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Protein-Catalyzed Phospholipid Exchange between Gel and Liquid-Crystalline

Phospholipid Vesicles'

Annette M. Kasper and George M. Helmkamp, Jr.*

ABSTRACT: Bovine liver phospholipid exchange protein cata-
lyzes the transfer of phosphatidylcholine between two popu-
lations of single bilayer phospholipid vesicles. Donor vesicles
are prepared from egg phosphatidylcholine—phosphatidic
acid-lactosylceramide (90:2:8 mol %); acceptor vesicles are
prepared from phosphatidylcholine—phosphatidic acid (98:2
mol %). Activity is determined from the rate of transfer of
3H-labeled egg phosphatidylcholine from donor to acceptor
vesicles in the presence of phospholipid exchange protein.
Donor vesicles are quantitatively precipitated by Ricinus
communis agglutinin, while acceptor vesicles remain in the
supernate. When egg phosphatidylcholine acceptor vesicles
over the temperature range 11-45 °C are used, a linear Ar-
rhenius plot is obtained, in keeping with the observation that

Interactions between lipids and proteins have been extensively
studied in recent years. In much of the accumulated work
(Sandermann, 1978; Chapman et al., 1979), the principal focus
has been the detailed description at the molecular level of
structural and functional phenomena in biological membranes,
plasma lipoproteins, and artificially reconstituted systems. It
has become generally accepted that for many lipid—protein
interactions the chemical properties and the physical organ-
ization of the lipids are important parameters. Thus, factors
such as the polar head groups of phospholipids and the chain
length and degree of unsaturation of the constituent fatty acids
may profoundly influence certain lipid—protein interactions.
Also contributing to these interactions when membranes are
involved is the phase behavior of the membrane, defined by
the gel-liquid-crystalline transition and lateral phase separa-
tions.

Phospholipid exchange proteins, isolated primarily from
bovine liver, heart, and brain, have served as useful investi-
gative tools in membrane research. These cytosolic proteins
bind stoichiometrically specific classes of phospholipid mole-
cules and catalyze the transfer of these phospholipids among
a variety of natural and artificial membranes (Kamp et al.,
1973; Ehnholm & Zilversmit, 1973; Helmkamp et al., 1974).
In these systems, lipid~protein interactions actually occur at
two distinct levels: (1) phospholipid-phospholipid exchange
protein for the membrane-dissociated, water-soluble complex
and (2) membrane—phospholipid exchange protein for the
binding complex during which phospholipid exchange may
proceed. With respect to the former level of interaction, the
major bovine liver phospholipid exchange protein exhibits an
absolute specificity for PtdCho! molecules, but a broad spe-
cificity toward the fatty acyl moieties (Kamp et al., 1977).
Concerning the latter level, the major bovine brain phospho-
lipid exchange protein, which transfers both PtdIns and
PtdCho, binds preferentially to mixed phospholipid membranes
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these membranes exist only in the liquid-cyrstalline state.
When dimyristoylphosphatidylcholine acceptor vesicles under
the same conditions are used, however, a biphasic plot is seen
with decreasing transfer activity at lower temperatures. The
discontinuity occurs at 31 °C and corresponds with the onset
of the liquid-crystalline to gel phase transition. The incor-
poration of cholesterol into dimyristoylphosphatidylcholine
vesicles at a concentration sufficient to abolish the thermotropic
phase transition yields a monophasic Arrhenius plot of transfer
activity. The results indicate that bovine liver phospholipid
exchange protein interacts catalytically with phospholipid
bilayer vesicles composed of saturated or unsaturated phos-
phatidylcholines but preferentially with liquid-crystalline
membranes.

containing low proportions of PtdIns or PtdEtn and to PtdCho
membranes composed of unsaturated fatty acyl residues
(Harvey et al., 1974; Helmkamp, 1980a,b).

In this eommunication, we describe a new assay system
which permits the rapid measurement of phospholipid transfers
between two populations of single bilayer lipid vesicles. This
is accomplished by the incorporation of the glycolipid LacCer
into one membrane population and its subsequent precipitation
by Ricinus communis agglutinin (Curatolo et al., 1978). We
report on the activity of bovine liver phospholipid exchange
protein toward phospholipid vesicles of different fatty acid
composition. The influence of the gel-liquid-crystalline phase
transition on phospholipid exchange and the addition of cho-
lesterol to the bilayer membrane are also examined.

