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INTRODUCTION

Recent developments in microscopic instrumentation and
probes have allowed the observation and manipulation of
the movement of membrane proteins and lipids in the
plasma membrane at the level of single molecules. These
experiments are performed by tracking small colloidal gold
particles attached to specific membrane proteins and lipids
(single particle tracking) (Jacobson et al., 1995; Sheets et al.,
1995; Kusumi and Sako, 1996; Saxton and Jacobson, 1997) or
by dragging particle-protein complexes along the surface of
the plasma membrane using laser tweezers (also termed an
“optical trap” or OT) (Edidin et al., 1991; Kusumi and Sako,
1996; Kusumi et al., 1998). In optimal cases, a single protein
molecule is attached to a 40-nm-diameter colloidal gold
probe (Tomishige et al., 1998). These single molecule exper-
iments have demonstrated that most membrane-spanning
proteins do not undergo simple diffusion, but that a signif-
icant number are locally slowed or stopped, some are tem-
porarily confined, and others are transported unidirection-
ally (Kusumi et al., 1993; Sheets et al., 1997; Sako et al., 1998;
Simson et al., 1998). Previously, these processes had not been
observed, because the methods used, e.g., fluorescence re-
covery after photobleaching, recorded the ensemble-aver-
aged behavior of a large number of molecules.

The underlying cellular mechanisms that induce nonran-
dom diffusion have remained largely unknown; however,
we and others found that properties of the membrane skel-
eton network fundamentally affect the movement and dis-
tribution of certain membrane proteins, such as transferrin
receptor, a,-macroglobulin receptor, MHC class I molecules,
E-cadherin, and band 3, through corralling and binding
effects imposed by the membrane skeleton network (Edidin
etal., 1991; Luna and Hitt, 1992; Kusumi et al., 1993; Sako and
Kusumi, 1994, 1995; Sako et al., 1998; Tomishige ef al., 1998).
The results are particularly clear with band 3 in human
erythrocyte ghost membranes, where the specimen consists
of a lipid bilayer and its underlying membrane skeleton,
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which has been biochemically and biophysically well char-
acterized (Golan, 1989; Bennett, 1990; Bennett and Gilligan,
1993; Mohandas and Evans, 1994).

The results obtained by these studies support a “mem-
brane skeleton fence model” in which the cytoplasmic por-
tion of a membrane protein collides with the membrane
skeletal “meshwork” because of steric hindrance, thus re-
sulting in the temporal confinement of the protein within the
mesh (compartment, Figure 1A). Membrane proteins escape
from these compartments and hop to adjacent ones because
of the dynamic properties of the membrane skeleton. We
predict that time-dependent fluctuations in the distance be-
tween the membrane and the skeleton are large or the mem-
brane-skeleton network connections form and break contin-
uously, as expected in a chemical equilibrium, providing
membrane proteins with the opportunity to pass through
the mesh barrier. In the case of band 3, macroscopic diffu-
sion within the erythrocyte membrane occurs as the result of
a series of such intercompartmental hops.

The scientific content of this work has been published
previously (Tomishige ef al., 1998), and the purpose of the
present essay is to give the reader a glimpse of the raw data
from this study, as recorded by both normal and high-speed
video microscopy. We hope the video sequences attached to
this article will help the viewing audience develop a feel for
how band 3 interacts with the membrane skeleton and un-
dergoes intercompartmental hop diffusion within the eryth-
rocyte ghost membrane.

VIDEO SEQUENCES

Video Sequence 1: Intercompartmental Hops of Band
3 Molecules in the Erythrocyte Membrane

The movement of band 3 in human erythrocyte ghosts in a
hypotonic medium was observed at the level of a single
molecule or a small number of molecules. The erythrocyte
ghost membrane was stably attached to a coverslip coated
with poly-L-lysine. Band 3 was labeled with 40-nm colloidal
gold particles conjugated with the Fab fragments of anti-
band 3 antibodies (Figure 1A). We have provided evidence
that most gold particles are bound to a single band 3 mole-
cule (Tomishige et al., 1998). The movement of gold particles
attached to band 3 was observed by contrast-enhanced
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Figure 1. (A) The model to explain the confined diffusion of band
3 in the membrane (the membrane skeleton fence model). (B) Move-
ment of gold particles attached to band 3 in the erythrocyte mem-
brane, observed with a temporal resolution of 8 ms (4 times greater
than the normal video rate).

bright-field microscopy at 37°C, with a temporal resolution
of up to 0.22 ms, using a high-speed video camera.

