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ABSTRACT The rotational flexibility of the cytoplasmic domain of band 3, in the region that is proximal to the inner
membrane surface, has been investigated using a combination of time-resolved optical anisotropy (TOA) and saturation-
transfer electron paramagnetic resonance (ST-EPR) spectroscopies. TOA studies of rotational diffusion of the transmembrane
domain of band 3 show a dramatic decrease in residual anisotropy following cleavage of the link with the cytoplasmic domain
by trypsin (E. A. Nigg and R. J. Cherry, 1980, Proc. Natl. Acad. Sci. U.S.A. 77:4702–4706). This result is compatible with two
independent hypotheses: 1) trypsin cleavage leads to dissociation of large clusters of band 3 that are immobile on the
millisecond time scale, or 2) trypsin cleavage leads to release of a constraint to uniaxial rotational diffusion of the transmem-
brane domain. ST-EPR studies at X- and Q-band microwave frequencies detect rotational diffusion of the transmembrane
domain of band 3 about the membrane normal axis of reasonably large amplitude that does not change upon cleavage with
trypsin. These ST-EPR results are not consistent with dissociation of clusters of band 3 as a result of cleavage with trypsin.
Global analyses of the ST-EPR data using a newly developed algorithm indicate that any constraint to rotational diffusion of
the transmembrane domain of band 3 via interactions of the cytoplasmic domain with the membrane skeleton must be
sufficiently weak to allow rotational excursions in excess of 32° full-width for a square-well potential. In support of this result,
analyses of the TOA data in terms of restricted amplitude uniaxial rotational diffusion models suggest that the membrane-
spanning domain of that population of band 3 that is linked to the membrane skeleton is constrained to diffuse in a
square-well of �73° full-width. This degree of flexibility may be necessary for providing the unique mechanical properties of
the erythrocyte membrane.

INTRODUCTION

The anion-exchange protein in human erythrocytes, also
known as band 3 or AE1, is an abundant intrinsic membrane
protein that is composed of two distinct domains (Steck et
al., 1976; Tanner et al., 1988; Lux et al., 1989). The C-
terminal transmembrane domain facilitates the exchange of
bicarbonate and chloride across the membrane (see Lepke
and Passow, 1976; Knauf, 1979) whereas the N-terminal
cytoplasmic domain provides a site of interaction with the
membrane skeleton via the bridging protein ankyrin (re-
viewed in Low, 1986). The interaction of the cytoplasmic
domain of a subpopulation of band 3 oligomers with the
membrane skeleton is critical for maintaining normal eryth-
rocyte shape and mechanical properties (Lux and Palek,
1995; Peters et al., 1996; Southgate et al., 1996). Moreover,
it has been hypothesized that the segment of the cytoplasmic
domain that is proximal to the membrane surface must be
flexible for the erythrocyte to exhibit normal shape and
viscoelastic properties (Moriyama et al., 1992; Schofield et
al., 1992; Wang, 1994). In support of this hypothesis it has
been shown that a congenital defect, the deletion of nine
amino acids immediately N-terminal to the first putative
membrane-spanning segment, results in ovalocytic erythro-

cytes whose membranes are more rigid than normal, a
condition known clinically as Southeast Asian ovalocytosis
(Jarolim et al., 1990; reviewed in Tanner, 1997). Several
experimental observations suggest that decreased flexibility
of band 3 in the region joining the membrane spanning and
cytoplasmic domains contributes to this phenotype (re-
viewed in Wang, 1994).

There exists an extensive literature on qualitative descrip-
tions of the nature and extent of interactions between the
cytoplasmic domain of band 3 and the membrane skeleton,
particularly via the bridging protein ankyrin (reviewed in
Low, 1986; Thevenin and Low, 1990; Michaely and Ben-
nett, 1995; Yi et al., 1997). However, very little quantitative
information has been reported with regards to the flexibility
of the segment of the cytoplasmic domain between the
ankyrin-binding site and the transmembrane domain. Early
seminal work by Nigg and Cherry (1980) demonstrated that
studies of the rotational diffusion of the transmembrane
domain could provide insight into interactions of the cyto-
plasmic domain with the membrane skeleton. Following
cleavage with trypsin at lysine 360, a procedure that severs
the link between the transmembrane and cytoplasmic do-
mains, transient dichroism studies on eosin-5-maleimide
(EMA)-labeled band 3 indicated an apparent shift from
immobilized species to more mobile species with a signif-
icant decrease in the residual anisotropy. The major features
of these optical data, which have been duplicated in a
number of subsequent studies (e.g., Matayoshi and Jovin,
1991; McPherson et al., 1993; Blackman et al., 1996), are
consistent either with breaking up of large clusters of band
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3 that were immobile on the millisecond time scale or with
the release of a constraint to uniaxial rotational diffusion
(URD) experienced by that subpopulation that is linked to
the membrane skeleton via the bridging protein ankyrin.

Subsequently, Hustedt and Beth (1995) showed that sat-
uration transfer EPR (ST-EPR) spectroscopy, using a novel
spin-labeled stilbene disulfonate as the molecular probe
(Scothorn et al., 1996), detected URD of band 3 about the
membrane normal axis of reasonably large amplitude, with
a correlation time that was consistent with small oligomers
(e.g., dimers or tetramers). Failure to detect a significant
fraction (e.g., �10%) of highly clustered band 3 in the
ST-EPR studies suggested that release of a partial constraint
to rotational diffusion following cleavage with trypsin is
likely to be the correct molecular interpretation of the major
features of the time-resolved optical anisotropy (TOA) de-
cays. More recently, Blackman et al. (1998a) used fluores-
cence resonance energy homotransfer between EMA-
labeled subunits of band 3 to demonstrate that cleavage with
trypsin does not significantly change the distribution of
oligomeric species in ghost membranes. Moreover, the
amount of homotransfer could be accounted for by small
band 3 oligomers without including large contributions
from a substantial fraction of highly clustered band 3. Col-
lectively, these studies have suggested that the decrease in
the residual anisotropy observed in TOA studies following
cleavage with trypsin is largely the result of releasing a
constraint on rotational diffusion of the transmembrane
domain in the subpopulation of band 3 oligomers that are
linked to the membrane skeleton. Given this working mo-
lecular level interpretation, it is possible to pose the ques-
tion: what degree of flexibility does the intact linkage ex-
hibit?

Rigorous models for the effects of constrained URD on
TOA decays have been developed (e.g., Wahl, 1975; Szabo,
1984). The important general predictions from these models
are that the apparent amplitudes of individual decay com-
ponents and the residual anisotropy depend strongly on the
magnitude of the motional constraint, but the decay times
depend only weakly on the magnitude of the constraint.
Rigorous models for the effects of correlation time on
ST-EPR spectra for unconstrained URD (Hustedt and Beth,
1995) and for constrained URD (Hustedt and Beth, 2001)
have been developed. The major effect that is exhibited in
the ST-EPR spectrum is an apparent slowing of rotational
diffusion as the constraint to URD is increased.

