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(1) The effect of glycophorin incorporation on the permeability properties of lipid bilayers is investigated by
employing a new method, in which the trap of a small permeant and a high molecular weight, non-permeable
molecule are simultaneously monitored. (2) Glycophorin induces a high permeability to potassium and
glucose in large dioleoylphosphatidylcholine vesicles. (3) The glycophorin-induced enhanced permeability is
found to be lipid dependent. By monitoring the % ratio of the glucose (permeant) /dextran (impermeant) trap
in large unilamellar glycophorin-containing vesicles, it was determined immediately after removal of
non-enclosed marker, that glycophorin-containing vesicles composed of dioleoylphosphatidylcholine were
highly permeable to glucose (% glucose/dextran trap=1.4), whereas glycophorin-containing vesicles pre-
pared from total human erythrocyte lipids demonstrated a greatly reduced permeability in glucose (%
glucose /dextran trap=>50). (4) The glycophorin-induced increased permeability appears to be related to
transbilayer movement of lipid molecules. Glycophorin induces a fast lipid-transbilayer movement of
lysophosphatidylcholine and a high permeability to potassium and glucose in dioleoylphosphatidylcholine
vesicles, whereas glycophorin-containing vesicles comprised of total human erythrocyte lipids show no
lipid-transbilayer movement and only a slight permeability enhancement to glucose, as compared to the
protein-free vesicles.

Introduction

The biological membrane provides a selective
barrier to a large variety of physiologically im-
portant solutes. This function is determined by the
structure of the cell membrane, which is conferred
by lipids and proteins, the main constituents of
membranes. Lipid bilayers, spontaneously formed
when membrane lipids are dispersed in water, are
known to be freely permeable to water and small
non-electrolytes but in general they form an effi-
cient barrier against ions and larger polar solutes.
When proteins are reconstituted into lipid model
membranes this often results in an increase of the
membrane permeability. This increase can be due
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to the formation of specific pore-type of structures
by the protein molecules themselves [1] but it can
also be the consequence of irregularities in the
structural organization of the membrane at the
lipid-protein interfaces. Such boundary effects are
also found in pure lipid systems as a result of lipid
phase separation at the temperature of the phase
transition [2]. In the boundary region of the liquid
and solid domains, defects in the packing of the
liptd molecules allow the formation of transient
pores through which small hydrated ions can per-
meate. This effect is dependent on the shape and
nature of the lipids [3]. Little is known about the
relationship between irregularities in the structural
organization of the membrane at the lipid-protein
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interfaces and transport processes including lipid-
transbilayer movement [4,5].

At present, information concerning the relation-
ship between lipid-protein interactions and barrier
properties of membranes has been mainly ob-
tained from studies on glycophorin-containing
model membranes. This membrane-spanning pro-
tein from the human erythrocyte membrane is
well-suited for such studies as the protein itself has
no known transport function.

It was reported that the conductance of black
lipid membranes is significantly increased upon
the incorporation of glycophorin [6]. Furthermore,
large glycophorin-containing dioleoylphosphati-
dylcholine vesicles were found to be permeable to
Dy?3* [7]. Also the hydrophobic tryptic peptide of
glycophorin increases the permeability of Na*
through the lipid bilayer [8]. In contrast, Mimms
et al. [9] observed that glycophorin incorporated
into vesicles prepared by the octylglucoside method
had only a negligible effect on the permeability
properties of the lipid bilayer. In addition to the
permeability data it has been demonstrated that
glycophorin incorporated into large unilamellar
dioleoylphosphatidylcholine vesicles induces trans-
bilayer movement of lysophosphatidylcholine and
phosphatidylcholine [10]. In vesicles prepared from
total erythrocyte lipids (including 45 mol%
cholesterol) glycophorin does not facilitate the
lysophosphatidylcholine transbilayer movement
suggesting that a complex mixture of lipids is
required to properly seal the lipid-protein interface
[10]. The interpretation of all these data is com-
plicated because the methods used in these studies
do not necessarily give information on the permea-
bility characteristics of the entire vesicle popula-
tion. This is particularly relevant in view of the
heterogeneity of these lipid-protein vesicles and
the possibility that part of the vesicles are ex-
tremely permeable to the molecule under inves-
tigation. In order to gain further insight into bar-
rier properties at the glycophorin-lipid interface
we study the permeability properties of glyco-
phorin-containing model membranes made of dif-
ferent lipids using a new assay which can give
reliable information even in heterogeneous sys-
tems. These results are compared to the effect that
glycophorin has on the transbilayer movement of
lysophosphatidylcholine in the same vesicles. It is

found that glycophorin incorporation in di-
oleoylphosphatidylcholine vesicles markedly in-
creases the glucose and potassium permeability of
these vesicles. Incorporation of the protein in
vesicles made of the total lipid extracts of human
erythrocytes did not significantly affect the per-
meability of these wvesicles. In that the
glycophorin-induced permeability paralleled the
glycophorin-induced lysophosphatidylcholine
transbilayer movement [10], it is suggested that
packing defects at the protein-lipid interface are
the sites of both transport processes.

Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine
(18:1,/18: 1 -phosphatidylcholine) and 16:0-lyso-
phosphatidylcholine were synthesized as described
before [11]. The total lipids of the human erythro-
cyte membrane were extracted from ghosts by
n-butanol [12]. The solvent was evaporated under
reduced pressure. The lipids were redissolved in
chloroform and cholesterol was removed on a sil-
icic acid column as described by van Dijck et al.
[13]. L-[1-'*C]16: O-lysophosphatidylcholine (57
mCi/mmol), glycerol-tri-[9,10 (n)-*H]oleate (500
mCi/mmol), D-['*CJglucose (268 mCi /mmol) and
[*H]dextran (174 mCi /g) were obtained from
Amersham International (Utrecht, The Nether-
lands). 2H,O was purchased from Merck, Sharpe
and Dohme (Montreal, Canada). Cholesterol was
obtained from Merck (Darmstadt, F.R.G.). Fresh
blood in acid-citrate dextrose was obtained from
the Central Laboratory of the Netherlands Red
Cross Blood Transfusion Service with no prefer-
ence for special bloodgroups. The enzyme
lysophospholipase II was a kind gift from the
group of Dr. H. van den Bosch from this labora-
tory. Glucose was obtained from Corn Products
Company (Utrecht, The Netherlands). Dextran,
M, 60000-90000, was obtained from Serva Labor
(Heidelberg, F.R.G.), and fatty acid-poor albumin
(bovine) was purchased from Calbiochem (San
Diego, U.S.A.). All other chemicals were of ana-
lytical grade.

Methods

Purification of glycophorin. Human erythrocyte
ghosts were prepared according to the method of
Parpart [14). Glycophorin was isolated and puri-



fied from ghosts, according to a modification of
the method of Verpoorte [15] as was described
before [16]. The purified protein showed two bands
(PAS 1 and PAS II) on sodium dodecylsulphate-
polyacrylamide gels stained with Coomassie blue
and with periodate schiff reagent [17]. The glyco-
phorin contained 2.1 pmol sialic acid /mg protein
and less than 0.4 mol phosphorus per mol glyco-
phorin.

Preparation of vesicles. Glycophorin was incor-
porated into large unilamellar lipid vesicles by the
method of MacDonald and MacDonald [18]. A
mixture of glycophorin and lipids was dissolved in
chloroform /methanol /water (150:75:1, v/v) and
dried by evaporation. The lipid-protein film was
hydrated in the appropriate buffer. This hydration
led to the formation of large unilamellar glyco-
phorin-containing vesicles (diameter 100-500 nm),
which can be purified from other structures by
stepwise centrifugation [19]. Multilamellar struc-
tures, containing little or no protein were removed
by centrifugation at 10000 X g for 10 min at 4°C.
In order to pellet the glycophorin-containing
vesicles, the supernatant was centrifuged at 37000
X g for 30 min at 4°C.

Large unilamellar vesicles without glycophorin
were prepared by the ether injection method
according to Deamer and Bangham [20] as
described in detail before [10], or by the reverse-
phase evaporation method as described by Szoka
and Papahadjopoulos [21]. These latter vesicles,
which were used for entrapment experiments, were
prepared by dissolving a dry film of 30 pmol lipid
in 3ml diethyl ether. 1.0 ml of the appropriate
buffer was added and the resulting two-phase sys-
tem was sonicated briefly (2-5 min) under nitro-
gen in a bath-type sonicator (Bransonic 12) at
0-5°C. The diethyl ether was removed under re-
duced pressure (water aspirator) by rotary
evaporation at 20-25°C. After formation of the
vesicles the suspension was kept under reduced
pressure for an additional 15 min at 20°C in order
to remove traces of diethyl ether. The vesicles were
pelleted by centrifugation at 37000 X g for 30 min
at 4°C.

Fractionation of large unilamellar glycophorin-
containing vesicles. Glycophorin-containing vesi-
cles, prepared according to the method of Mac-
Donald and MacDonald [18] and pelleted by step-
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wise centrifugation as described in the Method
section above were resuspended (=2 pmol lipid)
in 350 ul buffer (100 mM NaCl, 10 mM Tris-HCI,
pH 7.4) containing 37% (v/v) 2H,O in order to
increase the density of the solution. The suspen-
sion was centrifuged in a Beckman Airfuge at
160000 X g for 30 min at room temperature. The
supernatant which contained vesicles with a low
glycophorin content was discarded and the pellet,
consisting of vesicles with a high glycophorin con-
tent was washed two times more with 300 pl
buffer containing 37% *H,0.

Determination of entrapment capacity of vesicles
for different molecules. In order to correct for pos-
sible differences in vesicle sizes between different
preparations, methods were used in which simulta-
neously the trap of a small permeant and a large
non-permeable molecule could be determined.

(A) Hemoglobin and potassium entrapment mea-
surements.

In this method the vesicles were prepared in a
buffer containing as a large non-permeable mole-
cule hemoglobin and as a small permeant potas-
sium.

