Biochimica et Biophysica Acta, 727 (1983) 255-265 255
Elsevier Biomedical Press

BBA 71515
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The incubation of human erythrocyte white ghosts with phosphatidylcholine (PC) vesicles or cholesterol /
phosphatidylcholine (C /PC) vesicles under hypotonic or isotonic conditions generated membrane protein
cross-links. The latter appeared in the form of a high molecular weight polymer after SDS-polyacrylamide
gel electrophoresis. The polymer started to develop within a few minutes of incubation, arising largely from
spectrin, and required 24 h or more for completion. It occurred regardless of cholesterol depletion undergone
by the ghosts in the presence of PC vesicles. It was not reversed upon further incubation in a hypotonic,
vesicle-free medium. When initial incubation was carried out under hypotonic conditions, a number of other
alterations were recorded: (i) spectrin extractibility was abolished; (ii) ghosts became gradually impermeable
to vesicles within a few hours, a process referred to as slow ‘resealing’ and generating an irreversible
sequestration of the vesicles; (iii) intramembrane particles aggregated and blebs free of intramembrane
particles pinched off inward or outward. When initial incubation was conducted under isotonic conditions, the
following was observed: (i) spectrin was unextractible, as could be expected; (ii) vesicles did not enter the
ghosts, a fact indicating an immediate and complete impermeabilization of ghosts to vesicles, a process
referred to as fast ‘resealing’; (iii) intramembrane particle aggregation and blebs free of intramembrane
particles were also present. When initial incubation was performed under isotonic conditions, but in the
absence of vesicles, the polymer failed to be associated with spectrin inextractibility. These data support the
view that lipid vesicles generate a high molecular weight polymer-associated, slow resealing of erythrocyte
ghosts that differs, at least in part, from the polymer-free, fast resealing induced by a vesicle-free isotonic
medium. Resistance to S-mercaptoethanol of the polymer makes unlikely the sole participation of disulfide
bonds. Absence of added Ca’* in the medium is inconsistent with the transglutaminase-catalyzed formation
of amide linkages. When ghosts were separated from the vesicles by a cellophane membrane upon hypotonic
incubation, spectrin remained extractible and no polymer developed. Sonication of the vesicles under
nitrogen and in the presence of butylated hydroxytoluene did not prevent the formation of the polymer.

Abbreviations: C/P, cholesterol-to-phospholipid molar ratio; line; SDS, sodium dodecyl sulfate; TEMED, N, N, N’ N'-tetra-
C/PC, cholesterol /phosphatidyicholine; PC, phosphatidyicho- methylethylenediamine.
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Therefore, one can rule out the involvement of such bifunctional, diffusible compounds as malonyldialdehyde
that are likely to arise from lipid peroxidation and to cross-link membrane proteins through Schiff base
formation. Thiobarbituric acid-reactive material remained hardly detectable. At the present time, the
vesicle-induced cross-links do not clearly resemble any of those commonly encountered between erythrocyte

membrane proteins.

Introduction

Cross-linking of proteins refers to the formation .

of covalent bonds between distinct polypeptide
chains, generating high molecular weight poly-
mers. Erythrocyte membrane proteins are likely to
undergo cross-linking under a variety of condi-
tions. Oxidant stress may induce disulfide bonds
[1-3] that are recognizable since they are reducible
with B-mercaptoethanol. In some instances, oxi-
dant stress may also lead to non-reducible cross-
links [4,5]. In these cases, it has been postulated
that lipid peroxidative breakdown products, such
as malonyldialdehyde, produce the cross-links
through Schiff base formation [6]. More recently,
attention has been drawn onto another type of
cross-link, involving the formation of amide lin-
kages catalyzed by a Ca’* -dependent trans-
glutaminase [7-11).

Each of these modifications brings about im-
portant changes of ghost properties. It should be
pointed out, however, that ghost proteins can
acquire alterations that do not apparently involve
the establishment of covalent bonds and that, in
any event, do not engender any high molecular
weight polymer, thus remaining electrophoretically
‘silent’. This is the case, for example, of white
erythrocyte ghosts incubated under isotonic condi-
tions and undergoing ‘resealing [12,13]. By reseal-
ing, we shall refer in this paper to the rendering of
white ghosts impermeable to lipid vesicles (and not
to cations), in a way similar to that used by
Johnson and Kirkwood for hemogilobin [12,13].

