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Background: Erythrocyte band 3 exists in three populations; ankyrin-bound, adducin-bound, and free.
Results: In wild-type murine erythrocytes, �40% of band 3 is attached to ankyrin, �33% is immobilized by adducin, and �27%
is free.
Conclusion: Ankyrin- and adducin-bound band 3 can be monitored separately.
Significance: This diffusion study demonstrates molecular differences between band 3 complexes and reveals structural het-
erogeneity within band 3 subpopulations.

Current models of the erythrocyte membrane depict three
populations of band 3: (i) a population tethered to spectrin via
ankyrin, (ii) a fraction attached to the spectrin-actin junctional
complex via adducin, and (iii) a freely diffusing population.
Because many studies of band 3 diffusion also distinguish three
populations of the polypeptide, it has been speculated that the
three populations envisioned in membrane models correspond
to the three fractions observed in diffusion analyses. To test this
hypothesis, we characterized band 3 diffusion by single-particle
tracking in wild-type and ankyrin- and adducin-deficient eryth-
rocytes. We report that�40% of total band 3 in wild-typemurine
erythrocytes is attached to ankyrin, whereas�33% is immobilized
by adducin, and �27% is not attached to any cytoskeletal anchor.
Moredetailedanalyses reveal thatmobilitiesof individual ankyrin-
and adducin-tethered band 3 molecules are heterogeneous, vary-
ing by nearly 2 orders of magnitude and that there is considerable
overlap in diffusion coefficients for adducin and ankyrin-tethered
populations. Taken together, the data suggest that although the
ankyrin- and adducin-immobilized band 3 can be monitored sep-
arately, significant heterogeneity still exists within each popula-
tion, suggesting that structural andcompositional properties likely
vary considerably within each band 3 complex.

Earlymodels of the human erythrocytemembrane contained
little structural detail, displaying primarily a phospholipid

bilayer juxtaposed to a contiguous spectrin-based cortical cyto-
skeleton, with minimal information on the physical linkages
connecting the two adjacent layers (1, 2). Because lipid bilayers
were already known to be intrinsically unstable (3, 4), research
rapidly focused on identifying linkages between the fragile
bilayer and the more stable spectrin-based membrane skeleton
thatmight stabilize the bilayer. A protein complex composed of
the membrane-spanning protein, band 3 (AE1), linked to spec-
trin via ankyrin, was the first bridge shown to perform this
linking function (5–10). Evidence for the critical role of the
band 3-ankyrin bridge came not only from studies of mem-
branes inwhich the bridgewas artificially ruptured (11–13) and
from characterization of band 3-knock-out mice (14, 15), but
also from observations that natural mutations in any of the
bridging components commonly led to an inheritedmembrane
instability termed hereditary spherocytosis (16–19). More
recent studies then revealed that additional bridges between
the lipid bilayer and the spectrin-based membrane skeleton
might similarly contribute to membrane stability, including
bridges between band 3 and adducin (20), glycophorin C (21),
and protein 4.1 (22, 23) and GLUT1 (24) and dematin (2,
25–27). Perhaps most prominent among these latter bridges
was the linkage between band 3 and adducin at the spectrin-
actin junctional complex because dissociation of this bridge
was shown to cause membrane fragmentation (20).
Based on these and other considerations, three populations

of band 3 are now believed to exist in the erythrocyte mem-
brane: (i) an ankyrin-attached population located near the cen-
ter of the spectrin tetramer, (ii) an adducin-linked population
situated at the spectrin-actin junctional complex, and (iii) an
unattached population that should be free to diffuse laterally
unless transiently obstructed by other membrane or cytoskel-
etal proteins (Fig. 1). Unfortunately, the many independent
analyses of band 3 diffusion in erythrocyte membranes do not
agree on the number of distinct band 3 species in the mem-
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brane.Whereas early studies of band 3 rotational diffusion sug-
gested two rotating populations (28, 29), more recent analyses
using more advanced techniques suggest three rotating popu-
lations (30–32). Moreover, fluorescence recovery after photo-
bleaching (30, 33, 34) and single-particle tracking experiments
(35–37) from multiple laboratories generally detect only two
fractions of the anion transporter in situ. A recent paper from
the Golan laboratory (38), however, observes three populations
of band 3. The question thus arises whether two or three pop-
ulations of band 3 actually exist in healthy erythrocytes and if
three exist, whether they correlate directly with the three frac-
tions defined in the recent biochemical studies (30–32).
To begin to characterize the different populations of band 3

in intact erythrocytes, we have labeled single molecules of band
3 in fresh murine erythrocytes with 4,4�-diisothiocyano-2,2�-
stilbenedisulfonic acid (DIDS)3-tethered quantum dots and
have recorded their diffusion trajectories in intact cells using
high speed videomicroscopy (35). Evaluation of these single-
particle tracking experiments at 120 frames/s (fps) reveals three
distinct populations of band 3 in healthy murine red cells. The
purpose of this publication is to report our analysis of band 3
diffusion in erythrocytes from mice with mutations in the two
bridges that tether the anion transporter to the spectrin/actin
cytoskeleton. Our data suggest that adducin- and ankyrin-teth-
ered populations of band 3 display overlapping mobilities and
that independent characterization of these two populations can
be achieved by examination of ankyrin- or adducin-deficient
erythrocytes.

