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ABSTRACT Band 3, the major intrinsic protein of the
human erythrocyte membrane, was specifically labeled with
the covalent fluorescent probe eosin isothiocyanate. The lateral
mobility of labeled band 3 in the plane of the membrane under
various conditions of ionic strength and temperature was ex-
amined by using the fluorescence photobleaching recovery
technique. Low temperature (21°C) and high ionic strength (46
mM NaPOy) favored immobilization of band 3 (10% mobile) as
well as slow diffusion of the mobile fraction (diffusion coeffi-
cient D = 4 X 10711 cm? sec™1). Increasing temperature (37°C)
and decreasing ionic strength (13 mM NaPQ,) led to an increase
in the fraction of mobile band 3 (90% mobile) and a reversible
increase in the diffusion rate of the mobile fraction (D = 200
X 10711 ¢m? sec™1). The increase in the fraction of mobile band
3 was markedly dissociated, however, from the increase in the
diffusion rate of the mobile fraction. Thus, the fraction of mo-
bile band 3 always increased at higher ionic strength and lower
temperature than the ionic strength and temperature at which
the Hiffusion rate increased. This dissociation was manifested
kinetically on prolonged incubation of ghosts at constant ionic
strength and temperature: the diffusion rate of the mobile
fraction increased slowly at first and much more rapidly after
the initial lag period, whereas the fraction of mobile band 3
increased almost immediately to 90% and remained maximal
for the duration of the experiment. Further, changes in diffusion
rate with temperature were promptly and totally reversible,
whereas increases in the mobile fraction were only slowly and
partially reversible. These effects were shown not to be due to
complete dissociation of spectrin, the major protein of the
erythrocyte cytoskeleton, from the membrane. This evidence
suggests control of band 3 lateral mobility by at least two sep-
arate processes. The process that determines the diffusion
coefficient of the mobile band 3 is completely reversible, and
it probably involves a metastable state of cytoskeleton structure
intermediate between tight binding to the membrane and
complete dissociation from it.

Extensions of the fluid-mosaic model for membrane structure
(1) have emphasized the importance of intramembranous
(especially transmembranous) forces in the modulation of lat-
eral mobility of integral membrane proteins (2, 3). Immuno-
logic phenomena such as antibody-induced patching and
capping and anchorage modulation (reviewed in ref. 3) dem-
onstrate a functional role for such forces in mammalian cell
membranes. With reference to the human erythrocyte mem-
brane, qualitative evidence for cytoskeletal control of integral
membrane protein distribution and mobility has emerged from
freeze-fracture electron microscopic studies (4-7). Direct ex-
amination of the lateral mobility of fluorescently labeled
transmembrane proteins (chiefly band 3 and glycophorin) by
the cell fusion (8) and photobleaching recovery (9) techniques
has also suggested restricted mobility for these proteins.

A definitive proof of regulated mobility lies in the demon-
stration of reversible conditions under which such restrictions
are progressively lifted. We reasoned that the same experi-
mental parameters important in complete dissociation of the
erythrocyte cytoskeleton from the membrane—i.e., low ionic
strength, high temperature, and time—might also be involved
in a rearrangement of cytoskeletal membrane proteins that
would precede both complete cytoskeletal dissociation and
frank ghost membrane vesiculation. Such a rearrangement
could involve a metastable state of cytoskeleton structure, in-
termediate between tight binding to the membrane and com-
plete dissociation from it, which would allow unrestricted
mobility of the major integral membrane protein, band 3.

Band 3 was specifically labeled with the covalent fluorescent
probe eosin isothiocyanate and its lateral mobility in the plane
of the erythrocyte ghost membrane was quantitatively exam-
ined by using the fluorescence photobleaching recovery (FPR)
technique (10, 11). In this technique, a single fluorescently la-
beled cell membrane is observed in a fluorescence microscope,
using a sharply focused laser beam as the excitation source. A
small area of the membrane is exposed to a brief, intense pulse
of laser light, which causes irreversible photochemical bleaching
of the fluorophore in that area. The rate and total amount of
recovery of the fluorescence in the bleached region, which
results from lateral diffusion of unbleached fluorophore into
the bleached area, are monitored with a photomultiplier tube.
Appropriate analysis of the fluorescence recovery curves (Fig.
1) allows estimation of: (i) the type of process that is leading to
recovery; (i) the relative amounts of mobile and immobile
fluorophore; (iii) the lateral diffusion coefficient of the mobile
fraction; and (iv) the presence or absence of discrete domains
in the membrane comparable in size to the bleaching laser
beam.