Hemoglobin-containing buffer solution was
made by lysing 5ml of washed packed erythro-
cytes in 100 ml distilled water at 4°C. After 1 h the
solution was made 10 mM in Tris and titrated
with 0.1 M HCI to pH 7.4. In order to remove
erythrocyte membranes, the solution was centri-
fuged at 37000 X g for 30 min at 4°C. The clear
(red) supernatant was made 150 mM in KCI and
was subsequently used to prepare vesicles as is
described in the Methods section above.

After the appropriate centrifugations the pel-
leted vesicles were resuspended in 1.5 ml 150 mM
choline chloride, 10 mM Tris-HCI (pH 7.4) at 4°C
and centrifuged at 37000 X g for 20 min at 4°C.
This washing procedure was repeated three times
in order to remove non-trapped hemoglobin and
potassium. After the fourth washing procedure no
hemoglobin could be detected in the supernatant.
The potassium entrapment was measured by
monitoring the amount of potassium released fol-
lowing the addition of 1% Triton X-100 using a
potassium-selective electrode as was described pre-
viously [2]. The hemoglobin entrapment was mea-
sured by reading the absorbance at 416 nm in
choline chloride buffer containing 1% Triton X-
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100. The method was calibrated using serial dilu-
tions of the original hemoglobin solution in the
same buffer.

(B) Glucose and dextran entrapment measure-
ments.

In this method *H-labeled dextran was used as
a large non-permeable molecule and '*C-labeled
glucose as a small permeable molecule. Large un-
ilamellar vesicles with and without glycophorin
were made in a buffer containing 100 mM NacCl,
10 mM Tris-HCI (pH 7.4), 11 mM glucose, 0.20%
dextran, 0.05% NaN,, 10° dpm [*H]dextran/0.5
ml and 5 - 10° dpm ['“C]glucose /0.5 ml. After the
appropriate centrifugations (as described in above)
and in some experiments after fractionation in the
same buffer containing 37% H,0, a sample of the
supernatant was withdrawn to determine the con-
centration of *H- and 'YC-radioactivity. The pel-
let, containing approx. 1 pmol of lipid vesicles,
was resuspended in 1.5 ml of 100 mM NaCl, 10
mM Tris-HCI (pH 7.4), 0.05% NaN, and centri-
fuged at 37000 X g for 10 min at 4°C. The wash-
ing procedure was repeated three times in order to
remove non-trapped dextran and glucose. After
the fourth washing procedure no dextran could be
detected in the supernatant.

The *H- and '*C-content of the vesicles was
determined 1 h after the start of the washing pro-
cedure by radioactive counting. The efficiency of
the washing procedure and possibly an aspecific
adsorbtion of glucose or dextran to the vesicles
was checked by the addition of dextran and glu-
cose only to the outside of the vesicles after their
formation. No dextran or glucose could be de-
tected in the supernatant or pellet after the wash-
ing procedure, indicating a total removal of dex-
tran and glucose from the outside of the vesicles.

Determination of the lysophosphatidyicholine
transbilayer movement. Two methods were em-
ployed to study the transbilayer movement of lyso-
phosphatidylcholine in large unilamellar vesicles.

(A) The available pool of lysophosphatidylcho-
line was determined by the use of lysophospholi-
pase as was described in detail before [10].

(B) Alternatively, the available pool of
lysophosphatidylcholine was determined by ex-
traction of lysophosphatidylcholine from the outer
monolayer of the vesicles with fatty acid-poor

albumin (bovine) as was described for the
erythrocyte membrane by Mohandas et al. [22]
and Haest et al. [23]. 0.5 ml suspension of large
unilamellar vesicles with or without glycophorin,
consisting of 99 mol% 18:1./18:1.-phosphati-
dylcholine, 1 mol% 16:0-lysophosphatidylcholine,
10° dpm L-[1-'*C]16:0-lysophosphatidylcholine,
10° dpm glycerol-tri-[9,10 (n)-*H]oleate in buffer
(100 mM NaCl, 10 mM Tris-HCI (pH 7.4)) was
mixed at room temperature with 0.5 ml of fresh
2% albumin solution in the same buffer. The final
lipid concentration in the mixture was approx.
1 mM. Immediately after vortexing a 100 pl sam-
ple was withdrawn to determine the total amount
of *H- and " C-radioactivity (100% value). At dif-
ferent times 175 ul samples were centrifuged at
160000 X g for 10 min at room temperature in a
Beckman Airfuge. After centrifugation 100 ul of
the supernatant was pipetted into a scintillation
vial in order to determine the amount of extracted
lysophosphatidylcholine. The data were corrected
for the presence of small amount of contaminating
vesicles in the supernatant. In general, less than
10% of the total amount of *H-radioactivity from
the non-extractable marker glycerol-trioleate was
present in the supernatant.

