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Surface Shape Change During Fusion of Erythrocyte Membranes Is
Sensitive to Membrane Skeleton Agents

Yankuan Wu, Jason D. Rosenberg, and Arthur E. Sowers
Department of Pathology, School of Medicine, University of Maryland, Baltimore, Maryland 21201 USA

ABSTRACT We previously reported that the induction of membrane fusion between pairs of erythrocyte ghosts is accompanied
by the formation of a multipore fusion zone that undergoes an area expansion with condition-dependent characteristics. These
characteristics allowed us to hypothesize substantial, if not major, involvement of the spectrin-based membrane skeleton in
controlling this expansion. It was also found that the fusion zone, which first appears in phase optics as a flat diaphragm, has
a lifetime that is also highly condition-dependent. We report here that 2,3-diphosphoglycerate, wheat germ agglutinin, diamide,
and N-ethylmaleimide, all known to have binding sites primarily on skeleton components (including spectrin), have condition-
dependent effects on specific components of the fusion zone diameter versus time expansion curve and the flat diaphragm
lifetime. We also report a pH/ionic strength condition that causes a dramatic stabilization of flat diaphragms in a manner
consistent with the known pH/ionic strength dependence of the spectrin calorimetric transition, thus further supporting the
hypothesis of spectrin involvement. Our data suggest that the influence of the membrane skeleton on cell fusion is to restrain
the rounding up that takes place after membrane fusion and that it may have variable, rather than fixed, mechanical properties.
Data show that WGA, a known ligand for sialic acid, and DPG, a known metabolite, influences the flat diaphragm stability and
late period expansion rates, raising the possibility that some of these mechanical properties are biologically regulated.

INTRODUCTION

The results reported in this paper deal with the relationships
between the mechanical function of the spectrin-based mem-
brane skeleton in plasma membranes, the rounding-up pro-
cess that occurs when two cells fuse with each other, and the
stability of two close spaced membranes when they contain
numerous fusion pores (i.e., a membrane fusion zone).
The spectrin-based membrane skeleton, a protein network

understood to be a part of the cytoplasmic surface of plasma
membranes of all nucleated cells, is relatively well charac-
terized in terms of the structure of its major components in
erythrocytes (for review, see Bennett, 1990). Electron mi-
croscopy studies show isolated spectrin (Branton et al., 1981)
as a rod-like molecule and the native skeleton as an assembly
of components, which is in the form of a complex but es-
sentially two dimensional array (Byers and Branton, 1985;
McGough and Josephs, 1990; Ursitti and Wade, 1993). Much
less well understood, however, are erythrocyte skeleton-
related functions and the molecular mechanisms by which
these functions are regulated. In general, the skeleton is
widely understood to provide the membrane with strength
and deformability while preserving integrity, a means for
controlling shape and shape change, and a physical frame-
work with anchor points for other cytoskeletal elements and
membrane components. Also, many protein deficiencies or
defective interactions among membrane skeleton compo-
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nents have been identified that lead to altered properties that
ultimately become expressed as disease states (Palek and
Lux, 1983). Interdisciplinary studies using an approach that
combines mathematical modeling and the micropipette tech-
nique have permitted measures of both fundamental (dimen-
sion-based) mechanical properties and relative (dimension-
less) mechanical factors (Evans, 1989). Further studies using
this approach have permitted correlations to be made be-
tween membrane skeleton components responsible for spe-
cific fundamental mechanical properties and general physi-
ological functions (Waugh and Agre, 1988). In addition,
physical modeling (for a review, see Elgsaeter et al., 1986)
and the bilayer couple hypothesis (Sheetz and Singer, 1974)
have been used to explain the control of cell shape. However,
the control of shape by other factors as induced either under
physiologically relevant (for reviews, see Bessis, 1973;
Beaudoin and Grondin, 1991) or xenobiological conditions
(for reviews, see Lew et al., 1988; Deuticke, 1968) is still
poorly understood.

Cell fusion is a widely occurring and essential process by
which two cells become one cell. Although this process oc-
curs in nature with many well recognized system-specific
details, it is also associated with both subtle and not widely
appreciated caveats as well as unsolved problems. In cell
culture studies of enveloped virus-cell interactions, for ex-
ample, cell fusion occurs when numerous individual cells
become part of a syncytium, a multinuclear cytoplasmic
mass that either stays spread out and attached to the substrate
or undergoes a process in which the fusing cells round up into
a sphere (Roizman, 1962). The scenario in which two small
spherical cells combine into one larger spherical fusion prod-
uct is known to occur in model systems such as chemically
induced protoplast fusion (Senda et al., 1979; Boss, 1987)
and in various fusions of spherical nucleated mammalian
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cells as induced by, for example, laser light pulses
(Schierenberg, 1987; Steubing et al., 1991), chemicals
(Lucy, 1978), and enveloped viruses (Knutton, 1977; Sarkar
et al., 1989). Because surface (interfacial) tension is known
to drive the rounding up of cell fragments (Harvey, 1954),
the whole cell fusion process appears to take place in a man-
ner that suggests that it is self-completing, passive, and oth-
erwise essentially unremarkable. Understandably, as inves-
tigators gradually recognized that membrane fusion was a
necessary condition for cell fusion and that membrane fusion
could be investigated with molecular or near-molecular level
paradigms, interest shifted from primarily descriptive studies
(often in connection with genetic experiments) at the cell
level (e.g., Harris, 1970; Ringertz and Savage, 1976) to what
happens at the membrane level (Poste and Nicolson, 1978;
White, 1992; Duzgunes, 1993a, b). The observation that
membrane fusion can occur under conditions in vitro without
the subsequent rounding up (cell fusion) (Wojcieszyn et al.,
1983) means, however, that membrane fusion is necessary
but not sufficient for cell fusion and is relevant to two fun-
damental questions. First, how independent can cell fusion
be from membrane fusion? And second, is the rounding up
process in any way under biological control? For virus-
induced cell fusion systems (see, e.g., Sarkar et al., 1989),
fusion zones containing multiple fusion pores have to break
down for rounding up to become complete, but the factors
involved are not well understood. For secretion systems, fu-
sion zones contain only one fusion pore. In these systems,
some parameters and conditions for single fusion pore in-
duction, stability, and expansion in diameter have been elu-
cidated (Monck et al., 1990, 1991; Oberhauser et al., 1992).
These questions are directly relevant to virus-cell interac-
tions where syncytium formation is a significant observable
parameter. Some studies suggest that this process is influ-
enced by biological factors (see, e.g., Grimalla et al., 1992;
Horvath et al., 1992), although the detailed mechanisms by
which this takes place are clearly not well understood.

