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Summary

The major phospholipid exchange protein from bovine brain catalyzes the
transfer of phosphatidylinositol and phosphatidylcholine between rat liver
microsomes and sonicated liposomes. The effect of liposomal lipid composition
on the transfer of these phospholipids has been investigated. Standard lipo-
somes contained phosphatidylcholine-phosphatidic acid (98 : 2, mol%); in
general, phosphatidylcholine was substituted by various positively charged,
negatively charged, or zwitterionic lipids. The transfer of phosphatidylinositol
was essentially unaffected by the incorporation into liposomes of phosphatidic
acid, phosphatidylserine, or phosphatidylglycerol (5—20 mol%) but strongly
depressed by the incorporation of stearylamine (10—40 mol%). Marked
stimulation (2—4-fold) of transfer activity was observed into liposomes con-
taining phosphatidylethanolamine (2—40 mol%). The inclusion of sphingo-
myelin in the acceptor liposomes gave mixed results: stimulation at low levels
(2—10 mol%) and inhibition at higher levels (up to 40 mol%). Cholesterol
slightly diminished transfer activity at a liposome cholesterol/phospholipid
molar ratio of 0.81. Similar effects were noted for the transfer to phosphatidyl-
choline from microsomes to these various liposomes. Compared to standard
liposomes, the magnitude of K,, tended to increase for liposomes which
depressed phospholipid transfer and to decrease for those which stimulated;
little change was observed in the values of V. Single phospholipid liposomes of
phosphatidylinositol were inhibitory when added to standard liposomes.

Abbreviations: PtdIns, phosphatidylinositol; PtdCho, phosphatidylcholine; PtdEtn, phosphatidylethanol-
amine; PtdSer, phosphatidylserine; PtdGro, phosphatidylglycerol. These abbreviations are in accordance
with the IUPAC-IUB Commission on Biochemical Nomenclature (1977) Hoppe-Seyler’s Z. Physiol. Chem.
358,617-631.
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Because bovine brain phospholipid exchange protein is able to distinguish
among a wide spectrum of membrane interfaces, taking into account variations
in the polar head groups as well as the fatty acyl moieties of the liposomal
phospholipids, it may be considered a reasonable model system for protein-
lipid and protein-membrane interactions.

Introduction

The major phospholipid exchange protein from bovine brain catalyzes the
transfer of phosphatidylinositol and, to a lesser extent, phosphatidylcholine
between a variety of membrane surfaces [1]. Membranes participating in the
transfer of phospholipids include rat liver mitochondria and microsomes [2],
sonicated phospholipid liposomes [1], and, more recently, phospholipid
monolayers [3]. Systematic changes in the concentration of two membrane
surfaces, microsomes and liposomes, and the isolation of a stoichiometric
phospholipid-protein complex yield results which can be interpreted in terms
of a ping-pong Kkinetic mechanism for the protein-catalyzed, intermembrane
transfer of phospholipid molecules [4]. The exchange protein is isolated from
the cytosol fraction of cerebral cortex, purified to homogeneity, and has a
molecular weight of 29 000 [1].

Previous experiments suggested that the rate of phospholipid transfer was
also sensitive to the composition of the membrane surface. For example,
increasing proportions of PtdIns in mixed PtdCho-PtdIns liposomes resulted in
decreased transfer of PtdIns and PtdCho from microsomes to liposomes [5].
The inhibition was associated with decreased apparent Michaelis constants for
the interaction between phospholipid exchange protein and liposomes [4]. A
net transfer of PtdIns from microsomes or monolayers into liposomes which
initially lack this phospholipid has also been demonstrated [3,5]. The sensitiv-
ity of phospholipid transfer toward liposomal lipid composition has been
reported for several other purified exchange proteins, including the PtdCho
exchange protein from bovine liver [6—8] and the phospholipid exchange
protein from bovine heart [8,9].

The purpose of the present study is to extend these initial observations on
the bovine brain exchange protein by incorporating into PtdCho liposomes a
variety of positively and negatively charged, zwitterionic, and neutral lipids.
Using these different liposome species, the rates of PtdIns and PtdCho transfer
are measured and values of K, and V are calculated.

