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The non-specific phospholipid transfer protein purified from bovine liver has been used to modify the 
phospholipid content and phospholipid composition of the membrane of intact human erythrocytes. Apart 
from an exchange of phosphatidyicholine between the red cell and PC-containing vesicles, the protein 
appeared to facilitate net transfer of phosphatidylcholine from the donor vesicles to the erythrocyte and 
sphingomyelin transfer in the opposite direction. Phosphatidylcholine transfer was accompanied by an 
equivalent transfer (on a molar basis) of cholesterol. An increase in phosphatidyicholine content in the 
erythrocyte membrane from 90 to 282 nmol per 100/tl packed cells was observed. Phospholipase C treatment 
of modified cells showed that all of the phosphatidylcholine which was transferred to the erythrocyte was 
incorporated in the lipid bilayer. The nonspecific lipid transfer protein used here appeared to be a suitable 
tool to modify lipid content and composition of the erythrocyte membrane, and possible applications of this 
approach are discussed. 

Introduction 

The localization of phospholipids in the human 
erythrocyte membrane has been studied in detail. 
Most of the methods used are based on a modifi- 
cation of the phospholipids (hydrolysis, coupling 
to reactive probe molecules), and it will be obvious 
that, as a result of such modifications, the bilayer 
structure can change which in turn may lead to 
erroneous interpretations of the data obtained (re- 
viewed in Ref. 1). Recently, a relative mild and 
non-modifying technique was developed which is 
based on a one-for-one exchange of phospholipid 
molecules between two different membrane sys- 
tems as mediated by phospholipid transfer pro- 
teins [2]. The approach has been worked out in 
detail, using the phosphatidylcholine specific 
transfer protein from bovine liver and was applied 
to study both the localization as well as the trans- 

bilayer mobility of PC in the human erythrocyte 
membrane [2-4]. 

It was of interest to investigate if the organiza- 
tion of other phospholipids in the erythrocyte 
membrane could be studied in a similar, non-de- 
structive fashion and therefore we tried a proce- 
dure developed by Crain and Zilversmit [5] in 
which a nonspecific lipid transfer protein was used. 
Recently, several laboratories reported the purifi- 
cation of a nonspecific lipid transfer protein which 
showed a broad specificity towards various phos- 
pholipids and sterols as well as glycosphingolipids 
[6-11]. Application of this protein in phospholipid 
localization experiments showed, however, that in 
addition to the exchange of lipids a net transfer of 
lipids was facilitated by the protein [9,12,13] which 
may hamper a straightforward interpretation of 
the results obtained in these studies. On the other 
hand, the multiple functions of this nonspecific 
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lipid transfer protein offer the possibility to mod- 
ulate, in a controlled fashion, the lipid composi- 
tion of a membrane and provides an elegant tool 
to study the effects that such changes may have on 
membrane structure and function [14-17]. This 
report describes such modulations of both the 
content and composition of the lipids in the mem- 
brane of intact human erythrocytes, which may 
have relevance for the study of red cell abnormali- 
ties known to be associated with particular types 
of liver diseases. 

Materials and Methods 

Human red cells, 10 ml of which were collected 
in 2.2 ml of a solution containing 80 mM sodium 
ci trate/28 mM citric acid/183 mM glucose, were 
washed three times with buffer containing 280 
mM sucrose/10 mM NaCI /1  mM E D T A / 2 0  mM 
glucose/10 mM Tris-HC1 (pH 7.4) which will be 
referred to as 'standard buffer' throughout. Un- 
ilamellar vesicles containing equimolar amounts of 
phospholipids (97% phosphatidylcholine (PC) and 
3% phosphatidic acid, molar ratio) and cholesterol 
were prepared and described elsewhere [3]. Non- 
specific lipid transfer protein was purified from 
bovine liver according to Crain and Zilversmit [7], 
and stored at - 2 0 ° C  in 100 mM potassium phos- 
pha t e /5  mM 2-mercaptoethanol/50% glycerol 
(v /v)  (pH 6.8). The nonspecific lipid transfer pro- 
tein was dialyzed overnight against 300 volumes of 
standard buffer prior to use. 

