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Cytoskeleton-free vesicles derived from buman erythrocytes were treated with trypsin, chymotrypsin, or
neuraminidase followed by calcium, phosphate, or combined calcium / phosphate trextments in order to study
the roles of cell surface proteins and glycoproieins in calcium /phosphate-induced cell aggregation and
fusion, Vesicle aggregation (a necessary pre-cursor to membrane fusion) ard subsequent membrane
destabilization (an essential component of fusion) were examined by freeze-fracture electron micruscopy.
Enzymatic treatment alone had ne offect on the morphivlogy of the cytoskeleton-free vesicles. Neither did
separate calcium nor phosphate treatments, although the treatment of the cytoskeleton-free vesicles with
calcium did reduce their size slightly. Enzymatic pretreamment had no effect on the calcium-induced size
changes. In contrast, the combination of calcivm and phosphate drastically disrupted the membrane integrity
of aggregated cytoskeleton-free vesicles at pH 7.8, although the effect was reduced at lower pH values. The
extent of this membrane destabilization was independent of enzyme treatment. Our results indicate: (1) thar
the celi surface proteins and glycoproteins have only secondary effects on calcivm /phosphate-induced cell
aggregation and membrane destabilization, (2) that these processes primarily depend on the reactica
between calcium and phosphate fons at the membrane surface, and (3) that cytoskeletal elements probably
play no active (positive) role in the Ca** /PO] ™ induced erythrocyte membrane fusion process, apart from
maintaining cell shape.

Introduction which is still not well understood. Previous studies
on biological membrane fusion have led to a num-
ber of proposed molecular mechanisms, some in-
volving the lipid components [1-6], and others
involving membrane proteins [78] and cyto-

The fusion of biological membranes is 2 com-
plicated process, the molecular mechanism (s) of

~ Present address: Center for Great Lakes Swdies, Univer.  Skeictal slements {9 »
sity of Wisconsin-Milwaukee, Milwaukee, W1 53201, U.S.A., Recently, a model system consisting of large
*=* Present address: Cardi lar R h Laboratory and (0.5-1.0 pm) cytoskeleton-free membrane vesicles
Deparument of Physiology, UCLA Medical fichool, Los derived from intact human erythrocytes has been

Angeles, CA 51024, U.8.A. obtained {10]. These vesicles enable one to study

Cortespondence: S. Oiki, Biophysical Sieaces Diepartment, membrane phenomena isolated from the effects of
Schoal of Medicine, SUNY at Buffalo, Buffalo, NY 14214, & Cytoskeletal network, In a recent study of mem-
US.A, brane aggregation induced by Ca®* /POy~ treat-

G005-2736 /88 /503,50 © 1988 Elsevier Science Publishers B.V. (Biomedical Division)



268

ment of cytoskeleton-free vesicle suspensions, it
was found that membrane lipids played a pivotal
roie in Ca®**/P0O}~ induced membrane vesiclc
aggregation, whereas memhbrane proteins affected
ilie process to a much smaller degree [5,11]. How-
ever, it still remains to be determined whether
calcium/phosphate induces the lateral aggrega-
tion of the proteins within the plane of the mem-
brane during ihis process, or whether protein ag-
gregation precedes the calcium/phosphate-lipid
imrsedons. in gd&dition, it is necessary o dif-
ferentiate between the products of various
Ca**/PO]~ treatments of the cytoskeleton-free
vesicles and 1o ascertain whether the contact area
between the membranes is indeed protein-free,
Such data are required to help elucidate the mech-
anism of Ca*/P0; -induced membrane apgre-
gation and fusion.

To examine these questions, eytoskeleton-free
vesicles were studied under various treatment con-
ditions by fregze fracture electron microscopy.
The effects of both calcium/phosphate, calcium
alone, as well as in combination with trypsin,
chymotrypsin, or neuraminidase treatment on the
morphology and aggregation of the vesicles were
assessed. Variations in the calcium/ phosphate ef-
fect as a function of small pH changes (7.4-8.0)
were also examined.

