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sunary: ~ubulin phosphorylation was analyzed during the different phases of 
platelet activation. Platelets preloaded with [32P]-phosphate were stimula- 
ted with collagen. Tubulin was immhoprecipitated frc4n serial samples obtain- 
ed during the activation process. The inmmoprecipitates were resolved by 
SDS+olyacrylamide gel electrophoresis and autoradiographs analyzed by laser 
densitometry. Agonist induced depl-mphorylation of platelets occurred after 
the onset of shape change at the tine of initiation of the secretory release. 
The dephosphorylation was selective affecting specific peptides. 0 1989 Academic 
Press. Inc. 

Microtubules, which are generally considered to maintain the discoid 

shape of platelets, are phosphorylated in multiple positions on the alpha 

ard beta subunits of tubu1i.n (1). Thrcaobin induced stimulation of platelets 

was found to produce dephosphorylation of tubulin (2). Cyclic AMP, a potent 

inhibitor of platelet activation, has been previously shown by us to bind to 

tubulin and to promte polymerization of microtubule protein (3). Cyclic 

AMP-dependentproteinkinases arepresentinmnycells includinghmenplate- 

lets (4-8) and are able to phosphorylate platelet tubulin (9). 

We are now reporting on an investigation that relates the tim sequence 

of the platelet activation process to the agonist induced reduction of tubu- 

lin phosphorylation. We have used collagen, a platelet activator which may 

showa considerable lagtimabetweenthe inductionof shape change and the 

onset of the release reaction provided its amcentration is judiciously cho- 

sen. The different phases of platelet activation were evaluated in relation 

to changes in tubulin phosphorylation. our results showthatdephosphory- 

lation of tubulin occurs after the shape change has taken place at or before 

the startofthe secretoryphase. 
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Preparation of Platelets 

Blccdwasobtained frcznnormdlvolunteerswhohadabstained foramini- 
m0m of 10 days frc4n any sradication interfering with platelet function. Blood 
was collected. into l/10 vol of 3.8% sodium citrate. Platelets were isolated 
as described before (10) and after two washing steps, they were depleted of 
phosphate (11). Platelets were resuspended in 15 tit Tris-HCl buffer con- 
taining 0.14 M NaCl and 5.5 IW glucose, pH 7.4 (TEE) at a concentration of 
3-4 x 10' platelets/ml and [32P]-phosphoric acid (5-6 Wi/l-2 x 10' plate- 
lets) adjusted to pH 7.5 was added. The platelet suspensions were incubated 
for 2 hours at rcxan tanperature with occasional mixing. After adjusting the 
pH to 6.5 with acid-citrate-dextrose @CD, U.S.P.), the platelets were pellet- 
edandthe supernatantremxred. The platelets were then resuspended in !FBS 
and their concentration adjusted to 1 x log/ml. 

Platelet Activation 

Platelet suspensions (0.2 ml) were diluted with platelet poor plasma 
(PPP, 0.080 ml) obtained from the same donor as the platelets. The platelets 

were sttiated with bovine tendon collagen, usually 12.5 I.rg/ml.' Before 
using [32P]-phosphate loaded platelets, identically treated non-radioactive 
platelet suspensions were tested for their aggregability. The dosage of the 
StiItniLmt was adjusted so that there was a 1.0-1.5 min lag time between shape 
change and the onset of aggregation. In spite of the acid solubilized col- 
lagen solution and the high concentration of agonist, the final pH of the 
platelet suspension was not lowered by the addition of the collagen solution. 
All platelet suspensions were temperature equilibrated to 37OC prior to the 
addition of the agonist. Only platelets capable of a 55-60% deviation from 
the baseline 4 min after the addition of collagen, using the custcnnary tur- 
bidimetric assay (12), were accepted for these studies. Shape change was 
verified by phase microscopy as well as by the method of Patscheke et al.(Q. 
The release reaction was d ocumanted in a lumi-aggregcmetermsasuring ATP by 
the luciferin-luciferase method (14). 