Recently, we have found (Chernomordik and Sowers,
1991) that the induction of fusion in erythrocyte ghosts by
an electric pulse starts with the conversion of a contact zone
into a membrane fusion zone that appears in phase optics
microscopy as a flat, optically dense "diaphragm" at ghost-
ghost junctions (Figs. 1 and 2). In electron microscopy the
flat diaphragm appears as a double membrane perforated
with multiple fusion pores (see Fig. 1, left inset). This ul-
trastructure is identical to that induced by enveloped viruses
(Knutton, 1977; Pinto da Silva et al., 1980). Furthermore, the
electrofused erythrocyte ghosts round up over a time scale
that is similar to the fusion-related rounding up seen in many
other cell fusion systems (see Discussion). We subsequently
found (Wu et al., 1994) that the "flat diaphragm" has a
condition-dependent lifetime; the flat diaphragm can be
stable for at least many days or be unstable and quickly break
down into membrane fragments, thus leaving the fusion zone
as an "open lumen." Moreover, the fusion zone diameter
expands with time also in a condition-dependent manner,

Finally, the manner in which the fusion zone diameter ex-

pansion "signature" was sensitive to heat treatments (and
protected by glycerol) suggested that spectrin and/or the
membrane skeleton was involved in the rounding up process.

We report here that the fusion zone diameter versus time
expansion curve and the flat diaphragm lifetime are altered
in condition-dependent but different ways by 2,3-
diphosphoglycerate (also known as 2,3-bisphosphoglycer-
ate), wheat germ agglutinin, diamide, and N-ethylmaleimide.
We also report a pH/ionic strength condition that causes a

dramatic stabilization of flat diaphragms in a manner con-

sistent with the known pH/ionic strength dependence of the
spectrin calorimetric transition, thus further supporting the
hypothesis of spectrin involvement. Because these chemical
species are all known to have binding sites on skeleton com-
ponents (including spectrin) and also to have influences on

erythrocyte deformability and stability (see Discussion), our

data suggest that the influence of the membrane skeleton on
cell fusion is substantial and that it may act as an entity with
variable, rather than fixed, mechanical properties. The ef-
fects ofWGA and DPG suggest at least the potential for some
of these mechanical properties to be biologically regulated.
Our data, together with data published from other laborato-
ries, suggest that the membrane skeleton restrains the round-
ing up that takes place after membrane fusion. Our experi-
mental approach, which uses fused pairs of erythrocyte
ghosts, allows latent membrane-skeleton forces to be re-

leased under conditions in which the membrane skeleton is
at least relatively intact. This approach may be useful in
broader studies because it permits the study of hitherto un-

characterized relationships between experimental conditions
and the mechanical properties of the membrane skeleton as

well as the stability of multiple pore fusion zones.

MATERIALS AND METHODS

Overview-approach

This study utilized the electrofusion protocol (Sowers, 1993) to fuse pairs
of erythrocyte ghosts (Figs. 1 and 2) and to fuse mitochondrial inner mem-
branes (Sowers, 1983). The erythrocyte ghost membrane has a membrane
skeleton but is essentially free of other cytoplasmic elements that are nor-

mally found in nucleated cells. The mitochondrial inner membrane, as pre-

pared here, contains a diluted complement of soluble matrix proteins and
mitochondrial DNA, but is otherwise a biomembrane having no recognized
membrane skeleton. The electric pulse method (Sowers, 1993) of inducing
membrane fusion was used to avoid significant and multiple complicating
effects that could be expected from the presence of chemical or biological
fusogens and to take advantage of its ability to produce, at will, high yields
and simultaneity (<100 ms (Abidor and Sowers, 1992)) of membrane fusion
events. Membranes were brought into contact (a prerequisite for any mem-
brane fusion protocol) by dielectrophoretic alignment (Pohl, 1978) into pearl
chains by passing a weak alternating electric current through the membrane
suspension. Use of this mild, reversible, and nonchemical method together
with the electric pulse, as a fusogen, permits membrane-membrane contact,
membrane fusion, membrane type, and buffer composition to be manipu-
lated independently. Most of the experiments in the present study were

conducted with heat treatments at a temperature of either 39 or 42°C before
the fusion zone measurements because use of these temperatures was found

concomitantly with the rounding up of the fusion product.
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FIGURE 1 Electrofusion of a pair of erythrocyte ghosts as it appears in
phase optics. Dielectrophoresis induces close membrane-membrane contact
at a contact zone (A). An electric pulse induces fusion pores in the contact
zone, thus converting it into a flat diaphragm fusion zone, visible as a short
but thick optically dense straight line (B). This line increases in length (CFD)
with time and is still visible at the end (DFD) of the observation period. The
flat diaphragm appears to "dissolve" (CO) by becoming thinner and longer
if the ghosts are exposed to a 20 min heat treatment at 42°C, or above, before
the induction of membrane fusion. This thinning process ends with the
fusion zone having an "open lumen" appearance (DOL). The left inset il-
lustrates how the flat diaphragm appears by electron microscopy (cf. Fig.
4 in Chernomordik and Sowers, 1991) when it has a high (upper half) or

low (lower half) fusion site density. The right inset illustrates where cursors

were placed on the monitor image of the fusion zone to make diameter
measurements. The thicknesses of the lines used in each inset are approxi-
mately in proportion to what is actually seen by the two microscopy
techniques.