Materials and Methods

Preparation of cytoskeleton-free erythrocyte vesicles
Fresh bhuman blood was supplied by the
Veteran's Administration Hospital, Buffalo, NY,
The blood was used within 2-3 hours and not
cooled below room temperature before use.
Cytoskeleton-free vesicles were produced and
isolated from human erythrocytes according to the
method of Leonards and Ohki [10]). Briefly,
erythrocytes were repeatedly washed by centrifu-
gation at room temperature in isotonic solution
(150 mM NaCl) buffered with 10 mM N-
(Tris(hydroxylmethyl} methyl) glycine (Tricing)
(NaT,;”, pH 7.4) followed by washing in Na-Tri-
cine buffer containing 0.2 mM phenylmethane-
sutfonyl fluoride (PMSF) (NaT*, pH 7.4). The
erythrocyte pellets (5-6 ml) were then diluted with
NaT;" to 40 ml and incubated at 45°C. The large
cytoskeleton-free vesicles were produced from the

incubating erythrocytes by ‘budding’. This was
accomplished by titrating the cell suspensions with
ethylenediamineteiraacetic acid (EDTA) and
CaCl,. The budding and vesiculation process was
monitored microscopically. The titration proce-
dure involved the addition of EDTA and CaCl; in
increments, separated by 15-min incubation peri-
ods. Once approx. 50% of the cells were observed
to be forming buds, EDTA and CaCl, addition
were stopped, and the cell suspension was in-
cubated another 13 min, At this point, the Yuds
had been pinched off from the cells (‘mother
cells’) and were free as large vesicles in the suspen-
sion. The vesicles could then be easily separated
from the remaining intact cells, other cells, etc. by
sucrose gradient centrifugation.

Enzymatic modification of the erythrocyte ves-
icle membrane proteins was carried out with (i)
chymotrypsin (EC 3.4.21.1) (Sigma, Type II) by
using the procedure of Stegel et al. [12), (ii) trypsin
(EC 34.21.4) (Sigma, Type XI) according to the
procedure of Elgsaeter and Branton {13}, and (iii)
neuraminidase (BEC 3.2.1,28) (Sigma, Type V) as
described by Nigg et al. [14]. Quantitative analysis
of protein components of the membrane treated
by various enzymes have been described in the
previous papers. Incubation times and concentra-
tions of PO3~ (2 mM) and Ca®* (10 mM) fol-
lowed the ‘standard conditions’ developed previ-
ously {5).

Freeze-fracture electron microscopy

All samples were rapidly frozen without
cryoprotectant using the sandwich method of Boni
and Hui [15]. An aliguot (0.1 pl) of the sampte
was placed between two thin copper plates, and
the sandwich was accelerated and plunged inio
liquid propane. The samples were stored in liquid
nitrogen until fractured. Freeze-fracturing was
carried out at —120°C in a Polaron E7600 unit
evacuated by a Perkin-Elmer Ultek ultrahigh
vacuum apparatus equipped with an ion pump, at
vacuums of better than 8-10~7 torr. Platinum-
carbon was evaporated at 45°C. Carbon was
evaporated at 90°C to the specimen surface. Elec-
tron microscopy was carried out using a Siemens
101 electron microscope at 80 kV. For vesicle size
distribution analysis, about 50 vesicles were mea-
sured from each group of randomly chosen micro-



graphs. Sizes were measured by the maximal di-
ameters which scale sterologically to the mean
diameter by random sampling [16].

Turbidity measurements for cyvtoskeleton-free vesicle
aggregation

Ca?*/PQ; -induced vesicle aggregation was
monitored turbidimetrically. For a detailed discus-
sion concerning the turbidity assay, its limitations,
and the optimization of the experimental condi-
tions for studying the aggregation of these vesicles,
see Leonards and Ohki [S]. In brief, an aliquot of
the stock erythrocyie vesicles was suspended in
0.15 M NaCl, 0.05 mM EDTA, and 2 mM phos-
phate of various pH values. After the vesicles were
incubated for 10 min in the vesicle suspension
solution at 30°C, a concentrated CaCl, solution
(1 M) was added to the sample to give a final
Ca®* concentration of 10 mM. The time-depen-
dent turbidity changes were monitored continu-
ously at 400 nm (A, ) with a double-beam spec-
trophotometer (Hitachi 100-60), equipped with a
temperature-controlled cell housing connected to
a water bath/pump (Neslab Instruments). The
experimental temperature was kept at 30°C
throughout.

