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This report describes the molecular species composition of phosphatidylcholines (PC) transferred from 
human erythrocytes to acceptor vesicles composed of cholesterol and single PC species in the presence of 
PC-specific transfer protein from bovine liver. The compositions of the PC isolated from the vesicles were 
determined by capillary GLC as the diacylglycerol trimethylsilyl ethers. The cellular PC species appearing in 
the acceptor vesicles were enriched in unsaturated species and showed a low content of dipaimitoyl PC 
compared to untreated erythrocytes. This trend was independent of the composition of the PC used to 
construct the acceptor vesicles and it was possible to determine that the relative rates of efflux of the 
palmitoyl-containing phosphatidylcholines decreased in the order, palmitoyl-linoleoyl > palmitoyl-oleoyl > 
dipalmitoyl and in the stearoyl series, stearoyl-linoleoyl > stearoyl-oleoyl. No clear trend was distinguished 
for the influence of chain-length on the effiux, thus preventing an unambiguous assignment of the order of 
removal of all species from the cell membrane. Results derived for arachidonoyl-containing species were 
compromised by evidence for oxidation occurring during incubations at 37°C. To confirm that acyl selectivity 
was also possible during transfer in the absence of the transfer protein, the efflux of t4C-iabeled soya PC and 
[14C]dipalmitoyl PC from prelabeled erythrocytes was measured using plasma as the acceptor. As predicted 
by the chromatographic analyses, 14C-labeled soya PC effused up to 10-times faster than [ t4Cldipalmitoyi PC 
from the red cell membrane. Thus, the more rapid transfer of unsaturated PC cannot be explained entirely as 
a specificity of the transfer protein and is consistent with the hypothesis that intermolecular interactions 
involving PC molecules within the erythrocyte membrane, become weaker with increasing unsaturation. The 
results suggest a potential role of PC-specific transfer protein as a probe of the nature of PC interactions 
within biological membranes. 

* To whom correspondence should be addressed at (present 
address)" Ludwig Institute for Cancer Research, 9 Earl Street, 
Toronto, Ontario, M4Y 1M4, Canada. 

Abbrevlauons.PC-transfer protein, phosphatldylchohne- 
speoflc transfer protein, TLC, thin-layer chromatography; 
GLC, gas-liqmd chromatography, PC, 1,2-dlacyl-sn-glycero-3- 
phosphochohne, DPPC, 1,2-dlpalmltoyi-sn-glycerol-3-phos- 
phochohne, PSPC, 1-palmltoyi-2-stearoyl-sn-glycero-3-phos- 

phochohne, POPC, 1-palmltoyl-2-oleoyl-sn-glycero-3-phos- 
phochohne, PLPC, 1-palmltoyl-2-hnoleoyl-sn-glycero-3-phos- 
phocholine; SOPC, 1-stearoyl-2-oleoyl-sn-glycero-3-phos- 
phochohne; SLPC, 1-stearoyl-2-hnoleoyl-sn-glycero-3-phos- 
phochohne, PAPC, 1-palmltoyl-2-aracludonoyl-sn-glycero-3- 
phosphochohne, DLPC, 1,2-ddlnoleoyl-sn-glycero-3-phos- 
phocholme 
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Introduction 

The PC-specific transfer protein from beef hver 
is known to catalyze the exchange of PCs with a 
wide variety of fatty acyl structures, including 
parinarlc acid [1], spin-probe labeled fatty acids 
[2,3] and those containing photolabels [4,5]. The 
ability of the protein to bind these widely different 
structures suggests that, while there is an absolute 
requirement for the phosphatldylcholine head- 
group structure [6], the PC-binding site possesses 
httle or no specificity for the fatty acyl component 
of the molecule 

Under some orcumstances, however, an ap- 
parent selectivity for specific fatty acyl species is 
expressed as, for example, in the experiments of 
Kamp and co-workers [6] which demonstrated that 
[a4C]dipalmitoyl PC is transferred to an acceptor 
membrane much more slowly than 14C-labeled egg 
PC from donor liposomes composed of either 
DPPC or egg PC. Similar findings have been re- 
ported by Kuypers et al. [7], using the transfer 
protein from bovine liver, and by Schulze and 
co-workers [8] using a PC-transfer protein-contain- 
mg supernatant fraction from rat liver. The basis 
for the fatty acyl effect in these experiments has 
been suggested to be a result of differences in the 
physical properties of the lipids and their packing 
at the membrane interface rather than specificity 
expressed by the binding site of PC-transfer pro- 
tein itself [6,8,9]. 

According to this hypothesis, the exchange of 
PC from a complex biological membrane should 
also be accompanied by an acyl selectivity that 
reflects the physical properties of the various 
molecular species and their packing within the 
bilayer. The membrane of choice for a study of 
this type was clearly the human erythrocyte in 
view of the extent of knowledge concerning mem- 
brane changes induced by treatment with PC- 
transfer protein and the absence of internal mem- 
branes. 

