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The phosphafidyiinnsitol transfer protein from bovine brain (PI-TP) has lipid transfer characteristics which 
make it well suited to maintain phosphatidylinositol (PI) levels in intracellular membranes (Van Paridon, 
P.A., Gadella, Jr., T.W.J., Somerharju, P.J. and Wirtz, ILW.A. (1987) Binchlm. Biophys. Acta 903, 68-77). 
Using a continuous fluorimctrie t]mtsfer assay we have investigated in what way phosphatidylinositol 
4-phosphate (PIP), phosphatidylinositol 4,5-bisphosphate (PIP2) and phnsphatidie acid (PA) affect the 
transfer activity of this protein in model systems. The effects were analysed by application of a kinetic model 
which yielded the association constant (K)  and dissociation rate constant (k_)  for the PI-TP/vesiele 
complex. Incorporation of PA, PIP and PIP2 into the phnsphatidyleholine-containing vesicles increased the 
association constant solely by diminishing the dissociation rate constant. This effect ce~ld be completely 
aecoanted for by changes in the membrane surface charge density. In contrast to the inhibitory effect of PA, 
the inhibition caused by PIP2 was completely abolished by the addition of neomycin, in agreement with the 
observed preferential binding of this pulyamine antibiotic to PIP2. A rise in pH from 5.5 to 8 drastically 
reduced the association constant for vesicles containing 16 mul% PA (e.g., front 38 to 2 mNl- t ) ,  without 
affecting the Vm~. This effect could be mainly attributed to an increase irt the negative charge on PI-TP 
(isoelectric point 5.5); resulting in an enhanced repulsion. Increasing the negative membrane surface charge 
at pH 7.4 had the opposite effect. This is interpreted to indicate that the membrane interaction site on 
PI-TP must be positively charged, overcoming the repulsive forces between PI-TP and the vesicle. Addition 
of PIP 2 mleeHes as a third component in the transfer assay strongly inhibited PI-TP transfer activity. The 
extent of inhibition suggests a very high af, inity of PI-TP for this lipid. 

Abbreviations: PI-TP, (bovine brain) phosphatidylinositol 
~ansfer protein; Pl, phosphatidylinositol; PIP, pbosphati- 
dylinositol 4-phosphata; PIP2, pbosphatidylinositol 4,5-bis- 
phosphate; PA, phosphatidic acid; PG, phosphatidylglycerol; 
PS, phosphatidylserine; 1-Pal,2-Pyr(10)PC, l-palmitoyl-2- 
pyranedecanoylpbosphatidylcholine; TNP-PE, trinitrophenyl- 
phosphatidylet hanolamine. 
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istry, State University of Utrecht, Transitorium Ill, Padualaan 
8, NL-3584 CH Utrecht, The Netherlands. 

Introduction 

The phosph~tidylinositol-transfer protein (PI- 
TP) is a soluble cytosolic protein capable of trans- 
ferring PI between various membranes, PI-TP has 
been isolated from a large number of sources, such 
as bovine brain [1], bovine heart [2], rat liver [3], 
human platelets [4] and yeast [5]. Apart from the 
preferred substrate PI, PI-TP is also able to bind 
and transfer PC [6,7], and has a very low affinity 
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towards phosphatidylglycerol and sphingomyelin 
[8]. In phospholipid monolayer experiments, how- 
ever, a somewhat different specificity pattern was 
observed, since in this case phosphatidylglycerol 
was also efficiently transferred [9]. The difference 
in specificity may be related to the extremely low 
affinity of the transfer protein for the monolayer. 
This remarkable specificity pattern with a distinct 
affinity for phospholipids that have completely 
different polar headgroups, has attracted a great 
deal of attention. In a recent paper [10] we have 
presented evidence to indicate that the dual 
specificity for PI and PC enables PI-TP to mediate 
a net transfer of PI towards a membrane deficient 
in PI, in return for a PC molecule. Several studies 
have shown that PI synthesis is specifically local- 
ized in the endoplasmic reticulum [11-15], and is 
spatially separated from the degradative pathways 
involved in the stimulus-induced phosphoinositide 
metabolism [16]. PI-TP may then function as a 
fine-tuning mechanism in the maintenance of 
membrane PI levels [17]. On the other hand, stud- 
ies with a pituitary tumour cell line provide evi- 
dence that in this case PI synthesis may occur in 
the endoplasmic reticulum as well as in the plasma 
membrane [181. This observation however could 
not be confirmed in other cell lines [19]. 

The dual specificity of PI-TP has considerably 
complicated the kinetic analysis of the lipid-trans- 
fer process. Hehnkamp et al. [20] have shown that 
the kinetics can be analyzed in terms of a 'ping- 
pong bi-bi' model. However, due to the complex- 
ity of the mechanism, these authors have preferred 
to describe the properties of PI-TP in terms of 
Michaelis-Menten kinetics, which fails to provide 
detailed in sight in the individual steps of the 
transfer process [6,9,20-23]. Despite this limi- 
tation, the latter approach has provided valuable 
information on the effects of membrane surface 
charge [6,9,21], membrane fluidity [22], pH and 
ionic strength [23], and local anaesthetics [24] on 
the activity of PI-TP. It was shown that exchange 
of the endogenous phospholipid molecule for a PI 
or PC molecule from the interface is determined 
by the relative affinity of PI-TP for PI and PC, 
and by the relative abundance of these fipids in 
the membrane [10]. Membrane surface charge, a 
parameter which has a large influence on the lipid 
transfer rates [6,9], did not affect the specificity of 
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the transfer protein. Hencc, it appears that the 
interaction of PI-TP with a membrane surface, 
and the exchange of the endogenous lipid for a 
lipid molecule from the interface, are two separate 
processes. 