Resulis

Freeze-fracture electron microscory of cyto-
skeleton-free erythrocyte vesicles was carried out
to study the effects of various treatment condi-
tions on vesicle size distribution, in-
tramembranous particle distribution, and aggrega-
tion and membrane integrity of these vesicles.
Alteration of the vesicles’s surface was accom-
plished by enzymatic treatment, specifically by
modifying the membrane proteins, band 3 and
glycophorin A, Chymotrypsin is able to attack
both band 3 and glycophorin A at cleavage sites
exposed on the exterior surface of the vesicle
membrane. Enzymatic attack by trypsin is
restricted to glycophorin A because these enzymes
do not enter the vesicle [5]. Previous work on the
enzyme treatments in this system confirmcd the
modilications of the vesicle surface as shown by
SDS (NaDodS0Q,) gel electrophoresis [5]. To in-
vestigate whether the carbohydrate portions, in
particular the sialic acid residues of glycoprotein
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and glycolipids, modify the characteristics of the
cytoskeleton-free vesicles, the vesicles were also
treated with nevraminidase and compared to the
controls.

Freeze-fracture electron microscopy revealed no
alteration of the vesicle size distribution or in-
tramembranous particle distribution upon treat-
ment with chymotrypsin (Fig. 1b), as compared
with the controls (Fig. 1a). Trypsin and neu-
raminidase treatments (micrographs not shown)
also showed no differences in vesicle size distribu-
tion or intramembranous particle distribution from
control vesicles. No difference was observed in the
extent of vesicle aggregation between untreated
vesicles in the absence of calcium/ phosphate.

Phosphate and combined phosphate/enzyme
treatraents in the absence of calcium were com-
pared. There were no modifications of vesicle size
distribution, intramembranous particte distribu-
tion, or vesicle aggregation in phosphate-treated
vesicles with respect to untreated vesicles. Also,
there were no differences between phosphate alone
and phosphate/chymotrypsin, phosphate/ tryp-
sin, and phosphate/ neuraminidase treatments ob-
served (micrographs not shown).

Analogous experiments were done with calcium
in place of phosphate. An overall reduction in size
was detected in calcium-tieated and calcium/
=nzyme-treated cytoskeleton-free  erythrocyte
vesicles. The intramembranous particles in these
vesicles were more aggregated. Fig. lc shows
calcium / chymotrypsin-treated vesicles, The ves-
icle size distributions of chymotrypsin-treated and
calcium / chymotrypsin-treated vesicles were
counted and are shown in Fig. 2a and b. A shift to
smaller size vesicles upon calcium treatment is
apparent with a mean diameter shifting from 0.40
1o 0.35 pm, Similar vesicle size changes were ab-
s¢rved upon calciwm treatment irrespective of en-
zyme treaiment. However, there was no evidence
of vesicle aggregation or membrane destabilization
under these conditions.

Ca’*/P0O;~ treatment affected the mor-
phology and integrity of the vesicles in a highly
pH dependent manner (Fig. 3a, b). This is con-
sistent with previous observations of human
erythrocyte ghosts and intact chicken erythrocytes
using phase contract microscopy [17,18]. A series
of experiments were undertaken o investigate the
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Fig. 1. Fresze-iraciure eiectron micropraph of cyloskekton-fres vesicles (3} witheui prior wreatment, (8) with chymammein, and {2}
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with chymotrypsin and calcium (10 mM). Magnification bar equals 0.1 pm.
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Fig, 2. Cytoskeleton-frec vesicle size distribution of (a)
chymolrypsin-treated and (b) calcium/chymotrypsin-treated
samples.

effect of varving pH upon Ca®*/PO]™ effects on
ultrastructural changes. Vesicle suspension (with
pH values ranging from 7.4 to 8.0 in 0.2 incre-
ments) were prepared for analysis by freeze-frac-
ture. A freeze-fracture electron micrograph of
Ca**/PO}~ treatment at pH 7.4 is shown in Fig.
3a, The shape of the vesicles is preserved though
aggregation is occurring. Some degree of in-
tramembranous particle aggregation is also ap-
parent. Preparations at pH 7.6 are similar to those
of pH 74, with respect to the extent of vesicle
aggregation and disruption. Fewer intact vesicles
can be seen at pH 7.8 (Fig. 3b). At pH 80,
extensive disintegration and loss of vesicle integr-
ity is observed (micrographs not shown). This is
again consistent with the disintegrations of
erythrocyte ghosts at pH B.0 observed by others
[17,18].