FIGURE 2 Micrographs of a phase optics video image of a pair of eryth-
rocyte ghosts held in contact by dielectrophoresis (top), a flat diaphragm
fusion zone with a diameter of -3.5 ,um (middle), and an open lumen fusion
zone with approximately the same diameter (bottom) but produced from
fusion of a different pair of erythrocyte ghosts.

diaphragm breakdown, an observable that is easy to score, as well as a higher
rate of fusion zone expansion that could be measured more accurately than
a lower rate.

Preparation of erythrocyte membranes

Unless otherwise specified, rabbit erythrocyte ghost membranes were pre-

pared and stored as previously described (Wu et al., 1994). Briefly, this
involved washing 0.75-1.0 ml of packed erythrocytes in pH 7.4 isotonic
sodium phosphate (NaPi) buffer followed by a hemolysis in 5 mM pH 8.5

NaPi buffer, pelleting into a volume of 0.5-0.75 ml followed by resuspen-
sion with 25 ml of 20 mM pH 8.5 NaPi buffer (wash buffer) followed by
a resuspension of the membrane pellet with 1.5 ml of the same buffer (re-
suspension buffer). The membranes in these preparations had morphologies
ranging from stomatocytes to spherocytes and produced a pink pellet on
centrifugation. Spherocytic and near-spherocytic membranes were prefer-
entially selected for study. The suspensions of these membranes either were
used in fusion protocols without further treatments (control) or were sub-
jected to heat and/or chemical treatments as described below before the
induction of membrane fusion. Images of the fusion process were recorded
on video tape for subsequent playback and quantitative analysis.

Preparation of mitochondrial inner membranes

Mitochondrial inner membranes were prepared and osmotically swollen into
smooth spherical forms in a low ionic strength buffer as previously described
(Sowers and Hackenbrock, 1981; Sowers, 1983) and used in that buffer, or
were centrifuged and resuspended in 20 mM pH 7.4 NaPi for experiments.

Protocol for electrofusing
erythrocyte membranes

Membrane suspension samples were stored, unless otherwise stated, at
0-40C until samples were transferred to the observation chamber (see be-
low), where the temperature was kept at 20-220C. Pearl chains of eryth-
rocyte ghosts were obtained by inducing dielectrophoretic alignment with
an alternating electric field of 3.25 V,.,,mm (60 Hz sine wave), over a 1-2
min period, and then electrofused by applying a single exponentially de-
caying (0.55 ms decay half-time) electric field pulse (600 V/mm) as de-
scribed in Sowers (1993) and using a chamber described in Abidor and
Sowers (1992). In this protocol, the alternating electric field was continu-
ously present at the same strength both before and after the fusogenic pulse.
These conditions are known (Sowers, 1993) to induce high (260-80%)
membrane fusion yields as measured by membrane mixing using lipid-
soluble fluorescent labels.

Protocol for electrofusing mitochondrial
inner membranes

Suspended mitochondrial inner membranes were placed in the chamber and
aligned into pearl chains, containing at least two membrane members, by
dielectrophoresis with an alternating electric field of 10-15 V/mm (60 Hz)
and fused with a single exponentially decaying (1 ms decay half-time) elec-
tric field pulse (1000 V/mm). These fields are stronger than those used to
fuse erythrocyte ghosts because it is known that the induction of dielec-
trophoresis and fusogenic membrane potentials in smaller diameter mem-
branes requires higher external bulk fields (Sowers and Kapoor, 1988; Gross
et al., 1986).

Measurements and observations by phase
optics microscopy

For data collection only pairs of erythrocyte ghosts were visually selected
from a field containing numerous pearl chains. Fusion zone diameters (Fig.
1) for fused pairs of erythrocyte ghosts were measured as a function of time
using image analysis software on images captured by a frame-grabber from
recorded video sequences containing embedded time data as previously
described (Wu et al., 1994). The first diameter measured was at 0.5 s after
the pulse. The flat diaphragm lifetime was determined for every fused pair
of ghost membranes during single frame or slow playback of recorded video
sequences by estimating the midpoint between the time that a given flat
diaphragm was perceived to begin to "dissolve" and the time that it was no
longer discernable (see Fig. 2). Final fusion zone type (flat diaphragm or
open lumen) was determined from evaluation of fusion products at the end
(120 s after fusion) of the video sequence. Fusions of mitochondrial inner
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membranes were visually observed in real time using a 1.3 numerical ap-
erture oil immersion 10OX phase objective (technical factors prevented the
recording of publication quality images).