EXPERIMENTAL PROCEDURES

Mice Blood-collecting Protocol—Blood samples were ob-
tained from normal mice and mice with deficiencies in ankyrin

(nb/nb) (39) and adducin (�-adducin-null (40) and �-adducin-
null (41, 42)) maintained at The Jackson Laboratories. E924X
(13) (nearly quantitative ankyrin deficiency) mouse blood was
obtained from mice maintained at The Biomedical Research
Centre, University of British Columbia, Vancouver, BC, Can-
ada. Bloodwas collected into heparin tubes (SigmaH-3393) and
labeled with DIDS-biotin conjugate, as described previously
(40, 41, 43) and further elaborated in the supplemental text.
Single-quantum Dot Fluorescence Video Microscopy—Label-

ing of approximately one band 3 molecule/erythrocyte with a
quantum dot using a DIDS-biotin conjugate was performed as
described previously (35) and as outlined in greater detail in the
supplemental text. However, because band 3 diffuses differ-
ently in erythroblasts and reticulocytes than it does in mature
red cells (44), it was important to exclude any cells containing
RNA from our measurements of band 3 diffusion, especially in
blood samples from ankyrin- or adducin-deficient erythrocytes
where reticulocyte counts are high. For this purpose, analysis of
band 3 diffusion in mutant erythrocytes (supplemental Fig. 1)
was only performed on cells that were labeled with a quantum
dot but not with SYTO RNASelect. The 488-nm emission line
of an argon ion laser (Newport) was used to excite the SYTO
RNASelect stain, whereas the 543 nmemission line of a helium-
neon laser (Newport) was used to excite the quantum dots.
Both excitation lines were expanded, filtered (488/10-nm and
543/10-nm line width bandpass filters, respectively; Chroma)
and directed toward the microscope objective (100� PlanApo,
NA 1.45 TIRFM oil immersion; Olympus) parallel, but off the
optical axis through a dual dichroic mirror (double notch filter
centered at the excitation lines, z488/543rpc; Chroma).
Oblique angle illuminationwas obtained by slightly relaxing the
condition of total internal reflection such that only a part of
the sample chamber was illuminated while still minimizing the
background. After passing through the dual dichroic mirror,
the two-color fluorescent imagewas split by wavelength using a

3 The abbreviations used are: DIDS, 4,4�-diisothiocyano-2,2�-stilbenedisulfo-
nic acid; DM, macroscopic diffusion coefficient; D�, microscopic diffusion
coefficient; fps, frames per second; nb, normoblastosis.

FIGURE 1. Organization of major membrane protein complexes in human erythrocyte membrane. GLUT1, glucose transporter 1; 3, band 3 or AE1; GPA,
glycophorin A; GPC, glycophorin C; Hb, hemoglobin; 4.1, protein 4.1; 4.2, protein 4.2; RhAG, Rh-associated glycoprotein.
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high pass cutoff filter (545 nm; Chroma). The separated emis-
sion lines were filtered by broad band transmission filters
(515/30 nm, Chroma; and 630/69 nm, Semrock) before being
collected by two dual MCP-intensified, cooled CCD cameras
(XR/Turbo-120z, Stanford Photonics). A sample of 20-nm
fluorescent polystyrene beads fixed to a coverslip was used to
align the two camera images.Micrometer screws along five axes
(x, y, z, tilt and twist) on one camera were used tomatch its field
of view with that of the other camera. The entire microscope
was maintained at 37 °C by enclosure in a temperature-con-
trolled environment.
Analysis of Mobility—The apparent position of the quantum

dot in the video image was determined as described by Gelles et
al. (45). Briefly, a two-dimensional kernel was developed from a
Gaussian distribution which was then cross-correlated with
each video frame in the neighborhood of the label of interest.
Details of analyses have been explained previously (35). A
plug-in was written for the freely available ImageJ software
which allowed analysis of the single-particle diffusion trajecto-
ries. Data obtained at 120 frames per second (fps) were pro-
cessed to yield 30 fps data (by averaging the raw 120 fps data
every 4 frames) and found to yield diffusion parameters identi-
cal to data collected directly at 30 fps. Statistical analyses are
described in supplemental text.

