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on the phosphatidylinositol transfer protein from bovine brain: a kinetic study
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The phosphatidylinosito] transfer protein frem 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, KW.A. (1987) Biochim. Biophys. Acta 903, 68-77).
Using a continnous fluorimetric transfer assay we have investigated in what way phosphatidylinositol

4-phosp (PIP), ph i itol 4,5-bi (PIP;) and phosp acid (PA) affect the
transfer activity of this protem in model systems. The effects were analysed by application of a kinetic modet
which yielded the i (K) and dissociation rate (k_) for the PI-TP /vesicle
eomplex. Incorporation of PA, PIP and Ple mto the phosphatidylcholi ining vesicles i d the
solely by diminish the di iation rate ‘This effect co:ud be completely

d for by ch: in the b surface charge density. In contrast to the inhibitory effect of PA,

the inhibition caused by PIP, was completely abolished by the addition of neomycin, in agreement with the
observed preferentml binding of this polyamine antibiotic to PIP;. A rise in pH from 5.5 to 8 drasticaily
reduced the i for vesicles i 16 mol% PA (e.g., from 38 to 2 mM ~'), without
affecting the V.. This effect could be mainly attributed to an i mﬂle gative charge on PI-TP
(isoelectric point 5.5), resulting in an ent d Ision. I i b surface charge
at pH 7.4 had the opposite effect. This is interpreted to indi thatthe b il ion site on
PI-TP must be positively charged. ing the repulsive forces b PL-TP and the vesicle. Addition
of PIP, micelles as a third component in the transfer assay strongly inhibited PI-TP transfer activity. The
extent of inhibition suggests a very high at.inity of PI-TP for this lipid.

— Introduction
Abbreviations: PI-TP, (bovmc bram) phosphaudylmoslml
uansfer Pl’olmn, PI, it ol; PIP, el The phosphatidylinosito fer protein (PI-
PA, phosphatidic acid; PG, ph i TP) is a soluble cytosolic protein capable of trans-
PS, phosphatidylserine; 1-Pal2-Pyr(10)PC, 1+ palmnoyl-z- ferring PI between various membranes, PI-TP has
c t line; TNP-PE, tri been isolated from a large number of sources, such
Phosphatidylethanolamine. as bovine brain [1], bovine heart [2], rat liver [3],
Correspondence: P.A. van Paridon, Laboratory of Biochem- human platelets [4] and yeast .[5]' Apart from t he
istry, State University of Utrecht, Transitorium 11}, Padualaan preferred substrate PI, PI-TP is also able to bind
8, NL-3584 CH Utrecht, The Netherlands. and transfer PC [6,7], and has a very low affinity
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phe ylglycerol and

”

lhe transfer protein. Hencc, it appears that the

[81. In phospholipid 1 i how- of PI-TP with a membrane surface,
ever, a somewhat different specnﬁcuy patwm was and the exchange of the endogenous lipid for a
observed, since in this case phosphatid ol lipid molecule from the interface, are two separate
was also efficiently transferred [9). The d:fference processes.

in specificity may be related to the extremely low
affinity of the transfer protein for the monolayer.
This remarkable specificity pattern with a d:stmct
affinity for phospholipids that have !

In the present study we have investigated the
effect of PA, PIP and PIP, on the interaction of
PI-TP with a membrane surface. The data were

different polar headgroups, has attracted a great
deal of attenuon Ina reocnt paper [10] we have

id to indi that the dual
specntlclty for PI and PC enables PI TP to medl.;te
a net transfer of PI a

in PI, in return for a PC molecule. Several studies
have shown that PI synthesis is specifically local-
|zed in the endoplasmic reticulum [11 15), and is

lyzed according to the kinetic model proposed
by Van den Besselaar et al. [25], yielding detailed
information on the individual kinetic constauts
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 i in this study was hased on a highly accu-
rate, ic transfer assay
in wh:ch the transfer of pyrene-labeled PC was

d from the degrad p
fved in the stimulus-induced phosphoinositid
metabolism [16]. Pl -TP may then function as a
fine-tuning h in the i 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 [18). This observation however could
not be confirmed in other cell lines [19].

The dual specificity of PI-TP has considerably

pholipid vesicles [10]. This
study shows that PI-TP is very sensmve towards
factors that infl the
between this protein and the membrane interface.
The extremely high affinity of PI-TP for phos-
phorylated PI species was especially noted.