Instrumentation accuracy and characteristics of
the phenomenon
The characteristics of the erythrocyte ghost fusion zone expansion and the
optical resolution (-1.0-1.5,um for our 0.55NA LWD 40X phase objective)
as well as pixel resolution, reproducibility, and video noise (Y-0.45 ,um)
introduce limitations as follows (see Wu et al. (1994) for additional dis-
cussion). Diameter measurements were based on the linear distance (length)
determined from cursor placement as shown in the right inset of Fig. 1.
Measurements showed that ghost membranes have an average diameter of
about 5.7,zm. Fusion of pairs of such ghosts can lead to a spherical fusion
product (e.g., see Fig. 3, open squares and open diamonds) with a diameter
of about 7.5 ,um. Under other conditions, a doublet is formed with a fusion
zone as shown at DOL or DFD in Fig. 1, and diameters as shown, for example,
in Figs. 3-5. Previous work (Abidor and Sowers, 1992) suggests that mem-
brane fusion occurs within 100 ms of the application of the electric pulse.
The fusion zone thus produced is called a flat diaphragm because it is visible
by phase optics as an optically dense line (Chernomordik and Sowers, 1991).
Generally, the length of this line increased at a high rate over the first 0.5-s
interval after the pulse (Table 1). The expansion rate in the second 0.5-s
interval was about 1/5 of that in the first 0.5-s interval but then fell quickly
thereafter until, at about 20 s after the pulse, the rate became essentially
constant (all data points were essentially on a straight line) (see Fig. 2 of
Wu et al., 1994). In terms of length, the fusion zones were, depending on
conditions, about 2.8-3.5 ,gm in diameter at 1 s after the pulse. Over the
20-120 s interval, these fusion zones increased in diameter, generally from
about 3.3-3.8 ,gm at 20 s to 3.8-6 ,m at 120 s, depending on conditions.
In the 1-20 s interval, the rate of change rapidly decreased by more than
an order of magnitude. Thus, the time needed for the fusion zone length to
increment to the next image analysis pixel increased asymptotically (cf.
representative length data in Fig. 3 with rate data in Fig. 2 ofWu et al., 1994).
Thus, unlike for the 0-0.5 s interval, where the interval was short but the
rate high, and for the 20-120 s interval, where the rate was low but the
interval long, the manner in which the rates changed in the 1-20 s period
had the effect of obscuring any condition-dependent trends. Also, no attempt
was made to account in the present paper for membrane area transferred
from the ghost membranes in contact to the flat diaphragm membrane area,
which then internally vesiculated. However, in a previous study it was de-
termined that 6-18% of membrane area is lost from substrate membranes
as they become part of the fusion product membrane (see Chernomordik and
Sowers (1991) for discussion).
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FIGURE 3 N-ethylmaleimide (NEM) effect on average fusion zone di-
ameter versus time curves in fused pairs of erythrocyte ghosts. Ghost mem-
branes in 20 mM pH 8.5 NaPi and 1 mM NEM were heat-treated and then
fused. Diameter versus time plots show the entire 0-120 s period (left) and
the 0-5 s period (right) after the electric pulse. All heat treatments (HT) were
for 20 min. Open and solid symbols represent open lumen and flat
diaphragm fusion products, respectively. O, NEM present and 42°C HLT;
El, NEM present and 39°C HT; 0, control (42°C HT but no NEM);
V, control (NEM but no HT); *, control (no NEM, no HT).

Experiments with heat treatments carried out
while the membranes were in a different buffer

For technical reasons discussed previously (Sowers, 1993), a 20mM pH 8.5
NaPi buffer was routinely used in this laboratory as a storage and working
medium for erythrocyte ghosts and fusion experiments. For some experi-
ments, this buffer was modified as follows.

Effects of glycerol presence or altered pH on 420C, 20 min
heat treatment at low ionic strength

Water was glycerinated before solute addition to produce final glycerol
concentrations (v/v) for the buffers used for the steps as shown in Table 1,
part C. The fusion zone expansion rates, flat diaphragm lifetimes, and fusion
zone type were studied with a pH of 6.2 or 7.4, instead of 8.5, in both the
wash and resuspension buffers (Table 1, part D).

Effect of heat treatment temperature when the heat
treatment is carried out at pH 7.4 and at high ionic strength

We chose to score for ratio of open lumen fusion zones to flat diaphragm
fusion zone in a much larger membrane population than we used for fusion
zone expansion rate measurements (Table 1) because flat diaphragm lifetime
was much more sensitive to experimental conditions than late period fusion
zone expansion rates (see Table 1, parts A and B). We chose 40, 43,46, and
49°C as heat treatment temperatures, instead of the temperatures in Table
1, Part B, because more data points would be closer together as well as inside
the temperature range for the spectrin calorimetric transition. The remaining
details of the experimental protocol were designed from critical information
from previous studies. Ralston and Dunbar (1979) showed that spectrin had
a thermotropic optical rotary dispersion transition that ranged from -47 to
49°C at 0.1 M NaCl but from -37 to 50°C at 0.005 M NaCl. Brandts et al.
(1978) reported an analogous ionic strength dependence for the spectrin
calorimetric transition, but the effect was weaker and the data were obtained
over a much narrower ionic strength range. They also reported that, com-
pared with a pH of 8.5, pHs from 8.0 to 6.5 cause an increase in the spectrin
calorimetric transition by about 2-4°C (Brandts et al., 1978). Also, it has
been reported that lower pHs increase the band 3-ankyrin association (Low
et al., 1991). Therefore, compared with our conventional buffer, we desired
to determine whether heat treatments carried out closer to a physiological
pH and ionic strength would show protection against the heat treatment-
induced (assumed to take place through denaturation of spectrin) destabi-
lization of flat diaphragms. This would show up as a lower ratio of open
lumens to flat diaphragms in a sample population. We thus conducted the
heat treatments on membranes in pH 7.4 isotonic sodium phosphate buffer,
made as previously described (Dodge et al., 1963), as well as in 20 mM pH
8.5 sodium phosphate. Also, it was necessary to move membranes from the
high ionic strength buffers used for the heat treatment back to the low ionic
strength needed for the fusion zone type assay. Such changes are known to
reopen the hemolytic hole (Lieber and Steck, 1982a, b), which will lead to
lower levels of residual hemoglobin in the experimental sample (i.e., our
normal "pink" ghost preparation becomes more "white"). We have previ-
ously and rigorously determined that membrane fusion yield is highly sen-
sitive to residual hemoglobin levels in ghost membranes (Sowers, 1990). To
avoid this artifact, we conducted all heat treatments on white ghosts instead
of our usual pink ghosts. We have previously shown (Sowers, 1990) that
washes, by themselves, have little or no effect on membrane fusion yield.
White ghosts were prepared as follows. Rabbit whole blood in Alsevers (1:1
v/v) (Wu et al., 1994) was added to 5 vol of 20 mM pH 7.4 NaPi with 0.9%
NaCl (w/v). The erythrocyte pellet, from a 300 X g for 10 min spin, was
resuspended in 20 vol of 5 mM pH 8.5 NaPi and hemolyzed for 20 mins,
then spun down at 10,000 X g for 20 mins. This hemolysis step was repeated
to hemolyze further the pink ghosts, thus ending with a white ghost pellet,
which was then resuspended and washed in 20 vol of 20 mM pH 8.5 NaPi
(with a high speed 10,000 x g for 20 min spin) into a pellet and stored
overnight at 0-4°C. The next day, an aliquot of these ghost wasresuspended
in 20mM pH 8.5 NaPi, and another aliquot was resuspended in isotonic pH