In the present study we have h-lvestigatcd the 
effect of PA, PIP and PIP 2 on the interaction of 
PI-TP with a membrane surface. The data were 
analyzed according to the kinetic model proposed 
by Van den Besselaar et al. [25], ~ielding detailed 
information on the individual kinetic constants 
that describe the transfer process. To avoid com- 
plications caused by the dual specificity of the 
transfer protein, transfer of PC was measured 
between membranes devoid of PI. The kinetic 
analysis in this study was based on a highly accu- 
rate, continuous spectrofluorimetric transfer assay 
in which the transfer of pyrene-labeled PC was 
measured between phospholipid vesicles [10]. This 
study shows that PI-TP is very sensitive towards 
factors that influence the electrostatic interaction 
between this protein and the membrane interface. 
The extremely high affinity of PI-TP for phos- 
phory~ated PI species was especially noted. 

Materials and Methods 

Materials 
Egg-yolk, PC, as well as PA and PG prepared 

from egg-yolk PC, was purchased from Sigma. PS, 
PIP and PIP 2 were isolated from bovine brain 
[26-28]. [3H]Cholesteryl oleate (50 Ci/mmol) and 
[14C]methyl iodide (58.8 Ci/mol) were obtained 
from Amersham. [14C]PC was prepared by de- 
methylation of egg-yolk PC and remethylation 
with [14C]methyl iodide [29]. 1-Pal,2-Pyr(10)PC 
was synthesized from 1-palmitoyl-sn-glycero-3- 
phosphocholine and pyrenedecanoic acid [30-32]. 
TNP-PE was prepared from egg-yolk-PE and 
TNBS [33]. PI-TP was purified from bovine brain 
as described before [34]. Sepharose 4B was from 
Pharmacia. 

Methods 
Fluorimetric measurements. The measurements 

were performed using an SLM-Aminco SPF 500C 
spectrofluorimeter equipped with a thermostati- 
caUy controlled euvette holder and a magnetic 



stirring device. Excitation and emission were a~ 
346 nm and 378 nm, respectively. Excitation and 
emission slits were 10 urn. 

Preparation of vesicles. Vesicles consisting of 
1-Pal,2-Pyr(10)PC (i.e., donor vesicles) were pre- 
pared by injection of an ethanolic solution of the 
fluorescent lipid (0.1 mM in Merck Uvasol ethanol, 
10 /tl) into the cuvette containing 2 ml 20 mM 
Tris-HCl/5 mM EDTA/100 mM NaCI (pH 7.4) 
('Tris buffer') [35]. The buffer was routinely 
filtered (Milipore, 0.45 pro). Prior to use, the 
donor vesicles were allowed a 2 rain equilibration 
period_ 

Vesicles consisting of egg-yolk PC and varying 
mounts  of PA, PIP or PIP 2 (i.e., acceptor vesicles) 
were prepared by drying down the lipid mixture 
from chloroform (or from chloroform/methanol/ 
water, 80:20:1 (v/v) in the case of PIP and 
PIP2), followed by suspension in the Tris buffer 
(1-10 mM phospholipid) and ultrasonicatiou for 
10 rain at 0 °C  with a Branson soaicator under a 
nitrogen atmosphere. The vesicle preparation was 
centrifuged for 15 rain at 20000 x g, to remove 
titanium particles and undispersed lipid. The lipid 
dispersion was subsequently applied to a Seph- 
arose 4B column (0.9 × 30 cm), and eluted with 
Tris buffer (9.8 ml/h, 0.5 ml fractions). Routinely, 
the peak fractions that eluted between 18 and 20 
ml were combined and used in the experiments. 
Sizing of the vesicles was necessary to avoid ef- 
fects of vesicle size on PJ-TP activity (unpublished 
observation, see also Ref. 36). 

Vesicles consisting of pure negatively charged 
lipids (PI, PA, P(~, PS, PIP and PIP2) (inhibitory 
vesicles) were prepared by ultrasonication of the 
respective lipid emulsions (0.1 raM) in Tris buffer 
as described above. 

Phospholipid transfer assw.,,. The fluorescence 
transfer assay was carded out essentially as de- 
scribed before [10,31,37]. Briefly, acceptor vesicles 
(0.25-120 ~M) were added to the donor vesicles 
(0.5/~M) in the cuvette. The spontaneous transfer 
of l-Pal,2-Pyr(10)PC from donor to acceptor 
vesicles was reeorded by following the increase in 
the pyrene monomer fluorescence intensity. Sub- 
sequemly, PI-TP (1-2 /~g) was added to ~.itiate 
the protein-mediated lipid transfer reaction. The 
transfer rates were corrected for the spontaneous 
transfer, which in all cases was found to be less 

than 5% of the protein-mediated transfer. The 
pyrene monomer fluorescence was calibrated with 
a standard vesicle preparation consisting of 1- 
Pal,2-Pyr(10)PC diluted with egg-yolk PC (1 : 1000 
tool/tool), so that the transfer rates could be 
expressed in pmol PyrPC transferred per rain. The 
transfer assays were performed at 37°C, under 
continuous stirring, in a final volume of 2 rul. 