We have therefore undertaken to examine the 
composition of the PC molecular species removed 
from human erythrocytes during the exchange 
catalyzed by PC-transfer protein in the presence of 
vesicles composed of single, pure PC species. To 
monitor their efflux, we have analyzed the com- 
position of the diacylglycerols derived from PC of 

the postincubation vesmles, by capillary GLC. The 
results demonstrate that the erythrocyte PCs ap- 
pearing in the vesicles are enriched in unsaturated 
species, regardless of the level of unsaturatlon In 
the original vesicles. This observation was con- 
firmed independently by the demonstration of a 
more rapid efflux of 14C-labeled soya PC, com- 
pared to [14C]dlpalmltoyl PC, from prelabeled 
cells. The relevance of these findings to an elucida- 
tion of the nature of intermolecular interacnons 
within a biological membrane bflayer Is discussed. 

Materials and Methods 

1,2-Dipalmltoyl-sn-glycero-3-phosphochohne 
(DPPC), 1,2-dloleoyl-sn-glycero-3phosphochohne 
(DOPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3- 
phosphocholine (POPC) were generously provided 
by W. Geurts van Kessel (Biochemistry Depart- 
ment, University of Utrecht, Utrecht, The Nether- 
lands). Egg phosphatidylcholine, egg phosphatldlc 
acid and 1,2-dilinoleoyl-sn-glycero-3-phosphocho- 
line (DLPC) were purchased m the highest purity 
available from Sigma (St. Louis, MO, U.S.A.) and 
were used without further purification. Tri[9,10- 
3 H]oleoylglyceroi,  1,2-dl[1-14 C]palmltoyl-sn - 
glycero-3-phosphochohne and 1-palmitoyl-2- 
[14 C]oleoyl-sn-glycero-3-phosphocholine were 
purchased from Amersham Interna t ional  
(Amersham, Bucks., U.K.). Soya phosphandyl[N- 
methyl-14C]chohne was available m the laboratory 
from previous studies [7]. Species analysis of un- 
labeled soya PC showed that it was composed of 
28% PLPC, 38% DLPC, and contained no fully 
saturated species. The radioactive trlacylglycerol 
and phosphandylchohnes gave one band following 
thin-layer chromatography on silica-gel H plates 
developed with ether/hexane (85:15, v/v) and 
chloroform/methanol/acetic acid/water  (75:4.  
12:6, v/v) [10], respectively. Scans of the result- 
ing TLC plates showed that more than 95% of the 
radioactivity migrated with the carrier compound 
indicated by exposure to iodine. 

Phosphatidylcholme-speclflc transfer protein 
from bovine liver was purified and prepared for 
experimental use as previously described [7,11]. 

Fresh human erythrocytes were obtained by 
venapuncture using acid/ci trate/dextrose as anti- 
coagulant. The cells were centrifuged for 10 mln at 



900 × g and the plasma and buffy coat carefully 
removed. The pellet was dispersed m 5 vol. buffer 
comprising of 150 mM NaCI /25  mM glucose/10 
mM Tris-HCI/1 mM EDTA (pH 7.4) (referred to 
as 'buffer '  throughout) and recentrifuged. This 
washing procedure was repeated three times. The 
erythrocytes were used within 2 h of their prepara- 
tion. 

Preparation of veswles. The vesicles in each case 
contained 47 mol% PC, 47 mol% cholesterol, 6 
mol% egg phosphatldic acid and trace amounts of 
[laC]PC and tri[3H]acylglycerol giving a final 
specific radioactivity of 1.5.105 14C dpm/nmol  
PC with 1.5 - 106 3H dpm/nmol  PC. The various 
components were dispensed from stock solutions 
in organic solvent into a rotary flask and dried by 
rotary evaporation. For vesicles prepared from 
DPPC, DOPC or POPC, the dried mixtures were 
dispersed in buffer (37°C) to give a final con- 
centrations of 4.9 /~mol PC/ml.  The dispersions 
were then sonlcated under nitrogen with a Bran- 
son Somfier fitted with a standard probe (10 rain 
at 0°C, 50 W) and subsequently centrifuged at 
100000 × g for 30 min. The pellet was discarded 
and the supernatant used in the experiments de- 
scribed. 

A modified procedure was used for the prepara- 
tion of DLPC vesicles because of the risk of per- 
oxidation of this species during sonication. In this 
case, the dried lipid mixture was dissolved in 
100-200 /~1 ether and released, by syringe, into 
buffer at 65°C under nitrogen. The suspension 
was then centrifuged as above. The yield of vesicles 
after this procedure was typically 10-20% com- 
pared to more than 50% with the sonicatlon 
method. 

Incubatton condmons. All incubations with the 
transfer protein were carried out essentially as 
described by Kuypers et al. [7]. They were per- 
formed in duplicate in plastic liquid-scintillation 
vials at 37°C in a shaking water-bath and typically 
contained washed erythrocytes (1 ml, 1120 nmol 
PC), vesicles (1230 nmol PC) and PC-transfer pro- 
tein (240/~g protein) in a final volume of 3.6 ml 
buffer. After 3 h, the mixtures were centrifuged 10 
min at 900 × g  and the supernatants (donor 
vesicles) were removed. This fraction was further 
centrifuged for 5 min at 10000 × g  to remove 
erythrocytes and large membrane fragments. 
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Erythrocytes ~solated from the first centrifugation 
were washed a further three times with 5 vol. 
buffer. In some instances, a fraction of the washed 
erythrocytes was reincubated with fresh vesicles 
and PC-transfer protein for a further 3 h. 