MATERIALS AND METHODS

Eosin Isothiocyanate Labeling of Band 3. The labeling
procedure was taken from Cherry et al. (12). Briefly, washed
erythrocytes from fresh human blood were mixed with eosin
5-isothiocyanate (Molecular Probes, Plano, TX) in phosphate-
buffered saline, pH 7.4, for 3 hr at 21°C, lysed, and washed
extensively in 5 mM NaPO4/30 nM phenylmethylsulfonyl
fluoride (PhMeSO2F), pH 7.4, and stored up to 7 days at 4°C
in 5 mM NaPO,4/10 mM NaN3/30 nM PhMeSO.F, pH 7.4. The
amount of bound eosin was determined spectrophotometrically
(13). Protein was determined by using the method of Lowry
et al. (14). Sialic acid was determined fluorimetrically (15) after
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F1g. 1. Parameters involved in a typical fluorescence photo-
bleaching recovery experiment. F(—), fluorescence before bleaching;
F(0), fluorescence immediately after bleaching; F(«), fluorescence
long after bleaching; 71,9, half-time for recovery. Diffusion coefficient
D = (wo2/471/2)7Y D, in which wy is the 1/e2 radius of the Gaussian laser
beam in the sample plane and 7 p is a small correction factor depen-
dent on the magnitude of the bleaching pulse at time ¢t = 0. The
fractional recovery, f(«) = [F(~) — F(0)]/[F(-) — F(0)], quantitates
the fraction of fluorophore that is mobile—i.e., that is free to diffuse
laterally with diffusion coefficient D (cm?2 sec™1).

sialidase treatment (16). Selectivity of labeling was assessed by
NaDodSO,/polyacrylamide gel electrophoresis of solubilized
eosin-labeled ghosts according to Laemmli (17). Spectro-
densitometric gel scans at 515 nm to monitor eosin absorbance
were compared with scans of the same gels stained subsequently
with Coomassie blue for protein or periodic acid-Schiff reagent
for carbohydrate. Low ionic strength (18) and chloroform/
methanol (19) extractions of the eosin-labeled ghosts were
employed to determine quantitatively the amount of eosin label
that coextracted with spectrin-actin and the sialoglycoproteins,
respectively.

Sample Preparation. Eosin-labeled erythrocyte ghosts in 5
mM NaPO,4/10 mM NaN3/30 nM PhMeSO.qF, pH 7.4 were
diluted with various concentrations of NaPQ, buffer, pH 7.4,
and degassed in a sealed glove bag (Ventron X-27-17) by a
stream of nitrogen for 8 hr at 21°C in the dark. One to 2 ul of
the ghost suspension was sealed with epoxy on a microscope
slide inside the glove bag. The ghost suspension spread spon-
taneously between the slide and cover glass, yielding a sample
of average thickness 2-4 um. This geometry oriented the 5- to
9-um-diameter ghosts parallel to the microscope slide and
maintained them in a fixed position on the microscope stage.
Purging eosin-labeled ghosts of oxygen was performed to
eliminate adverse photochemical crosslinking mediated by
singlet oxygen (20). Control of sample temperature to within
1°C was achieved with an airstream incubator (Nicholson
Precision Instruments C300) directed at the microscope
stage.

FPR Measurements. The design of the optical system for
FPR measurements was adapted from Jacobson et al. (21). A
detailed description of the optics and electronics has been given
(22). The size and profile of the focused laser beam in the plane
of the specimen was determined by using the FPR technique
itself (10). The focused laser beam was scanned with known
velocity through a spot bleached in a thin (25 um) layer of
immobile fluorescein 5-isothiocyanate (Molecular Probes)
embedded in resin (Sylgard 184, Dow-Corning) (23). This
generated a flow recovery curve of fluorescence that showed
the beam to be Gaussian in profile, with an average 1/e2 radius
of 1.2 £+ 0.3 um (n = 13) in the specimen plane. Lateral mo-
bility parameters of eosin-labeled band 3 under various con-
ditions of ionic strength and temperature were assessed by the
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FPR technique (10, 11), as diagrammed in Fig. 1. Because ex-
perimental fluorescence recovery curves were found to be well
fit by theoretical diffusion curves under all conditions of ionic
strength and temperature (see Results), the data were routinely
analyzed by a simple three-point fit (10) after smoothing by
hand, to determine the diffusion coefficient and fractional
recovery of fluorescence. At each experimental set of conditions,
two to seven independent measurements (n) of lateral mobility

