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Echinocytosis and release of microvesicles from human erythrocytes treated with the impermeant fluorescent dye
merocyanine 540 (MC540) has been correlated with the extent of dye binding to intact cells and ghosts. At 20°C
binding appeared to saturate at about 9.3+ 10° molecules per cell (3.6 mol /160 mol phospholipid), equivalent to an
expansion of the outer leaflet lipid area of about 2.7%. Stage 3 echinocytes were formed upon binding of (3-4) - 10°
molecules of MC540 / cell (about 1.3 mol / 100 mol ph i lent to an of the outer leaflet lipid
area of about 1.0%. Negligible release of microvesicles was observed with N:C540 at 20°C. Binding of MC540 to
P ghosts was approxil twice that to cells suggesting that there was no selective binding to the unsaturated
(more fluid) phospholipids which are concentrated in the inner lipid leaflet of the membrane. At 37°C apparent
maximal binding of MC540 was about 3.2 mel /100 mol ph ipid and correl. with the | release of
microvesicles from the cells as measured by release of phospholipi i These results are
discussed in relation to the bilayer couple hypothesis of Sheetz and Singer (Proc. Natl. Acad. Sci. USA 7i (1974)

4457-4461).

Introduction

The bilayer couple hypothesis of Sheetz and Singer
[1], which built on earlier work of Deuticke [2] and
Evans (3], sought to explain drug-induced ch in

by outer lipid leaflet expansion [13,14] or inner leaflet
contraction [15,16] can proceed to the point where
membrane material is lost to the medium in the form of
microvesicles, but there appears to be no information

erythrocyte morphology in terms of the preferenual

lation of drug into one of the leaflets
of the membrane lipid bilayer, leading to differential
expansion of that leaflet and a consequent local curva-

garding the precise relative change of membmne leaf-
let area 'y 10 cause i

We were initially interested in the binding of MC540
to erythrocytes because of reports [17-19] that this
hydrophoblc fluorophore only bound to cells which had

ture of the membrane. Support for this and
simple idea has grown over the last decade [4-7} and
the hypothesis has been generalised to include cases
where differential contraction of either of the lipid
leaflets by removal of lipid also gives rise to predic.able
changes in morphology [8-11]. However, estimates of
the amount of outer lipid leaflet expansion necessary to
induce echinocytosis have ranged from 1.5% to 4%
[4-7], generally higher than theoretical estimates of
0.7% [7] or 0.4% [12] based on geometrical considera-
tions. Under some circumstances echinocytosis induced
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g a rear angement of their normal asymmelnc
ion of ph

ﬂuldlly of the ouler hpld leaflet. It was suggsted that

i and idylserine
which are rich in unsaturated (fluid) fatty acids and
which are normally mainly confined to the inner lipid
leaflet of the erythrocyte membrane [20] can under
some circumstances migrate to the outer leaflet and
there promote the binding of MC540 which was pre-
sumed to interact strongly with fluid lipids but not with
gel-phase fipids [18). The results of our experiments do
not support this suggestion and indicate that MC540
binds equally well to inner and outer leaflet lipids.
However, MC540 proved to be an appropriate tool with
which to relate the degree of outer leaflet expansion to
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echinocytosis and microvesicle release, for the following
reasons. Firstly, insertion and orientation of MC540 in
the membrane can be accurately analysed. Secondly,
MC540 selectively inserts into the cuter membrane
leaflet because its 1 ansbilayer migration is very slow
[18]. Thirdly, MC540 is a compact and rigid molecule 50
that from its volume its b

in butanol using excitation at 540 nm in a Perkin-Elmer
LS-5 fluorimeter. Reextraction of the residual cell pellet
with butanol, ethanol or 2:1 methanol/chloroform
showed that the initial butanol extract of the cells
accounted for > 99% of MC540 originally bound and
that the results were not significantly (< 2%) affected

P g

effect can be easily calculated.
Methods
MC540 was obtained from Sigma Chemical Co. and

was dlssqlved ata concemrauon of 1 mM in ethanol or
IOmMm Egg phosphatidylcholi

by ination with unbound dye. The
resuspended cells and ghosts were extracted with 2:1
methanol/chloroform and their total phospholipid con-
tent was assayed as described previously {21].