Isolation of PC for determmatton of spectes com- 
posmon and radtoactwlty. Total lipid extracts of 
erythrocytes were prepared according to the 
method of Rose and Oklander [12] and following 
evaporation were taken up in 6 ml chloroform/  
methanol (2:1.  v/v) .  This organic solution was 
washed with 1.5 ml 0.9% saline and after removing 
the aqueous phase, evaporated and taken up in a 
small volume of chloroform/methanol  for TLC. 

Incubation supernatants (donor vesicles in ap- 
prox. 2.5 ml vol.) were dispersed in 3.3 ml methanol 
and partitioned with 6.6 ml chloroform according 
to the method of Folch et al. [13]. The organic 
phase was then evaporated and redisolved in a 
small volume of chloroform/methanol  (2 : 1, v /v)  
prior to TLC. 

The extracts were chromatographed on silica- 
gel-H TLC plates developed with chloroform/  
methanol/acet ic  ac id/water  (75 : 45 : 12 : 6, v /v )  
[10] and the phosphatldylcholines isolated as de- 
scribed by Myher and Kuksis [14]. Samples of the 
resulting PC extracts were taken for liquid-scintil- 
lation counting and phosphorus determination. 
The analyses were carried out as described earlier 
[15] and the extent of PC-transfer protein-media- 
ted PC replacement calculated according to 
Kuypers et al. [7]. 

The remainder of the PC extracts were treated 
with phospholipase C (Clostrtdtum welchu, 1 
I .U. /mg PC) [16] and the resulting 1,2-diacyl-sn- 
glycerols derivatized with a mixture of pyr idine/  
hexamethyldisi lazane/trimethylchlorosilane for 
GLC [16]. All extraction and derivatization proce- 
dures were carried out under nitrogen and in the 
presence of butylated hydroxytoluene to inhibit 
oxidation. 

Gas-hquid chromatography. Capillary GLC of 
the tms ethers of the diacylglycerols was carried 
out isothermally at 250°C on a Hewlett-Packard 
Model  5880 automatic  gas chromatograph 
equipped with a 10 m open tubular glass column 
(0.25 mm internal diameter) wall-coated with SP- 
2330 liquid phase (Supelco, Bellefonte, PA, U.S.A.) 
as reported by Myher and Kuksis [14]. Samples 
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from experiments using DLPC were chromato- 
graphed on a Packard series 730 gas chromato- 
graph employing glass tubular columns (2 m × 2 
mm internal diameter) packed with 3% Silar 5CP 
on Gas Chrom QII (80/100 mesh - Supelco, 
Bellefonte). Samples were injected directly onto 
the column packing and eluted isothermally at 
270°C with a nitrogen flow-rate of 30 m l / m m  
[16]. Major species were identified by comparison 
with the retention times of authentic standards 
and the remainder by comparison with reported 
retention times [14,16]. The peak areas used in the 
subsequent calculation were uncorrected. 

The efflux of [14C]PC from pre-labeled erythro- 
cytes. The rate of efflux of [14C]DPPC and 14C- 
labeled soya PC from prelabeled cells was mea- 
sured using a modification of the technique de- 
scribed by Lange et al. [17] for the analysis of 
cholesterol exchange. The cells were first labeled 
using donor vesicles containing cholesterol, egg 
phosphatidic acid and either DPPC with a trace 
amount of di[1-14C]palmitoyl PC or DLPC with a 
14C-labeled soya PC tracer in a 3 h incubation 
with PC-transfer protein. After the incubation, the 
cells were centrifuged and washed well with buffer 
to remove adherent labeled vesicles. Incubation 
solutions were prepared in triplicate, containing 
the prelabeled cells (100/~1, 0.15/~mol PC), heat- 
reactivated plasma (450 /tl, 1.0 /~mol PC) and 
buffer to gwe a final hematocrlt of 10%. Samples 
(100 /xl) were withdrawn from each solution at 
various times, dispersed in 0.5 ml buffer and 
centrifuged (0.5 min, 8000 × g). The supernatant 
was removed and placed directly in a liquid-sclntd- 
lation vial followed by 4.5 ml Instagel liquid-scin- 
tillation emulsifier cocktail (Packard Becker B.V., 
Groningen, The Netherlands). The cell pellet (typi- 
cally 10/~1) was washed twice with 0.5 ml buffer 
and lysed with 20/~1 distilled water. An extract of 
the cell lysate was made with 0.5 ml lsopropanol 
and following extensive vortexing and centrifuga- 
tion, the extract was transferred to a scintillation 
vial followed by 4.5 ml Instagel. The recovery of 
the labeled PC from the cells by this techmque was 
not significantly different from that of control 
cells extracted with chloroform/methanol  using 
standard procedures [13]. The incubation super- 
natant and the erythrocyte extracts (in triplicate) 
were analysed in a Prias PLD liquid-scintillation 

counter (Packard). The data was expressed as the 
ratio of the dpm present in the plasma against the 
total dpm in the sample at each time-pomt. 