Materials and Methods

licated the kinetic analysis of the lipid-t
fer process. Helmkamp 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

Egg-yolk, PC, as well as PA and PG prepared
from egg-yolk PC, was purchased from Sigma. PS,
PIP and PIP, were isolated from bovine brain
[26-28). [*H]Cholesteryl oleate (50 Ci/mmol) and
['*CJmethyl iodide (58.8 Ci/mol) were obtained
from A h [™CJPC was prepared by de-

Michaelis-Menten kin=tics, which fails to provid
detailed in sight in the individual steps of the
transfer process [6,9,20-23]. Despite this limi-

methylation of egg-yolk PC and remethylation
with ["'C)methy] iodide [29]. lPalz Pyr(10)PC

tation, the latter approach has provided valuabl

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 end hospholipid 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 lipids 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

was ized from 1-palmi glycero-3-
hosphocholine and p; d i acxd {30-32].
TNP- PE was prepared from <gg-yolk-PE and
TNBS {33]. PI-TP was purified from bovine brain
as described before [34). Sepharose 4B was from
Pharmacia.

Methods
Fluorimetric The
were performed using an gLM -Aminco SPF 500C
d with a ther
cally controlled cuvette holder and a magnetic
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stirring device. Excitation and emission were ai
346 nm and 378 nm, respectively. Excitation and
emission slits were 10 nm.

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 pl) into the cuvette containing 2 ml 20 mM
Tris-HCl/5 mM EDTA /100 mM NaCl (pH 7.4)
(‘“Tris buffer’) [35]. The buffer was routinely
filtered (Milipore, 0.45 pm). Prior to use, the
donor vesicles were allowed a 2 min equilibration
period.

Vesicles consisting of egg-yolk PC and varying
amounts of PA, PIP or PIP, (i.e., acceptor vesicles)
were prepared by drying down the lipid mi

than 5% of the protein-mediated transfer. The
pyrene monomer ﬂuorescence was calibrated with
dard vesicle of 1-
Pal 2-Pyr(10)PC diluted with egg-yolk PC (1 : 1000
mol/mol), so that the transfer rates could be
expressed in pmol PyrPC transferred per min. The
transfer assays were performed at 37°C, under
continuous stirring, in a final volume of 2 ml.
The cc ion of the fh lipid dis-
solved in ethanol was estimated by measuring the
abscrbance at 346 nm on a Hitachi U-3200 spec-
trophotometer s = 42000 M~ - cm~? {32)). Lipid
phosphorus was determined as described by
Rouser et al. [38].
The lipid coneenu-alion of the acceptor vesicles
/i 4B, as well as

hanal

from chl, (or from chl

the ion of the inhibi

m/
water, 80:20:1 (v/v) in the case of PIP and
PIR,), followcd by suspension in the Tns buffer

after hy on Seph
'y vesicles afier
ultrasorication, were estimated by phosphorus de-
termination [34).
Kinetic treatment. The kinetic model for pro-

(1-10 mM holipid) and ul for
10 min at 0°C with a B i under a
h The vesicle prep was

centrifuged for 15 min 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 X 30 cm), and eluted with
Tris buffer (9.8 ml/h, 0.5 mi fractions). Routinely,
the peak fractions that eluted between 18 and 20
m] were combined and used in the experiments.
Sizing of the vesicles was necessary to avoid ef-
fects of vesicle size on PI-TP activity (unpublished
observation, sez also Ref. 36).

Vesicles cc g of pure negati . d
lipids (P1, PA, PG, PS PIP and PIP,) (mh:bnory
icles) were prepared by ultrasonication of the

respective lipid emulsions (0.1 mM) in Tris buffer
as described above.