In some experiments separate sampies of cells were
incubated with MC540 as above and echinocyte forma-
uon at each concemrauon of dye was assessed by light

It 1ot dvleh

and dimy p line were also
from Sigma and wcre icated at a ion of 1

btained

y of the two plastic cover
slips. The degree of echinocytosis was quantified

mM in 150 mM NaCl, 10 mM Hepes-NaOH buffer, 0.1
mM EDTA (pH 7.4) using an MSE sonicator (12 p
peak to peak amplitude).

Emission spectra were measured in a Perkin-Elmer
luminescerce spectrometer using an excitation wave-
length of 540 nm. The spectrum of 1 ml of a2 100 nM
solution of MC540 was analysed in 150 mM NaCl, 10
mM Hepes-NaOH buffer (pH 7.5) in the presence of (a)
washed erythrocyte membranes (100 nmol lipid phos-
phorus); (b) 100 nmol egg phosphatidylcholine soni-
cated for 5 s; (c) 100 nmol of dipalmimylphosphalidyl-
choline sonicated as for (b) but for 20 =; (d) 0.5 mg of
bovine serum albumin. The emi; P! of 100
nM MCS540 was alse measured in various organic
solvents including a range of homologous n-alkanols,
chloroform and benzene.

Fresh human blood (20 mi) was collected in 150 mM
NaCl containing 1 mM EGTA and erythrocytes were
washed three times by centrifugation in 50 ml oi 159
mM NaCl, 10 mM Hepes-NaOH buffer (pH 7.4). White
ghosts were prepared from 1 ml of packed cells by lysis
in 50 mt of ice-cold 10 mM Tris-HCl buffer (pH 7.6)
containing 0.1 mM EGTA followed by three washes by
centrifugation (30000 X g 10 min) in the same solution.

Various concentrations of MC540 (0-20 pM) were
added to washed human erythrocytes (20 gl of packed
celis) or packed ghosts (20 p1) suspended in 1-ml aliquots
of 150 mM NaCl 10 mM Hepes-NaOH buffer (pH 7.5)
in 1.5 ml Eppendorf plastic tubes. Parallel control sam-
ples containing MC540 but no cells or ghosts were also
prepared to correct for non-specific binding to the
tubes. After incubation at 20°C for 5 min the samples
were centrifuged in an Eppendorf bench centrifuge at
14000 rpm for 5 min and the supernatant solution was
removed. The pellet was resuspended in 1 ml of the
original buffer and a 50-u1 sample of the

g to the 1 of Bessis [22].

Experi to reiease of mi icles were
carried out as above but at 27°C in glass tubes and
using a total volume of 4 ml. Microvesicle release was
quantified in terms of phospholipid and acetylcho-
linesterase lost from the cells as descnbed prekusly
[13,21]. Cell lysis was
(418 nm) and was expressed as !he percemage of tolal
cell haemoglobin which was not sedimentable after high
speed centrifugation.

Estimates of the dimensions of the MC540 molecule
wete made from a computer dlsplay usmg Desklop
N lar Modeller (Oxford El F Ox-
ford University Press, Oxford, U.K.). The dlmensnons of
the hydrophobuc part of the molecule were fcund to be
18.5 X 9 X 4.5 A, giving a cross-sectional area of about
40 A2, These values agree with a calculation of the
membrane voiume of the hydrophobic portion of MC540
based on the work of Kita and Miller [23], which gave a
value of 700 A%,

Results

Binding of MC540 to cells and membranes at 20°C
(Fig. 1) increased with the concentration of dye but
appeared to saturate at about 15 pM. It was not practi-
cable to investigate the effects of concentrations higher
than 20 pM because the dye became increasingly insolu-
ble. Even at lower ions some probl were
experienced with non-specific binding of dye to the
tubes but this was largely overcome by the use of

bl irols. The i amount of dye bound
to cells was 3.6 + 0.4 mol/100 mol lipid phosphorus
and the equivalent value for the ghosts (which were
freely permeabie to small molecules [24]) was 7.4 + 0.9,

was added to 1 ml of n-butanol and vortexed for 10 s.
The amount of MC540 in the bulanol solution was

d from its ion at 580 nm in
comparison with a standard 100 nM solutior of MC540

With i ing concentration MC540 induced a pro-
gressive change in shape of the cells from discocyte to
spheroechinocyte as shown in Fig. 2. Stage 3 echino-
cytes were produced when binding of MC540 was (3-4)
- 10° molecules per cell.
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Fig. 1. Binding of MC540 to human erythrocytes and ghosxs a120°C.
Various concentrations of MC540 were added to washed human
erythrocytes or erythrocyte ghosts and dye binding was measured as
described under Methods. Results are shown as means 1 S.D. from
four experiments with different samples of cells () and ghosts (W).

