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Platelet membrane phosphatidylinositol kinase activity. Triton 
X-IO0 effects provide evidence for intramicellar reaction 
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Plmsphatidylinositol (Pi) kinase activity of platelet membranes was solubilized and partially purified by anion.ex- 
change ehroraatography to measure the initial en~qm.atie rates. Kinetic studies were performed it, the presence of 
Triton X-100 to eMain mixed micelles, The partially purified enzyme exhibited a Michaelian behaviour towards 
ATP, with a K .  of 58 pM. The enzymatic rates were dependent gpon Triton concentrations, Upon increasing its 
concentration, this detergent exhibited an activating effect followed by an inhibitory one. The optimal micellar 
Triton con~ntration was proportionnal to the P! concentration used in the assay, Conversely, the behaviour of the 
enzyme towards P! was dependent upon the Triton concentration. However, when PI concentration was exp.,'essed as 
its surfaeic concentration within the micelles, the activity became independent of the detergent concentration, and a 
K .  value of 0.09 tool / tool was estimated. Therefore, in vitro phosphorylation of phosphatidylinositol by PI kinase 
is rate-limited by an ittgramicellar reaction, and provides a study model for the in vlvo reaction. 

introduction 

The major function of platelets in the circulation is 
their involvement in hemostasis. Once stimulated, 
platelets react within seconds, and undergo shape 
cha~ge, adhesion to subendothelium and aggregation 
[1]. Furthermore, upon activation, they liberate com- 
pounds that, in turn, act as agonist for other platelets, 
triggering the formation of a thrombus. Platelet activa- 
tion must therefore be a highly regulated process. 

Many agonists of platelet activation stimulate the 
hydrolysis of polyphosphoinositidcs, and an increase in 
the concentrations of inositol trisphosphate and diacyl- 
glycerol, two major second messengers, has been asso- 
ciated with shape change and secretion [1]. As ex- 
pected from compounds having a key function in the 
ceil, polyphosphoinositides exhibit a high turnover 
compared to other phospholipids [2], which indicates 
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the existence of continuous degradation and synthesis, 
either through a futile cycle including kinases and 
phosphatases or through the phosphoinositide cycle. 
The regulation of such cycles can occur at two levels: 
enzyme activities and substrate availability. These two 
levels are interconnected since the substrate of any 
reaction in a cycle is the product of the previous one. 
Up to now, much effort has been devoted to under- 
standing the properties and regulation of phospho- 
inositide-specifie phospholipase C. However, a clear 
picture of the cellular regulation of polyphosphoinosi- 
tides requires a more detailed knowledge of the other 
enzymes involved in the phosphoinositide cycle. It has 
already been suggested that some specific regulations 
occur at the level of phosphatidylinosito! (Pl) kinase 
[3]. These conclusions were drawn mostly from experi- 
ments involving whole cells or cell homogenates, when 
all the substrates and the enzymes of the P! cycle were 
present. However, such experimental conditions make 
the analysis of what is specifically relevant to Pl kinase 
activation more complex. When working with mem- 
branes from A431 cells, Walker and Pike [4] showe.'3 
that the PI kinase ~ctivity was higher when me,labranes 
were isolated from cells previously treated with EGF 
compared to controls, Ill thrombin-stimulated platelets, 
the rise of [32P]PlP and [3~P]PIP 2 occurs prior to that 



of phosl3hatidic acid [5], which suggests that the in- 
crease in PI kinase (and eventually of PIP kinase) 
activity is not an indirect consequence of phospholi- 
pase C stimulation. 