Incubation with transfer protein. Incubations 
were routinely performed at 37°C with gentle rota- 
tions. The mixture contained erythrocytes (100/tl  
packed cells corresponding to 390 nmol phos- 
pholipid), unilamellar vesicles (2.2 ~mol phos- 
pholipid) and were incubated with 25 ttg non- 
specific lipid-transfer protein. In a number of ex- 
periments smaller amounts of erythrocytes and 
equivalent amounts of other constituents were 
used. 

The final hematocrit was 33%. After various 
incubation times, samples were taken from the 
mixture, diluted with a 6-fold volume of standard 
buffer and centrifuged at 2500 × g for 5 min. The 
erythrocytes were washed two times with standard 
buffer to remove residual vesicles and transfer 
protein and were extracted according to Rose and 

Oklander [18]. Lipid extracts were analyzed for 
total amount of phospholipid [19] and cholesterol 
[20]. The content of different lipid species was 
analyzed after two-dimensional thin-layer chro- 
matography [21]. 

Incubation with phospholipase C. Cells which 
had been pre-incubated with the nonspecific lipid 
transfer protein and vesicles which contained trace 
amounts of glycerol[1-14C]oleate (40 cp m /n m o l  
PC) and egg phosphatidyl[N-methyl)4C]choline (6 
cpm/nmol )  for 2 h as described above, were iso- 
lated by centrifugation and resuspended in a buffer 
containing 150 mM NaCI /10  mM CAC12/25 mM 
glucose/10 mM Tris-HC1 (pH 7.4). Purified phos- 
pholipase C from Bacillus cereus [22] was added 
(7.5 IU/100/ . t l  packed cells) and incubation was 
performed at 37°C for 2 h. Thereafter, cells were 
isolated, washed twice with the buffer described 
above, which contained 20 mM EDTA and 20 
mM o-phenanthrolinium chloride instead of CaCI 2- 
Cells were extracted [18] and lipid extracts were 
separated by one-dimensional thin-layer chro- 
matography on silicagel (60 HR) using hexane/  
diethyl ether/acet ic  acid (85 : 15 : 2, v/v),  as devel- 
oping system. Radioactivity was measured from 
areas on the plates corresponding to glycerol tri- 
oleate, cholesteryl oleate and PC. 

Incubations with phospholipase C were carried 
out also on erythrocytes which had been pre- 
labeled (using the nonspecific lipid transfer pro- 
tein) with 1-[14C]palmitoyl-2-palmitoyl-sn-glycero - 
3-phosphocholine. In this case lipid extracts were 
separated by thin-layer chromatography using 
c h l o r o f o r m / m e t h a n o l / 2 5 %  a m m o n i a / w a t e r  
(90 : 54 : 5.5 : 5.5, v /v)  as developing system, and 
radioactivity was determined in areas correspond- 
ing to PC and diacylglycerols. 

Results 

When red cells, unilamellar vesicles and transfer 
protein were incubated under conditions described 
in Materials and Methods and in the legend to 
Fig. 1, net transfer of lipids from donor vesicles to 
erythrocytes occurs, as is shown by an increased 
phospholipid as well as cholesterol content of the 
cells. In control incubations without nonspecific 
lipid transfer protein, the amount of lipid in the 
erythrocyte did not alter. Cholesterol and phos- 
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Fig. 1. Transfer of phospholipids and cholesterol to erythro- 
cytes. Human  erythrocytes were incubated with PC/cholesterol  
vesicles in the standard buffer at a hematocrit value of 33% and 
with gentle rotation at 37°C. At time points indicated aliquots 
were taken, the erythrocytes were isolated by centrifugation 
and the total phospholipid content ( I ,  O) and cholesterol 
content (11, D) were determined. The incubations were carried 
out with (open symbols) and without (closed symbols) non- 
specific lipid transfer protein and data are expressed as nmoles 
of phospholipid and cholesterol, respectively, per 100/~1 packed 
cells. The utmost  right figure shows the molar ratio 
cholesterol/phospholipid. 

pholipids are transferred in equimolar amounts, 
resulting in an unaltered cholesterol/phospholipid 
ratio of the intact erythrocyte throughout the in- 
cubation period. In general, no additional transfer 
was observed after the initial lipid level had been 
raised by 30-50%. 