parameters were made; the data were then expressed as mean
+ SD.

RESULTS

Eosin-labeled ghosts generally had 1.1-1.7 ug of eosin bound
per mg of total membrane protein, corresponding to a molar
ratio of eosin to band 3 of approximately 0.75. On Na-
DodSOy4/polyacrylamide gel electrophoresis, most of the eosin
absorbance was associated with band 3, with a small amount
of absorbance also detected in the regions of bands 1 and 2 (data
not shown). Low ionic strength treatment of eosin-labeled ghosts
(which selectively releases spectrin and actin) solubilized 8 +
2% of the total eosin along with 24 + 6% of the total membrane
protein (n = 3). Chloroform/methanol extraction of labeled
ghosts (which selectively partitions glycophorin into the aqueous
phase) resulted in the appearance of 7% of the total eosin, 5%
of the total protein, and 73% of the total sialic acid in the
aqueous phase. Eosin labeling was thus about 80% selective for
band 3, with approximately 10% labeling of spectrin and 10%
labeling of the sialoglycoproteins.

A Fraction of Band 3 Diffuses in the Plane of the Mem-
brane. The results of a series of FPR experiments on eosin-
labeled erythrocyte ghosts are summarized in Table 1. Incu-
bation conditions ranged from 5.2 to 46 mM NaPOj buffer and
from 21 to 37°C. Typical experimental recovery curves under
the extremes of these incubation conditions are given in Fig.
2 and compared to theoretical FPR curves for diffusion with
a Gaussian beam (10). In general the fit is excellent, implying
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FIG. 2. Experimental FPR curves on eosin-labeled erythrocyte
ghosts at the extremes of ionic strength and temperature used in this
study. Theoretical curves for diffusion with a Gaussian beam were
fit to the experimental points by hand. The good agreement between
FPR data and theoretical curves demonstrates that lateral diffusion
is responsible for the observed fluorescence recovery under all con-
ditions of ionic strength and temperature. The parameter f(¢) rep-
resents the fractional recovery of fluorescence at time ¢; f(¢) = [F(t)
— F(0))/[F(=) — F(0)]. Curves on left, 21°C; curves on right, 37°C.
Curves at top, low ionic strength; curves at bottom, high ionic strength.
Note large differences in time scale (i.e., diffusion coefficient) and
fractional recovery (i.e., mobile fraction) under various conditions.
(A) 5 mM NaPOy, 21°C; D = 6.2 X 10~!1 cm2 sec™1, f(«) = 0.65. (B)
13 mM NaPOy, 37°C; D = 130 X 1011 cm?sec™?, f(=) = 0.94. (C) 46
mM NaPOy, 21°C; D = 2.1 X 10711 cm2sec™L, f(«) = 0.20. (D) 46 mM
NaPOy, 37°C; D = 4.4 X 1071 cm2 sec™1, f(«) = 0.50.
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Table 1. Summary of FPR experiments on eosin-labeled ghost membranes2

21°Ce 30°Cd 37°Ce
NaPO4P D, cm2sec™! D, cm? sec™! D, cm2?sec™!