To investigate the polyphosphoinositide metabolism 
and regulation in platelets, we first focused on the P! 
kinase. When this study was undertaken, purifications 
of PI kinase from various sources had been reported 
[6-9] but none from platelets. In ritro studies included 
those of Suga ctal .  [10] who showed that addition of 
ATP to platelet homogenate leads to the formation of 
PIP, this formation being inhibited by Ca 2+ and by 
adenosine-derived compounds, and those of Nahas et 
al. [I I] who described in deterge~nt.solubilized platelet 
membrane a P! kinase activity dependent upon exoge- 
neous PI. Our approach x,.'a~; tG establish conditions 
allowing a kinetic characteris~tion of the enzyme and 
to study the dependence of th~ enzymatic rate upon its 
hydrophilic substrate, ATP and its hydrophobic one, 
phosphatidylinositol. When working with a phospholi- 
pidic substrate, even in the presence of detergent, the 
solution cannot be considered as homogeneous, and 
two phases have to be considered, the bulk solution 
and the micelles. Hence, the concentration of deter- 
gent itself has to be taken into account, since it modi- 
fies the volume oz" the micellar phase. Such analysis, 
when performed with Pl kinase of platelets, reveals 
that the Pl micellar concentration, as opposed to its 
bulk concentration, is the relevant parameter deter- 
mining the in t'itro enzymatic rate. Different interpre. 
rations for this result are discussed. 

Materials and Methods 

Phosphatidylinositol kinase assay 
PI kinase activity was measured in 50/~1 reaction 

volumes, conteining 10 mM Tris-HCi (oH 7.4), I mM 
EDTA, 0.1 mM ATP, 37 to 74 kBq of [1,- 32 p]ATP 
(Amersham or NEN), 6.1 mM MgCt2, 0.25 mM P1 
(Sigma, evaporated from stock solution under a stream 
of nitrogen) and 0.23% (i.e. 3.6 raM) Triton X-100, 
unless otherwise stated. When the proteins were solu- 
bilized in reduced Triton X-100, the final Triton X-100 
concentration was calculated by adding the reduced 
Triton X-100 brought by thr.* protein sample to the 
Triton X.100 added in the assay, since both com- 
pounds exhibit similar detergent behavior [12], When 
the miceilar Triton concentration was considered, the 
CMC (0.015%, i.e. 0.24 raM) was deducted from the 
total detergent concentration. Reactions were started 
by the additiop of ATP. After 10 to 30 rain, the 
reaction was stopped by the addition of 200/tl of I M 
HCI. 

Isolation and quantitation of [;2p]PIP were per- 
formed using a modification of the method of Walker 
et al. [9]. To each quenched sample, 50/.tl of a 0.33% 

121 

Triton X-100 solution containing 50 Bq of ['~H]phos- 
phatidylinositol 4-phosphate (Amersham) were added. 
Phospholipids were extracted by adding 400 ttl of 
CHCI~/CH3OH (2:1, v/v) and mixing the samples for 
20 s. After centrifugation, the upper phase was dis- 
carded and 200/~! of CHCI.~ were added to the lower 
phase. Two washes were successively performed with 
400 #1 of CH3OH/0.1 ~.] HCI (I : ! ,,/v) and one with 
CH3OH/0.1 M KCI (1: I, v/v). 1;~ each case, the 
mixture was vigourously shaken for at least l0 s, and 
great care was taken to thoroughly remove the upper 
phase after each centrifugation. 

The washed samples were loaded onto glass columns 
containing approx. 150 #1 of neomycin-coupled glass 
beads. The beads were washed with I ml of 0.1 M 
ammonium formate in CHCI.JCH.~OH/H 2 ° (5:10: 2, 
v/v) and PiP was eluted directly into glass scintillation 
vials with I ml of 0.4 M ammonium formate in the 
same solvant. The solutions were dried down under a 
stream of air. 500/zi of 0.1% SDS in water were added 
to each vial. After a 30-rain shaking, 8 ml of Optifluor 
(Packard) were added and the 3H/-~2P content of each 
vial was determined using a Kontron scintillation 
counter. The amount of [32p]PIP present in the assay 
was calculated, taking into account the recovery of 
['~H]PIP and the specific radioactivity of ATP. 