Materials and Methods

Lipids. PtdCho was isolated from egg yolk [10] and served as the precursor
of phosphatidic acid using a partially purified phospholipase D from Savoy
cabbage [11]. A Folch extract of bovine liver was chromatographed on TEAE-
cellulose to yield PtdEtn and PtdIns [12,13]. PtdIns and PtdGro, purchased
from Serdary Research Laboratories, were further purified on CM-cellulose
[14]. From bovine spinal cord were isolated PtdSer [15] and sphingomyelin
[16]. All phospholipids were chromatographically pure when analyzed on thin
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layers of silica gel HR developed in chloroform/methanol/acetic acid/water
(50 :25:7:3, by vol.) [17]. Acidic methanolysis of phospholipid samples
(0.5 umol) was performed as described hy Ways et al. [18]; the resulting fatty
acid methyl esters were analyzed by gas-liquid chromatography. Identification
of the various fatty acids was made by comparison with commercially available
standards (Nu Chek Prep., Inc.). The fatty acid compositions of the phospho-
lipids were in reasonable agreement with previously reported analyses [19,28].
Cholesterol was purified as the dibromide derivative and recrystallized twice
from diethyl ester/methanol (1 : 1, by vol.) |20]. Stearylamine was a product
of P-L Biochemicals. Myo-[2-*H]Inositol and | methyl-*H]choline chloride were
purchased from Amersham Corporation. Cholesteryl [1-'*CJoleate was pur-
chased from New England Nuclear. Acidic phospholipids were converted to
sodium salts [21]. Lipids were stored in chloroform/methanol (2 : 1, by vol.)
under nitrogen at —20°C.

Phospholipid exchange protein. Using published procedures phospholipid
exchange protein was purified to homogeneity from fresh hovine cerebral
cortex [1]. A minor modification was the use of preparative, flat-hbed isoelec-
tric focussing (LKB Multiphor) during which a power of 10 W was maintained
for 16 h at 5°C. The active fraction used in the present experiments resolved at
a pH of 5.40—5.45. The protein was stored in 20 mM Tris-HC! (pH 7.4) con-
taining 50% glycerol at —20°C.

Membrane preparations. Details of the preparation of rat liver microsomes
labelled specifically with phosphatidyl-myo-[2-*H]}inositol or phosphatidyl-
[methyl-3H]choline have been described {1,3]. These microsomes contained,
on the average, 830 nmol phospholipid/mg protein in the following molar
distribution: 64.6% PtdCho, 23.4% PtdEtn, 4.7% PtdIns, 4.6% sphingomyelin,
and 2.4% PtdSer. Liposomes were prepared in 50 mM Tris-HC!, 1 mM
Na,EDTA (pH 7.3) according to the method of de Gier et al. [22] and soni-
cated (Heat Systems model W185-F Sonicator) under nitrogen and in an ice
bath at 60—80 W for 810 min. Following sonication the liposomes were
centrifuged at 48 000 X g for 30 min to yield, in the supernate, a suspension of
single bilayer vesicles. Verification of single bilayer vesicle formation was
provided by chromatography and retention of the membranes on a 2.5 ¥ 50 cm
column of Sepharose 4B (Pharmacia Fine Chemicals), as described by Huang
[23]. The inclusion of cholesteryl [1-'*C]oleate (less than 0.5 mol%) in each
liposome preparation permitted an estimation of liposome recovery, 55—80%,
following incubation and extraction.

Assay of phospholipid transfer activity. Phospholipid transfer activity was
determined using rat liver microsomes as the donor membrane and liposomes as
the acceptor membrane [1]. Briefly, 1.25 mg of microsomal protein and a
variable amount of liposomal phospholipids were incubated in the presence or
absence of exchange protein (1—3 ug) for 30 min at 37°C in 2.5 ml 50 mM
Tris-HCl, 1 mM Na,EDTA (pH 7.2). To terminate transfer, the reaction
medium was acidified to pH 5.2, causing the microsomes to aggregate. Micro-
somes were pelleted at 20000 Xg for 10 min, and the liposomal lipids
extracted from the supernate. Activity is expressed as nmol phospholipid trans-
ferred/h. In experiments in which the concentration of liposomes was varied,
the data were expressed in double-reciprocal plots and fitted to a linear curve
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by method of least squares. Regression coefficients ranged from 0.88 to 0.98.