RESULTS

Labeling of Band 3—Characterization of the movement of
single band 3molecules inwhole erythrocytes required the abil-
ity to specifically label band 3, the erythrocyte anion transporter
(AE1), in intact cells in a nonperturbing manner. For this pur-
pose, DIDS, a selective inhibitor of anion transport that reacts
covalently with Lys539 of band 3 (46), was conjugated to biotin
and employed to label a single band 3 molecule in intact cells.
The specificity of the DIDS-biotin conjugate for mouse band 3
was established by reacting the conjugate with intact mouse
erythrocytes, separating the component proteins by SDS-
PAGE, blotting the proteins onto nitrocellulose paper, and
visualizing the location of biotinylated polypeptides by staining
with streptavidin-horseradish peroxidase. As seen in supple-
mental Fig. 2, only one polypeptide with apparent molecular
mass of �100 kDa was labeled. Because band 3 is the only
known erythrocyte receptor for DIDS and because band 3 has
the molecular mass of the protein stained in supplemental Fig.
2 (i.e. �100 kDa), we conclude that band 3 is selectively labeled
by the DIDS-biotin conjugate in intact murine erythrocytes.
The fact that streptavidin-linked quantum dots do not bind
erythrocytes that have not been reacted with DIDS-biotin (35)
demonstrates that DIDS-biotin labeling enables selective imag-
ing of band 3 diffusion in intact murine erythrocytes. Because
only enoughDIDS-biotin is added to label one band 3molecule
per erythrocyte and because diffusion measurements are
obtained�1 h after labeling, we do not believe that the labeling
reaction measurably affects erythrocyte properties.
Analysis of Band 3Mobility at Different FrameRates—Before

describing the rates of band 3 diffusion in healthymurine eryth-
rocytes, a brief explanation of the effect of videomicroscopy
frame rate on the calculation of band 3 diffusion coefficients
might be helpful. Imagine three populations of band 3: one

oscillating in a confined area at high frequency; a second oscil-
lating in a slightly larger area at somewhat slower frequency;
and a third diffusing in an unconstrained and random manner
across large regions of themembrane. A few photographs of the
position of band 3 at long time intervals would likely reveal that
the first two populations were confined to a limited area,
whereas the third diffused randomly across the cell. In contrast,
the same number of photographs taken at extremely short time
intervals would reveal that the first two populations were mov-
ing rapidly, perhaps even at sufficiently different rates to distin-
guish them from each other, with the third population,
although highly mobile, moving only a short distance. Thus, to
obtain a complete understanding of the different motile popu-
lations of band 3, data must be analyzed at different frame rates
for different durations, and their different areas of confined
diffusion must be considered. We have used this more detailed
multiframe rate approach to study band 3 diffusion inwild-type
and mutant mouse erythrocytes.
Characterization of the Microscopic Diffusion Coefficients

(D�) of Band 3 in Normal and Ankyrin-deficient Murine
Erythrocytes—The microscopic diffusion coefficient (D�)
reports on particle diffusion over short time periods and
thereby emphasizes its instantaneous motility rather than sus-
tained motility. A typical distribution of D� values of band 3 in
normal murine RBCs collected at 120 fps is shown in Fig. 2, row
A, column 1 (see Table 1). With the aid of computer analysis
(see “Experimental Procedures”), three populations of band 3
can be identified and fit to Gaussian distributions, one diffusing
at 6.3� 10�12 cm2/s (�22%of total), a second diffusing at 6.3�
10�11 cm2/s (�66% of total), and a third population diffusing at
8.3� 10�10 cm2/s (�12% of total). Although it was tempting to
assume that the three different populations correspond to
adducin-linked band 3 at the junctional complex, ankyrin-at-
tached band 3 midway along the spectrin tetramer, and free
band 3 not attached to the spectrin cytoskeleton, respectively,
we sought to test these assumptions by analyzing band 3 diffu-
sion in erythrocytes frommice with deficiencies in adducin and
ankyrin. As seen in Fig. 2, row B, column 1, E924Xmice that are
nearly completely deficient in ankyrin display two broad (prob-
ably heterogeneous) distributions of band 3 species, one with
microscopic diffusion coefficients (D�) centered at 1.1� 10�10

cm2/s (�60% of total) and the secondwithD� centered at 2.1�
10�9 cm2/s (�40% of total). Although it was not possible to
establishwhich band 3population(s)was diffusingmore rapidly
in the ankyrin-deficient RBCs (despite analysis of �500
ankyrin-deficient erythrocytes), it was clear that the fraction of
band 3 diffusing at �10�9 cm2/s increases upon loss of ankyrin
from �12% to �40% of the total band 3.
To exploit the unique information available from analyses of