In an initial search of the effects of cholesterol
depletion on various erythrocyte membrane pro-
teins, we noted that incubation of human erythro-
cyte white ghosts with phosphatidylcholine (PC) or
cholesterol /phosphatidylcholine (C/PC) vesicles
lead to the formation of a high-molecular-weight
polymer associated with dramatic changes of ghost
characteristics. The polymer was hypothesized to
result from membrane protein (mainly spectrin)

cross-linking. Cross-linking was unexpected, since
it did not appear when intact red cells were used
instead of ghosts [14]. We describe a number of
alterations associated with, if not resulting from,
the high-molecular-weight polymer ghosts are in-
cubated with vesicles: loss of spectrin extractibil-
ity, redistribution of intramembrane particles and
bleb formation and, in hypotonic conditions, pro-
gressive impermeabilization of ghosts to vesicles.
The cross-links are not disulfide bonds. They do
not seem to arise from the transglutaminase-cata-
lyzed synthesis of amide linkages. Nor do they
seem to result from amino group bridges with such
bifunctional reagents as malonyldialdehyde
through Schiff base formation.

Material and Methods

Chemicals. 1-a-Phosphatidylcholine from egg
yolk (fraction V E) and cholesterol were purchased
from Sigma; SDS, TEMED and ammonium per-
sulfate from BioRad. Most of the other chemicals
were obtained from Merck. Glycerol tri-[9,10(n)-
*H]oleate was obtained from Amersham Interna-
tional.

Preparation of erythrocyte ghosts. Blood was col-
lected from healthy volunteers in heparin.
Erythrocytes were washed three times with cold
isotonic solutions. Ghosts were prepared essen-
tially according to Dodge et al. [15] and stored at
~70°C. They were thawed only once and washed
with 5 mM Tris buffer (pH 7.5) at 4°C, before use.

Preparation of PC and C / PC vesicles. PC and
C/PC vesicles refer to (i) vesicles containing PC
and (ii) vesicles containing cholesterol and PC (in
a molar ratio of 0.85), respectively. 100 mg PC (PC
vesicles) or 33 mg cholesterol + 66 mg PC (C/PC
vesicles) in organic solvents were mixed with
glycerol tri-[*H]oleate, a non-exchangeable marker
which was used to detect the presence of vesicles
associated with the ghosts after their co-incubation



and to calculate the vesicle recovery after sonica-
tion. The solvents were evaporated under nitrogen
at 30°C. The lipid mixture was redissolved in 10
ml ethanol, evaporated again and then dispersed
in 30 ml of either 5 mM Tris (pH 7.5) alone or 5
mM Tris (pH 7.5) and 140 mM NaCl, two media
that defined the hypotonic or the isotonic condi-
tions, respectively.

Dispersion was sonicated at 4°C for 15 min
with a probe sonicator to form unilamellar vesicles.
Sonication was performed under air or nitrogen
and/or in the presence of butylated hydroxy-
toluene. Following sonication, centrifugation
(100000 x g, 1 h, 4°C) pelleted undispersed lipids
and titanium particles. The supernatant contained
60-80% of the initial amount of lipids in the form
of vesicles. C/PC vesicles after sonication usually
had a C/P ratio of about 0.85. Vesicles were
prepared fresh before each incubation.

Standardized incubations were performed un-
der agitation at 25°C for 15 h in hypotonic (5 mM
Tris (pH 7.5)) or isotonic (5 mM Tris (pH 7.5)/140
mM NaCl) medium containing 0.5 mM NaN,.
Ghost protein concentration was approx. 0.1
mg/ml. The C/PC or PC vesicle /ghost ratio (mg
PC/mg protein) was between 10 and 25. PC
vesicles induced a 15-30% cholesterol depletion in
erythrocyte ghosts. After incubation, suspensions
were centrifuged (27000 X g, 4°C, 15 min) in order
to pellet erythrocyte ghosts. Supernatants were
concentrated 25-fold by ultrafiltration using
Amicon PM-10 filters or Minicon B-15 cells.
Membrane pellets were washed thrice with the
hypotonic solution in all cases. Proper amounts of
the supernatants and pellets were saved for ana-
lytical procedures (see below).