Protein was determined by the method of Lowry et al. [24] using bovine
plasma albumin as standard. Microsomal and liposomal phospholipids were
quantitated according to Rouser et al. [25].

Results

Transfer to negatively charged liposomes

A reasonable point for the continuation of the previous observations on the
effects of PtdIns on phospholipid transfer would be the consideration of other
acidic phospholipids. Phosphatidic acid, PtdSer and PtdGro, like PtdIns, possess
a net charge of —1 under the pH conditions of phospholipid exchange [26].
Liposomes were prepared from mixtures of phosphatidic acid and PtdCho in
different molar proportions and tested for their ability to accept PtdIns or
PtdCho transferred from rat liver microsomes. As shown in Fig. 1, incorpora-
tion of phosphatidic acid up to 15 mol% had no significant effect on the trans-
fer of either PtdIns and PtdCho. Similar results were ohtained for mixed lipo-
somes containing up to 20 mol% PtdSer or PtdGro. It should be pointed out
that liposomes containing greater levels of these acidic phospholipids could not
be recovered after exchange assays in sufficient quantities to permit meaningful
analyses of phospholipids transfer, presumably as a result of an undefined asso-
ciation with microsomes.

The absence of either stimulation or inhibition by liposomes containing
phosphatidic acid, PtdSer or PtdGro is in sharp contrast to the effect of PtdIns,
which has been shown to abolish all phospholipid transfer to liposomes con-
taining 12 mol% and present at concentration greater than 0.8 mM [5]. These
observations, coupled with the fact that neither phosphatidic acid nor PtdSer
is a substrate for bovine brain phospholipid exchange protein, are consistent
with an association between exchange protein and negatively charged lipo-
somes based primarily on the recognition of transferable phospholipid mole-
cules rather than surface charge.
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Fig. 1. Effect of phosphatidic acid on the phosphatidylinositol and phosphatidylcholine transfer activities
of bovine brain phospholipid exchange protein. The indicated molar proportions of phosphatidic acid
(from egg PtdCho) are incorporated into egg PtdCho liposomes. After sonication and centrifugation, the
liposomes (1 umol lipid phosphorus) are tested as acceptors of PtdIns or PtdCho transferred from rat liver
microsome donor membranes, labelled with phosphatidyl{2-3Hlinositol or phosphatidyl{methyl-3H]-
choline, respectively. Incubations are carried out in the presence or absence of 2.2 Mg of phospholipid
exchange protein. Other details of the assay are given in Materials and Methods. &———=e, PtdIns transfer
activity; —., PtdCho transfer activity.
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Transfer to positively charged liposomes

Stearylamine may be used to generate liposomes with positively charged
surfaces. When increasing molar proportions of stearylamine were incorporated
into PtdCho lipsomes, the liposomes hecame less competent in accepting PtdIns
transferred from rat liver microsomes (Fig. 2). As the concentration of stearyl-
amine increased to 40 mol%, the transfer activity decreased continuously to
less than 10% of the rate in the absence of this lipid. These results suggest that
favorable interactions between the exchange protein and liposomes become
impaired as the liposomal surface acquires a positive electrical character. While
this is an unlikely consequence of naturally occurring lipids in biological mem-
branes, localized regions of positively charged surface may arise from the
presence of certain membrane proteins.

Effect of zwitterionic liposomal phospholipids on phospholipid transfer

To examine the effects of altered surface chemistry while leaving unchanged
the surface electrical properties, two zwitterionic phospholipids were sub-
stituted for PtdCho in liposomes containing a constant 2 mol% phosphatidic
acid. Upon addition of PtdEtn to liposomes significant increases in transfer
activity were observed for both PtdIns and PtdCho (Fig. 3). This stimulation
was apparent at levels as low as 2 mol%, became maximal between 10 and 20
mol%, and continued at levels as high as 40 mol%. It was also observed from
the data shown in Fig. 3 that in the range of PtdEtn incorporation between 15
and 30 mol% the specificity of the bovine brain exchange protein was modi-
fied, in that the more actively transferred phospholipid became PtdCho rather
than PtdIns.