Experimental Procedures

Lipids. PtdCho was isolated from fresh egg yolks, and
synthetic PtdCho’s were prepared from sn-glycerol-3-
phosphocholine and the appropriate acyl anhydride, as pre-
viously described (Helmkamp, 1980b). Fatty acids, >99%
purity, were purchased from Nu Check Prep, Elysian, MN.
Phosphatidic acid was obtained from egg PtdCho by using
partially purified phospholipase D from Savoy cabbage
(Helmkamp, 1980a). LacCer and GlcCer were purchased
from Miles Laboratories, Inc., Elkhart, IN, and cholesteryl
[1-1%CJoleate was purchased from New England Nuclear,
Boston, MA; they were used without further purification. Egg
PtdCho was hydrolyzed with phospholipase A, purified from
Crotalus adamanteus venom (Wells, 1975) and reacylated
with [9,10-*H]oleic acid by using rat liver microsomes
(Robertson & Lands, 1962); [*H]PtdCho was purified by
chromatography on Unisil silicic acid (Clarkson Chemical,
Williamsport, PA). All lipids were chromatographically pure
when analyzed on thin layers of silica gel HR developed in
chloroform-methanol-acetic acid-water (50:25:7:3 v/v)

! Abbreviations used: PtdCho, phosphatidylcholine; Myr,PtdCho,
dimyristoylphosphatidylcholine; Pal,PtdCho, dipalmitoylphosphatidyl-
choline; PtdIns, phosphatidylinositol; PtdEtn, phosphatidylethanolamine;
LacCer, lactosylceramide; GlcCer, glucosylceramide; RCA, Ricinus
communis agglutinin; DPH, 1,6-diphenyl-1,3,5-hexatriene.
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(Skipski et al., 1963). They were stored in chloroform-
methanol (2:1 v/v), under N, at -20 °C.

Membrane Preparation and Characterization. Details of
the preparation of sonicated, single bilayer vesicles have been
reported (Helmkamp, 1980a,b). Donor vesicles contained
IH-labeled egg PtdCho—phosphatidic acid~LacCer (90:2:8 mol
%), while acceptor vesicles contained PtdCho—phosphatidic
acid-cholesteryl ['*Cloleate (98:2:0.3 mol %). Cholesteryl
oleate served as a nonexchangeable lipid to monitor vesicle
recovery. The buffer used throughout these experiments was
10 mM Hepes and 50 mM NaCl (pH 7.4). Phosphorus
analyses of membrane preparatins were done according to
published procedures (Rouser et al., 1970). Vesicle concen-
trations were generally in the range 2-5 mM lipid phosphorus.
Techniques to monitor the fluorescence polarization of DPH
in donor and acceptor vesicles have likewise been described
(Helmkamp, 1980b).

Phospholipid Exchange Protein. Previously published
procedures were followed to purify phosphatidylcholine ex-
change protein from fresh bovine liver (Kamp et al., 1973).
In order to obtain an electrophoretically pure protein prepa-
ration, the material was further chromatographed on a 2.5 X
10 ¢cm column of DEAE-Sephacel (Pharmacia, Piscataway,
NJ) and eluted with a linear gradient of 0~100 mM NaCl in
5 mM sodium phosphate and 0.1 mM dithiothreitol (pH 7.4).
Exchange protein activity, monitored by the microsome—vesicle
assay system (Kamp et al., 1973), was centered at 12 mM
NaCl. The protein was stored in 50 mM sodium phosphate
(pH 7.2) containing 50% (v/v) glycerol at =20 °C. Protein
concentrations were based upon an extinction coefficient of
3.7 X 10* Mt em™! at 280 nm (Wirtz & Moonen, 1977).

Vesicle-Vesicle Assay of Phospholipid Exchange Activity.
Phospholipid exchange activity was determined by measuring
the rate of transfer of [*H]PtdCho from donor to acceptor
vesicles. Unless otherwise specified for certain experiments,
200 nmol (based on lipid phosphorus) each of donor and ac-
ceptor vesicles were incubated together in the presence or
absence of phospholipid exchange protein at 37 °C for 30 min.
The buffer was 10 mM Hepes and 50 mM NaCl (pH 7.4).
The total volume of 0.5 mL also included 1 mg of fatty poor
bovine plasma albumin (Sigma Chemical Co., St. Louis, MO).
The reaction was terminated by the addition of 0.2 mL of
ice-cold RCA in the above buffer (2.2 mg mL™), which had
been either donated generously by Dr. L. L. Houston, The
University of Kansas, Lawrence, KS, or purchased from Miles
Laboratories, Inc., Elkhart, IN. After 15 min at 0 °C, the
reaction mixtures were spun in 1.5-mL polypropylene tubes
in an Eppendorf Micro centrifuge (Model 5412) at 15600g
for 2 min. An aliquot of the supernate was transferred to
scintillation vials containing 10 mL of 3a70 counting cocktail
(Research Products International Corp., Elk Grove Village,
IL) and analyzed for *H and !“C radioactivity. In some ex-
periments, the vesicle preparations and reaction mixtures were
extracted with chloroform-methanol (1:2 v/v) (Bligh & Dyer,
1959) and analyzed for radioactivity. For expression of
transfer activity in terms of nanomoles of PtdCho per hour,
it was assumed that 70% of the donor vesicle PtdCHo was
available for binding to phospholipid exchange protein (Koter
et al., 1978).