The concentration of the fluorescent fipid dis- 
solved in ethanol was estimated by measuring the 
absorbance at 346 nm on a Hitachi U-3200 spec- 
trophotometer (e = 42000 M - ! .  cm-I  [32]). Lipid 
phosphorus was determined as described by 
Rouser et al. [38]. 

The lipid concentration of the aeceptor vesicles 
after chromatography on Sepharose 4B, as well as 
the concentration of the inhibitory vesicles after 
ultrasor~ication, were estimated by phosphorus de- 
termination [34]. 

Kinetic treatment. The kinetic model for pro- 
rein-mediated lipid transfer as originally described 
by Van den Besselaar et al. [25] for the transfer of 
PC by the PC-transfer protein, was applied to the 
transfer of PC by PI-TP. In this model, the trans- 
fer rate between donor vesicles (Ll) and acceptor 
vesicles (L2) is given by the followhig rate equa- 
tion: 

kl[L1]k2[L2l[P] vo ~ - -  (1) (kl[Ll] + k2[L2])(1 + K1[L1]+ Kz[L2]) 

where k 1 and k 2 are the rate constants for the 
association of the transfer protein with the donor 
and acceptor vesicle, respectively, K 1 and K 2 are 
the respective association constants and P repre- 
sents the transfer protein. Since under our experi- 
mental conditions the donor vesicle concentration 
was very low, we take the term KI[L~] to be ~ 1. 
Then the rate equation becomes equal to: 

k1[LI]&2[L2][P] 
Vo ffi (kl[Ll I + k2[L2])( 1 + K2[L2] ) (2) 

Estimation of kl, k 2 and K 2 would ~cquire a 
cumbersome fitting procedure [25,39]. This can be 
avoided by rearranging Eqn. 2 into a polynom 
from which the kinetic constants can be calculated 
by a simple linear least-squares optimization pro- 



cedure. The following polynom is derived from 
Eqn. 2: 

[L2] 1 [ 1 K2 \ k~P] ~ +  k-~) "tL~l 

K2 2 + ( ~ )  IL,] (3> 

When the donor vesicle concentration [L1] and the 
protein concentration [PI are fixed, this polynom 
is of the form: 

o] = A + B[L2] + C[L2I 2 (4) 

In which A, B and C are constants. From the 
least-squares optimization procedure (polynom fit) 
A, B and C were calculated, thereby yielding kl, 
k2 and K2. The dissociation rate constant k-2 
follows from k - 2  = k z / K v  

In Eqn. 2 the term K2[L2] represents the sub- 
strate inhibition that occurs at high [L2] (see Fig. 
1). To estimate Vm~, the substrate inhibition is 
neglected (i.e., K2[L21 ffi 0) and [L21 is taken to be 
infinite (i.e., k2[L2] :*-kt[Lt]); then Eqn. 2 be- 
comes Vm, = kt[Lt][Pl. 

Results 

Kinetic treatment 
We have applied the kinetic model proposed by 

Van den Besselaar et al. [25] to analyse the trans- 
fer kinetics of PI-TP. Conditions were chosen 
under which the protein transfers only PC. In our 
fluorimetric assay system the concentration of the 
donor vesicle consisting of 1-Pal,2-Pyr(10)PC is 
very low relative to the acceptor vesicle concentra- 
tion. The importance of electrostatic interactions 
in the functioning of PI-TP was investigated by 
varying the acceptor vesicle concentration under 
different assay conditions (e.g., pH, ionic strength, 
lipid composition). The transfer activity as a func- 
tion of the acceptor vesicle lipid concentration is 
shown in Fig. 1. Substitution of the experimental 
data points into Eqn. 3 yields the parameters kl, 
k2 and K 2 (for values see legend to Fig. 1). The 
curve nictated by these parameters is in excellent 
agreement with the experimental data. This con- 
firms that the kinetic model proposed by Van den 

Besselaar et al. [25] describes the mode of action 
of PI-TP. Characteristic for the transfer mecha- 
nism, the transfer rate as a function of the aceep- 
tor vesicle concentration goes through an opti- 
mum (Fig. 1). The extent of the subsequent de- 
crease in activity is a measure for the affinity of 
PI-TP for the acceptor vesicles (i.e., K2). This 
-hahibition reflects that PI-TP increasingly interacts 
with acceptor vesicles, thereby deminishing the 
chance that PI-TP interacts with a donor vesicle. 
As K2 represents the affinity of PI-TP for the 
acceptor vesicles, we have preferred to relate the 
electrostatic effects on the activity of PI-TP to this 
constant. 