Increases in the transfer of PtdIns and PtdCho were also demonstrated for
liposomes containing low concentrations of sphingomyelin, another zwitteri-
onic phospholipid. The maximal enhancement occurred at approximately
4 mol% (Fig. 4). Beyond 10 mol% and up to 40 mol%, however, the inclusion
of sphingomyelin in the liposome structure was inhibitory toward all phospho-
lipid transfers.

In comparing the effects of PtdEtn and sphingomyelin, both were able to
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Fig. 2. Effect of stearylamine on phosphatidylinositol transfer activity. The indicated molar proportions
of stearylamine are incorporated into egg PtdCho liposomes which contain a constant level of 2 mol%
phosphatidic acid. After sonication and centrifugation, the liposomes (1 umol total lipid), are tested as
acceptors of PtdIns transferred from rat liver microsomes. See Fig. 1 and Materials and Methods for
other details.
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Fig. 3. Effect of phosphatidylethanolamine on the transfer activities of bovine brain phospholipid
exchange protein. The indicated molar proportions of bovine liver PtdEtn are incorporated into egg
PtdCho liposomes which contain a constant level of 2 mol% phosphatidic acid. See Fig. 1 and Materials
and Methods for other details. ® ®_ PtdIns transfer activity; ~——C, PtdCho transfer activity.

modify the structure of the liposome acceptor membranes in a manner that
facilitated protein-catalyzed transfer of phospholipids into these membranes.
Further, enhancement of transfer activity was apparent at levels of PtdEtn and
sphingomyelin similar to those associated with the cytosolic surfaces of a
number of representative intracellular membranes [17]. Finally, increased
transfer activities were measured for both substrates of the bovine brain phos-
pholipid exchange protein. It should be noted that the rates of transfer
observed in the absence of exchange protein were normally less than 1—2
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Fig. 4. Effect of sphingomyelin on the transfer activities of bovine brain phospholipid exchange protein.
The indicated molar proportions of bovine spinal cord sphingomyelin are incorporated into egg PtdCho
liposomes which contain a constant level of 2 mol% phosphatidic acid. See Fig. 1 and Materials and
Methods for other details, #——=e_ PtdIns transfer activity: o Z, PtdCho transfer activity.
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nmol - h™! and were essentially independent of liposome composition and con-
centration. A possible explanation for the diverse actions of PtdEtn and
sphingomyelin at higher concentrations may be the dramatic differences in the
fatty acid composition of the liposomal phospholipids. By gas-liquid chroma-
tographic analysis, PtdEtn contains more than 20% fatty acids of 20- and 22-
carbon polyunsaturated varieties while sphingomyelin contains only saturated
or very long chain mono-unsaturated fatty acids in amide linkage. The orienta-
tion of the sphingomyelin fatty acyl residues in a lipid bilayer would presum-
ably be more rigid and more closely packed than those of PtdCho or PtdEtn.
This prediction has been verified experimentally by Shinitzky and Barenholz
who reported a thermal transition at 32 + 2°C and an intrinsic viscosity at 37°C
of 3.75 P for bovine spinal cord sphingomyelin [28]. Comparable values for
egg PtdCho are a thermal transition at —15 to —5°C [29] and an intrinsic
viscosity at 37°C of 0.36 P [28].

Activity of cholesterol-containing liposomes

The amphiphilic physicochemical properties of cholesterol permit its incor-
poration into phospholipid bilayers, up to a maximum of about 1 mol chol-
esterol/mol phospholipid. Since cholesterol is a common constituent of many
biological membranes, it was of interest to examine its effect on the ability of
liposomes to accept transferred phospholipid molecules. The transfer activity
of bovine brain phospholipid exchange protein was unaltered with PtdCho lipo-
somes containing cholesterol in amounts up to a molar ratio of 0.43 and was
decreased 20% at a molar ratio of 0.81. Thus, the well-known ability of chol-
esterol to fluidize or rigidify phospholipid hydrocarbon chains [30,31] or
simply the mere presence of the sterol in the lipid bilayer has only a minimal
effect on intermembrane phospholipid transfer.