Cell morphology was assessed at 20°C because it
was easier to mai a close to
ambient on the microscope slide and the same tempeia-
ture was used when measuring binding of MC540 to
cells and ghosts so that a direct comparison under the
same conditions could be made of MC540 binding and
shape changes. Microvesicle relcase was not seen below
20°C but was maximal at 37°C so that the latter
temperature was used in those experiments where mi-
crovesicles were measured. MC540 was more soluble at

w

MORPHOLOGICAL INDEX
»

2 4 []
MOLECULES MC540 BOUND PER CELL { x 10%)
Fig. 2. Morphological index of erythrocytes treated with MC540 at
20°C. Cells were exposed to MC540 in an experiment similar 0 that
shown Fig. 1. Results from four il using
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the higher temperature so that it was pessible to employ
higher concentrations of the dye than at 20°C

Release of mi icles from cells incubated at 37°C
for 10 min, as judged from phospholipid and
acetylcholinesterase activity in the supernatant solution,
was maximal at 20 ! MC540 using a 10-min period of
incubation (Figs. 3b and 3c). No microvesicles were
released below 5 y.M MCS40 and the apparent max:-
mum release of micr i ided with
binding of the dye (about 3.2 mol/160 mol phospho-
lipid) (Fig. 3a). Approx. 10% of total cell phospholipid
and 20% of acetylcholinesterase were released under
these conditions where cell lysis was 2-3% (Fig. 3d) and
90% of the released material could be sedimented after
centrifugation for 1 h at 100000 X g. Like microvesicles
released from erythrocytes by other procedures
[13,21,25), thuse microvesicles contained Band 3 but
were largely free of actin and spectrin as judged by
electrophoresis on polyacrylamide gels (Fig. 4) although
not sigaificantly different from cells in their phospho-
lipid composition (Table 1).

In order to obtain an indication of the site at which
MC540 bound, the spectrum of the dye was analysed
when bound to ghosts and compared with the spectrum
of the dye when bound to bovme serum albumm. egg

hosphatidylcholine. or di hatid Ii
(an 5) and when diss.!ved in solvents of different
oolarity (Fig. 6). As shown prevnously for the absorp—
tion spectrum [26], the fl
of MC540 was red-shifted in solvents of decreasing
polarity (Fig. 5) and it was thus possible to assess the
effective dielectric constant of the environment of
MC540 ina vamely of situations. When mteracung with
ery the of
MC540 wns shifted from 565 nm in the aqueous medium
to 583.3 nm which indicates an environment for the dye
which was similar in hydrophobicity to n-decanol. An
identical change is observed when MC540 interacts with
phospholipid vesicles whereas binding to albumin (a
protein which has strong binding sites for hydrophobic

TABLE 1

Phospholigid composition of (a) untreated red cell ghosts, (b) ghosts from
MCS40-treated cells, (c) microvesicles

Phospholipids were extracted and analysed as described previously
[21). Results represent mole percent of tota! phospholipid and are
shown as means +S.D. from threc experiments, each carried out with
duplicate samples.

Phospholipid composition
(a) (b) ()

between 0.5% and 2% are combined to illustrate the

between MC540 bound per cell and the stage of

ing to the nomenclature of Bessis [22).

Phosphatidylethanolamine  29.9+0.3 28809 28819
h idylseri 156419  140+05 129x20
Ph idylcholi 284407 292413 302433
aceanl- i i 232414  250:18 238134
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Fig. 3. Binding of dye and release of ipid and from treated with MC540 at 37° C. After incubation with

various cuncentrations of MC540 for 10 min at 37° C as described under Methods, cells were sedimented and binding of dye (a) was measured as
described above. The supernatant solution was assayed for shospholipid (b), acetylcholinesterase acuvuy (c) and haetnog!obm release (d). Results

shown are the means+S.D. from four experiments with diferent samples of cells. Values for and

release are

corrected for lysis.

lecules) gives an issi i at 574 nm,
indicative of a relatively hydrophilic environment for
the MC540 (Fig. 5). These data indicate that the major
site of MC541 interaction with membranes is the hydro-
phobic lifid region and not with membrane protein.