Preparation and control of neomycin-coupled glass beads 
GlyceuI controlled-pore glass beads (mesh size 

200-400, Sigma) were oxidized by sodium periodate, 
and the Schiff base formed with neomycin was reduced 
with sodium boroh~ydride as described by Sdmcht [13], 
To assess the bead's ability to efficiently separate the 
PIP formed during the enzymatic reaction from other 
radioactive compounds, chromatographic controls were 
performed by spotting aliquots of the 0.4 M ammonium 
formate eluates on a silica plate (HFTLC plates silica 
gel 60, Merck) previously soaked in 0.5% potassium 
oxalate in ethanol/water (1 : 1, v/v) and activated for 1 
h at l i0°C. Plates were developed in chloroform/ 
methanol/acetone/acetic acid/water (38:15:15:12: 
7.~, v/v). Autoradiography evidenced that the radioac- 
tivity was associated with PIP, with scant contamina- 
tion by [32p]ATP or [32p]phosphate. On average, 50 to 
70% of the ['~H]PIP introduced into the sample was 
recovered from the column with the 0.4 M ammonium 
formate eluate. 

After PIP elution, the beads were regenerated by 
washing three times with 1 ml of 1 M ammonium 
formate in CHCI3/CH3OH/H20 (5:10:2, v/v) and 
three times with 1 ml of salt-free solvant. 

Preparation of platelet membranes 
Six-day old platelet-rich plasma was collected from 

the Centre R~gional de Transfusion Sanguine (Bor- 
deaux). Platelet isolation was immediately performed 
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at room temperature. Plate[el-rich plasma was cen- 
trifuged at 200 × g for 10 rain and the supernatant was 
centrifuged at 1500×g for 25 rain. Platelets were 
washed twice in 50 ml of buffer ! (20 mM Tris-HCI (pH 
7.4), I mM EDTA, 0.15 M NaCI) and sedimented by 
centrifugation (1500 ×g,  15 rain). The final pellet was 
resuspended in 50 mM Tris-HCI (pH 7.5), 10 mM 
EDTA and 0.2 M sucrose (5 ml per 50 m[ of initial 
platelet-rich plasma), frozen in liquid nitrogen an(i 
kept at -80°C. 

To prepare the membranes, the platclets were 
thawed, kept in an ice-bath and sonicated (three times 
5 s with l-minute intervals) with an ultrasound genera- 
tor Annemassc type 75TS, used at 75 watts. The sus- 
pension was diluted about J-fold with buil~..- ! and 
centrifuged for 20 min at 44000 ×g. The membrane 
pellet was washed twice with the same volume of 
buffer 1 and centrifuged under the same conditions. 
The final pellet was resuspcnded at about 3.5 mg of 
proteins per ml of buffer I I  (10 mM Tris-HC[ ( pH  7.4), 
i mM EDTA), frozen in liquid nitrogen and kept at 
- 80oc. 

Partial pmification of plate/or P! kmase 
To 7.8 ml of membrane suspension were added 0.5 

ml of 10% reduced Triton X-100 (Aldrich) previously 
deionized with AmberIite MB-I (Serva) and 1.7 mi of 
buffer I. The solution was centrifuged for 20 rain at 
50000 rpm (rotor TLA 100.2, Beckman). The super- 
natant was adjusted to 20 ml with buffer II[ (I0 mM 
Tris-HCI (pH "7.4), 0.1% reduced and deionized Triton 
X-100 and I mM DTT). The sample was applied to a I 
ml anion-exchange column (Mono Q type HR 5/5, 
Pharmacia) equilibrated with buffer Ill. The column 
was washed with 5 ml of buffer III and proteins were 
clutcd by a 20 rn[ sodium chloride gradient from 0 to 
500 mM in buffer III. Protein elution was followed by 
measuring the absorbance at 260 nm. Fractions of 0.5 
ml were collected and the Pl kir~ase activity tested, 
Active fractions were pooled, dispatched in 0.5 ml 

fractions, frozen in liquid mtrogen and kept at -80°C. 
The conditions for detergent solubilization were 

chosen in order to obtain efficient solubilization of the 
PI kinase activity. However, some activity was always 
present in the pellet. At this stage of the preparation, 
it was not possible to evaluate what percentage of the 
initial activity was still associated with the non-soluble 
material. To perform such an estimation, the enzymatic 
assay must be used. When such an assay was per- 
formed using the initial membrane suspension, the 
Triton extract or the pellet, the amount of recovered 
PIP was not linear with respect to time or to the 
amount of proteins. Addition of sodium chloride, as 
suggested by Ganong and Lu [!4], did not significantly 
increase the activity in the supernatant. Since ionic 
slrengh could interfere with the use of the anion-ex- 

change column, it was omitted from the solubilization 
buffer. 