Wu et al. 1 899



Volume 67 November 1994

TABLE 1 Fusion zone (FZ): average rates of diameter increase in the early (0-0.5 s) and in the late (20-120 s) periods* after
fusion, flat diaphragm lifetimet (in s), and FZ type' (at 120 s), in 20 mM NaPi buffer as a function of experimental conditions (see
Figs. 1 and 2 for terminology)

Ratest (,um/s)

Factors Early Late FD lifetime, (s) (N) FZ type§

A. Control, without a heat treatment (pH 8.5)': 1.6 .006 >120 (7) FD

B. Experimental conditions; heat treatment (HT) with given parameters (pH 8.5)':
HT temp (°C): HT duration (mins):

39 20 1.6 .020 >120 (8) FD
42 10 1.4 .022 65±29 (7) OL
42 20 1.6 .017 38±24 (29) OL
42 60 1.7 .070 7±5 (8) OL

45, 50 20 >10 N/A <1 (7, 7) OL
C. Experimental conditions; steps for glycerol presence (HT = 42°C; pH 8.5)':

% present during
5 M 1.7 .016 70±16 (9) 1/3FD
5 HT 1.7 .014 ** (8) 2/3FD
5 HT& M 1.0 .006 >120 (9) FD

20 HT & M 0.7 .002 >120 (7) FD
20 HT (50°C) & M >10 N/A <1 (3) OL

D. Experimental conditions; chemical treatment (see Materials and Methods) and HT for 20 mins:
NEM (HT = 39, 42°C; pH 8.5)
HT:

none (control) nd nd >120 (7) FD
yes >10 N/A 1-2 (7, 7) OL

Diamide (HT = 39°C; pH 8.5)
0.1 mM 1.3 nd 80±17 (9) 2/3FD
0.5 1.7 nd 54±25 (8) 1/3 FD
2.0 1.8 nd 20±13 (7) OL

DPG (HT = 39°C; pH 8.5)
HT:

none (control) nd nd >120 (7) FD
yes nd .010 >120 (7) FD

WGA (HT = 42°C; pH 8.5) nd nd 70±38 (9) 1/2 FD
pH (HT = 42°C)

7.4 nd nd >120 (8) FD
6.2 nd nd >120 (9) FD

N, number of measurements; FD, flat diaphragm fusion zone; OL, open lumen fusion zone; HT, heat treatment; M, measurement experiments; N/A, not
applicable; nd, no difference (averages of one group well within standard deviation bars of other group) from respective conditions listed under Part A or
B; ** not done because of very small sample population.
* Average rate measurements at 20-220C were from all N members in a group regardless of whether the flat diaphragm broke down into an open lumen
before the end of the 120 s period (SD) for any average in one group ranged ±4-22% of the value for that average (see also Wu et al., 1994).
* Average flat diaphragm lifetimes (+/- SD) are from only those flat diaphragms that broke down into open lumens before the end of the 120 s observation
period. Flat diaphragm lifetimes >120 s were generally stable for up to days after induction (see Wu et al., 1994).
§ Fusion zone type at the end of the 120 s observation period. OL or FD ifone type is predominant (i.e., .80-90% of all FZs), or given as or nearest approximate
fraction.
'From Wu et al. (1994).

7.4 NaPi. After standing on ice for 2 h, each aliquot was heat-treated, spun
down, resuspended in 40 vol of 20 mM pH 8.5 NaPi, and left on ice for 25
min, and then spun into pellets for storage until the fusion assay was con-
ducted. Fusion zones were induced between pairs of erythrocyte ghosts, as
above, and then visually inspected at 2-6 min after the electric pulse to
determine whether they had an open lumen or a flat diaphragm. The per-
centage of all fusion zones that were open lumens was calculated from these
counts using the formula (OL/(OL + FD)) X 100. Sample populations
of fusion zones scored under any given experimental condition contained
132 < N < 496 fusion zones.