The itude of the fl of MC540

when i g with egg p hatidylcholi e was gen-

erally larger lhan with dipalmitoyl hati

bul lhls dxfference became progr&ssxvely less when the
was sonicated for longer

pcnods Similar findings were seported by Schlegel et al.

phosphatidylcholine than from egg phosphatidylcholine
and this could have the consequence that the proportion
of the p holipid present as ilamell vesicles ‘was
relauvely less with dipal Iphosph
Since it is apparent that MC540 interacts only with
phospholipid monolayers which are exposed to the ex-
ternal aqueous medium this factor rather than any
intrinsic difference in abxhty to bind MC540 between
d and holipids could be re-

sponsible for the differences observed.

Di "

[17] who suggested that this was due to enh d bind-
ing of MC540 to very small vesicles whose acute curva-
ture ailowed the dye to enter the bilayer. However, it
was clear in our hands that it required much more
sonication to obtain a clear solution from dipalmitoyl-

Normal human erythrocytes bind significant quanti-
ties of MC540, equivalent to a maximum of 3.6 mol,/100
mol phospholipid or to about 9 - 10° molecules per cell
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Fig. 4. The polypeptide pattern of vesicles from MCS540-treated
erythrocytes. The polypeptide patterns of (a) cytosolic proteins, (b}
erythrocyte membrane proteins and (c) microvesicle proteins were
analysed by SDS-PAGE (11% w/w gel) using the method of Laemmli
[42] and a Bio-Rad Minigel apparatus. Bands were visualised with
Coomassie-brilliant blue stain ard scanned using a Bio-Rad 1650
Scanning Densitometer linked to a Shimadzu C-R3A integrator.

(Fig. 1). This finding appears to conflict with the work
of Schlegel and coworkers [17] who claimed that normal
erythrocytes do not bind this dye, but their measure-
ments were made in the presence of serum which con-
tains albumin and lipoprotein that would certainly com-
pete with cells for binding MC540. However, in the
absence of serum the binding of MC540 to erythrocytes
observed by Schlegel et al. was as much as 3-107
molecules per cell, more than 3-fold greater than our
values. Part of this apparent discrepancy might be due
to the use of avian erythrocytes by Schicgel et al. but
more significantly, these authors used low ionic strength
buffer which could have allowed extra ionic binding of
MC540 to the cells.

Erythrocyte ghosts, which in contrast to the intact
cells are permeable to MC540, bind twice as much
MC540 as cells, for the same amount of lipid phos-
phorus (Fig. 1) and this suggests that inner leaflet
phospholipid has no greater affinity for the dye than
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570 830 o 0 w0 520
WAVELENGTH (miiliimicrons}
Fig. 5. The spectrum of MC540 in the presence of an excess of
yie plasma egg i ine, dipalmi
phosphatidylcholine of bovine serum albumin. The emission spectrum
of 1 ml of & 100 nM sclution of MC540 was analysed in 150 mM
NaCl, 10 mM Hepes-NaOH buifer (pH 7.5) in the presence of (a)
washed erythrocyte membranes {100 nmol lipid phosphorus), (b) 100
nmol egg phosphatidylcholine sonicated with a sonic probe for § s, (c)
100 nmot dipaimitoylphosphatidylcholine sonicated as for {b) but for
20 s, (d) 0.5 mg of bovine serum albumin, (e) buffer atone.

outer leaflet phospholipids despite the considerable dif-
ference in content of unsaturated fatty acids between
the twe ‘eaflets. Only at the lowest concentration of
MC540 (1.6 M) was there a slight indication of a
higher affinity of ghosts for the dye and this could
suggest preferential binding to inner leaflet lipid. These
findings support our carlier conclusions regarding the

g
g
3

WAVELENGTH OF MAXIMUM EMISSION (millimicrons)

10 2 30
D'SLECTRIC CONSTANT (deabyss)
Fig, 6. The of the emission peak

of MC540 on the solvent polarity. The spectrum of a 100 nM solution
of MC540 was analysed in solvents of different polarity using a
Perkin-Elmer LS-5 luminescence spectrometer. Fig. 6 illustrates the
relationship between solvent dielectric constant and the wavelength of

i foilowing i ination at 540 nm. 1,

2, ethanol: 3, n-propanol; 4, 7-bi 1 5, n-he ol; 6, 7,
n-decanol; 8, chloroform: 9, benzene. The arrow marks the wave-
length of maximum emission for MC540 in the presence of an excess
of erythrocyte membrane.
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interaction of MC540 with ghosts and microvesicles
from human erythrocytes [27] but do not support the
claims of Schlegel et al. [17-19] that inner leaflet but
not outer leaflet lipid binds MC540. Our experiments
comparing the speclral changes undergone by MCs540
after additi hins (Fig.