General methods. The glycophorin-content of
vesicles was measured by sialic acid determination
according to Warren [24]. Phospholipid phos-
phorus was determined according to Rouser et al.
[25] and cholesterol was measured according to
Rudel and Morris [26]. :

The lipid composition of the extract from the
human erythrocyte membrane was checked by
two-dimensional thin-layer chromatography [27]
and was found to be as was published before [28].
Also the lipid composition of the low-speed pellet
(multilayered structures with little or no protein)
and high-speed pellet (glycophorin-containing
vesicles) in the l\/{acDonald procedure were checked
after lipid extraction [29] and found to be the
same. The internal volumes of vesicles were de-
termined from entrapment measurements of he-
moglobin or dextran and used to calculate outer
radii, assuming unilamellar vesicles, a bilayer
thickness of 40 A, an area of 67 Az/molecule
phosphatidylcholine and an area of 39 A?/mole-
cule cholesterol [30].



Results

Characterization of glycophorin-containing vesicles
made of various lipid compositions

A. Unfractionated vesicles. Glycophorin-contain-
ing vesicles made of dioleoylphosphatidylcholine
or total human erythrocyte lipids were prepared
according to MacDonald and MacDonald [18] (see
Methods) in a 1:450 glycophorin /lipid molar ratio.
The size distribution histograms of both vesicle
preparations derived from freeze-etch electron mi-
crographs are shown in Fig. 1. Glycophorin-con-
taining dioleoylphosphatidylcholine vesicles have a
mean diameter of 350 =200 nm. A similar size
(mean diameter of 340 =240 nm) is found for
glycophorin-containing erythrocyte lipid vesicles,
containing 45 mol% cholesterol.

B. Fractionated vesicles. In order to gain insight
into the homogeneity of the protein-content of the
vesicle population, glycophorin-containing vesicles
prepared by the MacDonald procedure were resus-
pended in buffer containing 37% 2H,O. Vesicles
with a high glycophorin-content were pelleted at
160000 X g and separated from vesicles containing
little protein which remained in the supernatant
(Table I). Protein-containing vesicles made of di-
oleoylphosphatidylcholine recovered in the super-
natant after fractionation on 37% 2H,0 (70%) still
show a rather high glycophorin-content of 590
(lipid /glycophorin molar ratio). In the glyco-

TABLE 1
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Fig. 1. Size distribution histograms of large unilamellar glyco-
phorin-containing vesicles (protein/lipid molar ratio 1:450)
made of dioleoylphosphatidylcholine (A) and total erythrocyte
lipids including 45 mol% cholesterol (B), derived from freeze-
etch electron microscopy. Diameters of 120 randomly chosen
vesicles were measured in both vesicle populations, not includ-
ing particles with a diameter of less than 100 nm.

phorin-containing vesicle population made of
erythrocyte phospholipids 30% of the vesicles have
a very low protein-content (lipid/glycophorin
molar ratio of >900). When 45 mol% cholesterol
is present, the vesicle fraction with a low glyco-
phorin-content is even 60%, suggesting a more
heterogeneous protein distribution in the vesicle
population.

Glycophorin-induced changes in the permeabilty
properties of the lipid bilayer
The permeability properties of the lipid bilayer

FRACTIONATION AND CHARACTERIZATION OF GLYCOPHORIN-CONTAINING LARGE, UNILAMELLAR VESICLES
MADE OF DIFFERENT LIPID COMPOSITIONS IN BUFFER CONTAINING 37% 2H,0

Lipid Lipid /glycophorin % of the total
(molar ratio) amount of phospholipid
- Unfractionated 500 100
DOPC . pellet 300 30
_ .

Fractionated _ supernatant 590 70
Erythrocyte Unfractionated 590 100
phospholipids ______ . __pellet 430 70
0% cholesterol Fractionated __ supernatant >900 30
Erythrocyte Unfractionated 660 100
phospholipids —— . __pellet 320 40
45% cholesterol Fractionated “supernatant >900 60
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TABLE II

POTASSIUM PERMEABILITY OF DOPC BILAYER IN LARGE, UNILAMELLAR VESICLES

Large glycophorin-containing vesicles ?

Large protein-free vesicles

Calculated Calculated K* /Hb trap Calculated Calculated K* /Hb trap
Hb trap K* trap (%) Hb trap K* trap (%)
(pl/pmol lipid) (p1/pmol lipid) (pl/pmol lipid) (pl/pmol lipid)

48 0.15 3.1 5.0 37 74

* The glycophorin/lipid molar ratio is 1:600.

of large unilamellar vesicles were investigated using
a new method in which the trap of a high molecu-
lar weight non-permeable molecule and a small
permeant were simultaneously monitored. This
method allows one to correct for possible dif-
ferences in vesicles sizes between different pre-
parations and in particular this method can give
information on the barrier properties of the vesicles
when they are extremely permeable to small mole-
cules. In an initial experiment, the influence of
glycophorin incorporation on the permeability
properties of the lipid bilayer was investigated
using hemoglobin as a non-permeable molecule
and potassium as a small permeable ion. Large
unilamellar protein-free vesicles prepared by the
reverse-phase evaporation method [21] and large
unilamellar glycophorin-containing vesicles pre-
pared by the method of MacDonald and Mac-
Donald [18] were used to trap both hemoglobin
and potassium simultaneously. Table II shows the
calculated internal volumes derived from the
amounts of trapped potassium and hemoglobin as
is described in Methods.