In typical experiments, two subsequent incuba-
tions (15 h, 25°C) were carried out. G1, G2 and
G3 refer to ghosts pelleted following an initial
incubation under hypotonic conditions with buffer
alone (G1), C/PC vesicles (G2) or PC vesicles
(G3). S1, S2 and 83 refer to the corresponding
supernatants. G11, G12, and G13 designate the
ghost pelleted after subsequent incubation of Gl,
G2 and G3, respectively in a still hypotonic, but
now vesicle-free medium. S11, S12 and S13 desig-
nate the corresponding supernatants. G4, G5 and
G6 refer to ghosts pelleted following initial in-
cubation under isotonic conditions with buffer
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alone (G4), C/PC vesicles (G5) or PC vesicles
(G6). S4, S5 and S6 refer to the corresponding
supernatants. G14, G15 and G16 designate the
ghosts pelleted after subsequent incubation in a
hypotonic, vesicle-free medium of G4, G5 and G6,
respectively. S14, SIS and S16 designate the corre-
sponding supernatants.

In another type of experiment, ghosts were
placed in a dialysis bag (Spectrapor: M, cut-off
3500) in order to be physically separated from the
vesicles during incubation. Otherwise, incubation
was conducted as usual wit PC vesicles at 25°C,
for 15 h. At the end, the content of the bag was
centrifuged to separate the ghosts pellet and the
supernatant. Malonyldialdehyde was assayed in
the supernatant (see below).

Analytical procedures. Protein determination was
performed according to Lowry et al. [16], using
bovine serum albumin as standard. SDS-poly-
acrylamide gel electrophoresis of membrane pro-
tein was carried out essentially according to Fair-
banks et al. [17]. B-Mercaptoethanol was used at
the basal concentration of 6 mM, in order to
suppress background aggregates that unavoidably
develop and impede the reproducibility of the
electrophoretic profiles. 100 mM S-mercapto-
ethanol was used to tentatively reduce more specific
aggregates due to other disulfide bonding. Protein
bands were numbered according to Fairbanks et
al. [17]. Membrane lipid were extracted with iso-
propanol /chloroform [18). Cholesterol content was
measured either chemically with o-phthalaldehyde
(19] or enzymatically with cholesterol oxidase
(Boehringer-Mannheim). Both techniques yielded
the same results. Phospholipids were determined
according to Bartlett {20]. The amount of exoge-
nous lipids reflecting vesicle attachment was as-
sayed by measuring the radioactivity of the lipid
extract, or was derived from phospholipid or
cholesterol measurements. Oxidation products
arising from the breakdown of polyunsaturated
long-chain fatty acids (assumed to be mainly
malonyldialdehyde) were determined with the
thiobarbituric procedure [21,22]. The purity of the
PC used, as well as that of the sonicated vesicles,
was checked for the absence of lysoPC by TLC
with chloroform/methanol/H,0 (65:35:8, v/v)
Since no lysophosphatidylcholine was detectable,
its amount, if any, was less than 1%, of the phos-
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phatidylcholine, given the sensitivity of the tech-
nique.

Freeze-fracture electron microscopy. Samples of
ghost suspensions were fixed at 37°C for 30 min
with 2.5% glutaraldehyde in $ mM Tris (pH 7.5).
They were washed once with 5 mM Tris (pH 7.5)
and permeated with 30% glycerol. They were then
frozen into copper discs by immersion into liquid
Freon 22 cooled by liquid nitrogen. The freeze-
fractures were carried out in a Balzers BA-360M
apparatus at — 118°C under 2 - 10~ torr vacuum.
Replicas consisted of platinum carbon shadowing
and a carbon coating. They were cleaned overnight
with sodium hypochloride and washed in distilled
water. They were observed with a Philips EM 300
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electron microscope. The shadowing direction is
indicated by an arrow on each micrograph.