5) also suggest (hat any dnfferences in the interaction of
the dye with lipids are not due to differences in satura-
tion per se but rather to variations in the micellar form
of the phospholipid. The observations that ghosts bind
about twice as much MC540 as intact cells and that
binding to the erythrocytes does not increase upon
prolonged incubatior are further confirmation that once
bound to the surface of intact cells MC540 has little
tendency to undergo transbilayer migration. It is note-
worthy that binding of MC540 to erythrocytes or to
ghosts is a saturable process (Figs. 1 and 3a), perhaps
limited by the surface pressure of membrane lipids, by
the increase in surface charge due to the i duction of

fatty acid chains of membrane phospholipids. Although
there are obvious difficulties in comparing the environ-
ment of a dye in an anisotropic membrane environment
with the same dye in an isotropic solvent, it seems to us
probable that if MC540 really had major interactions
with phospholipid headgroups as suggested by Lelkes
and Miller, then its spectrum in the membrane would
not resemble its spectrum in decanol.

A ing that i 1} of MC540 t the
fatty acid chains of outer leaflet phospholipids accounts
for most of the binding of MC540 to intact cells it is
possible to calculate the of the outer leaflet
corresponding to maximum binding of the diye. Thus
taking the cross-secticnal arca of the MC540 molecule
as 40 A? (based on of molecul: dell
and assuming that one cell contains 4.3-107"¢ mol of
phosphotipid [33] and has a surface area of 138 - 10° A
[] 1] then mu'oducuon of 3.6 mol MC540,/100 mo! total

anionic dye into the bilayer [28] or by specific con-
straints imposed by the underlying membrane skeleton
[29]. Thus factors which affect surface charge, pressure
or skeletal interactions may in turn affect the binding of
dye and the observed changes m ﬂuorﬁcence

There has been id di

holipid into the outer lipid leaflet will expaad its
area by 2.7%. The amount of dye binding necessary to
convert all the cells to stage 3 echinocytes is about a
third of this value, ie., a 1.0% expansion. This is less
than the lowest estimates previously reported for outer
lipid leaflei expansnon m echmocytosls {4-7) but greater

the precise mode of interaction of MC540 wnh cell
membranes, particularly among those workers inter-
ested in the small increasc in fluorescence which paral-
lels the action p ial in stimulated nerves exposed to
MC540 [30]. lt has been suggested that this change in

reflects the ion of the MC540 mole-
cule from a position parailel to the fatty acid chains of
membrane lipids to a position at right angles to those
molecules [31,32]. It is not clear what are the relative
proportions of these two orientations but it would re-
quire only a very small proportion of the total bound
MC540 to change its orientation in order to explain the
small changes observed.

The fluorescence spectrum and hence the environ-
ment of MC540 in erythrocyte membranes appears to
be almost indistinguishable from that in a sonicate of
pure phospholipid (Fig. 5) and this environment seems
10 be a hydrophobic one which corresponds to a solvent
similar in polarity to #-decanol, with a dielectric con-
stant of about 9 (Fig. 6). This value is very similar to
that measured by Lelkes and Miller from absorption
spectra [26] although curiously, these workers concluded
that the dye was most likely tc he oriented parallel to
the surface of the with the ch
interacting mainly with phospholipid headgroups and
apparently ible to the aq On the
basis of the spectral evidence e consider it to be more
likely that most of the bound dye is oriented so that a
large part of the long chromophore is associated with
the most hydrophobic region of the membrane, i.e.,
where the long axis of the molecule lies parailel with the

than esti ically [7,12]. The dif-
ference between the experimental values and the theo-
retical estimates may be due in part to an expansion of
the inner lipid leaflet in response to outer leaflet expan-
sion, particularly when the membrane-expanding agent
has a long hydrophobic region (e.g., phosphatidyl-
choline) which can penetrate to the core of the bilayer
[10]. Nevertheless, the clear relationship between MC540
binding and shape change is further evidence that the
binding that we have measured is not superficial but
involves the insertion of specific numbers of dye mole-
cules between the fatty acid chains of the outer leaflet
phospholipids as envisaged in the bilayer couple hy-
pothesis [1]. We cannot be certain that all the MC540 is
bound in the same region of the membrane; it is possi-
ble that some of the dye is bound at superficial sites of
hydrophilic character which would not give rise to a
vrslble fluorescence However, in this case the degree of
ired to cause the observed
morphological changes would be even less than the 1%
value calculated above.