Phospholipid transfer assay. The fiuorescence
transfer assay was carried out essentially as de-
scribed before [10,31,37]. Briefly, acceptor vesicles
(0.25-120 M) were added to the donor vesicles
(0.5 pM) in the cuveite. The spontaneous transfer
of 1-Pal,2-Pyr(10)PC from donor to acceplor

tein-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, ihe trans-
fer rate between donor vesicles (L;) and acceptor
vesicles (L,) is given by the followiug rate equa-
tion:

kL )&z [Lo](P] M
(kalla]+ ko [La DA+ Ky [Ly ]+ Ko [La])

Vo

where k; and k, are the rate constants for the
association of the transfer protein with the donor
and acceptor vestcle, respecuvely, K, and K, are
the resp and P repre-
sents the transfer protein. Since under our experi-
mental conditions the donor vesicle concentration
was very low, we take the term K,[L,] tobe <« 1.
Then the rate equation becomes equal to:

Ve klLilko{L, (P ®
0% LT+ ko [L D+ KoL)

vesicles was ded by following the

the pyrene fluc Sub~ Esti
sequeniiy, PI-TP (1-2 pg) was added to .muaxe

the protein-mediated lipid transfer ion. The

of ky, k, and K, would rcquire a
cumbersome fitting proeedure [25,39). This can be
d b

transfer rates were corrected for the spontaneous
transfer, which in all cases was found to be less

y T 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:

Wal_ 1 (1
= o (o kzlpl)[d

_K Vg
(o) ! @

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

(—lﬂ=A+B|L,]+Cﬂ.z] @

ln wluch 4, B and C are constams. From the

-5 (polynom fit)
4, Band C were calmlntea, thereby yielding &,
k, and K,. The dissociation rate constant k_,
follows from k_, = k,/K,.

In Eqn. 2 the term K,[L,] represents the sub-
strate inhibition that occurs at high {L,] (see Fig.
1). To estimate V,,,, the substrate inhibition is
neglected (i.e., K,[L,]=0) and [L,] is taken to be
infinite (i, k,[L;]> & [L,]); then Eqn. 2 be-
comes Vi, = Kq[L4J{P).

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 ptor vesicle under
different assay conditions (e.g., pH, ioaic strength,
lipid composition). The transfer activity as a func-
tion of the vesicle lipid ion is
shown in Fig. 1. Substitution of the experimental
data points into Eqn. 3 yields the parameters &,
k, and K2 (for values see legend to Fig. 1). The
curve d by these p isin
agreement with the expenmental data. This con-
firms that the kinetic model proposed by Van den

9

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 accep-
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, K,). This
:nhibition reflects that PI-TP increasingly interacts
with acceptor vesicles, thereby deminishing the
chance that PI-TP interacts with a donor vesicle.
As K, represents the affinity of PI-TP for the
acceptor vesicles, we have preferred 10 relate the
electrostatic effects on the activity of PI-TP to this
constant.

Effect of membrane charge

The sffect of membrane charge on the transfer
activity of PI-TP was studied by using acceptor
vesicles consisting of PC and varying amounts of
PA, PIP or PIP,. It had been shown [8,40] that PA
and PIP are no substrate for PI-TP. This is prob-
ably equally true for PIP,. From the transfer rates,
the assocnauon oonstam, K,, was derived. In Fig.
2A the K ' xs dasa
function of the ol tosnholiid

82 pAosp

Infial transfer rate (pmole.min'T)
g s

0 E] w0 % 20
Acceptor

Fig. 1. Kinetic analysis of PC transfer by PI-TP. 1-Pal2-
Pyr(10)PC transfer was measured as a function of ike acceptor
lipid concentration. The conditions were: donor vesicles, 0.5
uM PyrPC; accentor vesicles, PC-PA (92:8, mol%); PI-TP, 1
'm}; total volume, 2 ml 20 mM Tris-HCl/5 mM EDTA /100
mM NaCl {(pH 7.4). The initial transfer rates are represented
by the open circles. Kinetic analysis as described in Mal&ﬂlls
and Metnoas ;ielded: k|x82.77t052 nmoi-min~!-pg~ 1.
mM~!, k,=1279+042 nmel-min~'-pg~l-mM~! K;-
5883:£0.037 mM~ " . Substitution or these constants into Equ.
2 resulted in the i 1 data points.




