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Band 3 and Glycophorin Are Progressively Aggregated
in Density-fractionated Sickle and Normal Red Blood Cells
Evidence from Rotational and Lateral Mobility Studies

James D. Corbett and David E. Golan
Departments of Biological Chemistry and Molecular Pharmacology, and Medicine, Harvard Medical School,
Hematology-Oncology Division, Brigham and Women's Hospital, Boston, Massachusetts 02115

Abstract

Band 3 aggregation in the plane of the red blood cell (RBC)
membrane is postulated to be important in the pathophysiology
of hemolysis of dense sickle and normal RBCs. Weused the
fluorescence photobleaching recovery and polarized fluores-
cence depletion techniques to measure the lateral and rotational
mobility of band 3, glycophorins, and phospholipid analogues
in membranes of density-separated intact RBCsfrom seven pa-
tients with sickle cell disease and eight normal controls. The
fractions of laterally mobile band 3 and glycophorin decreased
progressively as sickle RBCdensity increased. Normal RBCs
also showed a progressive decrease in band 3 fractional mobil-
ity with increasing buoyant density. Rapidly rotating, slowly
rotating, and rotationally immobile forms of band 3 were ob-
served in both sickle and normal RBCmembranes. The fraction
of rapidly rotating band 3 progressively decreased and the frac-
tion of rotationally immobile band 3 progressively increased
with increasing sickle RBCdensity. Changes in the fraction of
rotationally immobile band 3 were not reversible upon hypo-
tonic swelling of dense sickle RBCs, and normal RBCsosmoti-
cally shrunken in sucrose buffers failed to manifest band 3 im-
mobilization at median cell hemoglobin concentration values
characteristic of dense sickle RBCs. Weconclude that dense
sickle and normal RBCsacquire irreversible membrane abnor-
malities that cause transmembrane protein immobilization and
band 3 aggregation. Band 3 aggregates could serve as cell sur-
face sites of autologous antibody binding and thereby lead to
removal of dense sickle and normal (senescent) RBCsfrom the
circulation. (J. Clin. Invest. 1993. 91:208-217.) Key words:
fluorescence photobleaching recovery * fluorescence recovery
after photobleaching * hemolysis * polarized fluorescence deple-
tion * Stractan gradient

Introduction

Cell membranes are transducers by which intracellular events
affect interactions of the cell with its extracellular environ-
ment. The primary pathophysiological event in sickle cell dis-
ease, polymerization of hemoglobin S within sickle red blood
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cells (RBCs),' leads to alterations in sickle RBCmembranes
that enhance interactions between sickle RBCs and bone
marrow-derived mononuclear phagocytes (1). These interac-
tions are likely to lead to premature removal of sickle RBCs
from the circulation, a major clinical problem in sickle cell
disease.

The normal RBCmembrane is composed of a lipid bilayer,
in which integral membrane proteins are embedded, and a mul-
ticomponent protein skeleton, which laminates the inner bi-
layer surface (2). Two major integral membrane glycopro-
teins, band 3 and glycophorin A, span the bilayer. Band 3,
present in - 106 copies per cell (3), mediates anion exchange
across the membrane (4). Glycophorin A, present in - 5
x 105 copies per cell (5), is the major sialoglycoprotein. The
membrane skeleton determines RBCstability, deformability,
and shape (6-9) and appears to regulate lateral and rotational
mobility of band 3 and glycophorin A in the plane of the mem-
brane (10-18). The major skeletal protein, spectrin, is at-
tached to the overlying bilayer through interactions involving:
ankyrin, which links spectrin to a portion ( 10-15%) of band 3;
protein 4.1, which links spectrin to glycophorin Cand possibly
to glycophorin A and band 3; and, possibly, inner leaflet amino-
phospholipids, including phosphatidylserine and phosphatidy-
lethanolamine (2).

Sickle RBC membranes exhibit multiple structural and
functional abnormalities ( for review see reference 19). Irrevers-
ibly sickled cells (ISCs) are abnormally rigid (20) and manifest
increased exposure of aminophospholipids in the outer leaflet
of the RBCmembrane (21-25). Membrane skeletons from
ISCs retain the deformed sickle shape in the absence of hemo-
globin and membrane lipid (26). Negative charges at the sur-
face of sickle RBCs, presumably carried by glycophorins, may
be abnormally clustered (27, 28), although this finding is con-
troversial (29). Elevated levels of hemoglobin are found at the
inner surface of sickle RBCmembranes, presumably bound to
band 3 (30). Sickle RBCmembranes have increased lipid per-
oxidation (31 ) and intraprotein disulfide bonds ( 1 ) as manifes-
tations of oxidant damage induced by increased levels of acti-
vated oxygen products (32; for review see reference 33). Fi-
nally, sickle RBCs exhibit net potassium and water loss (34,
35) and net calcium accumulation (36). These changes are
progressive over the life span of the cell.

1. Abbreviations used in this paper: EMA, eosin maleimide; FI-PE,
fluorescein phosphatidylethanolamine; FPR, fluorescence photob-
leaching recovery; FTSC, fluorescein thiosemicarbazide; ISC, irrevers-
ibly sickled cell; KPBS, high potassium phosphate-buffered saline;
MCHC,median cell hemoglobin concentration; PFD, polarized fluo-
rescence depletion; PMT, photomultiplier tube; RBC, red blood cell;
RSC, reversibly sickled cell.
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Many RBCmembrane defects are also found in normal
cells of increased density. Membrane surface area is decreased
(37), with nonselective loss of phospholipid, cholesterol (38),
and sialic acid bearing glycoproteins (39, 40) (but not band 3).
Cell deformability is impaired. Activities of many cellular en-
zymes are decreased, including glycolytic enzymes, superoxide
dismutase (41 ), glutathione peroxidase (42), and glutathione
reductase; ATPlevels are normal, however. Increased oxidized
glutathione (42) and membrane-associated hemoglobin (43)
and hemichrome (44) may indicate that progressive oxidative
membrane damage occurs with increasing cell age (33). In-
creased clustering of cell surface negative charges (45) and in-
creased cell surface binding of autologous IgG (46-51) are also
found in dense normal cells.