Results

Properties of the Vesicle—Vesicle Assay System. The po-
tential usefulness of the vesicle-vesicle assay system was es-
tablished by demonstrating that RCA was capable of selec-
tively precipitating those vesicles into which 8 mol % LacCer
had been incorporated. As can be seen in Figure 1, when donor
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FIGURE 1: Precipitation of LacCer-containing vesicles by Ricinus
communis agglutinin. Details of the preparation of donor and acceptor
vesicles and their incubation at 37 °C for 30 min are found under
Experimental Procedures. Vesicles were not mixed, and no exchange
protein was present. Following agglutination and centrifugation, the
supernatants were analyzed for donor vesicle *H radioactivity (O)
and acceptor vesicle 14C radioactivity (®).

and acceptor vesicles were treated with increasing quantities
of agglutinin and then centrifuged, donor vesicles were pre-
cipitated and acceptor vesicles remained in the supernatant.
Under the conditions of the normal assay procedure in which
the final agglutinin concentration was 0.63 mg mL™, the
recovery of acceptor vesicles was 92-98%, while the contam-
ination of the supernatant by donor vesicles was 2-3%.
Furthermore, this optimal separation was unaffected by in-
creases in the amount of bovine plasma albumin added to the
reaction mixture or by increases in times allocated for ag-
glutination at 0 °C and centrifugation.

When phosphatidylcholine exchange protein was added to
the assay mixture, transfer of [*H]PtdCho was observed from
donor to acceptor vesicles. The magnitude of transfer was
proportional to added exchange protein in the range 30-120
ng and was linear with time up to 45 min. Transfers in the
range of 20 nmol of PtdCho represent 15% of the donor pool
and therefore reflect initial reaction kinetics. In the absence
of exchange protein, transfer was independent of vesicle com-
position at 37 °C; typical values were 3.4 + 0.5 nmol h™! for
egg PtdCho, 4.1 £ 0.5 for Myr,PtdCho, and 3.6 + 0.4 for
Myr,PtdCho—cholesterol vesicles. Fusion among single bilayer
vesicles may be a contributing factor to the observed pro-
tein-independent transfers, but this process is minimized by
the inclusion of phospatidic acid in all vesicle preparations and
the use of short incubation conditions. In other experiments,
the LacCer content of donor membranes could be increased
from 8 to 15 mol % without change in the rate of phospholipid
transfer. Also, the incorporation of 10 mol % GlcCer in ac-
ceptor membanes was without vesicle recovery and the rate
of phospholipid transfer. Thus, the presence of these glyco-
lipids in the phospholipid vesicle bilayer has no significant
effect on phospholipid exchange protein-membrane interaction.

It should be pointed out that the present assay system has
several important advantages. Reactions are rapidly carried
out with readily available materials. Less exchange protein
is required to obtain meaningful rates of transfer. Near
complete recovery of each membrane population is possible,
and the lipid composition of each membrane can be manipu-
lated. Several other vesicle—vesicle systems have been em-
ployed for phospholipid exchange measurements, including the
incorporation into vesicles of sufficient phosphatidic acid to
allow those vesicles to bind to DEAE-cellulose (Hellings et
al.,, 1974), the incorporation of Forssman antigen into phos-
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FIGURE 2: Polarization of DPH fluorescence in phospholipid vesicles.
Phospholipid concentrations were 0.4 mM; DPH concentration, added
as a solution in tetrahydrofuran, was 0.5 uM. Samples were heated
to new temperatures and allowed to equilibrate completely before
subsequent polarization measurements. Appropriate corrections for
light scattering were made. Acceptor vesicles were prepared from
egg PtdCho (@) or Myr,PtdCho (Q) and also contained 2 mol % egg
phosphatidic acid.

pholipid bilayers and the subsequent immunoprecipitation of
those membranes (Ehnholm & Zilversmit, 1973), and the use
of dimannosyldiacylglycerol in vesicle preparations and the
formation of precipitable complexes with concanavalin A
(Sasaki & Sakagami, 1978).

Characterization of Phospholipid Vesicles by Fluorescence
Polarization. Because of differences in the fatty acid com-
position of PtdCho used to prepare membrane vesicles, it was
necessary to define the thermotropic phase behavior of the
phospholipid bilayers. To this end, the rotational mobility of
DPH in the bilayer was investigated. DPH partitions to the
hydrophobic interior of a lipid bilayer but prefers neither the
gel phase nor the liquid-crystalline phase (Lentz et al., 1976).
The rotational mobility and, in turn, the fluorescence polar-
ization of DPH are sensitive not only to temperature but also
to the transition between gel and liquid-crystalline phases
(Shinitzky & Barenholz, 1978).