Effect of  membrane charge 
The effect of membrane cha~ge on the transfer 

activity of PI-TP was studied by using acceptor 
vesicles consisting of PC and varying amounts of 
PA, PIP or PIP e. It had been shown [8,40] that PA 
and PIP are no substrate for PI-TP. This is prob- 
ably equally true for PIP2. From the transfer rates, 
the association constant, K2, was derived. In Fig. 
2A the association constant, K , ,  is presented as a 
function of the negatively charged phospholipid 
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Fig. L Kinetic analysis of PC transfer by PI-TP. 1-Pal,2- 
Pyr(I0)PC transfer was nw.asured as a function of the accepto¢ 
fipid concentration. The conditions wcra: donor vesicle*, 0.5 
/~M PyrPC; acceg, tot vesicles, PC-PA (92:8, toolS); PI-TP, 1 
/zg/rat; ~otal volume, 2 m120 mM Tris-HCI/5 mM EDTA/1O0 
nkM NaCI (pH 7.4). The initial transfer rates are represented 
by the open circles. Kinetic analysis as described in Materials 
and Mem~a~ 7;~ded: k1=82.77+0.52 nmol'min-i'/~g -I" 
mM -l, k2=12.79+0.42 r,mo!-min-i-pS-l.mM -t. K 2= 
5.883 ±0.037 mM- i. Substitution of these constants into Eqn. 
2 resulted in the curve connecting the cxperimental data points. 
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Fig. 2. Effect of membrane charge on the asc.w, clatior~ constant, 
K~. Aeceptor vesicles consisting of PC and varying amounts of 
PA (~), PIP (v) or PiP 2 (A), were prepared and sized on a 
Sepharose 4B column. The transfer assay conditions were 
identical to the assay conditions described in the legend of Fig. 
1. The association constant, K2, was calculated, and is repre- 
sented as a function of the mol~ of acidic lipid in the acceptor 
vesicles (A), or as a function of the number of negative charges 
per a~eptor fipid molecule (13). The number of negative charges 
per acceptor lipid molecule was calculated from the acidic lipid 
content, and the nes.z~;'e c" ~narge (Q) of the acidic lipids at pH 

7.4 as calculated from the pK a values of the lipids [28,41]. 

content .  It is evident tha t  an  increasing amoun t  of  
acidic phospholipids leads to higher  associat ion 
constants.  Fur thermore,  it  appears  tha t  in t roduc-  
t ion of  PIP  o r  PIP2 into the acceptor  m e m b r a n e  
gives rise to a more  p ronounced  increase in the K2 
value than tha t  observed with PA. However,  if  one 
considers the molecular  charge ( Q )  of  the acidic 
phospholipids a t  p H  7.4 (Q(PA)  = - 1.20, Q(PIP)  
= - 2 . 9 4  a n d  Q(PIP2) . . . .  4.20 [28,41]) a nonlin,. 
ear  relationship between the calculated average 
surface charge densi ty and  the associat ion con-  
s tan t  is apparent ,  independent  of  the type of  acidic 
phosphol ipid  used (see Fig. 2B). 

Effect of neomycin 
The po!yamLue antibiotic neomycin  has been 

shown to b ind  negatively charged fipids, with a 
preference for  the very acidic PIP and  PIP2 [42,43]. 
We have investigated, the effect of  neomycin  on  
the transfer activity of PI-TP with PC acceptor  
vesicles conta in ing  PIP  2 (5 tool%) as compared  to 
vesicles conta ining PA (20 mol~) .  As is shown in 

Fig.  3A, a n  increase o f  the concent ra t ion  of  PIP2- 
con ta in ing  vesicles results in a decrease o f  the ra te  
o f  PC transfer .  This  inhib i tory  effect is completely 
el iminated in the presence o f  neomycin.  U n d e r  
these condi t ions  the associat ion constant ,  K2, de- 
creased f rom 4.46 m M  -1 to 0.273 m M  - ] .  In 
agreement  wi th  the repor ted  preference for  PIP2, 
neomycin  h a d  m u c h  less effect o n  the t ransfer  
when  the accep tor  vesicles conta ined  PA (Fig. 3B). 
In  this instance,  the  K 2 decreased f rom 7.43 to 
4.91 m M - t ) .  F r o m  these results we conclude  tha t  
b y  in terac t ing  wi th  PIP2, neomycin  shields of f  the 
negative charges,  thereby decreas ing the  aff ini ty  of  
PI -TP for  the m e m b r a n e s  a n d  thus  e l iminat ing the 
inhibi tory  effect o f  the  acceptor  vesicles a t  h igh 
concentra t ions .  

Effect of pH 
Increas ing  the p H  f rom 5.5 to 8 lowers the 

associat ion cons tant ,  K2, of  PI-TP for  the accep- 
tor  vesicles (PC-PA;  8 4 : 1 6  mol%) f rom approx.  
40 m M  -1 to  2 m M  -~. Apparen t ly ,  p H  affects the 
in teract ion o f  the  t ransfer  pro te in  wi th  the vesicle 
surface. O n  the o ther  hand ,  the intr insic t ransfer  
activity o f  the protein,  a~ i l lustrated b y  the maxi-  
mal  t ransfer  velocity, was  ha rd ly  affected (Fig. 
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Acceptor vesicle cco~ntratlon (pM) 

Fig. 3. Effect of neomycin on PI-TP. 1-Pal,2-Pyr(1O)PC trans- 
fer was measured as a function of the aeceptor lipid eoncentra- 
boo acing vesicles consisting of PC-PlP2 (95 : 5 moist; o, e), or 
of PC-PA (80: 20 mol~; [3, II). Transfer was measured either in 
thc presence (o, Q) or absence (e, II) of neomycine, added in a 
molar ratio of 1.4:1 to the total acceptor liquid concentration. 
Kinet ic  analysis, represented by the drawn curves, yielded the 