Changes at the RBCsurface are likely to be responsible for
the observed increase in hemolysis of dense sickle and normal
cells. Cell surface changes could induce increased binding of
autologous IgG to dense sickle and normal RBCsand thereby
mediate the removal of such cells from the circulation (52-
57). In this report we have used the techniques of fluorescence
photobleaching recovery (FPR) and polarized fluorescence de-
pletion (PFD) to measure the lateral and rotational mobility of
band 3 and the lateral mobility of glycophorins and phospho-
lipid analogues in membranes of density fractionated sickle
and normal RBCs. Cell density correlates to some extent with
cell age (58) and with sickle RBCmorphology. By characteriz-
ing the physical state of band 3 and glycophorins in dense sickle
and normal cells, we have elucidated molecular rearrange-
ments that could directly mediate the removal of such cells
from the circulation. Our data are consistent, on a molecular
level, with the hypothesis that aggregates of band 3 serve as the
primary binding site for autologous IgG and therefore as the
likely cell surface signal for dense cell removal.

Methods

Fluorescein phosphatidylethanolamine (FR-PE) was obtained from
Avanti Polar Lipids, Inc. (Alabaster, AL). Eosin maleimide (EMA)
and fluorescein thiosemicarbazide (FTSC) were purchased from Mo-
lecular Probes, Inc. (Eugene, OR). Glucose oxidase, catalase, and
Stractan were obtained from Sigma Chemical Co. (St. Louis, MO).
After informed consent was obtained, fresh blood was collected by
venipuncture into heparinized tubes. The buffy coat was immediately
removed by aspiration and RBCswere washed three times and stored
at 40C in the following high potassium phosphate-buffered saline
(KPBS) (mM): 140 KCI, 15 NaPO4, 10 glucose, pH 7.4. High potas-
sium buffers were used to prevent possible cellular dehydration asso-
ciated with deoxygenation and fluorescent labeling.

Labeling of RBCband 3. 100 Al of freshly washed packed RBCs
were incubated with 40 ,ul of EMA, 0.25 mg/ml in KPBS, at room
temperature for 12 min. Cells were then washed three times in KPBS
with 1%BSA. Under these labeling conditions > 80%of the membrane
associated fluorescence was covalently bound to band 3.

Labeling of RBCglycophorins. 100 Ml of freshly washed packed
RBCs was incubated with 100 Ml of NaIO4, 2 mMin KPBSwithout
glucose, at 40C for 15 min. Cells were then washed twice in KPBSwith
0.1 Mglycerol and once with KPBS. 100 MI of oxidized RBCs was
added to 100 Al of FTSC, 0.5 mg/ml in KPBS, at 4°C for 1 h. Labeled
cells were washed three times in KPBS with 1% BSA. Under these
conditions > 80% of the membrane-associated fluorescence was cova-
lently bound to RBCsialoglycoproteins (glycophorins); of this amount
75% was bound to glycophorin A. FPRexperiments on FTSC-labeled
RBCstherefore measured the average lateral mobility of all RBCmem-

brane glycophorins, although the major molecular species contributing
to this measurement was glycophorin A.

Labeling ofRBCs with afluorescent phospholipid analogue. 20 Ml of
F1-PE, 1 mg/ml in chloroform, was dried, resuspended in 0.5 ml of
KPBS, and sonicated for 20 min in a low power bath sonicator. 100 Al
of freshly washed packed RBCswas incubated with the F1-PE solution
at room temperature for 30 min. Cells were then washed three times in
KPBSwith 1% BSA.

Separation of RBCsaccording to buoyant density. Discontinuous
Stractan density gradients (59) were used to separate sickle and normal
RBCs into six different density fractions. Gradients were prepared as
described by Galili et al. (52). Five 1 .5-ml solutions of Stractan, with
densitiesof 1.081, 1.085, 1.094, 1.107, and 1.1 1 1 g/ml, were layered on
a cushion of 1. 160 g/ ml density in 15-ml ultracentrifuge tubes. Packed,
washed RBCswere resuspended in 5 vol of KPBScontaining 20 mM
glucose, adjusted to pH 7.4 and 290 mosMas needed (KPBS/glucose),
layered on the Stractan gradient, and centrifuged at 20,000 rpm in a
rotor (SW4OTi; Beckman Instruments, Fullerton, CA) at 0°C for 30
min. RBCband 3 and glycophorins were fluorescently labeled before
centrifugation on Stractan density gradients, whereas F1-PE was incor-
porated into intact RBCmembranes either before or after centrifuga-
tion. Successive RBCfractions were harvested from the gradient using
a Pasteur pipette and washed five times in KPBS/glucose with 1%BSA.
Unless otherwise indicated, RBCs from the 1.081-1.085 (band 2),
1.094-1.107 (band 4), and 1.1 I1-1. 160 (band 6) g/ml interfaces were
used in FPR and PFDexperiments. These fractions had median cell
hemoglobin concentrations (MCHCs) of 30, 37, and 42 g/dl as mea-
sured by using the H1 system (Technicon Instruments Corp., Tarry-
town, NY). Median rather than mean values were used, since the dis-
tributions of individual cell hemoglobin concentrations were non-
Gaussian in each of the density fractions. In agreement with the results
of Galili et al. (52), we observed that reversibly sickled cells (RSCs)
were the predominant sickle RBCtype in band 2, a mixture of RSCs
and ISCs were found in band 4, and predominantly ISCs were found in
band 6.