single-molecule diffusion at different frame rates, the micro-
scopic diffusion of band 3 in wild-type and E924X erythrocytes
was next examined at 30 fps. As seen in row A, column 3, only
one prominent population of band 3 is resolved in healthy
erythrocytes at this slower frame rate, displaying a mean D� of
6.6 � 10�12 cm2/s and comprising �95% of the band 3. Impor-
tantly, in ankyrin-deficient mice (row B, column 3) (Table 1),
this single Gaussian distribution segregates into three distinct
populations of band 3withD� values of 1.3� 10�12 cm2/s (17%
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FIGURE 2. Histogram plots of diffusion coefficients of labeled band 3 molecules in intact normal, ankyrin-null (E924X), and �-adducin-null erythrocyte
membranes. Distributions of the logarithms of D� and DM were determined by analysis of individual trajectories of labeled band 3 molecules on intact normal,
�-adducin-null, and ankyrin-null (E924X) erythrocytes at 120 fps (bin size of 0.15 on histograms) and 30 fps (bin size of 0.2 on histograms) (see “Experimental
Procedures”). For comparison purposes, the dotted line shows the position of the middle of the distribution of each major Gaussian curve present in wild-type
erythrocytes measured under the same conditions. Below each panel, the mean diffusion coefficient of each population is provided, along with the percent of
the total band 3 present in that population. Although all molecules of band 3 appear mobile over short time spans (D�), a measurable fraction appears to be
immobilized over long time spans (DM). This fraction is also listed below each histogram of DM values. The sizes of the adducin- and ankyrin-linked populations
were calculated by subtracting the minor population of rapidly diffusing band 3 in normal erythrocytes (denoted with an arrow and quantitated as a
percentage of total band 3; see row A) from the same fraction of rapidly diffusing band 3 in each mutant cell type.
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of total), 2.2� 10�11 cm2/s (27% of total), and 1.1� 10�9 cm2/s
(56% of total), with the last population being largely absent in
the healthy erythrocytes. The appearance of this last population
with a diffusion coefficient approximately 2 orders of magni-
tude faster than any band 3 seen in wild-type murine erythro-
cytes suggests that the absence of ankyrin enables roughly half
of the band 3 to diffuse at a rate expected of unanchored band 3,
i.e. �10�9 cm2/s as reported by Golan and colleagues (47).
Characterization of Macroscopic Diffusion Coefficients (DM)

of Band 3 in Normal and Ankyrin-deficient Murine Erythro-
cytes—To explore the impact of ankyrin deficiency on band 3
mobility even further, we examined the diffusion of band 3 over
long time periods, termed macroscopic diffusion coefficients
(DM), in both normal and ankyrin-deficient (E924X) murine
red cells. Importantly, becauseDMdata are collected overmuch
longer time periods, analyses ofDM data allow identification of
a relatively stationary (termed immobile below) population of
band 3 that cannot be easily resolved inD� analyses. As seen in
Fig. 2, row A, column 2 (Table 1), DM measured at 120 fps is
4.2 � 10�11 cm2/s in healthy cells (with 27% of the band 3
molecules being stationary or immobile on this time scale).
Importantly, collection and analysis of the same data on
ankyrin-deficient erythrocytes yield two distinct mobile popu-
lations characterized byDMvalues of 1.0� 10�11 cm2/s (39% of
total) and 1.3 � 10�9 cm2/s (47% of total). The stationary or
immobile fraction of band 3 in these analyses comprises 14% of
the total. The fact that �47% of the total band 3 diffuses �100
times faster over these long time periods in the ankyrin-defi-
cient erythrocytes confirms the earlier suggestion that roughly
half of erythrocyte band 3 is ankyrin-linked in healthy mice.
Analysis ofmacroscopic diffusion coefficients of band 3 at 30

fps in normal and ankyrin-deficient erythrocytes yields a very
similar result. As seen in Fig. 2, row A, column 4 (Table 1), the
distribution of DM values measured at 30 fps in healthy cells is
best fit by a single Gaussian comprising 61% of the cells with a
mean value of 6.6 � 10�13 cm2/s, and with �33% being immo-
bile. In contrast, DM analyses under identical conditions in
ankyrin-deficient cells yields two populations of band 3 with
DM values of 1.3 � 10�12 cm2/s (34% of total) and 6.3 � 10�10

cm2/s (45% of total), with 21% remaining immobile (Fig. 2, row

B, column 4). The appearance of this new population compris-
ing �45% of the total band 3 that migrates �2 orders of mag-
nitude faster than band 3 in wild-type cells supports the con-
tention that roughly half of the band 3 is released when the
ankyrin tethers are absent.
Characterization of D� of Band 3 in Normal and Adducin-