association constants K 2 given in Results. 
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Fig. 4. Effect of pH on the transfer activity of PI-TP. (A) The 
assay conditions were: donor vesicles 1-Pal,2-Pyr(10)PC (0.5 
FM); acecptor regulus PC-BA (84:16, reel%; 0-120 ttM); 
PI-TP, 0.5 /~g/ml in 2 ml of 20 mM Trls-maleate/5 mM 
EDTA/1C0 mM NaCI. The association constant, K2 (e), was 
determinel as a function of the pH as described in the Materi- 
als and biethods. The maximal transfer rates (o) were calcu- 
hted from the kinetic constants by optimizing Eqn. 3 with 
respect to the accepter concentration, and subseq~t  substitu- 
tion of this concentration together with the kinetic constants 
into Eqn. 2. (B) The charge on PI-TP (curve 1) and PA (present 
in the aeceptor membrane; curve I1) as a function of pH. The 
charge on PA was calculated using the pK values (pK l = 3.0 
and pK2 ~8.0 [37]). The approximate charge on PI-transfer 
protein was estimated from the pK a values for the amino acids 
and the amino-acid composition [57]. The unknown 81uta- 
mine/slutamic acid, and asparasine/aspartie acid ratios could 
be estimated from the known iscolectric points of PI-TP carry- 
in 8 a PC molecule (i.e., p - 5.'0, and of PI-TP can'yin 8 a PI 
molecule (i.e., when the protein has an overai charge of + 1, 
compensating for the negative charge on ~e Pl .,,aolet~Ye" a~ 

pH 5.3). 

4A).  The decrease in the K 2 value canno t  be  
explained in  terms of  a change  in the vesicle 
surface charge,  as in the p H  range  o f  5.5 to  8 the 
charge  on P A  ha rd ly  alters (Fig. 3B, curve II), 
while in  this p H  range  the charge o n  PI -TP changes  
f rom approx.  + 2 to  approx.  - 6 .  This  implies tha t  
the decrease in the K 2 value wi th  increas ing p H  
results f rom the electrostatic repuls ion between 
the t ransfer  pro te in  a n d  the vesicle surface. Simi- 
l a r  results have been  obta ined  with accep te r  
vesicles consis t ing o f  PC-PIP 2 (95 : 5 reel%; da t a  
no t  shown).  
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The decrease in /r~ 2 ohseI'VPAi with increasing 
p H  (Fig. 4) was  fur ther  analyzed in terms of  
associat ion a n d  dissociation rate constants  (k  2 
and  k_2,  respectively). As is shown in Table  I, 
chang ing  the p H  f rom 6.1 to 8.1 using aceeptor  
vesicles con ta in ing  8 mol% PA, increased the dis- 
~ a t i o n  ra te  cons tan t  16-fold, whereas  the associ- 
a t ion ra te  cons tan t  increased only 2 f~'.=l. A .  ~-  
crease of  the acidic phosphol ip id  (PIP) content  of 
the vesicles, o n  the o ther  hand ,  leads to a 25-fold 
aecrease  in  the dissociat ion ra te  constant ,  again 
wi thout  much  effect o n  the associat ion t'ate con- 
s tan t  (see Tab le  I). In  this instance,  the value of  
k_2  increases despite  the overall  enhanced  electro- 
static repuls ion between vesicles a n d  protein.  This 
indicates tha t  a n  increase of  the overall  negative 
charge  o f  the pro te in  has  an  effect o n  the interac- 
t ion with the vesicle surface which  differs f rom 
tha t  observed when  the negative charge on  the 
interface itself increases (see Discussion). Ap-  
parent ly ,  the enhanced  electrostatic repulsion a t  
h igher  p H  main ly  affects the dissociation of  the 
t ransfer  p ro t e in /ves i c l e -membrane  complex.  

Inhibition by pure negatively charged vesicles/ 
micelles 

The effect  o f  negatively charged phosphol ipids  
o n  the t ransfer  activity of  PI-TP was fur ther  
s tudied b y  add ing  a small a m o u n t  of  vesicles 
consis t ing of  a single negatively charged lipid (in- 
h ib i tory  vesicles) to the s t anda rd  assay, as has 

TABLE I 

EFFECT OF ACCEPTOK MEMBRANE CHARGE AND 
pH ON THE KINETIC PARAMETERS DESCRIBING PC- 
TRANSFER BY PI-TP 

Acidic Molar pH k 2 a k_ 2 b K2 © 
lipid ratio (%) 

PA 8 6.1 14.0:k4.7 2.0+0.7 7.0 +0.6 
PA 8 7.1 17.6+0.6 3.0±0.1 5.88 4-0.04 
PA 8 7.5 18.6+1.6 10.04-0.8 1.86 4-0.06 
PA 8 8.1 32.04-1.3 33.04-1.3 0.9744-0.003 

PIP 3 7.4 10.24-2.0 32 ±6 0.3134-0.007 
PIP 6 7.4 12.6+5.5 4.4±1.9 2.87 4-0.11 
PlP 9 7.4 9.4+3.6 1.3.~0.5 7.0 +0.4 

a Association rat© constant (nmol-min-1-/tg-l.mM-1). 
b Dissociation rate constant (;'~mol ,rain- i./zg- t ). 
c Association constant (mM-~). 
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Fig. 5. Inhibition of PI-TP by pure acidic phospholipids. The 
transfer assay was performed as described in the legend of Fig. 
1, with acceptor v~icl~ consis'.ing of PC-PA (85:15, mol~). 
The sonicated acidic phospholipids, Pl (o), PG (0), PS (Q), PA 
(A), PIP (z,) ~-~: I'IP 2 ([3) were added before the assay was 
:-.~tlated by the addition .3f PI-TP. The residual transfer activ- 
ity i~ .-rep_re~enL~y:l_ ~ a funcfiov of the acidic lipid conoe.U~* 

tion. 