To block platelet secretory release, potential platelet donors were 
askedto ingest 0.5-l g acetylsalicylic acid on the night before blood col- 
lection. Platelet suspensions obtained from these donors were further in- 
cubated with 20 IIN irdcxwsthacin and 100 I-IM UK 38485 (a potent thromhoxane 
synthetase inhibitor; Pfizer). Complete inhibition of platelet release re- 
action was confirmad by measuring ATP release. 

Imnunoprecipitation of Platelet Tubulin 
Reactions were terminated by addition of l/10 vol of solubilizing buffer 

(100 IW Tris, 50 nM EDNA and 20% Triton X-100, pH 7.4) containing protease 
and phosphatase inhibitors (10 nM EGITA, 10 nW phenylmethylsulfonylfluoride, 
10 ng% aprotinin, 100 nM NaF and 0.5 HIM sodium orthovanadate). The sa@es 
were placed on ice for 10 min with occasional vigorous mixing. Solubilized 
preparations were then centrifuged at 15,000 x g for 30 min at 4OC. More 
than 85% of the total platelet tubulin was r= red in the supernatant (15). 
Tubulin was estimated as previously described. The supernatants were removed 
a&were absorbed.withbovine serumalbumin (BSA) conjugatedto Sephadex beads 
(50% suspension) (16). Each platelet lysate was absorbed with 0.3 ml of this 
suspension for 1 hour at room temperature with continuous mixing. After that, 
the beads wsre sedimented by centrifugation and to the supernatant was added 
mnoclonal antibody to alpha or beta tubulin at a final dilution Of 1:lOO. 
me we reaction was all& to proceed overnight at 4T. Antigen anti- 
body coa@exes were then precipitated with anti-muse IgG (100 &reaction 
tube) . After a 2 bur incubation the precipitates were removed by centrifu- 
gation at 12,000 x g for 15 min. The precipitate was washed twice with wash- 
ing buffer and was then solubilized by addition of l/10 vol of solubilizing 
buffer (0.625 M 'Iris, 10 m FDTA and 10% SDS). 
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Electrophoresis and Autoradiography 

Reduced and alkylated (1) -precipitates were analyzed by SDS poly- 
acrylamide gradient gel electrophoresis and occasionally by 2 dimensional el- 
trophoresis (17). The gels were electrophoretically transblotted onto poly- 
vinylidene difluoride rrembranes (PVDF; Imtobilon) at a constant voltage of 70 
v. After 8-12 hours the PVDF membranes were dried and autoradiographs prepar- 
ed. using X-CXoat AH films which were exposed at -8OV. The films were scanned 
by a laser densitometer (LKB Instruments). Western blots were stained with 
Ccomassie blue. At times blots were reacted with mnoclonal antibodies to 
alpha and beta tubulin to verify the identity of the radioactive bands. Each 
gel also contained a set of nolecular weight standards comprising myosin (Mr 
200,000), beta-galactosidase (M, 116,250), phosphorylase B (Mr 92,500), bovine 
serum albumin (Mr 66,200), ovalbumin (Mr 45,000), carbonic anhydrase (Mr 
31,000), soybean trypsin inhibitor (Mr 21,500) and ly.sozyr~ (Mr 14,400). 

Peptide Analysis 

[32P]-phosphorylated tukulin monomers, electroblotted to the PVDF mam- 
branes and stained with Wssie blue, ware excised and reacted in situ with -- 
CNBr as described by Scott et al (18). After elution of the CNBr fragments 
from the PVDF membranes using a buffer containing 1% Triton X-100, 2% SDS and 
50 nM Tris, pH 9.3 for 90 min at room temperature, the peptides were analyzed 
on 16% polyacrylamide gels (18). Electroblots and autoradicgraphs ware pre- 
pared as described above. 