Results 

Purity of PCs used m donor vestcles 
The method of analysis in these experiments 

rehes chiefly on the appearance of erythrocyte PC 
species in vesicles initially composed of single 
species; therefore, it was important to establish the 
degree of purity of the acceptor PCs. Analysis of 
diacylglycerols hberated from the synthetic PCs by 
phospholipase C indicated the following: the 
DLPC preparation contained no other detectable 
compounds, the DPPC preparation contained less 
than 1% PSPC, the POPC sample contained 1% 
DOPC and 1% oleoyl-hnoleoyl PC, while the 
DOPC preparation contained 3% SOPC, 4% POPC 
and less than 1% DPPC. In cases where the quan- 
titation of erythrocyte PC species appearing in the 
vesicles would be influenced by these contami- 
nants, the data was not used in subsequent calcu- 
lations except for the case of DPPC in the DOPC 
preparation. In this instance, a correction was 
made for the amount of DPPC present in the 
original vesicle PC material. 

Determmatton of PC exchange on a mass basts by 
GLC 

The analysis of molecular species of PC by both 
capillary GLC and packed column GLC permits 
the resolution of all of the major compounds pre- 
sent in the human erythrocyte. A profile obtained 
from untreated erythrocytes is shown in panel A 
of Fig 1. POPC and PLPC account for more than 
50% of the total peak area. SOPC and SLPC 
account for a further 15% of the total. In both the 
palmitoyl and the stearoyl series, the ratio of hno- 
leoyl- to oleoyl-containing molecules is about 
1.25 : 1. Dipalmitoyl PC and the arachldonoyl-con- 
raining PC species account for about 7 and 20% of 
the total, respectively. These area percentages are 
m general agreement wxth those based on argenta- 
tion-TLC published by Maral and Kuksis [18] and 
Van Golde et al. [19]. 

The enrichment of the content of the donor 
species m the cell membrane that accompames 
incubation of erythrocytes with PC-transfer pro- 
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tern and donor vesicles is clearly evident in panels 
B and C of Fig. 1. These illustrate the PC profiles 
of cells incubated with POPC- and DOPC-contaln- 
mg vesicles, respectwely, to a level of about 25-40% 
replacement. In both cases, the extent of replace- 
ment was calculated from the change in the area 
percentage of the peak corresponding to the donor 
species - peak 2 in panel B and peak 5 in panel C. 
Taking into account the amount of native POPC 
and DOPC that effused during these changes, the 
calculated percent replacement based on the chro- 
matographic data agreed well with those de- 
termined by radioactivity. As with determlnat~ons 
based on the cellular uptake of radioactive PC 
molecules however, the chromatographic method 
overestimated the replacement unless corrected for 
the presence of adherent vesicle material. 

To investigate the practicality of determining 
cellular PC species appearing in the vesicle popu- 
lation, erythrocytes were incubated with vesicles 
composed of DPPC and cholesterol m the pres- 
ence of PC-transfer protein. Control incubations 
were carried out in the absence of PC-transfer 
protein. Profiles of the PC species extracted from 
the supernatants following the exchange are pre- 
sented in Fig. 2. It is evident from panel A that m 
the absence of PC-transfer protein, negligible 
amounts of erythrocytes PC species appeared in 
the donor vesicles under these conditions. From 
these data, the extent of spontaneous exchange 
was calculated to involve less than 2% of the 
cellular PC in 3 h. 

With the addition of PC-transfer protein to the 
system, the appearance of DPPC in the cells is 
accompanied by the efflux of native PC species to 
the incubation medium. This is strikingly evident 
in panel B of Fig. 2. The concurrent increase in the 

Fig. 1 Gas-hqmd chromatographic profiles of dlacylglycerol 
tnmethyisdyl ethers denved from PC of modified erythrocytes 
Diacylglycerol tnmethylsdyl ethers were prepared from 
erythrocyte PC as descnbed m Materials and Methods. The 
compounds were chromatographed on a 10 m SP-2330 column 
Isothermally at 250°C. The profiles represent matenal derived 
from untreated erythrocytes (A), erythrocytes treated for 3 h at 
37°C with PC-transfer protein In the presence of vesicles 
composed of cholesterol and POPC (B), and erythrocytes treated 
w]th PC-transfer protein and vesicles of cholesterol and DOPC 
(C). Peak identlficaUon is as follows: 1, DPPC, 2, POPC, 3, 
PLPC, 4, SOPC, 5, DOPC, 6, SLPC, 7, PAPC; 8, SAPC 0 S 1'0 15 rnln 
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Fig. 2 GLC Profdes of dlacylglycerol tnmethylsdyl ethers 
derived from vesicle PC following mcubatlons with erythro- 
cytes m the presence and absence of transfer protein The 
vesicles were lmtmlly composed of pure DPPC/choles te ro l /egg  
phosphatl&c acid (0.47 : 0.47 : 0.06, molto), and were incubated 
with erythrocytes at 37°C for 3 h w~th (B) or without (A) 
transfer protein Diacylglycerol tnmethylsdyl ethers were pre- 
pared for vesicle PC and chromatographed as described m 
Materials and Methods Peak identification is as in Fig. 1 

cellular DPPC content (not shown) cannot, there- 
fore, be entirely the result of nonspecific adsorp- 
tion of vesicles to the cell surface. Similar results 
were found with the other vesicle types, confirm- 
ing, on a mass basis, the occurrence of an ex- 
change process. 

Calculation of the extent of replacement based 
on the amounts of native PC appearing in the 

incubation medium agreed closely with that calcu- 
lated from the radioactivity appearing in the cell 
The replacement based on the vesicle spectes anal- 
ysis was calculated to be 14% (sum of the area % 
of erythrocyte PC species multtplied by the ratio 
of vesicle to cellular PC) while the radloactwe 
analysis, after correcting for adherent vesicles, gave 
15%. 