Fig. 3A, an increase of the concentration of PIP,-
containing vesicles results in a decrease of the rate
of PC transfer. This inhibitory effect is completely
i in the p of in. Under
these conditions t.he association constant, X, de-
creased from 4.46 mM™! to 0273 mM~!
agreement with the reported preference for PIP,,
neomycin had much less effect on the transfer
when the acceptor vesicles contained PA (Fig. 3B).
In this instance, the K, decreased from 7.43 to
4.91 mM™"). From these results we conclude that
by i ing with PIP,, in shields off the
negative charges, thereby decreasing the affinity of
and thus eliminating the
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Fig. 2. Effect of charge on the constant,

y effect of the acceptor vesicles at high

K. Acceptor vesicles consisting of PC and varying amounts of
PA (@), PIP (v) or PiP, (a), weie 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, K, was calculated, and is repre-
sentzd 2s a function of the mol% of acidic lipid in the acceptor
vesicles (A), or as a function of the number of negative charges
per acceptor lipid molecule (B). The number of negative charges
per acceptor lipid molecule was calculated from the acidic lipid
content, and the negative ciarge (@) of the acidic lipids at pH
7.4 as calculated from tiie pK, values of the lipids [28,41].

content. It is evident that an increasing amount of
acidic phospholipids leads to higher association
Furtt it that i d
tion of PIP or PIP, into l.he aoceptor membrane
gives rise to a more pronounced increase in the K,
value than that observed with PA. However, if one
considers the molecular charge (Q) of the acidic
phospholipids at pH 7.4 (Q(PA) = —1.20, Q(PIP)
= ~294 and Q(PIR;)~ ~4.26 [28,41)) a nonlin-
ear the
surface charge density and the association con~
stant is apparent, independent of the type of acidic
phospholipid used (se¢ Fig, 2B).

Effect of neomycl'n

The p! ibioti in has been
shown to bmd negauvely charged lipids, with a
preference for the very acidic PIP and PIP, [42,43].
We have investigated the effect of neomycin on
the transfer activity of PI-TP with PC acceptor
vesicles containing PIP, (5 mol%) as compared to
vesicles containing PA (20 mol%). As is shown in

Effect of pH

Increasing the pH from 5.5 to 8 lowers the
association constant, K,, of PI-TP for the accep-
tor vesicles (PC-PA; 84:16 mol%) from approx.
40 mM~! to 2 mM ™. Apparently, pH affects the
interaction of the transfer protein with the vesicle
surface. On the other hand, the intrinsic transfer
activity of the protein, as illustrated by the maxi-
mal transfer velocity, was hardly affected (Fig.

i Iy
g B
i

W N )
Acceplor vesicle concentration (M)
Fig. 3. Effect of neomycin on PI-TP. 1-Pal,2-Pyx(16)PC trans-
fer was measured as a function of the acceptor lipid concentra-
tion ysing vesicles consisting of PC-PIP, (95:5 mol®; O, @), or
of YC-PA (80:20 mol%; O, ). Transfer was measured either in
the presence (O, l) or absence (@, @) of neomycine, added in a
molar ratio of 1.4:1 to the total acceptor liquid concentration.
Kinetic analysis, represented by the drawn curves, yiclded the
association constants K given in Results.



T Ty
i
1 5
s

I

: :

Fig. 4. Effect of pH on the transfer activity of PI-TP. (A) The
assay conditions were: donor vesicles 1-Pal,2-Pyn(10)FC (0.5
#M); acceptor vesicles PC-BA (84:16, mol%; 0-120 uM);
PLTP, 0.5 pg/ml in 2 ml of 20 mM Tris-maleate/5 mM
EDTA/1C0 mM NaCl. The association constant, X, (@), was
determined as a function of the pH as described in the Materi-
als and Methods. The maximal transfer rates (O) were calcu-
lated from the kinetic constants by optimizing Eqn. 3 with
respect to the acceptor concentration, and subsequent substitu-
tion of this concentration together with the kinetic consiants
into Eqn. 2. (B) The charge on PI-TP (curve I) and PA (present
in the acceptor membrane; curve II) as a function of pH. The
charge on PA was calculated using the pX values (pK, = 3.0
and pK, =80 [37)). The approximate charge on PI-iransfer
protein was estimated from the pK,, values for the amino acids
and the amino-acid composition [57]. The unknown gluta-
‘mine/glutamic acid, and asparagine/aspartic acid ratios could
be estimated from the known isoelectric points of PI-TP carry-
ing a PC molecule (i.c., p=5.7), and of PI-TP carrying a PI
molecule (i.e., when the protein has an overal charge of +1,
compensating for the negative charge on the PI molecule: at
pH 5.5).