deficient Murine Erythrocytes—The �,�-adducin heterodimer
has been shown to tether band 3 to spectrin at the junctional
complex of the red cell membrane; i.e.wheremultiple spectrins
associate in radial geometry with a central actin/protein 4.1/
adducin hub. Importantly, whereas �-adducin-knock-out mice
compensate for their deficiency in the�-subunit by up-regulat-
ing expression of the �-adducin gene, �-adducin-null mice dis-
play nearly quantitative absence of all adducin isoforms, ren-
dering the mouse essentially adducin-deficient (41). As seen in
Fig. 2, row C, column 1 (Table 1), D� values for band 3 in �-ad-
ducin-knock-out cells (hereafter termed adducin-deficient)
change little fromwild-type cells when the data are collected at
120 fps. Importantly, however, the relative sizes of the band 3
populations shift significantly. Thus, the band 3 population dif-
fusing at �6.3 � 10�12 cm2/s in normal cells decreases from
�22% to 12% of the total in adducin-deficient cells. Similarly,
the abundance of the band 3 population diffusing at �6 �
10�11 cm2/s decreases from �66% to 36% of the total when
adducin is absent. Finally, the fraction of the anion transporter
diffusing at�8.3� 10�10 cm2/s increases from�12% to 52% of
the total in the adducin-deficient cells. These data suggest that
the adducin-linked fraction of band 3 may comprise up to
�40% of the total band 3 (i.e. freely diffusing band 3 increases
from �12 to �52% of the total). More importantly, because
both of the two slower populations decrease in abundance
when the linkage to adducin is broken, the data further suggest
that adducin-tethered band 3 in normal erythrocytes oscillates
or diffuses at two distinct rates characterized by slow and inter-
mediateD� values.Whether the residual band 3 that diffuses at
these two slower rates is solely due to the ankyrin-linked pop-
ulation, (8, 9, 34) or alternatively, derives from an ankyrin-
linked population plus another unidentified population of band
3 cannot be discerned from these data.

TABLE 1
Microscopic and macroscopic diffusion data of normal and mutant mouse RBCs at 120 and 30 fps

RBC type D� at 120 fps DM at 120 fps
Immobile
fraction D� at 30 fps DM at 30 fps

Immobile
fraction

cm2/s cm2/s % cm2/s cm2/s %
Fixed (n � 134) (6.8 � 0.1a) � 10�14 (5.5 � 0.2) � 10�14 95b (1.5 � 0.1) �10�13 (1.3 � 0.2) �10�14 95b
Normal (6.3 � 1.6) � 10�12 (22%) (4.2 � 0.3) �10�11 (65%) 27 (6.6 � 0.3) �10�12 (95%) (6.6 � 0.6) �10�13 (61%) 33
(n � 541)c (6.3 � 0.4) � 10�11 (66%)

(8.3 � 3.4) � 10�10 (12%)
E924X (1.1 � 0.7) �10�10 (61%) (1.0 � 0.2) �10�11 (39%) 14 (1.3 � 0.4) �10�12 (17%) (1.3 � 0.1) �10�12 (34%) 21
(n � 554) (2.1 � 0.3) �10�9 (39%) (1.3 � 0.2) �10�9 (47%) (2.2 � 0.3) �10�11 (27%) (6.3 � 0.5) �10�10 (45%)

(1.1 � 0.1) �10�9 (56%)
nb/nb (5.9 � 0.8) �10�11 (100%) (6.0 � 0.5) �10�12 (62%) 21 (1.2 � 0.1) �10�11 (83%) (1.2 � 0.1) �10�12 (59%) 29
(n � 294) (1.0 � 0.2) �10�9 (17%) (1.2 � 0.5) �10�9 (17%) (4.6 � 0.8) �10�10 (12%)

�-Adducin-null (6.3 � 1.1) �10�12 (12%) (7.6 � 0.9) �10�12 (41%) 18 (2.0 � 0.2) �10�11 (71%) (1.7 � 0.3) �10�12 (41%) 19
(n � 346) (6.6 � 0.7) �10�11 (36%) (5.0 � 0.5) �10�10 (41%) (7.2 � 0.6) �10�10 (29%) (3.0 � 0.4) �10�10 (41%)

(6.8 � 0.8) �10�10 (52%)
�-Adducin-null
(n � 129)

(7.9 � 1.1) �10�11 (100%) (6.4 � 0.5) �10�12 (74%) 26 (1.0 � 0.2) �10�11 (100%) (1.4 � 0.2) �10-12 (69%) 31

a Errors are given as the S.E.
b The totally immobile fraction is defined as the fraction of band 3 molecules that were found to have a DM value � the slowest 95% of DM values measured for band 3 on
fixed erythrocytes.