The selectwtty of the exchange process 
The first evidence of selectiwty expressed dur- 

ing the removal of PC from the erythrocyte mem- 
brane is apparent when the composition of cellular 
PC species is plotted against ttme, as shown in Fig. 
3 for POPC-treated cells. The uptake of POPC is 
accompanied by the efflux of native species and it 
~s evident that the rates of transfer are not identi- 
cal. Particularly, the content of DPPC does not 
decrease as rapidly as other species during the 
incubation. Tins suggested a slower rate of efflux 
for this molecule compared to the others, but other 
influences such as oxidation of the more un- 
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Fig. 3 Change m the erythrocyte PC species composmon 
during incubation with PC-transfer protein and cholesterol/  
POPC vesicles. Cells were incubated m the presence of transfer 
protein and vesicles composed of choles te ro l /POPC/egg  phos- 
phatidic acid (0.47 0.47.0.06, mol%) for the times indicated 
Erythrocyte PC was isolated and prepared for capdlary GLC as 
described in Materials and Methods. The weight percent of 
each PC species was determined as the peak area for each 
divided by the total The species represented in the graph are 
POPC (A); PLPC (v); SOPC (zx); PAPC (O)  and DPPC (@) 
The results are the mean of values derived from duplicate 
reaction rmxtures 



saturated PCs had to be ruled out before drawing 
firm conclusions. The more sensitive indicator of 
selectivity - the appearance of particular erythro- 
cyte PC species in the vesicle population - was 
therefore brought into use. 

Comparison of the cellular PC appearing in the 
vesicles (e.g., panel B, Fig. 2) with those of un- 
treated cells (panel A, Fig. 1) shows that all native 
species are capable of exchange. The chromato- 
graphic profile of the molecules removed is quali- 
tatively similar to that of the original membrane. 
There are quantitative differences, however. In 
Table I, which summarizes the percent composi- 
tion of species m the postincubation vesicles and 
in preincubation cells, the erythrocyte species 
transferred to DPPC vesicles are clearly enriched 
in PLPC. This is also the case in the postincuba- 
tion POPC vesicles but the effect is much less 
obvious. In either case, the incubation medium is 
relatively enriched in linoleoyl-containing species 
derived from the cell. The indication of a slow rate 
of efflux of cellular dipalmitoyl PC in Fig. 3 is 
confirmed by these data. 

To compare the extent of the selectixaty mea- 
sured with the various donor vesicles, ratios of 
different species in the postincubation super- 
natants, in postincubation cells and in untreated 
cells were calculated based on the area percentages 
obtained from the chromatograms. These are pre- 
sented m Table II. It should be pointed out that 
for an increase in a ratio measured from species 
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appeanng in the vesicles to be considered reliable, 
it must be accompanied by a decrease in the 
corresponding ratio measured in the postincuba- 
tion cells. Most of the comparisons presented in 
this table are in this way self-consistent. In cases 
where this relationship is not obeyed, for example 
m the comparison of the ratio PAPC/SLPC,  other 
factors such as oxidation or inadequate integration 
of the peak areas were considered as influences. 

To test the influence of unsaturation, the ratios 
of several pairs of species having identical fatty 
acids at the sn-l-position and differences in un- 
saturation at the sn-2-position were compared. 
With all of the vesicle compositions tested, the 
ratio P L P C / D P P C  is much greater in the postin- 
cubation medium than in the original cells, indi- 
cating a more rapid efflux of PLPC than DPPC. 
Similarly, the ratios of P L P C / P O P C  and S L P C /  
SOPC were greater in the postincubation medium 
in all series tested. There is some evidence to 
suggest that the trend continues to include PAPC 
in the POPC-treated cells, that is, the ratio of 
PAPC/SLPC is greater in the vesicles than in the 
cells after 3 h of incubation (25% replacement) but 
there is clearly evidence for oxidation at 5 h (40% 
replacement). There is furthermore, no evidence of 
similar selectivity in the DPPC-treated cells. In 
view of this and the difficulty in accurately in- 
tegrating the peak area of PAPC, these results 
were not interpreted further. 

To test the influence of chain-length, several 

TABLE I 

PC SPECIES M I G R A T I O N  F R OM  ERYTHROCYTES INTO VESICLES 

H u m a n  erythrocytes were incubated for 3 h wRh transfer protein and vesicles composed of either DPPC/cholesterol  (left-hand 
columns) or POPC/cholesterol  (right-hand columns). During the incubation, replacement of the cellular PC occurred to the extent of 
15% with DPPC/cholesterol  vesicles and 25% with POPC/cholesterol  vesicles. Weight percentages were calculated from chromato- 
grapluc peak areas, ormttlng the speoes used to construct the donor vesicles The data are the means  of values derived from duphcate 
reactton rmxtures. 