The data in Figure 2 summarize the temperature depen-
dence of fluorescence polarization of DPH incorporated into
acceptor phospholipid vesicles. For egg PtdCho vesicles, the
liquid-crystalline phase was observed over the entire temper-
ature range, to be expected from a reported phase transition
temperature of —15 to -5 °C (Ladbrooke et al., 1968). For
Myr,PtdCho vesicles, on the other hand, a transition between
gel and liquid-crystalline phase was measured between 12 and
30 °C with a midpoint of 21 °C, in comparison to a transition
temperature of 23 °C for pure Myr,PtdCho liposomes (Phillips
et al.,, 1969). Because these vesicle membranes are highly
sonicated, single bilayer structures and contain 2 mol % egg
phosphatidic acid, a broader transition range and somewhat
lower transition temperature may be anticipated (Jacobson
& Papahadjopoulos, 1975; Tsong & Kanehisa, 1977). The
fluorescence polarization of DPH incorporated into donor
phospholipid vesicles was also examined and found to be
identical with that described above for egg PtdCho acceptor
vesicles, indicating that the inclusion of 8 mol % LacCer in
the egg PtdCho phospholipid bilayer did not alter the liquid-
crystalline properties of that structure.

Variation in Fatty Acid Composition of Acceptor Vesicle
Phosphatidylcholine. Vesicles were prepared with egg PtdCho
or Myr,PtdCho and compared over the temperature range
11-45 °C for their ability to function as acceptors of [*H]-
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FIGURE 3: Arrhenius plots of rates of PtdCho transfer. Incubations
were performed in duplicate and contained egg PtdCho donor vesicles
and the indicated acceptor vesicle and quantity of exchange protein.
(A) Egg PtdCho vesicles and 0.12 ug of exchange protein (Q);
Myr,PtdCho vesicles and 0.30 ug of exchange protein (0); Pal,PtdCho
vesicles and 0.30 ug of exchange protein (a). (B) Egg PtdCho-
cholesterol (33 mol %) vesicles and 0.12 ug of exchange protein (®);
Myr,PtdCho—cholestero! (33 mol %) vesicles and 0.50 ug of exchange
protein (m).

PtdCho in exchange protein catalyzed reactions. The results
were expressed as Arrhenius plots of transfer activity (Figure
3A). Egg PtdCho acceptor vesicles exhibited a continuous
activity-temperature relationship over the entire temperature
range, characterized by an apparent activation energy of 33
kJ mol™.. Significantly, in this temperature range, egg PtdCho
vesicles did not show any change in phase behavior (Figure
2). In contrast, Myr,PtdCho vesicles displayed a discontinuity
at 31 °C. Above this temperature, the temperature depen-
dence of PtdCho transfer was essentially identical with ob-
served egg PtdCho, and the apparent activation energy was
35 kJ mol™!. Below 31 °C, transfer rates decreased much more
sharply than with the egg PtdCho acceptor vesicles; for this
region of the temperature range, the apparent activation energy
was 115 kJ mol™!. The temperature of this discontinuity
corresponded with onset temperature of the liquid-crystalline
to gel transition established for these vesicles (Figure 2). It
is clear that all lipid bilayers, whether saturated or unsaturated,
gel or liquid crystalline, can support reasonable rates of
phospholipid transfer. Thus, gel-state phospholipid bilayers
still participate in protein-catalyzed phospholipid transfer but
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Table I: Effect of Cholesterol on Bovine Liver Phospholipid
Exchange Protein Activity at 37 °C

composition of acceptor vesicle® exchange 'ﬁtai(;tl‘:;
phospholipid cholesterol protein activity
species content (mol %) assayed (ug) (nmolh™)
egg PtdCho 0 0.12 36.4
33 0.12 31.6
Myr,PtdCho 0 0.30 35.8
15 0.30 17.8
33 0.30 7.4

@ Vesicles also contained 2 mol % egg phosphatidic acid.

with markedly increased apparent activation energies and
decreased rates.

It is interesting to compare the magnitude of the thermo-
dynamic parameter for protein-catalyzed phospholipid transfer
(33-35 kJ mol™) with that determined for intermembrane
transfers in the absence of phospholipid exchange protein. The
apparent activation energies of the transfer of spin-labeled
PtdCho between phospholipid vesicles was 82 kJ mol™ (Maeda
& Ohnishi, 1974) and from Sendai virus to human erythrocyte
ghosts was 43 kJ mol™ (Kuroda et al., 1980). For the transfer
of [*H]PtdCho from phospholipid vesicles to high density
lipoprotein, the value was 52 kJ mol™ (Jonas & Maine, 1979).
It is obvious that part of the rate enhancement by phospholipid
exchange protein involves a lowering of the apparent activation
energy of the transfer process. Also depicted in Figure 3A
is the temperature dependence of phospholipid exchange
protein activity with acceptor vesicles prepared with
Pal,PtdCho, another saturated phospholipid whose transition
temperature is 42 °C (Phillips et al., 1969). For the very
limited temperature range 28-39 °C, the Arrhenius plot was
monophasic and the apparent activation energy was 141 kJ
mol™.,