MisceUaneous 
Protein concentration was detcrmined according to 

Bradford [.':~!. using bovine serum albumine as a stan- 
dard. 

Statistical analysis of the data was performed using 
a non-linear regression of the data, as described by 
Clcland [16]. 

R e s u l t s  

Partial purification of P! kinase 
Triton X-100 solubilized platelet membranes exhibit 

PI kinase activity in the presence of [7-'~2P]ATP, when 
tested either in the absence or in the presence of 
added PI. However, under both conditions, the amount 
of PIP displayed a lack of linearity versus time and 
versus protein amount. Such a result could be ex- 
pected, since many enzymes present in the membranes 
can hydrolyze either the substrates or the product of 
the PI kinasc reaction. The kinetic characterization of 
the enzyme required at least its partial purification. 
This was performed by Mono Q anion-exchange chro- 
matography, in the presence of 0.1% reduced and 
dcionizcd Triton X-100, after solubilization of the pro- 
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Fig. 1. Partial purification of plal.':leI PI kinuse by union-exchange 
chromatography. Platelel membranes were prepared and ~flubilized 
in reduced Triton X.100 as de~ribed under Material and M~lhod~. 
10 mI of 0.5% reduced Triton X-If×) buffer containing 1.4 mg of 
protein were loaded onto a Mono O union-exchange coh:'nn. After 
washing, proleins were eluted with 20 ml of a 0 t,a 500 mM NaCI 
gradient, and 0.5 ml fractions were collected. 20 ~,1 wcre used to 
determine PI kinase activity as described under Materials and Mcth- 
ods. Fractions 18 to 27 were pooled, corresponding to an average 

NaCI concenlration close to 285 raM. 



teins in the absence of added salts (see Materials and 
Methods). Fig. 1 shows the profiles of ti~e protein 
absorbance and the P! kinase activity of the different 
fractions during the toni,, strength gradient elutio.n. 
Some enzymatic activity was always present in the 
initial part of the gradient, but most of the activity 
eluted as a broad peak around 290 mM NaCI. The 
amplitude of the first peak was variable according to 
the experiments. There was no relationship between 
these variations and the amount of proteins loaded on 
the column, or the ratio of detergent to proteins used 
during the solubilization. In no case did P! kinase 
activity elute from the column during loading and 
washing. The fraction~ corresponding to the broad 
peak were pooled. When :he activity of this partially 
purified enzyme was tested in the presence of 
[y32p]ATP, no formation of PIP was obset'ved in the 
absence of exogeneous PI, indicating that most, if not 
all, of the endogeneous Pl was removed during the 
chromatography, Upon addition of PI, the formation of 
PIP was linear with time for at least 30 min, and the 
amount of PIP was directly proportional to the protein 
concentration, the specific activity of the enzyme being 
0.11 nmol/min per rag. This enzyme was therefore 
used to carry out further kinetic characterization. 

Kinetic properties of P! khmse 
The kinetic properties of P! kinase were checked 

against its two substrates, ATP and phosphatidylinosi- 
tol. 

The dependence of the reaction rate upon the ATP 
concentration was tested between 20 and 200/zM. It 
followed Michaclis-Menten equation, with a K,m equal 
to 58 + 15 ~ M  (data not shown). 