PC speoes  Imtlal vesicle PC: DPPC POPC 

(wt%) premcubation postlncubatlon premcubatlon postmcubatlon 
erythrocytes vesicles erythrocytes vesicles 

DPPC - 8 3 
POPC 31 31 - - 
PLPC 39 44 39 41 
SOPC 5 4 9 10 
SLPC 11 11 14 19 
PAPC 9 6 12 17 
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TABLE I1 

SUMMARY OF PC SPECIES RATIOS OCCURRING IN POSTINCUBATION VESICLES, POSTINCUBATION ERYTHRO- 
CYTES AND UNTREATED ERYTHROCYTES 

The ratios were calculated from chromatograpluc peak areas following analyses of the PC derived from untreated erythrocytes and 
those incubated with transfer protein and vesicles composed of cholesterol, egg phosphatldlC aod and the smgle PC spectes indicated 
in the table Values are the means of duphcate analyses. Percent replacement of erythrocyte PC by speoes originating m the donor 
vesicles are given within parentheses. 12-25% replacement was typically achieved after a 3-h incubation, whde 40% reqmred up to 6 h 
at 37°C RBC, red blood cells 

Test ratio PC species Untreated Postlncubat~on 
m donor vesicles RBC Vesicles RBC 

PLPC/DPPC POPC (25) 4 73 15 9 4 10 
POPC (40) 4.10 9 34 3 66 
DOPC (45) 4.73 8 81 2 86 
DLPC (12) 3.6 5.77 3 66 

PLPC/POPC DPPC (15) 1 27 1 45 1 25 
DLPC (12) 1 21 1 28 1 16 

SLPC/SOPC POPC (25) 1 58 2 00 1.43 
(40) 1 43 1.81 1.46 

DPPC (15) 2 08 2 84 2.06 

PAPC/SLPC POPC (25) 0 87 0 89 0 79 
(40) 0.79 0 56 0 71 

DPPC (15) 0 65 0 63 0 65 

PLPC/SLPC DPPC (15) 3 41 3 85 3 31 
POPC (25) 2 76 2 19 3 02 

(40) 3 02 1 98 3 21 

POPC/SOPC DPPC (15) 5.57 7.53 5 44 
DLPC (12) 2.55 1.50 3 62 

PAPC/SAPC POPC (25) 1 43 2 61 1 66 

species were compared having identical fatty acids 
at the sn-2-posit ion and palmitate  or stearate at 

the sn- l -posi t ion.  In experiments using DPPC 
vesicles, cellular species having palmitate  at the 
1-position are clearly present in larger proport ions  

in the medium than stearoyl species. In experi- 
ments  using POPC- or DLPC-treated cells, how- 
ever, the opposite was true. Thus, in contrast  to 
the influence of unsa tura t ion  on the rate of efflux, 
there was no  consistent  t rend concerning the effect 
of chain-length in these experiments.  

Efflux of [14C]DPPC and 14C-labeled soya PC 
from erythrocytes 

The results of the previous section demonstra te  
that the PC-transfer prote in-mediated efflux of PC 
from human  erythrocytes occurs with a preferen- 
tial release of unsatura ted  species and with a less 

clear dependence on chain-length.  It was therefore 
impor tan t  to determine if a similar selectivity was 

manifest  dur ing exchange in the absence of trans- 
fer protein. For  this purpose, p lasma was chosen 

as the acceptor, as the exchange of PC between 
erythrocytes and plasma has been reported to oc- 
cur at a rate of about  1% per h [20]. Because of the 
complexity of the plasma PC species, the analysis 
necessitated the use of radiolabels rather than 
G L C  and for this purpose 14C-labeled soya PC 
and  [t4C]DPPC were chosen based on the predict- 
ion that widely different rates of efflux would 
occur between fully saturated and  polyunsatura ted  
PC molecules. The labeled PC species were incor- 
porated to the extent of 10% replacement In the 
case of soya PC and  15% with DPPC in separate 
cell populat ions.  Thus, the labeled pool m the soya 
PC-treated erythrocytes represented about  10% of 
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Ftg 4 Efflux of radlolabeled soya PC and DPPC from pre- 
labeled human erythrocytes Cells were prelabeled dunng a 3 h 
mcubatlon with PC-transfer protein and vesicles composed of 
either soya PC (plus trace soya phosphaudyl[N-methyl- 
14C]chohne/cholesterol or DPPC (plus trace dl[14C]palmltoyl 
PC)/cholesterol. Efflux was subsequently measured during in- 
cubation of the cells w~th heat-macttvated human plasma 
Efflux was determined as outhned in Matermls and Methods, 
and the data are expressed as the fractton of the total radloac- 
tlwty that ts present m the plasma (supernatant) at each time 
pomt The symbols represent soya PC (v), DPPC (O) and red 
cell hemolysis (×) and are the means of values derived from 
tnphcate reacUon mixtures 

the cellular PC, while the DPPC exchange in the 
other preparation increased the DPPC pool from 7 
to 20% of the total cellular PC. 

The efflux of the radioactive molecules with 
time is depicted in Fig. 4. In support of the data 
derived on a mass basis, the efflux of 14C-labeled 
soya PC is markedly faster than that of [14C]DPPC. 
Cell lysls occurring during the incubation was 
identical in both cell types and did not exceed 10% 
in 20 h of incubation. Within the first 3 h, the rate 
of efflux averaged about 1% per h for [14C]DPPC 
and 10% per h for 14C-labeled soya PC. Subse- 
quently, the rates averaged 0.8% per h and 0.6% 
per h for soya PC and DPPC, respectwely. 