mM X 1011 f() n X 1011 f(=) n X 1011 f() n

5.2 5.0+ 2.2 0.72 £ 0.07 4 11 1 0.69 & 0.08 2 —f —f

9.4 95+23 0.51 £ 0.14 5 _f _f
13.3 6.7 +1.2 0.34 + 0.05 3 14 5 0.60 + 0.12 4 65 £+ 40 0.83 &+ 0.06 3
18.8 8.7+1.8 0.37 £ 0.09 3 79+1.2 0.79 £ 0.05 3 58 + 8 0.73 £ 0.11 2
214 82+1.2 0.36 £+ 0.09 6 29 +10 0.75 £ 0.11 7
26.08 7.0+ 3.0 0.38 + 0.09 4 7.0+ 3.0 0.71 £ 0.10 2 14 + 4 0.75 £ 0.13 2
46.0 4.3 +2.2 0.11 + 0.09 4 46+ 0.8 0.41 £ 0.12 3

a f(«) represents the fraction of band 3 molecules that is mobile—i.e., that is free to diffuse laterally with diffusion coefficient D.
b All samples were buffered at pH 7.4 with the NaPOy in 1 mM NaN3/30 nM PhMeSO,F.

¢ Incubation 4-5 hr, except 1-2 hr for 5.2 mM NaPO,.

d Incubation 0.5-1 hr, except 0.25-0.5 hr for 5.2 mM NaPQ,.
e Incubation 0.5-1 hr.

f There was 100% ghost vesiculation.

8 Approximate concentration.

that lateral diffusion is the only process that is contributing
significantly to fluorescence recovery. The experimental data
tended to be more scattered under conditions of high ionic
strength and low temperature, where fractional recoveries of
fluorescence were small (Fig. 2C). This was mainly a signal-
to-noise problem, because the percentage contribution of noise
to the experimental data was greater with smaller recovery of
fluorescence intensity. Nonetheless, even under these conditions
the data fit a theoretical diffusion curve well.

Diffusion Coefficient and Fractional Recovery Have
Strong but Distinct Dependencies on Ionic Strength and
Temperature. Low temperature (21°C) and high ionic strength
(46 mM NaPOy,) favored immobilization of band 3 (11 &+ 9%
fractional recovery) as well as slow diffusion of the mobile
fraction (D = 4 £ 2 X 107! cm? sec™!). Decreasing the ionic
strength at this temperature caused little if any change in dif-
fusion coefficient (D = 5-10 X 10711 cm? sec™! at all phosphate
concentrations) but a marked increase in the mobile fraction
of band 3 [f(«) = 72 + 7% at 5 mM NaPOQy4] (Fig. 3). At 37°C
much of the band 3 was mobile even at high ionic strength (41
+ 12% fractional recovery at 46 mM NaPQy), although diffu-
sion of the mobile fraction was still slow (5 £ 1 X 10711 cm?2
sec™1). Decreasing ionic strength at this temperature led first
to a rapid increase in fractional recovery to 75 + 13%, followed
by a sharp rise in diffusion coefficient to 65 + 40 X 10711 cm?
sec™! (Fig. 3). It should be noted that the sharp increase in
diffusion coefficient occurred over an ionic strength range in
which the fractional recovery was not changing at all. Mea-
surement of lateral mobility at NaPOy4 buffer concentrations
less than 10 mM at 37°C was prevented by rapid (<15 min) and
total vesiculation of ghost membranes. The 1- to 2-um-diameter
vesicles produced were easily identified in the fluorescence
microscope.

Increasing temperature at constant ionic strength led to in-
creases in both diffusion coefficient and fractional recovery.
These changes occurred over different ranges of ionic strength
and temperature, however, and were thus dissociated from one
another (Fig. 3). At 46 mM NaPOy,, for example, increasing
temperature from 21 to 37°C caused a significant increase in
the mobile fraction of band 3 (11 £ 9% to 41 + 12%) but no
change in the (still low) diffusion coefficient. Conversely, at 5.2
mM NaPOy, increasing temperature from 21 to 30°C led to an
increase in the diffusion coefficient (5 + 2to 11 £ 1 X 10~11
cm? sec™!) but no change in the (already high) fractional re-
covery. At intermediate phosphate concentrations, increasing
temperature resulted in an increase in fractional recovery,
followed by a sharp rise in diffusion coefficient. In all cases the

fractional recovery increased to 60-80% before the diffusion
coefficient began to rise.

