 min). Cells were lysed and lysates were analyzed by standard Western blotting using anti-Myc 
antibody. The shifted, phosphorylated form of ARHGEF6 is indicated (p-ARHGEF6). Data are 
representative of two independent experiments. (B) ARHGEF6 is phosphorylated by PKA and PKG in 
intact platelets. Washed human platelets were incubated without or with PGE1 (0.5 µM, 1 min), SNP (10 
µM, 10 min) or forskolin (10 µM, 15 min). Platelets were lysed and samples were analyzed by standard 
Western blotting using anti-ARHGEF6 antibody. Data are representative of three independent 
experiments. (C) Endogenous ARHGEF6 co-immunoprecipitates with GIT1 in platelets. Washed human 
platelets were incubated without or with PGE1 (0.5 µM, 1 min), lysed and immunoprecipitated with anti-
GIT1 antibody. Co-precipitated endogenous ARHGEF6 was analyzed by Western blotting using anti-
ARHGEF6 antibody (middle panel). Anti-GIT1 antibody was used to determine precipitated (upper 
panel) and total GIT1 levels (lower panel). Data are representative of two independent experiments. (D) 
NHERF1 precipitates endogenous GIT1 from platelet lysates. Washed human platelets were incubated 
with PGE1 (0.5 µM, 1 min), lysed and incubated with purified GST-NHERF1 to pull down endogenous 
GIT1. Samples were analyzed by Western blotting using anti-GIT1 antibody to determine precipitated 
(upper panel) and total GIT1 levels (lower panel). Data are representative of three independent 
experiments. (E) Upstream activators of cyclic nucleotide production induce ARHGEF6 and GIT1 
interaction with 14-3-3 in platelets. Washed human platelets were incubated with forskolin (10 µM, 15 
min), PGE1 (0.5 µM, 1 min) or with SNP (10 µM, 10 min). Platelets were lysed and purified GST-14-3-
3g was used to pull down endogenous ARHGEF6 and GIT1. Samples were analyzed by Western blotting 
using anti-ARHGEF6 and anti-GIT1 antibodies to determine precipitated ARHGEF6 (upper panel) and 
GIT1 (middle panel) levels, respectively. Anti-14-3-3g antibody was used as loading control (lower 
panel). Data are representative of three independent experiments. (F) Domain composition of ARHGEF6 
and GIT1 with the possible 14-3-3 interaction site. ARHGEF6 consists of an N-terminal Calponin-
homology (CH) domain, an Src homology 3 (SH3) domain, a RhoGEF domain and a Pleckstrin 
homology (PH) domain. S640 and S684 are indicated along with the GIT1 and potential 14-3-3 
interaction sites. GIT1 consists of an N-terminal Arf-GAP domain and three ankyrin-repeats (labelled A). 
 
FIGURE 6. Model of Rac1 inhibition during PKA and PKG activation. Upon platelet activation 
Rac1-GTP levels rise rapidly and Rac1-GTP is able to interact with its effector molecules to promote 
downstream signaling. Endothelial nitric oxide (NO) and prostacyclin (PGI2), the two most potent 
endogenous platelet inhibitors described to date, are able to inhibit agonist induced Rac1-GTP formation. 
ARHGAP17 is a Rho GTPase-activating protein of Rac1 and is bound to the SH3 domain of CIP4 via its 
SH3 binding region in resting platelets. Endothelial PGI2 stimulates the activation of PKA and leads to 
the phosphorylation of S702 in ARHGAP17 which results in the dissociation of the ARHGAP17-CIP4 
complex. ARHGEF6 is a Rho guanine nucleotide exchange factor for Rac1 and constitutively bound to 
GIT1. NO and PGI2 activate PKG and PKA respectively and both kinases phosphorylate ARHGEF6 on 
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S684 and possibly on S640. Phosphorylation of ARHGEF6 results in the assembly of a GIT1-ARHGEF6-
14-3-3 complex. These changes might contribute to PGI2 and NO mediated Rac1 inhibition. 
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