Alteration of RBCMCHCvalues. Normal RBCswere dehydrated
or rehydrated by overnight incubation at 4°C in KPBS containing
various concentrations of sucrose. Lateral and rotational mobility mea-
surements were performed after the overnight incubation. An algo-
rithmic extrapolation from the buffer osmolality was used to estimate
MCHCvalues of RBCs in sucrose-containing buffers (60, 61 ); see Fig.
7 for these estimates.

Dense sickle RBCs were hypotonically swollen by incubation at
room temperature for 1-2 h in 130-200-mosM buffers. Hypotonic
solutions were generated by dilution of KPBSwith distilled water and
verification of pH at 7.4. Osmolalities were measured by using a freez-
ing point depression osmometer (Osmette, Precision Systems Inc., Na-
tick, MA). RBCswelling was predicted to be completed within 60 min
of the start of incubation (60, 61). Osmotic swelling of dense sickle
RBCswas confirmed by phase-contrast microscopy.

Preparation of CO-saturated deoxygenated RBCs. Carbon monox-
ide-saturated deoxygenated RBCswere produced by sealing a suspen-
sion of labeled RBCs in a Wheaton vial, passing humidified N2 gas into
the vial (without foaming) for 1 h, passing humidified COgas over the
cells for 1 h, and adding an enzyme oxygen scavenging system (de-
scribed below) to complete the removal of oxygen. This protocol
yielded RBCsin which all of the hemoglobin was liganded by COand
therefore in the R conformation.

Lateral and rotational mobility measurements. FPR was used to
measure the lateral mobility of fluorescently labeled band 3, glycophor-
ins, and phospholipids in membranes of intact RBCs (62). Briefly, a
Gaussian laser beam was focused to a spot on a fluorescently labeled
RBCin a fluorescence microscope. After a brief intense photobleach-
ing pulse, recovery of fluorescence was monitored by periodic low-in-
tensity pulses. Recovery resulted from the lateral diffusion of un-
bleached fluorophores into the bleached area. Nonlinear least-squares
analysis (63) of fluorescence recovery data yielded both the diffusion
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coefficient (D) and the fraction (f ) of fluorescently labeled molecules
that were free to diffuse on the time scale of the experiment (64).

PFDwas used to measure the rotational mobility of eosin-labeled
band 3 in membranes of intact RBCs. This technique combines the
sensitivity of fluorescence detection with the long lifetime of excited
triplet states (65, 66). Briefly, recovery of fluorescence after a ground
state depletion pulse depended both on the triplet lifetime(s) of the
fluorophore and on the rotational relaxation time(s) of band 3. In
addition, the fraction of band 3 molecules that was rotationally immo-
bile on the time scale of the experiment was obtained from the residual
anisotropy ofthe fluorescence intensities excited by parallel and perpen-
dicular probe beams (see references 66 and 67 for a complete descrip-
tion ofthe theory involved in PFDexperiments). Using our laser micro-
scope photometer, two exponential components of anisotropy decay
and a residual anisotropy could be resolved, so data were fitted by
nonlinear least-squares analysis to the equation

r(t) = r(oo) + a-e(t'/T) + 3ee(-/T2),
where r(t) is the anisotropy at time t, r(oo) is the residual anisotropy,
and a and f are the fractions of molecules with rotational correlation
times Tr and T2, respectively. For anisotropy decay curves in which it
was apparent that r, < 40 us, r(0) was set equal to the anisotropy value
determined using eosin-labeled RBCs fixed with 1% glutaraldehyde.
Band 3 in the membranes of fixed cells exhibited no rotational mobility
and the anisotropy, typically 0.27-0.33, was time invariant. This pro-
cedure allowed the reliable determination of a but not T, in such cases.

EMAlabels band 3 specifically at the external anion transport site
of this protein (68, 69). EMAbound to band 3 in intact cells has
multiple phosphorescence (triplet) lifetimes of 2.3, 0.4, and 0.04 ms
(67), and a single fluorescence (singlet) lifetime of 2.99 ns (68). De-
spite the existence of multiple triplet lifetimes, however, our observa-
tion that band 3 exhibited multiple rotational correlation times indi-
cates that several distinct classes of rotationally mobile band 3 coexist
in the membrane (67). Since a uniformly rotating molecular species
can theoretically give rise to two correlation times that differ by a factor
of about four (67), our finding that the shorter and longer band 3
correlation times differed by nearly an order of magnitude suggests that
these two values could not be due to a single class of rotational motion.

PFDexperiments must be performed using deoxygenated solutions
because 02 effectively quenches the excited triplet state of eosin. Fluo-
rescently labeled RBCs were deoxygenated by incubation in a glove
box (818-GB; Plas-labs, Lansing, MI) set to the desired oxygen tension
and by using an enzyme oxygen scavenging system. The enzyme sca-
venging system, which consisted of 50 U/ml glucose oxidase, 20 mM
glucose, and I04 U/ml catalase, served to reduce 02 to H202 and H202
to H20 (66). The excess of catalase reduced significantly the lifetime of
unwanted peroxides. To decrease further the potential for peroxide-
mediated oxidative membrane damage, samples were first deoxygen-
ated to 0.2% 02 at room temperature for 60 min in the glove box and
then treated with the enzyme oxygen scavenging system. Slides were
prepared for PFDexperiments by placing 3.2 ul of a 10% RBCsuspen-
sion on a BSA-coated glass slide and using vacuum grease to seal a
BSA-coated coverslip over the sample, all in the glove box. Lateral and
rotational mobility measurements were performed within 6 h of fluores-
cent labeling. Results of PFD experiments using the enzyme scaveng-
ing system were identical to those using a more powerful glove box
(Braun MBI 5OM; courtesy of Dr. Christopher T. Walsh, Harvard Med-
ical School, Boston, MA) to deoxygenate samples to 1 ppm 02 without
the use of scavenging enzymes.