Effect of Cholesterol on Phospholipid Exchange. The
ability of cholesterol to alter the phase behavior of phospholipid
bilayers has been well documented (Hinz & Sturtevant, 1972;
Oldfield & Chapman, 1972). It was, therefore, of interest to
incorporate cholesterol into acceptor membranes and measure
the rates of protein-catalyzed phosphatidylcholine transfer into
these vesicles. The results of such experiments are presented
in Table I. When egg PtdCho was the major phospholipid
in the acceptor vesicle, cholesterol caused a modest decrease
in transfer activity. At 33 mol % cholesterol, the activity was
88% of that observed with vesicles containing no cholesterol.
For Myr,PtdCho vesicles, the changes were more striking: 15
mol % cholesterol gave vesicles which were only half as active
as pure phospholipid vesicles; 33 mol % cholesterol reduced
the activity even further to 26% of control. It should be noted
that the vesicle recovery and level of background transfer were
no different as a consequence of adding cholesterol to the
membranes.

Acceptor membranes containing 33 mol % cholesterol were
also used to construct Arrhenius plots for rates of phospholipid
transfer (Figure 3B). It is seen that transfer activity with egg
PtdCho-cholesterol vesicles still exhibited a continuous tem-
perature dependence. The apparent activation energy, 33 kJ
mol™!, was essentially no different from that found for the
cholesterol-free vesicles. Moreover, the Myr,PtdCho—chole-
sterol vesicles also displayed a continuous activity—temperature
relationship in the temperature range 20-41 °C. The mon-
otonic slope of the Arrhenius plot was in sharp contrast to that
depicted in Figure 3 in the absence of cholesterol and yielded
an activation energy, 81 kJ mol™!, which was intermediate
between the extremes reported above. Clearly, choesterol was
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able to abolish the effect of the gel-liquid-crystalline phase
transition on the activity of bovine liver phospholipid exchange
protein.

Discussion

Hydrated phospholipids may assume a variety of highly
ordered physical orientations, many of which are dictated by
the chemical properties of the phospholipid molecules and the
temperature, pH, and ionic composition of the system (Luzzati
et al., 1968). In general, changes in bilayer arrangements of
phospholipid molecules involve a readily reversible transition
between gel and liquid-cyrstalline phases (Lee, 1977). Upon
increasing the temperature of single bilayer vesicles, the
thickness of the bilayer is decreased, the vesicle radius is
increased, and the membrane surface undergoes lateral ex-
pansion (Watts et al., 1978). These dimensional changes are
accompanied by an increased amount of bound water, pre-
sumably to the polar head groups, and by the reorganization
of the fatty acyl hydrocarbon chains from a rigid, all-trans
configuration to the more relaxed gauche configuration. The
influence of the gel-liquid-crystalline phase transition on
membrane-associated phenomena include permeation to water,
glucose, and alkali cations (Papahadjopoulos et al., 1973; Wu
& McConnell, 1973; Blok et al., 1976), binding of organic dyes
(Tsong, 1975; Jacobson & Papahadjopoulos, 1976), incorpo-
ration of proteins (Pownall et al., 1977, 1978), kinetic activity
of enzymes (Kimelberg and Papahadjopoulos, 1974), and
transbilayer mobility of phospholipids (de Kruijff & van
Zoelen, 1978). While the physiochemical details of these
events have yet to be elucidated fully, it is apparent that several
mechanisms may be significant.

On the one hand, the transition from the liquid-crystalline
phase to the gel phase involves considerable ordering of the
fatty acyl moieties and a dramatic loss of molecular motion
in the hydrocarbon region of the bilayer. The resulting changes
in membrane fluidity, however defined, have given rise to the
concepts of viscotropic regulation of certain membrane
functions (Kimelberg & Papahadjopoulos, 1974; Sandermann,
1978) and viscotropic adaptation by cells and cellular mem-
branes to various environmental conditions (Sinensky, 1974;
Thilo et al., 1977; Silvius & McElhaney, 1980). Documen-
tation of such viscotropic effects has usually relied upon the
shape of Arrhenius plots whose discontinuities, when present,
should correspond to the phase transition temperature or
temperature range of the membrane being investigated. A
clear preference for one phase or the other is often indictated,
as in the enhanced interaction of M13 virus coat protein with
gel-phase Myr,PtdCho vesicles (Kimelman et al., 1979).