Erythrocyte ghost prefusion chemical treatments
at low ionic strength and pH 8.5
Chemical species were present in the wash and/or the resuspension buffers
under the following conditions before or without a heat treatment and the
microscopy (Table 1, Part D). N-ethylmaleimide (NEM): ghost membranes
were incubated for 30 min at 0°C in the wash buffer with NEM present at

1 mM. NEM was also present at this concentration in the resuspension
buffer. Diamide: only the resuspension buffer contained diamide, at the
concentrations given in Table 1. Suspensions of ghost membrane were in-
cubated in this buffer for 60 min at 0°C. 2,3-diphosphoglycerate (DPG):
DPG (also known as 2,3-bisphosphoglycerate, or BPG) was present at 5 mM
in the wash buffer (during the 10-min centrifugation) but not in the resus-
pension buffer. This allowed minute amounts of DPG to enter the cyto-
plasmic compartment before the hemolytic hole resealed. Wheat germ
agglutinin (WGA): ghost membranes were incubated for 30 min at 0°C
with WGA present at 2 ,ug/ml in both the wash buffer and the resuspension
buffer and then heat-treated (42°C) or not heat-treated before making the
measurements.

The heat treatments were carried out at both 39 and 42°C when the ghosts
were exposed to N-ethylmaleimide (NEM), but only 39°C for diamide and
2,3-diphosphoglycerate (DPG) because it has been reported (Streichman
et al., 1988; Shaklai et al., 1978; Sheetz and Casaly, 1980; Moriyama et al.,
1993; Schindler et al., 1980; Lelkes and Fodor, 1991) that exposure to these
molecular species either weakens the spectrin-spectrin-associated protein
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binding or lowers the onset temperature for heat treatment effects. We thus
expected that heat treatment effects on the diameter versus time curves might
similarly occur at a lower heat-treatment temperature. NEM-treated ghosts
became more cup-shaped and then, upon heat treatment, slightly smaller and
spherical. The exposure to DPG in the wash buffer caused a substantial
fraction of all ghosts to shape change from spherocytes to stomatocytes.
Heat treating the DPG-exposed ghosts converted them back to spherocytes.
WGA had no perceptible effect on ghost shape. In all cases, membrane
fusion yields were not significantly affected by these chemical treatments.

RESULTS AND DISCUSSION

Overview

An earlier study from this laboratory (Wu et al., 1994)
showed that fusion zone diameter versus time curves in fused
pairs of erythrocyte ghosts typically have a condition-
dependent kinetic expansion signature with a rapid expan-
sion in an early and short (0-0.5 s after the pulse) period and
a slow and essentially linear expansion over a late and long
(20-120 s after the pulse) period. The same study showed
that over an intermediate (0.5-1.0 to 20 s) period, the di-
ameter expansion rate undergoes a more than 1.5 order of
magnitude decrease with a dependence on time that cannot
be determined with high resolution because of present limi-
tations in instrument spatial resolution (see Fig. 2 of Wu
et al., 1994). Also, the 0.5-1.0 s and the 20 s borders of this
period are somewhat uncertain for the same reason (see ad-
ditional discussion under Materials and Methods). In view of
the uncertainty in the quantitative data from the intermediate
period, discussion of the fusion zone diameter expansion
curve in the present study will therefore be limited to the rates
in only the early and late periods. Another observable
parameter that was identified in the previous study is flat
diaphragm lifetime (cf. Figs. 1 and 2). The purpose of the
present study was to characterize the sensitivity of both the
expansion signature and the flat diaphragm lifetime to
chemical conditions in the buffer and to molecular species
known to react with one or more components of the mem-
brane skeleton.

Table 1 shows results of the present study and, for com-
parison, relevant results of our previous study (Wu et al.,
1994). The new data from the present study include fusion
zone expansion rates for conditions involving exposures to
NEM, diamide, DPG, WGA, and experiments conducted at
low pH in both a low and a high ionic strength buffer. Flat
diaphragm lifetimes for these conditions and predominant
fusion zone type in the fusion product populations are also
new and given for all of these experimental conditions (Table
1, Parts A-C). Complete diameter versus time curves for the
experimental conditions involving exposure to NEM, dia-
mide, and 2,3-DPG are relevant and shown in Figs. 3, 4, and
5. Fig. 6 shows the effect of heat treatment temperature on
the ratio of open lumen fusion zones to flat diaphragm fusion
zones in 20 mM pH 8.5 NaPi buffer versus isotonic pH 7.4
NaPi buffer.

Heat treatments (Table 1, Part B) caused the average fu-
sion zone expansion rates in the early period to be in the
1.4-1.7 ,um/s range, which is similar to 1.6 ,um/s found under
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FIGURE 4 Diamide effect on average fusion zone diameter versus time
curves in fused pairs of erythrocyte ghosts. Ghosts in diamide at the fol-
lowing concentrations were heat-treated at 39°C and then fused: *, 0 mM
(control); 0, 0.1 mM; V, 0.5 mM; A, 2.0 mM. Note that the fraction of all
flat diaphragms that became open lumens increased with diamide concen-
tration (cf. Table 1). All other parameters are as in Fig. 3.
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FIGURE 5 2,3-diphosphoglyceric acid (DPG) effect on average fusion
zone diamter versus time curves in fused pairs of erythrocyte ghosts. Ghosts
in DPG at 5 mM were then washed free of the DPG before the 39°C HT
and then were fused: 0, DPG present then washed out before HT; *, control
(DPG present then washed out but no HT); V, control (no DPG, no HT);
*, control (Hi but no DPG). Note that none of the flat diaphragms broke
down into open lumens by the end of the observation period. All other
parameters are as in Fig. 3.