Not only the total lipid content in the cell is 
altered by the action of the transfer protein, also 
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the phospholipid composition of the membrane 
changes drastically. Table I shows how the abso- 
lute amount and relative content of the various 
phospholipid classes in the membrane of intact 
erythrocytes are modified by an incubation in the 
presence of unilamellar PC/cholesterol vesicles 
and nonspecific lipid transfer protein. The con- 
centration of PC increases 3-fold, which value 
corresponds with an enhancement from 89.6 to 
282.0 nmoles per 100 ffl packed cells, causing a 
change in relative composition of the other phos- 
pholipid classes. The effect of the incubation on 
the sphingomyelin content was also dramatic. The 
absolute amount of this phospholipid decreased 
with 42% from 92.2 nmoles to 53.4 nmoles per 100 
/J.l packed cells, whereas on the other hand, the 
aminophospholipids, phosphatidylethanolamine 
and phosphatidylserine, declined hardly in con- 
tent. 

The data presented in Fig. 1 and Table I allow 
the conclusion that apart from exchange net trans- 
fer of lipids is a major process carried out by this 
transfer protein. Also exchange is stimulated, as 
can be concluded from the observation that the 
increase in specific radioactivity of PC in the 
erythrocyte is higher than expected from the net 
transfer of PC alone (data not shown). Thus, un- 
labeled PC and sphingomyelin move from the 
erythrocyte to the donor vesicles and radioactive 

TABLE I 

ALTERATIONS IN THE PHOSPHOLIPID COMPOSITION OF ERYTHROCYTES AFTER INCUBATION WITH NON-  
SPECIFIC LIPID TRANS F E R  PROTEIN AND P C / C H O L E S T E R O L  VESICLES 

Absolute and relative phospholipid composition of erythrocytes incubated in the presence of PC/cholesterol  vesicles with and without 
non-specific lipid transfer protein, under conditions described in the Materials and Methods. Isolated erythrocytes were extracted and 
the phospholipids were separated by two-dimensional TLC according to Broekhuyse [21]. The amounts  of individual phospholipids 
were determined by phosphate analysis [19]. Data are expressed as nmol phospholipid P per 100 ~1 packed cells (left) and as % of total 
phospholipid present (right). nsLTP, nonspecific lipid transfer protein; Sph, sphingomyelin; PE, phosphatidylethanolamine; PS, 
phosphatidylserine. 

nmol % 

- nsLTP + nsLTP A -- nsLTP + nsLTP 
mean + S.D. mean + S.D. mean + S.D. mean -+ S.D. 

PC 89.6 + 11.8 282.0 + 0.2 + 192.4 28.7 4- 3.8 61.3 _+ 0.2 
Sph 92.2_+ 6.4 53.4+ 0.2 - 3 8 . 8  29.5-+2.1 11.6-+0.1 
PE 87.8 -+ 6.2 84.8 -+ 13.6 - 3.0 28.1 _+ 2.0 18.4 _+ 2.9 
PS 42.2_+13.8 40.0_+ 1.6 - 2 . 2  13.5-+4.4 8.7-+0.3 

Tot. 311.8 38.2 460.2 15.6 + 148.4 100 100 
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PC is transferred the other way round. Both 
processes result in a decrease of sphingomyelin 
and a net increase of phosphatidylcholine. That 
phosphatidylethanolamine and phosphatidylserine 
are not transferred, is understandable, because 
these phospholipids are predominantly located at 
the inside of the erythrocyte and are not accessible 
for the transfer protein [1,2]. Finally, cholesterol is 
transferred but in this case it is not certain whether 
the transfer is exclusively mediated by the non- 
specific lipid transfer protein. A decrease in 
cholesterol /phospholipid molar ratio in the 
erythrocyte membrane is induced by the net trans- 
fer of PC, resulting in a concomitant increase in 
cholesterol/phospholipid molar ratio in the donor 
vesicle. As shown in various studies [23-25], such 
a difference in cholesterol/phospholipid ratio will 
be equilibrated by spontaneous transfer of 
cholesterol. 