To study the phosphatidylinositol dependel:ce of the 
enzymatic rate, preliminary experiments were carried 
out to optimize the Triton X-100 concentration to be 
used for the assays. The enzymatic activity was deter- 
mined for various Triton X-100 concentrations, in the 
presence of three different PI concentrations (Fig. 2). 
Although each curve exhibited a maximal value, no 
optimal Triton X.100 concentration could be derived 
since these maximal values were strongly dependent 
upon the Pi concentration. They occurred at a micellar 
Triton X-100/PI ratio close to 14 tool/tool (which 
corresponds to a FI mole fraction of 0.07). This opti- 
mal ratio probably reflects a change in the micelle 
structL re when PI varies from a very disperse solute to 
a covL::ntrated one. To avoid artifactual results arising 
from ~;Jch a change, further analyses were restricted to 
dete~'g.~nt/Pl ratios higher than 14 tool/tool. 

Pi :iependence of the enzymatic rate was deter- 
mined at two Triton X-100 concentrations, 0.1% (i.e. 
1.55 raM) and 0.5% (i.e. 7.74 raM) (Fig. 3). In agree- 
ment with the data of Fig. 2, the rates were lower with 
t[i'6 higher detergent concentration. Statistical analysis 
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Fig. 2. Effect of Triton concentration on Pl kina~ activil). Triton 
concentrations are expressed as molar concentration in the lower 
.scale and as percentage (w/v) in the upper male. PI kinase activity 
was tested as described under Material and Methods in the presence 
of 52 ",tg/ml of proteins and ( • )  0.02, (n) 0.1 or (e) I).2 mM Pl. For 
each PI concentration, the value of 100% was assigned to the rate 
determined at the optimal Triton concentration. These rules were 
0.1)55, I).1)6 and 0.147 nmol/min per mg when P| ¢oncenlralio~s 

were, respective~, 0.02, 0. ! and 0.2 raM. 

of the data in the presence of 0.1% Triton X-100 
indicated a K., value of 90 + 35/~M. No Michaelis 
constant could be derived from the experiments with 
0.5% Triton. 

The simplest explanation for the lower enzymatic 
rates at the higher detergent concentration is that 
raising the Triton X-I00 concentration increases the 
volume of the miceiiar phase, thus lowering the ser- 
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Fig. 3. Effect of bulk Pi concentration of P! kinase activity. P] kinase 
activity was tested as described in Material and Metho,:is in the 
presence of 104 t~g/ml of proteins and ( x )  ,~.]% (i.c. 1.55 raM)or 
(o) 0.5% (i.e. 7,74 raM) Trilon X-100. The carve in the p~-esenc¢ of 
0.1% Triton X.100 corresponds to the theoretical one u-~n8 a K m 

value of 90/~M as derived from statistical anabsis. 
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Fig. 4. PI kinasc activ[ly as a function ~,f micellar PI con~.cntration. 
Dala from Fig. 3 arc plol~cd ver.~,~s th~ relative concen!~alion of PI 
wilhin the micclles (i.e. [PI]/([Pi]+[micellar Triton])). The micellar 
Triton was calculalcd b) deducting the CMC value (0.24 raM) from 
its bulk concentration. The curve is drawJ~ using the Ihelwetical K m 

value <)f 0.09 tool/tool. 

facic concentration of the phospl;olipidic substrate. To 
check whether this hypothesis could account for our 
results, P! concentration was no longer expressed as 
bulk concentration but as its mole fraction within the 
micelle~, i.e. [PI]/([PI] + micellar Triton X-100 concen- 
tration). As shown in Fig. 4, all the data fell on the 
same line, in spite of the 5-fold difference iu the 
detergent concentration. Statistical analysis gave a K m 
value of 0.09 + 0.03 tool/tool. 

Discussion 

Polyphosphoinositides are important components of 
the plasmic membranes. Upon the enzymatic action of 
phospholipase C, phosphatidylinositol 4,5-bisphosphate 
generates inositol trisphosphate and diacylgycerol, two 
ubiquitous second messengers. In addition, they have 
been reported to play specific roles within the mem- 
branes [3], probably owing to their especially large 
number of negative charges. Compared to other mem- 
brane phospholipids, they exhibit a veq, fast turnover. 
An understanding of the regulation of their synthesis 
and degradation requires a study of the different en- 
zymes involved in the phosphoinositide cycle. This 
pathway includes enzymc~ that are either cytosolic or 
membrane.embedded, and compounds that are either 
hydrophilic or hydrophobie. The interactions between 
substrates and enzymes therefore vary. This study deals 
with platelet P! kinasc, a membrane-bound enzyme 
whose two substrates are respectiwly hydrophilic (ATP) 
and hydrophobic (phosphatidylinositol). 