Kinetic parameters for mixed phospholipid liposomes

The preceding experiments demonstrated clearly that protein-catalyzed
phospholipid transfer was sensitive to the chemical composition of the lipo-
some into which lipid molecules were inserted. However, the interpretation of
the results must be made with some caution. Obviously, in those situations of
enhanced transfer rates, there must have been an increased affinity of the
exchange protein for the liposomal surface which promoted a greater deposi-
tion of microsomal phospholipids in the acceptor membrane. But in those
situations of diminished transfer rates, one cannot readily distinguish between
(a) an increased affinity which could lead to an unusually strong association
between exchange protein and liposomes, such as that observed between
PtdIns and the brain protein [4] or between phosphatidic acid and the liver
protein [32], or (b) a decreased affinity which would be counterproductive to
microsome-liposome transfers.

To describe more completely the nature of exchange protein-liposome inter-
actions, the dependence of PtdIns transfer activity on the concentration of a
number of mixed phospholipid liposomes was examined. Based on the data
shown in Figs. 1—4, liposome compositions were selected so that reasonable
rates of phospholipid transfer could be anticipated over a wide range of lipo-
some concentrations, generally 0.05—1 mM. The results of these experiments
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were expressed as double-reciprocal, Lineweaver-Burk plots for each liposome
(Fig. 3). The linearity of the curves suggests saturable associations between
exchange protein and the various membrane surfaces, those surfaces reflecting
to some extent the chemical properties of the lipids which comprise them.
Only in case of sphingomyelin was a deviation from linearity seen (Fig. 5A),
and this had the characteristic of ‘substrate inhibition’. That is, at higher con-
centrations of liposomes containing 20 mol% sphingomyelin, transfer activity
declined. Not unexpectedly, at the higher levels of sphingomyelin incorpora-
tion into liposomes (¥ig. 4), transfer activity also declined.

From the Lineweaver-Burk plots were calculated values of K, and V
(Table I). While the magnitude of K, for the different liposome acceptor mem-
branes varied about seven-fold, from 0.14 mM for liposomes containing 5 mol%
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Fig. 5. Phosphatidylinositol transfer activity as functions of liposome composition and concentration. The
transfer of PtdIns is measured from rat liver microsomes (1.25 mg protein) to various concentrations of
liposomes with the indicated composition. The data are expressed as double-reciprocal, Lineweaver-Burk
plots for each liposome species, where (L) is mM liposomal lipid phosphorus (or total lipid for stearyl-
amine-containing liposomes) and v is nmol PtdIns transferred/h. Linear curves are generated by the
method of least squares. For these experiments 3.3 ug phospholipid exchange protein is used. In addition
to egg PtdCho, the liposomes contain (A) 2 mol% phosphatidic acid (2); 10 mol% phosphatidylethanol-
amine (®): 20 mol% sphingomyelin (A); or (B) 5 mol% phosphatidylinositol (-); 10 mol% stearylamine
(®): 30 mol% cholesterol ().
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TABLE 1
KINETIC PARAMETERS FOR PHOSPHATIDYLINOSITOL TRANSFER

The phospholipids are added at the indicated proportions to a known quantity of PtdCho. After thorough
removal of the organic solvents, sonicated liposomes are prepared and used as acceptor membranes for the
transfer of PtdIns from rat liver microsomes. Other details are found in Materials and Methods.

Liposome composition Apparent K, A%
(mol%) (mM phospholipid) (nmol - h~1)
Phosphatidylinositol (5) 0.14 14.9
Phosphatidic acid (2) 0.51 17.0

+ Phosphatidylethanolamine (10) 0.27 25.2

+ Sphingomyelin (20) 0.30 16.2

+ Stearylamine (10) 1.02 19.8

+ Cholesterol (30) 0.60 24.3

PtdIns to 1.02 mM for liposomes containing 10 mol% stearylamine, the value
of V differed by less than two-fold. Clearly then, the differences among the
rates of phospholipid transfer arise from the relative efficiencies of association
and dissociation between exchange protein and liposome.

