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Nitric Oxide Stimulates the Phosphorylation of raplb in Human Platelets
and Acts Synergistically with lloprost
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Phosphorylation of raplb in human platelets correlates with both an upward shift of the protein on sodium
dodecyl sulfate polyacrylamide gels and the translocation of the phosphorylated protein to the cytosolic fraction
of platelets. We reported that this phenomenon occurs in platelets in response to agents that stimulate adenylat
cyclase and thereby activate the cyclic AMP-dependent protein kinase. We now have evidence that phosphor-
ylation of raplb in platelets is also induced by nitric oxide generating compounds through stimulation of
guanylate cyclase and activation of the cyclic GMP-dependent protein kinase. We observed time-dependent
phosphorylation of rap1b and dose-dependent inhibition of collagen-stimulated aggregation in washed platelets
incubated with S-nitroso serum albumin. In the presence of a combination of iloprost and 3-morpholino-
sydnonimine, when both PKA and PKG are activated, phosphorylation of raplb increased synergistically to a
level three times higher than the sum of their individual action®.1996 Academic Press, Inc.

Proper platelet function requires a delicate balance between activation and inhibition. Plat
aggregate within seconds after encountering an injury to the endothelial lining of blood vessels
aggregation in normal circulation must be prevented. Endothelial cells release prostacyclin
nitric oxide, which act synergistically to inhibit aggregation of circulating platelets (1). Whe
stimulated, platelets also produce nitric oxide internally, which serves to modulate their aggr
tion (2).

Nitric oxide, initially described as the endothelium-derived relaxing factor (3), is a free radi
gas produced from arginine by nitric oxide synthase. With effects on immune function, bilc
vessel dilation, and neurotransmission, nitric oxide is now recognized as an important se
messenger molecule in systems throughout the body. Nitric oxide is a very reactive molecule
binds readily to heme iron and reduced sulfhydryl groups (4). By binding to iron in the heme
guanylyl cyclase, nitric oxide stimulates the enzyme, causing an increase in cyclic GMP levels
Nitric oxide has been shown to increase cyclic GMP levels in platelets (6, 7).

Raplb, a ras-related, low molecular weight GTP-binding protein, is targeted to the cell mi
brane by a post-translational modification (i.e., geranylgeranylation) of its C-terminal CAAX mc
(8, 9, 10). The activated, GTP-bound form of raplb can be deactivated by a specific GTP
activating protein (11, 12). Purified raplb is phosphoryldteditro by PKA (13) and PKG (14)
at Set’®. We previously demonstrated that when intact platelets are treated with iloprost, a st
prostacyclin analog that increases cyclic AMP levels, raplb is phosphorylated’Fhabeled
raplb migrates with an upward shift on SDS-PAGHad appears in the cytosolic as well as the
particulate fractions of platelets (15, 16, 17).

We now report that raplb is phosphorylated in a time-dependent manner when platelet:
treated with nitric oxide generating compounds. We demonstrate a physiological effect of S-nit

1 To whom correspondence should be addressed.

The abbreviations used are: SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; NO-BSA, S-n
serum albumin; SIN-1, 3-morpholino-sydnonimine; SNAP, N-acetyl-3-(nitrosothio)-D,L-valine(+2-(acetylamino)-
carboxy-1,1-dimethylethyl-thionitrite; PKA, cyclic AMP-dependent protein kinase; PKG, cyclic GMP-dependent prot
kinase; CAAX, Cysteine-aliphatic amino acid-aliphatic amino acid-last amino acid; HEPES, 4-(2-hydroxyethyl)
piperazine-ethanesulfonic acid; ECL, enhanced chemiluminescent; BSA, bovine serum albumin.
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albumin, a naturally occurring nitric oxide donor (4), by showing the dose-dependent inhibitior
collagen-induced platelet aggregation. We also show that the combination of nitric oxide
iloprost synergistically increases the phosphorylation of raplb in platelets.

MATERIALS AND METHODS

Materials. 3-Morpholinosydnonimine was from Casella AG, Frankfurt. N-Acetyl-3-(nitrosothio)-D,L-valine(+2
(acetylamino)-2-carboxy-1,1-dimethylethyl-thionitrite was synthesized by Wellcome Laboratories, Beckenham. Carriel
[32P]orthophosphate was purchased from ICN. Collagen was from Hormon-Chemie, Munich. lloprost was from Sch
AG, Berlin. Bio-Gel A-50m was purchased from Bio-Rad. The ECL detection kit was purchased from Amersham.