The % ratio of K* /hemoglobin calculated trap
of large protein-free vesicles is 74% indicating a
26% release of potassium during the removal of
non-trapped material from the dioleoylphospha-
tidylcholine vesicles (within 2h at 4°C). The %
ratio of K* /hemoglobin calculated trap of pro-
tein-containing vesicles is 3.1%. This indicates that
glycophorin incorporation greatly increases the
potassium permeability of the vesicles such that
now 96.9% of the potassium is lost in the same
period of time. In the absence of hemoglobin the
potassium trap of glycophorin-containing di-
oleoylphosphatidylcholine vesicles was found to be
of the same order of magnitude, suggesting that

the presence of hemoglobin has no influence on
the potassium permeability measurements in these
vesicles. However, as hemoglobin has been shown
to influence the permeability properties of phos-
phatidylserine-containing vesicles [31] and a slight
adsorbance of hemoglobin to the model mem-
branes could influence the ratio of K* /hemo-
globin calculated trap, in further experiments, de-
signed to study glycophorin-induced bilayer per-
meability, we choose alternative solutes to alleviate
this possible complication.

Lipid-dependence of the glycophorin-induced per-
meability change in model membranes
In these experiments permeability determina-
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T T
®

O
| |

TRAPPED VOLUME (sl /usmol Lipid)
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Fig. 2. Glucose trap (shaded) and dextran trap (unshaded) in
large, unilamellar glycophorin-containing vesicles and protein-
free vesicles made of various lipid mixtures. A, Glycophorin-
containing vesicles made of dioleoylphosphatidylcholine (glyco-
phorin /lipid molar ratio of 1 to 500). B. Glycophorin-contain-
ing vesicles made of cholesterol-free erythrocyte lipids after
fractionation of 37% 2H,O-containing buffer (glycophorin /
lipid molar ratio of 1 to 310). C, Glycophorin-containing
vesicles made of erythrocyte lipids in the presence of 45 mol%
cholesterol, after fractionation on 37% 2H ,0-containing buffer
(glycophorin/lipid molar ratio of 1 to 330). D, Protein-free
large, unilamellar vesicles made of dioleoylphosphatidylcholine.



tions were performed using *C-labeled glucose as
small permeant and *H-labeled dextran as a high-
molecular weight, non-permeable molecule. Large
unilamellar protein-free and glycophorin-contain-
ing vesicles were prepared in buffer containing
['*Clglucose and [*H]dextran. After removal of
non-trapped material, samples were drawn to de-
termine the internal volumes of vesicles derived
from the amounts of trapped dextran and glucose.
The internal volumes of various vesicles, derived
from the amount of trapped dextran and glucose
are shown in Fig. 2. The glucose trap (shaded) is
presented together with the dextran trap (un-
shaded) for glycophorin-containing vesicles made
of various lipid compositions (A, B and C) and
protein-free vesicles (D). The results depicted in
Fig.2 clearly show large differences in glucose
trap, which has been determined for the various
vesicles compared to small differences in dextran
trap. The calculated dextran trap of glycophorin-
containing vesicles varies from 5.1 ul/pmol lipid
for dioleoylphosphatidylcholine vesicles to 9.1
pl/pmol lipid for vesicles made of erythrocyte
lipids without cholesterol. Protein-free di-
oleoylphosphatidylcholine vesicles have a calcu-
lated dextran trap of 12 ul/mol lipid. The % ratio
of the glucose/dextran calculated traps of the
same vesicles are summarized in Table III. Large
protein-free dioleoylphosphatidylcholine vesicles
show a % ratio of glucose /dextran calculated trap
of 94%, indicating a very low glucose leakage
during the removal of non-trapped material (1 h at
4°C) which is in agreement with previous results
observed by Demel et al. [32]. Variation of the
lipid composition of the protein-free vesicles by
using total erythrocyte phospholipids with and
without cholesterol has little or no influence on the
% ratio of the gucose/dextran calculated trap. In
large, unilamellar, glycophorin-containing di-
oleoylphosphatidylcholine vesicles the % ratio of
glucose /dextran calculated trap is 1.4%. This indi-
cates that glycophorin incorporation in these
vesicles greatly increases the glucose permeability
of the vesicles. The % ratio of glucose/dextran
calculated trap values in glycophorin-containing
and protein-free dioleoylphosphatidylcholine
vesicles are in reasonable agreement with the above
described % ratios of potassium/hemoglobin
calculated trap values in the same vesicles suggest-

TABLE 111

GLUCOSE PERMEABILITY OF BILAYERS MADE OF
DIFFERENT LIPID COMPOSITIONS IN LARGE, GLY-
COPHORIN-CONTAINING VESICLES AND LARGE
PROTEIN-FREE VESICLES

Protein content of the glycophorin-containing vesicles (glyco-
phorin /lipid molar ratio) (A) 1 to 500 (not fractionated); (B) 1
to 310 (after fractionation on 37% 2H,O-containing buffer);
(C) 1 to 330 (after fractionation on 37% 2H,O-containing
buffer).