Materials 

[32P]-orthophosphoric acid (spec. act. 185 ~~g/mnol) was obtained from 
New England Nuclear, Boston, MA. Polyvinylidene difluoride transfer mer&rane 
sheets (Imrobilon) were a product of Millipore Corp., Bedford, MA. mnoclon- 
alantibodies toalpha (IWlA) andbeta (DMLB) tubulinofchickbrain (mouse 
IgG) were purchased from -sham Corp., Arlington Heights, IL. X-t AH 
film was obtained from Eastman Kodak, Rochester, NY. Aprotinin, sodium ortho- 
vanadate, phenylmethylsulfonylfluoride and indonethacin ware obtained from 
Sigma Chemical Co., St. Louis, m. Aqholytes were purchased frcxn BioBad, 
PichrIond, CA. Solubilized bovine tendon collagen, 100 pg/ml was obtained from 
Helena Laboratories, Beaumont, TX. 

RESULTS 

[32Pl-phosphate loaded platelets were aggregated with collagen (Fig. 1). 

The shape change was easily separable from the release reaction. The first 

sampling after TO (the tine at which the agonist was added) was done at a 

time at which there was no recognizable secretory release as manifested by the 

absence of any ATP secretion by the platelets. In fact, the nore than 30 set 

lag tti between this san@ing and the onset of ATP secretion assured that Tl 

(15 set after the addition of agonist) is representative of platelets that 

have undergone shape change as the only msnifestation of activation. The im- 

munoprecipitate of platelet tubulin, tiether by monoclonal antibody to alpha 

or beta tubulin included several phosphorylated peptides ranging from Mr 

14,000 to M, 180,000 (Fig. 2a). Reduced and alkvlated platelet tubulin was 

easily visible as clearly separated alpha and beta mxomer subunits. 2-D el- 

ectrophoresis of [32Pl-phosohorylated innnrnoprecipitate of platelet tubulin 
conformed to the characteristic p1 of tubulin. There was no recognizable dif- 
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se 1. Collagen induoed aggregation of human platelets v&-&b were 
pre-loaded with [32P]-phosphate. Imediately before aggre- 
gation was induced with 12.5 ug collagen/ml the [32P]-phosphate 
loaded platelet suspension was diluted with PPP as described 
under MElWDDS. Aggregation (curve a) and ATP release (cmve 
b) were measured in a lmi-aggregcmater. The arrows indicate 
the tines atwhich imuxmprecipitates of platelet tubulin were 
prepared. 

ferenoe in the phosphorylation be+xzn To and Tl. The first decrease in tubu- 
lin phosphorylation hecme mnifest at T2 (45 set after addition of agonist), 
a point in the platelet activation sequence at Whir& release reaction was 

clearly in progress (Fig. 2b). The last sample point (T3) at the height of 

the aggregation response shM only a minor further decline in the phosphory- 

lation of .tubulih. 

._ , M.W. KDaltons 

2a. Figure Imnxmprecipitates of platelet tubulin sampled at different 
times (To-TJ) during platelet aggregation. Antibody tc 
alpha tubulin was used to prepare these precipitates whereas 
the left unlabeled band was precipitated with antibody to 
beta tubulin. The arrows indicate the position of canpletely 
reduced and alkylated alpha and. beta tukmlin subunits. A 2-D 
elecrcphoretic analysis of the tubulin precipitate is slmwn 
in the inset. 

Figure 2b. Laser densitcmetric scans of autoradiographs of kunumprecipitated 
platelet tubulin. Sequential measuxemants are shown of platelets 
sampled at TO (curve a) at T2 (curve b) amd at T3 (curve c). 
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M.W. K Daltons 

Figure 3. Laserdensitornetric scanof ~oprecipitatedttilinextracted 
fron aspirinized platelets that ware treated in vitro with 
-thacin and UK 38485. curve a representZ-$XGiets ex- 
tractefl at TO, curve b platelets extracted at T3. 

Inhibition of the release reaction ccqletely abolish& the dephosphory- 

lation of tubulin associated with platelet stinnilation (Fig. 3). Agonist'in- 

duced shape changewhichoccursunder these circumstances couldbeverified. 

Sodiumpyrophosphate,aknown inhibitorofphosphatase activity was 

found to exert a potent reduction in platelet aggregation(Table 1). Stimu- 

lation of sodium pvrophosphate preincubated platelets by agonists induced no 

change in the phosphorylation of the platelets. 