On the other hand, the phase transition also implies the
coexistence of gel and liquid-crystalline phases over a discreet
temperature range, the magnitude of which is strongly de-
pendent upon the structural orientation of the phospholipid
molecules. The coexistence and, hence, the separation of these
two radically different phases generate boundaries or lattice
defects which in turn promote enhanced permeation by small
molecules or increased penetration by proteins. The signifiance
of this mechanism is recognized by maximal activation at or
near the phase transition and diminished activities as the
membrane system moves toward a pure gel or pure liquid-
crystalline phase. A particularly striking example of this
phenomenon is the selective hydrolysis of vesicle PtdCho by
a number of phospholipases A; at the substrate phase transition
(Op den Kamp et at., 1975; Wilschut et al., 1978; Kensil &
Dennis, 1979).

In describing the interaction of bovine liver phospholipid
exchange protein with single bilayer vesicles in the region of
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gel-liquid-crystalline phase transition, we may readily dis-
tinguish between the two mechanisms. The data clearly in-
dicated significant transfer activity with liquid-crystalline
bilayer membranes. At the onset of the phase transition with
Myr,PtdCho acceptor vesicles, i.e., for those temperatures at
which gel and liquid-crystalline phases coexist, transfer activity
decreased. This decrease was accompanied by pronounced
increases in the apparent activation energy for protein-cata-
lyzed phospholipid transfers to the acceptor vesicles.

Phospholipid transfer was facilitated by the use of fluid,
liquid-crystalline phospholipid bilayer membranes. In fact,
the difference in relative membrane fluidity of the egg PtdCho
and Myr,PtdCho vesicles, expressed by the fluorescence po-
larization of DPH, may account for the differences in the rates
of PtdCho transfer with these two vesicle populations. Such
a correlation between transfer activity and membrane fluidity
has been established for bovine brain phospholipid exchange
protein (Helmkamp, 1980b). We may also interpret the effect
of cholesterol on phospholipid transfer in terms of decreased
membrane fluidity, in keeping with the influence of cholesterol
on molecular motion within a phospholipid bilayer (Kawato
et al., 1978; Rubenstein et al., 1979). Under the present
conditions where the Myr,PtdCho—cholesterol bilayers as-
sumed an organizational and fluidity state intermediate be-
tween the pure gel and pure liquid-crystalline phaaes, reduced
rates of transfer were recorded. A smaller decrease in transfer
activity was noted for egg PtdCho—cholesterol acceptor vesicles,
again reflecting the expected change in fluidity in these
membranes.

The incorporation of cholesterol in certain membrane
populations could have several important consequences on the
vesicle-vesicle assay system. It is well established that cho-
lesterol spontaneously redistributes among single bilayer
phospholipid vesicles (Haran & Shporer, 1977; Backer &
Dawidowicz, 1979). The extent to which this occurs in our
system is estimated to be no more than 20% of the initial
acceptor membrane cholesterol concentration, based on
transfer half-life of 1.5 h at 37 °C for egg PtdCho vesicles
(Backer & Dawidowicz, 1979). We feel that this extent of
cholesterol transfer is, nevertheless, still too large since we
maintain equivalent concentrations of donor and acceptor
vesicles rather than the large excesss of cholesterol-free vesicles
employed to achieve pseudo-first-order kinetics in the above
report. Furthermore the half-life of cholesterol exchange is
longer for vesicles prepared from saturated PtdCho’s (Bloj &
Zilversmit, 1977). Another consequence of cholesterol in-
clusion is in the alteration of physical parameters of single
bilayer vesicles. The vesicle radius increases from 10.2 to 13.3
nm upon addition of 33 mol % cholesterol to egg PtdCho
vesicles containing 4 mol % phosphatidic acid (Johnson, 1973),
while the transbilayer distribution (outside/inside ratio) of
PtdCho decreases from 2.7 to 2.1 for Myr,PtdCho vesicles
containing 0 and 33 mol % cholesterol, respectively, and is
virtually unchanged (2.0) for egg PtdCho vesicles containing
these two cholesterol concentrations (de Kruijff et al., 1976).
This means that the pool of transferable Myr,PtdCho in our
system decreases from 143 to 133 nmol in the absence and
presence of 33 mol % cholesterol. We feel that this small
change cannot account for the more dramatic cholesterol-in-
duced decrease in transfer activity at 37 °C for Myr,PtdCho
acceptor vesicles.

We conclude from the present data that a critical aspect
of phospholipid exchange protein catalysis involves an intimate
association between protein and membrane, even perhaps
penetration of the protein into the network of organized
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phospholipid molecules. A direct demonstration of complex
formation between bovine liver phospholipid exchange protein
and phospholipid vesicles has recently been achieved (Wirtz
et al., 1979). While there is yet no physical evidence that
penetration does occur, such an event could greatly facilitate
the exchange of protein-bound and membrane-bound PtdCho
that accompanies each cycle of intermembrane phospholipid
transfer (Demel et al., 1973). A rather substantial energy
barrier must exist for the transfer of a PtdCho molecule be-
tween an accommodating lipid environment and even the most
hydrophobic protein environment (Tanford, 1973); this barrier
would cerainly be greater if water were not excluded from the
interfacial regions to which exchange protein binds. The fluid
environment of a liquid-cyrstalline lipid bilayer, the increased
fluidity of unsaturated phospholipid membranes, and the
general hydrophobic character of the phospholipid exchange
protein (Kamp et al., 1973) all promote effective interaction
between membrane and protein.