.. Glucose
Lipid Dextran
%
Large Large
glycophorin- protein-
containing free
vesicles vesicles
A DOPC 14 94
B Erythrocyte lipids
0% cholesterol 15 100
C Erythrocyte lipids
45% cholesterol S0 94

ing a good similarity between the two methods
used for these vesicles. The lipid-dependence of
the glycophorin-induced high permeability of the
bilayer is evident from the % ratio of glucose /dex-
tran calculated trap values found for glycophorin-
containing vesicles comprised of erythrocyte lipids
without cholesterol (50%) after fractionation of the
vesicles on 37% 2H,O in order to remove struc-
tures with little or no glycophorin content (Table
III). It can be concluded, that glycophorin-con-
taining vesicles prepared from the total human
erythrocyte lipids including cholesterol demon-
strate a greatly reduced permeability to glucose
compared to glycophorin-containing di-
oleoylphosphatidylcholine vesicles.

The dextran trap of the glycophorin-containing
dioleoylphosphatidylcholine vesicles (5 pl1/umol
lipid, see Fig.2) is too low with respect to the
calculated trapped volume of the same vesicles
derived from the mean diameter of the protein-
containing vesicle population which is presented in
Fig.1 (11 pl/pmol lipid). However, the dextran
trap is in good agreement with the hemoglobin
trap of glycophorin -containing dioleoylphospha-
tidylcholine vesicles (4.8 ul/pmol lipid). The rea-
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son for this discrepancy is not understood, but it
should be realized that small errors in the de-
termination of the vesicle size by freeze-etch elec-
tron microscopy will result in large differences in
calculated enclosed volumes. For glycophorin-con-
taining vesicles made of the total erythrocyte lipids
the dextran trap (8.6 ul/umol lipid, see Fig.2) is
in good agreement with the calculated trapped
volume, derived from the mean size of the same
vesicles presented in Fig. 1 (=9 ul/pmol lipid).

Transbilayer movement of lysophosphatidylcholine
in large unilamellar glycophorin-containing vesicles

Glycophorin incorporation increases the trans-
bilayer movement of phosphatidylcholine and
lysophosphatidylcholine in small and large, un-
ilamellar vesicles [10,33,34]. To relate the increase
in permeability to this increase in lipid transbi-
layer movement, transbilayer movement of
lysophosphatidylcholine is investigated in the same
vesicles as have been used for the permeability
measurements. The main difference with respect to
previous studies [10] is that in this study glyco-
phorin, which has been purified without the use of
lithium diiodosalicilate, is used. At the same time a
new method for determining the transbilayer
movement of lysophosphatidylcholine is intro-
duced. Transbilayer movement of lysophosphati-
dylcholine in large, unilamellar dioleoylphospha-
tidylcholine vesicles, with and without glyco-
phorin, is measured by determining the extractable
fraction of lysophosphatidylcholine by externally
added fatty acid-free albumin.

In large, unilamellar protein-free vesicles which
do now show transbilayer movement of lysophos-
phatidylcholine [10] and which have a symmetrical
transbilayer distribution of lysophosphatidyl-
choline , 50% of the lysophosphatidylcholine is
extracted (Fig.3), demonstrating that only the
lysophosphatidylcholine from the outer monolayer
is extracted and that no transbilayer movement
lysophosphatidylcholine is introduced by this
method.

In large glycophorin-containing vesicles about
80% of the lysophosphatidylcholine is extracted,
indicating that a considerable fraction of the
lysophosphatidylcholine shows a transbilayer
movement under the influence of the lithium di-
iodosalicilate-free glycophorin.
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Fig. 3. Extraction of lysophosphatidylcholine by albumin from
large, unilamellar vesicles made of 99 mol% di-
oleoylphosphatidylcholine and 1 mol% {['*C]lysophosphati-
dylcholine at room temperature. @ @, Large, unilamel-
lar protein-free vesicles. O O, Large, unilamellar glyco-
phorin-containing vesicles (1:450 glycophorin/lipid molar
ratio).

Transbilayer movement of lysophosphatidylcholine
in fractionated glycophorin-containing unilamellar
vesicles made of different lipid compositions

The albumin extraction procedure on lysophos-
phatidylcholine in vesicles made of erythrocyte
lipids was found to be unreliable since it resulted
in irreproduceable pelleting of the vesicles during
the assay. Therefore, in this study the
lysophospholipase assay [10] was used to investi-
gate the effect of different lipid compositions on
the glycophorin-induced transbilayer movement of
lysophosphatidylcholine in the same vesicles as
were used for permeability measurements.