At 37°C and at levels of MC540 binding beyond
those sufﬁclent to cause echi osis the cells
by sh i icles into the medium (Fig. 3) in a
process analogous to that induced by incubation with
dlmynstoylphosphaudylchohne which 1s presumed to
also act by i
lipid fatty acid chams 50 as to cause umlateral hp:d
leaflet expansion. However, much less acetylcholin-
esterase was released by MC540 compared with that
seen with dimyristoylphosphatidylcholine [13] (20%
versus 70%) and there was no time-lag in the release




with MC540 (results not shown) unlike the latter com-
pound. The faster effect of MC540 on microvesicle
release could be due to a more rapid partition of the dye
into membranes because the concentration of the dye
monomer wou]d be much higher than in the case of
hatidylcholine, most of which would
be in the form of lip The extent of mi 1
release with MC540 and the acetylcholinesterase specific
activity of the microvesicles seemed to be much more
similar to the equivalent values of mi from
cells treated with A23187/Ca** [21] or with glyco-
cholate [25] than from cells exposed to dimyristoylphos-
phatidylcholine {13]. ¢ossibly some of the acetylcholin-
esterase is released in a soluble form in the latter case.

As expected, masimum release of microvesicles cor-
related wuh ma)umum binding of MC540 but cell lysis

dtoi at higher ions of dye. If
as seems likely, a membrane fusion event is involved in
ike release of microvesicles then this process only takes
place when the expansion of the outer leaflet of the
membrane is greater than 1% and is maximal when the
expansion is about 2-3%. The marked temperature de-
pendence of microvesicle release, with little release seen
below 20° Cmay be a reflection of a
tive decrease in lipid fluidity which arfects membrane
fusion.

The conclusion that as little as a 1% change in
relative area of inner and outer leaflets of the erythro-
cyte membrane can cause echinocytosis and that a
1-3% change can precipitate vesiculation events has
further consequences. for erythrocytes and other cells.
Thus the echinocy and lation which re-
sults from Ca* entry into human erythrocytes {15,21]
or the echinocytosis caused by energy depletion might
be explained by a relative diminution of inner lipid
leaflet area due to of a t bound

hospholi C {34] or phosph [35] specific for
polyphosphoinositides which account for about 2-3% of
inner leaflet lipids. Ferrell and Huestis [35] have esti-
mated that the dlmnmmon of the inner monolayer area
when p! hatidylinositol 4,5-bisphosph and phos-
phaudate are dephosphorylated by energy depletion is
about 0.65%. A larger effect would be expected if all the
polyphosphoinositides were converted to diacylglycerol

by an end hospholi pecially as diacyl-
glycerol can poternally duffuse into the outer leaflet
causing an additional i in the diff t

inner and outer leaflet areas [9]. Phospholipases C simi-
lar to that in the red cell are present in the plasma
membranes of other cell types where they appear to be
involved in the transduction of certain extracellular
signals [36], although it is not known if inositide
breakdown in these cells has any direct effect on plasma
membrane morphology. Certainly there is some evi-
dence in red cell ghosts that the levels of polyphospho-
inositides can influence the shape and deformability of
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membranes [37]. On the other hand, Ca?*-induced de-
crease in membrane stabﬂlty has heen exp]amed in
terms of a d

skeletal proteins mediated either by Ca?*-calmodulin
[38] or by Ca®*-dependent activation of a phospho-
lipase C whlch altacks polyphosphoinositides [39].
However, itis i g 1o speculate that the unil
insertion of lipids mto membranes which appears to
occur during lipid biosynthesis in the endoplasmic re-
ticuium (40] and during the process of phosphohpld
redistribution mediated by cytoplasmic carrier p

[41], results in predi changes in curva-
ture which influence subsequent fusion events in ihose
membranes.
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