been described before [6,44]. The  t ransfer  acti'~'~iy 
as a f u n ~ o n  of  t~:: ~ l b i t o r y  vesicie conccn t ra -  
t ion is presented in Fig. 5. I t  is evident tha t  very 
small amounts  o f  these inhibi tory vesicles are suf- 
ficient to completely abolish the t ransfer  activity. 
The inhibi tory activity of  these vesicles increased 
in the order  of  PI  > P G  > PS > PA > PIP  > PIP2. 
I t  appears  that  PI behaves anomalously,  mos t  
likely due  to the fact  tha t  PI-TP can  also b ind  PI. 
The acidic lipid concentra t ion  a t  50~  inhibi t ion o f  
transfer,  decreases b y  a factor  of  10 going f rom 
P G  to  PIP 2 (Table II). I t  is str iking tha t  even a t  a 
1400-fold excess of  acceptor  vesicles (PC-PA 
8 5 : 1 5  mol~ ;  142 /~M pbospholipid) ,  PIP  2 (0.1 
/~M) is able to inl~bit PI-TP by  50~.  Ano the r  

TABLE I1 

INHIBITION UF PI-TP BY PURE NEGATIVELY 
CHARGED LIPIDS 

Acidic ECs0 a lnhibitor/Pl-TP b 
lipid (t~Ivl) at the EC~ 

PG 1.1 80 
0.8 56 

PA 0.61 42 
PIP 0.3~t 23 
PIP2 0.10 7 

" Concentration of inhibitor at 50~ inlfibition (I~M). 
b Molar ratio of inhibitor to PI-TP at 50~ inhibition; A.~say 

conditions were: donor, 0.5 9M 1-PaI,2-Pyr(10)PC; acceptur, 
142 FM PC-PA (85 : 15, mol~); PI-TP. 0.5 ttg/ml. 

Fig. 6. Effect of pH and Mg 2+ on the transfer inhibition by 
PIP 2. The inhibition of PI-TP transfer activity by PIP 2 micelles 
was measured as described in the legend of Fig. 5, at pH 6.0 
(1), 7.2 (@), 8.5 (A), and ?.2 in the presence of I mM Mg 2+ 

(o). 

expression for  the efficiency of  the inhibi t ion is 
~he mola r  ra t io  o f  inhibi tory  phosphol ip id  (ECso) 
to PI-TP. This  ra t io  decreases f rom 80 for  P G ,  to 
7 for  PIP2, in~Jvating a n  extremely efficient inhibi-  
t ion b y  the lat ter  lipid. The  fact  tha t  PIP2, a n d  
possibly PIP  are present  as  micelles [45], whereas  
the other  iipid.~ fo rm bi |ayers ,  m a y  to  some extent  
explain the  extremely efficient inhibi t ion as com-  
pa red  to the o ther  lipids. 

The  inhib i tory  effect o f  PIP  2 micelles o n  the 
activity of  PI -TP was  fur ther  invest igated b y  vary-  
ing the p H  of  the assay medium.  As  seen f rom 
Fig.  6, the inhibi t ion o f  t ransfer  b y  P IP  2 was  no t  
affected b y  var ia t ion o f  the  p H  between 6 a~d  8.5, 
despite  the charge  shift  o n  the P IP  2 moleet:~e f rom 
- 3 . 9  to - 4 . 9  [28]. O n  the o ther  hand ,  add i t ion  o f  
1 m M  M g  2+ diminished the inhib i tory  effect of  
PIP  2 approx.  2-fold. 

Discussion 

Phosphol ip id  t ransfer  be tween  m e m b r a n e s  
catalyzed b y  fipid t ransfer  pro te ins  is a complex  
process,  involving the in teract ion of  the pro te in  
with two different  membranes ,  exchange  o f  the 
p ro te in -bound  l ipid molecule for  a l ipid molecule  
present  in  the membranes ,  a n d  the di f fus ion o f  the 
l ipid-transfer  pro te in  complex between the mem-  
branes  [8,46]. T o  under s t and  the role o f  these 
proteins  in the cell, it  is necessary to  s tudy  the 
factors  tha t  m a y  regulate their  t ransfer  activity. 



For the P'~.-sp¢.cific transfer protein from bovine 
liver, a nuL-aber of ~netic studies have appeared 
that describe the influence of factors such as mem- 
brane charge, fluidity, lipid composition and 
curvature, pH and divalent cations (for a rewew 
see Refs. 46, 47). For PI-TP form bovine brain, 
however, the kh~,etics are considerably more corn- 
placated because of the dual specificity for PI and 
PC. Since a complete kinetic description of PI-TP 
involving the transfer of both PC and PI is very 
complicated, we have simplified our assay system 
by measuring the transfer of PC between mem- 
branes that lack PI. Under these ccndi~ions, the 
kinetic behaviour of PI-TP agrees perfectly with 
the model proposed by Van den Besselaar et al. 
[25] (see Fig. 1). In principle, this model can also 
be appiied to PI-TP mediated transfer of Pl be- 
tween membranes that lack PC. However, in prac- 
tice this is not possible, as the ensuing membranes 
would inhibit the transfer pro!ein due to an ex- 
treme negative charge. Another pos~bility would 
be the use of the nontransferrable PE as a matrix 
lipid. We have preferred the former approach as 
PE has major effects on both membrane lipid 
organization [49] and PI-TP transfer activity [21]. 
We believe that the effects of surface charge, ionic 
composition of the medium and other factors on 
the transfer activity as analyzed by the kinetic 
model in the present study are also valid for those 
situations in which both PI and PC are present. 
This presumes that the interaction of PI-TP with 
the membrane interface and the subsequent bind- 
ing of either PI or PC are independent steps in the 
transfer process. 