The current studies focus upon quantitating the rotational
flexibility of the segment of the cytoplasmic domain of band
3 between the ankyrin-binding site and the transmembrane
domain. To accomplish this goal, experimental data from
labeled band 3 have been obtained and analyzed in terms of
an internally consistent model using both TOA and ST-
EPR. The computational algorithm described in Hustedt and
Beth (2001) has been employed to define the spectral sen-
sitivity of ST-EPR at X- and Q-band microwave frequencies

to the amplitude of URD using the spin-label orientation
that has been previously determined for spin-labeled band 3
(Hustedt and Beth, 1996). Calculations indicate that spectral
sensitivity is greatly diminished even for a single homoge-
neous population of band 3 as the amplitude of URD ex-
ceeds �60° at both microwave frequencies. The current
studies demonstrate that the ST-EPR spectra obtained be-
fore and after cleavage of the cytoplasmic domain with
trypsin are virtually indistinguishable. Therefore, any con-
straint to rotational diffusion of the transmembrane domain
of that subpopulation of band 3 that interacts with the
membrane skeleton must be weak enough to allow excur-
sions that exceed this sensitivity limit of ST-EPR. Comple-
mentary time-resolved delayed fluorescence anisotropy
studies indicate a significant decrease in r� following cleav-
age with trypsin. Using an experimentally determined value
for the fraction of band 3 oligomers interacting with the
membrane skeleton, the change in r� is consistent with an
angular excursion with a full width of 73°, a value that is
outside the range of high sensitivity of the V2

� ST-EPR
signal at X- and Q-band microwave frequencies as demon-
strated in this work. Collectively, these studies provide
quantitative insights into the flexibility of the cytoplasmic
domain of band 3, and they underscore the utility of com-
plementary spectroscopic techniques for understanding the
dynamics of complex protein-protein interactions. Portions
of this work have been published in meeting abstracts
(Blackman et al., 1998b, 1999; Hustedt et al., 2000).

MATERIALS AND METHODS

General methods

Intact erythrocytes were obtained from venous blood freshly drawn into
heparinized Vacutainer tubes from normal volunteers and immediately
placed on ice as described in previous work (Scothorn et al., 1996). Briefly,
whole blood was diluted with 5 vol of ice-cold 113 mM sodium citrate
buffer, pH 7.4 (113Cit7.4), and the erythrocytes were pelleted by centrif-
ugation. The supernatant and buffy coat were removed by aspiration, and
the cells were washed three times using 10 vol of 113Cit7.4 by repeated
centrifugation, aspiration, and resuspension cycles. All preparative steps
were carried out at 0–4°C unless otherwise noted.

Labeling with exogenous probes

Band 3 was spin labeled by incubating packed intact erythrocytes in
113Cit7.4 with 30 �� [15N,2H13]-SL-H2-DADS-maleimide at room tem-
perature for 45 min (see Fig. 1) (Scothorn et al., 1996). Ten volumes of
113Cit7.4 buffer containing 0.5% bovine serum albumin (BSA; Sigma
fraction V, St. Louis, MO) was added to the cells, and the sample was
incubated on ice for 10 min. Following pelleting of cells by centrifugation,
the cells were washed once with 10 vol of 113Cit7.4 containing 0.5% BSA
(w/v) and then twice with 113Cit7.4. Band 3 was labeled with EMA (see
Fig. 1; Molecular Probes, Eugene, OR) by addition of 1 vol of a 0.5 mg/ml
solution of EMA (freshly prepared in 113Cit7.4) to 5 vol of erythrocytes at
50% hematocrit in 113Cit7.4 followed by incubation in the dark at room
temperature for 45 min (Cobb and Beth, 1990). Unreacted EMA was
removed by washing the cells with 4 vol of 113Cit7.4 containing 0.2%
BSA (w/v) and followed by three washes with 113Cit7.4 alone.
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Preparation of ghost membranes and
trypsin treatment

Ghost membranes were prepared by dropwise addition of labeled erythro-
cytes to 20 vol of ice-cold 5 mM sodium phosphate buffer, pH 7.4 (5P7.4)
with stirring, followed by repeated centrifugation and resuspension cycles.
Four or five wash cycles yielded a fluffy pellet of white (or pink, for
EMA-labeled) ghost membranes. The cytoplasmic domain of band 3 was
cleaved from the transmembrane domain by mild trypsin treatment essen-
tially as described by Nigg and Cherry (1980). Briefly, ghost membranes
in 5P7.4 were treated with 2 �g/ml trypsin (12,600 U/mg; Sigma) for 30
min on ice. The treated ghost membranes were washed once with 5P7.4
containing 30 �g/ml phenylmethylsulfonyl fluoride (Sigma) and then three
times with 5P7.4. Cleavage of the cytoplasmic domain of band 3 was
�90% with minimal cleavage of other major erythrocyte membrane pro-
teins as assessed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
(Laemmli, 1970). All preparative procedures on EMA-labeled cells were
carried out in the dark to avoid photo-induced cross-linking of band 3.

Determination of the fraction of membrane-
skeleton-attached band 3

EMA-labeled band 3 was extracted from control or trypsin-treated ghost
membranes by incubating 1 vol of packed ghosts with 20 vol of 5P7.4
containing 0.5, 1.0, or 2.0% C12E8 (w/v; Nikko Chemical Co., Tokyo,
Japan) on ice for 1, 10, or 60 min. The samples were centrifuged at
15,000 � g for 20 min at 4°C, and an aliquot of the supernatant was
carefully removed, to which 20% sodium dodecyl sulfate (SDS; w/v;
Fisher Scientific, Fair Lawn, NJ) in 5P7.4 was added to a final concentra-
tion of 1% (w/v). The remaining steps were performed at room tempera-
ture. These SDS-denatured samples were then diluted a further 10-fold
with 1% SDS (w/v) in 5P7.4, and the eosin fluorescence emission spectra
were collected using a SPEX Fluorolog 3 L-format fluorometer (488-nm
excitation wavelength and 500–620-nm emission wavelength; unlabeled
ghosts treated as above were used for background subtraction). The total

eosin content of the ghost samples was obtained by performing this exact
procedure, except omitting the centrifugation of the C12E8-treated mem-
branes. The fractional extraction of band 3 was calculated as the ratio of the
eosin fluorescence in the C12E8-extracted membrane supernatant to the
total eosin content. Identical results were obtained from using the inte-
grated spectral intensity or the peak eosin fluorescence intensity; ratios
obtained from the integrated spectral intensity are reported here with their
standard deviations (from triplicate sample extractions and fluorescence
measurements).

EPR measurements

X-band (9.8 GHz) EPR and ST-EPR spectra were collected using a Bruker
EMX spectrometer equipped with a TM110 cavity and with samples con-
tained in 50-�l glass capillaries (VWR Scientific, West Chester, PA).
Q-band (34 GHz) spectra were collected using a Bruker ESP-300 spec-
trometer equipped with a TE011 cavity and with samples contained in
0.3-mm i.d. quartz capillaries (Vitro Dynamics, Rockaway, NJ). Sample
temperature in both spectrometers was controlled at 37 � 0.1°C during
data acquisition using standard Bruker variable-temperature units. The
effective microwave and modulation fields at the sample were calibrated
using peroxylamine disulfonate (Aldrich, Milwaukee, WI) as described
previously (Beth et al., 1983). Linear EPR spectra were collected using a
peak-to-peak modulation amplitude of 0.5 Gauss and a microwave ob-
server field of �0.05 Gauss (2 mW at X-band; 0.5 mW at Q-band). V2

�

ST-EPR signals (second harmonic out-of-phase absorption) were collected
using a peak-to-peak modulation amplitude of 5.0 Gauss and a microwave
observer field of �0.2 Gauss (50 mW at X-band; 7.3 mW at Q-band). The
out-of-phase position for detection of the V2

� signal was determined by the
self-null method (Thomas et al., 1976). Digital records of all spectra were
obtained by signal averaging using standard Bruker data acquisition soft-
ware.