Time-resolved photon-counting laser microscope. Wedesigned and
constructed a unique high-speed laser microscope photometer to mea-
sure lateral and rotational dynamics of RBCmembrane proteins and
lipids (Fig. I). The instrument design was based on our apparatus
described in Caulfield et al. (70) and modifications were adapted from
the system described by Yoshida and Barisas (65). The light source for
excitation, photoselection (PFD experiments), and photobleaching
(FPR experiments) was a single 5-W argon ion laser ( 164-08; Spectra-
Physics Inc., Mountain View, CA) tuned to 488 or 514 nm. Intensity
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Figure 1. Time-resolved photon-counting laser microscope. Block
diagram of apparatus for FPRand PFDmeasurements of lateral and
rotational mobility of RBCmembrane proteins and lipids. The use
of two acousto-optic modulators provides the ability to set up the op-
tical axis only once without need for time-consuming adjustments
of multiple beans. The microscope consists of an Orthoplan/MPV3
with epi-illumination (F. Leitz Inc.) AOM, acousto-optic modulator;
M, first surface mirror; NDF, neutral density filter; PMT, photon-
counting photomultiplier tube; Pol, Glan-Taylor linear polarizer. See
Methods for a complete description of the apparatus.

modulation by two computer-interfaced acousto-optic modulators
(N35083-3; Newport Electro-Optics, Melbourie, FL) provided the
three light intensities required for PFDand FPR experiments. Inten-
sity-modulated light was passed through a Glan-Taylor polarizer ( Oriel
Corp. of America, Stratford, CT), a Pockels cell ( 1059; driven by a
computer-interfaced 8025 high-voltage power supply; Lasermetrics
Inc., Electro-Optics Div., Englewood, NJ), a 500-mm biconvex lens
(Ealing Corp., Natick, MA), and a half wave plate before entering a
research fluorescence microscope (Orthoplan/MPV-3, E. Leitz Inc.,
Rockleigh, NJ). Three iris diaphragms within the microscope elimi-
nated stray light and unwanted reflections. The beamwas directed onto
the microscope stage by a 515-nm dichroic (for experiments that used
the 488-nm laser line; E. Leitz Inc.) or a 563-nm DF55 dichroic (for
experiments that used the 514-nm laser line; Omega Optical Inc.,
Brattleboro, VT) and was focused to a waist at the sample plane by an
adjustable short focal length lens within the body of the microscope
and a strain-free 25x 0.75 numerical aperture oil objective (for PFD
experiments; E. Leitz Inc.) or a I OOx 1. 30 numerical aperture oil objec-
tive (for FPR experiments; E. Leitz Inc.). For PFD experiments a
Gaussian beam of radius 30n jumwas used to illuminate - 30 RBCsper
measurement. For FPRexperiments a beam of radius 0.8than was used
and measurements were performed on individual RBCs. Sample tem-
perature was controlled to ±0.5°C by a thermal microscope stage
(model 80; E. Leitz Inc.).

Fluorescence emission from the sample was collected by the micro-
scope objective and filtered by the dichroic, a 520-nm long pass filter,
and a Glan-Taylor polarizer (Oriel Corp. of America). Emitted light
was detected by a single-photon counting system consisting of a ther-
mionically cooled (TE-104RF; Products for Research, Inc., Danvers,
MA) photomultiplier tube (PMT) (Thorn EMI 9658RA) driven by a
high-voltage power supply (model 1 109; EG&GPrinceton Applied
Research, Princeton, NJ). An adjustable field diaphragm was used to
discriminate against fluorescence from regions other than the RBC(s)
of interest. PMTpulses were amplified and discriminated to 100 mV
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Figure 2. Typical fluorescence
photobleaching recovery
curves depicting lateral mobil-
ity of band 3 in unfractionated
control and dense sickle RBCs
at 37°C. Recovery of fluores-
cence was markedly reduced in
the dense sickle cell sample,
indicating lateral immobiliza-
tion of band 3.

(model 1 12 1A; EG&GPrinceton Applied Research), and the resulting
transistor-transistor logic pulses were fed into a multi-channel scaler
(model 370; Nicolet Instrument Corp., Anal. Instrs. Div., Madison,
WI). After each experiment data were sent to a computer workstation
(Sun 386i/250) for processing. Experiment timing was controlled to
<1 ,us by a custom programmed timing computer (Micro Linear Con-
trols MLC-1A). During the intense FPRbleaching pulse a computer-
interfaced electromechanical shutter (model SD- 1 22B; Vincent Asso-
ciates, Rochester, NY) was used to protect the PMTfrom excessive
light. An electromechanical shutter was too slow and diodes in a com-
mercial gating circuit (Thorn EMI GBlOOlA) generated too much
electrical noise for use in PFD experiments, so a relatively weak and
prolonged (5-10 ,us) PFDphotoselection pulse was used. Using such a
pulse the PMTrecovered within 25 gs so that rotational correlation
times of . 40 ys could be quantified. Suprasil-2 quartz slides and cover-
slips (Heraeus-Amersil, Inc., Sayreville, NJ) were used to reduce long-
lived glass luminescence.