Isolation of human platelet®8lood from human donors was collected, using 1/10 volume of trisodium citrate (3.8%)
an anticoagulant, and centrifuged 20 min a® 28g topack the red cells. The platelet-rich plasma was treated with EDT/
(5 mM final conc.) and centrifuged 15 min at 1B g topellet the platelets. At this stage, the platelets were either washe
(for aggregation studies) or labeled wiftfP]orthophosphate and washed (for phosphorylation studies). To wash the ce
the pellet was resuspended in Tyrode'’s buffer (pH 7.4) containing 5 mM EDTA and either centrifuged 10 min at 800
or gel filtered on a Bio-Gel A-50m column. Tyrode’s buffer consisted of 138 mM NaCl, 12 mM NaH8®DmM glucose,

5 mM HEPES, 2.9 mM KCI, 1 mM MgGl and 0.36 mM NakPQ, - H,0.

Labeling of platelets with¥P]orthophosphatePlatelets from 100 ml blood were resuspended in 1.8 ml Tyrode’s buffe
containing 5 mM EDTA. Additions were: 0.2 ml platelet-poor plasma, 6 units apyrase, and 2°fQirfhophosphate.
Platelets were incubadel h at37°C, washed, and resuspended in 5 ml Tyrode’s buffer with 5 mM EDTA.

Preparation of NO-BSAEquimolar amounts of bovine serum albumin and NaM@re incubated in 0.5 M HCI for 30
min at room temperature (18). The solution was then dialyze8 foin three changes of 0.01 M phosphate buffer, pH 7.5.
The stoichiometry of the S-nitrosylation, determined by the method of Saville (19), was approximately 0.5 mol NO/
BSA. The NO-BSA was used on the day of preparation.

Measurement of platelet aggregatioVashed platelets from 100 ml blood were resuspended in 10 ml Tyrode’s buff
without EDTA. Platelet aggregation in response to collagen stimulation (G#l) was followed using a Chrono-log
aggregometer, which measures increased light transmission through the platelet suspension.

Analysis of raplb mobility, localization, and phosphorylatiGAP-labeled platelet samples (typically 0.5 ml) were
incubated at 37°C with or without the addition of a nitric oxide generator (SIN-1 or SNAP) for the desired period of tir
The platelets were pelleted in a microfuge, resuspended in 1 volume of hypotonic buffer (5 mM Tris, 5 mM EDTA),
lysed with five cycles of freezing in liquid nitrogen and thawing in a 37°C bath. After centrifugation for 10 min at 80C
g to remove any unbroken cells, the platelet homogenates were centrifuged 15 min a0D1¥@,@9 aBeckman airfuge
to separate cytosolic and particulate fractions. The particulate pellet was washed by resuspension in hypotonic buff
centrifugation for 10 min at 170,000 x g. The proteins were dissolved in SDS-sample buffer and separated by SDS-F
(11%, 16 cm). From an initial homogenate volume of Ldpall of the particulate pellet and 25l (1/7 vol) of the cytosol
were used in an effort to equalize the amount of protein loaded in each lane. The proteins were transferred to nitrocel
using a semi-dry blotter, and the blots were probed with the anti-ras mouse monoclonal antibody M90, which recog
an epitope (amino acids 107-130) in the GTP-binding region of ras p21 protein (20) and also recognizes raplb (15, 1
The raplb bands were visualized using either an alkaline phosphatase staining reaction or an enhanced chemilumil
reaction. The blots were then exposed to film to identify ¥fie-labeled bands, and raplb phosphorylation was quantitate
by scanning the autoradiographs in a Shimadzu scanning densitometer.