Analysis of EPR and ST-EPR spectra

Linear EPR spectra were analyzed for determination of principal elements
of the A- and g-tensors using a nonlinear least-squares approach based
upon the Marquardt-Levenberg method (Hustedt et al., 1993; Hustedt and
Beth, 1995). For the case of unconstrained URD, ST-EPR spectra were
analyzed using computational approaches described previously (Hustedt
and Beth, 1995). For the case of constrained URD, the algorithm described
in Hustedt and Beth (2001), which includes the effect of a square-well
restriction, was employed. Experimental data were analyzed by incorpo-
rating this algorithm into a nonlinear least-squares algorithm, based upon
the Marquardt-Levenberg method (Hustedt et al., 1993), and then mini-
mizing the �2 statistic between the calculated and experimental spectra.
Confidence intervals for each parameter recovered from the experimental
data were calculated by holding the parameter of interest constant and
allowing the other relevant parameters to vary over their range of possible
values.

Delayed fluorescence anisotropy
decay measurements

Time-resolved delayed fluorescence anisotropy data from EMA-labeled
ghost membranes were collected using a spectrometer that has been de-
scribed previously (Cobb et al., 1993; Blackman et al., 1996). As in the
earlier study, delayed fluorescence was used because the emission dipole is
the same as in prompt fluorescence thereby enabling the use of orientation
information obtained by fluorescence microscopy. The laser pulse rate was
set at 70 Hz, and the PMT was gated during the pulse. Data were collected
into 15,360 bins (640 ns wide; total decay time recorded was 9.83 ms).
Prompt fluorescence emission was detected at early times, which contam-

FIGURE 1 Chemical structures of eosin-5-maleimide (top) and
[15N,2H13]-SL-H2-DADS-maleimide (bottom).
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inated the delayed fluorescence anisotropy data from 0 to �20 �s (these
data were omitted from the analyses).

Samples were purged of molecular oxygen using procedures described
previously (Cobb et al., 1993; Blackman et al., 1996). Sample temperature
was controlled by passing water from a refrigerating/heating water bath
through the water jacket of the cuvette holder. Erythrocyte ghost samples,
prepared by the addition of 50 �l of packed EMA-labeled ghosts to 3 ml
of 5P7.4 containing 5 �g/mL phenylmethylsulfonyl fluoride, were equili-
brated at 37°C for 15 min in the sample chamber before data collection.
Separate decays were recorded every 25 min to verify sample stability and
were added together after collection. Anisotropy (r(t)) and total intensity
(S(t)) were calculated as described previously (Blackman et al., 1996).

Analysis of delayed fluorescence
anisotropy decays

For a single population of a transmembrane protein undergoing unre-
stricted URD, the anisotropy decay is predicted to be biexponential (e.g.,
Szabo, 1984):

r�t	 � C0 � C1e

D � t � C2e


4D � t, (6)

where D� is the diffusion coefficient for URD, and C0, C1, and C2 are
coefficients that depend on the relative orientation of the absorption and
emission dipoles of the probe and the diffusion axis (see definitions in
Blackman et al., 1996). The theoretical residual anisotropy in unrestricted
URD (r�

unrestricted) is equal to the coefficient C0. Analysis according to this
model followed methods described previously (Blackman et al., 1996). The
residual anisotropy (r�) was also determined by analyzing data according
to a multi-exponential decay model, using a Marquardt-Levenberg least-
squares algorithm (Beechem et al., 1991; Beechem, 1992):

r�t	 � �
i�0

3

�ie

�it � r� (7)

Three decay components were required to give good fits as judged by �2

values and inspection of residual plots.
The effects of a restoring potential on the amplitude of URD were

calculated according to two different forms of restriction: a square-well
potential (i.e., reflecting barriers) and a harmonic-well potential. Equations
describing the anisotropy decay for restricted-amplitude diffusion within a
square well are given by Wahl (1975). With this model, the anisotropy
decays to a higher r� value which is given by:

r�
restricted � C0 � C1

sin2��/2	

��/2	2 � C2

sin2�

�2 , (8)

where � is the full angular width of the square well. For restriction within
a harmonic potential well, r� is given by (derived from Szabo, 1984):

r�
restricted � C0 � C1e


�2� � C2e

4�2�, (9)

where �2� is the mean-squared angular displacement. The effects of these
two different potentials on the r� are approximately equivalent for the same
mean-squared angular displacements (calculations not shown).

Based upon the relative stoichiometries of band 3 and ankyrin, all
copies of band 3 should not be attached to the membrane skeleton via
interactions with ankyrin (see Bennett and Stenbuck, 1979; Nigg and
Cherry, 1980). Therefore, the r� for intact ghost membranes is treated as a
weighted average of two components: one undergoing restricted-amplitude
URD (attached to the membrane skeleton) and one undergoing unrestricted
URD (unattached):

r�
intact ghosts � fr�

restricted � �1 	 f	r�
unrestricted (10)

A value for f (0.28) was assigned based on results from extractability of
band 3 from ghost membranes. Using values for the coefficients C0

(0.017), C1 (0.047), and C2 (0.209) from previous confocal microscopy
results (Blackman et al., 1996) and a value for r�

intact ghosts from TOA
measurements, Eqs. 8, 9, and 10 were used to calculate r�

restricted and the
angular restriction. Confidence limits were assigned based upon the 95%
confidence level for determination of C0 (Blackman et al., 1996). In all
cases, results from analysis of TOA data using the harmonic-well potential
were essentially identical to those for the square-well potential; therefore,
only the latter is reported in Results.