Video Sequence 1 shows the movement of band 3, which
was recorded at a time interval of 8 ms, and is replayed at
video rate (30 frames/s; see Figure 1B). Approximately two-
thirds of the gold particles attached to band 3 undergo hop
diffusion: as shown in Video Sequence 1, a band 3 molecule
is confined within a compartment of 110 nm in diameter (on
average), and on average hops to an adjacent compartment
every 350 ms. This sequence contains three subsequences:
the first shows a hop, the second shows two consecutive
hops, and the third displays repeated hops between two
domains. Band 3 molecules undergo macroscopic diffusion
as the result of a series of such hops between compartments.
Within a single compartment, the rate of free diffusion of
band 3 molecules is only limited by the membrane viscosity,
which is 5.3 X 1072 cm?/s. The important point of this video
sequence is to show that band 3 molecules do not undergo
gradual movements but rather hop from one area to an
adjacent area. Movements within a compartment are very
small (~3 pixels) and reflect the mesh size of the membrane-
skeleton network of ~110 nm.

Video Sequence 2: Long-term Movement of Band 3:
Temporal Binding of Band 3 to the Membrane
Skeleton

The remaining one-third of the band 3 population exhibited
random oscillatory movements within a small area of the
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Figure 2. Long-term observations of the movement of band 3 in
the erythrocyte membrane. Images recorded every 250 ms using
time-lapse video microscopy.

membrane of <100 nm during the 30 s observation period.
These particles do not show macroscopic diffusion and are
likely to represent the band 3 molecules that are strongly
bound to the membrane skeleton.

Band 3 molecules that were undergoing hop diffusion
eventually traversed the entire surface of the erythrocyte
membrane. During observations longer than 10 min, almost
all band 3 molecules were seen to attach to and detach from
the skeletal network. In Video Sequence 2, band 3 sometimes
stops, remains at that spot for several minutes, and then
resumes hop diffusion (Figure 2; a time-lapse recording of
every 250 ms, which is replayed at video rate). Such binding
may be mediated through ankyrin.

Video Sequence 3: Cleavage of the Cytoplasmic
Portion of Band 3 Enhances the Intercompartmental
Hop Rate

Because the erythrocyte membrane is compartmentalized
with regard to the lateral diffusion of band 3 (Figure 1A), we
next asked what is the molecular basis of the compartmen-
talized structure of the erythrocyte membrane. Our working
hypothesis for the temporal confinement of (two-thirds of)
band 3 is based on the steric hindrance of band 3 mobility
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Figure 3. Movement of trypsin-cleaved band 3 was recorded with
temporal resolutions of 8 and 0.89 ms.

imposed by the membrane skeleton; i.e., the cytoplasmic
domain of band 3 collides with the membrane skeleton,
which results in the temporal confinement of band 3 within
the mesh of the membrane skeleton of ~110 nm. To test this
hypothesis, the cytoplasmic portion of band 3 was cleaved
off by mild trypsin treatment of erythrocyte ghosts (Figure
3). Under the conditions used, most of the cytoplasmic por-
tions of band 3 and ankyrin were cleaved, but the spectrin
network (spectrin, actin, and protein 4.1) remained basically
intact.

Video Sequence 3a shows the movement of the cleaved
band 3 recorded every 8 ms (which is the same as that for
Video Sequence 1) and is replayed at a normal video rate
(thus, the time is expanded by a factor of 4.1). On this time
scale, the cleaved band 3 apparently undergoes simple
Brownian diffusion without hopping. The frame interval
was then decreased to every 0.89 ms, and the same cleaved
band 3 now shows intercompartmental hops (Video Se-
quence 3b; in this video clip, the time is expanded by a factor
of 38). Although trypsin treatment increased the hop rate of
band 3 by a factor of 6, the diffusion coefficient within the
compartment and the compartment size remained the same.
These results indicate an involvement of the cytoplasmic
portion of band 3 in the rate of hopping across the bound-
aries of compartments and are consistent with the mem-
brane skeleton fence model (Figure 1).

Video Sequence 4: Deformation of the Membrane
Skeletal Network Using Optical Tweezers

To further observe interactions between membrane-span-
ning proteins and the membrane skeleton, we have devel-
oped a method to deform the membrane skeletal network
using optical tweezers. Optical tweezers were used to attach
a latex bead of 1 um in diameter, coated with anti-band 3
IgG, to the center of an erythrocyte ghost membrane (Figure
4). Because such a bead can simultaneously bind to many
band 3 molecules, of which ~30% are linked to the mem-
brane skeleton, we expected that the membrane skeleton can
be dragged by moving the bead by optical tweezers. Under
our experimental conditions, the maximum force applied to
the latex bead by our optical tweezers was ~20 pN. To
visualize the deformation of the network, 40-nm colloidal
gold particles coated with anti-spectrin antibodies were at-
tached to spectrin. In these experiments, gold particles could
diffuse into the intracellular aqueous space of the ghost,
because the ghosts had not been resealed in the present
experiment.

Video Sequence 4 shows the movement of 40-nm gold
particles bound to spectrin on the internal surface of the
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Figure 4. Deformation of the membrane skeleton using optical
tweezers. A 1-um latex bead, coated with anti-band 3 IgG, bound
multiple band 3 molecules, of which ~30% are attached to the
membrane skeleton. By dragging the latex bead, it was possible to
deform the membrane skeleton, which can be observed by single
particle tracking using gold particles specifically attached to spec-
trin on the cytoplasmic surface of the erythrocyte ghost membrane.

membrane, while the latex bead bound to the membrane
skeleton was dragged by the optical trap. These image data
suggest that deformation/displacements of the membrane
skeleton occur even when a distant part of the membrane
skeleton is being dragged with an optical trap. Note that in
comparison the contour of the cell was negligibly deformed,
which indicates that the dragging caused deformation of the
membrane skeletal network, rather than translation of the
entire membrane.