In the presence of added ATP, platelet membranes 
give rise to PIP (~s well as to PIP 2) by phosphoryiation 

of the endogeneous substrates. A kinetic study of PI 
kinase is precluded by the fact that the amount of 
synthesized PIP (and of PIP e) levels off very soon and 
cannot be increased by addition of Pi. Enzymatic activ- 
ity was solubilized by detergents, and the formation of 
PIP by this solubUized material was increased by exo- 
geneous PI; no synthesis of PIPe could be detected, 
Some P! kinase activity always remained in the pellet 
whatever be the detergent concentration, even in the 
presence of ionic strengh. This is in agrcemcnt with the 
results of Nahas et al. [! I] who showed that, in platelets, 
a significant amount of Pl kinase activity remains asso- 
ciated with the Triton-insoluble cytoskeleton, and with 
those of Kanoh et al. [17] who observed enzymatic 
activity in the pellet that was not solubilized after 
successive treatments with 1.5 M KCI and 1% Triton. 
At this early stage of purification, it is impossible to 
quantitate the recovery of the enzyme during solubi- 
lization. 

The addition of P! to the solubilized enzyme, al- 
though increasing the amount of recovered PIP, is not 
sufficient to provide a linear formation of the product 
versus time. Partial purification of the enzyme was 
achieved by a Mono Q anion-exchange chromatogra- 
phy. No enzymatic activity was recow:red in the flow- 
through fractions. The majority of the P] kinase activity 
was eluted around 290 mM NaCI, ~ome activity also 
being eluted at a lower NaCI concentration. The 
amount of enzymatic activity that was recovered in this 
first peak was variable according to the preparation, 
but never accounted for more than 25% of the total 
activity. When each peak was rechromatographed un- 
der the same conditions, it eluled at the same ionic 
sirength, ruling out an artifactual separation during the 
chromatographic run. Furthermore, their enzymatic ac- 
tivities exhibited different patterns towards adenosine 
inhibition, the enzyme from the first peak being inhib- 
ited with an IC5~ ~ close to 50 ~.M, whereas the enzyme 
from the second peak was only slightly inhibited by 
adenosine (data not shown). Therefore, the different 
behaviours during anion.exchange chromatography 
arise from differences in the chromatographed species, 
The existence of multiple peaks during such chro- 
matography is frequently observed with membrane- 
bound PI kinases, and has led Cantley to classify these 
enzymes as type l, ll and Ill according to their enzy- 
matic properties [3,18,19]. Type I enzyme has now been 
associated with phosphatidylinositol 3-kinase [3,20]. 
Further studies led to the description of P! kinases 
whose behaviour cannot be assigned to a specific class 
of Cantley. Up to now, the reason for these different 
behaviours has remained unknown. In addition to the 
existence of multiple protein species, they can originate 
from changes in the protein-associated phospholipids, 
leading to modifications in the chromatographic pat- 
tern and the enzymatic properties. 



Since this work was performed, Kanoh et al. [17] 
have reported the purification of membrane-bound PI 
kinases from platelets. They mention that during Fast 
Q-Sepharosc chromatography, the Triton extract from 
the platelet membrane gave an enzymatic peak that 
etuted with approx. ().2 M NaCI, and did not report a 
peak eluting at a different ionic strength. However, 
their membrane preparation was initially tre::'.ed with 
1.5 M KCI and a significant amount of enzyme activity 
was solubilized during this treatment, leading to the 
early removal of some enzymatic species. When their 
enzyme was further purified nearly 50-fold, the initially 
sole peak was resolved during mono O anion-exchange 
chromatography into four different ones. In addition, 
they noticed a marked instability of the enzymatic 
activity of these peaks. Both the peak multiplicity and 
the enzyme instability could originate from a total or 
partial loss of the protein-as.~ociated phospholipids 
during the purification procedure. 