Discuss ion 

Overview of methodology 
Using the methodology described in this report, 

we have monitored PC-transfer protein-mediated 
exchange on a mass basis, looking specifically for 
evidence of a selectivity during the extraction of 
PC molecular species from the human erythrocyte 
membrane.  The method represents a significant 
improvement over the analysis of fatty acids for 
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this purpose, in that each chromatographic peak 
can be assigned, in most cases, to one unique 
molecular species of PC, avoiding the confusion 
that may arise from the occurrence of each fatty 
acid in more than one type of PC molecule. 

A further helpful innovation was the use of 
vesicles composed of a single pure PC species to 
serve as acceptor for PC effusion from the 
erythrocytes during incubation with PC-transfer 
protein. The appearance of cellular species can in 
this way be quantitated against a low background 
and therefore with predictably greater accuracy 
than the determination of small changes in the 
peak areas of large GLC peaks as occurs, for 
example, in extracts from the cells themselves. To 
overcome the lack of mformation over the particu- 
lar species used to construct the vesicles, different 
compositions were used, covenng a wide range of 
unsaturations and chain-lengths. 

The analyses were facilitated by a low level of 
spontaneous exchange - less than 2% of the total 
erythrocyte PC - occurring during incubations in 
the absence of transfer protein. The appearance of 
cellular PC m the vesicles on addition of PC-trans- 
fer protein could therefore be confidently assumed 
to arise through an exchange process rather than 
contamination of the supernatant by membrane 
fragments. The appearance of these species, in 
addition to providing information on the selectw- 
~ty, also allowed a simple confirmation of the 
extent of replacement based on the area per- 
centage of the cellular PC in extracts of the vesicles. 
This method required an estimate of the contribu- 
tion of, for example, erythrocyte DPPC to the 
weight percentage of this peak in the chromato- 
grams when DPPC vesicles were used, but for this 
purpose the exchange was considered to be non- 
selective. The estimates of the extent of replace- 
ment using this method were in excellent agree- 
ment with those calculated from the cellular up- 
take of radioactive tracers and corrected for adher- 
ent vesicles using tri[3H]oleoylglycerol. No such 
correction is required with the chromatographic 
method and the ratio of the size of the PC pools 
was the only additional reformation required. 

Selecttvtty of the exchange process medtated by the 
transfer protem 

It is clear from the evidence obtained using 
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vesicles composed of DPPC and POPC, presented 
in Table I, that the PC transferred from erythro- 
cytes is enriched in unsaturated species. In the 
experiments represented in this table and in fact 
with all vesicles compositions tested, the incuba- 
tion medium became enriched in linoleate-contain- 
ing species (compared to oleate-containing species 
having the same number of carbon atoms). This 
was associated with a corresponding decrease m 
the content of linoleoyl-containing PC in the cells 
themselves. These results reflect a faster rate of 
efflux of the linoleate species and rule out a selec- 
tive oxidative destruction of the diunsaturated 
species as an explanation of the decreased cellular 
content. 

Oxidation may, however, have influenced re- 
sults involving arachidonate-contalmng PC. Data 
in Table II indicate that the ratio of P A P C / S L P C  
in the incubation medium was higher than that m 
the cells treated with POPC vesicles up to a level 
of 25% replacement, but at higher replacements 
the ratio in both postincubation cells and vesicles 
dropped to less than in the original erythrocytes. 
The results therefore, are not self-consistent and 
oxidation of PAPC must be considered as a factor 
m this inconsistency. 

One of the slowest species to effuse from the 
membrane was DPPC. This is evident from the 
relatively slow decrease in the weight percentage of 
this molecular compared to the other native species 
m Fig. 3, and also m the small amount of DPPC 
appearing in the postincubation vesMes. This is 
particularly evident in data presented in Table I. 

From the ratios in Table II (omitting the data 
for arachidonoyl-containmg species), we conclude 
that the rates of efflux from linoleoyl- and oleoyl- 
containing molecules, and DPPC, decrease in the 
order: PLPC > POPC > DPPC, and SLPC > 
SOPC, with DPPC apparently the slowest to effuse 
from the erythrocyte membrane. It is not possible 
to conclude from this data that the structure of the 
vesicle PC has no influence on the rate of efflux of 
erythrocyte diacylphospholiplds but it is clear that 
the general trends shown above are consistent 
through a series of vesicle compositions ranging 
from completely saturated PCs with 32 carbons to 
molecules possessing 36 carbons and 4 double 
bonds. 

An interdigitation of the two series shown above 

would have to be based on clear data regarding the 
influence of chain-length on the rate of PC efflux. 
This parameter was not, however, independent of 
the structure of the vesicle PC composition. A 
comparison, for example, of the P L P C / S L P C  ratio 
in Table I shows that it is greater in the vesicles 
than in the cells in the DPPC experiment but 
smaller when POPC was used to construct the 
vesicles. Thus, the lower molecular weight species 
effused to a greater extent in the DPPC experi- 
ments, but the opposite was true when the vesicles 
were composed of POPC or DLPC. It therefore 
appears likely that the structure of the incoming 
PC plays a role in determining the selectwlty of 
efflux of molecules of differing chain-lengths. Ini- 
tial rate data, in addition to the equilibrium results 
derived from the current experiments, will be re- 
quired to further refine this concept. 