The photometer described above was ideal for FPRand PFDexper-
iments on intact RBCs. Unlike other systems that require a relatively
large phosphorescence signal from many cells to measure rotational
correlation times, our apparatus used the sensitivity of fluorescence
detection to allow performance of PFDmeasurements on - 102 RBCs
in one layer on a microscope slide. This instrumental design avoided
the problem of inner filter effects experienced by cuvette systems, since
the use of only a single layer of cells eliminated filtering by hemoglobin
of excitation and emission light paths. Because of the small beam size
and number of RBCs illuminated at one time in PFD experiments,
data from 10 to 20 fields had to be accumulated to provide an accept-
able signal/ noise ratio. After - I03 scans the fluorescence signal began
to fade, probably because of fluorophore bleaching, and the beam was
moved to a new field of RBCs.

Results
Band 3, glycophorin, and phospholipid mobility in control
RBCs. Lateral and rotational mobility measurements were per-
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formed on intact RBCmembranes from seven patients with
homozygous sickle cell disease and eight normal controls.
Band 3 lateral and rotational mobility data were obtained from
matched RBCsamples on the same day.

Typical curves from FPRexperiments on the lateral mobil-
ity of band 3 are shown in Fig. 2. Recovery curves were ana-
lyzed by nonlinear least-squares analysis to determine the aver-
age lateral diffusion rate and the fraction of laterally mobile
molecules. Normal cells manifested a band 3 lateral diffusion
rate (D) of 1-2 x 10-1" cm2/s and a fractional mobility (f) of
50 to 70%. Glycophorin and phospholipid lateral mobility mea-
surements on control RBCs included diffusion coefficients of
2-5 and 200-400 x 10-"1 cm2/s and fractional mobilities of
40-60 and 85-95%, respectively.

Typical sets of PFD fluorescence recovery data and the
corresponding anisotropy curves are shown in Fig. 3. Anisot-
ropy curves were fitted by nonlinear least-squares analysis to
two exponential decays and a residual anisotropy. The expo-
nential decays were used to determine two rotational correla-
tion times and the fraction of band 3 molecules rotating with
each of these correlation times, whereas the residual anisotropy
was used to determine the fraction of rotationally immobile
molecules. Control RBCshad three populations of band 3 mol-
ecules, including 15-30% rapidly rotating molecules (r,, < 200
,us), 50-70% slowly rotating molecules (T2, 1.5-3.0 ms), and
5-25% rotationally immobile molecules.

Progressive lateral immobilization of band 3 and glyco-
phorins in sickle and normal RBCsof increasing density. Sickle
RBCs were separated into six fractions according to buoyant
density, and fractions characterized by MCHCvalues of 30, 37,
and 42 g/dl were measured. As shown in Fig. 2, FPR experi-
ments demonstrated large differences in lateral mobility be-
tween control and dense sickle samples. There were progressive
decreases in the fractional mobilities of both band 3 and glyco-
phorins as cell density increased. Protein fractional mobilities
were similar to control values in the light sickle RBCfraction
whereas mobilities were reduced by - 60% in the dense sickle
RBCfraction (Fig. 4). The diffusion coefficients of the mobile
band 3 and glycophorin molecules in all sickle RBCfractions
were not significantly different from control values. Phospho-
lipid diffusion coefficients in dense sickle RBCswere reduced
by -10% compared with control values, confirming results
reported by Boullier et al. (71 ). Differences between the mag-

C
< Figiure 3. Typical polarized fluorescence depletion

curves showing rotational mobility of band 3 in unfrac-
tionated control and dense sickle RBCs at 37°C. (A
and C) Fluorescence recovery after polarized depletion
(photoselection) of ground state fluorophores at t = 0.
The upper curve resulted from a perpendicular orienta-
tion of depletion and probe beams whereas the lower

D curve resulted from a parallel alignment. y-axis, fluo-
rescence counts per 5 As channel. Data from 300

,^ cells were collected to produce the curves shown. (B
and D) Decay of anisotropy calculated from the two
fluorescence recovery curves in A and C, respectively.
The decay of anisotropy curve could be resolved into
two distinct rotationally mobile populations and a ro-

, | tationally immobile component. The rotationally im-
1.5 2.0 mobile component was markedly increased in the dense

sickle cell sample.
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Figure 4. Lateral fractional mobilities of (A) band 3 and (B) glyco-
phorins in normal and sickle RBCsat 37°C. Control samples repre-
sent unfractionated normal cells. Stractan bands 2, 4, and 6 contained
light (band 2; MCHC= 30 g/dl), medium (band 4; MCHC= 37
g/dl), and dense (band 6; MCHC= 42 g/dl) cells. Each point repre-
sents the mean of 8 to 12 independent measurements from a single
sample. Increasing cell density correlated with progressive lateral im-
mobilization of band 3 and glycophorins.

nitudes of lipid diffusivities measured here and in reference 71
could be due to differences in the fluorescent lipid labels used.

Although the number of normal RBCs in the densest frac-
tions was much smaller than the corresponding number of
sickle RBCs (see also Fig. 1 of reference 52), normal RBCs
separated according to buoyant density also showed a progres-
sive decrease in the fractional mobility of band 3 with increas-
ing cell density. The magnitude of this decrease was similar to
that observed in density-separated sickle RBCs (Fig. 4 A).