Our kinetic studies were carried out with the Pl 
kinase of the main peak. When assayed in the presence 
of Pl and ATP, the amount of recovered PIP was 
proportional to time and to protein concentration, and 
therefore provided a measurement of the enzyme activ- 
ity. Pl kinase exhibited a Michaelian hehaviour towards 
ATP, as expected for an hydrophilic substrate. The K m 
value, 58 + 15 ~tM, was close to that reported by Kanoh 
et al. [17] for their platelet mPKI-ill enzyme and is in 
the range of the values described for type !I Pl kinases 
[3]. When the Pl concentration was varied while 
maintaining constant the detergent concentration, Mi- 
chaelian behaviour was also observed, as already de- 
scribed for other PI kinases, and the K m value that we 
determined (90 -I- 35 p.M) was within the reported val- 
ues. 

The Michaelis equation was derived for enzymatic 
catalysis in a homogeneous medium, in the case of Pl 
kinase assay, both the Pl substrate and the enzTmc arc 
included in micelles. The molecular mechanism in- 
volved in the interactions between miceUar PI kinase 
and miccllar PI is not known. A pertinent hypothesis is 
that the reaction takes place only when the enzyme 
and the Pl are within the same mieelle, which would 
mimiek their behaviour in the in vit'o bilayer mem- 
brane. It would explain why Pi kinase does not act on 
exogencous P! in the absence of detergents. With such 
a hypothesis, the enzymatic rate should depend only on 
the molar conc~;ntration of the phospholipids in the 
micelles. However, the very low number of Pl molecules 
present in each micelle (it may be calculated that 0.1 
mM of PI in 0.1% Triton gives an average value of 10 
molecules of PI per 140 Triton X-100 molecules in one 
micelle) requires that extensive exchange occurs be. 
tween the micelles during the Pl kinase assay. The rate 
of this exchange is dependent upon the overall 'con- 
centration' of the micelles, and could therefore lower 
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the measured enzyme activity. The simplest way to 
check whether Pl kina~ acts on an inter-micellar sub- 
strate and/or  whether the rate of PI redistribution is a 
limiting factor for the enzymatic assay is to vary inde- 
pendently the concentrations of P! and detergent. For 
a fixed P! concentration, the enzymatic rate was 
strongly dependent on the detergent concentration. 
However, when the molar fraction of P! within the 
micelle was taken into account, no influence of the 
Triton X-II)0 concentration could be demonstrated, 
and it can be concluded that, under our assay condi- 
tions, PI kinase activity depends only on the molar P! 
fraction (its surfacic concentration). 

Data from other P! kinases show that PI depen- 
dence, when tested at fixed detergent concentrations, 
follows Michaetis-Menten kinetics. As long as the PI is 
very diluted within the micelles, the accuracy of experi- 
mental measurements does not make it ~nossible to 
di~riminate whether the relevant parameter is the P! 
bulk concentration or its surfacic concentration, since 
they are almost proportional. When working at a f'~ted 
mole fraction (i.e. [PI] and [Triton] being increar~d 
simultaneously), lklunis et al. with yeast enzyme [8] 
and Porter et aL with bovine uterus enzyme [6] ob- 
.served a dependence on the bulk PI concentration (in 
fact on the P! + detergent concentration). In a recent 
report [21], Ganong claimed that the activity of PI 
kinase from rat liver was mainly dependent on the 
mole fraction of Pl, but became also dependent on the 
bulk PI concentration when it was lower than 1 raM. In 
our case, no effect of the bulk concentration was 
observed on the activity of platelet PI ki~iasc, although 
P! concentrations were lower than 0.3 raM. The ques- 
tion of the influence of PI bulk concentration (or of the 
micelle 'concentration')on the P! kinase reaction rates 
is therefore still controversial. The conflicting results 
could arise from a difference in the turnover number 
of the enzymes from different sources. When an en- 
zyme exhibits low catalytic activity, the rate of inter- 
micellar phospholipid exchange is probably large 
enough to replenish the substrate in the surroundings 
of the enzyme. On the other hand, if the tumcz~r is 
very high, the miceUe exchange can become partially or 
totally rate-limiting, leading to a dependence of the 
activity on the detergent concentration at a fixed micel- 
lar concentration. A kinetic analysis of such enzymes 
would be hindered by the interference of th.;s addi- 
tional step. Such is not the case for platelet Pl kinas¢, 
since the kinetic study allowed us to detect only in- 
tramicellar reactions. 