The composition of donor and acceptor mem- 
branes can have an effect on the direction and 
extent of the phospholipid transfer, as is illustrated 
by incubation of the red cells with the non-specific 
lipid transfer protein and vesicles consisting of 
variable amounts of PC and sphingomyelin. In- 
cubation of red cells, under identical conditions as 
described in Table I, with vesicles containing 
equimolar amounts of cholesterol and either PC 
alone, PC/sphingomyelin (4:5,  mole/mole) ,  or 
sphingomyelin alone, resulted in shifts of the 
erythrocyte phospholipid compositions which re- 
semble that of the donor vesicles. It is shown in 
Table I that in the absence of sphingomyelin in the 
donor system the absolute amount of this lipid in 
the erythrocytes decreases from 92.2 to 53.4 nmoles 
per 100 #1 packed cells, which results in a P C /  
sphingomyelin ratio of 5.3. When donor vesicles 
are used which contain both PC and sphingomye- 
iin (4:5 mole/mole)  the PC content of the 
erythrocytes decreases (90.3 to 85.5 nmoles) and 
their sphingomyelin content increases (78.4 to 92.2 
nmoles) upon incubation with nonspecific lipid 
transfer protein. By omission of PC from the 
donor vesicles, the loss of PC from the erythro- 
cytes is even more pronounced (87.8 to 69.9 
nmoles) whereas in this case a substantial enrich- 
ment of the erythrocytes with sphingomyelin is 
measured (from 80.9 to 149 nmoles/100 #1 packed 
cells), which results in a final PC/sphingomyelin 

ratio of 0.5. The small variations in the absolute 
values of initial sphingomyelin content have to be 
ascribed to differences in phospholipid composi- 
tion of membranes from various donors. A change 
in the aminophospholipid content of the cells was, 
as previously noted, not significant under these 
conditions. 

To distinguish whether the accumulation of the 
lipids in the erythrocytes is indeed due to the 
transfer activity of the nonspecific lipid transfer 
protein, inserting individual lipids in the red cell 
membrane, to fusion of lipid vesicles with 
erythrocytes or to contamination of donor vesicles 
which stick to erythrocytes, experiments were car- 
ried out using vesicles which were supplemented 
with non-exchangeable markers [13] as well as 
experiments which involve phospholipase C treat- 
ments. Triacylglycerols and cholesteryl esters are 
such lipids for which transfer proteins, in general, 
have no affinity, and thus 'transfer'  of these com- 
ponents from donor to acceptor membrane sys- 
tem, may reflect a comparable amount of con- 
taminated or fused vesicle phospholipid or 
cholesterol. In order to characterize the net trans- 
fer of lipids to the erythrocytes by the transfer 
protein, both non-exchangeable markers glycerol 
tri[1-14C]oleate and cholesteryl [1-14C]oleate to- 
gether with egg phosphatidyl[N-methyl-~4C]choline 
as an exchangeable lipid were incorporated in egg 
PC/cholesterol  vesicles. Incubation with erythro- 
cytes and nonspecific lipid transfer protein were 
performed, the results of which are shown in Table 
II. The control incubations, containing only 
erythrocytes and vesicles, clearly demonstrate that 
the amount of PC originating from contaminated 
or fused vesicles is low, as can be determined from 
the amounts of the non-exchangeable markers 
glycerol trioleate and cholesteryl oleate. The radio- 
activity in the phosphatidylcholine fraction accu- 
mulated more, probably due to a spontaneous 
exchange of phospholipids, which is known to 
occur between donor and acceptor membranes, be 
it at a very low rate [26]. Incubation of red cells 
and vesicles in the presence of nonspecific lipid 
transfer protein considerably increased the amount 
of the non-exchangeable markers in the erythro- 
cyte membranes. As is demonstrated in Table II, 
almost 25% of the total PC which is transferred to 
the red cells can be ascribed to contamination or 
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TABLE lI 