Degradation of lysophosphatidylcholine in large
glycophorin-containing vesicles made of the total
lipids from the human erythrocyte membrane is
shown in Fig. 4. In the absence of cholesterol, 35%
of the lysophosphatidylcholine could not be de-
graded by the enzyme. Following fractionation of
the vesicles in order to remove those vesicles which
contain little or no protein, 15% of the lysophos-
phatidylcholine could still not be degraded by the
enzyme, indicating the presence of a fraction of
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Fig. 4. Time-course of lysophosphatidylcholine hydrolysis by
lysophospholipase II in large, unilamellar glycophorin-contain-
ing vesicles at 37°C. The protein-lipid molar ratio is 1:600.
O O, Non-fractionated vesicles made of 95 mol%
erythrocyte lipids without cholesterol, 5 mol% ['C]16:0-
lysophosphatidylcholine. The protein-lipid molar ratio is 1:400.
® @, Fractionated vesicles made of 95 mol%
cholesterol-free erythrocyte lipids and 5 mol% ["C]16:0-
lysophosphatidylcholine. X X, Fractionated vesicles
made of 95 mol% erythrocyte lipids in the presence of 45 mol%
cholesterol, 5 mol% ['4C]16 : 0-lysophosphatidylcholine.

the vesicle population in which not all the
lysophosphatidylcholine is available to the en-
zyme. In fractionated vesicles prepared from total
erythrocyte lipids including 45 mol% cholesterol,
only 50% of the lysophosphatidylcholine could be
degraded, indicating no transbilayer movement of
lysophosphatidylcholine which is in agreement with
previous observations in unfractionated vesicles
[10].

The results show a related lipid-dependence
between glycophorin-induced transbilayer move-
ment of lysophosphatidylcholine and glycophorin-
induced permeability to glucose in large, unilamel-
lar protein-containing vesicles.

Discussion

The main result of the present study is that
glycophorin incorporated in large, unilamellar di-
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oleoylphosphatidylcholine vesicles greatly in-
creases the potassium and glucose permeability
through the bilayer. In strong contrast, incorpora-
tion of the protein into vesicles of the total lipid
extract of the human erythrocyte membrane only
slightly affected the barrier function of the bilayer
towards these permeants. Furthermore, there is a
striking similarity between the influence of the
protein on the permeability characteristics of the
vesicles and the effect on the transbilayer move-
ment of lipids. Literature data [10] and the present
experiments (Fig. 3) demonstrate that the protein
facilitates lysophosphatidylcholine transbilayer
movement in a similar lipid-dependent way. In
considering the molecular mechanism of the glyco-
phorin-induced changes in barrier function two
aspects should be discussed. In the first instance
the geometry of the lipid-protein interface might
be an important parameter. Although in models of
biological membranes intrinsic proteins are often
schematically represented as smooth cylinders it is
clear that the surface of the protein must be highly
irregular. To properly seal such an interface a
mixture of lipids, all with varying molecular shape,
might be required as was originally suggested by
Israelachvili [35]. In the total erythrocyte lipids a
broad spectrum of differently shaped molecules
are present and thus it is possible that the protein
is surrounded by lipid molecules of a particular
shape in such a way that no significant irregulari-
ties exist in the interface. Inherent to such a model
is a preferential association of particularly shaped
lipids with specific parts of the hydrophobic part
of the protein.

Unsaturated phosphatidylethanolamine which
due to the relatively small headgroup and large
hydrocarbon chain area has a pronounced cone
shape [36], might be important in this respect as
incorporation of dioleoylphosphatidylethanola-
mine in glycophorin-containing dioleoylphospha-
tidylcholine bilayers reduced the Dy?3* -
permeability [7]. Furthermore, it was recently
shown that large quantities of glycophorin can be
incorporated in dioleoylphosphatidylethanolamine
model membranes so that the dioleoylphospha-
tidylethanolamine which in the absence of the
protein forms the hexagonal H,, phase is now
stabilized into a bilayer organization [16]. This
also suggests that the cone-shaped di-
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oleoylphosphatidylethanolamine is counterbal-
anced by a part of the polypeptide chain with a
reversed shape. In the case of the dioleoylphospha-
tidylcholine-glycophorin bilayer statistical defects
occur as a result of a mismatch between the dy-
namic shape of the lipid and the protein molecule.

A second important aspects is the state of ag-
gregation of the protein in the bilayer. Although
these data are lacking, it can be inferred from
published data that glycophorin is present as ag-
gregates in the lipid bilayer [19]. The presence of
such aggregates might be of importance for the
barrier properties of the system as for instance in
these aggregates more hydrophilic pore-type pro-
tein structure may be formed. As the aggregation
state of the protein might be lipid-dependent this
could be an alternative explanation for the ob-
served lipd-dependence of the permeability in-
crease. However, it should be realized that the
increase in lipid transbilayer movement induced
by the protein is more difficult to imagine by this
mechanism.

An attraction of this model is that it might
explain why, in the study of Mimms et al. [9] in
which very low amounts of glycophorin were in-
corporated in vesicles using detergent methods, no
large changes in permeability were observed. Un-
der these conditions the protein might be less
aggregated. In the study of Romans et al. [8] it was
also demonstrated that the aggregates of the tryptic
hydrophobic segment of glycophorin increase the
bilayer permeability relative to the situation in
which monomers are present. These findings sug-
gest that protein concentration and aggregation
state are important in permeability and lipid trans-
bilayer movement processes and this will be a
subject for future investigations.

Acknowledgements

The investigations were carried out under the
auspices of The Netherlands Foundation for
Chemical Research (S.0.N.) and with financial aid
from The Netherlands Organization for the Ad-
vancement of Pure Research (Z.W.0.). We would
like to thank Dr. H. van den Bosch for the gift of
the lysophospholipase and Dr. T. Taraschi for
helpful discussions and grammatical advice.