To determine the specificity of the dephosphorylation of tubulin, we ana- 

lyzed the electrophoretic distribution of phosphopeptides produced by C!NEX 

treatmentoftubulin innoblizedon~Fma.nbranes andaqaredthoseobtained 

frcxn inactive platelets (TO) with those of aggregated Platelets (T2) (Fig. 4). 

Platelet activation was associated with an asymretric loss of [32Pl-phosphate 

from certain KY, -tubulin peptides. CNE& peptides of 8-tubulin showad no change. 

Table 1 

PLATE=TAGGRGATIoN~sEToSooI~PYPo~P~ 

Agonist concentration Addition A O.T.(%)t slops * 

Thrcanbin 0.25 U/ml 69 2 4.2 3.7 f 0.1 
9 f 1.3 0.2 f 0.01 

collagen 0.8 Kdml %OP, 66 f 3.8 2.3 t 0.3 
N% %P, 8.5 t 0.8 0.2 f 0.01 

ADP 2.5 pM 59 + 3.7 2.8 + 0.2 
Na4 W2 12 f 1.1 0.4 f 0.02 

CaIonophore 2.8 JJM 
NaqLP, 

52 f 2.6 2.4 f 0.2 
10 t 0.7 0.2 f 0.02 

t Change in Optical Transnission 
*Me~~1SDof4exparinEnts 

Platelet suspension.5 w=re preincubated without (control) or with sodium 
pyrqhosphate (4 n@l) for 30 min at 2O'Y without agitation. U.1 differences 
betwaen control and Na+O,PZ- preintxbated platelet suspensions ware signi- 
ficant at p C 0.001. 
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Figure 4. Laser densitometric scans and autoradiographs (insets) of CNBr 
treated alpha (A) and beta (B) tuhulin. Peptides of platelets 
at To (solid line), and at T3 (interrupted line). 

DISCUSSION 

A considerable nmber of [32P]-pho@mrylated proteins ware found to co- 

precipitate with tubulin. However, theydidnotinterferewiththeunequivo- 

Cal identification of tubulin, which after reduction & alkylation was clear- 

ly separable into alpha andbetaheterodimars. Tubulinwasidentifiedbyre- 

acting Western blots of the immmprecipitate with rmmclonal antibodies whose 

specific binding was remgnized by a gold conjugated second antibody. Further 

confirmation of the identity of tubulin was obtained bv 2-D electrophoresis 

and N-terminal amino acid sequencing which provided the final a& definitive 

proof of the identity of tulmlin in the electrophoretic transblots (data not 

-1. 

We opted for collaqen as the aconist to induce platelet aggregation in 

preference to thronbin as it facilitated seauential sampling of the platelet 

preparation. The rapid evolution of the aggregation process with throabin as 

the agonist makes it difficult to separate shape change frcxn the ensuing set- 

retory process of the platelet. Although the depletion of phosphate in the 

platelets and the subsequent incubation with [32P]-phosphate reduced the ag- 

gregability of the platelets, an increase in the concentration of agonist was 

able to overcome this deficiency. 

The tima resolved analysis of chauges in tubulin phosphorylation showed 

that dephosphorvlation which occurs during platelet activation (2), is delayed 
well beyond the initiation of shape change. Inhibition of the release reac- 

tion cmpletely blocked the dephosphorylation step. Sodium pyrophosphate 

ccanpletely blocked the agonist induced dephosphorvlation of tubulin and was 

found to be a potent inhibitor of platelet aggregation induced by various ag- 

onists . We interprfztthese findirigs asevidencethatsomeventleadingto 

secretory release activates tubulin dephosphorylation in platelets. The de- 
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phosphorylation of tubulin during the activation process involves specific 

peptides of both subunits, primarily of the alpha nxxxnnx. 

We believe that our results give convincinq evidence that the agonist 

induced change in phosphorylation of tubulin occurs after the initiation of 

the shape change and before or at the beginning of the release reaction. 
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