Vesicle size distributions were couated for the
pH 7.4 and 7.8 suspensions, and are shown in Fig,
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Fig. 3, Froczc-fraciurs leciran miciogiaphs of eytoskeloton-frse vesicles nnder {a) Ca?* /B0 treatment 2t pH 7.4, (b) Ca’™ " /FO] ™
treatment at pH 7.8, and (c) Ca®*/PO}~ and chymotrypsin treatment at pH 7.8. Magnification bar equals 0.1 pm.

4a and b. There is a slight increase in vesicle size
from a mean diameter of 0.37 to 0.39 pm as the
pH is raised, resulting in a bimedal distribution at
pH 7.8. This suggests that some fusion among
vesicles may have occurred. The small number,
however, of intact vesicles observed at pH 7.8
limits the accuracy of the statistical results,
Freeze-fracture electron microscopy revealed no
differences with or without additional enzymatic
treatments and beiween different enzyme treat-
ments (Fig. 3c).

To augment the above electron microscopy ob-
servations, the turbidities of Ca®*/PO; " -treated
vesicle suspensions were measured as a function of
pH. The turbidity of Ca?*/PO; -treated vesicle
suspensions increased as the pH was raised over
small increments (pH 7.0-8.0). Fig. 5a shows the
time course of the net turbidity increase due to
possible vesicle aggregation; the net turbidity
equals the total turbidity of Ca®*/PO; ™ -treated
vesicle suspension minus the turbidity of
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Fig. 5. Turbidity { A4 ) of cyloskeleton-free vesicle suspensions in 2 mM PO3 ™~ +10 mM CaCl, at different pH values as a function

of time. (a) The net wurbidity due 10 vesicle aggregation which is the total wrbidity of Ca®*/PO;] ~-treated cytoskeleton-free vesicle

suspensions minus the turbidity of Ca?*/PO3 "~ solution without eytoskeleton-free vesicles a1 the same experimental conditions. (b)
The wrbidity of Ca2*/P0O} ™ solution mentioned above. The experimental procedure is given in the Materials and Methods.

Ca®* /PO~ suspension without vesicles under the
same condition. The increase in vesicle aggrega-
tion (or turbidity) (Fig, 5a) parallels the turbidity
increase of the Ca’*/PQ;~ suspension which is
due to Ca?/PO;~ complex formation (Fig. 5b). It
is noticed that the turbidity of the vesicle suspen-
sions decreased slightly at pH 8.0 (Fig. 5a).

Discussion

In this study, the effects of various treatments
with Ca®*/PQ;~ and proteolytic enzymes on the
size distribution, intramembranous particle distri-
bution, and aggregation, and membrane destabili-
zation of cytoskeleton-free erythrocyte vesicles
were evaluated using freeze-fracture electron mi-
croscopy. Our results closely correlate with previ-
ous turbidometric measnrements of cytoskeleton-
free vesicles [5], with the exception of the combined
neuraminidase/ calcium/ phosphate treatment.
When vesicles were incubated with either
chymotrypsin or trypsin, no effect on the extent of
vesicle aggregation induced by Ca®'/PO;~ was
observed. However, neuraminidase treatments re-
duced both the raics and levels of aggregation of
vesicle suspensions by 20% [5]. This reduction of
vesicle aggregation was slight and may not be
easily ascertained via the freeze-fraciure micro-
scopic observation.

Human and chicken erythrocytes and their
ghosis have been induced to apgregate and fuse by
combined phosphate/ calcium treatments [6,17,18].
Our results agree with their findings indicating
some intramembranous particle aggregation and

consequent production of smooth particle free area
on the fracture face, which is also consistert with
models of celf fusion [3]. Our results showing
production of a bimodal vesicle size distribution
at pH 7.8 in the presence of Ca®t/PO}~ are
sugpgestive of vesicle fusion. Other authors [17,18]
using phase contrast microscopy directly observed
intact cell or ghost cell fusion at pH 7.5. In
addition, Zakai et al. [17] and others [18} observed
ghost cell disintegration shortly after fusion at pH
8.0. Both our results and theirs indicate that small
pH changes lead to drastic alterations in vesicle
integrity. Aggregation of vesicles was only ob-
served at pHs higher than 7.0 (see Fig. 5). This pH
dependency parallels those of Ca?*/PO}~ com-
plex formations (see Fig. 5), indicating that the
Ca®* /PO~ complex formation is the key factor
in vesicle aggregation and in the disruption of
membranes. In our cytoskeleton-free vesicle sys-
tem, it reduced the strength and stability of the
membrane since there is no cytoskeletal protein.
This may have caused the destabilization of the
vesicle membrane observed at higher pH values.
The membrang destabilization could significantly
limit the number of intact vesicles available for
the statistical analysis and mask the direct ob-
servation of membrane fusion.