4A). The decrease in the K, value cannot be
explained in terms of a change in the vesicle
surface charge, as in the pH range of 5.5 to 8 the
charge on PA hardly alters (Fig. 3B, curve II),
while in this pH range the charge on PI-TP changes
from approx. +2 to approx. —6. This implies that
the decrease in the K, value with i mcreasmg pH
results from the el
the transfer protein and the vesicle surface. Simi-
lar results have been obtained with acceptor
vesicles consisting of PC-PIP, (95:5 mol%; data
not shown).
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The decrease in K, observed with increasing
pH (Flg, 4) was l'un.her analyzed in terms of
and d ion rate (ky

and k_,, respectively). As is shown in Table I,
changing the pH from 6.1 to 8.1 using acceptor
vesicles containing 8 mol% PA, increased the dis-
ion rate 16-fold, wi the associ-
ation rate constant increased only 2-fc!d. An in-
crease of the acidic phospholipid (PIP) content of
the ves:cles, on the other hand, leads to a 25-fold
in the dissociation rate again
without much effect on the association rate con-
stant (see Table I). In this instance, the value of
k_, increases despite the overall enhanced electro-
static repuision between vesicles and protein. This
indicates that an increase of the overall negative
charge of the protein has an effect on the interac-
tion with the vesicle surface which differs from
that observed when the negative charge on the
interface itself mcream (see Dlscusswn) Ap-
1 + 1 at

the
h:gher pH mainly affects the d:ssoaauon of the
transfer protein/ vesicle-membrane complex.

Inhibition by pure negatively charged vesicles /
micelles

The effect of negatively charged phospholipids
on the transfer activity of PI-TP was further
studied by adding a small amount of vesicles
consisting of a single negatively charged lipid (in-
hibitory vesicles) to the standard assay. as has

TABLE [

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

Acidic Molar pH k,* k-3® K,*
lipid ratio (%)

PA 8 61 140147 20407 70 106
PA 8 71 176406 30101 588 +004
PA 8 75 186+16 100+08 1.86 +0.06
PA 8 81 320%13 330113 0.974+0.003
PIP 3 74 102420 32 16 031310007
PIP 6 74 126%55 4ex19 287 3011
PIP s 74 94436 13:05 70 *04

~L.mM~1),
® Dissociation rate constant (amol- min~'-ug~").
© Association constant (mM ™).



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 vesicles consisting of PC-PA (85:15, mol%).
The sonicated acidic phospholipids, PI (0), PG (@), PS (w), PA
(a), PIP (a) =i ¥IP; (()) were added before the assay was
initiated by the addition of PI-TP. The residual transfer activ-
ity is represented as a function of the acidic lipid conveutine
tion.

been described before [6,44]. The transfer activiiy
as a funciion of the y vesicie -
tion is presented in Fig. 5. It is evident that very
small amounts of these inhibitory vesicles are suf-
ficient to completely abolish the transfer activity.
The inhibitory activity of these vesicles increased
in the order of PI> PG > PS> PA > PIP > PIP,.
It app that PI bel lously, most
likely due to the fact that PI-TP can also bind PL
The acidic lipid concentration at 50% inhibiiion of
transfer, decreases by a factor of 10 going from
PG to PIP, (Table II). It is striking that even at a
1400-fold =xcess of acceptor vesicles (PC-PA
85:15 mol%; 142 pM phospholipid), PIP, (0.1
£M) is able to inkibit PI-TP by 50%. Another

TABLE 11

INHIBITION GF PI-TP BY PURE NEGATIVELY
CHARGED LIPIDS

Residual transfer activity (%)

e i 02 03 04 05

PiPp concentration (uM)

Fig. 6. Effect of pH and Mg2* on the transfer inhibition by

PIP,. The inhibition of PI-TP traasfer activity by PIP, micelles

was measured as described in the legend of Fig. 5, at pH 6.0

(®), 7.2 (@), 8.5 (a), and 7.2 in the presence of 1 mM Mg?*
().

expression for the efficiency of the inhibition is
the molar ratio of inhibitory phospholipid (ECsy)
to PI-TP. This ratio decreases from 80 for PG, to
7 for PIP,, indicating an extremely efficient inhibi-
tion by the latter lipid. The fact that PIP,, and
possibly PIP are present as micelles [45], whereas
the other lipids form bilayers, may to some extent
explain the extremely efficient innibition as com-
pared to the other lipids.