the control conditions (Table 1, Part A), and to increase
slightly with the duration of the 420C heat treatment. In the
late period, the diameter increased with time in a very slow
(0.006 ,um/s) but essentially linear manner. However, heat
treatments of 39°C, 20 min, and 420C for 10-20 min in-
creased the late period rate of expansion by a factor of three
over controls, and a heat treatment of 42°C for 60 min in-
creased this rate by an additional factor of three over the 20
min heat treatment. A heat treatment at 45 or 50°C caused
the fusion zone diameter to expand to a complete sphere in
1-2 s without producing a flat diaphragm. Flat diaphragms
usually broke down into open lumens for any heat treatment
.420C, but average flat diaphragm lifetime went down by
a factor of 10 for an increase in the 420C heat treatment
duration from 10 to 60 min (Table 1, Part B). The fact that
spectrin, and only spectrin, in the erythrocyte ghost mem-
brane has a calorimetric transition in this temperature range
(Brandts et al., 1977; Ralston and Dunbar, 1979) and our
finding that the presence of glycerol protects against this heat
treatment effect on fusion zone expansion led us to hypoth-
esize that the membrane skeleton played a major role in con-
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FIGURE 6 Fraction (as a percentage) of all flat diaphragm fusion zones

that break down into open lumens after white ghost membranes receive a

heat treatment, at the given temperature, in 20 mM pH 8.5 sodium phosphate
(@) or isotonic pH 7.4 sodium phosphate (A) and are then aligned into
contact and fused. Fusion zone type was scored only from fused pairs of
ghosts and not from fusions involving pearl chains containing three or more

ghosts. Number (N) of fused pairs in population for each point was 132 <

N < 496.

trolling both the fusion zone expansion and the flat dia-
phragm lifetime (Wu et al., 1994).

Although the presence of 5% (v/v) glycerol during mea-

surements (Table 1, Part C) had little effect on expansion
rates, it did prevent the breakdown of about 1/3 of the flat
diaphragms even though the remainder broke down after
about the same lifetime (70 vs. 65 s). Glycerol present at 5%
during the heat treatment instead of during the expansion
measurements still had no effect on the rates but prevented
2/3, or twice as many, of the flat diaphragms from breaking
down. Glycerol present at 5% during both the heat treatment
and the expansion measurements caused a significant de-
crease in expansion rates in both the early and late periods
and prevented all flat diaphragms from breaking down. At
20% glycerol, both expansion rates were significantly de-
creased. This showed that the presence of glycerol had ef-
fects in addition to elevation of the denaturation temperature
for spectrin (see Wu et al. (1994) for discussion). Although
the viscosity of an aqueous solution at 20% glycerol is double
that of pure water, a heat treatment at 50 instead of 42°C
caused the fusion zones to expand at the maximum rate (>10
,um/s), showing that, in addition to the heat-sensitive mem-
brane skeleton, the aqueous viscosity, hydration, and mem-
brane permeability were not limiting or controlling any of the
expansion rates.

Effects of membrane skeleton agents

Our efforts to gain additional information about the involve-
ment of the membrane skeleton in the fusion zone diameter
expansion curves and flat diaphragm stability were aided by

previous studies that showed that spectrin-related erythro-
cyte membrane properties had specific sensitivities to chemi-
cal modification or exposure to biologically relevant mo-
lecular species that had binding sites primarily on spectrin or
other membrane skeleton components. NEM, diamide, and
DPG are known to bind to spectrin in higher numbers per
molecule than to any other membrane component (Fischer
et al., 1978; Haest et al., 1978; Becker et al, 1986; Streichman
et al., 1988). Electron microscopy shows diamide-bound
spectrin molecules as having a ringlike instead of a linear
rod-like conformation (Fischer et al., 1978; Haest et al.,
1979; Becker et al., 1986). Also, it is known that exposure
to these molecular species will i) lower the onset temperature
for thermally induced dissociation of spectrin network com-
ponents (Streichman et al., 1988; Smith and Palek, 1980),
ii) affect the membrane deformability and stability of
erythrocytes as measured by ektacytometry (Chasis and
Mohandas, 1986), iii) weaken the spectrin-skeleton protein
complexes based on the dissociation of protein complexes
(Sheetz and Casaly, 1980), or iv) increase integral protein
lateral mobility (Schindler et al., 1980). Finally, wheat germ
agglutinin (WGA) is known to i) enhance binding of spectrin
to glycophorin in the plasma membrane (Chasis et al., 1985;
Chasis and Schrier, 1989), ii) inhibit temperature-induced
and pH-induced vesiculation (Lelkes and Fodor, 1991),
and iii) block shape changes from occurring (Lovrien and
Anderson, 1980).

Results of our experiments (Fig. 3 and Table 1, part D)
show that NEM exposure followed by either a 39 or 42°C
heat treatment led to fusion products that became spheres
within 1-2 s (i.e., had a dramatically higher rate of fusion
zone diameter expansion). Also, diamide exposure followed
by a 39°C heat treatment led to a progressive, concentration-
dependent increase in rate of fusion zone diameter expansion
in the first 0-1 s interval after the pulse, and a large reduction
in the flat diaphragm lifetime for those fusions that ended in
open lumens (Fig. 4). Moreover, exposure of ghost mem-
branes to DPG followed by a 39°C heat treatment diminished
the rate in the 20-120 s interval to one-half of the rate for the
heat treatment without DPG exposure (Fig. 5 and Table 1,
Part D).