Previously, contradictory results have been re- 
ported on the effects of negatively charged lipids 
on PI-TP transfer activity. Incorporation of PA 
(15-17 mol~) into the acceptor vesicles was found 
to inhibit PI transfer from a monolayer [9], and 
PC transfer from donor vesicles [6]. In a micro- 
some-vesicle assay, however, no decrease in activ- 
ity was obsecced when PA was incorporated into 
the vesicles, while PI was found to be strongly 
inhibitory [21]. From studies using vesicle-vesicle 
assay systems [6,9,23], and from monolayer experi- 
ments [9] it was concluded that relatively non- 
specific ionic interactions must be responsible for 
ut¢ inhibition of PI-TP by P! and other acidic 
phospholipids. In the present study we were able 
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to show that an increased content of acidic phos- 
phofipids in the aeceptor membrane causes an 
increase in the affinity (K2) of PI-TP for this 
membrane (Fig. 2A). Under our assay conditions, 
i.e., in the presence of a large excess of aeceptor 
vesic.~es, a high K 2 is reflected in an inl, fibition of 
the fipid transfer. Experiments with PA, PIP and 
PIP2, strongly suggest Lhat the overall negative 
surface charge rather than specific prctein-phos- 
pholipid headgroup interactions, deternt~ne the af- 
finity (K2) of PI-TP for a membrane (Fig. 2B). 
This is in agreement w~th earlier obser ations I6,9]. 

Since the positively charged poly-~.aine ~-afib~,-.,- 
tic neomycin bindo acidic phospholipi& [41,42], 
we were interested to soc whether neom:¢cin had 
an effect on the association constant of PI-TP for 
negatively charged membranes. It was found that 
neomycin reduced the affimty of PI-T'~ ~ r  vesicles 
containing 5 tool% PIP 2 (Fig. 3A) much more 
efficiently than for vesicles containing 20 tools 
PA (Fig. 313). This reduction in the afFmity is most 
likely caused by neomycin shielding the negative 
surface charge, thereby eliminating aeceptor ves- 
icle substrate inhibition. These observations are in 
agreement with the reported strong affinity of 
neomycin for PIP 2 [43]. From the estimated K e 
values, ~ the surface charge reduction caused by 
neomycin could be estimated (Fig. 2B). For 
vesicles containing 20 mol% PA, the charge is only 
slightly reduced, to a level comparable with a 
vesicle PA content of 17%. However, for the 
vesicles containing 5 tool% PIPs (comparable to 
approx. 17% PA) a complete charge neutralization 
occurred upon the addition of neomycin. 

In previous studies it was reported that tertiary 
amine local anaesthetics preferentially inhibit the 
PI-transfer activity of PI-TP, and not the 
PC-transfer activity [24,50]. This discrimination 
was taken to indicate the formation of a specific 
complex between PI and the anaesthetics. Under 
our assay conditions, the effect of neomycin on 
the transfer activity is due only to the interaction 
with PIPe. However. it remains to be determined 
whether neomycin could also have a specific effect 
on the PI-TP mediated transfer of PI. 

Recently it was reported that pH has an effect 
on the activity of PI-TP [23]. Here we have shown 
that the association of PI-TF with acceptor vesicles 
(PC-PA, 84:16 mol%) is greatly dependent on 



pH (Fig. 3A). This effect cannot be ascribed to 
changes in the intrinsic transfer capability of PI- 
TP, since the maximal transfer ~ elocity was hardly 
affected. The charge vs. pH profiles for the accep- 
tor vesic.ies and for the transfer protein (Fig. 3B) 
indicate that the decrease in K 2 with increasing 
pH is primarily due to the large increase in the 
neg~.ti,-e charge of PI-TP resulting in an enhanced 
reFalsion. Below the isoelectric point of the trans- 
fer protein (pH 5.5), the transfer activity com- 
pletely disappeared, probably as a result of ex- 
tremely strong binding of the overall positively 
charged protein to the negatively charged vesicle 
surface. It is of note that, at pH 7.4, the associ- 
ation constant of PI-TP increases for vesicles con- 
taining increasing amounts of acidic lipids (see 
Fig. 2). Since at this pH PI-TP has an overall 
negative charge, the increased affinity points to a 
membrane interaction site on PI-TP, which is 
positively charged. This would imply that under 
this condition the attraction between the interac- 
tion site and the vesicles prevails over the repul- 
sive forces. The combination of the attractive and 
repulsive forces which govern the interaction be- 
tween the acecptor vesicles and PI-TP will affect 
the equilibrium. 

From the kinetic analyses it became evident 
that the effects of surface charge and pH on the 
association constant K2 are almost completely 
due to changes in the diss~=dation rate constant 
k_ 2. Apparently, pH ar.~ surface charge affect 
~.ainly the disruption ~'f the PI-TP/vesicle com- 
plex. The fact that the association rate constant 
(k2) was hardly affected suggests that this con- 
stant i; controlled mainly by the collision 
frequenc.~ of PI-TP and the acceptor vesicles. Since 
the K 2 can be estimated much more accurately 
than the k_2, and since K 2 is independent of the 
absolute transfer velocities measured, this parame- 
ter provides reliable and reproducible information 
about the interaction of PI-TP with *.he vesicle 
interface. In a previous study Van den Besselaar et 
al. [25] found that an increase in membrane surface 
charge also caused an increase in the association 
constant (K2) of the PC-transfer protein/vesicle 
complex. In an extension of this study [36,39] it 
was demonstrated that the association rate con- 
stant was hardly affected by an increase of the 
vesicle PA content, in contrast to the dissociation 

constant which increased considerably. In this re- 
spect the transfer kinetics of PI-TP closely resem- 
ble those of PC-transfer protein. 