The inhibitery effect of PIP, micelles on the
activity of PI-TP was further investigated by vary-
ing the pH of the assay medium. As seen from
Fig. 6, the inhibition of transfer by PIP, was not
affected by variation of the pH between 6 and 8.5,
despite the charge shift on the PIP, molecr:’e from
—3.9 to —4.9 [28]. On the other hand, addition of
1 mM Mg?* diminished the inhibitory effect of
PIP, approx. 2-fold.

Discussion

Acidic ECs * Inhibitor/PI-TP ® Phospholinid transfer t 1

Ipid (M at the ECy, dyzed by lipid transfer proteins is a complex
rG 11 80 process, involving the interaction of the protein
s 98 50 . "

PA 061 P with two different membranes, exchange of the
PIP 033 23 protein-bound lipid molecule for a lipid molecule
PIP, 010 7 present in the membranes, and the diffusion of the

* Concentration of inhibitor at 50% inhibition (pM).

® Molar ratio of inhibitor to PI-TP at 50% inhibition; Assay
conditions were: donor, 0.5 uM 1-Pal,2-Pyr(10)PC; acceptor,
142 uM PC-PA (85:15, mol%); PI-TP, 0.5 pg/ml.

livid. b

pi Pprotein p the mem-
branes {8,46]. To understand the role of these
proteins in the cell, it is necessary to study tic
factors that may regulate their transfer activity.



For the PC-spacific transfer protein from bovme
liver, a nuiber of kinetic studies have app
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to show that an increased content of acidic phos-

that describe the influence of factors such as mem-
brane charge, fluidity, lipid position and

holipids in the membrane causes an
mcrea<e in the affinity (K,) of PI-TP for this

curvature, pH and divalent cations (for a review
see Refs, 46, 47). For PI-TP form bovine brain,
however, the kinetics are considerably more com-
plicated hecause 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 conditions, the
kinetic behaviour of PI-TP agrees perfectly with
the model proposed by Van den Besselaar et al.
{251 (see Fig. 1). In principle, this model can also
be applicd to PI-TP mediated transfer of PI be-
tween membranes that lack PC. However, in prac-
tice this is not possible, as the ensuing membranes
would inhibit the transfer protein due to an ex-
treme negative charge. Another possibility 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 ﬂmt the interaction of PI-TP with
the and the sut bind-
ing of either PI or PC are independent steps in the
transier 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-

icle assay, k , no d in activ-
ity was observed when PA was incorporated into
the vesicles, while PI was found to be su'ongly
inhibitory [21]. From studies using vesici

1, (Fig. 2A). Under our assay conditions,

i.e., in the presence of a large excess of acceptor
vesicles. a high K, is reflected in an inhibition of
the lipid transier. Experiments with PA, PIP and
PIP;, strongly suggesi that the overail negative
surface charge rather than speu‘u: pretein—phos-
holipid head deterniine the af-
ﬁmty (Kz) of PI- TP for a memorane (Fig. 2B).
‘This is in agreement with earlier obser: ations [6,9].

Since the positively charged polyamine antibin
tic neomycin bind. acidic phospholipids [41,42],
we were interested to sce whether neomycin had
an effect on the association constant of Pi-TP for
negatively charged membianes. It was found that
neomycin reduced the aifinity of PI-TF iur vesicies
containing 5 mol% PIP, (Fig. 3A) much more
efficiently than for vesicles containing 20 mol%
PA (Fig. 3B). This redncuon m '.he affinity is most
likely caused by the
surface charge, thereby eliminating acoep.or ves-
icle substrate inhibition. These observations are in
agreemeni with the reported strong affinity of
neomycin for PIP, {43]. From the estimated X,
values, the surface charge reduction caused by
neomycin could be estimated (Fig. 2B). For the
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 mol% PIP, (compamble to
approx. 17% PA) a charge
occurred upon the addition of neomycin.

In previous studies it was reported that tertiary
amine local anaesthetics preferentially inhibit the
Pl-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 PIP,. However. it remains to be deiermined

assay systems [6,9,23), and from monolayer experi-
ments [9] it was concluded that reiatively non-

ific ionic i must be ible for
ilic inhibition of PI.TP by PI and other acidic
phospholipids. In the present study we were able

whether ycin could aiso have a specific effec(
on the PI-TP mediated transfer of PI.