RESULTS

Fraction of band 3 interacting with the
membrane skeleton

Previous work has indicated that only a fraction of band 3 is
extracted from intact ghost membranes by nondenaturing
detergents (e.g., Casey and Reithmeier, 1991), with the rest
remaining associated with the insoluble membrane skeleton.
This observation is consistent with the measurements that
have been reported that strongly suggest that the dissocia-
tion of band 3 from ankyrin is remarkably slow with a
half-time of hours (see Low, 1986; Thevenin and Low,
1990). Therefore, the fraction of band 3 that interacts with
the membrane skeleton in intact ghost membranes has been
estimated by measuring the fraction that can be extracted at
short times (i.e., less than 1 h) by the nondenaturing deter-
gent C12E8 as shown in Fig. 2. In control ghosts, 28% of the
total EMA-labeled band 3 remains associated with the
membrane skeleton following extraction when using 1%
(w/v) C12E8. This value does not change significantly with
incubation time in the 1–60-min time window nor with the
concentration of detergent in the 0.5–2.0-wt % range. How-

FIGURE 2 Fraction of EMA-band 3 extracted from control and trypsin-
treated ghost membranes. The lower points (f) were measured from intact
EMA-labeled ghost membranes as described in Materials and Methods.
The upper points (F) were obtained from EMA-labeled ghost membranes
following cleavage of the cytoplasmic domain of band 3 with trypsin. The
data are plotted as the average value of three measurements � SD.
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ever, cleavage of the cytoplasmic domain of band 3 with
trypsin before extraction leads to release of �95% of the
copies of band 3. Therefore, it is reasonable to assume that
the interaction of the cytoplasmic domain with the mem-
brane skeleton is largely responsible for the reduced extrac-
tion efficiency in control ghost membranes. These data have
been employed to obtain a reasonable estimate for the
fraction, f, of band 3 that interacts with the membrane
skeleton. As discussed more fully below, this estimate is
required for analyses of the spectroscopic data in terms of
an angular restriction to URD.

Predicted effects of constrained uniaxial
rotational diffusion on ST-EPR spectra

Fig. 3 shows calculated V�2 ST-EPR spectra that demonstrate
the sensitivity of this signal to the amplitude of URD at X-
and Q-band microwave frequencies using the orientation of
the spin label relative to the URD axis that is appropriate for
SL-H2-DADS-maleimide-labeled band 3. The angles (
 �
37° and � � 61°; see Hustedt and Beth, 2001, for definition
of angles) were obtained from the analysis of labeled band
3 in intact erythrocytes oriented by flow (Hustedt and Beth,
1996) and were also those that gave the best fit of X-band
V�2 ST-EPR spectra to an unconstrained URD model (see
Fig. 9 of Hustedt and Beth, 1995). For the case of a
square-well angular potential and a single diffusing species,
it is apparent that the V�2 signal is highly sensitive to the
amplitude of URD for angular excursions of less than 60o

(full-width) for both microwave frequencies with this probe
geometry. In the range from 60° to 90o, there is limited
sensitivity to the amplitude of URD, and for angles larger
than 90o, there is almost no sensitivity to the amplitude of
motion. This sensitivity is shown graphically in Fig. 4
where the ratio parameters are plotted versus �, the full-
width of the square-well potential. A thorough discussion of
the sensitivity of ST-EPR spectra to � for a variety of
labeling geometries and as a function of relevant spectrom-
eter variables is provided in Hustedt and Beth (2001).

Effects of trypsin cleavage on ST-EPR spectra
from spin-labeled band 3

Previous studies showed that the TOA decays observed
from EMA-labeled band 3 were significantly altered fol-
lowing cleavage with trypsin near the cytoplasmic mem-
brane surface (Nigg and Cherry, 1980). However, it has
remained uncertain how much of this change in TOA decay
was due to release of a restriction in the amplitude of motion
of the transmembrane domain versus dissociation of large
clusters of band 3 as discussed previously (Blackman et al.,
1998a) and in subsequent sections of this work. Given the
ability to carry out studies of rotational motion by ST-EPR
and the development of computational tools to analyze data

in terms of restricted-amplitude URD, the effects of trypsin
cleavage on the V�2 signal were characterized as shown in
Fig. 5. It is immediately clear from these experimental data
that cleavage of the link with the cytoplasmic domain re-
sults in only subtle changes in the ST-EPR spectra at either
X- or Q-band microwave frequency (compare upper and
lower spectra in each column). The results of analyses based
upon two different models are shown superimposed on the
experimental data in Fig. 5. In the first model, it is assumed
that all copies of band 3 undergo unrestricted URD both in
control and in trypsin-treated membranes. Simultaneous
fitting of the two spectra from control ghosts (upper row)
results in a best-fit recovery (based upon minimization of

FIGURE 3 Calculated V�2 ST-EPR spectra at X-band (top) and at Q-band
(bottom) for a restricted amplitude URD model. Each panel shows spectra
calculated for � � 1° (solid line), � � 30° (dashed line), � � 60° (short
dashed line), and � � 90° (dot-dash line). The spectra were calculated at
50-kHz Zeeman field modulation frequency, � � 15 �s, 
 � 37°, and � �
61° using a microwave observer field of 0.2 Gauss. The field positions
where spectral amplitudes that are sensitive to � are measured are shown
superimposed on the calculated spectra at X- and Q-band.
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�2) of 6 �sec for the correlation time for URD. The same
analysis of the two spectra from trypsin-treated membranes
(lower row) results in recovery of 12 �s for the correlation
time. At the 95% confidence level, these values are not
statistically different. In both cases, this model yields a good
fit of the experimental data. In the second model, it is
assumed that all copies of band 3 undergo restricted-ampli-
tude URD. Reanalysis of the two spectra in the upper row
results in recovery of a correlation time of 8 �s and a
square-well restriction of 322° whereas the lower spectra
yield 7 �s and 318°. At the 95% confidence level, neither
the correlation time nor � are significantly different for the
two preparations.

The spectra in Fig. 5 have also been analyzed using a
model where there are two populations: one undergoing
unrestricted URD and the second one undergoing restricted-
amplitude URD as shown in Fig. 6. Best-fit values of �2 are
shown as a function of the fraction of the restricted com-
ponent for different values of the width of the square-well
restriction, �, at X-band (upper) and at Q-band (lower)
microwave frequencies. The horizontal solid line defines

FIGURE 4 Spectral sensitivity plots for V�2 ST-EPR spectra as a function
of the width of the restriction potential. The ratios of spectral amplitudes
(defined in Fig. 3) are plotted versus � for the spin label orientation that has
been determined for band 3 (
 � 37°, � � 61°) at X-band (9.8 GHz, upper)
and Q-band (34.0 GHz, lower) microwave frequencies. The additional
spectra from which the ratios were measured (not shown) were calculated
using the same parameters listed in the legend to Fig. 3.

FIGURE 5 V�2 ST-EPR data and best-fit simulations obtained from con-
trol and trypsin-treated erythrocyte ghost membranes. The experimental
spectra from control (upper row) and trypsin-treated (lower row) ghost
membranes are shown as fine solid lines. The two spectra in the left column
were obtained at X-band (9.8 GHz), and the two spectra in the right column
were obtained at Q-band (34.0 GHz) using the instrument parameters given
in Materials and Methods. Two different analyses are shown superimposed
on the experimental data. The solid heavy lines are the simultaneous best
fit (minimum �2) of the X- and Q-band spectra in each row to an uncon-
strained URD model: � � 6 �s (control) and � � 12 �s (trypsin treated).
For these calculations, T1e, T2e, and the Gaussian post-broadening were
allowed to vary between the X- and Q-band spectra while � was con-
strained to be the same for each. The dotted lines are the simultaneous best
fit (minimum �2) of the X- and Q-band spectra in each row to a constrained
URD model: � � 8 �s and � � 322° (control); � � 7 �s and � � 318°
(trypsin treated). For these calculations, T1e, T2e, and the Gaussian post-
broadening were allowed to vary between the X-and Q-band spectra while
� and � were constrained to be the same for each. X-band spectra are 100
Gauss in width, and the Q-band spectra are 120 Gauss in width.
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the 95% confidence level for discriminating between this
two-component model and a one-component model where
all copies undergo unrestricted URD. The data in Fig. 6
show that at small values of �, very small restricted frac-
tions can be detected and that as � increases, increasing
restricted fractions are necessary for detection. Fig. 6 also

shows that for the spin-label orientation determined for
band 3, Q-band is more sensitive than X-band for detecting
a small restricted fraction.