Results

Protein changes

After hypotonic incubation (Figs. 1 and 2),
spectrin was partially absent from G1. As is classi-
cal [17], the missing fraction was recovered in Sl.
Most unexpectedly, in the presence of C/PC or
PC vesicles, spectrin was lacking completely in S2
and S3, and at the same time a high-molecular-
weight polymer appeared in G2 and G3. The
polymer was not reduced by 100 mM g-
mercaptoethanol. It became apparent within 15
min of incubation, but increased over a period of

Fig. 1. SDS-polyacrylamide gel electrophoresis of ghost membrane proteins. Ghosts were incubated (0.1 mg protein,/mi) as described
in *Material and Methods’ either in hypotonic (G1-G3) or in isotonic (G4-G6) medium, without (G1 and G4), or with C/PC vesicles
(G2 and G5) (C/P =0.85, 17 mg PC/mg protein) or PC vesicles (G3 and G6) (24 mg PC/mg protein). After three washes in
hypotonic medium they were reincubated (0.1 mg/ml) in the same vesicle-free hypotonic medium (G11-G16). G refer to ghost pellets
and S to the corresponding supernatants. —, 6 mM B-mercaptoethanol; +, 100 mM B-mercaptoethanol. FTG: {reshly thawed ghosts.
For ghost pellets, 15 ug protein were applied. For supernatant, 20 u] after 25-fold concentration, were applied. In S3, a visible artefact
reproducibly occurred at the level of spectrin. Major protein bands were numbered according to Fairbanks et al. [17]. 9§+ spectrin
bands 1 and 2 in S1 and S11: . occurrence of bands between bands 5 and 6 in S11-S13; <-, band 6 (glyceraldehyde-3-phosphate

dehydrogenase) in S4~S6.
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Fig. 2. Scanning of the protein electrophoretic profiles. Gels of Fig. 1. were scanned at 530 nm. The high-molecular-weight polymer
could not be recorded because it lies at the edge of gel. For experimental details, see Fig. 1.

Fig. 3. (Gel on right.) SDS-polyacrylamide gel electrophoresis of membrane proteins of ghosts placed in a dialysis bag and incubated
in hypotonic medium with PC-vesicles. Ghosts were placed in a dialysis bag (2 mg protein/6 ml) with the vesicles outside (33 mg PC
in 18 ml of hypotonic buffer). G, ghost pellet; S, supernatant. No high-molecular-weight polymer appeared in G (100 mM
B-mercaptoethanol) and spectrin was normally extracted in S. In addition, no lipid change occurred in G (not shown). In the dialysis
bag the malonyldialdehyde concentration was 0.12 pM (control without vesicles, 0.05 pM).

24 h (not shown). Although a reduction of the
whole electrophoretic profile was observed, the
most affected components were, by far, compo-
nents 1 and 2. The same changes were observed
irrespective of whether PC or C/PC vesicles were
used, a fact indicating that cholesterol depletion,
induced by PC vesicles, brought about no further
effect, at least none detectable (Figs. 1 and 2).
Therefore, incubation with PC or C/PC vesicles
induces partial cross-linking of spectrin that leads,
among other consequences, to loss of spectrin ex-
tractibility and to what we will call the slow reseal-
ing of the ghosts (see below). A subsequent in-
cubation in a still hypotonic, but vesicle-free

medium caused a minute amount of spectrin to be
further extracted into Sil (Fig. 1). Nevertheless,
there still appeared no spectrin in S12 and S13 and
the high-molecular-weight polymer appeared un-
changed in G12 and G13. These results show that
the alterations due to the first incubation are irre-
versible.