Recently it was reported that pH has an cffect
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
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pH (Fig. 3A). This effect cannot be ibed 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 vesicies and for the transfer protein (Fig. 3B)
indicatz that the decrease in K, with i

which i d i ly. 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 vesncles consisting of only negatively

harged holipids are added as a third com-

pH is primarily due to the large increase in t.he
negative charge of PI-TP Iting in an enbaic:

ponem in the transfer assay (see Fig. 5). This

pulsion. Below the i: ic pomt 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 io 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 dition the 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 acceptor 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 K, are almost completely
due to changes in the disscciation rate

has been studied before in a fluorim-
etric transfer assay using 2-parinaroylEC [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 a very strong binding of
the putati itively charged interac-
tlon site on the protem with the highly negatively
charged membrane surface. The inhibition cannot
be explained by the d of PI-TP at the
highly charged surface, since the addition of Mg**
to vesicles consisting of PA, PS and PG restores
virtually all transfer activity (data not shown). In
the case of PIP,, only approx. 50% of the original
activity could be restored by Mg?2*. This suggests
that Mg?* is not able to completely disrupt the
PI-TP/PIP, complex. Apan from PI, there ap-
pears to be a correl the nega

charge on the acidic phospholipid used, which
increases in the order of PG, PS> PA > PIP>
PIP, (i.e.,, negative charge/molecule of 1.0; 1.0;
1.2; 2.9; 4.2), and the extent of transfer inhibition.

k_,. Apparently, pH ard surface charge affect
wainly the disruption uf the PI-TP/vesicle com-
plex. The fact that the iation rate

The lous bek of pure PI vesicles could
be explained by the uptake of one PI molecule
mt.o the l.lpld binding site of PI-TP. This one

(k;) was hardly affected suggests that this con-
siant is controlled mainly by the collision
frequency of PI-TP and the acceptor vesicles. Since
the K, can be estimated much more accurately
than the k_,, and smce K, is mdependent of the
t transfer vel tlns

ter provides reliable and reproducibl

about the interaction of PI-TP with the vesicle
interface. In a previous study Van den Bessalaar et
al. [25] found that an increase in membrane surface
charge also caused an increase in the association
constant (K;) of the PC-transfer protein/ vesicle
mmplex Ia an extension of this study {36,39] it
was d that the ion rate con-
stant was hardly affected by an increase of the
vesicle PA content, in contrast to the dissociation

gative 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 PP, was
achieved at very low lipid-to-preiein ratios (i.e., 23
and 7 mol lipid/mo! PI-TP, respectively). Since
PIP, 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
micelle (30 A radius). Small- -angle neutron diffrac-
tion measurements on PI-TP have indicated that
the protein has approximately the same size as the
PIP, micelles (radivs =32 A; unpublished ob-
servation). Taken together, this suggests that at
50% inhibiticn, thc PIP, 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 integrity upon
binding of the PI-TP molecules.

The inhibition by PIP, was found to be inde-
pendent of the pH in the range of pH 6.0 to 8.5,
while in this range the charge on PIP, increases
from —3.9 to —4.9. Apparently, above a certain
surface charge density, no further increase in the
inhibition can occur. Mg“ (1 mM), however, was
able to reduce the inhibition by PIP;, p
by a partial neutralization of the negative surface
charge.

From the model experiments described above,
it is clear that a number of factors influence the
acnvny of PI-TP. Membrane characteristics such

curvature, ition and surface
charge, and factors such as pH and the presence
of divalent cations and polyamines have been
shown to reguiate the transier activity of PI-TF.
Although these conclusions were drawn from
model experiments, they may also apply to the
situation inside the intact cell. As for the effects of
membrane surface charge, the occurrence of vari-
ous PI and PIP, pools present in the cell, possibly
in the vicinity of membrane receptors involved in
the Pl-cycle [51,52], are of interest. In addition,
the membrane surface charge can be neutralized
by dwalent cations and po]yammes, both im-

of cell fi

ing [53, 54] Local variations in the intracellular pH
may be another factor in regulating the activity of
PI-TP [55].

Since the proposed role for PI-TP in the stimu-
lus-induced PI turnover, involves the transfer of
PI from intracellular sites towards the plasma
membrane, it remains to be determined whether

duced by the stimulus, could invoke

changes m PI TP actwny Three well-char-

are the hy-

drolysis of PIP,, the rise in the intracellular Ca®*

concentration, and the rise in the intracellular pH

[56-58] Bnch of ﬂxese responses would resuit in

jion rate thereby

contnbutmg to an enhanced transfer activity of
PI-TP.
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