Progressive rotational immobilization of band 3 in sickle
RBCsof increasing density. The rotational mobility of band 3
was also measured in sickle RBC fractions characterized by
MCHCvalues of 30, 37, and 42 g/dl. Control RBCswere not
separated according to density for PFDmeasurements because
insufficient numbers of normal cells migrated in Stractan
bands 4, 5, and 6 for accurate measurements of rotational mo-
bility. As shown in Fig. 3, PFD experiments demonstrated
large differences in rotational mobility between control and
dense sickle RBCsamples. Light, medium, and dense sickle
RBCsall manifested three distinct populations of band 3 mole-
cules. r1 and 12 values in all sickle RBCfractions were identical
to those observed in control RBCs. The relative proportions of
band 3 molecules in the rapidly rotating, slowly rotating, and
rotationally immobile populations were significantly different
among the sickle RBCfractions, however. There was a progres-

sive decrease in the fraction of rapidly rotating band 3 and
progressive increases in the fractions of slowly rotating and
rotationally immobile band 3 with increasing sickle RBCden-
sity (Figs. 5, 6). The fraction of rapidly rotating band 3 in
control RBCs(23±5%, mean±SD) was similar to that in light
sickle RBCs (24±5%) but much greater than that in dense
sickle RBCs(5±7%) (Fig. 5). Conversely, the fraction of rota-
tionally immobile band 3 in control RBCs( 15±7%) was signifi-
cantly less than that in light sickle RBCs (32±9%) and much
less than that in dense sickle RBCs (56±5%) (Fig. 6). These
data suggest that band 3 was progressively aggregated in sickle
RBCsof increasing density. Further, the data show that a signif-
icant amount of aggregated band 3 was present in light as well
as dense sickle RBCs. Since a significant increase in the fraction
of rotationally immobile band 3 molecules was observed in
light sickle RBCs, which had MCHCvalues (30 g/dl) less than
those of control RBCs(34 g/dl), these changes in the aggrega-
tion state of band 3 were unlikely to be solely due to effects of
increased RBCdensity.

Inability of cellular dehydration to produce band 3 and gly-
cophorin immobilization at MCHCvalues found in dense
sickle and normal RBCs. To investigate directly the relation-
ship between RBC density changes and immobilization of
band 3 and glycophorins, normal RBCs were osmotically
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Figure 5. Rotational fractional mobilities of band 3 in normal and
sickle RBCs at 37°C. Control samples represent unfractionated nor-
mal cells. Stractan bands 2, 4, and 6 contained light (MCHC= 30
g/dl), medium (MCHC= 37 g/dl), and dense (MCHC= 42 g/dl)
sickle cells, respectively. Each point represents the fraction of band
3 molecules rotating with either (A) fast or (B) slow rotational corre-
lation times in a single sample. Data were accumulated from - 300
cells per measurement.
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Figure 6. Rotationally immobile fraction of band 3 in normal and
sickle RBCs at 37°C. Control samples represent unfractionated nor-
mal cells. Stractan bands 2, 4, and 6 contained light (MCHC= 30
g/dl), medium (MCHC= 37 g/dl), and dense (MCHC= 42 g/dl)
sickle cells, respectively. Each point represents the fraction of band
3 molecules that were rotationally immobile on the time scale of the
experiment (T> 4 ms) in a single sample. Data were accumulated
from - 300 cells per measurement. Increasing sickle cell density
correlated with progressive rotational immobilization of band 3.

shrunken by overnight incubation in KPBSwith sucrose. Os-
motic shrinkage did cause progressive lateral immobilization
of both proteins (Fig. 7 A) and rotational immobilization of
band 3 (Fig. 7 B) at buffer osmolalities > 450 mosM. Upon
substitution of these incubation buffer conditions into two in-
dependently derived models of the relationship between the
amount of sucrose added to a solution and the MCHCof RBCs
incubated in that solution (60, 6 1 ), however, it was found that
buffer osmolalities > 450 mosM corresponded to predicted
MCHCvalues > 44 g/dl (Fig. 7). Dense sickle and normal
RBCs, which had measured MCHCvalues of 38 to 44 g/dl,
were therefore likely to have additional membrane abnormali-
ties that caused transmembrane protein immobilization.

As a second test of the hypothesis that cell density was di-
rectly responsible for protein aggregation, dense sickle RBCs
were osmotically swollen by incubation in hypotonic buffers of
200, 160, and 135 mosM. Osmotic swelling of dense sickle
RBCshas been observed to produce a decrease in MCHCsuffi-
cient for cells to exhibit the spiculated sickling behavior charac-
teristic of cells of lower density (72, 73). Only slight (5-10%)
increases in the fractions of laterally mobile band 3 and glyco-
phorins were observed upon incubation of dense sickle RBCs
at 200 and 160 mosM, and sickle RBClysis occurred at 135
mosM. In contrast, the density-dependent increases in the lat-
erally immobile fractions of band 3 and glycophorins and in
the rotationally immobile fraction of band 3 were entirely re-
versible upon rehydration of osmotically shrunken normal
RBCs by incubation of cells in isotonic buffer (data not
shown). These data suggest further that irreversible membrane
alterations, rather than cellular dehydration, were responsible
for the large immobile fractions of band 3 and glycophorins in
dense sickle RBCs.