When the first incubation with vesicles was
carried out under isotonic conditions, a similar
B-mercaptoethanol-resistant polymer became ap-
parent (G5 and G6) and no spectrin was extracted
in S5 and S6. As is classical [17], spectrin was not
extracted in S4 either (vesicle-free medium). In this
case, however, no high-molecular-weight polymer
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was visible in G4. Therefore, the molecular altera-
tion that is responsible for spectrin inextractibility
from G4 into S4 and for what we will call fast
resealing of the ghosts (see below), did not gener-
ate any high molecular weight polymer and thus
was electrophoretically silent. As is also classical
[17], band 6 (glyceraldehyde-3-phosphate dehydro-
genase) was partially extracted from G4 into S4. It
was present in S5 and S6 as well, despite the
formation of the polymer in G5 and G6. Incuba-
tion under hypotonic conditions, but in the pres-
ence of 2.5 mM Mg?* that is known to also
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Fig.4. Lipid content of ghosts. Ghosts were incubated as
described in ‘Material and Methods’ either in hypotonic (GO,
G1-G3) or in isotonic (G'0, G4-G6) medium, at 4°C (GO and
G’0) or 25°C (G1-G6), without (G1 and G4), or with C/PC
vesicles (G2 and G5) or PC vesicles (G3 and G6). Cholesterol
(hatched area), phospholipid (white area) and protein contents
were measured after three washes in hypotonic medium to
remove the vesicles. Increases of the phospholipid contents
were measured both by phosphorus assay and radioactive
counting of a non-exchangeable marker ({*Higlycerol trioleate)
incorporated in the vesicles during their sonication. Both meth-
ods gave the same values. Values are mean+S.E. of seven
experiments (hypotonic) or four experiments (isotonic). *, P <
0.05; **, P < 0.0l

induce fast resealing [13), resulted in the abolition
of spectrin extractibility, but not in polymer for-
mation; nor was band 6 extracted (not shown).
Subsequent incubation in a hypotonic, vesicle-free
medium left the polymer unchanged (G15 and
G16). It restored spectrin extractibility neither in
S15 or S16, nor in Si4.

A number of other electrophoretic changes were
visible: (i) further reduction of the profile after the
second incubation (G11-G16), (i) narrowing of
band 3 and decrease in band 4.1 in G4-G6,
G11-G16 and (ii1) occurrence of bands between
bands 5 and 6 in S11-S13. Although these changes
were in general reproducible, we do not know their
meaning. The unusually long and stressing treat-
ments applied to ghosts presumably account for
part of them.

In order to test the hypothesis that the forma-
tion of the high-molecular-weight polymer could
be mediated by some low-molecular-weight com-
pound such as malonyldialdehyde, ghosts were
incubated under hypotonic conditions with PC
vesicles after having been placed in a dialysis bag
(Fig. 3). After incubation, the concentration of
thiobarbituric acid-reactive material (assuming that
this material was entirely accounted for by
malonyldialdehyde) was 0.1-0.2 puM in the super-
natant of the dialysis bag content. All the vesicle-
induced effects, i.e., polymer formation and spec-
trin inextractibility, as well as vesicle uptake and
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Fig. 5. Kinetics of the uptake of vesicles by the ghosts. Ghosts
were incubated (0.3 mg protein/ml) with PC (@) vesicles (12.2
mg PC/mg protein) or C/PC (O) vesicles (10.4 mg PC/mg
protein) in hypotonic medium for various times. A: vesicle
uptake is expressed as the increase in the phospholipid content
(4PL) in mg/mg protein. B: semi-logarithmic plot of the
difference between the vesicle uptake at 24 h (APL,,) and the
vesicle uptake at each time (APL,); in this experiment the time
constants were 7, = 44 min and 7, = 6.6 h.



cholesterol depletion (see below) were missing. This
critical experiment showed that direct contact of
the vesicles with the ghosts is required for the
high-molecular-weight polymer to appear. In
another experiment, PC vesicles were sonicated
under N, in a medium containing butylated hy-
droxytoluene (100 pg/ml). Although the presence
of the antioxidant reduced slightly the amount of
thiobarbituric acid-reactive material in the vesicle
suspension (3 pM instead of 6 pM without buty-
lated hydroxytoluene and assuming that this was
malonyldialdehyde alone), it was unable to pre-
vent the generation of the high-molecular-weight
polymer when these vesicles were incubated with
the ghosts.