The apparent Michaelis constant of 0.14 mM found for liposomes containing
5 mol% PtdIns is in good agreement with values of 0.07 mM and 0.10 mM for
liposomes containing 8 mol% and 2 mol% PtdIns, respectively [4]. It is also
lower than the K, values obtained for all other liposomes examined in the
present study. Thus, bovine brain phospholipid exchange protein exhibits the
strongest binding to those membrane surfaces which contain the phospholipid
most actively transferred.

Egg PtdCho liposomes containing 2 mol% phosphatidic acid serve as the basis
of comparison for the other K., values listed in Table I. The addition to such
liposomes of either 10 mol% PtdEtn or 20 mol% sphingomyelin caused a
significant decrease in K,,. The enhanced activities of these membranes in phos-
pholipid transfers is most likely due to increased affinities between exchange
protein and liposomes. The addition of 10 mol% stearylamine led to a dramatic
increase in K, suggesting that the observed decreased activity of this membrane
resulted from a less efficient association between exchange protein and lipo-
some. For liposomes containing 30 mol% cholesterol, there was essentially no
change in the apparent K,,, in keeping with the absence of any effect by chol-
esterol on the rate of PtdIns transfer between microsomes and liposomes.

Effects of single phospholipid liposomes

An alternative approach to describing the interaction of phospholipid
exchange protein with membrane surfaces was to examine the effect of lipo-
somes prepared from a single phospholipid on the transfer of PtdIns. Un-
labelled, sonicated dispersions of PtdIns were, therefore, added to a system of
rat liver microsomes and PtdCho-phosphatidic acid (98 : 2, mol%) liposomes.
At concentrations less than 0.2 mM, PtdIns liposomes completely abolished
transfer activity (Table II). The recovery of the radiolabelled, mixed phos-
pholipid liposomes was unaltered under these conditions. Based on the observa-
tion of an increased affinity of exchange protein for mixed PtdCho-PtdIns lipo-
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TABLE II

EFFECT OF SINGLE PHOSPHOLIPID LIPOSOMES ON THE TRANSFER OF PHOSPHATIDYL-
INOSITOL

Sonicated liposomes are prepared from the indicated phospholipids and chromatographed on Sepharose
4B to yield a preparation of single bilayer vesicles. They are added in the indicated concentrations to an
assay system for PtdIns transfer, consisting of 1.25 mg rat liver microsomes, 1 umol PtdCho-phosphatidic
acid (98:2, mol%) liposomes, and 2.1 ug phospholipid exchange protein. Other details are found in Mate-
rials and Methods.

Liposomal phospholipid Concentration Transfer activity (% of control)
(mM) (nmol - h™1)
Phosphatidylinositol (0] 9.9 (100)
0.11 1.9 19)
0.22 0 )
Phosphatidylglycerol 0 12.6 (100)
0.20 12.2 (97)
0.40 9.5 (75)
Phosphatidylserine 0 9.0 (100)
0.20 9.1 (101)
0.40 8.9 (99)

somes, it is likely that the protein interacts strongly with and remains tightly
bound to the PtdIns liposomes during the incubation period. The exchange
protein is thus unavailable to catalyze microsome-liposome phospholipid
transfers. In contrast, two other acidic phospholipids, PtdGro and PtdSer, had
very little effect on transfer activity when added separately as liposomes (Table
IT), thereby confirming the absence of any effect by these phospholipids in
mixed liposomal acceptor membranes. Bovine brain phospholipid exchange
protein exhibits virtually no affinity toward PtdGro or PtdSer, either as a
transferable substrate or as a component of a membrane surface.

Discussion

The unique properties of phospholipid exchange proteins permit their use in
the detailed study of protein-lipid interactions at several organizational levels.
On the one hand, the structural features of those phospholipids which are
transferred may be described, and the information derived may be used to
construct an ‘active site’ for the exchange protein and to predict the forces
involved in protein-phospholipid binding. This has recently been accomplished
for bovine liver PtdCho exchange protein with an extensive series of radio-
chemical and spin-labelled analogues of PtdCho [33,34]. On the other hand,
the freely diffusable exchange protein must interact with lipid-containing
membranes during its catalytic cycle, and it is likely that an entirely different
set of forces becomes significant. Rather than the simple bimolecular complex
of exchange protein and phospholipid, what occurs at this point involves the
adsorption and possible penetration of the protein into the three-dimensional
surface generated by the membrane constituents. The present results confirm
and extend earlier observations that membrane lipid composition has a pro-
found effect on the transfer of phospholipids to and from such membranes,



232

catalyzed by exchange proteins isolated from bovine liver, brain and heart
[4—9].