An extreme case of charge inhibition is ob- 
served when vesicles consisting of only negatively 
charged pbospbolipids are added as a third com- 
ponent in the transfer assay (see Fig. 5). This 
phenomenon has been studied before in a fluorim- 
etric transfer assay using 2-parinaroylPC [6]. The 
transfer is completely blocked a~ very low con- 
centrations of acidic phospholipid relative to PI-TP 
(see Table II). This efficient inhibition of transfer 
is most likely caused by ~ very 3trong binding of 
the putative positively charged membrane interac- 
tion site on the protein with the highly negatively 
charged membrane surface. The inhibition cannot 
be explained by the denaturation of PI-TP at the 
highly charged surfaare, since the addition of Mg 2+ 
to vesicles consisting of PA, PS and PG restores 
virtually all transfer activity (data not shown). In 
the case of PIP2, only approx. 50~ of the original 
activity could be restored by Mg 2+. This suggests 
that Mg 2+ is not able to completely disrupt the 
PI-TP/PIP 2 complex. Apart from PI, there ap- 
pears to be a correlation between the negative 
charge on the acidic phosphofipid used, which 
increases in the order of PG, PS > PA > PIP > 
PIP 2 (i.e., negative charge/molecule of 1.0; 1.0; 
1.2; 2.9; 4.2), and the extent of transfer inhibition. 
The anomalous behaviour of pure PI vesicles could 
be explained by the uptake of one PI molecule 
into the lipid-binding site of PI-TP. This one 
additional negative charge in the lipid-binding site 
may result in an increased repulsion between the 
inhibitory vesicles and PI-TP. It is to be noted 
that 50~ transfer inhibition by PIP and PIP 2 was 
achieved at very low lipid-to-protein ratios (i.e., 23 
and 7 mol lipid/mol PI-TP, rt~pectively). Since 
PIP 2 forms small micelles consisting of 82 mole- 

• ~ cules [45], this ratio indicates that at 50~ inhibi- 
tion approx. 6 PI-TP molecules are bound per 
miceile (30 A radius). Small-angle neutron diffrac- 
tion measurements on PI-TP have ind;cated that 
the protein has approximately the same size as the 
PIP 2 micelles (radius = 32 ~,; unpubfished ob- 
servation). Taken together, this su~¢sts  that at 
50~ inhibition, ~,~, p ip  2 micelle may be sur- 
rounded by six closely packed PI-TP molecules. 
On the other hand, it remains to be established 



whether  the micelle preserves its integri ty upon  
b inding  of  the PI -TP molecules. 

The inhibit ion b y  PIP  2 was  found  to  be  inde- 
penden t  of  ~ e  p H  in the range  of p H  6.0 to 8.5, 
while in this range  the charge o n  P i P  2 increases 
f rom - 3 . 9  to - 4 . 9 .  Apparent ly ,  above  a cer ta in  
surface charge  density,  n o  fur ther  increase in the 
inhibit ion can  occur.  M g  2+ (1 mM),  however,  was  
able to reduce the inhibi t ion b y  PIP2, p resumably  
b y  a par t ia l  neutra l izat ion of  the negative surface  
charge.  

F r o m  the model  exper iments  described above,  
i t  is c lear  tha t  a n u m b e r  of  factors  influence the 
activity of  PI-TP.  M e m b r a n e  characteris t ics  such 
as m e m b r a n e  curvature ,  composi t ion  a n d  surface 
charge,  a n d  factors  such as p H  a n d  the  presence 
o f  divalent  ca t ions  a n d  polyamines  have been  
shown to regulate  the t ransfer  activity o f  PI-TP.  
Al though  these conclusions were d r a w n  f rom 
model  experiments,  they m a y  also app ly  to  the 
si tuat ion inside the in tact  cell. As  for  the effects o f  
m e m b r a n e  surface  charge,  the occurrence o f  vari-  
ous  PI  a n d  P IP  2 pools  present  in  the cell, poss ibly  
in the vicinity of  m e m b r a n e  receptors  involved in 
the H-cyc le  [51,52], are  o f  interest.  In  addi t ion,  
the m e m b r a n e  surface charge  can  be  neutral ized 
b y  divalent  ca t ions  a n d  polyamines,  bo th  im-  
pf icated as impor tan t  regulators  o f  cell funct ion-  
ing [53,54]. Local  var ia t ions in the intracel lular  p H  
m a y  be  another  fac tor  in  regulat ing the activity o f  
PI-TP [551. 

Since the proposed role for PI-TP in the stimu- 
lus-induced PI turnover, involves the transfer of 
PI f rom intracel lular  sites towards  the p l a sma  
membrane ,  i t  remains  to  be  de termined whether  
changes  inducea.1 b y  the stimulus, could  invoke 
changes  in PI -TP activity. Three  well-char-  
acterized s t imulus- induced responses are  the hy-  
drolysis  of  PIP2, the rise in the intracellular  C a  2+ 
concentrat ion,  a n d  the rise in the intracel lular  p H  
[56-58].  Each  of  these responses would  result  in 
a n  increased dissociation ra te  constant ,  thereby 
cont r ibut ing  to a n  enhanced  t ransfer  activity of  
PI-TP. 
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