TRANSFER OF PHOSPHATIDYLCHOLINE TO ERYTHROCYTES 

Erythrocytes (30 ~1 packed cells) were incubated for 2 h with unilamellar vesicles which contained in addition to equimolar amounts 
of egg PC and cholesterol, trace amounts of glycerol tri[1-14C]oleate (20 cpm/nmol  PC), cholesteryl [1-14C]oleate (40 cpm/nmol  PC) 
and egg phosphatidyl[N-methyl-14C]choline (6 cpm/nmol  PC). Incubation conditions were as described in the legend to Fig. 1. 
Erythrocyte lipids were analyzed as described in Materials and Methods. Radioactivity measurements of individual lipids after 
thin-layer chromatographic separation revealed the amounts of total PC transferred as well as the amounts of glycerol trioleate and 
cholesteryl oleate. The latter values were used to calculate the extent of contamination of erythrocytes with adhering vesicles assuming 
that both cholesteryl oleate and glycerol trioleate are non-exchangeable markers. Data are expressed as nmoles PC. 

Total PC 
transferred 

PC present as contamination based on 

Glycerol Cholesteryl 
trioleate oleate 

Vesicles + erythrocytes 
Vesicles + erythrocytes 

+ non-specific lipid transfer protein 

5.2±0.2 2.0±0.2 2.2±0.2 

68.1±2.3 18.1±5.1 32.3±1.3 

fusion, when this is determined on the basis of 
glycerol triolate and even 40% when cholesteryl- 
oleate is used as non-exchangeable marker. How- 
ever, both markers are present in the same vesicle 
and if one assumes that the vesicle composition is 
homogeneous, the results indicate that no more 
than 25% of the PC increase in the erythrocytes 
can be ascribed to contamination or fusion. 
Another approach to discriminate between ex- 
change, fusion and contamination is based on a 
combination of the use of non-exchangeable 
markers and a method which recognizes PC not 
incorporated in the lipid bilayer. We have used 
therefore the phospholipase C purified from Baci l -  

lus cereus which is unable to attack its substrate in 
intact red cell membranes [27], whereas the phos- 
pholipids in the vesicle bilayer will be readily 
degraded. In case of binding of intact vesicles to 
the erythrocytes, the PC in these vesicles will be 
easily hydrolyzed by the phospholipase and thus 
be detected as contamination. Erythrocytes, previ- 
ously incubated with non-specific lipid transfer 
protein and vesicles containing 14C-labeled fatty 
acyl PC, were isolated and subsequently treated 
with phospholipase C. Indeed the PC molecules 
organized in the vesicles, are easily degraded by 
the phospholipase C and the radioactivity is re- 
covered as diacylglycerol, whereas the PC mole- 
cules in the 'lipid-loaded' erythrocytes are not 
converted into radiolabeled diacylglycerol by the 
phospholipase C treatment (data not shown). These 
observations therefore obviously prove that the 

phosphatidylcholine, which is transferred from the 
donor vesicles to the erythrocyte by .the non- 
specific lipid transfer protein, is indeed incorpo- 
rated into the bilayer rather than being present as 
vesicles, which adhere to the erythrocytes. Thus, it 
becomes clear from these experiments that both 
glycerol trioleate and cholesteryl oleate are inap- 
propriate to detect a nonspecific adherence of the 
lipid vesicles to the red cell membrane in case of 
incubations with nonspecific lipid transfer protein. 