Lipid changes

Ghosts incubated in hypotonic, vesicle-free
medium at 25°C (G1) exhibited a parallel increase
of phospholipids and cholesterol (9%) relative to
control ghosts incubated at 4°C (GO) (Fig. 4).
These increases were accounted for by the de-
crease of membrane proteins extracted from Gl
into S1. In G2 and G3 incubated with C/PC and

TABLE1

EFFECT OF REINCUBATION IN VESICLE-FREE HYPO-
TONIC MEDIUM AND TRYPSINIZATION ON THE VES-
ICLE RELEASED FROM ERYTHROCYTE GHOSTS

Erythrocyte ghosts were incubated in hypotonic medium con-
taining C/PC (G2) or PC vesicles (G3) as described in Material
and Methods. After three washes, aliquots were taken for
measurement of the phospholipid uptake and the remaining
membranes were reincubated for 15h at 25°C in the same
medium alone or for 10 min at 25°C with this medium contain-
ing 0.01% trypsin (+T) or no trypsin (—T). The percentage of
the initially associated vesicles which were released by each
treatment is shown (mean value +S.E. when n, the number of
experiments was 4, or mean value when n was 2). The low
percentage of vesicles released in these conditions could corre-
spond to the removal of externally attached vesicles and thus
indicated that the majority of the vesicle were irreversibly
sequestrated inside the ghosts.

G2 G3 n

Hypotonic
medium 142462 172460 4
-T 6.8 2.8 2
+T 18.9 8.2 2
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Fig. 6. Temperature and vesicle concentration dependence of
the vesicle uptake by the ghosts. Ghosts were incubated in
hypotonic medium (0.1 mg/ml) at various temperatures with
PC vesicles (41 mg PC/mg protein) or with different amounts
of PC (@) vesicles or of C/PC (O) vesicles. Vesicle uptake is
expressed as the increase in the phospholipid content (APL) in
mg/mg protein. Regression lines: PC vesicles ( ) y=
0.03 x +0.21 (n=20), r=0.6867, P <0.01; C/PC vesicles
(------ ),y =0.03 x +0.05 (n = 5), r = 0.6966, n.s.

PC vesicles, respectively, since no protein was ex-
tracted into S2 and S3 (see Fig. 1), the increases of
cholesterol and phospholipids (G2) and of phos-
pholipids (G3) corresponded to a net uptake of
vesicles (Fig. 4). At comparable vesicle concentra-
tions (expressed as mg PC/mg membrane protein)
during the incubation, the phospholipid uptake
was always smaller with C/PC vesicles (G2) than
with PC vesicles (G3) (Fig. 4, see also Fig. 5 and
6). Cholesterol depletion was observed in G3 re-
sulting from a net movement of cholesterol to-
wards the cholesterol-free phospholipid vesicles as
classically described [23]. The time-course of the
uptake (Fig. 5) was biphasic, displaying a rapid
phase for the first 2 h (time constant 7, = 30-50
min) followed by a slow phase (7, = 5-10 h). Re-
incubation of G2 and G3 for 15 h at 25°C in a
vesicle-free, hypotonic medium as well as mild
trypsinization (10 min, 25°C, 0.01%) did not re-
lease any substantial amount of vesicles (Table I).
These results indicated that the uptake was irre-
versible and was not an adsorption. The uptake
was dependent on the temperature and on the
vesicle amount added per mg ghost protein with
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no apparent saturation over the range tested
(Fig. 6).

Under isotonic conditions, no lipid change was
visible in G4. The small increase of phospholipids
noticed in G5 and Gé6 (incubated with C/PC and
PC vesicles, respectively) was not statistically sig-
nificant, indicating the virtual absence of vesicle
uptake. Incubation in hypotonic medium contain-
ing 2.5 mM Mg?* greatly reduced the vesicle
uptake (not shown), in a way similar to incubation
in the isotonic medium.

Morphological changes

On the freeze-fracture electron micrograph of
G3 (Fig. 7) and in G2 (not shown), numerous lipid
vesicles (20-30 nm) could be seen entrapped within
the ghosts, some of them being very close to the
internal face of the membrane. This result associ-
ated with the irreversibility of the uptake (see
Table 1) indicates that the ghost were irreversibly
resealed on the vesicles, 1.e., that the vesicle uptake
was a sequestration. In addition, some blebs
(150-250 nm) were always observed in G3, some
of them pinching off from the ghost surface to-
wards the outside or the inside (Fig. 7¢ and d).
Blebs were nearly devoid of intramembrane par-
ticles. In G5 and G6 (not shown), although exten-
sive membrane vesiculation occurred, some blebs
were also detected (not shown). When the fracture
went through the plane of the membrane, which
occurred less frequently than in control ghosts,
slight aggregation of intramembrane particles was
seen in G3 (Figs. 8¢ and d) and to a lesser extent
in G1 (Fig. 8b). In control ghost (G0) the in-
tramembrane particles were evenly distributed, as
is classical (Fig. 8a).