One experimental system, namely the use of phospholipid
monolayers, has been adapted for the study of lipid—protein
interactions (London et al., 1973). With particular reference
to phospholipid exchange protein, the addition of the bovine
liver protein to the aqueous subphases of pure and mixed
phospholipid monolayers resulted in no detectable change in
the surface pressures of the lipid films (Demel et al., 1973,
1977). One interpretation of these results would be to argue
against membrane penetration of exchange protein. Alter-
natively, if penetration does take place, it may involve changes
in lipid organization in the vicinity of the protein (Pink &
Chapman, 1979) or in protein conformation within the mem-
brane (Bloom, 1979), neither of which would necessarily
perturb gross membrane structure. Additional experimental
approaches, including the use of sensitive spectroscopic probes
and techniques, are needed to provide further insight into the
precise nature of phospholipid exchange protein-membrane
interactions.

Acknowledgments

Fluorescence measurements were performed in the
Fluorescence Spectroscopy Laboratory of the Mid-America
Cancer Center, Kansas City, KS. We thank Dr. L. L.
Houston, The University of Kansas, Lawrence, KS, for the
generous gift of Ricinus communis agglutinin.

References

Backer, J. M., & Dawidowicz, E. A. (1979) Biochim. Biophys.
Acta 551, 260-270.

Bligh, E. G., & Dyer, W. J. (1959) Can. J. Biochem. Physiol.
37,911-917.

Bloj, B., & Zilversmit, D. B. (1977) Biochemistry 16,
3943-3948,

Blok, M. C., van Deenen, L. L. M., & de Gier, J. (1976)
Biochim. Biophys. Acta 433, 1-12.

Bloom, M. (1979) Can. J. Phys. 57, 2227-2230.

Chapman, D., Gdmez-Fernindez, J. C., & Goiii, F. M. (1979)
FEBS Lett. 98, 211-223,

Curatolo, W., Yau, A. O., Small, D. M., & Sears, B. (1978)
Biochemistry 17, 5740-5744,

de Kruiiff, B., & van Zoelen, E. J. J. (1978) Biochim. Biophys.
Acta 511, 105-115.

de Kruijff, B., Cullis, P. R., & Radda, G. K. (1976) Biochim.
Biophys. Acta 436, 729-740.

Demel, R. A., Wirtz, K. W. A,, Kamp, H. H., Geurts van
Kessel, W. S. M., & van Deenen, L. L. M. (1973) Nature
(London) 246, 102-105.



PHASE TRANSITIONS AND PHOSPHOLIPID EXCHANGE

Demel, R. A., Kalsbeek, R., Wirtz, K. W. A., & van Deenen,
L. L. M. (1977) Biochim. Biophys. Acta 466, 10~22.
Ehnholm, C., & Zilversmit, D. B. (1973) J. Biol. Chem. 248,

1719-1724.

Haran, N., & Shporer, M. (1977) Biochim. Biophys. Acta
465, 11-18.

Harvey, M. S, Helmkamp, G. M., Jr., Wirtz, K. W. A, &
van Deenen, L. L. M. (1974) FEBS Lett. 46, 260-262.

Hellings, J. A., Kamp, H. H,, Wirtz, K. W. A., & van Deenen,
L. L. M. (1974) Eur. J. Biochem. 47, 601-605.

Helmkamp, G. M., Jr. (1980a) Biochim. Biophys. Acta 595,
222-234.

Helmkamp, G. M., Jr. (1980b) Biochemistry 19, 2050-2056.

Helmkamp, G. M., Jr., Harvey, M. S., Wirtz, K. W. A, &
van Deenen, L. L. M. (1974) J. Biol. Chem. 249,
6382-6389.

Hinz, H. J., & Sturtevant, J. M. (1972) J. Biol. Chem. 247,
3679-3700.

Jacobson, K., & Papahadjopoulos, D. (1975) Biochemistry
14, 152-161.

Jacobson, K., & Papahadjopoulos, D. (1976) Biophys. J. 16,
549-560.

Johnson, S. M. (1973) Biochim. Biophys. Acta 307, 27-41.

Jonas, A.,, & Maine, G. T. (1979) Biochemistry 18,
1722-1728.

Kamp, H. H., Wirtz, K. W. A., & van Deenen, L. L. M.
(1973) Biochim. Biophys. Acta 318, 313-325.

Kamp, H. H., Wirtz, K. W. A,, Baer, P. R., Slotboom, A. M.,
Rosenthal, A. F., Paltauf, F., & van Deenen, L. L. M,
(1977) Biochemistry 16, 1310-1316.