The pH dependency of the freeze fracture re-
sults confirms the cor-elations of increased pH
and turbidity measurements with the extent of
vesicle aggregation (Fig. 5). Previous authors
[6,17-19] have suggested that calcium/ phosphate
acted by modifying the cytoskeletal proteins of
erythrocytes, and consequently induced vesicle ag-



gregation and fusion, Leonards and Ohki [5,19]
and Ohki and Leonards [11] instead have sug-
gested that vesicle aggregation and disruption are
directly induced by the interaction of the
Ca**/P0O;}~ complex at the membrane surface
without cytoskeletal proteins. A third alternative
is that the cytoskeleton-free vesicles are permeable
to complexed Ca®"/PO; ™, but not Ca’" alone.
Once inside the vesicle, the Ca®* or Ca®* /PO~
complex would be able to interact with the inner
monolayer surface of th¢ membran-, inducing
lateral phase separations and thus intramembra-
nous particle aggregation as demoastrated by Ger-
ritsen et al. [20]. All three mechonisms may result
in producing particle free areas for membrane
fusion, since we observed some intramembranous
particle aggregation upon calcium/ phosphate
treatment in the absence of cytoskeletal proteins.
Extensive alterations of the vesicular surface via
enzymatic modification of the glycoproteins which
are present in our system, band 3 and glycophorin
A, and the glycolipids had no effect upon the
calcium/ phosphate-induced vesicle aggregation or
intramembranous particle aggregation. This sug-
gests that neither the cytoskeleton nor the pro-
teinaceous components of membrane proteins and
carbohydrate compoaents of glycolipids and gly-
coproteins modifiable by chymotrypsin, irypsin,
or nenraminidase play a major role (if any) in the
phenomenon occurring under these experimental
conditions.

The cytoskeleton-free vesicles maintained their
structural integrity under treatment with either
phosphate or caleium alone. However, notable
vesicle size distribution changes were observed
even with calcium treatment alone. Treatment with
10 mM Ca®" did break up some vesicles and
induce the formation of intramembranous particle
free areas. The changes, however, are minor, and
the size change is opposite to the result of mem-
brane fusion. In the absence of cytoskeletal pro-
teins, this tendency for wvesicle break-up with
calcium is interesting. Since this applies to all
samples with and without enzyme treatment, the
mechanism is likely to be a calcinm~phospholipid
interaction.

No differences in vesicle size distribution were
observed with phosphate treatment alone. Al-
though binding of phosphate to vesicle membrane
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lipids is suspected to be the major component of
calcium/phosphate-induced membrane aggrega-
tion [5,10,11], we observed no obvious effect of
phosphate on the morphology of the vesicles. Al-
terations in the distribution ¢! intramembranous
particle by phosphate were not observed. This
agrees with the suggestion. previously made that
any phosphate—-membr:ne protein interactions are
secondary and indirect [5), and are thus not re.
vealed by freeze-fracture electron microscopy.

Based on morphological data presented here,
cytoskeleton-free vesicle aggregation and mem-
brane destabilization and therefore vesicle fusion
occurs only with the combined action of Ca?* and
PO}~. Moreover, these processes are independent
of membrane protein integrity and the cytoskele-
ton which is absent. If phosphate binding to the
membrane is a precursor ic the subsequent
calcium/ phosphate reaction, membrane proteins,
as represenied by the intramembranous particle
distribution, do not seem to be aliered by this
phosphate binding. The pH sensitivity of mem-
brane disruption by calcium/phosphate is closely
linked to the precipitation characteristics of this
salt. Thus, the final reaction is likely to be a
reaction between calcium, phosphate, and mem-
brane phcspholipids {5,11).
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