Determination of the minimum constraint to URD de-
pends directly upon the fraction of band 3 that is linked to
the membrane skeleton. Studies on detergent solubilization
of band 3 from intact ghost membranes have indicated that
28% of band 3 is not readily extractable by nondenaturing
detergents, due to the interaction of this subpopulation with
the membrane skeleton (Fig. 2). Even if 72% of the copies
of band 3 exhibit unrestricted URD and 28% were restricted
to diffuse in a square well of less than 32° full width, this
would be detectable in the ST-EPR data at Q-band follow-
ing cleavage with trypsin at the 95% confidence level as
shown in Fig. 6, lower. These ST-EPR results establish a
lower-limit on the amount of restriction imposed even
though they do not permit an absolute determination of the
value of �.

Calculation of the amplitude of rotational
diffusion from delayed fluorescence
anisotropy data

Fig. 7 shows time-resolved delayed fluorescence anisotropy
data for EMA-labeled band 3 in intact ghost membranes and
in trypsin-treated ghost membranes. As has been previously
shown (Nigg and Cherry, 1980), cleavage with trypsin

FIGURE 6 Sensitivity of V�2 ST-EPR spectra to the fraction of rotation-
ally restricted band 3. The family of curves in the upper panel was
calculated at X-band microwave frequency using the indicated values for
the width of the square-well restriction (�), and the family of curves in the
lower panel was calculated at Q-band microwave frequency. The horizon-
tal line indicates the 95% confidence interval for detection of a change in
the ST-EPR spectrum following trypsin cleavage. The vertical dashed line
at 0.28 restricted fraction denotes the experimentally determined fraction of
membrane skeleton bound band 3. The �2 values (ordinate) were calculated
by statistical comparison with the experimental data shown in Fig. 5.

FIGURE 7 Time-resolved delayed fluorescence anisotropy data from
control and trypsin-treated erythrocyte membranes. Data are shown for
intact membranes (upper decay; fit is solid line) and trypsin-treated mem-
branes (lower decay; fit is dashed line). For display, the 15,360 data points
were run-averaged with a 9-point (5.76-�s) window; fits were performed
on un-averaged data. (Inset) The first 200 �s of the same data and fits,
displayed without run-averaging. Data for control and trypsin-treated mem-
branes were simultaneously fit to a sum-of-exponentials model (Eq. 7) in
which the residual anisotropy term, r�, was allowed to vary. Fit results are,
for control (�2 � 0.98), decay constants 20 �s, 150 �s, and 1216 �s;
amplitudes 0.065, 0.035, and 0.074; and r� � 0.066; for trypsin (�2 �
0.98), decay constants 35 �s; 196 �s, and 1458 �s; amplitudes 0.092,
0.056, and 0.033; and r� � 0.035.
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produces a large increase in the apparent rotational mobility
of band 3, as reflected in the decrease of the delayed
fluorescence r� from 0.066 to 0.035. Analyses of these data
according to a phenomenological sums-of-exponentials
model (Eq. 7) shows that cleavage with trypsin increases the

relative amount of an apparent fraction of rapidly rotating
band 3, and decreases the relative amount of an apparent
fraction of slowly rotating band 3. The same results, includ-
ing an r� of 0.035, were obtained in previous work when the
data were analyzed according to a multiple-population URD
model (Eq. 6) (Blackman et al., 1996). The fastest apparent
decay time is consistent with what would be expected for a
small oligomer of band 3 such as an unrestricted dimer or
tetramer (Matayoshi and Jovin, 1991) and is also reasonably
consistent with the rotational correlation time determined in
ST-EPR studies (Fig. 5) (see also Hustedt and Beth, 1995).

The r� values for EMA-labeled ghosts have been inter-
preted in this work in terms of a square-well restriction on
the amplitude of URD for that subpopulation of band 3 that
is linked to the membrane skeleton. As outlined in Materials
and Methods, prior knowledge of the orientation of the
EMA probe relative to the membrane normal axis (Black-
man et al., 1996) enables prediction of the delayed fluores-
cence r� for band 3 undergoing unrestricted URD. The
value for C0 corresponds to the appropriate value for
r�

unrestricted of 0.017. The higher residual anisotropy of 0.066
in intact ghost membranes (r�

intact ghosts) minimally reflects
contributions from freely rotating band 3 (r�

unrestricted) and
from rotationally hindered band 3 (r�

restricted) as given in Eq.
10. As in the ST-EPR studies, it is necessary to know the
fraction of rotationally hindered band 3 for calculation of
the square-well restriction. Using the value of 28% deter-
mined in this work (Fig. 2), Eq. 10 yields a value for
r�

restricted of 0.175. Using this value for r�
restricted and the

previously determined values for C0, C1, and C2, Eq. 8
yields a full angular restriction width of 73° for a square-
well potential (95% confidence interval of 43–106°). In
carrying out these analyses of the TOA data, the predicted
value for r�

unrestricted (0.017) has been employed even though
a value for r� of 0.035 was determined from fitting exper-
imental delayed fluorescence data following trypsin cleav-
age (Fig. 7). Possible explanations for experimental obser-
vation of the modestly higher value and alternative
interpretations of the TOA results are presented in the
Discussion below.

DISCUSSION

Overview of previous work

A large body of previous work has led to definition of
interactions between the cytoplasmic domain of band 3 and
a number of peripheral membrane proteins including
ankyrin (see Low, 1986). The working model that has
emerged from these studies is that there is a population of
band 3 dimers that do not interact with ankyrin and there is
a second population of tetramers that interact with ankyrin
and thereby form a link with spectrin, the major protein
comprising the membrane skeleton that lines the cytoplas-
mic membrane surface in human erythrocytes (Low, 1986;

FIGURE 8 Dependence of � on the fraction of restricted band 3. Values
of f, the restricted fraction, were calculated for given values of � (Eq. 10)
using r�

intact ghosts � 0.066, r�
unrestricted � 0.017; values of r�

unrestricted were
calculated from Eq. 8, and C0 (0.017), C1 (0.047), and C2 (0.209) from
previous work (Blackman et al., 1996).