When testing the effect of Triton X-100 concentra- 
tions, a classical dual effect was observed: stimulation 
at low concentrations and inh~ition at higher concen- 
trations, the optimal detergent concentration being de- 
pendent on the Pl concentration. Behaviour towards 
Triton is one of the criteria used to classify Pl kinases. 
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One should be aware that the choice of the PI concen- 
tration to characterize this effect influences the overall 
shape of the curve, emphasizing either the activation or 
the inhibition (see Fig. 2). The relevant factor that 
should be taken into consideration should be the [Tri- 
ton]/[Pl] ratie instead of the Triton concentration it- 
self. 

The prevailing explanation for the inhibitory effect 
at high detergent concentrations points to the dilution 
of the hydrophobic substrate within the micelles, in 
complete agreement with our results. However, this 
inhibito .ry effecl does not occur at all Triton eoucentra- 
tions since, on the contrary, increasing the detergent 
ce,.eentration up to 14-times over the PI concentration 
gives rise to activation. Such an effect eanno~ be ex- 
plained only by the detergent needed to form mixed 
mieelles, since for Triton X-100, a ratio of 2.5 moles of 
detergent per mole of phospholipid was shown to be 
sufficient [~].  One can conclude that a ratio of deter- 
gent/ l ipid c lo~ to 14 (i.e. a P! mole fraction within the 
micelles of 0.07 mo!/mol)  provides the best conditions 
for the interaction between enzyme and substrate. Dif- 
ferent explanations for this high value can be pro- 
posed. One takes into account the fact that the high 
local concentration of a negatively charged substrate, 
phosphatidylinositol, would induce electrostatic repul- 
sions. Ganong [21] suggested that it would decrease the 
rate of intermicellar exchange. He observed that inhi- 
bition by an excess of PI could be relieved by increas- 
ing the ionic strength. In our experiments, the ionic 
strength was close to 60 raM, which should provide an 
important shielding effect (if not a total one). Another 
explanation can be provided by the molecular structure 
of the micelle. Triton micelles can include a large 
amount of phospholipids. However, when increasing 
the phospholipid ratio, the Triton micelles are no longer 
spherical but become oblate [23], probably owing to a 
non-homogeneous distributien of the phospholipids 
within the micelles. This structural change could mod- 
ify the interaction between P! kinase and its sqbstrate, 
and also slow down the exchange between the micelles 
that could become rate-limiting. 

Within the PI mole fraction range allowing a suffi. 
cient Tr i ton/P!  ratio (from 0 to 0.07 tool/tool), the 
enzyme exhibits a Miehaelian behaviour with a K m 
value of 0,09 + 0.03 m o l / m o l .  Although this intrami- 
cellar concentration may appear high, it is worthwhile 
pointing out that in platelets, phosphatidylinosito| rep- 
resents 5.6% of the plasma membrane phospholipids 
[24], and the actual composition of the inner leaflet 
should be c lo~ to 8% ~ince it includes about two-thirds 
of the plasma membrane PI [25]. A direct correlation 
between a Triton micelle and a bilayer membrane 
cannot be made, since the surroundings of the enzyme 
is different in both cases. If the g m values were 
similar, that would mean that the Pi kinase does not 

work at its maximal rate and that its activity still 
depends on the substrate concentration. Whether it is 
related to the control of P! cycle regulation will require 
a lot more studies. The next step to elucidate these 
mechanisms will be to study the enzymatic activity after 
reconstitution of the enzyme into phospholipid bilayers 
of known composition. 
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