Discussion

Whenever erythrocyte ghosts have been exposed
to lipid vesicles, a high-molecular-weight polymer
resistant to S-mercaptoethanol, has developed
regardless of the tonicity of the medium and of the
vesicle composition. This polymer, not dissociated
by SDS, reflects the formation of covalent link-
ages, since the detergent breaks all classes of non-
covalent bonds. It arose mainly, but not exclu-
sively, from spectrin that appeared the most al-
tered protein on the electrophoretic profiles. Al-
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though no accurate determination of the polymer
formation kinetics was feasible, it can be said that
it started to occur within 15 min of incubation and
required 24 h or more to be completed. Protein
aggregates in erythrocyte membranes have been
reported in various conditions. Disulfide bond for-
mation may occur after ATP depletion [24] or
treatment of cells with oxidative agents: Cu-o-
phenanthroline, tetrathionate or diamide {1]. The
irreducible nature of the polymer proves that dis-
ulfide bonds, if any, are not its sole cause. A
second possibility is the synthesis of amide lin-
kages between glutamic acid é-carboxyl groups
and lysine e-amino groups, a reaction catalysed by
a Ca**-stimulated transglutaminase [7-11]. But
relatively high Ca?* concentrations (over 300 pM)
which were never reached in our preparations (no
Ca** added), are required, and also the bulk of
the enzyme appears to be cytosolic [25]. Thus the
occurrence of amide linkages seems very unlikely.

Under hypotonic conditions, the formation of
the high-molecular-weight polymer was associated
with a progressive vesicle uptake by the ghost that
obeyed a biphasic kinetics. The first phase was
presumably accounted for by the simple equilibra-
tion of the vesicles on both sides of the membrane.
After a few hours, it was overtaken by a second
phase that is likely to reflect the gradual tightening
of the polymer meshwork, i.e., a slow resealing
process of the ghosts. This was demonstrated by
the presence of entrapped vesicles within the ghosts
on the electron micrographs (Fig. 7) and also by
the virtual absence of vesicle release upon further
incubation in a vesicle-free medium. Although the
intensity of the polymer apparently did not differ
accordingly whether PC/ or C/PC vesicles were
used, more of the former than of the latter vesicles
were always sequestrated. PC vesicles have a diam-
eter of about 22-25 nm [26,27] whereas C/PC
vesicles a diameter of about 36 nm [28]. We can
conclude that the ghosts initially possess pores of
about 40 nm, a figure in agreement with that
proposed by Seeman [29] for the size of the tran-
sient holes of the erythrocyte membrane during
osmotic hemolysis (20-50 nm).

The polymer-associated, vesicles-induced, slow
resealing contrasts with the polymer-free salt-in-
duced fast resealing when ghosts are incubated in
isotonic media (or in hypotonic media containing
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Mg?*). Such resealing was fast enough to prevent
the entry of the vesicles into the ghosts from the
beginning of the incubation. This is in agreement
with the results of Jonnson and Kirwood {12,13]
who observed a complete resealing to hemoglobin
in about 15 min, after a 10 min pre-equilibration
period at 0°C. However, the slow, polymer-associ-
ated resealing gradually developed even though
the vesicles were kept outside the ghosts. For this
reason, we though that some diffusible, low-molec-
ular-weight compound such as malonyldialdehyde
might be responsible for the protein cross-links. A
minute amount of thiobarbituric acid reactive
material (approx. 3-6 uM, assuming that
malonyldialdehyde only was involved) was found
in our vesicle preparations. This material remains
constant all over the experimental period, in par-
ticular during the sonication (whether it was con-
ducted under air or nitrogen, in the absence or in
the presence of butylated hydroxytoluene) and
during the incubation with ghost. However, these
malonyldialdehyde concentrations were lower than
those usually required to achieve protein cross-links
in vitro (over 15 pM) [5]. They were also lower
than those (15 pM) resulting from white ghost
treatment with 5 mM hydrogen peroxide in the
presence of catalytic amount of reintroduced he-
moglobin and associated with, but not necessarily
responsible for, protein cross-linking [30]. In any
case, they must be considered with caution be-
cause they largely reflect the generation of per-
oxidative products in the course of the thiobarbi-
turic acid reaction itself. When ghosts were sep-
arated from the vesicles by a dialysis membrane
during the incubation, and then centrifuged, the
concentration of thiobarbituric acid-reactive
material in the vesicle-free supernatant dropped to
0.1-0.2 pM, values similar to those observed in the
control without vesicles. In this experiment, the
absence of the high-molecular-weight polymer in
the ghost pellet and the presence of spectrin in the
supernatant (Fig. 3) clearly indicated that the
thiobarbituric acid-reactive compounds, if any,
were unable to generate the changes observed un-
der standard conditions. Thus, direct contact of
vesicles, at least with the outer surface of the
ghosts, is required to produce the high-molecular-
weight polymer.