c Total number of trajectories analyzed.
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Analysis ofD� values of band 3 in adducin-deficient erythro-
cytes at 30 fps suggests that �30% of the band 3 diffuses more
rapidly when adducin is absent (compare column 3 in rows A
andC). Thus, the single Gaussian distribution ofD� values seen
in healthy cells (D� � 6.6 � 10�12 cm2/s) separates into two
populations with D� values of �2 � 10�11 cm2/s (�71% of
total) and �7.2� 10�10 cm2/s (29%) in adducin-deficient cells.
Characterization of DM of Band 3 in Adducin-deficient

Murine Erythrocytes—Analysis of theDM of band 3 in adducin-
deficient mice yields data that are consistent with the above
data on D� (Table 1). Thus, at 120 fps, the single Gaussian
distribution of DM values segregates into two Gaussian distri-
butions of �7.6 � 10�12 cm2/s (41% of the total) and �5.0 �
10�10 cm2/s (41%), with 18% appearing immobilized over these
long time spans. Similarly, the single Gaussian seen at 30 fps
divides into two populations with DM values of �1.7 � 10�12

cm2/s (41%) and �3.0 � 10�10 cm2/s (41%), with 18% appear-
ing immobile. Thus, at both 120 and 30 fps,�41% of the band 3
diffuses�2 orders ofmagnitude faster when adducin ismissing
from the cell. These data suggest that �40% of the band 3 pop-
ulation is attached to the junctional complex via adducin.
Characterization of D� and DM of Band 3 in Murine Eryth-

rocytes That Are Only Partially Depleted of Either Ankyrin or
Adducing—Whereas the E924X and �-adducin-knock-out
mice are almost completely ankyrin- and adducin-deficient,
respectively, two other commonly available mouse strains are
only partially depleted of these two bridging proteins. Thus,
nb/nb (39) mice express �5% of the normal amount of wild-
type ankyrin, but this loss is partially compensated for by the
production of a mutant ankyrin that lacks a regulatory domain,
but retains the band 3 and spectrin binding domains (48). Red
cells fromnb/nbmice retain relatively normal looking architec-
ture by electron microscopy with an ankyrin immunoreactive
protein detected in the normal position in their red cell mem-
branes (49). This suggests that the mutant ankyrin is incorpo-
rated into themembrane, but the linkage is less stable due to the
lack of a functional regulatory domain. This could explain why
band 3 diffusion in the mature nb/nb erythrocytes (reticulo-
cytes eliminated) is only moderately abnormal (Fig. 3, Table 1).
Although the tripartite distribution of D� values at 120 fps in
normal cells was found to collapse into a single Gaussian distri-
bution by the Origin program, the mean D� value in the nb/nb
cells (Fig. 3, row B, column 1) remains similar to its value in
wild-type mice (Fig. 3, row A, column 1). Except for the appear-
ance of a fast diffusing population comprising�20% of the total
band 3 in theDM data at 120 fps and in bothD� andDM data at
30 fps, no other prominent changes in band 3 mobility were
discerned. These results suggest that a partial deficiency of
ankyrin in nb/nb mice leads only to a moderate change in dif-
fusion coefficients, whereD� andDM values reside somewhere
between the corresponding parameters for wild-type cells and
E924X cells.
Similar to the situation with the ankyrin hypomorph, the

�-adducin-knock-out mice (40) largely compensate for their
absence of �-adducin by up-regulating �-adducin, which forms
a native heterodimer with �-adducin and largely compensates
for the �-adducin deficiency (41). Not surprisingly, the diffu-
sion characteristics of band 3 in �-adducin-knock-out mice

appear essentially normal at all frame rates and all lengths of
data acquisition tested (Fig. 3 and Table 1).
Analysis of Compartment Sizes in Which Band 3 Is Free to

Diffuse—In addition to calculation ofD� andDM values, videos
of the band 3 trajectories can be analyzed for the compartment
sizes in which band 3 diffusion appears to be confined. Fig. 4
shows the distribution of these compartment sizes in wild-type
and the various mutated erythrocytes. In healthy murine red
cells,�95% of the band 3 is confined to diffuse within a range of
compartments of �100-nm diameter. In contrast, in E924X
erythrocytes, only 55% of the band 3 is confined in its move-
ment to such small compartments. Intermediate between wild-
type and E924X erythrocytes are nb/nb, �-adducin-null, and
�-adducin-null red cells with 78%, 77%, and 94% of their band 3
molecules constrained to move within corrals of �100-nm
diameter. At the opposite end of this compartment size spec-
trum are compartments of �400-nm diameter. The fraction of
band 3 that is free to diffuse within compartments of this large
dimension is 1%, 10%, 24%, 0%, and 5% for wild-type, nb/nb,
E924X, �-adducin-null, and �-adducin-null red cells, respec-
tively. Clearly, compartment size analyses correlate with dif-
fusion rate measurements in revealing that the greatest free-
dom of band 3 mobility occurs in ankyrin- and adducin-null
phenotypes compared with the less severe partial depletion
mutants.