The mechanism of this lipid transfer between 
donor and acceptor membranes is unknown. One 
of the possibilities, arising in particular from the 
data presented in Table II and the observations 
using phospholipase C, could be that the non- 
specific lipid protein mediates a fusion between 
the vesicles and the red cell membrane. The fact 
that the increases in the amounts of glycerol tri- 
oleate, cholesteryl oleate and phosphatidylcholine 
in the erythrocyte membrane are not identical 
indicates that fusion alone cannot account for the 
lipid transfer. In addition, the observation that 
sphingomyelin is transferred from the intact 
erythrocyte to the vesicles, does not support the 
occurrence of a fusion mechanism but suggests an 
actual lipid transfer. However, the most simple 
alternative explanation for the variation in the 
amounts of different lipids transferred to the 
erythrocytes could be that, in contrast to what is 
generally assumed,  glycerol trioleate and 
cholesteryl oleate can be transferred by the partic- 
ular nonspecific lipid transfer protein we used and 
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cannot be, therefore, considered as 'non-ex- 
changeable'. 

Discussion 

The data presented above indicate that the non- 
specific lipid transfer protein can perform various 
functions. Of course, exchange of individual lipid 
molecules can be stimulated but the observations 
presented in Fig. 1 and Table I show that also net 
transfer of lipids is enhanced by the protein. The 
mechanism by which both events take place is 
unknown, be it that Nichols and Pagano [28] have 
suggested that nonspecific lipid transfer protein 
functions to increase spontaneous transfer 
processes by binding to the vesicles and non- 
specifically enhancing the rate of monomer-vesicle 
dissociation and association. Adherence of vesicles 
to erythrocytes can be excluded (see Table II). 
Fusion may occur, be it that it cannot explain the 
transfer of PC completely. 

The results of these studies demonstrate that 
the nonspecific lipid transfer protein is able to 
alter the content and composition of the lipids in 
the membrane of the intact erythrocyte. Therefore, 
the protein can be useful to modify normal 
erythrocytes so as to mimic abnormal red cells, 
which are often acquired in patients with a liver 
disease. These hemolytic syndromes are associated 
with a disordered plasma lipoprotein metabolism, 
inducing red cell modifications [29-36]. 'Spur' cells 
are such abnormal erythrocytes, which are char- 
acterized by an increased content of cholesterol 
and PC, be it that the total amount of phospholi- 
pids is comparable to that in normal erythrocytes 
[23,29,33,36]. Elevated amounts of PC and 
cholesterol are also found in the so-called 'target'  
cells. These red cells are characterized by their 
targeted appearance, due to an increased surface 
area induced by an elevated lipid content 
[29,31,33,35]. The amount of cholesterol may range 
between 25% and 75% above normal in these cells, 
whereas the enhancement in phospholipid content 
is approx. 60%. Changes in phospholipid composi- 
tion do not concern all phospholipids, but are 
usually confined to phosphatidylcholine [29,33]. 
Similar alterations in PC and cholesterol content 
can be induced in normal red cells by incubating 
them together with PC/cholesterol  in the presence 

of nonspecific lipid transfer protein (Fig. 1 and 
Table I). Furthermore, shifts in the PC/sphingo- 
myelin molar ratio can be easily induced by using 
nonspecific lipid transfer protein and vesicles con- 
taining variable amounts of these two phospholi- 
pids and cholesterol. A decrease in PC, which is 
compensated for by an increase in sphingomyelin, 
is observed in acanthocytes, a red cell abnormality 
occurring in patients with congenital Abetali- 
poproteinemia [29,37]. 

Although variations in the amount of cholesterol 
in the red cell membrane can be obtained by in 
vitro incubations of the intact cells with vesicles 
containing either phospholipid or phospholipid/- 
cholesterol, this technique does not allow a trans- 
fer of phospholipids to any significant extent 
[23-25,29,37]. Using the nonspecific lipid transfer 
protein it is possible now, to modify the following 
characteristics of the membrane of the intact 
erythrocyte: (i) the total lipid content, (ii) the 
cholesterol/phospholipid ratio, as well as (iii) the 
composition of the phospholipid fraction. There- 
fore, this protein can be used to modify normal 
red cells to such an extent, that their lipid com- 
position a n d / o r  content resemble that of specific 
types of red cell abnormalities. 
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