FIGURE 9 Effect of a highly clustered fraction of band 3 on fitting
experimental ST-EPR data. The experimental ST-EPR spectra from control
ghosts obtained at X- and Q-band microwave frequencies (upper row of
Fig. 5) were simultaneously fit to a two-component model where one
component exhibited unconstrained URD and the second component was
immobilized on the ST-EPR timescale (� � 10 ms). The �2 values on the
ordinate represent the best fits of this two-component model that were
obtained by allowing the correlation time for the unrestricted component to
float in the calculation. The solid horizontal line is the 95% confidence
level for discriminating between this two-component model and a single
unrestricted URD model.
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Hall and Bennett, 1987; Michaely and Bennett, 1995). Pro-
tein 4.2 also interacts with the cytoplasmic domain of band
3, and it has been proposed that this interaction strengthens
the interaction between band 3 and ankyrin (Rybicki et al.,
1996). The importance of the physical link between band 3
and the membrane skeleton, with regards to erythrocyte
shape, viscoelastic properties, and stability, has been dem-
onstrated by Peters et al. (1996) and by Southgate et al.
(1996) in studies of murine erythrocytes completely defi-
cient of band 3. In both studies, there appeared to be a
normally assembled membrane skeleton, but the erythro-
cytes were small, spherocytic, and fragile. Interestingly,
even a 20% reduction in the number of copies of band 3 has
been reported to result in a similar phenotype (Lux and
Palek, 1995). Recent data further suggest that �20% of
cases of hereditary spherocytosis involve alterations in the
level or composition of band 3 (reviewed in Tanner, 1997).

Given the importance of the interaction between the lipid
bilayer and the membrane skeleton that is mediated by band
3, it has been of considerable interest to determine the
mechanical properties of the linkage and, ultimately, how
these properties contribute to membrane stability and to cell
shape. One way to address the dynamic flexibility of the
linkage is to study the rotational diffusion of the transmem-
brane domain of band 3 both with and without the cytoplas-
mic domain attached. A reasonable initial model would be
to assume that the transmembrane domain undergoes URD
due to the anisotropic constraints of the lipid bilayer as
reported in the ST-EPR studies of Hustedt and Beth (1995).
That population of band 3 not bound to the membrane
skeleton by ankyrin would undergo unconstrained URD
whereas that population that binds ankyrin and, therefore,
indirectly linked to the orthogonally arranged spectrin
meshwork, would undergo constrained URD. The ampli-
tude of URD for the bound population of band 3 would be
dependent in large part on the mechanical properties of the
segment of the cytoplasmic domain between the ankyrin-
binding site and the transmembrane domain. Based upon
this simple two-state model, one would predict that the
major effect of cleavage of the cytoplasmic domain with
trypsin would be to release the constraint to URD so that all
copies would undergo unconstrained URD. Although this
may be an oversimplified model for band 3 in the erythro-
cyte membrane and for the true nature of band 3-ankyrin
interactions (see Low, 1986; Matayoshi and Jovin, 1991;
Blackman et al., 1996; Zhang et al., 2000, for further
discussions), it does permit the interpretation of major fea-
tures of the spectroscopic data from studies of band 3
rotational diffusion in terms of known and reasonably well-
characterized protein-protein interactions. Although the
spectrin network itself may exhibit some local flexibility
when interacting with the membrane, and its coupling to the
cytoplasmic domain of band 3 via ankyrin also may allow
some flexibility, large-amplitude rotational motions of these
proteins in the micro- to millisecond time scale are not

likely due to the multiple contacts involved in the known
protein-protein interactions. Clearly, detailed studies of the
dynamic flexibility of spectrin and ankyrin while assembled
with band 3 in ghost membranes would be required to
determine their contributions to the rotational mobility of
the transmembrane domain of band 3. However, in the
absence of these exact data, it is not unreasonable to assign
the majority of the flexibility observed to the cytoplasmic
domain of band 3 given the large body of previous work.

Previous studies have provided indications that the cyto-
plasmic domain of band 3 is reasonably flexible. Perhaps
the most compelling evidence was provided in the work of
Wang et al. (1993) on two-dimensional crystals of band 3.
Two different crystal forms were obtained that differed
primarily in the orientation of a small subdomain with
respect to the major transmembrane core. This subdomain
was postulated to be the proximal portion of the cytoplasmic
domain, and hence, these data strongly suggested that this
segment of the cytoplasmic domain can exist in at least two
different conformations that differed by �60° in their ori-
entation relative to the transmembrane domain. Though
these static measurements did not provide any direct evi-
dence for inter-conversions between these two conforma-
tions under normal conditions (i.e., in the absence of crystal
packing interactions), they did provide strong indications
that this segment of band 3 can exhibit two different struc-
tures in a crystalline array.

Early studies suggested that the cytoplasmic domain of
band 3 might be elongated, exhibiting an axial ratio of
�10:1 (estimated dimensions of 25 � 250 Å; Low et al.,
1984) and that the N-terminus extends into the interior of
the erythrocyte (Weinstein et al., 1978). Though circular
dichroism studies have indicated significant � and � sec-
ondary structure (Oikawa et al., 1985), this large axial ratio,
coupled with the presence of some random coil structure
(Oikawa et al., 1985), suggests that portions of the cyto-
plasmic domain could exhibit considerable conformational
flexibility. This is also supported by recent work on the
structure of the cytoplasmic domain of band 3 where, in the
crystal structure determined at low pH, the N- and C-
terminal portions are poorly defined, presumably due to
lack of ordering even in the crystalline state (Zhang et al.,
2000). The ankyrin-binding site has been localized to two
regions of the cytoplasmic domain (Willardson et al., 1989).
Residues in the central portion of the primary structure as
well as residues in the acidic N-terminus have been impli-
cated in ankyrin binding. The few studies of dynamics that
have been reported do provide hints of a flexible structure,
particularly in the acidic N-terminal region that comprises a
portion of the ankyrin-binding site. For example, fluores-
cence experiments have demonstrated the existence of mul-
tiple conformations and the effects of pH on their equilib-
rium distribution (reviewed in Low, 1986). Time-resolved
phosphorescence experiments using an antibody to the cy-
toplasmic domain indicated a highly flexible structure in the
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region of the binding site (McPherson et al., 1992). ST-EPR
studies of spin-labeled hemoglobin (Cassoly, 1982) and
spin-labeled glyceraldehyde-3-phosphate dehydrogenase
(Beth et al., 1981) bound to the N-terminus of the cytoplas-
mic domain also suggested that there was considerable
motional freedom of this region relative to the hindered
rotation of the transmembrane domain.

Previous TOA studies, including the seminal work by
Nigg and Cherry (1980), demonstrated that cleavage with
trypsin produced marked changes in the anisotropy decay of
EMA-labeled band 3, one of the most obvious changes
being a substantial reduction in r�. At that time, it was not
possible to assign the reduction in r� to a change in a
specific dynamic process or to any structural rearrangement.
Specifically, the reduction in r� could have resulted from a
change in orientation of the absorption or emission dipoles
of EMA with respect to the URD axis, from a dissociation
of large clusters of band 3 that were immobile on the
millisecond time scale, from a release in a constraint to
URD, or from a combination of these possibilities. Since
this early work, Blackman et al. (1996) showed that cleav-
age with trypsin does not alter the orientation of the fluo-
rescence absorption and emission dipoles of EMA based
upon direct evidence from polarized fluorescence confocal
microscopy data obtained on single ghost membranes.
Blackman et al. (1998a) subsequently showed that cleavage
with trypsin does not alter the distribution of oligomeric
species of EMA-labeled band 3 in ghost membranes as
reported by fluorescence resonance energy homotransfer.
Having eliminated these two potential explanations, the
most likely remaining explanation for the reduction in r� is
the release of a partial constraint to rotational diffusion,
which is consistent with the known interaction of the cyto-
plasmic domain of a significant subpopulation of band 3
oligomers with ankyrin and, thereby, with the membrane
skeleton. Given this body of previous work, it is possible to
quantitate the rotational flexibility of the cytoplasmic do-
main by obtaining a reasonable estimate for the fraction of
band 3 that interacts with the membrane skeleton.