Video Sequence 5: Dragging of the Membrane
Skeletal Network Forced the Displacement of
Unbound Band 3 Along with the Movement of the
Network

To discover whether the deformation/displacement of the
membrane skeleton network causes forced movement of
band 3, band 3 (in place of spectrin) was labeled with 40-nm
gold particles, and the latex bead bound to the membrane
skeleton was dragged using optical tweezers. We paid at-
tention only to band 3 undergoing hop diffusion (unbound
band 3). If unbound band 3 molecules collide with the
membrane skeleton, they will be carried along with the
movement of the membrane skeleton meshes (Figure 5A). If
they do not collide with the membrane skeleton, their move-
ment will not be affected by deformation/displacements of
the membrane skeleton.

In Video Sequence 5a, the large bead in the center (at-
tached to the membrane skeleton via band 3 molecules) was
dragged toward the left, while, at the same time, the move-
ment of band 3-gold that had previously been undergoing
hop diffusion was observed. The sequence is shown in real
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Figure 5. (A) Effect of lateral dragging of a 1-um latex bead attached to the membrane skeleton on the movement of several band 3 molecules
capable of undergoing hop diffusion. (B) The gold particles bound to band 3 undergoing hop diffusion followed the bead when it was

dragged toward the left at a rate of 0.15 um/s.

time (video rate recording). When the latex bead was
dragged toward the left at a rate of 1.8 um/s, the gold
particles attached to band 3 (seen on the right) were dis-
placed in the direction of dragging of the latex bead. When
dragging of the latex bead was stopped, the same band 3
molecules continued a hop diffusion, indicating that they are
not bound to the membrane skeleton. When the large bead
was moved back toward its original position, the gold-
bound band 3 molecules returned, but not to their original
positions, because of the hop diffusion that kept occurring
during this sequence. This result strongly suggests that the
cytoplasmic domain of band 3 collides with the membrane
skeleton.

A possible explanation for the forced movement of band 3
by dragging the membrane skeleton may be a hydrody-
namic coupling effect, because all membrane proteins and
lipids that are bound to the membrane skeleton network will
move in concert with the membrane skeleton. We examined
the extent of this effect by lowering the rate of dragging of
the membrane skeleton (by a factor of 12, to 0.15 um/s;
Video Sequence 5b). Even at this slow rate of dragging, the
gold particles attached to band 3 still followed the large
bead’s movements (Figure 5B). These results show that the
band 3 molecules undergoing hop diffusion do indeed col-
lide with the membrane skeleton network, and this results in
their temporal confinement within a compartment of the
membrane skeleton.
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Video Sequence 6: Dragging of the Membrane
Skeleton Does Not Induce Displacement of
Phospholipids Located on the Outer Surface

To further examine the possibility that the hydrodynamic
coupling was responsible for the concerted movement of
band 3 as the membrane skeleton was dragged, we next
examined the effect of dragging the membrane skeleton on
the lipids in the outer leaflet of the membrane. Direct inter-
action of these lipids with the membrane skeleton is not
possible. As such, any effect must be caused by hydrody-
namic coupling through the fluid bilayer. Fluorescein-phos-
phatidylethanolamine was artificially incorporated into the
erythrocyte ghost and labeled with gold particles coated
with anti-fluorescein Fab.

In Video Sequence 6 (Figure 6), a gold particle bound to
fluorescein-phosphatidylethanolamine in the outer leaflet of
the membrane is seen near the right edge of the cell. This
particle is seen to undergo rapid Brownian diffusion. The
membrane skeleton was then dragged toward the left at a
rate of 1.8 um/s; however, the lipid showed no sign of
following the large bead and thus the membrane skeleton.

CONCLUSION

The image data shown in this video essay indicate that the
erythrocyte membrane is compartmentalized with regard to
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Figure 6. Effect of lateral dragging of a 1-um latex bead attached to
the membrane skeleton on the movement of a lipid that is located in
the outer leaflet of the cell membrane.

the lateral diffusion of band 3 and presumably other trans-
membrane proteins. The confined diffusion is most likely
caused by the collision of the cytoplasmic portion of band 3
with the membrane skeleton network (membrane—skeleton
fence model). These conclusions could only be reached by
studying the movements of single band 3 molecules using
single particle tracking techniques and by direct mechanical
manipulations of the membrane skeleton using optical twee-
zers. Because single molecule techniques can be applied to
study the movements of various other proteins in the su-
pramolecular complexes contained in living cells, they pro-
vide powerful tools for cell biologists to investigate the
dynamics and underlying mechanisms for many cellular
processes.
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