References

—

Urry, D.W. (1971) Proc. Natl. Acad. Sci. U.S.A. 68, 672-676

2 Blok, M.C,, Van der Neut-Kok, E.C.M., Van Deenen, L.L.M

w

w

~1

o

11
12
13

14
15
16

18

19

20

2

—_—

22

23

24
25

26
27

28

29

and De Gier, J. (1975) Biochim. Biophys. Acta 406, 187-196
Noordam, P.C., Killian, A., Qude Elferink, R.F.M. and De
Gier, J. (1982) Chem. Phys. Lipids, in the press

Op den Kamp, JAF. (1979) Annu. Rev. Biochem. 48,
47-71

De Kruijff, B. and Van Zoelen, E.J.J. (1978) Biochim.
Biophys. Acta 511, 105-115

Tosteson, M.T. (1978) J. Membrane Biol. 38, 291-309
Gerritsen, W.J., Van Zoelen, E.1.J., Verkleij, AJ., De Kruijff,
B. and Van Deenen, L.L.M. (1979) Biochim. Biophys. Acta
551, 248-259

Romans, AY., Allen, T.M., Meckes, W., Chionelli, R.,
Sheng, L., Kercet, H. and Segrest, J.P. (1981) Biochim.
Biophys. Acta 642, 135-148

Mimms, L.T., Zampighi, G., Nozaki, Y., Tanford, C. and
Reynolds, J.A. (1981) Biochemistry 20, 833-840

Van der Steen, A T.M., De Jong, W.A.C., De Kruijff, B.
and Van Deenen, L.L.M. (1981) Biochim. Biophys. Acta
647, 63-72

Van Deenen, L.L.M. and De Haas, G.H. (1964) Adv. Lipid
Res. 2, 168-229

Maddy, A.H. (1966) Biochim. Biophys. Aca 117, 193-200
Van Dijck, P.W.M., Van Zoelen, E.J.J., Seldenrijk, R., Van
Deenen, L.L.M. and De Gier, J. (1976) Chem. Phys. Lipids
17, 336-343

Parpart, A.K. (1942) J. Cell Comp. Physiol. 19, 248-249
Verpoorte, J.A. (1975) Int. J. Biochem. 6, 855-862
Taraschi, T.F., De Kruijff, B., Verkleij, A.J. and Van
Echteld, C.J.A. (1982) Biochim. Biophys. Acta 685, 153-161
Fairbanks, G., Steck, T.L. and Wallach, D.F.H. (1971)
Biochemistry 10, 26062616

MacDonald, R.J. and MacDonald, R.C. (1975) J. Biol.
Chem. 250, 9206-9214

Van Zoelen, E.J.J., Verkleij, A.J., Zwaal, R.F.A. and Van
Deenen, L.L.M. (1978) Eur. J. Biochem. 86, 539-546
Deamer, D.H. and Bangham, A.D. (1979) Biochim. Bio-
phys. Acta 443, 629-634

Szoka, F. and Papahadjopoulos, D. (1978) Proc. Natl. Acad.
Sci. U.S.A. 75, 4194-4198

Mohandas, N., Greenquist, A.C. and Shohet, S.B. (1978) J.
Supramol. Struct. 9, 453-458

Haest, CW.M,, Plasa, G. and Deuticke, B. (1981) Biochim.
Biophys. Acta 649, 701-708

Warren, L. (1959) J. Biol. Chem. 234, 1971-1975

Rouser, G., Fleischer, S. and Yamamoto, A. (1970) Lipids
S5, 494-496

Rudel, L.L. and Morris, M.D. (1970) J. Lipid Res. 14,
363-366

Broekhuyse, R-.M. (1969) Clin. Chim. Acta 23, 457-463
Van Deenen, L.L.M. and De Gier, J. (1974) in The Red
Blood Cell (Douglas, MacN. Surgenor, ed.), pp. 147-211,
Academic Press, New York and London

Reed, C.F., Swisher, S.N., Marinetti, G.V. and Van Eden,
E.G. (1960) J. Lab. Clin. Med. 56, 281



30 Demel, R.A., Van Deenen, L.L.M. and Pethica, B.A. (1967)
Biochim. Biophys. Acta 135, 11-19

31 Papahadjopoulos, D., Cowden, M. and Kimelberg, H. (1973)
Biochim. Biophys. Acta 330, 8-26

32 Demel, R.A., Kinsky, S.C., Kinsky, C.B. and Van Deenen,
L.L.M. (1968) Biochim. Biophys. Acta 150, 655-665

33 Van Zoelen, E.J.J., De Kruijff, B. and Van Deenen, L.L.M.

23

(1978) Biochim. Biophys. Acta 508, 97-108

34 De Kruijff, B., Van Zoelen, E.J.J. and Van Deenen, L.L.M.
(1978) Biochim. Biophys. Acta 509, 537-542

35 Israelachvili, J.N. (1977) Biochim. Biophys. Acta 469, 221-
225

36 Cullis, P.R. and De Kruijff, B. (1979) Biochim. Biophys.
Acta 559, 399-420