Kawato, S., Kinosita, K., Jr., & Ikegami, A. (1978) Bio-
chemistry 17, 5026-5031.

Kensil, C. R., & Dennis, E. A. (1979) J. Biol. Chem. 254,
5843-5848.

Kimelberg, H. K., & Papahadjopoulos, D. (1974) J. Biol.
Chem. 249, 1071-1080.

Kimelman, D., Tecoma, E. S., Wolber, P. K., Hudson, B. S,
Wickner, W. T., & Simoni, R. D. (1979) Biochemistry 18,
5874-5880.

Koter, M., de Kruijff, B., & van Deenen, L. L. M. (1978)
Biochim. Biophys. Acta 514, 255-263.

Kuroda, K., Maeda, T., & Ohnishi, S. (1980) Proc. Nat!.
Acad. Sci. US.A. 77, 804-807.

Ladbrooke, B. D., Williams, R. M., & Chapman, D. (1968)

" Biochim. Biophys. Acta 150, 333-340.

Lee, A. G. (1977) Biochim. Biophys. Acta 472, 237-281.

Lentz, B. R., Barenholz, Y., & Thompson, T. E. (1976)
Biochemistry 15, 4521-4528. :

London, Y., Demel, R. A., Geurts van Kessel, W. S. M.,
Vossenberg, F. G. A., & van Deenen, L. L. M. (1973)
Biochim. Biophys. Acta 311, 520-530.

Luzzati, V., Gulik-Krzywicki, T., & Tardieu, A. (1968) Na-

VOL. 20, NO. 1, 1981 151

ture (London) 218, 1031-1034,

Maeda, T., & Ohnishi, S. (1974) Biochem. Biophys. Res.
Commun. 60, 1509-1516.

Oldfield; E., & Chapman, D. (1972) FEBS Lett. 23, 285-297.

Op den Kamp, J. A. F., Kauerz, M. T., & van Deenen, L. L.
M. (1975) Biochim. Biophys. Acta 406, 169-177.

Papahadjopoulos, D., Jacobson, K., Nir, S., & Isac, T. (1973)
Biochim. Biophys. Acta 311, 330-348.

Phillips, M. C., Williams, R. M., & Chapman, D. (1969)
Chem. Phys. Lipids 3, 234-244,

Pink, D. A., & Chapman, D. (1979) Proc. Natl. Acad. Sci.
US.A. 76, 1542-1546,

Pownall, H. J., Morrisett, J. D., & Gotto, A. M., Jr. (1977)
J. Lipid Res. 18, 14-23.

Pownall, H. J., Massey, J. B., Kusserow, S. K., & Gotto, A.
M., Jr. (1978) Biochemistry 17, 1183-1188,

Robertson, A. F., & Lands, W. E. M. (1962) Biochemistry
1, 804-810.

Rouser, G., Fleischer, S., & Yamamoto, A. (1970) Lipids 5,
494-496.

Rubenstein, J. L. R., Smith, B. A., & McConnell, H. M.
(1979) Proc. Natl. Acad. Sci. U.S.A. 76, 15-18.

Sandermann, H., Jr. (1978) Biochim. Biophys. Acta 515,
209-237.

Sasaki, T., & Sakagami, T. (1978) Biochim. Biophys. Acta
512, 461-471.

Shinitzky, M., & Barenholz, Y. (1978) Biochim. Biophys.
Acta 515, 367-394,

Silvius, J. R., & McElhaney, R. N. (1980) Proc. Natl. Acad.
Sci. US.A. 77, 1255-1259.

Sinensky, M. (1974) Proc. Natl. Acad. Sci. US.A. 71,
522-525. ‘

Skipski, V. P., Peterson, R. F., Sanders, J., & Barclay, M.
(1963) J. Lipid Res. 4, 227-228.

Tanford, C. (1973) in The Hydrophobic Effect, pp 12-15,
49-53, Wiley, New York, NY.

Thilo, L., Trauble, H., & Overath, P. (1977) Biochemistry
16, 1283-1290.

Tsong, T. Y. (1975) Biochemistry 14, 5409-5414.

Tsong, T. Y., & Kanehisa, M. 1. (1977) Biochemistry 16,
2674-2680.

Watts, A., Marsh, D., & Knowles, P. F. (1978) Biochemistry
17, 1792-1801,

Wells, M. A. (1975) Biochim. Biophys. Acta 380, 501-505.

Wilschut, J. C., Regts, J., Westenberg, H., & Scherphof, G.
(1978) Biochim. Biophys. Acta 508, 185-196.

Wirtz, K. W. A., & Moonen, P. (1977) Eur. J. Biochem. 77,
437-443.

Wirtz, K. S. A., Vriend, G., & Westerman, J. (1979) Eur.
J. Biochem. 94, 215-221.

Wu, S., & McConnell, H. M. (1973) Biochem. Biophys. Res.
Commun. 55, 484-491.