PC-transfer protein as a probe of membrane orgam- 
Zallon 

The use of PC-transfer protein as a probe of the 
characteristics of the interface formed by PC within 
a membrane bilayer, as suggested in this report, is 
predicated on the absence of acyl specificity in the 
binding site of the protem itself. Initially, this 
thesis was supported by three pieces of informa- 
tion: Firstly, as described in Introduction, the 
protein is able to transfer PCs containing a wide 
variety of bulky fatty acyl derivatives. Secondly, 
Bozzato and Tinker [9] have demonstrated that the 
exchange of DPPC mediated by PC-transfer pro- 
tein is markedly dependent on the structural prop- 
ertles of the water /b i layer  interface, indicating 
that previous rate differences with different PC 
species may be related to their interfacial proper- 
ties. Thirdly, it has been demonstrated using 
transfer protein from rat liver that there is no 
detectable preferential transfer of any molecular 
species between microsomes and mitochondria 
when the PC subclasses are partially resolved by 
AgNO3-TLC [21,22], and yet, as with the protein 
from beef liver, preferential transfer of un- 
saturated PC was found when vesicles made of 
pure PC were used [8]. 

All of these findings suggest that acyl selectivity 
in the protein-mediated PC transfer reflects dif- 
ferences in the nature of the interface formed by, 
or surrounding, different species of PC. To test 



that membrane properties were indeed an underly- 
ing factor in the results of our experiments, we 
chose to examine the efflux of PC from prelabeled 
cells into plasma. For this purpose, we chose 
[14C]DPPC and 14C-labeled soya PC, the rates of 
efflux of which, we predicted, should be widely 
different. 

The results presented in Fig. 4 demonstrate that 
the efflux of the unsaturated mixture of species is 
indeed much more rapid than that of DPPC. It 
should be mentioned that these rates were not 
measured concurrently from the same cell but 
from two populations previously treated with 
vesicles of the appropriate radioactive PC and 
PC-transfer protein to build in the radiolabel. With 
these differences m pretreatment and subsequent 
erythrocyte PC species composition, the compari- 
son cannot be expected to be as reliable as that 
based on the GLC method, but the dramatic dif- 
ferences m the rates of efflux obviously cannot be 
attributed entirely to this factor. These observa- 
tions are similarly not expected to be related to 
any preference for one or the other species ex- 
pressed by the acceptor lipoproteins, in view of the 
reported absence of any selectivity during the ex- 
change of PC between 32p-labeled rat plasma and 
rat erythrocytes, when monitored by fractlonation 
of the PC species by argentation TLC [20]. 

These findings support the interesting possibil- 
ity that the exchange protein response to dif- 
ferences in the strength of intermolecular interac- 
tions within the PC pool of biological membranes. 
This leads immediately to the conclusion that in- 
teractions occurring between unsaturated mole- 
cules are weaker than those between saturated 
ones in the erythrocyte membrane. A similar de- 
pendency of intermolecular interaction on struc- 
ture has been described in reports of model experi- 
ments that include demonstrations of a greater 
acyl chain mobility in vesicles composed of pure 
unsaturated PC species compared to the mobility 
of saturated phosphatidylcholines [23], and the 
finding that the miscibility of various phosphati- 
dylcholines with fully saturated species is reduced 
by the introduction of double bonds [24]. The 
structure-dependent interaction of PC and di- 
acylglycerols with saturated hydrocarbons is also 
used analytically as the basis for the resolution of 
molecular speoes of these glycerolipids by re- 
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versed-phase HPLC [25-27]. The basis for the 
more rapid elution of unsaturated species in the 
latter case has been suggested to be a smaller 
available contact area for hydrophobic interaction 
between unsaturated acyl chains and the saturated 
hydrocarbon stationary phase than between 
saturated molecules and the stationary phase [25]. 
It appears from our results that qualitatively simi- 
lar interactions may occur within the red cell 
membrane despite the complexity of the lipid 
milieu and the presence of a wide variety of non- 
lipid molecules. Previous reports of a more rapid 
transbilayer 'flip-flop' of unsaturated PC series, 
compared to saturated, in the erythrocyte mem- 
brane [20,28] support this conclusion. The ex- 
tremely slow efflux of DPPC may therefore be a 
reflection of an extremely strong Van der Waal's 
interaction between this species and others in the 
membrane based on the high contact area pro- 
vided by the two fully saturated chains. This factor 
may be responsible for the occurrence in VlVO of a 
significantly higher mole percentage of fully 
saturated PC species (DPPC and PSPC) in 
erythrocytes than in the surrounding plasma in 
humans, rabbits and rats [18,19]. 

This study demonstrates the application of PC- 
transfer protein as a membrane probe in an ex- 
amination of the acyl selectivity of PC species 
removed from the human erythrocyte membrane. 
This protein, in combination with capillary GLC, 
provides a convenient method for monitonng the 
transfer of all cellular PC species simultaneously 
and for this purpose represents a significant im- 
provement over methods based on radioactivity 
and fatty acid analysis. Experiments are currently 
m progress, applying these useful tools to probe 
the influence of the structure of the bulk PC 
composition on the selectivity and rates of efflux 
of PC from human erythrocytes. In this manner, 
we hope to provide additional insight into the 
nature of the intermolecular interactions occurring 
in biological membranes. 
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