Estimation of the fraction of band 3 that is bound
to the membrane skeleton

Early studies on the interactions between ankyrin and the
cytoplasmic domain of band 3 suggested that the dissocia-
tion rate was very slow (half time in the hours range; see
Low, 1986). These data, combined with the observation that
only a fraction of band 3 can be extracted from intact ghost
membranes when using nondenaturing detergents (see Ca-
sey and Reithmeier, 1991), suggested that it is the subpopu-
lation of band 3 that is interacting with the membrane
skeleton that resists extraction. This simple model was
tested by cleaving the cytoplasmic domain of band 3 with
trypsin before detergent extraction as shown in Fig. 2. These
data clearly showed that by cleaving the link between the

transmembrane and cytoplasmic domains, the transmem-
brane domain became nearly completely extractable. If tet-
ramers of band 3 serve as the ankyrin-binding site and all
copies of ankyrin that are present in ghost membranes
participate in band 3 interactions, these data suggest that
there are �7% as many copies of ankyrin present as band 3
based upon 28% being resistant to extraction in control
ghosts. This number is in reasonable agreement with the
predicted stoichiometry from densitometric scans of SDS-
PAGE gels that have suggested 10% to 15% as many copies
of ankyrin as band 3 (Fairbanks et al., 1971). Given the
reasonable agreement between the previous estimates of
relative abundance of ankyrin and the current estimate in
Fig. 2, it is reasonable to assign the detergent-resistant
fraction as being that fraction that is involved in interactions
with the membrane skeleton in intact ghost membranes.
These results and interpretations are entirely consistent with
previous studies by Yi et al. (1997) on ankyrin-deficient
nb/nb mice. Specifically, this work showed that in control
erythrocytes, 28% of band 3 was not readily extractable, but
in ankyrin-deficient erythrocytes, 92% of band 3 was ex-
tracted with C12E8.

Interpretation of ST-EPR results

Previous ST-EPR studies have shown that the rotational
diffusion of the transmembrane domain of band 3 is char-
acterized by URD about the membrane normal axis (Hus-
tedt and Beth, 1995). A major finding from the present
studies is that cleavage of the cytoplasmic domain with
trypsin does not lead to any detectable changes in the
ST-EPR spectra of SL-H2-DADS-maleimide-labeled band 3
in ghost membranes. Using the computational algorithm
developed in Hustedt and Beth (2001), it is possible to
interpret this result based upon the sensitivity of ST-EPR to
the amplitude of URD and upon the fraction of band 3
oligomers that interact with the membrane skeleton. Taking
the value of 28% for the fraction of band 3 that is involved
in binding to the membrane skeleton and making the as-
sumption that the motional restriction imposed on the trans-
membrane domain limits � to less than 32°, then the Q-band
ST-EPR spectrum would indicate apparent faster rotational
motion upon cleavage with trypsin (Fig. 6, lower panel).
However, the failure to observe any significant change
indicates that the amplitude of URD in the restricted frac-
tion is greater than this value. If the fraction of band 3 that
interacts with ankyrin is greater than 28%, then slightly
greater sensitivity to angles larger than 32° would be pre-
dicted. Conversely, if the fraction is less than 28%, some-
what less sensitivity would be predicted as demonstrated in
Fig. 6. What is absolutely clear is that if there were a rigid
motional coupling between the two domains of band 3 that
limited motional excursions of the transmembrane domain
to less than 15°, then there would be significant changes in
the ST-EPR spectra following cleavage with trypsin if
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greater than 10% of band 3 was bound to ankyrin. The
predicted sensitivity of the V�2 ST -EPR signal as a function
of the fraction of band 3 bound to ankyrin is shown graph-
ically in Fig. 6 for selected motional restrictions along with
the 95% confidence level for detecting the bound fraction.

The calculations shown in Fig. 6 demonstrate that Q-band
is more sensitive than X-band for detecting weak restric-
tions to URD of band 3. This is due, in large part, to the
orientation of the spin label relative to the URD axis.
Specifically, when the nitroxide z axis is aligned, or in this
case nearly aligned (
 � 37°), with the diffusion axis, then
motion does not lead to a large change in resonance condi-
tion because it is the nitroxide x and y axes that are being
interconverted (see Beth and Robinson, 1989, for an exten-
sive discussion of this topic). Microwave frequencies lower
than X-band would be even less sensitive for this geometry.
At Q-band, the spectral dispersion due to the g-anisotropy of
the nitroxide is large enough (comparable to the A-anisot-
ropy) to lead to significant sensitivity to motional averaging
of the nitroxide x and y axes and hence, there is reasonable
sensitivity to the width of the restriction. A priori, it might
be predicted that microwave frequencies even greater than
Q-band would give even greater sensitivity to large values
of �. However, as shown in Hustedt and Beth (2001), and
as discussed previously (Beth and Robinson, 1989), the
magnetic anisotropy is not the sole determinant of spectral
sensitivity to rotational motion when detecting the conven-
tional V�2 signal in ST-EPR. The calculated spectra in Huest-
edt and Beth (2001) demonstrate that W-band (94 GHz)
does not provide increased sensitivity to larger values of �
than Q-band. However, it remains to be explored whether
W-band spectra will offer some distinct advantages with
regard to determination of � in the 0–60° range and, in
particular, for very strong constraints to URD, and with
regard to improved sensitivity for some probe orientations.

Interpretation of TOA results

The data in Fig. 7 show that there are substantial changes in
the anisotropy decay, particularly the r�, following cleavage
with trypsin. As discussed above, a likely explanation for
the majority of this change in r� is the release of a constraint
to URD. The analytical expressions that relate r� to the
width of the restricting potential, which were developed in
Materials and Methods, can be employed to interpret these
TOA data as described in Results. Two approximations
must be made to calculate a restriction from the observed
change in r�. First, the fraction of band 3 that interacts with
the membrane skeleton must be estimated based upon avail-
able data. As shown in Results, a reasonable estimate for
this fraction is 28% (Fig. 2). Second, the data have to be
interpreted based upon a realistic model. A simple two-state
model has been chosen based upon known protein-protein
interactions as discussed above. Clearly, the erythrocyte
membrane is a complex assembly of proteins and lipids and

there are many potential interactions between band 3 and
other proteins that are not accounted for in a two-state
model. For example, there are several reports of interactions
between band 3 and glycophorin A that could contribute to
some extent to the effective size of some band 3 oligomers
in situ (Che and Cherry, 1995; reviewed in Tanner, 1997).
In addition, it has been reported in one study that band 4.2
can bind both to the cytoplasmic domain of band 3 and to
spectrin (Golan et al., 1996). Such an interaction could lead
to a second way of forming a link between band 3 and the
membrane skeleton.