What emerges from the current investigation is a description of those struc-
tural properties of membrane lipids which influence protein-catalyzed phos-
pholipid movement into and out of model membranes. Since two critical
parameters of phospholipid transfer, liposome recovery and background trans-
fer in the absence of exchange protein, were essentially unaffected by changes
in liposomal lipid composition and a third parameter, the concentration of rat
liver microsomes, remained constant, it can be expected that alterations in
phospholipid transfer are most readily explained in terms of exchange protein-
liposome interactions. This interaction is dramatically enhanced by some
rather subtle manipulations of liposome structure, such as the incorporation of
low levels of PtdEtn or sphingomyelin. One identifiable effect of these zwitter-
ionic lipids in phospholipid transfer systems is to decrease the K, for liposome
acceptor membranes. A decreased Michaelis constant is suggestive of an
increased affinity of the exchange protein for these liposomes and could
account for the increased rates of phospholipid transfer. While the molecular
basis of this effect has not been established, recent studies which have investi-
gated the orientation and mobility of the zwitterionic polar head groups of
PtdCho, PtdEtn and sphingomyelin at the surface of phospholipid bilayers may
provide some insight. X-ray crystallography and nuclear magnetic resonance
spectroscopy have shown that the phosphorylethanolamine and phosphoryl-
choline groups of the respective phospholipid molecules are oriented parallel to
the membrane surface [35—37]. Such an orientation would favor electrostatic
interactions between the phosphate ion of one molecule and the primary or
gquaternary ammonium ion of a neighboring molecule. Furthermore, hydrogen
bonding between the amide and hydroxyl functions in sphingomyelin could
provide an additional locus for intermolecular interaction [38]. Despite similar
polar head group conformation, differences among the three phospholipids in
the strength of their intermolecular interactions have been demonstrated and
are most often characterized by the extent of hydration. Thus, with tightly
associated polar head groups, the ionic residues are less accessible to the solvent
and bind fewer water molecules. Compared to PtdCho, it has been concluded
that both sphingomyelin [38] and PtdEtn [37] exhibit less surface hydration.
Liposomes containing PtdEtn or sphingomyelin would possess relatively less
polar surfaces than those containing only PtdCho and could therefore partici-
pate more efficiently in protein-catalyzed phospholipid exchange.

The current results present a striking contrast to the membrane lipid specif-
icity of a similar protein, the PtdCho exchange protein of bovine liver. PtdEtn
(22 mol%) or sphingomyelin (30 mol%) were slightly inhibitory to the transfer
of PtdCho; phosphatidic acid, PtdSer, PtdIns, or PtdGro (20—23 mol%) were
strongly inhibitory, and stearylamine (20 mol%) was stimulatory [6,7]. The
general inhibition exerted by the acidic phospholipids was independently
shown by kinetic analysis [32] and fluorometric titration [39] to arise from
decreased dissociation constants for the exchange protein-liposome complexes.
It has also been demonstrated that PtdCho transfer could be inhibited by the
addition of PtdSer liposomes to the assay system [40]. Thus, it is clear that the
major exchange proteins isolated from bovine liver and brain differ not only in
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molecular properties and substrate specificity [41] but also in their interaction
with various membrane surfaces.

The remarkable ability of the bovine brain phospholipid exchange protein to
distinguish among a variety of lipid interfaces, as one stage in the formation of
a productive protein-membrane complex, is another example of the specificity
exhibited between proteins and membrane lipids. It also suggests a mechanism
by which proteins may adsorb to specific regions of the lipid bilayer. Such a
mechanism takes into account not only the polar head groups but the fatty
acyl moieties of the phospholipids and depends upon both electrostatic and
non-ionic interactions.
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