DISCUSSION

With the recent discovery of a population of erythrocyte
membrane band 3 that is linked to adducin at the junctional
complex (20), the question naturally arose regarding what pro-
portion of anion transporters might be tethered to ankyrin and
what fraction might be attached to adducin. Using the above
single-particle tracking data, the sizes of these two populations
can nowbe estimated by determining the fraction of band 3 that
shifts from a slowly diffusing population to the most rapidly
diffusing population upon deletion of either ankyrin or addu-
cin. In the case of ankyrin deletion (E924Xmice), the size of the
most rapidly diffusing population assayed at 120 fps (D� �10�9

cm2/s) increases from 12% of the total in wild-type cells to 39%
in ankyrin-deficient cells (Fig. 2, column 1, rows A and B), sug-
gesting that 27% of band 3 might be immobilized by ankyrin.
Comparison ofDM values between wild-type and ankyrin-defi-
cientmice at the same frame rate reveals an increase in themost
rapidly diffusing population of �39% upon loss of ankyrin (Fig.
2, column 2, rows A and B, and Table 1). At 30 fps, the band 3
population with aD� of �10�9 cm2/s increases by �51% in the
E924X mice relative to wild-type mice, and the same compari-
son for DM values shows a rise of �39% in the freely diffusing
population (Fig. 2, columns 3 and 4, rows A and B). Taken
together, an average of 39% of the band 3 in the murine eryth-
rocytemembrane increases inmobility when ankyrin ismissing
from the cell. Based on these data, we propose that roughly 40%
of band 3 must be ankyrin tethered in healthy erythrocytes
(Fig. 2).
The validity of the aforementioned estimate of the number of

ankyrin-linked band 3 molecules can now be tested for consis-
tency with existing data, albeit from studies of human erythro-
cytes. Assuming there are �1,200,000 molecules of band 3 and
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�120,000molecules of ankyrin per erythrocyte (50) and assum-
ing that every ankyrin binds one tetramer of band 3 (8, 9), one
can calculate that 40% (i.e. 480,000molecules) of band 3 should
be attached to ankyrin in a healthy erythrocyte. This agreement

between theoretical prediction and experimental data suggests
that single-particle tracking can provide quantitative informa-
tion on themobilities and related physical attributes of different
subpopulations of band 3.

FIGURE 3. Histogram plots of diffusion coefficients of labeled band 3 molecules in intact normal, partially ankyrin-deficient (nb/nb), and slightly
adducin-deficient (�-adducin-null) erythrocyte membranes. All other details are similar to those provided in the legend to Fig. 2.
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A similar series of calculations can also be performed to esti-
mate the fraction of band 3 that is tethered to adducin. Based on
comparison of the percent band 3 in the highly mobile fraction
of control and adducin-deficient erythrocytes, the sizes of the
adducin-attached populations can be estimated to comprise
40%, 33%, 24%, and 35% of the total band 3 (calculated from the
differences inD� andDM values at both 120 and 30 fps between
wild-type and adducin-deficient cells, respectively). The aver-
age of these independent estimates, i.e. �33%, would suggest
that roughly one-third of erythrocyte band 3might be anchored
to adducin at the spectrin-actin junctional complex (Fig. 2).
Independent confirmation of this latter estimate by numeri-

cal analysis is unfortunately more difficult, largely because
much less information is available on the band 3-adducin com-
plex. Although it is generally assumed that there are �40,000
junctional complexes per cell (21, 24) and that each junctional
complex requires one �,�-adducin heterodimer to cap the
barbed end of the actin protofilament (51), there is no informa-
tion regarding the band 3 oligomer state that binds adducin.
However, because both �- and �-adducin subunits exhibit
nanomolar affinity for band 3 (20), one can anticipate that each
adducin heterodimer will bind two band 3 oligomers, enabling
up to�80,000 band 3 dimers or tetramers to be anchored at the
junctional complex. If one assumes that the adducin-associated
band 3 oligomer is a tetramer, then �320,000 band 3 mono-
mers or 27% of the total band 3 would be anchored to the junc-
tional complex. Although this number is in reasonable agree-
ment with our experimental data, it is also conceivable that not
all adducin monomers will bind band 3 or that the interacting
band 3 specieswill be dimeric rather than tetrameric. If either of
these alternatives was to prove valid, the above estimate of
adducin-linked band 3 would be too high and an alternative
explanation for the magnitude of band 3 molecules immobi-
lized by adducin would be required.
Because ankyrin- and adducin-deficient erythrocytes are