Lack of effect ofsickle RBCdeoxygenation on band 3 mobil-
ity. Weattempted to compare the lateral and rotational mobili-
ties of band 3 in oxygenated sickle RBCswith those in sickle
RBCsdeoxygenated under N2 (which allows deoxyhemoglobin
S to polymerize and morphologic sickling to occur) and in
sickle RBCsdeoxygenated under CO(which maintains hemo-

globin S in the R conformation and therefore prevents hemo-
globin polymerization and morphologic sickling). Concerning
comparisons of band 3 lateral mobility, FPR experiments
showed that the fractional mobility of band 3 was significantly
decreased in eosin-labeled control RBCs incubated at 02 ten-
sions < 2 torr. This apparent immobilization of band 3 was not
due to increased binding of deoxyhemoglobin A to the cyto-
plasmic domain of band 3, since the effect was not reversed by
deoxygenation under COinstead of N2. Rather, it appeared
that the photobleaching of eosin generated reactive species that
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Figure 7. Lateral and rotational mobility of band 3 and glycophorins
in osmotically shrunken normal RBCs. (A) Lateral fractional mobili-
ties of band 3 and glycophorins in osmotically shrunken normal
RBCs at 37°C. (B) Fraction of rotationally immobile band 3 in os-
motically shrunken normal RBCs at 37°C. Cells were incubated
overnight at 4°C in KPBSto which varying concentrations of sucrose
were added. Buffer osmolalities were confirmed by using a freezing
point depression osmometer. MCHCvalues were calculated as de-
scribed in Methods. Error bars are omitted for clarity. Standard de-
viations were typically (A) ± 15% and (B) ±30% of the value of the
measurement. Dehydration of normal RBCs induced progressive im-
mobilization of band 3 and glycophorins, but only at predicted
MCHCvalues greater than those found in the dense sickle cell frac-
tion. Further, whereas protein immobilization was reversible upon
swelling of dehydrated normal cells in isotonic buffer, the immobili-
zation associated with dense sickle cells was not reversible upon in-
cubation of cells in hypotonic buffer.
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were normally quenched by 02 but could not be removed by N2
or CO(Corbett, J. D., and D. E. Golan, manuscript submitted
for publication). It was therefore not possible to interpret reli-
ably the results of FPRexperiments on deoxygenated eosin-la-
beled sickle RBCs.

Band 3 rotational mobility, in contrast, must be measured
under deoxygenated conditions. Deoxygenation under COin-
stead of N2 decreased by 10 to 20% the fraction of rotationally
immobile band 3 in dense sickle RBCsand had no significant
effect on the fraction of rotationally immobile band 3 in sickle
RBCsof low and moderate density (data not shown). Stractan
band 6 was composed largely of ISCs, and most ISCs do not
undergo morphologic sickling. It is therefore unlikely that the
effect of deoxygenation on band 3 rotational mobility was due
to cellular shape change. Rather, it appears that deoxyhemoglo-
bin S, which binds with higher affinity than oxyhemoglobin S
to the cytoplasmic domain of band 3 (10, 56, 74), caused rota-
tional immobilization of a minor fraction of band 3 molecules
in deoxygenated dense sickle RBCs. Nonetheless, these obser-
vations further support the contention that dense sickle RBCs
have, in addition to an increased MCHCvalue, irreversible
membrane abnormalities that result in transmembrane protein
immobilization.

Discussion

Rapidly rotating, slowly rotating, and rotationally immobile
forms of band 3 appear to coexist in the normal RBCmem-
brane. The consistent observation of distinct, well-defined ro-
tational populations suggests that equilibria exist among the
various molecular states of band 3 in the membrane. Others
have estimated that, at 37°C, 25-35% of band 3 molecules
rotate with correlation times < 150 ,us, 30-50% rotate with
correlation times - 3 ms, and 25-35% are rotationally immo-
bile on the time scale of the experiment (67, 69). Recent mea-
surements with improved instrumentation indicate that about
one-half of the rapidly rotating fraction of band 3 molecules
rotate with correlation times of 25 to 30 As (67). The latter
population may represent band 3 dimers that rotate free of
constraints other than the viscosity of the lipid bilayer. Wefind
here that, in control RBCs, 15-30% of band 3 molecules rotate
rapidly with correlation times of < 200 ,us, 50-70% rotate
slowly with correlation times of 1.5-3.0 ms, and 5-25% are
rotationally immobile on the time scale of the experiment.
These values are in good agreement with literature values for
band 3 rotation in normal RBCmembranes.

Sickle RBCs, like normal RBCs, have coexisting popula-
tions of rapidly rotating, slowly rotating, and rotationally im-
mobile forms of band 3. The distribution of band 3 molecules
among these populations is abnormal, however, in that an in-
crease in the rotationally immobile form is seen in RBCsfrom
all density fractions. Further, striking decreases in the rapidly
rotating population and increases in the rotationally immobile
population are directly related to increasing RBCdensity. The
laterally immobile fraction of band 3 also increases with in-
creasing cell density in both sickle and normal RBCs. Molecu-
lar mechanisms that have been shown to cause lateral immobi-
lization of transmembrane proteins include direct binding in-
teractions, steric hindrance interactions, membrane lipid
domain formation, and protein aggregation or complex forma-
tion (75, 76). Any of these mechanisms could be consistent

with our observations of cell density-dependent lateral immo-
bilization of band 3 in sickle RBCs, since increased membrane-
associated hemoglobin, altered membrane skeletal structure,
and deranged phospholipid distribution have all been de-
scribed in dense sickle RBCs (33).

The number of potential molecular mechanisms capable of
mediating rotational immobilization is more restricted, how-
ever, since rotational mobility is sensitive to nanometer scale
rather than micrometer scale dynamic interactions. Such inter-
actions could include direct protein-binding interactions and
protein aggregation or complex formation but would be un-
likely to include steric hindrance interactions and lipid domain
formation. In other studies, decreased steric hindrance interac-
tions in spectrin-deficient RBCswere found to cause a signifi-
cant increase in the lateral diffusion coefficient of band 3 but
not to affect the rotational correlation times or the distribution
of band 3 molecules among rapidly rotating, slowly rotating,
and rotationally immobile populations ( 14, 15; Corbett, J. D.,
P. Agre, J. Palek, and D. E. Golan, manuscript submitted for
publication). Wefind here that direct binding of deoxyhemo-
globin S to band 3 causes only a minor degree of rotational
immobilization of this transmembrane protein, since deoxy-
genated sickle RBCsexposed to N2 manifest band 3 rotational
mobility parameters similar to those exposed to CO. Our data
suggest instead that band 3 is progressively and irreversibly
aggregated in sickle and normal RBCs of increasing density
and that light as well as dense sickle RBCs have increased
amounts of aggregated band 3. One brief report of band 3 rota-
tional diffusion in unfractionated sickle RBCshas recently ap-
peared. Two correlation times of 0.2 and 4.7 mswere reported,
in qualitative agreement with our data (77).