One aspect of the analysis of TOA data to determine the
constraint on URD merits discussion. Specifically, follow-
ing trypsin cleavage, the r� observed experimentally was
0.035. The value for r� predicted from the measured value
for C0 is 0.017 (95% confidence interval of 0.001–0.033;
Blackman et al., 1996) making the assumption that all
copies of band 3 undergo unrestricted URD following
cleavage with trypsin. In the absence of any changes in the
orientation of the absorption and emission dipoles of EMA
following trypsin cleavage (Blackman et al., 1996), there
are three straightforward ways to explain this small differ-
ence.

First, a residual constraint to URD following scission of
the linkage with the cytoplasmic domain could give this
result. If this constraint was imposed on all copies of band
3, Eq. 8 can be used to calculate a weak restriction of 186°
for a square-well potential. However, there are currently no
data to suggest that a residual restriction to URD should
exist in terms of known protein-protein interactions.

Second, a small population of highly immobilized band 3
(on the 10-ms time scale) would raise the r�. Using Eq. 10,
and the values for r� for the two components, an immobi-
lized or highly clustered fraction comprising 9% (95%
confidence interval of 1–16%) of the total would be re-
quired to increase the predicted residual anisotropy (0.017)
to that observed experimentally (0.035). In this calculation,
a residual anisotropy of 0.210 for clustered band 3 has been
used based upon previous studies that include the effects of
resonance energy homotransfer (Blackman et al., 1998a). A
9% immobilized fraction is not incompatible with the res-
onance energy homotransfer studies of Blackman et al.
(1998a). Specifically, these studies were consistent with
0–16% of the copies of band 3 being clustered to some
extent depending on the model chosen for analyzing the
homotransfer data. Other studies have suggested that small-
scale clustering of membrane proteins, including band 3, is
a normal consequence of erythrocyte aging and that this
may serve as a signal for cell senescence (e.g., Turrini et al.,
1991; Corbett and Golan, 1993). Given that there are data
that suggest the existence of a small fraction of clustered
band 3, it is reasonable to assign at least a portion of the
small discrepancy between the observed and predicted r� to
the presence of this population. If the fractions of restricted
and free band 3 are reduced proportionally and the r� for
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clustered band 3 is taken, then an r�
restricted of 0.139 is

calculated. This corresponds to a square-well restriction
width of 90°. Thus, by this model, two-thirds of band 3
undergoes unconstrained URD, one-fourth undergoes re-
stricted URD of 90° amplitude, and 9% is immobilized. The
important point to emphasize is that the two-state model
described in Results, and this three-state model that includes
a 9% fraction of highly clustered band 3, both predict a
highly flexible linkage. An argument against the existence
of a 9% population of clustered band 3 is provided by the
ST-EPR studies. As shown in Fig. 9, when the V2

� signals
from intact ghosts in Fig. 5 (left column) are analyzed in
terms of two components, one undergoing unrestricted
URD and a second one immobilized on the millisecond time
scale, the fits are not as good (higher �2) when there is even
2–3% of an immobilized component present. However, on a
statistical basis, it is not possible to rule out as much as 8%
of band 3 being highly clustered as shown by the 95%
confidence level in Fig. 9. A unique aspect of ST-EPR is
that sensitivity to very slowly rotating species is high due to
the increase in amplitude of this signal as a function of an
increase in rotational correlation time (i.e., the signal from
immobilized band 3 would be much larger than the signal
from rotationally mobile band 3 at the same concentration;
see Hustedt and Beth (2001) for additional discussion of this
point).

Third, incomplete cleavage of band 3 by trypsin could
also result in a higher value for r�. SDS-PAGE separation of
erythrocyte membrane proteins following treatment with
trypsin routinely yields residual Coomassie blue staining in
the band 3 monomer region that is 5–10% of the intensity
observed in control ghost membranes before trypsin treat-
ment (data not shown). If the population of band 3 that is
resistant to trypsin treatment is that population bound to
ankyrin, then r� would be increased in direct proportion to
the uncleaved fraction. Interestingly, if it assumed that 10%
is uncleaved, that this population is bound to ankyrin with
an r�

restricted of 0.175, and that r�
unrestricted is 0.017, then an r�

of 0.033 is predicted following trypsin cleavage. This is
remarkably close to the value of 0.035 determined experi-
mentally. Though not directly tested in the current experi-
ments, it is not unreasonable to hypothesize that the popu-
lation of band 3 tetramers complexed with ankyrin would be
the most resistant to cleavage by trypsin due to restricted
access to lysine 360. The important point to be made is that
because the width of the square-well restriction was calcu-
lated based upon the predicted value for r�, incomplete
cleavage does not change the value obtained (73°) from the
two-state model described in Materials and Methods. In
theory, it should be possible to increase the concentration of
trypsin and thereby achieve complete cleavage of band 3.
However, this results in progressive cleavage of other mem-
brane proteins and to an increase in r� , presumably due to
clustering/aggregation of the transmembrane core of band 3
(Nigg and Cherry, 1980). In the final analysis, it may be that

both a small amount of clustering and incomplete cleavage
of band 3 by trypsin contribute to the higher experimentally
measured value for r�.

There are features of the TOA results following cleavage
with trypsin that require more complicated models to ex-
plain. For example, anisotropy decays in the 100-�s to
millisecond time window persist after cleavage with trypsin.
It is possible that some of the decay components in this time
window arise from segmental and/or off-axis motions of
band 3 in the membrane (Matayoshi and Jovin, 1991) and
that these motions do not respond in a predictable way to
cleavage of the cytoplasmic domain with trypsin. A com-
plete explanation of all of the features of the TOA decays is
not practical based upon available data. However, the
present studies provide an interpretation of rotational dy-
namics data from two complementary techniques that is
physically reasonable based upon current knowledge of the
interactions between the major erythrocyte membrane pro-
teins.

Comparison of results from ST-EPR and TOA

The current studies have provided an internally consistent
interpretation of rotational diffusion data from two comple-
mentary spectroscopic techniques. Initially, it was confus-
ing that TOA yielded a substantial change in anisotropy
decay following trypsin cleavage of the cytoplasmic domain
whereas the ST-EPR lineshapes were not altered by the
same treatment. The development of a computational algo-
rithm to quantitate the effects of constrained URD on ST-
EPR spectra clarified this apparent conflict. By establishing
the limits of sensitivity of ST-EPR for detecting any con-
straints to motion under different experimental conditions, it
was possible to establish a lower limit on the amount of
motional constriction that this interaction imposes on the
transmembrane domain. It is clear that if this restriction is
sufficiently weak to allow motional excursions in excess of
32°, then ST-EPR will not be sensitive to cleaving the
cytoplasmic linkage. The estimate of a rotational restriction
width of 73° � 30° from the TOA studies is entirely
consistent with the absence of changes in the ST-EPR data.

The current studies have provided evidence for a remark-
ably flexible linkage between the transmembrane domain of
band 3 and the segment of the cytoplasmic domain between
the cytoplasmic membrane surface and the ankyrin-binding
site. It remains an important objective to determine how
essential this flexibility is in providing the unique mechan-
ical properties of the erythrocyte membrane.
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