only available in the mouse, a similar examination of band 3
population sizes in the human has not been possible. Neverthe-

less, the motile properties of band 3 in healthy murine and
human erythrocytes can be compared to determine whether
the mouse erythrocyte constitutes a good model for analysis of
human band 3 diffusion. Because published data on normal
murine (49, 52–55) and human (28–33, 37, 38, 56) erythrocytes
have been collected under different measurement conditions
(i.e. frame rate, O-step, bin size, etc.), it became necessary to
repeat the single-particle tracking studies under identical con-
ditions. Using a frame rate of 30 fps, anO-step of 10 and bin size
of 0.2, D� and DM values were found to be nearly identical for
both species (data not shown). Moreover, at 120 fps,DM values
were again almost identical in the mouse and in the human. In
contrast, at 120 fps, D� values segregated naturally into three
populations in the mouse (Fig. 2) but resolved into only two
populations in the human (33). Although this latter discrepancy
suggests that protein interactions involving band 3 differ some-
what between mouse and human erythrocytes, we suspect that
these differences may be minor because the prominent slowly
diffusing population of band 3 in human erythrocytes displays
an unusually broad distribution ofD� values that has been pre-
viously interpreted to correspond to overlapping distributions
of ankyrin- and adducin-attached band 3 (35). Assuming that
the two slower diffusing populations in the mouse also corre-
spond to ankyrin- and adducin-linked band 3, the behaviors of
the two membranes would appear to be at least qualitatively
comparable. Former and future studies of band 3 diffusion at
different temperatures may provide further information on the
similarities and differences between these two membrane sys-
tems (29, 47, 57).
When the distribution of D� values for band 3 in wild-type

erythrocytes was first determined, it was tempting to speculate
that the three Gaussian distributions seen in Fig. 2 (row A, col-
umn 1) would correspond to the three anticipated populations
of band 3; i.e. adducin-attached, ankyrin-attached, and unat-
tached band 3. The data obtained in this study, however, sug-
gest that this interpretation may be oversimplified. For exam-
ple, ankyrin-deficient red cells in the E924X mice yielded a D�

profile at 30 fps that still contains three populations of band 3
(Fig. 2, row B, column 3, and Table 1). If only adducin-attached
and free band 3 were still present in these ankyrin-deficient
cells, only two Gaussian curves would have been anticipated.
Therefore, unless an unidentified population of band 3 remains
to be discovered, considerable heterogeneity must exist in
either the adducin-linked or unattachedpopulations to account
for the above observations. Moreover, based on the data pre-
sented in Fig. 2 (row C, column 1, and Table 1), a related argu-
ment can be offered for the existence of heterogeneity within
the ankyrin-attached fraction of band 3. These conclusions sug-
gest that highly uniformmodels of red cell membrane architec-
ture may be oversimplified and that heterogeneity in structure
(and by inference composition) of individual junctional or
ankyrin complexes likely exists. Indeed, although computer-
generated fits of the diffusion data to overlapping Gaussian
curves suggest distinct populations of band 3, examination of
the widths at half-height of the individual Gaussians reveals a
range of diffusion coefficients that spans up to 2 orders of mag-
nitude. This extraordinary range of diffusion coefficientswithin
a single Gaussian distribution also argues that constraints on

FIGURE 4. Evaluation of band 3 compartment size from wild-type and
mutant murine erythrocytes. Distribution of the compartment sizes deter-
mined by analysis of individual trajectories of labeled band 3 molecules in
intact normal murine, E924X (ankyrin-deficient), nb/nb (partially ankyrin-de-
ficient), �-adducin-null, and �-adducin-null (mildly adducin-deficient) eryth-
rocytes at 30 fps. Data present only the distribution of band 3 compartment
sizes in mature RBCs.
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the mobilities of individual band 3 complexes are heterogene-
ous, even within a presumed single population of band 3. Some
of this heterogeneity could arise from variabilities in the prox-
imity of spectrin tetramers to the lipid bilayer or factors affect-
ing spectrin self-association or flexibility. Alternatively, recog-
nizing that band 3 (2), protein 4.2 (58), calmodulin, protein 4.1
(21, 59), spectrin, ankyrin, adducin (25), and many erythrocyte
kinases (60) and phosphatases (61) are all known to have mul-
tiple binding partners with associations often regulated by bio-
logical stimuli, the above heterogeneity could have arisen from
variabilities in the composition of band 3 complexes. Evalua-
tion of additional mutants or earlier stages of erythroid differ-
entiation should help clarify the fundamental causes of the
above range of band 3 mobilities.
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