With Time at 37°C, Diffusion Coefficient Increases Re-
versibly 50-Fold Above Room Temperature Value. Under the
proper conditions of jonic strength and temperature, the dif-
fusion coefficient and fractional recovery of fluorescence were
extremely sensitive to the time of incubation. Fig. 4 presents
the results of an experiment in which the FPR parameters were
determined every 15 min for 3 hr after the temperature of the
sample had been raised from 21 to 37°C. A different cell was
used for each point to avoid bleaching an area in a cell that had
been bleached previously in the experiment. Within 50 min the
mobile fraction of band 3 increased to a maximum value of 88
+ 10%, and it remained at that value for the duration of the
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F1G. 3. Diffusion coefficients (A) and fractional recoveries of
fluorescence (B) obtained from FPR experiments on eosin-labeled
erythrocyte ghosts as functions of ionic strength, at various temper-
atures. The fractional recovery represents the fraction of band 3
molecules that is free to diffuse laterally. Each point represents the

mean of two to seven independent determinations on separate ghosts
(see Table 1).
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FiG. 4. Diffusion coefficients (4) and fractional recoveries of
fluorescence (B) as functions of incubation time at 37°C in 13 mM
NaPOy buffer. Horizontal broken lines represent initial values at
21°C, before the temperature had been increased to 37°C. Smoothed
curves are drawn through the experimental points by pairwise aver-
aging of adjacent data points. At ¢ = 0, curves are extrapolated back
to the values obtained at 30°C in the same buffer (probably a slight
underestimate for the initial values at 37°C). The vertical broken line
represents return of temperature to 21°C. Temperature equilibration
time was 10-15 min. Each experimental point was obtained from a
separate erythrocyte ghost in the sample.

experiment. On the other hand, the diffusion coefficient in-
creased slowly for the first hour and much more rapidly over
the following 2 hr, reaching a value of 190 £ 30 X 10~!1 cm?
sec™1 (n = 4) at the end of 3 hr. Lowering the incubation tem-
perature resulted in prompt and total return of the diffusion
coefficient to its initial value, but only slow and partial return
of the fractional recovery.

Spectrin is Completely Dissociated at Much Lower Ionic
Strengths than Those at Which Large Changes in Diffusion
Coefficient Occur. The ionic strength dependence of spectrin
dissociation from eosin-labeled ghosts on incubation at 37°C
for 60 min is presented in Fig. 5. At NaPOy4 concentrations
greater than 5 mM, approximately 15-20% of bands 1 and 2
were dissociated; this amount did not change with increasing
ionic strength at least up to 44 mM NaPOy. Below 5 mM NaPOy4
there was an abrupt transition in the stability of the spectrin-
membrane complex, leading to 74% dissociation of spectrin at
0.1 mM NaPOy. Fig. 5 also presents a comparison of the ionic
strength dependence of spectrin dissociation with that of the
diffusion coefficient for eosin-labeled band 3 in ghost mem-
branes. In both cases, the ghosts were incubated at 37°C for 60
min, eliminating the effects of temperature and time from the
comparison. Changes in spectrin dissociation occurred only at
low ionic strengths, whereas increases in the diffusion coeffi-
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F1G. 5. Dissociation of spectrin from eosin-labeled erythrocyte
ghosts with decreasing phosphate concentrations. Eosin-labeled
erythrocyte ghosts were suspended in various concentrations of
NaPOy, pH 7.4, and incubated for 60 min at 37°C. Dissociation of
spectrin from the ghost membranes was assayed as described by
Bennett and Branton (24). The percent dissociation is expressed
relative to a control sample maintained at 0°C in 16 mM NaPO,, pH
7.4, for 60 min.

cient occurred at much higher phosphate concentrations.
Clearly the large increase in diffusion coefficient cannot be due
to complete spectrin dissociation alone.