Dense sickle and normal RBCs are by definition dehy-
drated. Cellular dehydration could lead to alterations in mem-
brane organization and thereby to changes in integral mem-
brane protein mobility. Wetested this hypothesis in the present
studies and conclude for the following reasons that cellular
dehydration was not responsible for the observed immobiliza-
tion of band 3 and glycophorins in dense sickle and normal
RBCs. First, decreases in both lateral and rotational mobility
occur in osmotically shrunken control RBCs only at MCHC
values > 44 g/dl. If increased RBCdensity caused protein ag-
gregation directly, then decreased mobility should have been
seen in control RBCsat MCHCvalues of 38-44 g/dl. Second,
mobility decreases in osmotically shrunken control RBCsare
completely reversible upon removal of the shrunken cells into
isotonic buffer. In contrast, osmotic swelling does not reverse
the immobilization of band 3 in dense sickle cells. It appears,
then, that irreversible membrane alterations are primarily re-
sponsible for increased band 3 and glycophorin aggregation in
dense sickle and normal RBCs.

Progressive and irreversible band 3 aggregation in sickle
RBCs of increasing density could be mediated by known bio-
chemical alterations in sickle RBC membranes. Decreased
high affinity binding of ankyrin to spectrin (78) and of band 3
to ankyrin (Platt, 0. S., personal communication) could allow
the formation of large band 3 clusters that are rotationally as
well as laterally immobile. Increased binding of hemoglobin
(79) and hemichrome (80) at the inner membrane surface
could facilitate oxidative cross-linking within such clusters,
promoting further immobilization. Finally, irreversible band 3
immobilization could result from the relative inability of older
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RBCs to prevent and repair damage due to oxidative stress
(41, 42).

Hemolysis of dense sickle and senescent normal RBCsmay
be mediated by increased binding of autologous IgG to dense
RBCs(52-57). Phenylhydrazine-induced hemichrome forma-
tion also induces increased binding of autologous IgG to the
membrane; the most prominent sites of IgG binding correlate
with areas of Heinz body formation and band 3 aggregation
(55). Band 3 aggregation, presumably initiated by hemi-
chrome binding to band 3 and/or oxidative damage to the
membrane, has been postulated to be the molecular event re-
sponsible for increased IgG binding and subsequent removal of
dense sickle and senescent normal cells from the circulation
(55). The epitope recognized by the antibody is not clearly
defined; candidate structures include an altered form of band 3
(81, 82), abnormally exposed galactosyl residues (46, 83, 84),
and clustered band 3 molecules (27, 48, 50). Our data support
the hypothesis that band 3 aggregation provides an important
surface marker for RBCremoval from the circulation.

The fractional mobility of glycophorins, like that of band 3,
decreases progressively with increasing sickle RBC density.
This observation suggests that glycophorins may be aggregated
in dense sickle RBCs, although other molecular mechanisms
could also mediate lateral immobilization (see above). In-
creased RBCadhesion to vascular endothelial cells has been
postulated to result from clustering of negatively charged glyco-
phorin-linked sialic acid moieties at the RBCsurface (45, 85).

The present studies of lateral and rotational mobility were
performed on intact RBCs using our time-resolved photon-
counting laser microscope. Intact cells are likely to be more
physiologic than ghost membrane preparations in elucidating
molecular alterations that mediate removal of dense sickle and
normal RBCsfrom the circulation. Band 3 lateral mobility has
been studied in both RBCghosts and intact cells ( 12, 13, 17,
64, 86). Whereas band 3 mobility in intact normal RBCs
under physiologic conditions is relatively consistent from study
to study, lateral mobility in ghost membranes is highly vari-
able. Fractional mobilities ranging from 0 to 70%and diffusion
coefficients from 0 to 80 x 10-" cm2/s have been reported
( 12, 13, 87-89). Wehave observed that small changes in experi-
mental conditions can dramatically affect protein lateral mobil-
ity in RBCghost membranes (data not shown). Previous stud-
ies of band 3 rotational mobility have been performed on mac-
roscopic samples of RBCghost membranes in cuvette-based
systems (1 1, 18, 66, 67, 90-95 ). In one recent study the rota-
tional mobility of band 3 was found to be similar in RBCghosts
and intact cells (67); this similarity may be fortuitous. Since
RBCghosts produced by hypotonic lysis may have altered in-
teractions between integral membrane proteins and membrane
skeletal proteins, dynamic measurements on intact cells are
likely to provide a more accurate assessment of the physical
states of band 3 and glycophorins in normal and abnormal
RBCmembranes.

In summary, we have used lateral and rotational mobility
measurements to elucidate alterations in the physical states of
band 3 and glycophorins in dense sickle and normal RBCs.
Both transmembrane proteins appear to be progressively and
irreversibly aggregated in RBCs of increased density. Band 3
clustering in particular may serve as the primary molecular
signal for the removal of dense sickle RBCs(mainly ISCs) and
dense normal RBCs (i.e., senescent cells) from the circulation.
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