RESULTS AND DISCUSSION

The monoclonal antibody M90 was made to recognize ras p21 protein (20), but it also ident
raplb well on Western blots (15, 16, 17). Unphosphorylated raplb is detected as a 22-kDa pr
in the particulate fraction of human platelets by M90. After treatment of platelets with ilopro
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FIG. 1. Phosphorylation of raplb induced by iloprost, SIN-1, and SNXP-labeled platelets were incubdt@ h at
37°C alone (lanes 1 and 2), with 10 iloprost (lanes 3 and 4), with 100M SIN-1 (lanes 5 and 6), or with 200M SNAP
(lanes 7 and 8). The cytosolic fractions (lanes 1, 3, 5, and 7) and particulate fractions (lanes 2, 4, 6, and 8) were blotte
nitrocellulose after SDS—PAGE and exposed to film for autoradiography. The phosphorylation of rap1b in platelets by
was much weaker than the phosphorylation we observed with PKA. We determined, from previous experiments
unphosphorylated raplb is only observed in the particulate fraction of platelets, while phosphorylated raplb is obsen
both the particulate and cytosolic fractions.
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FIG. 2. Time course of raplb phosphorylation induced by NO-B&R-labeled platelets were incubated with 391
NO-BSA for the indicated times. Protein samples were resolved by SDS—-PAGE, blotted onto nitrocellulose, and exj
to film. The autoradiograph was quantitated by scanning densitometry.

phosphorylated raplb is detected in the cytosolic and particulate fractions as a 24-kDa band
Prostacyclin, and the more stable analog iloprost, induce phosphorylation of raplb by incree
cAMP levels (21) and thereby activating PKA. Nitric oxide generating compounds such as SN
SIN-1, and NO-BSA increase levels of cGMP and activate PKG (5, 7). Both kinases phosphory
raplb at Sér® (14). Figure 1 shows that the phosphorylation induced by iloprost was mu
stronger than the phosphorylation induced by SIN-1 and SNAP. The phosphorylation of rapl
platelets by PKG resulted in a shift and translocation of the raplb band on Western blots (dat:
shown), but it was much weaker than the effect we observed with PKA phosphorylation. This le
effect may be reflected in the fact that iloprost is 1000 times more potent in inhibiting plate
aggregation than are nitric oxide generating compounds (22).

Nitric oxide is most likely presented to the cell as an adduct instead of a free radical. S-nitre
serum albumin is a naturally occurring nitric oxide carrier (4). We showed that NO-BSA c
transfer nitric oxide to intact washed platelets, induce raplb phosphorylation, and inhibit pla
aggregation. Figure 2 shows the time course of the phosphorylation of raplb caused by NO-I
Rap1b phosphorylation increased to more than two times the basal leved dutihincubation of
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FIG. 3. Inhibition of platelet aggregation by NO-BSA. Washed platelets were preincubated 4 min with NO-BSA (O,
M, or 30 uM) and stimulated with collagen (2g/ml) in a Chrono-log aggregometer. BSA alone had no effect on platele
aggregation.
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FIG. 4. Synergism of rap1b phosphorylation induced by iloprost and SIfPtlabeled platelets were incubated 90 min
at 37°C alone, with 50 pM iloprost, with 100M SIN-1, or with 50 pM iloprost and 10@M SIN-1. The samples were
analyzed by SDS-PAGE, blotted onto nitrocellulose, and exposed to film for autoradiography. The autoradiograpt
quantitated by scanning densitometry.

platelets with NO-BSA. Although maximum phosphorylation occurred too slowly to correlate
with inhibition of platelet aggregation, phosphorylation of only a small percentage of the tc
raplb may be sufficient to indicate an inhibitory effect. The effect of NO-BSA on platelet agg
gation induced by collagen is shown in Figure 3. NO-BSA inhibited collagen-induced plate
aggregation in a dose-dependent manner. Equivalent amounts of control BSA, other than sli
dampening the oscillations on the aggregometer tracing, had no effect on the level of pla
aggregation (data not shown).

The combination of iloprost and nitric oxide, while having only an additive effect on relaxati
of vascular smooth muscle, acts synergistically to inhibit platelet aggregation at a level two
threefold higher than the sum of their individual actions (22). Our experiments showed that n
oxide generating compounds and iloprost act synergistically to increase the phosphorylatic
raplb. When submaximal concentrations of iloprost and SIN-1 were added to platelets in col
nation, the resulting?P-rap1b level was approximately threefold higher than that predicted frc
the sum of their effects alone (Figure 4). It seems likely that phosphorylation of raplb is associ
with the inhibition of platelet aggregation. Our observations indicate that phosphorylation
platelet rap1b is a sensitive marker for the effect of agents that increase cyclic AMP or cyclic G
levels, and that it is even more sensitive to the combined effects of agents that elevate leve
cyclic AMP and cyclic GMP at the same time.
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