DISCUSSION

We have described a wide range of phenomena concerning the
lateral mobility of band 3 in the human erythrocyte membrane.
Within a fairly narrow range of temperatures (21-37°C) and
ionic strengths (5-46 mM NaPQ,, pH 7.4), conditions were
found under which reversible 50-fold changes in diffusion
coefficient (4-200 X 1011 cm? sec™!) and nearly maximal
changes in the mobile fraction of band 3 (10-90%) occur.
Fowler and Branton (8) have also found slow (minimal diffusion
coefficients #1071 cm?2 sec™!) temperature-dependent lateral
mobility of erythrocyte integral membrane proteins under high
ionic strength conditions. Clearly, the lateral mobility of this
integral membrane protein is regulated in some organized way.
From the dissociation of the ionic strength, temperature, and
time dependencies of the diffusion coefficient and fractional
recovery of fluorescence, it is further apparent that at least two
separate processes capable of restricting band 3 lateral mobility
must exist. The first process, which is only partially reversible,
allows a greater and greater proportion of band 3 molecules to
diffuse over large distances on the membrane. The second
process, which is more difficult to set in motion than the first
process but which is rapidly and totally reversible, allows the
mobile fraction of band 3 molecules to diffuse much faster. The
fastest lateral mobility of band 3 [D = 190 X 10~ cm? sec™;
f() =90% at 37°C] approaches that observed for rhodopsin,
an integral membrane protein that is believed to be unrestricted
in the membrane (25, 26), and for lipid analogues in several
natural membrane systems. This rate of diffusion may thus be
reflective of completely unrestricted lateral mobility (i.e.,
governed only by bilayer viscosity) in the erythrocyte mem-
brane.

Of the various mobility restraint mechanisms (2), interactions
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with the erythrocyte cytoskeleton are the most likely processes
controlling the lateral mobility of band 3. The involvement of
mechanisms other than lipid viscosity alone is indicated by the
strong ionic strength dependence of the lateral mobility pa-
rameters and by the apparent lag phase preceding the enormous
rise in diffusion coefficient on increasing temperature at 13 mM
NaPOQy. Planar aggregation of band 3 molecules must be un-
important in the control of lateral mobility, because aggregates
of at least 2500 band 3 dimers would be necessary to explain a
50-fold change in diffusion coefficient (see Eq. 2 of ref. 26). The
presence of domains smaller in area than about Y/ of the total
erythrocyte membrane surface was ruled out by experiments
in which bleaching laser pulses were repetitively delivered to
the same area of eosin-labeled ghost membrane. Between 80
and 100% fractional recovery of fluorescence resulted consis-
tently after the third or fourth bleach, under all conditions of
ionic strength and temperature (data not shown). Had bounded
domains comparable in size to the focused laser spot been
present, fractional recoveries on rebleaching would never have
reached these high levels (27).

Interactions between band 3 and the erythrocyte cytoskeleton
could take the form of a specific ionic-strength- and tempera-
ture-dependent formation of a complex between band 3 and
some immobile cytoskeletal component or a nonspecific ionic
strength- and temperature-dependent entanglement of the
cytoplasmic portion of band 3 in the cytoskeletal reticulum. A
tight complex between band 3 and band 2.1 on the membrane
has been demonstrated (28), but this could account for immo-
bilization of at most 10-15% of the band 3. More likely candi-
dates for interactions leading to restriction of lateral mobility
are formation of a low-affinity (K4 = 1-10 uM) complex be-
tween band 3 and spectrin (see ref. 29) and high- or low-affinity
binding between spectrin and other membrane elements. The
latter possibilities are especially attractive, because interactions
involving cytoskeletal elements are sensitive to the same pa-
rameters that affect lateral mobility strongly. Phenomena ex-
hibiting such dependencies include spectrin elution from the
membrane (5, 24), spectrin binding to inside-out vesicles (24),
spectrin dimer-tetramer equilibrium (30), and susceptibility
of membrane proteins to crosslinking (31). It is not difficult to
imagine a relatively loose but metastable state of cytoskeleton
structure intermediate between tight binding to the membrane
and complete dissociation from it that would allow rapid lateral
diffusion of band 3. To be consistent with our data on the re-
versibility of the diffusion coefficient of band 3, the postulated
metastable state must be in rapid equilibrium (minutes to hours)
with the tightly bound form of the cytoskeleton; this is again
not unreasonable given the high affinity of at least one inter-
action between spectrin and the membrane (28).

Systematic study of the lateral mobility of selectively labeled
membrane components by the FPR technique can provide
detailed information regarding membrane structure and dy-
namics. In the human erythrocyte membrane system, we have
presented evidence for dynamic interactions between band 3
and the erythrocyte cytoskeleton. Study of specifically labeled
glycophorin mobility, as well as the effects of various exogenous
and endogenous perturbants of cytoskeletal structure on the
lateral mobility of band 3 and glycophorin, will further eluci-
date these interactions.
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