Although WGA had essentially no effect on either the
fusion zone expansion kinetics or the average lifetime for
those flat diaphragms that broke down, it did prevent about
half of the flat diaphragms from breaking down into open
lumens (Table 1, Part D). Our results are consistent with an
explanation based on WGA-enhanced spectrin-glycophorin
binding, because other work (Chasis and Schrier, 1989)
implied that binding of WGA to an erythrocyte surface is
not likely to cause extracellular cross-linking or lattice
formation.

pH and ionic strength effects

Our observation that a pH of 6.2 or 7.4, instead of 8.5, in the
20 mM NaPi buffer during the heat treatment would block
(Table 1, Part D) the heat treatment-induced destabilization
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of the flat diaphragm is consistent with reports that, com-
pared with a pH of 8.5, pHs from 8.0 to 6.5 cause an increase
in the spectrin calorimetric transition by about 2-40C
(Brandts et al., 1978). Also, compared with a pH of 8.5 at low
ionic strength, it was found (Fig. 6) that a pH of 7.4 and high
ionic strength dramatically shifted upward, by about 5°C, the
temperature needed to induce flat diaphragm breakdown into
open lumens. Also, this finding is consistent with a report that
lower pHs increase the band 3-ankyrin association (Low
et al., 1991).

Rounding up rates in fused mitochondrial inner
membranes, a membrane system without a
membrane skeleton

Mitochondrial inner membranes (1-1.5 ,um diameter) do not
contain a known membrane skeleton. Although fusion yields
have not been quantitatively characterized in this membrane,
we qualitatively estimate that in our experiments about half
of the membranes in pearl chains undergo the observed
rounding up after the application of the fusogenic electric
pulse, and the other half of the membranes remain unfused
and separate by Brownian motion if the alternating electric
field is turned off after the pulse. In contrast to the rounding
up in fused erythrocyte membranes, which takes place over
a time scale of minutes, we found that the electrofusion of
mitochondrial inner membranes always led to a rapid ex-
pansion of fused doublets into single large spheres in 0.5-1
s. This result is consistent with the time scales needed for
fusion zone expansions (to final forms, which are spherical)
reported from other laboratories for other membrane
skeleton-free membrane-cell systems. For example, the post-
fusion swelling step in electrofused bacterial spherocytes
(which are spectrin free and have no cell wall) is rapid, taking
place within 1 s (Ruthe and Adler, 1985). In contrast, cell
fusion induced between spectrin-containing erythrocytes
and nucleated cells by a virus (Sarkar et al., 1989) or
between two cultured myeloma cells by a laser light pulse
(Steubing et al., 1991) is, in both cases, slow and on the
order of several minutes (i.e., the same time scale as in
our data shown in Fig. 3).

Mechanistic implications
Our data show that the rates in fusion zone expansion curves
and the flat diaphragm lifetime can be highly condition-
dependent and vary by a factor of 3-10 or more. Also, these
two dependent variables can respond differently to a given
experimental condition. The effect of the presence of bio-
logically relevant molecular species known to react primarily
with or bind to membrane skeleton proteins further supports
our hypothesis that the membrane skeleton is a major source
of mechanical influence on the rounding up process and that
this influence has the effect of limiting the rate of the round-
ing up process. Our observation that WGA stabilizes flat
diaphragms and DPG alters late phase expansion rates invites
the speculation that the influence of the membrane skeleton

on plasma membrane mechanical properties could be under
biological control. This is consistent with some previous re-
ports. For example, the cell rounding, which is associated
with cells entering mitosis rather than cell fusion, is corre-
lated with the relocation of spectrin in cells (Fowler and
Adam, 1992). Also, experimentally induced cell activation
leads to membrane-skeleton reorganization (Bretscher, 1989;
Perrin et al., 1992; Lee et al., 1988). Considering that spectrin and
at least some spectrin-associated proteins have binding sites for
divalent cations, kinases, and proteins known or believed to have
regulatory roles (see Bennett, 1990), it is possible that the mem-
brane skeleton may function as more than just a passive scaffold
with fixed mechanical properties.
An unanswered question is how much of a contribution to

the effects we observed come from alterations in the lipid
component (e.g., asymmetry, protein-lipid ratio, chemical
changes, area per headgroup). A reasonable amount of ex-
perimental (Kas and Sackmann, 1991; Farge and Devaux,
1992) and theoretical (Svetina and Zeks, 1989) work has
already been published on a shape transformation problem in
vesicles and pure lipid systems that can be, in principal, used
as a guide to design relevant experiments using a biomem-
brane containing a membrane skeleton. The availability of
protocols to further manipulate erythrocyte plasma mem-
brane (Vertessy and Steck, 1989; for reviews, see Leonards
and Ohki, 1983; Beaudoin and Grondin, 1991) suggest future
possible work. Another unanswered question is how much
contribution to the effects come from native conformation
versus partly or completely heat-denatured subpopulations of
spectrin molecules. Effects that we are observing from DPG
could be through occupancy of sites on native or partly de-
natured spectrin or both. We used 42°C, 20 min heat-treated
membranes extensively in this and our earlier study (Wu
et al., 1994) to take advantage of its relatively high speci-
ficity; its major effect has been shown to be on spectrin and
only spectrin (Brandts et al., 1978). Also, the heat treatment
we used makes late period fusion zone expansion rates higher
and therefore easier to measure and causes flat diaphragm
lifetime to be short enough to make it practicable to char-
acterize its dependence on experimental conditions. This
heat treatment was targeted to roughly the midpoint of (rather
than completely through) the spectrin calorimetric transition
with the idea of retaining a substantial amount of spectrin in
the native conformation. In future studies, especially in non-
heat-treated membranes, the eventual analysis of the overall
fusion process in terms of force components and mechanical
properties will likely reveal more about the structure-
function relationships in the membrane skeleton and how
they are biologically regulated.

This work was supported by Office of Naval Research grant N00014-92-
J-1053 to A. E. Sowers.
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