A common consequence of both types of reseal-

ing was the loss of spectrin extractibility. Re-
markably, neither type of resealing affected the
extractibility of band 6, a fact assigning some
degree of specificity to the molecular changes in-
volved. In contrast, however, Mg?* -induced, poly-
mer-free fast resealing prevented band 6 from
being extracted (not shown), clearly indicating that
isotonicity is required in order to release glyceral-
dehyde-3-phosphate dehydrogenase.

Beside resealing and spectrin inextractibility,
two other possible consequences of the formation
of the high-molecular-weight polymer were de-
tected. In hypotonic medium, intramembrane par-
ticles slightly aggregated, resulting in the forma-
tion of smooth lipid areas from which membrane
blebs, almost devoid of intramembrane particles,
were pinched off. In isotonic medium, although
ghosts were extensively fragmented into smaller
membrane vesicles, the same effects were also de-
tected. Aggregation of intramembrane particles
and bleb formation have been described previ-
ously by Elgsaeter et al. [31] in the same mem-
branes treated with protamine sulphate. The effect
of this basic protein was interpreted as a result of
contraction of the spectrin meshwork because it
induced spectrin precipitation in solution and was
throught to produce its aggregation in the mem-
brane. These authors also reported that divalent
cations ([Ca’* ] over 5 mM) had the same effects
on morphology and might cause the closing of the
pores. Thus, the presence of lipid vesicles led to
the same morphological rearrangements as those
provoked by a basic protein or divalent cations.
Spectrin reorganization resulting (or not) in the
formation of stable cross-links could be at the
origin of all the other process including resealing,
spectrin inextractibility, intramembrane particle
redistribution and bleb formation.

Numerous previous studies have shown the ex-
istence of specific interactions between Integral
and peripheral membrane proteins [32-35]. More
recently, the occurrence of a spectrin-ankyrin-band
3 complex has been demonstrated [35-37}, and
protein 4.1 is thought to interact with PAS protein
(glycoconnectin) [38]. We have assumed that spec-
trin cross-linking was the cause of the in-
tramembrane particle aggregation. However, as
these cross-links can occur from the outside of the
membrane (isotonic medium), the possibility also



exists that the intramembrane particle aggregation
was the first event leading to the formation of the
high-molecular-weight polymer. In one case only,
where membrane protein cross-links develop (ATP
depletion in rat erythrocytes) intramembrane par-
ticle aggregation has been observed {39]. It is thus
not possible to decide whether or not the high-
molecular-weight polymer is the cause or the con-
sequence of intramembrane particle aggregation.
In a different perspective, one might bring to-
gether the impairment of spectrin extractibility
artificially generated in the present work, and that
naturally occurring in hereditary spherocytosis
{40,41], a condition in which the cells are prone to
spontaneous vesiculation. Interestingly, no polymer
appears when intact erythrocytes are incubated
with vesicles [14]. One may assume that osmotic
hemolysis induces preliminary membrane altera-
tions permiting the cell membrane-vesicles interac-
tions.

In this paper, we have described the develop-
ment of membrane protein cross-links associated
with other membrane property changes when
erythrocyte ghosts are incubated with lipid vesicles.
To our knowledge, no such phenomenon has been
described before. Just as for salt-induced changes
of peripheral proteins, the elucidation of the gene-
sis and of the chemical nature of the cross-links
has been only partially characterized.
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